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The long-range interactions of cis-regulatory elements (CRES) play a central role in gene
regulation. cRESs can be characterized as accessible chromatin sequences. However, it remains
technically challenging to comprehensively identify their spatial interactions. Here, we report

a new method HiCAR (Hi-C on Accessible Regulatory DNA), which utilizes Tn5 transposase

and chromatin proximity ligation, for the analysis of open chromatin anchored interactions with
low-input cells. By applying HiCAR in human embryonic stem cells and lymphoblastoid cells,
we demonstrate that HICAR identifies high-resolution chromatin contacts with an efficiency
comparable to that of /n situ Hi-C over all distances range. Interestingly, we found that the
“poised” gene promoters exhibit silencer-like function to repress the expression of distal genes via
promoter-promoter interactions. Lastly, we applied HICAR to 30,000 primary human muscle stem
cells, and demonstrated that HICAR is capable of analyzing chromatin accessibility and looping
using low-input primary cells and clinical samples.

eTOC:

HiCAR utilizes Tn5 transposase and chromatin proximity ligation to capture open chromatin
anchored interactions with low-input cells. It requires <10% sequencing depth of Hi-C to call
high-resolution chromatin interactions. Interestingly, we found that the “poised” gene promoters
exhibit silencer-like function to repress the expression of distal genes via promoter-promoter
interactions.

Introduction:

Cis-regulatory elements (CRES) play a critical role in regulating spatial-temporal gene
expression in development and disease. CREs are characterized by the presence of “open” or
accessible chromatin that can be identified by ATAC-Seq (Buenrostro et al., 2013), DNase-
Seq (Boyle et al., 2008), and FAIRE-Seq (Simon et al., 2012). A growing body of evidence
suggests that cREs function in concert with dynamic changes in chromatin organization to
precisely control the expression of distant target genes (Bonev et al., 2017; Freire-Pritchett
etal., 2017; Greenwald et al., 2019; Jerkovic and Cavalli, 2021; Lu et al., 2020; Oudelaar

et al., 2020; Rao et al., 2014; Rowley and Corces, 2018; Song et al., 2019; Vilarrasa-Blasi
etal., 2021; Yu and Ren, 2017; Zheng and Xie, 2019). Therefore, a comprehensive view of
spatial interactions of accessible cREs is key to unveiling gene regulation mechanisms.

Chromosome conformation capture (3C) techniques have greatly improved our
understanding of high-order chromatin organization. Particularly, Hi-C has been widely
used to map genome-wide chromatin architecture, but it requires several billions of reads to
resolve cRE interactions at a resolution of 5- to 10-kilobase (Bonev et al., 2017; Lieberman-
Aiden et al., 2009; Rao et al., 2014). To enrich cRE-associated chromatin interactions,
Capture-C or Capture Hi-C utilize pre-designed probes to enrich cRE sequences (Dryden
etal., 2014; Hughes et al., 2014; Javierre et al., 2016; Mifsud et al., 2015). However,

it is impractical to synthesize a large pool of capture probes that comprehensively cover
hundreds of thousands of cRE sequences genome-wide. Methods such as ChlA-PET,
HiChIP, and PLAC-seq employ protein-centric strategies to pull down chromatin sequences
that are associated with specific proteins or histone modifications (Davies et al., 2016; Fang
etal., 2016; Fullwood et al., 2009; Mumbach et al., 2016), but they cannot identify all
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the interactions associated with distinct epigenome features. More importantly, in many
model organisms, due to the lack of high-quality ChiIP-grade antibodies, such protein-centric
strategies are not even feasible. These limitations highlight the urgent need for a robust and
sensitive method to study cRE-interactions in a cost-effective and comprehensive manner.

Here, we report a novel method that we call Hi-C on Accessible Regulatory DNA (HiCAR),
that leverages principles of Tn5-mediated open chromatin transposition and high-throughput
chromosome conformation capture (3C) to enable genome-wide profiling of chromatin
accessibility and cRE-anchored chromatin interactions. HICAR does not require antibodies
or capture probes to pulldown cRE sequences. Compared to /n situ Hi-C, HICAR faithfully
identifies high-resolution chromatin contacts with an efficiency comparable to that of /n situ
Hi-C over all genomic distance ranges, but only requires <10% of the sequencing depth

to call high-confident cRE interaction at 5kb resolution. We also provide a user-friendly
nextflow pipeline (https://nf-co.re/hicar) for HICAR data processing (Ou et al., 2022).
Applying HiCAR to hESCs and a human lymphoblastoid cell line (GM12878), we identify
open chromatin anchored interactions at 5kb resolution. Interestingly, we find that “poised”
gene promoters can act as silencer-like elements to repress expression of distal genes via
long-range promoter-promoter looping. These findings add a new dimension to previous
ideas about the regulatory function of gene promoters as distal cREs (Dao et al., 2017; Diao
etal., 2017; Engreitz et al., 2016; Li et al., 2012; Ren et al., 2021).

HiCAR was designed to capture the long-range chromatin interactions anchored on
accessible regulatory DNA sequences. To perform HiCAR, 30,000 to 100,000 cells were
crosslinked and treated with Tn5 transposase assembled with an engineered DNA adaptor
(Fig 1A). The Tn5 adaptor contains a Mosaic End (ME) sequence for Tn5 recognition
(Reznikoff, 2003) and a single-stranded flanking sequence that can be ligated to the
genomic DNA digested by the 4-base cutter, CviQI, with a splint oligonucleotide (Table
S1). After tagmentation, restriction enzyme digestion was performed using CviQl, followed
by /n situ proximity ligation to ligate the Tn5 adaptor to spatially proximal genomic

DNA. Next, cross-links were reversed, and the purified DNA was digested with another
4-base cutter, Nlalll, and then circularized by intramolecular ligation. Using a 4C-seq

like library preparation strategy (Noordermeer et al., 2011; Simonis et al., 2006; van de
Werken et al., 2012; Zhao et al., 2006), PCR amplification was then performed to generate
HiCAR libraries for Next-Generation-Sequencing (NGS). The forward and reverse PCR
primers (Table S1) anneal specifically to the ME and splint oligo sequences, respectively.
Therefore, the resulting PCR-amplified chimeric DNA fragments contain one end derived
from genomic DNA and one derived from the Tn5-tagmented open chromatin (Fig 1A).
Sequencing reads are referred to as R1 reads (CviQI digested genomic DNA, Fig 1A, “R1
reads” in red) and R2 reads (Tn5-tagemented open chromatin, Fig 1A, “R2 reads” in blue),
respectively.
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HiCAR faithfully captures chromatin accessibility and the key features of genome
organization.

As a proof-of-principle, we tested HICAR on H1 hESCs and human lymphoblastoid
GM12878 cells. Each HiCAR library was made from 100,000 input cells and sequenced

to ~300 million paired-end raw reads (Table S2). We took advantage of the publicly
available genomic datasets for these two cell types generated by ENCODE (Davis et al.,
2018; ENCODE Project Consortium, 2012), Epigenome Roadmap (Roadmap Epigenomics
Consortium et al., 2015), and 4DN Consortium (Dekker et al., 2017), as well as previous
studies (Juric et al., 2019; Lyu et al., 2018; Rao et al., 2014) to thoroughly benchmark our
HiCAR data (Table S3 for public datasets used here). In H1 hESCs, the HICAR R2 reads
were indeed highly enriched at open chromatin regions defined by H1 hESC ATAC-seq
data, whereas the R1 reads and the /n situ Hi-C reads showed no enrichment (Fig 1B).

Next, we confirmed that the HICAR R2 reads are highly similar to the ATAC-seq reads by
genome browser visualization (Fig 1C). We also called the 1D open chromatin peaks called
by MACS2 (Zhang et al., 2008) using HICAR R2 reads and ATAC-seq reads. As shown in
Fig 1D, about 72% of HICAR 1D peaks (total 100,524) overlapped with ATAC-seq peaks.
The 27,292 ATAC-seq unique peaks were less confident peaks, as indicated by the larger
P-value calculated by MACS2 (Fig S1A, left). Of the 28,438 HiCAR unique peaks, 61% are
associated with epigenome features including CTCF/Cohesin binding sites (42.0%), DNase
hypersensitivity (7.4%), enhancer/promoter marks H3K4mel/me3 (8.1%), and the active
chromatin mark H3K27ac (3.7%) (Fig S1B, left). In GM12878 cells, we carried out the
same benchmarking analysis by comparing R2 reads with ATAC-seq and ChlP-seq datasets.
The results in GM12878 are consistent with those in H1 hESC regarding the performance of
HiCAR (Fig S1A - S1E). We conclude that HICAR accurately identifies 1D open chromatin
peaks.

Next, we asked if HICAR can identify the key features of genome architecture. For “gold
standards” we used a deeply sequenced /7 situ Hi-C dataset from H1 hESC (2.5 billion
PET) generated by the 4DN consortium (Krietenstein et al., 2020) and a deeply sequenced
in situ Hi-C dataset from GM12878s (4.9 billion PET) (Rao et al., 2014). For HiCAR
datasets, we generated 488 million PET for H1 hESC and 463 million PET for GM12878.
Despite only using 9% to 19% of Hi-C sequencing depth, HICAR generated a chromatin
contact matrix similar to that of Hi-C at chromosome, compartment, topological associated
domain (TAD), and 10kb-bin resolutions (Fig 1E, H1 hESC; Fig S1F, GM12878). Next, we
employed HiCRep (Yang et al., 2017) to quantitatively assess HICAR and Hi-C libraries.
We found that HICAR libraries are: (1) highly reproducible among biological replicates (Fig
S1G, SCC =0.94 to 0.95); and (2) more similar to the /n situ Hi-C libraries generated from
the same cell type (Fig S1G, SCC = 0.85t0 0.88 in H1 hESC; SCC=0.771t0 0.79 in
GM12878) but less similar to the HICAR or Hi-C libraries made from different cell types
(Fig S1G, SCC = 0.59 to 0.67). Furthermore, the A/B compartment PC1 eigenvector score
(compartment score), insulation score, and directionality index calculated from HiCAR and
in situ Hi-C data significantly correlate with each other (Fig 1F, PCC = 0.96, 0.97, 0.96

in H1 hESC; Fig S1H - S1J, PCC =0.96, 0.93, 0.89 in GM12878). Importantly, HICAR
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identifies chromatin contacts over all distance ranges with an efficiency comparable to that
seen in the in situ- Hi-C (Fig 1G, H1 hESCs; Fig S1K, GM12878). Taken together, we
conclude that HICAR faithfully captures the key features of genome architecture in the
distinct cell types evaluated.

HiCAR outperforms existing methods in detecting open chromatin anchored long-range
interactions.

Recently, a method called Trac-looping was developed to measure genome architecture
and chromatin accessibility (Lai et al., 2018). Trac-looping relies on Tn5-transposition to
recognize open chromatin sequences and utilizes a bivalent Mosaic End linker that favors
the formation of a Tn5 tetramer complex to capture two pieces of spatially proximal open
chromatin sequence. Compared to Trac-looping, HiCAR requires 1,000 fold less input cells
(Fig 2A), yields more complex libraries (Fig 2B, 55.6% versus 13.4% uniquely mapped
reads), and identifies about 18-fold more long-range (>20kb) paired-end tags (PETS) in
cis (Fig 2B, orange bars). Compared to HICAR and the “gold standard” /n s/itu Hi-C

data, Trac-looping identifies very few chromatin contacts over 10kb (Fig 1G). Therefore,
HiCAR offers a significant technological advance over Trac-looping to measure chromatin
accessibility and high-order genome structure.

In addition to Trac-looping, methods known as Ocean-C (Li et al., 2018) and HiCoP (Zhang
et al., 2020) were also developed to enrich the chromatin interactions between DNA regions
free of proteins. In Ocean-C and HiCoP, the protein-bound DNAS are removed by phenol/
chloroform extraction or DNA purification columns, so the chromatin interactions associated
with protein-free DNA sequences are enriched. Because HICAR, Trac-looping, HiCoP, and
Ocean-C were performed in different cell lines, we decided to assess the open chromatin
enrichment efficiency of each method by examining transcription start site (TSS) signal
enrichment, a metric widely used as a quality control of signal-to-noise ratios in ATAC-seq
data (Corces et al., 2017). We found that HICAR, HiCoP and Trac-looping reads show
comparable TSS enrichment efficiency (Fig 2C), while Ocean-C reads show much weaker
enriched signal on TSS (Fig 2C, light blue curve). Taken together, HICAR outperforms
existing methods regarding open chromatin enrichment efficiency, requirement of input
cells, library complexity and the ratio of long-range cis-contacts.

HiCAR utilizes a 4C-seq-like library preparation strategy to capture “open-to-all”
interactions.

The HiCAR library construction approach is similar to the 4C-seq protocol (Lu et al., 2020;
van de Werken et al., 2012) (Fig 1A, Fig S2A). Therefore, HICAR data can be analyzed
from this perspective. Specifically, the accessible cREs can be treated as individual 4C
“viewpoints” or “baits”, and all the PETs with R2 sequence overlapping the “bait” can

be considered as 4C reads of the “bait” (Fig 2A, Fig S2B). Applying this approach, we
examined the virtual 4C (v4C) contact profiles of HICAR and Hi-C centered on the same set
of 2kb “baits” in H1 hESCs. As shown in Fig S2C, the v4C contact profiles of HICAR and
Hi-C are very similar, despite the much lower sequencing depth used in HICAR (488 million
PET) versus in Hi-C (2.53 billion PET). These results further demonstrate that HICAR can
accurately define the chromatin contact profile centered on specific gene promoters.
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HiCAR is a sensitive and accurate method to identify significant chromatin interactions
anchored on open chromatin regions.

We applied MAPS (Juric et al., 2019) to identify the statistically significant cRE-anchored
interactions identified by HiCAR. First, we evaluated the sensitivity of HICAR interactions
called by MAPS for detecting “known” chromatin interactions defined by well-established
methods in matched cell types. We processed the /n situ Hi-C data using two widely-used
methods, HICCUPS (Durand et al., 2016) and FitHiC2 (Kaul et al., 2020). We also
processed the relevant published HiChIP and PLAC-seq datasets using MAPS (including
H1 hESC H3K4me3 PLAC-seq, H9 hESC CTCF HiChlIP, and GM1878 SMC1A HiChIP
datasets) (Dekker et al., 2017; Lyu et al., 2018; Mumbach et al., 2016). Due to the lower
sequencing depth of some public datasets, we called chromatin interactions at 10kb rather
than 5 kb resolution and identified 142,325 and 97,840 significant HiICAR interactions
(MAPS FDR <0.01) in H1 hESC and GM12878 (Table S2), respectively.

By visual examination, we found that HICAR interactions exhibit a similar pattern with
chromatin loops and interactions identified by /n situ Hi-C, PLAC-seq, and HiChlIP in the
same cell types (Fig 3A, hESC; Fig S3A, GM12878). HiICAR interactions highly overlap
with the loops identified by HICCUPS and FitHiC2 using /n situ Hi-C data (Fig S3B). We
further selected a set of “testable” Hi-C loops and HiChIP/PLAC-seq interactions that have
at least one anchor overlapping the open chromatin peaks defined by HICAR 1D peaks.

In H1 hESC, HiCAR identified 92%, 81% and 69% of the “testable” loops/interactions
called by /n situHi-C, H3K4me3 PLAC-seq, and CTCF HiChlIP in hESCs, respectively
(Fig S3C). Similarly, in GM12878 cells, HICAR identified 78% and 89% of the “testable”
loops/interactions called by /n situ Hi-C and SMC1A HiChlP, respectively (Fig S3D). These
results demonstrated that HICAR is highly sensitive in detecting “known” chromatin loops/
interactions identified by existing methods such as in situ Hi-C, HiChIP, and PLAC-seq.

Next, we assessed the accuracy of HICAR for identifying functional cRE-anchored
interactions. Based on the loop exclusion model, chromatin loops prefer convergent CTCF
motif orientations at loop anchors (Rao et al., 2014). Therefore, we examined CTCF motif
orientation located on the anchors of HICAR interactions in H1 hESC and GM12878 cells.
In hESCs, we found that 63% of HICAR interactions harbor convergent CTCF motifs

on their anchors, consistent with the ratio observed using publicly available PLAC-seq
(60%) (Fig S3E, blue bar). Similarly, in GM12878, 76% of HiCAR interactions harbor

the convergent CTCF motifs on their anchors, consistent with the ratio (75%) based on
SMCL1A HiChlP interactions (Fig S3F). Interestingly, in both H1 hESC and GM12878, a
higher percentage of /n7 situ Hi-C loops are anchored on convergent CTCF motifs compared
with loops identified by HICAR and PLAC-seq or HiChIP (Fig S3E, S3F). We reasoned
that this difference is because HICCUPS uses a local background model for loop calling
and therefore only identifies the most significant loop summits among a cluster of loops/
interactions. Together, these results indicate that HICAR can identify cRE interactions with
high accuracy and sensitivity.
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HiCAR identifies functional cRE interactions controlling gene expression.

HiCAR interactions are significantly enriched for expression quantitative trait loci (eQTL)
and their associated genes in human pluripotent stem cells (hPSC) and GM12878 cells
(DeBoever et al., 2017; The GTEx Consortium, 2015) (Fig 3B, empirical p value < 0.0001).
This finding supports the idea that the chromatin interactions identified by HICAR are
involved in gene expression control. To test this hypothesis, we selected three putative
enhancers interacting with SOX2TSS and tested their function using CRISPR interference
(CRISPRI). As shown in Fig 3C, enhancers #1, #2, and #3 are located 428kb, 431kb, and
788kb from the SOX2 TSS, respectively. Enhancer #1 and #2 also anchor on the CTCF-loop
identified from CTCF HiChlIP data using H9 hESC (Fig 3C). Upon silencing each individual
enhancer, SOX2 expression was significantly reduced compared to the hESC expressing
dCas9-KRAB and non-targeting control sgRNA (Fig 3D). These results indicate that the
cRE interactions identified by HICAR directly regulate gene expression.

The transcriptionally “poised” cREs exhibit extensive spatial interaction activity.

In H1 hESCs, we found that HICAR can indeed effectively enriched the PETSs associated
with distinct epigenetic features, including chromatin accessibility, CTCF binding, and
modification of H3K4mel, H3K4me3, H3K27ac and H3K27me3 (Fig S4A, S4B). Since we
are particularly interested in the cRE-interactions overlapping with active mark H3K27ac
and repressive/poised mark H3K27me3, we focused on these interactions in the following
analysis. Using MAPS, we identified 9,692 interactions (5kb resolution) with at least one
anchor overlapping with H3K27ac ChlP-seq peaks in H1 hESC (Fig 3E, red bar). We

also identified 6,662 interactions (5kb resolution) overlapping with the H3K27me3 peaks
(Fig 3E, blue bar; Fig S4C, “poised” interactions on GATA6 locus). Hereafter, we define
these two types of interactions as “active” versus “poised” interactions, respectively. The
interactions overlapping with both H3K27ac and H3K27me3 peaks were excluded from
our analysis. Applying the same criteria, we identified 34,545 “active” and 1,116 “poised”
interactions in GM12878 cells at 5 kb resolution (Fig 3E). Interestingly, a substantially
greater proportion of “poised” interactions were observed in hESCs (19%, 6,662 out of
34,399 interactions) compared to GM12878 cells (2%, 1,116 out of 48,516 interactions)
(Fig 3E, Fig S5A). The over-representation of “poised” interactions in H1 hESCs suggests
that this type of interaction is particularly important for pluripotency. This observation

is consistent with prior findings on H3K27me3-marked chromatin interactions in mouse
embryonic stem cells and embryos (Cruz-Molina et al., 2017; Ghavi-Helm et al., 2014;
Lonfat et al., 2014; Montavon et al., 2011; Ngan et al., 2020).

Through integration of HICAR and additional ChlP-seq data we were able to identify both
active and “poised” cREs from one single assay. Therefore, these interactions can be directly
compared to each other without considering biases such as ChIP pulldown efficiency or
batch effect. In both H1 and GM12878s, we found that genes with promoters located

on the anchors of active interactions indeed show significantly higher expression levels
compared to those with “poised” interactions (Fig 3F, left, Wilcoxon rank-sum, p < 2.2e-16).
However, their interaction “strength” (quantified by —log10 FDR calculated by MAPS) was
indistinguishable (Fig 3F, right, Wilcoxon rank-sum p = 0.13 and 0.3 in H1 hESC and
GM12878, respectively). Interestingly, the linear genomic distance of active interactions
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was significantly shorter than that of “poised” interactions (Fig 3F, middle, median distance
135 kb versus 175 kb in H1, Wilcoxon rank-sum, p = 4.9e-16; 135 kb versus 155 kb in
GM12878; Wilcoxon rank-sum, p = 2.3e-16). Additionally, it is well established that the
mammalian genome can be compartmentalized into transcriptionally active A and repressive
B compartments (Lieberman-Aiden et al., 2009). Interestingly, when we examined the
compartment distribution of active and “poised” interactions in H1 hESC and GM12878s
we found that both types of interaction are significantly enriched in compartment A and
depleted in B (Fig 3G, Fig S5B, Table S4). Taken together, these results show that HICAR
can capture chromatin interactions anchored on accessible cREs that are active and “poised’,
and that the “poised” cREs are associated with significant spatial interactions comparable
with active cREs.

“Poised” cRE interactions are associated with developmentally silenced genes and
Polycomb Repressive Complex proteins.

To explore the potential biological function of active and “poised” cRE interactions captured
by HICAR, we performed gene ontology (GO) analysis of genes with promoters located on
active versus “poised” interactions anchors (Table S5). We found that GO terms related to
essential cellular functions, such as nucleosome organization, DNA replication, and protein
transport, are significantly enriched on the active interaction anchors in both H1 hESC and
GM12878s (Fig S5C). Interestingly, GO terms related to cell lineage specific functions, such
as stem cell proliferation and maintenance in H1 hESC and lymphocyte/B cell proliferation/
differentiation in GM12878, were only enriched in the relevant cell type (Fig S5C). In H1
hESC, the genes on the anchors of “poised” interactions are enriched for GO terms related
to development of brain, limb, cardiac, muscle, and leukocyte/lymphocyte. Interestingly,
GO terms related to leukocyte/lymphocyte differentiation were enriched on the anchors

of “poised” cRE interactions in H1 hESCs, but on anchors of active cRE interactions in
GM12878 cells (Fig S5C).

We also carried out transcription factor (TF) motif enrichment analysis on the open
chromatin sequences of active or “poised” interaction anchors. We found that the motifs

of CTCF and BORIS (also known as CTCFL) were significantly enriched on the active
interactions in both cell types (Fig S5D). By contrast, the motifs of lineage specific TFs,
such as PU.1, IRF8, RUNX, IRF3/4 in GM12878 cells and OCT4, SOX2, NANOG in
hESC, were specifically enriched in the relevant cells expressing these lineage specific

TFs. Furthermore, the “poised” cRE interactions in hESC were: (1) significantly enriched
for PRC2 complex protein binding (Fig S5E), and (2) associated with significantly

broader H3K27me3 peaks (Fig S5F, Wilcoxon, P < 2.2e-16). These results are consistent
with studies showing that Polycomb-group proteins can mediate long-range chromatin
interactions anchored on H3K27me3 regions in mouse embryonic stem cells (Cai et al.;
Cruz-Molina et al., 2017; Denholtz et al., 2013; Joshi et al., 2015; Kraft et al., 2020; Ngan et
al., 2020; Schoenfelder et al., 2015). The enrichment of lineage specific genes and TF motifs
on active and “poised” cRE interactions suggests that both interactions are involved in cell
type specific gene regulation.
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Gene promoters exhibit silencer-like function to repress the distal genes expression via
promoter-promoter interactions.

In the mammalian genome, many promoters can regulate the expression of other genes

by acting as distal enhancers via long-range promoter-promoter interactions (Dao et al.,
2017; Diao et al., 2017; Engreitz et al., 2016; Li et al., 2012; Ren et al., 2021). Using
HiCAR, we also identified 1,706 and 1,950 promoter-promoter interactions (5kb resolution)
in H1 hESC and GM12878 cells, respectively (Fig 4A). These interactions involve 1,875
and 2,189 unique TSS in H1 and GM12878, respectively. Interestingly, we found 274

and 171 interactions connecting pairwise inactive gene promoters (RNA-seq RPKM < 1
for both genes) in H1 hESCs (277 unique TSS) and GM12878 cells (171 unique TSS),
respectively (Fig 4A). Consistent with previous findings (Joshi et al., 2015; Schoenfelder
et al., 2015), in hESCs the promoters of “poised” TSS-TSS interactions are significantly
enriched with binding of PRC2 proteins (Fig 4B, EZH2 and SUZ12), and overlapping with
broader H3K27me3 peaks (Fig 4C).

Intrigued by the fact that gene promoters can act as enhancers of distal genes, we asked
whether gene promoters can also exert silencer-like function. In hESC, the promoters of
SIX3-S51X2and HOXA13-EVX1 form significant interactions (Fig 4D). First, we performed
classical plasmid-based luciferase reporter assays. The genomic fragments corresponding to
the promoters of S/IX2, 51X3, HOXA13, and EV.X1 genes were cloned downstream of the
luciferase reporter gene of pGL3-Promoter Vector (GenBank Accession Number U47298).
We transiently transfected the plasmids into H1 hESCs and found that all four tested
promoter sequences significantly repress reporter expression (Fig 4E). We also performed
RT-gPCR analysis to test whether these cloned promoters initiate antisense transcripts from
the plasmids and found that the antisense transcripts were expressed at very low levels
(RT-gpCR CT value > 35). Given that these promoters act as distal elements of a linked
promoter (SVV40) and reduce SV40 transcriptional activity, by definition (Brand et al., 1985;
Ogbourne and Antalis, 1998; Segert et al., 2021), these promoter sequences can be termed
silencer-like elements in hESC.

To determine the function of the fours “poised” promoters in the native chromatin
environment, we carried out CRISPR activation (CRISPRa) experiment by co-expressing
transcriptional activator VP64-dCas9-VP64 (Kwon et al., 2020) and promoter-targeting
sgRNAs in hESC. We designed sgRNAs to target the promoters of S/.X2, SIX3, EVX1

and HOXA13, and used non-targeting SgRNAs as negative control. As expected, CRISPRa
induced the expression of the direct target genes of the sgRNAs (Fig 4F). Interestingly,

the expression of the genes that are not directly targeted by sgRNAs but interact with

the sgRNA-target TSS, were also significantly upregulated (Fig 4G). To ensure that the
observed phenotype is caused specifically by TSS-TSS interactions, we also examined the
expression of genes neighboring SIX2, SIX3, EVX1 and HOXA13, namely HOXA4 and
HIBADH. As expected, CRISPRa of HOXA13or EVX1TSS does not activate these nearby
genes (Fig S5G). Interestingly, CRISPRa of S/X3and S/X2TSS induced upregulation of
their respective neighboring genes CAMKMT and SRBD1 (Fig S5H, bottom). Notably, the
CAMKMT promoter is 584kb away from the S/X3 promoter, while the distance between
promoters of S/IX2and SRBD1is 601kb. Intrigued by these results, we further examined
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the H1 hESC HICAR contact matrix on S/x2and S/X3loci. We found that the promoters
of S/IX3and S/X2interact with promoters of CAMKMT and SRBDI at higher frequency
than background (Fig S5H, the black circles on HICAR heatmap). These results suggest that
the “poised” promoters of S/X2and S/X3also exhibit silencer-like function to repress the
expression of distal genes (CAMKMT and SRBDJ), likely through TSS-TSS interactions.
Taken together, these results demonstrate that the “poised” gene promoters indeed play a
silencer-like role to repress the transcription of distal genes in the native chromatin via
promoter-promoter interactions.

HiCAR is capable of analyzing chromatin accessibility and looping using low-input primary
human cells.

To demonstrate the application of HICAR on low-input primary cells and clinical samples,
we applied HiCAR to 30,000 primary human muscle stem cells (MuSC) purified from
skeletal muscle biopsies (Fig 5A). As shown in Table S2, the MuSC HiCAR libraries

are highly complex (Fig 5B, 48% and 56% unique PETS), and contain a large proportion
of long-range cis-PETs (Fig 5C, 22% and 26%). Notably, the chromatin contact matrices
and the open chromatin R2 reads of the MuSC HiCAR libraries are highly reproducible
between two biological replicates (Fig 5D HiCRep SCC = 0.89, 5E PCC = 0.84). From

a total of 233 million uniquely mapped PETs of MuSC, we called 46,244 1D peaks
(MACS2 FDR < 0.01) using HiCAR R2 reads. Further analysis using HOMER showed
that these open chromatin sequences are significant enriched with motifs of CTCF (p value
= 1e-7158), MYF5 (p value = 1e-1252), and MYODL (p value = 1e-956). Using MAPS,
we identified 25,693 significant cRE interactions in MuSC at 10kb resolution (Table S2).
In addition to HICAR analysis, we also collected the “leftover” RNAs from the HICAR
procedure to make RNA-seq libraries using SMART-seq3 (Hagemann-Jensen et al., 2020).
At MYF5and MYOD1 loci, two master regulators of MuSC, we observed highly cell-type
specific chromatin interaction patterns (HiCAR interactions and contact matrix), chromatin
accessibility (HICAR 1D peaks), and transcriptome (RNA-seq, Fig 5F) compared to those
observed in H1 and GM12878 (Fig 5G). These results clearly demonstrated that HICAR

is versatile and broadly applicable for simultaneous analysis of chromatin accessibility and
looping using the same batch of low input cells from primary tissue or clinical samples.

Discussion:

We demonstrate here that HICAR is a robust, sensitive, and cost-effective method

for detecting accessible chromatin and cRE interaction using low-input cells and less
sequencing reads. Importantly, HICAR identifies chromatin contacts with an efficiency
comparable to that of /n situ Hi-C over all genomic distances. The technical advantages

of HiICAR are multifold. First, HICAR captures cRE-anchored interactions in a more
comprehensive way than existing methods (ChlA-PET, HiChIP, PLAC-seq) because it does
not rely on antibodies to enrich cREs associated with only one specific protein or histone
modification. Second, compared to Trac-looping (Lai et al., 2018), Ocean-C (Li et al., 2018),
and HiCoP (Zhang et al., 2020), HiICAR requires 100 — 1000 fold fewer input cells and
yields highly complex libraries. Third, HICAR is cost-effective and requires remarkably less
sequencing depth (9-19%) than Hi-C for high-resolution loop calling. Because of the 4C-
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seq-like library cloning strategy, HICAR does not require the expensive Biotin-conjugated
dNTP to capture the in situ ligated DNAs, which further reduces costs. Fourth, using 30,000
primary cells we demonstrated that HICAR can be used to analyze small samples from
primary tissues.

In this study, we also demonstrate that HICAR can be combined with SMART-seq
(Hagemann-Jensen et al., 2020; Picelli et al., 2014) protocols for transcriptome, chromatin
accessibility, and genome organization analysis using the same low-input cells. In hESC,
we collected the “leftover” poly-A mRNA from the same batch of cells used for HICAR
experiments, and used these RNAs to make RNA-seq libraries following SMART-seq2
(Picelli et al., 2014) protocol. We found that our H1 hESC RNA-seq data correlate very
well with the H1 hESC bulk RNA-seq data generated by ENCODE, both at genome-wide
scale (Fig 5H, Pearson correlation R = 0.91) and by visualization on genome browser

(Fig 51). In our analysis of primary human MuSCs (Fig 5A), the RNA-seq data generated
using the MuSC “leftover” RNA are also highly reproducible (Fig 5F, Pearson Correlation
R =0.92). Notably, our MuSC RNA-seq results show strong RNA signals on the marker
genes, MYF6, MYF5, and MYOD1 (Fig 5G, MuSC RNA tracks). These results confirm
the feasibility of combining the HICAR procedure with SMART-seq protocol to obtain
multiple types of data using the same batch of low-input primary cells. Such a multi-omics
“co-assay” would be particularly useful for analyzing complex tissue samples collected from
animal models or human biopsies. Given the intrinsic cellular heterogeneity of complex
tissues or biopsies, the cells collected from the same tissue and subjected to separated
assays may represent very different cell populations. Therefore, the option of combining
HiCAR and SMART-seq protocols not only enables the best use of precious low-input cells
collected from primary tissue or clinical samples, but also provides an attractive alternative
approach for simultaneous analysis of chromatin accessibility, genome architecture, and
gene expression.

Another important conclusion of this work is that “poised” gene promoters can function
as silencer-like elements to repress the expression of distal genes via long-range promoter-
promoter looping. Together with the recent findings that many promoters can act as distal
enhancers of other genes (Dao et al., 2017; Diao et al., 2017; Engreitz et al., 2016;
Schmitt et al., 2016), our results reveals the complexity, or from another point of view,

the underlying simplicity of gene regulation principles, that is, a single DNA sequence can
encode different types of regulatory functions, including being a promoter for immediate
genes, or an enhancer or silencer for neighboring- or distal-genes via linear chromatin
proximity or long-range chromatin interactions.

In conclusion, we present HICAR as a robust, sensitive, and cost-effective assay for
comprehensive analysis of chromatin organization associated with accessible chromatin
sites. Our results also uncover the unexpected role of “poised” gene promoters in exerting
silencer-like function to repress distal gene expression via promoter-promoter interactions.
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Limitations:

We note that the open chromatin peaks identified by HICAR R2 reads are slightly different
from peaks called by regular ATAC-seq. More than 70% of HICAR 1D peaks overlap with
the high confidence ATAC-seq peaks (with smaller MACS2 p-value). However, the less
confident ATAC-seq peaks (with larger MACS2 p-value) are often missed from the 1D
peaks called from HiCAR R2 reads. These data suggest HICAR is less sensitive to capture
weak open chromatin peaks compared to ATAC-seq. Interestingly, we found that 42% (H1
hESC) and 26% (GM12878) of HICAR unique 1D peaks can be explained by binding of
genome architecture proteins CTCF/Cohesin. Compared to regular ATAC-seq, the capture
of R2 reads in the HiCAR library requires the /n situ ligation between Tn5 adapter and the
spatially proximal DNA sequences. Therefore, we speculate that the HICAR protocol favors
open chromatin sequences that are proximal to the anchor sequences of chromatin looping.
This may likely cause some bias in HICAR libraries to enrich the open chromatin regions
bound by genome architecture protein CTCF and Cohesin.

We also acknowledge that the “leftover” RNAs collected from HiCAR procedure and used
for SMART-seq undergo harsh treatment such as crosslinking and reverse-crosslinking, SDS
treatment, high-temperature, and several steps of physical separation. All these steps are
harmful for RNA integrity and could potentially introduce bias to the transcriptome analysis.
Since low-input RNA-seq can be performed with a very small number of cells, in the
analysis of abundant homogeneous cells (such as H1 hESC and GM12878), carrying out a
regular RNA-seq analysis is a better choice rather than collecting the “leftover” RNAs for
transcriptome analysis. Since the SMART-seq protocol is not an integral part of the HICAR
protocol, it is beyond the scope of this study to further discuss the details of RNA-seq library
preparation.

STAR Methods text:
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Yarui Diao (yarui.diao@duke.edu).

Materials availability—The DNA constructs generated in this study are available upon
request. The other reagents used in this study are commercially available and detailed in the
key resource table.

Data and code availability

. Raw and processed H1 hESC and GM12878 HICAR data have been deposited
at Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo) and are
publicly available under the accession numbers GSE162819. The processed
human MuSC HiCAR data are available at synapse (https://www.synapse.org/#!
Synapse:syn26841404). All the public genomic data used in this study has been
listed in Table S3.
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. All original code used for HICAR analysis is publicly available at Nextflow
(https://nf-co.re/hicar) and has been deposited at Zenodo (Ou et al., 2022). The
DOl of the released code is listed in the key resources table.

. Any additional information regarding data and code required to reanalyze the
data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and culture conditions—H1 hESCs (WiCell, WAO1) were cultured in
Matrigel (Corning, 354230) coated plates with Stabilized feeder-free maintenance medium
mTeSR™ Plus (STEMCELL Technologies, #05825). mTeSR™ Plus was changed every
other day. GM12878 cells were cultured in suspension using RPMI 1640 with 15% FBS
in T-75 flasks (200,000-800,000 cells/ml). Cells were harvested at the end of day2. For
crosslinking, cells were washed once by PBS, then treated by Accutase (BioLegend,
#423201) for 10mins at 37°C. After removing the Accutase, cells were resuspended by
DMEM. Formaldehyde was added to the final concentration of 1%, incubated at room
temperature for 10mins. Glycine was added to the final concentration of 0.2M, incubated
at room temperature for 10mins to quench formaldehyde. Fixed cells were pelleted by
centrifugation for 5 min at 4°C and washed with ice-cold PBS once

Human skeletal muscle samples—Lower extremity human skeletal muscle samples
were obtained with informed consent from an patient (female, 67-year-old) undergoing a
surgical procedure in accordance with a research protocol approved by the Duke University
Institutional Review Board (IRB#Pro00065709).

Method Details

Tn5 Purification—Briefly, Rosetta DE3 cells transformed with Tn5 expression plasmid
pTXB1-Tn5 (Addgene #60240) were cultured in 500ml LB and incubated at 16°C overnight
for protein induction. The bacteria were collected by centrifuge and resuspend by pre-cooled
HEGX (40mM Hepes-KOH pH 7.2, 1.6M NaCl, 2 mM EDTA, 20% Glycerol, 0.4% Triton-
X100, Roche Complete Protease Inhibitor), sonicated to release the protein. PEI (10% PEI,
4.44% HCI, 800mM NaCl, 20mM Hepes, 0.3mM EDTA, 0.2% Triton X-100, pH 7.2) were
then added to the lysate in dropwise to precipitate the E. coli DNA. The lysate was then
centrifuged and the supernatant was loaded to Chitin column (Bio-Rad, #7372522). The
column was rotated at 4°C for 2-3h then washed by HEGX buffer. 15ml HEGX buffer
containing 100mM DTT was added to elute the protein. The column was incubated for
another 24 hr at 4°C. The elution fraction was collected and concentrated to about 1ml by
Amicon Ultracel 30K (Millipore, #UFC903024), then dialyzed twice by 1L dialysis buffer
(100 HEPES-KOH pH 7.2, 0.2 M NaCl, 0.2 mM EDTA, 2 mM DTT, 0.2% Triton X-100,
20% glycerol) for 24h using dialysis membrane tube (Spectra, D1614-11). Then the protein
was added 80% glycerol to a final concentration of 50%.

Tn5 transposase assembly—To assemble Tn5, 50ul of 200uM ME-rev and 50ul of
200uM Bfal-trusegR1-pmel-nextera7 (Table S1) were annealed by the following program:
95°C 5min, cool to 14°C with a slow ramp 1°C /min. The annealed adaptor was mixed with
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Tn5 Transposase in 1: 1.5 molar ratio, the mixture was mixed by pipette and incubated at
room temperature for 30mins.

Detailed HiCAR protocol

Stepl. Nuclei preparation and tagmentation: 100,000 crosslinked cells were treated by
400ul NPB (PBS containing 5% BSA, 1mM DTT, 0.2% IGEPAL, Roche Complete Protease
Inhibitor, 12.5ul RNaseOUT) at 4°C for 15min to isolate the nuclei. After centrifugation,
the supernatant containing cytoplasm RNA was saved for future RNA-seq analysis. The
isolated nuclei were resuspended in 350ul 2X TB buffer (66mM Tris-AC pH 7.8, 132mM
K-AC, 20mM Mg-AC, 32% DMF), 335ul water and 15ul assembled Tn5 transposome. The
oligos used for Tn adaptors are listed in Table S1). Next, nuclei are rotated at 37°C for

1.5h. 350ul of 40mM EDTA was added to stop the reaction. After washing the nuclei once
by 0.075% BSA, the nuclei were treated by 32.5ul water, 5p1 10X NEBuffer 3.1 (NEB, #
B7203S), 12.5ul 2% SDS at 62°C for 10 minutes. After centrifugation at 850g for 5min, the
supernatant containing nuclei RNA was collected for future RNA-seq library construction.
The nuclei were resuspended in 100l H,O, 14ul 10X NEBuffer3.1, 25ul 10% Triton X-100,
and incubated at 37°C for 15min to quench SDS.

Step 2. CviQI digestion and in situ ligation: The nuclei were washed by 1ml 1.1X
NEBuffer 3.1, then treated by 90pl 1.1X NEBuffer 3.1 containing 100U CviQIl (NEB,
#R0639L) and 1ul of 20uM TrusegqR1 oligo (Table S1) at room temperature for 2h. After
digestion, we added 48ul 10X T4 ligation buffer, 6pl T4 DNA ligase (400U/ul, NEB,
#M0202S), 2.4ul 20mg/ml BSA (NEB, #B9000S), 40ul 10% Triton X-100, 283.6 ul H,0),
into the reaction and rotated the nuclei at room temperature for 4h.

Step 3. Reverse crosslink and DNA purification: After centrifugation at 2000g for 5min,
the supernatant was discarded. The nuclei were resuspended in 200ul of 2XRCB (100 mM
Tris-HCI pH 8.0, 100 mM NacCl, 0.4% SDS), incubated the nuclei at 68°C for at least 1.5h to
reverse crosslink. The DNA was purified by ethanol precipitation followed by 80% ethanol
wash. The DNA was dissolved by 21ul 10mM Tris-HCI (pH8.0).

Step 4. Nlalll digestion and circularization: The purified DNA was incubated with 4pl
10mM dNTP, 5pl 10X CutSmart buffer 1.5u1 T4 DNA polymerase (NEB, # M0203L) and
20.5ul H,0 at room temperature for 30min to repair the Tn5 transposition gap. Next, the
reaction was incubated at 75°C for 20min to inactivate T4 DNA polymerase. After that, 1yl
Nlalll (NEB, # R0125L) were added into the sample followed by incubation at 37°C for 1h.
The digested DNA was purified by 0.9X (45ul) volume SPRI beads (Beckman, # B23319),
and dissolved in 80pl 10mM Tris-HCI (pH8.0) buffer. Next, the DNA was diluted to 1ng/ul
and circulated in T4 Ligation Buffer by T4 DNA ligase (400U/ul, NEB, #M0202S). The
sample is mixed and incubated at room temperature for at least 2h. The DNA was purified
by DNA clean & concentrator kit (Zymo, #D4013) and eluted in 16pl water.

Step 5. Pmel digestion and PCR: 14pl purified DNA was mixed with 1.7ul 10X CutSmart
buffer, 1.3ul Pmel and incubated at 37°C for 1h to digest DNA. Then 16ul 5X Q5 buffer,
1.6l 10mM dNTP, 1.6l primerl (Table S1) (10uM Nextera-pcr-i7-10-L), 1.6l primer2
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(Table S1) (10uM NEB primer i501), 0.8ul Q5 polymerase (NEB, #m0491L) and 58.4ul
water was added into the sample. The PCR library amplification was performed using the
following program (step 1: 72 °C 5 min, 98 °C 30 s; step 2: 98 °C 105,59 °C 305, 72

°C 45s, repeating step 2 for an additional 11 cycles; step 3: 72°C 5 min and 4°C forever).
After PCR, the DNA product between 300-750bp was purified by gel extraction using DNA
recovery kit (Zymo, #D4002) for deep sequencing.

(Optional) Step 6. SMART-seq based RNA-seq libraries constructed using RNAS
collected from HiCAR procedure.: The cytoplasmic and nuclei RNA fraction was
combined, added with 1X volume of 2XRCB (100 mM TrisHCI pH 8.0, 100 mM

NaCl, 0.4% SDS, RNase OUT), and incubated at 68°C for at least 1.5h for reverse
crosslinking. Next, the RNA was purified by Phenol:Chloroform:lsoamyl Alcohol (25:24:1,
vlv, Spectrum, #136112-00-0) extraction and ethanol precipitation. The sample was
dissolved in 21ul 10mM Tris-HCI (pH8.0). Then the sample was treated by 0.5ul DNasel at
37°C for 30min to remove DNA in solution. The RNA was purified by 2X volume of SPRI
beads, dissolved by 20ul 10mM Tris-HCI (pH8.0). Then 2.3ul RNA was taken out to make
an RNAseq library using Smart-seg2 protocol.

Purification of primary human skeletal muscle stem cell—Lower extremity human
skeletal muscle samples were obtained with informed consent from an patient (female,
67-year-old) undergoing a surgical procedure in accordance with a research protocol
approved by the Duke University Institutional Review Board (IRB#Pro00065709). Muscle
samples were placed in DMEM with pen/strep on ice and brought to the laboratory for
immediate processing and cell dissociation. Muscle was cleaned of tendon and fat and
minced into pieces less than 1mm3 using sterile scissors and razor blades. Minced muscle
was transferred to a 50mL conical tube for enzymatic dissociation with 0.05% Pronase
(Roche) in DMEM with pen/strep for 1 hour at 37°C with slow continuous mixing. After
triturating the sample for 10-15 times with a cannula, dissociated cells were resuspended
in DMEM plus 10% FBS with pen/strep and filtered through 100mm vacuum filter. Cells
were resuspended in Ham’s F-10 media with 10% horse serum and stained for FACS with
the following antibodies: anti-CD31-Alexa Fluor 488 (clone WM59, BiolLegend, #303110),
anti-CD34-FITC (clone 581, BioLegend, #343503), anti-CD45-Alexa Fluor 488 (clone
HI130, Invitrogen, #MHCD4520), anti-CD29-APC (clone TS2/16, BioLegend, #303008),
anti-NCAM-Biotin (clone HCD56, BiolLegend, #318319). Cells were washed, resuspended
in Ham’s F-10 with 10% horse serum, and PE/Cy?7 streptavidin (BioLegend, #318319) and
Pl was added. Cells were washed and resuspended in Ham’s F-10 with 10% horse serum
for FACS. Satellite cells were isolated by FACS using a Sony SH800S Cell Sorter. CD31~/
CD34-/CD45-/P1- cells were then gated on CD56 and CD29,and the CD56+/CD29+
satellite cells were sorted and fixed for HICAR as described above.

Luciferase reporter assay—The Promoter fragments of SI1X2, SIX3, EVX1, and
HOXA13 were PCR amplified using the primers listed in Table S1 and cloned into the
pGL3-promoter vector (Promega, Cat#: E1751) downstream of SV40 promoter and reporter
gene. The purified reporter constructs were co-transfected to H1 hESC with Renilla plasmid
pRL-SV40 using FUGENE® HD Transfection Reagent following manufacture’s instruction
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and described in our previous study (Diao et al., 2016). Briefly, 50,000 dissociated H1
hESC cells were seeded per well in a 48-well plate in mTeSR1 medium supplemented with
Rock inhibitor Y-27632 for 12 hours. Next, 480ug of luciferase reporter constructs was
mixed with 20ng of control Renilla plasmid pRL-SV40 and 1.5l of prewarmed FUGENE®
HD Transfection Reagent for transient transfection for cells per well. Added directly to
medium, and mixed immediately. 48 hours after transfection, the cells were collected

and subjected to luciferase reporter assay using the Dual-Luciferase® Reporter Assay
System (Promega, Cat# E1910) on the SpectraMax® M5 Microplate Reader following
manufacturer’s instructions.

CRISPRa and CRISPRI perturbation—The sgRNA sequences were designed by
CHOPCHOP (Labun et al., 2019) and the primers used for sgRNA-expressing constructs
cloning are listed in the Table S1. The sgRNA sequences were cloned into the Lentiviral
vector expressing both sgRNA and dCas9-KRAB (Addgene #67620) or VP64-dCas9-VP64
(Addgene# #59791). Lentivirus was packed, purified, and used for H1 hESC infection
following the protocol described in our previous study (Diao et al., 2017). After 10 days

of Puromycin (2mg/ml) selection, the cells were collected and total RNA was extracted for
RT-gPCR analysis. The sequences of gPCR primers were listed in Table S1.

QUANTIFICATION AND STATISTICAL ANALYSIS

HiCAR data processing—HIiCAR datasets were processed following the distiller
pipeline (https://github.com/mirnylab/distiller-nf). Briefly, reads were aligned to hg38
reference genome using bwa mem (Li and Durbin, 2010) with flags —SP. Alignments were
parsed, and paired end tags (PET) were generated using the pairtools (https://github.com/
mirnylab/pairtools). PET with low mapping quality (MAPQ < 10) was filtered out. PET
with the same coordinate on the genome or mapped to the same digestion fragment

were removed. Uniquely mapped PETs were flipped as side 1 with the lower genomic
coordinate and aggregated into contact matrices in the cooler format using the cooler
tools(Abdennur and Mirny, 2020) at delimited resolution (5kb, 10kb, 50kb, 100kb, 250kb,
500Kb, 1Mb, 25MB, 50MB,100MB). The dense matrix data were extracted from cooler
files and visualized using HiGlass (Kerpedjiev et al., 2018). The R1 and R2 reads signals
around TSS or peaks were calculated with EnrichedHeatmap (Gu et al., 2018) before PET

flipping.

Hi-C matrix correlation SCC (stratum-adjusted correlation coefficient)—The
similarity between different Hi-C datasets were measured by HiCRep(Yang et al., 2017).
The stratum adjusted correlation coefficient (SCC) is calculated on a per chromosome basis
using HiCRep on 100 kb resolution data with a max distance of 5 Mb. The SCC was
calculated as a weighted average of stratum-specific Pearson’s correlation coefficients.

Compartments A and B, directionality and Insulation score—
Compartmentalization, directionality index and insulation score was assessed using
cooltools (https://github.com/mirnylab/cooltools). Briefly, eigenvector decomposition was
performed on cis contact maps at 100-kb resolution. The first three eigenvectors and
eigenvalues were calculated, and the eigenvector associated with the largest absolute
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eigenvalue was chosen. An identically binned track of GC content was used to orient the
eigenvectors. The insulation score and directionality Index were computed by Cooltools
using “find_insulating_boundaries’ and “directionality’ functions, respectively.

Contact probability decaying curve—The curves of contact probability as a function
of genomic separation were generated by pairsqc following the 4DN pipeline (https://
github.com/4dn-dcic/pairsqc) (Lee et al., 2021). Briefly, the genome is binned at log10
scale at an interval of 0.1. For each bin, contact probability is computed as number of
reads/number of possible reads/bin size.

HICAR 1D open chromatin peak processing—Unique mapped HiCAR DNA library
R2 reads were extracted and processed to be compatible as MACS2 (Zhang et al., 2008)
input BED files. MACS2 was used to identify open chromatin regions following the
ENCODE pipeline (https://github.com/ENCODE-DCCl/atac-seq-pipeline) with the following
parameters: “—q 0.01 --shift 150 --extsize —75--nomodel —B --SPMR --keep-dup all .

The reproducible peaks from multiple experimental replicates are identified using Chip-R
(Newell et al., 2021).

CTCF motif orientation analysis—CTCF ChlIP-seq peak list of H1 and GM12878
was downloaded from ENCODE (accession No. ENCFF821AQO0 and ENCFF485CGE,
respectively) and searched for CTCF sequence motifs using gimme (van Heeringen and
Veenstra, 2011) and CTCF motif (MA0139.1) from the JASPAR database (Fornes et al.,
2020). We then selected a subset of interactions with both ends containing either a single
CTCF motif or multiple CTCF motifs in the same direction. The frequency of all possible
directionality of CTCF motif pairs, convergent, tandem and divergent are evaluated.

Chromatin interaction calling—For HiCAR, PLAC-seq and HiChIP datasets, we used
the MAPS(Juric et al., 2019) to call the significant chromatin interactions. First, paired-end
tags were extracted from cooler datasets at 5KB or 10Kb resolution using the “cooler
dump” function with parameters: “~t pixels —H --join”. The interaction anchor bins were
defined by the ATAC peaks or corresponding ChlP-seq peaks called using MACS2(Zhang
et al., 2008). MAPS applied a positive Poisson regression-based approach to normalize
systematic biases from restriction enzyme cut sites, GC content, sequence mappability, and
1D signal enrichment. We grouped interactions that were located within 15 kb of each other
at both ends into clusters and classified all other interactions as singletons. We retained only
interactions with 6 or more and normalized contact frequency (raw read counts/expected
read counts) >= 2 and the significant interactions were defined by FDR < 0.01 for clusters
and FDR < 0.0001 for singletons. For in situ Hi-C dataset, the .hic file is downloaded from
4DN data portal (accession No. ADNES2M5JIGV) and significant chromatin interactions

at 10Kb resolution is identified by HICCUPS (Durand et al., 2016) with the following
parameters: “~r 10000 -k KR -f.1,.1 -p 4,2 -i 7,5 -t 0.02,1.5,1.75,2 —d 20000,20000” and
FitHiC2 (Kaul et al., 2020) using default parameters.

Comparison between eQTL-TSS association and HiCAR interaction—To test
the enrichment for HiCAR identified interactions in significant eQTL-TSS association, we
first obtain the eQTL-TSS associations in H1 hESC and GM12878 from the previous
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study(DeBoever et al., 2017). To assess the significance of the enrichment, we generated a
null distribution by creating a simulated interaction datasets by resampling the same number
of interactions at random from distance-matched interactions (with 10,000 repeats). The
empirical P-value was computed by comparing the observed overlapping number with the
null distribution.

Gene Ontology enrichment analysis—We used Clusterprofile (Yu et al., 2012) to
examine whether particular gene sets were enriched in certain gene lists. GO categories with
“BH” adjusted p value < 0.05 were considered as significant.

Key resources table

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:
HiCAR captures chromatin accessibility and looping from the same input cells.
HiCAR is cost effective and can be applied to low-input clinical samples.

HiCAR is compatible with SMART-seq for multi-omics analysis of DNA and RNA.

The “poised” promoters exhibit silencer-like function via promoter-promoter looping.
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Figure 1. Overview of HICAR experimental design.
(A) HiICAR workflow. The R2 reads of HiCAR libraries are derived from Tn5 insertion

sites and can be used to call 1D open chromatin peaks. (B) The sequence depth normalized
(reads per million, RPM) HiCAR R1 (red), R2 (blue) and in situ Hi-C (grey) reads was
plotted as signal coverage surrounding +/— 3kb of each ATAC-seq peaks of H1 hESC. (C)
A representative genome browser view showing the ATAC-seq data (top, light blue) and
HiCAR R2 reads (bottom, dark blue) of H1 hESC. (D) Venn diagram showing overlap

of MACS?2 open chromatin peaks called from HICAR R2 reads (orange) and ATAC-seq
(blue) in H1 hESC. (E) H1 hESC chromatin contact matrices of HICAR (above the
diagonal) and /n situ Hi-C (under the diagonal) at successive zoom-in views. Bottom
tracks: the Eigenvector, Directionality index, and ATAC-seq track were plotted underneath
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the contact matrices as indicated. Color key: sequencing depth normalized reads counts
(RPM). (F) Scatter plots comparing the Eigenvector, Directionality index, and Insulation
score computed from HiCAR versus /n situ Hi-C of H1 hESC. PCC: Pearson correlation
coefficient. (G) Chromatin contact frequency (y-axis) was plotted as a function of linear
genomic distance (x-axis) measured by HICAR (red) and /n situ Hi-C (blue) in H1 hESC
and Trac-looping (dashed/black) in CD4 T cells. See also Figure S1, Figure S2, Table S1,
and Table S3.
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Assay Celltype Inputcells Total reads
HICAR H1 100k 351M
in situ Hi-C H1 100K-5M 383M
Trac-looping CD4 T cells 100M 450M
HiCoP K562 10M 260M
Ocean-C GM12878 5M 204M

B
HICAR - 25%
In situ Hi-C- 29%
Trac-looping - 19%

HiCoP 56%

25%

Ocean-C+

[ Long range (>=20kb) cis PET . Duplicated PET
. Short range (<20kb) cis PET Unmapped/
. Trans PET Multimapped reads

TSS enrichment

m HiCAR R2
Trac-looping
m HiCoP
Ocean-C
in situ Hi-C

(@)

—_
o

Reads enrichment on TSS
(log2 fold change)
o o
2 oA

-2k TSS +2k

Figure 2. HICAR outperforms existing methods to capture open chromatin anchored
interactions.

(A) The number of input cells and the sequencing depth (total reads) of representative
libraries of HICAR, in situ Hi-C, Trac-looping, HiCoP, and Ocean-C. The representative
H1 hESC in situ Hi-C data is obtained from 4DN data portal: ADNFIYPLRRSZ. The
Trac-looping, HiCoP, and Ocean-C data are obtained from previous studies (Lai et al.,
2018; Zhang et al., 2020)(L.i et al., 2018). (B) The percentage of PETs that are long

range cis (>=20kb), short range cis (<20kb), trans (interchromosomal), PCR duplicates,
and unmapped in the indicated dataset shown in (A). (C) The reads counts of HICAR

R2 (red), HiCoP (green), Ocean-C (blue), Trac-looping (orange), and /in situ Hi-C (grey)
are normalized against library sequence depth (counts per million), then aggregated within
+/- 2kb window of human gene TSS. The fold change along the x-axis was calculated by
comparing the reads counts of 100bp bin versus the mean reads counts of TSS +/- 2kb. See
also Table S2 and Table S3.
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Figure 3. HICAR is a robust and sensitive method to identify open chromatin anchored cRE
interactions.

(A) HICAR chromatin contact matrices are shown as heatmaps along with ChIP-seq tracks
of H3K4mel, H3K4me3, H3K27ac, H3K27me3, CTCF; RNA-seq; and 1D open chromatin
track derived from HICAR R2 reads in H1 hESC. The arch tracks represent the chromatin
loops and interactions called from HICAR, CTCF HiChIP, H3K4me3 PLAC-seq, and /n
situ Hi-C as indicated. (B) The number of eQTL-gene pairs overlapping with observed
HiCAR interactions (red), and (blue) randomly sampled pairwise DNA regions (10,000
times shuffling, with controlled linear genomic distance matching with HiCAR interactions
distance) in H1 hESC (top) and GM12878 (bottom). One-sided empirical p-value <0.0001.
(C) HiCAR contact matrix and indicated ChlP-seq, RNA-seq, and HICAR 1D tracks
surrounding SOXZlocus in H1 hESC. Arch tracks: H1 hESC HiCAR interactions (purple)
and H9 hESC CTCF HiChlP interactions (yellow). The bottom track shows the aggregated
R1 reads whose R2 reads overlap with the 2kb SOXZ2transcription start site (TSS). The
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arrowheads point to enhancer #1 (chr3: 182,139,814-182,140,635), #2 (chr3: 182,143,023-
182,143,349), and #3 (chr3: 182,500,129-182,500,831) for CRISPRi experiment shown in
(D). (D) The sgRNAs were designed to recruit dCas9-KRAB to the candidate enhancers

of SOX2in H1 hESC. The non-targeting SJRNA was used as control. After CRISPRi, for
each condition, three biological replicates were collected and SOX2 mRNA was analyzed
by RT-qPCR. P values are calculated by a two-tailed Student’s t test. (E) The total number
of active (red) and “poised” (blue) HiCAR interactions identified in H1 hESC (top) and

in GM12878 (bottom). (F) We took the active (red) versus “poised” (blue) interactions
identified from H1 hESC (top panels) and GM12878 (bottom panels) to compared: (left) the
mMRNA level (log2 transformed FPKM) of genes with promoters overlapping with anchors;
(middle) the linear genomic distance between pairwise anchors; and (right). the interaction
“strength” quantified by —log10 FDR (output from MAPS). The P values are calculated from
the Wilcoxon rank-sum test. (G) We counted the number of active (top) versus “poised”
(bottom) HiCAR interactions with their pairwise anchors located within the A, B, or across
A-B compartments in H1 hESC (left) and GM12878 (right). See also Figure S3, Figure S4,
Table S2, Table S3, and Table S4.
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Figure 4. Promoters act as silencer-like elements of distal genes via promoter-promoter
interactions.

(A) 1,706 and 1,950 TSS-TSS interactions are identified in H1 hESC and GM12878,
respectively. These interactions include 274 and 171 interactions between the inactive
gene promoters (light blue). The rest of TSS-TSS interactions are defined as “other”
(dark blue). (B) We took the TSS from the “inactive” (green line) and “other” TSS-TSS
pairs (blue line). from ach TSS. EZH2 (left) and SUZ12 (right) ChlP-seq signal centered
+/- 20kb of the selected TSS was calculated. Fold change: ChlP-seq reads of every 100
bp bin was calculated by comparing to those of genome background 20kb away from
TSS. Wilcoxon test P-value < 2.2e-16. (C) The size (kilobase, kb) of H3K27me peaks
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in H1 hESC overlapping with the “inactive” and “other” TSS defined in (A). Wilcoxon
test P-value = 3.2e-05. (D) Genome browser screenshot illustrating the inactive TSS-TSS
interactions between S/X3and S/.X2promoters (left), and £V.XZ and HOXA13 promoters
(right) in H1 hESC cells. The genome browser tracks include virtual 4C (V4C), HICAR
interactions, ChIP-seq of H3K27ac and H3K27me3, HICAR 1D open chromatin profile, and
RNA-seq. (E) The genomic sequence corresponding to the promoters of EV. X1, HOXA13,
SIX3and S/X2was cloned downstream of the luciferase gene in pGL3-Promoter reporter
construct. H1 hESC cells were transiently transfected, and whole cell extract was subjected
to luciferase assay. The data was collected from three biological replicates. P-values:
two-tailed Student’s t-test. (F, G) For CRISPRa experiments, H1 hESC were infected by
lentiviral co-expressing VP64-dCas9-VP64 and sgRNAs targeting the promoters of S/X2,
SIX3 EVX1, and HOXA13. The non-targeting SJRNA was used as negative control. H1
hESC infected by lentiviral were selected by Puromycin for 3 days. 10-days after infection,
total RNA was extracted and subjected to RT-gPCR analysis to assess the mMRNA levels

of indicated genes. (F) mMRNA changes of sgRNA direct target genes; (F) mRNA changes
of the genes that are not directly targeted by sgRNA, but interacting with the promoters
targeted by the sgRNAs. The data was collected from three biological replicates. P-values:
two-tailed Student’s t-test. See also Figure S5, Table S4, and Table S4.
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Fig 5. HICAR is compatible with SMART-seq for multi-omics analysis of the same low-input

primary cells.

(A) The CD31-/CD34-/CD45-/CD56+/CD29+ human muscle stem cells (MuSCs) were
isolated from human skeletal muscle and purified by FACS sorting. About 30,000 MuSCs
were used for HICAR analysis. The “leftover” RNAs were also collected from the same
batch of MuSC cells for SMART-seq3. (B, C, D) Quality control analysis of HICAR
libraries of human MuSC, H1 hESC, and GM12878. Human MuSC HiCAR R2 reads (E)
and the RNA-seq reads (F) are highly reproducible between the two biological replicates.
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(G) The genome browser screenshots showing HICAR contact matrix, RNA-seq, and

HiCAR 1D open chromatin tracks of human MuSC, H1 hESC, and GM12878 cells at MYF5
(left) and MYODI1 (right) loci. (H, 1) The “leftover” polyA mRNAs were collected from

the H1 hESC used for HICAR experiment, and subjected to RNA-seq library construction
following SMART-seq2 protocol. (H) Scatter plots showing the correlation of the reads
counts of HICAR/SMART-seq2 RNA-seq data versus ENCODE bulk H1 hESC RNA-seq
data. (1) The representative genome browser view of (H). See also Table S2.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Anti-CD31-Alexa Fluor 488 BioLegend 303110
Anti-CD34-FITC BioLegend 343503
Anti-CD29-APC BioLegend 303008
Anti-NCAM-Biotin BioLegend 318319
Bacterial and virus strains

NA

Biological samples

Lower extremity human skeletal muscle samples Duke University Medical Center NA
(collected from a female, 67-year-old individual)

Chemicals, peptides, and recombinant proteins

Matrigel Corning 354230
mTeSR™ Plus STEMCELL Technologies 05825
Accutase BioLegend 423201
Chitin column Bio-Rad 7372522
Amicon Ultracel 30K Millipore UFC903024
Dialysis membrane tube Spectra/Por D1614-11
NEBuffer 3.1 NEB B7203S
CviQl NEB RO639L

T4 DNA ligase (400U/pl) NEB M0202S
20mg/ml BSA NEB B9000S
Proteinase K Thermo Fisher AM2546
Phenol:Chloroform:1soamyl Alcohol (25:24:1, v/iv,) Spectrum 136112-00-0
T4 DNA polymerase NEB MO0203L
Nlalll NEB RO125L
SPRI beads Beckman B23319
DNA clean & concentrator kit Zymo D4013

Gel extraction using DNA recovery kit Zymo D4002
Roche Complete Protease Inhibitor Sigma 5056489001
Pmel NEB RO560L
RNaseOUT Invitrogen 10777-019
Q5® High-Fidelity DNA Polymerase NEB mO0491L
FUGENE® HD Transfection Reagent Promega E2311
Anza™ 13 Esp3l Invitrogen 1IVGNO0136
Critical commercial assays

iTag™ Universal SYBR® Green Supermix Bio-Rad 1725122
Dual-Luciferase® Reporter Assay System Promega E1910
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REAGENT or RESOURCE SOURCE IDENTIFIER
Deposited data

HIiCAR H1 This study GEO: GSE162819
HiCAR GM12878 This study GEO: GSE162819
HiCAR human muscle stem cells This study Synapse:syn26841404
For published genomics datasets, see Table S3 Table S3 NA
Experimental models: Cell lines

H1hESC WiCell WAO01

Human lymphoblastoid cell lines Coriell Institute GM12878
Experimental models: Organisms/strains

NA

Oligonucleotides

Custom primers for HICAR, see Table S1 Table S1 NA

sgRNA Oligos, see Table S1 Table S1 NA
Recombinant DNA

pTXB1-Tn5 Addgene 60240
Lentiguide-puro Addgene 52963
Lenti-dCas9-KRAB-blast Addgene 89567

Lenti dCAS-VP64_Blast Addgene 61425
pGL3-Promoter Promega E1761

pRL-SV40 Promega E2231

Software and algorithms

BWA (Li and Durbin 2010) http://bio-bwa.sourceforge.net/bwa.shtml
Pairtools Python package https://github.com/mirnylab/pairtools
HiGlass (Kerpedjiev et al. 2018) https://github.com/higlass
EnrichedHeatmap (Gu et al. 2018) https://github.com/jokergoo/
EnrichedHeatmap
Cooltools Python package https://github.com/open2c/cooltools
HiCRep (Yang et al. 2017) https://github.com/qunhualilab/hicrep
Pairsqc (Lee etal. 2021) https://github.com/4dn-dcic/pairsqc
MACS2 (Zhang et al. 2008) https://github.com/macs3-project/ MACS
Chip-R (Newell et al. 2021) https://github.com/rhysnewell/ChIP-R/
Gimme (van Heeringen and Veenstra 2011) | https://github.com/vanheeringen-lab/
gimmemotifs
MAPS (Juric et al. 2019) https://github.com/ijuric/MAPS

Juicer:HICCUPS

(Durand et al. 2016)

https://github.com/aidenlab/juicer

FitHiC2

(Kaul, Bhattacharyya, and Ay
2020)

https://github.com/ay-lab/fithic

HiCAR nextflow pipeline

(Ou, Ewels, and Bot,. 2022)

DOI: 10.5281/zenodo.5889172
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Clusterprofile

(Yu et al. 2012)

https://bioconductor.org/packages/release/
bioc/html/clusterProfiler.html

Other

Detailed protocol for the preparation of HICAR library

In this study

See Supplemental information, Method S1
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