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Abstract

The complement component 4 gene (C4) is highly associated with autoimmune
risk and schizophrenia. C4 is the most polymorphic gene in the complement system due
to copy number variation and an endogenous retrovirus (HERV-K(C4)) insertion which
confers variable transcript sizes. From public epigenomics data we found 4 candidate
liver specific and 2 astrocyte specific enhancers in a 500 kb region flanking the C4 locus.
Additionally, a topological site was discovered in a region corresponding to the LTR of
HERV-K(C4) suggesting that different haplotypes could confer distinct topologies. In
future directions, we will apply Oxford Nanopore Technologies long read sequencing, a
Cas9-based enrichment approach, and a GpC methyltransferase to mark accessible
chromatin to validate these candidate regulatory elements in SNU-475 cells, a liver cell
line that shows high expression of C4A and C4B. These methods can enhance the
understanding of the transcriptional regulation of genes highly associated with disease
risk and will enable future work to link structural variation to gene regulation, with broad

implications for the understanding of immune-mediated diseases.
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Chapter 1: Background

Schizophrenia and Autoimmunity

In 1983, a psychiatrist named Irwin Feinberg connected a previous discovery that
synaptic density varies dynamically with age to schizophrenial. Feinberg named his
speculation behind this phenomena “synaptic pruning”, analogizing the pruning of a tree’s
branches to the pruning of synaptic connections!. His theory implied that reduced
synaptic density due to excessive pruning could result in schizophrenia. However, it was
not until 1998 that a study analyzing five postmortem schizophrenia brain samples with
electron microscopy substantiated Feinberg’s theory, specifically that synapse densities
in brain regions involved in cognition are lower in affected than in unaffected people3*.
Following this pivotal study, and owing to advancements in non-invasive brain imaging
techniques, another study supporting Feinberg observed accelerated rate of grey matter
loss (a proxy for synaptic density) in the frontal lobe of 35 at-risk individuals who went on
to develop psychosis®. To date, accumulating evidence from genetic and
neuropathological studies suggests that reductions in synaptic density underlie the
macroscale organizational patterns in schizophrenia afflicted nervous systems®-2.

The genomics revolution marked the next chapter in supporting Feinberg’s
hypothesis. In 2009, a pivotal genome-wide association study (GWAS) of 3,322 European
individuals with schizophrenia and 3,587 controls implicated that the largest genetic
association to the disease resided at chromosome 6 (chr 6), more specifically, the
association lied in multiple variants located at the major histocompatibility complex (MHC)

locus on chromosome chr 678. This surprising finding directly implicated the immune


https://paperpile.com/c/CkVWAH/Dtw4

system in schizophrenia pathogenesis for the first time. Since then, numerous studies
have replicated this finding and have codified that the MHC locus is one of the most
significant risk loci for schizophrenia®!*.

Yet some of these GWAS are limited given that they nominate large clusters of
single-nucleotide polymorphisms (SNPs) in linkage disequilibrium (LD) at the MHC
region. This hinders the ability to distinguish causal SNPs from neutral variants. However,
in 2016, Sekar et al., developed methods to analyze complex forms of genomic structural
variation (SV), copy number variation affecting sequences longer than 50 bp, that enabled
the group to identify complement component 4 (C4) SV haplotypes as the likely causal
mechanism explaining schizophrenia risk at the MHC locus?'?.

C4 is a non-enzymatic serum protein essential for the proliferation of an ancient
and powerful branch of the innate immune system, the classical complement pathway.
Two isoforms of C4 exist, and their peptide sequences differ by just four amino acids?*?.
The first isoform, the acidic C4A, binds more efficiently to free amino groups present on
peptide antigens, and its purpose is to fulfill the opsonization/immunoclearance functions
of the complement system?314, The second isoform, the basic C4B binds more efficiently
to hydroxyl groups present on carbohydrate antigens, and its purpose is to eliminate
microbes by lysis and neutralization®®.

Haplotype diversity at C4 is due to two examples of SV which will be further
discussed in detail. The first feature of C4 locus complexity is a result of copy number
variation (CNV) (Fig 1A). CNVs manifest when a particular DNA fragment has variable
copies compared to a reference genome, primarily due to genome duplications or

deletions'®. CNVs account for a large proportion of the human genome, and most



C4 Structural Variation

C4 RNA Expression Across Profiled Cell Types
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Fig. 1 | C4 Structural variation and RNA expression. a,
Human C4 exists as two paralogous genes, C4A and C4B;
the proteins are distinguished by four distinct amino acids
that determine which molecular targets they bind. Both C4A
and C4B also exist in both long (L) and short (S) forms
distinguished by an endogenous retroviral (HERV-k(C4))
sequence in intron 9. C4 is also copy number variable,
ranging from 1 to 5 copies. b, Cell type specific C4A/B RNA
expression from ENCODE. Hepatic cell types demonstrate

3

the greatest expression of the genes. HCT 116, melano-
cytes, and H1 cells showed low expression and thus
were used as pseudo controls during cCRE annotations.
¢, GTEx tissue expression for C4A/B validating liver
abundance of both isotypes. Expression values are
shown in TPM (transcripts per million), calculated from a
gene model with isoforms collapsed to a single gene.
Data source: GTEx Analysis Release V8 (dbGaP Acces-
sion phs000424.v8.p2)



fragments that vary among genomes occur in CNVs of at least 1 kilobase (kb)¢2°. The
second feature behind C4 complexity is a result of size variation in the C4A and C4B gene
bodies?. In some individuals, a 6.4 kb endogenous retrovirus insertion at the 9th intron
increases the total length of the gene?l. However, this insertion is variable and thus
different transcript lengths can arise. Due to these two examples of SV, there are 13
prominent haplotypes at the C4 locus that circulate throughout the human population.

In some autoimmune diseases with genetic associations in the MHC locus, specific
alleles of human-leukocyte antigen (HLA) genes associate more strongly than other
variants in the MHC locus??23. In contrast, Sekar et al. found that HLA alleles associated
with schizophrenia less strongly than other genetic variants in the MHC region. They
performed an allelic series schizophrenia risk of common combinations of C4 structure
and MHC SNP haplotype, and discovered that each C4 allele exhibited a characteristic
level of schizophrenia risk regardless of HLA haplotype. The group also discovered that
in post-mortem brain samples of schizophrenia patients, RNA expression of C4A and
C4B increased proportionally with copy number of C4A and C4B, respectively. Thus,
these findings were early evidence linking schizophrenia pathology to the complement
and immune systems.

In addition to genetic findings linking complement to schizophrenia, multiple
studies have reported increased concentration of C4 protein and overall activity in the
serum or plasma of schizophrenia cases compared to controls?4-?’. In mice, studies have
shown that classical complement components, including transgenic C4, and C4’s murine
homolog, C4b, instruct the central nervous system’s resident immune cells, microglia, to

prune synapses during development, through a process known as microglia-mediated



synaptic pruning?®2°. Intriguingly, microglia are the only cell type in the CNS that contain
the receptor, C3R, which recognizes cells “tagged” with complement components=°.
Additional studies in mice have shown that increased expression of C4 leads to loss of
synaptic connectivity across various regions of the brain, as well as behavioral
abnormalities3!32. Studies linking C4 to synaptic pruning have provided a molecular
explanation to Feinberg’s hypothesis. Yet how and where in the CNS C4 is targeted to
synapses, how these mechanisms relate to symptoms of schizophrenia, and how C4
gene expression is regulated in the CNS remain unknown.

Schizophrenia is not the only pathological association to the classical complement
system. Outside of the CNS, C4 also is associated with a panoply of autoimmune
diseases, most strongly, systemic lupus erythematosus (SLE)3336. In contrast to
schizophrenia, where increased C4 expression correlates with greater disease risk, SLE
is typically associated with decreased complement expression. For example, patients with
complete C4 deficiency have a remarkably high rate of SLE. While extremely rare, 14 of
26 documented patients with complete C4 deficiency were diagnosed with SLE. In
addition, there is substantial evidence from many studies over the past 20 years
demonstrating that SLE patients show lower expression of C4A relative to C4B in plasma
or serum3&4°_|n addition to the connection between low expression of C4 and SLE, lower
copy numbers of C4 are also highly associated with disease risk, and higher copy
numbers are associated with disease protection*14?, Although a corpus of studies from
the past 30 years have investigated and supported the association between C4 and
susceptibility to SLE and schizophrenia, there is much more work to be done to further

elucidate and corroborate mechanistic explanations behind these associations.



C4 Biology

The complement system is characterized by triggered-enzymatic cascades

activated by alternative, lectin or classical pathways*#243. The system is one of the most
evolutionarily ancient branches of the immune system, likely established in the common
ancestor of Cnidaria and Bilateralia more than 1,300 million years ago**. The first branch
of complement to evolve was the alternative, followed by the lectin, and finally the
classical pathway**. The power of the complement system’s proteins, and perhaps an
explanation for its persistence and ubiquity throughout the animal kingdom, lies in the
presence of a thioester chemical group. This functional group is a highly reactive
molecular “warhead” that, when exposed from its hidden conformation, can covalently
bind to chemical acceptor groups on various pathogens and mark them out for destruction
by distinct immune cell types*>:48,

Although the system has prevailed for millions of years of evolution, the discovery
of complement first came to the attention of scientists following work by Koch and Pasteur
on transmissible diseases in the latter half of the 19th century*’. The discovery of the
complement system came from George Nuttall's work in 1888 focusing on mechanisms
of protection against infectious diseases*. Nutall and colleagues recognized that sheep
blood was bactericidal for anthrax bacilli, but that this property vanished if the blood was
heated. In 1891, the German chemist Eduard Buchner, named this heat-dependent
bactericidal activity “alexin” (in Greek, means ‘to ward off')*>%°. Fast forward to 1899, Paul
Ehrlich, thanks to work from various other immunologists substantiating a heat-liable
protective immune serum, suggested a humoral immunity scheme substituting the terms

“complement” for alexin®’.



During the second half of the 20th century, research in the complement field accelerated
to eventually discern three physiologic functions: defending against pyogenic bacterial
infection, connecting innate and adaptive immunity, and clearing immune complexes and
the products of inflammatory injury*#’. Overall, the system is composed of more than 30
proteins in plasma and on cell surfaces. The nomenclature of complement follows the
historical order of discovery of the proteins, and thus does not correspond with the order
of the reaction.

In the 1980s, thanks to restriction enzyme mapping and cDNA cloning, the
genomic location of the two C4 genes (C4A and C4B) was revealed, as was the
complexity of the locus®:°2. C4 genes mapped to a specific genomic region or gene
‘module” in the MHC class Il region on chromosome 6p21.3. The gene is a member of a
complex, four-gene module named RCCX that consists of the serine/threonine kinase 19
(STK19; originally called G11 or RP), C4A/B, steroid 21-hydroxylase (CYP21), and
tenascin-X (TNX)%3. CNV atthe RCCX is a result of nonallelic homologous recombination,
more specifically unequal crossover (NAHR)**. NAHR occurs when two highly
homologous, repetitive sequences of DNA, which are misaligned, lead to duplications or
deletion products with different numbers of copies of the genes contained between the
repeats. The recombination site at the RCCX, is present at exon 7 of STK19 and an intron
of TNX®. Duplications at these break points usually emerge in the form of one active
gene and zero, one or two pseudogenes determined by the module number, except for
C4, which retains only active copies®*.

A functional impact of CNV retaining active copies of C4 is alterations in protein

expression, where the more copies of C4 the greater the serum expressiont’%6, A term



used to describe this impact is “gene dosage”, which occurs when “the structural gene
produces a proportional amount of product to its copy number”>’. To further highlight the
importance of CNV and its impacts on gene expression, a recent meta-analysis of pooled
data from twelve studies found that individuals with low C4 copy numbers (<4) were more
likely to develop an autoimmune disease, and low C4A copy numbers were significantly
associated with susceptibility to SLE in Caucasian populations (pooled OR =2.13, 95%
ClI)58,

As briefly explained in reference to Sekar et al., numerous haplotypes of C4
circulate throughout the human population due to CNV and heterogeneous transcript
sizes. The copy number of C4 in a diploid human genome varies from two to six in the
Caucasian population, and as previously mentioned, is associated with different
autoimmune diseases and schizophrenia®-%111 |n addition to diversity related to copy
number, C4A/B exist in two structural forms, a short and long version, each of which are
composed of 41 exons coding for a nearly identical 5.4 kb transcript. The long genomic
form is 20.6 kb and the short form is 14.2 kb. As mentioned previously, the long form
results from a 6.4 kb endogenous retrovirus (ERV) HERV-K(C4) integration in the ninth
intron2%62, Considering these two factors, there are thirteen distinct arrangements that
compose the majority of circulating C4 haplotypes. The nomenclature is abbreviated by
the following: AL, C4A long, AS, C4A short, and BL and BS, following the same
conventions.

The prevailing mechanistic hypothesis explaining regulation of the C4 locus and
pathological risks revolves around gene dosage: the more copies of C4 an individual

carries, the greater the expression in sera or tissues!!6331  Additionally, since some



HERVs can function as regulatory elements, the presence of HERV-K(C4) may also
modulate expression levels of C4%46566 The allelic series from Sekar et al. found that
individuals homozygous for the long (AL-AL) haplotype were at the highest risk for
schizophrenia. Therefore, understanding the impact of HERV-K(C4)’s integration on C4
expression and transcriptional regulation is an important goal.

HERV-K(C4) contains genomic organization of typical endogenous retroviruses:
the three genes gag, pol and env flanked by long terminal repeat sequences of
nucleotides (LTRs)®. The insertion is in reverse orientation to the C4 coding sequence,
and it has been shown that expression of C4 can lead to the transcription of an antisense
RNA®220 This finding led to a hypothesis that HERV-K(C4) integration might represent a
defense mechanism against exogenous retroviral infections. Aside from potentially
representing an antiviral defense mechanism, a less contentious aspect of HERV biology
revolves around the functions they can serve in transcriptional regulation, largely due to

numerous transcription factor binding sites (TFBS) within their proviral LTRs®7:68,

HERVs

HERVs are classified as class | transposable elements (TEs) which represent a
classification of genomic elements that have the capacity to self-mobilize and re-insert
themselves in other genomic regions®. HERVs result from ancestral infection by
infectious viruses over millions of years of primate evolution®. HERVs became
incorporated into germ-line DNA, and as a result are transmitted vertically in a Mendelian
manner’t. Many HERVs are found in most apes and Old World monkeys, indicating that

the original endogenous virus that gave rise to HERVs infected our ancestors at least 25



million years ago’?. It has been estimated that HERV elements account for at least 8% of
the genome, and there are more than 350 families of HERVs listed in HERV
databases’®74. Over evolutionary timescales mutations, insertions, and deletions in
HERYV sequences can render them inactive and unable to retrotranspose’®.

Nevertheless, HERV elements have played essential roles in genome evolution
due to their ability to potentially regulate transcription of host genes, and shape the
genome by serving as sites for recombination 767871, The mechanisms by which TEs
influence host gene-regulatory networks can broadly be divided into five classes. These
classes include the introduction of TFBS, serving roles as promoters and enhancers in a
tissue-specific manner, modification of 3D chromatin architecture, production of
regulatory non-coding RNAs, co-option of TE-derived coding sequences as new
transcriptional effector proteins, and collateral effects of TE silencing mechanisms®°.
More specifically to HERVs, some LTRs contain numerous regulatory sequences,
including promoters, enhancers, polyadenylation signals, and TFBS that are capable of
influencing the expression of neighboring genes®”:798, The HERV-K family is the most
recently integrated retrovirus in the human genome, and transcriptional activation of
HERVs has often been observed in various tumors, and retroviral sequences have been
isolated from patients with multiple sclerosis and schizophrenia®-8%. However, a majority
of HERVs are transcriptionally silenced by epigenetic mechanisms and therefore likely do
not exhibit pathological impacts in normal tissues’®:75:86,

HERYV silencing at both the levels of DNA and chromatin, is tightly regulated to
ensure genomic stability of the host and avoid deregulation of nearby gene loci. Histone-

based post-translational modifications such as H3K9 trimethylation (H3K9Me3) is one of

10



the main silencing mechanisms, although various regulators and modifications of
chromatin structure may regulate ERV expression’™. Tripartite motif-containing 28
(TRIM28) is one of the master regulators of silencing, which localizes to ERV primer
binding sites (PBS), regions used for the initiation of reverse transcription by a host tRNA
serving as a primer. In turn, TRIM28 recruits the SET Domain Bifurcated Histone Lysine
Methyltransferase 1 (SETDB1), a H3K9 methyltransferase, and other factors to create
heterochromatic regions, and thus disabling transcriptional initiation’>8788,

In addition to histone modifications DNA methylation also regulates TEs®9-°1, 5-
methylcytosine (5mC) in CpG contexts, is an epigenetic mark common to the human
genome, and may serve as a genomic defense mechanism against TE activity®1:92,
Methylation of CpGs is carried out by DNA methyltransferases (DNMTs)%. Evidence
supporting the role of DNA methylation for regulating ERVs has come from microarray
experiments that found HERVs are heavily methylated in normal tissues, and de-
methylating experiments that lead to interferon responses via dsRNA detection®4.
Additional evidence comes from a study that found a deletion of a specific DNMT
prevented the methylation of ERVs, which were transcribed at high levels in mouse
spermatocytes, eventually leading to meiotic failure®. Overall, each of these highlighted
mechanisms of silencing cooperate to coordinate the regulation of HERVSs.

The other modality whereby HERVs impact human genome evolution is related to
the role they play in recombination®”:80, Given that their LTRs contain highly repetitive
sequences, recombination between identical sequences either within an element or

between related elements can occur leading to: homologous recombination between two
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LTRs on the same chromosome, recombination between LTRs on two sister chromatids,
or gene conversion (nonreciprocal recombination)®’.

Lastly, as briefly alluded to above, the regulation of ERVs might also impact the
regulation of host gene expression. Specifically at the chromatin level, if a silenced ERV
is in proximity to the transcriptional start site (TSS) of a functional gene, the silencing of
the ERV could inadvertently repress transcriptional activation of the host gene®. Given
the presence of a HERV within an intron of C4, proximal to the TSS, there is a potential
that ERV repression networks and mechanisms are at play that are consequently
regulating the expression of C4. However, studying this hypothesis has been a challenge
due to a limitation of next generation sequencing (NGS) when studying complex loci such

as the RCCX.

C4 Reqgulation Across Structural Variants

There is a gap in the literature with respect to the transcriptional regulation of the
RCCX module. Manuscripts have alluded to the possibility of HERV-K(C4) exhibiting
enhancer activities!'. There are also hypotheses expressing the potential that different
cis-regulatory elements (CRES) reside in STK19, proximal to breakpoint regions, which
could explain if different haplotypes operate under different regulatory programs>®.
Additionally, there is the previously mentioned possibility that silencing mechanisms for
HERV-K(C4) could impact C4 expression. Parsing chromatin immunoprecipitation
sequencing (ChlP) data found in The Encyclopedia of DNA Elements (ENCODE), for
various histone modifications across various cell types at the RCCX exhibits a general

lack of signal at C4. A potential explanation for the lack of significant signal at this region
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could be due to the fact that it is highly repetitive due to the LTRs found in HERV-K(C4),
making it challenging to confidently map short reads to a reference genome. This
suggests that there is potentially lost signal due to mappability complications. Second to
this alignment challenge is that given the conserved sequence identity of C4A and C4B,
there is a possibility the ChIP data corresponds to one of the isoforms as opposed to
both.

Another potential explanation can be seen by utilizing the single-read and multi-
read mappability by Umap track in the UCSC Genome Browser database. This annotation
can be used for filtering unreliable signals from sequencing assays as it contains single-
read mappability and multi-read mappability tracks for four different read lengths: 24 bp,
36 bp, 50 bp, and 100 bp. Browsing this annotation reveals an absolute lack of data for
reads that would cover both intronic and exonic sequences across C4A/B. A second
potential explanation for the difficulty in studying regulation of this locus is due to another
form of SV called segmental duplications.

Segmental duplications are duplicated blocks of genomic DNA typically ranging in
size from 1-200 kilobases (kb)®°. They often contain high-copy repeats and gene
sequences with intron—exon structure. With respect to the RCCX module, there are four
segmental duplications for a bimodular haplotype. The longest of the duplications spans
C4A/B and is 18,954 BP, the other contains exons and introns from the centromeric
portions of C4A/B, CYP21, and TNX and spans 13,787 BP. With different haplotypes, the
number of segmental duplications varies. Aligning sequencing reads to regions of the
genome that have segmental duplications is challenging, as with short reads, it is

impossible to determine which of the duplicated segments the read truly belongs to.
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Therefore, aligning ChIP data to this region is problematic, and segmental duplications
are the likely culprit for the lack of signal across the locus.

Due to the various forms of SV at the RCCX, identifying and characterizing gene
regulatory elements at the locus is a major challenge, largely constrained by a technical
limitation of short-read sequencing. Given the associations that C4 has with
schizophrenia and autoimmunity, understanding how the genes are regulated in healthy
and pathological cell types might have broad implications for health and disease.
Although the challenge persists, there might be a technological advancement in genomics

that could enable this work to successfully be brought into existence.

LRS Overview

“Sequencing technology is the ‘microscope’ by which geneticists’ study genetic

variation,”®, Long read sequencing, specifically from Oxford Nanopore Technologies
(ONT), enables sequencing on a thousand to million order of base pairs of nucleic acids,
essentially, it is a novel lens to the geneticists’ microscope. The ONT platform is
composed of a flow cell that contains a charged synthetic membrane studded with
thousands of nanopores!®l. The chemistry powering this platform consists of ligating
sequencing adapters containing a built-in motor protein to exposed phosphate backbones
of DNA. The adapter ligated DNA fragments then translocate through the nanopore. Since
each nucleic acid contains a unique corresponding charge, when the bases are pulled
through the nanopore, there is a transient change in the current across the membrane.
These changes in picoampere current, “squiggles,” are recorded and analyzed in real

time to determine the sequences of bases in the corresponding strand of DNA.
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Alternative and more ubiquitous methods, next generation sequencing (NGS), can
fragment and sequence an entire genome, producing short (less than 700 bp) but highly
accurate sequencing reads at high speed and low cost!®?. NGS is a technology that has
revolutionized biological research and transformed clinical practice, yet it has limitations
when it comes to studying SV and genome assembly!’. Long read sequencing is a
technical answer that addresses these shortcomings of NGS, as longer reads increase
confidence in mapping the read to a locus with SV.

NGS is inadequately powered to study genetic SV because it relies on assembling
short reads and aligning these reads to reference genomes. NGS excels at detecting
single-nucleotide polymorphisms/variations (SNPs/SNVs) but beyond 50 bp, NGS
fails'%. The reason is that there are numerous forms of SV that exceed the 700 bp
maximum fragment size in NGS. These forms include insertions, deletions, inversions,
duplications and translocations that are at least 50 bp in size00103-105 A second
shortcoming of NGS is that it is incapable of studying repetitive elements or regions with
atypical GC content which make up more than 15 percent of the genome®®. Further,
these regions experience some of the highest mutation rates and hence some of the most
mutable regions of the genome are understudied*©7:108.16,

Another valuable feature of LRS is that it is amplification independent, and thus
can retain native nucleotide modifications such 4-methylcytosine, 5-methylcytosine, 5-
hydroxymethylcytosine, N6-methyladenine and 8-oxoguaninel®®!°,  Therefore,
epigenomic alterations to single molecules of DNA can be studied directly as modified
bases will produce a different current disruption when translocating the nanopore

membrane. In addition to characterizing endogenous epigenetic features, a method,
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NOMe-seq, has been developed that utilizes an exogenous methyltransferase (GpC-
specific 5-methylcytosine methyltransferase (M.CviPl)) treatment to map nucleosome
occupancy and chromatin accessibility!!!. In addition to detecting DNA modifications,
LRS with ONT is powered to study allele specific transcriptional regulation, as CREs
(promoters, enhancers, silencers, and insulators) can be captured on the same fragment
of the gene of interest. NGS is incapable of achieving this because many CREs are within
ten to hundreds of kilobases from a gene of interest!!?. A recent paper leveraging targeted
nanopore sequencing coupled with nanoNOMe was able to detect promoters, enhancers,
insulators, TF footprints on single molecules of DNA, and phase primary sequence to
discover novel regulatory elements across the H19/IGF2 locus'?. This work
demonstrates the potential of LRS to annotate regulatory elements previously deemed
impossible with conventional methods.

Although LRS is filled with exciting potential, a limitation relates to coverage and
throughput. With LRS, the average number of reads that align to, or "cover,” known
reference bases is less than NGS as it is an amplification independent platform. Although
LRS yields long fragments, there are fewer of them that correspond to the same genomic
region compared to NGS. Some estimates conclude that ONT yields whole genome
coverage on the order of 14 — 17x, modest coverage compared to deep coverage of NGS
which can cover 50x of the genome!®192, When studying heterozygous populations,
deep coverage requirements are preferred to overcome base calling accuracy limitations,
and to provide more statistical power when aligning reads to a reference genome.

Fortunately, to overcome the throughput limitation with conventional LRS, two

methods have been developed to selectively enrich specific loci. The first method is a
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computational tool called adaptive sampling. This approach works by inputting the
specific genomic coordinates to sequence, and then the algorithm will automatically
determine in real time if the corresponding read fits within the specified region. The next
method, nanopore Cas9-targeted sequencing (NCATS), utilizes CRISPR-Cas9 to enrich
specific locit'3. Target regions are freed by cleaving flanking sites with in vitro assembled
ribonucleoproteins (RNPs). Then sequencing adapters are selectively ligated to the freed
sites.

Ultimately, LRS has enabled the ability to sequence, assemble and phase human
genomes at levels exceeding that of the Human Genome Project for a few thousand
dollars''4. This technology has revolutionized genomics research and will continue to
permeate into other fields of biomedical research that have been understudied due to
technical limitations. Applying LRS to profile the regulatory landscape of C4 and the
RCCX module might reveal hidden elements of biology that could impact mechanistic

understanding of various diseases where associations between disease and C4 exist.

Chapter 2: Data, Materials, Methods, & Results

Defining the requlatory landscape of the RCCX module outside of
the segmental duplications

To understand mechanisms of transcriptional regulation across the RCCX module,
| began by utilizing public epigenomics data to define the regulatory landscape of the
module across various cell types. By querying the Encyclopedia Of DNA Elements project
(ENCODE), | was able to find candidate-cis regulatory elements (cCREs) from Hep G2,

H1, HCT 116 and K-562 cell lines, in-vitro differentiated astrocytes and hepatocytes, and
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primary melanocytes that had previously been profiled wusing chromatin
immunoprecipitation sequencing (ChlP-seq), DNase | hypersensitive sites sequencing
(DNase-seq), and total RNA sequencing (RNA-seq). | compiled ChlP-seq data: signal P,
fold change over control, and peaks (defined as log2 (fold enrichment above background)
= 3 and a —logl0 (p-value) = 3)) for the following histone modifications: H3K4me3,
H3K4mel, H3K9me3, H3K27me3, and H3K27ac, as well TF ChIP data mapping CCCTC-
binding factor (CTCF) sites. Combinatorial results of these data were categorized into
enhancer-like signatures (ELS), poised-enhancers (PE), silenced regions of
heterochromatin, and CTCF only sites. To classify active ELS, the Search Candidate cis-
Regulatory Elements by ENCODE (SCREEN) classification of cCREs which consisted of
peaks of H3K27ac, H3K4mel, and DNAse while having low H3K4me3 signal was
used!®116  PE regions were enriched for H3K4mel and H3K27me3, but lacked
H3K27ac!t"118119  Sijlencing marks consisted of regions containing peaks of
H3K9Me3120.121  Active CTCF sites consisted or regions with CTCF peaks and DNase
peaks. Finally for all of the cCREs, cell type specific inactive candidates consisted of a
cCRE with low to none DNase signal.

Notably, of all the different histone modifications, CTCF ChIP, and DNase data
compiled, there was a significant lack of signal across the RCCX in the 7 cell types
profiled, despite total RNA-seq data indicating the genes were actively transcribed in all
cells except H1, HCT 116, and the melanocytes (Fig 1B). One potential explanation
accounting for the lack of signal relates to the two segmental duplications that span the
region. A second explanation is due to the repetitive nature of both 5" and 3’ LTRs of

HERV-K(C4). Aligning short reads across a segmental duplication is biased as there is
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no way to determine the exact location of the read, given that it could correspond to one
of the two locations where the duplication exists. The same problem arises with respect
to repetitive elements found in ERV LTRs. Given that there is conservation of many LTR
sequences across the genome, it is difficult to specifically determine where a read that
matches the particular sequence belongs. Additionally, since HERV-K(C4) is in both C4
isotypes in some haplotypes, it is challenging to discern to which of the genes a read
would map. These two possible explanations could explain the limited histone
modification ChIP data, TF binding ChIP data, and DNase data across the RCCX from
ENCODE. Nevertheless, potential active enhancers, poised enhancers, and CTCF only

sites located outside of the segmental duplications were detected.

Enhancer like signatures

A total of 10 ELS were detected in an approximately 500 kb window flanking the
RCCX (Table 1 & Fig 2A). For ELS that were conserved across hepatocytes and Hep G2
cells, and ELS for astrocytes, TF ChIP peaks were also analyzed to determine if TFs
highly expressed in the respective cell types were binding at these cCREs. Additionally,
the genome browser track scaling was normalized according to maximum window sizes
corresponding to hepatocytes or Hep G2 cells, and each respective histone modification
was group-scaled. Data from the ChlP-atlas (a data mining web server hosting the
Sequencing Read Atlas repository) was incorporated to determine if lineage specific TFs
were binding at these candidate ELS??2, Of the 10 ELS, 7 were hepatocyte specific, 2
were astrocyte specific, and the final candidate was conserved across hepatocytes,

astrocytes, and HCT116 cells (Table 1).
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Table 1

Number Coordinate Feature Type H3K27ac DNASe H3K4me1 H3K4me3 H3K27me3 H3K9me3 CTCF Comments TF
Upstream of RCCX
HNF4A,
1 chr6:31,743,040-31,747,578 Hepatic ELS + + + Some activity in HCT116 FOXA1,
ATF3
2 chr6:31,757,395-31,760,212 Conserved CTCF Site -* Active DNASe in Hepatocytes
3 chr6:31,796,902-31,798,827 Inactive Hepatic CTCF Site RAD21 & STAG1 in Hep G2
4 chr6:31,818,010-31,822,136 Inactive Hepatic ELS + + Spans LTR12C ';_:%1(3\12
HNF4G,
5 chr6:31,842,776-31,848,506 Hepatocyte ELS + + + Some activity in Hep G2 FOXA1/2in
HepG2
6 chr6:31,856,376-31,857,237 Conserved CTCF Site Inactive in all, low H3K9me3
7 chr6:31,891,610-31,899,406 Hepatic, Astrocyte, & HCT116 ELS + + + H3K27me3 peaks in astrocytes AIL'FNC'):X/
8 chr6:31,891,610-31,899,406 Astrocyte Heterochromatic Region Spans MLT1J (ERVL-MaLR) HNF4G
. . All
9 chr6:31,910,487-31,915,821 Hepatic ELS/PLS + + + H3K4me1 peaks in HCT 116 HNF/FOX
10 chr6:31,912,256-31,915,230 Astrocyte PE - + ATF3
11 chr6:31,920,057-31,920,516 Conserved CTCF Site -* - Active in Hepatic Cells HNF4G
12 chr6:31,937,582-31,938,222 Minor Astrocyte ELS + + + Minor peaks ATF3
Downstream of RCCX
13 chr6:32,012,853-32,016,013 Astrocyte PE + +
14 chr6:32,015,801-32,016,490 Conserved CTCF Site Active in Hep G2 and Astrocytes
15 chr6:32,016,116-32,016,733 Astrocyte Heterochromatic Region -
16 chr6:32,041,131-32,046,023 Astrocyte ELS + + + Astrocyte Only (At TNX Intron) ATF3
17 chr6:32,042,173-32,064,981 Astrocyte PE - + ATF3
18 chr6:32,053,700-32,058,140 Hepatocyte ELS + + + Hep G2 Active CTCF Site z%ﬁ:;lf
Minor
19 chr6:32,081,281-32,083,054 Hepatic ELS + + + Proximal to Active CTCF Site FOXA2 &
Cohesin
20 chr6:32,086,370-32,086,827 Conserved CTCF Site + Active (Hep G2 K27ac)
) . . . All
21 hr6:32,086,795-32,087,4 Hepatic EL Pi I to Active CTCF Sit
chr6:32,086,795-32,087,453 epatic ELS + + + roximal to Active CTCF Site HNFE/FOX
22 chr6:32,212,786-32,212,974 Conserved CTCF Site -* Active
23 chr6:32,215,708-32,217,969 Conserved Heterochromatic Region HERV35I-int (ERV1)

4 of the hepatocyte ELS’s were located upstream of the RCCX, the remaining

downstream (1, 4, 5, 9, 18, 19, 21; Table 1). Given the looping model of transcriptional

regulation, it is possible that these ELS on either side of the RCCX, could exert regulatory

activity on C4. To increase confidence in these enhancer annotations, ChIP datasets for

the following liver-specific TFs were mapped: hepatocyte nuclear factor 4 alpha and

gamma (HNF4A, HNF4G) along with Forkhead box protein A1 and A2 (FOXAL,

FOXA2)123124 At each of the 7 hepatic ELS, the specific TF binding was variable.

Nevertheless, each candidate did contain a minimum of one of these TFs

Although each hepatic ELS could potentially exert regulatory function for C4, an

unanticipated finding was revealed for the ELS (9; Table 1) most proximal to C4 that fell

26 kb upstream of the RCCX at the last exon of C2, (approximately 400 bp upstream of
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the first exon of complement factor B (CFB)). Given this location, this element could
correspond to a CFB promoter, although the lack of H3K4me3 indicates otherwise.
Secondly, C2 antisense RNA 1 (C2-AS1), is located within 4 kb of this ELS. Since C2-
AS1 is transcribed in the opposite direction as C2 it is possible that this element could
serve promoter function for (C2-AS1), suggesting that this cCREs regulatory function for
C2 is via antisense inhibition.

The two astrocyte-specific ELS were located on both sides of the RCCX, the first
10 kb upstream of C4, the second, spanning the 11th intron of TNXB (12, 16; Table 1).
The ChlP-atlas did not have TF data in astrocytes at this interval. However, the atlas
indicated binding of activating transcription factor 3 (ATF3), an identified driver of
astrocyte differentiation from neural precursor cells, in Glioblastoma Multiforme stem like
cells, and transcription factor 12 (TCF12) in the neuroblastoma cell line, SH-SY5Y at this
ELS'?, | utilized a single cell transcriptomics dataset from the Allen Brain Institute to
confirm high differential expression of TCF12 in astrocytes (Human MTG 10x SEA-AD).

The final candidate ELS was conserved across hepatocytes, astrocytes, and HCT116
cells (7; Table 1). The signature fell 40 kb upstream of the RCCX (Fig 2A). It is challenging to rule
out promoter like signatures at this location as Hep G2 cells exhibited a peak of H3K4me3.
Secondly, this location of the genome has various gene annotations according to the NCBI
Reference Sequence Database (RefSeq). Depending on the annotation, this element resides at
an intron in the RefSeq C2 transcript variants 3 and 4, or at the first exon for C2 transcript variants

1, 2, 5, and 6. Nevertheless, the element contained HNF4A/G and FOXA1/2 peaks in hepatic

cells.
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Poised enhancers

Continuing the analysis of ELS, | decided to characterize poised enhancer signals
flanking the RCCX. Poised enhancers (PEs) are regulatory elements identified in
embryonic stem cells that act like cellular identity bookmarks'7118.126 They are bound by
TFs, display high chromatin accessibility, and are marked with H3K4mel. In contrast to
active enhancers, PEs are not marked with H3K27ac, but are bound instead by Polycomb
Group protein complexes and their associated histone modification H3K27me3. Using
ENCODE and ChIP atlas data, 3 candidate PEs were annotated in a 500 kb window
flanking the RCCX (10, 13, 17; Table 1). Of all cell types profiled, the astrocytes exhibited

all annotated candidate PEs.

CTCFE Annotation
The third cCRE annotated using ENCODE and ChlP-atlas data related to CTCF

binding. CTCF, in addition to cohesin, acts as an “architectural” factor that regulates the
3D looping topology of the genome into units of organization referred to as topologically
associated domains (TADs)'?"-131, Mechanistically, it acts as an insulator, preventing or
facilitating interactions of CREs. More specifically, CTCF functions as an “anchor” that
maintains the integrity of genomic loops catalyzed by cohesin and other factors
composing this architectural complex. In accordance with SCREEN classification, CTCF
signal combined with DNase signal indicated a CTCF bound site, suggesting fulfillment
of its “anchoring” function, maintaining the integrity of TAD boundaries.

In the 500 kb window utilized to annotate cCREs of the RCCX, many CTCF sites
were concordant across cell types that had publicly available ENCODE CTCF and DNase

data (astrocytes, Hep G2, and H1 cells) (Fig 2A). However, bound v. unbound sites
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differed. A total of 6 conserved CTCF sites were found across the cell types profiled (2,
6,11, 14, 20, 22;Table 1). For all cell types in a region 18 kb upstream of the RCCX, there
was a conserved peak CTCF signal (11; Table 1). Approximately 100 kb downstream of
this conserved CTCF site, and a few kb downstream of the last RCCX segmental
duplication, was an additional conserved CTCF site (14; Table 1). This potentially
indicates that the RCCX resides inside a TAD bound by these two regions of conserved
CTCEF signal. This hypothesis will require evaluation with a genomic topological method
such as Pore-C, a LRS based approach for profiling spatial proximity of interacting loci.

The ENCODE CTCF data did not contain any signals across the segmental
duplications. However, paired-end sequencing data from the ChlP-atlas had CTCF and
other TF annotations inside the segmental duplication for Hep G2, in vitro differentiated
hepatocytes, various neural cell types (lacked astrocytes), H1, and K-562 cells. The data
here revealed a hepatic CTCF binding at a site located inside HERV-K(C4), a finding that
may have significant implications for understanding genome topology of different RCCX
haplotypes (Fig 3A).

To validate that this site contained motifs for CTCF binding, the CTCFSDB 2.0 (a
database for CTCF binding motifs) was utilized (Appendix 1). The sequence in the region
contained 6 binding sites, potentially ruling out that the signal here was due to a mapping
problem. This result indicates that haplotypes of the RCCX, mainly with respect to short
and long isoforms of C4 could potentially have distinct topology because of the presence
or absence of this CTCF binding site. We will validate the accessibility of these regions

using LRS. Although the region contains binding sties, true CTCF binding could be an
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artifact related to a mapping problem (76 nucleotide read length), given conservation of

HERV LTR sequences across the genome.

H3K9me3 annotations

The next phase for analyzing potentially repressive regulatory signatures was to
examine H3K9me3 ChIP. H3K9me3 is a modification, along with DNA methylation,
responsible for silencing ERVs!32134, Given the significance of HERV-K(C4) inside the
RCCX, H3K9me3 is a useful marker to understand the regulation of this HERV. No signal
for H3K9me3 was detected across the RCCX using ENCODE data. Thus, it was not
possible to determine if the location of HERV-K(C4) contained this repressive modification
from these data. Outside of the segmental duplications, there was no H3K9me3 signal
across the 500 kb window analyzed in either of the hepatic cell types, and just one peak
of signal for K-562 cells. The cell type containing the greatest H3K9me3 signal were
astrocytes. In the astrocytes, a large 25 kb block of H3K9me3 peak signal was detected
at the TNXB gene (15; Table 1). This region was populated with approximately 50
segments of two classes of TEs called short interspersed nuclear elements (SINE) and
long interspersed nuclear elements (LINE). The same ERV mapping complication applies
to SINEs as they are conserved sequences distributed genome wide; confidently mapping

them requires LRS.

Defining the requlatory landscape of the RCCX module inside the
segmental duplications

Although the analysis using ENCODE and ChiP-atlas TF data yielded multiple
cCREs that will be suitable for experimental validation, the lack of ENCODE data inside

the RCCX, specifically within the two segmental duplications poses a challenge for
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understanding transcriptional regulation of this module. To understand if the lack of ChIP
signal across the C4 locus was due to a mapping problem, a custom alignment was
conducted utilizing a pseudo reference genome. Instead of using the GRCh38 or GRCh19
assemblies as reference genomes, FASTA sequences of the two segmental duplications
within the RCCX were utilized as pseudo reference genomes. Then the raw FASTQ ChIP
datasets from ENCODE for the following histone modifications: H3K27ac, H34mel,
H3K4me3, and DNase-1 were aligned using Bowtie2 to this constructed reference
genome. Many of the reads in these FASTQ files mapped to the pseudo reference
genome. For regions where multiple alignments piled up (deep coverage), indicative of a
proxy peak binding signal, sequences of these reads were then subjected to a BLAT
alignment search to remap the reads to GRCh19 or GRCh38. This resulted in many of
the reads aligning to sequences located across C4A/B, and other locations within the

segmental duplications, on a validated genome assembly (Fig 3A).

Pseudoalignment of ELS inside the segmental duplications

To determine if potentially unmapped active ELSs resided at regions
corresponding to the LTRs of HERV-K(C4), H3K27ac, H3K4mel, and DNase reads from
in vitro differentiated hepatocytes and astrocytes, Hep G2, and H1 cells were compiled.
After employing the protocol explained above and separately mapping back to FASTA
sequences belonging to either the first and second (chr6:31,919,168-31,981,042), or the
third and fourth (chr6:31,981,139-32,043,013) segmental duplications, the results
indicated that for different cell types CRE signals at HERV-K(C4)'s LTRs were variable
(Fig 3A). First, for all cell types the 5 LTR of HERV-K(C4) contained signals for

H3K4mel/3, H3K27ac, and DNase (Fig 3A). Various reads at this location were subjected
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to a BLAT search and confirmed to map back to this LTR on Hg19. Although these reads
did map to this location, evaluating the significance of the signal strength was not possible
with this approach. However, using the total number of reads aligning to this location
could serve as a proxy for signal strength. The presence of H3K4me3 at the LTR
complicates the ELS annotation. Nevertheless, these data enable CRE hypothesis

generation that will be evaluated by LRS.

Mapping ELS inside the segmental duplications via ChlP-atlas paired end
reads

Contrary to datasets from ENCODE, the ChIP atlas contained ChlP-seq data that

aligned to the RCCX, possibly due to paired-end sequencing with a 76 nucleotide read
length. This read length potentially increase the likelihood of aligning reads to the complex
RCCX. However, this approach is still far less accurate than LRS. With these data, 4
ELS’s were detected across the RCCX for Hep G2 cells and hepatocytes (Fig 3C). The
most promising candidate ELS spanned early exons of C4A/B (chr6:31969854-31970780
and chr6:32,002,980-32,004,292) contained all necessary marks in addition to HNF4A,
FOXA1, and FOXA2 TF binding. Given this location, it is likely that these signatures
belong to the promoter region, yet no H3K4me3 peaks were detected. Nevertheless,
whether these modifications belong to C4A, C4B, or both is not evident from these data
given the mapability challenges with segmental duplications. The enhancer landscape for
astrocytes was challenging to ascertain from ChlP-atlas data. Multiple regions
overlapping with the hepatic ELS’s contained H3K4me1, H3K4me3, and H3K27ac peaks,

but DNase peaks were limited.
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Mapping topological factors inside the segmental duplications via ChlP-
atlas

The ChlIP-atlas contained CTCF, RAD21, and STAG1 data for both of the hepatic
cells. All of the topological ChIP data sets were found for astrocytes except STAG1. There
was abundant CTCF, STAG1, and RAD21 signals in all cell types at the 5’ LTR of HERV-
K(C4), as previously indicated (Fig 3C). These data suggest that there is an active
insulator/topological site located in this region. To overcome the lack of STAGL data in
astrocytes, | looked at CTCF, STAGL1, and RAD21 data for other neural cell types. STAG1
peaks were found at HERV-K(C4)'s LTR in retinal pigment epithelial cells (RPE), RAD21
peaks were detected in RPE cells, and two neuroblastoma cell lines (IMR-5 and SK-N-
SH) at this region (Fig 3C). CTCF signal at this region was abundant in 80 different
datasets composed of various neural cell types. Finally, for H1 cells, RAD21, CTCF, and
DNase signals all were present at this region suggesting that this was an active CTCF
site for this cell type even in the proxy control (Fig 3C). As indicated from these data, this

location was a conserved topological site in cells with and without C4 expression.

Long-read sequencing of accessibility and DNA methylation across

the RCCX

To overcome the limitations of mapping epigenomics data rooted on short reads
to segmental duplications and ERVs, a LRS strategy was developed to characterize
endogenous DNA methylation and nucleosome occupancy at the RCCX. To map
nucleosome occupancy, we employed the GpC-specific 5-methylcytosine

methyltransferase (M.CviPI) to mark accessible DNA in native nuclei, as in NOMe—seq*®®.

29



4 million nuclei from the C4A/B expressing human cell line SNU 475 were isolated,
permeabilized and treated with M.CviPl. 63 pg of high-molecular-weight (HMW) genomic
DNA (gDNA) was harvested and then ligated to nanopore sequencing adapters. Libraries
were run on a GridlON flow cell. The nanopolish algorithm will be utilized to call
endogenous CpG methylation and exogenous GpC methylation. We anticipate that the
results will contain methylated GpC across the annotated ELS’s outside of the RCCX in
addition to methylated sites inside the RCCX. Secondly, endogenous DNA methylation
at CTCF sites discerned from the pseudo-alignment and public epigenomics CTCF data
will enable us to validate the activity of CTCF binding, as CpG methylation at binding
motifs inhibits CTCF docking. The results of these initial sequencing runs did not produce
sufficient coverage across the RCCX module. This led us to develop an enrichment
strategy to obtain high coverage across this complex genomic region.

To deeply enrich the coverage across the RCCX, we utilized a CRISPR—-Cas9
based approach to selectively target the module. Three 100 kb intervals across the
module were selected to span the entire length of the segmental duplications inside the
RCCX. For each region we designed four single-guide RNAs, two at each end, to
maximize cleavage (Fig 4A). We cleaved HMW gDNA with pools of Cas9/sgRNA RNPs.
The cleaved products, which contain a ' phosphate group, were then selectively ligated
to nanopore sequencing adapters. Theoretically this approach should enable coverage
ranging from 100x - 400x**3. In addition to enabling a de-novo alignment, this depth of
coverage based on long reads should enable us to phase reads to maternal or paternal
alleles across the RCCX, adding another dimension to the understanding of regulatory

mechanisms at play at this locus. Unfortunately, the results from pilot testing the Cas9
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enrichment approach have not produced any enrichment in coverage. This led us to
speculate if there was a problem ligating sequencing adapters or if Cas9 digestion at
target sites did not occur at all, precluding an adaptor ligation problem. To evaluate the
source of the error, a PCR approach was used. Using the web based sgRNA designer
tool ChopChop, two primer pairs that spanned the region where the RNPs were predicted
to cleave were selected. If cleavage occurred amplicons would not appear, but if no
cleavage occurred, amplicons would appear, as polymerase would be able to amplify
across the segment of interest. Unfortunately, testing DNA that had undergone Cas9
digestion did reveal amplicons, indicating that cleavage did not occur. Therefore, we

decided to proceed with NOme-seq on non-enriched HMW gDNA.

Methods/Materials

Human cell culture
SNU 475 cells were obtained from American Type Culture Collection (ATCC; CRL-

2236™) and grown in Dulbecco's Modified Eagle Medium supplemented with 10% fetal
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bovine serum (FBS), 1% penicillin-streptomycin, and 1% Plasmocin®. HEK 293 cells
were obtained from ATCC (CRL-1573) and grown in the same supplemented media as

SNU 475 cells. Four million cells were used for NOMe-seq.

In situ GpC methylation of accessible chromatin (NOME)
As utilized by Battaglia et al.*'2, 4 million SNU 475 cells were harvested by centrifugation

at 250 g for 5 minutes at 4°C. Cells were washed once with ice-cold PBS, resuspended
in 1 ml of ice-cold lysis buffer (10 mM Tris-HCI pH 7.4, 10 mM NaCl, 0.5 mM spermidine,
1.5 mM MgCI2, 0.1 mM EDTA, 0.25% IGEPAL CA-630 (Sigma)) and incubated for 3 min
on ice. The cell suspension was then pipetted up and down ten times with a 1-ml, wide-
bore tip. Success of lysis was confirmed by inspection under a light microscope. Nuclei
were collected by centrifugation of the cell suspension for 5 min at 800g at 4 °C and
washing with 1 ml of ice-cold nuclei wash buffer (10 mM Tris-HCI pH 7.4, 50 mM NacCl,
0.5 mM spermidine, 1.5 mM MgClI2, 0.1 mM EDTA). Nuclei were resuspended in 2.26 mL
of 1 x GpC MTase reaction buffer (NEB, no. B0227SVIAL) and equilibrated to 37 °C.
Nuclei were subjected to a GpC methylation labeling reaction by the addition of 1.2 mL of
1M sucrose, 136yl of 10xGpC MTase reaction buffer, 12ul of 32mM S-
adenosylmethionine (SAM; NEB, no. B9003SVIAL) and 400 uyl of M.CviPI (NEB, no.
MO0227LVIAL). The suspension was carefully mixed and incubated for 6 min at 37 °C,
followed by a boost with an additional 200 ul of M.CviPl and 12 ul of SAM for 6 min. The
reaction was stopped by the addition of 1,053 ul of 2x stop buffer (20 mM Tris-HCI pH 7.4,

600 mM NaCl, 10 mM EDTA, 1% SDS).
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Extraction of HMW gDNA
For HMW gDNA extraction, Proteinase K was added to the GpC methylation reaction and

the solution was incubated for 4 h at 56 °C. The sample was cooled at 37°C and treated
with RNAse A for 30 min at 37°C, followed by another Proteinase K treatment for 30 min
at 37°C. A 1.2x volume of AMPure XP beads (Beckman Coulter) and SPRI solution (PEG
20%, Sodium Chloride 2.5M) was added to the mixture and incubation for 10 min at room
temperature. Beads were washed twice with 80% ethanol, and DNA was eluted in 130 uL
of nuclease-free water at 4°C. The eluted DNA was quantified using a Qubit fluorometer
and a Nanodrop. For HMW gDNA extraction for the Cas9 cleavage, DNA was extracted

using the Monarch HMW DNA Extraction Kit for Cells & Blood (NEB, #T3050L).

crRNA synthesis and Cas9 RNP assembly
Single-stranded CRISPR-Cas9 DNA oligonucleotides (20nt) were designed using the

ChopChop v.3 designer tool (https://chopchop.cbu.uib.no) and purchased from IDT,
along with tracrRNA. crRNAs and tracerRNAs were diluted to 100 puM in TE, pH7.5, and
RNA integrity was verified using Nanodrop. guideRNA duplexes were assembled
individually in 1.5 mL tubes by combining 8 uL nuclease-free water, 1 L tracerRNA, and
1 pL crRNA mix, followed by a 5 minute incubation at 96°C. RNP complexes were
assembled individually using 1.5 mL tubes by combining 23 uL nuclease-free water, 2.8
pL rCutSmart™ Buffer (NEB, B6004S), 3 pL guideRNA duplex, and 1 pL of Cas9
nuclease, Streptococcus pyogenes (IDT, 1081058), followed by a 25 minute incubation
at 22 °C. The different RNP complexes were then pooled and kept on ice. We engineered
a total of 24 different RNP complexes that targeted 3 loci ranging from 50 - 100 kb in

length.
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CRISPR-Cas9 cleavage (DNA dephosphorylation and in vitro digestion)
15 pg of HMW gDNA was dephosphorylated with 3 pL of Quick Calf Intestinal

Phosphatase (NEB, M0525) and 3 pL of NEB CutSmart Buffer (10x) (NEB, B6004S) for
10 minutes at 37 °C, then heat inactivated for 2 minutes at 80°C. DNA was then purified
using a 0.5% volume of PacBio AMPure PB beads (Pacific Biosciences, no. 100-265-900)
following the manufacturer’s instructions. Beads were washed twice with 80% ethanol,
and DNA was eluted in 30 pl of nuclease-free water three times for 30 min each. Partial
incubation was done at 37 °C with thorough mixing by flicking the tube. The eluted DNA
was quantified using a Qubit fluorometer and a Nanodrop. The dephosphorylated DNA
sample was then combined with the pool of RNP complexes. The reaction was incubated
for 30 min at 37 °C to enable Cas9 cleavage. After digestion, Cas9 was inactivated by
heating to 72°C for 5 minutes followed by the addition of 10 yL of Proteinase K and
incubation at 55°C for 15min. Cleaved DNA was subsequently purified using
0.3x AMPure PB purification, and eluted three times with each elution in 36 ul of nuclease-

free water.

Library preparation and nanopore sequencing
1 - 3 ug of cleaved and purified DNA was added to 49 pL of nuclease-free water. DNA

was then mixed with 3.5 pL of NEB DNA repair buffer (NEB, no. M6630L), 2 uL NEB DNA
repair mix (NEB, no. M6630L), 3.5 uL of Ultra end-prep Il reaction buffer (NEB, no.
E7546L), and 3 pL of Ultra Il end-prep enzyme mix (NEB, no. E7546L). Components were
thoroughly mixed by pipetting and then incubated for 8 min at 20°C and 5 min at 65°C.
The DNA was then purified using 1x volume PacBio AMPure PB beads. The purified DNA

was immediately subjected to nanopore adapter ligation, followed by the addition of 40
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ML of Master Mix (25 pl of Ligation Buffer (LNB; ONT, no. SQK-LSK109), 10 ul of NEBNext
Quick T4 DNA Ligase (NEB, no. E6056) and 5 pl of Adapter Mix X (AMX; ONT, no. SQK-
LSK109)), which was then gently mixed by flicking the tube and incubated for 10 min at
room temperature. The adapted DNA was then purified using 0.3x AMPure PB
purification and washed using 250 uL Long Fragment Buffer (LFB; ONT, no. SQK-

LSK109) and a single elution with 15 pl of nuclease-free water.

ENCODE data remapping
ChIP seq raw FASTQ files were obtained from ENCODE. A custom reference genome

was then constructed using FASTA sequences corresponding to the RCCX segmental
duplications, chr6:31948309-31967262 and chr6:31967264-31981050, according to
GRChg38 (The segmental duplication data were provided by Saba Sajjadian, Arthur Ko
and Evan Eichler at the University of Washington). FASTQ files were then aligned to the
constructed reference genomes using Bowtie2 v2.5.1. The output BAM files were then
indexed using SAMtools v.1.16.1 and visualized using the Integrative Genomics Viewer
(IGV). Sequences of reads mapping to regions with high coverage density were then
analyzed using the UCSC Genome Browser’s BLAT Search Tool and their corresponding
location on GRCHQg38 was then realized. To generate BigWig files from the re-aligned
BAM files, deepTools coverage v.3.5.0 was used according to the following parameters:
the computed scaling factor of 1.0, binSize of 50, and the region spanned

chr6:31,891,645 - 32,175,856.

External Data
The following datasets were downloaded from ENCODE for cCRE analysis outside of the

RCCX: Astrocyte CTCF (ENCFFOO0CFN); Astrocyte DNase (ENCFFO00AGJ); Astrocyte
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H3K4mel ChlIP-seq (ENCFFOOOCHP); Astrocyte H3K4me3 ChIP-seq (ENCFFOO0CHV);
Astrocyte H3K9me3 ChIP-seq (ENCFFO00CGS); Astrocyte H3K27ac ChlP-seq
(ENCFFO00CGY); Astrocyte H3K27me3 ChIP-seq (ENCFFOO0CHD); Astrocyte total
RNA-seq (ENCFF347MVQ); Hepatocyte DNase (ENCFF673YHJ); Hepatocyte H3K4mel
ChiP-seq (ENCFF604YJH); Hepatocyte H3K4me3 ChiP-seq (ENCFF845KZS);
Hepatocyte H3K9me3 ChlIP-seq (ENCFF121CIU); Hepatocyte H3K27ac ChiIP-seq
(ENCFF563BJC); Hepatocyte H3K27me3 ChlIP-seq (ENCFF224IAD); Hepatocyte total
RNA-seq (ENCFF964JMK, ENCFF450QRY); HepG2 CTCF ChiIP-seq (ENCFFO01HNN)
HepG2 DNase (ENCFF768ZEP); HepG2 H3K4mel ChiIP-seq (ENCFF180SIX); HepG2
H3K4me3 ChiIP-seq (ENCFF842YPA); HepG2 H3K9me3 ChiIP-seq (ENCFF048BSW);
HepG2 H3K27ac ChiIP-seq (ENCFF797CWN); HepG2 H3K27me3 ChiP-seq
(ENCFFO01FLE); HepG2 total RNA-seq (ENCFF9970CK); K562 CTCF ChlIP-seq
(ENCFF3620LT) K562 DNase (ENCFFO00SWM); K562 H3K4mel ChiP-seq
(ENCFF177ZBH); K562 H3K4me3 ChIP-seq (ENCFF224ZCK); K562 H3K9me3 ChIP-
seq (ENCFF303MPF); K562 H3K27ac ChiIP-seq (ENCFF683UVA); K562 H3K27me3
ChiIP-seq (ENCFF932SBQ); K562 total RNA-seq (ENCFF511ZCR, ENCFF173JRA); H1
CTCF (ENCFFO00AVJ); H1 DNase (ENCFF0920PI); H1 H3K4mel (ENCFF497MND);
H1 H3K4me3 (ENCFF874LGH); H1 H3K9me3 (ENCFF960CNB); H1 H3K27ac
(ENCFF456ZCB); H1 H3K27me3 (ENCFF949FPG); and H1 total RNA-seq
(ENCFF130DVH). The following datasets were accessed from the ChiP-atlas:
Hepatocyte H3k27ac (SRX1013889); Hepatocyte H3k4mel (SRX2030191); Hepatocyte
H3k4me3 (SRX101388); Hepatocyte DNase (SRX100913); Hepatocyte CTCF

(SRX8010015); Hep G2 FOXA2 (SRX100448): Hep G2 HNFAG (SRX018627): Hep G2
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HNF4A (SRX018625); Hep G2 CTCF (SRX038543); Hep G2 STAG1 (SRX10477193);
Hep G2 RAD21 (SRX1165090); Hep G2 DNase (SRX037108); Hep G2 H3k4me4
(SRX038554); Hep G2 H3k4mel (SRX038551); Hep G2 H3k27ac (SRX038545); Hep G2
FOXA1l (SRX100477); H1 RAD21 (SRX100511); H1 CTCF (SRX017278); H1 DNase
(SRX031224); H1 H3k4me3 (SRX038535); H1 H3k4mel (SRX038531); H1 H3k27ac
(SRX038526); RPE-1 STAG1 (SRX11120915); IMR-5 RAD21 (SRX3145149); RPE-1
RAD21 (SRX11120907); SK-N-SH RAD 21 (SRX100542); GBM1-HAM ATF3

(SRX109484); Astrocyte CTCF (SRX067516); Astrocyte DNase (SRX069128).

Chapter 3: Discussion & Perspectives

To understand how transcriptional regulation at the RCCX impacts cell type
specific expression, three approaches were taken. First, | utilized public epigenomics data
from ENCODE and the ChlP-atlas to profile ELS, PEs, CTCF sites, and regions of
H3K9me3 mediated repression. This yielded many cell type specific cCREs that will need
to be validated experimentally across cell types, as well as various RCCX haplotypes, to
understand the impact these elements have on the expression of genes inside the
module. Secondly, | utilized a pseudo-alignment approach to shed light on CRE activity
inside an “unmappable” region of the genome due to structural variation. Finally, |
developed a targeted LRS enrichment strategy to define locus structures of different cell
types and profile nucleosome occupancy and endogenous DNA methylation inside the
RCCX module. This strategy will enable us to confidently map reads to the RCCX across

haplotypes and can potentially fill the gap in epigenomics data across this region.
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Using data from ENCODE and the ChlP-atlas enabled the annotation of promising
cell-type specific ELS. First, | found 7 potentially hepatic specific ELS that demonstrated
overlapping liver specific TF binding. For astrocytes, 2 specific ELS were annotated,
although | was unable to validate with astrocyte specific TF binding, but used other neural
cell types as proxies. For the H1 cells, the pseudo negative control that did not exhibit
C4A/B expression, | identified various inactive ELS marked by a lack of DNase activity.
Overall, discerning which genes these ELSs are regulating will be an important next step
in the understanding of the regulatory landscape at this locus.

Moving on to PE annotations, all of the identified candidates belonged to the
astrocytes. A total of 3 candidate PEs were found for this cell type in the 500 kb region
flanking the RCCX. A considerably large (25 kb) block of H3K27me3 was also found
downstream of the module in these cells. As discussed previously, astrocytes are the
primary C4A/B producing cell type in the CNS, and given the significance that these genes
have been shown to impart on neural development and synaptic pruning, this increased
degree of regulation in this cell type is sensible. However, as | was unable to map
H3K27me3 nor H3K4mel across the RCCX from ENCODE data, | was not able to
elucidate whether different haplotypes nor cell types contain PEs across this locus.

The next regulatory element annotated, related to CTCF sites. Understanding the
topology of the RCCX has biological relevance to understanding mechanisms of
regulation at this locus across different haplotypes. Outside of the RCCX, 7 CTCF sites
were conserved across Hep G2, hepatocytes, astrocytes, and H1 cells. Some of these
sites had various levels of activity (indicated by DNase peaks). Many of these conserved

sites overlapped with RAD21 and STAG1 binding, supporting their validity as regions

38



relevant to genome topology. Interestingly, there was an active CTCF site flanking 100
kb across the RCCX in all cells, potentially suggesting that the entirety of the RCCX is
insulated in a TAD. A CTCF site located at C4 was previously described in 201036,
Majumder et al. evaluated CTCF binding via ChlIP sequencing in Raji and RJ2.2.5 cells
and discerned that C4 contained a weak CTCF binding site. Nevertheless, the authors
did not consider how different C4 haplotypes could impact CTCF binding, nor did they
indicate that the CTCF site resided at HERV-K(C4). This finding regarding the location of
CTCF binding indicates that different C4 haplotypes will have different CTCF binding
sites. Most notably an individual with a C4-AS, C4-BS, monomodular haplotype would not
have this CTCF site in their genome. To bridge this finding to Sekar et. al, CTCF could
contribute to the mechanism behind AL-AL, BL-BL haplogroups exhibiting the greatest
C4A/B expression in the CNS.

Finally, | attempted to annotate ERV repression at HERV-K(C4), but was unable
to use ENCODE data for this purpose. The ChlP-atlas contained datasets of H3K9me3
in astrocytes, Hep G2, and K-562 cells. All of these cell types exhibited H3K9me3
deposits at the 5’ LTR of HERV-K(C4) suggesting this silencing mechanism was in play
at this region. This finding raises another question regarding the nature of regulation of
C4A/B across haplotypes, and complicates Sekar’s discovery that haplotypes containing
the HERV expressed the gene at greater levels, as a silencing mark in an intron could
lead to constitutive heterochromatin formation.

A major takeaway from profiling these cCREs was the drastic lack of data inside
the RCCX module. Therefore, we generated our own approach to gain a general picture

concerning regulatory activity inside the module to enable hypothesis generation. This
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approach, although biased in that it preferentially maps reads to an artificial reference
genome as opposed to the entire Hg38 or Hg19, indicated that histone modifications from
ENCODE datasets did contain reads with potential locations inside the RCCX. These
data did support the hypothesis that HERV-K(C4) contains enhancer activity and they did
reveal ELS/PLS at a terminal intronic region of C4A/B that overlapped with histone
modification data from the ChIP-atlas.

Although these computational approaches yielded many promising CREs, all of
these data were generated using short-read sequencing. As discussed earlier, short-read
sequencing is an inadequate method to study regions of the genome containing SV.
Therefore, confirming these CREs with LRS is needed. Our approach will enable us to
profile the regulatory landscape of this complex locus using a suitable sequencing
technology. It will be ideal to utilize the enrichment strategy but in the event it does not
operate, generating data from multiple sequencing runs could provide sufficient coverage
across the RCCX. Although NOMe-seq will not provide confirmatory evidence regarding
histone modifications nor TF binding via a LRS strategy, endogenous and exogenous
DNA methylation will enable the validation of some of the cCREs we found.

CTCF recognizes a 14-bp motif but is hindered by CpG DNA methylation!®’.
Therefore, we will be able to confirm the methylation status of the candidate CTCF sites
we found, most notably the site at HERV-K(C4), and thus determine if CTCF is bound
there in various cell types. Secondly, we will be able to evaluate the methylation status of
promoter regions which could be used to confirm the genes that a specific promoter

belongs to.
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Some limitations with this work include a lack of transcriptomics data to validate
C4A/B expression in the various cell types profiled. Although certain datasets confirmed
that the cell types profiled highly express C4, it is theoretically possible that when ChlP-
assays were in use, the cells were not transcribing C4, and thus the signals could be
confounded. A second limitation relates to the pseudoalignment. As mentioned
previously, this method was statistically restricted in that it limited the search space for
the alignment algorithm (Bowtie2) to parse. It is possible that many of the reads that are
re-mapped to the RCCX have much greater alignment to other positions in the genome,
but because those regions were inaccessible to the alignment algorithm, the reads were
aligned to less identical regions. However, the usage of BLAT helped reduce this bias.

The final limitation relates to the status of the Cas9-enrichment. Without this
approach, we are unable to obtain sufficient long-read coverage to understand haplotype
construction nor regulation. We have taken many approaches to troubleshoot and
validate Cas9 digestion. First, | utilized a PCR approach that suggested Cas9 digestion
did not occur. Secondly, | utilized a validated set of crRNA guides for a distinct region in
the genome to rule out human error. Three protocols for conducting this experiment have
been implemented. Some possible explanations behind the enrichment failure relate to
the construction of the guides. Since | was restrictive with the intended cutting locations,
this yielded a selection of guides that were poorly ranked according to the Chop Chop
algorithm (ranking relates to off target potential, GC percentage, and self-
complementarity). However, to hedge against faulty guides | utilized two sets per interval.

Additionally, since there was a total of 6 sets, | would have expected at least one region
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to show enrichment, which has yet to occur. Moreover, the implementation of a Cas9
enrichment will be required to validate the computationally detected cCREs.

Future directions will consist of first profiling various cell types using LRS and a
de-novo genome assembly to resolve the haplotype structure of the respective cell type.
| plan to profile SNU-475 cells and am exploring the use of induced-pluripotent stem cell
derived astrocytes, patient derived samples, and EBV-transformed lymphoblastoid B-cell
lines (LCL) for various RCCX haplotypes. After locus structures have been defined in the
corresponding cell type, we plan to profile the cells via Nano-NOme-seq to comprehend
how these cCRE's impact regulation at the level of cell type across haplotype. To confirm
ELSs across the RCCX, a method called DiMelo-seq could be implemented3®, This
method is an antibody-directed protein-DNA interaction mapping protocol that leverages
LRS. Using DiMelo-seq could enable the validation of histone modifications across the
RCCX, given the method's reliance on LRS. An additional direction could be a functional
genomics strategy using CRISPR-Cas9 to create deletions or point mutants across
cCREs and then screening expression discrepancies. An alternative to generating point
mutants at CREs, could leverage dCas9 to perturb the epigenomic states at these
regions. Overall, confirming the validity and necessity of these cCREs across cell types
could shed mechanistic impact on C4A/B’s associations to diseases including
schizophrenia and SLE.

Given the lack of effective therapeutics for these pathologies, and the necessity of
a capable complement system to execute essential physiological functions, a genetic
medicine approach targeting a regulatory element of C4 could be suitable. For example,

targeting an astrocyte specific enhancer of the gene could reduce CNS expression
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without impacting C4 expression in other tissues. The field is far from this reality, but the

approach highlights the value in understanding cell type specific regulatory elements of

various pathologically associated genetic loci.
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Appendix
CTCFBSDB
chr6:32015973-32016432
Motif Motif Input Sequence Name Motif Motif Motif Score
PWM Sequence Start Length | Orientat
Location ion
hgl9 dna
EMBL_ | CGCCCCCTT | range=chr6:32015973- 115 14 ) 17.09
M1 GTGGC 32016432 5'pad=0 23
3'pad=0 strand=+
repeatMasking=none
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hgl9 dna
range=chr6:32015973-

EMBL_ | GGCACTGCC 32016432 5'pad=0 292 9 + 9.312
M2 3'pad=0 strand=+ 52
repeatMasking=none
hgl9 dna
REN_2 Egggggég’; range=chr6:32015973- 7118
0 AG 32016432 5'pad=0 112 20 + .62
3'pad=0 strand=+
repeatMasking=none
hgl9 dna
MIT L ég.TrgéACAA%AA range=chr6:32015973- 10.30
M2 A 32016432 5'pad=0 103 19 + 2'5
3'pad=0 strand=+
repeatMasking=none
hgl9 dna
MIT_L | ATTCCAACA range=chr6:32015973- 8.295
M7 GGTGCCACA 32016432 5'pad=0 103 20 + '2 4
AG 3'pad=0 strand=+
repeatMasking=none
hgl9 dna
GTGCCACAA "
range=chr6:32015973-
M,\}ITZ—;' GGG%%CGAA 32016432 5ad=0 113 20 ¥ 7'567 4
3'pad=0 strand=+
repeatMasking=none
chr6:31926471-31926842
Motif Motif Input Sequence Name Motif Motif Motif Score
PWM Sequence Start Length | Orientat
Location ion
hgl9 dna
EMBL_ | TGCCATCGT | 'Nge=chr6:31926471- 7.252
M1 CTTTC 31926842 5'pad=0 24 14 - 97
3'pad=0 strand=+
repeatMasking=none
hgl9 dna
EMBL_ range=chr6:31926471- 8.553
M2 GGAAGTGCG 31926842 5'pad=0 322 9 i 62

3'pad=0 strand=+
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repeatMasking=none

hgl9 dna
REN 2 TTACCCTAG range=chr6:31926471- -
0 CGAGGGTAG 31926842 5'pad=0 46 20 - 6.512
GG 3'pad=0 strand=+ 8
repeatMasking=none
hgl9 dna
MIT L CTTACCCGA range=chr6:31926471- 0.026
M2 GGGGGCGG 31926842 5'pad=0 193 19 + 5'541
CA 3'pad=0 strand=+
repeatMasking=none
hgl9 dna
MIT L TGAGAAGCA range=chr6:31926471- 1583
M7 GAGGGCCTT 31926842 5'pad=0 178 20 + '1
AC 3'pad=0 strand=+
repeatMasking=none
g19 _dna
MIT L CTTCCTCTTT | range=chr6:31926471- 4.913
M23 GCGTTGCTC 31926842 5'pad=0 122 20 - '37
T 3'pad=0 strand=+
repeatMasking=none
chr6:32015973-32016432
Motif Motif Input Sequence Name Motif Motif Motif Score
PWM Sequence Start Length | Orientat
Location ion
hgl9 dna
EMBL_ | caccoeeTT | 2nge=chr6:32015973- 17.09
M1 GTGGC 32016432 5'pad=0 115 14 - 23
3'pad=0 strand=+
repeatMasking=none
hgl9 dna
range=chr6:32015973-
EMBL_| secacTteec | 32016432 5'pad=0 292 9 + 9.312
M2 e ~ 52
3'pad=0 strand=+
repeatMasking=none
hg19 dna
REN_2 Egg gggégAA range=chr6:32015973- 11 20 . 7.118
0 AG 32016432 5'pad=0 62

3'pad=0 strand=+
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repeatMasking=none

hgl9 dna
MIT L ATTCCAACA range=chr6:32015973- 10.39
M2 GGTGCCACA 32016432 5'pad=0 103 19 2'5
A 3'pad=0 strand=+
repeatMasking=none
hgl9 dna
MIT L ATTCCAACA range=chr6:32015973- 8.295
M7 GGTGCCACA 32016432 5'pad=0 103 20 '2 4
AG 3'pad=0 strand=+
repeatMasking=none
hgl9 dna
MIT L GTGCCACAA range=chr6:32015973- 7574
M23 GGGGGCGAA 32016432 5'pad=0 113 20 .46
GG 3'pad=0 strand=+

repeatMasking=none
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