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Kif5a Kinesin heavy chain isoform 5A 
KLHL12 Kelch-like protein 12 
KO Knock-out 
LAMP lysosome-associated membrane protein 
LB Luria-Bertani 
LC-MS Liquid chromatography mass spectrometry 
LFQ Label free quantification 
LITAF Lipopolysacharide-induced tumour necrosis factor alpha factor 
LPS Lipopolysacharide 
MBP Myelin basic protein 
MHCI Major histocompatibility complex class 1 
MICAL L1 Molecules interacting with with CasL-Like1 
MPZ Myelin protein zero 
MRC-5 Medical research council 5 
mRNA messenger RNA 
MS222 tricaine methanesulfonate 
MTMR Myotubularin related 
MTOC Microtubule organising centre 
MVB Multivesicular body 
MVB12 Multivesicular body subunit 12 
N4WBP3 Nedd4 WW domain binding protein 3 
NDFIP2 Nedd4-family interacting protein 2 
NDRG1 N-myc downstream-regulated gene 1 protein 
NEB New England biosciences 

Nedd4 Neural precursor cell expressed developmentally down-regulated 
protein 4 

NEFL Neurofilament light polypeptide 
NFκB Nuclear factor kappa-light-chain-enhancer of activated B cells 
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NHE-RF1 Na(+)/H(+) exchange regulatory cofactor 
NMR Nuclear magnetic resonance 
OTU ovarian tumour 
Pacsin2 Protein kinase C and casein kinase substrate in neurons 2 
PAMP Pathogen-associated molecular pattern 
PBS Phosphate buffered saline 
PCA Principal component analysis 
PCDHGA11 Protocadherin gamma-A11 
PCR Polymerase chain reaction 
PE Phosphatidylethanolamine 
PEI Polyethylenimine 
PETAL Proteome epitope tag antibody library 
PFA Paraformaldehyde 
PI Phosphatidylinositol 
PI(3,4)P² Phosphatidylinositol-3,4-phosphate 
PI3K Phosphatidylinositol-3 kinase 
PI3P Phosphotidylinositol-3-phosphate 
PI4P Phosphotidylinositol-4-phosphate 
PIG-7 p53 induced gene 7 
PLP Proteolipid protein 
PMP22 Peripheral myelin protein 22 
PMSF phenylmethylsulfonyl fluoride 
PNS Peripheral nervous system 
PTK7 Protein tyrosine kinase 7 
PTM Post translational modification 
PVDF polyvinylidene difluoride 
PX Phox 
qPCR Quantitative PCR 
Rab Ras-related in brain 
Rab11FIP Rab 11 family-interacting protein 
RBR RING between RING 
RFFL RING finger and FYVE-like domain-containing protein 1 
RILP Rab-interacting lysosomal protein 
RING Really interesting new gene 
RIPA Radioimmunoprecipitation assay buffer 
RME-8 Receptor-mediated endocytosis 8 
RNA Ribonucleic acid 
RNF207 RING finger protein 207 
RPE-1 Retinal pigment epithelial-1 
RT-PCR Reverse transcriptase polymerase chain reaction 
SD Standard deviation 
SDS-PAGE Sodium dodecyl sulphate polyacrylamide gel electrophoresis 
SE Sorting endosome 
Sec31A Secretory protein 31A 
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sgRNA Single guide RNA 
SH3TC2 SH3 domain and tetratricopeptide repeat-containing protein 2 
SIMPLE Small integral membrane protein of the late endosome/lysosome 
siRNA Silencing RNA 
SLC Solute carrier 
SLD SIMPLE-like domain 

SNARE Soluble N-ethylmaleimide-sensitive factor attachment protein 
receptor 

SNX Sorting nexin 
STAM1/2 Signal transducing adaptor molecule 1/2 
STAT6 Signal transducer and activation of transcription 
STRING Search tool for the retrieval of interacting genes/proteins 
TAE Tris acetate EDTA buffer 
TBC1D5 Tre-2/Bub2/Cdc16 domain family member 5 
TBST Tris buffered saline with Tween 
TCEP Tris(2-carboxyethyl)phosphine 
TEMED Tetramethylethylenediamine 
TfR Transferrin receptor 
TFV Tiger frog virus 
Tgfbrap1 Transforming growth factor-beta receptor-associated protein 1 
TGN trans-Golgi network 
TJP2 Tight junction protein 2 
TNFα Tumour necrosis factor alpha 
TPD54 Tumour protein D54 
TRE Tubular recycling endosome 
Tsg101 Tumour susceptibility gene 101 
UBA Ubiquitin binding associated 
UBAP1 Ubiquitin associated protein 1 
Ubc13 Ubiquitin conjugating enyzme 13 
UBD Ubiquitin binding domain 
UBPY Ubiquitin isopeptidase Y 
UEV Ubiquitin E2 variant 
UIM Ubiquitin interacting motif 
VAP Vesicle associated protein 
VHS Vps27, Hrs, STAM 

VIPAS39 VPS33B Interacting Protein, Apical-Basolateral Polarity Regulator, 
Spe-39 Homolog 

Vps Vacuolar protein sorting 
WASH Wiskott-Aldrich syndrome protein and SCAR homolog 
WT Wild type 
WWOX WW domain-containing oxidoreductase 
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Abstract 
Endocytosis involves the incorporation of surface proteins into intracellular vesicles 

and downstream compartments from where they are sorted to different destinations. 

This highly regulated process is essential for information exchange between the 

extracellular environment and the cell, and is required for uptake of nutrients, 

regulation of signalling and transport of proteins within the cell. Dysregulated 

endocytic trafficking is implicated in a wide range of diseases including cancer, 

infectious disease and neurological disorders. 

Charcot-Marie-Tooth (CMT) disease is the most common inherited peripheral 

neuropathy, estimated to affect 1:2500 people, with at least 80 genes identified as 

causative. Missense mutations in lipopolysaccharide-induced tumour necrosis factor α 

factor (LITAF) result in CMT type 1c, which is an autosomal dominant demyelinating 

disease. It is likely that LITAF functions in endocytic trafficking. However, its precise 

mechanism of action is still not clear and hence the molecular cause of CMT1c is not 

well understood.  

Here, we show that CMT1c mutations in LITAF impaired localisation to recycling 

endosomes. These mutations rendered LITAF unable to regulate the tubular recycling 

compartment, and disrupted trafficking of an endocytic recycling cargo, CD98. We 

performed a proximity labelling BioID screen to identify potential interactors of 

LITAF and LITAF containing two CMT1c mutations. A large number of potential 

interacting partners were identified, and novel protein associations with LITAF have 

begun to be uncovered. Links with integrin trafficking were revealed as well as other 

adhesion proteins which are likely to have relevance to the disease. Additionally, we 

generated transgenic zebrafish lacking LITAF or a similar protein, cell death inducing 

p53-target protein 1 (CDIP1) and double LITAF and CDIP1 knock-out zebrafish. The 

zebrafish are viable and have no overt phenotype, and they may provide a useful model 

in which to further explore the function of these proteins in a physiological context.  

Overall this study indicates that CMT1c disease may result from dysregulation of the 

endocytic recycling pathway and provides additional insights into the possible links 

between LITAF and demyelination. Further understanding of the function of LITAF 

and the molecular cause of this disease is required to develop therapeutic targets for 

this group of demyelinating disorders. 
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1.1 Endocytosis 

There are a huge number of integral membrane proteins encoded in the human genome, 

and they are transported throughout the cell by membrane trafficking. The plasma 

membrane composition results from a balance of the endocytic pathway and the 

secretory pathway and is affected by physiological inputs. This allows the cell to sense 

the environment, signal in response to changes, adhere to and migrate through matrix 

and achieve cellular polarity.  

Many different types of membrane proteins and membrane components are present at 

the plasma membrane and internalised into cells in a complex process called 

endocytosis. This process can be constitutive or stimulated by events at the cell surface, 

such as ligand binding to receptors. Membrane proteins function at the plasma 

membrane and some are also active whilst in endocytic compartments. These 

internalised membrane proteins (cargo) enter the cell through clathrin-mediated 

endocytosis (CME) and clathrin-independent endocytosis (CIE) mechanisms. The 

plasma membrane invaginates, while coat proteins such as clathrin and associated 

adaptor proteins induce membrane curvature, and scission proteins pinch off the 

endocytic pit to form an intracellular vesicle. These endocytic vesicles fuse with early 

endosomes. The fast recycling process transports some cargo back to the plasma 

membrane whilst others are trafficked along microtubules to fuse with the sorting 

endosome. Once cargoes reach the sorting endosome, different complexes recognise 

and direct them to a range of compartments within the cell (Figure 1.1).  

1.1.1 Ubiquitination, and its role in endocytosis 
Ubiquitination regulates both internalisation and endosomal sorting. Ubiquitination is 

a post-translational modification (PTM) involving covalent attachment of the 76 amino 

acid protein ubiquitin to lysine residues (or in specialised cases the amino terminus) of 

target proteins. E1 enzymes activate ubiquitin so it covalently attaches to E2 ubiquitin 

conjugating enzymes. E3 ubiquitin ligases directly or indirectly attach ubiquitin to the 

specific target protein (Leon and Haguenauer-Tsapis, 2009). E3 ubiquitin ligases 

recognise target proteins by the presence of a signal such as phosphorylation, protein 

interaction domain, or can be recruited by an adaptor protein. E3 ubiquitin ligase 

adaptors bind specific E3 ubiquitin ligases and target proteins, thereby bringing them 
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into proximity to promote ubiquitination of the target protein. Such adaptors may 

contribute to spatial regulation of ubiquitination as they can recruit these components 

to a specific location (Shearwin-Whyatt et al., 2006). 

 

 

Figure 1.1. Overview of membrane trafficking in endocytosis. 
Cargo such as receptors, transporters, ion channels and adhesion proteins are 
internalised by various clathrin-dependent and clathrin-independent mechanisms 
into endocytic vesicles, which fuse with the early endosome. Cargo that is returned 
to the plasma membrane (orange) is sorted into membrane subdomains by retrieval 
complexes. The membrane buds off to form tubular recycling endosomes which are 
transported back to the plasma membrane. Cargo destined for lysosomal 
degradation (red) is sorted into membrane subdomains which undergo membrane 
remodelling to form ILVs by the action of ESCRTs. This endosome matures to form a 
MVB containing ILVs. The late endosome fuses with an endolysosome containing 
hydrolytic enzymes which degrade proteins present. 
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E3 ubiquitin ligases confer the substrate specificity, as well as the spatial and temporal 

regulation, with around 600 E3 ubiquitin ligases encoded in the mammalian genome 

(Metzger et al., 2012, Li et al., 2008). Homologous E6 C-terminus (HECT) domain E3 

ubiquitin ligases and really interesting new gene (RING) finger E3 ubiquitin ligases 

ubiquitinate endocytic cargo, targeting them for ubiquitin-dependent sorting into early 

endosomes. HECT domain family members have a variable N-terminal region which 

interacts with substrates. A flexible hinge region links the C-terminal region, in which 

an active site cysteine residue receives ubiquitin that is transferred from the E2 

conjugating enzyme. The ubiquitin moiety is subsequently transferred to the target 

substrate protein. Alternatively, RING finger E3 ubiquitin ligases catalyse the transfer 

of ubiquitin directly from the E2 onto the substrate. RING finger ligases co-ordinate 

zinc by cysteine and histidine residues and interact with both the E2 ubiquitin 

conjugating enzyme and the target substrate. Casitas c-linkage lymphoma (Cbl) is a 

well-studied example of a RING finger E3 ligase which is recruited to activated 

receptor tyrosine kinases at the plasma membrane and catalyses their ubiquitination. 

There are also non-canonical E3 ubiquitin ligase families such as RING in-between 

RING (RBR). Haem oxidised IRP2 ubiquitin ligase-1 (HOIL-1) is an example of an 

RBR ubiquitin ligase which generates linear ubiquitin chains. It contains a RING 

domain which interacts with ubiquitin-conjugated E2, an intervening RBR domain and 

a second RING2 domain which contains the active site cysteine residue which receives 

the ubiquitin, which is then transferred to the substrate, similar to HECT domain E3s 

(Dove and Klevit, 2017, Kelsall et al., 2019). Additionally, the A20  ubiquitin ligase 

contains an N-terminal ovarian tumour (OTU) domain which has deubiquitylase 

activity whilst the C-terminal region contains seven zinc fingers, the fourth of which 

is necessary for ubiquitination of substrates (Wertz et al., 2004). 

Ubiquitination enhances, but is not obligatory, for internalisation of some proteins 

such as epidermal growth factor receptor (EGFR) (Hicke and Riezman, 1996), as this 

post translational modification (PTM) recruits machinery required for endocytosis to 

occur (Piper et al., 2014). However, other cargo uptake signals include peptides such 

as YXXФ (where Ф represents a bulky residue), di-leucine recognition motifs, whilst 

phosphorylation may also be an important signal (Acconcia et al., 2009, Sorkin, 2004, 

Bonifacino and Traub, 2003). Ubiquitination is required for endosomal sorting of 
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many proteins, and ubiquitinated cargo proteins are recognised by various endocytic 

adaptor proteins containing ubiquitin binding domains (UBDs), which generally link 

this signal to degradation at the endosome, though there are some examples of 

ubiquitination promoting recycling (Piper et al., 2014). Over 20 UBDs are present in 

more than 150 proteins (Dikic et al., 2009), with many of them involved in the 

endocytic pathway (Haglund and Dikic, 2012). 

1.1.2 ESCRT-dependent sorting 
Ubiquitination is recognised by endosomal sorting complexes required for transport 

(ESCRTs), many subunits of which contain various UBDs (Raiborg and Stenmark, 

2009, Dikic et al., 2009). These multi-protein complexes sequentially recognise 

ubiquitinated cargo present on endosomal membranes and sort it into membrane 

domains, and then remodel the membrane to form intraluminal vesicles (ILVs) 

containing these cargoes (Figure 1.2). The efficiency of protein sorting is enhanced by 

the presence of multiple UBDs in ESCRTs and ESCRT accessory and adaptor proteins, 

which bind multiple ubiquitin moieties on cargo proteins and increase binding avidity 

(Dikic et al., 2009, Piper et al., 2014, Raiborg and Stenmark, 2009).  

Formation of a multivesicular body (MVB) containing ILVs is dependent on the 

sequential action of ESCRTs. Hepatocyte growth factor-regulated tyrosine kinase 

substrate (Hrs) and signal transducing adaptor molecule 1/2 (STAM1/2) interact to 

form ESCRT-0 (Asao et al., 1997). ESCRT-0 recognises ubiquitinated cargo proteins 

which are targeted for lysosomal degradation via UBDs in both Hrs and STAM. 

Specifically, both Hrs and STAM contain vacuolar protein sorting 27 (Vps27), Hrs 

and STAM (VHS) domains. Hrs also contains a DUIM domain. ESCRT-0 also 

interacts with Epsin homology protein 15 (Eps15), another ubiquitin binding protein 

(Bache et al., 2004). Hrs binds to clathrin (Raiborg et al., 2001a) and also contains a 

Fab1, YOTB, Vac1, EEA1 (FYVE) domain that binds to phosphatidylinositol-3-

phosphate (PI3P), which is enriched on the early endosome membrane (Raiborg et al., 

2001b) (Figure 1.2). Therefore, ESCRT-0 facilitates recruitment of ubiquitinated cargo 

to a clathrin-coated subdomain of the early endosome.  
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ESCRT-I is formed by tumour susceptibility gene 101 (Tsg101) (Babst et al., 2000), 

Vps28 (Bishop and Woodman, 2001), Vps37A, B or C (Bache et al., 2004, Eastman 

et al., 2005, Stuchell et al., 2004) and multivesicular body 12 (MVB12) A, B (Morita 

et al., 2007) or ubiquitin-associated protein 1 (UBAP1) (Stefani et al., 2011, 

Agromayor et al., 2012). Tsg101 contains a ubiquitin-conjugated enzyme E2 variant 

(UEV) domain which weakly binds to ubiquitinated cargo. Additionally, Tsg101 binds 

to ESCRT-0 (Babst et al., 2000) and Vps28 binds to ELL-associated protein of 45kDa 

(Eap45), a component of ESCRT-II (Kostelansky et al., 2006) and CHMP6, a 

component of ESCRT-III (Pineda-Molina et al., 2006). Accordingly, ESCRT-I may 

contribute to sequestering ubiquitinated cargo and also functions as a link between 

ESCRT-0 and ESCRT-II and/or ESCRT-III (Figure 1.2).  

ESCRT-II is composed of Eap30, Eap45 and two Eap20 proteins (Katzmann et al., 

2001, Babst et al., 2002b). Eap45 contains a GRAM-like ubiquitin binding in Eap45 

(GLUE) domain that binds to ubiquitin and also binds to phospholipids including PI3P 

on the endosomal membrane (Slagsvold et al., 2005, Teo et al., 2006). Eap20 interacts 

with charged multivesicular body protein (CHMP) 6 in the ESCRT-III complex (Teo 

et al., 2006, Yorikawa et al., 2005) (Figure 1.2). It is not yet evident how these early 

acting ESCRT-0, -I and -II complexes are released from the membrane, but clearly 

they contribute to sorting and clustering ubiquitinated cargo into subdomains on the 

endosomal membrane and link to the next complex, ESCRT-III. 

ESCRT-III is assembled sequentially on the endosome membrane and is composed of 

CHMP6, which seeds the assembly of many subunits of CHMP4A/B/C, followed by 

CHMP3 and CHMP2A/B, which bind to the end of the CHMP4 polymer (Figure 1.2) 

(Babst et al., 2002a, Saksena et al., 2009, Henne et al., 2012). CHMP1 and CHMP5 

may have accessory roles associated with the function of the core complex (Babst et 

al., 2002a). ESCRT-III does not interact with ubiquitin, but functions to drive 

membrane deformation instead. CHMP6 anchors to the membrane by an N-

myristoylation PTM (Yorikawa et al., 2005) and CHMP4 contains an N-terminal 

amphipathic helix which inserts into the membrane (Buchkovich et al., 2013), while 

CHMP3 selectively binds to PI(3,5)P2 and PI(3,4)P2 in the membrane (Whitley et al., 

2003). CHMP4 polymerises and forms an array of spiral filaments on the surface of 

the endosome membrane which supports budding of the ILV into the endosome 
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(Figure 1.2) (Hanson et al., 2008, Henne et al., 2012). These spirals may limit diffusion 

of cargo away from this subdomain so that specific cargo is included in the budding 

ILV (Frankel and Audhya, 2018). CHMP2B binds to Vps4, and CHMP4 stabilises this 

interaction (Adell et al., 2014). Vps4A/B functions to disassemble and recycle 

ESCRT-III components in an ATP hydrolysis-dependent process and may have a role 

in scission of the ILV (Babst et al., 1998, Saksena et al., 2009, Adell et al., 2014).  

Histidine domain phospho-tyrosine phosphatase (HD-PTP) binds multiple ESCRT 

components, including CHMP4B, Tsg101 (Ichioka et al., 2007) and STAM2 (Ali et 

al., 2013), and is essential for sorting ubiquitinated EGFR to the MVB (Ali et al., 

2013). It functions alongside ubiquitin-specific protease Y (UBPY) so that cargo such 

as EGFR is released from early acting ESCRTs and deubiquitinated before being 

handed over to ESCRT-III (Ali et al., 2013). This occurs before the ILV membrane is 

severed to recycle free ubiquitin.  

 

 

 

Figure 1.2. Assembly of ESCRT complexes in ubiquitin-mediated endosomal 
trafficking. 
Sorting of ubiquitinated cargo is initiated by ESCRT-0 (blue) which binds PI3P and 
ubiquitinated cargo. ESCRT-I (purple) binds both ESCRT-0 and ESCRT-II and binds 
ubiquitinated cargo. ESCRT-II (pink) is recruited to the endosomal membrane and 
binds both ubiquitin and phospholipids. ESCRT-III subunits (orange) assemble on the 
membrane and polymerise to form filaments which line the neck of the ILV budding 
into the endosome. Vps4 disassembles these complexes and catalyses scission of the 
ILV. Adapted from (Schmidt and Teis, 2012). 
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The endosomal limiting membrane buds into the endosome lumen, a process that 

differs from other membrane budding events, which occur towards the cytoplasm. 

Specialised protein machinery comprised of ESCRTs and accessory proteins are 

required to achieve this. The exact mechanism of this reverse membrane topology 

budding and scission is still not exactly clear (Schoneberg et al., 2017). ESCRTs play 

a vital role in cytokinesis, viral budding, nuclear envelope repair and autophagy, which 

all involve reverse topology membrane scission and so have similar requirements of 

the molecular machinery (Hurley and Hanson, 2010).  

The sequential action of ESCRTs results in formation of many ILVs in the MVB. The 

fully-formed, mature MVB is termed a late endosome. The late endosome fuses with 

the lysosome to form an endolysosome, where cargo proteins undergo hydrolytic 

degradation by lysosomal proteases (Figure 1.1). This pathway targets selected 

proteins for degradation and thereby functions to attenuate receptor signalling and alter 

cellular behaviour. Alternatively, some MVBs may be trafficked to the plasma 

membrane where the ILV contents are released as exosomes (Huotari and Helenius, 

2011). 

1.1.3 Recycling pathways 
Following internalisation of cell surface proteins, proteins which are not sorted into 

ILVs remain on the endosomal limiting membrane and may be recycled to the plasma 

membrane or the trans-Golgi network (TGN) (Burd and Cullen, 2014). The recycling 

pathway allows for the continued function of membrane proteins at the plasma 

membrane, and can contribute to cellular processes such as integrin recycling for cell 

migration and invasion (Caswell and Norman, 2008).  

Internalised cargoes may not require specific signal-dependent sorting to the recycling 

pathway, as the majority of the sorting endosome membrane is pinched off to form 

tubules such that efficient recycling may occur by bulk-flow (Maxfield and McGraw, 

2004). However, increasing evidence points to the signal-mediated recycling of a vast 

range of cargoes. Retrieval machinery recognise sorting motifs in the cytoplasmic tails 

of cargoes, target them to membrane subdomains and couple this with membrane 

remodelling machinery to form tubules (Cullen and Steinberg, 2018, Chen et al., 

2019). The retromer, retriever and endosomal SNX-BAR sorting complex for 

promoting exit (ESCPE-1) complexes function in an alternative pathway to ubiquitin-
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mediated ESCRT-mediated endocytic trafficking by concentrating specific cargo into 

distinct membrane subdomains and sorting these cargo to recycling tubules (Burd and 

Cullen, 2014, McNally et al., 2017, Simonetti et al., 2019).  

Retromer is involved in selective trafficking of cargo from endosomes. Previous work 

has shown a role for retromer in retrograde transport of CI-MPR from endosomes to 

the TGN (Seaman, 2004, Arighi et al., 2004) but other studies have shown that 

retrograde transport of CI-MPR occurs independently of retromer (Kvainickas et al., 

2017, Evans et al., 2020) and indicate a role for retromer in recycling of cargoes from 

endosomes to the plasma membrane (Temkin et al., 2011, Steinberg et al., 2013, Evans 

et al., 2020). The retromer complex is composed of a core heterotrimer of Vps26, 

Vps29 and Vps35 (Figure 1.3A) (Seaman et al., 1997, Bonifacino and Hurley, 2008). 

Vps26A/B contains an arrestin domain and binds Vps35 (Shi et al., 2006, Collins et 

al., 2008). Vps29 contains a phosphodiesterase domain and also binds Vps35 (Hierro 

et al., 2007), whilst Vps35 contains an α-solenoid domain (Hierro et al., 2007, 

Bonifacino and Hurley, 2008). Rab7 interacts with retromer and recruits this complex 

to endosomes (Rojas et al., 2008, Seaman et al., 2009). Rab5 interacts with VPS34 

(Christoforidis et al., 1999), a PI3 kinase which produces PI3P on endosomal 

membranes and so may contribute to recruitment of sorting nexin (SNX) proteins on 

endosomes and thus subsequent recruitment of retromer (Rojas et al., 2008). SNX3 

may have a role in targeting retromer to endosomal membranes as it contains a phox 

homology (PX) domain, which mediates binding to phosphoinositides, including PI3P, 

on endosomal membranes (Carlton et al., 2005, Harterink et al., 2011, Chandra et al., 

2019). SNX3 also acts as a cargo adaptor (Harterink et al., 2011, Kovtun et al., 2018), 

as does SNX27 (Lauffer et al., 2010, Temkin et al., 2011, Steinberg et al., 2013) 

(Figure 1.3A). These bind specific cargo and target them to the retrieval subdomains 

on endosomes (van Weering et al., 2012). 

Retriever is composed of DSCR3, C16orf62 and Vps29, and is likely to have structural 

homology to retromer (McNally et al., 2017). This heterotrimer binds to the coiled-

coil domain containing 93 (CCDC93), CCDC22 and copper metabolism domain 

containing 1 (COMMD1) (CCC) complex to form the COMMander complex and 

associates with SNX17, which acts as the cargo adaptor (Figure 1.3A). Retriever is 
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required for the recycling of various membrane proteins to the plasma membrane 

including α5β1 integrin (McNally et al., 2017). 

Another complex which has a role in sorting cargo is the ESCPE-1 complex, which is 

formed of SNX1/2-SNX5/6 heterodimers (Simonetti et al., 2019). SNX1, 2, 5 and 6 

contain a PX domain (Carlton et al., 2005). Phosphoinositide binding by SNX1 and 2 

has relatively low affinity, so dimerisation may facilitate efficient targeting of SNX1/2 

to PI3P-positive membranes (Carlton et al., 2005, Chandra et al., 2019). SNX5/6 are 

likely to facilitate cargo selectivity (Kvainickas et al., 2017, Simonetti et al., 2017). 

 

Figure 1.3. Assembly of retrieval complexes for recycling in the endosomal 
pathway. 
A. Multiprotein complexes assemble on the cytoplasmic side of sorting endosomes 
as they bind to PIP present in the membrane. They have a role in retrieving recycling 
cargo into retrieval domains in a signal sequence-dependent manner. B. Tubules 
extend from the retrieval subdomain of the sorting endosome. SNX-BAR proteins  
assemble onto the membrane through electrostatic interactions, binding to PI3P and 
scaffolding membrane curvature. SNX-BAR dimers oligomerise and induce and/or 
stabilise membrane tubulation. Various molecular machinery including Pacsin2, Rab8 
and EHD1 are recruited onto the membrane by interactions with MICAL L1. The final 
scission step may be carried out by EHD1. Adapted from (Cullen and Steinberg, 2018, 
Simonetti and Cullen, 2019). 
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ESCPE-1 sorts cargo such as CI-MPR from endosomes to the TGN independently 

from other complexes and is distinct from retromer (Evans et al., 2020), but is able to 

associate transiently with retromer (Simonetti et al., 2019, Kvainickas et al., 2017, 

Simonetti et al., 2017).  

The Wiskott-Aldrich syndrome proteins and SCAR homologue (WASH) complex 

links the different retrieval complexes to the actin cytoskeleton. Family with sequence 

similarity 21 (FAM21) is a subunit of WASH that has an extended tail region which 

mediates binding to specific components of these sorting complexes. FAM21 interacts 

with VPS35 in retromer (Harbour et al., 2012), the CCC complex which binds retriever 

(Phillips-Krawczak et al., 2015) and receptor mediated endocytosis 8 (RME-8), which 

also associates with ESCPE-1 (Freeman et al., 2014) (Figure 1.3A). The WASH 

complex localises to endosomes and activates Arp2/3, which results in actin 

polymerisation that is necessary for recycling of cargo. The local actin cytoskeleton 

stabilises endosomal tubules (Puthenveedu et al., 2010) and also contributes to sorting 

by anchoring sorting complexes (Simonetti and Cullen, 2019). Actin contributes to 

membrane remodelling, as it drives formation of tubules from recycling cargo-

enriched subdomains (Simonetti and Cullen, 2019) as well as possibly providing the 

force to sever these tubules (MacDonald et al., 2018). Actin binding is a sorting signal 

for the recycling pathway in itself (Puthenveedu et al., 2010, MacDonald et al., 2018). 

Efficient sorting of cargo to the appropriate destination compartment is required for 

cellular homeostasis (Weeratunga et al., 2020). The retrieval complexes function in 

distinct pathways, as the complexes directly or indirectly (through associated adaptor 

proteins) recognise different signals in recycling cargo and may direct them to different 

acceptor compartments. Various cargo motifs which bind to retrieval machinery in a 

wide range of membrane receptors have been identified (Weeratunga et al., 2020): 

retromer-SNX3 is able to recognise the sorting motif ΩΦ[LMV] (Tabuchi et al., 2010), 

retromer-SNX27 recognises the sorting motif [-][-]x[-][ST]xϕ (Steinberg et al., 2013, 

Clairfeuille et al., 2016), commander-SNX17 recognises ΦxNxx[YF] (McNally et al., 

2017) and ESCPE-1 recognises ΦxΩ0xΦ[xn]Φ (Simonetti et al., 2019) (where Ф is a 

bulky/hydrophobic residue, Ω is an aromatic residue and - is a negatively charged 

residue).  
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Whilst the retrieval complexes sort specific cargo to tubular extensions of the sorting 

endosome, separate machinery is required to generate these tubules alongside the 

actin/WASH machinery. This generation of high membrane curvature requires the 

physical deformation or bending of the lipid bilayer. Induction of membrane curvature 

is a morphological change required for tubulation and is a key step in tubule formation 

in the recycling pathway (van Weering et al., 2012). Induction of membrane curvature 

is an active process that requires specific proteins that bind to the membrane as well 

as specific phospholipids. Local curvature can be induced by changes in lipid 

composition (Kooijman et al., 2003), assembly of scaffolding proteins or insertion of 

an amphipathic helix between the polar headgroups of membrane lipids (McMahon 

and Gallop, 2005). Various components of the machinery involved in membrane 

tubulation are able to sense and/or generate membrane curvature.  

Bin/Amphiphysin/Rvs (BAR) domain-containing proteins are required for membrane 

tubulation from endosomes (Zimmerberg and Kozlov, 2006). Protein kinase C and 

casein kinase II interacting protein (Pacsin2) is an F-BAR domain-containing protein 

and SNX1, 2, 4, 5 and 6 are SNX-BAR proteins. These BAR domains dimerise and 

form a curved scaffold that binds to the membrane to deform the membrane and thus 

induce local membrane curvature (McMahon and Gallop, 2005, van Weering et al., 

2012, Carlton et al., 2005). These proteins, as well as Epsin-homology domain-

containing protein 1 (EHD1) (see below), also contain short amphipathic helices that 

insert into the membrane and form a wedge which contributes to membrane 

deformation (van Weering et al., 2012). 

EHD1 is involved in membrane reorganisation events on the early endosome as well 

as recycling tubules. EHD1 can tubulate membranes in vitro (Daumke et al., 2007) and 

was found to have a specific role in vesiculating recycling tubules (Cai et al., 2013). 

EHD proteins contain a dynamin-like domain and have ATPase activity and so may 

also have a role in the remodelling and scission of these tubules from the endosome, 

similar to dynamin (Deo et al., 2018). EHD1 binds to PI4P (which is enriched on 

recycling tubules (Jovic et al., 2009)) and to retromer subunits, and stabilises SNX1-

positive tubules (Gokool et al., 2007). EHD1 can also recruit Pacsin2 to membranes 

and this interaction is required for recycling to occur (Braun et al., 2005). Pacsin2 and 

Molecules interacting with casl-like 1 (MICAL-L1) bind to phosphatidic acid which is 
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also present on recycling endosomes, and the action of these proteins together leads to 

membrane tubulation (Figure 1.3B) (Giridharan et al., 2013). MICAL-L1 is an 

important regulatory protein which also localises to the tubular retrieval domain and 

binds various proteins which have important roles on recycling endosomes. MICAL-

L1 binds to Rab8, Rab35 and ADP-ribosylation factor 6 (Arf6), which are key 

regulators of the tubular recycling endosome (TRE) (Rahajeng et al., 2012). Arfs are 

a family of small GTPases which regulate membrane trafficking (Donaldson and 

Jackson, 2011).  Arf6 is involved in regulating recycling of specific cargo (Eyster et 

al., 2009); activation of Arf6 is required for recycling of cargo to the plasma membrane 

while inactivation of Arf6 results in protein sorting into late endosomes (Radhakrishna 

and Donaldson, 1997). MICAL-L1 also links Rab8 and EHD1 on these tubules 

(Sharma et al., 2009, Kieken et al., 2010). These data show that various interacting 

proteins on the TRE are important in generating membrane tubules and regulating 

receptor recycling (Sharma et al., 2009, Braun et al., 2005, Rahajeng et al., 2012, 

Giridharan et al., 2013). 

1.1.4 Regulation of endosomal compartments 
Endosomal maturation from an early endosome to the late endosome occurs as the 

endosome migrates into the cell. Maturing of the endosome is associated with various 

molecular alterations such as changes in the Rabs that are present on the membrane. 

Rabs are considered master regulators of membrane trafficking and function to 

regulate events such as vesicle formation, movement, tethering and fusion, by 

recruiting transport machinery and regulatory components (Pfeffer, 2017). As 

endosomes are transported through the cell they get progressively more acidic due to 

the action of the vacuolar proton pump V-ATPase (Podinovskaia and Spang, 2018). 

Furthermore, as the endosome matures there is conversion of phosphoinositides, 

notably from PI3P to PI3,5P2. Phosphoinositides also have a role in conferring the 

identity of endosomal compartments, and their generation and interconversion is 

tightly regulated (Wallroth and Haucke, 2018). These small GTPases and 

phosphoinositides target proteins to membranes by mediating interactions and 

contribute to the directionality of transport (Huotari and Helenius, 2011, Podinovskaia 

and Spang, 2018). 
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Early endosomes are present throughout the cell and accept cargo from the plasma 

membrane. Early endosome antigen 1 (EEA1) is found exclusively on early 

endosomes and binds the PI3P-enriched membrane via its FYVE domain, and is also 

recruited to the membrane by Rab5 (Simonsen et al., 1998, Gillooly et al., 2000). 

EEA1 is a membrane tether required for early endosome fusion, where it binds to the 

soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) 

syntaxin-6 (Simonsen et al., 1999) and syntaxin-13 (McBride et al., 1999). Rab5 also 

associates with the class C core vacuole/endosome tethering (CORVET) complex, 

which tethers early endosomes together before homotypic fusion occurs (Perini et al., 

2014). CORVET is composed of the core class C complex Vps11, Vps16, Vps18 and 

Vps33A (Huizing et al., 2001) as well as Vps8 and Tgfbrap1, which bind Rab5 

(Peplowska et al., 2007, Perini et al., 2014). Vps33A is likely to mediate interactions 

with specific SNAREs which drive membrane fusion (Saleeb et al., 2019) but other 

CORVET subunits may directly contribute to fusion (Kim et al., 2001). Combinations 

of specific tethers as well as SNAREs provides specificity as to which membranes fuse 

(Spang, 2016).  Early endosomes contain another tethering complex containing 

Vps33B and VIPAS39 (which has homology to Vps16) that may act as a dimer (van 

der Kant et al., 2015) or may recruit other proteins in the class C homologues in 

endosome-vesicle interaction (CHEVI) complex which receives vesicles from the 

TGN (Spang, 2016). 

Maturation from an early to a late endosome is associated with translocation to the 

perinuclear area, increased ILV contentnd the acquisition from the Golgi of highly 

glycosylated proteins such as LAMP1, LAMP2 and the tetraspanin CD63  (Janvier and 

Bonifacino, 2005). Late endosomes also contain lysobisphosphatidic acid (LBPA), 

which may contribute to ILV formation (Matsuo et al., 2004). Preceding fusion with 

the lysosome is an enrichment of PI(3,5)P2 in the membrane (Li et al., 2013). 

Additionally, there is a switch from a Rab5-positive to a Rab7-positive membrane 

(Rink et al., 2005, Poteryaev et al., 2010). The homotypic fusion and protein sorting 

(HOPS) tethering complex is recruited and mediates fusion between late endosomes 

and the late endosome with the lysosome (Pols et al., 2013). HOPS shares the core 

class C heterotetramer with CORVET but also contains Vps41 and Vps39 (Richardson 

et al., 2004, Pols et al., 2013) in the place of Vps8 and Tgfbrap1. Vps41 and Vps18 

mediate interaction with Rab-interacting lysosomal protein (RILP), which is a Rab7 
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effector (van der Kant et al., 2015). Displacement of the Rab5-binding subunits of 

CORVET means that the late endosome can no longer fuse with early endosomes 

(Spang, 2016).  

Associated with endosomal maturation is the removal of recycling cargo into recycling 

endosomes. Regions of the sorting endosome that will form recycling endosomes are 

organised into tubular domains. Tubular domains of late endosomes are PI3,5P 

deficient and this may contribute to subdomain segregation (Takatori et al., 2016). 

PI4P, and possibly PI(4,5)P2, is generated on recycling endosomes, and is required for 

eventual fusion of recycling intermediates with the plasma membrane (Jovic et al., 

2009). Recycling endosomes also contain phosphatidic acid, and this may enhance 

membrane tubulation activity (Giridharan et al., 2013).  

Recycling compartments can also be distinguished spatially and morphologically, as 

the endosomal recycling compartment (ERC) typically localises close to the 

microtubule organising centre (MTOC) in the perinuclear area (Grant and Donaldson, 

2009, Maxfield and McGraw, 2004) whilst the TRE is tubulovesicular and extends 

into the cytoplasm towards the plasma membrane from endosomes. There is evidence 

to suggest that the Rab11-positive ERC is composed of clustered single vesicles and 

is involved in recycling CME cargo whilst the TRE, labelled with MICAL-L1, is 

involved in recycling CIE cargo (Xie et al., 2016). TREs may also transport cargo from 

the SE to the ERC (Xie et al., 2016). The TRE transports cargo back to the plasma 

membrane along microtubules and actin (Grant and Donaldson, 2009). It is not yet 

clear if the ERC and the TRE are distinct or overlapping compartments. 

There are kinetically distinct recycling pathways that can be distinguished from each 

other; Rab4-dependent fast recycling of cargo back to the plasma membrane occurs in 

a short loop, direct from the early endosome, whilst slow recycling of cargo in a long 

loop recycling pathway involves an intermediate compartment (the ERC and/or the 

TRE) and is dependent on Rab11 (Sonnichsen et al., 2000) and/or Rab8 (Goldenring, 

2015). (Figure 1.1). Rab4 and Rab11 are separated from the sorting endosome at an 

early stage in endosomal maturation, which may indicate that these pathways are 

restricted from this point. Rab11 also has a role in tethering of recycling endosomes to 

the plasma membrane, where the contents are eventually released by the action of the 

exocyst complex (Takahashi et al., 2012).  
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The factors for endosome recycling and Rab interaction (FERARI) is a tethering 

complex which is involved in Rab11-dependent recycling from sorting endosomes to 

the plasma membrane, and may tether Rab11-recycling endosomes to SNX1-tubules 

for cargo sorting to occur before pinching off (Spang, 2016). FERARI consists of 

rabenosyn-5, which binds to Rab5 on sorting endosomes, and Rab11 family interacting 

partner 5 (Rab11FIP5), which binds to Rab11. Rab11FIP5 also binds to the Vps45 and 

VIPAS39 module that in turn interacts with syntaxin 6, which mediates fusion with 

the plasma membrane, and syntaxin 7, which mediates endosomal trafficking (Solinger 

et al., 2020). EHD1 is another FERARI component, binding to Rab11FIP5. As 

described above, EHD1 mediates membrane scission (Solinger et al., 2020). Another 

complex involved in forming recycling intermediates is endosome-associated 

recycling protein (EARP) which consists of Vps51/Ang2, Vps52, Vps53 and syndetin 

(Schindler et al., 2015). Vps52 may bind to Rab4 (Spang, 2016) and EARP is present 

mainly on Rab4-positive fast recycling endosomes but also localises to slow recycling 

endosomes. EARP may act as a tethering factor on fast recycling endosomes which 

associates with SNAREs on endosomes, as this complex associates with syntaxin-6 

(Schindler et al., 2015). 

1.1.5 Co-ordination of degradation and retrieval 
Maturing endosomes contain both ESCRT and retrieval machinery, but they are 

separated into spatially distinct subdomains (Cullen and Steinberg, 2018). Precise co-

ordination between the degradation and retrieval subdomains is required to control the 

maturation of the late endosome and fusion with the lysosome and also release of 

recycling tubules. The degradative subdomain contains ESCRT machinery and 

ubiquitinated receptors and is a flat, clathrin coated surface (Raiborg et al., 2002), 

whilst the retrieval domain contains retrieval machinery and has a tubular morphology 

which is stabilised by actin (Simonetti and Cullen, 2019). Rab4, Rab5 and Rab11 are 

also localised to distinct areas on the same endosomal membrane (Sonnichsen et al., 

2000). Furthermore, phosphoinositides are also localised to microdomains on 

endosomes, such as PI3P-rich domains (Gillooly et al., 2000) and there is separation 

of PI4P and PI4,5P domains (Yoshida et al., 2017). These domains are likely to have 

functional importance and their segregation is necessary to prevent inappropriate 

targeting of cargos. Recent work has provided insights into the regulatory interactions 

between the two domains (Podinovskaia and Spang, 2018). 
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Whilst Hrs has a defined role in the initiation of the ESCRT assembly, it also recruits 

the WASH complex to endosomes (MacDonald et al., 2018). The WASH complex 

may have a role in segregating these domains by generating an actin network that 

restricts lateral movement of cargos recognised by retrieval machinery (Derivery et al., 

2012, Simonetti and Cullen, 2019). Hrs binds endosomal clathrin, which may 

contribute to its organisation into a flat membrane subdomain separate from retromer 

components (Raiborg et al., 2001a, Raiborg et al., 2002). Furthermore, SNX1 and 

RME-8 interaction on endosomes negatively regulates local clathrin accumulation and 

allows retrograde trafficking to occur (Shi et al., 2009). SNX1 and 2 have further roles 

in separating the retromer subdomain containing RME-8 (Norris et al., 2017) from the 

ESCRT domain. Cargo binding to actin directly or via accessory proteins directs them 

to the recycling pathway (Puthenveedu et al., 2010, MacDonald et al., 2018). 

Rab7 interacts with machinery targeting cargo to both degradative and retrieval 

pathways and so could have a regulatory role. Rab7 recruits retromer to endosomes 

but the Rab-GAP TBC1D5 negatively regulates this interaction (Seaman et al., 2009). 

It was shown in yeast that Rab7 binds retromer and is subsequently displaced as SNX-

BAR proteins associate and localise to tubular domains. This displacement ensures 

that Rab7 is available for binding to other tethering complexes, allowing the endosome 

to fuse with lysosomes (Purushothaman et al., 2017). RILP is a Rab7 effector that also 

interacts with ESCRT-II, though the significance of this interaction is still not clear. 

RILP is a microtubule adaptor and so may couple endosomal maturation with 

movement towards the MTOC (Progida et al., 2006, Wang and Hong, 2006). 

The ESCRT machinery is also associated with microtubule severing that is required 

for recycling. ESCRT-III interacts with increased sodium tolerance 1 (IST1). IST1  is 

dispensable for degradation of cargo (Agromayor et al., 2009), but required for correct 

sorting of recycling cargo. Spastin interacts with CHMP1B (associated with ESCRT-

III) (Reid et al., 2005) and is recruited to endosomes by ISTI (Allison et al., 2013). 

Spastin is a ATP-dependent microtubule severing protein which is required for 

scission of recycling tubules from the endosome (Allison et al., 2013). 

Ubc13 is a ubiquitin ligase which ubiquitinates cargo destined for lysosomal 

degradation. However, recently it was found to be required for retromer-mediated 

recycling of cargo in C. elegans. This indicates that there is cross talk between 
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degradative and recycling components, and various proteins such as Ubc-13 are 

required to regulate their segregation (Zhang et al., 2018). Additionally, ubiquitination 

of recycling machinery is required to maintain separation between recycling and 

degradative subdomains, as loss of RFFL E3 ubiquitin ligase affects the recycling 

compartment (Sakai et al., 2019). 

In summary, the dynamic localisation of proteins at the plasma membrane and in 

endosomal compartments is dependent on the balance between endocytosis and 

subsequent targeting to degradation or recycling pathways. Functions of cargo proteins 

may be dependent upon their trafficking and therefore, regulation of endocytosis is 

required for correct protein trafficking, signalling and cellular organisation. This is 

highlighted by the range of diseases which are caused by dysregulation of endocytosis, 

including cancer (Mellman and Yarden, 2013), infectious disease and 

neurodegenerative diseases (Stuffers et al., 2009). As described above, numerous 

accessory proteins contribute to the organisation of this complex process but their roles 

have not been fully characterised. 

1.2 LITAF 

Lipopolysaccharide-induced tumour necrosis factor-α factor (LITAF), also known as 

small integral membrane protein of the late endosome (SIMPLE) (Moriwaki et al., 

2001) and p53-induced gene 7 (PIG-7) (Polyak et al., 1997), is a protein associated 

with endosomal membranes and may have a role in regulating protein sorting. 

Mutations in LITAF result in disease, indicating that it has an important function.   

1.2.1 Expression 
LITAF is ubiquitous and abundantly expressed (Myokai et al., 1999, Polyak et al., 

1997, Everett et al., 1997, Jolliffe et al., 2000, Lee et al., 2011). LITAF expression is 

induced by p53 (Polyak et al., 1997, Zhu et al., 1999), by LPS during a TNFα-regulated 

transcriptional response (Myokai et al., 1999), and by pathogen-associated molecular 

patterns (PAMPs) in monocytes (Moriwaki et al., 2001). Similarly, the rat orthologue, 

estrogen-enhanced transcript-1 (EET-1), now identified as LITAF, is induced by 

oestrogen (Everett et al., 1997). High LITAF mRNA expression was detected in human 

placenta, peripheral blood leukocytes, lymph nodes and spleen (Myokai et al., 1999). 

LITAF is expressed in human sciatic nerve cell types, including Schwann cells 
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(Bennett et al., 2004). LITAF protein is widely expressed in mouse tissues including 

Schwann cells and peripheral nerves (Lee et al., 2011). LITAF protein is specifically 

expressed in the myelinating Schwann cell body but not in neuronal axons in mice and 

rat (Lee et al., 2013). Therefore, LITAF is expressed in multiple cell types, where it 

may have a similar fundamental basic function. 

1.2.2 Localisation 
There are varying reports of LITAF’s subcellular localisation, and this may depend on 

the cell type and expression system used. LITAF was predicted to localise to the 

nucleus but this was not confirmed experimentally (Moriwaki et al., 2001). A later 

study indicated that LITAF may translocate to the nucleus when in complex with 

STAT6 (Tang et al., 2006). However, many studies have concluded that LITAF mainly 

localises to perinuclear late endosomes and lysosomes (Moriwaki et al., 2001, Ludes-

Meyers et al., 2004, Eaton et al., 2011, Zhu et al., 2013, Lacerda et al., 2014, Qin et 

al., 2016). LITAF was localised inside ILVs in MVBs and inside exosomes by 

immunoelectron microscopy (Zhu et al., 2013). LITAF has also been reported to be 

localised partially to the Golgi (Ludes-Meyers et al., 2004, Shirk et al., 2005, Moriwaki 

et al., 2018), plasma membrane (Shirk et al., 2005, Qin et al., 2016) and early 

endosomes (Lee et al., 2011, Qin et al., 2016). Recent studies have determined that 

LITAF localises to recycling endosomes (Moriwaki et al., 2018) and that LITAF knock 

down in cells results in expansion of the TRE (Wunderley et al., 2021). Endogenous 

LITAF was also localised to the aggresome, but the functional significance of this is 

unknown (Eaton et al., 2012). The endocytic system is dynamic, and LITAF may exist 

transiently in many of these endocytic compartments and at the cell surface. 

1.2.3 Structure 
LITAF has an interesting structure that is likely to be relevant to its function. It is a 

17kDa protein which is unglycosylated (Moriwaki et al., 2001) and is phosphorylated 

on tyrosine residues in response to stimulation of cells by EGF (Lee et al., 2012). 

LITAF was predicted to insert into, but not cross, the membrane to form a zinc-finger 

(Ponting et al., 2001) but also predicted to be a transmembrane protein due to the 

presence of a hydrophobic region in the C-terminus (Lee et al., 2011). Structural and 

biochemical data have now shown that LITAF is a monotopic membrane protein which 

inserts into the membrane so both N and C termini are cytoplasmic (Figure 1.4A) (Qin 
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et al., 2016, Ho et al., 2016). The structure of full length LITAF could not be solved 

but the structure of LITAF Δ114-139 (lacking the membrane associated hydrophobic 

region) (Figure 1.4, purple) was solved by NMR.  The N-terminus is flexible and likely 

to be unstructured. The C-terminal LITAF domain contains 5 β strands, the first of 

which is the most flexible. The first three β strands are before the hydrophobic region, 

and the two β strands at the C-terminus after the hydrophobic region form a β hairpin 

(Ho et al., 2016). LITAF could not be crystallised and it is too small for current 

cryoelectron microscopy methods, so the structure of full length wild-type (WT) 

LITAF has not been elucidated (Ho et al., 2016). 

1.2.3.1 N-Terminal domain 

The N-terminal domain of LITAF is proline-rich (Moriwaki et al., 2001) and contains 

several motifs which are important for its interactions with other proteins. The NMR 

structure showed that the N-terminal domain is relatively flexible and exposed to the 

cytoplasm while the region from amino acid 22-34 containing proline protein 

interaction motifs is slightly more rigid, which could facilitate protein interactions in 

this region (Ho et al., 2016). Interactions with other proteins mediated by this domain 

are likely to be important for LITAF function and may also affect its subcellular 

localisation (Ho et al., 2016). 

LITAF contains two PPXY motifs near its N-terminus (Figure 1.4B). PPXY motifs 

bind to WW domains on other proteins (Macias et al., 2002). In the case of LITAF, the 

first PPXY may mediate an interaction with WW domain oxioreductase (WWOX) 

(Ludes-Meyers et al., 2004). Meanwhile, both PPXY motifs in LITAF are required for 

its interaction with ITCH, also known as atrophin-1-interacting protein 4 (AIP4). 

Murine LITAF (N4WBP3) also interacts with neuronal precursor cell expressed 

developmentally downregulated 4 (Nedd4) via its first PPXY motif (Jolliffe et al., 

2000). This was confirmed in a human cell line using endogenous proteins (Shirk et 

al., 2005). Nedd4 and ITCH are Nedd4 family ligases which are HECT domain E3 

ubiquitin ligases. Their N-terminal region contains a C2 domain that may target them 

to membranes and 4 WW domains, which interact with PPXY motifs on target 

substrates as well as adaptor proteins. ITCH has a role in endosomal sorting of 

proteins, as it ubiquitinates membrane receptors as well as Hrs, a component of 

ESCRT-0 (Marchese et al., 2003). LITAF also interacts with the ESCRT-I component 
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TSG101 through its PSAP motif (Figure 1.4B) (Shirk et al., 2005), an interaction 

which may involve the UEV domain of TSG101, similar to the interaction of TSG101 

with Hrs (Lu et al., 2003). LITAF also directly interacts with STAM1, and forms a 

ternary complex with STAM1 and Hrs (Lee et al., 2012). TSG101, STAM1 and Hrs 

are ESCRT proteins which bind mono-ubiquitinated proteins and have a role in protein 

sorting (see above) (Katzmann et al., 2001).  

LITAF subcellular localisation is likely to be affected by its protein interactions. 

Disruption of PPXY motifs in LITAF resulted in greater plasma membrane 

localisation (Ho et al., 2016) or increased early endosome localisation (Eaton et al., 

2013). Additionally, LITAF localises to early and late endosomes, where ESCRT 

components are also located. The influence of other proteins may therefore explain the 

 

Figure 1.4. Schematic of LITAF and CDIP1 structure and domains. 
A. LITAF is a monotopic membrane protein. The hydrophobic region (HR) of the LITAF 
domain inserts into the membrane so both C and N termini are cytoplasmic. This 
membrane topology is conserved in CDIP1. B. LITAF binds TSG101, and ITCH/Nedd4 
through proline interaction motifs near its N-terminus. The C-terminal domain of 
LITAF contains two CXXC motifs which co-ordinate zinc, separated by a hydrophobic 
region (HR), termed the LITAF domain or small integral membrane protein of the 
lysosome/late endosome (SIMPLE)-like domain. LITAF contains di-leucine and YXXФ 
endocytic motifs at its C-terminus. C. CDIP1 has a similar domain organisation to 
LITAF. It contains a PPXY and PTAP motifs in the N-terminus and the conserved C-
terminal SIMPLE-like domain. Adapted from (Qin et al., 2016). 
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differences in LITAF subcellular localisation observed in different cell types (Ho et 

al., 2016). 

The PSAP motif and the first PPXY motif in LITAF overlap, sharing a proline residue 

(Figure 1.4B). Therefore, it seems unlikely that both TSG101 and WW domain-

containing proteins can bind to LITAF simultaneously, due to steric hindrance. 

Therefore it may be that these proteins bind at different stages of the lysosomal 

degradation pathway (Shirk et al., 2005). Alternatively, these proteins may be recruited 

to different LITAF proteins, which then homo-oligomerise. LITAF can form homo-

oligomers (Lee et al., 2012) and LITAF-domain containing proteins are able to hetero-

oligomerise (Eaton et al., 2013, Chen et al., 2016), such that complex formation could 

facilitate multiple interactions.  

1.2.3.2 C-Terminal LITAF domain 

The C-terminal region of LITAF is cysteine-rich and contains a highly conserved 

domain called the SIMPLE-like domain or LITAF domain (Figure 1.4B, Figure 1.5) 

(Moriwaki et al., 2001, Ho et al., 2016, Qin et al., 2016). This domain contains two 

CXXC motifs which co-ordinate zinc (Figure 1.4A, B) (Ho et al., 2016, Qin et al., 

2016). The zinc finger may stabilise the membrane interaction. HXCXXC is the 

second motif and the histidine is conserved (Figure 1.5) (Qin et al., 2016). These 

CXXC motifs are required for integration into endosomal membranes (Qin et al., 2016) 

and mutation of cysteine residues results in insoluble protein (Ho et al., 2016). There 

is a hydrophobic region in the centre of the C-terminal LITAF domain that is predicted 

to anchor to the membrane, but the NMR structure of this region was not solved. 

Specific residues within the LITAF domain interact with phosphatidylethanolamine 

(PE) head groups. Deletion or mutation of this domain abolishes membrane 

 

Figure 1.5. Alignment of eukaryotic LITAF domain. 
The LITAF domain from various eukaryotic LITAF homologs and human CDIP1 was 
aligned. There is a high level of identity in this region and critical residues are 
conserved, indicated in the consensus histogram sequence.  Adapted from (Qin et 
al., 2016).  
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association. (Ho et al., 2016). In another study, LITAF (115-141) was shown to bind 

specifically to PI4P but not PE (Moriwaki et al., 2018). Therefore, although the precise 

nature of the membrane interaction is not clear, co-ordination of zinc and hydrophobic 

interactions are required for LITAF’s membrane association. 

LITAF contains a di-leucine motif followed by a YKRL motif at its C-terminus (Figure 

1.5) (Moriwaki et al., 2001). The YXXΦ consensus sequence, where Y is a tyrosine 

residue, X is any amino acid and Φ is a bulky amino acid, mediates binding to AP-2, 

which is an adaptor protein associated with clathrin. This motif is a sorting signal for 

internalisation via clathrin-dependent endocytosis and also for protein sorting. It is 

present in many endocytic proteins including membrane receptors and lysosomal 

proteins (Bonifacino and Traub, 2003). The di-leucine motif is also involved in 

targeting to the late endosome/lysosome and also has a role mediating binding to AP-

2 (Bonifacino and Traub, 2003). These motifs are functionally important for formation 

of exosomes containing LITAF (Zhu et al., 2013). However, it is yet to be established 

whether these motifs do act as AP-2 binding motifs or perform other function(s). 

The LITAF domain is a conserved modular domain which is found in other proteins 

(Ponting et al., 2001). A closely related protein found in humans is cell death-inducing 

p53-target protein 1 (CDIP1), which has similarity to LITAF in both its N-terminal 

domain and LITAF domain (Figure 1.4C, 1.5). These are the only known proteins 

containing the conserved LITAF domain in humans. The LITAF domain is also found 

in proteins from other species, and critical amino acids that are likely essential for 

function are conserved (Figure 1.5). Information on the function of these conserved 

proteins may be relevant to the properties and function of human LITAF as it could be 

common between species. 

1.3 LITAF domain containing proteins 

1.3.1 CDIP1 
LITAF has homology to CDIP1 (Brown et al., 2007) but their functional relationship 

is unknown. CDIP1 is highly expressed in the brain, expressed in the heart, skeletal 

muscle, kidney, pancreas and liver but is weakly expressed in the placenta and lung 

(Bhalla et al., 1999). CDIP1 expression is induced by p53 but not by LPS, and is also 

associated with induction of TNF-α (Brown et al., 2007). CDIP1 expression is 
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upregulated in mouse livers in response to endoplasmic reticulum (ER) stress (Namba 

et al., 2013). 

The function of CDIP1 is unknown, but ectopic expression promoted apoptosis with 

increased caspase-8 activity (Brown et al., 2007) and increased caspase 3/7-mediated 

cell death (Inukai et al., 2021). The N-terminus of CDIP1 interacts with BAP31 at the 

ER membrane under stress conditions, and this complex regulates mitochondrial 

apoptosis (Namba et al., 2013). CDIP1 knockout mice have reduced apoptosis in the 

liver in response to stress, confirming that CDIP1 is a pro-apoptotic factor (Namba et 

al., 2013). CDIP1 was predicted to be localised to the nucleus (Bhalla et al., 1999), but 

was shown to localise to late endosomes and lysosomes similar to LITAF. LITAF and 

CDIP1 co-localise in these compartments (Qin et al., 2016) but it is not known whether 

they hetero-oligomerise. Whilst CDIP1 localises to the endocytic pathway, it could 

have other functions at the ER. 

Recent evidence has pointed to CDIP1 function on endosomes as CDIP1 can interact 

with apoptosis-linked gene 2 (ALG-2) via a PQPGF sequence, and TSG101 in a 

calcium ion-dependent manner and vesicle associated membrane protein-associated 

protein A (VAPA) and VAPB independently of calcium (Inukai et al., 2021). 

Overexpression of CDIP1 resulted in increased cell death, and expression of ALG-2 

potentiated this effect (Inukai et al., 2021). In contrast, LITAF did not co-

immunoprecipitate with ALG-2, does not contain the PQPDGF sequence, pulled down 

much lower amounts of VAPA and B, and doesn’t have one of the key conserved 

residues of the FFAT-like motif (Inukai et al., 2021). This indicates that whilst LITAF 

and CDIP1 may share some interaction partners, they also have unique interactions 

and so may have non redundant functions. 

CDIP1 also has a proline-rich N-terminus that contains a PPXY motif and a PSAP 

motif but the functional importance of these has not been investigated. The C-terminus 

is cysteine-rich and also contains the YKRL motif (but not the di-leucine motif) which 

is typical of endocytic proteins (Bonifacino and Traub, 2003). CDIP1 contains the 

conserved LITAF domain and is also a monotopic membrane protein with similar 

topology to LITAF (Figure 1.4A, C). This mode of membrane insertion of the C-

terminal LITAF domain is likely to be common to other LITAF domain-containing 

proteins (Qin et al., 2016). 
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1.3.2 The LITAF domain in other proteins 
There is a high degree of conservation of the LITAF domain in viruses (Chen et al., 

2016, Eaton et al., 2013), plants (He et al., 2011) and metazoa (Ponting et al., 2001) 

but there is no orthologue in Saccharomyces cerevisiae. There are 19 proteins in 

Drosophila melanogaster and 14 proteins in Caenorhabditis elegans which contain 

the LITAF domain, whereas in mammals there are only two (El-Gebali et al., 2019). 

In particular, critical residues in the zinc-binding CXXC and HXCXXC motifs are well 

conserved (Figure 1.5) (Ponting et al., 2001, Qin et al., 2016, Ho et al., 2016). 

Glutathione-induced LITAF domain protein (GILP) is found in Arabidopsis thaliana, 

and contains the conserved LITAF domain, but not the N-terminal proline-rich 

domain. It is localised to the plasma membrane and regulates hypersensitive cell death 

(He et al., 2011). GILP may act as an membrane anchor and recruit other components 

of the cell death pathway to the plasma membrane (He et al., 2011). Frog virus 3 (FV3) 

75L and Tiger frog virus (TFV) ORF080L are viral proteins which contain LITAF 

domains but also do not have the N-terminal domain. FV375L and TFV ORF080L co-

localise with human LITAF at late endosomes and lysosomes and at the plasma 

membrane respectively (Eaton et al., 2013, Chen et al., 2016). FV375L is normally 

localised to early endosomes, but translocates to late endosomes and lysosomes when 

co-expressed with human LITAF (Eaton et al., 2013). FV375L interacts with human 

LITAF, and LITAF PPXY motifs do not mediate this interaction (Eaton et al., 2013). 

TFV ORF080L interacts with human and zebrafish LITAF (Chen et al., 2016). TFV 

ORF080L expression resulted in EGFR trafficking defects in human cell lines, and this 

may be due to sequestration of functional human LITAF so that it cannot regulate 

normal endosomal trafficking (Chen et al., 2016). 

1.4 Functions of LITAF 

LITAF was originally described as a transcription factor with a role in the TNF-α 

transcriptional response (Myokai et al., 1999), and LITAF may have a role in 

regulating transcription of inflammatory cytokines in conjunction with STAT6 (Tang 

et al., 2005, Tang et al., 2006). LITAF was predicted to be a E3 ubiquitin ligase as its 

C-terminal domains is similar to a RING finger domain (Moriwaki et al., 2001, Saifi 

et al., 2005). However, LITAF had no ubiquitin ligase activity and does not interact 

with several E2 ubiquitin conjugating enzymes (Lee et al., 2012). LITAF has been 
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shown to localise to endosomal membranes and is likely to have a role in endosomal 

protein sorting due to its interactions with sorting complexes and ubiquitin ligases.  

1.4.1 LITAF as an adaptor protein 
LITAF may act as an adaptor for E3 ubiquitin ligases that brings E3 ligases to ESCRT 

proteins, and recruit these to other target proteins and membrane subdomains (Figure 

1.6). E3 ubiquitin ligase adaptor proteins function to recognise target proteins and 

recruit E3 ubiquitin ligases, hence bringing these proteins into proximity, so that the 

ligase can specifically ubiquitinate the target protein. LITAF interacts with ITCH and 

Nedd4 E3 ubiquitin ligases (Shirk et al., 2005, Eaton et al., 2011). LITAF may recruit 

specific interactors such as ITCH to specific locations within the cell. Expression of 

LITAF has been shown to translocate ITCH, though not Nedd4, to lysosomal 

compartments (Eaton et al., 2011). LITAF may have a similar role to Nedd family 

interacting protein 1 (NDFIP1) and NDFIP2, which activate ITCH and Nedd4 by 

binding to multiple WW domains via their PPXY motifs (Mund and Pelham, 2009).  

They recruit Nedd4 to endocytic compartments and may act as adaptors for these E3 

ubiquitin ligases (Shearwin-Whyatt et al., 2004, Shearwin-Whyatt et al., 2006). LITAF 

has a role in ubiquitination and degradation of L-type calcium channel alpha-1c 

subunit (Cavα1c) and this is likely to occur through its interaction with NEDD4 

(Moshal et al., 2019) as well as directly regulating ubiquitination and degradation of 

Nedd4-2 itself (Turan et al., 2020).  

Furthermore, CDIP1 interacts with ALG-2 (Inukai et al., 2021), which associates with 

Peflin, and this heterodimer functions as an adaptor for the ubiquitin ligase adaptor 

CUL3-KLHL12 which ubiquitinates Sec31A (McGourty et al., 2016). Another LITAF 

domain-containing protein, GILP, acts as a membrane anchor to recruit components 

of a molecular pathway (He et al., 2011). These data indicate that an adaptor function, 

such as recruiting ubiquitin ligases to sites of action, could be a common feature of 

LITAF domain proteins. 
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LITAF may also contribute to the recruitment of ESCRT-I to endosomes and thus have 

a direct role in endocytic traffic (Shirk et al., 2005, Lee et al., 2012) (Figure 1.6). Loss 

of LITAF results in larger endosomes and altered endosome morphology (Lee et al., 

2012). Loss of LITAF does not affect EGFR endocytosis, but results in decreased 

lysosomal degradation of EGFR. The PSAP motif in LITAF is required for trafficking 

of EGFR for degradation. Additionally, loss of LITAF in mouse Schwann cells results 

in increased neuregulin-activated ErbB2 and ErbB3 signalling and Erk1/2 

phosphorylation, due to reduced lysosomal degradation of these receptors (Lee et al., 

2012). This indicates that the LITAF interaction with ESCRT-I is required for correct 

endosomal sorting of proteins (Lee et al., 2012). LITAF is required for correct protein 

sorting, and it may mediate this through formation of MVBs. 

 

Figure 1.6. Overview of the possible cellular functions of LITAF in endocytosis. 
There are various suggested roles of LITAF in endocytosis. It may act as an adaptor 
for ubiquitin ligases by recruiting the ligase and the target protein into proximity on 
the membrane. LITAF may also recruit ESCRT components to endosomal membranes. 
LITAF may also have a role in the regulating the recycling compartment. Further work 
is required to define the cellular role of LITAF. 
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1.4.2 LITAF and the regulation of recycling 
LITAF localises to recycling endosomes (Moriwaki et al., 2018) (Wunderley et al., 

2021) (Figure 1.6). siRNA-mediated depletion of LITAF results in expansion of this 

compartment (Wunderley et al., 2021). Loss of LITAF does not appear to affect 

internalisation of the recycling cargo, Transferrin receptor (TfR), but the recycling of 

TfR was shown to be delayed (Moriwaki et al., 2018). However, this result was not 

replicated (Wunderley et al., 2021). LITAF interacts with various known components 

of recycling endosomes such as PI4P (Moriwaki et al., 2018), Pacsin2 and EHD1 

(Wunderley et al., 2021). Clearly LITAF has a function in the regulation of the 

recycling compartment morphology, but further study is required to elucidate the exact 

function of LITAF in this pathway. 

1.4.3 MVB biogenesis and exosome formation  
LITAF has been functionally linked to events in the endocytic pathway, specifically 

the formation of MVBs (see above) and exosomes, that are carried out by ESCRTs and 

associated proteins, including TSG101 (Baietti et al., 2012). Exogenous expression of 

LITAF results in increased exosome formation (Zhu et al., 2013). Conversely, loss of 

LITAF reduces MVB formation in mouse embryonic fibroblasts (MEFs). LITAF 

associates with ESCRT machinery and so could be an important component in 

formation of ILVs and MVBs. Membrane remodelling is essential for the formation of 

these structures and there is some evidence to suggest that LITAF is involved in this 

process.  

1.4.4 Membrane curvature 
It has been suggested that LITAF may have a role in sensing and generating membrane 

curvature and in membrane structure integrity due to its membrane insertion (Qin et 

al., 2016) and interaction with phosphatidylethanolamine head groups (Ho et al., 

2016).  The hydrophobic region of LITAF is a putative amphipathic helix which inserts 

into the membrane (Ho et al., 2016). Insertion of an amphipathic helix into the 

membrane is a common mechanism to sense or generate membrane curvature. 

Addition of LITAF to liposomes results in formation of smaller diameter liposomes, 

which further supports this hypothesis (Wunderley et al., 2021).  
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In summary, LITAF may have several functions within the endocytic pathway, which 

is consistent with its presence in various endocytic compartments, but more work is 

required to investigate the precise molecular function of LITAF. Correct regulation of 

endocytosis is necessary for the cell to function properly, as defects in this process are 

associated with a wide range of diseases. Investigation into how mutations affect the 

function of LITAF is necessary to understand why mutations are deleterious. 

1.5 LITAF-associated diseases 

Mutations in LITAF are associated with several diseases, including Charcot-Marie-

Tooth (CMT) disease (see below), whereas there are currently no known diseases 

caused by mutations in CDIP1. However, there may be genomic alterations in CDIP1 

linked to cancer (Namba et al., 2013), and CDIP1 was proposed as a possible 

biomarker for sensitivity of cancers to TNFα-induced apoptosis (Brown-Endres et al., 

2012). LITAF gene mutation and overexpression was detected in extramammary 

Paget's disease (EMPD), which is a malignant skin cancer (Matsumura et al., 2004). 

LITAF has also been linked to inflammatory signalling in cancer (Li et al., 2015) and 

is upregulated in inflammatory diseases, including Crohn’s disease and ulcerative 

colitis (Huang and Bennett, 2007). 

Genome wide association study (GWAS) loci associated with prolonged QT interval 

which predisposes for sudden cardiac death were found close to LITAF and two E3 

ubiquitin ligases, RING finger protein 207 (RNF207) and RING finger and FYVE-like 

domain containing E3 ubiquitin ligase (RFFL) (Newton-Cheh et al., 2009, Pfeufer et 

al., 2009). LITAF has been linked to regulation of cardiac excitation as morpholino 

treatment-mediated knockdown of LITAF in zebrafish embryos resulted in increased 

amplitudes of calcium ion transients, and overexpression of LITAF in adult rabbit 

cardiomyocytes resulted in decreased amplitudes of calcium ion transients and 

decreased abundance of Cavα1c (Moshal et al., 2019). Specifically, increased 

expression of LITAF and NEDD4-1 resulted in increased ubiquitination and 

subsequent lysosomal degradation of a calcium ion channel in tsA201 cells. 

Furthermore, LITAF has been shown to also regulate sodium ion channels in rabbit 

cardiomyocytes. Overexpression of LITAF resulted in increased Nav1.5 sodium ion 

channel expression and increased the ubiquitination and degradation of NEDD4-2 
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(Turan et al., 2020). This indicates LITAF can modulate ubiquitin ligase activity and 

that this is functionally important (Moshal et al., 2019, Turan et al., 2020).  

1.5.1 Charcot-Marie-Tooth disease 
CMT is a peripheral neuropathy which affects 1:2500 people (Skre, 1974), and is the 

most common inherited neuromuscular disorder, although its prevalence depends on 

subtype and geographic location (Barreto et al., 2016). CMT is a slowly progressive 

neuropathy that causes distal muscle weakness, reduced nerve conduction velocity 

(less than 38m/sec) and sensory loss (Berger et al., 2002b, Street et al., 2003). Age of 

onset of CMT disease is broad, from 5-69 years, with 3 maxima at 12, 35 and 53 years 

(Skre, 1974). There is a diverse range of disease phenotypes which is consistent with 

the large diversity in the genetic causes, as more than 70 genes have been found to be 

associated with the different types of CMT (Baets et al., 2014). CMT type 1 is the 

autosomal dominant demyelinating type and accounts for two thirds of CMT. It can be 

subdivided into several subtypes that are caused by mutations in different proteins, 

including myelin proteins and endocytic regulators (Table 1.1). Point mutations in 

LITAF cause Charcot-Marie-Tooth disease type 1C (Figure 1.7).  

It is important to highlight that other types of CMT are linked to mutations in 

membrane trafficking proteins (Pereira et al., 2012) (Table 1.2). Intriguingly, these 

mutations are autosomal recessive whilst LITAF mutations are autosomal dominant 

(Table 1.2). The autosomal recessive mutations are likely to cause loss of function, 

whilst the effect of mutations on LITAF function is not clear. In particular, disease 

mutations in SH3 domain and tetratricopeptide repeat containing protein 2 (SH3TC2) 

cause loss of association with Rab11-positive recycling endosomes, which is proposed 

to be the molecular cause of CMT4C (Roberts et al., 2010, Stendel et al., 2010). 

Additionally, N-myc downstream-regulated gene 1 (NDRG1) is an effector for Rab4 

and regulates recycling of E-cadherin (Kachhap et al., 2007), endosomal trafficking of 

LDL receptor, and formation of MVBs (Pietiainen et al., 2013).  

Furthermore, mutations in phosphatidylinositol phosphatases factor-induced gene 4 

(FIG4) (Lenk et al., 2011), myotubularin related (MTMR) 2 (Bolino et al., 2000), 

MTMR13 (Azzedine et al., 2003, Senderek et al., 2003) and MTMR5 (Nakhro et al., 

2013) are also implicated in this disease (Table 1.2). FIG4 hydrolyses PI(3,5)P2 to 

PI3P on late endosomes and it is required to regulate endosomal compartments 
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(Sbrissa et al., 2007, Bharadwaj et al., 2016). Myotubularins hydrolyse PI3P to 

produce PI. CMT-associated mutations in MTMR2 result in loss of this hydrolytic 

activity (Berger et al., 2002a). Interestingly, MTMR2 may have a role in regulating 

RME-8 localisation to endosomes and this links MTMR2 to endosomal recycling 

(Xhabija et al., 2011). MTMR13 and MTMR5 are pseudophosphatases that interact 

with MTMR2 and may regulate its function (Kim et al., 2003, Robinson and Dixon, 

2005). Additionally they may have Rab-GEF activity for Rab28 (Yoshimura et al., 

2010), a Rab whose function is not well studied, but which may regulate retromer and 

ESCRT-dependent pathways (Lumb et al., 2011). Correct regulation of 

phosphoinositides is required for endosome compartmentalisation and function 

(Wallroth and Haucke, 2018). Taken together, these data indicate that dysregulation of 

Type Proportion Cause Protein function References 
CMT1A 70-80% Duplication of 

peripheral myelin 
protein 22 (PMP22) 

Myelin component (Valentijn et al., 
1992) 

CMT1B 6-10% Point mutations in 
myelin protein 0 
(MPZ) 

Structural 
component of 
peripheral myelin 

(Hayasaka et al., 
1993) 

CMT1C 1-2% Point mutations in 
LITAF 

Endosomal 
trafficking/sorting 

(Street et al., 
2003) 

CMT1D <2% Point mutations in 
early growth 
response 2 (EGR2) 
(Krox20) 

E3 sumo ligase/ 
transcription 
regulatory factor 

(Warner et al., 
1998) 

CMT1E <5% Point mutations in 
PMP22 

Myelin component (Kovach et al., 
1999) 

CMT1F/2E <5% Mutations in 
neurofilament  light 
polypeptide (NEFL) 

Cytoskeleton 
component 

(Jordanova et 
al., 2003) 

CMT1G  Mutations in 
peripheral myelin 
protein 2 

Myelin 
component, binds 
fatty acids 

(Hong et al., 
2016) 

CMT1X 16% Mutations in 
connexin-32 (GJB1) 

Gap junctions (Bergoffen et al., 
1993) 

Table 1. 1. CMT type 1 dominant peripheral demyelinating diseases are caused by   
autosomal mutations in various proteins. 
Mutations in various proteins with different functions have been detected in CMT1 
patients. Mutations in PMP22, a structural component of myelin, account for the 
largest proportion of CMT1 disease (CMT1A and CMT1E). Other mutations, including 
LITAF mutations, are less common and account for the remaining CMT1 disease. 
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endosomal pathways, in particular the recycling pathway, may be common to several 

subtypes of this disease. 

1.5.2 Schwann cells 
In the peripheral nervous system (PNS) Schwann cells wrap around peripheral neuron 

axons and form the myelin sheath in a process called myelination (Pereira et al., 2012). 

Schwann cells are the glial cells of the PNS and function to provide structure and 

support to the neuron, and have an important role in responding to nerve injury. The 

ErbB receptor on Schwann cells is activated by neuregulin1 and stimulates signalling 

pathways that lead to activation of Schwann cell differentiation and myelination. The 

fatty myelin sheath insulates the nerve axon and facilitates saltatory conduction of 

electrical signals, which allows for fast nerve signal conduction velocity.  

Myelinating Schwann cells generate up to 20mm2 of membrane that wraps around 

large axons, which is 2000 times more surface membrane than a typical epithelial cell 

Type Mutations Function 
1 
Autosomal Dominant 
Demyelinating 

PMP22 
MPZ 
LITAF 
EGR2 
NEFL 
PMP2 
Connexin-32 

Myelin protein 
Myelin protein 
Endocytic regulator 
E3 sumo ligase/transcription factor 
Cytoskeleton 
Myelin protein 
Myelin protein 

2 
Autosomal Dominant 
Axonal 

Mitofusin 2 
Rab7 
Dynamin 2 
Kif5a 
TrpV4 
Hsp27 
Hsp22 

Mitochondrial fusion 
Lysosomal trafficking 
Membrane scission 
Axonal vesicular transport 
Calcium ion channel 
Molecular chaperone 
Molecular chaperone 

4 
Autosomal Recessive 
Demyelinating 

GDAP1 
MTMR13/2/5 
SH3TC2 
NDRG1 
FIG4 
Periaxin 
FGD4 

Mitochondrial fission 
Phosphoinositol phosphatase 
Rab11 effector 
Protein trafficking 
Polyphosphoinositide phosphatase 
Scaffolding protein 
Activates CDC42 

Table 1.2. Mutations in various proteins cause different types of CMT disease. 
Some mutations are in myelin proteins, and several CMT-causing mutations are found 
in proteins involved in endocytic trafficking. 
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(Kidd et al., 2013). These membranes are highly specialised and contain distinct 

domains that have a specific composition. Approximately 70% of the membrane is 

made up of lipids, including galactosphingolipids, saturated long chain fatty acids and 

cholesterol. Additionally, myelination requires the polarised delivery of a few myelin 

proteins, including protein 0 (P0) (70%), myelin basic protein (MBP) (5%), the 

tetraspanin peripheral myelin protein 22 (PMP22) (5%) and peripheral myelin protein 

2 (PMP2) (15%) to the surface of the Schwann cells (Salzer, 2015, Kidd et al., 2013). 

It is likely that the endosomal pathway is involved in this delivery, as has been 

demonstrated in oligodendrocytes but is not as well studied in Schwann cells (Simons 

and Trotter, 2007). 

It was shown in oligodendrocytes of the central nervous system (CNS) that the myelin 

protein proteolipid protein (PLP) is endocytosed into endosomes, and then transported 

to the plasma membrane when the cell is stimulated (Trajkovic et al., 2006). PMP22 

localises to late endosomes and was also localised to vacuoles in Schwann cells, 

indicating that it may traffic through the endosomal compartment (Chies et al., 2003). 

More recently, it was shown that P0 is localised to endosomes and lysosomes in 

Schwann cells, and is also delivered to the plasma membrane in response to stimuli. 

This is dependent on the function of Rab27a (Chen et al., 2012). Expression of 

dominant negative Rab11 disrupts the recycling pathway and results in aberrant 

myelination (Stendel et al., 2010). Furthermore, regulation of phosphoinositides is 

necessary for myelination. Firstly, phosphatidylinositol 3-kinase (PI3K) was shown to 

be activated by neuregulin, and pharmacological inhibition of PI3K blocked initial 

myelination in Schwann cells (Maurel and Salzer, 2000). Meanwhile, activation of 

Akt, a protein kinase that acts in signalling downstream of PI3K, resulted in increased 

myelination (Ogata et al., 2004). Additionally, the phosphoinositide kinase VPS34, 

whose function in PI3P production at the endosome opposes MTMR2, is necessary for 

correct endosomal trafficking and myelination in Schwann cells (Logan et al., 2017). 

These studies indicate the importance of endosomal trafficking in myelination, which 

is common in both the CNS and the PNS. However, although the overall organisation 

is similar and many myelin proteins are shared (Patzig et al., 2011), myelination in the 

CNS and the PNS are different and myelin diseases are usually restricted to the PNS 

(such as CMT) or the CNS (Salzer, 2015). 
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1.5.3 LITAF mutations in CMT1c 
Various point mutations in LITAF associated with CMT1c have been identified, but 

information on the onset of disease and resulting phenotype is lacking due to 

insufficient patient numbers, and there may therefore be variable clinical onset and 

phenotype (Table 1.3). CMT1c patient mutations in LITAF occur mainly in the C-

terminal domain (Figure 1.7) and cause Charcot-Marie-Tooth disease 1c (CMT1c) 

(Somandin et al., 2012, Street et al., 2003, Saifi et al., 2005, Li et al., 2015, Bennett et 

al., 2004, Guimaraes-Costa et al., 2017, Gerding et al., 2009, Latour et al., 2006). The 

mechanism linking LITAF mutations to CMT1c is unknown. The effect of LITAF 

patient mutations on various properties of LITAF has been studied to investigate this 

further, but a range of studies have come to differing conclusions on the effects of 

CMT1c-causing mutations. 

1.5.3.1 Effect of mutations on LITAF localisation 

Given the location of the amino acid substitutions proximal to the hydrophobic region, 

which is required for membrane association (Figure 1.7) (Ho et al., 2016), it is 

plausible that mutations may affect membrane insertion. A series of studies have drawn 

different conclusions about the effect of CMT1c mutations on subcellular localisation; 

some have shown that mutations do not affect localisation (Shirk et al., 2005, Zhu et 

al., 2013, Ho et al., 2016), whilst others have indicated that mutations result in LITAF 

mislocalisation (Lee et al., 2011, Lacerda et al., 2014). Different disease-associated 

mutations may have different effects on LITAF localisation, but differences may also 

be due to cell type, expression system used, as seen for the observed localisation of 

WT LITAF.  

 

Figure 1.7. CMT1c disease-associated mutations. 
Schematic indicating locations of missense mutations in LITAF detected in patients 
with CMT1c disease. They are mainly clustered around the hydrophobic region (HR) 
in the C-terminal LITAF domain. Mutations in bold indicate patient mutations studied 
further here. The mutation in italics indicate a mutation which disrupts the structure 
and renders the protein cytosolic. 
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Mutation Age of Onset Phenotype References 
T49M Childhood 

(compound with 
R160C) 

Rare variant  
Possibly benign 

(Guimaraes-Costa et 
al., 2017) 
(Saifi et al., 2005) 
(Zhu et al., 2013) 

Y80C 18 years (compound 
with R160C) 

Possibly benign (Guimaraes-Costa et 
al., 2017) 

I92V Early onset of CMT1a 
(compound with 
G112S) 

Also occurs in 
16.2% unrelated 
control 
chromosomes 

(Sinkiewicz-Darol et al., 
2015) 
(Meggouh et al., 2005) 

A111G   (Latour et al., 2006) 
A111T Late onset  (Guimaraes-Costa et 

al., 2017) 
G112S 80% childhood onset 

(variable) 
Early onset of CMT1a 
(compound with 
I92V) 

Mild disease similar 
to CMT1A 

(Street et al., 2003) 
(Meggouh et al., 2005) 
(Jerath and Shy, 2017) 
(Bennett et al., 2004) 
(Klein et al., 2014)  

G112A 27 years  (Guimaraes-Costa et 
al., 2017) 

T115N  Increased tumour 
susceptibility 
Paralysis in old age 
in mice 

(Li et al., 2015) 
(Street et al., 2003) 
(Zhu et al., 2013) 

W116G Broad age of onset in 
humans (6-41 years) 
Late onset in mice (1 
year) 

 (Lee et al., 2013) 
(Bennett et al., 2004) 
(Street et al., 2003) 

W116R 33 years, 13 years  (Guimaraes-Costa et 
al., 2017) 

L122V  Rare polymorphism (Saifi et al., 2005) 
(Zhu et al., 2013) 

A129T Late onset Possibly pathogenic (Luigetti et al., 2014) 
P135T   (Latour et al., 2006) 
P135S   (Latour et al., 2006) 
P135L 10 years  (Guimaraes-Costa et 

al., 2017) 
P135R 10-31 years  (Ciotti et al., 2014) 
V144M Variable age of onset  (Gerding et al., 2009) 

(Ho et al., 2016) 
R160C 15 years Possibly pathogenic (Guimaraes-Costa et 

al., 2017) 
Table 1.3. Point mutations in LITAF that are implicated in CMT1c. 
Some studies provided information on the age of onset of disease in patients 
containing these mutations. Some mutations may be benign polymorphisms but 
several are likely to be pathogenic. Not all of these mutations have been verified 
experimentally and their pathogenicity is uncertain.  
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1.5.3.2 Effect of mutations on LITAF stability 

Mutations in LITAF may affect its structure so that it is unstable or misfolded. The 

V144M mutation results in dispersed chemical perturbations observed in NMR 

spectroscopy compared to WT LITAF, which indicates that although the mutation may 

cause biophysical changes, the overall secondary structure of LITAF remains the same. 

The biggest changes in structure were observed in residues that interact with 

phosphatidylethanolamine (PE), indicating that the V144M mutation may alter this 

interaction, perhaps resulting in instability or misfolding (Ho et al., 2016). LITAF 

W116G and P135T (Lee et al., 2011) and V144M (Ho et al., 2016) were degraded 

more rapidly than WT LITAF in cells, which may be consistent with some degree of 

misfolding. In patient fibroblasts the level LITAF L125P was reduced, whilst the level 

of LITAF T115N was unchanged compared to WT (Edgar et al., 2020).  

Additionally LITAF W116G and P135T accumulated in aggresomes, indicating that 

they may be aggregated and misfolded (Lee et al., 2011). LITAF W116G structure 

simulation indicated that the mutant protein may have reduced stability and misfold 

(Kumar et al., 2015). However, LITAF T115N (Street et al., 2003, Zhu et al., 2013) 

and W116G (Street et al., 2003) mutations did not affect LITAF protein expression 

levels. Clearly there is some discrepancy between studies. 

 

1.5.3.3 Effect of mutations on endosomal sorting 

Expression of LITAF containing CMT1c patient mutations can affect endocytic 

trafficking. Thus, several LITAF mutants show reduced secretion in exosomes, and 

LITAF T115N expression results in fewer and smaller exosomes (Zhu et al., 2013). In 

CMT1c patient B cells and mouse Schwann cells containing LITAF mutations, MVBs 

are vacuolated, indicating reduced formation of ILVs. This supports the conclusion 

that mutation of LITAF affects biogenesis of MVBs and exosomes (Zhu et al., 2013). 

In agreement with this data, patient-derived fibroblasts containing LITAF T115N had 

large vacuolated late endosome/lysosome compartments (Edgar et al., 2020). CMT4J 

mutations in FIG4 result in similar vacuolated endosomes (Bharadwaj et al., 2016), 

indicating that they are derived via a common mechanism (Edgar et al., 2020). LITAF 

W116G and P135T mutant overexpression in a LITAF knockdown background results 

in reduced degradation of EGFR, indicating a defect in protein trafficking (Lee et al., 

2012). This finding was confirmed in mouse Schwann cells, as expression of these 
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mutants resulted in prolonged Erk1/2 activation, which may be due to reduced 

lysosomal trafficking of ErbB2 and ErbB3 receptors, similar to the effect of loss of 

LITAF (Lee et al., 2012).  

1.5.3.4 Effect of mutations on myelination 

CMT1c disease involves progressive loss of myelin surrounding peripheral neurons, 

which is produced by Schwann cells. Therefore, LITAF may have a role in 

myelination. LITAF is not required for peripheral nerve myelination during 

development in mice (Somandin et al., 2012), which is consistent with moderate 

LITAF mRNA expression levels during sciatic nerve development in rats (Street et al., 

2003), and LITAF knockout mice did not have a peripheral nerve phenotype 

(Somandin et al., 2012, Zhu et al., 2013). Transgenic mice expressing LITAF W116G 

mutation did have a peripheral nerve phenotype, and myelin infolding which resulted 

in altered morphology of axons. This may be relevant to the demyelinating phenotype 

of CMT1c patients, as LITAF W116G mice had late onset (from 1 year) neuropathy 

and impaired motor and sensory function (Lee et al., 2013). This indicates that 

mutations are dominant and may be gain-of-function. 

In summary, there is not a clear consensus on the effect of mutations on LITAF’s 

subcellular localisation, protein stability or protein interactions. Certainly, these 

discrepancies could be due to differences in experimental conditions between studies. 

LITAF mutations are reported to cause defective MVB and exosome formation (Zhu 

et al., 2013), dysregulation of endocytic sorting, prolonged ErbB signalling (Lee et al., 

2012) and altered myelin morphology (Lee et al., 2013). However, it is not clear how 

LITAF mutations affect its function so as to result in altered Schwann cell behaviour 

and how this leads to the pathology.  

1.5.4 How do mutations result in pathogenesis? 
CMT1c mutations result in peripheral demyelinating disease, indicating that Schwann 

cells are particularly susceptible to defects in LITAF. LITAF is ubiquitously expressed 

(Lee et al., 2011) so deleterious effects may be specific to Schwann cells due to 

sensitivity of this specialised cell type or to a particularly critical role of endocytosis 

in myelination. Schwann cells may express unique interaction partners that may drive 

the cell type specificity. Alternatively, a potential functional redundancy with CDIP1 

may ameliorate defects in other cell types. Mutations in LITAF may cause CMT1c due 
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to defects in endocytosis, which may affect myelin protein trafficking, altered 

signalling of endocytosed receptors or accumulation of misfolded and aggregated 

protein. It is not yet clear whether LITAF loss or gain of function affects myelin sheath 

formation in development, or whether LITAF mutations may be result in an inability 

to maintain the myelin, which would be a homeostatic defect. 

Defects in endocytosis could negatively affect myelin homeostasis and maintenance 

in Schwann cells as endocytosis is important for myelination and delivery of myelin 

proteins to the plasma membrane to form the myelin sheath (Simons and Trotter, 

2007). Localisation of PMP22 to MHCI-positive vacuoles is dependent on Arf6, 

suggesting a role of recycling endosomes in the trafficking of myelin proteins (Chies 

et al., 2003). Mislocalisation or altered protein dynamics of LITAF could affect 

interactions with E3 ubiquitin ligases, ESCRTs and recycling proteins which are 

required for protein sorting and membrane remodelling in endocytosis. Studies of other 

proteins mutated in CMT have indicated the importance of correct regulation of 

endocytic pathways in the maintenance of myelin (Verhoeven et al., 2003, Roberts et 

al., 2010, Stendel et al., 2010, Sidiropoulos et al., 2012, Pietiainen et al., 2013).  

Defects in endosomal trafficking may dysregulate functions of cargo proteins present 

in the endocytic network. Duration and localisation of signalling by EGFR is regulated 

by endocytosis. LITAF mutations may affect EGFR signalling by disrupting its 

trafficking (Lee et al., 2012, Lee et al., 2017). This may have downstream 

consequences for Schwann cell myelination, as correct signalling of EGFR is required 

for myelination and Schwann cell migration in different animal models (Freeman and 

Doherty, 2006) including zebrafish (Lyons et al., 2005). Prolonged Erk1/2 signalling 

has been linked to demyelination in mice (Ishii et al., 2016). 

Accumulation of proteins may be damaging in neuronal cell types, so endocytosis and 

lysosomal delivery of proteins has a neuroprotective role (Stuffers et al., 2009). LITAF 

mutants may affect the function of interacting E3 ubiquitin ligases. This may lead to 

the accumulation of aggregated proteins or defects in normal protein degradation, with 

toxic cellular effects. A LITAF mutant has been detected in aggresomes in cells (Eaton 

et al., 2012). Misfolding proteins and aggregate formation may be common to several 

subtypes of CMT1 (Bennett et al., 2004). Schwann cells undergoing myelination may 

have a high rate of protein turnover, as there are proteins such as PMP22 that are prone 
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to misfolding, and so any dysregulation of the lysosomal degradation pathway may 

have deleterious effects, and this could lead to peripheral nerve demyelination.  

Interestingly, one study linked LITAF to Wallerian degeneration (Somandin et al., 

2012). PNS Wallerian degeneration occurs when Schwann cells proximal to the site of 

injury die and cells distal regenerate and replace cells at the site of injury. Initially 

Schwann cells scavenge myelin from dead/injured cells and degrade it by 

myelinophagy, followed by phagocytosis of myelin by activated macrophages (Jessen 

and Mirsky, 2016). Loss of LITAF results in increased macrophage activity after 

injury, which also take up dead Schwann cells and myelin (Somandin et al., 2012). 

This is consistent with increased LITAF expression over 58 days after nerve crush, 

especially proximal to the site of injury (Street et al., 2003). There may be partial 

redundancy between myelinophagy and phagocytosis of myelin by macrophages 

during Wallerian degeneration. Hence, Schwann cells with endocytosis defects due to 

loss of LITAF may not be able to carry out their normal function, so macrophages 

compensate with an alternative pathway for clearing debris (Somandin et al., 2012). It 

is unclear whether Wallerian degeneration is implicated in CMT1c disease, but this 

finding indicates that LITAF may have a specific role in Schwann cells. 

In summary, it is not yet clear how LITAF mutations result in peripheral neuropathy. 

The mechanisms that have been suggested may account for this, or there may be a 

mechanism that has not been considered or investigated yet. There are several 

possibilities, but further study is required. Previous studies in cell culture models do 

not recapitulate the complex organisation and specialisation of Schwann cells and of 

myelination. Schwann cells may be uniquely susceptible to mutations in LITAF and 

this may be due to the enhanced role of endocytosis and membrane trafficking in 

myelination. For example, LITAF may have a function in the recycling pathway in 

endocytosis, and this has been linked to various neurological disorders including CMT 

(Li and DiFiglia, 2012). Strikingly, other types of CMT are linked to mutations in 

endocytic proteins, highlighted in Table 1.2. Clearly regulation of membrane 

trafficking is implicated in this disease. Without correct functioning of this pathway, 

cellular homeostasis is disrupted which could eventually result in demyelination and 

CMT1c symptoms. 
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1.6 LITAF in animal models 

Various LITAF knock-out and CMT1c mutation knock-in animal models have been 

generated to look at different roles of LITAF in vivo. Studies examining the in vivo 

function of LITAF in myelination and the effect of mutations are most relevant here 

(Somandin et al., 2012, Lee et al., 2013, Zhu et al., 2013). The development and 

maintenance of peripheral nerves was not affected in a LITAF knockout mouse 

(Somandin et al., 2012). However, there was a delay in the onset of remyelination and 

increased macrophage recruitment to sites of nerve injury in the LITAF knock out mice 

compared to WT (Somandin et al., 2012). Transgenic mice overexpressing exogenous 

LITAF W116G in a LITAF WT background had motor and sensory nerve defects and 

abnormal myelin organisation (Lee et al., 2013). These mice had reduced nerve 

conduction velocity, which recapitulates the human CMT1c phenotype, and had a mild 

motor phenotype, exhibited by increased limb flexing. Mutant mice had increased 

myelin infoldings at 8 months which was specific to the PNS (Lee et al., 2013). 

Endogenous LITAF T115N knock in mice were generated to examine the effect of loss 

of LITAF and CMT1c mutation on exosome production. Expression of LITAF results 

in increased exosomes, while expression of LITAF T115N in MEFs, primary mouse 

Schwann cells and patient B cells resulted in reduced exosomes (Zhu et al., 2013). 

Some mice expressing LITAF T115N in one or both alleles had increased limb 

clasping during the first year, but nerve conduction velocity was not affected. 

Additionally, at 1.5 years, 15% of these mice had paralysis, but none of the WT or 

LITAF knock out mice exhibited this phenotype (Zhu et al., 2013). These studies 

indicate that CMT1c mutations affect myelination in mice and are likely to be toxic 

gain of function, as their effect is not recapitulated by LITAF knockout.  

Additionally, further work has examined the role of LITAF in other physiological 

processes including inflammation and cardiac excitation. LITAF knockout mice were 

used to study the role of LITAF in inflammatory responses. Global loss of LITAF 

resulted in reduced endotoxic shock and reduced inflammatory arthritis (Merrill et al., 

2011) whilst macrophage-specific loss of LITAF did not have such a marked effect 

but resulted in delayed secretion of cytokines (Srinivasan et al., 2010).  

LITAF+/T115N MEFs had altered interleukin-1 and TGF-β signalling and NF-κB 

activation compared to LITAF WT. LITAF+/T115N mice were more susceptible to 
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tumours in a syngeneic xenograft mouse models and had increased levels of 

chemokines and cytokines. The authors suggested that the altered inflammatory 

signalling may contribute to increased tumour growth (Li et al., 2015). Zebrafish 

injected with LITAF morpholinos were used to study cardiac excitation (Moshal et al., 

2019). These morphants had increased calcium transients. Adenoviral overexpression 

of LITAF in rabbit cardiomyocytes resulted in reduced calcium transients and had 

reduced expression of Cavα1c (Moshal et al., 2019).  

The role of CDIP1 in ER stress-induced apoptosis has been studied in WT and CDIP1 

knock out mice. CDIP1 expression was induced in the liver upon ER stress and CDIP1 

knock out mice were protected from cell death in the liver after exposure to ER stress 

(Namba et al., 2013). Overall these studies show that LITAF and CDIP1 are 

functionally important proteins in vivo. However, the exact role they have in Schwann 

cells is not yet clear. Additionally, the mechanism by which the mutations result in 

peripheral neuropathy is also not evident. 

1.7 Summary and project aims 

Endocytosis is a highly regulated process that selectively sorts proteins to recycling or 

degradative pathways. Sorting of proteins into MVBs and recycling tubules requires 

specialised molecular machinery, with different multi-protein complexes regulating 

different steps in this process. Characterisation of the function of accessory proteins 

such as LITAF is required to understand how recycling endosomes and MVBs are 

formed, and how dysregulation may lead to diseases such as CMT1c. 

LITAF is an endosomal membrane protein that is likely to function in endocytic 

trafficking of proteins. It is expected to have an important function, particularly in 

Schwann cells, as mutations lead to demyelinating CMT1c. Previous work has shown 

that LITAF and CDIP1 are present in the endocytic pathway (Qin et al., 2016). 

However, the precise function of LITAF is not well characterised and this information 

is required to elucidate the molecular mechanism underlying CMT1c disease. 

Mutations in LITAF may affect its association with the membrane (Ho et al., 2016). 

Disease-associated mutations cause dysregulation of endocytic trafficking including 

altered morphology of endocytic compartments (Zhu et al., 2013) and aberrant 
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signalling (Lee et al., 2013). However, it is not known how mutations result in the 

demyelination of peripheral neurones that is associated with CMT1c neuropathy. 

Therefore, the aims of this project are to better define the cellular functions of LITAF 

and understand how mutations affect its cellular functions and protein interactions. In 

order to further investigate the function of LITAF it is important to examine the 

organismal consequences of loss of LITAF and CDIP1, and this may be achieved by 

characterising the phenotype of zebrafish lacking LITAF and CDIP1.  
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Chapter 2: Materials and Methods 
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All reagents were from Sigma or Fisher Scientific unless otherwise stated. 

2.1 Molecular biology 

2.1.1 cDNA plasmids 
 

Construct Method Source 
pEGFP-C1 - Clontech 
pEGFP-C1-LITAF LITAF cDNA was subcloned into 

pEGFP-C1 
Elaine Small 

pEGFP-C1-LITAF C96A Standard site-directed mutagenesis Dr Lydia Wunderley 
pEGFP-C1-LITAF P135S Standard site-directed mutagenesis Dr Lydia Wunderley 
pEGFP-C1-LITAF V144M Standard site-directed mutagenesis Dr Lydia Wunderley 
pEGFP-C1-LITAF SLD LITAF SLD cDNA was subcloned into 

pEGFP-C1 
Dr Wendy Qin 

pEGFP-C1-LITAF SLD I92V Standard site-directed mutagenesis Dr Wendy Qin 
pEGFP-C1-LITAF SLD A111G Standard site-directed mutagenesis Dr Wendy Qin 
pEGFP-C1-LITAF SLD G112S Standard site-directed mutagenesis Dr Wendy Qin 
pEGFP-C1-LITAF SLD T115N Standard site-directed mutagenesis Dr Wendy Qin 
pEGFP-C1-LITAF SLD W116G Standard site-directed mutagenesis Dr Wendy Qin 
pEGFP-C1-LITAF SLD L122V Standard site-directed mutagenesis Dr Wendy Qin 
pEGFP-C1-LITAF SLD P135S Standard site-directed mutagenesis Dr Wendy Qin 
pEGFP-C1-LITAF SLD V144M Standard site-directed mutagenesis Dr Wendy Qin 
pXLG3 - Prof Peter Cullen, University of 

Bristol 
psPAX2 - Prof Peter Cullen, University of 

Bristol 
pMG.2 - Prof Peter Cullen, University of 

Bristol 
pXLG3-LITAF LITAF cDNA was subcloned into 

pXLG3 using BamHI site 
This study 

pXLG3-LITAF P135S Standard site-directed mutagenesis This study 
pXLG3-LITAF V144M Standard site-directed mutagenesis This study 
pXLG3-BioID2-V5-LITAF BioID2-V5-LITAF cDNA was 

subcloned into pXLG3 using SpeI and 
BamHI sites 

This study 

pXLG3-BioID2-V5-LITAF 
C96A 

Standard site-directed mutagenesis This study 

pXLG3-BioID2-V5-LITAF 
P135S 

Standard site-directed mutagenesis This study 

pXLG3-BioID2-V5-LITAF 
V144M 

Standard site-directed mutagenesis This study 

pT3TS-nCas9n - Wenbiao Chen (Addgene plasmid # 
46757) (Jao et al., 2013) 

HA-Arf6 - Prof Elizabeth Sztul, University of 
Alabama 

HA-Arf6 T44N - Prof Elizabeth Sztul, University of 
Alabama 

pcDNA3-mCherry - Stratagene 
myc-SPG20 - Prof Evan Reid, Cambridge Institute 

for Medical Research 
mCherry-TPD54 - Prof Stephen Royle, University of 

Warwick 

Table 2.1. Mammalian expression plasmids used in this study. 
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2.1.2 Bacterial transformation 
Purified plasmid DNA constructs were transformed into chemically competent Top10 

E. coli cells (Life Technologies). 1 μl plasmid DNA was added to 50 μl Top10 cells 

and incubated for 30 minutes on ice. The cells and plasmid DNA were heat shocked at 

42°C for 45 seconds and placed back onto ice for 2 minutes. 200 μl Luria-Bertani (LB) 

broth was added and this was incubated into a shaking incubator for up to 1 hour at 

37°C and 225 rpm. Cells were spread across pre-warmed 10cm plates containing LB 

agar (Melford) (1.5% w/v) containing either 100 μg/ml ampicillin or 50 μg/ml 

kanamycin antibiotic for positive selection. Plates were incubated at 37°C overnight. 

2.1.3 Plasmid DNA extraction 
A single isolated bacterial colony was picked using a pipette tip and used to inoculate 

6 ml or 200 ml LB broth containing the appropriate antibiotic for miniprep and 

midipreps respectively, and incubated in a shaking incubator at 37°C and 225 rpm 

overnight. The bacterial cell suspension was then centrifuged at 5000rpm for 15 

minutes at 4°C. The supernatant was discarded and the cell pellet was used use for 

plasmid DNA extraction using the Isolate II plasmid Mini Kit (Bioline) or the 

NucleoBond Xtra Midi Plus kit (Macherey Nagel) using the manufacturer’s 

instructions. Purified plasmid was eluted in either 30 μl (miniprep) or 500 μl 

(midiprep) elution buffer, and the concentration was quantified using the NanoDrop 

spectrophotometer (Thermo Scientific). 

2.1.4 Agarose gel and visualisation 
Agarose gels were made by boiling the appropriate amount of agarose (SeaKem) in 

TAE buffer (Lonza) and then adding 0.001% ethidium bromide and left to set at room 

temperature for 30 minutes. DNA or RNA samples were loaded in loading buffer 

(Bioline) alongside 100bp or 1000bp markers (Bioline) as a reference for lengths of 

DNA and gels were run at 100V for up to 40 minutes in TAE buffer. The gel was 

visualized on a Gel Doc transilluminator, and images were analysed using ImageJ, 

Adobe Photoshop and Illustrator. 
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2.1.5 Polymerase chain reaction 
All cDNA amplification and mutagenesis reactions of mammalian cell expression 

vectors were performed using KOD HotStart DNA polymerase (Merck Millipore) 

according the manufacturer’s instructions. PCR products used for cDNA cloning were 

then purified using the NucleoSpin Gel and PCR clean up kit (Macherey-Nagel) and 

eluted in 30 μl nuclease-free water. 

2.1.6 Site-directed mutagenesis 
Nucleotide substitutions were introduced by incorporating the desired nucleotide 

change into the centre of the forward and reverse primer flanked by 15 complementary 

nucleotides on both sides of the mutation (Table 2.2). 

PCR reactions containing the mutagenesis primers and 200ng template plasmid were 

prepared in 50 μl nuclease-free water. These PCRs were carried out according to the 

parameters in Table 2.3. The original methylated template DNA plasmid was then 

digested using 1 μl Dpn1 (NEB) overnight at 37°C. 

Number 
of cycles 

Temperature (°C) Time Step 

1 94 2 minutes Initial denaturation 
 
12 

94 30 seconds Denaturation 
55 1 minute Annealing 
72 1 minute/kb Extension 

1 72 10 minutes Final extension 

Table 2.3. KOD HotStart DNA PCR parameters for mutagenesis. 

  

Primer name Sequence 
LITAF C96A fwd CCCATCCCAATGTGTGCTCCTTCCTGCAACAA 
LITAF C96A rev TTGTTGCAGGAAGGAGCACACATTTGGATGGG 
LITAF P135S fwd GGCTGCTGCTTCATCTCCTTCTGCGTGGATG 
LITAF P135S rev CATCCACGGAGAAGGAGATGAAGCAGCAGCC 
LITAF V144M fwd GATGCCCTGCAGGACATGGACCATTACTGTC 
LITAF V144M rev GACAGTAATGGTCCATGTCCTGCAGGGCATC 

Table 2.2. Primers used for mutagenesis. 
Substitutions are underlined. 
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2.1.7 cDNA cloning 
Primers with an overhanging sequence containing the restriction enzyme recognition 

site were used to amplify cDNA encoding the appropriate construct containing 

restriction enzyme recognition sites which can be digested to generate sticky ends. 

Sequences of primers used for cloning are shown in Table 2.4. The PCRs were carried 

out according to the parameters in Table 2.5. The original methylated template DNA 

plasmid was then digested using 1 μl Dpn1 (NEB) overnight at 37°C. 

 

Alternatively, some constructs could be generated by direct subcloning where 

plasmids already contained the necessary restriction enzyme recognition sites and 

could be digested and ligated without performing PCRs. 

2.1.8 Restriction digest 
30 μl PCR products or DNA vector plasmids were digested overnight at 37°C with 1 

μl restriction enzyme(s) (NEB) and the appropriate buffer (NEB). Digested vector 

plasmid DNA was then treated with calf intestinal alkaline phosphatase (CIP) (NEB) 

for 1 hour at 37°C. Digested PCR products and vector plasmids in loading buffer 

(Bioline) were run on a 1% agarose gel. Single separated bands were isolated and 

purified using the NucleoSpin Gel and PCR clean up kit (Macherey-Nagel) and eluted 

in 30 μl nuclease-free water. 

Primer name Sequence 
XLG3-miniBioID-V5-
LITAF SpeI Fwd 

GCGGCGACTAGTATGTTCAAGAACCTGATCTGGCTGAAGGAG 

XLG3-miniBioID-V5-
LITAF BamHI Rev 

CGCCGCGGATCCTCACAAACGCTTGTAGGTGCCC 

Table 2.4. Primers used for cDNA cloning. 

 
 

Cycle Temperature (°C) Time Step 
1 94 2 minutes Initial denaturation 
 
12 

94 30 seconds Denaturation 
55 1 minute Annealing 
72 1 minute/kb Extension 

1 72 10 minutes Final extension 
1 94 2 minutes Initial denaturation 

Table 2.5. KOD HotStart DNA PCR parameters for cDNA cloning. 

 
 

 



62 
 

2.1.9 Ligation 
4.5 μl of digested insert DNA and 0.5 μl digested vector DNA were incubated with 1 

μl Quick ligase (NEB) in Quick ligase buffer in a total of 20 μl at room temperature 

for 15 minutes. 5 μl of this ligation reaction was transformed into Top10 cells. 

2.1.10 Sanger sequencing 
20 μl sequencing reactions contained 100 ng plasmid DNA and 25 pmol appropriate 

sequencing primer (IDT) (Table 2.6). Samples were sequenced by Sanger sequencing 

services from GATC Eurofins or Genewiz and analysed using Snapgene. 

2.2. Cell culture 

2.2.1 Cell lines 
HeLaM cells, h-telomerase reverse transcriptase (h-TERT) retinal pigment epithelium 

(RPE)-1 cells, Medical Research Council cell strain 5 (MRC-5) cells, human 

embryonic kidney (HEK)293 LTV and MDA-MB-231 cell lines were used for 

experiments. HeLaM and HEK293T LTV cells were maintained at 37°C and 8% CO2 

in Dulbecco’s Modified Eagle’s Medium (DMEM). RPE-1 cells were maintained at 

37°C and 5% CO2 in DMEM/Nutrient mixture F12 HAM supplemented with 2 mM 

glutamine. MRC5 cells were maintained at 37°C and 8% CO2 in Eagle’s Minimum 

Essential Medium (EMEM). Media was supplemented with 10% fetal bovine serum 

(FBS) (HyClone) and 1% non-essential amino acids. These cell lines used in 

experiments were less than 30 passages and regularly checked for mycoplasma 

contamination by DAPI staining.  

Primer Sequence 
pEGFP-C1 Fwd CATGGTCCTGCTGGAGTTCGTG 
M13 Rev CAGGAAACAGCTATGAC 
SP6 ATTTAGGTGACACTATAG 
T7 TAATACGACTCACTATAGGG 
BGH Rev TAGAAGGCACAGTCGAGG 
CMV Fwd CGCAAATGGGCGGTAGGCGTG 
SV40pA-R GAAATTTGTGATGCTATTGC 
Amp-R ATAATACCGCGCCACATAGC 
mRFP Fwd GCTGAAGCTGAAGGACG 
LITAF Rev ATACGAAGGAGGATTCATGC 
BioID2  GGTGCTGCTGAAGGTGCT 

Table 2.6. Oligonucleotide sequences for sequencing constructs. 
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2.2.2 Storage of cells 
Cell suspension was centrifuged at 2000 g for 3 minutes. The media was removed and 

the cell pellet was resuspended in 10% dimethylsuphoxide (DMSO) in FBS 

(HyClone). This cell suspension was aliquoted into cryovials and stored at -80°C for 

24 hours before being transferred into liquid nitrogen and stored at -196°C. Frozen 

aliquots of cells were thawed by incubation at 37°C until defrosted and transferred into 

cell culture flasks with the appropriate media. 

2.2.3 Poly-D-lysine coating 
10cm plates for HEK293T LTV cells were incubated with 5 ml PDL solution for 30 

minutes at room temperature. Plates were washed in phosphate-buffered saline (PBS 

)and used immediately. 

2.2.4 DNA transfection 
Cells were plated 24-48 hours before transfection. Transient transfections were 

performed using JetPEI (PolyPlus) using a total DNA:jetPEI ratio of 1 μg:3 μl in 150 

mM NaCl, or using GeneJuice (Merck Millipore) using a total DNA:GeneJuice ratio 

of 1 μg:3 μl in Optimem media following the manufacturer’s instructions.  For other 

experiments cells in 10cm plates were transfected using 1 mg/ml branched 

polyethylenimine (PEI) using a DNA:PEI ratio of 1 μg:3 μl. 

2.2.5 siRNA transfection 
0.5x105 cells were plated in a 6 cm plate 24 hours before initial siRNA transfection. 5 

μl of 40 nm siRNA oligonucleotide and 5 μl INTERFERin (Polyplus) in 200 μl 

Optimem was incubated for 10 minutes at room temperature before addition to cells. 

After 48 hours, 0.3x105 cells were re-plated into a 6 well dish. 24 hours later, cells 

were transfected a second time with LITAF siRNA. For rescue experiments, siRNA- 

Cell line Tissue/cell type Source Media 
HeLaM Cervix/epithelial ATCC DMEM 
h-TERT RPE-1 Retinal/epithelial ATCC DMEM/F12 Ham 
HEK293T-LTV Kidney ATCC DMEM 
MRC-5 Lung/fetal ATCC EMEM 
MDA-MB-231 cells Breast cancer ATCC DMEM 

Table 2.7. Summary of human cell lines and cell culture conditions used in this 
study. 
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resistant GFP-LITAF constructs were transfected 24 hours later using GeneJuice. Cells 

were analysed 48 hours after DNA transfection, or 72 hours after siRNA transfection, 

and knockdown efficiency for each experiment was confirmed using Western blotting. 

Allstars non-targeting siRNA (Qiagen) was used as a control. 

2.2.6 Lentivirus production and transduction 
HEK293T LTV cells were plated on PDL-coated 10 cm plates 24 hours before 

transfection. For each dish, 6 μg pXLG3-LITAF construct, 4.5 μg psPAX2 packaging 

plasmid and 3 μg pM2G envelope plasmid was transfected into the cells using 

GeneJuice. After 24 hours, cells were supplemented with 10 mM sodium butyrate 

(Merck Millipore) for 8 hours. At 72 hours after initial transfection the lentivirus-

containing media was harvested and centrifuged for 10 minutes at 4000 rpm and 

filtered through a 0.45 μM syringe-driven filter unit to remove cell remnants. 

Lentivirus aliquots were flash frozen in liquid nitrogen and stored at -80°C. For 

lentivirus transduction, HeLaM cells or RPE-1 cells were transduced with lentivirus 

stock at a dilution of 1:2-1:20 in the media. All solutions contaminated with virus were 

treated with 20 minutes UV radiation and then treated with Virkon (DuPont) overnight. 

2.3 Immunofluorescence 

For immunofluorescence experiments 0.15-0.25x105 cells were plated per well 

containing a 13 mm glass coverslip (Agar) in a 12 well plate or 0.3-0.6x105 cells in a 

6 well plate. 

2.3.1 Formaldehyde fixation and permeabilisation 
Cells were washed with PBS prior to fixation in 3% paraformaldehyde (PFA) in PBS 

for 15 minutes at room temperature. Cells were washed with PBS and excess PFA was 

quenched with 1M glycine in PBS. Cells were permeabilised in 0.1% Triton X-100 in 

PBS for 5-10 minutes.  

siRNA Target sequence 
LITAF 5’-GCAUGAAUCCUCCUUGGUA 

Table 2.8. Oligonucleotide sequence used for siRNA-mediated depletion of LITAF. 
siRNAs were ON-TARGETplus from Dharmacon. 
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2.3.2 Antibody staining 
Cells were washed with PBS and incubated in primary antibody in PBS solution for 

30 minutes at room temperature. Cells were washed and incubated in secondary 

antibody and DAPI (1:500) in PBS solution for 30 minutes. Cells were washed and 

incubated in ddH2O. Coverslips were dried and mounted using 7 μl Prolong Gold 

(Invitrogen) onto glass slides and incubated at room temperature overnight.  

2.3.3 Imaging 
Cells on coverslips were imaged using an Olympus BX-61 microscope with a 60x 1.4 

NA Plan Apo objective. Images were obtained with a CoolSNAP HQ CCD camera 

(Photometrices) using Metamorph software. Images were processed in ImageJ, Adobe 

PhotoShop and Adobe Illustrator. 

2.3.4 Cargo trafficking 
HeLaM cells grown on glass coverslips were serum starved in media lacking FBS for 

2 hours. Cells were washed in ice cold PBS containing magnesium and calcium and 

incubated with CD98 antibody in Leibovitz’s L-15 medium for 1 hour at 4°C. Cells 

were washed in PBS and then incubated at 37°C for 30 minutes or 3 hours. Cells were 

incubated in stripping buffer (0.5% acetic acid, 500 mM NaCl pH 3.0) for 1 minute at 

37°C, washed in PBS and then fixed, permeabilised and stained with secondary 

antibody. 

2.3.5 Quantification of images 
A non-biased, object-based method utilising ImageJ was used to determine the co-

localisation of endogenous LITAF and overexpressed GFP-LITAF constructs with 

endosomal markers from fluorescent images. A single wide-field image (from three 

independent labelling experiments) was superimposed on a grid and GFP-LITAF-

containing punctae that lay on grid lines were identified to obtain a random selection 

of these structures. Each LITAF puncta was then scored for whether it was positive for 

an endosomal marker. For EEA1 images, a total of 542-854 LITAF punctae were 

scored in HeLaM cells and a total of 260-304 LITAF punctae were scored in RPE-1 

cells. For CD63 images, a total of 484-951 LITAF punctae were scored. To quantify 

the co-localisation of HA-Arf6 T44N tubules and GFP-LITAF, a grid was 

superimposed on each image and each tubule that crossed a horizontal grid line was 
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examined for co-labelling of markers. A total of 291-469 HA-Arf6 T44N tubules were 

scored per condition. 

A non-biased, morphometric technique utilising ImageJ was used to determine density 

of tubules labelled by different markers from fluorescent images. Tubules were defined 

as having approximately a minimum length of 1 μm and a minimum width of 0.2 μm. 

A single wide-field image (from three independent labelling experiments) was 

superimposed on a grid and the frequency of tubules that crossed horizontal grid lines 

were identified to estimate the amount of tubules in the cell. The number of grid 

intersections in each cell was also counted to approximately measure the relative cell 

area. Each cell was then given a score for the relative density of tubules in the cell. For 

GFP-LITAF or GFP-SLD-labelled tubules, a total of 23-66 cells were scored for each 

condition from 3 independent experiments. For CD98 trafficking experiments a total 

of 130-253 cells were scored per condition. Values were obtained from 20 images from 

each of 3 independent experiments. For LITAF rescue experiments on Pacsin2-

labelled tubules a total of 100–180 cells were scored per condition. Values were 

obtained from 20 images from each of 3 independent experiments. 

2.3.6 Statistics 
Values were calculated as overall mean +/- SD, and statistical analysis was performed 

using Prism 6. For all quantification experiments a Kruskal-Wallis test with Dunn’s 

multiple comparison test was used except for CD98 trafficking experiments where an 

ordinary one-way ANOVA test was used with Dunnett’s multiple comparisons test.  

2.5 Cell-based biochemistry 

2.5.1 Cell fractionation 
HeLaM cells grown in 3x 15 cm plates per condition until they were at ~70% 

confluency. Cells were washed in PBS and trypsinised and the cell suspension was 

centrifuged at 4°C at 1500 rpm for 5 minutes. The cells were washed in once in 50 ml 

buffer A (3 mM Mg-Acetate, 5 mM EGTA, 10 mM HEPES pH 7.4, 250 mM sucrose) 

and twice in 12 ml buffer A at 4°C and centrifuged again. The cell pellet was 

resuspended in 2 ml buffer A and cells were lysed mechanically by passing through a 

ball-bearing cell cracker with 10 μm clearance 5 times. Unbroken cells, nuclei and 

large debris were removed by centrifugation at 3000 rpm for 10 minutes at 4°C twice. 
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11 x 34 mm thin-walled centrifuge tubes (Beckman Coulter) were loaded with 800 μl 

25% sucrose in buffer A as a cushion followed by 1.5 ml of post-nuclear cell lysate. 

100 μl post-nuclear supernatant was retained for input samples. The membrane and 

cytosolic fractions were separated by ultra-centrifugation for 30 minutes at 40,000 rpm 

in a TLS-55 rotor at 4°C in the benchtop ultracentrifuge (Beckmann). The pellet was 

resuspended in buffer A and was taken as the membrane fraction.  

2.5.2 Carbonate extraction experiments 
A third of the membrane fraction sample from cell fractionation experiments was 

incubated with 0.1 M Na2CO3 (pH 11) on ice for 15 min in 7 x 20 mm thick walled 

centrifuge tubes, followed by ultra-centrifugation at 100,000 g in a TLA-100 rotor for 

10 min. The supernatant was discarded and the pellet resuspended to make a 

homogeneous suspension in buffer A. 

2.5.3 Immunoprecipitation 
For immunoprecipitation of biotinylated mCherry-TPD54, HeLaM cells in 10 cm 

dishes were transduced with lentivirus containing BioID2-V5-LITAF and transfected 

with mCherry-TPD54 using GeneJuice the following day. 24 hours later, cells were 

incubated with 50 μM biotin overnight. Cell lysates were prepared in 500 μl 10 mM 

Tris (pH 7.4), 140 mM NaCl, 0.1% TritonX-100, containing 1 mM 

phenylmethylsulfonyl fluoride (PMSF) and protease inhibitor cocktail (Roche).  A 

post nuclear supernatant was obtained by centrifugation at 14,000 g for 30 minutes at 

4°C and a 10% sample of this was retained for analysis before the remaining 

supernatant was incubated overnight with 7.5 μl RFP-Trap resin (Chromotek).  The 

resin was then washed 3 times with lysis buffer and then incubated with 20 μl sample 

buffer, before Western blotting analysis.   

2.6 BioID 

2.6.1 Streptavidin pulldown 
RPE-1 cells were plated onto 15cm plates and incubated until they reached ~50% 

confluency. Cells were transduced with lentivirus and incubated for 72 hours. Cells 

were then split into a further 6 15cm plates until they reached ~70% confluency. 50 

μM biotin was added in fresh media overnight.  



68 
 

Streptavidin pull-down was performed similar to the published protocol (Roux et al., 

2013). Cells were washed twice in ice cold PBS and lysed in 1 ml modified RIPA 

buffer (50 mM Tris pH 7.4, 1% Triton X-100 (w/v), 0.5% NP-40 (w/v), 0.1% SDS 

(w/v), 500 mM NaCl, 10 mM MgCl2, 5mM EGTA pH 7.5) containing protease 

inhibitor cocktail (Roche) and 1 mM PMSF. Cell lysates were scraped and transferred 

into tubes. Samples were sonicated in the Bioruptor at 4°C for 5 minutes (30 seconds 

on, 30 seconds off) and centrifuged at 4°C for 30 minutes at 17,000 g. The supernatant 

was transferred into a fresh tube and the protein concentration was measured using the 

Biorad assay (Pierce) according to the manufacturer’s instructions. Samples were split 

into 6 equal samples and an input sample was retained for analysis. 25 μl pre-washed 

Dynabeads™ MyOne™ Streptavidin C1 (Invitrogen) was added to each sample and 

they were incubated on a roller at 4°C overnight. 

The beads were collected on the side of the tube using a magnetic stand. The 

supernatant was removed and retained as the unbound fraction. Beads were washed by 

incubating with 1 ml wash buffer on a rotator for 8 minutes at room temperature. Beads 

were washed in 1 ml wash buffer 1 (2% SDS w/v), then the beads for each sample 

were pooled and washed again in wash buffer 1. Subsequently, beads were washed in 

Wash buffer 2 (0.1% deoxycholic acid (w/v), 1% Triton X-100 (w/v), 1 mM EDTA, 

500 mM NaCl, 50 mM HEPES, pH 7.4) followed by Wash buffer 3 (0.5% deoxycholic 

acid (w/v), 0.5% NP-40 (w/v), 1 mM EDTA, 250 mM LiCl, 10 mM TrisCl pH 7.4. 

Beads were then washed in 50 mM Tris pH7.4, washed in and resuspended in 150 μl 

10 mM Tris pH 7.4. 1% pulldown was retained for Western blot analysis. 50 mM 

ammonium bicarbonate was added to samples sent to Sandford Burnham Prebys 

Medical Discovery Institute proteomics facility for mass spectrometry analysis.  

2.6.2 Sample preparation for mass spectrometry 
Beads were resuspended with 8 M urea, 50 mM ammonium bicarbonate, and cysteine 

disulfide bonds were reduced with 10 mM tris(2-carboxyethyl)phosphine (TCEP) at 

30°C for 60 min and cysteines were then alkylated with 30 mM iodoacetamide (IAA) 

in the dark at room temperature for 30 min. Following alkylation, urea was diluted to 

1 M urea, and proteins were subjected to overnight digestion with mass spec grade 

Trypsin/Lys-C mix (Promega, Madison, WI). Finally, beads were pulled down and the 

solution with peptides collected into a new tube. Affinity purification was carried out 
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in a Bravo AssayMap platform (Agilent) using AssayMap streptavidin cartridges 

(Agilent). Digested peptides were then desalted in a Bravo AssayMap platform 

(Agilent) using AssayMap C18 cartridges, and dried down in a SpeedVac concentrator.  

 2.6.3 LC-MS/MS analysis 
Prior to LC-MS/MS analysis, dried peptides were reconstituted with 2% ACN, 0.1% 

FA and concentration was determined using a NanoDropTM spectrophometer 

(ThermoFisher). Samples were then analyzed by LC-MS/MS using a Proxeon EASY-

nanoLC system (ThermoFisher) coupled to a Q-Exactive Plus mass spectrometer 

(Thermo Fisher Scientific). Peptides were separated using an analytical C18 Aurora 

column (75µm x 250 mm, 1.6 µm particles; IonOpticks) at a flow rate of 300 nL/min 

(60oC) using a 120-min gradient: 1% to 5% B in 1 min, 6% to 23% B in 72 min, 23% 

to 34% B in 45 min, and 34% to 48% B in 2 min (A= FA 0.1%; B=80% ACN: 0.1% 

FA). The mass spectrometer was operated in positive data-dependent acquisition 

mode. MS1 spectra were measured in the Orbitrap in a mass-to-charge (m/z) of 350 – 

1700 with a resolution of 70,000 at m/z 400. Automatic gain control target was set to 

1 x 106 with a maximum injection time of 100 ms. Up to 12 MS2 spectra per duty cycle 

were triggered, fragmented by HCD, and acquired with a resolution of 17,500 and an 

AGC target of 5 x 104, an isolation window of 1.6 m/z and a normalized collision 

energy of 25. The dynamic exclusion was set to 20 seconds with a 10 ppm mass 

tolerance around the precursor. 

2.6.4 Raw data analysis 
All mass spectra were analyzed with MaxQuant software version 1.6.11.0 (Cox and 

Mann, 2008). MS/MS spectra were searched against the Homo sapiens Uniprot protein 

sequence database (downloaded in January 2020) and GPM cRAP sequences 

(commonly known protein contaminants). Precursor mass tolerance was set to 20ppm 

and 4.5ppm for the first search where initial mass recalibration was completed and for 

the main search, respectively. Product ions were searched with a mass tolerance 0.5 

Da. The maximum precursor ion charge state used for searching was 7. 

Carbamidomethylation of cysteine was searched as a fixed modification, while 

oxidation of methionine and acetylation of protein N-terminal were searched as 

variable modifications. Enzyme was set to trypsin in a specific mode and a maximum 



70 
 

of two missed cleavages was allowed for searching. The target-decoy-based false 

discovery rate (FDR) filter for spectrum and protein identification was set to 1%.  

2.6.5 Analysis 
MaxQuant LFQ intensities were analysed by Perseus (Tyanova et al., 2016). Proteins 

were filtered to remove proteins only identified by site, or contaminants or proteins 

identified by the reverse decoy database. Each protein had to be identified by at least 

3 spectral counts in 3 replicates of the affinity purification mass spectrometry of one 

bait. Protein LFQ intensities were log2 transformed and missing values were imputed 

from a normal distribution by simulating noise around the lower detection limit using 

the settings in Perseus (a downshift of 1.8 standard deviations and a width of 0.25 

standard deviations). PCA plots and multiscatter correlation plots were generated in 

Perseus. Two sample Student’s t-tests were carried out to identify significant hits in 

bait pulldowns compared to background (mock condition). The difference between the 

logarithmised means of the bait against the control (log2bait/background) and the –

log10(p value) was used to generate ‘volcano plots’ in Graphpad Prism. P values < 0.05 

were considered significant. 

KEGG and GO term analyses were performed using DAVID (Huang et al., 2009). The 

default parameters were used, with Benjamin-Hochberg p-value adjustment threshold 

of 0.05. Protein interaction networks were obtained from STRING database 11.0 

(Szklarczyk et al., 2019). Interactions derived from the experiments, databases, and 

textmining evidence channels were retrieved and a medium confidence score of 0.4 

was required. The network was visualised in Cytoscape 3.8.2 (Doncheva et al., 2019, 

Shannon et al., 2003). 

2.7 SDS-PAGE and Western Blotting 

2.7.1 Protein expression analysis 
For protein expression analysis, cells grown in 6 well plates were washed twice in PBS 

and lysed in 100 μl/well 2x sample buffer (0.5 M Tris-HCl pH 6.8, 20% glycerol (w/v), 

4% SDS (w/v), 0.04% Bromophenol blue (w/v), 100 mM DTT) for 5 minutes. Cells 

were scraped and transferred into tubes. Samples were incubated at 95°C for 5 minutes 

and centrifuged at 11,000rpm for 1 minute.  
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2.7.2 Gel preparation and electrophoresis 
Denaturing gels were prepared with a 5% acrylamide upper stacking gel portion and a 

lower running gel portion with the appropriate % acrylamide (GeneFlow) to resolve 

proteins of interest using the BioRad Mini-protean system. The stacking gel consisted 

of 5% acrylamide, 125mM Tris pH 6.8, 0.1% SDS (w/v), 0.1% APS (w/v), 0.1% 

TEMED (w/v). The running gel usually consisted of 14% acrylamide, 375 mM Tris 

pH 8.8, 0.1% SDS (w/v), 0.1% APS (w/v), 0.1% TEMED (w/v).  

Equal amounts of sample were loaded into lanes of a gel alongside Colour Prestained 

Protein marker (NEB) as a reference for molecular weights of proteins. Electrophoresis 

was performed in running buffer (25mM Tris, 192mM glycine, 0.1% SDS (w/v)) at 

100V for 10 minutes and then at 180V for up to 60 minutes. 

2.7.3 Transfer and Western blotting 
SDS-PAGE resolved proteins were transferred onto a polyvinylidene fluoride (PVDF) 

membrane (Millipore) using the wet transfer BioRad system. Transfer was performed 

in transfer buffer (20mM Tris, 150mM glycine, 20% MeOH, 0.2% SDS) at 300mA for 

2 hours at room temperature. 

Membranes were incubated in Casein blocking buffer in TBST (50mM Tris, 150mM 

NaCl, 0.5% Tween (w/v)) for 30 minutes at room temperature. Membranes were 

incubated in blocking buffer containing primary antibodies overnight at 4°C. 

Membranes were washed 3 times in TBST for 5 minutes and incubated in blocking 

buffer containing secondary antibodies for 1 hour at room temperature. Membranes 

were washed again 3 times in TBST for 5 minutes. 

2.7.4 Imaging and quantification 
 Washed membranes were scanned using the LI-COR Odyssey CLx or Fc scanner. 

Band intensities were analysed and quantified using Image Studio Lite Version 5.2. 
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2.8 Antibodies 
Antibody Host Source Product 

Number 
IF WB 

EEA1 Mouse BD Biosciences 61047 1:200 - 
EEA1 Rabbit Cell Signalling C45B10 1:200 - 
CD63 Mouse Millipore RFAC4 1:300 - 
GFP Rabbit Abcam ab290 1:500 1:5000 
GFP Mouse Proteintech 66002-1-1g 1:200 1:2000 
V5 Rabbit Abcam ab9116 1:200 1:2000 
LITAF Mouse Santa Cruz sc-166719 1:200 1:2000 
LITAF Rabbit Proteintech 16797-1-AP 1:200 1:2000 
Pacsin2 Sheep Lowe Lab - 1:500 - 
MICAL L1 Mouse Abnova H00085377BOIP 1:200 - 
CD98 Mouse Biolegend 315602 1:200 - 
α5 Mouse Invitrogen 14-0496-82 1:200 - 
Crm1 Rabbit Bethyl A300-469A - 1:5000 
Torsin A Rabbit Swanton Lab - - 1:1000 
TfR Mouse Zymed - - 1:1000 
Myc Goat Abcam ab9132 1:200 1:2000 
HA Mouse Santa Cruz sc-7392 1:200  
TAT1 Mouse Keith Gull, University 

of Oxford 
- - 1:5000 

LITAF (D. rerio) Mouse AbMart - - 1:1000 

Table 2.9. Primary antibodies used in this study. 

 
Antibody Host Source IF WB 

anti-mouse A488 Donkey Jackson ImmunoResearch Laboratories 1:200 - 
anti-mouse A594 Donkey Jackson ImmunoResearch Laboratories 1:500 - 
anti-rabbit A488 Donkey Jackson ImmunoResearch Laboratories 1:200 - 
anti-rabbit A594 Donkey Jackson ImmunoResearch Laboratories 1:500 - 
anti-sheep A594 Donkey Jackson ImmunoResearch Laboratories 1:500 - 
Streptavidin A594 - Jackson ImmunoResearch Laboratories 1:1000 - 
anti-mouse 680 Donkey Jackson ImmunoResearch Laboratories - 1:5000 
anti-mouse 800 Donkey Jackson ImmunoResearch Laboratories - 1:5000 
anti-rabbit 680 Donkey Jackson ImmunoResearch Laboratories - 1:5000 
anti-mouse 800 Donkey Jackson ImmunoResearch Laboratories - 1:5000 
anti-sheep 800 Donkey Jackson ImmunoResearch Laboratories - 1:5000 
Streptavidin 800 - LiCOR - 1:5000 

Table 2.10. Secondary antibodies used in this study. 
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2.7 Zebrafish 

2.7.1 Maintenance 
Zebrafish were raised and maintained at the Biological Services Facility in the 

University of Manchester under standard conditions (Westerfield, 2000) in accordance 

with the Animals (Scientific Procedures) Act 1986. Wild type (strain AB Notts) were 

bred in the University of Manchester. Following breeding embryos were collected and 

placed in 10 cm dishes with chorion water (60 μg/ml Instant Ocean Sea Salts, 50x10-

6% Methylene Blue and incubated at 28°C. 

2.7.2 RNA extraction 
For tissue RNA extraction, and embryo RNA extraction, two females and one male 

AB Notts adult zebrafish or 10 3 or 5 dpf embryos respectively, were terminally 

anaesthetised with an overdose of MS222 (pH 7). Organs were dissected from adult 

zebrafish and snap frozen and stored at -80°C (Gupta and Mullins, 2010). 500 μl Trizol 

(Invitrogen) was added to the samples. Samples were homogenized using IKA Ultra 

homogeniser on ice for 10 seconds at setting 5 or sonicated in the Bioruptor for 5 

minutes at 4°C. A further 500 μl Trizol was added and samples were incubated for 5 

minutes. 200 μl chloroform was added and samples were centrifuged at 12,000 rpm 

for 15 minutes at 4°C. The colourless aqueous phase was transferred to a new tube. 

500 μl isopropanol was added and samples were mixed and incubated for 10 minutes. 

Samples were centrifuged at 12,000 rpm for 15 minutes at 4°C. The supernatant was 

removed and the pellet was washed with 1 ml 70% ethanol. The samples were mixed 

by inversion and centrifuged at 7500rpm for 5 minutes at 4°C. Ethanol was removed 

and the pellet was allowed to dry for 10 minutes. The pellet was resuspended in 30 μl 

nuclease free water. These samples underwent another clean up using the RNeasy mini 

kit (Qiagen), using the manufacters instructions, including a DNase digest. Samples 

were eluted in 20 μl nuclease-free water and stored at -80°C. 
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2.7.4 cDNA synthesis 
For non-quantitative RT-PCR, a total mass of 5ng was used to generate cDNA using 

Superscript III First strand kit (Invitrogen) according to the manufacturer's 

instructions.  

2.7.5 RT-PCR for expression analysis 
Oligonucleotide primers (IDT) were designed using Primer3 (Untergasser et al., 2012) 

(Table 2.11). RT-PCR was performed on cDNA using GoTaq green master mix 

(Promega) (Table 2.12). 

Gene Forward Primer Reverse Primer 
EIF1a CTTCTCAGGCTGACTGTGC CCGCTAGCATTACCCTCC 

LITAF CTCCATATCCGACACAAGAA TATGCAGAAGGGAATTAGGC 
CAGTCTATGTTCAGCCTGG CTCTTGTGCACCCCTAAAA 

Si:Ch211-202h22.7 CCTCAGTAATTCAGACGGTT GAAGGGAATCAAACAACACG 
ACAGTAACTCAGACAATGCA GAAAATGCCGAGACCAATG 

Si:Ch211-202h228 TATGATGCCACCTAGTCTGA TACATGCGTTTGTACAGGAA 
TCAACCAAACTCAGTTCACA TGTTGTCTGATTCCCTTCTG 

Si:Ch211-202h22.9 GGATCAGACGCAGATTAACT ACAGCATAACCAGCATACAA 
ATTAACTACCCTGTACAGCC GATTAACCAGGCCATCAAAC 

CDIP1 CCTCATGGTGGTTACTATCC CGACAAAGAAGCAGAACATG 
GAGGAGAAGAACGGACAAC CCCATCGTATGAGGAAAGTG 

Si:dkeyp-75b4.8 ATGACGAGATAATCCCTCCA AATACCTGCACACAATGGAT 
GTGACACAACAACAACAAGT ACTTATTACGACGCACATGA 

Table 2.9. Primers used to identify expression of genes present in cDNA isolated 
from zebrafish. 
They were designed to have a length of 18-25bp, GC content 40-60%, and annealing 
temperature of 55°C. 

 

Number 
of cycles 

Temperature (°C) Time Step 

1 95 5 minutes Initial denaturation 
 
35 

95 30 seconds Denaturation 
54 30 seconds Annealing 
72 30 seconds Extension 

1 72 5 minutes Final extension 

Table 2.10. GoTaq Green master mix PCR parameters. 
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2.8 CRISPR/Cas9 mutagenesis 

2.8.1 sgRNA design 
sgRNAs were designed using several online tools including http://crispr.mit.edu/  

(Zhang lab, MIT, 2013), CCTop (Stemmer et al., 2015) E-CRISP (Heigwer et al., 

2014) and CHOPCHOP (Labun et al., 2016).  

2.8.2 Cas9 mRNA preparation 
pT3TS-nCas9n was linearised by overnight digestion at 37°C by XbaI (NEB). The 

linear plasmid was isolated by agarose gel extraction (Macherey Nagel). The in vitro 

transcription reaction was carried out using the mMachine mMessage kit (Ambion). 

mRNA was cleaned up using MegaClear kit (Invitrogen). RNA integrity was checked 

by agarose gel electrophoresis. 

2.8.3 Single cell embryo injections 
The injection mixture containing 1 μl of 20 μM EnGen NLS Cas9 protein (NEB), 500 

ng/μl Cas9 mRNA, 20 ng/μl sgRNA, 1 μl of 20 μM tracrRNA and 0.5μl phenol red 

was prepared on ice. Approximately 2 nl of this mixture was injected into the yolk of 

single cell stage zebrafish embryos using a microinjector (PLI-90 Pico-Injector, 

Harvard Apparatus). After injection, embryos were collected and incubated in chorion 

water at 28°C. After 24 hours, any dead embryos were removed and media was 

replaced with media containing 0.1% methylene blue was added. 

 

sgRNA name Target exon Sequence PAM 
LITAF 1 LITAF exon 2 UCAUCGUAUGAUGGAGGAGG CGG 
LITAF 2 LITAF exon 2 GAUGCCUUCAUGUCCGCUGG AGG 
LITAF 3 LITAF exon 2 GGUUGUCCUUGUGCGGUCGG TGG 
CDIP1 1 CDIP1 exon 2 GACCCUCCUCCUCCAUACCC CGG 
CDIP1 2 CDIP1 exon 2 CCGUUCUUCUCCUCGAGGAG CGG 
CDIP1 3 CDIP1 exon 3 GGUGGAGGUCCAUAUUCUGG AGG 

Table 2.11. sgRNAs used in this study. 

 
 

http://crispr.mit.edu/
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2.8.4 Genomic DNA extraction and Genotyping 
3-5dpf embryos were anaesthetised in MS222 (0.2 mg/ml, pH 7) in chorion water. 

Individual embryos were incubated in 50 μl of 50 mM NaOH for 20 minutes at 95°C 

and 5 μl 1M Tris was added at 4°C as described in the HotShot method (Meeker et al., 

2007). Samples were centrifuged at high speed for 1 minute and cleared supernatants 

stored at -20°C. 

Genotyping PCRs were performed on genomic DNA using GoTaq green master mix 

(Promega) using conditions as in Table 2.12 and primers as in Table 2.14. 

2.8.5 Blunt PCR cloning 
KOD HotStart polymerase was used to amplify regions of interest from zebrafish 

genomic DNA using primers from Table 2.14 and parameters from Table 2.5. The 

Zero Blunt PCR Cloning Kit (ThermoFisher) was used to clone blunt end purified PCR 

products in to the pCR-Blunt vector. Molar ratios of 10:1 insert to vector were used 

per reaction and were set up according to the manufacturer’s instructions. Ligation 

reactions were performed at room temperature for 30 minutes and half the reaction was 

transformed into Top10 cells. 

2.8.6 Protein extraction 
200 μl of RIPA buffer (20mM Tis-HCl, 150mM NaCl, 1mM EGTA, 1% (v/v) NP-40, 

1% (w/v) sodium deoxycholate) was then added and samples sonicated using the 

Bioruptor. Lysates were centrifuged for 20 minutes at 17000 rpm and the supernatant 

was transferred to a fresh tube. The protein concentration determined using the BCA 

assay (Pierce). Lysates were snap frozen in liquid nitrogen and stored at -80°C. 50 μg 

of protein was loaded onto each lane of a 14% gel. 

 

Gene Forward Primer Reverse Primer 
LITAF Exon 2 TTATGACACAAGACGATGGC GCACTAGTCAACCAGGTAAG 
CDIP1 Exon 2 TTAACGGTGTGTGTTTGTTG CCACTGCACTTACACATAGT 
CDIP1 Exon 3 ATTTCGATTGATCACACAGC GCCGACCTACTTTGAATCTT 

Table 2.12. Genotyping primers used to assess efficiency of CRISPR sgRNAs in 
injected 3dpf zebrafish embryos. 
They were designed to have a length of 18-25bp, GC content 40-60%, and annealing 
temperature of 55°C. 
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Chapter 3: CMT1c mutations in 
LITAF affect endosomal recycling 
tubules 

 

 

 

 

 

 

 

 

 

 



78 
 

3.1 Introduction 

Mutations in LITAF result in CMT1c, a neuropathy which specifically affects the 

peripheral nervous system (PNS) (Street et al., 2003). Mutation of a range of endocytic 

regulators results in various forms of CMT, indicating that correct function of this 

pathway is necessary for Schwann cells to maintain myelin (Azzedine et al., 2012, 

DiVincenzo et al., 2014). LITAF is a monotopic membrane protein which is integrated 

into endosomal membranes and interacts with proteins that have roles in endocytic 

trafficking. These include ESCRT components and Nedd4 family ubiquitin ligases that 

direct ubiquitinated cargo into lysosomes (Eaton et al., 2011, Shirk et al., 2005), but 

more recently interactions with recycling endosome machinery have been uncovered 

(Wunderley et al., 2021). Furthermore, whilst LITAF is known to localise to early and 

late endosomes, recent studies have shown that LITAF also localises to recycling 

endosomes (Moriwaki et al., 2018, Wunderley et al., 2021).  

Although the interactions and localisation of LITAF provide hints of what its cellular 

function is, the precise role of LITAF in endocytic trafficking remains to be elucidated. 

Additionally, in order to understand the pathophysiology of CMT1c disease, it is 

necessary to appreciate the effect of mutations on LITAF function. Given the location 

of many of the disease-causing mutations close to the hydrophobic membrane anchor 

region, and the high degree of conservation of the LITAF domain, it is likely that the 

membrane association of LITAF is essential for LITAF function. The predicted 

structure of LITAF containing the pathogenic V144M mutation indicated changes in 

residues that interact with phosphatidylethanolamine, consistent with the notion that 

membrane association may be altered in CMT1c disease (Ho et al., 2016). 

Several groups have investigated the effect of pathogenic mutations on LITAF 

localisation. However, studies from different groups have conflicting results. It has 

been shown that G112S, W116G (Shirk et al., 2005), T115N (Shirk et al., 2005, Zhu 

et al., 2013) and V144M (Ho et al., 2016) mutations in LITAF did not affect subcellular 

localisation. However in another study, W116G and P135T mutations caused partial 

mislocalisation from early endosomes to the cytosol (Lee et al., 2011). In a separate 

study, A111G, G112S, W116G, and T115N mutations in LITAF resulted in 

mislocalisation from the late endosome/lysosome to the mitochondria while T49M, 

L122V, and P135T mutations gave rise to partial mislocalisation to the mitochondria 
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(Lacerda et al., 2014). In summary, mutations may affect membrane localisation and 

association but the full range of studies have not reached a consensus. Therefore, it is 

necessary to clarify the effect of CMT1c mutations on LITAF localisation, as clearly 

mislocalisation would affect LITAF function, and even partial defects in localisation 

could direct LITAF away from its normal site of action.  

Impaired LITAF function results in endosome vacuolation (Lee et al., 2012, Zhu et al., 

2013, Edgar et al., 2020) and increased tubulation of endosomal recycling 

compartments (Wunderley et al., 2021), which would suggest that LITAF has a role in 

membrane trafficking. There are reports that LITAF has a role in trafficking of the 

transferrin receptor (Moriwaki et al., 2018), a well-studied recycling cargo, and in 

degradative trafficking of EGFR (Lee et al., 2012), but these results have not been 

replicated (unpublished data and (Wunderley et al., 2021)). It is important to 

investigate whether patient mutations in LITAF do affect trafficking of cargo, as this 

may have important implications in the context of polarised delivery of myelin proteins 

in Schwann cells.  

In this section we examined the subcellular localisation of LITAF containing CMT1c 

mutations and investigated the ability of these mutants to integrate into the membrane. 

We also looked at the ability of CMT1c mutants to regulate the recycling compartment 

in the absence of endogenous LITAF and the effect of mutations on trafficking of a 

clathrin-independent endocytosis (CIE) cargo. 
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3.2 Results 

3.2.1 LITAF containing CMT1c mutations remains localised to 

endosomes and integrated into the membrane 
LITAF has previously been shown to localise to various endosomal membranes but 

the effect of CMT1c mutations on LITAF membrane integration and localisation 

remains unclear. Therefore, it was necessary to clarify the localisation of LITAF 

containing patient mutations in cell lines. We labelled HeLaM cells, RPE-1 cells and 

MRC-5 cells for endogenous LITAF and also looked at the localisation of 

overexpressed GFP-LITAF and GFP-LITAF (SLD). We used HeLaM cells as the 

recycling compartment has a distinct morphology from that of early and late 

endosomes which can easily be distinguished. We also used RPE-1 cells and MRC-5 

cells as they are a non-cancerous diploid cell line and epithelial and fibroblast-derived 

cells are flat which makes them suitable for imaging studies. Figure 3.1 shows that 

endogenous LITAF localises to endosomes in the perinuclear region in the three cell 

lines, and exogenous GFP-LITAF also localises to endosomes. In contrast, the SLD 

domain of LITAF localises to tubular structures in HeLaM cells, whilst in RPE-1 cells 

and MRC-5 cells it localises mainly to the plasma membrane but also to endosomes 

(Figure 3.1). This indicates that LITAF localises to endosomes in different cell lines, 

whilst expression of the SLD results in an altered distribution. 

Additionally, in order to examine the effect of CMT1c mutations on LITAF 

localisation, cells containing GFP-LITAF and GFP-LITAF containing two patient 

mutations, P135S and V144M, were labelled with endosomal markers. We selected 

P135S and V144M patient mutations for further investigation as the P135S mutation 

is at the edge of the hydrophobic region and the V144M mutations is further away but 

before the second CXXC motif, and so these are most likely to have an effect on the 

membrane association of this protein. Previous data indicated that LITAF localises to 

early endosomes and late endosomes in HeLaM cells (Qin et al., 2016), so we co-

labelled HeLaM cells with EEA1 or CD63, markers for early and late endosomes 

respectively (Figure 3.2). Co-localisation analysis showed that between 30-40% of 

endogenous and overexpressed GFP-LITAF puncta co-labelled with EEA1, and this 

did not change with GFP-LITAF containing patient mutations (Figure 3.2B). 

Furthermore, 50-60% of LITAF puncta co-labelled with CD63 and again this did not 
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change with two of the CMT1c mutations (Figure 3.3). In RPE-1 cells, 70-80% of 

LITAF puncta localised to early endosomes indicating that in this cell line there is a 

slight difference in endosomal distribution of LITAF. Once again, the CMT1c 

mutations did not affect this co-localisation (Figure 3.4). 

 

 

 

 

Figure 3.1. Subcellular localisation of LITAF in different cell lines. 
HeLaM, RPE-1 and MRC5 cells expressing endogenous LITAF and transiently 
transfected with GFP-LITAF or GFP-LITAF SLD were analysed by widefield 
fluorescence microscopy. Scale bar = 10 μm. Insets magnified 3x. 
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Figure 3.2. LITAF containing patient mutations partially overlapped with early 
endosomes in HeLaM cells. 
A. HeLaM cells stained with LITAF antibody or transiently transfected with GFP-LITAF, 
GFP-LITAF P135S or GFP-LITAF V144M were stained with anti-EEA1 antibody and 
analysed by widefield fluorescence microscopy. B. Quantification of co-localisation of 
LITAF puncta with EEA1. Data were collected from three independent experiments. 
Scale bar = 10 μm. Arrows indicate co-localisation. Insets magnified 3x. Error bars 
represent standard deviation (SD). 

 



83 
 

 

 

Figure 3.3. LITAF containing patient mutations localised to late endosomes in 
HeLaM cells. 
A. HeLaM cells stained with LITAF antibody or transiently transfected with GFP-LITAF, 
GFP-LITAF P135S or GFP-LITAF V144M were stained with anti-CD63 antibody and 
analysed by widefield fluorescence microscopy. B. Quantification of co-localisation of 
LITAF puncta with CD63. Data were collected from three independent experiments. 
Scale bar = 10 μm. Arrows indicate co-localisation. Insets magnified 3x.  Error bars 
represent SD. 
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Figure 3.4. LITAF containing patient mutations localised to early endosomes in RPE-
1 cells. 
A. RPE-1 cells stained with LITAF antibody or transiently transfected with GFP-LITAF, 
GFP-LITAF P135S or GFP-LITAF V144M were stained with anti-EEA1 antibody and 
analysed by widefield fluorescence microscopy. B. Quantification of co-localisation of 
LITAF puncta with EEA1. Data were collected from three independent experiments. 
Scale bar = 10 μm. Arrows indicate co-localisation. Insets magnified 3x. Error bars 
represent SD. 
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LITAF is a monotopic membrane protein, and contains a hydrophobic region that is 

predicted to form an amphipathic helix and which inserts into the lipid bilayer (Qin et 

al., 2016, Ho et al., 2016). CMT1c missense mutations localise close to the membrane 

insertion region. Therefore, it has been suggested that these mutations might affect 

membrane integration, although LITAF containing CMT1c mutations still localised to 

endosomes (Figures 3.1-3.3). We tested the membrane integration of CMT1c mutants 

using cell fractionation. Cell lysates were centrifuged to pellet the membranes. 

Separation of the membrane fraction from the cell lysate was confirmed by blotting 

for the soluble nuclear export factor, Crm1 and the transmembrane transferrin receptor 

(TfR) (Figure 3.5A). The membrane fraction was then subjected to pH 11 carbonate 

extraction to remove peripheral membrane proteins that do not traverse the membrane. 

TorsinA, an ER luminal peripheral membrane protein was mostly removed whereas 

TfR remained in the membrane fraction after incubation with high pH carbonate, 

indicating successful extraction (Figure 3.5C).  

Endogenous LITAF and overexpressed WT LITAF were enriched in the membrane 

fraction compared to the cell lysate, similar to TfR, while GFP was de-enriched in the 

membrane fraction (Figure 3.5A, B). Any remaining GFP in the membrane fraction 

was completely removed following pH 11 carbonate extraction (Figure 3.5C). 

Interestingly, LITAF C96A, which appears to be cytosolic by immunofluorescence 

analysis (Qin et al., 2016) was partly localised to the membrane fraction (Figure 3.5A, 

B). Surprisingly, this pool of LITAF C96A was resistant to extraction (Figure 3.5C, 

D), suggesting that once LITAF C96A is localised to the membrane, it is integrated.  

LITAF containing P135S and V144M mutations were also present and integrated into 

the membrane, albeit at reduced levels compared to WT LITAF (Figure 3.5). 

Therefore, these data indicate that CMT1c mutations reduce the membrane association 

of LITAF. 
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3.2.2 CMT1c mutations affect the ability of LITAF SLD to partition 

into recycling tubules in HeLaM cells 
Endogenous and overexpressed LITAF partially localises to narrow tubular recycling 

endosomes that co-label with recycling tubule machinery such as Pacsin2, and 

recycling cargo such as MHC Class 1 in HeLaM cells (Wunderley et al., 2021). The 

SLD displays enhanced localisation to these tubules (Wunderley et al., 2021) (Figure 

3.1). Another CMT type 1 protein, SH3TC2 localises to recycling endosomes, whilst 

disease-causing mutations result in SH3TC2 redistributing to early endosomes 

(Roberts et al., 2010). Therefore, we sought to examine whether CMT1c mutations 

affect localisation of LITAF to the recycling compartment.  

 

Figure 3.5. CMT1c mutations affected membrane integration. 
A. Whole cell lysates and membrane pellet fractions from HeLaM cells were blotted 
for Crm1, TfR, GFP and LITAF. B. Quantification of the intensity of GFP-LITAF bands in 
the membrane fraction relative to the input. Band intensities were normalised to 
endogenous LITAF in each sample. C. The membrane fraction was treated with 
100mM pH 11 sodium carbonate, pelleted again, and blotted for TorsinA, TfR, GFP 
and LITAF. D. Quantification of the intensity of GFP-LITAF bands in the carbonate 
extraction relative to the membrane input. Band intensities were normalised to 
endogenous LITAF in each sample. Error bars represent SD. 
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In HeLaM cells, both wild-type and CMT1c mutant LITAF localise mainly to 

endosomal structures (Figures 3.2-4).  However, full-length LITAF also partially 

localises to tubules, and this tubular localisation is markedly reduced when CMT1c 

mutations are introduced (Figure 3.6A and B). In addition, the SLD domain mainly 

localises to tubules, but the SLD containing several CMT1c mutations had markedly 

reduced tubule vs endosomal labelling (Figure 3.6A and C). This effect varied between 

different CMT1c causing mutations, indicating that the effect is common to some but 

not all CMT1c mutations; the density of tubules was decreased in SLD G112S, T115N, 

W116G, P135S and V144M but not I92V, A111G and L122V (Figure 3.6C). An 

altered distribution of LITAF mutants is also observed in RPE-1 cells. Full-length 

LITAF and CMT1c mutant LITAF localised to puncta, and while the SLD domain was 

more abundant at the plasma membrane, SLD containing CMT1c mutations again 

remained in punctate structures (Figure 3.6D). 

 

Figure 3.6. Altered distribution of LITAF containing patient mutations in different 
cell lines. 
A. HeLaM cells cells transiently transfected with GFP-LITAF, GFP-LITAF P135S, GFP-
LITAF V144M, GFP-SLD, GFP-SLD P135S and GFP-SLD V144M were analysed by 
widefield fluorescence microscopy. B, C. Quantification of the density of tubules 
relative to cell area of cells transiently transfected with GFP-tagged full length LITAF 
and LITAF-containing CMT1c mutations (B) or GFP-tagged SLD and SLD-containing 
CMT1c mutations (C). Data were collected from three independent experiments. 
Error bars represent 5-95 percentile. Statistical analysis by Kruskal-Wallis test with 
Dunn’s multiple comparisons test. D. RPE-1 cells transiently transfected with GFP-
LITAF, GFP-LITAF P135S, GFP-LITAF V144M, GFP-SLD, GFP-SLD P135S and GFP-SLD 
V144M were analysed by widefield fluorescence microscopy. Scale bars = 10 μm.  
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Figure 3.7. LITAF and LITAF SLD containing CMT1c mutations have reduced 
localisation to Arf6 T44N tubules in HeLaM cells. 
A, C. HeLaM cells transiently transfected with HA-tagged Arf6 or Arf6 T44N and either 
GFP-tagged LITAF, LITAF P135S or LITAF V144M (A) or SLD, SLD P135S or SLD V144M 
(C) were stained with anti-HA antibody and analysed by widefield fluorescence 
microscopy. Arrows indicate co-localisation. Scale bars = 10 μm. Insets magnified 3x. 
B, D. Quantification of co-localisation of HA-Arf6 T44N tubules with GFP-LITAF (B) or 
GFP-SLD (D). Data were collected from three independent experiments. Error bars 
represent SD. Statistical analysis by Kruskal-Wallis test with Dunn’s multiple 
comparisons test. 
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To further investigate the ability of LITAF containing patient mutations to enter into 

recycling tubules, we examined the effect of dominant-negative Arf6 on LITAF 

localisation. Arf6 regulates recycling of CIE cargo (Radhakrishna and Donaldson, 

1997) and overexpression of Arf6 containing the dominant-negative mutation results 

in increased abundance of recycling tubules in cells (Macia et al., 2004). Co-expression 

of Arf6 T44N and LITAF increased the amount of LITAF on tubules compared to WT 

Arf6 (Figure 3.7A). In contrast, when Arf6 T44N was co-expressed with CMT1c 

mutants, their localisation was not altered, remaining predominantly on endosomes as 

opposed to relocating to tubules (Figure 3.7A, B). In addition to this, 

immunofluorescence analysis of co-expressed SLD with WT Arf6 or Arf6 T44N 

revealed that wild-type SLD localises on recycling tubules, but again the SLD 

containing CMT1c mutations remained on endosomes (Figure 3.7C, D). This indicates 

that while WT LITAF is able to partition into recycling tubules, LITAF containing 

CMT1c mutations does not localise to the tubular recycling compartment. 

3.2.3 CMT1c mutants impair the function of recycling tubules 
LITAF normally functions to regulate the recycling compartment, as siRNA-mediated 

knockdown of LITAF results in increased density of recycling tubules in HeLaM cells. 

Furthermore, LITAF appears to support scission of recycling tubules via an interaction 

with EHD1 (Wunderley et al., 2021). Considering that LITAF containing CMT1c 

mutations was able to insert into the membrane but did not localise to recycling 

tubules, we next explored whether the CMT1c mutants are able to rescue this LITAF 

depletion phenotype. In control cells, there were some tubules labelled with 

endogenous Pacsin2, MICAL L1 and overexpressed GFP-Rab8A, and the density of 

tubules increased upon LITAF knockdown, as expected (Figure 3.8A). This phenotype 

was rescued when siRNA-resistant GFP-LITAF was overexpressed in cells, as the 

density of Pacsin2-labelled tubules returned to control levels (Figure 3.8B, C). 

However, when GFP-LITAF P135S or GFP-LITAF V144M were expressed in a 

LITAF knockdown background, the increase in tubule density was not rescued (Figure 

3.8B and C). LITAF knockdown efficiency and expression of exogenous LITAF were 

confirmed by Western blotting (Figure 3.8D). These data indicate that LITAF normally 

functions to limit expansion of these recycling tubules, while CMT1c mutants are 

unable to perform this function. 
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Figure 3.8. LITAF containing CMT1c mutations did not rescue LITAF knockdown 
recycling tubule phenotype. 
A. HeLaM cells treated with control or LITAF-targeting siRNA were stained with 
Pacsin2 or MICAL L1 antibody or transfected with GFP-Rab8a and analysed by 
widefield microscopy. B. HeLaM cells treated with control or LITAF-targeting siRNA 
and untransfected or transiently transfected with GFP, GFP-tagged LITAF, LITAF 
P135S or LITAF V144M were stained with anti-PACSIN2 antibody and analysed by 
widefield fluorescence microscopy. Scale bars = 10 μm. C. Quantification of the 
density of Pacsin2 tubules relative to cell area of cells in B. ns represents P>0.05. Data 
were collected from three independent experiments. Error bars represent 5-95 
percentile. Statistical analysis by Kruskal-Wallis test with Dunn’s multiple 
comparisons test.  D. Whole cell lysates were blotted for Crm1, GFP, and LITAF.  
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In a knockdown background, CMT1c mutants appear to have a loss of function effect 

upon the recycling compartment. CMT1c missense mutations are autosomal-

dominant, which suggests that they have a deleterious effect in the presence of WT 

LITAF. Therefore, we assessed whether CMT1c mutations affect trafficking of 

recycling cargo in this cellular context. Following CIE, CD98 is trafficked through 

recycling tubules to the plasma membrane in an Arf6-dependent recycling pathway 

(Eyster et al., 2009). In control cells that expressed GFP or GFP-LITAF, CD98 

partially localised to recycling tubules 30 minutes after internalisation, and decorated 

many tubules after 3 hours (Figure 3.9). In cells where either GFP-LITAF P135S or 

 
Figure 3.9. CMT1c mutations affected trafficking of CD98. 
A. HeLaM cells incubated with CD98 antibody on ice for 30 minutes and then incubated 
at 37°C for 30 minutes or 3 hours, were stripped and stained with secondary antibody 
before being analysed by widefield fluorescence microscopy. B. Quantification of the 
density of CD98 tubules relative to cell area of cells in A. Data were collected from three 
independent experiments. Error bars represent 5-95 percentile. Statistical analysis by 
one-way ANOVA with Dunnett’s multiple comparison. C. HeLaM cells were transiently 
transfected with EGFP-LITAF, EGFP-LITAF P135S and EGFP-LITAF V144M and stained with 
CD98 antibody without permeabilisation and analysed by widefield fluorescence 
microscopy to show cell surface labelling. Scale bars = 10 μm.  
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GFP-LITAF V144M was expressed, CD98 localised to vacuolar structures and the 

density of tubules decorated with CD98 was markedly reduced, while the cell surface 

labelling was not affected (Figure 3.9). This suggests that CMT1c mutants affect 

trafficking of a cargo that traffics through recycling tubules. 

3.3 Discussion 

In this chapter, I described how introducing CMT1c mutations into LITAF does not 

affect early and late endosomal localisation, but does affect the ability of LITAF to 

localise to recycling tubules. Furthermore, patient mutations affected the membrane 

integration of LITAF. It also appeared that disease mutations resulted in loss of 

function in the context of recycling tubules since, in a LITAF knockdown background, 

CMT1c mutants were not able to rescue the recycling tubule expansion phenotype. 

Although the effect of LITAF mutations on subcellular localisation appears to be 

subtle, their expression had a significant functional effect upon trafficking, as 

trafficking of CD98 cargo to recycling tubules was reduced.  

Here, we establish that LITAF containing CMT1c mutations localises to early and late 

endosomes, which is in agreement with several previous studies (although some of 

these focused on different mutations in LITAF) (Shirk et al., 2005, Zhu et al., 2013, 

Ho et al., 2016). We found no evidence to suggest mislocalisation to the mitochondria 

as others have reported (Lacerda et al., 2014), which could be due to differences in cell 

type or other technical differences. Differences in subcellular localisation may be 

caused by differential gene expression of other factors in specific cell types. 

Furthermore, we present the finding that CMT1c mutations impair the localisation of 

LITAF to recycling tubules. This compartment is expanded by expression of 

dominant-negative Arf6, and the propensity of LITAF to localise to these tubules is 

increased by expressing the SLD alone. However, even under these conditions, LITAF 

and SLD containing CMT1c mutations do not localise to tubules. Consistent with these 

results, mutations in SH3TC2 that cause CMT4B (an autosomal recessive form of 

demyelinating CMT) also cause reduced localisation of the protein to recycling 

endosomes (Roberts et al., 2010). Taken together, these results suggest that LITAF 

containing CMT1c mutations may be able to fulfil its function at early and late 

endosomes but not at the recycling endosome. 
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We showed that LITAF containing CMT1c mutations can integrate into the membrane, 

but less efficiently compared to WT LITAF. This reduced membrane integration is 

consistent with the clustering of CMT1c missense mutations around the hydrophobic 

region of the SLD that inserts into the membrane. This also supports previous findings 

that patient mutations cause LITAF to partially mislocalise to the cytosol (Lee et al., 

2011).  

Furthermore, it has been suggested that the SLD may be able to sense and/or generate 

membrane curvature and addition of LITAF to liposomes resulted in reduced diameters 

(Wunderley et al., 2021). The hydrophobic region is predicted to form an amphipathic 

helix which inserts into the membrane similar to other proteins which sense membrane 

curvature (Ho et al., 2016). Alternatively, this region may form a hairpin which forms 

a wedge and contributes to membrane curvature (Qin et al., 2016). Together with 

evidence that CMT1c mutants have slightly reduced membrane integration, this leads 

to the question of whether CMT1c mutations are able to perform this function and 

whether the mutations affect the ability of LITAF to enter into highly curved tubular 

membranes, which would explain the loss of localisation. Further biochemical analysis 

of LITAF containing patient mutations is required to address this. 

We showed here that CMT1c mutants were unable to rescue expansion of recycling 

tubules that result from LITAF knockdown and extended these findings to show that 

CMT1c mutations affected trafficking of a cargo which localises to recycling tubules. 

These data may be consistent with the hypothesis that CMT1c mutations result in 

dominant negative loss of function as CMT1c mutants are unable to regulate the 

morphology of the recycling compartment in these cells and overexpression of CMT1c 

mutants disrupts trafficking of CD98. Recently, it was shown that CMT1c patient 

fibroblasts had enlarged and vacuolated late endosomes. This phenotype was not 

rescued by depletion of LITAF in these cells which provides further evidence for 

CMT1c mutations causing loss of function (Edgar et al., 2020).  

The significance of the effect of LITAF mutations on trafficking of CD98 is 

highlighted by the evidence for trafficking of PMP22 through the same Arf6-

dependent recycling pathway (Chies et al., 2003, Eyster et al., 2009). In addition, 

recycling of β1 integrin occurs through both Arf6 and Rab11-dependent pathways 

(Powelka et al., 2004, Arjonen et al., 2012)  and correct functioning of β1 integrin is 
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necessary for Schwann cell interactions with nerve axons and myelination (Feltri et 

al., 2002, Nodari et al., 2007, Ness et al., 2013). Myelination by Schwann cells requires 

polarised recycling of myelin proteins, so any defects in recycling of cargo may 

particularly affect this cell type (Pereira et al., 2012). As HeLaM cells and Schwann 

cells likely express a different complement of surface proteins, further trafficking 

experiments following the membrane trafficking pathway of internalised myelin 

proteins, and the effect of CMT1c mutations on this in Schwann cells, would establish 

the importance of correct endocytic trafficking in a system more relevant to CMT1c 

disease.  
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Chapter 4: Exploring LITAF 
interactions using BioID 
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4.1 Introduction 

LITAF contains three proline-based protein interaction motifs in its disordered N-

terminal region. The PSAP motif facilitates an interaction with the UEV domain of 

TSG101 (Shirk et al., 2005), a component of ESCRT-I. Previous work has also 

identified that LITAF interacts with Hrs and STAM1, which comprise ESCRT-0 (Lee 

et al., 2012). LITAF also contains two PPXY motifs which mediate interactions with 

WW domain-containing proteins such as ITCH (Eaton et al., 2011) and Nedd4 (Shirk 

et al., 2005), which are E3 ubiquitin ligases. These proteins have roles in ubiquitin-

mediated endosomal trafficking, which is consistent with LITAF’s localisation on 

endosomes. Recent work by our lab and others (Moriwaki et al., 2018) has placed 

LITAF on recycling endosomes and shown interactions with EHD1 and PACSIN2 

(Wunderley et al., 2021). These protein interactions confirm that LITAF likely 

functions within these pathways. However, its mechanism of action is still 

incompletely understood. 

Any effect of CMT1c mutations on LITAF interactions may indicate how LITAF 

function is altered in CMT1c disease. Although most CMT1c patient mutations are not 

located close to motifs required for known protein interactions, it is possible that 

mutations may affect protein conformation or localisation, which could indirectly 

affect protein interactions. There have been some studies examining the effect of 

CMT1c mutations on known interactions. LITAF G112S, T115N and W116G are still 

able to interact with Nedd4 and TSG101 (Shirk et al., 2005). TSG101 localisation is 

not affected by LITAF T115N mutation (Li et al., 2015). However, it was shown that 

LITAF W116G and P135T expression reduced TSG101, STAM1 and Hrs recruitment 

to endosomal membranes (Lee et al., 2012).  

Further analysis of LITAF interaction partners may provide more information on the 

function of LITAF and how it is dysregulated in disease. Several high-throughput 

screens have identified a number of potential interactors (Luck et al., 2020, Rolland et 

al., 2014, Sahni et al., 2015, Huttlin et al., 2017) and these can be viewed using 

BioGRID alongside experimentally validated interactions (Oughtred et al., 2021). This 

database shows that there are at least ten proteins which have been identified as 

possible interactors in more than one screen, while 57 further proteins have been 
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identified in one screen only. This indicates that there are likely more protein 

interactions with LITAF that can be explored. 

Affinity purification and yeast-two hybrid methods have been used to identify proteins 

that interact with target proteins of interest, but more recently several approaches have 

been developed that allow identification of more transiently interacting proteins. 

BioID is a method which uses proximity-dependent labelling, followed by mass 

spectrometry, to identify proteins that are proximal to the protein of interest (Roux et 

al., 2012). A biotin ligase (BirA) was isolated from Escherichia coli that normally 

catalyses the attachment of biotin to a specific target. BirA containing a R118G 

mutation is more promiscuous, and biotinylates lysine residues on proteins within a 10 

nm radius (Roux et al., 2012). A smaller biotin ligase from Aquifex aeolicus was 

humanized and mutated (R40G) to generate BioID2. BioID2 was shown to improve 

localization and is sensitive to a lower biotin concentration (Kim et al., 2016). When 

BioID2 fused to a protein of interest is expressed in cells in the presence of 50 μM 

biotin, there is biotinylation of proximal proteins. Biotinylated proteins can be affinity 

purified using streptavidin beads and peptides digested off the beads and analysed by 

mass spectrometry. This results in identification of proteins which may be proximal to 

the protein of interest (Figure 4.1).  

BioID is a useful method to identify interactions of a protein of interest within cells 

and has several advantages over other methods, including the ability to detect 

transiently and/or weakly interacting proteins. One of the limitations of BioID is that 

the proteins identified may not be direct interactors, and there are many commonly 

identified proteins that may not be specific to the tagged protein of interest. Hits should 

be validated to ensure they are bona-fide interactors. 

In this chapter we wanted to further investigate transient and stable interaction partners 

of LITAF and also examine whether CMT1c mutations affect these interactions, using 

BioID2 proximity-dependent labelling. Here we present the use of BioID2 to identify 

novel proteins that may be proximal to LITAF and show preliminary analysis of some 

of the hits. The results indicate that BioID is a useful method to identify potential 

interaction partners of LITAF that have not been studied previously. 
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Figure 4.1. BioID method to identify proximal proteins and stable and transient 
interactors. 
A. The Biotin ligase (BirA) is fused to a protein of interest and this construct is 
expressed in mammalian cells. In the presence of biotin, BirA biotinylates proteins 
within a 10 nm radius so proximal proteins, but not distal proteins, are biotinylated. 
Following cell lysis and affinity purification using streptavidin, biotinylated proteins 
can be identified using mass spectrometry. B. RPE-1 cells transduced with lentivirus 
containing BioID2-V5-LITAF constructs were plated onto six 15 cm tissue culture 
plates. 50 μM biotin was added for 18 hours. Cell were lysed under stringent 
conditions and biotinylated proteins were affinity purified using magnetic 
streptavidin resin. Identification of enriched proteins was carried out by LC-MS/MS 
followed by analysis by MaxQuant by the Sanford Burnham proteomics facility and 
further analysis using Perseus. Figure was made using BioRender. 
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4.2 Results 

4.2.1 Affinity capture of biotinylated proteins from cells expressing 

BioID2-V5-LITAF 
Initially, we wanted to validate lentiviral expression of BioID2-LITAF fusion proteins 

in RPE-1 cells. Lentivirus generated from just the packaging plasmid and the envelope 

plasmid, without the lentiviral transfer plasmid, was used as a control condition and is 

referred to a mock. Additionally, lentivirus containing BioID2-V5-LITAF, BioID2-

V5-LITAF C96A, BioID2-V5-LITAF P135S and BioID-V5-LITAF V144M were 

generated. The C96A mutation disrupts the first CXXC motif in the SLD of LITAF 

and renders the protein largely cytosolic (Qin et al., 2016). Therefore, this condition 

was used as a cytosolic control as it is clearly mislocalised. We checked the localisation 

of these constructs in RPE-1 cells and confirmed that with addition of biotin to the cell 

media, there was biotinylation of proteins.  

The subcellular localisation of BioID-V5-LITAF fusion proteins was assessed using 

immunofluorescence microscopy by labelling the V5 epitope tag to localise the 

exogenous protein and using fluorescently-tagged streptavidin to label biotinylated 

proteins. In the absence of biotin, streptavidin labelled the mitochondria in all 

conditions (Figure 4.2). This is likely due to the presence of endogenously biotinylated 

proteins in the mitochondrial matrix, including pyruvate carboxylase, methylcrotonyl-

CoA carboxylase subunit α, and propionyl-CoA carboxylase α chain (Hollinshead et 

al., 1997).  In cells transduced with mock lentivirus, V5 labelling showed background 

staining (Figure 4.2A), whereas expression of BioID-V5-LITAF constructs resulted in 

increased signal. BioID-V5-LITAF, BioID-V5-LITAF P135S and BioID-V5-LITAF 

V144M localised to punctate structures, likely endosomes, while BioID-V5-LITAF 

C96A localised throughout the cytoplasm, as expected (Figure 4.2A). When biotin was 

added to these cells, streptavidin co-labelled these puncta and also the cytoplasm 

(Figure 4.2A). Presumably the cytoplasmic staining is due to biotinylation of 

cytoplasmic proteins. 
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Expression of fusion proteins and biotinylation of proteins was also examined by 

Western blotting analysis (Figure 4.2B). Bands of the appropriate molecular weight 

were detected by V5 antibody for BioID2-V5-LITAF and the construct containing the 

CMT1c mutations, P135S and V144M. However, expression of constructs containing 

CMT1c mutations was reduced compared to the wild type (Figure 4.2B middle panel). 

Furthermore, expression of BioID2-V5-LITAF C96A was much reduced, although a 

band could be observed when the intensity was increased. These levels of expression 

were reflected in the streptavidin labelling of biotinylated proteins in these conditions 

(Figure 4.2B, lower panel).  Few proteins were identified in cells in the absence of 

supplemental biotin, although there were two bands around 80kDa consistently 

observed which may again be attributed to endogenously biotinylated enzymes (Figure 

4.2B, lower panel). 

Together, these results indicate that the BioID2 fusion proteins localise as expected 

and that with the addition of biotin, there is biotinylation of endogenous proteins. We 

next tested affinity purification conditions using different streptavidin beads and 

optimised transduction of the different BioID2-V5-LITAF constructs, which are 

expressed at variable levels (Figure 4.2B). 

Different amounts of magnetic streptavidin-Dynabeads and streptavidin-Sepharose 

beads were used to affinity-purify biotinylated proteins from cells transduced with 

mock lentivirus or cells transduced with BioID2-V5-LITAF lentivirus (Figure 4.3A). 

In the mock condition, there are two bands around 80 kDa that are likely to be 

endogenously biotinylated proteins, as well as several faint bands in all the samples. 

With increasing amounts of streptavidin beads, the amount of proteins isolated seems 

Figure 4.2. Localisation and expression of lentiviral BioID2 tagged LITAF constructs. 
RPE-1 cells were left untransduced or were transduced with mock lentivirus or 
lentivirus containing BioID2-V5-tagged LITAF, LITAF C96A, LITAF P135S and LITAF 
V144M at a dilution of 1 in 10 for 48 hours and incubated with vehicle or 50 μM biotin 
overnight. A. Cells on coverslips were fixed and stained with V5 antibody and 
streptavidin conjugated to A594, and analysed by widefield microscopy. Insets 
magnified 3x. Scale bar represents 10 μm. B. Cells were lysed and samples were 
analysed by SDS PAGE and Western blotting analysis. Crm1 antibody was used as a 
loading control (upper panel).  BioID2-V5-tagged proteins were detected with V5 
antibody (middle panel) and biotinylated proteins were detected by streptavidin 
conjugated to IRDye 800CW (lower panel). 
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to slightly increase, but there is not much difference between the magnetic Dynabeads 

and Sepharose. In contrast, there are many biotinylated proteins affinity-purified by 

streptavidin beads from cells transduced with BioID2-V5-LITAF and incubated with 

biotin. The amount of biotinylated proteins pulled down increases with the amount of 

beads used, and Dynabeads appear to pull-down more proteins than streptavidin 

Sepharose (Figure 4.3A).  

Different dilutions of crude lentivirus preparation were next tested in an attempt to 

make the expression levels of the BioID2 fusion proteins more equal. At higher 

dilutions such as 1 in 20, some cells did not express the fusion proteins at levels 

detectable by immunofluorescence microscopy (data not shown). Therefore, in this 

titration experiment we used dilutions of 1 in 2, 1 in 5 and 1 in 10 of lentivirus in cell 

media and examined expression levels by Western blot analysis. Expression levels of 

cells transduced with GFP and BioID2-V5-LITAF were not affected by the amount of 

lentivirus used to transduce the cells (Figure 4.3B). Cells transduced with BioID2-V5-

LITAF C96A, P135S and V144M expressed most exogenous protein when transduced 

with lentivirus at a dilution of 1 in 5, but still did not reach the same expression level 

as BioID2-V5-LITAF (Figure 4.3B).  

Therefore, for the large scale BioID mass spectrometry experiment, we scaled up from 

the test conditions, and used streptavidin-Dynabeads to isolate biotinylated proteins, 

and a dilution of 1 in 10 of lentivirus to transduce cells with BioID2-V5-LITAF or a 

dilution of 1 in 5 for BioID2-V5-LITAF C96A, P135S and V144M. 
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Figure 4.3. Optimisation of streptavidin pulldown of biotinylated proteins and 
lentiviral expression of BioID2-V5-LITAF constructs. 
A. RPE-1 cells were transduced with mock lentivirus or lentivirus containing BioID2-
V5-LITAF at a dilution of 1 in 10 for 48 hours and incubated with 50 μM biotin 
overnight. Biotinylated proteins were affinity purified using increasing amounts (5-
20 μl) of Dynabeads MyOne Streptavidin C1 or streptavidin sepharose and eluted 
after incubation with 2x sample buffer at 95°C for 10 minutes. Samples were analysed 
by SDS PAGE and Western blotting analysis. BioID2-V5-LITAF was detected with V5 
antibody (upper panel) and biotinylated proteins were detected by streptavidin 
(lower panel). B. RPE-1 cells were transduced with mock lentivirus or with lentivirus 
containing GFP or BioID2-V5-LITAF WT or containing mutations as indicated, at 
increasing dilutions. After 72 hours, cell lysates were harvested and analysed by SDS 
PAGE and Western blotting analysis. Crm1 was detected with Crm1 antibody as a 
loading control (upper panel), BioID2-V5-LITAF was detected with V5 antibody 
(middle panel) and GFP was detected with GFP antibody (lower panel). 
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4.2.2 Analysis of the mass spectrometry dataset 
Mass spectrometry was performed on two or three independent repeats of affinity-

purified biotinylated proteins isolated from cells transduced with mock lentivirus or 

lentivirus containing BioID2-V5-LITAF, BioID2-V5-LITAF C96A, BioID2-V5-

LITAF P135S or BioID2-V5-LITAF V144M (Figure 4.4A). Western blotting analysis 

of the streptavidin pull down likely underrepresents the amount of affinity purified 

biotinylated proteins as the samples were incubated in sample buffer without biotin, 

which can be added to compete off the biotinylated proteins from the streptavidin 

beads to increase the yield of biotinylated proteins eluted. The cells transduced with 

BioID2-V5-LITAF C96A did not grow well in the first repeat so this sample was not 

included. The first repeat was analysed by mass spectrometry initially while the second 

and third repeats were analysed by mass spectrometry back-to-back.  

Proteins identified by less than 3 spectra were excluded from the analysis. This is an 

arbitrary threshold used by others in the field to exclude proteins identified at a very 

low abundance. More than 200 proteins were identified using the ‘control’ baits (i.e. 

Mock and LITAF C96A) and more than 500 proteins were identified in the 

‘experimental’ baits (i.e. LITAF WT, LITAF P135S and LITAF V144M) (Figure 

4.4B). However, the number of proteins identified in every replicate of a bait 

experiment was less, between 70-500, indicating that there was some variation 

between replicates (Figure 4.4C). Spectral intensities were normalised by MaxQuant 

analysis software using the MaxLFQ algorithm to generate label-free quantification 

(LFQ) intensities for each protein (Cox et al., 2014). LFQ values are based on the raw 

intensities but are normalised so that LFQ values represent the relative amounts of 

proteins between samples. LFQ values were used for further analysis in Perseus 

(Tyanova et al., 2016). 
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Figure 4.4. BioID2 experiment. 
RPE-1 cells were plated onto 6 15cm plates and transduced with lentivirus for 48 
hours. 50 μM biotin was added overnight before cells were lysed and biotinylated 
proteins were affinity purified using streptavidin dynabeads. A. 1% of the input 
samples and 2% of the pulldown samples were analysed by SDS PAGE and Western 
blotting. Crm1 was used as a loading control (upper panel). BioID2-V5-LITAF fusion 
proteins were detected using V5 antibody (middle panel). Biotinylated proteins were 
detected using streptavidin (lower panel). B. The number of proteins identified by 3 
or more peptides in each repeat. C. The number of proteins identified by 3 or more 
peptides in all repeats of a condition. 
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Principle component analysis (PCA) of the mass spectrometry data was performed for 

each sample (Figure 4.5A). The data for the control baits (Mock and C96A) were 

separated from the experimental baits (LITAF or LITAF containing patient mutations), 

by principle component 1 (PC1) which represents 41% of the variation in the data 

(Figure 4.5A). The ‘experimental’ baits do not separate from each other, indicating 

that there is no systematic difference in the way each of these LITAF constructs 

behave. Clearly there are some differences as twice as many proteins were consistently 

identified in the LITAF V144M condition compared to the other ‘experimental’ baits 

(Figure 4.4C). The second variance in the data (PC2) represents the second largest 

variation of between the data and separates the data obtained from the third repeat from 

that obtained from the first and second repeats, for each condition (Figure 4.5A). This 

apparent shift in behaviour is most likely due to technical differences as replicates were 

prepared on separate occasions. Therefore, principle component analysis indicates that 

the majority of the variance in the data is due to whether the bait was a control or an 

experimental sample and there is some variance in the data according to the replicate. 

Pairwise comparison analysis was also carried out to compare each sample with every 

other sample. LFQ intensities for each protein identified in a sample were compared 

to the LFQ intensities in another sample and a Pearson correlation coefficient was 

calculated based on this (Figure 4.5B). The Pearson correlation values between 

replicates for each bait were not especially high. Mass spectrometry experiments 

where biological replicate samples were prepared in parallel or on the same day might 

be expected to have Pearson correlation values of 0.9. However, this analysis shows 

that there is greater correlation between the ‘experimental’ replicates, (at best from 

0.7-0.9) than between experimental baits and control baits (Figure 4.5B). Repeats for 

each condition should cluster together in PCA analysis and have high Pearson 

correlation values if the data are reproducible. These analyses show that while the 

control vs experimental samples are separated, the reproducibility of these experiments 

is not high. While these results might hinder the evaluation of differences between 

LITAF WT and CMT1c LITAF, it is still likely to be useful as differences in 

enrichment in high confidence proteins between conditions may be informative. 

Additionally, this BioID experiment is useful to explore potential protein interactions 

of LITAF which can later be examined with LITAF containing CMT1c patient 

mutations.                                                           
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Figure 4.5. Comparison of mass spectrometry data between samples. 
A. Principle component analysis was carried out on the LFQ values generated by 
MaxQuant for the samples analysed by mass spectrometry. Principle component 1 
and principle component 2 were plotted against each other for each sample. B. 
Pairwise comparison of the LFQ values of the proteins identified in each of the 
samples. Pearson correlation values are displayed. 
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These data indicate that there is a lot of variation in the proteins detected between 

replicates and that there is no systematic difference in the proteins identified using WT 

LITAF as a bait vs LITAF P135S and LITAF V144M. Therefore, criteria used to 

identify proteins associated with the protein of interest bait were: detection of more 

than 3 spectral counts in all three (or two for LITAF C96A) biological replicates, 

significant enrichment compared to mock control sample and presence in less than 

40% of the experiments in the contaminant repository for affinity purification 

(CRAP)ome database (Mellacheruvu et al., 2013). 

Using Perseus, missing values were imputed around the detected limits in order to 

provide a value for proteins without an LFQ intensity so that fold changes could be 

calculated (Tyanova et al., 2016). LFQ intensities in the replicates of each 

experimental bait were compared to the intensities obtained in the mock condition, 

which results in calculation of a fold difference and a statistical value for the 

confidence of the degree of enrichment. The log2 fold change can be plotted against 

the confidence value to produce a volcano plot. Firstly, proteins enriched in the WT 

LITAF sample compared to proteins identified in the mock condition were 

investigated (Figure 4.6). 110 proteins were identified as LITAF proximal proteins 

here using a p-value < 0.05. Three of these proteins were previously known LITAF 

interactors, NEDD4L, EHD1 and STAM. Surprisingly, some proteins which are 

known to interact with LITAF including HRS, STAM2 and TSG101 were not 

identified as significantly enriched (Figure 4.6A).  

The significantly enriched proteins were clustered manually according to their known 

function. Many significantly enriched proteins had roles in endocytosis, including 

ubiquitin-mediated endocytic trafficking (Figure 4.6B green points) and endocytic 

recycling (Figure 4.6B orange points), which is as expected given the localisation of 

LITAF to early, late and recycling endosomes. Additionally, there were several 

proteins identified which are present at the plasma membrane and are known endocytic 

cargo (Figure 4.6C). In this subset of proteins there are some whose trafficking has 

previously been associated with LITAF including EGFR, TFRC (TfR), integrin β1, 

HLA-A (MHC class 1) as well as solute carrier (SLC) 7A5 and SLC3A2 that together 

form CD98 (Figure 4.6C, purple points). Interestingly, a large proportion of the 

proteins identified have roles in cell adhesion (Figure 4.6D).  
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We also performed t-tests in Perseus to identify significantly enriched or depleted 

proteins over mock in samples using LITAF P135S and LITAF V144M as baits 

(Figure 4.7). 78 proteins were identified as LITAF P135S proximal proteins and 210 

proteins were identified as LITAF V144M proximal proteins. Similar to the identified 

LITAF WT proximal proteins, many of these have roles in endocytosis. The most 

significant hits for LITAF P135S were IGFR2 (CI-MPR) and TPD52L2 (TPD54). The 

most significant hits for LITAF V144M were ITGB1 (integrin β1), AHNAK2, 

SQSTM1 and also TPD54. AHNAK2 and AHNAK are commonly identified proteins 

from biotinylation AP-MS experiments but were not present in more than 40% of 

control BioID experiments in the CRAPome depository. They were identified in all 

the experimental conditions as well as LITAF C96A, and so were not followed up for 

further analysis.  

 

Figure 4.6. Volcano plots showing significantly enriched proteins with LITAF bait 
compared to the mock control. 
Volcano plots comparing the spectral intensities from BioID-LITAF to the mock 
condition. A. All the spectral intensities are plotted. Significantly enriched proteins 
are black data points while non-significant proteins are in grey. Known interactors 
are labelled and shown in blue. B. Significantly enriched proteins with roles in 
endocytosis are shown. Orange data points indicate proteins involved in recycling 
while green data points indicate proteins involved in ubiquitin-mediated endocytic 
trafficking. C. Significantly enriched proteins present on the plasma membrane are 
shown. Purple data points indicate proteins which have been associated with LITAF. 
D. Significantly enriched proteins with roles in adhesion are shown. 
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We performed gene ontology (GO) and Kyoto Encyclopedia of Gene and Genomes 

(KEGG) pathways analysis and protein interaction network analysis on the 57 

significantly enriched proteins over mock which were identified in the LITAF, LITAF 

P135S and LITAF V144M bait conditions. We observed a strong enrichment for 

components of cell-cell junctions and proteins involved in cell adhesion (Figure 4.8A). 

Additionally, the two KEGG pathways which were enriched were endocytosis and 

adherens junctions (Figure 4.8A). Furthermore, the network of proteins enriched in 

LITAF WT, LITAF P135S and LITAF V144M shows a cluster of interactions between 

proteins with roles ubiquitin-mediated endocytic trafficking (shown green) and 

proteins involved in endocytic recycling (shown in orange) (Figure 4.8B). There was 

also a cluster of proteins involved in adhesion (shown in pink) and endocytic cargo 

proteins (shown in purple) (Figure 4.8B). These analyses also showed enrichment of 

proteins involved in lamellipodia and the actin cytoskeleton (shown in yellow) (Figure 

4.8). While LITAF has been associated with endocytosis before, these analyses 

indicate an association with adherens junctions and cell adhesion as well as the actin 

cytoskeleton which has not been appreciated previously. 

Next, we wanted to compare the abundance of proteins enriched by the different baits, 

in order to assess whether there are differences in the proteins proximal to WT LITAF 

and LITAF containing CMT1c mutations. Dot plots were used to compare the relative 

enrichment of all proteins that were significantly enriched in at least one of the 

conditions (Figure 4.9). The colour and size of the circle represent the abundance of 

the protein in the sample, and the outside colour indicates the significance of the 

enrichment over mock in that sample. The larger and darker the circle, the greater the 

enrichment and significance of that proximal protein (Figure 4.9E).  

Figure 4.7. Volcano plots showing significantly enriched proteins using CMT1c baits 
compared to the mock control. 
A. Volcano plots comparing the spectral intensities from BioID-LITAF P135S to the 
mock condition. All the spectral intensities are plotted. Significantly enriched proteins 
are labelled with their gene name and are black data points while non-significant 
proteins are in grey. B. Magnification of the inset shaded in blue in A. C. Volcano plots 
comparing the spectral intensities from BioID-LITAF V144M to the mock condition. 
All the spectral intensities are plotted. Significantly enriched proteins are labelled 
with their gene name and are black data points while non-significant proteins are in 
grey. D. Magnification of the inset shaded in blue in C. Green indicates proteins 
involved in ubiquitin mediated endocytosis, orange indicates proteins involved in 
endocytic recycling, blue indicates known protein interaction with LITAF, purple 
indicates endocytic cargo. 
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There are 57 proximal proteins which are significantly enriched by all the experimental 

baits, and the dot plot shows many of these proteins, which are represented by a circle 

with a thickened black or dark blue outline (Figure 4.9). There are some proteins which 

have different levels of abundance between bait conditions. Both STAM and STAM2 

are present in increased abundance using the LITAF P135S and LITAF V144M baits, 

compared to LITAF WT. Additionally, HRS is present in increased abundance in the 

LITAF V144M sample. Furthermore, strumpellin, a component of the WASH 

complex, was not enriched in the WT LITAF sample, but was enriched in both LITAF 

P135S and LITAF V144M samples (Figure 4.8A). Other membrane trafficking 

proteins identified such as dysferlin, RabGAP1, coatomer subunit β (COPB), LPS-

responsive and beige-like anchor protein (LRBA), protein bicaudal D homolog 2 

(BICD2), tight junction protein 2 (TJP2) and protocadherin γ A11 (PCDHGA11) are 

present at increased levels in samples with the CMT1c mutants compared to WT 

LITAF (Figure 4.9).  

Conversely, there are a range of proteins which have roles in membrane trafficking 

that are de-enriched by the CMT1c mutants compared to WT LITAF. RhoGAP1, 

spartin and flotillin had reduced abundance in the CMT1c mutant conditions (Figure 

4.8A). Snap29, synaptobrevin homologue YKT6, CAVIN1, Rab1A and VAMP5 had 

lower levels of enrichment in the CMT1c conditions compared to WT LITAF. Tumour 

protein D54 (TPD54) was also slightly less abundant in the CMT1c conditions but was 

still one of the most abundant hits in all conditions. EHD1 and Arfaptin-2 were reduced 

in the LITAF P135S condition compared to both WT LITAF and LITAF V144M baits. 

(Figure 4.9B).  

 

 

 

Figure 4.8. Significantly enriched proteins in all experimental conditions. 
A. GO terms and KEGG pathway analysis of the 57 proteins enriched in WT LITAF, 
LITAF P135S and LITAF V144M samples using DAVID (Huang et al., 2009). Significantly 
over-represented terms are shown. Cellular compartment (CC), molecular function 
(MF), biological process (BP). B. Network of the enriched proteins in WT LITAF, LITAF 
P135S and LITAF V144M samples, based on STRING (Szklarczyk et al., 2019) and 
visualised in Cytoscape (Shannon et al., 2003, Doncheva et al., 2019). Higher 
confidence interactions are represented by a thicker connecting line. Green indicates 
proteins involved in ubiquitin mediated endocytosis, orange indicates proteins 
involved in endocytic recycling, blue indicates other proteins involved in membrane 
trafficking, purple indicates endocytic cargo, pink indicates proteins involved in 
adhesion, yellow indicates proteins involved in the actin cytoskeleton. 
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Figure 4.9. Dot plots of enriched proximal proteins for LITAF baits. 
Enriched proximal proteins were manually categorised into groups consisting of 
proteins involved in endocytosis (A), membrane trafficking (B), adhesion (C) and 
cargo proteins (D). E. Proteins are represented by circles where the size is relative 
abundance, the colour represents the fold change and the outline refers to the 
significance of the enrichment. Dot plots were generated using ProHits-Viz online 
tool (Knight et al., 2017). 
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A large proportion of the proximal proteins identified also had roles in adhesion 

(Figure 4.9C). Again, some of these proteins had reduced abundance in the CMT1c 

mutant conditions compared to LITAF WT. Nectin-2/PVRL2, kindlin-2/FERMT2, 

afadin/MLLT4, lipoma preferred partner (LPP), protein tyrosine kinase 7 (inactive) 

(PTK7) and α-parvin were reduced in both V144M and P135S conditions, but the 

greatest reductions were in the P135S condition (Figure 4.9C). Similarly, when 

looking at the abundance of cargo proteins, many of them had reduced enrichment in 

the LITAF P135S condition compared to both the LITAF WT and LITAF V144M 

condition. Integrin β1 and cation-independent mannose phosphate receptor (CI-MPR) 

were two proteins with high abundance in all conditions, although slightly reduced in 

the LITAF P135S condition (Figure 4.9D). Myelin protein zero like 1 (MPZ-L1), 

major histocompatibility complex (MHC) class 1 and Na+/H+ exchange regulatory co-

factor 1 (NHE-RF1) had reduced abundance in both CMT1c mutant conditions (Figure 

4.9D).  

4.2.3 Preliminary analysis of BioID2 hits 
Any hits from BioID experiments must be validated as any significantly enriched 

proteins may just be located close to the bait protein and may not be a specific 

interactor. Some proteins identified with high confidence were selected for further 

preliminary analysis to assess whether they might have interactions with LITAF. 

Firstly, integrin β1 was chosen as it is a cargo that recycles by Arf6 and Rab11-

dependent pathways (Arjonen et al., 2012, Powelka et al., 2004) and was significantly 

enriched in all experimental samples, although slightly reduced in the LITAF P135S 

condition compared to WT and V144M (Figure 4.9D). Furthermore, many proteins 

involved in endocytosis and trafficking of integrin β1 were identified as proximal 

proteins (Figure 4.9), such as EPS15 (Arjonen et al., 2012) Dab2 (Chao and Kunz, 

2009), Numb (Nishimura and Kaibuchi, 2007), RabGAP1 (Samarelli et al., 2020) and 

drebrin (Schiweck et al., 2021). Additionally, TPD54 was identified for further 

analysis as it is another protein which is involved in many intracellular membrane 

trafficking pathways and is also involved in integrin β1 recycling (Larocque et al., 

2020a, Larocque et al., 2020b). TPD54 was significantly enriched in all conditions, 

although slightly reduced compared to WT LITAF in the CMT1c mutant conditions 

(Figure 4.9B). Spartin was also selected for further analysis as its abundance was 

reduced in the CMT1c conditions (Figure 4.9A). Spartin is associated with the WASH 
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complex protein strumpellin (Zhao and Hedera, 2015), HECT domain E3 ubiquitin 

ligases including ITCH and WWP1 (Edwards et al., 2009) and IST1 (Renvoise et al., 

2010) and is also associated with EGFR trafficking (Bakowska et al., 2007). 

In order to assess whether LITAF and integrins are associated, initial analysis focused 

on determining co-localisation of WT and mutant LITAF with α5 integrin in MD-MB-

231 cells, which are a migratory breast cancer cell line. α5 integrin only 

heterodimerises with integrin β1 and this forms a fibronectin receptor that is either 

ubiquitinated and degraded in the lysosome, or recycled to the plasma membrane 

(Lobert et al., 2010, Arjonen et al., 2012). In permeabilised cells, α5 integrin localised 

to endosome-like structures and co-localised with WT LITAF and mutant LITAF 

(Figure 4.10). This confirms that integrin β1 (and associated proteins) is likely to be a 

proximal protein to LITAF. The co-localisation of LITAF and integrin α5 was not 

affected by CMT1c mutations at steady state, which is consistent with enrichment with 

all baits in BioID.  

We also examined co-localisation between TPD54 and LITAF. mCherry-TPD54 

localised throughout the cytoplasm with increased intensity around the perinuclear 

region (Figure 4.11A, upper panels) and in some cells localised to distinct puncta 

(Figure 4.11A lower panels). This difference in localisation may be due to exogenous 

protein expression levels. GFP-LITAF and GFP-LITAF containing patient mutations 

partially co-localised with mCherry-TPD54 in both circumstances (Figure 4.11A). Co-

immunoprecipitation experiments between GFP-LITAF and mCherry-TPD54 failed to 

confirm an interaction between these proteins and we hypothesised that this could be 

due to it being a transient interaction which was not preserved in the IP conditions. 

Therefore, we used directed BioID to try and establish the validity of TPD54 as a 

proximal protein to LITAF. In a single preliminary experiment, cells transduced with 

BioID2-V5-LITAF, transfected with mCherry-TPD54 and incubated with biotin, 

displayed substantial biotinylation of mCherry-TPD54 (Figure 4.11B). Additionally, 

when mCherry-TPD54 was immunoprecipitated by RFP-Trap, there was some BioID-

V5-LITAF pulled down also (Figure 4.11B) Together, these data extend the mass 

spectrometry analysis and indicate potential for an interaction between LITAF and 

TPD54. 
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Figure 4.10. Co-localisation of LITAF and integrin in MD-MB-231 cells. 
MD-MB-231 cells transduced with lentivirus containing GFP, GFP-LITAF, GFP-LITAF 
P135S or GFP-LITAF V144M were stained with α5 antibody and analysed by widefield 
fluorescence microscopy. Arrows indicate co-localisation. Scale bars = 10 μm. Insets 
magnified 3x. 

 



127 
 

 

 



128 
 

 

 

 

 

 

 

Figure 4.11. Association of TPD54 with LITAF in HeLaM cells. 
A. HeLaM cells were transfected with GFP, GFP-LITAF, GFP-LITAF P135S or GFP-LITAF 
V144M and mCherry-TPD54 were analysed by widefield fluorescence microscopy. 
Arrows indicate co-localisation. Scale bars = 10 μm. Insets magnified 3x. B. HeLaM 
cells transduced with BioID-V5-LITAF and transfected with either mCherry or 
mCherry-TPD54 were incubated with vehicle or 50 μM biotin. Cell lysates were 
affinity purified using RFP-Trap and 5% input and pulldowns were analysed by SDS 
PAGE and Western blotting. Biotinylated TPD54 was detected by RFP antibody (upper 
panel) and streptavidin conjugated to IRDye 800CW (middle panel). BioID-V5-LITAF 
was detected by streptavidin (lower panel). 

 



129 
 

In addition to this, we determined whether LITAF and spartin localise to the same 

subcellular compartment. Exogenous myc-spartin distributed throughout the 

cytoplasm but in some cells myc-spartin localised to puncta (Figure 4.12). These 

puncta could be endosomes or lipid droplets, where spartin is known to localise 

(Edwards et al., 2009). There was some overlap with puncta also containing GFP-

LITAF, GFP-LITAF P135S and GFP-LITAF V144M (Figure 4.12). Similar to TPD54, 

initial co-immunoprecipitation experiments did not confirm a specific interaction 

between GFP-LITAF and myc-spartin. Again, this could be due to a transient 

interaction or a lack of direct interaction between these proteins. Altogether, these data 

provide some evidence that integrin β1, TPD54 and spartin are likely to be proximal 

proteins to LITAF in cells but further work is required to determine whether they are 

true interactors. 
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Figure 4.12. Co-localisation of spartin with LITAF in HeLaM cells. 
HeLaM cells were transfected with GFP, GFP-LITAF, GFP-LITAF P135S or GFP-LITAF 
V144M and myc-spartin were stained with myc antibody and analysed by widefield 
fluorescence microscopy. Arrows indicate co-localisation. Scale bars = 10 μm. Insets 
magnified 3x.  
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4.3 Discussion 

In this chapter I described the use of BioID to identify proximal proteins to WT LITAF 

and to LITAF containing CMT1c mutations (P135S and V144M). The enrichment of 

proteins which are known to be associated with LITAF function indicated successful 

identification of potential interacting partners. Proteins with a variety of functions were 

identified, providing plenty of potential novel associations to investigate. Surprisingly, 

proteins with functions in cell-cell adhesions and the actin cytoskeleton were enriched 

in the experimental samples.  Preliminary analysis of three significantly enriched 

proteins, integrin β1, TPD54 and spartin suggested that they might indeed be 

associated with LITAF. Additionally, comparison of the level of enrichment of 

proximal proteins in LITAF WT, LITAF P135S and LITAF V144M samples 

suggested that there may be subtle differences in the profile of interacting proteins. 

Further work is required to test the validity of these potential associations and 

differences in the proximal proteins identified in WT LITAF vs CMT1c mutant 

samples should be interrogated further to determine whether they are functionally 

relevant and if they could inform on the pathophysiology of CMT1c disease. 

Analysis of the BioID mass spectrometry data showed that broadly similar proteins 

were identified by LITAF WT, LITAF P135S and LITAF V144M baits, and that 

overall, the samples were not significantly different from each other. Considering the 

experimental set up, it is not surprising that the conditions did not contain major 

differences in the proximal proteins. The baits are the same protein with the only 

difference being a single missense mutation, and WT LITAF and CMT1c LITAF 

localising to early endosomes. Replicate samples might have been more closely 

correlated if the replicates had been prepared in parallel or on the same day. 

Additionally, stable cell lines expressing more consistent levels of the different baits 

might have increased the reproducibility of the mass spectrometry data. Stable isotope 

labelling with amino acids in cell culture (SILAC)-based BioID could also be used for 

robust quantitative protein abundance measurements in different conditions. However, 

the proximal proteins identified here provide useful information on the possible 

cellular functions of LITAF. 
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Many membrane trafficking proteins were identified in the BioID experiments. 

Several of these have known associations with LITAF or are predicted to interact in 

the BioGRID database. Increased enrichment of STAM, STAM2 and HRS in LITAF 

P135S and V144M samples may be consistent with the vacuolated endosome 

phenotype observed in CMT1c patient fibroblasts (Edgar et al., 2020), with increased 

localisation of LITAF containing CMT1c mutations on endosomes relative to 

recycling tubules. Observations by Lee et al (2012) suggested that LITAF CMT1c 

mutants may sequester ESCRT components in the cytosol, resulting in disrupted 

endosomal trafficking (Lee et al., 2012). The validity of the increased association 

between LITAF mutants and ESCRT-0 should be assessed experimentally and these 

hypotheses tested.  

We showed that LITAF partially overlaps with spartin, which was a significantly 

enriched proximal protein to LITAF. Spartin functions as an adaptor for ITCH 

(Edwards et al., 2009) and may have a role in ubiquitin-mediated endocytic trafficking 

given its localisation to endosomes (Edwards et al., 2009), interactions with ubiquitin 

(Karlsson et al., 2014), the Rab5 GEF alsin (Cobanoglu et al., 2012) and EPS15 

(Bakowska et al., 2005), and its involvement in EGFR trafficking (Bakowska et al., 

2007). Spartin also interacts with the WASH complex protein strumpellin (Zhao and 

Hedera, 2015) which is part of the machinery that generates tubular recycling 

endosomes. LITAF also interacts with ITCH and may have a similar role to spartin as 

an adaptor for E3 ubiquitin ligases. Further exploration of this association may shed 

light on the mechanism of action of LITAF.  

LITAF has not previously been associated with cell adhesions. Here, we showed that 

many proteins involved in focal adhesions were likely to be proximal to LITAF, 

including integrins β1 and β5, talin, paxillin, kindlin-2, tensin, α-parvin and zyxin. 

LITAF is likely to have a role in integrin trafficking as loss of LITAF disrupts integrin 

α5 trafficking and cell migration (Wunderley et al., 2021). Initial experiments shown 

here indicated overexpression of CMT1c mutants did not affect α5 integrin localisation 

to endosomes at steady state. This does not exclude the possibility that CMT1c mutants 

affect the trafficking of integrin β1 bound to α chains other than α5, as this was the 

only integrin dimer examined here. Preliminary experiments shown here indicate that 

LITAF may be associated with TPD54, which has a role in trafficking of integrin β1 
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and in cell migration (Larocque et al., 2020b). This provides further support for a role 

for LITAF in this pathway. Therefore, despite the lack of high reproducibility between 

BioID replicates, by narrowing down the list of hits using stringent criteria I believe 

we were able to identify potential interactors and proximal proteins.  

Involvement in integrin trafficking may be a common feature of CMT proteins, since 

another demyelinating CMT-associated protein, SH3TC2, was found to be associated 

with integrin α6 using the BioID assay in RPE-1 cells (Vijay et al., 2016). Expression 

and regulation of integrin β1 in Schwann cells is required for correct interactions with 

axons and maintenance of myelination (Feltri et al., 2002, Ness et al., 2013) and α6β1 

integrin signalling has been shown to be important in the radial sorting of axons before 

myelination in the PNS (Nodari et al., 2007, Pereira et al., 2009). This indicates the 

importance of correct trafficking of integrins in Schwann cells for myelination (Pereira 

et al., 2012). Integrin β1 was one of the most abundant significantly enriched proteins 

in the LITAF bait sample, indicating that it may be highly associated with LITAF, 

which supports previous work (Wunderley et al., 2021). This association warrants 

further investigation into how LITAF affects integrin trafficking considering the 

importance of integrins in myelination.  

Integrins recycle via tubular Arf6 or Rab11-dependent pathways (Powelka et al., 

2004). Interestingly, one of the significantly enriched proximal proteins, Drebrin, has 

been associated with Rab8-dependent recycling tubules and integrin β1 trafficking in 

neuronal cells (Schiweck et al., 2021). We have shown that LITAF localises to Arf6-

positive tubules, and that LITAF regulates Rab8-positive tubules (see section 3.2.3) 

and Rab11-positive tubules (Wunderley et al., 2021). This places LITAF in the right 

location to regulate trafficking of integrins. Given the altered distribution of CMT1c 

mutants away from tubular recycling endosomes, future work should investigate the 

effect of CMT1c mutations on the recycling of integrins, as well as other cargos, in 

Schwann cells, as this could inform on the mechanism underlying CMT1c disease. 
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Chapter 5: Investigating LITAF 
domain containing proteins in 
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5.1 Introduction 

The correct functioning of LITAF is required for normal physiology as mutation of 

this protein results in CMT1c disease, a demyelinating peripheral neuropathy (Street 

et al., 2003). These mutations are autosomal dominant so only one copy of the mutated 

allele is required for the disease to manifest. This indicates that the disease may be 

caused by a toxic gain of function mechanism, loss of function due to a dominant 

negative mechanism, or haploinsufficiency, but it is not yet clear which mechanism 

accounts for CMT1c disease. 

Previous work has shown that the loss of LITAF and CDIP1 in cells has several effects, 

including expansion of recycling tubules, altered trafficking of α5 integrin and 

impaired migration (Wunderley et al., 2021). We showed in chapter 3 that CMT1c 

mutants are unable to rescue LITAF depletion-induced expansion of recycling tubules, 

which indicates loss of function. In addition, patient fibroblasts containing LITAF 

T115N and control fibroblasts depleted of LITAF both displayed the same phenotype 

of vacuolated endosomes. Depletion of LITAF in patient fibroblasts did not rescue the 

vacuolated endosome phenotype, which further supports a loss of function mechanism 

(Edgar et al., 2020).  

Studies in mouse models of CMT1c disease containing knock-in disease mutations 

have recapitulated some of the disease phenotypes, such as reduced nerve conduction 

velocity and myelin infoldings (Lee et al., 2013), as well as other related phenotypes 

such as increased limb clasping and paralysis in adulthood (Zhu et al., 2013). 

Myelination was not affected in LITAF knock-out (KO) mice, but after nerve injury 

there was a delay in the onset of myelination and increased macrophage recruitment to 

the injury site (Somandin et al., 2012). These studies suggest that CMT1c mutations 

exert effects due to a toxic gain of function mechanism, as they have different 

phenotypes to LITAF KO mice (Lee et al., 2013, Zhu et al., 2013). However, the 

expression of CDIP1 in these mice and possible redundancy with LITAF were not 

examined. 

A genetic interaction between LITAF and CDIP1 was identified recently in a CRISPR-

Cas9 screen in mouse B16F10 cells (Liu et al., 2020). LITAF KO cells were found to 

be four times more resistant than WT to hemolysin BL toxin in terms of cell viability, 
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while CDIP1 KO did not affect sensitivity to the toxin. This indicates that LITAF may 

act as a receptor for this toxin. However, LITAF and CDIP1 double KO cells were 

completely resistant to the toxin, indicating that in the absence of LITAF, CDIP1 can 

function as a substitute for LITAF (Liu et al., 2020). Although this study did not 

specifically examine the functions of these proteins in endocytic trafficking or 

Schwann cells, it does point towards some redundancy between these proteins. 

Zebrafish models have been used to study proteins implicated in peripheral 

neuropathies (Won et al., 2019), including myelin proteins whose mutation results in  

demyelinating type 1 CMT such as PMP22 (Wulf et al., 1999, Jones et al., 2012), 

PMP2 (Gonzaga-Jauregui et al., 2015) and MPZ  (Preston et al., 2019, Brosamle and 

Halpern, 2002). Zebrafish represent a useful model system in which to study rare 

genetic diseases (Adamson et al., 2018) and myelination, due to their high homology 

with mammals, ease of genetic manipulation and analysis techniques such as imaging 

(Buckley et al., 2008, Raphael and Talbot, 2011). 

Zebrafish have also been used to study two types of axonal CMT caused by mutations 

in endocytic proteins. A zebrafish model was used to study the effect of Rab7 

mutations associated with axonal CMT2B.  Rab7 mutants were expressed in spinal 

sensory neurons and this resulted in defects in axonal development and reduced vesicle 

transport speeds, suggesting altered vesicle trafficking in this disease (Ponomareva et 

al., 2016). Additionally, zebrafish have also been used to model CMT2M that is caused 

by mutations in dynamin 2 (Bragato et al., 2016). Embryos expressing exogenous 

dynamin 2 containing a CMT mutation did not form secondary motor axons. 

Additionally, these embryos had more disordered muscle tissue (Bragato et al., 2016). 

As yet, there have been several studies looking at LITAF function in vivo, but there 

have not been many studies examining the role of CDIP1 in vivo, or members of the 

LITAF domain family in zebrafish. Moreover, redundancy between LITAF domain 

containing proteins has not been studied in vivo. Therefore, in this chapter we aimed 

to determine the level of conservation within the LITAF domain protein family in 

zebrafish compared to humans and carry out preliminary characterisation of these 

genes. We also set out to determine the consequence of organismal loss of LITAF and 

CDIP1 in founder zebrafish embryos and stable homozygous knockout lines. 
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5.2 Results 

5.2.1 Identification of LITAF domain containing genes in zebrafish 
Zebrafish often have multiple orthologues of mammalian genes due to a whole genome 

duplication event which occurred in the teleost lineage (Glasauer and Neuhauss, 2014). 

As such, it is important to examine and characterise related genes to identify the most 

relevant gene for further study in this model organism. Therefore, we looked at the 

protein similarity, gene synteny, presence of conserved motifs and mRNA expression 

of genes with similarity to LITAF and CDIP1 in zebrafish. 

The mammalian genome encodes two LITAF domain containing proteins; LITAF and 

CDIP1. To identify LITAF and CDIP1 orthologues in zebrafish, the nucleotide and 

protein sequence of human LITAF SLD was searched against Danio rerio nucleotide 

and protein collections using BLAST. Additionally, Uniprot and PFAM databases 

were searched for LITAF domain containing proteins in zebrafish. These analyses 

identified 9 proteins that contain a LITAF domain in zebrafish (Figure 5.1A). Two 

orthologues have been annotated as LITAF and CDIP1 but 7 additional LITAF family 

members have been retained in zebrafish. Interestingly, one of the LITAF orthologues, 

ubald1a, has a ubiquitin binding associated (UBA) like domain at the N-terminus. The 

other 8 proteins have similarity to human LITAF and CDIP1 in their N-terminal 

regions, including some conservation of the proline protein interaction motifs (Figure 

5.1A). 

The SLD domains are very highly conserved between zebrafish proteins (Figure 5.1B) 

and many residues are 100% conserved, including C96 and C149 that are essential for 

membrane integration (Qin et al., 2016). Interestingly, several residues which are 

mutated in CMT1c have high levels of conservation. G112, P135 and R160 residues 

are completely conserved, and W116, L122 and V144 residues are mostly conserved 

in all the zebrafish SLD-containing proteins. Conservation of the residues that are 

mutated in CMT1c disease indicates that they may also be important for the function 

of LITAF in zebrafish. Conversely, I92, A111 and T115 residues are not very well 

conserved (Figure 5.2B).  
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In order to determine expression of SLD-containing genes across tissues in zebrafish, 

we performed semi-quantitative RT-PCR on cDNA prepared from dissected tissues 

(pooled from two males and one female adult zebrafish). Zebrafish LITAF was 

expressed in all tissues examined. si:ch211-202h22.7 appeared to have lower 

expression than LITAF in all tissues, but was expressed at a relatively higher level in 

the skin. si:ch211-202h22.8 was expressed in most tissues except the liver. si:ch211-

202h22.9 was expressed in most tissues, except the ovary, brain and liver. Zebrafish 

CDIP1 had ubiquitous expression, and was slightly more highly expressed in the brain, 

whereas si:dkeyp-75b4.8 was also ubiquitously expressed but at an apparently lower 

level (Figure 5.1C). 

We also performed multiple sequence alignment and phylogenetic analysis of the 

LITAF domain-containing genes in humans and zebrafish in order to ascertain how 

closely related these variants are. Ubald1a appeared to be the most distantly related, 

while human and zebrafish LITAF and CDIP1 are the most closely related between 

species (Figure 5.1D). Zebrafish CDIP1 and human CDIP1 are the most similar of all 

the LITAF domain containing proteins with 72.9% similarity. Zebrafish LITAF is the 

most similar to human LITAF as they share 53.7% similarity, which is 7.5% greater 

than the next most similar protein, si:ch211-202h22.9 (Table 5.1).  

Furthermore, conservation of chromosomal regions surrounding human LITAF and 

CDIP1 genes in zebrafish was also assessed by synteny analysis (Table 5.1). This 

comparison indicates whether the order and direction of genes on a chromosome is 

conserved between species. A duplicated gene which has a high level of synteny 

between species is more likely to have retained the same function but this isn’t definite. 

The highest level of synteny exists between human LITAF and CDIP1 on chromosome 

16 with zebrafish LITAF and CDIP1 on chromosome 3, and human LITAF with 

si:ch211-157c3.4 on chromosome 3. There is also limited synteny between human 

LITAF on chromosome 16 with si:dkeyp-75b4.8 on chromosome 1. si:ch211-

202h22.7, si:ch211-202h22.8 and si:ch211-202h22.9 are present consecutively on 

zebrafish chromosome 1 and show no synteny with human LITAF or CDIP1. 
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Figure 5.1. LITAF domain containing genes in zebrafish. 

A. Schematic showing the structural organisation of LITAF domain containing genes 
in humans and zebrafish. B. Alignment of human and zebrafish LITAF SLD with 
consensus sequence and identity histogram shown below. Sequences were obtained 
from Uniprot and aligned using TCoffee WS using Jalview to generate the figure with 
Clustal colouring. Residue numbering refers to human LITAF reference sequence (first 
line). C. RT-PCR expression analysis of zebrafish genes with homology to human LITAF. 
Using cDNA prepared from RNA extracts of adult zebrafish tissues, expression of 
zebrafish genes containing the LITAF domain was examined by RT-PCR. Results are 
representative of 2 experiments using different primer sets. EIF1A was used as a 
loading control. si:ch211-157c3.4 and LOC103911283 were not included in this 
analysis as these genes had not been identified when the experiment was performed. 
D. Phylogenetic tree of human and zebrafish LITAF domain containing genes 
generated using TCoffee protein alignment. Seaview was used to generate the figure 
(Gouy et al., 2010). 
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Zebrafish proteins similar to LITAF and CDIP1 all contain highly conserved C-

terminal LITAF domains (Figure 5.1A, B), but zebrafish LITAF and CDIP1 appear to 

be most closely related, have the greatest protein identity and similarity, and have 

synteny with human LITAF and CDIP1 (Figure 5.1, Table 5.1). Zebrafish LITAF and 

CDIP1 have the most similar tissue expression profile compared to mammals (Figure 

5.1C). Zebrafish LITAF contains all three N-terminal proline interaction motifs found 

in human LITAF. Zebrafish CDIP1 contains three PPXY motifs, compared to the two 

present in human CDIP1, but not the PT/SAP motif found in human CDIP1 (Figure 

5.1). In summary, it appears that zebrafish LITAF and CDIP1 have most similar 

features to human LITAF and CDIP1. 

Gene Name 

Protein 
identity 

(similarity) 
to human 

LITAF 

Protein 
identity 

(similarity) 
to human 

CDIP1 

Motifs Tissue 
expression Synteny 

LITAF 40.1% 
(53.7%) 

29.9% 
(37.1%) 

✔ Ubiquitous 
high ✔ 

si:ch211-
202h22.7 

29.1% 
(40.6%) 

25.3% 
(31.2%) ✘ Low ✘ 

si:ch211-
202h22.8 

34.8% 
(46.6%) 

25.9% 
(34.4%) ✘ Variable ✘ 

si:ch211-
202h22.9 

35.7% 
(46.2%) 

28.8% 
(36.8%) 2x PPXY Variable ✘ 

CDIP1 28.1% 
(35.5% 

63.3% 
(72.9%) 3x PPXY Ubiquitous 

high ✔ 

si:dkeyp-
75b4.8 

29.1% 
(38.6%) 

25.1% 
(36.6%) 2x PPXY Ubiquitous 

low Some 

si:ch211-
157c3.4 

25.1% 
(36.1%) 

19.8% 
(27.7) 2x PPXY - ✔ 

LOC103911
283 

22.65 
(31.4% 

25.7% 
(34.4%) ✘ - ✘ 

Ubald1 15.4% 
(26.2%) 

13.5% 
(20.2%) ✘ - ✘ 

Table 5.1. Similarity and identity of zebrafish LITAF domain containing proteins 
compared to human LITAF and CDIP1. 
Protein identity and similarity to human LITAF and CDIP1 score was obtained from 
alignments generated by Emboss Needle. The highest score for each is highlighted in 
bold. The presence of the PT/SAP and two PPXY motifs found in human LITAF and 
CDIP1 in zebrafish proteins was indicated. Tissue expression information was 
summarised from Figure 5.1. Synteny compared to human LITAF and CDIP1 on 
chromosome 16 was assessed using Synteny database. 
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5.2.2 Generating LITAF and CDIP1 knockout zebrafish using 

CRISPR-Cas9 gene editing 
In order to determine the effect of loss of function of LITAF in zebrafish we performed 

gene editing to knock-out the function of this gene. We also targeted CDIP1 as this 

similar protein may perform a redundant function or potentially could be involved in 

an adaptive response when LITAF is lost. As zebrafish LITAF and CDIP1 orthologues 

share the most similarity with human proteins (see above), we hypothesised that these 

proteins may perform similar functions in zebrafish, so we targeted these genes in gene 

editing experiments. 

To generate knockout mutants, we used CRISPR-Cas9 gene editing (Figure 5.2). 

Single guide RNAs (sgRNAs) were designed using several online tools and selected 

manually so that formation of an indel in the target cleavage site was likely to disrupt 

a restriction enzyme recognition site in the genomic DNA. Three sgRNAs for each 

gene of interest was assessed for efficiency (Figure 5.3A, C). Genomic DNA from 

embryos injected at the single cell stage with the CRISPR-Cas9 mixture was extracted 

and the genomic region of interest was amplified by PCR. Restriction digest using the 

appropriate enzyme was performed, and PCR products resistant to digest suggested 

that indels in that region had been produced, indicating successful Cas9-mediated 

cleavage of the target DNA (Figure 5.3B, D). Some of these embryos showed complete 

resistance to digestion indicating that they might be F0 null for the targeted gene 

(Figure 5.3B, D). For LITAF, sgRNA2 was the most efficient, while for CDIP1, 

sgRNA3 was most efficient, and resistance to digestion was clearly observed in all 

embryos (Figure 5.3B, D). Therefore, these two sgRNAs were selected to generate 

CRISPR LITAF, CDIP1 and LITAF and CDIP1 double knockout zebrafish lines. 
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Figure 5.2. CRISPR-Cas9 genetic knock-out experimental design. 
Cas9 endonuclease binds to single guide RNAs which are targeted to genes of interest 
where it catalyses cleavage of double stranded DNA. Cellular machinery facilitates 
non homologous end joining which results in the insertion or deletion of nucleotides 
and results in disrupted DNA.  Single cell embryos injected with sgRNA, tracrRNA, 
Cas9 mRNA and protein were assessed for guide efficiency. F0 injected embryos were 
raised to adulthood, screened for mutations by restriction digest and outcrossed to 
WT zebrafish. Genomic DNA from F1 heterozygote zebrafish containing gene 
disruption was sequenced and zebrafish harbouring mutations predicted to cause 
loss of protein were incrossed to produce F2 homozygous knockout zebrafish. Figure 
created using Biorender. 
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Considering the efficient disruption of the gene resulting from CRISPR-Cas9, we 

wanted to determine whether acute loss of LITAF and/or CDIP1 from zebrafish 

embryos had any deleterious effects or affected development. Therefore, we examined 

the gross morphological development of founder embryos with mosaic disruption of 

the gene. Firstly, we examined the efficacy of the CRISPR-Cas9 in 10 embryos from 

each condition using restriction digest (Figure 5.4A). The degree of PCR product 

digestion was scored and indicated that all of the control injected embryo PCR 

 

Figure 5.3. LITAF and CDIP1 CRISPR-Cas9. 
A, C. Three sgRNAs for LITAF (A) and CDIP1 (C) were designed to target a region in the 
first coding exons of the gene that would disrupt a specific restriction enzyme 
recognition site if there was disruption due to Cas9 endonuclease activity. B, D. 
Genomic DNA was extracted from control uninjected (left) and injected 3 or 4dpf 
embryos and PCR was performed to amplify the region flanking the sgRNA target site. 
Following incubation with the appropriate restriction enzyme, electrophoresis was 
used to determine the resistance to restriction enzyme digest and efficacy of the 
different sgRNAs. * indicates resistant PCR product while < indicates digested PCR 
product. 
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products were not resistant to digestion, as expected (Figure 5.4A arrows, B). A 

proportion of the PCR products from embryos injected with LITAF and CDIP1 guides 

were fully resistant to digestion and the majority were partially resistant, indicating 

mosaic disruption of the target gene (Figure 5.4A asterisks, B).  

The survival of these embryos over the first 5 days post fertilisation (dpf) was assessed, 

and this showed that there were similar rates of survival of around 75% in this time 

period between embryos injected with control CRISPR-Cas9 mixture and embryos 

injected with CRISPR-Cas9 targeting the indicated gene (Figure 5.4C). Further to this, 

the gross morphology of embryos was monitored and images taken at the indicated 

time points (Figure 5.4D). There was no obvious difference in the development of 

these embryos compared to WT (Figure 5.4D). Additionally, to determine whether 

growth was altered in embryos with disrupted LITAF and/or CDIP1 genes, the length 

of larvae was measured. Again, this showed no difference between control injected 

embryos and LITAF and CDIP1 sgRNA injected embryos (Figure 5.4E).  

Together these data suggest that disruption of LITAF and CDIP1 genes, individually 

or together, did not affect larval development of zebrafish. Evidently, in these embryos 

there was not complete disruption of the gene in all embryos and any mutations 

induced by CRISPR-Cas9 may not result in loss of protein expression. Furthermore, 

these embryos contain maternally deposited mRNA, which is present through to the 

gastrula stage at around 5.5 hpf (Newport and Kirschner, 1982, Kimmel et al., 1995), 

and may provide wild-type protein in early development. Therefore, the effect of loss 

of LITAF and CDIP1 at very early developmental time points is still not known. 
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In order to investigate the consequence of total loss of LITAF and CDIP1 at the 

organismal level, we generated LITAF knockout, CDIP1 knockout and LITAF and 

CDIP1 knockout zebrafish lines. We raised injected F0 embryos to adulthood, 

screened them for gene disruption and outcrossed F0 null zebrafish with WT zebrafish 

to generate offspring with single mutations (Figure 5.2, Figure 5.5). The proportions 

of genotypes from F0 LITAF knockout outcrosses were slightly skewed towards 

LITAF+/- genotype and the proportion of genotypes from F0 CDIP1 knockout 

outcrosses was more skewed towards CDIP1+/- genotype (Figure 5.5E). The expected 

Mendelian ratio from this cross is 50:50 WT:heterozygote. The reason for this 

discrepancy is unknown. Additionally, most of the adult offspring from F0 LITAF 

knockout zebrafish outcrosses and F0 LITAF and CDIP1 knockout zebrafish 

outcrosses were males so these crosses were repeated to generate F1 generations with 

better female to male ratios. 

 

 

 

Figure 5.4. Analysis of F0 CRISPR embryos. 
A. Restriction digest of PCR amplicons of the gene of interest from the genomic DNA 
of injected embryos. * indicates resistant PCR product while < indicates digested PCR 
product. B. Scoring of CRISPR-Cas9 efficiency from restriction digests of 20-30 
embryos per condition. C. Survival of embryos up to 5dpf injected with sgRNAs 
targeting the indicated genes. 199-316 embryos were analysed per condition. D.  
Larvae were imaged on a brightfield dissecting microscope and assessed for any gross 
morphological abnormalities at the indicated time points. Scale bars represent 500 
μm. E. The body length from images in D were measured to determine any defects in 
growth. Error bars represent SD. 
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Figure 5.5. Generation of homozygous LITAF and CDIP1 knockout zebrafish. 
A-C. Genotyping by PCR and restriction digest of genomic DNA extracted from F0, F1 
and F2 generations of LITAF KO (A), CDIP1 KO (B) or LITAF and CDIP1 KO (C) zebrafish. 
D-F. Proportions of LITAF KO and CDIP1 KO F0 (D), F1 (E) or F2 (F) generation zebrafish 
with the indicated mutations. 
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Adult F1 zebrafish containing gene disruptions were sequenced and mutations that 

were predicted to cause loss of LITAF or CDIP1 protein were identified. F1 zebrafish 

from the same outcross that contained the same mutation were incrossed to generate 

F2 zebrafish, a proportion of which were homozygous mutants (Figure 5.5F, Table 

5.2). The genotypes of single LITAF KO F2 zebrafish matches the expected mendelian 

ratio and the genotypes of single CDIP1 KO F2 are close to the expected mendelian 

ratio, although there were fewer homozygous mutants than expected (Figure 5.5F). 

The proportions of genotypes resulting from double mutant LITAF+/- CDIP1+/- 

incrosses were broadly similar to expected proportions with the exception of the much 

larger proportion of WT offspring than would be expected (Table 5.2). There was no 

significant amount of mortality in these clutches so it is unclear as to the reason behind 

this skewed proportion.  

Similarly, from single mutant LITAF +/- incrosses and double mutant LITAF+/- 

CDIP1+/- incrosses, most of the zebrafish raised to adulthood were male. The lack of 

females in these populations is unlikely to be due to a loss of viability of females 

lacking LITAF, as the WT and heterozygote siblings also had very low female to male 

ratios. Inbreeding of the WT zebrafish line may have caused a predisposition to 

produce male offspring, or it may be a result of environmental conditions in the 

aquarium. Outcrossing of these lines to WT populations may restore a normal sex ratio. 

Unfortunately, a lack of homozygous knockout breeding pairs precluded further 

experiments on F3 homozygous zebrafish embryos. 

 

 
 LITAF +/+ LITAF +/- LITAF -/- 

CDIP1 +/+ 29.6 (6.3) 6.5 (12.5) 1.9 (6.3) 
CDIP1 +/- 3.7 (12.5) 33.3 (25) 13.0 (12.5) 
CDIP1 -/- 0 (6.3) 4.6 (12.5) 7.4 (6.3) 

Table 5.2. Ratio of genotype in LITAF and CDIP1 double knockout F2 zebrafish. 
The percentage of 108 adult zebrafish with the indicated genotype obtained from 
two LITAF+/- CDIP1+/- incrosses are shown, with the expected percentage in 
brackets.  
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In LITAF KO zebrafish, a 4 base pair (bp) deletion was detected which would result 

in the presence of an early stop codon. (Figure 5.6A). CDIP1 KO zebrafish had a 4bp 

deletion and a single base substitution, which would also result in frameshift and 

formation of an early stop codon. (Figure 5.6B). Furthermore, LITAF and CDIP1 

double knockout zebrafish were obtained that contained frameshift mutations in both 

genes. There was the same 4bp deletion in LITAF and a 7bp deletion in CDIP1 in these 

double KO zebrafish (Figure 5.6A, B). All these mutations are predicted to result in 

truncated protein products if the mRNA is not degraded by nonsense mediated decay.  

We wanted to test whether these mutations do in fact result in loss of protein so we 

analysed muscle tissue protein extracts from WT, LITAF KO, CDIP1 KO and LITAF 

and CDIP1 KO zebrafish. An antibody raised to zebrafish LITAF detected a band 

between 25 and 32kDa in WT and CDIP1 KO zebrafish protein samples that was 

absent in LITAF KO and double LITAF and CDIP1 KO protein samples (Figure 5.6C, 

arrow). This indicates that full-length LITAF protein is lost in both LITAF KO and 

LITAF and CDIP1 KO zebrafish. However, this does not rule out the possibility of a 

shorter truncated form being expressed from a downstream alternate start codon as the 

antibody was identified using three peptides from the N-terminus, central region and 

C-terminus. We could not verify the loss of CDIP1 protein due to lack of an antibody 

that detected zebrafish CDIP1. 

Despite the apparent lack of LITAF protein in LITAF KO and double LITAF and 

CDIP1 KO zebrafish, there was no obvious phenotype resulting from loss of LITAF. 

Mature homozygous adults were viable up to at least 4 months of age, had no 

difference in growth compared to heterozygote clutch mates and had no gross 

morphological abnormalities. Males were able to breed with WT females to produce 

viable offspring. This indicates that loss of LITAF and most likely also CDIP1 is 

compatible with zebrafish life up to 4 months.  
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Figure 5.6. CRISPR-Cas9 induced mutations in LITAF result in loss of protein. 
A, B. Sequence alignments of regions of LITAF (A) or CDIP1 (B) genomic DNA 
containing mutations from WT, LITAF KO, CDIP1 KO and LITAF and CDIP1 KO zebrafish 
as indicated. The predicted protein sequence is shown below. C. Protein extracts from 
muscle tissue of WT, LITAF KO, CDIP1 KO or double LITAF and CDIP1 KO zebrafish 
were analysed by SDS PAGE and Western blotting analysis. Tubulin was used as a 
loading control and was detected by TAT1 antibody (top panel). Zebrafish LITAF 
antibody was used to detect LITAF (bottom panel). The arrow indicates the LITAF 
band. 
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5.3 Discussion 

In this chapter, I described the identification of LITAF domain containing proteins in 

zebrafish and the selection of zebrafish LITAF and CDIP1 as the most closely related 

genes to human LITAF and CDIP1, following bioinformatics and adult tissue 

expression analysis. We analysed F0 zebrafish with disruptions in the gene for any 

developmental defects and generated F2 homozygous knockout zebrafish for LITAF, 

CDIP1 and both LITAF and CDIP1. Zebrafish lacking LITAF and CDIP1, either alone 

or together, did not have any obvious phenotypes. However, further analysis at older 

ages and interrogation of any cellular phenotypes is necessary to more completely 

assess any defects that may be present in these zebrafish. 

Zebrafish have retained up to 20% of duplicated genes from the whole genome 

duplication event which occurred in the teleost lineage (Postlethwait et al., 2000). 

However, phylogenetic analysis indicates that the LITAF domain proteins were 

present before the divergence of human and zebrafish LITAF, which suggests that they 

are not products of this genome duplication. Other model organisms contain multiple 

LITAF domain containing proteins; there are 19 in Drosophila melanogaster and 14 

in Caenorhabditis elegans. Zebrafish have 9 genes which code for the LITAF domain, 

one of these also contains a UBA domain. The LITAF domain is very highly conserved 

between species and within the LITAF domain proteins in zebrafish. In particular, 

cysteine residues critical for the structure and membrane association of the LITAF 

domain are conserved in all genes. If any variants did have mutations in these residues, 

then clearly they would be likely to be non-functional or have a different function. 

We used bioinformatics and expression analysis to identify the possible functional 

orthologues of LITAF and CDIP1 in zebrafish.  We concluded that zebrafish LITAF 

and CDIP1 were likely to be the relevant genes due to the high sequence similarity 

(53.7% and 72.9% respectively) with the mammalian proteins, ubiquitous expression, 

which is also seen with the mammalian proteins, and the presence of protein interaction 

motifs that are conserved in the mammalian proteins. Other studies on LITAF in 

zebrafish have identified the same LITAF orthologue as the one described here 

(Moshal et al., 2019, Chen et al., 2021) Morpholino treatment to knock-down this 

protein resulted in increased calcium ion transients in zebrafish embryos similar to 

those attributed to LITAF in rabbit cardiomyocytes (Moshal et al., 2019). This was 
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attributed to the ubiquitin ligase adaptor function with Nedd4 which ubiquitinates and 

downregulates ion channels (Moshal et al., 2019). This indicates that LITAF has a 

necessary function in multiple cell types. We did not observe an obvious phenotype in 

the heart of LITAF KO zebrafish but a closer examination of this organ was not 

undertaken. LITAF was shown to be ubiquitously expressed and highly expressed in 

gills and also upregulated by lipopolysaccharides (LPS) and infection similar to human 

LITAF (Chen et al., 2021). This likely relates to the role of LITAF in immune 

responses in mammalian cells (Tang et al., 2005). These data indicate that zebrafish 

LITAF is a functional gene and is likely to have a similar function to human LITAF 

as a ubiquitin ligase adaptor and in the immune response following stimulation by LPS.  

There is a lack of functional data on zebrafish CDIP1 so it is not completely certain 

whether it has retained the same function as human CDIP1. Zebrafish CDIP1 contains 

three PPXY motifs compared to the two found in human CDIP1, but the significance 

of this protein interaction motif for CDIP1 function is unknown. Zebrafish CDIP1 

lacks the PS/TAP motif found in the mammalian protein and this motif in LITAF was 

shown to facilitate an interaction with TSG101 (Shirk et al., 2005). It has also been 

proposed that the TSG101 UEV domain may bind to the ubiquitin moiety conjugated 

to CDIP1 which could conserve this interaction in zebrafish (Inukai et al., 2021) 

A recent study by Inukai et al (2021) identified protein interaction motifs in human 

CDIP1 which facilitate protein interactions that have not been studied previously 

(Inukai et al., 2021). The ALG-2-binding motif 2 (ABM-2) -like motif PQPGF, which 

is necessary for interaction with ALG-2 in human cells, is not completely conserved 

in zebrafish, as the first proline is substituted with glutamine, but there is an ABM-3-

like motif (MPMPMP) just after, which may mediate an interaction with ALG-2 in 

zebrafish (Inukai et al., 2021). This interaction is calcium ion-dependent and may 

function to increase cell death induced by overexpression of CDIP1. Additionally, 

ALG-2 may act as adaptor for CDIP1 association with ESCRT-I. CDIP1 contains a 

FFAT-like motif which facilitates an interaction with VAP-A and VAP-B (Inukai et 

al., 2021). An aspartic acid residue which is critical for this interaction is conserved in 

all LITAF domain containing proteins in zebrafish (Inukai et al., 2021). Further studies 

on these LITAF domain proteins are required to definitively assess whether they have 

retained a functional role.  
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The other LITAF proteins in zebrafish and other orthologues in C. elegans and D. 

melanogaster may have subfunctionalised, gained new functions or lost their function 

(Glasauer and Neuhauss, 2014). Some of the LITAF domain containing proteins in 

zebrafish appeared to have a different tissue expression profile indicating that they 

may potentially have subfunctionalised and may have a specific function in these 

tissues. With the exception of zebrafish LITAF, they have all lost the PT/SAP motif 

indicating that this protein interaction motif is not required for their function and they 

may have a slightly different function to human LITAF. Zebrafish Ubald1a has a UBA 

domain and two coiled coil domains in its N-terminal region which indicates that it has 

a different function to LITAF.  

Orthologues in C. elegans and D. melanogaster have also gained other modular 

domains which are likely to give the protein a different cellular function. The high 

level of conservation in the LITAF domain between these species indicates that this 

region is likely to have the same properties as in human LITAF. This region mediates 

membrane integration and generates membrane curvature (Wunderley et al., 2021). 

This indicates that membrane association and even membrane curvature may be a 

common feature which may be modulated by the function of the N-terminal region. 

Membrane curvature is a requirement in various membrane trafficking events so these 

proteins could have alternative roles in this pathway, and this could explain why there 

are so many in these species compared to mammals. As yet, the function of these 

orthologues has not been studied.  

Using CRISPR-Cas9 we generated a LITAF knock-out zebrafish strain, a CDIP1 

knock-out zebrafish strain and a double LITAF and CDIP1 knock-out zebrafish strain. 

The loss of LITAF protein was confirmed in single LITAF KO and double LITAF and 

CDIP1 KO zebrafish by Western blotting, but the loss of CDIP1 protein was not 

verified as an antibody against zebrafish CDIP1 is not available. The zebrafish LITAF 

antibody was obtained from AbMart which uses Proteome Epitope Tag Antibody 

Library (PETAL) technology to screen monoclonal antibodies against peptides from a 

protein of interest (Wang et al., 2020). Knock-out of LITAF and CDIP1 alone or 

together did not result in any developmental or morphological differences in embryos, 

larvae or adult zebrafish. Additionally, there was no explicit effect upon movement or 

behavioural responses. Maternally deposited RNA may compensate for the loss of 
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these genes in very early development and incrosses of homozygous mutant zebrafish 

would be required address this outstanding question. These data support the view that 

LITAF and CDIP1 are dispensable for normal development and growth of zebrafish, 

which is in line with the effect of knockout of LITAF and CDIP1 in mice, which were 

also viable (Somandin et al., 2012, Zhu et al., 2013, Namba et al., 2013).  

It is plausible that while LITAF and CDIP1 are dispensable in zebrafish up to 4 months 

of age, deleterious effects might only manifest in older fish, as the age of onset of 

CMT1c disease and the severity of the disease in humans is variable. This is likely to 

be due to variation in disease penetrance between individuals. Further analysis of adult 

homozygous KO zebrafish is required to determine whether these proteins have a 

necessary functional role in this species. Specifically, studies in endocytic trafficking 

in the peripheral nervous system would be informative as LITAF is likely to have a 

specific role in this specialised tissue. It would be interesting to carry out ultrastructural 

analysis of the peripheral myelin in these zebrafish, as myelin structural defects such 

as myelin infolding are observed in mice containing CMT1c mutations (Lee et al., 

2013), or onion bulb formation, which was detected in CMT1c patient nerve biopsy 

(Street et al., 2003). Furthermore, in the absence of an obvious phenotype, 

transcriptomics may provide insight into molecular changes that occur when these 

genes are lost, or any adaptive mechanisms that take place. Importantly, the expression 

of LITAF domain family members should be examined as they are likely candidates 

for genes which may be upregulated to compensate for loss of LITAF and CDIP1. 

LITAF KO may not give the same phenotype as CMT1c disease as the mutations may 

give rise to a dominant effect. Therefore, it would be interesting to knock-in patient 

mutations to generate a disease model. 
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Missense mutations in the highly conserved SLD of LITAF cause CMT1c disease 

(Street et al., 2003). Defective regulation of endocytic trafficking, in particular 

endocytic recycling, has been linked to several types of demyelinating CMT disease  

indicating that there is a common underlying pathophysiological mechanism (Lee et 

al., 2017). The lack of clarity of the role of LITAF in this pathway has hindered 

understanding of the molecular mechanism that results in CMT1c disease. In this thesis 

we have further explored the cellular role of LITAF, the effect of CMT1c mutations 

on LITAF function in cells, and generated a zebrafish model in which we have begun 

to examine the consequence of loss of LITAF in vivo. 

6.1 Endocytic trafficking 

LITAF has been implicated in several endocytic trafficking roles, such as functioning 

as a ubiquitin ligase adaptor (Eaton et al., 2011, Moshal et al., 2019, Turan et al., 2020), 

facilitating ubiquitin-mediated endocytic trafficking through interactions with 

ESCRTs (Lee et al., 2012), and more recently in regulation of the tubular recycling 

endosome (Moriwaki et al., 2018, Wunderley et al., 2021). In agreement with previous 

studies, the results presented here confirm a role for LITAF at early and late 

endosomes, and we showed that CMT1c mutations do not affect localisation to these 

compartments. We focused on the effect of CMT1c mutations on LITAF function at 

the tubular recycling endosome in the light of mounting evidence of dysregulation of 

this compartment in CMT disease (Roberts et al., 2010, Pietiainen et al., 2013, 

Kachhap et al., 2007, Stendel et al., 2010).  

We showed for the first time that two CMT1c mutations have reduced localisation to 

Arf6-positive recycling tubules and that overexpression of these CMT1c mutants does 

not rescue the expansion of recycling tubules that occurs upon LITAF knockdown. 

Furthermore, there is a functional effect of expressing these mutants on CD98 

trafficking, which is Arf6-dependent (Eyster et al., 2009). The importance of these 

findings in relation to CMT1c demyelinating disease is highlighted by the role of Arf6 

in myelination. Knockdown of Arf6 inhibits myelination in oligodendrocyte-neuronal 

co-cultures (Miyamotoa et al., 2014) and loss of cytohesin-2, an Arf6-GEF, in mouse 

Schwann cells results in reduced myelin thickness in the sciatic nerve (Toni et al., 

2015). Therefore, it is possible that loss of regulation of the Arf6 recycling pathway in 

cells expressing CMT1c mutants may lead to demyelination in CMT1c disease. 
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Although previous studies have suggested that LITAF has a role in trafficking of 

EGFR (Lee et al., 2012) and transferrin receptor (Moriwaki et al., 2018), these results 

have not been replicated in our lab (unpublished data, (Wunderley et al., 2021)). 

However, here we showed that trafficking of CD98 was altered in cells expressing 

CMT1c mutants. Association of LITAF with CD98 was also inferred by enrichment 

of both CD98 heavy and light chains in a BioID screen, which provides some degree 

of validation for the BioID results.  

Several other cargo proteins were also identified by the BioID screen, notably β1 and 

β5 integrins, which were two of the most abundant hits. Interestingly, CD98 and β1 

integrin have been associated previously (Cai et al., 2005, Miyamoto et al., 2003, Zent 

et al., 2000, Prager et al., 2007) and β1 integrin is also recycled by the Arf6-dependent 

pathway (Powelka et al., 2004). Several proteins associated with β1 integrin 

endocytosis and trafficking were significantly enriched in the BioID experiments, such 

as integrin-like kinase (ILK), EPS15 (Arjonen et al., 2012), Dab2 (Chao and Kunz, 

2009), Numb (Nishimura and Kaibuchi, 2007), RabGAP1 (Samarelli et al., 2020), 

drebrin (Schiweck et al., 2021) and TPD54 (Larocque et al., 2020a). Identification of 

integrins was particularly interesting because these proteins are known to have a 

functional role in Schwann cells and during myelination (Feltri et al., 2002, Nodari et 

al., 2007, Pereira et al., 2009, Ness et al., 2013). Furthermore, another integrin, α6, was 

picked up in a BioID screen of another demyelinating CMT protein, SH3TC2 (Vijay 

et al., 2016). If CMT1c mutations result in dysregulated trafficking of integrins, then, 

again, this could provide a link to demyelination in Schwann cells. 

Identification of a large number of membrane trafficking proteins by BioID using 

LITAF as a bait provides further support for the role of LITAF on endocytic 

compartments. Members of large protein complexes involved in endocytic trafficking 

such as ESCRTs, retromer, WASH, FERARI and GARP/EARP were identified as 

significant hits. ESCRTs function to direct ubiquitinated cargo into endosome 

subdomains and remodel the membrane to generate ILV’s in MVBs. Retromer 

functions to sort specific cargo into tubular domains that extend from the sorting 

endosome for recycling. SNX3 and TBC1D5 were enriched in the BioID screen. SNX3 

associates with retromer and may target it to the membrane by interacting with PI3P 

(Carlton et al., 2005, Harterink et al., 2011, Chandra et al., 2019), as well as binding 
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to specific cargo that are sorted by this complex (Harterink et al., 2011, Kovtun et al., 

2018). TBC1D5 is a Rab7-GAP that interacts with the cargo selective complex of 

retromer (Seaman et al., 2009). SNX1 was another enriched protein, which is a 

component of ESCPE-1 that also functions alongside retromer to sort cargo from 

endosomes to the trans-Golgi network (Simonetti et al., 2019, Evans et al., 2020).  

Retromer associates with the WASH complex, which promotes actin nucleation and 

polymerisation by activating Arp2/3 (Simonetti and Cullen, 2019, Derivery et al., 

2012, Gomez and Billadeau, 2009) and also regulates endosomal fission (Derivery et 

al., 2009). This association with the actin cytoskeleton is thought to provide the 

mechanical force required for biogenesis of vesicles. Generation and stabilisation of 

tubular membranes requires dynamic rearrangement of the actin and microtubule 

cytoskeleton (Anitei and Hoflack, 2012, Puthenveedu et al., 2010). Furthermore, there 

is a requirement for membrane curvature generation and LITAF may have a function 

in this process (see below). We found that LITAF may be proximal to several 

cytoskeleton regulating proteins including the WASH complex protein FAM21A 

(Gomez and Billadeau, 2009), and this may be consistent with coupling of membrane 

curvature generation to the cytoskeleton. Another WASH complex protein, 

strumpellin, was only identified in samples with CMT1c LITAF mutants and not in 

the WT LITAF sample, but the exact function of this protein in the WASH complex is 

not clear (Freeman et al., 2013, Tyrrell et al., 2016). 

Another way of sorting cargo at recycling endosomes is by a ‘kiss and run’ mechanism 

facilitated by the FERARI complex. FERARI co-ordinates fusion of recycling 

endosomes with sorting endosomes, so that cargo can be transferred into the recycling 

endosome portion. The FERARI complex then mediates scission to separate the 

recycling endosome from the sorting endosome so it can be transported back to the 

plasma membrane (Solinger et al., 2020). Rab11FIP5 and EHD1 are FERARI complex 

members identified in our BioID screen. Recycling vesicles are targeted to their 

acceptor compartments by tethering complexes such as GARP and EARP, which 

interact with SNAREs on the Golgi and plasma membrane respectively. VPS51 is a 

component of GARP and EARP and was identified by BioID. SNAREs including 

SNAP23 and SNAP29, as well as vesicle associated proteins VAMP3 and VAMP5, 
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were also identified as proximal proteins to LITAF. These proteins function in the 

fusion of vesicles with their specific target compartment. 

There is interplay between machinery that directs cargo towards degradation and 

complexes that sort cargo to recycling tubules. The proximity of LITAF to these 

complexes infers that LITAF may have a role in several of these processes and might 

be placed at the junction of these sorting and trafficking events. We identified a novel 

association between LITAF and TPD54, but the functional significance of this 

association is still unknown. Similar to our hypothesis that LITAF is likely to cycle 

between endocytic compartments, TPD54 localises to intracellular nanovesicles that 

are proposed to be carriers that traffic between organelles (Larocque et al., 2020a). 

Additionally, TPD54 is involved in trafficking of integrin β1 and required for 

migration of cells in a 3D matrix (Larocque et al., 2020b).  The BioID screen revealed 

many membrane trafficking proteins as well as adhesion proteins and regulators of the 

actin cytoskeleton but the interaction of LITAF with these proteins must be validated 

before any functional information can be inferred. 

6.2 Membrane association 

In this study we showed that two patient CMT1c mutations affect the membrane 

integration of LITAF, but the reduction was not as severe as it was for the C96A 

mutation that abolishes the zinc finger. The P135S and V144M mutations lie at the C-

terminal end of the membrane insertion region and could plausibly affect the 

conformation of this region. One possibility is that the CMT1c mutations affect LITAF 

structure so that it is unable to insert into very highly curved membranes, such as 

recycling tubules, but still competent to insert into less curved membranes, such as 

early endosomes. This would explain the effect of CMT1c mutations on LITAF 

localisation as well as membrane integration. In vitro experiments looking at 

incorporation of LITAF mutants into liposomes would address whether the mutations 

have the same curvature sensitivity as WT LITAF (Wunderley et al., 2021). 

Furthermore, it is possible that LITAF regulates the morphology of the recycling 

compartment by supporting the scission of tubules via its association with EHD1. 

LITAF containing CMT1c mutations was unable to perform this function which 

suggests that there could be scission defect. 
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LITAF binds to phosphatidylinositol-4-phosphate (PI4P), which is enriched on 

recycling tubules (Moriwaki et al., 2018), and this may contribute towards the 

localisation of the protein to recycling tubule membranes. The BioID screen identified 

two palmitoyltransferases ZDHHC20 and ZDHHC5. ZDHHC20 and ZDHHC5 were 

present in all samples but were only enriched in the LITAF V144M bait sample. A 

search using the SwissPalm S-palmitoylation database (Blanc et al., 2019) shows that 

LITAF (Thinon et al., 2018) and CDIP1 (Dowal et al., 2011) have both been identified 

by proteomic screens of palmitoylated proteins. LITAF and CDIP1 both have several 

predicted sites and LITAF has a palmitoyl-proteome site at C137 (Thinon et al., 2018). 

Palmitoylation could also contribute to the membrane recruitment of LITAF. Mutation 

of two conserved cysteine residues (which are not in the CXXC motifs) in the SLD of 

LITAF resulted in loss of tubule labelling; instead they labelled endosomes 

(Wunderley et al., 2021). One of these sites is a predicted palmitoylation site but this 

has not been shown experimentally. This effect is similar to what was observed with 

CMT1c mutations in the SLD. The effect of palmitoylation on LITAF localisation 

could be tested using a protein palmitoylation inhibitor such as 2-Br-palmitate as well 

as mutation of candidate sites. Additionally, the effect of patient mutations on 

palmitoylation should be assessed as this could affect the efficiency of membrane 

integration. Palmitoylation increases the membrane affinity and can stabilise the 

oligomerisation of a protein and is a feature of hairpin anchor proteins such as caveolin 

(Monier et al., 1996) and flotillin (Morrow et al., 2002). Palmitoylation of LITAF 

could have a similar effect and be required for correct cellular function. 

Solution of the structure of full-length LITAF is precluded by the highly hydrophobic 

membrane insertion region. This core hydrophobic region may form a short 

amphipathic helix or it may form a hairpin-like structure but the structure is still not 

defined (Qin et al., 2016). In both cases, an asymmetric insertion into the lipid bilayer 

forms a wedge which deforms the membrane and generates curvature (Kozlov et al., 

2014). One model for the induction of membrane curvature by LITAF is a mechanism 

similar to that employed by flotillin (Morrow et al., 2002), caveolin (Monier et al., 

1995) and ER-shaping reticulons (Hu et al., 2008). These proteins contain a hairpin 

anchor and form oligomers. LITAF is able to self-associate (Lee et al., 2012) and the 

SLD may form a zinc ion stabilised hairpin where the hydrophobic region inserts into 

the membrane (Qin et al., 2016).  
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Another possibility is that this hydrophobic region forms an amphipathic helix similar 

to epsin N-terminal homology (ENTH) domain proteins (Ford et al., 2002). The 

predicted structure by Ho et al (2016) suggests that this region forms a very shallow 

amphipathic helix which may induce membrane curvature (Campelo et al., 2008, 

Kozlov et al., 2014). However, this region only has a small dipole and is very 

hydrophobic. It might not be sufficiently strong an amphipathic helix to direct 

membrane integration and membrane curvature alone, but the addition of the CXXC 

knuckle clamp (Qin et al., 2016) and self-association of LITAF (Lee et al., 2012) might 

support the interaction of the predicted amphipathic helix with the membrane and thus 

also be requisites for inducing membrane curvature. A very shallow insertion might 

even augment the membrane curvature generation (Kozlov et al., 2014).  

It has been proposed that LITAF may support the scission of recycling tubules by 

associating with EHD1 (Wunderley et al., 2021). The membrane insertion region could 

destabilise the membrane and contribute to scission, similar to amphipathic helix 

containing Sar1 (Hariri et al., 2014). Many proteins that contain amphipathic helices 

have been linked to membrane fission events (Zhukovsky et al., 2019), and LITAF 

may also function in this way. Further work is required to elucidate the nature of 

membrane integration of LITAF and the configuration of the membrane integration 

region and the effect of mutations on the structure of this region. 

6.3 Loss of function or gain of function mechanism 

One of our aims was to investigate the consequence of loss of LITAF and CDIP1 in 

vivo to shed light on the function of these proteins in a physiological context, assess 

the degree of functional redundancy between these proteins and whether the disease 

results from a loss of function. This study was complicated by the presence of multiple 

LITAF domain family members in zebrafish. We found that acute loss of either LITAF 

or CDIP1 proteins in F0 null zebrafish larvae as well as stable individual loss of these 

proteins in homozygous mutant adults did not adversely affect gross development or 

growth, similar to LITAF KO mice (Somandin et al., 2012, Zhu et al., 2013) and 

CDIP1 KO mice (Namba et al., 2013).  However, it is possible that the function of 

LITAF and CDIP1 may be able to compensate for each other as they are likely to have 

overlapping functions. Therefore, we also generated zebrafish lacking both LITAF and 

CDIP1 in order to determine whether these proteins have redundancy. These double 
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knock-out zebrafish did not have any developmental or obvious phenotype, similar to 

the single LITAF or CDIP1 knock-out zebrafish. However, we were unable to further 

investigate any possible cellular phenotypes in zebrafish embryos due to a lack of 

homozygous knock-out females and so we did not carry out Schwann cell and motor 

neuron staining and further analysis of movement and other possible phenotypes. 

There are several possible reasons why LITAF and CDIP1 knock-out zebrafish do not 

exhibit a phenotype. Zebrafish have several other LITAF domain proteins, which could 

have a compensatory effect in this organism, potentially even in the double knock-out 

background. Additionally, LITAF and CDIP1 single or double knock-out zebrafish 

may develop a phenotype over time, as any cellular changes may take time to manifest 

as a deleterious organismal phenotype, as is seen in the progressive nature of CMT1c 

disease. Alternatively, LITAF and CDIP1 may not have an essential function in this 

organism. We attempted to knock in a CMT1c mutation into zebrafish LITAF using a 

base editing version of Cas9 (Zhang et al., 2017) but our efforts were unsuccessful. 

Technical advances may make this aim more achievable, and this could provide a 

useful model of CMT1c disease in which further studies could be done. 

It is possible that CMT1c occurs by a loss of function mechanism due to 

haploinsufficiency or a dominant negative effect or pathogenesis could occur due to a 

toxic gain of function effect. Loss of function due to reduced protein levels and 

haploinsufficiency is unlikely as the abundance of LITAF in patient cells and WT cells 

is similar (Street et al., 2003). Additionally, mice overexpressing LITAF W116G in 

the presence of endogenous WT LITAF developed structural myelin defects (Lee et 

al., 2013), which also argues against haploinsufficiency. So far it has been difficult to 

distinguish between a dominant negative effect and a toxic gain of function effect.  

Some of the data from mouse models indicate that CMT1c disease may occur by a 

toxic gain of function mechanism as LITAF knock-out mice did not have any 

deleterious effects (Somandin et al., 2012). In addition, LITAF knock-out and LITAF 

T115N had distinct ultrastructural effects in cells from transgenic mice. Cells lacking 

LITAF had multilamellar cisternal compartments while cells containing LITAF 

T115N had vacuolated structures (Zhu et al., 2013). One possibility suggested by Lee 

et al (2012) is that mutated LITAF may be able to sequester ESCRT-0 components in 

the cytosol, which would be a toxic gain of function effect.  
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This is in contrast to a recent report which concluded that CMT1c is likely to result 

from a dominant negative loss of function effect as fibroblasts depleted of LITAF and 

patient fibroblasts containing LITAF T115N had the same vacuolated endosome 

phenotype (Edgar et al., 2020). We showed that CMT1c mutant LITAF could not 

rescue the recycling tubule expansion phenotype, which further supports a loss of 

function mechanism. Additionally, overexpressed CMT1c mutants in a WT LITAF 

background were unable to regulate trafficking of CD98 to recycling tubules which 

indicates a dominant negative effect or a toxic gain of function. LITAF is able 

oligomerise (Lee et al., 2012), hence mutant LITAF might instead sequester wild-type 

LITAF away from its site of action. This results in a dominant negative loss of function 

effect as the mutant protein negatively affects the function of the WT protein leading 

to overall loss of function. The data presented here point to CMT1c mutations 

sequestering WT LITAF away from recycling tubules where its function is required 

for correct trafficking of specific cargo. 

LITAF may have several functions in different endosomal compartments such that 

CMT1c mutations may cause a loss of function in one place (such as recycling 

endosomes), while functioning normally in a different context (i.e. on endosomes), 

which could alter the homeostasis within this pathway. Thus, CMT1c disease may 

result from a combination of dominant negative effects and toxic gain of function. 

6.4 Future Directions 

One of the major questions that remains to be addressed is why Schwann cells are 

uniquely susceptible to dysregulated LITAF function when this protein is ubiquitously 

expressed. Several explanations have been proposed, such as the requirement for 

polarised delivery of myelin proteins to the apical surface for myelin sheath formation 

(Pereira et al., 2012). Alternatively, the balance of trafficking of myelin proteins and 

their turnover requires a delicate homeostasis and Schwann cells are particularly 

vulnerable to any defects in this, which is highlighted by the overabundance of PMP22 

which causes the majority of CMT1 disease (Azzedine et al., 2012). Potentially the 

ability of CDIP1 to compensate for LITAF function in CMT1c disease in this 

specialised cell type is impaired so Schwann cells are disproportionately affected. This 

could be due to CDIP1 not being expressed in this cell type, or the specific function of 

LITAF in Schwann cells cannot be compensated for by CDIP1. Therefore, future 
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studies on the effect of CMT1c mutations on Schwann cell-specific trafficking 

processes will be well positioned to address this outstanding question. There are some 

potential protein interactions with LITAF which may be implicated in disease, such as 

the association with β1 integrin and the Arf6 recycling pathway, which should be 

investigated further in Schwann cells. The effect of CMT1c mutations on LITAF 

function in Schwann cells would provide more insight into the pathophysiology of 

CMT1c disease.  
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Protein names Gene names Mock (Log2 LFQ 
Intensity) 

Mean Mock 
(log2 LFQ 
Intensity) 

LITAF (Log2 LFQ 
Intensity) 

Mean LITAF 
(log2 LFQ 
Intensity) 

 -Log (p-value) Fold 
change 

Tumor protein D54 TPD52L2 23.28 23.14 22.71 23.04 32.58 32.07 32.55 32.40 5.60 9.36 
Integrin beta-1 ITGB1 23.38 23.69 23.25 23.44 32.38 31.95 32.77 32.37 5.29 8.93 
Ephrin type-A receptor 2 EPHA2 23.08 22.49 22.99 22.85 29.20 29.23 29.59 29.34 5.07 6.49 
Synaptosomal-associated protein 29 SNAP29 24.03 23.90 24.17 24.03 26.08 26.11 25.95 26.05 4.58 2.01 
Epidermal growth factor receptor substrate 
15-like 1 

EPS15L1 22.28 22.32 22.77 22.45 27.49 28.12 28.05 27.88 4.55 5.43 

Integrin beta-5 ITGB5 22.93 22.91 23.53 23.12 28.15 27.95 28.38 28.16 4.53 5.04 
Cation-independent mannose-6-phosphate 
receptor 

IGF2R 22.57 23.11 23.04 22.91 31.87 30.93 30.33 31.05 4.15 8.14 

Protein AHNAK2 AHNAK2 23.01 22.93 23.30 23.08 31.07 32.83 32.68 32.19 4.03 9.12 
Spartin SPG20 23.39 23.59 22.80 23.26 27.01 27.10 27.17 27.10 4.02 3.83 
Cytospin-B SPECC1 23.77 23.34 23.68 23.60 26.13 25.99 25.83 25.98 3.97 2.38 
Catenin delta-1 CTNND1 21.89 22.31 22.15 22.12 30.60 29.76 28.90 29.75 3.95 7.63 
Serine/threonine-protein kinase PAK 2 PAK2 22.61 23.61 23.06 23.10 28.03 28.81 28.37 28.40 3.87 5.31 
Tight junction protein ZO-1 TJP1 23.13 23.64 22.94 23.24 31.17 30.38 29.56 30.37 3.82 7.13 
Alpha-parvin PARVA 23.70 23.85 23.66 23.74 27.55 26.72 26.98 27.08 3.74 3.35 
TBC1 domain family member 5 TBC1D5 23.37 23.45 22.80 23.21 26.90 27.47 26.82 27.06 3.74 3.86 
Inactive tyrosine-protein kinase 7 PTK7 22.51 22.32 22.45 22.43 27.64 26.53 27.60 27.26 3.70 4.83 
182 kDa tankyrase-1-binding protein TNKS1BP1 24.30 23.03 23.36 23.56 27.98 28.16 28.16 28.10 3.53 4.54 
Niban-like protein 1 FAM129B 22.85 22.49 24.11 23.15 28.91 29.75 29.61 29.42 3.46 6.27 
Ankycorbin RAI14 22.50 22.40 22.92 22.61 29.26 28.83 27.56 28.55 3.44 5.95 
CD44 antigen CD44 22.06 23.69 23.21 22.99 28.89 29.02 29.84 29.25 3.42 6.26 
Band 4.1-like protein 1 EPB41L1 22.52 23.66 22.65 22.94 28.12 27.24 27.56 27.64 3.35 4.69 
Cdc42 effector protein 1 CDC42EP1 24.10 23.18 23.05 23.44 28.38 29.88 29.27 29.18 3.33 5.73 
Rab11 family-interacting protein 5 RAB11FIP5 22.37 22.67 23.62 22.89 29.33 29.38 28.05 28.92 3.32 6.03 
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Protein names Gene names Mock (Log2 LFQ 
Intensity) 

Mean Mock 
(log2 LFQ 
Intensity) 

LITAF (Log2 LFQ 
Intensity) 

Mean LITAF 
(log2 LFQ 
Intensity) 

 -Log (p-value) Fold 
change 

Protein LAP2 ERBB2IP 23.11 23.08 23.85 23.34 29.36 29.89 31.43 30.23 3.30 6.88 
Desmoglein-2 DSG2 22.20 22.83 22.51 22.51 28.24 29.32 30.46 29.34 3.29 6.83 
LIM and SH3 domain protein 1 LASP1 23.95 23.11 22.93 23.33 27.55 26.84 27.53 27.31 3.28 3.98 
Endothelin-converting enzyme 1 ECE1 22.41 24.04 22.59 23.01 30.06 28.85 29.26 29.39 3.28 6.37 
EH domain-containing protein 1 EHD1 22.58 23.41 22.73 22.91 26.79 26.04 26.20 26.34 3.25 3.43 
Nectin-2 PVRL2 24.55 22.31 23.23 23.36 30.41 29.91 31.02 30.45 3.21 7.09 
Epidermal growth factor receptor EGFR 23.34 21.59 22.29 22.41 27.70 27.28 27.60 27.53 3.21 5.12 
Discoidin, CUB and LCCL domain-containing 
protein 2 

DCBLD2 23.72 22.97 22.91 23.20 27.77 27.88 29.18 28.27 3.20 5.08 

Band 4.1-like protein 3 EPB41L3 23.44 24.65 23.26 23.78 30.61 30.20 29.06 29.95 3.19 6.17 
Band 4.1-like protein 2 EPB41L2 22.49 23.06 22.88 22.81 30.89 30.20 28.37 29.82 3.09 7.01 
Spectrin beta chain, non-erythrocytic 1 SPTBN1 23.74 24.42 23.78 23.98 30.36 28.87 28.59 29.27 3.07 5.29 
Zyxin ZYX 23.38 24.34 23.99 23.90 28.37 28.41 27.16 27.98 2.92 4.07 
Rho GTPase-activating protein 1 ARHGAP1 24.06 23.72 22.84 23.54 28.25 27.26 27.11 27.54 2.85 4.00 
Phosphatidylinositol-binding clathrin 
assembly protein 

PICALM 24.25 23.97 23.16 23.79 30.13 29.33 27.97 29.14 2.78 5.35 

Zinc transporter 1 SLC30A1 24.07 22.79 23.50 23.45 26.73 27.79 26.89 27.14 2.75 3.68 
A-kinase anchor protein 12 AKAP12 24.38 23.10 22.72 23.40 27.34 28.69 28.10 28.04 2.73 4.64 
Lipoma-preferred partner LPP 23.76 22.66 24.18 23.53 26.81 27.00 27.41 27.07 2.72 3.54 
Sorting nexin-3 SNX3 22.91 21.62 23.04 22.52 30.11 28.82 27.54 28.83 2.72 6.31 
Amyloid beta A4 precursor protein-binding 
family B member 1 

APBB1 22.55 22.17 24.13 22.95 27.36 27.12 27.30 27.26 2.69 4.31 

Zinc finger CCCH-type antiviral protein 1 ZC3HAV1 22.98 22.89 24.04 23.30 29.59 29.80 27.58 28.99 2.69 5.69 
Ras-related protein Rab-1A RAB1A 23.43 22.20 22.23 22.62 26.66 25.64 26.44 26.24 2.69 3.62 
Drebrin DBN1 23.62 22.36 23.25 23.07 26.18 27.11 26.21 26.50 2.68 3.43 
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Protein names Gene names Mock (Log2 LFQ 
Intensity) 

Mean Mock 
(log2 LFQ 
Intensity) 

LITAF (Log2 LFQ 
Intensity) 

Mean LITAF 
(log2 LFQ 
Intensity) 

 -Log (p-value) Fold 
change 

Synaptosomal-associated protein 23 SNAP23 22.87 24.29 23.62 23.59 28.78 28.30 27.13 28.07 2.66 4.48 
Arfaptin-2 ARFIP2 22.71 22.86 23.68 23.08 27.18 26.27 25.90 26.45 2.65 3.37 
Septin-9 Sep-09 24.08 22.69 22.57 23.12 29.51 29.40 27.49 28.80 2.65 5.68 
cAMP-dependent protein kinase type II-
alpha regulatory subunit 

PRKAR2A 23.28 23.24 24.33 23.62 27.12 26.78 26.20 26.70 2.63 3.08 

Liprin-beta-1 PPFIBP1 22.40 23.14 22.94 22.83 25.04 25.12 25.97 25.38 2.63 2.55 
Nectin-3 PVRL3 22.97 23.23 24.05 23.42 25.58 26.13 26.06 25.92 2.62 2.51 
Vesicle-associated membrane protein 5 VAMP5 22.82 22.72 23.58 23.04 25.99 26.72 27.66 26.79 2.61 3.75 
Carboxypeptidase D CPD 22.45 23.51 24.52 23.49 27.61 27.81 27.33 27.58 2.58 4.09 
PDZ and LIM domain protein 1 PDLIM1 23.89 23.34 22.48 23.24 27.66 26.81 26.37 26.95 2.57 3.71 
Rho GDP-dissociation inhibitor 1 ARHGDIA 22.50 23.96 23.83 23.43 26.65 26.53 27.17 26.78 2.57 3.36 
Drebrin-like protein DBNL 23.16 23.13 23.24 23.18 27.21 26.43 25.53 26.39 2.56 3.22 
Vacuolar protein sorting-associated protein 
51 homolog 

VPS51 22.85 22.47 22.33 22.55 25.46 25.70 24.48 25.21 2.56 2.66 

HLA class I histocompatibility antigen, A-3 
alpha chain 

HLA-A 21.81 22.35 23.51 22.55 27.97 27.00 26.29 27.09 2.54 4.54 

Secretory carrier-associated membrane 
protein 1 

SCAMP1 22.14 23.42 23.10 22.89 28.13 28.86 26.59 27.86 2.53 4.97 

Protein bicaudal D homolog 2 BICD2 22.80 23.58 24.03 23.47 25.87 26.79 26.44 26.37 2.52 2.90 
LIM domain only protein 7 LMO7 22.69 23.18 23.14 23.00 26.90 27.20 25.50 26.53 2.52 3.53 
Neurogenic locus notch homolog protein 2 NOTCH2 22.86 23.74 22.28 22.96 27.70 29.07 26.84 27.87 2.49 4.91 
Epidermal growth factor receptor substrate 
15 

EPS15 23.42 23.73 23.52 23.56 26.29 28.38 27.55 27.40 2.48 3.85 

Zinc finger FYVE domain-containing protein 
16 

ZFYVE16 23.36 22.99 23.14 23.16 25.27 26.54 25.42 25.75 2.47 2.58 

4F2 cell-surface antigen heavy chain SLC3A2 23.78 22.26 23.93 23.32 28.68 29.13 27.13 28.32 2.46 5.00 
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Protein names Gene names MOCK (Log2 LFQ 
Intensity) 

Mean Mock 
(log2 LFQ 
Intensity) 

LITAF (Log2 LFQ 
Intensity) 

Mean LITAF 
(log2 LFQ 
Intensity) 

 -Log (p-value) Fold 
change 

Myelin protein zero-like protein 1 MPZL1 22.74 23.09 23.25 23.02 27.76 25.83 26.33 26.64 2.42 3.62 
Dyslexia-associated protein KIAA0319-like 
protein 

KIAA0319L 22.86 23.25 23.28 23.13 28.93 28.56 26.40 27.96 2.42 4.84 

Polymerase I and transcript release factor PTRF 24.43 22.58 23.02 23.34 27.65 27.07 26.64 27.12 2.41 3.78 
Large neutral amino acids transporter small 
subunit 1 

SLC7A5 22.75 22.43 23.07 22.75 27.28 29.01 26.36 27.55 2.41 4.80 

Neuroblast differentiation-associated protein 
AHNAK 

AHNAK 26.84 23.82 29.26 26.64 35.43 36.94 36.75 36.37 2.39 9.73 

Golgi-associated PDZ and coiled-coil motif-
containing protein 

GOPC 22.96 23.72 23.40 23.36 29.15 28.55 26.57 28.09 2.37 4.73 

Rho GTPase-activating protein 29 ARHGAP29 23.96 24.03 23.80 23.93 28.08 27.71 26.17 27.32 2.35 3.39 
Rab GTPase-activating protein 1 RABGAP1 23.05 22.93 22.91 22.96 23.93 24.04 23.55 23.84 2.33 0.88 
Multidrug resistance-associated protein 1 ABCC1 22.67 22.14 22.82 22.54 25.61 25.55 24.34 25.16 2.32 2.62 
IST1 homolog IST1 24.33 23.41 22.51 23.41 27.33 26.27 27.03 26.87 2.32 3.46 
Pleckstrin homology-like domain family B 
member 1 

PHLDB1 22.56 22.83 22.39 22.59 27.76 28.93 25.93 27.54 2.30 4.94 

Clathrin interactor 1 CLINT1 24.37 22.30 24.52 23.73 29.08 28.07 27.73 28.29 2.28 4.56 
Integrin-linked protein kinase ILK 23.53 23.06 22.73 23.10 25.15 24.43 24.82 24.80 2.26 1.70 
Palladin PALLD 24.95 23.82 23.19 23.99 28.86 28.03 27.03 27.97 2.24 3.98 
Cdc42 effector protein 3 CDC42EP3 22.31 23.27 24.05 23.21 25.80 26.65 26.11 26.19 2.22 2.98 
Protein FAM171B FAM171B 22.55 23.16 23.83 23.18 25.30 25.87 25.18 25.45 2.22 2.27 
Septin-7 Sep-07 23.53 23.04 22.57 23.05 28.13 25.90 26.56 26.86 2.22 3.81 
Tensin-3 TNS3 23.18 22.73 23.70 23.20 26.53 28.43 26.29 27.08 2.21 3.88 
Na(+)/H(+) exchange regulatory cofactor 
NHE-RF1 

SLC9A3R1 23.09 22.44 23.78 23.10 25.11 25.84 25.37 25.44 2.21 2.34 

Gap junction alpha-1 protein GJA1 23.69 23.27 22.61 23.19 27.48 25.82 25.94 26.41 2.19 3.23 
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Protein names Gene names MOCK (Log2 LFQ 
Intensity) 

Mean Mock 
(log2 LFQ 
Intensity) 

LITAF (Log2 LFQ 
Intensity) 

Mean LITAF 
(log2 LFQ 
Intensity) 

 -Log (p-value) Fold 
change 

Sequestosome-1 SQSTM1 22.67 22.74 23.07 22.83 29.34 29.92 26.30 28.52 2.14 5.69 
Protein jagged-1 JAG1 23.09 23.01 23.07 23.06 24.85 26.78 26.38 26.00 2.13 2.94 
Afadin MLLT4 22.17 23.08 23.66 22.97 30.21 29.47 26.67 28.78 2.13 5.81 
Synaptobrevin homolog YKT6 YKT6 23.30 24.01 23.66 23.66 27.98 27.18 25.80 26.99 2.12 3.33 
NSFL1 cofactor p47 NSFL1C 23.29 24.67 23.74 23.90 25.76 26.16 26.01 25.98 2.10 2.08 
Flotillin-1 FLOT1 21.99 23.59 24.05 23.21 27.37 27.20 25.99 26.85 2.06 3.64 
Plasma membrane calcium-transporting 
ATPase 4 

ATP2B4 22.41 23.97 23.69 23.35 27.58 27.39 25.74 26.91 2.03 3.55 

TLD domain-containing protein 1 TLDC1 23.33 23.16 23.88 23.46 27.51 26.59 25.36 26.49 2.00 3.03 
Pseudopodium-enriched atypical kinase 1 PEAK1 23.04 23.96 22.56 23.18 27.69 27.79 25.54 27.01 1.98 3.82 
Hematological and neurological expressed 1-
like protein 

HN1L 23.09 23.88 22.25 23.07 25.83 25.36 26.89 26.03 1.97 2.96 

E3 ubiquitin-protein ligase NEDD4-like NEDD4L 23.70 23.53 24.06 23.76 24.89 26.21 26.05 25.71 1.94 1.95 
Paxillin PXN 22.77 23.98 23.93 23.56 28.97 27.33 26.16 27.48 1.91 3.93 
Ras-associated and pleckstrin homology 
domains-containing protein 1 

RAPH1 23.78 22.65 23.03 23.15 30.15 30.11 26.24 28.84 1.88 5.68 

Signal transducing adapter molecule 1 STAM 22.24 24.13 23.09 23.15 25.48 27.24 27.73 26.82 1.86 3.67 
Fermitin family homolog 2 FERMT2 24.09 23.07 22.38 23.18 29.11 28.63 25.88 27.87 1.86 4.69 
Coxsackievirus and adenovirus receptor CXADR 23.89 23.50 22.49 23.29 28.21 25.70 26.54 26.81 1.85 3.52 
Transferrin receptor protein 1 TFRC 20.64 22.81 22.12 21.86 24.74 26.10 27.54 26.13 1.84 4.27 
Transcriptional coactivator YAP1 YAP1 23.03 21.39 23.92 22.78 26.28 26.27 25.43 25.99 1.82 3.21 
Caldesmon CALD1 26.25 23.05 23.39 24.23 30.43 28.98 28.12 29.18 1.82 4.95 
Perilipin-3 PLIN3 23.18 23.75 22.92 23.28 24.78 26.37 26.85 26.00 1.81 2.72 
Guanine nucleotide-binding protein G(i) 
subunit alpha-2 

GNAI2 23.84 22.41 23.07 23.11 26.39 24.73 26.13 25.75 1.79 2.64 
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Protein names Gene names MOCK (Log2 LFQ 
Intensity) 

Mean Mock 
(log2 LFQ 
Intensity) 

LITAF (Log2 LFQ 
Intensity) 

Mean LITAF 
(log2 LFQ 
Intensity) 

 -Log (p-value) Fold 
change 

CUB domain-containing protein 1 CDCP1 21.84 23.07 24.07 23.00 26.71 26.98 25.21 26.30 1.75 3.30 
SH2 domain-containing adapter protein B SHB 23.25 21.95 23.47 22.89 28.92 27.03 25.50 27.15 1.75 4.26 
Girdin CCDC88A 23.28 22.84 22.54 22.89 25.07 27.17 25.00 25.75 1.73 2.86 
Sorting nexin-1 SNX1 22.93 23.55 23.09 23.19 28.13 28.40 25.16 27.23 1.73 4.04 

Table A.1. Significantly enriched proteins in the LITAF WT condition vs. Mock. The table shows the results of label-free quantitative analysis of 
mass spectrometry proteomics by MaxQuant and Perseus following BioID. 
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Protein names Gene 
names 

Mock (Log2 LFQ 
Intensity) 

Mean Mock 
(log2 LFQ 
Intensity) 

LITAF P135S (Log2 LFQ 
Intensity) 

Mean LITAF 
P135S (log2 LFQ 

Intensity) 

 -Log (p-value) Fold 
change 

Cation-independent mannose-6-phosphate 
receptor 

IGF2R 22.57 23.11 23.04 22.91 29.34 29.52 29.65 29.50 5.36 6.60 

Tumor protein D54 TPD52L2 23.28 23.14 22.71 23.04 31.65 30.32 31.05 31.01 4.34 7.96 
Pleckstrin homology-like domain family B 
member 1 

PHLDB1 22.56 22.83 22.39 22.59 26.72 26.68 26.20 26.54 4.32 3.94 

Desmoglein-2 DSG2 22.20 22.83 22.51 22.51 28.13 28.48 29.12 28.58 4.23 6.06 
LIM domain only protein 7 LMO7 22.69 23.18 23.14 23.00 28.03 27.47 27.36 27.62 4.22 4.62 
BAG family molecular chaperone regulator 3 BAG3 23.73 23.40 23.58 23.57 26.71 26.58 26.18 26.49 4.02 2.92 
Protein LAP2 ERBB2IP 23.11 23.08 23.85 23.34 28.20 28.94 28.98 28.71 3.95 5.36 
Ephrin type-A receptor 2 EPHA2 23.08 22.49 22.99 22.85 27.70 28.74 28.59 28.34 3.90 5.49 
ATP-dependent RNA helicase DHX29 DHX29 22.43 22.59 22.77 22.60 26.99 26.67 26.09 26.58 3.85 3.99 
Integrin beta-1 ITGB1 23.38 23.69 23.25 23.44 29.99 30.77 32.00 30.92 3.62 7.48 
Cdc42 effector protein 1 CDC42EP1 24.10 23.18 23.05 23.44 28.22 28.60 29.18 28.67 3.56 5.22 
182 kDa tankyrase-1-binding protein TNKS1BP1 24.30 23.03 23.36 23.56 28.57 28.18 28.19 28.31 3.54 4.75 
Epidermal growth factor receptor substrate 
15-like 1 

EPS15L1 22.28 22.32 22.77 22.45 27.50 28.14 26.74 27.46 3.49 5.01 

Protein AHNAK2 AHNAK2 23.01 22.93 23.30 23.08 29.44 31.76 30.80 30.67 3.43 7.59 
Catenin delta-1 CTNND1 21.89 22.31 22.15 22.12 29.37 27.83 27.65 28.28 3.42 6.16 
Serine/threonine-protein kinase MRCK alpha CDC42BPA 22.23 22.96 22.52 22.57 27.38 26.83 26.25 26.82 3.40 4.25 
Tight junction protein ZO-1 TJP1 23.13 23.64 22.94 23.24 30.02 29.50 28.28 29.27 3.39 6.03 
Ankycorbin RAI14 22.50 22.40 22.92 22.61 26.87 28.09 26.78 27.25 3.30 4.64 
Septin-9 Sep-09 24.08 22.69 22.57 23.12 28.75 28.06 28.86 28.55 3.24 5.44 
Niban-like protein 1 FAM129B 22.85 22.49 24.11 23.15 28.44 28.25 29.10 28.59 3.22 5.44 
Spectrin beta chain, non-erythrocytic 1 SPTBN1 23.74 24.42 23.78 23.98 28.32 28.86 27.55 28.24 3.21 4.26 
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(log2 LFQ 
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Intensity) 
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Secretory carrier-associated membrane 
protein 1 

SCAMP1 22.14 23.42 23.10 22.89 27.74 27.70 26.91 27.45 3.20 4.56 

Sorting nexin-3 SNX3 22.91 21.62 23.04 22.52 27.16 26.75 27.50 27.14 3.10 4.62 
Band 4.1-like protein 3 EPB41L3 23.44 24.65 23.26 23.78 27.94 28.80 27.93 28.22 2.97 4.44 
Zyxin ZYX 23.38 24.34 23.99 23.90 28.58 27.25 27.76 27.86 2.94 3.96 
Vacuolar protein sorting-associated protein 51 
homolog 

VPS51 22.85 22.47 22.33 22.55 25.39 25.83 24.79 25.33 2.92 2.78 

Large neutral amino acids transporter small 
subunit 1 

SLC7A5 22.75 22.43 23.07 22.75 26.92 26.73 28.42 27.36 2.91 4.61 

LIM and SH3 domain protein 1 LASP1 23.95 23.11 22.93 23.33 27.45 26.39 26.78 26.87 2.89 3.55 
Phosphatidylinositol-binding clathrin assembly 
protein 

PICALM 24.25 23.97 23.16 23.79 29.19 27.52 28.40 28.37 2.86 4.58 

Nuclear fragile X mental retardation-
interacting protein 2 

NUFIP2 22.51 22.92 22.97 22.80 25.18 26.32 25.44 25.64 2.79 2.84 

Zinc finger CCCH-type antiviral protein 1 ZC3HAV1 22.98 22.89 24.04 23.30 29.30 28.37 27.33 28.33 2.76 5.03 
Extended synaptotagmin-1 ESYT1 22.89 22.25 23.07 22.73 25.89 25.33 26.55 25.92 2.75 3.19 
Signal transducing adapter molecule 1 STAM 22.24 24.13 23.09 23.15 27.46 27.80 27.09 27.45 2.74 4.30 
Syntaxin-7 STX7 23.01 23.19 22.95 23.05 23.89 24.17 24.33 24.13 2.74 1.08 
Disabled homolog 2 DAB2 22.95 23.42 24.26 23.55 26.74 26.56 26.27 26.52 2.73 2.98 
Band 4.1-like protein 2 EPB41L2 22.49 23.06 22.88 22.81 30.04 27.60 27.90 28.51 2.72 5.70 
Nectin-2 PVRL2 24.55 22.31 23.23 23.36 28.31 27.98 28.89 28.39 2.70 5.03 
Ubiquitin-associated protein 2 UBAP2 23.31 23.45 22.88 23.21 25.57 26.03 25.07 25.55 2.69 2.34 
Neurogenic locus notch homolog protein 2 NOTCH2 22.86 23.74 22.28 22.96 25.99 26.13 26.81 26.31 2.60 3.35 
Rab11 family-interacting protein 5 RAB11FIP5 22.37 22.67 23.62 22.89 28.54 27.68 26.51 27.58 2.59 4.69 
Sequestosome-1 SQSTM1 22.67 22.74 23.07 22.83 28.13 30.95 28.15 29.08 2.57 6.25 
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Intensity) 

 -Log (p-value) Fold 
change 

Tight junction protein ZO-2 TJP2 22.77 21.93 22.63 22.45 27.70 25.82 27.93 27.15 2.56 4.71 
NSFL1 cofactor p47 NSFL1C 23.29 24.67 23.74 23.90 26.98 27.21 26.50 26.90 2.55 3.00 
Epidermal growth factor receptor substrate 15 EPS15 23.42 23.73 23.52 23.56 27.01 29.38 27.88 28.09 2.54 4.53 
cAMP-dependent protein kinase type II-alpha 
regulatory subunit 

PRKAR2A 23.28 23.24 24.33 23.62 25.96 26.34 26.84 26.38 2.48 2.76 

Endothelin-converting enzyme 1 ECE1 22.41 24.04 22.59 23.01 27.71 26.32 27.34 27.12 2.47 4.11 
Integrin beta-5 ITGB5 22.93 22.91 23.53 23.12 26.40 25.55 27.28 26.41 2.44 3.29 
Sorting nexin-1 SNX1 22.93 23.55 23.09 23.19 27.34 26.11 25.70 26.38 2.43 3.19 
Coiled-coil domain-containing protein 50 CCDC50 22.41 23.39 22.75 22.85 26.15 25.06 25.29 25.50 2.42 2.65 
PDZ and LIM domain protein 5 PDLIM5 24.77 24.34 25.62 24.91 27.05 27.51 27.48 27.35 2.41 2.44 
Suppressor of G2 allele of SKP1 homolog SUGT1 23.34 24.19 23.48 23.67 25.29 25.81 25.39 25.50 2.40 1.83 
Golgi-associated PDZ and coiled-coil motif-
containing protein 

GOPC 22.96 23.72 23.40 23.36 27.76 28.33 26.16 27.42 2.39 4.06 

Tensin-3 TNS3 23.18 22.73 23.70 23.20 26.17 26.75 28.18 27.03 2.36 3.83 
Palladin PALLD 24.95 23.82 23.19 23.99 30.03 28.15 28.05 28.74 2.35 4.76 
Zinc finger protein 185 ZNF185 21.78 24.19 23.18 23.05 28.62 28.15 26.94 27.90 2.32 4.85 
TBC1 domain family member 5 TBC1D5 23.37 23.45 22.80 23.21 25.98 25.32 26.93 26.08 2.31 2.87 
Signal transducing adapter molecule 2 STAM2 22.59 22.69 23.35 22.88 24.65 25.87 25.75 25.42 2.30 2.55 
Ras-associated and pleckstrin homology 
domains-containing protein 1 

RAPH1 23.78 22.65 23.03 23.15 28.39 27.15 26.09 27.21 2.26 4.06 

RNA-binding motif, single-stranded-interacting 
protein 2 

RBMS2 22.28 24.14 21.75 22.72 28.27 26.91 26.82 27.33 2.23 4.61 

CD44 antigen CD44 22.06 23.69 23.21 22.99 28.95 27.07 30.55 28.86 2.21 5.87 
Gamma-adducin ADD3 23.35 22.50 22.16 22.67 27.15 25.29 25.82 26.09 2.19 3.42 
Neuroblast differentiation-associated protein 
AHNAK 

AHNAK 26.84 23.82 29.26 26.64 34.31 36.09 35.27 35.22 2.18 8.58 
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Fermitin family homolog 2 FERMT2 24.09 23.07 22.38 23.18 26.31 25.80 27.14 26.42 2.16 3.24 
PDZ and LIM domain protein 1 PDLIM1 23.89 23.34 22.48 23.24 28.92 27.20 26.34 27.49 2.10 4.25 
4F2 cell-surface antigen heavy chain SLC3A2 23.78 22.26 23.93 23.32 27.67 27.35 25.96 26.99 2.10 3.67 
Afadin MLLT4 22.17 23.08 23.66 22.97 28.88 26.96 26.24 27.36 2.09 4.39 
Synaptosomal-associated protein 23 SNAP23 22.87 24.29 23.62 23.59 27.90 25.93 27.32 27.05 2.08 3.46 
Talin-1 TLN1 25.28 22.35 25.36 24.33 29.11 30.18 28.81 29.36 2.03 5.04 
Receptor-type tyrosine-protein phosphatase 
eta 

PTPRJ 22.42 22.26 23.24 22.64 24.88 24.31 24.08 24.42 2.02 1.79 

LIM and calponin homology domains-
containing protein 1 

LIMCH1 22.26 22.67 23.42 22.78 24.38 24.98 25.51 24.95 2.00 2.17 

Serine/threonine-protein kinase PAK 2 PAK2 22.61 23.61 23.06 23.10 28.91 25.72 28.20 27.61 1.96 4.51 
Lipopolysaccharide-responsive and beige-like 
anchor protein 

LRBA 23.41 23.22 23.61 23.41 25.08 27.20 26.44 26.24 1.96 2.83 

Dyslexia-associated protein KIAA0319-like 
protein 

KIAA0319L 22.86 23.25 23.28 23.13 26.97 29.03 25.78 27.26 1.90 4.13 

IST1 homolog IST1 24.33 23.41 22.51 23.41 26.34 25.85 27.64 26.61 1.89 3.20 
Protein bicaudal D homolog 2 BICD2 22.80 23.58 24.03 23.47 27.23 27.69 25.43 26.78 1.88 3.31 
Caldesmon CALD1 26.25 23.05 23.39 24.23 30.29 28.28 28.86 29.14 1.86 4.92 
Rho GTPase-activating protein 1 ARHGAP1 24.06 23.72 22.84 23.54 24.90 25.75 26.00 25.55 1.82 2.01 
LIM domain and actin-binding protein 1 LIMA1 22.21 23.64 24.05 23.30 26.31 25.30 26.61 26.07 1.82 2.78 

Table A.2. Significantly enriched proteins in the LITAF P135S condition vs. Mock. The table shows the results of label-free quantitative analysis 
of mass spectrometry proteomics by MaxQuant and Perseus following BioID. 
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V144M (log2 
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 -Log (p-value) Fold 
change 

Integrin beta-1 ITGB1 23.38 23.69 23.25 23.44 32.36 32.07 32.22 32.22 6.24 8.78 
Protein AHNAK2 AHNAK2 23.01 22.93 23.30 23.08 31.52 31.47 31.11 31.37 5.95 8.29 
Sequestosome-1 SQSTM1 22.67 22.74 23.07 22.83 29.64 30.15 29.59 29.79 5.26 6.97 
Tumor protein D54 TPD52L2 23.28 23.14 22.71 23.04 31.27 30.82 30.55 30.88 5.07 7.83 
LIM domain only protein 7 LMO7 22.69 23.18 23.14 23.00 27.37 27.65 27.47 27.50 4.83 4.49 
Desmoglein-2 DSG2 22.20 22.83 22.51 22.51 28.37 28.88 29.13 28.79 4.57 6.28 
Epidermal growth factor receptor substrate 15-
like 1 

EPS15L1 22.28 22.32 22.77 22.45 27.93 28.59 27.67 28.06 4.23 5.61 

Cation-independent mannose-6-phosphate 
receptor 

IGF2R 22.57 23.11 23.04 22.91 31.70 30.77 30.26 30.91 4.22 8.00 

Kinesin-1 heavy chain KIF5B 23.31 23.00 23.55 23.29 26.41 26.26 26.17 26.28 4.17 2.99 
Catenin delta-1 CTNND1 21.89 22.31 22.15 22.12 30.15 29.11 28.72 29.33 4.07 7.21 
Zinc finger FYVE domain-containing protein 16 ZFYVE16 23.36 22.99 23.14 23.16 26.53 27.23 26.76 26.84 4.03 3.68 
Ephrin type-A receptor 2 EPHA2 23.08 22.49 22.99 22.85 29.80 29.92 28.70 29.48 3.99 6.63 
Tensin-3 TNS3 23.18 22.73 23.70 23.20 27.93 28.40 27.97 28.10 3.98 4.90 
Protocadherin gamma-A11 PCDHGA11 23.51 23.79 23.20 23.50 26.71 26.33 26.45 26.50 3.90 3.00 
Large neutral amino acids transporter small 
subunit 1 

SLC7A5 22.75 22.43 23.07 22.75 28.04 28.75 27.63 28.14 3.87 5.39 

Tight junction protein ZO-2 TJP2 22.77 21.93 22.63 22.45 28.14 27.33 28.20 27.89 3.84 5.44 
Protein LAP2 ERBB2IP 23.11 23.08 23.85 23.34 29.67 28.53 29.01 29.07 3.80 5.73 
STE20-like serine/threonine-protein kinase SLK 23.86 23.86 23.27 23.66 27.04 27.11 26.63 26.93 3.72 3.27 
Phosphatidylinositol-binding clathrin assembly 
protein 

PICALM 24.25 23.97 23.16 23.79 29.56 30.03 29.00 29.53 3.70 5.74 

Serine/threonine-protein kinase PAK 2 PAK2 22.61 23.61 23.06 23.10 27.95 27.90 28.72 28.19 3.69 5.09 
Lipopolysaccharide-responsive and beige-like 
anchor protein 

LRBA 23.41 23.22 23.61 23.41 27.15 26.94 26.35 26.81 3.68 3.40 

Liprin-beta-1 PPFIBP1 22.40 23.14 22.94 22.83 25.92 26.23 25.83 25.99 3.64 3.17 
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Protein FAM171A2 FAM171A2 22.90 23.26 22.93 23.03 24.95 24.73 24.70 24.79 3.64 1.76 
182 kDa tankyrase-1-binding protein TNKS1BP1 24.30 23.03 23.36 23.56 28.39 28.83 28.24 28.49 3.52 4.92 
Niban-like protein 1 FAM129B 22.85 22.49 24.11 23.15 29.08 29.95 29.42 29.48 3.49 6.33 
CD44 antigen CD44 22.06 23.69 23.21 22.99 29.25 29.81 30.55 29.87 3.44 6.89 
Dyslexia-associated protein KIAA0319-like 
protein 

KIAA0319L 22.86 23.25 23.28 23.13 29.57 29.62 28.03 29.07 3.41 5.94 

Zyxin ZYX 23.38 24.34 23.99 23.90 27.97 28.56 27.66 28.06 3.38 4.16 
Hepatocyte growth factor-regulated tyrosine 
kinase substrate 

HGS 23.13 23.13 23.60 23.28 26.28 26.58 25.81 26.22 3.38 2.94 

Drebrin-like protein DBNL 23.16 23.13 23.24 23.18 25.90 26.77 26.96 26.54 3.30 3.37 
Septin-9 Sep-09 24.08 22.69 22.57 23.12 29.13 29.30 28.33 28.92 3.28 5.80 
Integrin beta-5 ITGB5 22.93 22.91 23.53 23.12 28.52 27.09 27.76 27.79 3.28 4.67 
Cdc42 effector protein 1 CDC42EP1 24.10 23.18 23.05 23.44 28.03 29.32 28.32 28.56 3.24 5.11 
Syntaxin-7 STX7 23.01 23.19 22.95 23.05 24.26 24.70 24.55 24.50 3.23 1.45 
Dysferlin DYSF 23.15 23.12 23.22 23.16 24.70 24.96 24.42 24.69 3.20 1.53 
Multidrug resistance-associated protein 1 ABCC1 22.67 22.14 22.82 22.54 25.93 25.94 25.18 25.68 3.20 3.14 
Drebrin DBN1 23.62 22.36 23.25 23.07 26.77 26.83 27.22 26.94 3.19 3.87 
Secretory carrier-associated membrane protein 
1 

SCAMP1 22.14 23.42 23.10 22.89 27.15 27.73 26.90 27.26 3.18 4.37 

Synaptosomal-associated protein 23 SNAP23 22.87 24.29 23.62 23.59 28.48 27.94 27.74 28.05 3.18 4.46 
Cytospin-B SPECC1 23.77 23.34 23.68 23.60 26.14 26.48 25.68 26.10 3.15 2.50 
Ankycorbin RAI14 22.50 22.40 22.92 22.61 29.55 29.11 27.46 28.71 3.13 6.10 
LIM and SH3 domain protein 1 LASP1 23.95 23.11 22.93 23.33 26.63 26.19 26.66 26.49 3.09 3.16 
Rho GTPase-activating protein 29 ARHGAP29 23.96 24.03 23.80 23.93 27.72 28.11 26.78 27.54 3.08 3.60 
cAMP-dependent protein kinase type II-alpha 
regulatory subunit 

PRKAR2A 23.28 23.24 24.33 23.62 26.96 27.47 27.78 27.40 3.04 3.79 

AP-3 complex subunit beta-1 AP3B1 22.59 22.22 21.74 22.18 24.69 25.51 25.33 25.18 2.99 2.99 
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Septin-7 Sep-07 23.53 23.04 22.57 23.05 26.08 25.55 25.69 25.77 2.98 2.72 
Sorting nexin-3 SNX3 22.91 21.62 23.04 22.52 28.75 27.28 27.65 27.90 2.98 5.37 
Perilipin-3 PLIN3 23.18 23.75 22.92 23.28 25.41 25.84 25.70 25.65 2.98 2.37 
TBC1 domain family member 5 TBC1D5 23.37 23.45 22.80 23.21 26.29 27.59 26.60 26.83 2.93 3.62 
Rab GTPase-activating protein 1 RABGAP1 23.05 22.93 22.91 22.96 24.53 24.30 24.96 24.60 2.93 1.64 
Epidermal growth factor receptor substrate 15 EPS15 23.42 23.73 23.52 23.56 27.44 28.41 29.50 28.45 2.90 4.89 
A-kinase anchor protein 12 AKAP12 24.38 23.10 22.72 23.40 27.64 28.47 28.76 28.29 2.90 4.89 
Band 4.1-like protein 3 EPB41L3 23.44 24.65 23.26 23.78 30.08 29.62 28.31 29.33 2.89 5.55 
Band 4.1-like protein 2 EPB41L2 22.49 23.06 22.88 22.81 30.33 29.30 27.68 29.10 2.88 6.29 
Nectin-2 PVRL2 24.55 22.31 23.23 23.36 29.87 29.09 28.71 29.22 2.87 5.86 
Protein bicaudal D homolog 2 BICD2 22.80 23.58 24.03 23.47 28.34 28.17 27.02 27.84 2.86 4.37 
Epidermal growth factor receptor EGFR 23.34 21.59 22.29 22.41 27.71 27.33 26.56 27.20 2.85 4.80 
Golgi-associated PDZ and coiled-coil motif-
containing protein 

GOPC 22.96 23.72 23.40 23.36 29.83 28.40 27.66 28.63 2.84 5.27 

Plasma membrane calcium-transporting ATPase 
4 

ATP2B4 22.41 23.97 23.69 23.35 27.83 27.43 27.09 27.45 2.83 4.10 

BAG family molecular chaperone regulator 3 BAG3 23.73 23.40 23.58 23.57 28.07 26.72 26.69 27.16 2.82 3.59 
Suppressor of G2 allele of SKP1 homolog SUGT1 23.34 24.19 23.48 23.67 26.19 25.70 26.07 25.99 2.82 2.32 
Arf-GAP domain and FG repeat-containing 
protein 1 

AGFG1 23.62 22.28 23.52 23.14 26.84 27.03 26.41 26.76 2.82 3.62 

Amyloid beta A4 precursor protein-binding 
family B member 1 

APBB1 22.55 22.17 24.13 22.95 27.97 27.77 27.37 27.71 2.80 4.75 

Zinc finger CCCH-type antiviral protein 1 ZC3HAV1 22.98 22.89 24.04 23.30 29.03 29.35 27.43 28.61 2.79 5.30 
Vesicle-associated membrane protein 3 VAMP3 23.28 23.12 21.68 22.70 26.91 26.74 27.65 27.10 2.79 4.41 
Discoidin, CUB and LCCL domain-containing 
protein 2 

DCBLD2 23.72 22.97 22.91 23.20 27.95 27.27 29.35 28.19 2.77 4.99 

PDZ and LIM domain protein 1 PDLIM1 23.89 23.34 22.48 23.24 27.50 26.55 26.83 26.96 2.76 3.72 
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Zinc transporter 1 SLC30A1 24.07 22.79 23.50 23.45 26.91 27.15 26.24 26.77 2.71 3.32 
Neurogenic locus notch homolog protein 2 NOTCH2 22.86 23.74 22.28 22.96 27.80 27.69 26.45 27.31 2.70 4.35 
Carboxypeptidase D CPD 22.45 23.51 24.52 23.49 27.83 27.62 27.99 27.81 2.69 4.32 
Extended synaptotagmin-1 ESYT1 22.89 22.25 23.07 22.73 28.36 27.93 26.29 27.53 2.67 4.79 
Probable palmitoyltransferase ZDHHC20 ZDHHC20 22.74 22.84 23.31 22.96 25.31 24.94 25.97 25.41 2.67 2.45 
Gap junction alpha-1 protein GJA1 23.69 23.27 22.61 23.19 27.45 26.20 26.40 26.68 2.66 3.49 
SH2 domain-containing adapter protein B SHB 23.25 21.95 23.47 22.89 27.75 27.01 26.47 27.08 2.65 4.18 
Myelin protein zero-like protein 1 MPZL1 22.74 23.09 23.25 23.02 26.39 25.93 25.11 25.81 2.63 2.79 
Coiled-coil domain-containing protein 50 CCDC50 22.41 23.39 22.75 22.85 25.39 26.64 25.97 26.00 2.62 3.15 
Protein FAM171B FAM171B 22.55 23.16 23.83 23.18 25.70 25.69 25.69 25.70 2.61 2.51 
Signal transducing adapter molecule 2 STAM2 22.59 22.69 23.35 22.88 25.25 26.27 26.56 26.02 2.61 3.15 
TLD domain-containing protein 1 TLDC1 23.33 23.16 23.88 23.46 26.82 25.62 26.57 26.34 2.61 2.88 
Raftlin RFTN1 23.56 23.66 23.40 23.54 26.61 26.25 25.36 26.07 2.59 2.54 
HLA class I histocompatibility antigen, A-3 alpha 
chain 

HLA-A 21.81 22.35 23.51 22.55 26.78 25.91 26.12 26.27 2.56 3.71 

SH3 domain-containing protein 19 SH3D19 23.77 23.65 23.21 23.54 25.69 26.03 25.11 25.61 2.55 2.07 
Spectrin beta chain, non-erythrocytic 1 SPTBN1 23.74 24.42 23.78 23.98 30.06 29.06 27.58 28.90 2.55 4.92 
IST1 homolog IST1 24.33 23.41 22.51 23.41 26.77 27.23 27.65 27.21 2.54 3.80 
EH domain-containing protein 1 EHD1 22.58 23.41 22.73 22.91 26.88 25.66 25.64 26.06 2.54 3.15 
Spartin SPG20 23.39 23.59 22.80 23.26 26.57 26.73 25.44 26.25 2.51 2.99 
Disabled homolog 2 DAB2 22.95 23.42 24.26 23.55 27.70 27.35 26.32 27.13 2.50 3.58 
Coatomer subunit beta COPB1 23.05 23.54 23.80 23.46 24.96 25.60 25.54 25.37 2.50 1.90 
Palladin PALLD 24.95 23.82 23.19 23.99 29.88 28.56 27.97 28.80 2.49 4.81 
Thioredoxin-like protein 1 TXNL1 23.18 24.57 23.34 23.70 26.82 26.78 27.75 27.12 2.48 3.42 
Tight junction protein ZO-1 TJP1 23.13 23.64 22.94 23.24 30.59 29.99 27.46 29.35 2.47 6.11 
Calpastatin CAST 22.82 21.84 22.09 22.25 25.07 24.23 25.13 24.81 2.46 2.56 
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Band 4.1-like protein 1 EPB41L1 22.52 23.66 22.65 22.94 27.56 26.89 25.84 26.76 2.46 3.82 
Fermitin family homolog 2 FERMT2 24.09 23.07 22.38 23.18 28.81 27.59 26.92 27.77 2.45 4.59 
Rab11 family-interacting protein 5 RAB11FIP5 22.37 22.67 23.62 22.89 28.40 28.22 26.28 27.63 2.44 4.74 
Inactive tyrosine-protein kinase 7 PTK7 22.51 22.32 22.45 22.43 27.47 26.18 25.28 26.31 2.43 3.88 
Gamma-adducin ADD3 23.35 22.50 22.16 22.67 27.52 26.97 25.62 26.70 2.43 4.03 
ARF GTPase-activating protein GIT1 GIT1 24.05 22.78 22.82 23.22 26.23 26.27 25.61 26.04 2.41 2.82 
ATP-dependent RNA helicase DHX29 DHX29 22.43 22.59 22.77 22.60 28.68 28.70 26.10 27.83 2.41 5.23 
Protein numb homolog NUMB 23.76 23.24 22.96 23.32 26.64 27.48 25.75 26.62 2.41 3.30 
Signal transducing adapter molecule 1 STAM 22.24 24.13 23.09 23.15 26.85 26.85 28.16 27.29 2.39 4.14 
Charged multivesicular body protein 4b CHMP4B 23.72 23.21 23.17 23.37 25.42 25.91 26.86 26.06 2.39 2.70 
Rho GTPase-activating protein 1 ARHGAP1 24.06 23.72 22.84 23.54 27.87 26.82 26.29 26.99 2.37 3.45 
Clathrin interactor 1 CLINT1 24.37 22.30 24.52 23.73 28.31 28.63 27.68 28.21 2.36 4.48 
Neuroblast differentiation-associated protein 
AHNAK 

AHNAK 26.84 23.82 29.26 26.64 35.77 35.97 35.58 35.77 2.35 9.13 

Endothelin-converting enzyme 1 ECE1 22.41 24.04 22.59 23.01 30.22 27.74 27.81 28.59 2.35 5.57 
Tyrosine-protein kinase Yes YES1 23.20 23.08 23.38 23.22 24.33 25.22 24.87 24.81 2.35 1.59 
E3 ubiquitin-protein ligase NEDD4-like NEDD4L 23.70 23.53 24.06 23.76 25.63 25.20 24.90 25.24 2.32 1.48 
Girdin CCDC88A 23.28 22.84 22.54 22.89 24.97 26.09 24.93 25.33 2.30 2.44 
Transferrin receptor protein 1 TFRC 20.64 22.81 22.12 21.86 25.22 25.91 26.24 25.79 2.29 3.93 
Synaptosomal-associated protein 29 SNAP29 24.03 23.90 24.17 24.03 24.99 25.76 25.71 25.49 2.28 1.45 
Vacuolar protein sorting-associated protein 51 
homolog 

VPS51 22.85 22.47 22.33 22.55 26.56 27.04 24.92 26.17 2.27 3.62 

Zinc finger protein 185 ZNF185 21.78 24.19 23.18 23.05 27.48 28.08 26.72 27.43 2.26 4.38 
CD2-associated protein CD2AP 23.64 22.37 23.00 23.01 25.42 24.87 25.37 25.22 2.26 2.22 
Alpha-adducin ADD1 23.57 22.61 24.33 23.50 27.85 27.32 26.32 27.16 2.26 3.66 
Transmembrane protein 2 TMEM2 22.91 22.32 22.86 22.70 25.41 25.26 24.23 24.96 2.26 2.27 
Sorting nexin-1 SNX1 22.93 23.55 23.09 23.19 28.10 27.58 25.76 27.14 2.24 3.96 
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NSFL1 cofactor p47 NSFL1C 23.29 24.67 23.74 23.90 26.28 26.74 27.60 26.87 2.22 2.97 
4F2 cell-surface antigen heavy chain SLC3A2 23.78 22.26 23.93 23.32 29.86 28.45 27.03 28.45 2.20 5.13 
Disco-interacting protein 2 homolog B DIP2B 23.10 22.37 23.76 23.08 25.24 26.29 25.64 25.72 2.20 2.65 
WASH complex subunit strumpellin KIAA0196 23.48 23.76 23.45 23.56 24.44 25.09 25.25 24.93 2.17 1.37 
Synaptojanin-2 SYNJ2 23.28 24.07 22.93 23.43 25.34 25.89 25.18 25.47 2.15 2.04 
Tyrosine-protein kinase transmembrane 
receptor ROR1 

ROR1 22.23 23.78 22.03 22.68 26.69 26.06 25.42 26.06 2.15 3.38 

Unconventional myosin-XVIIIa MYO18A 22.96 23.37 22.61 22.98 26.30 27.70 25.45 26.48 2.15 3.51 
Guanine nucleotide-binding protein G(i) subunit 
alpha-2 

GNAI2 23.84 22.41 23.07 23.11 25.56 25.16 26.09 25.61 2.15 2.50 

Sodium bicarbonate cotransporter 3 SLC4A7 22.38 24.06 23.95 23.47 27.43 28.11 26.31 27.28 2.14 3.82 
Paxillin PXN 22.77 23.98 23.93 23.56 28.60 26.51 26.90 27.34 2.13 3.78 
Nectin-3 PVRL3 22.97 23.23 24.05 23.42 25.23 25.53 26.28 25.68 2.13 2.26 
Talin-1 TLN1 25.28 22.35 25.36 24.33 29.98 30.24 28.86 29.70 2.12 5.37 
RNA-binding motif, single-stranded-interacting 
protein 1 

RBMS1 22.99 23.43 22.77 23.06 25.24 26.14 24.68 25.35 2.10 2.29 

Protein PRRC2C PRRC2C 22.42 22.84 22.86 22.70 25.04 27.62 26.87 26.51 2.09 3.81 
26S proteasome non-ATPase regulatory subunit 
4 

PSMD4 23.73 21.87 23.55 23.05 26.12 25.76 26.69 26.19 2.07 3.14 

Protein FAM171A1 FAM171A1 22.87 22.07 22.18 22.37 27.74 26.38 25.00 26.37 2.07 4.00 
Arfaptin-2 ARFIP2 22.71 22.86 23.68 23.08 27.77 26.00 25.71 26.49 2.06 3.41 
Flotillin-1 FLOT1 21.99 23.59 24.05 23.21 26.25 26.49 25.99 26.24 2.04 3.03 
RNA-binding motif, single-stranded-interacting 
protein 2 

RBMS2 22.28 24.14 21.75 22.72 25.92 27.40 26.86 26.73 2.04 4.01 

Signal transducer and activator of transcription 
1-alpha/beta 

STAT1 22.61 24.01 22.25 22.96 25.26 25.93 25.86 25.68 2.04 2.73 

Caldesmon CALD1 26.25 23.05 23.39 24.23 30.07 28.97 28.96 29.33 2.04 5.10 
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Pleckstrin homology-like domain family B 
member 1 

PHLDB1 22.56 22.83 22.39 22.59 28.05 28.93 25.48 27.49 2.03 4.89 

Ras GTPase-activating protein nGAP RASAL2 24.29 22.93 23.34 23.52 25.80 25.79 25.23 25.61 2.02 2.08 
Ras-related protein Rab-23 RAB23 22.34 22.52 23.37 22.74 25.09 24.93 26.50 25.51 2.02 2.77 
WD repeat-containing protein 20 WDR20 22.10 23.25 22.94 22.76 25.18 26.32 24.79 25.43 2.02 2.67 
Four and a half LIM domains protein 2 FHL2 24.68 23.70 23.54 23.97 27.10 25.80 26.26 26.38 2.01 2.41 
Microtubule-associated protein 2 MAP2 23.03 21.97 22.22 22.41 24.21 25.51 25.94 25.22 2.01 2.81 
Merlin NF2 25.70 22.76 22.34 23.60 30.53 29.57 28.12 29.41 1.99 5.81 
Receptor tyrosine-protein kinase erbB-2 ERBB2 22.62 23.50 23.46 23.19 25.07 24.54 24.53 24.72 1.98 1.53 
Protein scribble homolog SCRIB 21.93 22.72 23.46 22.70 24.75 25.60 24.82 25.06 1.97 2.35 
MAP7 domain-containing protein 3 MAP7D3 22.67 23.01 22.51 22.73 23.86 24.75 23.92 24.18 1.97 1.44 
26S proteasome non-ATPase regulatory subunit 
1 

PSMD1 23.48 23.80 22.55 23.28 25.14 26.83 26.63 26.20 1.96 2.92 

Cysteine and glycine-rich protein 1 CSRP1 22.70 24.31 23.54 23.52 25.80 25.75 26.82 26.12 1.96 2.60 
Leucine-rich repeat-containing protein 59 LRRC59 23.50 22.26 23.45 23.07 24.80 24.94 25.36 25.03 1.95 1.96 
Leucyl-cystinyl aminopeptidase LNPEP 23.58 22.84 22.84 23.09 27.31 25.12 25.87 26.10 1.92 3.01 
Cdc42 effector protein 3 CDC42EP3 22.31 23.27 24.05 23.21 25.40 25.18 25.71 25.43 1.87 2.22 
Catenin alpha-1 CTNNA1 23.79 22.19 23.70 23.23 25.85 26.14 25.11 25.70 1.83 2.48 
Mitogen-activated protein kinase kinase kinase 
kinase 4 

MAP4K4 24.20 23.00 23.69 23.63 25.97 26.12 24.97 25.69 1.83 2.06 

PDZ and LIM domain protein 4 PDLIM4 24.07 22.37 22.44 22.96 25.86 25.15 25.21 25.40 1.82 2.45 
LIM and calponin homology domains-containing 
protein 1 

LIMCH1 22.26 22.67 23.42 22.78 24.29 25.35 25.98 25.21 1.82 2.42 

Transgelin TAGLN 23.76 22.68 26.64 24.36 31.21 28.85 29.60 29.89 1.80 5.53 
Ras-associated and pleckstrin homology 
domains-containing protein 1 

RAPH1 23.78 22.65 23.03 23.15 28.75 28.89 25.56 27.73 1.80 4.58 

LIM domain and actin-binding protein 1 LIMA1 22.21 23.64 24.05 23.30 25.28 26.19 26.58 26.02 1.80 2.72 
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Uveal autoantigen with coiled-coil domains and 
ankyrin repeats 

UACA 22.21 23.83 23.20 23.08 26.04 25.35 24.84 25.41 1.79 2.33 

Cold shock domain-containing protein E1 CSDE1 23.15 24.17 22.63 23.32 25.54 25.48 27.06 26.03 1.77 2.71 
Lipoma-preferred partner LPP 23.76 22.66 24.18 23.53 26.50 25.67 27.96 26.71 1.77 3.18 
Partitioning defective 3 homolog B PARD3B 22.82 22.83 22.55 22.73 29.07 27.52 25.14 27.24 1.77 4.51 
Golgin subfamily A member 4 GOLGA4 22.63 23.70 23.58 23.30 28.35 28.29 25.37 27.34 1.75 4.04 
E3 ubiquitin/ISG15 ligase TRIM25 TRIM25 23.51 23.11 22.42 23.01 24.26 25.72 25.43 25.14 1.75 2.12 
WASH complex subunit FAM21A FAM21A 22.37 23.28 22.85 22.83 26.06 26.33 24.26 25.55 1.75 2.72 
Integrin-linked protein kinase ILK 23.53 23.06 22.73 23.10 25.01 24.15 25.54 24.90 1.74 1.80 
Microtubule-actin cross-linking factor 1, 
isoforms 1/2/3/5 

MACF1 23.00 22.39 23.96 23.12 25.68 26.57 24.86 25.70 1.73 2.59 

Kinesin light chain 1 KLC1 22.79 22.76 23.75 23.10 24.40 25.14 24.42 24.66 1.73 1.56 
Afadin MLLT4 22.17 23.08 23.66 22.97 29.04 29.10 25.44 27.86 1.72 4.89 
Transforming growth factor beta-1-induced 
transcript 1 protein 

TGFB1I1 22.48 23.62 22.95 23.02 25.38 24.43 26.23 25.35 1.71 2.33 

Na(+)/H(+) exchange regulatory cofactor NHE-
RF1 

SLC9A3R1 23.09 22.44 23.78 23.10 24.59 24.65 25.49 24.91 1.70 1.81 

Hematological and neurological expressed 1-like 
protein 

HN1L 23.09 23.88 22.25 23.07 24.56 25.36 25.46 25.13 1.70 2.06 

Plastin-3 PLS3 23.31 22.73 23.28 23.10 23.73 23.92 24.19 23.95 1.67 0.84 
Receptor-type tyrosine-protein phosphatase eta PTPRJ 22.42 22.26 23.24 22.64 27.64 25.06 25.12 25.94 1.67 3.30 
ATP-binding cassette sub-family E member 1 ABCE1 22.24 23.26 25.60 23.70 27.28 27.13 28.42 27.61 1.66 3.91 
Regulator of G-protein signaling 12 RGS12 23.13 22.90 23.69 23.24 24.52 25.41 24.30 24.74 1.66 1.50 
Palmitoyltransferase ZDHHC5 ZDHHC5 23.84 23.89 22.31 23.35 27.10 27.58 25.16 26.61 1.65 3.27 
PDZ and LIM domain protein 5 PDLIM5 24.77 24.34 25.62 24.91 28.70 28.06 26.37 27.71 1.62 2.80 
Endophilin-A2 SH3GL1 22.53 23.30 23.59 23.14 25.57 25.58 24.19 25.12 1.61 1.97 
Tumor susceptibility gene 101 protein TSG101 23.68 22.93 22.55 23.05 24.09 25.13 25.37 24.86 1.61 1.81 
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Thyroid receptor-interacting protein 6 TRIP6 22.17 23.22 22.96 22.78 24.40 23.87 25.12 24.47 1.61 1.68 
Ubiquitin-associated protein 2 UBAP2 23.31 23.45 22.88 23.21 25.08 27.81 25.64 26.17 1.60 2.96 
Pseudopodium-enriched atypical kinase 1 PEAK1 23.04 23.96 22.56 23.18 27.44 27.33 24.79 26.52 1.60 3.33 
Nuclear fragile X mental retardation-interacting 
protein 2 

NUFIP2 22.51 22.92 22.97 22.80 24.12 26.72 25.42 25.42 1.57 2.62 

Glucose-6-phosphate 1-dehydrogenase G6PD 25.24 22.72 23.98 23.98 27.17 26.04 27.79 27.00 1.56 3.02 
Ubiquitin carboxyl-terminal hydrolase 8 USP8 23.37 23.30 24.30 23.66 24.70 24.76 24.84 24.76 1.56 1.10 
Tensin-1 TNS1 24.47 24.54 23.73 24.25 27.23 26.16 25.37 26.25 1.55 2.01 
Pumilio homolog 1 PUM1 22.04 22.87 23.39 22.77 24.53 25.96 24.31 24.93 1.54 2.16 
Plasma membrane calcium-transporting ATPase 
1 

ATP2B1 23.70 23.37 24.68 23.92 25.05 25.75 25.36 25.39 1.54 1.47 

Testin TES 22.67 24.08 21.97 22.91 24.79 25.02 25.82 25.21 1.53 2.30 
Transmembrane protein 237 TMEM237 23.75 24.54 23.09 23.79 25.57 25.65 24.90 25.37 1.51 1.58 
Sorting nexin-9 SNX9 23.46 23.61 22.78 23.28 26.97 27.27 24.49 26.24 1.50 2.96 
Syntaxin-5 STX5 22.42 23.42 24.20 23.35 24.59 25.84 26.18 25.54 1.44 2.19 
ADP-ribosylation factor GTPase-activating 
protein 3 

ARFGAP3 23.25 23.53 22.70 23.16 23.74 24.49 24.28 24.17 1.42 1.01 

Pleckstrin homology domain-containing family N 
member 1 

PLEKHN1 22.83 23.48 23.48 23.26 24.14 26.43 25.45 25.34 1.39 2.08 

Roundabout homolog 1 ROBO1 24.14 24.09 22.31 23.51 26.92 27.04 24.87 26.27 1.39 2.76 
SH3 domain-binding protein 4 SH3BP4 23.52 22.19 23.73 23.15 25.15 24.66 24.38 24.73 1.39 1.58 
Pyridoxal-dependent decarboxylase domain-
containing protein 1 

PDXDC1 22.44 22.43 22.98 22.61 23.51 24.51 25.73 24.58 1.38 1.97 

Vigilin HDLBP 23.50 23.50 26.43 24.48 27.93 27.09 27.21 27.41 1.35 2.93 
Myosin light chain kinase, smooth muscle MYLK 22.97 22.39 25.21 23.52 25.54 26.46 27.57 26.52 1.35 3.00 
Basigin BSG 24.30 23.68 22.73 23.57 28.33 26.04 25.24 26.54 1.35 2.97 
Double-stranded RNA-binding protein Staufen 
homolog 2 

STAU2 24.93 22.74 23.01 23.56 25.55 25.68 25.39 25.54 1.33 1.98 
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Synaptic vesicle membrane protein VAT-1 
homolog 

VAT1 24.25 23.70 23.61 23.85 24.77 24.27 25.08 24.71 1.30 0.86 

Ankyrin repeat and KH domain-containing 
protein 1 

ANKHD1 23.03 24.05 22.75 23.28 24.39 26.09 24.67 25.05 1.26 1.78 

Abl interactor 1 ABI1 23.24 23.71 22.62 23.19 24.96 25.32 23.78 24.69 1.25 1.50 
DnaJ homolog subfamily B member 1 DNAJB1 23.12 24.90 23.61 23.88 25.73 24.98 25.53 25.41 1.25 1.53 
Synaptobrevin homolog YKT6 YKT6 23.30 24.01 23.66 23.66 27.35 25.16 24.87 25.79 1.24 2.13 
Coxsackievirus and adenovirus receptor CXADR 23.89 23.50 22.49 23.29 27.49 25.42 24.55 25.82 1.23 2.53 

Table A.3. Significantly enriched proteins in the LITAF V144M condition vs. Mock. The table shows the results of label-free quantitative analysis 
of mass spectrometry proteomics by MaxQuant and Perseus following BioID. 
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