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SUMMARY

The INK4a/ARF locus encodes important cell-cycle regulators p14ARF, p15INK4b, and p16INK4a. The neigh-
boring gene desert to this locus is the most reproducible GWAS hotspot that harbors one of the densest
enhancer clusters in the genome. However, howmultiple enhancers that overlapwith GWAS variants regulate
the INK4a/ARF locus is unknown, which is an important step in linking genetic variation with associated dis-
eases. Here, we show that INK4a/ARF promoters interact with a subset of enhancers in the cluster, indepen-
dent of their H3K27ac and eRNA levels. Interacting enhancers transcriptionally control each other and INK4a/
ARF promoters over long distances as an interdependent single unit. The deletion of even a single interacting
enhancer results in an unexpected collapse of the entire enhancer cluster and leads to EZH2 enrichment on
promoters in an ANRIL-independent manner. Dysregulated genes genome-widemimic 9p21-associated dis-
eases under these scenarios. Our results highlight intricate dependencies of promoter-interacting enhancers
on each other.

INTRODUCTION

The INK4a/ARF locus codes for critical cell-cycle regulators,

namely, p14ARF, p15INK4b, and p16INK4a, from two coding genes:

CDKN2A (p14ARF and p16INK4a) and CDKN2B (p15INK4b). The

locus also harbors a long noncoding RNA, CDKN2BAS (ANRIL),

at its 30 end (Figure 1A; Aguilo et al., 2011; Kim and Sharpless,

2006; Sherr, 2012). Together these proteins inhibit cyclin-depen-

dent kinases (CDKs) to regulate the cell cycle (Baker et al., 2016;

Sherr, 2012; Zhang et al., 1998). Due to these inhibitory roles, the

locus is either methylated or deleted in 90% of the tumors (Gon-

zalez and Serrano, 2006; Yap et al., 2010), except for a few types

of cancers such as breast, prostate (Drak Alsibai et al., 2019;

Pare et al., 2016), non-small cell lung (Drak Alsibai et al., 2019),

and human papillomavirus (HPV) positive cancers such as

head/neck, and cervical cancers (Kanao et al., 2004; Vazquez-

Vega et al., 2013). Notably, �90% of the cervical tumors are

HPV positive.

Apart from cancers, the activation of INK4a/ARF genes is the

hallmark of senescence and aging (Baker et al., 2016; Carra-

sco-Garcia et al., 2015; Jeck et al., 2012; Matheu et al., 2009).

Hence, this locus is the most reproducible genome-wide associ-

ation study (GWAS) hotspot associated with various age and life-

style-related diseases, such as coronary artery disease, type 2

diabetes, Alzheimer disease, and atherosclerosis, among others

(González-Navarro et al., 2013; Harismendy et al., 2011; Jeck

et al., 2012; Helgadottir et al., 2008; Samani et al., 2007). Despite

the tremendous importance of this locus in disease pathologies,

its transcriptional regulation in associated cancers and

senescence is poorly understood.

Most studies carried out on INK4a/ARF transcriptional regula-

tion have focused on promoter-driven mechanisms (Aloia et al.,

2015; Hirosue et al., 2012; Lazorthes et al., 2015; Zhang et al.,

2019). However, disease-associated variants identified in

GWAS studies lie in the gene-desert region adjacent to

CDKN2A/2B genes. This hints toward a plausible regulation of

the locus through the gene desert. The deletion of the gene-

desert region in mouse and induced pluripotent stem cells

(iPSCs), and their subsequent differentiation into relevant cell

type has shown genome-wide alterations in coding genes asso-

ciated with coronary artery disease and atherosclerosis (Kojima

et al., 2020; Lo Sardo et al., 2018; Visel et al., 2010) suggesting

that the gene desert regulates the INK4a/ARF locus. However,

functional roles of the regulatory elements in these large, deleted

regions remain unknown. We have previously shown that the

INK4a/ARF gene desert harbors several enhancers with unex-

plored potential of regulating this locus (Harismendy et al.,

2011). How these multiple enhancers that overlap with GWAS

variants transcriptionally regulate this multigene locus is un-

known, an important step toward understanding the biological
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relevance of these variants. Importantly, understanding the reg-

ulatory configurations of the individual enhancers within this

enhancer cluster (super-enhancer), such as co-operative,

hierarchical, mutual, and redundant/non-redundant is crucial in

linking the disease-associated variants in this region with pathol-

ogies. The knowledge gained will form the basis of designing

therapies to modulate the expression of INK4a/ARF genes in

aging-related pathologies and cancers.

Here, we show that this gene-desert region is one of the

densest enhancer clusters in the genome with 24 constituent en-

hancers (E1–E24). Super Enhancer (SE) calling identifies a super-

enhancer using long-distance cutoffs. The presence of this

enhancer cluster in the gene-desert region is tightly correlated

with transcriptional activation of the INK4a/ARF locus in various

cell types including HPV positive cervical tumors and senescent

cells. Using a chromosome conformation capture technique

(4C), we observed that the promoter of CDKN2A physically inter-

acts with five enhancers (E5, E8, E12, E17, and E19) that were

spread far apart within the cluster. These enhancers exhibited

varying levels (very low to the highest) of functional enhancer

marks such as H3K27ac, PolII, p300, eRNA, and STARR

sequencing (STARR-seq) signal and were comparable to some

of the non-interacting enhancers. Importantly, individual deletion

of any of the three interacting enhancers (E8, E12, and E17)

silenced the transcription of INK4a, ARF, and INK4b promoters,

whereas deletion of E21 that is a non-interacting enhancer mildly

affected INK4b and ARF expression but not INK4a. Unexpect-

edly, upon perturbation of even a single promoter-interacting

enhancer, we observed loss of H3K27ac, eRNA expression on

intact enhancers, and their interaction with promoters and other

enhancers. We also observed the loading of the PRC2 complex

subunit EZH2 and a subsequent increase in H3K27me3 levels on

promoters upon enhancer perturbations. The deletion of any sin-

gle enhancer severely hampers proliferation, clonogenicity, and

migration of HPV-positive cells. Notably, global gene-expression

profiling upon enhancer deletions exhibits GO terms that are

related to the 9p21 disease association such as coronary artery

disease and type 2 diabetes. Our results identify an enhancer

network constituted by a subset of enhancers that is dependent

on each enhancer for the target gene regulation.

RESULTS

Expression of INK4a/ARF genes is correlated with the
presence of an enhancer cluster in the neighboring
gene-desert region
The INK4a/ARF locus codes for three cell-cycle regulators from

CDKN2A and CDKN2B genes, where CDKN2A alone harbors

two promoters, one for INK4a and the other for ARF (Figure 1A).

The adjacent gene-desert region is a known GWAS hotspot

(Figure 1A). To understand the relevance of the gene desert in

INK4a/ARF regulation, we began with analyzing the relative

expression of CDKN2A/2B in tumors of different origins. Cervical

tumors displayed the highest levels of CDKN2A and CDKN2B

(Figures S1A and S1B). Indeed, most of the cervical tumors

(�90%) are HPV positive and exhibit elevated levels of

p16INK4a (Kanao et al., 2004; Vazquez-Vega et al., 2013). In order

to understand why the expression of CDKN2A and CDKN2B is

high in these cervical tumors, we interrogated the open chro-

matin signature by ATAC sequencing (ATAC-seq) as a proxy

for active cis-regulatory elements. The promoters (INK4a, ARF,

and INK4b) and the neighboring gene-desert region that harbors

disease-associated variants identified in several GWAS (Fig-

ure 1A) showed highly open chromatin features suggesting these

elements are potential regulatory elements (Figure 1B). To

explore these regulatory elements and their mechanisms, we

chose HPV positive cervical tumor cells HeLa, as a model that

has high levels of p16INK4a. Towards that, we first interrogated

the topologically associating domain (TAD) structure at this locus

using Hi-C data (Rao et al., 2014). All three INK4a/ARF genes,

CDKN2BAS, and neighboring gene MTAP were present within

the same TAD (Figure 1C). CDKN2A/2B promoters were well

within the TAD, whereas the promoter of MTAP was located at

the 50 boundary of the TAD, and the 30 boundary was located

�269 kb downstream of CDKN2A promoter (Figure 1C). We

have previously shown the presence of several H3K4me1-

marked enhancers in this gene-desert region (Harismendy

et al., 2011). We observed that these enhancers were within

the same TAD and overlapped with the open chromatin features

of cervical tumors, pointing toward conserved transcriptional

regulation of this locus in HeLa and cervical tumors (Figure 1B).

Enhancers that respond to signaling and development cues are

present in active, primed, or poised states (Creyghton et al., 2010;

Ostuni et al., 2013, Raisner et al., 2018). In this regard, we noticed

that this enhancer cluster in HeLa consists of 24 H3K4me1-

marked enhancers (E1–E24) (Figure 1C, magenta annotation).

Out of these, 15 enhancers were co-marked by H3K27ac and

H3K4me1 (active enhancers), and the remaining enhancers

were primed (only H3K4me1). Next, to test the association of

these enhancers and INK4a/ARF expression, we chose stem cells

and various differentiated primary cell types since the regenera-

tive potential of stem cells is attributed to the silencing of the

INK4a/ARF locus. In contrast, the locus is active in differentiated

cells (Li et al., 2009). Corroborating with these facts, we observed

that, in hESCs, INK4a, ARF, and INK4b did not express and inter-

estingly the H3K27ac mark was absent on promoters and the

neighboring gene-desert region (Figure 1D). As opposed to

stem cells, we noticed the expression of these genes in several

cell types spanning different lineages (Figure 1D). Besides tran-

scription, we also observed several H3K27ac-marked regions

Figure 1. Expression of INK4a/ARF genes is correlated with the presence of an enhancer cluster in the neighboring gene-desert region

(A) Schematic representing the INK4a/ARF locus. CDKN2A and 2B code for p16INK4a, p14ARF, and p15INK4b.

(B) IGV browser snapshot showing the ATAC-seq signal on INK4a/ARF promoters and the neighboring gene-desert region in cervical cancer tumors from two

patients in the TCGA cohort.

(C) Hi-C heatmap depicting the TAD structure at the INK4a/ARF locus in HeLa cell line. The zoom-in region shows the INK4a/ARF promoters and enhancer cluster

depicted by pink boxes (E1–E24). These are overlaid by H3K4me1 and H3K27ac (hg19) tracks in HeLa and ATAC-seq (hg38) from cervical tumor.

(D) UCSC genome browser snapshots showing the RNA-seq signal on the locus across different cells. The RNA-seq is overlaid by H3K27ac ChIP-seq.
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overlapping with the promoters and the gene-desert region in

these cells. These data strongly link the presence of an enhancer

cluster with the expression of the INK4a/ARF locus in cervical

tumors, and other lineages.

Promoters of INK4a/ARF interact with multiple, but not
all, enhancers in the cluster irrespective of their
functional marks
Next, to dissect this enhancer cluster functionally, we first

compared the number of H3K27ac-marked enhancers in INK4a/

ARF TAD with other TADs in the genome. INK4a/ARF TAD was

in the top 30 densest TADs out of 2,740 TADs in terms of the num-

ber of H3K27ac-marked enhancers per TAD in HeLa cells (Fig-

ure 2A). Clusters of enhancers grouped within a certain distance

and with the presence of Med1 or H3K27ac above a threshold

are defined as super-enhancers (Hnisz et al., 2013; Whyte et al.,

2013). To test whether these enhancers in the gene desert indeed

form a super-enhancer, we analyzed H3K27ac chromatin immu-

noprecipitation sequencing (ChIP-seq) using the ROSE algorithm

(Hnisz et al., 2013). Data suggested that, although the enhancer

cluster in INK4a/ARF TAD is one of the 719 super-enhancers

observed in HeLa cells, it is not one of the highest-ranking SE (Fig-

ure 2B). We noticed 17 (E5–E21) out of 24 enhancers in the cluster

were called as SE using unusually long-distance cutoff of 20 kb,

and only three enhancers were called as SE at a 12 kb distance

as the enhancers - were well spread out in the gene desert. How-

ever, the remaining enhancers could still be functional; thus, we

disregarded the SE calling and focused on all 24 enhancers pre-

sent in this locus to assess their regulatory potential in an unbi-

ased manner.

Since active enhancers regulate their target promoters via

looping (Li et al., 2013), we performed 4C experiments at

CDKN2A promoter viewpoint in HeLa. The analyzed contact

maps exhibited several high-frequency interactions in both rep-

licates. Interestingly, all interactions originating from CDKN2A

promoter were directed either toward the MTAP promoter and

its gene body (50 of TAD) or with several enhancers within the

enhancer cluster in the gene-desert region. E22–E24 were within

the TAD boundary, but, apart from these, the remaining en-

hancers within clusters that showed high-frequency interactions

were E5, E8, E12, E17, and E19 (Figures 2C and S1C). The sixth

region that exhibited looping with CDKN2A promoter was the

terminator of CDKN2BAS (ANRIL); thus, we did not regard it as

an enhancer (Figure 2C). Interacting enhancers were marked

with varying levels of H3K4me1, H3K4me2, H3K27ac, p300,

PolII, and STARR-seq signal (Arnold et al., 2013; Muerdter

et al., 2018; Figures 2C and 2D, browser shot of ChIP-seq).

The presence of PolII prompted us to check the eRNA-expres-

sion signature on these enhancers as functional enhancers

transcribe eRNAs by virtue of PolII loading (Kim et al., 2010; Li

et al., 2013; Mikhaylichenko et al., 2018; Wu et al., 2014). We

found that all PolII-enriched enhancers transcribed bidirectional

eRNAs, but their expression varied (Figures 2C and 2D, eRNA

track). Apart from these enhancers and MTAP, a strong interac-

tion of CDKN2A promoter with CDKN2B promoter was also

observed. These data suggest that a multi-promoter:enhancer

network exists within the TAD and not all enhancers are part of

this network. Further, interacting enhancers exhibit varying

levels (very low to the highest levels) of functional enhancer

marks, but these marks were not different from non-interacting

enhancers (E21) within the cluster (Figure 2D).

We noticed that E8 and E17 consistently featured as active en-

hancers inother cell typesaswell, as revealedby theirChromHMM

profiles (Figure 2E). These cell types included HSMM and HUVEC

that are relevant cell types to coronary artery disease and athero-

sclerosis (Figure 2E). p14ARF, p15INK4b, and p16INK4a proteins are

the key drivers of senescence and stem cell regeneration (Carra-

sco-Garcia et al., 2015; Li et al., 2009; Sherr, 2012 . We observed

that the locus is already transcriptionally active in the young IMR90

fibroblast; however, as it gets highly upregulated upon replicative

senescence, an accompanying gain of H3K27ac occurred on the

super-enhancer in the cluster (Figure S1D). Importantly, the

eRNA expression was robustly induced on E12, E17, E19, and

E21 enhancers upon onset of senescence (Figure S1D). All of

this evidence strongly suggests that these interacting (E5, E8,

E12,E17,andE19)andnon-interacting (E21)enhancershave func-

tional potential. Interestingly, all these enhancers were also part of

the super-enhancer called using the ROSE algorithm but using

unusually long-distance cutoff (Figure 2B).

Each promoter-interacting enhancer fully regulates
INK4a/ARF genes
To test whether these enhancers were functional and also

whether the levels of these marks correlated with their relative

enhancer activity, we blocked three promoter-interacting en-

hancers, namely, E8, E12, and E17, that exhibited low, medium,

and high levels of functional marks and one non-interacting

enhancer, E21 that had high levels of these features. These

four enhancers had the following distribution of functional fea-

tures: E8 (interacting enhancer with high H3K27ac, PolII,

eRNA, and a very high STARR-seq signal; this enhancer was

active in all cell types studied using ChromHMM [Figures 2D

and 2E]), E17 (interacting enhancer with highest H3K27ac, mod-

erate PolII, eRNA expression, and STARR-seq signal; similar to

E8 this enhancer was also present in all cell types tested using

ChromHMM and was robustly induced upon senescence [Fig-

ure S1D]), E12 (interacting enhancer with very low H3K27ac,

moderate PolII, low eRNA levels, and no STARR-seq signal

Figure 2. Promoters of INK4a/ARF interact with multiple, but not all, enhancers in the cluster irrespective of their functional marks

(A) Ranking of TADs based on number of H3K27ac peaks.

(B) Plot showing INK4a/ARF enhancer cluster contains a super-enhancer overlaid by enhancer annotations (purple boxes E1–E24) with the super-enhancer

marked (E5–E21).

(C) 4C plot showing the interactions from CDKN2A viewpoint; red dots represent the significant interactions. The 4C plot is overlaid with ChIP-seq and GRO-seq

tracks in HeLa.

(D) The UCSC browser shot shows the zoomed region from E1–E21. Tracks are overlaid with STARR-seq track in HeLa. .

(E) ChromHMM profiles at the region from E1–E21 across different cell types and distances among E8, E12, E17, and E21 are shown.

Cell Reports 34, 108898, March 23, 2021 5

Article
ll

OPEN ACCESS



A

D E

B

F

C

G H I

J K L

(legend on next page)

6 Cell Reports 34, 108898, March 23, 2021

Article
ll

OPEN ACCESS



that was active in HeLa and HSMM but weakly active in HUVEC

and HMEC [Figures 2D and 2E]), and also E21 (non-interacting

enhancer but with very high levels of H3K27ac, PolII, eRNA

and no STARR-seq signal) (Figure 2D). We did not block E5

and E19 enhancers as they exhibited eRNA levels comparable

to E8 and E21, respectively (Figure 2D).

Wesystematically targeted these four enhancers individuallyus-

ing CRISPRi that employs dCas9-KRAB and specific gRNAs (Fig-

ure S2A; Table S2) to mediate repression on targeted regions

(Gilbert et al., 2014; Larson et al., 2013). We first confirmed the

blocking by observing the gain of H3K9me3 on targeted enhancer

using dCas9-KRAB but not by dCas9 alone suggesting the spec-

ificity ofCRISPRi (FiguresS2BandS2C). Further,weobserved the

loss of H3K27ac (Figures S3A–S3D) and eRNAs (Figures S3E–

S3H) on the targeted enhancers. After confirming the blocking of

enhancers, we assessed the transcriptional status of INK4a/ARF

genes. INK4a,ARF,and INK4bmRNAexpressionwassignificantly

downregulated upon blocking any of the interacting enhancer (E8,

E12, or E17) individually. However, CRISPRi on E21 did not mani-

fest any such effects (Figures 3A–3C). These results point toward

the essentiality of E8, E12, and E17 in transcriptional regulation

of this locus. Notably, all three enhancers except E21 were pro-

moter-interacting enhancers. Further, to confirm whether the

downregulation of gene expression is due to the transcriptional

perturbations at the promoter, we extended our analysis to local

histone acetylation (H3K27ac) andPolII as a surrogate of promoter

function as the levels ofH3K27acare veryhighon thepromoters of

INK4a/ARF (Figure 2), and high acetylation on promoters is corre-

latedwith thepromoter strength (Nicolas et al., 2018;Raisner et al.,

2018). H3K27ac and PolII levels were significantly lost on the pro-

moters of INK4a,ARF, and INK4b upon blocking of any interacting

enhancer (Figures 3D–3F) but not uponblockingof non-interacting

enhancer E21 (Figures 3G–3I). These results corroborate with the

downregulation of target genes.

Tounderstand the co-dependence amongenhancers and their

hierarchy, we created individual enhancer deletions in HeLa us-

ing active Cas9 protein and specific gRNAs that target the flanks

of the enhancer region (Figure S4A; Table S2).We generated four

unique lines carrying a homozygous deletion of individual en-

hancers, namely, DE8 #36, DE12 #90, DE17 #56, and E21 #53

(Figures S4B–S4I). The expression of INK4a, ARF, and INK4b

geneswas robustly downregulated upon thedeletion of any inter-

acting enhancer individually (Figures 3J–3L). Interestingly, unlike

CRISPRi, E21deletion causedmarginal downregulation of INK4b

and ARF, whereas the expression of INK4a was unaffected.

Further, akin to homozygous deletions, even the heterozygous

lines for interacting enhancers exhibited similar effects (Figures

S4J–S4L). Intriguingly, akin to CRISPRi, the heterozygous

deletion of E21 failed to exert any effects on INK4a/ARF gene

regulation (Figure S4M). This suggests that even small perturba-

tions in interacting enhancers cause the severe downregulation

of INK4a/ARF genes, but these perturbations in non-interacting

enhancers are well tolerated as long as active enhancers are

functional to activate the target genes. Notably, deletion of

each interacting enhancer displayed an extent of effects on pro-

moters that was the sum of all enhancers. Furthermore, INK4b

exhibited almost complete silencing in thedeleted lines, suggest-

ing the complete dependence of INK4b for its expression on indi-

vidual interacting enhancers. To test whether activation of these

three enhancers individually upregulates the INK4a expression,

we performed CRISPRa in HaCaT cells that are derived from hu-

man keratinocytes (epithelial origin similar to HeLa cells). INK4a

exhibited significant upregulation upon CRISPRa on E8, E12, or

E17 (Figure S3I). Together, these data confirm that the INK4a/

ARF locus is under control of at least these interacting enhancers

in one of the densest enhancer clusters and, perturbation of even

a single interacting enhancer results in loss of INK4a/ARF pro-

moter activity at a similar extent even though the remaining 23

enhancers in the cluster remain intact. Further, based on these

data on interacting enhancers, we believe that other interacting

enhancers, E5 and E19, could also be functional.

An interdependent enhancer network operates within
the enhancer cluster
The data above suggest that the strength of INK4a/ARF pro-

moters was significantly reduced upon deletion or blocking of

even a single interacting enhancer. Even though other interact-

ing enhancers in the cluster were unaltered, they could not

rescue the transcription of promoters (Figures 3J–3L). This

prompted us to consider whether silencing or deletion of indi-

vidual enhancer renders the remaining intact enhancers non-

functional. Thus, to interrogate whether the interacting en-

hancers were functionally dependent on each other for their

transcriptional activity, we assessed the levels of H3K27ac on

interacting enhancers upon CRISPRi or deletions as a proxy

of their active status (Nicolas et al., 2018; Raisner et al.,

2018). Intriguingly, we observed a drop in H3K27ac enrichment

on E12 and E17 upon blocking of E8. Similarly, enrichment of

H3K27ac on E8 and E17 was reduced upon E12 blocking,

and blocking of E17 resulted in the loss of H3K27ac on E8

and E12 (Figure 4A). However, blocking of E21 had no effect

on H3K27ac levels on E8, E12, and E17 (Figure 4B). These

data suggest that the intact functional enhancers within the

enhancer cluster lose their activity upon blocking of any inter-

acting enhancer.

Further, we observed that both sense and antisense eRNA

expression on unaltered enhancers was downregulated when

any interacting enhancer was blocked, but blocking of E21 failed

to exert these effects on other intact enhancers tested (Figures

4C–4E). A similar loss of H3K27ac on intact enhancers including

Figure 3. Each interacting enhancer is essential and fully regulates INK4a/ARF genes

(A–C) mRNA levels of (A) INK4a, (B) ARF, and (C) INK4b genes upon CRISPRi on E8, E12, E17, and E21 (n = 4). Plots are overlaid with a schematic of the INK4a/

ARF locus marked with enhancer annotation, H3K4me1, and H3K27ac tracks, and highlighted enhancers were blocked (orange and green solid circles).

(D–I) H3K27ac and PolII enrichment on promoters (D) INK4a, (E) ARF, and (F) INK4b upon CRISPRi on E8, E12, and E17 individually or E21 (G–I) (n = 3).

(J–L) mRNA levels of (J) INK4a, (K) ARF, and (L) INK4b genes upon deletion of E8, E12, E17, and E21 enhancers (n = 4). Plots are overlaid with histone tracks, and

highlighted enhancerswere deleted. Statistical significance is determined by unpaired t test (*p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001; ns p > 0.05), and error

bars denote SEM.
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E21 was observed upon deleting any interacting enhancer (Fig-

ure 4F). Furthermore, robust loss of eRNA levels on other intact

interacting enhancers as well as on E21were also observed (Fig-

ures 4G–4I). Significant downregulation of these eRNAswas also

observed in another set of clones that were heterozygous for the

deletions (Figures S5A–S5C). Interestingly, H3K27ac and eRNA

expression remained unaffected on the E8, E12, and E17

enhancers upon blocking of E21, but its complete deletion ex-

hibited effects on eRNA levels on E8 and E12 but not on E17 (Fig-

ures 4G–4I). Surprisingly, these effects on the E8 enhancer were

not recapitulated by the concomitant loss of H3K27ac (Fig-

ure 4J). However, E21 showed loss of H3K27ac and eRNA in

the absence of any of the promoter-interacting enhancers (Fig-

ures 4F, 4G–4I, and S5D), suggesting E21 is under the control

of interacting enhancers in this locus.

Since single interacting enhancer deletions caused the eRNA

and H3K27ac loss on all other intact enhancers, we asked

whether these effects on intact enhancers are the result of en-

hancer:enhancer interactions. Toward this, we performed the

4C assay on the E12 enhancer as a viewpoint and observed its

interactions with promoters of INK4a/ARF. E12 also exhibited

physical proximity with E5, E8, and E17. These data validate

that indeed these enhancers form a network with the promoters

as also revealed by 4C atCDKN2A viewpoint (Figures 2C and 4K,

top heatmap panel). Further, to test whether the downregulation

of INK4a/ARF genes upon deletion of the interacting enhancer is

due to the loss of the enhancer:promoter interaction andwhether

the enhancer:enhancer interaction is also altered, we extended

4C assays at the E12 enhancer upon E8 enhancer deletion. As

expected, we found a weaker interaction between E12 and

INK4a/ARF promoters. Interestingly, we also observed weaker

interaction of E12 with E5 and E17 (Figure 4K, bottom heatmap

panel). These data suggest that, upon single enhancer deletions,

other interacting enhancers lose their physical proximity with the

target promoters and with each other.

Though, we did not monitor the levels of H3K27ac and eRNA

on all intact enhancers in the cluster, the fact that none of the

intact enhancers could rescue the activity of promoters in

deletion lines strongly indicates that all the intact enhancers

lose their activity upon deletion of even a single functional

enhancer.

Together, these data suggest that functional enhancers within

a super-enhancer form a single functional unit with the target

promoters where they regulate each other just the way they

regulate the target promoters. Further, the non-interacting en-

hancers, even with comparable levels of H3K27ac, have partial

effects on transcriptional activity, but they are regulated by

interacting enhancers.

Loss of a single enhancer results in EZH2 enrichment at
the INK4a/ARF promoters
The INK4a/ARF locus is suppressedby loadingofPolycombon its

promoters in stem cells and many tumors (Aguilo et al., 2011;

Gamell et al., 2017; Li et al., 2009; Mosteiro et al., 2018; Yap

et al., 2010; Zhang et al., 2019). Hence, we interrogated whether

the promoter silencing upon enhancer deletions is due to the

loading of EZH2 (polycomb complex subunit) on promoters.

Toward this, we first compared the EZH2 enrichment on the

INK4a/ARF locus in HeLa, where the locus is highly active, with

hESCs, where the locus is completely silent (Figure 1D). The

EZH2 ChIP-seq showed its expected loading on INK4a/ARF

and INK4b promoters in stem cells and a complete absence in

HeLa cells (Figure 5A). Importantly, the gene-desert region in

stem cells did not exhibit EZH2 occupancy, suggesting the

recruitment of EZH2 on promoters is independent of the gene-

desert region in stem cells where the enhancer cluster is absent

and transcriptional state of the INK4a/ARF locus is silent (Figures

1D, 2E, and 5A).

After confirming the absence of EZH2 on promoters and the

enhancer cluster in HeLa cells, we next investigated whether

INK4a/ARF promoters gain EZH2 in the absence of enhancer ac-

tivity. We focused on interacting enhancers as they exhibited ef-

fects on all INK4a/ARF genes. Interestingly, we observed a gain

of EZH2 on INK4a, ARF, and INK4b promoters in the absence of

E8, E12, or E17 enhancers individually (Figure 5B). Since the pol-

ycomb complex exerts its effects by methylating histone H3 at

lysine 27, we found the higher levels of this mark on these pro-

moters upon deletion of E8 and E17 enhancers (Figure 5C).

Surprisingly, except for the gain of EZH2 on E17, we did not

notice EZH2 gain on other interacting enhancers upon deletion

of any enhancer (Figures 5D–5F). Corroborating with the EZH2

levels, we did not observe a gain of H3K27me3 on these

enhancers including the E17 enhancer (Figures 5D–5F). These

results explain that enhancers do not deliver EZH2 to promoters

after losing their activity, but one of the indirect mechanisms by

which enhancers exert their function on the INK4a/ARF pro-

moters is by protecting the promoters from EZH2 loading or

from active suppression of the TAD.

Next, we tested whether the enrichment of EZH2 on promoters

upon enhancer deletion is due to the higher expression of ANRIL,

as ANRIL directly recruits polycomb on CDKN2A/2B promoters,

and its elevated expression is associated with the silencing of

the INK4a/ARF locus (Yap et al., 2010). Strikingly, we observed a

lossofANRILexpression in these lines suggesting thatANRIL itself

is a transcriptional target of the enhancer cluster. Thus, EZH2

loading on INK4a/ARF promoters in the absence of enhancers

was independent of ANRIL (Figure 5G; Figures S5E–S5G). A

Figure 4. An interdependent enhancer network operates within the enhancer cluster

(A) H3K27ac enrichment on intact enhancers in cells carrying CRISPRi on E8, E12, and E17 (A) or E21 (B) (n = 3).

(C–E) Sense and antisense eRNA expression from (C) E8, (D) E12, and (E) E17 upon CRISPRi.

(F) H3K27ac enrichment on enhancers upon deletion of the individual enhancer (n = 3).

(G–I) Sense and antisense eRNA expression from (G) E8, (H) E12, and (I) E17 enhancers upon enhancer deletion (n = 3).

(J) H3K27ac enrichment on E8 upon E21 deletion (n = 3).

(K) 4C heatmap in WT showing the interactions from E12 viewpoint with other enhancers and INK4a/ARF promoters. These interactions are significantly reduced

upon E8 deletion (n = 2).

Statistical significance is determined by unpaired t test (*p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001; ns p > 0.05), and error bars denote SEM.
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Figure 5. Loss of a single enhancer results in EZH2 enrichment at the INK4a/ARF promoters

(A) UCSC genome browser snapshot at the INK4a/ARF locus shows ChIP-seq tracks for EZH2 and H3K27me3, H3K27ac, and PolII in hESCs and HeLa.

(B) EZH2 enrichment on INK4a, ARF, and INK4b promoters upon deletion of E8, E12, and E17 enhancers (n = 3).

(C) H3K27me3 enrichment on INK4a, ARF, and INK4b promoters upon deletion of E8, E12, and E17 enhancers (n = 3).

(D–F) EZH2 andH3K27me3 enrichment on (D) E12 and E17 upon E8 deletion (n = 3), (E) E8 and E17 upon E12 deletion (EZH2 n = 3 andH3K27me3 n = 2), and (F) E8

and E12 upon E17 deletion (n = 3).

(G) Expression of different isoforms of ANRIL upon deletion of E8, E12, and E17 enhancer (n = 3).

(H and I) Pearson correlation plots depicting positive correlation between (H) CDKN2A and CDKN2BAS, and (I) CDKN2B and CDKN2BAS in cervical cancer

tumors from TCGA cohort; Pearson correlation value and p value, respectively, are shown at top of each plot. Statistical significance is determined by unpaired t

test (*p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001, ns p > 0.05), and error bars denote SEM.
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positive correlation betweenCDKN2AandCDKN2Bwith ANRIL is

reported (Drak Alsibai et al., 2019; Lo Sardo et al., 2018) and was

also observed in cervical cancer tumors (Figures 5H and 5I).

Perturbation in the enhancer network affects the
cancerous properties of HeLa cells
Small interfering RNA (siRNA)-mediated targeting of p16INK4a in

HPV positive cancer cells is associated with tumor-growth inhi-

bition (McLaughlin-Drubin et al., 2013; Pauck et al., 2014; Zhang

et al., 2014, Kanao et al., 2004). Thus, we interrogated whether

the hallmarks of cancer such as cell proliferation and colony-for-

mation potential are affected in HeLa cells in the absence of

these enhancers. We first validated the reduction in protein

levels of p14ARF and p16INK4a in enhancer-deleted lines (Fig-

ure 6A). Not surprisingly, the enhancer deletion resulted in a

severe loss of colonies (Figures 6B and 6C). Similarly, the prolif-

eration rate (Figure 6D) and the cell migration were also affected

in these cells (Figure 6E). Further, we noticed heightened senes-

cence-associated b-galactosidase (SA-b-gal) staining upon

deletion of these enhancers (Figure 6F). These observations sug-

gest that the loss of enhancers in the INK4a/ARF locus alters the

cancerous properties of HeLa and induces senescence.

Genes dysregulated upon enhancer deletions
corroborate with disease association of 9p21 locus
9p21 locus is the most reproducible GWAS locus associated

with type 2 diabetes and coronary artery disease across different

races and ethnicities (Deloukas et al., 2013; González-Navarro

et al., 2013; Harismendy et al., 2011; Helgadottir et al., 2008;

Jeck et al., 2012; Nikpay et al., 2015; Samani et al., 2007 ). The

GWAS variants associated with these diseases are located in

the gene desert starting fromCDKN2B promoter till the 30 bound-
ary region of the TAD (Figure 1A). However, the causal SNPs in

this vast region are largely unknown.

We hypothesized that, since the identified enhancer network is

responsible for transcriptional regulation of this locus, its loss of

function should mimic the transcriptional scenarios linked with

several diseases with which this locus is associated. Though

HeLa is not the relevant cell type, E8 and E17 enhancers were

commonly active in cells of various lineages including endothe-

lium and smooth muscle cells, as seen in Figure 2E and Fig-

ure S1D; thus, the regulation by these enhancers is likely similar

in these tissues. Toward this, we first identified the disease asso-

ciation of an entire super-enhancer (96 kb) that spans from E5 to

E21 using theGWAS catalog tool with default parameters (Welter

et al., 2014). We noted the variants that are present in the SE are

associated with type 2 diabetes, coronary artery disease, life-

span, endometrial cancer, etc. (Figure 7A). This suggests that

the SE alone harbors the variants associated with diseases

with which the entire gene desert between CDKN2B promoter

to the 30 boundary of TAD is associated (Figure 1A).

Next, we tested whether genes dysregulated upon deletion of

individual enhancers indeed corroborate with the diseases with

which this super-enhancer is linked. We performed total RNA

sequencing (RNA-seq) in two replicates in the wild-type (WT),

E8, E12, and E17 deletions. The positional clustering and MA

plots exhibited high correlation among various samples (Figures

S7A–S7C). We noticed the downregulation of CDKN2A intronic

region (transcriptional status) and exonic region (mature tran-

script), CDKN2B, CDKN2BAS (ANRIL), and MTAP (Figures

S6A–S6D), whereas the transcriptional status of another large

region on chr9 remained unaffected (Figure S6E).

Next, we identified approximately 200 differentially regulated

genes comparing the WT and E8 deletion (Figure S7D). Not sur-

prisingly, we found these genes being similarly affected in E12

and E17 as well (Figures S7C and S7D), suggesting the targets

of theseenhancers (director indirect) arecommon.Approximately

100 genes were downregulated and other 100 were upregulated

among dysregulated genes (Figure S7D). Interestingly, the en-

riched disease terms with these genes were diabetes mellitus,

cardiomyopathy, coronary artery disease, and age-relatedmacu-

lar degeneration (Figure 7B). Further, most dysregulated genes

were expressed in smooth muscle cells and cortex (Figure 7C).

These differentially regulated genes compared to WT cells re-

vealed that some of the highly dysregulated genes are indeed

associated with CAD and T2D (Figures 7D–7F), and they are

well-known candidates with important functions. For example,

PDX1 an important receptor for insulin, was significantly downre-

gulated in all deletion lines. COL3A1,which is frequently altered or

mutated in aortic and arterial aneurism, was one of the geneswith

the highest fold upregulation and lowest p value. Similarly, LRP1

(LDL receptor protein 1), an important member in clearance of

apoptotic cells and lipid metabolism, was highly upregulated to

the similar levels as COL3A1. Endothelial function in INK4a/

ARF-deleted mice has been associated with dysregulated levels

of interleukin-6 (IL-6) (Mosteiro et al., 2018, Yang et al., 2012).

Similarly, IL-6and IL-8havebeen shown tobe regulatedbyANRIL

(Zhou et al., 2016). In corroboration with this, we observed robust

downregulation of IL-6 and IL-8 in our RNA-seq data. These data

suggest that the perturbed enhancers are indeed functional en-

hancers; hence, the genetic variation in them is potentially causal.

DISCUSSION

Using a series of enhancer blockings and deletions, we observed

that the INK4a/ARF locus is under the regulation of a few en-

hancers within a dense enhancer cluster. These enhancers act

on the promoters as an interdependent network that is non-

redundant for transcriptional activity. Loss of even a single pro-

moter-interacting enhancer in the network results in inactivation

of the entire enhancer cluster, EZH2 loading on INK4a/ARF

promoters, and their downregulation. Further, global gene-

expression profiles upon these deletions display effects that

are relevant to the diseases with which the entire 9p21 locus is

associated .

CDKN2A promoter interacts with only a subset of
enhancers in the cluster
The gene desert harbors 24 enhancers; three enhancers are pre-

sent within the TAD boundary, and, out of the remaining 21 en-

hancers, only five enhancers loop with CDKN2A promoter. These

enhancers were within a SE that constitutes 17 enhancers (Fig-

ure 2B). These data suggest that SE can be used to call the func-

tional regions; however, only a subset of enhancers evenwithinSE

loop with promoters and are functional. The levels of H3K27ac

alone did not predict the looping potential of enhancers as the
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interacting enhancer E12 had the lowest H3K27ac, whereas non-

interacting enhancer E21 exhibited very high levels. Similarly, the

levelsofPolII andeRNAexpressionalsovariedgreatlyon theseen-

hancers.Thesedatasuggest thathighenrichmentofH3K27acand

robust eRNA induction on enhancers are not good predictors for

interaction with promoter. Similar non-reliance on H3K27ac for

functionality predictions has been previously reported (Zhang

et al., 2020).Within this framework, the chromatin interactions be-

tween enhancers and promoters remained the best indicator of

functional enhancers. These functional differences among

A B

C

E

F

D

Figure 6. Perturbation in the enhancer network affects the cancerous properties of HeLa

(A) Immunoblots show the protein levels of p14ARF and p16INK4a upon deletion of E8, E12, and E17. Gapdh was used as a loading control (n = 2).

(B) Representative images of clonogenicity assay.

(C) Quantification of colonies using ImageJ upon deletion of E8, E12, and E17 enhancers (n = 3).

(D) Bromodeoxyuridine (BrdU) cell-proliferation assay in the absence of individual enhancers (n = 4).

(E) The percentage of wound closure in WT and upon deletion of E8, E12, and E17 (n = 2).

(F) Representative images of b-galactosidase activity inWT and enhancer deletions (n = 2). Statistical significance is determined by unpaired t test (*p < 0.05, **p <

0.01, ***p < 0.005, ****p < 0.001; ns p > 0.05), and error bars denote SEM.
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enhancers independent of H3K27ac levels could arise from differ-

ential protein complexes loaded on to the enhancers (Li et al.,

2013, Bose et al., 2017; Mousavi et al., 2013; Zhao et al., 2019).

The data also raise the question, even though only a subset of

enhancerswithin the super-enhancer are functionally relevant for

the target gene activation, then why do enhancer clusters and

SEs contain multiple enhancers? It is suggested that these

non-functional enhancersmay still play a role in keeping the envi-

ronment favorable such as open chromatin around functional en-

hancers, maintaining activator concentration and not allowing

the spread of H3K27me3 within the super-enhancer. Partial ef-

fects of E21 deletion on INK4a/ARF transcription could be due

to its potential role inmaintaining the co-activator concentrations

within SE.

Loss of H3K27ac levels indicate the enhancer function
loss but not the extent
We observed the similar extent of H3K27ac loss on intact en-

hancers upon CRISPRi or deletion (Figures 4A and 4F). However,

the loss of eRNA on intact enhancers was much more profound

upon deletions (Figures 4C–4E and 4G–4I). Accordingly, the sup-

pression of geneswas robust upon deletions (Figures 3A–3C and

3J–3L). Similarly, E8 exhibited downregulation of eRNA (Fig-

ure 4G) upon E21 deletion but did not show any alteration in

A

B
E

C F

D

Figure 7. Dysregulated genes upon enhancer deletions corroborate with disease association of 9p21 locus

(A) Chart from GWAS catalog tool shows the disease terms of GWAS variants and their counts present within the enhancer region (E8–E21).

(B) Graph from Enrichr tool shows the relative enrichment of disease terms based on dysregulated genes upon the E8, E12, and E17 enhancer deletions.

(C) Graph from Enrichr tool shows the relative enrichment of dysregulated genes, also expressed in various cell types.

(D–F) Volcano plots show the log2 fold changes versus –log10p values of genes comparing WT with (D) E8, (E) E12, and (F) E17 deletions.
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H3K27ac (Figure 4J). These data indicate that loss of H3K27ac is

a good indicator of loss of function but not the extent, and it is not

the cause of enhancer or promoter activity, rather the outcome of

transcriptional activity. In agreement with this, the mutation at

K27 of histone H3 has been shown to have no effects on

enhancer functions (Zhang et al., 2020). However, in other cases,

the CBP/p300 that catalyzes acetylation at H3K27 plays a critical

role in enhancer function (Raisner et al., 2018). Further, high

levels of H3K27ac could be an outcome of eRNA presence at

these enhancers, again suggesting its presence as the result of

enhancer activity (Pnueli et al., 2015).

An interdependent enhancer network operates within
enhancer cluster
We observed the downregulation of eRNA, loss of PolII, and

H3K27ac on intact enhancers upon deletion of any interacting

enhancer out of three enhancers tested. Thus, apart from ex-

pected enhancer:promoter network, we unexpectedly observed

the enhancer:enhancer network in which these enhancers,

though located far apart, depend on each other for their absolute

functional activity in regulating the target gene. Such effects are

likely due to their close physical proximity in 3D nuclear space

such that the functional enhancers form a hub or cluster with

the target promoters (Liu et al., 2014). Collectively, functional en-

hancers within a super-enhancer can form an equal-weighted

network in which target genes cannot express in the absence

of even a single enhancer. The enhancers are non-redundant

in these clusters as opposed to earlier observations genome-

wide (Moorthy et al., 2017).

The loss of function by a mutation in any enhancer within

equal-weight networks would result in dysregulation of all en-

hancers in the network thereby leading to promoter dysregula-

tion. Perhaps, the INK4a/ARF locus being the most reproducible

locus across GWAS is the result of such enhancer dependencies

where variation in any enhancer would result in a complete

collapse of transcriptional output of the locus.

EZH2 gain on promoters is independent of ANRIL
The antisense noncoding RNA from this locus, ANRIL, represses

the promoter of INK4a by direct loading of polycomb complexes

(Yap et al., 2010). However, upon the deletion of enhancers, even

ANRIL expression was downregulated (Figure 5G) suggesting

that INK4a/ARF genes and ANRIL are co-regulated by the en-

hancers in a gene desert. Further, EZH2 was present on

INK4a/ARF promoters in spite of the absence of ANRIL tran-

scription suggesting its ANRIL independence. We also observed

a positive correlation between ANRIL and CDKN2A/2B expres-

sion in cervical tumors (Figures 5H and 5I). These positive corre-

lations have been shown across the tumors types (Drak Alsibai

et al., 2019; Lo Sardo et al., 2018; Visel et al., 2010).

A possible mechanism of EZH2 presence on promoters in the

absence of enhancer and promoter transcription could be due

to the lack of EZH2 sequestration from promoters by direct bind-

ing of promoter-driven transcriptswith EZH2 (Beltran et al., 2016;

Cifuentes-Rojas et al., 2014; Kaneko et al., 2014; Wang et al.,

2017). However, the active promoters in the presence of en-

hancers have been shown to actively engage in such exclusion

of EZH2. Moreover, combination of transcription loss and

reduced H3K27ac at promoters may trigger the robust loading

of EZH2, which is sufficient to maintain H3K27me3 (Figure 5A;

Hosogane et al., 2016; Lavarone et al., 2019; Saxena et al., 2017).

Our results provide a template for studies in other systems for

such enhancer dependencies, and the identified functional en-

hancers in the INK4a/ARF locus open up new avenues to under-

stand the functional relevance of the 9p21 gene desert in several

pathologies.
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KEY RESOURCES TABLE

REAGENT OR RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-H3K27ac Abcam ab4729

Anti PolII Santa Cruz sc-899

Anti-EZH2 Active Motif 39875

Anti-H3K27me3 Millipore 07-449

Anti-p14 Santa Cruz sc-53639

Anti-p16 Cell Signaling 4824S

Anti-Gapdh Santa Cruz sc-32233

Chemicals, peptides, and recombinant proteins

Trizol Ambion 15596018

Lipofectamine 2000 Invitrogen 11668-019

Protein G Beads Invitrogen 10004D

ABI PowerUp SYBR Green Master Mix Applied Biosystems A25742

SuperScript IV First-Strand Synthesis System Invitrogen 18091050

DMEM GIBCO 10569-010

FBS GIBCO 26140079

Penicillin-Streptomycin GIBCO 15070-063

Opti-MEM GIBCO 31985-070

0.25% Trypsin-EDTA (1X) GIBCO 25200-072

T4 DNA Ligase New England Biolabs M0202M

DpnII New England Biolabs R0543M

HindIII New England Biolabs R0104M

Puromycin GIBCO A11138-03

Hexadimethrine Bromide (Polybrene) Sigma H9268

ECL Western Blotting Detection Reagent GE Healthcare RPN2106

BrdU Cell Proliferation Assay Kit Cell Signaling 6813S

Senescence b-Galactosidase Staining Kit Cell Signaling 9860S

Deposited data

RNA-Seq data upon enhancer deletions This Study GEO: GSE153410

Experimental models: cell lines

HeLa Cell Line ATCC N/A

293FT ATCC N/A

Software and algorithms

ImageJ Software https://imagej.nih.gov/ij/download.html

Graphpad Prism 8 Software https://www.graphpad.com/scientific-software/

prism/

Adobe Illustrator Software https://www.adobe.com/in/products/illustrator.

html

HOMER Software http://homer.ucsd.edu/homer/

Bowtie2 Software http://bowtie-bio.sourceforge.net/bowtie2/index.

shtml

Juicer Software https://github.com/aidenlab/juicer

Juicebox Software https://github.com/aidenlab/Juicebox

ROSE (Rank Ordering of Super-enhancers)

algorithm

Software https://github.com/stjude/ROSE
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RESOURCE AVAILABILITY

Lead contact
The lead contact, Dimple Notani (dnotani@ncbs.res.in), should be contacted for requests regarding resources, data, and reagents

used in the study.

Materials availability
Cell lines generated in this study can be requested from the lead contact.

Data and code availability
The NGS datasets (RNA-Seq upon enhancer deletions) supporting the conclusions of this article are available at GEO (https://www.

ncbi.nlm.nih.gov/geo/) with the accession numbers GEO: GSE153410.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

HeLa and 293FT cell lines were obtained from ATCC. Both the cell lines were maintained in DMEM supplemented with 10% FBS at

37�C and 5% CO2.

METHOD DETAILS

Cell Culture
HeLa cells were obtained from ATCC andweremaintained in Dulbecco’s Modified Eagle’s medium (DMEM) supplemented with 10%

Fetal Bovine Serum and 1%Penicillin/Streptomycin. The cells were maintained in humidified environment at 37�C in presence of 5%

CO2. HeLa cells were passaged every third day.

HiC analysis
HiC forward and reverse end reads were trimmed and aligned separately. The raw reads were mapped to hg19 assembly using

bowtie 2. The HOMER program makeTagDirectory was first used to create tag directories with tbp 1. Data was further processed

by HOMER in order to remove small fragment and self-ligations using makeTagDirectory with the following options:-removePEbg

-removeSpikes 10000 5. Next, findTADsAndLoops.pl was used to obtain overlapping TADs, produced at a 20kb resolution with

40kb windows. H3K27ac peaks intersecting with the identified TADs were counted and ranked to obtain the enhancers per TAD

slope. The HiC datasets were analyzed using the Juicer pipeline for visualization. The .hic file generated from the juicer pipeline

was then visualized using Juicebox. The contact maps were generated using Balanced normalization (Knight-Ruiz balancing

algorithm).

Super-enhancer calling
Super-enhancers were identified using the ROSE (Rank Ordering of Super-enhancers) algorithm (https://bitbucket.org/

young_computation/) using the aligned ChIP-seq reads as input with parameters -s 12500.

Circular chromosome conformation capture (4C)
4Cwas performed as per the protocol described in (van deWerken et al., 2012) withminor variations. HeLa cells were fixedwith 1.5%

fresh formaldehyde for 10 mins at room temperature and quenched with glycine (125mM) for 5 mins. The cells were washed thrice

Continued

REAGENT OR RESOURCE SOURCE IDENTIFIER

FourCSeq Software https://bioconductor.org/packages/release/bioc/

html/FourCSeq.html

4Cseqpipe Software http://compgenomics.weizmann.ac.il/

tanay/?page_id=367

hisat2 Software http://daehwankimlab.github.io/hisat2/

Samtools Software http://samtools.sourceforge.net/

HTSeq pipeline Software https://htseq.readthedocs.io/en/master/

DESeq2 Software https://bioconductor.org/packages/release/bioc/

html/DESeq2.html

EnhancedVolcano Software https://github.com/kevinblighe/EnhancedVolcano
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with ice-cold PBS and scraped, pelleted and stored at �80�C. Lysis buffer [Tris-Cl pH 8.0 (10mM), NaCl (10mM), NP-40 (0.2%), PIC

(1X)] was added to the pellets and homogenized by Dounce homogenizer (20 strokes with pestle A followed by 20 strokes with pestle

B). HindIII (400U, NEB) was used for the 3C digestion and T4DNA ligasewas used for ligation alongwith ligationmix [1%Triton X-100,

1X Ligation buffer (Tris-Cl pH 7.5 (50mM), MgCl2 (10mM), DTT (10mM)), BSA (0.0105mg/ml), ATP (0.105mM). The ligated samples

were purified by PCI, followed by ethanol precipitation. The pellet was dissolved in 1X TE (pH 8.0) to obtain the 3C library. DpnII (50U,

NEB) was used for 4C digestion and the samples were ligated, purified and precipitated similar to the 3C library to obtain the 4C

library. The 4C library was treated with RNaseA to remove any trace of contaminating RNA and purified by the QIAquick PCR puri-

fication kit. The library was then subjected to PCR using the oligos designed for the CDKN2A viewpoint (Table S1). The PCR amplicon

were purified using the same kit and subjected to next-generation sequencing with Illumina HiSeq2500 using 50bp single-end reads.

Number of reads in each replicate are mentioned in Table S3.

4C-seq analysis
The sequenced reads were aligned to hg19 assembly using default Bowtie2 options. The output BAM file was used as the input for

the FourCSeq pipeline. The first and second restriction site sequence was provided along with the primer sequence in the metadata.

The viewpoint information is also provided. The reference genome is then in-silico digested to obtain the reference fragments. Reads

mapping exactly to the fragment ends are then counted. This data is then plotted after smoothening and calculating Z-scores to

detect interactions. Interacting regions are defined with the following thresholds: a fragment must have z-scores larger than 3 and

an adjusted p value of 0.01 (Figure 2C; Figure S1C).

Beside FourCseq pipeline, 4Cseqpipe (http://compgenomics.weizmann.ac.il/tanay/?page_id=367) was also used to process the

sequenced data in (Figure 4K). 4C-seq images were generated using truncated mean at a 10kb resolution (Figure 4K).

Chromatin immunoprecipitation
Cells were crosslinked with 1% formaldehyde (Sigma-F8775) at room temperature for 10 mins with constant shaking. Glycine was

added to a final concentration of 125mM to quench the formaldehyde for 5mins. Cells werewashed thricewith 1X ice cold PBS. Cells

were scraped in 3 mL of 1X PBS and pelleted down at 2K rpm for 5 mins at 4�C. Cells were gently resuspended in L1A Buffer (10 mM

HEPES/KOH pH 7.9, 85mMKCl, 1 mMEDTA pH 8.0). Nuclei were isolated by adding L1B buffer (10mMHEPES/KOH pH 7.9, 85mM

KCl, 1 mM EDTA pH 8.0, 1% NP40) to the cells, resuspended and incubated on ice for 10 minutes. Nuclei were obtained by centri-

fuging at 3.5K rpm for 5 mins. Nuclear lysis buffer (L2) (50 mM Tris-HCl pH 7.4, 1% SDS, 10 mM EDTA pH 8.0) supplemented with 1X

PIC was added to the nuclear pellet and incubated on ice for 10 mins. Samples were sonicated using Diagenode biorupter with a

setting of 30 Sec ON and 30 Sec OFF for 25 cycles. Cell lysate was cleared by centrifuging samples at 12K rpm for 12 mins. 100

ug of sheared chromatin was taken for each IP. Sheared chromatin was diluted by adding Dilution Buffer (DB) (20 mM Tris-HCl

pH 7.4, 100 mM NaCl, 2 mM EDTA pH 8.0, 0.5% Triton X-100) supplemented with 1X PIC in 1:1.5 (1 volume of sheared chromatin

and 1.5 volumes of Dilution Buffer) ratio. 5% of diluted chromatin was set aside as Input. 1 ug of antibody was added to immunopre-

cipitate the DNA and incubated on rocking platform for overnight at 4�C. Protein G Dynabeads (Invitrogen-140004D) were prepared

by blocking in 1% BSA prepared in 1X PBS at 4�C for 1 hour followed by washing with 1X PBS. Immunoprecipitated DNA was

collected by adding 15 ul of BSA blocked beads to each sample and incubated at 4�C for 4 hours. Beadswere collected, flow through

was discarded and 600 ul of Wash Buffer I (20 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.1% SDS, 2 mM EDTA pH 8.0, 1% Triton X-100)

was added.Washingswere carried out at 4�Con a rocking platform.Washingswere sequentially repeatedwithWashBuffer II (20mM

Tris-HCl pH 7.4, 500 mM NaCl, 2 mM EDTA pH 8.0, 1% Triton X-100), Wash Buffer III (10 mM Tris-HCl pH 7.4, 250 mM LiCl, 1% NP-

40, 1% Sodium Deoxycholate, 1 mM EDTA pH 8.0 and 1X TE (10 mM Tris pH 8.0, 1mM EDTA pH 8.0). Immunoprecipitated DNAwas

eluted by adding 200 ul of Elution Buffer (100 mM NaHCO3, 1% SDS) for 45 mins at 37�C in a thermomixer with rpm of 1200. Eluate

was transferred to fresh tubes and 14 ul of 5MNaCl was added and kept overnight at 65�C. Immunoprecipitated DNAwas purified by

Phenol:chloroform:isoamyl alcohol (Ambion-AM9732) method, followed by ethanol precipitation. The final dried DNA pellet was dis-

solved in 100 ul of 1X TE. The ChIP data was plotted as the fold enrichment of percent input. First, percent inputs were calculated for

beads and antibody and then values obtained from beads were divided from antibody values to get the fold enrichment.

RNA Isolation and cDNA synthesis
Cells were lysedwith 1mL of Trizol reagent (Invitrogen-15596018). 1/5th volume of chloroformwas added to samples, briefly vortexed

and centrifuged at 12K rpm for 12 mins. The aqueous phase was carefully collected and transferred to fresh tubes. 0.7 volumes of

isopropanol were added to samples and incubated at room temperature for 10 mins to precipitate the RNA. The samples were

centrifuged at 12K rpm for 12 mins, supernatant was discarded without disturbing the pellet. The pellet obtained was washed

with 75% ethanol. Pellet was allowed to dry for 20 mins and dissolved in RNase free water. RNA obtained was treated with ezDNase

(Invitogen-117660) to remove the traces of contaminating DNA. 1 ug of RNA was taken for the cDNA synthesis. cDNA was

synthesized with Superscript IV (Invitrogen-18091050) cDNA kit.

CRISPR Cas9 mediated deletion
gRNAs were designed with https://zlab.bio/guide-design-resources tool. gRNAs were selected based on the highest score with a

least number of off targets. All the gRNAs were cloned in pgRNA humanized vector (#44248) a gift from Stanley Qi between
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BstX1 and Xho1 restriction sites. gRNAs were co-transduced with lenti-Cas9 vector (#52962) a gift from Feng Zhang. Cells were

selected for pgRNA humanized vector with puromycin (3ug/ml) for 48 hours. The remaining cells were seeded in a 96 well plate

such that each well gets a single cell. Wells with single cells were identified under microscope and allowed to grow till colonies

appeared. Media was changed after every fifth day. The cells were trypsinized and half of the cells were taken for the surveyor assay.

Surveyor assay was carried out by PCR-based method.

CRISPRi
For carrying out CRISPRi, gRNAs were designed to target the core of the enhancers. For each enhancer two gRNAs were designed.

Lentiviruses were made carrying dCas9-KRAB (#99372), a gift from Kristen Brennand and enhancer specific gRNAs. At the time of

transduction, cells were around 75% confluent. Viral soup supplemented with 8ug/ml of polybrene was added to cells. Infection was

stopped after 16 hours of transduction. Cells carrying the vectors were selected with 3ug/ml of puromycin for 72 hours.

Lentiviral transduction
HEK293FT cells were seeded in culture dishes coatedwith poly D lysine. Transfection of lentiviral packaging plasmid like pCMV-VSV-

G (#8454), a gift from Bob Weinberg lab along with the plasmid of interest was carried out by Lipofectamine 2000. Media was

changed after 6 hours. Viral soup was collected after 48 hours and 72 hours, pooled together, filtered and finally added to cells along

with 8ug/ml of polybrene. Infection was stopped after 16 hours of transduction.

b-galactosidase staining
Cells were stained for senescence associated b-Galactosidase activity according to the manufacturer’s protocol (Senescence

b-Galactosidase Staining from Cell Signaling #9860). Briefly, growth media was removed and cells were washed once with 1X

PBS. 1mL of 1X Fixative solution was added to eachwell and allowed to fix for 15mins at room temperature. Fixed cells were washed

twice with 1X PBS. To stain the cells, 1ml of b-Galactosidase Staining Solution was added to each well. Plates were carefully sealed

with parafilm to avoid evaporation and incubated at 37�C for 48 hours in a dry incubator devoid of CO2. Images were taken with

Olympus IX73. ImageJ was used to quantify the cells stained for senescence associated b-Galactosidase activity.

Cell proliferation assay
Cell proliferation assay was performed according to the manufacturer’s protocol (BrdU Cell Proliferation Assay Kit from cell signaling

#6813). Briefly, 2500 cells were seeded in 3 wells (triplicates) of 96 well plate. Cells were incubated for 48 hours. 1X BrdU solution was

added to each well and incubated for 24 hours. Growth media was removed and 100 ul of Fixing/Denaturing Solution was added to

eachwell for 30mins at room temperature. Post 30mins fixing solutionwas removed and 100 ul of 1X detection antibody solutionwas

added to each well for 1 hour at room temperature. Detection antibody solution was removed, followed by washing each well 3 times

with 1XWashBuffer. 100 ul of 1XHRP-conjugated secondary antibody solution was added for 30mins at room temperature. Solution

was removed followed by washing 3 times with 1XWash Buffer. 100 ul of TMB substrate was added for around 20 mins and reaction

was stopped by adding 100 ul stop solution. Absorbance was measured at 450 nm.

Wound healing assay
Cells were grown to confluence in 6well plates and two scratches per well were created. Cells were washedwith DPBS to remove the

cellular debris. After removing debris, images were taken and labeled as A0. Cells were allowed to migrate for 72 hours. The extent of

migration was recorded every 24 hours labeled as A1, A2 and A3. Wound closure (2 scratches per replicate) was measured with

ImageJ where wound closure (%) = (wounded area after every 24 hours/wounded area at A0) X 100.

Colony formation assay
For colony formation assay, 2000 cells each of CRWT and enhancer knockout lineswere seeded in onewell of 6 well plate. Cells were

allowed to form colonies for 10 days. Growthmedia was removed and cells were washed twice with 1X PBS. Colonies were fixedwith

absolute methanol for 10 mins followed by staining with 0.5% crystal violet for 20 mins. Colonies containing at least 50 cells were

counted using ImageJ.

RNA-Seq analysis
The raw reads were mapped to hg19 assembly using hisat2 in a strand specific manner. The output BAM file was sorted using

Samtools. This was then provided as an input for htseq-count, of the HTSeq pipeline, to count reads in the exonic features. The

raw counts from the different datasets were then used as in input in DESeq2 to obtain differentially expressed genes using default

thresholds. The volcano plots were plotted using the EnhancedVolcano tool on R.

Gene expression in tumors
Gene expression data from cancer patients belonging to the TCGA cohort were obtained from TCGAGenomic Data Commons (GDC)

(https://portal.gdc.cancer.gov/).
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ATAC-seq data in cervical tumors
ATAC-seq data of Cervical squamous cell carcinoma and endocervical adenocarcinoma (CESC) tumors from TCGA cohort were

obtained from TCGA study (Corces et al., 2018).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance is determined by unpaired t test (*p < 0.05; **p < 0.01; ***p < 0.005; ****p < 0.001; ns p > 0.05). The error bars

denote SEM. The statistical details of experiments can be found in the figure legends. n represents number of biological replicates.
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