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NCOAJ3 coactivator is a transcriptional target of XBP1 and
regulates PERK—eIF2a-ATF4 signalling in breast cancer

A Gupta', MM Hossain', N Miller?, M Kerin?, G Callagy' and S Gupta'

XBP1 is a multitasking transcription factor and a key component of the unfolded protein response (UPR). Despite the wealth of
knowledge about the role of XBP1 in luminal/ER-positive breast cancer, not much is known about the effectors of XBP1 in this
context. Here we show that NCOA3 is a transcriptional target of XBP1. We observed increased expression of NCOA3 during
conditions of UPR and oestrogen (E2) stimulation. Further investigations revealed a role for the IRE1-XBP1 axis in the induction of
NCOA3 during UPR and oestrogen signalling. We identify a novel role for NCOA3 in activation of PERK-ATF4 axis during UPR where
knockdown of NCOA3 compromised the optimal activation of the PERK-ATF4 pathway. We found that NCOA3 is required for
induction of XBP1 during E2 stimulation and uncover a positive feedback regulatory loop that maintains high levels of NCOA3 and
XBP1 in breast cancer. Furthermore, upregulated NCOA3 was required for XBP1-mediated resistance to antihormonal agents.
Increased expression of NCOA3 was associated with poor prognosis and higher levels of XBP1-S in breast cancer tissues. Our results
uncover a novel steroid hormone-independent role for NCOA3 in UPR signalling. Further we identify a positive feedback regulatory
loop consisting of XBP1 and NCOA3 that maintains high levels of NCOA3 and XBP1 expression in breast cancer tissues. Taken
together our data identify XBP1-NCOA3 axis that regulates cell fate decisions in ER-positive breast cancer cells.
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INTRODUCTION

Physiological or pathological processes that disturb protein
folding in the endoplasmic reticulum activate a set of signalling
pathways termed as the unfolded protein response (UPR). This
concerted and complex cellular response is mediated by three
molecular sensors, PKR-like ER kinase (PERK), activated transcrip-
tion factor 6 (ATF6) and inositol-requiring enzyme 1 (IRE1) present
in the membrane of endoplasmic reticulum.! The luminal domain
of PERK, IRE1 and ATF6 interacts with the endoplasmic reticulum
chaperone glucose-regulated protein 78 (GRP78). However, upon
accumulation of unfolded proteins, GRP78 dissociates from these
molecules, leading to their activation. The most salient feature of
UPR is to increase the functional activity of a variety of
transcription factors (ATF6, ATF4, XBP1 and CHOP). Once activated,
these transcription factors coordinate transcriptional induction of
genes encoding for endoplasmic reticulum-resident chaperones,
endoplasmic reticulum-associated degradation machinery, amino
acid transport and metabolism proteins, phospholipid biosynth-
esis enzymes and several others, including many that have no
obvious direct relationship to secretory pathway function.'
Invasive breast cancer is a heterogeneous disease with varied
molecular features, behaviour and response to therapy. Oestrogen
receptor a (ER) is the primary therapeutic target in breast cancer
and is expressed in 70% of cases. Endocrine therapy is the
mainstay of treatment for patients with advanced ER-positive
breast cancer. One-third of women treated with hormonal therapy
for 5 years will have recurrent disease within 15 years, and
therefore endocrine-resistant disease may constitute up to one-
quarter of all breast cancers.® The Cancer Genome Atlas (TCGA)
consortium reported that most dominant feature of Luminal/ER-

positive breast cancers is increased mRNA and protein levels of
ESR1, GATA3, FOXA1, XBP1 and MYB. Most notably ESR1 and XBP1
were highly expressed and infrequently mutated.* The expression
of XBP1-S mRNA and protein can be upregulated following
17f-estradiol (E2) treatment of ER-positive human breast cancer
cell lines>® XBP1 physically interacts with ER and potentiates
ER-dependent transcriptional activity in a ligand-independent
manner.” Ectopic expression of XBP1-S in ER-positive breast cancer
cells can lead to oestrogen-independent growth and reduced
sensitivity to antioestrogens.® Downregulation of XBP1 reduces
the survival of transformed human cells under hypoxic conditions
and impairs their ability to grow as tumour xenografts in SCID
mice.” Thus accumulating evidence suggests an active role of the
IRE1-XBP1 pathway in oestrogen signalling.'® Despite the wealth
of knowledge about the role of XBP1-S in luminal/ER-positive
breast cancer not much is known about the molecular effectors
(transcriptional targets) of XBP1-S in context of oestrogen
signalling.

Nuclear receptor coactivator 3 (NCOA3/SRC-3/AIB1/ACTR/pCIP/
RAC3) is a member of p160 family of coactivators."! It is an
oncogenic coactivator and interacts with nuclear receptors (NRs)
to enhance the expression of cognate target genes.'> By
modulating gene expression, NCOA3 regulates diverse physiolo-
gical functions and has been implicated in the development of
breast cancer.”® Transgenic mice-overexpressing NCOA3 shows
increased mammary epithelial cell proliferation, development of
mammary hyperplasia and tumorigenesis."" The ablation of
NCOA3 in mouse mammary tumour virus (MMTV)/v-Ha-ras mice
suppresses mammary gland ductal hyperplasia and mammary
gland tumorigenesis."* NCOA3 not only functions to promote
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Increased expression of NCOA3 by UPR in human breast cancer cells. (a) MCF7 cells were either untreated (CTRL) or treated with

(1.0 pm) TG for indicated time points. The expression level of UPR-responsive genes (GRP78, HERP and CHOP) and NCOA3 was quantified by
real-time RT-PCR, normalizing against GAPDH. Error bars represent mean =+ s.d. from three independent experiments performed in triplicate.
(b) MCF7 cells were either untreated (CTRL) or treated with (1.0 um) TG and (1.0 pg/ml) TM for 24 h. Western blotting of total protein was
performed using antibodies against NCOA3 and p-actin. (¢, d) T47D cells were either untreated (CTRL) or treated with (1.0 pm) TG (c) and
(1.0 pg/ml) TM (d) for indicated time points. The expression level of UPR-responsive genes (GRP78, HERP and CHOP) and NCOA3 was
quantified by real-time RT-PCR, normalizing against RPLPO. Error bars represent mean =+ s.d. from three independent experiments performed
in triplicate. *P < 0.05, two-tailed unpaired t-test compared with untreated cells.

breast cancer development, it also participates in resistance to
antihormonal therapy.'”” Increased expression of NCOA3 is
strongly correlated with shorter disease-free and overall
survival.'® NCOA3 was found to be overexpressed in >60% of
primary breast tumours; however its gene is amplified in only
5-10% of breast cancers.'”'® Nonetheless, how NCOA3 becomes
overexpressed in breast cancers is not well understood.

In this study we demonstrate that expression of NCOA3 is
regulated by XBP1-S during the conditions of UPR, as well as
oestrogen stimulation in human breast cancer cells. We show that
inhibition of IRE1 activity and knockdown of XBP1 expression both
compromised the induction of NCOA3 during UPR and oestrogen
signalling. Our results describe an important non-NR function of
NCOA3 where IRET-XBP1-dependent upregulation of NCOA3
regulates optimal activation of the PERK-ATF4 axis during UPR.
We also show that NCOA3 is required for induction of XBP1 and
cellular proliferation upon oestrogen stimulation. Higher expres-
sion of NCOA3 was associated with poor prognosis and mRNA
levels of NCOA3 correlated with spliced XBP1 transcript levels in
breast cancer tissues. These findings provide novel insights into
the biological function of XBP1 in ER-positive breast cancer.

RESULTS
Upregulation of NCOA3 expression during conditions of UPR

During the analysis of the microarray gene expression data set
(GSE63252) we found that expression of NCOA3 was robustly
induced (logFC >2) upon treatment with two different pharma-
cological inducers of endoplasmic reticulum (EnR) stress. To

© 2016 Macmillan Publishers Limited, part of Springer Nature.

experimentally assess if UPR upregulates NCOA3 gene expression
in breast cancer cells, MCF7 and T47D cells were exposed to
different EnR stressors: N-linked glycosylation inhibitor tunicamy-
cin (TM) and ER Ca-ATPase family (SERCA) inhibitor
thapsigargin  (TG).' TG increased the expression of HERP,
GRP78, CHOP (bonafide UPR-responsive genes) and NCOA3 mRNA
levels in a time-dependent manner (Figure 1a). We observed an
increase in NCOA3 protein upon treatment with TG and TM of
MCF?7 cells (Figure 1b). Next we treated T47D cells with TG and TM.
We observed a significant increase in the expression of HERP,
GRP78, CHOP (bonafide UPR-responsive genes) and NCOA3 mRNA
levels in TG and TM-treated T47D cells (Figures 1c and d). In order
to confirm that regulation of NCOA3 during EnR stress was not
restricted to ER-positive breast cancer cells, we examined levels of
NCOA3 during conditions of EnR stress in MDA-MB231 cells. We
observed a significant increase in the expression of HERP, GRP78,
CHOP (bonafide UPR-responsive genes) and NCOA3 mRNA
levels in bortezomib-treated MDA-MB231 cells (Supplementary
Figure S1).

Induction of NCOA3 during EnR stress is dependent on the
IRET-XBP1 axis

Next we investigated the role of PERK and IRE1 arms of the UPR in
the regulation of the NCOA3 expression. MCF7 cells were treated
with TG alone or in combination with the GSK-PERK inhibitor?°
and (4u8C and STF083010) IRET inhibitors.>'** As shown in
Figure 2a, 4p8C and STF083010 efficiently attenuated the
TG-induced production of spliced XBP1. Further we observed
that GSK-PERK inhibitor (Pl) abrogated the TG-induced
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Figure 2. Upregulation of NCOA3 during UPR is mediated by the IRE1-XBP1 pathway. (a) MCF7 cells were either untreated (CTRL) or treated
with (1.0 pm) TG in the absence and presence of IRE1 inhibitors, (10 pm) 4u8C (4 U) and (100 pum) STFO83010 (STF) for 24 h. Cells were harvested
and expression of XBP1 (unspliced and spliced) was analysed by RT-PCR followed by gel electrophoresis. (b) MCF7 cells were treated with TG
(1.0 pm) in the absence and presence of (25 nm) GSK-PERK inhibitor (PI) for indicated time points. Whole-cell lysates were subjected to sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by immunoblotting using PERK antibody. (c) MCF7 cells were
either untreated (CTRL) or treated with TG (1.0 pm) and (1.0 pg/ml) TM in the absence and presence of IRET inhibitors as in (a), and the
expression level of NCOA3 was quantified by real-time RT-PCR, normalizing against RPLPO. Error bars represent mean +s.d. from three
independent experiments performed in triplicate. (d) MCF7 cells were either untreated (CTRL) or treated with (1.0 pm) TG in the absence and
presence of (25 nm) GSK-PERK inhibitor (PI) for 24 h. The expression level of NCOA3 was quantified by real-time RT-PCR, normalizing against
RPLPO. Error bars represent mean + s.d. from three independent experiments performed in triplicate. (e) MCF7 cells were transfected with
(CTRL) pcDNA3-FLAG or plasmids expressing indicated UPR transcription factors (ATF4, ATF6, CHOP, NRF2 and XBP1-S). Cells were harvested
24 h post transfection normalizing against RPLPO. Error bars represent mean +s.d. from three independent experiments performed in
triplicate. Equivalent amounts of cell lysates were resolved by SDS-PAGE and immunoblotting was performed using antibodies against FLAG,
ATF6, spliced XBP1 and p-actin. ATF4, CHOP and NRF2 are FLAG-tagged. -Actin served as a loading control. (f) MCF7-control (PKLO) and
MCF7-XBP1 knockdown (XKD) cells were treated with (1.0 pm) TG for indicated time points. The expression levels of GRP78, XBP1-S and NCOA3
was quantified by real-time RT-PCR, normalizing against RPLPO. Error bars represent mean +s.d. from three independent experiments
performed in triplicate. *P < 0.05, two-tailed unpaired t-test compared with untreated cells; ¥P < 0.05 for one-way ANOVA; **P < 0.05, two-
tailed unpaired t-test comparing respective time points; NS, not significant at P < 0.05.

auto-phosphorylation of PERK (Figure 2b). These results confirmed efficiency (Supplementary SF3). MCF7 cells were transduced with
that both PERK and IRE1 inhibitors were blocking their respective pLKO.1-Puro or XBP1-targeting shRNAs (TRCNO000019805) lenti-
targets. We observed that both 4pu8C and STF083010 compro-  viruses followed by puromycin selection to obtain control (MCF7-
mised the TG and TM-mediated increase in the expression of  PLKO) and XBP1 knockdown subclones (MCF7-XKD) of MCF7 cells.
NCOAS3 (Figure 2c), whereas GSK-PERK inhibitor (PI) had no effect  we found that XBP1 knockdown clones were compromised in the
on TG-mediated increase in the expression of NCOA3 (Figure 2d). induction of spliced XBP1 and NCOA3 upon TG treatment
To determine which mammalian UPR transcriptional activators (Figure 2f). The knockdown of XBP1 did not alter the induction
regulate NCOA3 expression, we transfected MCF7 cells with of GRP78 upon TG treatment (Figure 2f). Collectively, these results

plasmids encoding indicated gene products (Figure 2e). These ¢, gqact that induction of NCOA3 during UPR is dependent on the
ectopic transcription factors were functional and regulated the IRE1-XBP1 axis.

expression of their cognate target genes (Supplementary SF2). We

observed that ectopic expression of spliced XBP1 resulted in a ) o

significant increase in the NCOA3 transcripts level (Figure 2e). To NCOA3 is a transcriptional target of XBP1

further confirm the role of XBP1 in the induction of NCOA3, we  Examination of the nucleotide sequence of human NCOA3
generated the control (MCF7-PLKO) and XBP1 knockdown promoter showed a sequence homologous to the consensus
subclones (MCF7-XKD) of MCF7 cells. For this purpose we XBP1-binding site at nucleotide position —119 to — 98 relative to
tested a panel of XBP1-targeting shRNAs for their knockdown the transcriptional start site (Figure 3a). A NCOA3 promoter
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Figure 3. NCOA3 is a transcriptional target of XBP1. (a) Schematic representation of wild type (pGL3-NCOA3-WT) and XBP1-binding site
mutant (pGL3-NCOA3-MT) human NCOA3 promoter reporter constructs. The nucleotide sequence of human NCOA3 promoter from position
— 119 to — 98 relative to the transcription start site is shown. (b) 293T cells were transfected with pGL3-NCOA3-WT along with control (FLAG) or
expression plasmid for indicated UPR transcription factors. Luciferase activity was measured 24 h after transfection and normalized luciferase
activity (Firefly/Renilla) relative to control is shown. Error bars represent mean +s.d. from three independent experiments performed in
duplicate. (c) 293T cells were transfected with pGL3-NCOA3-WT along pcDNA3 (control) and pIRE1-AC (IRE1-DN). After 24 h of transfection,
cells were either untreated (UN) or treated with (1.0 pm) TG for indicated time points. Normalized luciferase activity (Firefly/Renilla) relative to
untreated control is shown. Error bars represent mean + s.d. from three independent experiments performed in duplicate. (d) 293T cells were
transfected with pGL3-NCOA3-WT or mutant pGL3-NCOA3-MT (MT5 and MT7) along with control (PCDNA3) or spliced XBP1 (XBP1) expression
plasmid. Luciferase activity was measured 24 h post transfection and normalized luciferase activity (Firefly/Renilla) relative to control is shown.
Error bars represent mean +s.d. from three independent experiments performed in duplicate. (e) 293T cells were transfected with pGL3-
NCOA3-WT or mutant pGL3-NCOA3-MT (MT5 and MT7). Twenty-four hour post transfection, cells were either untreated (UN) or treated with
(1.0 um) TG for indicated time points. Normalized luciferase activity (Firefly/Renilla) relative to untreated control is shown. Error bars represent
mean =+ s.d. from three independent experiments performed in duplicate. *P < 0.05, two-tailed unpaired t-test compared with untreated cells.

reporter construct (pGL3-NCOA3-WT) containing this region was
activated over 25-fold by cotransfection with spliced XBP1 in
293T cells (Figure 3b). To determine the role of endogenous XBP1
in regulating NCOA3 promoter, 293T cells were transfected with
NCOA3 promoter-reporter plasmid along with dominant-negative
IRE1 (IRETAC) and after 24 h they were treated with TG for 24 or
48 h. IRE1AC mutant of IRE1 has been shown to attenuate EnR
stress-induced production of spliced of XBP1.2> TG treatment
resulted in up to 16-fold increase in NCOA3 promoter activity that
was abolished by cotransfection of IRETAC mutant (Figure 3c).
Mutation of the putative XBP1-binding site in NCOA3 promoter
(pGL3-NCOA3-MT) completely abolished its transactivation by
ectopic XBP1 (Figure 3d) and TG treatment (Figure 3e). These
observations suggest that there is only one functional XBP1-
responsive site in this region of NCOA3 promoter.

NCOA3 modulates optimal activation of the PERK-elF2a-ATF4 axis
during UPR

Next we generated the clones of MCF7 cells expressing NCOA3
shRNA. For this purpose MCF7 cells were transduced with
tetracycline-inducible lentivirus engineered to produce RFP and
NCOA3 targeting shRNA upon addition of doxycycline and co-
expression of the tetracycline regulatory protein, rtTA3. We
observed significant knockdown of NCOA3 protein after the

© 2016 Macmillan Publishers Limited, part of Springer Nature.

addition of (500 ng/ml) doxycycline to MCF7-NCOA3-shRNA clone
(Figure 4a). For subsequent experiments MCF7-NCOA3-shRNA
cells were pre-treated with doxycycline (500 ng/ml) for 48 h to
knockdown the expression of NCOA3. We observed that TG-
induced increase in the expression of NCOA3 was attenuated by
doxycycline in MCF7-NCOA3-shRNA clone (Figure 4b). Next, we
tested whether NCOA3 modulated the activation of three
branches of the UPR. For this purpose we used synthetic luciferase
reporter constructs having ATF6- or XBP1-binding sites and CHOP-
promoter reporter. The induction of the XBP1-binding site reporter
and ATF6-binding site reporter in response to thapsigargin (TG)
was not affected by knockdown of NCOA3 (Figure 4c). In contrast,
the response of the CHOP-promoter reporter to TG was
significantly decreased in the absence of NCOA3 (Figure 4c). PERK
activation promotes both adaptive and apoptotic responses
depending on the severity of the stress and context. In agreement
with the proapoptotic role of the PERK pathway we observed that
knockdown of NCOA3 provided resistance to EnR stress-mediated
cell death (Figures 4d—e). Next we examined levels of UPR target
genes to determine if NCOA3 modulated their expression. Levels
of CHOP, HERP, GRP78 and XBP1-S were examined by quantitative
reverse transcription-PCR (RT-PCR). No difference in UPR target
genes expression was observed, with the notable exception of
CHOP whose induction was consistently decreased in the
presence of doxycycline (Figure 4f). PERK-elF2a-ATF4 branch of
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Figure 4. NCOA3 is required for EnR stress-induced activation of the PERK-ATF4-CHOP axis. (@) pTRIPZShNCOA3-MCF7 cells were either
untreated (No Dox) or treated (Dox) with (500 ng/ml) of doxycycline for indicated time points. Upper panel, equivalent amounts of cell lysates
were resolved by sodium dodecyl sulphate-polyacrylamide gel electrophoresis and immunoblotting was performed using antibodies against
NCOA3 and p-actin. (b) pTRIPZshNCOA3-MCF7 cells were either untreated (CTRL) or treated with (1.0 pm) TG for indicated time points in the
absence and presence of doxycycline. The expression level of NCOA3 was quantified by real-time RT-PCR, normalizing against RPLPO. Error
bars represent mean + s.d. from three independent experiments performed in triplicate. (c) pTRIPZshNCOA3-MCF7 cells were transfected with
the indicated UPR pathway reporter genes (ATF6-R, CHOP-PR, XBP1-R). Transfected cells were treated with TG (1.0 pm) in the absence and
presence of doxycycline for 24 h. Normalized luciferase activity (Firefly/Renilla) relative to untreated control is shown. Error bars represent
mean =+ s.d. from three independent experiments performed in duplicate. (d, e) pTRIPZshNCOA3-MCF7 cells were untreated (CTRL) or treated
with (1.0 pm) TG and (1.0 pg/ml) TM in the absence and presence of (500 ng/ml) of doxycycline for indicated time points. Line graphs show the
absorbance in cells at the indicated time points after the treatment. Error bars represent mean =+ s.d. from three independent experiments
performed in triplicate. (f, g) pTRIPZshNCOA3-MCF7 cells were either untreated (CTRL) or treated with (1.0 pm) TG for indicated time points in
the absence and presence of doxycycline. The expression level of CHOP, HERP, GRP78, XBP1-S, VEGFA and LAMP3 was quantified by real-time
RT-PCR, normalizing against RPLPO. Error bars represent mean =+ s.d. from three independent experiments performed in triplicate. *P < 0.05,
two-tailed unpaired t-test comparing TG-induced samples; **P < 0.05, two-tailed unpaired t-test comparing respective time points.
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Figure 5. Induction of NCOA3 expression during oestrogen signalling. (a) MCF7 cells were synchronized before oestrogen treatment as
described in the Materials and Methods section. After synchronization, cells were either untreated (No E2) or treated with (10 nm E2) oestrogen
in 1% dextran-coated charcoal-stripped fetal bovine serum (DCC-FBS) supplemented medium. Line graphs show the absorbance in cells
at the indicated time points after E2 treatment. Error bars represent mean + s.d. from three independent experiments performed in triplicate.
(b, €) MCF7 cells were treated as in (a) and induction of E2-responsive genes (GREB1, TFF1, EGR, PGR and PDZK) and NCOA3 was quantified by
real-time RT-PCR, normalizing against RPLPO. Error bars represent mean + s.d. from three independent experiments performed in triplicate.
(d) MCF7 cells were treated as in (a), and western blotting of total protein was performed using antibodies against NCOA3, XBP1-S and p-actin.
(e) MCF7 cells were transfected with pGL3-NCOA3-WT or mutant pGL3-NCOA3-MT (MT5 and MT7). Transfected cells were left either untreated
(CTRL) or treated (E2-24H) with (10 nm) oestrogen. Normalized luciferase activity (Firefly/Renilla) relative to untreated control is shown. Error
bars represent mean + s.d. from three independent experiments performed in duplicate. *P < 0.05, two-tailed unpaired t-test compared with
untreated cells.

UPR has been shown to upregulate VEGFA and LAMP3 to induce Similar increase in the expression of NCOA3 following E2
angiogenesis and cell migration, respectively.>*** Indeed we stimulation was observed in T47D cells (Supplementary SF5). Next
observed that PERK inhibitor compromised the induction of we investigated the role of IRE1-XBP1 axis in the regulation of the
VEGFA and LAMP3 during conditions of ER stress in MCF7 cells NCOA3 expression upon E2 signalling. We found that wild-type
(Supplementary SF4). In agreement with its effect on induction of NCOA3 promoter reporter construct (pGL3-NCOA3-WT) was
CHOP gene expression during UPR, knockdown of NCOA3 upregulated 8-12 fold by E2 treatment (Figure 5e). This
attenuated the TG-mediated induction of VEGFA and LAMP3 in upregulation was completely abrogated in XBP1-binding site
MCF?7 cells (Figure 4g). These results suggest that NCOA3 does not mutant NCOA3 promoter reporter construct (Figure 5e). Next we
affect the ATF6 or IRET-XBP1 axis but is required for the optimal determined the effect of IRE1 inhibitors (4u8C and STF083010) on
activation of the PERK-elF2a-ATF4 pathway in response to EnR E2-mediated induction of NCOA3 expression. We found that 4u8C

stress. and STF083010 efficiently attenuated the E2-stimulated growth

and increase in the expression of XBP1-S, GREB1 and NCOA3
Oestrogen upregulates NCOA3 expression in IRE1-XBP1- (Fig.ures 6a a}nd b).. Thgse results suggest that ind.u.ction of NCOA3
dependent manner during E2 stimulation is dependent on RNase activity of IRE1. Next

we used the control (MCF7-PLKO) and XBP1 knockdown subclones
(MCF7-XKD) of MCF7 cells to determine the role of XBP1 in the
regulation of the NCOA3 expression upon E2 signalling. We found
that knockdown of XBP1 compromised E2-stimulated growth as
well as expression of XBP1-S, GREB1 and NCOA3 (Figures 6¢ and
d). Collectively, these results suggest that induction of NCOA3
during E2 stimulation is dependent on the IRET-XBP1 axis.

Next we determined whether XBP1 regulates NCOA3 expression
upon E2 stimulation. We first optimized the conditions for the E2-
dependent growth and induction of bonafide E2-target genes in
MCF7 cells. After synchronization for 72 h, MCF7 cells were treated
with (10nm) E2 in 1% dextran-coated charcoal-stripped fetal
bovine serum supplemented medium. We observed a time-
dependent growth of MCF7 cells (Figure 5a) and induction of
(GREB1, TFF1, EGR, PGR and PDZK) bonafide E2-responsive genes
(Figure 5b) under these conditions. We observed significant ~ NCOA3 is required for E2-mediated upregulation of XBP1

increase in NCOA3 mRNA and protein levels starting 6 h after the Next we determined the role of upregulated NCOA3 in oestrogen
onset of E2 treatment and lasting for 48 h (Figures 5c and d). signalling and XBP1-mediated antioestrogen resistance. After
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5865



Regulation of NCOA3 by XBP1
A Gupta et al

5866

a 1 b
34 35 1 B CTRL @ E2 E2+4U @ E2+STF
2.8 b
£ 30
2.6 z
3
2.4 1 o 257
[
£ 221 2 20 -
§ .. 5
Q .
O 1.8 - > 15 b
[}
1.6 2 10 -
14 = E2 NG &
—B— E2+4U ’ 3 5
1.2 1 —a— g2+ STF
1 . . . . 0 -
DAY 0 DAY 1 DAY 2 DAY3 XBP1-S
c d ..
2.6 7 *

—&— PLKO NO E2

e
241 —@— PLKO+E2 g s - s @ PLKO OH
— a
22 ] T XKDNOE2 b~ @ PLKO 6H
—%— XKD + E2 e,
5 w PLKO 24H
b 2
& = ® XKD OH
- i 5 3 4
1.8 2
g g @ XKD 6H
1.6 1 5 2 @ XKD 24H
w
1.4 ]
51
1.2
1 T T 1 0

DAY 0 DAY 1 DAY 2 NCOA3 XBP1-S GREB1

Figure 6. IRE1-XBP1 signalling is required for E2-mediated growth and expression of NCOA3. (a) MCF7 cells were treated with (10 nm)
oestrogen in the absence and presence of IRE1 inhibitors, (10 um) 4u8C (4 U) and (100 pm) STF083010 (STF) for indicated time points. Line
graphs show the absorbance in cells at the indicated time points after the treatment with IRE1 inhibitors. (b) MCF7 cells were treated as in (a),
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three independent experiments performed in triplicate. *P < 0.05, two-tailed unpaired t-test compared with untreated cells; *P < 0.05 for one-
way ANOVA; **P < 0.05, two-tailed unpaired t-test comparing respective time points.

synchronization for 72 h, MCF7-NCOA3-shRNA cells were treated presented in Supplementary SF6. The total RNA from breast
with (10 nm) E2 in the absence and presence of doxycycline tumour (n=60) and tumour-associated normal breast tissue
(500 ng/ml). We observed that knockdown of NCOA3 expression (n=10) specimens was used to quantify levels of NCOA3 gene
attenuated the E2-stimulated growth as well as expression of expression. NCOA3 levels were observed to be dysregulated in
XBP1-S, GREB1 and NCOA3 (Figures 7a and b). To evaluate the role different subtypes of breast cancer samples than in normal breast
of NCOA3 in XBP1-mediated resistance to antioestrogens MCF7- tissue (Figure 8a). An increase in tumour stage (log-rank; P=0.009)
NCOA3-shRNA cells were transfected with XBP1-S expressing and NCOA3 expression was associated with shorter overall survival
plasmid. Fulvestrant, a selective oestrogen receptor downregu-  (log-rank; P=0.043). Prognostic significance of these parameters
lator is a pure competitive antagonist of oestrogen receptor remained after multivariate analysis. No other statistically sig-
alpha.2® We found that ectopic XBP1-S provided the resistance to nificant associations between high NCOA3 expression and clinico-
fulvestrant and knockdown of NCOA3 abrogated the resistance pathological variables (age at diagnosis, macroscopic tumour size
provided by XBP1-S (Figure 7c). In addition, NCOA3 knockdown and Iym_ph node status), or blomarkerlexpressmn, were found.
cells showed increased sensitivity to fulvestrant, further under-  Associations between NCOA3 expression and outcome were
scoring a role for NCOA3 in antioestrogen resistance. egamlned by dlchotomlzmg the NCOA3.expre55|or'1 as low and

high at the median. We observed that in the patient samples,
. . . higher NCOA3 expression was associated with reduced overall
Hl.gher levels of NCQA3 mMRNA in breast tumours are associated survival (Figure 8b) and disease-free survival (Figure 8c) as
with a poor prognosis compared with low NCOA3 expression. Furthermore, higher
Breast tumour specimens (n=60) were retrieved from patients ~ XBP1 mRNA in breast tumour samples correlated with a higher

undergoing primary curative resection at University Hospital NCOA3 mRNA level (Figure 8d). Overall, these results suggest that
Galway, Ireland. Matched tumour-associated normal breast tissue higher XBP1 is associated with increased NCOA3 gene expression
was also obtained from a subset (n=10) of these patients where in human breast cancer tumours and poor outcome in human

possible. Clinical and pathological data related to the samples are patients.

Oncogene (2016) 5860 -5871 © 2016 Macmillan Publishers Limited, part of Springer Nature.
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NCOA3 regulates induction of XBP1 upon oestrogen signalling and is required for XBP1-mediated antioestrogen resistance.

(@) pTRIPZShNCOA3-MCF7 cells were treated with (10 nm) oestrogen in the absence and presence of (500 ng/ml) of doxycycline for indicated time
points. Line graphs show the absorbance in cells at the indicated time points after the E2 treatment. Error bars represent mean + s.d. from three
independent experiments performed in triplicate. (b) pTRIPZshNCOA3-MCF7 cells were treated with (10 nm) oestrogen in the absence and
presence of (500 ng/ml) of doxycycline for indicated time points. The expression level of spliced XBP1 (XBP1-S), GREB1 and NCOA3 was quantified
by real-time RT-PCR, normalizing against RPLPO. Error bars represent mean + s.d. from three independent experiments performed in triplicate.
() pTRIPZshNCOA3-MCF7 cells transfected with control or XBP1-S plasmid and were treated with (1 pwm) fulvestrant in the absence and
presence of (500 ng/ml) of doxycycline for 48 h. MTS cell proliferation assay was performed to assess the changes in cell density. *P < 0.05, two-tailed

unpaired t-test compared with untreated cells; **P < 0.05, two-tailed unpaired t-test comparing respective time points. NS, not significant.

DISCUSSION

Spliced XBP1 (XBP1-S), a member of the activated transcription
factor (ATF) family of transcription factors, is a key component of
the UPR. XBP1-S plays a crucial role in development of highly
secretory cells, such as exocrine pancreas, Paneth cells and
antibody-producing plasma cells.?” Several gene expression
profiling studies have revealed that XBP1-S induces the expression
of a core group of genes involved in constitutive maintenance of
endoplasmic reticulum function in almost all cell types.®® In
addition, there is a unique subset of XBP1-regulated genes that
vary in the context of specific stimuli and cell types, such as
Wolfram syndrome 1 (WFS7) in neuronal cells,?® basic helix-loop-
helix family, member a15 (BHLHA15) in myoblasts.?” Recently Chen
et al®>® have shown that XBP1 plays an important role in
progression of triple negative breast cancer by regulating the
HIFTa transcriptional programme. In this report we show that
XBP1-S plays an important role in increased expression of NCOA3
during conditions of UPR and oestrogen stimulation (Figure 9).
NCOA3 has been shown to play an important role in the
tumorigenesis and progression of hormone-dependent as well
as hormone-independent cancers.'"'® The expression of NCOA3 is

© 2016 Macmillan Publishers Limited, part of Springer Nature.

elevated in human cancers in the absence of gene amplification
and relatively little is known about mechanisms of NCOA3
overexpression.'® The stressful conditions in the tumour micro-
environment, including low oxygen supply, nutrient deprivation
and pH changes, activate a range of cellular stress-response
pathways.' Cellular adaptation to stress in tumour microenviron-
ment occurs through multiple mechanisms, including activation of
the UPR." Our results showing the increased expression of NCOA3
during conditions of UPR (Figures 1-3) provide a mechanism for
overexpression of NCOA3 in human cancers.

Nuclear receptor coactivators (NCOAs) are associated with a
diverse array of human diseases such as systemic metabolite
homoeostasis, inflammation, energy regulation and several types
of human cancer.>? An important question is how the expression/
activity of NCOAs is regulated by diverse metabolic disruptions
and stress responses. Chronic EnR stress and defects in UPR
signalling are emerging as key contributors to a growing list of
human diseases, including immune disorders, cardiovascular
diseases, diabetes, neurodegeneration and cancer.?'** In light of
our results showing IRE1-XBP1-dependent upregulation of NCOA3
during UPR and ample overlap of human diseases where a role for
NCOAs and UPR has been implicated, we posit that UPR-mediated

Oncogene (2016) 5860-5871
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is 0.91.

induction of NCOA3 may play a role in coordination of NCOA3
activity in accordance with the metabolic demand.

Our results uncover a novel non-NR role for NCOA3 in the UPR
signalling, where NCOA3 plays an important role in optimal
activation of the PERK-elF2a-ATF4 pathway, but has no significant
effect on IRE1-XBP1 or ATF6 branches of UPR (Figure 4). As PERK
signalling mediates both adaptive and apoptotic responses
depending on the intensity and duration of the stress, it may
promote, as well as suppress, malignant transformation depend-
ing on the context.3**> Indeed we observed that knockdown of
NCOA3 abrogated PERK signalling and provided resistance to EnR
stress-mediated cell death (Figure 4). Loss of NCOA3 has been
shown to accelerate polyoma middle-T antigen-induced mam-
mary tumorigenesis and malignant B-cell lymphomas in mice >3’
However, further investigation is required to evaluate whether loss
of NCOA3 contributes to cancer progression by inhibiting EnR
stress-induced apoptosis in tumour microenvironment. The PERK-
ATF4 arm directly upregulates vascular endothelial growth factor
A (VEGFA) and Lysosomal-Associated Membrane Protein 3
(LAMP3), thereby regulating tumour vascularity and invasion.>>3®
In line, tumours derived from K-Ras-transformed embryonic
fibroblasts derived from PERK knockout mice show severely

Oncogene (2016) 5860-5871

compromised tumour vascularization®® and PERK-deficient mice
have reduced growth of -cell insulinoma tumours as a result of
compromised tumour vascularization.*® Indeed, the PERK inhibitor
and knockdown of NCOA3 both attenuated the UPR-mediated
increase in the expression of VEGF and LAMP3 (Figure 4 and
Supplementary SF3). Further epithelial to mesenchymal transition
activates PERK-elF2a signalling, which is required for invasion and
metastasis of primary tumour.*' Taken together our results
suggest a role for NCOA3 in PERK-dependent effects on malignant
transformation.

Our results show that XBP1-S regulates the expression of
NCOA3 upon oestrogen stimulation via the XBP1-binding sites in
the promoter of NCOA3 (Figures 5 and 6). Further we show that
NCOAS3 is required for induction of XBP1-S upon E2 stimulation
(Figure 7) but not during the conditions of EnR stress (Figure 4).
During conditions of E2 stimulation, the oestrogen receptor is
recruited to the enhancer region of XBP1 gene leading to
induction of XBP1T mRNA, which is then spliced by IRE1 to
produce XBP1-S.> However ATF6 induces the expression of XBP1
mRNA during UPR, which is then spliced by IRE1 to produce XBP1-5.*
In agreement with these observations, we found that loss of
NCOA3 had no effect on transcriptional activity of ATF6 (Figure 4c)

© 2016 Macmillan Publishers Limited, part of Springer Nature.
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Figure 9. Graphical abstract. Stressful conditions of the tumour
microenvironment activate an adaptive mechanism called the
unfolded protein response (UPR). X-box binding protein-1 (XBP1)
is a critical transcriptional activator that is induced by the UPR. In
oestrogen receptor-positive (ER+) breast cancer cells XBP1 is rapidly
induced in response to E2 stimulation. In luminal breast cancers
oestrogen signalling and UPR induce the expression of XBP1s. Here
we show that XBP1s upregulate the transcriptional activation of
NCOAS3 during oestrogen signalling and UPR. NCOA3 is required for
the induction of oestrogen-responsive and PERK-ATF4-responsive
genes. Our results suggest that XBP1s regulates growth and
proliferation of ER-positive breast cancer cells, in part, by transcrip-
tional activation of NCOA3.

but compromised the induction of E2-responsive genes
(Figure 7b). We further show that NCOA3 is required for E2-
dependent proliferation and induction of XBP1, thereby generat-
ing a feed forward autoregulatory loop (Figure 7). These results
suggest that in cells with hyperactive XBP1-S, such as the case
encountered in stressful conditions of tumour microenvironment,
there is a positive feedback regulatory loop consisting of XBP1-S
and NCOA3 to maintain high levels of NCOA3 and XBP1-S in ER-
positive breast cancer. Indeed, we observed very good correlation
between the transcript levels of NCOA3 and XBP1-S in breast
cancer patient samples (Figure 8). Overexpression of XBP1-S can
confer oestrogen-independent growth and resistance to anti-
hormonal therapy.® Further XBP1-S is overexpressed in
antioestrogen-resistant breast cancer cells and increased expres-
sion of XBP1-S is associated with poor clinical outcome.** Our
results show that NCOA3 is required for XBP1-S mediated
resistance to antioestrogens (Figure 7). XBP1 has been shown to
regulate NF-kB activity, which plays an important role in XBP1-
mediated effects on antioestrogen responsiveness.** NCOA3
interacts with | kappa B kinase (IKK) and is phosphorylated by
the IKK complex.”® Further phosphorylated NCOA3 potentiates
NF-kB-mediated gene expression.*” Thus activation of NCOA3 and
NF-kB by XBP1 can act in a concerted manner to regulate
antioestrogen responsiveness. Taken together our findings reveal
a key function for the IRE1-XBP1-NCOA3 axis in luminal/ER-
positive breast cancer and indicate that targeting this pathway
may offer alternative treatment strategies for antioestrogen-
resistant breast cancer.

MATERIALS AND METHODS
Cell culture and treatments

MCF7, T47D and MDA-MB231 cells were purchased from ECACC (Salisbury,
UK). HEK 293T cells were from Indiana University National Gene Vector
Biorepository (Indianapolis, IN, USA). Cells maintained in Dulbecco’s
modified medium supplemented with 10% fetal calf serum, 100 U/ml

© 2016 Macmillan Publishers Limited, part of Springer Nature.
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penicillin and 100 mg/ml streptomycin at 37 °C with 5% CO,. To induce
EnR stress, cells were treated with TM or TG at the indicated concentrations
for the indicated time. TG (Cat # 1138), TM (Cat # 3516), ICl 182,780 (Cat #
1047) were from Tocris Bioscience (Abingdon, UK). Estradiol (Cat# 1006315)
was from Cayman Chemical (Ann Arbor, MI, USA). To inhibit IRE1
endoribonuclease activity, cells were treated with IRE1 inhibitor (4u8C)
(Cat # 412512; Merck Millipore Ltd, Cork, Ireland) and STF083010 (Cati#
412510; Merck Millipore Ltd). To inhibit PERK activity cells were treated
with GSK2606414 (Cat # 516535; Merck Millipore Ltd).

Oestrogen stimulated growth

Parental MCF7 cells or subclones (MCF-PLKO, MCF7-XKD and pTRIPZshN-
COA3-MCF7) were synchronized before oestrogen treatment by incubation
for 72 h in the phenol red-free medium supplemented with 1% dextran-
coated charcoal-stripped fetal bovine serum. After synchronization, cells
were treated with 10 nm E2 in 1% dextran-coated charcoal-stripped fetal
bovine serum supplemented medium. Cultures were further incubated at
37 °C after which cells were assayed with 3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium  (MTS)  cell
proliferation assay at time intervals 1-5 days as indicated. Measurements
were made in accordance with the manufacturer’s instructions (Promega
Corp., Madison, WI, USA).

Plasmid constructs

The expression vector for pBMN-I-GFP, pBMN-hATF6(373)-I-GFP encoding
aa 1-373 of human ATF6a and pBMN-hXBP1(S)-I-GFP encoding full-length
human XBP1 generated by UPR-mediated splicing were a kind gift from
Dr Joseph Brewer (University of South Alabama, Mobile, AL, USA). The
expression vector for FLAG-tagged ATF4 (pRK-ATF4) was a gift from Yihong
Ye (Addgene plasmid # 26114; Cambridge, MA, USA); FLAG-tagged
NRF2 (NC16 pCDNA3.1-FLAG-NRF2) was a gift from Randall Moon
(Addgene plasmid # 36971). The expression vector for FLAG-tagged CHOP
(pcDNA3-FLAG-CHOP) was a kind gift from Dr Wolfgang Dubiel (Humboldt
University, Germany). The pGL3-ACTR-1.6 kb construct was a kind gift from
Dr Hongwu Chen (University of California, Davis, CA, USA) and contains a
genomic DNA fragment (1.6 kb, Hindlll-Ncol) containing the first exon of
NCOA3 into vector pGL3-basic. The ATF6, PERK and IRET-XBP1 pathway
reporters has been described previously.*®

Generation of stable cell lines

The control and XBP1-targeting shRNA plasmid (TRCN0O000019805) was
from Sigma (Wicklow, Ireland). The tetracycline-inducible pTRIPZ NCOA3
shRNA  plasmid (V2THS_261936) with targeting sequence 5'-
GTCAGATAAGCAGGAGGTA-3’" was from Thermo Scientific (St Leon-Rot,
Germany). Lentivirus was generated by transfecting lentiviral plasmids
along with packaging plasmids in 293T cells using jetPEl transfection
reagent (Polyplus transfection, VWR International Ltd, Dublin, Ireland)
according to the manufacturer’s instructions. MCF7 cells were then
transduced with the shRNA lentivirus and selection for shRNA-positive
cells was performed with 2 pg/ml puromycin for 7 days.

RNA extraction, RT-PCR and real-time RT-PCR

Total RNA was isolated using Trizol (Fisher Scientific Ireland Ltd, Dublin,
Ireland) according to the manufacturer's instructions. RT was carried out
with 2 ug RNA and random primerss (Promega) using ImProm-Il Reverse
Transcription System (Promega). The real-time PCR method to determine
the induction of UPR target genes has been described previously.*”

Luciferase reporter assays

The wild-type NCOA3 human promoter reporter construct (pGL3-ACTR-1.6 kb)
was used to generate XBP1-binding site mutant construct. Point
mutations in pGL3-ACTR-1.6 kb were performed using the QuikChange
site-directed mutagenesis method. The following forward primers were
used to produce point mutations in XBP1-binding site of pGL3-NCOA3-WT
construct (NCOA3-MUT-Forward) 5-CGGAGGGCGTGGCGAATTCGGCTCGT
GCGGCCG-3’, and (NCOA3-MUT-Reverse) 5'-CGGCCGCTCGAGCCGAATTC
GCCACGCCCTCCG-3'. The generated mutants were verified by restriction
enzyme digestion because the mutations introduced an EcoRl site in the
pGL3-NCOA3-MT plasmid and confirmed by sequencing. In promoter
assays, 293T cells were grown in a six-well plate and transfected with
(1.0 pg) pGL3-NCOA3-WT or pGL3-NCOA3-MT reporter constructs in
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combination with (100 ng) Renilla luciferase vector as an internal control.
Twenty-four hours post transfection cells were treated with TG or TM for
24 h. Firefly luciferase and Renilla luciferase activities were measured 48 h
after transfection using Lucetta Luminometer (Lonza, Castleford, UK) and
then normalized for Renilla luciferase activity.

Western blotting

Western blotting procedures has been described previously.*®
The primary antibodies used were ATF6 (Abcam, Cambridge, UK, Cat#
ab122897), spliced XBP1 (Biolegend, London, UK, Cat# 619502), PERK
(Cell signalling, Cat# C33E10), GRP78 (Fisher Scientific Ireland Ltd, Cat#
PA1-014A), phospho-elF2a (Cell signalling, Cat# 9721), total elF2a
(Cell signalling, Cat# 9722) and or B-actin (Sigma, Cat# A-5060) overnight
at 4°C. The membrane was washed three times with PBS-0.05%
Tween and further incubated in appropriate horseradish peroxidase-
conjugated secondary antibody (Fisher Scientific Ireland Ltd) for 90 min.
Signals were detected using Western Lightening Plus ECL (Perkin Elmer,
Dublin, Ireland).

Patients and tumour samples

Breast tumour specimens (n=60) were retrieved from patients under-
going primary curative resection at University Hospital Galway, Ireland.
Matched tumour-associated normal breast tissue was also obtained from
a subset (n=10) of these patients where possible. Following excision,
tissue samples were immediately snap-frozen in liquid nitrogen
and stored at —80 °C until RNA extraction. Prior written and informed
consent was obtained from each patient and the study was approved
by the ethics review board of University Hospital Galway. Clinical
and pathological data related to the samples are presented in
Supplementary SF6.

RNA extraction and NCOA3 expression analysis

Tissue samples (50-100 mg) were homogenized using a hand-held
homogenizer (Polytron PT1600E; Kinematica AG, Littau-Luzern, Switzer-
land) in 1-2 ml of Trizol. RNA was extracted and levels of NCOA3 gene
expression were quantified by quantitative RT-PCR using TagMan assays.
Relationships between gene expression levels and clinic-pathological
parameters, intrinsic subtype and clinical outcomes were analysed using
Pearson s correlation coefficient, Student's t-test, ANOVA, Kaplan-Meier
survival curves and Cox proportional hazards model with SPSS software.
P < 0.05 was considered significant.

Statistical analysis

The data are expressed as mean +s.d. for three independent experiments.
Differences between the treatment groups were assessed using two-tailed
paired Student’s t-tests. The values with a P<0.05 were considered
statistically significant.
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