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Abstract

Breast cancer is a highly heterogeneous carcinoma in women worldwide, but the underlying mechanisms that
account for breast cancer initiation and development have not been fully established. Mounting evidence indicates
that Checkpoint suppressor 1 (CHEST) is tightly associated with tumorigenesis and prognosis in many types of cancer.
However, the definitive function of CHEST in breast cancer remains to be explored. Here we showed that CHES1 had a
physical interaction with estrogen receptor-a (ERa) and repressed the transactivation of ERa in breast cancer cells.
Mechanistically, the interaction between CHEST and ERa enhanced the recruitment of nicotinamide adenine
dinucleotide (NAD+) deacetylase Sirtuin 1 (SIRT1), and it further induced SIRT1-mediated ERa deacetylation and
repression on the promoter-binding enrichment of ERa. In addition, we also found that the expression of CHEST was
repressed by estrogen-ERa signaling and the expression level of CHES1 was significantly downregulated in ERa-
positive breast cancer. The detailed mechanism was that ERa may directly bind to CHEST potential promoter via
recognizing the conserved estrogen response element (ERE) motif in response to estrogen stimulation. Functionally,
CHEST inhibited ERa-mediated proliferation and tumorigenesis of breast cancer cells in vivo and in vitro. Totally, these
results identified a negative cross-regulatory loop between ERa and CHEST that was required for growth of breast
cancer cells, it might uncover novel insight into molecular mechanism of CHEST involved in breast cancer and provide
new avenues for molecular-targeted therapy in hormone-regulated breast cancer.

Introduction

Estrogen signaling pathway is aberrantly active in
hormone-responsive breast cancer, which has a vital role
in the initiation and development of breast carcinoma®?.
Estrogen receptor-a (ERa), a member of nuclear receptor
superfamily, serves as a key factor to regulate E, response
and signaling transduction®*, In addition, it can promote
estrogen-dependent cancer progression via regulating the
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transcription of genes linked to cell proliferation and
survival®®, ERa exhibits transcriptional activation or
repression via recruiting co-activators or co-repressors to
the promoters or enhancers of target genes, and the
definitive function of ERa in transcriptional regulation is
largely decided by its co-regulators in certain cellular
context”®, Although a large number of co-regulators of
ERa have been identified, the integrated interaction net-
work of ERa remains to be explored. Moreover, the
function of ERa is also tightly associated with post-
translational modifications such as ubiquitination2’9,

methylation'®, phosphorylation'!, acetylation'>'?, and
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Fig. 1 The interaction between CHES1 with ERa. a, b ColP assay showed the interaction between endogenous CHEST and ERa in MCF7 cells. ¢, d
ColP assay showed the interaction between exogenous CHES1T and ERa in HEK293T cells. @ Immunofluorescence showed that CHEST (green) and ERa
(red) colocalized in in the nucleus (blue) of MCF7 cells. f GST-pulldown assays showed that purified GST-CHES1 had physical interaction with endogenous

ERa in MCF7 cells and the FOX domain of CHEST mediated their interaction. g ColP assays showed that the residues 282-595 of ERa is required for the
interaction between ERa and CHEST. *Nonspecific bands. The arrows indicate the positions of GST-tagged fused proteins we aimed to purify
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sumoylation'*'>, Among these modifications, p300-

mediated acetylation of ERua facilitates the E,-responsive
DNA-binding ability and promotes its transcriptional
activity'?. Furthermore, ERa deacetylation is achieved by
native cellular histone deacetylases (HDACs), such as
Trichostatin A-sensitive enzymes (Class I and II HDACs:)
and nicotinamide-sensitive enzymes (Class III HDACs)"?
Sirtuin 1 (SIRT1)-mediated deacetylation of ERa results in
a repressive effect on ERa transactivation, which has a
vital role in the progression of ERa-positive breast
cancer'®

Forkhead box (FOX) proteins are a large transcriptional
family which contains an evolutionary conserved forkhead
or winged-helix DNA-binding domain'’. They were iden-
tified in Drosophila melanogaster first', In addition, there
are more than 50 members found in human proteome and
they are further categorized into 19 subgroups'®. Despite
studies that confirmed FOX proteins serve as key factors in
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embryogenesis, metabolism, and tumorigenesis, the mole-
cular functions of FOX family members are divergent and
even opposing'®”°. Therefore, it warrants further investi-
gation to explore the defined function of a certain FOX
protein in different physiological processes. CHES1 (also
named FOXN3) belongs to FOXN subgroup and contains a
conserved FOX domain in N-terminal; it has a significant
role in various processes including DNA damage®"*?, cell
cycle arrest”**, and the development of organs'®?. In
addition, CHES1 may act as a transcriptional repressor via
interacting with SIN3A/HDACs complex'*?** or other co-
regulators such as SKIP?®, Menin??, and B-catenin”. A
growing number of studies imply that CHES1 is tightly
associated with tumor initiation and progression, and it is
dysregulated in many types of carcinoma such as oral
squamous cell carcinoma®®, ovarian cancer®’, colorectal
cancer®”*°, glioblastoma3 1 and hepatocellular carcinoma®2,
These studies have demonstrated that CHES1 had a weaker
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expression level in tumor tissues and its lower expression
implied a poor prognosis®'. Studies also show that CHES1
can inhibit protein biosynthesis** or the transcriptional
expression of oncogenes such as E2r5%2, ¢-MYC®** and
CDH2*. However, the defined function of CHES] in breast
cancer is still elusive. A recent study indicates that CHES1
may have a role in progress of metastasis and invasion in
hormone-responsive breast carcinoma®, but more biolo-
gical functions of CHES1 involved in breast cancer remain
to be explored.

Herein, we identified the association between CHES1
and ERa in breast cancer cells; further investigation
revealed that a negative regulatory loop between CHES1
and ERa existed in breast cancer, and this regulatory
model modulated the signaling transduction of E,-ERa
and had a role in progress and prognosis of breast cancer.
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Results
CHES1 has physical interaction with ERa

As described previously, the other member of FOX
protein family, FOXA1%>, FOX03a®, and FOXK2*"%,
can modulate the activity of nuclear receptors via proteins
physical interaction; here we speculated that CHES], also
known as FOXN3, may regulate ERa activity through the
interaction with ERa in breast cancer cells. To confirm
this possibility, we performed co-immunoprecipitation
(ColIP) assay in MCF7 (Fig. la,b) and HEK293T cells
(Fig. 1c,d). The results detected the existence of interac-
tion between endogenous and exogenous CHES1 with
ERa. To further support this assumption, immuno-
fluorescence and (GST)-pulldown assays were conducted.
The results showed that both GFP-CHES]1 and Flag-ERa
were located in the nucleus and an evident association
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Fig. 2 CHES1 repressed the transactivation of ERa. a, b Luciferase reporter assay showed that the transcription activity of ERa on ERE-luc and
CCND1-promoter luc were repressed by CHEST in MCF7 and T47D cells. ¢ Luciferase reporter assay showed that the transactivation of ERa on ERE-luc
was enhanced by shCHEST in HEK293T cells. Knockdown of endogenous CHEST by specific ShRNA was tested by western blotting. d Luciferase
reporter assay showed that the inhibitory effect of CHEST on ERE-luc was diminished when endogenous ERa were knockdown by shRNA in MCF7
cells. Data are presented as means + SD. *P < 0.05; **P < 0.01; ns, no significance. e RT-PCR assay detected the mRNA level of well-established ERa-
target genes c-MYC, CCND1, and pS2 with overexpression of Flag-CHES1 in MCF7 and ZR-75-1 cells. f, g Western blot assay tested the protein level of
ERa-target genes c-MYC and Cyclin-D1 with forced expression of Flag-CHES1 or knockdown of endogenous CHES1 using shRNA in MCF7 and ZR-75-
1 cells
J/
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was detected between purified Glutathione S-transferase
GST-CHESI1 and endogenous ERa in MCF7 cells (Fig. 1e,
f).

Moreover, in order to validate which region of the two
proteins mediated the interaction, several deletion
mutants of CHES1 and ERa were constructed as descri-
bed previously’>*®. GST-pulldown and CoIP assays
showed that the FOX domain of CHES1 and the residues
282-595 of ERa are required for their physical interaction
(Fig. 1f,g). Taken together, these results indicate that a
physical interaction between CHES1 and ERa may exist in
breast cancer cells.

CHES1 represses the transcriptional activity of ERa

To investigate the effect of the interaction between
ERa and CHES1 on the transactivation of ERq, lucifer-
ase reporter assay was conducted in ERa-positive breast
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cancer cells. Overexpression of CHES1 attenuated the
estrogen-dependent transcriptional activity of ERa in
MCF7 and T47D cells when using ERE-luc and CCND1-
promoter luc (Fig. 2a,b). Then the similar assay was
performed in ERa-negative/CHES1-high expressing
HEK293T cells. Knockdown endogenous CHES1 by
short hairpin RNA (shRNA) significantly enhanced the
transactivation of Flag-ERa (Fig. 2c). To further confirm
the transcriptional repression of CHES1 on ERa trans-
activation depended on ERa, stably knockdown of ERa
was performed in MCF7 cells as described previously™.
Luciferase reporter assay showed that the repression
effect of CHES1 was diminished when ERa expression
was interfered (Fig. 2d). Together, those results indicate
that CHES1 may specifically repress ERa-mediated
transcriptional activity in ERoa-positive breast cancer
cells.
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Fig. 3 CHES1 has little effect on the stability, dimerization, subcellular location of ERq, and it also does not influence the interaction
between ERa and HDAC1/2. a Western blotting and real-time PCR assays tested the mRNA and protein level of endogenous ERa with
overexpression of Flag-CHES1T in MCF7 cells. b Western blotting assay showed that the protein level of exogenous ERa were not affected when co-
transfected with CHES1 in Hela cells. ¢ ColP assay indicated that the dimerization of ERa were not interfered with knockdown of CHEST in
HEK293T cells. d Cytoplasmic and nucleus fractions separation assay were conducted in MCF7 cells with or without knockdown of CHES1 to test the
subcellular distribution of endogenous ERa. The (-tubulin used as cytoplasmic marker and Fibrillarin as nuclear marker. e ColP assay showed the
endogenous and exogenous interaction between CHEST and HDAC1/2 in MCF7 and HEK293T cells. f ColP assay assessed the effect of CHES1 on the
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Fig. 4 CHES1 enhanced the recruitment of SIRT1 and SIRT1-mediated deacetylation and transrepression on ERa activity. a With the
treatment of 1 uM deacetylase inhibitors Trichostatin A (TSA) and 100 nM E; for 24 h, ColP assay tested the endogenous acetylation level of ERa with
or without overexpression of CHEST in MCF7 cells. b ColP assay tested the exogenous acetylation level of ERa with overexpression with CHEST and
SIRTT in HEK293T cells. The relative protein level was normalized with 3-actin. ¢ ColP assay showed that CHES1 enhanced the recruitment of SIRT1 to
ERa in MCF7 and HEK293T cells. d ColP assay showed that the endogenous and exogenous interaction between CHES1T and SIRT1 in MCF7 and
HEK293T cells. e Immunofluorescence showed that CHES1 (green) and SIRT1 (red) colocalized in the nucleus (blue) of MCF7 cells. f ColP assay
showed that CHES1 only interacted with SIRT1 but not SIRT6 and SIRT7. *Nonspecific bands. g IP/RelP assay tested the existence of the complex of
ERa/CHES1/SIRT1. h Luciferase reporter assay showed that CHEST enhanced the repression of SIRT1 on transactivation of ERa. i Luciferase reporter
assay demonstrated that the inhibitory effect of CHES1 on transcription activity of ERa was diminished in MCF7 cells when treated with Sirtinol (the
SIRT1 inhibitor). j ChIP assay conducted in MCF7 cells indicated that the repressive effect of CHEST on the enrichment of ERa in the pS2 promoter

To further consolidate the observation, we tested the
inhibitory effect of CHES1 on the expression of well-
established ERa target genes (CCNDI, c-MYC, and pS2)
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in MCE-7 and ZR-75-1 cells. Further results showed that
overexpression of CHESI attenuated both mRNA and
protein levels of these genes (Fig. 2e,(f). Reciprocally,
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knockdown of endogenous CHES1 enhanced the protein
level of Cyclin D1 and ¢c-MYC (Fig. 2g). Together, these
data support a notion that CHES1 may repress the
transactivation of ERa via physical interaction in ERa-
positive breast cancer cells.

CHES1 enhances SIRT1-mediated deacetylation of ERa and
repression on ERa activity

To further establish the detailed mechanism that the
inhibitory effect of CHES1 on the transactivation of ERa, we
first tested whether CHES] had influence on transcriptional
expression of ERa. The results showed that the mRNA and
protein levels of ERa were repressed with overexpression of
Flag-CHES]1 in MCF7 cells (Fig. 3a); these results consist
with the study reported by others™. However, considering
the existence of interaction between CHES1 and ERaq, and
how this interaction affect ERa activity remains to be illu-
minated. Therefore, we first tested whether the protein
stability of ERa was affected by CHES]1, because FOXK2,
another member of FOX family, was established to promote
degradation of ERa*’. Co-transfection with Flag-ERa and
GFP-CHES] in HeLa cells showed that the ERa stability
was not significantly changed by CHES] (Fig. 3b). As ERa
exhibits its function via forming homodimer in response to
E, stimulation and then transferring into nuclear, we first
tested whether the formation of ERa homodimer was dis-
turbed by CHES1. The result showed that CHES1 did not
have a significant effect on ERa dimerization (Fig. 3c).
Moreover, the subcellular location of ERa was tested with
knockdown of CHESI1. Cytoplasmic and nuclear fractiona-
tion and immunofluorescence assays showed that CHES1
had little effect on the subcellular distribution of ER« in
MCEF?7 cells (Fig. 3d and Figure S1A). It is commonly known
that HDAC1 and HDAC2 both act as co-repressors of ERa
and CHES1 could also recruit HDAC1/2 complex to
achieve transcriptional suppressing function; it is necessary
to elucidate that whether the interaction between HDAC1/
2 and ERa were interfered by CHES1. To demonstrate this
possibility, the interaction between CHES1 and HDAC1 or
HDAC2 were confirmed by IP assay first (Fig. 3e). Then
another IP assay indicated that CHES1 had little effect on
the interactions between ERa and HDAC1/2 (Fig. 3f).

As the HDACs can also deacetylate non-histone pro-
teins, the dynamic acetylation and deacetylation of non-
histone proteins are in charge of various proteins activ-
ity*"*2, It has been confirmed that the transactivation of
ERa is coupled with acetylation and deacetylation medi-
ated by p300'*'® and deacetylase such as SIRT1**** As
we have proved that CHES1 could repress the transacti-
vation of ERa and also exhibit its function via recruiting
HDACs?>*, it proposed that CHES1 may regulate ERa
acetylation to achieve transcriptional repression via
recruiting deacetylases SIRT1. To support this possibility,
the acetylation level of endogenous and exogenous ERa
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were tested by IP assays in MCF-7 and HEK293T cells.
The data showed that overexpression of CHES1 atte-
nuated the acetylation level of ERa (Fig. 4a,b). Then we
speculated CHES1 may enhance the recruitment of the
deacetylase SIRT1 to ERa and then induce SIRT1-
mediated deacetylation of ERa. To test this notion, IP
assay was conducted and the results showed that CHES1
could enhance the endogenous and exogenous interaction
between ERa and SIRT1 (Fig. 4c).

To further consolidate this possibility, the interaction
between CHES1 and SIRT1 was confirmed by IP, immu-
nofluorescence, and GST-pulldown assays (Fig. 4d,e and
S1D). In addition, further IP assay indicated that CHES1
can only interact with SIRT1 but not with other nucleus
located Sirtuins (SIRT6 or SIRT7) (Fig. 4f). Given that
CHES1 could both interact with SIRT1 and ERa, we
speculated that an ERa-CHES1-SIRT1 complex might exist.
To investigate this notion, IP/RelP assay was conducted and
the positive band was detected (Fig. 4g). The luciferase
reporter assay also indicated that CHES1 enhanced SIRT1-
mediated repression on ERa transactivation (Fig. 4h). To
further confirm that CHES1 repressed ERa-mediated
transcription activity via deacetylase SIRT1, Sirtinol, the
selective inhibitor of SIRT1*, was introduced in luciferase
reporter assay. The repressive ability of CHES1 on ERE-luc
diminished when the activity of SIRT1 has been inhibited by
Sirtinol (Fig. 4i). Given that ERa acetylation enhances its
DNA-binding activity and transactivation, chromatin
immunoprecipitation (ChIP) assay was conducted to
demonstrate the effect of CHES1 on the DNA-binding
enrichment of ERa at pS2 promoter in MCF7 cells. The
result showed that the abundance of ERa in the promoter
was attenuated when overexpressed CHES1 (Fig. 4j).
Totally, these results indicate CHES1 may inhibit ER«
transactivation and promoter occupancy enrichment via
enhancing SIRT1 recruitment and the SIRT1-mediated
deacetylation of ERa.

CHES1 expression is suppressed by E,-ERa in breast cancer

As described previously, genechips data identified that
the expression of CHES1 was decreased in ERa-positive
cells MCF7 and ERa stably expressing MDA-MB-231
cells when treated with E247; these results indicate a
possibility that CHESI may be regulated by E,-ERa sig-
naling in breast cancer cells. To verify this hypothesis,
CHES1 expression was detected in MCF7 cells treated
with or without E,. As results shown, endogenous CHES1
was decreased in response to E, treatment (Fig. 5a). To
further consolidate this possibility, 4-Hydroxytamoxifen
(an E, agonist) and ICI 182780 (an ERa specific inhibitor)
were introduced to antagonize E, stimulation. Con-
sistently, the drugs reversed the inhibitory effect of E,-
ERa on the expression of CHES1 (Fig. 5b). As shown in
Fig. 3b, ERa may have little effect on the stability of
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Fig. 5 CHES1 expression was repressed by E,-ERa pathway in breast cancer. a Western blotting tested the protein expression of CHES1 and ERa
in MCF7 cells with or without E, treatment. b Immunoblotting of CHEST and ERa in MCF7 cells treated with or without 100 nM E,, 1 nM 4-
Hydroxytamoxifen, and 0.1 uM ICl 182780. ¢ Schematic representation of conserved ERa-binding motif and ERE site on CHEST potential promoter
region, real-time PCR assay tested the mRNA level of CHEST in MCF7 cells treated with or without E,. d Schematic representation of CHEST-promoter
luc construction. Luciferase reporter assay showed that the activity of CHEST-promoter luc was repressed in MCF7 cells when treated with E,
stimulation. *P < 0.05. e ChiP assay conducted in MCF7 cells detected the enrichment of ERa binding on ERE motif in CHEST promoter. f Western
blotting assay detected the expression level of ERa and CHEST1 in ERa-positive and ERa-negative cell lines. g The representative images showed IHC
staining the protein level of CHES1 and ERa in breast cancer patient tissues. h Correlation between ERa and CHES1 expression in breast cancer

tissues. Two-sided x-test was used for statistics analysis

CHES], so the inhibitory effect of E;-ERa on CHES1 may
be achieved via transcriptional level. Then, real-time PCR
results confirmed that CHESI mRNA level was largely
decreased in ERa-positive breast cancer cells MCF7 when
responding to E, stimulus (Fig. 5c). Moreover, a con-
served ERE was found at — 2048 to — 2064 bp region
upstream of the Coding sequence (CDS) in potential
promoter of CHES1 (Fig. 5c). Then, the CHESI-promoter
luc covered 1000 bp DNA fragment containing the con-
served ERE was constructed using pGL4.10 vector. MCF7
cells transfected the construct showed a significantly
decreased luciferase activity when treated with E,, but
similar effect was not detected when using the control
vector (Fig. 5d). In addition, the binding of ER«x on this
region was confirmed by ChIP assay (Fig. 5e).
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Furthermore, the expression levels of CHES1 and ERa in
different cell lines were tested by western blotting. The
results showed that ERa-positive breast cancer cells owned a
lower level of CHES1, whereas ERa-negative breast cancer
cells had a higher level (Fig. 5f). To extend our observations
to clinicopathologically relevant contexts, 16 ERa-positive
and 17 ERa-negative breast carcinoma samples were col-
lected to analyze the protein levels of CHES1 and ERa by
immunohistochemical staining assay. Consistently, the
results and statistics analysis showed that a significantly
reverse association between CHES1 and ERa existed in
breast cancer tissues (Fig. 5gh). To further confirm this
observation, analysis of a public dataset Oncomine (https://
www.oncomine.org/resource/login.html) also revealed that
ERa-positive breast cancer showed a lower level of CHES1
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and ERa-negative breast cancer owned a higher one (Fig-
ure S2). Together, these results reveal that CHES1 expression
may be repressed by E;-ERa in breast cancer.

CHES1 inhibits proliferation and tumorigenesis of ERa-
positive breast cancer cells

As ERa is required for the proliferation of hormone-
responsive breast cancer cells, the association between
CHES1 and ERa may have a role in ERa-mediated growth
of breast carcinoma. To test this hypothesis, cell pro-
liferation assay was conducted in ERa-positive breast
cancer cells MCF7 and T47D. The results indicated that
the growth activities of MCF7 and T47D cells were sig-
nificantly repressed with overexpression of Flag-CHES1
(Fig. 6a,b) and knockdown of CHES1 enhanced the cell
viability (Figure S4C). To further consolidate this obser-
vation, colony formation and soft-agar colony culture
assays were also performed, and the results showed that
overexpression of CHES]1 resulted in a marked decrease in
colony formation number and knockdown of CHESI1
increased the colony formation (Fig. 6¢,d). In addition, cell
cycle assay also demonstrated that the cell cycle of T47D
cells was arrested with ectopic expression of CHESI,
whereas the cell cycle process of ERa-negative cells HeLa
was not affected (Fig. 6e). These data indicated that
CHES1 may specifically repress ERa-mediated prolifera-
tion and cell cycle process in vitro. Moreover, human
breast cancer xenograft mouse model was constructed to
investigate the role of CHES1 in tumorigenesis of breast
cancer in vivo. Host with stable expression of Flag-CHES1
exhibited much smaller size in tumor volume and tumor
weight compared with the control group (Fig. 7a-c). In
addition, we further tested the expression level of ERa-
target genes (CCND1 and c-MYC) and proliferation
biomarker Ki67 in these tumors. The immunohis-
tochemistry (IHC) staining results confirmed that
CHES1 significantly repressed the ERa target genes
expression and inhibited the growth ability of breast
cancer cells (Fig. 7d). Bioinformatics analysis also showed
that CHES1 expression was significantly downregulated in
breast cancer tissues compared with normal ones, which
indicated CHES1 may act as a tumor suppressor in breast
cancer (Figure $3)*®. More importantly, we also evaluated
the association between CHESI level and the prognosis of
breast cancer patients from a microarray data set of breast
tumors®®. Among 3951 total breast cancer and 3082
ERa-positive breast cancer patients, the patients with
high CHES1 expression level had much longer relapse-
free survival time than those with low level (Fig. 7e).
Together, these results indicated that CHES1 exhibits an
inhibitory effect on the proliferation and tumorigenesis
potential of ERa-positive breast cancer cells in vitro and
in vivo, and the high level of CHES1 may indicate a better
prognosis.
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Discussion

Studies have confirmed that ERa acts as a key regulator for
hormone-responsive breast cancer and is required for the
growth of ERa-positive breast cancer. In addition, clinical
researches have demonstrated that ERa is one of the most
successful molecular targets for drug therapy'. However, the
comprehensive regulatory network of ERa in breast cancer
has not been fully elucidated. Herein, we demonstrated that
CHESI could interact with ERa through its evolutionary
conserved forkhead domain. Furthermore, CHES1 could
repress ERa-mediated transactivation in breast cancer cells
but had little effect on the stability, cellular location and
dimerization of ERa. Mechanistically, further data indicated
that CHES1 could enhance the recruitment of deacetylase
SIRT1 and promote SIRT1-mediated deacetylation of ERa.
Functionally, CHES1 formed a complex with ERa and SIRT1
and then decreased the acetylation level and promoter-
binding enrichment of ERa. In addition, we also detected a
decrease mRNA and protein level of ERa with ectopic
expression of CHES]1 in MCF7 cells. This data consisted with
a study reported recently that CHES1 could repress the
transcriptional expression of ESRI via an HADC1/2-depen-
dent way”™. Considering that, CHES1 may regulate the
activity of ERa through two ways in breast cancer cells. One
is that CHES]1 repressed the transcriptional expression of
ERa in an HDAC1/2-dependent way; on the other hand,
CHES1 directly interacted with ERa and then facilitated
SIRT1-mediated deacetylation of ERa without involving
HDAC1/2. Furthermore, our work also revealed that CHES1
not only interacted with class I HDAC1 and HDAC?2, but
also had association with class III deacetylase SIRT1. Which
one CHES] prefer to interact with or CHES1 could interact
with all of these deacetylases simultaneously is also remained
to be investigated. However, considering that the nuclear
receptors can engage in multiple nuclear complexes to
exhibit diverse actions of gene regulation®, an alternative
explanation is that CHES1 acts as the co-regulator of ERa
and participates in different transcriptional complexes, which
are composed of different classes of deacetylase. Taken
together, our study introduces an alternative model that the
ERa transcriptional activity is regulated by CHES] in breast
cancer cells and reveals a novel way of CHES1 involved in
transcriptional regulation.

Previous studies have reported that CHES1 expression is
downregulated in many types of carcinoma and its expres-
sion level has tight association with malignancy progression
and prognosis. Here we found that the CHES1 expression
was repressed in ERa-positive breast cancer cells when
treated with E,. Furthermore, we explored the molecular
mechanism involved and identified a conserved ERE in the
regulatory region of CHESI promoter. Our results confirmed
the possibility that E,-ERa signaling pathway may have an
inhibitory effect on the transcriptional expression of CHESI
and ERa could directly bind to the promoter of CHESI by
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recognizing the ERE motif and further repress CHESI tran-
scription. Consistently, a negative association between ERa
and CHES]1 expression was identified in breast cancer cell
lines and tumor tissues. In addition, we also confirmed this
finding in public databases. Previous study and our results
confirmed that CHES]1 also reversely transrepressed ERa
expression in ERa-positive breast cancerzo; hence, a negative
regulatory loop between ERa and CHES1 may exist in ERa-
positive breast cancer (Fig. 8).

As previous studies indicated, CHES1 may act
as a tumor-repressing protein in multiple cancer types
such as colorectal carcinoma®, hepatic carcinoma®?,
glioblastoma®!, and oral squamous cell carcinoma®®,
Consistently, the study here revealed that CHES1 could
inhibit ERa-mediated proliferation and tumorigenesis
through physical association with ERa in breast cancer
cells. However, a study showed that CHES1 promoted
epithelial-to-mesenchymal transition (EMT) in hormone-
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responsive breast cancer®’, which indicated CHES1 may
exhibit oncogenic functions. However, EMT is relatively
uncorrelated and independent with proliferation pro-
cesses, and the gene expression profile and regulatory
network of EMT are largely far from growth and pro-
liferation®. Furthermore, many molecules and signaling
pathways may serve as dual roles in the processes of
growth and EMT******% such as transforming growth
factor-p1°>** and SMADs**, Therefore, the role of CHES1
had in EMT and growth may be tightly dependent on
signaling crosstalk or different partners in specific cellular
environment.

In the present study, we revealed that CHES1 may have
a role in ERa-positive breast cancer, but the defined
biological role of CHES1 in other subtypes of breast
cancer has not been fully elucidated. We also found that
high CHES1 expression level indicated a better prognosis
in patients with ERa-negative breast cancer (Figure S4F).
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In addition, the interaction between CHES1 and SIRT1
not only existed in ERa-positive breast cancer cells but in
many ERa-negative cells (Fig. S1B-1D). These results
indicated that the association between CHES1 and SIRT1
may exhibit other biological function not completely
dependent on ERa. What's more, previous studies
demonstrated that CHES1 may regulated many genes
(such as KLF4 and ¢-MYC) and signaling pathways (such
as Wnt/pB-catenin) aberrantly active in ERa-negative
breast cancer’®?’. Therefore, the function of CHES1
involved in ERa-negative breast cancer needs further
investigation. In order to explore the role of CHES1 in
clinical research, we treated MCF7 and T47D cells with
three widely used chemotherapy drugs— Cisplatin,
Paclitaxel, and Topotecan HCl—and then tested the
association between CHES1 and chemotherapeutic sen-
sitivity. The results showed that knockdown of CHES1
had little effect on drug sensitivity (Figure S4A and S4B)
but indeed enhanced the proliferation ability of ERa-
positive breast cancer cells (Figure S4C). Furthermore, we
also found that the overall survival of breast cancer
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patients who only received chemotherapy treatments have
little correlation with the CHES1 expression (Figure S4@G).
As these chemotherapeutic drugs exhibit their function
via inducing apoptosis, an alternative explanation is that
CHESI1 may not enhance the apoptosis process induced
by these drugs. As our study focused on ERa, we also
tested the role of CHESI1 in endocrine therapy and treated
MCEF?7 cells with Tamoxifen. However, the results indi-
cated that the Tamoxifen sensitivity of MCEF7 cells were
not affected by shCHES1 (Figure S4D). A possibility is
that acetylation of ERa regulated by CHES1 may not
affect the hormones sensitivity. Nonetheless, whether
CHESI affects the drug sensitivity of breast cancer cells or
not, it needs further extensive drug screening and
certification.

Materials and methods
Plasmids and reagents

Flag-tagged CHES1 and its control vector plpc-3 x Flag
were gifts kindly provided by Dr Gerardo Ferbeyre (Uni-
versité de Montréal, Canada).The CDS of full-length
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CHES1, AC, and AFN mutants were constructed by
standard PCR using specific primers and Flag-CHESI as
template. Green fluorescent protein (GFP)-tagged full-
length protein and deletion mutants were obtained by
PCR and then cloned into GFP-C1 vector at the Xhol and
EcoRI sites. GST-tagged full-length and truncated CHES1
were constructed using similar methods by cloning PCR
fragments into pGEX-4T-3 (Amersham Pharmacia, UK).
Myc-CHES1 was obtained by using pcDNA3.1-Myc
expression vector. Flag-tagged full-length and truncated
ERa have been previously described®. Flag-SIRT1, Flag-
SIRT®6, Flag-SIRT7, and GFP-SIRT1 were kindly gifted by
Dr Jeong Hoon Kim (Sungkyunkwan University, Korea).
shERa has been used in our previous study™.
CHES1 shRNA expression vectors were constructed by
DNA vector-based shRNA synthesis by using the vector
pRNATUG.1. The shRNA effects were verified by results
of western blotting.

Rabbit polyclonal antibody against ERa (HC-20), mouse
monoclonal B-actin (C-2), Fibrillarin (F-6), and SIRT1 (B-
10) were obtained from Santa Cruz Biotechnology (Santa
Cruz). Rabbit polyclonal antibodies against CHES1 was
purchased from Abcam (ab129453) and Abgent
(AP19255B). Mouse monoclonal anti-GST antibody
(ABN116) was obtained from Millipore. Rabbit polyclonal
anti-GFP (GTX113617) antibody was purchased from
GeneTex. Rabbit polyclonal anti-c-MYC (SAB4501941),
mouse monoclonal anti-Flag (M2) antibodies, and 4-
Hydroxytamoxifen (H6278) were purchased from Sigma.
Rabbit polyclonal anti-CCND1 (D160236) were obtained
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from BBI Life Science. Rabbit polyclonal anti-Acetylated
lysine (9441) antibody was purchased from CST. ICI
182780 was used as previously described®®. Rabbit poly-
clonal anti-Ki67 (27309-1-AP) antibody was purchased
from Proteintech. Sirtinol (HY-13515), the specific inhi-
bitor of SIRT1, was obtained from MCE. Cisplatin,
Paclitaxel,and Topotecan HCl were purchased from
Selleck.

Cell culture and transfection

HEK293T, COS-7, HeLa, and MDA-MB-231 cells were
used in our previous studies®*>*°, ZR-75-1, MCEF-7,
T47D, and SK-BR-3 cells were kindly provided by Dr Wei
Cheng of Dalian Medical University. HEK293T, COS-7,
HeLa, and MDA-MB-231 cells were cultured in Dulbec-
co’s modified Eagle’s medium (DMEM, Invitrogen) con-
taining 10% fetal bovine serum (Hyclone) and
penicillin—streptomycin (100 U/ml penicillin and 0.1 mg/
ml streptomycin). ZR-75-1 cells were cultured in RPMI-
1640 medium supplemented with 10% fetal bovine serum
and penicillin—streptomycin. T47D cells were cultured in
similar complete RPMI-1640 medium in addition with 2
Units/ml bovine insulin. MCF7 cells were cultured in
Eagle’s minimum essential medium containing 10% fetal
bovine serum, penicillin—streptomycin, and 0.01 mg/ml
human recombinant insulin. SK-BR-3 was cultured in
McCoy’s 5a medium modified base medium supple-
mented with 10% fetal bovine serum and
penicillin—streptomycin. All cell cultures were incubated
at 37 °C in the presence of 5% CO,. Transfection assays
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were carried out using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instruction.

Luciferase reporter assay

HEK293T and MCEF7 cells transfected with the appro-
priate plasmids were starved for 24 h with phenol red-free
medium containing 2% charcoal-stripped fetal bovine
serum (Gibico). Then the medium were replaced by
treatment with or without 100 nM E, for 16 h. The cells
were then subjected to luciferase reporter assay. Relative
luciferase activity was normalized to B-galactosidase and
shown as fold changes.

Immunoprecipitation and western blotting

Cells were collected with the lysis buffer (50 mM Tris-
HCI pH 7.4, 150 mM NacCl, 0.1% SDS, 1% NP-40, 0.5%
sodium deoxycholate, and protease inhibitor cocktail
(Sigma)). After centrifugation at 12,000 x g for 15 min at 4
°C, the supernatant was incubated with the desired anti-
body or with control IgG and protein A-sepharose (GE) at
4.°C for 4 h. After centrifugation at 3000 x g for 10 min at
4°C, the supernatant was abandoned and the precipitate
was subjected to wash three time with lysis buffer.
Then the pellets was suspended with SDS-polyacrylamide
gel electrophoresis (PAGE) 2 x loading buffer, boiling at
100°C for 5min and subjected to SDS-PAGE.
After electrophoresis, proteins were separated and
blotted onto a polvinylidene difluoride membrane
(Millipore). Membranes were probed with the specific
primary antibody and then peroxidase-conjugated
secondary antibodies. The bands were visualized by
chemiluminescence.

Immunofluorescence assay
Immunofluorescence assay was conducted as described
previously®’.

In vivo tumorigenesis study

All animal experiments and immunohistochemical
analysis were approved by the Ethics Committee for
Biology and Medical Science of Dalian University of
Technology. Human breast cancer xenograft model was
constructed as preciously described””. Five- to 6-week-old
female athymic nude mice (BALB/c mice) were obtained
from Animal Experiment Center of Dalian Medical Uni-
versity. Animals were randomly assigned to different
groups and each group contained seven animals. Stably
transfected tumor cells (1x10° in 100yl of growth
medium (mixed with Matrigel (Corning) at 1:1 ratio) were
injected subcutaneously. Tumor growth was facilitated by
feeding the animals with water containing E, at a con-
centration of 1 mg/l. Tumor size were measured once five
days using a caliper two weeks post injection. Tumor
volume were calculated using the standard formula 0.5 x
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L x W?, where L is the longest diameter and W is the
shortest diameter. Mice were killed after 45 days and the
tumor were removed, photographed, and weighed.

GST-pulldown assay

The GST pulldown assay was carried out as previously
described®®. The GST alone and GST-fusion proteins
were expressed in Escherichia coli BL21 (Takara) and
purified using Pierce GST Spin Purification Kit (Thermo
scientific) as per the manufacturer’s instruction. The
purified proteins were subjected to immobilized on the
Pierce Spin Column and then preyed ERa from MCE-7
cells lysate.

Cell proliferation assay

Cells were stably transfected with different plasmids and
then plated in 96-well plate. Cell proliferation assay were
performed using Cell Counting Kit-8 purchased from
Solarbio Life Science as manufacture’s instruction. Crystal
violet staining assay was carried out by plating 1 x 10*
cells in six-well plate. Then cells were grown in with or
without E, for a week and subjected to crystal violet
staining as previously described.*” After staining, wells
were washed three times with phosphate-buffered saline
and destained with acetic acid, and the absorbance of the
crystal violet solution was measured at 590 nm. For cell
cycle assay, cells were transfected with the appropriate
plasmids and subjected to Flow Cytometry assay with PI
staining. Data were collected by FACSCalibur (BD Bios-
ciences). Results were analyzed using ModFit software
(BD Biosciences).

Drug sensitivity assay

Cells were stably transfected with different plasmids and
then plated in 96-well plate. Then incubated with differ-
ent concentration of drugs for indicated time, the cell
viability were measured by CCKS8 assay.

Anchorage-independent growth assay

The soft-agar colony culture assay was performed as
previously described®’. Cells (2 x 10%) were suspended in
1ml of 0.3% low-melting-point agarose mixed with 2 x
DMEM at 1:1 ratio and plated in triplicate in six-well plate
on 1 ml of presolidified 0.7% agarose in the same medium.
Then add 1 ml medium to cover the cells and cultured for
3—4 weeks. Cells were stained with MTT (3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) and
the number of colony was counted by using Image]
program.

RNA extract and RT-PCR

The cells transfected plasmids indicated were subjected to
total RNA extract using RNAiso reagents (Takara). The 2 pg
RNA then was reverse transcripted into cDNA using oligo-
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dT primer. The relative expression of genes was analyzed
using standard PCR, the GAPDH was set as control. The
primers used in RT-PCR were following listed: GAPDH, 5'-
GGGTTGAACCATGAGAAGT-3' (forward), 5-GACTG
TGGTCATGAGTCCT-3' (reverse); ESRI, 5- ACTCGC
TACTGTGCAGTGTGCAAT-3’ (forward), 5'- CCTCTTC
GGTCTTTTCGTATCCCA-3' (reverse); c-MYC, 5'- AGG
GATCGCGCTGAGTATAA-3' (forward), 5- TGCCTCT
CGCTGGAATTACT-3' (reverse); CCND1, 5'- GCTGCTC
CTGGTGAACAAGC-3' (forward), 5- AAGTGTTCAAT
GAAATCGTGCG-3’ (reverse); pS2, 5'- ATGGAGAACAA
GGTGATCTG-3' (forward), 5'- CCACAATTCTGTCTTT
CACG-3’ (reverse); CHESI, 5'- AAATGGAGCGCGGGTC
CTGAG-3’ (forward), 5'- GCAGCTGGTGATGCCATTCC
T-3 (reverse).

Cytoplasmic and nuclear fractionation

The separation of cytoplasmic and nuclear proteins was
used Cytoplasmic and Nuclear Fractionation kit obtained
from KeyGen BioTECK (Nanjing, China). The process of
this assay was conducted as per the manufacturer’s
instruction.

IHC staining assay

IHC staining assay was performed as previously
described®”*%, All the patient species were obtained from
Qigihar Medical University. In addition, 33 slides (17 ERa
negative and 16 ERa positive) were incubated with CHES1
and ERa antibodies; the expression levels of CHES1 and
ERa were quantified according to their H-scores. The IHC
Kit was purchased from ZSGB-BIO (Beijing, China). All
individuals who donated the tissues for this study gave
their consent in written form. The expression levels of
CCND1, c-MYC, and Ki67 in tumors were staining with
antibodies as indicated.

ChIP assay

ChIP assay was carried out as previously described”.
The lysate of MCF7 cells was immunoprecipitation with
antibody against ERa and purified DNA fragment was
analyzed by quantitative reverse transcription-PCR. The
primers used in the ChIP PCR analysis were 5-GGCCA
TCTCACTATGAATCACTTCTGC-3" (forward) and
5'-GGCAGGCTCTGTTTGCTTAAAGAGCG-3' (reverse)
for pS2 promoter. The primer for ERE on CHESI pro-
moter were 5 -AAAGACAAGTGGTGCTATAATTC
GT-3' (forward) and 5'- TTAAGGAGAGAAAA
CTTCATGAGGC-3’ (reverse).

Statistical analysis

All the expriments were repeated at least three times.
Data were presented as mean + SDs and Student’s ¢-test
(unpaired, two-tailed) was used to compare two groups of
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independent samples. P < 0.05 was considered statistically
significant.
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