
RESEARCH PAPER

Stabilization of MORC2 by estrogen and antiestrogens through GPER1-
PRKACA-CMA pathway contributes to estrogen-induced proliferation and endocrine
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ABSTRACT
Aberrant activation of estrogen signaling through three ESR (estrogen receptor) subtypes, termed ESR1/ERα,
ESR2/ERβ, and GPER1 (G protein-coupled estrogen receptor 1), is implicated in breast cancer pathogenesis and
progression. Antiestrogens tamoxifen (TAM) and fulvestrant (FUL) are effective for treatment of ESR1-positive
breast tumors, but development of resistance represents a major clinical challenge. However, the molecular
mechanisms behind these events remain largely unknown. Here, we report that 17β-estradiol (E2), TAM, and
FUL stabilize MORC2 (MORC family CW-type zinc finger 2), an emerging oncoprotein in human cancer, in
a GPER1-dependent manner. Mechanistically, GPER1 activates PRKACA (protein kinase cAMP-activated cataly-
tic subunit alpha), which in turn phosphorylates MORC2 at threonine 582 (T582). Phosphorylated MORC2
decreases its interaction with HSPA8 (heat shock protein family A [Hsp70] member 8) and LAMP2A (lysosomal
associated membrane protein 2A), two core components of the chaperone-mediated autophagy (CMA)
machinery, thus protecting MORC2 from lysosomal degradation by CMA. Functionally, knockdown of
MORC2 attenuates E2-induced cell proliferation and enhances cellular sensitivity to TAM and FUL. Moreover,
introduction of wild-type MORC2, but not its phosphorylation-lacking mutant (T582A), in MORC2-depleted
cells restores resistance to antiestrogens. Clinically, the phosphorylation levels of MORC2 at T582 are elevated
in breast tumors from patients undergoing recurrence after TAM treatment. Together, these findings delineate
a phosphorylation-dependent mechanism for MORC2 stabilization in response to estrogen and antiestrogens
via blocking CMA-mediated lysosomal degradation and uncover a dual role for MORC2 in both estrogen-
induced proliferation and resistance to antiestrogen therapies of breast cancer cells.

Abbreviations: 4-OHT: 4-hydroxytamoxifen; Baf A1: bafilomycin A1; CMA: chaperone-mediated autop-
hagy; E2: 17β-estradiol; ESR: estrogen receptor; FUL: fulvestrant; GPER1: G protein-coupled estrogen
receptor 1; HSPA8: heat shock protein family A (Hsp70) member 8; LAMP2A: lysosomal associated
membrane protein 2A; MORC2: MORC family CW-type zinc finger 2; PRKACA: protein kinase cAMP-
activated catalytic subunit alpha; TAM: tamoxifen; VCL: vinculin
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Introduction

Breast cancer is the most commonly diagnosed malignancy and
constitutes the leading cause of cancer-related mortality in
women globally [1]. Accumulating evidence shows that aber-
rant activation of estrogen-dependent genomic and nonge-
nomic events through its designated receptors is a key driving
force for breast cancer development and progression [2]. To
date, at least three nonredundant estrogen receptor (ESR) sub-
types have been identified, termed ESR1/ERα, ESR2/ERβ, and
GPER1 (G protein-coupled estrogen receptor 1) [3]. Of them,
both ESR1 and ESR2 belong to the nuclear receptor superfamily
of ligand-activated transcription factors, which transcription-
ally regulate estrogen-responsive genes involved in cell

proliferation, migration, invasion, and metastasis [4]. In the
clinic, ESR1 is expressed in up to 70% of breast tumors and
contributes to breast cancer development and progression in
response to estrogen stimulation, whereas the precise role of
ESR2 in breast cancer remains elusive [5]. Accordingly, ESR1-
targeting drugs such as tamoxifen (TAM) [6] and fulvestrant
(FUL) [7] have emerged as frontline therapies for estrogen-
dependent breast cancer. Mechanistically, TAM competes
with estrogen for ESR1 binding, thus blocking ESR1-mediated
gene transcription activities and growth stimulatory effects [6].
FUL is a pure ESR1 antagonist, which promotes proteasomal
degradation of ESR1 [7]. However, the development of endo-
crine resistance is a major clinical challenge.
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GPER1 is a transmembrane ESR and mainly mediates estro-
gen-induced nongenomic signals in ESR1-negative breast cancer
cells [8,9]. In this context, stimulation of cells expressing GPER1
but lacking ESR1 and ESR2 by estrogen rapidly activates multiple
intracellular signaling pathways, such as EGFR (epidermal growth
factor receptor) [10], PIK3CA (phosphatidylinositol-4,5-bispho-
sphate 3-kinase catalytic subunit alpha) [8], MAPK3 (mitogen-
activated protein kinase 3)/MAPK1 [10], and PRKACA (protein
kinase cAMP-activated catalytic subunit alpha) [11]. GPER1 is
expressed in approximately 50% of ESR1-negative breast cancers
and promote ESR1-negative breast cancer cell proliferation,
migration, and invasion [12–14].More importantly, ESR1 antago-
nists TAM and FUL can bind to and activate GPER1 [10,13,15–
21], which in turn activates multiple pro-survival signaling path-
ways, thus establishing amechanistic role for GPER1 in endocrine
resistance of breast cancer [21–24]. Despite the clinical impor-
tance of the estrogen-ESR signaling in breast cancer pathogenesis
and antiestrogen response, the underlying mechanisms behind
these events remain incompletely understood.

MORC2 (MORC family CW-type zinc finger 2) belongs to
the MORC nuclear protein superfamily, which is character-
ized by the presence of a conserved GHKL (Gyrase, Hsp90,
Histidine kinase, and MutL)-type ATPase domain, a CW-type
zinc finger domain, and several distinct coiled-coil domains
[25–27]. Although MORC2 is ubiquitously expressed in mam-
malian cells [25], its biological functions remain largely
unknown. Recently, we and others defined MORC2 as
a chromatin remodeling protein with emerging roles in the
maintenance of genome integrity in response to DNA damage
[28] and in gene transcription [29]. In addition to its nuclear
functions, cytosolic MORC2 is involved in lipogenesis and
adipogenesis [30]. Emerging evidence shows that MORC2 is
upregulated in breast cancer and its expression levels are
associated with unfavorable pathological characteristics and
poor prognosis [31,32]. In support of these results, our recent
studies demonstrated that MORC2 promotes metastatic pro-
gression of triple-negative breast cancer, a distinct subtype of
breast cancer with low or no expression of ESR1, PGR (pro-
gesterone receptor), and ERBB2 (erb-b2 receptor tyrosine
kinase 2) [33,34]. Despite these advances, the functional and
mechanistic roles for MORC2 in estrogen signaling and
responsiveness to antiestrogen therapies of breast cancer
cells remain unexplored.

The ubiquitin-proteasome system and the autophagy-
lysosome system are two main pathways for protein degradation
in eukaryotes [35,36]. Generally, the ubiquitin system targets
short-lived regulatory proteins for proteasome-mediated
destruction through polyubiquitination [36]. In contrast, autop-
hagy mediates the degradation of long-lived proteins and orga-
nelles in lysosomes [35]. To date, three main types of autophagy
have been described in mammalian cells, including macroauto-
phagy, microautophagy, and chaperone-mediated autophagy
(CMA) [35]. Macroautophagy delivers proteins and organelles
to lysosomes for degradation upon sequestration within an
autophagosome, whereas microautophagy is still very poorly
understood in mammals [35]. In contrast, CMA is responsible
for selective degradation of proteins bearing a Lys-Phe-Glu-Arg-
Gln (KFERQ)-like motif [37,38]. This motif is selectively recog-
nized by the chaperone protein HSPA8 (heat shock protein

family A [Hsp70] member 8) [39], which transfers the substrates
to lysosomes for degradation through interacting with LAMP2A
(lysosomal associated membrane protein 2A) [40].

In this study, we discovered that 17β-estradiol (E2), the pre-
dominant and most potent endogenous estrogen, and ESR1
antagonists TAM and FUL stabilize MORC2 via the GPER1-
PRKACA-CMApathway. Functional assays further demonstrated
that knockdown of endogenousMORC2 impairs E2-induced cell
proliferation and enhances cellular sensitivity to antiestrogens.
These findings uncover a previously unappreciated mechanism
for MORC2 upregulation in breast tumors and highlight MORC2
as a potential therapeutic target for breast cancer.

Results

E2 and ESR1 antagonists stabilize MORC2 in breast
cancer cells

To investigate the regulatory mechanism of MORC2 in breast
cancer cells, we first analyzed the promoter sequence of
MORC2 gene using the AliBaba2.1 program (http://gene-
regulation.com) to predict potential transcription factor bind-
ing sites. Results showed that MORC2 gene promoter within
one kilobase region upstream of the transcription start site
contains two ESR1 binding sites (Figure S1), indicating that
MORC2 might be a downstream target of the E2-ESR1 path-
way. To test this notion, three well-characterized breast cancer
cell lines with different ESR expression profiles, including
MCF-7 (ESR1-positive, ESR2-positive, and GPER1-positive)
[10], SK-BR-3 (ESR1-negative, ESR2-negative, and GPER1-
positive) [10], and MDA-MB-468 (ESR1-negative, ESR2-
positive, and GPER1-positive) [41] (Figure 1A), were grown
in estrogen-depleted medium for 48 h, and then treated with
or without 10 nM E2 for the indicated times. Unexpectedly,
we found that administration of E2 induced MORC2 protein
expression in three tested cell lines in a time-dependent man-
ner irrespective of ESR1 status (Figure 1B). As a control, ESR1
was downregulated, whereas estrogen downstream target
CCND1 (cyclin D1) was upregulated, in E2-responsive, ESR1-
positive MCF-7 cells following E2 treatment (Figure 1B, left
panel). To consolidate these findings, we next examined
whether ESR1 antagonists TAM and FUL could modulate
MORC2 protein expression in these cell lines. Interestingly,
we found that treatment with either 10 nM 4-hydroxytamox-
ifen (4-OHT), the active metabolite of TAM (Figure 1C), or
10 nM FUL (Figure 1D) resulted in an increase in MORC2
protein levels in both ESR1-positive (MCF-7) and ESR1-
negative (SK-BR-3 and MDA-MB-468) cells. As reported pre-
viously [42], ESR1 expression levels in MCF-7 cells were
increased following 4-OHT treatment (Figure 1C), but
decreased in the presence of FUL (Figure 1D). These results
suggest that E2 as well as ESR1 antagonists TAM and FUL
enhance MORC2 expression levels.

To determine whether E2, 4-OHT, and FUL regulate MORC2
at the mRNA level, MCF-7, SK-BR-3, and MDA-MB-468 cells
were treatedwith E2, 4-OHT, and FUL for the indicated times and
then subjected to real-time quantitative PCR (qPCR) analysis of
MORC2 mRNA levels. Results showed that incubation of cells
with E2 (Figure 1E), 4-OHT, and FUL treatment (Figure 1F) did
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not significantly alterMORC2mRNA levels, suggesting the effects
of E2, 4-OHT, and FUL on MORC2 upregulation to be post-
transcriptional. To examine whether E2, 4-OHT, and FUL could
affect MORC2 protein stability, MCF-7 and SK-BR-3 cells were
pretreated with or without E2, 4-OHT, and FUL for 1 h, and then
incubated with 100 μg/ml cycloheximide (CHX), a putative pro-
tein synthesis inhibitor, for the indicated times. Immunoblotting
analysis showed that the half-life of MORC2 prolonged in the
presence of E2, 4-OHT, and FUL in MCF-7 (Figure 1G, upper
panel, and Figure 1H) and SK-BR-3 (Figure 1G, lower panel, and
Figure 1I) cells. Together, these results suggest that E2 and ESR1
antagonists stabilize MORC2 in breast cancer cells independently
of the ESR1 status.

GPER1 is required for MORC2 stabilization induced by E2
and ESR1 antagonists

As E2, TAM, and FUL have been shown to bind to and activate
GPER1 [8,10,13,15–21], we next tested the possibility that E2 and

ESR1 antagonists stabilize MORC2 via a GPER1 dependent
mechanism. For this purpose, we chose SK-BR-3 cell line as the
major model system, as this cell line lacks ESR1 and ESR2 but
expresses high levels of GPER1 and has been widely used to
investigate GPER1 signaling in breast cancer cells [10,13,43].
First, we performed dose-response and time-course studies to
examine whether the selective GPER1 agonist G1 [43] and
GPER1 antagonist G36 [44] could modulate MORC2 expression.
Immunoblotting and qPCR analyses showed that incubation of
cells with G1 resulted in a significant increase in MORC2 protein
(Figure 2A) but not mRNA (Figure 2B) levels. In contrast,
MORC2 protein (Figure 2C) but not mRNA (Figure 2D) levels
were downregulated following G36 treatment. Moreover, co-
administration of G36 compromised E2-, 4-OHT-, and FUL-
induced MORC2 protein expression (Figure 2E–G,
respectively). Second, we determined whether knockdown of
endogenous GPER1 gene in SK-BR-3 cells using specific short
hairpin RNAs (shRNAs) targeting GPER1 (shGPER1) (OriGene)
could compromiseMORC2 expression induction by E2 and ESR1
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Figure 1. E2 and ESR1 antagonists stabilize MORC2.
(A) Lysates from MCF-7, SK-BR-3, and MDA-MB-468 cells were subjected to immunoblotting analysis with the indicated antibodies. (B) Cells were grown in estrogen-
deprived medium for 48 h and treated with or without 10 nM E2 for the indicated times. Lysates were subjected to immunoblotting analysis. (C-D) Cells were treated
with or without 10 nM 4-OHT (C) or 10 nM FUL (D) for the indicated times and then subjected to immunoblotting analysis. (E-F) Cells were treated with or without
10 nM E2 (E), 10 nM 4-OHT, or 10 nM FUL (F) for the indicated times. Total RNAs were isolated and subjected to qPCR analysis of MORC2 mRNA levels. (G) MCF-7
(upper panel) and SK-BR-3 (lower panel) cells were pretreated with or without 10 nM E2, 10 nM 4-OHT, or 10 nM FUL for 1 h and then incubated with 100 μg/ml CHX
for the indicated times. Immunoblotting analysis was performed with indicated antibodies. (H-I) Protein band densities were quantified using ImageJ program.
Quantitative results of relative expression levels of MORC2 to VCL (Vinculin) are shown in H and I, respectively. *, p < .05; **, p < .01.
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antagonists. As shown in Figure 2H, immunoblotting analysis
demonstrated that shGPER1 #4 effectively knocked down endo-
genous GPER1 as compared with negative-control shRNAs
(shNC). Moreover, knockdown of endogenous GPER1 by
shGPER1 #4 attenuated MORC2 expression induced by E2
(Figure 2I), 4-OHT, and FUL (Figure 2J). To further validate
these results, the second shGPER1 targeting different GPER1
sequence (GenePharma) was employed. Immunoblotting analysis
demonstrated that protein levels of GPER1 were significantly
downregulated in shGPER1 #C infected cells as compared with
shNC-treated control cells (Figure 2K). In agreement with the
above results, knockdown of endogenous GPER1 by shGPER1 #C
compromised MORC2 protein expression induced by E2 (Figure
2L), 4-OHT, and FUL (Figure 2M). Collectively, evidence from
pharmacological and geneticmodulation of GPER1 demonstrated
that stabilization of MORC2 by E2 and ESR1 antagonists depends
on GPER1.

Activation of PRKACA by GPER1 enhances MORC2
stability

Activation of GPER1 leads to rapid activation of multiple down-
stream pathways, including EGFR [10], PIK3CA [8], MAPK3/
MAPK1 [10], and PRKACA [11]. To determine which pathway
is responsible for the noted MORC2 stabilization following E2,
4-OHT, and FUL treatment, EGFR inhibitor AG1478, PIK3CA
inhibitor LY294002, MAPK3/MAPK1 inhibitor U0126, and
PRKACA inhibitor H89 were used. As a positive control, pre-
treatment of SK-BR-3 cells with AG1478 blocked EGF (epider-
mal growth factor)-induced phospho (p)-
p44/42 MAPK (Erk1/2)(T202/Y204) and p-AKT (S473) activa-
tion (Figure 3A). In contrast, administration of U0126,
LY294002, and H89 suppressed EGF-induced p-p44/42 MAPK
(Erk1/2) (T202/Y204), p-AKT (S473), and p-CREB1 (S133) acti-
vation, respectively (Figure 3A). These results suggest that these
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Figure 2. Stabilization of MORC2 by E2 and ESR1 antagonists depends on GPER1.
(A-B) SK-BR-3 cells were treated with or without G1 for 24 h at the indicated concentrations (left) or 1 μM of G1 for the indicated times (right) and then subjected to
immunoblotting (A) or qPCR (B) analysis. (C-D) SK-BR-3 cells were treated with or without G36 for 24 h at the indicated concentrations (left) or 10 μM of G36 for the
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inhibitors are specific and functional. Moreover, immunoblot-
ting analysis demonstrated that pretreatment of SK-BR-3 cells
with H89, but not AG1478, LY294002, or U0126, suppressed
MORC2 protein expression induced by E2 (Figure 3B), 4-OHT
(Figure 3C), and FUL (Figure 3D). These results indicate that
GPER1-mediated MORC2 stabilization depends on PRKACA.

The activation of the GPER1-PRKACA pathway by E2,
4-OH, and FUL has been documented previously
[9,15,45,46]. Mechanistically, binding of E2, 4-OH, FUL to
GPER1 results in a disassociation of the Gα subunit of GPER1
from the heterotrimeric G-protein complex and then activates
adenylyl cyclase (AC) to produce cyclic adenosine monopho-
sphate (cAMP), which in turn activates PRKACA and its
downstream phosphorylation events [15,46,47]. One of the
best characterized substrates of PRKACA is the cAMP
responsive element binding protein 1 (CREB1), which is
phosphorylated by PRKACA at serine 133 (p-CREB1 S133)
[48]. To verify these results, SK-BR-3 cells were pretreated
with or without GPER1 antagonist G36 for 1 h, and then
incubated with or without E2, TAM, FUL, and GPER1 agonist
G1 for another 1 h. The intracellular cAMP levels were deter-
mined using a cAMP enzyme-linked immunosorbent assay
(ELISA) kit. In agreement with previously reported results
[15,21,49], we found that treatment with E2, TAM, FUL,
and G1 enhanced the cAMP levels, and the noted effects
were compromised in the presence of G36 (Figure S2).

These results suggest that stimulation of AC activity and
induction of cAMP production by E2, TAM, FUL, and G1
are GPER1 dependent. To verify whether E2, 4-OHT, and
FUL enable to activate PRKACA, SK-BR-3 cells stably expres-
sing shNC and shGPER1 were treated with or without E2,
TAM, and FUL for the indicated times. The expression levels
of p-CREB1 S133 were determined by immunoblotting to
monitor PRKACA activation. Results showed that treatment
of shNC expressing cells with E2, TAM, and FUL increased
the levels of p-CREB1 S133 and the noted effects were atte-
nuated in shGPER1-expressing cells (Figure S3A-S3C,respec-
tively). Moreover, G1 treatment resulted in an increase in
p-CREB1 S133 levels in shNC-expressing but not in
shGPER1-expressing cells, and enhanced p-CREB1 S133 levels
in shNC-expressing cells following G1 treatment were com-
promised in the presence of G36 (Figure S3D). These results
support the notion that E2, TAM, and FUL enable to activate
the GPER1-PRKACA pathway.

In support of these results, activation of PRKACA by its
putative activator forskolin, which activates AC and increases
intracellular cAMP levels [50], resulted in an increase inMORC2
protein but not mRNA levels in a time-dependent manner
(Figure 3E and F, respectively). Moreover, PRKACA inhibitor
H89 blocked forskolin-induced upregulation ofMORC2 protein
but not mRNA levels (Figure 3G and H, respectively).
Consistently, forskolin treatment enhanced the half-life of
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Figure 3. Activation of PRKACA by GPER1 enhances MORC2 protein stability.
(A) SK-BR-3 cells were pretreated with or without 10 μM AG1478, 10 μM LY294002, 10 μM U0126, and 10 μM H89 for 1 h and then incubated with 100 ng/ml EGF for
another 30 min. Lysates were subjected to immunoblotting analysis. (B-D) SK-BR-3 cells were pretreated with or without 10 μM AG1478, 10 μM LY294002, 10 μM
U0126, and 10 μM H89 for 1 h and then incubated with 10 nM E2 (B), 10 nM 4-OHT (C), or 10 nM FUL (D) for another 24 h. Cells were harvested for immunoblotting
analysis. (E-F) SK-BR-3 cells were treated with or without 10 μM forskolin for the indicated times and then subjected to immunoblotting (E) and qPCR (F) analysis.
(G-H) SK-BR-3 cells were pretreated with or without 10 μM H89 for 1 h and then treated with or without 10 μM forskolin for another 24 h. Cells were harvested for
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MORC2 protein by measuring MORC2 protein levels at differ-
ent time points after CHX treatment (Figure 3I). In contrast,
knockdown of endogenous PRKACA (shPRKACA #5) decreased
the half-life of MORC2 protein (Figure 3J). Together, these
results demonstrated that activation of PRKACA by GPER1
enhances the stability of MORC2.

PRKACA phosphorylates MORC2 at threonine 582

As PRKACA regulates a plethora of biological events through
phosphorylating its substrates both in the cytoplasm and in the
nucleus [51,52], we next examined whether PRKACA could
phosphorylate MORC2, thus enhancing its protein stability. To
do this, SK-BR-3 cells were treated with or without forskolin to
activate endogenous PRKACA. Immunoprecipitation (IP) using
an anti-MORC2 antibody followed by immunoblotting with
a p-(Ser/Thr) PRKACA substrate antibody revealed an increase
in the phosphorylation levels of endogenous MORC2 following
forskolin treatment (Figure 4A). Moreover, expression of wild-
type PRKACA, but not its catalytically inactive mutant (K73H)
[53], enhancedMORC2 phosphorylation levels (Figure 4B). These
results indicate that MORC2 is a potential substrate of PRKACA.

To identify the potential phosphorylation sites of MORC2 by
PRKACA, we first predicted PRKACA-specific phosphorylation

sites in MORC2 using the group-based prediction system, ver-
sion 3.0 (GPS3.0) software (http://gps.biocuckoo.org), and iden-
tified three sites with high score, including serine 615 (S615),
S739, and threonine 582 (T582) (Figure 4C). To verify these
results, we individually mutated these potential phosphorylation
residues to alanine (termed S615A, S739A, and T582A, respec-
tively), and then transfected Flag-MORC2 or Flag-MORC2
mutants (S615A, S739A, and T582A) into HEK293T cells.
Following IP assays using an anti-Flag antibody, we examined
the phosphorylation status of MORC2 with a p-(Ser/Thr) PKA
substrate antibody. As shown in Figure 4D, expression of S615A
and S739A mutations did not significantly affect MORC2 phos-
phorylation levels upon activation of endogenous PRKACA by
forskolin. In contrast, T582A mutation attenuated PRKACA-
mediated MORC2 phosphorylation (Figure 4E). Moreover,
CHX chase assay showed that exogenously expressed Flag-
MORC2 T582A displayed a lower stability than wild-type
MORC2 in HEK293T cells (Figure 4F). These data indicates
that T582 is one of major phosphorylation sites of MORC2 by
PRKACA and phosphorylation of MORC2 at T582 enhances its
protein stability.

To further demonstrate that MORC2 is phosphorylated at
T582 by PRKACA, we generated a specific antibody against
phosphorylated MORC2 at T582 (termed p-MORC2 T582). To
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Figure 4. PRKACA phosphorylates MORC2 at T582.
(A) SK-BR-3 cells were treated with or without 10 μM forskolin for the indicated times. Lysates were subjected to IP analysis with an anti-MORC2 antibody or control
IgG, followed by immunoblotting analysis. (B) HEK293T cells were transfected with Flag-MORC2 alone or in combination with HA-PRKACA and HA-PRKACA K73H
expression vectors. After 48 h of transfection, lysates were subjected to sequential IP and immunoblotting analysis. (C) Prediction of PRKACA kinase-specific
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verify the antibody specificity, HEK293T cells were transfected
with empty vector pCDH, Flag-MORC2, and Flag-MORC2
T582A. After 48 h of transfection, cells were treated with or
without forskolin for 1 h, and then were subjected to IP analysis
with an anti-Flag antibody. Immunoblotting analyses with an
anti-p-MORC2 T582 antibody revealed a specific signal of T582
phosphorylation in cells expressing wild-type MORC2, but not
T582A mutant, following forskolin treatment (Figure S4A).
Moreover, the levels of p-MORC2 T582 were enhanced in
MCF-7 cells upon forskolin treatment in a time-dependent man-
ner (Figure S4B). Together, these results suggest that PRKACA
phosphorylates MORC2 at T582.

E2 and ESR1 antagonists enhance MORC2
phosphorylation at T582 via PRKACA

To determine whether PRKACA phosphorylates MORC2 at
T582 in response to E2 and ESR1 antagonists, we first examined
the possibility that PRKACA interacts with MORC2 in vivo. To
do this, MCF-7 cells were treated with or without E2, OHT and
FUL and total cellular lysates were subjected to IP assays with an
anti-MORC2 antibody. Immunoblotting analyses showed that
MORC2 indeed interacted with PRKACA and the noted inter-
action between MORC2 and PRKACA was enhanced in the
presence of E2, 4-OHT, and FUL (Figure 5A–C, respectively).
Given that treatment with E2, 4-OHT or FUL also enhanced the
basal levels of MORC2, the increased interaction between
MORC2 and PRKACA may be due to MORC2 upregulation
by E2 and antiestrogens.

Structural and biochemical evidence has shown that autop-
hosphorylation of PRKACA at T197, located in the activation
loop, is required for its full enzymatic activation [54,55].
Activated PRKACA in turn phosphorylates a variety of sub-
strates such as CREB1, which is phosphorylated at S133 by
PRKACA [48]. To examine whether E2, 4-OHT, and FUL
can activate PRKACA, we established stable MCF-7 cell lines
expressing shNC or shPRKACAs (shPRKACA #3 and
shPRKACA #5). Immunoblotting analysis demonstrated that
shPRKACA #5 effectively knocked down endogenous PRKACA
as compared with shNC and shPRKACA #3 (Figure 5D). Then,
the effects of E2, 4-OHT, FUL treatment on the levels of
PRKACA phosphorylation at T197 (p-PRKACA T197), an
indicator for PRKACA activation, and of p-CREB1 S133,
a functional readout for PRKACA activation, were examined
by immunoblotting analysis. Results showed that treatment of
shNC expressing cells with E2 (Figure 5E), 4-OHT (Figure 5F),
and FUL (Figure 5G) enhanced the levels of p-PRKACA T197
and p-CREB1 S133 in a time dependent manner. In contrast,
shPRKACA-expressing cells had decreased p-PRKACA T197
and p-CREB1 S133 levels in response to E2, 4-OHT, and FUL
treatment (Figure 5E–G, respectively). These data suggests that
treatment with E2, 4-OHT and FUL can activate PRKACA.
More importantly, treatment of MCF-7 cells with E2, 4-OHT,
and FUL led to a significant increase in the phosphorylation
levels of MORC2 at T582, whereas knockdown of endogenous
PRKACA attenuated these effects (Figure 5E–G, respectively).
Together, these results demonstrated that PRKACA phosphor-
ylates MORC2 at T582 in response to estrogen and antiestro-
gen treatment.
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Figure 5. E2 and antiestrogens promote MORC2 phosphorylation at T582 via PRKACA.
(A-C) MCF-7 cells were treated with or without 10 nM E2 (A), 10 nM 4-OHT (B), or 10 nM FUL (C) for 24 h. Lysates were subjected to IP analysis with an anti-MORC2
antibody or control IgG, followed by immunoblotting analysis. (D) MCF-7 cells were infected with shNC and shPRKACA expression vectors and selected with 2 μg/ml
puromycin for 1 week. The efficacy of shPRKACA-mediated knockdown of PRKACA was verified by immunoblotting. (E-G) MCF-7 cells stably expressing shNC and
shPRKACA #5 were treated with 10 nM E2 (E), 10 nM 4-OHT (F), or 10 nM FUL (G) for the indicated time points and then analyzed by immunoblotting.
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MORC2 undergoes lysosomal degradation by CMA

The ubiquitin-proteasome system and the autophagy-lysosome
system are two main pathways for protein degradation in eukar-
yotes [35,36]. To determine whetherMORC2 stability is regulated
by the ubiquitin-proteasome pathway, MCF-7 and SK-BR-3 cells
were treated with 20 μM of proteasome inhibitor MG-132 for the
indicated times and then subjected to immunoblotting analysis
with the indicated antibodies. Interestingly, we found that MG-
132 treatment did not significantly alter the protein levels of
MORC2 (Figure S5A). In contrast, MG-132 treatment resulted
in a significant increase in the protein levels of p53, a known
substrate of the ubiquitin-proteasome system [56]. To investigate
whether the autophagy-lysosome system is involved in the degra-
dation ofMORC2,MCF-7 and SK-BR-3 cells were treated with or
without lysosomal inhibitors bafilomycin A1 (Baf A1) and ammo-
nium chloride (NH4Cl). Results showed that treatment of MCF-7
and SK-BR-3 cells with 50 ng/ml of Baf A1 (Figure 6A) and
50 mM NH4Cl (Figure 6B) resulted in an accumulation of
MORC2 in a time-dependent manner. These results suggest that
MORC2 is degraded mainly in the lysosome, but not the
proteasome.

There are three types of autophagy that are involved in
lysosomal degradation of distinct substrates [35]. To determine
whether macroautophagy contributes to MORC2 regulation,
MCF-7 and SK-BR-3 cells were treated with 10 mM 3-methyla-
denine (3-MA), a selective inhibitor of macroautophagy through
blocking autophagosome formation [57]. Immunoblotting ana-
lysis showed that that 3-MA had no significant effects on the
steady-state levels of MORC2 (Figure 6C). As a positive control,
3-MA treatment led to an evident increase in the protein levels of
SQSTM, a well-recognized substrate of macroautophagy [58], in
a time-dependent manner. These results indicate that macroau-
tophagy is not responsible for the lysosome- dependent degra-
dation of MORC2.

CMA is another subtype of autophagy responsible for selec-
tive degradation of protein bearing a KFERQ-like motif that is
selectively recognized by HSPA8 [37,38]. The KFERQ motif
generally contains five residues, including a critical glutamine
residue (Q) flanked on either side by four amino acid residues
consisting of only one acidic residue (D, E), and one or two basic
(K, R) or bulky hydrophobic residues (K, R, F, I, L, V) [37,38].
Interestingly, analysis of MORC2 amino acid sequence revealed
the presence of two putative KFERQ-like motifs at its
N terminus, 290QEVKK294 and 566EKIRQ570, respectively
(Figure 6D), indicating that MORC2 may be a bona fide CMA
substrate. The first step in CMA is the substrate interaction with
HSPA8, which recruits target proteins to the lysosome [39]. At
the lysosome, the substrate proteins bind to the CMA receptor
LAMP2A [40], which mediates the translocation of these CMA
substrates into the lysosomal lumen for degradation [38]. To
address whether MORC2 interacts with HSPA8 and LAMP2A,
MCF-7 cells were cultured in complete or serum-free medium
(serum starvation) for 24 h, and then subjected to IP assays with
an anti-MORC2 antibody. Results showed that serum starvation,
a well-established inducer of CMA in cultured cells [59],
enhanced the interaction between MORC2 and HSPA8 (and
LAMP2A) compared to normal growth condition (Figure 6E).
Immunofluorescent staining showed that MORC2 was mainly

localized in the nuclear under normal culture conditions, which
is consistent with our previous reports [28,33,34]. In contrast,
serum starvation promoted the translocation of MORC2 from
the nuclear to the cytoplasm and enhanced the co-localization
between MORC2 and HSPA8 and LAMP2A (yellow signal)
(Figure S5B).

Previous studies have shown that mutation of Q and the
adjacent amino acid within the KFERQ-like motif is usually
sufficient to disrupt HSPA8-substrate interaction [60,61]. To
examine whether the KFERQ-like motifs in MORC2 are
required for its interaction with HSPA8 and LAMP2A, we
generated two KFERQ-like motif mutant expression vectors
by mutating 290QEVKK294 to 290AAVKK294 (termed Flag-
MORC2 mut #1) and 566EKIRQ570 to 566EKIAA570 (Flag-
MORC2 mut #2), respectively, and then transfected them
into MCF-7 cells. After 48 h of transfection, cells were cul-
tured in complete or serum-free medium for 24 h, and then
subjected to IP assays with an anti-Flag antibody. Results
showed that mutation of the KFERQ-like motifs in MORC2
attenuated its interaction with HSPA8 and LAMP2A as com-
pared with its wild-type counterpart under either normal or
serum starvation condition (Figure 6F). To demonstrate the
role of CMA in MORC2 degradation, we assessed the effect of
serum deprivation on the steady-state levels of MORC2.
Immunoblotting analysis showed that MORC2 protein levels
were decreased in MCF-7 and SK-BR-3 cells following serum
starvation in a time-dependent manner (Figure 6G). To vali-
date these results, we next knocked down endogenous HSPA8
or LAMP2A using specific small interfering RNAs (siRNAs)
and measured MORC2 protein and mRNA levels. Results
showed that knockdown of HSPA8 or LAMP2A led to an
increase in MORC2 protein (Figure 6H and I, respectively)
but not mRNA levels (Figure 6J and K, respectively). These
results collectively suggest that CMA targets MORC2 for
lysosomal degradation.

PRKACA-mediated phosphorylation blocks lysosomal
degradation of MORC2 by CMA

To examine whether E2, 4-OHT and FUL could affect the
interaction between MORC2 with HSPA8 or LAMP2A, SK-
BR-3 cells were treated with or without E2, OHT and FUL
and were then subjected to IP assays with an anti-MORC2
antibody. Results showed that treatment of SK-BR-3 cells with
E2, 4-OHT and FUL compromised the interaction between
MORC2 and HSPA8 (and LAMP2A) as compared with vehi-
cle control (Figure 7A–C, respectively). To examine whether
PRKACA-mediated MORC2 phosphorylation at T582 may
affect its interaction with HSPA8 and LAMP2A and thus its
degradation by CMA, HEK293T cells were transfected with
Flag-MORC2, Flag-MORC2 T582A, HA-HSPA8 alone or in
combination. After 48 h of transfection, total cellular lysates
were subjected to IP analysis with an anti-Flag or an anti-HA
antibody, followed by immunoblotting with the indicated
antibodies. Results showed that T582A displayed a much
stronger interaction with HSPA8 than wild-type MORC2
did (Figure 7D). Consistently, Flag-MORC2 showed enhanced
stability compared to Flag-MORC2 T582A mutant when cells
were cultured in serum-free medium (Figure 7E). Moreover,
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blockage of lysosomal degradation by treatment with Baf A1
resulted in a significant accumulation of Flag-MORC2 T582A
as compared with its wild-type counterparts (Figure 7F).
These data indicates that T582 phosphorylation abrogates
MORC2 recognition by chaperone protein HSPA8, thereby
preventing its subsequent lysosomal degradation by CMA.

T582 phosphorylation is required for optimal oncogenic
functions of MORC2

Emerging evidence shows that MORC2 is upregulated and
exerts oncogenic activities in several types of human cancers
including breast cancer [31–33]. We next determined
whether knockdown of MORC2 by specific shRNAs affects
the biological effects of E2 and antiestrogen agents in breast

cancer cells. Given that E2 is a well-established mitogenic
factor essential for cellular proliferation of breast cancer
cells, we first examined whether knockdown of endogenous
MORC2 (Figure 8A) could modulate cell proliferation in
response to E2 in MCF-7 cells. As expected, E2 exerted
a growth stimulatory activity as compared with vehicle treat-
ment (Figure 8B). Furthermore, the growth-stimulating
effects of E2 were compromised in shMORC2 infected cells
as compared with shNC expressing controls (Figure 8B). We
next examined whether knockdown of MORC2 affects cellu-
lar sensitivity to 4-OHT and FUL. As shown in Figure 8C,
knockdown of endogenous MORC2 enhanced cellular sensi-
tivity to 4-OHT and FUL. These results suggest that MORC2
may play a dual role in both E2-mediated cell proliferation
and cellular sensitivity to antiestrogens. To investigate
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Figure 6. MORC2 undergoes lysosomal degradation via CMA.
(A-C) MCF-7 and SK-BR-3 cells were treated with or without 50 ng/ml Baf A1 (A), 50 mM NH4Cl (B), or 10 mM 3-MA (C) for the indicated times and analyzed by
immunoblotting. (D) The presence of two KFERQ-like motifs in MORC2. (E) MCF-7 cells were cultured in complete or serum-free medium for 24 h. Lysates were
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siRNA (siNC). After 48 h of transfection, cells were harvested for immunoblotting (H-I) and qPCR (J-K) analysis. **, p < .01; NS, no significant.
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whether T582 phosphorylation affects the function of
MORC2, we stably expressed either wild-type MORC2 or
phosphorylation-deficient mutant (T582A) in MORC2-
depleted MCF-7 cells (Figure 8D), and found that introduc-
tion of wild-type MORC2, but not T582A mutant, reversed
the effects of MORC2 knockdown on cellular sensitivity to
4-OHT and FUL (Figure 8E and F). These results suggest
that T582 phosphorylation is required for optimal biological
functions of MORC2.

To evaluate the clinical relevance of our findings, we next
examined the expression levels of p-MORC2 T582 in breast
tumors from patients who underwent recurrence during TAM
therapy. Of 21,964 breast cancer patients who underwent sur-
gery followed by TAM treatment at Fudan University Shanghai
Cancer Center, 589 patients underwent recurrence during
TAM treatment. Among them, we found 5 pairs of matched
primary-recurrent tumor samples from patients who had re-
operation or biopsy after recurrence during TAM treatment
(Figure S6A). Immunohistochemical staining showed that
increased p-MORC2 T582 levels were observed in 4/5 recur-
rent tumor samples (Figure S6B), thus highlighting clinical
relevance of our findings. In summary, these results establish
a previously unrecognized role for the GPER1-PRKACA-
MORC2 pathway in E2-induced breast cancer cellular prolif-
eration and in endocrine resistance (Figure 9).

Discussion

In this study, we present several interesting findings concerning
the biological function and the regulatory mechanism for
MORC2 in breast cancer. First, E2 as well as antiestrogens
stabilize MORC2 through a GPER1-dependent mechanism.
Although the precise causes of breast cancer are unclear, estro-
gen is one key player in breast cancer development and progres-
sion primarily through ESR1-mediated transcriptional program
[62]. Despite the presence of two ESR1 binding sites in the
MORC2 promoter within 1-kb region (Figure S1), we found,
surprisingly, that treatment of E2 did not affect MORC2 tran-
scription levels but enhanced its protein stability in breast cancer
cells irrespective of ESR1 status (Figure 1). More interestingly,
we found that ESR1 antagonists TAM and FUL enhanced
MORC2 stability in both ESR1-positive and ESR1-negative
breast cancer cells (Figure 1). Previous studies have shown that
E2, TAM, and FUL enable to activate GPER1 [11,14,16–22],
which is upregulated in primary breast tumors and metastatic
specimens and is significantly associated with tumor size and the
presence of distant metastases [22]. Consistently, knockout of
GPER1 in a mouse model suppresses mammary tumor growth
and lung metastasis [63]. Moreover, increased GPER1 expres-
sion is implicated in endocrine resistance of breast cancer
patients [21,23], and GPER1 inhibitor G15 enhances the
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Figure 7. Phosphorylation of MORC2 at T582 blocks lysosomal degradation of MORC2 by CMA.
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responsiveness of TAM-resistant xenografts to endocrine treat-
ment [21]. These results collectively suggest that pharmacologi-
cal inhibition of GPER1 may represent a novel approach to
reduce morbidity and mortality from breast cancer. Using
GPER1 agonist G1 [43], GPER1 antagonist G36 [44], and genetic
depletion of GPER1 using two different shGPER1s, we demon-
strated that GPER1 is required for MORC2 stabilization induced
by E2 and ESR1 antagonists (Figure 2).

TAM and FUL have been the principal front-line therapy
for hormone-dependent breast tumors [6,7], but their efficacy
is limited by intrinsic and acquired resistance [64]. Although
the molecular events leading to endocrine resistance remain
unclear, it is becoming evident that ESR1-independent
mechanisms play a role in this process. Indeed, the
Adjuvant Tamoxifen Longer Against Shorter (ATLAS) trial
results showed that the benefit of TAM treatment for 10 years
is questionable as compared with that for 5 years when ESR1
is unknown or negative [65]. Similarly, results from the

International Breast Cancer Study Group (IBCSG) Trial
13–93 demonstrated that extended TAM therapy even leads
to a worse survival in ESR1-negative breast cancer patients
[66]. In fact, clinical classification of a tumor as ESR1 positive
requires only 1% of the cells expresses ESR1 [67]. Especially,
those ESR1 “poorly” positive tumors (such as less than 10% of
tumor cells with ESR1 staining positive by immunohisto-
chemistry) contain a large number of ESR1-negative tumor
cells, which may mediate estrogen responsiveness and endo-
crine resistance through GPER1. Emerging evidence has
shown that MORC2 is upregulated in human breast cancer
and its elevated expression is associated with unfavorable
pathological characteristics and poor prognosis [31,32]. Our
recent studies also demonstrated that MORC2 promotes
ESR1-negative breast cancer progression [33,34]. Thus, we
propose a novel mechanism for endocrine resistance through
stabilization of oncoprotein MORC2 by TAM and FUL in
a GPER1 dependent manner.
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(A) Lysates from MCF-7 cells stably expressing shNC and shMORC2 were subjected to immunoblotting analysis. (B-C) MCF-7 cells stably expressing shNC and
shMORC2 were plated into 6-well plates (500 cells per well). After overnight incubation, cells were treated with 10 nM E2 (B), 10 nM of 4-OHT, 10 nM FUL (C) for
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Second, we provide evidence for the first time that MORC2
undergoes lysosomal degradation by the CMA pathway.
Although MORC2 has been shown to be upregulated in
human cancers including breast cancer [32], how this happens
remains unexplored. In this study, we demonstrated that
MORC2 is primarily degraded in the lysosome by the CMA
pathway according to the criteria settled by the field to establish
the function of CMA [68]. MORC2 contains two putative
KFERQ-like motifs, QEVKK and EKIRQ (Figure 6D), and
mutation of those two KFERQ-like motifs in MORC2 compro-
mised its interaction with HSPA8 and LAMP2A (Figure 6F). In
addition, immunofluorescent staining showed that MORC2
was mainly localized in the nuclear under physiological condi-
tion [28,33,34]. However, following activation of CMA path-
way by serum deprivation, MORC2 translocated to cytosol and
co-localized with HSPA8 and LAMP2A (Figure S5B).
Moreover, treatment of cells with lysosomal inhibitors Baf A1

(Figure 6A) and NH4Cl (Figure 6B) increased MORC2 protein
levels. In contrast, activation of CMA by serum starvation
decreased MORC2 protein levels (Figure 6G). IP assays
demonstrated that the interaction and co-localization between
MORC2 and HSPA8 and LAMP2A were increased in response
to serum starvation (Figure 6E and F). Finally, knockdown of
endogenous HSPA8 or LAMP2A by siRNA upregulated
MORC2 protein levels but did not significantly affect MORC2
mRNA levels (Figure 6H–K). Together, these results demon-
strated that MORC2 protein levels are regulated by CMA-
mediated lysosomal degradation. In support of our findings,
nuclear protein checkpoint kinase 1 (CHK1) has been
described to undergo degradation by CMA [61].

Third, activated PRKACA kinase by GPER1 phosphorylates
MORC2 at T582, which protects MORC2 from lysosomal
degradation via CMA. It has been documented that activation
of GPER1 leads to rapid activation of multiple intracellular
signaling pathways [8,10,11]. Using a combination of pharma-
cological and genetic approaches, we further demonstrated that
GPER1-mediated MORC2 stabilization depends on PRKACA
(Figures 3 and 4). PRKACA is frequently overexpressed in
clinical breast tumors and regulates a variety of cellular activ-
ities through phosphorylating its downstream substrates. For
instance, PRKACA-induced ESR1 phosphorylation at serine
residue 305 can induce TAM resistance in breast cancer [51].
Moreover, activation of PRKACA leads to conversion of TAM
into a growth stimulator in TAM-resistant breast cancer cells
[69]. In addition, PRKACA drives mammary tumorigenesis
through phosphorylating proto-oncogene tyrosine-protein
kinase Src [52]. In this study, we identified T582 as one of
phosphorylation sites of MORC2 by PRKACA based on the
following evidence (Figures 4 and 5). Phosphorylation of
MORC2 at T582 has been demonstrated by a mass spectro-
metry-based phosphoproteomics [70]. In addition, we gener-
ated a specific antibody against phosphorylated MORC2 at
T582 and demonstrated that activation of PRKACA by forsko-
lin enhanced the phosphorylation levels of MORC2 at T582 in
a time-dependent manner (Figure S4). Immunoblotting ana-
lyses showed that treatment with E2, 4-OHT and FUL can
activate PRKACA (Figure 5E–G). More importantly, treatment
of MCF-7 cells with E2, 4-OHT, and FUL led to a significant
increase in the phosphorylation levels of MORC2 at T582,
whereas knockdown of endogenous PRKACA attenuated
these effects (Figure 5E–G). Furthermore, we demonstrated
that phosphorylation of MORC2 at T582 enhances its stability
through decreasing its interaction with HSPA8 and LAMP2A
(Figure 7). These results highlight a role for phosphorylation
modification of MORC2 in preventing its lysosomal degrada-
tion by CMA. In contrast, it has been reported that phosphor-
ylation of serine/threonine-protein kinase ULK1 by protein
kinase C alpha type [71] and phosphorylation of lipid droplet
protein PLIN2 by AMP-activated protein kinase triggers their
degradation by CMA [72].

In summary, we uncovered a GPER1-PRKACA-MORC2
pathway in governing E2-mediated cell growth and cellular
sensitivity to antiestrogens in breast cancer. As MORC2
expression is upregulated in breast tumors [32], discovery of
novel drugs targeting MORC2 could suppress breast cancer
growth and enhance cellular sensitivity to endocrine therapy.
These emerging findings provide newmechanistic insights into
how the estrogen-ESR signaling drives breast cancer develop-
ment and antiestrogen response and define novel therapeutic
targets for breast cancer.

Materials and methods

Chemicals and reagents

All chemicals and reagents were purchased from Sigma-
Aldrich unless otherwise noted. AG1478 (S2728), LY294002
(S1105), U0126 (S1102), H89 (S1582), forskolin (S2449), MG-
132 (S2619), 3-MA (S2767), and Baf A1 (S1413) were

E2, 4-OHT, FUL, G1
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P
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Figure 9. The proposed working model.
E2, TAM, FUL, and G1 stabilize MORC2 in a GPER1 dependent manner. Activated
PRKACA kinase by GPER1 phosphorylates MORC2 at T582, which protects MORC2
from lysosomal degradation through blocking its interaction with HSPA8 and
LAMP2A. Stabilized MORC2 exerts oncogenic functions to promote E2-induced
cell proliferation and decrease cellular sensitivity to antiestrogens.
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purchased from Selleck Chemicals. G1 (881,639-98-1), G36
(1,392,487-51-2), and puromycin (58-58-2) were obtained
from Cayman Chemical. FUL was kindly provided by
AstraZeneca (129,453-61-8). All compounds were dissolved
in DMSO except E2, 4-OHT, and FUL, which were dissolved
in ethanol.

Cell culture and treatment

Human breast cancer MCF-7 (SCSP-531), SK-BR-3 (TCHu225),
MDA-MB-468 (TCHu136) cell lines, and HEK293T (GNHu17)
cell line were obtained from the Type Culture Collection of
Chinese Academy of Sciences, and were authenticated by routine
detection of morphology, cell vitality, DNA fingerprinting, and
mycoplasma. MCF-7 and HEK293T cells were maintained in
DMEM medium (BasalMedia, L110). SK-BR-3 and MDA-MB
-468 cells were maintained in McCoy’s 5A (L630) and Leibovitzs
L15 medium (L620) (BasalMedia), respectively. All the media
were supplemented with 10% fetal bovine serum (Gibco,
10,270–106) and 1% penicillin-streptomycin (BasalMedia,
S110B). For E2 treatment, cells were grown in phenol red-free
DMEMmedium (BasalMedia, L140) supplemented with 5% dex-
tran-coated charcoal (DCC)-stripped fetal bovine serum
(Biological Industries, 04-201-1A) for 48 h before experimenta-
tion. For administration with various inhibitors, cells were treated
with 10 nM 4-OHT (Sigma-Aldrich, H6278), 10 nM FUL, 10 μM
AG1478, 10 μM LY294002, 10 μM U0126, 10 μM H89, 20
μM MG-132, 100 μg/ml CHX (Cell Signaling Technology,
2112S), 10 mM 3-MA, 50 mM NH4Cl, and 50 ng/ml Baf A1 for
the indicated times. For CMA induction, cells were cultured in
serum-free medium (serum starvation) for the indicated times.

Expression vectors, siRNAs, and transfection

Myc-DDK-MORC2 cDNA was obtained from Origene
(RC200518) and subcloned into the lentiviral vector pCDH-
CMV-MCS-EF1-Puro (System Biosciences, CD510B-1) to
generate Flag-MORC2 expression vector. Flag-His-
PRKACA (CH857025) and Flag-His-HSPA8 (CH855664)
cDNAs were obtained from Vigene Biosciences and sub-
cloned into pCDH-CMV-MCS-EF1-Puro vector to generate
HA-PRKACA and HA-HSPA8 expression vector, respec-
tively. Site-directed mutations were generated by PCR-
based mutagenesis and verified by DNA sequencing.
Human MORC2 (TL311427) and GPER1 (TL316565) short
hairpin RNAs (shRNAs) in pGFP-C-shLenti vector were
purchased from Origene. Human GPER1 shRNAs in
pGLVH1/GFP+Puro vector were obtained from
GenePharma (D02001). Human PRKACA shRNAs were
purchased from GE Dharmacon (RHS4531-EG5566). The
detailed information concerning DNA constructs and the
primers used for molecular cloning is provided in Tables S1
and S2. Small interfering RNA (siRNA) oligonucleotides
specific for human HSPA8 (siHSPA8) and LAMP2A
(siLAMP2A) were synthesized by GenePharma (A09004),
and the siRNA sequences are provided in Table S3.

Transient plasmid transfection was performed using
Neofect DNA transfection reagent (TengyiBio, TF201201)
according to the manufacturer’s protocol. To generate stable

cell lines expressing shRNAs or cDNAs, HEK293T cells were
transfected with each lentivirus expression vector and packa-
ging plasmid mix using Neofect DNA transfection reagent.
The supernatant containing viruses was collected 48 h after
transfection, filtered, and used for infecting target cells in the
presence of 8 μg/ml of polybrene (Sigma-Aldrich, H9268)
prior to drug selection with 2 μg/ml of puromycin for one
week. siHSPA8, siLAMP2A, and negative control siRNA
(siNC) were transfected using Lipofectamine 2000
(Invitrogen, 11,668,019) according to the manufacturer’s
instructions.

qPCR analysis

Total RNA was isolated using TRIzol reagent (Invitrogen,
15,596,018) and cDNA was synthesized using PrimeScript
RT Master Mix (Takara, RR036A). qPCR analysis was per-
formed in triplicate using FastStart Universal SYBR Green
Master (Roche, 4,913,914,001) on an Eppendorf Realplex
qPCR machine. All of primers were synthesized by HuaGene
Biotech and the sequences of the primers are available in
Table S4. Relative gene expression was analyzed using the
2−ΔΔCT method by normalization to the β-actin levels.

Antibodies, immunoblotting, and immunoprecipitation

The detailed information for commercially available primary anti-
bodies used in this study is provided in Table S5. A polyclonal
anti-p-MORC2 T582 antibody was generated by Abgent Biotech
(Suzhou, China). A synthetic phosphopeptide (NH2-
CEKLEALQKTp[Thr]PIRS-CONH2) and a nonphosphopeptide
(NH2-CEKLEALQKTTPIRS-CONH2) corresponding to resi-
dues surrounding T582 of MORC2 were used to immunize rab-
bits. Affinity purified antisera were evaluated by immunoblotting
and immunohistochemical analysis. For immunoblotting analysis,
cells were lysed in RIPA buffer containing protease (Roche,
5,056,489,001) and phosphatase inhibitors (Bimake, B15002) as
described previously [33]. Proteins were separated by SDS-PAGE
and then transferred onto a PVDF membrane (Millipore,
IPVH00010). The membranes were incubated with primary anti-
bodies according to manufacturer’s instructions and detected
using enhanced chemiluminescence detection kit (Yeasen,
36208ES80). For IP analysis, cells were lysed in NP-40 lysis buffer
[33] containing protease (Roche, 5,056,489,001) and phosphatase
inhibitors (Bimake, B15002). Supernatants were incubated with
1–3 μg primary antibodies overnight at 4°C on a rotating plat-
form, followed by immunoblotting analysis. Protein band densi-
ties were quantified using ImageJ software (http://rsb.info.nih.
gov/ij/index.html).

Immunofluorescent staining

Cells were fixed in 4% paraformaldehyde, permeabilized in
0.1% Triton X-100, and blocked in 10% normal goat serum in
PBS. Cells were incubated with primary antibodies, washed
three times in PBS, and then incubated with the appropriate
secondary antibody conjugated with 555-Alexa (4409S or
4413S) or 488-Alexa (4408S or 4412S) (Cell Signaling
Technology), respectively. DNA staining was performed
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using fluoroshield mounting medium with DAPI (Abcam,
ab104139). Microscopic analyses were performed using
a Leica SP5 confocal laser scanning microscopy (Leica
Microsystems, Buffalo Grove, USA).

Breast tumor samples and immunohistochemistry

Five pairs of pre- and post-TAM treatment tumor samples
were obtained from pre-treatment excision surgery and post-
treatment re-operation or biopsies after recurrence. All pro-
cedures were performed under a protocol approved by the
Ethics Committee at Fudan University, and written informed
consent was obtained from all patients. For immunohisto-
chemical staining, paraffin-embedded tumor tissue sections
(4 μm) were deparaffinized, rehydrated, permeabilized in
PBS containing 0.01% Triton X-100, and blocked in 3% nor-
mal goat serum diluted in PBS plus 0.1% Tween-20. Slides
were incubated with an anti-MORC2 p-T582 antibody (1:50)
overnight at 4°C and detected using EnVision Detection
Systems (Peroxidase/DAB, Rabbit/Mouse; DAKO, K5007)
according to the manufacturer’s protocol. Negative controls
with omitted primary antibodies were included and did not
show any staining. Hematoxylin was used for counterstaining
in all specimens.

Colony formation

For colony formation assay, 500 cells were plated into 6-well
plates. After overnight incubation, cells were treated with
10 nM E2, 10 nM of 4-OHT, and 10 nM FUL for 10–14 days.
The colonies were fixed in methanol and stained with 0.5%
crystal violet. Colonies consisting of 50 cells or more were
counted.

cAMP measurement

SK-BR-3 cells were pretreated with or without 10 μM G36 for
1 h, and then incubated with or without 10 nM E2, 10 nM
4-OHT, 10 nM FUL, and 1 μM G1 for another 1 h. The
intracellular cAMP levels were determined using cAMP com-
plete enzyme-linked immunosorbent assay (ELISA) kit
(Abcam, ab133051) according to the manufacturer’s instruc-
tions. Data was analyzed by reading the optical density (OD)
absorbance at 405 nm using a microplate reader. The results
are expressed as the mean ± standard deviation from three
independent experiments in triplicate.

Statistical analyses

All data is presented as the mean ± standard deviation from at
least three independent experiments. The Student’s t-test was
used for assessing the difference between individual groups
and p ≤ 0.05 was considered statistically significant.
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