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Genomic and Transcriptomic Examination of Functional Elements and Absent Sequences

Candace S.Y. Chan

ABSTRACT

Background: Genome-wide association studies have identified numerous disease-associated
variants, but a vast majority are located in non-coding regions, making it challenging to
understand their functional impact. This complexity necessitates new techniques to identify
causal variants in non-coding regions and elucidate their specific cellular contexts and
mechanisms of action. Here we present work 1) examining mutations that create nullomers in the
human genome to explore its potential utility in identifying pathogenic mutations and ii) a single-
cell multi-omic study identifying the transcriptome and regulome of the human and mouse

hypothalamus to identify regulatory regions of obesity-associated variants.

Methods: (i) We generated all possible mutations of the human genome that can lead to
emergence of a nullomer and examine where in the genome they emerge. (ii) We apply single-

cell RNA and ATAC sequencing to adult hypothalamus samples.

Results and Conclusions: (i) Our findings highlight CpG hypermutability and methylated
cytosines as key elements leading to resurfacing of nullomers in individuals. We also showcase
that nullomers can have applications in disease annotation and pathogenic variant identification.
(i) We identified regulatory elements of hypothalamus cell types and mapped obesity-associated
variants to cell-type specific peaks. We validated these regions to be enhancers using CRISPR

editing and CRISPRi.
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CHAPTER 1

Introduction

The first human reference genome was published in 2001 (Lander et al. 2001); since then,
genomics has experienced a transformation driven by advancements in high-throughput
sequencing technologies and the accumulation of datasets. These technological breakthroughs
have reduced the time and cost of genome sequencing, enabling scientists to generate genomic
data from diverse populations and species at an accelerated pace. The dramatic increase in
genomic data has revolutionized our ability to investigate genetic variation, gene regulation, and
disease mechanisms. These technologies have accelerated progress and paves the way for

personalized medicine and precision healthcare approaches.

Large-scale sequencing studies enable us to understand how the genome translates to
common phenotypes and diseases. To date, tens of thousands of genome-wide association studies
(GWADS) have identified numerous variants associated with disease risk (Sollis et al., 2023).
While GWAS can be a powerful tool towards associating variants to traits, a significant
challenge remains: over 90% of disease-associated variants are located outside of protein-coding
regions (Chatterjee and Ahituv, 2017). This raises questions of how these variants contribute to
phenotypic outcomes, and some of them are most likely regulatory as they are found within
regulatory elements in the non-coding genome (Maurano et al., 2012). Enhancers are a type of
cis-regulatory element that can regulate gene expression in a cell-type-specific manner and can
exert their influence over considerable genomic distances, sometimes up to several megabases
(Song et al. 2019). This complexity makes it challenging to link these enhancers, and the variants
they contain, to their target genes and to determine the specific cellular context in which they are

active. Additionally, while a minority of diseases are Mendelian, i.e. caused by coding mutations


https://paperpile.com/c/dbpTEi/xyzO
https://paperpile.com/c/dbpTEi/pMWx

in single genes, complex diseases arise from multiple variants that jointly contribute, with each
variant only explaining a small proportion of trait heritability. Linkage disequilibrium further
complicates the task of determining variants’ functional impact, as causal variants may also be in
close proximity to non-causal variants (Gaulton, Preissl, and Ren 2023). Therefore, there is a
pressing need for techniques to identify causal variants in non-coding regions and elucidate the

contexts in which it functions.

Nullomers offer a unique approach to the challenge of prioritizing variants. Nullomers
are short nucleotide kmers that are absent from a genome (Hampikian and Andersen 2007).
Nullomers are between 11-18 base pairs, and absent in the genome from the set of all possible
DNA kmers which is equal in size to 4%. It was first hypothesized that DNA sequences were not
missing by chance, but due to negative selection (Hampikian and Andersen 2007). Building on
this idea, we hypothesize that genetic variants introducing nullomer sequences into the genome

may disrupt biological function.

The absence of nullomers, and the proteomic equivalent nullpeptides, have been
leveraged towards multiple applications in biotechnology. Hampikian and Andersen first
described its potential as a therapeutic target against pathogenic species versus its host
(Hampikian and Andersen 2007), and introducing nullomers into synthetic constructs to be used
as identifiers. Goswami et al. introduced the use of nullomers as a barcode in forensic science,
relying on the absence of nullomers to differentiate DNA samples from evidence (Goswami et al.
2013). The cytotoxic effects of nullpeptides 9R and 9SIR across cancer cells and mouse models
demonstrated its potential as a cancer drug (Alileche et al. 2012; Alileche and Hampikian 2017,

Ali et al. 2024). The emergence of nullomers and nullpeptides from somatic mutations during
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cancer development was leveraged as biomarkers for detection of cancer subtypes (I.

Georgakopoulos-Soares et al. 2021; Montgomery et al. 2023; Tsiatsianis et al. 2024).

Although nullomers have many promising applications, the reasons for their absence in
genomes are not yet fully understood (Acquisti et al. 2007; Vergni and Santoni 2016; Hampikian
and Andersen 2007; Ilias Georgakopoulos-Soares et al. 2021; Koulouras and Frith 2021). In the
work described in chapter 2, we utilize a set of simulated mutations that lead to emergence of
nullomers in the human genome to understand whether nullomers are absent by chance or
whether it has deleterious properties. We find that nullomer-emerging mutations are more likely
to lead to pathogenic mutations, expanding the application of nullomers towards identification of

disease-causing mutations.

Another challenge towards understanding how non-coding variants contribute to disease
is finding the cell-type specific context in which they function. Conventionally, enhancers were
identified by using bulk sequencing methods to filter for functional regions, such as ChIP-seq for
marks of active promoters and enhancers (Johnson et al. 2007) and ATAC-seq (Buenrostro et al.
2015), which identifies open chromatin regions. However, for complex systems such as the
hypothalamus, bulk processing and averaged signals leads to loss of cell-type specific signals.
Furthermore, the target genes of enhancers still remain unknown using bulk sequencing methods.
This renders it difficult to identify context-specific activity of enhancers or to link non-coding
genetic variants to their effects in tissues with specialized cell populations such as the
hypothalamus.

Single-cell approaches allow for the resolution of signals across different cell types and

contexts. Recent advancements made in single-cell technologies enable multiple modalities to be

simultaneously interrogated in the same cells (Cao et al. 2019; Stuart and Satija 2019). These
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advances have provided a unique opportunity to apply single-cell multiomic methods towards
identifying regulatory elements in the non-coding region of the genome, thus enabling
identification of cell-type-specific regulatory networks, which are crucial for understanding

complex biological processes and disease mechanisms.

The hypothalamus is a complex system whose dysfunction can result in a wide range of
diseases, making it an ideal target for single-cell multiomic approaches. It is a region of the brain
located above the pituitary gland that connects the nervous and endocrine system to regulate
essential physiological processes such as hunger, temperature regulation, and emotional
responses. The hypothalamus is organized into distinct regions called nuclei that each control a
distinct function. The most well-studied region is the arcuate nucleus, where the leptin-
melanocortin pathway is regulated by the orexigenic agouti-related peptide/neuropeptide Y-
expressing neurons and the anorexigenic pro-opiomelanocortin/cocaine-amphetamine related
transcript expression neurons (Schwartz et al. 2000). These neurons act as agonists and
antagonists for the melanocortin 4 receptor (MC4R)-expressing neurons in the paraventricular
nucleus to promote or reduce food intake depending on circulating levels of leptin, insulin, and
ghrelin (Baldini and Phelan 2019). The hypothalamus is central to regulation of appetite and

energy expenditure, and thus its malfunction has strong effects on body weight.

The hypothalamus' role in regulating appetite and energy expenditure is influenced by
sex differences, contributing to sexual dimorphism in susceptibility to obesity (Palmer and Clegg
2015). For instance, silencing of estrogen receptors in the ventromedial nucleus of the
hypothalamus in mice led to obesity in females due to reduced energy expenditure (Xu et al.
2011; Musatov et al. 2007; Heine et al. 2000). Another example highlighting sex-dimorphism in

the hypothalamus was found in POMC neurons, which exhibited higher neural activity in female
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mice, indicating that POMC may be responsible for relatively lower body weight in female
animals (Wang et al. 2018). These studies serve to highlight the complex interaction between
sex, hypothalamic function, and obesity. Further research into sex differences in the

hypothalamus can serve to develop sex-specific treatments for metabolic disorders.

Obesity accounts for a large proportion of worldwide chronic diseases such as type 2
diabetes, cardiovascular disease, and cancer (Loos and Yeo 2022). Obesity has a strong genetic
component, with twin and family studies estimating its heritability to be between 40-70% (Elks
et al. 2012). Monogenic forms of obesity, most commonly caused by coding mutations in MC4R,
accounts for a small proportion of obesity cases, while the majority of cases are polygenic
obesity. GWAS have also found that many obesity-associated genes such as the MC4R locus are
strongly associated with polygenic obesity. However, identifying causal variants have proven
difficult due to their position in noncoding regions, as well as obesity-associated genes only
being expressed in subpopulations of the central nervous system, where annotation and

characterization of regulatory elements have not been achieved.

Previous studies have used single-cell sequencing to survey the celltypes within the
hypothalamus, revealing distinct gene expression profiles of each population (Steuernagel et al.
2022; Tadross et al. 2023). Building on this work, we applied single-cell multiome technology to
the hypothalamus, enabling us to simultaneously profile both chromatin accessibility and gene
expression in the same cell in the adult mouse and human hypothalamus. This integrated
approach allows us to correlate chromatin accessibility with gene expression data within
subpopulations. In this work, described in chapter 3, we mapped hypothalamus cell-type specific

putative genes, and regulatory elements such as promoters and enhancers. Finally, we utilized
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these cell-type-specific elements to explore the functional impact of non-coding obesity-

associated variants identified through GWAS.
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CHAPTER 2

2.1 Abstract

Nullomers are short DNA sequences (11-18 base pairs) that are absent from a genome; however,
they can emerge due to mutations. Here, we characterize all possible putative human nullomer-
emerging single base pair mutations, population variants and disease-causing mutations. We find
that the primary determinants of nullomer emergence in the human genome are the presence of
CpG dinucleotides and methylated cytosines. Putative nullomer-emerging mutations are enriched
at specific genomic elements, including transcription start and end sites, splice sites and
transcription factor binding sites. We also observe that putative nullomer-emerging mutations are
more frequent in highly conserved regions and show preferential location at nucleosomes.
Among repeat elements, Alu repeats exhibit pronounced enrichment for putative nullomer-
emerging mutations at specific positions. Finally, we find that disease-associated pathogenic
mutations are significantly more likely to cause emergence of nullomers than their benign

counterparts.

2.2 Introduction

Nullomers are the shortest absent sequences from a genome (Hampikian and Andersen 2007). In
the human genome, the first nullomers appear at eleven base pairs (bps) and the number of
nullomers exponentiates with kmer length. Even though nullomers are absent from the reference
genome, they can be present in the genomes of other individuals. Germline mutations can be
linked with the presence of nullomers, originally absent from the reference human genome

(Georgakopoulos-Soares, Yizhar-Barnea, Mouratidis, Hemberg, et al. 2021), including rare
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variants (Koulouras and Frith 2021). Mutations that have arisen in the life of a person include
private somatic mutations and clonal mutations, such as those that appear during cancer
development and those can give rise to nullomers (Georgakopoulos-Soares, Yizhar-Barnea,
Mouratidis, Bradley, et al. 2021; Tsiatsianis et al. 2024; Montgomery et al. 2023). For cancer,
presence of nullomers has been shown to be a useful biomarker for the early detection of cancer,
using liquid biopsies (Georgakopoulos-Soares, Yizhar-Barnea, Mouratidis, Bradley, et al. 2021;
Tsiatsianis et al. 2024; Montgomery et al. 2023). Other applications involving nullomers have
been described, including cancer cell killing and drug discovery targets (Alileche and Hampikian
2017; Alileche et al. 2012; Ali et al. 2024), forensic applications (Goswami et al. 2013),
pathogen detection and surveillance (Pratas and Silva 2021; Silva et al. 2015; Mouratidis, Chan,
et al. 2023; Mouratidis, Konnaris, et al. 2023) and immunogenic compounds (Patel et al. 2012).
Putative nullomer-emerging mutations have been only examined in a single study to date
(Georgakopoulos-Soares, Yizhar-Barnea, Mouratidis, Hemberg, et al. 2021). In that study, all
possible single base pair substitutions and single base pair insertions and deletions that can cause
the emergence of nullomers were examined. It was shown that nullomers generated from
putative nullomer emerging mutations are enriched in promoters and coding regions, while the
subset of nullomers that could emerge at hundreds of genomic loci were primarily found at Alu

repeats.

The reasons why nullomers are absent from the human genome is an active area of research.
Increased likelihood of mutagenesis at specific contexts, including at CpG sites, has been
proposed (Acquisti et al. 2007), along with negative selection (Koulouras and Frith 2021;

Georgakopoulos-Soares, Yizhar-Barnea, Mouratidis, Hemberg, et al. 2021). One such example

13


https://paperpile.com/c/nYWcgB/NGVwE
https://paperpile.com/c/nYWcgB/dAvrn+gZ35O+fk0NU
https://paperpile.com/c/nYWcgB/dAvrn+gZ35O+fk0NU
https://paperpile.com/c/nYWcgB/dAvrn+gZ35O+fk0NU
https://paperpile.com/c/nYWcgB/dAvrn+gZ35O+fk0NU
https://paperpile.com/c/nYWcgB/LmerL+at4UM+VeLAL
https://paperpile.com/c/nYWcgB/LmerL+at4UM+VeLAL
https://paperpile.com/c/nYWcgB/KhEIF
https://paperpile.com/c/nYWcgB/Dw7x8+Q0LMg+zizPH+oUYcx
https://paperpile.com/c/nYWcgB/Dw7x8+Q0LMg+zizPH+oUYcx
https://paperpile.com/c/nYWcgB/pYKWd
https://paperpile.com/c/nYWcgB/5wdNO
https://paperpile.com/c/nYWcgB/DJyfl
https://paperpile.com/c/nYWcgB/NGVwE+5wdNO
https://paperpile.com/c/nYWcgB/NGVwE+5wdNO

was the identification of restriction site nullomers at viral genomes, which was suggested to be a
mechanism safeguarding them against bacterial endonucleases (Koulouras and Frith 2021). In
addition, a subset of nullomers was found to be shared between different organismal genomes,
which could reflect stronger selection constraints (Georgakopoulos-Soares, Yizhar-Barnea,
Mouratidis, Hemberg, et al. 2021; Chantzi et al. 2023; Mouratidis, Baltoumas, et al. 2023;
Hampikian and Andersen 2007). Nevertheless, a thorough association between nullomer-
emerging and functional genomic elements, or between nullomer-emerging and pathogenicity

has yet to be investigated.

Here, we perform a systematic examination of nullomer-emerging mutations across the human
genome. We analyze all possible one-base pair mutations, which we term putative nullomer
emerging mutations throughout the manuscript. We find that putative nullomer-emerging
mutations are enriched at early-replicating regions and at specific genomic sites, including
transcription factor binding sites (TFBSs), CpG islands and relative to transcription start sites
(TSSs) and splice sites. They are also preferentially positioned relative to nucleosomes. The
strongest enrichment patterns for putative nullomer-emerging mutations are observed at CpG
methylation sites, consistent with the increased mutation rate at these loci. Finally, we show their
clinical relevance using disease causing mutations and pathogenic mutation sites, which are
significantly more likely to cause nullomer emergence. In summary, we provide evidence for the

mechanisms that cause nullomer formation and the selection constraints against them.
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2.3 Results

For our analyses we used all human nullomers between the lengths of 11 and 13 bps, as
described previously (Georgakopoulos-Soares, Yizhar-Barnea, Mouratidis, Hemberg, et al.
2021). The shortest putative nullomer emerging length studied was the minimal length at which
nullomers appear (11 bps). The upper length (13 bp) was selected as the largest kmer length for
which the number of putative nullomer emerging mutations is less than the number of bps of the
human genome, which is 13bps. For larger lengths, the excess of putative nullomer emerging
mutations makes it harder to characterize the subset of putative nullomer-emerging mutations
that are biologically relevant. The thirteen bp length limit was selected because for longer kmer
lengths the majority of loci generate nullomer-emerging mutations and therefore stochastic
effects increase (40.09 nullomer mutations/ 1kb). We examined every possible substitution and
one base-pair insertion or deletion for their ability to cause the emergence of nullomers. For 13
bps, there were a total of 271,432,758 mutations, which were subdivided into insertions,
deletions, and the six possible substitution types (Figure 1a-b). On average, each putative
nullomer-emerging mutation resulted in 2.03, 2.36 and 3.43 nullomers for 11bp, 12bp and 13bp
respectively. For each putative nullomer-emerging mutation, we also generated a simulated
mutation, controlling for trinucleotide context and proximity (within <lkb from the original
mutation), against which we performed multiple comparisons to determine statistical

significance.
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Putative nullomer-emerging mutations are enriched in early replicating, genic regions and

in cis-regulatory elements

To investigate the degree of putative nullomer-emerging mutation clustering in close genomic
proximity to each other, we examined the distance between consecutive putative nullomer-
emerging mutations relative to the expected distance from the simulations. We found a
significantly different inter-mutation distance across nullomer lengths and mutation types, with
putative nullomer-emerging mutations showing a 5-fold higher degree of clustering than
expected by chance (p-value=0, Mann-Whitney U-test, Figure 1d, Supplementary Figure 1a-b,
Supplementary Table 1). This result suggests the presence of putative nullomer-emerging-

mutation clusters in the human genome.

We split the genome into 1kB or 50kB or 500kB bins and calculated the number of unique k-
mers per bin as well as the number of putative nullomer emerging mutations. We observe that in
all cases, bins with nullomer emerging mutations have more unique k-mers than in bins without
(p-value=0, Mann-Whitney U-test, Supplementary Figure 1¢, Supplementary Table 2). We
conclude that genomic loci with putative nullomer emerging mutations are more likely to be

information-rich sequences of the human genome.

Next, we examined if putative mutations that cause the emergence of nullomers are differentially
distributed within the human genome and within functional genomic elements. We separated
mutations into coding and non-coding and observed a higher density of coding relative to non-
coding putative nullomer-emerging mutations across kmer lengths (p-value=0, Mann-Whitney

U-test, Figure 1c, Supplementary Figure 1d, Supplementary Table 3) and across mutation
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categories (Supplementary Figure 1e). Importantly, the mutational density was 8.59-fold higher
in coding relative to non-coding regions, indicating that putative nullomer-emerging mutations

are preferentially located at coding sites.

Replication timing stratifies multiple genomic features, which include gene organization, histone
modifications, DNA methylation, heterochromatization and likelihood of mutagenesis (Aran et
al. 2011; Suzuki et al. 2011; Stamatoyannopoulos et al. 2009). Repli-Seq is a method used to
infer the replication timing of different regions across the genome in a cell type. We used Repli-
Seq data from fourteen human cell lines (BGO2ES, BJ, GM06990, GM12801, GM12812,
GM12813, GM12878, HeLaS3, HepG2, HUVEC, IMR90, K562, MCF7 and NHEK cell lines)
(ENCODE Project Consortium 2012) to study the distribution of putative nullomer-emerging
mutations relative to replication timing. We separated the data into deciles, based on the
replication timing of genomic regions and examined the density of putative nullomer-emerging
mutations in each decile. We observed that early replicating regions had an excess of putative
nullomer-emerging mutations (Figure 1e, Pearson correlation r = 0.97, p-value = 1.94E-06,
Supplementary Table 4). Separation of putative nullomer-emerging mutations by mutation
category revealed that the largest difference between early and late replicating regions in
mutation density was observed for insertions and substitutions relative to deletions
(Supplementary Figure 1f). We also examined how the mutational density of each substitution
type for putative nullomer-emerging mutations changed across the replication timing deciles and
found that G>C mutations (or equivalently C>G) showed the most pronounced differences

across replication timing deciles (Supplementary Figure 1g). These results indicate that the
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emergence of nullomers is more likely to occur in early replicating and coding regions, genomic

regions with higher GC content which are under stronger selection constraints.

Putative nullomer-emerging mutations are enriched at functional genic sites in transcribed
regions

We next examined the distribution of putative nullomer-emerging mutations relative to
functional genomic sites at base-pair resolution. Promoter sequences are composed of specific
regulatory elements such as the TATA-box, the INR element and TFBSs, which tend to be under
evolutionary constraint. We therefore reasoned that putative nullomer-emerging mutations,
which could impair transcriptional activity, would be enriched relative to transcription start sites
(TSSs). Indeed, we found an enrichment of 1.79-fold immediately upstream of the TSS for
mutations that cause the emergence of 13bp nullomers (Figure 1f). We also adjusted for the
simulated mutations, finding an enrichment of 1.53-fold of putative nullomer-emerging
mutations around the TSS (Kolmogorov-Smirnov test, p-value=4.07E-59, Supplementary
Figure 2a, see Methods). In particular, the enrichment levels for substitutions, insertions and
deletions were 1.79-fold, 1.76-fold and 1.99-fold (Supplementary Figure 2b), with the
substitution type and indel type influencing the likelihood of putative nullomer emergence.
Similar results were obtained for 11bp and 12bp putative nullomer-emerging mutations
(Supplementary Figure 2a-c) and when adjusting for the simulated mutation controls. These

results indicate that putative nullomer-emerging mutations are enriched relative to the TSSs.

We replicated this methodology relative to 3 splice sites (3’ss) and 5 splice sites (5’ss) as well

as relative to Transcription End Sites (TESs). We found that the enrichment levels ranged across
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these elements with 3’ss, 5’ss and TES showing enrichments of 2.07-fold, 2.10-fold and 1.23-
fold respectively relative to surrounding regions (Figure 1f-g). We also adjusted for the
simulated mutations, finding adjusted enrichments of 1.50-fold, 1.72-fold and 1.05-fold at the
3’ss, 5’ss and TES respectively (Supplementary Table 5). The 3’ss and 5’ss mutation types
with lowest and highest adjusted enrichments were insertions and substitutions with 1.70-fold
and 1.56-fold enrichments and were replicated for 11bp and 12bp with high consistency
(Supplementary Figure 2d-f). The enrichment of putative nullomer-emerging mutations at TSS

and splice sites indicates that these mutations are prone to affect transcriptional activity.

We also investigated if putative nullomer-emerging mutations are enriched for specific
epigenetic modifications, including histone modifications and open chromatin marks. To that
end, we analyzed H3K4me3, H3K27ac, H3K4mel and DNasel data across four human cell lines
(Figure 1h, Supplementary Figure 2g-h). We find consistently that H3K27ac and H3K4me3
are most enriched for putative nullomer-emerging mutations (mean enrichments of 8.2-fold and
7.1-fold). We conclude that epigenetic marks are linked to differences in putative nullomer

emergence frequencies.

Transcription factor binding sites show an excess of putative nullomer-emerging mutations
We next examined whether putative nullomer-emerging mutations are associated with certain
TFBS:s. First, we used collapsed consensus motifs from genome-wide DNase footprinting data
generated from 263 cell and tissue types (Vierstra et al. 2020)(see Methods), which have been
previously shown to reflect bound TFBSs (Galas and Schmitz 1978). We observed that 39.89%

of DNase footprints overlapped one or more putative nullomer-emerging mutations representing
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a 2.13-fold enrichment (Supplementary Figure 3a). When adjusting based on our simulated
controls we find an enrichment of putative nullomer-emerging mutations of 1.56-fold, suggesting
that nucleotide composition accounts for a subset of the pattern. We observed consistent patterns
when we replicated this analysis across nullomer lengths and separating by mutation category
(Supplementary Figure 3a-c), with deletions observed to have the strongest enrichment (1.70-

fold) and substitutions (1.55-fold) showing the weakest enrichment.

To verify these findings, we used a collection of TFBSs derived from the UniBind database
(Puig et al. 2021). In this dataset, for every ChIP-seq peak the corresponding TFBS is inferred
and therefore it reflects high-confidence transcription factor bound TFBSs. We analyzed this
dataset to examine potential enrichment of putative nullomer-emerging mutations within
actively-bound TFBSs. We found that the results obtained were highly consistent with those
obtained using DNase footprinting (Figure 2a, Supplementary Figure 3d-f), with 40.68% of
TFBSs overlapping one or more putative nullomer-emerging mutation, representing an overall
enrichment of 1.18-fold over background rates and providing additional support that nullomer
emergence occurs more frequently at TFBSs. We were also interested in investigating potential
differences in the enrichment of putative nullomer-emerging mutations by transcription factor
category. We examined the density of putative nullomer-emerging mutations across the TFBSs
of individual transcription factors; we observed that a subset of transcription factors had a high
nullomer-emerging mutation density, with the highest densities occurring with ZBED1 and
GMEB2 among others (Figure 2b). These findings suggest an enrichment of putative nullomer-

emerging mutations at TFBSs across the human genome.
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Putative nullomer-emerging mutations are preferentially positioned relative to

nucleosomes

We reasoned that transcription factor binding site accessibility during transcriptional activity can
be influenced by chromatin organization. Thus, we examined if nucleosome positioning
influences the likelihood of nullomer emergence. Micrococcal Nuclease (MNase) data are
generated by MNase digestion, in which exposed DNA regions are digested which in turns
enables the derivation of nucleosome positioning. We used available MNase data for K562 and
GM12878 cell lines from the ENCODE Consortium (ENCODE Project Consortium et al. 2020)
to identify whether putative nullomer-emerging mutations show a preference for nucleosome
core or linker regions. We found that 13bp putative nullomer-emerging mutations show an 1.08-
fold enrichment at nucleosome core sequences, with a periodicity that is approximately the size
of the inter-nucleosome distance (Sasaki et al. 2009) (Figure 2¢). The results were also
replicated for 11bp and 12bp mutations with very similar results obtained (Supplementary
Figure 4a). However, when we separated by mutation type and repeated the same analysis we
found significant differences. Overall, between substitutions, insertions and deletions we found
largely consistent results with nucleosome cores displaying an enrichment for putative nullomer-
emerging mutations (Supplementary Figure 4b); however when we separated by substitution
type we observed that G>A (and C>T) and G>T (and C>A) mutations were more likely to be
found at the linker regions, whereas all other substitution types were enriched for the nucleosome
core sequence (Supplementary Figure 4¢). Our findings indicate that nullomer emergence, as
examined using all putative mutations, is influenced by nucleosome positioning and by the

mutation type.
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CpG sites are the primary determinants of nullomer emergence in the human genome

Previous reports have suggested that CpG sites are hypermutable; we therefore examined the
association between nullomer emergence and presence of CpG dinucleotides (Sved and Bird
1990; Vergni and Santoni 2016). We found that putative nullomer-emerging mutations are
highly enriched in CpG dinucleotides, with 100% (104), 100% (44,287) and 99.996%
(2,347,572) of them harboring one or more CpG dinucleotides for 11bp, 12bp and 13bp
respectively. This is particularly unexpected given that the percentage of kmers that harbor CpG
dinucleotides in all possible 11,12, and 13bp kmers are 69%, 72%, and 75%. This result suggests
that the primary driver of nullomer generation is presence of CpG dinucleotides. We also
examined if putative nullomer-emerging mutations are enriched at CpG islands (binomial test, p-
value = 0, Figure 2d, Supplementary Table 6, see Methods). We found that 22.4%, 95.8% and
96.9% of CpG islands contain one or more putative nullomer-emerging mutation for 11bp, 12bp
and 13bp nullomers respectively, with 1.09-fold, 1.10-fold and 2.33-fold enrichments at
substitutions, insertions and deletions respectively when compared to simulated mutations

(Supplementary Figure 4d-f).

Next, we used whole-genome bisulfite sequencing (WGBS) from the ENCODE Consortium
(ENCODE Project Consortium 2012) on six different tissues (adrenal gland, esophagus
squamous epithelium, gastroesophageal sphincter, stomach, small intestine, spleen) to examine
methylation of DNA at the fifth position in cytosine (5SmC), across putative nullomer-emerging
mutation sites. Across all putative nullomer-emerging mutations, we observed an enrichment of
2.31-fold, directly at the SmC sites (Mann Whitney U-test, p-value=0, Figure 2e,

Supplementary Figure 3g, Supplementary Table 5), findings that were consistent across
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mutation categories (Supplementary Figure 3h-i). These results indicate that putative nullomer-
emerging mutations occur at CpG sites, which are the most frequently mutated dinucleotides in
the human genome (Fryxell and Moon 2005); therefore these enrichments likely reflect hyper-
mutation at these sequences. We conclude that a driver of nullomer generation in the human

genome is the CpG mutation rate.

Alu repeats display positional enrichment for putative nullomer-emerging mutations

We examined the distribution of putative nullomer-emerging mutations across transposable
elements. We analyzed emerging nullomers in Long interspersed nuclear elements (LINE), Short
interspersed nuclear elements (SINE) and Long Terminal Repeats (LTR) transposable element
families and found that the highest nullomer-emerging density from all putative one bp
mutations was observed at SINE repeats with median of 60 mutations per kB (Figure 3a). In
particular, we observed this for insertions relative to substitutions and deletions and the findings
were consistent across kmer lengths (Figure 3a; Supplementary Figure 5). We also separated
the transposable repeat element families into sub-types and found that the most recently active
Alu repeats in the human genome, including AluSx, AluJ and AluY repeats displayed the highest
putative nullomer-emerging mutational density (Figure 3b), and specifically for insertions
(Figure 3c). The repeat elements with the highest putative nullomer-emerging mutation density
were AluYe5, AluYk12 and AluYb9 (mean densities 155.4, 145.0, 139.5 elements per kb,

Figure 3c).

We next examined the subset of nullomers that had the highest density of putative nullomer-

emerging mutations for single base-pair substitutions, insertions and deletions in the human
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genome. We find that the recurrent putative nullomer-emerging mutations can be explained by
their presence at recently evolved Alu repeats, particularly for insertions (Figure 3d).
Additionally, we observe that the mutations are inhomogeneously distributed across the Alu
repeat elements (Figure 3e), with specific hotspots, notably at regions with AluYaS5. These
findings provide support for putative nullomer-emerging mutational hotspots in the human
genome, likely reflecting selection constraints and silencing mechanisms that have been

operative during recent human evolution.

Nullomer-emergence in human population variants

Previous work has showcased the utility of nullomers in forensic applications (Goswami et al.
2013). We have also previously shown an association between population variants and nullomer
emergence (Georgakopoulos-Soares, Yizhar-Barnea, Mouratidis, Hemberg, et al. 2021). Here,
we examined the likelihood of nullomer emergence due to population variants, to be set as a
background against which to examine the nullomer pathogenicity. We first examined the
likelihood of nullomer emergence due to human population variants. Interestingly, we observe
that the SNP variant allele frequency is anti-correlated with the likelihood of nullomer
emergence (Figure 4a). We find that nullomer-emerging germline mutations were more likely to
be found in the rarest population variants (MAF <0.01). To understand whether rare germline
mutations that can lead to nullomers emergence may have a deleterious effect, we then examined
the pathogenicity of population variants. Using scores derived from CADD (Rentzsch et al.
2019) and population variants derived from gnomAD (Karczewski et al. 2020), we examined the
predicted pathogenicity of each mutation collected from the human genome. We find that across

mutation types, nullomer-emerging germline mutations found in gnomAD yielded a higher
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CADD score, with insertions yielding the strongest enrichment (Figure 4b, 1.58-fold, Mann-
Whitney U test, p-value<0.01, Supplementary Figure 6a, Supplementary Table 7). These
findings suggest that nullomer emerging germline mutations are rare in the human population

and associated with pathogenicity.

Predicted pathogenic mutations are more likely to result in nullomer emergence

Assuming that some of the causes of nullomer absence include selection constraints and
pathogenicity, we examined the pathogenicity of nullomer-emerging mutations. We analyzed the
deleteriousness of all possible putative nullomer-emerging substitutions relative to all putative
substitutions that do not cause nullomer emergence, throughout the human genome. We found
that putative nullomer-emerging substitutions on average display a higher CADD score for 13bp
nullomer emerging mutations compared to controls (1.11-fold, Mann-Whitney U, p-value<0.01,
Supplementary Table 7). We also separated putative substitutions into ten quantiles based on
the deleteriousness of each substitution. We found that the most pathogenic putative substitution
mutations are also the most likely to cause nullomer-emergence (Figure 4c, Spearman
correlation = 0.92, p-value = 1.86E-5). Furthermore, when separating putative nullomer-
emerging mutations and mutations that do not cause nullomer emergence into deciles based on
the CADD score, across the deciles putative nullomer-emerging mutations have a higher

pathogenicity (Figure 4d).

We next separated the mutation types based on their effect into: 1) 3’UTR, ii) 5’UTR, iii)
canonical splice, iv) stop gained, v) stop loss, vi) synonymous and vii) non-synonymous. We

examined which of these showed the largest discrepancy in pathogenicity when they caused
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nullomer-emerging versus when they did not cause nullomer-emerging. We observed that
putative mutations in 5’UTR showed the strongest enrichment (1.17-fold) while the 3’UTR were
under-enriched (0.97-fold) (Figure 4e, Supplementary Table 7). We obtained consistent results

across nullomer lengths (Supplementary Figure 6b).

We then examined if putative nullomer-emerging mutations are enriched in amino acid
substitutions that are predicted to affect protein function. Using SIFT scores we show that
putative nullomer-emerging mutations are slightly more likely to affect protein function (Figure
4f, 1.02-fold, Mann-Whitney U, p-value=0, Supplementary Table 8). These findings provide
evidence for the higher likelihood of pathogenicity for putative nullomer-emerging substitutions
across mutation types, for mutations that cause protein sequence changes and across functional

genomic compartments.

Pathogenic mutations cause the emergence of nullomers in the human genome

ClinVar is a database that encompasses manually curated mutations that have been annotated
relative to their pathogenicity status as “Benign” or “Likely Benign” and “Pathogenic” or
“Likely Pathogenic” (Landrum et al. 2016). We examined if clinically relevant nullomer-
emerging mutations show an enrichment for Pathogenic or Likely Pathogenic relative to Benign
or Likely Benign mutations. We find that across nullomer lengths, pathogenic mutations are
more likely to cause the emergence of nullomers (Supplementary Figure 6c¢, chi-square test, p-
value=3.26E-243, Supplementary Table 9). We find that pathogenic clinical variants show a
1.34-fold enrichment in causing 13bp nullomer emergence over the frequency of benign and

likely benign clinical variants, in particular for deletions and insertions relative to substitutions
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(Figure 4g). Across substitution types, T>C mutations are the most enriched type
(Supplementary Figure 6d). We also examined the frequency of nullomer-emerging mutations
in expression quantitative trait loci (eQTL) relative to common SNPs and found a 1.18-fold
enrichment at eQTLs for 13bp nullomers (Figure 4h, Supplementary Table 10). This was
replicated across mutation types (Supplementary Figure 6e). These results indicate that

nullomer emergence is associated with pathogenicity and human disease.

2.4 Discussion

Here, we performed a thorough genomic characterization of nullomer-emerging mutations across
the human genome and provided new evidence that increased mutation rate in methylated
cytosines (Mugal and Ellegren 2011) are the primary driver of nullomer emergence. We find a
remarkable 16.12-fold enrichment of nullomer-emerging mutations in 5-methylcytosines. We
also find almost every nullomer encompassing one or more CpG dinucleotides, suggesting that
hypermutation of CpG loci is the principal force of nullomer formation, consistent with the

proposition by (Acquisti et al. 2007).

We also find that putative nullomer-emerging mutations are inhomogeneously distributed across
the human genome, with clear enrichment patterns across functional genetic elements and cis-
regulatory sequences. Therefore, putative nullomer-emerging mutations provide evidence for
negative selection constraints within those elements, which is the second force driving nullomer
formation. Selection constraints against nullomers are highest at TFBSs, splice sites and the TSS.

Previously, we and others have shown that selection constraint can be detected for nullomers in
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humans as well as in other species (Koulouras and Frith 2021; Georgakopoulos-Soares, Yizhar-

Barnea, Mouratidis, Hemberg, et al. 2021).

Selection constraints against nullomer emergence are evident at functional genomic sites. In
addition, the intriguing putative nullomer-emerging mutation enrichment at the most recently
evolved Alu repeats, might indicate repeat silencing mechanisms. Specifically, we find that only
the most recently evolved Alu repeats, including the small subset of Alu repeat sub-families that
are still active in humans (Bennett et al. 2008; Hésler and Strub 2006), show the pronounced
nullomer emergence hotspots. The mutation type we observed at these hotspots is primarily
insertions, suggesting that the silencing mechanisms which are operative could likely involve
deletion events. Therefore, future work is required to investigate the hypothesis that nullomer

emergence at these sites can cause an increased Alu repeat activity.

Finally, we showcase how disease-causing and pathogenic mutations are more likely to create
nullomer-emerging mutations. In addition, rare germline mutations, which are more likely to be
pathogenic, are also more likely to cause the emergence of nullomers. As a result, a better
understanding of nullomers and their emergence, a topic which has been severely understudied,
can provide breakthroughs in the understanding of human diseases. Nullomer emergence could
be used to find loci that are more likely to be associated with human diseases and could be
particularly useful in other species, for which disease annotations and identification of
pathogenic variants is still lacking. Future work is required to showcase the mechanisms of
pathogenicity at individual nullomer-emerging hotspots and to deconvolute them from the

increased mutagenicity of nullomers.
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2.5 Materials and Methods

Nullomer extraction and putative nullomer-emerging mutation map generation. Nullomer
extraction and putative nullomer-emerging mutation map generation was performed as described
previously (Georgakopoulos-Soares, Yizhar-Barnea, Mouratidis, Hemberg, et al. 2021) for kmer
lengths of eleven to thirteen base pairs. Briefly, at each base pair, each nucleotide is changed to
all three other possibilities and the resulting kmer is compared to a list of nullomers. Mutation
types were separated in substitutions, insertions and deletions. Substitutions were subdivided

based on the reference and alternate allele in six subtypes.

Simulated mutations For each putative nullomer-emerging mutation, we identified a position
with a distance less than 1,000 bp away that had the same trinucleotide context but did not lead
to nullomer emergence. Simulated mutations were generated using a custom Python script that is
found in (Georgakopoulos-Soares et al. 2018). Using this methodology we created a set of

simulated mutations that matched the nullomer-emerging mutations, for each nullomer length.

K-mer analysis across genomic bins To investigate the association between k-mer diversity and
nullomer emerging mutations we split the genome in 1kB or 50kB or 500kB bins and calculated
the number of unique k-mers per bin and the number of putative nullomer emerging mutations in
each bin. From the analysis, we removed the first and last 50kB regions. To estimate statistical

significance we performed Mann Whitney U tests.
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Genomic and genic annotation data. The reference human genome assembly GRCh38 (hg38)
was used. Genic analyses were performed using the GENCODE v40 annotation, for which
coding and non-coding regions, TSS, TES, 3’ss and 5’ss annotations were derived. Locations of
CpG islands were obtained from the UCSC genome browser. The enrichment was calculated as
the number of occurrences at a position over the mean number of occurrences across the window
of 1kB. The corrected enrichment was calculated as the ratio of the real enrichment over the

background enrichment of simulated mutations.

Repli-seq data. Repli-seq data for fourteen cell lines were derived from (ENCODE Project
Consortium 2012) and analyzed as previously described in (Morganella et al. 2016). Repli-seq
data were binned into deciles relative to early and late replicating regions. The density per 1kB
window of nullomer-emerging mutations was calculated at each decile across mutation
categories for all cell lines. Pearson correlation was calculated between the decile number and

the mean mutational density at each decile.

TFBS datasets. TFBSs at DNase footprints from 243 human cell and tissue types and states
were obtained from (Vierstra et al. 2020) and ChIP-seq bound TFBSs were obtained from
UniBind (Puig et al. 2021). We measured the distribution of nullomer or simulated mutations
across 1kB windows. The enrichment was calculated as the number of occurrences at a position
over the mean number of occurrences across the window of 1kB. The corrected enrichment was
calculated as the ratio of the real enrichment over the background enrichment of simulated
mutations. The density of TFBS motifs was calculated as the number of motif occurrences over

the total number of base pairs.
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MNase datasets. MNase-seq data were downloaded from the ENCODE (ENCODE Project
Consortium 2012) portal for GM 12878 and K562. Significance of difference in nucleosome
density signal was calculated using scores from nullomer or control mutations extracted with
bedtools map function, followed by Mann-Whitney U test. Nucleosome signal was calculated as
mean score at each loci in the 1kB window of nullomer-emerging mutation and simulated control

mutation.

ClinVar, dbSNP mutation and eQTL datasets. Population variants were derived from dbSNP
(Sherry, Ward, and Sirotkin 1999) and gnomAD (Karczewski et al. 2020). Clinical variants were
derived from the ClinVar database (Landrum et al. 2016) and were subdivided based on
pathogenicity in “Benign”, “Likely Benign”, “Likely Pathogenic” and “Pathogenic”. The
frequency of nullomer-emergence was compared between mutations of different pathogenicity.

eQTLs were derived from GTEx Portal (GTEx_Analysis v8 eQTL.tar)(Lonsdale et al. 2013).

Measurement of deleteriousness using CADD. The CADD tool was used for scoring the
deleteriousness of single nucleotide variants as well as insertion/deletions variants in the human
genome. All single nucleotide variants across the human genome were derived from:

https://krishna.gs.washington.edu/download/CADD/v1.6/GRCh38/whole genome SNVs.tsv.gz.

All gnomAD substitutions were derived from:

https://krishna.gs.washington.edu/download/CADD/v1.6/GRCh38/gnomad.genomes.r3.0.snv.tsv

.gz. All gnomAD insertion and deletion mutations were derived from:

https://krishna.gs.washington.edu/download/CADD/v1.6/GRCh38/gnomad.genomes.r3.0.indel.ts

v.gz. All SIFT scores were derived from:
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nno.tsv.gz. Nullomer extraction was performed for each mutation for nullomers of lengths
between eleven and thirteen base pairs. Mutations were separated into those that caused nullomer
emergence and those that did not and the significance of difference in deleteriousness between

the two groups was calculated using Mann-Whitney U tests.

Whole Genome Bisulfite Sequencing Analysis. WGBS data were downloaded from ENCODE
for six different human tissues, the adrenal gland (ENCFF524MTO), esophagus squamous
epithelium (ENCFF283YAZ), the gastroesophageal sphincter (ENCFF4410SB), stomach
(ENCFF896GOF), small intestine (ENCFF537NCQ) and spleen (ENCFF8650X]) tissues.
Methylation signal was calculated as the mean score at each loci in the 1kB window of nullomer-

emerging mutation and simulated control mutation.

Code Availability

All code to perform case study analysis is provided at https://github.com/Georgakopoulos-

Soares-lab/nullomer_topography.
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Figure 2.1 Putative nullomer-emerging mutations show clustering patterns and are
enriched in early-replicating regions, promoters and coding sequences.

(Figure caption continued on the next page.)



(Figure caption continued from the previous page.)

a) Schematic of simulated mutations to generate putative nullomer-emerging mutations and
control mutations. b) Proportion of putative nullomer-emerging mutations by mutation type for
kmer lengths of 11bp, 12bp and 13bp. c¢) Distance distribution between consecutive putative
nullomer-emerging mutations and simulated putative nullomer-emerging mutations. d) putative
nullomer-emerging mutational density at coding and non-coding regions. e) Density of putative
nullomer-emerging mutations across replication timing deciles. Early replicating regions display
a higher nullomer emergence density (Pearson correlation r = 0.97, p-value = 2.4e-06). Mean
mutational density across all fourteen cell lines are shown. Error bars indicate standard deviation
of mutational density between cell lines. f-h) Enrichment of putative nullomer-emerging
mutations in : f) TSS, TES and g) 3’ss, 5’ss, and h) at DNase footprinting sites and histone
modifications. In f-g, the fold enrichment for putative nullomer-emerging mutations was
calculated as the ratio of the number of mutations found in a given position over the mean
number of mutations across the whole window. The dark grey lines in f-g represent the
distribution of putative nullomer-emerging mutations for simulated controls.

41



1.60

® Nullomer
B Control

1.40

1.20

Enrichment

1.00

0.80

-400

20

Mutational Density per 1kB

UniBind

-200

0

200 400

Distance (bp)

L

All

Deletions

-: ZBED1

GMEB2
— ZBTB33
— HSFY2
= Barhl1
— NRF1
= E2F1
— GMEB2
— ETV1
= HINFP1
— CENPB
- E2F1
= TBX21
= HINFP1
— Tcfls
= KAISO
= ERG
= MYBL1
= ETS1
= EGR2
= NRF1
= MYBL1
= AR
= EGR1
= THAP1
= Egr3
— EGR4
= HINFP1
— CREBS
— XBP1
— DBP
= MYCN
= Hest
= MYBL2
= FL1
= MYBL2
= HINFP
= HEY1
— SREBF2
— ZBT14
= ARNT
= ATF1
— JDP2
— E2F4
= PAX5
- E2F1
= PAX5
= GLIS1
= Ccux1
= BHLHB3

Substitutions
Insertions

Nucleosome Signal

Enrichment

Methylation Signal

12.50 B Control

Nucleosome

-500 0 500 1000

Distance (bp)

Cpg Islands

0 500 1000
Distance (bp)

Methylation

-10 0 10 20 30
Distance (bp)

Figure 2.2 Association between putative nullomer-emerging mutations and open epigenetic
marks and methylation.

(Figure caption continued on the next page.)
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(Figure caption continued from the previous page.)

Putative nullomer-emerging mutation sites are enriched at a) TF-DNA interaction sites based on
UniBind inferred data, b) transcription factor binding sites, ¢) nucleosome core positions, d) CpG
islands, and e) methylation sites from WGBS.
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Figure 2.3 Nullomer emergence is pronounced at Alu repeat elements.

(Figure caption continued on the next page.)
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(Figure caption continued from the previous page.)

a) Mutational density at LINE, SINE and LTR repeats across mutation types. b) Mutational density
at transposable element repeat sub-families. ¢) Mutational density at transposable element repeat
sub-families for the mutation subtypes. d) Heatmap of proportion of putative nullomer-emerging
mutations appearing at Alu repeat elements. e) Distribution of putative nullomer-emerging
mutations occurrences across Alu repeat elements AluYe5, AluYk12, AluSx4.
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Figure 2.4 Pathogenicity of nullomer-emerging sequences in the human genome.

(Figure caption continued on the next page.)
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(Figure caption continued from the previous page.)

a) Variant allele frequencies of nullomer-emerging population variants. b) CADD scores of
mutations that cause or not cause the emergence of nullomers in population variants from
gnomAD. c) Proportion of nullomer-emerging mutations across CADD score percentiles. d)
Distribution of CADD scores across percentiles in nullomer-emerging mutations and non-
nullomer emerging mutations. ) Association of CADD score and nullomer emergence for
mutations at the stop codon mutation loss, stop stop codon mutation gain, S’UTR, 3’UTR,
canonical splice sites, synonymous and nonsynonymous mutations. f) SIFT scores from nullomer
emerging mutations and non-nullomer emerging mutations. g) ClinVar pathogenic mutations are
more likely to cause nullomer emergence than their benign counterparts. h) Enrichment of
eQTLs relative to common SNPs for nullomer-emerging mutations. In panels a-f, controls are
based on simulations controlling for trinucleotide context and proximity to the original nullomer
emerging mutation.
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Figure S2.1 Enrichment across genome of putative nullomer-emerging mutations
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(Figure caption continued from the previous page.)

Distance distribution between consecutive nullomer-emerging mutations and simulated
nullomer-emerging mutations for a) k=11, k=12 and b) across mutation types for k=13. ¢)
Barplot of the number of unique kmers in 1kb, 50kb, and 500kb bins of the genome with or
without putative nullomer-emerging mutations d) Nullomer-emerging mutational density at
coding and non-coding regions for k=11, 12, and e) and across mutation types for k=13. f) Mean
mutational density of nullomer-emerging mutations for k=13 across replication stages in
deletions, substitutions, insertions and g) substitution subtypes.
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Figure S2.2 Enrichment of putative nullomer-emerging mutations in functional regions of
genomes across kmers and mutation subtypes
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(Figure caption continued from the previous page.)

Enrichment of nullomer-emerging mutations in TSS and TES a) in k=11, 12, 13, b) stratified by
mutation type and c) substitution subtypes. Enrichment of nullomer-emerging mutations in 3’
and 5’ splice sites in d) k=11,12,13 e) stratified by mutation type and f) substitution subtypes.
Enrichment of nullomer-emerging mutations in DNase footprinting sites and histone
modification sites in g) k=11 and h) k=12.

51



I Deletions W Insertions M Substitutons B C>A B C>G HE CT B T>A HBT>C N T>G
~ Footprintin - UniBln
A = R =— . —__
Enrichment Enrichment
Footprintin UniBin
Enrichment | Enrichment |
Foot rlntln UniBind =
Enrlchmem | 1 | I Enrichment | 1 1 I
0.0 0.5 1.0 15 0.0 05 1.0 15
Enrichment Enrichment
Footprinting = UniBind =
B _ P E _
Corrected _ Corrected _
Footprinting UniBind
I | I I
0.0 05 1.0 15 20 0 2 4
Footprinting = UniBind —
& &
Corrected _ Corrected _
Footprinting UniBind
I
0.0 0.5 1.0 15 0.0 0.5 1.0 15 20
Footprinting = UniBind =
e e
Corrected _ Corrected _
Footprinting UniBind
| | I
0.0 0.5 1.0 15 0.0 0.5 1.0 15
Enrichment Enrichment
Cc . F -
Footprinting — UniBind —
— ~—
— —
Corrected _ Corrected _
Footprinting UniBind
I I I I
0 1 2 0 2 4
Footprinting — UniBind —
A (aV}
— ~—
Corrected _ Corrected _
Footprinting UniBind
I
0.0 05 1.0 1.5 2.0 0 1 2
Footprinting = UniBind =
(sp] (a9}
~— ~—
Corrected _ Corrected _
Footprinting UniBind
| 1 | | | | | 1 | 1
0.0 0.5 1.0 15 20 0.0 0.5 1.0 15 2.0
Enrichment Enrichment

Figure S2.3 Enrichment of putative nullomer-emerging mutations and TF-DNA interaction
sites across kmers and mutation subtypes
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(Figure caption continued from the previous page.)

Enrichment of nullomer-emerging mutations across k=11,12,13, mutation subtypes, and
substitution subtypes for TF-DNA interaction sites based on a-c) DNase footprinting d-f) and
sites derived from UniBind.
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Figure S2.4 Putative nullomer-emerging mutations in nucleosome core positions, CpG
islands, and methylation sites across kmers and mutation subtypes
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(Figure caption continued from the previous page.)

Enrichment of nullomer-emerging mutations across k=11,12,13, mutation subtypes, and
substitution subtypes for a-c) nucleosome core positions, d-f) CpG islands, g-i) methylation sites.
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Figure S2.5 Association between putative nullomer-emerging mutations and Alu elements

across kmers and mutation subtypes
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(Figure caption continued from the previous page.)

Heatmap of proportion of nullomer-emerging mutations appearing at LINES, LTRs, and SINES
for k=13 a) substitutions, b) deletions and c) insertions.
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Figure S2.6 Pathogenicity of putative nullomer-emerging mutations across kmers and
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(Figure caption continued from the previous page.)

a) CADD scores of nullomer-emerging and simulated mutations in population variants from
gnomAD for k=11,12,13 subdivided by mutation type. b) Association of CADD score and
nullomer emergence for mutations at the stop codon mutation loss, stop stop codon mutation
gain, 5’UTR, 3°’UTR, canonical splice sites, synonymous and nonsynonymous mutations. c)
ClinVar pathogenic and benign nullomer-emerging mutations across k=11,12,13. d) ClinVar
pathogenic and benign mutations for k=13 across substitution subtypes. ¢) Enrichment of eQTLs
relative to common SNPs for nullomer emerging mutations in insertions, deletions, and
substitutions.
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CHAPTER 3

3.1 Abstract

Over 500 noncoding genomic loci are associated with obesity. The majority of these loci reside
near genes that are active in the hypothalamus in specific neuronal subpopulations that regulate
food intake, hindering the ability to characterize them. Here, we carried out multi-omic analysis
(RNA/ATAC-seq) on both mouse and human male and female hypothalamus, identified over 30
different cell populations and characterized several sex-specific differentially expressed genes
and regulatory elements. By overlapping cell-specific ATAC peaks with obesity GWAS variants,
we identified obesity-associated gene regulatory elements. Utilizing reporter assays and CRISPR
editing, we show that many of these sequences, including the top two obesity-associated loci
(FTO and MC4R), regulate known obesity genes and that their activity is altered due to the
obesity-associated variant. Combined, our work provides a catalog of genes and regulatory
elements in hypothalamus cell subpopulations and shows how multi-omic single-cell sequencing

can identify functional variants associated with obesity.

3.2 Introduction

Obesity dramatically increases the risk of morbidity from hypertension, dyslipidemia, diabetes,
and cardiovascular diseases and is a major public health concern(Berrington de Gonzalez et al.
2010; Hales et al. 2018). Environmental and genetic factors are both involved in the onset and
progression of weight gain(Swinburn et al. 2011), with genetic factors being a major
component(Silventoinen et al. 2010; Stunkard, Foch, and Hrubec 1986). Both rare, monogenic
obesity causing variants, and common variants, detected through large obesity genome wide

association studies (GWAS), have been found to predispose to obesity. While rare gene
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mutations causing obesity have outlined a neuro-physiological pathway involved in body weight
regulation, the majority of which are part of the hypothalamic leptin-melanocortin
pathway(Ranadive and Vaisse 2008), how common variants influence body weight remains
mostly poorly understood. GWAS have identified over 500 common loci associated with
obesity(Speliotes et al. 2010; Thorleifsson et al. 2009; Loos 2018). The majority of obesity
GWAS loci represent clusters of common variants in noncoding regions that likely alter gene
expression and have been found to reside primarily near genes involved in central nervous
system (CNS)-related processes(Loos 2018; Ghosh and Bouchard 2017). In addition, a number
of loci appear to directly influence neurons of the hypothalamic leptin-melanocortin
system(Ghosh and Bouchard 2017). Combined, these studies single out neuronal subpopulations

in the hypothalamus that are involved in food intake as the major cause of this condition.

The hypothalamus is one of the most complex regions in the brain, composed of diverse neurons
and glial cells that are spatially distributed in different compartments, called nuclei(Burbridge,
Stewart, and Placzek 2016; Daniel 1976; Flament-Durand 1965). Extensive studies on the
hypothalamus have demonstrated that individual nuclei have distinctive functions in regulating
different homeostatic processes, such as thermoregulation, mating motivation, sweat, blood
pressure, reward, and hunger(Bligh 1966; Gao et al. 2021; Horio and Liberles 2021; Siemian et
al. 2021; Tan and Knight 2018; S. X. Zhang et al. 2021; Atasoy et al. 2012). Most of these
processes are controlled by neuronal subtypes in each nucleus. In addition, sex-dimorphism in
the hypothalamus has been characterized(Heck and Handa 2019; Seale et al. 2004, 2005), with
the medial preotic nucleus being a major sex-dimorphic region, releasing different hormones

depending on sex(Allen et al. 1989; Bailey and Silver 2014; Stamatiades and Kaiser 2018).
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However, the understanding of sex-differential gene expression and transcriptional regulation in

the hypothalamus remains largely uncharacterized.

With advances in single-cell sequencing technologies, several studies have set out to characterize
diverse cell populations in the whole hypothalamus or specific nuclei using single-cell RNA
sequencing (scRNA-seq)(Bai et al. 2019; Chen et al. 2017; Huang et al. 2021; Khrameeva et al.
2020; D. W. Kim et al. 2020; Mickelsen et al. 2019; Moffitt et al. 2018; Ren et al. 2019;
Romanov et al. 2020; Wen et al. 2020; Yu, Rubinstein, and Low 2022; Zhou et al. 2022;
Steuernagel et al. 2022). These studies characterized various hypothalamus neuronal populations,
such as GABAergic and glutamatergic neurons, non-neuronal cell types, including microglia,
oligodendrocytes, and astrocytes. While these studies were able to identify various cell
populations based on their transcriptional profiles, they lack the capacity to identify the
regulatory elements driving these cell type-specific subpopulations, where many of the obesity

GWAS variants or other hypothalamus-associated phenotypes could reside.

Multiomic single-cell sequencing utilizes RNA-seq to identify the transcriptome and ATAC-seq
to characterize the regulome in the same cell. Here, we utilized this technique to generate a
combined scRNA- and sc-ATAC seq atlas of the adult female and male mouse and human
hypothalamus. This atlas, composed of more than 50,000 cells, identified numerous non-
neuronal and neuronal cells that play key roles in controlling various hypothalamus-associated
physiological processes, including blood pressure, mating, nursing, and feeding. We also
identified cell-type specific regulatory elements and linked them to their target genes in several

cell clusters. Moreover, we uncover cell cluster-specific transcription factor (TF) activity and
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their regulated genes and identify cell cluster-specific core TFs (regulatory machinery) shared
between mice and humans. In addition, we annotated sex-associated gene expression and
regulatory element differences, including hormones/neuropeptides in different neuronal subtypes
that are regulated by TFs expressed in a sex-dimorphic manner. Overlapping our cell-type
specific regulatory elements with obesity GWAS variants, we identified eighteen potential
enhancers for several obesity associated loci, including 70 and MC4R, the top two associated
obesity variants(Speliotes et al. 2010; Thorleifsson et al. 2009; Loos 2018). Enhancer assays in
mouse hypothalamus cells, identify ten of these to be functional enhancers and five to alter
enhancer activity due to the obesity-associated variant. Removal or CRISPRi of two of these
enhancers in cultured human neurons or astrocytes leads to a reduction of gene expression of
their target genes. Taken together, this work provides a catalog of genes and regulatory elements
in different cellular subpopulations of the hypothalamus in both males and females in mice and
humans which can be utilized to identify causative sequences that lead to hypothalamus-

associated phenotypes, such as obesity.

3.3 Results

Combined sc-RNA and ATAC profiling of the mouse hypothalamus

To characterize both the genes and regulatory elements of hypothalamic cell types, we utilized
the 10X Chromium multiome platform. We initially focused on mouse, utilizing three male and
three female hypothalami dissected from 12-week old C57BL/6J mice. We isolated nuclei via
FACS and subjected them to 10X Chromium Multiome following established protocols (see

Methods). Overall, we sequenced 72,504 cells. After quality control filtering (see Methods), we
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retained 13,455 from female mice and 13,329 from males, amounting to 26,784 mouse
hypothalamus cells in our dataset (Extended Data Fig.1a). We next set out to characterize the
various hypothalamus cell populations using our scRNA-seq data. Utilizing a previous atlas of
the mouse hypothalamus, we first determined the various cell-type specific clusters(Steuernagel
et al. 2022; Bai et al. 2019; Chen et al. 2017; Huang et al. 2021; Khrameeva et al. 2020; D. W.
Kim et al. 2020; Mickelsen et al. 2019; Moffitt et al. 2018; Ren et al. 2019; Romanov et al. 2020;
Yu, Rubinstein, and Low 2022; Zhou et al. 2022). Using HypoMap(Steuernagel et al. 2022), we
identified 25 distinctive cell populations, including 16 different types of neurons and
oligodendrocytes, astrocytes, and immune cell clusters (Fig.1b, Extended Data Fig. 1b,

Supplementary Table 1).

For neuronal cells, we found 16 different neuronal cell populations, including glutamatergic,
GABAergic, and specialized neuron clusters. We found 9 glutamatergic neuron populations that
showed high expression levels of the glutamatergic marker, Slc/7a6, which encodes the
vesicular glutamate transporter 2 (Vglut2) gene. We also identified nine clusters of GABAergic
neurons, expressing GABAergic marker Slc32a, which encodes the vesicular GABA transporter
(Vgat) gene (Fig.1c). The GABAergic neurons also expressed the synthetic enzyme for GABA,

GadI* (Extended Data Fig.1c).

Furthermore, we found other specialized neurons secreting various neuronal peptides and
hormones that regulate whole-body endocrine and physiological homeostasis. Among these cells,
we identified Pomc/Cart neurons (GLU-5) that distinctly express both proopiomelanocortin

(Pomc) and cocaine and amphetamine regulated transcript (Cartpt) and Npy/Argp neurons
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(GABA-4), highly expressing neuropeptide Y (Npy) and agouti-related peptide (4grp) (Fig.lc,
Extended Data Fig. 1d). Both cell types are known to control satiety by regulating melanocortin
4 receptor (Mc4r) neurons(Y. Wang et al. 2021) (Extended Data Fig.1c). These neurons were
identified in various nuclei, including paraventricular nucleus, accurate nucleus, and
intermediolateral nucleus(Govaerts et al. 2005; Lubrano-Berthelier et al. 2003). Similar to
previous reports(Lin, Storlien, and Huang 2000; Wauman and Tavernier 2011), we found that
Pomc/Cart and Npy/Agrp neurons express leptin receptor (Lepr) (Extended Data Fig.1c). In
addition, we identified oxytocin (Oxt)- and pro-melanin concentrating hormone (Pmch)-
secreting neurons (GLU-6, GLU-7 clusters) (Extended Data Fig.1d). Oxytocin is known to be
involved in female reproduction, breastfeeding, and childbirth(Magon and Kalra 2011), and pro-
melanin concentrating hormone, is known to control skin pigmentation and is also an important
peptide implicated in the control of motivated behaviors, such as feeding, drinking, and

mating(Diniz and Bittencourt 2017).

We also identified dopamine-producing neurons (GLU-9) which show high expression levels of
dopamine synthetic enzymes, such as tyrosine hydroxylase (7%) and dopa decarboxylase (Ddc)
(Extended Data Fig.1c-d). We annotated hypocretin neuropeptide (Hcrt, GLU-7) or orexin -
expressing neurons, which are reported to regulate arousal, wakefulness, and appetite(Ganjavi
and Shapiro 2007; Mignot 2004). Additionally, we found growth hormone-releasing hormone
(Ghrh)- specific neurons (GABA-3) (Fig.1c), which regulate growth hormone production in the
anterior pituitary gland(Grossman, Savage, and Besser 1986; Garcia-Tornadu et al. 2010). When
examining other neuron peptides, we found oxytocin neurons expressed Avp (vasopressin),

regulating blood pressure and kidney function(Bartter 1981) (Extended Data Fig.1d). We found
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that Ghrh neurons highly expressed Gal (Galanin-like peptide), which is known to regulate
feeding and reproduction(Bartter 1981; Shiba et al. 2010) (Extended Data Fig.1d). In addition,
GABAergic neurons widely expressed Adcyapl, encoding for pituitary adenylate cyclase-
activating polypeptide binding to its receptor in intestinal cells and associated with post-

traumatic stress disorder (PTSD)(Bartter 1981; Shiba et al. 2010; Ressler et al. 2011) (Fig.1c¢).

We also identified several non-neuronal cell populations. These include oligodendrocytes
(ODC), oligodendrocyte precursor cells (OPC), which show high expression of suppression of
tumorigenicity 18 (St/8) and proline-rich 5 like (Prr5[) genes and mature oligodendrocytes,
expressing platelet-derived growth factor receptor A (Pdgfra) and oligodendrocyte transcription
factor 1 (Oligl) (Extended Data Fig.le). In addition, we found astrocytes that show high levels
of astrocyte gene markers, such as angiotensinogen (4g¢) expression and immune cells that
express the immune marker cathepsin S (Ctss) (Extended Data Fig.1e). Additionally, strong

expression of decorin (Dcn) was found in the fibroblast cluster (Extended Data Fig.1e).

We next examined our scATAC-seq data, isolated from cells that were jointly profiled with
RNA-seq. Dimensional reduction was performed using latent semantic indexing and batch
correction using Harmony(Korsunsky et al. 2019) (see Methods). Peak calling on each cell-type
from joint clustering recovered 414,747 accessible peaks. We observed 166,521 (39%) peaks
that were found in only one cluster, indicating robustness of clustering and annotation. We found
that many of the cell type-specific ATAC peaks were located near cell type-specific gene

markers (average 39.8%, Supplementary Table 2). For example, we found increased accessibility
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near Slc176 in glutamatergic neuron cell types, Slc32a6 in the GABAergic neuron populations,

and Pmch in the Pmch neurons (Extended Data Fig.2a).

Combined scATAC and scRNA sequencing allows to identify potential cis-regulatory elements
by annotating peaks where chromatin accessibility correlates with gene expression (see
Methods). We found 930 peaks that were linked to the expression of 49 marker genes. Among
the specialized neurons, Pomc expression was linked to two scATAC-seq peaks that were highly
specific to Pomc/Cart neurons cells (Fig.1e). We also identified cell type-specific scATAC-seq
peaks that were linked to Cartpt expression in neuronal populations, such as Pomc/Cart and
Pmch neurons that highly express Cartp (Fig.1e). In addition, we annotated three Npy linked
scATAC-seq peaks that were highly specific to Npy/Argp neurons. We also found a specific peak
that was linked to 7% expression in dopamine neurons (Extended Data Fig. 2b). Moreover, there
were multiple peaks that were linked to Slc/7a6 expression in GABAergic neurons (Extended
Data Fig. 2b). Combined, these results show the ability of multiome single-cell analyses to
identify specific hypothalamus cell subpopulations and link potential gene regulatory elements

with their putative target genes.

Combined sc-RNA and ATAC profiling of the human hypothalamus

We next conducted a similar multiome single-cell experiment on three males and three female
adult human hypothalami. We collected post-mortem hypothalami from patients ages 43-82 and
a post-mortem interval (PMI) between 4-12 hours (Supplementary Table 3, Extended Data
Fig.3a) and carried out scRNA/ATAC-seq, as described for mice. Due to the longer PMI of these

samples, compared to mice, we initially obtained a lower number of cell populations. We thus
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carried out an additional sScRNA/ATAC-seq experiment for the same samples subjecting them to
NeuN (neuronal marker) FACS sorting to increase for neuronal populations. Furthermore, in a
third multiome experiment on the same samples, we also utilized the Chromium Nuclei Isolation
Kit (10X Genomics) to improve the recovery of nuclei from neurons. We combined all
experiments and sequenced a total of 113,854 cells, which after filtering for high quality cells

retained 36,593 cells (see Methods).

Joint analysis of sScATAC and scRNA identified five broad clusters, which we annotated as
mature oligodendrocytes, oligodendrocyte progenitor cells, astrocytes, microglia, and neurons
(Extended Data Fig.3b, Extended Data Fig.3c). Using differentially expressed genes, we found
that neuronal clusters showed high expression for excitatory neuronal markers, including GAD?2,
which encodes for glutamate decarboxylase 2 and NRG 1, encoding neuregulin 1 (Extended Data
Fig.3d). They also expressed other neuronal markers, including stathmin 2 (STMN2) and
synaptotagmin (S7Y7). Astrocytes expressed astrocyte gene markers, such as glial fibrillary
acidic protein (GFAP) and AGT (Extended Data Fig.3d). Similar to mice, OPC expressed
oligodendrocyte markers, such as PDGFRa and chondroitin sulfate proteoglycan 4 (CSPG4)
(Extended Data Fig.3d). More mature oligodendrocytes expressed proteolipid protein 1 (PLPI)
and myelin oligodendrocyte glycoprotein (MOG) (Extended Data Fig.3d). We also found
microglia cells with high expression of the pan-immune marker PTPRC (CD45), complement
Clq B chain (C/0B), integrin alpha M (/ITGAM), and integrin subunit alpha X (/TGAX)

(Extended Data Fig.3d).
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Despite the neuron top-off experiment, we found that the majority of cells (69.9%) isolated from
human samples consisted of mature oligodendrocytes. This low neuronal population recovery is
consistent with other multiomic single-cell assays on post-mortem human midbrain or frontal
lobe(Brase et al. 2022; Adams et al. 2022). To increase the resolution of neuronal cells and other
smaller populations, we performed reclustering without the mature ODC, retaining 11,012 cells.
Removal of the ODC cluster and re-clustering led to the identification of GABAergic and
glutamatergic neuronal clusters, comprising 77 cells and 386 cells respectively. In addition, we
found eight astrocyte clusters, four microglia clusters, four myelinating oligodendrocytes
(MODC) and three OPC clusters originating from the OPC population (Fig.2c, Supplementary

Table 4). We found that 32.4% of peaks were specific to one cluster.

We found three neuronal populations, highly expressing neuron marker, RBFOX3 (NeuN)
(Fig.2b). Among the neuronal populations, glutamatergic neurons had high expression levels of
SLC17A46 while GABAergic neurons showed high GAD?2 expression (Fig.2b). In glutamatergic
neurons, we found oxytocin-expressing neurons with expression of OXT and 4 VP (Extended
Data Fig.3e). We also found POMC- and CARTPT- expressing neurons as well as NPY-
expressing cells (Extended Data Fig. 3e). There were also PMCH, HCRT, and GHRH neurons
(Extended Data Fig. 3e). GABAergic neurons showed expression of COLIA1, GRIP2, and
hydroxytryptamine receptor 2c (HTR2C) (Extended Data Fig. 3e). In the GABAergic neuron
population, we also found neurons expressing neuropeptides, such as vasoactive intestinal
peptide (VIP), proenkephalin (PENK) which plays a role in pain perception and response to
stress(Moeller et al. 2015), tachykinin (74C/) which is a ghrelin target and is involved in energy

balance and food intake(Trivedi et al. 2015), and thyrotropin releasing hormone (7RH) which
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stimulates the release of thyroid stimulating hormone (7SH) and prolactin from the anterior
pituitary(Daimon et al. 2013) (Extended Data Fig. 3e). Interestingly, we identified neuronal
clusters that showed high expression of the neural progenitor gene marker, Vimentin (VIM) and
stem cell/progenitor marker, transcription factor HES! (Extended Data Fig. 3¢). Furthermore, we
identified an ependymal cluster with a highly expressed ependymal marker, CCDC153(Chen et
al. 2017). These cells occupy dorsal walls of the third ventricle. We also found a tanycyte cell
population, expressing tanycyte markers, peroxiredoxin 6 (PRDX6) and glycoprotein
CD59(Chen et al. 2017). These cells have important roles in regulating energy homeostasis(Chen

et al. 2017)(Goodman and Hajihosseini 2015).

Using markers from previous single-cell studies on oligodendrocytes, we identified three OPC,
including OPC, cycling OPC, and committed OPC, and five ODC, including a newly-formed
ODC cluster and four mature ODC (MODC) populations. We found that OPC clusters had high
expression levels of PDGFRA, protocadherin related 15 (PCDH15) and versican (VCAN)
(Fig.2b, Extended Data Fig.4a). As OPC differentiate to myelin oligodendrocytes, they expressed
G protein-coupled receptor 17 (GPR17), a Gi-coupled GPCR, that acts as an intrinsic timer of
oligodendrocyte differentiation and myelination, and transcription factor 7 like 2
(TCF4)(Fumagalli et al. 2011). The MODC population showed high expression of
oligodendrocytic myelin paranodal and inner loop protein (OPALIN) (Fig.2b, Extended Data Fig.
4a). We also identified eight astrocyte clusters with high expression of AGT and GFAP. Gene set
enrichment analysis of differentially expressed genes for each of the astrocyte clusters revealed
that each had a unique function (Extended Data Fig.5a). Among the non-neuronal cell types, we

also identified four microglia populations with high ITGAM and ITGAX expression (Fig.2b,
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Extended Data Fig.4a). In addition, we found that ITGAM, PTPRC, and CD&86, gene markers for
active/proinflammatory microglia, were expressed most highly in the microglia 1 and 2 clusters,
and less expressed in microglia 3 and 4 clusters. Microglia cluster 3 showed high expression for
CD163 and CD200R1, markers for quiescent/anti-inflammatory microglia(Grieve et al. 1990;

Jurga, Paleczna, and Kuter 2020) (Extended Data Fig.5b).

We observed that our cell populations had unique gene and chromatin profiles in a cell-specific
manner (Fig.2c). We next examined our scATAC-seq data and found many cell type-specific
ATAC peaks located near cell type-specific gene markers. For example, we found stronger
ATAC peaks near GAD2 and OXT in specialized neurons and neural progenitors, and GFAP in
the astrocyte populations (Extended Data Fig.6a, Supplementary Table 5). We next analyzed 46
cell marker genes to see whether chromatin accessibility in their locus correlated with gene
expression. We examined chromatin accessibility up to one million base pairs away from the
marker gene, which is roughly the median length of topologically associated domains
(TADs)(McArthur and Capra 2021). Amongst the 46 marker genes analyzed, we identified 629
regions where accessibility correlated with gene expression. These regions were on average
326,444 base pairs away from the transcription start site (TSS) of their postulated target gene.
For example, we found that the expression of SNAP235, a neuronal marker, was linked to four
scATAC-seq peaks in neurons (Extended Data Fig.4b). We also found five peaks linked to the
expression of RNA binding fox-1 homolog 3 (RBFOX3) in neurons. In addition, in the OPC
cells, we found the expression of platelet-derived growth factor receptor alpha (PDGFRA),
which regulates OPC proliferation and survival(Zhu et al. 2014), linked to many scATAC-seq

peaks (Fig.2d). Similar to our mouse data, using the integrative single-cell analyses allowed us to
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identify specific cell subpopulations in the human hypothalamus and potential gene regulatory

elements with their putative target genes.

Motif enrichment analyses and gene regulatory network inference identifies cell-type

specific regulatory pathways

We next set out to identify the major transcription factors (TFs) that govern the various
hypothalamus cell types, initially starting with mice. We identified motifs enriched in accessible
regions for each cell-type, finding distinct profiles of TF binding sites (TFBS) for each cell
cluster. For example, for the glutamatergic neuron populations, we found significant TFBS
enrichment of hypothalamic transcription factor MEF24, a known regulator of neurite retraction
in hypothalamic neurons(Meyer et al. 2018) (Fig.3a). We also found enrichment for the forkhead
box P1 (FOXP1) motif and the NeuroD family of basic helix-loop-helix 1 (NEUROD1) motif,
both known to regulate glutamatergic neurogenesis(Hisaoka et al. 2010; Tutukova, Tarabykin,
and Hernandez-Miranda 2021) (Fig.3a). Dopamine neurons showed enrichment for FOXA
motifs, known to be associated with dopamine biosynthesis(Pristera et al. 2015). For non-
neuronal populations, we identified binding motif enrichment of known cluster-specific TFs,
such as BHLHE?2?2, enriched in OPC populations, NFIB for astrocytes(Yeon et al. 2021), and Spi-
B transcription factor (Spi-1/PU.1 related; SP/B) known to regulate microglia/macrophages(Stolt

et al. 2003; Cakir et al. 2022) (Fig.3a).

In humans, similar to mice, we identified unique TFBS profiles in a cell type-specific manner.
We found that both mouse and human neuronal populations have highly enriched motifs for

regulatory factor binding to the X-box (RFX) family, including RFX2 and RFX4 (Fig.3b). SOX9
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TFBS and its family members were enriched in OPC and MODC populations (Fig.3b). We also
found enrichment for transcription factor 3 (7CF3), which is known to maintain OPC(S. Kim et
al. 2011). In addition, we found BHLH?1 TFBSs were highly enriched in astrocytes along with
nuclear factor IA (NIFA), which is known to induce astrocyte formation(Tchieu et al. 2019)
(Fig.3b). Similar to the mouse data, microglia cells showed an enrichment for SP/B TFBSs

(Fig.3b).

We next compared the gene regulatory networks (GRN) that govern the diversity of
hypothalamus cell-types. We used Pando(Fleck et al. 2023), which jointly uses scRNA-seq and
scATAC-seq data to model the relationships between transcription factor binding sites (TFBS)
and target gene expression. We identified the GRNs that differentiate excitatory and inhibitory
neuronal populations in humans and mice. In mice, we found gene regulatory networks centered
around transcription factors and genes such as Bnc2 and Slc6a3 that were reported to play
different roles in GABAergic neuron development and function(Sulistio et al. 2024; Romanov et
al. 2020) (Fig 3c, Extended Data Fig. 7). We found a set of gene regulatory networks that were
distinctive to glutamatergic neurons, including 7cf712, Lef1, and Synop2. In humans, we found a
set of TFs with high specificity for GABAergic neurons, such as RREBI, E2F6, and ETV5, that
are involved in GABAergic neuron development(Kherrouche, De Launoit, and Monte 2004;
Farley et al. 2018; Yang Liu and Zhang 2019) (Fig 3d, Extended Data Fig.8). We did not find
many TFs that were specific to glutamatergic neurons (Fig 3d). We also found solute carrier
family 1 member 3 (SLC1A3), which enables glutamate uptake, to have high centrality in the

glutamatergic neurons but not GABAergic neurons (Fig 3d).
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Characterization of sex-differential gene and regulatory activity

The hypothalamus is an endocrine tissue that releases various hormones in a sex-specific
manner. As we sequenced both male and female human and mouse hypothalamus, we next
characterized sex-differential expression across various cell populations. Specific examination of
all neuropeptides found various genes to be differentially expressed in neuronal clusters between
sexes. We found a number of neuropeptide human genes to be more expressed in males than
females, including AVP, HCRT, PENK, and TRH. In contrast, we found VIP expression to be
higher in females than males (Fig.4a). Several of our findings are supported by past studies. For
example, 4AVP, which regulates various social behaviors including aggression and mating in
males, was shown to be highly expressed in hypothalamic GABAergic and glutamatergic
neurons in males versus females(Aulino and Caldwell 2020; Tong, Abdulai-Saiku, and Vyas
2021). VIP which regulates the release of prolactin, stimulating milk production in the mammary
gland(Falsetti et al. 1988; Y. Kim et al. 2017), was previously found to show higher expression

in the female brain than males(Y. Kim et al. 2017; Goodwill et al. 2018).

We first identified 54 sex-differentially expressed genes that had sex-differentially accessible
promoter regions. For example, in GABAergic neurons, we observed increased promoter
accessibility and gene expression in males for the contactin-associated protein-like 2
(CNTNAP?2) (Fig.4b), a neurexin protein localized in axons and important for neuronal
development and synapse formation(Moncini et al. 2016). In addition, adenosine deaminase
RNA specific B2 ADARB?2 had stronger expression in female glutamatergic neurons,

accompanied by higher accessibility at its promoter (Fig.4b). We also found OLIG2, an

74


https://paperpile.com/c/nYWcgB/wzJaA+tNyXc
https://paperpile.com/c/nYWcgB/wzJaA+tNyXc
https://paperpile.com/c/nYWcgB/3787M+Ifp3o
https://paperpile.com/c/nYWcgB/Ifp3o+qw4ag
https://paperpile.com/c/nYWcgB/7PEQ8

oligodendrocyte gene marker, to have higher expression in males and increased accessibility in

its promoter in male ODC compared to females (Fig.4b).

Next, to identify putative regulatory elements that regulate sex-differential expression, we
identified several sex-differentially accessible peaks linked to sex-differentially expressed genes.
For example, in oligodendrocyte progenitor cells, a sScATAC peak enriched in males was linked
to OLIG1 (Fig.4c). In astrocyte populations, CD44, a marker of astrocyte differentiation, showed
higher expression and stronger sScATAC peaks in females versus male(Ying Liu et al. 2004)
(Fig.4c). In addition, we found an open chromatin region that was linked to the expression of the
glutamate receptor ionotropic, NMBDA 2b (GRIN2B), which plays an important role in cell

growth and division, in the female glutamatergic neuron population (Fig.4c).

Similarly, we also found sex-differentially expressed genes in the mouse hypothalamus. We
found the expression tachykinin (7ac?), a neuropeptide regulating stress processing(Zelikowsky
et al. 2018), to be higher in the Glu3 cluster of males than females and its expression was linked
to a male-specific sScATAC peak (Fig.4d). In addition, blocking 7ac?2 pathways have shown
inhibition in fear expression in male mice(Florido et al. 2021). Similarly, we found a strong
scATAC peak in males linked to the expression of somatostatin (Ss¢), which inhibits hormone
production, to be higher in male Glu3 cells. We also identified another scATAC peak
differentially accessible to males that is linked to the expression of Cartpt, which is involved in
regulating body weight, stress response and reward and addiction, that was more highly
expressed in male Glu3 cells compared to females (Fig.4d), in line with previous mouse studies

that showed higher male expression of this gene in the mouse hypothalamus(Xu et al. 2012).
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Taken together, our multiomic single cell analysis was able to identify not only sex-specific gene
expression differences in the hypothalamus but also potential regulatory elements that could be

driving these differences.

Obesity GWAS prioritization

We next set out to utilize our single-cell catalog of human hypothalamus cell-type specific genes
and regulatory elements, to characterize obesity associated GWAS noncoding variants. We
compiled a list of 508 index SNPs associated with obesity from the NHGRI-EBI GWAS
catalog(Buniello et al. 2019). We performed linkage disequilibrium (LD) expansion on all the
lead SNPs to include nearby variants with high probability of coinheritance (r* >0.8). The
majority of these SNPs (>97%) localize to noncoding regions of the genome. We then checked
for overlap of these SNPs with scATAC-seq peaks (Fig.5a), finding 102 SNPs that overlap 55
different peaks, revealing an enrichment of obesity-associated SNPs in chromatin-accessible
regions of hypothalamus (p-value=3.8e-18, binomial test, compared to the distribution of autism
SNPs(K. Wang et al. 2009)). These SNPs comprised some of the most highly associated loci
with obesity, including the top two loci (F70 and MC4R)(Poveda, Ibafiez, and Rebato 2014;
Yohn et al. 2018). Among the 55 peaks, we had 2 scATAC peaks linked to FAIM?2, 2 scATAC
peaks linked to F7TO, and 2 scATAC peaks in the MC4R locus. We did not observe a specific
cell-type that was more strongly associated with obesity, having overlapping scATAC peaks
from various cell types including oligodendrocytes, oligodendrocyte precursor cells, astrocytes

and neurons.
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We next tested the enhancer activity of 18 obesity-associated scATAC-seq peaks that overlapped
with the strongest obesity-associated SNPs. We cloned these sequences into an enhancer assay
vector that contains a minimal promoter followed by the luciferase reporter gene and transfected
them into mouse hypothalamus Pomc neuronal cells. We found 10 of 18 (55.5%) of these
sequences to have luciferase activity that is significantly higher than the empty vector negative
control (Fig. 5b). These include sequences near the genes ADCY3, FAIM?2, FTO, GIPR, GNAT2,
GPRC5B, LEMD2, MC4R, SDCCAGS, SH2B1, SULTIAI, TDH, and VPS45. (Fig. 5b). Using a
similar assay, we also tested the enhancer activity of sequences from scATAC astrocyte peaks
(FTO, SDCCAGS, LPP) in primary human astrocytes, obtaining similar results to the neuronal
cells (Extended Data Fig.9). We next used site-directed mutagenesis to introduce the obesity-
associated SNPs to the sequences that showed enhancer activity and tested them for differential
activity compared to the unassociated variants. We found that 5 out of the 10 sequences, near the
genes FAIM2, FTO, GIPR, MC4R and VPS45 showed significant differential enhancer activity

with the obesity-associated variant/s compared to the reference variant (Fig. 5c).

The SNP that showed differential enhancer activity for MC4R, is the second top obesity-
associated GWAS SNP and also happens to be the lead SNP, rs17782313. It is located 187k bp
from MC4R in a sequence that is not conserved in mice. Transcription factor binding site (TFBS)
analysis using TRANSFAC(Matys et al. 2006), PROMO(Messeguer et al. 2002), and
JASPAR(Messeguer et al. 2002; Castro-Mondragon et al. 2022) of the risk allele found it to
potentially disrupt binding of the GATA binding protein 1 (GATA1) (Fig.5d), which is known to
also bind to the 5’UTR of the MC4R gene(Shishay et al. 2019). To characterize its function and

test whether it regulates MC4R, we set out to knockout this sequence in neurons using the
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CRISPR-Cas9 system. As MC4R is not expressed in many cell types, we first differentiated
WTC11-NGN2 iPSC cells(C. Wang et al. 2017) to functional glutamatergic neurons (see
Methods) and tested whether it is expressed in these cells. We found MC4R to be significantly
expressed in these cells (~8-fold compared to iPSC cells; Fig.5d). We then transfected these
iPSC cells with two gRNAs targeting both ends of the postulated MC4R enhancer along with
Cas9 protein. Single-cell colonies were FACS-isolated and screened by genotyping for
homozygous cells, finding two colonies. These colonies along with wild-type cells were
differentiated to neurons and analyzed for MC4R expression via qRT-PCR. We found that the
two independent MC4R enhancer knockout cell lines had significantly lower MC4R expression
(60%) compared to wild-type cells (Fig.5d). Since there are no other genes in the MC4R TAD
boundary, we did not measure expression for other genes. Taken together, these results showcase
that the obesity associated MC4R SNP reduces enhancer activity, and that removal of this

enhancer leads to reduced MC4R expression, suggesting that it regulates this gene.

We next examined the function of the F70 enhancer. This sequence was previously shown to
regulate its neighboring genes, Iroquois homeobox 3 and 5 (/RX3/5), in the
hypothalamus(Smemo et al. 2014) and adipocytes(Claussnitzer et al. 2015). TFBS analysis found
the obesity-associated SNP, rs8043757, to decrease the binding affinity for the high mobility
group forkhead box P3 (FOXP3) (Fig.5¢), which was shown to regulate gonadotropin expression
in the mouse pituitary(Jung et al. 2012). To further characterize its target genes in a cell-type
specific manner, we used CRISPR inactivation (CRISPRi). We also attempted to ablate the F70
enhancer in these cells, however, they failed to proliferate and form colonies, likely due to the

known role of F70O in the proliferation of neuronal cells(Cao et al. 2020). Since the associated
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SNP overlaps with scATAC peaks in astrocytes, we designed four gRNAs targeting the
identified enhancer and tested them for their ability to downregulate expression by co-
transfecting human astrocytes with a nuclease deficient Cas9 (dCas) fused to the KRAB
transcriptional repressor. Examination by qRT-PCR found F70O to have significantly lower
expression for three of the four gRNAs, with the lowest reduction for gRNA-4 (Fig.5g). We also
analyzed the expression of /70 enhancer target genes, /[RX3 and /RX35, finding both to have
decreased expression levels with all gRNAs, with the highest impact for gRNA-4 (Fig.5g). In
line with the enhancer being specific to astrocytes, we found that both /RX3 and /RX5 were
highly expressed in astrocyte populations (Extended Data Fig.10b). Combined, this work
showcases the ability of multiomic scRNA and scATAC-seq to identify gene regulatory elements

whose alteration is associated with hypothalamus related phenotypes, such as obesity.

3.4 Discussion

In this study, we utilized multiomic single-cell sequencing to characterize mouse and human
hypothalamus. Multiomic single-cell analysis allowed us to identify various neuronal and non-
neuronal cell types, uncover cell-specific regulatory elements and their target genes, and
elucidate the transcriptional regulation networks of these cells in the hypothalamus. This atlas
identified numerous non-neuronal and neuronal cells that play key roles in controlling various
hypothalamus-associated physiological processes. By using both female and male hypothalamus,
we were able to identify many sex-differential expressed genes and regulatory elements. This
integrative data also allowed us to identify and validate regulatory elements that encompass

obesity-associated SNPs, including F70 and MC4R, which alter their enhancer activity. Deletion
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of the obesity associated MC4R enhancer or CRISPRI targeting of the 70 enhancer in

astrocytes validated their target genes.

We identified many neuronal cell populations in mice (N=33), including glutamatergic,
GABAergic, specialized neuron clusters, OPC, ODC, astrocytes, and microglia, with the
majority of cells (90%) being neurons. In contrast, in the human hypothalamus, the majority of
cells were oligodendrocyte associated. Several studies in which multiomic single-cell sequencing
was performed using post-mortem human midbrain or frontal lobe, showed similar recovery of
neuronal and oligodendrocyte populations(Brase et al. 2022; Adams et al. 2022). Similarly, a
study by Siletti et al(Siletti et al. 2023),. in which ~3.4 million nuclei from 106 sections of three
human adult brains were sequenced, observed a large number of oligodendrocytes (~600K)
despite the fact that they isolated neurons by FACS with NeuN (similar to what was done here)
aiming to collect 90% neurons and 10% non-neuronal cells. This might be due to human neurons
being sensitive to nuclear permeabilization or samples being collected post-mortem when
nucleus neurons are the most sensitive to hypoxia(Yoshida, Sasa, and Takaori 1988) as well as
the age of donors (Supplemental Table 1). Our analysis did not find significant differences in
cell-type proportions across samples except in GABAergic neurons, which was significantly

higher in one of the female samples.

Tissue- or cell-specific gene regulatory networks control cell fate specification and drive
dynamic processes, such as cell differentiation. Multiomic single-cell sequencing allowed us to
identify regulatory elements and link them to their regulated genes in specific clusters and further

map TFs activity in a cell type-specific manner. For example, in the mouse hypothalamus, we
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identified two regulatory elements linked to Pomc expression only in the Pomc/Cartpt neurons
which have been reported to be enhancers of this gene(de Souza et al. 2005). In the human
hypothalamus, we identified four regulatory elements linked to GAD1 expression, one of which
is located ~50kb from its promoter and has already been characterized as its enhancer(Bharadwaj
et al. 2013). Furthermore, by performing TFBS enrichment analyses on scATAC peaks, we
identified many cell type-specific networks of TF activity. Comparison of cell-types across mice
and human hypothalamus allowed us to identify shared core TFs that might serve as cell cluster-
specific regulatory machinery. We also found genes that are regulated by these core TFs and had
cell type-specific functions, further confirming that each cell type requires distinctive gene

regulatory networks to regulate its function and activities.

We identified numerous genes that are sex-differentially expressed across various cell clusters in
mouse and human hypothalamus. We found that sex effects are small, but ubiquitous across cell
populations. We found several genes that were sex-differentially expressed. Some of these
differences were previously reported. For example, we found CNTNAP?2 to be differentially
expressed between male and female GABAergic neurons, while previous studies have shown
sex-dimorphic effects of CNTNAP?2 in social behavior(Dawson et al. 2023). Sex-dimorphic
expression of some of these key genes might be involved in sex-differential processes, such as

reproductive and social behaviors, and physiological responses to environment cues.

Our multiome single-cell datasets allowed the identification of novel genes, regulatory elements
and pathways associated with obesity. Numerous obesity GWAS loci reside near hypothalamus

expressed genes(Loos 2018; Ghosh and Bouchard 2017), several of which are associated with
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the hypothalamic leptin-melanocortin system(Ghosh and Bouchard 2017), and have been
difficult to detect due to the inability to identify gene regulatory elements in distinct neuronal
subpopulations. We were able to identify multiple hypothalamus cell type specific sScATAC
peaks that overlap with obesity-associated SNPs, including the top two obesity associated loci,
FTO and MC4R. This allowed us to pinpoint the cell types in which these potential obesity-
associated regulatory elements are involved, finding them to be evenly distributed in various cell
populations, including OPC, ODC, astrocyte, and neurons. Interestingly, we found no potential
obesity-associated enhancers in the microglia population. Utilizing enhancer assays, we found
that more than half of these overlapping scATAC peaks have enhancer activity in either neurons
or astrocytes. Additional cell types and or primary cells could also be used to dissect the function
of these sequences. Amongst the active sequences, we found that half of them altered enhancer
activity. Interestingly, in all these cases this led to a reduction in enhancer activity and not an
increase. Our CRISPR experiments for MC4R and F 7O in iPSC-derived neurons and primary
astrocytes further confirmed the target genes of these enhancers, showcasing the utility of these

datasets.
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3.5 Methods

Nuclei isolation and library preparation

For mice, the whole hypothalamus of three male and three female 12-week-old Mc4#?aCre/i2aCre

X
Rosa26411#4i14 C57BL/6] mice generated by Dr. Vaisse(Y. Wang et al. 2021) were subjected to
nuclei isolation following the 10X Genomics established protocol (CG000375-Rev A). In brief,
flash-frozen hypothalamus samples were lysed and homogenized in 0.1% NP40 lysis buffer
supplemented with RNase inhibitor (Sigma, 3335402001). The nuclei mixture was filtered
through a 70um strainer and then stained with 7-AAD (7-aminoactinomycin D) in PBS with 1%
BSA and RNase inhibitor. Nuclei were FACS-sorted using the ARIA Fusion Cell Sorter with a
100um nozzle. Nuclei were washed and pre-metallized with 0.01% digitonin lysis buffer
supplemented with RNase inhibitor. For each sample, 20,000 nuclei were subjected for GEX and
ATAC libraries prepared using Chromium Next GEM Single Cell Multiome ATAC + Gene
Expression (CG000338 Rev B). Both libraries were sequenced using HiSeq 4000 with 25,000
paired reads per nucleus. For human samples, three male and three female hypothalami were
collected post-mortem at UCSF medical center following the UCSF human research protection
program institutional review board protocol number 21-34261. The donors’ age ranged from 43-
82 (Supplementary Table 1). The human samples were subjected to the same protocols as mouse
hypothalamus. Due to the large size of the human sample, the hypothalamus was split in half and

subjected to the lysis step and pooled together prior to FACS. 40,000 nuclei per sample were

used for the library prep.
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Data preprocessing and quality control

Demultiplexed scRNA- and scATAC-seq fastq files were generated using CellRanger Arc
mkfastq (10x Genomics, 7.0.1). scRNA and scATAC-seq data were aligned to pre-built
reference genomes GRCh38 and GRCm38 from 10x Genomics. Barcoded count matrices of
gene expression and ATAC data were generated using CellRanger ARC pipeline (version 2.0.0)
(10X Genomics). Count and peak matrices and fragment files from CellRanger were analyzed
using the 'Seurat’ package (version 4.1.1)(Stuart et al. 2019). Quality cells were selected using
the following quality control metrics: TSS enrichment greater than 1; nucleosome signal greater
than 2; fraction of mitochondrial genes less than 30%; between 100 and 7500 genes detected in
each cell; and between 1000 and 30000 peaks with at least one readcount detected in each cell.
For the human dataset, contaminating ambient RNA was detected using SoupX and the corrected

count matrix used for downstream analysis.

Data analysis

scRNA-seq data of nuclei were analyzed using Seurat (version 5.01)(Stuart et al. 2019) after
quality control filtering. Gene expression data were log-normalized and multiplied by 10,000
using the NormalizeData and ScaleData functions. The top 3,000 variable features were
identified using FindVariableFeatures function. Batch-correction was performed using
Harmony(Korsunsky et al. 2019). Dimensionality reduction was performed with PCA and the
top 50 principal components were kept. Nearest neighbors used Harmony embeddings, and
clustering was performed using resolution = 0.6. Differentially expressed genes were identified

using(Stuart et al. 2021) Seurat’s ‘FindAllMarkers’ function(Stuart et al. 2019), using Wilcoxon
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Rank Sum test, filtering for a minimum log2 fold change threshold of 1, and minimum fraction

of 0.1 cells in the population.

Cluster annotations for the mouse hypothalamus from HypoMap were performed as described
in(Steuernagel et al. 2022). scATAC-seq data were processed using ‘Signac’ R package (version
1.7.0). We apply TFIDF normalization to ATAC peaks, followed by feature selection and
dimension reduction using singular value decomposition. Batch-correction was performed using
Harmony(Korsunsky et al. 2019). 50 dimensions for ATAC and 50 dimensions RNA PCA
dimensions were used to construct the weighted nearest neighbor graph. Peak calling was
performed using MACS2(Y. Zhang et al. 2008), and peaks not found on standard chromosomes
and within blacklist regions were pruned from the peak set. Differentially accessible regions
were identified using Seurat’s ‘FindAllMarkers’ function, using likelihood ratio test with log2
fold change threshold > 0.05. Linked peaks were identified using Signac’s ‘LinkPeaks’ function
using peaks found in at least 3 cells, distance cutoff of 1 million bp, p-value cutoff of 0.05. Motif
analysis was performed on accessible peaks using chromVar(A. N. Schep et al. 2017). Motif
position weight matrices were downloaded from the JASPAR 2020 database. Differential testing
on chromVar z-scores was performed using the ‘FindAllMarkers’ function (Wilcoxon Rank Sum
test) in Signac. Peaks containing motifs were identified using the “motifmatchr’ package(A.
Schep 2022). motifmatchr: Fast Motif Matching in R using R package version 1.18.0. Gene
regulatory network analysis was performed using Pando (version 1.0.5) as described previously

(Fleck et al. 2023).

85


https://paperpile.com/c/nYWcgB/HAyJa
https://paperpile.com/c/nYWcgB/IJm5z
https://paperpile.com/c/nYWcgB/eiUy9
https://paperpile.com/c/nYWcgB/vK6PU
https://paperpile.com/c/nYWcgB/xtoQE
https://paperpile.com/c/nYWcgB/xtoQE
https://paperpile.com/c/nYWcgB/N0I1X

SNPs selection and overlapped with cell type-specific ATAC peaks

Indexed SNPs associated with obesity were collected from the NHGRI-EBI GWAS
Catalog(Buniello et al. 2019). LD expansion was then performed using LDLink(Machiela and
Chanock 2015) to identify LD linked SNPs with 12>=0.8. LD linked SNPs were filtered to
exclude variants in coding regions based on annotations in dbSNP to obtain a final set of
noncoding SNPs. The coordinates of these SNPs were intersected with differentially accessible
ATAC peaks. P-values for SNP enrichment in differentially-accessible ATAC peaks were
computed using the binomial test as implemented in SciPy. We set the number of successes as
SNPs that overlapped the ATAC peaks. We set the number of trials as number of SNPs from
obesity collected as described above. We set the probability of success as number of SNPs from
autism GWAS (from GWAScentral(Beck et al. 2023)) that overlapped the ATAC peaks.
‘motifbreakR’ package(Coetzee, Coetzee, and Hazelett 2015) was used to predict effects of

SNPs on motifs on its surrounding region.

Luciferase assay

The scATAC-seq peaks that overlapped obesity-associated SNPs were PCR amplified from
human genomic DNA (see primers in Supplementary Table 8) and cloned into the pGL4.23
plasmid (Promega, E84111). The associated SNPs were then introduced into these plasmids by
PCR amplification with primers containing the associated variants. The PCR products were then
treated with Dpnl to remove WT and the constructs with the associated SNPs were confirmed
with Sanger sequencing. These unassociated and associated constructs (200ng) along with
Renilla luciferase (20ng), to correct for the transfection efficiency, were transfected into mouse

hypothalamus Pomc neuronal cells (mHypoA-POMC/GFP-1 from Sanbio #CLU500) or human
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astrocytes (CCF-STTG, ATCC) grown in 96-well plates using X-tremeGene (Sigma,
6366244001) following the manufacturer’s protocol. An empty pGL4.23 vector was used as
negative control and pGL4.13 (Promega, E668A), which has an SV40 early enhancer, as a
positive control. Forty-eight hours post transfection, cells were lysed, and luciferase activity was
measured using the Dual-Luciferase Reporter Assay System (Promega, E1910). Six technical

replicates were performed for each condition.

Neuronal differentiation

WTC11-NGN2 iPSC cells(C. Wang et al. 2017) (a generous gift from Li Gan (Gladstone
Institute)) were maintained in Matrigel-coated plates with mTeSR1 basal media (StemCell,
85850). Cells were subcultured using Accutase and plated with mTeSR1 media supplemented
with 10uM Rock inhibitor (Fisher Scientific, NC1286855). To differentiate these cells to mature
neurons, we followed the previously published protocol in(C. Wang et al. 2017). In brief, cells
were plated in Matrigel-coated 6-well plate in pre-differentiation media (see recipe in
Supplementary Table 9) and Rock inhibitor. Media was changed every day for the next 2 days.
On day 4, cells were then sub-cultured into poly-L-Ornithine-coated plates (Sigma, P3665) in
maturation media (Supplementary Table 9) supplemented with 2ug/mL doxycycline (Sigma,
D3447). Half of the media was then replaced with maturation media after 7 days. Cells were

collected at day 14 of differentiation.

MC4R enhancer knockout cells were generated by transfecting WTC11-NGN2 iPSC cells in 6-
well plates with 6.25ug Cas9 protein (Fisher Scientific, A36498) and 800ng sgRNAs (IDT), and
0.5ug GFP plasmid (Addgene, 13031) using Lipofectamine CRISPRMax Cas9 transfection
reagent (Fisher Scientific, CMAX00-003) following the manufacturer’s protocol. After 48 hours,

GFP+ cells were isolated into 96 well-plates into single clones using FACS (BD FACSAria
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Fusion) (see gRNAs in Supplementary Table 8). These colonies were then genotyped by PCR
with primers flanking 200bp the deletion site. The knockout genotype has 400 bp PCR product
while WT has 3500 bp PCR product (see primers in Supplementary Table 8). Cells were then

subjected to the neuron differentiation protocol described above.
RNA Isolation, cDNA synthesis and qRT-PCR

Total RNA was extracted from cells using RNeasy Plus kit (Qiagen, 74106). Reverse
transcription was performed with 1pg of total RNA using qScript cDNA Synthesis Kit
(Quantabio, 95047) following the manufacturer’s protocol. qRT-PCR was performed on
QuantStudio 6 Real Time PCR system (ThermoFisher) using Sso Fast (Biorad, 1705205).

Statistical analysis was done using ddct method with GAPDH primers as control (see primer

sequences in Supplementary Table 8). Gene expression results were generated using mean values

for over 4-6 biological replicates.

CRISPRI study

gRNAs targeting the F7O enhancer were designed using CRISPick (Broad Institute)(Doench et

al. 2016) (see gRNAs in Supplementary Table 8). gRNAs were cloned into an AAV vector

(pAAV-U6-sasgRNA-CMV-mCherry-WPREpA) and co-transfected into human astrocyte cells

(CCF-STTGI, ATCC) along with dCas9-KRAB (kind gift from Dr. Alejandro Lomniczi
OHSU). After two days, cells were lysed and RNA and cDNA were prepared as mentioned

above.

Data deposited in the NCBI short read archive (SRA) as Bioprojects PRINA899089 (mouse) and

PRINA902416 (human).
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Figure S3.1 Combined scRNA and ATAC profiling of the mouse hypothalamus.

(Figure caption continued on the next page.)
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(Figure caption continued from the previous page.)

a) Violin plot of quality control metrics: TSS enrichment scores, nucleosome signal, percentage
of mitochondrial genes, number of features in RNA data, and number of features in ATAC data.
b) UMAP of cell-type annotations across each mouse sample. c) UMAP showing cells
expressing Gadl, Lepr, Mc4r, and Ddc colored in purple. d) Dot plot of neuropeptide gene
expression across neuronal cell types in mouse hypothalamus. e) Dot plot of gene markers of
non-neuronal cell types.
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Figure S3.2 scATAC-seq coverage plots of the mouse hypothalamus.

a) Coverage plot of genes, Slc17a6, Slc32al, Pmch showing scATAC peaks highlighted in blue
around the gene body. b) scATAC peaks to gene linkage plots for Th, Ghr and Slc17a6 in the
neuronal populations with the genome tracks. The linked scATAC peaks to gene promoters are
highlighted in blue.
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Figure S3.3 Combined scRNA and ATAC profiling of the human hypothalamus.

(Figure caption continued on the next page.)
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(Figure caption continued from the previous page.)

a) Violin plot of quality control metrics: TSS enrichment scores, nucleosome signal, percentage
of mitochondrial genes, number of features in RNA data, and number of features in ATAC data.
b) UMAP of integrated scRNA and scATAC-seq data. c) UMAP of cell-type annotations across
human samples. d) Violin plot of gene markers used to identify cell clusters. e) Dot plot of
neuropeptide gene expression across neuronal cells.
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Figure S3.4 Expression of cell-type markers and sc-ATAC coverage plots of human

hypothalamus.

(Figure caption continued on the next page.)

Expression

Expressed

112



(Figure caption continued from the previous page.)

a) Dot plots showing expression of gene markers used to identify cell clusters. b) Coverage plot
showing sc-ATAC peaks linked to expression of SNAP25.
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hypothalamus.

(Figure caption continued on the next page.)
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(Figure caption continued from the previous page.)

a) Barplots showing GO Molecular Function 2023 pathways enriched in differentially expressed
genes of eight astrocyte cell clusters of human hypothalamus. b) Dot plot of CD163, CD200R1,
P2RY12, CD86, PTPRC, and ITGAM expression in human hypothalamus microglia
populations.
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Figure S3.6 Differentially-expressed genes and differentially-accessible regions of human

hypothalamus.

a) Coverage plot of differentially-expressed genes GAD2, OXT, and GFAP, with differentially-

accessible scATAC peaks highlighted in blue.
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Figure S3.7 Multi-omics GRN analyses of mouse hypothalamus.

(Figure caption continued on the next page.)
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(Figure caption continued from the previous page.)

a) GABAergic and b) glutamatergic GRNs of human hypothalamus determined by Pando. c)
Heatmap of enriched pathways in human hypothalamus GABAergic and glutamatergic

populations.
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Figure S3.8 Multi-omics GRN analyses of human hypothalamus.

(Figure caption continued on the next page.)
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(Figure caption continued from the previous page.)

a) GABAergic and b) glutamatergic GRNs of mouse hypothalamus determined by Pando. c)
Heatmap of enriched pathways in mouse hypothalamus GABAergic and glutamatergic

populations.
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Figure S3.9 Luciferase assays and IRX3 and IRXS gene expression in various
hypothalamus cell populations.

a) Luciferase assays in human astrocytes for astrocyte-specific scATAC-seq peaks overlapping
obesity-associated SNPs. b) Dot plots of IRX3 and IRXS gene expression across cell populations
in the human hypothalamus.
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