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Abstract

Genetic structural variation has strong potential to contribute to human evolution and disease,
as large deletions, duplications, and inversions alter more base pairs of the human genome
than single-nucleotide variants. However, structural variants (SVs) have remained systematically
understudied because they are challenging to identify and resolve with short-read sequencing
data, upon which modern genomics depends heavily. Nevertheless, targeted efforts and recent
technological advances have unveiled a dynamic landscape of structural variation within the
human population and between primate species, with examples tied to both genomic disease
and adaptive human traits. Of particular interest is a class of SVs called segmental duplications,
large blocks of sequence duplicated at low copy number that are enriched on the great ape
lineage. Human-specific segmental duplications (HSDs) comprise millions of base pairs of DNA
unique to our species and, intriguingly, contain genes that shape cortical development. Beyond
the genes themselves, SVs can impact gene regulation by reorganizing genes and regulatory
elements throughout the genome, rewiring their interactions or altering their copy humber
altogether. Gene regulation is itself considered a major driver of evolutionary change, and this
work explores the interplay of structural variation and gene regulation to assess how SVs
contribute to species-specific features in humans and other primates. We used long read

sequencing, optical mapping, and single-cell template strand sequencing to discover novel SVs



in chimpanzees and rhesus macaques, demonstrating that deletions and inversions in these
species preserve chromatin architecture but also are associated with divergent gene regulation.
In addition, we compared mRNA levels of HSD genes and their single chimpanzee orthologs
and found that derived, human-specific genes are more likely to exhibit novel expression
patterns compared to ancestral paralogs. To understand the molecular mechanisms underlying
this divergence, we identified novel candidate cis-regulatory elements in HSDs and demonstrate
that promoters and enhancers in these regions have functionally diverged in recent evolutionary
time. Finally, we performed a massively parallel reporter assay to quantify the regulatory activity
of thousands paralogous HSD variants, finding mostly differences of small effect, but also
uncovering variants that may generate human-specific expression patterns. Taken together,
these studies highlight the regulatory consequences of SVs; duplicated and rearranged
regulatory elements give rise to novel expression patterns that have the potential to underlie the

emergence of new traits.
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Chapter 1:
Introduction

1.1 BACKGROUND
1.1.1 Structural variation is a driver of human evolution and disease

A longstanding goal of human genomics is to understand the origin of our species. The
characteristic features of humans—such as skeletal development enabling bipedalism, dietary
adaptations to novel sources of nutrition, and the ability to use symbolic language—ultimately
have an underlying genetic basis, which can be identified through comparison to other great
apes. One of our two closest living relatives, the chimpanzee, differs from humans at about 1%
of the bases within alignable portions of the two genomes (Chimpanzee Sequencing and
Analysis Consortium 2005). While this comprises millions of base-pairs, a relatively small
number of truly human-specific substitutions exist and fewer are known to be functional (Prifer
et al. 2014; Paabo 2014). The total number of variable bases between species is higher when
considering structural variation (Kehrer-Sawatzki and Cooper 2007; Varki and Altheide 2005),
with structural variants (SVs) estimated to impact more than twice as many bases as
single-nucleotide variants (SNVs) between humans and chimpanzees (Cheng et al. 2005). SVs
are operationally defined as deletions, duplications, inversions, and translocations larger than
50 base pairs, often thousands or even millions of base pairs, giving them high potential to

impact gene function (Figure 1.1).
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Figure 1.1: Examples of genomic structural variation. Categories of SVs are illustrated relative to a
reference sequence (Ref). SVs that alter the copy number (CN) of a genomic segment (i.e., CNVs)
include deletions and duplications; the largest, most similar duplications are termed segmental
duplications (SDs) or low-copy repeats. CN-neutral SVs include insertions, translocations, and inversions.
SVs frequently occur as complex rearrangements involving multiple types of variants. Figure is adapted
from Alkan, Coe, and Eichler (2011) via “Genome Structural Variations” by BioRender.com (2022).

However, SVs are difficult to comprehensively identify and have consequently been
understudied. Foundational genetic work in Drosophila linked developmental phenotypes to
cytologically visible intrachromosomal duplications on the Bar locus (Bridges 1936), but SVs
below the resolution of microscopy have proven elusive, even in the era of DNA sequencing and
high-quality reference genomes. Genome assemblies themselves are typically fraught with
collapsed and false duplications, as repeats longer than the sequencing read length cannot be
traversed and unambiguously resolved (Vollger et al. 2019; Rhie et al. 2021). Over 90% of the
human reference genome was painstakingly constructed by progressive assembly of bacterial
artificial chromosome (BAC) libraries (Lander et al. 2001), but assembly gaps persisted until
recent technological advances made it possible to span these regions (Nurk et al. 2022). The
problematic loci consist of segmental duplications (SDs)—Ilarge blocks of sequence (typically
10s to 100s of kilobase pairs [kbp]) shared at high identity (>90%) at multiple locations

throughout the genome—and the highly repetitive centromeres and ribosomal DNA arrays.
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These regions are also prone to recurrent rearrangement (Stankiewicz and Lupski 2002; Shaw
and Lupski 2004; Miga 2019) and continue to present a technical obstacle to the resolution of
SVs in diploid genomes (Wang et al. 2022; Nurk et al. 2022). Finally, even with a near-perfect
reference, the identification of SVs with prevalent and affordable short-read data remains a
challenge. The short span of these reads means that few can be uniquely mapped to repetitive
regions that often mediate rearrangement, and even outside these regions, accurate discovery
requires high read depth (Alkan, Coe, and Eichler 2011).

Nevertheless, targeted effort has begun to characterize the SV landscape of primate
genomes, human in particular, and pinpoint variants driving disease development and
phenotypic divergence. Comparison of vertebrate reference genomes has identified
lineage-specific deletions of highly conserved sequence, and functionally characterized human
deletions include a likely forebrain enhancer of cell cycle-arresting GADD45G, an androgen
receptor enhancer contributing to the loss of penile spines, and a hindlimb and digit enhancer of
the bone morphogenetic protein GDF6 (McLean et al. 2011; Reno et al. 2013; Indjeian et al.
2016). Array comparative genomic hybridization (aCGH) and depth-based analysis of short
reads have also proven effective for identifying copy number variation, uncovering
human-specific expansions of loci associated with brain development and genomic disease
(Sudmant et al. 2013, 2010; Iskow et al. 2012). Many of these duplications, as well as deletions
and inversions, are mediated by non-allelic homologous recombination of SD loci and are
accordingly highly mutable within and between species (Marques-Bonet, Girirajan, and Eichler
2009). In humans, SDs colocalize with “hotspots” of genomic rearrangement and generate
microdeletions and microduplications implicated in schizophrenia, epilepsy, intellectual disability,
and autism (ltsara et al. 2009; Antonacci et al. 2014; Stefansson et al. 2008; Nuttle et al. 2016;
Brunetti-Pierri et al. 2008; Sharp et al. 2008; Cusco et al. 2008). These observations have led to
the hypothesis that human-specific SDs (HSDs) have sensitized humans to unique

neurodevelopmental pathologies while simultaneously enabling novel cognitive features.
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Targeted studies of HSD loci and the genes within them have identified dozens of duplicate
genes fixed in humans and absent from other ape species (Dennis et al. 2017) (Figure 1.2);
strikingly, a handful of these genes (SRGAP2C, ARHGAP11B, and NOTCHZ2NL) contribute to
corticogenesis and neuronal migration during early brain development (Dennis et al. 2012;
Charrier et al. 2012; Florio et al. 2015; Heide et al. 2020; “Website,” n.d.; Fiddes et al. 2018;
Suzuki et al. 2018). Others appear to play a role in autoimmune response (DUSP22 (J.-P. Li et
al. 2014) and NCF1 (Hultqvist et al. 2004; Zhao et al. 2017)), cause spinal muscular atrophy
(SMN2 (Kashima and Manley 2003)), and affect cold sensitivity (TCAF1 and TCAF2 (Kashima
and Manley 2003; Gkika et al. 2015)). Many yet remain to be functionally investigated, but
mounting evidence indicates that structural variation, and especially duplicated genes, are major

drivers of human evolution and disease.
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Figure 1.2: Example human-specific segmental duplication (HSD). The TCAF locus on chr7q35
contains multiple HSDs (colored and oriented with block arrows A, B, and C). CN is indicated for
representative modern human, archaic human, and non-human primate genomes. Figure is adapted from
Dennis et al. (2017).

1.1.2 Structural variation alters gene regulation

As suggested by the above examples, structural variation impacts not only genes, but also their

regulatory elements, and likely to a greater extent. The vast majority (>98%) of the human
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genome is noncoding, and changes to regulatory regions are thought to be better tolerated than
changes to protein coding sequences; enhancers can contribute to cell-type specificity, so
regulatory mutations tend to be modular, impacting the quantity, location, or developmental time
of gene expression while leaving the genes themselves intact (Carroll 2000; Arnone and
Davidson 1997). Accordingly, gene regulation is a major contributor to variation within and
between species (Wray et al. 2003; Fay and Wittkopp 2008; Fraser 2013). This was suspected
even before the genomic era, as comparison of human and chimpanzee sequences suggested
that coding differences were insufficient to explain the phenotypic divergence between the
species, and that most changes were likely regulatory (King and Wilson 1975). Given that SVs
constitute a major component of intra- and inter-species variation, they may underlie much of
this regulatory divergence, and indeed contribute to regulatory differences within humans and
between primate species (Iskow et al. 2012; McLean et al. 2011; Stranger et al. 2007). At the
same time, proper development relies on finely tuned spatiotemporal expression patterns, and
many disease etiologies result from aberrant cis-regulatory activity of promoters and enhancers.
Notably, many are also caused by structural rearrangements (Kleinjan and Coutinho 2009).
Compared to SNVs, SVs are more likely to result in regulatory changes, since their large
size allows them to alter the copy number and genomic context of genes and regulatory
elements. Intuitively, copy number variation (CNV) of coding sequence can impact gene dosage.
Single- or multi-gene impacts of CNV on human health are numerous (Henrichsen, Chaignat,
and Reymond 2009), including association of beta defensin copy number with higher mRNA
levels and psoriasis susceptibility (Hollox et al. 2003; Hollox et al. 2008) and the >1 Mbp
deletions at chromosome 7q11.23 underlying Williams-Beuren Syndrome (Bayés et al. 2003).
However, like most of the genome, a majority of CNVs are noncoding and can cause indirect
expression changes by deleting, duplicating, or rearranging regulatory elements. Genome-wide,
analysis of 210 lymphoblastoid cell lines (LCLs) from the International HapMap Project found

that CNVs explained 17.7% of the variation in mRNA levels (Stranger et al. 2007). More
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recently, analysis of expression in diverse tissues in 613 individuals from the GTEXx project
predicts that common SVs are causal at 2.7% of eQTLs, which represents a 10.5-fold
enrichment compared to SNVs, considering their relative abundance in the genome (Scott,
Chiang, and Hall 2021). Beyond simply altering mRNA levels, individual regulatory SVs can
have marked phenotypic effects. For example, duplication or deletion of enhancers upstream of
SOX9 causes XX and XY sex reversal, respectively,, and a human-specific loss of a conserved
GDF6 enhancer results in shortened hindlimb digits in mouse models (Croft et al., 2018;
Indjeian et al., 2016).

The molecular mechanisms of SV-mediated non-coding changes have been best studied
in the context of promoter-enhancer “rewiring”, in which a deletion, duplication, or inversion
alters endogenous regulatory contacts, leading to aberrant gene expression as enhancers
interact with non-target promoters. Functional dissection of the WNT6/IHH/EPHA4/PAX2 locus
in humans and mice demonstrated that rearrangements relative to insulating elements allowed
EPHA4 enhancers to interact with other promoters in the locus, driving ectopic expression in the
limb buds and causing digit malformation phenotypes (Lupianez et al. 2015). This mechanism
has been implicated in other disease contexts, including “enhancer hijacking” in cancer (Franke
et al. 2022; M. Yang et al. 2020; Northcott et al. 2014). It is likely that altered chromatin
conformation also contribute to non-pathogenic human variation in gene expression; for
instance, different haplotypes of a common ~900-kb inversion at chromosome 17921.31
exhibiting signatures of positive selection in Europeans are associated with up- and
down-regulation of multiple genes (Stefansson et al. 2005; de Jong et al. 2012). Between
species, comparison of long read-based great ape assemblies identified hundreds of
human-specific SVs putatively altering gene expression, though these have not been
functionally investigated (Kronenberg et al. 2018). In all, SVs are inextricably linked with the
gene regulatory landscape.

Given the established roles of duplicated genes in human evolution and disease, it is
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also critical to understand their regulation. Beyond simple copy number differences, HSD genes
are often truncated, inverted, and translocated hundreds of kbp, and despite their high
sequence identity (>99%), exhibit paralog-specific expression patterns across diverse
post-mortem tissues (Dennis et al. 2017) (Figure 1.3A). Long read isoform sequencing of HSD
genes in adult brain found that almost half of the 20 gene families examined contained novel
features, including exapted or truncated exons, new transcription start or end sites, or altered
splicing (Dougherty et al. 2018). Thus, the transcriptional structure of HSD genes has changed
in short evolutionary time, though the contribution of duplicated and adjacent unique
cis-regulatory elements (CREs) has not yet been examined. Spatiotemporal control of
paralogous gene expression may be as critical as any novel biochemical functions to
human-specific traits. Again in the context of the brain, 15 human-specific genes are known to
be preferentially expressed in cortical progenitors (Florio et al. 2018). For instance,
ARHGAP11B expression is largely restricted to the germinal zone, the location of cortical
neuron progenitors, while ARHGAP11A is expressed at higher levels throughout the germinal
zone and overlying cortical plate (Figure 1.3B—C). The molecular mechanisms underlying this
and other cell type-specific regulatory activity are not known, but would illuminate the functions
and evolutionary trajectories of these HSD genes. In addition, regulatory divergence may
facilitate duplicate retention in the genome to begin with, allowing paralogs to become
functionally distinct and experience negative selection rather than becoming pseudogenes
(Kronenberg et al. 2018; Force et al. 1999). This can be achieved through the accumulation of
independent loss-of-function mutations to the daughter paralogs, partitioning or
subfunctionalizing ancestral expression, while additional mutations can introduce novel or
neofunctionalized activity (Prince and Pickett 2002). HSD genes present a unique opportunity to
learn about the regulatory divergence of evolutionarily recent, single-locus duplications, and
understanding these loci in turn may nominate additional candidate genes contributing to

human-specific traits in a tissue-specific context.
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Figure 1.3: HSD genes exhibit paralog-specific expression patterns. (A) Quantification of
MRNA levels of three selected HSD gene families (ARHGAP11, FRMPD2, GTF2H?2). Asterisks
indicate globally higher (red) or lower (blue) expression of derived paralogs relative to the
ancestral paralog (top row). Panel is adapted from Dennis et al. (2017). (B) mRNA in situ
hybridization with paralog-specific probes to distinguish ARHGAP11A and ARHGAP11B
expression in a coronal section of human fetal cortex (13 weeks post-conception). Cortical
layers are abbreviated as follows: ventricular zone (VZ), inner subventricular zone (iSVZ), outer
subventricular zone (0SVZ), intermediate zone (1Z), and cortical plate (CP). (C) Quantification of
MRNA levels for ARHGAP11A and ARHGAP11B in neurons (N) and the cortical progenitors
apical radial glia (aRG) and basal radial glia (bRG). Panels B and C adapted from Florio et al.
(2018).



1.2 GOALS AND CONTENTS

This work aims to characterize the regulatory landscape of structural variation in humans and
nonhuman primates. While SVs have been difficult to comprehensively identify and resolve
using genomic methods, particularly short-read sequencing, recent advances have made them
more tractable to study. First, improvements to the quality, availability, and throughput of
“third-generation” long-read technologies, namely Pacific Biosciences (PacBio) and Oxford
Nanopore (ONT) sequencing, has allowed larger repeats and complex rearrangements to be
resolved, in some cases for the first time (Nurk et al. 2022; Hsieh et al. 2021). Previous efforts
relied on labor-intensive methods, such as targeted assembly of BAC libraries, which is not
scalable to large numbers of genomes. Second, these technological advances have galvanized
the development of novel assays and bioinformatic methods for data generation, genome
assembly, and alignment. Finally, the increasing number of human and non-human primate
resources, including population-scale genomic and epigenomic databases are enabling
unprecedented new biological discoveries (Audano et al. 2019; Kronenberg et al. 2018) .

In this work, we leveraged this wealth of information to address open questions about
structural variation and gene regulation: How has gene regulation diverged at SV loci between
humans and non-human primates, and what impact does this have on function? In HSDs, we
also considered how expression patterns have changed in recent evolutionary time and
investigated potential underlying molecular mechanisms. Anticipating a major contribution of
cis-regulatory changes to duplicated and structurally rearranged loci, we designed experiments
to test two non-mutually exclusive hypotheses: (1) inversions and translocations of rearranged
sequence can alter their regulatory environment, which is visible as changes to chromatin
architecture of promoters and interacting CREs; (2) sequence divergence (such as SNVs)

following duplications can cause gains and losses of activity of paralogous CREs (Figure 1.4)
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Figure 1.4: Potential impacts of SVs on gene regulation. Relative to the structural configuration of a
reference, SVs in another genome or species may induce regulatory changes. Inversions and
translocations can rewire promoter-enhancer contacts across SV breakpoints. In the case of duplications,
sequence changes between paralogous loci can also result in changes to the activity of cis-regulatory
elements (CREs) such as promoters and enhancers. This example illustrates a gain of expression of a
derived gene in species 2, though gains or losses at the ancestral locus, or non-duplicated loci, are also
possible.

In Chapters 2 and 3, we discovered novel SVs distinguishing non-human primate
genomes from those of humans. Chapter 2 uses long-read sequencing and optical mapping in
chimpanzee cell lines, while Chapter 3 focuses on inversions discovered in a rhesus macaque
cell line using single-cell template strand sequencing (Strand-seq) (Sanders et al. 2017),. We
identified differentially expressed genes between species in multiple cell types and compared
gene expression and chromatin architecture at SV loci. In broad agreement with the existing
literature, both studies found a significant tendency for SVs to preserve the structure of
topologically associating domains (TADs) and avoid altering protein-coding genes, suggesting
these types of SVs are strongly deleterious and experience negative selection. We showed this
for the first time in inversions, likely due to the sensitivity to inversions of the technologies
employed. We also found an enrichment for differentially expressed genes near SV breakpoints,

indicating that species-specific SVs may disrupt gene regulation. Finally, we used epigenetic
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data, signatures of selection, and human disease associations to speculate on SVs that may

contribute to species-specific traits.

Chapters 4 and 5 focus on HSDs, quantifying differential gene expression at a subset of
human paralogous and chimpanzee orthologous loci with high-quality assemblies (75 human
genes in 30 gene families). In Chapter 4, we identified a tendency for derived genes to show
reduced cross-tissue correlation and total expression compared to chimpanzee orthologs and
considered molecular mechanisms that may drive these recent evolutionary changes. We
implemented a multiple alignment and read allocation pipeline to generate a novel set of
candidate CREs in HSDs, and showed with luciferase reporters that duplicated CREs can be
differentially active. Additionally, we found evidence for paralog-specific contributions of adjacent
non-duplicated loci. In Chapter 5, we explored HSD cis-regulatory divergence in high
throughput, performing a massively parallel reporter assay (MPRA) to compare the activity of
thousands of duplicated promoters and candidate enhancers. We were unable to successfully
predict paralogous expression divergence using the measured differences in regulatory activity
between duplicated regions alone but identified additional paralog-specific regulatory changes
for further characterization. Future work is needed to characterize the chromatin structure of
HSDs and integrate these data with the measured activity of CREs to create a more complete
picture of regulatory divergence following genomic duplication. In all, we nominated regulatory
changes that may contribute to human-specific traits, such as a putatively neofunctionalized
gene (ARHGEF35), likely dosage increases in autoimmune-protective genes (DUSP22 and

NCF1), and paralog-specific activity loss of an intronic enhancer in SRGAP2C.
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Chapter 2:
|dentification of structural variation in
chimpanzees using optical mapping and
nanopore sequencing

2.1 ABSTRACT

Recent efforts to comprehensively characterize great ape genetic diversity using short-read
sequencing and single-nucleotide variants have led to important discoveries related to selection
within species, demographic history, and lineage-specific traits. Structural variants (SVs),
including deletions and inversions, comprise a larger proportion of genetic differences between
and within species, making them an important yet understudied source of trait divergence. Here,
we used a combination of long-read and -range sequencing approaches to characterize the
structural variant landscape of two additional Pan troglodytes verus individuals, one of whom
carries 12% admixture from Pan troglodytes troglodytes. We performed optical mapping of both
individuals followed by nanopore sequencing of one individual. Filtering for larger variants (>10
kbp) and combined with genotyping of SVs using short-read data from the Great Ape Genome
Project, we identified 425 deletions and 59 inversions, of which 88 and 36, respectively, were
novel. Compared with gene expression in humans, we found a significant enrichment of
chimpanzee genes with differential expression in lymphoblastoid cell lines and induced
pluripotent stem cells, both within deletions and near inversion breakpoints. We examined
chromatin-conformation maps from human and chimpanzee using these same cell types and
observed alterations in genomic interactions at SV breakpoints. Finally, we focused on 56 genes
impacted by SVs in >90% of chimpanzees and absent in humans and gorillas, which may

contribute to chimpanzee-specific features. Sequencing a greater set of individuals from diverse
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subspecies will be critical to establish the complete landscape of genetic variation in

chimpanzees.

2.2 CONTRIBUTIONS

This chapter is adapted with minimal modification from the following published work:
Daniela C Soto, Colin Shew, Mira Mastoras, Joshua M Schmidt, Ruta Sahasrabudhe,
Gulhan Kaya, Aida M Andrés, Megan Y Dennis. 2020. “Identification of Structural
Variation in Chimpanzees Using Optical Mapping and Nanopore Sequencing.” Genes
11(3): 276. https://doi.org/10.3390/genes11030276.

D.C.S and C.S. co-authored the study. D.C.S., C.S., and M.Y.D. conceived the study. C.S., G.K,,

and R.S. prepared samples and generated sequencing data. D.C.S., C.S., M.M., J.M.S., and

M.Y.D. analyzed data. D.C.S., C.S., M.M., JM.S., R.S., G.K,, A M.A., and M.Y.D. wrote and

edited the manuscript. All authors have read and agreed to the submitted version of the

manuscript.

2.3 INTRODUCTION

Great apes have considerable phenotypic diversity despite being closely related species. For
humans and chimpanzees, with only ~5 to 9 million years of independent evolution (Patterson et
al. 2006; Langergraber et al. 2012), significant effort has gone into understanding the underlying
genetic and molecular differences contributing to species differences, often with the primary
focus on human-unique features (O’Bleness et al. 2012). Direct comparison of protein-coding
genes has identified exciting candidates, but these only account for a minor proportion of
species differences (Varki and Altheide 2005). Recent analysis of lllumina short-read
sequencing has allowed identification and genotyping of single-nucleotide variants (SNVs) at
the genome scale, which have been used to address questions related to the demographic

history and genetic adaptations of each species, and lineage-specific traits (Prado-Martinez et
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al. 2013). Further, transcriptome and epigenome comparisons of immortalized cell lines and
tissues have revealed many thousands of individual genes and putative cis-acting regulatory
elements that contribute to species differences in gene regulation (Gallego Romero et al. 2015;
Khan et al. 2013; McLean et al. 2011; Prescott et al. 2015; Pollen et al. 2019; Brawand et al.
2011; Eres et al. 2019; Zhou et al. 2014), though often with varied results and reproducibiilty
across studies.

Since the publication of the chimpanzee genome (Chimpanzee Sequencing and Analysis
Consortium 2005), comparison with the human reference genome showed that structural
variants (SVs), or genomic rearrangements such as inversions and copy-number variants
(deletions and duplications), comprise a greater proportion of genetic differences than SNVs
(Rogers and Gibbs 2014). Though important, SVs are difficult to discover and genotype using
traditional short-read Sanger and Illlumina data. As such, genome-wide analyses of SVs have
leveraged alternative approaches, including fosmid-end mapping (Newman et al. 2005), array
comparative genomic hybridization (CGH) (Gokcumen et al. 2013; Wilson et al. 2006; D. P.
Locke et al. 2003), digital array CGH using whole-genome shotgun sequencing of Sanger
(Marques-Bonet et al. 2009) and Illlumina (Sudmant et al. 2013), and comparisons with
improved genome assemblies (Catacchio et al. 2018; Feuk et al. 2005; Kuderna et al. 2017;
Kronenberg et al. 2018). Most recently, the advent of long-read sequencing technologies,
capable of completely traversing variant breakpoints, has significantly facilitated discovery of
novel SVs (Mahmoud et al. 2019). To date, only one study has performed long-read sequencing
of a chimpanzee; the most recent improvement to the chimpanzee reference genome (panTro6)
used hybrid long-read (PacBio) and long-range sequencing approaches (Bionanogenomics
(BNG) and HiC) of one individual, Clint, a male representing the subspecies Pan troglodytes
verus, significantly increasing the number of known SVs (Kronenberg et al. 2018).

Recent comparisons of short- and long-read sequencing technologies using benchmark

human genomic datasets revealed that multiple genomes (Audano et al. 2019) and
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combinatorial platforms are required for comprehensive SV discovery (Chaisson et al. 2019);
therefore, we performed long-range BNG optical mapping and Oxford Nanopore Technologies
(ONT) long-read sequencing of additional chimpanzee individuals. These new datasets have
allowed us to more comprehensively assess deletions and inversions in the chimpanzee
genome. When compared with published whole-genome screens using orthogonal approaches,
our approach validated existing variants and discovered many new variants. Knowing that SVs
often alter gene functions and regulation (Spielmann, Lupiafez, and Mundlos 2018), we
characterized the association of our discovered SVs on differences in gene regulation and
chromatin organization between human and chimpanzee, identifying a number of events that

likely contribute to chimpanzee-specific differences.

2.4 RESULTS

2.4.1 Large-Scale SV Discovery and Genotyping in Chimpanzee

To date, one western chimpanzee individual (Clint) comprising the reference genome (PanTro6)
has been subject to hybrid long-read sequencing for genome assembly and SV discovery
(Kronenberg et al. 2018). We sought to expand SV discovery via long-read sequencing to two
additional chimpanzee individuals (AG18359 and S003641) for which renewable LCLs and
functional genomic information, including RNA-Seq and ChIP-Seq data (Khan et al. 2013;
McVicker et al. 2013; Zhou et al. 2014), are available. To begin, we performed Illlumina
short-read sequencing (~30x coverage) of both individuals to confirm ancestry via SNV
detection followed by comparisons of population-specific genetic markers and principal
component analysis with chimpanzees from the GAGP (Prado-Martinez et al. 2013) ( Figure
S2.1). From this, we determined AG18359 to be a female western chimpanzee (Pan troglodytes

verus) and S003641 to be a male western chimpanzee with some central chimpanzee ancestry
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(Pan troglodytes verus x Pan troglodytes troglodytes). Notably, ~15% of the ancestry of this
individual is assigned to the central-chimpanzee population, similar to one individual (Donald)
that was sequenced as part of the GAGP.

To discover potentially novel chimpanzee SVs, we assayed AG18359 gDNA using ONT
PromethlON (29x) and BNG optical mapping (116x). To compare SV discovery of two
individuals on the same platform, we also subjected S003641 to BNG optical mapping (70x). As
it is the most accurate and well-annotated primate assembly, we mapped our sequence data to
the human reference genome (GRCh38). We excluded SDs and insertions from our analysis of
SVs due to challenges in their discovery and validation (Alkan, Coe, and Eichler 2011).
Focusing exclusively on deletions and inversions, we discovered 49,579 deletions and 560
inversions using ONT and 4,790 deletions and 280 inversions using BNG from AG18359.
Similarly, we identified 5,407 deletions and 207 inversions using BNG from S003641. For
comparison purposes, we also mapped the AG18359 ONT sequence data to the most recent
chimpanzee reference genome (PanTro6) and discovered fewer events (7,895 deletions and
142 inversions) suggesting that a significant proportion of SVs identified via mapping to the
human reference represented species differences.

As the primary goal of our study was to identify species differences, we moved forward with
SVs identified using the human reference genome. We next compared SV discovery across our
two platforms. Although ONT had higher sensitivity to discover smaller variants, down to 50 bp,
there was a higher chance of detecting false positives and errors at this resolution (Figure
S2.2A). To properly compare across technologies, we filtered for large SVs (=10 kbp) and
compared similarities by consolidating variants with more than 50% reciprocal overlap. We
found a comparable number of deletions in our three call set (586, 586, and 666 events in
AG18359 ONT, AG18359 BNG, and S003641 BNG, respectively) with 138 deletions found by all
three call sets (Figure S2.2B). Out of the 586 deletions found in the AG18359 ONT call set, 381

were uniquely discovered using this technology, while BNG contributed another 553 deletions,
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out of which 307 (55.5%) had support from both individuals. As such, deletion call sets from the
same technology exhibited a greater overlap than comparing calls from different technologies of
the same individual. We also found a comparable number of inversions across all three call sets
(243, 269, and 207 variants in AG18359 ONT, AG18359 BNG, and S003641 BNG, respectively)
(Figure S2.2B), of which 34 variants were shared among them all. Again, the most overlap for
inversions was identified between different individuals assayed using the same BNG technology,
representing 80 shared out of the total 274 unique variants.

In order to narrow in on a higher-confidence set of SVs, we subsequently performed
genotyping of this discovery set using short-read lllumina data from GAGP (>20-fold coverage)
of all four chimpanzee subspecies (n = 25) using SVTyper (Chiang et al. 2015). We also
compared our discovered SVs with previously-reported datasets from three recent
whole-genome SV screens of chimpanzees (Kronenberg et al. 2018; Catacchio et al. 2018;
Sudmant et al. 2013), each using diverse genomic methods for discovery. From this, we
identified 425 deletions and 59 inversions that had support from short-read genotyping and/or
intersecting with a previously-discovered SV (Supplementary Tables 7 and 8). In all, our
discovery approach using ONT and BNG data achieved 88 novel deletions and 36 novel
inversions when compared with the most recent genome-assembly alignment (Kronenberg et al.
2018; Catacchio et al. 2018) and read-depth (Sudmant et al. 2013) approaches (Figure

2.1A-B).
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Figure 2.1: Genomic features of identified structural variants. (A) Deletions (red), inversions
(cyan), and large-scale cytogenetic inversions (yellow) are interspersed across all 24 human
orthologous chromosomes, depicted as ideograms. (B) Novel variants in our dataset defined as
lacking 50% reciprocal overlap with previous reported variants in great apes. (C) Size distribution of
deletions (red) and inversions (cyan). Median size is depicted as dashed lines. (D) Observed
average distance of deletions (red line) and inversions (cyan line) to SDs, compared to randomly
sampled regions across the genome of the same size of deletions (red distribution) and inversion
(green distribution). We observed an enrichment of SV breakpoints residing near SDs (empirical
p-value = 1 x 10-4).

2.4.2. Genomic features of identified SVs

Examining genomic features of our high-confidence set of chimpanzee SVs, we found that
deletion sizes ranged between 10 kbp (our minimum threshold) up to ~526 kbp (31 kbp mean;
18.5 kbp median) (Figure 2.1C) and inversions ranged in size between 10 kbp and 78 Mbp (4.1
Mbp mean; 57.3 kbp median), including four of seven known chimpanzee pericentric inversions
identified only with ONT (n = 2) or with both technologies (n = 2) (Nickerson and Nelson 1998;
Kehrer-Sawatzki, Sandig, et al. 2005; Kehrer-Sawatzki et al. 2005; Goidts et al. 2005; Shimada

et al. 2005; Szamalek et al. 2006; Kehrer-Sawatzki, Szamalek, et al. 2005). The maijority of
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novel inversions identified in our study tended to be smaller (57 kbp mean length), perhaps
influenced by strict size cutoffs (>100 kbp) used in previous studies (Catacchio et al. 2018). The
distribution of SVs across the human genome (Figure 2.1A, Figure S2.3) was relatively uniform
for deletions, which were found on all 24 chromosomes. The greatest number of events were
identified in chromosome 2 (n = 34); however, when normalizing by the total number of bases,
chromosomes 19 (0.34 deletions per Mbp) and 21 (0.32 deletions per Mbp) exhibited the
highest number of deletions (Figure S2.3). Inversions, on the other hand, were found on 19
chromosomes, with chromosomes 5 exhibiting the greatest number of variants (n = 8), and
chromosomes 5, 7 and 12 displaying the greatest number of inversions per chromosome size
(0.04 inversions per Mbp). Further, we found that breakpoints of SVs of both deletions and
inversions were non-randomly distributed across the human genome near SDs (Figure 2.1D,
empirical p-value = 1 x 107*), similar to previously reported results for distribution of SDs in
primate genomes (Dennis et al. 2017; Sudmant et al. 2013; Cheng et al. 2005; Marques-Bonet
et al. 2009). This observed clustering may be accounted for by SD-mediated deletions and
inversions that can be created via non-allelic homologous recombination (Carvalho and Lupski

2016).

2.4.3 Genes impacted by SVs

To evaluate the functional impact of our high-confidence set of SVs, we retrieved all annotated
transcribed features within deletions (2.5 kbp) and at inversion breakpoints (+50 kbp).
Deletions overlapped with 592 genes, out of which 162 were protein-coding genes (Figure
2.2A). To further refine the impact of the SVs and gene function, we focused on protein-coding
genes and used Ensembl Variant Effect Predictor (VEP) to predict functional impact. VEP
annotated 80 protein-coding genes as highly impacted by deletions (i.e., feature ablation or
truncation), out of which 54 have been previously classified as loss of function (LoF) tolerant

(probability of loss of function intolerance score [pLI] < 0.1) by the Exome Aggregation
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Consortium (Samocha et al. 2014; Lek et al. 2016) (Figure 2.2B). Also, three genes (ATXNZ2L,
SH2B1, and IL27), which all reside within the same ~500 kbp “deletion” mapped to human
chromosome 16p11.2, were classified as LoF intolerant (pLI = 0.9). A search through the
chimpanzee reference (panTro6) found ATXN21 and SH2B1 residing on an uncharacterized
chimpanzee chromosome Un_NW_019937196v1, suggesting that these genes have been
translocated to a new genomic locus. This is likely the case for other genes with predicted
high-variant effect and LoF intolerance. Focusing on inversion, we found breakpoints
overlapping with 342 transcribed elements of which 64 genes were within 2.5 kbp of
breakpoints, including 95 and 21 protein-coding genes, respectively (Figure 2.2A). No highly
impacted genes, as predicted by VEP, were found in this dataset. Using pLI scores, we
identified 9 genes either modified or overlapped by inversions classified as loss-of-function
intolerant in humans (Figure 2.2B).

In total, we found a significant depletion of protein-coding genes at deletion regions (162
genes within 2.5 kbp, empirical p-value = 0.001, Figure 2.3, Figure S2.4A) as well as at
inversion breakpoints (21 protein-coding genes within 2.5 kbp, empirical p-value = 0.001, Figure
2.3, Figure S2.4B). Notably, this depletion did not persist when considering all transcribed
elements intersecting SVs. Taking a closer look at genes with clear orthologs between
chimpanzee and humans, we identified significantly fewer orthologs of deletion-impacted genes
vs. inversion-impacted genes (67% vs. 89%, respectively; p-value = 1x10~° Fisher’s exact test).
The majority of deletion-impacted genes with no orthologs were predicted to have high-VEP
effect (179 out of 195 genes), suggesting that deletion of these genes completely ablated them
from the chimpanzee genome.

Finally, we explored functional annotations of genes impacted by SVs. We found 208
transcribed elements impacted by deletions with known GO annotations as reported by DAVID
(Huang, Sherman, and Lempicki 2009a; Huang, Sherman, and Lempicki 2009b) (Figure 2.2C).

Compared to the complete set of human GO annotations, this gene list displays an
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overrepresentation of genes associated with sensory perception of smell (GO:0050911, g-value
= 8.7 x 107" and GO:0007608, g-value = 3.3 x 1072). We also found an overrepresentation of
deletion-impacted genes involved in the G-protein coupled receptor signaling pathway
(G0O:0007186, g-value = 5 x 107°). Notably, both ontologies are primarily driven by known
copy-number polymorphism that exists among olfactory-receptor genes (Nozawa, Kawahara,
and Nei 2007). Inversions contained 140 genes with known GO functional annotation exhibiting

an overrepresentation of regulation of cell differentiation (GO: 0045596, g-value = 1.2 x 10™).
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Figure 2.2: Description of genes overlapping identified structural variants. (A) Categories of
genes overlapping deletion regions £2.5 kbp (red) and inversion breakpoints +50 kbp (cyan) as
defined by ENSEMBL biotypes. (B) Number of protein-coding genes classified as LoF tolerant (pLI <
0.1), intolerant (pLI = 0.9) and middle range (pLI > 0.1 and pLI < 0.9) affected by deletions regions
+2.5 kbp (red) and inversion breakpoints +50 kbp (cyan). Some affected genes lack LoF information
(missing category). All genes impacted by deletions were classified by VEP as either highly impacted
(feature ablation or truncation) or modified, while genes impacted by inversions were either modified
or no effect was predicted (overlap only). Transcribed elements with no corresponding ENSEMBL
transcript ID in humans were classified as no orthology (blue). (C) Overrepresented GO terms in
genes impacted by deletions and inversions as reported by DAVID (* g-value < 0.05; ** g-value <
0.001). Counts represent the number of genes annotated with each GO term.
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2.4.4 SVs and Gene Regulation

To understand if variants might affect gene regulation, we leveraged existing RNA-seq datasets
generated from chimpanzee and human LCLs (Khan et al. 2013) and iPSCs (Pavlovic et al.
2018). From 55,461 human—chimpanzee orthologous transcribed features, we identified 6,565
and 8,946 genes in LCLs and iPSCs, respectively, as significantly DE between the two species.
Among genes for which human-chimpanzee orthology was assigned that directly intersected
SVs (N =397 in deletions 2.5 kbp; N = 61 for inversion breakpoints +2.5 kbp), roughly half
were significantly DE (57/135 LCL and 60/129 iPSC tested genes in deletions; 25/37 LCL and
22/36 iPSC tested genes in inversion breakpoints). We report a significant enrichment of DE
genes from both cell types within (£2.5 kbp; permutation test empirical p < 0.04) and near (£50
kbp; p < 0.01) deletions and near (50 kbp; p < 0.002) inversion breakpoints. DE gene
enrichment was only significant within (2.5 kbp) inversion breakpoints in LCLs (Figure 2.3,
Figure S2.4).

Considering that gene regulation may be impacted by changes in genome organization, we
next assayed the impact of SVs on chromatin structure by intersecting with previously identified
TADs from a deeply-sequenced human LCL (GM12878) (Rao et al. 2014) and found 45 and 17
TAD boundaries likely disrupted by deletions and inversions, respectively, in chimpanzees.
Similar to what others have reported previously (Fudenberg and Pollard, n.d.; Huynh and
Hormozdiari 2019), deletions were less likely than expected by chance to straddle TAD
boundaries, thereby generating putatively disrupted TADs (PDTs) (permutation test empirical p <
0.01 within 2.5 kbp and 50 kbp of deletions; Figure 2.3, Figure S2.4A). This is consistent with
the hypothesis that regions maintaining chromatin structure are subject to negative selection.
Not previously reported, we also found a significant depletion of PDTs intersecting inversions (p
= 0.001 within 2.5 kbp and 50 kbp of inversions; Figure S2.4B). Within PDTs we identified 58

and 65 DE genes in LCLs and iPSCs, respectively. This suggests that disruption of genome
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organization may have contributed to interspecific changes in gene expression for a subset of
genes. Example loci are highlighted in Figure 2.4A and Figures S2.5, S2.7, and S2.8. Notably,
chromatin structure was also apparently altered by variants near but not directly intersecting

called TAD boundaries (Figure 2.4B, Figure S2.6)
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Figure 2.3: Enrichment and depletion tests of structural variants with genomic features. Both
deletions and duplications were tested within 2.5 kbp (resolution of the SV calls) and 50 kbp. All
annotated genes (GENCODE v27) and protein-coding genes were tested for depletion of SVs (top
two rows) via permutation testing. Human TADs from the LCL GM12878 were tested for depletion of
putatively disrupting SVs (i.e., SVs generating PDTs, third row). Human—chimpanzee DE genes from
LCLs and iPSCs were also tested for enrichment in SVs via permutation testing (fourth and fifth
rows). Circles are sized proportionally to the negative log of the empirical p-values and colored
according to the strength of enrichment or depletion, represented by the log ratio of observed
(number of features intersecting SVs) and expected (mean number of features intersecting 1000
permuted coordinate sets) counts.

To examine chromatin structure of PDTs, we generated orthologous Hi-C maps from human
and chimpanzee LCLs and iPSCs (Eres et al. 2019) against the human reference (GRCh38)

and directly compared differences in domain boundaries between species. Overall, domain calls
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were similar between species (MoC 0.75 and 0.79 for LCLs and iPSCs, respectively (Zufferey et
al. 2018)). We examined chimpanzee PDTs and identified more chimpanzee-unique boundaries
than genome-wide boundaries (30.5% (18/59) versus 24.9% (1424/5714)). Similarly, for iPSCs
we found 22.0% (13/59) of boundaries in PDTs are not shared with human, compared to 14.9%
genome-wide boundaries (868/5834). These numbers suggest that TAD-altering SVs in may
impact chromatin structure in chimpanzees.

Closer inspection of these regions revealed examples of altered gene expression coinciding
with changes to three-dimensional chromatin structure. For example, the breakpoints of an
inversion mapping to human chromosome 2q12.2-13 lie near altered domain boundaries and
DE genes in iPSCs. Both UXS7 and SH3RF3 reside in altered domains and show increased
contact frequency with chimpanzee-proximal inverted sequences that are over 1 Mbp away in
the human genome (Figure 2.4A, Figure S2.5A). Similar gains of interactions are visible in the
LCL Hi-C data and UXST1 is also differentially expressed, though in the opposite direction
(Figure S2.5B). A smaller inversion mapping to human chromosome 9q22.31 appears to
mediate a domain fusion in both iPSCs and LCLs (Figure 2.4B, Figure S2.6). In both cell types,
the nearby (<8 kbp) gene SPTLC1 and truncated processed pseudogene AL136097.2 are
upregulated and downregulated, respectively, in chimpanzees compared with humans (Figure
2.4B, Figure S2.6). Other examples of domain-altering deletions and nearby DE genes are
presented in Figures S2.7 and S2.8. Altogether, these data provide evidence that SVs may drive
DE patterns, either through disruption of the transcribed sequence itself or through altered cis

regulation, mediated by reorganization of physical interactions within chromatin.
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Figure 2.4: Genome organization of human and chimpanzee across regions with identified
structural variants. The Hi-C genomic landscape of human (top) and chimpanzee (bottom) are depicted
for iPSCs using Juicebox for (A) chromosome 2q12.2-q13 (chr2:106,095,001-109,905,000, GRCh38) and
(B) chromosome 9q22.2-922.32 (chr9:90,200,001-94,010,000, GRCh38). Predicted TADs (yellow
triangles) were compared between species, noting differences at SVs (dotted boxes) including deletions
and inversions. SDs are depicted as colored bars, taken from the UCSC Genome Browser track. Genes
showing significant DE in chimpanzee versus humans are colored as red (up in chimpanzee) or blue
(down in chimpanzee). Genes not included in the DE analysis are in gray.

2.4.5 Genes Showing Signatures of Natural Selection

Recent efforts to sequence diverse great ape genomes have led to identification of signatures of
natural selection using SNV data that may help to explain features unique to chimpanzee
species and subspecies (Prado-Martinez et al. 2013; Cagan et al. 2016; de Manuel et al. 2016;
J. M. Schmidt et al. 2019). To understand if our identified SVs might impact the outcome of such

studies or explain
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signatures of selection previously identified, we compared our map of SVs with a recent study of
natural selection in multiple genomes of the four chimpanzee subspecies (Pan troglodytes
verus, troglodytes, ellioti, and schweinfurthii) mapped to the human reference genome (Cagan
et al. 2016). In this study, among several other tests, the Hudson—-Kreitman—Aguade (HKA)
(Hudson, Kreitman, and Aguadé 1987) was used to identify the top 200 genes showing the
strongest signatures of long-term balancing selection and positive selection in each subspecies.
Intersecting this set of genes with our complete list of genes residing within or near deletions,
we determined that of the 592 genes putatively disrupted by a deletion, 54 show strong
signatures of natural selection using the HKA test (32 for positive and 22 for balancing
selection). For inversions, of the 342 genes at or near inversion breakpoints, six show strong
signatures of natural selection (five for positive, one for balancing). Of all genes affected by SVs
and with strong signatures of natural selection, nine have evidence of DE in either LCLs or
iPSCs, including two protein-coding genes showing signatures of balancing selection: INPP4B,
which carries a deletion upstream of the transcription-start site and is upregulated in
chimpanzee LCLs, and HLA-F, which is completely deleted and is upregulated in chimpanzee
LCLs and downregulated in iPSCs. The possibility that these deletions generated beneficial
expression changes that became strongly affected by natural selection makes these genes

interesting candidates for follow up.

2.4.6 Genes Impacted by Chimpanzee-specific SVs

To hone in on SVs unique and universal to chimpanzees that may contribute to species-specific
features, we consolidated the complete dataset of our newly discovered SVs and those
previously published (Kronenberg et al. 2018; Catacchio et al. 2018; Sudmant et al. 2013).
Filtering for only those with positive genotypes in >90% of chimpanzee individuals genotyped
but found in neither humans (n = 8) nor gorillas (n = 8), we identified 209 deletions and 18

inversions. This set ranged in size from 10 kbp to 526 kbp for deletions and 12 kbp to 78 Mbp
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for inversions (including the four large-scale cytogenetic events). Again due to the olfactory
receptors at these loci, GO analysis shows that the genes contained within these SVs were
overrepresented for the detection of chemical stimulus involved in sensory perception of smell
(GO:0050911, g-value 4.1x1072). Focusing on genes with a higher likelihood of being
functionally impacted by SVs, we identified 56 protein-coding genes with a high-impact VEP
score (deletions) or within 2.5 kbp of a breakpoint (inversions) (Table 1).0Of the 35 genes queried
in our cross-species RNA-seq comparisons, 13 exhibited significant DE in chimpanzee versus
human in LCLs and/or iPSCs, including APOL4, CAST, CLN3, EFCAB13, EIF3C, IL18R1,
NPIPB8, NPIPB9, NUPR1, RABEP2, SGF29, SLC01B3, and SULT1A1. Additionally, six genes
showed strong signatures of positive selection (APOBR, IL27, and TUFM at human
chromosome 16p11.2 and OR710H1 and OR10H5 at human chromosome 19p13.12) or
balancing selection (CLC at human chromosome 19q13.2). In all, this list of genes represents

exciting candidates putatively implicated in chimpanzee-specific traits.

2.5 DISCUSSION

Most extensive SV analyses using comparative genomic approaches have used a single
genome from one chimpanzee individual of the subspecies Pan troglodytes verus (i.e., Clint)
(Kronenberg et al. 2018; Feuk et al. 2005; Newman et al. 2005; Catacchio et al. 2018;
Chimpanzee Sequencing and Analysis Consortium 2005; Marques-Bonet et al. 2009). Here, we
performed long-read sequencing of two additional individuals of the same subspecies, one of
which carried admixture with Pan troglodytes troglodytes, using two orthogonal technologies:
optical mapping and nanopore sequencing. To our knowledge, this represents the first nanopore
sequence of a chimpanzee genome. From this, we discovered over 60,000 deletions and over
500 inversions (=50 bp) when compared with the human reference (GRCh38), on the same

scale as found in a recent comparison of the new chimpanzee assembly using a hybrid
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assembly approach (panTro6) (Kronenberg et al. 2018). As expected, ONT sequencing was
capable of detecting significantly more SVs, down to 50 bp with higher resolution at breakpoints
(Figure S2.2A), compared to our BNG datasets. Notably many of the bioinformatically-identified
SVs were redundant within and across technologies, which required additional filtering. To
determine a higher-confidence set of SVs, we limited our analysis to variants 210 kbp in size
with short-read Illlumina sequencing evidence of the variant using SVtyper, a genotyping
approach. Though the genotyping step significantly increased our confidence in variant calls, it
also reduced the number of variants we identified (from 1,838 to 858 deletions and from 719 to
253 inversions), particularly for inversions, which are difficult to detect/genotype using
short-read data. Additionally, our strict size cutoff limited our ability to discover transposable
elements, which has been shown to represent a significant proportion of lineage divergence
between chimpanzees and humans (Yohn et al. 2005). Furthermore, due to the uncertainty of
the BNG breakpoints, most SVs discovered using only this approach were largely filtered from
our subsequent analyses due to an inability to accurately genotype events. Nevertheless, our
approach led to the discovery of 88 novel deletions and 36 novel inversions when compared to
recent genome-wide scans. We note that we also excluded SDs and insertions from our
analysis due to difficulties in discovery and subsequent validations using standard short-read
genotyping approaches (Chander, Gibbs, and Sedlazeck 2019). As improved hybrid-based
methods combining long- and short-read data are developed to more accurately identify SVs
and their breakpoints, it will be a worthwhile endeavor to return to our dataset to discover
additional SVs.

Our results implicated chimpanzee SVs in potentially impacting gene regulation and
chromatin organization. It has been established that TAD structures are evolutionarily conserved
(Rao et al. 2014; Dixon et al. 2012), and recent work finds that deletions altering TAD
boundaries in humans are under purifying selection (Fudenberg and Pollard, n.d.; Huynh and

Hormozdiari 2019). TAD structure is also conserved across apes, as evidenced by the incidence
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of gibbon—human synteny breaks at domain boundaries (Lazar et al. 2018). Similarly, we find a
depletion of PDTs generated by deletions in chimpanzees, as well as an expected but
previously unreported reduction of inversions altering TADs. Taken together, the paucity of SVs
altering domain boundaries suggests such variants experience strong negative selection in
chimpanzees as in other species, perhaps due to conserved roles of TADs in modulating gene
regulation. Despite the overall depletion of SVs at TAD boundaries, we did find an increased
incidence of species-specific domain boundaries and significant enrichment of DE genes near
SVs in the two cell types queried in this study, concordant with previous findings assessing the
impact of deletions and duplications on differential gene expression in primate LCLs (Iskow et
al. 2012). These analyses are subject to some limitations. Domain calling is highly sensitive to
input parameters, but the pairs of Hi-C maps were subject to the same analysis and highly
correlated at a variety of resolutions tested (MoC>0.7 at 100 kbp, 50 kbp, 25 kbp, and 10 kbp for
iPSCs; 100 kbp and 50 kbp for LCLs) allowing for an assessment of genome-wide domain
differences. Though the number of aligned reads were normalized to comparable levels, relative
read depth is likely to vary across the genome due to differences in mappability. This is
particularly likely at SV loci, where deletions and SDs generate discontinuities in the Hi-C matrix.
As such, these domain calls should be interpreted primarily as a means of identifying regions of
putatively disrupted chromatin structure.

Notably, many of the genes near SVs were not DE; however, it is plausible that these
non-DE genes either remain connected to their regulatory elements or their associated
elements are specific to cell types not assayed. Further, while it has been reported that
topology-altering SVs can have little effect on gene expression (Ghavi-Helm et al. 2019), or that
expression is not globally altered by loss of TADs (Rao et al. 2017), it could still be the case that
expression-altering SVs are frequently subject to negative selection. For instance, TAD- and
expression-altering SVs reported in humans are typically de novo and pathogenic (Franke et al.

2016; Lupianez et al. 2015). Regardless, our findings are concordant with those of (Kronenberg
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et al. 2018), who reported an enrichment of human—chimpanzee cortical organoid DE genes
near fixed human-specific SVs. While they find an enrichment for downregulated genes at
insertions and deletions and upregulated genes at SDs, their analysis produced a much smaller
set of DE genes (785 across both cell types, from single-cell RNA-seq) and a much larger set of
variants (17,789). These findings are also in line with reports that SVs underlie many human
expression quantitative trait loci (Chiang et al. 2017). However, considering the currently
incomplete understanding of the relationship between gene regulation and three-dimensional
chromatin structure, we emphasize that functional studies are necessary to causally implicate
SVs in gene expression differences within or between species.

In addition to using lllumina genotyping of our identified SVs to filter out putatively false
positive variants, we also used this information to query SV differences across subspecies. In
our high-confidence set of SVs, we identified one novel deletion in chimpanzees (human
chromosome 6q11.1; chr6:60639753-60662981, GRCh38) from our BNG data of the western
individual carrying substantial central ancestry (S003641) that was also found uniquely in
central chimpanzees (n = 4). Considering the relatively low ancestry contribution of this
individual assigned to the central-chimpanzee population (~15%), this highlights the importance
of sequencing more diverse individuals to identify additional subspecies-specific SVs to better
survey the complete variant landscape. Using these same genotypes, we also focused on a set
of genes universally impacted by SVs across all chimpanzees tested, but not detected in the
other great apes studied (humans and gorillas), since these genes may putatively contribute to
species-specific traits (Table 2.1). One example, APOL4, encoding Apolipoprotein L4, was
completely deleted in all chimpanzees tested (n = 25) and also shown to be downregulated in
both LCLs and iPSCs in chimpanzees when compared with humans. This gene is a member of
a tandemly-duplicated family that has experienced a recent expansion in the primate lineage
(Monajemi et al. 2002) and may play a role in lipid trafficking throughout the body. Human

polymorphism at this locus has been shown to be associated with schizophrenia (Takahashi et
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al. 2008). Several identified genes also exhibited signatures of natural selection. One example
region putatively under balancing selection includes two deletions impacting the
primate-expanded galectin gene cluster, a family of proteins that specifically bind B-galactoside
sugars and are important in modulating immune response through interactions with T cells
(Balogh et al. 2019). Both deletions (10 kbp and 35 kbp in size, respectively) are found
homozygously in all chimpanzees tested (n = 25), and thus are likely not the target of balancing
selection, but they completely ablated CLC (or LGALS10) and LGALS14, as well as the
downstream region of LGALS13 (Figure S2.9). Two of these genes (LGALS713 and 14),
expressed exclusively in human placenta (Nandor Gabor Than et al. 2009), are important
drivers of maternal adaptive immune response, with reductions in expression of either gene
shown to be associated with an increased risk of preeclampsia (Nandor Gabor Than et al.
2014). Although the mechanisms are unclear, it is notable that other immune-related genes with
connections to preeclampsia also exhibit signatures of balancing selection in humans (Andres et
al. 2010; Wedenoja et al., n.d.; Tan, Shon, and Ober 2005). It is possible that deletions
impacting this gene cluster may contribute to pregnancy-related outcomes in chimpanzees that

could be subject to natural selective pressures.

Table 2.1: Protein-coding genes impacted by chimpanzee-specific deletions and inversions.

Gene ENSEMBL ID SV type Description

APOBR ENSG00000184730 deletion Apolipoprotein B receptor

APOL1 ENSG00000100342 deletion Apolipoprotein L1

APOL4* ENSG00000100336 deletion Apolipoprotein L4

ATP2A1 ENSG00000196296 deletion Sarcoplasmic/endoplasmic reticulum calcium ATPase 1

ATXN2L ENSG00000168488 deletion Ataxin 2 like

CARD18 ENSG00000255501 deletion Caspase recruitment domain family member 18
CAST* ENSG00000153113 inversion Calpastatin
CD19 ENSG00000177455 deletion CD19 Molecule

CEACAM21 ENSG00000007129 deletion CEA Cell Adhesion Molecule 21
CFHR2 ENSG00000080910 deletion Complement Factor H Related 2
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CFHR4
CLC
CLN3*
CMPK1
CROCC
CYP2C18
DEFB128
EFCAB13*
EIF3C*
IL18R1*
IL1RL1
IL27
IL36B
IL37
KRTAP19-6
KRTAP19-7
LCN10
LCN6
LGALS14
MERTK
NPIPBS8*
NPIPB9*
NUPR1*
OBP2A
OR10H1
OR10H5
OR2T33
OR6C2
OR6C3
OR6C65
OR6C70
OR6C75
OR6C76
POUG6F2
RABEP2*
RACK1

ENSG00000134365
ENSG00000105205
ENSG00000188603
ENSG00000162368
ENSG00000058453
ENSG00000108242
ENSG00000185982
ENSG00000178852
ENSG00000184110
ENSG00000115604
ENSG00000115602
ENSG00000197272
ENSG00000136696
ENSG00000125571
ENSG00000186925
ENSG00000244362
ENSG00000187922
ENSG00000267206
ENSG00000006659
ENSG00000153208
ENSG00000255524
ENSG00000196993
ENSG00000176046
ENSG00000122136
ENSG00000186723
ENSG00000172519
ENSG00000177212
ENSG00000179695
ENSG00000205329
ENSG00000205328
ENSG00000184954
ENSG00000187857
ENSG00000185821
ENSG00000106536
ENSG00000177548
ENSG00000204628

deletion
deletion
deletion
deletion
inversion
deletion
deletion
deletion
deletion
inversion
inversion
deletion
deletion
deletion
deletion
deletion
deletion
deletion
deletion
deletion
deletion
deletion
deletion
deletion
deletion
deletion
deletion
deletion
deletion
deletion
deletion
deletion
deletion
deletion
deletion

inversion

Complement Factor H Related 4
Charcot-Leyden crystal Galectin
CLN3 Lysosomal/Endosomal Transmembrane Protein, Battenin
Cytidine/Uridine Monophosphate Kinase 1
Ciliary Rootlet Coiled-Coil, Rootletin
Cytochrome P450 Family 2 Subfamily C Member 18
Defensin Beta 128
EF-Hand Calcium Binding Domain 13
Eukaryotic Translation Initiation Factor 3 Subunit C
Interleukin 18 Receptor 1
Interleukin 1 Receptor Like 1
Interleukin 27
Interleukin 36B
Interleukin 37
Keratin Associated Protein 19-6
Keratin Associated Protein 19-7
Lipocalin 10
Lipocalin 6
Galectin 14
MER Proto-Oncogene, Tyrosine Kinase
Nuclear Pore Complex Interacting Protein Family Member B8
Nuclear Pore Complex Interacting Protein Family Member B9
Nuclear Protein 1, Transcriptional Regulator
Odorant Binding Protein 2A
Olfactory Receptor Family 10 Subfamily H Member 1
Olfactory Receptor Family 10 Subfamily H Member 5
Olfactory Receptor Family 2 Subfamily T Member 33
Olfactory Receptor Family 6 Subfamily C Member 2
Olfactory Receptor Family 6 Subfamily C Member 3
Olfactory Receptor Family 6 Subfamily C Member 65
Olfactory Receptor Family 6 Subfamily C Member 70
Olfactory Receptor Family 6 Subfamily C Member 75
Olfactory Receptor Family 6 Subfamily C Member 76
POU Class 6 Homeobox 2
Rabaptin, RAB GTPase Binding Effector Protein 2

Receptor For Activated C Kinase 1
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SGF29* ENSG00000176476 deletion SAGA Complex Associated Factor 29
SH2B1 ENSG00000178188 deletion SH2B Adaptor Protein 1
SLC35G4 ENSG00000236396 deletion Solute Carrier Family 35 Member G4
SLCO1B3* ENSG00000111700 inversion Solute Carrier Organic Anion Transporter Family Member 1B3
SULT1A1* ENSG00000196502 deletion Sulfotransferase Family 1A Member 1
SULT1A2 ENSGO00000197165 deletion Sulfotransferase Family 1A Member 2
TUFM ENSG00000178952 deletion Tumor Protein P53
YAE1D1 ENSG00000241127 deletion YAE1 Maturation Factor Of ABCE1
ACO011604.2 ENSG00000257046 inversion Uncharacterized
AL355987.1 ENSG00000204003 deletion Uncharacterized

* Human and chimpanzee orthologs were tested and shown to be significant DE genes in either LCLs and/or iPSCs;
Genes in bold were found to have strong signatures of positive or balancing selection using the HKA test (Cagan et
al. 2016)

2.6 METHODS

Cell line Growth and DNA Extraction

Chimpanzee AG18359 and S003641 lymphoblastoid cell lines (LCLs) were generously shared
with us by Dr. Yoav Gilad at the University of Chicago. LCLs were grown in T75 flasks with
RPMI 1640 medium with L-Glutamine supplemented with 15% fetal bovine serum (Thermo
Fisher Scientific, Waltham, MA, USA) and Penicillin-Streptomycin (100 U/ml, VWR, Radnor, PA,
USA). For lllumina XTen sequencing, genomic DNA (gDNA) was isolated using DNeasy Blood
and Tissue kit (Qiagen, Germantown, MD, USA) followed by RNase A treatment (Roche,
Mannheim, Germany) and ethanol precipitation. For ONT PromethlON sequencing, high
molecular weight (HMW) gDNA was isolated from 5 x 107 cells following a modified Sambrook
and Russell method as described previously (Kronenberg et al. 2018; Jain et al. 2018). The
integrity of the HMW DNA was verified on a Pippin Pulse gel electrophoresis system (Sage
Sciences, Beverly, MA). For the BNG assay, HMW gDNA was isolated from cells using the BNG
Prep Blood and Cell Culture DNA Isolation Kit (BNG #80004). Briefly, 1.5 x 10 © cells were
resuspended in Cell Buffer and embedded in an agarose plug. The plug was treated with

Proteinase K for 18 hours followed by RNase A digestion for one hour. After extensive washing,
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the plug was melted, agarose was digested, and drop dialysis was performed to clean the DNA.

A Qubit dsDNA BR Assay kit (Thermo Fisher Scientific) was used to quantify the DNA.

Determination of Chimpanzee Subspecies

gDNA isolated from AG18359 and S003641 LCLs was sequenced at ~30x coverage with
lllumina HiSeq XTen (Novogene, Sacramento, CA and the UC Davis Genome Center DNA and
Expression Analysis Core, Davis, CA, respectively) and SNVs were identified following a
previously published approach (de Manuel et al. 2016). Briefly, reads were mapped using BWA
(v0.7.17) against the chimpanzee reference genome (CHIMP2.1.4) using BWA-MEM with
default parameters. Picard (v2.18.23) MarkDuplicates was used to remove duplicates with the
flag “REMOVE_DUPLICATES = true.” SNVs were called using FreeBayes (v1.2.0) with the
following flags: “--standard-filters --no-population-priors -p 2 --report-genotype-likelihood-max
--prob-contamination 0.05.” We then filtered autosomal SNVs with QUAL = 30 and intersected
with data from de Manuel et al. (2016), callable genome regions, and finally merged with the 59
genomes from de Manuel et al. (2016), using bcftools merge with the following flags:
“--missing-to-ref --force-samples.” EIGENSOFT smartpca (Patterson, Price, and Reich 2006)
was used to define principal components using the 59 Great Ape Genome Project (GAGP)
chimpanzee genomes (de Manuel et al. 2016) and the genomes from AG18359 and S003641
were projected onto these components. We estimated the variance explained by each of the
first 20 principal components as the eigenvalue / sum(top 20 eigenvalues). To expedite the
analysis, it was run on 50% of the genome-wide SNVs. Admixture analysis was performed with
the software ADMIXTURE (Alexander, Novembre, and Lange 2009) with a set the number of

ancestral populations K = 4 corresponding to the four chimpanzee subspecies.

ONT Promethion Library Preparation and Sequencing
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gDNA was sheared to an average size of 50 kbp using a Megaruptor instrument (Diagenode,
Denville, NJ) and then verified on a Pippin Pulse gel. A sequencing library was prepared starting
with 2 ug of sheared DNA using the ligation sequencing kit SQK-LSK109 (ONT, Oxford, UK)
following the instructions of the manufacturer with the exception of extended incubation times
for DNA damage repair, end repair, ligation, and bead elutions. Thirty femtomole of the final
library was loaded on PromethlON R9.4.1 flow cell (ONT, Oxford, UK) and the data were
collected for 64 hours. Basecalling was performed live on the compute module using MinKNOW

v2.1 (Oxford Nanopore Technologies, Oxford, UK).

BNG Saphyr Library Preparation and Sequencing

AG18359 and S003641 were sequenced at the McDonnell Genome Institute at Washington
University and the UC Davis Genome Center DNA and Expression Analysis Core, respectively.
A total of 750 ng of HMW gDNA was labeled with DLE-1 enzyme, followed by proteinase
digestion and a membrane clean-up step using the BNG Prep DLS DNA Labeling Kit (#80005).
After overnight staining with an intercalating dye, the labeled DNA was loaded onto a Saphyr
Chip G2.3 (BNG #20366) and run on the Saphyr system (BNG #60325) using the Saphyr
Instrument Control Software (ICS, version 3.1) to maximize throughput of molecules. Raw

images of DNA were converted into digital molecules files using Saphyr ICS version 3.1.

Detection of SVs

To detect SVs, ONT long-reads were mapped to the human reference genome (GRCh38, no
alternative haplotypes) using minimap2 (v2.17-r941) and SVs were identified using Sniffles
(v1.0.11) with “--genotype” flag and default parameters. Large SVs were identified from BNG
opticals maps using Bionano Solve (v3.5) (Hastie et al. 2017) de novo genome assembly and
SV-discovery pipeline using human GRCh38 as the reference. The SV file in SMAP format was

converted to VCF format using the smap_to_vcf _v2.py script contained in Solve software
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(v3.4.1). Only the variants with “PASS?” filter were considered in the analysis and homozygous
reference calls were removed. SV size selection and filtering were performed with the bcftools
(v1.9) view using the filter “INFO/SVLEN = 10000 || INFO/SVLEN < -10,000” for both ONT and
BNG datasets. To compare overlap between the SVs discovered by each method, we obtained
50% reciprocal overlap between features using bedtools intersect (v2.29.0) with flags “-f 0.5 -F
0.5.” Deletions and inversions were retrieved from the SVTYPE tag and processed separately in

downstream analyses.

Genotyping and Filtering of SVs

Variants for each callset were genotyped independently using previously published Illumina data
from 25 chimpanzees from all four subspecies, as well as eight gorillas and eight humans. SNV
genotypes from non-human primates were retrieved from the GAGP (Prado-Martinez et al.
2013) and human SNV genotypes were obtained from the Simons Genome Diversity Project
(Mallick et al. 2016). Reads were mapped to the human reference (GRCh38) using BWA MEM
(0.7.17-r1188) (H. Li 2013) and subsequently merged and sorted with samtools (v1.9) for each
individual. Large inversions and deletions (>10 kbp) were genotyped with SVtyper (v.0.7.1)
(Chiang et al. 2015). Genotype information was retrieved using bedtools query (v2.29.0). To
assess whether a variant was novel to this study, calls were compared to previously reported
deletions and inversions larger than 10 kbp found in any great ape or any variant discovered in
chimpanzee (Kronenberg et al. 2018; Catacchio et al. 2018; Sudmant et al. 2013) using
bedtools intersect (v2.29.0) with 50% reciprocal overlap. SVs that were either (1) genotyped in
one chimpanzee individual (1/1 or 0/1) or (2) reported as discovered in chimpanzee in previous
studies, were selected to generate a higher confidence set (filter 1). This dataset was further
refined by collapsing calls within the dataset with 50% reciprocal overlap. All novel calls were
visually inspected in Integrative Genome Browser for ONT calls (Robinson et al. 2011) and

Bionano Access for BNG calls. Also, SVs present in 290% of the chimpanzee individuals (22 or
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more) as well as absent in the outgroups (human and gorilla) were included in the likely
chimpanzee-specific dataset (filter 2). In Kronenberg et al. (2019), they genotyped eight
chimpanzee individuals; as such, variants with evidence in seven or more individuals were also
included in the chimpanzee-specific dataset. The distribution of high-confidence calls across the
human reference (GRCh38) was plotted using the R package Karyoplotter (Gel and Serra

2017).

Annotation of Impacted Genes

Genes impacted by SVs were obtained by intersecting Gencode v27 genomics features
annotation file to depletions coordinates £2.5 kbp and inversions breakpoints (considered as
estimated breakpoints 2.5 kbp and +50 kbp) using bedtools intersect (v2.29.0). The impact of
the SVs on the function of the gene was predicted using Ensembl Variant Effect Predictor (VEP)
(McLaren et al. 2016) with the Gencode v27 GTF file. The pLI score was obtained from the
gene constraints scores table in the Exome Aggregation Consortium database (Karczewski et
al. 2019). Gene ontology (GO) annotations and overrepresented terms were retrieved for each
gene using DAVID (Huang, Sherman, and Lempicki 2009a, Huang, Sherman, and Lempicki
2009b) and by selecting terms at a 5% false-discovery rate (FDR). Genes previously identified
as showing signatures of positive and balancing selection in chimpanzees were retrieved from
previously published data (Cagan et al. 2016) and intersected with the set of genes impacted by

SVs.

Differential Gene Expression

We obtained previously-published RNA-seq data from chimpanzee and human LCLs (Khan et
al. 2013) and induced pluripotent stem cells (iPSCs) (Pavlovic et al. 2018). Raw data were
trimmed using TrimGalore (v0.6.0) with the following parameters: “-q 20 --phred33 --length 20”.

Transcripts per million (TPM) values were estimated using Salmon (v0.14.1) with the
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“--validateMappings” flag (Patro et al. 2017) for all transcripts in GENCODE v27 and
chimpanzee transcriptome published by (Kronenberg et al. 2018), which was based on a
combination of orthologous genes identified via comparisons of human GENCODE v27 and
novel transcripts identified through PacBio isoSeq of iPSCs. The R package tximport (Soneson,
Love, and Robinson 2015a) was used to estimate gene-level counts from TPM values using the
setting ‘countsFromAbundance = "lengthScaledTPM"™ for 55,461 annotated genes with
equivalent identifiers in the two transcriptomes. Differential expression analysis was conducted
with limma-voom (Smyth, n.d.; Law et al. 2014). Genes with fewer than 1 count per million
across all samples were filtered from the analysis, and a two-factor model accounting for
species and sex was implemented. Differentially expressed (DE) genes were called at a 5%

FDR.

Topologically-Associated Domain (TAD) Analyses

We retrieved published TAD predictions from an LCL of a human female (GM12878) originally
called with 4.9 billion lllumina reads (Rao et al. 2014). Domain coordinates were transformed
from GRCh37 to GRCh38 using liftOver (UCSC Genome Browser; 9,262/9,274 domains
successfully converted). Boundaries were defined as the start and end coordinates of each
domain expanded to 5 kbp (resolution size of the TAD-calling analysis).

To directly compare domain boundaries between humans and chimpanzees, we generated
DNase Hi-C libraries from three human (GM12878, GM20818, GM20543) and two chimpanzee
(S007602, AG18359) LCLs as described by (Ramani et al. 2016). Raw data were processed
using the Juicer pipeline (Durand et al. 2016) with the human reference GRCh38. Human
alignments were downsampled to ~300 million reads to allow for equal comparison to
chimpanzee, and Hi-C interaction matrices were generated with a (BWA) MAPQ filter of 30.
Domains were called on Knight-Ruiz normalized contact matrices using TopDom (Shin et al.

2016) at 50 kbp resolution and the default window size (w = 5). Similarity between domain sets
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was computed with the Measure of Concordance (MoC) as described previously (Zufferey et al.
2018) using chromosome 1. Domain calls were visualized with interaction maps (coverage
normalized at 5 kbp resolution) using Juicebox (1.11.08). Across all chromosomes, boundaries
unique to each species were considered to be the left and right coordinates of each domain,
expanded to 50 kbp, when that region was not adjacent to (or overlapping) a boundary from the
other species. This analysis was repeated using high-depth raw Hi-C data from four human and
four chimpanzee iPSCs with approximately 1 billion reads per sample (combined across

individuals; also normalized by downsampling) (Eres et al. 2019).

Permutation Analyses

For each variant, the distance to the nearest segmental duplication (SD; duplicated regions with
>90% identity across >1 kbp, downloaded from UCSC Genome Browser GRCh38) was
calculated using bedtools closest (v2.29.0). Regions of the same size (deletions +2.5 kbp and
inversions +2.5 kbp) were randomly sampled from the human genome using bedtools shuffle
(v2.29.0), and 5-kbp “breakpoints” were extracted from shuffled inversions. The distribution of
the distance of these random regions to the nearest SD was plotted as density using the R
package ggplot2. Permutation tests to assess the enrichment/depletion of genomic features
(e.g., genes, boundaries) at SVs were similarly performed by shuffling the SV coordinates 1,000
times and counting the number of intersecting features with each set of coordinates. SVs were
tested for enrichment of DE genes by generating 1,000 random samples of all genes tested in
the expression analysis of equal size to the differential set. One-tailed empirical p-values were
calculated as follows: p= (M + 1)/ (N + 1), where M is the number of iterations yielding a
number of features less than (depletion) or greater than (enriched) observed and N is the

number of iterations.
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2.7 DATA AVAILABILITY
All sequence and optical mapping data generated as part of this project are available for

download at the European Nucleotide Archive (accession number PRJEB36949).
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Figure S2.1: Chimpanzee subspecies identification. (A) and (B) PC analysis of chimpanzee genetic
diversity. Both of the newly sequenced cell lines were projected onto PCs inferred from the 59
chimpanzees presented in de Manuel et al. (2016). Both cell lines show closest affinity to western
chimpanzees (Pan troglodytes verus). While AG18359 clusters tightly with the western subspecies,
S003461 also shows affinity to the central/eastern clade, with PC3 indicating that, like Donald, this cell
line was derived from a hybrid individual with central ancestry. Values in parentheses are the proportion of
variance explained by each PC. (C) ADMIXTURE analyses, assuming four ancestral components (K = 4)
confirms the hybrid origin of S003641.
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Figure S2.2: Description of SV discovery set. (A) Length distribution (x-axis in bp) of raw SV calls
discovered by ONT (green) and BNG (light blue) from AG18359, and BNG from S003641 (dark blue). (B)

Venn diagram comparing large (=10 kbp) deletions (left) and inversions (right) discovered for each
individual and technology (not to scale). Two variants were considered the same if they have a 50%

reciprocal overlap.
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Figure S2.4: Enrichment/depletion of SV breakpoints for genomic features of interest as
determined by permutation testing. Each plot compares the observed count of intersecting features
(red vertical line) to a distribution of counts generated from 1000 permuted sets of coordinates (for testing
depletion of SVs) or 1000 randomly selected genes from the background list of each DE analysis (for
testing enrichment of DE genes in SVs) for (A) deletions and (B) inversions.
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Figure $2.5: Genome organization of human chromosome 2g12.2-q13. The Hi-C genomic
landscape of human (top) and chimpanzee (bottom) are depicted for iPSCs (A) and LCLs (B)
using Juicebox at chr2:106,095,001-109,905,000 (GRCh38). Predicted TADs (yellow triangles)
were compared between species, noting differences at SVs (dotted rectangles) including
deletions and inversions. SDs are depicted as colored bars, taken from the UCSC Genome
Browser track. Genes showing significant DE in chimpanzee versus humans are colored as blue
(down in chimpanzee) or red (up in chimpanzee). Genes not included in the DE analysis are

gray.
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Figure S2.6: Genome organization of human chromosome 9q22.2-q22.32. The Hi-C

genomic landscape of human (top) and chimpanzee (bottom) are depicted for iPSCs (A) and

LCLs (B) using Juicebox at chr9:90,200,001-94,010,000 (GRCh38). Predicted TADs (yellow
triangles) were compared between species, noting differences at SVs (dotted rectangles)
including deletions and inversions. SDs are depicted as colored bars, taken from the UCSC
Genome Browser track. Genes showing significant DE in chimpanzee versus humans are

colored as blue (down in chimpanzee) or red (up in chimpanzee). Genes not included in the DE

analysis are gray.
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Figure S2.7. Genome organization of human chromosome 8p11.23-p11.21. The Hi-C
genomic landscape of human (top) and chimpanzee (bottom) are depicted for iPSCs (A) and
LCLs (B) using Juicebox at chr8:37,620,001-41,430,000 (GRCh38). Predicted TADs (yellow
triangles) were compared between species, noting differences at SVs (dotted rectangle)
including deletions and inversions. SDs are depicted as colored bars, taken from the UCSC
Genome Browser track. Genes showing significant DE in chimpanzee versus humans are
colored as blue (down in chimpanzee) or red (up in chimpanzee). Genes not included in the DE
analysis are gray.

47



77777777 — GRCN38

T Mo o
1,000,000 1 43,000,000 |

N
cnr19: l 41,000,000 F 42,000,000 | 43,000,000 | chri3: | 42,000,000 |
Sbs LR 11 (N ) ] [rss [ [1 S EER REs
MAP3K10H LTBP4B! CYP2A131 ERF| LYPD3| MAP3K100 LTBP4| ERF|
NUMBLE GRIK5 i CNFN} N GRIKS Ml CNFN |}
COQ8B CYP231 POU2F2H CoQsBl CYP2311 POU2F2H
AKT2H  ITPKC] AXL DEDD2 AKT2l  ITPKGH DEDD2#
MIRG411 _ SNRP/ ZNF5261 cD1771 SNRPAIHNRNPUL1 ZNF5261
DYRK1B I G190rf47 B GSK3Al DYRK1B | C19ori47 1A GSK3Al
RAB4B)  CCDCO71 cice RAB48)  CCDCI71R
FBLI EGLN21 TGFB1I PRR19{ PHLDB3{ FBL | EGLN2| TGFB1 PRR19{
FCGBP B PLD3¥ BaD2| TMEM1451 FcGBP PLD3 ¥ BID21 RPS191 TMEM1451
PSMC4 TMEMA1 | MEGFa Il AC005392.21 PSMC41 TMEM31 EGFB M
ZNF546%  PRX# cyPz2Bell B3GNT8|  CD79A| ZNF54648 PRX§ B3GNT8|  CD79Al
ZNF780B § BLVRBE RN7SL718P! IPE-AS 14 ZNF780B @ BLVRBE RN7SL718P1 LIPE-AST reswesn
ACDD5614.2 M SHKBP1] ARHGEF1} LIPER AC005614.2 H  SHKBP11 ARHGEF1 B LIPER
ZNF780A) RABAC1 ZNF780A K
C19011241 CEACAMT C1gorfa4 | AC010616.1 1 GEACAM1#
XOSC5 EXOSC5) ATP1A3]
AC011462.1 AC011462.1 ZNFo/744
AC118344.21 BCKDH BCKDHA AC010247 1 v
Genes
SERTAD1) SERTAD1} C010247 21
DMAC2{ AC006486.11 DMAC2{ AC006486.11
SERTAD3I{ SERTADS| 00648621
PAFAH1B3| PAFAH1B31
Metazoa SRP1
SPTBN4 il SPTBN il
RAB4B-EGLNZR RAB4B-EGLN2 k
ACO08537 41
ACD08537.31
Deletions g 1 ] 1 1 [ ]
Inversions

HI-C
Chimpanzee

Figure S2.8: Genome organization of human chromosome 19¢g13.2-q13.31. The Hi-C
genomic landscape of human (top) and chimpanzee (bottom) are depicted for iPSCs (A) and
LCLs (B) using Juicebox at chr19:39,685,001-43,495,000 (GRCh38). Predicted TADs (yellow
triangles) were compared between species, noting differences at SVs (dotted rectangles)
including deletions (no inversions were identified as this locus). SDs are depicted as colored
bars, taken from the UCSC Genome Browser track. Genes showing significant DE in
chimpanzee versus humans are colored as blue (down in chimpanzee) or red (up in
chimpanzee). Genes not included in the DE analysis are gray.
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Chapter 3:

Single-cell strand sequencing of a macaque
genome reveals multiple nested inversions
and breakpoint reuse during primate
evolution

3.1 ABSTRACT

The rhesus macaque is an Old World monkey that shared a common ancestor with humans ~25
million years ago and is an important animal model for human disease studies. A deep
understanding of its genetics is therefore required for both biomedical and evolutionary studies.
Among structural variants, inversions represent a driving force in speciation and play an
important role in disease predisposition. Here we generated a genome-wide map of inversions
between human and macaque, combining single-cell strand sequencing with cytogenetics. We
identified 375 total inversions between 859 bp and 92 Mbp, increasing by eightfold the number
of previously reported inversions. Among these, 19 inversions flanked by segmental
duplications overlap with recurrent copy number variants associated with neurocognitive
disorders. Evolutionary analyses show that in 17 out of 19 cases, the Hominidae orientation of
these disease-associated regions is always derived. This suggests that duplicated sequences
likely played a fundamental role in generating inversions in humans and great apes, creating
architectures that nowadays predispose these regions to disease-associated genetic instability.
Finally, we identified 861 genes mapping at 156 inversion breakpoints, with some showing
evidence of differential expression in human and macaque cell lines, thus highlighting
candidates that might have contributed to the evolution of species-specific features. This study
depicts the most accurate fine-scale map of inversions between human and macaque using a

two-pronged integrative approach, such as single-cell strand sequencing and cytogenetics, and
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represents a valuable resource toward understanding of the biology and evolution of primate

species.

3.2 CONTRIBUTIONS
This chapter is adapted with minimal modification from the following published work:
Flavia Angela Maria Maggiolini, Ashley D. Sanders, Colin James Shew, Arvis Sulovari,
Yafei Mao, Marta Puig, Claudia Rita Catacchio, Maria Dellino, Donato Palmisano,
Ludovica Mercuri, Miriana Bitonto, David Porubsky, Mario Caceres, Evan E. Eichler,
Mario Ventura, Megan Y. Dennis, Jan O. Korbel, and Francesca Antonacci. 2020.
“Single-cell strand sequencing of a macaque genome reveals multiple nested inversions
and breakpoint reuse during primate evolution.” Genome Research 30: 1680-1693.
http://www.genome.org/cgi/doi/10.1101/gr.265322.120.
F.A. and F.A.M.M. designed the study. A.D.S., FA.M.M., and C.R.C. performed Strand-seq
single-cell libraries construction. A.D.S. performed lllumina sequencing and data analysis.
FAMM., M.D,, D.Pa., and L.M. performed FISH experiments. F.A.M.M. and C.R.C. performed
lllumina sequencing of BAC clones. M.P. and M.B. performed PCR experiments. C.J.S. and
M.Y.D. performed differential gene expression and chromatin conformation analyses. D.P. and
E.E.E. contributed to evolutionary analysis. A.S. and D.P. performed simulations of nested
inversions. Y.M. performed heterozygosity analysis. F.A., FAM.M.,A.D.S., M.V,, C.J.S., M.Y.D,,
M.P., M.C., J.O.K,, and E.E.E. contributed to data interpretation. F.A. and F.A.M.M. wrote the

manuscript. All authors read and approved the final manuscript.

3.3 INTRODUCTION

Structural variants (SVs) are genomic alterations that involve segments of DNA that are >50 bp
(lafrate et al. 2004; Sebat et al. 2004; Tuzun et al. 2005; Kidd et al. 2008; Mills et al. 2011;
Eichler 2019). SVs can include “balanced” rearrangements, such as inversions and

translocations, or genomic imbalances (duplications and deletions), commonly referred to as
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copy number variants (CNVs). Inversions represent an intriguing class of SVs, first identified by
Sturtevant in 1917 (Sturtevant 1917), that play a key dual role in primate evolution and
predisposition to disease. Chromosome inversions are the most common rearrangements
differentiating humans and the great ape species at the karyotypic level (Yunis and Prakash
1982; Yunis, Sawyer, and Dunham 1980; Nickerson and Nelson 1998; Devin P. Locke et al.
2003). A key evolutionary effect of inversions is that they suppress recombination as
heterozygotes. As a consequence, inversions can act as an initial step toward genomic
divergence by protecting chromosomal regions from gene flow (Rieseberg 2001). Inversions are
also the source of the majority of genetic structure within populations and affect polymorphisms
chromosome-wide (Corbett-Detig and Hartl 2012). Despite the importance of inversions as a
major mechanism of genome reorganization, we still struggle to understand how and why they
evolve almost a century after Sturtevant's initial discovery owing to technical challenges in their
discovery.

Recently, new advances in sequencing technologies, optical mapping, and novel
assembly algorithms have deepened our understanding of SVs and their role in genome
function, evolution, and disease. However, inversions still remain one of the most poorly studied
types of genetic variation, mainly because of our insufficient ability to accurately detect them.
Their balanced nature and the presence of segmental duplications (SDs) at inversion
boundaries pose major challenges for inversion detection. A number of studies have identified
and characterized large inversions (>2 Mbp) using laborious target-based cytogenetic studies
(M. Ventura, Archidiacono, and Rocchi 2001; Mario Ventura et al. 2003, 2004, 2007, 2011;
Carbone et al. 2002; Cardone et al. 2006, 2007, 2008; Kehrer-Sawatzki and Cooper 2008;
Kehrer-Sawatzki, Sandig, et al. 2005; Kehrer-Sawatzki et al. 2005; Stanyon et al. 2008; Capozzi
et al. 2012). With the advent of sequencing, inversions have been inferred from next-generation
sequence data by abnormal paired-end mapping and split-read alignment signatures (Tuzun et

al. 2005; Kidd et al. 2008). Because the human genome is highly enriched in SDs (J. A. Bailey
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and Eichler 2006), these approaches often lead to false positives or fail to detect inversions
flanked by highly identical sequences.

Recently, strand-specific sequencing technologies have been developed and
successfully applied to detect inversions in human genomes (Porubsky, Sanders, HOps, et al.
2020). Single-cell template strand sequencing (Strand-seq) is an amplification-free sequencing
technique that selectively sequences the template strands used for DNA replication during a
single mitotic cell division. Although Strand-seq resolution is lower in repetitive regions, it is able
to detect inversions with a size limit up to 1 kbp (Sanders et al. 2016; Chaisson et al. 2019).
The power of Strand-seq lies in its ability to track the directionality of DNA template strands in
every single cell. Inversions are detected solely by identifying DNA sequence strand switches
internal to the inverted sequence, readily identifying inversions flanked by large SDs that can be
neither assembled nor traversed using standard DNA sequencing technologies. These features
make Strand-seq the leading genomic method for nontargeted inversion detection, especially
suited for large repeat-embedded variants (Sanders et al. 2016; Chaisson et al. 2019).

In this study, we took advantage of this newly developed method to identify inversions in
the rhesus macaque genome. Macaque is an Old World monkey sharing a common ancestor
with humans ~25 million years ago. This primate showed some similarities with humans in
physiology, neurobiology, and susceptibility to infectious diseases, making it one of the most
important primate models for studies on human diseases (Rhesus Macaque Genome
Sequencing and Analysis Consortium et al. 2007); a deeper understanding of its genetic
features can help us better understand these processes. By applying Strand-seq in conjunction
with molecular cytogenetics, we generated a complete map of inversions between human and
macaque and identified variants affecting key genes that may be essential in understanding the
evolution of specific human traits. Thus, this study represents a critical resource for genomic

research that fills a major gap in the nonhuman primate research field.
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3.4 RESULTS

3.4.1 Detection of inversions by Strand-seq

To detect inversions in the macaque genome, we generated 61 high-quality Strand-seq cell
libraries for one macaque individual (MMU1). To overcome the low sequence coverage obtained
for each single-cell Strand-seq library, selected libraries were merged into a high-coverage and
directional composite file for each chromosome (Sanders et al. 2016). Inversions arising
between macaque and human were discovered by aligning the macaque data to the human
reference assembly genome (GRCh38/hg38) and performing breakpoint (BP) detection on the
composite file using breakpointR (Porubsky, Sanders, Taudt, et al. 2020). This allowed us to
predict the location and genotype of inversions based on segmental changes in read
directionality arising within inverted loci. The BED-formatted composite file was additionally
uploaded as custom track onto the UCSC Genome Browser (GRCh38/hg38 release) to facilitate
manual curation and analysis of all predicted inversions. Because previous comparative studies
were focused on autosomes, we excluded the X and Y Chromosomes from our analysis. By
using this approach, we initially identified 373 inversions in the Strand-seq data that after
validation and literature interrogation were extended to 375 (see “Validation of inversions in

macaque” section) (Figure 3.1).
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of 375 inversions detected by Strand-seq between human

and macaque genomes. Human chromosomes are shown on the left; orthologous macaque
chromosomes, on the right. Orange lines between human and macaque ideograms show inversions
detected by a simple strand switch. Green lines represent inversions within inversions, which are

apparently direct by Strand-seq.

Inversions ranged in size from 859 bp to 92 Mbp and were distributed along all

chromosomes with the highest density (number of inversions every 10 Mbp) on chromosome 22

and the lowest on chromosome 1. The vast majority of detected inversions (359 out of 375)

appeared in homozygous state (i.e.,

“‘complete” switching of the read dire

both homologs being inverted and thus showing a

ctionality within the locus). Conversely, the remaining 16

inversions were found in a heterozygous state (i.e., only one homolog was inverted and thus

showed a “mixed” switch in read directionality); these likely represent polymorphic inversions

among macaque individuals. Moreover, 87 out of 375 inversions were nested within larger

inversions, in a “matryoshka” configuration, and are apparently direct by Strand-seq. One

inversion (Chr7_inv12) flipped twice

during evolution and appeared inverted by Strand-seq .

3.4.2 Comparison of human and macaque assemblies and published literature
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We first compared the detected inversions with rearrangements previously reported for
macaque (Mario Ventura et al. 2007; Antonacci et al. 2009; Catacchio et al. 2018; Maggiolini et
al. 2019) and confirmed the orientation of 48 events, which correspond mainly to larger
inversions (>130 kbp). Conversely, 327 regions (87%), ranging in size from 859 bp to 9 Mbp and
amounting to 55.6 Mbp of inverted DNA, were novel and described here for the first time as
human/macaque inversions. However, 58 of these 327 regions were previously found to be
inverted in Hominidae in a study in which Strand-seq was applied to discover inversions
between humans and great apes (Porubsky, Sanders, HOps, et al. 2020), and 11 out 327 have
been described to be polymorphic inversions in human (Antonacci et al. 2009; Chaisson et al.
2019; Giner-Delgado et al. 2019; Puig et al. 2020).

All previously published macaque inversions (Mario Ventura et al. 2007; Catacchio et al.
2018) have been detected by our Strand-seq analysis, except for three regions (Chr1_inv5,
Chr16_inv4, and Chr16_inv5) for which Strand-seq shows a direct orientation. However, this is
not a Strand-seq error because these inversions have been reported to be potential
misassemblies (Chr1_inv5) and minor alleles (Chr16_inv4 and Chr16_inv5) of the human
reference genome (GRCh38/hg38) (Sanders et al. 2016; Catacchio et al. 2018), and therefore,
the orientation of these three regions is the opposite of what appears by Strand-seq.

We also identified four regions (Chr11_inv4, Chr12_inv2, Chr12_inv10, and Chr21_inv6)
that appeared inverted by Strand-seq but are reported as assembly errors in the human
reference genome (GRCh38/hg38) (Sanders et al. 2016; Vicente-Salvador et al. 2017; Audano
et al. 2019; Chaisson et al. 2019). Also, here the orientation of the region in macaque should be
the opposite of what is shown by Strand-seq, and thus, these are not real inversions between
human and macaque genomes but are an artifact because the reads are mapped against the
human reference genome.

Next, we investigated 39 regions previously reported to be errors in the macaque BCM

Mmul_8.0.1/rheMac8 release by Catacchio and colleagues (Catacchio et al. 2018) and
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confirmed all previously reported errors and that all the regions were corrected in the latest

Mmul_10/rheMac10 release.

3.4.3 Validation of inversions in macaque

To validate our novel 327 inversions, we tested 16 by fluorescence in situ hybridization (FISH) in
the same Macaca mulatta individual (MMU1) for which Strand-seq data were generated. To also
define if an inversion was polymorphic, 14 inversions were tested on two additional macaque
individuals (M. mulatta, MMUZ2; Macaca fascicularis, MFA63). Owing to technical limitations, we
were able to test only regions >500 kbp and for which the SD content was not an impediment for
the FISH probe selection. In particular, 15 out of 16 inversions were tested by three-color FISH,
whereas one, >2 Mbp, was tested by metaphase two-color FISH. Two of these were performed
to refine the inversion BPs; for 10 regions, FISH experiments confirmed the inverted orientation
in homozygous state in all macaque individuals, whereas for Chr10_inv9, one out of three
individuals was found to carry the inversion in the heterozygous state. Moreover, for three
inversions (Chr15_inv1, Chr15_inv3, and Chr16_inv3), the orientation could not be determined
in all tested individuals. Testing multiple cell lines should allow investigation of the polymorphic
nature of the inversions. However, we only tested three macaque individuals (six
chromosomes), and therefore, we were unable to define if an inversion was polymorphic for
allele frequencies <16.6%.

To further validate inversions not amenable to FISH, we performed BAC-end sequence
(BES) paired mapping of a M. mulatta BAC library (CHORI-250) against the human reference
genome. We expect BACs spanning inversion BPs discovered in macaque to be “discordant”
when mapped to the human reference genome sequence with their ends mapping farther apart
than expected in an incorrect orientation (Mario Ventura et al. 2007; Antonacci et al. 2009;
Catacchio et al. 2018; Maggiolini et al. 2019). Seventy-six inversions detected as homozygous

by Strand-seq had support from macaque discordant BAC clones spanning at least one BP. Ten
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inversions identified as heterozygous by Strand-seq had just concordant (four inversions) or
discordant (six inversions) clones spanning the inversion BPs, whereas one homozygous
inversion had both concordant and discordant clones, suggesting that the macaque for which
BAC ends are available might be heterozygous. Finally, just once BES paired mapping was
inconsistent with Strand-seq data, because only one concordant clone was identified at the BPs
of a homozygous inversion by Strand-seq. As a more direct means of validation, we selected 13
of these BAC clones for complete sequencing with lllumina as previously described (Tuzun et al.
2005). BAC-insert sequencing was 100% concordant with BES mapping and Strand-seq results.

Next, we selected 14 regions, without SDs at the BPs and ranging in size from 2 to 54
kbp, for polymerase chain reaction (PCR). In all tested regions, both orientations were detected
in different species, and macaque was inverted as suggested by Strand-seq.

By combining different validation methods, we tested a total of 104 out of 327 novel
inversions. Among these, 35 correspond to inversions within larger inversions, which appeared
as direct by Strand-seq. After validation, the number of polymorphic inversions in macaque
increased from 16 to 19. All validations, except for one, supported the inversion state identified
by Strand-seq. Moreover, by intersecting data from previously published inversions (n = 5) and
experimental analyses (n = 26), we confirmed the inverted status of 31 out of 87 nested
inversions, which appeared to be in direct orientation by Strand-seq but were mapping within a
larger region in an inverted orientation. Eighty-three of these represent cases of simple nested
inversions without BP reuse. With the aforementioned analyses, the total number of inversions
changed from 373 to 375. Through these efforts, we compiled a highly curated call-set of

inversions that distinguishes macaque and humans, which we used for further analysis.

3.4.4 FISH analyses of complex inversions with BP reuse

Several FISH experiments were performed to better resolve the organization of complex

regions. FISH analysis of a 2.7-Mbp inversion (BP2-BP3 inversion) on chromosome 10 allowed
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us to refine the BPs of a previously known 36-Mbp inversion (BP4-BP5 inversion). BP2-BP3 and
BP4-BP5 inversions were detected by Strand-seq as two inversions separated by a 940-kbp
region in direct orientation between BP3 and BP4. Initial analyses of a BP2-BP3 inversion were
performed using a reference probe mapping outside of the inversion and within the direct distal
BP3-BP4 region. FISH experiments showed that this probe (blue) in macaque maps several
megabases apart than expected, suggesting that the region detected in direct orientation by
Strand-seq (BP3-BP4 region) is internal to the large 36-Mbp inversion (BP4-BP5 inversion).
Consequently, the BP3-BP4 inversion appears to be direct by Strand-seq because it is nested
within a larger inversion. Further experimental validations allowed us to define that the proximal
BP of the 36-Mbp inversion is not BP4 but is BP3 (~900 kbp upstream than previously reported)
(Catacchio et al. 2018).

Notably, the BP2-BP3 inversion is also flanked proximally by a ~900-kbp region between
BP1 and BP2, which was previously reported to be inverted between human and macaque and
is still polymorphic in human (Mario Ventura et al. 2007). The BP1-BP2 inversion, however,
appeared to be in direct orientation by Strand-seq, leading us to hypothesize that this could be
another example of an inversion within an inversion. Further investigation of this region
confirmed that the BP1-BP2 inversion is nested within a larger one (BP1-BP3).

In total, we identified and validated four cases (Chr2_inv14, Chr9_inv14, Chr10_inv8,
and Chr10_inv9) of nested inversions with BP reuse. In all four cases, SDs are flanking
recurrently inverted regions. Moreover, we identified three inversions (Chr7_inv11, Chr7_inv13,
and Chr10_inv7) for which the reused BPs are shared with adjacent inversions and not with the

larger inversions that include them.

3.4.5 Nested inversions analyses

To assess the statistical significance of the observed nested inversions (n = 87), we conducted

100,000 simulations of the 375 observed inversions. First, we shuffled the observed inversion
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coordinates (n = 375) across the entire GRCh38/hg38 at random, using BEDTools (v2.28.0)
(Quinlan and Hall 2010), excluding assembly gaps and centromeres. Second, we limited our
shuffling to occur only in the space between inter-chromosomal SD pairs of 298% sequence
identity, accounting for the biological bias of inversion occurrence between high-identity SD
pairs. We observed a trend toward significance for the enrichment in nested inversions. When
the shuffling of the 375 inversion coordinates is restricted to the space between
inter-chromosomal SD pairs, the enrichment is no longer significant, suggesting that nested
inversions are likely driven by highly identical SD pairs. As expected, we observe that the
number of nested inversions depends on the size of the inversion they are nested in. We further
noticed that chromosomes 11 and 7 have a comparably high number of nested inversions,

considering that there are two large inversions within these chromosomes.

3.4.6 Evolutionary analyses

To resolve the evolutionary history of the inversions detected by Strand-seq, we first took
advantage of published data from previous studies (Catacchio et al. 2018) to establish the
lineage specificity of 41 inversions. For 33 inversions, experimental analyses were performed;
the remaining four regions were validated using a combination of both experimental and
literature. Specifically, we tested nine regions >500 kbp by FISH in multiple primate cell lines,
including two chimpanzees (Pan troglodytes), two gorillas (Gorilla gorilla), two orangutans
(Pongo pygmaeus), and three macaques (two M. mulatta and one M. fascicularis); we used
marmoset (Callithrix jacchus) as outgroup when necessary (Figure 3.2A).

We also tested 14 regions by PCR in the same species: Four are human specific; one
occurred in the human and chimpanzee ancestor and another three in the human, chimpanzee,
and gorilla ancestor; and one is macaque specific. Finally, for all the inversions detected by
Strand-seq, we checked the BES paired mapping profiling from primate BAC and fosmid clones

(CHORI-251, CHORI-277, CHORI-276, CHORI-250, CHORI-259, and CHORI-1277) as
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previously described (Antonacci et al. 2009; Catacchio et al. 2018; Maggiolini et al. 2019;
Sanders et al. 2016; Kronenberg et al. 2018; Giner-Delgado et al. 2019). We selected a total of
405 clones (257 concordant and 148 discordant) spanning the BPs of 176 putative inversions,

and among these, 26 clones were fully sequenced with lllumina (Figure 3.2B).
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Figure 3.2: Evolutionary history of two inversions. (A) Strand-seq view of chromosome 13
shows the switch in orientation of a 2-Mbp region, suggesting the presence of an inversion
(Chr13_inv1). The region was tested using FISH in interphase nuclei in multiple primate species
and was inverted just in macaque, whereas all the other primates are in direct orientation similar
to human. (HSA) Homo sapiens; (PTR) Pan troglodytes; (GGO) Gorilla gorilla; (PPY) Pongo
pygmaeus; (MMU) Macaca mulatta; (CJA) Callithrix jacchus. (B) Strand-seq view of a 89-kbp
inversion (Chr5_inv2) between BP1 and BP2 is shown. BES mapping and lllumina sequencing
of primate clones show that the region is inverted in gorilla, orangutan, and macaque and is
direct in chimpanzee.

In total, we reconstructed the evolutionary history of 78 out of 375 regions. Twelve
(15.4%) of these are human specific; 10 (12.8%) occurred in the human—chimpanzee common
ancestor; 23 (29.5%) occurred in the African great apes ancestor, although three of these show
the direct orientation in chimpanzee (which means that either the region in chimpanzee flipped
back to the direct orientation or it represents a case of incomplete lineage sorting); eight
(10.3%) occurred in the great ape ancestor; and 25 (32.1%) in the macaque lineage (Figure

3.3A).
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Figure 3.3: Evolutionary history and segmental duplication (SD) architecture of inverted region.
(A) All inversions for which the evolutionary history has been determined are mapped on a phylogenetic
tree in which the branch thickness is proportional to the number of inversions. (B) Inversions for which the
lineage specificity has been determined are shown. The figure highlights the correlation between the
presence of SDs at the inversion BPs and the size of the inversions.

64



To gather more information regarding the lineage specificity of the inversions, we used
inversion calls generated for great apes, also from Strand-seq data (Porubsky, Sanders, Hops,
et al. 2020), and net alignments for the most recent releases of genome assemblies of two New
World monkey outgroup species (C. jacchus, caldac3; Saimiri boliviensis, saiBol1). This
revealed that 49.1% (184/375) of the inversions occurred in the Old World monkeys, whereas
43.5% (163/375) are specific to Hominidae. We were not able to define the lineage specificity in
only 28 cases (7.5%) as it was not possible to test the inversions in other species because the
region structure makes validation difficult.

We compared the inversions identified between human and macaque genomes that are
flanked by SDs, with the inversion list recently reported for other great ape genomes (Porubsky,
Sanders, Hops, et al. 2020). We identified 51 (65%) inversions that are inverted in at least one
of the great ape genomes, which we identify as candidate nonallelic homologous recombination

(NAHR)-mediated inversions that may undergo recurrent rearrangements in primate genomes.

3.4.7 Analysis of genomic features

Because inversions can directly act on genes via direct breaking of structure and separation of
promoters from cis-acting regulatory elements, we searched for human RefSeq genes mapping
at the inversion BPs. We found that, of the 375 inversions, 156 have human genes spanning at
least one BP. In particular, by removing duplicates, we detected 861 genes from the RefSeq
curated subset overlapping with our inversion BPs. By considering these genes, we performed a
Gene ontology analysis applying the ToppFun default parameters on the ToppGene portal and
found matches for 855 out of 861 genes. Gene ontology analysis showed a high percentage of
defensins, genes involved in the response to bacteria, and an enrichment of the golgin family
members. We also asked whether inversions were less likely to fall on annotated genes and
found that protein-coding, but not all, genes were significantly depleted at inversion BPs (p =

0.001, permutation analysis). Within 100 kbp of BPs, no such depletion was observed (Figure
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S3.1A-D).

We tested for enrichment of protein-coding genes in all inversions identified between
human and macaque and did not see any significant enrichment (P-value = 0.198, Z-score
-0.82). However, we hypothesized that inversions predicted to be formed by NAHR and
potentially undergoing recurrent rearrangement could show an effect on gene content owing to
selective pressures acting at these inversions throughout evolution. To address this, we
performed an enrichment analysis by focusing on the 51 inversions we identified as potential
NAHR candidates, and tested for enrichment of protein-coding genes annotated in the human
reference assembly (GRCh38/hg38). This revealed that NAHR-candidate inversions show an
enrichment of protein-coding genes (p-value 0.031, Z-score 1.758) in support of the hypothesis.

At least five of the inversions validated by PCR overlap genes: Two inversions overlap
protein-coding genes, and the other three overlap INncRNA genes. A detailed analysis of the
human and macaque genome sequences (GRCh38/hg38 and rheMac10) shows that
Chr17_inv12 and Chr21_inv5 inversions disrupt alternative transcripts of the protein-coding
genes CCDC40 and ERG, respectively, which cannot be generated from the macaque genome,
although the remaining transcripts would be unaffected by the inversion. Also, four IncRNA
genes are truncated by three inversions. Inversion Chr17_inv13 exchanges in macaque the last
exons of two IncRNAs, leaving the first exons outside, so if these transcripts exist in macaque,
they would be chimeric. In another macaque inversion (Chr4_inv14), all transcripts of IncRNA
LINC01094, expressed in brain and placenta in humans, are disrupted by removing the first
exon. Finally, IncRNA LINC00605, expressed in the human testis, is disrupted by inversion
Chr14_inv16 in macaque and marmoset. In this last case, the generation of the inverted allele
would have created the IncRNA, which would not exist in the ancestral inverted allele in its

current human form.
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We also performed a pairwise dy/ds analysis between macaque (Mmul_10/rheMac10)
and human (GRCh38/hg38) in order to investigate what kind of evolutionary forces shaped the
inversions. We created two orthologous gene sets, one including pairwise orthologs between
macaque and human in inverted regions and the other including pairwise orthologs between
macaque and human in noninverted regions. We used PAML (Z. Yang 1997) to calculate the
d\/ds value of all orthologs and found that the d\/ds distribution of genes in the inverted regions
is not significantly different from the d\/ds distribution of genes in noninverted regions (Wilcoxon
rank-sum test, P-value = 0.5201).

Because duplications play a crucial role in the origin of inversions, we analyzed the SD
content at inversion BPs. We found that 77 out of 375 inversions (20.5%) have SDs mapping at
their BPs, whereas if we consider just inversions >300 kbp, 91.7% (55/60) have SDs at their
BPs. We also investigated the link between SD regions and the lineage specificity of inversions
and found that 29.4% of Hominidae-specific inversions have SDs at the BPs, whereas only
8.7% of the macaque-specific inversions have SDs. Of note, when filtering for inversions >300
kbp, the percentage of regions flanked by SDs increased to 100% for Hominidae-specific
inversions and to 69% for Old World monkey inversions. When considering regions >1 Mbp, the
percentage of Old World monkey—specific inversions flanked by SDs goes up to 89% (Figure
3.3B).

We compared our inversions with the UCSC ClinVar (Catacchio et al. 2018; Newman et
al. 2005), development delay (Landrum et al. 2016), and ClinGen CNVs (Cooper et al. 2011;
Coe et al. 2014) tracks and found 19 pathogenic CNVs overlapping inverted regions between

human and macaque (Table 3.1).

Table 3.1: Inversions associated with human disease
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Coordinates Lineage Disease Core duplicon/
Inversion (GRCh38/hg38) specificity Size association References Gene family
Chrl_inv5 Chr 1: 146,046,099~ Hominidae 3.749.741 1q21.1-g21.2 Landrum et al. (2016); Coe et al.
149,795,840 deletion and (2014); Cooper et al. (2011)
duplication
Chr3_inv20* Chr 3: 195,615,426 Hominidae 2.051.763 329 deletion Kaminsky et al. (2011); Miller
197,667,189 and duplication et al. (2010); Landrum et al.
(2016); Coe et al. (2014);
Cooper et al. (2011)
Chr4_inv1* Chr 4: 3,878,546- Hominidae 5.921.691 Recurrent t(4;8) Ciglio et al. (2002) INF705B/ZNFZ05G
9,800,237 (p16;p23)
translocation
Chr7_inv13* Chr 7:72,519,724- Hominidae 2.462.607 7q11 Williams- Osborne et al. (2001); Schubert PMS2P7
74,982,331 Beuren (2009); Kaminsky et al.
syndrome (2011); Miller et al. (2010);
Landrum et al. {2016); Coe
et al. (2014); Cooper et al.
(2011)
Chr8_inv2* Chr 8: 7,058,306~ Hominidae 5.664.249 8p23.1 deletion Coe et al. (2019); Kaminsky et al.
12,722,555 and (2011); Miller et al. (2010);
duplication; inv Landrum et al. (2016) and
dup(8p) Giglio et al. (2001)
Chr10_inv7 Chr 10: 46,561,417- Hominidae 2.738.868 10q11.22- Kaminsky et al. (2011); Miller
50,201,968 10q11.23 et al. (2010); Landrum et al.
deletion and (2016); Coe et al. (2014);
duplication Cooper et al. (2011)
Chr10_inv8* Chr 10: 46,561,417 Hominidae 1.683.815 10q11 deletion Landrum et al. (2016); Coe et al.
47,500,010 and duplication (2014); Cooper et al. (2011)
Chr15_inv1 Chr 15: 19,807,467~ Hominidae 9.062.398 15q11.2-q13.1 Kaminsky et al. (2011); Miller
28,869,865 deletion and et al. (2010); Landrum et al.
duplication (2016); Coe et al. (2014);
Cooper et al. (2011)
Chr15_inv3  Chr 15: 28,075,295- ND 4574148 15q13.1-q13.3 Kaminsky et al. (2011); Miller
32,649,443 deletion and et al. (2010); Landrum et al.
duplication (2016); Coe et al. (2014);
Cooper et al. (2011);
Antonacci et al. (2014)
Chr15_inv9*  Chr15: 82,315,420~ Hominidae 2.282.817 15252 deletion  Cooper et al. (2011); Palumbo GOLGA2P7/
84,598,237 et al. (2012); Maggiolini et al. GOLGA6L4/
(2019) GOLGAGL5P
Chr15_inv10 Chr 15: 84,147,736 Hominidae 1.132.001 15925.2-q25.3 Kaminsky et al. (2011); Miller GOLGAZP10/
85,279,737 deletion et al. (2010); Coe et al, GOLGA6L10/
(2014); Cooper et al. (2011) GOLGAGL1 7P/
GOLGCAGLY
Chr16_inv4* Chr 16: 21,342,884- Hominidae 593.369 16p12.1 deletion  Coe et al. (2014; Cooper et al. NPIPB3/NPIPB4
21,936,253 and duplication (2011)
Chr16_inv5*  Chr 16: 21,728,768- Hominidae 882.299 16p12.1 deletion  Kaminsky et al. (2011); Miller NPIPB4/NPIPBS
22,611,067 and duplication et al. (2010); Landrum et al.
(2016); Coe et al. (2014);
Cooper et al. (2011)
Chr16_invé  Chr 16: 28,590,202- Hominidae 1.048.638 16p11.2 deletion  Kaminsky et al. (2011); Miller NPIPB8/NPIPB9
29,638,840 and duplication et al. (2010); Landrum et al.
(2016); Coe et al. (2014);
Cooper et al. (2011)
Chri6_invZ  Chr16: 29,035,196~ Hominidae 1.304.026 16p11.2 deletion  Kaminsky et al. (2011); Miller NPIPBT1/NPIPBT2
30,339,222 and duplication et al. (2010); Landrum et al.
(2016); Coe et al. (2014);
Cooper et al. (2011)
Chr17_inv7*  Chr17: 36,150,950~ Hominidae 2.161.705 17912 deletion Kaminsky et al. (2011); Miller TBC1D3B/TBCTD3F/
38,312,655 and duplication et al. (2010); Landrum et al. TBC1D3G/
(2016); Coe et al. (2014); TBCID3H/
Cooper et al. (2011) TBCID3I/TBCID3)
Chr19_inv3 Chr 19: 23,444,060~ ND 546.465 19p12 deletion Landrum et al. (2016); Coe et al.
23,990,525 and duplication (2014); Cooper et al. (2011)
Chr22_inv3  Chr22: 20,675,878~  Hominidae  887.155 22q11.21 Kaminsky et al. (2011); Miller
21,563,033 deletion and et al. (2010); Landrum et al.
duplication (2016); Coe et al. (2014);
Cooper et al. (2011)
Chr22_invs Chr 22: 23,303,592~ Hominidae 996.535 22q11.23 Landrum et al. 2016; Coe et al.
24,300,127 deletion 2014; Cooper et al. 2011

(#) Indicates inversions found to be polymorphic in human. ND, not determined.
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Previous studies identified nine out of these 19 inversions as polymorphic in human,
including the chromosome 4p16.2-4p16.1 and 8p23 inversions, both of which predispose to
further rearrangements leading to complex neurological disorders (Miller et al. 2010; Kaminsky
et al. 2011). In a 2.5-Mbp inversion involving the 7q11 locus predisposing to the deletion
associated with Williams—Beuren syndrome (S. Giglio et al. 2001; Sabrina Giglio et al. 2002;
Antonacci et al. 2009); a 2-Mbp inversion predisposing to RCAD syndrome (Osborne et al.
2001; Schubert 2009); a 1.5-Mbp inversion involving the 10q11 locus (Mefford et al. 2007); two
inversions at the 16p12.1 locus associated with deletion and duplication of the same loci
(Catacchio et al. 2018); and the inversion of the 15925 locus predisposing to a deletion
associated with developmental delay (Table 3.1) (Miller et al. 2010; Kaminsky et al. 2011;
Cooper et al. 2011; Coe et al. 2014; Landrum et al. 2016). For 17 out of 19 regions previously
shown to be associated to pathogenic CNVs, we were able to define the lineage specificity of
the inversions and show that the Hominidae orientation is always derived.

Because ancestral duplications, termed core duplicons, have been shown to be hotspots
of genomic rearrangements, including large-scale inversion polymorphisms and recurrent CNVs
associated with disease (Zody et al. 2008; Giannuzzi et al. 2013; Antonacci et al. 2014; Dennis
and Eichler 2016; Nuttle et al. 2016; Maggiolini et al. 2019), we compared genes present at the
inversion BPs with gene families mapping at core duplicons reported by (Jiang et al. 2007;
Antonacci et al. 2014). Almost half (nine out of 19) of these regions have one of these genes
mapping at the inversion BPs (Table 3.1). This is also evident in our Gene Ontology analysis,
which highlighted golgin genes, a core duplicon gene family previously implicated in other
complex genomic rearrangements on human Chromosome 15 (Jiang et al. 2007; Antonacci et

al. 2014; Maggiolini et al. 2019), as being enriched at BPs.

3.4.8 Recombination and heterozygosity
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Moreover, because inversions can influence recombination, we analyzed the suppression of
recombination over the inverted regions of the genome, relative to the background
recombination rates (Wilcoxon rank sum test with continuity correction, P-value < 2.27'°). We
observed a significant (<107'°) suppression of recombination in the inverted regions. Also, the
recombination suppression effect was particularly pronounced in the case of polymorphic
inversions (0.827 x background RC), followed by the fixed inverted regions (0.952 x background
RC).

In addition, we investigated whether there is a difference of heterozygosity on inversions’
flanking regions. We compared the heterozygosity distributions of four types of inversions and
found that the polymorphic inversions’ flank regions have higher heterozygosity than random
5-kbp regions’ (P-value 0.02617, random vs. polymorphic inversions with SDs; P-value 1.68 x
1078, random vs. polymorphic) and fixed inversions (P-value 0.01655, fixed inversions with SDs
vs. polymorphic with SDs; P-value 5.40 x 1077, fixed vs. polymorphic). However, we did not
observe heterozygosity difference between fixed inversions and random regions (P-value 0.944,

random vs. fixed with SDs; P-value 0.07333, random vs. fixed).

3.4.9 Effect of inversions on gene regulation

Because inversions have the potential to reorganize genes and regulatory elements, we
sought to determine whether macaque inversions impact the expression of nearby genes. By
using existing RNA-seq data from human and macaque lymphoblastoid cell lines (LCLs) and
primary tissues (heart, kidney, liver, and lung) (Khan et al. 2013; Blake et al. 2020), we identified
interspecific differentially expressed genes (DEGs) at a 5% FDR (on average approximately
4800 DEGs per tissue). We tested inversions, inversion BPs, and inversion BPs £100 kbp for
enrichment of DEGs in LCLs and the four tissues, either including or excluding genes
overlapping SDs. However, after multiple testing (Benjamini-Hochberg) correction, none of the

scenarios showed significant enrichment. A few tests displayed nominally significant enrichment
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with SDs excluded (uncorrected P < 0.05): LCL DEGs (within inversions and at BPs) and kidney
DEGs (BPs + 100 kbp). When including SDs, LCL DEGs were also associated with inversions.
Thus, we conclude that these results are compatible with SV alteration of gene expression
reported in other species, but any true signal may be difficult to discern owing to the high overall
proportion of DEGs between humans and macaques.

We next searched for changes to chromatin topology to which the observed differential
expression may be attributable. By using a set of topologically associated domains (TADs) from
the human LCL GM12878, we defined putatively disrupted TADs as those partially overlapping
inversions (i.e., excluding those entirely within or containing inversions). We counted 48
inversions intersecting 69 putatively disrupted TADs, a number significantly lower than expected
by chance (permutation test; empirical p = 0.001) (Figure S3.1). This depletion is also observed
when SDs and inversions with BPs overlapping SDs are excluded from the analysis (p = 0.001)
(Figure S3.1F). This is consistent with TAD-altering inversions being subject to negative
selection. One such inversion (Chr18_inv4) is depicted in Figure 3.4A-B, along with chromatin
domains predicted from a parallel analysis of paired human and rhesus Hi-C data generated for
this study from LCLs (Methods), as well as previously published data from fibroblasts (Rao et al.

2014; Darrow et al. 2016).
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Figure 3.4: Comparison of chromatin structure and gene expression at a selected inversion
(Chr18_inv4). Coordinates depicted are Chr 18: 9,140,001-13,490,000 (GRCh38). (A) Hi-C heatmap of
human (top) and macaque (bottom) LCLs with predicted chromatin domains outlined in yellow, visualized
in Juicebox. SDs are shown as colored blocks in the top track (taken from the UCSC Genome Browser).
Genes are colored by differential expression: Red genes are up-regulated in macaque relative to human,
blue genes are down-regulated, black genes are not differentially expressed, and gray genes were not
tested. (B) The same locus is depicted with fibroblast Hi-C data. No differential expression analysis was
conducted in fibroblasts.

Macaque-specific chromatin interactions are visible across the inversion from >1 Mbp
away in the human reference, and the domain structure appears to be altered at the inversion
BPs and associated SDs. In LCLs, in which the gene-expression analysis was performed, most
of the genes tested within and adjacent to the inversion are DEGs (Figure 3.4B). Because of the
lower sequencing depth of our Hi-Ci data, an alternative domain caller was used, which
produced continuous annotations of domains, in contrast to the GM12878 TADs, which mostly

contain gaps in between. We observed that BPs of large inversions (>100 kbp) often fell on

domain boundaries (Figure S3.2) and confirmed significant enrichment for macaque domain
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boundaries (permutation test; empirical p < 0.03 for LCL and fibroblast) and human fibroblast
domain boundaries (p = 0.002 for fibroblast). As with the depletion of putatively disrupted TADs,
this is suggestive of conservation of chromatin structure. Finally, as mentioned previously, many
large inversions are flanked by SDs, which cannot be uniquely aligned to or may be missing
from macaque. As such, identifying altered domain structure at BPs was not possible owing to

missing Hi-C data (Figure S3.3).

3.5 DISCUSSION

Combining single-cell strand sequencing with cytogenetics, we created the most accurate
fine-scale map of inversions between human and macaque to date. This approach was efficient
in terms of time, cost, and resolution compared with high-throughput sequencing methods used
to date. In total, we identified 375 inversions ranging in size from 859 bp to 92 Mbp, distributed
along all the autosomes with the highest number on chromosome 2 and the lowest on
chromosome 21. Despite this, considering the correlation between the size of each
chromosome and the overall size of detected inversions for each of them, chromosome 7 and
chromosome 3 show the highest percentage of inverted sequence (65% and 57%, respectively);
indeed, these two chromosomes are two of the most rearranged among great ape and macaque
genomes.

Of the 375 inversions, 48 were previously known, whereas the remaining 327 events
(87.2%) are described here for the first time, increasing by eightfold the number of reported
inversions between human and macaque. The vast majority (89.9%) of the 327 novel inversions
are <100 kbp; this highlights the efficiency of Strand-seq in locating inversions, detecting even
small events intractable by other methods.

To verify the reliability of Strand-seq, we validated a selection of 104 of the 327 novel

inversions. All our results support Strand-seq data except for one case in which BES mapping
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validation and Strand-seq seemed to be discordant. Yet, this does not exclude that the inversion
might be polymorphic in the population, and therefore, the individual for whom the BES data are
available may be in direct orientation. However, the size of the inversion and the SD content did
not allow us to validate it in additional individuals with other methods.

Although our analysis showed the efficiency of Strand-seq in detecting inversions, it also
highlights that Strand-seq analysis must be aware of cytogenetic rearrangements. Indeed, 23%
of our inversions appeared direct by Strand-seq because they are nested inversions. Among
these, the vast majority are “simple” cases of nested inversions without BP reuse and thus can
be easily identified if large-scale cytogenetic inversions are already known. Although in four
cases, the regions were much more complex, and several FISH experiments were necessary to
resolve their genomic organization. These were cases of inversions in which BPs have been
reused multiple times during evolution, contributing to their complexity. We observed that nested
inversions are more likely to occur than expected by chance and that they are likely driven by
highly identical SDs.

To reconstruct the lineage specificity of inversions, we tested several primate species by
combining different methods and determined that 49% of the inversions occurred in Old World
monkeys, whereas 44% are specific to Hominidae. Our analysis of the duplications at the
inversion BPs suggests that NAHR mediated by SDs promoted most (89%) inversions >1 Mbp
in Old World monkeys and all inversions >300 kbp in Hominidae. This observation is concordant
with the expansion of SDs after the divergence of Hominidae from Old World monkeys and
strongly suggests a link between SD expansion and the emergence of inversions. The use of
Strand-seq is mandatory to resolve these structural variations as a genomic technique not
hampered by SDs.

Although our knowledge on the impact of inversions on human health is limited, the
strong correlation between some inversions and neurocognitive disorders is well documented.

Thus, we searched for disease regions that are recurrently rearranged in humans and found 19
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overlapping with our inversions, with nine being still polymorphic in humans (Table 3.1). For 17
of these regions, we were able to determine the lineage specificity. In 100% of the cases, the
inversions are specific of the Hominidae, reinforcing the hypothesis that SDs played a
fundamental role in generating inversions in humans and great apes that today, through their
peculiar genomic structure, predispose to disease-causing rearrangements in humans.

Because SDs are frequently organized around core duplicons, we searched for their
presence at the inversion BPs and found a total of 13 regions associated with cores. Among
them, nine map to the BPs of inversions that overlap the aforementioned disease-associated
regions (Table 3.1). Core duplicons have been previously described to be associated with the
burst of SDs in the human—great ape ancestral lineage (Rao et al. 2014). This SD expansion
likely set the stage for large-scale inversions to occur, ultimately leading to recurrent
rearrangements associated with disease in humans.

Another interesting aspect about inversions is that they suppress recombination in
heterokaryotype individuals. This results in independent genome evolution of direct and inverted
arrangements and opportunities for divergence and speciation (Kirkpatrick 2010; Kirkpatrick and
Barton 2006). Our results show a significant difference (<10-15) in recombination suppression
between inverted versus non-inverted regions in a size-independent way. Notably, by comparing
homozygous and heterozygous inversions, we quantified how much the recombination was
suppressed in fixed (~5% lower than background) versus polymorphic (~18% lower than
background) inversions. This supports the role of inversions as a direct driving force in
speciation because they suppress recombination when in heterozygous state. In addition, we
observed a higher heterozygosity in polymorphic inversion flanking regions rather than in fixed
inversions and random regions, supporting the idea that balancing selection has an important
role in the maintenance of inversion polymorphisms, as previously reported (Wellenreuther and

Bernatchez 2018; Mérot et al. 2020).
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Because of the impact that inversions could have on the structure of genes, we searched for
genes that can be altered by the presence of inversions. We identified 861 human genes
overlapping with 156 inversion BPs; these include genes belonging to several groups, including
members involved in the response to bacteria, genes with chemokine receptor binding activity,
and golgin family members. At least five of the inversions that were validated by PCR overlap
genes, with two located close to protein-coding genes and the other three in INncRNA genes.
Future studies may evaluate the functional consequences of inversions on these genes in
contributing to phenotypic differences among humans, great apes, and macaques.

Our assessment of the impact of inversions on gene regulation largely agrees with
previous works that find structural variation alters gene expression in humans and nonhuman
primates (Marques-Bonet, Girirajan, and Eichler 2009; Lazar et al. 2018). Although expression
analysis was limited to a single cell type, we report an enrichment of DEGs within and nearby
(<100 kbp) inversion BPs that suggests that inversions between human and macaque may have
the same functional impact reported in other species. In parallel, we also report that macaque
inversions tend to avoid disrupting chromatin domain structure, as is true for deletions and
rearrangements in other primates (S. Giglio et al. 2001; Osborne et al. 2001; Zody et al. 2008;
Stankiewicz and Lupski 2010; Lazar et al. 2018; Maggiolini et al. 2019). Chromatin domains are
thought to play a role in orchestrating promoter—enhancer interactions, and their disruption is
associated with pathological phenotypes in humans (Marques-Bonet and Eichler 2009).
Together, these findings support a view in which inversions impacting critical genes or altering
regulation are likely to be deleterious. At the same time, inversions between human and
macaque are associated with differential expression of nearby genes. This study provides a list
of 48 inversions that are candidates for driving rhesus-specific expression patterns, although
this is by no means exhaustive given that TAD annotations vary by algorithm and that TAD

alterations per se are not required to alter transcription.
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In conclusion, our approach based on the combination of Strand-seq and cytogenetic data
offered us the opportunity to create a complete and detailed map of genomic inversions
between human and macaque. We identified many hotspots of genomic instability that pinpoint
regions with complex rearrangement activity, likely implicated in evolutionary innovations, as

well as medical conditions.

3.6 METHODS

Strand-seq detection of inversions

High-quality Strand-seq single-cell libraries (Iskow et al. 2012; Kronenberg et al. 2018) were
obtained from an LCL derived from one macaque (M. mulatta, MMU1). The cells were
maintained using standard culture conditions, and 40 uM of BrdU was added to the media for
23 h before sorting. Single cells were deposited in 96-well plate using the BD FACSMelody cell
sorter, and Strand-seq library construction was pursued for single cells following the protocol
previously described (Fudenberg and Pollard 2019; Huynh and Hormozdiari 2019). Libraries
were sequenced on a NextSeq 500 (MID-mode, 75-bp paired-end protocol) and demultiplexed,
and data were aligned to GRCh38/hg38 (BWA 0.7.15). Low-quality libraries, such as those with
high background reads, were excluded from analysis, and 61 high-quality cells were obtained
for inversion analysis. For each selected cell, only chromosomes inherited in the WW
(plus-plus) or CC (minus-minus) state were considered and compiled into a directional
composite file as previously described (Lupiafez et al. 2015; Franke et al. 2016). The
composite files were processed using breakpointR (v.1.2.0) (Falconer et al. 2012) to locate
putative inversion BPs. To curate BPs and inversion calls, composite files were BED-formatted,

uploaded to the UCSC Genome Browser, and manually inspected.

FISH analysis
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Metaphases and interphase nuclei were obtained from two humans, two chimpanzees
(P. troglodytes), two gorillas (G. gorilla), two orangutans (P. pygmaeus), three macaques (two M.
mulatta and one M. fascicularis), and one marmoset (C. jacchus). Two-color and three-color
FISH experiments were performed using human fosmid (n = 18) or BAC (n = 39) clones directly
labeled by nick-translation with Cy3-dUTP (PerkinElmer), Cy5-dUTP (PerkinElmer), and
fluorescein-dUTP (Enzo) as previously described (Sanders et al. 2017), with minor
modifications. Briefly, 300 ng of labeled probe was used for the FISH experiments; hybridization
was performed at 37°C in 2x SSC, 50% (v/v) formamide, 10% (w/v) dextran sulphate, and 3 mg
sonicated salmon sperm DNA in a volume of 10 mL. Posthybridization washing was at 60°C in
0.1 x SSC (three times, high stringency, for hybridizations on human, chimpanzee, gorilla, and
orangutan) or at 37°C in 2 x SSC and 42°C in 2 x SSC, 50% formamide (three times each, low
stringency, for hybridizations on macaque and marmoset). Nuclei were simultaneously DAPI
stained. Digital images were obtained using a Leica DMRXA2 epifluorescence microscope
equipped with a cooled CCD camera (Princeton Instruments). DAPI, Cy3, Cy5, and fluorescein
fluorescence signals, detected with specific filters, were recorded separately as grayscale
images. Pseudocoloring and merging of images were performed using Adobe Photoshop
software. For interphase three-color FISH, each region >500 kbp was interrogated using two
probes within the predicted inversion and a reference probe outside. A change in the order of
the probes mapping within the inversion was indicative of the presence of the inversion. For
inversions >2 Mbp, two-color FISH on metaphase chromosomes was performed using two

probes within the inverted region.

BES and fosmid-end sequence paired mapping

BESs of chimpanzee, gorilla, orangutan, and macaque BAC libraries (CHORI-251, CHORI-277,
CHORI-276, CHORI-250, and CHORI-259) and fosmid-end sequences of gorilla fosmid library

(CHORI-1277) were obtained from the NIH trace repository and mapped against the human
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reference (GRCh38/hg38) following a protocol optimized by Sanders and colleagues (Sanders
et al. 2016) for fosmids and adapted to BAC insert sizes as previously described (Porubsky,
Sanders, Taudt, et al. 2020). BAC clones spanning regions in the same orientation as in human
are concordant in size and orientation of the ends, whereas clones spanning inversion BPs are
discordant because they have end pairs that are incorrectly oriented and map abnormally far
apart when mapped to the human reference genome sequence. BES and fosmid-end sequence
profiling of 372 BAC and 33 fosmid clones was used to study the orientation of 176 regions in

different species.

lllumina sequencing of BAC clones

DNA from three CH251, five CH277, seven CH276, 13 CH250, and two CH259 BAC clones was
isolated, prepped into sequencing libraries, and sequenced (PE250) on an Illlumina MiSeq using
a Nextera protocol (Lichter et al. 1990). DNA from one clone was barcoded before library
preparation, whereas DNA from 25 clones mapping to different chromosomes and free of SDs
was pooled two at a time before library preparation and then barcoded and sequenced.
Sequencing data were mapped with mrsFAST (Hach et al. 2010) to the human reference
genome, and singly unique nucleotide (SUN) identifiers were used to discriminate between
highly identical SDs (Catacchio et al. 2018). lllumina sequencing data of the BAC clones were
accessed from the NCBI BioProject database (https://www.ncbi.nim.nih.gov/bioproject) under

accession number PRJNA429373.

Polymerase chain reaction

PCR was used to test 14 inversions <54 kbp with simple BPs without large repeats. To validate
inversions between different species, the first step was to identify the exact location of the
inversion BPs through the NCBI “Blast2seq” tool to find the exact position range of the BPs for

each species. Alignments were performed for human and chimpanzee, human and gorilla,
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human and orangutan, and human and macaque. After that, we designed four different primers
(A, B, C, and D) that amplify two regions for each haplotype and include the BPs so that in the
direct haplotype the BP1 is inside the AB amplicon and the BP2 inside CD. The inverted
haplotype instead is revealed by amplification of primers A and C and of primers B and D. In
some cases, additional primers were required to detect one of the orientations owing to the
presence of indels associated to the inversion. Primers were designed with “Primer 3 Plus”
(http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi) in order to amplify regions of
500-1000 bp. PCR amplification across inversion BPs was performed with genomic DNA from
two humans (NA12878 and NA20528), two chimpanzees (PTR12 and N457/03), two gorillas
(GGO2 and Z02/03), two orangutans (PPG9 and PPG10), two rhesus macaques (MMU1 and
MMUZ2), one crab-eating macaque (MFAG3), and one marmoset (CJA98), if needed. DNA
N457/03 and Z02/03 were isolated from frontal cortex tissue samples of the Banc de Teixits
Animals de Catalunya. PCR conditions were 30 sec at 94°C, 30 sec at 60°C-64°C, and 0.5-2
min at 72°C in 25-uL reactions with 100 ng of genomic DNA, 200 uM dNTPs, 10 pmol of each

primer, and 1 U of Taq polymerase (Roche).

Simulations of nested inversions

In both simulation scenarios, we counted the number of times a nested inversion occurred,
which was defined as an inversion that is 100% contained within another larger inversion. The
null distributions from each scenario were constructed using the counts of the simulated nested
inversions across 100,000 simulations. The empirical p-value was calculated after Z-score
transformation using a one-tailed test, and the enrichment factor was estimated using 87/,

where | is the observed mean nested inversion count.

Gene ontology analysis

80


http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi

Genes at the inversion BPs were extracted from the curated subset of the RefSeq track from the
UCSC Genome Browser. The obtained gene list has been analyzed using the ToppGene portal
(Chen et al. 2009; https://toppgene.cchmc.org/), which is a one-stop portal for gene list
enrichment analysis and candidate gene prioritization based on functional annotations and
protein interaction networks. In particular, the ToppFun function has been used to detect
functional enrichment of genes based on transcriptome, proteome, regulome (TFBS and
miRNA), ontologies (GO, Pathway), phenotype (human disease and mouse phenotype),

pharmacome (Drug-Gene associations), literature cocitation, and other features.

Recombination analysis

The 375 inversions were annotated as fixed (n = 356) and polymorphic (n = 19) following
conversion of genomic coordinates from GRCh38/hg38 to MGSC Merged 1.0/rheMac2 using
liftOver; because of large structural differences between these two genome assemblies, some of
the coordinates failed to convert, resulting in 11 fixed and 214 polymorphic inversions
successfully mapped onto rheMac2 space (60% liftOver success rate). All recombination data
were obtained from the latest recombination estimates of the macaque genome (Xue et al.

2016).

Heterozygosity analysis

We downloaded the macaque whole-genome sequencing (WGS) population data and selected
94 Indian macaque individuals for which sequence coverage was greater than 10x (Xue et al.
2016). We used PLINK (v1.9) (Purcell et al. 2007) to calculate fixed/fixed +
SD/polymorphic/polymorphic + SD 5-kbp flank regions heterozygosity. Moreover, we used
BEDTools (v2.29.0) (Quinlan and Hall 2010) to randomly choose 200 5-kbp regions excluding
inversions flanking regions, and we used PLINK to calculate their heterozygosity. We used a

t-test to perform statistical analysis in R.
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Differential gene expression

Gene expression was quantified in using RNA-seq data from LCLs (macaque N = 5 individuals;
human N = 6) (Khan et al. 2013) and primary tissues (N = 4 each) (Blake et al. 2020).
TrimGalore (v0.6.0; http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) was used
to trim FASTQ files using the flags “-q 20 - -phred33 - -length 20.” Transcriptome indices were
built (Salmon v1.1.0) (Sudmant et al. 2010) from species-specific sequences of all orthologous
transcripts previously published (Chen et al. 2009; Zhu et al. 2014), and the most recent
reference genomes (GRCh38/hg38 and Mmul_10/rheMac10) were included as decoy
sequences. Transcripts per million (TPM) values were estimated using Salmon using

“- -validateMappings.” To compute counts at the gene level for a total of 28,372 coding and
noncoding genes, tximport (Khan et al. 2013) was used with the setting

“countsFromAbundance = ‘lengthScaledTPM.”” A total of 15,920 genes were tested for
differential expression after excluding those with less than one count per million in all samples.
Length-normalized counts were passed to limma-voom (Patro et al. 2017), and each gene was

fitted with a linear model accounting for species and sex. DEGs were called at a 5% FDR with

no fold-change filter.

Chromatin conformation analyses

TADs were defined as a set of predictions generated from high-depth Hi-C of the human LCL
GM12878 (approximately 4.9 billion lllumina reads) (Zhu et al. 2014). Coordinates of 9262/9274
TADs were converted to GRCh38 using the liftOver utility from the UCSC Genome Browser. The
5-kbp windows (resolution of the TAD-calling analysis) centered on the start and end
coordinates of each TAD were considered to be TAD boundaries.

For an interspecies comparison of chromatin domain structure, we produced Hi-C

libraries for LCLs of both species using a DNase-based method (Soneson, Love, and Robinson
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2015b). Three human (GM12878, GM20818, GM20543, analyzed together) and one rhesus
macaque (MM290-96) individual were included. Valid Hi-C contacts on the human reference
(GRCh38/hg38) were produced with the Juicer pipeline (Law et al. 2014; Ritchie et al. 2015).
Human alignments were down-sampled to about 200 million reads to match the number of
macaque Hi-C contacts passing the MAPQ filter of 30 (BWA) (H. Li and Durbin 2009). Hi-C
interaction matrices were generated using Juicer tools (MAPQ > 30, Knight—Ruiz normalization)
(Durand et al. 2016) at a resolution of 50 kbp. TopDom (Shin et al. 2016) was used to identify
chromatin domains with the default window size of five. The measure of concordance (MoC) as
implemented by (Zufferey et al. 2018) was used to quantify similarity between domain sets on a
scale of zero (no concordance) to one (identical) using Chromosome 1 matrices. Hi-C contact
maps with coverage normalization and domain calls were visualized together in Juicebox
(v1.11.08). Domain boundaries were defined as 50-kbp windows centered on the domain start
and end coordinates and were considered to be shared between species if they intersected or
were adjacent to a boundary in the other. This analysis was repeated in fibroblast cell lines
using human IMR-90 (Rao et al. 2014) and macaque (Darrow et al. 2016) data (about 230
million reads). Human Hi-C data from LCLs are available under NCBI BioProject accession

number PRJEB36949.

Enrichment and depletion analyses

Permutation tests were conducted to identify over- and underrepresentation of genomic features
(genes and boundaries) at and within 100 kbp of inversion BPs. Inversions were shuffled
(BEDTools v2.25.0) (Quinlan and Hall 2010) 1000 times in GRCh38/hg38, preserving the sizes
and distances of BPs, and the number of features intersecting BPs was counted in each set.
Empirical P-values were calculated as p = (M + 1)/(N + 1), where M is the number of iterations
yielding an equal or more extreme count than observed (greater for enrichment or fewer for

depletion), and N is the number of permutations. To test BP regions for enrichment of DEGs, a
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hypergeometric test was implemented to compare the ratio of DEGs at or near BPs to the

overall ratio of DEGs.

3.7 DATA AVAILABILITY

The Strand-seq library sequence data generated from this study have been submitted to the
NCBI BioProject (https://www.ncbi.nlm.nih.gov/bioproject) under accession number
PRJNA625922. lllumina sequencing data of the BAC clones generated in this study have been
submitted to BioProject database under accession numbers PRJNA627588. Rhesus Hi-C data
from LCLs have been uploaded to the European Nucleotide Archive (ENA;

https://www.ebi.ac.uk/ena/browser) under accession number PRJEB37908.
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3.9 SUPPLEMENTARY FIGURES

Depletion of coding genes for inversion breakpoints
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Figure S3.1: Permutation testing for enrichment/depletion of genomic features at inversion
breakpoints (BPs). (A—D) The observed number of genes intersecting inversion BPs is depicted with a
red line, and the distribution of genes intersecting 1,000 permuted sets of coordinates is shown in blue.
The depletion test was conducted for coding genes and all genes, directly at BPs and within 100 kbp. (E)
The observed number of putatively disrupted GM12878 TADs is marked with a red line, and the permuted
distribution of putatively disrupted TADs is shown in blue. (F) The test for TAD disruption was repeated
while excluding genes and inversions with BPs in SDs. (G-J) The observed number of inversions >100

kbp intersecting a domain boundary (from lower-depth Hi-C of human and rhesus) is marked with a red
line, and the distribution of overlaps from 1,000 permutations is shown in blue.
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Figure S3.2: Comparison of chromatin structure and gene expression at a selected inversion
(Chr4_inv1) with large segmental duplication (SD) blocks at the BPs. Coordinates depicted:
chr4:2480001-11180000 (GRCh38). (A) Hi-C heatmap of human (top) and macaque (bottom) LCLs with
predicted chromatin domains outlined in yellow, visualized in Juicebox. SDs are shown as colored blocks
in the top track (taken from the UCSC Genome Browser). Genes are colored by differential expression:
red genes were upregulated in macaque relative to human, blue genes were downregulated, black genes
are not DE, and gray genes were not expressed. (B) The same locus depicted with fibroblast Hi-C data.
Differential expression analysis was not conducted in fibroblasts.
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Figure S3.3: Comparison of chromatin structure and gene expression at a selected inversion
(Chr6_inv9) with BPs falling on domain boundaries. Coordinates depicted:
chr6:103650001-112350000 and ch6:154650000-163350000 (GRCh38). (A-B) Hi-C heatmap of human
(top) and macaque (bottom) LCLs with predicted chromatin domains outlined in yellow, visualized in
Juicebox. SDs are shown as colored blocks in the top track (taken from the UCSC Genome Browser).
Genes are colored by differential expression: red genes were upregulated in macaque relative to human,
blue genes were downregulated, black genes are not DE, and gray genes were not expressed. (C-D) The
same locus depicted with fibroblast Hi-C data. Differential expression analysis was not conducted in

fibroblasts.
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Chapter 4:
Diverse molecular mechanisms contribute
to differential expression of human
duplicated genes

4.1 ABSTRACT

Emerging evidence links genes within human-specific segmental duplications (HSDs) to traits
and diseases unique to our species. Strikingly, despite being nearly identical by sequence
(>98.5%), paralogous HSD genes are differentially expressed across human cell and tissue
types, though the underlying mechanisms have not been examined. We compared cross-tissue
mRNA levels of 75 HSD genes from 30 families between humans and chimpanzees and found
expression patterns consistent with relaxed selection or neofunctionalization. In general,
ancestral paralogs exhibited greatest expression conservation with chimpanzee orthologs,
though exceptions suggest certain derived paralogs may retain or supplant ancestral functions.
Concordantly, analysis of long-read isoform sequencing datasets from diverse human tissues
and cell lines found that about half of derived paralogs exhibited globally lower expression. To
understand mechanisms underlying these differences, we leveraged data from human
lymphoblastoid cell lines (LCLs) and found no relationship between paralogous expression
divergence and post-transcriptional regulation, sequence divergence, or copy number variation.
Considering cis-regulation, we reanalyzed ENCODE data and recovered hundreds of previously
unidentified candidate CREs in HSDs. We also generated large-insert ChlP-sequencing data for
active chromatin features in an LCL to better distinguish paralogous regions. Some duplicated

CREs were sufficient to drive differential reporter activity, suggesting they may contribute to
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divergent cis-regulation of paralogous genes. This work provides evidence that cis-regulatory

divergence contributes to novel expression patterns of recent gene duplicates in humans.

4.2 CONTRIBUTIONS

This chapter is adapted with minimal modification from the following published work:
Colin J Shew, Paulina Carmona-Mora, Daniela C Soto, Mira Mastoras, Elizabeth
Roberts, Joseph Rosas, Dhriti Jagannathan, Gulhan Kaya, Henriette O’Geen, Megan Y
Dennis. 2021. Diverse Molecular Mechanisms Contribute to Differential Expression of
Human Duplicated Genes.” Molecular Biology and Evolution 38(8): 3060-3077.
https://doi.org/10.1093/molbev/msab131.

C.S. and M.Y.D. conceived the study. C.S., P.C.M, E.R., J.R., D.J, G.K., and H.G.performed

experiments. C.S., P.C.M., D.C.S., M.M., and M.Y.D. analyzed data. C.S. and M.Y.D. wrote and

edited the manuscript.

4.3 INTRODUCTION

Gene duplication occurs universally and is considered a major source of evolutionary novelty;
across eukaryotes, over 30% of genes are thought to have arisen from duplications (Zhang
2003). Although many duplicated genes rapidly become pseudogenes, some may share and
maintain important ancestral functions via subfunctionalization, or gain novel functions entirely
(neofunctionalization) (Lynch 2000). Expression divergence is likely integral to the survival of
paralogous genes, as spatiotemporal partitioning of function places both daughter paralogs
under purifying selection helping them escape pseudogenization (Rodin and Riggs 2003; Rodin
et al. 2005). This may be the primary driver of duplicate gene retention, as gene regulation can
be altered relatively easily while coding sequences remain intact (Ohno 1970). For example,
mouse Hoxa1 and Hoxb1 genes are functionally redundant but partitioned by expression, with
normal development possible from a single gene under the control of regulatory elements from

both paralogs (Tvrdik and Capecchi 2006). On a genome-wide scale, substantial expression
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divergence has been observed in vertebrates following whole-genome duplications specific to
teleost and salmonid fishes (Kassahn et al. 2009; Braasch et al. 2016; Lien et al. 2016;
Varadharajan et al. 2018). Meta-analysis suggests that across all of these species, selection on
gene-expression levels appears relaxed in one of the paralogs (Sandve et al. 2018). However,
segmental duplications (SDs, regions defined as having >90% sequence similarity and being at
least 1 kbp in size (Bailey 2002)) occur more commonly in vertebrates than whole-genome
duplications and concomitantly generate structural rearrangements, potentially facilitating
regulatory divergence and duplicate retention (Rodin et al. 2005). Although comparative studies
characterizing expression divergence of duplicated genes in humans, mice, and yeast have
identified broad patterns of dosage sharing among daughter paralogs (Qian et al. 2010; Lan and
Pritchard 2016), younger, human-specific duplications have yet to be analyzed in this light.
Further, no molecular explanations have been provided for the observed expression changes
between paralogs.

Great apes have experienced a surge of SDs in the last ~10 million years, primarily
interspersed throughout the genome and potentially contributing to phenotypic differences
observed between these closely related species (Prado-Martinez et al. 2013). Human-specific
SDs (HSDs), which arose in the last ~6 million years following the split of the human and
chimpanzee lineages, contain genes that have compelling associations with
neurodevelopmental features (Charrier et al. 2012; Dennis et al. 2012; Florio et al. 2015; Fiddes
et al. 2018; Suzuki et al. 2018; Heide et al. 2020) and disorders (Dennis and Eichler 2016;
Dennis et al. 2017; Ishiura et al. 2019). Historically, such young duplications have been poorly
resolved in genome assemblies due to their high sequence similarity. Recent sequencing efforts
targeted to HSDs have generated high-quality assemblies for many of these loci (Steinberg et
al. 2012; Antonacci et al. 2014; O’Bleness et al. 2014; Dennis et al. 2017) resulting in the
discovery of at least 30 gene families containing >80 paralogs uniquely duplicated and existing

in >90% of humans. Most derived HSD genes encode putatively functional proteins and exhibit
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divergent expression patterns relative to ancestral paralogs across numerous primary tissues,
despite HSDs being nearly identical by sequence (on average ~99.5%) (Dennis et al. 2017).
Although there are examples of HSD genes exapting novel promoters and exons at the site of
insertion (Dougherty et al. 2017), this cannot explain expression divergence that exists among
whole-gene duplications. Differential regulation may be intertwined with associations of
species-specific active chromatin modifications at SD loci (Giannuzzi et al. 2014) but historical
reference errors and computational challenges in short-read mapping to highly-similar
sequences has resulted in poorly annotated epigenetic information at duplicated loci (Chung et
al. 2011; Ebbert et al. 2019).

In this study, we characterized patterns of regulatory divergence observed for HSD
genes between humans and chimpanzees by quantifying cross-tissue conservation of
orthologous gene expression. We found that even the youngest of duplicate genes have
diverged in expression and, by comparing expression divergence between ancestral and
derived paralogs, have begun to infer changes to HSD gene function. We leveraged genomic
and epigenomic data from hundreds of human lymphoblastoid cell lines (LCLs) to identify
differentially expressed (DE) ancestral-derived gene pairs and examined potential molecular
contributors to paralogous expression divergence, including copy-number (CN) variation,
post-transcriptional regulation, and cis-regulatory changes. Finally, we surveyed the active
chromatin “landscape” for HSDs by reanalyzing ENCODE histone modification chromatin
immunoprecipitation sequence (ChlP-seq) data, produced a novel “longer-read” ChlP-seq
dataset to improve the unique alignment rate in SDs, and functionally validated candidate
cis-regulatory elements (cCRESs) via a reporter assay. Overall, our work demonstrates that
cis-regulatory divergence, among other mechanisms, drives differential expression following
gene duplication and that useful regulatory information can be rescued from existing datasets

for duplicated loci.
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4.4 RESULTS

4.4.1 Conservation of HSD gene expression following duplication

To assess the evolutionary trajectory of recent human duplicated genes, we quantified
expression of 75 HSD genes from 30 gene families for which high-confidence sequences were
available (Dennis et al. 2017) (Table S4.1). The SDs comprising these genes duplicated in an
interspersed manner, often hundreds of kilobases away from the ancestral locus, with two of the
30 gene families residing on separate chromosomes. Each HSD gene family corresponded to a
single-copy chimpanzee ortholog and multiple (2—4) human paralogs. If known, we classified the
human paralog syntenic with the chimpanzee gene as ancestral and the human-specific
paralog(s) as derived (Figure 4.1A, Table S4.1). To interpret the evolutionary fate of these
genes, we compared expression of HSD paralogs (individual or summed) to chimpanzee
orthologs using mRNA-sequencing (RNA-seq) data from three cell lines and four primary tissues
(Khan et al. 2013; Pavlovic et al. 2018; Marchetto et al. 2019; Blake et al. 2020) using a
lightweight mapping approach that shows high accuracy for paralogous genes (Soneson et al.
2015; Patro et al. 2017). Derived HSD paralogs tended to exhibit lower expression than the
chimpanzee ortholog, summed family expression was mostly higher, and ancestral paralogs
were less likely to be DE (9/21 expressed ancestral genes showed no differential expression
across all cell/tissue types versus 6/37 of expressed derived genes; p = 0.028, Fisher’s Exact
Test) (Figure 4.1B, Table S2). Altogether, these results suggest that ancestral genes tend to

retain their expression patterns, while derived paralogs diverge and typically lose expression.
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Figure 4.1: Expression patterns of HSD genes between species. (A) lllustration of genes residing
within HSDs; the ancestral paralog (blue) corresponds to the chimpanzee ortholog, while derived paralogs
(yellow) are human-specific. The ancestral and derived genes comprise a gene family. (B) HSD gene
expression differences between humans and chimpanzees in three cell lines and four primary tissues.
Cells are colored by the log2-fold change of human versus chimpanzee expression. Gray cells indicate
nonexpressed genes. Note, PTPN20CP is expressed many fold higher than PTPN20 and the chimpanzee
ortholog, but both paralogs are lowly expressed (<2 TPM) in most samples assayed. (C, D) Comparison
of human gene expression with chimpanzee orthologs. Violin and box plots represent cross-tissue
expression correlations (C) and relative expression levels (log2 ratio of human (hum.) versus chimpanzee
(chimp.) expression, averaged across all cell and tissue types; Figure S4.1, Supplementary Material
online) (D). HSD genes of known evolutionary status were classified as ancestral (blue) or derived
(yellow) and compared with the aggregated gene family expression (green). P-values were calculated
from Dunn’s test following a Kruskal-Wallis test. Expression correlations of one-to-one orthologs are
visualized for reference.

We next considered expression correlation across the four tissue types and three cell
lines as a proxy for expression conservation between human genes and their chimpanzee
orthologs. Our expectation was that in the case of subfunctionalization, the summed expression

of all HSD paralogs would correlate best with chimpanzee expression, while all individual
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paralogs would be less correlated; and in the cases of pseudogenization or neofunctionalization,
a single paralog would exhibit high correlation with chimpanzee expression (Braasch et al.
2016; Sandve et al. 2018). We found that derived HSD paralogs exhibited significantly lower
expression conservation than ancestral paralogs or summed expression, which were statistically
equivalent (Kruskal-Wallis test followed by Dunn’s test, Benjamini-Hochberg adjusted p < 0.05;
Figure 4.1C). This pattern is broadly consistent with maintenance of the ancestral paralog and
divergence of expression patterns of the others via relaxed selection or neofunctionalization.
Further, the most conserved gene in each family was usually the ancestral paralog (14/22 of
known status, p < 0.001, hypergeometric test). Nevertheless, eight derived paralogs showed
strongest conservation of expression with chimpanzee orthologs and represent candidates for
supplanting functions of their ancestral gene. For example, SERF 1B exhibited higher
expression correlation with chimpanzee than the ancestral SERF1A (Pearson’s r of 0.81 and
0.74, respectively), while SERF1A expression was reduced relative to chimpanzee in lung,
LCLs, and iPSCs. A few gene families (such as CD8B, GTF2IRD2, and NAIP) displayed
expression patterns consistent with subfunctionalization, as their summed expression correlated
better with that of chimpanzee than any individual paralog; however, in these cases the
difference was small (difference in Pearson’s r <0.05 between sum and most correlated
paralog). We next considered relative expression levels between species and found that across
tissues, ancestral paralogs trended toward higher expression than derived paralogs
(Kruskal-Wallis test followed by Dunn’s test, Benjamini-Hochberg adjusted p = 0.058; Figures
4.1D and S4.1A). As expected, summed HSD paralog expression was significantly higher than
ancestral or derived paralogs alone. Finally, we calculated the tissue specificity index T (Yanai et
al. 2005) for HSD genes and one-to-one orthologs and found no significant differences between
ancestral and derived genes (Figure S4.1B). Taken together, our analyses provide little
evidence for subfunctionalization of HSD genes and are consistent with derived paralogs

experiencing relaxed selection.
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These results are concordant with our previous finding that derived paralogs globally
show a reduction of expression relative to ancestral paralogs, with some exceptions, across
diverse human tissues and cell lines from the Genotype-Tissue Expression project (Dennis et al.
2017). To validate this with a strict alignment-based approach, we used long-read PacBio
isoform sequencing (Iso-Seq) data, which maps to paralogous loci with higher confidence, from
a panel of 24 human biosamples and cell lines (Encyclopedia of DNA Elements (ENCODE)
project). From this, we again found globally reduced expression of derived paralogs: 21/41
derived genes were expressed at a level below their ancestral paralog, while two derived genes
were higher (p < 0.05, Wilcoxon Signed-Rank test with Benjamini-Hochberg correction; Figure
S4.2). Though results should be interpreted cautiously given the low read depth and small
number of replicates for each biosample, we also observed certain derived paralogs exhibit
greater expression than the ancestral paralog in individual tissues or cell types; one compelling
example was diverged expression of ARHGAP11B in excitatory neurons, which matches
published findings related to the novel function of this gene in the human cortex (Florio et al.

2015; Kalebic et al. 2018; Heide et al. 2020).

4.4.2 Expression of HSD paralogs in lymphoblastoid cell lines (LCLs)

We next focused on LCLs to gain a more detailed understanding of HSD expression patterns
across hundreds of individuals with matched genomic data. We estimated transcript abundance
using RNA-seq data from 462 human LCLs (Lappalainen et al. 2013) and found high
concordance with expression estimates from Iso-Seq data from the LCL GM12878 (Pearson’s
r=0.94 for 72 genes common to both analyses). We determined that over half (43/75) of HSD
paralogs were expressed above one transcript per million (TPM), with the most highly
expressed genes including ARHGAP11A; ROCKT; the adjacent GTF2/ and NCF1 families; and

the DUSP22 family, whose derived paralog DUSP22B is missing from the human reference
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(GRCh38) (Dennis et al. 2017). Comparing expression profiles within gene families, derived and
ancestral paralogs globally showed divergent expression levels. In families with at least one
expressed gene, all 31 derived genes showed significant differences from their ancestral
counterpart, with a median TPM difference greater than two-fold in 20 of these. As was found
across other cells/tissues, in most cases (25/31) the derived gene had lower expression, which
we confirmed for three highly expressed gene families with RT-qPCR and Iso-Seq data (Figures
4.2A and S4.3). We noted that some paralogs exhibited high or low clustered values for derived
to ancestral expression ratios, caused by lack of expression of one of the genes in a subset of
individuals. This could not be reconciled as copy number (CN) or population of origin differences
(Figure S4), sex, or technical effects due to sequencing depth or sequencing facility (data not
shown). Altogether, these results indicate that paralogous HSD genes show divergent

expression patterns in LCLs across hundreds of diverse samples.
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Figure 4.2: Differential expression of HSD genes in human LCLs. (A) Expression divergence of
derived genes is plotted as the log2 ratio of median derived and ancestral expression for families with at
least one LCL-expressed paralog. Each point represents an LCL from the Geuvadis consortium (total
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N =445) (Lappalainen et al. 2013). The gray bar indicates a 2-fold expression difference. (B) Expression
values of ancestral DUSP22 (white) and derived DUSP22B (gray), stratified by CN. The number of
individuals represented in each CN category is denoted over each boxplot. (C) Derived/ancestral
fold-differences in expression determined from paralog-specific gPCR in control (white) and
NMD-inhibited (gray) LCLs (N = 4). Statistical significance in panels C—E was assessed with a Wilcoxon
signed-rank test. (D) Absolute value of expression divergence of ancestral-derived gene pairs, stratified
by identical or nonidentical 3' UTRs. (E) Comparison of expression divergence across truncation status
for all expressed ancestral-derived gene pairs. (F, G) Scatterplot of the absolute value of expression
divergence versus pairwise nucleotide identity for all expressed ancestral-derived gene pairs for whole
duplicons (F) and promoters (G). Regression lines (black) and 95% confidence intervals are shown, along
with the Pearson correlation coefficient (r) and significance of the regression slope (p).

4.4.3 CN variation and HSD expression

While the genes in this study were chosen for being nearly fixed in modern human populations
(Dennis et al. 2017), SD loci are known to be subject to recurrent rearrangement and
consequently exhibit varying degrees of CN polymorphism. Understanding that CN variation can
alter gene expression levels (Stranger et al. 2007), we sought to characterize its impact on
differential expression of HSD genes. After performing paralog-specific CN genotyping (Shen
and Kidd 2020) of a subset of individuals for which 1000 Genomes lllumina sequences were
available (N=445), we found gene expression was positively associated with CN in about half
(28/55) of genes in expressed families, indicating that higher CN often but not always results in
increased expression. Notably, derived genes tended to have higher CN (averaging 1.2-fold
higher than ancestral over all individuals), but lower expression overall. We next used linear
regression to remove the effect of CN from these comparisons and found 23/25 derived
paralogs were still DE with respect to the ancestral (six were not tested due to paralog-specific
effects of CN). For example, while expression of DUSP22B was significantly associated with
CN, these effects were insufficient to explain DE relative to DUSP22 (Figure 4.2B). Thus, while
CN differences alter the mRNA abundance of HSD paralogs, they do not provide an explanation

for overall DE of these genes.
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4.4.4 Post-transcriptional regulation of HSD genes

In order to determine if paralogous expression differences are driven by post-transcriptional
regulation, we next considered whether HSD transcripts were being processed as nonfunctional
pseudogenes. In this scenario, paralogs might be equally transcribed but differentially subject to
degradation via nonsense-mediated decay (NMD). To test this, we compared gene expression
using available RNA-seq data from human NMD-deficient LCLs (N=4) against controls (N=2)
(Nguyen et al. 2012) and found no HSD genes among identified DE genes. We also assessed
directly if the ratio of derived to ancestral expression changed for each HSD gene family
between NMD-deficient LCLs and controls and found no significant differences, though sample
sizes were likely limiting (Figure S4.5). This result was largely recapitulated by paralog-specific
RT-gPCR for three DE HSD genes families (ARHGAP11, DUSP22, and ROCKT1) in four LCLs
treated with the NMD-inhibiting drug emetine. Ratios of ROCK71P1/ROCK1 and
DUSP22B/IDUSP22 expression were unaltered by emetine treatment, while
ARHGAP11B/IARHGAP11A expression ratio increased closer to one, consistent with NMD
affecting ARHGAP11B, though not completely ‘rescuing’ derived expression levels to equal that
of the ancestral (Figure 4.2C). ARHGAP11B is a 3' truncation of ARHGAP11A, potentially
explaining differences in transcript stability. Altogether, these results suggest that while NMD
may alter steady-state expression levels of some HSD genes, it is not a primary driver of their
differential expression.

We also examined HSD 3' untranslated regions (UTRs) for recognition sites of miRNAs
expressed in LCLs (Lappalainen et al. 2013) (N=13 3' UTRs of expressed gene families; mean
94 binding sites per UTR) using TargetScan (Agarwal et al. 2015). Although miRNA binding
sites were nearly identical between paralogs, we unexpectedly observed significantly greater
expression divergence between paralogs with identical 3' UTRs (N=5) from those that differed

(N=7) (Wilcoxon signed-rank test p < 0.01, Figure 2D). While these data cannot rule out a role
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for miRNAs in HSD transcriptional regulation, this mechanism does not explain observed
differential expression of expressed gene families with identical 3' UTRs, such as DUSP22 and

NCF1.

4.4.5 Role of cis-regulation in HSD differential expression

We next aimed to determine if cis-regulatory changes contribute to expression divergence of
HSDs. Because SDs often generate gene truncations and fusions with adjacent transcribed
sequences (Dougherty et al. 2017), we reasoned that gains or losses of promoters or UTRs
would likely cause large changes in gene expression. We compared relative expression by
truncation status (5'-, 3'-, or non-truncated) of all derived genes in expressed families to their
ancestral paralogs. Ancestral and derived genes had more similar expression levels in
non-truncating duplications, while truncated genes tended to be less expressed than their
ancestral paralogs, particularly 5' truncations compared to all other HSD genes (p = 0.057,
t-test; Figure 4.2E), in concordance with previous findings (Dougherty et al. 2018). While we
may have limited power to detect differences with our small number of genes, these results hint
that promoter activity is an important determinant of differential expression patterns. Considering
sequence-level changes more broadly, however, we observed no relationship between
expression divergence and pairwise nucleotide divergence across entire duplicons or within
promoters (Figure 4.2F-G).

Given that the vast majority of paralog-specific variants (PSVs) distinguishing HSDs are
unlikely to be functional, we used publicly available chromatin immunoprecipitation sequencing
(ChlP-seq) datasets from the ENCODE project (Consortium and The ENCODE Project
Consortium 2012; Davis et al. 2018) to identify likely CREs (H3K4me3, H3K4me1, H3K27ac,
and RNA Polll) in a single LCL for which a wealth of functional genomic data exists (GM12878).
In each data set, we observed a lower density of bases covered by peaks in SDs (>90%

similarity) and HSDs (>98% similarity) compared to randomly sampled regions of equivalent
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size (empirical p = 0.001, N=1000 replicates; Figure 4.3A, in yellow). We posit, as others have
previously (Chung et al. 2011; McVicker et al. 2013; Giannuzzi et al. 2014), that this discrepancy
is an artifact of the high sequence similarity of SDs, with reads originating from these regions

often discarded when mapping to multiple locations of the genome.
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ChIP-seq peak discovery approaches: publicly available ENCODE peaks (yellow), peaks from
multimapping and CSEM allocation of ENCODE raw data (blue), and peaks from multimapping and
CSEM allocation of large-insert ChlP-sequencing (“long ChlP”) data from this publication (magenta). SD
coordinates were permuted 1000 times within the human reference (GRCh38), and an expected
distribution of the fraction of bases covered was generated. Empirical one-sided P-values for depletion
are indicated in each graph. (B) Chromatin landscape at the chromosome 7q11.23 HSD locus. The
ancestral locus (top) and one of its derived loci (bottom) are shown with PSVs (black), genes (gray), and
luciferase-tested regions (green). cCREs were identified with an 8-state ChromHMM model of GM12878
H3K4me3, H3K4me1, and H3K27ac data from multimapping reanalysis of ENCODE and long ChlIP data
after CSEM allocation (enhancer states in light and dark purple and promoter states in blue). H3K27ac
ChlP-seq data (signal and peak calls) are also shown in yellow, blue, and magenta for published
ENCODE, reanalyzed ENCODE + CSEM, and long ChIP + CSEM, respectively.

To recover this missing information, we implemented a pipeline that allowed reads to
align to multiple locations in the genome and then, using CSEM (Chung et al. 2011), iteratively
weighted alignments based on the nearby unique mapping rate. Selecting the most likely
alignment to allocate a read (i.e., mapping position with the highest posterior probability), we
improved peak discovery in SDs and HSDs for the aforementioned chromatin features, erasing
the depletion for all but H3K27ac, which was still substantially improved (Figure 4.3A, in blue).
The peaks we discovered largely overlapped with the ENCODE peaks, though RNA Polll had a
large proportion of peaks unique to our multi-mapping analysis (Figure S4.6). Using this new
dataset, we observed greater enrichment of H3K27ac at the ancestral DUSP22 versus
DUSP22B, which we verified at three PSVs using ChIP-gPCR (1.1-2.9-fold difference of ChIP
signal; 1.1-2.9-fold difference of dCt values) (Figure S4.7A). We also noted a correlation of
DUSP22/DUSP22B expression divergence (Pickrell et al. 2010) (Table S4) and differential
H2K27ac enrichment at two of these PSVs (Figure S4.7B). These findings suggest that

reanalysis of ChlP-seq data can accurately identify enriched regions at HSD loci, uncovering

potentially divergent regulatory environments.

4.4.6 Improved peak discovery using longer-read ChiIP-seq

To improve our ability to align reads accurately to specific paralogs, we generated longer-read

(~500 bp insert size, 2x250 bp PE lllumina) ChlIP-seq (“long ChlP”) libraries (H3K4me3,
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H3K27ac, H3K4me1, and RNA Polll) from the LCL GM12878. Longer reads mapped to SDs
with greater accuracy (Figure S4.8A), allowing for higher-confidence discovery of novel peaks in
duplicated regions using standard single-site mapping approaches. However, all marks except
H3K4me1 were still depleted for peaks in SDs relative to the rest of the genome. Subsequently,
we analyzed the long ChIP data allowing for multiple alignments and probabilistically assigned
reads to one position (Bowtie and CSEM, Figures 3A and S8B). Long ChIP showed increased
posterior assignment probabilities with respect to the short-read ENCODE data (Figure S4.8B),
and the depletion of peaks in SDs was erased for H3K4me3, H3K4me1, and Polll (Figure 4.3A,
in pink). Notably, for most libraries, fewer overall peaks were identified with long ChlIP versus
ENCODE data, though the peaks that did exist were largely replicated (on average, 73% of long
ChIP peaks corresponded to ENCODE peaks (Chikina and Troyanskaya 2012); Figure S4.9).
Long ChIP peaks tended to be larger with 2.4-3.7 times as many bases per peak except

H3K4me1, which had slightly smaller peaks.

4.4.7 Identification of cCREs

To identify putatively functional cis-regulatory regions within HSDs, we integrated our
reanalyzed ENCODE and long ChIP data into two 8-state chromHMM models (Ernst and Kellis
2012), from which we identified active promoter- and enhancer-like states that we considered to
be cCREs (Figure S4.10). This generated a novel set of cCREs in SDs, as virtually no
information is available in the current ENCODE release for these loci (Figure 4.3B). Because
derived gene expression is broadly lower than ancestral, we quantified the proportion of cCREs
covering HSDs in 100-kbp windows and observed no significant differences between ancestral
and derived loci (defined in Dennis, 2017) (Wilcoxon rank-sum test; Figure S4.11A-B). We also
observed no differences in the fraction of bases covered between ancestral and derived regions
in individual ChlP-seq datasets: H3K27ac, H3K4me3, H3K27ac (data not shown), and

heterochromatic H3K27me3 domains (Figure S4.11C; see Materials and Methods). Thus,
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explanations beyond the overall abundance of chromatin features are needed, as important
functional changes in CRE activity may not be reflected in global differences. For instance, we
found that genes whose transcription start site overlapped a cCRE, H3K4me3 peak, or
H3K27ac peak had significantly higher expression than those that did not, while the presence of
H3K27me3 domains showed the opposite effect (p < 0.05, Wilcoxon rank-sum test) (Figure
S4.12). We also examined 5'-truncated paralogs, which have lost their ancestral promoters. The
transcription start sites of the expressed genes GTF2/P1 and GTF2IP4 lie outside of the
duplication block and overlapped active promoters (long ChlP cCREs). Other expressed 5’
truncations also show some evidence of active promoters; for example, the NAIP-B transcription
start site is paralogous to an internal exon of the ancestral NAIP and overlaps an H3K4me3
peak not found on NA/P (ENCODE multimapping). Overall, we identified differences in the
presence or absence of cCREs at paralogous sequences, suggesting a more nuanced
approach is necessary in pinpointing mechanisms contributing to paralogous expression

differences.

4.4.8 Impact of non-duplicated regions on HSD gene regulation

HSDs are often transposed many thousands of kilobases from their ancestral loci, and in some
cases to different chromosomes. As such, we sought to understand if cCREs outside of our
duplicated regions might contribute to paralog-specific regulatory patterns. To do this, we
considered physical contacts generated by chromatin looping of HSD promoters with cCCREs
outside of HSD regions. Using loops identified in GM12878 from promoter capture Hi-C (Mifsud
et al. 2015) and H3K27ac HiChIP (Mumbach et al. 2017; Juric et al. 2019), we identified 352
and 26 promoter-interacting regions, respectively (mean size ~5 kbp). We found 59 ENCODE
multi-mapping and 106 long ChIP cCREs interacting with an HSD gene promoter. For instance,
a chromatin loop connects the ARHGAP11A promoter with a cCRE overlapping its

non-duplicated 3'-UTR (Figure 4.4A). The majority (>90%) of promoter-interacting regions reside
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outside of HSDs, in part due to limitations of Hi-C analysis across duplicated loci (Zheng et al.

2019) (see 4.11 Supplementary Note). These findings indicate that proximal non-duplicated loci

may play a role in regulating duplicated genes.
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Figure 4.4: HSD gene regulation in adjacent, nonduplicated regions. Additional regulatory features
were examined in the vicinity of the HSD loci, including (A) ARHGAP11A at chromosome 15q13.1, (B)
DUSP22 at chromosome 6p25.3, and (C) TCAF1 at chromosome 7q35. In each panel, SDs are depicted
as gray (>90% identical), orange (>98% identical), and black (unannotated) bars. cCREs as defined in
this publication are shown in light and dark purple (active enhancer states 1 and 2) and blue (active
transcription start site), with luciferase-tested regions in green. eQTLs defined in this publication and
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regions previously found to interact with HSD promoters are shown for focal genes. Data were visualized
in the UCSC Genome Browser (GRCh38).

We next performed expression quantitative trait locus (eQTL) mapping of HSD genes
using our reanalyzed RNA-seq data and existing variant calls from the 1000 Genomes Project
(N=460) (1000 Genomes Project Consortium et al. 2015). From this, we identified 40 HSD
genes with significant eQTLs, an increase of 1.5- to 4-fold from published work (Lappalainen et
al. 2013; Wen et al. 2015). These eQTLs consisted of 3,279 variants in 8,774 gene-variant
pairs. A majority (68%) of eQTLs were located within annotated SDs, but variants identified
within SDs are often unreliable (Hartasanchez et al. 2018; Ebbert et al. 2019). Accordingly, we
focused on the 1,049 eQTLs in SD-proximal non-duplicated regions and found 439 of them had
single-gene associations. For example, four variants were associated with ARHGAP11A
expression (Figure 4.4A), while none were identified for ARHGAP11B located ~2 Mbp proximal
to its ancestral locus. Similarly, four eQTLs were identified for DUSP22 on chromosome 6
(Figure 4.4B), though all were located in an SD, while 26 variants were linked with the derived
paralog DUSP22B on chromosome 16. We intersected SD-proximal eQTLs with our cCREs,
reasoning that functional elements would be sensitive to genetic variation and, thus, contain
eQTLs. We found that five ENCODE multi-mapping and 15 long ChIP cCREs contained an HSD
eQTL. Finally, 169 eQTLs fell within loci showing significant Hi-C interactions with HSD
promoters (31 of these regions, total size ~160 kbp). For instance, the TCAF1 promoter
interacts with a region ~170 kbp downstream that is near two SNPs associated with TCAF1 and
TCAF2 expression (Figure 4.4C). Altogether, these findings highlight the potential for adjacent,

unique sequences to drive divergent regulation of HSDs genes.

4.4.9 Differential activity of cis-acting elements between paralogs

Using our combined datasets, we examined three HSD loci containing gene families expressed

highly in LCLs (ARHGAP11, NCF1, and DUSP22) to identify functional changes in CREs that
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may contribute to paralogous expression divergence (Figures 5, S4.13-S4.15). In all three
cases, the ancestral paralog exhibited significantly greater expression compared to derived
paralog(s) (Figure 4.5A). To determine if sequence differences within CREs identified from our
chromHMM annotations were sufficient to drive differences in gene expression, we performed
luciferase reporter assays on paralogous promoters and enhancer candidates in HelLa cells and
LCLs.

ARHGAP11AARHGAP11B

The promoter of ARHGAP11B exhibited greater activity compared to the chimpanzee ortholog
and ancestral paralog in both HeLa and LCLs (~4-fold difference in activity between HSD
paralogs, p < 5x107'% in both cell lines; Figures 5.5B, S4.16A, S4.17A). This was in contrast to
mMRNA levels in LCLs, where the ancestral ARHGAP11A was more highly expressed. With no
CREs identified within the shared ARHGAP11 HSD, we posited that distal elements may drive
differential expression between these paralogs. We identified putative enhancers unique to each
paralog outside of the shared HSD, which comprised one downstream of the ARHGAP11A
duplicon (that was also found to interact with the promoter from our Hi-C analysis) and two
downstream of ARHGAP11B. In Hela cells, the ARHGAP11A element showed weak silencing
activity (0.3-fold difference, p < 2x107%), while the ARHGAP11B elements showed modest
activity over baseline (~2-fold difference, p < 2x10 each), leaving the primary driver of
differential expression for these genes undetermined (Figures 5C, S4.16B). While these results
were discordant with the mRNA expression of ARHGAP11 paralogs in LCLs, they may help to
explain the unique expression of ARHGAP11B in other cell types, such as cortical progenitor

neurons (Florio et al. 2015).

NCF1/NCF1B/NCF1C
Promoters of the ancestral NCF1 and its derived paralogs NCF1B and NCF1C genes did not

exhibit significant differential activities in LCLs and modest differences in HelLa (0.8-fold
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difference, p < 0.001; Figures 4A, S4.16A, S4.17A). However, an enhancer element common to
all three paralogs showed the greatest activity for the ancestral NCF1 paralog in both cell types.
This was concordant with differential mRNA levels (~3-fold difference over either derived in LCL;
p < 0.002 for all comparisons) (Figures 5, S4.17B). Thus, this enhancer, if targeted to NCF71 and

its paralogs, may contribute to differences in their mMRNA levels.

DUSP22/DUSP22B

DUSP22 (ancestral) and DUSP22B (derived) promoters showed differential activity concordant
with their gene expression in both HeLa and LCLs (i.e., the human ancestral paralog exhibited
significantly greater activity than both the human derived and chimpanzee ortholog; ~1.5-fold
difference; p < 5x10"%) (Figures 5.5B, S4.16A, S4.17A). We also tested six putative enhancers
shared between the two paralogs in HelLa cells and found four active elements, of which two
showed differential activity opposite to that of gene expression and one tracked with differential
paralog expression (Figure 4.5C). We subsequently validated the latter enhancer element in
LCLs (~1.4-fold difference; p < 2x107'®) (Figure S4.17C). From this, we concluded that the
difference in promoter activity is the primary driver of DUSP22 and DUSP22B differential
expression, though distal CREs also likely play a role in modulating transcription. Taken
together, results from our reporter assays demonstrated that small sequence differences in

HSDs can alter cis-regulatory activity.
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Figure 4.5: Functional characterization of cCREs in HSDs. cCREs (putative promoters and
enhancers) from three HSD duplicate gene families (ARHGAP11, NCF1, and DUSP22) were tested in
luciferase reporter assays for activity. (A) Cartoons indicating the relative locations of each candidate
sequence within or adjacent to HSDs (thick, colored arrows). All experiments (Figures S4.16 and S4.17,
Supplementary Material online) are summarized as follows: inactive sequences are shown with a small
dot, activating sequences are shown with a diamond, and silencing sequences are shown with a square;
differentially active derived sequences (relative to ancestral) are marked with a plus or minus sign;
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elements tested (and validated) in LCLs are indicated with a check mark. (B) mRNA levels (TPM) for the
three tested HSD gene families in human LCLs (N =445). (C) Representative luciferase reporter
experiments for promoters of the paralogous HSD genes and orthologous chimpanzee sequences in
Hela cells. Significantly different activity (p < 0.05, Tukey’s test following ANOVA) from the negative
control is indicated along the top bar over each panel, and significant differences among homologous
sequences are indicated between boxplots. (D) Representative luciferase reporter experiments for
candidate enhancers from the same gene families in HelLa cells, with significant activity over/under
baseline indicated along the top bar, and significant differences between paralogous sequences between
boxplots (p < 0.05, Tukey’s test following ANOVA).

4.4.10 Putative mechanisms contributing to differential expression

In search of potential trans effectors driving differential expression of these HSD genes, we
identified transcription factor binding sites within the assayed sequences. The derived
ARHGAP11B promoter exhibited greater strength in a reporter assay versus the ancestral
paralog and chimpanzee ortholog. We noted a single PSV that more than doubles the number
of significant motif matches of the more active ARHGAP11B promoter for the transcriptional
activators FLI1, GABPA, ETS1, and ELK1 (Figure S4.18). Based on chimpanzee homology,
these are likely ARHGAP11A-specific losses, which matches its reduced activity relative to the
derived paralog and chimpanzee ortholog (Figure 5). Examining predicted binding sites within
NCF1 promoters, which did not exhibit differential activity, we observed no gains or losses of
any transcription factor recognition sites relative to chimpanzees. No predicted sites were
unique to the most active NCF1 enhancer, but the paralogous NCF1B and NCF1C possessed
many binding sites that were missing from the ancestral, at least one of which belonged to the
transcriptional repressor ZNF394. Finally, a deletion of four bases from a homopolymer repeat in
the ancestral DUSP22 promoter removes 13 similar binding sites found only in the less active
DUSP22B and chimpanzee DUSP22 ortholog. Some of these belonged to transcriptional
repressors (ZNF394 and ZNF350), consistent with their differential transcription. Overall, these
findings provide a plausible mechanism for the divergent regulatory activity of a targeted set of

duplicated CREs within HSDs.
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4.5 DISCUSSION

In this work, we provide evidence that recently duplicated, human-specific genes exhibit
differential expression at least in part due to divergent cis-acting regulation. Historically, these
regions have been poorly characterized genetically and epigenetically. By comparing expression
of human and chimpanzee homologs, we assayed potential mechanisms driving duplicate gene
fates at relatively short evolutionary time scales (<6 million years). To simplify our comparisons
of human and chimpanzee orthologs, we assayed gene families with unique duplications in the
human lineage but found at single copies in other great apes. As a consequence, notable
human-expanded genes such as NOTCHZ2NL (Fiddes et al. 2018; Suzuki et al. 2018), AMY1
(Perry et al. 2007), and TBC1D3 (Ju et al. 2016) were excluded from this study. Focusing on
human LCLs, we characterized active chromatin features in HSDs and used these candidates to
identify differentially active paralogous CREs. Our assessment failed to identify a universal
factor responsible for the observed differential expression between paralogs, indicating the
underlying molecular mechanisms vary across HSD genes families. Though this work
represents an important step toward a more complete picture of HSD gene regulation, there are
still some technical limitations to overcome primarily related to using short-read
functional-genomic data to assess nearly-identical duplications (see Supplementary Note).
Accurate long-read sequencing (e.g., PacBio HiFi) alleviates many of these issues and, as
these technologies become more accessible, we will be able to more confidently identify
paralog-specific regulatory features (expression, splicing, chromatin accessibility, histone
modifications).

In agreement with previous analyses of whole-genome duplications in teleost fishes
(Sandve, Rohlfs, and Hvidsten 2018) and focal duplications in yeast (Gu, Zhang, and Huang
2005), we found evidence for asymmetric conservation of duplicate gene expression.
Specifically, human derived paralogs showed reduced and more divergent expression,

recapitulating results in Drosophila (Assis and Bachtrog 2013). We suggest this is because
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derived HSD genes may not be redundant if the full ancestral regulatory environment is missing,
resulting in relaxed selection facilitating pseudogenization or neofunctionalization. This is likely
for HSDs, which are interspersed throughout the human genome hundreds to thousands of
kilobases from each other. As such, daughter paralogs may have been immediately removed
from ancestral CREs or placed in novel regulatory environments, such as topological domains,
heterochromatin, or transcriptional hubs, causing derived HSD genes to acquire new expression
patterns at “birth”. This scenario is particularly likely for 5'-truncated genes. Accordingly, even
very recent (<1 million years ago) duplications (Dennis et al. 2017), such as gene families
DUSP22, SERF1, SMN, TCAF1, and TCAF2, exhibited differential expression between
paralogs.

The young age of HSDs may also explain the lack of subfunctionalization observed in
these data; while subfunctionalization is suggested to favor duplicate retention in the long term
(Rastogi and Liberles 2005), compensatory mechanisms are not expected to arise
instantaneously (Force et al. 1999). Indeed, (Lan and Pritchard 2016) concluded that in
mammals neo- and subfunctionalization evolve slowly and are favored with greater genomic
separation, especially for paralogs on different chromosomes. While their study discarded many
of the HSD genes highlighted here, due to high sequence identity or classification as
pseudogenes, our results are broadly in agreement. Meanwhile, our lack of evidence for dosage
sharing stands in contrast to that of (Qian et al. 2010), who reported an inverse relationship
between expression and number of paralogs in duplicates arising since the split of the human
and mouse lineages, as well as the ancient split of the fission and budding yeasts (>300 million
years). However, HSD genes are over an order of magnitude younger, providing a novel
glimpse at gene regulation in very recent duplicates, many of which may not be retained. We
again suggest that while expression changes reported here apparently arose rapidly, dosage
compensation or subfunctionalization in general may take longer to evolve. Finally, we cannot

discount increased dosage of functionally-redundant paralogs within a gene family as
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contributing to unique human traits (Figure 4.1D), but we note that a little over half of our HSD
genes represent partial duplications with likely altered protein functions, as observed for
SRGAP2C (Charrier et al. 2012; Dennis et al. 2012) and ARHGAP11B (Florio et al. 2015). Thus,
additive dosage effects must be considered for each gene on a case-by-case basis.

Our expression data offer some insights into the functions of previously uncharacterized
HSD genes. Though our primary analysis used LCLs, a cell type not commonly associated with
human-specific features such as altered brain and musculoskeletal morphology, there is
evidence of immune-related differences across great apes (Barreiro et al. 2010). Further, it has
been suggested that humans are more prone to autoimmune diseases than chimpanzees,
particularly as a result of T- and B-cell response to viral infection (Jimenez and Piero-Velazquez
2013; Varki 2017). In our expression comparisons of chimpanzee and human orthologs,
ARHGEF35 stood out as a potentially neofunctionalized gene, as it exhibited lower cross-tissue
correlation with chimpanzee, higher tissue specificity, yet globally higher expression in multiple
human tissues versus its ancestral paralog ARHGEFS5 (Figure S4.2). Though little is known
about its function, ARHGEF35 encodes a truncated version of ARHGEF5, a Rho guanine
nucleotide exchange factor (GEF) capable of activating Rho-family GTPases (Rossman, Der,
and Sondek 2005) that plays a role in inflammatory response and dendritic cell migration (Z.
Wang et al. 2009). We also speculate that two of our highlighted genes—NCF1, encoding
Neutrophil Cytosolic Factor 1, and DUSP22, encoding a tyrosine phosphatase—may contribute
to variation in protection against autoimmune response mediated by gene dosage. NCF1
knockout causes increased T-cell activity in mice, resulting in arthritis and encephalomyelitis
phenotypes (Hultgvist et al. 2004). While derived paralogs NCF1B and NCF1C are rendered
nonfunctional in humans due to a frameshift mutation, in some individuals they encode the
ancestral sequence as a result of interlocus gene conversion (Heyworth, Noack, and Cross
2002). Because increased NCF1 CN is associated with reduced risk of systemic lupus

erythematosus (Zhao et al. 2017), gene conversion of the derived paralogs could act to maintain
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redundant, functional sequence variants (Kosuke M. Teshima 2008) with an advantageous
additive effect. DUSP22 also regulates immune response with knockout mice exhibiting
enhanced T-cell proliferation, increased inflammation, and autoimmune encephalomyelitis (J.-P.
Li et al. 2014). The full-length paralog DUSP22B is located on chromosome 16p12.1 at variable
CN, but is functionally uncharacterized and missing from the human reference. No
gene-disrupting mutations were identified for either paralog in hundreds of population controls
(Dennis 2017) making it plausible that DUSP22B, which is expressed at variable dosage in
humans (Figure 4.2B), is functionally redundant with DUSP22 and could similarly play a
protective role in autoimmunity. While only a proxy for function, our analysis of HSD gene
expression is helpful in prioritizing genes for future assessments.

To better understand how altered CREs may contribute to paralogous expression
divergence, we experimentally dissected three HSD gene families and found promoter activity
was only sometimes concordant with overall gene expression, suggesting that other types of
regulatory elements, like enhancers and silencers, may cooperatively control overall expression.
Currently, the challenge is to pinpoint functional CREs impacted by PSVs or residing within
non-duplicated regions that may differentially alter specific paralogs. We have produced and
leveraged a variety of analyses to narrow down likely candidates by chromatin state, expression
modulation, and physical proximity to promoters. However, the number of candidate regions is
too great to test via low-throughput methods such as luciferase reporter assays. This problem is
exacerbated by the need to compare regulatory behavior across multiple cell types. To address
this, massively parallel reporter assays should be employed to validate and quantify CRE
activity of thousands of candidate paralogous sequences. Such data could determine to what
extent HSD gene expression is predicted by nearby regulatory regions. We could also integrate
additional types of data, such as targeted chromatin capture of CREs within SDs (such as
capture Hi-C) or nascent transcription (GROseq, 5' CAGE). Finally, characterization of DNA

methylation, which is especially challenging in duplicated loci, will be vital to build a more
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complete picture of the epigenetic landscape. This study represents a first step toward
improving quantification of gene expression and active chromatin states in recent duplications
and provides a foundation for future work characterizing regulatory and functional changes in

recently duplicated loci.

4.6 METHODS

Quantification of HSD gene expression

Iso-Seq filtered alignments were obtained from the ENCODE portal (Davis et al. 2018). Reads
were counted per HSD gene with HTSeq (Anders et al. 2015) before calculating reads per
kilobase of transcript, per million mapped reads values. For Figure S4.3B, DUSP22 and
DUSP22B reads were counted separately based on PSV-containing sequence using SAMtools
mpileup. Human and chimpanzee RNA-seq data were quantified alignment-free with a custom
reference transcriptomes. Expression quantification was performed using Salmon v1.2.0 (Patro
et al. 2017), the custom transcriptomes, and reference genomes (GRCh38 or Kronenberg et al.)
as a decoy sequence. For paired-end data, we used the flags “--validateMappings" and
“--gcBias”. RNA-seq data were first lightly trimmed prior to quantification using trim_galore with
the following flags: -q 20 --illumina --phred33 --length 20. Length-normalized TPM values or
counts per gene were obtained using the tximport package in R (Soneson et al. 2015). See

Supplementary Materials and Methods for more detailed descriptions.

Differential expression analysis

Human and chimpanzee RNA-seq data from four primary tissues (Blake et al. 2020), LCLs
(Khan et al. 2013; Blake et al. 2020), induced pluripotent stem cells (iPSCs) (Pavlovic et al.
2018), and iPSC-derived neural progenitor cells (Marchetto et al. 2019) were analyzed as

described above. Count data from chimpanzee genes were duplicated to allow for pairwise
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comparison to each HSD duplicate, as well as the sum of all HSD genes in each family. Genes
expressed below the 75% percentile (corresponding to 1-2 counts per million reads) were
filtered from the analysis, leaving 16,752—-18,225 genes. A linear model including species and
sex was fitted to each shared gene (N=55,461) using limma-voom (Law et al. 2014; Ritchie et
al. 2015), and differentially expressed genes were identified at a 5% false discovery rate (FDR)
(Nguyen et al. 2012). For ancestral-derived comparisons in the human LCLs, TPM values were
log-transformed using a pseudocount of 1x10-4 (an order of magnitude below the smallest
nonzero value), compared with a Wilcoxon signed-rank test, and considered significant at a

false discovery rate (Benjamini-Hochberg) of 5%.

CN-controlled differential expression analysis

Paralog-specific CN estimates were generated using QuicK-mer2 (Shen and Kidd 2020),
whole-genome sequence data from the 1000 Genomes Project (30X) (Fairley et al. 2020), and a
custom reference consisting of GRCh38 plus an additional contig representing the DUSP22B
duplicon (Dennis et al. 2017). Expression analysis was performed using RNA-seq data from
LCLs included in the Geuvadis study (Lappalainen, Sammeth, et al. 2013) for which CN
genotypes were generated (N=445). Ancestral-derived gene pairs were compared with a linear
model to identify significant differences in log2-transformed TPM values after controlling for
continuous CN genotypes. Models were first fit with an interaction coefficient, and if no
interaction was detected (p > 0.05), models were fit to expression and CN only. Resulting
p-values were corrected via the Benjamini-Hochberg procedure using the R package qvalue
(http://github.com/jdstorey/qvalue) and used to identify differential expression of
ancestral-derived gene pairs at a 5% FDR. For visualization purposes (Figure 4.3B), DUSP22
CN genotypes were adjusted to known values for GM12878 (as determined by fluorescence in

situ hybridization in (Dennis et al. 2017)).
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Identification of miRNA binding sites

For ancestral paralogs of each HSD gene family, the 3-UTR was extracted from canonical
transcript isoforms using the UCSC Genome Browser (GRCh38) and compared using blastn
(Altschul et al. 1990) against existing alignments of homologs previously generated for human,
chimpanzee, and rhesus (Dennis et al. 2017). Using TargetScan 7.0 and annotated miRNA
sequences and families (release 7.1; Sept 2016) (Agarwal et al. 2015), we identified miRNA

targets of individual human paralogs and non-human primate orthologs.

Correlation of expression divergence and sequence divergence

Ancestral-derived paralog expression divergence was calculated as the absolute value of
log2(derived/ancestral), using the median TPM values for each gene and a pseudocount
1x10-4. Sequence divergence as the pairwise identity with the ancestral sequence was taken
from (Dennis et al. 2017). Gene families were included if at least one paralog was expressed at
a level >1 TPM. For promoters, sequence divergence was tabulated as the sum of all
mismatches and alignment gaps within £500 base pairs of the transcription start site (Gencode
v32). These quantities were correlated and the strength of the relationship was determined with

a linear regression.

Cell Culture

Human LCLs were obtained from the Coriell Institute. The cells were grown in suspension in
RPMI 1640 medium (Genesee Scientific) supplemented with 15% fetal bovine serum, 100 U/mL
penicillin, and 100 pg/mL streptomycin and maintained at 37°C with 5% CO2. To test the impact
of NMD inhibition, two million cells of each LCL (GM19204, GM18508, GM19193, GM19238,
GM12878, and S003659_Chimp1) were grown overnight and subsequently treated with 100
Mg/ml of emetine (Sigma) for seven hours(Noensie and Dietz 2001). Parallel cultures were left

untreated and grown at standard conditions. HelLa cells were grown in Dulbecco's Modified
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Eagle Medium (DMEM), High Glucose, with L-Glutamine (Genesee Scientific) supplemented
with 10% fetal bovine serum (Gibco, Life Technologies), penicillin (100 U/mL) and streptomycin

(100 pg/mL) (Gibco, Life Technologies) at 37°C with 5% CO..

RNA extraction and cDNA generation

LCLs were harvested and added to an appropriate volume of TRIzol® solution (Invitrogen™) (1
ml per 107 cells) and stored at -80°C for ~24 hr before extraction to ensure complete lysis of
cells. The next day, 200 pl of chloroform (Fisher Scientific) was added, and the homogenate
was shaken vigorously for 20 seconds and incubated at room temperature for 2—3 min. Samples
were spun at 10,000xg for 18 min at 4°C and the aqueous phase was transferred to a sterile
RNase-free tube. An equal volume of 100% RNAse-free ethanol was added, samples were
mixed by vortex, and then purified with an RNeasy Mini Kit (Qiagen). Samples were eluted in 30
ul RNase-free water and stored at -80°C. Transcriptor High Fidelity cDNA Synthesis Kit (Roche)
was used for cDNA synthesis with OligodT primers. Following reverse transcription, samples

were treated with RNase A (Qiagen) at 37°C, and cDNAs were stored at -20°C.

ChIP assays

ChIP assays were carried out as previously described with minor modifications (O’Geen et al.
2019) (see Supplementary Material and Methods). ChlIP enrichments were confirmed by gPCR
with ACTB (positive control) and HER2 (negative controls) (primers in Table S8). ChlIP
enrichment was calculated relative to input samples using the dCt method (dCt =
Ct[HER2-ChIP]-Ct[input]). ChlP-seq libraries were prepared using the KAPA Hyper Prep Kit

(Roche).

Analysis of ChlP-seq data
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ChlIP-seq raw data and peaks obtained with the ENCODE pipeline were directly downloaded
from the online portal (Davis et al. 2018) (https://www.encodeproject.org/). All ChlP-seq
analyses are available as a TrackHub for the UCSC Genome Browser
(https://bioshare.bioinformatics.ucdavis.edu/bioshare/download/cpqqdfge5lfvovg/hsd_noncoding
/hub.txt). Our ChlP-seq bioinformatic pipeline is freely available for use in Snakemake format
(https://github.com/mydennislab/snake-chipseq), allowing the analysis to be replicated in any
cell or tissue type of interest. Briefly, lllumina adapters and low quality bases (Phred score < 20)
were trimmed using Trimmomatic (Bolger et al. 2014) and aligned to a custom reference
genome (GRCh38 with an added DUSP22B contig) using single-end Bowtie (Langmead et al.
2009) configured to allow multiple mappings per read. Paired-end long-ChlP reads were also
mapped using paired-end BWA-MEM and filtered by MAPQ = 20. After mapping, PCR
duplicates and secondary alignments were removed using Picard MarkDuplicates and SAMtools
v1.9, respectively. Bowtie multi-mapping reads were allocated to their most likely position using
CSEM v2.4 (Chung et al. 2011) and a custom script was developed to select the alignment with
the highest posterior probability. Peaks were called using MACS2 callpeak (v2.2.6) on default
settings using the MACS2 shifting model (Zhang et al. 2008). Sets of peaks were compared
between analysis methods using HOMER mergePeaks (parameters: “-d given”) (Heinz et al.
2010) and a unidirectional correlation metric derived from IntervalStats using peaks with an
overlap p-value below 0.05 (Chikina and Troyanskaya 2012). See Supplementary Materials and
Methods for more detailed descriptions.

For depletion analyses, SD coordinates were directly downloaded from UCSC Table
Browser and HSD coordinates were obtained by filtering alignments with sequence identity over
98% in the fracMatch column, converting them to BED format and merging overlapping entries
using bedtools merge. The number of peaks and bases under peaks on each region of interest
were obtained with bedtools intersect. To obtain depletion statistics, 1000 regions of the same

size as SD and HSD were randomly sampled from the human genome GRCh38. Empirical
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p-values of depletion tests were calculated as p-value = (M+1)/(N+1), where M is the number of
iterations less than the observed value and N is the number of iterations.

Additionally, mapping quality scores (MAPQ) distributions for H3K27ac following a
similar approach as explained before, but using BWA aln and BWA-MEM for short and long
ChlIP-seq reads respectively, after PCR duplicates and secondary alignments removal. Posterior
probabilities distributions for H3K27ac were examined using the output of CSEM after selecting
the most likely alignment with the custom script. Entries in unique space were subsampled to 10

million and plots were obtained with the geom_density() function in ggplot R package.

ChromHMM annotations

We generated ChromHMM (version 1.19) (Ernst and Kellis 2012) models separately for
ENCODE short-read data and long ChlIP after multi-mapping and CSEM allocation, using active
chromatin histone modifications (H3K4me3, H3K4me1, and H3K27ac). States corresponding to
active transcription start sites and active enhancers were identified manually (Ernst and Kellis
2017). In the ENCODE analysis, promoters were assigned to state 1, which corresponded to
active transcription start sites, and enhancers were assigned to state 8, which corresponded to
active enhancers (Figure S4.10A). Similarly, in the long ChIP analysis, promoters were assigned
to state 3 and active enhancers were assigned to states 6; state 4 was considered to be an
additional enhancer state lacking enrichment in H3K4me1 (Ernst and Kellis 2017) (Figure

S4.10B). Together, these sets of elements were defined as cCREs.

Paralog-specific validation of RNA expression and ChiIP data

Following published protocols (Integrated DNA Technologies), we used the rhAMP assay in 10
I total reaction volumes to quantify abundance of PSVs (for all assays except ARHGAP11
expression, the fluorophores FAM=A paralog and VIC=B paralog) as a proxy for paralog-specific

expression (RNA) and enrichment (ChIP) (Table S4.2). We used 10 ng total of RNA converted
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to cDNA to validate gene expression for duplicated gene families ARHGAP11, ROCK1, and
DUSP22. We calculated dCt of cDNA and gDNA as CtFAM-CtVIC and ddCt as
dCtcDNA-dCtgDNA from the same cell line. We calculated dCt of the input and ChlP-enriched
library as CtFAM-CtVIC and ddCt as dCtChIP-dCtinput from the same cell line. For both

expression and ChlIP analyses, the ratio of abundance of the B to the A paralog is 2ddCt.

Luciferase reporter assays

Expression clones for luciferase assays were generated using reporter constructs pGL3-basic
(Promega) for promoters and pE1B (Antonellis et al. 2008) for cCREs. Constructs were
co-transfected (ThermoFisher Lipofectamine 3000) in equimolar amounts with 50 ng of the
control plasmid pRL-TK (Renilla luciferase) into HelLa cells or electroporated using the Neon
Transfection System for LCLs in accordance with previously published work (Tewhey et al.
2018). Luciferase assays were performed with the Dual-Luciferase Reporter Assay System
(Promega E1910). Luminescence measurements were performed according to the
manufacturer’s instructions using a Tecan Infinite or Tecan Spark plate reader with injectors.

See Supplementary Materials and Methods for more detailed descriptions.

Transcription factors binding motifs

Alignments of cloned sequences were scanned for HOmo sapiens COmprehensive MOdel
COllection (HOCOMOCO) v11 (Kulakovskiy et al. 2018) transcription factor binding site motifs
using FIMO (Grant et al. 2011). HOCOMOCO motifs were limited to transcription factors
expressed above 1 TPM in >75% of ENCODE mRNA-seq libraries generated for GM12878
(ENCSRO0O77AZT, ENCLB555AQG, ENCLB555AQH, ENCLB555ANP, ENCLB555ALI,
ENCLB555ANM, ENCLB555ANN, ENCLB0372ZZ, ENCLB038ZZZ, ENCLB04322Z,
ENCLB044ZZZ, ENCLB0412ZZ, ENCLB042Z7Z, ENCLB045Z7Z, ENCLB046Z7Z,

ENCLB700LMU, ENCLB150CGC). Significant matches above a 5% FDR were retained for the
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analysis. Transcription factor binding sites were compared across homologous sequences to

identify putative paralog-specific gains and losses of binding sites.
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4.9 SUPPLEMENTARY FIGURES
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Figure S4.1. Comparison of human gene expression with chimpanzee orthologs across diverse
tissues. Violin and box plots represent relative expression levels (log, ratio of human (hum.) versus
chimpanzee (chimp.) expression (A) and cross-tissue expression correlations (tau) (B) across seven
tissues/cell types. The pairwise p-values indicated above plots are from Dunn’s test, following a
Kruskal-Wallis test. Differences among tau values were not significant.

127



log,(RPKM)

-10

ARHGAPT1A
ARHGAP11B

ARHGEFS
ARHGEF34P
ARHGEF35

CcD8B
CD8BP

CFC
CFC1B

CHRNA
CHRFAMT7A
DUSF22
FAMT 2A
FAM72B
FAM72C

FAM72D
FCGRTA
FCGRI1B
FCGRI1CP
FRMPD2
FRMPD2B
GPR89A
GPRE9B
GPRINZ2

GTF2H2C
GTF2H2
GTF2H2B
GTE2I
GTF2IP1
GTF2IP4
GTF2ARD2
GTF2IRD2B
GTF2IRD2P1
HIST2H2BF

HIST2H2BA
HIST2HZBF-D

HYDIN
HYDINZ

NAIP
NAIP-B
NAIP-C

NCF1
NCF1B
NCF1C
NPY4

NPY4R2
OCLN
OCLNP1

ORZA
OR2A42
PDZK1
PDZK1P1
PTPN20CP
PTPN20

RASKIF]

SERF1A
SERF1B

SRGAP2D
TCAF1
TCAF1P1
TCAF2
TCAF2P1
TISP43
TISP43B

&

7--

o\'b

*
[ —— [ [ ] I —— N I — —

—--—---—--*--— ey

7 . [ [ ] | I [N N [ N [ [ N R S — — [N [ [ N —
L | T I

B "Elex B = == =EE %
B -__-__=== -

I N I N N N R — | [ [ ]
L Y
| I *
N S 1 Y I N [ N N N N N N —— | I
I — | ] | L [ | [ ——

e
. ' (' [ ' ' [ ' ' ' ' | [ | [ | [ [ | | [ | ;&3

o e ™ e  EE = =
e T I e e

R | I N N _--_ . [ [ [ [ [ [ [ ]

%

—————e N

e e e e e e e e e e e e s s s e

| I N N — I I I — (N I I S S S — [ —
. ' | | | | ] . . | | %

| | |
) S N I 0 —— L [ [ [ [ [ | 1N I R N N — ]
S [ L[ | [ B [ | | [ L *
o — -- - - e | B Em——

[ I
-—-- _--_--_--_--- *

AR @@@\W’DQ\\Q\@"\'5\'“Q'“'!?QG‘QQ@@Q\Q,@@\@@@@QQ
g & & q} \ 651? ,53@ 063@9 QO <§’ \\\Q Q\‘f& ‘\6& ‘@}QQ & 3‘006‘& &@\ & ,ap{#) :©
S\ S 6‘5)@ 5$ ) \6,@ © \6_0'9' ('§¢Q é@ (F}\ ch}g
F& & F . FP S T 0
& @ & w&rb S E &S S &
& 8 @ & & T F F TS
s K
I & <
& g

Iso-Seq experiment

Figure S4.2. HSD gene expression in Iso-Seq datasets. For each available ENCODE Iso-Seq
experiment (columns; number of technical replicates indicated in parentheses), HSD gene expression
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was calculated in reads per kilobase per million mapped reads (RPKM) using only paralogous regions
(i.e., excluding truncated portions and novel portions of genes). For derived genes, log,(RPKM) values
were compared to the ancestral gene with a Wilcoxon signed-rank test. Significant differences
(Benjamini-Hochberg adjusted p < 0.05) are indicated with an asterisk (blue for lower expression; red for
higher). DUSP22 and GPRINZ2 were not tested for differential expression because their derived genes are
missing from GRCh38.
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Figure S4.3. Validation of short-read RNA-seq quantification. (A) gPCR was conducted on genomic
DNA (gDNA) and complementary DNA (cDNA) extracted from nine human LCLs to quantify expression
differences at paralog-specific variants (PSVs). Because DUSP22B is missing from the reference,
DUSP22 PSVs are annotated as SNPs, where the alternate allele corresponds to a known DUSP22B
substitution. The difference of cycle threshold (dCt) between gDNA and cDNA samples was calculated for
each LCL and compared between paralogs with a paired Wilcoxon signed-rank test. Each point
represents the mean of three technical replicates. (B) Read counts from six replicates of GM12878
Iso-Seq experiments (ENCODE) at DUSP22 PSVs (raw alignments prior to sequence correction) or
ARHGAP11/ROCK1 paralogous regions (filtered alignments). Differences were quantified with a paired
Wilcoxon signed-rank test.
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Figure S4.4. Expression divergence of derived HSD genes. Expression divergence of derived genes
from families with at least one LCL-expressed paralog is plotted as the log, ratio of median derived and
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N=445). The gray bar indicates a two-fold expression difference. Colors represent (A) relative CN and (B)
LCL source population.
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Figure S4.5. Nonsense-mediated decay of HSD transcripts. Derived/ancestral TPM ratios of HSD
genes, calculated from RNA-seq of control (ctrl) and NMD-deficient cells (upf3b) (Nguyen et al. 2012). No
differences were determined to be significant by differential expression analysis (limma-voom).
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Figure S4.6. Comparison of ChiP-seq peaks from ENCODE and ENCODE data with multimapping
and CSEM allocation. Overlap between data sets is shown for the whole genome, SDs, and HSDs (SDs
with over 98% identity) for H3K4me1, H3K27ac, H4K4me3, and RNA Polll. Color indicates the method

used for read mapping.
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Figure S4.7. Paralogous differences of DUSP22 H3K27ac peaks. To verify our H3K7ac ChlP-seq
results in DUSP22 and DUSP22B, as well as and assess biological reproducibility, we leveraged PSVs
(annotated as SNPs in dbSNP) to perform paralog-specific ChIP-qPCR of three H3K27ac-enriched peaks
in these genes. (A) DUSP22 and DUSP22B-specific enrichment at three putative CREs, with paralogs
distinguished using PSVs (N=12, 10, and 10 LCLs, respectively). Each variant lies within an element
tested for enhancer activity with a luciferase reporter (Figures 5, S4.16, S4.17). Measurements were
performed in triplicate and averaged. Differences in enrichment between paralogs were determined with a
Wilcoxon signed-rank test, and p-values are denoted between the boxplots. (B) Correlation of expression
divergence (log, ratio of TPMs) with differences in enrichment (ChIP-qPCR signal) at the same three
variants, for LCLs with RNA-seq data (Pickrell et al. 2010) (N=6, 7, and 8, respectively).

133


https://paperpile.com/c/rdEwz2/UjSGB

[ ] ENCODE reads long ChIP

A Non-SD SD HSD

31.20 1041 4.57

2
% \ VN A
()

MAPQ

Density

0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00 0.00 025 0.50 0.75 1.00

Read allocation posterior probabilities

Figure S4.8. Summary of long ChIP data analysis (H3K27ac). Density plots are shown for the whole
genome (left), SDs (middle), and SDs of over 98% sequence identity (HSD, left). (A) Distribution of BWA
aln (ENCODE short reads, top) and BWA-MEM (long ChIP, bottom) alignment mapping quality (MAPQ)
scores. The mean MAPQ score is shown on the top of each panel. (B) Distribution of bowtie (ENCODE
short reads, top) and bowtie2 (long ChIP, bottom) CSEM posterior alignment probabilities. The mean
posterior probability is shown on the top of each panel.
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Figure S4.9. Comparison of ChIP-seq peaks from long ChIP data with multimapping and CSEM
allocation and published ENCODE. (A) Overlap between data sets is shown for the whole genome,
SDs, and HSDs (SDs of over 98% identity) for H3K4me3, H3K27ac, H4K4me1, and RNA Polll. Color
indicates the method used for read mapping. (B) Pairwise correlations of genome-wide peak sets from
single ENCODE replicates, ENCODE multi-mapping with CSEM allocation, and long ChIP multimapping
with CSEM allocation. Unidirectional correlations were determined using IntervalStats (Chikina and
Troyanskaya 2012), with overlapping peaks defined at p < 0.05.
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Figure S4.10. ChromHMM models used to cCREs. (A) Emission parameters, genomic features
overlap, and enrichment relative to transcription start sites (TSSs) of an 8-state ChromHMM model built
on ENCODE data (multiple-mapping and CSEM allocation). Darker blue indicates a higher probability of
observing a given histone mark in each state, or a higher fold-enrichment in a given genomic feature or
distance from TSS. State 1 was chosen to represent active promoters, and state 8 was chosen for active
enhancers (circled). (B) Emission parameters, genomic features overlap, and enrichment relative to TSSs
for an 8-state ChromHMM model built on long ChIP data (multiple-mapping and CSEM allocation). State
3 was chosen for active promoters, and states 4 and 6 were chosen for active enhancers (circled).
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Figure S4.11. Global comparison of ancestral and derived HSDs. Violin plots represent the fraction of
bases covered by (A) ENCODE multi-mapping cCREs, (B) long ChIP multi-mapping cCREs, and (C)
ENCODE multi-mapping H3K27me3 domains. Fractional coverage was calculated in 100-kbp windows
for ancestral and derived HSD regions. Values were compared with a Wilcoxon signed-rank test.
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Figure S4.12. Associations of ChiP-seq marks and cCREs with HSD gene expression in LCLs. HSD
genes were categorized by intersection of the transcription start site (“TRUE” or “FALSE”) with a ChlIP-seq
peak or cCRE from the reanalyzed ENCODE data with multimapping and CSEM allocation (left), long
ChIP data with single mapping (middle), and long ChIP data with multimapping and CSEM allocation
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(right). Expression values (TPM) are from LCLs from the Geuvadis consortium (Lappalainen et al. 2013).
p-values were generated from a Wilcoxon rank-sum test.
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Figure S4.13. Epigenetic landscape of ARHGAP11 genes. (A) ARHGAP11A

. (B) ARHGAP11B. Coordinates indicate location on chromosome

15. The paralogous duplicated region is highlighted in yellow. Segmental duplications (SDs) and paralog-specific variants (PSVs) are indicated
with black bars. ChromHMM segmentations are shown for active promoters (blue) and enhancers (lavender), as defined on ENCODE and long

ChIP data (multimapping with CSEM allocation). Regions cloned and tested with luciferase reporters are shown in cyan. For each ChlP-seq target,
a signal track is shown for published ENCODE; reanalyzed, multimapped ENCODE with CSEM allocation; and multimapped long ChIP with CSEM
allocation. Visualized with the Integrative Genomics Viewer.



(34"

A

il e
Dl e T el B
5Ds
PSvVs
genes 0 “iaessssssEes
(GENCODE v32)
P e
] g T
=
B
=
[P =/ ) .
[ P i)

T T e s B Rl e B}

iRtk

RMA Polll

H3K27ac

£
£6
z ENCODE + CSEM -
G | iong chiP + CSEM N
luciferase constructs
o
g ENCODE -
3 ENCODE + CSEM ™
% | iong chIP + CSEM e
m.
g | ENconE ——
§ | encooe + csem iy
2 | iong chip + c5EM “T.
sa
. | ENCODE bide .
o
g ENGODE + CSEM o
T | tong ChIP + CSEM o
e
3 ENCODE ]
i
% ENCODE + GSEM R
-
long ChIP + GSEM L

H3Kamel

H3K4me3

genes.
(GENCODE vaz)

ENCODE + CSEM
lang ChIP + CSEM

luiferase constructs

ENCODE
ENCODE + CSEM
long ChiIP + CSEM

ENCODE
ENCODE + CSEM
long ChIP + CSEM

ENCODE
ENCODE + CSEM
long ChIP + CSEM

ENCODE
ENCODE + CSEM
long ChiP + CSEM

Shr7q11.33 pantromeria
—_—

ATEE, R,

glg:ﬁi :

R T By N T T T T N "R A T

1]
it

i

HIKZTee  RiaPol

HiKdmae1

H¥K4me3

genes
(GENCODE va2)

EMCODE + CSEM
long ChiP + CSEM

luciferase constructs

ENCODE
EMCODE + CSEM
long ChiP + CSEM

ENCODE
ENCODE + CSEM
long ChiP + CSEM

ENCODE
ENCODE + CSEM
long ChiP + CSEM

ENCODE
ENCODE + CSEM
long ChiP + CSEM

gtz tecmars

7q11C

ST T T T e T T

z
L

T o
WO v o
= e T e o)
WOFE QIR GTAP1_cirses =t
T L 2

Srerectue ssamest 1

5
- -}

Figure S4.14. Epigenetic landscape of chromosome 7q11. (A) Ancestral locus. (B) Primary derived (centromeric) locus. (C) Secondary derived
(telomeric) locus. Coordinates indicate location on chromosome 7. The paralogous duplicated regions are highlighted in yellow. Segmental
duplications (SDs) and paralog-specific variants (PSVs) are indicated with black bars ChromHMM segmentations are shown for active promoters
(blue) and enhancers (lavender), as defined on ENCODE and long ChIP data (multimapping with CSEM allocation). Regions cloned and tested
with luciferase reporters are shown in cyan. For each ChIP-seq target, a signal track is shown for published ENCODE; reanalyzed, multimapped
ENCODE with CSEM allocation; and multimapped long ChIP with CSEM allocation. Visualized with the Integrative Genomics Viewer.



[A4"

A DUSP22 B DUSP22B

cirép25.3 DUSP228 contig: 171587 353785
— B3R 180
P, e, e wme e, e, we, we e b P T TN TR TR T T T
SDS LU IETEERTE L LU BT L R LT LIE SDS LU LRI RO EE LRI RN R R T BT L
PSVs o e - PSVs e
U - N R N [P NN
genes T e o o e -~ genes [N
(GENCODE v32) ouera: e (GENCODE v32)
ousPx RF4
DUEPI2 IRF4
DUSPE I-R'fi
h—.—.—.-!—.n—-lo—.m—.—.—.— -
-—.—H—i—t—i—l—i—.—lm e el e e e e s e
DUSPI2
et R T
DUSPE
———0 [T
DUSPZ:
—_————— B
e [P
DUSPZ
T
DUSPE
DUSPZY
-
o TO
E 2 | ENCODE + CSEM e e [ - E ¢ | ENCODE + CSEM " -
£%5 | ong cnip + csem . em— T T — 25 | tong chip + csem T —
luciferase consfructs et 1 promater . 3 et s  clomert luciferase constructs eiement 1 Framater slement 3 elements  sementc
element 2 element & sement 2 semantd
L]
= ENCODE O 0 - . niw 1w |——|h£|u - ENCODE
= pieimy S L
3 ENCODE + CSEM 4 . A % | EncoDE + csEM A :
=
® | long ChIP + CSEM e i © | lang ChIP + CSEM =
[
A A A . ENCODE
g | ENCoDE —Aal == Aol biin, . B 8 I
% | ENCODE + CSEM A L. b .. - 5 ENCODE + CSEM o AL
%4 - - x
o) s -
T | long ChIP + CSEM — T L .
g _— Lea h . A long ChiP + CSEM = =
oy
- ENCODE T ¥ I TR W TR TN YRR PR W - ENCODE
2] -
E ENCODE + CSEM - P ' r— E ENCODE + CSEM e Lol dudaa . 4 -
& o & .- .
T | tong ChiP + CSEM . bt s T | long ChIP + CSEM -
®-3m -
ENCODE rod i i ENCODE
E Tl _— R T m—— E
S | ENCODE + cSEM - Ll N e 3 | Encope + csEm | e mbeald
2] 2]
T | long ChiP + CSEM B2 L T | long ChIP + CSEM
= —
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Figure S4.16 Luciferase activity of candidate CREs from all HeLa experiments. Luciferase activity for
each cloned construct is shown as the fold difference over the average negative control value for (A)
promoters, (B) ARHGAP11 and NCF1 candidate enhancers, and (C) DUSP22 candidate enhancers.
Values are visually separated by experimental batch. Significant differences (p < 0.05, Tukey post-hoc
test of two-way ANOVA for batch correction) from empty (top bar) and between homologous sequences
are indicated with an asterisk.
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Figure S4.17. Luciferase activity of candidate CREs from all LCL experiments. Luciferase activity for
each cloned construct is shown as the fold difference over the average negative control value for (A)
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promoters, (B) NCF1 candidate element 1, and (C) DUSP22 candidate element 6. Values are visually
separated by experimental batch. Significant differences (p < 0.05, Tukey post-hoc test of two-way
ANOVA) from empty (top bar) and between homologous sequences are indicated with an asterisk.
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depicted under the cloned sequence tested with luciferase reporter. PSVs are depicted with blue vertical
lines. Visualized with the Integrative Genomics Viewer.
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4.10 SUPPLEMENTARY TABLES

Table S4.1: HSD genes assayed in this study.

Gene symbol
ARHGAP11A
ARHGAP11B
ARHGEF5
ARHGEF34P
ARHGEF35
CD8B
CD8BP/CD8B2
CFC1

CFC1B
CHRFAM7A
CHRNA7
DUSP22
FAM72A
FAM72D
FAM72B
FAM72C
FCGR1A
FCGR1B
FCGR1CP
FRMPD2
FRMPD2B
GPR89A
GPR89B
GPRIN2
GTF2H2C
GTF2H2B
GTF2H2
GTF2I
GTF2IP1
GTF2IP4
GTF2IRD2

Gencode v32
ENSG00000198826.11
ENSG00000284906.1
ENSG00000050327.15
ENSG00000204959.4
ENSG00000213214.4
ENSG00000172116.23
ENSG00000254126.8
ENSG00000136698.8
ENSG00000152093.8
ENSG00000166664.13
ENSG00000175344.18
ENSG00000112679.14

ENSG00000196550.10
ENSG00000215784.6
ENSG00000188610.12
ENSG00000263513.5
ENSG00000150337.13
ENSG00000198019.13
ENSG00000265531.3
ENSG00000170324.21
ENSG00000150175.13
ENSG00000117262.19
ENSG00000188092.15
ENSG00000204175.5

ENSG00000183474.15
ENSG00000226259.10
ENSG00000145736.14
ENSG00000263001.6
ENSG00000277053.4
ENSG00000233369.7
ENSG00000196275.14

GRCh38 coordinates
chr15:32615143-32639941
chr15:30624547-30685606
chr7:144355287-144380632
chr7:144272444-144286966
chr7:144186082-144195655
chr2:86815338-86861924
chr2:106487363-106544297
chr2:130592167-130599575
chr2:130521196-130528604
chr15:30357765-30393849
chr15:31923437-32173018
chr6:291629-351355

chr1:206186178-206204414
chr1:145095973-145112696
chr1:121167645-121185539
chr1:143955363-143971965
chr1:149782670-149792518
chr1:121087344-121097161
chr1:143874792-143883575
chr10:48153087-48274696

chr10:46870857-46894562

chr1:145607987-145670650
chr1:147928392-147993592
chr10:46549043-46555530

chr5:69560207-69594723
chr5:70415351-70448015
chr5:71032669-71067689
chr7:74650230-74760692
chr7:75185384-75237696
chr7:65084102-65100232
chr7:74796143-74851551
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Evolutionary
status

ancestral
derived
ancestral
derived
derived
ancestral
derived
unknown
unknown
derived
ancestral
ancestral
derived
ancestral
derived
derived
derived
ancestral
derived
derived
ancestral
derived
ancestral
derived
unknown
unknown
ancestral
derived
derived
ancestral
derived
derived

ancestral

Truncation
status

ancestral
3' only
ancestral
3'only
3' only
ancestral
whole
whole
whole

5"
ancestral
ancestral
whole
ancestral
whole
whole
whole
ancestral
whole
whole
ancestral
5
ancestral
whole
NA

NA
ancestral
whole
whole
ancestral
5

5

ancestral



GTF2IRD2B
GTF2IRD2P1
HIST2H2BF
HIST2H2BA
HYDIN
HYDINZ2
NAIP

NCF1
NCF1B
NCF1C
NPY4R
NPY4R2
OCLN
LOCG647859/0CLNP1
OR2A1
OR2A42
PDZK1
PDZK1P1
PTPN20CP
PTPN20
ROCK1
ROCK1P1
SERF1A
SERF1B
SMN1
SMN2
SRGAP2
SRGAP2B
SRGAP2C
SRGAP2D

ENSG00000174428.18
ENSG00000214544.7
ENSG00000203814.6
ENSG00000223345.3

ENSG00000157423.18
ENSG00000276975.3
ENSG00000249437.7

ENSG00000158517.15
ENSG00000182487.12
ENSG00000165178.9
ENSG00000204174.8
ENSG00000264717.5
ENSG00000197822.11

ENSG00000230847.4
ENSG00000221970.2
ENSG00000212807.2
ENSG00000174827.13
ENSG00000215859.9
ENSG00000278561.1
ENSG00000204179.10
ENSG00000067900.8
ENSG00000263006.6
ENSG00000172058.15
ENSG00000205572.9
ENSG00000172062.16
ENSG00000205571.13
ENSG00000266028.7
ENSG00000196369.11
ENSG00000171943.12
ENSG00000270872.2

chr7:75092572-75149817
chr7:73242750-73280119
chr1:149782688-149812373
chr1:121087566-121116676
chr1:143874964-143904037
chr16:70802083-71230722
chr1:146472565-146914294
chr5:70968482-71025114
chr5:70093037-70128437
chr5:71101255-71128756

chr5:71123013-71128756;
chr5:70473444-70479184;
chr5:69618309-69624049;
chr5:70122690-70128437

chr7:74773961-74789376
chr7:73220623-73235945
chr7:75156638-75172044
chr10:46461098-46465958
chr10:47918738-47923524
chr5:69492291-69558104
chr5:70409765-70413251
chr5:71074224-71093193
chr7:144312463-144322668
chr7:144228243-144239605
chr1:145670851-145708148
chr1:147993861-148014956
chr10:48064307-48119455
chr10:46911395-47002488
chr18:20946905-21111813
chr18:109064-122219
chr5:70900664-70918530
chr5:70025246-70043113
chr5:70925029-70953942
chr5:70049611-70078522
chr1:206203344-206464443
chr1:144887264-145095528
chr1:121184810-121392874
chr1:143975086-144068350

149

derived
derived
ancestral
derived
derived
ancestral
derived
ancestral
derived

derived

derived
ancestral
derived
derived
unknown
unknown
ancestral
derived
derived
ancestral
derived
ancestral
derived
unknown
unknown
ancestral
derived
ancestral
derived
ancestral
derived
ancestral
derived
derived

derived

3’ only

5
ancestral
whole
whole
ancestral
5
ancestral
5

5"

5
ancestral
whole
whole
whole
whole
ancestral
5

5
ancestral
whole
ancestral
5

NA

NA
ancestral
5
ancestral
whole
ancestral
whole
ancestral
3’ only
3' only
3' only



TCAF1P1 ENSG00000223459.6 chr7:143598038-143604839 unknown NA

TCAF1 ENSG00000198420.10 chr7:143851374-143902198 unknown NA

TCAF2 ENSG00000170379.20  chr7:143620951-143730409 unknown NA

TCAF2P1 ENSG00000159860.7 chr7:143800731-143817973 unknown NA

LOC154761 chr7:143811968-143836717 unknown NA

TISP43/PRSS40A ENSG00000183292.13  chr2:130570828-130584161 unknown whole

TISP43B/PRSS40B/LO

C646743 ENSG00000184761.8 chr2:130539094-130549883  unknown whole

Table S4.2: Primers

Gene family  Application Forward Reverse Locus Primer Note

ARHGAP11 Expression IrhAmp-F/IGCAC  /rhAmp-Y/GCACAG GCGTGGTCAGCC
AGAGGAAAAG AGGAAAAGAATA  AGAAGACArGGA
AATAAAGCTATr AAGCTACrACTGT/ GA/GT2/
ACTGT/GT1/ GT1/

ROCK1 Expression IrhAmp-F/TTTTG  /rhAmp-Y/TTTTGTT GCCACTTTCCGG
TTCGTGCTTCC  CGTGCTTCCCCTC AAAGACTGATTGr
CCTTrGAACG/G rGAACG/GT3/ CAGTG/GT2/
T3/

DUSP22 Expression IrhAmp-F/ICATG  /rhAmp-Y/CATGTG GCCAGCAATATG DUSP22-1
TGTGTATGTTGT TGTATGTTGTGAA  AATTCTGTGACTT
GAAAGTrGTCT  AGCrGTCTG/GT1/  CrCAGCA/GT2/
G/IGT1/

DUSP22 Expression IrhAmp-F/IGTGG  /rhAMP-Y/GGTGGA GCAAGACAAGCA DUSP22-3
AGCAGTTTTCC GCAGTTTTCCArG GTGGGAAGrGAA
GrGCACT/GT2/  CACT/GT2/ GG/GT3/

DUSP22 Chip IrhAmp-F/IGTCA  /rhAMP-Y/GTCAAT GCTCTCTAGGAA DUSP22
ATGGTGTATTTC GGTGTATTTCTGT ATCACCAGTTTG element3
TGTATTACATTT  ATTACATTTCrUAT ArGGAGT/GT3/
ArUATGC/GT4/ GC/GT4/

DUSP22 Chip IrhAmp-FITGGA  /rhAmp-Y/TGGACT GCATCCAGCCAA DUSP22
CTTTTAGCGCAT TTTAGCGCATCCA AGAAAGAGTTAC element4
CCGrUCACC/GT rUCACC/GT3/ AArAAGCA/GT4/
3/

DUSP22 Chip IrhAmp-FITCGA  /rhAmp-Y/GTCGAG GCGATTGGGTAA DUSP22
GTTTTCTCAGC  TTTTCTCAGCTATA GGGCTTCTCTArC element5
TATATGAGGrGC TGAGArGCTAG/GT ATCA/GT1/
TAG/GT4/ 4/

ARHGAP11 luciferase GGCCTTGAAGG TCCAATTTCCAAA
AACAAGTGA CGCTCTC
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ARHGAP11 luciferase TTCTATCAACAA TTGTACCAGGCCC
TTGGGAAATGC TTCCTCT

TT

ARHGAP11 luciferase TAAGTTTGTTTT CCACACCCATCCT
CCCCTGTAACA GTAGGG
TA

ARHGAP11 luciferase AGGCTTCAGTG AGCTTCCCCATCC
CCTTTGTGT AGGAGTA

NCF1 luciferase AAAAATTTAAC GATGTGACGGATG
CGGGCATGG AAGGTGTC

NCF1 luciferase GACGTGGGGG CCTGTCAAATGCC
AATTCTTGGG TCCTCGAA

DUSP22 luciferase AACCTCACCCG GTGCTCGCAGTGT
TTTTCTCGG CAACAAG

DUSP22 luciferase TCTGACTGCCT CTCTTGCACAGCC
TTGGTTGACTA TAGATGGTC

DUSP22 luciferase GCTTTAGACTT TTCATTGCTCCAA
CTCATGGGTGA CCTCTCAG

DUSP22 luciferase CATAGCCCTTC CTCCCCACTGAGT
AGGACTACAC CAAACC

DUSP22 luciferase CAGCTTTAGCA AAACCAGCCCAC
GTCCGTCTT GTTTGTA

DUSP22 luciferase CCTTAGCGTATT ATTATCGTAGGTC
CTGGTCGG AGCGGAG

DUSP22 luciferase CTATTTCCGCTC CCTTGTACACTGT
TTCATTGTCG AGGCGAGT

ACTB ChIP AGGGTGAGGAT GGGCTTCTTGTCC
GCCTCTCTT TTTCCTT

HER2 ChIP TTGGAATGCAG GGTTTCTCCGGTC

TTGGAGGGG CCAATGG

4.11 SUPPLEMENTARY NOTE

We encountered a number of technical limitations while studying highly similar duplicated
genes. We implemented an alignment-free approach for transcript quantification, which
accommodates ambiguous mappings resulting from methods and is demonstrated to accurately
distinguish highly similar transcripts (Soneson et al. 2015; Patro et al. 2017). However, reads
originating from multiple transcripts are assigned probabilistically, and, as such, some genes

may appear artificially similar in expression. For instance, DUSP22B expression was non-zero
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in individuals completely missing this paralog (Figure 3B) due to the recent nature of this
duplication (<1 million years), which has resulted in very few PSVs differentiating the duplicates
at the mRNA level. Conversely, RNA-seq quantification of older gene families (such
HIST2HZ2BF) appeared entirely distinguishable between paralogs.

In addition, the available contigs of complete HSD loci have only been generated from a
single haplotype (Dennis et al. 2017). As such, PSVs are not necessarily fixed, and may also be
shared between genes as a result of interlocus gene conversion (Dumont 2015). Gene
conversion can counteract the divergence of paralogous loci and has been predicted to prevent
the fixation of neofunctionalizing variants (Kosuke M. Teshima 2008). While we recognize the
impact gene conversion may have on our results, a previous study by Dumont et al (2015)
found only ~3% of SDs show signatures of interlocus gene conversion in the human genome, a
result we recapitulated in our initial sequencing and evolutionary comparisons of these HSD
genes (Dennis et al. 2017). There, we identified a European-specific gene conversion event
between CFC1 paralogs but were unable to assess its impact here as neither gene is expressed
in LCLs. Increasing availability of multi-modal data (genomic and RNA) from diverse human
tissues will allow us to better explore the impact of interlocus gene conversion on expression.
Nevertheless, assessment of alleles within and between HSD paralogous loci is still prohibitively
difficult with short-read sequencing.

As expected, we found that longer read lengths allowed greater bioinformatic distinction
between duplicated loci, which remains an inherent limitation of many existing data sources,
such as the relatively short reads (~30 nt) of ENCODE ChlP-seq. While longer reads are
fundamentally more informative, some discrepancies between the ENCODE and long ChIP
CSEM analyses could be a result of misallocation of reads. We were encouraged to find that a
standard single-mapping approach (BWA MEM) identified novel peaks in HSD, albeit at a lower

rate than genome-wide. As such, longer ChIP read lengths can be used in future studies to
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further describe the epigenetic state of duplicated loci with a broader array of epitopes and
cell/tissue types.

Finally, though we used existing chromatin conformation information to connect
non-duplicated adjacent regions with HSD gene promoters, improved experimental and
bioinformatic methods are required to accurately link distal CREs within SDs to their target
promoters. Like other genomic assays, available chromatin interactions from Hi-C data are
sparse in SD regions due to poor mapping quality at similar paralogs. To our knowledge, one
method exists (mHiC) that allocates multi-mapping reads to their possible alignments (Zheng et
al. 2019), similar to CSEM. Future work might discover interactions within duplicated regions by
reanalyzing chromatin conformation data in the most recent human reference (GRCh38) with

this tool.

4.12 SUPPLEMENTARY MATERIALS AND METHODS

Quantification of HSD gene expression

The following aligned Iso-Seq filtered alignments were obtained from the ENCODE portal (Davis
et al. 2018) (https://www.encodeproject.org/): ENCFF225CCJ, ENCFF648NAR, ENCFF192PJS,
ENCFF538BNH, ENCFF5960DX, ENCFF694CBG, ENCFF049QGQ, ENCFF846YHI,
ENCFF600MGT, ENCFF810FRP, ENCFF479SQR, ENCFF504GVG, ENCFF731THW,
ENCFF936VUF, ENCFF939EUU, ENCFF100RGC, ENCFF927MKK, ENCFF292UIE,
ENCFF738RAA, ENCFF437SYY, ENCFF989FKA, ENCFF911RNV, ENCFF305AFY,
ENCFF016SHE, ENCFF479EHE, ENCFF914XOH, ENCFF054YYA, ENCFF470UHX,
ENCFF158KCA, ENCFF757LOZ, ENCFF809QBD, ENCFF779VVX, ENCFF971JDY,
ENCFF319JFG, ENCFF901XCR, ENCFF117DUA, ENCFF772MSZ, ENCFF644PGG,
ENCFF955XSL, ENCFF509GHY, ENCFF803KIA, ENCFF058HQU, ENCFF9730ML,
ENCFF745HHL, ENCFF472TSL. Reads were counted per HSD gene with HTSeq (Anders, Py,

and Huber 2015) before calculating RPKM values. For Figure S4.3B, DUSP22 and DUSP22B
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reads were counted separately based on PSV sequence using SAMtools mpileup and the raw
alignments in the following accessions: ENCFF132HLS, ENCFF234YI1J, ENCFF407TMX,
ENCFF592BQN, ENCFF615XZM, ENCFF810UWA.

Human and chimpanzee RNA-seq data were quantified alignment-free with a custom
reference transcriptome. Due to poor annotation of many HSD paralogs, custom transcriptomes
were generated to ensure equivalent isoform models for paralogous genes, biasing against
differential expression. First, transcript sequences for ancestral genes were extracted from
GENCODE and mapped to derived human loci (contig from (Dennis et al. 2017) or GRCh38 for
SERF1B) and a long-read chimpanzee assembly (Kronenberg et al. 2018) using BLAT (Kent
2002). GENCODE v27 transcripts were used for human-chimpanzee comparisons, since the
chimpanzee transcriptome (Kronenberg et al. 2018) was built on this version; for human-only
analyses, GENCODE v32 was used. Alignments were manually curated, and new derived
transcripts were extracted from contigs. These transcripts, in addition to HSD transcripts
generated from whole-isoform sequencing of brain tissue (Dougherty et al. 2018), were added
to GENCODE (human) or the chimpanzee (after aligning to the chimpanzee assembly)
transcriptome. Expression quantification was performed using Salmon v1.2.0 (Patro et al. 2017),
the custom transcriptomes, and reference genomes (GRCh38 or Kronenberg et al. (2018)) as a
decoy sequence. For paired-end data, we used the flags “--validateMappings” and “--gcBias”.
RNA-seq data were first lightly trimmed prior to quantification using trim_galore
(https://github.com/FelixKrueger/TrimGalore) with the following flags: -q 20 --illumina --phred33
--length 20. Length-normalized TPM values or counts per gene were obtained using the tximport

package in R (Soneson, Love, and Robinson 2015a).

ChIP assays
ChIP assays were carried out as previously described with minor modifications (O’Geen et al.

2019). GM12878 cells were cross-linked in growth media containing 1% formaldehyde (Fisher
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Scientific BP531) for 10 min at room temperature and the reaction was stopped with 0.125 M
glycine. Cross-linked cells were washed twice in PBS and stored at -80°C. 2x10° cells were
used per ChIP assay. Cells from two biological replicates were lysed with ChIP lysis buffer (5
mM PIPES pH8, 85 mM KCI, 1% Igepal) with a protease inhibitor (PI) cocktail (Roche). Nuclei
were collected by centrifugation at 2,000 rpm. for 5 min at 4°C and lysed in nuclei lysis buffer
(50 mM Tris pH8, 10 mM EDTA, 1% SDS) supplemented with PI cocktail. Chromatin was
fragmented in microTUBESs with the E220 (Covaris) using the low cell shearing protocol (Duty
cycle 2%, PIP 105, CPB 200, 4 min) and diluted with 5 volumes of RIPA buffer (50 mM Tris pH
7.6, 150 mM NacCl, 1 mM EDTA pH8, 1% Igepal, 0.25% Deoxycholic acid). ChIP enrichment
was performed by incubation for 16 h at 4°C with the following antibodies: 2 ug H3K27ac
antibody (Active Motif #39133), 4 ug H3K4me1 antibody (Millipore 07-436), 2 ug H3K4me3
antibody (Active Motif #39915), or 2 ug RNA Polymerase Il (Polll) antibody clone 8WG16
(Covance MMS-126R). RNA Polll samples were incubated for an additional hour with 2 ug
Rabbit Anti-Mouse 1gG (MP Biomedical #55436). Immune complexes were bound to 20 pl
magnetic protein A/G beads (ThermoFisher) for 2 hours at 4°C. Beads were washed 2x with
RIPA, 3x with ChIP wash buffer (100 mM Tris pH8, 500 mM LiCl, 1% Deoxycholic acid) and
once with ChIP wash buffer plus 150 mM NaCl. ChIP samples were eluted in 100 pl ChIP
elution buffer (50 mM NaHCO,, 1% SDS) and cross-linking reversed with addition of 0.5 M NaCl
and heating at 65°C overnight. Samples were treated with 2 uyg RNaseA (Qiagen) and DNA was
purified using the QlIAquick PCR Purification Kit (Qiagen). ChIP enrichments were confirmed by
gPCR with 2x SYBR FAST mastermix (KAPA Biosystems) using the CFX384 Real-Time System
C1000 Touch Thermo Cycler (BioRad). ACTB primers served as positive control and HER2
primers as negative controls (Table S4.2). ChIP enrichment was calculated relative to input
samples using the dC; method (dC, = C[HER2-ChIP]-C{input]). Each entire ChIP sample was
used to prepare lllumina sequencing libraries using the KAPA Hyper Prep Kit (Roche).

Adapter-ligated DNA was separated on a 2% E-Gel EX (Invitrogen) and the 500—800 bp fraction
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was excised and purified using the QIAquick gel extraction Kit (Qiagen). Indexed primers were
used to generate dual-indexed libraries and amplified libraries were size selected (500—700 bp)
using the PippenHT (Sage Science). Equimolar library amounts were pooled and sequenced

on the NovaSeq SP (lllumina).

Analysis of ChlP-seq data

ChlIP-seq peaks obtained with the ENCODE pipeline were directly downloaded from the
ENCODE portal (Davis et al. 2018) (https://www.encodeproject.org/) for H3K4me3
(ENCFF228GWY), H3K27ac (ENCFF367KIF), H3K4me1 (ENCFF453PEP), POLR2A
(ENCFF455ZLJ), and H3K27me3 (ENCFF153VOQ). For “short” ChIP-seq peak calling using
raw ENCODE data, GM12878 ChlIP-seq reads were downloaded from the ENCODE portal for
RNA Polymerase Il (ENCSRO00AKA), H3K4me3 (ENCSR0O00BGD), H3K4me1
(ENCSRO00AKF), H3K27ac (ENCSRO00AKC), and H3K27me3 (ENCFF0000BB). lllumina
adapters and low quality bases (Phred score < 20) were trimmed using Trimmomatic (Bolger,
Lohse, and Usadel 2014) (parameters SLIDINGWINDOW:4:20 MINLEN:20) and aligned to a
custom reference genome (GRCh38 with an added DUSP22B contig) using single-end Bowtie
(Langmead et al. 2009) configured to allow multiple mappings per read (parameters a -v2
-m99). After mapping, PCR duplicates were removed using Picard Markduplicates and
secondary alignments were removed with SAMtools v1.9. Multi-mapping reads were allocated to
their most likely position using CSEM v2.4 (Chung et al. 2011). CSEM was run using the
--no-extending-reads option and the fragment size was calculated with phantompeakqualtools
run_SPP.R script (Landt et al. 2012). A custom script was developed to select the alignment
with the highest posterior probability as assigned by CSEM for each multi-mapping read,
choosing one alignment randomly in case of a tie. Peaks were called using MACS2 callpeak
(v2.2.6) on default settings using MACS2’s shifting model (Zhang et al. 2008)

(https://github.com/macs3-project/MACS). Broad peaks were called at a FDR of 5%, while
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narrow peaks were called at a FDR of 1%. BigWig files for peak’s visualization were obtained
with MACS2 bdgcmp tool and UCSC bedGraphToBigWig. For H3K27me3, which occurs in large
domains, enriched regions were identified with hiddenDomains, using the default settings
(Starmer and Magnuson 2016). Paired-end long-ChlIP reads were generated as described
above. lllumina adapters were removed using Trimmomatic (parameters
SLIDINGWINDOW:4:30 MINLEN:50). Reads were mapped using both paired-end BWA-MEM
and single-end Bowtie allowing for multiple mappings (parameters -a -n -S -e 200 -m 99). For
single-end alignments, forward and reverse reads were concatenated into a single file and
properly renamed to secure unique reads IDs. Reads aligned with BWA-MEM were filtered by
MAPQ = 20 while reads with multiple mappings aligned with Bowtie were allocated with CSEM
and most likely alignments were selected with the custom script. Duplicates and secondary
alignments were removed as explained above. Peaks were called using MACS2 with identical
parameters used for short-reads, adding the BAMPE option in the case of paired-end reads
aligned with BWA-MEM. Sets of peaks were compared between analysis methods using
HOMER mergePeaks (parameters: “-d given”) (Heinz et al. 2010) and a unidirectional
correlation metric derived from IntervalStats using peaks with an overlap p-value below 0.05

(Chikina and Troyanskaya 2012).

Luciferase reporter assays

Promoters of highly and differentially expressed HSD gene families (ARHGAP11, NCF1, and
DUSP22) were chosen for screening in a reporter assay. Fragments containing the TSS and
spanning ~1 kbp were amplified with Kpnl and Sacl restriction sites included in primers (Table
S8) and cloned into the luciferase reporter vector pGL3-basic (Promega). Candidate enhancers
within 50 kbp of genes bodies were selected based on the presence of ChromHMM CREs in the
re-analyzed data from human LCLs. Target regions were a maximum size of 5 kbp, and peaks

larger than this were tiled with multiple targets. Gateway homology arms were added to primers
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in accordance with the manual (ThermoFisher), and PCR products were cloned into the entry
vector pPDONR221 (ThermoFisher 12536017). Expression clones for luciferase assays were
generated by cloning pPDONR221 inserts into the luciferase reporter pE1B (Antonellis et al.
2008) with the Gateway system.

Constructs were co-transfected (ThermoFisher Lipofectamine 3000) in equimolar
amounts with 50 ng of the control plasmid pRL-TK (Renilla luciferase) into HeLa cells in 96-well
plates. Cells were at 70-90% confluence at the time of transfection. Luciferase assays were
performed with the Dual-Luciferase Reporter Assay System (Promega E1910). 48 hours
post-transfection, cells were washed with PBS, and lysed with Passive Lysis Buffer for at least
15 min sharking at 500 rpm. Lysates were stored at -80C. For LCLs, cells were split 48 and 24
hours pre-transfection to ensure active division. Cells were counted, washed in PBS, and
resuspended such that each transfection contained 12.5x10° cells, 6.25 ug of test construct,
and equimolar pRL-TK in RPMI. Cells were electroporated using the Neon Transfection System
in accordance with previously published work (Tewhey et al. 2018) and recovered at a density of
3x10° cells/mL in pre-warmed RPMI including 15% FBS without antibiotics. Transfection
efficiencies of ~15% were achieved. To perform luciferase assays, ~5%10° cells were pipetted
into each well of a 96-well plate, washed with PBS, and lysed with Passive Lysis Buffer as
described for HeLa. Luminescence measurements were performed according to the

manufacturer’s instructions using a Tecan Infinite or Tecan Spark plate reader with injectors.
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Chapter 5:
High-throughput characterization of
cis-regulatory activity in human-specific
duplications

5.1 ABSTRACT

Human-specific segmental duplications (HSDs) contain millions of base pairs of sequence
unique to the human genome, including a number of genes recently implicated in driving
neurodevelopment. Notably, despite their young age (<6 million years), HSD genes exhibit
widespread regulatory divergence, with paralog-specific expression patterns documented
across a variety of tissues and cell types. To systematically characterize the cis-regulatory
elements (CREs) within HSDs and understand patterns of regulatory change in recently evolved
gene families, we conducted a massively parallel reporter assay (MPRA) of 8,145 human
duplicated and chimpanzee orthologous sequences in lymphoblastoid (GM12878) and
neuroblastoma (SH-SY5Y) cell lines. A large proportion (14-24%) of sequences exhibited
differential activity relative to the chimpanzee ortholog, mostly with small fold-differences.
Combining measured activity levels across all assayed sequence, predicted differences in
cis-regulatory activity did not correlate with mRNA levels. However, we identified four regions
within derived SRGAP2C introns with greater than two-fold differences from the ancestral
SRGAP2 that may contribute to paralog-specific expression and thereby to human-specific
traits. In all, this work suggests that functional divergence of duplicated CREs contributes to
regulatory divergence of HSD genes and uncovers candidate drivers of human-specific

regulatory patterns.
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5.2 CONTRIBUTIONS
This study was conceived and designed by Colin Shew and Megan Y. Dennis. Experimental
work was performed by Gulhan Kaya, Sean McGinty, and Colin Shew. Data analysis was

conducted by Colin Shew.

5.3 INTRODUCTION

Gene duplication is a major contributor to evolutionary innovation, generating novel genetic
material on which mutation and selection can act. Duplications are widespread, comprising a
substantial proportion of genes across all domains of life, and are thought to contribute to the
evolution of new traits by facilitating relaxed selection via genetic redundancy (Ohno 1970;
Lynch and Conery 2000; Kondrashov et al. 2002). While the vast majority of gene duplications
are predicted to become pseudogenes and lost from the genome, the universal presence of
gene duplications across species indicates that this process ultimately yields advantageous
variation (Zhang 2003). Expression divergence is likely integral to this process, as the loss of
cis-regulatory elements may drive expression partitioning of daughter paralogs, making them
non-redundant and thus subject to purifying selection (Force et al. 1999). Indeed, paralogs
exhibiting expression divergence are predicted to persist, and may subsequently accrue
additional regulatory or functional changes (Rodin and Riggs 2003). Further, gene regulation is
highly plastic, and a major driver of phenotypic evolution generally; alterations to spatiotemporal
expression patterns are largely modular and leave the coding sequence of genes intact, making
them less likely to be deleterious (Prud’homme, Gompel, and Carroll 2007). While duplications
that occur in tandem tend to leave daughter paralogs in similar cis-regulatory environments,
segmental duplications (SDs) in great apes are often interspersed hundreds of kilobases and
typically involve concomitant rearrangements, like inversions (Marques-Bonet, Girirajan, and

Eichler 2009; Lan and Pritchard 2016) . Since SDs are enriched along the great ape lineage
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(Marques-Bonet et al. 2009), characterization of the regulatory landscape of these loci will
improve understanding of the evolution of the human genome, and those of our closest
relatives.

Human-specific segmental duplications (HSDs) are SDs unique to our species and
consequently young (<6 million years) and highly similar (>99% nucleotide identity).
Remarkably, genes within HSDs exhibit tissue-specific expression patterns across diverse
primary tissues and cell lines (Dennis et al. 2017). Much attention has been focused on the role
of HSD genes in neurodevelopment, and in addition to their novel biochemical functions, more
than half of HSD gene families assayed display quantitative and spatial expression patterns
specific to derived paralogs (Florio et al. 2018). For example, human-specific ARHGAP11B
drives basal neuronal progenitor proliferation and increased cortical neuron numbers in
mammalian models (Florio et al. 2015; Kalebic et al. 2018; Heide et al. 2020), and is
preferentially expressed in the germinal zone of the developing brain, while the ancestral
ARHGAP11A is expressed at higher levels and more broadly in the cortex (Florio et al. 2018).
ARHGAP11B has attained novel biochemical functions (Namba et al. 2020), so its refined
expression patterns are likely relevant to human brain development. The mechanisms
underlying this high degree of cell type specificity are not well understood. Long read isoform
sequencing of HSD genes identified extensive restructuring of gene models following
duplication, and greater expression divergence was observed for 5’-truncated genes than 3’
truncations or whole duplications, suggesting a role for cis-regulatory mechanisms (Dougherty
et al. 2018). The authors also speculate that incomplete duplication of the suite of enhancers
belonging to CD8B to CD8B2 may contribute to its loss of expression in T cells, a mechanism
which may be common in SDs, which typically reside hundreds or more kilobase pairs from their
locus of origin. We also found evidence for paralog-specific regulatory contributions from
adjacent non-duplicated sequence, as well as sequence-driven changes to the activity of

duplicated cis-regulatory elements (CREs) (Shew et al. 2021). However, only a few gene
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families were functionally tested, and one of them (ARHGAP11) showed discordant mMRNA
levels and cis-regulatory activity between paralogs This highlights the need to more
comprehensively dissect the regulatory landscape of many HSD gene families, in order to gain
mechanistic insight into how gene regulation diverges on short evolutionary timescales and
might contribute to human-specific traits.

In this work, we investigated cis-regulation in HSDs. We implemented an MPRA in the
LCL GM12878 and SH-SY5Y neuroblastoma cells to measure regulatory activity of 8,145
paralogous human and orthologous chimpanzee sequences belonging to 2,675 homologous
sites. Our findings suggest that individual paralogous changes mostly have a small effect size
and that massively parallel screening effectively identifies functionally diverged CREs. We
propose candidates for functional investigation from this differentially active set, including a
duplicated intronic enhancer with SRGAP2C-specific activity loss in both cell types, which could

contribute to human-specific expression patterns.

5.4 RESULTS

5.3.1 Most duplicated CREs exhibit similar activity levels

To characterize patterns of regulatory activity in HSDs, we designed an MPRA to directly
compare paralogous and orthologous sequences comprising 75 genes from 30 families for
which accurate paralog-resolved assemblies were available (Figure 5.1A) (Dennis et al. 2017).
We chose to focus on primary fetal and adult prefrontal cortex due to the demonstrated role of
HSD genes in cortical development, as well as LCLs due to their accessibility for humans and
non-human primates. After re-mapping H3K27ac chromatin immunoprecipitation sequencing
(ChlP-seq) and chromatin accessibility data (McVicker et al. 2013; Degner et al. 2012; Bryois et
al. 2018; Vermunt et al. 2016; Reilly et al. 2015; de la Torre-Ubieta et al. 2018) to the human

reference (GRCh38) with multiple alignments, we tiled these candidate CREs with 200mer
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sequences at 2x density and identified homologous but non-identical tiles in the human and
chimpanzee (panTro6) assemblies. In total, 8,145 test sequences and controls (N=500 LCL, 244
SH-SY5Y, 255 VISTA forebrain enhancer, and 500 scramble negatives) were synthesized,
packaged into lentiviral vectors, and assayed in GM12878 and SH-SY5Y cells according to the
lentiMPRA protocol (Gordon et al. 2020). Technical replicates (N=3 per cell line) exhibited high
reproducibility (mean pairwise r=0.93 and 0.93 for within-cell type comparisons of DNA
(integrated) and RNA (transcribed) libraries, respectively; Figure S5.1).

We next identified active and differentially active sequences in both cell lines using
MPRAnNalyze (Ashuach et al. 2019). In SH-SY5Y, 1,056/7,780 (14%) assayable sequences were
active relative to the negative controls, while in GM12878 1,845/7,748 (24%) were active. Low
p-values were abundant relative to a uniform distribution, indicating an enrichment for true
active sequences (Figure S5.2). While a large proportion of human sequences scored as
differentially active relative to the chimpanzee ortholog (of pairwise comparisons with at least
one active sequence, 368/1,044 [35%] in SH-SY5Y and 175/5,037 in GM12878), less than 1%
had a large fold-difference (eight loci greater than two-fold difference in SH-SY5Y and six in
GM12878) (Figure 5.1B). We next considered whether relative gains or losses of activity were
biased overall, in ancestral versus derived sequences, or in transcription start site
(TSS)-proximal versus distal sequences, but found similar numbers for all categories (overall
171 lower and 190 higher activity in human than chimpanzee). Finally, we categorized all 426
families with at least one active homolog according to the number and types of differentially
active sequences, relative to chimpanzee (Figure 5.1C). Significant differences were not more
or less likely to affect ancestral sequences than expected by chance (permutation test of
significant differences within families).

We next considered whether differentially active sequences might be driven by common
transcription factors (TFs) in either cell type, thus pointing to biological pathways targeted by

regulatory evolution in HSDs. We used SEA (T. L. Bailey and Grant 2021) to assess whether
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any TF binding sites (TFBSs) were overrepresented in sequences with human-higher versus
human-lower activity, or higher versus lower regardless of species, and found no significantly
enriched motifs after multiple testing correction. However, coordinated evolution across HSDs is
not necessarily expected, and an MPRA of rapidly evolved loci in the human genome produced

similar results (Uebbing et al. 2021).
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Figure 5.1. MPRA of HSD candidate enhancer sequences. (A) lllustration of experimental design;
candidate CREs were identified by aligning H3K27ac ChIP-seq and chromatin accessibility (ATAC-seq or
DNase-seq) to the human reference, allowing for multiple alignments. Peaks called in ancestral regions
were used to design overlapping 200mers, and the corresponding paralogous human and orthologous
chimpanzee sequences were also identified. The final pool of 8,145 test sequences (plus positive and
negative controls) was cloned into a plasmid library, packaged in lentivirus, and transduced into GM12878
and SH-SY5Y. Sequence activity was quantified from RNA/DNA counts of associated barcodes. (B)
Volcano plot of human-chimp pairwise comparisons in SH-SY5Y, for which at least one homolog was
active. Significant differences (FDR<0.05) are colored red. (B) River plot classifying sequence groups with
at least one active homolog by patterns of differential activity.
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5.3.2 MPRA data agree with mRNA differential expression

Because our previous work identified examples of divergent cis-regulatory activity in HSDs, but
not always in the expected direction, we sought to determine whether accounting for a more
comprehensive suite of CREs would allow predictions of transcriptional divergence between
paralogs. Inspired by the Activity-By-Contact (ABC) score and its implementation for predicting
differential expression (Fulco et al. 2019); (Naqvi et al. 2022), we developed a similar metric
using activity levels directly measured from the MPRA (Equation 5.1). Briefly, to predict
differential expression of ancestral-derived paralog pairs, the baseline activity of active ancestral
elements was weighted by the fold-difference of derived activity, if significantly different, as well
as genomic distance (Equation 5.2). This ABC difference (ABCD) score was compared to the
derived/ancestral mRNA expression ratio (as quantified by a Salmon, a probabilistic method
robust to small sequence variation (Patro et al. 2017; Soneson, Love, and Robinson 2015b) for
each gene pair in each cell type. For expressed derived-ancestral gene pairs (either TPM>1) in
both cell types, expression divergence was not significantly correlated with the ABCD score (p >
0.05; Figure 5.2) While there was no relationship between expression estimates and ABCD
scores, the sign of the two measures was concordant for a majority of derived-ancestral gene
pairs (21/28 [75%] in SH-SY5Y and 16/23 [70%] in GM12878), a result that was maintained
when only considering active and differentially active CREs. Still, the magnitude of divergence
predicted was much smaller than that observed, with mRNA levels ranging over many more
orders of magnitude. Taken together, these results indicate that comprehensive measurement of
cis-regulatory activity may capture some information about paralogous regulatory divergence,
but the duplicated 200mers assayed independently not able to predict these changes. This
suggests that considering a larger sequence context, as well as the contributions of adjacent
unique sequence, are likely critical to understanding the expression changes that have occurred

in segmental duplications..
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Figure 5.2. Prediction of differential regulation from MPRA data. Correlation of mMRNA expression
ratios to predicted divergence based on Activity-by-Contact difference (ABCD) score per
derived-ancestral pair, calculated from CREs assayed in (A) SH-SY5Y and (B) GM12878.

5.3.3 Paralog-specific loss of enhancer activity in a SRGAP2C intron

While we are currently unable to generalize a relationship between the divergence of
cis-regulation and gene expression, the MPRA highlighted paralog-specific changes to
individual enhancers. Remarkably, two human-specific sequences with more than a two-fold
activity difference relative to the ancestral were concordant in both GM12878 and SH-SY5Y: a
loss of activity in a SRGAP2C intron (chr1:206333093-206333293) not observed in SRGAP2 or
SRGAP2B (Figure 5.3A-B), and a gain of activity of a sequence ~15 kbp upstream of FRMPD2
(chr10:48140322-48140522), but not its human-specific paralog FRMPD2B (Tables S5.1 and
S5.2). The SRGAP2C sequence contains three single-nucleotide variants relative to the
ancestral SRGAP2, two of which were predicted to alter TFBS motifs (Figure 5.3C). Three

additional SRGAP2C tiles showed strong paralog-specific activity, including one with more than
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two-fold difference over the ancestral sequence in SH-SY5Y (Figure 5.3C). These enhancer

regions could module expression or cell type specificity if targeted to SRGAP2C.
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Figure 5.3. Paralog-specific activity loss of an enhancer in a SRGAP2C intron. (A) SH-SY5Y relative
activity of derived paralogs FAM72D/SRGAP2B (orange) and FAM72B/ISRGAP2C (purple), plotted on the
ancestral FAM72A/SRGAP2 locus. Comparisons are plotted as log,(fold-change) (logFC), with significant
fold-differences (5% FDR) indicated as filled circles, and other comparisons plotted with open circles.
Segmental duplications are indicated with orange bars. (B) LogFC for all comparisons of activity of
chr1:206333093-206333293 and its paralogous sequences (black square in panel A). Significant
differences (5% FDR) are shown with asterisks. (C) Annotated map of the SRGAP2C intronic 200mer
sequence assayed, showing single-nucleotide differences relative to SRGAPZ2 in black, and predicted
SRGAP2C-specific changes to transcription factor binding site (TFBS) motifs in blue (loss) and red (gain).

5.5 DISCUSSION AND FUTURE DIRECTIONS

In this study, we presented the first high-throughput quantification of regulatory activity in
duplicated regions. We noted a handful of example loci that exhibited strongly differential
regulatory activity (near the genes SRGAP2, PTPN20, GTF2H2, and CHRNA7; Table S5.1,

S5.2), though homologous sequences were broadly similar in activity. This is unsurprising given
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the small number of differences between human paralogous and chimpanzee orthologous
sequences, and comparable to the fraction of differentially active sequences seen in MPRAs of
polymorphic and species-specific variants (Tewhey et al. 2016; Uebbing et al. 2021), However,
this stands in contrast to examples of multi-fold differences of HSD promoter and enhancer
activity demonstrated previously (Shew et al. 2021). One potential explanation may be the size
of assayed sequences; MPRAs libraries constructed from synthetic fragments are currently
limited to ~200 base pair insert sizes, while previously tested CREs in HSDs assayed fragments
>1000 base pairs in size. Notably, this aspect of the technology is improving and can already be
partially circumvented by assembling larger synthetic inserts from smaller oligos (Klein et al.
2020), which may increase the likelihood of detecting activity changes that depend on
synergistic effects. Despite these limitations, MPRA is an ideal study design for directly
comparing homologous sequences. We categorized the patterns of differential CRE activity of
HSDs relative to chimpanzee, finding that about half of sequence families had no changes.
Surprisingly, ancestral sequences were not less likely to change, even though these paralogs
tend to maintain ancestral expression, and derived sequences were not biased toward reduced
activity relative to chimpanzee. However, due to the small fold-difference of most sequence
pairs, these figures may not necessarily be meaningful. We implemented an ABCD score to
sum activity differences between ancestral and derived paralogs, accounting for the strength
and distance of duplicated CREs, but were unable to predict expression differences with this
information alone. Further refinements to the ABC score may help by factoring in the effect of
adjacent non-duplicated sequences. Promoter truncations and exaptations from adjacent
sequence are particularly likely to contribute a large effect to expression differences (Dougherty
et al. 2018).

We succeeded in identifying individual differentially active elements that may contribute
to paralog-specific gene regulation. One promising candidate located in a SRGAP2C intron

exhibited a dramatic loss of activity unique to that paralog. Notably, SRGAP2C but not the other
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human-derived genes SRGAP2B or SRGAP2D has a demonstrated role inhibiting the function
of ancestral SRGAP2, resulting in prolonged radial migration of neurons, increased dendritic
spine density, and increased synapse density (Charrier et al. 2012; Schmidt et al. 2019).
SRGAP2C is expressed in the developing and adult brain, and at higher levels than the other
human-specific paralogs (Dennis et al. 2012), it is less expressed than SRGAP2 (Dennis et al.
2017; Shew et al. 2021). Given its mechanism of action by dimerization and dominant
negative-like inhibition of the ancestral gene, expression modulation is likely critical to proper
dosage. If this CRE indeed regulates SRGAP2C, it may play a role in reducing SRGAP2C
expression. Understanding the cell type-specific activity of this and other CREs will also be
critical to unraveling their function. We will next validate differential activity with luciferase
reporters and examine single-cell ATAC-seq datasets from the developing brain to characterize
enhancer accessibility patterns in different cell types.

To improve interpretation of variants contributing to differential activity of HSD genes, we
will map expression quantitative loci (eQTLs) in HSDs. Previously, variants called in duplicated
regions have been unreliable owing to false positives from paralogous variants or false
negatives due to quality filtering (Aganezov et al. 2022), but a new set of variants identified from
long-read capture of HSDs in diverse human populations will allow their analysis for the first
time (Sekar and Soto et al., unpublished data). This will allow assessment of the overlap
between variants in differentially active CREs and variants associated with expression levels,
providing additional evidence for function and pointing to their target genes. In addition, these
variants will be used to identify signatures of selection in noncoding regions, which will identify
human-specific CREs that may contribute evolutionarily meaningful expression divergence.

Absent from this study is an analysis of chromatin conformation at HSD and orthologous
chimpanzee loci. Identification of promoter-enhancer loops would enable more confident
assignment of CREs to target genes, identification of paralog-specific chromatin contacts across

duplication breakpoints, and refinement of ABCD regulatory predictions by using true interaction
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frequency in place of a genomic distance proxy. We plan to reanalyze a high-depth human and
chimpanzee iPSC Hi-C experiment (Eres et al. 2019) to address these questions. While
published methods for allocation of multimapping Hi-C reads (Zheng, Ay, and Keles 2019) were
not scalable to Hi-C maps of this size due to memory usage, we will analyze interactions
overlapping singly unique kmers. In addition, we have generated long-read Hi-C libraries
(Deshpande et al. 2022) with larger fragment sizes, allowing greater mappability in HSDs
(Figure S5.3). While overall read depth will be lower, this will also serve to nominate additional
candidate interactions not visible with short-read technologies.

Further, while identification of candidate CREs for the MPRA relied on multimapping
short reads to generate a comprehensive list of elements to assay, new long read-based assays
have recently been developed, allowing direct comparison of the epigenomic landscapes of
paralogous regions. For example, DNA methylation was previously intractable using bisulfite
sequencing with short reads, but cytosine methylation is directly available from Oxford
Nanopore (ONT) basecalls from new “telomere-to-telomere” assemblies (Gershman et al.
2022). In addition, the ONT-based methods nanoNOMe and DiMelLo-seq allow for the
characterization of open chromatin and target protein enrichment through the exogenous
methylation of GpC dinucleotides and adenine residues, respectively (Gershman et al. 2022;
Altemose et al. 2022; Lee et al. 2020). We will also mine these datasets for additional evidence
of paralog-specific gene regulation.

In all, this work measured the regulatory activity of thousands of candidate regulatory
sequences distinguishing recent human duplications. We found that a large proportion of them
are active, and while few individual 200mers exhibit differential activity, some may contribute to
regulatory patterns of HSD genes such as SRGAP2C, driving unique features of our species.
Integration of additional information, such as chromatin conformation, single nucleotide

polymorphism, and long-read epigenomic data will be necessary to gain a more complete
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picture of gene regulation within HSDs.

5.6 METHODS

MPRA oligo design

Candidate CREs were identified from H3K27ac ChIP-seq, ATAC-seq, or DNase-seq data in
LCLs, fetal cortex, and adult prefrontal cortex with data from the following publications:
(McVicker et al. 2013; Degner et al. 2012; Bryois et al. 2018; Vermunt et al. 2016; Reilly et al.
2015; de la Torre-Ubieta et al. 2018). In the case of Bryois et al., only control samples were
used. Reads were trimmed with Trimmomatic (Bolger, Lohse, and Usadel 2014) aligned to
GRCh38 allowing for multiple mapping with bowtie v1.1.2 (Langmead et al. 2009) with the flags
“-a-v2 -m 99”. Peaks were called using MACS2 v2.1.2 (Liu 2014) with a 5% FDR and the
following additional settings for chromatin accessibility data: “--nomodel --shift -100 --extsize 200
--broad”. Peaks were called on all samples in each study and combined by reporting genomic
regions with nonzero coverage in a minimum number of samples using bedtools genomecov
(Quinlan and Hall 2010): 3/10 LCL H3K27ac, 52/204 LCL DNase, 2/3 fetal cortex H3K27ac, 3/3
fetal ATAC-seq (cortical plate or germinal zone), 1/1 adult prefrontal cortex H3K27ac (peaks
called jointly from samples HS1 and HS2), and 102/137 adult prefrontal cortex ATAC-seq.
Cutoffs were chosen based on manual inspection of reproducibility and to roughly equalize
sequence represented from LCLs and brain.

To design the test oligos, all peaks within 400 bp were merged, and the resulting
intervals were expanded by 100 bp to allow for full 2x tiling of the region. 200mer tiles were
defined using bedtools makewindows. To match orientation of promoters, tiles were assigned to
the strand of the nearest annotated feature (GENCODE v32), or randomly selected if multiple

features were nearest. Tiles were intersected with ancestral HSD regions (or a single HSD locus
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if ancestral status unknown) and aligned with BLAT (Kent 2002) to a custom reference
consisting of GRCh38 with non-HSD sequence masked, in addition to the missing portions of
the DUSP22B and GPRIN2B contigs (ancestral loci and contigs from (Dennis et al. 2017)).
Alignments were then filtered in a two-step process to keep only paralogous positions: (1) keep
if there were <=4 hits >190 bp with >95% identity; (2) else keep if there were <=4 hits >195 bp
with >98% identity. To focus on paralogous differences, sequences for which all alignments were
identical were discarded. To identify chimpanzee orthologs, human tiles were lifted over to the
panTro6 assembly and filtered for being with 5% (10 bp) of the original 200 bp (93% success
rate). All tiles with this size limit were trimmed or expanded to 200 bp; 91% of alignments were
within 1 bp difference. FASTA sequences were extracted in a strand-aware manner from the
GRCh38 or panTro6 and deduplicated. Finally, a universal priming sequence
(5'-AGGACCGGATCAACT-[200mer]-CATTGCGTGAACCGA-3') to the pLS-Scel vector
(Addgene 137725) was added to all 200mers. Sequences were filtered to remove Agel and Scel

restriction sites, as well as those made singletons after filtering, leaving 8,145 test oligos.

Controls were generated from published MPRA data when available. For GM12878, active
sequences from (Tewhey et al. 2018) were filtered for the reference haplotype, reference
sequence exhibiting enhancer activity, and Bonferroni-corrected p < 0.01, and ranked by activity.
Unique SNPs (only one strand kept per SNP) with an dbSNP identifier were used to extract a
centered interval of 200 bp from GRCh37 (N=500 after restriction site filtering). SH-SY5Y
positive controls were designed from (Myint 2019). Count data were obtained, and active
sequences were defined with a 5% mean absolute deviation p-value from the MPRAnalyze
(Ashuach et al. 2019) function analyzeQuantification(). The associated dbSNP identifiers were
used to extract a 200-bp region from GRCh38 (final N=244). An additional 255 brain-positive
sequences were sampled from random 200-bp windows within VISTA forebrain enhancers

(Visel et al. 2007). Finally, 500 random ancestral tiles were selected and scrambled to generate
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negative controls. Test and control 230mer sequences were synthesized by Agilent

Technologies.

MPRA library preparation and sequencing

MPRA was carried out according to the lentiMPRA protocol as described (Gordon et al. 2020)
with 3 technical replicates. For SH-SY5Y experiments, 2.5 million cells were transduced at a
multiplicity of infection (MOI) of 40 in DMEM/F12 Glutamax medium with 10% FBS and 2.5
Mg/m protamine sulfate. For GM12878, 55 million cells were transduced at an MOI of 13 in
RPMI with 10% FBS and 8 pg/mL polybrene. Cells were incubated at 37 °C, 5% CO, and
collected 48 hours after infection. Barcode association was performed on a PE150 NextSeq
mid-output run. Barcode counting from DNA and RNA libraries was performed on three PE15

NextSeq high-output runs.

MPRA data analysis

Barcode-insert association was performed with MPRAflow (Gordon et al. 2020) using “--mapq 1
and all other parameters set to default. We manually confirmed that promiscuous barcodes had
a majority assignment to one insert and were not mixed between paralogs. Barcodes were
counted with the “count” utility passed to MPRAnalyze (Ashuach et al. 2019). Counts were
depth-normalized with the total sum, and active sequences were defined per cell type against
the negative controls with the following model: “dnaDesign = ~ barcode + replicate, rnaDesign =
~ 1”. To identify differential activity of homologous sequences, counts matrices were reformatted
to combine all homologs in the same row for model fitting, with each homolog tracked in the
annotation data, and barcodes were renumbered to reflect their unique identifiers. Models were
fit in “scale” mode with the following model: “rnaDesign = ~homolog, reducedDesign = ~1”.
Differentially active homologs were defined in two ways: (1) against the chimpanzee ortholog to

define relative gains/losses in human; and (2) against the human ancestral sequence to quantify
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divergence of ancestral-derived pairs. Differential activity was assessed in a pairwise manner
with the testCoefficient() function (Wald test), and differential pairs were defined at a 5% FDR
using the Benjamini-Hochberg procedure. Differential activity was also defined between cell

types...

TFBS analysis

For each cell type, active and inactive sequences were defined by the median absolute
deviation p-value from the quantification analysis, and filtered to keep only one homolog from
each family of sequences (highest estimated transcription rate for active and lowest for
inactive). Similarly, differentially active sequences relative to chimpanzee were separated into
gains and losses (either human relative to chimp, or higher/lower regardless of species), and
the homolog with the highest fold-difference in each family was selected. Sets of sequences
were scanned for enrichment of HOCOMOCO v11 (Kulakovskiy et al. 2018) motifs using SEA
(T. L. Bailey and Grant 2021). In the comparison of active vs. inactive sequences, enriched
motifs were tested for enrichment for gene ontology terms with DAVID (Huang et al. 2007),

using all HOCOMOCO TFs as a background list.

ABCD score

Predicted regulatory divergence between ancestral-derived pairs was calculated as in (Naqvi et
al. 2022), using the ABC score framework defined in (Fulco et al. 2019). Briefly, ABC scores
were calculated for all tested elements using the estimated ancestral transcription rate a from
MPRAnalyze for activity and (genomic distance)®’ as a proxy for contact frequency. ABC scores
were used to weight the derived/ancestral fold-difference for all tested sequences within 5 Mbp
of each TSS, and the resulting sum was considered to be the predicted fold-difference in

expression.
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RNA-seq analysis

RNA-seq data were obtained for GM12878 (ENCODE ENCSRO00AEC, ENCSRO00AEE, and
ENCSRO00CVT) and SH-SY5Y (Pezzini et al. 2017). Transcripts were quantified with Salmon
v1.9.0 (Patro et al. 2017) with the flags “--validateMappings --gcBias”, the telomere-to-telomere
CHM13 v2.0 CAT/Liftoff transcriptome, and the CHM13 v2.0 assembly as decoy sequence. All
identical transcripts were removed from the transcriptome prior to index construction.
Transcripts per million (TPM) values were summed to the gene level using tximport (Soneson,

Love, and Robinson 2015b).

Luciferase validation

200mers were synthesized by Azenta Life Sciences and cloned into the pE1B vector using the
NEBuilder HiFI Assembly Master Mix (NEB #E2621). GM12878 and SH-SYS5Y cells were
cultured as described above. SH-SY5Y cells at 70-90% confluence were cotransfected with 50
ng pRL-TK and equimolar test construct using Lipofectamine™ 3000 (ThermoFisher L3000001).
Cells were lysed 48 hours post-transfection and assayed with the Dual-Luciferase Reporter
Assay System (Promega E1910) and the Tecan Spark plate reader according to the
manufacturer’s instructions. GM12878 cells were split 48 and 24 hours prior to transfection and
electroporated with 12.5 ug pRL-TK and equimolar test construct, brought to 100 uL with RPMI.
For each transfection, 12.5 million cells were electroporated with the Neon system
(ThermoFisher) using buffer E2 and the following program: 1200 V, 20 ms, 3 pulses. Cells were
recovered in 4.3 mL of prewarmed media (RPMI+15% FBS, no antibiotics). GFP controls were
used to monitor transfection efficiency (~15%). 24 hours post-transfection, cells were washed in
PBS, plated at 500,000 cells per well, and lysed in an optical plate. Luminescence

measurements were performed as above.
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Figure S5.1. Reproducibility of MPRA libraries. Plots of normalized barcode counts for all pairs of
replicates (DNA, RNA, SH-SY5Y, GM12878). The black line tracks x=y, and the Pearson (r) and
Spearman (rho) correlation coefficients are shown. Insert sequences are colored by category (test,
positive, or negative control),
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Figure S5.2. P-value distribution for identification of active sequences relative to scramble
controls. Sequences are separated by control type (negative, LCL positive, SH-SY5Y positive, VISTA
positive, and test) for experiments performed in (A) SH-SY5Y and (B) GM12878.
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Figure S5.3: Mapping statistics from pilot long-read Hi-C. Histograms show the distribution of
fragment sizes from sequenced concatemers (left) and BWA MEM MAPQ scores in SD with at least 98%
identity (SD98) (right).

5.9 SUPPLEMENTARY TABLES

Table S5.1: Sequences with greater than two-fold change relative to ancestral in SH-SY5Y.

Test sequence Ancestral locus Nearest logFC  Wald p-value FDR N
(hg38) gene statistic deletions

panTro6.chr15:1043292 chr15:32208666-3220 CHRNA7 -1.12 18.56 1.65E-05 9.99 4
9-10433129 8866 E-05
panTro6.chr15:1057150 chr15:32345908-3234 ARHGAP11 -1.07 9.92 1.63E-03 441 O
7-10571707 6108 /CHRNA? E-03
panTro6.chr5_NW_019  chr5:69561512-69561 GTF2H2 -1.04  6.90 8.63E-03 1.71 2
932884v1_random:170 712 E-02
217-170417

chr1:121314710-12131  ¢chr1:206333093-2063 SRGAP2C  -1.02 10.54 117E-03 340 O
4910 33293 E-03
chr1:121336315-12133  chr1:206354652-2063 SRGAP2C, 1.81 15.49 8.29E-05 388 O
6515|chr1:144943550-1 54852 SRGAP2B E-04
44943750

GPRIN2_dist:151784-1  chr10:46556008-4655 GPRIN2B 1.23 9.85 1.70E-03 457 O
51984 6208 E-03
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chr10:46911343-46911
543

chr15:30321686-30321
886

chr5:69624353-696245
53

chr7:75093531-750937
31

chr10:48140322-4814
0522

chr15:32208666-3220
8866

chr5:70997615-70997
815

chr7:74850409-74850
609

PTPN20

CHRFAM7
A

GTF2H2C

GTF2IRD2
B

1.60

-1.30

-2.11

1.37

12.55

12.69

4.86

12.47

3.96E-04

3.67E-04

2.75E-02

4.13E-04

140 -5
E-03
133 8
E-03
419 0
E-02
144 -1
E-03

Table S5.2: Sequences with greater than two-fold change relative to ancestral in GM12878.

Test sequence

panTro6.chr1:18158448
3-181584683

panTro6.chr7:72475913
-72476113

hg38.chr1:121314710-1
21314910

hg38.chr1:144931057-1
44931257

hg38.chr10:46911343-4
6911543

hg38.chr7:75157168-75
157368

5.10 EQUATIONS

Ancestral locus
(hg38)

chr1:206367460-206
367660

chr7:74800500-7480
0700

chr1:206333093-206
333293

chr1:206367460-206
367660

chr10:48140322-481
40522

chr7:74788585-7478
8785

Nearest
gene

chimp
SRGAP2

chimp

GTF2IRD2

SRGAP2C

SRGAP2C

PTPN20

GTF2IRD2B

logFC  Wald
statistic
-1.30 13.40
1.04 14.34
-1.41 26.25
-1.43 16.10
1.41 11.76
-2.04 21.23

p-value

2.52E-04

1.53E-04

2.99E-07

6.02E-05

6.06E-04

4.07E-06

FDR N
deletions
1.21 0
E-02
9.12 4
E-03
1.07 0
E-04
5.16 0
E-03
2.15 -5
E-02
8.43 0
E-04

Equation 5.1: Activity-by-Contact (ABC) score, adapted for MPRA the power law model
presented by Fulco et al. (2019). The contribution of a given CRE to a gene G is calculated as
the product of its activity (the transcription rate a as modeled by MPRAnalyze (Ashuach et al.
2019)) and its genomic distance from the transcription start site (dist) to the power of 0.7,
which serves as a proxy for contact frequency. ABC scores are normalized to represent relative
contributions for all CREs assigned to a gene.
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a * dist =97

2(a = dist=%7)

AB CCRE,G —

Equation 5.2: ABC difference (ABCD) score, adapted for MPRA from Naqvi et al. (2022). The
ABCD score for two paralogous genes G1 and G2 is calculated as a weighted sum of the
fold-changes (FC) in activity of paralogous CREs in G2 relative to G1. The ABC score for the
CRE in G1 is used as a weight. A window of size w relative to the transcription start site is used
to define the set of CREs considered.

ABCDGI,GZ — Z ABCCRE,Gl * FCGZfﬂl
CRE within w
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Chapter 6:
Conclusions and discussion

6.1 SUMMARY AND IMPACTS

After identifying novel SVs between humans and non-human primates, we found that chromatin
architecture is generally preserved between these species, and SVs were depleted for positions
predicted to alter TAD structure as defined in human LCLs. Though the popular notion that
TADs are conserved across species has been called into question (Eres and Gilad 2021), our
results are in line with previous work in humans and other primates that finds deletions
impacting TAD structure likely experience negative selection (Lazar et al. 2018; Fudenberg and
Pollard 2019; Huynh and Hormozdiari 2019). That we also implicate inversions in the same
process suggests a more general rearrangement-driven phenomenon. Further, functional
dissection of the three-dimensional architecture of individual loci indicates unequivocally that
promoter-enhancer contacts and insulating elements can mediate SV-induced regulatory
changes (Lupianez et al. 2015; Despang et al. 2019). Given that we observed an enrichment for
differentially expressed genes near SVs, and that the definition of chromatin domains can be
sensitive to the method and parameter tuning (Forcato et al. 2017), we suggest that it may not
be as important to consider TADs per se but the observed promoter-enhancer contacts at a
given locus, which requires higher resolution.

Another major finding of this work is that cis-regulatory activity has diverged, in some
cases dramatically, between evolutionarily recent (<6 million years) segmental duplications.Our
studies were the first to systematically test this, and while we not able to model paralogous
regulatory divergence in a general sense, evidence suggests that contributions are likely to be

locus specific; we highlighted individual examples of activity changes to promoters and
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enhancers (DUSP22 and NCF1), paralog-specific eQTLs and chromatin loops, and changes to
gene structure across breakpoints. The MPRA also identified a few locations with strong paralog
specific activity in SRGAP2C relative to ancestral SRGAP2, which are prime candidates to
investigate for human-specific expression patterns in the developing brain. Finally, comparative
expression analysis revealed that derived HSD genes are less likely to retain ancestral
properties than the ancestral locus itself; it may be unlikely that the full suite of CREs is
duplicated with a given gene, making true functional redundancy a rarity in the context of
single-locus duplications. This work suggests differences in evolutionary pressures in SDs
compared to whole-genome duplication (WGD); in WGD, subfunctionalization may be common

(Braasch et al. 2016), while we found no compelling examples of this in HSDs.

6.2 FUTURE STUDIES

In addition to the previously proposed work to complement the experiments described in
Chapter 5, functional validation will be necessary to confirm that CREs not only possess
regulatory activity in an integrated reporter construct, but also contribute to transcriptional
activation endogenously. After predicting the target genes of differentially active HSD enhancer
sequences, follow-up work should establish a causal relationship between these CREs and
genes. This is feasible at the family level, in which all paralogs can be targeted for deletion or
epigenetic silencing by CRISPR editing or CRISPRI. In some cases, paralog-specific mMRNA
quantification is possible by gRT-PCR, as performed in Chapter 4.

A central challenge in studying gene regulation is that cell type-specificity necessitates
trade-offs in performing experiments in a feasible model, which may only represent one or a few
cell types in vitro or limited quantities of tissue ex vivo. In addition to performing experiments in
more complex models (cortical organoids or mice, for example), we can generate additional
hypotheses about regulatory divergence in a wide array of tissues and cell types by examining

the predictions from machine learning methods. For example, Enformer is a deep learning
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approach trained on over 5,000 epigenomic inputs to predict transcriptional activity to high
accuracy (mean correlation to experimental data 0.85) (Avsec et al. 2021). Similarly, much
effort has been focused on predicting three-dimensional chromatin structure from the genome
itself, with models like Akita (Fudenberg, Kelley, and Pollard 2020). While caution should be
exercised when interpreting machine learning predictions, these approaches entirely circumvent
the multiple mapping problem in SDs and are becoming increasingly accurate and can inform
experimental design to identify duplicated enhancers with paralog-specific activity and

connectivity.

6.3 SHORTCOMINGS
While this work was motivated by the goal of identifying the genetic basis of species-specific
traits, and succeeded in nominating candidate regulatory changes, demonstration of relevance
to phenotypic differences between species ultimately requires functional evidence. Given the
variety of divergent characteristics between humans and non-human primates, such as brain
development, immune function, and musculoskeletal morphology, the experiments required will
depend on the candidates being tested. For example, to implicate SRGAP2C-specific regulatory
activity in humanizing neuronal migration patterns and dendritic spine morphology, these
phenotypes could be quantified in a mouse model engineered with the SRGAP2C sequence of
this locus, to determine if radial migration or dendritic spine density are increased (Charrier et al.
2012). Another avenue worth considering is to measure the effect of NCF1 or DUSP22 paralogs
on T cell activation in vitro, to determine if their dosage might impact immune response. This
could be achieved by transfecting human primary T cell cultures with expression constructs and
assaying T cell proliferation, activation marker (IL2RA,CD25) upregulation, or effector cytokine
production (IFN-y, TNF-a) (Zappasodi et al. 2020).

Crucially, the interpretation of paralog-specific expression and regulatory activity

depends on future characterization of single-nucleotide polymorphism across HSDs. Some
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variants shared between paralogs are a result of interlocus gene conversion (Dumont 2015),
which may mean that some of the regulatory divergence studied in this work is subject to allelic
as well as paralogous variation. Ongoing work identifying SNVs in HSD with long-read capture
sequencing (Sekar and Soto et al., unpublished) and highly contiguous assemblies from the
Human Pangenome Reference Consortium (HPRC) will allow accurate distinction of PSVs from
SNVs. Nevertheless, the PSVs used in these studies were based on high quality assemblies

from a true human haplotype (CHM1) (Dennis et al. 2017).

6.4 OUTLOOK

Advances in long-read sequencing and associated epigenomic assays will continue to propel
research on duplications and other SVs in humans and other species. In the next few years,
hundreds of telomere-to-telomere genomes from a diverse cohort are expected from the HPRC
(Wang et al. 2022), and gapless genomes from non-human primates are also anticipated. These
data will create a more complete picture of the evolutionary history, population variation, and
selective pressures on SVs, and the availability of multiple high-quality assemblies will also
open new HSD loci to study. Long-read methods for assaying gene regulation, such as Iso-seq,
DiMeLo-seq, and nanoNOMe will all benefit from improved quality and throughput as cost and
technical barriers to PacBio and ONT sequences continue to fall. These data types promise to
allow distinction of transcribed, accessible, and active histone-associated DNA between
paralogs and across SV haplotypes with relative ease. While it is already clear that structural
variation and gene regulation are intimately linked, these fields and the overlap between them

are poised for a productive future.
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