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ABSTRACT

The imipramine ONC201 exerts a novel anti-proliferative activity over a wide spectrum of cancer
cell types. ONC201 activates integrated stress response pathway that is associated with induction of
Damage Inducible Transcript 3 (DDIT3, also known as C/EBP homologous protein or CHOP). We
questioned whether the ONC201/CHOP crosstalk is regulated by diverse signaling pathways in
non-metastatic versus metastatic cancer cell lines. Therefore, the Dukes' type B colorectal
adenocarcinoma non-metastatic (SW480) and metastatic (LS-174T) cell lines were treated with
ONC201. Cell proliferation and apoptosis were evaluated by MTT assay, flow cytometry analysis,
gene expression was assessed by Affymetrix microarray, and key regulatory proteins were validated
by Western blot assays. Unlike LS-174T cells, SW480 cells were resistant to ONC201 treatment. Gene
ontology pathway enrichment analysis of differentially expressed genes revealed substantial
differences between LS-174T and SW480 responsiveness to ONC201 treatment. In both cell lines,
CHOP expression was upregulated in response to ONC201 treatment, however, its upstream
regulatory mechanisms were not identical. Although, PERK, ATF6 and IRE1 ER-stress pathways
were found to upregulated CHOP in both cell types, the BAK/BAX pathway was a notable regulator
of CHOP in the metastatic LS-174T cells alone. In addition, CHOP RNA splicing profiles were varied
between the two cell lines, which was further modified in response to ONC201 treatments. In
conclusion, we delineated the signaling mechanisms regulating the expression of CHOP in
non-metastatic versus metastatic colorectal cells in response to ONC201 treatment. The observed

differences were related to cellular plasticity and metabolic reprogramming.
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1. Introduction

Imipridones are a class of small molecules with anti-cancer properties. The founding
member TRAIL-inducing compound 10 (TIC10), also known as ONC201, was shown to
exhibit attractive physical and biochemical characteristics with selectivity toward a broad
range of tumor cells but not normal cells (best reviewed in [1]. Currently, ONC201 is under
evaluation in advanced clinical trials for a number of solid tumor malignancies including
gliomas, recurrent or metastatic endometrial carcinoma, recurrent ovarian and peritoneal
caners, refractory metastatic breast cancer, relapsed non-Hodgkin’s lymphoma, and
advanced neuroendocrine tumors [2]. A phase I clinical study confirmed the compound is
body-tolerated, provided evidence of functionality after oral administration, revealed the
desired micromolar plasma concentration for advanced cancer patients and showed
enhanced immune response in patients [3].

Using human colorectal cancer cell line, ONC201 was identified while screening small
molecules that induces the tumor necrosis factor (TNF)-related apoptosis-inducing ligand
(TRAIL) gene expression [4]. TRAIL is an attractive anti-proliferative agent because of its
ability to induce apoptosis mainly in tumor cells by activating the death receptors 4 and 5
(DR4 and DRS5), with minor toxicity against normal cells [5, 6]. In solid tumor cells, ONC201
activates the Activating Transcription Factor 4 (ATF4), which is a hallmark of the integrated
stress response [7]. The latter causes a dual alpha serine/threonine-protein kinase/
extracellular signal-regulated kinase (Akt/ERK) inactivation and subsequent activation of
the transcription factor Forkhead box O3a (FOXO3a) which upregulates TRAIL gene
expression [4]. In hematologic malignancies, ONC201 inhibits the Akt/inhibitor of
apoptosis protein (IAP) pathway, downregulates the anti-apoptotic proteins Bcl-2 and
Bcl-xl and upregulates the pro-apoptotic protein Bim, which overcomes chemotherapy
resistance mechanism [8, 9]. In addition, Ishizawa et al. reported that ONC201 inhibits the
mammalian target of rapamycin complex 1 (mTORC1) signaling in hematological
melanomas, likely through ATF4-mediated induction of the mTORCI inhibitor DDIT4
(DNA Damage Inducible Transcript 4) [10]. In line with previous studies, ONC201 induces
ATF4 in cutaneous T-cell lymphomas, which inactivates AKT as well as JAK/STAT and
NF-kB pathways [11]. Independent from TRAIL mediated pro-apoptotic activity, ONC201
is reported to decrease cyclin D1 and retinoblastoma protein (pRb) expressions, and causes
cell arrest at G1 phase of the cell cycle [12]. Recently, studies have indicated a novel
mechanism of action for ONC201 targeting the mitochondria [13, 14]. Breast cancer cell
lines treatment with ONC201 causes mitochondria structural damage, functional
impairment and gene suppression [14]. Taking together, these studies indicate that
ONC201 has a broad spectrum of activity inducing several anti-proliferative signaling
pathways depending on the cellular context and environment.

ONC201 exerts synergistic activity in combination with: (i) cytarabine or 5-azacytidine in
AML cells [8]; (ii) Bcl-2 antagonist ABT199 in MCL-1 cells [10]; and (iii) 5-fluorouracil,


https://doi.org/10.20944/preprints202011.0497.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 November 2020 d0i:10.20944/preprints202011.0497.v1

3 of 23

irinotecan, oxaliplatin or RTK inhibitor crizotinib in the pancreatic cancer cell lines PANC-1
and HPAF-II [15]. Interestingly, the efficacy of ONC201 includes targeting the cancer stem
cells which prime tumor initiation, relapse and metastasis. ONC201 is reported to
downregulate genes associated with Wnt signaling and self-renewal in cancer stem cells
from colorectal and prostate cancer and glioblastoma [16].

ONC201 treatment causes cell death by upregulating genes and proteins involved in the
endoplasmic reticulum (ER) stress or integrated stress response (ISR)-related genes. The
only reported ISR-ONC201 responsive factors are ATF4 and C/EBP homologous protein
(CHOP) which trigger the phosphorylation and activation of the eukaryotic translation
initiation factor elF2a [7, 10].

The trans-activator CHOP belongs to the family of CCAAT/enhancer binding proteins
(C/EBPs) and is implicated in various stress response pathways, such as ER stress [17],
redox stress [18], and nutrient deprivation stress [19, 20]. CHOP plays key functional roles
in apoptosis and autophagy [21, 22], as well as inhibition of adipocyte differentiation [23].
CHOP expression is regulated by basic-leucine zipper (bZIP) class transcription factors and
deletion mutant analysis shows that the bZIP domain plays a critical role in CHOP-induced
apoptosis [24]. The 5 flanking sequence of CHOP promoter contains overlapping cis-acting
CAAT enhancer binding-activating transcription factor (ATF) and cyclic AMP response
element (CRE) DNA binding elements that bind to different complexes containing C/EBP,
ATF2, ATF3, and ATF4 in various cell types [25]. CHOP is ubiquitously expressed at very
low levels; however, pathological conditions inducing overwhelming ER stress upregulate
CHOP expression, resulting in apoptosis mainly regulated by upstream factors such as
protein kinase RNA-like endoplasmic reticulum kinase (PERK), ATF6, and inositol
requiring protein 1 (IRE1) [26]. Notably, a recent study published in bioRxiv shows that
treatment of metastatic prostate cancer cell line (PC3) with ONC201 induces the expression
of ATF4, ATF6 and IRE1-XBP1 signaling, upstream of CHOP (doi.org/10.1101/710400).
Thus, ONC201 mechanism of action in inducing ISR proteins in cancer cells is yet to be

determined.

Here, we aimed to identify the differentially expressed genes and associated signaling
pathways allied with CHOP expression in colorectal cancer cell lines treated with ONC201.
In this study, we used SW480 and LS-174T as cell models for primary and metastatic
colorectal cancer cells, respectively. In response to ONC201 treatment, CHOP expression is
upregulated in both cell lines, however, a complex process of CHOP regulation was
observed in the metastatic cell line. Furthermore, CHOP post-transcriptional regulation by
alternatively spliced isoforms was significantly altered in response to ONC201 treatment.
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2. Results
2.1. ONC201 induces apoptosis in the human colorectal cancer cell lines

Previous studies have shown that ONC201 has an anti-metastatic effect [35]. To determine if the
metastatic (LS-174T) and non-metastatic (SW480) Dukes' type B colorectal adenocarcinoma cell lines
are responsive to ONC201 treatment, we treated these cells with increasing concentration of
ONC201 or with vehicle as control. As observed in Figure 1A, primary cell line SW480 was resistant
to ONC201 toxicity and its proliferation rate was relatively sustained, independent of the drug
concentration. On the other hand, metastatic LS-174T cell proliferation/viability was gradually
reduced in response to the increasing concentrations of ONC201. These data suggest that ONC201
has a dose-dependent growth inhibitory effect on metastatic and only a moderate growth-inhibitory

effect was observed on non-metastatic cell line.
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In order to gain a better understanding of the cytotoxic effect of ONC201 on these cell lines, we used
flow cytometry to evaluate cell proliferation stage in response to ONC201 treatment. As observed in
Figure 1B, flow cytometric analyses were aligned with the cytotoxicity test results. Unlike
non-metastatic SW480 cells showing 81% + 1.5% survival rate, the metastatic LS-174T cell viability
was significantly less i.e. 57.3% + 1.8%. Relative to vehicle-treated control, LS-174T cells treated with
ONC201 showed a significant, 10-fold increase in apoptotic cells and 3.3-fold increase in cell death.
Whereas, non-metastatic SW480 cells were more resistant to the drug treatment and the ratios of

apoptotic and dead cells were only 2-2.5-fold relative to vehicle-treated control (Figure 1B).
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2.2. Pathway enrichment of differential Microarray-based gene expression

The studied colorectal cancer cell lines exhibited a differential response to ONC201 treatment,
suggesting a unique mechanism of action which may be related to the metastatic transformation of
LS-174T cells. Understanding these mechanisms may provide a new insight into the effectiveness of
ONC201 treatment. Toward this end, we performed microarray transcriptome profiling on RNA
samples from LS-174T and SW480 cells treated with or without ONC201 and utilized Affymetrix
expression console software for data analysis, using a fold-change difference of >2 and a P-value
<0.01 to determine the differently-expressed genes between ONC201-treated cells versus
vehicle-treated cells. This critical differentially expressed transcript filter is shown in volcano blots
(Figure 2 A and B). In total, we detected 1188 upregulated gene transcripts and 1572 downregulated
gene transcripts in metastatic LS-174T cells treated with ONC201 relative to vehicle-treated cells
(Figure 2A). In comparison, reduced numbers of differentially regulated transcripts were observed
in non-metastatic SW480 cells post ONC201 treatment, as only 519 and 379 gene transcripts were
upregulated and downregulated, respectively, (Figure 2B).

A. LS 174T cells vs ONC201 treated . . . .
Figure 2: Affymetrix microarray analysis of
P-val vs Fold Change
ol [ L : LS-174T and SW480 cells treated with or
8 L e without ONC201. Volcano graphs illustrating
T the differential gene expression in LS174T (A)
=l i
¥, and SW480 (B) cells in response to ONC201
T4 treatment. Each dot represents one gene that
* - had detectable expression in either cell line in
2 .
i Palue <001 response to ONC201 treatment. The horizontal
0 line marks the threshold (P < 0.01). The color
-128 -48.5 -18.38 -6.96 -2.64 1 264 656 1838 485 128
Fold Change code defines an upregulated gene as red and a
B.  SWA480 cells vs ONC201 treated downregulated gene as green, with the change >
P-val vs Fold Change 2-fold relative to control (vehicle-treated cells).
8.1
7.2
6.3
S 54
245 I
Z?“ 3.6 E
2.7 -
1.8 :~_- P-value <0.01
0.9
0-32 16 -8 -4 -2 1 2 4 8 16 32
Fold Change

Next, we performed the gene ontology (GO) and Kyoto encyclopedia of genes and genomes (KEGG)
pathway enrichment analysis on the differentially regulated transcripts. For both cell lines, the top

signaling pathways that showed a statistically significant regulation (p < 0.001) in response to
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ONC201 treatment are elucidated in Tables 1 and 2. Initially, these pathways were classified into
major network mechanisms including oncogenesis, cell cycle, cellular metabolic pathways, DNA
repair, micro RNAs, and stress; the latter was affiliated only to non-metastatic SW480 cell line
treatment (Table 2). In comparison, the overall number of the regulated signaling pathways and
associated genes in ONC201-treated metastatic LS-174T cells was higher than that observed for the
treated primary SW480 cells.

A detailed analysis of the total gene expression profile associated with each signaling pathway
revealed remarkable diversity between the metastatic and primary cancer cell lines. In drug-treated
LS-174T cells, we observed a notable global downregulation of the genes associated with
oncogenesis, cell cycle, and DNA repair networks. Whereas, cell homeostasis networks, such as
cellular metabolic pathways and micro-RNAs showed a comparable number of upregulated or
downregulated genes (Table 1). Oddly, SW480 cells treated with ONC201 showed a fewer number
of regulated genes that were almost equivalently upregulated or downregulated, at least in part, for
the studied networks. Notably, large numbers of stress response network genes were upregulated
only in the non-metastatic SW480 cells treated with ONC201 (Table 2).

Table 1 : Top 5 gene networks differentially expressed in the Dukes' type B colorectal
adenocarcinoma metastatic LS-174T cell line treated with ONC201

Total # of # of
Associated Network Functions #of  Upregulated Downregulated Significance P-value
Genes Genes Genes
Oncogenes

Retinoblastoma (RB) in Cancer 57 1 56 43.82 0
Integrated Breast Cancer Pathway 24 7 17 3.36 0.000438

Gastric Cancer Network 1 15 1 14 10.19 0

Gastric Cancer Network 2 13 1 12 7.31 0

Pathways Affected in Adenoid Cystic
Carcinoma 15 5 10 412 0.000076
Hepatitis C and Hepatocellular Carcinoma 11 4 7 2.94 0.001159
Signaling Pathways in Glioblastoma 13 7 6 2.46 0.003503
Pathways in clear cell renal cell carcinoma 13 8 5 2.14 0.007276
Imatinib and Chronic Myeloid Leukemia 6 3 3 2.71 0.001937
Apoptosis-related network due to altered
Notch3 in ovarian cancer 12 ? > 8 0000147
Imatinib and Chronic Myeloid Leukemia 6 3 3 2.71 0.001937
Cell Cycle

Cell Cycle 35 0 35 15.56 0

G1 to S cell cycle control 27 2 25 14.02 0
Cell Cycle Checkpoints 10 1 2.16 0.006869
HIV Life Cycle 5 1 4 2.37 0.00431
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Regulation of sister chromatid separation at the
metaphase-anaphase transition 0 K 707 0
Circadian rhythm related genes 24 12 12 2.18 0.006581
Metapathway biotransformation Phase I and II 24 14 10 2.73 0.001841
Mitotic Metaphase and Anaphase 5 0 5 2.65 0.002233
Cellular Metabolic pathways
Pyrimidine metabolism 25 2 23 8.35 0
PI3K-Akt Signaling Pathway 36 22 14 2.24 0.005776
Amino Acid metabolism 20 8 12 5.54 0.000003
Cholesterol Biosynthesis 11 0 11 9.94 0
Cholesterol biosynthesis 11 0 11 6.49 0
PPAR signaling pathway 13 4 9 3.33 0.00047
Vitamin D Receptor Pathway 22 14 8 2.13 0.007471
Adipogenesis 19 12 7 2.93 0.001179
Nucleotide Metabolism 8 1 7 4.84 0.000014
Androgen receptor signaling pathway 13 7 6 2.1 0.007981
One Carbon Metabolism 9 4 5 4.27 0.000053
Fatty Acid Biosynthesis 6 1 5 2.6 0.002515
Exercise-induced Circadian Regulation 10 6 4 2.98 0.001038
Copper homeostasis 10 6 4 2.52 0.003042
GPCR ligand binding 7 3 4 11.17 0
SREBF and miR33 in cholesterol and lipid
homeostasis 6 2 4 3.1 0.000787
TCA Cycle and Deficiency of Pyruvate
Dehydrogenase complex (PDHc) > ! : 252 0.00302
DNA repair
Histone Modifications 19 0 19 7.37 0
DNA Damage Response 20 4 16 8.03 0
DNA IR-Double Strand Breaks (DSBs) and
cellular response via ATM 2 0 2 4 0.000361
ATM Signaling Pathway 11 1 10 4.28 0.000053
Mismatch repair 5 0 5 3.89 0.000129
Homologous recombination 6 1 5 4.01 0.000097
Micro RNAs
miR-targeted genes in lymphocytes - TarBase 62 23 39 5.47 0.000003
miR-targeted genes in muscle cell - TarBase 53 23 30 517 0.000007
miR-targeted genes in epithelium - TarBase 46 20 26 491 0.000012
miRNA Regulation of DNA Damage Response 21 4 17 5.83 0.000001
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Table 2 Top 6 gene networks differentially expressed in the Dukes' type B colorectal adenocarcinoma
primary SW480 cell line treated with ONC201

Total # # of # of
Associated Network Functions of Upregulated Downregulated Significance P-value
Genes Genes Genes
Oncogenes
Oncostatin M Signaling Pathway 6 3 3 2.53 0.002919
Liver steatosis AOP 8 5 3 2.74 0.001828
TCA Cycle Nutrient Utilization and
2 2 0 2.36 0.00441
Invasiveness of Ovarian Cancer
Cell Cycle
Cell Cycle 7 0 7 2.14 0.007198
Hair Follicle Development: Induction (Part
5 1 4 2.26 0.005514
1 of 3)
Nuclear Receptors Meta-Pathway 17 6 11 3.18 0.00066
Regulation of sister chromatid separation at
3 0 3 2.43 0.003697

the metaphase-anaphase transition

Cellular Metabolic pathways

Cholesterol Biosynthesis 5 0 5 4.95 0.000011
Cholesterol biosynthesis 6 0 6 4.82 0.000015
Benzo(a)pyrene metabolism 4 4 0 4.61 0.000024
Sterol Regulatory Element-Binding Proteins
9 3 6 4.58 0.000026
(SREBP) signaling
Transcriptional cascade regulating
4 4 0 3.89 0.000129
adipogenesis
Mevalonate pathway 3 0 3 3.49 0.000323
SREBF and miR33 in cholesterol and lipid
4 0 4 3.3 0.000507
homeostasis
Amino Acid metabolism 8 7 1 3.02 0.000951
Folate Metabolism 6 2 4 2.5 0.003149
Vitamin B12 Metabolism 5 1 4 2.29 0.005081
Gap junction trafficking and regulation 4 1 3 2.06 0.008717
DNA repair
Histone Modifications 20 0 20 17.15 0
Micro RNAs

miR-targeted genes in epithelium - TarBase 26 13 13 7.22 0

miR-targeted genes in muscle cell - TarBase 25 11 14 5.28 0.000005
miR-targeted genes in lymphocytes -
8 8 ymphoey 28 13 15 522 0.000006
TarBase

miR-targeted genes in leukocytes - TarBase 13 5 8 424 0.000058

Stress
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ATF4 activates genes 4 3 1 2.33 0.004698
Photodynamic therapy-induced unfolded
9 1 9.93 0
protein response
Exercise-induced Circadian Regulation 6 5 1 3.26 0.000545
White fat cell differentiation 4 3 1 2.33 0.004698
VEGFA-VEGFR?2 Signaling Pathway 12 8 4 2.24 0.005807
EGF/EGER Signaling Pathway 11 6 5 3.1 0.000787

In response to ONC201 treatment, observed differences between two cells lines suggest the
implication of differentially regulated mechanisms in these cell types. Accordingly, we performed a
comparative meta-analysis in the differentially regulated singling pathways in both cell lines. Figure
3A shows the cellular metabolic pathways that were primarily and significantly regulated in both
cell lines in response to ONC201 treatment, with p-values ranging between 1x10* and 3.291x107 for
LS-174T and SW480 cells, respectively. Signaling pathways associated with metabolic regulation and
cell cycle were among the top ten significantly regulated pathways in both cell lines in response to
the drug treatment (Figure 3A). Remarkably, non-metastatic SW480 cells illustrated a smaller
number of signaling pathways that were significantly regulated post ONC201 treatment as
compared to metastatic LS-174T cells (Figure 3A).

Then, we performed comparative analysis to decipher genes associated with the differentially
regulated pathways and ranked them in accordance with their p-value. The top 15 genes that were
significantly upregulated in either cell line in response to ONC201 are listed in Figure 3B. We
noticed that FAM129A, DDIT3 and ASNS gene transcripts were upregulated in both cell lines with p
< 0.001. FAM129A (known as NIBAN1, Niban Apoptosis Regulator 1) encodes a highly expressed
protein in cancer. Since the cell lines are carcinogenic in nature, such a transcript is expected to be
detected in our microarray data. DDIT3/CHOP is a transcription factor and a member of the
CCAAT/enhancer-binding protein (C/EBP) family. ASNS (Asparagine Synthetase) is involved in
asparagine synthesis and facilitates progression through G1 phase of the cell cycle (Figure 3B).
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A.  Alignment of ONC201-mediated Signaling Pathways changes in LS174T and SW480
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Figure 3: Meta-analysis Alignment of the differentially expressed common pathways and genes. A. Top ranked pathways
that are differentially regulated in metastatic LS-174T cells and non-metastatic SW480 cells in response to ONC201 treatment
are shown, with significantly low P-values in green color. B. Top ranked transcripts differentially regulated in LS-174T and
SW480 cells in response to ONC201 treatment are shown, with significantly low P-values in green and fold expression in red

color.

Our initial results indicated that ONC201 induces apoptosis differentially in both cell lines and since
CHOP is a critical regulatory factor for this pathway, therefore, we focused our study on the
regulatory mechanisms associated with this gene. Mapping the differentially-expressed gene
transcripts detected in microarray data onto the map of ER protein processing pathway [36, 37]
exposed similar, but not identical, regulatory mechanisms upstream of CHOP for each treated cell
line (Figure 4,). In metastatic LS-174T cells, ONC201 treatment induced the upregulation of CHOP
transcripts through the upregulation of inositol-requiring protein 1 (IRE1), activating transcription
factor 6 (ATF6), protein kinase R-like endoplasmic reticulum kinase (PERK), and BAK/BAX
signaling networks (Figure 4A). On the other hand, these regulatory mechanisms were also
observed in ONC201-treated SW480 cells, but not the BAK/BAX pathway expression (Figure 4B). In
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addition, transcripts of the down-stream anti-apoptotic BCL2 were significantly downregulated in

metastatic LS-174T cells, relative to those in non-metastatic SW480 cells, post ONC201 treatments.

A. Pathway analysis of genes differentially expressed in LS 174T cells treated with ONC201
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Figure 4: Schematic showing CHOP regulation in response to ONC201 treatment. A. Pathway analysis of genes
differentially expressed in metastatic colorectal cancer LS174T cells treated with ONC201. B. Pathway analysis of genes

differentially expressed in non-metastatic colorectal cancer SW480 cells treated with ONC201.

2.3. ONC201 treatment elicits apoptosis in LS-174T and SW480 human colorectal cancer cells

The observed microarray gene expression data were validated by Western blot analysis for selected
proteins associated with the upregulation of CHOP. Indeed, treatment with ONC201 resulted in a
significant concentration-dependent increase in CHOP protein expressions in both LS-174T cells
(Figure 5) and SW480 cells (Figure 6). The upstream CHOP regulatory proteins associated with

different ER signaling pathways were also studied and have shown similar pattern of expression as
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observed in the microarray study. In this regard, ATF6 protein expression increased in response to
ONC201 treatments in both cell lines, and it was statistically significant when non-metastatic SW480
cells were treated with 20 uM of ONC201. Alternatively, the BAX proteins were significantly
increased in metastatic LS-174T cells post ONC201 treatments, but not in non-metastatic SW480 cells
(Figures 5 and 6). PERK regulated proteins (elF2a, GADD34, and ATF4) were differentially
expressed in response to ONC201 treatment of these cell lines. EIF2a protein expression was
significantly increased in non-metastatic SW480 cells (Figure 6) while it was significantly reduced in
metastatic LS-174T cells at 20 uM of ONC201 (Figures 5). Alternatively, low ONC201 concentration
treatments were associated with a slight reduction of ATF4 expression in both cell lines, however, at
high ONC201 concentration (20 pM), a significant reduction was observed in metastatic LS-174T
cells only (Figure 5). On the other hand, GADD34 expression was significantly augmented in both
cell lines in response to ONC201 treatment (Figures 5 and 6). Microarray analysis indicated a
significant reduction in BCL2 transcripts, particularly in ONC201 responsive metastatic LS-174T
cells. This was further confirmed at protein level whereby BCL2 protein was significantly
downregulated post ONC201 treatments (Figure 5), Alternatively, BCL2 protein expression was
sustained in the presence or absence of ONC201 treatments in non-metastatic SW480 cells (Figure 6).
Together, microarrays analysis data and protein expression levels of the studied signaling network

markers were found in alignment after ONC201 treatments.
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Figure 5: Western bolt analysis of metastatic LS-174T cells treated with or without ONC201, at varying concentrations.

Differential expression patterns of different proteins that are involved in

CHOP regulation and ER stress are

shown. Densitometric analysis of the representative Western blots is shown (mean+SD), with respect to housekeeping gene

B-actin in different treatment groups (n = 3). Significant values were set as *P <0.01.
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Figure 6: Western blot analysis of non-metastatic SW480 cells treated with or without ONC201, at varying concentrations.
Differential expression patterns of different proteins involved in CHOP regulation and ER stress are shown. Densitometric
analysis of the representative Western blots is shown (mean+SD), with respect to housekeeping gene B-actin in different

treatment groups (n = 3). Significant values were set as *P < 0.01
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2.4. Alternative Splicing CHOP mRNA

Defects in the RNA alternative splicing are a hallmark of cancerous cells. Many RNA splicing
regulators are studied as tumor suppressors or being associated with drug resistance [38-40]. Exon
splicing analysis of CHOP showed significant variation derived from metastatic LS-174T cells
treated with vehicle versus ONC201, with a significantly reduced (up to 4.65-fold) splicing index
signal levels in exon 2 in samples treated with the drug (Figure 7A). In order to further confirm
these data experimentally, we performed quantitative RT-PCR and fractionated the products on a
bioanalyzer. As observed in Figure 7B, a differential splicing pattern of CHOP mRNA has been
observed in metastatic LS-174T and non-metastatic SW480 cells, which is further modified in
response to ONC201 treatment. This is an additional indication of the multifaced mechanisms of

action of the ONC201 as an anti-cancer drug.

A

Symbol: CHOP, chromosome 12: 57,970,731 - 57,914,300
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Figure 7: Alternative spliced variants of CHOP. A. A computational analysis detecting CHOP differential alternative
splicing events obtained from the microarray study of SW480 treated with and without ONC201. B. Bioanalyzer
electrophoresis after quantitative RT-PCR analysis of LS-174T and SW480 cells treated with and without ONC201. CHOP was
amplified using specific primers flanking the exons 1 and 4. RT-PCR products were fractionated on Bioanalyzer microgel.

Alternative spliced isoforms were mapped according to their fragment size.
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3. Discussion

Using non-metastatic (SW480) and metastatic (LS-174T) colorectal cancer cell lines, we identified the
differential mechanisms of CHOP regulation in response to ONC201 treatment which, in turn,
downregulates BCL2 and induces apoptosis. It has been documented that ONC201 treatment
interrupts the ER homeostasis and induces expression of the three ER stress response signaling
networks PERK, ATF6 and IRE1, known to trigger the unfolded protein response (UPR) signaling
[41, 42]. Here, we report a prospective role for the ER stress Bak/Bax network in targeting CHOP
regulation in the metastatic colorectal cell line LS-174T after treatment with ONC201. Additionally,
the microarray data indicated a prospective crosstalk between IRE1 and Bak/Bax signaling pathways
in LS-174T cells. Furthermore, the complexity of the CHOP regulatory mechanism in the metastatic
cell line and the subsequent downregulation of BCL2 may explain the observed proliferation arrest
and high apoptosis rates in LS-174T cells in response to ONC201 treatment as compared to that of
non-metastatic cell line SW480. We observed that BCL2 was consistently downregulated in
metastatic LS-174T cells. BAK/BAX autoactivation can occur, independently of the activator BH3s
(BIM, BID, PUMA, and NOXA), following BCL2 downregulation [43]. It thus remains unclear
whether the expression and activity of BH3s is modulated in metastatic LS-174T cells post ONC201

treatment.

Our observations are in accordance with previous studies highlighting the role of ONC201 in
mediating ER stress response in breast cancer cells [12, 44] and high-grade central nervous system
glioblastoma [45]. However, in these studies, the observed ER stress response was primarily due to
ATF4 activation. Lev et. al. (2017) compared ONC201 sensitive HAPF-II versus resistant PANC-1
pancreatic cell lines and reported a discrepancy in the ER stress response as ONC201 mediated
upregulation of the three ER-stress response signaling molecules in PANC-1 cells; while on the
contrary, ATF4 was the only protein to be upregulated in HPAF-II cells, with no substantial
expression of IRE1 or ATF6 proteins [15]. These data suggest that the cellular response to ONC201
treatment is cell type-dependent, but the overall mechanisms are associated with ER stress and

unfolded protein response signaling.

Gene expression profiles in colorectal cancer cells revealed that ONC201 downregulates genes that
are associated with energy metabolism. ONC201 reduced the gene expression of citrate carrier
(SLC25A1) and fumarate hydratase (FH) that regulate the mitochondrial metabolite carrier and
substrate metabolism, respectively. SLC25A1 is involved in citrate mitochondria/cytoplasm
translocations for cellular energy homeostasis [46]. FH plays an important role in the Krebs cycle
providing FADH and NADH to the electron transport chain for ATP production [47]. Thus, ONC201
is involved in reducing metabolic pathways that may cause energy stress in cancer cells. In a similar
finding, Ishida et al. observed a decrease in the ATP levels associated with low glycolysis and
oxidative phosphorylation that caused energy stress to cancer cells [48]. Furthermore, ONC201 can
reduce mitochondrial respiration in breast cancer cells that may lead to energy stress (reducing ATP)

and result in apoptosis [14].

Transcriptome Analysis Console software, confirmed by RT-PCR analysis, identified several spliced

variants of CHOP that are differentially expressed in the metastatic and primary colorectal cell lines
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in response to OC201 treatments. Notably, exon 2 is the target for CHOP splicing mechanism. The
function of exon 2 of CHOP is unclear, though the exon encodes part of the 5-untranslated region,
and in general, the untranslated regions are ventured to regulate the protein translation activity or
mRNA expression [49, 50]. CHOP belongs to the CCAAT/enhancer-binding protein (C/EBP) family
of transcription factors and functions as a dominant-negative inhibitor by forming heterodimers
with other C/EBP members. Alternative splicing has been reported for other family members. C/EBP
epsilon gene is regulated by alternative translational initiation site and splicing mechanisms [51]
which generate four different isoforms with different functions [52, 53]. In addition to alternative
translational initiation, the expression of four alternative C/EBPe isoforms (p32, p30, p27, and p14)

was attributed to differential promoter usage and alternative splicing [54].

In summary, the efficacy of the outcome of cancer treatment is dependent on the stage of the disease.
The differences between primary and metastatic cancer cells are affiliated to cellular plasticity and
metabolic reprogramming [55], indicating a differential response to chemotherapy as observed in
this and other studies. In this study, we delineated the signaling mechanisms and associated genes
that differentially regulate CHOP expression in non-metastatic and metastatic colorectal
adenocarcinoma cells, leading to increased expression of the core regulators, Bak and Bax, of the

intrinsic pathway of apoptosis in metastatic LS-174T cells treated with ONC201.
4. Materials and Methods
4.1. Cancer cell lines and tissue culture

Dukes' type B colorectal adenocarcinoma cell lines LS-174T (ATCC® CL-188™) and SW480 (ATCC®
CCL-228™) were purchased from the American Type Culture Collection (ATCC, Manassas, VA,
USA). Cells were grown in RPMI1640 media (Invitrogen Corporation, Carlsbad, CA, USA)
supplemented with 10% fetal bovine serum (FBS; Invitrogen Corporation) and 100 U/mL of
penicillin-streptomycin (Gibco, Carlsbad, CA, USA) and incubation at 37°C in 5% CO: incubator.
ONC201 (SML1068, Sigma Aldrich, Germany) was dissolved in dimethyl sulfoxide (DMSO, D8418,
Sigma Aldrich, Germany) to a stock concentration of 10 mM and stored at -20°C in aliquots. The
control (vehicle) used was 0.01% DMSO. Cells were treated with ONC201 at concentrations of 10 pM
and 20 uM for 24 h before initiation of experiments while controls were treated with vehicle i.e.
0.01% DMSO.

4.2. Preparation of Protein Extract and Western blot Analysis

Cells were harvested and lysed using modified RIPA buffer (50 mM Tris-HCI pH 7.5, 150 mM
NaCl, 1% Triton x100, 1 mM EDTA, 0.5% Sodium deoxycholate and 0.1% SDS). Cell lysates were
quantified using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific GmbH, Driesch,
Germany) and equal amounts of protein (30 ug) were resolved on 8%-12% polyacrylamide gels and
transferred to polyvinylidene fluoride membranes (EMD Millipore Corporation, Billerica, MA, USA)
as described previously [27]. After blocking, membranes were blotted with the corresponding
primary and horseradish peroxidase-linked secondary antibodies [28]. Primary antibodies used
were: -actin (ab8224), elF2a (ab169528), GADD34 (ab9869) and ATF4 (ab85049); purchased from
Abcam, USA. CHOP (2895S), BAX D2E11 (5023T) and BCL-2 D55G8 (4223T) were from Cell
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Signaling, USA; ATF6 (ALX-804-381-C100) was purchased from ANZO, USA. Finally, immunoblots
were detected by chemiluminescence using Chemidoc MP system (Bio-Rad, USA). Image] V1.490
software (https://imagej.nih.gov/ij/) was used to quantify the immunoblot signals as a mean of the
grey/white scale of all the pixels in a band [29].

4.3. MTT Cytotoxicity assay

Cytotoxicity assays were performed as described previously [30]. Briefly, cells were seeded into a
96-well plate at a density of 10¢ cells/well at 37°C in 5% CO: for 12 h. Then, control wells were treated
with vehicle and experimental wells with increasing concentrations (1 to 10 pM) of ONC201. After
48 h, 1 mg/ml of MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium, Promega Bio Sciences
LLC, San Luis Obispo, CA, USA) was added in each well. The developed Formazan crystals were
subsequently dissolved in 10% SDS/0.04 eq/L HCI solution for 1 h at 37°C. Absorbance was
measured at 490 nm using a microplate reader (DTX880; Beckman Coulter, Brea ,Ca, USA). Cell
survival was expressed as the percentage of control cells [CS = (Mean Ateated wel/Mean Acontrol welt) X
100%].

4.4. Fluorescence-activated cell sorting (FACS)

To quantify apoptosis, cells were stained with annexin V kit (Abcam, Cambridge, MA, USA),
according to the manufacturer's protocol. Briefly, 1x105 cells were treated with 10 uM of ONC201 for
48 h. Cells were collected after trypsinization and washed twice with PBS. Cell pellets were
resuspended in 100 pL of 1x annexin-binding buffer and 1 pL of an annexin V-Fluorescein
isothiocyanate (FITC) working solution was added to each 100 pL of cell suspensions. The
suspensions were incubated on ice for 10 min in dark. The cell suspension volume was brought to
250 pL with 1x binding buffer. The stained cells were placed on a glass slide and covered with a
glass coverslip. The cells were observed under a fluorescence microscope using a filter set for FITC
detection. Alternatively, the stained cells were immediately analyzed by flow cytometry FACS
Calibur (BD Biosciences, Becton Dickinson, Franklin Lakes, NJ USA). For each measurement, at least
20,000 cells were counted. After drug treatment, cells were collected and incubated with propidium
iodide (PI) and Annexin V (Biolegend, USA) and analyzed by flow cytometry. The percentage of
apoptosis was calculated by the formula: (% apoptosis= % PI and Annexin V double positive cells

with drug - % PI and Annexin V double positive cells without drug).
4.5. RNA extraction, Microarray assay and q-PCR assays

Total RNA was isolated using Trizol-Chloroform method as described in [31]. The isolated RNA was

quantified, and RNA integrity was assessed by microfluidic analysis using Bioanalyser 2100 (Agilent

Technologies, Santa Clara, CA, United States). For microarray assay, total RNA (100 ng) from each
sample (in triplicate) were reverse transcribed as per the manufacturer’s protocol (GeneChip WT
PLUS Reagent, Thermo Fisher Scientific). Purified cDNA was fragmented, labeled, and hybridized
onto GeneChip Human Transcriptome Array 2.0 (Thermo Fisher Scientific GmbH) for 16 h at 45°C in
Affymetrix GeneChip Hybridization Oven 640 at 60 revolutions per minute (rpm). Chips were then
washed and stained using Affymetrix GeneChip Fluidics Station 450 (Thermo Fisher Scientific) and
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scanned with Affymetrix GeneChip Scanner 3000 7G (Thermo Fisher Scientific). CEL data files were

analyzed using Affymetrix Expression Console Software provided by the manufacturer.

For the spliced isoforms analysis, cDONA was synthesized from 1 ug RNA by reverse transcription
using QuantiTect Reverse Transcription Kit (Qiagen Inc., Hilden, Germany) as described [32].
Reverse transcribed RNA was used as a template for CHOP spliced isoforms quantitative PCR
amplification using specific primers and FastStart SYBR Green kit (Roche Applied Sciences,
Penzberg,  Germany). Forward (5-TAAGGCACTGAGCGTATCATG-3') and reverse
(5-CTGGACAGTGTCCCGAAGGAGAAA-3’) primers were designed using Primer Bank [33].
g-PCR products were run on Agilent 2100 Bioanalyzer system using High Sensitivity DNA

electrophoresis kit as described by the manufactures (Agilent Technologies) and quantified by High
Sensitivity DNA assay software.

4.6. Statistical Analysis

All experiments and assays were done in technical duplicates or triplicates for three biological
samples. Results were compounded and statistical significance was estimated with a two-tailed
Student’s t-test assuming equal variance performed in GraphPad Prism version 8.0. Data were
presented as mean + standard error of mean (SEM) as previously described [34].
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