
1Scientific RepoRts | 7: 3158  | DOI:10.1038/s41598-017-03230-w

www.nature.com/scientificreports

TRPC5-induced autophagy 
promotes drug resistance in breast 
carcinoma via CaMKKβ/AMPKα/
mTOR pathway
Peng Zhang1, Xiaoyu Liu3, Hongjuan Li2, Zhen Chen2, Xiaoqiang Yao3, Jian Jin2 & Xin Ma1

Adriamycin is a first-line chemotherapy agent against cancer, but the development of resistance has 
become a major problem. Although autophagy is considered to be an adaptive survival response in 
response to chemotherapy and may be associated with chemoresistance, its inducer and the underlying 
molecular mechanisms remain unclear. Here, we demonstrate that adriamycin up-regulates the both 
levels of TRPC5 and autophagy, and the increase in autophagy is mediated by TRPC5 in breast cancer 
cells. Blockade of TRPC5 or autophagy increased the sensitivity to chemotherapy in vitro and in vivo. 
Notably, we revealed a positive correlation between TRPC5 and the autophagy-associated protein 
LC3 in paired patients with or without anthracycline-taxane-based chemotherapy. Furthermore, 
pharmacological inhibition and gene-silencing showed that the cytoprotective autophagy mediated by 
TRPC5 during adriamycin treatment is dependent on the CaMKKβ/AMPKα/mTOR pathway. Moreover, 
adriamycin-resistant MCF-7/ADM cells maintained a high basal level of autophagy, and silencing 
of TRPC5 and inhibition of autophagy counteracted the resistance to adriamycin. Thus, our results 
revealed a novel role of TRPC5 as an inducer of autophagy, and this suggests a novel mechanism of drug 
resistance in chemotherapy for breast cancer.

Breast cancer is the most common malignancy and the major cause of cancer-related death among women world-
wide1, 2, while adriamycin (ADM), is the first-line chemotherapy agent against this form of cancer. However, the 
acquisition of ADM resistance is a leading cause of treatment failure3–5. It has been demonstrated that impairment 
of apoptotic signaling is the main mechanism of drug resistance6–8, but the underlying mechanisms are still not 
entirely clear. Therefore, understanding the signaling pathways underling the resistance of breast cancer cells to 
chemotherapy is critical for the development of novel therapeutic strategies.

Human canonical transient receptor potential channel 5 (TRPC5) is a Ca2+-permeable cation channel that is 
expressed in many types of cells9–11, and is involved in several neuronal and vascular diseases12–14. Our previous 
studies have demonstrated that TRPC5 is associated with cancer chemotherapy. Our findings showed that overex-
pression of TRPC5 induces chemoresistance by up-regulating of p-glycoprotein and hypoxia-inducible factor-1α 
in chemoresistant breast cancer cells15, 16. Our recent studies have suggested that the level of TRPC5 in circulating 
extracellular vesicles may be correlated with the clinical response to chemotherapy17. Therefore, TRPC5 may be a 
good molecular target for the diagnosis and treatment of breast cancer.

Macroautophagy (here referred to simply as autophagy), an evolutionarily-conserved lysosomal pathway, is 
functions in the degradation of long-lived proteins, cellular macromolecules, and whole organelles18, 19. It is char-
acterized by the formation of a closed double-membrane vacuole, named the autophagosome, which matures in 
a stepwise process involving engulfing events and fusion with endolysosomal vesicles20, 21. Lysosomal hydrolases 
digest the contents of autolysosomes to recyclable breakdown products, generating energy to confer stress tol-
erance22, 23. Autophagy also plays a critical role in cancer development and death24–26. While some reports have 
indicated that this process can support cancer cell survival27–29, in contrast, several studies have suggested that 
autophagy promotes cancer cell death30, 31. The different roles of autophagy in cancer seem to depend on tumor 
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type, stage, genomic context and setting26. In general, autophagy suppresses tumor initiation, but it promotes 
tumor progression and is considered to be a key survival pathway in response to stress. A number of anticancer 
drugs induce the apoptotic cell death pathway while simultaneously triggering an autophagic response. In cancer 
therapy, most of the data point to autophagy as a protective pathway that delays apoptotic cell death. The inhibi-
tion of autophagy significantly enhances the cell death induced by epirubicin in MCF-7 cells and triple-negative 
breast cancer cells32, 33. However, the mechanism by which chemotherapy induces this protective autophagy and 
the identity of the inducing factor remain unclear.

Given these findings, we hypothesized that TRPC5 is the inducer that initiates autophagy during chemo-
therapy. Therefore, we set out to test this hypothesis by investigating the relationship between TRPC5 and auto-
phagy in drug sensitive/resistance breast cancer cells. We found that TRPC5-regulated autophagy contributes to 
development of chemotherapy resistance in drug sensitive breast cancer cells and maintenance of drug resist-
ance in MCF-7/ADM cells, which is linked to Ca2+/calmodulin-dependent protein kinase kinase β (CaMKKβ)/ 
AMP-activated protein kinaseα (AMPKα)/ mammalian target of rapamycin (mTOR) signaling pathway. These 
results revealed a novel role of TRPC5 as an inducer of autophagy, which may suggest a novel mechanism of drug 
resistance in chemotherapy for breast cancer.

Results
Chemotherapy increases TRPC5 expression and autophagy in breast carcinoma cells. To deter-
mine whether chemotherapy enhances TRPC5 expression and autophagy in breast carcinoma cells, we detected 
microtubule-associated protein 1 light chain 3 (LC3-I and LC3-II) and TRPC5 by western blotting. LC3-II is a 
reliable marker of autophagy, specifically associated with the development and maturation of autophagosomes. 
MCF-7, T47D, and MDA-MB 231 cells were exposed to 400, 300, and 800nmol/L ADM respectively for 48 h 
after which their viability on exposure to ADM was reduced, as assessed by MTT (Supplementary Figure S1). 
Also the ADM exposure markedly increased their TRPC5 and LC3-II levels (Fig. 1A). Transcriptional alterations 
of TRPC5 were also assayed by quantitative real-time PCR and the results revealed that TRPC5 mRNA expres-
sion was increased after treatment with ADM (Supplementary Figure S2A). The increased expression of TRPC5 
was time dependent in the case of MCF-7 and MDA-MB 231 cells during ADM treatment (Supplementary 
Figure S2B). In addition, LC3 puncta formation was tested by fluorescent imaging analysis. The number of LC3 
dots per cell was significantly higher in cells exposed to ADM than in those without drug exposure (Fig. 1B). 
Next, we assessed the autophagic flux in cells exposure to ADM with or without the lysosomal protease inhib-
itors E64d and pepstatin A, which have been used to distinguish between the induction of autophagy and the 
suppression of autophagic vesicle degradation. We found that E64d and pepstatinA could further increased the 
LC3-II levels, suggesting that the increased LC3-II levels were attributable to promotion of autophagy but not to 
disruption of autophagic degradation (Fig. 1C) (Supplementary Figure S3). To further confirm our results, we 
explored autophagy in ADM-resistant human breast cancer cells (MCF-7/ADM), generated by stepwise increas-
ing concentrations of ADM over 8 months. As shown in Fig. 1D, drug-resistant MCF-7/ADM cells had higher 
LC3-II expression than MCF-7 cells. Lysosomal protease inhibitors further increased the LC3-II level in MCF-7/
ADM cells (Fig. 1D). These experiments showed that MCF-7/ADM cells have enhanced basal levels of autophagy. 
Taken together, our results suggested that TRPC5 and autophagy are both up-regulated breast carcinoma cells 
during ADM exposure.

Chemotherapy-induced autophagy is regulated by TRPC5 in breast carcinoma cells. To deter-
mine whether TRPC5 regulates autophagy in response to ADM, we assessed the LC3-II level and LC3 puncta 
formation in breast cancer cells transfected with or without TRPC5 siRNA. Knockdown of TRPC5 markedly 
decreased the amount of TRPC5 and the LC3-II level in breast carcinoma cells exposed to ADM (Fig. 2A). The 
number of LC3 dots per cell was significantly attenuated after TRPC5-silencing and ADM exposure (Fig. 2B). 
Moreover, TRPC5 knockdown decreased the LC3-II level and LC3 puncta formation in drug-resistant MCF-7/
ADM cells (Fig. 2C). To further investigate the role of TRPC5-induced autophagy in breast cancer cells dur-
ing chemotherapy, we transfected MCF-7 and MDA-MB 231 cells with full-length human TRPC5 and found 
that overexpression of TRPC5 significantly increased LC3-II levels and LC3 puncta formation (Fig. 2D and E). 
LC3 puncta formation was also significantly enhanced by TRPC5 overexpression in breast cancer cells under 
chemotherapy (Fig. 2F). Additionally, TRPC5-silencing or -overexpression did not change the LC3 mRNA level 
(Supplementary Figure S4). Together, our data suggested that chemotherapy-induced autophagy is regulated by 
TRPC5 in breast carcinoma cells.

Silencing of TRPC5 or inhibition of autophagy increases the sensitivity of breast carcinoma 
cells to chemotherapy. To determine whether TRPC5-induced autophagy plays a role in the regulation 
of cell death in response to ADM, siRNA against TRPC5 was transfected into MCF-7 and MDA-MB 231cells. 
Knockdown of TRPC5 expression made these cells more sensitive to ADM-induced damage (Fig. 3A and B). We 
also investigate the recovery and proliferation of these cells using clonogenic crystal violet recovery assays. The 
results showed that 43% of MCF-7 cells proliferated cells in 5 nmol/L ADM and 38% of MDA-MB 231 cells pro-
liferated in 10 nmol/L ADM relative to untreated cells (Supplementary Figure S5A). Knockdown of TRPC5 was 
more effective in reducing proliferation with 8% of MCF-7 cells and 5% of MDA-MB 231 cells remaining under 
ADM exposure relative to siRNA control (Fig. 3C). Moreover, we also determined the effect of TRPC5 suppres-
sion in the drug-resistant MCF-7/ADM cells, which showed a significant reduction in proliferation compared 
with ADM exposure alone (Supplementary Figure S5B and C). TRPC5-overexpressing cells became more resist-
ant to ADM-induced injury and this was associated with greater recovery of cells under ADM exposure (Fig. 3D 
and E). In addition, chloroquine (CQ, an inhibitor of lysosomal acidification, used as a pharmacological inhibitor 
of autophagy) or 3-Methyladenine (3-MA) resulted in reduced viability and less colony formation with ADM in 
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MCF-7 and MDA-MB 231 cells (Fig. 3F and G) (Supplementary Figure S6A and B). CQ and 3-MA also decreased 
the recovery and proliferation of drug-resistant MCF-7/ADM cells relative to ADM alone (Fig. 3H and I)  
(Supplementary Figure S6C and D). These results suggested that silencing of TRPC5 or inhibition of autophagy 
increases the sensitivity of breast carcinoma cells to chemotherapy.

TRPC5 induces autophagy via the CaMKKβ/AMPKα/mTOR pathway in response to chemo-
therapy. To address the potential mechanism by which TRPC5 initiates autophagy, we investigated the 
downstream of TRPC5 and autophagy-associated kinases. As shown in Fig. 4A and B, we found that ADM expo-
sure increased the cytosolic Ca2+ concentration ([Ca2+]i) and knockdown of TRPC5 decreased the [Ca2+]i in 
MCF-7 and MDA-MB 231 cells (Supplementary Figure S7). Overexpression of TRPC5 increased the [Ca2+]i 
in MCF-7 and MDA-MB 231 cells (Supplementary Figure S8). After exposing MCF-7 and MDA-MB 231 cells 
to ADM, we found significant increases of the phosphorylated CaMKKβ level, which occurs downstream of 
TRPC5 (Fig. 4C)34. Previous studies have shown that CaMKKβ activates AMPKα by phosphorylation35, 36. 
Consistent with this finding, AMPKα activity was markedly increased in both cell lines under ADM exposure 

Figure 1. Chemotherapy enhances autophagy and TRPC5 expression in breast carcinoma cells. (A) Breast 
cancer cells were treated with 400, 300 and 800 nmol/L ADM for 48 h, and then the expression of TRPC5, 
LC3 and ACTB/β-actin was analyzed by western blot. Representative western blot and densitometric 
analysis normalized to ACTB demonstrating the effect of ADM on LC3-II levels. (B) Representative 
immunofluorescence images showing redistribution of the autophagic marker LC3 in breast cancer cells 
were captured on a confocal microscope, and the average number of LC3 dots per cell. Scale bar: 20 μm. (C) 
Representative western blots and densitometric analysis normalized to ACTB demonstrating the effect of the 
lysosomal protease inhibitors 10 μg/mL E64d plus pepstatin A (Pep A) on ADM-induced LC3-II accumulation. 
(D) Representative western blots and densitometric analysis normalized to ACTB demonstrating the LC3-II 
levels in MCF-7/ADM cells and the effect of E64d and Pep A. Values are means ± SEM of 4 to 6 experiments. 
*p < 0.05, **p < 0.01, compared to control or vehicle.
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(Fig. 4C). It has been reported that AMPKα activates autophagy by down-regulating the activity of mTOR37, 38. 
Our results showed that the level of phosphorylated mTOR and p70S6K was greatly decreased after exposure 
to ADM (Fig. 4C). These findings suggested that the CaMKKβ/AMPKα/mTOR pathway may be required for 
TRPC5 induced autophagy in response to ADM. In order to further explore whether ADM exposure leads to 
enhanced TRPC5 expression, which would allow a higher [Ca2+]i to active CaMKKβ/AMPKα/mTOR-mediated 
autophagy, we silenced the TRPC5 expression with siRNA and assessed the activity of this pathway. We found that 
suppressing of TRPC5 expression significantly decreased the levels of phosphorylated CaMKKβ and AMPKα, 
and increased the level of phosphorylated mTOR and p70S6K under ADM exposure (Fig. 4D). Addition of the 
intracellular Ca2+ chelator BAPTA/AM markedly inhibited the activity of CaMKKβ/AMPKα/mTOR pathway 
and reduced the LC3-II levels (Fig. 4E). Thus, [Ca2+]i regulated by TRPC5 may be most likely required for the 
initiation of autophagy in response to chemotherapy. When we silenced CaMKKβ using siRNA in MCF-7 and 
MDA-MB 231 cells, the activity of AMPKα and the accumulation of LC3-II were inhibited and the activity of 
mTOR was enhanced on exposure to ADM (Fig. 4F). Similar to the effect of CaMKKβ-silencing, knockdown 
of AMPKα also significantly augmented the phosphorylated mTOR levels and attenuated the accumulation of 
LC3-II compared with the siRNA control under ADM exposure (Fig. 4G). Moreover, the number of LC3 dots per 
cell in response to ADM was significantly decreased after knockdown of CaMKKβ or AMPKα (Fig. 4H and I). 
Addition of BAPTA/AM also reduced the number of LC3 dots per cell with exposure to ADM in breast cancer 
cells (Fig. 4H and I). STO-609, an inhibitor of CaMKKβ, and compound C, an inhibitor of AMPK also attenuated 
the numbers of LC3 puncta in MCF-7 and MDA-MB 231 cells (Fig. 4J and K). Moreover, BAPTA/AM, STO-609, 
and compound C also decreased the level of LC3-II in drug-resistant MCF-7/ADM cells (Fig. 4L). In addition, we 
found that BAPTA/AM and knockdown of CaMKKβ or AMPKα reduced viability of MCF-7 and MDA-MB 231 
cells with ADM exposure (Fig. 5A to C). Clonogenicity also decreased in these cells (Fig. 5E,G and I). Notably, 

Figure 2. Chemotherapy induced autophagy is regulated by TRPC5 in breast carcinoma cells. (A) MCF-7 
and MDA-MB 231 cells were transfected with siTRPC5 or siCTL for 24 h and then exposed to ADM for 48 h. 
The levels of TRPC5, LC3, and ACTB were quantified by Western blot. (B) The effect of TRPC5 knockdown 
on the average number of LC3 dots per cell in the indicated cells. (C) Representative western blots and 
densitometric analysis normalized to ACTB demonstrating the effect of TRPC5 silencing on the accumulation 
of LC3-II and the average number of LC3 dots per cell in MCF-7/ADM cells. (D and E) Representative western 
blot and densitometric analysis normalized to ACTB demonstrating the effect of TRPC5 overexpression on 
accumulation of LC3-II and average number of LC3 dots per cell in indicated cells. (F) The effect of TRPC5 
overexpression on ADM-induced LC3 puncta formation in indicated cells. Values are mean ± SEM of 3 to 6 
experiments. *p < 0.05, **p < 0.01, compared to siCTL or vector.
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Figure 3. Silencing of TRPC5 or inhibition of autophagy increases the sensitivity of breast carcinoma cells 
to chemotherapy (A and B) MTT assays. MCF-7 and MDA-MB 231 cells were transfected with siTRPC5 or 
siCTL for 24 h and then exposed to 400 and 800 nmol/L ADM respectively, for 48 h. (C) Clonogenic recovery 
assays. MCF-7 and MDA-MB 231 cells transfected with siTRPC5 or siCTL for 24 h and then exposed to 5 and 
10 nmol/L ADM respectively. (D and E) The effect of TRPC5 overexpression on cell viability and clonogenic 
recovery in indicated cells during ADM exposure. (F) The effect of 50 µmol/L chloroquine (CQ) on cell viability. 
(G) The effect of 3 µmol/L CQ on clonogenic recovery in indicated cells. (H and I) The effect of 50 µmol/L CQ 
on viability and 3 µmol/L CQ on clonogenic recovery in MCF-7/ADM cells. Values are mean ± SEM of 4 to 6 
experiments. *p < 0.05, **p < 0.01, compared to siCTL, vehicle or vector.
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Figure 4. TRPC5 induces autophagy via the CaMKKβ/AMPKα/mTOR pathway in response to chemotherapy. 
(A and B) Treatment of indicated cells with ADM for 48 h increased the basal [Ca2+]i and siTRPC5 blocked the 
ADM-induced increase in [Ca2+]i. (C) Exposure of indicated cells to ADM for 48 h was followed by analysis 
of the protein levels of p-CaMKKβ, CaMKKβ, p-AMPKα, AMPKα, p-mTOR, mTOR, p-p70S6K, p70S6K 
and ACTB by western blot. (D) The effect of TRPC5 silencing on the protein levels of p-CaMKKβ, CaMKKβ, 
p-AMPKα, AMPKα, p-mTOR, mTOR, p-p70S6K, p70S6K and ACTB in indicated cells exposed to ADM. 
(E) The effect of 20 µmol/L BAPTA/AM on the protein levels of p-CaMKKβ, CaMKKβ, p-AMPKα, AMPKα, 
p-mTOR, mTOR, p-p70S6K, p70S6K, LC3 and ACTB in indicated cells exposed to ADM. (F) The effect of 
CaMKKβ silencing on the protein of CaMKKβ, p-AMPKα, AMPKα, p-mTOR, mTOR, p-p70S6K, p70S6K, 
LC3 and ACTB in indicated cells treated with ADM. (G) The effect of AMPKα silencing on the protein levels of 
AMPKα, p-mTOR, mTOR, p-p70S6K, p70S6K, LC3 and ACTB in indicated cells exposed to ADM. (H and I) 
The effect of BAPTA/AM, siCaMKKβ and siAMPKα on ADM induced LC3 puncta formation in indicated cells. 
(J and K) The effect of 10 µmol/L STO-609 and 5 µmol/L compound C on ADM induced LC3 puncta formation 
in indicated cells. (L) The effect of BAPTA/AM, STO-609 and compound C on accumulation of LC3-II in 
MCF-7/ADM cells. Values are mean ± SEM of 3 to 6 experiments. *p < 0.05, **p < 0.01, compared to siCTL or 
vehicle.



www.nature.com/scientificreports/

7Scientific RepoRts | 7: 3158  | DOI:10.1038/s41598-017-03230-w

Figure 5. Inhibition of the CaMKKβ/AMPKα/mTOR pathway increases the sensitivity of breast carcinoma 
cells to chemotherapy. (A–C) The effect of BAPTA/AM, siCaMKKβ and siAMPKα on ADM-induced injury 
in breast cancer cells. Cell viability was assessed by MTT assays. (D) The effect of BAPTA/AM, siCaMKKβ and 
siAMPKα on ADM-induced cell injury in MCF-7/ADM cells. Cell viability was assessed by the MTT assays. 
(E–G) The effect of BAPTA/AM, siCaMKKβ and siAMPKα on ADM-induced colony formation in breast 
cancer cells. (H) The effect of BAPTA/AM, siCaMKKβ and siAMPKα on ADM-induced colony formation in 
MCF-7/ADM cells. Values are mean ± SEM of 3 to 5 experiments. *p < 0.05, **p < 0.01, compared to siCTL or 
vehicle.
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inhibition of the CaMKKβ/AMPKα/mTOR pathway also enhanced the sensitivity of drug-resistant MCF-7/ADM 
cells to ADM (Fig. 5D,F and H). These results revealed that TRPC5 mediates the cytoprotective autophagy during 
ADM exposure via the CaMKKβ/AMPKα/mTOR pathway.

Suppression of autophagy by down-regulated TRPC5 increases sensitivity to ADM in vivo. To 
explore whether the targeted inhibition of TRPC5-induced autophagy also enhances sensitivity to ADM in vivo, 
we subcutaneously injected nude mice with MCF-7 and MDA-MB 231 cells that had previously been trans-
fected with TRPC5 shRNA lentiviral particles. The growth of TRPC5-knockdown cancer cells after ADM 
exposure was markedly less than in cells transfected with control shRNA (Supplemental Figure S9). We found 
that cancer cells transfected with TRPC5 shRNA showed attenuated autophagy with ADM exposure (Fig. 6A). 
Notably, the expression of LC3 was significantly higher in drug-resistant MCF-7/ADM xenografts than in MCF-7 
xenografts (Supplemental Figure S10). In order to investigate the clinical potential of TRPC5 in the induc-
tion of autophagy in breast cancer, we analyzed breast cancer tissue from 31 paired patients with or without 
anthracycline-taxane-based chemotherapy (Supplementary Table S1). The results showed that both TRPC5 and 
LC3 expression was markedly up-regulated after chemotherapy (Fig. 6B and C). In addition, we found statistically 
significant positive correlations between TRPC5 and LC3 expression (Fig. 6D).

Discussion
Many breast cancer patients acquire resistance to chemotherapeutic drugs and this phenomenon is the major 
cause of death. Although chemotherapy-induced autophagy is now recognized to be an important contributor to 
chemotherapy resistance in cancer cells, the underlying mechanism and the inducer of this effect remain unclear. 
Here, we showed that TRPC5-regulated autophagy is an important contributor to the development and mainte-
nance of drug resistance in breast cancer. Blockade of TRPC5 and autophagy augmented breast cancer cell death 
in response to chemotherapy. We also found significant positive correlations between TRPC5 and autophagy in 
patients before and after neoadjuvant chemotherapy.

Different mechanisms involving dysfunctional drug transports, resistance to cell death, and the production of 
cancer stem like cells have been reported to contribute to chemoresistance. Our previous studies showed that the 
overexpression of TRPC5 up-regulates the level of p-glycoprotein to maintain chemoresistance in drug-resistant 
MCF-7/ADM cells, suggesting that TRPC5 plays a role in regulating drug transporters. Greka A et al. reported 
that TRPC5 regulates neurite outgrowth39. Here, we found that ADM exposure enhanced the expression of 
TRPC5 in drug sensitive breast cancer cells (MCF-7, T47D and MDA-MB 231 cells). Moreover, silencing of 
TRPC5 expression enhanced death and suppressed recovery in breast cancer cells under chemotherapy. Similar 
results were found in drug-resistant MCF-7/ADM cells. Therefore, we demonstrated that TRPC5 is a negative 
regulator of drug-induced cell death in breast cancer cells. Cell death is one of the mechanisms by which chemo-
therapy destroys cancer cells. Augmented autophagy occurs in response to chemotherapy in breast cancer cells. 
It is believed that autophagy blocks the accumulation of redundant or damaged components and facilitates the 
recycling of these components to sustain survival18–21. However, chemotherapeutic agents can decrease the auto-
phagy in breast cancer cells40. In line with the reports of up-regulated autophagy with exposure to chemotherapy, 
we found that ADM exposure increased LC3-II expression and LC3 puncta formation in breast cancer cells32, 33. 
Drug-resistant MCF-7/ADM cells maintained a higher level of autophagy than MCF-7 cells. Combined addition 
of CQ or 3-MA with ADM decreased the recovery and viability of both sensitive or resistant breast cancer cells 
compared with ADM alone, confirming that autophagy is mainly a cytoprotective process41. Next, we explored 
the relationship between TRPC5 and autophagy. We found that knockdown of TRPC5 expression reduced LC3-II 
levels and LC3 puncta formation in response to ADM. Overexpression of TRPC5 significantly increased LC3-II 
levels and LC3 puncta formation and facilitated futher resistance of breast cancer cells to ADM. In addition, we 
found that cancer cells transfected with TRPC5 shRNA lentiviral particles showed attenuated autophagy and 
tumor size with ADM exposure. Moreover, we found significant positive correlations between TRPC5 and auto-
phagy in patients before and after neoadjuvant chemotherapy. Therefore, TRPC5 potentiates sensitivity to ADM 
via the regulation of autophagy in breast cancer cells.

Autophagosome formation is negatively regulated by mTOR, which directly regulates ULK1-ATG13-FIP200 
complex42. However, reports have also shown that the inhibition by mTOR is not involved in the autophagy 
induced by lipopolysaccharide and EEF2K (eukaryotic elongation factor-2 kinase) silencing29. Therefore, the 
function of mTOR in autophagy may depend on the cell type and setting. AMPK functions as an antagonist 
of mTOR, and is a key player in the stimulation of autophagy43, 44. AMPKα is phosphorylated and activated by 
CaMKKβ in response to increased [Ca2+]i

45. The regulation of Ca2+ homeostasis by TRPC5 in response to many 
physiological stimuli has been confirmed46. Our previous data have also shown that drug-resistant cancer cells 
produce abundant p-glycoprotein via TRPC5-related Ca2+ signaling15. Moreover, Ca2+-mobilizing agents induce 
massive accumulation of autophagosomes in a Beclin 1- and Atg7 -dependent manner47. In addition, CaMKKβ 
occurs downstream from TRPC534. Therefore, to test whether the induction of autophagy by TRPC5 under 
chemotherapy was depends on the CaMKKβ/AMPKα/mTOR pathway, we examined the effects of pharmacolog-
ical inhibition and gene silencing on this pathway. Basal Ca2+ was significantly elevated after ADM exposure, and 
this was primarily regulated by TRPC5. This finding suggested that TRPC5 is mainly responsible for the increase 
in [Ca2+]i. However, knockdown of TRPC5 did not completely abolish the increase in [Ca2+]i, suggesting TRPC5 
play a major role in ADM-induced [Ca2+]i raise. Other TRP or store operated calcium channels may be partly 
involved in this process. Under hypoxia and nutrient depletion, TRPC1 regulates autophagy to protect against cell 
death48. TRPC4 is involved in regulation of autophagy by Trans-3,5,4′-trimethoxystilbene in endothelial cells49. 
Future study is needed to further clarify this issue. Knockdown of TRPC5 suppressed the activity of CaMKKβ 
and AMPKα, increased activity of mTOR with ADM exposure. Furthermore, BAPTA/AM, STO-609, or silenc-
ing CaMKKβ, and compound C, or silencing AMPKα, inhibited the initiation of autophagy and enhanced cell 
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death in response to ADM. In agreement with the previous findings that inhibition of mTOR induces autophagy, 
our data showed that the autophagy induced by TRPC5 is dependent on mTOR inhibition in breast cancer cells 
undergoing chemotherapy. Here, our findings strongly support the idea that the CaMKKβ/AMPKα/mTOR path-
way is required for TRPC5-induced autophagy in response to chemotherapy.

Figure 6. Suppression of autophagy by down-regulated TRPC5 increases sensitivity to ADM in vivo. (A) 
Female nude mice were inoculated with MCF-7 or MDA-MB 231 cells transfected with control or TRPC5 
shRNA lentiviral particles and treated with ADM (6 mg/kg) when the tumors reached ~100 mm3 (n = 5 in each 
group). Autophagy in tumor samples were assayed by LC3 stain. Scale bar: 100 μm. (B and C) Representative 
images and summary data from immunohistochemical staining of TRPC5 and LC3 in paired pre- and post-
chemotherapy breast cancer tissue from patients showing elevated TRPC5 or LC3 expression (n = 31). Scale 
bar: 100 μm. (D) Pearson correction of TRPC5 expression with LC3 (n = 31). Data were analyzed using Pearson 
correlation test. Values are mean ± SEM *p < 0.05, compared to control shRNA, #P < 0.05, compared to TRPC5 
shRNA.
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In conclusion, our findings showed that TRPC5-induced autophagy counteracts the antiproliferative effects 
of ADM via the CaMKKβ/AMPKα/mTOR pathway in breast cancer cells (Fig. 7). TRPC5 is positively correlated 
with autophagy in patients before and after neoadjuvant chemotherapy. Our current findings reveal a novel role 
of TRPC5 as an inducer of autophagy, and suggest a novel mechanism of drug resistance in chemotherapy for 
breast cancer.

Materials and Methods
Ethics statement. The animal experiments conformed to the Guide for Animal Care and Use of Laboratory 
Animals published by the National Institutes of Health, USA. All procedures were approved by the Animal 
Experimentation Ethics Committee of The Chinese University of Hong Kong. The study using clinical samples 
was approved by the Review Board of the Affiliated Hospital of Jiangnan University.

Patients. The human breast tumor samples (n = 31) were from Affiliated Hospital of Jiangnan University. 
Informed consent was requested as anonymous specimens and was given by all human participants in this 
study. Patients were recruited between 2010 and 2013. The protocol for all patients included 1–6 cycles of 
anthracycline-taxane-based chemotherapy. Tumors were assessed was by MRI and/or ultrasound depending on 
that used at baseline. Treatment response was assessed using the RECIST criteria50.

Reagents and antibodies. Alexa Fluor 488 donkey anti-rabbit IgG (A21206) antibody was from Life 
Technologies Corp; fetal bovine serum (16000-044), Dulbecco’s Modified Eagle medium (DMEM; 11995-040) 
and RPMI 1640 medium (11875-093) from Gibco. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium 
bromide (MTT; M2128), pepstatin A (P5318), 3-Methyladenine (3-MA; M9281) and anti-LC3B antibody 
(L7543) from Sigma; BAPTA/AM (196419) and compound C (171260) from Calbiochem; E64d (4545) and 
STO-609 (1551) form Tocris Bioscience; anti-TRPC5 (ACC-020) form Alomone labs; anti-ATCB (sc-47778) 
from Santa Cruz Biotechnology; anti-AMPKα (#2532 S), anti-phospho-AMPKα (Thr172) (#2535), anti-mTOR 
(#2972), anti-phospho-mTOR (Ser2448) (#2971), anti-CaMKKβ (#4436), anti-phospho-CaMKKβ (Thr286) 
(#12716), anti-phospho-p70S6K (Thr389) (#9205), anti-p70S6K (#9202) from Cell Signaling Technology.

Cell culture. MCF-7, T47D and MDA-MB 231 cells were from the American Type Culture Collection, 
ADM-resistant human breast cancer cells (MCF-7/ADM cells) were derived by treating MCF-7 cells with step 
wise increasing concentrations of ADM over 8 months. MCF-7, T47D, and MCF-7/ADM cells were cultured in 
RPMI 1640 supplemented with 10% FBS, 100 μg/ml penicillin and 100 U/ml streptomycin. MDA-MB 231 cells 
were cultured in DMEM supplemented with 10% FBS, 100 μg/ml penicillin and 100 U/ml streptomycin.

Cell viability (MTT) assay. Cells were seeded in 96-well plates at 5000 cells per well and were treated as 
indicated for 24 to 72 h depending on the experimental conditions. MTT (20 µL, 5 mg/mL) was added to each well 
and incubated for 4 h. Finally, the medium from each well was replaced by 150 µL DMSO to dissolve the formazan 
before measurement on a microplate reader (Bio-Rad Laboratories) at 490 nm. The cell viability was normalized 
to the control group.

Figure 7. Signaling connections involved in TRPC5-initiated autophagy pathways in response to chemotherapy 
in breast cancer cells. Chemotherapy up-regulates TRPC5 expression and then increases the basal [Ca2+]i. The 
increased [Ca2+]i actives CaMKKβ by phosphorylation, which in turn activates AMPKα by phosphorylation. 
Activation of AMPKα negatively regulates mTOR by suppressing its phosphorylation, leading to autophagy. 
Autophagy induced by TRPC5 during chemotherapy promotes the survival of human breast cancer cell. Arrows 
represent promotion events, blunt arrows indicate suppression events.
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Small-interfering RNA (siRNA) transfection. Cells were transiently transfected with gene-specific 
or scrambled siRNA using DharmaFECT 1 Transfection Reagent (GE Healthcare) following the proce-
dure recommended by the manufacturer. TRPC5 silencing was performed using siRNA duplexes target-
ing the following sequences: 5′-CCAAUGGACUGAACCAGCUUUACUU-3′ and 5′-UGUCGUGGAA 
UGGAUGAUAUU-3′. CaMKKβ silencing was performed using siRNA duplexes targeting the following 
sequences: 5′-CGAUCGUCAUCUCUGGUUA-3′ and 5′-GGAUCUGAUCAAAGGCAUC-3′. AMPKα silenc-
ing was performed using siRNA duplexes targeting the following sequences: 5′-GAGGAGAGCUAUUUGAUUA 
-3′ and 5′-GCUGUUUGGUGUAGGUAAAC-3′. In brief, cells were transfected in RPMI 1640 or DMEM with 
100 nM of each siRNA duplex using DharmaFECT transfection reagent according to the manufacturer’s protocol.

Overexpression of human TRPC5. A plasmid pcDNA3.1-TRPC5 containing the full-length human 
TRPC5 coding region (NM_012471.2) was from GenScript Co. Transfection with pcDNA3.1-TRPC5 plasmid 
was carried out using the Lipofectamine 2000 Transfection Reagent (Invitrogen) according the manufacturer’s 
instructions.

Immunohistochemical Staining. Tissue slides were deparaffinized with xylene and rehydrated through a 
graded alcohol series. The endogenous peroxidase activity was blocked by incubation in 3% (vol/vol) hydrogen 
peroxide for 10 min. Antigen retrieval was carried out by immersing the slides in 10 mM sodium citrate buffer 
(pH 6.0) and maintaining them at a sub-boiling temperature for 10 min. The slides were incubated with the pri-
mary antibody in 5% (wt/vol) BSA and 0.4% sodium azide in PBS at 4 °C in a humidified chamber. Subsequently, 
the sections were incubated with the GTVision III Detection System/Mo&Rb Kit (Gene Tech Co., Ltd). All stain-
ing was assessed by pathologists blinded to the origin of the samples and patient outcomes. The widely-accepted 
German semi-quantitative scoring system was used to assess the staining intensity and proportion of stained 
cells. Each specimen was assigned a score according to the intensity of staining (0, none; 1, weak; 2, moderate; 3, 
strong) and the proportion of stained cells (0, 0%; 1, 1–24%; 2, 25–49%; 3, 50–74%; 4, 75–100%). The final score 
for immunoreactivity was determined by multiplying the intensity by the proportion, ranging from 0 to 1217.

Immunofluorescence analysis. Briefly, cultured cells or frozen sections of xenografts were fixed in 4% 
paraformaldehyde (PFA; Sigma-Aldrich) for 15 min then blocked in 5% BSA with 0.1% Triton X-100 (Bio-Rad) in 
PBS for 30 min at room temperature. Samples were incubated with primary antibodies overnight at 4 °C followed 
by the appropriate secondary fluorescently-labeled antibody (Invitrogen Molecular Probes) for 1 h at room tem-
perature. Nuclei were counterstained with DAPI. Images were captured on an Olympus FV1000 confocal micro-
scope for cultured cells and a Leica TCS SP8 confocal microscope for frozen sections. LC3 dots were analyzed in 
a blinded manner by manual counting and the average number of LC3 dots per cell was counted in more than 5 
fields with at least 90 cells for each group.

Western blot analysis. Cells were lysed in a detergent extraction buffer containing 1% (vol/vol) Nonidet 
P-40, 150 mmol/L NaCl, and 20 mmol/L Tris–HCl, pH 8.0, with protease inhibitor cocktail tablets for 30 min on 
ice and centrifuged for 15 min at 4 °C. Protein concentrations were then measured using a Bio-Rad protein assay 
kit (Hercules, CA). Proteins were separated on an 8–12% gel using sodium dodecyl sulfate polyacrylamide gel 
electrophoresis. For immunoblots, the polyvinylidene difluoride membrane carrying the transferred proteins 
was incubated at 4 °C overnight with designated primary antibodies diluted in TBST buffer pH 7.5, containing 
50 mM Tris, 150 mM NaCl, 0.1% Tween20, and 5% BSA. Immunodetection was accomplished using a horse-
radish peroxidase-conjugated secondary antibody and an enhanced chemiluminescence detection system (GE 
Healthcare)51. Densitometry analyses were performed using ImageJ software (NIH), and ACTB control was used 
to confirm equal sample loading and normalization of the data.

Clonogenic and crystal violet proliferation recovery assay. Cells were transfected with siRNAs or 
plasmid for 48 h, and then seeded at appropriate dilutions onto 6-well plates. After 24 h, ADM was added and the 
cells were incubated for 4 days. If needed, cells were treated with 20 µmol/L BAPTA/AM for 2 h before adding 
ADM. Medium with ADM was replaced with fresh medium without ADM and cultured for another 7 to 9 days. 
Colonies were fixed with glutaraldehyde (6.0% v/v), stained with crystal violet (0.5% w/v) and imaged. Colonies 
with 50 or more cells were counted.

Analysis of mRNA expression by real-time PCR. To determine the mRNA expression of TRPC5, 
real-time PCR analysis was performed. Total RNA was isolated from cells using TRIzol Reagent (Invitrogen), 
and treated with DNase I (Invitrogen). cDNA was synthesized from 1 µg total RNA, using random primers with a 
High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Gene expression was normalized against 
ACTB. The primer sequences used were: ACTB forward 5′-CACCATTGGCAATGAGCGGTTC-3′, reverse 
5′-AGGTCTTTGCGGATGTCCACGT-3′; TRPC5 forward 5′-TGAACTCCCTCTACCTGGCAAC-3′; reverse 
5′-CGAAGAGTGCTTCCGCAATCAGT-3′; LC3 forward 5′-TACGAGCAGGAGAAAGACGAGG-3′; reverse 
5′-GGCAGAGTARGGTGGGTTGGTG-3′. Real-time PCR was performed with 7500 Fast Real-time PCR sys-
tem (Applied Biosystems), using Power SYBR Green PCR Master Mix (Applied Biosystems).

[Ca2+]i measurement. [Ca2+]i in cultured cells was measured as described elsewhere52. Briefly, MCF-7 or 
MDA-MB 231 cells were loaded with 10 µM Fura-2/AM and 0.02% pluronic F-127 for 1 hour in dark at 37 °C in 
NPSS. Fura-2 fluorescence signals were measured using dual excitation wavelengths at 340 and 380 nm using an 
Olympus fluorescence imaging system. 10 to 20 cells were analyzed in each experiment.
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Mouse xenograft models. To generate subcutaneous tumors, MCF-7 or MDA-MB 231 cells were first 
transfected with control or TRPC5 shRNA Lentiviral Particles (sc-42670-v, Santa Cruz) for 48 h, then 5 × 106 
these cells were injected into the flank of female nude mice with or without estrogen supplementation. All mice 
were housed in air-filtered pathogen-free condition. Tumor growth was monitored with digital calipers every 5 
days. Tumor volumes were estimated using the formula: volume (mm3) = (width)2 × length/2 and tumor growth 
was plotted against time. When the tumors reached ~100 mm3, the mice with tumors derived from MCF-7 or 
MDA-MB 231 cells were injected with 6 mg/kg ADM (i.p., once every 3 days); nude mice bearing xenograft tum-
ors derived from MCF-7/ADM cells were injected with 3 mg/kg ADM (i.p., once every 3 days)15, 17.

Statistical Analyses. We determined the correlations between TRPC5 expression and LC3 expression 
using the Pearson correlation test. Statistical analysis was performed using the 2-tailed Student’s t-test or one-way 
ANOVA. All analyses were performed using GraphPad Prism version 5. Results are presented as mean ± SEM of 
at least 3 independent experiments. All tests were two-sided, and P values < 0.05 were considered to be statisti-
cally significant.

References
 1. Hortobagyi, G. N. et al. The global breast cancer burden: variations in epidemiology and survival. Clin Breast Cancer. 6, 391–401, 

doi:10.3816/CBC.2005.n.043 (2005).
 2. Porter, P. L. Global trends in breast cancer incidence and mortality. Salud Pub Mex. 51(Suppl 2), s141–6, doi:10.1590/S0036-

36342009000800003 (2009).
 3. Primeau, A. J., Rendon, A., Hedley, D., Lilge, L. & Tannock, I. F. The distribution of the anticancer drug Doxorubicin in relation to 

blood vessels in solid tumors. Clin Cancer Res. 11, 8782–8, doi:10.1158/1078-0432.CCR-05-1664 (2005).
 4. Singal, P. K. & Iliskovic, N. Doxorubicin-induced cardiomyopathy. N Engl J Med. 339, 900–905, doi:10.1056/NEJM199809243391307 

(1998).
 5. Kunjachan, S., Rychlik, B., Storm, G., Kiessling, F. & Lammers, T. Multidrug resistance: Physiological principles and nanomedical 

solutions. Adv Drug Deliv Rev. 65, 1852–1865, doi:10.1016/j.addr.2013.09.018 (2013).
 6. Gottesman, M. M. Mechanisms of cancer drug resistance. Annu Rev Med. 53, 615–27, doi:10.1146/annurev.med.53.082901.103929 

(2002).
 7. Minchinton, A. I. & Tannock, I. F. Drug penetration in solid tumors. Nat Rev Cancer. 6, 583–92, doi:10.1038/nrc1893 (2006).
 8. Rebucci, M. & Michiels, C. Molecular aspects of cancer cell resistance to chemotherapy. Biochem Pharmacol. 85, 1219–26, 

doi:10.1016/j.bcp.2013.02.017 (2013).
 9. Venkatachalam, K. & Montell, C. TRP channels. Annu Rev Biochem. 76, 387–417, doi:10.1146/annurev.biochem.75.103004.142819 

(2007).
 10. Lehen’kyi, V. & Prevarskaya, N. Oncogenic TRP channels. Adv Exp Med Biol. 704, 929–945, doi:10.1007/978-94-007-0265-3_48 

(2011).
 11. Zholos, A. V. T. R. P. C. 5 TRPC5. Handb Exp Pharmacol. 222, 129–56, doi:10.1007/978-3-642-54215-2_6 (2014).
 12. Hong, C. et al. Increased TRPC5 glutathionylation contributes to striatal neuron loss in Huntington’s disease. Brain. 138(Pt 10), 

3030–47, doi:10.1093/brain/awv188 (2015).
 13. Liu, Y. et al. Erythropoietin increases expression and function of transient receptor potential canonical 5 channels. Hypertension. 58, 

317–24, doi:10.1161/HYPERTENSIONAHA.111.173690 (2011).
 14. Everett, K. V. et al. Infantile hypertrophic pyloric stenosis: evaluation of three positional candidate genes, TRPC1, TRPC5 and 

TRPC6, by association analysis and re-sequencing. Hum Genet. 126, 819–31, doi:10.1007/s00439-009-0735-5 (2009).
 15. Ma, X. et al. Transient receptor potential channel TRPC5 is essential for P-glycoprotein induction in drug-resistant cancer cells. Proc 

Natl Acad Sci USA. 109, 16282–7, doi:10.1073/pnas.1202989109 (2012).
 16. Zhu, Y. et al. Enhancement of vascular endothelial growth factor release in long-term drug-treated breast cancer via transient 

receptor potential channel 5-Ca2+-hypoxia-inducible factor 1alpha pathway. Pharmacol Res. 93, 36–42, doi:10.1016/j.
phrs.2014.12.006 (2015).

 17. Ma, X. et al. Essential role for TrpC5-containing extracellular vesicles in breast cancer with chemotherapeutic resistance. Proc Natl 
Acad Sci USA. 111, 6389–6394, doi:10.1073/pnas.1400272111 (2014).

 18. Shintani, T. & Klionsky, D. J. Autophagy in health and disease: a double-edged sword. Science. 306, 990–5, doi:10.1126/
science.1099993 (2004).

 19. Xie, Z. & Klionsky, D. J. Autophagosome formation: core machinery and adaptations. Nat Cell Biol. 9, 1102–9, doi:10.1038/ncb1007-
1102 (2007).

 20. Yang, Z. & Klionsky, D. J. Eaten alive: a history of macroautophagy. Nat Cell Biol. 12, 814–22, doi:10.1038/ncb0910-814 (2010).
 21. Kroemer, G., Marino, G. & Levine, B. Autophagy and the integrated stress response. Mol Cell. 40, 280–93, doi:10.1016/j.

molcel.2010.09.023 (2010).
 22. Yorimitsu, T. & Klionsky, D. J. Autophagy: molecular machinery for self-eating. Cell Death Differ 12, 1542–52, doi:10.1038/

sj.cdd.4401765 (2005).
 23. Mizushima, N., Levine, B., Cuervo, A. M. & Klionsky, D. J. Autophagy fights disease through cellular self-digestion. Nature. 451, 

1069–75, doi:10.1038/nature06639 (2008).
 24. Jin, S. & White, E. Role of autophagy in cancer: management of metabolic stress. Autophagy. 3, 28–31, doi:10.4161/auto.3269 (2007).
 25. Levine, B. Unraveling the role of autophagy in cancer. Autophagy. 2, 65–6, doi:10.4161/auto.2.2.2457 (2006).
 26. Kondo, Y., Kanzawa, T., Sawaya, R. & Kondo, S. The role of autophagy in cancer development and response to therapy. Nat Rev 

Cancer. 5, 726–34, doi:10.1038/nrc1692 (2005).
 27. Gozuacik, D. & Kimchi, A. Autophagy as a cell death and tumor suppressor mechanism. Oncogene. 23, 2891–906, doi:10.1038/

sj.onc.1207521 (2004).
 28. Jin, S. & White, E. Tumor suppression by autophagy through the management of metabolic stress. Autophagy. 4, 563–6, doi:10.4161/

auto.5830 (2008).
 29. Xie, C. M., Liu, X. Y., Sham, K. W., Lai, J. M. & Cheng, C. H. Silencing of EEF2K (eukaryotic elongation factor-2 kinase) reveals 

AMPK-ULK1-dependent autophagy in colon cancer cells. Autophagy. 10, 1495–508, doi:10.4161/auto.29164 (2014).
 30. Eisenberg-Lerner, A., Bialik, S., Simon, H. U. & Kimchi, A. Life and death partners: apoptosis, autophagy and the cross-talk between 

them. Cell Death Differ 16, 966–75, doi:10.1038/cdd.2009.33 (2009).
 31. Kondo, Y. & Kondo, S. Autophagy and cancer therapy. Autophagy. 2, 85–90, doi:10.4161/auto.2.2.2463 (2006).
 32. Sun, W. L., Chen, J., Wang, Y. P. & Zheng, H. Autophagy protects breast cancer cells from epirubicin-induced apoptosis and 

facilitates epirubicin-resistance development. Autophagy. 7, 1035–44, doi:10.4161/auto.7.9.16521 (2011).
 33. Chittaranjan, S. et al. Autophagy Inhibition Augments the Anticancer Effects of Epirubicin Treatment in Anthracycline-Sensitive 

and -Resistant Triple-Negative Breast Cancer. Clin Cancer Res. 20, 3159–73, doi:10.1158/1078-0432.CCR-13-2060 (2014).

http://dx.doi.org/10.3816/CBC.2005.n.043
http://dx.doi.org/10.1590/S0036-36342009000800003
http://dx.doi.org/10.1590/S0036-36342009000800003
http://dx.doi.org/10.1158/1078-0432.CCR-05-1664
http://dx.doi.org/10.1056/NEJM199809243391307
http://dx.doi.org/10.1016/j.addr.2013.09.018
http://dx.doi.org/10.1146/annurev.med.53.082901.103929
http://dx.doi.org/10.1038/nrc1893
http://dx.doi.org/10.1016/j.bcp.2013.02.017
http://dx.doi.org/10.1146/annurev.biochem.75.103004.142819
http://dx.doi.org/10.1007/978-94-007-0265-3_48
http://dx.doi.org/10.1007/978-3-642-54215-2_6
http://dx.doi.org/10.1093/brain/awv188
http://dx.doi.org/10.1161/HYPERTENSIONAHA.111.173690
http://dx.doi.org/10.1007/s00439-009-0735-5
http://dx.doi.org/10.1073/pnas.1202989109
http://dx.doi.org/10.1016/j.phrs.2014.12.006
http://dx.doi.org/10.1016/j.phrs.2014.12.006
http://dx.doi.org/10.1073/pnas.1400272111
http://dx.doi.org/10.1126/science.1099993
http://dx.doi.org/10.1126/science.1099993
http://dx.doi.org/10.1038/ncb1007-1102
http://dx.doi.org/10.1038/ncb1007-1102
http://dx.doi.org/10.1038/ncb0910-814
http://dx.doi.org/10.1016/j.molcel.2010.09.023
http://dx.doi.org/10.1016/j.molcel.2010.09.023
http://dx.doi.org/10.1038/sj.cdd.4401765
http://dx.doi.org/10.1038/sj.cdd.4401765
http://dx.doi.org/10.1038/nature06639
http://dx.doi.org/10.4161/auto.3269
http://dx.doi.org/10.4161/auto.2.2.2457
http://dx.doi.org/10.1038/nrc1692
http://dx.doi.org/10.1038/sj.onc.1207521
http://dx.doi.org/10.1038/sj.onc.1207521
http://dx.doi.org/10.4161/auto.5830
http://dx.doi.org/10.4161/auto.5830
http://dx.doi.org/10.4161/auto.29164
http://dx.doi.org/10.1038/cdd.2009.33
http://dx.doi.org/10.4161/auto.2.2.2463
http://dx.doi.org/10.4161/auto.7.9.16521
http://dx.doi.org/10.1158/1078-0432.CCR-13-2060


www.nature.com/scientificreports/

13Scientific RepoRts | 7: 3158  | DOI:10.1038/s41598-017-03230-w

 34. Puram, S. V. et al. A TRPC5-regulated calcium signaling pathway controls dendrite patterning in the mammalian brain. Genes Dev. 
25, 2659–2673, doi:10.1101/gad.174060.111 (2011).

 35. Hawley, S. A. et al. Calmodulin-dependent protein kinase kinase-beta is an alternative upstream kinase for AMP-activated protein 
kinase. Cell Metab. 2, 9–19, doi:10.1016/j.cmet.2005.05.009 (2005).

 36. Woods, A. et al. Ca2+/calmodulin-dependent protein kinase kinase-beta acts upstream of AMP-activated protein kinase in 
mammalian cells. Cell Metab. 2, 21–33, doi:10.1016/j.cmet.2005.06.005 (2005).

 37. Kim, J., Kundu, M., Viollet, B. & Guan, K. L. AMPK and mTOR regulate autophagy through direct phosphorylation of Ulk1. Nat Cell 
Biol. 13, 13241–41, doi:10.1038/ncb2152 (2011).

 38. Wang, Z., Wilson, W. A., Fujino, M. A. & Roach, P. J. Antagonistic controls of autophagy and glycogen accumulation by Snf1p, the 
yeast homolog of AMP-activated protein kinase, and the cyclin-dependent kinase Pho85p. Mol Cell Biol. 21, 5742–52, doi:10.1128/
MCB.21.17.5742-5752.2001 (2001).

 39. Greka, A., Navarro, B., Oancea, E., Duggan, A. & Clapham, D. E. TRPC5 is a regulator of hippocampal neurite length and growth 
cone morphology. Nat Neurosci. 6, 837–45, doi:10.1038/nn1092 (2003).

 40. Veldhoen, R. A. et al. The chemotherapeutic agent paclitaxel inhibits autophagy through two distinct mechanisms that regulate 
apoptosis. Oncogene. 32, 736–46, doi:10.1038/onc.2012.92 (2013).

 41. Kroemer, G., Marino, G. & Levine, B. Autophagy and the integrated stress response. Mol Cell. 40, 280–93, doi:10.1016/j.
molcel.2010.09.023 (2010).

 42. Hosokawa, N. et al. Nutrient-dependent mTORC1association with the ULK1-Atg13-FIP200 complex required for autophagy. Mol 
Biol Cell. 20, 1981–91, doi:10.1091/mbc.E08-12-1248 (2009).

 43. Behrends, C., Sowa, M. E., Gygi, S. P. & Harper, J. W. Network organization of the human autophagy system. Nature. 466, 68–76, 
doi:10.1038/nature09204 (2010).

 44. Shaw, R. J. et al. The LKB1 tumor suppressor negatively regulates mTOR signaling. Cancer Cell. 6, 91–99, doi:10.1016/j.
ccr.2004.06.007 (2004).

 45. Hawley, S. A. et al. Calmodulin-dependent protein kinase kinase-beta is an alternative upstream kinase for AMP activated protein 
kinase. Cell Metab. 2, 9–19, doi:10.1016/j.cmet.2005.05.009 (2005).

 46. Yoshida, T. et al. Nitric oxide activates TRP channels by cysteine S-nitrosylation. Nat Chem Biol. 2, 596–607, doi:10.1038/
nchembio821 (2006).

 47. Høyer-Hansen, M. et al. Control of macroautophagy by calcium, calmodulin-dependent kinase kinase-beta, and Bcl-2. Mol Cell. 25, 
193–205, doi:10.1016/j.molcel.2006.12.009 (2007).

 48. Sukumaran, P., Sun, Y., Vyas, M. & Singh, B. B. TRPC1-mediated Ca²+ entry is essential for the regulation of hypoxia and nutrient 
depletion-dependent autophagy. Cell Death Dis. 6, e1674, doi:10.1038/cddis.2015.7 (2015).

 49. Zhang, L. et al. Novel role for TRPC4 in regulation of macroautophagy by a small molecule in vascular endothelial cells. Biochim 
Biophys Acta. 1853, 377–87, doi:10.1016/j.bbamcr.2014.10.030 (2015).

 50. Burcombe, R. J. et al. Evaluation of ER, PgR, HER-2 and Ki-67 as predictors of response to neoadjvant anthracycline chemotherapy 
for operable breast cancer. Br J Cancer. 92, 147–55, doi:10.1038/sj.bjc.6602256 (2005).

 51. Zhang, P. et al. Chemotherapy enhances tumor vascularization via Notch signaling-mediated formation of tumor-derived 
endothelium in breast cancer. Biochem Pharmacol. 118, 18–30, doi:10.1016/j.bcp.2016.08.008 (2016).

 52. Zhang, P. et al. Translocation of PKG1α acts on TRPV4-C1 heteromeric channels to inhibit endothelial Ca(2+) entry. Acta 
Pharmacol Sin. 37, 1199–207, doi:10.1038/aps.2016.43 (2016).

Acknowledgements
We thank Drs Teng Wang and Dong Hua of the Affiliated Hospital, Jiangnan University, for collection of clinical 
samples and technical assistance, and Prof IC Bruce for critical reading of the manuscript. This work was supported  
by the National Natural Science Foundation of China (81572940, 81622007 and 91439131); the Natural Science 
Foundation for Distinguished Young Scholars of Jiangsu Province (BK20140004); the National High Technology 
Research and Development Program (863 Program) of China (SQ2015AA020948); RGC-NSFC Joint Grant  
N_CUHK439/13; the Fundamental Research Funds for the Central Universities (JUSRP51704A and JUSRP11747). 

Author Contributions
P.Z., X.M. and J.J. conceived the project and designed the experiments with the help of X.Y.L. and X.Q.Y.; P.Z. and 
X.Y.L. performed the experiments with the help from H.J.L. and Z.C.; P.Z. and X.Y.L. interpreted the data; P.Z., 
X.Y.L. and X.M. wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-03230-w
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1101/gad.174060.111
http://dx.doi.org/10.1016/j.cmet.2005.05.009
http://dx.doi.org/10.1016/j.cmet.2005.06.005
http://dx.doi.org/10.1038/ncb2152
http://dx.doi.org/10.1128/MCB.21.17.5742-5752.2001
http://dx.doi.org/10.1128/MCB.21.17.5742-5752.2001
http://dx.doi.org/10.1038/nn1092
http://dx.doi.org/10.1038/onc.2012.92
http://dx.doi.org/10.1016/j.molcel.2010.09.023
http://dx.doi.org/10.1016/j.molcel.2010.09.023
http://dx.doi.org/10.1091/mbc.E08-12-1248
http://dx.doi.org/10.1038/nature09204
http://dx.doi.org/10.1016/j.ccr.2004.06.007
http://dx.doi.org/10.1016/j.ccr.2004.06.007
http://dx.doi.org/10.1016/j.cmet.2005.05.009
http://dx.doi.org/10.1038/nchembio821
http://dx.doi.org/10.1038/nchembio821
http://dx.doi.org/10.1016/j.molcel.2006.12.009
http://dx.doi.org/10.1038/cddis.2015.7
http://dx.doi.org/10.1016/j.bbamcr.2014.10.030
http://dx.doi.org/10.1038/sj.bjc.6602256
http://dx.doi.org/10.1016/j.bcp.2016.08.008
http://dx.doi.org/10.1038/aps.2016.43
http://dx.doi.org/10.1038/s41598-017-03230-w
http://creativecommons.org/licenses/by/4.0/

	TRPC5-induced autophagy promotes drug resistance in breast carcinoma via CaMKKβ/AMPKα/mTOR pathway
	Results
	Chemotherapy increases TRPC5 expression and autophagy in breast carcinoma cells. 
	Chemotherapy-induced autophagy is regulated by TRPC5 in breast carcinoma cells. 
	Silencing of TRPC5 or inhibition of autophagy increases the sensitivity of breast carcinoma cells to chemotherapy. 
	TRPC5 induces autophagy via the CaMKKβ/AMPKα/mTOR pathway in response to chemotherapy. 
	Suppression of autophagy by down-regulated TRPC5 increases sensitivity to ADM in vivo. 

	Discussion
	Materials and Methods
	Ethics statement. 
	Patients. 
	Reagents and antibodies. 
	Cell culture. 
	Cell viability (MTT) assay. 
	Small-interfering RNA (siRNA) transfection. 
	Overexpression of human TRPC5. 
	Immunohistochemical Staining. 
	Immunofluorescence analysis. 
	Western blot analysis. 
	Clonogenic and crystal violet proliferation recovery assay. 
	Analysis of mRNA expression by real-time PCR. 
	[Ca2+]i measurement. 
	Mouse xenograft models. 
	Statistical Analyses. 

	Acknowledgements
	Figure 1 Chemotherapy enhances autophagy and TRPC5 expression in breast carcinoma cells.
	Figure 2 Chemotherapy induced autophagy is regulated by TRPC5 in breast carcinoma cells.
	Figure 3 Silencing of TRPC5 or inhibition of autophagy increases the sensitivity of breast carcinoma cells to chemotherapy (A and B) MTT assays.
	Figure 4 TRPC5 induces autophagy via the CaMKKβ/AMPKα/mTOR pathway in response to chemotherapy.
	Figure 5 Inhibition of the CaMKKβ/AMPKα/mTOR pathway increases the sensitivity of breast carcinoma cells to chemotherapy.
	Figure 6 Suppression of autophagy by down-regulated TRPC5 increases sensitivity to ADM in vivo.
	Figure 7 Signaling connections involved in TRPC5-initiated autophagy pathways in response to chemotherapy in breast cancer cells.




