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Abstract
Drug resistance is one of the major obstacles to breast cancer therapy. However, the mechanisms of how cancer cells develop
chemoresistance are still not fully understood. In the present study, we found that expression of TM9SF4 proteins was much
higher in adriamycin (ADM)-resistant breast cancer cells MCF-7/ADM than in its parental line wild-type breast cancer cells
MCF-7/WT. shRNA-mediated knockdown of TM9SF4 preferentially reduced cell growth and triggered cell death in
chemoresistant MCF-7/ADM cells compared with MCF-7/WT cells. Knockdown of TM9SF4 also reduced cell growth and
triggered cell death in chemoresistant MDA-MB-231/GEM cells. Mechanistic studies showed that TM9SF4 knockdown
increased protein misfolding and elevated endoplasmic reticulum (ER) stress level in MCF-7/ADM cells, as indicated by
aggresome formation and upregulated expression of ER stress markers, the effect of which was reversed by a small molecule
chaperone 4-phenybutyric acid. In an athymic nude mouse model of ADM-resistant human breast xenograft tumor,
knockdown of TM9SF4 decreased the growth of tumor xenografts. In chemoresistant breast cancer patients, chemotherapy
increased the expression of TM9SF4 proteins in breast tumor samples. Taken together, these results uncovered a novel role
of TM9SF4 proteins in alleviating ER stress and protecting chemoresistant breast cancer cells from apoptotic/necrotic cell
death. These results highlight a possible strategy of targeting TM9SF4 to overcome breast cancer chemoresistance.

Introduction
Breast cancer is the most prevalent cancer and the second
leading cause of cancer death in women [1]. Chemotherapy
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is one of the three therapeutic backbones of clinical breast
cancer, along with endocrine therapy and anti-human epidermal growth factor receptor 2 targeting therapy [1]. For
triple-negative breast cancer patients, chemotherapy is the
cornerstone of treatment because of lack of available targeting therapies [2]. Commonly used chemotherapeutic
drugs for breast cancer include adriamycin (ADM), paclitaxel, and cyclophosphamide [1]. However, a serious problem in breast cancer chemotherapy is the development of
multidrug resistance in tumor cells [3]. In cancer therapy, an
important approach is to overcome chemoresistance [4].
Cancer cells use multiple strategies to acquire chemoresistance, including overproduction of drug pumps that can
remove chemotherapeutic drugs from tumor cells; development of apoptotic resistance, establishment of reverse pH
gradient across cancer cell membrane (pHe < pHi) to interfere drug entry, etc [4, 5]. Unfortunately, the mechanisms of
how cancer cells develop chemoresistance are complicated
and are still not fully understood [3].
The endoplasmic reticulum (ER) stress is another factor
that is critically associated with cancer cell chemoresistance. ER is an essential organelle for protein folding [6].
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Protein folding in the ER is exquisitely sensitive to
changes in the ER environment, including Ca2+ level,
redox state, and nutrient status. The changes in ER
environment, such as depletion of ER Ca2+ stores, lead to
disrupted protein folding, causing accumulation of unfolded or misfolded proteins—a condition termed ER stress
[6, 7]. Chemotherapy as a stress imposed on cancer cells
also elevates ER stress level [8]. Excessive ER stress could
lead to cell death. In response, cancer cells cope with ER
stress by activating adaptive unfolded protein response
(UPR) to restore ER homeostasis. Adaption to ER stress in
cancer cells allows cancer cells to produce chemoresistance properties [8, 9]. In cancer therapy, an attractive
therapeutic strategy is to boost ER stress in order to promote cancer cell death [7, 10].
TM9SF4 belongs to the transmembrane 9 protein
family (also known as TM9SF or nonaspanins) [11].
Functional studies show that TM9SF4 plays roles in cell
adhesion, phagocytosis, and autophagy [12–16]. In cancer
cells, TM9SF4 is reported to interact with vacuolar H
+
-ATPase to promote acidiﬁcation in early endosomes
and extracellular tumor environment, which is associated
with cannibalistic activity of metastatic melanoma cells
[11, 17] and invasiveness and chemoresistance of colon
cancer cells [18].
In the present study, we explored the potential function
of TM9SF4 in adriamycin-resistant breast cancer cells. We
hypothesized that TM9SF4 functions to alleviate ER stress,
thereby protects MCF-7/ADM cells from apoptotic/necrotic
cell death. We further hypothesized that knockdown of
TM9SF4 would elevate ER stress, resulting in cell death of
MCF-7/ADM cells. The results from this study uncovered a
novel mechanism of targeting TM9SF4 to eradicate chemoresistant breast cancer cells.

Results
Upregulation of TM9SF4 in adriamycin-resistant
MCF-7/ADM human breast cancer cells
MCF-7/ADM cells were derived by treating the cells with
stepwise increasing concentration of adriamycin over
8 months, as described elsewhere [19]. MCF-7/ADM cells
were much more resistant to a panel of chemotherapy drugs
including adriamycin, paclitaxel, epirubicin, and vincristine
than its parental line wild-type MCF-7 (MCF-7/WT) [19].
For example, the adriamycin concentration to induce 50%
of cell death (IC50) was ~ 0.3 µM for MCF-7/WT cells, but
210 µM for MCF-7/ADM cells [19].
Western blot analysis showed that TM9SF4 expression
was substantially higher in MCF-7/ADM cells than in
MCF-7/WT cells (Fig. 1a).
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Knockdown of TM9SF4 preferentially inhibited the
growth of MCF-7/ADM cells
A lentivirus-based TM9SF4-speciﬁc shRNA (lenti-TM9shRNA1) was constructed [16] that could effectively
knockdown the expression of TM9SF4 in both MCF-7/
ADM cells and MCF-7/WT cells (Fig. S1). Intriguingly,
knockdown of TM9SF4 abolished the cell population
growth of MCF-7/ADM cells (Fig. 1b), whereas it had little
effect on the growth of MCF-7/WT cells (Fig. S2A). Similarly, another TM9SF4-speciﬁc shRNA (lenti-TM9shRNA2) also markedly reduced the cell population growth
of MCF-7/ADM cells (Fig. S3A). Further analysis showed
that knockdown of TM9SF4 inhibited the proliferation of
MCF-7/ADM but not MCF-7/WT cells, as indicated by EdU
(5-ethynyl-2-deoxyuridine) assay (Fig. 1c and Fig. S2B).
Microscopic observation of cell morphology suggested that
TM9SF4 knockdown-induced cell death of MCF-7/ADM
cells (Fig. 1d, S3B), but had little effect on MCF-7/WT cells
(Fig. S2C). Flow cytometer-based Annexin V/7-aminoactinomycin D analysis was then used to measure apoptotic
and necrotic cell death. The results showed that knockdown
of TM9SF4 triggered massive apoptotic and necrotic cell
death of MCF-7/ADM cells (Fig. 1e). Knockdown of
TM9SF4 also activated caspase-3, as indicated by elevated
levels of cleaved caspase-3 (Fig. 1f). However, forced
overexpression of TM9SF4 failed to promote cell growth or
improve chemoresistance in MCF-7/WT cells (Fig. S4).
Together, these results demonstrated that TM9SF4 knockdown reduced cell population growth of MCF-7/ADM cells
mainly via triggering apoptotic and necrotic cell death.
However, TM9SF4 alone was not sufﬁcient to promote cell
growth and chemoresistance. In addition to TM9SF4, some
other proteins/factors were also needed for cell growth and
chemoresistance.

Knockdown of TM9SF4 elevated ER stress level in
MCF-7/ADM cells
The mechanisms of TM9SF4 knockdown-induced cell
death were investigated. First, subcellular immunolocalization in MCF-7/ADM cells indicated that TM9SF4 was
partially colocalized with ER marker KDEL (Fig. 2a), Golgi
marker GM130, late endosome marker Mannose-6Phosphate receptors and lysosome marker LAMP-2 (Fig.
S5). TM9SF4 had no colocalization with mitochondrial
marker COX-1 (Fig. S5). We next explored whether
TM9SF4 may play a role in regulating ER stress. Indeed,
TM9SF4 knockdown increased the ER stress response in
MCF-7/ADM cells, as indicated by marked increases in the
expression of several ER stress markers GRP78, CHOP,
ATF4, cleaved ATF6, and spliced XBP1 (Fig. 2b). In
contrast, TM9SF4 knockdown had no effect on the ER
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Fig. 1 TM9SF4 played an essential role in the survival of drugresistant MCF-7/ADM breast cancer cells. a Western blot analysis of
TM9SF4 in MCF-7/WT and MCF-7/ADM cells. Representative
images (left) and data summary (right) were shown. β-actin was the
internal control. b Knockdown of TM9SF4 reduced the cell population
growth of chemoresistant MCF-7/ADM cells. The cells were treated
with lenti-TM9SF4-shRNA1 (TM9-sh1) or lenti-scrambled-shRNA
(scr-sh) for 96 h, followed by measurement of cell population growth
using CCK-8. Two-way ANOVA with repeated measurements were
shown. c Cell proliferation of MCF-7/ADM as detected by EdU assay.
Shown were representative EdU images (left) and data summary
(right). Red dots in images represent EdU-positive proliferating cells.
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Blue is DAPI staining of cell nuclei. Scale bars: 200 µm. d MCF-7/
ADM cells showed morphological change after TM9SF4 knockdown.
Scale bars: 100 µm. e Representative images (upper row) and data
summary (lower left) of cell apoptosis and necrosis as determined by a
ﬂow cytometry-based commercial kit. MCF-7/ADM cells were treated
with lenti-TM9SF4-shRNA1 (TM9-shRNA1) or lenti-scrambledshRNA (scr-shRNA) for 96 h, collected and ﬁxed for apoptosis/
necrosis detection. f Western blot analysis of cleaved caspase-3 in
MCF-7/ADM cells. Representative images (left) and data summary
(right) were shown. Means ± SD (n = 5 in a, 4 in c and f, 6 in b and e).
*P < 0.05 vs. respective controls
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Fig. 2 Knockdown of
TM9SF4 stimulated the ER
stress response in MCF-7/ADM
cells. a Subcellular
colocalization of TM9SF4
proteins with ER marker KDEL
in a representative MCF-7/ADM
cell. The cells were
overexpressed with TM9SF4GFP and then immunostained
with anti-KDEL antibodies.
Representatives from three
experiments, > 50 cells per
experiment. Scale bar: 5 µm.
b Expression of GPR78, ATF4,
cleaved ATF6, spliced XBP1,
and CHOP in MCF-7/ADM
cells by immunoblots. Shown
were representative images (left)
and data summary (right).
c, d Enhanced aggresome
formation after knockdown of
TM9SF4 in MCF-7/ADM cells.
Cell aggresome was analyzed
using PROTEOSTAT
Aggresome Detection kit by
confocal microscopy c and ﬂow
cytometry d. c were
representative images of cells
with aggresome in red. Scale
bar: 5 µm. d showed a
representative ﬂuorescenceactivated cell sorting (FACS)
experiment by ﬂow cytometry
(left) and data summary (right).
Means ± SD (n = 3 in b, 5 in d).
*P < 0.05 vs. scr-shRNA

stress response in non-chemoresistant MCF-7/WT cells
(Fig. S6A). ER stress is characterized by disrupted protein
folding and accumulation of misfolded/unfolded proteins,
which can be measured by aggresome formation assay
[20, 21]. Indeed, TM9SF4 knockdown resulted in aggresome formation in MCF-7/ADM cells as indicated by cellular aggresome visualization (Fig. 2c) and ﬂuorescenceactivated cell sorting (FACS) (Fig. 2d) using ProteoStat
Aggresome Detection kit, but not in MCF-7/WT cells (Fig.
S6B).

Depletion of ER Ca2+ stores can alter ER microenvironment to induce protein misfolding in the ER, elevating ER stress level [7]. Indeed, treatment of MCF-7/
ADM cells with thapsigargin, an agent that can deplete ER
Ca2+ stores [22], elevated the ER stress level, as indicated
by upregulation of ER stress markers GRP78, ATF4, and
CHOP (Fig. S7). We next explored whether knockdown of
TM9SF4 could deplete ER Ca2+ content. MCF-7/ADM
cells with or without TM9SF4 knockdown were bathed in a
Ca2+-free physiological solution. The cells were challenged
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Fig. 3 TM9SF4 regulated ER
Ca2+ content.
a, b Representative experiments
showing time course of cytosolic
Ca2+ change in response to 8 µM
ATP a or 4 µM ionomycin b in
MCF-7/ADM cells. The cells
were bathed in a Ca2+-free
physiological saline. MCF-7/
ADM cells were treated with
scr-shRNA (left) or TM9shRNA1 (middle) for 96 h. Data
summary were on the right.
c, d Representative experiments
showing time course of cytosolic
Ca2+ change in response to 8 µM
ATP c or 4 µM ionomycin d in
MCF-7/WT cells. The cells were
bathed in a Ca2+-free
physiological saline. MCF-7/
WT cells were overexpressed
with vector (left) or TM9SF4
(middle) for 96 h. Data summary
were on the right. Means ± SD
(n = 5 in b, 4 in a, c, and d).
*P < 0.05 vs. respective controls

with 8 µM ATP or 4 µM ionomycin to induce Ca2+ release
from ER Ca2+ stores [23]. The results showed that knockdown of TM9SF4 in MCF-7/ADM cells reduced the magnitude of cytosolic Ca2+ response to ATP (Fig. 3a) and
ionomycin (Fig. 3b), indicating that TM9SF4 knockdown
reduced the ER Ca2+ content in MCF-7/ADM cells. Conversely, we overexpressed TM9SF4 in MCF-7/WT cells,
which originally had low endogenous TM9SF4 expression
(Fig. 1a). The results showed that TM9SF4 overexpression
in MCF-7/WT cells increased the magnitude of cytosolic
Ca2+ response to ATP challenge (Fig. 3c) to ionomycin
(Fig. 3d), conﬁrming an important role of TM9SF4 in
regulating ER Ca2+ content.
Possible involvement of P-glycoprotein (P-gp) was also
investigated. However, knockdown of TM9SF4 had no
effect on P-gp expression (Fig. S8).

4-phenybutyric acid (4-PBA) reversed the TM9SF4
knockdown-induced aggresome formation and
rescued MCF-7/ADM cells from cell death
To verify the involvement of ER protein misfolding and ER
stress, we used a small molecule chemical chaperone 4PBA that is known to improve ER folding capacity and
alleviate ER stress [24]. In this series of experiments,
knockdown of TM9SF4 stimulated aggresome accumulation (Fig. 4a), inhibited cell population growth (Fig. 4b) and
promoted apoptotic and necrotic cell death (Fig. 4c, d) in
MCF-7/ADM cells. Intriguingly, 4-PBA treatment reversed
the TM9SF4 knockdown-induced aggresome accumulation
(Fig. 4a) and cell population growth (Fig. 4b), it also rescued MCF-7/ADM cells from the TM9SF4 knockdowninduced apoptotic and necrotic cell death (summary data in
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Fig. 4 4-PBA reversed the
TM9SF4 knockdown-induced
aggresome formation and cell
growth inhibition, and rescued
MCF-7/ADM cells from cell
death. a MCF-7/ADM cells
were pretreated with 2 mM 4PBA for 2 h before TM9shRNA1 and scr-shRNA
delivery for 96 h. Cell
aggresome was analyzed using
PROTEOSTAT Aggresome
Detection kit by ﬂow cytometry.
Shown were a representative
FACS experiment (left) and data
summary (right). b Cell
population growth was
estimated by CyQuant
ﬂuorescence-based cell growth
assay kit. c, d Cell death assay
by ﬂow cytometry-based FACS
using Annexin V indicator and
7-amino-actinomycin (7-AAD)
cell death detection kit. Shown
were data summary of apoptotic
c and necrotic cells d. Mean ±
SD (n = 5). *P < 0.05

Fig. 4c and d, representative experiments in Fig. S9). 4PBA itself had no effect on aggresome formation in MCF-7/
WT cells (Fig. S6B). These results indicate that TM9SF4
knockdown acted through ER protein misfolding and ER
stress to cause the cell death of MCF-7/ADM cells.

Effect of interfering UPR signaling pathways on
TM9SF4-induced cell growth inhibition
We explored whether UPR inhibition could affect the
TM9SF4 knockdown-induced cell death. The results
showed that knocking down each of three arms of UPR
(ATF6, ATF4, and XBP1) with respective lenti-shRNA did
not signiﬁcantly alter the TM9SF4 silencing-induced cell
death (Fig. S10A). However, simultaneous silencing of all
three arms of UPR caused a small degree of reversal in

TM9SF4 silencing-induced cell death (Fig. S10A). The
effectiveness of respective shRNAs in knocking down
ATF4, ATF6, and XBP1 was displayed in Fig. S10B to D.
Therefore, our results suggest that under TM9SF4 silencing,
overall cyto-detrimental effect of UPR, was slightly more
than its cyto-protective effect.
The involvement of CHOP, which is known to mediate
the UPR-associated cell death [25], was also examined. The
results showed that TM9SF4 silencing markedly elevated
the expressional level of CHOP (Fig. 2b). Furthermore,
knockdown of CHOP with CHOP-speciﬁc siRNA partially
restored the cell population growth in TM9SF4-silenced
cells (Fig. S11A). CHOP-siRNA also reduced the levels of
cleaved caspase-3 (Fig. S11B). These data support the
notion that TM9SF4 silencing may induce cell death via
CHOP pathway.
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Fig. 5 Knockdown of TM9SF4
inhibited the growth of drugresistant human breast tumor
xenografts in athymic nude
mice. Nude mice were treated
with scr-shRNA or TM9shRNA1 at the cell inoculation
sites 4 days after the cell
implantation.
a, d Representative images of
harvested drug-resistant a or
drug-sensitive tumors d after
shRNA treatment. b, e Tumor
growth curves measured at
indicated time points. Two-way
ANOVA with repeated
measurements were shown.
Mean ± SD (n = 5). *P < 0.05
vs. TM9-shRNA1.
c Immunohistochemistry
analysis of TM9SF4 expression
in drug-resistant tumor
xenografts treated with scrshRNA (left) or TM9-shRNA1
(right). Scale bar: 100 µm

TM9SF4 knockdown decreased the growth of MCF7/ADM tumor xenografts but not MCF-7/WT tumor
xenografts
An animal model of human breast tumor was established by
inoculating MCF-7/ADM cells into the mammary fat pad of
athymic nude mice [26]. The tumor continued to grow in
size under adriamycin treatment, indicating adriamycin
resistance (Fig. 5a, b). Immunostaining in sections of
xenograft tumor showed that TM9SF4 was abundantly
expressed in the tumor (Fig. 5c). Moreover, injection of
lenti-TM9SF4-shRNA1 at tumor sites reduced TM9SF4
expression (Fig. 5c), and more importantly, substantially
reduced tumor growth when compared with the control that
was infected with lenti-scrambled-shRNA (Fig. 5a, b).
Similar to what we observed in cultured MCF-7/ADM cells,
treatment with lenti-TM9SF4-shRNA1 substantially elevated the expression of ER stress markers GRP78 and
CHOP in immunostaining of tumor tissue sections (Fig.
S12A, B).
As another control, we inoculated MCF-7/WT cells in
athymic nude mice to allow formation of chemosensitive
human xenograft tumor. The MCF-7/WT tumor could only

grow in size in the absence of adriamycin treatment (Fig.
S13). Similar to what we observed in cultured MCF-7/
WT cells, treatment with lenti-TM9SF4-shRNA1 had no
effect on tumor growth (Fig. 5d, e) or on the expression of
ER stress markers GRP78 and CHOP in MCF-7/WT tumor
xenograft (Fig. S12C, D).

Knockdown of TM9SF4 inhibited the growth and
triggered the cell death of MDA-MB-231/GEM cells
We also determined whether TM9SF4 knockdown could
impact on cell population growth and cell death of MDAMB-231/GEM and MDA-MB-231/WT. MDA-MB-231/
WT is a triple-negative breast cancer line that displays
higher chemoresistance than many other breast cancer cells
including MCF-7 [27]. MDA-MB-231/GEM is based on
MDA-MB-231/WT, but is further induced for gemcitabine
(GEM) resistance [28]. We found that knockdown of
TM9SF4 with lenti-TM9-shRNA1 abolished the cell
population growth of MDA-MB-231/GEM cells (Fig. 6a).
TM9SF4 knockdown also induced cell death of MDA-MB231/GEM cells under microscopic observation (Fig. 6b),
ﬂow cytometer-based Annexin V/7-amino-actinomycin D
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Fig. 6 TM9SF4 played an essential role in the survival of gemcitabineresistant MDA-MB-231/GEM cells. a Knockdown of TM9SF4
reduced the cell population growth of chemoresistant MDA-MB-231/
GEM cells. The cells were treated with lenti-TM9SF4-shRNA1 (TM9sh1) or lenti-scrambled-shRNA (scr-sh) for 96 h, followed by measurement of cell population growth using CCK-8. Two-way ANOVA
with repeated measurements were shown. b MDA-MB-231/GEM cells
showed morphological change after TM9SF4 knockdown. Scale bars:
200 µm. c Representative images (left) and data summary (right) of

5785

cell apoptosis and necrosis as determined by a ﬂow cytometry-based
commercial kit. MDA-MB-231/GEM cells were treated with lentiTM9SF4-shRNA1 (TM9-shRNA1) or lenti-scrambled-shRNA (scrshRNA) for 96 h, collected and ﬁxed for apoptosis/necrosis detection.
d Representative immunoblots (left) and data summary (right) of
TM9SF4, GRP78, and cleaved caspase-3 for MDA-MB-231/GEM
cells transfected with lenti-scrambled-shRNA (scr-shRNA) or lentiTM9SF4-shRNA1 (TM9-shRNA1) for 96 h. Means ± SD (n = 5).
*P < 0.05 vs. scr-shRNA. Student’s unpaired two-tailed t test
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analysis (Fig. 6c), and caspase assay (Fig. 6d). In addition,
TM9SF4 knockdown elevated ER stress level, as indicated
by a marked increase in GRP78 expression (Fig. 6d).
Knockdown of TM9SF4 also reduced the cell population
growth in MDA-MB-231/WT (Fig. S14), but to a lesser
degree when compared with that in MDA-MB-231/GEM
(as evident on the day 6 of Fig. 6a vs. Fig. S14B). Coincidently, endogenous expressional level of TM9SF4 was
highest in MDA-MB-231/GEM, moderate in MDA-MB231/WT and lowest in MCF-7/WT (Fig. S14C). Together,
these results demonstrated that TM9SF4 knockdown
reduced the cell population growth of MDA-MB-231/GEM
cells mainly via triggering apoptotic and necrotic cell death.

Chemotherapy elevated TM9SF4 expression level in
chemoresistant human breast tumor
To explore the clinical relevance of TM9SF4 in human
breast cancer, we analyzed the expression of TM9SF4
proteins in tumor sections of 30 breast cancer patients
before and after chemotherapy. Treatment response was
assessed by the response evaluation criteria in solid tumors
according to Miller–Payne grading [29]. Among 30
patients, 12 patients respond to chemotherapy whose
Miller–Payne grading were 4 or 5 (good outcome or chemotherapy-responsive), whereas 18 patients did not respond
to the chemotherapy whose grade were 1 or 2 (poor outcome or chemoresistant). TM9SF4 expression was compared in the paired breast cancer tissue from 18
chemoresistant patients pre- and post- chemotherapy (Table
S1). The results showed that chemotherapy caused an
increased expression of TM9SF4 proteins in chemoresistant
patients (Fig. 7a, b). Furthermore, the expression of
TM9SF4 in the sections of post-chemotherapy residual
tumors were compared between chemotherapy-responsive
patients and chemoresistant patients. The results showed
that the latter group showed a higher TM9SF4 expression
than the former one (Fig. 7c, d). These results agreed with
the data from the cultured MCF-7 cells (Fig. 1a), indicating
a positive correlation between TM9SF4 expression and
chemoresistance.

Discussion
The major ﬁndings of the present study are as follows: (1)
TM9SF4 expression was substantially upregulated in
adriamycin-resistant MCF-7/ADM cells compared with its
parental line MCF-7/WT. (2) Knockdown of TM9SF4
markedly reduced cell population growth, inhibited cell
proliferation, and promoted apoptotic and necrotic cell
death of chemoresistant MCF-7/ADM cells. Knockdown of
TM9SF4 also promoted the cell death of chemoresistant
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MDA-MB-231/GEM
cells.
(3)
Knockdown
of
TM9SF4 substantially increased protein misfolding and
elevated ER stress level in MCF-7/ADM cells, as indicated
by aggresome formation and upregulated expression of ER
stress markers. (4) The effect of TM9SF4 knockdown on
aggresome formation and apoptotic/necrotic cell death in
MCF-7/ADM cells was reversed by a small chemical chaperone 4-PBA. (5) TM9SF4 knockdown caused depletion
in ER Ca2+ stores in MCF-7/ADM cells. (6) Injection of
lenti-TM9SF4-shRNA1 at the tumor site markedly reduced
the growth of adriamycin-resistant MCF-7/ADM tumor
xenografts in athymic nude mice. (7) In chemoresistant
breast cancer patients, chemotherapy caused an increased
expression of TM9SF4 proteins in breast tumors. Together,
these results uncovered a novel role of TM9SF4 in alleviating ER stress and protecting MCF-7/ADM cells from
apoptotic/necrotic cell death. It also highlights a strategy of
targeting TM9SF4 to eradicate chemoresistant breast cancer
cells MCF-7/ADM.
An interesting ﬁnding is that TM9SF4 knockdown could
preferentially inhibit cell population growth of chemoresistant MCF-7/ADM cells, whereas it had little effect on
MCF-7/WT cells. Further studies showed that TM9SF4
knockdown increased apoptotic and necrotic cell death and
reduced cell proliferation in MCF-7/ADM cells. We next
explored the underlying mechanism of the TM9SF4
knockdown-induced cell death. TM9SF4 expression was
detectable in ER. Furthermore, TM9SF4 knockdown substantially increased ER stress level in MCF-7/ADM cells, as
indicated by upregulated expression of GRP78, CHOP,
ATF4, cleaved ATF6, and sliced XBP1. TM9SF4 knockdown also increased aggresome formation, which is an
indicator for accumulation of misfolded proteins [30]. 4PBA is a small chemical chaperone that can improve ER
protein folding capacity, thereby alleviates ER stress [24].
Intriguingly, 4-PBA reversed the TM9SF4 knockdowninduced aggresome accumulation, and rescued MCF-7/
ADM cells from TM9SF4 knockdown-induced cell death
(Fig. 4c). Based on these evidences, we conclude that the
major culprit for the increased MCF-7/ADM cell death after
TM9SF4 knockdown was excessive ER protein misfolding
and elevated ER stress level. Therefore, we reason that
TM9SF4 functions to reduce ER stress as a survival strategy
for chemoresistant MCF-7/ADM cells. In contrast, in chemosensitive MCF-7/WT cells, the expression level of
TM9SF4 was low and ER stress level was also low.
Therefore, knockdown of TM9SF4 only had small or no
effect on the death of MCF-7/WT cells. We also tested the
hypothesis in MDA-MB-231/WT and MDA-MB-231/GEM
cells. MDA-MB-231/WT is reported to exhibit higher
chemoresistance than many other breast cancer cells
including MCF-7 [27]. MDA-MB-231/GEM has even
higher chemoresistance than MDA-MB-231/WT owing to
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Fig. 7 TM9SF4 expression was elevated after chemotherapy in the
breast tumor of patients with poor clinical chemotherapy outcome.
a, b Representative images a and summary data b of immunohistochemical staining of TM9SF4 in breast cancer tissue of patients before
and after chemotherapy. In b, each point in the left panel represented a
single patient, whereas the line in the right panel represented the same
patient before and after chemotherapy. Mean ± SD (n = 18). *P < 0.05

vs. pre-chemotherapy (pre-) group. Student’s unpaired two-tailed t test.
c, d Representative images c and summary data d of immunohistochemical staining of TM9SF4 in breast cancer tissue from patients
with good (chemosensitive) (n = 12) and poor response of chemotherapy (chemoresistant) (n = 18). Mean ± SD. *P < 0.05 vs. chemoresistant group. Student’s unpaired two-tailed t test. Scale bar:
200 µm

induction of GEM resistance [28]. Our results showed that
knockdown of TM9SF4 reduced the cell population growth
in both MDA-MB-231/GEM and MDA-MB-231/WT cells,
but to a lesser degree in MDA-MB-231/WT than in MDAMB-231/GEM cells. Furthermore, endogenous expressional
level of TM9SF4 was found to be highest in MDA-MB231/GEM, moderate in MDA-MB-231/WT and lowest in
MCF-7/WT, which correlated well with the chemoresistance of these cell lines. These results ﬁt well with our
hypotheses that TM9SF4 expression is upregulated in
chemoresistant breast cancer cells as a protective mechanism and that knockdown of TM9SF4 should promote the
cell death of these chemoresistant cancer cells.
Beside its action as a chemical chaperone, 4-PBA is also
a histone deacetylase (HDAC) inhibitor that can enhance
apoptotic cell death and/or cause growth arrest in some
cancer such as malignant glioma [31]. However, in the
present study, 4-PBA reversed the effect of

TM9SF4 silencing, restored the cell growth and reduced the
cell death (Fig. 4), which was opposite to the expected
effect of an HDAC inhibitor. Therefore, in our study, the
effect of 4-PBA was unlikely owing to its action as a HDAC
inhibitor.
It is well documented that depletion of ER Ca2+ stores
can disrupt protein folding in ER, resulting in ER stress [7].
Indeed, we found that thapsigargin, a SERCA inhibitor that
is commonly to deplete ER Ca2+ stores [7], could increase
ER stress. Interestingly, we also found that TM9SF4
knockdown could reduce the ER Ca2+ level, as indicated by
reduction in ATP-releasable and ionomycin-releasable Ca2+
from ER. Therefore, it is likely that TM9SF4 knockdown
may deplete ER Ca2+ content to cause protein misfolding,
resultant in an increased ER stress in MCF-7/ADM cells.
However, it is still unclear how TM9SF4 could modulate
ER Ca2+ content. Further study is clearly needed to determine this mechanism.
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UPR often functions to relieve ER stress, protecting the
cells from death. However, excessive UPR could contribute
to cancer cell death [6]. In our studies, TM9SF4 knockdown
could promote cell death via CHOP pathway. However,
simultaneous silencing of all three arms of UPR only caused
a small degree of reversal in TM9SF4 silencing-induced cell
death, suggesting that, under TM9SF4 silencing, overall
cyto-detrimental effect of UPR was only slightly more than
its cyto-protective effect. Therefore, excessive UPR was not
the main reason for the cell death under TM9SF4 knockdown. Reports also showed that an upregulated P-gp
expression is a major mechanism for chemoresistance in
MCF-7/ADM cells [19]. However, in our hand TM9SF4
knockdown did not alter P-gp expression, excluding the
involvement of P-gp in TM9SF4 knockdown-induced
cell death.
Another study reported that TM9SF4 knockdown could
sensitize the cytotoxic effect of a chemotherapeutic agent 5ﬂuorouracil on colon cancer lines with a resultant increase
in apoptotic cell death [18]. In that study, TM9SF4 was
found to interact with vacuolar H+-ATPase to promote
extracellular acidiﬁcation and intracellular alkalinization,
thus serving to maintain the reverse pH gradient (pHe <
pHi) [18]. This reverse pH gradient could interfere with the
passage of chemotherapeutic drugs across the plasma
membrane of cancer cells as a mechanism of chemoresistance [32]. However, in the present study, we found that
TM9SF4 knockdown could kill chemoresistant cells even in
the absence of chemotherapeutic drugs, suggesting that the
role of TM9SF4 is independent of drug penetration to
chemoresistant MCF-7/ADM cells. Instead, our results
suggest that TM9SF4 may serve to maintain proper ER
environment, help correct protein folding and reduce ER
stress in MCF-7/ADM cells. We hypothesize that long-term
exposure to chemotherapeutic drugs may disturb ER
environments to elevate ER stress level and cause protein
misfolding. In response, chemoresistant cells overproduce
TM9SF4 to reduce the ER stress as a survival strategy. Note
that our hypothesis does not conﬂict with the previous
hypothesis of TM9SF4 in maintaining “reverse pH gradient” as a chemoresistance strategy [18]. A more likely
scenario is that TM9SF4 acts through two different
mechanisms, namely, by reducing ER stress and maintaining reverse pH gradient, to confer chemoresistant capability.
We further explored potential role of TM9SF4 in breast
tumors of athymic nude mice and human patients. Treatment of mice bearing human breast tumor xenografts with
lenti-TM9SF4-shRNA substantially inhibited the growth of
adriamycin-resistant tumor but had no effect on the growth
of chemosensitive tumors. Furthermore, in patients with
poor response to chemotherapy, chemotherapy caused an
increased expression of TM9SF4 proteins in breast tumors.
These results suggest that suppressing TM9SF4 could be a
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means to suppress the growth of multidrug resistant tumors
in the animal model of human breast tumor.
In conclusion, our data demonstrated that TM9SF4
knockdown elevated ER stress in chemoresistant MCF-7/
ADM breast cancer cells, resulting in apoptotic and necrotic
cell death. Our study uncovered a novel mechanism for
cyto-protective role of TM9SF4 in chemoresistant breast
cancer cells, and suggested TM9SF4 as a promising therapeutic target for chemoresistant breast cancer.

Materials and methods
Mice
Female nude mice (BALB/cAnNCr-nu/nu) of 6–7 weeks
old were used. All animal experiments were approved by
the Animal Experimentation Ethics Committee of the Chinese University of Hong Kong and performed in compliance with the Guide for the Care and Use of Laboratory
Animals (National Institutes of Health publication, 8th
edition, updated 2011).

Patient samples
Paired breast cancer specimens (the pre-chemotherapeutic
core biopsies and excision/mastectomy specimens after
chemotherapy) along with the corresponding clinical
pathologic data from 30 patients were collected from Peking
University Third Hospital. All patients have received clinical circles of anthracycline-based chemotherapy. Tumor
assessment was performed by haematoxylin and eosin
(H&E) staining as a commonly used protocol for tumor
diagnosis. The histological response to chemotherapy was
evaluated by Miller & Payne grading system, which is a
ﬁve-point grading system based on the reduction level of
tumor cellularity [29]. Patients with grade 1 and 2 had
tumor area reduced by < 30% after chemotherapy, and thus
were considered non-responders of chemotherapy. Patients
with grade 4 and 5 had tumor area reduced by more than
90%, and thus were considered responders of chemotherapy
[29].

Cell culture, lentiviral infection, and plasmid
transfection
MCF-7 cells and MDA-MB-231 cells were cultured in
Dulbecco’s modiﬁed Eagle’s medium supplemented with
10% FBS, 1% antibiotic–antimycotic. The cells were
maintained under 95% O2 and 5% CO2 in a humidiﬁed
incubator at 37℃. The adriamycin-resistant MCF-7/ADM
cells GEM-resistant MDA-MB-231/GEM cells were established by treating the cells with stepwise increasing
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concentrations of adriamycin and GEM, respectively, as
described elsewhere [19, 28].
Lentivirus was packaged using a commercial lentivirus
package kit (Biowit, Shenzhen, China) according to manufacturer’s instruction. Short hairpin RNA (shRNA) constructs against human TM9SF4 was generated using
pLKO.1 puro vector containing a cassette for puromycin
according to the manufacturer’s instructions (OligoEngine,
Seattle, WA, USA). The targeted sequence 1 (shRNA1) was
5′-GCGGATCACAGAAGACTACTA-3′. The targeted
sequence 2 (shRNA2) was 5′-CGGTGGTACATGAAC
CGATTT-3′. Scrambled- shRNA was used as control. The
cells were prepared at ~ 50% conﬂuence. Proper multiplicity of infection of lentivirus was added to the cells and
incubated for 96 h. Knockdown of TM9SF4 was conﬁrmed
by RT-PCR and immunoblots.
Transient transfection of pEGFP-TM9SF4 in MCF-7/
ADM cells was conducted using lipofectamine 3000
(Invitrogen, MA, USA) according to the manufacturer’s
instruction [16].

Western blot
Cells were lysed in radioimmunoprecipitation assay lysis
buffer supplemented with fresh protease inhibitors (Roche,
Basel, Switzerland). The proteins were separated on an
sodium dodecyl sulphate–polyacryamide gel electrophoresis and transferred onto a polyvinylidene diﬂuoride
membrane. The membrane was incubated overnight at
4 °C with primary antibodies (1:1000) in Tris-buffered
saline with Tween 20 (TBST) buffer containing 5% fatfree milk. The following antibodies were used: antiTM9SF4 (25595-1-AP, Proteintech, Illinois, USA), antiβ-actin (ab8227, Abcam), anti-GRP78 (11587-1-AP, Proteintech), anti-ATF4 (10835-1-AP, Proteintech), antiATF6 (24169-1-AP, Proteintech), anti-XBP1 (25997-1AP, proteintech), anti-CHOP (15204-1-AP, Proteintech),
anti-GAPDH (AF0006, Beyotime, Shanghai, China).
Then, the membrane was incubated with a horseradish
peroxidase-conjugated secondary antibody (1:1000,
Abcam) at room temperature for 2 h. The blots were
developed using an ECL substrate (P0018, Beyotime,
Shanghai, China) and imaged using a ChemiDoc XRS
+system (Bio-Rad, California, USA).
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antibodies at 4 °C, which was Anti-COX-1 (sc-58347,
Santa Cruz, Texas, USA), anti-KDEL (NBP1-97469,
NOVUS, Colorado, USA), anti-Mannose-6 Phosphate
receptor (ab2733, abcam, Cambridge, United Kingdom)
anti-LAMP-2 (sc-18822, Santa Cruz) or anti-GM130
(ab169276, abcam) antibody. The samples were then
incubated with secondary antibodies (ab175473; abcam,
1:500) at room temperature for 2 h. DAPI (1:1000 in PBS,
15 min at room temperature) was used for nuclear staining. Images were captured under a confocal microscope
(Leica TCS SP8, Wetzlar, Germany).

Tissue section immunostaining
Tissue samples were deparafﬁnized and rehydrated. Heatinduced antigen retrieval was performed by a time-setting
water bath. Slides were then washed with tris-buffered
saline (TBS) plus 0.025% Triton X-100 for 5 min twice
with gentle agitation and blocked with 10% bovine serum
albumin in TBS for 2 h at room temperature. Then, the
samples were incubated with diluted primary antibody
overnight at 4℃, followed by biotin-conjugated secondary
antibody for 1 h at room temperature and then streptavidinHRP for 1 h at room temperature. Chromogen was developed for 5 min at room temperature. Pictures were taken
under the microscope.

Cell population growth assay
Cell number was assayed either by a commercial cell
counting kit-8 (CCK-8) (C0038, Beyotime) that counts
viable cells based on metabolic indicator [33], or by
CyQUANT™ NF Cell Proliferation Assay Kit (C350007,
Thermo, MA, USA) which quantiﬁes the cell number by
DNA content [34].

EdU cell proliferation assay
Click-iT™ Plus EdU Alexa Fluor™ 555 Imaging Kit
(C10638, Thermo) was used to estimate the percentage of
cells under active proliferation based on ﬂuorescence-label
incorporation of EdU into newly synthesized DNA [35],
based on manufacturer’s instruction.

Apoptosis/necrosis detection
Subcellular colocalization
In brief, MCF-7/ADM cells were ﬁxed in 4% paraformaldehyde (Sigma-Aldrich, St. Louis, Missouri, USA)
for 30 min, permeabilized with 0.1% Triton X-100. The
samples were washed with PBS buffer and then blocked
for 30 min with 5% bovine serum albumin in PBS. The
samples were incubated overnight with primary

Cell apoptosis and necrosis was detected using a ﬂow
cytometry-based commercial Apoptosis/Necrosis detection kit (ENZ-51002, Enzo, New York, USA) following
manufacturer’s instruction. In this assay, phospholipidbinding proteins Annexin V was used to detect apoptotic
cells while 7-amino-actinomycin D was used to detect
necrotic cells.
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Aggresome detection
Cell aggresome formation was analyzed by cellular aggresome visualization under confocal microscopy and/or ﬂow
cytometry-based ﬂuorescence-activated cell sorting (FACS)
using PROTEOSTAT® Aggresome Detection kit (ENZ51035, Enzo) accordingly to the manufacturer’s instruction.

[Ca2+]i measurement
MCF-7/WT cells were incubated in the dark with 10 µM
Fluo-4 (Invitrogen, MA, USA) and 0.02% Pluronic F-127
in 0Ca2+ physiological saline solution (0Ca2+-PSS) buffer
at 37 °C for 30 min. MCF-7/ADM cells were transfected
with a Ca2+-sensitive molecular construct G-GECO1.2 as a
sensor for cytosolic Ca2+ [19]. The cells were bathed in
0Ca2+-PSS, then challenged with 8 µM ATP or 4 µM ionomycin to induce Ca2+ release from ER Ca2+ store. 0Ca2
+
-PSS contained in mM: 140 NaCl, 5 KCl, 1 MgCl2, 10
glucose, 0.2 EGTA, 5 HEPES, pH 7.4. Fluorescence
intensity and signal relative to the starting signal (F1/F0
ratio) were measured using a confocal microscope (Olympus FV1000, Japan).

Mammary fat pad (MFP)-grafted breast tumor
model of mice
In total, 6–7-week-old female athymic nude mice were used
for establishment of breast tumor xenografts. Ketamine
(80 mg/kg) and xylazine (5 mg/kg) were given to mice for
anesthesia before tumor cell inoculation. In total, 50 µL cell
suspension containing 1 × 106 cells in PBS was mixed with
50 µL matrigel (50:50, v/v), followed by injection to each
site of the mice MFP, and allowed to propagate for
4–6 weeks. Tumor size was monitored with caliper twice a
week. Tumor volume was calculated by formula: Volume
(mm 3) = (width)2 × length/2. The nude mice were injected
with TM9SF4-shRNA1 or scrambled-shRNA every 3 days
at tumor sites until the end of the experiments. If needed,
the mice were injected at the tumor sites with adriamycin
(3 mg/kg, i.v., once every 3 days) or saline as control 5 days
after cell inoculation, and the shRNA injection was scheduled 1 day before adriamycin injection.

Statistical analysis
All data are presented as means ± SD of at least three
independent experiments. Animal studies were performed
blinded and randomized. No animals were excluded from
study results. Statistical analyses were performed using
GraphPad Prism 6.0 software. Comparisons between two
groups were measured by Student’s unpaired two-tailed t
test. Differences among three or more groups were
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examined by one-way analysis of variance (ANOVA) test
followed by Tukey’s multiple comparisons test. Two-way
ANOVA with repeated measures using the day and group
as variable was used to analyze cell growth in vitro and the
tumor size in mouse xenograft model. The data in statistical
tests meet the assumptions of the tests. P value < 0.05 was
considered as signiﬁcantly different.
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