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ABSTRACT

Genome-wide association studies (GWAS) have identified over 100 loci associated with osteoarthrtis (OA) risk, but the 
majority of OA risk variants are non-coding, making it difficult to identify the impacted genes for further study and ther-
apeutic development. To address this need, we used a multi-omic approach and genome editing to identify and function-
ally characterize potential OA risk genes. Computational analysis of GWAS and ChIP-seq data revealed that chondrocyte 
regulatory loci are enriched for OA risk variants. We constructed a chondrocyte specific regulatory network by mapping 
3D chromatin structure and active enhancers in human chondrocytes. We then intersected these data with our previously 
collected RNA-seq dataset of chondrocytes responding to fibronectin fragment (FN-f), a known OA trigger. Integration of 
the three genomic datasets with recently reported OA GWAS variants revealed a refined set of putative causal OA vari-
ants and their potential target genes. One of the novel putative target genes identified was SOCS2, which was connected 
to a putative causal variant by a 170 Kb loop and is differentially regulated in response to FN-f. CRISPR-Cas9-mediated 
deletion of SOCS2 in primary human chondrocytes from three independent donors led to heightened expression of in-
flammatory markers after FN-f treatment. These data suggest that SOCS2 plays a role in resolving inflammation in re-
sponse to cartilage matrix damage and provides a possible mechanistic explanation for its influence on OA risk. In total, 
we identified 56 unique putative OA risk genes for further research and potential therapeutic development.

INTRODUCTION

Osteoarthritis (OA) affects over 300 million people world-
wide, yet treatment options are limited in large part 
because the mechanisms driving OA are not fully under-
stood1,2. Genome-wide association studies (GWAS) have 
identified over 100 loci associated with OA risk3, but trans-
lating these broad loci into therapeutic targets has been 
challenging for several reasons. First, the effects of dis-
ease-associated variants are likely cell-type and context 
specific4; therefore, studying these variants in the correct 
system that mimics the OA phenotype is required. Sec-
ond, linkage disequilibrium (LD) between nearby variants 
makes it difficult to identify the causal variant(s) at each 
locus. Finally, because the majority of OA risk variants 
occupy non-coding regions of the human genome and 
can regulate genes up to a million base pairs away, the 

genes impacted by most OA risk variants are unknown. 
Several studies have successfully used genomic and 

bioinformatic techniques to identify the genes impacted 
by gene-distant non-coding GWAS variants for a variety 
of disease phenotypes5–9. Mapping regulatory loci using 
ChIP-seq, ATAC-seq, or CUT&RUN and intersecting the 
resulting data with disease-associated variants can iden-
tify a short list of putative causal variants. These variants 
can then be linked to potential target genes by quantify-
ing 3D chromatin contacts using Hi-C or other chroma-
tin conformation capture (3C) techniques. For example, 
chromatin interaction data was used to determine that 
an obesity-associated variant located in an intron of the 
FTO gene affects expression of the downstream genes 
IRX3 and IRX5, which are involved in obesity-related bio-
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logical processes5. Likewise, Hi-C in human cerebral cor-
tex identified FOXG1 as a distal target of a schizophrenia 
GWAS variant, supporting its potential role as a schizo-
phrenia risk gene6. 

Because the effects of disease-associated variants 
are likely limited to particular biological states4, studies of 
their impact must be conducted in the correct cellular and 
biological context. Several pieces of evidence suggest 
that chondrocytes—particularly those responding to car-
tilage matrix damage—are one of the most likely cell types 
to be affected by OA risk variants. Cartilage breakdown 
and loss is a primary feature of OA. Chondrocytes are the 
only cell type found in cartilage and are responsible for 
maintaining the cartilage matrix. Osteoarthritic cartilage 
harbors activated chondrocytes that exhibit a proinflam-
matory phenotype thought to contribute to progressive 
cartilage degradation, which includes production of 
bioactive matrix fragments10,11. We have developed an ex 
vivo system that simulates the OA chondrocyte pheno-
type by treating primary human articular chondrocytes 
with fibronectin fragment (FN-f)12–15. Fibronectin is a ubiq-
uitous extracellular matrix protein, and high levels of FN-f 
are present in cartilage and synovial fluid of OA joints16,17. 
Subsequently, FN-f has been shown to be an OA mediator 
that recapitulates gene expression changes associated 
with OA12–14,18. We have leveraged this model of OA for use 
in clonal populations of genome-edited primary human 
chondrocytes, allowing us to quantify the phenotypic 

impact of putative target genes of genomic variants in an 
appropriate disease context.

In this study, we generated CUT&RUN and Hi-C data-
sets in human chondrocytes and intersected them with 
publicly available data from our lab and others.  In doing 
so, we identified 56 putative OA risk genes, including 
SOCS2, whose promoter loops to an OA GWAS variant 
~174 Kb away. Deletion of SOCS2 in primary human 
chondrocytes using CRISPR-Cas9 led to heightened 
expression of inflammatory markers in response to treat-
ment with FN-f , providing a possible mechanism for influ-
encing OA risk.

RESULTS

OA risk variants are enriched in chondrocyte regula-
tory loci
One of the first steps in decoding GWAS variant mecha-
nisms is to determine the cell types that are likely medi-
ating genetic OA risk. While different risk variants may 
impact distinct cell types, one approach to help direct 
research is to determine the cell types which harbor 
regulatory loci (e.g. enhancers) that are enriched for risk 
variants. To accomplish this, we performed SNP enrich-
ment analysis using the Genomic Regulatory Elements 
and Gwas Overlap algoRithm (GREGOR)19. Publicly avail-
able H3K27ac, H3K4me1, and H3K4me3 ChIP-seq peaks 
from the NIH Roadmap Epigenomics Mapping Consor-

Figure 1. OA risk variants are enriched in chondrocyte regulatory elements. (A) Enrichment analysis of 98 cell types from the NIH Roadmap 
Epigenomics Mapping Consortium reveals that OA GWAS variants are enriched in the regulatory regions (H3K27ac, H3K4me1, or H3K4me3 
ChIP-seq peaks) of chondrocytes, skeletal muscle myotubes, and fibroblasts. (B) Heatmap of H3K27ac signal from 98 cell types (bottom) high-
lights a chondrocyte-specific enhancer that overlaps Knee/Hip osteoarthritis risk variant2 (rs4760618, circled) that is in high LD (r2 > 0.8) with 
the lead variant (rs7967762, red diamond) for this locus (top). (C) Heatmap of H3K27ac signal from 98 cell types (bottom) highlights a ubiquitous 
enhancer (active in >90% of cell types) that does not overlap an OA GWAS variant (top). 
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tium (Roadmap) were merged to define regulatory ele-
ments for 98 cell types. GREGOR was used to determine 
each cell type’s enrichment for 104 OA GWAS signals 
recently published in Boer et al.2

The regulatory elements of “Chondrocytes from 
Bone Marrow Derived Mesenchymal Stem Cell Cultured 
Cells” (E049) exhibited a strong effect size and p-value 
of enrichment for OA risk variants (Fig. 1A), suggesting 
that many OA risk variants may impact regulatory events 
in chondrocytes. This is consistent with the known role 
of chondrocytes in maintaining joint homeostasis. Chon-
drocytes have been heavily implicated in OA, as activa-
tion of chondrocytes by mechanical and inflammatory 
stimuli triggers downstream inflammatory and catabolic 
response pathways in diseased tissue20–23. An example of 
an OA risk variant that overlaps a chondrocyte-specific 
regulatory element (H3K27ac peak) is shown in Figure 
1B. For comparison, Figure 1C shows a non-OA asso-
ciated variant that overlaps a non-cell type specific, or 
ubiquitous, enhancer on chromosome 10 that is active 
in >90% of the 98 cell types evaluated. These examples 
underscore the importance of interpreting GWAS risk 
variants in light of the correct cellular context, as the vari-
ant-H3K27ac peak overlap shown in Figure 1B would not 
have been detected in any of the other cell types investi-
gated. In addition to E049, IMR90 fetal fibroblasts (E017) 
and HSMM cell derived Skeletal Muscle Myotubes (E121) 

were also enriched, suggesting that OA risk variants may 
also contribute to disease risk through altering the func-
tion of fibroblasts and muscle. However, given the strong 
enrichment in chondrocytes and their documented role 
in OA biology, we chose to focus our investigation of OA 
GWAS variants in human chondrocytes.

Multi-omic integration identifies putative variant-gene 
associations in OA
Due to high LD between variants and the fact the most 
risk variants reside in non-coding sequences, determin-
ing the causal variants and genes they impact remains a 
major challenge. To address these issues, we generated 
novel maps of epigenetic features in human chondro-
cytes and integrated them with GWAS results and pub-
licly available genomic datasets to identify putative vari-
ant-gene associations for OA.

First, we identified OA risk variants that are predicted 
to directly affect protein sequences. We used ENSEM-
BL’s Variant Effect Predictor (VEP) tool to predict the 
consequences of 1,259 putative OA risk variants that 
were in high LD (r2 > 0.8) with 104 OA GWAS signals from 
Boer et al2. VEP identified 29 variants at 19 loci predicted 
to affect the coding sequence of 24 unique genes (Fig. 
2A, top). 18 of these variants encode a missense mu-
tation impacting 17 genes, while 11 variants encode a 
synonymous mutation impacting 8 genes (Fig. 2A, top). 

Figure 2. Multi-omic integration for assigning SNPs to putative OA risk genes. (A) ENSEMBL’s Variant Effect Predictor tool identified 29 
unique OA risk SNPs (18 missense and 11 synonymous) overlapping coding regions of 24 unique  genes (17 missense, 8 synonymous). (B) 26 
unique OA risk SNPs overlapped both a chondrocyte regulatory region (H3K27ac, H3K4me1, or H3K4me3 ChIP-seq peaks) and a gene promoter 
for 21 unique genes. (C) 47 unique SNPs overlapped chondrocyte regulatory regions connected to 20 unique gene promoters via 14 C-28/I2 
chromatin loops. RNA-seq data from our ex-vivo OA model depicts how putative OA risk genes change in response to FN-f. Normalized expres-
sion of genes are shown below each category over an 18 hour time-course of fibronectin fragment (FN-f) treatment. Differential genes (p ≤ 0.01, 
absolute log2 fold-change ≥ 1.25) are colored and labeled.
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Though synonymous variants do not impact the protein 
sequence directly, differences in transcription efficiency, 
tRNA availability, and mRNA stability introduced through 
these variants could contribute to the OA phenotype24,25.  
Of the 24 genes identified here, 6 exhibited differential 
expression in response to FN-f, (Fig. 2A bottom). Several 
of the genes identified have been previously implicated 
in OA, including Interleukin 11 (IL11), Solute Carrier Fam-
ily 39 Member 8 (SLC39A8/ZIP8), and Serpin Family A 
Member 1 (SERPINA1). IL11 plays a role in bone turnover 
and is upregulated in subchondral bone and articular 
cartilage from OA tissue26. SLC39A8 is upregulated in OA 
chondrocytes and suppression of SLC39A8 in a mouse 
OA model significantly reduces cartilage degradation27. 
SERPINA1, a serine protease inhibitor with anti-inflam-
matory capabilities28, is downregulated in OA29,30.

Next, we identified OA risk variants that could impart 
their phenotypic impact by altering promoter and/
or enhancer activity. We used CUT&RUN to map his-
tone H3K27 acetylation (H3K27ac)—a mark of active 
enhancers and promoters—in primary human chondro-
cytes isolated from the knees of 2 cadaveric donors.  We 
called H3K27ac peaks and merged them with all available 
marks (including active and repressive marks) from the 
E049 chondrocyte cell line from Roadmap Epigenomics 
to define a set of chondrocyte regulatory elements. Out 
of 1,259 putative OA risk variants, this overlap identified 
507 plausible regulatory variants.

Intersecting these 507 plausible regulatory variants 
with gene annotations (UCSC) identified 26 unique vari-
ants that overlapped the promoters of 21 genes (Fig. 2B). 
Two of these genes were differentially expressed in re-
sponse to FN-f, both of which have been previously impli-
cated in OA. Growth and Differentiation Factor 5 (GDF5), a 
member of the TGF-beta family, has roles in skeletal and 
joint development31 and has been identified as a major 
risk locus for OA32,33. Specifically, variants in the GDF5 
enhancers R4 and GROW1 have been associated with 
altered anatomical features of the knee and hip, which 
are thought to confer an increased risk of OA34–36. Solute 
Carrier Family 44 Member 2 (SLC44A2, aka choline trans-
porter-like protein 2) is a mitochondrial choline transport-
er that has been identified as an expression quantitative 
trait locus (eQTL) in OA tissue37 that colocalizes with the 
OA GWAS signal rs156070738.

In addition to direct regulation of genes by their pro-
moters, long-range regulation of genes also occurs via 
enhancer-promoter interactions mediated by chroma-
tin loops39. To identify such connections, we conducted 
deeply sequenced (~2.8 billion reads) in situ Hi-C in C-28/
I2 chondrocyte cells and  identified 9,271 chromatin 

loops with Significant Interaction Peak (SIP) caller40. To 
our knowledge, this is the first Hi-C map in a chondrocyte 
cell line, enabling us to discover novel OA-associated 
variant-gene connections. Overlapping these data with 
OA risk variants identified 14 unique loops that connect-
ed 47 unique variants among 14 loci to 20 unique gene 
promoters (Fig. 2C). Four of these genes were differen-
tially expressed in response to FN-f (p ≤ 0.01, absolute 
log2 fold-change ≥ 1.25). Several of these genes have in-
teresting implications for OA, including FGFR3 (Fibroblast 
Growth Factor Receptor 3), which plays a role in skeletal 
development. FGFR3 may have an important function 
in the maintenance of articular cartilage41–43, possibly 
through the Indian hedgehog signaling pathway, which 
plays a role in regulating chondrocyte hypertrophy and 
the expression of cartilage matrix-degrading enzymes44. 
FGFR3 is also downregulated in OA tissues, further impli-
cating its potential role in limiting articular cartilage de-
generation45,46. All putative variant-gene associations are 
reported in Supplementary Table 1.

Chondrocyte chromatin features identify SOCS2 as a 
putative regulator of OA
Our multi-omic analysis identified an association 
between rs7953280 and the promoter of Suppressor Of 
Cytokine Signaling 2 (SOCS2). rs7953280 is located in 
an intron of the CRADD gene, which is expressed at low 
levels in primary chondrocytes, does not change expres-
sion in response to FN-f, and lacks an obvious biological 
relevance to OA. However, rs7953280 overlaps a puta-
tive chondrocyte enhancer (i.e. histone H3K27ac peak), 
suggesting that it could alter the regulatory capacity of 
the enhancer and impact the expression of a proximal 
or distal gene. This enhancer is connected to the pro-
moter of SOCS2 via a 174 Kb chromatin loop (Fig. 3A). 
Unlike CRADD, SOCS2’s expression changes in response 
to FN-f, peaking at 3 hours (Fig. 2C and 3A orange sig-
nal tracks). Moreover, SOCS2 is known to play a role in 
resolving inflammatory response through NFKB and 
is downregulated in knee OA tissues47,48 , making it an 
intriguing candidate as an OA risk gene. No other SNPs 
from this locus can be assigned to genes using our inte-
grated approach.

To further understand how rs7953280 may con-
fer risk for OA, we examined the sequence surround-
ing rs7953280 to see if it overlaps and alters any tran-
scription factor (TF) binding motifs. Motif comparison 
with Tomtom from the MEME suite identified FOS and 
JUN as matching target motifs (Fig. 3C, Supplemen-
tary Table 2). FOS and JUN are members of the Acti-
vator Protein 1 (AP-1) complex, which is upregulated in 
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response to FN-f12, and the inhibition of which prevents 
cartilage degradation in a model of OA49–51. We then used 
SNP effect matrices (SEMs) generated by the SNP effect 
matrix pipeline (SEMpl)52 to assess the predicted conse-
quence of the G (non-risk) to C (risk) variant on binding of 
JUN or any other of the 211 motifs included with SEMpl  
(Fig. 3D). Most TFs are predicted to be unbound at both 
alleles. However, multiple JUN/AP-1 motifs are predicted 
to bind to the non-risk, but not the OA-risk sequence (Fig. 
3D) providing further evidence that the G->C mutation in 
rs7953280 may disrupt JUN/AP-1 binding. Our analysis 

also showed that STAT-1 was predicted to bind only to 
the OA-risk sequence, although the SEM score was very 
close to the cutoff for predicted binding. Nevertheless, 
since STAT-1 is an important mediator for inflammato-
ry signaling, rs7953280 could influence inflammation 
during OA progression by modulating STAT-1 binding.

SOCS2 deletion increases proinflammatory gene ex-
pression in response to FN-f
To assess the functional role of SOCS2, we used CRIS-
PR-Cas9 to knock out SOCS2 in primary human chondro-

0

200Hi−C 10−Kb Res

rs7953280
KneeHipOA

0.8−1.0
0.6−0.8
0.4−0.6
0.2−0.4
0−0.2

0

2

4

6

8

10

12

14

−l
og

10
(p

−v
al

ue
)

H3K27ac
Donor1

Donor2

RNA−seq
0

3

6

18

hours after FN−f treatment

SOCS2 CRADD

SOCS2−AS1

+
−

chr1293,885,000 bp 94,215,000 bp

KneeHipOA

0.8−1.0
0.6−0.8
0.4−0.6
0.2−0.4
0−0.2

0

2

4

6

8

10

12

14

−l
og

10
(p

−v
al

ue
)

H3K27ac
Donor−merged

chr1294,126,009 bp 94,146,009 bp

ACG

T

A
T

A

C
G
T

A

C
G

T
A
C
G

T

A

C

GT

A

C
G
TC

G

−2.0

−1.5

−1.0

−0.5

0.0

1 2 3 4 5 6 7
Position in JUN motif

SN
P 

eff
ec

t s
co

re

STAT1

AP−1
JUNJUN

JUN

JUN

−1.0

−0.5

0.0

0.5

1.0

−1.0 −0.5 0.0 0.5 1.0 Risk binding
propensity

No
n−

ris
k 

bi
nd

in
g 

pr
op

en
si

ty

T G A G G C A
T C A G G C A

non-risk:
risk:

endogenous
binding

A B

C

D

SNP

scrambled
background

decreased
binding

JUN Motif (MA0099.2)

Unbound Bound

Un
bo

un
d

Bo
un

d

rs7953280
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cytes isolated from three individual donors. After target-
ing the SOCS2 gene with two guide RNAs that flank exon 
2 (a constitutive exon that contains the translational start 
site), we used our previously developed method that em-
ploys PCR to screen single-cell-derived colonies53. The 
screening primers generated a 1068 bp product if the 
region was intact and a novel 240 bp amplicon if the two 
guides successfully deleted the intended 828 bp region 
(Fig 4A). We saw efficient deletion in each of the three 
donors, with 31% of the colonies showing no deletion, 
49% of the colonies showing heterozygous deletion, and 
20% showing homozygous deletion (Fig. 4B). Sanger 
sequencing was used to confirm deletions, while qPCR 
and western blotting confirmed partial (heterozygous) or 
complete (homozygous) loss of SOCS2 expression (Sup-
plementary Fig. 1).

Because SOCS2 is a known negative regulator of the 
inflammatory response in other settings48,54, we hypoth-
esized that SOCS2 deletion would lead to an increased 
expression of inflammatory cytokines in chondrocytes 
during the response to FN-f. To test this hypothesis, we 
treated chondrocytes with defined genotypes (wild type, 
heterozygous, or homozygous knockout) with either 
FN-f or PBS for 18 hours and quantified the change in 

pro-inflammatory cytokines C-C Motif Chemokine Ligand 
2 (CCL2) and Interleukin 6 (IL6) using qPCR. IL6 and 
CCL2 have previously been shown to exhibit increased 
expression after 18 hours of FN-f treatment and are 
also implicated in OA11,12,55,56. Deletion of SOCS2 led to 
increased expression of both IL6 and CCL2 in response 
to FN-f treatment (Fig. 4C), and these increases were 
observed in a dose-dependent fashion, with greater 
increases observed in the homozygous compared to 
heterozygous genotypes. These results suggest that the 
loss of SOCS2 may promote a heightened inflammatory 
response to FN-f stimulation, which is consistent with a 
potential role in OA.

DISCUSSION

We used a multi-omic approach to identify putative 
causal SNPs and genes associated with OA risk. The 
efficacy of this approach was supported by the iden-
tification of previously known OA risk genes including 
GDF5, SLC44A2, and IL11. We generated the first maps 
of histone H3K27ac in primary human chondrocytes and 
integrated this dataset with publicly available genomic 
datasets to reduce thousands of OA risk GWAS variants 
to a small list of variants and genes for further study. By 
generating the first Hi-C contact map of human chondro-
cytes, we were able to uncover 73 previously unknown 
connections between OA risk variants and putative target 
genes. Most looped variant-gene pairs (71 of 73) skipped 
over the nearest gene, connecting variants to genes as 
far as 414 Kb away. Together, DNA looping revealed 20 
unique genes, 13 of which were not identified by recent 
fine mapping approaches2 and could provide new ave-
nues for therapeutic interventions for OA. 

Among the genes identified with Hi-C, four were found 
to be differentially expressed in our OA model. FGFR3 
and SOCS2 have previously been implicated in OA, while 
Tropomoyosin 1 (TPM1) and Ral Guanine Nucleotide Dis-
sociation Stimulator Like 1 (RGL1) have not. However, 
TPM1, an actin-binding protein involved in the contractile 
system of muscle cells and the cytoskeleton of non-mus-
cle cells, has been shown to play roles in an inflammatory 
response in various cell types, such as human primary 
coronary artery smooth muscle cells57 and rod bipolar 
and horizontal cells in the retina58. RGL1, which functions 
as a RAS effector protein that activates GTPase by stim-
ulating nucleotide exchange, has also been shown to 
modulate immune response in both vascular and immune 
cells59, and, interestingly, is downregulated in human ar-
ticular chondrocytes upon treatment with interleukin-1 
and oncostatin-M60. The functions of TPM1 and RGL1 in 

  Figure 4. SOCS2 deletion increases proinflammatory gene expres-
sion in response to FN-f. (A) PCR primers surrounding the intended 
SOCS2 deletion were used to screen single-cell-derived colonies 
from three independent donors. WT - wildtype (+/+. purple); het - het-
erozygous deletion (+/-, blue); KO - homozygous knockout deletion 
(-/-, green). (B) Efficiency of deleting the intended SOCS2 deletion 
in primary human chondrocytes from three independent donors. (C) 
qPCR at 18 hours after FN-f treatment revealed increased expression 
of the proinflammatory genes IL6 and CCL2 in SOCS2 deletion colo-
nies from three independent donors.
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inflammatory responses may point to potentially undis-
covered roles in osteoarthritis.

One especially intriguing gene was SOCS2, whose 
promoter is looped to an OA risk SNP within a histone 
H3K27ac peak ~170 Kb away. SOCS2 is known to inhibit 
the JAK/STAT pathway and is induced by various pro-in-
flammatory cytokines such as interleukin-6, growth hor-
mone, and tumor necrosis factor-alpha61–63. CRISPR-me-
diated deletion of SOCS2 was associated with increased 
expression of IL6 and CCL2 in our ex vivo model of OA, 
suggesting that it may also play a role in mediating inflam-
mation in response to cartilage matrix damage. These 
findings make SOCS2 a candidate for further studies and 
the activation of more robust SOCS2 expression could 
be a goal for future therapeutic development. The regula-
tory role of SOCS2 in chondrocytes is likely to be subtle, 
as SOCS2 knockout mice did not show altered OA de-
velopment64. Because this study used a global germline 
deletion, other members of the inflammatory cascade 
may have compensated for SOCS2 loss, and it would be 
interesting to learn whether the inducible loss of SOCS2 
in adult chondrocytes would generate a different result. 

While further work is needed to clarify the role of 
rs7953280 and SOCS2 in mediating OA risk, our multi-
omic analysis suggests the following potential model. In 
cells harboring the non-risk variant, proinflammatory cy-
tokines such as IL-6 and matrix damage products such as 
FN-f  may activate AP-1 via the JAK/STAT pathway. AP-1 
may then bind the enhancer at the rs7953280 locus, in-
crease enhancer activity, and upregulate transcription of 
SOCS2 via a chromatin loop between the enhancer and 
the SOCS2 promoter. In cells harboring the risk allele, 
AP-1 binding would be decreased, impeding enhancer 
activation and proper upregulation of SOCS2. As a result, 
JAK/STAT signaling would remain high, resulting in pro-
longed or heightened inflammation and further cartilage 
degradation. This model, while compelling, will require 
further experimental investigation and validation. More-
over, future experiments are required to determine to the 
degree to which these findings translate from our ex vivo 
model into an in vivo system and/or if activation of SOCS2 
could provide therapeutic avenue for OA treatment. 

In total, this work identified 56 putative OA risk genes 
by multi-omic data integration. Moreover, we provided the 
first maps of histone H3K27ac in primary human chon-
drocytes and the first maps of 3D chromatin contacts 
in chondrocytes of any type. These putative risk genes 
and novel epigenetic datasets will provide a foundation 
for future studies to investigate the genetic variants re-
sponsible for OA risk and expedite our search for better 
prevention and treatment of OA.
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METHODS

EXPERIMENTAL METHODS

Primary chondrocyte isolation and culture
Primary articular chondrocytes were isolated via enzy-
matic digestion from human talar cartilage obtained from 
tissue donors, without a history of arthritis, through the 
Gift of Hope Organ and Tissue Donor Network (Elmhurt, 
IL) as previously described12,65. For Cut and Run, two mil-
lion primary articular chondrocytes from two male do-
nors, ages 39 and 63, were plated onto four 6cm plates 
in DMEM/F12 media supplemented with 10% fetal bovine 
serum, 1% penicillin streptomycin solution, 1% ampho-
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tericin B, and 0.04% gentamicin. For genome editing, 
primary chondrocytes from three male donors ages 56, 
59, and 64 years were cultured in 6 or 10cm dishes at a 
density of approximately 70,000 cells/cm2 in DMEM/F12 
media supplemented with 10% FBS and antibiotics.

Fibronectin fragment (FN-f) treatment  
After serum starvation, cells were treated with either 
purified 42 kDa endotoxin-free recombinant FN-f (final 
concentration 1µM in PBS), prepared as previously de-
scribed, or PBS as control15. Cells were harvested and 
crosslinked after 90 min or 180 min and immediately sub-
jected to Cut & Run, described below.

Hi-C
C-28/I2 cells were cultured in DMEM/F12 media with 
10% fetal bovine serum, 1% penicillin streptomycin solu-
tion, 1% amphotericin B, and 0.04% gentamicin. Cells 
were treated with DMEM/F12 media with 1% ITS-Plus for 
48 hours prior to experiments to promote the chondro-
cyte phenotype. Cells were then washed with 1X PBS and 
treated with trypsin-EDTA (0.25%) for 3 minutes. Trypsin 
was quenched and cells were pelleted at 4°C for 5 min-
utes at 300g. Cells were resuspended in 1mL DMEM/F12 
per million cells and crosslinked in 1% formaldehyde for 
10 min with rotation before quenching in a final concen-
tration of 0.2M glycine for 5 min with rotation. Cells were 
pelleted at 300g for 5 min at 4°C. Pellets were washed 
with cold PBS and aliquoted into ~3 million cell aliquots. 
Pellets were flash frozen in liquid nitrogen and stored 
at -80°C. In situ Hi-C was performed as previously de-
scribed66. A full description of our methods is provided in 
the Supplemental Materials. 

Hi-C data processing
In situ Hi-C datasets were processed using a modified 
version of the Juicer Hi-C pipeline (https://github.com/
EricSDavis/dietJuicer) with default parameters as previ-
ously described 67. Reads were aligned to the hg19 hu-
man reference genome with bwa (v0.7.17) and MboI was 
used as the restriction enzyme. Four biological replicates 
were aligned and merged for a total of 2,779,816 Hi-C 
read pairs in C-28/I2 cells yielding 2,373,892,594 valid 
Hi-C contacts (85.40%). For visualization, the merged 
Hi-C contact matrix was normalized with the “KR” matrix 
balancing algorithm as previously described 68 to adjust 
for regional background differences in chromatin acces-
sibility.

Looping interactions were called with Significant In-
teraction Peak (SIP) caller40 (v1.6.2) and Juicer tools 
(v1.14.08) using the replicate-merged, mapq > 30 filtered 

hic file with the following parameters: “-norm KR -g 2.0 
-min 2.0 -max 2.0 -mat 2000 -d 6 -res 5000 -sat 0.01 -t 
2000 -nbZero 6 -factor 1 -fdr 0.05 -del true -cpu 1 -is-
Droso false”. Loop anchors were expanded to 20 Kb and 
loops with overlapping anchors were filtered out (14 
loops). This resulted in 9,271 loops after filtering.

Cut and Run
Primary chondrocytes were washed with 1X PBS and 
treated with trypsin-EDTA (0.25%) for 5 minutes. Tryp-
sin was quenched and cells were pelleted at 4°C for 5 
minutes at 1000g. Cells were resuspended in 1mL plain 
DMEM per million cells and crosslinked in 1% formalde-
hyde for 10 min with rotation before quenching in a final 
concentration of 125 mM glycine for 5 min with rotation. 
Cells were pelleted by spinning at 1000g for 5 min at 4°C. 
Each 2 million cell pellet was washed in 1 mL cold PBS 
prior to flash freezing in liquid nitrogen. We performed 
Cut and Run following existing protocols69 but modified 
for crosslinked cells. A full description of our methods is 
provided in the Supplemental Materials. 

Cut and Run data processing and peak calling
Adaptors and low-quality reads were trimmed from 
paired-end reads using Trim Galore! (v0.4.3). Reads were 
aligned to the hg19 genome with BWA mem (v0.7.17) and 
sorted with Samtools (v1.9). Duplicates were removed 
with PicardTools (v2.10.3) and mitochondrial reads were 
removed with Samtools idxstats. Samtools was also 
used to merge donors, and index BAM files. Peaks were 
called from the merged alignments using MACS2 with 
the following settings: -f BAM -q 0.01 -g hs --nomod-
el --shift 100 --extsize 200 --keep-dup all -B --SPMR 
(v2.1.1.20160309). Peaks were then merged using bed-
tools (v2.26), and multicov was used to extract counts 
from each replicate BAM file. Signal tracks were made 
from alignments using deeptools (v3.0.1).

GENOME EDITING OF CHONDROCYTES

Preparation of gRNA: Cas9 RNP complex
Two custom SOCS2 Alt-R crRNAs TGACAAGGGCCTAT-
TCCCAC and TTACGCATTCCCAAGGACCC were syn-
thesized by Integrated DNA technologies (IDT). Both 
sequences are written 5’ to 3’ and do not include PAM se-
quence. The first crRNA targets the plus strand and the 
second the minus strand. Ribonucleoprotein (RNP) com-
plexes containing the Cas9 enzyme and sequence-tar-
geting guide RNAs were prepared according to the 
manufacturer's recommendation. Briefly, Alt-R tracrRNA 
(1072533, IDT) and crRNA were resuspended in Tris-ED-
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TA buffer to 100 µM concentration and equimolar con-
centration of crRNA and tracrRNA was combined, heated 
at 95 °C for 5 min and cooled to room temperature to pro-
duce the gRNA. Separate RNP complex for each guide 
was prepared by combining the gRNA (50 µM) with Alt-R® 
Cas9 Nuclease (61 µM) (1081058, IDT) and PBS at a ratio 
of 1:1.1:2 µl at room temperature for 15 min.

Transfection of primary human chondrocytes with 
RNP complex and single cell colony selection
Chondrocytes were trypsinized, washed with PBS and 
transfected with the RNP complex as previously de-
scribed with modifications; volumes were scaled up for 
transfection of more cells in larger cuvettes53. Two million 
cells were resuspended in 100 µl of P3 Primary Cell Nucle-
ofector™ solution (V4XP-3024, Lonza). The RNP complex 
and Alt-R® Cas9 Electroporation Enhancer (1075916, IDT) 
was added to the cells. The mixture was gently pipetted 
up and down and transferred to 100 µl Nucleocuvette ves-
sels (V4XP-3024, Lonza) and transfected using program 
ER-100 on a 4D-Nucleofector™ Core unit (Lonza). Cells 
were kept at room temperature for 8 minutes and then 
incubated in prewarmed antibiotic free media containing 
20% FBS for recovery. An aliquot of the transfected cells 
was placed in a 96-well and used for DNA extraction and 
PCR. Following confirmation of editing, the transfected 
bulk cells were seeded at low cell density (200 cells per 
6 cm2 dish) for generation of single-cell colonies. Individ-
ual colonies were picked under a microscope (EVOS FL, 
ThermoFisher), the colony was disrupted by pipetting and 
split into 96- and 24-well plates for genetic analysis and 
continued expansion, respectively.

PCR screening of genome-edited bulk and single-cell 
derived colonies
DNA was extracted using QuickExtract™ DNA Extraction 
Solution (Lucigen), depending on confluency 25 to 100 
µl of solution was added to the wells containing the cells 
for 15 minutes at 37C, cell suspension was transferred to 
tubes and vortexed for a minute. Samples were then heat-
ed at 65 °C for 6 minutes, and 98 °C for 2 minutes. The ex-
tracted DNA solution was stored at -20 °C. PCR amplifica-
tion was performed by adding 4 or 5 µl of template DNA, 
1 µM forward (SOCS2_F1: accaagtttgtgtgggtgct) and re-
verse (SOCS2_R1: cttccagcgtgctaagaagc) primers, and 
EconoTaq PLUS GREEN 2X Master Mix (Lucigen) in a 25 µl 
reaction. PCR conditions included an initial denaturation 
at 94 °C for 2 minutes, 35 cycles of denaturation at 94 °C 
for 30 seconds, annealing at 63 °C for 30 seconds, and 
extension at 72 °C for 65 seconds, followed by a final ex-

tension at 72 °C for 10 minutes. Following amplification 
of column purified genomic DNA, the PCR product was 
cleaned up and sequenced using the primers described 
above and the Bioedit software was used to visualize the 
chromatograms.

Fibronectin fragment (FN-f) treatment and qPCR anal-
ysis of genome edited samples
Single cell colonies in 24-well plates were passaged to 
6-well plates for expansion. Following genotype confir-
mation, colonies with similar genotype were combined 
and seeded at 250,000 cells per well in a 12-well plate. 
Cultured cells were made serum free and treated with 
FN-f 1 µM or PBS. Following treatment, media was re-
moved and cells were immediately lysed in the RLT buffer.  
RNA was isolated with RNeasy Plus columns (Qiagen) and 
reverse transcribed to cDNA using qScript™ XLT cDNA 
SuperMix (VWR) or iScript cDNA Synthesis Kit (1708891, 
Bio-Rad). DNase treatment was used for the second and 
third donors in order to confirm that detectable SOCS2 
signal in knockout cells was due to the presence of ge-
nomic DNA. To evaluate the effect of SOCS2 editing on 
inflammatory gene response quantitative polymerase 
chain reaction (qPCR) was performed on a QuantStudio™ 
6 Flex machine (Applied Biosystems) with TaqMan™ Uni-
versal Master Mix and TaqMan Gene Expression Assays 
for human CCL2 (Hs00234140_m1), IL6 (Hs00174131_
m1), and housekeeping gene TBP (Hs00427620_m1). 
SOCS2 expression was assessed in pooled colonies with 
TaqMan Gene Expression Assay Hs00919620_m1.

Western Blot analysis
Following genotype identification by PCR, cells from a 
wildtype, heterozygous and knockout colony were ex-
panded in chondrocyte media supplemented with 5 ng/
ml bFGF and 1 ng/ml TGF-β1 (Life technologies) for 11 
days. Cells were lysed in standard cell lysis buffer (1X) 
(Cell signaling technology) containing phenylmethane-
sulfonyl fluoride (PMSF; Sigma-Aldrich)and phosphatase 
inhibitor mix. Protein (15 µg) was separated by SDS-PAGE 
and transferred to nitrocellulose membrane. After block-
ing in 5% nonfat milk in TBST, the blot was incubated 
with SOCS2 antibody (PA5-17219; 1:1000; Thermo Fish-
er) overnight at 4C and secondary antibody solution for 
1 hour. The membrane was incubated in Radiance Plus 
Chemiluminescent Substrate (Azure Biosystems) and 
signal detected using the Azure c600 gel imaging sys-
tem. The membrane was striped and incubated with the 
loading control beta tubulin antibody.
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DATASETS

Osteoarthritis GWAS
Genome-wide association statistics for 11 osteoarthritis 
phenotypes and lead variants identified in Boer et al.2 were 
obtained from the Musculoskeletal Knowledge Portal70.

Epigenome Roadmap Data
Consolidated reference human epigenomes for 98 cell/
tissue types were obtained from the NIH Roadmap Epig-
enomics Project71 and The Encyclopedia of DNA Elements 
(ENCODE) project72. Processed narrowPeak files for 
H3K27ac, H3K4me1, and H3K4me3 and BigWig files for 
H3K27ac were used for each cell/tissue type. Additional 
narrowPeak files for H3K9ac, H3K9me3, H3K27me3, and 
H3K36me3 were obtained for mesenchymal stem cell 
derived chondrocyte cultured cells (E049).

RNA-seq time course of fibronectin fragment (FN-f) 
treatment
RNA-seq data from a prior study of FN-f treated human 
chondrocytes  was obtained from KSM Reed et al.12 and 
vst-normalized, centered, and replicate-combined. The 
0-hour FN-f treatment time point was created by combin-
ing the 9 PBS-treated replicates. Genes were considered 
differential with a BH-adjusted p-value of 0.01 and a log2 
fold-change threshold > 1.25 across any time point.

COMPUTATIONAL METHODS

Cell type enrichment for OA risk variants
To identify the cell types that likely mediate genetic OA 
risk, we performed SNP enrichment analysis using GRE-
GOR (Genomic Regulatory Elements and Gwas Overlap 
algoRithm)19. Publicly available H3K27ac, H3K4me1, and 
H3K4me3 ChIP-seq narrowPeaks files from the NIH Road-
map Epigenomics Mapping Consortium were merged and 
sorted using bedtools (v2.29.2)73 to define regulatory loci 
for 98 cell types in hg19. GREGOR was used to deter-
mine each cell type’s enrichment for 104 OA lead SNPs2 
by comparing the observed overlap between regulatory 
loci and SNPs with their expected overlap and evaluat-
ing significance. Expected overlap is determined using 
a matched control set of ~500 variants that control for 
the number of LD proxies, gene proximity and minor allele 
frequency. Reference data from 1000 Genomes Phase 1 
version 2 EUR panel were used with GREGOR to control for 
LD proxies (1Mb, r2 > 0.7)74. Results were imported into R 
(v4.1.0)75 and visualized with ggplot276 and plotgardener77.

Putative OA risk variants
LD proxies for 104 OA GWAS signals from Boer et al. were 
identified using the 1000 Genomes European reference 
panel since the GWAS data primarily analyzed individuals 
of European ancestry (11 of 13 cohorts are of European 
descent). r2 values were calculated with the –ld function 
in PLINK 1.974,78 using a window of 1 Mb for LD calcula-
tion. Putative OA risk variants were defined as those in 
high LD (r2 > 0.8, n = 1,259) with lead variants.

Multi-omic integration for assigning SNPs to putative 
OA risk genes
We took a multi-omic approach to identify putative SNP-
gene pairs implicated in OA. SNPs that 1) were predicted 
to affect coding regions of genes, 2) overlapped gene 
promoters, or 3) overlapped a regulatory peak looped to 
a gene’s promoter were assigned to the “Coding gene”, 
“Gene promoter”, or “Loops to gene promoter” catego-
ries, respectively. Genes in each category that change in 
response to FN-f (p ≤ 0.01 and LFC at any time point ≥ 
1.25) were highlighted as putative OA risk genes.

Coding SNP-gene pairs were identified using ENSEM-
BL’s Variant Effect Predictor (VEP) tool. Putative OA risk 
variants (n = 1,259) were annotated with their predicted 
consequence on coding sequence using VEP run with 
the GRCh37.p13 human genome and default parame-
ters. SNPs with a predicted consequence of “missense” 
or “synonymous” were paired with their affected genes 
assigned to the “Coding gene” category.

Promoter regions were defined as 2000 bp upstream 
and 200 bp downstream of the TSS of transcripts ob-
tained with the TxDb.Hsapiens.UCSC.hg19.knownGene 
Bioconductor package for a total of 8,2960 transcripts. 
Gene symbols were linked to transcript ranges using the 
OrganismDbi and Homo.sapiens packages. Transcripts 
without gene symbols or those not present in the FN-f 
RNA-seq data were filtered out, leaving a total of 62,590 
transcript promoters.

Chondrocyte regulatory regions were defined by com-
bining Roadmap Epigenomics data with data from prima-
ry human articular chondrocytes. Specifically, H3K4me1, 
H3K4me3, H3K9ac, H3K9me3, H3K27ac, H3K27me3, 
and H3K36me3 peaks from mesenchymal stem cell de-
rived chondrocyte cultured cells (E049) obtained through 
AnnotationHub (v3.1.7, snapshot date 2021-10-20)79 
were combined with Donor-merged H3K27ac peaks from 
primary human articular chondrocytes. OA SNPs were 
overlapped with chondrocyte regulatory regions result-
ing in 507 SNPs.

SNPs overlapping chondrocyte regulatory regions 
that also overlapped a promoter region were assigned 
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to their affected gene and added to the “Gene promot-
er” category. SNPs overlapping chondrocyte regulatory 
regions were intersected with loop calls from Hi-C in the 
C-28/I2 chondrocyte cell line (see Methods on Hi-C pro-
cessing and loop calling). The linkOverlaps function from 
the InteractionSet package was used to identify chon-
drocyte regulatory SNPs that are connected to promot-
ers by loops. These SNP-gene pairs were assigned to the 
“Loops to gene promoter” category.

Motif Analysis
Tomtom (v5.4.1; release date: Sat Aug 21 19:23:23 2021 
-0700) from the MEME suite was used to identify motif 
matches for sequences surrounding the rs7953280 vari-
ant80. All 7-mers surrounding rs7953280 ("GGCTTTG", 
"GCTTTGA", "CTTTGAG", "TTTGAGG", "TTGAGGC", 
"TGAGGCA", "GAGGCAT") and the entire 13 bp se-
quence ("GGCTTTGAGGCAT") were used to identify mo-
tif matches. Sequences were input into the online motif 
comparison tool and queried against the JASPAR2022_
CORE_vertebrates_non-redundant_v2 and HOCOMO-
COv11_core_HUMAN_mono_meme_format motif da-
tabases. Pearson correlation coefficient was used as 
the motif column comparison function and the signifi-
cance threshold was set to an E-value < 10; no q-value 
threshold was set and reverse complementing of motifs 
was permitted. The following command summarizes the 
parameters used: “tomtom -no-ssc -oc . -verbosity 1 
-min-overlap 5 -mi 1 -dist pearson -evalue -thresh 10.0 
-time 300 query_motifs motif_databases."

Transcription factor (TF) motif binding propensity
We used SNP Effect Matrix scores (SEMs) to predict the 
TF binding propensity between risk and non-risk SNPs 
in OA. Pre-calculated SEMs for 211 TF motifs were ob-
tained from SEMpl (https://github.com/Boyle-Lab/SEMpl) 
and used for scoring risk and non-risk SNP sequences52. 
Binding propensity scores were determined by generat-
ing frame-shifted K-mers covering each TF motif posi-
tion for both risk and non-risk sequences. K-mers were 
scored against 211 TF SEMs using position-weight ma-
trix (PWM) scoring functions from the Biostrings Biocon-
ductor package81. The best scoring K-mer frame for each 
TF motif was used to select the binding score for risk and 
non-risk sequences. Scores were normalized by applying 
inverse-log transformation, subtracting the scrambled 
baseline provided with each SEM, and dividing the result 
by the absolute value of that baseline. TFs with positive 
scores are predicted to be bound while negative scores 
are predicted to be unbound.
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SUPPLEMENTAL FIGURES

  Figure S1. Validation of SOCS2 knockout. 
(A) Region of SOCS2 targeted by editing, PAM sites in blue, guide 
RNA target sites underlined, expected cut sites depicted by red 
triangles. (B) Sanger sequencing of knockout colony confirmed 
deletion. (C) SOCS2 expression was analyzed in pooled colonies 
by qPCR, RNA from colonies of donors A and C were treated with 
DNase before qPCR to eliminate any background signal of SOCS2 
from remaining genomic DNA. Expression was normalized to 
housekeeping gene TBP and relative expression calculated. (D) 
Western blot analysis confirmed decreased expression in hetero-
zygous colony and loss of SOCS2 in knockout colony.

A
CTACTTGTCCTTGACAAGGGCCTATTCCCACTGGATCTG...CTCGCAGGGTCCTGGGTCCTTGGGAATGCGTAAGGAAA

Expected 828 bp deletion

matches 1st guide target sequence 
up to the predicted cut site matches 2nd guide target sequence 

up to the predicted cut site
C

D

+/+ +/- -/- +/+ +/- -/-+/+ +/- -/-
0

0.2

0.4

0.6

0.8

1.0

1.2

Re
la

tiv
e 

ex
pr

es
si

on
 o

f S
O

CS
2

Donor A Donor B Donor C

+/+ +/- -/-

SOCS2

Beta Tubulin

B

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 17, 2022. ; https://doi.org/10.1101/2022.05.16.492146doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.16.492146
http://creativecommons.org/licenses/by-nc-nd/4.0/


15

EXTENDED METHODS

Hi-C
In situ Hi-C was performed as previously described64. 
Pellets were lysed in ice-cold Hi-C lysis buffer (10mM 
Tris-HCl pH 8.0, 10mM NaCl, 0.2% IGEPAL CA630) with 
50μL of protease inhibitors for 15 min on ice. Cells were 
pelleted and washed using the same buffer. Pellets were 
resuspended in 50μL 0.5% SDS and incubated at 62°C 
for 7 min. Reactions were quenched with 145μL water 
and 25μL 10% Triton X-100 at 37°C for 15 min. Chroma-
tin was digested overnight with 25μL 10X NEBuffer2 and 
100U MboI at 37°C with rotation.

Reactions were incubated at 62°C for 20 min then 
cooled to RT. Fragment overhangs were repaired by add-
ing 37.5μL 0.4mM biotin-14-dATP; 1.5μL each 10mM 
dCTP, dGTP, dTTP; 8μL 5U/μL DNA Polymerase I, Large 
(Klenow) Fragment and incubating at 37°C for 1.5 h with 
rotation. Ligation was performed by adding 673μL water, 
120μL 10X NEB T4 DNA ligase buffer, 100μL 10% Triton 
X-100, 6μL 20mg/mL BSA, and 1μL 2000U/μL T4 DNA 
ligase and incubating at RT for 4 h with slow rotation. 
Samples were pelleted at 2500g, resuspended in 432μL 
water, 18μL 20mg/mL proteinase K, 50μL 10% SDS, and 
46μL 5M NaCl, incubated at 55°C for 30 min, and then 
transferred to 68°C overnight.

Samples were cooled to RT and 1.6x volumes of pure 
ethanol and 0.1x volumes of 3M sodium acetate pH 5.2 
were added to each sample, prior to incubation at -80°C 
for over 4-6 h. Samples were spun at max speed at 2°C for 
15 min and washed twice with 70% ethanol. Pellets were 
dissolved in 130μL 10mM Tris-HCl pH 8.0 and incubated 
at 37°C for 1-2 h. Samples were stored at 4°C overnight.

DNA was sheared using the Covaris LE220 (Covaris, 
Woburn, MA) to a fragment size of 300-500bp in a Cova-
ris microTUBE. DNA was transferred to a fresh tube and 
the Covaris microTUBE was rinsed with 70μL of water 
and added to the sample. A 1:5 dilution of DNA was run 
on a 2% agarose gel to verify successful shearing. 

Sheared DNA was size selected using AMPure XP 
beads. 0.55x volumes of 2X concentrated AMPure XP 
beads were added to each reaction and incubated at RT 
for 5 min. Beads were reclaimed on a magnet and the 
supernatant was transferred to a fresh tube. 30μL 2X 
concentrated AMPure XP beads were added and incu-
bated for 5 min at RT. Beads were reclaimed on a magnet 
and washed with fresh 70% ethanol. Beads were dried for 
5 min at RT prior to DNA elution in 300μL 10mM Tris-HCl 
pH 8. Undiluted DNA was run on a 2% agarose gel to veri-
fy successful size selection between 300-500 bp.

150μL 10mg/mL Dynabeads MyOne Streptavidin T1 
beads were washed with 400μL 1X Tween washing buffer 
(TWB; 250μL Tris-HCl pH 7.5, 50μL 0.5M EDTA, 10mL 5M 
NaCl, 25μL Tween 20, 39.675μL water). Beads were then 
resuspended in 300μL 2X Binding Buffer (500μL Tris-HCl 
pH 7.5, 100μL 0.5M EDTA, 20mL 5M NaCl, 29.4mL water), 
added to the DNA sample, and incubated at RT for 15 min 
with rotation. DNA-bound beads were then washed twice 
with 600μL 1X TWB at 55°C for 2 min with shaking. Beads 
were resuspended in 100μL 1X NEBuffer T4 DNA ligase 
buffer, transferred to a new tube, and reclaimed. 

Sheared ends were repaired by resuspending the 
beads in 88μL 1X NEB T4 DNA Ligase Buffer with 1mM 
ATP, 2μL 25mM dNTP mix, 5μL 10U/uL NEB T4 PNK, 4uL 
3U/uL NEB T4 DNA polymerase I, and 1uL 5U/uL NEB 
DNA polymerase 1, large (Klenow) fragment and incubat-
ing at RT for 30 min. Beads were washed two more times 
with 1X TWB for 2 min at 55°C with shaking. Beads were 
washed once with 100uL 1X NEBuffer 2, transferred to a 
new tube, and resuspended in 90uL 1X NEBuffer 2, 5uL 
10mM dATP, and 5uL NEB Klenow exo minus, and incu-
bated at 37°C for 30 min. Beads were washed two more 
times with 1X TWB for 2 min at 55°C with shaking. Beads 
were washed in 100uL 1X Quick Ligation Reaction Buffer, 
transferred to a new tube, reclaimed, and resuspended 
in 50uL 1X NEB Quick Ligation Reaction Buffer. 2uL NEB 
DNA Quick Ligase and 3uL of an appropriate Illumina 
indexed adapter (TruSeq nano) were added to each sam-
ple before incubating at RT for 15 minutes. Beads were 
reclaimed and washed twice with 1X TWB for 2 min at 
55°C. Beads were washed in 100uL 10mM Tris-HCl pH 8, 
transferred to a new tube, reclaimed, and resuspended in 
50uL 10mM Tris-HCl pH 8.

Hi-C libraries were amplified directly off T1 beads with 
8 cycles in 5uL PCR primer cocktail, 20uL Enhanced PCR 
mix, and 25uL of DNA on beads. The PCR settings were 
as follows: 3 min at 95°C followed by 4-12 cycles of 20s 
98°C, 15s at 60°C, and 30s at 72°C. Samples were held at 
72°C for 5 min before holding at 4°C. Amplified samples 
were transferred to a new tube and brought to 250uL in 
10mM Tris-HCl pH 8.

Beads were reclaimed and the supernatant contain-
ing the amplified library was transferred to a new tube. 
Beads were resuspended in 25uL 10mM Tris-HCl pH 8 
and stored at -20°C. 0.7x volumes of warmed AMPure XP 
beads were added to the supernatant sample and incu-
bated at RT for 5 min. Beads were reclaimed and washed 
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with 70% ethanol without mixing. Ethanol was aspirat-
ed. Beads were resuspended in 100uL 10mM Tris-HCl 
pH 8, 70uL of fresh AMPure XP beads were added, and 
the solution was incubated for 5 min at RT. Beads were 
reclaimed and washed twice with 70% ethanol without 
mixing. Beads were left to dry and DNA was eluted in 
25uL 10mM Tris-HCl pH 8. The resulting libraries were 
then quantified by Qubit and Tapestation. A low depth se-
quence was performed first using the Miniseq sequencer 
system (Illumina) and analyzed using the Juicer pipe-
line to assess quality. The resulting libraries underwent 
paired-end 2x150bp sequencing on an Illumina NovaSeq 
sequencer. Each replicate was sequenced to an approx-
imate depth of 750 million reads. The full sequencing 
depth was 2.8 billion reads.

Cut and Run
Following flash freezing, thawed pellets were resuspend-
ed in 1mL ice-cold nuclei isolation buffer (NE1 buffer; 
20mM HEPES pH 7.5, 10mM KCl, 1mM MgCl2, 1mM DTT, 
0.1% Triton X-100, 1X CPI added fresh) and incubated 
for 10 min at 4°C with rotation. Nuclear pellet was col-
lected by centrifugation at 1000g for 5 min at 4°C, then 
resuspended in 1mL of ice-cold wash buffer (WB; 20mM 
HEPES pH 7.5, 0.2% Tween-20, 150mM NaCl, 150mM 
BSA, 0.5mM Spermidine, 10mM Na-Butyrate, 1X CPI 
added fresh). 10uL concanavalin A lectin beads washed 
and resuspended in binding buffer (BB; 20mM HEPES 
pH 7.5, 10mM KCl, 1mM CaCl2, 1mM MnCl2) were add-
ed to each sample and incubated for 10 min at RT. Beads 
were reclaimed and resuspended in 50uL antibody buffer 
(AbB; WB supplemented with 0.1% Triton X-100 and 2mM 
EDTA). 0.01ug/uL H3K27ac antibody in AbB was added 
to each sample and samples were incubated overnight at 
4°C with mixing at 1000xRPM. 

Beads were reclaimed and washed with 1mL triton 
wash buffer (TwB; WB supplemented with 0.1% Triton 
X-100) without mixing. Beads were reclaimed and resus-
pended in 50uL AbB. 2.5uL CUTANA pAG-MNase (Epicy-
pher, #15-1016) was added and samples were incubated 
for 1 h at 4°C on a metal block. Beads were reclaimed 
and washed twice with 1mL TwB before resuspension in 
100uL TwB. To digest chromatin, 2uL 100mM CaCl2 was 
added and samples were incubated for 30 min at 4°C on 
a metal block. Digestion was halted by the addition of 
100uL 2X STOP buffer (340mM NaCl, 20mM EDTA, 4mM 
EGTA, 0.1% Triton X-100, 50ug/mL RNAse A). Samples 
were incubated for 20 min at 37°C to release pA-MNase 
cleaved fragments from nuclei). Beads were placed on a 
magnet and the supernatant containing DNA fragments 
was transferred to a new tube. To reverse crosslinks, 2uL 
10% SDS and 2uL 20mg/mL proteinase K were added to 
each sample and incubated for 1 h at 65°C. DNA was pu-
rified using the Zymo DNA Clean & Concentrator Kit ac-
cording to manufacturer’s protocols using 5 volumes of 
DNA binding buffer. DNA was eluted in 55uL water.

Sequencing libraries were prepared from CUT&RUN 
fragments using KAPA HyperPrep with library ampli-
fication kit (no. KK8504) following the manufacturer’s 
instructions. Post-ligation bead cleanup was performed 
with two rounds of 1.2X volumes of beads and DNA 
was eluted in a final volume of 25uL 10mM Tris-HCl pH 
8. Library amplification was performed with 20uL of the 
adapter ligated DNA with 12 PCR cycles. One round post 
amplification cleanup was performed with 1.2X volumes 
of beads. The resulting libraries were then quantified by 
Qubit and Tapestation. A low depth sequence was per-
formed first using the Miniseq sequencer system (Illumi-
na) and analyzed using the Juicer pipeline to assess qual-
ity control. The resulting libraries underwent paired-end 
2x150bp sequencing on an Illumina NextSeq sequencer.
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