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Figure 6.

ZNF704 Disrupts Circadian Rhythm in Breast Carcinogenesis

The ZNF704/SIN3A complex promotes the growth and metastasis of breast cancer in vivo. A, MDA-MB-231-Luc-D3H2LN cells infected with lentiviruses carrying the
indicated expression constructs and/or specific sShRNA were inoculated orthotopically onto the abdominal mammary fat pad of 6-week-old female SCID mice (n = 6).
Primary tumor size was measured using bioluminescent imaging after 6 weeks of initial implantation. Representative primary tumors and bioluminescent images are
shown. Error bars, mean =+ SD for three independent measurements. B, MDA-MB-231 Luc-D3H2LN cells infected with lentiviruses carrying the indicated expression
constructs and/or specific sShRNAs were injected intravenously into 6-week-old female SCID mice (n = 6). Metastases were quantified using bioluminescence imaging
after 4 weeks of initial implantation. Representative bioluminescent images are shown. Error bars, mean + SD for three independent measurements. C,
Representative lung metastasis specimens were sectioned and stained with hematoxylin and eosin. Scale bar, 50 um. In A and B, data are presented as mean

+ SEM. *, P < 0.05; ***, P < 0.001 (Student ¢ test).

Per2 promoter-driven luciferase were generated. These cells were
transfected with lentivirally delivered vector or FLAG-ZNF704,
and/or treated with lentivirally delivered SCR shRNA or shRNA
against ZNF704, PER2, or SIN3A. Monitoring the cells with real-
time Lumi-Cycle luminometry showed that knockdown of ZNF704 led
to a period-shortening and amplitude-increasing phenotype, effects
that were at least partially attenuated by co-knockdown of PER2
(Fig. 4E, upper; Supplementary Fig. S1B). Conversely, we observed
a period-lengthening and amplitude-damping phenotype when
ZNF704 was overexpressed, and this effect could be rescued, at least
partially, by simultaneous depletion of SIN3A (Fig. 4E, lower). Similar
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results were also obtained in U20S cells (Fig. 4F; Supplementary
Fig. S1C). Together, these observations indicate that ZNF704 over-
expression disrupts the circadian rhythm, and that ZNF704 does so,
through cooperating with the SIN3A complex to repress PER2
expression.

The ZNF704/SIN3A complex promotes the proliferation and
invasion of breast cancer cells in vitro

Dysfunction of circadian rhythm is closely associated with the
development and progression of various malignancies including breast
cancer (44-47). Likewise, PER2 is also implicated in tumorigenesis and
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Figure 7.

High level of ZNF704 is correlated with worse clinical behaviors and poor prognosis of patients with breast cancer. A, Analysis of ZNF704 and PER2 expression
by real-time RT-PCR in 25 breast carcinoma samples paired with adjacent normal mammary tissues. Each bar represents the mean =+ SD for triplicate experiments.
B, The relative level of ZNF704 was plotted against that of PER2. The correlation coefficients were calculated by SPSS19.0. (Continued on the following page.)
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has been proposed as a tumor suppressor (24, 29,48, 49). In light of the
observations that ZNF704 represses the expression of PER2 and
ZNF704 overexpression leads to the disruption of circadian rhythm,
it is reasonable to postulate that ZNF704 could affect the development
and progression of breast cancer. To test this, gain-of-function and
loss-of-function experiments of ZNF704 were performed in MCF7
and MDA-MB-231 cells and the effect of ZNF704 on the prolifer-
ation of these cells was examined using CCK-8 (Cell Counting Kit-
8) assays. The results showed that ZNF704 overexpression promot-
ed breast cancer cell proliferation, an effect that could be abrogated,
at least partially, by knockdown of SIN3A (Fig. 5A, left). Consis-
tently, depletion of ZNF704 had a significant inhibitory effect on
breast cancer cell proliferation, a phenotype that could be rescued
by co-knockdown of PER2 (Fig. 5A, right). Moreover, colony
formation assays in MCF7 cells showed that overexpression of
ZNF704 resulted in an increased in colony number, which was
abrogated upon depletion of SIN3A (Fig. 5B, top; Supplementary
Fig. S2A), whereas knockdown of ZNF704 was associated with a
decreased colony number, a phenotype that could be, at least
partially, rescued by co-knockdown of PER2 (Fig. 5B, bottom).
Together, these experiments support a role for ZNF704 in promot-
ing breast cancer cell proliferation, indicating that ZNF704 does so,
through association with the SIN3A complex and downregulation
of target genes including PER2.

To investigate the role of ZNF704 in breast cancer progression, the
expression of epithelial/mesenchymal markers was first analyzed by
Western blotting in MDA-MB-231 cells, as EMT is potentially an early
step in tumor metastasis (30). We found that overexpression of
ZNF704 resulted in a reduction of epithelial markers including E-
cadherin and y-catenin and an induction of mesenchymal markers
including fibronectin and N-cadherin, which were at least partially
attenuated by co-knockdown of SIN3A (Fig. 5C, top; Supplemen-
tary Fig. S2B). Conversely, depletion of ZNF704 was associated with
an induction of the epithelial markers and reduction of the mes-
enchymal markers (Fig. 5C, bottom). However, simultaneous
depletion of PER2 counteracted the effect of ZNF704 depletion on
the expression patterns of the epithelial/mesenchymal markers
(Fig. 5C, bottom; Supplementary Fig. S2B). These results support
a role for ZNF704 in promoting EMT.

We then investigated the role of ZNF704 in the cellular behavior of
breast cancer cells in vitro using transwell invasion assays. We found
that ZNF704 overexpression was associated with an increase in the
invasive potential of MDA-MB-231 cells, whereas ZNF704 knock-
down was accompanied by a decrease in the invasive potential of
MDA-MB-231 cells (Fig. 5D). Moreover, in agreement with the
functional link between ZNF704 and SIN3A, the increase in invasive
potential associated with ZNF704 overexpression could be offset, at
least partially, by knockdown of SIN3A and the inhibitory effect of
ZNF704 knockdown on the invasive potential of MDA-MB-231 cells
was at least partially rescued by PER2 depletion (Fig. 5D). Taken
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together, these results indicate a role for ZNF704 in regulating the
invasive potential of breast cancer cells and support the functional link
between the ZNF704/SIN3A complex and PER2.

The ZNF704/SIN3A complex promotes the growth and
metastasis of breast cancer in vivo

To investigate the role of ZNF704 in breast cancer metastasis in vivo,
MDA-MB-231 cells that had been engineered to stably express firefly
luciferase (MDA-MB-231-Luc-D3H2LN, Xenogen Corporation) were
infected with lentiviruses carrying vector or FLAG-ZNF704, or/and
carrying shCTR or shRNAs against ZNF704, SIN3A, or PER2. These
cells were then implanted onto the left abdominal mammary fat pad of
6-week-old female SCID mice (n = 6). The growth/dissemination of
tumors was monitored weekly by bioluminescence imaging with IVIS
imaging system. Tumor metastasis was measured by quantitative
bioluminescence imaging after 6 weeks. A metastatic event was
defined as any detectable luciferase signal above background and
away from the primary tumor site. The results showed that ZNF704
overexpression promoted the growth of the primary tumor and
accelerated the lung metastasis of the MDA-MB-231-Luc-D3H2LN
tumors (Fig. 6A). However, depletion of SIN3A neutralized the
ZNF704 overexpression-associated promoting effects of the growth
of primary tumors and lung metastases (Fig. 6A). Consistently,
ZNF704 depletion resulted in inhibition of the growth of the
primary tumor and suppression of the lung metastasis of the
MDA-MB-231-Luc-D3H2LN tumors, effects that could be offset
by co-knockdown of PER2 (Fig. 6A).

Next, MDA-MB-231 Luc-D3H2LN cells infected with lentiviruses
carrying vector or FLAG-ZNF704 or/and carrying shCTR or shRNA
against SIN3A were injected intravenously into SCID mice (n = 6), and
seeding lung metastasis was measured by quantitative biolumines-
cence imaging after 4 weeks of injection. The results showed that
overexpression of ZNF704 drastically promoted lung metastasis of the
MDA-MB-231-Luc-D3H2LN tumors, and this was attenuated at least
partially by simultaneous knockdown of SIN3A (Fig. 6B). The lung
metastasis was verified by histologic staining (Fig. 6C). Collectively,
these experiments indicate that ZNF704 promotes the growth and
metastasis of breast cancer, and that it does so, through its inter-
action with the SIN3A complex and repression of target genes
including PER2.

High level of ZNF704 is correlated with worse clinical behaviors
and poor prognosis of patients with breast cancer

To extend our observations to clinicopathologically relevant con-
texts, we collected 25 breast carcinoma samples paired with adjacent
normal mammary tissues from patients with breast cancer and
analyzed by qPCR for the expression of ZNF704 and PER2. We found
that the mRNA level of ZNF704 is upregulated, whereas the mRNA
level of PER2 is downregulated in these breast carcinoma samples
(Fig. 7A). In line with our working model that ZNF704 and its

(Continued.) C, The relative level of ZNF704 was plotted against that of PER2 based on public datasets GSE27562 (top) and GSE3744 (bottom). D, The correlation
between ZNF704 or PER2 expression and histologic grade in Lu’s breast cancer dataset from Oncomine (https://www.oncomine.org/). E, The correlation between
ZNF704 or PER2 expression and histologic grade in public dataset (GSE61304). F, Analysis of public dataset (GSE36774) for the correlation between the level of
ZNF704 or PER2 and the lymph node metastasis of patients with breast cancer. G, Analysis of public dataset (GSE65194) for the correlation between the level of
ZNF704 or PER2 and the molecular subtypes of patients with breast cancer. H, Kaplan-Meier survival analysis for the relationship between survival time and
ZNF704 (top) or PER2 (bottom) signature in breast cancer using the online tool (http://kmplot.com/analysis/). I, Kaplan-Meier survival analysis of the published
datasets for the relationship between survival time and ZNF704 signature in HER2-enriched (top) or basal-like (bottom) breast cancer using the online
tool (http://kmplot.com/analysis/). J, Kaplan-Meier survival analysis of the published datasets (GSE42568 and GSE4922) for the relationship between survival
time and ZNF704/PER2 or ZNF704/SIN3A signature in breast cancer. In A, F, and G, data are presented as scatter diagram. *, P < 0.05; **, P < 0.01; ***, P < 0.001
(Student ¢ test); in E, data are presented as scatter diagram. **, P < 0.01; ***, P < 0.001 (one-way ANOVA).
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associated SIN3A corepressor complex transcriptionally repress PER2,
when the relative mRNA levels of PER2 were plotted against that of
ZNF704 in the 25 breast carcinoma samples, a significant negative
correlation was found (Fig. 7B). In addition, querying published
clinical datasets (GSE27562 and GSE3744) showed a clear negative
correlation of the mRNA levels between ZNF704 and PER2 (Fig. 7C).
Moreover, interrogation of Lu’s breast cancer dataset (Fig. 7D) in
Oncomine (https://www.oncomine.org/) as well as the public dataset
(GSE61304) (Fig. 7E) showed that the level of ZNF704 expression is
negatively correlated with the histologic grades of breast cancer.
Furthermore, analysis of the public dataset (GSE36774) found that
high ZNF704 and low PER?2 in breast carcinomas strongly correlated
with lymph node positivity of the patients (Fig. 7F), and, remarkably,
analysis of the public dataset (GSE65194) revealed that the level of
ZNF704 expression is higher in HER2-enriched breast carcinomas
than in luminal A and B subtypes, whereas the level of PER2 expression
exhibited a reverse trend (Fig. 7G).

Finally, Kaplan-Meier survival analysis (http://kmplot.com/analy
sis/) of public datasets found that either higher ZNF704 expression
(HR = 1.2, P = 0.02) or lower PER2 expression (HR = 0.69, P =
1.3e—10) was associated with a poorer relapse-free survival of patients
with breast cancer, when the influence of systemic treatment,
endocrine therapy, and chemotherapy were excluded (Fig. 7H).
This is particularly true for HER2-enriched and basal-like subtypes
of breast cancer patients (Fig. 7I). Further analysis of the public
datasets (GSE42568 and GSE4922) by stratifying patient groups
based on inverse expression patterns of ZNF704 and PER2 or the
coexpression of ZNF704 and SIN3A significantly improved the
predictive capability of ZNF704 (Fig. 7]). Collectively, these anal-
yses support our observations that ZNF704 is a transcription
repressor and a potent driver of breast cancer development and
progression.

Discussion

Gene amplification is an important mechanism for protein over-
expression and oncogene hyperactivation in tumorous cells (50).
Although amplification/copy number gains at 8q21 is a frequent
event in various malignancies including breast cancer, a genetic
alteration often associated with poor prognosis of the patients (3, 4),
the genetic factor(s) that potentially contributes to the oncogenic
potential of the 8q21 amplicon remains to be determined. In this
study, we found ZNF704, a gene that is mapped to 8q21 and encodes
for a zinc finger transcription factor, is recurrently amplified in
breast cancer and other types of cancer. We showed that ZNF704
acts as a transcription repressor and the transcriptional repression
activity of ZNF704 is associated with a histone deacetylase activity.
Indeed, immunopurification-coupled mass spectrometry demon-
strated that ZNF704 is associated with the SIN3A complex, a multi-
protein assembly containing HDAC1/HDAC2. The SIN3A complex
has been extensively studied as a corepressor complex that is
recruited by a number of transcription factors and functions in a
panel of biological activities including embryonic development (51),
stem cell differentiation (52), and tumor progression (35). Our
finding that this complex is functionally involved in gene(s) residing
in the 8q21 amplicon is consistent with the role of the SIN3A
complex in tumorigenesis. Interestingly, genome-wide interro-
gation of the transcriptional targets by ChIP-seq identified that
the ZNF704/SIN3A complex represses a cohort of genes including
PER?2 that is an essential component that constitutes the molecular
system controlling the circadian rhythm.

4126 Cancer Res; 80(19) October 1, 2020

Dysfunction of circadian rhythm has been linked to the devel-
opment and progression of tumors (53-55), yet the regulation and
deregulation of core clock genes in tumorigenesis is less under-
stood. Among the clock genes, PER2 dysregulation or deletion is
also frequently observed in malignancies from a broad spectrum of
tissue origins, and these aberrations are associated with a more
aggressive phenotype and accordingly poorer survival of the cancer
patients (56-58). Of note, PER2 promoter hypermethylation is
detected in endometrial cancer (59) and glioma (60), suggesting
that transcriptional regulation of PER2 is pathologically relevant to
tumor development and progression. Our study showed that
PER?2 is transrepressed by the ZNF704/SIN3A complex. We dem-
onstrated that overexpression of ZNF704 prolongs the period
and dampens the amplitude of circadian rhythm in breast cancer
cells via the luminometry. Moreover, ZNF704 overexpression
promotes the proliferation and invasion of breast cancer cells
in vitro and facilitates the growth and metastasis of breast cancer
in vivo. It is conceivable that in breast cancer cells, accompanying
with 8q21 amplification, ZNF704 is amplified and ZNF704 is
overexpressed, which, in turn, downregulates PER2, leading to the
disruption of circadian rhythm, eventually contributing to breast
carcinogenesis.

The transcription regulation of PER2 by ZNF704 is interesting.
After all, the consensus is that the molecular clock is driven by a
systemic feedback loop, in which CLOCK-BMALI induces PER and
CRY proteins, and these proteins in turn form inhibitory complexes
with CLOCK-BMALL to repress their own expression (12, 61). Nev-
ertheless, it is reported that CLOCK-BMALL also induces REV-ERBo
and REV-ERB, which transcriptionally repress BMALLI at retinoic
acid receptor-related orphan receptor elements, thereby constituting a
second interlocking feedback loop (62). Moreover, it was found that
PER and CRY genes could still tick even with the depletion of CLOCK
or the repression of BMALI (63, 64). These observations suggest a
more complex molecular clock system and indicate that additional
regulators exist that are critically involved in the regulation of circadian
rhythm. Whether or not ZNF704 represents one of the additional
regulators under physiologic conditions remains to be investigated,
and the functional relationship between ZNF704 and the CLOCK-
BMALLI heterodimer remains to be delineated. Perhaps more relevant
to our study, whether and how ZNF704 exerts its oncogenic role in
related to other oncogenic factors, especially the genes located at the
8q21 amplicon, needs future investigations. In these regards, it is
important to note that additional genes implicated in several key
cellular processes including cell proliferation, migration, and molec-
ular catabolism were also identified to be the transcriptional targets of
the ZNF704/SIN3A complex. Although the multitude of the cellular
function of the ZNF704 is probably beyond the scope of our current
investigation, we nevertheless do not exclude the possibility of other
transcriptional targets of ZNF704 in assisting or in contributing to
breast carcinogenesis or the development and progression of cancers
from other tissue origins.

In support of the role of ZNF704 in promoting breast carcinogen-
esis, we found that ZNF704 is highly expressed in breast cancer
samples, and in agreement with our working model that ZNF704
enlists the SIN3A complex to repress PER2 in its oncogenic activity,
we found that the level of ZNF704 is negatively correlated with
that of PER2, and we showed that high level of ZNF704 correlates
with advanced histologic grades and lymph node positivity of breast
carcinomas and poor prognosis of breast cancer patients, especially
those with HER2* and basal-like subtypes. More studies are needed to
gain mechanistic insights into the association of ZNF704 with
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particular subtypes of breast cancer and to evaluate whether these
observations might yield potential prognostic values for breast cancer.

In summary, we report in the current study that ZNF704 is
physically associated with the SIN3A complex and functionally coor-
dinates histone deacetylation to repress downstream target genes
including PER2 to disrupt circadian rhythm to promote breast car-
cinogenesis. These observations indicate a critical role for ZNF704 in
breast carcinogenesis, supporting the pursuit of ZNF704 as a therapy
target for breast cancer intervention.
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