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ABSTRACT
ONC201 was previously identified as a first-in-class antitumor agent and small-

molecule inducer of the TRAIL (tumor necrosis factor-related apoptosis-inducing 
ligand) gene that induces apoptosis in cancer cells. ONC201 has a safety profile and 
is currently in phase II clinical trials for the treatment of various malignancies. In 
the current study, we examine the effect of ONC201 on triple-negative breast cancer 
cells (TNBC), a subtype of breast cancer that is sensitive to TRAIL. We find that 
ONC201 inhibits the growth of TNBC cells including TNBC cells that have developed 
acquired TRAIL resistance. However, TNBC cells that have developed acquired 
ONC201 resistance are cross-resistant to TRAIL. Mechanistically, ONC201 triggers 
an integrated stress response (ISR) involving the activation of the transcription 
factor ATF4. Knockdown of ATF4 impairs ONC201-induced apoptosis of TNBC cells. 
Importantly, the activation of ATF4 is compromised in ONC201-resistant TNBC cells. 
Thus, our results indicate that ONC201 induces an ISR to cause TNBC cell death and 
suggest that TNBC patients may benefit from ONC201-based therapies.

INTRODUCTION

An estimated 246,660 women will be diagnosed 
with invasive breast carcinoma, and ~40,450 will die 
from this disease in the US in 2016, making breast cancer 
the most common cancer and the second-most common 
cause of cancer deaths among women [1]. TNBC makes 
up approximately 15-20% of all breast cancer cases and 
most commonly affects younger women and African-
American women. Patients with TNBC generally have 
a poor prognosis and short-term survival. TNBC lacks 
expression of the estrogen receptor, progesterone receptor, 
and HER2 [2, 3]. Consequently, this aggressive disease 
does not respond to widely used targeted therapies, such as 
trastuzumab, or endocrine therapies, such as tamoxifen or 
aromatase inhibitors [4, 5]. Conventional chemotherapeutic 
agents, including taxanes and anthracyclines, are standard-
of-care treatment for TNBC [2]. Women with TNBC 
initially respond to these chemotherapeutic agents, but 
relapse is inevitable, and oncologists have little else to offer 

other than other non–cross-reactive standard chemotherapy 
regimens [4]. Therefore, the challenge is to develop a more 
effective treatment regimen for TNBC patients.

TNBC can be classified into at least 6 subtypes, 
including the basal (epithelial)-like, mesenchymal-like, 
and luminal androgen receptor subtypes [6]. Most TNBCs 
are mesenchymal-like [3, 6, 7]. Despite the lack of defined 
clinical targets, most TNBC cells are highly sensitive to 
TRAIL [tumor necrosis factor (TNF)-related apoptosis-
inducing ligand]-induced apoptosis [8]. This feature 
warrants developing TRAIL as a targeted therapy for 
mesenchymal-like TNBC.

TRAIL (or Apo2 ligand) is a member of the TNF 
family [9, 10]. It selectively induces apoptosis in transformed 
or tumor cells but not in normal cells, making it a promising 
agent for cancer therapy [9–11]. We and others cloned four 
membrane-bound receptors for TRAIL, including death 
receptor 4 (DR4) [12], DR5 [13-18], TRID [15, 19-21], 
and TRUNDD [22-24]. When TRAIL binds to DR4 or 
DR5, it triggers the formation of a death-inducing signaling 
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complex by recruiting Fas-associated protein with death 
domain (FADD) and caspase-8 or -10, resulting in activation 
of caspase-8 or -10, which leads to apoptotic cell death. 
Crosstalk between the death receptor and the mitochondrial 
apoptotic pathways via caspase-8-mediated Bid cleavage 
amplifies the TRAIL apoptotic signal. The potency and safety 
of treatment with TRAIL has prompted clinical trials with the 
recombinant protein as a novel treatment for human cancer 
[25]. Although TRAIL actively kills tumor cells, recombinant 
TRAIL possesses drug properties that limit its efficacy, such 
as short serum half-life, instability, and the inability to cross 
the intact blood-brain barrier. Furthermore, some cancer cells, 
including some types of TNBC, are intrinsically resistant to 
TRAIL, while others are initially sensitive to TRAIL but later 
acquire resistance through various mechanisms, including 
overexpression of members of the anti-apoptotic Bcl-2 family 
[26-37]. Thus, another challenge is how to overcome this 
acquired resistance to TRAIL.

ONC201 (or TIC10) was identified as a first-in-class 
antitumor agent and small-molecule inducer of the TRAIL 
gene that has been shown to have preclinical efficacy in a 
variety of cancer cells, including TNBC cells [38]. Our initial 
study showed that ONC201 inhibits the Akt/ERK pathways 
that ultimately induces apoptosis through the TRAIL/DR5 
pathway [38]. Recent studies found that ONC201 can induce 
the ATF4-mediated integrated stress response to inhibit the 
growth of colorectal cancer cells and leukemia/lymphoma 
cells [39, 40]. ONC201 has several unique anticancer 
features, including a longer half-life, prolonged elevation of 
serum TRAIL, a bystander effect of TRAIL production by 
normal cells, and stimulation of TRAIL and DR5 expression 
[38]. ONC201 exhibits potent anticancer activity in a variety 
of cancer types in preclinical cancer models [38]. ONC201 
was approved by the FDA for phase I/II clinical trials of 
treatments for several cancer types in 2014. Importantly, the 
phase I dose-escalation study was completed, and the safety 
of ONC201 was established. It is now in phase II trials in 
several types of cancer including breast cancer .

In this study we investigated the effects of ONC201 
on TNBC cell growth and found that ONC201 effectively 
inhibits growth of TNBC cells. Importantly, TNBC cells 
that have acquired TRAIL resistance are still sensitive to 
ONC201. Furthermore, TNBC cells that have developed 
acquired ONC201 resistance are cross-resistant to TRAIL. 
The effects of ONC201 on TNBC cells were primarily due 
to its activation of ATF4-mediated ER stress response. 
Thus, our data suggest that ONC201 can be developed as 
a targeted agent for the treatment of TNBC.

RESULTS

Mesenchymal-like and epithelial-like TNBC cells 
are equally sensitive to ONC201

ONC201 was initially identified as a TRAIL-
inducing compound [38] and mesenchymal-like TNBC 

cells are sensitive to TRAIL [8]. We determined 
whether ONC201 and TRAIL sensitivities are similar 
in a given TNBC cell line. We treated 10 TNBC cell 
lines with known TRAIL sensitivities with various 
doses of ONC201 for 3 days and cell proliferation was 
determined by MTT assays. As shown in Table 1, the 
IC50 values in 10 TNBC cell lines ranged from 0.032 
to 10.12 μM, and 7 of 10 lines’ IC50 were under 5 μM, 
indicating that the majority of TNBC cells are sensitive 
to ONC201. Importantly, ONC201 sensitivities were not 
correlated with their corresponding TRAIL sensitivities. 
Moreover, ONC201 sensitivity was also not correlated 
with mesenchymal-like or epithelial-like status. For 
example, epithelial-like BT20 cells were sensitive 
to ONC201 at an IC50 of 0.263 μM although this 
cell line is resistant to TRAIL-induced apoptosis [8]. 
These results suggest that both mesenchymal-like and 
epithelial-like TNBC cells are susceptible to ONC201-
induced death.

ONC201 effectively inhibits the growth of 
MDA231 cells with acquired resistance to 
TRAIL

Our previous work indicated that ONC201 
induces TRAIL/DR5 to activate TRAIL-mediated 
apoptosis [38, 41] and that TRAIL resistance including 
acquired resistance is a major cause of treatment 
failure [42]. To determine whether TNBC cells that 
have developed acquired resistance to TRAIL are 
also resistant to ONC201, we conditioned MDA231 
cells to become resistant to TRAIL (MDA231R) by 
exposing the parental MDA231 cells (MDA231P) to 
gradually increasing concentrations of TRAIL, from 
10 ng to 120 ng/ml, for over 6 months. As shown in 
Figure 1A, MDA231R cells did not respond to TRAIL-
induced growth inhibition as compared to MDA231P 
cells, measured by MTT and colony formation assays. 
However, we found that ONC201 inhibited growth 
of both cell lines (Figure 1B). In fact, although 
MDA231R cells were resistant to TRAIL, they were 
even slightly more sensitive to ONC201 at doses 
of 5-25 μM, compared to MDA231P cells (Figure 
1B). In addition, we found that ONC201 treatment 
activated caspase-3 and that the effects of ONC201 on 
caspase-3 activation were similar to TRAIL treatment 
in MDA231P cells (Figure 1C and 1D). However, the 
activation of caspase-8 by ONC201 was not significant 
as compared to MDA231P cells treated with TRAIL 
(Figure 1C and 1D), suggesting that caspase-8 may 
not play the major role in ONC201-induced apoptosis 
in TNBC cells. Given the fact that TRAIL resistance 
limits the successful development of TRAIL-based 
cancer therapies, our data suggest that ONC201 may be 
effective against TNBC cells that have acquired TRAIL 
resistance.
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ONC201-resistant TNBC cells are insensitive to 
TRAIL

Next, we asked if the development of ONC201 
resistance affects TRAIL sensitivity. To this end, we 
established an ONC201-resistant MDA468 cell line 
(i.e., MDA468R-ONC201) by selection with increasing 
ONC201 doses over a 6-month period (Figure 2). We 
chose MDA468 cells because this cell line is sensitive to 
both TRAIL and ONC201. Compared to parental MDA468 
cells (MDA468P), MDA468R-ONC201 cells are resistant 
to ONC201 (Figure 2A and 2C). Importantly, MDA468R-
ONC201 cells were resistant to TRAIL-induced growth 
inhibition compared to MDA468P cells (Figure 2B and 
2D). Similar results were obtained from MDA231 cells 
that we have generated for acquired ONC201 resistance 
(data not shown). These data suggest that once TNBC cells 
acquired ONC201 resistance, they no longer respond to 
TRAIL.

ONC201 primarily inhibits the growth of TNBC 
cells through the activation of ATF4-mediated 
ER stress responses

To understand the mechanism by which ONC201 
inhibits the growth of TNBC cells, we first examined 
the activation of the TRAIL apoptotic pathway because 
ONC201 was initially identified as a small-molecule 
inducer of TRAIL and DR5 by inactivating ERK and Akt 
to trigger TRAIL-induced apoptosis [38]. To this end, 
we treated MDA231 and MDA468 cells with ONC201, 
and the effects of ONC201 on the levels of these proteins 
were measured. Figure 3A shows that the levels of 
phosphorylated Akt (p-Akt) were inhibited in MDA231 
cell but not in MDA468 cells by ONC201 treatment. 
Interestingly, ONC201 caused ERK phosphorylation/
activation in both cell lines, and TRAIL levels were 

significantly decreased in ONC201-treated cells compared 
to untreated ones. In addition, DR5 was significantly 
induced by ONC201 in MDA231 cells but minimally 
in MDA468 cells. Furthermore, the effects of ONC201 
treatment on the levels of caspase-8 cleavage were also 
not significant (Figure 3A), as compared to the cells 
treated with TRAIL in which caspase-8 was cleaved 
significantly (Figure 1C). However, caspase-3 cleavage 
was easily detected in ONC201-treated cells, indicating 
that apoptosis is induced by ONC201. Since the effects 
of ONC201 on the levels of Akt, ERK, TRAIL and DR5 
are not consistent with its ability to inhibit the growth 
of TNBC cells, our data suggest that the activation of 
the AKT/ERK-TRAIL/DR5 axis may not be the major 
pathway by which ONC201 inhibits the growth of TNBC 
cells.

We then tested the effects of ONC201 on the 
activation of ER stress because two recent studies showed 
that ONC201 triggered an integrated stress response 
(ISR) to inhibit the growth of leukemia/lymphoma or 
colorectal cancer cells [39, 40]. Figure 3B shows that 
the levels of IRE1, p-IRE1, p-elF2a, ATF4 and CHOP 
proteins were induced by ONC201 to various degrees in 
both MDA231 and MDA468 cells, with IRE1 and ATF4 
being significantly increased. An increase in ATF4 is 
consistent with recent studies in other cancer cell types 
including leukemia, lymphoma and colorectal cancer cells 
[39, 40]. Importantly, increased ATF4, XBP1 and spliced 
XBP1 (sXBP1) mRNAs by ONC201 were confirmed by 
real-time PCR (Figure 3C). Considering that p-elF2a/
ATF4/CHOP axis and IRE1/XBP1/sXBP1 axis are two 
distinct ER stress pathways, our data suggest that ONC201 
activates two ER stress pathways in TNBC cells.

To further define the role of activation of ER stress 
in ONC201-induced cell death, we employed siRNA to 
assess the requirement of ER stress responses in ONC201-
induced TNBC cell growth inhibition. Figure 4 shows that 

Table 1: ONC201 IC50 values in a panel of TNBC cells

Cell line Subtype TRAIL Sensitivity ONC201 IC50 (μM)

SUM159 Mesenchymal Sensitive 0.032

HCC70 Epithelial Resistant 0.075

BT20 Epithelial Resistant 0.263

HCC1806 Epithelial Resistant 0.338

SUM149 Mesenchymal Sensitive 0.391

HCC1937 Epithelial Resistant 1.760

MDA157 Mesenchymal Sensitive 2.340

MDA468 Epithelial Resistant 6.270

MDA231 Mesenchymal Sensitive 7.010

BT549 Mesenchymal Sensitive 10.120
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Figure 1: ONC201 induces apoptosis in TRAIL-sensitive and -resistant MDA231 cells. MTT and colony formation analyses 
of MDA231P and MDA231R cells treated with TRAIL A. or ONC201 B. For MTT assays, MDA231P and MDA231R cells were left 
untreated or treated with 100, 250, 500, 750 ng/ml TRAIL or 5, 10, 25, 50 µM ONC201 for 72 h. For colony formation assays, 500 cells/
well were seeded in 6-well plates. The next day, cells were left untreated or treated with 50, 250 ng/ml TRAIL or 2, 10 µM ONC201 for 72 
h and then grown in medium without TRAIL or ONC201 for 12 days, followed by crystal violet staining. Data represent mean ± S.D. (error 
bars) of three independent experiments. ***, p<0.001, statistically significant.Western blot analyses of caspase-8, caspase-9, caspase-3 and 
PARP, treated with TRAIL C. or ONC201 D. MDA231P and MDA231R cells were left untreated or treated with 250 and 500 ng/ml TRAIL 
for 24 h or 10, and 25 µM ONC201 for 72 h. β-Actin was used as a loading control.
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ATF4 was effectively knocked down in MDA231 cells by 
siRNA and that knockdown of ATF4 decreased ONC201-
induced growth inhibition as compared to cells transfected 
with non-targeted siRNA under the same treatment 
condition. Similarly, siRNA-mediated knockdown of 
ATF4 in MDA468 while not pronounced led to significant 
reversal of the growth inhibition by ONC201. Since IRE1 
was induced by ONC201 treatment, we knocked down 

IRE1 by siRNA and found that knockdown of IRE1 did 
not have an effect on ONC201-induced growth inhibition 
(Supplementary Figure 1), indicating that the activation 
of IRE1-mediated ER stress is not involved in ONC201-
induced cell death. Thus, our data suggest that the p-elF2a/
ATF4/CHOP axis, but not IRE1/XBP1/sXBP1 axis, likely 
plays a role in ONC201-induced growth inhibition in 
TNBC cells.

Figure 2: ONC201-resistant TNBC cells are insensitive to TRAIL. MTT analyses of MDA468P and MDA468R-ONC201 cells 
treated with ONC201 A. or TRAIL B. Colony formation analyses of MDA468P and MDA468R-ONC201 cells treated with ONC201 C. or 
TRAIL D. For MTT assays, MDA468P and MDA468R-ONC201 cells were left untreated or treated with 20, 50, and 100 ng/ml TRAIL 
or 1, 2, and 5 µM ONC201 for 72 h. Data represent mean ± S.D. (error bars) of three independent experiments. *, P<0.05; ***, p<0.001, 
statistically significant. For colony formation assays, 500 cells/well were seeded in 6-well plates. After 24 h, cells were left untreated or 
treated with 20, 100 ng/ml TRAIL or 1, 5 µM ONC201 for 72 h, and then grown in medium without TRAIL or ONC201 for 12 days, 
followed by crystal violet staining.
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Acquired ONC201-resistant TNBC cells have a 
defect in the activation of ATF4-mediated ER 
stress response

To determine if the activation of the ER stress 
response plays a role in acquired ONC201 resistance, we 
examined the levels of ER stress responses in MDA231P 
and MDA231R-ONC201 cells. Consistent with the 
activation of ER stress (Figure 3B), the levels of IRE1, 
ATF4 and CHOP were increased in ONC201-treated 
parental MDA231 cells (MDA231P) (Figure 5A). In 
contrast, activation of ATF4 and IRE1 were compromised 
in ONC201-resistant MDA231 cells (MDA231R-

ONC201), as exemplified by the levels of ATF4, CHOP 
and IRE1 (Figure 5A). Similar results were obtained 
with ONC201-resistant MDA468 cells as compared to 
parental MDA468 cells (Figure 5B). Taken together, 
these data suggest that ATF4-mediated ER stress response 
is compromised in cells that have developed acquired 
ONC201 resistance.

ONC201-resistant TNBC cells are sensitive to 
conventional chemotherapeutics

To determine if ONC201-resistant TNBC cells 
respond to clinically used chemotherapeutics, we 

Figure 3: ONC201 activates ER stress pathways. A. Western blot analyses of caspase-8, caspase-3, DR5, TRAIL, Akt, p-Akt, ERK 
and p-ERK. MDA231 and MDA468 cells were left untreated or treated with indicated concentrations of ONC201 for 72 h. β-Actin was 
used as a loading control. B. Western blot analyses of IRE1, p-IRE1, eIF2α, p-eIF2α, ATF4 and CHOP. MDA231 or MDA468 cells were 
left untreated or treated with ONC201 at indicated concentrations for 72 h. C, qRT-PCR analyses of the expression of sXBP1, usXBP1, total 
XBP1 and ATF4 in MDA231 and MDA468 cells treated with ONC201 (10 µM and 5 µM, 48 h) as compared with untreated cells. Fold 
changes were normalized relative to GAPDH.
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Figure 4: ATF4 knockdown decreases ONC201-induced growth inhibition. A. Western blot analysis of ATF4 and CHOP in 
MDA231 and MDA468 cells transfected with siRNA against ATF4 or non-target siRNA, followed by treatment with ONC201 (10 µM, 
24 h). B. MTT assays of MDA231 and MDA468 cells transfected with non-target siRNA or siRNA against ATF4 and then treated with 
ONC201 at the indicated concentrations for 72 h.

Figure 5: ONC201-resistant TNBC cells have a defect in the activation of ATF4. Western blot analyses of IRE1, p-IRE1, 
eIF2α, p-eIF2α, ATF4, and CHOP. MDA231P and MDA231R-ONC201 cells A. or MDA468P and MDA468R-ONC201 cells B. were left 
untreated or treated with the indicated concentrations of ONC201 for 72 h. β-Actin was used as a loading control.
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treated the parental and ONC201-resistant MDA231 and 
MDA468 cells with various doses of TAXOL and cisplatin 
for 3 days, and cell proliferation was then determined by 
MTT. As shown in Figure 6, the growth of both MDA231P 
and MDA231R-ONC201 were effectively inhibited by 
TAXOL or cisplatin. Similarly, both MDA468P and 
MDA468R-ONC201 showed comparable sensitivity. 
These results suggest that ONC201-resistant TNBC cells 
are susceptible to conventional chemotherapeutics.

DISCUSSION

Previous studies have shown that TNBC cells are 
sensitive to TRAIL-induced apoptosis [8, 43]. However, 
it was not known if ONC201, a small-molecule inducer of 
the TRAIL gene, also induces apoptosis in TNBC cells. In 
this study, we used several TNBC cell lines to demonstrate 
that ONC201 effectively inhibits the growth of TNBC cells 
through the activation of ER stress response. Importantly, 
acquired TRAIL-resistant TNBC cells are still sensitive to 
ONC201. Thus, our data suggest that ONC201 is effective 
against TNBC.

Preclincal studies have established that the 
activation of the TRAIL pathway selectively induces 
apoptosis in cancer or transformed cells but not normal 

cells [42]. As a result, clinical trials using recombinant 
TRAIL or its agonistic antibodies against DR4 or DR5 
as a single agent or in combination with clinically used 
chemotherapeutic agents were initiated in patients with 
different cancers [44, 45]. The safety of these TRAIL-
based agents was established, but they had limited 
efficacy. It is noteworthly that all those clinical trials 
were conducted in all unselected patients [44, 45]. It is 
established that although TRAIL selectively kills cancer 
cells but not normal cells, most cancer cells are resistant 
to TRAIL. For example, breast cancer cells, in general, 
are resistant to TRAIL, but only TNBC cells are sensitive 
to TRAIL. In addition, TNBC cells have several subtypes, 
including the basal (epithelial)-like, mesenchymal-like, 
and luminal androgen receptor subtypes [3, 6, 7]. It has 
been shown that only mesenchymal-like TNBC cell are 
sensitive to TRAIL [8]. Thus, it is conceivable that if 
TRAIL-based clinical trials were conducted in patients 
with mesenchymal-like TNBC, those patients may likely 
benefit from the treatments.

It has been known that TNBC lacks defined 
therapeutic targets, but mesenchymal-like TNBC cells 
are highly sensitive to TRAIL. Hence, mesenchymal-like 
TNBC might be susceptible to TRAIL-targeted therapy 
[8]. We showed that ONC201 inhibited the growth of 

Figure 6: ONC201-resistant TNBC cells are sensitive to conventional chemotherapeutics. MTT of parental and ONC201-
resistant MDA231 A. and MDA468 B. cells treated with TAXOL or cisplatin. MDA231P, MDA231R-ONC201, MDA468P and MDA468R-
ONC201 cells were left untreated or treated with the indicated concentrations of TAXOL or cisplatin for 72 h. Data represent mean ± S.D. 
(error bars) of three independent experiments.
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mesenchymal-like TNBC cells. We also showed that 
TRAIL-sensitive TNBC cells can develop acquired 
resistance after chronic exposure to TRAIL, but ONC201 
still effectively inhibited the growth of TRAIL-resistant 
MDA231 cells. In addition, in spite of the fact that 
mesenchymal-like TNBC cells are sensitive to TRAIL, 
epithelial-like TNBC cells are resistant to TRAIL [8, 46]. 
However, we found that ONC201 inhibited the growth of 
MDA468 cells, suggesting that ONC201 can be effective 
against both mesenchymal-like and epithelial-like TNBC 
cells. Thus, we conclude that ONC201 has a broader 
antitumor activity than TRAIL against TNBC cells.

Mechanistically, ONC201 induces cell death via 
TRAIL-dependent and TRAIL-independent pathways 
[47]. In the TRAIL-dependent pathway, ONC201 inhibits 
Akt/ERK to activate FOXO3a-mediated transcriptional 
induction of TRAIL and subsequent TRAIL/DR5-
mediated apoptosis [38]. In this study, we showed 
that ONC201 had a modest effect on the levels of 
phosphorylated Akt in MDA231 cells but not in MDA468 
cells. However, we found that ONC201 increased rather 
than inhibited ERK phosphorylation in both cell lines. 
These data indicate that the main mechanism of ONC201-
induced apoptosis is unlikely due to its ability to inhibit 
Akt/ERK to induce TRAIL expression. Consistent with 
this, we found that TRAIL levels were decreased rather 
than induced by ONC201. Interestingly, DR5 was induced 
by ONC201. ERK signaling has been demonstrated to 
positively regulate DR5 expression [48, 49]. ONC201 
may induce DR5 through activation of ERK signaling. 
Thus, these data suggest that ONC201-induced anticancer 
activity may be in part through the TRAIL ligand-
independent and DR5-dependent apoptotic pathway.

In the TRAIL-independent pathway, ONC201 
induces ER stress responses via ATF4 to kill cancer cells 
[39, 40]. The ER stress response is one of the unfolded 
protein responses that mediate cell survival in the face of 
stressful stimuli [50]. ER stress is initiated by three ER 
transmembrane receptors—protein kinase RNA (PKR)-
like ER kinase (PERK), activating transcription factor 
6 (ATF6), and inositol-requiring enzyme 1 (IRE1). In 
resting cells, all three ER stress receptors bind to the ER 
chaperone GRP78 to maintain the cells in an inactive state. 
In response to ER stress, GRP78 dissociates from these 
three receptors to initiate ER stress responses through 
three distinct signaling pathways—the PERK-elF2-ATF4 
pathway, the ATF6 pathway, and the IRE1-XBP1-sXBP1 
pathway [51]. We showed that ONC201 activates ER stress 
responses, including IRE1-mediated ER stress. However, 
we found that knockdown of IRE1 did not affect ONC201 
sensitivity in MDA231 cells, suggesting that IRE1 may 
not play a major role in mediating ONC201 antitumor 
activity. On the other hand, we showed that ATF4 and 
CHOP were induced by ONC201, and that knockdown of 
ATF4 attenuated ONC201-induced growth inhibition of 
MDA231 cells, indicating that ATF4-mediated ER stress 

is involved in ONC201-induced anticancer activity. These 
results are consistent with two recent studies in other 
cancer types showing that the activation of ATF4-mediated 
ER stress is required for ONC201-induced antitumor 
activity [39, 40]. Thus, we conclude that ONC201 
activates two ER stress pathways, but the activation of 
ATF4-mediated ER stress is responsible for ONC201-
induced antitumor activity in TNBC cells. Taken together, 
our data suggest that ONC201 activates TRAIL-dependent 
and TRAIL-independent pathways to inhibit the growth of 
TNBC cells.

A recent study indicated that TNBC, relative to other 
subtypes of breast cancer, exhibits an intrinsically higher 
level of ER stress response [52]. This unique activation 
pattern suggests that ER stress is a biomarker and could 
be a potential target for the treatment of TNBC. However, 
targeting ER stress as a novel therapeutic strategy for the 
treatment of TNBC has not been explored. Therefore, 
patients with TNBC might benefit from agents that 
can target the ER stress response. It is conceivable that 
ONC201, an antitumor agent and small-molecule inducer 
of the TRAIL gene, is such an “ideal” agent because it 
can induce ER stress responses while modulating the Akt/
ERK signaling pathways. In addition, we showed that 
ONC201-resistant cells are still sensitive to clinically 
used chemotherapeutics, suggesting that ONC201 resistant 
tumors can be effectively inhibited by conventional 
chemotherapies.

In summary, this study makes the following 
novel observations: 1) ONC201 effectively inhibits 
the growth of TNBC cells including epithelial-like 
TNBC cells; 2) ONC201 inhibits the growth of TNBC 
cells that have developed acquired TRAIL resistance; 
3) acquired ONC201 resistance in TNBC cells have a 
defect in the activation of ATF4-mediated ER stress; and 
4) acquired ONC201 resistant TNBC cells are sensitive 
to conventional chemotherapy. Since TNBC cells 
have a higher level of ER stress than other subtypes of 
breast cancer, our study has an important implication. 
Thus, developing ER stress-inducing compounds, such 
as ONC201, can be novel strategies to treat TNBC. 
Importantly, ONC201 together with conventional 
chemotherapies suggests a novel treatment regimen for 
TNBC patients.

MATERIALS AND METHODS

Cell culture and reagents

Human breast cancer cell lines were obtained 
from the Biobank and Correlative Sciences Core, 
Wayne State Univeristy, Karmanos Cancer Institute. 
MDA231, MDA468 and MDA157 cells were cultured 
in DMEM supplemented with 10% fetal bovine serum 
(FBS). SUM159 and SUM149 cells were cultured in 
F12 supplemented with 5% FBS, 1mg/ml hydrocortisone 
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and 5 mg/ml insulin. HCC70, HCC1937 and HCC1806 
cells were maintained in RPMI-1640 supplemented with 
10% FBS. BT549 cells were cultured in RPMI-1640 
supplemented with 10% FBS and 0.85 mg/ml insulin. 
BT20 cells were maintained in MEM supplemented with 
10% FBS. All cells were cultured in media supplemented 
with amphotericin B and gentamicin. ONC201 was 
obtained from Oncoceutics, Inc. (Philadelphia, PA). 
Recombinant human TRAIL/Apo2L was obtained from 
Peprotech, Inc. (Rocky Hill, NJ). Taxol was obtained 
from the Oncology Outpatient Pharmacy at Karmanos 
Cancer Institute. Cisplatin and β-Actin antibody was 
purchased from Sigma (St Louis, MO). Rabbit anti-
caspase-8, caspase-9, caspase-3, DR5, Akt, p-Akt, ERK, 
p-ERK, IRE1, and eIF2α antibodies were obtained from 
Cell Signaling Technology (Danvers, MA). Rabbit 
anti-phospho-IRE1 antibody was from Thermo Fisher 
Scientific (Waltham, MA). Rabbit anti-p-eIF2α antibody 
was from Abcam (Cambridge, UK). Rabbit anti-CHOP 
and ATF4 antibodies and mouse anti-PARP antibody were 
obtained from Santa Cruz Biotechnology, Inc. (Santa 
Cruz, CA).

Generation of TRAIL-resistant MDA231 cells, 
ONC201-resistant MDA231 cells and ONC201-
resistant MDA468 cells

Parental MDA231 cells (MDA231P) were gradually 
exposed to increased concentrations of TRAIL starting 
from 10 to 120 ng/ml for over 6 months to select 
TRAIL-resistant cells (MDA231R). Likewise, ONC201-
resistant MDA231R-ONC201 and MDA468R-ONC201 
cells were established by chronically exposing parental 
MDA231 cells and MDA468 cells to gradually increased 
concentrations of ONC201 starting from 1 µM to 5 µM 
for over 6 months.

 RNA Interference of ATF4 and IRE1

On-TARGET plus SMART pool siRNAs for 
ATF4 and corresponding control non-target siRNA 
were purchased from Dharmacon Research (Lafayette, 
CO). Pooled siRNA for IRE1 and corresponding control 
non-target siRNA were purchased from Santa Cruz 
Biotechnology, Inc. (Santa Cruz, CA). Transfections were 
performed as suggested by the manufacturer’s instruction 
with slight modifications as described previously (11). 
Briefly, cells were seeded in 6-well plates (5×105 cells/
well). The next day, cells were transfected with siRNA 
oligonucleotides using Lipofectamine RNAiMAX 
(Invitrogen) and transfected cells were left untreated or 
treated with ONC201. After 3 days, they were harvested 
for protein expression measurement by Western blot 
analysis. For ONC201 sensitivity experiments, transfected 
cells were placed at 5,000 cells/well in 96-well plates 

and then left untreated or treated with ONC201, and cell 
proliferation was determined by MTT assay.

Cell viability assay and colony formation assay

MTT assay was performed as described previously 
(12). Briefly, cells were left untreated or treated with 
TRAIL or ONC201. After incubation with MTT solution 
for 4 h, isopropyl alcohol was added to dissolve the 
formazan crystals. OD was measured using a Vmax 
Microplate Reader (Molecular Devices, Sunnyvale, CA) 
at 570 nm. The cell proliferation was calculated from the 
mean of pooled data from three separate experiments 
with four wells each. The colony formation assay was 
described previously (13). Briefly, cells were plated 
(5×102 cells/well) in 6-well plates. The next day, cells 
were treated with vehicle, TRAIL, or ONC201. After 3 
days of incubation with drugs, the medium was changed. 
After 14 days, colonies were stained with 0.25% crystal 
violet in 10% formalin and 80% methanol for 2 hr, 
washed, and counted. Colonies containing 50 cells or 
more were counted. The results represented at least three 
independent experiments.

Western blot analysis

Cell lysates were prepared as previously described 
(12), and protein concentration was determined using 
the Protein Assay Kit (Bio-Rad, Hercule, CA). Cell 
lysates were electrophoresed through denaturing 
polyacrylamide gels and transferred to a PVDF 
membrane (Millipore, Bedford, MA). The blots 
were probed or re-probed with the antibodies, and 
detected using Enhanced Chemiluminescence (ECL) 
or Odyssey Infrared Imaging System according to the 
manufacturer’s protocol.

Isolation of RNA and real-time-PCR

Total cellular RNA was purified from cells using the 
RNeasy Mini Kit (Qiagen, Hilden, Germany). Template 
cDNA was synthesized from total RNA SuperScriptTM 
III Reverse Transcriptase (Invitrogen, Carlsbad, CA) 
according to the manufacturer’s instructions. Real-time 
PCR was performed using SYBR® Green PCR Master Mix 
(Applied Biosystems) and specific primers directed against 
human sXBP1 (5’-CTGAGTCCGAATCAGGTGCAG-3’ 
and 5’-ATC CATGGGGAGATGTTCTGG-3), 
usXBP1 (5’-CAGCAC TCAGACTACGTGCA-3’ 
and 5’-ATCCATGGGGAGATG TTCTGG-3’), total 
XBP1 (5’-TGGCCGGGTCTGCT GAGTCCG-3’ 
and 5’-ATCCATGGGGAGATGTTCTG G-3’), and 
ATF4 (5’-TGGCCAAGCACTTCAAACCT-3’ and 
5’-GTTGTTGGAGGGACTGACCAA-3’). Gene 
expression was normalized to GAPDH. All reverse 
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transcription (RT) reactions, including no-template 
controls and RT minus controls, were run according to the 
standards specified by Applied Biosystems. Each sample 
was tested in triplicate and data were analyzed according 
to the ΔΔCt method.

Statistical analysis

Statistical analysis was performed using Student’s 
t test. The data were presented as the mean ± S.D., and p 
≤ 0.05 was considered significant. All statistical analyses 
were performed with Graphpad Prism version 6.0c.
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inositol-requiring enzyme 1; CHOP, C/EBP homologous 
protein.

CONFLICTS OF INTEREST

No potential conflicts of interest were disclosed.

FUNDING

This work was supported by the National Institutes 
of Health [grant number R01 CA174949] and National 
Natural Science Foundation of China [grant number 
81572608].

Author contributions

X.Y., K.W. and G.S.W. designed and directed the 
studies. X.Y., D.K. and J.X. performed experiments. X.Y., 
A.G. and G.S.W. analyzed the data and wrote the paper.

REFERENCES

1.	 Siegel RL, Miller KD and Jemal A. Cancer statistics, 2016. 
CA Cancer J Clin. 2016; 66:7-30.

2.	 Perez EA, Moreno-Aspitia A, Aubrey Thompson E and 
Andorfer CA. Adjuvant therapy of triple negative breast 
cancer. Breast Cancer Res Treat. 2010; 120:285-291.

3.	 Kang SP, Martel M and Harris LN. Triple negative breast 
cancer: current understanding of biology and treatment 
options. Curr Opin Obstet Gynecol. 2008; 20:40-46.

4.	 Isakoff SJ. Triple-negative breast cancer: role of specific 
chemotherapy agents. Cancer J. 2010; 16:53-61.

5.	 Simon MS, Ibrahim D, Newman L and Stano M. Efficacy 
and economics of hormonal therapies for advanced breast 
cancer. Drugs Aging. 2002; 19:453-463.

6.	 Lehmann BD, Bauer JA, Chen X, Sanders ME, 
Chakravarthy AB, Shyr Y and Pietenpol JA. Identification 
of human triple-negative breast cancer subtypes and 
preclinical models for selection of targeted therapies. J Clin 
Invest. 2011; 121:2750-2767.

7.	 Galanina N, Bossuyt V and Harris LN. Molecular predictors 
of response to therapy for breast cancer. Cancer J. 2011; 
17:96-103.

8.	 Rahman M, Davis SR, Pumphrey JG, Bao J, Nau MM, 
Meltzer PS and Lipkowitz S. TRAIL induces apoptosis 
in triple-negative breast cancer cells with a mesenchymal 
phenotype. Breast Cancer Res Treat. 2009; 113:217-230.

9.	 Wiley SR, Schooley K, Smolak PJ, Din WS, Huang CP, 
Nicholl JK, Sutherland GR, Smith TD, Rauch C, Smith CA 
and Goodwin RG. Identification and characterization of 
a new member of the TNF family that induces apoptosis. 
Immunity. 1995; 3:673-682.

10.	 Pitti RM, Marsters SA, Ruppert S, Donahue CJ, Moore A 
and Ashkenazi A. Induction of apoptosis by Apo-2 ligand, a 
new member of the tumor necrosis factor cytokine family. J 
Biol Chem. 1996; 271:12687-12690.

11.	 Ashkenazi A and Dixit VM. Death receptors: signaling and 
modulation. Science. 1998; 281:1305-1308.

12.	 Pan G, O’Rourke K, Chinnaiyan AM, Gentz R, Ebner R, 
Ni J and Dixit VM. The receptor for the cytotoxic ligand 
TRAIL. Science. 1997; 276:111-113.

13.	 Wu GS, Burns TF, McDonald ER, Jiang W, Meng R, Krantz 
ID, Kao G, Gan DD, Zhou JY, Muschel R, Hamilton SR, 
Spinner NB, Markowitz S, et al. KILLER/DR5 is a DNA 
damage-inducible p53-regulated death receptor gene. Nat 
Genet. 1997; 17:141-143.

14.	 MacFarlane M, Ahmad M, Srinivasula SM, Fernandes-
Alnemri T, Cohen GM and Alnemri ES. Identification and 
molecular cloning of two novel receptors for the cytotoxic 
ligand TRAIL. J Biol Chem. 1997; 272:25417-25420.

15.	 Pan G, Ni J, Wei YF, Yu G, Gentz R and Dixit VM. An 
antagonist decoy receptor and a death domain-containing 
receptor for TRAIL. Science. 1997; 277:815-818.

16.	 Walczak H, Degli-Esposti MA, Johnson RS, Smolak PJ, 
Waugh JY, Boiani N, Timour MS, Gerhart MJ, Schooley 
KA, Smith CA, Goodwin RG and Rauch CT. TRAIL-R2: 
a novel apoptosis-mediating receptor for TRAIL. Embo J. 
1997; 16:5386-5397.

17.	 Screaton GR, Mongkolsapaya J, Xu XN, Cowper AE, 
McMichael AJ and Bell JI. TRICK2, a new alternatively 
spliced receptor that transduces the cytotoxic signal from 
TRAIL. Curr Biol. 1997; 7:693-696.

18.	 Wu GS, Burns TF, Zhan Y, Alnemri ES and El-Deiry WS. 
Molecular cloning and functional analysis of the mouse 
homologue of the KILLER/DR5 tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL) death receptor. 
Cancer Res. 1999; 59:2770-2775.

19.	 Degli-Esposti MA, Smolak PJ, Walczak H, Waugh J, Huang 
CP, DuBose RF, Goodwin RG and Smith CA. Cloning and 



Oncotarget21637www.impactjournals.com/oncotarget

characterization of TRAIL-R3, a novel member of the emerging 
TRAIL receptor family. J Exp Med. 1997; 186:1165-1170.

20.	 Sheridan JP, Marsters SA, Pitti RM, Gurney A, Skubatch 
M, Baldwin D, Ramakrishnan L, Gray CL, Baker K, Wood 
WI, Goddard AD, Godowski P and Ashkenazi A. Control 
of TRAIL-induced apoptosis by a family of signaling and 
decoy receptors. Science. 1997; 277:818-821.

21.	 Mongkolsapaya J, Cowper AE, Xu XN, Morris G, 
McMichael AJ, Bell JI and Screaton GR. Lymphocyte 
inhibitor of TRAIL (TNF-related apoptosis-inducing 
ligand): a new receptor protecting lymphocytes from the 
death ligand TRAIL. J Immunol. 1998; 160:3-6.

22.	 Pan G, Ni J, Yu G, Wei YF and Dixit VM. TRUNDD, a 
new member of the TRAIL receptor family that antagonizes 
TRAILsignalling. FEBS Lett. 1998; 424:41-45.

23.	 Marsters SA, Sheridan JP, Pitti RM, Huang A, Skubatch 
M, Baldwin D, Yuan J, Gurney A, Goddard AD, Godowski 
P and Ashkenazi A. A novel receptor for Apo2L/TRAIL 
contains a truncated death domain. Curr Biol. 1997; 
7:1003-1006.

24.	 Degli-Esposti MA, Dougall WC, Smolak PJ, Waugh JY, 
Smith CA and Goodwin RG. The novel receptor TRAIL-R4 
induces NF-kappaB and protects against TRAIL-mediated 
apoptosis, yet retains an incomplete death domain. 
Immunity. 1997; 7:813-820.

25.	 Hellwig CT and Rehm M. TRAIL signaling and synergy 
mechanisms used in TRAIL-based combination therapies. 
Mol Cancer Ther. 2012; 11:3-13.

26.	 Pai S, Wu GS, Ozoren N, Wu L, Jen J, Sidransky D, 
El-Deiry WS. Rare loss-of-function mutation of a death 
receptor gene in head and neck cancer. Cancer Research. 
1998; 58:3513-3518.

27.	 Hopkins-Donaldson S, Ziegler A, Kurtz S, Bigosch C, 
Kandioler D, Ludwig C, Zangemeister-Wittke U and Stahel 
R. Silencing of death receptor and caspase-8 expression in 
small cell lung carcinoma cell lines and tumors by DNA 
methylation. Cell Death Differ. 2003; 10:356-364.

28.	 Wagner KW, Punnoose EA, Januario T, Lawrence DA, Pitti 
RM, Lancaster K, Lee D, von Goetz M, Yee SF, Totpal K, Huw 
L, Katta V, Cavet G, et al. Death-receptor O-glycosylation 
controls tumor-cell sensitivity to the proapoptotic ligand 
Apo2L/TRAIL. Nat Med. 2007; 13:1070-1077.

29.	 Burns TF and El-Deiry WS. Identification of inhibitors of 
TRAIL-induced death (ITIDs) in the TRAIL-sensitive colon 
carcinoma cell line SW480 using a genetic approach. J Biol 
Chem. 2001; 276:37879-37886.

30.	 Kim Y, Suh N, Sporn M and Reed JC. An inducible 
pathway for degradation of FLIP protein sensitizes tumor 
cells to TRAIL-induced apoptosis. J Biol Chem. 2002; 
277:22320-22329.

31.	 Hietakangas V, Poukkula M, Heiskanen KM, Karvinen 
JT, Sistonen L and Eriksson JE. Erythroid differentiation 
sensitizes K562 leukemia cells to TRAIL-induced apoptosis 

by downregulation of c-FLIP. Mol Cell Biol. 2003; 
23:1278-1291.

32.	 Cursi S, Rufini A, Stagni V, Condo I, Matafora V, Bachi 
A, Bonifazi AP, Coppola L, Superti-Furga G, Testi R and 
Barila D. Src kinase phosphorylates Caspase-8 on Tyr380: a 
novel mechanism of apoptosis suppression. EMBO J. 2006; 
25:1895-1905.

33.	 Jin Z, Li Y, Pitti R, Lawrence D, Pham VC, Lill JR and 
Ashkenazi A. Cullin3-based polyubiquitination and p62-
dependent aggregation of caspase-8 mediate extrinsic 
apoptosis signaling. Cell. 2009; 137:721-735.

34.	 Sun SY, Yue P, Zhou J-Y, Wang Y, Kim HC, Lotan R 
and Wu GS. Overexpression of bcl2 blocks TNF-related 
apoptosis-inducing ligand (TRAIL)-induced apoptosis in 
human lung cancer cells. BBRC. 2001; 280:788-797.

35.	 Deng Y, Lin Y and Wu X. TRAIL-induced apoptosis 
requires Bax-dependent mitochondrial release of Smac/
DIABLO. Genes Dev. 2002; 16:33-45.

36.	 Cummins JM, Kohli M, Rago C, Kinzler KW, Vogelstein 
B and Bunz F. X-linked inhibitor of apoptosis protein 
(XIAP) is a nonredundant modulator of tumor necrosis 
factor-related apoptosis-inducing ligand (TRAIL)-mediated 
apoptosis in human cancer cells. Cancer Res. 2004; 
64:3006-3008.

37.	 Chawla-Sarkar M, Bae SI, Reu FJ, Jacobs BS, Lindner 
DJ and Borden EC. Downregulation of Bcl-2, FLIP or 
IAPs (XIAP and survivin) by siRNAs sensitizes resistant 
melanoma cells to Apo2L/TRAIL-induced apoptosis. Cell 
Death Differ. 2004; 11:915-923.

38.	 Allen JE, Krigsfeld G, Mayes PA, Patel L, Dicker DT, Patel 
AS, Dolloff NG, Messaris E, Scata KA, Wang W, Zhou 
JY, Wu GS and El-Deiry WS. Dual inactivation of Akt 
and ERK by TIC10 signals Foxo3a nuclear translocation, 
TRAIL gene induction, and potent antitumor effects. Sci 
Transl Med. 2013; 5:171ra117.

39.	 Kline CL, Van den Heuvel AP, Allen JE, Prabhu VV, Dicker 
DT and El-Deiry WS. ONC201 kills solid tumor cells by 
triggering an integrated stress response dependent on ATF4 
activation by specific eIF2alpha kinases. Sci Signal. 2016; 
9:ra18.

40.	 Ishizawa J, Kojima K, Chachad D, Ruvolo P, Ruvolo 
V, Jacamo RO, Borthakur G, Mu H, Zeng Z, Tabe Y, 
Allen JE, Wang Z, Ma W, et al. ATF4 induction through 
an atypical integrated stress response to ONC201 
triggers p53-independent apoptosis in hematological 
malignancies. Sci Signal. 2016; 9:ra17.

41.	 Allen JE, Krigsfeld G, Patel L, Mayes PA, Dicker DT, Wu 
GS and El-Deiry WS. Identification of TRAIL-inducing 
compounds highlights small molecule ONC201/TIC10 as a 
unique anti-cancer agent that activates the TRAIL pathway. 
Mol Cancer. 2015; 14:99.

42.	 Wu GS. TRAIL as a target in anti-cancer therapy. Cancer 
Letters. 2009; 285:1-5.



Oncotarget21638www.impactjournals.com/oncotarget

43.	 Dine JL, O’Sullivan CC, Voeller D, Greer YE, Chavez KJ, 
Conway CM, Sinclair S, Stone B, Amiri-Kordestani L, 
Merchant AS, Hewitt SM, Steinberg SM, Swain SM, et al. 
The TRAIL receptor agonist drozitumab targets basal B 
triple-negative breast cancer cells that express vimentin and 
Axl. Breast Cancer Res Treat. 2016; 155:235-251.

44.	 Lim B, Allen JE, Prabhu VV, Talekar MK, Finnberg NK 
and El-Deiry WS. Targeting TRAIL in the treatment of 
cancer: new developments. Expert Opin Ther Targets. 2015; 
19:1171-1185.

45.	 Fulda S. Safety and tolerability of TRAIL receptor 
agonists in cancer treatment. Eur J Clin Pharmacol. 2015; 
71:525-527.

46.	 Malin D, Chen F, Schiller C, Koblinski J and Cryns VL. 
Enhanced metastasis suppression by targeting TRAIL 
receptor 2 in a murine model of triple-negative breast 
cancer. Clin Cancer Res. 2011; 17:5005-5015.

47.	 Endo Greer Y and Lipkowitz S. ONC201: Stressing tumors 
to death. Sci Signal. 2016; 9:fs1.

48.	 Oh YT, Liu X, Yue P, Kang S, Chen J, Taunton J, Khuri 
FR and Sun SY. ERK/ribosomal S6 kinase (RSK) signaling 
positively regulates death receptor 5 expression through 

co-activation of CHOP and Elk1. J Biol Chem. 2010; 
285:41310-41319.

49.	 Oh YT, Yue P, Zhou W, Balko JM, Black EP, Owonikoko 
TK, Khuri FR and Sun SY. Oncogenic Ras and B-Raf 
proteins positively regulate death receptor 5 expression 
through co-activation of ERK and JNK signaling. J Biol 
Chem. 2012; 287:257-267.

50.	 Walter P and Ron D. The unfolded protein response: from 
stress pathway to homeostatic regulation. Science. 2011; 
334:1081-1086.

51.	 Szegezdi E, Logue SE, Gorman AM and Samali A. 
Mediators of endoplasmic reticulum stress-induced 
apoptosis. EMBO Rep. 2006; 7:880-885.

52.	 Chen X, Iliopoulos D, Zhang Q, Tang Q, Greenblatt MB, 
Hatziapostolou M, Lim E, Tam WL, Ni M, Chen Y, Mai J, 
Shen H, Hu DZ, et al. XBP1 promotes triple-negative breast 
cancer by controlling the HIF1alpha pathway. Nature. 2014; 
508:103-107.

53.	 Davis SL, Eckhardt SG, Tentler JJ and Diamond JR. 
Triple-negative breast cancer: bridging the gap from cancer 
genomics to predictive biomarkers. Ther Adv Med Oncol. 
2014; 6:88-100.


