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Introduction: Epithelial–mesenchymal transition (EMT) and overexpression of drug efflux 
transporters have been reported to cause doxorubicin resistance. Our previous study indicated 
that TMEPAI (transmembrane prostate androgen-induced protein) attenuated doxorubicin 
sensitivity in triple-negative breast cancer cells. However, how TMEPAI contributes to 
doxorubicin resistance in TNBC remains unclear. Thus, the present study aimed to elucidate 
the mechanism of TMEPAI in doxorubicin resistance in triple-negative breast cancer cells.
Methods: We used BT549, triple-negative cells wild type (WT), and BT549 TMEPAI 
knock-out. Both cells were treated with TGF-β 2 ng/mL for 24 hours, followed by TGF-β 
2 ng/mL and doxorubicin 12.9 nM for another 24 hours. Afterward, the cells were harvested 
and counted. Cells were further lysed and used for RT-PCR and Western blot analysis. We 
determined the expression levels of proliferation, apoptosis, EMT markers, and drug efflux 
transporters. Additionally, we investigated the expressions of PI3K as well as SMAD3 and 
AKT phosphorylation.
Results: TNBC cells were shown to be less sensitive to doxorubicin in the presence of 
TMEPAI. TMEPAI was shown to alleviate the mRNA expressions of apoptosis markers: 
Bax, Bcl2, Caspase-3, and Caspase-9. Our results indicated that the presence of TMEPAI 
greatly amplifies EMT and increases drug efflux transporter expressions after doxorubicin 
treatment. Furthermore, our findings demonstrated that TMEPAI reduced the action of 
doxorubicin in inhibiting SMAD3 phosphorylation. TMEPAI was also shown to modify 
the effect of doxorubicin by reducing PI3K expressions and Akt phosphorylation in triple- 
negative breast cancer cells.
Conclusion: Our findings indicate that TMEPAI promotes EMT and drug efflux transporters 
at least in part by shifting doxorubicin action from SMAD3 phosphorylation reduction to 
PI3K/AKT inhibition in triple-negative breast cancer cells.
Keywords: PMEPAI, TGF-β, SMAD3, vimentin, E-cadherin, drug efflux transporters

Introduction
Female breast cancer is still a global burden, being the predominant type of cancer 
and the leading cause of cancer-related mortality and morbidity.1 Triple-negative 
breast cancer (TNBC) is one of the types of breast cancer with the lack of molecular 
marker expressions: estrogen receptor (ER), progesterone receptors, and human 
epidermal growth factor 2 (HER2) molecular markers. Patients with the TNBC 
subtype are associated with a more aggressive disease state and poorer prognosis 
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than non-TNBC.2–4 Currently, the backbone of treatments 
for TNBC patients is limited to cytotoxic agents such as 
anthracyclines, alkylators, and taxanes, still with evolving 
protocols.2,5–7 Despite the benefit of systemic chemother-
apy in improving outcomes of TNBC patients, the problem 
with chemoresistance is significant, which accounts for 
about 90% of treatment failure cases.8–11

Various mechanisms have been suggested to be associated 
with cancer resistance to chemotherapy. Some of the proposed 
causes include the ABC transporter-mediated drug efflux, 
epithelial–mesenchymal transition (EMT), hypoxia, cancer 
stem cells and the regulation of several networks of signaling 
pathways.2,12–14 In TNBC, TGF-β1 was found to play a critical 
role in treatment-resistant development. In a recent study, Xu 
et al revealed that endogenous TGF-β1 affects cancer cell 
stemness and causes an increase in anti-apoptotic markers as 
well as EMT after low-dose epirubicin treatments.15

Our previous study showed that TGF-β-induced 
TMEPAI (transmembrane prostate androgen-induced pro-
tein) caused the decrease anticancer response of TNBC to 
doxorubicin and paclitaxel.16 Overexpression of TMEPAI 
was found in many types of cancer, including breast can-
cer. Singha et al reported that more patients with invasive 
type have high expressions of TMEPAI compared with 
those in non-invasive cells such as luminal A type of 
breast cancer cells,17 while Nie et al reported that 
TMEPAI expressions were higher in HER2+ and TNBC 
types vs luminal A types of breast cancer cells.18

High expression of TMEPAI in TNBC patients and is 
associated with poor prognosis.17 Various studies indicated 
that TMEPAI is induced by TGF-β signaling and involved in 
multiple signaling pathways.19,20 Furthermore, Singha et al 
suggested that TGF-β-induced TMEPAI inhibited Smad sig-
naling increased PI3K/Akt signaling by downregulating 
PTEN, which led to tumor progression in TNBC.21 However, 
the mechanism on how TMEPAI may alter the cytotoxic effect 
of doxorubicin in TNBC is not fully understood. Therefore, we 
aimed to investigate the role of TMEPAI in TNBC response to 
doxorubicin, mainly via Smad and PI3K/Akt pathways.

Materials and Methods
Cell Culture and Drug Treatment
Triple-negative breast cancer cells, BT549 wild type (WT) 
cells were purchased from the ATCC by the Laboratory of 
Experimental Pathology, University of Tsukuba. BT549 
TMEPAI-knocked-out (KO) cells were established pre-
viously using the CRISPR-Cas9 technique.

Cells were cultured and maintained using culture med-
ium described previously.16 Experiments were done when 
the cells reached 70% confluency under cell starvation in 
1% Fetal Bovine Serum (Gibco) in a 10-cm tissue-culture 
dish (Corning). Cells were then treated with recombinant 
human TGF-β (Wako) 2 ng/mL for 24 hours, followed by 
TGF-β 2 ng/mL and doxorubicin (Wako) 12.9 nM for 
another 24 hours. The dose of doxorubicin was based on 
our previous experiment that showed the IC50 of doxor-
ubicin in BT549 cells was 12.9 nM.16 Afterward, cells 
were harvested and counted. Cell viability was calculated 
using the trypan blue exclusion method. Then, these cells 
were lysed and isolated for RNA and protein for further 
analysis. All the treatments were done in four separate 
experiments in duplicate.

RT-PCR
Total RNA from cell lysates was extracted using Total 
Mini Kit Cultured Cells (Geneaid). RNA concentrations 
were measured using Nanodrop 200 UV-Vis 
Spectrophotometer. We did a synthesis of cDNA from 
100 ng of total RNA using Revertra Ace (Toyobo). 
Then, we used equal amounts of cDNA (100 ng) to per-
form quantitative reverse-transcriptase polymerase chain 
reaction (RT-PCR) on a LightCycler®480 Roche using 
Thunderbird® SYBR qPCR Mix (Toyobo). The mRNA 
expressions were quantified using the 2−ΔΔCT method, 
with β-actin as the reference gene. The primer sequences 
used in the study are explained in Table 1.

Western Blotting
Cell lysates were subjected to SDS-page electrophoresis 
gel to determine protein expressions of β-actin, phosphory-
lated SMAD3, total SMAD3, phosphorylated AKT, AKT, 
PI3K, Vimentin, E-Cadherin, and MRP-1 (Cell Signaling). 
Equal amounts of protein (50 µg) were boiled with 
Laemmli Buffer for 5 minutes, continued with sodium 
dodecyl sulfate-polyacrylamide (SDS-PAGE) electrophor-
esis using 8–12.5% gel. Separated proteins were trans-
ferred to nitrocellulose membrane (Biorad) and blocked 
with 5% skim milk in Tris-buffered saline (TBS) contain-
ing 0.01% Tween-20 (TBST) for 1 hour and 2 hours for 
phosphorylated protein. Membranes were washed three 
times for 5 minutes in TBST. Primary antibodies were 
incubated in 1:1000 dilution of TBST buffer at 4°C over-
night. Anti-rabbit secondary antibody was incubated in 
1:4000 dilution of TBST buffer for 1 hour at room tem-
perature. Detection of protein expression was done on Gel 
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Documentation System (UvTech) using additionally 
enhanced chemiluminescence (ImmunoStar, Wako).

Statistical Analysis
The difference between the two groups (TMEPAI wild 
type versus knock-out) was determined using Student’s 
t-test. Comparison between four treatment groups was 
examined using one-way ANOVA followed by post-hoc 
Tukey or Games Howell test.

Results
TMEPAI Impaired the Cytotoxic Effect of 
Doxorubicin
Doxorubicin treatment resulted in reduced cell viability in 
TNBC, both in the parental and TMEPAI knock-out cells. 
However, the magnitude of the cytotoxic effect was more 

pronounced in the absence of TMEPAI (Figure 1). A higher 
percentage of cell viability in WT cells suggested that 
TMEPAI positive TNBC was less sensitive to doxorubicin.

TMEPAI Caused a Modest Change in 
Ki-67 mRNA Expressions in 
Doxorubicin-Treated Cells
We investigated the effect of TMEPAI on the expressions 
of cell proliferation markers Ki-67 after treatment with 
doxorubicin. Doxorubicin treatment significantly 
decreased cell proliferation markers. Nonetheless, the 
absence of TMEPAI resulted in a slight change in 
mRNA Ki-67 expressions as observed in the knock-out 
cells after treatment with doxorubicin (Figure 2).

TMEPAI Ameliorates the Pro-Apoptotic 
Effect of Doxorubicin
We found that the presence of TMEPAI alleviated the 
apoptotic effect of doxorubicin as shown by the decreased 
mRNA expressions of all apoptotic markers investigated, 
Bax, BCl2, Caspase-3, and Caspase-9 (Figure 3).

TMEPAI Altered the Effect of 
Doxorubicin on Smad3 and PI3K/AKT 
Pathway
We investigated the TGF-β signaling pathway down-
stream: the canonical pathway Smad3 and non-canonical 
PI3K/AKT. Our results suggested that doxorubicin had 
a more potent effect in reducing Smad3 phosphorylation 

Table 1 Primer Sequence Used in the Study

Gene Sequence

β-actin22 Fwd 
Rev

5ʹ-GCTGGAAGGTGGACAGCGA-3ʹ 
5ʹ-GGCATCGTGATGGACTCCG-3’

TMEPAI23 Fwd 
Rev

5ʹ-AGAGCACAGTGTCAGGCAAC-3ʹ 
5ʹ-GTGCTGCAGGTACGGATAGG-3’

Ki-6724 Fwd 
Rev

5ʹ-TCCTTTGGTGGGCACCTAAGACCTG-3ʹ 
5ʹ-TGATGGTTGAGGTCGTTCCTTGAT-3’

Bax25 Fwd 

Rev

5ʹ-GATGCGTCCACCAAGAAGCT-3ʹ 
5ʹ-CGGCCCCAGTTGAAGTTG-3’

Bcl225 Fwd 

Rev

5ʹ-TCCGCATCAGGAAGGCTAGA-3ʹ 
5ʹ-AGGACCAGGCCTCCAAGCT-3’

Caspase-3* Fwd 

Rev

5ʹ-TTCAGAGGGGATCGTTGTAGAAGTC-3ʹ 
5ʹ-CAAGCTTGTCGGCATACTGTTTCAG-3’

Caspase-9* Fwd 

Rev

5ʹ-ATGGACGAAGCGGATCGGCGGCTCC-3ʹ 
5ʹ-GCACCACTGGGGGTAAGGTTTTCTAG-3’

Snail26 Fwd 

Rev

5ʹ-CGGAAGCCTAACTACAGCGA-3ʹ 
5ʹ-GGACAGAGTCCCAGATGAGC-3’

Zeb127 Fwd 

Rev

5ʹ-TGCACTGAGTGTGGAAAAGC-3ʹ 
5ʹ-TGGTGATGCTGAAAGAGACG-3’

P-gp28 Fwd 

Rev

5ʹ-TTACATTCAGGTTTCATTTTGGTG-3ʹ 
5ʹ-TCCTGTCGCATTATAGCATGA-3’

BCRP28 Fwd 

Rev

5ʹ-TTCGGCTTGCAACAACTATG-3ʹ 
5ʹ-TCCAGACACACCACGGATAA-3’

MRP-128 Fwd 

Rev

5ʹ-ATGTCAACGTGGAATACCAGC-3ʹ 
5ʹ- GAAGACTGAACTCCCTTCC −3’

Note: *Primers were designed using https://www.ncbi.nlm.nih.gov/tools/primer-blast/.

Figure 1 Reduction of cell viability after doxorubicin treatment was more pro-
nounced in TMEPAI knock-out cells. Cells were treated with TGF-β and doxoru-
bicin. We did all experiments four times in duplicate. Analyses were done using an 
independent t-test. Data are presented in mean ± SD. *p<0.05 vs WT (wild-type 
cells/TMEPAI positive cells).
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in the absence of TMEPAI. In contrast, doxorubicin 
showed a more substantial inhibitory effect on PI3K/ 
AKT activation in the presence of TMEPAI. Our finding 
was supported by TMEPAI inducing PI3K/AKT activation 
(Figure 4A–C).

TMEPAI Enhanced EMT in 
Doxorubicin-Treated Cells
Epithelial–mesenchymal transition (EMT) is a related 
mechanism of TNBC resistance to anticancer drugs, includ-
ing doxorubicin. After doxorubicin treatment, we analyzed 
several EMT markers: mRNA expression levels of snail, zeb- 
1, and twist and protein expressions of vimentin and 
E-Cadherin (Figure 5). Our results indicated that the presence 
of TMEPAI potently amplified doxorubicin-induced EMT.

TMEPAI Increased Drug Efflux 
Transporters Expressions in 
Doxorubicin-Treated TNBC
One anticancer resistance mechanism is drug efflux transpor-
ter overexpression, including P-glycoprotein, BCRP, and 
MRP-1. The presence of TMEPAI caused an alleviation in 
drug efflux transporters expressions after treatment with dox-
orubicin, particularly P-glycoprotein and BCRP (Figure 6).

Discussion
Previously, we reported that TGF-β-induced TMEPAI was 
involved in altering the sensitivity of TNBC to 

Figure 2 TMEPAI was modestly affecting mRNA expressions of Ki-67 in doxor-
ubicin-treated cells. Cells were treated with TGF-β and doxorubicin. Data are 
presented as mean ± SD. We did all experiments four times in duplicate. ap <0.05 
vs TMEPAI (+) cells without doxorubicin; bp<0.05 vs TMEPAI (-) cells without 
doxorubicin cp<0.05 vs (+) TMEPAI (+) cells with doxorubicin after analysis using 
one-way ANOVA followed by Games-Howell test.

Figure 3 TMEPAI ameliorated mRNA expressions of apoptosis markers in doxorubicin-treated cells. (A) Bax; (B) Bcl2; (C) Caspase-3; and (D) Caspase-9. Cells were 
treated with TGF-β and doxorubicin. Data are presented in mean ± SD. We did the experiments four times in duplicate. ap <0.05 vs TMEPAI (+) cells without doxorubicin; 
bp<0.05 vs TMEPAI (-) cells without doxorubicin. cp<0.05 vs TMEPAI (+) cells with doxorubicin after analysis using one-way ANOVA followed by Tukey or Games-Howell 
test.
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doxorubicin.16 In our present study, we confirmed that 
TMEPAI participated in reducing the response of TNBC 
to doxorubicin, mainly by promoting EMT and drug-efflux 
transporters.

To investigate the role of TMEPAI in TNBC resistance 
to doxorubicin, we used BT549 cells that displayed high 
expression of TMEPAI and BT549 TMEPAI knock-out, 
which was previously established with the CRISPR Cas9 

Figure 4 TMEPAI modified the effect of doxorubicin on SMAD3 and PI3K/AKT expressions (A) pSMAD3/SMAD3; (B) PI3K/β-actin; (C) pAKT/AKT; and the differences the 
differences of expressions in doxorubicin vs vehicle treated cells; (A1) Δ pSMAD3/SMAD3; (B1) Δ PI3K/β-actin (C1) Δ pAKT/AKT. Cells were treated with TGF-β and 
doxorubicin. Data are presented in mean ± SD from four separate experiments in duplicate. ap <0.05 vs (+) TMEPAI (+) cells without doxorubicin, bp<0.05 vs TMEPAI (-) 
cells without doxorubicin, cp<0.05 vs TMEPAI (+) cells with doxorubicin and *p<0.05 vs TMEPAI (+) cells after analysis using one-way ANOVA followed by Tukey or Games- 
Howell test.
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technique.16,29 TMEPAI was known to be induced by 
TGF-β in TNBC and involved in tumor progression 
through its interaction with Smads in canonical pathways, 
as well as regulating Smad-independent pathway by acti-
vating MAPK and PI3K/AKT.17,30 Studies had revealed 
the critical role of TGF-β in the development of anticancer 
resistance, by causing EMT, increasing tumor heterogene-
ity, as well as generating stemness and metastatic 
markers.15,31,32 However, how TGF-β-induced TMEPAI 
might play roles in anticancer resistance, doxorubicin in 
particular, remains unclear.

Prior treatment with TGF-β in TMEPAI positive cells 
is essential for TNBC response to doxorubicin. Studies 
from clinical samples from patients have confirmed that 
most TNBC patients have a high expression of TGF- 
β1.33,34 A previous study by Wardhani et al reported that 
without TGF-β stimulation, the response of TNBC 
Hs578T to cytotoxic drugs would be reversed.35 In our 
study, doxorubicin retained its cytotoxic effect result in 
both TMEPAI positive and negative cells. Nonetheless, 
TMEPAI knock-out cells showed a more potent result. In 
TMEPAI knock-out BT549, we observe only a slight 
decrease in Ki-67 mRNA expressions after doxorubicin 

treatment. Previous studies had suggested that TMEPAI 
might play a paradoxical role in cancer progression.17,21,36 

TMEPAI potentiates the non-canonical pathway in the 
presence of high TGF-β and supports cell 
proliferation,17,21 it also inhibits Wnt/β-catenin signaling 
that reduces breast cancer metastasis.36 A recent study by 
Puteri et al might explain the phenomenon that double PY 
motifs and a SIM of TMEPAI isoforms are essential for 
colony and sphere formation, however not for monolayer 
cell formation.29 It was known that BT549 is a triple- 
negative breast cancer cell with a high expression of Ki- 
67,37–39 and doxorubicin can still exert anticancer activity 
in cells that proliferate actively.40,41

One of the mechanisms of doxorubicin-induced cyto-
toxicity is activating caspases, modifying Bax and Bcl2 
expressions, and altering the actin cytoskeleton of tumor 
cells. Reduced sensitivity of cancer cells to doxorubicin 
can be shown by dysregulation of apoptotic marker 
expressions.8,42,43 Our RT-PCR analysis suggested that 
doxorubicin might have a weaker pro-apoptotic activity 
in TMEPAI positive cells than knock-out cells. However, 
we acknowledge that a better correlation to apoptotic 
markers will be achieved if we analyze using Western 

Figure 5 Marked enhancement of EMT in TMEPAI positive cells, as shown by EMT markers. (A) mRNA expressions of snail/β-actin, (B) mRNA expressions of zeb1/β-actin, 
(C) mRNA expressions of twist/β-actin, (D) protein expressions of Vimentin/β-actin; (E) protein expressions of E-Cadherin/β-actin. Cells were treated with TGF-β and 
doxorubicin. Data are presented in mean ± SD from four separate experiments in duplicate. ap<0.05 vs TMEPAI (+) cells without doxorubicin, bp<0.05 vs TMEPAI (-) cells 
without doxorubicin, cp<0.05 vs TMEPAI (+) cells with doxorubicin; after analysis using one-way ANOVA followed by Tukey or Games-Howell test.
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blotting. A different result was found in hematological 
cancer such as multiple myeloma, where TMEPAI expres-
sion is relatively low. TMEPAI was shown to enhance 
apoptosis in multiple myeloma cells by decreasing c-Maf 
stability that resulted in protein degradation.44

Previous studies had reported the role of TMEPAI in 
canonical (Smad-dependent) and non-canonical (PI3K/ 
Akt) pathways.17,21,45 In our study, we showed that dox-
orubicin treatment resulted in both Smad-dependent and 
non-canonical pathway (PI3K/Akt) alteration. Here, our 
results indicated that TMEPAI positive cells had lower 
activity in Smad3 activation. In contrast, TMEPAI positive 
cells had a higher expression of PI3K and AKT phosphor-
ylation. Doxorubicin alone was known to reduce Smad3 
phosphorylation. Filyak et al reported that doxorubicin 
inhibits TGF-β signal transduction by downregulating 
SMAD2/3/4 phosphorylation in lung carcinoma.46 In our 
study, we observe that the presence of TMEPAI mediates 
a shift in doxorubicin action from Smad3 phosphorylation 
inhibition to inactivation of PI3K/AKT pathway. This 
result suggests that doxorubicin behaves differently in 
TNBC cells and acts stronger on the individual cells’ 
predominant expressions. Our findings agree with Lou 
et al, who reported that the lack of TMEPAI led to 

autophagy inhibition as shown by reduced expression of 
beclin-1 and generated cancer cells’ resistance to doxor-
ubicin. In breast cancer, autophagy helps cancer cells to 
eliminate doxorubicin-induced damage. Down-regulation 
of beclin-1, an inducer of autophagy in cancer cells, 
decreased autophagy initiation via PI3K/AKT pathways.47

Upregulation of Smad phosphorylation in canonical 
TGF-β pathways results in the activation of transcription 
factors of EMT, including snail, zeb1, twist, and slug. 
Further, the transcription factors induce vimentin and inhi-
bit E-cadherin.48,49 In their recent study, Singha et al have 
suggested that in a Smad3 knock-down system in TNBC, 
there were declining EMT transcription factors, 
E-cadherin. Increased vimentin expressions followed the 
results.50 Additionally, EMT can also be generated by non- 
Smads: PI3K/AKT, Traf4/Traf6, RhoA, MAPK, and Ras/ 
Raf.51 In our study, we demonstrate that doxorubicin 
strongly increased all EMT transcription factors studied 
in TMEPAI positive cells but not in TMEPAI knock-out 
cells. Increased expressions of snail, zeb1, and twist were 
followed by the increased vimentin expression and 
reduced expressions of E-cadherin. Several studies have 
shown that EMT was induced after only a short-term 
treatment of doxorubicin, resulting in a more resistant 

Figure 6 TMEPAI induced drug efflux transporters expressions in doxorubicin-treated cells. (A) mRNA expressions of P-glycoprotein/β-actin, (B) mRNA expressions of 
BCRP/β-actin, (C) mRNA expressions of MRP1/β-actin, (D) protein expressions of MRP1/β-actin. Data are presented in mean ± SD from four separate experiments in 
duplicate. ap <0.05 vs TMEPAI (+) cells without doxorubicin, bp<0.05 vs TMEPAI (-) cells without doxorubicin, cp<0.05 vs TMEPAI (+) cells with doxorubicin after analysis 
using one-way ANOVA followed by Tukey’s test.
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feature to drug treatment.52,53 A study by Zhang et al in 
colorectal cancer had also described that TMEPAI induces 
EMT by activating BMP signaling.54

Studies have described that doxorubicin resistance is 
related to the overexpression of drug efflux transporters, 
P-glycoprotein, BCRP, and MRP-1. Increased expressions 
of drug efflux transporters reduced intracellular drug con-
centrations, which resulted in a decreased drug 
efficacy.12,14,55 Takano et al have reported that EMT 
caused an increased expression of drug efflux transporters 
and further induced drug resistance.56 In their studies, 
Saxena et al and Jiang et al described that EMT transcrip-
tion factors (snail, zeb, twist, and slug) regulate drug efflux 
transporters via the TGF-β signaling pathway.57,58 The 
present study demonstrates that TMEPAI positive cells 
have higher mRNA expressions of P-gp, but not BCRP 
and MRP-1 compared to knock-out cells. In doxorubicin- 
treated cells, TMEPAI promotes the elevation of P-gp and 
BCRP, while we observed minimum effect with MRP1. 
P-gp was known to be the predominant transporter that 
causes TNBC resistance to anthracycline vs BCRP and 
MRP1. Tsou et al suggested that P-gp, as a resistance 
marker in breast cancer cells, is elevated due to the up/ 
down-regulation of genes involved in apoptosis, EMT, and 
ABC transporters.59

As suggested by the findings of several researchers that 
showed that overexpression of TMEPAI is more likely to 
be found in TNBC, our results may add some concerns 
regarding the choice of cytotoxic treatments, doxorubicin 
in particular. In our present study, our experiment used 
TGF-β stimulation. Yet, our results have to be carefully 
interpreted, considering that only about half of TNBC 
patients express high levels of TGF-β.34

Conclusion
Taken together, we suggest that TMEPAI plays an essen-
tial role in the decreased sensitivity of TNBC to doxoru-
bicin, as shown by the elevation cell viability and Ki-67 
expressions, downregulation of apoptosis expression mar-
kers, increased EMT and drug efflux transporters. 
TMEPAI mediates all the effects partly by causing a shift 
in doxorubicin action from Smad3 to PI3K/Akt inhibition.
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