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ABSTRACT
The five-year survival rate for pancreatic ductal adenocarcinoma (PDAC) has remained a dismal 9% for 
approximately 40 years with an urgent need for novel therapeutic interventions. ONC201 is the founding 
member of the imipridone class, comprised of orally bioavailable small molecules that have shown efficacy 
in multiple tumor types both in animal models and in Phase I/II clinical trials. ONC201 is a potent inducer of 
the tumor necrosis factor related apoptosis inducing ligand (TRAIL) pathway. TRAIL is an innate immune 
mechanism which induces programmed cell death of cancer cells. We observed that PDAC cells upregulated 
ATF4, CHOP, and DR5 after treatment with ONC201. This occurred in cell lines that are susceptible to 
ONC201-induced apoptosis and in ones that are not. In response to ONC201, PDAC cells downregulated anti- 
apoptotic proteins including c-FLIP, BclXL, XIAP, cIAP1, and survivin. We hypothesized that TRAIL receptor 
agonists might induce selective, synergistic apoptosis in pancreatic cancer cell lines treated with ONC201. 
We screened 7 pancreatic cancer cell lines and found synergy with ONC201 and rhTRAIL or the novel TRAIL 
receptor agonist TLY012 in 6 of the 7 cell lines tested. In vivo experiments using BxPC3 and HPAFII xenograft 
models showed that the combination of ONC201 plus TLY012 significantly delays tumor growth as 
compared to controls. Immunohistochemical analysis of the tumors after three doses of the combination 
showed significantly increased cleavage of caspase 3 in vivo as compared to controls. Taken together, the 
preclinical efficacy of ONC201 and TLY012 represents a novel therapeutic option for further testing in 
pancreatic cancer patients. This combination showed marked efficacy in tumor cells that are both sensitive 
and resistant to the pro-apoptotic effects of ONC201, providing rationale to further investigate the combina
tion of ONC201 plus TLY012 in patients with pancreatic cancer.
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Introduction

The five-year survival rate for pancreatic cancer has remained 
very low at 9%, across all Surveillance, Epidemiology and End 
Results (SEER) stages combined, for nearly the past 40 years.1 

This highlights the urgent need for novel therapeutic options. 
One such option is ONC201, a novel TNF-Related Apoptosis 
Inducing Ligand (TRAIL)-inducing compound that has shown 
marked efficacy in pre-clinical and clinical trials across various 
tumor types2 Though ONC201 has yet to be clinically evalu
ated in the context of pancreatic cancer, there is significant 
preclinical data from our lab showing efficacy in pancreatic 
cancer xenograft models.3

TRAIL is an innate immune ligand that induces selective 
apoptosis in cancer cells through binding to Death Receptor 4 
(DR4) and Death Receptor 5 (DR5).4,5 Given this impressive 
phenotype, much excitement was generated regarding the 

therapeutic potential of rhTRAIL in the clinic. However, due 
to poor pharmacokinetics, low bioavailability, and poor clinical 
activity as monotherapy in common tumor types, efforts to 
develop short-lived rhTRAIL have not been successful. This 
lack of success ultimately led to a search for small molecules 
and TRAIL receptor agonists that could induce apoptotic cell 
death via the TRAIL pathway.6 This led to the eventual dis
covery of ONC201/TIC10.

ONC201 (originally named TIC10 for TRAIL-inducing 
compound 10) is a novel, first-in-class, orally bioavailable 
small molecule that was identified in a phenotypic reporter 
screen for its ability to induce the TRAIL pathway in a p53- 
independent manner.7 It is currently being tested in approxi
mately 20 clinical trials as monotherapy or in combination 
with other chemotherapies and is well-tolerated in humans. It 
has shown potent efficacy in subsets of patients with 
glioblastoma.8 ONC201 can selectively induce apoptosis in 
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cancer cells by blocking the phosphorylation of Akt and ERK, 
downstream effectors of the canonical MAPK growth pathway. 
Blocking the phosphorylation of Akt and ERK prevents the 
phosphorylation of FOXO3a. Thus, FOXO3a can translocate to 
the nucleus, and this combined with activation of the inte
grated stress response, upregulates ATF4, TRAIL, and DR5.7 

In addition to this novel mechanism, ONC201 has a promising 
pharmacokinetic/pharmacodynamic split; the half-life of 
ONC201 is 6–11 hours, but its intracellular effects can be 
observed up to a week later. This is a helpful property of the 
drug for combination therapies, as the short half-life prevents 
drug-drug interactions.2,9

The clinical failure of rhTRAIL also set off a search for 
TRAIL mimetics – ligands that were modified to increase 
the short half-life of rhTRAIL and address some of its 
other biochemical shortcomings. One such TRAIL 
mimetic is TLY012 that can target both DR4 and DR5. 
This is in contrast to other approaches, like AMG655, 
which solely target DR5.10 Chae et al.11 previously estab
lished that TLY012 has a markedly improved PK and PD 
profile compared to rhTRAIL in mouse models in vivo. 
They also showed that TLY012 induces a more potent, 
anti-tumor effect in colorectal cancer mouse models 
in vivo, suggesting that TLY012 has promising anti- 
cancer prospects.11 Further research also demonstrated 
that TLY012 has marked activity against fibrotic cells, 
which are known to upregulate DR5.12 Thus, TLY012 is 
entering clinical trials for pancreatitis and other fibrotic 
diseases. TLY012 also has good prospects as an anti-cancer 
agent, especially for fibrosis-driven cancers such as pan
creatic cancer.

Pancreatic cancer cells are notoriously resistant to extrinsic 
TRAIL-induced apoptosis and all pancreatic cancer cells are 
known to undergo type II extrinsic apoptosis.13,14 Type II extrinsic 
apoptosis amplifies cell death signaling through the mitochondria. 
By contrast, type I apoptosis does not involve mitochondrial 
signaling.15 TRAIL-resistance in pancreatic cancer cells is partially 
due to the overexpression of various IAP family proteins, includ
ing cIAP1, XIAP, and survivin. cIAP-1 and XIAP inhibit TRAIL- 
induced apoptosis by blocking the cleavage of caspase 3, 7, or 9 
and thereby preventing downstream apoptotic events.16

Another key protein involved in mediating TRAIL resistance is 
cellular, FLICE-like inhibitory protein (cFLIP). High levels of 
cFLIP, as often observed in pancreatic cancer cells, can block 
TRAIL-induced apoptosis by competing with caspase-8 for bind
ing to the Fas-associated Death Domain (FADD) adaptor protein. 
Blocking the binding of caspase-8 to FADD prevents the proper 
formation of the Death-Inducing Signaling Complex (DISC) and 
prevents activating cleavage of caspase-8. Further downstream 
from cFLIP, cIAP1, and XIAP, members of the Bcl-2 family of 
proteins – especially Bcl-XL, Bcl-2, and Mcl-1 – also modulate 
sensitivity to TRAIL-induced apoptosis. These proteins block the 
activation of Bax and Bak, other Bcl-2 family members. Activated 
Bax and Bak are responsible for cell death through increased 
mitochondrial outer membrane permeability (MOMP). Thus, Bcl- 
XL, Bcl-2, and Mcl-1 inhibit apoptosis by preventing permeabili
zation of the mitochondrial membrane.17

ONC201 is known to induce either an apoptotic or anti- 
proliferative phenotype in a variety of tumor types.18,19 

Interestingly, the apoptotic or anti-proliferative phenotype does 
not depend on the endogenous TRAIL sensitivity of the PDAC 
tumor cell lines. Further analysis of PDAC tumor cell lines and 
their response to ONC201 showed that the anti-proliferative 
response is more common than the full, apoptotic response. 
Thus, we present a novel strategy to convert the response of 
pancreatic cancer cells to ONC201 from anti-proliferative to 
apoptotic.

In this study, we analyze the preclinical potential of a novel 
combination of ONC201 and TRAIL receptor agonists, rhTRAIL 
or TLY012. Initially, we explored the concept through the use of 
rhTRAIL. However, given rhTRAIL’s clinical shortcomings, we 
also explored the potential for combination of ONC201 with 
TLY012. Here, we report that the combination of ONC201 and 
TLY012 can induce selective, synergistic apoptosis in vitro and 
significantly delays tumor xenograft growth in vivo. This combi
nation treatment shows marked efficacy in models that are both 
sensitive and resistant to ONC201-induced apoptosis providing 
a promising outlook for patients whose tumors do not respond to 
ONC201 and providing potential for regression in patients’ 
tumors that do respond to ONC201.

Results

ONC201 induces potent anti-proliferative and 
pro-apoptotic effects in multiple pancreatic cancer cell lines

ONC201 has been previously reported to induce apoptosis in 
several different tumor types through activation of the TRAIL 
pathway. In the context of pancreatic cancer, ONC201 shows 
two major phenotypes: anti-proliferative and/or apoptotic. 
Cells that undergo ONC201-induced apoptosis are referred to 
as ‘sensitive,’ and cells that do not undergo ONC201-induced 
apoptosis are referred to as ‘resistant.’ Table S1 depicts the cell 
lines used for this study, their major mutations, and their 
response to ONC201.20

To test the anti-proliferative effects of ONC201, we used 
a clonogenicity assay, a widely used methodology that deter
mines the ability of a single cell to form a colony unit. The 
number of colonies is then used as a measure of proliferative 
capacity of the cancer cells. We hypothesized that ONC201 
decreases cellular clonogenicity in both ‘sensitive’ and ‘resis
tant’ pancreatic cancer cell lines. Cells were pre-treated with 
ONC201 for 3 days and grown in drug-free media for 7 days 
after. As shown in Figure 1a, cell proliferation was significantly 
reduced amongst AsPC-1, BxPC3, HPAFII, and PANC-1 cells 
after treatment with 2 or 4 μM ONC201. BxPC3, HPAFII, and 
PANC-1 also showed significantly decreased plate coverage 
after treatment with 1 μM ONC201 (Figure 1b).

To confirm sensitivity to ONC201-induced apoptosis, we 
conducted a flow cytometric sub-G1 assay and western blots 
for PARP cleavage. As expected, AsPC-1 cells underwent an 
apoptotic-response showing high-levels of sub-G1 DNA parti
cles (Figure 1c). AsPC-1 cells also showed increased PARP 
cleavage at the 48- and 72-hour time-points in a dose- 
dependent manner confirming that cells were undergoing 
apoptosis (Figure 1d). Furthermore, there was no increase in 
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sub-G1 DNA as compared to vehicle in BxPC3 cells treated 
with 12 μM ONC201 (Figure 1b). Similar, non-apoptotic 
effects were observed in CFPAC-1 and Capan-1 cell lines 
using sub-G1 analysis (Figure 1b). Taken together, these data 
suggest that ONC201 can induce an anti-proliferative effect in 
cell lines that are sensitive and resistant to ONC201-induced 
apoptosis.

ONC201 upregulates the integrated stress response 
including ATF4, CHOP, and DR5

Our previous data has shown that ONC201 can induce its 
potent anti-tumor effects through activation of the Integrated 
Stress Response (ISR), a mammalian stress pathway known 
to regulate homeostasis.19 Among the key molecules in the 

ISR is activating transcription factor 4 (ATF4). ATF4 is 
known to induce transcription of various ISR molecules, 
including C/EBP homologous protein (CHOP).

To confirm activation of the ISR in pancreatic cancer cell 
lines, we conducted a time-course experiment and analyzed 
ATF4 expression in HPAFII, AsPC-1, and CFPAC-1 cell lines 
(Figure 2). As expected, ONC201 induced transient expression 
of ATF4 at 24, 48, and 72 hours in all cell lines tested. We then 
analyzed the expression of CHOP and DR5 in HPAFII cells. 
We observed that CHOP is upregulated at both 24 and 
48 hours after treatment of HPAFII cells with ONC201 
(3 μM and 6 μM; Figure 2a). At 72 hours, CHOP was only 
upregulated after treatment of HPAFII cells with 6 μM 
ONC201 (Figure 2a). Similarly, DR5 was upregulated in 
HPAFII cells at 24 and 48 hours after treatment with both 
3 μM and 6 μM ONC201 (Figure 2a). In AsPC-1 cell lines, 

Figure 1. ONC201 induces potent anti-proliferative and apoptotic effects across multiple pancreatic cancer cell lines. A) Clonogenicity assays of AsPC-1, BxPC3, 
HPAFII, and PANC-1 cell lines after treatment with ONC201. Cells were pre-treated for 3 days and grown in drug-free media for 7 days after. B) Quantification of 
clonogenicity assays shown in Figure 1a. C) Sub-G1 analysis of various pancreatic cancer cells treated with ONC201 for 72 hours. D) Time-course western blot of AsPC-1 
cells treated with ONC201 for 12, 24, 48, or 72 hours at 3 μM (+) or 6 μM (++). Quantification of western blot is displayed below. * p < .05, ** p < .01, ** p < .001.
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ATF4 was upregulated after treatment with 6 μM ONC201 at 
both 48 and 72 hours (Figure 2b). Similarly, CFPAC-1 cells 
showed upregulation of ATF4 after treatment with ONC201 at 
24, 48, and 72 hours (Figure 2c).

In BxPC3 cells, ONC201-induced potent upregulation of 
DR5 at 48 and 72 hours confirming ISR activation similar 
to that observed in HPAFII cells (Figure 2d). These data 
indicate that ONC201 upregulates the ISR in multiple 

Figure 2. ONC201 induces potent activation of the integrated stress response in a panel of pancreatic tumor cell lines. A) Time-course western blot of HPAFII 
cells treated with ONC201 (+, 3 μM; ++, 6 μM) for 24, 48, or 72 hours. B) Time-course western blot of AsPC-1 cells treated with ONC201 (+, 3 μM) showing ATF4 
upregulation at 48 and 72 hours. Time-course western blot of CFPAC-1 Cells treated with ONC201 (+, 6 μM; ++, 12 μM) D) Time-course western blot assessing DR5 
expression in BxPC3 cells after treatment with ONC201 for 48 and 72 hours (+, 12 μM; ++, 20 μM). Quantification of all blots is shown.
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pancreatic cancer cell lines. Furthermore, activation of the 
ISR appears to be independent of innate sensitivity of cell 
lines to ONC201-induced apoptosis. This is evidenced by 
activation of ATF4 in HPAFII and AsPC-1, ONC201 sensi
tive cell lines, and CFPAC-1, a cell line that is resistant to 
ONC201-induced apoptosis.

ONC201 primes pancreatic cancer cell lines for 
TRAIL-induced cell death through downregulation of key 
anti-apoptotic proteins

Sensitivity to TRAIL-induced apoptosis in pancreatic can
cer is mediated by the expression of certain anti-apoptotic 
proteins. It is ultimately the intracellular balance of pro- 
apoptotic and anti-apoptotic proteins that determines cell 
fate. Thus, in addition to DR5 expression, we examined 
whether or not ONC201 can modulate the expression of 
these key anti-apoptotic proteins to further sensitize cells 
to TRAIL-induced apoptosis.

Previously, Lev et al.3 established that ONC201 can reduce 
expression of XIAP, Mcl-1, and Bcl-XL in PANC-1, HPAFII, 
and BxPC3 cell lines. Thus, to further examine the downregu
lation of anti-apoptotic proteins, western blots were used to 
analyze the expression of cIAP-1, survivin, cFLIP, Bcl-2, and 
Bcl-XL across multiple PDAC tumor cell lines. Each of these 
proteins inhibits various components of the extrinsic apoptosis 
pathway, posing unique challenges in anti-tumor therapy.

Analysis of cIAP-1 and survivin showed potent downregula
tion after treatment with 3 μM and 6 μM ONC201 in AsPC-1 
cells (Figure 3a). Similarly, potent downregulation of survivin 
was observed in HPAFII cells after treatment with ONC201 
(Figure 3b). To further analyze the downregulation of anti- 
apoptotic proteins, samples were probed for cellular-flice like 
inhibitory protein (cFLIP), Bcl-2, and Bcl-XL. In AsPC-1 and 
BxPC3 cells, significant downregulation of cFLIP after treatment 
with ONC201 was observed, suggesting that downregulation of 
anti-apoptotic proteins occurs in cells that are both sensitive and 
resistant to ONC201-induced apoptosis (Figure 3a, Figure 3c). 
Interestingly, analysis of Bcl-2 in AsPC-1 cells showed a small 

Figure 3. ONC201 primes pancreatic tumor cell lines for TRAIL-induced apoptosis through downregulation of key anti-apoptotic proteins. A) Western blots in 
AsPC-1 cell lines treated with ONC201 (+, 3 μM) B) HPAFII cells treated with ONC201 (+, 3 μM; ++, 6 μM). C) BxPC3 cells treated with ONC201 for 72 hours (+, 12 μM).
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increase (Figure 3a). However, analysis of Bcl-XL in BxPC3 
revealed downregulation after treatment with 12 μM ONC201 
for 72 hours (Figure 3c). Taken together, our data show that 
ONC201 primes pancreatic cancer cells for TRAIL-induced 
apoptosis through high levels of death receptor expression and 
low levels of anti-apoptotic proteins.

Addition of TLY012 or rhTRAIL after pre-treatment with 
ONC201 induces synergistic apoptosis in pancreatic tumor 
cell lines

The potent upregulation of DR5 and downregulation of var
ious anti-apoptotic proteins after treatment with ONC201 
posed an interesting, albeit counterintuitive, question: could 
addition of rhTRAIL (or rhTRAIL mimetics) induce synergis
tic apoptosis in cells pre-treated with ONC201? This question 
is particularly relevant and meaningful because activation of 
the ISR and apoptotic priming is observed in cell lines that are 
both sensitive and resistant to ONC201-induced apoptosis. 
Thus, a potential combination treatment would be applicable 
to cells that are resistant to ONC201-induced apoptosis.

To test this hypothesis, seven pancreatic cancer cell lines 
were screened for potential synergy using cell viability assays. 
As a proof of concept, the first set of experiments was con
ducted using rhTRAIL. Consistent with the hypothesis, the 
combination of ONC201 and rhTRAIL induced potent, syner
gistic loss of cell viability in six of seven cell lines tested. PANC- 
1 cells responded extremely well to the combination treatment 
showing a statistically significant decrease in cell viability after 
adding only 25 ng/mL rhTRAIL (Figure 4a, 4b). The 

combination indices for PANC-1 cells treated with ONC201 
and rhTRAIL are shown in a heatmap in Figure 4c. Cell-Titer 
Glo Images and cell viability curves for the other cell lines 
tested are in Figure S1 and S2. Interestingly, this response 
was not limited to PDAC tumor cell lines. Sub-G1 flow cyto
metry analysis of SW480 colon cancer cell line treated with 
ONC201 and rhTRAIL showed potent, synergistic apoptosis 
after treatment with both drugs (Figure S3). For cell viability 
assays, synergy was assessed using the Chou-Talalay method. 
Combination indices for six of the test cell lines are shown in 
Figure 4d No synergistic loss of cell viability was observed in 
the CFPAC-1 cell line (Figure S4A, S4B).

To determine if this response was apoptotic, western blots 
were conducted and probed for expression of cleaved PARP. 
Synergistic PARP cleavage was observed in HPAFII, BxPC3, 
and Capan-1 cell lines after treatment with the combination of 
ONC201 and rhTRAIL (Figure 5a).

Given the clinical failure of rhTRAIL as a mono-agent, the 
potential for a combination of ONC201 and TLY012, a novel 
TRAIL receptor agonist, was also examined. Western blots of 
PANC-1 cells treated with the combination of ONC201 and 
TLY012 also showed potent, synergistic PARP cleavage, sug
gesting that TLY012 could be used to replace rhTRAIL for 
combination with ONC201 (Figure 5b). Cell viability analysis 
was also conducted in HPAFII and AsPC-1 cells with the 
combination ONC201 and TLY012 (Figure S5A). The 
HPAFII cell line showed potent synergistic loss of cell viability 
(Figure S5B, S5C). Taken together, these data suggest that 
TLY012 can be used in combination of ONC201 to synergisti
cally induce apoptosis in PDAC tumor cell lines in vitro.

a c

b d

Figure 4. Combination of ONC201 and TRAIL receptor agonists induces synergistic apoptosis across PDAC tumor cell lines in vitro. A) Cell viability assay of PANC- 
1 cells treated with varying doses of ONC201 and rhTRAIL. Cells were pre-treated with ONC201 for 72 hours. rhTRAIL was added for 4 hours before imaging. B) Dose 
response curve for image shown in Panel 4A. C) Heat map of PANC-1 cells treated with ONC201 and TLY012. The color of the wells represents fraction alive according to 
the scale bar. Combination index values are listed inside the wells. Values less than 1 indicate synergy. C) Combination indices for PDAC tumor cell lines pre-treated with 
ONC201 for 72 hours and TLY012 for 4 hours.
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The combination of ONC201 and TLY012 does not induce 
synergistic cell death in human foreskin fibroblasts

The in vitro efficacy of the combination treatment of 
ONC201 and TLY012 raised some interesting prospects 
for translation. Thus, to explore in vitro toxicity Human 
Foreskin Fibroblasts (HFF-1) were treated with the 

combination of ONC201 and TLY012 and analyzed via 
cell viability assays and western blots. There was 
a minimal decrease in cell viability in HFF-1 cells after 
treatment with ONC201 and TLY012 (Figure 5c), and no 
PARP cleavage was observed after treating HFF-1 cells with 
the combination of ONC201 and TLY012 (Figure 5d).

a

b c

d

Figure 5. Combination of ONC201 and TRAIL induces selective, synergistic apoptosis across multiple PDAC tumor cell line in vitro with minimal toxicity to 
non-transformed cells. A) PARP cleavage western blots of HPAFII, BxPC3, and Capan-1 cells after 72 hours treatment with ONC201 (3 μM, 12 μM, or 6 μM, respectively) 
and 4 hours treatment with either 50 or 100 ng/mL rhTRAIL. B) PARP cleavage western blot of PANC-1 cells treated with 1 μM ONC201 for 72 hours. TLY012 
subsequently added for 4 hours. C) CellTiter Glo assay assessing cell viability of non-transformed HFF-1 cells treated with ONC201 for 72 hours and subsequent addition 
of TLY012 for 4 hours. D) PARP cleavage western blot of HFF-1 cells treated with 2 μM ONC201 for 72 hours and of TLY012 for 4 hours.
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Combination of ONC201 and TLY012 significantly delays 
pancreatic xenograft tumor growth

The selectivity of this ONC201 plus TLY012 apoptotic 
response to cancer cells further increased prospects for transla
tion. Thus, the in vivo efficacy of ONC201 and TLY012 was 
examined using a pancreatic cancer xenograft model. BxPC3 
and HPAFII cell lines were used for the in vivo xenograft 
studies.

For both experiments, mice were dosed once weekly 
with ONC201 and TLY012. ONC201 was administered 
orally and TLY012 was administered via intraperitoneal 
injections. In the HPAFII model, two doses of the combi
nation treatment showed a statistically significant difference 
in tumor volume between all four groups (Figure 6). 
HPAFII xenografts treated with the combination of 
ONC201 were nearly four times smaller than the vehicle 
control group. In the BxPC3 model, tumor growth was 
significantly slower in the combination group as compared 
to both the vehicle and TLY012. No significant difference 
was observed between ONC201 and the combination group. 
Pairwise comparisons for all of the groups included in both 
of these xenograft experiments are shown in Figure S6. 
Liver sections from mice bearing HPAFII xenografts treated 
with three, weekly doses of ONC201 and TLY012 were 
stained with Hematoxylin & Eosin. Minimal differences 

and no liver toxicity were observed between any of the 
four groups (Figure 6c). Animal weights were tracked for 
mice bearing BxPC3 xenograft tumors. No appreciable 
weight loss was observed from Day 1 to Day 21, after 
three, once weekly doses of the combination of ONC201 
and TLY012. These data indicate the combination treat
ment of ONC201 and TLY012 is nontoxic in vivo.

Immunohistochemical analysis of cleaved caspase 3 (CC3) 
in mice bearing HPAFII tumors treated with the three doses of 
the combination treatment showed a marked increase in CC3 
after treatment with the combination. Minimal CC3 was 
observed in the vehicle and ONC201 conditions. 
Interestingly, one tumor in the TLY012 group showed 
a marked increase in CC3. All four tumors treated with the 
combination of ONC201 and TLY012 showed a marked 
increase in CC3 after treatment with three, weekly doses. 
(Figure 7a). Quantification of five high power fields per 
tumor showed a marked, statistically significant increase in 
CC3 positive cells in the combination group as compared to 
all other remaining groups (Figure 7b). Whole tumor scans 
stained with CC3 can be found in Figure S7. HPAFII xeno
grafts tumors were also analyzed for ISR activation and Ki67 
positivity, but we did not observe any robust, statistically sig
nificant differences between the four groups (Figure S8A, S8B). 
Similarly, BxPC3 xenograft tumors were analyzed for Ki67, 
ATF4 activation, and cell death. No robust, qualitative 

Figure 6. Combination of ONC201 and TLY012 significantly slows PDAC tumor growth in HPAFII and BxPC3 tumor models in vivo. A) Mice bearing HPAFII 
xenograft tumors were treated with two doses of the combination of ONC201 and TLY012. ONC201 (100 mg/kg) was administered first and TLY012 (2 mg/kg) was 
injected three days later. The second dose was initiated one week after initial treatment with ONC201. Treatment was initiated once tumors reached the optimal size of 
100–150 mm3. Vehicle (n = 5), ONC201 (n = 5), TLY012 (n = 6), Combination (n = 8). B) Mice bearing BxPC3 xenograft tumors were treated with three doses of the 
combination of ONC201 and TLY1012. ONC201 (100 mg/kg) was administered first and TLY012 (2 mg/kg) was injected three days later. Mice were dosed once per week 
with the combination treatment. To combat heterogeneity in tumor formation, mice were dosed in a ‘rolling format’ and separated into two cohorts, allowing tumors to 
reach the optimal size of ~150mm3 before treatment. Vehicle (n = 4), ONC201 (n = 5), TLY012 (n = 5), Combination (n = 5). C) H&E liver sections from mice bearing 
HPAFII xenografts. Mice were treated with three, weekly doses ONC201 (100 mg/kg) and TLY012 (2 mg/kg). D) Mouse weights from mice bearing BxPC3. Mice were 
dosed with three, weekly doses of ONC201 (100 mg/kg) and TLY012 (2 mg/kg). * p < .05, ** p < .01.
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differences were observed between any of the groups for any of 
the markers probed in the BxPC3 tumor xenograft model. 
(Figure S9A, S9B, S9C).

Taken together, the in vivo data from these experiments 
shows that the combination of ONC201 and TLY012 induces 
a potent, apoptotic anti-tumor effect in PDAC tumor models. 
Furthermore, this drug combination is minimally toxic sug
gesting a promising outlook for the clinical translation of 
ONC201 and TLY012.

Discussion

ONC201 is a novel, orally bioavailable small molecule with 
promising therapeutic potential for use in patients with pan
creatic cancer as a mono-agent and in combination. Here, we 
demonstrate that ONC201 can induce both anti-proliferative 
and pro-apoptotic effects in multiple PDAC cell lines. 
Interestingly, the pro-apoptotic effects of ONC201 do not 
depend on the endogenous TRAIL sensitivity of these cell 
lines. As seen in other tumor cell types, ONC201 induced 
potent activation of the ISR including ATF4, CHOP, and 
DR5. Upon more in depth examination of the effects of 
ONC201, we observed that it induces potent downregulation 
of anti-apoptotic proteins – even in cell lines that do not dis
play the pro-apoptotic phenotype. The depth and breadth of 
this ‘priming’ response is promising, as it may provide addi
tional therapeutic options for patients with tumors that are 
resistant to ONC201-induced apoptosis.21 When combined 
with rhTRAIL, ONC201 induced an apoptotic response that 
is selective to cancer cells in 6 of the 7 cell lines tested. The 
apoptotic response was not observed in the CFPAC-1 cell line, 
but we did observe potent activation of the ISR. Future 

experiments will involve testing whether or not the CFPAC-1 
cell line downregulates cFLIP, BclXL, Mcl-1, and other key 
anti-apoptotic proteins.

As expected, combining ONC201 with TLY012, a novel 
TRAIL receptor agonist, yielded a similar, selective 
response to that observed with rhTRAIL. This is an excit
ing result, as TLY012 is currently entering clinical trials 
for use in targeting fibrotic cells and has a promising 
safety profile.

Furthermore, the in vivo xenograft studies for ONC201 
plus TLY012 combination therapy-treated mice showed 
significant differences from the vehicle-treated mice in 
both tumor models tested. While the BxPC3 model does 
not show a statistically significant difference between the 
ONC201 and combination groups, the observed trend was 
approaching statistical significance. The data from the 
HPAFII model is especially promising, as statistically sig
nificant regression can be observed after the first dose. 
Though the tumors continued growing after the first 
dose, the combination tumors were significantly different – 
nearly half the size – of all other groups. Future iterations 
of this experiment could involve a more aggressive dosing 
regimen to examine the potential for sustained regression. 
Toxicity was examined using mouse weights and 
Hematoxylin & Eosin-stained liver sections. No appreci
able changes were observed across groups in both mouse 
weights and the liver morphology suggesting that this 
combination treatment is well-tolerated.

Immunohistochemical analysis of CC3 in the HPAFII 
tumor xenograft model showed promising results. Here, 
we observed robust staining of CC3 in all four tumors 
treated with the combination of ONC201 and TLY012 and 

Figure 7. Combination of ONC201 and TLY012 induces potent apoptosis in an HPAFII tumor model in vivo. A) Immunohistochemical analysis of cleaved caspase 3 
(CC3) in HPAFII tumor xenograft models treated with three, once weekly doses of ONC201 (100 mg/kg) and TLY012 (2 mg/kg). ONC201 was administered first, and 
TLY012 was administered 3 days later. Each dose of the combination was administered one week apart. Treatment was initiated once tumors reached between 100– 
150mm3. Mice were euthanized 1 day after administration of the third dose of TLY012. All scale bars indicate 50 μM. B) Graph showing quantification of 5 20X fields per 
tumor. * p < .05, ** p < .01, *** p < .001, **** p < . 0001.
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statistically significant differences from all other groups. 
These data corroborated the change in tumor volume 
observed when the HPAFII xenografted tumors were trea
ted with the combination of ONC201 and TLY012. 
Further analysis of ATF4 and Ki67 in the HPAFII tumor 
cell line xenograft model did not show a significant change 
between any of the four groups. The reason for this dis
parity remains unclear, but one potential reason could be 
cell selection at the later time point of three, weekly doses. 
IHC analyses were performed on samples from the BxPC3 
xenograft model. Here, we did not observe any marked 
differences in tumors probed for Ki67, ATF4, and CC3. 
However, the long-term tumor growth data did show 
a significant reduction in tumor growth between the vehi
cle, TLY012, and combination of ONC201 plus TLY012. 
No statistically significant difference was observed between 
the combination and ONC201. Additional experiments can 
use varied dosing regimens and time-point variations to 
better assess the strength of this response in vivo. Further 
analysis can also focus on the effects of the combination 
treatment on the long-term survival of tumor-bearing 
mice.

Our data provide a promising outlook for the clinical 
translation of the combination of ONC201 and TLY012 for 
use in PDAC patients. To gain a better understanding of 
the role of the PDAC tumor microenvironment, future 
work could involve the use of a genetically engineered 
mouse model (GEMM), such as the KPC mouse model.22 

Using such models will enable us to analyze the efficacy of 
this combination treatment in an orthotopic, syngeneic 
setting. These experiments would address some of the clin
ical challenges faced when caring for patients with PDAC – 
such as the role of the tumor microenvironment – and 
would address some limitations of the subcutaneous xeno
graft tumor models used for this study.

Other future directions for this study include using 
a syngeneic model with Ncr1-GFP mice to assess the intra- 
tumoral recruitment of NK cells in PDAC tumor models. 
Previous data from our lab has shown that ONC201 can induce 
the intra-tumoral recruitment of NK cells in colorectal 
cancer.23 However, this has yet to be explored in pancreatic 
cancer. As TRAIL is expressed on the surface of NK cells, 
understanding the potency of immune recruitment in PDAC 
is integral to assessing the efficacy of ONC201 and this combi
nation treatment.24 Furthermore, using an immunocompetent 
model will also allow us to examine the immune effects of 
intravenous administration of exogenous TRAIL receptor 
agonists.

The combination treatment of ONC201 and TLY012 
presents a novel, promising therapeutic option for PDAC 
patients. This combination shows selective, synergistic 
apoptosis in PDAC cell lines that are both sensitive and 
resistant to the pro-apoptotic effects of ONC201. We hope 
that this and resulting future work will lead to successful 
translation of this combination treatment to the clinic, 
providing hope and options for treatment of patients with 
PDAC.

Materials and methods

Cell culture

Cell lines used for this study were acquired from the American 
Type Culture Collection (ATCC), unless otherwise indicated. 
All pancreatic cancer cells were grown in Dulbecco’s Modified 
Eagle Medium (DMEM) with 10% Fetal Bovine Serum (FBS). 
Human Foreskin Fibroblasts (HFF) were grown in DMEM 
with 15% FBS. ONC201 was provided by Oncoceutics, Inc. 
DMSO was used as a vehicle for dissolving ONC201 for 
in vitro experiments. rhTRAIL was generated in-house using 
a protocol previously developed by our lab and detailed in Kim 
et al. TLY012 was provided by Theraly Fibrosis, Inc. TLY012 
was diluted in sterile phosphate buffered saline (PBS) for 
in vitro experiments.

Clonogenicity (Colony) assay

Colony assays were conducted to assess the proliferative capa
city of cells after treatment with ONC201. 500 cells/well were 
plated overnight into 6-well plates. Cells were grown in media 
containing ONC201 for 3 days. After 3 days, the media was 
changed to fresh media and cells were grown for a week. After 
one week, cells were fixed and stained using a crystal violet 
solution. Subsequently, plates were imaged.

Cell viability assay

To assess cell viability, cells were plated overnight in 96-well 
plates at a density of 1.0 × 104 cells/well. All cells were plated in 
triplicates. Cells were first pre-treated with ONC201 for 
72 hours. After 72 hours, the media in the wells was replaced 
with either fresh media (controls) or with media containing 
various doses of rhTRAIL or TLY012. After 4 hours of incuba
tion, cells were treated with Cell-Titer Glo (Promega) and 
imaged to assess cell viability. Synergy and combination indices 
were determined using Compusyn, which uses the Chou- 
Talalay method for determining synergy.

Flow cytometric analysis

Sub-G1 analysis was conducted following a well-established lab 
protocol. Cells were plated overnight before treating with 
drugs. After the experiment was completed, all floating and 
adherent cells were harvested. Once cells were harvested, they 
were gently centrifuged and washed with PBS to remove the 
phenol red found in the culture medium. Once thoroughly 
washed, cells were resuspended and fixed in 70% cold ethanol 
and stored at 4°C overnight. Once cells were fixed, they were 
stained with propidium-iodide to bind DNA. Cells were then 
run on an Epics Elite (Beckman Coulter) flow cytometer. 
FlowJo was used to analyze the percentage of apoptotic cells.

Western blotting

Cells were plated overnight before any drug treatment.25 

Approximately 5 × 105 cells/well were plated in 6-well plates. 
Upon completion of the experiment, 1 mL of media containing 
floating cells was harvested. Adherent cells were crushed and 
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collected into the remaining 1 mL of media, and this total 
solution was pelleted for 5 minutes at 400 Rcf. The pellets 
were then washed by resuspending with PBS once. Cells were 
then lysed using RIPA buffer (Sigma-Aldrich) with 1X protease 
inhibitor and 1X phosphatase inhibitor (Roche). Upon lysis, 
cells were centrifuged at 13,000 RPM at 4°C for approximately 
20 minutes. The supernatants were collected. Proteins were 
estimated using a BCA Assay (Thermo Scientific). Gels used 
for analysis were pre-cast NuPAGE 4–12% Bis-Tris (Thermo 
Scientific). Bands were quantified using an established ImageJ 
protocol from the ImageJ user guide.

In vivo tumor xenograft studies

All in vivo studies conducted for this manuscript were 
approved by the Brown University IACUC. For in vivo 
tumor xenograft studies, we used female, athymic nude 
mice acquired from Taconic Biosciences (NCR-Nu-F, gen
otype: sp/sp). Mice were aged 5–8 weeks at the time of 
tumor inoculation. Cells were mixed in a 50:50 Matrigel 
(Corning):PBS solution and mixed at various dilutions. 
Total inoculation volume was 200 μL, irrespective of 
tumor model or number of cells inoculated. ONC201 was 
always administered via oral gavage, and doses were titrated 
such that mice only received 100 μL of solution. The 
vehicle is a solution of 20% Cremophor EL (Sigma- 
Aldrich), 70% PBS, and 10% DMSO. rhTRAIL was admi
nistered through intravenous tail vein injections. TLY012 
was administered via intraperitoneal injections.

Tumor volume calculations

Measurements were taken using Vernier calipers. Thus, the equa
tion for calculating tumor volume is: Volume = (Width2 * 
Length)/2.

BxPC3 long-term tumor growth experiment
Approximately 4 million cells were inoculated on the right 
flank. Mice were given one tumor per mouse. To minimize 
the variability of tumor size at starting time, mice were sepa
rated into two cohorts. As each cohort reached the optimal size 
range of 100–150 mm3, treatment was initiated.

HPAFII long-term tumor growth experiment:
Mice were inoculated with approximately 4 million cells on 
the right flank. Treatment was initiated once the entire 
cohort of tumors reached an optimal volume between 
100–150mm3.

Immunohistochemical staining

Tumors were fixed in formalin immediately after harvesting in 
cassettes. After fixation, cassettes were paraffin embedded. 
Slides were cut 5 μm thick. Immunohistochemistry was 
initiated by deparaffinizing slides using xylene. Slides were 
dehydrated through sequential dilutions of ethanol. The anti
gen retrieval step was conducted by heating slides for 10 min
utes in pH 6.0 citrate acid buffer. Ki67 (MIB-1) antibody was 
obtained from Cell Signaling Technologies, used at 1:200 

dilution. CC3 Antibodies obtained from BD Biosciences, used 
at 1:100 dilution. Slides were incubated in primary antibodies 
overnight; respective secondary antibodies were added the 
following day. Slides were developed using DAB Staining Kit 
(Vector Labs) and mounted using a xylene-based mount, 
Cytoseal XYL.

Immunohistochemical quantification

Slides were quantified using QuPath, an open-source, auto
mated program for immunohistochemistry quantification.26 

Ki67 staining was analyzed in a binary fashion with only 
positive and negative nuclei. CC3 staining was analyzed by 
taking 5 representative high power (20X) fields per tumor 
and using QuPath to quantify cells that stained positive.

Statistical analysis

All statistical analyses were conducted using Microsoft Excel 
and figures were designed using Prism GraphPad. P-values 
were determined using the Student’s T-test and significance 
was determined as P < .05.
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