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Dysregulated epigenetic and transcriptional programming due to abnormalities of tran-
scription factors (TFs) contributes to and sustains the oncogenicity of cancer cells. Here,
we unveiled the role of zinc finger protein 280C (ZNF280C), a known DNA damage
response protein, as a tumorigenic TF in colorectal cancer (CRC), required for colitis-
associated carcinogenesis and Apc deficiency—driven intestinal tumorigenesis in mice.
Consistently, ZNF280C silencing in human CRC cells inhibited proliferation, clonoge-
nicity, migration, xenograft growth, and liver metastasis. As a C2H2 (Cys2-His2) zinc
finger-containing TF, ZNF280C occupied genomic intervals with both transcriptionally
active and repressive states and coincided with CCCTC-binding factor (CTCF) and
cohesin binding. Notably, ZNF280C was crucial for the repression program of trimethy-
lation of histone H3 at lysine 27 (H3K27me3)-marked genes and the maintenance of
both focal and broad H3K27me3 levels. Mechanistically, ZNF280C counteracted
CTCF/cohesin activities and condensed the chromatin environment at the cis elements
of certain tumor suppressor genes marked by H3K27me3, at least partially through
recruiting the epigenetic repressor structural maintenance of chromosomes flexible hinge
domain-containing 1 (SMCHD1). In clinical relevance, ZNF280C was highly expressed
in primary CRCs and distant metastases, and a higher ZNF280C level independently
predicted worse prognosis of CRC patients. Thus, our study uncovered a contributor
with good prognostic value to CRC pathogenesis and also elucidated the essence of
DNA-binding TFs in orchestrating the epigenetic programming of gene regulation.
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As the third-most commonly diagnosed cancer in 2020, colorectal cancer (CRC)
remains the second leading cause of global cancer death in adults, accounting for
10.0% of total new cases and 9.4% of total deaths, respectively (1). It is well estab-
lished that most CRCs develop from a multistep process following the adenoma—
carcinoma sequence in which the initial formation of dysplastic adenoma is driven by
early genetic and epigenetic alterations, such as APC gene mutations and MLHI meth-
ylation, and the transformation of adenoma to adenocarcinoma is fostered by multiple
other genetic defects, such as gain-of-function mutations of the KRAS oncogene and
inactivating mutations of the tumor suppressor gene 7753 (2, 3). Among the factors
involved in the molecular pathogenesis of CRC, some directly control gene transcrip-
tion (e.g., MYC and p53) and others alter transcriptional outputs through various
regulatory mechanisms (e.g., APC/B-catenin axis) (3, 4). In fact, transcription dysregu-
lation has been considered a fundamental feature of cancer cells, and dependency on
key oncogenic transcription regulators confers substantial growth advantages to cancer
cells, which has been leveraged for therapeutic intervention in several cancers including
CRC (5, 6). Intense efforts in the past decades unveiled multiple components of
general transcription machinery and epigenetic regulators as critical players during
the tumorigenesis of CRC (7), but the roles of DNA-binding transcription factors
(TFs) that determine the site specificity of the regulatory apparatus remain poorly
understood.

The C2H2 (Cys2-His2)-type zinc finger (ZnF)-containing proteins represent the
largest family of TFs in the human genome, contributing in large part to the diversity
of sequence-specific affinity among all known TFs (8, 9). The various functions of
C2H2 ZnF TFs have been implicated in development and diseases, including cancer
(8, 10). For instance, CTCF (CCCTC-binding factor), an 11 C2H2 ZnF-containing
TF, is a key regulator of higher-order genome organization and local cis-elements
topology (e.g., promoter—enhancer interaction), thereby fine-tuning transcription activ-
ity under different physiological and pathological contexts (11). Misregulation of
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CTCF function has been implicated in a broad spectrum of
tumors, with the mutations of CTCF-binding sites as the most
frequent genetic alteration in the noncoding tumor genome dis-
covered thus far (12—-14). In addition to CTCF, several other
TFs with C2H2 ZnF domains are involved in maintaining
physiological homeostasis of the intestinal epithelium or patho-
genesis of CRC, such as KLF4 (15, 16), KLF5 (17, 18), ZEB1
(19), ZNF281 (20, 21), and ZNF746 (22). Nonetheless, the
vast majority of C2H2 ZnF TFs are still uncharacterized in
CRC and other common cancers. Moreover, previous studies
mainly focused on the direct transcription control by individual
TFs, while our understanding about how TFs, in concert with
other transcription regulators, actively shape the chromatin envi-
ronment through modulating dynamics of epigenetic states at cis-
regulatory elements has just begun to develop.

In this study, we identified zinc finger protein 280C (ZNF280C
or ZPET), a protein known to inhibit homologous recombination
during DNA damage response (23), as a crucial contributor to
colorectal tumorigenesis and further elucidated the mechanism
by which ZNF280C regulates CTCF and cohesin activities at
trimethylation of histone H3 at lysine 27 (H3K27me3)-marked

cis-regulatory elements of key cancer genes.

Results

ZNF280C Is Highly Expressed in Primary CRCs and Distant
Metastases and a Higher ZNF280C Level Strongly Predicts
Worse Prognosis of Patients. In order to search for genes
involved in CRC pathogenesis, we surveyed multiple CRC
datasets generated from high-throughput messenger RNA
(mRNA) expression profiling technologies and found that
ZNF280C was dramatically up-regulated in CRC samples
when compared to normal colon or rectum controls in all the
datasets we examined (Fig. 14 and S/ Appendix, Fig. S1 A and
B). ZNF280C expression was even elevated in benign colon
adenomas compared to matched control samples (Fig. 1B).
Notably, higher ZNF280C expression was associated with
worse overall and relapse-free survival of CRC patients (Fig. 1C
and S/ Appendix, Fig. S10).

Concordantly, by using tissue microarray technology for an
independent cohort of CRC patients, we found that ZNF280C
protein expression was higher in primary CRC samples than in
adjacent normal colons (Fig. 1 D and E). Moreover, high
ZNF280C expression was observed in distant metastases from
muldple sites including liver, lung, and ovary (Fig. 1D). In line
with this finding, the mRNA expression level of ZNF280C was
higher in CRC patients at M1 stage (with distant metastasis)
than those at MO stage (S Appendix, Fig. S1D). Remarkably, a
higher ZNF280C protein level strongly predicted poorer overall
survival of CRC patients even after controlling for the effect of
other classic prognostic factors, such as age, clinical stage, patho-
logic grade, and lymph node status (Fig. 1 F and G). These
results indicate that overexpression of ZNF280C is likely to be an
early and common event during the development of CRC, which
may be essential for malignant transformation and progression.

As ZNF280C was shown to be a candidate cancer gene, we
wondered whether it might also play a role in other common
cancers in addition to CRC. Strikingly, ZNF280C was found
to be significantly up-regulated in 12 out of 18 cancer types
that we evaluated (SI Appendix, Fig. S2 A and B), and its higher
expression was associated with the worse prognosis of multiple
cancers (SI Appendix, Fig. S20), suggesting that ZNF280C
may act as a broad oncogene in tumors with diverse tissue of
origin.

https://doi.org/10.1073/pnas.2120633119

Zfp280c Is Required for Colitis-Associated Colorectal Carcino-
genesis and Apc Deficiency-Driven Intestinal Tumorigenesis
in Mice. To investigate the functional contribution of
ZNF280C to CRC development, we first created C57BL/6]
mice harboring a genetic deletion spanning exon 3 to the end
of the Zfp280c gene, the mouse homolog of ZNF280C, and
verified the elimination of Zfp280c gene products at both the
mRNA and protein levels in these transgenic mice (Fig. 2A).
We then used the AOM/DSS-induced colitis-associated cancer
(CAC) model to evaluate the impact of Zfp280c depletion on
colorectal tumorigenesis (Fig. 2 B and C). The results showed
that Zfp280c knock-out greatly alleviated the tumor burden of
colon and markedly inhibited the formation of large tumors
(> 5 mm) (Fig. 2 D-F). Moreover, knock-out of Zfp280c led
to a notable decrease in adenomas of high-grade dysplasia (Fig.
2G) and a concomitant reduction of Ki-67 positive cells in the
colon epithelium (Fig. 2 H and J).

APC mutation is a well-documented driver for CRC, affect-
ing more than 80% of patients with sporadic colorectal tumors,
and germline APC mutation gives rise to familial adenomatous
polyposis, which is highly susceptible to CRC development
(24). Therefore, we next explored the oncogenic function of
ZNF280C with the Apc™” mouse model, which harbors a het-
erozygous truncating mutation at codon 850 of the Apc gene
and develops adenomas throughout the intestinal tract at an
age of 4 to 6 mo spontaneously (25). Remarkably, knock-out
of Zfp280c in Apc™” mice significantly prolonged the lifespan
of these mice (median survival time of 42.3 wk), when com-
pared to the Apd™” mice with wild-type Zfp280c alleles
(median survival time of 24.6 wk; P < 0.0001) (Fig. 3A).
Intriguingly, the female Apc™” mice with hemizygous Zfp280c
(located in the X chromosome) deficiency showed a similar pat-
tern (median survival time of 43.6 wk) as the ones without
both Zfp280c alleles (Fig. 3A). Furthermore, Zfp280c-null
Apc™” mice developed fewer polyps in both the small intestine
and the colon than Zf)280s~wild-type Apc™” mice at the age
of 20 to 24 wk (Fig. 3 B and () and showed a consistent
decrease in the tumor burden across the intestinal tract (Fig. 3
D and E). Pathological inspection revealed frequent carcinoma-
like high-grade adenomas and a higher level of K-67-positive
cells in the small intestine and colon of Zfp280c—wild-type
Apc™” mice, while in contrast the intestinal epithelium of
Zfp280c-null Apc™” mice was largely normal with fewer Ki-
67—positive cells (Fig. 3 Fand G and SI Appendix, Fig. S3 A
and B). These findings indicate that Zfp280c is required for

intestinal carcinogenesis and malignant progression in mice.

Silencing of ZNF280C Impairs the Oncogenic Potential of CRC
Cells. We next tested whether ZNF280C also plays an onco-
genic role in human CRC cells. Compared to the immortalized
colonic epithelial cell line NCM460, ZNF280C was expressed
at a higher level in most CRC cell lines that we examined (57
Appendix, Fig. S4A). ZNF280C-targeting short-hairpin RNAs
(shRNAs) controlled by the tetracycline-inducible promoter
were stably transduced into three CRC cell lines, RKO,
HCT116, and SW620, in which ZNF280C expression was
silenced by treatment with doxycycline (Fig. 4A4). As a result,
induced ZNF280C silencing impeded cell proliferation (Fig.
4B) and weakened the monolayer (Fig. 4C and SI Appendix,
Fig. S4 B and () and soft-agar (Fig. 4D and SI Appendix, Fig.
S4 D and E) colony formation ability in these three cell lines.
Moreover, induced ZNF280C down-regulation impaired the
tumor xenograft formation capacity of RKO cells (Fig. 4 E
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Fig. 1. ZNF280C is highly expressed in primary CRCs and distant metastases, and a higher ZNF280C level strongly predicts worse prognosis of patients.

(A) mRNA expression level of ZNF280C in normal colon and primary CRC tissues. Data were extracted from the TCGA data portal. (B) Expression of ZNF280C
in colon adenomas and matched normal tissues. Source data were from GSE8671. (C) Overall and relapse-free survival of TCGA CRC patients categorized by
ZNF280C expression levels. Statistical significance was determined by the log-rank test. (D) Representative photos of ZNF280C immunohistochemistry (IHC)
analysis using tissue microarray. () Quantification of the ZNF280C IHC results in matched normal colon and primary CRC tissues. Significance was evaluated
by paired t test. (F) Overall survival curve of CRC patients categorized by ZNF280C protein levels determined by IHC. (G) Results of univariate and multivariate
Cox regression analyses using clinical parameters of CRC patients and ZNF280C protein level as input variables. HR, hazard ratio.

and F), which was further verified by constantly knocking-
down ZNF280C in the same cells (Fig. 4 G and H).

As ZNF280C was highly expressed in both primary tumors
and metastases of CRC patients, we then sought to determine
whether it is involved in the dissemination of CRC cells.
Indeed, the silencing of ZNF280C suppressed CRC cell migra-
tion in vitro (Fig. 47 and SI Appendix, Fig. S4 F and G) and
liver metastasis in vivo (Fig. 4 Jand K). Taking the above data
together, we found that ZNF280C is required for maintaining
the tumorigenic potential of CRC cells, but the mechanism
by which ZNF280C exerts its oncogenic functions remains

undefined.

ZNF280C Occupies Both Transcriptionally Active and Repressive
Chromatin Regions and Coincides with CTCF and Cohesin
Binding. The physiological and pathological roles of ZNF280C
mostly remained unclear thus far, with only one study
pinpointing its function in repressing homologous recombina-
tion during DNA damage repair (23). The ZNF280C protein

PNAS 2022 Vol. 119 No.22 2120633119

contains a domain of unknown function in its N terminus, fol-
lowed by nine C2H2-type ZnF domains across its middle
region and C terminus (Fig. 54). Immunofluorescence staining
showed that ZNF280C was localized in the cell nucleus with a
discrete and focal enrichment pattern (Fig. 5B and SI Appendix,
Fig. S5A), and ZNF280C down-regulation induced the rever-
sion of multiple transcriptional signatures associated with
malignant behaviors of cancer cells, such as proliferation,
metastasis, and cell cycle progression (Fig. 5C and ST Appendix,
Fig. S5B). To test whether ZNF280C acts as a DNA-binding
transcription factor in a site-specific manner, we performed
chromatin immunoprecipitation sequencing (ChIP-seq) for
ZNF280C in RKO cells, together with several histone modifi-
cations that are commonly used for defining chromatin states.
As a result, we detected 1,499 highly confident binding sites for
ZNF280C across the genome (Fig. 5D). The ChIP-seq signal
around these ZNF280C-binding sites was significantly decreased
upon ZNF280C silencing (SI Appendix, Fig. S5C), and the same
set of sites was also enriched by ZNF280C ChIP-seq in another
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http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2120633119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2120633119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2120633119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2120633119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2120633119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2120633119/-/DCSupplemental

4of 11

A B C - “WT
T 15 AOM e B B « Zfp280c KO
- DSS DSS  DSS
=
g 10 |
£ 012 45 78
S
w
2 05 D
I:: zrp2aoc KO 10 1 1 T 1 | I 1
5 00 0 2 4 6 8 10 12 14
© Duration (week)
© WT prégOc E F
Zfp280c =] g . 3 n.s. « Zp280c KO
m 30 - 6 .
Gapdh (== == Y = 51 - - .
'g 20 E 4 " . .
<] 10 : - lE 2 [T »
AT T =
E [ .. ..
G H ’ ’
H&E Ki-67 <5mm =5 mm
Zfp280c KO WT Zfp280c KO
I
60-
g Kk
®
8
2
E
2
©
2

Fig. 2. Zfp280c deficiency impedes colitis-associated colorectal carcinogenesis in mice. (A) mRNA and protein expression level of ZNF280C were examined
in colon tissues from wild-type or Zfp280c knock-out mice. Gapdh was used as an internal control for gPCR and a loading control for Western blot. (B) Dia-
gram showing the experimental procedure of chemical-induced CAC mouse model. (C) Body weight of the mice described in (B) with the genotype indicated.
(D) Representative photos of colon dissected from the mice described in (B) (Scale bar, 1 cm). (E) tumor foci area and (F) tumor number of the colon from
the mice described in (B). Representative photos of H&E staining (G) and Ki-67 IHC analysis (H, Left) of the colon tissues dissected from the mice described
in (B). (H, Right) Quantification of the Ki-67 IHC results. (G) (Scale bars, upper panel of photos, 1,000 pm; bottom panel, 50 pm.) (H) (Scale bars, upper panel,
100 pm; bottom panel, 25 pm.) KO, knock-out; n.s., not significant; WT, wild-type. *P < 0.05; **P < 0.01.

model cell line, K562 (87 Appendix, Fig. S5D), verifying the spe-
cificity of the ZNF280C antibody. Interestingly, clustering of
the ZNF280C binding sites using their associated chromatin fea-
tures separated them into two distinct categories: One was
strongly correlated with a high level of histone modifications
that mark active transcription events, such as trimethylation of
histone H3 at lysine 4 (H3K4me3) and acetylation of histone
H3 at lysine 27 (H3K27ac) (named as type I), while the
other was nearly devoid of these active marks (named as type II)
(Fig. 5D). Both types of sites showed deep conservation of the
sequences around peak centers (SI Appendix, Fig. SS5E).
Chromatin state annotation using the ChromHMM method (57
Appendix, Fig. S5F) revealed that type I ZNF280C binding sites
were mainly located in active promoters (91.4%) (Fig. 5F). In
contrast, type II sites were more frequently found in repressive
chromatin regions, such as heterochromatin (39.9%) and
H3K27me3-repressed domains (12.4%) (Fig. 5£). In line with
this finding, cis-regulatory element annotation based on physical
distance to genes located most type I sites at promoter areas (95.
9%) while type II sites were more commonly assigned to distal

https://doi.org/10.1073/pnas.2120633119

intergenic regions (44.3%) and gene introns (32.3%) (S7
Appendix, Fig. S5G). In accordance, chromatin accessibility anal-
ysis showed that type I sites mostly demarcated open chromatin
regions, and interestingly, type II sites remained accessible at a
limited level within repressive chromatin regions (Fig. 5F and S/
Appendix, Fig. S5 H-J), suggesting that ZNF280C might be
involved in regulating the transcription of genes with diverse
basal activities. In addition, metagene profile analysis further con-
firmed the enrichment of ZNF280C at the promoter and tran-
scription start site of genes (Fig. 5G).

Mortif analysis identified two different prevailing ZNF280C
motifs from the two classes of ZNF280C peaks, along with the
motifs of several well-known transcription regulators, such as
ZNF143 and E2F3 (Fig. 5H). Surprisingly, the motifs of
CTCF were found to be significantly enriched in both types of
ZNF280C peaks, although the base composition within the
CTCF motifs differed slightly between types (Fig. 5H). Con-
sistently, intensive binding of CTCF around the center of
ZNF280C peaks was observed, with a stronger preference on
type II sites, which was inversely correlated to the levels of

pnas.org
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Fig. 3. Zfp280c is required for Apc deficiency-driven intestinal tumorigenesis in mice. (A) Survival curves of mice with indicated genotypes. Significance was
determined by log-rank test. (B) Representative photos of small intestine (ileum) and colon dissected from the mice with indicated genotypes (Scale bar,
1 c¢m). (C) Number of polyps in the small intestine and colon dissected from the mice with indicated genotypes. (D, E) Tumor load (the sum of the diameter
in longer dimension of polyps) and tumor volume (the sum of the volume of polyps) in the small intestine of the mice with indicated genotypes. Representa-
tive photos of H&E staining (F) and Ki-67 IHC analysis (G) of the ileum tissues dissected from the mice with indicated genotypes. (F) (Scale bars, upper panel
of photos, 1,000 pm; bottom panel, 100 um.) (G) (Scale bars, upper panel, 100 pm; bottom panel, 50 pm.) (H) Quantification of the Ki-67 IHC results in small
intestine and colon. KO, knock-out; SI, small intestine; WT, wild-type. *P < 0.05; **P < 0.01.

active histone marks (Fig. 5J). Interestingly, RAD21, a core
subunit of the cohesin complex that cooperates with CTCF to
regulate transcription via functionally organizing the genome
architecture (11), showed a highly similar binding pattern over
ZNF280C peaks to that of CTCF (Fig. 51). The site-specific
enrichment of ZNF280C in the genome and its sequence
context—dependent association with different chromatin fea-
tures as well as CTCF/cohesin chromatin regulators inspired us
to further explore the possibility that ZNF280C controls the
transcriptional outputs at certain cancer susceptibility loci
through shaping the chromatin environment.

ZNF280C Inactivation Leads to De-Repression of H3K27me3-
Marked Genes with Concomitant Decrease of Both Focal and
Broad H3K27me3 Levels. In scarch of transcription modules
potentially governed by ZNF280C, we unexpectedly found
that multiple sets of H3K27me3-marked genes, including some
well-known tumor suppressor genes in CRC (e.g., CDX2, HICI,
and EPHB3) were significantly up-regulated when ZNF280C was
silenced in human CRC cells or Zfp280c was inactivated by
genetic knock-out in mice, while in comparison, a random set of
repressed genes or genes without H3K27me3 modification largely
remained unchanged (Fig. 6 4 and B). H3K27me3 established by
polycomb repressive complex 2 (PRC2) is one of the most abun-
dant histone modifications across the genome and marks the
facultative heterochromatin regions and regulatory elements of

PNAS 2022 Vol. 119 No.22 2120633119

numerous genes (26). Therefore, in accordance, the targets of
PRC2 were also up-regulated by ZINF280C inactivation (Fig. 64).

In agreement with these findings, we detected a loss of
H3K27me3, rather than another repressive histone mark
(H2AK119ub) written by PRCI, at both types of ZNF280C
binding sites (Fig. 6C and SI Appendix, Fig. S6 A and B).
Consistently, H3K27ac and chromatin accessibility levels of
ZNF280C peaks were elevated upon the depletion of
ZNF280C (Fig. 6C and SI Appendix, Fig. S6 B and (). Inter-
estingly, the motif of CTCF was dramatically enriched in the
assay for transposase-accessible chromatin (ATAC) peaks that
emerged after ZNF280C silencing (SI Appendix, Fig. S6D),
implying a role of CTCF in the de-repression of the genes
within these regions. Despite focal enrichment at certain cis-
regulatory elements, H3K27me3 more commonly marks large
genomic spans that are referred to as broad H3K27me3
domains. Remarkably, ZNF280C silencing induced a decrease
of the H3K27me3 level but not the H2AK119ub level across
these H3K27me3 domains, with the active mark H3K27ac
remaining stable at a low level (Fig. 6D and SI Appendix, Fig.
S6 E-G). In addition, as expected, type II ZNF280C sites were
more frequently located in H3K27me3 domains than in type I
sites (SI Appendix, Fig. S6H), indicating the context-dependent
regulation of H3K27me3-marked genes by ZNF280C. In line
with the global reduction of the H3K27me3 level across
H3K27me3 domains, a moderate decrease of the H3K27me3
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Fig. 4. Silencing of ZNF280C impairs the oncogenic potential of CRC cells. (A) RKO, HCT116, and SW620 cells stably transduced with tetracycline-inducible
shRNA targeting ZNF280C (shZNF280C#1, #2) or a scramble sequence (shCtrl) were treated with or without 1 pg/mL doxycycline (dox) for 72 h, and the result-
ing cells were subjected to qPCR and Western blot analysis to determine ZNF280C levels. p-actin was used as a loading control. (B) Cell proliferation assay
using CCK8 for the cells described in (A) at indicated time points. Monolayer (C) and soft-agar (D) colony formation assays using the RKO cells described in
(A) (Scale bars, 200 pm). Tumor xenograft growth curves (E) and tumor weight (F) of the nude mice inoculated with the RKO cells described in (A). (G) RKO
cells stably expressing noninducible shRNA targeting a scramble sequence or ZNF280C were injected into the flanks of nude mice to allow for growth. The
tumors were dissected and photographed 3 wk post inoculation (Scale bar, 2 cm). (H) Weight of the tumors described in (G). (/) Transwell migration assay
using the RKO cells described in (A) (Scale bars, 500 pm). (/) Representative photos of livers from the mice with indicated RKO cells injected to the spleen and
statistics of the mice with or without liver metastasis. White arrows indicate sites of liver metastases. P value was determined by X2 test (n = 6 for each
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50 pm). The dashed black line indicates the boundary of a metastasis in the liver. N, normal liver tissue; n.s., nonsignificant; T, tumor tissue from a metasta-
sis. *P < 0.05; **P < 0.01.
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protein level after ZNF280C down-regulation was also observed
(S Appendix, Fig. S61), further highlighting the crucial role of
ZNF280C in maintaining the stability of this histone modification.

ZNF280C Cooperates with Structural Maintenance of Chromosomes
Flexible Hinge Domain-Containing 1 for H3K27me3 Maintenance by
Counteracting CTCF/Cohesin Activities. To elucidate the role of
CTCF and cohesin in transcription events regulated by ZNF280C,
we first analyzed the occupancy of these two proteins over
ZNF280C binding sites. The results showed that a substantial part
of ZNF280C binding sites (15.8% of type I; 49.2% of type II)
was occupied by CTCF and RAD21 simultaneously (Fig. 6E).
Remarkably, the silencing of ZNF280C led to increased CTCF
and RAD21 activides at both types of ZNF280C binding sites
(Fig. 6F and SI Appendix, Fig. S6B), and the increase of CTCF
and RAD21 activities upon ZNF280C depletion was accompanied
by the down-regulation of the H3K27me3 level and elevated

https://doi.org/10.1073/pnas.2120633119

chromatin accessibility at the promoters of certain tumor suppressor
genes, such as EPHB3 and TP53 (Fig. 6G and SI Appendix, Fig.
S6)). In addition, the genome-wide occupancy of ZNF280C was
highly correlated to that of both CTCF and RAD21 (S Appendix;
Fig. S7A), implying a global functional connection between them.
In agreement with our findings, previous studies found that
CTCF-binding sites are devoid of H3K27me3 and often mark the
boundaries of H3K27me3 domains (27, 28), CTCF has been
reported to actively erase the H3K27me3 mark (29), and the
depletion of CTCF causes the incorporation of H3K27me3 at cis-
regulatory elements of genes (30), as exemplified by the cases of
TP53 (31) and the HOXA cluster locus (32).

To further explore how ZNF280C maintains H3K27me3
and counteracts CTCF/cohesin activities, we used mass spec-
trometry to identify proteins co-immunoprecipitated with
ZNF280C in colon cancer cells. As a result, structural mainte-
nance of chromosomes flexible hinge domain-containing 1
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Fig. 5. ZNF280C occupies both transcriptionally active and repressive chromatin regions and coincides with CTCF and cohesin binding. (A) Diagram showing
the conserved domains in ZNF280C protein. aa, amino acid; ZnF, zinc finger. (B) Representative images of immunofluorescence showing the nucleus localiza-
tion of ZNF280C in RKO cells (Scale bars, 5 pm). (C) RKO cells stably transduced with a tetracycline-inducible shRNA targeting ZNF280C (#1) were treated with
(KD) or without (Ctrl) 1 pg/mL doxycycline (dox) for 72 h and were subject to transcriptome analysis. The differential expression results were then used for
GSEA with indicated gene sets. NES, normalized enrichment score; UP, upregulated, DN, downregulated. (D) Heatmaps of the ChIP-seq signal of indicated
antibodies as well as signal of ATAC-seq in RKO cells within a 10 kb window around ZNF280C peaks. (F) Annotation of ZNF280C binding sites by the
ChromHMM method. (F) Signal profile of ATAC-seq within a 10 kb window around two types of ZNF280C binding sites. (G) Distribution of ZNF280C ChIP-seq
profile over metagenes normalized to a length of 3,000 bp. (H) Motifs discovered from two types of ZNF280C peaks. A smaller Z score indicates stronger
enrichment of the motif. (/) Signal profile of ChIP-seq with indicated antibodies within a 10 kb window around two types of ZNF280C binding sites.

(SMCHD1) was identified as one of the few proteins that most
frequently precipitated with ZNF280C, together with the com-
ponents of several transcription repressor complexes, such as
CHD4, CHD3, DNMT1, and HP1BP3 (Fig. 7A). The inter-
action between ZNF280C and SMCHDI was validated by
co-immunoprecipitation assays (Fig. 7B and SI Appendix, Fig.
S7B). In line with this finding, genomic loading of SMCHD1
was enriched at ZNF280C binding sites (Fig. 7C) and partially
disturbed by ZNF280C silencing (Fig. 7D). As a noncanonical
member of the SMC family proteins, SMCHDI1 functions as
an epigenetic regulator that is critical for X-chromosome inacti-
vation (33), gene imprinting (34), and Xi compartmentaliza-
tion (35). SMCHD1-mediated transcriptional repression is
mainly achieved by establishing or maintaining DNA CpG
methylation and repressive histone modifications, such as
H3K27me3, at cis-regulatory elements (36-40). Notably, the
genome-wide occupancy of SMCHDI partially coincides with

PNAS 2022 Vol. 119 No.22 2120633119

that of CTCEF, and functional antagonism between SMCHD1
and CTCF has been reported (41), in which Ctcf binding was
enhanced upon Smchdl inactivation and the effect of gene acti-
vation by Smchdl knock-out was compromised by concurrent
Cicef depletion. In concert with these findings, we found that
the CTCF motif, together with the motif of the transcription
repressor Rest, was significantly enriched in SMCHD1 peaks in
CRC cells (Fig. 7E). Moreover, the global occupancy of
SMCHDI1 was strongly correlated with the repressive marks
H3K27me3 and H2AK119ub rather than the active marks
H3K27ac and H3K4me3 and largely resembled the genomic
distribution pattern of CTCF, RAD21, and ZNF280C (Fig.
7F and SI Appendix, Fig. S7C). Notably, a substantial part of
SMCHDI1 binding sites (23%) was colocalized with those of
CTCEF (Fig. 7G), and the silencing of ZNF280C significantly
intervened in the loading of SMCHDI at these sites (Fig. 7 /
and ), suggesting that the functional antagonism of ZNF280C

https://doi.org/10.1073/pnas.2120633119 7 of 11


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2120633119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2120633119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2120633119/-/DCSupplemental

>

KD vs Ctrl (cell line) KO vs WT (mice)

B

KD vs Ctrl KO vs WT
H3K27me3-marked genes H3K27me3-marked genes Gene set name NES Pvalue FDR NES Pvalue FDR
2 iyt ca Nyobe.  Mikelsen_NPC_HCP_with_H3K27me3 225 0000 0000 159 0000 0.097
g 0. : - 0.
£ FDR:B.5E-4 .. H_fd“’a FDR:0.013  Mikkelsen_MEF_HCP_with_H3K27me3 240 0000 0000 149 0000 0.146
IC’
2 = \_’J Benporath_ES_with_H3K27me3 1.89 0.000 0.025 1.48 0.000 0.158
£
g S Meissner_Brain_HCP_with_H3K27me3 2.01 0.000 0.009 1.38 0.014 0.224
o “II"I"""I" Hm"l ‘W --“ Random set of repressed genes 1.00 0.440 0.514 0.80 0872 0.953
i I LTI {
KD Cl KO WT
Non-H3K27me3 expressed genes  Non-H3K27me3 expressed genes C ZNF280C H3K27me3 H2AK119Ub
g x J"’d\-\\ J,/‘N\ @ 20 Type |-Ctr
. v E 3
- 515 Type I-KD
5 NES: -0.99 NES: -0.88 o
Eows P:0.473 “ P:0.910 24 Type ll-CHr
.. FDR:0.548 “ FDR: 1.000 b
c i Z s e i
*_UAVRENUTIUOERELL 00
| ! o
Ko o Ko wr HaK27ac H3K4me3 ATAC
Benporath_PRC2_targets Benporath_PRC2_targets 0 % — - ) -
2 NES: 1.93 NES: 160 % ?
g P:0.000 P:0.000 a e
= FDR: 0.020 FDR:0.095 & i
o (o)
E ] 4
5k e e d] = ;
[~ i H
S ML *
i | 1 1 -5kb  Peakcenter 5kb -5kb Peakcenter S5kb -5kb Peak center  5Skb
D KD Ctrl KO WT
H3K27me3 H2AK119Ub H3K27ac G
hE —cCtrl 0.54 [0-18) chr3:184,262,846-184,306 287
g2 |-xo o ctl
s 0.52 i
g o5 & i ZNF2soc| P
8 0.50 K il i vuarie kv inas el i e v Jo. il
@ [0-141]
5045 0.48. i ctrl |
<
1 CTCF o141
040 e T
-10kb  Start End 10kb -10kb Start End  10kb -10kb Start End  10kb [0-230]
H3K27me3 domains H3K27me3 domains H3K27me3 domains Ctrd i
E E RAD21 23] l
D
£ 607 mm CTCF only Al RAD21 [(RED]
8 == RAD21 only 0% ; 50 ; A Sy TV |V TR N
@ CTCF & RAD21 = H me 10-3.34]
5 40 ) ‘a A VR VRR T WY N7 VPRI TR
° o 30 10-15]
= & 30
5 g s ctr i ”
% 2 g 20 s ATAC-seq 0] -
g = 1 KDL&_._...;-___-___ PP S PP R T Sy
3 : ’ K e
g-, . o _ -5kb  Peak cemer_ B Ekb -5kb  Peak c_en_te_r. 5 kb LINCO1840 EPHB3
Type | Type Il Type l-Ctl Type l-KKD Type ll-Ctl  Type II-KD

Fig. 6. ZNF280C inactivation leads to de-repression of H3K27me3-marked genes with concomitant decrease of both focal and broad H3K27me3 levels.
(A, B) GSEA results of indicated gene sets using differential gene expression data after inducible silencing of ZNF280C in RKO cells (Left) or depletion of
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bodies or ATAC-seq in RKO cells with or without ZNF280C silencing within a

10 kb window around ZNF280C binding sites. (D) Signal profile of ChIP-seq with

indicated antibodies across the meta-H3K27me3 domains normalized to a length of 10 kb. (£) Fraction of ZNF280C binding sites occupied by CTCF or RAD21.
(F) Signal profile of ChiIP-seq with CTCF or RAD21 antibodies in RKO cells with or without ZNF280C silencing within a 10 kb window around ZNF280C binding

sites. (G) IGV view of ChIP-seq profiles of indicated antibodies and ATAC-seq

against CTCF/cohesin is at least partially mediated by the epi-
genetic repressor SMCHDI1.

Taken together, we uncovered ZNF280C as a contributor to
colorectal tumorigenesis and metastasis, comprehensively char-
acterized the chromatin features at ZNF280C binding sites,
and delineated the functional antagonism between ZNF280C
and CTCF/cohesin at H3K27me3-marked tumor suppressor
loci, which is at least partially mediated by the epigenetic regu-
lator SMCHD1 (Fig. 7K).

Discussion

Transcriptional dependency conferred by the dysregulation
of oncogenic transcription factors represents a key feature of
cancer cells (5). Here, we report on the role of ZNF280C,
a ZnF-containing transcription regulator, in CRC patho-
genesis. ZNF280C belongs to a family of four ZnF proteins
(ZNF280A to D) sharing high-sequence homology, although the

8 of 11  https://doi.org/10.1073/pnas.2120633119

prolife across the specified genomic regions.

composition of the carboxyl terminus containing the last two
C2H2-type ZnF proteins varies among them. ZNF280A (42,
43) and ZNF280B (44, 45) have been reported to play tumori-
genic roles in cancer, mainly through controlling the transcrip-
tion of their downstream target genes, while whether
ZNF280C and ZNF280D are involved in tumorigenesis has
been unknown. In this study, ZNF280C was shown to be a
functional cancer gene up-regulated in CRC tissues, but the
underlying mechanism for its aberrant activation remains
unclear. The ZNF280C gene was mutated at a relatively low
rate (1 to 3%) in six different CRC genome datasets when
compared to some classic cancer genes (S Appendix, Fig. S8A),
and its copy number amplification was also rarely detected (87
Appendix, Fig. S8B). Interestingly, we found that there was a
typical CpG island within the promoter of the ZNF280C gene
(ST Appendix, Fig. S8C) and that the methylation level of its
promoter was significantly lower in primary CRC than in adja-
cent normal colon tissues (SI Appendix, Fig. S8D), suggesting
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10 bp) around the center of CTCF/SMCHD1 binding sites (BS). (K) Diagram illustrating how ZNF280C maintains epigenetic repression at tumor suppressor loci

through orchestrating the activities of chromatin regulators including SMCHD1 and CTCF/cohesin, driving the onset and progression of intestinal cancer.

that epigenetic abnormality may be responsible for ZNF280C
activation in CRC.

Maintaining proper dynamics of H3K27me3 across the genome
is crucial for developmental and physiological processes, which often
go awry during tumorigenesis (26). In mammalian cells, the bal-
anced activities of the PRC2 and lysine demethylase GA/B
(KDMGA/B) determine the abundance of H3K27me3, but the
mechanisms by which the site-specific H3K27me3 pattern is estab-
lished and maintained are still poorly understood. In this study, we
uncovered a crucial role of ZNF280C in maintaining the
H3K27me3 level at genomic intervals with enrichment of both
ZNF280C and CTCF binding. ZNF280C counteracts the activities
of CTCF and cohesin at these sites by recruiting the transcription
repressor SMCHD1, which preserves DNA CpG methylation and/

PNAS 2022 Vol. 119 No.22 2120633119

or repressive histone marks including H3K27me3, thereby attenuat-
ing the local accessibility to CTCF binding and blocking a CTCF/
cohesin-mediated promoter—enhancer interaction that ultimately
leads to gene silencing. The writing of H3K27me3 in the genome is
largely dependent on the histone methyltransferase activity of a mul-
tisubunit complex, PRC2 (26). Considering the crucial role of
ZNF280C in H3K27me3 maintenance, it is of interest to explore
ZNF280C's functional connection to PRC2 in CRC. Intriguingly,
in a gene coexpression analysis of ZINF280C in CRC, we unexpect-
edly found that the mRNA level of ZNF280C was strongly corre-
lated to the levels of three PRC2 core subunits, EZH2, EED, and
SUZI2, while in contrast it showed no correladon to RINGIA, a
core subunit of the PRC1 complex (S Appendix, Fig. S9 A and B).
This finding suggests that ZNF280C and the key components of

https://doi.org/10.1073/pnas.2120633119 9 of 11


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2120633119/-/DCSupplemental

10 of 11

the PRC2 complex are likely to reside in the same transcription reg-
ulatory network. However, whether there is transcriptional codepen-
dency between ZNF280C and PRC2 and whether they lie in the
same oncogenic transcriptional ~circuitry governed by certain
upstream master TFs still await to be further investigated.

Apart from its role in transcription regulation, ZNF280C
has been reported to be localized to DNA damage sites, restrict
end resection, and repress homologous recombination (HR)
(23). The transient repression of transcription and the forma-
tion of the condensed chromatin state around DNA break sites
ensures the accuracy and efficiency of the repair process (46).
Intriguingly, our finding that ZNF280C is critical for main-
taining epigenetic repression at H3K27me3-marked sites raised
the possibility that recruitment of ZNF280C to DNA damage
sites reshapes the proximal chromatin structure through epige-
netic reprogramming to inhibit local transcription and prevents
the loading of the MRE11-RAD50-NBS1 complex for end
resection. In addition, the inhibitory role of ZNF280C on HR
repair might be explained, at least in part, by its functional
antagonism against CTCF, which was found to facilitate DNA
repair by enhancing HR (47, 48). Therefore, it is of great interest
to establish the possible mechanistic link between ZNF280C-
mediated epigenetic/transcriptional regulation and its function in
DNA damage repair in the future.

To conclude, we unveiled the crucial role of the DNA-
binding transcription regulator ZNF280C in CRC pathogene-
sis and further elucidated its functional antagonism against
another key chromatin regulator, CTCF, in maintaining epige-
netic repression at certain tumor suppressor loci, illustrating the
vulnerability of transcriptional dependency on context-specific
TFs that can be potentially targeted for therapeutic intervention
in intestinal cancers.

Materials and Methods

Mouse Experiments. Zfp280c-deficient C57BL/6J mice were generated by the
CRISPR-/Cas9-based gene deletion strategy, in which the genomic fragment
spanning exons 3 to 19 of the Zfp280c gene (Mouse Genome Informatics or
MGI: 2387585) was deleted, resulting in the depletion of the Zfp280c transcript
and protein product. The sequences of the guide RNAs used are listed in S/
Appendix, Table S1. The Apc™" mice harboring a heterozygous truncating muta-
tion at codon 850 of the Apc gene (MGI: 88039) were obtained from the Jack-
son Laboratory and were bred to Zfp280c-deficient mice for generating Apc™"
mice with Zfp280c depletion. All mice were maintained under pathogen-free
conditions and fed by a standard chow diet.

For the chemical-induced colitis-associated cancer model, sex-matched mice
aged 6 to 8 wk with indicated genotypes were treated with a single intraperito-
neal injection of 10 mg/kg AOM (Sigma-A5486). At 7 d post injection, mice were
given drinking water containing 2% DSS (MP Biomedical-160110) for 1 wk, and
regular water was given over the next 2 wk. After that, another two cycles of DSS
treatment were administered following the same procedures. At 14 wk after the
AOM treatment, mice were killed, the colon was dissected, the tumor number
and dimensions were recorded, and the tissues were kept in 4% paraformalde-
hyde for histological analysis by hematoxylin and eosin (H&E) staining.

For the tumor xenograft model, RKO cells stably expressing tetracycline-
inducible shRNAs targeting ZNF280C or a scramble sequence were subcutaneously
inoculated to the right flank of female BALB/c nude mice (4 x 10° cells per mouse;
6 mice for each group). The mice were given drinking water containing 2 mg/mL
doxycycline (Sigma-D9891) and 5% sucrose or water with 5% sucrose only. One
week later, tumor dimensions were measured by vemier caliper every 3 d. Tumor
volume was calculated using the following formula: L x W? x 0.52, where L repre-
sents the length and W represents the width. For metastasis experiments, the same
RKO cells (2 x 10° cells per mouse) as described above were injected into the
spleens of nude mice (n = 6 per group) and 2 mg/mL doxycycline was adminis-
tered via drinking water with 5% sucrose from the day after cell inoculation. Six
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weeks later, mice were killed and metastases in the liver were imaged. The livers
were then fixed in 4% paraformaldehyde, embedded with paraffin, and subject to
histological analysis. Mice were allocated to each group randomly by random num-
bering. All mouse experiments were not conducted in blind.

Mouse handling and experimental procedures in this study were approved
(No. AEWC-2019006) by the Animal Ethical and Welfare Committee of Shenzhen
University.

chiP-seq. ChIP experiments were performed as described (49). For detailed pro-
cedures of ChIP, please refer to the S/ Appendix, Materials and Methods. Anti-
bodies used for ChIP are listed in S/ Appendix, Table S2. Libraries of purified
ChIP DNA or input DNA were prepared with the TruSeq DNA Sample Preparation
version 2 kit (lllumina) according to the manufacturer's instructions and were
sequenced on a HiSeq X Ten platform (lllumina).

For analysis of ChIP-seq data, raw reads were aligned to reference genome
hg19 by Bowtie2 (version 2.2.9). The number of total and aligned reads
obtained for each sample is listed in SI Appendix, Table S3. Peak calling from
alignment results was performed using MACS2 (version 2.1.6) using default
parameters with a significance level at a g value < 0.05. No lambda, no model,
and broad peak were used for H3K27me3 samples. The input was used as refer-
ence background for peak calling. Blacklist regions from the ENCODE project
were filtered out. Motif discovery was performed using the SeqPos motif tool
(version 1.0.0) of the Cistrome analysis pipeline (50). The bedGraph files gener-
ated from MACS2 were converted to bigwig files using the ucsc bedGraphToBig-
Wig tool. The Integrative Genomics Viewer (IGV) was used to visualize signal
profiles and peaks of indicated genomic intervals.

The ChromHMM method (51) was employed to annotate the chromatin state
of genomic intervals with the ChIP-seq signal of H3K4me3, H3K27ac, H3K4me1,
H3K27me3, CICF, and RAD21 as inputs. The assignment of functional genomic
elements to grouped chromatin states mainly followed the principle reported in
the original study (51).

For broad H3K27me3 domain identification, an algorithm based on a hidden
Markov model that was developed recently was used with default parameters
(52). For a ChIP signal heatmap and profile curve in given genomic intervals, a
score matrix was first calculated using computeMatrix in deeptools (version
3.1.3) at a bin size of 10 bp, then plotHeatmap and plotProfiles in deeptools
were used for visualization.

ATAC Sequencing. ATAC sequencing (ATAC-seq) was carried out according to
the manufacturer's instructions (Active Motif- 53150). Briefly, the nuclei of
100,000 cells were incubated with the tagmentation master mix containing Tn5
transposase at 37 °C for 30 min. DNA was purified and amplified by PCR, and the
library was subject to quality analysis on an Agilent 2100 Bioanalyzer. The qualified
library was sequenced on a HiSeq X Ten platform (lllumina). Approximately 130 to
140 million clean reads were acquired for each sample. Alignment of the paired-
end reads to the hg19 reference genome was performed using Bowtie2 (version
2.2.9). Genrich (version 0.6) was used for peak calling of ATAC-seq samples. Gener-
ation of the bigwig file and profiling of the ATAC-seq signal at given genomic
regions was performed using the same procedure as ChIP-seq.

RNA Sequencing and Gene Set Enrichment Analysis. RNA sequencing (RNA-
seq) was conducted as reported earlier elsewhere (53). Total RNA was extracted, and
mRNA was enriched for library construction. The qualified library was sequenced on
the MGISEQ-2000 platform (Beijing Genomics Institute). Raw reads were cleaned
using SOAPnuke (version1.4.1), generating approximately 21 million clean reads
per sample. Hisat (version 0.1.6) and Bowtie2 (version 2.3.5) were used to align the
clean data to the reference genome (hg19) and reference gene, respectively. Tran-
script abundance was quantified using HTseq (version 0.11.2), and differentially
expressed genes were identified using the edgeR package from the R software.

Gene set enrichment analysis (GSEA) of the RNA-seq data was conducted with
the preranked method as previously described (54). All genes differentially
expressed between two samples were ranked according to the absolute value of
Logq (false discovery rate [FDR]) with the sign of fold change. The preranked
gene list was then loaded for analysis. The number of permutations was set to
1,000 as the default. Gene sets analyzed in this study were from the Molecular
Signatures Database except for three gene sets (H3K27me3-marked genes,
non-H3K27me3-expressed genes, and random set of repressed genes) that
were reported elsewhere (55).
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Proliferation, Colony Formation, and Transwell Assays. For proliferation
assay, cells were seeded in 96-well plates (6,000 to 8,000 cells per well). The
Cell Counting Kit-8 (CCK8, Dojindo) reagent was added to the cell culture at the
indicated time points, and absorbance at 450 nm was measured after 1 h incuba-
tion. For the monolayer colony formation assay, cells were seeded in 6-well
plates (500 cells per well) and allowed to grow for 2 wk. Medium and doxycy-
cline were refreshed every 2 d. At the end of the experiment, colonies were
stained by crystal violet. For the soft-agar colony formation assay, cells were sus-
pended in growth medium containing 0.35% agar in 24-well plates. Surviving
colonies were photographed and counted after approximately 2 to 3 wk. For the
migration assay, cells in serum-free medium were seeded in the upper chamber
of a transwell insert (Coming) in 24-well plates with medium containing 10%
fetal bovine serum in the bottom chamber. After 30 h incubation, migrated cells
at the bottom side of the insert membrane were stained with crystal violet. At
least five random fields were photographed and counted using a phase-contrast
inverted microscope.

Immunoprecipitation, Western Blot, and Liquid Chromatography-Mass
Spectrometry. Immunoprecipitation and Western blot were conducted as

reported previously (56). For liquid chromatography-mass spectrometry, a digested
peptides mixture was first separated by a high-performance liquid chromatography
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