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Loss of function of CDKN2A/B, also known as INK4/ARF [encoding
p16™K4A, p15™K4E and p14°RF (mouse p19°™)], confers susceptibility
to cancers, whereas its up-regulation during organismal aging pro-
vokes cellular senescence and tissue degenerative disorders. To bet-
ter understand the transcriptional regulation of p76"™%“4, a CRISPR
screen targeting open, noncoding chromatin regions adjacent to
p16™ A was performed in a human p16™VK#A-P2A-mCherry ranorter cell
line. We identified a repressive element located in the 3’ region
adjacent to the ARF promoter that controls p16"'%*4 expression
via long-distance chromatin interactions. Coinfection of lentiviral
dCas9-KRAB with selected single-guide RNAs against the repres-
sive element abrogated the ARF/p16"™<“A chromatin contacts, thus
reactivating p76™%“4 expression. Genetic CRISPR screening identi-
fied candidate transcription factors inhibiting p76™<44 regulation,
including ZNF217, which was confirmed to bind the ARF/p16"V<44
interaction loop. In summary, direct physical interactions be-
tween p16™%44 and ARF genes provide mechanistic insights into
their cross-regulation.

chromatin conformation capture | genome editing | transcriptional
regulation | knock-in | CRISPR screen

he 50-kb CDKN2A/B (INK4/ARF) locus on human chro-

mosome 9p21 (mouse chromosome 4) is sequestered within
the larger topologically associated domain (TAD) defined by
the neighborhood boundary genes MTAP and DMRTAI. The
CDKN2A/B gene cluster sPeciﬁes 3 tumor suppressor proteins:
pl16"™K4A T ARF, and p15™%*B, Although p16™5** and ARF
messenger RNAs (mRNAs) are encoded by the common 3’
exons 2 and 3, their transcription is independently controlled by
distinct promoters located 5’ to unique exonla (pI16™***) and
exonlp (ARF), which reside ~13 kb apart. The p16™¥** and
p15™KE proteins are canonical cell-cycle inhibitors that bind
and inactivate the cyclin-dependent kinases CDK4 and CDKG6 to
induce Gl-phase cell-cycle arrest and contribute to cellular se-
nescence (1-3). In contrast, ARF mainly inhibits the ubiquitin
E3 ligase MDM?2 to activate p53-dependent transcriptional tar-
gets. Inactivation of ARF and pI6™*** in mice induces tumors
with complete penetrance (4, 5), and epigenetic silencing or
mutational inactivation of these genes is associated with numerous
human cancers (6). Moreover, several lines of evidence suggest
that naturally increased transcription of pI16™*** and ARF during
aging induces senescence of various cell types (7-10). Hence, un-
derstanding the regulation of these genes has major implications
for cancer and age-associated degenerative disorders.

Efforts to pharmacologically restore p16™%** expression to
suppress cancer progression have been explored through the
identification of candidate small molecules and natural com-
pounds enabling p16™%*! reactivation (11-13), and Food and
Drug Administration-approved drugs that mimic p16™%** in
inhibiting CDK4 and CDKG®6 are now in widespread use in human
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cancer treatment (3). Conversely, generalized age-dependent in-
duction of pI6™*** may cause deleterious effects by inducing se-
nescence of normal tissues. Indeed, p16™ **positive senescent
cells accumulate in many tissues as animals age, and their elimi-
nation in mice tempers age-associated degenerative diseases and
extends life span (14, 15).

Genome-wide association studies focusing on cancers and
degenerative diseases have identified numerous single-nucleotide
polymorphism (SNPs) located upstream of the INK4/ARF locus
that fall within a superenhancer cluster of an ~500-kb region
possessing H3K27ac activity (16, 17). To investigate the function of
those human aging- and cancer-associated SNPs and noncoding
segments, genome editing-based screening, including clustered
regularly interspaced short palindromic repeats (CRISPR) screen-
ing, provides a powerful approach (18-23). A successful CRISPR
screen designed to identify functional regulatory elements of human
p16™K#* would be enhanced by a pI6™5*fluorescent reporter
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endogenously transcribed by the native pI6™5*! promoter in its
proper chromosomal context.

There have been several efforts by other groups to derive
p16™%# reporter cell lines. However, minimal INK44 promoter
regulatory sequences driving a reporter did not fully mirror en-
dogenous transcriptional regulation (24). Others engineered a
large human genomic segment including the entire INK4/ARF
gene cluster containing a firefly luciferase gene inserted into the
C terminus of the p16™%*!_coding region that was then used
to generate transgenic mice (25). Similarly, Demaria et al. (26)
engineered a bacterial artificial chromosome containing ~50 kb of
the murine pI6™%* locus, such that the pl6™** promoter
drove a trimodal reporter (3MR) to selectively kill senescent
cells. Moreover, Baker et al. (14) generated a transgenic mouse
strain by using an ~2.6-kb fragment containing the pI16™**
promoter to drive the expression of a FKBP-Casp8-IRES-GFP
cassette, which could conditionally eliminate senescent cells in
vivo. Although all of these transgenic strains could report real-
time expression of p16""*** under various physical conditions or
stresses, these models lack the in vivo chromatin niche that may
affect more precise control of transcription when compared
with that of the endogenous allele. Most recently, Liu and
colleagues described a p16/7°™“ reporter allele, enabling the
in vivo characterization and purification of cells featuring activa-
tion of the p/6"* promoter. However, the tdTomato expression
in cells depleted of a neomycin selection cassette was weakly de-
tected and correlated less well with endogenous pl6™* mRNA
(27). Burd et al. (28) targeted the translational start site (TSS) of
the endogenous pI6"* locus by inserting the firefly luciferase
complementary DNA followed by a SV40 polyadenylation
signal. The resulting knock-in allele was expected to be null for
pl6™** expression and yet retain intronic structures surrounding
exon 1B (28, 29).

Based on these considerations, we developed a pl re-
porter cell line recapitulating endogenous transcriptional activity.
We performed a CRISPR screen with a pooled single guide RNA
(sgRNA) array targeting Assay for Transposase-Accessible Chro-
matin Sequencing (ATAC-seq) and H3K27ac marked regions
spanning the entire TAD containing pI6"V%*1, as well as a loss-
of-function genetic CRISPR screen targeting 1,639 human tran-
scription factors. We have revealed a mechanism underlying the
transcriptional regulation of p16™¥%*! via a cis-regulatory element
adjacent to ARF promoter.

6INK4A

Results

Generation and Characterization of the p16™K#A-P2A-mCherry panorter
Allele. We utilized CRISPR/Cas9-mediated homologous recombi-
nation to deliver the P24-mCherry cassette upstream of the p16™E#
stop codon in a patient-derived human B-ALL cell line, SEM,
which maintains an intact INK4/ARF locus (Fig. 14). The
pleINKIAP2AmChery coorter allele was translated in the same reading
frame as p16"™V%*A but not ARF. Because ribosomes skip the
synthesis of the glycyl-prolyl peptide bond at the C terminus of
the P2A peptide, translation leads to dissociation of P2A and
its immediate downstream p16™<4A Kprotein (30). Therefore,
the knock-in allele produced pl6™¥%*! under control of the
endogenous promoter and intrinsic cis-regulatory elements,
while delivering the dissociated mCherry reporter separately.

To enable knock-in efficiency in human SEM cells, we used a
double-cut nuclease cleavage strategy to release exogenous DNA
fragments from a donor vector in vivo (31, 32), followed by serial
sorting to enrich knock-in events (33). In brief, we constructed
the knock-in vector containing a P24-mCherry cassette flanked
with 5" and 3’ pI16™%** homology arms (HAs) of ~800 bp. The
HA/knock-in cassette was bordered with a sgRNA and a proto-
spacer adjacent motif (PAM) sequence targeting a DNA se-
quence 5’ of the stop codon ofl\@ZéINK"A (Dataset S1). In the
presence of Cas9 and the p16™%*! sgRNA, the HA/knock-in
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Fig. 1. Generation and characterization of the p16/NK#4-P2A-mCherry o

porter allele. (A) Schematic diagram of the knock-in design for the
p16/NKaA-P2A-mCherry ranorter allele. The magenta bar in exon 3 indicates
the stop codon of p716™<#A. (B) Schematic diagram of the primer design for the
genotyping PCR. “Outside” primers bind to endogenous loci outside the 800-bp
homology arms and were used to specifically measure successful knock-in
events (+) at the 5" and 3’ boundary regions in combination with primers re-
siding within mCherry. Wild-type SEM cells were used as negative controls (-).
(C) Genotyping PCR products from the 5’ and 3’ knock-in boundaries were
sequenced to verify the seamless knock-in of the mCherry reporter gene
to the endogenous locus. (D) FISH of the P2A-mCherry knock-in cassette in
p16™Pe™+ reporter cells. The P2A-mCherry DNA s labeled with red, and an
INK4/ARF fosmid clone is labeled with green. Metaphase cells were scored for
the correct knock-in events by pairing of red and green signals and for random
integration signals. (Scale bar, 10 um.) DAPI staining indicates the nuclei.

cassette was released from the donor vector with 2 nuclease
cleavages and delivered to the target genomic region. Individual
knock-in clones were derived from a targeted bulk population
and characterized by genotyping PCR and Sanger sequencing
(Fig. 1 B and C). A heterozygous clone carrying the P24-mCherry
knock-in cassette, hereafter called p/ 6" Chem* was selected for
use as a reporter cell line for this study. To rule out the possi-
bility of random integration of the reporter in the p16™<"™/*
cell line, fluorescence in situ hybridization (FISH) was per-
formed with a P24-mCherry DNA probe and a fosmid DNA
probe targeting the INK4/ARF locus. Each of 18 metaphase cells
harvested from the pl6™“"“™* cell line was identified as het-
erozygous for the P24-mCherry knock-in cassette, yielding 2 red
signals (P24-mCherry probe) located adjacent to 2 of the 4 green
signals (p16™%*! probe) in each nucleus. No random integration
events were observed in other chromosomes (Fig. 1D).

The p16'VK#A-P2A-Cherry paporter Allele Recapitulates Endogenous Tran-
scription of p16™“A, Next, we tested whether the p6/VK#4-F24mCheny
reporter allele would respond to the transcriptional regula-
tion of the cellular p16'%*! promoter. The pI6™< ™'+ cells
were first infected with lentivirus encoding nuclease-deficient
dCas9 fused to the transcriptional repressor domain of KRAB
(34) to generate a stable cell line, p16™ ¢/ +dCas-KRAB (gjq
2A). Three sgRNAs targeting the p/ 6™ promoter were cloned
and delivered individually into pl6™Chem/+idCas9-KRAB oo]ig,
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Fig. 2. The p16/NK#A-P2A-mCherry raporter allele recapitulates endogenous
transcription of p16™%44. (A) Schematic diagram of the transcriptional re-
pression of p16™ 4 by the CRISPR interference system. The dCas9-KRAB
fusion protein was guided to the p76™<%4 promoter with 3 individual
sgRNAs. (B) qRT-PCR was performed on the p16mchery/+dCass-kRAB ca||s with
3 different p16™<“*-sgRNAs using primers targeting coding sequences
of mCherry and p16™<4, (C) Flow cytometry analysis was performed on
the p1gmchernyi+dCasskRAE calls with 2 p16™“*AsgRNAs. The mean value of the
mCherry density in each group was calculated and obtained by 3 replicates. The
P value was calculated by a 2-tailed t test. (D) The correlation of transcription
reduction in mCherry and p16"™%** in response to dCas9-KRAB-mediated tran-
scription repression (from B) was calculated by Pearson’s correlation test (n = 6).
(E) qRT-PCR was performed on the p76™<"*™* cells with or without the treat-
ment of doxorubicin for 24 h by using specific primers targeting the mRNA se-
quence of p16™%#A Three biological replicates were performed. The Pvalue was
calculated by a 2-tailed t test. (F) gRT-PCR was performed on the p16™mchev/+
cells with or without the treatment of doxorubicin for 24 h by using specific
primers targeting the mRNA sequence of mCherry. Three biological repli-
cates were performed. The P value was calculated by a 2-tailed t test.

Quantitative RT-PCR (qRT-PCR) and flow cytometry each
revealed that mCherry and p16™%** expression were suppressed by
all 3 sgRNAs compared with parental p6"Che/+dCas>KRAB o
(Fig. 2 B and C). As expected, mRNA expression of mCherry
strongly correlated with that of p16™*** when measured in cells
targeted with the 3 sgRNAs and dCas9-KRAB (Pearson’s r =
0.965) (Fig. 2D). In pl6™K*A_sgRNA-1-targeted cells, p16™5#
expression and translation were significantly reduced, resulting in
elevated RB1 phosphorylation and yielding a proliferation advan-
tage when compared with controls (SI Appendix, Fig. S1 A-D). The
chemothera% drug doxorubicin (Dox), which has been shown to
activate p16"™%*! (35), induced pI6™** expression and reporter
activity following 10 pM Dox treatment for 24 h (Fig. 2 E and F).
Taken together, these data confirmed that the p16/~<#4-F>A-mChery
reporter allele was expressed under the control of the endogenous
promoter.

Noncoding Pooled CRISPR Screening Identified a Distal Repressive
Element of p16"™**A Residing within the ARF Locus. Derivation of a
reporter cell line enabled us to comprehensively conduct large-
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scale screenings to identify regulatory DNA elements and proteins
controlling p16™*** gene expression. Since ATAC-seq measures
genome-wide chromatin accessibility corresponding to genomic
loci where proteins are bound to DNA, and H3K27ac marks active
promoters and enhancers (36, 37), CRISPR screens against these
regions could provide detailed information about cis-regulatory
functions. Therefore, we synthesized a 2,029-sgRNA array tar-
geting the H3K27ac and ATAC-seq positive peaks defined in
human IMR90, HCT'116, and SEM cells spanning the entire TAD
containing the INK4/ARF gene cluster. Human ARF promoter
(+1 to —4,690 bp from TSS) and p16™*** promoter (+1 to —1,729
from TSS) were defined by molecular cloning and reporter assays
(38). An additional 20 nontargeting (NT) sgRNAs were also in-
cluded as negative controls (Fig. 34). Quality control of the
sgRNA library integrity by deep sequencing revealed 100% cov-
erage of the 2,049 sgRNAs in plasmid libraries as well as
HCT116 and IMR90 cells 48 h after lentiviral infection (SI Ap-
pendix, Fig. S2 A-C). Subsequently, the same lentiviral library
was transduced into p]6™ ¢/ HACasIKRAB colis at a low multiplicity
of infection (< 0.3) and then fractionated by flow cytometric sort for
mCherry expression (SI Appendix, Fig. S34). The greatest en-
richment of positive control sgRNAs targeting the pl6™5#
promoter was observed in the bottom 10% vs. top 10% mCherry
sorting gate. Thereafter, the mCherry™®" and mCherry™"
populations in replicate screens were selected from the top or
bottom 10% sorting gates (SI Appendix, Fig. S3 B and C) and
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Fig. 3. Noncoding pooled CRISPR screening identified a distal repressive
element of p16™<*4 residing within the ARF locus. (A) Schematic diagram of
a working model of dCas9-KRAB- and Cas9-mediated noncoding screening.
(B) The global correlation of sgRNA distribution in dCas9-KRAB and Cas9
screens in the p16™ "™ reporter cell line. (C) The global distribution of
all sgRNAs in a selected region of the INK4/ARF locus from 3 screens in the
p16mhe™ reporter cell line using dCas9-KRAB, Cas9, and no effector control.
The red arrow indicates the most enriched sgRNAs in a 42-bp region of the ARF
exon1f and intron 1. (D) Two candidate sgRNAs binding to the plus and minus
strands of the most enriched 42-bp core DNA sequence near the ARF promoter
were designed for validation (ARF-sgRNA-3 and -4). The red arrows indicate
the orientation of the sgRNA binding sequences. (E) Western blotting analysis
of ARF and p16™** in dCas9-KRAB- and Cas9-expressing SEM cells infected
with ARF-sgRNA-3, -4, and the nontargeting sgRNA control.
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collected for deep sequencing to identify differentially repre-
sented sgRNAs, which indicated the corresponding targeted
regions associated with transcriptional repression or activation
of pI6™&* respectively. To measure the specificity of the
CRISPR/dCas9-KRAB screen, we also sorted the top 10% and
bottom 10% of p16™<"™* parental cells transduced with the
sgRNA library alone (no effector screening).

To complement the dCas9-KRAB and sgRNA library screen,
we performed a parallel screen in pI6™"e™/+€a9 stable SEM cells
(Fig. 34). Comparisons between dCas9-KRAB and wild-type
Cas9 screens demonstrated correlation of global sgRNA distribu-
tion (r = 0.58, P = 1.08e—182) (Fig. 3B and SI Appendix, Fig. S4 A
and B). Data collected from 3 biological replicates were ana-
lyzed by the DESeq2 algorithm (39) for each screen. At a
stringent cutoff (an adjusted P value of <0.01 and a fold-change
of log,™€"o% >1 or <—1), we identified 199 differentially repre-
sented sgRNAs in the dCas9-KRAB screen (Fig. 3C and SI Ap-
pendix, Fig. S4 B and D). Among the 212 positive-control sgRNAs
designed to target the pI6"™**! promoter, 144 sgRNAs were sig-
nificantly enriched in the mCherry™" fraction. None of the 190
sgRNAs targeting the pI5™V%*® promoter were enriched. Notably,
we identified 51 sgRNAs that were enriched in the mCherry*™
fraction, all of which targeted the ARF promoter and adjacent 3’
regions including exon 1p and a partial sequence of intron 1. As
expected, none of the 2,049 sgRNAs were differentially repre-
sented in the no-effector screen (SI Appendix, Figs. S4 C and D
and S5). Although the ARF bidirectional promoter also controls
expression of the antisense long noncoding RNA ANRIL (also
named CDKN2B-AST), none of the 51 enriched sgRNAs resided
on exon 1 of ANRIL, which is transcribed in the opposite direction.
In addition, the most strongly enriched sgRNAs in the Cas9 screen
recognized a minimal 42-bp DNA sequence at the junction of ARF
exon 1p and intron 1 (Fig. 3 C and D and SI Appendix, Fig. S4D).
Notably, this 42-bp segment includes the ARF exon 1p splice donor
site. Therefore, combining the pl6"™*** reporter cell line with
CRISPR screening identified a previously undiscovered distal re-
pressive regulatory region of pI6™*** in the INK4/ARF locus.

Distal Repressive Element of p16"™““4 Composed of DNA Sequences
Located 3’ and Adjacent to the ARF Promoter. To validate the
screening results, 2 sgRNAs that resided on the 42-bp sequence
between exon 1p and intron 1 (ARF-sgRNA-3 and -4) identified
from the CRISPR/Cas9 screen were delivered into SEM cells
stably expressing either dCas9-KRAB or Cas9 (Fig. 3 D and E).
Consistent with the CRISPR/Cas9 screen in pI6™"™* cells,
both sgRNAs enhanced p16™ ** expression through synergy with
dCas9-KRAB or Cas9. In direct contrast, ARF-sgRNA-4 significantly
reduced ARF expression. However, although up-regulating
pl6™¥4A  ARF-sgRNA-3 did not affect ARF expression in
SEMIC2s9-KRAB (ells and only modestly suppressed ARF
expression in SEM“®? cells, demonstrating that down-regulation
of ARF protein expression was dispensable for pl6™NK4A
up-regulation (Fig. 3E). Two additional sgRNAs (ARF-sgRNA-1
and -2) identified in the CRISPR screen that bound to exon 1p of
ARF and were upstream of the 42-bp core sequence also trigged
some increase in pl6™V5** expression and reporter activity (SI
Appendix, Fig. S6 A and B). Collectively, these data suggest that
the DNA sequence 3’ and adjacent to the ARF promoter rather
than the encoded protein is a repressive element required for
transcriptional regulation of p16"™V#,

Physical Interactions between ARF, p16™**4, and p15" ¢ were
Detected by Chromatin Conformation Capture. Given the fact that
the ARF promoter and pI16™V5*! promoters are located ~13 kb
apart in the human genome, the transcriptional repression of
pl6™E* by the distal repressive element might require long-
distance chromatin interactions. To test this hypothesis, we
deployed a multiplex assay of high-resolution chromatin con-
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formation called Capture-C (40, 41), a derivative of the chro-
matin conformation capture (3C) technique coupled with
oligonucleotide enrichment and high-throughput sequencing.
This method enables the discovery of distant interacting ele-
ments from multiple “bait” sites (or anchor regions) with high
resolution. Here, Capture-C was performed using a 3C library
prepared from SEM cells. Two biotinylated bait oligonucleo-
tides were designed to hybridize to each of the H3K27ac peaks
overlapping the defined p16™%*!, ARF, and p15™V%*8 pro-
moters, respectively. Strong enrichment of sequences at each
bait site confirmed the efficiency of hybridization. Using baits
against the p16™%*! promoter, a broad peak encompassing part
of the ARF promoter including the identified distal repressive
element affecting pI6™%*! was identified as a strong interacting
region. Similarly, when bait oligonucleotides were hybridized with
the pI5™%*8 promoter, a strong interaction between p15™V<*B
and ARF was observed. When Capture-C was carried out using
the ARF promoter oligonucleotides as bait, both p16™%#! and
pI5™E*B wwere captured. These data suggest that in SEM cells
the ARF locus physically interacts with both p16™%** and p15™%*8
through long-distance chromatin looping (Fig. 44). However, since
direct contact between pI6™<*! and p15"™%*8 was not observed,
we reasoned that ARF/p16"™*** and ARF/p15™%*? associate in
separate looping complexes.

To independently confirm the physical interaction between
ARF and p16™%*! we deployed a recently developed CUT&RUN
strategy (42) in which antibody-targeted controlled cleavage by
micrococcal nuclease releases specific protein-DNA complexes
into the supernatant for paired-end DNA sequencing. Because
CUT&RUN is performed in situ, it enables both quantitative high-
resolution chromatin mapping of a local chromatin environment
and identification of physical DNA interactions. Here, we per-
formed CUT&RUN in SEM cells stably expressing dCas9-KRAB
and sgRNAs targeting the pI6""%*! repressive element (ARF-
sgRNA-1 and -2). By using a Cas9 antibody that recognizes
dCas9 for pull-down, we clearly detected dCas9-binding peaks
in the sgRNA-guided sequences in the ARF and pI6™** loci si-
multaneously, demonstrating that these regions were physically
interacting in situ. Similarly, in SEMY“9RRAB cells transduced
with sgRNAs targeting the p/6™**! promoter (p16™**-sgRNA-1
and -2), we detected a specific peak encompassing the ARF pro-
moter and the identified distal repressive element, as well as the
expected peak at the p16"~%** promoter (Fig. 4B). Comparing
our Cas9 CUT&RUN data with the CTCF and H3K27ac
Chromatin Immunoprecipitation Sequencing (ChIP-seq) data
that demarcated compartment boundaries, the interaction between
ARF and p16™%* genes appears to be supported by a convergent
looping model mediated by the canonical CTCF/Cohesin complex
(43, 44). In summary, these data support the idea that p16™%** and
ARF physically crosstalk by chromatin looping, providing a
proximity environment to regulate their respective transcription.

The ARFIp16'V*A Chromatin Interaction and Transcriptional
Regulation Is Functionally Detected in Human Neuroblastoma Cells.
We hypothesized that the same chromatin interaction pattern
seen in human B-ALL SEM cells may exist in other cancer cell
types that maintain low expression and an intact genomic sequence
of p16™%*1, To this end, we transduced lentiviral dCas9-KRAB
with ARF-sgRNA-3 and -4 into a human neuroblastoma (NBL)
cell line, SK-N-SH. ARF-sgRNA-4, but not sgRNA-3, could
significantly up-regulate the expression of pI6™%*! consis-
tently at mRNA and protein levels (Fig. 5 A-C). Both sgRNAs
conversely decreased ARF expression. During in vitro culture
of targeted cells, we observed significant growth retardation
using ARF-sgRNA-4, consistent with specific up-regulation
of p16"™%** (Fig. 5 D and E). The 3C libraries were prepared
from SK-N-SH dCas9-KRAB stable cells targeted with either
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Fig. 4. Physical interactions between ARF, p16™%A and p15™ 8 \vere
detected by 3C. (A) Next-generation Capture-C was performed on parental
human SEM cells for 2 replicates. Two specific anchor probes (Bait 1 and Bait
2) were designed to hybridize to the H3K27ac peaks that overlap each of the
promoters of p16"™V%*A, ARF, and p15™K*E to capture chromatin interactions
with the respective promoters within the INK4/ARF locus. (B) CUT&RUN was
performed on p16mCcherryi+idCasS-KRAB ca||s infected individually with 2 sgRNAs
targeting the p716"™%?4 repressive element adjacent to the ARF promoter and
2 sgRNAs targeting the p16™#4 promoter. A Cas9 antibody that recognizes
dCas9 was used for a pull-down assay. ChIP-seq tracks of CTCF and H3K27ac
were included to indicate the open chromatin status of the locus.

nontargeting-sgRNA (NT-sgRNA) or ARF-sgRNA-4. When
Capture-C was performed using bait oligonucleotides against
the p16™%*! promoter on the NT-sgRNA 3C library, the p16"V<*1
promoter was juxtaposed to both ARF and p15"™***, However, the
ARFp16™* and p16™**jp15™5* |ooping affinity was significantly
reduced in Capture-C using pI6™*** promoter bait oligonucleo-
tides on the ARF-sgRNA-4 3C library (Fig. 5 F and G).

Loss-of-Function CRISPR/Cas9 Screening of Human Transcription
Factors in the p16™%#A Reporter Cell Line. We further undertook a
comprehensive loss-of-function CRISPR-Cas9 screen targeting
1,639 human transcription factors in combination with the
pl16™C" ™ reporter system to identify putative regulatory ef-
fectors. Seven sgRNAs were designed for each transcription
factor (TF), and an additional 100 nontargeting sgRNAs were
included as negative controls (Fig. 64). Similar to previous
noncoding screening, about 1 million cells from the top 10%
(mCherry "€") and bottom 10% (mCherry™") sorted populations
were collected for deep sequencing to identify differentially
represented sgRNAs.

Surprisingly, the most characterized looping factor, CTCF, was
not enriched in the screen (Fig. 6B). Furthermore, we utilized a
previously described auxin inducible degron system (45-47) to
acutely deplete the CTCF protein in SEM cells (SI Appendix, Fig.
S7 A-D) (33). Although the CUT&RUN using CTCF antibody for
chromatin pull-down demonstrated loss of CTCF occupancy
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throughout the INK4/ARF locus (SI Afpendix, Fig. S7E), pertur-
bation of CTCF did not alter p16™*** expression changes at the
mRNA or protein levels (SI Appendix, Fig. S6 F and G), suggesting
that the ARF/p16™%** interaction in SEM cells relies primarily on
other looping factors.

The top-ranked candidate of positive regulators was Yin Yang
1 (YY1) (Fig. 6 B and C), which belongs to the GLI-Kruppel
class of zinc-finger transcription factors and is ubiquitously
expressed in most tissue and cell lines. YY1 plays a fundamental
role in normal biologic processes such as embryogenesis, differ-
entiation, replication, cellular proliferation, and cancer develop-
ment (48, 49). Recently, YY1 was also reported to bind to active
enhancers and promoter-adjacent elements and to form dimers
that facilitate the interactions of these DNA elements (50-52).
In the pl6mchem/+dCasO-KRAB giaple cell line, 2 sgRNAs (YYI1-
sgRNA-1 and -2) targeting the coding sequence of YY1 down-
regulated YY1 expression along with a reduction of reporter
activity (Fig. 6 E and F). Although shown to act as a positive
regulator of p16™%** from the TF screen, YY1 was identified as a
candidate transcription factor for the ARF/pI6"™**! interaction
due to a conserved YY1-binding motif in the previously identified
42-bp DNA segment within the cis-regulatory element (Fig. 6G).
Additionally, YY1 occupancy at both ARF and pI6™*** pro-
moters was confirmed in NT-sgRNA SEMI9KRAB cefis by
CUT&RUN assay. In ARF-sgRNA-4-targeted cells, YY1-binding
affinity to ARF, but not to pl6"™5*1, was significantly disrupted
(Fig. 6H). These paradoxical findings suggest that, while YY1
could facilitate the ARF/p16™5*! chromatin interaction that leads
to pI16™5#*! repression, YY1’s function across the INK4/ARF locus
could be more complex due to genome-wide occupancy. Indeed,
ChIP-seq data showed that YY1 occupancy extends across the INK4/
AREF locus to include the TAD boundaries, the tumor suppressor
genes, and the large superenhancer cluster (S Appendix, Fig. STA),
underscoring that its activity could be widespread across the locus.

From the TF screen, we additionally identified the top 10 po-
tential negative regulators repressing pl6™V<*! expression in-
cluding CREB1, TFDP1, E2F2, TBP, ZNF217, THAP11, NKRF,
C/EBPa, ZBTB14, and HMX3 (Fig. 6 C and D). C/EBPa has been
recognized as an essential collaborator in Hoxa9/Meisl-mediated
mouse leukemogenesis by directly repressing the Cdkn2a/b locus
(53). Additionally, the p15™**® tumor suppressor has also been
identified as a direct target of the ZNF217/CoREST transcrip-
tional complex (54). To test if the putative negative regulator
ZNF217 interacted with the locus, CUT&RUN using a specific
antibody against ZNF217 was performed in SEM cells stably ex-
pressing dCas9-KRAB and either NT-sgRNA or ARF-sgRNA-4.
ZNF217 occupancy on both the p16™¥%*! promoter and its distal
repressive element in ARF was observed in NT-sgRNA SEM cells
(Fig. 6I). However, in ARF-sgRNA-4-targeted cells, ZNF217-
binding affinity to ARF and p16™%*1, but not other loci, was sig-
nificantly disrupted (Fig. 6 I and J), demonstrating that a looped
conformation was a prerequisite for ZNF217 binding and sug-
gesting that ZNF217 may play an important role in p/6"™<** re-
pression defined by the long-distance chromatin interaction model.
Although we specifically addressed ZNF217’s interaction with
ARF/p16™** we anticipate that other negative regulators iden-
tified in the screen could behave similarly. Collectively, by pre-
senting an unbiased, genome-scale loss-of-function TF screen, we
identified plausible transcriptional regulators of p/6™<*1,

Discussion

We identified a cis-element located in the 3’ region adjacent to
the ARF promoter that represses pI6"™V<*! expression via the
formation of long-range chromosomal contacts. The identification
of a pl6™&* distal repressive element located 3’ and adjacent
to the ARF promoter is in accord with previous observations
that p16"™*? expression was significantly up-regulated in Arf-null
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Fig. 5. The ARFIp16™<** chromatin interaction and transcriptional regulation is functionally detected in NBL cells. (A) gRT-PCR analysis of p76™<4 in the
human NBL cell line SK-N-SH infected with lentiviral dCas9-KRAB and ARF-sgRNAs-3 and -4. NT-sgRNA is a nontargeting sgRNA control. Four biological
replicates were performed. The P value was calculated by a 2-tailed t test. (B) qRT-PCR analysis of ARF in the human NBL cell SK-N-SH infected with lentiviral
dCas9-KRAB and ARF-sgRNAs-3 and -4. Four biological replicates were performed. The P value was calculated by a 2-tailed t test. (C) Western blotting analysis
of ARF and p16™ %A in the human NBL cell line SK-N-SH infected with lentiviral dCas9-KRAB and ARF-sgRNA-3 and -4 compared to NT-infected controls. (D)
Representative image of SK-N-SH cells stably expressing dCas9-KRAB and ARF-sgRNAs-3, -4, and NT-sgRNA at day 3. (E) Quantification of cell proliferation by
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1 indicates a negative control noncoding region. (G) Quantification of interaction frequency between the anchor regions to Boxes 1, 2, and 3. Signal value
from the .bw file of Capture-C was normalized by probe signal for each experiment.

mouse embryo fibroblasts, as well as in pre-B lymphocytes and  distances. By analyzing publicly available CTCF ChIP-seq data,
keratinocytes lacking exon 1p (55, 56). we found that CTCF showed strong binding affinity to all 3 tumor
In mammalian cells, each chromosome is hierarchically orga-  suppressor promoters at the INK4/ARF locus. However, the
nized into hundreds of megabase-sized TADs (57). Promoter/  loss-of-function results from auxin-inducible degradation of
enhancer contacts take place within the TAD scaffold, leading to  CTCF and the unbiased TF screening did not support the hy-
regulated gene expression (58). Intra-TAD chromatin interac-  pothesis that CTCF drives transcriptional regulation within
tions can be facilitated by a pair of CTCF-binding sites engaged  p16"™V%*! in SEM cells.
in contact with each other when they are in a convergent linear Disruption of the ARF/p16™%*! interaction abrogated occu-
orientation (44, 59). Using a chromosome conformation capture-  pancy of ZNF217 to both ARF and p16"™***, highli Ightlng that
based PCR assay, Hirosue et al. (11) proposed that CTCF was ~ ZNF217 binding is dependent on the ARF/p]61N * looped
crucial for higher-order chromatin organization within the INK4/  chromatin conformation. We pro; ]Bose a 2-step model for chro-
ARF locus and demonstrated that depletion of CTCF disrupted — matin looping regulation of pI6™**!, First, chromatin looping
chromatin interactions and reactivated locus transcription in  factors (e.g., YY1 or others) bind to the pZéINK"A dlstal regulatory
human induced pluripotent stem cells. In our study, by a hlgh- element adjacent to the ARF promoter and pl6™K*! simulta-
resolutlon Capture-C assay, we showed that ARF, pI6™"**! and  neously to facilitate their physical juxtaposition and functional
pI15™KB can make physical contacts with each other over long chromatin interaction. Once both genes are in physical contact,
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repressive effectors such as ZNF217 and/or other transcrip-
tion factors are recruited to the target sequence to enable
p16"™5** transcriptional repression. We further suspect that
additional candidate transcription factors identified from the
transcription factor CRISPR/Cas9 screen might contribute as
well, thereby providing a more comprehensive understanding
about how the locus is regulated in human cells.

Materials and Methods

General Methods. All primers, plasmids, and reagents used in this study are
cataloged in Dataset S1. Routine methods regarding cell culture, plasmid
construction, transfection, electroporation, flow cytometry, immunoblotting,
qRT-PCR, FISH, Capture-C, CUT&RUN, and statistics analysis are described in
detail in S/ Appendix.

Establishment of a p16/VK4A-P2A-mCherry panorter Cell Line. SEM were electro-
porated by using the Nucleofector-2b device (Lonza) with the V-kit and
program X-001. For p16NK#A-P2A-mCherry \nock-in delivery, 2.5 pg of the
donor plasmid and 2.5 ug of the CRISPR/Cas9-p16™*A-C terminus-sgRNA
all-in-one plasmid were used for 5 million SEM cells. Twenty-four hours after
transfection, cells were sorted for the CRISPR/Cas9-p16"™“4A-C terminus-sgRNA
vector GFP fluorescent marker to enrich the transfected cell population. After
sorted cells recovered in culture for up to 3 wk, a second sort was performed to
select cells for successful knock-in by sorting for cells expressing the mCherry
fluorescent marker. Two weeks later, a third sort was repeated, and single-cell-
derived colonies were picked up and expanded for knock-in characterization.
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CRISPR Library Construction and Screening. A set of 2,029 sgRNA oligos that
target H3K27ac and ATAC-seq positive peaks defined in the TAD containing
INK4/ARF in IMR90, HCT116, and SEM cells as well as an additional 20 non-
targeting control sgRNAs with no detectable match to the human genome
were designed for array-based oligonucleotide synthesis (CustomArray). To
construct a sgRNA pooled library targeting human TFs, 7 sgRNAs were
designed against each of the 1,639 human TFs. For each library, the syn-
thesized oligo pool was amplified by PCR and cloned into LentiGuide-Puro
backbone (#52963) by in-fusion assembly (Clontech). The sgRNA sequences
were recovered by genomic PCR and Deep Sequencing using MiSeq for
single-end 150-bp read length (lllumina). The primer sequences used for
cloning and sequencing are listed in Dataset S1. The sgRNA sequences re-
lated to CRISPR screening are described in Datasets S2 and S3.

Capture-C. Capture-C assay was conducted as described by Davies et al. (41)
and Hyle et al. (33). Detailed protocol was provided in S/ Appendix.
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