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Summary 

 

Complex traits are a fundamental feature of diverse organisms. Understanding the genetic 

architecture of a complex trait is arduous but paramount because heterogeneity is prevalent in 

populations and often disease-related. Genome-wide association studies have identified many 

genetic variants associated with complex human traits, but they can only explain a small portion 

of the expected heritability. This is partially because human genomes are highly diverse with 

large inter-personal difference. It has been estimated that every human differs from each other 

by at least 5 million variants. Moreover, many common variants with small effect can 

contribute to complex traits, but they cannot survive from stringent statistical cutoff given the 

currently available sample size. Mice are an ideal substitute. They are maintained in a 

controlled condition to minimize the variation introduced by environment. Each mouse of an 

inbred strain is genetically identical, but different strains bear innate genetic heterogeneity 

between each other, mimicking human diversity. Hence, in this work we used inbred mouse 

strains to study the genetic variation of complex traits. We focused on ventral midbrain, the 

brain region controlling motor functions and behaviors such as anxiety and fear learning that 

differ profoundly between inbred mouse strains. Such phenotypic diversity is directed by 

differences in gene expression that is controlled by cis- and trans-acting regulatory variants. 

Profound understanding on the genetic variation of ventral midbrain and its related phenotypic 

differences could pave the way to apprehend the whole genetic makeup of its associated disease 

phenotypes such as Parkinson’s disease and schizophrenia. Therefore, we set out to investigate 

the cis- and trans-acting variants affecting mouse ventral midbrain by coupling tissue-level and 

cell type-specific transcriptomic and epigenomic data.  

Transcriptomic comparison on ventral midbrains of C57BL/6J, A/J and DBA/2J, three inbred 

strains segregated by ~ 6 million genetic variants, pinpointed PTTG1 was the only transcription 

factor significantly altered at transcriptional level between the three strains. Pttg1 ablation on 

C57BL/6J background led to midbrain transcriptome to shift closer to A/J and DBA/2J during 

aging, suggesting Pttg1 is a novel regulator for ventral midbrain transcriptome.  

As ventral midbrain is a mixture of cells, tissue level transcriptome cannot always reveal cell 

type-specific regulatory variation. Therefore, we set out to generate single nuclei chromatin 

accessibility profiles on ventral midbrains of C57BL/6J and A/J, providing a rich resource to 

study the transcriptional control of cellular identity and genetic diversity in this brain region. 

Data integration with existing single cell transcriptomes predicted the key transcription factors 
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controlling cell identity. Putative regulatory variants showed differential accessibility across 

cell types, indicating genetic variation can direct cell type-specific gene expression. Comparing 

chromatin accessibility between mice revealed potential trans-acting variation that can affect 

strain-specific gene expression in a given cell type.  

The diverse transcriptome profiles in ventral midbrain can lead to phenotypic variation. 

Nigrostriatal circuit, bridging from ventral midbrain to dorsal striatum by dopaminergic 

neurons, is an important pathway controlling motor activity. To search for phenotypes related 

to dopaminergic neurons, we measured the dopamine concentration in dorsal striatum of eight 

inbred mouse strains. Interestingly, dopamine levels were varied among stains, suggesting it is 

a complex trait linked to genetic variation in ventral midbrain. To understand the genetic 

variation contributing to dopamine level differences, we conducted quantitative trait locus 

(QTL) mapping with 32 CC strains and found a QTL significantly associated with the trait on 

chromosome X. As expression changes are likely to be underlying the phenotypic variation, 

we leveraged our previous transcriptomic data from C57BL/6J and A/J to search for genes 

differentially expressed in the QTL locus. Col4a6 is the most likely QTL gene because of its 

9-fold expression difference between C57BL/6J and A/J. Indeed, COL4A6 has been shown to 

regulate axogenesis during brain development. This coincides with our observation that A/J 

had less axon branching in dorsal striatum than C57BL/6J, prompting us to propose that Col4a6 

can regulate the axon formation of dopaminergic neurons in embryonic stages.  

Our study provides a comprehensive overview on cis- and trans-regulatory variants affecting 

expression phenotypes in ventral midbrain, and how they could possibly introduce phenotypic 

difference associated with this brain region. In addition, our single nuclei chromatin landscapes 

of ventral midbrain are a rich resource for analysis on gene regulation and cell identity. Our 

work paves the way to apprehend full genetic makeup on the gene expression control of ventral 

midbrain, the result of which is important to understand the genetic background of midbrain 

associated phenotypes.  
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1. Introduction 

Gene expression is fundamental to every organism. Given that there are millions of cells in our 

body, it is puzzling how cells can achieve heterogenous expression by identical genetic material. 

The transcriptional control of gene expression is orchestrated by several parties, involving 

chromatin architecture, transcription factors, and genetic variation.  

As gene expression leads to phenotypic outcome, variation in individual genomes affecting 

gene expression control can ultimately result in phenotypic differences in complex traits, which 

are often disease-associated. Profound understanding on the genetic background of complex 

traits require knowledge on gene expression control.  

1.1 Transcriptional regulation of gene expression in eukaryotes 

Gene expression is prominent in every aspect of life. It is a process using genetic code of 

deoxyribonucleic acid (DNA) as a template to synthesize functional genetic products like 

proteins or complementary ribonucleic acid chains (RNAs). Most multicellular organisms start 

from a single fertilized egg which later give rise to all types of cells in a living organism. This 

requires exquisite spatiotemporal control of gene expression. How to efficiently drive gene 

expression occurring in the right cell at the right time with a right amount has puzzled scientists 

incessantly. Another question regarding gene expression is how different types of cells achieve 

heterogeneous gene expression with identical genetic materials. Considering there are 25 000 

genes being organized in every human cell, it is formidable to think about how precise while 

error-tolerated gene expression is. 

How do cells control spatiotemporal expression in themselves? And how do different cell types 

achieve heterogeneous expression? To answer these questions, it is necessary to briefly review 

the process of gene expression. Gene expression is a multi-step process. Genes, the functional 

units of heredity, are first transcribed into messenger RNAs (mRNA) or non-coding RNAs in 

a process named transcription. The newly formed mRNAs then serve as blueprints to 

synthesize proteins which exert a myriad of biological functions to support daily activities. 

Regulation of gene expression can happen in the mist of all steps, from transcription initiation 

to post-translational modification. 

To initiate transcription, the general transcription factor (TF) TFIID recognizes the TATA box 

(Figure 1). TATA box is a specific sequence located in promoter region upstream of 
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transcriptional start sites (TSS) of a gene. Once TFIID binds to TATA box, it recruits RNA 

polymerase II (polII) along with other general TFs to assemble pre-initiation complex (PIC). 

PIC is the minimum set of transcriptional machinery. Following the formation of PIC complex, 

polII begins mRNA synthesis by matching complementary bases to the attached DNA template. 

The mRNA molecule is elongated and, once the strand is completely synthesized, transcription 

is terminated (Pierce B.A., 2017). Some promoters do not contain a TATA box. They rely on 

a transcriptional initiator (INR), a DNA sequence element, to initiate transcription (Javahery et 

al., 1994).  

Sequence-specific regions like the TATA box in promoter are important in gene expression 

control. They provide docking sites for regulatory factors. Almost all genes have their specific 

promoters upstream of TSS. Promoters are 100 to 1000 base pairs long sequences containing 

many binding sites for TFs. Based on vicinity to TSS, promoters can be further divided into 

proximal promotor and core promotor (Figure 1). Core promoter is particularly essential for 

binding and correctly positioning PIC (Lenhard et al., 2012). The selectivity of transcriptional 

initiation is in part due to different sequence architectures of promoters. For instance, high-GC 

content promoters are found in universally expressed genes like housekeeping genes or 

developmental genes; while low-GC promoters usually control the expression of tissue-specific 

genes (Sandelin et al., 2007). Promoter is only one of the many sequence-specific regions that 

can regulate transcription. Many other sequence elements can participate in transcriptional 

control by recruiting regulatory factors to interact with transcriptional machinery or modify 

chromatin structure.  

In addition to sequence specific elements, TFs are another group of essential players to control 

gene expression. Similar to TFIID, other TFs can also recognize specific DNA binding sites to 

either inhibit or initiate transcription. Their binding events depend on the chromatin states 

around DNA. If chromatin is highly compact, TFs cannot make their way to physically interact 

with DNA. On the other hand, if genomic region is exposed, it would be much easier for TFs 

to locate themselves. In general, multiple parties, including sequence-specific elements, TFs 

and chromatin states, orchestrate the regulatory control of spatiotemporal and heterogeneous 

gene expression across cells.  



 3 

 
Figure 1: Representation of transcriptional regulatory elements adapted from (Ong and Corces, 2011). Based on 

the proximity to TSS, promoter can be classified into core promoter and proximal promoter. Core promotor often 

contains the TATA box for TF binding. Gene transcription can be influenced by upstream or downstream 

enhancers and distal enhancers. Histone modifications can be found on nucleosomes overlapping with enhancer: 

H3K4me1/2 for poised enhancer; H3K27ac for gene activation or active enhancers; H3K27me3 for gene 

repression. Histone variants H3.3/H2A.Z are highly unstable, so they are linked to active gene transcription. CBP 

is often found coactivating with p300 to interact with TFs to increase the expression of target genes. LCR contains 

a group of transcriptional regulatory elements. Silencer prevents gene expression by interacting with PRC2. 

Insulator is a boundary element responsible for domain-bordering and often associated with CTCF.  CBP: cyclic 

AMP-responsive element-binding protein; CTCF: CCCTC-binding factor; H3K4me1/2, histone H3 mono- or 

dimethylation at lysine 4; H3K4me3, histone H3 trimethylation at lysine 4; H3K27ac, histone H3 acetylation at 

lysine 27; H3K27me3, histone H3 trimethylation at lysine 27; H3.3/H2A.Z, histone variants H3.3 and H2A.Z; 

LCR: locus control region; TATA, 5’-TATAAA-3’ core DNA sequences; TSS, transcriptional start site. 

1.1.1 Chromatin structure and related function 

Human genome has more than 6 billion base pairs (bp) directing the development and the 

biological function of more than 210 cell types (Trapnell, 2015). If each DNA molecule in a 

human cell is linked head to toe, it will be two meters long. However, a cell nucleus is very 

tiny so that DNA must be scrupulously packaged to fit in. As a result, DNA endorses a delicate 

multi-level strategy to suit itself into a confined nucleus. The structure of DNA can be 

considered at three hierarchical levels: the primary and secondary levels are its nucleotide 

sequence and the double-stranded helix; and the tertiary level is the higher order that DNA 

molecules use to fold into the small confinement of nucleus to produce a chromosome (Figure 

2) (Pierce B.A., 2017). DNA’s higher order structure involves DNA molecule and its associated 

protein, the two forming a substance called chromatin. Chromatin is not static but constantly 

undergoing alteration. Dynamic modification of chromatin is one of the major apparatuses for 

cells to achieve cell type-specific gene expression.  
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Figure 2: Representation of DNA packaging in eukaryotic cells (Pierce B.A., 2017). Each chromosome contains 

a single DNA molecule and its associated proteins. The double-helix DNA wraps around histone octamer (with 2 

copies of each H2A, H2B, H3, H4) to form nucleosomes. H1 histones guard DNA entering and leaving 

nucleosomes correctly. Nucleosomes can pack with neighbors to fold into a 30-nm-wide fiber, which further loops 

around and compress into a 250-nm-wide fiber. Eventually, the fiber tightly coil to produce the chromatid of a 

chromosome. 

1.1.1.1 Higher order of chromatin structure 

If we open up the chromosome, we can find DNA wraps around protein cores to create a 

"beads-on-string" scenario (Figure 2). Each "bead", namely nucleosome, has 145-147 bp of 

DNA wrapping ~ two times on a protein core. The protein core is an octamer with two copies 

of each H2A, H2B, H3 and H4. Histone families all have high composition of arginine and 

lysine whose positive charges attract the negatively charged phosphates of DNA (Erler et al., 

2014). Thanks to the electrostatic force, histone proteins can hold onto DNA molecule. Each 

histone protein has a flexible N-terminal tail, around 11 - 37 amino acids, extruding out of the 

nucleosome. Histone tails can affect chromatin structure by interacting with nearby 

nucleosomes to form compact or loose chromatin. "Strings", DNA sequences in between 

nucleosomes, are linker DNAs bound by non-histone proteins. Following "beads-on-string" 

structure, nucleosomes fold onto themselves, creating a series of loops and eventually tightly 

coiling together to produce the chromatid of a chromosome (Pierce B.A., 2017). 

The structure of chromatin is highly complex and dynamic. Chromosomal regions that stay 

constantly compact is called heterochromatin. Heterochromatin is found in centromeres and 
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telomeres, as well as in most of the Y chromosome. They usually do not have transcription and 

crossing over happened because its dense nature prevents most transcription events from 

happening. On the other hand, chromatin undergoing condensation and decondensation during 

cell cycle is called euchromatin (Klemm et al., 2019). As DNA doubles itself during cell cycle, 

chromatin undergoes dynamic packaging alongside. During mitosis, euchromatin is 

dramatically compacted to form mitotic chromatin which can be visualized by microscope 

(Ginno et al., 2018). Euchromatin is often found on chromosome arms and is enriched for genes. 

Euchromatin is of important biological relevance, because transcription mainly happens in 

euchromatin.  

As nuclear space is in 3D structure, chromatin has its spatial distribution in nucleus, called the 

3D organization of chromatin (Rowley and Corces, 2018). The spatial distribution of chromatin 

often directs long distance chromatin interaction to affect DNA replication and transcription. 

Such contact could be obtained from molecular technique Hi-C (Lieberman-Aiden et al., 2009). 

Based on contact maps, chromatin can be segregated into two types, referred to as A and B 

compartments. A compartments contain genes that are actively transcribed, and B 

compartments often have inactive genes. Within each compartment, small scale domains with 

preferential internal interactions can be found. These are named topologically associating 

domains (TADs) (Dixon et al., 2012). Chromosome compartmentalization is a key feature of 

higher-order genome organization and has important function on gene regulation (Szabo et al., 

2019).  

Because transcription occurs mainly in open chromatin, switching between closed and open 

chromatin states can achieve selective gene expression. Considering how dramatically 

chromatin structure can affect gene expression, it is never grandiose for eukaryotes to adopt 

enough strategies to properly confine DNA in nucleus. Then how do cells control their dynamic 

chromatin states? The answer lies in dynamic remodeling of chromatin and histone 

modifications. 

1.1.1.2 Chromatin accessibility and histone Modifications 

To pack the long stretched DNA molecule into nucleus, DNA wraps around histone proteins 

to form nucleosomes which subsequently coil into chromatin. As DNA is tightly attached to 

histone proteins, it is inaccessible to DNA-binding factors such as polII to initiate transcription. 

Therefore, nucleosome by nature is repressing gene expression. To be able to initiate 



 6 

transcription, chromatin structure undergoes modification so that the transcriptional signal can 

reach its destination. There are at least two mechanisms available in eukaryotes to alter 

chromatin structure, including chromatin remodeling and histone modifications.  

Chromatin remodeling relies on chromatin remodelers to alter the structure of chromatin. 

Chromatin remodelers are enzymes that can alter chromatin structure independent of altering 

its chemical structure. Though diverse in protein composition, all chromatin remodelers harbor 

a subunit with a conserved ATPase domain which converts the energy from ATP hydrolysis 

into mechanical force to alter chromatin structure (Clapier et al., 2017). These chromatin-

remodeling complexes can recognize specific chromatin signals such as DNA sequence, 

histone modification, or histone variants, and expose regulatory elements to the action of 

transcriptional regulators. The most well-studied chromatin-remodeling complex is the SWI-

SNF complex, which deploys the energy from ATP hydrolysis to nucleosome repositioning to 

free DNA for transcription (Roberts and Orkin, 2004). 

On the other hand, unlike chromatin remodeling, histone modifications alter chromatin 

structure by changing its molecular composition. Histone proteins in nucleosome are composed 

of a core domain and a tail domain. The tail domain protrudes from the nucleosome and is 

commonly packed with different chemical modifications such as methylation, acetylation, and 

phosphorylation. Combinations of chemical modifications on histone tails are referred to as 

histone code  (Jenuwein and Allis, 2001). One of the well-studied histone modifications is 

histone methylation. Histone methylation is associated with activation or repression of 

transcription depending on which histone or amino acid is methylated. Histone 

methyltransferase can methylate lysine or arginine on the histone tail, while histone 

demethylase can strip the attached methyl groups away. Histone methyltransferase and 

demethylase often do not interact with DNA directly but rather are recruited by sequence-

specific binding proteins or RNA molecules such as Polycomb repressor complex 2 (PRC2) 

(March and Farrona, 2017). Up to three methyl groups can be transferred on histone lysine in 

different locations, and the resulting impact on transcription varies dramatically. H3K4me3, 

indicating tri-methylation of lysine on the 4th residue, associates with open chromatin by 

recruitment of a plant homeodomain (PHD) finger of nucleosome remodeling factor (NURF) 

(Wysocka et al., 2006). H3K4me3 is highly enriched in the promoters of active transcribed 

genes (Figure 1). On the other hand, H3K27me3, tri-methylation of lysine on the 27th residue, 

is often found in association with gene repression and deposited by PRC2 (Greer and Shi, 2012; 
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Mierlo et al., 2019), the enzyme with methyltransferase activity playing a key role in gene 

silencing and establishment of heterochromatin. 

Histone acetylation is another prevalent histone mark and often comes together with increasing 

transcription. Acetyl groups are transferred to lysine residues by histone acetyltransferases. The 

deposition of acetyl groups reduces positive charges of histone proteins, so DNA are less tightly 

gripped and exposed to regulatory control (Bannister and Kouzarides, 2011). Similar to histone 

methylation, acetylation can also be removed by deacetylases. Many TF cofactors have 

acetyltransferase activity such as p300/CBP which was shown to position at promoter regions 

via association with TFs (Soutoglou et al., 2001). There are other kinds of modifications that 

cells employ to control chromatin states such as histone phosphorylation and ubiquitination 

which are important for the response to DNA damage and gene silencing (Cao and Yan, 2012; 

Rossetto et al., 2012). Histone marks interact with each other to exert their control on gene 

expression. Proper deposition and interpretation of histone marks are fully relied on the 

aforementioned histone modification enzymes, namely writer (setting up histone 

modifications), eraser (removing histone modifications), and reader (interpreting histone 

modifications) (Figure3) (Højfeldt et al., 2013; Hyun et al., 2017). 

Chromatin state is characterized by a distinct array of histone marks. Histone modifications 

often associated with active genes are lysine acetylation on H3/H4, H3K4me3, H3K79me3, 

and H3K36me3. Marks associated with gene repression are H3K27me3 and H3K9me3. The 

combinatorial complexity of histone marks is vast and has been demonstrated by ChIP-seq 

(chromatin immunoprecipitation with massively parallel DNA sequencing). Mapping of 

histone marks on genome found that combinations of modifications either occur together, or 

are mutually exclusive, suggesting crosstalk is required to have proper transcriptional 

regulation (Zhang et al., 2015). H3K4me3 can promote downstream H3/H4 acetylation through 

recruitment of histone acetylation enzyme, indicating a positive feedback loop between the two 

histone marks. H3K4me3 and H3K9ac are an example of combinatorial interaction of histone 

marks. SGF29, a reader for H3K4me3, is a component of the SAGA histone acetylation 

complex. The deletion of SGF29 can lead to the loss of H3K9ac and the absence of SAGA 

complex at target sites (Bian et al., 2011). Mutual exclusion can also be found on genome. 

H3K9 methylation is mediated by SETDB1 and often associated with heterochromatin 

formation (Brower-Toland et al., 2009), while H3K27me3 is mainly deposited by PRC2 to 

repress gene expression. H3K9 methylation can crosstalk with H3K27me3 and they two are 
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mutually exclusive present at constitutive heterochromatin. This has been shown in one-cell 

stage mouse embryo, where H3K27me3 is present in male pericentric heterochromatin but not 

in female heterochromatin which contains H3K9me3 (Puschendorf et al., 2008). Interestingly, 

active marks and repressive marks can coexist in the same promoter region, namely bivalent 

promoter. Bivalent promoters can be switched between active and inactive states to achieve 

timely control on gene expression. It has been shown that bivalent promoters are prevalent in 

developmental stages. For example, H3K4me3 can be co-deposited with H3K27me3 to poise 

expression of developmental genes. During neurogenesis, some bivalent genes become 

expressed and lose the H3K27me3 mark, while those that stay silent lose H3K4me3 but retain 

H3K27me3 (Bernstein et al., 2006; Voigt et al., 2013).  

 

Figure 3: Representation of reader, writer, and eraser enzymes (Højfeldt et al., 2013). Compact chromatin is often 

transcription repressed, while relaxed/open chromatin is transcription active. Reader can read the histone 

signatures on nucleosome. Writer can deposit chromatin signatures which can be removed by eraser. 

Because the relationship between histone marks and associated cellular activities is quite 

specific, scientists have been mapping chromatin modifications to help understand their 

relationship with gene transcriptional control. Such community effort has been collected by 
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ENCODE (Davis et al., 2018), Roadmap Epigenomics (Kundaje et al., 2015) and IHEC 

(International Human Epigenome Consortium) (Bujold et al., 2016), which together provide a 

fruitful collection of histone modification patterns on many mouse and human cell lines and 

primary tissues. These data were produced by various techniques covering a wide range of 

histone modifications ready to be analyzed.  

ChIP-seq is widely used to detect genome-wide TF binding sites and histone modifications 

(Barski and Zhao, 2009). It relies on specific antibodies designed to bind against histone 

modification or TF of interest. After antibody binding to specific target, the complex could be 

pulled down or precipitated by magnetic beads. ChIP-seq has largely pushed our understanding 

on TFs binding sites on regulatory elements in the genome. However, it is not easy to have a 

working antibody. Instead, scientists looked at techniques that could detect open chromatin, 

chromatin regions that are accessible for regulatory factors. DNase-seq  (deoxyribonuclease I 

[DNase I] hypersensitivity sites sequencing) is a method to identify the location of accessible 

regulatory regions (Song and Crawford, 2010). Regulatory regions are often free of 

nucleosomes, so they are sensitive to cleavage of DNase I. Such regions are called DNase I 

hypersensitivity sites (DHS). DHSs are of particular biological relevance because they are 

highly correlated with active transcription. Study with twenty diverse human cell lines found 

cell type-specific gene expression greatly associates with DHSs (Marstrand and Storey, 2014). 

Similar to DNase-seq, ATAC-seq (Assay for Transposase-Accessible Chromatin using 

sequencing) is an alternative method to detect open chromatin regions (Buenrostro et al., 2015) 

but faster and more sensitive, as it does not require enzymatic digestion. ATAC-seq depends 

on the hyperactive transposase 5 (Tn5) which universally cuts and ligates adapters to open 

chromatin region. However, the information from DNase-seq or ATAC-seq does not guarantee 

TF binding. To address this question, many computational methods have been developed in 

the past years to infer TF binding sites on open chromatin. The idea is based on the fact that 

when TF occupies genomic region, the same binding site is no longer available for DNase I or 

Tn5 interaction. Therefore, mapping sequencing reads from DNase-seq or ATAC-seq on 

genome would create small bumps on top of the pile-up peaks. Such small bumps, namely 

footprints, are enriched for TF binding sites (Galas and Schmitz, 1978). Tools like HINT-

ATAC (Li et al., 2019b) are specifically designed to scan for footprints in ATAC-seq data. As 

TFs have high binding affinity towards sequence-specific regions, one can decipher which TF 

likely binds to a footprint by motif enrichment analysis using HOMER (Heinz et al., 2010) or 

MEME (Bailey et al., 2009).  
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Chromatin remodeling alongside with histone modifications gives credence to spatiotemporal 

control of gene expression. However, there are billions of nucleotides on eukaryotic genome, 

not every free region is given an equal amount of significance. Fortunately, regulatory proteins 

such as TFs have high affinity to sequence-specific regions like the TATA box in promoter. 

Enhancers, another group of specific genomic sequences, have a greater implication on fine 

tuning gene expression.  

1.1.1.3 Enhancer 

Though enzymes to establish histone modifications are well-characterized, the mechanisms on 

how to deposit histone marks is still blurry. Enhancers are DNA sequences that contain multiple 

TF binding sites and participate in histone mark deposition. They can locate in introns of genes 

or intergenic regions. Enhancers can activate gene transcription independent of their location, 

sequence orientation and distance to target genes (Ong and Corces, 2011). In some cases, they 

can even activate transcription on another chromosome (Bateman et al., 2012). One central 

question in understanding the function of enhancer is how distinct regulatory elements 

coordinate to act on gene expression through enhancer. 

Enhancers can affect transcription in several ways through binding of regulatory factors. If an 

enhancer is proximal to a gene, the bound TFs can act directly on transcription by either 

promoting or inhibiting the assembly of transcriptional machinery. On the other hand, if TFs 

interact with a distal enhancer, long-range enhancer-promoter contacts can be established by 

TF-mediator complex which loops the chromatin around so that the mediator recruits polII and 

stabilize PIC formation in the target gene promoter. Some active enhancers can even be 

transcribed into non-coding RNAs such as enhancer RNAs (eRNAs) (Andersson and Sandelin, 

2020; Kaikkonen and Adelman, 2018; Schoenfelder and Fraser, 2019). eRNAs function 

through interplay with cohesin to stabilize long-range enhancer-promoter interaction (Hsieh et 

al., 2014; Lai et al., 2015; Pnueli et al., 2015). In general, exerting proper regulatory control 

with enhancer require dynamic interplay between chromatin structure, regulatory factors, and 

enhancer itself. 

Chromatin alteration such as nucleosome dynamics and histone modifications, can affect 

enhancer’s functionality. It has been shown that nucleosomes are less occupied in TSS, 

suggesting gene transcription is correlated with nucleosome occupancy (Ong and Corces, 

2011). Because recruitment of regulatory proteins requires freeing enhancers from nucleosome, 
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it is not surprising to find histone variants play a part in nucleosome dynamics as they are 

relatively unstable by nature. This is supported by observations that H3.3/H2A.Z histone 

variants are enriched in nucleosome-free regions in HELA cells (Jin et al., 2009) and CD4+ T 

cells (Barski et al., 2007). In addition, H2A.Z enrichment was shown to be positively correlated 

with gene expression (Hu et al., 2013). Therefore, histone variants affecting nucleosome 

dynamics could be an important feature of many enhancers.  

Histone modifications is also important for enhancer to control cell-type specific gene 

expression. This is demonstrated by study of p300 binding sites on multiple mouse tissues 

(Visel et al., 2009). p300 is a well-characterized co-activator recruited by many TFs to activate 

gene expression. The binding sites of p300 are correlated with tissue-specific gene expression, 

indicating histone modifications are heterogeneous across cell types. p300 itself has 

acetyltransferase activity and can deposit acetyl groups on histone. In fact, enhancers control 

cell-type specific gene expression by acquiring specific histone marks. These histone marks 

recruit different TFs to achieve context-dependent gene expression (Smith and Shilatifard, 

2010). Such histone marks are acquired even before transcription and they serve as an 

epigenetic memory for progenitors committed to different cell lineages (Kim et al., 2010). 

Human embryonic stem cell (ESCs) differentiation involves switching between different 

histone signatures (Rada-Iglesias et al., 2011). Enhancer elements with H3K4me1 and 

H3K27ac are found proximally to active transcribed genes in human ESCs, whereas silenced 

genes are dominant by H3K4me1 and H3K27me3 instead. However, the silenced genes can be 

turned on by replacing H3K27me3 with H3K27ac in later developmental stages. The switch of 

histone marks leading to transcriptional changes is also observed in preadipocytes, as poised 

enhancers (deposited with H3K4m1/2) become activated by acquiring H3K27ac and binding 

of MED1, SMC1 and p300 (Siersbæk et al., 2017). Taken together, with different combinations 

of histone marks, enhancers can coordinate with different regulatory proteins to achieve 

heterogeneous gene expression tailored to different cell types.  

Based on p300 binding sites or genome-wide histone marks, a single cell type is estimated to 

have 10 000 – 150 000 putative enhancers (Pott and Lieb, 2015). How many functional 

enhancers are actually needed in a given cell type under a give condition? Researchers found 

out some enhancer regions are far more active than others. Super-enhancers are characterized 

by groups of enhancers in close genomic proximity with high levels of mediator binding (Pott 

and Lieb, 2015). Taking mouse ESCs as an example, super-enhancers can be defined as 
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followed: (1) genomic sites bound by master regulators OCT4, SOX2 and NANOG are defined 

as enhancers; (2) enhancers within 12.5 kb are stitched together; (3) mediator (MED1) binding 

affinity is ranked from lowest to highest on every "stitched" enhancer to create MED1 - 

enhancer affinity curve. Enhancers with slope in MED1 - enhancer affinity curve bigger than 

one are classified as super-enhancers. Super-enhancers have a lot of unique characteristics 

comparing to normal enhancers. Because closely located enhancers are stitched together, 

median size of super-enhancer is an order of magnitude longer than normal enhancers, with 

8667 bp comparing to 703 bp in mESCs (Whyte et al., 2013). Therefore, it is not surprising to 

find super-enhancers are highly enriched with many regulatory elements and constantly active.  

Super-enhancers usually establish long-range promoter-enhancer contact. Activate super-

enhancers are often marked by their flanking nucleosomes with histone acetylation like 

H3K27ac (Calo and Wysocka, 2013). They can recruit tissue or developmental-specific TFs 

and cofactors (Pott and Lieb, 2015). In the mist of bound factors, cohesin and mediator 

coordinate to form physical contact between enhancer and target gene promoter (Soutourina, 

2019). Meanwhile, polII can transcribe eRNAs based on enhancer sequence in both directions 

(Andersson et al., 2014), suggesting the involvement of eRNAs in mediating super-enhancer 

function. The transcription of mouse Igh (immunoglobulin heavy-chain) is controlled by a 

downstream super-enhancer dependent on PolII pausing and elongation factor SPT5. Deletion 

of Spt5 leads to the loss of super-enhancer-promoter physical contact and Igh gene expression, 

but shows no effect on TF-mediator complex assembly. Restoring transcription on Igh supper-

enhancers brings back enhancer-promoter interaction (Fitz et al., 2020), indicating eRNAs 

regulate super-enhancer by stabilizing long-range enhancer-promoter interaction and is 

independent of TF/cofactor binding on super-enhancer.  

Interestingly, multiple enhancers with similar activities can be found near the same gene. The 

function of these enhancers are redundant, which is important to protect key developmental 

events from disruption. This is supported by study using individual or combinatorial enhancer 

deletion on loci required for limb development (Osterwalder et al., 2018). None of the single 

mutation could lead to obvious defect in limb morphology, but removal of pairs of limb 

enhancers near the same gene led to obvious phenotypes, suggesting enhancer redundancy 

gives phenotypic robustness to loss-of-function mutation.  
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In summary, enhancers are important sequence elements to control cell type-specific gene 

expression by recruiting regulatory factors to affect a series of events including nucleosome 

dynamics, histone modifications and eRNA synthesis for long-range contact. All these events 

cannot happen without recruiting regulatory factors binding to enhancer regions. 

1.1.2 Transcription factors in gene expression 

TFs are distinctive proteins with at least one DNA binding domain (DBD) and capable of 

regulating transcription (Lambert et al., 2018). They can recognize specific DNA sequences 

like enhancers to control chromatin structures and gene expression, forming a complex network 

to regulate cell differentiation during embryonic development. Context-dependent gene 

expression is a corollary of the existence of TFs. There are up to 1600 TFs in human genome 

functioning mostly in collaboration to exert biological function (Lambert et al., 2018). For 

example, master regulators, a set of TFs controlling gene expression specifying cell types, are 

important for cells to narrow down their dedicated differentiation lineages (Oestreich and 

Weinmann, 2012). Some of the master regulators can even induce cells to undertake 

dedifferentiation or transdifferentiation. Yamanaka factors (Oct2, Sox2, Klf4, Myc) can 

remodel nucleosome dynamics in closed chromatin, promoting terminally differentiated cells 

retreated to pluripotent stage by inducing expression of developmental genes (Takahashi & 

Yamanaka, 2006). Moreover, same TFs can regulate different genes in different cell types, as 

well as recruiting dissimilar cofactors based on context. Because TFs participate in all facets 

of gene expression control, it is vital to understand how they recognize DNA sequence patterns, 

and more importantly, how they regulate gene expression upon binding to DNA.  

1.1.2.1 TF binding to DNA sequence 

The first step for TFs to function on gene expression is recognizing specific binding sequences 

on DNA. The binding sequences of TFs are represented as motifs, a set of sequence logos 

underlying by quantitative methods such as the positioning weight matrix (PWM) (Stormo and 

Zhao, 2010). Extensive effects have been spent to characterize human and mouse TF binding 

motifs (Jolma et al., 2013, 2015). As proteins which are related in amino acid sequence bind to 

similar sites, it is possible that one single motif can be bound by multiple TFs. Analysis with 

PWM models revealed most TFs do not need multiple PWMs to explain the high-affinity to 

DNA, but multiple binding modes do exist for some factors. 
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TFs have preferred binding to each base of motifs with up to 1000 times higher affinity 

comparing to random sequences (Lambert et al., 2018). Because TF binding sites are short (6 

to 12 bp) and flexible, genes usually have multiple binding sites for different TFs given a 

typical human gene is more than 20 kb. Such scenario adds extra complexity for TFs to control 

gene expression by acting cooperatively. In fact, TFs often do not function alone but rather 

collaborate to attain required specificity on gene expression control (Long et al., 2016). There 

are many ways for TFs to achieve cooperative binding. Protein-protein interactions can give 

additional stability to the established complexes. TFs and cofactors aid each other in DNA 

binding by forming homodimers, trimers, or other higher-order structures (Lambert et al., 

2018). With cooperative binding, occupancy of TF-TF or TF-cofactor complexes on binding 

sites can temporarily elongate to achieve longer lasting gene expression. In addition, interaction 

with DNA molecules also facilitates recruitment of regulatory proteins. Sometimes, the binding 

of the first TFs can remodel DNA structure, which in turn helps the recruitment of subsequent 

TF. For example, pioneering factors, usually abundantly expressed during development, can 

bind to heterochromatin and aid the following binding of non-pioneering factors (Cirillo et al., 

2002; Mayran et al., 2019).  

Up to date, 1639 TFs has been manually curated in human, the information of which is stored 

on HumanTFs (http://humantfs.ccbr.utoronto.ca/) (Lambert et al., 2018). Most of the curated 

human TFs contain at least one of the two DBD types: C2H2-ZFs which are less conserved 

and only one-third of them with a known motif, and homeodomains which are well-conserved 

and almost all of them have a known motif. Different types of TFs have different specificity in 

tissues. For example, C2H2-ZFs are more universally present across tissues comparing to other 

types of TFs (Lambert et al., 2018), probably because they can repress the expression of 

transposable elements which is required in general across cell types (Ecco et al., 2017).  

Because different tissues adopt distinct sets of TFs for gene expression control, cell-type 

specific information is required to understand how TFs function across tissues, where single-

cell RNA-seq can shed some lights on. A study with single-cell transcriptomics on 20 mouse 

organs identified cell type-enriched TFs, which provides rich information to design 

reprogramming protocols to study underlying regulatory networks (Schaum et al., 2018). 

Interestingly, clustering cell types by TFs’ expression have clearer separation comparing to 

other features like cell-surface markers, RNA splicing factors or two combined, further 

highlighting the importance of cell type-identity TFs on gene expression specificity.  
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As TFs can affect gene expression which result in different phenotypes in organisms, 

intuitively, mutations or sequence variants on TFs could lead to phenotypic difference or even 

disease phenotypes. There are 313 TFs associated with at least one disease phenotype in human 

(Köhler et al., 2014). Depending on where the mutations or variants are, a range of 

consequences can be triggered. Mutations on DBD can directly affect TF sequence specificity, 

and mutations outside DBD can alter protein structure which might alter protein-protein 

interaction. However, because TFs are in general pivotal for important biological processes 

like embryonic development, mutations leading to dramatic effects are usually lethal and 

cannot be observed. Therefore, the wide varieties of phenotypes that we can observe are in fact 

largely due to genetic variation on TF binding sites instead of on TFs themselves. It has been 

estimated that up to 85 - 93% of common disease-associated genetic variation can impact gene 

expression (Hindorff et al., 2009; Maurano et al., 2012). 

1.1.2.2 TF effectors 

Upon DNA binding, how TFs affect gene transcription is dramatically varied. The simplest 

way is binding to promoter region to facilitate the assembly of transcriptional machinery. 

Additionally, TFs can hire regulatory proteins to function on specific phase of transcription 

through their effectors. The effector domain is the modular subunit that TFs use to bind other 

regulatory factors (Figure 4) (Frietze and Farnham, 2011). One TF can have multiple effectors 

to interact with different parties like proteins, ligands, or nearby chromatin. 

 

Figure 4: Representation of effector domain of TFs (Lambert et al., 2018). TFs have DNA-binding domains like 

5C2H2 zinc fingers to recognize specific DNA sequences, namely TFBS. The effector domain is the subunit of 

TF that is uses to bind other regulatory factors. For example, ligand binding domains can regulate TF activity, 

BTB domain can mediate protein-protein interaction, and SET domain can have enzymatic activities on nearby 

chromatin. TFBS: transcription factor binding site. 

Cofactors can be either coactivators or corepressors. They usually have multiple domains 

acting on a series of biological activities such as chromatin binding, nucleosome remodeling, 

and histone modification. Though there are many cofactors available for TFs to interact with, 
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some of them are universally present in cell types. An example of ubiquitously expressed 

cofactor is the mediator, a complex with more than 30 subunits (Yin and Wang, 2014). 

Mediator functions as a bridge between TFs and polII and regulate most of the transcribed 

genes. However, not all TFs have a clear effector. Some of the TFs do not have an effector, 

either because their effectors are unknown, or these TFs simply occupy the binding sites to 

occlude the binding of other proteins (Lambert et al., 2018).  

TF-cofactor complex interaction is largely dependent on the state and structure of TF, such as 

whether it is phosphorylated or bound by ligands. For instance, PU.1 and IRF8 are important 

TFs for B-cell development. The phosphorylation of IRF8 can promote cooperative binding 

with PU.1 to regulate gene expression (Mohaghegh et al., 2019). Cooperative binding of TF-

TF or TF-cofactor complex have specific binding affinity to heterodimeric motifs, where 

individual TF could have binding affinity but appear to be much weaker comparing to the 

complex (Jolma et al., 2015).  

Taken together, TFs cooperate with each other or other cofactors to control gene expression.  

Such interaction is high dynamic and context-dependent. Mutations affecting TFs themselves 

are disease-related but less common due to potential deleterious results (Barrera et al., 2016; 

Bejerano et al., 2004). The control of gene expression is fundamental to the wide range of 

phenotypes that we observe in organisms. How do regulatory elements as discussed above 

cooperate to contribute to phenotypic difference? The answer lies in the genetic variation of 

genomes. 

1.2 Genetic variation 

Genetic variation is the difference in DNA among individuals (Pierce B.A., 2017). With the 

completion of primary sequence of human genomes from 26 populations by the 1000 Genome 

Project Consortium (Auton et al., 2015), different kinds of genetic variation has been studied 

in a finer resolution. It has been estimated that there are over 88 million SNPs in human genome 

(Auton et al., 2015). Small scale variants include single nucleotide polymorphism (SNP) 

representing a single difference in DNA nucleotide (Figure 4), and various repetitive elements 

that involve relatively short DNA sequences like micro- and minisatellites. These small scale 

variants constitute most genetic variation in human genome. Another group of genetic variation 

is the structural variants often associating with many nucleotides (Ho et al., 2020). Structural 

variants can be classified into insertion-deletion variant, block substitution, inversion variant 
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and copy number variant (CNV) (Figure 5) depending on the type of variation (Frazer et al., 

2009). Some studies also classified structural variants in submicroscopic and microscopic 

variants based on the size of affected nucleotides. Submicroscopic structural variants range 

from ~ 1kb to 3 Mb such as large CNV, and microscopic structural variants with length more 

than 3 Mb including aneuploidies or reciprocal translocations (Feuk et al., 2006). Though 

structural variants are far less common, they can lead to phenotypic variation or disease as 

small scale variants do. 

 

 
 
Figure 5: Representation of different types of genetic variation (Frazer et al., 2009). Single nucleotide variant is a 

single difference on nucleotide. Structural variants usually involve several nucleotides, like insertion-deletion 

variant, block substitution, inversion variant and copy number variant. 

How does genetic variation arise in the genome? The molecular sources for genetic variation 

are mainly gene mutation and genetic recombination. Gene mutation is a permanent alteration 

in the DNA sequence. It can appear anywhere is the genome affecting a single or several kilo 

bases segment of a chromosome. There are two types of mutations, the hereditary mutation in 

germ cells which appear in every cell of a living organism and can be transferred to the 

offspring, and the somatic mutation only possessed by a group of cells in the body and generally 

not inheritable (Pierce B.A., 2017). Germline mutation is important to phenotypes as the 

outcome can be preserved in a population. Additionally, genetic recombination does not change 

DNA sequence per se but enables the exchange of genetic materials between paternal and 

maternal chromosomes which lead to novel combination of variants in the daughter germ cells 

(Silver LM, 1995). In the aspect of evolution in a population, genetic variation also goes 
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through natural selection directing by differential reproductive success, genetic drift by random 

external force, or gene flow moving genes in or out of a population. 

The reason why genetic variation attracts so much attention is its causal effect on phenotypes. 

Genetic variation on protein coding sequence can have a direct effect on protein function.  

Sickle cell disease is a common inherited blood disorder caused by a SNP on the protein-coding 

region of hemoglobin, which results in glutamic acid being substituted by valine. The mutated 

hemoglobin forms a hydrophobic patch under low oxygen condition, giving the sickle shape 

of blood cells. However, genetic variation on protein-coding region is less common (Auton et 

al., 2015). In fact, genome-wide association studies (GWAS), a statistical method to relate 

genetic variation to phenotypic diversity, found most of the variants to locate in non-coding 

genome (Visscher et al., 2017). Of 500 unique trait/disease-associated SNPs from more than 

150 GWAS studies, only 4.9% are located in protein-coding regions, while the rest are found 

in introns, promoters, and other distal regions away from genes (Auton et al., 2015). Moreover, 

based on genome-wide characterization of DHSs,  76.6% of GWAS SNPs overlap with DHSs 

or are in close linkage disequilibrium (LD) with SNPs in DHS (Maurano et al., 2012). As DHSs 

are enriched for TF-DNA binding sites, trait/disease-associated variants can potentially disrupt 

TF-DNA interaction to introduce variation in gene expression and ultimately difference in 

phenotypes.  

Since more than 88 million variants are detected on human genome, and on average every 

human being differs from each other by approximately 5 million (Auton et al., 2015), the 

tremendous amount of possible permutations establishes the genetic basis of complex traits. 

Not every genetic variation can contribute to variation of phenotypes, and different phenotypes 

result from dissimilar sets of variants. All these layers add extra complexity on identifying the 

causal variants that directly contribute to phenotypic variance.  

1.2.1 Regulatory variation 

Genetic variants affecting gene expression are regulatory variants or functional variants. 

Regulatory variants exert impact on gene expression by positioning on regulatory regions of 

the genome. For example, regulatory variants in gene promoters can alter gene expression by 

interrupting transcriptional machinery binding. CDC7 is a kinase involved in the regulation of 

cell cycle at S phase by promoting DNA replication. Functional variant within the promoter 

region of CDC7 can disrupt GLIS2 binding, hence influence the transcription of Cdc7 (Yang 
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et al., 2019). The aforementioned example has the regulatory variant in close proximity to the 

target gene. Such variants are said to have cis-regulatory effect on transcription (Figure 6). Cis-

regulatory variants can also present on nearby or distal enhancers which are brought closer to 

target genes by DNA looping. On the contrary, some variants have trans-regulatory effect, 

meaning the regulatory effect from the variants is indirect. Trans-regulatory variants can exert 

their effects on gene expression through numerous different mechanisms. In one prominent 

scenario, the abundance or the nature of a TF is altered by a variant, leading to changes in gene 

expression in target genes.   

 

Figure 6: Representation of cis and trans effect of regulatory variants (Ohnmacht et al., 2020). Cis-regulatory 

variants could be present on enhancer or promoter affecting proximal gene expression, while trans-regulatory 

variants exert their effect on gene expression by altering TF itself or its abundance. 

Both cis- and trans-regulatory variants involve in the interplay between variants themselves 

and the resulted TF-DNA binding. How trait-associated variants lead to changes in phenotype 

is rooted in the idea that regulatory variants can disrupt TF-DNA binding; therefore resulting 

in alteration in gene expression and ultimately introducing variation in phenotype. So 

intuitively, TF-DNA interaction can be key drivers of phenotypic variation. However, as the 

majority of TF-DNA binding events are not driven by sequence alterations in the motif, the 

interplay between regulatory variants and the resulted TF-DNA binding is far more 

complicated than previously estimated (Deplancke et al., 2016).  

The complexity of TF-DNA binding variation lies in various kinds of TF motif interaction 

(Figure 7), suggesting TF-DNA binding itself is a complex molecular trait. It is straightforward 
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that local regulatory variants in or right next to a motif can have direct impact on TF-DNA 

interaction. Such impact can transit to cooperative binding of two or more TFs on genome. 

This is supported by study showing that proximal variant on motif of C/EBP and AP-1 can lead 

to differential PU.1 binding in macrophages (Heinz et al., 2013). Such co-binding of TFs on 

DNA is quite common as regulatory regions tend to harbor multiple binding sites for TFs. In 

fact, most human TFs function with one or more factors through cooperative binding (motifs 

of two TFs are next to each other) or collaborative binding (motifs are separated that TFs have 

no contact). This might be due to the fact that DNA is tightly bound to the histone proteins in 

nucleosome. One TF is not enough to have enough mechanical force to free DNA, so it evolves 

to interact with more TFs. 

 

Figure 7: Representation of cis and trans effect of regulatory variants (Deplancke et al., 2016). A: In motif 

dependent manner, genetic variant is directly located in the motif sequence and disrupt TF binding. In motif 

independent scenario, (B-D) local, proximal, and distal variants can all disrupt individual TF and TF-TF complex 

binding.   

TF-binding sites are often in enhancer regions where regulatory variants are also found. TF 

binding affinity on enhancer elements can be altered by genetic variation. A study with two 

genetically diverse mouse strains aimed to demonstrate the effect of variation on enhancer 

function (Heinz et al., 2013). PU.1 and C/EBPα are two pioneering factors in macrophages. 

ChIP-seq of PU.1 and C/EBPα on macrophages found strain-specific binding of both factors 

are highly correlated with polymorphism frequency, indicating genetic variation in enhancers 

can potentially affect TF binding.  

Another important feature of regulatory variants is that they are capable of affecting gene 

transcription in a cell-type specific manner. Accessibility variance, the scenario that variants 

are in the chromatin accessible region of a cell type, is systematically associated with cis- and 

trans-regulatory elements (Buenrostro et al., 2015). Cell type-specific accessibility information 

can be obtained from in vitro study,  but it is not easy to get such data from tissue. Fortunately, 
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recent development on single cell open chromatin assay largely facilitates analysis on 

regulatory control in cell level. 

1.2.2 Quantitative trait locus (QTL) 

Genetic variants can affect gene expression which ultimately lead to phenotypic difference. 

The phenotypic difference is specific manifestation of a feature. Based on the how diverse the  

phenotypic difference is, traits can be qualitative or quantitative. Qualitative traits only have a 

few distinct phenotypes and are usually controlled by few genes. On the contrary, quantitative 

traits can have a wide range of phenotypes (Pierce B.A., 2017). Quantitative traits are polygenic, 

meaning they are influenced by many genetic variants and each of them has a relative small 

effect on phenotype. It is not feasible to identify regulatory variation or genes for quantitative 

traits using traditional molecular techniques, as quantitative traits are not simple single-gene 

case but rather under control of numerous factors from genetics and environment. 

Instead of directly searching for regulatory variants or genes, we can look for genomic blocks 

affecting quantitative traits. Quantitative trait locus (QTL) is a section of DNA that correlates 

with variation of a quantitative trait. QTL is mapped with genetic markers (SNPs or 

microsatellites) to identify which genetic markers correlate with trait of interest. The idea 

behind QTL mapping is if a marker is always correlated with a quantitative phenotype, the 

QTL with the correlated marker contains genes affecting the specific phenotype. Taking QTL 

mapping on inbred mice as an example, the analysis needs two types of input: the phenotype 

measurement on progenies from inbred parental lines, and the genetic markers (Silver LM, 

1995). Genetic markers are optimal for genotyping and used to distinguishing between parental 

animals. There are many mouse panels available for QTL mapping. Usually homologous 

inbred mice are crossed to get F1 progeny, which later is intercrossed or backcrossed to have 

F2 generation. The phenotypes of interest and the genetic markers are both measured on F2 

cohort. Statistics methods like linear mixed model can be applied to find markers correlating 

with the observed trait (Silver LM, 1995).  

QTL mapping has a wide range of applications on identifying genomic regions correlating with 

phenotypes in different species, including plants, domestic animals, and humans. Depending 

on the biological relevance QTL mapping is related to, QTLs can further classified according 

to the phenotypes studied: expression QTL (eQTL) finding genetic variants explaining 

difference in gene expression (Nica and Dermitzakis, 2013), methylation QTL (meQTL) 
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identifying differential methylation (Huan et al., 2019), or histone QTL (hQTL) related to 

variants causing imbalance in histone modification (Pelikan et al., 2018). 

1.3 Mouse strains as a model organism to study human complex traits 

Mice and humans are very different in appearance, but they do share many common 

characteristics. They are both mammals, so a lot of physiological similarities are observed: 

mice and humans both develop from a single fertilized oocyte which gives rise to a variety of 

organs: heart, brain, lungs, kidneys, etc. They also have similar circulatory, reproductive, 

digestive, hormonal and nervous system. At the molecular level, almost all genes in mice have 

a homolog in human, indicating that mice inherit traits in the same way as humans do (Zhu et 

al., 2019). Mice and humans are both diploid animals, meaning two copies of chromosomes 

from parental and maternal parents respectively are present in nuclei. Because of similarities 

on both physiology and genetics, mice have been used as a model system to study human 

phenotypes for more than 100 years. With the rich research on mouse population, a lot of 

specific mouse models have been established, dedicated to studies on a wide range of disease 

phenotypes or inheritable complex traits. 

Except for similarities on physiology and genetics, there are several other advantages to use 

mice as a model system to study human complex traits. The life span of mice is relatively short, 

2 years for laboratory mice and shorter for wild mice. So it is beneficial to study chronic 

diseases like diabetes and aging on mouse model (Silver LM, 1995). Moreover, mice are small 

and easy to reproduce. They are economically to maintain in large quantity in animal facility.  

1.3.1 Genetic variation of complex traits 

Complex traits are prevalent in organisms. Understanding the genetic background of complex 

traits is intricate but necessary as such information can help to decipher disease phenotypes.  

Alleles are different copies of genes found in a population. Haplotype is a specific set of linked 

genetic variants or alleles on a single chromosome or part of a chromosome. Individuals with 

diverse haplotype composition exhibit a variety of phenotypic difference (Visscher et al., 2017). 

One of the main questions in genetics is how genetic variation contributes to phenotypes (Boyle 

et al., 2017). There was a fierce debate between Mendelians and biometricians in early 1900s. 

Mendelians were followers of Mendel's theory of heredity and focused on discrete, 

monogenetic traits, while biometricians were interested in phenotypes with a continuous spread. 
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Biometricians found out some phenotypes such as human height and weight had a normal 

distribution in the population and cannot be simply explained by Mendelian genetics. This 

debate was later resolved by RA Fisher describing the famous infinitesimal model: if there are 

many genes affecting a trait, sampling in a population with enough replicates can bring a 

normal distributed phenotype. The more genes are involved, the lower degree of contribution 

each of them bears. The model has been used to quantify the inheritance of quantitative traits 

and had a huge impact on plant and animal breeding. It describes inheritance as the sum of 

genetic factors and non-genetic (environmental) factors. 

However, though the genetic variation of complex traits can be quantified by infinitesimal 

model, how many genes would actually be important for driving complex traits is still unclear. 

To answer this question, many GWAS studies have been conducted to elucidate associated 

variants to specific phenotypes. At least two surprising phenomena are observed from the 

GWAS studies. Many contributed SNPs bear small effect sizes, and even the most significant 

hits can only account for a modest fraction of the predicted inheritance. This phenomenon is 

referred as the mystery of missing heritability. One contribution to the missing heritability of 

complex traits is likely variants which are well below the genome-wide statistical significance. 

Then how many variants can potentially contribute to the missing heritability? In human height, 

counting causal SNPs and nearby SNPs in linkage disequilibrium (non-random association 

between alleles in a haplotype), 62% of all common SNPs can have a non-zero effect (Barton 

et al., 2017). As the inheritance is proportional to the physical length of chromosome (Shi et 

al., 2016b), the associated variants tend to be normally distributed across the genome. Though 

the distribution of causal variants is anticipated to be even, the second surprising observation 

from GWAS is that phenotype-related variants are more likely to be found in non-coding 

regions where are enriched for regulatory elements such as promoters and enhancers. This is 

likely due to the fact that regulatory variants can affect chromatin activity, which further cis or 

trans-regulate gene expression via interconnected regulatory networks. This brings us to 

another question: whether the enrichment of genetic signals is restricted to relevant cell types 

or broadly. Because only a fraction of GWAS hits in regulatory regions can be explained by 

eQTL, it is likely that associated SNPs can affect gene expression in a cell-type specific manner. 

Intuitively, phenotype-associated variants are expected to be enriched in key genes and 

regulatory pathways that drive the phenotypes. However, the fact that GWAS hits can only 

explain a small fraction of phenotypic variance of complex traits suggests an alternative model 
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taking variants with weak effect into consideration. The cell type-unique disease-associated 

SNPs and broadly active SNPs do not show difference in contribution to heritability (Barton et 

al., 2017). This suggests, though genetic variants are enriched in regulatory regions and affect 

cell type specific gene expression, the inheritance of complex traits does not behave in the 

similar manner. 

Recently, an "omnigenic" model is proposed to explain trait heritability by considering cis- 

effect from core genes and trans-regulatory effect from peripheral genes (Barton et al., 2017; 

Liu et al., 2019). Core genes are genes that directly affect phenotypic outcomes, and peripheral 

genes have impact on phenotypes by affecting core genes. Variants with modest effect size can 

affect the expression of core genes, while the ones with minor effect size influence peripheral 

genes which affect core genes indirectly through inter-connected regulatory networks like gene 

regulatory networks or protein-protein interaction networks. Because the number of common 

variants contributing to a complex trait is largely outpaced the number of key variants, the sum 

of small effects across peripheral genes could be dominant in phenotypic variance. 

GWAS studies cannot identify common variants with small effect size as they are not able to 

survive from the stringent genome-wide significance cutoff considering the sample size 

available at the moment. Instead, QTL analysis with mouse strains is an alternative approach 

to identify genomic regions associated with trait of interest. 

1.3.2 Mouse strains as a model organism  

1.3.2.1 Inbred mouse strains 

An inbred strain is a population of animals derived from more than twenty generations of 

brother-sister mating. All members of the strain result from a single breeding pair of individuals 

in the twentieth or a later generation. The resulting animals are basically clones of each other 

in the genetic level with less than 2% genetic variability. On average, at least 98.6% of the loci 

in each inbred mouse are homozygous (Beck et al., 2000). They have many unique 

characteristics comparing to wild type mice. Inbred animals are isogenic and homozygous, 

meaning they are genetically identical. This has direct impact on the resulting phenotypes: 

animals in some inbred strains are phenotypically uniform, but the ones from different inbred 

strains are distinct from each other and can be identifiable by their genetic profiles (Silver LM, 

1995). These features of inbred strains eliminate genetic variability and thus ensure 
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reproducibility of research experiments. As inbred strains are almost genetically identical, any 

outcome observed after treatment, no matter a chemical carcinogen or environmental hazard 

or drug administration, is a result from the experiment itself. This greatly reduces the number 

of animals needed to recognize an effect and restricts the confounding influence from unknown 

factors. If all animals in a study are genetically different, it is difficult to differentiate outcome 

caused by an experiment from the ones by genetic difference among individuals. 

Up to date, there are more than 450 inbred mouse strains available. Many of them have been 

bred for more than 150 generations. For instance, C57BL/6J reached its 226th generation in 

2010 according to the Jackson Laboratory (Casellas, 2011). The first inbred strain, DBA 

(named after three coat colors: Dilute, D; Brown, B; non-agouti, A), was developed by Little 

in 1909 (Silver LM, 1995). Subsequently, more inbred strains were generated in the next 

decades, including C57BL/6, C3H, A/J, and BALB/C. Some phenotypes from the inbred 

strains are very stable across time. Comparing experiments on ethanol preference and 

locomotor activity from now and from 30 - 50 years ago showed that strain differences have 

been highly stable during this time (Wahlsten et al., 2006). 

Inbred mouse strains have revolutionized our understanding of gene functions. Scientists have 

been using inbred mouse strains to create transgenic mice to study genes of interest. Transgenic 

mice are group of animals with manipulation on genomes by introducing exotic genetic 

material into genome. In addition, knock-out mouse model with specific gene expression 

missing can be created by replacing or disrupting target gene sequence with an artificial piece 

of DNA. By comparing knock-out mouse model with wildtype animals, scientists can learn 

about the gene function. Observing the characteristics of genetic engineered mice gives us 

information that can be used to understand how a similar gene many cause or contribute to a 

disease phenotype in humans (Perlman, 2016). 

Embryonic stem cells (ESCs) from early-stage mouse embryos (4 days after fertilization) is the 

starting material to create transgenic model because it can give rise to all adult cells and subject 

to long-term storage. There are two methods available to insert artificial DNA into mouse 

chromosome. The first method takes usage of the homologous recombination (Capecchi, 1989). 

The arms, upstream and downstream of the foreign DNA, are homologous to the flanking 

regions of target sequence. Based on homologous recombination, the artificial DNA will swap 

with the target gene sequence, thus disrupting the gene function. The second method is gene 
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trapping (Cobellis et al., 2005). Instead of targeting a specific genome sequence, gene trapping 

endorses random insertion which is designed to target cell's DNA splicing machinery or mRNA 

degradation. With manipulation on mRNA, some advanced mouse models are created to have 

a cell-type-specific or even inducible manner. Cre/loxP-mediated recombination system 

involves a site-specific recombinase Cre and two loxP sites flanking a piece of DNA. Cre 

efficiently excises DNA sequences located between two loxP sites in the same orientation, 

leaving one loxP site on the DNA (Walrath et al., 2010). Thus, the system can be used to 

generate specific genome alterations on genes that are developmentally lethal. For example, 

glial cells-derived neurotrophic factor (GDNF) promotes survival of dopaminergic neurons and 

has been a therapeutic target for the Parkinson's disease, but its dosage-dependent effect is not 

clear due to lack of study system. Mouse models with GDNF hyper-expression was generated 

by two LoxP sites flanking the 3'UTR region of GDNF, thus disrupting GDNF's mRNA 

degradation and resulting in over expression of GDNF, leading to the novel discovery of GDNF 

dosage on brain and kidney development (Li et al., 2019a). 

Some inbred mouse strains have phenotypes that are specifically beneficial for producing 

transgenic animals. The FVB mice have big pronuclei, which makes the microinjection of DNA 

into the fertilized egg easier. ESCs from 129/Svj have a high successful rate on germline 

transmission (Beck et al., 2000). Because different mouse models have different characteristics 

suitable for the research purpose, it is likely that the ESCs with mutation is transferred into a 

receiver with another genetic background. What if the transgene is in 129/Svj ESCs but inbred 

mice in C57BL/6J is optimal? To bypass the mixed background problem, the congenic mice 

can be created by backcrossing the F1 chimera with one of the parental strains for more than 

10 generations. 

However, in reality, many transgenic mouse models are maintained in two or more 

backgrounds. This is because some mutations are lethal to animals in single background. For 

example, Tgfβ1 germline knock-out is maintained on 129/Svj and CF-1 mixed background to 

prevent the loss of the autoimmune phenotype. If Tgfβ1 is aborted on 129/SvJ or C57Bl/6J 

alone, the animals simply would not be able to survive (Kallapur et al., 1999). Therefore, the 

phenotypic variability in penetrance is mainly due to knock-out allele being present on a mixed 

background. Though congenic mice are thought to be identical to the parental strain after more 

than 10 generations backcrossing, the flanking-gene problem could compromise the estimated 

"pure" background (Ridgway et al., 2007; Smithies and Maeda, 1995): if the trait-modifying 
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genes flank the targeted gene, it is hard to know whether the phenotype is due to the targeted 

candidate gene, the flanked genes from another background, or a complex interaction between 

the two. Nonetheless, these caveats do not invalidate the usefulness of transgenic mouse models, 

but rather considerations researchers should be aware of when designing experiments. 

Many inbred mouse strains are available and selection of the ideal ones for experiments could 

be exhausting. However, understanding the phenotypic differences of a trait across mouse 

strains is paramount but necessary. For example, studies on immune response to a pathogen 

should not be started with a strain with high innate immune response. Therefore, a lot of studies 

focused on characterizing phenotypic differences between inbred mouse strains on baseline on 

topics ranging from neuroscience, metabolic to infectious studies. C57BL/6J and A/J are two 

commonly used mouse strains to study neurodegenerative diseases. They have been 

consistently reported to differ in behavioral and physiological processes. Studies have reported 

that A/J is more prone to behave anxiously and less social comparing to other strains (Moy et 

al., 2007). A/J is also known to have lower motor activity comparing to C57BL/6J (Thifault et 

al., 2002).  

It is possible to trace back to the genetic culprit underlying the phenotypic difference between 

inbred strains, as they have limited genetic and environmental variability that is valuable for 

disentangling gene–phenotype interactions. For instance, the amygdala is an almond-shape 

cluster of neurons and plays a key role in the processing of emotions. Stress can increase 

excitatory neurotransmission of amygdala in DBA/2J but not C57BL/6J. Differential gene 

expression of amygdala between DBA/2J and C57BL/6J under stress found out glutamate 

receptors NMDA NR1 (Grin1) was altered, and the null mutant of Grin1 was sufficient to 

produce a DBA/2J-like phenotype, suggesting a causal relationship between Grin1 and stress 

(Mozhui et al., 2010).  

Another important factor worth noting is that there are many genetic variants between inbred 

mouse strains, and they can lead to surprising variation on phenotypes. GABA type-A receptors 

on GABAergic neurons are responsible for fast inhibitory neurotransmission. Receptors with 

A2 subunit (GABRA2) are abundantly expressed in many brain regions, including frontal 

cortex, amygdala, dorsal striatum and nucleus accumbens, where are important for emotion 

behaviors like anxiety and fear. C57BL/6J has a single mutation upstream of  Gabra2 which 

reduces Gabra2 expression dramatically comparing to other strains, and correction of the 
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sequence carried out by CRISPR-Cas9 in C57BL/6J restored Gabra2 expression (Mulligan et 

al., 2019). 

Advance in genome sequencing allows researchers to access complete sequence to multiple 

inbred strains, which are available on the Mouse Genome Project (Keane et al., 2011; Yalcin 

et al., 2011) and Mouse Genome Database (Bult et al., 2019). With the rich information on 

inbred mice genomes, studies with murine genomes can reach an unprecedented and finer scale. 

1.3.2.2 Using recombinant inbred strains to map QTLs 

Scientists have been using inbred mouse strains not only to study the function of individual 

genes, but also to understand the genetic background of complex traits. Recombinant inbred 

(RI) strains are a collection of animals that carry random recombination produced from a 

specific breeding scheme (Silver LM, 1995). The recombination events between homologous 

chromosomes of a set of RI strains are preserved, and this is the key of RI strains. Initially, the 

RI strains were developed to map novel loci on mouse genome. With the development of 

genotyping techniques on genetic markers, the application of RI strains has been expanded 

from gene mapping to understand the function of a novel locus to QTL mapping searching for 

genes associated with quantitative traits (Zou et al., 2005). 

Breeding of RI strains begins with an outcross between two well-established inbred strains, 

such as C57BL/6J and DBA/2J, which are considered as progenitor strains. The progenitor 

strains produce F1 progeny which are hybrid and genetically identical. The F1 animals are bred 

to each other to produce F2 animals. The F2 animals are no longer identical because of the 

recombination events and the segregation of progenitor alleles from the heterozygous F1 

parents. Each F2 animal has a unique set of loci in which some of them are heterozygous or 

are identical to the progenitor strains. Some F2 animals are then chosen for brother-sister 

mating for more than 20 generations to produce new inbred strains. BXD strains, the set of RI 

strains developed from C57BL/6J and DBA/2J, have 150 inbred strains segregating for over 6 

million variants up to date (Ashbrook et al., 2019). Many studies have been using BXD strains 

to map QTLs of bacterial infection susceptibility (Abdeltawab et al., 2008), auto-immune 

disease (Alberts et al., 2011), ethanol response , and neuroanatomical traits (Lu et al., 2008). 

There are several other RI strains available such as AXB/BXA from C57BL/6J and A/J, CXB 

from BALB/c x C57BL/6J, or chromosome substitution mice with a full chromosome from 
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one of the progenitor strains. Using RI strains to map QTLs of quantitative traits lies in the 

following idea: a nonrandom association between genetic markers and phenotypes of 

quantitative traits suggest that one or more genes that contribute to the quantitative traits are 

closely linked to genetic markers (Silver LM, 1995). The genetic markers, such as 

microsatellites or SNPs, are sets of loci used to differentiate individuals. Because alleles which 

are physically closely located tend to be segregated together, each genetic marker could be a 

representative of a genomic sequence with linked alleles. The whole genome can be covered if 

enough genetic markers are genotyped. Quantitative traits always have genetic sources; 

therefore, a trait of interest is measured in a group of animals, one would expect a high 

association between the genetic marker with contributed gene(s) nearby. That brings us to the 

advantages of RI strains: (1) Because each individual animal in a RI strain is identical, we can 

expose the animals to various experimental perturbations and interventions, and measure 

replicates to take use of the mean and standard deviation to have more accurate mapping. (2) 

Unlike the inbred strains, RI strains are genetically diversified, which results in different levels 

of penetrance and expressivity of a trait. If inbred strain A has 20% penetrance and inbred strain 

B has 80% penetrance, the offspring of strain A and strain B would not give information on 

which allele(s) predisposes the level of penetrance (Silver LM, 1995). (3) RI strains are 

maintained in a defined environment, which minimizes the influence of environmental factors 

on phenotypic differences. 

RI strains has been widely used in many research fields to search for genes contributing to traits 

of interest thanks to their unique characteristics to QTL mapping. However, traditional RI 

mouse panels are not optimal for QTL mapping on complex traits. The level of variability on 

their genomes is limited because often only two progenitor strains are involved. The breeding 

history of these mice is complex and sometimes uncertain, leading to unknown confounding 

factors on their genetics, which prevents inference of causation (The Complex Trait 

Consortium et al., 2004). Therefore, a new mouse panel was proposed by Complex Trait 

Consortium specifically dedicated to complex trait analysis, namely the Collaborative Cross 

(CC) mouse panel (Figure 8).  
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Figure 8: Schematic representation of CC mice breeding with one representative chromosome (Mathes et al., 

2011). The breeding starts from eight parental strains.  Intercross is carried out with independent breeding funnel 

to maximize recombination events and break linkage disequilibrium blocks. 

CC mice are developed from eight progenitor strains: A/J, C57BL/6J, 129S1/SvImJ, NOD/LtJ, 

NZO/HiLtJ, CAST/Ei, PWK/PhJ, and WSB/EiJ. CAST/Ei, PWK/PhJ, and WSB/EiJ are wild-

derived strains, so they introduce a large level of variation into CC genomes. For example, 

common inbred strains and C57BL/6J are usually segregated by 4 million SNPs, while 

PWK/PhJ differs with CAST/Ei by 14 million or with WSB/EiJ by 6 million, respectively. 

With introduction of three wild-derived strains into the panel, novel QTLs reflecting contrasts 

with wild-derived strains can be detected (Abu Toamih Atamni and Iraqi, 2018). The breeding 

scheme of CC panel is well-defined to control randomization to minimize and disperse large 

LD blocks. Thus, CC mice manage to capture abundant genetic diversity, with the presence of 

segregating polymorphisms every 100 - 200 bp. This is enough to drive phenotypic diversity 

in almost any complex trait of interest (Keele et al., 2019). There are 70 CC strains available 

up to date  with readily available genetic markers. It has been estimated that one can achieve a 

QTL mapping with a resolution of about 1 Mb with 70 lines (Abu Toamih Atamni and Iraqi, 

2018). Moreover, candidate genes within the significant QTL interval can be refined by 

incorporating variation data from CC progenitor strains available from the Sanger Mouse 
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Genomes Project (Keane et al., 2011). For example, attention can be restricted to  variants who 

behave the same between progenitor strains and the QTL hit. 

Deciding how many CC lines and replicates required to conduct an experiment is extremely 

important for QTL mapping power. With 30 CC strains and each strain with 5 replicates, one 

can achieve mapping power more than 80% on QTLs with big effect sizes (> 0.444) (Keele et 

al., 2019). A study with 31 CC lines to perform genome-wide haplotype mapping on trabecular 

traits yielded six QTLs at 1 % false discovery rate (FDR) and many genes within the significant 

genomic interval have been shown to associate with bone biology (Levy et al., 2015). 

1.4 Dopaminergic circuits and related pathologies 

1.4.1 Dopaminergic neurons and related pathways 

One of the most intriguing neuroanatomical circuit in mammalian is the nigro-striatal circuit. 

It is in the central position of neuroscience research because of its relevance to disease. In 

addition, its inherent complexity makes the nigro-striatal circuit a well suited object to identify 

novel genetic regulators of dopaminergic neuron’s (DAn) function and integrity.  

In the nervous system, dopaminergic neurons (DAn) are essential to voluntary movement and 

behavioral processes like mood, reward, addition and stress. The integrity of DAn and its 

related pathways is of essential biological relevance and has been in the center of study on 

neurological diseases.  

DAns in the nervous system are mainly located in midbrain (mDAns). There are three 

dopaminergic circuits in the ventral midbrain based on their locations and related functions. 

The most well-known dopaminergic system is the nigrostriatal circuit. The cell bodies of DAns 

are in the zona compacta of substantia nigra (SN), but their fibers innervate the caudate 

putamen which is also called dorsal striatum. DAns in SN accounting for 3-5 % of total SN 

neurons are often referred to as A9 group (Chinta and Andersen, 2005). The main function of 

nigrostriatal circuit is to control the voluntary motor movement. The other two dopaminergic 

systems overlap with each other in function and location to certain extent. The mesolimbic 

circuit and the mesocortical circuit both have DAn cell bodies in the ventral tegmental area 

(VTA) locating close to SN, but their neuronal fibers project to different brain regions. The 

mesolimbic circuit mainly innervate to nucleus accumbens, amygdala and hippocampus, while 
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DAns in the mesocortical circuit is projecting to the cortex. Therefore, these two systems are 

often collectively called mesocorticolimbic circuit with function linking to emotion-based 

behavior (Wise, 2004). DAns in VTA are often referred to as A10 group.  

The importance of DAn lies in the neurotransmitter, dopamine, which is of pivotal biological 

relevance on a variety of systems. Except for the motor function and the emotion-based 

behavior as mentioned before in the brain, dopamine participates in the regulation of peripheral 

systems like the immune system, the kidney and the pancreas (Armando et al., 2011). The 

synthesis of dopamine begins with an amino acid tyrosine being taken up into brain from liver. 

Tyrosine hydroxylase (TH) can add a hydroxyl group to tyrosine to produce levodopa (L-

DOPA), which is decarboxylated by DOPA decarboxylase to have mature dopamine in the 

cytoplasm of neurons (Musacchio, 1975).  

The way dopamine sends out its signal is by binding to the cell surface receptors in the post-

synaptic neurons. The main sensory system on the membrane of post-synaptic neuron is the 

dopamine receptor. Dopamine receptors are G protein-coupled receptors with 5 types, D1 to 

D5. They can be further divided into 2 groups: D1-like receptors include D1 and D5, and D2-

like receptors include D2-D4 (Chinta and Andersen, 2005). D1-like receptors can induce both 

excitation and inhibition, depending on the opening of different ion channels like sodium 

channels or potassium channels. D2-like receptors usually induce inhibition of the target 

neurons. The most abundant types of dopamine receptors in the nervous system are D1 and D2 

(Romanelli et al., 2010). Upon synthesis, dopamine in the cytosol is stored in synaptic vesicles 

by the vesicular monoamine transporter (VMAT) before ejected to synaptic cleft (Eiden et al., 

2004). Once dopamine is released into synaptic cleft, it binds to the dopamine receptors on the 

membrane of post-synaptic neurons to trigger action potential. The extracellular dopamine can 

be retaken back by dopamine transporter (DAT) or plasma membrane monoamine transporter 

(PMAT). When dopamine is transported back to the neuron, it is either broken down by 

monoamine oxidase (MAO), or repackaged by VMAT for release. Therefore, DAn is a cell 

group having different anatomical positions and projections with distinct cellular functions.  

How do DAns emerge from the embryonic development? During gastrulation, cells migrate 

from posterior to anterior alongside with the establishment of three germ layers (mesoderm, 

endoderm and ectoderm). Neuronal tube is established in the rostral end of the embryo, 

directing the formation of two important signaling centers: the isthmic organizer (IsO) defining 
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midbrain-hindbrain boundary (MHB), and the floor plate important for the ventral identity of 

a body. In the mouse model starting from E7.5, progenitors for different brain regions are 

specified by distinct TFs, with Otx2 in midbrain and Gbx2 in hindbrain. The patterning of MHB 

relies on the expression control of two morphogens from Otx2 and Gbx2: Wnt1 in the midbrain 

and Fgf8 in the hindbrain. Interestingly, it is Fgf8 required for the anterior-posterior patterning 

of MHB by establishing a concentration gradient (Basson et al., 2008), with cells in high 

concentration of FGF8 being committed to hindbrain and the ones receiving low concentration 

developing to midbrain. On the other hand, the dorsal-ventral patterning in floor plate depends 

on the morphogen SHH. Shh can induce the expression of Foxa2 at E8 which gives the regional 

identity of ventral midbrain on floor plate for the specification and proliferation of mDA 

progenitors, mDA neurogenesis, and differentiation and survival of mDAns.  

All mDAns are derived from a common population of neural progenitor cells (NPC) in the 

ventral midbrain. Shh, Fgf8, and Wnt family members together regulate the expression of 

several TFs like Lmx1a/b, Otx2, Foxa1/2 in mDA NPCs, which later exits cell cycle and 

migrate to form SN or VTA.  Misregulation of DAn specific TFs can cause severe defects. 

Pitx3, strictly expressed in mDAn in embryonic and adult brain, can be induced by Wnt1 at 

E11.5. Its expression timing is overlapping with the induction of Th (Smidt et al., 1997). 

Mutation in Pitx3 in aphakia mouse model leads to DAn selective degeneration (Smidt et al., 

2004). In addition, expression of Foxa1/2 and Otx2 in mDAn progenitors is required for the 

induction of Lmx1a/b. Limx1a, specifically expressing in DAn NPC, is important for DAn 

specification (Andersson et al., 2006). On the other hand, Limx1b is required for neuronal 

differentiation. It has been shown that though Limx1b did not affect the expression of Th or 

Nurr1, its ablation failed to induce the expression of Pitx3, resulting in the loss of TH-positive 

neurons during embryonic maturation (Smidt et al., 2000). Moreover, Nurr1 is another TF 

generally expressed in mDAn. It is required for the differentiation of post-mitotic mDAn and 

controlling the expression of genes associated with the synthesis and uptake of dopamine, like 

Th, Dat, Vmat2 (Chinta and Andersen, 2005). Taking together, the development of mDAn is 

highly complex with sophisticated spatiotemporal control of several TFs. 

As there are different groups of mDAns like A9 in SN and A10 in VTA, how does neuronal 

progenitors commit to anatomically similar cells with distinct innervation? The answer lies in 

the interplay between Sox6 and Otx2 (Panman et al., 2014). The expression pattern of Sox6 and 

Otx2 can distinguish DAn NPC populations, with Sox6 localized in progenitors migrating to 
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SN and Otx2 in cells going to VTA, suggesting the commitment of subpopulation already 

happens at the stage of NPC.  

Intrinsic regulation of TFs expression is undoubtedly important for DAns to maintain its 

integrity. In addition, many other factors can also exert their effects from different aspects. For 

example, the extracellular matrix (ECM) is astonishing abundant in the developing and adult 

nervous system. ECM can provide a microenvironment to modulate cell behavior. Removal of 

basal lamina, a main component of ECM, leads to detachment of radial glial cells (RGC) fibers 

and affect its survival (Radakovits et al., 2009). Considering RGCs are the precursors for many 

brain cells and even DAn precursors show radial glial characteristics (Hebsgaard et al., 2009), 

intuitively, ECM can potentially modulate neuronal differentiation during development. In fact, 

a study in Zebra fish model found that type IV collagen controls axogenesis by regulating the 

integrity of basement membrane (Takeuchi et al., 2015), reinstating the importance of 

macroenvironment for neurogenesis.  

1.4.2 Similarities of dopaminergic circuits between human and mouse 

Human and mouse are both mammals, so they share a lot of similarities in terms of genetics 

and physiology. This similarity is also present in dopaminergic circuits. Human and mouse 

both have the three dopaminergic circuits. The nigrostriatal circuit, ranging from SN to dorsal 

striatum, is comparable in both organisms (Figure 9).  

 
 

Figure 9: Schematic representation of sagittal view of rodent and human brains (Cova and Armentero, 2011). The 

nigrostriatal pathway is shown on both, with black dots connecting SN to Str via mfb. Str: striatum; SVZ: 

subventricular zone; mfb: median forbrain bundle; SNc: substantia nigra pars compacta; VTA: ventral tegmental 

area. 
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The number of mDAns are quite diverse in animals probably due to different sizes of brains. 

It’s been estimated that there are 45 000 DAn in rats and 165 000 in macaque monkey (Chinta 

and Andersen, 2005). The number of mDAn gradually decreases over time in human, with 590 

000 at the age of 40 and down to 350 000 at the age of 60 (German and Manaye, 1993). 

However, such decrease is not observed in rodents probably due to their short life span.  

1.4.3 Related pathologies and their genetic backgrounds 

DAn is involved in many neuronal pathologies due to their involvement in a wide range of 

biological functions. One of the most studied neuronal pathology related to DAn is Parkinson’s 

disease (PD). PD is the second-most common neurodegenerative disorder affecting 2-3% of 

the population more than 65 years of age (Poewe et al., 2017). This disorder was first described 

clinically by the British physician James Parkinson in 1817 (Arenas et al., 2015). 

Neurodegeneration of DAns in SN causing striatal dopamine deficiency and intracellular 

aggregation of α-synuclein are the two hallmarks of PD.  Patients with PD experience a series 

of motor dysfunctions such as bradykinesia (slow movement), rigidity and tremor, and non-

motor symptoms like hyposmia (loss of smell), rapid eye movement sleep behavior disorder, 

depression and constipation (Schapira et al., 2017).  

Scientists have dedicated tremendous effort to understand the etiology and progression of PD. 

PD can be contributed by environmental factors and genetic factors. In terms of genetics, as 

there are many TFs required to guard the proper neurogenesis of mDAn, misregulation of such 

factors can cause defects on mDAn and ultimately contribute to the progression of PD. Two 

mutations in the first exon of Nurr1 are associated with familial PD (Le et al., 2003). Pitx3 is 

essential in DAn differentiation and maintenance. Two polymorphisms located in the first 

intron of Pitx3 are shown to associated with the sporadic form of PD (Bergman et al., 2010). 

Many other mutations can potentially predispose disease risk in human population. Around 5 

to 10% PD cases are caused by monogenic mutation which is often found in familial PD. For 

example, PRKN (Parkin), PINK1 (PTEN induced kinase 1), and DJ-1 (PARK7) are associated 

with early onset autosomal recessive PD, whereas autosomal dominant PD cases are often 

linked to mutations on SNCA (α-synuclein), LRRK2 (leucine rich repeat kinase 2), and VPS35 

(vacuolar protein sorting associated protein 35) (Ohnmacht et al., 2020). However, the majority 

of PD cases are sporadic with unclear etiology.  
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PD patients often show a wide range of phenotypes in terms of age of onset (Pagano et al., 

2016), disease progression (Parashos et al., 2014), and response to clinical treatment (Poewe 

et al., 2017). Such diverse phenotypic observation suggests PD is a complex disease with a 

biological association to the integrity of DAn in nigrostriatal circuit. GWAS studies have 

identified 90 variants which are estimated to explain 16-36% of the heritable risk of PD (Nalls 

et al., 2019), suggesting the missing heritability of PD is still up for discovering. Taking all 

these together, studies to better understand the genetic aspect of the degeneration of DAns is 

in high demand, especially on disentangling potential contribution from different cell types. 

For example, one study identified that microglia with Braf gene mutation can lead to late-onset 

neurodegeneration (Mass et al., 2017). In addition, PD patients develop motor symptoms and 

many other systems that are not related to DAn, suggesting multiple cell types are affected 

during the disease progress. The recent advance on single cell RNA-seq largely improve the 

readout resolution comparing to traditional bulk RNA-seq. Single cell RNA-seq on SN and 

cortical tissue from PD patients uncovered oligodendrocyte gene expression is associating with 

PD risk (Agarwal et al., 2020), prompting further studies to link more SN cell type expression 

profiles to specific disease risk.  

In addition to PD, there are other neuronal diseases associated with aberrant level of dopamine. 

Schizophrenia is a severe mental disorder linked to mesocorticolimbic dopamine circuit. It has 

been characterized that schizophrenia patients have hyperactive dopamine in the mesolimbic 

area and hypoactive dopamine in the prefrontal cortex (Facchinello et al., 2017), suggesting 

dopamine level is critically linked to schizophrenia. The responsible factors and the underlying 

mechanism of schizophrenia have been studied extensively in animal models. In a rat model of  

schizophrenia, dopamine in nucleus accumbens was found to associate with many receptors 

like GABA(A) receptors (Rung et al., 2005). Modulation on GABA(A) receptors can decrease 

cognitive deficits in rats. Recent studies also found Wnt signaling pathway might play a role 

in schizophrenia. Comparing the expression of Wnt-related genes in blood samples between 

patients and control, Wnt signaling pathway is aberrantly regulated, suggesting its involvement 

in disease mechanism (Hoseth et al., 2018). Taken together, the homeostasis of dopamine is 

essential to maintain at certain level to avoid disease risks .  
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2. Aim of the study 

Inbred mouse strains have substantial phenotypic differences in motor functions and behaviors, 

the complex traits of which closely link to ventral midbrain. Such phenotypic differences are 

likely resulted from gene expression changes in the same brain region. Understanding the 

genetic variation in ventral midbrain can help to apprehend the full genetic makeup about its 

disease associated phenotypes such as Parkinson’s disease or schizophrenia. 

Therefore, we aimed at identifying genetic variants behind the gene expression changes in 

ventral midbrain from the view of cis and trans-regulatory effects by using genetically diverse 

inbred mouse strains.  

Because TFs can exert trans-regulatory effect on thousands of genes, we searched for 

differential expressed genes coding for TFs by comparing midbrain transcriptomes from 

C57BL/6J, A/J and DBA/2J. Such TFs could be candidates with trans effect to regulate 

midbrain transcriptome. 

Ventral midbrain contains many types of cells. To dissect cell type-specific regulatory variants, 

we planned to generate single nuclei chromatin accessibility profiles along with tissue-level 

H3K27ac ChIP-seq assay on ventral midbrains of C57BL/6J and A/J. Cell type-specific cis 

variants could be identified by looking at if they located in the TF binding sites in proximity to 

differentially expressed genes. Selective trans acting candidates could come from comparison 

with cell type-specific accessible regions between the two strains.  

Gene expression changes in ventral midbrain could direct phenotypic difference associated 

with this region. Nigrostriatal circuit, bridging from SN in ventral midbrain to dorsal striatum, 

is established by DAns who secret dopamine in dorsal striatum and perish in neurodegenerative 

diseases. To identify phenotypic difference in nigrostriatal circuit associated with ventral 

midbrain, we measured if inbred mouse strains carried different levels of dopamine in dorsal 

striatum, and if so, mouse strain panels could be used to identify QTLs associated with the trait. 

Integration of the aforementioned approaches could pinpoint potential cell type specific cis or 

trans-regulatory variants on ventral midbrain gene expression, leading the way to link these 

variation to phenotypic outcome.   
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3. Materials and methods 

Detailed information about the materials and methods are provided together with each 

manuscript in Results section. Below is a brief summary of experiments and computational 

analysis I performed. 

In “Pituitary Tumor Transforming Gene 1 orchestrates gene regulatory variation in mouse 

ventral midbrain during aging” manuscript, I validated the expression of Pttg1 by RT-PCR, 

developed and optimized the chromatin immunoprecipitation for ChIP-seq and checked RNA 

integrity number for RNA-seq. I also performed computational analysis for the manuscript, 

mainly focusing on RNA-seq, ChIP-seq, PCA, and expression deconvolution. 

In “Single nuclei chromatin profiles of midbrain from genetically distinct mouse strains reveal 

cell identity transcription factors and cell type-specific gene regulatory variation” manuscript, 

I isolated nuclei from frozen ventral midbrain, and performed snATAC-seq library construction 

with Dr. Kamil Grzyb. In addition, I performed chromatin immunoprecipitation for ChIP-seq, 

and optimized library construction for ATAC-seq. I was responsible for computational analysis 

for the manuscript, mainly focusing on snATAC-seq, ATAC-seq, ChIP-seq, GO enrichment 

analysis, and motif enrichment analysis. 

In “Quantitative trait locus mapping identifies Col4a6 as a novel regulator of nigrostriatal 

dopamine level and axonal branching in mice”, I performed computational analysis for the 

manuscript, mainly focusing on QTL mapping with GeneNetwork and permutation to identify 

genome-wide significance threshold. 
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4. Results 

4.1 Manuscript 1 

 

Pituitary Tumor Transforming Gene 1 orchestrates gene regulatory 

variation in mouse ventral midbrain during aging 

 

4.1.1 Preface 

Inbred mouse strains differ substantially in motor function and behavior which are closely 

linked to ventral midbrain. Such phenotypic differences are likely affected by gene expression 

phenotypes in ventral midbrain. To understand the genetic regulators of ventral midbrain 

transcriptome, we generated midbrain-specific transcriptome profiles from 3 inbred mouse 

strains, C57BL/6J, A/J and DBA/2J. Pairwise comparisons between gene expression profiles 

revealed substantial amount of differentially expressed genes, indicating there is phenotypic 

difference of midbrain transcriptome in these three mice. Searching for potential trans-

regulatory effect conducting by TFs found Pttg1 to be of interest, as it was the only TF gene 

altered in all comparisons. Interestingly, removing Pttg1 on C57BL/6J background could cause 

transcriptome shift towards A/J and DBA/2J along aging. Our work revealed ventral midbrain 

transcriptome is a complex trait with substantial difference in inbred mouse strains, where 

Pttg1 behaves as a trans-regulatory variant potentially affecting its expression phenotypes. 

The molecular biology experiments and computational analysis were performed by me, except: 

the animal experiments were performed by Dr. Melanie Thomas; the sequencing was 

performed by Dr. Rashi Halder.  
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4.1.2 Manuscript 
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variation in mouse ventral midbrain during aging 
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Abstract 

Dopaminergic neurons in the midbrain are of particular interest due to their role in diseases 

such as Parkinson’s disease and schizophrenia. Genetic variation between individuals can 

affect the integrity and function of dopaminergic neurons but the DNA variants and molecular 

cascades modulating dopaminergic neurons and other cells types of ventral midbrain remain 

poorly defined. Three genetically diverse inbred mouse strains — C57BL/6J, A/J, and DBA/2J 

— differ significantly in their genomes (~7 million variants), motor and cognitive behavior, 

and susceptibility to neurotoxins. To further dissect the underlying molecular networks 

responsible for these variable phenotypes, we generated RNA-seq and ChIP-seq data from 

ventral midbrains of the 3 mouse strains. We defined 1000–1200 transcripts that are 

differentially expressed among them. These widespread differences may be due to altered 

activity or expression of upstream transcription factors. Interestingly, transcription factors were 

significantly underrepresented among the differentially expressed genes, and only one TF, 

Pttg1, showed significant differences between all three strains. The changes in Pttg1 expression 

were accompanied by consistent alterations in histone H3 lysine 4 trimethylation at Pttg1 

transcription start site. The ventral midbrain transcriptome of three-month-old C57BL/6J 

congenic Pttg1-/- mutants was only modestly altered, but shifted towards that of A/J and 

DBA/2J in nine-month-old mice. Principle component analysis identified the genes underlying 

the transcriptome shift and deconvolution of these bulk RNA-seq changes using midbrain 

single cell RNA-seq data suggested that the changes were occurring in several different cell 

types, including neurons, oligodendrocytes, and astrocytes. Taken together, our results show 

that Pttg1 contributes to gene regulatory variation between mouse strains and influences mouse 

midbrain transcriptome during aging. 
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Introduction 

Two populations of dopaminergic neurons (DAns) in ventral midbrain are of translational 

interest. One group resides in substantia nigra (SN) controlling motor function, while the other 

is in ventral tegmental area (VTA) and associated with cognitive function (Vogt Weisenhorn 

et al., 2016). Many human phenotypes, such as differences in motor learning (Pearson-Fuhrhop 

et al., 2013) or in disease susceptibility to schizophrenia and Parkinson’s disease (PD), are 

linked to DAns and modulated by genetic variation regulating dopaminergic circuits (Gao and 

Hong, 2011; Avramopoulos, 2018). Interestingly, recent work has established that most genetic 

variants associated with human traits and diseases are localized in non-coding genome and 

significantly enriched in cell type-specific gene regulatory regions (Maurano et al., 2012). 

Indeed, it has been suggested that most complex traits are explained by cumulative effects of 

numerous cis- and trans-regulatory variants that individually contributes to relatively small 

phenotypic effects (Liu et al., 2019). In particular, peripheral master regulators such as 

transcription factors (TFs) with tens to hundreds of target genes could be mediating a lot of 

gene regulatory variation through trans-effects while their own expression is altered by local 

cis-variants. 

Mouse and human brains share large similarities in dopaminergic circuits and related gene 

expression, making mouse an ideal model system for neuroscience (Vogt Weisenhorn et al., 

2016; Hodge et al., 2019). Three mouse strains, C57BL/6J, A/J, and DBA/2J, are frequently 

used in biology and show phenotypic differences in their dopaminergic circuits. For example, 

C57BL/6J has the highest motor activity and sensitivity to addiction (Ingram et al., 1981; 

Yoshimoto and Komura, 1987; Jong et al., 2010; Eisener-Dorman et al., 2011; Ziółkowska et 

al., 2012), and its dopamine levels in ventral midbrain are increased compared to the other 

strains (Cabib et al., 2002). Moreover, the strains respond differently to PD toxins such as 

methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), drawing parallels with varied 
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susceptibility to PD in human population (Hamre et al., 1999). Mouse models are also a 

fundamental step to study genetic aspects of the brain, with 90% of mouse genes being identical 

to human genes (Guénet, 2005). Similar to a typical human genome that differs from the 

reference genome by approximately 5 million variants (Auton et al., 2015), these mouse strains 

are collectively segregated by around 7 million variants. These characteristics make the mouse 

an interesting model to study genetic factors and extent of gene regulatory variation in 

connection to ventral midbrain and dopaminergic circuits.  

Here we aimed to elucidate gene regulatory variation underlying the known phenotypic 

differences within mouse midbrains (Ingram et al., 1981; Yoshimoto and Komura, 1987; Jong 

et al., 2010; Eisener-Dorman et al., 2011; Ziółkowska et al., 2012) by using a comparative 

functional genomics approach focusing on transcriptomic and epigenomic analysis of 

C57BL/6J, A/J, and DBA/2J strains. We identify significant differences between midbrains of 

the mouse strains with over 1000 genes showing altered expression levels in each comparison. 

To delineate whether these changes are due to regulatory variation associated with TFs, we 

looked at which TFs have altered expression. Suprisingly, TFs are significantly under-

represented among the altered genes with only Pttg1 (Pituitary Tumor Transforming Gene 1) 

showing significant changes between all three strains. Deletion of Pttg1 alone is not sufficient 

to cause major midbrain gene expression changes in young mice, but does lead to substantial 

transcriptomic shift during aging, resembling the differences distinguishing C57BL/6J from 

A/J and DBA/2J strains. The changes induced by loss of Pttg1 are not limited to any specific 

cell type but instead appear to affect multiple different cell types of the ventral midbrain. Our 

findings implicate Pttg1 in the transcriptomic control of the midbrain during aging, and suggest 

it could contribute to the gene regulatory variation, and possibly also phenotypic variation, 

between mouse strains.  

 



Gui et al.: Regulation of midbrain gene expression variation 

 

 5 

Materials and Methods 

Animals 

All experiments were performed in accordance with the European Communities Council 

Directive 2010/63/EU, approved by appropriate government agencies and respecting the 3 Rs’ 

requirements for Animal Welfare. For the mice bred in the Animal Facility of University of 

Luxembourg, all experiments in mice were performed according to the national guidelines of 

the animal welfare law in Luxembourg (Règlement grand-ducal adopted on January 11th, 

2013). The protocol was reviewed and approved by the Animal Experimentation Ethics 

Committee (AEEC). For the mice bred in Helmholtz Centre for Infection Research 

(Braunschweig, Germany), all experiments were performed according to the national 

guidelines of the animal welfare law in Germany (BGBl. I S. 1206, 1313 and BGBl. I S. 1934). 

The protocol was reviewed and approved by the ‘Niedersächsisches Landesamt für 

Verbraucherschutz und Lebensmittelsicherheit, Oldenburg, Germany’ (Permit Number: 33.9-

42502-05-11A193). Mice were housed on a 12 hours-light/dark cycle and provided food and 

water ad libitum. Three mouse strains, C57BL6/6J, A/J and DBA/2J, were used in this study. 

C57BL/6J and DBA/2J mice were purchased from the provider of Jackson Laboratory in 

Europe (Charles River). Study cohorts were either directly used after a 2-weeks resting period 

to allow for acclimatization and control for potential environmental effects, or were bred in 

house. The A/J breeders were directly purchased from Jackson Laboratory and the study 

cohorts were bred either at the Helmholtz Centre for Infection Research (Braunschweig, 

Germany) or in-house at the Animal Facility of University of Luxembourg (Esch-sur-Alzette, 

Luxembourg). Mice used were within 3-4 generations of breeding cycles. The Pttg1 knock-out 

transgenic line was established at Cedars Sinai Medical Center (Wang et al., 2003) and Pttg1-

/- mice had been backcrossed to C57BL/6J for more than 10 generations. 9- to 13-month old 

Pttg1-/- female mice were bred at the Cedars Sinai Medical Center (Los Angeles, USA. The 
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Pttg1+/- mice were bred in-house to generate a 3 month-old study cohort (Pttg1+/+, Pttg1+/-, and 

Pttg1-/-) and to maintain a colony at the local animal facility. Brain samples from the 9 to 13 

month-old Pttg1-/- mice were collected as described below and 9 month-old strain-matched 

C57BL/6J were used as a control.   

In this study, 12 mice per strain were used at 3 months of age, 4 to 6 mice per strain were used 

at 9 months of age and 5 to 6 mice per group were used for the Pttg1 cohorts. For each cohort 

a comparable number of males and females was used except for aged Pttg1-/- cohort where all 

of the mice were female. At each age group the mice were anesthetized with a ketamine-

medetomidine mix (150 and 1 mg/kg, respectively) and intracardially perfused with PBS 

(phosphate-buffered saline) before extracting the brain. One hemibrain of each mouse was 

dissected for midbrain. The ventral midbrain was dissected as described in Karunakaran et al. 

(Karunakaran et al., 2007). Briefly, one hemibrain was placed ventral side up on a metal plate 

over ice, and the region was removed with Dumont forceps caudally of the hypothalamus and 

thalamus, rostrally of the pons, and ventrally of the Medial Lemniscus, and inferior colliculus. 

These regions were identified visually on the cut medial surface of the hemibrain. The dissected 

midbrain was immediately snap-frozen, stored at -80°C, and used for qPCR, RNA-seq, and 

ChIP-seq analysis as described below. 

 

RT-qPCR  

The RNA expression of genes of interest was measured in the midbrains of C57BL/6J, A/J, 

and DBA/2J. RNA was extracted from the midbrain of each mouse using the RNeasy® Plus 

Universal Mini Kit (Qiagen, Germany). The reverse transcription was performed using 300 ng 

of total RNA mixed with 3.8 μM of oligo(dT)20 (Life Technologies) and 0.8 mM of dNTP 

Mix (Invitrogen). After heating the mixture to 65°C for 5 minutes and an incubation on ice for 
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1 min, a mix of first-strand buffer, 5 mM of DTT (Invitrogen), RNAse OUTTM (Invitrogen) 

and 200 units of SuperScript III reverse transcriptase (200 units/μL, Invitrogen) was added to 

the RNA. The mixture was incubated at 50°C for 60 minutes and then the reaction was 

inactivated by heating at 70°C for 15 minutes. After adding 80 μL of RNAse free water, the 

cDNA is stored at -20°C. 

RT-qPCR was performed to measure the RNA expression of several genes using the Applied 

Biosystems 7500 Fast Real-Time PCR System. Each reaction had 5 L of cDNA, 5 L of 

primer mixture (forward and backward primers) (2 M) and 10 L of the Absolute Blue qPCR 

SYBR Green Low ROX Mix (ThermoFisher Scientific, AB4322B). The conditions of the PCR 

reaction were the following:  95°C for 15 minutes and repeating 40 cycles of 95°C for 15 

seconds, 55°C for 15 seconds and 72°C for 30 seconds. The gene expression level was 

calculated using the 2-(Ct) method. The Ct refers to Ct(target gene) - Ct(housekeeping gene)test – 

(Ct(target gene) - Ct(housekeeping gene))control. Rpl13a and Gapdh were used as the housekeeping 

genes and the sequences of the used primers are provided in the Supplementary Table S1. 

 

RNA-seq 

The RNA sequencing of 6 C57BL/6J and 6 A/J samples from both 3 month-old and 9-month 

old mice was done at the sequencing platform of the Genomics Core Facility in EMBL 

Heidelberg, Germany. The samples were processed by Illumina CBot. The single-end, stranded 

sequencing was applied by the Illumina NextSeq 500 machine with read length of 80 bp.  

The remaining RNA-seq samples were processed at the sequencing platform in the 

Luxembourg Centre for Systems Biomedicine (LCSB) of the University of Luxembourg. The 

RNA quality was determined by Agilent 2100 Bioanalyzer and the concentration was 

quantified by Nanodrop. The TruSeq Stranded mRNA Library Prep kit (Illumina) was used for 
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library preparation with 1 g of RNA as input according to the manufacturer’s instructions. 

The libraries were then adjusted to 4 nM. The single-end, stranded sequencing was applied by 

the Illumina NextSeq 500 machine with read length of 75 bp. 

The raw reads quality was assessed by FastQC (v0.11.5) (Andrews, 2010). Using the 

PALEOMIX pipeline (v1.2.12) (Schubert et al., 2014), AdapterRemoval (v2.1.7) (Lindgreen, 

2012) was used to remove adapters, with a minimum length of the remaining reads set to 25 

bp. The rRNA reads were removed using SortMeRNA (v2.1) (Kopylova et al., 2012). After 

removal of adapters and rRNA reads, the quality of the files was re-assessed by FastQC. The 

mapping was done by STAR (v.2.5.2b) (Dobin et al., 2013). The mouse reference genome, 

GRCm38.p5 (mm10, patch 5), was downloaded from GENCODE. The suit tool Picard 

(v2.10.9) (Adams et al., 2000) validated the BAM files. Raw FASTQ files were deposited in 

ArrayExpress with the accession number E-MTAB-8333.  

The reads were counted using featureCounts from the R package Rsubread (v1.28.1) (Liao et 

al., 2014). The DEGs were called using R package DESeq2 (v1.20.0) (Love et al., 2014). 

RPKM for each gene in each sample was calculated as reads divided by the scale factor and 

the gene length (kb). The scale factor was calculated as library size divided by 1 million.  

 

Chromatin Immunoprecipitation (ChIP) 

ChIP was performed on the dissected mouse midbrain tissue. The fresh tissue was snap frozen 

for at least a week before crosslinking with formaldehyde (Sigma-Aldrich, F8775-25ML) at a 

final concentration of 1.5% in PBS (Lonza, BE17-516F) for 10 minutes at room temperature. 

The formaldehyde was quenched by glycine (Carl Roth, 3908.3) at a final concentration of 125 

mM for 5 minutes at room temperature, followed by centrifugation at 1,300 rpm for 5 minutes 

at 7°C. The fixed tissue was washed twice for 2 minutes with ice-cold PBS plus 1x cOmpleteTM 
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mini Proteinase Inhibitor (PI) Cocktail (Roche, 11846145001). The tissue was minced by the 

Dounce Tissue Grinder (Sigma, D8939-1SET), the lysate of which was centrifuged at 1,300 

rpm for 5 minutes at 7°C. The pellet was suspended in ice-cold Lysis Buffer [5 mM 1,4- 

piperazinediethanesulfonic acid (PIPES) pH8.0 (Carl Roth, 9156.3), 85 mM potassium 

chloride (KCl) (PanReac AppliChem, A2939), 0.5% 4-Nonylphenyl-polyethylene glycol (NP-

40) (Fluka Biochemika, 74385)] with 1xPI, and kept on ice for 30 minutes. The tissue lysate 

was centrifuged 2,500 rpm for 10 minutes at 7°C. The pellet was suspended with ice-cold 

Shearing Buffer [50mM Tris Base pH 8.1, 10 mM ethylenediamine tetraacetic acid (EDTA) 

(Carl Roth, CN06.3), 0.1% sodium odecylsulfate (SDS) (PanReac Applichem, A7249), 0.5% 

sodium deoxycholate (Fluka Biochemika, 30970)] with 1x PI. 

The sonication (Diagenode Bioruptor Pico Sonication System with minichiller 3000) was 

used to shear the chromatin with program 30 seconds on, 30 seconds off with 35 cycles at 4°C. 

After sonication the cell debris was removed by centrifugation at 14,000 rpm for 10 minutes at 

7°C. The concentration of the sheared and reverse crosslinked chromatin was measured by 

Nanodrop 2000c (Thermo Scientific, E597) and shearing was confirmed to produce chromatin 

fragments of 100 bp to 200 bp.  

Each reaction had 10 – 14 g of chromatin, of which 10% of the aliquot was used as input 

DNA. The chromatin sample was diluted 1:10 with Modified RIPA buffer [140 mM NaCl (Carl 

Roth, 3957.2), 10 mM Tris pH 7.5, 1 mM EDTA, 0.5 mM ethylene glycol-bis-N,N,N’,N’-

tetraacetic acid (EGTA) (Carl Roth, 3054.3), 1% Triton X-100, 0.01% SDS, 0.1% sodium 

deoxycholate] with 1x PI, followed by addition of 5 L of H3K4me3 (histone H3 lysine 4 

trimethylation) antibody (Millipore, 17-614) and incubation overnight at 4°C with rotation. 

After incubation, the immunocomplexes were collected with 25 L of PureProteomeTM Protein 

A Magnetic (PAM) Beads (Millipore, LSKMAGA10) for 2 hours at 4°C with rotation. 
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The beads were washed twice with 800 L of Wash Buffer 1 (WB1) [20 mM Tris pH 8.1, 50 

mM NaCl, 2mM EDTA, 1% Triton X-100, 0.1% SDS], once with 800 L of Wash Buffer 2 

(WB2) [10 mM Tris pH 8.1, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 1% sodium 

deoxycholate, 250 mM lithium chloride (LiCl) (Carl Roth, 3739.1)], and twice with 800 L of 

Tris-EDTA (TE) Buffer [10 mM Tris PH 8.1, 1 mM EDTA pH 8.0]. The beads were re-

suspended in 100 L of ChIP Elution Buffer [0.1 M sodium bicarbonate (NaHCO3) (Sigma-

Aldrich, S5761) and 1% SDS]. After the elution, the chromatin and the 10% input were both 

reverse-crosslinked at 65°C for 3 hours with 10 g of RNase A (ThermoFisher, EN0531) and 

20 g of thermoresistant proteinase K (ThermoFisher, EO0491), followed by purification with 

MiniElute Reaction Cleanup Kit (Qiagen, 28206) according to the manufacture’s instruction. 

The concentration of the chromatin was measured by Qubit dsDNA HS Assay Kit 

(ThermoFisher, Q32851) and Qubit 1.0 fluorometer (Invitrogen, Q32857) according to the 

manufacturer’s instructions and rest of the chromatin was used for high-throughput sequencing. 

 

ChIP-seq 

The sequencing of the chromatin samples was done at the sequencing platform in the LCSB of 

the University of Luxembourg. The single-end, unstranded sequencing was applied by the 

Illumina NextSeq 500 machine with read length of 75 bp. The raw reads quality was assessed 

by FastQC (v0.11.5) (Andrews, 2010). The PALEOMIX pipeline (v1.2.12) (Schubert et al., 

2014) was used to generate BAM files from the FASTQ files, including steps of adapter 

removal, mapping and duplicate marking. The mapping was done by BWA (v.0.7.16a) (Li and 

Durbin, 2009), with backtrack algorithm using the quality offset of Phred score to 33. Duplicate 

reads were marked but not discarded. The mouse reference genome, GRCm38.p5 (mm10, 

patch 5), was downloaded from GENCODE (https://www.gencodegenes.org/). The suit tool 
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Picard (v2.10.9) (Adams et al., 2000) was used to validate the BAM files. Raw FASTQ files 

were deposited in ArrayExpress with the accession number E-MTAB-8333.  

The H3K4me3 ChIP-seq peaks were called by Model-based analysis of ChIP-seq (MACS, 

v2.1.1) (Zhang et al., 2008). The signal normalization in pairwise comparison was done by 

THOR (v0.10.2) (Allhoff et al., 2016), with TMM normalization and adjusted p-value cut-off 

0.01.  

 

Principle Component Analysis (PCA) 

The raw counts were normalized to library size and log2-transformed using DESeq2 (v1.20.0). 

The PCs were calculated with 500 genes which have the most varied expression across samples. 

 

Bulk RNA-seq data deconvolution using single cell RNA-seq data 

The bulk RNA-seq deconvolution was done with CIBERSORTx 

(https://cibersortx.stanford.edu/) (Newman et al., 2019). The signature matrix on SN of single 

cell RNA-seq was constructed with DropViz (http://dropviz.org/) with default parameters. The 

expression of 332 genes correlating with PC1 (pvalue < 0.05) from Figure 5A in 5 cell types 

(neuron, dopaminergic neuron, oligodendrocyte, astrocyte, endothelial cells) were inferred 

with default parameters. 

 

Statistical Analysis 

The p-value of DEGs called from pair-wise comparisons in RNA-seq was adjusted for multiple 

testing with the Benjamini-Hochberg procedure with cutoff below 0.05. The significance of 

https://cibersortx.stanford.edu/
http://dropviz.org/
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peak calling was analysed with MACS2 and the significance in ChIP-seq signal normalization 

was defined with multiple test correction (Benjamini/Hochberg) for p-values with cutoff below 

0.05.  

 

Results 

Midbrain transcriptomes are significantly different between common mouse strains  

To investigate genetic background driving gene expression differences in ventral midbrain, we 

performed transcriptomic and epigenomic analyses on isolated ventral midbrains containing 

SN and VTA from three genetically diverse mouse strains, C57BL/6J, A/J, and DBA/2J (Figure 

1A). For transcriptomic profiling, midbrains from 36 individual 3-month old mice were 

analysed by RNA-seq, corresponding to 12 mice (6 males and 6 females) from each strain. For 

epigenomic analysis, the enrichment of histone H3 lysine 4 trimethylation (H3K4me3), an 

established marker of open transcription start sites (TSS) (Santos-Rosa et al., 2002; Barski et 

al., 2007; Guenther et al., 2007), was analysed by ChIP-seq from dissected ventral midbrain of 

6 individual 3-month old mice (2 males from each strain). 

A principle component analysis (PCA) of RNA-seq data could clearly separate the samples 

according to strain of origin (Figure 1B), suggesting significant differences exist at the 

transcriptomic level between ventral midbrains. Males and females showed only minor 

differences as indicated in Figure 1B. In total 25 DEGs between males and females could be 

detected (data not shown), indicating that main driver of gene expression differences was the 

genetic background of each strain. Indeed, a pair-wise comparison of the individual strains to 

each other revealed a significant (FDR<0.05) change in expression with a log2-fold change 

(log2FC) higher than 1 for more than 1000 genes (Figure 1C and Supplementary Table S2). 

Changes could be observed for both high expressed genes as well as lower abundance 
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transcripts with comparable numbers of up- and down-regulated transcripts in each 

comparison.  

Gene expression levels correlated well with the enrichment of H3K4me3 at the corresponding 

TSS (Figure 1D), indicating that the ChIP-seq could serve as an indicator of midbrain 

transcriptional activity. 

 

Pttg1 is the only transcription factor with altered midbrain expression between all three 

mouse strains 

Gene expression changes linked to complex traits have been suggested to be explained by both 

small cumulative effects of cis-regulatory variants across numerous genes, and by cis-

regulatory variants at “peripheral master regulators” such as TFs that can in trans influence a 

number of co-regulated genes directly linked to the trait (Liu et al., 2019). To better understand 

whether the observed gene expression changes in the mouse midbrain transcriptomes could be 

due to variants affecting upstream TFs, we further examined TFs included among the 

differentially expressed genes (DEGs). We first overlapped the DEGs from the pair-wise 

comparisons of the strains and identified 53 genes to be differentially expressed between all 

three strains (Figure 2A). Moreover, we identified a total of 1292 genes to be shared between 

at least two of the pair-wise comparisons of the strains (Supplementary Table S3). These genes 

are clustered in Figure 2B according to their gene expression profiles across the three strains 

with comparable numbers of genes showing particularly abundant or low expression levels in 

one or another strain. Next we used a manually curated list of 950 TFs (Heinäniemi et al., 

2013), 841 of which could be detected in the midbrain, and identified 5 genes coding for TFs 

(Pttg1, Npas1, Hes5, Scand1, and Zfp658) to be differentially expressed in at least one of the 

mouse strains (Figure 2B). Interestingly, the number of differentially expressed TFs was much 
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smaller than the 36 TFs that could be expected among the DEGs just by chance 

(hypergeometric test, p = 2.03*10-11). This lack of variation among TFs indicates a tight control 

of TF gene expression, which may need to be kept within a narrow range to allow for proper 

cellular function in the midbrain. Among the five TFs, only Pttg1 showed a significant 

difference between all three strains and higher than 2-fold change in each comparison (Figure 

2B and Supplementary Table S3). In detail, C57BL/6J midbrain samples showed an average 

Pttg1 expression of 14 RPKM (Reads Per Kilobase Million) and DBA/2J samples an average 

expression of 2.5 RPKM while in A/J midbrains Pttg1 expression was never higher than 1 

RPKM (Figure 2B and Supplementary Table S3). Differential midbrain expression levels of 

Pttg1 between different mouse strains was confirmed by RT-qPCR, with A/J showing a 

particularly low expression level (Supplementary Figure S1A and S1B). Moreover, the 

H3K4me3 signal from ChIP-seq analysis was clearly reduced at the TSS of Pttg1 gene in A/J 

compared to C57BL/6J, while no differences were observed at the TSS of neighbouring genes 

Slu7 and C1qtnf2 (Figure 2C). In addition, the signal in A/J appeared comparable or lower than 

in DBA/2J, despite the overall enrichment in DBA/2J samples being weaker than in the other 

two strains. These results suggest that reduced expression of Pttg1 in the midbrain of A/J is 

due to decreased transcription at the locus.  

Therefore Pttg1 appears to be a prime candidate for explaining midbrain transcriptomic 

differences between the mouse strains. 

 

Loss of Pttg1 leads to changes in the midbrain transcriptome during aging 

Given that Pttg1 encodes the only TF with significantly altered expression levels between all 

three mouse strains, we investigated the role of midbrain PTTG1 in more detail. To test whether 

altered expression of Pttg1 alone can indeed influence the midbrain transcriptome, we 
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investigated C57BL/6J congenic Pttg1-/- mice. In contrast to differences in A/J or DBA/2J, 

deletion of Pttg1 in the 3-month old mice leads to minor transcriptomic changes with 3 

additional genes differentially expressed compared to the Pttg1+/+ littermates (Figure 3A). Two 

of these (Thg1l and Ublcp1) were previously found to strongly correlate with Pttg1 expression 

across different mouse strains, and to be genetically associated with neocortex volume (Gaglani 

et al., 2009), while the third gene (Gm12663) is an anti-sense transcript of Ublcp1. Moreover, 

the expression of these genes is dependent of Pttg1 expression level when corroborating the 

analysis with 3-month-old Pttg1+/-, with Ublcp1 showing positive, and Thg1l and Gm12663 

showing negative correlation with Pttg1 levels (Figure 3B). 

Although the observed midbrain transcriptome changes in Pttg1-/- mice were minimal, we were 

curious to elucidate whether these early changes would lead to additional transcriptomic 

differences at an older age. We therefore performed further RNA-seq analysis with isolated 

midbrains of a cohort of six aged mice from each C57BL/6J, A/J, and DBA/2J strains (all 9 

months old), and C57BL/6J congenic Pttg1-/- mice (9-13 months old) (Figure 4A). 

Interestingly, comparing samples from 9-month-old wild-type C57BL/6J or A/J to those from 

younger 3-month-old mice of the respective strains identified almost no genes with strong 

expression changes of 5-fold or more (log2FC>2.25) (Figure 4B and Supplementary Table S4). 

Similarly, comparison of 9-month-old DBA/2J midbrain transcriptome to the younger 

counterparts revealed only 57 strongly altered genes. Conversely, the midbrain samples of 

Pttg1-/- mice showed over 300 genes that were strongly differentially expressed in the aged 

mice compared to 3-month-old mice, as shown in the Volcano plot in Figure 4B.  

 

Pttg1 contributes to gene regulatory variation in the midbrain cell types during aging 
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To obtain a broader overview of the extent and the direction of transcriptomic changes across 

the studied mouse strains and ages, we performed PCA analysis for all 78 midbrain 

transcriptome profiles. Interestingly, the PCA revealed that over half of the variance between 

the studied mice was explained by the first and the second principle components (PCs) that 

separated the mice according to genetic background (Figure 5A). C57BL/6J mice were 

separated from A/J and DBA/2J along PC1 while A/J and DBA/2J were separated from each 

other along PC2. Consistent with the small number of DEGs in 3-month-old Pttg1-/- mice, they 

clustered closely together with their heterozygous Pttg1+/- littermates, and with wild-type 

C57BL/6J mice. Also, aged mice clustered largely together with their genetically identical 

counterparts for each A/J, DBA/2J, and C57BL/6J. However, for the aged cohort of Pttg1-/- 

mice, the transcriptome profiles had significantly shifted along PC1 from C57BL/6J towards 

A/J and DBA/2J (Figure 5A).  

Analysis of genes that contributed most to the differences along PC1 revealed genes that were 

altered not only in A/J and DBA/2J strains but also in aged Pttg1-/- mice when compared to 

C57BL/6J (Figure 5B). Furthermore, gene changes in Pttg1-/-, A/J, and DBA/2J mice showed 

the same directionality, with the Pttg1-/- mice clustering together with A/J and DBA/2J rather 

than C57BL/6J when analysed with hierarchical clustering. 

Finally, to see whether the loss of Pttg1 was specifically affecting only some of the cell types 

in the midbrain, we performed deconvolution analysis of the DEGs contributing to PC1 using 

mouse midbrain single cell RNA-seq data (Saunders et al., 2018). Based on the inference, the 

DEGs included genes preferentially expressed in many different cell types, including different 

types of neurons such as Th+ DAns, oligodendrocytes, astrocytes, and endothelial cells (Figure 

5C). Additionally, over a third of the genes could not be inferred, suggesting they are expressed 

broadly across multiple different cell types. 
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Taken together, the results indicate that loss of Pttg1 leads to only limited transcriptomic 

changes in the midbrain of young mice, but can lead to substantial differences during aging, 

with parts of C57BL/6J transcriptome shifted towards A/J and DBA/2J in aging mice. Thus, 

our data indicate that PTTG1 contributes to transcriptome differences in multiple cell types of 

the midbrain between the three genetically diverse mouse strains. 

 

Discussion 

We investigated gene expression differences between mouse strains to understand how genetic 

variation can influence midbrain and its important cell types such as DAns that control motor 

function and behaviour. Our transcriptomic analysis revealed extensive changes in midbrain 

gene expression between the 3 mouse strains and highlighted Pttg1 as an important regulator 

of midbrain transcriptome during aging.  

The observed midbrain transcriptomic differences are comparable to the transcriptome level 

changes observed between mouse strains in other tissues such as lung (Wilk et al., 2015), 

striatum (Bottomly et al., 2011), and retina (Wang et al., 2019), or in specific cell types such 

as macrophages (Link et al., 2018) and other immune cells (Mostafavi et al., 2014). 

Interestingly, despite the obvious variation in the gene expression between the mouse strains, 

genes encoding for TFs are under-represented among the DEGs in the mouse midbrain. This 

finding is consistent with similar results from plants (Lin et al., 2017), where TF coding genes 

were also found to be under-represented among the genes showing differential expression 

between genetically diverse strains. Such findings are likely to be due to natural selection 

against phenotypes arising from major variation in TF expression levels that could be 

detrimental for the normal functioning of an organism. 
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In total 5 TFs were found to vary in their expression between the mouse strains. While most 

changes were weaker than those observed for Pttg1, they could nevertheless contribute to the 

observed gene regulatory variation. Indeed, both Npas1 and Hes1 have been previously 

connected to regulation of neuronal genes and neurogenesis (Ishibashi et al., 1994; Ishibashi et 

al., 1995; Michaelson et al., 2017) while possible roles for Scand1 and Zfp658 in CNS have 

not yet been described. To investigate the possible contribution of these factors on gene 

regulatory variation between the mouse strains, we searched the existing data sets for those 

identifying targets of these TFs in central nervous system. Interestingly, target genes of Npas1 

in hippocampus have been previously described (Michaelson et al., 2017). However, 

comparison of genes altered upon Npas1 deletion (FDR<0.05) revealed only 5 genes to be 

shared with DEGs between A/J, DBA/2J, and C57BL/6J (data not shown). Therefore, Npas1 

is not likely to mediate trans-acting variation between the mouse strains. 

The only TF showing significant changes in the ventral midbrain between all three mouse 

strains is Pttg1, also known as securin. Pttg1 was originally described as an oncogene in 

pituitary tumors (Pei and Melmed, 1997) and found to regulate sister chromatid adhesion in 

M-phase of cell cycle (Zou et al., 1999). However, the protein has multiple functions and also 

a role as a DNA-binding transcriptional activator has been described (reviewed in Vlotides et 

al., 2007 (Vlotides et al., 2007)). 

Little is known about the neurological functions of PTTG1. Keeley et al., 2014 (Keeley et al., 

2014) identified a link between PTTG1 and the central nervous system, showing increased 

Pttg1 expression in retinas of C57BL/6J mice compared to A/J due to a cis deletion variant at 

the Pttg1 promoter, consistent with our findings in the midbrain. Interestingly, differential 

Pttg1 expression correlated with mosaic regularity variation across 25 recombinant inbred 

strains derived from the two parental C57BL/6J and A/J mouse strains, involving PTTG1 in 

the patterning of a type of retinal neurons, the amacrine cells. Moreover, Pttg1 expression in 
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neocortex correlates with neocortical volume and the locus is genetically associated with this 

trait (Gaglani et al., 2009). Therefore, Pttg1 appears to play a role in development or 

maintenance of central nervous system, and our results indicate its possible involvement in 

genetic control of midbrain cell types. Indeed, previous work using microarrays found >1400 

genes to be misregulated across the whole brain of Pttg1-/- mice at the age of 3-5 months (Lum 

et al., 2006). While we identified far fewer DEGs specifically in the midbrain of the 3 month-

old Pttg1-/- mice at our significance cut-off (FDR<0.05) using RNA-seq, this increased 

significantly during aging. The differences in the results for younger mice could be due to the 

use of a specific brain region (rather than the whole brain) and applied methodology with 

related statistical analysis, but could also be contributed to by unknown differences in the 

environmental conditions between the studies.  Importantly, the overall transcriptomic profile 

of aged Pttg1-/- mice shifted towards the profiles of A/J and DBA/2J (Figure 5), indicating that 

Pttg1 might indeed exhibit genetic control over gene expression in the midbrain, although 

additional genetic factors are likely altered to contribute to these changes already in young 

mice.  

It has been previously reported that Pttg1 is involved in many biological functions such as 

regulation of sister chromatid separation, DNA repair or senescence processes (Zou et al., 

1999; Bernal et al., 2008; Hsu et al., 2010). Interestingly, a deconvolution analysis of the gene 

expression changes using single cell RNA-seq analysis indicated that the loss of Pttg1 

influenced gene expression across multiple cell types. However, these changes become 

observable only during aging. Unlike human brain, mouse brain volume has been shown to 

increase still during adulthood between 6 and 14 months of age (Maheswaran et al., 2009). 

Given the abovementioned role of Pttg1 in regulation of neocortex volume and its effect of 

gene expression in multiple cell types during aging, it is tempting to speculate that Pttg1 would 
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contribute also to control of midbrain volume. Interestingly, a greater brain volume has been 

reported for C57BL/6J than A/J (Williams, 2000; Wahlsten et al., 2006).  

 

Conclusions 

Rather than being entirely explained by the TF expression levels due to cis-variation at the 

Pttg1 locus, complex traits like midbrain gene expression could be due to cumulative cis- and 

trans-regulatory variants across TF binding sites controlling the DEGs. In the future, mapping 

QTLs associated with the DAn’s traits across mouse strains, together with the transcriptomic 

and epigenomic data generated as part of this work, will enable the identification of further 

regulatory variants and their impact on midbrain expression phenotype and function of the 

nigrostriatal circuitry. While linking complex traits such as behaviour and motor function to 

specific gene expression changes will require further studies, our work highlights the role of 

Pttg1 as regulator of mouse midbrain gene expression phenotype and paves way for further 

identification of additional genetic regulators.  
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Figure Legends 

 

Figure 1. Functional genomics profiling of isolated midbrains of 3-month-old C57BL/6J, 

A/J and DBA/2J mice. 

A. Schematic representation of the experimental set-up. The ventral midbrains of 

C57BL/6J, A/J and DBA/2J, dissected using anatomical landmarks directly after mouse 

euthanasia, were used for RNA-seq and ChIP-seq.  

B. Principle component analysis showing transcriptome level differences in the midbrains 

of the three strains. The individual mice are indicated with black (C57BL/6J), grey 

(A/J), or brown (DBA/2J). Circles indicate females and triangles males. No bias was 

observed between females and males. 

C. Pairwise comparisons showing DEGs in the midbrains of the three strains. MA plots 

from left to right: A/J vs. C57BL/6J, DBA/2J vs. C57BL/6J, and DBA/2J vs. A/J. The 

analysis was done by DEseq2 using ashr shrinkage. The x-axis represents the mean of 

normalized counts for all replicates and the y-axis represents the log2-fold change. Each 

dot represents one gene. Genes with FDR<0.05 and log2-fold change (log2FC)>1 are 

indicated in red and referred to as DEGs. 

D. H3K4me3 ChIP-seq signal with corresponding gene expression levels as measured by 

RNA-seq. The intensity of H3K4me3 ChIP-seq signals are plotted in a window of 3 kb 

upstream and downstream of the TSS and within-sample normalization was applied. 

The genes are ranked based on gene expression levels (RPKM) from highest to lowest. 
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Figure 2. Pttg1 is the only TF differentially expressed between the midbrains of 3-month-

old C57BL/6J, A/J and DBA/2J mice. 

A. Venn diagram comparing DEGs of each pair-wise comparison of the mouse strains 

from Figure 1C.  The majority of DEGs are shared by at least two comparisons. 

B. Heatmap of the expression of the 1292 DEGs shared between at least two of the 

comparisons. The read counts were vst-transformed and used for clustering. Expression 

levels of the five DEGs coding for TFs are shown as dot plots. *=FDR<0.05. 

C. The altered expression of Pttg1 is accompanied by changes in H3K4me3 ChIP-seq 

signal at the Pttg1 TSS. The H3K4me3 ChIP-seq was performed on two male replicates. 

The pair-wise comparisons (C57BL/6J vs. A/J and DBA2J vs. A/J) were performed by 

THOR with within-sample and between-sample normalizations. Normalized ChIP-seq 

signals are depicted in black (for C57BL/6J and DBA/2J) or in grey (for A/J). Red 

rectangle indicates Pttg1 TSS. 

 

Figure 3. Loss of Pttg1 leads to minimal changes in the midbrain transcriptome in 3-

month old mice. 

A. RNA-seq analysis identifies four DEGs in comparison of the congenic C57BL/6J 

Pttg1-/- vs. Pttg1+/+ mice at the age of 3 months. MA plot was generated as in Figure 

1C with labelling of the four DEGs (Pttg1, Thg1l, Ublcp1, Gm12663) that are 

indicated as red dots.  

B. The expression of Ublcp1 is positively correlated with Pttg1 across genotypes, 

while Gm12663 and Thg1l show negative correlation with Pttg1. The dot plots 

indicate the expression levels of the DEGs as RPKM in isolated midbrains of 

Pttg1+/+, Pttg1+/-, and Pttg1-/- mice. 
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Figure 4. Loss of Pttg1 leads to significant transcriptomic changes in the midbrain during 

aging. 

 

A. Schematic representation of the experimental set-up. The ventral midbrains of 

9-month-old C57BL/6J, A/J and DBA/2J mice, and 9-13-month-old congenic 

C57BL/6J Pttg1-/- mice were used for RNA-seq as in Figures 1 and 3. 

B. Comparison of midbrain transcriptome of 9-month-old mice to the midbrain 

transcriptome of the corresponding strains at 3 months of age. Pttg1 deletion 

leads to more significant and higher gene expression changes than observed for 

wild-type mouse strains during aging. Volcano plots from left to right: A/J, 

C57BL/6J, DBA/2J, and congenic C57BL/6J Pttg1-/-. The x-axis represents the 

mean log2-fold change for all replicates and the y-axis represents the 

significance of change as -log10 (p-value). Each dot represents one gene. Genes 

with FDR<0.05 and log2-fold change (log2FC)>2.25 are indicated in red and 

referred to as DEGs. 

 

Figure 5. C57BL/6J Pttg1-/- midbrain transcriptome shift towards A/J during aging. 

A. Principle component analysis showing transcriptome level differences in the 

midbrains of C57BL/6J, DNA/2J, and A/J mice at the age of 3 and 9 months, 

congenic C57BL/6J Pttg1+/+, Pttg1+/-, and Pttg1-/- at 3 months, and Pttg1-/- at 9 

to 13 months. Individual mice are indicated with black circles (C57BL/6J 3m), 

blue circles (C57BL/6J 9m), grey circles (A/J 3m), white circles (A/J 9m), 

brown circles (DBA/2J 3m), light brown circles (DBA/2J 9m), green circles 
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(Pttg1+/+ 3m), dark green rectangles (Pttg1+/- 3m), dark green triangles (Pttg1-

/- 3m), or light green triangles (Pttg1-/- 9-13m). No gender bias was observed. 

B. Heat map of the differential genes associated with principle component 1 in 

panel A. Gene expression profile of Pttg1-/- mice clusters with A/J and DBA/2J 

mice instead of C57BL/6J. 

C. Deconvolution of differential gene expression using single cell RNA-seq was 

done for 331 genes contributing the most to PC1 in panel A and detected as 

expressed in 5 major cell types of the scRNA-seq data. The number of genes 

and their proportion of all analysed genes are shown for each cell type. 
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DEG: 1039
FDR < 0.05
Log2FC > 1

DBA/2J vs. C57BL/6J
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Figure 2
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Figure 3
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Supplementary Figures 

 

Supplementary Figure S1. RT-PCR measurements of Pttg1 expression in isolated 

midbrains are consistent with the RNA-seq results. 

A. Pttg1 expression measured by RT-PCR is consistent with the RNA-seq data across the 

three strains. Expression levels are presented relative to Gapdh. Two-sided Student’s t-

test was used for statistical testing. *=p<0.05. 

B. Pttg1 expression measured by RT-PCR is consistent with the RNA-seq data across the 

3 months old Pttg1+/+, Pttg1+/-, Pttg1-/-, and 9-13 months old Pttg1-/- mice. Expression 

levels are presented relative to Rpl13a. Two-sided Student’s t-test was used for 

statistical testing. *=p<0.05.  
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Supplementary Tables 

Supplementary Table S1. Primer sequences used in the study. 

Gene Forward primer (5‘ – 3‘) Reverse primer (5‘ – 3‘) 

Pttg1 TCAAGGTCGGCTGTTTTGGT AGTTGCCGAAAAGCCTATGAAG 

Rpl13a TGGTCCCTGCTGCTCTCA CCCCAGGTAAGCAAACTTTCT 

Gapdh TGCGACTTCAACAGCAACTC CTGCTCAGTGTCCTTGCTG 

Supplementary Table S2. DEGs (FDR < 0.05, log2FC > 1) from three comparisons in 

Figure 1C. The base mean, log2FC, and FDR are reported for each gene in each comparison: 

A/J vs. C57BL/6J: 1145 genes; DBA/2J vs. A/J: 1039 genes; DBA/2J vs. C57BL6/J: 1251 

genes. 

Supplementary Table S3. DEGs (FDR < 0.05, log2FC > 1) shared by at least two 

comparisons in Figure 2B. The base mean, log2FC, and FDR are reported for each gene in 

each comparison: A/J vs. C57BL/6J: 853 genes; DBA/2J vs. A/J: 804 genes; DBA/2J vs. 

C57BL6/J: 980 genes. 

Supplementary Table S4. DEGs (FDR < 0.05, log2FC > 2.5) from 3 months old vs. 9 

months old mice. The DEGs from C57BL/6J A/J, DBA/2J and Pttg1-/- mice are shown on 

individual worksheets. The base mean, log2FC, and FDR are reported for each gene in each 

comparison. 
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4.2 Manuscript 2 

 

Single nuclei chromatin profiles of midbrain from genetically distinct 

mouse strains reveal cell identity transcription factors and cell type-specific 

gene regulatory variation  

 

4.2.1 Preface 

Ventral midbrain contains many different types of cells. Though tissue level RNA-seq 

identified Pttg1 as the potential trans-regulatory variant in ventral midbrain transcriptome, cis-

acting variation along with cell type-specific information are still missing. To identify gene 

regulatory elements in different cell types, we generated single nuclei accessibility profiles on 

the ventral midbrains of C57BL/6J and A/J, together with tissue level H3K27ac ChIP-seq to 

find enhancers. Integration with public available single cell RNA-seq revealed motifs 

controlling cell identity. Comparing accessibility regions in the two mouse strains across cell 

types, we found putative regulatory variants enriched in differentially expressed genes, 

indicating chromatin regions with differed accessibility harbor regulatory elements. 

Importantly, such differential chromatin regions could revealed trans-acting variation 

potentially contributing to strain-specific gene expression. Our work provides a rich resource 

to study gene regulatory control in a cell type-specific manner in ventral midbrain. 

ChIP-seq and computational analysis were performed by me; snATAC-seq was performed by 

me and Dr. Kamil Grzyb; the animal work was performed by Dr. Mélanie Thomas; the 

sequencing was performed by Dr. Rashi Halder. 
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SUMMARY 

Cell types in ventral midbrain are involved in diseases with variable genetic susceptibility such 

as Parkinson’s disease and schizophrenia. Many genetic variants affect regulatory regions and 

alter gene expression. We report 20 658 single nuclei chromatin accessibility profiles of ventral 

midbrain from two genetically and phenotypically distinct mouse strains. We distinguish ten 

cell types based on chromatin profiles and analysis of accessible regions controlling cell 

identity genes highlights cell type-specific key transcription factors. Regulatory variation 

segregating the mouse strains manifests more on transcriptome than chromatin level. However, 

cell type-level data reveals changes not captured at tissue level. To discover the scope and cell-

type specificity of cis-acting variation in midbrain gene expression, we identify putative 

regulatory variants and show them to be enriched at differentially expressed loci. Finally, we 

find TCF7L2 to mediate trans-acting variation selectively in midbrain neurons. Our dataset 

provides an extensive resource to study gene regulation in mesencephalon. 

 

Key words: single nuclei ATAC-seq – chromatin accessibility – mouse strains – genetic 

variation – cis-acting variation – trans-acting variation – midbrain – cell type identity – Wnt 

signaling 
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INTRODUCTION 

The ventral midbrain, or mesencephalon, is one of the most evolutionary conserved brain 

structures in mammals (Vogt Weisenhorn et al., 2016). It is involved in tasks such as processing 

of sensory information and eliciting motor and cognitive control through its dopaminergic 

circuits (Vogt Weisenhorn et al., 2016). It is of particular interest due to its role in human 

diseases like Parkinson’s disease and schizophrenia – diseases whose development and 

progression are significantly influenced by individual’s genetic susceptibility (Klein and 

Westenberger, 2012; Li et al., 2017; Nalls et al., 2019; Williams et al., 2009). 

Like other brain regions, midbrain harbors many different cell types that exhibit both functional 

and molecular diversity (Gantz et al., 2018; Korotkova et al., 2004; Saunders et al., 2018). A 

cell type can be distinguished by the profile of its expressed genes. Transcriptomic analysis at 

single cell level has identified 20 cell types and 58 subtypes in midbrain alone (Saunders et al., 

2018). These unique gene expression profiles defining cell state and cellular identity are 

controlled by epigenetic mechanisms. This is achieved by a dynamic interplay of cell’s 

chromatin structure and expressed transcription factors (TFs). In particular, the combinatorial 

action of cell type-specific master regulators, TFs that open and specifically bind gene 

regulatory regions, will result in the correct gene expression program for each cell type (Atlasi 

and Stunnenberg, 2017). The chromatin landscape and accessibility of TF binding sites can be 

elucidated using epigenomic analysis such as the assay for transposase-accessible chromatin 

followed by sequencing (ATAC-seq) (Buenrostro et al., 2015). So far, the ability to isolate pure 

populations of various brain cell types has been limiting the progress in the field. However, 

recent developments in single nuclei chromatin assays have now enabled massive parallel 

analysis of cell type-specific chromatin profiles in their native context (Cusanovich et al., 2018; 

Lake et al., 2018; Preissl et al., 2018; Sinnamon et al., 2019). 
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Typical human genomes differ from each other on average by 5 million genetic variants (Auton 

et al., 2015). Vast majority of these are located in the non-coding genome and those associated 

with complex traits are enriched at accessible gene regulatory regions in a cell type-specific 

manner (Maurano et al., 2012). Genetic variation at regulatory regions can influence TF 

binding and thereby gene expression either in cis or in trans, hereafter referred to as gene 

regulatory variation (Deplancke et al., 2016). Identifying genes, regulatory regions and cell 

types affected by regulatory variants associated with various traits can help to understand the 

molecular mechanisms underlying the trait in question. C57BL/6J and A/J are two genetically 

distinct inbred mouse strains often used in neurobiology and to study complex genetic traits. 

The two strains segregate by ~6 million variants, comparable to the genetic variation between 

typical human individuals, making them an interesting model system to understand the effects 

of regulatory genetic variation on the phenotypic expression of complex traits. Indeed, the two 

strains show genetic differences also in traits associated with midbrain function. For example, 

A/J is more likely to show anxious and less social behaviour (Moy et al., 2007) and has lower 

motor activity (Thifault et al., 2002). Moreover, we have recently shown that the two strains 

exhibit significant differences in their ventral midbrain transcriptomes (Gui et al., 2020). 

However, the underlying gene regulatory changes and cell type-specific epigenomic profiles 

of mouse ventral midbrain are not known. 

Here we performed chromatin accessibility profiling of mouse ventral midbrain from two 

mouse strains at single nuclei level (snATAC-seq). We identify >260 000 individual regulatory 

regions across 20 658 epigenomic profiles. Based on the distinct chromatin profiles, the data 

can distinguish ten different cell types. For the main cell types we define sets of unique cell 

identity genes and identify TFs controlling their expression. Comparing gene expression and 

chromatin accessibility between the mouse strains shows that genetically driven differences are 

more striking at the transcriptomic than chromatin accessibility level. Nevertheless, regulatory 
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regions with alterated chromatin accessibility are enriched at differentially expressed genes and 

can reveal cell type-specific gene regulation. We find cis-acting variants to be enriched at 

differentially expressed genes and pinpoint the extent of cell type-specific gene regulatory 

variation. Finally, we suggest canonical Wnt signalling to be a mediator of trans-acting 

variation in midbrain neurons. 

 

RESULTS 

Single nuclei chromatin profiles of ventral midbrain and identification of major cell types 

in two mouse strains 

To unravel the cell type-specific gene regulation in the midbrain, and how it impacts genetic 

regulatory variation, we performed ATAC sequencing at single nuclei level (snATAC-seq) for 

dissected midbrains from two genetically distinct mouse strains, C57BL/6J and A/J (Figure 1, 

Supplemetary Figure S1). Two perfused ventral midbrain sections from both strains were used 

for the partitioning and barcoding with a total of 13 640 and 13 259 nuclei from C57BL/6J and 

A/J, respectively, and afterwards subjected to high throughput sequencing. After filtering the 

nuclei for multiplets and low coverage, approximately 290 million reads per mouse strain were 

retained, corresponding to 10 298 (C57BL/6J) and 10 360 (A/J) individual accessibility profiles 

(Figure 1A). The bulk chromatin accessibility profile aggregated across single nuclei (bulk 

snATAC-seq) from C57BL/6J showed a total of 231 390 peaks. Notably, 99.7% of regular bulk 

ATAC-seq peaks obtained from an independent C57BL/6J midbrain section overlapped with 

bulk snATAC-seq peaks (Figure S1). Moreover, the bulk snATAC-seq profile from A/J with 

235 157 peaks was also highly correlated with C57BL/6J profile (Pearson R > 0.97). Finally, 

to be able to distinguish accessible regions at enhancers and promoters actively engaged in 

transcriptional control, we performed ventral midbrain bulk level ChIP-seq analysis in both 
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mouse strains for histone H3 lysine 27 acetylation (H3K27ac) (Rada-Iglesias et al., 2011; 

Siersbæk et al., 2017). Both bulk ATAC-seq and H3K27ac ChIP-seq showed clear correlation 

with midbrain gene expression levels (Figure S2).  

Using an existing single cell genomics toolkit (Butler et al., 2018; Satija et al., 2015), the 

dimensionality of snATAC-seq was calculated by performing latent semantic indexing (LSI), 

to allow clustering of the cells with uniform manifold approximation and projection (UMAP) 

(Figure 1A). A gene activity matrix of snATAC-seq was established by counting reads in the 

gene body and the promoter region (2 kb upstream of transcription start site (TSS)). To annotate 

the obtained clusters as individual cell types, we took advantage of existing single cell RNA 

sequencing (scRNA-seq) of mouse midbrain (Saunders et al., 2018). Through identification of 

anchor genes shared between the gene activity matrix of snATAC-seq and the highly variable 

features in scRNA-seq, we could identify 10 different midbrain cell types with distinct 

chromatin accessibility profiles and sufficient numbers of cells in both strains (Figure 1A, 

Table S1). The cell types grouped into 6 main clusters. These consisted of glial cell types such 

as astrocytes (13.5% of cells), microglia (4.2-5.6%), oligodendrocytes (14.-19.5%), and two 

subtypes of polydendrocytes (Tnr+ and Tnr+/Cspg5+) (3.2-3.9%). They also included two 

different types of endothelial cells (stalk and tip; 1.1-3.4%). Finally, the largest and most 

diffuse cluster making up more than half of all cells (57.1-60.8%) consisted of different types 

of neurons. While scRNA-seq data could distinguish up to 30 neuronal subtypes in the midbrain 

through combinations of marker gene abundances (Saunders et al., 2018), at chromatin 

accessibility level these could not be so clearly distinguished. Instead, only three classes of 

neuronal cell types could be well distinguished: thalamus glutamatergic neurons (referred to as 

Slc17a6+ neurons), dopaminergic neurons (referred to as Th+ neurons), and a broader group of 

neurons consisting to large extent, but not exclusively, from different Gad2+ GABAergic 

neurons (referred to simply as neurons).  
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Interestingly, an increased proportion of Th+ and Slc17a6+ neurons and decreased proportions 

of oligodendrocytes and macrophages could be detected in A/J samples compared to 

C57BL/6J, while the proportion of astrocytes and Tnr+/Cspg5+ polydendrocytes remained 

almost identical (Figure 1A).  

Inspection of genomic loci encoding for known cell type-specific marker genes in C57BL/6J 

samples disclosed highly cell type-selective chromatin accessibility that was well in keeping 

with gene expression levels from scRNA-seq data of mouse midbrain (Figure 1B). While 

ubiquitously expressed Rpl13a gene had high and consistent levels of accessibility across the 

cell types, known marker genes for astrocytes (Aldh1l1) and microglia (Tmem119 and Selplg) 

(Bennett et al., 2016; Cahoy et al., 2008) were expressed and most accessible in the respective 

cell types, especially at their TSS. Similarly, the gene encoding for dopamine transporter 

(Slc6a3) had highest levels of exression and accessibility in the Th+ neurons, while in other 

neurons almost no signal could be detected. At the same time, the adjacent Clptm1l gene 

harboured an accessible promoter in all of the cell types. Finally, the locus encoding for two 

TFs required for oligodendrocyte generation and maturation, Olig1 and Olig2 (Lu et al., 2002; 

Mei et al., 2013), showed highest accessibility in subtypes of polydendrocytes and 

oligodendrocytes, as well as astrocytes, again consistent with the gene expression levels.  

Importantly, the accessibility profiles between C57BL/6J and A/J were highly comparable also 

at the level of individual cell types and could equally highlight cell type-specific accessibility 

consistent with gene expression levels, as shown in Figure S1 for Aif1 , a known marker gene 

for microglia. 

Taken together, our snATAC-seq profiling produced over 20 000 chromatin profiles of mouse 

midbrain cell types with comparable quality from two different mouse strains. These data allow 
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the distinction of 10 different midbrain cell types at epigenomic level that are consistent with 

known gene expression profiles.  

 

Identification of cell identity genes and associated regulatory regions from single cell data 

To leverage the available data for the identification of TFs controlling cellular identity in adult 

midbrain cell types, we first set out to determine the genes whose expression was selective for 

each cell type. To obtain these cell identity genes, we used the existing scRNA-seq of the mouse 

midbrain, and for each gene determined the 85th percentile of its expression across all cell types 

indicating gene specific “high expression” (Figure 2).  To filter out genes being selectively 

expressed in a specific cell type, a cut-off was applied of at least 60% of the cells of that cell 

type having the gene under consideration expressed not less than the 85th percentile. 

Furthermore, to ensure uniqueness, no other cell type was permitted to have the same gene 

among its top expressed genes in more than 40% of the cells. Through this approach we could 

define between 47 and 412 identity genes for each cell type (Figure 2; Table S2). On average 

170 genes per cell type were determined. To confirm the relevance of the genes for the biology 

of the cell type in question, GO enrichment analysis for biological processes was performed. 

In keeping with the genes’ role in the molecular and biological identity of the cell types, the 

top enriched GO terms included: Positive regulation of angiogenesis for endothelial stalk cells; 

Neutrophil mediated immunity for microglia; Axonogenesis, Neurotransmitter transport, and 

Regulation of synaptic vesicle exocytosis for the different neurons; Septin ring assembly and 

Myelination for oligo- and polydendrocytes; and Negative regulation of neuron differentiation 

for astrocytes. Examples of gene expression profiles of identity genes from selected cell types 

are shown in Figure 2B. Full list of enriched GO terms are provided in Table S3. 
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Next, to determine the gene regulatory regions controlling the expression of the cell identity 

genes, we performed peak calling on the cell type-specific aggregate ATAC-seq signals and 

associated the peaks to the defined identity genes of the respective cell types using GREAT 

(basal regulatory region +/-100 kb from TSS or up to nearest gene  (McLean et al., 2010)). This 

resulted in 100 – 1200 accessible regions likely to control cell identity gene expression in each 

cell type (Figure 2; Table S4).  

 

Cell type-specific chromatin accessibility profiles uncover cell identity regulating 

transcription factors 

Comparison of the chromatin accessibility levels across the cell types confirmed a clear 

increase in accessibility at the obtained cell identity peaks associated with respective cell 

identity genes (Figure 3A). The highest increase in signal over background of aggregated 

midbrain cells was always detected in the corresponding cell types expressing the associated 

identity genes. At the same time, depletion of signal could be detected in other cell types. 

Interestingly, the level of accessibility also reflected the developmental relationships of the cell 

types. The strongest depletion of signal could be detected in the developmentally most distant 

cell type, the microglia (Ginhoux et al., 2010). And consistently, microglia identity peaks 

showed the strongest depletion in all other cell types. In contrast, neuron identity peaks showed 

no major depletion of signal in the related Th+ neurons and vice versa. Altogether, our approach 

could accurately identify cell type-specific gene regulatory regions controlling cell type 

identity. 

To identify TFs binding the regulatory regions and controlling the cell type identity genes, we 

performed TF binding motif analysis in sequences enriched at cell identity peaks (Figure 3B). 

This analysis was done for eight cell types with highest sequencing coverage. Importantly, the 



Gui et al.: Single nuclei ATAC-seq of midbrain cell types  

 

 10 

analysis highlighted motifs for several TFs previously shown to control the differentiation or 

identity of the respective cell type. These included SOX9 in astrocytes (Stolt et al., 2003), SPI1 

in microglia (also known as SFPI1 or PU.1 (Gosselin et al., 2017; Kierdorf et al., 2013)), 

SOX13 in endothelial stalk (McGary et al., 2010), and SOX10 and SOX8 in oligodendrocytes 

(Stolt et al., 2002, 2003). The most enriched motif across cell types was the shared binding site 

for CTCF and CTCFL, the sequence occuring at insulator regions where CTCF mediates 

chromatin looping events (Atlasi and Stunnenberg, 2017). Thus, indicating the involvement of 

cell type-selective chromatin loop- and topological domain formation at the cell identity gene 

loci. 

In addition, the enriched motifs included NFI-family motif in astrocytes and polydendrocytes, 

consistent with the reported role of these factors in the transition from neurogenesis to 

gliogenesis (Deneen et al., 2006) and the requirement of NFIC for expression of astrocyte 

marker genes (Wilczynska et al., 2009). Motifs enriched in microglia included TBX20 and 

MAFF motifs that can also be bound by MAFB, a TF recently shown to be important for 

maintenance of homeostasis in adult microglia (Matcovitch-Natan et al., 2016). Interestingly, 

RFX-family motif was highly enriched both in astrocytes and in neurons. Indeed, Rfx1, Rfx3, 

Rfx4, and Rfx7 are known to be expressed and to play a role in the brain (Sugiaman-Trapman 

et al., 2018), with Rfx4 showing the strongest expression in astrocytes while Rfx3 and Rfx7 are 

abundant in different neurons (Saunders et al., 2018). Thus, our data warrant further 

investigation of role of individual TFs of the RFX-family in the cellular identity of midbrain 

neurons and astrocytes.  

Together with RFX3, another TF with enriched motif in neurons, ZNF740, also has been shown 

to localize at gene enhancers active specifically in differentiated human neuronal cell lines, 

further supporting the relevance of this prediction across species (Pierce et al., 2018). Finally, 

the motifs enriched uniquely in Th+ neurons included binding sites for KLF family TFs, MEF2 
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TFs, and ZBTB7 TFs (Figure 3B). From these particularly Klf9, Mef2a, Mef2d, and Zbtb7c 

show high expression in Th+ neurons (Saunders et al., 2018), with Mef2d exhibiting the most 

selective expression, an observation that could guide more detailed experiments into their role 

in dopaminergic neuron identity.   

 

Genetically driven chromatin accessibility changes reveal cell type-specific gene 

expression changes 

We have recently shown that the midbrain phenotypic differences between C57BL/6J and A/J 

mice (and associated behavioural changes) are accompanied by extensive gene regulatory 

variation (Gui et al., 2020). Based on tissue-level bulk RNA-seq analysis, 1151 genes are 

significantly differentially expressed (>2-fold, FDR<0.05) in the ventral midbrain between the 

two strains (Figure 4A). However, the cis- and trans-acting mechanisms underlying these 

genetically driven changes, and the affected cell types, are not known.  

To address the contribution of chromatin level changes to the gene expression variation, we 

compared the bulk snATAC-seq signals from the mouse strains and focused on concatenated 

peak regions with at least two-fold difference in aggreagated read counts (Figure 4A). From 

this comparison it was clear that both the number of affected genomic regions, and especially 

the extent of changes at the chromatin accessibility level, were more modest than what could 

be observed at the transcriptomic level. Nevertheless, 287 of the total of 263 709 called peaks 

were altered more than two-fold at the bulk level. When associating accessible regions to their 

target genes we could observe a significant enrichment of these regions at the differentially 

expressed genes. This indicates, that at least some of the gene expression changes could be 

linked to changes at the chromatin level. Observing the data at the level of individual cell types 

allowed the detection of much higher proportion of differentially accessible regions, suggesting 
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that some of the cell type-specific changes could be masked by the tissue level analysis. While 

this increase in differential peaks was also associated with a lower number of sequenced cells, 

and therefore increased noise within the data, the significant enrichment of the differential 

peaks at differentially expressed genes was true in each cell type (Figure 4A). 

For genes like Isoc2b, the decreased gene expression in ventral midbrain of A/J was 

accompanied by reduced accessibility of the promoter across all cell types (Figure 4B). To 

confirm the lost accessibility was also accompanied by reduced transcriptional activity, we 

observed H3K27ac levels at the promoter. Consistent with reduced ATAC-seq signal, 

H3K27ac was also lost at Isoc2b locus in A/J.  

For ubiquitously expressed genes like Isoc2b the altered gene expression could be associated 

with chromatin level changes even at bulk level analysis. However, for other genes such as 

Olfr287 a reduced expression could be observed by RNA-seq although no signal was detectable 

at bulk chromatin level by any of the methods (bulk ATAC-seq, bulk snATAC-seq, and ChIP-

seq). Still, when observing the cell type-specfic snATAC-seq data, an accessible region could 

be detected at Olfr287 promoter specifically in astrocytes. And consistently with reduced gene 

expression, the chromatin was less accessible in A/J (Figure 4B).  

In summary, gene regulatory variation in midbrain is associated with chromatin level changes 

in accessibility, although not at all loci and with lower sensitivity than in transcriptomic 

analysis. Interestingly, snATAC-seq can reveal cell type-specific regulatory changes not 

captured in bulk level analysis. 

 

Putative cis-acting variants are enriched at midbrain regulatory regions associated with 

differentially expressed genes 
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To obtain further insight into the mechanisms underlying the strain-specific gene expression, 

we next set out to address the extent of cis-acting regulatory variation contributing to the 

observed differences in the midbrain. For this we focused on identification of putative midbrain 

regulatory variants segregating C57BL/6J and A/J. First we performed TF footprint 

identification from our midbrain chromatin accessibility profile obtained through the bulk 

ATAC-seq analysis. Then, these binding sites were overlapped with >6 million variants 

segregating C57BL/6J and A/J to identify those with the potential to disrupt TF binding. 

Finally, the binding sites were overlapped with the midbrain H3K27ac profiles from both 

C57BL/6J and A/J to capture the binding sites engaged in transcriptional activity in either 

mouse strain, in total yielding 3909 putative regulatory variants of the ventral midbrain (Table 

S5).  

The capacity of the above approach to reduce the number of meaningful variants is illustrated 

in Figure 5A with the examples of the Ddhd1, Zfp615, and 4.5S rRNA loci. Expression of 

Ddhd1, a gene coding for a phospholipase, is modestly but significantly reduced in A/J 

compared to C57BL/6J and shows accessible chromatin at its TSS and at an upstream enhancer 

site >20 kb from the TSS. Both regions are marked by H3K27ac signals in both strains. One 

TF footprint could be identified at both the TSS and the distal enhancer, representing the 

putative TF binding sites controlling Ddhd1. From total of 603 variants at the 61 kb locus, only 

one coincides with an active TF binding site occupied in the midbrain, corresponding to a 

putative regulatory variant influencing Ddhd1expression in this brain region. Consistently, the 

affected enhancer shows decreased H3K27ac enrichment in the A/J. This illustrates how 

majority of genetic variants at any given locus are unlikely to affect gene expression and how, 

by focusing on those co-localizing within active regulatory regions, those most likely to act as 

regulatory variants can be identified. 
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If the midbrain gene regulatory differences between C57BL/6J and A/J indeed depend on the 

cumulative effect of cis-acting variants, such as the variant at the Ddhd1 locus, the identified 

regulatory variants would be expected to be enriched in regulatory regions and TF binding sites 

at the differentially expressed gene loci compared to other expressed genes. To test this 

directly, we associated all putative regulatory variants to their likely target genes as already 

outlined in Figure 2, and calculated the number of variants that on average associate with each 

of the 4794 differentially expressed genes (FDR<0.05, (Gui et al., 2020)). As a control we did 

the same for all expressed genes found not to change between the strains (FDR>0.05) and for 

an equal number of randomly selected expressed genes. While unaffected genes and randomly 

selected genes were associated on average with 0.14 and 0.18 regulatory variants, respectively, 

this number significantly increased to 0.40 regulatory variants for the differentially expressed 

genes (Figure 5B). Consequently, genetic variants located in midbrain regulatory regions do 

not show a random distribution but are instead enriched at the differentially expressed genes, 

suggesting they play an important role in explaining the observed transcriptomic differences. 

Next, we considered whether localization of variants in the TF binding sites of active enhancers 

could also be associated directly with enhancer activity upstream of gene expression changes. 

With this aim we used THOR (Allhoff et al., 2016) to identify enhancer regions with 

significantly altered signal for the H3K27ac enhancer mark between midbrains of C57BL/6J 

and A/J. Interestingly, 1126 of the 3909 putative regulatory variants localized within an 

enhancer region with differential H3K27ac enrichment, even when using a stringent cut-off 

(p<1x10-18) for the differential peak calling (Table S6). This indicates that a large proportion 

of putative regulatory variants associate with enhancers that gain or lose activity between the 

mouse strains. For example, enhancer harbouring putative regulatory variants in the proximity 

of 4.5S rRNA locus exhibits a strong gain of enhancer activity in A/J compared to C57BL/6J 

(Figure 5A). And at locus like Zfp619 both gain and loss of enhancer activity can be observed 
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simultaneously at two separate enhancers associated with multiple putative regulatory variants. 

Taken together, disruption of TF binding by variants across thousands of enhancer regions is 

likely to alter enhancer activity, and thereby midbrain gene expression in genetically diverse 

mouse strains. 

 

Cell type-specificity of cis-acting variants in the midbrain 

Having identified the putative cis-acting regulatory variants contributing to the midbrain gene 

expression phenotype between C57BL/6J and A/J, we next sought to understand how cell type-

selective these variants are. Overlapping the variants with cell type-specific accessibility data 

suggested that majority of the variant binding sites (57.9%) were accessible, with potential to 

affect gene expression, in at least 6 out of the 10 cell types (Figure 5C-D). However, just under 

14% of the variants were accessible in only 1 or 2 cell types, indicating how non-coding 

variation can also have very cell type-selective effects on gene expression (Figure 5D). Indeed, 

also variants with cell type-selective accessibility in only 1-3 cell types were significantly more 

often occurring at genes with altered expression than at other expressed genes (data not shown). 

Nineteen putative regulatory variants were accessible only in Th+ neurons and were associated 

with five differentially expressed genes, representing dopaminergic neuron-specific gene 

regulatory variation. These included Zfp68, a poorly known transcriptional repressor 

upregulated in C57BL/6J (Figure 5E). Despite the observed differential expression, Zfp68 

promoter appeared comparably accessible in both strains in almost all cell types. However, 

specifically in Th+ neurons of C57BL/6J, an increased accessibility downstream of the TSS 

can be observed, exactly at a position overlapping a putative regulatory variants within a TF 

binding site. Providing an example of cell type-specific cis-acting variant in dopaminergic 
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neurons. While some increase could be observed at this position also in Slc17a6+ neurons, it 

could not be detected by applied peak calling parameters. 

Taken together, while majority of cis-acting variants affect broad array of cell types, a large 

proportion can also have cell type-specific effects that cannot be dissected without single cell 

analysis. 

 

TCF7L2 as mediator of trans-acting variation in midbrain neurons  

A large fraction of the midbrain gene expression variation could be linked to cis-acting 

regulatory variants, even with our strict criteria of presence of the variant in a TF footprint 

located in an active enhancer (Figure 5A). Still, much of the differential gene expression 

remained unexplained. This could be due to cis-acting variants we have missed, but also due 

to trans-acting variants that can influence a number of target genes by altering a TF’s activity, 

rather than its binding motif. A change in TF activity could be due to change in its expression 

levels, but could also be due to alternations in other mechanisms controlling TF activity such 

as post-translational modifations, protein-protein interactions or TF localization.  

Genetic differences in non-dopaminergic neurons (such as Gad2+ neurons), that make up much 

of our neuron population (Table S1), have been suggested to contribute to strain specific 

behavioural differences, including anxiety, reward and motivation traits, such as ethanol 

consumption (Morales and Margolis, 2017; Ponder et al., 2007; Portugal et al., 2012; 

Yoneyama et al., 2008). To identify mediators of trans-acting variation between C57BL/6J and 

A/J in neurons, we performed motif enrichment analysis for the 498 regions showing >2-fold 

change in chromatin accessibility between the mice in neurons (Figure 4A). This revealed the 

binding motif of LEF1 and TCF7L2, downstream TFs of the canonical Wnt signaling pathway 

(Nusse and Clevers, 2017), to be the most enriched sequence found at more than third of the 
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differentially accessible regions (Figure 6A; p = 1e-35). The enrichment was specific for Gad2+ 

and Slc17a6+ neurons and could not be found in any of the other cell types (Figure S3) or in 

the motif enrichment analysis for cell identity genes (Figure 3). LEF1 and TCF7L2 bind the 

same DNA sequence but have often opposing or cell type-specific functions (Mao and Byers, 

2011). Inspecting chromatin accessibility across the cell types for the differential binding sites 

carrying the LEF1 and TCF7L2 motifs revealed an increased signal specifically in the neurons 

(Figure 6B-C). To determine whether either factor is expressed in the midbrain neurons and 

could mediate the observed enrichment and altered accessibility, we visualized their expression 

using scRNA-seq data. Interestingly, Lef1 expression was limited to the endothelial cells while 

Tcf7l2 had highest expression in the Gad2+ and Slc17a6+ neurons and polydendrocytes, 

showing a clear overlap with cells enriched for respective binding motif (Figure 6D). Thus, the 

transcriptional activity of TCF7L2 is likely to be altered between C57BL/6J and A/J mice in 

the midbrain neurons. 

Taken together, snATAC-seq analysis of tissues from genetically different strains can guide 

the elucidation of cell type-specific impact of trans-acting variants and suggests neuron-

specific differences in the canonical Wnt signalling pathway between two commonly used 

inbred mouse strains. 

 

DISCUSSION 

Here we investigated the chromatin accessibility in cell types of mouse ventral midbrain in two 

different genetic backgrounds and provide a large resource of 20 658 single nuclei chromatin 

profiles from 10 different cell types. This dataset will benefit future studies on the role of these 

cell types in various processes involving this brain area such as movement control, cognition 

and reward mechanisms. A better understanding of midbrain cell types can also profit research 
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on diseases like PD and schizophrenia. In particular, improved comprehension of genetic 

variation in gene regulation and how it impacts specific cell types, will pave way for better 

prediction of genetic susceptibility and affected disease mechanisms. 

Our findings on gene accessibility profiles and cell type composition of the midbrain are 

consistent with existing knowledge from single cell transcriptomics (Saunders et al., 2018). 

However, neuronal subtypes are more difficult to distinguish at chromatin level than what has 

been achieved by transcriptomic analysis. Neuron subtypes clustered largely together, often 

with undefined borders between the subtypes (Figure 1A). This result is expected. While 

chromatin accessibility is generally known to show positive correlation with gene expression 

(Liu et al., 2019a; Wu et al., 2016), and this is also true for our data (Figure S2), enhancer 

accessibility does not necessarily reflect gene regulatory activity (Arnold et al., 2013). Indeed, 

chromatin accessibility profiles of cell types executing similar functions can be highly similar 

despite showing different expression patterns and being controlled by different master TFs 

(Maurano et al., 2012; McKay and Lieb, 2013). Moreover, accessibility can signify priming of 

a locus for expression without commencing transcription (Lara-Astiaso et al., 2014; Pálfy et 

al., 2020). 

Nevertheless, we could reliable distinguish 10 of the 20 known midbrain cell types also at the 

chromatin level, with 8 cell types containing enough cells for more detailed analysis (Figure 

3). Using this information about gene regulatory regions selectively associated with genes 

underlying cellular identity, we were able to predict the key regulators of each cell type through 

motif enrichment analysis. These included many factors previously determined to be necessary 

for the differentiation or maintenance of the respective cell state (Gosselin et al., 2017; Kierdorf 

et al., 2013; McGary et al., 2010; Stolt et al., 2002, 2003). Among other insights, the results 

reveal a cell type-specific role for CTCF binding sites in cellular identity and predict specific 

roles for MEF2, KLF, and ZBTB7 family TFs in dopaminergic neurons. Moreover, the results 
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give additional support for a more detailed analysis of RFX family of TFs in regulation of 

neuro- and gliogenesis balance in the midbrain, something that is consistent with previously 

identified co-occupancy of RFX factors at SOX2-bound enhancers in neurodevelopment 

(Lodato et al., 2013).  

Genetic variation is known to drive gene expression changes that can trigger phenotypic 

differences (Fay et al., 2004; Keane et al., 2011; Massouras et al., 2012; Storey et al., 2007). 

We have recently shown over thousand genes to be differentially expressed in the mouse 

midbrain due to genetic variation between C57BL/6J and A/J (Gui et al., 2020). Here we 

leveraged our single cell chromatin accessibility profiles to investigate the mechanisms, cell 

type-specificity, and extent at which this variation is reflected at the level of chromatin. 

Interestingly, the transcriptomic differences did not show a linear relationship with midbrain 

chromatin accessibility (Figure 4A). Both at bulk aggregate levels and in individual cell types 

the extent of change in accessibility was not comparable to mRNA level change. This is most 

likely reflecting the observation that TF binding and activity can alter gene expression without 

change in accessibility, for example if the locus is already open (Cao et al., 2018). Still, when 

changes in accessibility did occur, this was often associated with local gene expression change. 

Importantly, some of the chromatin accessibility changes associated with differential gene 

expression could not be detected at all in tissue level ATAC-seq or ChIP-seq analysis despite 

high sequencing depth (Figure 4B). Therefore, the improved resolution offered by single cell 

analysis allows further insights into regulatory interactions that could be missed in tissue level 

analysis. 

Cis-acting variants that influence gene expression have been suggested to explain a significant 

part of the missing heritability (Ge et al., 2009; Grundberg et al., 2012; Ohnmacht et al., 2020). 

And increasing number of such variants associated with human traits and diseases have now 

been experimentally validated (Deplancke et al., 2016). By combining genetic information with 
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ATAC-seq and ChIP-seq analysis, we found 3909 of the >6 million variants segregating 

C57BL/6J and A/J to localize in a TF binding site within an active and accessible enhancer in 

the ventral midbrain (Figure 5). This number is consistent with the previous estimates that as 

many as one in thousand mouse variants cause cis-regulatory effects (Crowley et al., 2015). 

Importantly, we found the putative cis-acting variants to be enriched at differentially expressed 

genes, indicating they do contribute to the gene expression phenotype. 

A large proportion of the putative cis-acting variants showed cell type-selective accessibility 

(Figure 5B). This finding is consistent with the previous work on impact of cis-acting variants 

on disease-associated regulatory variation in the major cell populations of the human brain 

(Nott et al., 2019). By combining the information on cell type-specific impact of variants on 

gene regulation with genome-wide association studies and quantitative trait locus mapping for 

specific traits or diseases can provide insights on the mechanisms how the variants translate 

into phenotypes. C57BL/6J and A/J differ from each other for numerous phenotypes (Bogue et 

al., 2020). These include fear-conditioning and reward-releated behaviours like ethanol 

consumption that are associated with midbrain dopamine signalling (Ponder et al., 2007; 

Portugal et al., 2012; Yoneyama et al., 2008). Combining our data on cell type selectivity of 

cis-acting variants with genome-wide association studies of such phenotypes could reveal new 

connections between genes and the underlying mechanisms. 

Besides cis-acting variation, differential gene expression and altered chromatin accessibility 

can also be mediated through trans-acting variation. Trans-acting variants can have many 

different mechanisms of action and majority of genetically driven gene expression variation 

has been suggested to be due to trans-acting variation, often affecting hundreds or thousands 

of genes in a cell type-specific manner (Albert et al., 2018; Grundberg et al., 2012; Liu et al., 

2019b). Dopaminergic neurons in ventral tegmental area of the midbrain contribute to 

phenotypes like reward-behaviour and fear (Morales and Margolis, 2017). Moreover, the 
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associated GABAergic and glutamatergic neurons in midbrain can also control such 

behaviours, either together with or independent of the dopamine signalling. With this in mind, 

we asked whether specific signature of trans-acting regulatory variation could be found in 

neurons between our strains that show differential behaviour, based on motif enrichment 

analysis at regions of differential accessibility (Figure 6).  We found an enrichment for the 

shared binding motif of TCF7L2 and LEF1, corresponding to the Wnt signalling response 

element recognized by their high mobility group (HMG) DNA-binding domain (Nusse and 

Clevers, 2017). This suggests that Wnt signalling is altered between C57BL/6J and A/J in 

neurons. Based on scRNA-seq data TCF7L2, but not LEF1, is abundantly expressed in 

midbrain Gad2+ and Slc17a6+ neurons, indicating that alterations in chromatin accessibility 

and gene expression are due to changes in Wnt signalling and likely to be mediated by TCF7L2 

(Figure 6).  

Involvement of TCF7L2 as the putative effector of the altered signalling in neurons is 

particularly intriguing since TCF7L2 locus has been genetically associated with mental 

disorders like scizophrenia in humans (Bem et al., 2019). Moreover, transgenic mice have 

revealed a dose-dependent role for Tcf7l2 in fear-conditioning and anxiety, traits for which A/J 

is known to significantly differ from C57BL/6J (Ponder et al., 2007; Portugal et al., 2012). 

Understanding how Wnt signalling activity is altered between the mouse strains requires 

further analysis. However, it is interesting to note that expression of Wnt2b, upstream ligand 

of Wnt pathway genetically associated with bipolar disorder (Bem et al., 2019), is significantly 

decreased in the ventral midbrain of A/J compared to C57BL/6J (Gui et al., 2020). Thus, 

providing one possible explanation. 

Taken together, our single nuclei chromatin analysis provides novel insights into 

transcriptional control of ventral midbrain cell types and a rich resource for further analysis of 

cellular identity and gene regulatory variation in this disease-relevant brain region. 
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FIGURE LEGENDS 

Figure 1. Midbrain snATAC-seq identifies cell type-specific accessibility.  

(A) Clustering of snATAC-seq from C57BL/6J and A/J with corresponding cell type 

proportions. Major cell types can be identified based on snATAC-seq profiles, with neurons 

having the biggest proportion on both strains. Cell types in C57BL/6J and A/J have comparable 

proportions with more than half of neuclei being identified as neurons. (B) Cell type-specific 

accessibility is observed in marker genes. The genomic tracks are from C57BL/6J midbrain 

snATAC-seq. The expression profiles measured as transcript per 100 000 in cluster. Rpl13a is 

used as a house keeping gene to normalize the snATAC-seq signal. See also Figure S1 and S2.  

 

Figure 2. Regions controlling cell type identity can be defined by combining snATAC-seq 

and scRNA-seq.  

(A) Schematic workflow to define cell-type specific signatures. Digital gene expression is 

obtained from DropViz. For each gene, the 85th percentile of its expression across all cell types 

was calculated. To define a gene as a cell type-identity gene, at least 60% of the cells of a cell 

type should have expression more than the 85th percentile, while at the same time no other cell 

type was permitted to have the same gene among its top expressed genes (above the 85th 

percentile) in more than 40% of the cells. Enrichment analysis with cell type-identity genes 

found GO terms corresponding to cell type characteristics. The cell type-identity peaks are 

defined by peaks overlapping with the regulatory regions of cell type-identity genes (basal 

region +/- 100 kb until nearby genes). Subsequently, the enriched motifs in cell type-identity 

peaks are detected. (B) Examples of identified cell type identity genes. The identified cell type-

identity genes for six major cell types show selective expression in the respective cell types 

when observing scRNA-seq data of the entire population of midbrain cells. 
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Figure 3. Identification of cell type specific TFs controlling cellular identity 

(A) Heatmap showing the enriched signal of cell type-identity peaks in eight cell types. The 

analysis was done on C57BL/6J midbrain snATAC-seq. The background is constructed by 

merging the sampling reads (366278 reads / cell type) from each cell type. The raw signal is 

normalized to the background and library, following log2-transformation. The normalized 

signal is plotted 3 kb up- and downstream of peaks. (B) Motif enrichment analysis on cell type-

identity peaks. The PWM logos, names of the associated TFs and p-values are shown for each 

motif. The motifs are ranked according to p-values.  

 

Figure 4. Association of differentially accessible regions with altered gene expression 

between C57BL/6J and A/J.  

(A) Differential peaks are highly associated with differential genes. The differential peaks 

(labelled as red) are defined as more than 2 fold change in read count in merged peak area. The 

read counts in peaks of snATAC-seq bulk are log10-transformed. Peaks with low read count 

(less than median - 1.5 median absolute deviation) are filtered out. To associate differential 

peaks to DEGs, peaks are overlapped with the regulatory region of DEGs (basal region +/- 100 

kb until nearby genes). As a control, random peaks are selected by bootstrapping with 1000 

repetions (p < 0.0099). The RPKM from bulk RNA-seq of C57BL/6J and A/J is also log10-

transformed, and DEGs are defined as FDR < 0.05 and log2-fold change > 1 (labelled as red). 

(B) Cell type-specific differential peaks correlate with gene expression in bulk RNA-seq. The 

differential peaks are labelled as green. 
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Figure 5. Putative regulatory variants are associated with differentially expressed genes 

and show cell type-selective accessibility.  

(A) Examples of putative regulatory variants of A/J found in the enhancer region upstream of 

Ddhd1, Afp619 and Rn4.5s. The putative regulatory variants are defined as variants disrupting 

TF footprints located in active enhancers (defined by H3K27ac). (B) Each DEG (5077, FDR > 

0.05) is associated with an average of 0.4 putative regulatory variants, while non-DEGs are 

associated with only 0.14 variants. Random: 5000 genes are randomly selected from all 

expressed genes. (C) Putative regulatory variants have differentical accessibility across cell 

types. Differential accessibility of putative regulatory variants is shown in the heapmap (red: 

accessible, blue: non-accessible). (D) More than half of the variants are accessible in more than 

6 cell types while 7% in only 1 cell type. (E) An example showing how putative regulatory 

variants with differential accessibility affect cell type-specific gene expression. The variants 

locating near the TSS of Zfp68 are associated with a broader signal in Th+ neurons of 

C57BL/6J, potentially resulting in upregulation of Zfp68 as shown in bulk RNA-seq. 

 

Figure 6. TCF7L2 as a mediator for trans-acting variation in neurons.  

(A) Motif enrichment analysis for regions of differential accessibility between C57BL/6J and 

A/J in neurons found TCF7L2 and LEF1 motifs with particularly high enrichment. (B-C) 

Regions of differential accessibility with motif for LEF1 (B) or (C) TCF7L2 show increased 

accessibility in neurons compared to other cell types. (D-E) Lef1 is highly expressed in 

endothelial stalk, while Tcf7l2 is abundant in neurons and polydendrocytes. See also Figure 

S3. 
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METHODS 

MATERIALS AVAILABILITY 

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by Lasse Sinkkonen (lasse.sinkkonen@uni.lu). This study did not generate new unique 

reagents. 

 

Animals 

All experimental procedures in this study were in compliance with the European Communities 

Council Directive 2010/63/EU, following the 3 Rs’ requirements for Animal Welfare. We used 

two mouse strains in this study, C57BL/6J and A/J, purchased respectively from Charles River 

and Jackson Laboratory. The study cohorts were bred in-house at the Animal Facility of 

University of Luxembourg (Esch-sur-Alzette, Luxembourg) and the protocol was approved by 

the Animal Experimentation Ethics Committee (AEEC) according to the national guidelines of 

the animal welfare law in Luxembourg (Règlement grand-ducal adopted on January 11th, 

2013). All mice were housed with a 12-hour light–dark schedule and had free access to food 

and water.  

For each mouse, intracardiac perfusion with PBS was performed after anesthesia with a 

ketamine-medetomidine mix (150 and 1 mg/kg, respectively). The brain was extracted and both 

midbrains of each mouse were dissected, immediately snap-frozen, stored at -80°C, and used 

for single cell partitioning as described below. 

 

Nuclei isolation 

mailto:lasse.sinkkonen@uni.lu


Gui et al.: Single nuclei ATAC-seq of midbrain cell types  

 

 28 

For bulk ATAC-seq, frozen midbrains were minced in a Dounce Tissue Grinder (Sigma, 

D8939-1SET) with A pestle ~10 times following B pestle ~20 times in lysis buffer [5 mM 

CaCl2 (Merck, A546282), 3 mM Mg(Ac)2 (Roth, P026.1), 10 mM Tris pH 7.8, 0.17 mM β-

mercaptoethanol (Gibco, 21985-023), 160 mM sucrose (Sigma, S0389), 0.05 mM EDTA, 

0.05% NP40 (Sigma, I3021)]. The lysate was layered on 3 mL sucrose cushion [1.8 M sucrose, 

3 mM Mg(Ac)2, 10 mM Tris pH 8.0, 0.167 mM β-mercaptoethanol], following ultra-

centrifugation 30,000g for 1 h (Rotor:Beckman Coulter, MLS-50) at 4°C. After centrifugation, 

the supernatant was discarded and the nuclei pellet was suspended in resuspension buffer (with 

0.1% Tween-20, 0.01% digitonin and 0.1% NP40). 

For snATAC-seq, the isolation of nuclei was done according to 10X Genomics protocol 

CG000212 (Rev A) with minor modification. In brief, frozen midbrain sections were minced 

in a Dounce Tissue Grinder (Sigma, D8939-1SET) with A pestle ~10 times following B pestle 

~20 times in 500 uL chilled lysis buffer [10mM Tris-HCL (pH7.4), 10mM NaCl, 3mM MgCl2, 

0.1% Tween-20, 0.1% NP40, 0.01% Digitonin, 1% BSA]. The homogenized lysate was 

incubated on ice for 5 min, following pipette mixing 10x and incubated again on ice for 10 

min. Chilled Wash Buffer (500 uL) [10mM Tris-HCl (pH 7.4), 10mM Nacl, 3mM MgCl2, 1% 

BSA, 0.1% Tween-20] was added to the lysed cells and pipetted mix 5x. The lysate was layered 

on 3 mL sucrose cushion [1.8 M sucrose, 3 mM Mg(Ac)2, 10 mM Tris pH 8.0, 0.167 mM β-

mercaptoethanol], following ultra-centrifugation 30,000g for 1 h (Rotor:Beckman Coulter, 

MLS-50) at 4°C. After centrifugation, the supernatant was discarded and the nuclei pellet was 

suspended in Nuclei Buffer (10x PN: 2000153) provided by 10X Genomics Chromium Single 

Cell ATAC Reagent Kit. The nuclei suspension was passed through a 40 um Flowmi Cell 

Strainer (Sigma, BAH136800040-50EA). 
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Bulk ATAC-seq 

Tagmentation of mouse midbrain samples was done based on the OMNI-ATAC supplementary 

protocol 1 (Corces et al., 2017) with minor changes. Briefly, 25,000 nuclei were resuspended 

in 50 uL resuspension buffer (with 0.1% Tween-20, 0.01% digitonin and 0.1% NP40) and lysed 

for 3 minutes on ice. After washing in 1 mL resuspension buffer (1% Tween-20) samples were 

centrifuged for 10 minutes at 500 RCF at 4 °C and supernatant carefully removed. Pellets were 

resuspended in 25 μL tagmentation mix (Tagment DNA buffer from Illumina, #15027866) 

containing 2.5 μL Tagment DNA Enzyme (Illumina #15027865) and incubated for 45 min at 

37 °C and 1000 rpm in Eppendorf ThermoMixer. Tagmented chromatin was isolated using 

Zymo Research DNA Clean& Concentrator kit (ZymoResearch ZY-D4013) and eluted in 21 

μL elution buffer. Library pre-amplification was done for 5 cycles using primers Ad1 and 

Ad2.16 (Buenrostro et al., 2015). Five additional cycles of library amplification were done as 

determined by qPCR (Corces et al., 2017). Library cleanup was done using Zymo Research 

DNA Clean & Concentrator kit followed by AMPure XP bead (Beckman Coulter #A63880) 

size selection. A first bead incubation using 0.55x volume of beads removes large fragments. 

After separation of beads on magnetic stand, supernatant was transferred to a fresh tube and 

incubated for 5 minutes in 1.5x volumes of beads. After washing with 80% Ethanol, beads 

were resuspended in 20 μL elution buffer. After separation on magnetic stand eluate was 

transferred to a fresh tube. Library quality was assessed using Agilent DNA High sensitivity 

Bioanalyzer chip (Agilent #5067-4626).  

 

Bulk ATAC-seq data analysis 

The sequencing of ATAC-seq libraries was done at the sequencing platform in the Luxembourg 

Centre for Systems Biomedicine (LCSB) of the University of Luxembourg. The paired-end, 
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unstranded library sequencing was performed using Illumina NextSeq 500/550 75 cycles High 

Output Kit. Raw FASTQ files and BAM files were processed as described above in the 

Materials and Methods section of ChIP-seq. After processing of the BAM files, the peaks were 

called by Genrich (https://github.com/jsh58/Genrich) with parameters “-r -m 30 -j” to remove 

PCR duplicates and include only reads with mapping quality of at least 30. Footprints were 

called by HINT-ATAC (Li et al., 2019) with default parameters. Raw FASTQ files were 

deposited in ArrayExpress with the accession number E-MTAB-8333. 

 

Single nucleus ATAC-seq library preparation and sequencing 

The single nucleus ATAC-seq was performed according to Chrominum Single Cell ATAC 

Reagent Kits User Guide (CG000168 RevB) with Chromium Single Cell E Chip Kit (10X, 

100086), Chromium Single Cell ATAC Library & Gel Bead Kit (10X, 1000111), Chromium 

Single Cell ATAC Gel Bead Kit (10X, 1000085), Chromium Single Cell ATAC Library Kit 

(10X 100087), Chromium i7 Multiplex Kit N Set (1000084), Dynabeads MyOne Silane 

(2000048). In brief, nuclei suspension was loaded with a targeted recovery rate of 10 000 nuclei 

per sample. snATAC-seq libraries quality were assessed using Agilent DNA High sensitivity 

Bioanalyzer chip (Agilent #5067-4626) and further sequenced on a 150 cycles High Output Kit 

using Illumina NextSeqTM 500 with targeted sequencing depth of 25 000 read pairs per nucleus. 

 

Single nucleus ATAC-seq analysis pipeline 

Cell ranger  

The alignment and filtering were done according to 10X running pipelines. In brief, the fastq 

files was generated from Illumina sequencer’s base call files, which were later used as inputs 
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to align (MAPQ > 30), filter barcode multiplets and generate accessibility counts for each cell 

in a single library. The technical replicates for each mouse strain were aggregated to create a 

single peak-barcode matrix. Each unique fragment is associated with a single cell barcode. 

Clustering 

The snATAC-seq downstream analysis was performed by Signac (version: 0.2.4) in R. The 

gene activity matrix was calculated with reads in gene body and 2 kb upstream of TSS as a 

proxy for gene expression. Nuclei with counts less than 5000 were filtered out. The 

dimensionality was calculated with latent semantic index (LSI) on peaks with at least 100 reads 

across all cells, which was used as input to generate UMAP graphs.  

Cluster annotation 

The annotation of snATAC-seq clusters took use of the existing scRNA-seq data on midbrains 

from adult 3-month-old C57BL/6N mice. The anchors were found between the gene activity 

matrix of snATAC-seq and the top 5000 variable features of scRNA-seq. The cell labels were 

transferred from the scRNA-seq to the snATAC-seq with normalization on anchor weights 

calculated from the LSI dimensional reduction, resulting in 10 347 nuclei of C57BL/6J and 

10368 nuclei of A/J annotated.  

 

scRNA-seq data analysis pipeline 

Data processing 

The DGE (digital gene expression) and cell annotation for midbrains of 3-month-old 

C57BL/6N mice were downloaded from DropViz. The data analysis was performed by Seurat 

(version: 3.1.4) in R.  Only cells with feature counts between 400 to 7000 and being single or 

well-curated  were used in downstream analysis, resulting in 19 967 cells in total. The DGE 
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was natural-log transformed and normalized to mitochondrial read counts. The dimentional 

reduction was done with UMAP. The clusters were annotated with existing annotation from 

DropViz.  

Selection of cell type-identity genes  

100 cells were randomly selected from each cell cluster. DGE from each cell type was 

constructed according to corresponding barcodes. The 85th percentile expression for each gene 

was calculated on the selected cells. The criteria for cell type-identity genes was defined as: 

For a particular gene, 60% of cells in a cell type have expression larger than the gene specific 

85th percentile; while at most 40% of cells in all other cell types have expression larger than 

the 85th percentile. This process were repeated for 100 times. Genes that appeared more than 

30 times out of 100 were defined as the cell type-identity genes. 

 

Motif enrichment analysis 

Generating cell type specific bam files 

The cell type specific bamfiles were generated by samtools. The barcodes from each replicate 

of a strain in bamfile was relabled to avoid barcode collapse. After relabelling, the bamfiles 

from replicates of a sample were merged. The bamfile for each cell type were subtracted based 

on corresponding barcodes. 

Peak calling 

The peak calling was done by MACS2 (2.1.2) (Feng et al., 2012) with custom cutoff on p-

values according to cutoff analysis with parameters ‘macs2 callpeak --cutoff-analysis’. The 

ideal cutoff was chosen based on that the selected p-value would not lead to exponential 

increase of peak numbers.  
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Motif enrichment analysis 

The motif enrichment analysis was performed by HOMER (4.11.1) (Heinz et al., 2010) with 

parameters ‘findMotifsGenome.pl -size given -mask’. 

 

Chromatin Immunoprecipitation (ChIP) 

ChIP was performed on the dissected snap frozen mouse ventral midbrain tissue as previously 

described (Gui et al., 2020). Each reaction had 10 – 14 g of chromatin and 10% aliquot was 

used as input DNA. Immunoprecipitation was performed overnight with 5 L of H3K27ac 

antibody (Millipore, 17-614) at 4°C with rotation. 

 

ChIP-seq data analysis 

The sequencing of the chromatin samples was done at the sequencing platform in the LCSB of 

the University of Luxembourg. The single-end, unstranded sequencing with read length of 75 

bp was performed with Illumina NextSeq 500 machine. FastQC (v0.11.5) was used for raw 

reads quality assessment (Andrews S, 2010). Generation of BAM files, including steps of 

adapter removal, mapping and duplicate marking, were done with PALEOMIX pipeline 

(v1.2.12) (Schubert et al., 2014), followed by mapping with BWA (v.0.7.16a) (Li et al., 2009). 

Backtrack algorithm applied the quality offset of Phred score to 33. Duplicate reads were 

marked and the mouse reference genome, GRCm38.p5 (mm10, patch 5) was downloaded from 

GENCODE (https://www.gencodegenes.org/). Finally, validation of the Bam files was donw 

using Picard (v2.10.9) (Adams et al., 2000). Raw FASTQ files were deposited in ArrayExpress 

with the accession number E-MTAB-8333.  
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The H3K27ac (H3 lysing 27 acetylation) ChIP-seq peaks, enhancers and super-enhancers, were 

called by HOMER (Heinz et al., 2010) with default parameters. The signal normalization in 

pairwise comparison was done by THOR (v0.10.2) (Allhoff et al., 2016), with TMM 

normalization and adjusted p-value cut-off 0.01. 

 

DATA AND CODE AVAILABILITY 

Raw FASTQ files were deposited in ArrayExpress with the accession number E-MTAB-8333 

for bulk levels analysis and E-MTAB-9225 for single cell data. The scripts for data analysis 

can be accessed here: https://github.com/sysbiolux/.  

 

SUPPLEMENTAL INFORMATION 

Supplemental Information is available as separate Supplemental Files. 

  

https://github.com/sysbiolux/
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Single nuclei chromatin profiles of midbrain from genetically 

distinct mouse strains reveal cell identity transcription factors 

and cell type-specific gene regulatory variation  

Yujuan Gui1, Kamil Grzyb2, Mélanie H. Thomas2, Jochen Ohnmacht1,2, Pierre Garcia2, 

Rashi Halder2, Manuel Buttini2, Alexander Skupin2, Thomas Sauter1, Lasse Sinkkonen1* 

Supplementary Information



Supplementary Figures 

Supplementary Figure S1: snATAC-seq on ventral midbrains of C57BL/6J and A/J 

revealed cell type-specific chromatin accessibility.  

A. The ventral midbrains of the two mouse strains were used as input to snATAC-seq.

Ten cell types were identified based on clustering of peak features. The aggregated 

signal is comparable to bulk ATAC-seq. Different accessibility across cell types can be 

observed and they can reflect gene expression changes. Prrrc2a is globally accessible 

and its expression can be detected in all cell types. Aif1 and Lst1 TSS are selectively 

accessible in macrophage, and their expression is only abundant in macrophage. 

Supplementary Figure S2: H3K27ac ChIP-seq and ATAC-seq correlating with gene 

expression.  

A. H3K27ac ChIP-seq on ventral midbrains of C57BL/6J and A/J. Within-sample

normalization is applied to account for gene length. The intensity of H3K27ac ChIP-

seq signals are plotted in a window of 2000 bp upstream and downstream of gene body. 

The genes are ordered based on the highest to the lowest gene expression level.  

B. ATAC-seq on ventral midbrain of C57BL/6J. The plotting scheme is the same as

Supplementary Figure 2A. 

Supplementary Figure S3: Differential peaks can reveal strain-specific TFs. 

A. Motif enrichment analysis on differential peaks. The PWM logos, names of the

associated TFs and p-values are shown for each motif. The motifs are ranked according 

to p-values. 



Supplementary Tables 

Supplementary Table S1: Cell type composition in ventral midbrains of C57BL/6J and 

A/J in snATAC-seq. 

Supplementary table 2: Cell type-identity genes defined from existing scRNA-seq. 

Supplementary table 3: Enrichment analysis on the cell type-identity genes defined 

from existing scRNA-seq. The GO enrichment analysis was performed by Enrichr. 

Supplementary table 4: Cell type-identity peaks defined by associating cell type-specific 

peaks to the regulatory regions of cell type-identity genes. 

Supplementary table 5: Putative regulatory variants. The location and major / alternative 

alleles are reported for each variant. 

Supplementary table 6: H3K27ac differential peaks between C57BL/6J and A/J. 
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Supplementary figure 3
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4.3 Manuscript 3 

 

Quantitative trait locus mapping identifies Col4a6 as a novel regulator of 

striatal dopamine level and axonal branching in mice 

 

4.3.1 Preface 

Substantial difference in ventral midbrain transcriptome was observed in inbreed mouse strains. 

Such difference in gene expression is likely to affect phenotypes associated with this brain 

region. DAns, establishing the nigrostriatal circuit by bridging SN in ventral midbrain to dorsal 

striatum to release dopamine, control motor function and its demise is a hallmark in Parkinson’s 

disease. Dopamine level in dorsal striatum likely reflects the integrity of these neurons. 

Dopamine measurement on dorsal striation from eight inbred strains found varied dopamine 

levels across strains, suggesting it is a complex trait likely affected by genetic variation in 

ventral midbrain. To identify which genetic variants can contribute to dopamine level 

difference, we did QTL mapping with 32 CC strains and found a significant QTL on 

chromosome X. Because Col4a6 was the most differentially expressed gene in tissue level 

RNA-seq, we proposed it is the QTL gene affecting dopamine level. Interestingly, Col4a6 was 

shown to regulate axon branching during development, which could be linked to our 

observation that A/J has less DAn branching in dorsal striatum. To move from gene expression 

difference to phenotypic variation in ventral midbrain, we identified Col4a6 could potentially 

affect DAn axogenesis during development and ultimately introduce variation in dopamine 

level in adulthood. 

Computational analysis was performed by me; animal dissection was performed by Dr. Manuel 

Buttini and Dr. Pierre Garcia; dopamine measurement was performed by Dr. Christian Jaeger 

and Dr. Zdenka Hodak; tissue sectioning, staining, and quantification was performed by Dr. 

Mélanie Thomas and Dr. Mona Karout; data submission to GeneNetwork was done by Msc. 

Arthur Centeno. 
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Abstract 

Features of dopaminergic neurons (DAns) in the nigrostriatal circuit are orchestrated by a multitude 

of yet unknown factors, many of them genetic. Decline of DAns, a characteristic of Parkinson’s 

disease, heralds a decrease in dopamine level, and thus measuring striatal dopamine reflects the 

integrity of DAns. To identify novel genetic regulators of the integrity of DAns, we used 

Collaborative Cross (CC) mouse strains to find quantitative trait loci (QTLs) related to dopamine 

levels in the dorsal striatum.  Dopamine levels in this brain region varied greatly in the eight CC 

founder strains, and the differences were inheritable in 32 derived CC strains. QTL mapping 

identified a locus associated with dopamine level on chromosome X that contained 393 genes. RNA-

seq analysis of the ventral midbrain of two of the founder strains with large striatal dopamine 

difference (C57BL/6J and A/J) revealed 24 differentially expressed genes within the QTL. The 

protein-coding gene with the highest expression difference was Col4a6, which exhibited a 9-fold 

reduction in A/J compared to C57BL/6J, consistent with lower dopamine levels in A/J. This was 

accompanied by reduced striatal axonal branching of DAns in A/J compared to C57BL/6J. Single 

cell RNA-seq data from developing human midbrain suggests that Col4a6 is highly expressed in 

radial glia-like cells and neuronal progenitors, indicating possible involvement in neuronal 

development. Moreover, Col4a6  controls axogenesis in non-mammal model organisms. We 

conclude that dopamine levels and axonal branching in mouse dorsal striatum are modulated by 

COL4A6 levels during development.  

 

Key words: Col4a6 – mouse strains – dopamine – QTL – regulatory variants – nigrostriatal circuit 
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Significance statement 

Axonal projections of dopaminergic neurons of the Substantia Nigra are among the longest and highly 

branched in the mammalian CNS. Their complex arborisation renders them exceedingly susceptible 

to stressors, and they are one of the first structures to degenerate in Parkinson’s disease. Many factors 

regulating the dopaminergic neuron identity and development are known, but few factors governing 

axonal branching of these neurons are. Using Quantitative Trait Loci mapping on different inbred 

mouse strains, phenotypic profiling of dopaminergic neuron features, and mining of public omics 

databases, we identify a subunit of collagen IV, Col4a6, as a putatative key modulator of axonal 

branching of nigral dopaminergic neurons. Our findings help understand the formation of axonal 

arborisation of these neurons, and may help design neuroprotective therapies.  
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Introduction 

Dopamine (DA), one of the main neurotransmitters in mammalian brain, is involved in several 

important activities, including motor and cognitive functions. Two important populations of DAns, 

with distinct activities, locate in substantia nigra (SN) and ventral tegmental area (VTA) in the ventral 

midbrain. The DAns in the SN project mainly to dorsal striatum, controlling motor function, while 

the ones in the VTA project to nucleus accumbens and amygdala, controlling reward and emotion, or 

to the cortex and hippocampus, modulating cognition and memory (Hassan and Benarroch, 2015; 

Vogt Weisenhorn et al., 2016). Both DAns are at the centre of research interests because of their 

involvement in neurological diseases, notably VTA DAn in neuropsychiatric diseases, and SN DAn 

in Parkinson’s disease (PD).  

Because of its prevalence and costs to society, PD has received a lot of attention. Environmental and 

genetic risk factors modulate the variability of PD (Jankovic et al., 1990; Gilgun-Sherki et al., 2004; 

van Rooden et al., 2011; Del Rey et al., 2018). Age of onset, severity, rate of progression of PD motor 

symptoms, as well as the response to dopamine replacement therapies vary greatly and are likely due 

to genetic polymorphism in the nigrostriatal circuit (Kalinderi et al., 2011; Kaplan et al., 2014). It has 

emerged that genetic factors governing the development of this circuit during ontogenesis and its 

baseline function in adults are frequently those that are dysregulated in PD (Klafke et al., 2008). 

Hence, a better understanding of genetic variations associated with these factors could pave the way 

for the understanding of PD. 

As genetic studies with standardized environment are difficult in humans, mouse models are used to 

study genetic variations. The mouse shares similar brain architecture and 99% of genes with humans, 

and allows cost-effective and controlled studies (Nadeau and Auwerx, 2019). Genetic variation is 

associated with phenotypic differences in the dopaminergic circuit and associated behaviours. 

Differences in the DAn cell number as well as in DA levels and protein trafficking have been shown 
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between different strains of mice (Baker et al., 1980; Vadász et al., 1987; Vadasz et al., 1998; 

Zaborszky and Vadasz, 2001; Cabib et al., 2002). Motor behaviour and susceptibility to PD-toxin 

differ between strains (Ingram et al., 1981; Hamre et al., 1999; Brooks et al., 2004; Jong et al., 2010). 

Recombinant inbred mouse strains constitute interesting models to identify candidate genes by QTL 

mapping (Peters et al., 2007). Collaborative Cross (CC) strains are a collection of such strains derived 

from eight founder strains (Churchill et al., 2004).  

In our study, we used CC strains to map QTLs related to the integrity of nigral DAns. We measured 

dopamine level in the striata of eight CC founders and 32 derived CC strains, and observed that the 

striatal dopamine level was influenced by the genetic background of the strains. We identified a QTL 

associated with striatal dopamine level on chromosome X that contained 393 genes. The 

transcriptomic analysis of C57BL/6J and A/J ventral midbrains, two CC founders having large striatal 

dopamine level differences, revealed 24 differentially expressed genes within the QTL, with Col4a6 

showing the highest expression difference. Studies using single cell RNA-seq data of developing 

human midbrain, have revealed a developmental expression profile for Col4a6 indicating a role in 

neurogenesis (La Manno et al., 2016), and morphological studies in non-mammalian models 

(Drosophila, zebrafish) indicate a role in axon guidance and outgrowth (Mirre et al., 1992; Takeuchi 

et al., 2015). Consistently, measurements of TH-positive axons in projection areas of SN DAns 

(dorsal striatum) and of VTA DAns (piriform cortex, amygdala) revealed that axonal branching of 

SN DAns, but not that of VTA DAns, differed between C57BL/6J and A/J. However, the number of 

TH-positive neurons in the SN did not differ between these 2 strains. These observations indicate that 

differences in Col4a6 expression lead to differences in dopaminergic striatal innervation.  

 

Materials and methods 

Animals 



Thomas et al.: Genetic Regulators of Nigrostriatal Circuit in the Mouse 

 6 

Eight parental founder strains (A/J, C57BL/6J, 129S1Sv/ImJ, CAST/EiJ, PWK/PhJ, WSB/EiJ, 

NOD/ShiLtJ, NZO/H1LtJ) and 32 CC strains (Supplementary Table S1), originally obtained from 

the University of North Carolina, Chapel Hill (UNC),  were bred at Chapel Hill or at the Central 

Animal Facilities of the Helmholtz Centre for Infection Research (Braunschweig, Germany). 10 to 

12 mice per group (mixed males and females) were anesthetized with a ketamine-medetomidine mix 

(150 and 1 mg/kg, respectively). Intracardiac perfusion was performed (phosphate-buffered saline) 

for each animal before dissecting the striatum and midbrain, immediately snap-frozen. The second 

hemibrain was fixed in paraformaldehyde (PFA) 4%. The experiments were performed according to 

the national guidelines of the animal welfare law in Germany (BGBl. I S. 1206, 1313 and BGBl. I S. 

1934) and the European Communities Council Directive 2010/63/EU. The protocol was reviewed 

and approved by the ‘Niedersächsisches Landesamt für Verbraucherschutz und 

Lebensmittelsicherheit, Oldenburg, Germany’ (Permit Numbers: 33.9-42502-05-11A193, 33.19-

42502-05-19A394), respecting the 3 Rs’ requirements for Animal Welfare.   

 

Dopamine measurements by gas chromatography-mass spectrometry (GC-MS) 

Striatal DA was measured in 3-month-old CC founders and 32 CC strains. As we used two different 

methods to extract the metabolites from the tissues, we present the results as percentage of C57BL/6J. 

The tissue homogenization and metabolite extraction were performed at 4°C or lower to prevent 

changes in the metabolic profile. 

The first method was described by Jaeger et al., 2015 (Jaeger et al., 2015). The striatum of each 

mouse was pulverized in a bead mill with grinding beads (7 mm). The samples were then 

homogenized in the bead mill with smaller grinding beads (1 mm) and the extraction fluid 

(methanol/distilled water, 40:8.5 v/v). The metabolites were extracted using a liquid-liquid extraction 

method first by addition of chloroform to the tissue fluid followed by distilled water. After shaking 

for 20 minutes at 1300 rpm at 4°C, the mixture was centrifuged for 5 minutes at 5000 x g at 4°C. The 
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upper phase containing the polar metabolites was transferred to a sample vial for speed vacuum 

evaporation.  

For both methods, the resulting dried samples were derivatized in an established procedure. 20 μL of 

pyridine (containing 20 mg/mL of methoxyamine hydrochloride) were added to the samples and 

incubated at 45 °C with continuous shaking for 90 min. Then 20 μL of MSTFA were added to the 

sample vial and incubated 30 min at 45 °C with continuous shaking. 

After derivatization, the GC-MS analysis was performed with an Agilent 7890A GC, or 7890B for 

the second method, coupled to an Agilent 5975C inert XL mass selective detector (MSD) or 5977A 

for the second method (Diegem, Belgium). 1 μL of sample was injected into a Split/Splitless inlet 

operating in split mode (10:1) at 270 °C. Helium was used as a carrier gas with a constant flow rate 

of 1.2 mL/min. The second method was slightly modified to further reduce the runtime. The GC oven 

temperature was held 1 min at 80 °C (0.6 min at 90 °C for the second method) and increased at 36 

°C/min to 260 °C (at 25 °C/min to 200 °C and held for 6 min for the second method). Then the 

temperature was increased at 22 °C/min and maintained at a constant temperature of 325 °C for 2 min 

(4 min post run time at 325 °C for the second method). The transfer line temperature was set 

constantly to 280 °C and the MSD was operating under electron ionization at 70 eV. As described by 

Jäger et al., 2016 (Jäger et al., 2016), a multi-analyte detection using a quadrupole analyzer in selected 

ion monitoring mode was used for a sensitive and precise quantification of DA and the internal 

standard DA-d4. 

Statistical analysis was performed using the GraphPad Prism 8 software. After applying the Shapiro-

Wilk test to assess the normality of our data, a one-way ANOVA was applied to analyse the striatal 

dopamine levels. 

 

Immunofluorescence 
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TH protein was measured by immunofluorescence in the dorsal striatum, amygdala, piriform cortex, 

and SN of 3-month-old C57BL/6J and A/J. From 6 to 14 hemibrains per group were fixed (PFA 4%) 

for 48h and stored in PBS with 0.2% of sodium azide. Parasagittal free floating sections (50 μm) were 

generated using a vibratome (Leica; VT 1000S) collected every 4th sections in a tube containing a 

cryoprotective medium (polyvinyl pyrrolidone 1% w/v in PBS/ethylene glycol 1:1) and stored at -

20°C. The lateral sections were collected for the striatum, amygdala and piriform cortex 

measurements, and the medial sections were collected for the SN measurements. 

The sections were washed in PBS with 0.1% Triton X-100 (PBST) and permeabilized in PBS with 

3% H202 and1.5% Triton X-100. The sections were then blocked for 1h in PBST with 5% of Bovine 

Serum Albumin (BSA) and incubated overnight with rabbit anti-TH antibody (1:1000, Millipore, 

AB152) diluted in PBST with 2% of BSA. After several washing, the sections were incubated for 2 

hours with the secondary antibody (Alexa fluorTM 488 goat anti-rabbit 1:1000, Invitrogen), mounted 

on slides and embedded in fluoromount. 

Imaging was performed using a Zeiss AxioImager Z1 upright microscope, coupled to a “Colibri” 

LED system, and an Mrm3 digital camera for image capture using the software Zeiss Zen 2 Blue. For 

each striatum, amygdala and piriform cortex section, three images of each brain area were taken at 

40x magnification using the apotome system. After thresholding, the area occupied by TH stainings 

in each picture was determined using the FIJI imaging software (Schindelin et al., 2012; Masliah et 

al., 2000). For the SN sections, the pictures were taken at 10x magnification. The area occupied by 

TH positive neurons was measured in the region of interest corresponding to the SN using ImageJ 

FIJI software. We can distinguish four different areas of the SN. Each area was quantified and 

averaged separately and summed as a cumulated surface (mm2) (Masliah et al., 2000; Ashrafi et al., 

2017). 
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GraphPad Prism 8 software was used for the statistical analysis. After applying the Shapiro-Wilk test 

to assess the normality of our data, an unpaired t-test was applied to analyse the TH measurement in 

different areas. 

 

Quantitative trait locus mapping 

The QTL mapping was done with http://gn2.genenetwork.org/. The dataset containing dopamine 

measurements of dorsal striata of 32 CC strains were located with search terms (Species: Mouse 

(mm10); Group: CC Family; Type: Phenotypes; Dataset: CC Phenotypes) and navigated to Record 

CCF_10001 and CCF_10002.  The QTL mapping was done with GEMMA on all chromosomes, 

MAF >= 0.05 with LOCO method. The genome wide significance of QTL mapping on male and 

female are set by 500 permutation simulations with FDR under 5% for each scan. 

 

Estimation of ventral dopamine level heritability in CC strains 

The broad sense heritability is estimated based on (Belknap, 1998). Briefly, the total phenotypic 

variance (Vp) is calculated on all CC strains. The genetic variance (Va) is estimated by the mean of 

within-strain variance. The heritability (H2) is calculated as Va/Vp. 

 

Results 

Differences in striatal dopamine levels across Collaborative Cross mice are under genetic 

control 

To determine whether the reported phenotypic differences between CC mouse strains (Schoenrock et 

al., 2018; Schoenrock et al., 2020) are accompanied by differences in striatal DA levels, we measured 

DA levels in isolated dorsal striata from the eight inbred founder CC strains (Supplementary Table 

S1). In total, dopamine from 102 mice at the age of 3 months was measured by GC-MS. DA levels 

http://gn2.genenetwork.org/
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varied significantly across the founders (one-way ANOVA, p=0.0004, F=4.507), indicating strain-

specific differences in DA levels in the nigrostriatal dopaminergic circuit (Figure 1). PWK/PhJ, A/J, 

and NOD/LtJ strains showed the lowest levels of DA, while the highest levels were detected in 

NZO/HILtJ, CAST/EiJ, and C57BL/6J mice. Thus, striatal DA levels appear to be under genetic 

control. 

To investigate if variation in DA level is indeed inheritable, we measured the striatal DA level across 

32 strains of CC mice. In total, we analysed 327 CC mice with similar number of mice from both 

sexes. The CC strains showed considerable variation in DA levels with a range of around 10 pmol/mg 

in both sexes (Figure 2). From these values, the estimated broad-sense heritability (H2) was calculated 

to be 0.52, indicating the DA level differences are inheritable, and  associated genetic variation could 

be detected by QTL mapping. (Hegmann and Possidente, 1981) (see Methods for details).  

 

QTL mapping associates a genomic locus on chromosome X with striatal dopamine levels 

Identifying novel genetic regulators associated with striatal DA levels could help better understand 

the development of dopaminergic circuits and susceptibility to diseases, like PD. Therefore, to 

leverage the power of CC strains to identify trait-associated genetic loci at a good resolution, we 

performed QTL mapping based on the measured DA levels across the 32 CC strains. The mapping 

was performed separately for males and females, and the genome-wide significance of results for all 

genetic markers are presented in Figure 3 and Supplementary Table S2. QTL mapping using the 

female data identified a genetic marker located on chromosome X at position 144.300241 Mb to be 

associated with DA levels, when applying the 95th percentile threshold for genome-wide significance 

(-log10 p-value = 5.23) (Figure 3A). Moreover, an adjacent upstream marker at position 136.176403 

Mb showed strong association in males, with a p-value just below the applied genome-wide 

significance cut-off (-log10 p-value = 4.91) (Figure 3B). This indicated that the region from 

136.176403 Mb to 144.300241 Mb harbors a QTL associated with DA levels in mice. In addition, 
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markers at downstream positions of 157.823410 Mb and 158.259643 Mb were also highly associated 

in females (-log10 p-value = 4.96 for both markers). Taken together, our QTL analysis identified a 

combined region spanning over 32 Mb with high association to striatal DA levels on chromosome X, 

with 8 Mb region from 136.176403 Mb to 144.300241 Mb showing highest significance in both males 

and females.  

 

Col4a6 is a developmental gene with altered expression between mouse strains  

The identified 32 Mb locus from position 131 Mb to 163 Mb on chromosome X includes 393 genes 

that could potentially be underlying the association with striatal DA levels, with a region of 8 MB 

containing 163 genes with most significant association. However, the vast majority (>95%) of trait-

associated genetic variants are located outside of protein-coding genomic regions (Maurano et al., 

2012). Recent advances in functional genomics analysis have revealed these non-coding variants to 

be highly enriched in gene regulatory regions such as enhancers where they can disrupt transcription 

factor binding and alter the target gene expression. Therefore, we asked whether such cis-acting 

regulatory variants could be affecting gene expression at our locus of interest in the SN of the 

midbrain, from where the DA neurons project to the dorsal striatum. To this aim, we took advantage 

of our recent transcriptomic profiling of ventral midbrains from C57BL/6J and A/J mice (Gui et al., 

2020), two CC founder strains with significantly different levels of striatal DA (Figure 1, p=0.026, 

unpaired t-test). These two strains are also widely used laboratory mouse strains  and have one of the 

largest differences in striatal dopamine (see above).  Using the RNA-seq data we plotted the absolute 

log2-fold change for all 393 genes between C57BL/6J and A/J to identify those with altered gene 

expression (Figure 4A). Interestingly, only 24 genes showed significant differential gene expression 

(Supplementary Table S3). By far the largest fold change of all protein-coding genes was found for 

Collagen 4a6 (Col4a6) gene, which showed over 9-fold difference between the 2 strains. Moreover, 

Col4a6 transcription start site is located at position 141.474076 Mb, within the 8 Mb region flanked 
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by the two genetic markers most significantly associated with DA levels in males and females. The 

transcriptomic analysis was based on a total 24 mice, 12 from each strain and sex, with A/J displaying 

a significant reduction for Col4a6 in both females and males compared to age-matched C57BL/6J 

(Figure 4B), consistent with a lower level of DA in the striatum of A/J (Figure 1). 

While Col4a6 expression was significantly lower in A/J, the overall abundance of expression in the 

adult C57BL/6J midbrain was also very low (<0.3 RPKM), indicating that, in adult mice, its 

expression is limited to only one or a few cell types, most likely endothelial cells, which have been 

reported to produce collagens (Gelse et al., 2003; Ricard-Blum, 2011). Collagen IV is an essential 

and abundant component of the basement membrane (Mao et al., 2015). In the nervous system, its 

function has been associated with axon guidance and neurite outgrowth in non-mammal model 

systems (Mirre et al., 1992; Takeuchi et al., 2015), and in cultured sympathetic neurons (Firla, 1990). 

The two angles of collagen IV function in the nervous system (regulation of neurogenesis and of 

neurite outgrowth and guidance) are probably intertwined. 

To get a better idea about the cellular source of COL4A6 during development, we observed its 

expression in published single cell RNA-seq (scRNA-seq) data corresponding to 26 cell types of the 

developing human midbrain (La Manno et al., 2016). COL4A6 expression was highest in floor plate 

progenitors and selected subtypes radial glia-like cells, with very low expression detected in other 

cell types (Figure 4C). The expression profile of COL4A6 closely followed the expression of SOX2, 

a key regulator of neurogenesis (Ferri et al., 2004). Consistently, previous screens for primary SOX2 

target genes have found COL4A6 expression to depend on SOX2  (Fang et al., 2011; Berezovsky et 

al., 2014).  

Taken together, the expression profile of COL4A6 implicates it as a developmental gene and its 

dependence on SOX2 indicates a possible role in neurogenesis. Indeed, previous work has shown that 

the zebrafish orthologs of type IV collagens, col4a5 and col4a6, can control proper axonal guidance 

during zebrafish development (Takeuchi et al., 2015). 
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Differences in striatal axonal branching between C57BL/6J and A/J mice 

Based on the observed differences in striatal DA levels, the localization of Col4a6 gene in the 

associated QTL, the distinct neurodevelopmental expression profile of COL4A6, and the previously 

described role of collagen IV in neurite outgrowth and guidance (see above), we hypothesized that 

DAn axonal fiber density could be different in the striatum of mouse strains. To test this, we 

performed TH immunostaining on brain sections from the two founder strains C57BL/6J and A/J. 

The percentage of area occupied by TH in the DAn projection areas (dorsal striatum for SN and 

piriform cortex and amyglada for VTA) was used to compare axonal fiber density between the strains. 

Interestingly, 3-month-old A/J mice showed 29% lower TH fiber density in dorsal striatum compared 

to C57BL/6J (unpaired t-test, p=0.0059), consistent with lower DA levels in A/J (Figure 5). No such 

differences could be observed in amygdala or in piriform cortex, suggesting that the differences 

observed between the two mouse strains appear to be specific to the dorsal striatum. 

To determine if the number of nigral DAn differed between C57BL/6J and A/J mice, we estimated 

the amount of these neurons in the 2 strains as described in Materials and Methods. We observed no 

difference in the number of TH-positive neurons between the two strains, implying that differences 

observed in striatal TH positive axons reflect a difference in branching of DAn, rather than their 

number of the SN (Figure 5). Hence, our data points to a role of COL4A6 in modulation of the 

branching of DAn of the SN, but not that of DAn of the VTA.  

Taken together, our QTL analysis allowed us to identify Col4a6 as a new gene involved in nigral 

DAns development and their axonal branching in the dorsal striatum.  

 

Discussion 
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While the DAns residing in the SN are of central interest to translational neuroscience research 

because of their unique properties that renders them susceptible in PD (Surmeier, 2018), a lot of the 

mechanisms surrounding their basic properties remain unknown. Uncovering factors that govern their 

development, structure, and function can help understand how they interrelate with other nervous 

system components in assuring the proper operations of the brain, or how they can contribute to 

disease (Klafke et al., 2008). 

In this study, we used CC strains to identify QTL and new candidate genes regulating the integrity of 

the nigrostriatal circuit. The variations of striatal dopamine levels between CC strains demonstrate an 

inheritable part of this trait. Together with previous transcriptomic data in the ventral midbrain of two 

founder strains, our results point to Col4a6 playing an important role modulating axonal branching 

of striatal DAns, the groundwork of which may be set during early phases of development.  

Despite the success of human GWAS methodologies to decipher phenotype-genotype associations, 

human tools lack proper standardized and controlled conditions. To overcome these limitations, CC 

mouse strains were generated to provide a model for heterogeneous human population (Churchill et 

al., 2004). Genetic diversity of CC mouse model provides more precise QTL mapping results than 

conventional mapping populations. The wide phenotypic range of around 10 pmol/mg DA enabled 

us to map a significant QTL of about 32 Mb with a reasonable number of 32 CC strains and eight 

founder strains. Our previous transcriptomic analysis coming from two CC founders with 

significantly different levels of striatal DA (Gui et al., 2020) provide useful data to narrow the QTL 

on chromosome X to 24 DEG, Col4a6 showing a 9-fold difference in C57BL/6J compared to A/J, 

two of the CC founder strains that had one of the largest striatal DA and DAn’s axonal branching 

differences.  To find out more about the role of Col4a6 in this brain region, we started to look at data 

available from the developing human midbrain (La Manno et al., 2016), which suggests an important 

role of Col4a6 in the DAns neurogenesis.  Collagen IV alpha-6 chain is one of the six subunits of 

type IV collagen, a major component of basement membranes. Collagen IV is a member of the 
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collagen family of glycoproteins, which themselves are constituents of the extracellular matrix 

(ECM), and among the most abundant proteins in the animal kingdom (Vecino and Kwok, 2016). 

ECM proteins, in particular collagens, in the nervous system play key roles in development, in cellular 

maintenance and repair, and in tissue responses to diseases involving injury or neoplasia (Rutka et 

al., 1988). Collagens in the PNS provide a scaffold for Schwann cells and support neurite outgrowth 

(Lein et al., 1991; Chen et al., 2015). As stated above, a central role for collagen IV in axon guidance 

and neurite outgrowth is also supported by studies in simple model organisms (Mirre et al., 1992; 

Takeuchi et al., 2015). Collagens, including type IV, in the nervous system are produced primarily 

by cells of mesodermal origin, the endothelial cells, and are found, together with other forms ECM 

proteins, in the basement membrane of cerebral blood vessels and at the glia limitans (Rutka et al., 

1988). Upon injury, collagen expression and secretion together with that of other ECM proteins, by 

glial cells appears (Liesi and Kauppila, 2002). While evidence suggest that, in some scenarios, this 

process is supportive of neurite outgrowth (see above), in rats, by contributing to the formation of the 

glial scar, it is thought to inhibit axonal regeneration (Liesi and Kauppila, 2002). Interestingly though, 

engineered biopolymer scaffolds containing collagen are being explored as therapeutic support for 

nerve repair after injury (Li and Dai, 2018). Thus, the role of collagens in neuronal maintenance and 

repair may depend on a delicate balance of opposing actions. 

Our study shows for the first time that one subunit of collagen IV, subunit 6, is a candidate for 

regulating axonal branching in the CNS of a mammal. Because we had already observed large striatal 

DA differences and large midbrain Col4a6 expression differences in C56BL/6 versus A/J mice, we 

then tested if these two mouse strains also showed differences in striatal axonal branching. We 

therefore measured TH-positive axons in the dorsal striatum C57BL/6J and A/J by quantitative 

immunofluorescence. We observed less TH-positive axons in the dorsal striatum of A/J compared to 

C57BL/6J mice. To determine if this was due to a difference in the number of TH positive neurons 

in the SN between these two strains, we also estimated those numbers, but did not find a difference. 
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Thus, the lower TH-positive axons we observe in the striata of A/J mice most likely reflect a lesser 

axonal branching of the DAns. To ensure that our strain differences affect the nigrostriatal circuitry 

and not all projecting DAns of the ventral midbrain, we assessed brain areas that receive projections 

from the VTA. Based on our results from the amygdala and piriform cortex, phenotypic differences 

observed in the striata of C57BL/6J and A/J are not present in the other midbrain dopaminergic 

circuits. Other studies indicate that more factors regulating nigrostriatal integrity remain to be found. 

Studying mouse strains other than those used in our study, Baker et al., 1980 (Baker et al., 1980) and 

Zaborsky et al., 2001 (Zaborszky and Vadasz, 2001) reported strain-dependent differences in the 

number of midbrain populations of DAns. On a functional level, other studies found strain-specific 

differences in motor behaviour, such as lower motor activity, balance and exploratory skills displayed 

by A/J compared to C57BL/6J (Jong et al., 2010). Finally, recent studies showed significant effect of 

the genetic background on locomotor behaviour (Schoenrock et al., 2020) and response to cocaine 

(Schoenrock et al., 2018) using recombinant inbred intercrosses generated from CC strains, 

illustrating how the CC strains can serve as useful model for identifying further QTLs and genetic 

variants that govern structure and function of DAns.  

In this study, using biochemical and neuropathological analyses in combination with QTL mapping 

in the CC mouse population, we highlight Col4a6 as a new gene candidate regulating the axonal 

branching in the nigrostriatal dopaminergic system of mammals. Because these are the structures that 

are affected early in PD (Kordower et al., 2013), we propose that a better understanding of the actions 

of collagen IV on these neurons may open the way for novel neuroprotection therapies. 
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Figure Legends 

Figure 1. Striatal dopamine levels measured in the different Collaborative Cross (CC) founders. 

(A) Schematic representation of the experimental set-up. (B) Level of dopamine measured by GC-

MS in the striatum of the different CC founders, expressed relative to the dopamine level of the 

common C57BL/6J strain. Data are expressed in mean ± standard deviation and the significance of 

differences was tested with one-way ANOVA (p=0.0004, F=4.507). 
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Figure 2. Striatal dopamine levels measured in the different collaborative cross (CC) strains. 

Levels of dopamine measured by GC-MS in the striatum of the different CC strains, expressed in 

pg/mg of tissue (mean ± standard deviation) and the significance of differences was tested with one-

way ANOVA. (A) Level of dopamine in the striatum of CC males (p<0.0001, F=3.964). (B) Level 

of dopamine in the striatum of CC females (p<0.0001, F=7.435).  

 

Figure 3. QTL mapping for dorsal striatum dopamine levels in CC strains. Plots show -log10 p-

values (y-axis) of genetic markers across chromosome locations (x-axis). Horizontal dashed lines 

represent the 95th percentile thresholds for genome-wide significance. (A) QTL mapping with female 

CC strains yielded the most significant QTL at chromosome X 144.3 Mb with -log(P) 5.23. (B) QTL 

mapping with male CC strains yielded the most significant QTL at chromosome X 136.2 Mb with -

log(P) 4.91. 

 

Figure 4. Col4a6 is the gene with highest differential expression between C57BL/6J and A/J at 

the identified chromosome X QTL. (A)  Log2-fold changes of genes in chromosome X locus 

between 131Mb and 163 MB. Genes with adjusted p-value below 0.05 are labelled in red. (B) The 

expression (RPKM) of Col4a6 in the ventral midbrain of C57BL/6J and A/J. (C) The expression of 

Col4a6 and Sox2 during human midbrain development based on scRNA-seq data from La Manno et 

al (La Manno et al., 2016). The two genes show similar expression profiles. Cell types are named 

with “h” to indicate human: Endo, endothelial cells ; Peric, pericytes; Mgl, microglia; 

OPC, oligodendrocyte precursor cells; Rgl1-3, radial glia-like cells; NProg, neuronal progenitor; 

Prog, progenitor medial floorplate (FPM), lateral floorplate (FPL), midline (M), basal plate (BP); 

NbM, medial neuroblast; NbML1&5, mediolateral neuroblasts; RN, red nucleus; DA0-2, 

dopaminergic neurons; Gaba, GABAergic neurons; Sert, serotonergic; OMTN, oculomotor 

and trochlear nucleus. 
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 Figure 5. Measure of tyrosine hydroxylase (TH) by immunofluorescence in the brain of 3-

month-old C57BL/6J and A/J. (A, B) TH in striatum. (C, D) TH in amygdala. (E, F) TH in piriform 

cortex. (G, H) TH in substantia nigra. (A, C, E) Images of TH stainings in striatum, amygdala and 

piriform cortex, magnification 40X. Scales bar: 50 µm (G) Images of TH stainings in substantia nigra, 

magnification 10X. Scale bar: 200 µm (B, D, F) Quantification of the percentage area occupied by 

TH from stainings in striatum, amygdala and piriform cortex. (H) Quantification of the TH-positive 

area in substantia nigra. Data are expressed in mean ± standard deviation and were analysed with 

unpaired t-test (p=0.0059 in the striatum (**), p=0.47 in amygdala, p=0.43 in piriform cortex and 

p=0.78 in SN). 
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Figure 2

A Striatal Dopamine Concentration of 32 CC strains
3-month male

B Striatal Dopamine Concentration of 32 CC strains
3-month female
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Figure 3

A QTL mapping with female CC strains
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Figure 4
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Supplementary Table S2: List of genetic markers from QTL mapping. The QTL mapping 

results from males and females are reported. 

Supplementary Table S3: List of differentially expressed genes in chromosome X 131 Mb to 

163 Mb. The differentially expressed genes are from the comparison in ventral midbrain 

transcriptomes between C57BL/6J and A/J. 
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5. Discussion  

Complex traits are common in organisms and often disease-associated. Dissecting genetic 

variation affecting complex traits can help to pinpoint risk variants. Here we focus on ventral 

midbrain. The ventral midbrain directs a lot of biological functions, such as motor activities 

and behaviors. Inbred mouse strains have long been shown to differ in motor capabilities 

(McFadyen et al., 2003; Thifault et al., 2002) and behavioral activities (Laarakker et al., 2011; 

Yoneyama et al., 2008), indicating these traits are complex and linked to ventral midbrain. 

Phenotypic difference is largely due to gene expression changes, and such changes are 

introduced by many cis and trans-acting regulatory variants. Therefore, to obtain the full 

genetic makeup of complex traits and disease-related phenotypes, understanding genetic 

variation underlying ventral midbrain gene expression is indispensable.  

PTTG1 as a regulator of ventral midbrain gene expression 

To identify genetic variation affecting the expression in ventral midbrain, we first compared 

the midbrain transcriptomes of three commonly used mouse strains, C57BL/6J, A/J and 

DBA/2J, which are segregated by ~6 million variants. More than 1000 differentially expressed 

genes were detected in pairwise comparison, suggesting substantial gene expression 

differences in ventral midbrains of these mice. Because TFs could have trans-regulatory effect 

affecting the expression of multiple genes, we set out to see if any genes coding for TFs 

differentially expressed. There were five TF coding genes with altered expression: Pttg1, 

Npas1, Hes5, Scand1, and Zfp658, and Pttg1 was the sole differentially expressed in all three 

strains. It had high expression in C57BL/6J, moderate in DBA/2J, and almost none in A/J. Its 

expression changes accompanied with alteration in histone modification, as H3K4me3 signal 

was less abundant in A/J and DBA/2J comparing to C57BL/6J. Next, we moved on to examine 

the effect of Pttg1 on ventral midbrain transcriptome by acquiring Pttg1-/- mouse line congenic 

to C57BL/6J. Interestingly, only four genes were differentially expressed at the age of 3 months 

between knockout and wildtype: Gm12663, Pttg1, Thg1l and Ublcp1. These genes are in close 

LD, meaning they are likely under the same transcriptional regulation. At the age of 9 months, 

significant transcriptomic differences was observed with almost 1000 differentially expressed 

genes found. Pttg1-/- transcriptome even shifted towards A/J and DBA/2J, where genes such as 

Apoa2 and Eno1b contributing the most to transcriptome variation acquired similar expression 

profiles.  
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Many differentially expressed genes were found but only 5 genes coding for TFs, suggesting 

genes encoding for TFs are under-represented. This is in line with results found in plants (Lin 

et al., 2017). Besides, TFs play an essential role in gene regulation. Considerable defect in TFs 

is deleterious to organisms. Considering these mice have normal life spans and free of external 

stimuli, it is unlikely to detect many differences in TF expression.  

We found Pttg1 is the only TF-coding gene altered significantly. Pttg1 is originally discovered 

in rat pituitary tumors (Pei & Melmed, 1997). It encodes a mammalian protein, securin. Securin 

is an inhibitor of separase, a protease required for the separation of sister chromatid in mitosis 

(Zou et al., 1999). The activation of separase needs the degradation of securin at the onset of 

metaphase to anaphase transition. In fact, its expression is topped in G1 and M phases (Santos 

et al., 2015). The biological function of Pttg1 indicates it can potentially regulate cell cycle. It 

has been shown in budding yeast that removal of Pttg1 can lead to early separation of sister 

chromatids and chromosome instability (Yamamoto et al., 1996). Similar situation was not 

observed in knockout mouse model, probably due to the fact that separase in vertebrate can be 

inhibited alternatively by phosphorylation (Mei et al., 2001).  

Nonetheless, many studies focused on Pttg1’s relationship with tumorigenesis where very often 

cell cycle is misregulated. In fact, overexpression of Pttg1 has been found in many human 

malignancies, including those of the breast (Puri et al., 2001), colon (Heaney et al., 2000), lung 

(Li et al., 2013) and thyroid (Boelaert et al., 2003). Pttg1 can also have inhibitory effect on 

tumorigenesis at least in mammary gland. Ablation of Pttg1 found precocious branching 

morphogenesis and the mutant female mice can spontaneously develop mammary gland tumors, 

corresponding to the observation that PTTG1 protein level was down-regulated in human 

breast tumors (Hatcher et al., 2014). 

The reason why Pttg1 is involved in cancer progression is partly due to its nature as a TF 

associated with genes directing the cell cycle. PTTG1 is broadly activated and functioning 

through direct DNA binding or interaction with other regulatory factors (Tong and Eigler, 

2009). One of the downstream targets of PTTG1 is c-Myc which can regulate growth and cell 

cycle entry (Hamid and Kakar, 2004). Fgf2 is a mitogen that induces proliferation, 

differentiation and migration of cells. It coincides with Pttg1 overexpression in tumor 

angiogenesis. In addition, PTTG1 can interact with SP1, forming a complex to co-localize the 
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promoter of Ccnd3 to activate transcription of genes responsible for G1/S phase transition 

(Tong et al., 2007).  

Pttg1 expression was highly downregulated in A/J, with expression dropping down to almost 

none comparing to 15 RPKM on average in C57BL/6J and 3 RPKM in DBA/2J. An interesting 

question is if the varied levels of Pttg1 correlates with tumor susceptibility considering Pttg1 

expression level has been shown to link with several cancers. So far, there is no study focusing 

on the contribution of Pttg1 on tumor susceptibility in different mouse strains, despite the fact 

that inbred mouse strains do show variability when exposed to carcinogens. For example, A/J 

is highly susceptible to lung cancers, whereas C57BL/6J and C3H are relatively less sensitive 

(Malkinson, 1989). Considering these three mouse strains have normal life spans and are free 

from extra treatment, the intrinsic level of Pttg1 is unlikely to cause natural tumorigenesis.  

It is curious why Pttg1 expression is so low in A/J. A study using a panel of AXB/BXA strains 

(developed by crossing C57BL/6J with A/J) to identity prospective genes participating in the 

patterning of retinal amacrine cells shed some lights on this topic (Keeley et al., 2014). 

Variation in cell mosaic patterning was observed across AXB/BXA strains, and the identified 

QTL on chromosome 11 yielded Pttg1 as the most promising candidate. The high expression 

of Pttg1 in  C57BL/6J  is due to a 7-nucleotide deletion in immediate upstream of its TSS. The 

deletion creates a binding site for AP-1 transcription factor, which usually associates with gene 

activation. The gene expression changes could also be observed in our ChIP-seq data, with 

H3K4me3 signal being highly depleted in the TSS of Pttg1 in A/J. Interestingly, Pttg1 

knockout mice had a reduction in cell mosaic patterning in retina. Similar phenotype could be 

also found in A/J.  

At the age of 3 months, only 4 genes differentially expressed including Pttg1, Thg1l, Ublcp1, 

and Gm12663. However, at the age of 9-13 months, almost 1000 genes showed expression 

changes. Importantly, Pttg1-/- midbrain transcriptome shifted to A/J and DBA/2J. The 

observation suggested aging might participate in the effect of Pttg1 ablation. Lifespan 

differences have been recorded for these mouse strains. C57BL/6J is long-lived with 50% 

mortality in captivity by 914 days, while DBA/2J and A/J both have a shorter life span 

(Goodrick, 1975). Much effort has been invested to understand the genetic underpinning of 

lifespan differences between the long-lived C57BL/6J and the short-lived DBA/2J. Previous 

study demonstrated that the percentage loss of murine hematopoietic stem and progenitor cells 
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(HSPC) upon genotoxic agent hydroxyurea (HU) treatment is inversely correlated with the 

mean lifespan of inbred mice (Schütz et al., 2017). C57BL/6J has low frequency of HSPC 

dysfunction in response to HU comparing to DBA/2J. A QTL in chromosome 11 is linked to 

the percentage of dysfunctional HSPC and the regulation of life span in BXD mice (mice 

produced by crossing C57BL/6J and DBA/2J) (Brown et al., 2020). Further analysis with mice 

that are reciprocally congenic with either C57BL/6J or DBA/2J background to this locus 

pointed out that Pttg1 is the most likely QTL gene. The underlying mechanism is still unknown, 

but it might linked to CpG methylation as overexpression of Pttg1 in C57BL/6J HSBC acquired 

a faster age-associated DNA methylation. What contradicts to our result is that the expression 

of Pttg1 in HSPC is higher in DBA/2J comparing to C57BL/6J, but we saw the opposite in our 

data, suggesting Pttg1 has a cell type-specific expression pattern. In addition, striatum and 

retina also have higher expression of Pttg1 in DBA/2J but not C57BL/6J (Bottomly et al., 2011; 

Geisert et al., 2009), further prompting us to suspect the effect of Pttg1 might not be the same 

in ventral midbrain as in other tissues and there might be an upstream regulator on Pttg1 

expression specific to ventral midbrain. However, the complexity of these topics is beyond the 

scope of this thesis. 

The ablation of Pttg1 in C57BL/6J leads to midbrain transcriptome shifting towards A/J and 

DBA/2J along aging, but which type of cells being affected is unclear to us. Based on single 

cell RNA-seq data on mouse ventral midbrain (Saunders et al., 2018), Pttg1 expression can be 

found in various cell types including ependyma, mural cells, endothelial cells, 

oligodendrocytes, and microglia. This observation is in line with our deconvolution results. 

Taking together, Pttg1 is possibly involved in the transcriptional changes of multiple cell types. 

However, not many studies so far focus on the function of Pttg1 in the brain. Except for its 

involvement in retinal mosaic patterning, Pttg1 is downregulated in a hearing-impaired mouse 

model proposing contribution to presbycusis (age-related hearing loss)  (Lubka-Pathak et al., 

2011). Pttg1 knockout mice showed impairment in spatial learning (Manyes et al., 2018), 

suggesting a defect in hippocampal system. Another study also found Pttg1 expression is 

associated with neocortex volume (Gaglani et al., 2009), proposing its potential involvement 

in brain development. 

An interesting study using F2 intercross mice from C57BL/6J and C3H to map 23 000 gene 

expression traits in whole brain identified Pttg1 as the strongest brain cis eQTL (Lum et al., 

2006). Several genes have similar expression patterns with Pttg1, indicating they might be the 
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possible downstream targets. To validate Pttg1 is casual to the expression changes in these 

genes, they compared transcriptomic profiles between Pttg1-/- and wildtype animals and found 

five genes differentially expressed. We can perform similar analysis to find genes that are 

changed as a result of Pttg1 downregulation, by coupling information from knockout mouse 

line and BXD strains. Our PCA showed Pttg1-/- midbrain transcriptome moves towards A/J 

and DBA/2J. So in theory, mapping with BXD strains can uncover QTLs explaining the 

expression phenotypes on midbrain transcriptomes between the two strains. QTL mapping with 

37 BXD ventral midbrain transcriptome profiles using GeneNetwork (Druka et al., 2008) found 

a strong QTL on chromosome 11 with Pttg1 locus in, corresponding to previous study on 

mouse whole brain (Lum et al., 2006). However, few expression changes can be detected at 3-

month, whereas Lum et al., using whole brain from 3-5 months found 1483 differential genes. 

This is likely because transcriptome changes as a result of Pttg1 removal might happen in other 

brain regions prior to ventral midbrain. Instead of looking at 3 months old knockout mice, we 

switched to animals upon 9-month old where a lot of gene expression changes can be found. 

Eleven differentially expressed genes, such as Gabra2 and Mcee, were in high expression 

correlation with Pttg1 in BXD strains. Gabra2 is likely under cis-regulation as it is closed to 

Pttg1. Mcee is possibly under trans-regulation and it was shown to have negative genetic 

interaction with Pttg1 (Vizeacoumar et al., 2013). However, such results should be taken with 

caution, as the QTL mapping was performed on BXD mice at 3-month old, but the validation 

was done with older animals where age might introduce confounding noise. 

When looking at genes that highly contributed to the midbrain transcriptome shifting, we found 

their expression patterns were similar to A/J and DBA/2J. Apoa2 has high expression in 

C57BL/6J, but after removing Pttg1, its expression was downregulated to a similar level in A/J 

and DBA/2J. A study showed that Apoa2 is deterministic for apnea in C57BL/6J, by showing 

Apoa2-/- and Apoa2+/- mice do not exhibit symptoms anymore (Gillombardo et al., 2017). Such 

mechanism could also exist in Pttg1-/- mice. On the other hand, Eno1b, an isoform of the 

glycolytic enzyme enolase, overexpressed in α-crystallin mutant mice with defect in eye lens 

(Andley et al., 2018), which could also link to the retinal mosaic patterning defects of Pttg1-/- 

mice. Taking together, Pttg1 ablation can globally affect ventral midbrain transcriptome, with 

affected genes showing biological relevance being in line with previous publications.  

The analysis was fully relied on RNA-seq on ventral midbrains from different mouse strains, 

where many factors could potentially bring bias. Though minor difference in the dissection of 
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ventral midbrain is unavoidable, handling of animals was performed by professionals to 

minimize animal-to-animal variation. Other factors that could bring bias are time of 

experiments and different facilities for sequencing. Two procedures were included in the 

analysis pipeline to account for sample variation in general. Firstly, all samples were upper-

quartile normalized. The normalization managed to bring the mean to zero and the variance 

comparable across samples. Secondly, wald test was performed on individual potential 

covariates, including sex and difference in sequencing facilities. Facility difference could bring 

significant bias in downstream analysis, while few genes (25 genes) were differentially 

expressed between males and females, including ones that are known to differ in sex like Xist.  

As a result, sequencing facility was included in statistical model to account for its bias. 

Nonetheless, variation within a strain could be detected. One of DBA/2J 9-month samples had 

high expression of genes specific to pituitary gland, suggesting potential tissue contamination 

coming from dissection. Considering this sample was grouped with other DBA/2J 9-month 

animals on PCA and our analysis mainly focused on 3-month old mice, we did not exclude this 

sample from downstream analysis. Besides, expression profiles from Pttg1-/- 9-13 months old 

were considerably varied comparing to other strains, which is likely caused by variable 

expressivity from the effect of Pttg1-/- knockout. 

Ventral midbrain transcriptome is a complex trait where many cis and trans regulatory factors 

can together contribute. Our data found Pttg1 is a potential trans-regulator affecting gene 

expression phenotypes in this brain region by showing its ablation leads to transcriptome 

shifting along aging.  

Single nuclei chromatin profiles reveling cell identity TFs and cell type-specific 

gene regulatory variation 

Ventral midbrain is a mixture of many different types of cells. The development and function 

of each cell requires the appropriate set of genes expressed. Cell type-specific gene expression 

relies on the orchestration conducting by cis and trans-regulatory elements. Our tissue level 

transcriptome revealed Pttg1 as the potential trans-regulator affecting the expression 

phenotypes in ventral midbrain, but information about cell type-specific variants between 

strains are still missing. 
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Therefore, we generated single nuclei chromatin profiles on the ventral midbrains of C57BL/6J 

and A/J. Such datasets have not yet been published and provide a rich resource for the 

community to study regulatory elements such as promoters and enhancers in a cell type-specific 

manner. The reason that we would like to look at chromatin profiles in cell level is many studies 

have shown strain-specific genetic variation can affect gene expression in a given cell type by 

influencing TF binding or cis regulation (Alasoo et al., 2018). Macrophage has specific lineage-

determining TFs (LDTFs) including PU.1 and C/EBPs (Heinz et al., 2010). Characterization 

on collaborative binding of PU.1 and C/EBPs in macrophages derived from C57BL/6J and 

BALB/cJ mice found hundreds of strain-specific binding sites (Heinz et al., 2013). Strain-

specific variants in PU.1 motif lead to loss of PU.1 binding as well as C/EBPs binding, though 

C/EBPs motif is intact. A subsequent study on bone-marrow-derived macrophages (BMDM) 

from five inbred strains restated strain-specific genetic variation has regulatory effect (Link et 

al., 2018). Interestingly, their study also showed genetic variation primarily alters transcription 

through distal cis-regulatory elements. Taking together, with the help of single nuclei 

chromatin profiles, we could identify cis and trans genetic variants on cell types of interest in 

ventral midbrain. 

The method we used to generate chromatin profiles in cell level is the single nuclei ATAC-seq 

(snATAC-seq) developed by 10X Genomics. snATAC-seq enables the profiling of epigenetic 

landscapes of thousands of individual cells. Based on accessibility on genome, nuclei could be 

grouped into several clusters. However, it is unfeasible to label clusters based on their 

epigenomic signatures. There are several reasons for this. Because different cells could adopt 

different sets of TFs to control gene expression, software like cellranger looks at which motifs 

are enriched at each cluster. But some TFs like CTCF are shared by multiple cell types, so it is 

not easy to distinguish clusters based on motif enrichment. Besides, open chromatin region 

does not guarantee actual gene expression, as many additional factors, like TF binding and 

histone modifications, can also regulate gene expression (de la Torre-Ubieta et al., 2018). 

To efficiently label nuclei clusters, we took use of the existing scRNA-seq data generated on 

mouse ventral midbrain in C57BL/6 background from the matching age (Saunders et al., 2018). 

Integration of scRNA-seq and snATAC-seq was done by Signac (Stuart et al., 2019). The idea 

is based on the positive correlation between gene expression and accessibility at a gene’s 

promoter (Lara-Astiaso et al., 2014). We can first identify signature genes, genes that vary 

across cell types, in scRNA-seq, then look at the accessibility of these signature genes in nuclei 
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clusters. With this approach, we managed to identify ten major cell types in ventral midbrains 

from both mouse strains: endothelial tip, endothelial stalk, astrocyte, microglia, polydendrocyte 

(Tnr, Cspg5), polydendrocyte (Tnr), Oligodendrocyte (Tfr), neuron, neuron (Th), and neuron 

(Slc17a6). The proportions of cells are similar between C57BL/6J and A/J, with more than half 

of the nuclei being assigned to neuronal population. As expected, the accessibility of marker 

genes is different in cell types. Tmem119 is a microglia marker gene. Its accessibility in 

microglia is uniquely high with signal ranging from TSS  through gene body and expand to 

distal region. This high accessibility corresponds to its high expression only in microglia. 

Noticeably, genes like housekeeping gene Rpl13a that do not have a cell type-specific 

expression, would have their TSS accessible for most of the cells. 

When looking at nuclei clusters between the two mouse strains, Th+ neurons in C57BL/6J did 

not cluster as a whole as it did in A/J. This is likely due to very low number of Th+ neurons 

found in C57BL/6J, with only 45 nuclei comparing to 196 in A/J. Similar difference in nuclei 

number can be found in Slc17a6+ neuron, where A/J also got more nuclei. Considering there 

was only one replicate from each strain, it is impossible to tell if the difference in nuclei number 

between the two strains is due to biology or technical bias. In addition, The neuronal cluster 

looks quite spread (even A/J has one part of the neuronal cluster separated from the main), 

suggesting it is possible to distinguish neuronal subtypes based on epigenomic profiles.  

As regulatory elements in open chromatin can affect gene expression, selective chromatin 

profiles are important for transcriptional control in a given cell type. To identify such chromatin 

profiles in cell level, we again leveraged the public available scRNA-seq data on ventral 

midbrain (Saunders et al., 2018).  By comparing gene expression across cell types, we could 

select genes that are highly expressed in a given cell type. These genes are defined as cell type-

identity genes which are likely to shape cell specification. Identity genes overlap with marker 

genes to some degree but might differ in expression pattern, as they are strictly defined to 

express in one single cell type. For example, Slc6a3 is one of the top enriched cell type-identity 

genes for Th+ neurons with expression highly specified. Similar cases could be found in 

microglia with C1qa and in astrocyte with Slc1a2. We did notice that cell types from close 

lineages tend to share gene expression. Though our expression cutoff specified Atp1b2 to be 

highly abundant in neuron comparing to other types, Th+ neuron still had certain level of 

expression. The number of cell type-identity genes was ranging from 47 in polydendrocyte 

(Tnr, Cspg5) to 412 in Th+ neuron. The large discrepancy in identity gene numbers across cell 
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types could be due to both the technical bias and their biological nature. Our approach to define 

cell type-identity genes was a heuristic approach. To setup the expression cutoff, 100 cells were 

selected from every cell group to have information equally coming from each cell type. Given 

the fact that many more cells were available in some groups like neuron or oligodendrocyte, it 

is possible that certain bias was introduced into the pipeline. To overcome the technical bias 

generated from cell selection, we repeated our pipeline for 100 times and defined genes 

appearing more than 30 times out of the 100 as cell type-identity genes. On the other hand, cell 

types like Th+ neurons tend to have distinct expression pattern considering their unique 

biological functions like dopamine secretion, so intuitively they would adopt more identity 

genes. As identity genes were highly expressed only in the corresponding cell type, next we 

moved on to see if they related with cell function by performing gene ontology (GO) 

enrichment analysis (Chen et al., 2013). Cell type-specific GO terms are enriched in 

corresponsive identity genes. Therefore, the defined identity genes do bear biological relevance 

despite technical bias in the pipeline. With the set of cell-type identity genes outlined from 

scRNA-seq, we could associate open chromatin to these genes. Peaks that fall into the 

regulatory regions of cell-type identity genes were defined as cell type-identity peaks.  Cell 

type-identity peaks are selective chromatin profiles with cis-regulatory elements affecting the 

expression of identity genes. 

The defined identity peaks were enriched in the matching cell types. Interestingly, cells from 

different lineages tend to have stronger less enrichment on peaks that are not specific for them. 

For example, microglia arise at very early stages of embryonic development from progenitors 

in embryonic yolk sac (Ginhoux et al., 2010; Han et al., 2018). Thus, microglia come from a 

different origin compared to other brain cells. The accessibility in microglia was strongly 

depleted in identity peaks of other cell types. As TFs could have profound influence on gene 

expression, we moved on to search for motifs that were enriched in cell type-identity peaks. 

Many of the found motifs were closely related to cell identity. For instance, the motif of ASCL1 

was one of the top-ranked binding sites in the cell type-identity peaks of astrocyte. ASCL1 was 

shown to regulate astrocyte differentiation by activating notch-signaling pathway (Henke et al., 

2009). The notch signaling also upregulates the expression of Sox9 to induce astrogenesis, the 

motif of which was also found in astrocyte (Martini et al., 2013). SPI1 (or PU.1 ), binding to 

the top enriched motif in microglia, is a master regulator of myeloid cells and controls 

microglial development and function (Smith et al., 2013). Some motifs are shared by more than 

one cell types, such as RFX1 in astrocyte, neuron and Th+ neuron. The expression of Rfx1 was 
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mainly found in the nuclei of neurons and microglial cells but not in astrocytes. However, 

another study in monkey discovered RFX motif enrichment in NPCs (neuronal precursor cells) 

and astrocytes (Goodnight et al., 2019), which corresponded to our results. In addition, CTCF 

enrichment was present commonly, probably because its binding on insulators are required 

broadly to maintain heterochromatin boundaries and itself has critical roles in transcriptional 

regulation (Chen et al., 2012). Some well-defined TFs were not found based on our cell type-

identity peaks, such as NURR1 and EN1/2 for Th+ neuron. This is probably due to the analysis 

used a subset of peaks associated with genes having high expression in one cell type. Taking 

together, integration of scRNA-seq and snATAC-seq from ventral midbrain revealed cell 

identity TFs  defining cell identity.  

To discover the regulatory effect from strain-specific variation, we compared the open 

chromatin profiles between C57BL/6J and A/J for each cell type to find peaks with differential 

accessibility. Substantial amount of differential peaks with reads more than 2 fold could be 

identified from each cell type, ranging from 498 in neuron to 17 833 in Th+ neuron. The number 

of differential peaks was biased inversely to nuclei number, as Th+ neuron had the least cells 

but the most differential peaks. To test their biological relevance, differential peaks were 

assigned to the regulatory regions of differential genes from our previous bulk RNA-seq data. 

Differential peaks were highly enriched in the regulatory regions of genes with varied 

expression, suggesting they harbored cis-regulatory elements despite certain level of technical 

bias. Indeed, peaks with certain fold difference could reflect gene expression change. For 

example, the expression of Isoc2b was detected in C57BL/6J but not in A/J, corresponding 

with accessible signal only found in its TSS in C57BL/6J. Additionally, the differential peaks 

were also associated with cell type-specific expression. Olfr287 had accessibility in its TSS 

and gene expression specifically in astrocyte of C57BL/6J. Such information could not be 

dissected out on tissue-level data. In summary, comparing accessibility of each cell type 

between strains can identify specific differential peaks, and they could reflect gene expression 

changes found in tissue-level transcriptomes.  

Some methods with stricter statistical definition could also be used to identify differential peaks. 

One paper with snATAC-seq on mouse cortex used Cicero package to create many clusters of 

cells based on their low-dimensional t-SNE coordinates. Then the accessibility profiles in each 

cluster could be aggregated as one replicate (Sinnamon et al., 2019). With this approach, 

sufficient replicates are created as input to DESeq2 (Love et al., 2014), which applies Wald 
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Test to find sites differentially accessible between cell types or against all other cell types. Such 

computational framework should be also explored in our dataset. But given the time when the 

manuscript was written, it has not been performed yet and will be implemented later.  

Gene expression phenotype is greatly contributed by cis-regulatory variants (Link et al., 2018). 

To identify putative regulatory variants with cis-acting effect, we generated tissue-level 

H3K27ac ChIP-seq to find enhancers and promoters, as well as ATAC-seq to search for DNA-

binding sites. Putative cis-acting regulatory variants were defined by locating in enhancer 

regions and DNA binding sites simultaneously. They were highly enriched in the regulatory 

region of differentially expressed genes, prompting us to leverage our single cell accessibility 

profiles to identify cell type-specific cis-regulatory variants. Indeed, most of the regulatory 

variants showed differential accessibility across cell types, with almost 40% accessible in less 

than 6 cell types. Some of these regulatory variants could potentially affect gene expression in 

a cell type-specific manner. Zfp68, coding a zinc-finger protein that could repress gene 

expression (Agata et al., 1999), was down regulated in A/J. Putative regulatory variants were 

differentially accessible in the TSS of Zfp68 in Th+ neuron , resulting in the depletion of ATAC 

signal in A/J and ultimately downregulating Zfp68 expression. In short, putative regulatory 

variants have differential accessibility across cell types, and they can have cis-effect on gene 

expression in a strain-specific manner. 

Except for cis-regulatory variation, potential trans-acting regulators could introduce expression 

difference in hundreds of genes in a given cell type (Liu et al., 2019). Differentially accessible 

peaks between C57BL/6J and A/J were enriched in the regulatory region of differentially 

expressed genes, indicating they harbored regulatory elements that are bound by trans-

regulators like TFs. To identity such trans-regulators, we performed motif enrichment analysis 

on cell type-specific differential peaks. In neurons, we found an enrichment of the shared 

binding motif for TCF7L2 and LEF1. LEF1 and TCF7L2 are members of the TCF family and 

they closely associated with the Wnt signaling pathway (Jin and Liu, 2008). When Wnt 

signaling pathway is activated, β-catenin in cytosol would not be degraded by proteasome-

mediated degradation process but enters into nucleus to form the β-catenin/LEF1 complex (also 

referred as the canonical Wnt signaling pathway (Bem et al., 2019)) or β-catenin/TCF7L2 

complex. The complex can activate the downstream genes of Wnt signaling pathway (He et al., 

1998). Polymorphisms on Tcf7l2 is associated with the disease risk of type 2 diabetes by 

affecting glucose metabolism in pancreas and liver (Facchinello et al., 2017). In brain, Tcf7l2 
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expression could be found in thalamus and midbrain (LEE et al., 2009), suggesting its potential 

involvement in brain function. Studies found that Tcf7l2 is essential to establish neuronal 

identity and circuits of the caudal forebrain by affecting post-mitotic neuronal identity switch 

between thalamic and habenular neurons (Lee et al., 2017). In addition, the Wnt signaling 

pathway regulated by Lmx1b-miR125a2 regulatory loop can modulate the size of the midbrain 

dopaminergic progenitor pool (Anderegg et al., 2013). scRNA-seq on ventral midbrain 

(Saunders et al., 2018) found Tcf7l2 was highly expressed in neurons and moderately in 

polydendroctye. However, the expression of Lef1 was only detectable in endothelial stalk. 

Because the binding sites for TCF7L2 and LEF1 are almost identical, it is impossible to 

distinguish their cellular activity based on open chromatin regions. By combining both scRNA-

seq and sn-ATACseq, we could decipher that TCF7L2 but not LEF1 is the one with altered 

chromatin accessibility in midbrain neurons between C57BL/6J and A/J.  

The neuronal population in Saunders et al. was mainly composed of Gad2+ and Slc17a6+ 

neurons, which were likely to be GABAergic neurons and glutamatergic neurons, respectively 

(Mickelsen et al., 2019). Both GABAergic neurons and glutamatergic neurons are associated 

with the ventral tegmental area (VTA) in ventral midbrain. VTA involves in one of the 

dopaminergic circuits, the mesocorticalimbic circuit which controls behavioral traits like 

reward and fear. Alterations in the activity of TCF7L2 were linked to neuropsychiatric 

disorders in human such as schizophrenia (Bem et al., 2019) and bipolar disorder (Cuellar‐

Barboza et al., 2016). Mice model with Tcf7l2 expression altered showed behavioral changes 

in anxiety and fear learning (Savic et al., 2011). Interestingly, C57BL/6J and A/J are also 

known to differ in anxiety with A/J behaving more anxious (Laarakker et al., 2011). Based on 

the distinct expression pattern of Tcf7l2 in neurons and its altered accessibility between 

C57BL/6J and A/J, it is likely that TCF7L2 can potentially contribute to phenotypic difference 

in behaviors in the two mouse strains.  

How genetic variants shape the phenotypes of complex traits has long been discussed. GWAS 

studies have been used to study the genetic basis of many complex traits, but the genome-wide 

significant hits in combination can only explain a small fraction of the expected heritability 

(Manolio et al., 2009). This is known to be the missing heritability problem, which is due to 

large numbers of small-effect common variants cannot pass stringent significance test at the 

current sample sizes (Loh et al., 2015; Shi et al., 2016a; Yang et al., 2010). A recent model 

suggested that phenotypic variance is mediated through many genes, including genes that are 
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not directly involved in the trait in question (Boyle et al., 2017). Based on this concept, they 

proposed to divide genes into core genes and peripheral genes based on if they can affect a 

given trait directly or not (Liu et al., 2019). A cis-variant for a peripheral gene could be a trans-

QTL for core genes. To globally explore cis and trans-regulatory variants affecting the 

expression phenotype in ventral midbrain, we integrated our snATAC-seq with existing 

scRNA-seq, as well as tissue level epigenomic profiles. Such integration revealed cell type-

specific cis and trans-regulatory variants that could direct strain-specific gene expression 

changes, the information of which helps to fill up the missing heritability in gene expression 

phenotype of ventral midbrain. In addition, we discovered many potential regulatory variants 

that could direct or indirect contribute to our trait of interest. 

In summary, to understand cis and trans-regulatory variation in cell type level, we generated 

single cell chromatin accessibility profiles in the ventral midbrains of C57BL/6J and A/J. 

Integration with public available scRNA-seq found enrichment of cell type-identity motifs. 

Putative cis-regulatory variants had differential accessibility across cell types and could 

selectively affect gene expression. Analysis at regions with differential accessibility revealed 

trans-acting variation that could potentially affect strain-specific gene expression. Our data 

provide a rich resource to study cell type regulatory variation in ventral midbrain and opens 

new venue to identify strain-specific variation. 

Bridging ventral midbrain transcriptome variance to associated phenotypes 

The transcriptome of ventral midbrains between C57BL/6J and A/J are different, and such 

expression difference are under control by many regulatory variants in cell type-specific 

manner. Here we would like to focus on one cell type, the dopaminergic neurons in nigrostriatal 

circuit (mDAn), to see how gene expression difference contributes to phenotypic variation. 

It has long been suspected that the original dopamine level, either caused by different cell 

numbers or varied intrinsic dopamine release, can affect individual risk in neurodegenerative 

disease. This is inspired by many studies that found inbred mouse strains have considerable 

differences related to TH activity (Ciaranello et al., 1972), DAn numbers (Muthane et al., 1994; 

Ross et al., 1976) and striatum size (Rosen and Williams, 2001). CD-1 mice have a higher 

number of mDAns comparing to C57/BL, while in BALB/cJ and CBA/J, the number of mDAns 

did not vary but TH activity is much higher in BALB/cJ, suggesting dopamine level in dorsal 

striatum is a quantitative trait which can be contributed by cell number and enzyme activity. In 
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fact, the degenerative process of mDAns is triggered several years before there is sufficient 

motor symptoms for clinical diagnosis. If a person has less dopamine as a starting point, it is 

likely that the “tipping point” is reached earlier to cross the critical threshold for motor 

symptoms (von Linstow et al., 2020). 

Therefore, we set out to look at the dopamine concentration on dorsal striatum as phenotypic 

readout because of its biological relevance to mDAn. mDAn have cell bodies in the SN of 

ventral midbrain, and their fibers can long project into dorsal striatum to release 

neurotransmitter dopamine which directs the motor function of organisms. mDAn degeneration 

causing dopamine deficiency in dorsal striatum is one of the hallmarks of Parkinson’s disease, 

the notorious neurodegenerative disease affecting 2-3% of the population beyond 65 years of 

age (Poewe et al., 2017). If mDAn contributes to the overall gene expression difference we 

observed in C57BL/6J and A/J, it is likely that the transcriptome phenotypes in ventral 

midbrain can lead to detectable trait difference, such as varying levels of dopamine in dorsal 

striatum. 

To understand the genetic background of dopamine levels in inbred mouse strains, we 

measured the dopamine concentration on dorsal striatum of eight mouse lines: PWK/PhJ, A/J, 

NOD/LtJ, WSB/EiJ, 129S1/SvlmJ, C57BL/6J, CAST/EjJ, and NZO/HiLtJ. They differed 

considerably in dopamine concentration, with around 1.5-fold difference between the lowest 

level in PWK/PhJ and the highest in NZO/HiLTJ, suggesting dopamine concentration in dorsal 

striatum is a quantitative trait. 

Next, we performed QTL mapping with CC strains on dorsal striatum dopamine level to 

identify genomic locus that could be associated to our trait of interest. The CC strains are 

designed specifically for the study of complex traits by incorporate genetic variation from the 

above eight founder strains to maximize genetic diversity (The Complex Trait Consortium et 

al., 2004). With more than 30 CC strains and 5 replicates each, one can achieve mapping power 

more than 0.8 on QTLs with relatively large effect size (Keane et al., 2011). Thus, 32 CC strains 

with 10 replicates each (5 for male and 5 for female) were used in our study. The dopamine 

measurement on the dorsal stratum across 32 CC strains also had considerable difference, 

indicating dopamine level is an inheritable trait. Only two strains (CC006 and CC072) showed 

significant sex difference, both with females having slightly higher dopamine levels. Hence, 

the QTL mapping was performed separately on each sex. 
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Interestingly, the top hits of QTL mapping in both sexes were located on chromosome X within 

8 Mb away from each other. Female QTL mapping yielded one locus survived from genome-

wide significance penalty: UNC31420222 at 144 Mb of chromosome X. To select the genes of 

interest in proximity with the QTL hit, we looked at the differentially expressed genes between 

C57BL/6J and A/J, two out of the eight founder strains of CC lines. The hypothesis is that, if 

a QTL is shown to associate with a trait of interest, genes responsible for phenotypic difference 

in the QTL would have varied expression profiles. Col4a6 was the only gene with 9-fold 

expression change between C57BL6/J and A/J after strict cutoff. Its expression pattern also 

corresponded to the dopamine measurement in the two founder strains with AJ having 15% 

less dopamine comparing to C57BL/6J.  

Col4a6 encodes for collagen alpha-6 (IV) chain protein which is one of the six subunits of type 

IV collagen. Type IV collagen is the major structural component of basement membrane. 

Basement membrane is a thin layer of extracellular matrix (ECM) between epithelial and 

stromal cells (Ingber, 2003). It provides structural support for cells with unique components to 

conduct important biological functions like differentiation, proliferation and migration during 

development. Given collagen alpha-6 (IV) chain is one of the components required for proper 

ECM formation, any defect on Col4a6 could potentially cause detrimental effect. This is 

supported by a study using zebra fish model to show Col4a6 can affect the integrity of basement 

membranes which gives support for axogenesis (Takeuchi et al., 2015). Granule cells are the 

major type of glutamatergic neurons in cerebellum. Functional cerebellar circuits fully rely on 

the axon formation of granule cells. Col4a6 reduction on zebrafish resulted in abnormal 

axogenesis coupling with disorganized basement membrane surroundings, suggesting that type 

IV collagen controls neuron axogenesis by regulating the integrity of the basement membrane 

during development. Several other studies also linked collagen coding genes to neuron 

formation. One study found α-synuclein associated with Col4a2, the gene coding subunit 

collagen alpha-2 (IV) chain protein (Paiva et al., 2018). Col4a2 was upregulated both in 

transgenic mice and DAn with α-synuclein overexpression, suggesting collagen related genes 

might play a role in α-synuclein-induced toxicity. In addition, Col4a6 was down regulated 

together with Sox2, a gene indispensable for neurogenesis (Ferri et al., 2004). This is likely due 

to SOX2 can bind to the promoter of Col4a6 and regulate its expression (Berezovsky et al., 

2014). Additionally, the expression patterns of Col4a6 and Sox2 during human ventral 

midbrain development were similar (Manno et al., 2016), suggesting they two could cooperate 

during neurogenesis. 
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Interestingly, our data found A/J has less DAn fibers in dorsal striatum comparing to C57BL/6J, 

which could be due to A/J bearing either smaller mDAn number, or less fiber branching.  

Analysis on amygdala, piriform cortex, and SN did not find difference in mDAn number 

between C57BL/6J and A/J; thus, the observation of less DAn fibers of A/J was likely due to 

less branching. Less branching in A/J could lead to lower dopamine concentration. Given the 

fact that Col4a6 can affect axon formation, we suspect similar scenario could happen on the 

axogenesis of mDAn during development. By looking at the single cell RNA-seq data on 

human ventral midbrain at developmental stages (Saunders et al., 2018), we found the 

expression of Col4a6 is mainly in progenitor medial floorplate cells and radial glia-like cells, 

both of which are present at developmental stages. In fact, though Col4a6 expression difference 

was substantial between C57BL/6J and A/J at the age of 3 months, the expression itself was 

not abundant, which is likely because the main expression event happens in embryonic stages 

but the expression discrepancy carries on to adulthood. 

There are certain questions not being addressed in our study. First of all, CC strains bear the 

genetic variation from eight founder strains. Therefore, the significant QTL hit could include 

potential causal genes or variants that come from any of the eight founders, not necessarily 

reflecting the true difference between C57BL/6J and A/J. Additional experiments to further 

validate Col4a6 downregulation effect on axongenesis is in need. For example, we can reduce 

Col4a6 expression by morpholino on DAn reporter line of zebrafish to see if there is any defect 

regarding axon formation. Secondly, dopamine concentration in ventral midbrain is a complex 

trait and dopamine synthesis is a multi-step process. As discussed before, mouse strains could 

have different TH activity, so the variation in dopamine concentration could come from 

enzymatic activity. Here our study specifically focused on C57BL/6J and A/J, the two strains 

who do not differ in DAn cell number but indeed have difference in DAn branching, fixing our 

attention on factors affecting axongenesis. 

In summary, QTL mapping on dopamine level variation in ventral midbrain with 32 CC strains 

found a top QTL hit on chromosome X. Further analysis with our previous generated RNA-

seq on midbrain identified Col4a6 is the most likely gene candidate. Given the fact that Col4a6 

controls neuron axon formation by regulating the integrity of basement membrane during 

development, we propose similar role of this gene could exist for mDAn. 
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6. Summary and Perspectives 

Ventral midbrain is an essential brain region controlling motor function and behavior.  

Understanding how genetic variation can contribute to ventral midbrain gene expression 

difference can help to better decipher the genetic background of its associated disease 

phenotypes.  

Our study looked at cis and trans-acting variation by coupling tissue-level transcriptomic and 

epigenomic data with single cell level open chromatin assays. Though many studies focus on 

individual cell types in ventral midbrain, exploring global expression changes and their 

associated genetic variation in this brain region have not yet been systematically demonstrated. 

We first confirmed substantial gene expression changes could be found in inbred mouse strains 

by conducting RNA-seq on ventral midbrains of C57BL/6J, A/J and DBA/2J, and identified 

Pttg1 as a trans-acting regulator directing ventral midbrain transcriptome difference.  

Ventral midbrain is a mixture of many cell types. To decipher cell type-specific regulatory 

variants, we generated single cell chromatin profiles in this brain region from C57BL/6J and 

A/J. Integration of our snATC-seq and existing scRNA-seq found cell type-identity motifs 

which are selectively enriched. Putative regulatory variants have differential accessibility 

across cell types, suggesting cell type-specific gene expression is under control of these 

variants. By comparing chromatin accessibility in neurons between strains, we propose 

TCF7L2 is a mediator of trans-effect in midbrain neurons. 

Next, we explored how genetic variation could link to phenotypic difference by focusing on 

mDAn. Dopamine concentration in dorsal striatum is indicative to the integrity of mDAn in 

nigrostriatal circuit. Here we measured the dopamine concentration in inbred strains and  found 

it is a complex trait likely resulted from the genetic difference in ventral midbrains. Then we 

used CC mouse panel optimized for studying complex traits to identify QTLs associated with 

the varied level of dopamine in dorsal striatum. A significant QTL on chromosome X led us to 

identify an interesting gene Col4a6, with potential regulatory effect on axogenesis of mDAn 

during development. 

Many challenges are still ahead. We identified Pttg1 as a trans-regulator in midbrain 

transcriptome, but its biological outcome is not clear. Phenotype screening like behavioral tests 

on Pttg1-/- mouse line is necessary to link the genetic variation to phenotypic difference. Our 

single cell data integration revealed many putative regulatory variants that might have direct 

or indirect effect on cell type-specific expression changes. Validation of such results could 
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expand to future projects. For example, we suggest TCF7L2 as a mediator of trans-acting 

regulation directing strain-specific gene expression phenotypes in neurons. In vivo or in vitro 

testing with system congenic to C57BL/6J or A/J, or QTL mapping could provide valuable 

insight on the underlying mechanisms. Our QTL mapping on varied level of dopamine 

concentration in dorsal striatum found Col4a6 is the likely QTL gene. Validation by 

knockdown experiment in zebra fish model is on-going and could show its potential 

involvement in axon formation of mDAn.   

Taken together, our study explored the genetic regulators of ventral midbrain gene expression 

and nigrostriatal circuit integrity by coupling tissue level and single cell level data from the 

view of cis- and trans-acting regulatory effects. Such datasets provide a rich resource for future 

study about the regulatory elements in this brain region. 
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