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Abstract 

 

The main gene associated with Autosomal Recessive Polycystic Kidney 

Disease (ARPKD) is PKHD1 which encodes a ciliary protein associated with planar 

cell polarity. In mice, mutations in the transcription factor Atmin can present with an 

ARPKD-like phenotype with kidney disease similar to an early manifestation of 

ARPKD. Like the mouse gene Pkhd1, mutations in Atmin are associated with altered 

WNT/PCP expression. Previous work has suggested that Atmin and Pkhd1 do not 

physically interact, but Atmin may modulate Pkhd1 expression. However, the 

mechanisms governing this relationship are unknown. 

ARPKD is a rare disorder typically associated with severe kidney and liver 

disease in children. The disease has considerable clinical and familial variability, but 

little is known regarding genotype-phenotype relationships. It has been proposed that 

genetic modifiers may influence disease severity. 

Next-generation sequencing (NGS) using ChIP-Seq and RNA-Seq techniques 

in mouse kidneys and intermedullary collecting duct (mIMCD3) cells identified new 

transcriptional targets of Atmin, which did not include Pkhd1 but included genes 

associated with cystic kidneys in animal models (Camk2g and G6pc). NGS in Atmin 

and Pkhd1 KDs identified a common transcriptional network between the two genes. 

Gene enrichment analysis suggests this common network is associated with immune 

system processes. Dysregulated genes associated with double KDs showed greater 

enrichment of processes associated with the actin cytoskeleton, cell cycle and energy 

metabolism. Loss of Atmin expression negatively impacts the ciliary localisation of 

Fibrocystin, suggesting that Atmin may be needed for the proper localisation of 



iv 
 

Fibrocystin to the cilium. NGS in ARPKD kidneys highlights mutations in ATMIN as a 

potential regulator of disease severity, associated with reduced ARPKD severity. 

Expression differences in WNT genes may be present between severe and moderate 

ARPKD and transcriptomic profiling identified candidate diagnostic markers in ARPKD 

which included MSC, FGA, WNT4, WNT9B and KIF26B.    

This work indicates that Atmin and Pkhd1 interact in a similar transcriptional 

network in mice. Atmin is not a transcription factor of Pkhd1 but may modulate its 

function by governing its ciliary localisation by a yet unknown mechanism. Additionally, 

ATMIN mutations may modulate ARPKD disease severity, and the amount of 

differential expression in WNT/PCP genes may be a marker of disease severity.  
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with the GO term. B and D) Semantic Similarity plots for term similarity clustering calculated by 

Revigo with manual annotations for biological function based on Gene Ontology Hierarchy. B) Atmin 

mIMCD3 cell KDs and D) AtminGpg6/+ mouse kidney tissues. Colour represents the annotation and 

size represents the number of GO terms in the cluster. ............................................................... 229 

Figure 31. GSEA analysis carried out on ranked (Wald-Stat) gene expression data using FGSEA. Plots 

relate to Atmin mIMCD3 cell KDs (A-C) and AtminGpg6/+ kidney tissues (D-F). A and D) An 



xviii 
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DEGs were common between the significant DEGs from the Atmin and Pkhd1 KDs. A) A volcano 

plot displaying all the differential expression data from the Pkhd1 KDs. DEGs within the top 100 
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dashed lines represent a fold change of 1.5-fold (Log2(0.6)). Top 25 DEGs are labelled. B) Venn 
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same scrambled control at the time of differential expression analysis by Deseq2, as such fold 
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Chapter 1 

Introduction 
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1.1 Autosomal Recessive Polycystic Kidney 

Disease (ARPKD) 

1.1.1 An Overview of ARPKD 

 

Autosomal Recessive Polycystic Kidney Disease (ARPKD) is a severe genetic 

disease associated with the manifestation of congenital hepatic fibrosis (CHF) and 

kidney cysts. The presentation of the disease is complex, varying in both the disease 

severity and the presentation of symptoms (Fonck et al., 2001; Bergmann et al., 2003; 

Bergmann, Senderek, et al., 2005; Adeva et al., 2006; Gunay-Aygun, Font-

Montgomery, et al., 2010; Gunay–Aygun et al., 2013; Abdul Majeed et al., 2020). At 

its most severe presentation, death occurs during the perinatal or neonatal period. 

However, it has become evident that some individuals present with a considerably less 

severe disease presentation and may not be diagnosed until their teenage years or 

adulthood (Fonck et al., 2001; Bergmann, Senderek, et al., 2005; Adeva et al., 2006).  

The current global incidence of the disorder is estimated to be around 1:20,000, 

but incidence rates vary considerably, ranging from 1:6,000 to 1:55,000 (Zerres et al., 

1998). In the United States, current estimates put the incidence rate at 1:26,485, but 

reports in other countries have much higher incidences, such as some isolated 

populations in Finland with an incidence of 1:8,000 (Kaariainen, 1987; Alzarka et al., 

2017). Comprehensive incidence statistics for the United Kingdom and Europe are 

currently unknown, but they are believed to align with global estimations of 1:20,000.  



3 

ARPKD predominantly occurs because of mutations within the gene Polycystic 

Kidney and Hepatic Disease 1 (PKHD1) (Bergmann et al., 2003; Rossetti et al., 2003; 

Bergmann, Senderek, et al., 2005; Melchionda et al., 2016). A small number of 

ARPKD patients, who present with a milder disease presentation, have been reported 

to carry mutations in DAZ interacting protein 1-like (DZIP1L) (Lu et al., 2017; Hertz et 

al., 2022). PKHD1 and DZIP1L produce proteins that play roles in the primary cilium 

(Ward et al., 2003; Wang et al., 2004; Zhang et al., 2004; Lu et al., 2017). The primary 

cilium is believed to be a significant driver in the development of cystic kidney disease; 

collectively, these diseases are known as ciliopathies (Pazour et al., 2020; 

McConnachie, Stow and Mallett, 2021).  

One of the significant problems with our current understanding of ARPKD is the 

variability in disease severity and presentation (Bergmann et al., 2003, 2004; 

Bergmann, Senderek, et al., 2005; Gunay–Aygun et al., 2013). About 20% of familial 

cases show disease variability, despite genetic testing showing the inheritance of the 

same PKHD1 mutations (Bergmann, Senderek, et al., 2005). It has also proven 

challenging to assign disease presentations or overall disease severity with specific 

mutations (Bergmann et al., 2003, 2004; Rossetti et al., 2003; Bergmann, Senderek, 

et al., 2005; Gunay-Aygun, Tuchman, et al., 2010; Melchionda et al., 2016). Given the 

complex nature between genotype and disease presentation, it has been suggested 

that other environmental and genetic factors may affect disease severity and 

presentation (Bergmann, Senderek, et al., 2005). Despite this clinical variability, there 

is currently no ethnicity or gender bias detected in ARPKD (Bergmann, Senderek, et 

al., 2005; Abdul Majeed et al., 2020). 
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1.1.2 The Disease Presentation of ARPKD 

 

ARPKD is a clinically variable disease, with cases presenting during all decades 

of life (Fonck et al., 2001; Bergmann et al., 2003; Bergmann, Senderek, et al., 2005; 

Adeva et al., 2006; Gunay-Aygun, Font-Montgomery, et al., 2010). Despite this, 

ARPKD is predominantly a paediatric disease as most cases occur early in childhood, 

and the most severe cases present during the perinatal and neonatal periods 

(Bergmann et al., 2003; Furu et al., 2003; Rossetti et al., 2003; Bergmann, Senderek, 

et al., 2005; Adeva et al., 2006; Melchionda et al., 2016). In ARPKD, both kidneys will 

present with bilateral enlargement, poor corticomedullary differentiation and multiple 

small cysts (Gunay-Aygun, Font-Montgomery, et al., 2010; Bergmann, 2015). 

However, the overall structure of the kidney will retain a normal reniform contour 

(Gunay-Aygun, Font-Montgomery, et al., 2010; Bergmann, 2015). Severe ARPKD will 

also present with oligohydramnios, resulting in pulmonary hypoplasia, facial 

abnormalities, spine and limb defects, and club foot (Bergmann, 2015) (Figure 1). The 

occurrence of these traits is collectively known as Potter Sequence (Bergmann, 2015). 

In these individuals, death due to respiratory insufficiency occurs in 40 – 50% of cases 

and requires immediate disease management for the successful survival of the 

neonate (Bergmann, 2015). 

Hypertension is a common complaint in ARPKD due to kidney failure (Gunay-

Aygun, Font-Montgomery, et al., 2010; Guay-Woodford et al., 2014; Dell et al., 2016; 

Burgmaier et al., 2019). The kidney phenotype in ARPKD can vary considerably 

between patients, including the rate of onset of kidney disease and the point at which 

Chronic Kidney Disease Stage 5 (CKD5) is reached. In patients with non-perinatal 
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Figure 1. A graphical representation of the disease presentation of ARPKD and how this relates to disease severity. Figure was drawn in Microsoft PowerPoint from the 
Microsoft 365 application suite. 
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onset of ARPKD, the average age of kidney transplantation is predicted to be much 

later, with a 75% kidney survival rate of 32 years (Gunay-Aygun, Font-Montgomery, 

et al., 2010). In contrast, the kidney survival of early-onset ARPKD is estimated to 

have a 70% survival rate by ten years of age and a 65% survival by 15 years (Roy et 

al., 1997; Bergmann, Senderek, et al., 2005; Gunay-Aygun, Font-Montgomery, et al., 

2010).  

Kidney survival is lower in patients with loss of corticomedullary differentiation, 

and transplantation is often required earlier (Gunay-Aygun, Font-Montgomery, et al., 

2010; Abdul Majeed et al., 2020). In contrast, kidney size has not been reported to be 

predictive of kidney failure, with kidney size remaining unchanged after three to four 

years of age and not correlating with the decline in kidney function (Abdul Majeed et 

al., 2020). Although kidney failure rates vary, cysts will progressively enlarge over 

time, kidney fibrosis will occur, and kidney function will decline (Guay-Woodford et al., 

2014; Dell et al., 2016).  

Portal hypertension is a significant factor in the liver presentation of ARPKD 

and is predicted to arise in half to two-thirds of ARPKD patients (Abdul Majeed et al., 

2020). In ARPKD, the liver phenotype develops due to poor ductal plate remodelling, 

leading to ductal plate malformations (DPM) and fibrosis (Bergmann, 2015). The 

overall liver parenchyma remains normal, but the development of the portal tracts is 

impacted in ARPKD (Bergmann, 2015). CHF is the described liver presentation in 

ARPKD and is associated with portal hypertension and cholangitis (Srinath and 

Shneider, 2012; Gunay–Aygun et al., 2013; Burgmaier et al., 2019). CHF is typically 

associated with a later onset compared to the kidney manifestation, but the two have 

since been found to develop independently (Gunay–Aygun et al., 2013; Abdul Majeed 

et al., 2020). Complications resulting from portal hypertension can be seen in patients 
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younger than five years of age but are often not why the patient sought medical 

attention and may suggest that these complications are underdiagnosed in young 

patients (Gunay–Aygun et al., 2013). Portal hypertension is often associated with 

many additional complications, including splenomegaly, hypersplenism and variceal 

bleeding (Srinath and Shneider, 2012). Despite the presence of liver disease in 

ARPKD, the function of the liver is minimally impacted, and as such biochemical tests 

for liver function often appear normal (Gunay–Aygun et al., 2013; Guay-Woodford et 

al., 2014; Abdul Majeed et al., 2020). 

ARPKD usually presents as both a severe liver and kidney disease. However, 

some individuals may feature a more severe phenotype in one organ or mild disease 

in both (Gunay–Aygun et al., 2013). Most ARPKD patients will be identified during the 

neonatal period or early childhood. However, some patients are not diagnosed until 

late childhood, early teen years or even adulthood, relating to the overall severity of 

their disease (Fonck et al., 2001; Bergmann et al., 2003, 2004; Bergmann, Senderek, 

et al., 2005; Adeva et al., 2006; Gunay-Aygun, Tuchman, et al., 2010). In these less 

severe cases, kidney survival has been reported up to the sixth decade of life (Fonck 

et al., 2001; Adeva et al., 2006). The clinical variation in ARPKD is further complicated 

by intrafamilial variability, estimated to occur in approximately 20% of cases 

(Bergmann, Senderek, et al., 2005). The clinical presentation of the disease can vary 

considerably, such that some patients may present with severe ARPKD while their 

siblings will have a more favourable clinical presentation (Bergmann, Senderek, et al., 

2005; Gunay-Aygun, Tuchman, et al., 2010; Gunay–Aygun et al., 2013).  
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1.1.3 The Diagnosis and Management of ARPKD 

 

The most accessible means of diagnosing ARPKD are ultrasound scans, 

detecting oligohydramnios and kidney characteristics, such as bilateral kidney 

enlargement, increased echogenicity of the kidneys and poor differentiation between 

the medulla and cortex regions (Guay-Woodford et al., 2014). A "salt and pepper" 

pattern within the kidneys can also be characteristic of ARPKD and occurs because 

of multiple tiny cysts, which alter the ultrasound echo (Wernecke et al., 1985; Iorio et 

al., 2020). In prenatal diagnostics, ultrasounds often detect ARPKD during the second 

trimester, but severe oligohydramnios can result in poor ultrasound quality (Guay-

Woodford et al., 2014). In the case of severe oligohydramnios, magnetic resonance 

imaging is often recommended instead of an ultrasound (Guay-Woodford et al., 2014).  

When exploring hepatic disease, it is often diagnosed by a physical examination 

for splenomegaly and follow-up ultrasound analysis looking at features such as intra- 

and extrahepatic bile duct dilations (Guay-Woodford et al., 2014). Hepatobiliary 

inflammation and dysfunction are not characteristic of ARPKD. As such biochemical 

tests for liver function typically appear normal (Guay-Woodford et al., 2014).  

The genetic diagnosis of ARPKD was not previously routine and was often 

performed to be both informative of the disease's cause and provide helpful 

information for genetic counselling. This is mainly due to three problems. The first is a 

poor correlation between PKHD1 mutations and disease presentation (Guay-

Woodford et al., 2014). The second is the large size of PKHD1, making screening the 

gene for mutations expensive and time-consuming (Bergmann, Küpper, et al., 2005). 

The third is the presence of diseases that can phenocopy ARPKD, such as Autosomal 
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Dominant Polycystic Kidney Disease (ADPKD), HNF1-β related disorders and 

Nephronophthisis (NPHP) but the limited ability to scan multiple genes with older 

genetic screening technologies (Guay-Woodford et al., 2014; Bergmann, 2015).  

Recent advances in next-generation sequencing (NGS) technologies have 

made it possible to scan entire genomes. With the per-sample price of these 

technologies decreasing, they may become a useful diagnostic tool to provide a 

differential diagnosis for ARPKD and other similar diseases (Szabó et al., 2018; 

Obeidova et al., 2020). NGS has even begun to see more use within the diagnosis of 

ARPKD and has provided a differential diagnosis in some misdiagnosed cases of 

ARPKD (Xu et al., 2014; Herbst et al., 2015; Szabó et al., 2018; Obeidova et al., 2020; 

Qiu et al., 2020; Zhang et al., 2020).  

Treatment options for ARPKD are limited and primarily focused on treating the 

disease's symptoms and improving quality of life, such as using hypertension 

medication to treat hypertension (Guay-Woodford et al., 2014). Patients who have 

CKD5 may need to undergo a nephrectomy. At this point, they will either be on dialysis 

or may receive a kidney transplant. Both outcomes can significantly impact a patient's 

quality of life. Currently, pharmacological treatments that seek to slow down the rate 

of PKD progression for APRKD are unavailable, but clinical trials are underway to 

investigate the use of the drugs Tesevatinib and Tolvaptan (Clinical trial IDs: 

NCT03096080; NCT04782258; NCT04786574), with other potential treatments being 

investigated (Richards et al., 2021). 
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1.2 Cilia at the Centre of Cystic Kidney Diseases 

 

Both genes associated with ARPKD encode proteins that directly localise to the 

primary cilium. Primary cilia are immotile cellular protrusions made of microtubule 

filaments that extend from the mother centriole into the extracellular space (Hoey, 

Downs and Jacobs, 2012; Dell, 2015; Anvarian et al., 2019; Pazour et al., 2020; Patel 

and Tsiokas, 2021). Cilia are present within most eukaryotic cells, act as mechano- 

and chemo-sensors of extracellular stimuli and carry out various roles, depending 

upon the cell and tissue of origin (Hoey, Downs and Jacobs, 2012; Dell, 2015; 

Anvarian et al., 2019; Pazour et al., 2020; Patel and Tsiokas, 2021).  

The cilium of a cell is a cell-cycle-specific structure that is only present when a 

cell exits the cell cycle and enters G0 (Dell, 2015; Anvarian et al., 2019; Patel and 

Tsiokas, 2021). After cells re-enter the cell cycle, the cilium undergoes a complex 

disassembly process which reabsorbs the components of the cilia and frees the 

centrosomes for their role in cell division (Dell, 2015; Anvarian et al., 2019; Patel and 

Tsiokas, 2021).  

The core structure of the primary cilia consists of four key compartments, the 

basal body, the axoneme, the transition zone (TZ) and the ciliary membrane (Dell, 

2015; Anvarian et al., 2019; Patel and Tsiokas, 2021) (Figure 2). The basal body in 

the primary cilia forms from the mother centriole and consists of nine microtubular 

triplets with a hollow centre (Dell, 2015; Anvarian et al., 2019; Patel and Tsiokas, 

2021). Functionally, the basal body is essential for anchoring the cilia to the cell, 

orienting the cilium's direction, and acting as an axoneme template (Anvarian et al., 

2019). 
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Figure 2. A schematic representation of the structure of the primary cilium. The figure shows a general overview of the cilium. Schematic is not drawn to scale. Figure 
was drawn in Microsoft PowerPoint from the Microsoft 365 application suite. 
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The axoneme extends from the basal body and consists of a cylindrical 

arrangement of nine microtubular duplets (Dell, 2015; Anvarian et al., 2019; Patel and 

Tsiokas, 2021). Unlike motile cilia, which have motor proteins and an additional pair 

of microtubules within their centre, primary cilia have a hollow centre and are 

described as having a 9+0 microtubule structure as opposed to the motile cilia's 9+2 

structure (Dell, 2015; Anvarian et al., 2019; Pazour et al., 2020; Patel and Tsiokas, 

2021). The axoneme's microtubules allow protein transport through the cilia via a 

complex set of mechanisms involving a considerable number of proteins. Two motor 

complexes exist, both with different directions of movement. The Kinesin II complex 

comprises the proteins KIF3a and KIF3b and controls anterograde movement, which 

is the directional movement from the basal body to the ciliary tip (Dell, 2015; Pazour 

et al., 2020). Alternatively, Dynein 2 controls retrograde movement, directional 

movement from the ciliary tip to the basal body (Dell, 2015; Pazour et al., 2020). 

Accompanying these motors is a collection of Intraflagellar Transport (IFT) proteins 

and Bardet-Biedl Syndrome (BBS) proteins (Pazour et al., 2020). All these 

components transport "Cargo" throughout the cilia (Pazour et al., 2020). The cargo 

carried by these complexes is other proteins that have significant importance to the 

formation, maintenance, and function of the cilia, such as Polycystins (PC) and 

Fibrocystin (FPC) (Pazour et al., 2020).  

The TZ sits between the axoneme and the basal body, a region where the 

microtubule triplets end and duplets begin (Dell, 2015; Anvarian et al., 2019; Patel and 

Tsiokas, 2021). The TZ plays three key roles. First, it is a barrier to non-ciliary proteins 

(Pazour et al., 2020). Secondly, the TZ acts as a docking site for IFT proteins and their 

cargo and finally, the TZ connects the microtubule duplets of the axoneme to the ciliary 

membrane (Dell, 2015; Anvarian et al., 2019; Pazour et al., 2020). Surrounding the 
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axoneme is the ciliary membrane, which contains a distinct composition of unique 

proteins and ion channels suited for its role as a sensory organelle (Hoey, Downs and 

Jacobs, 2012; Dell, 2015; Anvarian et al., 2019; Pazour et al., 2020; Patel and Tsiokas, 

2021).  

Cilia can detect several stimuli, such as fluid flow, light, pressure, touch, and 

vibrations, depending on the functions of the cell (Hoey, Downs and Jacobs, 2012; 

Pazour et al., 2020). In the kidney, the primary cilium extends from the apical 

membrane and is located on the nephron's luminal surface, detecting fluid flow 

changes (Dell, 2015). In response to fluid flow, the cilia bend and cause an 

extracellular Ca2+-dependent increase in intracellular Ca2+ levels ([Ca2+]i), activating 

Ca-dependent signalling processes within kidney epithelial cells (Hoey, Downs and 

Jacobs, 2012). Additionally, the cilia are enriched with receptors associated with many 

signalling pathways such as the Hedgehog, WNT, Planar Cell Polarity (PCP) and G 

protein-coupled receptors and can play a role in modulating these signalling pathways 

(Anvarian et al., 2019; Pazour et al., 2020).  

Many diseases are associated with the primary cilium. Collectively these 

diseases are referred to as ciliopathies and include Polycystic Kidney Disease 

(ADPKD and ARPKD), NPHP and syndromic ciliopathies (e.g. Bardet-Biedel 

syndrome, Joubert syndrome and Meckel-Gruber syndrome) (Hildebrandt, Benzing 

and Katsanis, 2011; Bachmann-Gagescu et al., 2015; Cordido, Besada-Cerecedo and 

García-González, 2017; Hartill et al., 2017; Bergmann et al., 2018; Srivastava et al., 

2018; McConnachie, Stow and Mallett, 2021). These diseases typically arise due to 

mutations in genes that encode ciliary proteins, which may be necessary for the 

structure or function of the primary cilium. This includes proteins such as the 

Polycystins (PC-1 and PC-2), which are associated with ADPKD (Hildebrandt, Benzing 
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and Katsanis, 2011; Bachmann-Gagescu et al., 2015; Cordido, Besada-Cerecedo and 

García-González, 2017; Hartill et al., 2017; Bergmann et al., 2018; Srivastava et al., 

2018; McConnachie, Stow and Mallett, 2021). As the list of genes associated with PKD 

has increased, it has become evident that not all of these genes directly localise to the 

cilium but may encode proteins vital in the expression, maturation and localisation of 

other ciliary proteins (Porath et al., 2016; Cornec-Le Gall et al., 2018; Besse et al., 

2019; Ferrè and Igarashi, 2019). Although ciliopathies are complex diseases affecting 

an extensive range of organs, cystic kidney disease is a common trait among many 

ciliopathies (Hildebrandt, Benzing and Katsanis, 2011; Pazour et al., 2020; 

McConnachie, Stow and Mallett, 2021).  
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1.3 The Genetics of ARPKD 

1.3.1 Polycystic Kidney and Hepatic Disease 1 (PKHD1)  

 

The main gene associated with ARPKD is PKHD1, which is the primary genetic 

diagnosis reported in nearly every publication relating to ARPKD (Onuchic et al., 2002; 

Ward et al., 2002; Bergmann et al., 2003, 2004; Furu et al., 2003; Rossetti et al., 2003; 

Bergmann, Senderek, et al., 2005; Losekoot et al., 2005; Denamur et al., 2010; 

Gunay-Aygun, Tuchman, et al., 2010; Krall et al., 2014; Obeidova et al., 2015; 

Melchionda et al., 2016; Alawi et al., 2020; Qiu et al., 2020; Burgmaier et al., 2021; 

Ishiko et al., 2022). The occurrence of PKHD1 mutations as the cause of ARPKD is 

common enough that previous genetic studies estimated the detection rate of PKHD1 

mutations as ~70 – 80% in most genetic studies (Gunay-Aygun, Tuchman, et al., 

2010). Until 2017, with the discovery of DZIP1L mutations as a cause of ARPKD, it 

was thought that PKHD1 mutations may be the sole cause of ARPKD (Lu et al., 2017).  

PKHD1 is a complex gene of considerable size located within chromosome 

6p12 (Onuchic et al., 2002; Ward et al., 2002; Xiong et al., 2002). The exact gene 

length and the number of exons associated with PKHD1 vary between sources and 

has been listed as being as low as 61 exons to a total of 86 exons (Nagasawa et al., 

2002; Onuchic et al., 2002; Ward et al., 2002, 2003; Xiong et al., 2002). According to 

the National Centre of Biotechnology Information (NCBI), the number of exons 

recorded within the GRCH38 genome is 75 (Sayers et al., 2022).  

The expression of PKHD1 mRNA is both limited and complex, with PKHD1 

expression being limited to a few organs (Table 1). High expression levels are 
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observed within the kidney in both the cortical and medullary regions (Onuchic et al., 

2002; Xiong et al., 2002; Ward et al., 2003; Menezes et al., 2004). Additionally, PKHD1 

appears to be expressed in the liver and pancreas but at lower levels than in the kidney 

(Onuchic et al., 2002; Xiong et al., 2002; Ward et al., 2003; Menezes et al., 2004). 

Further limiting the expression of PKHD1 is its limited cell type expression, where in 

all cases, the expression of PKHD1 appears to be limited to ductal cells specifically 

(Onuchic et al., 2002; Xiong et al., 2002; Ward et al., 2003; Menezes et al., 2004). 

It has been suggested that PKHD1 encodes for multiple different transcripts of 

varying lengths, but the exact function and whether all these transcripts are translated 

into proteins is currently unknown (Nagasawa et al., 2002; Onuchic et al., 2002; 

Menezes et al., 2004; Boddu et al., 2014). The expression profiles of Pkhd1 transcripts 

in mice feature variation related to age and tissue, suggesting that Pkhd1 undergoes 

differential splicing because of these two factors (Nagasawa et al., 2002; Boddu et al., 

2014). However, very few examples of alternative-length proteins have been 

observed. The main observation is a large 450 kDa protein, which is the most strongly 

observed protein in western blot experiments (Ward et al., 2003; Menezes et al., 2004; 

Zhang et al., 2004; Outeda et al., 2017). Additional bands of varying lengths have been 

observed and range from 100 – 250 kDa in size (Ward et al., 2003; Menezes et al., 

2004; Zhang et al., 2004; Outeda et al., 2017).  

 

1.3.1.1 Fibrocystin and Isoforms of PKHD1 

 
In the literature, two named isoforms of PKHD1 have been reported, which 

could produce two similar proteins of varying lengths. The first isoform is the most 

observed PKHD1 encoded protein, Fibrocystin / Polyductin (FPC), which is 4074  
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Table 1. An overview of the expression of PKHD1 in different tissues in Homo Sapiens.  

 
Tissue Cell Type Expression 

 
Source 

Adrenal Gland 

 
 

- Not Stated (Ward et al., 2003) 
 

Gallbladder Not Listed Moderate Referenced in NCBI only. 
(Fagerberg et al., 2014; Sayers et al., 

2022) 
 

Kidney Distal Tubules, 
Collecting Ducts 

Very High (Onuchic et al., 2002; Ward et al., 2002, 
2003; Xiong et al., 2002; Menezes et al., 

2004) 
 

Liver Biliary ducts 
(Intra- and 

extrahepatic ducts) 

Low (Onuchic et al., 2002; Ward et al., 2002, 
2003; Xiong et al., 2002; Menezes et al., 

2004) 
 

Pancreas Pancreatic Ducts, 
Pancreatic Islets 

Moderate (Onuchic et al., 2002; Ward et al., 2002, 
2003; Xiong et al., 2002; Menezes et al., 

2004) 
 

Skin Not Listed Low Referenced in NCBI only. 
(Fagerberg et al., 2014; Sayers et al., 

2022) 
 

Stomach Not Listed Low Referenced in NCBI only. 
(Fagerberg et al., 2014; Sayers et al., 

2022) 
 

Testis Epididymal Ducts, 
Seminiferous tubules 

Moderate (Ward et al., 2003) 
 

Expression referenced in NCBI only: 
(Fagerberg et al., 2014; Sayers et al., 

2022) 
 

Bladder Not Listed Low Referenced in NCBI only: 
(Fagerberg et al., 2014; Sayers et al., 

2022) 
 

 

amino acids (AA) in length (Onuchic et al., 2002; Ward et al., 2002, 2003). FPC 

consists of a long extracellular domain originating from the N-terminus of the protein, 

which consists of 3,858 AAs in length (Nagasawa et al., 2002; Onuchic et al., 2002; 

Ward et al., 2003). The remaining sequence length of FPC comprises a single 

transmembrane domain and a short intracellular tail (Onuchic et al., 2002; Ward et al., 

2002).  
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FPC is a 450 kDa protein and is the 

longest open reading frame of PKHD1, 

consisting of 67 exons (Nagasawa et al., 

2002; Ward et al., 2002, 2003) (Figure 3). 

Most of our knowledge on the structure of 

FPC comes from homology analysis, where it 

has been determined that FPC contains 

twelve IPT (ig-like, plexins, transcription 

factors) domains and a series of nine Parallel 

beta-helix repeats (Nagasawa et al., 2002; 

Onuchic et al., 2002; Ward et al., 2002). 

Additional features in the extracellular region 

of FPC include two G8 domains, which are 

characterised by the presence of repeating 

glycine residues (He et al., 2006). In the 

intracellular domain, protein interaction sites 

and nuclear and ciliary localisation 

sequences have also been observed 

(Nagano et al., 2005; Hiesberger et al., 2006; Wu et al., 2006; Kaimori et al., 2007; 

Wang et al., 2007; Kim, Li, et al., 2008; Follit et al., 2010). FPC also appears to 

undergo complex post-translational modifications, such as the observation of 

numerous N-glycosylation sites and a single arginine-glycine-aspartate (RGD) domain 

(Onuchic et al., 2002; Outeda et al., 2017).  

The exact functions of FPC are still unknown. The protein is predicted to act as 

a receptor that undergoes Notch-like processing (Kaimori et al., 2007). The 

Figure 3. A schematic representation of the 
protein product of PKHD1, Fibrocystin. Schematic 
is not drawn to scale. Figure was drawn in 
Microsoft PowerPoint from the Microsoft 365 
application suite. 
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extracellular region is secreted into the lumen for a yet unknown function, and the 

intracellular tail is released and localises to the nucleus for another unidentified 

function (Hiesberger et al., 2006; Kaimori et al., 2007; Follit et al., 2010; Bakeberg et 

al., 2011; Outeda et al., 2017). Additionally, the factors governing this system are not 

understood, nor are there known transcriptional targets or ligands for FPC. However, 

induced activation of ADAM metalloproteinase could induce shedding of the 

extracellular domain of FPC (Kaimori et al., 2007). Upon shedding the ectodomain of 

FPC, the intracellular domain of FPC is then released in a γ-secretase-dependent 

manner, which may be regulated by the release of intracellular Ca2+ (Hiesberger et al., 

2006; Kaimori et al., 2007).  

The importance of the intracellular tail to the function of FPC is not fully 

understood. A mouse model featuring a deletion of exon 67, which is reported to 

encode most of the C-terminal domain, featured neither a kidney nor liver phenotype 

(Outeda et al., 2017). Loss of this exon removes the nuclear localisation signal and 

PC2 interacting domain but leaves the ciliary localisation domain and transmembrane 

domain intact (Outeda et al., 2017). Given the lack of mouse phenotype, it has been 

suggested that these regions may not be necessary for the function of FPC in mice 

and may highlight differences in how FPC functions in different species (Outeda et al., 

2017). 

The second recorded isoform is 61 exons in size and was given the name 

Tigmin (Xiong et al., 2002). Tigmin was discovered around the same time as FPC and 

shared the same initial 60 exons (Xiong et al., 2002). However, the final exon differs 

from the remaining six exons of FPC (Xiong et al., 2002). Like FPC, Tigmin is 

expressed in human kidneys and liver and features a similar structure to the 

extracellular domains of FPC (Xiong et al., 2002). Unlike FPC, Tigmin lacks a 
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transmembrane domain and is hypothesised to act as a secreted protein (Xiong et al., 

2002). However, whether Tigmin encodes, a protein is currently unknown as the 

transcript has only been observed on northern blots (Xiong et al., 2002). The 

importance of the Tigmin isoform to the overall function of PKHD1 is unknown but may 

represent one of many additional canonical isoforms if translated. 

Given that PKHD1 can encode potentially more isoforms, it has been suggested 

that they could come in two types. The first type is proteins featuring a single 

transmembrane domain, and a second is a group of shorter secreted proteins 

(Nagasawa et al., 2002; Onuchic et al., 2002). However, it has also been suggested 

that PKHD1 encodes only one protein (FPC) and that the presence of additional bands 

on Western blots results from the post-translational processing of FPC (Bakeberg et 

al., 2011). The presence of multiple transcripts may represent immature mRNA that 

arises due to aberrant splicing and is possibly degraded via mechanisms governing 

nonsense-mediated decay (Bakeberg et al., 2011).  

 

1.3.1.2 HNF1β, the Transcriptional Regulator of PKHD1  

 
In the kidney, HNF1 homeobox B (HNF1β) is required for kidney epithelial 

organisation and differentiation (Ferrè and Igarashi, 2019). Mutations in HNF1β are 

associated with kidney cystic abnormalities and maturity-onset diabetes of the young 

type 5 (MODY5) (Ferrè and Igarashi, 2019). Although HNF1-β is not directly involved 

with the cilia, it is an essential regulator of many cilia genes, which have all been 

associated with different cystic kidney diseases (Ferrè and Igarashi, 2019). The genes 

governed by HNF1-β include the ADPKD-associated gene PKD2, the medullary cystic 

kidney disease (MCKD) gene Uromodulin (UMOD), nephronophthisis-associated 
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gene GLIS family zinc finger 2 (GLIS2), the cpk mouse modifier gene Kinesin family 

member 12 (Kif12) and PKHD1 (Ferrè and Igarashi, 2019). 

Hnf-1β in mice governs the expression of Pkhd1 by binding to a region at ~ -49 

- -62 bp from the Pkhd1 Transcription Start Site (TSS) (Hiesberger et al., 2004). This 

region of the Pkhd1 promoter contains an Hnf-1 consensus sequence similar to the 

Hnf-1 motif 5’-RGTTAATNATTAACM-3’, and the loss of this region inhibits the 

expression of Pkhd1 (Hiesberger et al., 2004).  

Although the complete mechanism governing Hnf-1β control over Pkhd1 

expression is yet to be determined, it is known that this requires a domain located 

within the C-terminal region of Hnf-1β (Hiesberger et al., 2005). This domain, located 

within AAs 352 and 483, is independent of Hnf-1β DNA binding and likely regulates 

interactions with co-activators CREB binding protein (CBP) and P300/CBP-associated 

factor (P/CAF) (Hiesberger et al., 2005). Activation of the Pkhd1 promoter is mediated 

by chromatin remodelling, and in this context, CBP and P/CAF likely mediate this 

activity by their histone acetyltransferase activity (Hiesberger et al., 2005). 

Interestingly, the expression of the Hnf-1β C-terminus alone is not enough to recruit 

CBP or P/CAF, even though its loss is enough to stop the recruitment of these co-

activators (Hiesberger et al., 2005). Although the mechanism underpinning this is 

unclear, it has been suggested that the Hnf-1β C-terminal domain can only perform 

co-activator recruitment as a dimer, such as how Hnf-1β appears under normal 

physiological conditions (Hiesberger et al., 2005). Due to the loss of the Hnf-1β C-

terminal domain, expression levels of Pkhd1 drop, and cysts form from the kidney 

collecting ducts, indicating Pkhd1 as an essential factor in kidney cystogenesis 

resulting from mutations in Hnf-1β (Hiesberger et al., 2005). 
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1.3.2 The Functions of Fibrocystin 

 

Despite its limited expression throughout the body, FPC appears to localise to 

many cellular structures. The most well-known localisation of FPC is that of the basal 

body, the cilium, and the plasma membrane, where it is thought to behave as a 

receptor protein (Ward et al., 2003; Menezes et al., 2004; Wang et al., 2004; Zhang et 

al., 2004; Bakeberg et al., 2011) (Figure 4). However, the cilium and plasma 

membrane are not the only cell structures in which FPC localises, with additional 

studies having shown FPC to localise within the mitotic spindles, exosome-like 

vesicles (ELVs), the endoplasmic reticulum (ER), and the Golgi apparatus (Hogan et 

al., 2009; Zhang et al., 2010; Bakeberg et al., 2011; Outeda et al., 2017).  

In the mitotic spindles, depletion of Pkhd1 in mice resulted in centrosome 

amplification, multi-polarity, and chromosome lagging (Zhang et al., 2010). This effect 

has also been seen in cystic tubules in ARPKD (Zhang et al., 2010). Similarly, the loss 

of Pkd1 has been associated with centrosome amplification and mitotic instability in 

mice associating such a defect with ADPKD (Battini et al., 2008). Two more cystogenic 

proteins, MKS1 and MKS3, have also been shown to modulate centrosome duplication 

and may suggest a more significant role of cyst-associated proteins in the control of 

mitosis (Tammachote et al., 2009). It is currently unclear whether Pkhd1's function 

within the centrosomes and mitotic spindles is carried out by FPC or some other 

isoform of Pkhd1. Full-length FPC was not detected within this location, and neither 

was inducing the expression of full-length FPC able to rescue this phenotype (Zhang 

et al., 2010). In contrast, the potential functions of FPC within the ER, Golgi and ELVs 

are currently unknown. The presence of FPC within ELVs appears to be related to its 
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Figure 4. A schematic diagram showing the localisation of Fibrocystin (FPC) and DZIP1L in the cell. ER = Endoplasmic Reticulum; Golgi = Golgi Apparatus. Schematic is 
not drawn to scale. Figure was drawn in Microsoft PowerPoint from the Microsoft 365 application suite.  
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function within the cilia as FPC first localises to the cilia before localising to ELVs 

(Bakeberg et al., 2011).  

 

1.3.2.1 PKHD1, FPC and Ciliogenesis 

 
The expression of PKHD1 appears to govern a considerable number of cellular 

characteristics, but whether this control is a direct component of PKHD1's function or 

occurs due to the loss of PKHD1 function is not entirely understood. One of the primary 

associated functions of PKHD1, with mixed reports, is the role of FPC in ciliogenesis. 

Several animal models have shown that mutations in Pkhd1 or changes in its 

expression are associated with a decrease in cilia number, changes in ciliary length 

and the formation of malformed cilia (Masyuk et al., 2003; Woollard et al., 2007; Kim, 

Fu, et al., 2008). However, this observation is inconsistent with multiple studies 

featuring no change in cilia structure or number (Moser et al., 2005; Wang et al., 2007; 

Olson et al., 2019). Interestingly, RNA-Sequencing (RNA-Seq) carried out on a mouse 

model of Pkhd1 (Pkhd1-/-) supports the idea of Pkhd1 being involved in ciliogenesis. 

Despite this, no ciliary defect was observed in the study (Olson et al., 2019). The role 

of Pkhd1 in ciliogenesis may be cell type-specific as in one study, cilia defects were 

observed in proximal tubules of the kidney and the biliary tree but not in the collecting 

ducts of the kidney (Woollard et al., 2007). However, an alternative Pkhd1-mutant 

mouse model did not show defects in cholangiocytes cilia, making this observation in 

the biliary ducts also inconsistent (Moser et al., 2005).  

It is currently unknown whether changes in ciliogenesis are an essential factor 

in the manifestation of ARPKD or whether PKHD1 is directly involved in ciliogenesis. 

This is especially true given that limited information regarding ciliogenesis in ARPKD 
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is available. In one study using Pluripotent Stem Cells isolated from PKD patients, it 

was found that no changes in cilia structure or number were detected (Freedman et 

al., 2013). However, cilia defects have been observed in the case of ARPKD using 

urine-derived epithelial cells (Molinari et al., 2020). It has been suggested that changes 

in cilia structure and number do not directly result from the loss of FPC function. 

Instead, they occur due to tissue dysregulation in ARPKD (Molinari et al., 2020). 

 

1.3.2.2 FPC, The Cytoskeleton and Adhesion 

 
PKHD1 has also been associated with regulating the cytoskeleton of kidney 

tubular epithelial cells. Ubiquitinated RhoA plays a vital role in the regulation of F-actin, 

and the loss of this regulator impacts cytoskeletal morphology (Kaimori et al., 2017). 

In mice, Pkhd1 has been shown to regulate the cytoskeleton via an indirect 

relationship with RhoA, as the loss of Pkhd1 results in changes in the localisation of 

Smurf-1, which is required for the ubiquitination of RhoA (Kaimori et al., 2017). These 

changes in the cytoskeleton may also impact cellular adhesion, as well as cell-cell and 

cell-extracellular matrix (ECM) interactions (Mai et al., 2005). However, the exact 

mechanisms governing the relationship between cellular adhesion and FPC are not 

fully understood.  

In ARPKD-derived cystic kidney cells and siRNA-induced PKHD1 knockdowns 

(KD) in normal foetal collecting tubules, processes associated with cellular adhesion 

are dysregulated (Israeli et al., 2010). These changes result from alterations in focal 

adhesion kinases and c-Src signalling upon the attachment of cells to the ECM, 

leading to alterations in the rate of cellular attachment and increased cellular adhesion 

(Israeli et al., 2010). However, in Pkhd1 silenced mouse inner medullary collecting 



26 

duct cells 3 (mIMCD3) cells, cellular adhesion was shown to be decreased and may 

relate to changes in cytoskeletal regulation (Mai et al., 2005). Another study carried 

out in Madin-Darby canine kidney cells II (MDCK II) supports the involvement of Pkhd1 

in the control of the cytoskeleton but suggests changes in both cell-cell and cell–ECM 

interactions are associated with the contractility of the actin cytoskeleton (Ziegler et 

al., 2020). These changes in cytoskeletal organisation and cell-cell interactions are 

reported to impact additional cellular characteristics, such as cell motility and migration 

(Mai et al., 2005; Israeli et al., 2010; Ziegler et al., 2020). Pkhd1 may also be required 

for proper tubular formation, as loss of Pkhd1 negatively impacts this process (Mai et 

al., 2005; Ziegler et al., 2020). 

 

1.3.2.3 FPC and Apoptosis 

 
The upregulation of both proliferative and apoptotic processes is associated 

with the ARPKD phenotype, and FPC may be an essential regulator of this dynamic 

in ductal epithelial cells. However, the loss of Pkhd1 is associated with increased 

apoptosis, not proliferation, in both in vivo and in vitro models of ARPKD (Mai et al., 

2005; Mangolini et al., 2010; Hu et al., 2011; Sun et al., 2011). The upregulation of 

apoptosis that results from decreased Pkhd1 expression is mediated by PI3K/AKT and 

activation of NF-κB and caspase-3 activity (Mangolini et al., 2010; Hu et al., 2011; Sun 

et al., 2011). Under normal physiological conditions in kidney epithelia, PI3K/AKT and 

NF-κB interact and promote cell survival (Mangolini et al., 2010; Hu et al., 2011; Sun 

et al., 2011). However, decreased Pkhd1 expression is associated with enhanced 

AktS473 phosphorylation, which decreases Akt signalling (Hu et al., 2011; Sun et al., 

2011). It was found that both the expression of Bax (a downstream target of Akt) and 
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Caspase-3 is increased in response to decreased Pkhd1 expression, and NF-κB 

signalling is switched to a pro-apoptotic state (Hu et al., 2011; Sun et al., 2011).  

Whether PKHD1 is directly involved in the regulation of apoptosis is not entirely 

known. In contrast to the above which suggests that loss of FPC causes apoptosis, 

another study suggests decreased PKHD1 expression promotes proliferation (Sun et 

al., 2010). FPC may directly interact with the protein Prosaposin, and this dynamic is 

assumed to be essential for controlling cellular proliferation and apoptosis in HEK293 

cells (Sun et al., 2010). Prosaposin is believed to play a role in cell proliferation, 

growth, and survival and suppresses apoptosis (Sun et al., 2010). The C-terminus of 

FPC may antagonise Prosaposin function under currently unknown conditions, 

promoting a pro-apoptotic cellular state (Sun et al., 2010). Decreased PKHD1 

expression has also been proposed to increase PI3K/ATK activity and potentially 

promote proliferation in such a situation (Sun et al., 2011). However, PI3K/AKT activity 

has been suggested to both increase and decrease in response to reduced PKHD1 

expression (Sun et al., 2011). One mechanism by which this switch may occur is 

serum starvation, which results in decreased PI3K/AKT activity and promotion of 

apoptosis mediated through NF-κB (Sun et al., 2011). Currently, the full functionality 

of these relationships is unknown and their importance in ARPKD is yet to be 

determined.  

 

1.3.2.4 FPC, mTOR and SRC Signalling 

 
FPC has been shown to interact with the mTOR and SRC signalling pathways 

(Zheng et al., 2009; Wang et al., 2014; Dafinger et al., 2020). Regarding mTOR 

signalling, it has been shown that FPC may directly modulate PI3K/Akt/mTOR 
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signalling by suppressing mTOR activity in normal kidney epithelia (Wang et al., 2014). 

However, the tail of FPC may play a role in suppressing the function of full-length FPC, 

as suggested by an overexpression study of just the intracellular domain of FPC in 

HEK293T cells (Wang et al., 2014). In the absence of FPC, it is believed that the 

PI3K/Akt/mTOR pathway is pro-apoptotic and may act as a driver of apoptosis in 

ARPKD (Wang et al., 2014). It has also been suggested that via mTOR signalling, 

FPC may play a role in cell cycle progression and is required for S-phase entry (Zheng 

et al., 2009; Wang et al., 2014).  

Regarding FPC's interactions with SRC-STAT3 signalling, it has been 

suggested that FPC acts as an antagonist. In human cells, this function is carried out 

by the C-terminal domain of FPC, but the exact mechanisms are currently unknown 

(Dafinger et al., 2020). Interestingly, PC-1 is reported to activate STAT3 signalling, 

which suggests opposing roles for FPC and PC-1 concerning STAT signalling under 

normal physiological conditions (Dafinger et al., 2020; Strubl et al., 2020).  

 

1.3.2.5 FPC, Polycystin-2 (PC-2) and Intracellular Ca2+ Homeostasis 

 
Several studies have related FPC to Ca2+ transport and the regulation of Ca2+ 

(Nagano et al., 2005; Wu et al., 2006; Wang et al., 2007; Yang et al., 2007; Kim, Fu, 

et al., 2008; Kim, Li, et al., 2008). It has been suggested that loss of intracellular Ca2+ 

homeostasis may activate cellular proliferation by activating Epidermal Growth Factor 

Receptor (EGFR) and Mitogen-activated protein kinase (MAPK) signalling pathways 

(Yang et al., 2007). However, the exact mechanisms determining FPC's role in this 

mechanism are not fully understood.  
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FPC may play a direct role in Ca2+ signalling by interacting with various Ca2+ 

channel proteins such as PC-2 and Calcium Modulating Cyclophilin Ligand (CAML) 

(Nagano et al., 2005; Wu et al., 2006; Wang et al., 2007; Kim, Fu, et al., 2008; Kim, 

Li, et al., 2008). The significance of FPC's interaction with CAML is not very well 

understood. However, the interaction appears to occur via the former's C-terminal 

domain and the latter's N-terminal domain (Nagano et al., 2005). Both proteins co-

localise to the cilium and apical membrane, indicating a role for this complex within 

those regions (Nagano et al., 2005). The current belief is that these two proteins 

regulate intracellular Ca2+ levels, but the exact role of this interaction is yet to be 

determined experimentally (Nagano et al., 2005). 

The interaction between FPC and PC-2 is equally as unclear. Initially, no direct 

interaction was found between PC-2 and FPC, and it was instead found that Kif3b was 

required as a linker between the two proteins (Wu et al., 2006). Another study found 

that Kif3a was the essential binding mediator, not Kif3b (Wang et al., 2007). However, 

an alternative hypothesis suggests that the entire Kinesin-2 unit can mediate this 

interaction between FPC and PC-2 (Wang et al., 2007). All four proteins were shown 

to co-localise to the basal body and the cilia, modulating the Ca2+ channel activity of 

PC-2 (Wu et al., 2006; Wang et al., 2007). More recent reports suggest that the 

interaction between PC-2 and FPC is more direct and occurs similarly to CAML (Kim, 

Fu, et al., 2008; Kim, Li, et al., 2008). It has also been suggested that FPC is essential 

for the stability of PC2 and its role as a Ca2+ channel (Kim, Fu, et al., 2008). This is 

due to evidence from a Pkhd1-/- mouse model, which also featured a decrease in PC-

2 voltage channel activity (Kim, Fu, et al., 2008). The re-introduction of FPC rescued 

this decrease in PC-2 channel activity in the same Pkhd1-/- model (Kim, Fu, et al., 

2008). Similarly, the protein expression of PC-2 is decreased in Pkhd1-/- mice but not 
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PC-2 mRNA, suggesting that FPC is required to ensure PC-2 protein stability (Kim, 

Fu, et al., 2008). However, the stabilisation of FPC is not dependent on PC-2 since 

the loss of Pkd2 does not impact Pkhd1's mRNA nor FPC protein levels (Kim, Fu, et 

al., 2008).  

Recently the ability of FPC to interact with PC-2 in vivo has been called into 

question primarily due to an inability to co-immunoprecipitate the two proteins (Outeda 

et al., 2017). Additionally, PC-2 protein levels in a different Pkhd1 mutant mouse model 

were found to be the same as those in wild-type mice, suggesting that the 

hypothesised PC-2 interacting domain of FPC is not required for PC-2 stability (Outeda 

et al., 2017). Interestingly, the loss of the PC-2 interacting domain in the FPC tail also 

fails to produce either a hepatic or kidney phenotype in mice, suggesting that if this 

interaction occurs, its loss is not essential for cystogenesis (Outeda et al., 2017). 

 

1.3.2.6 FPC and Planar Cell Polarity 

 
Although the exact mechanisms that control the loss of cell polarity within 

ARPKD cells are not fully understood, it is possible that Pkhd1, and by extension FPC, 

may play a direct role in establishing planar cell polarity (PCP) within ductal epithelial 

cells. As previously discussed, depletion of Pkhd1 was associated with centrosome 

amplification and multi-polarity (Zhang et al., 2010). Additionally, Pkhd1del4/del4 mice 

and the polycystic kidney (PCK) rat have been shown to develop planer cell polarity 

defects because of their mutation in Pkhd1 (Fischer et al., 2006; Nishio et al., 2010). 

Loss of PCP has been observed in ADPKD mice but appears to develop after tubular 

dilation has already occurred (Nishio et al., 2010). However, the Pkhd1del4/del4 mice do 

not develop cysts but still featured PCP defects, suggesting that Pkhd1 can regulate 
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PCP directly and is not a consequence of PKD, unlike with Pkd1 and Pkd2 mutations 

(Nishio et al., 2010; Ma, 2021). Additionally, decreased expression of Pkhd1 within 

mIMCD3 cells via siRNA has been shown to alter the expression of non-canonical 

WNT signalling genes associated with PCP (Richards et al., 2019). However, the 

mechanism by which Pkhd1 controls the expression of these genes is currently 

unknown.  

The relationship between PCP and cystogenesis is poorly understood, 

especially regarding whether loss of PCP can cause or is required for PKD. Loss of 

PCP does not appear to be an initiating factor in ADPKD but can still arise after 

cystogenesis has begun (Nishio et al., 2010). Additionally, It has been shown that 

conditionally knocking out canonical PCP genes Vangl1 and Vangl2 does not cause 

the formation of kidney cysts (Kunimoto et al., 2017). However, knocking out these 

genes can disrupt normal tubular morphogenesis in adult mice up to one year of age, 

suggesting that PCP defects alone do not cause PKD directly (Kunimoto et al., 2017). 

In contrast, disrupting non-canonical PCP genes (Fat4), WNT/PCP genes (Wnt9b) and 

the WNT signalling pathway switch (Invs) have been reported to give rise to cyst 

development (Saburi et al., 2008; Karner et al., 2009; Srivastava et al., 2018). It has 

been suggested that Pkhd1 may regulate non-canonical PCP genes, which may occur 

by the WNT/PCP pathway (Richards et al., 2019; Ma, 2021). However, it is currently 

unknown how this process occurs and whether it is required to initiate the cyst 

development observed in ARPKD. 
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1.3.3 DAZ Interacting Protein 1-Like (DZIP1L) 

  

The second gene associated with human ARPKD is DZIP1L (Lu et al., 2017; 

Hertz et al., 2022). However, only a few observations have been made that associate 

DZIP1L with ARPKD. As such, it is assumed to be a rare cause of ARPKD in humans 

(Lu et al., 2017; Hertz et al., 2022). DZIP1L is located within the 3q22.3 human 

genome region and encodes a 767 AA protein of the same name (Lu et al., 2017). 

Structurally, DZIP1L consists of a single C2H2 zinc finger domain close to the N-

terminal domain and between AAs 168 – 189 (Lu et al., 2017) (Figure 5). DZIP1L also 

contains a single coiled-coil domain located downstream of the zinc finger domain 

between AAs 205 – 406 (Lu et al., 2017). DZIP1L is ubiquitously expressed and 

features moderate expression in the kidney and low expression in the liver, according 

to NCBI (Fagerberg et al., 2014; Sayers et al., 2022).  

Figure 5. A schematic representation of the protein product of DZIP1L. Schematic is not drawn to scale. Figure 
was drawn in Microsoft PowerPoint from the Microsoft 365 application suite. 
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1.3.4 The Function of DZIP1L  

 

DZIP1L localises to the basal body and the transition zone of the cell, where it 

has been shown to interact with the diffusion barrier proteins SEPT2 and TCTN1 (Lu 

et al., 2017). Loss of DZIP1L stops both PC-1 and PC-2 from localising to the cilium, 

but the exact mechanism underlying this function is unknown (Lu et al., 2017). 

Additionally, DZIP1L localisation with SEPT2 and TCTN1 may suggest a role within 

the Ciliogenesis and Planar Cell Polarity Effector (CPLANE) complex and may be 

involved in the recruitment of basal body proteins and IFT-A assembly (Toriyama et 

al., 2016; Lu et al., 2017). However, its roles, if any, within this complex are currently 

not known. DZIP1L remains localised to the basal body and the mother centriole 

throughout the cell cycle (Lu et al., 2017). It is also currently unknown whether DZIP1L 

is crucial for the function of the centrioles during the rest of the cell cycle outside the 

cilium.  

DZIP1L has been associated with ciliary defects, but its importance is 

inconsistent and may suggest tissue-specific effects. In human fibroblasts, the loss of 

DZIP1L appears to have no noticeable impact on ciliogenesis (Lu et al., 2017). 

However, a noticeable impact has been observed in mice. In mouse embryonic 

fibroblasts, the loss of functional Dzip1l caused a reduction in ciliated cells (Lu et al., 

2017). However, this effect was not detected in most embryonic mouse tissues (Lu et 

al., 2017). 

Interestingly, it has been reported that collecting ducts from kidney tissues 

associated with Dzip1l mutant mice featured a decrease in ciliary number. However, 

this effect was suggested to be an after-effect caused by the tubular dilations rather 
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than the ciliary defects being the cause of the dilations (Lu et al., 2017). Additionally, 

the loss of Dzip1l has been reported to impact Hedgehog signalling but in a tissue 

specific manner in mice (Lu et al., 2017). How mutations in DZIP1L give rise to ARPKD 

and whether it interacts with FPC are currently unknown. 
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1.4 Genotype-Phenotype Correlations in ARPKD 

1.4.1 Genotype to Phenotype Correlations in Human ARPKD 

 

ARPKD is associated with neonatal to childhood-onset cystic kidney disease 

with the variable presentation of CHF. However, cases have been reported of 

individuals being diagnosed later in life, often with a milder presentation of the 

associated kidney and liver disease (Fonck et al., 2001; Bergmann et al., 2003; 

Bergmann, Senderek, et al., 2005; Adeva et al., 2006; Gunay-Aygun, Tuchman, et al., 

2010; Gunay–Aygun et al., 2013). Further complicating our understanding of the 

disease presentation is the presence of intra-familial variability (Bergmann et al., 2003; 

Bergmann, Senderek, et al., 2005). Currently, what leads to this disease variability is 

poorly understood, but a few factors have been associated with disease severity.  

Some correlations can be associated with the genetic cause of ARPKD. 

Mutations in DZIP1L are considered a rare cause of ARPKD, with only seven known 

affected families across two studies (Lu et al., 2017; Hertz et al., 2022). Individuals 

with mutations in DZIP1L are associated with moderate to mild kidney disease with 

little known hepatic impact (Lu et al., 2017; Hertz et al., 2022). Kidney disease is often 

diagnosed during early childhood, with kidney survival lasting until teenage – 

adulthood (Lu et al., 2017; Hertz et al., 2022). In one clinical instance, the individual 

presented with mild liver disease, presenting as hepatosplenomegaly (Lu et al., 2017; 

Hertz et al., 2022). As such, the general course of ARPKD arising from mutations in 

DZIP1L is considered moderate – mild for kidney and mild for liver disease 
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presentation. However, most ARPKD cases arise due to mutations in PKHD1, which 

is clinically more variable.  

The phenotype that results from mutations in PKHD1 is highly variable and 

often associated with perinatal or neonatal death due to pulmonary hypoplasia and 

excessive kidney enlargement (Bergmann, 2015). The disease presentation of either 

the kidney or liver can vary in severity between individuals and is not dependent on 

the presentation of the other organ (Gunay–Aygun et al., 2013; Abdul Majeed et al., 

2020). For example, individuals with severe kidney disease can present with either 

mild or severe liver disease. Alternatively, individuals with severe liver disease can 

present with mild or severe kidney disease. Intrafamilial variability has also been 

observed within ARPKD families with mutations in PKHD1, with the rate of kidney 

failure and hepatic involvement varying between siblings. Previous estimates predict 

that ~20% of ARPKD families show intrafamilial variability (Bergmann et al., 2003; 

Bergmann, Senderek, et al., 2005). However, a recent longitudinal study following 70 

patients from 35 ARPKD families recruited from the AregPKD registry found little 

variability in the clinical course in most families (Ajiri et al., 2022). However, three 

sibling pairs did feature pronounced variability in the clinical course of their kidney 

disease (Ajiri et al., 2022). Overall, suggesting that familial variability is present, albeit 

most families will have members who show little to no clinical variation (Ajiri et al., 

2022).  

A significant problem in determining genotype-phenotype relationships is that 

in most "non-isolated" populations, such as the United Kingdom, the variants that 

cause ARPKD are family-specific (Bergmann, Senderek, et al., 2005). Some PKHD1 

variants have been reported to have a higher occurrence in some populations, such 

as the finish founder mutations, R496X and V3471G and the globally reoccurring 
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T36M mutation (Bergmann et al., 2003; Bergmann, Senderek, et al., 2005). T36M is 

the most widely reported mutation in PKHD1 associated with ARPKD and is estimated 

to make up 15 - 20% of mutated PKHD1 alleles (Bergmann, Senderek, et al., 2005). 

Typically the T36M mutation is associated with severe ARPKD, especially when 

inherited homozygously. However, cases of moderate and even mild ARPKD have 

also been reported in individuals carrying this mutation (Bergmann et al., 2003; Furu 

et al., 2003; Bergmann, Senderek, et al., 2005).   

It is currently not fully understood why this variation in disease presentation and 

severity occurs concerning mutations in PKHD1. A correlation has been observed 

between the type of mutation and overall disease severity. The inheritance of two null 

alleles can result in severe ARPKD and is associated with an early presentation 

(perinatal or neonatal) and death (Bergmann et al., 2003, 2004; Bergmann, Senderek, 

et al., 2005). In contrast, the inheritance of at least one missense mutation can result 

in a less severe presentation of the disease (Bergmann et al., 2003, 2004; Bergmann, 

Senderek, et al., 2005). However, this is not guaranteed. Rare cases of individuals 

with two null alleles who have survived the neonatal period have been reported (Frank, 

Zerres and Bergmann, 2014). Additionally, individuals with two missense mutations in 

PKHD1 have been associated with severe ARPKD (Bergmann et al., 2003, 2004; 

Bergmann, Senderek, et al., 2005). It is also important to note that the mutations in 

PKHD1 that can cause ARPKD are not limited to premature termination of PKHD1 or 

point mutations. More complex variants, such as within non-coding regulatory regions, 

multiexon deletions, and intragenic duplication events, can cause ARPKD (Bergmann 

et al., 2006; Miyazaki et al., 2015; Melchionda et al., 2016; Chen et al., 2019). 

Attempts have been made to associate disease outcomes with the location of 

mutations in PKHD1, but this relationship is still poorly understood (Furu et al., 2003; 
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Qiu et al., 2020; Burgmaier et al., 2021). The most recent and largest cohort assessed 

for these relationships was 304 ARPKD patients (Burgmaier et al., 2021). This study 

suggested that patients with two missense variants within the AA region of 709 – 1837 

in PKHD1 had better kidney survival by 18 years of age (Burgmaier et al., 2021). In 

addition, those with missense mutations between AAs 1838 – 2624 showed better 

clinical outcomes regarding their liver disease presentation (Burgmaier et al., 2021). 

In contrast, those with two missense variants within the AA region of 2625 – 4074 

typically showed poorer outcomes regarding their liver disease presentation 

(Burgmaier et al., 2021). However, there is still much currently unknown about 

genotype-phenotype relationships.  

Aside from the type of mutations inherited, it has been suggested that genetic 

modifiers may play a role in influencing disease severity in human ARPKD (Bergmann 

et al., 2003; Bergmann, Senderek, et al., 2005). In support of this, evidence from 

mouse model studies suggests that variants in other genes may influence the ARPKD 

phenotype by acting as modifiers of disease severity (Guay-Woodford, 2003; Mrug et 

al., 2005; O’Meara et al., 2012). 
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1.4.2 Genetic Background and its Influence on ARPKD severity 

 

Much of what we know about ARPKD comes from studies in animal models. A 

common observation featured in many mouse models emulating loss of function 

mutations in Pkhd1 is the failure to encapsulate the severe nature of ARPKD (Table 

2). Many of these models feature a pronounced liver phenotype, but the kidney 

phenotype often varies (Masyuk et al., 2003; Moser et al., 2005; Garcia-Gonzalez et 

al., 2007; Woollard et al., 2007; Kim, Fu, et al., 2008). In some Pkhd1 mouse models, 

there is a very pronounced kidney phenotype characteristic of ARPKD (Garcia-

Gonzalez et al., 2007; Kim, Fu, et al., 2008). In others, there is little to no kidney 

phenotype in adult mice, and some mouse models feature no liver or kidney disease 

presentation (Moser et al., 2005; Woollard et al., 2007; Outeda et al., 2017; Olson et 

al., 2019).  

The exact causes of these differences are unknown. In some instances, the 

difference in disease severity may relate to the specific FPC domain being removed 

in the mouse model, such as the lack of kidney and liver presentation upon the removal 

of nuclear localisation and PC-2 interacting domain in the FPC C-terminal region 

(Outeda et al., 2017). Alternatively, In some animal models, it may relate to the genetic 

background of the mice. Pkhd1del2/del2 female outbred mice developed tubular dilations 

and cystic kidneys within the proximal tubules by nine months of age (Woollard et al., 

2007). In contrast, inbred mice for the same del2 mutation found that female mice of 

the BALBc/J and C57BL/6J strains developed proximal tubule dilations by three 

months of age, suggesting unknown genetic factors influence the rate of kidney 

disease progression (Woollard et al., 2007). 
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Table 2. An overview of the different ARPKD animal models discussed in text. AD = ADPKD; AR = ARPKD; CD = Collecting Ducts; DT = Distal Tubules; GB = Genetic 
Background; LH = Loop of Henle; M = Manufactured; N/A = Not Applicable; N/P = Not Present; PT = Proximal Tubules; S = Spontaneous.  

 
Model of 
ARPKD 

Occurrence Gene Kidney Phenotype Cyst 
Location 

Extra-Renal 
Features 

Influenced 
by 

Genetics 
 

Citations 

Bpk 
(Mouse) 

S Bicc1 Early tubular dilations 
and cyst development 

PT > CD Death by 3-4 
weeks, 

Ductal Plate 
Malformations, 
Hepatic fibrosis. 

 

GB (Guay-Woodford, 
Wright, et al., 2000; 

Guay-Woodford, 2003) 

Cpk 
(Mouse) 

S Cystin-1 Early tubular dilations 
and cyst development 

PT > CD Death by 3-4 
weeks,  
Genetic 

background is 
specific for both 

biliary and 
pancreatic 

abnormalities.  

GB (Gattone, MacNaughton 
and Kraybill, 1996; 

Guay-Woodford, Green, 
et al., 2000; Ricker et 

al., 2000; Gattone et al., 
2002; Hou et al., 2002; 
Yoder, Hou and Guay-
Woodford, 2002; Guay-

Woodford, 2003) 
 

Orpk 
(Mouse) 

M Polaris Early tubular dilations 
and cyst development 

PT > CD Death in 1 – 2 
weeks,  

Ductal Plate 
Malformations, 

Growth 
retardation, 

Pancreatic ductal 
hypoplasia,  

Skeletal defects 
 

GB (Guay-Woodford, 2003; 
Zhang et al., 2003) 

PCK 
(Rat) 

S Pkhd1 Mild tubular dilations 
with slow-progressing 

disease  

CD; DT; 
LH; PT 

Ductal Plate 
Malformation, 

Hepatic Fibrosis,  
Hepatic Cysts 

GB (Lager et al., 2001; 
Ward et al., 2002; 

Masyuk et al., 2004) 
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Pkhd1del2 

(Mouse) 
M Pkhd1 Tubular dilations from 9 

– 12 months and cystic 
kidneys from 15 months 

(Female Only) 
 

PT Ductal Plate 
Malformations, 

Hepatic Fibrosis, 
Pancreatic Cysts 

GB (Woollard et al., 2007) 

Pkhd1del3–4 

(Mouse) 
M Pkhd1 Tubular dilations by six 

months. Some had 
cystic kidney disease.  

 

CD; DT; 
LH 

Embryonic 
Lethality, 

Ductal Plate 
Malformations, 
Biliary Cysts, 
Mild hepatic 

fibrosis, 
Pancreatic Cysts 

 

Yes 
(Other PKD 

genes) 

(Garcia-Gonzalez et al., 
2007) 

Pkhd1e15GFPΔ16 

(Mouse) 
M Pkhd1 By six months, tubular 

dilations and kidney 
cysts were present.  

PT > CD Embryonic 
Lethality, 

Hepatic Cysts, 
Liver fibrosis  

Yes 
(Other PKD 

genes) 

(Kim, Fu, et al., 2008) 

Pkhd1ex40 

(Mouse) 
M Pkhd1 N/P N/A Ductal Plate 

Malformations, 
Hepatic Fibrosis 

 

N/A (Moser et al., 2005) 

Pkhd1Flox67HA 

(Mouse) 
 

M Pkhd1 N/P N/A N/P N/A (Outeda et al., 2017) 

Pkhd1LSL 

(Mouse) 
M Pkhd1 Mild kidney tubular 

dilations by six months 
of age 

P0 – P3 = 
PT; P12 = 

No 
detection 

Not Described Yes 
(Other PKD 

genes) 

(Olson et al., 2019) 
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In humans, mutations in DZIP1L and PKHD1 are the only genes recorded to 

cause ARPKD. However, in mice, more genes are reported to result in an ARPKD-like 

phenotype in the presentation of their kidney and liver disease (Avner et al., 1988; 

Gattone et al., 1988; Nauta et al., 1993; Moyer et al., 1994). Much like the Pkhd1del2/del2 

mutation, several models show differences in their phenotypic presentations when 

crossed into different mouse strains (Gattone, MacNaughton and Kraybill, 1996; Guay-

Woodford et al., 1996; Guay-Woodford, Green, et al., 2000; Guay-Woodford, Wright, 

et al., 2000; Ricker et al., 2000; Sommardahl et al., 2001; Mrug et al., 2005).    

The Oak Ridge polycystic kidney (orpk) mouse arises due to a mutation in the 

gene TgN737, which encodes the primary cilium localising protein Polaris (Yoder, Hou 

and Guay-Woodford, 2002). Homozygotes of the TgN737Rpw mutation present with 

severe growth retardation, PKD, ductal plate malformations, pancreatic ductal 

hypoplasia, and skeletal patterning defects (Moyer et al., 1994; Yoder et al., 1995; 

Zhang et al., 2003). These mice die early, typically within 1-2 weeks of life, due to 

kidney failure (Sommardahl et al., 2001). PKD in these mice initially presents as 

proximal tubule dilations (Moyer et al., 1994). However, this pattern later changes 

toward collecting duct dilations (Moyer et al., 1994). This early formation of proximal 

tubular dilations is also observed in ARPKD, which also shifts to predominantly 

collecting duct dilations later in the progression of the disease (Nakanishi et al., 2000). 

When the TgN737Rpw mutation is crossed from the FVB/N to C3H genetic 

background, the rate of disease progression is considerably reduced, with kidney cyst 

development occurring at a slower pace (Sommardahl et al., 2001). Like the kidney 

phenotype, the C3H background mice also presented with less severe pancreatic and 

liver lesions (Sommardahl et al., 2001). Compared to the FVB/N background mice, the 

orpk C3H mice also live longer than their FVB/N counterparts, suggesting some 
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inherited trait lessens the disease presentation in the orpk mice (Sommardahl et al., 

2001).  

Another prominent ARPKD-like mouse model is the congenital polycystic 

kidneys (cpk) mouse. The phenotype associated with cpk mice is represented by 

early-onset kidney tubular dilations and cystic kidney disease (Avner et al., 1988; 

Gattone et al., 1988; Guay-Woodford, 2003). Tubular dilations occur early and can be 

observed from embryonic day 16 (Avner et al., 1988; Gattone et al., 1988; Guay-

Woodford, 2003). Like orpk mice and ARPKD, the tubular dilations associated with 

cpk mice initially present as proximal tubular dilations that shift towards collecting duct 

dilations and cysts as the disease progresses (Avner et al., 1988; Gattone et al., 1988; 

Guay-Woodford, 2003). The cpk phenotype arises due to mutations in Cystin-1, which 

like Pkhd1 and TgN737, encodes a protein that localises to the primary cilium (Yoder, 

Hou and Guay-Woodford, 2002).  

The initial presentation of homozygote cpk mice, which arose in the C57BL/6J 

mouse strain, showed little to no liver or pancreatic disease presentation (Guay-

Woodford, 2003). The mice typically die early, within 3-4 weeks of birth (Guay-

Woodford, 2003). However, the genetic background of the cpk mutations can influence 

the disease presentation considerably. Mice of the BALB/c strain carrying the cpk 

mutation feature kidney, pancreatic and bile duct cysts (Ricker et al., 2000). CD1 

background mice present with kidney, pancreatic, and common bile duct cysts, with 

intrahepatic duct dilations (Gattone, MacNaughton and Kraybill, 1996). Finally, kidney 

cysts, pancreatic dilations and DPM have been observed in cpk/cpk mice intercrossed 

from C57BL/6J to the CAST/Ei genetic background (Guay-Woodford, Green, et al., 

2000; Mrug et al., 2005).  
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The BALB/c polycystic kidneys (Bpk) mouse presents similarly to human 

ARPKD, presenting with kidney cysts and biliary duct hyperplasia (Nauta et al., 1993). 

Like the cpk and orpk mouse models, tubular dilations are initially present in the 

proximal tubules and later replaced with collecting duct dilations and cysts (Nauta et 

al., 1993). Death within these mice typically arises within 1-month of birth and is 

associated with kidney failure (Nauta et al., 1993). The bpk mouse arose from 

spontaneous mutations in Bicc1 within the BALB/c inbred background and shared a 

common gene locus with the jcpk mouse model (Guay-Woodford et al., 1996; 

Cogswell et al., 2003). Although both mouse models correspond to a similar genetic 

locus, both models are phenotypically different, with the latter model presenting closer 

to ADPKD (Flaherty et al., 1995). Unlike the other two models discussed, Bicc1 does 

not encode a protein that directly localises to the primary cilium but is involved in RNA 

binding (Bouvrette, Price and Bryda, 2008).  

Like the cpk and orpk mouse models, the phenotype of the bpk mice is also 

modulated by genetic background. BALB/c x CAST/Ei intercrosses are reported to be 

varied but more severe in the presentation of their kidney disease than the parental 

BALB/c strain (Guay-Woodford, Wright, et al., 2000). Similarly, BALB/c x CAST/Ei 

intercrosses also show a more rapid progression in their kidney and liver disease 

progression, occurring more rapidly than the parental BALB/c strain (Guay-Woodford 

et al., 1996).  

In rats, a mutation in the gene Pkhd1 is responsible for the occurrence of the 

PCK rat (Ward et al., 2002). The mutation occurred spontaneously, but these rats' 

kidney phenotype was more reflective of ADPKD, with cysts dispersed throughout a 

much broader range of the nephron and with a slower rate of cyst progression than 

described in human ARPKD (Lager et al., 2001). Like the bpk, cpk and orpk mouse 
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models, crossing the PCK mutation into another rat strain (Sprague Dawley to Fawn-

Hooded Hypertensive) altered the presentation of the phenotype (O’Meara et al., 

2012). These intercrossed rats showed reduced kidney disease severity, with reduced 

kidney size and cyst number compared to Sprague Dawley PCK rats (O’Meara et al., 

2012). However, the genetic background of the Fawn-Hooded Hypertensive rats did 

little to alter the liver presentation of the PCK mutation, suggesting the genetic modifier 

in this intercross was specific to the kidney phenotype (O’Meara et al., 2012).  

Currently, little is known regarding the exact genetic modifiers influencing the 

disease presentation of these models. Quantitative trait loci (QTL) experiments have 

narrowed down some influencing genetic loci, such as Chr D6mit14 in bpk BALB/c x 

CAST/Ei intercrosses or D4mit221-233 in the orpk FVB/N x C3H intercrosses (Guay-

Woodford, Wright, et al., 2000; Sommardahl et al., 2001). However, one QTL is 

unlikely to influence the complete phenotype associated with each mutation, with 

organ-specific QTL being suggested (Guay-Woodford, Green, et al., 2000; Mrug et al., 

2005; O’Meara et al., 2012). So far, only Kif12 has been identified as a candidate 

genetic modifier of ARPKD by QTL experiments in the cpk mouse, likely to impact the 

presentation of kidney and liver disease in C57BL/6J x CAST/Ei intercrosses (Mrug et 

al., 2005, 2015).  
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1.4.3 PKD Genes as Modifiers of ARPKD 

 

Little is known regarding the genomic interactions between the genes 

responsible for cystic kidney diseases. However, it has been suggested that the co-

inheritance of genes associated with PKD can worsen the kidney presentation of 

human PKD (Bergmann et al., 2011). In animal models, the co-inheritance of 

mutations in Pkhd1 with Pkd1 shows a more severe onset of PKD, with decreased 

survival and more pronounced cystic kidney disease (Garcia-Gonzalez et al., 2007; 

Olson et al., 2019).  

Pkhd1del3-4 mice lack exons 3 and 4 of Pkhd1 and develop ductal plate 

malformations and kidney, biliary and pancreatic cysts (Garcia-Gonzalez et al., 2007). 

In Pkhd1del3-4/del3-4; Pkd1+/- mice, it was reported that the disease presentation for the 

liver, pancreas and kidney was more severe compared to Pkhd1del3-4/del3-4 mice alone 

(Garcia-Gonzalez et al., 2007). These mice also featured a decrease in the number of 

live-born mice compared to Pkhd1del3-4/del3-4 (Garcia-Gonzalez et al., 2007). The overall 

phenotype of digenic (Pkhd1del3-4/del3-4; Pkd1+/-) mice were reported to appear as a 

more severe ARPKD phenotype than the super-imposition of Pkd1-mutant 

abnormalities onto an ARPKD background (Garcia-Gonzalez et al., 2007). 

Pkhd1LSL/LSL mice are reported to have a stop cassette in exon 3, abolishing the 

production of the full-length Pkhd1 transcript (FPC) (Olson et al., 2019). Compared to 

the Pkhd1del3-4/del3-4 mice, these mice had only mild kidney tubular dilations by six 

months of age (Garcia-Gonzalez et al., 2007; Olson et al., 2019). In contrast, 

Pkd1RC/RC develop kidney cysts by P0 (Olson et al., 2019). The overall phenotype of 

Pkhd1LSL/LSL; Pkd1RC/RC digenic mice was reported as a more pronounced cystic 
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kidney disease, with greater numbers of embryonic death than either monogenic 

mouse model (Olson et al., 2019). Transcriptional analysis via RNA-Seq highlighted 

the cilia as a common compartment for differentially expressed genes (DEG) from 

Pkhd1LSL/LSL and Pkd1RC/RC mice, with a more significant impact on cilia structure 

confirmed by scanning electron microscopy in the digenic mice compared to 

monogenic mice (Olson et al., 2019). This suggests that the synergistic effects 

between these two genes may be cilia-dependent or just a common side effect 

amplified by the loss of both genes (Olson et al., 2019). In rats, Digenic (Pkhd1PCK/PCK, 

Pkd1+/-) rats have been reported to feature a more rapidly progressing cystic kidney 

disease and greater postnatal lethality compared to PCK or Pkd1+/- rats alone (Olson 

et al., 2019). 

Like Pkd1, co-inheritance of Pkhd1 and Pkd2 mutations also synergistically 

affects disease presentation. Pkhd1e15GFP161/e15GFPΔ16 mice feature a disruption of exon 

15 and a deletion of exon 16, which is reported to ablate the full length of FPC (Kim, 

Fu, et al., 2008). These mice presented with embryonic lethality, and those that 

survived to adulthood developed kidney tubular dilation, cysts, and liver fibrosis (Kim, 

Fu, et al., 2008). However, the phenotype of Pkhd1e15GFP161/e15GFPΔ16; Pkd2+/- mice 

showed cysts similar in structure to ADPKD cysts (spherical) compared to ARPKD 

cysts (spindle-shaped) (Kim, Fu, et al., 2008).  

ADPKD is associated with a dosage-dependent loss of either PC-1 or PC-2, 

where ADPKD arises due to a germline mutation and an additional somatic event that 

causes a further loss in expression in either gene (Saigusa and Bell, 2015; Cordido, 

Besada-Cerecedo and García-González, 2017; Bergmann et al., 2018). In digenic 

(Pkhd1e15GFP161/e15GFPΔ16, Pkd2+/-) mice, PC-2 expression was reported to be 

decreased compared to Pkd2+/- alone, suggesting that loss of FPC dropped the levels 
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of functional PC-2 which contributed to a more severe ADPKD-like phenotype in these 

mice  (Kim, Fu, et al., 2008). Similar dosage-dependent effects were suggested 

between Pkhd1 and Pkd1, where the loss of Pkhd1 raises the required threshold of 

functional PC-1 (Olson et al., 2019). As such, it is implied that the co-inheritance of 

Pkhd1 mutations with either Pkd1 or Pkd2 has a modifier function and can result in 

more severe PKD (Garcia-Gonzalez et al., 2007; Kim, Fu, et al., 2008; Olson et al., 

2019). 
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1.5 Dysregulated Molecular Pathways in ARPKD 

1.5.01 An Overview of the Dysregulated Molecular Processes in 

ARPKD 

 

ARPKD is a complex disease associated with cystogenesis of the kidneys and 

fibrosis of the liver. Although the complete network of dysregulated processes driving 

cystogenesis in ARPKD is currently unknown, the disease is associated with changes 

in the rate of cellular proliferation and apoptosis, as well as changes in cellular 

adhesion, migration, PCP and fluid secretion (Rohatgi et al., 2003; Sweeney et al., 

2003; Belibi et al., 2004; Dell et al., 2004; Veizis, Carlin and Cotton, 2004; Mai et al., 

2005; Fischer et al., 2006; Yamaguchi et al., 2006; Israeli et al., 2010; Nishio et al., 

2010; Hu et al., 2011). How loss of function in DZIP1L and FPC fit into this broader 

cellular dysfunction is still a matter of investigation, with FPC likely directly involved in 

many of the cellular functions within the kidney collecting ducts, including adhesion, 

apoptosis, Ca2+ influx, cellular signalling, the cytoskeleton, and PCP (Reviewed in 1.3 

The Genetics of ARPKD). Like many ciliopathies associated with cystic kidney 

diseases, this may directly relate to the function of DZIP1L and FPC at the cilia, with 

the loss of some ciliary function potentially being the core driver of cystogenesis.  

It is likely that the initiation and development of cystogenesis in ARPKD shares 

many similarities with ADPKD, likely due to four reasons. First, the two diseases share 

common dysregulated elements, including alterations in the EGFR and associated 

signalling pathways, loss of Ca2+ homeostasis, hyperactivation of adenylyl cyclase 

adenosine 3′,5′-cyclic monophosphate (cAMP) signalling and overlap in other 
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dysregulated signalling pathways, such as mTOR, STAT and SRC signalling (Du and 

Wilson, 1995; Sweeney and Avner, 1998; Belibi et al., 2004; Shillingford et al., 2006; 

Sweeney et al., 2008; Fischer et al., 2009; Elliott, Zheleznova and Wilson, 2011; 

Dafinger et al., 2020; Strubl et al., 2020) (Figure 6). Second, proteins associated with 

the two diseases localise to the same cellular compartments, such as DZIP1L, FPC, 

PC-1 and PC-2, being localised to the primary cilium (Yoder, Hou and Guay-Woodford, 

2002; Ward et al., 2003; Lu et al., 2017). ALG9, DNAJB11, FPC, GANAB and PC-2 

all localise to the ER and FPC, PC-1, and PC-2 localise to secreted ELVs (Hogan et 

al., 2009; Porath et al., 2016; Outeda et al., 2017; Cornec-Le Gall et al., 2018; Besse 

et al., 2019; Liu, Tang and Chen, 2022). Third, the proteins associated with ADPKD 

and ARPKD may have similar functions, such as PC-1, PC-2 and FPC are associated 

with regulating Ca2+ homeostasis (Hanaoka et al., 2000; Kim, Fu, et al., 2008). Finally, 

the proteins associated with ADPKD and ARPKD potentially interact either directly, as 

suggested between FPC and PC-2, or as part of a shared genomic network, as 

suggested between FPC and PC-1 (Garcia-Gonzalez et al., 2007; Kim, Fu, et al., 

2008; Kim, Li, et al., 2008; Olson et al., 2019).  

Despite these similarities, the formation of cysts differs between ADPKD and 

ARPKD. In ADPKD, cysts form throughout the nephron and initially develop as fluid-

filled outgrowths extending off the kidney and eventually detaching from the 

surrounding epithelia (Bergmann et al., 2018). In contrast, ARPKD forms from tubular 

dilation of the distal tubules and collecting ducts, with this tubule dilation becoming 

cystic (Bergmann et al., 2018). As such, the cysts present differently between the two 

diseases, with cysts appearing more spherical in ADPKD and spindle-like (fusiform) in 

ARPKD (Bergmann et al., 2018). These differences likely occur due to differences in 
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Figure 6. A schematic representation of the different pathways dysregulated in ARPKD and the types of cellular changes that occur. Coloured lines refer to the associated 
pathway e.g. red represents Hedgehog signalling and dark blue represents WNT/PCP signalling. Dotted lines represent a connection between pathway components unlikely 
to be involved in ARPKD. Coloured boxes refer to signalling pathways and white boxes refer to the types of cellular changes taking place in ARPKD. ECM = Extracellular 
Matrix. P2 = Purinergic (P2) receptors. V2R = Vasopressin 2 Receptor. Schematic is not drawn to scale. Figure was drawn in Microsoft PowerPoint from the Microsoft 365 
application suite. 
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cystogenesis, such as different mechanisms relating to fluid secretion and the time 

point at which alterations in PCP occur (Nakanishi et al., 2001; Nishio et al., 2010). 
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1.5.02 Ca2+ Homeostasis and cAMP 

 

A core mechanism in the cystogenesis of ARPKD is reduced [Ca2+]i levels. In 

response to reduced [Ca2+]i, cAMP is activated in human ARPKD-derived cell cultures 

and animal models of ARPKD (Gattone et al., 2003; Belibi et al., 2004; Wang et al., 

2005, 2008; Yamaguchi et al., 2006). In the context of ARPKD, cAMP activation in 

response to low [Ca2+]i is associated with the activation of B-Raf, MEK and ERK 

signalling pathways which, in part, drives the proliferative phenotype associated with 

ARPKD (Belibi et al., 2004; Yamaguchi et al., 2004). Changes in [Ca2+]i play such a 

pivotal role in the cAMP-mediated proliferation seen in human ARPKD cystic epithelia, 

that elevating [Ca2+]i reduced cellular proliferation (Yamaguchi et al., 2006). 

Although the mechanism by which elevating [Ca2+]i inhibits cAMP-mediated 

proliferation has not been alluded to in ARPKD. In ADPKD-derived cell cultures, 

repression of cAMP by elevation of [Ca2+]i has been shown to block cell proliferation 

and cyst formation (Yamaguchi et al., 2006). The mechanism of action is driven by 

Akt, which is reduced in ADPKD but increased when [Ca2+]i is elevated in vitro 

(Yamaguchi et al., 2006). In the absence of changes in [Ca2+]i, selectively inhibiting 

Akt alone can activate cAMP-mediated proliferation (Yamaguchi et al., 2006). Here 

Akt directly inhibits cAMP-mediated proliferation via B-Raf in a Ca2+-dependent 

manner, and reduction of [Ca2+]i reduces Akt activity, allowing for cAMP-mediated 

activation of B-Raf and enhanced cellular proliferation (Yamaguchi et al., 2006).  

Another key mechanism in the activation of cAMP is the Arginine Vasopressin 

2 Receptor (V2R). Where Akt is the switch that converts cAMP to drive cellular 

proliferation, V2R activates cAMP signalling within ARPKD-derived collecting duct 
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cells (Belibi et al., 2004). Inhibition of V2R by receptor antagonists or genetic removal 

of circulating V2R agonist Arginine Vasopressin (AVP) resulted in attenuating cyst 

growth in the PCK rat model by reducing cAMP (Gattone et al., 2003; Wang et al., 

2005, 2008). Inhibition of V2R has proven such a successful strategy that the V2R 

antagonist Tolvaptan is currently undergoing clinical trials in ARPKD (NCT04786574; 

NCT04782258) and is actively used in treating ADPKD.  

The mechanisms governing how changes in [Ca2+]i occur due to ARPKD are 

not fully understood. As previously discussed, FPC has been suggested to be directly 

involved in modulating Ca2+ homeostasis through its interactions with CAML and PC-

2 (Nagano et al., 2005; Kim, Fu, et al., 2008; Kim, Li, et al., 2008). This mechanism 

may involve the primary cilium, which is characterised as a mechanosensor that 

responds to fluid flow by inducing Ca2+ influx into the cell (Hoey, Downs and Jacobs, 

2012). However, it has recently been suggested that the primary cilium does not evoke 

Ca2+ influx in response to mechanical stimuli in kidney tubules (Delling et al., 2016). 

Additionally, the importance of the FPC interaction with PC-2 has also been 

questioned, making it unclear how vital the FPC-PC-2 complex is in regulating Ca2+ 

flow (Outeda et al., 2017).  

Despite the function of the primary cilium in Ca2+ signalling currently being 

questioned, evidence from the orpk mouse model of ARPKD and controls showed an 

increase in [Ca2+]i that returned to normal basal levels over time in response to fluid 

flow (Liu et al., 2005). Orpk mice showed a decrease in the amount of Ca2+ influx 

during fluid flow, but these effects are reported to be dependent on the age of the mice 

(Liu et al., 2005). Additionally, orpk mice that do not express a primary cilium have 

increased Ca2+ permeability compared to orpk mice that retain their cilium (Siroky et 

al., 2006). This increase in permeability is associated with the redistribution of PC-2 to 
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the apical membrane instead of the cilium (Siroky et al., 2006). Unlike orpk mice, cyst-

derived epithelial cells from ARPKD patients featured a greater influx of Ca2+
 than 

human foetal collecting tubules in response to laminar shear stress (Rohatgi et al., 

2008). Why Ca2+ influx differs between these two models and the importance of this 

difference in understanding ARPKD is unclear. However, it has been suggested that 

the different models could explain these differences, which may relate to the 

underlying genetic cause of PKD in these models (Rohatgi et al., 2008).  

Additional mechanisms have also been suggested to play a role in dysregulated 

[Ca2+]i homeostasis in ARPKD. Transient Receptor Potential Vanilloid Type 4 (TRPV4) 

are Ca2+-permeable, nonselective cation channels that can detect mechanical stimuli, 

such as flow and shear stress, in kidney collecting ducts (Wu et al., 2007). TRPV4 is 

reported to be dysfunctional in the PCK rat, and this dysfunction is associated with 

disrupted flow perception by kidney collecting ducts (Zaika et al., 2013). 

Pharmacologically-induced restoration of TPRV4 activity in the PCK rats showed a 

reduced rate of kidney cyst growth and development and a reduction in cyst area, 

which coincided with an increase in [Ca2+]i and a decrease in cAMP levels (Zaika et 

al., 2013). 

Purinergic (P2) receptors are a family of receptors essential for kidney 

haemodynamics and water homeostasis (Vallon et al., 2020). P2 receptors come in 

two types, metabotropic G protein-coupled P2Y receptors and ionotropic P2X 

receptors, which are expressed at different levels throughout the kidney, including the 

collecting ducts (Vallon et al., 2020). These receptors are stimulated by a range of 

nucleotides, including ADP and ATP, and in response to these molecules, P2 

receptors can facilitate the transport of different molecules, including Ca2+ (Vallon et 

al., 2020). In the PCK rat, levels of ATP in the kidney and cystic fluid are considerably 
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higher than those in wildtype Sprague-Dawley rats (Palygin et al., 2018). The 

distribution of P2 receptors is altered in the PCK-derived cysts, which predominantly 

express P2X4 and P2X7, non-specific cation transporters capable of transporting Ca2+ 

(Palygin et al., 2018). It has been shown that PCK rat-derived cystic epithelial 

monolayers could influence Ca2+ influx in response to extracellular ATP in a dose-

dependent manner, and inhibition of P2X4 by the P2X4-specific antagonist 5-BDBD 

resulted in a reduction in Ca2+ influx (Palygin et al., 2018). Like the PCK rat, P2X7 was 

shown to be upregulated in cyst-derived from the cpk mouse and grown in culture 

(Hillman et al., 2004). However, in this context, the P2X7 agonist BzATP reduced cyst 

number in vitro (Hillman et al., 2004).  
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1.5.03 EGF and Growth Factors 

 

The most well-characterised involvement of growth factors in ARPKD is the 

Epidermal Growth Factor (EGF), which has been observed in patients and animal 

models of ARPKD (Sweeney and Avner, 1998; Sweeney et al., 2003; Dell et al., 2004; 

Sweeney, Frost and Avner, 2017). Levels of EGF in cyst fluid are significantly 

increased in the cpk mouse model of ARPKD and ADPKD patients (Horikoshi et al., 

1991; Wilson, Du and Norman, 1993). However, increases in EGF alone are not the 

only factors driving the hyperactivation of EGF signalling. EGFRs are also 

overexpressed and mislocalised from the basolateral membrane to the apical 

membrane (luminal surface) in cystic epithelial cells (Wilson, Du and Norman, 1993; 

Orellana et al., 1995; Richards et al., 1998; Sweeney and Avner, 1998; Veizis and 

Cotton, 2005). These altered characteristics of the EGFR-axis lead to the 

hyperactivation of EGFR signalling in ARPKD and activation of downstream signalling 

pathways, including the MAPK signalling pathway, which drives cellular proliferation 

(Veizis and Cotton, 2005; Sweeney, Frost and Avner, 2017).  

Inhibition of EGFR signalling has proven an effective mechanism for reducing 

cyst development in animal models of ARPKD. In orpk mice, adding a mutation for 

EGFR (wa2) reduces the tyrosine kinase activity of EGFR. These hybrid orpk mice 

featured decreased cyst severity and improved tubular function, suggesting EGFR 

signalling is important in cyst progression (Richards et al., 1998). Pharmacological 

inhibition of EGFR via EKB in the bpk mouse or the multi-kinase inhibitor Tesevatinib 

in the bpk mouse and PCK rat also featured reduced cyst development (Sweeney et 

al., 2003; Sweeney, Frost and Avner, 2017). In the scenario with Tesevatinib 
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treatment, this was shown to correlate with reduced phosphorylation of c-Src, EGFR 

and ErbB2, which was also shown to reduce MAPK activity (Sweeney, Frost and 

Avner, 2017). 

It should be noted that EGFR inhibitors have not always been successful at 

treating cyst development of ARPKD. Inhibition of EGFR using EKI-785 and EKB-569 

had a detrimental effect on the PCK rat cyst progression by increasing cAMP and V2R 

(Torres et al., 2004). In that study, EGFR was not shown to be overexpressed nor 

mislocalised prior to treatment, which may explain why EGFR inhibition did not reduce 

cyst development (Torres et al., 2004). The mechanisms as to why treatment with 

EGFR tyrosine kinase inhibitors resulted in an increased rate of cyst development are 

currently unknown. However, it has been suggested that it may relate to crosstalk 

between the cAMP signalling pathway (Torres et al., 2004). Like Tolvaptan, EGFR 

inhibitors are being investigated as potential treatment strategies for ARPKD, with a 

phase 1 clinical trial recently completed for Tesevatinib (NCT03096080).  

EGFs are not the only growth factors associated with ARPKD, as Transforming 

Growth Factors (TGF) may also play a role in cyst development. Tgf-α is 

overexpressed in cystic kidneys of bpk mice, and pharmacological inhibition of Tgf-α 

production slowed cyst progression (Dell et al., 2001). However, bpk mice with null 

alleles for Tgf-α did not see these benefits, suggesting that the inhibitor used had off-

target effects that slowed cyst progression or that Tgf-α is dispensable in cyst 

development (Nemo, Murcia and Dell, 2005). Tgf-β1 and Tgf-β receptor type II 

expression was downregulated in the cpk mouse, but no changes were observed in 

Tgf-β2 or Tgf-β receptor type I (Hama et al., 2017). Despite the reduced expression of 

Tgf-β1 and Tgf-β receptor type II, increased phosphorylation of downstream TGF-β 

target Smad3 was detected in nuclear extracts from the cpk mouse (Hama et al., 
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2017). Knockout of Smad3 in cpk mice featured reduced cyst progression and 

reduction in nuclear pJnk, pCdk4 and c-Myc, suggesting aberrant phosphorylation of 

Smad3 contributes to cyst progression, not activation of Tgf-β (Hama et al., 2017).  

In addition to TGF, PKHD1 siRNA KDs in HEK-293T cells have shown an 

increase in Hypoxia Inducible Factor 1 Alpha (HIF-1α) and Vascular Endothelial 

Growth Factor (VEGF), which are regulated by mTOR signalling in this model of 

ARPKD (Zheng et al., 2009). This increase in expression for HIF-1α and VEGF could 

be inhibited by an mTOR inhibitor Rapamycin (Zheng et al., 2009).  
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1.5.04 Cl-, Na+ Ion Transport and Altered Fluid Secretion 

Mechanisms 

 

Although fluid secretion abnormalities in cystic epithelia are considered a core 

mechanism in cyst development, the current mechanisms driving these changes are 

not fully understood, with contradicting evidence depending upon the ARPKD model 

studied.  

In ADPKD, a significant mechanism of altered fluid secretion is controlled by 

the Cystic Fibrosis Transmembrane Conductance Regulator (CFTR), the action of 

which is driven by cAMP through PKA (Bergmann et al., 2018). Unlike ADPKD, little 

is known about this mechanism in ARPKD. In the bpk mouse model, knocking out Cftr 

did not slow the rate of kidney cyst progression (Nakanishi et al., 2001). Instead, Cftr-

/- bpk mice exhibited greater kidney enlargement and died sooner than bpk mice, but 

this was not associated with a more severe impact on kidney function than Cftr+/+ bpk 

mice (Nakanishi et al., 2001).  

Another mouse model of ARPKD, featuring Pkhd1del4/del4, develops liver cysts 

which have reduced Cftr protein levels and reduced localisation of Cftr to the apical 

and basolateral membranes (Yanda, Tomar and Cebotaru, 2021). In the Pkhd1 model, 

treatment with the Cftr modulator VX-809 reduced cyst growth but only in the presence 

of the cAMP activator forskolin in 3D cultures (Yanda, Tomar and Cebotaru, 2021). 

This inhibitory effect was associated with increased co-localisation of Cftr with apical 

and basolateral membrane proteins, suggesting that loss of Cftr function as opposed 

to its activation can modulate cyst development in ARPKD (Yanda, Tomar and 

Cebotaru, 2021). Given these differences, it is unlikely that CFTR plays a role in cyst 
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progression and may even be reduced in ARPKD by a yet unknown mechanism which 

may depend on the dysregulation of heat shock proteins (HSP), specifically Hsp27, 

Hsp70 and Hsp90 (Yanda, Tomar and Cebotaru, 2021). However, this relationship 

between ARPKD and CFTR is yet to be entirely determined.   

A better-studied channel in ARPKD is the Epithelial Sodium Channel (ENaC), 

which is associated with maintaining water-salt homeostasis and blood pressure 

control. In immortalised foetal-derived ARPKD cyst-lining principal cells, Na+ 

reabsorption via ENaC was found to be increased compared to normal human foetal 

collecting duct cells (Rohatgi et al., 2003). Like the defects observed in ARPKD, 

cortical collecting duct cells derived from the orpk mouse and collecting duct cells 

derived from the PCK rat all featured increased Na+ absorption associated with ENaC 

(Olteanu et al., 2006; Kaimori et al., 2017). This increased Na+ absorption may be 

associated with increased expression of ENaC at the apical membrane and regulated 

by mislocalisation of Nedd4-2, which under normal conditions, promotes endocytosis 

and degradation of ENaC (Kaimori et al., 2017).  

It has been suggested that this enhanced Na+ absorption contributes to early 

hypertension associated with ARPKD patients (Rohatgi et al., 2003; Olteanu et al., 

2006; Kaimori et al., 2017). However, not all studies show hyperabsorption of Na+ in 

their model of ARPKD. In cystic epithelial cells derived from bpk mice, Na+ absorption 

was shown to be reduced with a decrease in ENaC expression (Veizis, Carlin and 

Cotton, 2004; Veizis and Cotton, 2005). Additionally, contrasting information derived 

from the PCK rat has also shown decreased expression and activity of ENaC, 

alongside decreased expression of Aquaporin-2 (Pavlov et al., 2015; Arkhipov et al., 

2019). Decreased activity and expression of ENaC may be associated with high levels 

of EGF or via P2X7 receptor activity, but the entire mechanism is yet to be determined 
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(Veizis and Cotton, 2005; Arkhipov et al., 2019). In these scenarios, it has been 

suggested that decreased Na+ absorption contributes to the retention of luminal fluid 

by the cysts, driving cyst expansion (Veizis, Carlin and Cotton, 2004; Pavlov et al., 

2015). 
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1.5.05 mTOR Signalling 

 

Many additional pathogenic features have been associated with ARPKD, 

including the dysregulation of different signalling pathways associated with cellular 

proliferation. mTOR signalling is activated in ARPKD, the PCK rat and in vitro models 

of PKHD1 (Fischer et al., 2009; Zheng et al., 2009; Becker et al., 2010; Renken et al., 

2011; Ren et al., 2014; Kugita et al., 2017). However, targeting mTOR signalling has 

been reported to have mixed reports on inhibiting PKD progression.  

In ADPKD, treatment with mTOR inhibitors has been successful in animal 

models of the disease but featured disappointing results in human trial studies in which 

they showed little to no impact on kidney disease progression (Richards et al., 2021). 

In contrast, reports from ARPKD animal models do not reflect as positively as those in 

ADPKD, with largely poor results relating to targeting mTOR signalling. In HEK293T 

PKHD1 siRNA KDs, the mTOR inhibitor sirolimus was suggested to inhibit mTOR 

activity and showed reduced expression of downstream mTOR genes HIF-1α and 

VEGF (Zheng et al., 2009). However, treating PCK rats with sirolimus did not impact 

kidney cyst growth or fibrosis nor attenuate the liver phenotype (Renken et al., 2011). 

Another study reported that mTOR inhibitor everolimus and sirolimus inhibited 

proliferation and promoted apoptosis in PCK rat-derived cholangiocytes in vitro but 

could not inhibit cyst formation in the PCK rat in vivo (Ren et al., 2014). NVP-BEZ235, 

an inhibitor of PI3K and mTOR, did inhibit cyst growth in PCK cholangiocytes but had 

no impact on kidney cyst development despite reducing the expression of p-Akt,  p-

mTOR and p-S6 in PCK rat kidney tubules (Ren et al., 2014). The somatostatin 

pasireotide was reported to reduce cyst growth in PCK rat kidneys, and part of its 
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mechanism of action suggested a reduction in mTOR signalling (Kugita et al., 2017). 

However, pasireotide was also reported to decrease cAMP, Insulin-like Growth Factor-

1 (IGF-1) levels and MAPK signalling, suggesting that its benefits might be through 

downregulating cAMP and IGF-1 (Kugita et al., 2017). Considering this, it is not clear 

as to the importance of mTOR in ARPKD cystogenesis, especially given that FPC may 

interact with the mTOR signalling pathway by some yet to be determined mechanism 

(Wang et al., 2014).  
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1.5.06 SRC Signalling 

 

The contributions of SRC signalling to ARPKD are yet to be fully defined, but 

activation of pY418 SRC (pSRC) has been reported in kidneys from CKD5 ARPKD 

patients, the bpk mouse and PCK rat (Sweeney et al., 2008; Israeli et al., 2010). In 

these models of ARPKD, the levels of pSRC directly correlate with the disease stage, 

with later stages being associated with higher levels of pSRC than early stages 

(Sweeney et al., 2008; Israeli et al., 2010). In both bpk mice and PCK rats' inhibition 

of SRC activity using the SKI-606 was reported to attenuate and reduce kidney cyst 

size (Sweeney et al., 2008). Similar results were obtained by targeting SRC activity 

using the inhibitor Tesevatinib in both bpk mice and PCK rats (Sweeney, Frost and 

Avner, 2017). Like ARPKD, targeting SRC activity, using SRC inhibitors in ADPKD 

models has also proven effective at reducing disease severity in ADPKD, suggesting 

an essential role for SRC in PKD disease development (Richards et al., 2021).  

SRC has the potential to interact with several pathways dysregulated in 

ARPKD, including the cAMP and EGFR signalling cascades, and may act as a 

mechanism of crosstalk between the two signalling pathways in PKD (Parker et al., 

2020). Inhibition of SRC has been shown to impact the signalling of cAMP and EGFR 

in animal models of ARPKD and suppress their downstream target pathway MAPK, 

suggesting an important role for SRC in the proliferation of cystic epithelial cells 

(Sweeney et al., 2008; Sweeney, Frost and Avner, 2017). SRC activity may also play 

a prominent role in the focal adhesion abnormalities associated with ARPKD. In 

ARPKD-derived cystic epithelial cells, proper regulation between SRC and focal 

adhesion kinase (FAK) is lost with SRC activity increased, but FAK activity decreased 
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(Israeli et al., 2010). Following this, their downstream target Paxillin is also activated, 

suggesting that increases in cellular adhesion associated with ARPKD are regulated 

through SRC and Paxillin (Israeli et al., 2010). Interestingly, like FPC, PC-1 has also 

been shown to form complexes with SRC suggesting a common site of interaction 

between PKD genes (Geng et al., 2000; Dafinger et al., 2020).  
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1.5.07 STAT Signalling 

 

Unlike ADPKD, in which considerable advancements in our understanding of 

STAT signalling have been undertaken, very little is known about its involvement in 

ARPKD (Strubl et al., 2020). So far, increased activation of STAT3 is the only activated 

STAT signalling pathway associated with ARPKD and was shown to be activated in 

cyst lining epithelia from ARPKD patient kidneys (Dafinger et al., 2020). In contrast, 

ADPKD has been associated with the potential involvement of STATs 1, 3, 5 and 6, of 

which PC-1 may play a role in modulating or interacting with STATs 1, 3 and 6 (Strubl 

et al., 2020).  

STAT3 signalling is associated with inflammation and immunity and can 

mediate leukocyte development, activation, and migration (Strubl et al., 2020). In 

cancer, activation of STAT3 is associated with alterations in extracellular matrix 

remodelling, like that observed in PKD (Strubl et al., 2020). ARPKD is associated with 

loss of FPC function, and it has been reported that FPC can modulate STAT3 

signalling by interacting with SRC (Dafinger et al., 2020). Expression of FPC has been 

shown to reduce SRC-induced activation of STAT3 (Dafinger et al., 2020). As such, in 

the context of ARPKD, loss of FPC function likely removes inhibition of this mechanism 

and results in activation of STAT3 signalling via SRC. This somewhat puts the function 

of FPC at odds with PC-1, which can activate STAT3 signalling through JAK2-

mediated phosphorylation, co-activate STAT3 through the PC-1 C-terminal domain or 

via its interactions with SRC (Strubl et al., 2020). As to the importance of STAT3 

signalling in the progression of ARPKD, this is currently unknown. However, evidence 
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gathered from animal models of ADPKD suggests that STAT3 is capable of driving 

cystogenesis and may be a potential target for treating PKD (Strubl et al., 2020).  
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1.5.08 Renin-Angiotensin-Aldosterone-System 

 

Another pathological component of PKD is the presence of hypertension. One 

of the dysregulated mechanisms that may produce the high blood pressure associated 

with ARPKD is the Renin-angiotensin-aldosterone system (RAAS), which is an 

essential regulatory system for maintaining blood pressure by regulating blood 

volume, water absorption and Na+ and K+ ion homeostasis.  

In ADPKD, RAAS is reported to be elevated in the kidney but not systemically, 

and RAAS activation has been linked to high blood pressure associated with ADPKD 

(Vasileva et al., 2021). Much like ADPKD, local activation of RAAS in the kidney as 

opposed to systematic activation has been reported in ARPKD patients and the PCK 

rat (Loghman-Adham et al., 2005; Goto, Hoxha, Osman and Dell, 2010). Local 

activation of RAAS is not limited to the kidney in PCK rats and is also observed in the 

liver, suggesting that RAAS may contribute to kidney and liver disease in ARPKD 

(Goto, Hoxha, Osman, Wen, et al., 2010). Although the exact mechanisms that give 

rise to the local activation of RAAS are unknown, it has been suggested that rising 

levels of RAAS may be activated by cAMP, but no direct links between these two 

processes have been determined in ARPKD (Goto, Hoxha, Osman and Dell, 2010; 

Goto, Hoxha, Osman, Wen, et al., 2010). Inhibition of RAAS by RAAS inhibitors can 

reduce hypertension in the PCK rat (Goto, Hoxha, Osman and Dell, 2010). 

Furthermore, RAAS may directly promote cystogenesis, as in mouse models of 

ADPKD, inhibition of angiotensin synthesis has been reported to slow kidney cyst 

development (Saigusa et al., 2016; Fitzgibbon et al., 2017). However, whether the 
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application of these inhibitors would attenuate the kidney phenotype in ARPKD is yet 

to be determined. 
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1.5.09 WNT and PCP 

 

The importance of PCP defects within the progression of ARPKD is not well 

understood. PCP defects occur early in the development of ARPKD, during tubular 

dilation and prior to cystogenesis, but it is questioned whether PCP defects can initiate 

cystogenesis (Fischer et al., 2006; Nishio et al., 2010). Conditionally knocking out 

canonical PCP genes Vangl1 and Vangl2 in mice is not enough to initiate the formation 

of kidney cysts but can disrupt normal tubular morphogenesis and result in tubular 

dilations (Kunimoto et al., 2017). In contrast, the loss of the non-canonical PCP genes 

Fat4 and Wnt9b and Wnt signalling pathway switch Invs results in kidney cystogenesis 

(Saburi et al., 2008; Karner et al., 2009; Srivastava et al., 2018). In vitro models of 

mIMCD3 Pkhd1 siRNA KDs suggest that the expression of WNT/PCP genes is 

dysregulated in response to the loss of Pkhd1 (Richards et al., 2019). Furthermore, 

WNT/PCP genes are shown to be increased in ARPKD, but the importance of this 

mechanism in ARPKD and how it relates to PKHD1 is still to be investigated (Richards 

et al., 2019). 

In ADPKD, nothing is known about WNT/PCP. However, canonical WNT and 

WNT/Ca2+ signalling is dysregulated in the disease (Kim et al., 2016; Li et al., 2018). 

Several lines of evidence support the involvement of canonical WNT signalling in the 

progression of cystogenesis in ADPKD. First, WNT signalling pathway components, 

such as the main effector protein β-catenin (Ctnnb1), are upregulated in Pkd2 

Knockout mice (Li et al., 2018). Second, Pkd2 knockout mice crossed with Ctnnb1+/- 

showed reduced expression of WNT signalling-associated genes and fewer and 

smaller cysts (Li et al., 2018). Third, WNT inhibitors attenuate cystic kidney disease in 
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Pkd2 Knockout mice (Li et al., 2018). Elevated WNT signalling may be a direct 

consequence of lost PC-2 function. PC-2 may directly suppress WNT signalling under 

normal physiological conditions, and loss of PC-2 or low [Ca2+]i can upregulate Ctnnb1, 

Wnt7 and Wnt9a expression (Li et al., 2018). Furthermore, the whole Polycystin 

complex may play a role in regulating signalling, as PC-1 has been shown to bind to 

WNT ligands and can physically interact with Dishevelled (DVL) proteins (Kim et al., 

2016).  

In contrast, little is known regarding the relationship between ARPKD and 

canonical WNT signalling. Information derived from ARPKD patient kidneys suggests 

that the main effector of canonical WNT signalling (β-catenin) is downregulated in 

ARPKD at the protein level (Richards et al., 2019). Like ARPKD kidney tissues, β-

catenin protein levels were lower in the PCK rat compared to controls, with the lowest 

expression towards the latter age measurements (Togawa et al., 2011). As WNT/PCP 

signalling is increased in ARPKD, this could represent a switch from canonical WNT 

signalling to non-canonical WNT/PCP signalling, and the underlying involvement of 

WNT signalling differs between ADPKD and ARPKD. 
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1.5.10 Additional Pathways Potentially Involved in ARPKD 

 

Additional signalling pathways may play a role in kidney cystogenesis in 

ARPKD. Hedgehog signalling is increased in the kidney and liver of PCK rats and 

inhibiting Hedgehog signalling with cyclopamine inhibited cystic dilations in the 

intrahepatic bile ducts and cyst formation in the kidney (Sato et al., 2018).  

Altered Hippo signalling and increased nuclear localisation of YAP are also 

apparent in kidney and liver cysts from ARPKD patient samples and liver cysts from 

the PCK rat, suggesting the involvement of Hippo signalling in ARPKD (Happé et al., 

2011; Jiang et al., 2017).  

Notch signalling is reportedly activated in the cpk mouse (Idowu et al., 2018). 

Although the importance of Notch signalling in ARPKD is unknown, data gathered from 

a mouse model of ADPKD showed that inhibition of Notch signalling using the gamma-

secretase inhibitor DAPT reduced cyst growth (Idowu et al., 2018).  

It has been suggested that the kidney collecting ducts may play a vital role in 

defending the kidney via vitamin A-mediated retinoic acid signalling (Xu, 2019). The 

expression of components related to retinoic acid signalling are limited to the collecting 

ducts of the kidneys and potentially play a crucial role in responding to kidney damage 

(Xu, 2019). In ARPKD-derived collecting duct cells, retinoic acid signalling is 

decreased, suggesting that this defence mechanism may be lost in ARPKD 

(Papadimitriou et al., 2020). However, it is yet to be determined why this occurs and 

its importance in ARPKD progression. Interestingly, retinoic acid signalling is altered 

by Angiotensin II and AVP, which are also altered in ARPKD, but whether these 
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mediators are responsible for reduced retinoic acid signalling in the context of ARPKD 

will need further investigation (Papadimitriou et al., 2020).  

In all, ARPKD is a complex disorder associated with a considerable number of 

dysregulated pathways. As such, likely, not every pathway important to the 

progression of ARPKD is currently known. The pathways discussed above may make 

viable targets for treatment strategies, especially given that preliminary testing of 

inhibitors highlights the importance of these pathways to cyst growth.  
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1.5.11 Metabolic Alterations  

 

Many studies have highlighted the potential for alterations in mitochondrial 

function and metabolism to contribute to cystogenesis in ADPKD (Podrini, Cassina 

and Boletta, 2020). Many of these alterations are associated with changes in glucose 

and glutamine metabolism, but whether these changes also occur in ARPKD is not 

very well understood (Podrini, Cassina and Boletta, 2020). Unlike ADPKD, very few 

studies have elaborated on these alterations in ARPKD. 

In a proteomics screen on ARPKD tissues, using mass-spectrometry, several 

proteins associated with the mitochondria were found to have altered expression 

compared to normal tissues (Li et al., 2012). These findings were confirmed to occur 

due to loss of PKHD1 function due to similar altered expression in HEK293T PKHD1 

siRNA KDs (Li et al., 2012). However, no mechanistic data was derived from the study. 

Following this, two in vitro studies confirmed the presence of altered energy 

metabolism in collecting duct cells derived from animal models of ARPKD.  

In the cpk mouse, alterations in the citric acid cycle (TCA cycle) and glutamine 

metabolism were observed (Hwang et al., 2015). These cells were found to be 

dependent on exogenous glutamine (Hwang et al., 2015). Removal of glutamine from 

the cell media decreased cell proliferation and viability in cpk-derived collecting ducts 

but featured a diminished effect on controls (Hwang et al., 2015). Similar alterations in 

TCA and glutamine metabolites were observed in ARPKD-derived epithelial cells 

suggesting that the TCA cycle and glutamine metabolism are altered in ARPKD 

(Hwang et al., 2015).  
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In the orpk mouse, kidney collecting duct cell cultures were found to have an 

increased rate of glycolysis (Beck Gooz et al., 2014). The mechanism underlying this 

increase in glycolysis depended on Adam17, which was found to have increased 

expression and activity in the collecting ducts of orpk mice (Beck Gooz et al., 2014). 

Inhibition of Adam17 using TMI-005 found that the rate of glycolysis was decreased 

(Beck Gooz et al., 2014). Adam17 has also been associated with sustaining EGFR 

activation and activation of MAPK in ARPKD, but its influence over glycolysis was 

reported to be independent of its function in EGFR activation (Beck Gooz et al., 2014). 

As such, proteins associated with growth factor activation may play a role in the 

hyperactivation of glycolysis observed in ARPKD.  

How the alterations that lead to ARPKD give rise to metabolic alterations is 

currently unknown. In ADPKD, Polycystins have been suggested to play a role in 

regulating mitochondrial function, with both PC-1 and PC-2 located at mitochondria-

associated ER membranes where they regulate Ca2+ influx into the mitochondria 

(Podrini, Cassina and Boletta, 2020). The C-terminal tail of PC-1 has also been 

reported to localise to mitochondria, where it may influence mitochondrial function 

(Podrini, Cassina and Boletta, 2020). Whether FPC has similar functions are unknown, 

especially given its reported localisation to the ER and interactions with PC-2 (Kim, 

Fu, et al., 2008; Outeda et al., 2017).  

Alternatively, these alterations may be regulated by pro-tumorigenic pathways 

altered in ARPKD. mTOR has been shown to regulate energy metabolism and may 

contribute to these changes in ADPKD (Podrini, Cassina and Boletta, 2020). Like 

ADPKD, mTOR is hyperactivated in ARPKD and may cause altered cellular 

metabolism (Fischer et al., 2009; Becker et al., 2010). If mTOR is responsible for 
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altered cellular metabolism in ARPKD, this could link FPC to cellular metabolism by 

directly regulating the mTOR pathway (Zheng et al., 2009; Wang et al., 2014).  
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1.5.12 Macrophages and the Immune Response 

 

Many reports have shown the potential involvement of the immune system in 

PKD, including the abnormal expression of cytokines, infiltration of immune cells and 

involvement of the adaptive and innate immune systems (Zimmerman, Hopp and 

Mrug, 2020). It has even been reported that infiltrating macrophages may play a role 

in modulating cystogenesis in PKD (Zimmerman, Hopp and Mrug, 2020). However, 

many of these reports are associated with ADPKD, with few reports collaborating on 

these findings in ARPKD (Zimmerman, Hopp and Mrug, 2020). What few reports 

associate the immune response in modulating ARPKD are met with disagreements 

regarding the importance of these processes in cystogenesis.  

A microarray on the kidneys isolated from cpk mice highlighted the upregulation 

of genes associated with the innate immune system, which included the upregulation 

of genes that were markers of M2 macrophages (Mrug et al., 2008). Identifying these 

genes led to speculation that the innate immune system may play a role in modulating 

ARPKD severity. A later study in the same cpk mouse model highlighted that a subset 

of macrophages similar to M2 macrophage (M2-like) was present in higher numbers 

than wildtype kidneys (Swenson-Fields et al., 2013). This observation was consistent 

in ADPKD and ARPKD patient samples (Swenson-Fields et al., 2013). Depletion of 

macrophages in cpk mice using liposome-encapsulated clodronate was reported to 

reduce cyst size by reducing proliferation rate but was found not to reduce cyst 

numbers (Swenson-Fields et al., 2013). As such, macrophages may act as promoters 

of cyst expansion and disease progression in ARPKD, an observation supported in 

ADPKD-derived kidney epithelial cells, where M2 macrophages were reported to 
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increase ADPKD cell proliferation and cyst growth in vitro (Swenson-Fields et al., 

2013).   

Monocyte chemoattractant protein-1 (MCP-1) is a commonly observed 

upregulated macrophage recruitment factor associated with PKD and is believed to 

play a principal role in the infiltration of macrophages to the cystic kidney (Zoja et al., 

2015; Salah et al., 2019; Zimmerman, Hopp and Mrug, 2020). In ADPKD, genetic 

deletion of Mcp-1 in conditional Pkd1 Knockout mice has been reported to attenuate 

the cystic kidney disease phenotype by reducing the infiltration of macrophages 

(Karihaloo et al., 2011; Viau et al., 2018). However, in the PCK rat model of ARPKD, 

inhibition of Mcp-1 did not reduce cyst growth rate and only partially reduced 

macrophage numbers (Zoja et al., 2015). Similarly, the genetic deletion of Mcp-1 in 

the cpk mouse was also reported not to impact cyst growth, kidney function or 

macrophage count, suggesting that this mechanism may not play as prominent a role 

in cystogenesis in ARPKD as it does in ADPKD (Salah et al., 2019). Despite this, both 

animal models did show improved phenotypes regarding the targeting of Mcp-1. The 

PCK rat was reported to show reduced proteinuria and interstitial inflammation (Zoja 

et al., 2015). In comparison, cpk mice survive longer due to reduced cardiopulmonary 

abnormalities suggesting targeting Mcp-1 activity may have some benefits in ARPKD 

(Salah et al., 2019).  

Although it is strongly suggested that the presence of macrophages can 

promote cyst growth in ARPKD, the exact mechanisms of their involvement are still up 

for debate. MCP-1 is responsible for the recruitment of macrophages, and it has been 

suggested that loss of MCP-1 activity should not impact resident macrophages (Salah 

et al., 2019). This likely explains why the depletion of macrophages via clodronate 

treatment impacts cystogenesis, but inhibition or genetic deletion of the recruitment 
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factor MCP-1 does not impact cystogenesis (Swenson-Fields et al., 2013; Zoja et al., 

2015; Salah et al., 2019). Following this, the primary cilium has been suggested to 

promote chemokine signalling and inflammation, a process inhibited by Liver Kinase 

B1 (LKB1) and PC-1 (Viau et al., 2018). This system is not currently associated with 

FPC. Given this, the system involving macrophage activation and recruitment likely 

differs between ADPKD and ARPKD, where local but not recruited macrophages play 

a critical role in promoting cystogenesis in ARPKD.
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1.6 Atmin and Polycystic Kidney Disease 

1.6.1 An Overview of ATMIN 

 

ATM Interactor (ATMIN) is another gene that may play a role in the 

development of kidney cystogenesis. ATMIN encodes an 88 kDa protein of the same 

name, which acts as both a DNA repair gene and transcription factor likely essential 

during embryogenesis and organogenesis of both the lung and kidney (Kanu and 

Behrens, 2007; Jurado et al., 2010; Goggolidou, Hadjirin, et al., 2014; Goggolidou, 

Stevens, et al., 2014). A Murine model (AtminGpg6) hypothesised to lose Atmin’s 

transcriptional function shows a complex phenotype marked by pulmonary hypoplasia, 

cardiac outflow tract defects, oedema, exencephaly and poor kidney development 

(Ermakov et al., 2009; Goggolidou, Hadjirin, et al., 2014; Goggolidou, Stevens, et al., 

2014). However, although the complete loss of functional Atmin is embryonically lethal, 

the partial loss of Atmin is not (Richards et al., 2019). AtminGpg6/+ mice survive until 

adulthood but present with lung, kidney, and liver defects, such as lung and kidney 

hypoplasia (Richards et al., 2019). Given the combination of these traits within 

AtminGpg6/+ mice, it has been described as an ARPKD-like phenotype (Richards et al., 

2019).  

The protein encoded by ATMIN is an 823 AA-long protein, which can be split 

into three main domains (Kanu and Behrens, 2007) (Figure 7). The first domain is a 

largely disordered region located towards the C-terminal end of the protein and 

mediates ATMIN’s protein-protein interactions (Rapali, García-Mayoral, et al., 2011; 

Clark et al., 2018). Within this region are a series of 11 SQ/TQ binding motifs for the 
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protein DYNLL1, which binds to ATMIN to prevent ATMIN’s transcriptional activity 

(Rapali, García-Mayoral, et al., 2011; Jurado, Conlan, et al., 2012; Clark et al., 2018). 

Additionally, this region contains an ATM binding motif similar to the ATM interactor 

NBS1, which plays an important role in the non-canonical ATM pathway for DNA repair 

in response to replicative stress (Kanu and Behrens, 2007; Schmidt et al., 2014; Kanu 

et al., 2016). The second domain is the ATMIN core domain which plays an important 

role in DNA damage repair and is required for forming Rad51 foci in response to 

methylating damage (McNees et al., 2005). The final domain of ATMIN is a series of 

four C2H2 zinc finger domains located towards the N-terminal domain of the protein 

and plays an important role in ATMIN’s transcriptional function of the gene DYNLL1 

(Kanu and Behrens, 2007; Jurado, Conlan, et al., 2012).  

 

Figure 7. A schematic representation of the protein product of ATMIN. Schematic is not drawn to scale. Figure 
was drawn in Microsoft PowerPoint from the Microsoft 365 application suite. 
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1.6.2 Atmin and DNA Repair 

 

ATMIN was initially discovered as a DNA repair gene, but its functions in this 

context are largely unknown. The most well-known characterisation is its interaction 

with the DNA repair gene ATM, a vital cell cycle and DNA damage response kinase 

responsible for halting cell cycle progression in response to DNA damage (Yamauchi, 

2021). In this context, ATMIN is believed to compete with another protein (NBS1) for 

direct binding to ATM in response to specific DNA damage stimuli (Kanu and Behrens, 

2007; Zhang et al., 2012). NBS1 interacts with ATM and represents canonical ATM 

signalling, occurring in response to stimuli such as ionising radiation and facilitating 

the ATM response to double strand break repair (Kanu and Behrens, 2007; Zhang et 

al., 2012). In contrast, under conditions that alter chromatin structure (such as 

Chloroquine treatment and Hypotonic Salts), ATMIN’s interactions with ATM are 

favoured (Kanu and Behrens, 2007).  

During replicative stress and halting of the replicative fork, ATM undergoes 

autophosphorylation in an ATMIN-dependent context (Schmidt et al., 2014). This 

activation of ATM requires WRNIP1, which is recruited to the site of replicative stress 

by the ubiquitination of PCNA (Kanu et al., 2016). This recruitment requires RAD18 to 

facilitate the recruitment of WRNIP1, ATMIN and ATM to the site of replicative stress 

(Schmidt et al., 2014). This complex then allows the recruitment and formation of 

53BP1 foci, which mediates the cellular response to replicative stress (Schmidt et al., 

2014; Kanu et al., 2016). The role of 53BP1 in the non-canonical ATM-ATMIN 

response is largely unknown. However, it may play a role in deciding the repair method 

for the stalled replicative fork based on known processes involving 53BP1 (Mirza-
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Aghazadeh-Attari et al., 2019). Interestingly, ATMIN may also have a crucial role in 

the phosphorylation of multiple other kinases throughout the DNA response to 

replicative stress, such as CRMP2 and H2AX (Mazouzi et al., 2016). However, the 

mechanisms governing these interactions are unknown.  

The competition for ATM binding between NBS1 and ATMIN is driven by ATM 

protein binding motifs located within the C-terminal domain of both proteins (Kanu and 

Behrens, 2007). For ATMIN, this interaction site is located within the disorganised 

SQ/TQ cluster domains (Kanu and Behrens, 2007). The two proteins share a similar 

binding motif suggesting that the two proteins compete for the same binding site on 

ATM (Kanu and Behrens, 2007). Although the exact mechanisms governing the 

control of this competition are unknown, it is currently believed that ATMIN may 

preferentially bind to ATM. Ubiquitination of ATMIN by the ubiquitin protein ligase E3 

component n-recognin 5 (URB5) may inhibit its ability to bind to ATM, allowing NBS1 

binding instead (Zhang et al., 2014). This mechanism may be driven directly by 

peroxisome proliferator-activated receptor γ (PPARγ), which in this context activates 

URB5 (Li et al., 2019). This suggests that PPARγ signalling may act as a switch 

between the two ATM DNA repair pathways by disabling ATMIN’s ability to interact 

with ATM.  

Despite playing a role in the ATM response to replicative stress, ATMIN is not 

believed to be involved with ATM under some conditions. Under hypoxic conditions, 

ATMIN expression is suppressed in a p53 and HIF1-dependent manner, but the 

mechanisms underlying this interaction are unknown (Leszczynska et al., 2016). 

However, it has been suggested that this may be regulated by microRNAs controlled 

by p53 and HIF1 (Leszczynska et al., 2016). Alongside the loss of ATMIN are the 

repression of its main transcriptional target, DYNLL1 and the lack of formation of 
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53BP1 foci (Leszczynska et al., 2016). However, the physiological importance of this 

mechanism is yet to be determined. 

Unfortunately, the outlined mechanisms governing the ATM-ATMIN-dependent 

interaction have been called into question, with a recent publication unable to repeat 

the core basis of observations described above (Liu et al., 2017). Under induced 

replicative stress, they found that ATM activation and phosphorylation of its substrates 

were not impacted by the loss of ATMIN, suggesting that ATMIN is not involved in 

these processes (Liu et al., 2017). This aligns with previous studies that suggest the 

ATM response to stresses affecting chromatin structure also does not require ATMIN 

(Jurado et al., 2010). Another ATM-ATMIN interaction called into question by 

conflicting publications is the requirement for the two proteins to stabilise each other 

(Kanu and Behrens, 2007; Jurado et al., 2010). As such, whether ATMIN is required 

to stabilise ATM is also poorly understood. Although the mechanisms underlying these 

differences are unknown, it has been suggested to relate to the different models used 

between these studies (Jurado et al., 2010; Liu et al., 2017). However, future studies 

will need to decide whether the mechanism of action between ATM and ATMIN 

represents a genuinely important physiological interaction. 

The ATM interaction associated with ATMIN is not the only observed role of 

ATMIN in DNA repair. However, it is the most extensively studied. ATMIN was first 

discovered by its interactions with the forkhead-associated domain from the kinase 

CHK2. Here it was shown to be essential for Rad51-foci formation in ssDNA gap repair 

in response to methylation damage (McNees et al., 2005). This process has been 

reported to be dependent upon the core domain of ATMIN without the need for the 

SQ/TQ repeating region or Zinc Finger domains (McNees et al., 2005). Further studies 

have placed it as an accessory protein to the base excision repair pathway in response 
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to similar stimuli, but its mechanism of action has not been fully explored (Oka et al., 

2008; Jurado et al., 2010).  
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1.6.3 Atmin as a Transcription Factor of Dynll1  

 

The best-characterised role of ATMIN is its functional regulation of the gene 

DYNLL1, which likely forms a significant effector of many of ATMIN’s physiological 

functions, especially those associated with tissue development. As a simple overview 

of the transcriptional relationship between ATMIN and DYNLL1, the mechanisms of 

ATMIN’s control over DYNLL1 represent a negative feedback loop (Jurado, Conlan, 

et al., 2012; Clark et al., 2018) (Figure 8). In this context, ATMIN is the transcriptional 

regulator of DYNLL1 and actively binds to its promoter region, a function mediated by 

ATMIN’s zinc finger domains (Jurado, Conlan, et al., 2012). DYNLL1 binds directly to 

ATMIN via its SQ/TQ domains, which may regulate some of ATMIN’s physiological 

functions unrelated to transcription (Rapali, García-Mayoral, et al., 2011; Jurado, 

Conlan, et al., 2012; Clark et al., 2018). However, normal DYNLL1 binding to ATMIN 

occurs at low levels, without the complete occupation of SQ/TQ domains of ATMIN 

(Clark et al., 2018). When the protein levels of DYNLL1 are high, this allows complete 

occupation of the SQ/TQ domains of ATMIN, inhibiting the construction of the 

transcriptional complex at the DYNLL1 promoter site and lowering DYNLL1 expression 

(Jurado, Conlan, et al., 2012; Clark et al., 2018). Once DYNLL1 expression levels are 

sufficiently low, ATMIN can rebind to the promoter, given the decrease in ATMIN-

DYNLL1 binding.  

ATMIN and its core effector, DYNLL1, likely represent an essential functional 

component during early embryogenesis, given that Atmin-mutant mice feature rapid 

onset of embryonic death, which varies between 14.5 to 16.5 embryonic days (Jurado 

et al., 2010; Kanu et al., 2010; Goggolidou, Stevens, et al., 2014). These mice fail to 
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Figure 8. A schematic representation of the Atmin-Dynll1 negative feedback loop. Figure was drawn in Microsoft PowerPoint from the Microsoft 365 application suite. 
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thrive and feature growth retardation, with the most commonly detailed physiological 

changes including craniofacial defects (exencephaly) and pulmonary agenesis 

(Jurado et al., 2010; Kanu et al., 2010; Goggolidou, Stevens, et al., 2014).  

Gasping 6 mice (AtminGpg6) feature a mutation in the third canonical zinc finger 

domain of Atmin, which is hypothesised to abolish its transcriptional activity without 

impacting processes associated with DNA repair (Goggolidou, Stevens, et al., 2014). 

In these mice, additional defects have been observed, including cardiac outflow 

defects and kidney hypoplasia (Goggolidou, Hadjirin, et al., 2014; Goggolidou, 

Stevens, et al., 2014). Although the exact mechanisms underlying the Atmin disease 

phenotype is unknown, it is likely modulated through its control of Dynll1 (Goggolidou, 

Stevens, et al., 2014). Dynll1 mutant mice share many similarities to Atmin mutant 

mice, including similar craniofacial and cardiac outflow defects and lung hypoplasia 

(Goggolidou, Stevens, et al., 2014). Given that both mutant models also feature ciliary 

defects, many of these common abnormalities are likely governed by the impact of 

losing ciliary signalling, a process that Atmin may mediate through Dynll1 (Goggolidou, 

Stevens, et al., 2014). This is most evident in the lung phenotype of the AtminGpg6/Gpg6 

mice, which have been shown to feature defective ciliary signalling arising from 

defective Hedgehog signalling, which is the most likely cause for the lung hypoplasia 

(Motoyama et al., 1998; Goggolidou, Stevens, et al., 2014). However, this interaction 

between Atmin-Dynll1 likely does not explain the complete lung phenotype. AtminGpg6/+ 

mice do not feature a decrease in Dynll1 expression in the embryonic lung, unlike 

AtminGpg6/Gpg6 mice (Goggolidou, Stevens, et al., 2014). Despite this, they still show a 

decrease in the number of airways in the lung. 

The Atmin-Dynll1 axis may also play an essential role in the development and 

functionality of B-Cells (Jurado, Gleeson, et al., 2012; Anjos-Afonso et al., 2016; King 
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et al., 2017; Liu et al., 2021). Loss of Atmin is associated with decreased B-cell 

numbers for both the B-1a and B-2 lineages (Jurado, Gleeson, et al., 2012; Anjos-

Afonso et al., 2016; King et al., 2017). For B-cells belonging to the B-2 lineage, the 

Atmin-Dynll1 axis plays an essential role in governing the pro-apoptotic protein Bim 

(Jurado, Gleeson, et al., 2012; Anjos-Afonso et al., 2016; King et al., 2017). This is 

done by modulating both Dynll1 and Bcl2, both of which sequester Bim from the 

mitochondria to prevent its apoptosis-related activity (Jurado, Gleeson, et al., 2012; 

Anjos-Afonso et al., 2016; King et al., 2017). Loss of Dynll1 and, in turn, loss of Bcl2 

allow for entry of Bim into the mitochondria, initiating apoptosis and reducing B-cell 

numbers before they can mature (Jurado, Gleeson, et al., 2012; Anjos-Afonso et al., 

2016; King et al., 2017). 

Interestingly, the deletion of Bim in mice deficient in either Atmin or Dynll1 is 

enough to rescue B-2 cells in these mice and restore the levels of B-2 cells within the 

bone marrow and spleen (Jurado, Gleeson, et al., 2012; Anjos-Afonso et al., 2016; 

King et al., 2017). This effect is entirely independent of the regulatory protein p53, the 

deletion of which in Dynll1-deficient mice could not rescue the mice from B-2 cell 

deficiency (King et al., 2017). However, it should be noted that this effect is only true 

for follicular B-cells, with the number of B-cells from the marginal zone not being 

reduced by the loss of Dynll1 expression (King et al., 2017). Unlike B-2 lineage B-cells, 

B-1a lineage B-cells cannot be rescued by the deletion of Bim, but their numbers are 

also reduced in Dynll1-mutant mice suggesting that the Atmin-Dynll1 axis plays a 

crucial role in their development (King et al., 2017). However, the mechanisms 

underlying this control are yet to be determined.  

Further functional studies of the Atmin-Dynll1 Axis in B-cells and murine 

embryonic fibroblast imply a role for this axis in activating NF-κB signalling via Toll-
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Like Receptor 4 in response to lipopolysaccharide (LPS), Interleukin (IL) 1 and low 

doses of CD40L (Liu et al., 2021). However, not in response to Tumour Necrosis 

Factor (TNF) α or B-cell receptor ligation (Liu et al., 2021). Although the exact 

mechanisms involving this process are still under study, it has been shown to occur 

upstream of the NF-κB inhibitor IκBα (Liu et al., 2021). It is currently hypothesised that 

Dynll1 plays a role in the assembly of the Traf6-Tak1-Ikk activation complex, which 

promotes IκBα phosphorylation and degradation and activation of NF-κB signalling 

(Hayden and Ghosh, 2012; Liu et al., 2021). Interestingly, Dynll1 has been associated 

with preventing the phosphorylation and subsequent degradation of IκBα, preventing 

the activation of NF-κB signalling in a redox-dependent manner (Jung et al., 2008). 

This response is reported to occur in the presence of TNF-α, LPS and IL-1β (Jung et 

al., 2008). Although the importance of this contradictory mechanism is currently 

unknown, it has been suggested that it may relate to the levels of Dynll1, with higher 

levels associated with the negative regulation of NF-κB (Liu et al., 2021). However, 

this difference may instead relate to the differences in the cellular models used, 

indicating different uses for the Atmin-Dynll1 axis in different cellular contexts relating 

to NF-κB signalling.  

Despite the observed functional relationship for the Atmin-Dynll1 axis in B-cell 

development and function, little is known regarding T-cells. Unlike B-cells, loss of 

Atmin or Dynll1 has not been shown to affect T-cell numbers in the thymus (Jurado, 

Gleeson, et al., 2012). Neither is Atmin involved in T-cell Receptor Alpha (TCR-α) 

Recombination, nor does it play a role in T-cell development like the ATM-cofactor 

Nbs1 (Prochazkova et al., 2015). Atmin may play a role in regulating T-cell activation 

as mice lacking Atmin have been shown to have T-cell hyperactivation, inflammation 

and an Inflammatory Bowel Disease phenotype (Prochazkova et al., 2015). However, 
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this effect is context specific and only in mice also lacking Nbs1 (Prochazkova et al., 

2015). Mice lacking Nbs1 have been reported to develop spontaneous T-cell 

activation, but the effect was not strong enough to be pathogenic, unlike in mice 

lacking both Atmin and Nbs1 (Prochazkova et al., 2015). Atmin’s function in T-cell 

activation and whether this depends on Dynll1 is currently unclear, especially given 

that T-cell activation is not reported in mice where only Atmin is deleted (Prochazkova 

et al., 2015). However, future work may underpin a role for Atmin in the functions of T-

cells, even if it may only be in the negative regulation of their activation in response to 

the loss of Nbs1.  

In drosophila, the Atmin orthologue Digitor has also been shown to be essential 

for development (Zaytseva et al., 2014; Sengupta et al., 2016). The physiological 

interaction between Atmin-Dynll1 is evolutionarily conserved in drosophila, and Digitor 

has been shown to regulate the expression of the Dynll1 orthologue CutUp (Ctp) 

(Zaytseva et al., 2014). Interestingly, unlike mammals, where Atmin has not been 

recorded to interact with the mitotic machinery, loss of its orthologue Digitor has been 

shown to delay mitosis in anaphase (Zaytseva et al., 2014). Digitor is predominantly 

located within the nucleus during interphase (Sengupta et al., 2016). However, during 

mitosis, it localises to the spindle matrix for an as-of-yet unknown role. Digitor has 

been shown to interact with the spindle matrix protein Skeletor (Sengupta et al., 2016). 

As such, it has been suggested that Digitor may play a direct role as a member of the 

spindle matrix or Dynein complex (Sengupta et al., 2016).  

Although the resources covered above highlight the role of Atmin, especially 

concerning its functions that are known to relate to the ATMIN-DYNLL1 axis, Atmin 

likely plays an essential role in a considerable number of processes. Atmin is required 

for the vast majority of Dynll1 expression, with the loss of Atmin leaving only a tiny 
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pool of available Dynll1 (Goggolidou, Hadjirin, et al., 2014; Goggolidou, Stevens, et 

al., 2014). Outside of its role in the dynein motor complex, Dynll1 has the potential to 

interact with a considerable number of proteins involved in different important cellular 

processes, such as cellular and nuclear transport, apoptosis, and mitosis (Rapali, 

Szenes, et al., 2011). As such, whether Atmin is an essential factor in many of these 

processes is yet to be determined.  
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1.6.4 Atmin and Ciliogenesis 

 

A significant component of Atmin’s regulatory function appears to be its 

influence over cilium formation. Whether defects regarding the cilia are present in mice 

lacking Atmin is unclear, as no reports have investigated such mechanisms (Jurado 

et al., 2010; Kanu et al., 2010). However, AtminGpg6/Gpg6 mice feature decreased ciliary 

length in nodal, limb bud and neural tube cilia (Goggolidou, Stevens, et al., 2014). 

Interestingly, these changes in ciliary length are likely thresholded and require a 

specific amount of Atmin to be present. However, it does not require the complete 

Atmin pool, as AtminGpg6/+ mice do not show ciliary defects (Goggolidou, Stevens, et 

al., 2014). Another interesting observation is that although the loss of Atmin impacts 

limb bud and neural tube cilia, no evidence of limb patterning or neural tube defects is 

reported in AtminGpg6/Gpg6 mice (Goggolidou, Stevens, et al., 2014). This may relate to 

the already small size of these cilia, which only see slight reductions in ciliary size in 

response to the loss of Atmin’s transcriptional activity (Goggolidou, Stevens, et al., 

2014). In comparison, the distribution of nodal cilia in AtminGpg6 mice shifts 

considerably in favour of smaller cilia (Goggolidou, Stevens, et al., 2014). As a result, 

in the lungs of AtminGpg6/Gpg6 mice Hedgehog signalling is decreased, which is the most 

likely cause of the lung hypoplasia observed within these mice (Motoyama et al., 1998; 

Goggolidou, Stevens, et al., 2014).  

The mechanisms underlying Atmin regulatory control over ciliary formation are 

not fully understood. Loss of Atmin’s transcriptional activity results in changes in the 

expression of multiple ciliary genes, including the transcription factor Foxj1, IFT 

proteins Ift88, Ift140 and Ift172, and Dynll1 (Goggolidou, Stevens, et al., 2014) 



95 

However, whether all of these are transcriptional targets of Atmin is unknown. The 

most likely mechanism of Atmin’s action is the Atmin-Dynll1 axis, especially given that 

overexpression of Dynll1 in mIMCD3 cells with considerably reduced Atmin expression 

is reported to increase the percentage of ciliated cells and lessen the Atmin KD 

phenotype (Goggolidou, Stevens, et al., 2014). This can also be seen in AtminGpg6/+ 

mice, which lack changes in Dynll1 expression and ciliary architecture, unlike 

homozygotes (Goggolidou, Stevens, et al., 2014). Interestingly, despite AtminGpg6 and 

Dynll1GT mice being reported to have similar phenotypes, the extent of the ciliary 

defects differs between the animal models. Dynll1GT cilia are not as small as AtminGpg6 

but also contain a bulging at the base of the cilium (Goggolidou, Stevens, et al., 2014). 

The most likely explanation for the ciliary bulging is that AtminGpg6 mice do not have 

an absence of Dynll1 expression, unlike Dynll1GT mice (Goggolidou, Stevens, et al., 

2014). As such, the small amount of Dynll1 present in AtminGpg6 homozygotes may 

rescue the cilia from the basal bulging phenotype. Whether the impact on ciliary length 

relates to additional transcriptional regulatory functions of Atmin, such as regulating 

the expression of other ciliary genes, is unknown.  

Despite the almost global range of ciliary defects in AtminGpg6, Atmin appears 

to be a tissue-specific regulator of ciliogenesis. Kidneys from AtminGpg6 homozygotes 

are poorly developed and smaller than normal embryonic kidneys (Goggolidou, 

Hadjirin, et al., 2014). Despite this, embryos do not feature changes in ciliary 

architecture or number nor show changes in Hedgehog signalling (Goggolidou, 

Hadjirin, et al., 2014). However, a considerable loss of Dynll1 expression still occurs, 

suggesting that loss of the Atmin-Dynll1 axis still occurs in these tissues (Goggolidou, 

Hadjirin, et al., 2014). It just is not essential in regulating the ciliary architecture in the 
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kidney. Instead, Atmin may regulate other pathways in these tissues, like the 

WNT/PCP pathway. 
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1.6.5 Atmin, WNT/PCP and Pkhd1 

 

The kidneys of AtminGpg6 mice are smaller than wildtype mice in both 

homozygote and heterozygote mice (Goggolidou, Hadjirin, et al., 2014; Richards et 

al., 2019). Kidneys from AtminGpg6 embryos at E13.5 show a reduction of ureteric bud 

tips, the precursor of the kidney collecting ducts (Goggolidou, Hadjirin, et al., 2014; 

Richards et al., 2019). These branching morphogenesis defects in the AtminGpg6 

mouse model arise due to disorganised and randomly orientated epithelial cells that 

become hard to distinguish from their surrounding mesenchyme (Goggolidou, Hadjirin, 

et al., 2014; Richards et al., 2019). In AtminGpg6/+ mice that survive till 4 months of age 

also show disorganised kidneys that feature tubular dilations, suggesting the kidney 

phenotype associated with Atmin arises from the loss of epithelial organisation 

(Richards et al., 2019). 

Mechanically, the loss of cellular organisation and orientation is not associated 

with the mislocalisation of membrane proteins, as previous reports have normal apical 

localisation for the apical membrane marker aPKCζ (Goggolidou, Hadjirin, et al., 

2014). Kidney epithelial cells from AtminGpg6 mice feature misorientated cell division 

and altered cytoskeleton formation (Goggolidou, Hadjirin, et al., 2014). This loss of 

planar cell polarity can be linked to expressional changes in WNT/PCP genes in 

AtminGpg6/Gpg6 mouse kidneys (Goggolidou, Hadjirin, et al., 2014). Similar changes to 

the cytoskeleton and the expression of WNT/PCP genes in Atmin mIMCD3 cell KDs 

have also been observed, suggesting a role for Atmin in regulating the WNT/PCP 

pathway (Richards et al., 2019). However, the mechanism governing this control of 

the WNT/PCP pathway is currently unknown.  
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Like AtminGpg6, mutations in the gene Pkhd1 result in the loss of PCP and 

tubular dilations before the onset of cystic kidney disease (Fischer et al., 2006; Nishio 

et al., 2010). In mIMCD3 cells, this loss of PCP has been associated with changes in 

the expression of WNT/PCP genes (Richards et al., 2019). Perturbed expression of 

these genes was also observed in ARPKD (Richards et al., 2019).  

Loss of Pkhd1 expression had a similar impact on the expression of Vangl2 and 

Wnt5a in mIMCD3 cell KDs to that of Atmin (Richards et al., 2019). Interestingly, loss 

of Pkhd1 expression was associated with an increase in the expression of Scrib. This 

increase is lost in the combined KDs of Atmin and Pkhd1, suggesting that the two 

genes may have some interplay that corresponds with the WNT/PCP signalling 

pathway (Richards et al., 2019). Furthering this relationship are the restored levels of 

cellular adhesion and decreased cellular proliferation associated with the dual KDs of 

Atmin and Pkhd1, further suggesting an interaction in a common pathway between the 

two genes (Richards et al., 2019).  

Interestingly, loss of Atmin expression in mIMCD3 cell KDs appears to have a 

small impact on the expression of Pkhd1, but whether this means Atmin truly 

modulates the expression of Pkhd1 or is a consequence of their similar pathway 

interactions is currently unknown (Richards et al., 2019). No observable interaction 

has currently been observed between Atmin and FPC. However, only interactions 

between the intracellular C-terminal domain of FPC have so far been tested (Richards 

et al., 2019). This may mean that Atmin and FPC may directly interact with another 

FPC domain or some other intermediary protein. While the mechanisms governing the 

interactions between Atmin and Pkhd1 currently remain unclear, given their similar 

interactions, especially regarding PCP, there is a high likelihood that these two genes 

share a common interactive pathway yet to be determined.
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1.7 Aims and Objectives 

 

Previous work has highlighted a potential interaction between Atmin and FPC, 

which could be associated with planar cell polarity by regulating the WNT/PCP 

pathway (Richards et al., 2019). However, the mechanisms of this interaction are not 

fully understood. Current evidence does not support a direct interaction between Atmin 

and FPC but changes in Atmin expression can negatively or positively impact the 

transcription of Pkhd1 depending on the direction of Atmin's change (Richards et al., 

2019). Loss of expression of either gene by siRNA KD in mIMCD3 cells negatively 

impacts the expression of WNT/PCP genes suggesting both genes have similar 

overlapping functions (Richards et al., 2019). Given these relationships, Atmin and 

Pkhd1 could interact in a similar pathway. 

This study aims to investigate the relationship between Atmin and Pkhd1 and 

determine whether Atmin modulates ARPKD severity. The project was split into three 

key objectives using NGS techniques to explore the relationship between Atmin and 

Pkhd1. In chapter 3, Chromatin Immunoprecipitation (ChIP) sequencing and RNA-seq 

were used to investigate the transcriptional role of Atmin in the kidneys and identify 

cellular pathways and functions associated with Atmin's transcriptional function in the 

kidney and kidney collecting ducts. Upon improving our understanding of Atmin's 

transcriptional function, chapter 4 investigates the common transcriptional 

relationships between Atmin and Pkhd1 in the collecting duct using RNA-Seq and 

investigates this relationship at the primary cilium using immunocytochemistry 

techniques. In Chapter 5, Whole Exome Sequencing (WES) and RNA-Seq were used 

to investigate the relationship between ATMIN and WNT/PCP in ARPKD and whether 
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changes in these genes at the genomic (mutations) or transcriptomic (expression) 

levels influence disease severity.
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Chapter 2 

Materials and Methods 
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2.1 Renal Samples and Secondary Cell Lines 

2.1.1 Human Kidney Tissue Samples 

 
ARPKD and age-matched normal human kidney samples were procured in a 

sterile fashion either immediately post-mortem or from the operating room, at the time 

of nephrectomy and before transplant. No samples had been subjected to warm 

ischaemia, and a trained in-house pathologist routinely validated all samples. All 

samples were anonymised at the source by the National Institutes of Health (NIH) 

ethically-approved National Disease Research Interchange (NDRI, Philadelphia, USA) 

and stored in the PKD Charity UK-sponsored Bioresource Bank. Full Institutional 

Review Board (IRB)/NIH approval in the USA and UK was acquired with ethical 

approval from University College London (Number 05/Q0508/6) and the University of 

Wolverhampton (LSEC/2017/18/EG/11).  
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2.1.2 Mouse Kidney Tissue Samples 

 
Kidneys isolated from four-month-old Atmingpg6/+ mice and Wildtype C3H and 

C57BL/6 mice were used in this study. The ENU-derived Atmingpg6 mice were 

previously identified in an ENU mutagenesis screen at MRC Harwell, as described in 

(Ermakov et al., 2009; Goggolidou, Stevens, et al., 2014). The gpg6 mutation consists 

of a T to A transversion in exon 3 of Atmin, which correlates with the third zinc finger 

domain and results in a cysteine to serine substitution in the fourth canonical residue. 

The kidney phenotype of the Atmingpg6/+ mice at four months of age has been 

previously described (Richards et al., 2019). Genotyping was previously carried out 

via pyrosequencing, in which wildtype littermates were used as controls (Richards et 

al., 2019). Work was conducted under the Home Office project licence number 

30/3286. 
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2.1.3 mIMCD3 Cell Lines 

 
Mouse Inner Medullary Collecting Duct (mIMCD3) cells were a gift from D. 

Norris, MRC Harwell. At the time of experimentation, cells were seeded onto 1% 

collagen-containing plates 24 hours prior to transfection and grown in DMEM/F12 

(Gibco, 11320-075) media containing 2% FBS (LabTech, FCS-SA/500) and 1% AB 

(Gibco, 15140122). The average passage at the time of experimentation was 28. 
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2.2 Materials, Equipment and Software 

2.2.1 Antibodies 

 

A complete list of all primary and secondary antibodies used in this study. 

Antibodies were used in both the Immunocytochemistry with Fluorescence (ICC-F) 

and Chromatin Immunoprecipitation (ChIP) experiments (Table 3).  

 
Table 3. A list of all the antibodies used within this study for ChIP and ICC-F. 

 
Antibody Manufacturer Catalogue ID Antibody 

Type 

 

ICC-F  
Dilution 

ICC-F 

 
Anti-Acetylated Tubulin Merck T7451 Primary 

(Monoclonal) 

 

1:500 

Anti-Fibrocystin PKD 
Research 
Resource 

Consortium 
  

E1 Primary 1:500 

Anti-Gamma Tubulin Abcam 

 
Ab179503 Primary 1:500 

Goat Anti-Mouse IgG 488 Abcam Ab150113 Secondary 1:1000 
     

Donkey Anti-Rabbit IgG 680 Thermofisher 

 
A32802 Secondary 1:400 

Goat Anti-Rat IgG 594 Abcam 

 
Ab150160 Secondary 1:1000 

ChIP 

 
Anti-ASCIZ  Merck AB3271-I Primary 

(Polyclonal) 

 

- 
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2.2.2 Reagents 

 

A complete list of all the base reagents used throughout this study. Reagents 

were used in tissue culture, ICC-F and ChIP experiments (Table 4).  

 
Table 4. A list of all the reagents used to make buffers and solutions used within tissue culture, ICC-F, and ChIP.  

 
Reagent Manufacturer Catalogue Number 

 

Ammonium Chloride (NH4Cl) 
 

Merck 254134 

AMPure XP beads 
 

Beckman Coulter A63880 

Bovine Serum Albumin (BSA) 
 

Merck A9647 
 

Collagen I, rat tail 
 

Gibco A1048301 

Dimethyl Sulfoxide 
 

Merck D8418 

DMEM/F12 
 

Gibco 11320-075 

Dithiothreitol (DTT) 
 

Merck 10197777001 

Dynabeads G 
 

Invitrogen 10003D 

Ethylenediaminetetraacetic acid 
(EDTA) 

 

Invitrogen 15576-028 

Ethanol (100%) 
 

Thermofisher Scientific 
 

16606002 

Foetal Bovine Serum (FBS) – 
South America 

 

LabTech FCS-SA/500 

Foetal Bovine Serum (FBS) – Heat 
Inactivated, United States. 

 

Gibco 10082147 

Glycine 
 

Merck G7126 

IGEPAL 
 

Merck 56741 

Lipofectamine 2000 
 

Invitrogen 11668027 

Lithium Chloride 
 

Merck L9650 

Opti-MEM Gibco 
 

11058021 

 Paraformaldehyde Solution 4% in 
PBS 

 

Chem Cruz SC-281692 

Phosphate Buffered Saline (1X, 
PBS) 

Gibco 10010-023 
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Protease Inhibitor Cocktail 

 
Merck P2714-1BTL 

Proteinase K (20mg/mL) 
 

Invitrogen AM2546 

Penicillin-Streptomycin (10,000 
U/mL)(AB). 

 

Gibco 15140122 

RNase A (10mg/mL) 
 

Thermofisher Scientific EN0531 

Sodium Acetate (3M, pH 5.2) 
 

Thermofisher Scientific R1181 

Sodium Bicarbonate 
 

Merck S6014 

Sodium Chloride 
 

Merck 746398 

Sodium Deoxycholate 
 

Merck D6750 

Sodium Dodecyl Sulphate (SDS) 
 

Fisher Chemical S/P530/48 

TaqMan Fast Universal Master Mix 
(2X), no AmpErase UNG 

 

Applied Biosystems 4366072 

UltraPure Tris Hydrochloride 
 

Invitrogen 15506017 

Triton X-100 
 

Merck X100 

Trizma Base 
 

Merck RDD008 

Trypsin – 0.25% EDTA Gibco 25200-072 
 

Tween 20 
 

Merck P1379 

UltraPure DNase/RNase-Free 
Distilled Water 

 

Invitrogen 10977035 

VECTASHIELD Antifade Mounting 
Medium with DAPI 

Vector Laboratories H-1200-10 
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2.2.3 Buffers and Solutions 

 

A complete list of all the buffers and solutions used throughout this study. The 

recipe for each buffer and solution is listed in Table 5, with their required reagents 

listed in Table 4. 

 
Table 5. A list of all the buffers and solutions alongside their respective recipes used within this study. Buffers 
and solutions from this list were used in ChIP, ICC-F, and tissue culture experiments. 

 
Buffer or Solution Composition Experiment Notes 

 

1% Collagen 

 
1% Collagen; 99% 1x PBS Tissue Culture - 

2% Complete Media DMEM-F12 Media; 2% 
FBS and 1% Antibiotic 

 

Tissue Culture - 

5% Complete Media DMEM-F12 Media; 5% 
FBS and 1% Antibiotic 

 

Tissue Culture - 

ChIP lysis buffer 10 mM Tris-HCl pH 8.0, 
0.25% Triton X-100, 10 

mM EDTA, protease 
inhibitor cocktail. 

ChIP Protease inhibitor 
cocktail is added at 

the point of use. 
 
 

ChIP Sonication buffer 10 mM Tris-HCl pH 8.0, 
100 mM NaCl, 1 mM 
EDTA, 0.1% SDS, 

protease inhibitor cocktail 

ChIP Protease inhibitor 
cocktail is added at 

the point of use. 
 
. 

ChIP Wash buffer 10 mM Tris-HCl pH 8.0, 
200 mM NaCl, 1 mM 

EDTA, protease inhibitor 
cocktail. 

 

ChIP Protease inhibitor 
cocktail is added at 

the point of use. 
 

Elution buffer 100 mM NaHCO3, 1% 
SDS, 10 mM DTT 

ChIP DTT is added at the 
point of use. 

 
High Salt Wash buffer 10 mM Tris-HCl pH 8.0, 

500 mM NaCl, 1 mM 
EDTA, 0.1% SDS, 1% 

Triton X-100, 0.1% Sodium 
deoxycholate 

 

ChIP - 

LiCl Wash buffer 10 mM Tris-HCl pH 8.0, 
250 mM LiCl, 1 mM EDTA, 

1% NP-40, 1% Sodium 
deoxycholate 

 

ChIP - 



109 

Proteinase K (5X) buffer 50 mM Tris-HCl pH 7.5, 25 
mM EDTA, 1.25% SDS 

 

ChIP - 

RIPA buffer 10 mM Tris-HCl pH 8.0, 
150 mM NaCl, 1 mM 

EDTA, 0.1% SDS, 1% 
Triton X-100, 0.1% Sodium 

deoxycholate 
 

ChIP - 

TE buffer 10 mM Tris-HCl pH 7.5, 1 
mM EDTA 

 

ChIP - 

1x Tris-Buffered Saline 
(TBS) 

100mL 10x TBS,  
900mL of distilled water 

 

ICC-F - 

10x Tris-Buffered Saline 
(10x TBS) 

 

152mM Tris-HCl, 
46mM Trizma-base, 

1.5M NaCl 

 

ICC-F - 

Tris-Buffered Saline with 
Tween (TBST) 

999mL TBS and 1mL 
Tween 20 

 

ICC-F - 
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2.2.4 Equipment 

 

Multiple pieces of specialised equipment have been used throughout this study 

to perform ChIP-Seq, ICC-F and Real Time Quantitative Polymerase Chain Reaction 

(RT-qPCR). A complete list of all these pieces of equipment is outlined in Table 6. 

 
Table 6. A list of all the specialised equipment used throughout this study. Specialised equipment was used to 
perform ChIP-Seq, ICC-F and RT-qPCR.  

 
Equipment Manufacturer Experimental Procedure 

 

96-Well PCR Plate, Semi-
Skirted, for Roche Lightcycler 

(I1402-9909) 
 

Star lab RT-qPCR 

Biometra TRIO 
 

Analytik Jena ChIP-Seq 

Bioruptor Pico Sonication 
Device 

 

Diagenode ChIP-Seq 

GS1 
 

G-Storm cDNA Synthesis 

LightCycler 96 
 

LifeScience RT-qPCR 

MicroAMP optical adhesive film 
(4311971) 

 

Applied Biosystems RT-qPCR 

MicroAMP optical 96 well  
reaction plates  

(N8010560) 
 

Applied Biosystems RT-qPCR 

NanoDrop One 
 

Thermo Fisher Scientific QC for DNA extracts 

NanoDrop 2000 
 

Thermo Fisher Scientific 
 

QC for DNA and RNA extracts 

Quant Studio 6 Flex Applied Biosystems 
 

RT-qPCR 

Qubit 4 Invitrogen 
 

QC for DNA and RNA extracts 

Sure Cycler 8800 Agilent 
 

cDNA Synthesis 

Xtra-Clear Advanced Polyolefin 
StarSeal  

(E2796-9795) 
 

Star lab RT-qPCR 

ZIESS  LSM 880 ZIESS ICC-F 
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2.2.5 Kits 

 

A complete list of all the kits used to perform ChIP-Seq, cDNA synthesis, and 

DNA and RNA extractions is outlined in Table 7. 

 
Table 7. A list of all the different manufacturer kits used to perform ChIP-Seq, cDNA synthesis and DNA and 
RNA extractions.  

 
Kit Manufacturer Catalogue Number 

 

High-Capacity cDNA Reverse 
Transcription Kit 

 

Applied Biosystems 4368814 

NEBNext Multiplex Oligos for 
Illumina – Set 1  

 

New England Applied 
Biosystems 

E7335 

NEBNext Ultra II DNA library 
Preparation Kit for Illumina 

 

New England Applied 
Biosystems 

E7645 

Qiagen DNeasy Blood and 
Tissue Kit 

 

Qiagen 69504 

Qiagen QIAshredders 
 

Qiagen 79656 

Qiagen MinElute PCR 
Purification Kit 

 

Qiagen 28004 

Qiagen RNeasy Mini Kit 
 

Qiagen 74104 

Qubit 1X dsDNA High 
Sensitivity Kit 

 

Invitrogen Q33230 

Qubit RNA Quantification, 
broad range Kit 

 

Invitrogen Q10210 
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2.2.6 Primers 

 

Both human and mouse primers used in RT-qPCR were purchased from 

Applied Biosystems through Thermofisher. Table 8 outlines each primer used within 

this study. 

 
Table 8. A list of all the RT-qPCR primers used within this study. All primers were purchased from Applied 
Biosystems. 

 
Target Primer 

 
RefSeq ID / 
Gene Bank 

mRNA 

Exon 
Boundary 

Location 
(bp) 

Length 
(bp) 

cDNA 
per 

Reaction 
(ng) 

Human 
 

ACTB 
 

Hs01060665_g1 NM_001101.3 2 - 3 208 63 25 

FGA 
 

Hs00241027_m1 NM_000508.4 3 - 4 445 73 25 

KIF26B 
 

Hs00215977_m1 NM_018012.3 12-13 6,267 69 25 

MSC 
 

Hs00231955_m1 NM_005098.3 1 - 2 856 105 25 

WDR86 
 

Hs00862211_m1 NM_001284260.1 2 - 3 753 86 25 

WNT4 
 

Hs01573505_m1 NM_030761.4 2 - 3 414 66 25 

WNT9B 
 

Hs00287409_m1 NM_001320458.1 2 - 3 388 86 25 

Mouse 
 

ActB 
 

Mm00607939_s1 AK078935.1 6 1,233 115 50 

Atmin 
 

Mm01251229_m1 NM_177700.4 1 -2  362 82 50 

Pkhd1 
 

Mm01233737_m1 NM_694819.2 60-61 10,359 67 50 
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2.2.7 siRNA 

 

All siRNAs used in this study were purchased from Horizon Discovery as pools 

of four siRNA and are listed in Table 9. The siRNA sequences and final concentration 

of each siRNA used within the study are also listed.  

 
Table 9. A list of all the siRNAs used in this study. All siRNAs were purchased from Horizon Discovery. 

  
siRNA Pool Catalogue 

Number 
Concentration Sequences 

Scrambled D-001810-10-05 30μM -UGGUUUACAUGUCGACUAA- 
 

-UGGUUUACAUGUUGUGUGA- 
 

-UGGUUUACAUGUUUUCUGA- 
 

-UGGUUUACAUGUUUUCCUA- 
 

Atmin L-059728-01-0005 30μM -CCAUAGAUCUGCUGAGCGA- 
 

-CUUGACAACUGCACCGAAA- 
 

-GCAUAGUAAACCCGACAAU- 
 

-ACAGAGACCCACCUAGUAA- 
 

Pkhd1 L-054960-01-0005 100μM -GGUCCUAAUUCUCGAUAAU- 
 

-CAGGAAGUCUAGCGGAGAA- 
 

-CUAUAAGAUUGUAGGGCAU- 
 

-CCGGGAAAUGAGAGGAUUA- 
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2.2.8 Software 

 

Many programs were used throughout the analysis of the different sequencing 

projects or in generating figures and their respective calculations. An outline of all the 

software used within this study has been listed in Table 10. The software has five main 

categories: programs run through the web server Galaxy or another web server. Local 

programs were either plugins for the R coding language run through R studio program, 

ImageJ (Fiji edition) or various standalone programs used for a specific analysis.  

 
Table 10. A list of all the software used throughout this study. Most of the programs used throughout this study 
were either through the Galaxy servers or as add-in packages for the coding language R and utilised through the 
R studio program. The remaining programs are listed under servers, ImageJ plugins or miscellaneous programs. 

 
Program or Server Experiment Type Version ID 

(Where Available) 
Publication or 

Author. 

Web servers 

IGV – Web App ChIP-Seq 1.12.0 (Robinson et al., 
2011; Thorvaldsdóttir, 

Robinson and 
Mesirov, 2013) 

 
MEME-ChIP ChIP-Seq 5.5.0 (Bailey et al., 2015) 

 
Revigo RNA-Seq - (Supek et al., 2011) 

 
Usegalaxy.eu Sequencing Analysis - (Community, 2022) 

 
Usegalaxy.org Sequencing Analysis - (Afgan et al., 2016) 

 

Galaxy Programs 

Burrows-Wheeler 
Aligner (BWA) 

ChIP-Seq Bwa-mem 0.7.17.2 (Li et al., 2009; Li, 
2011, 2013) 

 
ChIPSeeker ChIP-Seq 1.18.0+galaxy1 (Yu, Wang and He, 

2015) 
 

Cutadapt Sequencing Analysis 3.5+galaxy1 
4.0+galaxy0 

(Martin, 2011) 

DeepTools2 ChIP-Seq 3.5.1.0.0 (Ramírez et al., 2016) 
 

Deseq2 RNA-Seq 2.11.40.6+galaxy1 
2.11.40.7+galaxy1 

(Love, Huber and 
Anders, 2014) 
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FastQC Sequencing Analysis 0.73+galaxy0 
 

(Simon Andrews, 
2010) 
 

FeatureCounts RNA-Seq 1.6.4+galaxy1 
2.0.1+galaxy2 

(Liao, Smyth and Shi, 
2014) 
 

FGSEA RNA-Seq 1.8.0+galaxy1 (Korotkevich et al., 
2021) 
 

GO-Seq RNA-Seq 1.36.0+galaxy0 
1.44.0+galaxy2 

(Young et al., 2010) 

HISAT2 RNA-Seq 2.1.0+galaxy5 
2.2.1+galaxy0 

(Kim, Langmead and 
Salzberg, 2015) 

IDR ChIP-Seq 2.0.3 (Li et al., 2011) 
 

MACS2 ChIP-Seq 2.1.1.20160309.6 (Zhang et al., 2008; 
Feng et al., 2012) 

 
ngsutils ChIP-Seq 0.5.9 (Breese and Liu, 2013) 

 
Picard Tools Sequencing Analysis 2.18.2 (Broad Institute, 2016) 

 
Qualimap Sequencing Analysis  2.2.2d+galaxy1 

2.2.2c+galaxy1 
(Okonechnikov, 

Conesa and García-
Alcalde, 2016) 

 
RUV-Seq RNA-Seq 1.26.0+galaxy0 (Risso et al., 2014) 

 
StringTie RNA-Seq 2.1.1 (Kovaka et al., 2019) 

 

R packages 

Bioconductor Package Handling 3.15 (Huber et al., 2015) 
 

ComplexHeatmap Data visualisation 2.12.1 (Gu, Eils and 
Schlesner, 2016; Gu, 

2022) 
 

ggplot2 Data visualisation 3.3.6 (Wickham, 2016) 
 

ggpubr General data analysis 
and visualisation 

0.4.0 (Alboukadel 
Kassambara, 2020) 

 
ggrepel Data visualisation 0.9.1 (Kamil Slowikowski, 

2021) 
 

ggtext Data visualisation 0.1.2 (Claus Wilke, 2022) 
 

ggvenndiagram Data visualisation 1.2.2 (Gao, Yu and Cai, 
2021) 
 

ragg Data visualisation 1.2.3 (Thomas Pedersen, 
2022) 
 

rmarkdown Data visualisation 2.17 (Allaire et al., 2020) 
 

systemfonts Data visualisation 1.0.4 (Pedersen, Ooms and 
Govett, 2022) 
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Tidyverse General data analysis 

 
 

1.3.2 (Wickham et al., 
2019) 
 

ImageJ 

CiliaQ Cilia length and FPC 
localisation Analysis 

0.1.1 (Hansen et al., 2021) 
 

CiliaQ_Preparator Cilia length and FPC 
localisation Analysis 

0.1.4 (Hansen et al., 2021) 
 

ImageJ General ICC-F Image 
Processing 

Fiji – 1.53f51 (Schindelin et al., 
2012) 
 

Novogene WES Pipeline 

Burrows-Wheeler 
Aligner (BWA) 

WES - (Li and Durbin, 2009, 
2010; Li, 2013) 

 
Sam Tools WES - (Li et al., 2009; Li, 

2011) 
 

Picard Tools WES - (Broad Institute, 2016) 
 

GATK WES - (McKenna et al., 
2010) 
 

ANNOVAR WES - (Wang, Li and 
Hakonarson, 2010) 

 

Miscellaneous Programs 

Excel General data analysis 2016 Microsoft Corporation 
 

Zen Blue Microscope 
Software 

General ICC-F Image 
Processing 

2.6 ZEISS 
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2.3 Methods 

2.3.1 Tissue Culture 

 

2.3.1.1 Cell Revival 

 
mIMCD3 cells were collected from liquid nitrogen storage and warmed to room 

temperature. Cells were transferred to a centrifugal container once defrosted and spun 

at 0.2xG for 5 minutes. Freezing media was aspirated off the pellet and resuspended 

in 5% complete media (Table 5). mIMCD3 cells were then transferred to a flask coated 

in 1% collagen (Table 5) and incubated at 37°C with 5% CO2. 

 

2.3.1.2 Cell Passaging 

 
Before passaging, flasks were coated with 1% collagen (Table 5) and air-dried 

for a minimum of ten minutes. 5% complete media (Table 5) was aspirated off the 

mIMCD3 cells, which were then washed in 1x PBS (Table 4). After washing the cells, 

PBS was aspirated off. Following the removal of the PBS, enough Trypsin containing 

0.25% EDTA (Table 4) was added to cover the flask's surface. Cells were incubated 

in Trypsin on average for 3 – 5 minutes at 37°C before an equal or greater volume of 

5% complete media was added to neutralise the Trypsin. The amount of Trypsin 

required ranged from 2 – 5mL depending on the surface area of the flask. After the 

Trypsin was neutralised, the cell suspension was transferred to a centrifugal container 

and spun for 5 minutes at 0.2xG. The solution was then aspirated from the pellet. The 

pellet was resuspended in fresh 5% complete media and split between two to four 1% 
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collagen-containing flasks depending upon the size of the pellet. mIMCD3 cells were 

incubated at 37°C with 5% CO2.  

 

2.3.1.3 Cell Seeding 

 
Six to twelve-well plates were coated with 1% collagen (Table 5) and air-dried 

for a minimum of ten minutes. In microscopy experiments, coverslips were added to 

the wells and were collagenated similarly. 5% complete media (Table 5) was aspirated 

off the mIMCD3 cells, which were then washed in 1x PBS (Table 4). After washing the 

cells, PBS was aspirated off the cells. Following the removal of the PBS, enough 

Trypsin containing 0.25% EDTA (Table 4) was added to cover the flask's surface. 

Cells were incubated in Trypsin on average for 3 – 5 minutes at 37°C before an equal 

or greater volume of 5% complete media was added to neutralise the Trypsin. The 

amount of Trypsin required ranged from 2 – 5mL depending on the surface area of the 

flask. After the Trypsin was neutralised, the cell suspension was transferred to a 

centrifugal container and spun for 5 minutes at 0.2xG. The solution was then aspirated 

from the pellet. The pellet was resuspended in 1mL of fresh 2% complete media (Table 

5).  

Before seeding, 20μL of cell suspension was diluted in 20μL of 2% complete 

media. 10μL of diluted cell suspension was added to a haemocytometer for counting. 

Cells were counted within the four outer quadrants, where the average count of the 

four blocks was taken. The average count was multiplied by two to correct the initial 

dilution step and multiplied by x104 to get the final count per mL. The final number of 

cells per well was 3x105 for a 6-well plate and 1.5x105 for a 12-well plate.  
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2.3.1.4 Transfection 

 
Transfection mixes were created and incubated for 30 minutes before their 

addition to the cells. Each transfection mix contained 300μL of Opti-MEM, 9μL of 

Lipofectamine 2000 and a volume of siRNA dependent upon the desired final 

concentration and was mixed via pipetting (Table 4; Table 9). The volumes of the 

reaction mix listed were used at half the volume referenced when transfecting cells 

within a 12-well plate. Twenty-four hours post-seeding, old media was aspirated from 

the cells and replaced with a final volume of 2mL of low serum-containing media (Opti-

MEM) or 1mL for 12-well plates. Cells were incubated for an additional forty-eight 

hours before being used in downstream experiments. The average confluency was 50 

– 70% per well when 3x105 cells were seeded (or 1.5x105 cells for 12-well plates). 

After transfection, the following conditions were generated; Untransfected (UT), 

Scrambled (Scram), Atmin Knockdown (KD), Pkhd1 KD and Double (Atmin and 

Pkhd1) KD.  

 

2.3.1.5 Cell Storage 

 
Media was aspirated off the mIMCD3 cells, which were then washed in 1x PBS 

(Table 4). After washing the cells, PBS was aspirated off the cells. Following the 

removal of the PBS, enough Trypsin containing 0.25% EDTA (Table 4) was added to 

cover the flask's surface. Cells were incubated in Trypsin on average for 3 – 5 minutes 

at 37°C before an equal or greater volume of 5% complete media (Table 5) was added 

to neutralise the Trypsin. The amount of Trypsin required ranged from 2 – 5mL 

depending on the surface area of the flask. After the Trypsin was neutralised, the cell 
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suspension was transferred to a centrifugal container and spun for 5 minutes at 0.2xG. 

The solution was then aspirated from the pellet.  

Pellets were resuspended in 1mL of the freezing solution containing 70% 

DMEM/F12, 20% FBS and 10% Dimethyl Sulfoxide (Table 4). Vials were stored at -

80°C for 24 hours before being transferred to liquid nitrogen. The number of cells per 

vial was not counted prior to freezing, but on average, one flask would generate 3 – 5 

vials depending upon the size of the pellet. 
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2.3.2 Extractions 

2.3.2.1 Chromatin Immunoprecipitation 

 

2.3.2.1.1 Chromatin Preparations - mIMCD3 Cells  

 
mIMCD3 cells were grown in a T-75 flask with 5% complete media (Table 5) 

until 80 – 85% confluent (estimated at 4x106 cells). 1% paraformaldehyde (Table 4) 

was added to the cell media and incubated for ten minutes at room temperature to 

allow crosslinking between chromatin and DNA. Following the formaldehyde 

incubation, 125 mM of glycine (Table 4) was added to stop cross-linking. Cells were 

then incubated for five minutes at room temperature. After this, Media was removed, 

and cells were washed twice with 10mL of ice-cold 1x PBS solution (Table 4). The 

flasks were placed on ice, and cells were covered in 5mL of ice-cold PBS, scraped 

from the surface and transferred to a centrifugal container. Cell suspensions were 

centrifuged for 10 minutes at 1,500xG at 4°C. PBS was removed, and pellets were 

resuspended in 1mL of ChIP Lysis buffer (Table 5) and transferred to a 1.5mL 

microtube. Pellets were incubated for ten minutes on ice before being centrifuged for 

five minutes at 1,500xG and 4°C. Lysis buffer was removed, and Pellets were 

resuspended in 1mL of ChIP wash buffer (Table 5) and centrifuged at 1,500xG for five 

minutes at 4°C. Pellets were resuspended in 600μL of ChIP sonication buffer (Table 

5). 300μL of suspension was transferred to a new microtube and sonicated on a 

sonicator (Table 6). The following conditions were used during the sonication period: 

15 minutes total sonication time, high amplitude, 30 seconds on followed by 30 

seconds off.  
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Following the first round of sonication, sonication was repeated for the 

remaining 300μL of suspension. The two sonicated extracts were then merged into a 

single microtube. The merged sonicated extract was centrifuged for 15 minutes at 

20,000xG and 4°C. The supernatant was transferred to a new microtube, and the 

concentration was determined on a NanoDrop One (Table 6). 35μg of sonicated DNA 

per sample was taken forward for analysis.  

 

2.3.2.1.2 Chromatin Preparations - Mouse Kidney Tissues 

 
30mg of frozen wildtype mouse kidney tissue was dissected from renal samples 

and suspended in 10mL of ice-cold 1x PBS solution (Table 4). Samples were then 

homogenised using a mortar and pestle. Following homogenisation, 1% 

paraformaldehyde was added to the tissue suspension to crosslink chromatin and 

DNA. The tissue suspension was then incubated for 10 minutes at room temperature. 

A final concentration of 125mM Glycine (Table 4) was added to the tissue suspension, 

following which tissue suspensions were incubated for five minutes at room 

temperature. Following the glycine incubation, tissue suspensions were centrifuged 

for 10 minutes at 1,500xG at 4°C. PBS was removed, and pellets were resuspended 

in 1mL of ChIP Lysis buffer (Table 5) and transferred to a 1.5mL microtube. 

Suspensions were incubated for ten minutes on ice before being centrifuged for five 

minutes at 1,500xG and 4°C. Lysis buffer was removed, and pellets were resuspended 

in 1mL of ChIP wash buffer (Table 5) and centrifuged at 1,500xG for five minutes at 

4°C. Pellets were resuspended in 600μL of ChIP sonication buffer (Table 5). 300μL of 

cell suspension was transferred to a new microtube and sonicated in a sonicator. The 

following conditions were used during the sonication period: 15 minutes total 

sonication time, high amplitude, 30 seconds on followed by 30 seconds off.  
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Following the first round of sonication, sonication was repeated for the 

remaining 300μL of suspension. The two sonicated extracts were then merged into a 

single microtube. The merged sonicated extract was centrifuged for 15 minutes at 

20,000xG and 4°C. The supernatant was transferred to a new microtube, and the 

concentration was determined on a NanoDrop One (Table 6). 35μg of sonicated DNA 

per sample was taken forward for analysis.  

 

2.3.2.1.3 Immunoprecipitation 

 
10μL of Dynabeads G (per IP) were washed with 100μL of RIPA buffer (Table 

4; Table 5). The sonicated extract was added to the Dynabeads and incubated for 30 

minutes on a microtube rotator at 4°C. The supernatant was recovered from the beads 

and transferred to a new microtube. 5ng/μL of Anti-Asciz antibody (Table 3) was 

added to the supernatant and incubated overnight on a microtube rotator at 4°C. 

Simultaneously, 15μL of Dynabeads G (per IP) was washed in 100μL of RIPA buffer. 

Following the RIPA buffer wash, Dynabeads were blocked in 15μL of RIPA buffer 

containing 4mg/mL of BSA (per IP; Table 4) and incubated overnight at 4°C on a 

microtube rotator.  

The next day Dynabeads were removed from their blocking solution, and 

sonicated extract, which had been incubated with the antibody, was added. The 

Dynabeads and sonicated extract were incubated for 1 hour at 4°C on a microtube 

rotator. The supernatant was removed and stored on ice, following which the beads 

underwent a series of wash steps. The first round consisted of three washes in 300μL 

of ice-cold RIPA buffer. This was followed by a second round of three 300μL washes 

in the ice-cold high-salt wash buffer (Table 5). The third round consisted of two washes 
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in 300μL of ice-cold lithium chloride wash buffer (Table 5), and the final set of two 

washes consisted of 300μL of TE buffer (Table 5). Each wash consisted of adding the 

buffer, leaving for a few seconds, and inverting three times before removing the buffer.  

Sample Immunoprecipitations (IPs) were eluted by adding 50μL of elution 

buffer (Table 5) to the Dynabeads and incubating for 15 minutes at room temperature. 

The elute was removed, and this step was repeated once more. Both elutions were 

merged for a total of 100μL of eluted IP. Control samples (Inputs) were generated from 

the remaining Ig supernatant, where 90μL of elution buffer was added to 10μL of Ig 

Supernatant.  

0.5μL of RNase A (Table 4) was added to IPs and Inputs to remove traces of 

RNA from the samples. Samples were then incubated for 30 minutes at 37°C. 

Following RNA removal, samples were incubated with 200mM NaCl (Table 4) and 

incubated for five hours at 65°C to decrosslink samples. After decrosslinking, 100% 

ethanol (Table 4) was added to the samples, so the final volume of added ethanol was 

2.5 times the current sample volume. Samples were then left to precipitate overnight 

at -20°C.  

 

2.3.2.1.4 Elution 

 
Following precipitation, samples were centrifuged for 20 minutes at 17,000xG 

and 4°C. The supernatant was removed, and the samples were centrifuged again for 

two minutes to remove residual ethanol. Pellets were dissolved in 100μL of TE buffer 

(Table 5), 25μL of 5X proteinase K buffer (Table 5), and 1.5μL of Proteinase K 

(20mg/mL; Table 4) was added to each sample. The samples were incubated for two 
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hours at 45°C to degrade proteins. Samples were then eluted using the Qiagen 

MinElute PCR Purification Kit (Table 7). 

625μL of PBI buffer was added to each sample. If the sample did not turn 

yellow, 3μL of sodium acetate (pH 5.2; Table 4) was added. Samples were loaded into 

the MinElute columns and centrifuged for 1 minute at 2,400xG. 750μL of PE wash 

buffer was added to the columns and centrifuged again for 1 minute at 2,400xG. The 

flow-through was discarded, and the columns were centrifuged at 2,400xG for 30 

seconds to remove residual PE buffer. MinElutes columns were transferred to a new 

microtube, and 10μL of RNase-free water was added to the membrane to elute DNA. 

Water was left to incubate for 1 minute at room temperature, followed by a centrifuge 

step at 17,000xG for 1 minute. This elution was repeated once more for a total elution 

of 20μL. Samples were stored at -20°C until needed.  

 

2.3.2.2 RNA Extraction from mIMCD3 Cells 

 
RNA was extracted from mIMCD3 cells using Qiagen QIAshredders and the 

Qiagen RNeasy Mini Kit (Table 7). All procedures followed the manufacturer's 

instructions for both kits.  

mIMCD3 cells were lysed using 600μL buffer RLT and underwent 

homogenisation using Qiagen-branded QIAshredders. QIAshredders containing the 

cell suspension were centrifuged at 8,000xG for 3 minutes. Following homogenisation, 

600μL of 70% ethanol was added to the flow-through and gently mixed via pipetting. 

This mixture was then transferred to a RNeasy spin column and centrifuged for 30 

seconds at 8,000xG. The flow-through was then discarded. The Wash steps consisted 

of a single wash with 700μL of buffer RW1 and two washes with 500μL of buffer RPE. 
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After each wash, the flow-through was discarded. For the buffer RW1 wash and the 

initial wash with buffer RPE, the spin column was spun at 8,000xG for 30 seconds. 

During the second buffer RPE wash step, the spin column was spun at 8,000xG for 2 

minutes. The spin column was spun at 8,000xG for 1 minute to ensure the membrane 

was dry. RNA was eluted using RNase Free water. After adding 15μL of RNase-free 

water directly to the membrane, columns were incubated for 1 minute before being 

spun at 8,000xG for 1 minute. The elution step was carried out twice without the flow-

through being discarded between elution steps. A total of 30μL of RNA was 

successfully eluted after each extraction. 

 

2.3.2.3 RNA Extraction from Kidney Tissue Samples 

 
RNA was extracted from mouse and human kidney tissues using Qiagen 

QIAshredders and the Qiagen RNeasy Mini Kit (Table 7). All procedures followed the 

manufacturer's instructions for both kits.  

30mg of kidney tissue was dissected from each sample and added to 600μL 

buffer RLT. The tissue was homogenised using a micro pestle and then transferred to 

a Qiagen QIAshredder. QIAshredders containing the tissue suspension were 

centrifuged at 8,000xG for 3 minutes. Following homogenisation, 600μL of 70% 

ethanol was added to the flow-through and gently mixed via pipetting. This mixture 

was then transferred to a RNeasy spin column and centrifuged for 30 seconds at 

8,000xG. The flow-through was then discarded. The Wash steps consisted of a single 

wash with 700μL of buffer RW1 and two washes with 500μL of buffer RPE. After each 

wash, the flow-through was discarded. For the buffer RW1 wash and the initial wash 

with buffer RPE, the spin column was spun at 8,000xG for 30 seconds. During the 
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second buffer RPE wash, the spin column was spun at 8,000xG for 2 minutes. The 

spin column was spun at 8,000xG for 1 minute to ensure the membrane was dry. RNA 

was eluted using RNase Free water. After adding 15μL of RNase-free water directly 

to the membrane, columns were incubated for 1 minute before being spun at 8,000xG 

for 1 minute. The elution step was carried out twice without the flow-through being 

discarded between elution steps. A total of 30μL of RNA was successfully eluted after 

each extraction. 

 

2.3.2.4 DNA Extraction from Kidney Tissue Samples 

 
DNA was extracted from human renal samples using the Qiagen DNeasy Blood 

and Tissue Kit (Table 7). All procedures followed the manufacturer's instructions. 

25mg of tissue was dissected from renal samples and added to 180μL of buffer ALT 

and 20μL of proteinase K. Samples were incubated for approximately three hours at 

56°C. At 10 – 15-minute intervals, samples would be vortexed for 15 seconds during 

incubation, per the manufacturer's recommendations. Upon completion of the 3-hour 

incubation, 4µL of RNase A (100mg/mL; Table 4) was added to each sample, mixed 

by vortex, and left to incubate at room temperature for 2 minutes. After adding RNase 

A, samples were vortexed for 15 seconds, and 200 µL of buffer AL and 100% ethanol 

were added and mixed thoroughly by pipetting. The mixture was then transferred to a 

DNeasy Mini spin column and centrifuged at 6000xG for 1 minute. The flow-through 

was then discarded. 500 µL of buffer AW1 was then added to the spin column, which 

was then spun in a centrifuge at 6,000xG for 1 minute, with the flow-through discarded 

upon completion of the centrifuge step. After buffer AW1 flow-through was discarded, 

500μL of buffer AW2 was added to the spin column. The column was spun in a 
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centrifuge for 3 minutes at 20,000xG, and the flow-through was discarded. DNA was 

eluted from the spin column by adding 100μl of buffer AE, which was carried out twice. 

After adding AE directly to the spin column membrane, columns were incubated for 1 

minute before being spun at 6,000xG for 1 minute. The flow-through was not discarded 

between buffer AE steps. Following both spins with buffer AE, 200μL of DNA was 

successfully eluted from each sample. 

 

2.3.2.5 Quality Assessments of DNA and RNA Extracts 

 
Following the extraction of either RNA or DNA, the concentration and quality 

would be assessed. The Qubit 4 (Table 6), in combination with the Qubit RNA 

Quantification broad range Kit (Table 7), was used to assess the concentration of 

RNA. In comparison, to measure the concentration of DNA, Qubit 4 was used in 

combination with the Qubit 1X dsDNA High Sensitivity Kit (Table 7). The quality of 

both RNA and DNA was measured using a Nanodrop 2000 (Table 6), which measured 

260/280 ratios, where a 1.8 cut-off was used for DNA purity, and 2 was used for RNA 

purity. The quantity of DNA extracts during the ChIP experiments was determined on 

a Nanodrop One (Table 6).
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2.3.3 Chromatin Immunoprecipitation with Sequencing (ChIP-

Seq) 

2.3.3.1 ChIP-Seq Overview 

 
ChIP-Sequencing was performed on mIMCD3 cells and kidney tissues, with 

sequencing being performed by the Oxford Genetics Centre. Analysis of the 

sequencing files was performed on the Galaxy Bioinformatics server. First, a quality 

assessment of the initial sequenced files and processing to remove poor reads and 

adapter sequences was performed. After the initial cleaning steps, the sequence files 

were aligned to the mouse mm10 genome. Post-alignment MACS2 was used to call 

peaks, and the Irreproducible Discovery Rate (IDR) was used to identify peak 

consistency between replicates. Peaks were then annotated with the ChIP-Seeker 

program. Details regarding mouse genome files can be found in Table 11. Figure 9 is 

a schematic representation of the pipeline used in this study.  

 
Table 11. A list of the data files used for aligning and annotating the ChIP-Sequencing data. 

 
File Location Citation 

mm10.fa.gz https://hgdownload.soe.ucsc.edu/downloads.html (Kent et al., 
2002; Mouse 

Genome 
Sequencing 
Consortium, 

2002) 
mm10.ncbiRefSeq.gtf.gz https://hgdownload.soe.ucsc.edu/downloads.html (Kent et al., 

2002; McGarvey 
et al., 2015; 

O’Leary et al., 
2016) 

mm10-blacklist.v2.bed.gz https://github.com/Boyle-Lab/Blacklist (Amemiya, 
Kundaje and 
Boyle, 2019) 
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Figure 9. A schematic representation of the pipeline utilised in ChIP-Sequencing studies. Atmin IPs and 
corresponding inputs (controls) from either mouse kidney tissues or mIMCD3 cells underwent sequencing. 
Post-sequencing peak calling, motif discovery and functional annotation analysis were performed in the order 
outlined in the schematic. Purple circles highlight outputs. However, no other colour has any specific 
meaning. Figure was drawn in Microsoft PowerPoint from the Microsoft 365 application suite. 
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2.3.3.2 Library Preparation and Sequencing 

 
Sequencing libraries were created using the NEBNext Ultra II DNA library 

Preparation Kit for Illumina (Table 7), following the manufacturer's instructions. In 

brief, 500pg of fragmented DNA was diluted in 10mM Tris-HCl at pH 8.0 (Table 4) to 

a final volume of 50μL. 3μL of NEBNext Ultra II Prep Enzyme Mix and 7μL of NEBNext 

Ultra II End Prep Reaction buffer were added to the mix. The reaction mixture was 

mixed thoroughly, placed in a thermocycler preheated to 75°C and underwent the 

reaction outlined in Table 12.  

 
Table 12. Outline of the thermal cycle program recommended for the NEBNext Ultra II DNA library preparation 
kit for Illumina. The outlined thermal cycle program is for the initial preparation step.  

 
Temperature (°C) Time (Minutes) 

20 30 
60 30 
4 ∞ 

 

 
Following the completion of the thermal cycle, 30μL of NEBNext Ultra II Ligation 

Master Mix, 1μL of NEBNext Ligation Enhancer and 2.5μL of NEBNext Adaptor for 

Illumina were added to the original mix and mixed thoroughly to create the ligation mix. 

The new mixture was incubated for 15 minutes at 20°C before adding USER Enzyme 

to the ligation mix. After adding the enzyme, samples were incubated at 37°C for 15 

minutes. 

To perform size selection at 200 bp, 40μL of AMPure XP beads (Table 4) were 

added to the ligation mixture and incubated for 5 minutes at room temperature. 

Microtubes containing the mixture were racked onto a magnetic stand, and the 

supernatant was extracted and moved to a new container. The beads from the 

previous incubation were discarded, and 20μL of AMPure XP beads were added to 
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the extracted supernatant. The mixture was incubated for 5 minutes at room 

temperature. After the incubation, the microtubes were racked onto magnetic racks, 

and the supernatant was removed and discarded. Two washes were then performed 

with 200μL of 80% ethanol. After the washes, beads were left to air dry for 

approximately 5 minutes before adding 17μL of 10mM Tris-HCl pH 8.0 and incubated 

for 2 minutes at room temperature. After 2 minutes, the microtubes were racked onto 

magnetic racks again, and 15μL of supernatant was transferred to a new PCR tube. 

After performing size selection, PCR Enrichment of Adaptor-ligated DNA was 

performed. 25μL of NEBNext Ultra Q5 Master Mix was added to the supernatant. 

Additionally, 5μL of Index primer and 5μL of Universal PCR Primer from the NEBNext 

Multiplex Oligos for Illumina Set 1 (Table 7) were added to the same mixture and 

mixed thoroughly. The PCR mix was added to a thermal cycler, and the PCR program 

outlined in Table 13 was performed.  

45μL of AMPure XP beads were added to the PCR reaction mixture to clean 

up after the PCR reaction. Samples were incubated for 5 minutes at room temperature 

before being racked onto a magnetic rack. The supernatant was extracted and 

discarded, after which the beads were washed twice in 200μL of 80% ethanol. The 

beads were then left to air dry for 5 minutes before being removed from the magnetic 

rack. DNA was eluted in 33μL of Tris-HCl pH 8.0, first with a 2-minute incubation at 

room temperature, followed by racking the microtubes onto a magnetic rack and 

transferring 30μL of supernatant to a new PCR tube. Library preparations were stored 

at -20°C until required. After library preparation, sequencing was performed by The 

Oxford Genomics Centre on an Illumina NovaSeq6000.  
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Table 13. Outline of the thermal cycle program recommended for the NEBNext Ultra II DNA library preparation 
kit for Illumina. The outlined thermal cycle program is for the PCR Enrichment step. 

 
Stage Initial 

Denaturation 
PCR (10 Cycles) Final 

Extension 
Hold 

Denature 
 

Anneal/Extend 

Temperature 
(°C) 

 

98 98 65 65 4 

Time (Seconds) 
 

30 10 75 300 ∞ 

      

 
 

2.3.2.3 Quality Assessment of Sequenced Data and Read Trimming 

 
Raw read files were assessed using the FastQC program by the Babraham 

Bioinformatics institute (Table 10). Reads were assessed for low-quality reads, high 

levels of uncertain base calls (per base N content), unusual GC content distribution 

across the reads, and adapter and overrepresented sequences.  

Reads were processed on the Galaxy Bioinformatics Servers using the 

CutAdapt program. Reads were set as paired-end reads and were processed to 

remove adapter sequences. The minimum read length was set to 70 bases, with any 

reads trimmed lower than this value discarded. Read Quality filters were set to remove 

any reads with a Phred score below 20. The remaining CutAdapt settings were left to 

the program's defaults on the usegalaxy.org web server. Program versions for each 

project can be found in Table 10.  

 

2.3.2.4 Genome Alignment and Quality Assessment of Aligned 

Reads 

 
Sequences were aligned in a paired-end fashion using the Burrows-Wheeler 

Aligner Maximum Exact Matches (BWA-MEM). Reads from paired-end Fasta files 



134 

were aligned to the mm10 mouse genome available from the University of California 

Santa Cruz (UCSC) genome browser (Table 11). The default settings for the aligner 

were used with the analysis mode to simple Illumina mode, with the default output 

producing coordinate sorted bam files. Following alignment, Picard tools were used to 

mark duplicate reads.  

The quality of the alignment data was checked using the Qualimap tools for 

BamQC. These tools were used to determine the number of reads successfully 

mapped to the genome, mapping quality, the presence of secondary alignments and 

duplication rates. 

Following the initial Bam QC step, duplicate reads were filtered out using Picard 

tools. Post deduplication, secondary alignments, poorly mapped reads and reads 

located within Encode blacklisted regions were removed using the Ngsutils package. 

Blacklisted regions for the mm10 genome were made available by Encode (Table 11).  

After removing these reads, an additional quality check (QC) check to identify 

the number of remaining reads was undertaken with Qualimap. Tool information is 

available in Table 10.  

 

2.3.2.5 Peak Calling and Visualisation 

 
Peak calling was performed using MACS2 following fragment alignment and 

filtering. MACS2 was set to run in a Paired-End format, where one IP was run against 

its respective input control. The effective genome size was selected as 1.87x109, the 

default for Mus musculus in MACS2. MACS2 was set to scale off the computed per 

peak P-values, with a cut-off of 0.2. Parameters affecting the shifting model were set 
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as their default. The remaining peak calling parameters were also set to the program's 

defaults.  

Following peak calling, the irreproducible discovery rate (IDR) was determined 

for each peak by comparing peaks from the first replicate against peaks from their 

second replicate. IDR was performed using the program's default parameters. The top 

150,000 peaks ranked by P-value were taken forward for IDR analysis. The 

reproducible peaks with an IDR value greater than 540 (equal to P-value ≤ 0.05) were 

considered consistent. ChIP-Seeker was used to annotate peaks using the NCBI 

Refseq annotations (Table 11).  

The read coverage was determined from bam files to allow for the visualisation 

of peaks within a genome tracks. DeepTools2 was used to calculate read coverage as 

counts per million (cpm), and coverage was visualised on the Integrative Genomics 

Viewer (IGV) web application. In the IGV tracks, the built-in mm10 genome was used 

to align coverage files, and corresponding Refseq annotations were used to outline 

genomic location. Tool information is available in Table 10. 

 

2.3.2.6 Motif Discovery Analysis 

 
Motif discovery was performed using the MEME-ChIP suite. First, peaks in 

kidney tissue IPs and mIMCD3 cell IPs were compared to identify consistent peaks, 

suggesting regions with the highest potential for Atmin binding. Following the 

identification of consistent peaks, the centre of each peak was determined as the 

distance from the start of the peak corresponding to 
𝑃𝑒𝑎𝑘 𝐿𝑒𝑛𝑔𝑡ℎ

2
. After determining the 

peak centre point, a total of 500 Bp around the centre of each peak was determined 



136 

(± 250 Bp from the centre). These new peak coordinates were used to discover motifs 

associated with Atmin DNA binding as recommended by the MEME-ChIP suite.  

The sequences corresponding to these new peaks were extracted from the 

mm10 genome (Table 11) using the extract genomic DNA tools on the galaxy servers. 

After extracting the corresponding peak sequences, sequences were uploaded to the 

MEME-ChIP suite server to run the algorithm. Settings were kept as the program's 

default parameters and ran in classic mode. Known motif inputs used the JASPAR 

Core and UniPROBE mouse databases (Newburger and Bulyk, 2009; Castro-

Mondragon et al., 2022). 

Following the Motif discovery, the algorithm was repeated but only for peaks 

within 3 KB of a promoter sequence on the second run. Identified motifs were then 

compared to the 1.5KB region upstream of the Dynll1 transcription start site (TSS) to 

identify whether any of the observed motifs were also present within the Dynll1 

promoter region previously associated with Atmin binding. The DNA sequence 

belonging to this 1.5KB region was extracted from the mm10 genome using the extract 

genomic DNA tools on the galaxy servers. This region was scanned for the previously 

identified motifs using FIMO, part of the MEME-ChIP suite, using the default 

parameters for the program. Tool details are available in Table 10.  

 

2.3.2.7 Modelling the ChIP-Sequencing Data for Both mIMCD3 Cells 

and Mouse Kidney Tissue Atmin IPs. 

 
The genome-wide distribution of Atmin binding sites in the kidney was 

determined via ChIP on both mouse whole kidney tissues and mouse IMCD3 cells. 

The sequencing data generated was of good quality, an overview of which can be 
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seen in Table 14. QC assessment of the mapping quality using the Qualimap tool 

identified an average of 2.91x107 fragments per sample (Table 15). Of these 

fragments, the GC content was roughly the same across all samples, but the 

duplication rate varied (Table 15). The duplication rate of control (Input) samples was 

higher than those observed in the IP samples. However, the Duplication rate was not 

high in any of the samples. The percentage of mapped reads was higher in the inputs 

than in IP and exceeded a mapping percentage of 90% across all Inputs (Table 15). 

However, the IP alignments were considerably lower than expected, falling below most 

sequencing studies' standard 70% alignment threshold and impacting the final number 

of usable reads. Finally, No samples showed the presence of multiple alignments, and 

the mean mapping quality was good for all samples (Table 15). 

To improve the quality of detected enriched peaks, the final alignments were 

filtered to remove unmapped, duplicated, and poorly mapped reads (Phred score <10). 

Additionally, PCR duplicates and reads that align within "blacklisted" genomic regions 

were removed using annotations from Encode (Table 11). After removing these 

undesirable reads between 8.1x106 – 1.1x107, fragments were available for peak 

detection (Table 15). 

MACS2 was used to call peaks from each IP compared to its corresponding 

control. Following peak calling, all peaks were then ranked by P-value, and the top 

150,000 peaks were used to identify highly reproducible peaks between replicates. 

After applying the program IDR and determining the IDR, peaks with an IDR value of 

540 or greater (equivalent to a P-value of <0.05) were deemed significant for further 

analysis. In total, 1,044 peaks were uncovered as highly reproducible in the mouse 

kidney tissues, and 1,295 were discovered in the mIMCD3 cells (Appendix 1). 
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Table 14. A broad overview of the FastQC analysis carried out on raw FASTA files for the 2 mIMCD3 and 2 kidney samples used in the ChIP-Seq studies. All samples were 
run as Paired-End Reads. QC data for the first reads are denoted with  _1 and the second as _2. 

 
Sample Group Total 

Sequences  

Sequences flagged as poor 
quality 

Sequence 
length 

%GC Overrepresented 
Sequences 

Adapter Content 
Present 

Kidney Tissue IP 1_1 
  

Atmin 
IP 

38462871 0 75 44 Yes No 

Kidney Tissue IP 1_2 
  

Atmin 
IP 

38462871 0 75 44 Yes No 

Kidney Tissue IP 2_1 
  

Atmin 
IP 

42739104 0 75 45 Yes No 

Kidney Tissue IP 2_2 
  

Atmin 
IP 

42739104 0 75 45 Yes No 

Kidney Tissue Input 
1_1 

  

Control 14184843 0 75 40 No No 

Kidney Tissue Input 
1_2 

  

Control 14184843 0 75 41 No No 

Kidney Tissue Input 
2_1 

  

Control 21330979 0 75 40 No No 

Kidney Tissue Input 
2_2 

  

Control 21330979 0 75 40 No No 

IMCD3 Cell IP 1_1 
  

Atmin 
IP 

39553792 0 75 46 Yes No 

IMCD3 Cell IP 1_2 
  

Atmin 
IP 

39553792 0 75 46 Yes No 

IMCD3 Cell IP 2_1 
  

Atmin 
IP 

36347854 0 75 47 Yes No 

IMCD3 Cell IP 2_2 
  

Atmin 
IP 

36347854 0 75 47 Yes No 

IMCD3 Cell Input 1_1 
  

Control 31347086 0 75 39 No No 

IMCD3 Cell Input 1_2 
  

Control 31347086 0 75 39 No No 
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Table 15. Post-alignment QC data for the 2 mIMCD3 and 2 kidney samples used in the ChIP-Sequencing analysis. QC data was generated by Qualimap. 

 
ID Group Total 

Fragments  

GC Content 
(%) 

Duplicated 
(%) 

Mapped 
(%) 

Secondary 
Alignments (%) 

Mean 
Mapping 
Quality 

Final Fragment 
Count 

Kidney Tissue IP 1 
  

Atmin IP 3.57x1007 42 13 61 0 45 1.55x1007 

Kidney Tissue IP 2 
  

Atmin IP 3.90x1007 42 12 44 0 43 1.13x1007 

Kidney Tissue Input 
1 
  

Control 1.29x1007 42 21 98 0 37 1.10x1007 

Kidney Tissue Input 
2 
  

Control 2.04x1007 42 30 98 0 35 9.79x1006 

IMCD3 Cell IP 1 
  

Atmin IP 3.65x1007 42 13 39 0 41 8.11x1006 

IMCD3 Cell IP 2 
  

Atmin IP 3.28x1007 42 10 38 0 41 8.69x1006 

IMCD3 Cell Input 1 
  

Control 3.04x1007 41 40 99 0 36 1.10x1007 

IMCD3 Cell Input 2 
  

Control 2.50x1007 41 42 99 0 37 9.34x1006 

Average  2.91x1007 42 23 72 0 39 1.06x1007 
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2.3.4 cDNA Synthesis and RT-qPCR 

2.3.4.1 cDNA Synthesis 

 
500 – 1000ng of RNA was isolated from extracts, and cDNA was prepared 

using the Applied biosystems High-Capacity cDNA Reverse Transcription Kit (Table 

7). Per the manufacturer's instructions, the cDNA mixture was made of two mixes. The 

first mix contained 2μl of both 10x RT buffer and 10x RT Random Primers, 0.8μl of 

25x dNTP mix (100mM), 1μL of MultiScribe Reverse Transcriptase and  3.2μL of 

nuclease-free water per sample. The second mix contained a volume of RNA equal to 

either 500 or 1000ng and enough nuclease-free water to bring the total volume up to 

10μL. Both mixes were merged prior to cDNA synthesis and mixed by pipetting. cDNA 

synthesis was carried out on a SureCycler 8800 (Table 6) for all mouse work. 

Alternatively, a GS1 (Table 6) was utilised for the cDNA synthesis of human RNA. The 

thermal cycle outlined in Table 16 was used on both instruments. 

 
Table 16. An outline of the thermal cycle used during cDNA synthesis with the Applied Biosystems High-Capacity 
cDNA Reverse Transcriptase Kit. 

 
Stage 

 
Step 1 Step 2 Step 3 Step 4 

Temperature (°C) 
 

25 37 85 4 

Time (Minutes) 10 120 5 ∞ 
 

Note: Volume parameters were set to 20μL 
 

2.3.4.2 RT-qPCR 

 
RT-qPCR was carried out as 10μL reactions containing either 25ng (Human 

RNA extracts) or 50ng (Mouse RNA extracts) of cDNA. One reaction consisted of 10μL 
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and contained 5μL of TaqMan Fast Universal Master Mix (Table 4), 0.5μL of Primer 

(Table 8), and enough cDNA to make up either 25 or 50ng. The remaining volume 

comprised nuclease-free distilled water (Table 4). Per plate, a mixture consisting of 

master mix and primer was added first, followed by a mix of cDNA and nuclease-free 

water. Plates were then sealed with optical adhesive (Table 6) and gently centrifuged 

at 0.1xG for 1 minute. Mouse gene expression work was carried out on a Quant Studio 

6 Flex, whereas human gene expression work was carried out on a LightCycler 96 

(Table 6). The same thermal cycle was carried out on both machines and is outlined 

in Table 17. All measurements were taken in triplicate, with non-template controls.  

 
Table 17. An outline of the thermal cycle used during the RT-qPCR procedure. 

 
Stage Incubation PCR (40 Cycles) 

Denature 
 

Anneal/Extend 

Temperature (°C) 
 

95 95 60 

Time (Seconds) 
 

20 1 20 

 

To calculate changes in gene expression Livak and Schmittgen δδCT method 

was utilised (Livak and Schmittgen, 2001). First, gene expression was normalised to 

β-actin (Table 8), and then fold change was calculated as the difference in expression 

of the condition vs the average expression of either the wildtype or normal condition. 

Data were displayed in most instances as the -Log2(Relative Fold Change) but were 

displayed as the relative quantification (RQ) when measuring the effectiveness of the 

siRNA knockdowns. All calculations were carried out in Excel and graphically 

displayed in R using the Tidyverse and ggpubr packages (Table 10).
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2.3.5 RNA-Sequencing 

2.3.5.01 RNA-Sequencing Overview 

 
RNA-sequencing analysis was performed on human and mouse renal samples 

and mIMCD3 cell KDs. Library preparations and sequencing were outsourced to either 

Oxford Genomics Centre or Novogene. Analysis of the sequencing files was 

predominantly undertaken on the Galaxy bioinformatics servers. First, a quality 

assessment of the initial sequenced files and a processing step to remove poor reads 

and adapter sequences were performed. Following the initial processing step, samples 

were aligned to a relevant genome, either mouse GRCm39 or human GRCh38 (Table 

18). Following the initial post-processing of the aligned data, fragments per gene were 

counted with either FeatureCounts or StringTie. Differential gene expression was then 

calculated using Deseq2. The GO-Seq tool was used to identify enriched Gene 

Ontology (GO) terms for biological processes and cellular components. Revigo was 

used on the GO-Seq output to reduce term redundancy and determine term 

similarities. For Atmin KDs and AtminGpg6/+ kidneys Fast Gene Set Enrichment Analysis 

(FGSEA) was also undertaken. Schematic diagrams for the different RNA-Seq 

Pipelines can be found in Figure 10, Figure 11, and Figure 12.  

 

2.3.5.02 Sequencing and Library Preparation 

 

2.3.5.02.1 Sequencing and Library Preparation for mIMCD3 Cell KDs 

  
RNA was extracted from mIMCD3 cell KDs and underwent library preparation 

and sequencing by the Oxford Genomics Centre. Sequencing was performed on an 
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Figure 10. A schematic representation of the pipeline utilised in the RNA-Sequencing study on mIMCD3 cell 
KDs. RNA extracts from different gene knockdowns and untransfected and scrambled controls underwent 
sequencing. Post-sequencing differential gene expression, and functional annotation analysis was carried out as 
part of the analysis pipeline. Purple circles highlight outputs. However, no other colour has any specific 
meaning. Figure was drawn in Microsoft PowerPoint from the Microsoft 365 application suite. 
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Table 18. A list of the data files used for the alignment and annotation of RNA-sequencing data.  

 
 

Illumina NovaSeq6000. Library preparations were created using the NEBNext Ultra II 

Directional RNA Library Prep Kit for Illumina to produce paired-end, unstranded, Poly-

A libraries with reads totalling 150 BP in length. 

 

2.3.5.02.2 Sequencing and Library Preparation for Mouse Kidney Tissues 

 
RNA was extracted from mouse kidney tissues and underwent library 

preparation and sequencing by Novogene. Sequencing was performed on an Illumina 

NovaSeq6000. Library preparations were created using the Novogene NGS RNA 

Library Prep Set library kit to produce paired-end, unstranded, Poly-A libraries with 

reads totalling 150 BP in length.  

File Location Citation 

Human 

Homo_sapiens.GRCh38.dna.primary_ass
embly.fa.gz 

 

https://www.ensembl.org/Homo_sapi
ens/Info/Index 

(Yates et al., 
2020) 

Homo_sapiens.GRCh38.99.gtf.gz 
 

https://www.ensembl.org/Homo_sapi
ens/Info/Index 

 

(Yates et al., 
2020) 

Mouse 

Mus_musculus.GRCm39.dna_sm.primary
_assembly.fa.gz 

 

https://www.ensembl.org/Mus_muscu
lus/Info/Index 

(Cunningham 
et al., 2022) 

Mus_musculus.GRCm39.105.gtf.gz 
 

https://www.ensembl.org/Mus_muscu
lus/Info/Index 

 

(Cunningham 
et al., 2022) 

M2.all.v2022.1.Mm.symbols.gmt http://www.gsea-
msigdb.org/gsea/msigdb/mouse/colle

ctions.jsp 

(Subramanian 
et al., 2005; 
Liberzon et 
al., 2011, 

2015) 
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Figure 11. A schematic representation of the pipeline utilised in the RNA-Sequencing study on kidney tissues 
from AtminGpg6/+ and wildtype mice. RNA extracts from both models of mice underwent sequencing. Post-
sequencing differential gene expression, and functional annotation analysis was carried out as part of the analysis 
pipeline. Purple circles highlight outputs. However, no other colour has any specific meaning. Figure was drawn 
in Microsoft PowerPoint from the Microsoft 365 application suite. 
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2.3.5.02.3 Sequencing and Library Preparation for Human Kidney Tissues 

 
RNA was extracted from human kidney tissues and underwent library 

preparation and sequencing by the Oxford Genomics Centre. Sequencing was 

performed on an Illumina NovaSeq6000. Library preparations were created using the 

NEBNext Ultra II Directional RNA Library Prep Kit for Illumina libraries to produce 

paired-end, unstranded, ribosomal depleted libraries with reads totalling 150 BP in 

length.  

 

2.3.5.03 Quality Assessment of Sequenced Data 

 
Raw read files were assessed using the FastQC program by the Babraham 

Bioinformatics institute (Table 10). Reads were assessed for low-quality reads, high 

levels of uncertain base calls (per base N content), unusual GC content distribution 

across the reads, and adapter and overrepresented sequences. Tool versions for each 

project are available in Table 10. 

 

2.3.5.04 Read Trimming 

 
Reads were processed on the Galaxy Bioinformatics Servers using the 

CutAdapt program. Reads were set as paired-end reads and were processed to 

remove adapter sequences. The minimum read length was set to 100 bases, with any 

reads trimmed lower than this value discarded. Read Quality filters were set to remove 

any reads with a Phred score below 20. The remaining CutAdapt settings were left to 
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Figure 12. A schematic representation of the pipeline utilised in the RNA-Sequencing study on human ARPKD 
and normal renal samples. RNA extracts from both ARPKD and normal kidneys underwent sequencing. Post-
sequencing differential gene expression and functional annotation analysis were performed as part of the analysis 
pipeline. Purple circles highlight outputs. However, no other colour has any specific meaning. Figure was 
drawn in Microsoft PowerPoint from the Microsoft 365 application suite. 
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the program's defaults on the usegalaxy.org and usegalaxy.eu web servers. Program 

versions for each project can be found in Table 10.  

 

2.3.5.05 Genome Alignment 

 

2.3.5.05.1 Genome Alignment for mIMCD3 Cell KDs and Mouse Kidney Tissues 

 
Reads from both mouse experiments (kidney tissue and mIMCD3 cell KDs) 

were aligned to the Ensembl GRCm39 mouse genome (Table 18). HISAT2 was used 

to align unstranded paired reads to the mouse genome using the default settings for 

the program. Following read alignment, bam files were sorted, and duplicate reads 

were marked using the galaxy deployment of Picard tools. Tool versions for each 

project are available in Table 10  

 

2.3.5.05.2 Genome Alignment for Human Kidney Tissues 

 
Reads were aligned to the Ensembl GRCh38 human genome (Table 18). 

HISAT2 was used to align unstranded paired reads to the human genome using the 

default settings for the program. Tool versions for HISAT2 are available in Table 10.  

 

2.3.5.06 Quality Assessment of Aligned Reads 

 
The quality of the alignment data was checked using the Qualimap tools for 

BamQC and RNA-SeqQC. These tools were used to determine the number of reads 

successfully mapped to the genome, mapping quality, duplication rates, read position 
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in the genome and coverage bias. Tool versions for each project are available in Table 

10. 

 

2.3.5.07 Read Counting 

 

2.3.5.07.1 Read Counting in Mouse Kidney Tissues and mIMCD3 Cell KDs 

 
Counts were calculated from fragments aligned within exons in the mouse 

genome. Gene counts were calculated using the FeatureCounts tools. Strand 

information was set to unstranded to account for how the dataset was set up. The 

GRCm39.105 gene annotation file (GTF) available from Ensembl was used for gene 

annotations (Table 18). Paired-end options were set to count fragments instead of 

reads and would only allow fragments from both the forward and reverse that were 

successfully aligned. FeatureCounts was also set to ignore fragments with a mapping 

quality Phred score of less than ten and to print a gene length file required for the gene 

ontology analysis. The remaining settings were left as the program defaults. Tool 

versions for each project are available in Table 10. 

 

2.3.5.07.2 Read Counting in Human Kidney Tissues 

 
Transcripts were assembled using the StringTie tool. Following transcript 

assembly, the number of transcripts per gene was counted using the same program. 

The default settings were used, which produced counts suitable as input for the 

Deseq2 program and accounted for the unstranded nature of the dataset. The 

GRCh38.99 annotation file (GTF) from Ensembl guided transcript assembly (Table 

18). Tool details are available in Table 10. 
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2.3.5.08 Differential Expression Analysis 

 

2.3.5.08.1 Differential Expression Analysis in mIMCD3 Cell KDs  

 
Differential gene expression analysis was determined using the Deseq2 tool. 

Three models were generated. The first comparisons were set as Double KD vs Atmin 

KD vs Pkhd1 KD vs Scrambled vs Untransfected. In the second, Untransfected was 

removed from the analysis. The final model consisted of comparisons similar to model 

2 but included read filtering. Genes were filtered by a normalised count greater than 

or equal to 10 for a given gene across all samples.  

No additional factors were controlled for in the experimental design. All settings 

that control outlier replacement and filtering were not altered. The final outputs were 

set to compute fold changes for every condition vs each other, such as Double KD vs 

Untransfected, Double KD vs Scrambled, Atmin KD vs Untransfected and Atmin KD 

vs Scrambled. Tool details are available in Table 10. 

 

2.3.5.08.2 Differential Expression Analysis in Mouse Kidneys Tissues 

 
Differential gene expression analysis was determined using the Deseq2 tool, 

where the conditions were set as Atmingpg6/+ mice vs Wildtype mice. After a preliminary 

comparison of the two models, genes were filtered by a normalised count greater than 

ten across all samples. Following gene filtering, two models were generated. The first 

model compared Atmingpg6/+ mice vs Wildtype mice with additional factors controlling 

for age and background differences between mice. Considerable sample variation and 

clustering not reflective of the conditions assessed were identified. The package RUV-

Seq was utilised to account for this variation.  
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Sample comparisons for RUV-Seq were set up to reflect the conditions tested 

by Deseq2 (Atmingpg6/+ mice vs Wildtype mice). The minimum number of unwanted 

factors of variation was set to 1, with the maximum set to 3. Additionally, RUV-Seq 

was set to ignore genes with a count of fewer than 5 (default) from the assessment of 

unwanted variation. Following this, the second Deseq2 model consisted of Atmingpg6/+ 

mice vs Wildtype mice whilst also considering all three unwanted factors of variation 

identified by RUV-Seq. In both Deseq2 models, all settings that control outlier 

replacement and filtering were not altered. Tool details are available in Table 10.  

 

2.2.5.08.3 Differential Expression Analysis in Human Kidney Tissues 

 
Differential gene expression analysis was determined using the Deseq2 tool, 

where the conditions were set as ARPKD vs Normal samples. No additional factors 

were controlled for in this experimental design. All settings that control outlier 

replacement and filtering were not altered. Tool details are available in Table 10. 

 

2.3.5.09 Functional Annotation Analysis 

 

2.3.5.09.1 Gene Ontology Analysis on Differential Expression Data from 

mIMCD3 Cell KDs and Mouse Kidney Tissues.  

 
GO-Seq was run using the built-in GO annotations for the mouse genome and 

gene length information generated by FeatureCounts. In both models, Genes were 

considered significant if they featured a P-adjusted value less than or equal to 0.05. 

Otherwise, Genes that did not meet these criteria were considered insignificant and 

formed the comparison background list. GO-Seq was set to test for the enrichment of 
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terms within the categories associated with biological processes and cellular 

components. No changes were made to the settings for multiple hypothesis testing or 

the methodology.  

The Revigo webserver was used to calculate semantic similarity and term 

redundancy. For Revigo, term lists were set to small. The values associated with GO-

Terms were P-adjusted, and the Revigo species list was set to Mus musculus. The 

remaining parameters used the Revigo defaults. Tool details are available in Table 

10. 

 

2.3.5.09.2 Gene Set Enrichment Analysis on Differential Expression Data from 

Atmin mIMCD3 Cell KDs and Mouse Kidney Tissues.  

 
Gene set enrichment analysis (GSEA) was carried out using the FGSEA tool. 

Gene sets were determined from the Mus musculus curated gene sets available from 

the Molecular Signatures Databases (MSigDB; Table 18). FGSEA was carried out 

using the default parameters, with all genes from the differential expression analysis 

being ranked by the WALD stat. Tool details are available in Table 10. 

 

2.3.5.09.3 Gene Ontology Analysis on Differential Expression Data from 

Human Kidney Tissues 

 
FeatureCounts was run using the program's default settings to generate a gene 

length file to be used by GO-Seq. The GRCH38.99 annotation file (GTF) was used as 

the genome annotation file. GO-Seq was then run using the built-in GO annotations 

for the human genome and the gene length information calculated by FeatureCounts. 

Genes were significant if they featured a P-adjusted value less than or equal to 0.05 
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and a fold-change of 2-fold or greater. Genes that did not meet these criteria were 

considered insignificant and formed the background list for comparisons. GO-Seq was 

then set to test for enrichment of terms within categories associated with biological 

processes and cellular components. No changes were made to the settings for 

multiple hypothesis testing or the methodology.  

The Revigo webserver calculated semantic similarity and redundancy for GO 

terms associated with biological processes and cellular components. For Revigo, term 

lists were set to small. The values associated with GO-Terms were P-adjusted, and 

the Revigo species list was set to Homo sapiens. The remaining parameters used the 

Revigo defaults. Tool details are available in Table 10. 

 

2.3.5.10 Modelling of the RNA-Sequencing Data 

 

2.3.5.10.1 Modelling the RNA-Sequencing Data for the mIMCD3 Cell KDs  

 
The expression of Atmin and Pkhd1 was knocked down using siRNA to identify 

the genomic interactions between Atmin and Pkhd1. The knockdowns consisted of 

five groups: Untransfected (UT), Scrambled Control (Scram), Pkhd1 KD, Atmin KD 

and Pkhd1 and Atmin (Double) KD. The knockdown efficiency of Pkhd1 and Atmin 

was confirmed prior to library preparation and sequencing via RT-qPCR (Figure 13a-

b). Pre-alignment statistics for each sample can be found in Table 19, with the 

necessary pre-alignment processing being carried out as outlined in 2.3.5.04 and 

2.3.5.05. Post-alignment QC analysis using Qualimap identified an average of 5.5x107 

reads per sample (Table 20). GC content was similar across all samples, with an 

average GC content percentage of 50.5% (Table 20). A low percentage of duplicated 
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Figure 13. QC data from the mIMCD3 cell KDs. A-B) Prior to sequencing knockdown efficiency was confirmed 
by RT-qPCR. Relative Quantification (RQ) is compared to scrambled controls. A) RQ of Atmin expression in 
untransfected, Scrambled, Atmin KDs and double KDs. B) RQ of Pkhd1 expression in untransfected, scrambled, 
Pkhd1 KDs and double KDs. Orange = Untransfected, green = Scrambled, blue = Atmin KDs, pink = Pkhd1 
KDs and purple = Double KDs. C) Mapping Quality plot showing the number of genomic locations with a specific 
mapping quality score, represented as a Phred score. Orange = Untransfected, green = Scrambled, blue = 
Atmin KDs, pink = Pkhd1 KDs and purple = Double KDs. D) The average per biological group percentage 
distribution of fragments assigned to a feature in the mm39 genome. E-F) PCA plots. E) PCA plot showing 
sample relationships between principal components 1 and 2 for all conditions. F) PCA plot showing sample 
relationships between principal components 1 and 2 for scrambled, Atmin KDs, Pkhd1 KDs and double KDs post-
outlier removal and gene filtering.  

a) b) c) 

d) 

e) f) 
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Table 19. A broad overview of the FastQC analysis carried out on raw FASTA files for the 15 RNA-Sequencing samples used in the mIMCD3 cell KD study. All samples were 
run as Paired-End Reads. QC data for the first reads are denoted with  _1 and the second as _2. 

 
Sample Total 

Sequences 
Sequences Flagged as Poor 

Quality 
  

Sequence 
Length 

  

GC 
(%) 

Overrepresented 
Sequences 

Adapter Content 
Present 

Untransfected 
1_1  

29,817,318 0 151 51 - No 

Untransfected 
1_2  

29,817,318 0 151 52 - No 

Untransfected 
2_1  

29,517,635 0 151 50 - No 

Untransfected 
2_2  

29,517,635 0 151 51 - No 

Untransfected 
3_1  

28,376,564 0 151 50 - No 

Untransfected 
3_2  

28,376,564 0 151 51 - No 

Scrambled 1_1  31,219,570 0 151 50 - No 

Scrambled 1_2  31,219,570 0 151 51 - No 

Scrambled 2_1  30,600,731 0 151 50 - No 

Scrambled 2_2  30,600,731 0 151 51 - No 

Scrambled 3_1  27,333,101 0 151 50 - No 

Scrambled 3_2  27,333,101 0 151 51 - No 

Atmin KD 1_1  23,171,406 0 151 50 - No 

Atmin KD 1_2  23,171,406 0 151 51 - No 

Atmin KD 2_1  25,167,259 0 151 50 - No 

Atmin KD 2_2  25,167,259 0 151 51 - No 

Atmin KD 3_1  26,840,832 0 151 50 - No 

Atmin KD 3_2  26,840,832 0 151 52 - No 

Pkhd1 KD 1_1  23,893,749 0 151 50 - No 

Pkhd1 KD 1_2  23,893,749 0 151 52 - No 

Pkhd1 KD 2_1  31,774,294 0 151 50 - No 
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Pkhd1 KD 2_2  31,774,294 0 151 51 - No 

Pkhd1 KD 3_1  31,009,189 0 151 50 - No 

Pkhd1 KD 3_2  31,009,189 0 151 51 - No 

Double KD 1_1  34,374,342 0 151 51 - No 

Double KD 1_2  34,374,342 0 151 52 - No 

Double KD 2_1  29,886,620 0 151 51 - No 

Double KD 2_2  29,886,620 0 151 52 - No 

Double KD 3_1  25,146,804 0 151 50 - No 

Double KD 3_2  25,146,804 0 151 52 - No 
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reads was observed across all samples, making up an average of 25% of the total 

fragments (Table 20). The average number of fragments mapped to the mm39 

genome was consistent across samples and averaged 96% (Table 20). Of the total 

mapped fragments, on average, 91% of the fragments were mapped within the exons 

of genes (Table 20). The mean mapping quality across all samples was low, with an 

average Phred score below 10 (Table 20). However, most genomic locations had a 

Phred score greater than 10, indicating a mapping confidence of 90% or more for most 

genomic locations (Figure 13c). No overall 5’ or 3’ bias was observed when compared 

across the coverage of the whole gene (Table 20). However, a slight 5’ bias was 

observed in all samples. This resulted from a higher number of fragments within the 5' 

region of each transcript compared to the 3’ (Table 20; Appendix 2a). As no sample 

showed poor alignment statistics, and all samples showed a similar bias, no additional 

processing was carried out. 

To determine the number of fragments that belong to a gene, the program 

FeatureCounts was used. Of the total number of sequenced fragments, approximately 

80% of fragments were successfully assigned and used within the differential 

expression analysis (Figure 13d). The remaining fragments were either unmapped, 

multi-mapped, ambiguously aligned, or fragments aligned to genomic regions without 

any listed features and were discarded. 

Deseq2 was used to assess the differential expression (DE) between Atmin KD, 

Pkhd1 KD and the Double KD to Scram and UT. The initial model showed clustering 

between all samples that had undergone transfection (including scrambled) compared 

to UT (Figure 13e). MA-Plots comparing Scram to UT (Figure 14a) showed a similar 

trend in expression as those for Atmin KD vs UT (Figure 14b), Pkhd1 KD vs UT 

(Figure 14c) and Double KD vs UT (Figure 14d). Overall, this suggested that the 
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Table 20. Post-alignment QC data for the 15 IMCD3 cell samples used in the RNA-Sequencing analysis. Qualimap generated QC data.  

ID Group Total 
Reads 

GC 
Content 

(%) 

Duplicated 
(%) 

Mapped 
(%) 

Exon 
Mapped 

(%) 

Mean 
Mapping 
Quality 

  

5’ Bias 3’ Bias 5'-3' Bias 
  

Untransfected 
1  

Untransfected 5.76x1007 50.6 28.9 96.6 90.9 5.4 0.82 0.73 1.08 

Untransfected 
2  

Untransfected 5.83x1007 50.5 23.4 96.4 91.4 5.7 0.83 0.75 1.10 

Untransfected 
3  

Untransfected 5.58x1007 50.4 24.5 96.5 90.4 5.6 0.83 0.75 1.08 

Scrambled 1  Scrambled 6.13x1007 50.3 25.7 96.5 91.1 5.9 0.84 0.76 1.08 

Scrambled  
2 

Scrambled 6.02x1007 50.5 25.1 96.6 90.9 6.3 0.84 0.75 1.08 

Scrambled 3  Scrambled 5.36x1007 50.4 26.3 96.5 90.7 5.8 0.83 0.77 1.07 

Pkhd1 KD 1  Pkhd1 KD 4.69x1007 50.7 23.6 96.5 90.5 5.8 0.85 0.78 1.09 

Pkhd1 KD 2  Pkhd1 KD 6.23x1007 50.4 24.6 96.6 91.3 6.0 0.85 0.77 1.06 

Pkhd1 KD 3  Pkhd1 KD 6.08x1007 50.4 24.9 96.5 90.9 6.4 0.86 0.78 1.08 

Atmin KD 1  Atmin KD 4.63x1007 50.9 20.0 96.6 90.9 5.8 0.83 0.75 1.07 

Atmin KD 2  Atmin KD 4.97x1007 50.5 23.6 96.7 90.5 5.6 0.85 0.78 1.08 

Atmin KD 3  Atmin KD 5.28x1007 50.6 24.0 96.6 90.8 5.6 0.85 0.78 1.08 

Double KD 1  Double KD 6.65x1007 50.7 27.5 96.6 91.2 6.1 0.85 0.77 1.09 

Double KD 2  Double KD 5.80x1007 50.6 24.9 96.7 91.2 6.0 0.84 0.76 1.08 

Double KD 3  Double KD 4.93x1007 50.5 22.7 96.6 90.4 5.8 0.85 0.76 1.08 

Average  5.59x1007 50.5 24.7 96.6 90.9 5.8 0.84 0.76 1.08 
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Figure 14. QC data from the mIMCD3 cell KDs. A-G) MA plots showing normalised mean expression against fold change. Significant DEGs are coloured. A-D) Condition vs 
untransfected. A) scrambled vs untransfected. B) Atmin KD vs untransfected. C) Pkhd1 KD vs untransfected. D) Double KD vs untransfected. E-G) MA-plots for condition 
vs scrambled, post filtering and outlier removal. E) Atmin KD vs scrambled. F) Pkhd1 KD vs scrambled. G) Double KD vs scrambled. Green = scrambled. Blue = Atmin KD. 
Pink = Pkhd1 KD. Purple = Double KD.  

a) b) c) d) 

e) f) g) 
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majority of detected significant differentially expressed genes (DEG), when comparing 

KDs to untransfected mIMCD3 cells, were associated with the act of transfection and 

not a unique effect associated with the different KDs. Following this, UT comparisons 

were removed from the downstream analysis.  

Comparing the KDs to Scrambled controls resulted in poor estimations for p-

values, which resulted from an overestimation of the dispersion estimates. This can 

be seen as an enrichment towards the right of each graph (around one) that declines 

towards 0. (Figure 15a-c). A common cause for these poor estimates comes from a 

high number of genes with poorly detected expression. To correct this, the normalised 

expression values were used to detect genes with a normalised count greater than ten 

across all samples. The remaining genes were filtered from the analysis. In total, 

12,665 genes were available for DE analysis after filtering low-count genes. Pre-

filtering the genes corrected the P-value estimates for the downstream analysis for all 

three models, which can be seen as an enrichment between 0 and 0.05 (left) which 

sharply declines and ends with a plateau towards 1 (Figure 15d-f). 

A Sample-sample distance analysis showed that one of the Atmin KDs and one 

Double KDs had a large Euclidian distance from any other sample and were removed 

from the downstream analysis (Figure 16a). Additionally, the expression of one Pkhd1 

KD correlated more with the Double KDs than the rest of the Pkhd1 KD group and was 

also removed from the analysis. As the sample number for the three target groups was 

N = 2 in the final model, the two most correlated Scram samples were used. The final 

model's sample–sample distance plot showed the formation of four distinct groups 

clustered with their partner (Figure 16b). Additionally, the Principal Component 

Analysis also showed the formation of four distinct groups (Figure 13f).  
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a) b) c) 

d) e) f) 

Figure 15. QC data from the mIMCD3 cell KDs. A-F) P-histograms of RNA-Seq data from Atmin KDs (A and D), Pkhd1 KDs (B and E) and double KDs (C-F) compared to 
scrambled. A-C) P-histograms before filtering genes with low expression. D-F) P-histograms post filtering of genes with low expression. Counts to the left of the dotted line 
represent a P-value less than 0.05. Blue = Atmin KD. Pink = Pkhd1 KD. Purple = Double KD.  
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Figure 16. QC data from mIMCD3 cell KDs. A-B) Euclidian distance maps showing sample-sample relationships. A) Euclidian distance map comparing scrambled, Atmin KDs, 
Pkhd1 KDs and double KDs. B) Euclidian distance map post outlier removal for scrambled, Atmin KDs, Pkhd1 KDs and double KDs. The darker the colour the closer the 
relationship between samples. Both the coloured block and dendrogram represent Euclidian distance.   

a) b) 
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MA–Plots comparing the three conditions to Scram showed distinct changes in 

their DEGs compared to each other, suggesting the observed effects could be 

associated with the impact of the individual knockdowns (Figure 14e-g). The 

distribution of DEGs favoured genes with moderate to high expression in all three 

comparisons. However, the log of the fold changes was less than 2-fold across all 

genes in all three models. The Atmin KD model featured a low number of DEGs, 

whereas both the Pkhd1 and Double KDs featured a moderate to high number of 

detected DEGs (Figure 14e-g).  

 

2.2.5.10.2 Modelling the RNA-Sequencing Data for the AtminGpg6/+ Mouse 

Kidneys 

 
Differential expression analysis for AtminGpg6/+ kidney tissues was determined 

using RNA-Sequencing. AtminGpg6/+ mice were compared to wildtype mouse kidney 

tissues, with N = 3 for AtminGpg6/+ and 4 for Wildtype. AtminGpg6/+ genotypes were 

confirmed before the study via pyrosequencing (Richards et al., 2019). Besides a 

series of overrepresented sequences, the initial sequencing produced high-quality 

data. As such, no poor sequences were detected. Similar read lengths and GC content 

were detected, with no adapter content in any of the read files (Table 21).  

QC analysis using Qualimap identified an average of 5.45x1007 reads per 

sample (Table 22). Per sample GC content was broadly consistent between samples, 

averaging 48%. However, the percentage duplication rate varied considerably 

between samples, ranging from 42 – 75%. A high fragment mapping rate was 

detected, with all samples exceeding 90%. Of the mapped sequences, the majority 

were localised to exonic regions, according to Qualimap, with the lowest exon mapping 
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Table 21. A broad overview of the FastQC analysis carried out on raw FASTA files for the 7 RNA-Sequencing samples used in this study. All samples were run as Paired-End 
Reads. QC data for the first reads are denoted with  _1 and the second as _2. 

 
Sample Group Total 

Sequences  

Sequences Flagged as Poor 
Quality 

Sequence 
length 

GC 
(%) 

Overrepresented 
Sequences 

Adapter Content 
Present 

Wildtype - 
1_1 

Wildtype 2.37x1007 0 150 47 No No 

Wildtype - 
1_2 

Wildtype 2.37x1007 0 150 47 No No 

Wildtype - 
2_1 

Wildtype 2.35x1007 0 150 44 Yes No 

Wildtype - 
2_2 

Wildtype 2.35x1007 0 150 44 Yes No 

Wildtype - 
3_1 

Wildtype 2.69x1007 0 150 46 No No 

Wildtype - 
3_2 

Wildtype 2.69x1007 0 150 46 No No 

Wildtype - 
4_1 

Wildtype 2.78x1007 0 150 47 Yes No 

Wildtype - 
4_2 

Wildtype 2.78x1007 0 150 47 Yes No 

Atmingpg6/+ - 
1_1 

Atmingpg6/+ 2.75x1007 0 150 49 No No 

Atmingpg6/+ - 
1_2 

Atmingpg6/+ 2.75x1007 0 150 49 No No 

Atmingpg6/+ - 
2_1 

Atmingpg6/+ 2.73x1007 0 150 49 Yes No 

Atmingpg6/+ - 
2_2 

Atmingpg6/+ 2.73x1007 0 150 49 Yes No 

Atmingpg6/+ - 
3_1 

Atmingpg6/+ 2.84x1007 0 150 47 Yes No 

Atmingpg6/+ - 
3_2 

Atmingpg6/+ 2.84x1007 0 150 47 Yes No 
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Table 22. Post-alignment QC data for the seven mouse kidney tissue samples used in the RNA-Sequencing analysis. Qualimap generated QC data. 

ID Group Total 
Reads  

GC Content 
(%) 

Duplicated 
(%) 

Mapped 
(%) 

Exon Mapped 
(%) 

Mean Mapping 
Quality 

5' 
Bias 

3' 
Bias 

5'-3' 
Bias 

Wildtype – 1  Wildtype 4.72x1007 48.25% 58.33% 95.29% 91.71% 9.89 0.54 0.53 1.26 

Wildtype – 2  Wildtype 4.67x1007 46.03% 75.35% 93.55% 89.70% 11.79 0.29 0.47 1.34 

Wildtype – 3  Wildtype 5.42x1007 48.78% 61.33% 90.90% 89.10% 10.92 0.36 0.54 1.18 

Wildtype – 4  Wildtype 5.64x1007 47.12% 75.32% 90.59% 84.04% 11.17 0.26 0.47 1.51 

Atmingpg6/+ - 1  Atmingpg6/+ 5.90x1007 48.57% 62.45% 93.43% 91.81% 10.75 0.45 0.51 1.28 

Atmingpg6/+ - 2  Atmingpg6/+ 6.34x1007 49.24% 56.18% 94.07% 92.05% 9.16 0.54 0.52 1.24 

Atmingpg6/+ - 3  Atmingpg6/+ 5.47x1007 49.55% 42.20% 95.18% 94.17% 7.04 0.72 0.56 1.15 

Average 5.45x1007 48.22% 61.59% 93.29% 90.37% 10.10 0.45 0.51 1.28 
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percentage being approximately 84%. The estimated mean mapping quality, 

according to Qualimap, was low, scoring an average Phred score of 10 across all 

samples (Table 22). However, the per-sample mapping Phred scores for each sample 

showed considerably more genomic locations with a mapping quality Phred score 

between 50 – 60 (Figure 17a). The low mean Phred score resulted from a slight 

increase in genomic regions with a mapping quality of less than ten. Fragments 

aligned to these regions were discarded during fragment counting. Overall read 

coverage showed that most reads were within the main body of the transcript as 

opposed to either the 5' or 3' (Table 22). However, the distribution of fragments 

between the 5' and 3' showed a 3' bias in all samples (Table 22; Appendix 2b). As a 

3' bias is common in poly-A libraries and present in all samples, no additional 

controlling for this bias was carried out (Lahens et al., 2014). As each sample was 

shown to be of high quality despite the 3' bias observed, all samples were taken 

forward for further analysis.  

To improve the accuracy of the counted fragments, all fragments that did not 

align with the genome and consisted of a mapping quality Phred score of less than ten 

were discarded. Additionally, as the libraries were not strand-specific, fragments that 

overlapped more than one gene were considered ambiguous and removed from the 

counting pool. Finally, fragments that mapped to more than one location, did not map 

as a pair or aligned with any genomic features were discarded from the final counts. 

On average, 55% of the final sequenced fragments were used to assess 

differential expression in the wildtype samples and 65% from the AtminGpg6/+ samples 

(Figure 17b). A preliminary Deseq2 analysis was undertaken to determine normalised 

counts. Following normalisation, genes with a normalised count of less than ten across 
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Figure 17. QC data from the AtminGpg6/+ kidneys. A) Mapping Quality plot showing the number of genomic locations with a specific mapping quality score, represented as a 
Phred score. Orange = wildtype, green = AtminGpg6/+ B) The average per biological group percentage distribution of fragments assigned to a feature in the mm39 genome. 
C-D) PCA plot showing sample relationships before the use of RUV-Seq. C) PC 1 vs 2, D) PC 2 vs 3. Orange = wildtype, green = AtminGpg6/+. E) Euclidian distance maps 
showing sample-sample relationships before the use of RUV-Seq. F) Histogram of P-values after both low count filtering (< 10) and RUV-Seq normalisation. Values to the left 
of the dashed line have a P-value less than 0.05.  

a) b) 

c) d) e) f) 



168 

all samples were considered noise and filtered from the analysis. After filtering, 

differential expression was determined with the remaining 12,685 detected genes.  

Post-filtering differential expression analysis suggested poor clustering 

between group samples across the first principal component, such that samples from 

the AtminGpg6/+ group clustered with the wildtype group and vice versa (Figure 17c). 

Further analysis of the second and third components suggested that considerable 

variation was present between all samples (Figure 17d). However, less variance was 

observed in the AtminGpg6/+ samples as opposed to the wildtype samples (Figure 17c-

d). Euclidian distances were reflective of the first principal component showing a 

strong relationship between AtminGpg6/+ sample 1 and wildtype samples, as well as 

wildtype 3 to the AtminGpg6/+ group (Figure 17e). 

To confirm that the observed variance was due to technical variance and not a 

swapped sample, rLog of the normalised counts from alternative PKD models that 

were extracted and sequenced at the same time point were compared to the samples 

from this study. Like the principal component analysis from the direct comparisons 

between AtminGpg6/+ and wildtype samples, clustering was not related to the condition 

with different samples from alternative PKD models also clustering with wildtype 

samples and vice versa (Appendix 3a). Due to this outcome, the program Remove 

Unwanted Variation from RNA-Seq (RUV-Seq) was utilised to determine factors of 

unwanted variation and remove them from the study. RUVr was employed in this study 

to detect factors of variation that did not relate to the study design (Appendix 3b-i). 

After removing the first unwanted variation factor, PC1 became representative of the 

experimental design (Appendix 3c). By removing the third factor, nearly all the 

variation within the dataset (75%) was represented by the comparison of AtminGpg6/+ 

compared to wildtype (Appendix 3e). The application of RUVr strongly impacted the 



169 

relative log of expression (RLE) for the third AtminGpg6/+ sample and all four wildtypes, 

the latter of which were considerably impacted by factors 2 and 3 (Appendix 3f-i).  

Differential expression was recalculated with Deseq2 whilst considering the 

unwanted factors of variation determined by RUV-seq. A histogram of p-values 

showed an enrichment towards 0 with a consistent distribution of p-values that 

declines as the values get closer to 1 (Figure 17f). As such, the modelling was 

assumed to be appropriately estimated, and no additional manual filtering or changes 

to the dispersion estimates were applied to the dataset. 

 

2.3.5.10.3 Modelling the RNA-Sequencing Data for ARPKD vs Normal Kidneys 

 
Four ARPKD kidney tissue samples were compared to four age-matched 

normal human kidneys to identify changes in gene expression within the kidney and 

identify biological processes that are altered due to ARPKD. ARPKD had previously 

been clinically confirmed within the four ARPKD samples used within this study, and 

before RNA-sequencing, Whole Exome Sequencing (WES) was carried out to confirm 

the genetic diagnosis (Table 23). Pre-alignment statistics for each sample can be 

found in Table 24.  

Post-alignment QC analysis using Qualimap identified an average of 1.08x108 

reads per sample (Table 23). GC content varied across samples and ranged between 

50 – 61%, with an average GC content percentage of 56% (Table 23). A moderate 

percentage of duplicated reads was observed across all samples, making up an 

average of 50% of the total fragments sequenced (Table 23). The average number of 

fragments mapped to the GRCh38 genome varied across samples, ranging from a low 

62% to a high 86%, but most samples featured a mapping percentage of around 70% 
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Table 23. Post-alignment QC data for the eight renal samples used in the RNA-Sequencing analysis and the PKHD1 variants carried by the four ARPKD renal samples. 
Qualimap generated QC data, and ARPKD variants were determined by WES. 

 
Sample Group PKHD1 

Variants 
Total 

Number 
of Reads 

 

GC 
Content 

(%) 

Duplicate
d Reads 

(%) 

Mapped 
Reads 

(%) 

Mapped 
Exon (%) 

Mean 
Mapping 
Quality 

5' 
Coverage 

3' 
Coverage 

5'-3' bias 

5 Months Normal - 
 

1.11x1008 53 47 86 36 12.70 0.73 0.66 1.09 

18 Months Normal - 
 

1.02x1008 55 51 75 45 9.71 0.69 0.65 1.06 

4 Years Normal - 
 

1.15x1008 61 60 62 23 10.08 0.41 0.48 0.98 

9 Years Normal - 
 

1.02x1008 50 42 76 40 10.24 0.67 0.67 1.01 

9 Days ARPKD p.G1122S 
p.G3271R 

 

1.14x1008 57 51 69 35 10.78 0.61 0.60 1.16 

5 Years 1 ARPKD p.G1122S 
p.G3271R 

 

9.91x1007 56 45 69 24 10.30 0.65 0.57 1.21 

5 Years 2 ARPKD p.C1249W 
p.Y2014D 

 

1.17x1008 56 48 72 38 10.80 0.71 0.61 1.13 

10 Years ARPKD p.Q1256fs 
p.I1962S 
p.A1254G 

 

1.09x1008 58 53 72 37 10.38 0.62 0.61 1.05 

Average 
 

1.09x1008 56 50 73 35 10.62 0.64 0.61 1.09 
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Table 24. A broad overview of the FastQC analysis carried out on raw FASTA files for the 8 RNA-Sequencing samples used in the human ARPKD renal RNA-Seq study. All 
samples were run as Paired-End Reads. QC data for the first reads are denoted with  _1 and the second as _2. 

 
Sample Total Sequences Sequences Flagged as Poor Quality  Sequence length 

  

GC (%) Overrepresented 
Sequences 

Adapter Content Present 

Normal 5 Months_1 55718744 0 151 52 - Yes 
(3’ Illumina Universal Adapter) 

Normal 5 Months_2 55718744 0 151 52 - Yes 
(3’ Illumina Universal Adapter) 

Normal 18 Months_1 50982246 0 151 54 - Yes 
(3’ Illumina Universal Adapter) 

Normal 18 Months_2 50982246 0 151 54 - Yes 
(3’ Illumina Universal Adapter) 

Normal 4 Years_1 57475872 0 151 60 - Yes 
(3’ Illumina Universal Adapter) 

Normal 4 Years_2 57475872 0 151 60 - Yes 
(3’ Illumina Universal Adapter) 

Normal 9 Years_1 51088849 0 151 50 - Yes 
(3’ Illumina Universal Adapter) 

Normal 9 Years_2 51088849 0 151 50 - Yes 
(3’ Illumina Universal Adapter) 

ARPKD 9 days_1 57109115 0 151 56 - Yes 
(3’ Illumina Universal Adapter) 

ARPKD 9 days_2 57109115 0 151 56 - Yes 
(3’ Illumina Universal Adapter) 

ARPKD 5 Years 1_1 49531993 0 151 53 - Yes 
(3’ Illumina Universal Adapter) 

ARPKD 5 Years 1_2 49531993 0 151 55 - Yes 
(3’ Illumina Universal Adapter) 

ARPKD 5 Years 2_1 58397953 0 151 55 - Yes 
(3’ Illumina Universal Adapter) 

ARPKD 5 Years 2_2 58397953 0 151 56 - Yes 
(3’ Illumina Universal Adapter) 

ARPKD 10 Years_1 54604080 0 151 56 - Yes 
(3’ Illumina Universal Adapter) 

ARPKD 10 Years_2 54604080 0 151 56 - Yes 
(3’ Illumina Universal Adapter) 
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(Table 23). Of the total mapped fragments, on average, 41% of the fragments were 

mapped within the exons of genes (Table 23). The mean mapping quality across all 

samples was low, with an average Phred score below 10 (Table 23). However, most 

fragment alignments to genomic locations had a Phred score greater than 10, 

indicating a mapping confidence of 90% or more for most fragments (Figure 18a). No 

overall 5’ or 3’ bias was observed when compared across the coverage of the whole 

gene (Table 23). However, a few samples showed a slight 5’ bias when assessing the 

5’:3’ bias ratio (Table 23; Appendix 2c). Coverage variability has previously been 

associated with ribosomal depletion RNA selection methods with a slight drift towards 

the 5’ region (Lahens et al., 2014). Given that the bias is small within this sample set 

and that this is a known occurrence within such selection methods, no additional 

parameters were put in place to control this bias. 

One sample featured a low mapping percentage (62%) and a slightly higher-

than-expected duplication rate (60%). However, given the variability in sample 

duplication rate and the difference in duplication rate between this sample and the rest 

of the cohort not being an extreme difference, the duplication rate was not used as a 

justification to remove the sample. Furthermore, although the percentage mapping is 

lower than expected for an alignment in a well-characterised genome such as that of 

the Homo sapiens, most samples met the approximately 70% alignment expected. 

Given that most of the samples aligned successfully, the issues in alignment were not 

considered a fault of the experimental setup and this one sample was considered a 

slightly poorer sequencing run and retained for the downstream analysis.  

Deseq2 assessed the differential expression between ARPKD and age-

matched normal kidney tissues. Principle component analysis using the rLog outputs 

from Deseq2 featured a distinct separation between normal and ARPKD samples 
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a) b) c) 

d) e) f) 

Figure 18. QC data from ARPKD samples. A) Mapping Quality plot showing the number of genomic locations with a specific mapping quality score, represented as a Phred 
score. Red = ARPKD kidneys. Blue = normal kidneys. B) A PCA plot derived from the rLog of normalised counts showing the distribution of samples across PC1 and PC2. 
Red = ARPKD kidneys. Blue = normal kidneys. C) A Euclidian distance plot showing the relationship between samples. Euclidian distances were calculated from the rLog of 
the normalised counts. D) A P-histogram showing the distribution of P-values. Values to the left of the dashed line have a P-value less than 0.05. E) An MA-plot showing 
the relationship between Log2(Fold Change) compared to normalised counts. Significant DEGs are coloured red. F) A lollipop plot showing the distribution of detected genes 
by the type of RNA and whether the RNA was up- or downregulated. Blue = Upregulated. Red = Downregulated.  
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along the second principal component (Figure 18b). The first and second principal 

components accounted for a nearly equal amount of the variation within the dataset 

(PC1 = 29%; PC2 = 22%). However, the greatest variation belonged to the first 

principal component, which was not associated with the condition. As PC1 has the 

greatest influence on the normal sample of four years of age, this effect can be related 

to a batch effect during the RNA extraction process. Together, PC1 and PC2 account 

for 51% of the variation within the dataset, suggesting other factors of influence may 

be present within the dataset. A Euclidian distance was calculated for all samples to 

test further the relationship between samples and highlight sample–sample variation 

(Figure 18c). The Euclidian distances determined via R using the rLog outputs from 

Deseq2 featured clustering between all the ARPKD samples. Additionally, clustering 

could be observed between normal samples, except for the four-year-old. As the effect 

on the variation in the four-year-old could be accounted for by a batch effect, the 

sample was taken forward for further analysis alongside the other three normal renal 

samples.  

A histogram of p-values showed an enrichment towards 0 with a consistent 

distribution of p-values that declines as the values get closer to 1 (Figure 18d). As 

such, the modelling was assumed to be appropriately estimated, and no additional 

manual filtering or changes to the dispersion estimates were applied to the dataset. In 

total, 31,113 genes were identified, of which 27,004 had changes within gene 

expression. Plotting the average of the normalised counts against the fold change and 

highlighting genes with a P-adjusted value less than 0.05 identified 2,401 significant 

DEGs, with most DEGs featuring a fold change of two-fold or greater (Figure 18e). A 

small number of significant DEGs were associated with genes with low average 

counts. However, the distribution of significant DEGs was evenly distributed between 
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genes of varying count sizes showing that not all DEGs were attributed to those with 

low gene counts.  

As the method of sequencing was ribosomal depletion, an estimate of the types 

of RNAs was performed. The overall breakdown of RNAs by type suggested that most 

DEGs were associated with protein-coding genes, making up 14,973 or 55% (Figure 

18f). Long non-coding RNAs made up the second-largest category, accounting for 

25% of detected genes (6,704). Pseudogenes made up the third-largest category at 

15%, followed by a list of miscellaneous RNAs (accounting for, but not limited to, small 

RNAs and mitochondrial RNAs) that accounted for 4% of detected genes. Micro RNAs 

account for <1% of observed gene changes. Most genes showed a decrease in gene 

expression within the category of protein-coding genes. However, the distribution of 

up-and down-regulated DEGs was approximately equal, with a 6% difference in the 

number of DEGs (53% vs 47%). 
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2.3.6 Immunocytochemistry with Fluorescence (ICC-F) 

2.3.6.1 ICC-F 

 
mIMCD3 cells were fixed in 4% paraformaldehyde (Table 4) and incubated for 

10 minutes at room temperature. Following fixation, the paraformaldehyde was 

removed, and cells were washed over three consecutive intervals in pre-chilled 1x Tris 

Buffered Saline with Tween (TBST; Table 5) for five minutes each wash. During each 

wash, plates sat on a shaker plate at room temperature. After the wash steps, cells 

were incubated with pre-warmed 1mM EDTA in 1x Tris Buffered Saline (TBS; Table 

4; Table 5) as part of an antigen retrieval step, and after a ten-minute incubation, the 

cells were washed three times in pre-chilled TBST. Cells were incubated in 50mM of 

NH4Cl (Table 4) in 1x TBS for 20 minutes to quench free-aldehyde groups and reduce 

autofluorescence. Following the quenching, two more wash steps were performed in 

similar conditions to the previous wash steps. Cells were blocked for one hour in 10% 

commercially available low-fat milk powder in 1x TBS. Blocking was followed by 

adding primary antibodies (Table 3), which were incubated overnight (typically a 

period exceeding 12 hours) at 4°C in 1% milk powder in 1x TBS. After adding the 

primary antibody, three more wash steps in pre-chilled TBST were performed before 

the addition of the secondary antibodies (Table 3). Secondary antibodies were 

incubated for one hour at room temperature but in the dark. After incubating the cells 

with the secondary antibodies, a final set of three wash steps were performed before 

coverslips were extracted and placed on slides preloaded with 10μL of  

VECTASHIELD Antifade Mounting Medium with DAPI (Table 4) and sealed with 

commercially available clear varnish. Slides were stored in the dark at 4°C until 

needed and were processed within a week of creation. Fluorescence images were 
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observed using an ZEISS LSM800 confocal microscope (Table 6) and the proprietary 

Zen Blue software (Table 10), with all image acquisition settings recorded in Table 25. 

All ICC-F experiments were performed in triplicate with both Untransfected and 

Scrambled control groups. 

 
Table 25. An outline of the Confocal camera and Laser settings used to capture images within this study. 

 
Image Settings 

Acquisition 1024 by 1024 
Speed 6 

Averaging 4 at 16 bits 
Zoom 1 

Laser Settings 

Power 2% 
Pin Hole Size 1 

Gain 

Wavelength 410 750 
Wavelength 488 525 
Wavelength 594 700 
Wavelength 680 950 

 

2.3.6.2 Cilia Calculations 

 
Cilia metrics were calculated using the FIJI package of the ImageJ software 

(Table 10). The cilia-to-cell ratio was calculated using the cell counter plugin, which 

comes as part of the default FIJI package. Cilia length and FPC localisation were 

calculated using the open-source ImageJ plugin CiliaQ created by the Wachten lab 

(Table 10). The following workflow was implemented to calculate cilia length and FPC 

distribution. The CiliaQ preparator first removed the background and normalised the 

intensities by subtracting the background and applying a gaussian blur. The cilia were 

then segmented using the Hysteresis algorithm, with the default parameters for that 

algorithm for CiliaQ_Preparator version 0.1.1. Following segmentation, cilia were 

quantified using the CiliaQ package using the default settings for version 0.1.4. 

However, one setting was changed to account for the gamma-tubulin (basal) stain. 
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The final outputs of each image were manually assessed to confirm whether every 

detected cilium was a true cilium, with the non-cilia structures removed from the 

analysis. Averages for cilia length and FPC ciliary volume were calculated in excel and 

visualised in R studio using the Tidyverse and ggpubr packages. Program details can 

be found in Table 10.
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2.3.7 Whole Exome Sequencing (WES) 

 

2.3.7.1 Sequencing 

 
Library Preparations were carried out with an Agilent SureSelect Human All 

Exon V6 Kit (Agilent), and sequencing was carried out on an Illumina HiSeq Platform. 

DNA was extracted from human renal samples, and Novogene performed WES and 

Library preparations. The final outputs were in a paired-end format of 150 base pairs 

(bp) in length per read. 

 

2.3.7.2 Alignment, Variant Calling and Annotation 

 
Novogene carried out Genome Alignment, SNP and INDEL identification, and 

Variant Annotation. In brief FASTQ files were filtered to remove low-quality reads 

before genome alignment using the Burrows-Wheeler Aligner. The human reference 

genome b37+decoy was used during the alignment process. Post Alignment, SAM 

Tools were used to sort the BAM files, and Picard Tools were used to mark duplicate 

reads. Coverage and depth were then calculated from the final BAM file. Variant calling 

for both INDELs and SNPs was performed using the program GATK, and Variants 

were annotated using ANNOVAR. Table 10 highlights the tools used by Novogene 

and their respective citations, and an overview of the pipeline is available in Figure 

19. 
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Figure 19. A schematic representation of the pipeline utilised in the WES study on human ARPKD and normal 
renal samples. DNA extracts from both ARPKD and normal kidneys underwent sequencing. Post-sequencing 
variant calling, and annotation were performed to identify rare genetic variants associated with ARPKD disease 
severity. Purple circles highlight outputs. However, no other colour has any specific meaning. Figure was 
drawn in Microsoft PowerPoint from the Microsoft 365 application suite. 
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2.3.7.3 Identification of Significant Variants 

 
Significant variants that could potentially be a mutation were detected by a 

custom r script using the Tidyverse R package (Table 10). The script is available with 

comments on GitHub (https://github.com/TpmRichard/WES-Filtering-Algorithm-for-

PKD-Genes-using-ANNOVAR-Outputs) with an outline of the process in Figure 20. 

An overview of the script is as follows. First, the script would extend the list of available 

statistics by creating new annotations based on the ANNOVAR output. The first new 

annotation is an average population frequency across the three variant population 

databases (1,000 Genome Project, NHLBI-ESP project, and Exome Aggregation 

Consortium (Clarke et al., 2017; Karczewski et al., 2017). The second annotation is a 

percentage of the likelihood of being pathogenic based on the predictions across all 

available prediction programs. Prediction estimates depended on information from 

dbSNP (Sherry et al., 2001). The third was a set of pass or fail criteria for each of the 

conserved predictions across all available conservation programs, dependent on the 

information from dbSNP. The final set of new annotations was pass or fail for both the 

Human Gene Mutation Database (HGMD) and ClinVar databases and CADD scores 

(Stenson et al., 2003; Kircher et al., 2014; Landrum et al., 2018). For pass and fail 

criteria, please see Table 26.  

All variants were filtered to identify variants located within exon regions or splice 

sites. A second filter was then applied to isolate rare variants based on the new 

average population frequency. Any variant with an average population frequency of 

less than 5% was considered rare for the interests of this analysis. The script then 

splits into modules investigating subsets of genes. First, the module script filters the 

rare variant subset by gene lists, such as PKHD1 and DZIP1L. After shortlisting the 

https://github.com/TpmRichard/WES-Filtering-Algorithm-for-PKD-Genes-using-ANNOVAR-Outputs
https://github.com/TpmRichard/WES-Filtering-Algorithm-for-PKD-Genes-using-ANNOVAR-Outputs
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variants by genes of interest, variants were filtered for confirmed pathogenic variants 

in either ClinVar or HGMD. Variants that failed this filter were then investigated to 

determine the variant type. Splicing variants, frameshifts, and truncations were then 

highlighted as potential variants of interest. SNPs were investigated to determine the 

likelihood of being pathogenic, which was determined as a pathogenic percentage of 

30% or higher. Thirty per cent was derived from the need for two or more programs 

that predicated a likelihood of being pathogenic when four or more predictions were 

available while allowing variants with less information to also pass through the filter. 

The final filter detected more novel variants with no pathogenic predictions. Outputs 

were generated for all rare variants and variants of interest. The final gene panel 

consisted of 69 genes and included: AHI1, ARL6, ATMIN, B9D1, B9D2, BBS1, BBS2, 

BBS4, BBS5, BBS7, BBS9, BBS10, BBS12, BIP1 (BIK), C5orf42, CC2D2A, CELSR1, 

CELSR2, CELSR3, CEP164, CEP290, CEP55, CFAP418, CPLANE1, CSPP1, DVL1, 

DVL2, DVL3, DZIP1L, DYNLL1, FZD1, FZD2, FZD3, FZD4, FZD5, FZD6, FZD7, 

FZD8, FZD9, FZD10, GLIS2, HNF1B, IFT172, IFT27, IFT74, INPP5E, INVS, IQCB1, 

KIAA0586, KIF14, LZTFL1, MKKS, MKS1, NEK8, NPHP1, NPHP3, NPHP4, PKD1, 

PKD2, PKHD1, RPGRIP1L, PRICKLE1, PRICKLE2, PRICKLE3, SCAPER, SCLT1, 

SCRIB, SDCCAG8, TCTN2, TMEM107, TMEM216, TMEM231, TRIM32, TTC8, 

TXNDC15, WDPCP, WNT5A, WNT9B and WNT11. The gene panel was split into 

three filter modules: PKD genes, Ciliopathy genes and WNT/PCP genes. A final output 

file of all rare variants that passed the filter parameters and removed the actively 

investigated genes was also generated as part of the script for further analysis. The 

script was tested on a small training dataset generated from the sequencing data to 

ensure that the script could filter and output the data correctly. 
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Figure 20. A schematic representation of the pipeline carried out by the gene-specific, rare variant filter as part 
of the WES study. Purple circles highlight outputs. However, no other colour has any specific meaning. Figure 
was drawn in Microsoft PowerPoint from the Microsoft 365 application suite. 
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Table 26. A list of programs used to predict pathogenicity or conservation. Cut-off criteria are included. All 
information was acquired from dbSNP (Sherry et al., 2001) via ANNOVAR (Wang, Li and Hakonarson, 2010).  

 
Application 

 
Function Criteria Citation 

CADD 
 
 

Universal Phred Score >10 (Kircher et 
al., 2014) 

FATHMM 
 
 

Pathogenic ≤-1.5 (Shihab et 
al., 2013) 

Gerp++ 
 
 

Conservation ≥2 (Davydov et 
al., 2010) 

LRT Pathogenic Scored Value D (Chun and 
Fay, 2009) 

MutationAssessor 
 
 
 
 

Pathogenic Scored Values H or M (Reva, 
Antipin and 

Sander, 
2011) 

MutationTaster 
 
 

Pathogenic Scored Values A or D (Schwarz et 
al., 2014) 

PhyloP 
 
 

Conservation ≥0.5 (Pollard et 
al., 2010) 

PolyPhen-2 
 
 

Pathogenic ≥ 0.447 (Adzhubei et 
al., 2010) 

SIFT 
 
 

Pathogenic ≤ 0.05 (Sim et al., 
2012) 

SiPhy 
 

Conservation ≥2 (Garber et 
al., 2009) 
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2.3.8 Tools used for Statistics and Data Representation 

 
Euclidean distances were calculated using native R functions. Z-scores used in 

heatmap representations of gene expression were calculated in Excel using the 

formula 𝑧 =
𝑥− �̅�

𝜎
. Averages, Standard Deviation and Standard Errors were all 

calculated in Excel. P-values were calculated using both excel and the R package 

ggpubr. Alternatively, ANOVAs were only calculated using the ggpubr package. Data 

handling in R used the Tidyverse package and the R studio environment. 

Most figures were visualised with the ggplot2 package. Heatmaps and 

Euclidean distance plots were visualised using the ComplexHeatmap Package. Venn 

diagrams were visualised using ggvenndiagram. Additional packages to visualise data 

include ggrepel, ggpubr, ggtext, systemfonts, ragg and rmarkdown.  

Additional tools for assessing and visualising this data include the Zen software 

package for ICC-F image acquisition. ImageJ was used for scale bars, Z-stack 

visualisation and projection in ICC-F images. IGV was used for peak visualisation of 

ChIP-Seq data. Package details can be viewed in Table 10.  
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Chapter 3 

Exploring the Role of Atmin in the Kidney 

using Next-Generation Sequencing 

Technologies to Identify Genomic and 

Transcriptomic Interactions 
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3.1 Introduction  

 

Previous work has suggested that Atmin plays a key role in kidney development 

(Goggolidou, Hadjirin, et al., 2014; Richards et al., 2019). The kidney phenotype 

associated with the AtminGpg6 mutation consists of smaller kidneys that feature 

branching morphogenesis defects, loss of epithelial cell organisation and random 

cellular orientation (Goggolidou, Hadjirin, et al., 2014; Richards et al., 2019). Although 

the exact mechanisms leading to this phenotype are unknown, it is associated with 

dysregulated cytoskeleton organisation, disrupted cell division orientation and 

defective PCP signalling (Goggolidou, Hadjirin, et al., 2014). Unlike AtminGpg6/Gpg6 

mice, AtminGpg6/+ mice survive beyond E13.5 and present with kidney disease 

(Richards et al., 2019). By four months of age, heterozygote mice feature visible 

kidney tubular dilations and begin to present with an ARPKD-like phenotype (Richards 

et al., 2019).  

The AtminGpg6 mutation is reported to obstruct Atmin’s ability to act as a 

transcription factor (Ermakov et al., 2009; Goggolidou, Stevens, et al., 2014). Given 

this, the kidney phenotype in these mice is likely associated with Atmin’s 

transcriptional activity. However, little outside the Atmin-Dynll1 axis is known regarding 

Atmin’s function as a transcription factor. Another potential interaction is with Pkhd1, 

as animal models for mutations in Atmin and Pkhd1 both show PCP defects, and loss 

of expression in either gene in vitro impacts the expression of WNT/PCP genes 

(Fischer et al., 2006; Nishio et al., 2010; Goggolidou, Hadjirin, et al., 2014; Richards 

et al., 2019).  
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No physical interaction between Atmin and FPC has been observed thus far, 

but transcription factors of PKD genes are also associated with a cystic kidney 

phenotype. The most prominent example is Hnf-1β, which amongst other genes, can 

regulate the expression of Pkhd1 (Hiesberger et al., 2004, 2005). Mutations in HNF-

1β are reported to cause MODY5, a disease that also presents with cystic kidneys 

(Ferrè and Igarashi, 2019). Given the kidney phenotype associated with Atmin and 

this overlap with Pkhd1 function, Atmin may play the role of a transcription factor for 

Pkhd1 or a similar gene, which interacts with the WNT/PCP or another signalling 

pathway to cause the phenotype associated with Atmin.  

To investigate the role of Atmin, genomic and transcriptomic interactions for 

Atmin have been screened using NGS technologies to gain a global view of Atmin’s 

role in the kidney and renal collecting ducts. Atmin’s interactions with the genome have 

been explored using ChIP-sequencing to uncover Atmin’s binding sites throughout the 

genome and identify new transcriptional targets of Atmin. RNA-Sequencing was 

performed to understand the loss of Atmin function on gene transcription and allude 

to the genes and networks over which Atmin interacts. Finally, ChIP profiles were 

combined with RNA-Seq data to understand the impact of Atmin’s binding on these 

promoter sites to highlight the networks Atmin transcriptionally regulates. By 

understanding Atmin’s transcriptional targets and the consequences of loss of Atmin’s 

transcriptional function in vivo and in vitro, a better understanding of the role of Atmin 

in the kidney and how this impacts WNT/PCP signalling will be achieved. 
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3.2 Results 

3.2.1 ChIP-Sequencing Identifies New Potential Transcriptional 

Targets of Atmin 

 

Dynll1 is the only known direct transcriptional target of Atmin (Rapali, García-

Mayoral, et al., 2011; Jurado, Conlan, et al., 2012; Clark et al., 2018); as such, ChIP-

Sequencing was performed on mIMCD3 cells and wildtype mouse kidneys to 

investigate whether Atmin has additional transcriptional targets within the kidney.  

The peak calling package, MACS2, was utilised to detect areas of genomic 

enrichment. The top 150,000 peaks detected by MACS2 and ranked by P-value were 

scrutinised for consistency by calculating the irreproducible discovery rate (IDR) 

between replicates by the IDR package. Of the top 150,000 peaks, a total of 1,295 

peaks were uncovered as highly reproducible in mIMCD3 cells, and 1,044 were 

discovered in mouse kidneys. Although the mIMCD3 cell data featured more binding 

sites than the kidney tissue samples, the overall distribution of the binding sites 

concerning distance from the local transcription start sites (TSS) is similar between 

chromatin precipitations from both the in vivo and in vitro models (Figure 21a;b). 

Both in vitro and in vivo ChIP-peak profiles highlight consistent Atmin binding 

sites upwards of 100kb from a local TSS (Figure 21a;b). Both profiles show 

enrichment of around 1kb from a local TSS, suggesting binding close to a TSS site 

and potential direct transcriptional targets. However, most Atmin ChIP-peaks in both 

in vivo and in vitro models were located at a distance exceeding 3kb, suggesting that 

most of Atmin’s binding events occur outside of promoters where it may act as an 
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Figure 21. Distribution of ChIP peaks representing Atmin binding sites throughout the mouse genome in both 
wildtype kidney tissues and mIMCD3 cells. A – B) Distribution of ChIP peaks from the closest TSS. A) mIMCD3 
cells. B) Wildtype kidney tissues. Red = Upstream from TSS (<-3,000bp), Blue = Downstream of TSS 
(>3,000bp) and Purple represents the local promoter region (>-3,000bp and <3,000bp). C) Sum of ChIP peaks 
within a specific genomic annotation for wildtype kidney tissues and mIMCD3 cells. Red = mIMCD3 cells, Blue 
= wildtype kidney tissues and Purple = ChIP Peaks present in both mIMCD3 cells and wildtype kidney tissues 
(Overlap). D) A Venn diagram for the total unique ChIP peaks and overlaps between mIMCD3 cells and wildtype 
kidney tissues.   

a) b) 

c) 

d) 
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enhancer or repressor of gene expression. Following this, the distribution of Atmin 

ChIP-peaks in both mIMCD3 cells and kidneys featured a skew towards regions 

downstream of a local TSS, with a consistent enrichment between models toward 

+25,000 - +50,000, suggesting if Atmin does behave as an enhancer or repressor, it 

is likely downstream of a TSS (Figure 21a;b). 

Many of the binding sites observed in the Atmin IPs belong to either distal 

intergenic or intronic regions, making up a combined total of 69.5% and 70.8% of ChIP 

peaks in mIMCD3 cells and kidneys, respectively (Figure 21c). Approximately 18% of 

the observed peaks in both models were local to promoter regions. Most of these 

promoter binding sites were located less than 1kb (8.0 and 8.2%) away from their local 

TSS (Figure 21c). The remaining peaks within promoter sites were either 1 – 2kb  (5.0 

and 5.3%) or 2 – 3kb (4.7 and 4%) away. Amongst the remaining peaks were those 

located in exonic regions (8.4 and 6.6%), 3' (2.2 and 2.4%) and 5' (0.7 and 1.1%) 

untranslated regions and a few downstream of a local gene promoter site (1.5 and 

1.6%; Figure 21c). These results suggest that most of Atmin's binding sites are 

located between genes or within long intronic regions, where they may act as an 

enhancer or repressor of gene transcription. For genes in which Atmin binds to the 

predicted promoter region, Atmin binds close to the TSS, within 1kb but can bind as 

far as 3kb away from the TSS.   

Of the 1,295 mIMCD3 cell ChIP peaks and 1,044 mouse kidneys ChIP peaks, 

390 out of the approximately 1,000 peaks were significantly enriched in both in vitro 

and in vivo models (Figure 21d). These 390 peaks showed a similar distribution to the 

complete peak lists for both datasets, with distal intergenic (35.6%) and intronic 

(33.1%) regions making up most of the observed binding events. Binding sites within 
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the promoter regions also comprised a similar percentage of 18.5% (72 / 390) of the 

total binding sites.  

No significantly enriched peaks observed in Dynll1 were amongst the top 

150,000 binding sites. However, within 1,200 bp (~300 bp) of the Dynll1, TSS is a peak 

with moderate enrichment and is consistent between both in vitro and in vivo models 

and their replicates (Figure 22a;b). Counts per million (cpm) in the Atmin IPs at this 

point ranged from 0.5 to 1.7 cpm compared to inputs ranging from 0.05 – 0.14 cpm, 

with the enrichment point being approximately 90 bp wide (Figure 22a;b). 

Narrowing down the number of ChIP peaks of interest to within 1kb of the 

nearest TSS revealed thirty common peaks within a short distance of TSS and could 

represent promoter regions Atmin binds too. Amongst the most significant were the 

genes Camk2g, Gss, Ints11, Slc5a6 and Sspn (Figure 23a-e; Table 27), which are 

associated with Ca2+ mediated signalling processes (Camk2g), glutathione synthase 

(Gss) and sodium ion transport (Slc5a6) or associated with the integrator complex 

(Ints11) or dystrophin-associated glycoprotein complex (Sspn). No enrichment could 

be detected for Pkhd1 within 3kb of the Pkhd1 TSS, suggesting Atmin does not bind 

to the Pkhd1 promoter (Figure 23f). 
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Figure 22. Representative IGV tracks showing ChIP-Seq read pile ups in Counts per Million (cpm). A-B) Tracks for Dynll1. A) 6,000bp region upstream of the Dynll1 TSS. 
B) A zoomed in Dynll1 track representing ~1,500bp upstream of the Dynll1 TSS. ChIP-peak is marked by a black border ~300bp upstream of TSS. Colour representations 
are as follows: Blue – Light Blue = mIMCD3 cell ChIP IPs, Red – Orange = wildtype kidney tissue IPs, Black – Grey = Controls (Inputs) for both mIMCD3 cells and 
wildtype kidney tissues. 
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Figure 23. Representative IGV tracks showing ChIP-Seq read pile ups in Counts per Million (cpm). A-E) Representative IGV tracks of ~ a 7,000bp region (±3,500bp) 
surrounding the ChIP peak for Camk2g (A), Gss (B), Ints11 (C), Slc5a6 (D) and Sspn (E). ChIP-peaks are marked by a black border. F) Representative IGV track for the 
Pkhd1 TSS, covering a region ~24kb (±12kb) around the Pkhd1 TSS. No peaks were detected by MACS2 enrichment or as a manual investigation of this region in IGV. The 
highest cpm value for the 24kb region was 0.46 and associated with Kidney Input 2. Colour representations are as follows: Blue – Light Blue = mIMCD3 cell ChIP IPs, Red 
– Orange = wildtype kidney tissue IPs, Black – Grey = Controls (Inputs) for both mIMCD3 cells and wildtype kidney tissues. 
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Table 27. MACS2 and IDR analysis identified 28 ChIP-peaks located within 1kb of a TSS that was present in both mIMCD3 cells and wildtype kidney tissues. The table 
highlights the genes most likely to be a target of Atmin, the coordinates associated with the ChIP-peak, the distance from the nearest TSS (- = upstream and + = downstream) 
and IDR value for the ChIP-peak when comparing reproducibility between replicates (IDR >540 = P-value < 0.05). 

 
Gene Id Coordinates TSS Distance IDR Value 

Kidney Tissue mIMCD3 Cells 

Atp5g1  chr11:96,076,651-96,077,132  -958 1,000 1,000 

Camk2g chr14:20,766,844-20,767,222  -620 1,000 1,000 

Cdc27 chr11:104,527,497-104,529,439  0 1,000 1,000 

Cpsf3l chr4:155,885,092-155,888,591  0 1,000 1,000 

Gm10052 chr9:123,688,875-123,690,197  78 1,000 1,000 

Gm10354 chr5:14,980,061-14,980,982  -578 848 893 

Gm15319 chr8:20,359,615-20,365,834  0 1,000 1,000 

Gm16064 chr5:119,644,611-119,645,740  -225 1,000 1,000 

Gm21190 chr5:15,527,149-15,530,212  0 690 966 

Gm24105 chr5:149,246,786-149,249,109  0 1,000 1,000 

Gm36673 chr6:47,762,807-47,765,401  0 1,000 1,000 

Gm38855 chr6:88,054,188-88,055,571  -345 1,000 1,000 

Gm5424 chr10:62,071,141-62,072,347  120 930 638 

Gm5643 chrX:142,297,581-142,299,042  77 713 1,000 

Gpatch3 chr4:133,573,846-133,574,700  -45 1,000 683 

Gss chr2:155,590,812-155,591,730  979 1,000 1,000 

Hba-a1 chr11:32,283,758-32,285,474  87 1,000 1,000 

LOC102639044 chr5:110,117,703-110,118,835  151 897 949 

Mir6537 chr7:25,095,089-25,096,231  944 987 1,000 

Naaa chr5:92,277,160-92,277,466  715 1,000 1,000 

Rabgap1l chr1:160,313,136-160,313,762  -476 639 906 

Rn7s1 chr12:69,159,294-69,159,593  0 1,000 1,000 

Rny1 chr6:47,787,807-47,789,254  0 1,000 1,000 

Slc5a6 chr5:31,049,717-31,050,824  -794 1,000 1,000 
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Spc24 chr9:21,760,987-21,762,041  -540 1,000 1,000 

Speer4c chr5:15,710,057-15,716,390  0 805 645 

Speer4cos chr5:156,78,881-15,681,894  0 1,000 1,000 

Sspn chr6:145,932,747-145,933,027  875 1,000 1,000 
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3.2.2 de novo Motif Analysis of Atmin Promoter Binding Sites 

Reveals DNA Binding Motifs Associated with Atmin Binding in 

the Dynll1 Promoter.  

 

MEME-ChIP was carried out on all peaks identified within both in vitro and in 

vivo models. ChIP peaks were then narrowed down to those localised within a 1kb 

region surrounding the TSS of a local gene to identify DNA binding motifs important 

for Atmin binding within local promoter sequences, similar to its interaction with the 

Dynll1 promoter. Of the 390 overlapping peaks, 30 peaks matched these criteria. DNA 

sequences consisting of 500bp (±250bp) surrounding the centre of the peaks were 

extracted from the mm10 genome and scanned by the MEME-ChIP suite for potential 

binding motifs.  

The top five motifs were reported by the STREME application, all of which had 

an E value < 1x10-3 (Table 28). None of the motifs identified was present within all 

thirty of the 1kb promoter sequences, with the most common motif being present in 18 

peaks (60%) and the most significant motif being present in 15 (50%). Additionally, 

none of the identified motifs in the 1kb promoter set showed similarities to those 

observed when assessing all 390 common peaks between the in vitro and in vivo 

mouse models (Appendix 4). Only one of the identified motifs showed similarities to 

previously characterised motifs in the JASPAR and UniProbe Mouse DNA motif 

databases and showed similarities to heat shock factors HSFB2a and HSFB2b (Table 

28).  

To determine whether any significant promoter localised motifs were also 

present in the gene Dynll1, a region of 1,500 bp upstream of the TSS and previously 
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Table 28. DNA motifs local to Atmin ChIP peaks identified by MACS2 and within 1,000 bp of a TSS site. All ChIP-peaks used to identify motifs were present in mIMCD3 and 
wildtype kidney tissue IPs. In total 30 ChIP peaks fit the outlined criteria and were observable in both in vitro and in vivo models. The table outlines the top 5 motifs identified 
by MEME-ChIP and their respective E-values, (in which an E-value <0.05 is significant); number of peaks (out of 30) that contained the motif within 500 bp of the ChIP peak 
centre; motif similarity to known motifs according to Jasper and UniPROBE and whether the motif could be observed near the TSS (<1,500 bp) of Dynll1.  
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associated with Atmin binding was screened using FIMO (Jurado, Conlan, et al., 

2012). Three of the five previously identified motifs were present within the promoter 

region of Dynll1 and consisted of CTCCTGAATGYTGRG, GGGAGAGRAWG and 

AGAACCT (Table 29). However, only CTCCTGAATGYTGRG and GGGAGAGRAWG 

matched sequences with a P-adj value of less than 0.05, with the latter featuring three 

different binding sites within the Dynll1 promoter.  

Concerning the previously identified enriched Dynll1 peak ~300 bp from the 

TSS, only one motif was located within this area (GGGAGAGRAWG). One 

GGGAGAGRAWG motif was inside the enriched peak and the other two surrounded 

the peak (Figure 24a-c). The remaining motif (CTCCTGAATGYTGRG) was located 

within the 1,200 bp region previously identified (Jurado, Conlan, et al., 2012), but no 

enrichment was observed within this region in this study (Figure 24d). This suggests 

that the motif GGGAGAGRAWG may be important for Atmin’s transcriptional function, 

including regulating Dynll1 expression.  
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Table 29. DNA motifs associated with 30 common ChIP-peaks, detected in mIMCD3 cells and wildtype kidney tissues, were compared to the region 1.5kb upstream of the 
Dynll1 promoter to identify whether any of these motifs may be associated with Atmin’s transcriptional regulation of Dynll1. The table highlights the two motifs identified 
within the 1.5kb region by FIMO and highlights the presence of one motif (GGGAGAGRAWG) being present more than once. The table features the motif, coordinates of the 
motif within -1.5kb of the Dynll1 TSS, P and P-adj values highlighting the significance of this motif within the region and the sequence the Atmin motif matched.  

 
Motif 

 
Location P-value P-adj value Matched Sequence Figure 

GGGAGAGRAWG Chr5: 115,301,346 - 115,301,356 
 

1.49x10-05 0.014 GGGAGATGGTG Figure 24a 

GGGAGAGRAWG Chr5: 115,301,035 - 115,301,045 
 

2.49x10-06 0.005 GGGAGAGGCTG Figure 24b 

GGGAGAGRAWG Chr5: 115,301,618 - 115,301,628 
 

3.74x10-06 0.005 GGGAGACGATG Figure 24c 

CTCCTGAATGYTGRG Chr5: 115,302,094 - 115,302,108 
 

5.94x10-06 0.017 CTACTGACTGAGGGG Figure 24d 
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a) 

b) 

c) 

d) 

Figure 24. Representative IGV tracks showing ChIP-Seq read pile ups in Counts per Million (cpm). IGV tracks 
represent the location of Atmin associated DNA motifs likely to be located within 1kb of a promoter regulated by 
Atmin. Of the five identified motifs two were detected near the Dynll1 TSS with P-adj values <0.05. One motif 
was detected three times. A-C) motif GGGAGAGRAWG at coordinates Chr5:115301346-115301356 (A), 
Chr5:115301035-115301045 (B), Chr5:115301618-115301628 (C). D) DNA motif CTCCTGAATGYTGRG at 
Chr5:115302094-115302108. IGV tracks represent a region ~2.5kb (±1.25kb) surrounding the motif. IGV 
tracks are centred on the location of the DNA motif, which is also marked with a dotted black line. Colour 
representations are as follows: Blue – Light Blue = mIMCD3 cell ChIP IPs, Red – Orange = wildtype kidney 
tissue IPs, Black – Grey = Controls (Inputs) for both mIMCD3 cells and wildtype kidney tissues. 
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3.2.3 Differential Expression Analysis of Atmin mIMCD3 KDs and 

AtminGpg6/+ Kidneys Reveal Genes Associated with Atmin’s 

Function 

 

To better understand the genes with expression dependent on Atmin's 

transcriptional activity in the kidney, RNA-sequencing was performed to characterise 

these changes in mouse collecting ducts and whole kidney tissues. To determine the 

impact of decreased Atmin expression in renal collecting ducts, Atmin mIMCD3 KDs 

were compared to scrambled controls using Deseq2. Out of 9,849 protein-coding 

genes with an average expression greater than 100, 176 DEGs with a P-adjusted 

value less than 0.05 were identified 72 hours post-knockdown by Atmin siRNA. A 

disproportionately higher number of DEGs were downregulated (78%, 138/176) in 

response to the Atmin siRNA KDs (Figure 25a). Nearly all genes showed a differential 

expression of less than 2-fold, with only one gene featuring a fold-change greater than 

2-fold compared to scrambled controls; therefore, no additional cut-off was applied 

relating to the fold change. 

As with the overall distribution, the distribution of the most significant DEGs was 

predominantly downregulated, with the top 100, top 50, and top 25 DEGs comprising 

86%, 92%, and 92% downregulated DEGs, respectively (Figure 25a). Atmin was the 

most significantly downregulated gene comprising a fold-change exceeding two-fold 

(Table 30). Dynll1 was also significantly downregulated and present amongst the top 

25 most significant DEGs (Table 30). 

The majority of the top 25 DEGs had associations with the immune system, 

with 16 DEGS being associated with these processes (Ifi27, Slfn9, Igtp, Znfx1, Ifi47, 
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Figure 25. RNA-Seq identified DEGs associated with Atmin modulation. A-B) Volcano plots representing the 
distribution of protein coding DEGs by expression (Log2(Fold Change)) against significance (-Log10(P-adjusted 
value)). The top 10 DEGs and Atmin, Dynll1 and Pkhd1 are labelled. A) Atmin KDs vs Scrambled controls (9,849 
genes). DEGs within the top 100 DEGs are colour coded orange, ranging from dark orange – brown (top 25) 
to yellow (top 100). Significant DEGs are colour coded blue. Horizontal dashed line represents a P-adj value of 
0.05. Vertical dashed lines represent a fold change of 1.5-fold (Log2(0.6)). B) AtminGpg6/+ kidney tissues vs 
wildtype kidney tissues (9,689 genes). DEGs within the top 100 DEGs are colour coded orange, ranging from 
dark orange – brown (top 25) to yellow (top 100). Significant DEGs are colour coded green. Horizontal 
dashed line represents a P-adj value of 0.05. Vertical dashed lines represent a 2-fold change (Log2(1)).  

a) b) 
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Table 30. RNA-Seq analysis on Atmin mIMCD3 cell KDs compared to scrambled controls identified 176 DEGs out of 9,849 genes, as determined by Deseq2. The top 25 DEGs, 
ranked by P-adj value, are listed in the table below. The table highlights the Base Mean, fold change in Log2 format, P and P-adj values and potential function (Annotation). 
Annotations are derived from information available at Gene cards, Gene Ontology Consortium, and NCBI (Ashburner et al., 2000; Carbon et al., 2009, 2021; Stelzer et al., 
2016; Safran et al., 2021; Sayers et al., 2022). 

 

Gene Name Base Mean Direction 
 

Log2(FC) P-value P-Adj value Annotation 

Atmin 782 - 1.17 1.03x10-53 1.05x10-49 DNA repair gene, 
Tissue development, 
Transcription 

Ifi27 3,973 + 0.53 9.24x10-19 4.71x10-15 Apoptosis, 
Cytokine signalling, 
Innate immune response, 
Interferon signalling 

Slfn9 3,514 - 0.45 1.11x10-17 3.78x10-14 Immune system response, 
tRNA catabolism 

Igtp 1,394 - 0.56 1.30x10-14 3.33x10-11 GTPase signalling, 
Innate immune response 
Interferon signalling 

Znfx1 2,905 - 0.44 2.44x10-14 4.70x10-11 Innate immune response, 
RNA binding 

Ifi47 274 - 0.71 2.77x10-14 4.70x10-11 GTPase signalling, 
Innate immune response 
Interferon signalling 

Trim25 5,911 - 0.38 8.38x10-13 1.22x10-09 Innate immune response, 
NF-κB signalling 

Ifit3 7,037 - 0.65 1.50x10-12 1.92x10-09 Apoptosis (Negative regulation), 
Cell proliferation (Negative regulation), 
Cytokine signalling, 
Innate immune response, 
Interferon signalling 

Parp10 3,201 - 0.41 6.68x10-12 6.82x10-09 Chromatin organisation, 
NF-κB (Negative regulation) 

Ifit3b 2,527 - 0.62 6.15x10-12 6.82x10-09 Apoptosis (Negative regulation), 
Cell proliferation (Negative regulation), 
Cytokine signalling, 
Innate immune response, 
Interferon signalling 
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Stat1 1,359 - 0.46 5.58x10-11 5.18x10-08 Cell differentiation, 
Cytokine signalling, 
Innate immune response, 
Interferon signalling, 
NF-κB (Negative regulation), 
Stat signalling 

Ifi35 1,431 - 0.45 1.02x10-10 8.68x10-08 Cell proliferation (Negative regulation), 
Cytokine signalling, 
Innate immune response, 
Interferon signalling, 
NF-κB (Negative regulation) 
TLR4 signalling 

Pi4k2b 3,829 - 0.29 1.76x10-10 1.38x10-07 Endosome organisation, 
Golgi organisation, 
Phosphatidylinositol biosynthetic process 

Nmi 1,137 - 0.46 2.24x10-10 1.64x10-07 Innate immune response, 
Interferon signalling, 
NF-κB signalling, 
Stat signalling 

Dynll1 4,037 - 0.52 3.03x10-10 2.07x10-07 Apoptosis, 
Cell cycle, 
Ciliary assembly, 
Intraciliary retrograde transport 

Lmcd1 295 - 0.58 3.56x10 -10 2.27x10-07 Calcineurin-NFAT signalling cascade, 
Transcription 

Ubc 7,445 - 0.25 5.33x10-10 3.20x10-07 Proteasome degradation, 
Protein ubiquitination, 
NF-kB signalling 

Ankfy1 6,902 - 0.26 8.85x10-10 4.76x10-07 Endocytosis, 
Golgi to lysosome transport, 
Retrograde transport 

Mlkl 2,592 - 0.37 1.05x10-09 5.35x10-07 Apoptosis, 
ATM-dependent DNA damage response, 
Immune response 

Dtx3l 3,128 - 0.48 1.32x10-09 6.43x10-07 Chromatin organisation, 
DNA repair, 
Innate Immune Response, 
Notch signalling 
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Ly6a 2,329 - 0.56 1.92x10-09 8.90x10-07 Acetylcholine receptor signalling 

Adar 5,881 - 0.33 3.31x10-09 1.47x10-06 Apoptosis, 
Cell differentiation, 
Cytokine signalling, 
Innate immune response, 
Interferon signalling 

Igfbp7 5,804 + 0.28 5.02x10-09 2.13x10-06 Cell adhesion, 
Cell proliferation (Negative regulation), 
Retinoic acid response 

Chpt1 1,669 - 0.35 5.47x10-09 2.23x10-06 Cell growth, 
Lipid metabolism 

Ifit1 3,604 - 0.54 5.73x10-09 2.25x10-06 Cytokine signalling, 
Innate immune response, 
Interferon signalling 
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Trim25, Ifit3, Ifit3b, Stat1, Ifi35, Nmi, Mlkl, Dtx3l, Adar and Ifit1; Table 30). Among 

these immune system processes, cytokine and interferon signalling were the most 

common associations (Ifi27, Igtp, Ifi47, Ifit3, Ifit3b, Stat1, Ifi35, Nmi, Dtx3l, Adar and 

Ifit1). All the genes associated with immune system processes, except Ifi27, were 

shown to be downregulated in response to decreased expression of Atmin, suggesting 

that loss of Atmin has an impact on cytokine and interferon-related responses.  

Many genes were also associated with cellular adhesion, apoptosis, 

differentiation and proliferation and were predominantly downregulated like those 

associated with immune system responses (Ifi27, Ifit3, Ifit3b, Stat1, Ifi35, Dynll1, Adar, 

Igfbp7 and Chpt1). The exception belongs to Igfbp7, which has been associated with 

regulating cellular adhesion (Table 30). The most common signalling pathway 

association is NF-κB, with genes associated with the negative regulation of the 

pathway according to GO annotations (Trim25, Parp10, Stat1, Ifi35, Nmi and Ubc). 

However, NF-κB associated genes were not the only DEGs amongst the top 25, as 

DEGs related to STAT (Stat1 and Nmi) and Notch (Dtx3l) signalling were also 

observed, suggesting that Atmin has some transcriptional control over these 

processes.  

To further clarify the role of Atmin in the kidney and the transcriptional 

consequences that arise due to the loss of Atmin’s transcriptional function, RNA-

Sequencing was carried out on 4-month-old AtminGpg6/+ kidneys compared to age-

matched wildtype mice. Of the 9,689 protein-coding genes with an average expression 

greater than 100, 2,890 DEGs were identified. Atmin, nor its main transcriptional target 

Dynll1, were detected amongst the significant DEGs, showing the mutation does not 

impact the expression of Atmin and AtminGpg6/+ mice do not have a decrease in Dynll1 

expression in the kidney, unlike homozygote mice (Goggolidou, Hadjirin, et al., 2014).  
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The distribution of the DEGs associated with 4-month-old AtminGpg6/+ kidneys 

was more evenly split between up- and down-regulated DEGs, with slightly more 

upregulated DEGs detected (56%; 1625/2890; Figure 25b). Of the 2,890 DEGs, a 

subset of 610 featured a fold-change of two-fold or greater in response to the loss of 

Atmin’s transcriptional activity. Similarly to the overall distribution of DEGs, the top 100 

DEGs were approximately equally divided between up and down-regulated genes, 

featuring 51 up and 49 downregulated DEGs (Figure 25a). The final breakdown of the 

top 50 and top 25 DEGs was skewed towards upregulation (60% and 75%, 

respectively), contrasting with the observations made with the mIMCD3 KDs.  

The number of DEGs associated with immune system responses was 

considerably less in the top 25 AtminGpg6/+ kidneys compared to mIMCD3 cell KDs with 

only Rarres2 and Sucnr1 being detected (Table 31). Instead, the top 25 DEGs were 

predominately comprised of metabolism processes, including amino acid, energy, and 

fatty acid metabolic processes (Selenop, Cyp4b1, Cyp4a12a, Cyp2e1, Aldh1a7, 

Aldh1a1, Bckdha, Crym, Cyp2j13, Rarres2, Psmb7 and Hdc; Table 31). Several 

upregulated DEGs have been associated with cellular adhesion, differentiation and 

growth and cytoskeletal organisation (Selenop, Ccdc6, Cideb, Nat8f5, Rarres2 and 

Psmb7). These top 25 DEGs imply that, unlike the Atmin KDs, the most significant 

changes in transcription are associated with genes involved in regulating cellular 

metabolism, with both models featuring highly significant DEGs associated with 

adhesion, apoptosis and differentiation. 
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Table 31. RNA-Seq analysis on AtminGpg6/+ mouse kidneys compared to wildtype mouse kidneys identified 2,890 DEGs out of 9,689 genes as determined by Deseq2. The top 
25 DEGs, ranked by P-adj value, are listed in the table below. The table highlights the Base Mean, fold change in Log2 format, P and P-adj values and potential function 
(Annotation). Annotations are derived from information available at Gene cards; Gene Ontology Consortium and NCBI (Ashburner et al., 2000; Carbon et al., 2009, 2021; 
Stelzer et al., 2016; Safran et al., 2021; Sayers et al., 2022). 

 
Gene Name Base Mean Direction Log2(FC) P-Value P-adj Value Annotation 

Rpl26 2,898 - 3.65 1.42x10-45 3.59x10-42 Apoptosis (p53 mediated), 
DNA damage response 

Selenop 16,015 + 2.96 9.87x10-41 1.79x10-37 Cell adhesion (Integrin-mediated), 
Cell growth, 
Selenium compound metabolic process 

Cyp4b1 43,364 + 2.47 6.65x10-40 1.05x10-36 Energy metabolism (Oxidation by 
cytochrome P450), 
Fatty acid metabolism 

Cyp4a12a 4,783 + 3.17 2.57x10-38 3.62x10-35 Arachidonic acid metabolism, 
Fatty acid metabolism, 
Kidney development, 
PPAR signalling  

Cyp2e1 20,651 + 2.07 2.83x10-37 3.59x10-34 Energy metabolism (Oxidation by 
cytochrome P450), 
Fatty acid metabolism 

Rpl21 2,096 - 3.14 8.80x10-35 1.01x10-31 Translation 

Aldh1a7 844 + 2.37 9.27x10-32 9.80x10-29 Energy metabolism 

Aldh1a1 1,635 + 2.38 1.17x10-31 1.14x10-28 Energy metabolism, 
Retinol metabolism 

Cep85 2,632 - 2.87 4.40x10-31 3.98x10-28 Chromosome segregation, 
Mitotic Centrosome separation 

Rps18 4,681 - 2.50 1.04x10-28 8.80x10-26 Translation 

Ccdc6 4,993 + 1.87 1.59x10-26 1.26x10-23 Cytoskeleton organisation 

Smpdl3a 2,995 + 1.74 1.78x10-24 1.25x10-21 Nucleoside triphosphate catabolism 

Gm4737 1,751 + 2.19 5.26x10-24 3.51x10-21 Chronic inflammatory response to 
antigenic stimulus, 
S-adenosylhomocysteine catabolism 

Slc4a3 631 - 2.11 1.15x10-23 7.26x10-21 Ion transport (HCO3 -), 
Regulation of intracellular Ph, 
Transmembrane transport 
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Bckdha 583 + 2.00 1.20x10-23 7.26x10-21 Amino acid metabolism 

Nat8f7 354 + 2.42 5.32x10-23 3.07x10-20 Histone acetylation 

Crym 1,283 + 1.70 5.36x10-22 2.84x10-19 Amino acid metabolism 

Cideb 377 + 2.09 3.20x10-21 1.62x10-18 Apoptosis, 
Cytochrome C release from 
mitochondria, 
DNA damage response 

Cyp2j13 4,151 + 2.29 1.56x10-20 7.33x10-18 Organic acid metabolism 

Nat8f5 1,031 + 2.16 3.79x10-20 1.55x10-17 Cell adhesion (Negative regulation) 

Rgs11 400 - 2.01 3.68x10-20 1.55x10-17 G protein-coupled receptor signalling 

Rarres2 855 + 2.02 3.92x10-20 1.55x10-17 Cell differentiation, 
Innate immune response, 
Lipid metabolism 
Retinoid metabolism 

Psmb7 640 + 1.87 4.31x10-20 1.66x10-17 Amino acid metabolism, 
Apoptosis, 
Cell cycle, 
DNA Damage response (p53-mediated), 
Hedgehog signalling, 
Notch Signalling 
PI3K/Akt signalling, 
Protein metabolism, 
WNT signalling 

Sucnr1 389 + 2.05 8.12x10-19 2.86x10-16 G protein-coupled receptor signalling 
pathway, 
Immune response, 
Renin secretion into the blood stream 
Response to Ca2+ 

Hdc 6,916 + 1.81 1.25x10-18 4.17x10-16 Amino acid metabolism 
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3.2.4 Differential Expression Analysis of AtminGpg6/+ Kidneys 

Highlights Transcriptional Changes in Cystic Kidney and 

WNT/PCP Genes.  

 

To understand whether the loss of Atmin’s function impacts the expression of 

cystic kidney disease genes, a targeted investigation into the transcriptional changes 

concerning ADPKD, ARPKD and NPHP-related genes in both the Atmin mIMCD3 KDs 

and AtminGpg6/+ kidneys was performed. The mIMCD3 KDs did not feature any 

changes in expression for genes associated with cystic kidney disease genes related 

to PKD or NPHP (Figure 26a). However, changes in gene expression could be 

observed in the AtminGpg6/+ kidneys, including ADPKD-associated Dnajb11 and Pkd1, 

ARPKD-associated DZIP1L, NPHP-associated Iqcb1 and Nphp3 and Cys1 (Figure 

26b). All these genes were downregulated in AtminGpg6/+ tissues, except Dnajb11 

(Figure 26b).   

It has previously been shown that the AtminGpg6 mutation and decreased 

expression of Atmin result in changes within WNT/PCP signalling (Goggolidou, 

Hadjirin, et al., 2014; Richards et al., 2019). To investigate this further, the mIMCD3 

KDs and AtminGpg6/+ kidneys were assessed for significant transcriptional changes in 

WNT/PCP genes. Much like the investigation into cystic kidney disease genes, no non-

canonical WNT signalling genes were detected in the Atmin mIMCD3 KDs (Figure 

26c). However, in line with previous results from the Atmingpg6/gpg6 kidneys, changes in 

WNT/PCP signalling genes were observed in AtminGpg6/+ (Goggolidou, Hadjirin, et al., 

2014). Genes such as Fzd1, Fzd8, Frzb, Rac1 and Rhoa were upregulated, whereas 

Arhgef19, Ccdc88, Dvl1 and Wnt4 were downregulated (Figure 26d). Expression of  
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a) b) 

c) d) 

Figure 26. MA-plots showing the distribution of RNA-Seq data for Atmin mIMCD3 cell KDs (A; C) and AtminGpg6/+ 

kidney tissues (B; D). MA-plots show the positioning of genes of interest related to known cystic kidney disease 
genes (A; B) or associated with WNT/PCP signalling (C;D) in the two models. Colours represent Annotations 
associated with significance where Grey = Insignificant genes, Blue = Significant (P-adj < 0.05) DEGs in the 
Atmin mIMCD3 cell KDs, Green = Significant (P-adj < 0.05) DEGs in the AtminGpg6/+ kidney tissues and Orange 
are associated with the top 25 DEGs in their respective models. WNT/PCP = WNT/Planar Cell Polarity.  
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other WNT/PCP signalling genes was either undetected by the RNA-Seq analysis 

(Unlisted in Figure 26d; Appendix 5) or did not show altered expression, such as 

Dvl2, Dvl3 and Daam1 (Figure 26d). These findings suggest that changes in other 

known cystic kidney disease genes arise in the AtminGpg6 kidneys and further highlight 

the involvement of WNT/PCP genes in the Atmin kidney phenotype. 
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3.2.5 A Network of Common DEGs Associated with Atmin 

mIMCD3 KDs and AtminGpg6/+ Kidneys Highlights the Involvement 

of Atmin in Immune Signalling, Actin Cytoskeletal Organisation 

and Ca2+ Homeostasis 

 

A comparison of the DEGs common between both Atmin models was 

undertaken to infer the role of Atmin in the kidney and highlight important genes 

associated with Atmin’s transcription function. When comparing the expression 

profiles of the DEGs from the Atmin mIMCD3 KDs and AtminGpg6/+ mouse kidneys, 44 

common DEGs were featured in both Atmin models (Figure 27a). The highlighted 

genes had previously been associated with a range of biological processes, the most 

common being the immune system processes, including cytokine and interferon 

signalling (Elf1, Neurl3, Trim12c, B2m, Dtx3l, Erap1, Ifi47, Irgm1, Jund, Nmi, Oasl2, 

Pml, Rsad2, Stat2 and Uba7; Table 32). A few genes are associated with different 

signalling pathways, including CAMKK-AMPK (Irgm1), STAT (Elf1; Nmi; Stat2 and 

Stat5), Notch (Dtx3l), NF-κB (Trim12c and Nmi), PI3K/AKT (Pml, Irs2, Plekho1 and 

Sgk1), mTOR (Irs2 and Sgk1), Rho (Arhgap29) and TGF-β (Vasn and Pml). Alongside 

these transcriptional changes were those associated with the actin cytoskeleton (Clic5, 

Tmsb10, Zmym6, Plekho1; Dbn1 and Wasl), cell adhesion (Cldn1, Col7a1, Igfbp7 and 

Lgals3bp) and the transmembrane transport of ions, primarily associated with Ca2+ 

transport (Clic5, Itpr2 and Trpm6). Overall, suggesting that these changes are likely 

important for the kidney phenotype associated with AtminGpg6 mice.  

The program STRING was consulted to clarify whether there is a set of 

interacting proteins present within this group of 44 DEGs which could represent an 
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Figure 27. Comparative analysis between Atmin mIMCD3 cell KDs and AtminGpg6/+ kidney tissues identified 44 common DEGs. A) A Venn diagram comparing the number of 
common significant (P-adj < 0.05) DEGs between Atmin mIMCD3 cell KDs and AtminGpg6/+ kidney tissues. B) STRING diagram highlighting potential interactions between 
proteins with a medium confidence score of 0.4 or greater. Clusters are colour coded based on whether they are a cluster of interactions. Grey = No interaction, Red = 
Cluster 1, Blue = Cluster 2, Orange = Cluster 3, Purple =  Cluster 4. C)  A scatter plot comparing Log2FC for AtminGpg6/+ kidney tissues against Atmin mIMCD3 cell KDs. Size 
represents significance value from AtminGpg6/+ kidney tissues, where a larger size represents greater significance. Colour represents the significance values from Atmin mIMCD3 
cells KDs, where a darker shade represents greater significance. The larger and darker the point, the more significant the expression in both models. Fitted line represents 
Y=X. Dashed lines intersect at 0 and represent no fold change. P-adj = P-adjusted value. Log2FC = Log2(Fold Change).  

a) 

c) 

b) 
Atmin AtminGpg6/+ 
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Table 32. Comparing the DEG profiles from Atmin mIMCD3 cell KDs and AtminGpg6/+ mouse kidney tissue highlighted 44 common DEGs between in vivo and in vitro models. 
The table highlights fold change in Log2 format and P-adj values for Atmin mIMCD3 cell KDs and AtminGpg6/+ mouse kidney tissue. Network information highlights potential 
protein-protein interactions data mined by STRING. Colours relate to the cluster in Figure 27. Annotations are derived from information available at Gene cards, Gene 
Ontology Consortium, and NCBI and highlight functions associated with each gene (Ashburner et al., 2000; Carbon et al., 2009, 2021; Stelzer et al., 2016; Szklarczyk et al., 
2019; Safran et al., 2021; Sayers et al., 2022). 

 
Name Atmin mIMCD3 cell KDs AtminGpg6/+ mouse kidney tissue Network Annotation 

Direction Log2(FC) P-adj Direction Log2(FC) P-adj 

Arhgap29 - 0.18 1.27x10-03 - 0.69 3.41x10-03 N/A GTPase signalling, 
Rho Protein signalling 

Cldn1 - 0.23 2.27x10-02 + 0.75 5.48x10-03 N/A Cell adhesion,  
Cell junction 
maintenance; Cell 
migration, 
Tight junctions, 
Wound healing 

Clic5 - 0.32 1.38x10-02 + 0.22 5.11x10-10 N/A Actin cytoskeleton, 
Cl- ion transmembrane 
transport 

Col7a1 + 0.39 2.96x10-03 - 1.29 8.70x10-04 N/A Cell adhesion, 
Extracellular matrix 
organisation 

Dnajb9 - 0.30 1.49x10-02 + 0.62 2.28x10-02 N/A B-cell differentiation, 
Endoplasmic reticulum 
stress, 
Ubiquitin-dependent 
ERAD pathway 

Elf1 - 0.25 3.96x10-04 + 0.73 3.36x10-02 N/A Cytokine production, 
RUNX1 signalling, 
STAT5 signalling (via IL-
2) 

Fam171a2 + 0.30 1.99x10-02 - 0.72 1.64x10-02 N/A Gene is predicted to be 
an integral membrane 
component  

Igfbp7 + 0.28 2.13x10-06 + 0.76 1.89x10-03 N/A Cell adhesion, 
Cell proliferation 
(Negative regulation), 
Retinoic acid response 
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Itpr2 - 0.23 4.91x10-02 - 1.09 2.74x10-07 N/A Ca2+ ion transmembrane 
transporter, 
cAMP signalling,  
Release of sequestered 
Ca2+ ions into the cytosol 

Ly6a - 0.56 8.90x10-07 + 0.89 7.27x10-04 N/A Acetylcholine receptor 
signalling 

Me1 - 0.31 3.83x10-06 + 0.96 8.39x10-07 N/A NADH metabolism, 
Pyruvate metabolism, 
TCA cycle 

Mlec - 0.13 1.70x10-02 + 0.78 6.98x10-05 N/A Endoplasmic reticulum-
associated glycosylation 
of proteins 

Neurl3 - 0.37 5.67x10-03 - 1.00 2.35x10-03 N/A Innate immune response, 
Protein ubiquitination-
dependent endocytosis 

Peg3 - 0.27 1.41x10-02 - 1.41 3.78x10-07 N/A Cell proliferation, 
Apoptosis (p53-mediated) 

Tmem259 + 0.18 1.56x10-02 - 0.77 4.51x10-05 N/A Regulated Endoplasmic 
reticulum-associated 
protein degradation 

Tmsb10 + 0.19 5.87x10-05 - 0.66 1.32x10-03 N/A Cell migration, 
Actin filament 
organisation (Predicted) 

Tnfaip2 - 0.19 4.70x10-02 - 0.92 2.00x10-05 N/A Angiogenesis, 
Cell differentiation 

Trim12c - 0.48 3.14x10-05 - 0.67 3.50x10-02 N/A Innate immune response, 
K63-linked ubiquitination, 
MAPK signalling, 
NF-κB signalling  

Trpm6 - 0.33 2.75x10-03 - 1.4 3.29x10-06 N/A Ca2+ ion transmembrane 
transporter, 
Mg2+ ion transmembrane 
transporter 

Vasn + 0.30 3.23x10-02 + 0.75 3.14x10-03 N/A Epithelial to mesenchymal 
transition (Negative 
regulation), 
TGF-β (Negative 
regulation) 
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Zmym6 + 0.31 8.54x10-03 - 1.04 2.09x10-04 N/A Cell morphogenesis, 
Cytoskeletal organisation  

B2m - 0.35 8.90x10-03 + 0.14 1.17x10-04 Network 1 (Red) Cell proliferation 
(Negative regulation), 
Cytokine signalling, 
IL-2 mediated signalling, 
Immune response, 
Interferon signalling, 
Iron ion transport;  

Dtx3l - 0.48 6.43x10-07 + 0.84 1.87x10-02 Network 1 (Red) Chromatin organisation, 
DNA repair, 
Innate immune response, 
Notch signalling 

Erap1 - 0.26 1.33x10-02 + 0.91 4.18x10-03 Network 1 (Red) Blood pressure 
regulation, 
Immune system 
processes, Innate 
immune response 

Helz2 - 0.36 5.06x10-03 - 0.86 9.65x10-04 Network 1 (Red) Fatty acid metabolism via 
peroxisome proliferator-
activated receptor alpha 
(PPARα) 

Ifi47 - 0.71 4.71x10-11 + 0.12 1.60x10-02 Network 1 (Red) GTPase signalling, 
Immune response, 
Interferon signalling 

Irgm1 - 0.41 1.30x10-03 + 0.83 1.60x10-02 Network 1 (Red) CAMKK-AMPK signalling 
cascade, 
Innate immune response, 
Interferon signalling 

Jund + 0.18 8.16x10-03 + 0.63 5.80x10-03 Network 1 (Red) Cell cycle, 
Cell proliferation, 
Immune response 

Lgals3bp - 0.40 2.45x10-03 + 0.04 5.29x10-04 Network 1 (Red) Cell adhesion, 
Extracellular matrix 
organisation 

Nmi - 0.46 1.64x10-07 + 0.8 2.33x10-03 Network 1 (Red) Immune response, 
NF-κB signalling 
(Negative regulation), 
Stat signalling  
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Oasl2 - 0.45 1.52x10-04 - 0.71 3.82x10-02 Network 1 (Red) Cytokine signalling, 
IL-27 mediated signalling 

Plekho1 + 0.26 3.24x10-02 - 0.63 1.32x10-02 Network 1 (Red) Actin cytoskeleton, 
Cytokine signalling,  
Immune response 

Pml - 0.26 1.26x10-03 - 0.52 3.34x10-02 Network 1 (Red) Apoptosis, 
Cytokine signalling, 
Endoplasmic reticulum 
Ca2+ ion homeostasis, 
Immune response, 
Interferon signalling, 
PI3K/AKT signalling,   
TGF-β signalling  

Rsad2 - 0.42 3.96x10-04 - 0.82 1.82x10-02 Network 1 (Red) Innate immune response; 
Interferon signalling  

Stat2 - 0.42 6.59x10-04 - 0.73 6.86x10-03 Network 1 (Red) Cytokine signalling, 
IL-27 mediated signalling, 
Immune response, 
Interferon signalling, 
Stat signalling 

Tdrd7 - 0.35 9.89x10-05 + 0.55 3.43x10-02 Network 1 (Red) Post-transcriptional gene 
regulation 

Uba7 - 0.41 2.53x10-04 - 0.86 3.72x10-03 Network 1 (Red) Cytokine signalling, 
DNA repair, 
Immune response 

Dbn1 + 0.19 7.11x10-03 - 0.64 2.90x10-02 Network 2 (Blue) Actin filament 
organisation  

Wasl - 0.20 5.06x10-03 + 0.54 1.50x10-02 Network 2 (Blue) Actin filament 
polymerisation 

Cct3 - 0.14 1.54x10-02 + 0.49 2.31x10-02 Network 3 (Orange) Cilium assembly 

Esd - 0.18 1.54x10-02 + 0.45 3.19x10-02 Network 3 (Orange) Biological oxidations, 
Glutathione conjugation, 
Metabolism 

Irs2 - 0.29 1.36x10-02 - 0.72 2.47x10-02 Network 4 (Purple) B-cell apoptosis (Negative 
regulation), 
B-cell proliferation, 
Cell migration, 
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Focal adhesion (PI3K-
Akt-mTOR-signaling 
pathway), 
Insulin receptor signalling 

Sgk1 - 0.30 1.70x10-02 - 0.57 1.32x10-02 Network 4 (Purple) Apoptosis,  
Blood pressure 
regulation, 
Cell growth, 
Cell proliferation, 
Cell migration, 
Insulin signalling, 
mTOR signalling, 
PI3K/AKT signalling 

Smg1 - 0.23 8.14x10-03 - 0.6 8.93x10-03 Network 4 (Purple) DNA repair , 
Nonsense-Mediated 
Decay (NMD) 
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important set of protein-protein interactions associated with the function of Atmin. Of 

the 44 DEGs, 21 were found to have no interactions with a medium confidence score 

of 0.4 or greater (Figure 27b). The remaining 23 DEGs are made up of four clusters, 

one large cluster consisting of  16 DEGs (B2m, Dtx3l, Erap1, Helz2, Ifi47, Irgm1, Jund, 

Lgals3bp, Nmi, Plekho1, Pml, Oasl2, Rsad2, Stat2, Tdrd7 and Uba7; Figure 27b; 

Table 32) and three smaller clusters (Figure 27b). The three smaller clusters could 

be associated with the actin cytoskeleton (Dbn1 and Wasl), the primary cilium and a 

link to metabolism (Cct3 and Esd), Insulin signalling and Nonsense-mediated decay 

(Irs2; Sgk1 and Smg1). The larger cluster covers a broader range of interactions, 

predominantly associated with cytokine and interferon signalling (Table 32). However, 

DEGs in this network include genes associated with the actin cytoskeleton and cellular 

adhesion (Lgals3bp, Plekho1), endoplasmic reticulum-mediated Ca2+ homeostasis 

(Pml) and associations with signalling pathways, including STAT (Nmi, Stat2), Notch 

(Dtx3l), NF-κB (Nmi), PI3K/AKT (Pml and Plekho1), TGF-β (Pml), and the CAMKK-

AMPK signalling cascade (Irgm1).  

Given that these genes form clusters, the expression of the DEGs in each 

cluster was investigated to determine a pattern in expression. Expression of many 

DEGs (25/44) differed between models, with upregulation in some DEGs associated 

with downregulation in another model (Cldn1, Clic5, Dnajb9, Elf1 and Fam171a2; 

Figure 7c, Table 32). Genes in one cluster were downregulated in both Atmin models 

(Irs2, Sgk1 and Smg1). Genes in another small cluster shared the same direction in 

expression, but the expression of the cluster differed between models (Cct3 and Esd). 

DEGs in the remaining two clusters showed DEGs with differing expressions. In some 

instances, the genes were consistently up or downregulated (Pml, Rsad2 and Stat2). 

In others, they were upregulated in one model and downregulated in another (Ifi47, 
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Nmi, Plekho1; Figure 27c, Table 32). However, genes associated with Ca2+ ion 

transmembrane transport or Ca2+ homeostasis were consistently downregulated 

between in vitro and in vivo models (Itpr2, Pml and Trpm6), likely implying 

dysregulated Ca2+ homeostasis as a cause of the Atmin kidney phenotype. 
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3.2.6 Combined ChIP-Seq and RNA-Seq Highlights Arntl2, 

Camk2g, G6pc, Pleckho1 and Tmco3 as Candidate 

Transcriptional Targets of Atmin 

 

RNA-Seq and ChIP-Seq profiles for both the mIMCD3 cells and Kidneys were 

compared to determine the impact of Atmin on DEGs in which an enriched ChIP-Seq 

binding event had been observed. The DEGs assessed were associated with a ChIP-

Seq binding point within 3kb of a TSS and were consistently observed between 

mIMCD3 cells and kidneys. In total, sixty-nine enriched peaks matched this 

description. Gene expression was observed for 20 in the mIMCD3 transcriptomic and 

25 in the mouse kidney transcriptomic profiles. 

Exploring the expression of these 25 DEGs in Atmin mIMCD3 KDs did not 

highlight any significant changes in the expression of these genes (Figure 28a). In 

contrast, four DEGs from the AtminGpg6/+ kidney were also associated with common 

ChIP peaks within gene promoters (Figure 28b). These DEGs included Arntl2, 

Camk2g, G6pc and Tmco3. The four genes are associated with processes such as 

control of circadian rhythm (Arntl2), regulation of Ca2+ ion transport and Ca2+ signalling 

(Camk2g), glucose metabolism (G6pc) and K+ ion transmembrane transport (Tmco3). 

Of these genes, Camk2g was downregulated in response to the AtminGpg6, whereas 

Arntl2, G6pc and Tmco3 were upregulated in the AtminGpg6 kidney (Table 33).  

A further investigation into ChIP was performed to explore whether any ChIP 

peaks not detected in both ChIP IP models were associated with DEGs from the Atmin 

KDs and AtminGpg6/+ kidneys. This revealed one additional highly reproducible peak in 

mouse kidneys. The peak was located ~3kb from the Plekho1 TSS but was not  



224 

Plekho1 

a) b) 

c) 

Figure 28. Comparative analysis between transcriptomic profiles from Atmin mIMCD3 cells KDs (A) and 
AtminGpg6/+ kidney tissues (B) to ChIP-peaks that met the following criteria: 1) within 3kb of a TSS; 2) Common 
between ChIP IP models and their replicates; 3) Had expression values within the RNA-Seq models. Blue = 
significant (P-adj < 0.05) in the Atmin KDs. Green = significant (P-adj < 0.05) in the AtminGpg6/+ kidneys. C) 
Representative IGV track showing ChIP-Seq read pile ups in Counts per Million (cpm). A peak ~3kb from the 
TSS of Plekho1 was detected in wildtype kidney tissues. An assessment of this region in IGV showed similar and 
consistent ChIP-peak at this region in mIMCD3 cells. Track represents a 12kb region surrounding the ChIP peak 
(±6kb). ChIP-peak is marked by a black border. Colour representations are as follows: Blue – Light Blue = 
mIMCD3 cell ChIP IPs, Red – Orange = wildtype kidney tissue IPs, Black – Grey = Controls (Inputs) for both 
mIMCD3 cells and wildtype kidney tissues. 
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Table 33. Combined ChIP-Seq and RNA-Seq analysis highlights five new potential transcriptional targets of Atmin. Table highlights the location in which each peak is within 
the mm10 genome and the distance from local Transcription Start Site (TSS) and Irreproducible Discovery Rate (IDR) for each model. RNA-Seq data includes fold change in 
Log2FC format and P-adj values. Annotations are derived from information available at Gene cards, Gene Ontology Consortium, and NCBI and highlight functions associated 
with each gene (Ashburner et al., 2000; Carbon et al., 2009, 2021; Stelzer et al., 2016; Szklarczyk et al., 2019; Safran et al., 2021; Sayers et al., 2022). Log2FC = Log2(Fold 
change) and P-adj = P-adjusted value. 

 
 
Gene Coordinates TSS 

distance 
IDR Value Atmin mIMCD3 KDs AtminGpg6/+ Kidney Annotation 

mIMCD3 
cells 

Kidney 
Tissue 

Log2(FC) P-adj Log2(FC) P-adj 

Arntl2 Chr6: 146,808,164 - 
146,808,687 

-1,054 1,000 855 - - 0.98 1.01x10-02 Regulation of circadian 
rhythm 

Camk2g Chr14: 20,766,844 - 
20,767,222 

-620 1,000 1,000 -0.05 9.53x10-01 -0.51 4.67x10-02 Cell differentiation; Insulin 
secretion; Ca2+ ion 
transmembrane transport; 
ErbB signalling; Wnt 
signalling; Calmodulin 
pathway 

G6pc Chr11: 101,368,956 - 
101,370,590 

+1,241 1,000 1,000 - - 1.43 7.58x10-08 Gluconeogenesis 

Plekho1 Chr3: 95,998,951 - 
95,999,717 

-3,089 - 918 0.26 3.24x10-02 -0.63 1.32x10-02 Regulates actin cytoskeleton 
by interactions with the actin-
capping protein; It may be 
associated with ATM plasma 
membrane localisation; May 
inhibit AKT-mediated cell 
growth 

Tmco3 Chr8: 13,289,603 - 
13,290,064 

+1,414 745 1,000 0.02 9.85x10-01 0.48 3.86x10-02 K+ ion transmembrane 
transport 



226 

detected within MACS2 outputs for mIMCD3 cells. Exploration of this region using the 

IGV track showed a similar reproducible peak within mIMCD3 cells to that detected in 

mouse kidneys (Figure 28c). Read counts ranged from 1.1 – 3.5 cpm in all Atmin IPs, 

with significantly lower distribution within controls (~0.25 cpm). Plekho1 was 

significantly differentially expressed in mIMCD3 KDs and AtminGpg6/+ kidneys. 

Differential expression of Plekho1 was influenced by the model, with the AtminGpg6/+ 

kidney showing downregulation and KDs showing increased expression (Figure 27c). 

No other gene contained enriched Atmin binding peaks within 3kb of their TSS in either 

mouse model and was differentially expressed in both the Atmin KDs and AtminGpg6/+ 

kidney. 

STRING analysis was rerun to see if these potential transcriptional targets of 

Atmin interact with the gene network previously described. Three of the five potential 

targets were associated with the previously identified network of genes, while Camk2g 

and Tmco3 did not have any detected interactions (Figure 29). Arntl2 and Plekho1 

were shown to interact with proteins in the most extensive network, with potential 

interactions between Arntl2 and Jund, and a more confident interaction between 

Plekho1 and Nmi (Figure 29). Gp6c has potential interactions with the second largest 

network by interacting with Irs2, associating this smaller network with energy 

metabolism (Figure 29). 
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a) 

Figure 29. STRING diagram highlighting potential interactions between proteins and transcription targets of 
Atmin with a medium confidence score of 0.4 or greater. Clusters are colour coded based on whether they 
are a cluster of interactions. Grey = No interaction, Red = Cluster 1, Blue = Cluster 2, Orange = Cluster 
3, Purple =  Cluster 4, Pink = Potential transcriptional targets of Atmin. 
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3.2.7 Functional Annotation Analysis of Mouse IMCD3 Cell KDs 

and AtminGpg6/+  Kidney Highlights Changes in Immune System 

Signalling Processes and Metabolism as Core Components of 

the Atmin Kidney Phenotype  

 

Gene ontology analysis and gene set enrichment were performed to infer the 

functional roles of the differential expressed genes associated with the Atmin mIMCD3 

KDs and AtminGpg6/+ mouse kidneys. Regarding the biological function of the DEGs, 

Gene Ontology was investigated using GO-Seq for term enrichment. FGSEA was 

used to identify the enrichment of genes associated with Reactome, Biocarta and Wiki 

pathways.  

Gene ontology analysis on the mIMCD3 KDs identified 166 significantly 

enriched biological processes when comparing the 176 DEGs to the remaining 9,673 

genes as a background list. Of the 166 enriched processes, the top 25 biological 

processes were associated with the immune system (Figure 30a). Twenty-one 

clusters for biological processes were identified due to semantic similarity, making up 

82% (136) of the identified terms (Figure 30b). The twenty-one clusters were 

predominantly associated with the immune system, cytokines, stimuli responses and 

metabolic processes. However, terms associated with stimuli responses and 

metabolic processes were also predominantly associated with the immune system and 

cytokines, including terms such as regulation of defence response (GO:0031347) or 

positive regulation of autophagosome maturation (GO:1901098). Outside of terms 

associated with the Immune system, and cytokines, only a few terms were identified, 
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a) b) 

c) d) 

Figure 30. Functional annotation data using Gene Ontology to infer biological relevance of DEGs in the Atmin 
mIMCD3 cell KDs (A; B) and AtminGpg6/+ kidney tissues (C; D). A and C) Bubble plots of either the top 25 
biological processes associated with the mIMCD3 cell KDs (A) or all 22 of the identified biological processes 
associated with the AtminGpg6/+ kidney tissues (C). Colour shade represents significance of the P-adj value and 
size represents the total number of DEGs associated with the GO term. B and D) Semantic Similarity plots for 
term similarity clustering calculated by Revigo with manual annotations for biological function based on Gene 
Ontology Hierarchy. B) Atmin mIMCD3 cell KDs and D) AtminGpg6/+ mouse kidney tissues. Colour represents the 
annotation and size represents the number of GO terms in the cluster.  
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such as protein mono-ADP-ribosylation (GO:0140289) and protein poly-ADP-

ribosylation (GO:0070212).  

Unlike the Atmin KDs, very few GO term annotations could be ascribed to the 

DEGs from the AtminGpg6/+ kidneys. When comparing the 2,890 DEGs to the 

background list of 9,689 genes, 22 biological processes were identified in the 

AtminGpg6/+ kidneys (Figure 30c). These 22 processes could be subdivided into four 

groups associated with metabolic processes (7 terms), ion transport (6 terms), 

homeostasis (7 terms) or processes involving the synapses (2 terms; Figure 30d). 

Regarding similar functional annotations, no common GO terms were identified 

between Atmin models. 

Given the poor detection of enriched gene ontology terms associated with the 

AtminGpg6/+ mouse model, an alternative pathway enrichment analysis was also 

applied to this dataset. FGSEA analysis on the mIMCD3 Atmin KDs ranked by Wald-

stat identified 125 gene sets enriched within the dataset. These gene sets could be 

broken into 11 categories (Figure 31a). The largest categories were associated with 

the immune system and metabolism, which makes up most of the top 15 gene sets 

(Figure 31b). The top 15 gene sets were associated with downregulated DEGs, as 

seen by their negative Normalised Expression Scores (NES). Many gene sets (19) 

associated with signal transduction were also identified (Figure 31a). These signalling 

cascades were often downregulated with negative normalised expression scores 

(NES) and could be associated with different signalling processes, such as Hedgehog, 

Ras and WNT (Figure 31c).  

FGSEA analysis on the AtminGpg6/+ kidneys identified 134 gene sets, the vast 

majority associated with metabolism (Figure 31d). However, few of the top 15 gene 
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d) 

a) b) c) 

e) f) 

Figure 31. GSEA analysis carried out on ranked (Wald-Stat) gene expression data using FGSEA. Plots relate to Atmin mIMCD3 cell KDs (A-C) and AtminGpg6/+ kidney 
tissues (D-F). A and D) An overview of the pathways as described by their function. Information is presented as bar chart for the number of Gene Sets (Pathways) associated 
with a type of function. B, C, E and F) Bubble plots for gene set against normalised expression score (NES). B and C) Atmin mIMCD3 cell KDs. E and F) AtminGpg6/+ kidney 
tissues. B and E) Top 15 gene sets. P-values are displayed as the significance marker given that all top 15 gene sets scored a P-adj value of 0.045 (B) or 0.035 (E). C and 
F) Enriched gene sets associated with signalling pathways. P-adj values are displayed as the marker of significance (P-adj < 0.05). Colour shade represents significance and 
point size represents the number of genes associated with the gene set.  
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sets were associated with metabolism, instead occupied by immune system 

processes, signalling pathways and molecule transport (Figure 31e). Eleven gene 

sets associated with signalling pathways were detected in the AtminGpg6/+ kidney, 

including associations with Rho GTPase, WNT and Hedgehog (Figure 31f). Signalling 

pathways observed in the AtminGpg6/+ likely represent increased activation, given that 

genes associated with them are upregulated due to positive NES scores (Figure 31f).   

When comparing enriched gene sets between the two models, 37 gene sets 

were consistently enriched (Figure 32a). Most of the overlapping gene sets were 

associated with immune system responses, such as Adaptive Immune System and 

Antigen processing: Ubiquitination & Proteasome degradation. The second largest 

category was associated with signalling processes, including those associated with 

WNT signalling, such as the PCP pathway and the degradation of AXIN. Additionally, 

gene sets associated with the cell cycle, extracellular matrix, gene expression, 

metabolism and stimuli response were also observed. Interestingly, the expression of 

DEGs associated with these gene sets shows the opposite expression between the 

two models, except for the Biosynthesis of the N-glycan precursor and transfer to a 

nascent protein, in which the two models scored similar NES scores (Figure 32a).  

To determine whether any specific localisation could be inferred from the DEGs 

in both the Atmin KDs and the AtminGpg6/+ kidney tissues, gene ontology analysis was 

carried out to determine cellular component enrichment. In the mIMCD3 KDs, a few 

terms (20) were enriched and associated with MHC complexes, extracellular spaces, 

and endoplasmic reticulum (Figure 32b). Similar enrichment of cellular components 

was observed within the AtminGpg6/+ kidney, with 22 terms enriched. Most of the 

enriched terms in the AtminGpg6/+ kidney were also associated with the plasma 
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a) 

b) c) 

Figure 32. FGSEA (A) and Gene Ontology analysis (B and C) carried out on Atmin mIMCD3 cell KDs and 
AtminGpg6/+ kidney tissues. A) FGSEA revealed common significant (P-adj < 0.05) gene sets between the 
transcriptional data from Atmin mIMCD3 cell KDs and AtminGpg6/+ kidney tissues. Normalised expression scores 
(NES) are compared between the 36 common gene sets, with Atmin mIMCD3 cell KDs represented by square 
points and AtminGpg6/+ kidney tissues represented by triangle points. Colour represents each annotation which 
relates to an overview of the gene sets biological function. B – C) Bubble plots for GO term related to cellular 
compartment. B) Atmin mIMCD3 cell KDs and C) AtminGpg6/+ kidney tissues. Colour shade represents 
significance of the P-adj value and size represents the total number of DEGs associated with the GO term. 
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membrane, the extracellular spaces and the endoplasmic reticulum, albeit lacking the 

MHC complex associations noted in the Atmin KDs (Figure 32a). 
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3.3 Discussion  

3.3.1 Atmin is a Transcriptional Regulator of Genes Associated 

with the Regulation of the Actin Cytoskeleton, Ca2+ Signalling, 

Circadian Rhythm, Glucose Metabolism, Ion transport and 

Immune Signalling 

 

Atmin is a multifunctional protein associated with B-cell, lung and kidney 

development in mice (Jurado et al., 2010; Jurado, Gleeson, et al., 2012; Goggolidou, 

Hadjirin, et al., 2014; Goggolidou, Stevens, et al., 2014; King et al., 2017; Richards et 

al., 2019). What we know regarding Atmin’s function outside of DNA repair is mediated 

through its transcriptional regulation of Dynll1, such as its control over ciliogenesis 

(Goggolidou, Stevens, et al., 2014). However, whether the Atmin-Dynll1 axis is 

important regarding Atmin’s function in the kidney and whether Atmin can 

transcriptionally regulate the expression of other genes is unknown. To explore the 

possibility of other transcriptional target genes, we took a non-bias genome-wide 

approach combining ChIP-Seq and RNA-Seq to identify new transcriptional targets of 

Atmin within the kidney. To this end, we have discovered five new potential 

transcriptional targets of Atmin, including Arntl2, Camk2g, G6pc, Plekho1 and Tmco3.  

 

3.3.1.1 Arntl2  

 
Arntl2 (also referred to as Bmal2) is involved in maintaining the circadian clock, 

an essential internal timekeeping mechanism that plays a role in many physiological 
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functions (Richards and Gumz, 2013). Among these functions are blood pressure 

control and Na+ absorption, which are dysregulated in ARPKD patients (Rohatgi et 

al., 2003; Richards and Gumz, 2013; Zhang and Pollock, 2017; Bergmann et al., 

2018). Arntl2 and its paralog Bmal1 bind to the same protein, Clock, which mediates 

the transcription of genes associated with the function of the circadian clock (Sasaki 

et al., 2009). Bmal1 is more extensively studied than its paralog Arntl2, and the loss 

of Bmal1 in the mouse collecting ducts caused increased urine volume and decreased 

aldosterone plasma levels (Zhang and Pollock, 2017). Another circadian clock protein, 

Per1, can regulate the expression of ENaC and Na+ absorption (Zhang and Pollock, 

2017). However, Arntl2's role in the kidney is yet to be determined.  

It has been suggested that Arntl2 expression may rescue the phenotype 

associated with the loss of Bmal1 (Shi et al., 2010). If this redundancy is genuine, 

Arntl2 may also directly regulate blood pressure, Na+ absorption and RAAS. It should 

also be noted that Bmal1 can regulate the expression of Arntl2 in mice, and loss of 

Bmal1 effectively makes a double KD removing Arntl2 (Shi et al., 2010). As such, 

some of Bmal1 functions may require Arntl2. Another study suggests that the 

mechanisms controlled by Bmal1 and Arntl2 are distinct, and Arntl2 cannot rescue 

defects associated with the loss of Bmal1 (Sasaki et al., 2009). It has been suggested 

that overexpression of Arntl2 in mice is protective against type 1 diabetes, and this 

process is likely related to its role as a repressor of IL-21 expression (Lebailly, He and 

Rogner, 2014). Currently, the consequences for upregulated Arntl2 expression in the 

kidney are unknown. However, Atmin is likely a repressor of Arntl2, at least in the 

context of the kidney, given that loss of Atmin transcription upregulates Arntl2 

expression. 
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3.3.1.2 Camk2g 

 
Camk2g encodes one of the four subunits that make up Calcium/Calmodulin-

dependent Kinase II (CaMKII), a component of Ca2+ signalling. Decreased [Ca2+]i play 

a significant pathological role in PKD, such that increasing [Ca2+]i can attenuate the 

PKD phenotype (Yamaguchi et al., 2006). Decreased [Ca2+]i promotes cell growth via 

cAMP, which activates proliferative pathways in response to low [Ca2+]i (Belibi et al., 

2004). In ADPKD-derived epithelial cells, inhibition of CaMKII was found to increase 

cAMP accumulation, suggesting that decreased CaMKII activity may have pathogenic 

consequences on PKD (Pinto et al., 2012).  

The primary genes associated with PKD, Pkd1, Pkd2 and Pkhd1, have all been 

suggested to play a role in governing Ca2+ signalling (Hanaoka et al., 2000; Nagano 

et al., 2005; Kim, Fu, et al., 2008). Given our combined ChIP-Seq and RNA-Seq, it is 

likely that Atmin also plays a role in governing Ca2+ signalling by directly regulating the 

expression of Camk2g.  

CaMKII may play an important role in PC-2 signal transduction in zebrafish 

kidneys, and loss of CaMKII can give rise to renal cystogenesis in the same model 

(Rothschild et al., 2011). Focal adhesion defects have also been associated with 

ARPKD, and CaMKII has been shown to influence focal cell adhesion in a Ca2+-

dependent manner in mouse embryonic fibroblasts (Easley IV et al., 2008; Israeli et 

al., 2010). Decreased levels of CaMKII was associated with increased cellular 

adhesion, accelerated cell spreading and reduced cell motility, similar to results 

observed in ARPKD (Easley IV et al., 2008; Israeli et al., 2010). Thus, the loss of Atmin 

may reduce CaMKII expression. This increases cAMP activity, disables PC-2 Ca2+-

mediated signalling and alters cellular adhesion, which may result in cystogenesis. 
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Contrasting this, it should be noted that hyperactivation of CaMKII may be just as 

pathogenic in PKD, as p-CaMKII is upregulated in the jck mouse model of ADPKD, 

inhibiting this function reduces endoplasmic reticulum stress and mitochondrial 

dysfunction and is reported to attenuate kidney disease in these mice (Bracken et al., 

2016). 

 

3.3.1.3 Plekho1 

  
Another candidate gene is Plekho1 (also known as CKIP-1), which regulates 

cellular morphology, differentiation, apoptosis and immune signalling (Fu and Zhang, 

2019). Plekho1 controls the actin cytoskeleton by regulating the cellular distribution of 

CK2 (Fu and Zhang, 2019). Alongside CK2, it can inhibit the activity of F-actin-capping 

proteins and promote PAK1-mediated cytoskeletal dynamics (Fu and Zhang, 2019). 

Plekho1 also positively regulates apoptosis mediated by activated caspase-3, which 

cleaves Plekho1 into fragments (Fu and Zhang, 2019). These fragments then 

translocate to the nucleus and bind to c-Jun to repress AP-1-mediated cell survival 

(Fu and Zhang, 2019). Plekho1 can also interact with the DNA response gene ATM, 

where it can sequester ATM to the plasma membrane and promote p53 survival in an 

ATM-dependent manner (Fu and Zhang, 2019). In the immune system, Plekho1 can 

bind to Nmi to prevent it binding to Ifi35, which can regulate cytokine signalling (Fu 

and Zhang, 2019). Plekho1 can also regulate macrophage processes, such as 

proliferation and movement (Fu and Zhang, 2019).  

Many of these defects have been reported in ARPKD previously, with apoptosis 

being an established disease feature (Hu et al., 2011). FPC is also believed to regulate 

the actin cytoskeleton through its interactions with RhoA (Kaimori et al., 2017). 
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Alterations of the cytoskeleton and F-actin distribution defects have already been 

associated with Atmin mIMCD3 cell KDs and AtminGpg6 mouse kidneys (Goggolidou, 

Hadjirin, et al., 2014; Richards et al., 2019). Given this, Atmin may transcriptionally 

regulate these processes by governing the expression of Plekho1. The relationship of 

ARPKD to the immune system is still not very well understood. However, in ADPKD, 

the protein PC-1 has been suggested to inhibit immune signalling and macrophage 

recruitment (Viau et al., 2018). As the immune system has an implied role in ARPKD, 

Atmin may have a similar role with Plekho1 as its effector (Mrug et al., 2008; Swenson-

Fields et al., 2013).  

 

3.3.1.4 G6pc and Tmco3 

 
The remaining two Atmin candidate targets are G6pc and Tmco3. For these 

targets, Atmin is a repressor and loss of Atmin transcriptional activity results in an 

upregulation of these genes. G6pc plays a vital role in gluconeogenesis, which 

converts glucose-6-phosphate into glucose (Gjorgjieva et al., 2018). In models of 

ADPKD, this process of gluconeogenesis is decreased with the process of glycolysis 

increased (Riwanto et al., 2016; Leal-Esteban et al., 2018). Although no impact on 

gluconeogenesis has been reported in ARPKD, like ADPKD, the process of glycolysis 

is increased (Beck Gooz et al., 2014). In ADPKD rats, G6pc and other genes 

associated with gluconeogenesis are decreased (Riwanto et al., 2016). In the Jck 

mouse, loss of Bicc1 inhibits gluconeogenesis by lowering the gene expression of 

Pepck and the protein levels of Fbp1 (Leal-Esteban et al., 2018). Interestingly, 

mutations in G6pc result in glycogen storage disease type 1, which is characterised 

by hypoglycaemia, but G6pc-/- mice can develop renal cysts. These cysts were 
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associated with downregulated Pkd1, Pkd2, Hnf1β, and upregulated Pkhd1 at different 

time points in the progression of the disease (Gjorgjieva et al., 2018). However, in the 

AtminGpg6/+
 mouse, the expression of G6pc is increased. The significance of this finding 

in PKD is unknown. In cervical cancer, G6pc overexpression is reported to activate 

the PI3K/AKT/mTOR signalling, which increases glycolysis and cellular proliferation 

and is correlated with poorer survival which may imply a similar mechanism in the 

AtminGpg6 mouse (Zhu et al., 2022).   

The role of Tmco3 is not very well defined. The NCBI database has annotated 

Tmco3 as belonging to the proton antiporter-2 family, a family of ion exchangers that 

trade H+ in exchange for Na+ or K+ (Chanroj et al., 2012). Gene ontology annotations 

currently have Tmco3 annotated as a K+ importer. As such, the physiological role of 

Tmco3 is mainly unknown. The gene has been associated with Cornea Guttata and 

Anterior Polar Cataracts (Chen et al., 2016). In Hepatocellular carcinoma, upregulation 

of TMCO3 was associated with poorer survival outcomes (Dai et al., 2022; Hu et al., 

2022). In patient-derived cell lines, Knocking down TMCO3 was associated with cell 

cycle arrest and reduced proliferation (Dai et al., 2022). Additionally, high levels of 

TMCO3 were associated with immune cell infiltration in hepatocellular carcinoma 

patients (Dai et al., 2022; Hu et al., 2022).   

Monovalent ion exchangers have been associated with ARPKD before. 

Increased Na+/H+ exchanger activity has been associated with the apical surface of 

orpk-derived cortical collecting duct cells (Olteanu et al., 2012). However, the role of 

K+ exchangers in ARPKD is unknown. In ADPKD, little information is known regarding 

K+
 transporters, but it is suggested that they may play a role in renal cystogenesis 

(Sudarikova et al., 2021). Given this, it is hard to estimate the importance of Tmco3 in 

AtminGpg6 kidneys and why Atmin is needed to repress the gene. However, if Tmco3 
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is upregulated in AtminGpg6/+ kidneys, it could suggest that Tmco3 increases cellular 

proliferation and, by some mechanism, increases immune cell infiltration in the PKD 

kidney.  
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3.3.2 Atmin Regulates a Gene Network Associated with the Actin 

Cytoskeleton, Ca2+ Signalling and Cytokine Signalling 

 

A comparison of transcriptomic profiles from Atmin mIMCD3 KDs and 

AtminGpg6/+ kidneys identified consistently dysregulated genes in response to the loss 

of Atmin’s function. Annotations derived from popular gene resources suggest that 

many of these genes are associated with immune responses, specifically cytokine and 

interferon signalling. In addition, many DEGs were also associated with actin, the actin 

cytoskeleton or adhesion, metabolism, and Ca2+ homeostasis/ion transport to a lesser 

extent.  

STRING identified potential co-expression and protein-protein interactions 

between these genes. In doing this, four network clusters were identified, but not every 

gene had a connection to the clusters. However, it cannot be ruled out that connections 

to the more extensive network are present, either via DEGs not detected in both Atmin 

models or via changes at the proteomic level, which was not investigated in this study. 

Three observed networks were small and comprised of two or three genes each. One 

more extensive network was also identified, consisting of 16 DEGs, predominantly 

associated with cytokine and interferon signalling. Additional annotations associate 

the actin cytoskeleton, cellular adhesion and Ca2+ homeostasis to the network. 

Members of this network may also interact with many different cellular pathways, such 

as CAMKK-AMPK, NF-κB, Notch, PI3K/Akt, Stat2 and TGF-β.  

Although STRING had identified a network of interactions to focus on, it was 

not clear how Atmin may interact with the network. A revaluation of the STRING 

interaction map with the new Atmin transcriptional targets revealed two potential 
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interactions by which Atmin may regulate the more extensive gene interaction network. 

Arntl2 prediction has medium confidence in STRING and is based on interactions from 

homologs in other species. A better candidate for investigation is Plekho1, of which 

one of its direct binding partners, Nmi, forms part of the network (Zhang et al., 2007). 

Plekho1 competes with Nmi for binding to Ifi35. By binding to Nmi and stopping its 

binding to Ifi35, Plekho1 destabilises Ifi35, allowing for its degradation (Zhang et al., 

2007). This mechanism is thought to play a role in cytokine signalling by reducing 

signalling processes initiated by the Ifi35-Nmi interaction (Zhang et al., 2007).  

An interesting observation of this network is the contrasting expression for 

some genes. Genes such as Arhgap29, Neurl3, Peg3 and Stat2 featured the same 

directional change in expression between models and were consistently 

downregulated. This directional change is also prevalent for the genes associated with 

Ca2+ homeostasis/transport, which were downregulated in both Atmin models and 

likely represents the low [Ca2+]i state associated with PKD (Belibi et al., 2004; 

Yamaguchi et al., 2006). Although, this is yet to be confirmed in the AtminGpg6 mouse.  

In contrast, some genes have opposing changes in expression between Atmin 

models. This difference can be observed by single gene comparisons (Figure 27) and 

the direction of the normalised expression scores from the GSEA (Figure 32). One 

possibility is that this represents the difference between models, whether a mono-

cellular culture vs a whole kidney which is made up of different cell types and cellular 

signals. Alternative possibilities are time points (3 days vs 4 months) or the method of 

reducing Atmin function (siRNA KDs vs a specific mutation). A more speculative 

hypothesis is that this difference in expression is, at least in part, related to Atmin’s 

transcriptional control over Plekho1. 
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Amongst the genes with an alternating expression between in vivo and in vitro 

models is Plekho1. In Atmin KDs, Plekho1 expression is upregulated. In AtminGpg6/+ 

kidneys, Plekho1 expression is downregulated. The genes in the largest protein-

protein interaction network are in one of two states. 1) Their expression is the same 

between models such as Pml, Oasl2 and Stat2. 2) Their expression is the opposite of 

Plekho1, such as Ifi47, Nmi and Trdr7. How this is governed and why Plekho1 

expression is altered in these contexts is not known. Plekho1 expression can be 

modulated by IFN-γ and IL-2 and is predicted to be modulated by Stat signalling 

(Zhang et al., 2007). Whether Atmin’s binding to the Plekho1 promoter is to maintain 

a consistent level of Plekho1 and whether different cellular signals can alter the 

expression in the absence of Atmin is also unknown. Both models still retain some 

expression or functionality of Atmin, and complete abrogation of Atmin in these models 

may give different results.  

In summary, RNA-Seq identified a shared set of genes between in vivo and in 

vitro models of Atmin dysfunction. A small subset of these genes is predicted to 

interact with each other, and Atmin may exert control over these functions by 

regulating Plekho1. However, Atmin’s control over Plekho1 and the more 

comprehensive transcriptional network may differ based on environment or cellular 

signals, but the mechanisms governing this interaction are unknown. 



245 

3.3.3 Kidney Tubular Dilations and Branching Morphogenesis 

Defects are not Directly Tied to the Atmin-Dynll1 Axis and Atmin 

may Modulate Dynll1 Expression through the Binding Motif 

GGGAGAGRAWG  

 

The only known transcriptional target of Atmin to date is Dynll1. This interaction 

has been extensively characterised over the last decade and is functionally important 

in tissue development in mice, required for B-cell and lung development (Jurado, 

Gleeson, et al., 2012; Goggolidou, Stevens, et al., 2014; King et al., 2017). The 

importance of the Atmin-Dynll1 Axis is such that the complete loss of Atmin’s 

transcriptional function is embryonically lethal by E13.5 (Goggolidou, Stevens, et al., 

2014). However, the partial loss of Atmin’s transcriptional function allows embryonic 

survival (Goggolidou, Stevens, et al., 2014; Richards et al., 2019). This axis is likely 

tissue-dependent, as it is required for ciliogenesis and hedgehog signalling in the lungs 

but not the kidney (Goggolidou, Stevens, et al., 2014). It has previously been shown 

that AtminGpg6/Gpg6 mice feature a marked decrease in the expression of Dynll1 within 

the kidney and lungs (Goggolidou, Hadjirin, et al., 2014; Goggolidou, Stevens, et al., 

2014). However, AtminGpg6/+ mice do not feature a decrease in Dynll1 expression in 

the lung, suggesting that some aspects of the AtminGpg6 phenotype are unrelated to 

the Atmin-Dynll1 axis (Goggolidou, Stevens, et al., 2014).  
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3.3.3.1 Dynll1 and WNT/PCP 

 
In this study, via RNA-Sequencing of kidneys from AtminGpg6/+ mice, no change 

in Dynll1 expression was detected, which is in line with previous results observed in 

the AtminGpg6/+ lung  (Goggolidou, Stevens, et al., 2014). However, amongst the most 

significantly dysregulated DEGs from the mIMCD3 Atmin KDs was Dynll1. Although 

the mechanisms governing the loss of functional Atmin differ between these two 

models, it is unlikely that this explains the difference in Dynll1 expression in this study, 

as the AtminGpg6 mutation has previously been shown to result in decreased Dynll1 

expression (Goggolidou, Hadjirin, et al., 2014; Goggolidou, Stevens, et al., 2014). 

Instead, this may represent a threshold-dependent mechanism in governing Dynll1 

expression, where a minimum of 50% of Atmin’s expression pool is required to govern 

the expression of Dynll1 successfully. Although the amount of Atmin required for the 

appropriate control of Dynll1 expression lies between 0% and 50%, it is currently 

unclear how much Atmin is required to govern this axis. The mIMCD3 cell KDs in this 

study arose from a 70% decrease in Atmin expression compared to both untransfected 

and scrambled controls, suggesting the threshold of transcriptionally active Atmin 

required for appropriate regulation of Dynll1 lies between 30% and 50% in the 

collecting ducts of the kidney. The occurrence of minimum expression thresholds in 

PKD is not a new concept, and both Pkd1 and Pkd2 must drop below a set expression 

threshold before ADPKD presents (Cordido, Besada-Cerecedo and García-González, 

2017).  

Interestingly, despite the expression of Dynll1 not being dysregulated in 

AtminGpg6/+ kidneys, we have previously reported kidney, liver, and lung defects in 

these mice (Richards et al., 2019). This supports the conclusion that some of Atmin’s 
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functions related to tissue development are not directly tied to the Atmin-Dynll1 

regulation. We have previously reported that the kidney defects associated with these 

mice featured branching morphogenesis defects with disorganised and randomly 

orientated epithelial cells and by 4-months, AtminGpg6/+ mice developed disorganised 

kidneys with dilated tubules (Goggolidou, Hadjirin, et al., 2014; Richards et al., 2019). 

This defect was associated with changes in WNT/PCP due to signalling changes 

observed in mIMCD3 cell KDs and similar disease presentation as WNT/PCP 

mutations (Goggolidou, Hadjirin, et al., 2014; Richards et al., 2019). In this study, 

WNT/PCP genes were also dysregulated in AtminGpg6/+ mice, suggesting that 

WNT/PCP defects occur independently of changes in Dynll1 expression and require 

a larger pool of transcriptionally functional Atmin (>50%). However, these defects are 

not embryonically lethal, unlike AtminGpg6/Gpg6 mice featuring a considerable decrease 

in Dynll1 expression, highlighting the importance of the Atmin-Dynll1 axis, especially 

during embryonic development.  

 

3.3.3.2 GGGAGAGRAWG is an Atmin Binding Motif Important for the 

Regulation of Dynll1 Expression 

 
The transcriptional relationship between Atmin and Dynll1 is complex and 

constitutes a negative feedback loop in which Atmin binds to the promoter region of 

Dynll1 to regulate its expression positively. In response to the increasing pool of Dynll1 

within the cell, Dynll1 directly binds to Atmin, inhibiting its ability to bind to the Dynll1 

promoter, in doing so, stopping the further expression of the gene (Rapali, García-

Mayoral, et al., 2011; Jurado, Conlan, et al., 2012; Clark et al., 2018). Despite the well-
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characterised feedback loop reported, the DNA binding motif Atmin uses to bind to the 

Dynll1 promoter has not been previously reported.  

In this study, consistent ChIP signals within Atmin IPs from in vitro and in vivo 

models were observed within approximately 300bp of the Dynll1 TSS. The Atmin 

binding region in the Dynll1 promoter is estimated to be within 1,200bp of the TSS 

(Jurado, Conlan, et al., 2012). The strongest Atmin ChIP signal was located close to 

the promoter, within -175bp and -613bp of the Dynll1 TSS (Jurado, Conlan, et al., 

2012). Using information derived from other Atmin ChIP signals within 1kb of a TSS, 

a reoccurring DNA binding motif was observed within this region, at 300bp from the 

Dynll1 TSS. Given this the Atmin binding motif for the Dynll1 promoter is 

GGGAGAGRAWG. However, further testing will need to be performed to confirm the 

importance of this site in regulating the expression of Dynll1 by Atmin, either by site-

directed mutagenesis to mutate this region and confirm its impact on Dynll1 expression 

or the construction of a luciferase assay using this motif sequence and then test 

whether the loss of Atmin impacts the expression of luciferase.  
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3.3.4 Atmin does not Bind to the Promoter of Pkhd1 to Regulate 

its Expression 

 

Previously, we have shown that in response to changes in Atmin expression, 

similar directional changes also occur in Pkhd1 transcription (Richards et al., 2019). 

Given this, we previously hypothesised that Atmin might modulate the expression of 

Pkhd1, which may influence WNT/PCP in the renal collecting ducts. As Atmin 

functionally plays a role as a transcription factor, it may directly modulate the 

expression of Pkhd1 as one of its transcriptional targets. However, in both in vitro and 

in vivo models, ChIP-Sequencing found no significant enrichment was identified by 

peak calling for Atmin binding within the region surrounding the Pkhd1 promoter. A 

region 6kb (±3kb) surrounding the Pkhd1 TSS was assessed in the IGV genome 

viewer to confirm this absence. Compared to Dynll1 and highly reproducible peaks 

observed in other genes, such as Arntl2, Camk2g, G6pc, Plekho1 and Tmco3, no peak 

enrichment was observable within the Pkhd1 promoter. Considering this, it is unlikely 

that Atmin modulates the expression of Pkhd1 by binding to its promoter. However, it 

is important to note that evidence from this study does not rule out the possibility of 

Atmin behaving as an enhancer of Pkhd1 expression by binding to other genomic 

locations and looping DNA. In the ChIP-Seq analysis, Atmin has 25 additional peaks 

in chromosome 1, 24 of which are not annotated as promoter binding, and the closest 

is ~17mb away from the Pkhd1 TSS (Appendix 6). Should these additional peaks be 

enhancer sites for Pkhd1 expression will need to be investigated further. 

Despite previously observing changes in Pkhd1 expression in response to 

Atmin KDs in mIMCD3 cells (Richards et al., 2019), no significant changes in the 
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expression of Pkhd1 were detected in either the Atmin KDs or AtminGpg6/+ mouse 

kidney tissues via RNA-Seq in this study. The previously detected change in Pkhd1 

expression was a decrease of 35%, with an 80% decrease in Atmin expression 

(Richards et al., 2019). In the mouse kidney tissues, the change in Pkhd1 expression 

was approximately 17%, but in the Atmin KDs, the change was 5%. Like the results 

from the previous study, the changes to Pkhd1 expression were small in both models 

used in this study. These discrepancies could arise due to a few reasons. The first, 

Atmin transcriptional impact on Pkhd1 expression is threshold-dependent, and, like 

Dynll1, a significant reduction in Atmin is required to impact Pkhd1 expression. The 

previous study used Atmin KDs of ~80% KD efficiency, which could suggest 

somewhere between 70% in this study and 80% in the previous study is the threshold 

(Richards et al., 2019). Second, the impact on Pkhd1 expression has a linear 

dependency on the amount of Atmin expression, such that small decreases in Atmin 

expression impact Pkhd1 expression, but at a smaller magnitude. Third, the DEG 

number in RNA-Sequencing is heavily influenced by the number of biological 

replicates. One study suggests that  3 – 4 biological samples per condition could only 

detect 20 – 40% of DEGs associated with the disease of interest (Schurch et al., 2016). 

Given the low expression change of Pkhd1 in these models, these differences may 

not be detected as significantly different, given the power of the current study. 

However, further testing with higher than 80% Atmin KDs or Knockouts will need to be 

performed to confirm these differences.  
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3.3.5 Transcriptional Changes in Genes Associated with Cystic 

Kidney Disease and WNT/PCP are Characteristic of the 

AtminGpg6 Kidney Phenotype 

 

To further highlight the dysregulated WNT/PCP genes associated with the loss 

of Atmin’s transcriptional function and to identify whether any genes associated with 

cystic kidney disease may be involved in the AtminGpg6 phenotype, a targeted 

assessment of these genes using the RNA-Seq data from Atmin mIMCD3 KDs and 

AtminGpg6/+ tissues was performed.  

As previously observed in AtminGpg6/Gpg6 kidneys, significant changes in the 

expression of WNT/PCP genes were identified in AtminGpg6/+ kidneys (Goggolidou, 

Hadjirin, et al., 2014). Similar changes in expression were observed for Dvl1 and Wnt4, 

which were downregulated in AtminGpg6/+ and AtminGpg6/Gpg6 kidneys (Goggolidou, 

Hadjirin, et al., 2014). Like AtminGpg6/Gpg6 kidneys, no transcriptional changes were 

observed in AtminGpg6/+ kidneys for Daam1, Dvl2 and Dvl3 (Goggolidou, Hadjirin, et 

al., 2014). Transcriptional changes for Daam2, Wnt9b and Wnt11 were not observed 

within this study due to poor detection of gene expression. However, given the 

similarities between other commonly detected genes, it stands to reason they would 

follow a similar course as seen in AtminGpg6/Gpg6 kidneys (Goggolidou, Hadjirin, et al., 

2014). New DEGs associated with WNT/PCP were identified and likely play a role in 

the Atmin kidney phenotype, which includes the upregulation of Frizzled receptors 

(Frzb, Fzd1 and Fzd8) and downstream effectors (Rac1 and Rhoa). Together, these 

transcriptional changes further allude to the genes associated with WNT/PCP 

signalling in AtminGpg6 kidneys.  
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DEGs associated with WNT/PCP was not detected in the Atmin mIMCD3 cell 

KDs. We have previously shown that Atmin KDs impact the expression of Wnt genes 

Wnt5a and Vangl2 (Richards et al., 2019). Despite this, significant expression changes 

were not observed in these genes by RNA-Seq. Although this could suggest a 

discrepancy resulting from the difference in KD strength between studies, it is also 

possible that there was not enough power to confidently detect the expression 

differences with a P-adj value less than 0.05. Enrichment analysis using GSEA, which 

uses a rank list method instead of significance cut-off, suggests enrichment of genes 

associated with WNT and PCP signalling, such that, like the kidney tissues, WNT/PCP 

is also perturbed in these Atmin mIMCD3 KDs.  

The PKD-associated transcription factor (Hnf1β) results in MODY-5 and 

develops renal cysts (Ferrè and Igarashi, 2019). Hnf1β is reported to influence the 

expression of multiple PKD-causing genes, and the loss of Hnf1β-mediated 

transcription of Pkd2 and Pkhd1 causes renal cysts (Ferrè and Igarashi, 2019). In 

glycogen storage disease type 1, the occurrence of cystic kidneys occurs late into 

disease progression and correlates with a delayed change in expression in PKD-

associated genes (Gjorgjieva et al., 2018). However, we previously showed that 

changes in Atmin expression in mIMCD3 cells have no impact on PKD genes, such 

as Pkd1, Pkd2 and Invs (Richards et al., 2019). In agreement with our previous 

findings, no changes in the expression of genes associated with ADPKD or NPHP 

were observed in Atmin mIMCD3 KDs. 

Interestingly, genes associated with ADPKD, ARPKD, NPHP and the cpk 

mouse were downregulated by 4-months of age in AtminGpg6/+ kidneys. This includes 

Cys1 and Dzip1l, both of which are associated with ARPKD-like phenotypes (Hou et 

al., 2002; Lu et al., 2017). Whether these changes are essential for renal disease 
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progression in AtminGpg6 mice and whether their change in expression depends on the 

progression of kidney disease will need to be determined. Based on ChIP peaks and 

profiles for Atmin binding, it is unlikely these genes are transcriptional targets of Atmin, 

and their change occurs by some yet-to-be-defined function.  
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3.3.6 Transcriptional Changes in Genes Associated with Immune 

Signalling and Metabolism are Key Features in Atmin-mediated 

Kidney Disease 

 

Changes in immune system processes and metabolism were the most 

commonly observed changes associated with the Atmin mIMCD3 KDs and AtminGpg6/+ 

kidney tissues and made up most of the top 25 DEGs between the two models. GO 

and GSEA annotations suggest transcriptional involvement of the innate and adaptive 

immune system, cytokine signalling, and specifically interleukin signalling. The 

involvement of the immune system in ARPKD is not very well understood, and all of 

the current research is focused on the involvement of macrophages (Mrug et al., 2008; 

Zhou et al., 2012; Swenson-Fields et al., 2013; Zoja et al., 2015; Salah et al., 2019). 

Considerably more information regarding these processes is known regarding 

ADPKD, which includes the potential influence of different types of innate immune cells 

(Macrophages and Neutrophils) and the possible involvement of the adaptive immune 

and complement systems (Zimmerman, Hopp and Mrug, 2020). This area of research 

in PKD is still developing, but like other mouse models of ARPKD, the AtminGpg6 mouse 

also features the involvement of the immune system, but how this affects disease 

progression is yet to be understood.  

Like the role of the immune system in ARPKD, the importance of metabolism 

changes is also not well understood. Thus far, changes in cellular glycolysis and the 

TCA cycle have been identified, with the latter being associated with changes in 

glutamine metabolism (Beck Gooz et al., 2014; Hwang et al., 2015). A proteomics 

study in the cpk mouse suggests that mitochondrial dysfunction may also play a role 
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in ARPKD (Li et al., 2012). In ADPKD, similar changes in glucose metabolism and 

amino acid metabolism have been observed, alongside changes in fatty acid 

metabolism and mitochondrial dysfunction (Podrini, Cassina and Boletta, 2020). 

Regarding this, many of the enriched biological functions detected by GO annotations 

and GSEA in the AtminGpg6/+ kidneys suggest similar amino acid and lipid metabolism 

changes. The importance of these processes in the kidney phenotype of AtminGpg6 will 

need to be an area of further research to understand the significance of these 

processes to disease development.  

It is interesting to speculate whether the dysregulation of these processes is 

directly associated with PKD genes or whether they are a product of kidney damage. 

PC-1 has been suggested to be involved in macrophage signalling, inhibiting the 

process (Viau et al., 2018). PC-1 and PC-2 have been associated with mitochondrial 

function, where they may play a role in modulating mitochondrial Ca2+ homeostasis 

(Podrini, Cassina and Boletta, 2020). mTOR signalling is a prevalent pathway in PKD, 

which can increase glycolysis, and PC-1 and FPC may directly regulate the pathway 

in renal collecting ducts (Shillingford et al., 2006; Zheng et al., 2009; Wang et al., 

2014). Based on information from this study, transcriptional targets of Atmin (Arntl2, 

G6pc and Plekho1) may play a role in immune signalling and metabolism, suggesting 

that Atmin may modulate these processes as well.  

In summary, metabolism and immune signalling alterations are apparent at the 

transcriptional level in the AtminGpg6 mouse, which may prove a novel model for 

investigating the importance of these processes in PKD.   
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3.4 Conclusion 

 
In conclusion, the data generated from the genomic and transcriptomic 

screening has revealed novel transcriptional targets that may influence the disease 

phenotype of AtminGpg6/+ mice. This includes a network of genes in which transcription 

is altered when the transcriptional function of Atmin is reduced. This network will likely 

play a key role in the kidney phenotype of AtminGpg6/+ mice. 

Additionally, the loss of Dynll1 is not needed for altered WNT/PCP signalling, 

and the regulation of these genes by Atmin likely occurs outside of the Atmin-Dynll1 

axis. The uncovered Atmin gene network has no associations towards Dynll1 and may 

also be independent of the Atmin-Dynll1 axis.  

Atmin is not a direct transcriptional regulator of Pkhd1, as observed by ChIP 

IPs from both mIMCD3 cells and wildtype mouse kidneys. As such, the transcriptional 

changes associated with Pkhd1 when Atmin is downregulated likely occur by another, 

yet to be defined mechanism. Additionally, changes in cystic kidney disease genes, 

including ARPKD genes Cys1 and Dzip1l are dysregulated in 4-month-old AtminGpg6/+ 

kidneys, and these genes are also unlikely to have Atmin as a transcription factor.  

Immune system and metabolism changes are a significant component of the 

AtminGpg6/+ kidney disease, and this model may prove a valuable tool for understanding 

the importance of these processes in PKD.  
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Chapter 4 

Investigating the Genomic Interactions of 

Atmin and Pkhd1 using Next Generation 

Sequencing 
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4.1 Introduction 

 

Our previous work has identified a potential functional relationship between 

Atmin and Pkhd1. Mutations in either gene can cause kidney disease in mice, which 

can be associated with PCP defects (Fischer et al., 2006; Goggolidou, Hadjirin, et al., 

2014). A reduction in the expression of either gene can result in transcriptional 

changes in WNT/PCP genes (Richards et al., 2019). However, the combined reduction 

of both genes does not further accentuate WNT/PCP gene expression (Richards et 

al., 2019). The combined reduction of Atmin and Pkhd1 is reported to negatively 

impact cellular proliferation in mIMCD3 cells (Richards et al., 2019). The two genes 

may also have a level of antagonism, given that a reduction of Pkhd1 expression 

increases Scrib expression, but the combined reduction of Atmin and Pkhd1 restores 

Scrib expression (Richards et al., 2019). Additionally, a reduction in Pkhd1 expression 

increases cellular adhesion, but the additional knockdown in Atmin restores cellular 

adhesion to control levels (Richards et al., 2019).  

Although there are shared processes that may result in interactions between 

the two genes, it is unclear as to the extent of these interactions. The two genes are 

unlikely to interact physically, given that no binding could be detected between the 

FPC intracellular C-terminal domain and Atmin by co-immunoprecipitation (Richards 

et al., 2019). However, this does not rule out potential interactions between the 

sizeable extracellular region of the FPC protein. Additionally, experiments conducted 

for this thesis suggest it is unlikely that Atmin regulates Pkhd1 expression as a 

transcription factor (Chapter 3). As such, the molecular pathways these genes are 

involved in likely intersect at one or more common points within their function in renal 
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collecting ducts. This overlap in functionality may or may not be dependent on the 

function of the primary cilium.  

To investigate these potential genomic interactions, RNA-Seq was carried out 

on Atmin and Pkhd1 KDs to gain a global view of the transcriptional changes 

associated with either gene in a mouse model of inner medullary collecting duct cells 

(mIMCD3). Using this information, common transcriptional changes between the two 

genes were identified and used to highlight common molecular pathways and whether 

the relationship between Atmin and Pkhd1 is synergistic or antagonistic. To extend 

this knowledge, the impact on the transcriptome when the expression of Atmin and 

Pkhd1 was simultaneously reduced in mIMCD3 cells was explored to clarify the net 

impact on these DEGs  

To further this investigation, the relationship of Atmin and Pkhd1 to the primary 

cilium was explored by determining the impact on the primary cilium due to the 

simultaneous reduction of Atmin and Pkhd1 expression and determine whether Atmin 

was important in the localisation of FPC to the primary cilium. By understanding the 

global transcriptional changes associated with reduced expression of Atmin and 

Pkhd1, it will highlight important changes in ARPKD, whether Atmin and FPC interact 

within a shared transcriptomic network, and if they have an impact on ciliogenesis. 
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4.2 Results 

 

4.2.1 Differential Expression Analysis Reveals 81 Common 

DEGs Associated with Immune System Processes and Apoptosis 

Between Atmin and Pkhd1 KDs in Renal Collecting Duct Cells 

 

To better understand the genes dependent on Pkhd1 expression in the kidney, 

RNA-sequencing was performed to characterise these changes in renal collecting 

ducts. Pkhd1 mIMCD3 KDs were compared to scrambled controls using Deseq2 to 

determine the impact of decreased Pkhd1 expression. Of 10,281 protein-coding genes 

with an average normalised count greater than 100, 644 DEGs with a P-adjusted value 

of less than 0.05 were identified 72 hours post-knockdown by Pkhd1 siRNA. No 

identified DEGs had a fold change exceeding two-fold. As such, no additional cut-offs 

were applied regarding fold change. 

The overall distribution of all DEGs showed a greater number of downregulated 

genes, making up 372 DEGs (57.3%; Figure 33a). Following the same trend, the 

distribution of the most significant DEGs was predominantly downregulated, making 

up 64/100 of the top 100 (64%), 32/50 of the top 50 (64%) and 16/25 of the top 25 

(64%; Figure 33a). Pkhd1 was the fifth most significant DEG, with the second largest 

fold-change at approximately -1.58 (Table 34). Genes with more significant P-adjusted 

values included Ap2b1, Ccnd1, Zwint and Cp (Figure 33a; Table 34). The gene with 

the strongest decrease in expression was Cp, with a 1.64-fold decrease (Table 34). 
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Figure 33. Differential expression analysis of the Pkhd1 KDs and comparisons to Atmin KDs. Differential 
expression analysis identified 644 DEGs associated with the Pkhd1 KDs, of which 81 DEGs were common 
between the significant DEGs from the Atmin and Pkhd1 KDs. A) A volcano plot displaying all the differential 
expression data from the Pkhd1 KDs. DEGs within the top 100 DEGs are colour coded blue, ranging from 
dark blue (top 25) to light blue (top 100). Significant DEGs are colour coded pink. Horizontal dashed line 
represents a P-adj value of 0.05. Vertical dashed lines represent a fold change of 1.5-fold (Log2(0.6)). Top 
25 DEGs are labelled. B) Venn diagram showing the DEG overlaps between the Atmin KDs and Pkhd1 KDs. 
Blue corresponds to the Atmin KDs and pink to the Pkhd1 KDs. C) A bubble plot of the top 25 enriched GO 
annotations associated with biological processes for the 81 shared DEGs between Atmin and Pkhd1. Colour 
shade represents P-adj value, with darker shades representing a more significant GO term. P-adj values 
are presented in negative log 10 format.  

a) 

b) 

c) 
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Table 34. RNA-Seq analysis on Pkhd1 mIMCD3 cell KDs compared to scrambled controls identified 644 DEGs out of 10,281 genes, as determined by Deseq2. The top 25 
DEGs, ranked by P-adj value, are listed in the table below. The table highlights the Base Mean, fold change in Log2 format, P and P-adj values and potential function 
(Annotation). Annotations are derived from information available at Gene cards, Gene Ontology Consortium and NCBI (Ashburner et al., 2000; Carbon et al., 2009, 2021; 
Stelzer et al., 2016; Safran et al., 2021; Sayers et al., 2022).  

Gene 
Name 

Base 
Mean 

Direction Log2(FC) P-value P-adj value Annotation 

Ap2b1 6,088 - 0.59 1.20x10-37 1.38x10-33 Kidney development. 
Small molecule transport  

Ccnd1 4,521 + 0.56 1.56x10-31 8.93x10-28 Cell cycle transition (G1/S), 
WNT signalling 

Zwint 5,821 - 0.50 4.65x10-30 1.77x10-26 Cell cycle transition (M), 
Mitotic spindle assembly checkpoint signalling, 
RHO GTPase effectors, 
Sister chromatid segregation  

Cp 1,443 - 0.72 1.69x10-26 4.82x10-23 Iron homeostasis, 
Iron uptake and transport, 
Small molecule transport 

Pkhd1 1,040 - 0.66 1.69x10-21 3.86x10-18 Apoptosis (Negative regulation), 
Branching morphogenesis of the epithelial tube, 
[Ca2+]i homeostasis, 
Cell adhesion, 
Cell proliferation, 
Cilium assembly, 
Centrosome localisation, 
Erk signalling, 
Kidney development, 
Mitotic spindle orientation 
mTOR signalling, 
NF-κB signalling, 
PCP 

Adamts1 18,744 - 0.34 1.19x10-19 2.26x10-16 Cell cycle transition (G1/S), 
Extracellular matrix organisation, 
Integrin-mediated signalling, 
Kidney development 

Fndc3b 3,234 - 0.46 3.48x10-19 5.69x10-16 Substrate adhesion-dependent cell spreading 

Ncoa3 1,311 - 0.58 7.06x10-18 1.01x10-14 Cell differentiation, 
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FOXA1 transcription factor network, 
Lipid metabolism by PPARα, 
MAPK6/MAPK4 signalling, 
NF-kB Signalling 
Retinoic acid receptors-mediated signalling 

Prkg2 2,314 + 0.46 9.71x10-17 1.23x10-13 Associated with Circadian rhythm gene expression, 
Cl- transport (Negative regulation) 

Slfn9 3,514 - 0.41 3.90x10-15 4.46x10-12 Immune response, 
RNA catabolism 

Thbd 497 - 0.64 7.38x10-15 7.67x10-12 Complement and coagulation cascades, 
Fibrin clot formation, 
Haemostasis 

Anxa2 13,093 + 0.33 1.82x10-14 1.73x10-11 Collagen fibril organisation, 
cholesterol transport, 
Fibroblast proliferation, 
Haemostasis 

Trim56 3,565 - 0.37 3.46x10-14 3.04x10-11 K63-linked ubiquitination, 
Immune response, 
Innate immune response; Interferon signalling 

Egr1 5,587 + 0.35 1.33x10-13 1.08x10-10 Associated with Circadian rhythm gene expression, 
Cytokine signalling, 
IL-1 signalling, 
WNT signalling (Negative regulation) 

Por 6,464 + 0.32 1.45x10-13 1.11x10-10 Electron transport chain, 
Energy metabolism (Oxidation by cytochrome P450) 

Il1rl1 433 - 0.60 1.76x10-12 1.26x10-09 Cytokine signalling, 
IL-1 signalling, 
IL-33 signalling 
Immune response, 
Interferon signalling 

Tinagl1 1,664 + 0.43 3.05x10-12 2.05x10-09 Proteolysis 

Cdsn 1,793 + 0.45 7.42x10-12 4.71x10-09 Amyloid fibril formation, 
Cell adhesion 

Mme 4,443 - 0.32 8.58x10-12 5.17x10-09 Amyloid-beta clearance, 
Creatinine metabolism, 
Hormone catabolism, 
Kidney development 

Dcp2 3,525 - 0.34 1.00x10-11 5.74x10-09 mRNA stability, 
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RNA catabolism 

Usp12 2,484 - 0.35 1.39x10-11 7.58x10-09 Protein deubiquitination 

Col4a6 1,082 - 0.47 4.85x10-11 2.52x10-08 Cell adhesion, 
Extracellular matrix organisation, 
Focal adhesion (PI3K-Akt-mTOR-signalling) 

Dusp5 2,066 + 0.36 5.39x10-11 2.68x10-08 MAPK signalling (Negative regulation), 
Protein dephosphorylation 

Psap 18,402 - 0.25 7.03x10-11 3.35x10-08 Cell differentiation, 
Inhibition of cAMP by G-coupled receptor signalling, 
Lysosomal transport 

Tpd52l1 1,191 + 0.42 1.70x10-10 7.76x10-08 Apoptosis, 
Ca2+ signalling, 
Cell cycle transition (G2/M), 
JNK signalling, 
MAPK signalling 
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To infer the role of the top 25 most significant DEGs from the Pkhd1 KDs, 

popular gene annotation resources (Gene cards, Gene ontology and NCBI) were 

consulted (Ashburner et al., 2000; Carbon et al., 2009, 2021; Stelzer et al., 2016; 

Safran et al., 2021; Sayers et al., 2022). The top 25 DEGs represented a range of 

biological processes, including apoptosis (Pkhd1 and Tpd52l1), cell adhesion (Pkhd1, 

Fndc3b and Col4a6), cell cycle transition (Ccnd1, Zwint, Adamts1 and Tpd52l1), 

haemostasis (Thbd and Anxa2), immune system processes (Slfn9, Trim56, Egr1 and 

Il1rl1), kidney development (Ap2b1, Pkhd1, Adamts1 and Mme), small molecule 

transport (Ap2b1 and Cp) and associations with the signalling pathways MAPK (Ncoa3 

and Tpd52l1), mTOR (Pkhd1 and Col4a6), NF-κB (Pkhd1 and Ncoa3) and WNT 

(Ccnd1 and Egr1) (Table 34).  

The transcriptome changes from Atmin and Pkhd1 KDs were compared to 

understand the relationship between Atmin and Pkhd1 and whether any shared 

transcriptional changes could be identified. A comparison of the 176 Atmin KD DEGs 

(Chapter 3) and 644 Pkhd1 KD DEGs identified 81 shared DEGs. These 81 DEGs 

were designated the Atmin-Pkhd1 shared network (Figure 33b). Annotation 

associated with these genes was predominantly associated with immune system 

processes, such as the innate immune system, cytokine signalling and interferon 

signalling (Table 35). The next most common annotation was apoptosis (Adar, Cxcl10, 

Dlc1, Ifi27, Ifit2, Irf7, Mlkl, Pml and Sgk1), with some annotations suggesting a 

relationship to cellular proliferation (B2m, Csf1, Cxcl10, Dlc1, Fgf1, Peg3 and Sgk1), 

migration (Bst2, Cldn1, Csf1, Dlc1, Fgf1, Misp and Sg1) and adhesion (Cdh16, Cldn1, 

Col7a1 and Lgals3bp). The most common pathway annotations were NF-κB (Bst2, 

Gbp7, Nmi, Parp10, Stat1, Trim12c, Trim25, Trim34a and Ubc) and Stat (Elf1, Gbp7, 

Nmi, Parp14, Stat1, Stat2) signalling. Gene ontology analysis of the 81 DEGs 
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Table 35. A Comparison of common DEGs between Atmin and Pkhd1 mIMCD3 KDs. The table highlights fold change in Log2 format and P-adj values. Annotations are derived 
from information available at Gene cards, Gene Ontology Consortium, and NCBI and highlight functions associated with each gene (Ashburner et al., 2000; Carbon et al., 
2009, 2021; Stelzer et al., 2016; Szklarczyk et al., 2019; Safran et al., 2021; Sayers et al., 2022). + = Upregulated; - = Downregulated; IS = Insignificant. 

 
Gene 
Name 

Base 
Mean 

Atmin KD Pkhd1 KD Double KD Annotation  

Direction Log2(FC) P-adj Direction Log2(FC) P-adj Direction Log2(FC) P-adj 

Adar 5,881 - 0.33 1.47x10-06 - 0.30 2.06x10-05 - 0.20 3.60x10-03 Apoptosis, 
Cellular differentiation, 
Cytokine signalling, 
Innate immune response, 
Interferon signalling 

Ankhd1 3,370 - 0.17 3.16x10-02 - 0.17 1.43x10-02 - 0.20 6.17x10-04 Innate immune response 

B2m 12,852 - 0.35 8.90x10-03 - 0.40 7.65x10-04 - (IS) 0.14 2.91x10-01 Cell proliferation (negative 
regulation), 
Cytokine signalling, 
IL-2 mediated signalling, 
Immune response,  
Interferon signalling,  
Iron ion transport 

Bst2 12,514 - 0.49 7.08x10-06 - 0.40 4.42x10-04 - (IS) 0.03 8.59x10-01 Actin cytoskeleton regulation, 
B-cell activation, 
Cell growth (Negative regulation), 
Cell migration (Negative 
regulation), 
Cytokine signalling, 
Immune response, 
Innate immune response, 
Interferon signalling, 
NF-κB signalling 

Ccl5 372 - 0.43 1.57x10-04 - 0.34 5.26x10-03 - (IS) 0.15 2.45x10-01 [Ca2+]i homeostasis, 
Ca2+ ion transport, 
Chemokine signalling, 
G protein-coupled receptor 
signalling pathway, 
IL-1 signalling, 
Immune response, 
Interferon signalling, 
MAPK signalling 

Cdh16 10,132 + 0.20 3.84x10-04 - 0.15 1.45x10-02 + (IS) 0.08 1.85x10-01 Cell adhesion (Ca2+ dependent) 

Cenpf 2,915 - 0.23 5.69x10-03 - 0.23 3.27x10-03 - 0.42 1.19x10-10 Cell cycle transition (G2/M), 
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Cell cycle transition (M), 
Cell differentiation, 
Cell division, 
Mitotic spindle checkpoint,  
Rho GTPase effector, 
Protein transport  

Chpt1 1,669 - 0.35 2.23x10-06 - 0.20 2.15x10-02 - 0.19 1.32x10-02 Cell growth, 
Lipid metabolism, 
Phosphatidylcholine biosynthetic 
process, 
Platelet activating factor 
biosynthetic process 

Cldn1 1,421 - 0.23 2.27x10-02 - 0.41 9.78x10-08 - 0.28 2.62x10-04 Cell adhesion, 
Cell junction maintenance, 
Cell migration, 
Wound healing 

Col7a1 241 + 0.39 2.96x10-03 + 0.30 2.91x10-02 + 0.36 1.22x10-03 Cell adhesion, 
Extracellular matrix organisation 

Csf1 4,606 - 
 

0.20 1.70x10-03 - 0.26 9.60x10-06 - 0.19 5.95x10-04 Cell migration,  
Cell proliferation, 
Cytokine signalling, 
Focal adhesion, 
Immune response, 
Innate immune response 
PI3K-Akt-mTOR-signaling 
pathway, 
Ras protein signalling 

Cxcl10 1,872 - 0.50 2.96x10-05 - 0.28 4.57x10-02 - (IS) 0.10 5.23x10-01 Apoptosis, 
Cell proliferation, 
Chemokine signalling, 
G protein-coupled receptor 
signalling pathway, 
IL-17 signalling, 
Interferon signalling, 
Toll-like receptor signalling 

Cyb5r3 5,451 + 0.16 1.70x10-02 + 0.24 5.72x10-06 + 0.30 3.38x10-10 Blood circulation, 
Cholesterol biosynthetic process, 
Energy metabolism (Oxidation by 
cytochrome P450), 
Nitric oxide biosynthetic process 

Dcp2 3,525 - 
 

0.24 2.59x10-04 - 0.34 5.74x10-09 - 0.35 3.73x10-10 mRNA stability, 
RNA catabolism 

Ddx24 5,471 - 0.24 2.97x10-04 - 0.16 3.92x10-02 - (IS) 0.07 3.68x10-01 RNA Metabolism 
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Ddx60 638 - 0.42 5.16x10-05 - 0.44 1.43x10-05 - 0.33 5.58x10-04 Immune Response 

Dhx58 558 - 0.47 4.25x10-05 - 0.35 5.09x10-03 - (IS) 0.16 2.12x10-01 Immune response, 
Innate immune response, 

Dlc1 2,314 - 0.21 2.74x10-02 - 0.31 3.94x10-05 - 0.39 7.17x10-09 Actin cytoskeleton organisation, 
Apoptosis, 
Cell migration (Negative 
regulation), 
Cell proliferation (Negative 
regulation), 
Focal adhesion assembly 
(Negative regulation), 
RhoA activity 

Dtx3l 3,128 - 0.48 6.43x10-07 - 0.38 1.59x10-04 - 0.22 3.56x10-02 Chromatin organisation, 
DNA repair, 
Innate Immune Response,  
Notch signalling 

Elf1 2,435 - 0.25 3.96x10-04 - 0.18 1.50x10-02 - (IS) 0.11 1.31x10-01 Immune response, 
Stat signalling (via IL-2), 
RUNX1 signalling 

Erap1 1,228 - 0.26 1.33x10-02 - 0.28 2.64x10-03 - 0.25 3.41x10-03 Blood pressure regulation, 
Immune response, 
Innate immune response 

Fgf1 398 + 0.29 4.91x10-02 - 0.48 8.12x10-06 - 0.39 1.66x10-04 Actin cytoskeleton regulation, 
Angiogenesis, 
Branch elongation involved in 
ureteric bud branching, 
Cell differentiation, 
Cell division, 
Cell migration, 
Cell proliferation, 
Fgf signalling, 
Focal adhesion, 
MAPK signalling, 
mTOR signalling, 
PI3K/Akt signalling, 
Wound healing 

Gbp4 473 - 0.39 2.89x10-03 - 0.36 5.20x10-03 - (IS) 0.18 1.66x10-01 Interferon signalling 

Gbp7 1,159 - 0.41 5.23x10-04 - 0.34 4.62x10-03 - (IS) 0.21 8.27x10-02 Immune response, 
NF-κB signalling, 
Stat signalling (Negative 
regulation) 

Gbp9 2,482 - 0.38 4.97x10-03 - 0.38 2.64x10-03 - (IS) 0.21 9.56x10-02 Immune system, 
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Interferon signalling 

Gvin1 273 - 0.44 2.53x10-04 - 0.43 2.66x10-04 - 0.38 4.35x10-04 - 

Gxylt2 1,902 + 0.29 7.59x10-04 - 0.30 3.38x10-04 - 0.21 1.11x10-02 O-glycan processing, 
Vitamin D receptor signalling 

H2-D1 14,491 - 0.32 6.87x10-04 - 0.37 3.02x10-05 - (IS) 0.09 4.20x10-01 Immune response 

H2-K1 15,863 - 0.33 1.02x10-03 - 0.39 3.42x10-05 - (IS) 0.13 2.29x10-01 Immune response 

H2-Q4 2,384 - 0.28 4.91x10-02 - 0.42 8.55x10-05 - (IS) 0.21 5.50x10-02 Immune response 

H2-T22 2,106 - 0.32 2.08x10-02 - 0.27 3.94x10-02 - (IS) 0.03 8.59x10-01 Immune response 

Helz2 6,246 - 0.36 5.06x10-03 - 0.32 1.10x10-02 - (IS) 0.16 2.13x10-01 Fatty acid metabolism via PPARα 

Herc6 1,160 - 0.38 4.44x10-03 - 0.33 1.34x10-02 - (IS) 0.12 4.14x10-01 Immune response, 
Protein ubiquitination 

Ifi27 3,973 + 0.53 4.71x10-15 + 0.31 2.67x10-05 + 0.39 1.49x10-08 Apoptosis, 
Cytokine signalling, 
Innate immune response, 
Interferon signalling 

Ifi44 2,955 - 0.34 1.99x10-03 - 0.31 3.84x10-03 - (IS) 0.20 5.83x10-02 Immune response  

Ifi47 274 - 0.71 4.70x10-11 - 0.50 1.93x10-05 - (IS) 0.23 6.11x10-02 GTPase signalling, 
Immune response, 
Interferon signalling 

Ifih1 2,707 - 0.41 1.12x10-03 - 0.28 4.39x10-02 - (IS) 0.13 3.74x10-01 Immune response, 
Innate immune response 

Ifit1 3,604 - 0.54 2.25x10-06 - 0.33 1.43x10-02 - (IS) 0.10 5.27x10-01 Cytokine signalling, 
Innate immune response,  
Interferon signalling 

Ifit2 7,309 - 0.50 3.79x10-06 - 0.28 3.20x10-02 - (IS) 0.07 6.27x10-01 Apoptosis, 
Cytokine signalling, 
Innate immune response, 
Interferon signalling 

Ifitm3 3,916 - 0.40 1.62x10-03 - 0.34 7.70x10-03 - (IS) 0.08 6.01x10-01 Immune response, 
Interferon signalling 

Igtp 1,394 - 0.56 3.33x10-11 - 0.41 3.26x10-06 - (IS) 0.11 3.10x10-01 GTPase signalling, 
Innate immune response, 
Interferon signalling 

Irf7 2,497 - 0.44 2.88x10-04 - 0.33 1.12x10-02 - (IS) 0.11 4.59x10-01 Apoptosis, 
Adaptive immune response, 
Immune response, 
Innate immune response, 
Interferon signalling, 
Toll-like receptor signalling 
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Irgm2 1,997 - 0.42 5.34x10-04 - 0.33 9.45x10-03 - (IS) 0.13 3.62x10-01 CAMKK-AMPK signalling 
cascade, 
Immune response, 
Innate immune response, 
Interferon signalling 

Lars2 2,257 - 0.27 3.12x10-03 - 0.28 1.24x10-03 - 0.42 1.59x10-08 leucyl-tRNA aminoacylation, 
Mitochondrial translation 

Lgals3b
p 

3,490 - 0.40 2.45x10-03 - 0.39 1.66x10-03 - (IS) 0.12 4.09x10-01 Cell adhesion, 
Extracellular matrix 

Lmcd1 295 - 0.58 2.27x10-07 - 0.52 3.09x10-06 - 0.38 6.86x10-04 Positive regulation of calcineurin-
NFAT signalling cascade, 
Transcription 

Me1 2,621 - 0.31 3.83x10-06 + 0.18 1.98x10-02 + (IS) 0.06 4.83x10-01 NADH metabolism, 
Pyruvate metabolism, 
TCA cycle 

Misp 709 - 0.32 3.08x10-03 - 0.22 4.63x10-02 + (IS) 0.10 3.58x10-01 Cell cycle, 
Cell division, 
Cell migration, 
Mitotic spindle assembly 

Mlec 11,208 - 0.13 1.70x10-02 - 0.16 1.15x10-03 - 0.12 8.92x10-03 ER-associated glycosylation of 
proteins 

Mlkl 2,592 - 0.37 5.35x10-07 - 0.19 3.06x10-02 + (IS) 0.01 9.29x10-01 Apoptosis, 
Immune response 

Neurl3 933 - 0.37 5.67x10-03 - 0.38 2.13x10-03 - (IS) 0.18 1.71x10-01 Innate immune response, 
Protein ubiquitination-dependent 
endocytosis 

Nmi 1,137 - 0.46 1.64x10-07 - 0.35 1.49x10-04 - (IS) 0.08 5.13x10-01 Immune response, 
NF-κB signalling (negative 
regulation), 
Stat signalling 

Oas1a 3,148 - 0.34 1.96x10-02 - 0.28 4.70x10-02 - (IS) 0.02 8.99x10-01 Glucose metabolism, 
Immune response, 
Innate immune response, 
Interferon signalling, 
mRNA processing 

Oasl2 6,196 - 0.45 1.52x10-04 - 0.32 1.39x10-02 - (IS) 0.10 4.89x10-01 Cytokine signalling, 
IL-27 mediated signalling 

Parp10 3,201 - 0.41 6.82x10-09 - 0.27 5.39x10-04 + (IS) 0.01 9.66x10-01 Chromatin organisation, 
NF-κB signalling (Negative 
regulation), 
protein poly-ADP-ribosylation, 
Protein K63-linked ubiquitination 
(Negative regulation) 



271 

Parp11 461 - 0.36 3.28x10-03 - 0.34 3.44x10-03 - 0.33 1.89x10-03 Cell differentiation, 
mRNA transport, 
Nuclear envelope organisation, 
Protein auto-ADP-ribosylation 

Parp14 5,240 - 0.44 3.65x10-04 - 0.30 3.21x10-02 - (IS) 0.10 5.03x10-01 IL-14 signalling, 
Innate immune response,  
Interferon signalling (Negative 
regulation), 
Stat signalling  

Peg3 7,976 - 0.27 1.41x10-02 - 0.33 3.81x10-04 - 0.35 2.60x10-05 Apoptosis (p53-mediated), 
Cell proliferation 

Plekho1 665 + 0.26 3.24x10-02 - 0.23 4.63x10-02 - (IS) 0.10 4.14x10-01 ATM localisation, 
Cell growth, 
Cytokine signalling, 
Immune response, 
Regulation of the actin 
cytoskeleton 

Pml 2,104 - 0.26 1.26x10-03 - 0.18 4.48x10-02 - (IS) 0.00 9.74x10-01 Apoptosis, 
Cytokine signalling,  
ER Ca2+ ion homeostasis, 
Immune response,  
Interferon signalling, 
PI3K/AKT signalling,  
p53-mediated activity,  
TGF-β signalling 

Psmb9 215 - 0.45 2.97x10-04 - 0.45 1.49x10-04 - (IS) 0.13 3.88x10-01 Immune response, 
Regulation of cysteine-type 
endopeptidase activity 

Rnf114 2,752 - 0.27 1.02x10-03 - 0.20 1.54x10-02 - (IS) 0.03 8.28x10-01 Ubiquitin-dependent protein 
catabolism 

Sgk1 509 - 0.30 1.70x10-02 - 0.51 2.06x10-07 - 0.34 5.12x10-04 Apoptosis, 
Cell growth, 
Cell Migration, 
Cell proliferation, 
Insulin signalling,  
mTOR signalling pathway, 
p53-mediated activity, 
PI3K/AKT signalling, 
Regulation of blood pressure 

Slfn9 3,514 - 0.45 3.78x10-14 - 0.41 4.46x10-12 - 0.32 8.92x10-08 Immune system, 
tRNA catabolism 

Smg1 2,982 - 0.23 8.14x10-03 - 0.21 1.05x10-02 - 0.41 6.54x10-10 DNA repair, 
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Nonsense-Mediated Decay 
(NMD) 

Stat1 1,359 - 0.46 5.18x10-08 - 0.23 2.51x10-02 + (IS) 0.05 6.56x10-01 Cell differentiation, 
Cytokine signalling, 
Innate immune response 
Interferon signalling 
NF-κB signalling (Negative 
regulation), 
Stat signalling  

Stat2 3,304 - 0.42 6.59x10-04 - 0.41 4.34x10-04 - (IS) 0.16 2.42x10-01 Cytokine signalling, 
IL-27 mediated signalling, 
Immune response, 
Interferon signalling, 
Stat signalling 

Tap1 1,375 - 0.39 3.28x10-03 - 0.28 4.36x10-02 - (IS) 0.08 6.01x10-01 Adaptive immune system, 
Immune response, 
Interferon signalling, 
Protein transport 

Tapbp 4,720 - 0.31 4.94x10-03 - 0.25 2.91x10-02 - (IS) 0.07 5.70x10-01 Adaptive immune response, 
Immune response 

Tdrd7 1,448 - 0.35 9.89x10-05 - 0.27 3.08x10-03 - (IS) 0.05 6.56x10-01 Post-transcriptional gene 
regulation 

Tor1aip1 3,448 - 0.30 1.19x10-04 - 0.21 1.29x10-02 - (IS) 0.05 5.82x10-01 Nuclear membrane organisation 

Trafd1 1,253 - 0.28 1.15x10-02 - 0.38 2.57x10-05 - (IS) 0.07 5.55x10-01 Innate immune response, 
Toll-like receptor signalling 

Trim12c 410 - 0.48 3.14x10-05 - 0.46 6.36x10-05 - 0.31 7.20x10-03 Innate immune response, 
K63-linked ubiquitination, 
MAPK signalling, 
NF-κB signalling  

Trim25 5,911 - 0.38 1.22x10-09 - 0.27 3.42x10-05 - 0.15 3.40x10-02 Innate immune response, 
NF-κB signalling 

Trim34a 222 - 0.40 2.01x10-03 - 0.34 8.48x10-03 - (IS) 0.17 2.11x10-01 Innate immune response, 
NF-κB signalling, 
Protein polyubiquitination 

Trim56 3,565 - 0.17 2.08x10-02 - 0.37 3.04x10-11 - 0.31 1.62x10-08 K63-linked ubiquitination, 
Immune response, 
Innate immune response, 
Interferon signalling 

Trpm6 734 - 0.33 2.75x10-03 - 0.45 2.62x10-06 - 0.40 1.40x10-05 Ca2+ ion transmembrane 
transporter, 
Mg2+ ion transmembrane 
transporter 
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Ubc 7,445 - 0.25 3.20x10-07 - 0.12 4.64x10-02 - (IS) 0.00 9.95x10-01 NF-kB Signalling, 
Proteasome degradation,  
Protein ubiquitination 

Ube2l6 1,042 - 0.33 9.18x10-03 - 0.27 3.69x10-02 - (IS) 0.10 5.02x10-01 Cytokine signalling, 
DNA repair, 
Immune response, 
Interferon signalling, 
Ubiquitin-dependent protein 
catabolism 

Zc3hav1 6,954 - 0.23 2.47x10-04 - 0.16 1.87x10-02 - (IS) 0.10 1.25x10-01 Immune response, 
Innate immune response, 
mRNA catabolism 

Znfx1 2,905 - 0.44 4.70x10-11 - 0.23 2.45x10-03 - (IS) 0.05 5.80x10-01 Immune response, 
RNA binding 
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combined with an assessment of semantic similarity confirmed that the most enriched 

GO annotations (P-adj < 0.05) were associated with immune system processes 

(Figure 33c). 

The expression profile of the 81 shared DEGs was compared to highlight the 

similarity between the Atmin and Pkhd1 KDs. Of the shared 81 DEGs, 76 DEGs 

showed similar expression patterns in the Atmin and Pkhd1 KDs (Figure 34a). 

Discordance in the expression change was observed in 5 DEGs, including Cdh16, 

Fgf1, Gxylt2, Me1 and Plekho1 (Figure 34a).  

STRING was consulted to highlight whether the identified shared DEGs 

represent a network of interacting proteins. Of the 81 tested genes, 19 had no 

interactions, and 62 were suggested to have potential protein-protein interactions, with 

a medium confidence score of 0.4 or greater (Figure 34b). All 62 genes were 

suggested to interact within one extensive network, highlighting a shared 

transcriptomic network between Atmin and Pkhd1. This network of 62 DEGs was 

designated the Atmin-Pkhd1 interacting network. Among this network's genes, 60 

genes had similar expression patterns between the Atmin and Pkhd1 KDs, with 59 

downregulated and one upregulated (Ifi27) DEGs. Two DEGs featured contrasting 

expressions between Atmin and Pkhd1 KDs (Fgf1 and Plekho1; Figure 34a). These 

62 genes were also predominantly associated with immune system processes and 

apoptosis, with NF-κB signalling the most prominent signalling pathway (Table 35). 

Taken together, Atmin and Pkhd1 interact in a shared network of genes, likely 

associated with immune system signalling processes, apoptosis and NF-κB signalling. 
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a) 

b) 

Figure 34. Differential expression analysis identified 644 DEGs associated with the Pkhd1 KDs, of which 81 DEGs 
were common between the significant DEGs from the Atmin and Pkhd1 KDs. A) A scatter plot displaying the 
relationship between the DEGs the Atmin and Pkhd1 KDs have in common. The line through 0 represents y = x 
and is representative of the similar expression between the two KDs. Prior to calculating Log fold change Atmin 
and Pkhd1 KD expression was normalised to each other via Deseq2. B) STRING map for the 81 common DEGs, 
showing a network of related genes datamined from other databases and publications. Lines linking genes 
represent the confidence in the program’s relationship of the two genes, with darker lines representing a greater 
confidence. The lowest reported confidence is 0.4. Red genes are likely to have a relationship with one another 

and form a gene network. Blue genes have no datamined relationship with the main observable network. 
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4.2.2 Differential Expression Analysis Highlights Greater Cellular 

Dysregulation in Response to the Combined Knockdown of Atmin 

and Pkhd1  

 

To identify the transcriptional consequences that arise from a reduction in both 

Atmin and Pkhd1 expression (double KD), RNA-Seq was performed to characterise 

these transcriptional changes in mIMCD3 cells compared to scrambled controls. 

Deseq2 identified 1,924 DEGs out of 10,397 genes with an average normalised count 

greater than 100 and a P-adjusted value less than 0.05. No DEGs showed a two-fold 

change or greater change in expression.  

The overall distribution of the data suggested a greater number of DEGs with 

reduced expression (1051/1924; Figure 35a). However, the distribution of the most 

significant DEGs is slightly skewed towards enhanced gene expression for the top 100 

(52/100) and top 25 DEG subcategories and an equal distribution for the top 50 (25/50; 

Figure 35a). Amongst the top 25 DEGs were the KD targets, Atmin and Pkhd1, which 

were present within the top 10 DEGs (Figure 35a). The transcriptional target of Atmin, 

Dynll1, did not feature significant differential expression in the double KDs (Figure 

35a). 

The top 25 DEGs showed greater similarity to the Pkhd1 KDs, showing ten 

similar genes (Ap2b1, Ccnd1, Pkhd1, Zwint, Fndc3b, Ncoa3, Anxa2, Cp, Adamts1 and 

Prkg2). In contrast, of the top 25 DEGs detected in the Atmin KDs, only Atmin was 

detected amongst the double KDs top 25 DEGs (Table 36). The most commonly 

associated annotations, derived from Gene cards, Gene ontology and NCBI, were 

associated with the immune system (Anxa2, Il6st, Fth1, Wfdc2 and Hmga1), cellular 
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Figure 35. Differential expression analysis of the double KDs and comparisons to single Atmin and Pkhd1 
KDs. A) A volcano plot showing the distribution of the 10,397 protein-coding genes in the double KDs. 
Colours represent significant DEGs, with the top 100 marked with the colour blue, ranging from dark blue 
(Top 25) to light blue (Top 100). Significant DEGs are coloured purple. Horizontal dashed line represents 
a P-adj value of 0.05. Vertical dashed lines represent a fold change of 1.5-fold (Log2(0.6)). The top 25 DEGs 
are labelled. B) Venn diagram comparing the significant DEGs from each KD model to highlight the number 
of common DEGs between all three KDs. Blue = Atmin, Pink = Pkhd1 and Purple = Double KDs. C – D) 
Scatter plots comparing the fold change in the double KDs to either the significant DEGs from single Pkhd1 
(644; C) or Atmin (176; D) KDs. All KDs were normalised to the same scrambled control at the time of 
differential expression analysis by Deseq2, as such fold changes have similar representation between all 
models. Shape represents whether the gene is significant (P-adj <0.05) in the Double KD.  

a) 

Atmin KD 

Pkhd1 KD 

Double KD 

b) 

c) d) 
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Table 36. RNA-Seq analysis on double mIMCD3 cell KDs compared to scrambled controls identified 1,924  DEGs out of 10,397 genes, as determined by Deseq2. The top 25 
DEGs, ranked by P-adj value, are listed in the table below. The table highlights the Base Mean, fold change in Log2 format, P and P-adj values and potential function 
(Annotation). Annotations are derived from information available at Gene cards, Gene Ontology Consortium and NCBI (Ashburner et al., 2000; Carbon et al., 2009, 2021; 
Stelzer et al., 2016; Safran et al., 2021; Sayers et al., 2022).   

 
Gene Base Mean Direction Log2(FC) P-value P-adj value Annotation 

Ap2b1 6,088 - 0.60 1.61x10-38 1.76x10-34 Kidney development. 
Small molecule transport 

S100a11 12,120 + 0.48 3.70x10-32 2.02x10-28 Cell adhesion,  
Cell migration, 
Cell Proliferation (Negative regulation) 

Ccnd1 4,521 + 0.56 4.16x10-31 1.52x10-27 Cell cycle transition (G1/S), 
WNT signalling 

S100a6 32,703 + 0.50 1.58x10-29 4.33x10-26 Ion transmembrane transport 

Pkhd1 1,040 - 0.76 1.68x10-27 3.68x10-24 Apoptosis (Negative regulation), 
Branching morphogenesis of the epithelial tube, 
[Ca2+]i homeostasis, 
Cell adhesion, 
Cell proliferation, 
Cilium assembly, 
Centrosome localisation, 
Erk signalling, 
Kidney development, 
Mitotic spindle orientation 
mTOR signalling, 
NF-κB signalling, 
PCP 

Zwint 5,821 - 0.45 2.92x10-24 5.33x10-21 Cell cycle transition (M), 
Mitotic spindle assembly checkpoint signalling, 
RHO GTPase effectors, 
Sister chromatid segregation 

Atmin 782 - 0.74 7.67x10-24 1.20x10-20 DNA repair gene, 
Tissue development, 
Transcription 

Fndc3b 3,234 - 0.49 2.82x10-21 3.86x10-18 Substrate adhesion-dependent cell spreading 

Tmsb10 28,239 + 0.34 1.04x10-20 1.26x10-17 Actin cytoskeleton organisation, 
Cell migration 
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Ncoa3 1,311 - 0.62 2.03x10-20 2.22x10-17 Cell differentiation, 
FOXA1 transcription factor network, 
Lipid metabolism by PPARα, 
MAPK6/MAPK4 signalling, 
NF-kB Signalling 
Retinoic acid receptors-mediated signalling 

Anxa2 13,093 + 0.39 1.95x10-19 1.94x10-16 Cytokine signalling, 
Haemostasis, 
IL-12 signalling, 
Immune response, 
Stat signalling 

Plat 9,924 + 0.40 9.55x10-19 8.71x10-16 Coagulation, 
Haemostasis 

Il6st 5,259 - 0.37 1.15x10-17 9.68x10-15 Adaptive immune system, 
Apoptosis (Negative regulation), 
Cell proliferation, 
Cytokine signalling, 
Glycogen metabolism, 
IL-6 signalling, 
IL-12 signalling, 
IL-27 signalling,  
IL-35 signalling, 
Immune response, 
Notch signalling, 
Stat signalling 

Fth1 15,510 + 0.31 2.17x10-17 1.69x10-14 Immune response,  
Iron homeostasis, 
Iron ion transport 

Cp 1,443 - 0.56 5.12x10-17 3.74x10-14 Iron homeostasis, 
Iron uptake and transport, 
Small molecule transport 

Adamts1 18,744 - 0.30 2.62x10-16 1.79x10-13 Cell cycle transition (G1/S), 
Extracellular matrix organisation, 
Integrin-mediated signalling, 
Kidney development 

Wfdc2 5,344 + 0.36 4.22x10-16 2.71x10-13 Immune response, 
Innate immune response 

S100a10 6,954 + 0.39 4.92x10-16 2.99x10-13 Cell adhesion, 
Focal adhesion, 
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Haemostasis 

Prkg2 2,314 + 0.44 2.41x10-15 1.39x10-12 Associated with Circadian rhythm gene expression, 
Cl- transport (Negative regulation) 

Cox6a1 4,529 + 0.35 3.26x10-15 1.79x10-12 Energy metabolism, 
Mitochondrial electron transport 

Ddx6 5,152 - 0.33 1.04x10-14 5.43x10-12 mRNA metabolism 

Purb 4,120 - 0.39 1.12x10-14 5.60x10-12 Transcription 

Rpl41 16,510 + 0.36 1.38x10-14 6.55x10-12 rRNA processing,  
Translation 

Cenpe 3,799 - 0.37 4.12x10-14 1.88x10-11 Cell cycle transition (M), 
Haemostasis, 
Plk1 signalling, 
Rho GTPase effector, 
Sister chromatid separation 

Hmga1 11,396 + 0.32 5.07x10-14 2.22x10-11 Cell proliferation (Negative regulation), 
c-Myc signalling, 
Transcription, 
Immune system,  
IL-4 signalling 
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adhesion (S100a11, Pkhd1, Fndc3b, S100a10) and proliferation (S100a11, Pkhd1, 

Il6st and Hmga1) and cell cycle transition (Ccnd1, Zwint, Adamts1 and Cenpe). Four 

DEGs in the top 25 were associated with kidney development (Ap2b1, Pkhd1, Atmin 

and Adamts1), all of which were downregulated (Figure 35a, Table 36).  

Comparing the transcriptomic profiles from the double KDs to the single KDs 

highlighted an increase of 299% and 779% when comparing the number of DEGs from 

the double KD to Pkhd1 and Atmin KDs, respectively. An overlap of 428 DEGs 

between the double and Pkhd1 KDs and 58 DEGs between the double and Atmin KDs 

were identified (Figure 35b). The general expression trend was similar between the 

double and Pkhd1 KDs (Figure 35c). A few DEGs had an opposing expression when 

comparing double KDs to Atmin KDs, and these included Esd, Fgf1, Gxylt, Plau, 

Rpl18a and Tnfaip2 (Figure 35d). This overall distribution of the DEGs was similar 

between all three sets of KDs but showed closer similarity to Pkhd1 KDs regarding 

DEGs such as Fgf1 and Gxylt.  
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4.2.3 Combined Knockdown of Atmin and Pkhd1 Feature a 

Return to "Normal" Cellular Expression for Many DEGs within the 

Shared Gene Network between Atmin and Pkhd1  

 

Of the 81 shared DEGs, only 29 were detectable in all three KD models (Figure 

35b). 52 DEGs present in the Atmin and Pkhd1 KDs did not feature a statistically 

significant difference in expression in the double KDs, with a smaller detected 

differential expression than Atmin and Pkhd1 KDs (Table 35). A comparison of the 52 

non-significant DEGs to the STRING protein-protein interaction map revealed that 48 

of the 52 DEGs were associated with the predicted Atmin-Pkhd1 interaction network 

(Figure 36a), suggesting that the combined reduction of Atmin and Pkhd1 does not 

dysregulate the transcription of these genes, but the loss of either one will dysregulate 

this common network. Of the 29 significant DEGs, the expression trend was similar 

between the double and single KDs (Figure 36b,c). Of the 29 DEGs with differential 

expression in the double KD, 14 were present in the Atmin-Pkhd1 interacting network 

(Figure 36a). Twelve genes had a similar expression to the Atmin and Pkhd1 single 

KDs (Figure 36a; Table 35). 1 DEG (Smg1) had a greater fold change than single 

KDs, and Fgf1 showed similar expression to the Pkhd1 KDs but the opposite direction 

in expression to the Atmin KDs (Figure 36b,c; Table 35).  
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Figure 36. Comparison of the differential expression of the 81 DEGs common between Atmin and Pkhd1 KDs 
and their expression in the double KDs. A) STRING relationship map of the 81 DEGs, branches represent 
STRINGs confidence in a relationship, where darker branches are greater confidence (lowest value = 0.4). 
Green nodes have similar expression in the double KD compared to single KDs. Purple have P-adj > 0.05 
in the double KD. Orange have increased differential expression in the double KDs. Blue have decreased 
differential expression in the double KDs. Brown represents the opposite direction in differential expression 
between Atmin and the double KDs. B-C) Scatter plots comparing the fold change in the double KDs for the 
81 shared DEGs between Pkhd1 and Atmin to single Pkhd1 (C) or Atmin (D) KDs. All KDs were normalised 
to the same scrambled control at the time of differential expression analysis by Deseq2, as such fold changes 
have similar representation between all models. Shape represents whether the gene is significant (P-adj 
<0.05) in the Double KD. 

 

b) c) 

a) 
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4.2.4 Transcriptomic Analysis Highlights the Dysregulated Genes 

Associated with Immune System Processes as a Common 

Overlap between Atmin and Pkhd1, which is Rescued by the 

Combined Reduction of these Genes. 

 

To infer the functional relationship between Atmin and Pkhd1, Gene Ontology 

(GO) annotations identified by GO-Seq were compared between single and double 

KDs. In total, 58 GO annotations were uniquely identified between Atmin and Pkhd1 

KDs, and all were associated with immune system processes (Figure 37a,b). No GO 

annotations were unique between Atmin and double KDs (Figure 37a). None of the 

11 GO annotations in single and double KDs was associated with the immune system 

(Figure 37c). All shared annotations were instead associated with cell signalling and 

stimuli response (Figure 37c). This lack of association of the double KDs with immune 

signalling coincides with 52 DEGs in the shared Atmin-Pkhd1 network that were not 

differentially expressed in the double KDs (Figure 36a). Overall, suggesting that the 

combined reduction of Atmin and Pkhd1 restores the function associated with the 

Atmin-Pkhd1 shared network. 

Despite many of the shared DEGs between single KDs being restored to 

regular expression, the combined reduction of Atmin and Pkhd1 is associated with 

greater transcriptional dysregulation. Comparing GO annotations between the double 

KDs and Pkhd1 single KDs identified 201 unique GO annotations (Figure 37a). The 

most significant (Top 25) of these annotations were associated with the actin 

cytoskeleton, the cell cycle and energy metabolism (Figure 37d), suggesting that 

although most of the Atmin-Pkhd1 shared DEGs are transcriptionally restored in the 
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Figure 37. A comparison of the enriched GO biological processes associated with each KD and whether they overlap with processes in the remaining three KDs. A) Venn 
diagram showing overlaps between GO terms and the three KD conditions. Blue = Atmin, Pink = Pkhd1 and Purple = Double KDs. B – E) Bubbles plots showing the number 
of DEGs and P-adj values for each GO term. GO terms are split into groups and represent common GO terms between Atmin and Pkhd1 (B), GO terms common to all conditions 
(C) and unique GO terms associated with the double KD only (D). B) A collection of the top 25 GO terms out of the 58 common terms between Atmin and Pkhd1 single KDs. 
C) Highlights the 11 GO terms common between all KD conditions. D) The top 25 out of 201 GO terms unique to the Double KD condition. Figures B and C are ranked 
alphabetically. Figure D is ranked by P-adjusted value. Blue circles represent Atmin KDs, pink squares represent Pkhd1 KDs and purple diamonds represent Double KDs. 
Size represent P-adjusted values, which is recorded in -Log10 format.   

Pkhd1 KD 

Atmin KD Double KD 

a) b) 

c) d) 
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double KDs, the combined reduction of Atmin and Pkhd1 has a more significant impact 

on the transcription of genes associated with the cytoskeletal organisation, the cell 

cycle and energy metabolism.  
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4.2.5 The Combined Reduction of Atmin and Pkhd1 Expression 

Reduces Cilia Numbers but does not Impact Ciliary Structure. 

 

To observe whether physical defects in ciliogenesis occur in response to the 

mIMCD3 KDs and to assess how the combined impact of reduced expression in both 

Atmin and Pkhd1 may further impact ciliogenesis, the number of cells displaying cilia 

and ciliary structure was assessed in mIMCD3 cell KDs. Atmin and Pkhd1 have 

previously been associated with defects in ciliogenesis (Masyuk et al., 2003; Mai et 

al., 2005; Woollard et al., 2007; Kim, Fu, et al., 2008; Goggolidou, Stevens, et al., 

2014). However, none of the KDs in this study featured a statistically significant 

number of DEGs associated with the cilia at the transcriptomic level.  

Seventy-two hours post-transfection, the percentage of ciliated cells was 

reduced in single and double KDs compared to untransfected and scrambled controls 

(Figure 38a,b). As expected, the most substantial drop was observed in double KDs, 

which showed an average reduction of 33% compared to untransfected and 23% to 

scrambled controls (Figure 38b). The average percentage decrease observed in 

single KDs was much lower than in double KDs. Atmin KDs featured an average 

decrease of 13% compared to untransfected and 3% to scrambled controls (Figure 

38b). In contrast, Pkhd1 KDs showed a slightly greater reduction in ciliated cells, with 

an average reduction of 16% compared to untransfected and 6% to scrambled controls 

(Figure 38b). Of these comparisons, the reduction in ciliated cells was not statistically 

significant for Atmin KDs compared to untransfected (P = 0.078) or scrambled controls 

(P = 0.525). Pkhd1 KDs compared to untransfected (P = 0.015) and scrambled (P = 

0.005) or double KDs compared to untransfected (P = 0.019) and scrambled controls 
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Figure 38. Cilia images from mIMCD3 cells for untransfected, 
scrambled controls, Atmin KDs, Pkhd1 KDs and double KDs. A) Cilia 
were stained with acetylated tubulin (green), with basal body 
staining using γ-tubulin (purple). N = 3 per condition, with 9 – 10 
images per replicate. B) Comparative analysis of the cilia to cell ratio 
to identify the number of cells displaying cilia. Values are 
represented as a percentage difference compared to scrambled 
controls. Violin chart represents the average per image (technical) 
variation per condition. C) Comparative analysis of the average cilia 
length for all five conditions. Values are represented as a change in 
cilia length compared to scrambled controls. Length is displayed in 
μM. In all comparisons, black squares represent the average value 
per condition, with standard error bars. Coloured points represent 
average values per biological repeat. Violin distribution represents 
the technical variation across all images. * = P-value <0.05; ** < 
0.01; ns = >0.05.    
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(P = 0.044) was statistically significant, suggesting that both the Pkhd1 and double 

KDs reduce the number of cells displaying cilia.  

No condition showed bulging at either the tip or base of the cilium, suggesting 

that the reduction of Atmin and Pkhd1 does not impact anterograde or retrograde 

transport in the primary cilium (Figure 38a). A small but insignificant increase in the 

average ciliary length was observed when comparing Atmin KDs to untransfected (P 

= 0.346) and scrambled controls (P = 0.658; Figure 38c). In contrast, Pkhd1 KDs saw 

little difference in ciliary length compared to untransfected (P = 0.434) or scrambled 

controls (P = 0.877). Double KDs saw an average but insignificant decrease in ciliary 

length compared to untransfected (P = 0.33) and scrambled controls (P = 0.298). 

Taken together, the reduction of Pkhd1 expression reduces the number of ciliated 

cells, an effect which is amplified when Atmin and Pkhd1 expression is reduced 

together. However, single or combined reduction of Atmin and Pkhd1 does not impact 

ciliary structure.   
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4.2.6 Atmin is Required for the Ciliary Localisation of FPC 

 

Several genes have been associated with polycystic kidney disease and do not 

directly localise to the primary cilium. Some of these genes, such as ALG9, DNAJB11 

and GANAB, may be important for the appropriate ciliary localisation of Polycystins 

(Porath et al., 2016; Cornec-Le Gall et al., 2018; Besse et al., 2019). To allude to 

whether a reduction of Atmin expression may impact the ciliary localisation of FPC, 

the localisation of FPC to the primary cilium was quantified by IHC-F (Figure 39).  

Seventy-two hours post-transfection, the percentage ciliary volume containing 

FPC was calculated using the ImageJ plugin CiliaQ. A small decrease in the average 

percentage FPC – Ciliary colocalisation (colocalised volume) was detected in Atmin 

KDs (69.4%) compared to untransfected (76.6%) and scrambled controls (78.7%; 

Figure 40). This equated to a significant decrease in FPC localisation by 7.24% 

compared to untransfected (P = 0.028) and 9.31% compared to scrambled controls (P 

= 0.026). Assessing the distribution of FPC throughout the cilium revealed a similar 

distribution to controls, with no accumulation of FPC particles at the base or tip of the 

cilium. Overall, suggesting that Atmin is required for the ciliary localisation of FPC. 
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Figure 39. Cilia images from mIMCD3 cells for untransfected, scrambled controls and Atmin KDs. Cilia were stained with acetylated tubulin (green), with basal body staining 
using γ-tubulin (purple). FPC staining (red) highlights FPC localisation to the primary cilium. N = 3 per condition, with 9 – 10 images per replicate. Comparative statistics 
for FPC localisation are in Figure 40. 
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Figure 40. Dot plots representing FPC - ciliary colocalisation, measured as the percentage volume of FPC within 
the cilium compared to background. FPC ciliary localisation is affected by reduced Atmin expression as detected 
in Atmin KDs compared to untransfected and scrambled controls in the CiliaQ package. In all comparisons, black 
squares represent the average value per condition, with standard error bars. Coloured points represent 
average values per biological repeat. Violin distribution represents the technical variation across all images. * 
= P-value <0.05; ** < 0.01; ns = >0.05. Orange = untransfected. Green = scrambled. Blue = Atmin KDs.  
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4.3 Discussion 

4.3.1 Atmin and Pkhd1 Interact in a Similar Gene Network which 

Regulates Genes related to Immune System Processes and 

Apoptosis. 

 

Comparing the transcriptomic profiles from the single Atmin and Pkhd1 KDs 

highlighted a common set of DEGs that potentially form a dysregulated gene network 

based on STRING predictions. According to annotations from Gene cards, NCBI and 

GO-Seq GO annotation enrichment analysis, many of these DEGs are associated with 

immune signalling processes, including associations to cytokine and interferon 

signalling. An exploration of the individual DEGs suggested an association with 

apoptosis and the molecular pathways NF-κB and Stat, which were the most 

prominently annotated to genes within the shared network. Many of the genes in this 

network were downregulated, with few upregulated in either single KD models. 

Suggesting that the reduction of either Atmin or Pkhd1 downregulates this 

transcriptional network.  

An interesting observation is that although the double KDs are associated with 

a considerably greater number of DEGs, many DEGs in the Atmin-Pkhd1 shared 

network are not significantly differentially expressed. However, this change does not 

just represent a shift in P-value; the fold-change of many of these genes is smaller 

than single KDs.  

Which interaction between Atmin and Pkhd1 mediates this relationship is not 

alluded to in this study, but the mechanism likely requires both Atmin and Pkhd1 to 
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function appropriately. Given that the expression change of most genes is similar 

between the two models, they likely interact in the same mechanism to govern these 

transcriptional changes. Loss or decreased expression of either gene has a similar 

impact on the transcriptional network. However, reduced expression of both genes 

potentially restores the transcriptional changes observed in the shared network of the 

single KDs to control levels. Interestingly, we have observed similar effects previously 

with increased Scrib expression in Pkhd1 KDs returned to control levels in Atmin-

Pkhd1 double KDs (Richards et al., 2019). Additionally, cellular adhesion was 

increased in Pkhd1 KDs but returned to control levels in double KDs (Richards et al., 

2019). Overall, suggesting that this relationship between Atmin and Pkhd1 extends 

beyond the shared network identified in this study and may also include some 

elements associated with WNT signalling and cellular adhesion.   

Immune processes and signalling are the most likely candidate functions of this 

network. Gene enrichment analysis of the 81 DEGs using Gene Ontology suggests 

that the most enriched functions amongst these genes were associated with immune 

system processes and interferon signalling. This network may even govern the 

immune system processes associated with ARPKD, as single KDs show enrichment 

for immune signalling GO terms, but double KD does not.  

As previously discussed, the immune system's role in ARPKD is poorly 

understood (Swenson-Fields et al., 2013; Zoja et al., 2015; Salah et al., 2019). More 

information is available regarding this topic in ADPKD, but like ARPKD, the 

predominant focus is the relationship to macrophages (Zimmerman, Hopp and Mrug, 

2020). A proteomics study on the kidneys from a common ARPKD mouse model, the 

cpk mouse, suggests the involvement of the innate immune system (Mrug et al., 2008). 

Comparatively, nearly every transcriptomic observation in this study suggests a 
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reduction in expression, unlike those observed in the cpk mouse (Mrug et al., 2008). 

How these changes impact the proteome and are involved in cystic kidney disease in 

vivo is yet to be determined. However, they highlight a common regulatory pathway 

by which Atmin and Pkhd1 intersect. This work also suggests additional parallels 

between Pkd1 and Pkhd1, where the former has also previously been associated with 

regulating cilia-mediated immune signalling (Viau et al., 2018). However, an 

assessment of the proteome will need to be carried out to further our understanding 

of the Atmin-Pkhd1 relationship and determine the importance of this shared network 

in ARPKD.  

Assessing the genes associated with this transcriptomic network highlights 

potential associations with apoptosis, NF-κB and Stat signalling. Apoptosis has been 

suggested to play a significant role in cystogenesis in Pkhd1 models, a process that 

may be mediated by NF-κB signalling (Mangolini et al., 2010; Hu et al., 2011; Sun et 

al., 2011). Our prior results investigating the impact of the combined reduction of Atmin 

and Pkhd1 on apoptosis did not reveal any significant changes in the apoptosis rate 

in vitro (Richards et al., 2019). Considering these results, a deeper investigation into 

how the combined reduction of Atmin and Pkhd1 impacts apoptosis rate and how this 

relates to NF-κB signalling will need to be carried out to clarify the importance of these 

processes in the Atmin-Pkhd1 relationship.  

The associations of ARPKD to STAT signalling are poorly understood, unlike 

ADPKD in which STAT1, 3, 5 and 6 have been associated with the disease, in ARPKD, 

only STAT3 is known to be activated (Dafinger et al., 2020). Transcriptomic profiling 

of single Atmin and Pkhd1 KDs suggests that Stat1 and Stat2 transcription is reduced 

in response to reduced Atmin or Pkhd1 expression. This contrasts with ADPKD, which 

is associated with increased STAT1 activity (Zimmerman, Hopp and Mrug, 2020). Like 
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many genes in the shared network, the combined reduction of Atmin and Pkhd1 

restores the expression of Stat1 and Stat2, suggesting a degree of transcriptional 

control modulated by the Atmin-Pkhd1 relationship. The physiological importance of 

decreased Stat1 and Stat2 signalling in ARPKD will need further investigation to 

understand its relationship to cystogenesis.  
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4.3.2 Atmin is Important in the Ciliary Localisation of FPC. 

 

Cystic kidney diseases are predominantly associated with the primary cilium 

(Pazour et al., 2020). Despite this, not all genes associated with polycystic kidney 

disease directly localise to the cilium. Some have critical regulatory roles and govern 

the expression of PKD genes, such as HNF-1β (Hiesberger et al., 2004, 2005). Others 

play an essential role in the localisation of PKD proteins, either due to being a 

requirement for protein maturation (ALG9, DNAJB11 and GANAB) or needed for ciliary 

entry (DZIP1L) (Porath et al., 2016; Lu et al., 2017; Cornec-Le Gall et al., 2018; Besse 

et al., 2019). Results from chapter 3 suggest that Atmin does not directly govern the 

expression of Pkhd1 by binding to the Pkhd1 promoter. As such, it is unlikely that the 

shared function of Atmin and Pkhd1 arises due to Pkhd1 being a transcriptional target 

of Atmin. However, based on observations of the amount of FPC localised to the 

primary cilium in Atmin mIMCD3 KDs, Atmin may be important for the ciliary 

localisation of FPC. Whether this represents an important function of Atmin in the 

combined network is unclear. Should Atmin's control over the Atmin-Pkhd1 network 

be mediated by controlling the localisation of FPC to the primary cilium, this could 

suggest that FPC plays an important role in modulating cilia-mediated immune 

signalling, similar to PC-1, but relies on Atmin for proper localisation (Viau et al., 2018).  

The mechanism by which Atmin governs the ciliary localisation of FPC is 

unclear. The expression of FPC near the base of the cilium is not stronger, making it 

unlikely that this localisation defect is associated with FPC protein entry or trafficking 

throughout the cilium. If the defect were associated with entry into the cilium, a similar 

defect would be observed to that of failed PC-1 and PC-2 entry in Dzip1lwpy mice (Lu 
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et al., 2017). However, FPC particles do not show greater localisation with the basal 

body and are still distributed throughout the cilium. 

Instead, the total amount of FPC at the cilium appears decreased, more in line 

with PC-1 and PC-2 localisation abnormalities attributed to the loss of GANAB, in 

which PC-2 is absent from the cilium, and PC-1 localisation to the cell surface is 

perturbed (Porath et al., 2016). The detected reduction of ciliary FPC reported in this 

study is small but significant and may depend on the amount of available Atmin. To 

further characterise the importance of Atmin on FPC localisation, additional testing will 

need to be performed in an environment where Atmin is knocked out to determine if 

the absence of Atmin abrogates FPC ciliary localisation in its entirety. The use of 

AtminGpg6 mice to detect FPC ciliary localisation could be performed to assess the 

importance of Atmin's transcriptional function in this process, independently of 

abrogating Atmin's additional functions. These localisation defects may be associated 

with post-translational modifications of FPC, which would need to be investigated to 

determine whether loss of Atmin expression impacts the maturation of FPC and its 

subsequent ciliary localisation, similar to the associated maturation defects for PC-1 

(Porath et al., 2016).  

As the FPC ciliary volume measurement in this study is qualitative it cannot be 

ruled out that the observed defect is associated with FPC trafficking throughout the 

cilium, instead of a flat reduction. Atmin mIMCD3 KDs, with an estimated 70% 

reduction in expression, feature a decrease in the expression of the primary Atmin 

effector Dynll1 (Chapter 3), which is associated with retrograde transport (Nakayama 

and Katoh, 2018). Dynll1 expression may be necessary for localising or trafficking FPC 

to or throughout the primary cilium. However, additional work is needed to confirm this 

mechanism. 
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4.3.3 The Combined Reduction of Atmin and Pkhd1 Expression 

Dysregulates Genes Associated with the Actin Cytoskeleton, the 

Cell Cycle and Energy Metabolism. 

 

Despite many genes associated with the Atmin-Pkhd1 shared network being 

“restored” to normal expression during the combined reduction of Atmin and Pkhd1, 

greater transcriptional dysregulation is apparent in the double KDs compared to single 

Atmin and Pkhd1 KDs. Unique GO annotations associated with this greater 

transcriptional dysregulation suggested that genes associated with the actin 

cytoskeleton, the cell cycle and energy metabolism were more greatly dysregulated. 

Atmin and Pkhd1 are both associated with altered cytoskeleton regulation and 

transcriptional changes from this study indicate that these alterations may be more 

significantly impacted in double KDs compared to single KDs (Mai et al., 2005; 

Goggolidou, Hadjirin, et al., 2014; Kaimori et al., 2017; Richards et al., 2019). 

Dysregulation of the cell cycle has been suggested to play a role in renal tubular 

epithelial cells and cyst expansion (Lee, Gusella and He, 2021). Inhibiting cyclin-

dependent kinases in the cpk mouse using roscovitine could attenuate cystogenesis 

and improve renal function (Bukanov et al., 2006). Alterations in pathways associated 

with energy metabolism have been identified in ARPKD models, and greater 

dysregulation of these pathways may further contribute to the progression of 

cystogenesis in PKD (Beck Gooz et al., 2014; Riwanto et al., 2016; Podrini, Cassina 

and Boletta, 2020). The greater dysregulation in these processes may contribute to a 

worsened kidney phenotype. However, additional research will need to be carried out 

on in vivo models of combined AtminGpg6/+, Pkhd1-/- mice to determine whether digenic 
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mice have a worse renal phenotype than AtminGpg6/+ or Pkhd1-/- mice and whether this 

worse phenotype is associated with these transcriptional changes.  
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4.3.4 Reduction of Neither Atmin nor Pkhd1 Impacts 

Ciliogenesis, but their Combined Reduction Impacts the Number 

of Ciliated Cells.  

 

Atmin and Pkhd1 have been associated with ciliary defects, including within 

mIMCD3 KDs (Mai et al., 2005; Goggolidou, Stevens, et al., 2014). In this study, single 

and double KDs were not associated with ciliary defects, as determined by ciliary 

length. However, they were associated with a decrease in the number of ciliated cells 

in Pkhd1 and double KDs.  

The relationship between Pkhd1 and ciliogenesis is a controversial one. Mixed 

reports have suggested both the presence and absence of ciliary changes associated 

with Pkhd1 (Masyuk et al., 2003; Mai et al., 2005; Moser et al., 2005; Wang et al., 

2007; Woollard et al., 2007; Olson et al., 2019). In one Pkhd1-/- mouse model, 

transcriptomics changes in genes associated with ciliogenesis were detected, as 

identified by the enrichment of GO annotations associated with cilium assembly 

(GO:0060271), non-motile cilium assembly (GO:1905515), protein localisation to the 

cilium (GO:0061512) and cilium organisation (GO:0044782) (Olson et al., 2019). 

Despite these transcriptional changes, no changes in ciliary length were detected at a 

similar time point (post-natal day 0) (Olson et al., 2019). In this study, alongside the 

lack of ciliary length changes, no changes in the transcription of ciliary genes were 

enriched in either single or double KDs.  

Animal models of Pkhd1 have suggested that mutations and changes in Pkhd1 

expression can have an impact on cilia length and the number of ciliated cells (Masyuk 

et al., 2003; Woollard et al., 2007; Kim, Fu, et al., 2008). However, some models do 
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not feature ciliary defects (Moser et al., 2005; Wang et al., 2007). Pkhd1 siRNA KDs 

in mIMCD3 cells have previously been associated with decreased cilia length and 

fewer cells expressing cilia contrasting the results from single KDs in this study (Mai 

et al., 2005). A comparison of the conditions between the two studies highlighted 

similar conditions using lipofectamine 2,000 and Dharmacon-manufactured siRNAs 

but differing targeting sequences (Mai et al., 2005). Percentage Pkhd1 KDs were 

similar between studies, with a 70% KD efficiency compared to 60% in this study (Mai 

et al., 2005). However, a significant difference between the two studies is the time 

point of the investigation, 24 hours post-transfection vs the 72 hours post-transfection 

in this study (Mai et al., 2005). This could suggest that the rate of ciliogenesis is slowed 

in response to Pkhd1 KD and appears shortened 24 hours post-transfection but 

normal 72 hours post-transfection. However, these differences may relate to the 

difference in KD efficiency or siRNA target. As such, additional work will need to be 

carried out to clarify the effect of Pkhd1 KDs on ciliogenesis and how this relates to 

disease progression. 

Atmin has been associated with ciliogenesis defects in the lung of AtminGpg6/Gpg6 

mice, which appear shorter than wildtype mice. However, AtminGpg6/Gpg6 mice are not 

associated with ciliary defects in the kidney (Goggolidou, Hadjirin, et al., 2014; 

Goggolidou, Stevens, et al., 2014). Despite this, Atmin mIMCD3 KDs featured 

shortened cilia length and the number of ciliated cells (Goggolidou, Stevens, et al., 

2014). This phenotype was associated with a considerable decrease in Dynll1 

expression and could be rescued by overexpression of Dynll1 (Goggolidou, Stevens, 

et al., 2014). Like the previous study, Dynll1 expression was decreased in Atmin 

mIMCD3 KDs according to RNA-Seq. As such, the mechanism of decreased cilia 

length in Atmin KDs is present between the two studies. A striking difference between 
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the studies is the extent of Atmin KD, with a considerably greater KD efficiency for 

Atmin present in the prior study (Goggolidou, Stevens, et al., 2014). Taking this into 

account, the cilia length defect and drop in the percentage of ciliated cells depend on 

the amount of available Atmin, with a considerable decrease in Atmin expression (> 

70%) required to perturb cilia length in mIMCD3 cells.  

One mechanism that may govern the decrease in ciliated cells in the combined 

Atmin and Pkhd1 KDs is the relationship between functional thresholds for each gene, 

where a decrease in the expression of one gene may alter the functional threshold of 

another. The idea of PKD genes influencing the required functional threshold of other 

PKD genes has previously been proposed between Pkhd1, Pkd1 and Pkd2 (Kim, Fu, 

et al., 2008; Olson et al., 2019). As such, similar effects may be present between Atmin 

and Pkhd1. Given the lack of enriched annotations associated with cilia assembly, an 

alternative hypothesis is that the decrease in ciliated cells relates to the increasing cell 

cycle dysregulation in the double KDs. Cilia are cell cycle-dependent organelles 

(Anvarian et al., 2019). As such, changes in the rate of cellular turnover or 

dysregulation of the cell cycle may disrupt cilia formation in combined Atmin and 

Pkhd1 KDs.  
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4.4 Conclusion 

 

In conclusion, data generated from the transcriptomic analysis of Atmin, Pkhd1 

and combined mIMCD3 cell KDs suggest that Atmin and Pkhd1 interact in a common 

transcriptional network predominantly associated with genes that play a role in 

immune system processes in renal collecting ducts. Atmin and Pkhd1 may play an 

important role in the transcriptional regulation of genes in this network, as the 

individual loss of Atmin or Pkhd1 causes dysregulation of the network. However, the 

combined loss of these genes restores the expression of many genes in the Atmin-

Pkhd1 interacting network to control levels. The functional relationship between Atmin 

and Pkhd1 may relate to the cilium and the role of Atmin in governing FPC ciliary 

localisation, which may play a role in modulating the shared transcriptional network.   

Combined Atmin and Pkhd1 KDs result in more significant transcriptional 

dysregulation associated with the actin cytoskeleton, the cell cycle and energy 

metabolism, but how these changes impact disease progression and whether these 

changes result in a worse kidney phenotype will need to be determined in vivo. 

Amongst the changes associated with the combined KDs is a reduction in the number 

of ciliated cells, which may arise due to dysregulation of the cell cycle in the absence 

of transcriptional changes associated with cilia assembly.
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Chapter 5 

Next-Generation Sequencing Technologies to 

Study the Genomics and Transcriptomics of 

ARPKD 
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5.1 Introduction 

 
 

The diagnosis and prognosis of ARPKD are complicated due to multiple factors. 

Firstly, PKHD1 is a long gene, making it costly and time-consuming to scan for 

mutations using traditional genetic screening techniques (Bergmann, Küpper, et al., 

2005). Additionally, assessing the impact of specific PKHD1 mutations is complicated 

due to high allelic diversity and the often-unique compound heterozygous nature of 

most ARPKD families (Bergmann et al., 2003; Bergmann, Senderek, et al., 2005). In 

addition, more common variants, such as the Finnish founder mutation V3471G and 

the mutational hotspot T36M, are prone to clinical variability in their disease 

presentation (Bergmann et al., 2003; Bergmann, Senderek, et al., 2005). Finally, other 

diseases can phenocopy ARPKD, such as early-onset ADPKD and MODY-5, further 

complicating the diagnosis of ARPKD and highlighting the need for a genetic diagnosis 

(Bergmann, 2015). 

Despite being clinically variable, ARPKD is commonly associated with either 

neonatal or perinatal death due to pulmonary hypoplasia or rapidly progressing renal 

and hepatic disease in those who survive the neonatal period (Bergmann et al., 2018). 

However, the rate of manifestation and progression varies between individuals, with 

cases of "adult-onset" ARPKD being reported (Fonck et al., 2001; Adeva et al., 2006). 

More commonly, renal and hepatic disease severity varies, with the severity of either 

organ being indirectly correlated (Gunay–Aygun et al., 2013; Abdul Majeed et al., 

2020). Another significant issue is the presence of intra-familial variability associated 

with the disease. Although the presentation of ARPKD will present similarly between 
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siblings in most families, it is estimated that up to ~20% of ARPKD cases may present 

with intra-familial variability, the cause of which is currently unknown (Bergmann, 

Senderek, et al., 2005; Ajiri et al., 2022).  

Although rare, individuals with mutations in DZIP1L present with a later renal 

manifestation, with slower disease progression and severity and little to no hepatic 

disease presentation (Lu et al., 2017; Hertz et al., 2022). In contrast, mutations in 

PKHD1 make up most ARPKD cases with a genetic diagnosis and present with 

considerable clinical variability (Fonck et al., 2001; Adeva et al., 2006; Gunay–Aygun 

et al., 2013; Bergmann et al., 2018; Abdul Majeed et al., 2020). Despite how common 

mutations in PKHD1 are, genotype-phenotype correlations are currently poorly 

understood. The location of the mutations correlates poorly with disease severity 

(Bergmann et al., 2003, 2004; Bergmann, Senderek, et al., 2005). However, a few 

associations have been suggested. Individuals with two missense mutations within the 

region of AAs 709 – 1837 have been associated with slower renal disease progression 

(Burgmaier et al., 2021). Although the location of the mutation to disease severity is 

poorly understood, the relationship between the type of mutation and disease severity 

is better characterised. Individuals with two chain-terminating mutations typically 

present with neonatal death, whereas those with at least one missense mutation are 

more likely to survive the neonatal period (Bergmann et al., 2003, 2004; Bergmann, 

Senderek, et al., 2005). 

The presence of inter and intra-familial variability has led some to speculate 

that ARPKD may be influenced by the presence of additional factors, including genetic 

modifier genes (Bergmann et al., 2003; Bergmann, Senderek, et al., 2005). When 

animal models of ARPKD are crossed into different genetic backgrounds, disease 

severity differs, suggesting that genetic background plays a role in disease severity 
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(Guay-Woodford, 2003; Mrug et al., 2005; O’Meara et al., 2012). Additionally, the 

inheritance of mutations in genes associated with ADPKD can influence the severity 

of Pkhd1-associated renal disease in animal models (Garcia-Gonzalez et al., 2007; 

Kim, Fu, et al., 2008; Olson et al., 2019). In humans, little is known about the influence 

of genetic modifiers. However, it has been suggested that the co-inheritance of 

mutations in PKD-associated genes can influence PKD severity, including in ARPKD 

(Bergmann et al., 2011).  

Suggestions have been made to help alleviate the burden of identifying the 

genetic cause of ARPKD. Algorithms listing the order to scan PKHD1 exon fragments 

have previously been suggested (Bergmann, Küpper, et al., 2005). However, they are 

population-specific and costly and time-consuming to scan for mutations within 

fragments of low population frequency (Bergmann, Küpper, et al., 2005; Losekoot et 

al., 2005; Krall et al., 2014; Melchionda et al., 2016). They also do not account for 

mutations in other genes, such as DZIP1L, or phenocopying genes associated with 

ADPKD and MODY-5. 

An alternative to PKHD1 fragment screening algorithms is Next-Generation 

Sequencing (NGS). Recent studies on Cystic Kidney Diseases have used Next 

Generation Sequencing to diagnose the genetic cause, such as in ADPKD and NPHP 

(Mantovani et al., 2020; Obeidova et al., 2020; Alawi et al., 2021; Olinger et al., 2021). 

Although less common, WES has also been used to identify new genes associated 

with cystic kidney diseases, such as DNAJB11 and GANAB in ADPKD or ADAMTS9 

in NPHP (Porath et al., 2016; Cornec-Le Gall et al., 2018; Choi et al., 2019). In ARPKD, 

NGS has recently been successfully used to diagnose ARPKD, identify DZIP1L and 

effectively differentiate between phenocopies of ARPKD (Herbst et al., 2015; 

Obeidova et al., 2015, 2020; Szabó et al., 2018; Qiu et al., 2020; Zhang et al., 2020; 
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Hertz et al., 2022). However, with our current understanding of genotype-phenotype 

correlations, WES does little to help with the disease prognosis. Additionally, these 

technologies can be costly to run, time-consuming and require expertise to identify 

variants likely to be causative of a disease, which may delay their introduction into 

clinical settings, especially in economically developing countries. 

Gene expression approaches may prove an alternative means of diagnosing 

ARPKD without genetic screening and could even have prognostic potential without 

known genetic modifiers. Recently, proteomic profiling of urine from ADPKD patients 

has identified differences in gene expression between normal and ADPKD patients 

and between the different chronic kidney disease stages in ADPKD patients (Raby et 

al., 2021). This information may, in the future, be useable for the prognostic testing of 

ADPKD. In ARPKD, many cellular changes occur, such as changes in the rate of 

proliferation and apoptosis and changes in adhesion, migration, fluid secretion and 

PCP (Rohatgi et al., 2003; Mai et al., 2005; Veizis and Cotton, 2005; Fischer et al., 

2006; Israeli et al., 2010; Mangolini et al., 2010; Hu et al., 2011; Pavlov et al., 2015; 

Ziegler et al., 2020). Identifying the genes responsible for these changes in human 

ARPKD may prove helpful in the diagnosis and prognosis of ARPKD and in 

understanding why the disease severity varies between individuals. 

This study aims to use next-generation sequencing technologies to investigate 

the genomic and transcriptomic profiles of human ARPKD nephrectomy samples to 

identify potential markers associated with kidney disease severity. As genetic 

modifiers are likely to play a role in kidney disease severity, these modifiers should 

appear as differences in the genomic and transcriptomic profiles of different ARPKD 

patients. To explore these differences, WES and RNA-Sequencing were carried out 

on human ARPKD renal samples from individuals, with a kidney dominant disease, to 
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identify how these profiles differ from age-matched non-ARPKD individuals. Following 

this, the differences in these profiles between ARPKD renal samples of varying 

disease severity were compared to identify markers of disease severity.  

WES was used to investigate the potential variants linked to disease severity 

within a small cohort of clinically diagnosed ARPKD renal samples of varying renal 

severities. As ARPKD manifests during early development, the rate of renal failure can 

be used as a measure of disease severity and was used to highlight disease severity 

within this study, with renal severity being determined as severe (CKD5 < 1 year of 

age), moderate (CKD5 between 1 and 10 years) and mild (CKD5 > 10 years). Using 

this information, WES was used to provide a genetic diagnosis to clinically diagnosed 

ARPKD patient samples. Following the genetic diagnosis, each genome was screened 

for variants within genes associated with either ADPKD, NPHP, syndromic ciliopathies 

or WNT/PCP to determine whether a link between these genes and disease severity 

could be established.  

RNA-Seq was carried out to identify the transcriptomic profiles within ARPKD 

renal samples from patients whose disease was confirmed to be caused by variants 

within PKHD1. This information identified DEGs associated with the ARPKD 

phenotype, and the cellular processes likely dysregulated in ARPKD. After identifying 

DEGs with considerably high differential expression, the expression differences in a 

subset of genes were further explored to evaluate potential diagnostic and prognostic 

markers for ARPKD.
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5.2 Results 

5.2.1 Genetic Confirmation of ARPKD in Molecularly Diagnosed 

ARPKD using WES 

 

Whole Exome Sequencing (WES) was used to identify the cause of ARPKD in 

a small cohort of ten clinically diagnosed ARPKD renal samples compared to ten 

normal human renal samples. Significant variants in PKHD1 and DZIP1L were 

identified by a rare occurrence (less than 5%) within the general population, according 

to data from the 1,000 Genomes Project, the Exome Aggregation Consortium, and the 

NHLBI-ESP. Information from dbSNP, ClinVar and HGMD was used to determine 

whether each rare PKHD1 and DZIP1L variant was likely pathogenic.  

No pathogenic variants were observed in DZIP1L within either cohort in this 

study. All individuals within the ARPKD cohort had at least two likely pathogenic 

variants within PKHD1, and two individuals had three predicted pathogenic variants in 

PKHD1 (Table 37). One nephrectomy sample from the normal cohort revealed the 

presence of a single potentially pathogenic PKHD1 variant without the presence of 

cystic kidney disease (Appendix 7). Neither individuals within the ARPKD nor the 

normal cohort harboured two premature chain-terminating variants in PKHD1 (Table 

37). Frameshifts and premature truncations were detected in four ARPKD renal 

samples (Table 37). Missense variants made up the majority of detected variants 

within this ARPKD cohort (Table 37), and all ARPKD samples were compound 

heterozygous. As each ARPKD sample carried at least two likely pathogenic variants 

in PKHD1 and lacked any significant variants in DZIP1L, PKHD1 is the likely cause of 
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Table 37. Rare potentially pathogenic PKHD1 variants observed within ARPKD renal samples by WES. SNV = Single Nucleotide Variant; U = Unknown; - = No Information; 
* = Described as a polymorphism in (Adeva et al., 2006). Refs = 1 (Adeva et al., 2006); 2 (Alawi et al., 2020); 3 (Bergmann et al., 2003); 4 (Bergmann et al., 2004); 5 
(Bergmann, Senderek, et al., 2005); 6 (Burgmaier et al., 2021); 7 (Furu et al., 2003); 8 (Gunay-Aygun, Tuchman, et al., 2010); 9 (Melchionda et al., 2016); 10 (Obeidova 
et al., 2015); 11 (Onuchic et al., 2002); 12 (Qiu et al., 2020); 13 (Rossetti et al., 2003). 

 
Sample 
Age at 
CKD5 

Variant Variant 
Type 

Exon Average 
Global 

Population 
Frequency 

Number of 
Pathogenic 
Predictions 

Pathogenic Program 
Predictions 

Number of 
Conserved 
Predictions 

 Conserved 
Program 

Predictions 

CADD 
(Phred 
Score) 

ClinVar 
Record 

HGMD Record Ref  

Newborn c.T8870C 
p.I2957T 

Missense 
SNV 

57 8.24x10-05  5/6 Polyphen2, 
MutationTaster, 

LRT, 
MutationAssessor, 

FATHMM  

3/3  PhyloP, 
SiPhy, 
Gerp++ 

18.74 - CM020500 
(PKD) 

5 – 7; 11; 
13 

 
c.5895dupA 
 p.L1966fs 

Frameshift 
Insertion 

36 4.12x10-05  - - No 
Records 

 No Records 36 - CI020613 
(PKD) 

3 - 6 

9 Days c.G3364A 
 p.G1122S 

Missense 
SNV 

29 - 6/6 SIFT, 
Polyphen2, 

MutationTaster, 
LRT, 

MutationAssessor, 
FATHMM  

3/3  PhyloP, 
SiPhy, 
Gerp++ 

29.9 - CM020958 
(PKD) 

3; 5; 11 

 
c.G9811A 
 p.G3271R 

Missense 
SNV 

58 - 6/6 SIFT, 
Polyphen2, 

MutationTaster, 
LRT, 

MutationAssessor, 
FATHMM  

3/3  PhyloP, 
SiPhy, 
Gerp++ 

20.7 - - - 

4 Months c.G8719T 
 p.E2907X 

Stop Gain 56 - 2/2 MutationTaster, 
LRT 

3/3  PhyloP, 
SiPhy, 
Gerp++ 

51 - - - 

 
c.G470A 
 p.G157D 

Missense 
SNV 

07 - 6/6 SIFT, 
Polyphen2, 

MutationTaster, 
LRT, 

MutationAssessor, 
FATHMM  

3/3  PhyloP, 
SiPhy, 
Gerp++ 

22 - - - 

2 Years c.8642+1G>A Splicing 56 - 1/1 MutationTaster 3/3  PhyloP, 
SiPhy, 
Gerp++ 

23.2 - CS044765 
CS1313821 

(PKD) 

8 

 
c.T10414G 
 p.C3472G 

Missense 
SNV 

61 - 5/6 SIFT, 
Polyphen2, 

MutationTaster, 
LRT, 

FATHMM  

3/3  PhyloP, 
SiPhy, 
Gerp++ 

15.58 - - - 
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4 Years c.G9866T 
p.S3289I* 

Missense 
SNV 

59 3.07x10-03  4/6 SIFT, 
Polyphen2, 

MutationAssessor, 
FATHMM  

2/3  SiPhy, 
Gerp++ 

14.42 U CM051184 
(PKD) 

1 

 
c.C2170T 
p.P724S 

Missense 
SNV 

22 - 6/6 SIFT, 
Polyphen2, 

MutationTaster, 
LRT, 

MutationAssessor, 
FATHMM  

3/3  PhyloP, 
SiPhy, 
Gerp++ 

21.5 - - 5; 8 

 
c.C1847A  
p.A616E 

Missense 
SNV 

20 - 6/6 SIFT, 
Polyphen2, 

MutationTaster, 
LRT, 

MutationAssessor, 
FATHMM  

3/3  PhyloP, 
SiPhy, 
Gerp++ 

23.5 - - - 

5 Years_1 c.G3364A 
 p.G1122S 

Missense 
SNV 

29 - 6/6 SIFT, 
Polyphen2, 

MutationTaster, 
LRT, 

MutationAssessor, 
FATHMM  

3/3  PhyloP, 
SiPhy, 
Gerp++ 

29.9 - CM020958 
(PKD) 

3; 5; 11 

 
c.G9811A 
 p.G3271R 

Missense 
SNV 

58 - 6/6 SIFT, 
Polyphen2, 

MutationTaster, 
LRT, 

MutationAssessor, 
FATHMM  

3/3  PhyloP, 
SiPhy, 
Gerp++ 

20.7 - - - 

5 Years_2 c.T3747G 
 p.C1249W 

Missense 
SNV 

32 2.49x10-05  6/6 SIFT, 
Polyphen2, 

MutationTaster, 
LRT, 

MutationAssessor, 
FATHMM 

1/3  SiPhy 12.47 - CM020492 
(PKD) 

1; 3; 8 

 
c.T6040G 
 p.Y2014D 

Missense 
SNV 

37 - 5/6 SIFT, 
Polyphen2, 

MutationTaster, 
MutationAssessor, 

FATHMM  

1/3  SiPhy 12.23 - - - 

10 Years c.3766delC 
 p.Q1256fs 

Frameshift 
deletion 

32 4.00x10-04  - No Records -  - 40 - - 8 

 
c.T5885G 
 p.I1962S 

Missense 
SNV 

6 - 2/6 SIFT, 
FATHMM 

3/3  PhyloP, 
SiPhy, 
Gerp++ 

<10 - - - 

 
c.C3761G 
 p.A1254G 

Missense 
SNV 

2 4.00x10-04  2/6 Polyphen2, 
FATHMM 

3/3  PhyloP, 
SiPhy, 
Gerp++ 

  

16.15 - - 4; 8 
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13 Years c.C10765T 
 p.Q3589X 

Stop Gain 61 - 1/2 MutationTaster 3/3  PhyloP, 
SiPhy, 
Gerp++ 

52 - CM034286 
(PKD) 

5; 7 

 
c.528-1G>A Splicing 09 - 1/1 MutationTaster 3/3  PhyloP, 

SiPhy, 
Gerp++ 

10.61 - - - 

42 Years c.G5912A 
 p.G1971D 

Missense 
SNV 

37 1.06x10-04  6/6 SIFT, 
Polyphen2, 

MutationTaster, 
LRT, 

MutationAssessor, 
FATHMM  

3/3  PhyloP, 
SiPhy, 
Gerp++ 

26.8 - CM034272 
(PKD) 

7 

 
c.C107T 
 p.T36M 

Missense 
SNV 

03 3.33x10-04  6/6 SIFT, 
Polyphen2, 

MutationTaster, 
LRT, 

MutationAssessor, 
FATHMM  

3/3  PhyloP, 
SiPhy, 
Gerp++ 

21.3 Pathogenic  
(PKD) 

CM020490 
(PKD) 

1 - 13 
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ARPKD within this cohort. Considering this assessment it is unlikely that any of the 

samples within the ARPKD cohort are phenocopies.  

This ARPKD cohort featured a range in disease severity, with a severe renal 

group that reached kidney failure before one year of age (3 samples). A larger 

moderate renal group reached kidney failure between one and ten years of age (5 

samples), and a much smaller mild group reached kidney failure after ten years of age 

(2 samples). No individual within this study was observed with two truncating variants. 

As such, it is unlikely that the type of PKHD1 variant is the cause of variation in disease 

severity within this cohort (Table 37).  

No apparent clustering of variants could be associated with kidney disease 

severity in this cohort due to variants being spread throughout the gene in all renal 

severity groups and all individuals carrying two variants within different locations in the 

gene (Table 37; Figure 41). Interestingly, renal samples from two unrelated 

individuals within this study were observed to have the same two potentially 

pathogenic PKHD1 variants. However, the onset of renal failure differed significantly 

between these two individuals (9 days vs 5 years; Table 37). 
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Figure 41. A schematic representation of the PKHD1 protein product FPC and the distribution of rare variants 

per a renal phenotype group. A) Severe ARPKD, reaching ESRD before one year of age (N = 3). B) Moderate 
ARPKD, reaching ESRD between 1 – 10 years of age (N = 5). C) Mild ARPKD reaching ESRD after ten years 
of age (N = 2). Figure was drawn in Microsoft PowerPoint from the Microsoft 365 application suite.  
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5.2.2 Exploration of PKD Variants as Potential Genetic Modifiers 

of ARPKD using WES 

 

Variants within other PKD genes, PKD1, PKD2, PKHD1 and HNF-1β, have 

been suggested to alter the severity of PKD when inherited together (Bergmann et al., 

2011). WES observed the presence of a single PKD1 variant in the ARPKD cohort, 

which was observed in a severe ARPKD sample which reached CKD5 by four months 

(Table 38; Figure 42). The observed PKD1 variant had a population frequency of less 

than 0.001% and was predicted to be pathogenic in four programs (Table 38). The 

variant is within a highly conserved residue according to PhyloP, SiPhy and Gerp++. 

Additionally, according to CADD, this variant was recorded as having a Phred score 

of 12.64, putting this variant in the top 10% of deleterious substitutions in the human 

genome. Two PKD1 variants matching the criteria were identified within the normal 

cohort, neither of which was recorded to have ADPKD. In this study, neither group 

observed potentially pathogenic variants within PKD2 or HNF-1β.  
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Table 38. Rare potentially pathogenic variants in PKD1 and other ciliopathy genes observed within the ARPKD renal samples by WES. SNV = Single Nucleotide Variant. - = 
No Record; U = Unknown Significance.  

 
Sample 
Age at 
CKD5 

Gene 
Name 

Variant Variant 
Type 

Exon Average 
Global 

Population 
Frequency 

Number of 
Pathogenic 
Predictions 

Pathogenic 
Program 

Predictions 

Number of 
Conserved 
Predictions 

Conserved 
Program 

Predictions 

CADD 
(Phred 
Score) 

ClinVar 
Record 

HGMD 
Record 

9 Days AHI1 c.1779+1G>
A 

splicing 14 8.33x10-06 1/1 MutationTaster 3/3 PhyloP, 
SiPhy, 
Gerp++  

22.1 - - 

4 Months AHI1 c.C2488T: 
p.R830W 

missense 
SNV 

16 2.33x10-02 5/6 SIFT, Polyphen2, 
MutationTaster, 

LRT, 
MutationAssessor 

3/3 PhyloP, 
SiPhy, 
Gerp++ 

17.41 U CM074671 
(Modifier of 

Joubert 
syndrome)  

PKD1 c.G12048C: 
p.K4016N 

missense 
SNV 

44 7.69x10-05 4/6 SIFT, Polyphen2, 
MutationTaster, 

MutationAssessor 

3/3 PhyloP, 
SiPhy, 
Gerp++  

12.64 - - 

4 Years BBS4 c.A720T: 
p.E240D 

missense 
SNV 

14 1.63x10-03 2/6 MutationTaster, 
LRT 

0/3 - <10 - - 

5 Years 1 AHI1 c.1779+1G>
A 

splicing 14 8.33x10-06 1/1 MutationTaster 3/3 PhyloP, 
SiPhy, 
Gerp++  

22.1 - - 

5 Years 2 BBS9 c.C767G: 
p.S256W 

missense 
SNV 

8 8.24x10-06 5/6 SIFT, Polyphen2, 
MutationTaster, 
LRT, FATHMM 

2/3 SiPhy, 
Gerp++ 

21.3 - - 

10 Years 

  

KIAA0586 c.G4804A: 
p.V1602I 

missense 
SNV 

34 8.46x10-03 2/4 SIFT, 
MutationTaster 

1/3 SiPhy 11.62 - - 

13 Years AHI1 c.C2488T: 
p.R830W 

missense 
SNV 

16 2.33x10-02 5/6 SIFT, Polyphen2, 
MutationTaster, 

LRT, 
MutationAssessor 

3/3 PhyloP, 
SiPhy, 
Gerp++ 

17.41 U CM074671 
(Modifier of 

Joubert 
syndrome) 

42 Years INPP5E c.C1730G: 
p.P577R 

missense 
SNV 

9 1.47x10-03 3/6 MutationTaster, 
MutationAssessor

, FATHMM 

3/3 PhyloP, 
SiPhy, 
Gerp++  

11.56 - - 
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Figure 42. The distribution of rare variants based upon the ARPKD samples renal severity. Genes in the 
blue box are associated with PKD, orange box are associated with planar cell polarity and green box are 
associated with ciliopathies. Values in brackets are the number individuals within a given group that rare 
gene variants were observed within each gene. Severe renal disease = CKD5 < 1 year; Moderate renal 
disease = CKD5 1 – 10 years; Mild Renal Disease = CKD5 > 10 years. Figure was drawn in Microsoft 
PowerPoint from the Microsoft 365 application suite. 
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5.2.3 Exploration of Ciliopathy Gene Variants as Potential 

Genetic Modifiers of ARPKD using WES 

 

ARPKD and normal renal samples were investigated to detect the presence of 

significant pathogenic variants within genes associated with cystic kidney disease to 

establish a relationship between their presence and disease severity. ARPKD samples 

were subdivided into groups based on the patient age at which nephrectomy was 

carried out due to CKD5, which was used as a marker of disease severity in this 

ARPKD cohort. Eight out of ten ARPKD samples revealed the presence of likely 

pathogenic variants within cystic kidney disease genes. In contrast, eighteen 

potentially pathogenic variants were observed in cystic kidney disease-associated 

genes within the normal sample cohort (Table 38; Appendix 7). No ARPKD or normal 

samples featured two significant variants in any assessed gene, nor did any ARPKD 

sample show significant variants in two or more genes. AHI1 variants were the most 

common cystic kidney disease gene after PKHD1 in this cohort and were detected in 

samples across all three severity groups. 
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5.2.4 Exploration of Atmin Variants as Potential Genetic 

Modifiers of ARPKD using WES 

 
WES analysis revealed one ARPKD nephrectomy sample featuring a 

potentially pathogenic variant within ATMIN. This rare variant was observed in one 

allele and is reported to have an average population frequency of 0.006%. This variant 

was predicted as pathogenic in 83% (5/6) of the variant prediction algorithms extracted 

from dbSNP (Table 39). All three databases from dbSNP that predicted conservation 

featured high scores indicating that this variant's altered residue is highly conserved 

(Table 39). A CADD score of 16.60 suggests this variant is within the human genome's 

top 10% deleterious substitutions (Table 39). This variant is predicted to be located 

within a highly conserved ATMIN domain known as the Core Domain, which plays a 

role in DNA base excision repair (McNees et al., 2005) (Figure 43). The ARPKD renal 

sample that featured the deleterious ATMIN variant reached CKD5 by ten years of age 

(Table 39; Figure 42). No ATMIN variants within normal kidney samples passed the 

parameters investigated in this study, suggesting that no deleterious variants were 

observed in the normal control group. 

Given that ATMIN transcriptionally regulates DYNLL1, this cohort and normal 

kidney samples were investigated for DYNLL1 variants, but none were observed. 

Figure 43. A schematic representation of the ATMIN protein and the location of the rare p.K305E variant. 
Variants recorded in black represent missense changes. Schematic is not drawn to scale. Figure was drawn 
in Microsoft PowerPoint from the Microsoft 365 application suite. 
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Table 39. Rare potentially pathogenic variants in ATMIN and PCP genes observed within the ARPKD renal samples by WES. SNV = Single Nucleotide Variant. - = No Record; 
U = Unknown Significance.  

 
Sample 
Age at 
CKD5 

Gene 
Name 

Variant Variant 
Type 

Exon Average 
Global 

Population 
Frequency 

Number of 
Pathogenic 
Predictions 

Pathogenic 
Program 

Predictions 

Number of 
Conserved 
Predictions 

Conserved 
Program 

Predictions 

CADD 
(Phred 
Score) 

ClinVar 
Record 

HGMD 
Record 

9 Days CELSR2 c.T3041A: 
p.L1014H 

Missense 
SNV 

1 3.47x10-03  5/6 SIFT, PolyPhen-2, 
MutationTaster, 

MutationAssessor, 
FATHMM 

3/3 PhyloP, SiPhy, 
Gerp++ 

16.56 - - 

 FZD9 c.A884C: 
p.D295A 

Missense 
SNV 

1 1.30x10-02 
 

4/6 SIFT, PolyPhen-2, 
MutationTaster, 

MutationAssessor 

3/3 PhyloP, SiPhy, 
Gerp++ 

18.71 - - 

2 Years CELSR1 c.G5461A: 
p.V1821M 

Missense 
SNV 

11 3.00x10-04  0/6 - 1/3 SiPhy <10 - CM143046 
(Spina 
bifida)  

CELSR1 c.C8125G: 
p.R2709G 

Missense 
SNV 

29 8.33x10-04  3/6 SIFT, PolyPhen-2, 
MutationAssessor 

3/3 PhyloP, SiPhy, 
Gerp++ 

18.13 - - 

4 Years CELSR2 c.G8012C: 
p.R2671P 

Missense 
SNV 

29 8.34x10-06  4/5 SIFT, PolyPhen-2, 
MutationTaster, 

MutationAssessor 

3/3 PhyloP, SiPhy, 
Gerp++ 

26.7 - - 

5 
Years_1 

CELSR2 c.T3041A: 
p.L1014H 

Missense 
SNV 

1 3.47x10-03  5/6 SIFT, PolyPhen-2, 
MutationTaster, 

MutationAssessor, 
FATHMM 

3/3 PhyloP, SiPhy, 
Gerp++ 

16.56 - - 

 FZD9 c.A884C: 
p.D295A 

Missense 
SNV 

1 1.30x10-02 
 

4/6 SIFT, PolyPhen-2, 
MutationTaster, 

MutationAssessor 

3/3 PhyloP, SiPhy, 
Gerp++ 

18.71 - - 

10 Years ATMIN c.A913G: 
p.K305E 

Missense 
SNV 

4 6.13x10-03  5/6 SIFT, PolyPhen-2, 
MutationTaster, 

LRT, 
MutationAssessor 

3/3 PhyloP, SiPhy, 
Gerp++ 

16.6 - - 

 
CELSR3 c.C9827T: 

p.P3276L 
Missense 

SNV 
34 5.76x10-03  2/5 SIFT, 

MutationTaster 
3/3 PhyloP, SiPhy, 

Gerp++ 
16.33 - - 

 
SCRIB c.C961T: 

p.R321W 
Missense 

SNV 
10 9.28x10-06  3/5 SIFT, PolyPhen-2, 

MutationTaster 
3/3 PhyloP, SiPhy, 

Gerp++ 
13.99 - - 

13 Years CELSR2 c.G2194A: 
p.V732M 

Missense 
SNV 

1 - 3/5 SIFT, PolyPhen-2, 
MutationTaster 

3/3 PhyloP, SiPhy, 
Gerp++ 

20.6 - - 

42 Years CELSR1 c.G3055T: 
p.A1019S 

Missense 
SNV 

1 9.86x10-03  4/6 SIFT, PolyPhen-2, 
MutationTaster, 

MutationAssessor 

3/3 PhyloP, SiPhy, 
Gerp++ 

17.77 - - 
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5.2.5 Exploration of PCP Variants as Potential Genetic Modifiers 

of ARPKD using WES 

 

Given that Pkhd1 has been shown to influence the WNT/PCP pathway 

(Richards et al., 2019), an investigation into the presence of mutations within PCP 

genes was undertaken to determine if variants associated with WNT/PCP genes were 

more common in different severities of ARPKD. ARPKD samples were subdivided into 

groups based on the age of nephrectomy to determine whether there was a significant 

correlation between PCP gene variants and ARPKD severity. Each genome was 

investigated for variants within the PCP genes CELSR1 - 3, DVL1 - 3, FZD1 - 10, 

PRICKLE1 - 3, SCRIB, WNT5A, WNT9B and WNT11.  

Seven of the ten assessed ARPKD samples featured variants within PCP 

genes, of which variants in the CELSR genes were present within all seven (Table 

39). CELSR2 was the most observed gene, with variants identified in four of the ten 

ARPKD samples across all three severity groups (Figure 42). CELSR1 variants were 

present in two ARPKD samples, with one instance observed in the moderate ARPKD 

group and another in the mild (Table 39; Figure 42). A single CELSR3 variant was 

observed in a single ARPKD genome that reached CKD5 by ten years of age.  

Within one ARPKD sample, a variant within SCRIB was identified. The SCRIB 

variant was identified alongside the CELSR3 variant in an individual who underwent 

nephrectomy at ten years of age. Two individuals shared the same FZD9 variant. This 

variant was present in one individual who reached CKD5 in nine days and another 

who reached CKD5 in five years. No potentially pathogenic variants were observed 



324 

within DVL1 - 3, FZD1 – 8, FZD10, PRICKLE1 - 3, WNT5A, WNT9B and WNT11 within 

the ARPKD cohort.  

Rare, potentially deleterious variants within PCP genes were also common 

within the normal control group and observed in eight of the ten normal kidney samples 

(Appendix 7). CELSR variants were the most common occurrence in five of the ten 

normal samples. CELSR2 variants were observed in three samples, as CELSR1 and 

CELSR3 variants were observed in one case each. Additional variants were also 

observed in WNT11, DVL2 and DVL3. No normal samples carried variants in SCRIB 

in this cohort. No PCP variants within the ARPKD or normal groups were observed in 

both alleles. 
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5.2.6 Differential Expression Analysis Reveals Novel DEGs 

Associated with ARPKD 

 

Four ARPKD kidney tissue samples were compared to four age-matched 

normal human renal samples. Expression values for 27,004 genes were identified, 

and 2,401 were significantly differentially expressed. Of these genes, 14,973 were 

protein-coding genes. Among the protein-coding genes, 1,717 were significantly 

differentially expressed with a P-adj of less than 0.05. This count was further reduced 

to 1,636 significant DEGs when isolating those with a fold change of 2 or greater 

(Figure 44a). The overall distribution of significant DEGs showed a greater number of 

downregulated genes (938/1717; 55%). The proportion of significant protein-coding 

DEGs within the top 100 was evenly split between up- and downregulated DEGs 

(Figure 44a). However, the top 50 and top 25 DEGs were predominantly made up of 

downregulated DEGs. 

Heatmaps of the rLog variance stabilised gene counts showed similar 

expression and clustering between samples of the same type for the top 25 DEGs 

(Figure 44b,c). However, substantial variation in expression could be observed within 

a few protein-coding DEGs when looking at all of the significantly expressed DEGs in 

ARPKD (Figure 44b). Amongst the top 25 DEGs were two novel proteins with a yet 

unknown function (AC069444.2 and AC093899.2) and previously characterised 

proteins whose functions are currently unknown (WDR86); (Figure 44c; Table 40). 

The most common associated function within the top 25 identified DEGs was adhesion 

(FGA, SPP1, HYAL1, VCAM1, KIF26B and CLDN10). Other common processes 

included extracellular matrix organisation (SPP1, ADAMTSL3 and  
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b) c) 

Figure 44. Differential expression analysis identified 1,717 protein-coding DEGs associated within renal 
samples from the ARPKD cohort. A) A volcano plot displaying all the differential expression data from ARPKD 
kidney samples. DEGs within the top 100 DEGs are colour coded blue, ranging from dark blue (top 25) to 
light blue (top 100). Significant DEGs are colour coded red. Horizontal dashed line represents a P-adj value 
of 0.05. Vertical dashed lines represent a fold change of 2-fold (Log2(1)). Top 25 DEGs are labelled. B – C) 
Heatmaps representing the top 25 DEGs (B) and all 1,717 DEGs (C). The scale represents Z-scores, 
calculated from the rLog of normalised expression scores by Deseq2. Blue represents scores above average, 
red below average and white is average.  

a) 
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Table 40. RNA-Seq analysis on ARPKD kidneys compared to normal kidneys identified 1,717 DEGs out of 14,973 genes, as determined by Deseq2. The top 25 DEGs, ranked 
by P-adj value, are listed in the table below. The table highlights the Base Mean, fold change in Log2 format, P and P-adj values and potential function (Annotation). Annotations 
are derived from information available at Gene cards, Gene Ontology Consortium, and NCBI (Ashburner et al., 2000; Carbon et al., 2009, 2021; Stelzer et al., 2016; Safran 
et al., 2021; Sayers et al., 2022).   

 
Gene Name Base Mean Direction Log2(FC) P-value P-adj Annotations OMIM ID 

MSC 1,192 + 6.38 2.36x10-29 7.34x10-25 Development, 
Transcriptional 

Repressor 

- 

FGA 430 - 7.75 2.26x10-19 3.52x10-15 Adhesion, 
Blood 

Coagulation, 
Haemostasis, 

MAPK signalling 
(positive 

regulation), 
Platelet 

aggregation 

202400, 
105200, 
616004 

 

AC069444.2 144 + 6.75 1.24x10-14 1.29x10-10 - - 

SPP1 47,582 - 4.52 2.07x10-14 1.29x10-10 Adhesion 
(Focal), 

Extracellular 
matrix 

organisation, 
FGF signalling, 
Inflammatory 

response, 
PI3K-AKT-

mTOR signalling 

- 

SERPINA6 56 - 6.53 1.67x10-14 1.29x10-10 Glucocorticoid 
biosynthesis, 

Lipid Metabolism 

611489 

MAOA 2,161 - 3.22 2.87x10 -14 1.49x10-10 Amino acid 
metabolism, 

Cytokine 
signalling, 

IL4 signalling, 
IL13 signalling, 

300615 
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Immune system 
processes, 

Neurotransmitter 
metabolism 

ADAMTSL3 3,028 + 2.40 1.48x10-13 6.59x10-10 Extracellular 
matrix 

organisation 

- 

SPINK1 154 - 3.82 1.86x10-13 7.24x10-10 Ca2+ ion import 
(Negative 

regulation), 
Cell proliferation 

(Positive 
regulation) 

Cytosolic [Ca2+] 
(Positive 

regulation) 

167800, 
608189 

GABRB3 371 - 2.32 2.31x10-13 8.00x10-10 Cl- 

transmembrane 
transport, 

Nervous system 
processes 

617113, 
612269 

ST6GALNAC2 285 - 2.71 2.68x10-13 8.34x10-10 O-linked 
glycosylation, 

Post-
translational 

protein 
modification 

- 

WNT9B 10,334 + 5.22 4.31x10-13 1.03x10-09 Cell polarity, 
Collecting duct 
development, 
Development, 

Kidney 
development, 

WNT signalling 
(PCP) 

- 

AC093899.2 73 + 6.14 4.24x10-13 1.03x10-09 - - 

REN 821 - 4.66 1.51x10-12 3.35x10-09 Blood pressure, 267430, 
613092 
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Renin-
angiotensin-
aldosterone 

system 
HYAL1 596 - 2.28 2.85x10-12 5.76x10-09 Adhesion, 

Angiogenesis 
(Positive 

regulation) 
Cell cycle, 

Cell growth, 
Cell migration 

(positive 
regulation), 

Cell proliferation 
(positive 

regulation), 
Fibroblast 

growth factor 
stimulus 

IL1 signalling, 
Inflammatory 

response, 
Platelet-derived 

growth factor 
stimulus 

601492 

WDR86 767 + 2.69 3.25x10-12 5.80x10-09 - - 

BBOX1 1,361 - 5.00 5.55x10-12 9.10x10-09 Amino acid 
metabolism, 

Carnitine 
synthesis 

- 

PRUNE2 3,230 - 3.75 1.81x10-11 2.81x10-08 Apoptosis, 
Synaptic function 

- 

KLF15 1,642 - 2.46 1.92x10-11 2.85x10-08 Adipogenesis, 
Circadian clock, 

Intracellular 
glucose 

homeostasis, 
Transcription, 

- 
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WNT signalling 

VCAM1 3,128 - 3.96 2.09x10-11 2.96x10-08 Adhesion, 
Adaptive 

immune system 
processes, 

Ca2+-mediated 
signalling 

(Intracellular 
Ca2+ stores), 

CAMKK2 
pathway, 

Extracellular 
matrix 

organisation, 
Immune system 

processes, 
Inflammatory 

response, 
Integrin cell 

surface 
interactions, 

Vascular 
endothelial 

growth factor 
stimulus 

- 

HAVCR1 1,450 - 5.08 3.37x10-11 4.37x10-08 Immune system 
processes 

- 

OTOGL 36 - 5.86 3.28x10-11 4.37x10-08 Arabinose 
metabolism 

614944 

KIF26B 6,493 + 2.52 4.42x10-11 5.50x10-08 Adhesion, 
Cell polarity, 

Development, 
Kidney 

development 

- 

CLDN10 615 - 3.98 5.26x10-11 6.30x10-08 Adhesion 
Ca2+-

independent cell 
adhesion, 

617671 
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Ion transport 

ADGRB2 589 + 2.93 5.60x10-11 6.45x10-08 cAMP signalling, 
calcineurin-

NFAT signalling 
cascade, 

G-coupled 
receptor 
signalling 

- 

MYB 17 + 5.41 6.45x10-11 6.86x10-08 Cell cycle, 
Cell 

differentiation 
(Blood cell), 
Haemostasis 

- 
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VCAM1), Immune system processes (MAOA, VCAM1 and HAVCR1) and 

inflammatory response (SPP1, HYAL1 and VCAM1), cell polarity (WNT9B and 

KIF26B) and kidney development (WNT9B and KIF26B). All functional and localisation 

associations were derived from NCBI, Gene cards and Gene Ontology annotations 

(Ashburner et al., 2000; Carbon et al., 2009, 2021; Stelzer et al., 2016; Safran et al., 

2021; Sayers et al., 2022). 

As our previous work suggested that changes in non-canonical WNT/PCP 

genes were associated with ARPKD, an investigation into genes associated with this 

pathway was undertaken (Richards et al., 2019). Twelve non-canonical WNT/PCP 

signalling genes were observed as differentially expressed in ARPKD, all of which had 

a fold change exceeding two-fold (Figure 45a). Amongst the twelve genes were two 

previously associated with ARPKD, VANGL2 and WNT5A (P-adj = 0.001 and 0.004, 

respectively). Additional non-canonical WNT/PCP signalling genes differentially 

expressed in ARPKD included the Frizzled receptor FZD10 (0.002), the WNT genes 

WNT4 and WNT9B (P-adj = 2x10-4 and 1x10-9, respectively), the latter of which was 

amongst the top 10 DEGs. Other DEGs included CCDC42, GPC4, PRICKLE1, PTK7, 

ROR2, SFRP2 and TIAM1, all of which had a P-adj less than 0.02. All the observed 

non-canonical WNT signalling genes showed increased gene expression except 

GPC4.  

An exploration of genes associated with cystic kidney disease, including those 

associated with NPHP, ADPKD, and ATMIN, did not reveal any significantly 

differentially regulated genes except for one case (Figure 45b). Amongst the two 

genes that showed differential expression was PKD1, which showed a less than one-

fold gene expression change and marginally passed the significance threshold 

(Log2(Fold Change (FC)) = 0.88; P-adj = 0.0496). 
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b) a) 

Figure 45. Differential expression analysis identified 1,717 protein-coding DEGs associated within renal samples from the ARPKD cohort. A - D) MA-plots showing the 
distribution of RNA-Seq data in ARPKD. MA plots show the average of the rLog of normalised expression against fold change in Log2 format. Labelled DEGs are associated 
with non-canonical WNT signalling genes (A), cystic kidney disease (B), transcriptional targets of Atmin in mice (C) or are part of the Atmin-Pkhd1 transcriptional network 
in mice (D). Significant DEGs are coloured red. DEGs within the top 25 are coloured yellow.  

 

d) c) 
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In chapter 3 and 4 a considerable number of DEGs associated with Atmin and 

Pkhd1 were identified. In chapter 3, four additional transcriptional targets of Atmin 

were identified. In ARPKD, we only observed a change in one of the genes which was 

ARNTL2 (P-adj = 0.003; Figure 45c). Alongside ARNTL2, a decrease in DYNLL1 

expression (-1.46, P-adj = 0.029) was also observed, suggesting that transcriptional 

targets of ATMIN are associated with ARPKD (Figure 45c). Interestingly despite the 

changes in ARNTL2 and DYNLL1 expression and unlike our previous work, no change 

in ATMIN expression was detected in this RNA-Sequencing analysis (Log2(FC) = -

0.54; P-adj = 0.343). Additionally, no significant change in PKHD1 expression was 

detected in association with the PKHD1 mutations in this study (Log2(FC) = - 0.61; P-

adj = 0.357).  

In chapter 4, 81 DEGs associated with a common transcriptional network 

between Atmin and Pkhd1 was observed. In this transcriptional analysis of ARPKD 

few genes associated with this network was highlighted as significantly differentially 

expressed (Figure 45d). Seven DEGs from this network were detected and included 

B2M, CENPF, GXYLT2, SLFN13 (Slfn9), IFIT1, IFIT2 and IFITM3 (Figure 45d). 
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5.2.7 Functional Annotation Analysis Reveals Biological 

Processes Driving the ARPKD Phenotype 

 

A Gene ontology analysis was performed to interpret these DEGs' roles by 

determining biological processes and cellular components that ARPKD may perturb. 

Significantly enriched GO terms for biological processes and cellular components 

were determined as any process with an overrepresented FDR less than 0.05. In total, 

262 enriched GO terms associated with biological processes were detected within 

ARPKD renal samples. The top 25 biological processes included small molecule 

metabolic processes, transmembrane transport, generation of precursor metabolites 

and energy, tissue development, cell-cell signalling and secretion (Figure 46a). 

Amongst the significantly enriched GO terms were terms associated with non-

canonical WNT signalling and the negative regulation of the canonical WNT Signalling 

pathway (Figure 46b).  

Semantic similarity analysis identified 35 term clusters, with 81 unclustered 

terms (Figure 46b). The largest of these clusters were associated with ion 

transmembrane transport and included 23 GO terms (Figure 46b). The following four 

largest GO clusters were related to carboxylic acid metabolic processes (18 Terms), 

morphogenesis of an epithelium (11 Terms), negative regulation of wound healing (10 

Terms) and regulation of secretion (10 Terms). When assessing all clusters, most 

terms were associated with metabolic processes (Figure 46b). Additionally, terms 

related to wound healing, stimuli responses, signalling, development, transport, 

cellular organisation, the immune system, and respiration were also observed (Figure 

46b). 
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Figure 46. Gene ontology analysis carried out on the 1,717 protein-coding DEGs observed in the ARPKD 
kidneys. GOSeq outputs featured an enrichment of 262 biological processes and 76 cellular components. For 
biological processes semantic similarity highlighted similarity in 181 terms forming 35 GO term clusters after 
the removal of redundant terms. A and C) Bubble plots representing the top 25 enriched terms for biological 
processes (A) or cellular components (C). GO terms are arranged according to significance with bubble size 
representing the number of DEGs associated with each term and colour shade representing significance. 
B) Semantic Similarity plot representing GO term similarity, similarity is represented by the X and Y-Axis, 
were terms with high similarity cluster close together. Each plot point represents a group of GO terms with 
high similarity, where the larger the bubble the greater the number of terms within the cluster. Terms that 
did not cluster were removed from the plot. Colour represents a common function of all terms within the 
cluster and derived from the GO term neighbours. Labelled terms refer to terms referenced in text. 

b) 

a) 

c) 
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GO term analysis on the cellular components associated with the 1,717 DEGs 

with 76 GO terms. Most of the top 25 cellular components were associated with the 

plasma membrane, extracellular matrix, endoplasmic reticulum lumen, and lysosome 

(Figure 46c). The top five cellular component terms, such as extracellular exosomes, 

were associated with extracellular spaces, suggesting that many of the DEGs that 

cause ARPKD are associated with extracellular exosomes and spaces, the 

endoplasmic reticulum, plasma membrane and lysosomes.   
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5.2.8 Evaluation of Potential Diagnostic and Prognostic Markers 

in ARPKD 

 

RT-qPCR was used to validate the expression of six genes identified by RNA-

Seq, using six ARPKD renal samples compared to six normal human kidney tissues. 

The genes that underwent additional validation consisted of the most significantly up- 

and downregulated genes (MSC and FGA), two non-canonical WNT/PCP genes 

(WNT4 and WNT9B), KIF26B and WDR86 (Figure 47a). Five genes showed a 

significant and substantial Fold Change in ARPKD compared to age-matched normal 

kidney expression (Figure 47b-f). All five significantly altered genes showed a P-value 

of less than 0.01 (MSC = 0.001; FGA = 0.006; WNT4 = 0.002; WNT9B = 0.006 and 

KIF26B = 0.002). WDR86 did not feature a significant fold change with a P value 

exceeding 0.05 (P = 0.09) compared to normal kidney samples (Figure 47g). 

Renal samples were subdivided into two groups based on the age of 

nephrectomy to determine whether there are any significant differences in expression 

between severe and moderate ARPKD. In each case, the normalised expression of 

each gene was compared. Both groups were compared to age-matched normal renal 

samples for each group, and the sample number was equal to three per group. 

An ANOVA analysis on the normalised expression of MSC indicated a 

significant difference between groups (P = 0.012; Figure 48a). MSC expression was 

increased in both severe and moderate ARPKD, with no significant difference in the 

normalised expression observed between the two groups (P = 0.968). MSC 

expression appears to increase with age, but this difference was insignificant in this 

dataset (P = 0.275).
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Figure 47. Differential expression detected by RNA-Seq was confirmed in five out of six of the genes tested via a follow up qPCR analysis. A) A bubble plot highlighting the 
P-adjusted and Log2FC values determined via RNA-Seq for each of the six chosen genes tested by qPCR validation. Upregulated genes are coloured red, downregulated genes 
are coloured blue. B – G) Jitter plots of the -Log2(Relative Fold Change) for each of the tested genes by qPCR. B) MSC; C) FGA; D) WNT4; E) WNT9B; F) KIF26B and G) 
WDR86. Normal renal samples are coloured blue, ARPKD samples are coloured red. N = 6 per condition per gene. T-Tests were carried out using the ggpubr package where 
* = P-Value less than 0.05, ** = P-Value less than 0.01 and ns = not significant.  

a) 

d) e) f) g) 

c) b) 
MSC FGA 

WDR86 KIF26B WNT9B WNT4 
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Figure 48. For the six genes used to validate the RNA-Seq analysis, Relative normalised gene expression was compared between ARPKD samples of different ages to 
determine whether expression differs with severity. Normal renal samples are coloured light blue – dark blue, ARPKD samples are coloured orange – red. A-F) Jitter plots 
comparing the -Log2(Relative Normalised Expression). A) MSC; B) FGA; C) WNT4; D) WNT9B; E) KIF26B and F) WDR86. N = 3 per condition per gene. ANOVA and T-Tests 
were carried out using the ggpubr package where * = P-Value less than 0.05, ** = P-Value less than 0.01 and ns = not significant. 

 

WNT4 MSC FGA 

KIF26B WDR86 WNT9B 

a) b) c) 

d) e) f) 
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The difference between groups was insignificant for differences in FGA 

expression (ANOVA P-value = 0.055; Figure 48b). The expression of FGA showed 

no significant difference between severe and moderate ARPKD (P = 0.574). FGA did 

not change expression with age in normal kidneys, as no differences were observed 

between the two normal groups. The overall trend in expression change suggests that 

the expression of FGA decreases in ARPKD faster than during normal renal 

development. 

The trend in expression change was similar between WNT4, WNT9B, and 

KIF26B, with an ANOVA analysis suggesting significant in-group differences in all 

three genes (P = 0.005; 0.017 and 0.002, respectively). The overall trend in expression 

change indicates that these three genes decrease with age in normal kidneys and are 

increased in ARPKD (Figure 48c-e). All three genes showed no significant difference 

in expression between severe and moderate ARPKD (P = 0.391, 0.631 and 0.356, 

respectively). Additionally, no significant expression difference was observed between 

the two normal groups for WNT4 and WNT9B (P = 0.154 and 0.228, respectively). 

However, a significant difference was observable between the expression of KIF26B 

in normal kidneys less than one year and those between one and ten years of age (P 

= 0.026). 

An ANOVA analysis on the expression of WDR86 suggests that differences in 

expression were present between each tested group (P = 0.033). The trend in WDR86 

expression indicates that it does not increase in ARPKD but does not decrease as it 

does in normal kidneys as an individual gets older (Figure 48f). No differences were 

observed between the expression of WDR86 in severe and moderate ARPKD (P = 

0.770). However, A significant difference in expression was observed between the 
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infantile and childhood normal groups, suggesting that the expression of WDR86 

decreases with kidney age (P = 0.037). No significant differences were observed 

between the infantile normal group and either severe or moderate ARPKD (P = 0.716 

and 0.952).  
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5.2.9 Combined Whole Exome Sequencing and RNA-Sequencing 

Reveal Genomic and Transcriptomic Differences between Two 

Instances of p.G1122S and p.G3271R in Two Unrelated 

Individuals 

 

Two ARPKD renal samples from the genomic sequencing cohort featured 

similar genetics and shared the same two PKHD1 variants but were from two unrelated 

individuals (Table 37). Despite their similarity, the two individuals reached CKD5 at 

different time points, with one reaching CKD5 in nine days and the second reaching 

CKD5 in five years (5 Years 1). Given their similar genetics but different clinical 

outcomes, an independent investigation into these two samples was undertaken.  

Genomic analysis suggested similarities within the genes investigated 

previously, with the two individuals sharing the same rare variants in AHI1, CELSR2, 

and FZD9 (Table 38, Table 39, Figure 49a). A further investigation into all rare 

variants that met our prior specifications as potentially pathogenic identified a 90% 

(417/462 variants) similarity in the younger ARPKD sample and a 93% (417/448 

variants) similarity in the older sample across 377 genes (Figure 49b). However, many 

unique variants were detected in different genes, with eight unique genes associated 

with the younger ARPKD sample and twelve with the older sample (Figure 49c).  

Six identified genes with unique variants from the moderate ARPKD sample did 

not have a detectable expression in the transcriptomic data. However, all the identified 

genes in the severe sample did feature detectable expressions (Figure 49d). Only 

one of these genes was significantly differentially expressed in ARPKD, which was 
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Gene Variant Exon Inheritance Table in Text 

PKHD1 p.G1122S 29 1 / 2 Table 37 

PKHD1 p.G3271R 58 1 / 2 Table 37 

AHI1 c.1779+1G>A 14 1 / 2 Table 38 

CELSR2 p.L1014H 1 1 / 2 Table 39 

FZD9 p.D295A 1 1 / 2 Table 39 

Figure 49. Genomic and transcriptomic data from the 9 days and 5 years 1 ARPKD renal samples, both of whom 
share similar significant variants in PKHD1, CELSR2, FZD9 and AHI9. A) A table highlighting the common rare 
variants between the two renal samples within gene sets of interest. B – C) Venn diagrams highlighting the 
number of  common potentially pathogenic variants (B) and common genes in which variants are located (C). 
Genes listed in the coloured boxes are unique to that sample, Orange = 9 days, and Green = 5 years. * =  
No expression data in the transcriptomic data; ** = Significantly expressed in the transcriptomic set. D) MA-
Plot highlighting gene expression as it relates to average expression and fold change. Genes labelled in the MA-
Plot belong to genes in which rare and potentially pathogenic variants were detected either in the ARPKD 9 days 
or 5 years 1 renal sample. 

a) 

b) 

c) ARPKD – 9 days ARPKD – 5 years 

ARPKD – 9 days ARPKD – 5 years 

LRP8, FBXW7, 

PABPC3, SPIRE2
**
, 

MADCAM1, 
ZNF880, WDR89, 

TMEM135 

SYN2, C4orf47, 

RBM27, MUC17
*
, 

CEL, FCGBP, 

PRAMEF2
*
, 

AQPEP
*
, NBPF12, 

PCNXL2
*
, MTA3, 

REG3A
*
 

d) 
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SPIRE2 from the severe ARPKD sample (Figure 49d; Log2(FC) = 1.68; P-adj = 

5.17x10-03). Functionally, SPIRE2 is associated with the actin cytoskeleton and is 

associated with the meiotic spindle localisation. Amongst the remaining genes with 

variants associated with severe ARPKD were FBXW7 (associated with ERK and 

Notch Signalling), LRP8 (associated with Ca2+ and retinoid metabolism), MADCAM1 

(associated with cellular adhesion and the immune response), PABPC3 (associated 

with mRNA metabolism), TMEM135 (associated with peroxisome organisation and 

mitochondrial fusion and fission), WDR89 (associated function unknown) and ZNF880 

(associated with transcription). In contrast, the genes with unique variants in the 

moderate ARPKD sample, which had detectable expression within human kidney 

tissues, were C4orf47 (associated with non-motile cilia), CEL (associated with lipid 

and retinol metabolism), FCGBP (unknown function but associated with extracellular 

exosomes), RBM27 (associated with mRNA processing), MTA3 (associated with 

histone deacetylation and the cell cycle), NBPF12 (unknown function) and SYN2 

(associated with Ca2+ and neurotransmission). All functional and localisation 

associations were derived from Gene Ontology annotations (Ashburner et al., 2000; 

Carbon et al., 2009, 2021).  

When exploring the transcriptomic differences between these two ARPKD renal 

samples using the significant DEGs previously detected, 106 DEGs featured a 

difference in expression by a z-score of 1 or greater (Figure 50a). Most of these 106 

DEGs were associated with increased expression in ARPKD as opposed to decreased 

expression (80 DEGs vs 26 DEGs; Figure 50a). Amongst these genes with greatly 

different estimated expressions were adhesion (CDH11, CLDN11; NCAM1; PXDN), 

ciliogenesis (RAB23), Hedgehog (GLI1; GLI2) and WNT signalling genes (ADGRA2, 

NKD1; PTK7, WNT5A, WNT4). Gene ontology analysis using GO-Seq associates 
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Figure 50. Transcriptomic data from the 9 days and 5 years ARPKD renal samples, both of whom share similar 
significant variants in PKHD1, CELSR2, FZD9 and AHI1. A) Heatmap of rLog normalised expression for the 
significant DEGs with a Z-score difference of 1 or greater (106 / 1,717) between the 9 days and 5 years ARPKD 
renal samples. Genes highlighted in the enlarged portion correlate to genes with lower expression in the moderate 
renal sample compared to severe, amongst which are genes associated with WNT signalling. B) Bubble Plot of 
GO terms associated with the 106 DEGs from the heatmap. Covers 36 GO terms. 

 

a) 

b) 
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these 106 DEGs with thirty-six biological processes, most of which were associated 

with developmental and morphogenic annotations (34/36; Figure 50b). The remaining 

processes were associated with non-canonical WNT signalling and extracellular 

structure organisation, both of which were processes enriched according to Gene 

Ontology analysis (Figure 50b). One cellular component was detected, made up of 

14/106 DEGs and was associated with the cell surface (GO:0009986; P-adj = 

0.020429). The general trend in the expression difference was for the moderate 

ARPKD sample to have a lower degree of differential expression than the severe 

ARPKD renal sample (Figure 50a). This trait was also observed within WNT signalling 

genes, suggesting that the greater the dysregulation of WNT signalling genes, the 

more severe the ARPKD phenotype (Figure 50a).  
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5.3 Discussion 

5.3.1 WES is a Useful Tool for the Genetic Diagnosis of ARPKD 

 

In this study, WES provided a genetic diagnosis of ARPKD from DNA extracted 

from ten renal samples of patients previously diagnosed with ARPKD. WES 

successfully identified two or more rare potentially pathogenic variants in the PKHD1 

gene from the ARPKD cohort. Compared to the normal cohort, potentially pathogenic 

variants in PKHD1 were detected much higher in the ARPKD cohort. Only one 

member of the normal cohort was observed carrying a single potentially pathogenic 

missense variant in PKHD1. No pathogenic variants were observed within DZIP1L 

within this study, which is in line with how rare mutations in DZIP1L are in ARPKD (Lu 

et al., 2017; Hertz et al., 2022).  

In this study, genes previously linked to phenocopies of ARPKD, including 

PKD1, PKD2, HNF-1β and NPHP-associated genes, were explored to test the use of 

WES in providing a differential diagnosis (Bergmann et al., 2011; Obeidova et al., 

2020). Although no phenocopies were present within the ARPKD cohort, the potential 

for WES to differentiate between phenocopies is still viable, given the complete 

genomic view of all the genome's protein-coding regions. Very few individuals were 

associated with potentially pathogenic variants in these genes, and none met the 

criteria for developing either early-onset ADPKD, MODY-5 or NPHP. However, testing 

WES with a broader range of ARPKD-like diseases will further highlight the use of this 

technology in the differential diagnosis of PKD. NGS strategies using gene panels 

have been shown to differentiate between phenocopies effectively, and WES will likely 
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be a viable alternative to the sequencing of specific genes (Szabó et al., 2018; 

Obeidova et al., 2020).  
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5.3.2 Genotype-Phenotype Correlations in ARPKD 

 

ARPKD is a disease with considerable phenotypic variability, but very few 

associations have been drawn between an individual's genotype and disease 

presentation. Despite mutations in DZIP1L being associated with a moderate kidney 

phenotype with little to no hepatic involvement, it only constitutes a small number of 

none ARPKD cases (Lu et al., 2017; Hertz et al., 2022). In contrast, mutations in 

PKHD1 have a much greater range in kidney disease presentation featuring neonatal 

death to "adult-onset" ARPKD (Fonck et al., 2001; Bergmann et al., 2003, 2004; 

Rossetti et al., 2003; Bergmann, Senderek, et al., 2005; Adeva et al., 2006; Gunay-

Aygun, Font-Montgomery, et al., 2010; Gunay–Aygun et al., 2013). It is currently 

accepted that the type of mutations inherited within the PKHD1 gene can influence 

disease severity (Bergmann et al., 2003, 2004; Bergmann, Senderek, et al., 2005). 

However, this is not a guarantee, as individuals with two missense mutations can 

present with severe ARPKD, and individuals carrying two null mutations can survive 

the neonatal period  (Bergmann et al., 2003, 2004, 2006; Bergmann, Senderek, et al., 

2005; Frank, Zerres and Bergmann, 2014). 

Within this small cohort, an extensive range in the clinical variability in renal 

disease was observed, with CKD5 onset varying between less than one year and forty-

two years in age. The three most severe ARPKD renal samples in this cohort suffered 

from renal failure before one year of age and did not feature the inheritance of two null 

alleles. However, two of the three inherited either a frameshift or null variant alongside 

a missense variant, but this trait is not currently associated with severe ARPKD 

(Bergmann et al., 2003; Bergmann, Senderek, et al., 2005). This inheritance pattern 
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was also not unique to severe ARPKD within this cohort and was observed in a single 

moderate ARPKD and single mild ARPKD sample in this study. 

A few studies have attempted to establish a link between disease severity and 

the location of PKHD1 variants (Furu et al., 2003; Qiu et al., 2020; Burgmaier et al., 

2021). The most extensive study was conducted in a cohort of 304 ARPKD patients 

(Burgmaier et al., 2021). Within this cohort, it was suggested that individuals with two 

variants within the AA region of 709 to 1837 of FPC showed better renal survival rates 

by 15 – 18 years of age (Burgmaier et al., 2021). However, the individuals within this 

cohort did not follow this trend. The two renal samples featuring the mildest renal 

disease phenotype did not have any variants within the 709 to 1837 AA region. One 

moderate renal sample reached CKD5 by ten years of age and featured three 

potentially pathogenic variants, two of which were within this region. However, variants 

within this study were generally distributed throughout the gene, and no genotype-

phenotype correlations could be established between kidney disease severity and 

variant position (Figure 41). This conclusion is shared with many other extensive 

cohort studies but does not disagree with the potential for variants within the 709 to 

1837 AA acid region of FPC to be associated with a lower frequency of chronic kidney 

disease, given a lack of samples featuring this localisation (Bergmann et al., 2003, 

2004; Rossetti et al., 2003; Bergmann, Senderek, et al., 2005; Losekoot et al., 2005; 

Gunay-Aygun, Tuchman, et al., 2010; Obeidova et al., 2015; Melchionda et al., 2016; 

Burgmaier et al., 2021). Correlations between the location of mutations within PKHD1 

and the severity of hepatic disease within ARPKD have been suggested (Burgmaier 

et al., 2021). However, this could not be assessed within this cohort due to a lack of 

clinical information regarding liver disease. 
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5.3.3 Genetic Modifiers as a Cause of Disease Severity in 

ARPKD 

 

It has been suggested that mutations within other genes may play a role in the 

clinical presentation of ARPKD (Bergmann et al., 2003; Bergmann, Senderek, et al., 

2005). This suggestion is supported by animal model studies where the genetic 

background of the mice was found to influence disease severity (Guay-Woodford, 

2003; O’Meara et al., 2012). As variant type and location within PKHD1 could not 

explain this cohort's variation in renal severity, an investigation into potential modifier 

genes was undertaken.  

The most likely candidate modifiers of ARPKD are the genes PKD1, PKD2 and 

HNF-1β. Co-inheritance of Pkhd1 mutations with Pkd1 mutations has worsened the 

renal phenotype in animal models (Garcia-Gonzalez et al., 2007; Olson et al., 2019). 

Additionally, a modifying effect in PKD has been associated with the co-inheritance of 

mutations in Pkhd1 and Pkd2 in mice (Kim, Fu, et al., 2008). Few studies have looked 

at the potential for modifier genes in human PKD. However, the co-inheritance of PKD 

genes has been associated with increased disease severity and has been reported in 

one case of ARPKD (Bergmann et al., 2011). In one severe ARPKD renal sample, 

CKD5 was reached by four months. A pathogenic variant was observed in PKD1 in an 

individual who had also inherited two missense variants in PKHD1. It is likely that this 

variant increased the severity of the renal phenotype in this ARPKD renal sample, 

especially given that no individuals with moderate or mild renal disease showed the 

presence of PKD1 rare potentially pathogenic variants. However, it is unlikely that 

PKD1 is the only modifier gene in human ARPKD, given that the remaining severe 
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renal samples also did not show variants in PKD1. Animal studies using Quantitative 

Trait Loci (QTL) in the bpk and cpk mouse have suggested that more than one gene 

likely acts as a modifier of ARPKD severity, but other than Kif12, these modifiers are 

currently unknown (Guay-Woodford, Wright, et al., 2000; Mrug et al., 2005).  

As ciliopathies are often associated with cystic kidney disease and the NPHP 

gene Invs has been suggested as a potential candidate modifier in the cpk mouse 

model of ARPKD, an investigation into whether potentially pathogenic variants within 

these genes could influence the severity of the renal disease was undertaken (Mrug 

et al., 2005). At least one variant associated with these genes was observed in eight 

out of ten members of our ARPKD cohort, with variants in AHI1 being observed in half. 

No individual sample showed two variants in any one ciliopathy gene, and variants 

within these genes were distributed throughout the different severity groups. Only one 

severe ARPKD sample featured variants in two different syndromic ciliopathy genes, 

which was also true for one moderate ARPKD sample.  

AHI1 variants are predominantly associated with retinal disease but can also 

develop cystic kidney disease (Bachmann-Gagescu et al., 2015). The AHI1 variant 

R830W has been associated with Joubert syndrome, according to HGMD (Table 38). 

However, this specific variant is unlikely to modify the renal phenotype in this ARPKD 

cohort, as this variant is observed in both severe and mild ARPKD renal groups. 

Another variant within AHI1 was also present in two ARPKD individuals of differing 

severities and was the splicing variant c.1779+1G>A (Table 38). Much like the other 

observed variant, it is unlikely to be a modifier of renal severity in ARPKD due to its 

presence in both severe and moderate ARPKD renal samples.  
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The hypothesis regarding syndromic ciliopathy genes as modifiers of ARPKD 

was that, like PKD genes, their presence would result in a severe renal phenotype, 

given their similar ciliary localisation. However, many of the observed syndromic 

ciliopathy genes were identified in moderate ARPKD patients Figure 42. If the 

presence of syndromic ciliopathy genes results in a more moderate renal disease in 

ARPKD is currently unknown, and more functional testing will need to be performed in 

animal models to validate this observation. Alternatively, these genes may not be 

directly related to ARPKD disease severity, especially given the high occurrence of 

potentially pathogenic rare variants within this cohort.  

It has been suggested that syndromic ciliopathy genes may explain the 

occurrence of atypical manifestations in some ARPKD cases (Nabhan et al., 2015). 

However, due to limited clinical information on the cohort in this study, it could not be 

determined whether this is true for this cohort.  

Another potential modifier gene is Atmin, which has also been associated with 

an ARPKD-like phenotype in mice (Goggolidou, Hadjirin, et al., 2014; Richards et al., 

2019). Although the exact relationship between Atmin and Pkhd1 is unknown, they are 

believed to act in similar cellular processes, especially given their similar impact on 

WNT/PCP signalling (Richards et al., 2019). We have also previously observed 

changes in ATMIN expression at both the transcriptomic and proteomic levels 

suggesting that the gene plays a role in either the initiation or development of ARPKD 

(Richards et al., 2019). Given their similar disease presentations and predicted 

disease involvement, it is likely that the co-inheritance of both genes would worsen the 

renal phenotype like the co-inheritance of PKD1 and 2. However, the Atmin variant 

identified in this study was associated with moderate kidney disease (Figure 42; Table 

39).  
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Little is known about whether mutations in ATMIN can cause cystic kidney 

disease in humans. However, mutations in the zinc finger domains of Atmin can result 

in cystic kidney disease in mice (Ermakov et al., 2009; Goggolidou, Hadjirin, et al., 

2014; Richards et al., 2019). The zinc finger domains are associated with Atmin’s 

transcriptional activity, but the processes Atmin is required for in the renal collecting 

ducts and the kidney are unknown. Interestingly the predicted variant identified in this 

study was associated with the core domain of Atmin, a region with no known 

transcriptional role but associated with DNA repair (McNees et al., 2005). Whether 

functional loss of this region would impact Atmin’s function in the kidney is currently 

unknown. A potential hypothesis associated with this finding is that this variant disrupts 

a critical function of Atmin’s in ARPKD, reducing the impact of its previously observed 

increase in expression. However, further functional testing on this variant would be 

required to determine the true impact of this variant on renal disease severity.  

Although the importance of WNT/PCP in the initiation and development of 

ARPKD is unknown, our previous and current work has shown that WNT/PCP is a 

dysregulated network within ARPKD (Richards et al., 2019). Several lines of evidence 

suggest that PCP genes could be potential modifiers in APRKD. Firstly loss of PCP is 

an early event in the development of ARPKD, preceding cystogenesis, but the impact 

of this signalling pathway in initiating cystogenesis is currently unknown (Nishio et al., 

2010). It has been suggested that the loss of PCP cannot initiate cystogenesis, but the 

loss of non-canonical PCP genes, such as Fat4, is enough to initiate cystogenesis 

(Saburi et al., 2008; Nishio et al., 2010). Secondly, the PCP gene Invs has been 

suggested as a potential modifier gene in the cpk mouse model of ARPKD (Mrug et 

al., 2005). Finally, AtminGpg6/+ and Vangl2lp/+ crosses show a worse renal phenotype 
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than monogenic mouse models suggesting that the PCP gene Vangl2 could modify 

the renal phenotype in mouse models of Atmin (Goggolidou, Hadjirin, et al., 2014).  

In this ARPKD cohort, variants within the CELSR genes were the predominantly 

identified WNT/PCP variants, with CELSR2 being the most observed (Table 39). 

Given the range in clinical severity and the occurrence of CELSR genes in all groups, 

these genes are unlikely to act as modifiers in ARPKD, especially in the case of 

CELSR2 (Figure 42). The only other PCP variants identified within this cohort were 

associated with FZD9 and SCRIB (Figure 42; Table 39). The same FZD9 variants 

were identified in two unrelated ARPKD individuals of different disease severity and 

are unlikely to be a modifier in this instance. Like the ATMIN variant described, the 

SCRIB variant was also present in the same individual with ARPKD of moderate renal 

severity. Given the limited number of observations, it is difficult to establish the effect 

of both genes on modifying ARPKD severity. Like ATMIN, SCRIB is increased in 

ARPKD (Richards et al., 2019). However, additional functional work will need to be 

carried out to determine if and how SCRIB mutations modify PKD and whether the 

milder renal disease presentation is associated with the inheritance of either the Atmin 

or SCRIB variant or both together.  

Two unrelated individuals within this study had similar genetic profiles, including 

the same variants within the genes PKHD1, AHI1, CELSR2 and FZD9 (Figure 49a) 

but different rates of renal failure. The two genomic profiles were compared to identify 

potential candidate modifier genes. In the severe renal sample were two frameshift 

variants within SPIRE2, a gene that also featured increased expression within the 

ARPKD transcriptome (Figure 42d). SPIRE2 encodes a protein that acts as an actin 

nucleation factor and plays a role in asymmetric oocyte division (Pfender et al., 2011). 

More generally, SPIRE2 is required for vesicle transport across actin filament networks 
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(Schuh, 2011; Pylypenko et al., 2016). It is recruited alongside SPIRE1 and FORMIN2 

to vesicle membranes containing RAB11 and mediates vesicle transport via actin 

filament nucleation and myosin motor recruitment to enable vesicle transport (Schuh, 

2011; Pylypenko et al., 2016). The role SPIRE2 plays in ARPKD is not clear, especially 

given that its interacting partners, SPIRE1 and FORMIN2, are not differentially 

expressed. However, further work will have to investigate the role of this gene in 

ARPKD and determine whether the co-inheritance of mutations in this gene worsens 

the renal phenotype of ARPKD.  
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5.3.4 Biomarkers in the Diagnosis and Prognosis of ARPKD 

 
Another avenue of investigation to determine markers of disease severity is to 

investigate disease biomarkers within ARPKD. The discovery of biomarkers relating 

to renal disease severity could be used to estimate the rate of renal failure and help 

associate a disease prognosis, which could optimise the management of ARPKD in 

each unique case. Recently, using large-scale molecular techniques to screen the 

proteome, biomarkers associated with ADPKD disease progression and the 

effectiveness of the treatment of tolvaptan have been identified, which could be used 

to monitor disease progression and the effectiveness of treatment in ADPKD (Raby et 

al., 2021). In this study, a similar approach using RNA-Sequencing was performed to 

screen the renal transcriptome of ARPKD nephrectomy samples to uncover novel 

genes associated with the disease, which could be used as markers of disease 

severity. 

This study uncovered 1,717 DEGs in ARPKD associated with many biological 

processes linked to kidney development, the immune system, wound healing and 

different signalling processes (Figure 46b). To further investigate useful biomarkers, 

DEGs associated with WNT signalling, the Primary cilium and highly significant DEGs 

from the RNA-Seq analysis were further assessed using RT-qPCR (Figure 47a). Five 

of the six genes were successfully validated by RT-qPCR and included MSC, FGA, 

WNT4, WNT9B and KIF26B and may be helpful diagnostic markers to assess the 

development of ARPKD (Figure 47b-g). However, additional testing will need to be 

carried out to determine how easy these genes would be to assess in the clinical 

setting and to provide a differential diagnosis against ARPKD phenocopies.  
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Almost disappointingly, none of the genes taken forward for further analysis 

was statistically different when comparing the normalised expression from severe and 

moderate ARPKD. However, interesting trends that could be the focus of future studies 

were identified. MSC and WNT9B have similar gene expression between the two 

severities assessed. In contrast, FGA, WNT4 and KIF26B expression has slight but 

highly varied differences, especially FGA and WNT4 (Figure 48b;c;e). As such, the 

number of biological samples in this study may not be powerful enough to infer 

statistical significance in such small changes in expression. 

Unlike the other five genes, whose expression increased or decreased 

compared to age-matched normal renal samples, WDR86 is not altered in severe 

ARPKD samples. However, its expression in moderate ARPKD does not decrease 

with age as it would typically (Figure 48f). The function of WDR86 in humans, mice 

and rats is currently unknown, but many WD40-Repeat-containing (WDR) proteins are 

associated with the cilia and ciliopathies in general (Kim and Kim, 2020). As a result 

of ARPKD, an age-linked mechanism for decreasing WDR86 expression is clear, but 

the overall lost mechanism and what this means for cystogenesis are unclear.  
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5.3.5 WNT/PCP Signalling as a Potential Cause of Disease 

Variability 

 

As previously discussed, although it is currently unclear as to the significance 

of PCP defects in the initiation of cystogenesis in ARPKD, these processes likely play 

an essential and defining role, given how quickly PCP is lost in comparison to ADPKD 

(Fischer et al., 2006; Nishio et al., 2010). Two genes associated with ARPKD in mice, 

Pkhd1 and Atmin, both feature early loss of PCP as a direct or indirect consequence 

of lost function (Fischer et al., 2006; Nishio et al., 2010; Goggolidou, Hadjirin, et al., 

2014; Richards et al., 2019). We have previously shown that this is likely related to 

dysregulated WNT/PCP signalling in both Atmin and Pkhd1 (Goggolidou, Hadjirin, et 

al., 2014; Richards et al., 2019). In this study, the network of WNT/PCP genes 

dysregulated in ARPKD was further expanded, which now includes CCDC42, FZD10, 

GPC4, NKD1, PRICKLE1, PTK7, ROR2, SFRP2, TIAM1, WNT4 and WNT9B and 

future studies will hopefully dissect their role in the development of ARPKD (Figure 

45a).  

An interesting observation between two ARPKD samples of differing severities 

but similar genomic profiles suggests that among these differences in gene 

expression, which may contribute to the differences in renal severity, are differences 

in the dysregulation of WNT gene expression in general. Several of the observed 

DEGs with a difference in expression between the severe renal sample and the 

moderate sample with similar genetics (Figure 50a) suggest that smaller changes in 

the expression of WNT genes results in a more moderate renal disease progression, 

compared to severe disease presentation, in ARPKD. This trend was generally true 
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for all the moderate ARPKD transcriptomes, with the severe renal transcriptome 

showing the highest expression in WNT signalling genes. However, the expression 

did vary for each WNT gene observed. In all, it is tempting to speculate that inhibiting 

WNT signalling in ARPKD would reduce the rate of ARPKD progression. However, 

additional testing would need to be performed to confirm this observation.  
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5.4 Conclusion 

 

Overall, this study highlighted that WES is a helpful tool for determining the 

genetic diagnosis of ARPKD patients, with its ability to screen both PKHD1 and 

DZIP1L simultaneously. Using the gene panel approach used in this study; it was 

possible to screen genes associated with phenocopying ARPKD. However, to confirm 

that this approach can truly help with the differential diagnosis of ARPKD, adequate 

screening with known instances of ARPKD phenocopies would need to be performed 

to confirm this.  

This study has further expanded our knowledge of genetic modifiers of ARPKD 

by highlighting another instance of severe ARPKD associated with the co-inheritance 

of mutations in PKD genes. This study also highlighted potential variants in ATMIN 

and SCRIB, which may be associated with moderate ARPKD and the potential for 

variants in SPIRE2 to result in severe ARPKD. However, additional in vitro work will 

need to be carried out to confirm these observations. 

Finally, although no biomarkers of ARPKD severity were identified in this study, 

new novel genes associated with the ARPKD phenotype were identified. This has 

expanded our knowledge of the genes involved in dysregulated WNT/PCP signalling. 

Based on observations from two transcriptomes from ARPKD renal samples with the 

same mutations in PKHD1, inhibition of WNT signalling may be a suitable target for 

treating ARPKD.  
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Chapter 6 

General Discussion 
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6.1 Study Perspectives 

6.1.1 Atmin and Pkhd1 Indirectly Interact in a Common Network 

 

Our data has shown that Atmin and Pkhd1 interact in a common transcriptomic 

network, as determined by the presence of 81 common DEGs between Atmin and 

Pkhd1 mIMCD3 KDs. This network is likely associated with immune signalling 

processes, given that GO term enrichment analysis featured numerous GO terms 

associated with such processes. The importance of these processes to ARPKD is 

currently unknown, with most research focusing on the involvement of macrophages 

(Mrug et al., 2008; Swenson-Fields et al., 2013; Zoja et al., 2015; Salah et al., 2019). 

However, it has been proposed that the renal collecting ducts play an important role 

in protecting the renal tubulointerstitium, a function that Atmin and Pkhd1 may both be 

involved in (Xu, 2019).  

The mechanisms by which Atmin and Pkhd1 interact within this network are 

unclear. It is unlikely that this is a direct relationship, given that our previous 

investigation into physical interactions between Atmin and FPC did not reveal direct 

binding at the C-terminus (Richards et al., 2019). Additionally, ChIP-Sequencing 

analysis in mouse kidney tissues and mIMCD3 cells, carried out in this study, suggests 

that Pkhd1 is not a transcriptional target of Atmin. As such, it is unlikely that Atmin 

regulates this network through Pkhd1 transcription. Instead, Atmin and Pkhd1 likely 

indirectly converge on a shared transcriptional network by mechanisms yet to be 

determined.   
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One of these indirect interactions may result from poor FPC ciliary localisation. 

Atmin KDs show reduced FPC ciliary localisation, but the mechanism is yet to be 

determined (Figure 51). The FPC localisation defect is likely not associated with ciliary 

entry, as increased detection of FPC at the basal body is not apparent. PC-1 and PC-

2 cellular localisation are affected by ER proteins associated with protein maturation 

(Porath et al., 2016; Cornec-Le Gall et al., 2018; Besse et al., 2019). In GANAB-/- cells, 

this results in no PC-2 localising to the cilium, and PC-1 not localising to the cell 

surface (Porath et al., 2016). A similar but reduced effect is apparent in Atmin mIMCD3 

KDs for FPC, suggesting that FPC cilium localisation in Atmin KDs may occur due to 

poor post-translational modification, in turn impacting the common transcriptional 

network. None of the transcriptional targets of Atmin identified in this study are 

associated with protein maturation. As such, additional functional work will need to be 

carried out to determine the mechanisms involved in this relationship. It should be 

noted that the metric used to measure FPC – Ciliary localisation is based on the 

volume of the cilium with FPC present. As such, a ciliary trafficking defect affecting 

FPC cannot be ruled out and further testing will need to be done to determine whether 

this is a flat decrease in FPC-ciliary localisation or FPC distribution defect.  

The primary cilium regulates several cellular processes, including establishing 

cellular polarity (Wilson, 2011; Goggolidou, 2014). It is unclear whether structural 

defects in the primary cilium play a significant role in PKD (Masyuk et al., 2003; Mai et 

al., 2005; Moser et al., 2005; Wang et al., 2007; Woollard et al., 2007; Kim, Fu, et al., 

2008; Olson et al., 2019; Molinari et al., 2020). Previous work has established polarity 

defects in ARPKD, including both planar cell polarity and apico-basal cell polarity 
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Figure 51. A schematic representation of the possible Atmin-Pkhd1 relationship as determined by our previous work and this study. Unbroken lines represent a process, 
such as an interaction or signalling cascade. Dotted lines represent Atmin transcriptional targets and dashed lines represent protein movement to a different location within 
the cell. Blue boxes represent a gene. Green boxes represent a protein and grey boxes represent a generalised process, statement or question. Red crosses represent 
an interaction does not take place and red question marks represents a potential or unknown interaction. Purple region represents the nucleus and potential Atmin 
transcriptional targets. Atmin regulation can be defined by promoter binding region. 0-1kb Atmin is an enhancer (Camk2g, Dynll1). 1-2kb Atmin is a repressor (Arntl2, 
G6pc, Tmco3). 2-3kb Atmin has variable regulation (Plekho1) (Zhang et al., 2007; Easley IV et al., 2008; Kim, Fu, et al., 2008; Kim, Li, et al., 2008; Rapali, García-
Mayoral, et al., 2011; Rothschild et al., 2011; Jurado, Conlan, et al., 2012; Pinto et al., 2012; Clark et al., 2018; Richards et al., 2019). Figure was drawn in Microsoft 
PowerPoint from the Microsoft 365 application suite. 
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(Avner, Sweeney and Nelson, 1992; Wilson, Du and Norman, 1993; Orellana et al., 

1995; Richards et al., 1998, 2019; Sweeney and Avner, 1998; Rohatgi et al., 2003; 

Veizis and Cotton, 2005; Fischer et al., 2006; Israeli et al., 2010; Nishio et al., 2010). 

Instead of defective ciliary structure, mutations in Pkhd1 may impact ciliary function by 

altering FPC's ability to localise to the cilium or FPC function at the cilium, which may 

impact cellular polarity. In the case of Atmin, decreased expression impacts FPC 

ciliary localisation, in turn impacting ciliary function. In both scenarios, WNT/PCP 

defects potentially occur as a consequence of poor ciliary function due to issues with 

FPC function (Richards et al., 2019). This may also affect apico-basal cell polarity for 

different transporters and receptors mislocalised in ARPKD. However, Atmin's 

relationship to this process is less clear. AtminGpg6/Gpg6 kidneys do not feature apico-

basal polarity defects, but losing Atmin's transcriptional function may not impact this 

process (Goggolidou, Hadjirin, et al., 2014). As such, additional work exploring this 

mechanism is needed in Atmin KDs to rule out Atmin's involvement in this mechanism. 

Additionally, it is currently unclear whether FPC ciliary localisation is governed by 

Atmin's transcriptional domains or another domain of Atmin, a mechanism that can be 

further explored in the AtminGpg6 mice. 

Immune system processes associated with chemokine signalling and 

macrophage recruitment have previously been associated with the primary cilium of 

tubular cells, where a complex of proteins, including PC-1, is required to regulate this 

function (Viau et al., 2018). This study suggests that Atmin and Pkhd1 may be involved 

in similar processes. Atmin has not previously been detected in the primary cilium and 

given that the two proteins do not physically interact, it is unlikely that Atmin and FPC 

form a protein complex to regulate this ciliary function (Goggolidou, Stevens, et al., 
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2014; Richards et al., 2019). Instead, this function may relate to Atmin's impact on 

FPC localisation to the cilium.  

It should be noted that not all of these indirect interactions may be associated 

with FPC localisation to the cilium. A common dysregulated gene is Plekho1, which is 

also one of the five potential transcriptional targets of Atmin identified in this study. 

One of the functions of Plekho1 is binding to Nmi, which is reported to regulate 

cytokine signalling (Zhang et al., 2007). However, we cannot rule out that Pkhd1 also 

interacts with Plekho1, given that the gene is also dysregulated in Pkhd1 KDs. 

Interestingly, Plekho1 expression highlights one of the DEGs that have different 

directional changes in expression between Atmin and Pkhd1 KDs, suggesting different 

yet unknown control mechanisms in their shared transcriptional network. However, 

Plekho1's alternate function and overall impact are unknown, given that its interacting 

partner Nmi is downregulated in both models.  

Another potential transcriptional target of Atmin identified in this study is 

Camk2g. Camk2g encodes a subunit of CaMKII, which has been reported to play an 

important role in PC-2 signal transduction in zebrafish (Rothschild et al., 2011). 

Mutations impacting the transcriptional function of Atmin reduce Camk2g expression 

in AtminGpg6/+ kidneys. In ADPKD-derived epithelial cells, inhibition of CaMKII is 

associated with increased cAMP levels, which may contribute to disease progression 

(Pinto et al., 2012). Decreased levels of CaMKII have also been associated with 

increased focal adhesion, a defect associated with Pkhd1 (Easley IV et al., 2008; 

Israeli et al., 2010). Although the importance of the interaction has been questioned in 

recent years, FPC and PC-2 have been proposed to interact physically to mediate 

Ca2+ signalling (Kim, Fu, et al., 2008; Outeda et al., 2017). The FPC-PC2 interaction 

may also be dependent on CaMKII. Following this, Atmin may modulate the function 
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of the FPC-PC2 relationship by encoding a subunit CaMKII, indirectly impacting FPC-

PC2 function. Additional interactions may occur between the other transcriptional 

targets of Atmin identified in this study (Arntl2, G6pc and Tmco3) and the function of 

Pkhd1. However, these interactions are not as readily apparent, given what we 

currently know about these genes. 

The importance of these associations to ARPKD in human disease are currently 

unknown. Very few DEGs associated with the common Atmin-Pkhd1 network were 

detected in ARPKD kidneys. It is currently unknown as to the cause of this. One 

possibility is that the network does not play as prominent role in human disease and 

in humans Atmin and Pkhd1 interact by different mechanisms. Alternatively, the 

network may represent severe ARPKD and as our small transcriptomic network was 

predominantly representative of moderate ARPKD, the network was not detected. 

Despite very few DEGs associated with the network being detected, Gene Ontology 

enrichment analysis still suggests that immune system processes are dysregulated in 

the kidneys of ARPKD patients, which may enhance cystogenesis.  

We have previously suggested a relationship between Atmin and Pkhd1 that 

involves WNT/PCP signalling (Richards et al., 2019). However, a low number of 

detected DEGs associated with this signalling pathway was observed by RNA-Seq in 

both single KD models. The number of detected DEGs in an RNA-Seq study is directly 

proportional to the number of biological replicates per group (Robles et al., 2012; Liu, 

Zhou and White, 2014; Conesa et al., 2016; Schurch et al., 2016). In one study, it was 

suggested that 3-4 biological replicates would identify ~20-40% of DEGs associated 

with a condition (Schurch et al., 2016). Given this, our prior work and that RNA-Seq in 

ARPKD and AtminGpg6/+ kidneys within this study highlight the involvement of 

WNT/PCP, it is unlikely that WNT/PCP is not a dysregulated signalling pathway 
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associated with Atmin and Pkhd1 (Richards et al., 2019). Instead, not every DEG 

associated with Atmin and Pkhd1 was detected, suggesting that there are more 

processes with which Atmin and Pkhd1 may directly or indirectly interact. 

Due to the low number of detected DEGs associated with WNT/PCP genes in 

Atmin and Pkhd1 KDs, it is impossible to further allude to the Atmin and Pkhd1 

relationship in this process and whether it is direct or indirect. However, Atmin's role 

in this signalling pathway is not associated with its transcriptional control over Dynll1 

as WNT/PCP genes are dysregulated in the AtminGpg6/+ kidneys, but Dynll1 expression 

is not.  



 

371 

6.1.2 Atmin and Pkhd1 Synergy  

 

Although the overall DEG trend differs between Atmin and Pkhd1 KDs, our data 

suggest that where Atmin and Pkhd1 overlap in the common transcriptional network, 

there is a similar degree of differential expression between transcriptomic profiles from 

siRNA KDs. Double KDs do not appear to exaggerate the expression of genes in this 

shared network, with only a few DEGs showing greater fold changes in double KDs 

(Cenpf, Lars2 and Smg1). Instead, most genes in this transcriptional network either 

have a similar fold change to Atmin and Pkhd1 KDs or a smaller fold change than 

single KDs. In 52 out of 81 of the common DEGs, the fold change reduces to such a 

level that they are no longer considered significantly differentially expressed. This is 

despite greater transcriptional dysregulation being observed in the double KDs 

compared to either single KD.  

Given the similar direction in expression change in single KDs, restoration of 

"normal" expression in double KDs is unlikely the result of an antagonistic relationship. 

However, the mechanism of their interaction is unclear. Given the similar change in 

expression in single KDs, they may play a role in the same pathway but at different 

points or intersecting pathways that result in the same net change in transcription for 

the shared transcriptional network. We previously observed similar restorative effects 

in combined Atmin and Pkhd1 mIMCD3 KDs. The WNT gene Scrib shows increased 

expression in Pkhd1 KDs and, albeit insignificant, increase in Atmin KDs, but the 

expression of Scrib is restored to control levels in double KDs (Richards et al., 2019). 

Functionally, cellular adhesion is increased in Pkhd1 mIMCD3 KDs, but combined 

Atmin and Pkhd1 KDs restored adhesion to similar levels as controls (Richards et al., 
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2019). Given this, many of Atmin's and Pkhd1's overlapping interactions may also be 

restored to control levels or have reduced effects when Atmin and Pkhd1 expression 

are reduced simultaneously, but further work will need to be carried out to fully 

understand the mechanisms of this relationship.  

Not all effects associated with the combined reduction of Atmin and Pkhd1 

return the dysregulated function to normal levels. Some aspects show synergy. In this 

study, the transcriptional profile of double KDs shows greater dysregulation of genes 

associated with the actin cytoskeleton, the cell cycle and metabolic processes 

associated with ATP generation. Additionally, although this study did not observe 

structural changes in cilia from mIMCD3 cells, combined Atmin and Pkhd1 KDs feature 

a greater decrease in the number of cells with detectable cilia than single KDs. Like 

the restorative effects, the synergy between the two genes has also been previously 

observed. Combined Atmin and Pkhd1 mIMCD3 cell KDs feature a reduced rate of 

cellular proliferation compared to Pkhd1 single KDs and scrambled controls (Richards 

et al., 2019). It should be noted that although a few genes associated with the shared 

network show a greater fold change than single KDs, given the small differences in 

DEG expression detected within this study, it is hard to quantify whether these 

changes represent actual increases or variance in the fold change.  

Given the restorative changes observed in combined Atmin and Pkhd1 KDs 

and the greater decrease in the rate of cellular proliferation previously observed, it is 

tempting to speculate that reduced expression of Atmin and Pkhd1 would slow disease 

development and progression. However, additional work quantifying the impact of the 

transcriptional changes associated with the actin cytoskeleton, cell cycle and energy 

metabolism and the previously identified changes in cellular adhesion and proliferation 
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will need to be carried out in digenic mouse models of Atmin and Pkhd1 to determine 

whether this reflects a positive or negative impact on disease progression.  

We have previously identified upregulation of ATMIN in ARPKD kidneys, but 

these changes were not observed in this cohort (Richards et al., 2019). Whether this 

lack of detection is due to the cohort size limiting detection by RNA-Seq or whether 

ATMIN expression differences vary between ARPKD patients is currently unclear. 

Interestingly, although alterations in ATMIN expression were not detected in this 

cohort, altered expression of ATMIN transcriptional targets was (ARNTL2 and 

DYNLL1), which potentially influenced the presentation of the disease. However, 

additional work will need to be performed to characterise the role of Atmin 

transcriptional targets in ARPKD.  
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6.1.3 NGS as a Tool for the Diagnosis and Prognosis of ARPKD 

 

This study also explored the genomic and transcriptomic profiles of ARPKD 

kidneys using NGS techniques to determine whether these systems would be helpful 

in the diagnosis and prognosis of ARPKD. Screening of ARPKD genetic profiles using 

WES successfully identified a minimum of two candidate mutations in all members of 

the ARPKD cohort across three different severity groupings. In contrast, potentially 

pathogenic variants were rare throughout the non-ARPKD cohort, showing that WES 

successfully differentiated between ARPKD and non-ARPKD individuals. However, in 

our cohort WES failed to find prognostic markers of disease severity, and based on 

our current knowledge of genotype-phenotype correlations may be an unsuitable tool 

currently for the prognosis of ARPKD. RNA-Sequencing identified 1,717 genes 

associated with ARPKD. Five genes that were further investigated could potentially be 

used to diagnose ARPKD but were not deemed statistically significant for the 

prognosis of the disease.  

This is not the first study to use NGS to provide a genetic diagnosis of ARPKD. 

Given the large size of the PKHD1 gene, it can be costly and time-consuming to screen 

for mutations (Bergmann, Küpper, et al., 2005). In the past NGS was considered a 

costly choice for screening mutations but as the technology progresses it has become 

more competitively priced making it an appealing choice for screening ARPKD patients 

(Obeidova et al., 2015, 2020; Szabó et al., 2018; Qiu et al., 2020; Zhang et al., 2020; 

Hertz et al., 2022). NGS has also proven effective at distinguishing between 

phenocopies of ARPKD (Szabó et al., 2018; Obeidova et al., 2020). WES has also 

been used to diagnose ARPKD, and its usage identified DZIP1L as a cause of ARPKD 
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in human disease (Nabhan et al., 2015; Braun et al., 2016; Lu et al., 2017; Zhang et 

al., 2020; Hertz et al., 2022). Although no phenocopies were identified within this 

study, WES would likely prove an effective tool in assessing such conditions as 

exploring genes associated with ADPKD, NPHP, and MODY-5 could be carried out 

simultaneously. One individual within our ARPKD cohort was associated with a 

potentially pathogenic variant in PKD1. However, no other potentially pathogenic 

variants within genes associated with these diseases were observed. In light of this, 

WES would make an effective tool for either a genetic diagnosis of ARPKD or a 

differential diagnosis in cases of ambiguity.  

Although WES appears effective at diagnosing ARPKD, using these tools for 

the prognosis of ARPKD is unlikely to be effective due to limitations in our knowledge 

regarding genotype-phenotype correlations. ARPKD is a clinically variable disease, 

but little is known regarding the causes of this variability. The type of mutation has 

been associated with disease severity, with patients carrying two null alleles in PKHD1 

being associated with severe ARPKD and patients with at least one missense mutation 

having a more varied disease presentation (Bergmann et al., 2003; Bergmann, 

Senderek, et al., 2005). However, mutation type could not explain our small cohort's 

variation in disease severity, as no individuals in this ARPKD cohort featured two null 

alleles. 

Correlations between disease severity and the location of specific PKHD1 

mutations are poorly defined (Bergmann et al., 2003, 2004; Bergmann, Senderek, et 

al., 2005). Recently, it has been suggested that ARPKD patients carrying two 

missense mutations between AA 709 – 1837 present better renal survival, with kidneys 

surviving for more than 18 years (Burgmaier et al., 2021). However, the current study 

lacked observations to compare to these findings. Instead, variants in our ARPKD 
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cohort were distributed throughout PKHD1 with no unique positional distribution 

between severity groups in this small cohort. 

Genetic modifiers have been proposed as a potential cause of severity in 

ARPKD (Bergmann et al., 2003; Bergmann, Senderek, et al., 2005). Although genetic 

background has been shown to influence disease presentation in animal models, little 

is known regarding genetic modifiers in human disease (Gattone, MacNaughton and 

Kraybill, 1996; Guay-Woodford et al., 1996; Guay-Woodford, Green, et al., 2000; 

Guay-Woodford, Wright, et al., 2000; Ricker et al., 2000; Mrug et al., 2005). After 

screening genes associated with PKD, Ciliopathies and WNT/PCP, only three 

candidate genetic modifiers were identified. One severe ARPKD kidney sample was 

carrying a potentially pathogenic variant in PKD1. The co-inheritance of PKD genes 

has been suggested to cause a more severe PKD disease presentation (Bergmann et 

al., 2011). This is backed up by data gathered from digenic animal models (Garcia-

Gonzalez et al., 2007; Kim, Fu, et al., 2008; Olson et al., 2019). As such, co-inheritance 

of this variant is a likely cause of the more severe ARPKD observed in this individual. 

However, the inheritance of PKD genes in severe ARPKD patients is unlikely the only 

influence on disease severity as two of the three severe ARPKD samples in this study 

did not feature variants in PKD genes, NPHP genes or HNF1β. The remaining two 

variants of interest were associated with WNT/PCP and included ATMIN and SCRIB. 

Both were identified in one individual, and further work will need to be done to 

determine how and if they influence disease severity. In the case of ATMIN, mutations 

in this gene may lower disease severity based on its increased expression in ARPKD 

and data from this study and our previous work in mIMCD3 cells highlighting a slower 

rate of proliferation and a restorative effect in some Atmin-Pkhd1 interactions when 

the expression of both genes is simultaneously reduced (Richards et al., 2019).  
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An alternative mechanism in the diagnosis and prognosis of ARPKD is the 

assessment of transcriptomic and proteomic profiles of ARPKD-patient samples. 

Proteomic profiles of ADPKD patients have recently been investigated and were found 

to be able to differentiate between disease severity, progression, and response to 

treatment (Raby et al., 2021). An assessment of six genes, including highly 

differentially expressed genes, WNT genes and cilia genes identified by RNA-Seq, 

was taken forward for further analysis in a larger cohort to confirm they were 

significantly differentially expressed compared to normal kidneys. Five of these six 

genes were significantly altered in their expression and could potentially be used as 

markers to detect ARPKD. These five genes included the two most significantly 

differentially expressed genes involved with transcriptional repression and 

development (MSC) or haemostasis (FGA), two genes associated with WNT/PCP 

(WNT4 and WNT9B), the primary cilium (KIF26B) and kidney development (KIF26B 

and WNT9B). However, given the small sample size additional testing on a larger 

cohort will need to be carried to determine whether these genes are truly diagnostic in 

a larger cohort. Additional work will also be needed to determine whether they can 

provide a differential diagnosis compared to CKD, ADPKD and phenocopies of 

ARPKD. Although this study identified potential diagnostic markers, none of these 

genes would make suitable prognostic markers due to an inability to differentiate 

between severe and moderate ARPKD. Given this, NGS is an efficient tool for 

diagnosing ARPKD, but current limitations in our knowledge of disease severity in 

ARPKD limit its implementation as a prognostic tool.   
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6.2 Study Limitations 

 

Although during this study attempts were made to address as many limitations 

as possible, some limitations are still apparent. During the investigation into the role 

of Atmin in the kidney, ~50% of the IP reads in the ChIP-Seq did not align with the 

mouse genome, which impacted the discovery of novel Atmin transcriptional targets 

by enrichment analysis. This was most apparent in exploring the Dynll1 promoter, 

which featured enrichment within a region previously described in the literature but 

was undetected by MACS2 enrichment analysis (Jurado, Conlan, et al., 2012). 

Similarly, the enrichment of Atmin binding in the Plekho1 promoter was only apparent 

in the kidney model, even though similar enrichment was observed within the mIMCD3 

cells. Given this, additional transcriptional targets of Atmin may yet present 

themselves. However, this study highlights that Dynll1 is not the only transcriptional 

target of Atmin by identifying five potential transcriptional targets (Arntl2, Camk2g, 

G6pc, Plekho1 and Tmco3). This low read alignment within the genome is unlikely to 

explain why Atmin binding within the Pkhd1 promoter was not observed, as no 

enrichment was detected either by a manual investigation of the track data or 

enrichment analysis. As such, it is unlikely that Atmin is a transcriptional regulator of 

Pkhd1 expression.  

Compared to the ChIP-Seq analysis, RNA-Seq carried out on mIMCD3 cell KDs 

of Atmin and Pkhd1 had a much better total read alignment. However, some samples 

showed little similarity to other members of the same condition. Post normalisation, in 

each KD condition (Atmin, Pkhd1 and Double) one sample had a large enough 

Euclidean distance that the sample did not cluster with the two other biological 
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samples for the same condition. Due to this, for each condition one biological sample 

was removed, reducing N from 3 to 2. As DEG discovery is directly proportional to the 

number of biological repeats, DEG discovery has likely been reduced to ensure 

consistency between replicates (Robles et al., 2012; Liu, Zhou and White, 2014; 

Conesa et al., 2016; Schurch et al., 2016). Given this, the common transcriptional 

network between Atmin and Pkhd1 is likely more extensive than identified in this study, 

as not every gene associated with this network was detected. This includes genes 

involved in WNT/PCP, which we previously identified as an overlapping transcriptional 

change between Atmin and Pkhd1 mIMCD3 KDs and have observed in ARPKD and 

AtminGpg6 mice (Goggolidou, Hadjirin, et al., 2014; Richards et al., 2019).  

Alongside this drop in the number of biological replicates, the transcriptomic 

analysis in mIMCD3 cell KDs highlighted that most DEGs had small changes in 

expression. Compared to untransfected controls, the expression differences were 

much larger than those detected compared to scrambled controls. This likely 

highlighted off-target effects, which were exaggerated by the large-scale assessment 

of gene expression in this study. However, these differences could also have arisen 

due to the type or amount of transfection vehicle, which was lipofectamine 2000 in this 

study. Future work may have to be carried out in an alternative model of reduced Atmin 

and Pkhd1 expression or with different transfection vehicles / siRNA controls to 

counter these off-target effects.  

Despite similar DEGs being detected between the Atmin KDs and AtminGpg6/+ 

kidneys, some inconsistencies between the models were also present. This was most 

evident by the observed differences in the direction of expression changes between 

some common DEGs. The cause of these inconsistencies is not apparent from the 

data collected in this study, but a few different mechanisms may explain these 
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transcriptional differences. The first is that these changes represent innate differences 

between the in vivo and in vitro models, potentially occurring due to the heterogeneous 

nature of the kidney and interactions between different cell types or the lack of tubular 

structure in mIMCD3 cell monolayers. Differences between AtminGpg6 kidneys and 

mIMCD3 data have previously been published, in which structural changes to cilia 

were not evident in AtminGpg6/Gpg6 kidneys but were detected in Atmin mIMCD3 KDs 

(Goggolidou, Hadjirin, et al., 2014; Goggolidou, Stevens, et al., 2014). The second 

mechanism is that these differences relate to Atmin expression. Atmin mIMCD3 cell 

KDs have reduced Atmin expression, but the AtminGpg6 point mutation does not affect 

Atmin expression only it’s transcriptional function. As such, the amount of Atmin 

protein available may have an effect on the expression of genes, without requiring 

functional zinc finger domains. Finally, the Atmin-Dynll1 relationship may have an 

effect on the expression of other genes. Dynll1 binding to Atmin can impact its 

transcriptional function. So far, this has only been associated with Atmin's 

transcriptional regulation of Dynll1, it is currently unknown whether the negative 

feedback loop impacts other Atmin target genes (Jurado, Conlan, et al., 2012; Clark 

et al., 2018). A significant difference between the AtminGpg6/+ kidneys and Atmin KDs 

is the reduction of Dynll1 expression, which could potentially impact Atmin's 

transcriptional relationship with other genes and change their cellular expression. 

However, additional work will be needed to identify these relationships. 

Another study limitation is the number of human samples used with the genomic 

and transcriptomic screening of ARPKD. With a UK population of 67 million and a 

global ARPKD incidence of 1:20,000 individuals, an estimated UK ARPKD population 

would be approximately 3,350 (
67,000,000

20,000
). According to power calculations, an 

estimated 11 individuals per severity group are required to extrapolate the results to 
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the general ARPKD population. However, the need for kidneys limits the study's 

sample size. Additionally, as the acquisition of kidneys from ARPKD patients occurs 

at the latter stages of the disease, gene expression analysis, such as the 

transcriptomic analysis in this study, typically represents ARPKD at CKD5.  

Alternative methods of assessing gene expression in ARPKD will need to be 

utilised for future work. Recently, the proteomic profiles of ADPKD patients generated 

from urinary exosomes support the use of such models in identifying biomarkers for 

disease severity, stage and the effectiveness of treatment (Raby et al., 2021). 

Alternatively, renal collecting ducts have been isolated from patient urine and have 

proven an effective tool in the study of ARPKD (Molinari et al., 2020). Both methods 

represent non-invasive models to study ARPKD, limited by patient recruitment.    
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6.3 Future Directions 

6.3.1 The Atmin-Pkhd1 Relationship 

 

This study has further highlighted the Atmin-Pkhd1 relationship by uncovering 

a shared transcriptomic network in which both genes interact and additional 

mechanisms by which Atmin may indirectly interact with the functions of Pkhd1. To 

further our understanding of this relationship, additional work is needed to identify how 

Atmin and Pkhd1 interact and whether mutations in both genes can modulate disease 

severity.  

One mechanism by which Atmin may affect the function of Pkhd1/FPC is by 

affecting its ciliary localisation. Our study suggests that reduced Atmin expression 

negatively impacts the localisation of FPC to the cilium, but the mechanism and 

Atmin's importance are still unknown. To clarify the importance of Atmin in the ciliary 

localisation of FPC and whether this reduction in FPC localisation is an important 

mechanism that causes the Atmin phenotype, an investigation into FPC localisation in 

AtminGpg6/Gpg6 mice will need to be undertaken to see if FPC ciliary localisation is 

reduced. To confirm whether these changes relate to the transcriptional function of 

Atmin or Atmin protein levels, additional studies in mIMCD3 Atmin knockouts and 

AtminGpg6 mice should be compared to determine whether loss of FPC ciliary 

localisation is unique to one model or present in both. 

In Atmin KDs, the amount of FPC localising to the cilium is decreased. 

However, this defect does not appear to be associated with ciliary entry. PC-1 and PC-

2 localisation are affected by genes associated with their maturation (Porath et al., 
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2016). One possibility is that poor maturation of FPC impacts its ciliary localisation. 

FPC is a highly glycosylated protein, but decreased Atmin expression may impact the 

FPC glycosylation processes and its ciliary localisation (Outeda et al., 2017). To 

complement the FPC ciliary volume assessment in this study additional work looking 

at the amount of FPC at the cilium is required. Isolation of proteins from the cilium, 

which would then undergo western blotting analysis would confirm the amount of FPC 

protein at the cilium in Atmin KDs. To test the potential maturation defects, assessing 

FPC size before and after enzymatic deglycosylation in Atmin KD or KO cells will 

reveal whether this process is affected by Atmin. 

The mechanisms by which Atmin and Pkhd1 interact with the common 

transcriptional network are currently unclear. The network is predominantly associated 

with immune signalling processes, a process that the primary cilium may modulate 

(Viau et al., 2018). To determine whether the primary cilium is a core component in 

influencing the expression of genes in the Atmin-Pkhd1 network, inhibiting the 

formation of the cilium and retesting the expression of these genes in Atmin and Pkhd1 

KDs would determine whether the cilium is required for this network. An alternative 

mechanism by which Atmin and Pkhd1 may interact is Plekho1 and its interacting 

partner Nmi. Targeting these genes by rescuing their expression in Atmin and Pkhd1 

KD models may also impact the expression of other genes within the common 

transcriptomic network. In addition to this RNA-Seq did not uncover the involvement 

of this network in moderate ARPKD. Additional work will need to be performed in 

human samples (either kidneys or cell cultures) to investigate transcriptional and 

protein level changes in genes associated with this network in different severities of 

ARPKD.  
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Atmin and Pkhd1 may indirectly interact through CaMKII. In this study, Camk2g, 

a subunit of CaMKII, was highlighted as a transcriptional target of Atmin. FPC may 

interact with PC-2, which has been shown to activate CaMKII (Kim, Fu, et al., 2008; 

Rothschild et al., 2011). However, whether CaMKII activity is changed in Pkhd1 KDs 

is unknown. CaMKII reporter assays in Pkhd1 KDs could be utilised to assess whether 

CaMKII activity is altered, highlighting another indirect interaction between Atmin and 

Pkhd1 (Rothschild, Lister and Tombes, 2007). Other avenues of exploration are direct 

protein-protein binding events between ATMIN, CaMKII, FPC and PC2, which could 

be explored using Co-immunoprecipitation. Exploration of direct binding would further 

highlight the functional relationship between FPC and PC2, identify whether Atmin 

binds to CaMKII as with its other transcriptional target Dynll1 and determine whether 

these four proteins form a protein complex.  

Digenic mice of Pkhd1, Pkd1 and Pkhd1, Pkd2 have previously been used to 

determine whether PKD genes can modulate the disease severity of other PKD genes 

(Garcia-Gonzalez et al., 2007; Kim, Fu, et al., 2008; Olson et al., 2019). It is currently 

unclear whether Atmin can modulate Pkhd1-associated PKD severity. As such, the 

generation of an Atmin, Pkhd1 digenic mouse would prove a valuable tool to identify 

synergistic interactions between Atmin and Pkhd1 and whether this results in a more 

severe or moderate PKD and investigate other organs that may be affected by 

mutations in both Atmin and Pkhd1.  

Atmin transcriptional targets have been found to be dysregulated in ARPKD but 

their current impact on the formation and progression of ARPKD is currently unknown. 

Additional studies focusing on the relationship of Atmin transcriptional targets and 

Pkhd1 should be undertaken to see how they cause PKD and if they can modulate 

Pkhd1-associated disease severity. Like the Atmin, Pkhd1 digenic mice suggested 
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and Atmin, Pkhd1 double KDs further work in digenic Pkhd1 and either Arntl2, 

Camk2g, Dynll1, G6pc, Plekho1 and Tmco3 digenic mice or double KDs will need to 

be performed to understand their functional relationships and whether rescuing the 

expression of Atmin transcriptional targets can rescue the disease phenotype of 

ARPKD.  
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6.3.2 Atmin as a Transcription Factor in the Kidneys and Renal 

Collecting Ducts 

 

In this study, we have identified five new transcriptional targets of Atmin (Arntl2, 

Camk2g, G6pc, Plekho1 and Tmco3). Based on the AtminGpg6/+ mouse, we were able 

to estimate the transcriptional role of Atmin in governing the expression of these 

genes. However, additional functional data is required to determine whether Atmin 

binding to these promoters and discovered motifs can activate or repress gene 

transcription. The best mechanism for these investigations is using luciferase assays 

to detect whether Atmin binding can activate or repress the reported assay and 

whether reducing Atmin's expression impacts these assays.  

After identifying whether the Atmin DNA binding events identified in this study 

represent a functional role of Atmin, determining the impact on gene expression in the 

event of complete loss of Atmin would identify how important these Atmin DNA binding 

events are in the transcription of these target genes. An example is that Dynll1 

expression is not entirely lost in AtminGpg6/Gpg6 mice, but the pool of functional Dynll1 

is considerably reduced (Goggolidou, Stevens, et al., 2014). Optimal models for this 

analysis include kidneys from AtminGpg6/Gpg6 mice, hypothesised to have completely 

abrogated transcriptional function or an Atmin knockout cell line (Goggolidou, Stevens, 

et al., 2014).   

Additional work will need to be carried out to identify whether the loss of function 

of these genes emulates the Atmin phenotype. Similar work has been carried out 

previously for Dynll1, which compared the phenotypes of AtminGpg6 mice to a Dynll1-

mouse model (Goggolidou, Stevens, et al., 2014). An alternative model is to 
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characterise the phenotype of Atmin knockdown/out cell lines to those of the 

transcriptional targets to highlight overlapping cellular changes, which could suggest 

the processes Atmin governs by regulating the expression of these genes. 

Investigating whether overexpression (Camk2g and Plekho1) or reducing expression 

(Arntl2, G6pc, Plekho1 and Tmco3) can rescue aspects of the Atmin phenotype will 

further clarify the importance of the genes in Atmin's function.  

Finally, the transcriptional target Dynll1 has been reported to modulate Atmin's 

transcriptional function by binding to Atmin and creating a negative feedback loop 

(Jurado, Conlan, et al., 2012; Clark et al., 2018). However, whether this impacts the 

other transcriptional targets of Atmin is currently unknown. Overexpression studies of 

Dynll1 and measuring changes in gene and protein levels of the remaining five 

transcriptional targets will help identify whether Dynll1 can modulate their expression 

through Atmin and further improve our understanding of the Atmin-Dynll1 relationship.  
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6.3.3 Transcriptomic and Proteomics in the Differential Diagnosis 

and Prognosis of ARPKD 

 

Additional work will need to be carried out to investigate further transcriptomic 

and proteomic differences that lead to variation in ARPKD severity. Alternative models 

would use urinary exosomes or urinary-derived epithelial cells (URECs), allowing for 

larger study cohorts and being more easily detectable in a clinical setting by taking a 

urine sample, unlike nephrectomy samples. Exosome profiles have already been 

shown to differ in adult ADPKD, depending on disease severity and progression (Raby 

et al., 2021). Similar results in ARPKD could prove suitable for a prognostic test to 

determine disease stage and severity. Exploration of URECs could also allow for a 

transcriptomic analysis and the characterisation of molecular traits, such as cilia 

structure (Molinari et al., 2020). Characterising phenocopies of ARPKD, such as early-

onset ADPKD, could generate an all-encompassing differential diagnostic and 

prognostic test and improve our understanding of how and why these diseases differ 

in their presentation.  
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6.4 Concluding Remarks 

 

This study has improved our understanding of the Atmin-Pkhd1 relationship, 

placing the two genes in a common transcriptional network. It has highlighted that the 

relationship between Atmin and Pkhd1 does not involve Atmin as a transcriptional 

regulator of Pkhd1 gene expression. However, Atmin may be required for the ciliary 

localisation of FPC. Some of Atmin's transcriptional targets may also be associated 

with the function of Pkhd1/FPC and may interact with the common transcriptional 

network or be associated with the FPC-PC2 interaction. We also observe WNT/PCP 

transcriptional changes in the AtminGpg6/+ mouse model without changes in Dynll1 

expression, suggesting WNT/PCP alterations occur in a Dynll1-independent manner. 

Finally, this work suggests that WES is a useful diagnostic tool for investigating 

PKHD1 mutations in APRKD. However, due to our current limited understanding of 

genotype-phenotype correlations and the transcriptomic differences between ARPKD 

patients, NGS is not currently a suitable tool for the prognosis of ARPKD. Despite this, 

the tool is beneficial in screening ARPKD patients for mutations in additional genes 

which may allow for the differentiation of phenocopies as previously shown using other 

NGS techniques (Szabó et al., 2018; Obeidova et al., 2020) or, in the future, the 

identification of genetic modifiers.  
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Appendix 1. Plot outputs generated by IDR assessing concordance of the top 150000 peaks between replicates 
for A – D) mIMCD3 cells and E – H) mouse kidney tissues. A-B; E-F) Dot plot comparing peak rank (A and E) 
or Log10 score (B and F) across replicates. Black dots represent peaks with IDR ≤ 0.05 and Red dots are 
≥0.05. Score is the ranked P-value determine by MACS2. C-D; G-H) Peak ranks versus IDR scores. Boxplot 
overlays display the distribution of IDR values in each 5% ranked quantile. 
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Appendix 2. Supplementary QC data from Qualimap for read coverage and read bias. A) Representative coverage plot for mIMCD3 cells. B) Representative coverage plot 
for mouse kidneys. C) Representative coverage plot for human kidneys.  
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a) b) c) d) 

e) g) f) h) 

i) 

Appendix 3. Supplementary QC data for the AtminGpg6/+ kidney tissue RNA-Sequencing data. A) A PCA plot featuring three 
PKD mouse models which underwent RNA-sequencing at the same time. PCA represents their relationship between the first 
and second principal components. Orange = Wildtype. Green = Atmin mouse model (Gpg6/+). Blue = Pkhd1 mouse model. 
Pink = Rnd3 mouse model. B-E) PCA plots produced by RUV-Seq comparing the first and second principal components for 
AtminGpg6/+ vs wildtype after normalisation (B) and accounting for factors of variance (k) 1 (C), 2 (D) and 3 (E). F-I) Boxplots 
produced by RUV-Seq of the relative log of expression (RLE) for normalised counts (F), and factors 1 (G), 2 (H) and 3 (I). 
GA = Gasping 6 (AtminGpg6/+); WT = Wildtype. Orange = Wildtype. Green = AtminGpg6/+. 
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Appendix 4. DNA motifs local to Atmin ChIP peaks identified by MACS2. All ChIP-peaks used to identify motifs were present in mIMCD3 and wildtype kidney tissue IPs. 
In total 390 ChIP peaks fit the outlined criteria and were observable in both in vitro and in vivo models. The table outlines the top 5 motifs identified by MEME-ChIP and 
their respective E-values, (in which an E-value <0.05 is significant); number of peaks (out of 390) that contained the motif within 500 bp of the peak centre; motif 
similarity to known motifs according to Jasper and UniPROBE. 
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Appendix 5. Gene expression analysis comparing the expression of genes associated with ATMIN, ADPKD, ARPKD, cpk mouse, MODY-5, NPHP and WNT/PCP. Gene expression 
values are from Atmin mIMCD3 KDs and AtminGpg6/+ kidney. - = unable to accurately identify expression either due to a) too low and was cut off (base mean < 100); b) 
removed as an outlier by Deseq2 or c) removed due to prefiltering. Log2FC = Log2(Fold Change), P-adj = P-adjusted value.   

Gene Annotation Atmin mIMCD3 KDs AtminGpg6/+ kidney tissue 

Log2FC P-adj Log2FC P-adj 

Alg9 ADPKD 0.01 0.99 0.16 0.60 

Arhgef19 WNT/PCP 0.18 0.48 -0.58 0.03 

Atmin Atmin -1.17 1.05x10-49 0.10 0.78 

Ccdc88c WNT/PCP 0.07 0.88 -0.80 4.42x10-03 

Celsr2 WNT/PCP 0.11 0.69 -0.11 0.70 

Cep290 NPHP -0.06 0.91 - - 

Cys1 cpk 0.03 0.98 -0.47 0.04 

Daam1 WNT/PCP 0.01 0.99 0.04 0.90 

Dnajb11 ADPKD -0.03 0.97 0.66 0.01 

Dvl1 WNT/PCP -0.03 0.97 -0.67 1.78x10-03 

Dvl2 WNT/PCP 0.07 0.82 -0.06 0.89 

Dvl3 WNT/PCP 0.02 0.98 -0.40 0.10 

Dynll1 Atmin -0.52 2.07x10-07 0.13 0.68 

Dzip1l ARPKD 0.05 0.95 -0.66 0.01 

Frzb WNT/PCP - - 0.94 2.84x10-04 

Fzd1 WNT/PCP 0.02 0.99 1.24 1.78x10-06 

Fzd4 WNT/PCP -0.01 0.99 0.20 0.44 

Fzd5 WNT/PCP -0.17 0.42 0.50 0.10 

Fzd6 WNT/PCP -0.03 0.96 -0.25 0.41 

Fzd7 WNT/PCP 0.00 1.00 0.55 0.07 

Fzd8 WNT/PCP - - 0.85 0.01 

Ganab ADPKD 0.00 1.00 0.36 0.12 

Glis2 NPHP 0.05 0.87 0.01 0.97 

Gpc4 WNT/PCP -0.05 0.97 - - 

Gpc6 WNT/PCP 0.04 0.98 - - 
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Hnf1b MODY5 0.03 0.98 -0.17 0.52 

Ift80 WNT/PCP 0.06 0.87 -0.04 0.93 

Invs NPHP 0.02 0.99 0.15 0.66 

Iqcb1 NPHP -0.10 0.79 -0.89 1.59x10-03 

Nek8 NPHP 0.07 0.90 -0.51 0.05 

Nlk WNT/PCP 0.02 0.98 -0.15 0.62 

Nphp1 NPHP -0.06 0.91 0.51 0.05 

Nphp3 NPHP - - -0.64 0.02 

Nphp4 NPHP 0.01 0.99 - - 

Pkd1 ADPKD -0.07 0.91 -0.58 0.03 

Pkd2 ADPKD 0.04 0.93 0.29 0.21 

Pkhd1 ARPKD -0.07 0.89 0.23 0.38 

Prickle1 WNT/PCP 0.02 0.98 0.05 0.92 

Ptk7 WNT/PCP 0.10 0.55 #N/A - 

Rac1 WNT/PCP 0.03 0.96 1.05 2.56x10-07 

Rhoa WNT/PCP 0.01 0.99 1.02 9.11x10-07 

Rpgrip1l NPHP 0.00 1.00 - - 

Ryk WNT/PCP 0.03 0.98 0.34 0.14 

Smurf2 WNT/PCP -0.07 0.84 0.42 0.07 

Tiam1 WNT/PCP -0.04 0.97 - - 

Vangl1 WNT/PCP -0.05 0.92 0.34 0.21 

Vangl2 WNT/PCP 0.07 0.88 - - 

Wnt4 WNT/PCP -0.03 0.98 -1.79 2.34x10-08 

Wnt5a WNT/PCP 0.04 0.98 - - 

Wnt7a WNT/PCP 0.07 0.87 - - 
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Appendix 6. ChIP-Seq identified 25 Atmin binding peaks in chromosome 1, common between mIMCD3 cells and 
kidney tissues.  

Closest Gene Location Annotation Distance to TSS 

1110002O04Rik Chr1: 35597844 - 35598746 Distal Intergenic -270849 

1700112H15Rik Chr1: 184614402 - 184615260 Distal Intergenic -56712 

Aldh9a1 Chr1: 167345385 - 167345876 Distal Intergenic -4115 

BC055402 Chr1: 57233499 - 57234648 Distal Intergenic -18504 

Cyp20a1 Chr1: 60293391 - 60293948 Intron -49352 

Dgkd Chr1: 87890354 - 87891713 Intron 8498 

Dtl Chr1: 191534172 - 191535680 Downstream 30212 

Farsb Chr1: 78432676 - 78433796 Intron 55093 

Gm28321 Chr1: 50711981 - 50713104 Distal Intergenic -99371 

Gm34320 Chr1: 168674181 - 168675258 Intron 34870 

Gm36139 Chr1: 151104180 - 151104734 Intron -16074 

Gm38717 Chr1: 4011975 - 4012327 Distal Intergenic 221401 

Gm39585 Chr1: 3338790 - 3339400 Intron -22152 

Hsfy2 Chr1: 56802001 - 56802513 Intron -164551 

Ino80d Chr1: 63076437 - 63076866 Intron 36670 

Ly96 Chr1: 16804999 - 16805585 Distal Intergenic 116544 

Mstn Chr1: 53042584 - 53043475 Distal Intergenic -18165 

Pam Chr1: 97948733 - 97949536 Intron 28063 

Prkag3 Chr1: 74734245 - 74735217 Intron 13738 

Rabgap1l Chr1: 160313136 - 160313762 Promoter -476 

Rgs18 Chr1: 144677179 - 144677979 Distal Intergenic 83093 

Rgs21 Chr1: 144660812 - 144661769 Distal Intergenic -93146 

Thsd7b Chr1: 129396954 - 129398370 Intron 86416 

Tsn Chr1: 118296220 - 118297046 Downstream 14086 

Zdbf2 Chr1: 63354421 - 63355281 Distal Intergenic 80938 
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Appendix 7. Rare potentially pathogenic variants observed within normal renal samples by WES for each of the assessed genes within this study. AR = Autosomal Recessive; 
NPHP = Nephronophthisis; PKD = Polycystic Kidney Disease; SNV = Single Nucleotide Variant. - = No Record; U = Unknown Significance.  

 
Sample 
Age at 
ESRD 

Gene Name Variant Variant 
Type 

Exon Average 
Global 

Population 
Frequency  

Pathogenic 
Program 

Predictions 

Conserved 
Program 

Predictions 

CADD 
Phred 
Score 

ClinVar 
Record 

HGMD Record 

5 Months CELSR3 c.C8429T 
p.T2810M 

Missense 
SNV 

30 1.59x10-04 SIFT,  
PolyPhen-2, 

MutationTaster  

PhyloP, 
SiPhy, 
Gerp++ 

26.8 - - 

7 Months CELSR2 c.C8641T 
p.R2881C 

Missense 
SNV 

33 2.34x10-02 SIFT, 
MutationTaster 

PhyloP, 
SiPhy, 
Gerp++ 

16.03 - - 

 
SDCCAG8 c.C778G 

p.L260V 
Missense 

SNV 
8 2.67x10-04 SIFT, 

Polyphen2, 
MutationTaster, 

MutationAssessor  

PhyloP, 
SiPhy, 
Gerp 

12.16 - - 

1 Year NPHP4 c.C3574T 
p.R1192W 

Missense 
SNV 

26 1.87x10-03 SIFT, 
Polyphen2, 

MutationAssessor  

SiPhy, 
Gerp 

12.37 - CM051582 
(NPHP 4) 

 
TTC8 c.A659G 

p.Q220R 
Missense 

SNV 
12 2.00x10-03 Polyphen2, 

MutationTaster, 
LRT  

PhyloP, 
SiPhy, 
Gerp 

16.63 - CM1312849 
(Retinitis pigmentosa, AR) 

18 Months  NPHP4 C3329T 
p.A1110V 

missense 
SNV 

24 3.27x10-03 -   SiPhy <10 U  CM125782 
(Cardiovascular 
malformations) 

2 Years DVL3 c.C593T 
p.T198I 

Missense 
SNV 

5 3.66x10-04 PolyPhen-2, 
MutationTaster, 

LRT, 
MutationAssessor  

PhyloP, 
SiPhy, 
Gerp++ 

18.46 - - 

 
NPHP3 c.C3913T 

p.R1305C 
Missense 

SNV 
27 1.32x10-02 SIFT, 

Polyphen2, 
FATHMM  

SiPhy 12.08 - - 

 
BBS12 c.G1286C 

p.S429T 
Missense 

SNV 
2 2.77x10-02 MutationAssessor SiPhy <10 - CM1010463 

(Altered function)  
BBS9 c.A34G 

p.T12A 
Missense 

SNV 
2 1.27x10-02 MutationTaster, 

LRT, 
FATHMM  

SiPhy, 
Gerp 

<10 - - 

2.5 Years DVL2 c.G230A 
p.R77H 

Missense 
SNV 

2 1.07x10-03 PolyPhen-2, 
MutationTaster, 

LRT 

PhyloP, 
SiPhy, 
Gerp++ 

15.07 - - 

 
PKD1 c.A3101T 

p.N1034I 
Missense 

SNV 
13 5.49x10-04 SIFT, 

Polyphen2, 
MutationTaster, 

LRT, 
MutationAssessor  

PhyloP, 
SiPhy, 
Gerp 

14.94 - - 
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CEP55 c.C175T 

p.L59F 
Missense 

SNV 
2 2.53x10-02 SIFT, 

Polyphen2, 
MutationTaster, 

LRT, 
MutationAssessor  

PhyloP, 
SiPhy, 
Gerp 

19.27 - - 

 
B9D1 c.C181T 

p.R61W 
Missense 

SNV 
3 8.43x10-03 SIFT, 

Polyphen2, 
MutationAssessor  

SiPhy, 
Gerp 

13.61 - - 

 
IFT27 c.C425T 

p.A142V 
Missense 

SNV 
6 7.56x10-03 SIFT, 

Polyphen2, 
MutationTaster, 

MutationAssessor, 
FATHMM  

PhyloP, 
SiPhy, 
Gerp 

34 - - 

 
WNT11 c.C244T 

p.R82W 
Missense 

SNV 
2 2.23x10-03 PolyPhen-2, 

MutationTaster, 
LRT  

SiPhy 15.72 - - 

4 Years 1 CELSR2 c.C3602T 
p.P1201L 

Missense 
SNV 

2 1.07x10-02 SIFT, 
MutationTaster  

PhyloP, 
SiPhy, 
Gerp++ 

15.94 - - 

 
PKHD1 c.C5410T 

p.R1804C  

Missense 
SNV 

34 4.00x10-04 FATHMM SiPhy <10 - CM052343 
(PKD)  

BBS1 c.G1349A 
p.R450Q 

Missense 
SNV 

14 1.79x10-02 MutationTaster, 
FATHMM 

PhyloP, 
SiPhy, 
Gerp  

17.89 - - 

 
SCAPER c.G95A 

p.S32N 
Missense 

SNV 
2 7.03x10-03 Polyphen2, 

MutationTaster, 
LRT  

PhyloP, 
SiPhy, 
Gerp 

16.88 - - 

 
PKD1 c.G8898C 

p.E2966D  

Missense 
SNV 

24 3.97x10-02 MutationAssessor SiPhy, 
Gerp 

<10 - CM003338 
(PKD 1) 

4 Years 2 CELSR2 c.C8641T 
p.R2881C 

Missense 
SNV 

33 2.34x10-02 SIFT, 
MutationTaster 

PhyloP, 
SiPhy, 
Gerp++ 

16.03 - - 

 
SCLT1 c.G1062C 

p.E354D 
Missense 

SNV 
13 9.06x10-03 SIFT, 

MutationTaster, 
LRT, 

MutationAssessor  

SiPhy, 
Gerp 

13.63 - - 

 
IFT74 c.G1735A 

p.V579M 
Missense 

SNV 
20 5.37x10-03 SIFT, 

Polyphen2, 
MutationTaster, 

LRT, 
MutationAssessor  

PhyloP, 
SiPhy, 
Gerp 

21.5 - - 

9 Years DVL2 c.C1604T 
p.T535I 

Missense 
SNV 

14 1.30x10-02 SIFT, 
PolyPhen-2, 

MutationTaster, 
LRT, 

MutationAssessor 
  

PhyloP, 
SiPhy, 
Gerp++ 

18.84 - - 
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PKD1 c.G6488A 

p.R2163Q 
Missense 

SNV 
15 1.83x10-03 SIFT, 

Polyphen2, 
MutationTaster, 

LRT, 
MutationAssessor  

PhyloP, 
SiPhy, 
Gerp 

35 - - 

16 Years CELSR1 c.4518_4519insCC 
p.A1507fs 

Frameshift 
Insertion 

4 2.90x10-03 - - - - - 

 
CELSR1 c.4517_4518ins 

CGCAGGTGGGGCCTTC 
p.S1506fs 

Frameshift 
Insertion 

4 2.90x10-03 - - - - - 

 
RPGRIP1L c.G685A 

p.A229T 
Missense 

SNV 
6 4.89x10-02 MutationTaster PhyloP, 

SiPhy, 
Gerp  

11.37 U CM093276 
(Retinal degeneration in 

ciliopathies) 
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