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ABSTRACT CDKN2A/B deletion or silencing is common across human cancer, reinforc-
ing the general importance of bypassing its tumor suppression in cancer formation or
progression. In rhabdomyosarcoma (RMS) and neuroblastoma, two common childhood
cancers, the three CDKN2A/B transcripts are independently expressed to varying
degrees, but one, ARF, is uniformly silenced. Although TGFb induces certain CDKN2A/B
transcripts in HeLa cells, it was unable to do so in five tested RMS lines unless the cells
were pretreated with a broadly acting methyltransferase inhibitor, DZNep, or one tar-
geting EZH2. CDKN2A/B induction by TGFb correlated with de novo appearance of three
H3K27Ac peaks within a 20 kb cis element �150 kb proximal to CDKN2A/B. Deleting that
segment prevented their induction by TGFb but not a basal increase driven by methyl-
transferase inhibition alone. Expression of two CDKN2A/B transcripts was enhanced by
dCas9/CRISPR activation targeting either the relevant promoter or the 20 kb cis ele-
ments, and this “precise” manipulation diminished RMS cell propagation in vitro. Our
findings show crosstalk between methyltransferase inhibition and TGFb-dependent acti-
vation of a remote enhancer to reverse CDKN2A/B silencing. Though focused on
CDKN2A/B here, such crosstalk may apply to other TGFb-responsive genes and perhaps
govern this signaling protein’s complex effects promoting or blocking cancer.
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INTRODUCTION

It has long been recognized that bypassing tumor suppressor gene activity repre-
sents a pivotal step in cancer formation and progression. This is exemplified by the

CDKN2A and CDKN2B tumor suppressor genes, which lie in close proximity on chromo-
some 9p21 and encode three proteins that activate RB and p53, key effectors of cell
cycle arrest and response to genotoxic stressors.1 Individual CDKN2A/B transcripts can
be mutated,2 but the genes are more commonly co-deleted3 and can be silenced en
bloc by EZH2-mediated histone methylation via Polycomb Repressive Complex 2
(PRC2)4 and promoter methylation via DNA methyltransferases.5,6

Studies of mouse eye development show that the three transcripts encoded by
mouse Cdkn2a/b are not always silenced together. Expression of Arf, one of two tran-
scripts encoded by Cdkn2a, is strictly governed in a temporally and spatially restricted
pattern in later stages of embryogenesis.7–9 Tgfb2 is required for developmentally
regulated Arf expression in the mouse,10 and Tgfb1, 2, and 3 share the capacity to drive
Arf transcription in a Smad-dependent fashion in cultured mouse fibroblasts.11 This
effect hinges on a non-coding, 70 kb DNA segment lying approximately 100 kb
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upstream of mouse Cdkna/b.12 Such studies begin to define cis enhancers engaged by
an extracellular signal to drive Cdkn2a/b transcription and may provide what could be
an entry point for modifying their expression in cancer cells.

Attempting to extend this to cancer models, we were initially struck by the relative
paucity of human cancer cell lines in which TGFb could induce CDKN2A/B gene expres-
sion. Of ten tested cancer cell lines (1 prostate cancer, 2 colorectal carcinoma, 1 RMS, 4
cervical cancer, and 2 osteosarcoma), induction was only observed in HeLa cells, which
are known to harbor HPV E6 and E7 oncoproteins targeting p53 and RB, respect-
ively.13,14 Similar to mouse cells, CDKN2A/B induction depended on a 20 kb cis element
located approximately 110 kb from the CDKN2B transcription start site.13

To further this work, we primarily focused on rhabdomyosarcoma (RMS), a malig-
nant soft tissue sarcoma most commonly occurring in children.15 Two major forms of
RMS are recognized: a fusion-positive (FP) form typically harboring a balanced trans-
location generating neomorphic oncogenic fusion proteins PAX3-FOXO1 or PAX7-
FOXO1, and a fusion-negative (FN) subtype often associated with RTK/RAS/MAPK
pathway abnormalities.16,17 Mouse and cell culture-based models of PAX3-FOXO1 and
RAS-driven RMS show the importance of CDKN2A and p53 as suppressors in both forms
of the disease.18–20 Nucleic acid sequencing rarely shows deleterious mutations in
CDKN2A/B, RB1, or p53 genes,17 and CDKN2A/B copy-number loss has been reported in
only approximately 10% of the cases.17,21 As such, RMS formation or progression may
depend on silencing CDKN2A/B transcription, creating a potentially reversible
dependency.

We now report a previously unrecognized role for a methyltransferase acting
through a 20 kb cis enhancer to govern TGFb-dependent induction of CDKN2A/B tran-
scripts in RMS cells. Using models of fusion-positive and negative RMS, we demon-
strate the capacity to restore expression of two of the three CDKN2A/B transcripts with
pharmacological and molecular approaches that have the potential to be more pre-
cisely applied as therapeutic strategies.

RESULTS
Assessment of CDKN2A/B Regulation in RMS. CDKN2A and CDKN2B genes, located

at human chromosome 9p21, represent an unusual genomic locus that controls both
RB and p53 activities. Conserved in mammals and many other amniotes,22 CDKN2A
transcription can yield two different transcripts with first exons separated by over
10 kb (Fig. 1A). One of the CDKN2A transcripts and CDKN2B encode closely related
members of the INK4 family proteins, p16INK4A and p15INK4B, that block cyclin D-
dependent kinases 4 and 6.23,24 CDKN2A produces a second transcript from exon 1b,
and it is translated in an alternate reading frame to generate p14ARF (or p19Arf in the
mouse).25 This protein is thought to primarily activate p53 by sequestering MDM2,26

but we and others have shown the mouse version also exerts p53-independent effects
that can control cell proliferation8 and suppress Pdgfrb expression during late stages
of eye development,9 activities essential for normal vision.7,8

Disruption of CDKN2A/B encoded proteins is common in human cancer. Analyzing
data generated for 33 different forms of cancer in The Cancer Genome Atlas (TCGA)
program of the NCI revealed that the two genes display wide ranging gene copy-
number loss frequencies from very rare in LAML, THCA, and PCPG to very common in
ESCA, SKCM, and GBM (Fig. 1B). In the vast majority of cases, copy-number loss
involved both CDKN2A and B, implying that transcripts encoded by both are important
in tumor suppression.

CDKN2A/B also must be bypassed in RMS. Our reanalysis of SNP array or next-gener-
ation DNA sequencing from 258 RMS specimens showed that 39 (15%) contained
CDKN2A/B deletion, which is consistent with previous reports.17,21 Focusing on 42 RMS
cases without CDKN2A/B copy-number loss, we found that a) ARF expression was
essentially undetectable (FPKM < 1) in all cases of FN and FP RMS; b) INK4A and INK4B
mRNA was < 2 FPKM in at least 50% of each RMS sub-type (Fig. 1C, upper panel).
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Statistical analysis showed that expression of each transcript subtype did not signifi-
cantly correlate with expression of the others across the 42 cases (see Table S1 in the
supplemental material).

FIG 1 Assessment of CDKN2A/B regulation in RMS and TCGA tumors. (A) Schematic diagram showing CDKN2A/B locus, which encodes three tumor
suppressor proteins p14ARF, p16INK4A, and p15INK4B. (B) Quantitative analysis showing the percentage of copy-number loss in the CDKN2A and B locus across
33 human cancers from TCGA database. (C) ARF, INK4A, INK4B, and EZH2 expression from RNA-seq data of RMS (top) and NBL (bottom) specimens in which
CDKN2A/B is intact. Gene expression is presented as FPKM (fragments per kilobase of transcript per million mapped reads). (D) Quantitative analysis of
mRNA expression of CDKN2A/B locus in tested RMS cell lines in comparison to HeLa cells. Gene expression of the indicated genes were normalized to the
one in HeLa cells. (E–F) The analysis of (E) genome integrity of CDKN2A/B locus (PCR image) and (F) the basal levels of EZH2, p16INK4A, p15INK4B, p14ARF

protein (Western blot) in tested RMS cell lines as compared to HeLa cells. The primer sets (red arrows) used for detecting genome integrity are located
within the exons of CDKN2A/B and indicated in the schematic diagram A. ACC, adrenocortical carcinoma; BLCA, bladder carcinoma; BRCA, breast invasive
carcinoma; CESC, cervical and endocervical cancers; CHOL, cholangiocarcinoma; COAD; colon adenocarcinoma; DLBC, diffuse large B-cell lymphoma; ESCA,
esophageal carcinoma; GBM, glioblastoma; HNSC, head and neck squamous cell carcinoma; KICH, kidney chromophobe; KIRC, kidney renal clear cell
carcinoma; KIRP, kidney renal papillary cell carcinoma; LAML, acute myeloid leukemia; LGG, low-grade glioma; LIHC, liver hepatocellular carcinoma; LUAD,
lung adenocarcinoma; LUSC, lung squamous cell carcinoma; MESO, mesothelioma; OV, ovarian cancer; PAAD, pancreatic adenocarcinoma; PCPG,
pheochromocytoma and paraganglioma; PRAD, prostate adenocarcinoma; READ, rectum adenocarcinoma; SARC, sarcoma; SKCM, skin cutaneous melanoma;
STAD, stomach adenocarcinoma; TGCT, testicular germ cell tumors; THCA, thyroid carcinoma; THYM, thymoma; UCEC, uterine corpus endometrial
carcinoma; UCS, uterine carcinosarcoma; UVM, uveal melanoma; FN, fusion-negative; FP, fusion-positive. Error bars: ±SEM.
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Analyzing a panel of human RMS cell lines revealed similar findings. In FN (RD, JR-1)
and FP (JR, RH28, RH30) RMS lines, expression of the CDKN2A/B transcripts varied, but
it was mostly low when compared to HeLa cells (Fig. 1D). Moreover, only RD and JR-1
displayed RAS gene mutation, both generating the N-RASQ61H variant, but the presence
of oncogenic RAS did not correlate with CDKN2A/B expression. Only the RD cell line
showed deletion of one of the CDKN2A/B exons (exon 1a), which correlated with no
detectable INK4A expression (Fig. 1E and F). We conclude that CDKN2A/B genes were
commonly deleted in many forms of cancer, and the expression of CDKN2A/B tran-
scripts, especially ARF and INK4B, was commonly silenced in RMS. The relatively low
expression in these forms of cancer, including those with RAS mutation, supports our
hypothesis for active silencing of the transcripts. We note the relatively high expression
of EZH2 mRNA and protein in the RMS specimens and cell lines (Fig. 1C, upper panel,
and F). This suggests that it may play a role in CDKN2A/B silencing.

To evaluate whether CDKN2A/B silencing without gene copy-number loss is found
in other childhood cancers, we explored neuroblastoma (NBL), a malignant neoplasm
most often arising from the adrenal glands in young children.27 Our analysis of data
from 195 NBL cases revealed CDKN2A/B copy-number loss in 29%. As in RMS, NBL cases
without evidence for copy-number loss showed very low ARF expression in nearly all
cases, and variable silencing in INK4A and INK4B in a majority (Fig. 1C, lower panel). In
the 139 NBL cases without CDKN2A/B copy-number loss, expression of ARF was again
not correlated with the other two transcripts, while INK4A and INK4B showed moderate
correlation in expression (r¼ 0.52) (see Table S1 in the supplemental material). Hence,
finding ways to restore expression of these silenced tumor suppressors could have
ramifications beyond RMS.

Inhibiting Methyltransferase Activity Restores CDKN2A/B Induction by TGFb
in RMS Cells. Given previous findings in the developing mouse and mouse fibro-
blasts10–12,28 and our studies of HeLa cells,13 we addressed whether TGFb could boost
ARF and INK4A/B expression in RMS. We confirmed that the TGFb signaling was intact
in RD cells and four additional RMS lines, as evidenced by statistically significant induc-
tion of SMAD7 mRNA following exposure to TGFb for 72 h (Fig. 2A). Despite this, expos-
ure to TGFb failed to induce INK4A or ARF in any line and led to only a very small
increase in INK4B expression in three of the five tested lines (Fig. 2B to D).

We previously showed that increased histone H3K27 acetylation in cis DNA ele-
ments correlated with TGFb driven induction of INK4B and ARF in HeLa cells.13 H3K27
tri-methylation is known to reverse the chromatin structure effects of H3K27 acetyl-
ation,29 and EZH2 is widely recognized for its capacity to drive H3K27 methylation as
part of the Polycomb Repressive Complex (PRC) 2.30 Interestingly, a Bayesian analysis
pipeline was used to nominate potential RMS drivers by integrating gene copy-number
and expression; genes with coordinate copy-number and expression gains were pre-
dicted to encode RMS drivers.31 EZH2 was among 25 candidates, and its importance
was validated in a CRISPR/Cas9-based mini-pool screen with two RMS cell lines.31

Based on this and other reports of EZH2 in RMS,32,33 we explored whether it might
contribute to CDKN2A/B silencing in this tumor.

As a first step to investigate whether methyltransferase activity might render RMS
cell lines “nonresponsive” with respect to CDKN2A/B induction by TGFb, we tested 3-
deazaneplanocin A (DZNep), which inhibits S-adenosylhomocysteine synthesis,34

decreases EZH2 expression,35 and broadly blocks histone methylation.36 RD cells
exposed to DZNep for 7 days displayed lower EZH2 expression and H3K27me3 (Fig. 3A,
left panel). DZNep modestly increased basal expression of ARF or INK4B at protein or
mRNA level, and it more substantially boosted the ability of TGFb to further elevate
expression of these genes (Fig. 2B and C).

We found similarities and differences when we extended these studies to the other
RMS cell lines in our panel (Fig. 2D). Consistent with RD cells, DZNep pretreatment
boosted the expression of INK4A and INK4B transcripts in all lines to varying degrees,
and ARF in three of them. TGFb induced ARF and INK4B after pretreatment with DZNep
to a degree that was greater than (JR and RH30) or similar (RH28, JR-1) to that achieved
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FIG 2 Inhibition of methyltransferases with DZNep treatment on CDKN2A/B induction by TGFb in RMS cells. (A) Quantitative analysis of Smad7 mRNA
expression in tested RMS cell lines treated with vehicle or TGFb for 72 h. (B–C) The effect of DZNep treatment on further ARF and INK4B induction by TGFb
in RD cells was determined by (B) protein levels through Western blots and (C) mRNA expression through qRT-PCR. (D) Quantitative analysis of mRNA
expression of the indicated genes in tested RMS cell lines preincubated with DZNep following with TGFb induction. For quantitative mRNA expression in
panels C and D, gene expression of the indicated genes are normalized to the “H2O-V” group. V, Vehicle; T, TGFb. Error bars: ±SEM. §P< 0.05, T vs. V;
�P< 0.05, greater than “H2O-V”;

#P< 0.05, greater than “DZNep-V”.

FIG 3 The effects of HMT inhibitor specific to EZH2 on restoration of CDKN2A/B induction by TGFb in RMS cells. (A) Representative Western blots for the
indicated proteins using lysate from RD cells incubated with or without HMT inhibitors for 7 days. (B) Quantitative analysis of Smad7 mRNA expression in
tested RMS cell lines preincubated with DZNep following with TGFb induction. (C) Quantitative analysis of mRNA expression of the indicated genes in RD
and JR cells preincubated with EPZ-6438 following with TGFb induction. For quantitative mRNA expression in panels B and C, gene expression of the
indicated genes are presented as fold change over expression in vehicle treated cells. (D) Quantitative analysis of EZH2 expression following targeted
shRNA knockdown through qRT-PCR (top) and Western blotting (bottom) in RD cells. (E) Quantitative analysis of mRNA expression of the indicated genes
with RD cells stably expressing either shRNA control or shRNA targeting EZH2, followed by vehicle or TGFb treatment for 72 h. V, Vehicle; T, TGFb. Error
bars: ±SEM. ¶P< 0.05, “HMT inhibitor” vs. “control”; �P< 0.05, Control vs EZH2 shRNA; §P< 0.05, T vs. V.
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by TGFb alone. We found no evidence for TGFb-dependent induction of INK4A, with or
without DZNep pretreatment, similar to our studies of HeLa cells.13 Of note, DZNep did
not enhance TGFb induction of SMAD7; indeed, in JR-1 and JR cells, it seemed to impair
a robust induction of this gene by DZNep alone (Fig. 3B).

We considered whether the effect of DZNep could be mimicked by a histone meth-
yltransferase inhibitor that is specific to EZH2 and its deposition of H3K27me3, previ-
ously implicated as a regulator of Cdkn2a/b4 and an oncogenic driver in RMS,32,33 as
mentioned above. We utilized EPZ-6438, which has 35-fold selectivity for EZH2 over
EZH1 and > 4500-fold selectivity relative to other tested histone methyltransferases.37

Pretreatment of RD cells with EPZ-6438, at a dose that blocks H3K27me3 deposition
without altering EZH2 protein level (Fig. 3A, right panel), significantly enhanced ARF
and INK4B induction by TGFb (Fig. 3C, left panel). In JR cells, we also observed the
improved induction of ARF and INK4B, and as in the DZNep studies, the induction of
INK4A was not changed by EPZ-6438 pretreatment (Fig. 3C, right panel). Finally,
shRNA-mediated EZH2 knockdown in RD cells enhanced basal ARF and INK4B expres-
sion, and modestly boosted INK4B induction by TGFb (Fig. 3D and E). Taken together,
we conclude that TGFb induction of ARF and INK4B can be restored or further aug-
mented in some RMS cell lines by preexposure to methyltransferase inhibitors, includ-
ing one specific to EZH2. We note the relatively greater effect on INK4B than ARF, and
the inability of TGFb to induce INK4A even though methyltransferase inhibition can ele-
vate its basal level. This indicates that the molecular basis controlling expression of
each transcript may still contain distinct elements. The relatively greater effect of
DZNep versus EZH2-specific inhibition or knockdown suggests that other methyltrans-
ferases may contribute to render CDKN2A/B in RMS cells “nonresponsive” to TGFb.

Distant Enhancers Are Required to Restore TGFb-Mediated, CDKN2A/B
Induction in RMS Cells. We previously defined a 20 kb cis element required for TGFb-
dependent induction of ARF and INK4B in HeLa cells, and TGFb fostered H3K27 acetyl-
ation at three peaks within this region13 (Fig. 4A). In contrast to HeLa cells, TGFb did
not measurably change the very low level of H3K27Ac at these sites in either RD or JR
cells (black versus gray line; Fig. 4B and C, top panels). Preincubation with DZNep
showed a slight increase in H3K27Ac at these peaks in both cell lines, but subsequent
exposure to TGFb dramatically enhanced it in three peaks (red and blue lines, respect-
ively; Fig. 4B and C, top panels), as in HeLa cells.13

We explored whether H3K27 tri-methylation at these peaks might be altered by
DZNep because very little H3K27me3 was reported in this region in HeLa cells,38 in which
TGFb induces ARF and INK4B without methyltransferase inhibition.13 ChIP-qPCR showed
that H3K27me3 is mostly deposited at sites flanking P1, P2, and P3 in RD and JR cells,
and the methylation decreases following DZNep but is not consistently altered by TGFb
with or without DZNep pretreatment (gray versus blue line; Fig. 4B and C, lower panel).

To further explore how the 20 kb region contributed to DZNep and TGFb effects in
RD cells, we used CRISPR/Cas9 to generate a targeted deletion of the region
(DChr9:22121-22141K, D20 kb), which we confirmed to be deleted in two separate
clones (Fig. 4D). Comparing these clones to parental cells and controls in which nontar-
geting GAL4 sgRNA was used showed that the ability of DZNep to induce the basal
expression of ARF and INK4B was not affected by the deletion (Fig. 4E). In contrast, loss
of the 20 kb enhancer erased the induction of these transcripts by TGFb (Fig. 4F). We
conclude that the 20 kb region contributes to TGFb-driven induction of ARF and INK4B
in RMS, but it is not required for a broadly acting histone methyltransferase inhibitor to
augment their basal expression.

CRISPRa-Mediated ARF and INK4B Promoter Activation Decreases RMS Cell
Accumulation. To begin to understand the potential to “precisely” reprogram
CDKN2A/B expression in RMS, we explored whether we could use a CRISPR-based acti-
vation (CRISPRa) system to directly induce ARF or INK4B expression. In this system,
sgRNAs guide the nuclease-dead Cas9 (dCas9) that has been modified to include a
transactivation motif.39,40 We utilized dCas9-VPR, which contains reiterated VP16
motifs (VP64) and two other transactivation domains, p65 and Rta,41 and can be stably
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expressed using a lentiviral vector in RD and JR cells (Fig. 5A). We designed sgRNAs to
target regions 40–500 bp upstream of the transcriptional start sites of ARF and INK4B
(Fig. 5B), and we used a pool of lentiviral vectors to deliver those guides or a nontar-
geting sgRNA (GFP-T2) as a control. Five days following transduction with the afore-
mentioned vectors, we confirmed by ChIP-qPCR that dCas9-VPR was recruited to the
ARF and INK4B promoters in response to the expression of the respective sgRNA pools
but not the nontargeting control (Fig. 5C). At that time point, expression analyses
showed a 5- to 7-fold induction in ARF and INK4B mRNA and their respective proteins
in both RD and JR cells in comparison to the nontargeting control (Fig. 5D and E).

We then tested whether restoring CDKN2A/B expression by CRISPRa could limit cell
accumulation in vitro. To do this, we cultured RD-dCas-VPR and JR-dCas-VPR cells for
four days in puromycin after delivering the sgRNA pool, at which point cells were har-
vested and replated at low density to monitor cell accumulation 48 and 96 h later. No
significant difference was observed after 48 h, but the number of cells was significantly
lower at 96 h (Fig. 5F). Targeting ARF had a significantly greater effect in JR cells than
RD (Fig. 5F, right panel). This difference correlated with multiple common p53 muta-
tions, such as mutp53R248W and mutp53P72R, in RD but not JR cells, and with a greater
induction of p53 protein in JR (Fig. 5E). We used EdU pulse labeling to explore whether
the decreased accumulation at 96 h correlated with decreased progression through

FIG 4 The TGFb-mediated enhancer region on CDKN2A/B reactivation followed by epigenetic modification in RMS cells. (A) Diagram indicating the
CDKN2A/B locus, together with the TGFb-mediated enhancer region including enhancer peaks identified previously (denoted as P1–3)13 on the
chromosome 9p21. (B-C) H3K27Ac and H3K27me3 ChIP-qPCR across the TGFb-mediated enhancer region identified in the previous study with 1 kb
resolution. The ChIP assay was performed in either (B) RD or (C) JR cells preincubated with or without DZNep for 7 days following vehicle or TGFb
treatment for another 72 h. Pull down signal is presented as relative pull down normalized against signal obtained at coordinate: 22121 k in “H2O-V” group.
The data were obtained from single experiment with triplicate samples in qPCR analysis. (D) RDD20kb cell clones were generated through CRISPR/Cas9-
mediated homologous recombination. Deletion of 20 kb region with the sgRNA pair and its further validation through PCR with assigned primer sets were
followed by previous design13 and highlighted in the schematic diagram. The representative gel indicated that compared to the control strains, the
deletion clones can only amplify flanking (red arrow) but not internal (blue arrow) signal, suggesting homozygous deletion of the clones. (E-F) Quantitative
analysis of mRNA expression of the indicated genes in RDD20kb cells preincubated with or without DZNep for 7 days following vehicle or TGFb treatment
for another 72 h, compared to control strains (RD and RD/Gal4 cells). In panel E, gene expression of the indicated genes are only shown with vehicle
treated cells and normalized to the one in control (H2O) group, to address the effect of DZNep treatment on baseline expression of the genes. mRNA
expression is presented as T/V fold-change with expression in TGFb treated cells over one in vehicle treated cells in panel F, to address the effect of
DZNep treatment on TGFb-mediated ARF/INK4B induction. V, Vehicle; T, TGFb. Error bars: ±SEM. �P< 0.05, DZNep V vs H2O V; #P< 0.05, DZNep T vs DZNep
V; §P< 0.05, DZNep vs H2O.
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S-phase. We found no difference in the percent of EdU-positive cells in the control ver-
sus experimental plates at 96 h [54, 53, and 57% positive (RD) and 57, 53, and 53%
positive (JR), for GFP-T2, ARF, and INK4B pools, respectively (P> 0.05)], although the
overall number of Hoechstþ nuclei in the plates decreased (CR and SXS; negative data
not shown). Together, our findings indicate that “precise” re-induction of native
ARF/INK4B in established tumor cell lines can limit accumulation without measurably
altering G1-S phase progression.

CRISPR-Dependent Modifications of TGFb-Dependent Enhancers Influence ARF
and INK4B Expression in HeLa and RMS Cell Lines. We next explored whether
CDKN2A/B gene expression could be restored by localizing dCas9-VPR to the silenced
remote enhancers required for TGFb-dependent ARF and INK4B induction. As there
were three distinct H3K27Ac peaks located within the 20 kb enhancer region (Fig. 4A
to C), we first used HeLa cells and a CRISPR interference (CRISPRi) approach to test
whether one or more were dominant with respect to CDKN2A/B induction by TGFb.
Here we employed dCas9 fused to a Kruppel-associated box (KRAB) motif (dCas9-
KRAB),42 which we stably expressed in HeLa cells. We designed two sgRNAs targeting
each of the three enhancer peaks, and we showed by ChIP-qPCR that their expression
as either a “mini-pool” targeting one individual peak or as a pool targeting all three
peaks localized dCas-KRAB to the respective enhancer (Fig. 6A). We found the induc-
tion of ARF and INK4B mRNA by TGFb to be significantly blunted when dCas9-KRAB
was targeted to any one of the enhancer peaks, but the magnitude of blunting seemed

FIG 5 CRISPRa-mediated, promoter activation of ARF/INK4B in RMS cells. (A) Representative Western blots using anti-Cas9 antibodies to detect dCas9-VPR
expression with lysate prepared from transduced RD and JR cells stably expressing dCas9-VPR. (B) A schematic diagram indicating the position of sgRNAs
(red arrows), which were used for CRISPR activation of the ARF and INK4B locus, relative to the transcription starting site of corresponding genes. (C)
Quantitative analysis of representative ChIP assays by using anti-Cas9 antibodies to validate the recruitment of dCas9-VPR to the promoter region of ARF
and INK4B. ChIP was performed using RD cells stably expressing dCas9-VPR and sgRNAs targeting either ARF promoter (ARF pool), INK4B promoter (INK4B
pool), or GFP-T2 (nontargeting control). Immunoprecipitated DNA and input DNA were amplified with primers for genomic regions (green lines) indicated
in the schematic diagram B, and the pull down signal of the indicated locus is presented as relative pull down normalized against signal obtained in “GFP-
T2” group. (D) Quantitative analysis of mRNA expression of the indicated genes in RD and JR cells following CRISPRa-mediated ARF/INK4B activation. Gene
expression of the indicated genes are normalized to the “GFP-T2” group. (E) Representative Western blots for the indicated proteins using lysate from RD
and JR cells following CRISPRa-mediated ARF/INK4B activation. (F) Cell proliferation assays of RD and JR cells following CRISPRa-mediated ARF/INK4B
activation. Cells were counted at 48 and 96 h postreplating and further normalized to the “GFP-T2” group at 48 h. Error bars: ±SEM. �P< 0.05, vs GFP-T2;
#P< 0.05, ARF pool vs INK4B pool.
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least for P2, even though dCas9-KRAB was targeted most robustly to that peak (Fig. 6A
and B). Similarly, targeting P2 did not seem to add to the repressive effects of targeting
P1, P3, or both on ARF and INK4B induction by TGFb (Fig. 6B). Localizing dCas9-KRAB to
each of the three enhancer peaks had a modest, if any, effect on baseline expression of
ARF or INK4B mRNA (Fig. 6C), which is also consistent with our previous findings when
the 20 kb region was deleted in HeLa cells.13 We conclude that, in HeLa cells, localizing
a trans repressor to cis enhancer elements, particularly P1 and P3, limited ARF and
INK4BmRNA induction by TGFb without affecting basal expression.

Having concluded that the individual enhancer peaks can contribute to TGFb-
driven expression of ARF and INK4B in HeLa cells, and that CRISPRa could induce these
transcripts when targeted to promoter elements in RMS cell lines, we explored

FIG 6 Assessment of enhancer dependency within the TGFb-dependent region on ARF/INK4B expression through CRISPRi in HeLa cells. (A) Quantitative
analysis of representative ChIP assays by using anti-Cas9 antibodies to validate the recruitment of dCas9-KRAB to the previously defined enhancer peaks
(P1, P2, and P3) located within TGFb-dependent region. ChIP was performed using HeLa cells stably expressing dCas9-KRAB and sgRNAs targeting
enhancer peaks either individually (P1, P2, and P3 pool) or concurrently (P1þ P2þ P3 pool), together with the one targeting GFP-T2 as a nontargeting
control. The position of designed sgRNAs (arrows) in relation to enhancer peaks and genomic regions (green lines) where primers were designed to
amplify immunoprecipitated DNA and input DNA are indicated in the schematic diagrams above. Pull down signal of the indicated locus is presented as
relative pull down normalized against signal obtained in the “GFP-T2” group. (B-C) Quantitative analysis of mRNA expression of the indicated genes in
HeLa cells with assigned enhancer peaks silenced through CRISPR interference, following vehicle or TGFb treatment for 72 h. In the panel B, mRNA
expression is presented as T/V fold-change with expression in TGFb treated cells over one in vehicle treated cells, in comparison to the value obtained
from control CRISPRi strains with either no sgRNA (WT) or nontargeting sgRNA (GFP-T2) expression. In the panel C, gene expression of the indicated genes
are only shown with vehicle treated cells and normalized to the wild-type (WT) group, to address the effect of targeted enhancer silencing on baseline
expression of the genes. Error bars: ±SEM. �P< 0.05, vs GFP-T2; #P< 0.05, vs WT.
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whether CRISPRa could achieve the same effect when targeting the silenced cis
enhancers alone or following exposure to DZNep. As a first step, we confirmed that a
pool of guides targeting P1, P2, and P3 could localize the dCas9-VPR protein to each
enhancer element. With the notable exception of the P1 enhancer, DZNep did not sub-
stantially impede or enhance dCas9-VPR localization (Fig. 7A). Targeting dCas9-VPR to
the three enhancers boosted the expression of ARF and INK4B mRNA to approximately
the same degree as targeting the respective promoters (Fig. 7B, left two panels).
DZNep pretreatment again elevated expression of ARF and INK4B mRNA, and CRISPRa
targeting of the P1, 2, and 3 enhancers further elevated their expression. Finally, like
TGFb which fails to boost the expression of INK4A, artificially activating these
enhancers did not induce INK4A expression even after DZNep exposure (Fig. 7B, right
panel). This indicated that the selective action of TGFb on ARF and INK4B depended on
molecular mechanisms intrinsic to the enhancers and unrelated to signals emanating
from TGFb.

DISCUSSION

The role that TGFb plays in cancer is confusing in that many papers have shown its
capacity to either promote or arrest cancer formation or progression. Our findings
shed some new light on this problem. The mouse Arf transcript, encoded by Cdkn2a
orthologous to human CDKN2A, is essential for vascular remodeling in the primary vit-
reous space during eye development.8 In addition to developing cancer, Arf null mice
are blind.7,8 The expression of Arf was initially thought to be silenced during mouse
embryo development, but it is actually exquisitely controlled in a spatially and tempor-
ally restricted pattern that is distinct from Ink4a expression.7–9 TGFb2 is essential for Arf

FIG 7 CRISPRa-mediated activation of TGFb-dependent enhancers on ARF/INK4B expression in JR cells. (A) Quantitative analysis of representative ChIP
assays by using anti-Cas9 antibodies to validate the recruitment of dCas9-VPR to the assigned genomic regions. ChIP was performed using CRISPRa strains,
including sgRNAs targeting the promoter regions of ARF and INK4B (ARF pool and INK4B pool), remote enhancers required for ARF/INK4B induction by TGFb
(P1þ P2þ P3 pool), or GFP-T2 (nontargeting control), followed by treatment of DZNep or H2O. The position of designed sgRNAs (red arrows) for CRISPR
activation and the genomic regions (green lines) where primers were designed to amplify immunoprecipitated DNA and input DNA are indicated in the
schematic diagrams above, and the pull down signal of the indicated locus is presented as relative pull down normalized against signal obtained in the
nontargeting control group with treatment of H2O (GFP-T2 with H2O). (B) Quantitative analysis of mRNA expression of the indicated genes in JR cells with
assigned promoter or enhancer regions activated through CRISPRa, following DZNep or H2O treatment for 7 days. Gene expression of the indicated genes
are normalized to the “GFP-T2 with H2O” group. To evaluate whether DZNep treatment facilitates CRISPRa-mediated gene activation, the value of
“DZNep/H2O fold-change” with expression in DZNep treated cells over one in H2O treated cells is calculated and listed as the table below the column
chart. Error bars: ±SEM. �P< 0.05, vs “GFP-T2 with H2O”;

#P< 0.05, DZNep vs H2O.
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expression during eye development,10 and a distal cis regulatory element residing in
the gene desert flanking Cdkn2a and Cdkn2b is required for TGFb-driven Arf induc-
tion.12 The mouse TGFb-ARF signaling pathway, including a requirement for a distant,
cis enhancer, is conserved in human Hela cells, but TGFb does not directly induce
CDKN2A/B transcripts in most human cancer cell lines we tested.13 We now show that
blocking histone methyltransferase activity using either broadly acting or EZH2-specific
inhibitors restores TGFb responsiveness. The effect was specific to ARF and INK4B, not
INK4A, and INK4B induction was greatest. We narrowed the cis regulatory element to a
20 kb region in which TGFb activates a de novo enhancer evidenced by new H3K27
acetylation marks. This same enhancer element was found in HeLa cells which shows
conservation of this regulatory region across different cell lineages. Methyltransferase
inhibition and EZH2 knockdown boosted basal expression of all three CDKN2A/B tran-
scripts, but TGFb and directly targeting the enhancers with dCas-VPR only induced ARF
and INK4B. Other recent papers have addressed crosstalk between histone or DNA
methylation and TGFb effects on cancer,43–45 but ours is the first to implicate histone
methylation of a remote enhancer in governing anticancer effects of the TGFb
pathway.

The noncoding segment of DNA flanking CDKN2A and CDKN2B has been implicated
in a number of human diseases. For example, genome-wide association studies link SNPs
to risk for coronary artery disease,46–48 type 2 diabetes mellitus,49,50 and Alzheimer’s dis-
ease.51,52 As introduced above, the knockout of a 70 kb noncoding mouse DNA segment
orthologous to the coronary artery disease risk interval increased weight gain and
lowered survival when animals were fed a high fat/high calorie diet.53 Subsequently,
those animals were shown to display an ocular developmental defect reminiscent of
a childhood disease, persistent hyperplastic primary vitreous (PHPV) (sometimes
known as persistent fetal vasculature).12 The closest mouse and human protein-cod-
ing genes are CDKN2A and CDKN2B, residing approximately 60 kb from the most
prominent SNPs,47 and mouse Cdkn2a/b transcripts are lower in the heart and the
primary vitreous in mice lacking the CAD risk interval.12,53 Loss of Arf expression in
that model, like direct Arf knockout in the mouse, directly leads to primary vitreous
expansion by derepressing Pdgfrb expression,54 which results in excess vascular
endothelial cell proliferation.9

The cis enhancer we characterized in HeLa and RMS cells lies in a large gene desert
increasingly implicated in gene regulation. The first insights for this stemmed from find-
ing a long noncoding RNA, CDKN2BAS/ANRIL that is transcribed from the ARF promoter
in the opposite direction.55 Early mechanistic studies showed that ANRIL localized the
PRC2 complex to silence CDKN2A/B expression.56 However, the aforementioned 70 kb
deletion in the mouse included the lncRNA and further repressed Cdkn2a/b, which
suggested the existence of cis enhancers in the region. Our and others’ reports sup-
port that concept. For example, a recent paper provided bioinformatics and func-
tional evidence for super enhancer clusters within a topologically associating
domain that spans that region.38 Detailed mechanistic studies show the inter-
dependence of a distinct subset of these enhancers which support the expression of
all three CDKN2A/B transcripts.38 When deleted or silenced by a CRISPR/Cas9-based
approach, EZH2 is enriched at the ARF, INK4A, and INK4B promoters, and their expres-
sion is silenced. Our findings further this work by showing that specific enhancer ele-
ments (P1, P2, and P3) can be engaged by TGFb in RMS cells (like HeLa cells), but
only after blocking histone methylation. Publicly available 4 C data from HeLa cells38

does not support the physical interaction of this 20 kb region to the CDKN2A/B locus,
which is consistent with an inactivated status of the 20 kb enhancers without
TGFb.13,38 Further experiments will be needed to prove whether TGFb leads to con-
formational changes bringing the enhancers to INK4B and ARF promoters and to
define mechanisms that exclude INK4A induction. We anticipate that such studies
can help clarify the discordant expression of these tumor suppressors in cancers,
their capacity to be induced therapeutically, and how sequence variants in the
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noncoding region may influence phenotypes as disparate as type 2 diabetes and
Alzheimer’s disease.

Our findings may also have relevance for human cancer biology. The 9p21 region is
among the most commonly deleted genes in all of human cancer, and as we showed,
most deletions disrupt CDKN2A and CDKN2B coding sequence. That the region is so
commonly deleted underscores its general importance as a barrier to cancer formation
and/or progression, but it also raises the question of how CDKN2A/B is bypassed when
not deleted. Indeed, for RMS and neuroblastoma, ARF is essentially universally silenced,
and most cases have no or low expression of INK4B and/or INK4A, as well.
Pharmacologically restoring their expression is not a new concept. Inhibiting DNA and
histone methylation has been explored in many human cancers, including RMS.57,58

However, those approaches have not substantially influenced clinical care, perhaps
because the beneficial effects of such manipulations are likely to be dictated by the
underlying state of the genes (e.g., deleted or intact) and by the epigenetic state of
key enhancers. With that in mind, we predict that EZH2 inhibitors, or a more broadly
acting methyltransferase inhibitor, might be more effective in cases in which (a)
CDKN2A/B genes are intact, (b) ARF/INK4B expression is low, (c) p53 and RB1 genes are
intact, (d) cis enhancers show H3K27 tri-methylation, and (e) there is evidence for
endogenous TGFb signaling. These variables could realistically be developed into a
multianalyte predictive test using molecular or pathological tools that are readily avail-
able. We also recognize that merely boosting expression of INK4B or ARF may not be
sufficient to fully activate either RB1 or p53-dependent cell cycle arrest, senescence, or
apoptosis. Additional mechanistic and preclinical studies combining “smart” epigenetic
treatments with low-dose cytotoxic agents may reveal more effective and tolerable
therapies than the maximally intensive cytotoxic approaches used for RMS today.15

MATERIALS ANDMETHODS
Datasets for Gene Copy-Number and Expression. Copy-number variation (CNV) data across many

types of human cancers were obtained from the National Cancer Institute (NCI) TCGA program through
the Genomic Data Commons Data Portal (https://portal.gdc.cancer.gov/). Custom PERL scripts were then
generated to compile and calculate the frequency of copy-number loss on CDKN2A and B locus, indi-
vidually or concurrently, among 33 different cancer types.

To address CDKN2A/B deletion in RMS, 258 RMS specimens containing SNP array or whole-genome
sequencing (WGS) data were compiled from three sources [NCI (n¼ 138), the Children’s Oncology Group
(COG) (n¼ 102), and the University of Texas Southwestern (UTSW) (n¼ 26)]. Note that eight COG cases
were also found in the NCI dataset, and the duplicates were excluded. CDKN2A/B expression was
extracted through RNA-seq data from 42 RMS specimens downloaded from The European Genome-phe-
nome Archive (EGA) with accession number EGAD00001000878. For CDKN2A/B regulation in neuroblast-
oma, 195 cases containing both WGS and RNA-seq data were gathered from the NCI Gabriella Miller
Kids’ First program. Genomics and expression data analysis was performed as previously described.31

Cell Culture and Treatment. Rhabdomyosarcoma cell lines (RD, JR-1, JR, RH28, and RH30) and HeLa
cells, validated by STR testing, either provided by P. Houghton or obtained from ATCC and previously
reported,22 were cultivated in RPMI with 10% FBS supplemented with penicillin/streptomycin. Cell
manipulation with TGFb or vehicle control was performed as previously described.13 For inhibition of
histone methylation, 3-deazaneplanocin A (DZNep; Selleckchem) or EPZ-6438 (tazemetostat;
Selleckchem) was added to the medium to the final concentration 1 mM (except 5 mM DZNep in RD
cells57 before or with the addition of TGFb.

Western Blotting. Western blotting was performed as previously described9 with primary antibod-
ies directed against p14ARF (#53640, Santa Cruz), p15INK4B (#271791, Santa Cruz), H3K27me3 (#9733, Cell
Signaling), EZH2 (#39933, Active Motif), Cas9 (#SAB4200701, Sigma-Aldrich), HSC70 (#7298, Santa Cruz),
and GAPDH (#47724, Santa Cruz). Chemiluminescent detection of proteins was visualized through the
ChemiDoc XRSþ imaging system (Bio-Rad).

Quantitative RT-PCR. Total RNA extraction and cDNA preparation were performed as previously
described.12 qPCR analysis was performed using KAPA SYBR FAST qPCR Master Mix (Kapa Biosystems)
and the CFX96/CFX Opus 96 (Bio-Rad) for real-time PCR detection. RT-qPCR primer sequences are listed
in Supplementary Table S2. Results are pooled from three individual samples.

ChIP-qPCR. Chromatin immunoprecipitation (ChIP) was carried out as described previously.11

Antibodies against H3K27Ac (#4729, Abcam), RNAPII (#47701, Santa Cruz), and Cas9 (#C15310258,
Diagenode) were used for immunoprecipitation. Quantitative PCR analysis was performed as described
above using primers listed in Supplementary Table S2.

CRISPR Based Experiments. CRISPR-based genomic deletion in RD cells, including the lentiviral
expression vectors used, sgRNA design for targeted 20 kb deletion, and primer sets for PCR deletion
screen, was carried out as previously described.13
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For CRISPR activation (CRISPRa) and interference (CRISPRi), either dCas9-VPR (Edit-R CRISPRa lentivi-
ral hCMV-Blast-dCas9-VPR, Horizon) or dCas9-KRAB (Lenti-dCas9-KRAB-blast, Addgene) expression vec-
tors were stably expressed in tested cell lines through lentiviral transduction followed by blasticidin
selection. Five or six individual sgRNA oligonucleotide sequences were designed using established algo-
rithms59 to target either the human ARF/INK4B promoters within 40–500bp upstream of the TSS of each
gene or the center of the predicted enhancer region (P1, P2, P3). The sgRNA oligonucleotides, purchased
from Sigma-Aldrich, were subcloned into the lentiviral expression vector, CROPseq-Guide(MS2)-Puro
(Addgene), and lentivirus stocks were produced as described.60 To analyze how CDKN2A/B expression
was affected by CRISPR/Cas9-based modification, cells were transduced with all sgRNAs targeting the
region of interest and then selected with puromycin for 4 days. In cell accumulation assays, 5� 104 cells
per well were seeded in a six-well plate following transduction and selection and counted in three tech-
nical replicates at 48 and 96 h. The sgRNA oligonucleotide and PCR primer sets are listed in
Supplementary Table S2.

Statistical Analysis. Quantitative data are presented as a bar graph with mean± SEM for three indi-
vidual representative experiments unless otherwise noted. Statistical significance was determined by
Student’s t test. Gene expression correlation among CDKN2A/B transcripts is determined by correlation
coefficient (r) pairwise and presented as correlation matrix listed in Supplementary Table S1.

SUPPLEMENTAL MATERIAL

Supplemental data for this article can be accessed online at https://doi.org/10.1080/
10985549.2023.2186074
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