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Abstract

Purpose: To explore the effects of pelareorep on autophagy in multiple models of CRC, 

including patient derived PBMC.

Experimental Design: HCT116 (KRAS-Mut) and Hke3 (KRAS-WT) cells were treated with 

pelareorep (5MOI) and harvested at 6 and 9 hours. LC3A/B expression was determined by 

immunofluorescence and flow cytometry; five autophagic proteins were analyzed by western blot 

(WB). The expression of 88 autophagy-genes were determined by qPCR.

Syngeneic mouse models; CT26/Balb-C (KRAS-mut) and MC38/C57B6 (KRAS-WT) were 

developed; and treated with pelareorep (10x106 PFU/day) intraperitoneally. Protein and RNA were 

extracted from harvested tumor tissues. PBMC from 5 experimental and 3 control patients were 

sampled at 0 (pre) and 48 hours, days 8 and 15. The gene expression normalized to “Pre” was 

determined using 2−ΔΔCT method.

Results: Pelareorep induced significant upregulation of LC3A/B in HCT116 as compared to 

Hke3 cells by immunofluorescence (3.24X and 8.67X); flow cytometry (2.37X and 2.58X); 

autophagosome formation (2.02X and 1.57X), at 6 and 9 hours, respectively; all p<0.05. WB 

analysis showed increase in LC3A/B (2.38X and 6.82X), Beclin1 (1.17X and 1.24X) at 6 and 9 

hours; ATG5 (2.4X), P-62 (1.52X) at 6 hours; and VPS-34 (1.39X) at 9 hours (all p<0.05). 

Induction of 13 transcripts in cell lines (>4X; 6 and 9 hours; p<0.05), 12 transcripts in CT26 
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(qPCR), and 14 transcripts in human PBMC (p<0.05) was observed. LC3A/B, RICTOR and 

RASD1 expression was upregulated in all 3 model systems.

Conclusion: Pelareorep hijacks host autophagic machinery in KRAS-Mutant conditions to 

augment its propagation and preferential oncolysis of the cancer cells.
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INTRODUCTION

Therapeutic assessment of oncolytic reovirus (pelareorep) has been in progress for over a 

decade. Pelareorep is a non-enveloped dsRNA virus that selectively lyses KRAS-mutated 

colorectal tumors cells. About 45% of colorectal cancer (CRC) patients harbor KRAS 
mutation in their tumors and have limited treatment options [1, 2]. At present, there are no 

therapeutic agents directly targeting the KRAS pathway partially due to the complexity of 

network and multitude of downstream collateral pathways. Thus, finding adjuncts to the 

current treatment arsenal is challenging, yet vital. We have previously demonstrated that 

KRAS mutation promotes pelareorep propagation in human CRC cell lines [3]. However, 

the detailed molecular pathways involved in this process are yet to be fully deciphered. Our 

studies indicate that pelareorep induces apoptosis and increased cell death in KRAS-mutated 

CRC, and the infection augments expression of apoptotic biomarkers such as Caspase 3 and 

PARP1 [4]. To further understand the mechanism of cell death induced by pelareorep, we 

evaluated the contribution of autophagic machinery by analyzing the process of infection 

and propagation of reovirus in in vitro and in vivo models.

Autophagy is a homeostatic mechanism for intracellular recycling and regulation. It plays a 

vital role in the removal of damaged proteins and organelles, thus limiting cellular damage 

facilitating sustained viability under adverse conditions [5]. Abnormalities in autophagic 

machinery are observed in several diseases, including many forms of cancer [6]. It is the 

dual role of autophagy - cell savior under some, and promotion of cell death in other 

conditions - that makes it an explorative tool for cancer treatments [7].

Autophagy also serves as a powerful tool that a cell utilizes to defend itself from viral 

infection [8]. There has been increasing evidence that viruses have acquired the potent 

ability to takeover and subvert autophagy for their life cycle and cell lysis[8, 9]. Autophagic 

machinery is influenced by multiple cellular pathways and its close interplay with apoptosis 

is complex [10]. Many stimuli that ultimately cause cell death also trigger autophagy. In 

such cases, autophagy is usually manifested well before apoptosis dismantles the cell.

It has been reported that under special circumstances autophagy related proteins help to 

induce apoptosis particularly when the cytoplasm and its components are degraded 

excessively [10]. Autophagic induction can either relieve the cell from stress caused by viral 

infection by degrading waste contents via its pro-survival mechanism, or it can also promote 

a type of programmed cell death to prevent propagation of infected cells [11]. Due to a 

higher proliferation rate, cancer cells induce the autophagic machinery more than normal 
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cells as their survival mechanism.[12] The role of autophagy in cancer is fairly complex 

since it appears to be tumor-suppressive in the initial stages of cancer evolution, but has also 

been implicated in tumor progression in the later stages.[13, 14].

KRAS activation is known to facilitate pelareorep propagation [4] but hinder autophagy via 

activating mTOR and other downstream pathways [15]. KRAS mutation and its correlation 

to autophagic machinery is complex with scientific data indicating both induction and 

inhibition of autophagic machinery[5, 15-17]. The inter-relation between KRAS activation, 

pelareorep propagation and their influence on autophagic machinery is the arena we 

explored in order to increase the efficacy of pelareorep as a therapeutic tool for KRAS 
mutated CRC [18, 19]. We have employed a variety of model systems, to incorporate various 

combinations of the KRAS mutational status and pelareorep exposure, to conclusively prove 

the potentiating effect on autophagy in pelareorep mediated cell death. By utilizing various 

tools of genomics and proteomics, we have traced out the contribution of autophagic 

proteins towards pelareorep propagation.

METHODS

REOVIRUS (pelareorep)

Pelareorep (reovirus type 3 Dearing strain) was provided by Oncolytics Biotech Inc. 

(Calgary, Canada). It was stored long term at −80° C and at +4° C for 4 weeks when in use.

Dosage

Mouse Tumor: The experimental group of mice were treated with pelareorep 

intratumorally (i.t.) at a daily dose of 10 million TCID50 in 100 uL PBS throughout the 

study till the end point was reached.

Patient Samples: Pelareorep was administered as a 60-minute infusion for 5 consecutive 

days every 28 days, at a tissue culture infective dose (TCID50) of 3x1010/day.

Cell Culture and Treatment

Two CRC cell lines, HCT116 (KRAS mut) and its isogenic Hke3 (KRAS WT ), were 

obtained from ATCC and from Prof. Lidija Klampfer, respectively [4]. All cell lines were 

(authenticated at Genomic Core facility, Albert Einstein College of Medicine on 6/27/2018 

by STR profiling and mycoplasma cleared) cultured in MEM, 10% FBS, 2mM L-Glutamine 

and 1% Pentstrep. Half to 2 X 106 cells (depending on the experiment) were treated with 

pelareorep at 5MOI (multiplicity of infection). Simultaneously, the same number of cells 

were cultured without pelareorep as controls. Cell were harvested at 6 or 9 hours.

Syngeneic in vivo models and allograft studies—Male and female BALB/c and 

C57BL/6 mice (6–8 weeks; Envigo Research Models, Inc) were used in accordance with 

protocols approved by Albert Einstein College of Medicine’s Institutional Animal Care and 

Use Committee (IACUC). Two transplantable (syngeneic) models of murine tumor cell 

lines, CT26 (BALB/C-derived colon adenocarcinoma cells; microsatellite stable and KRAS 
mutation at codon 12) and MC38 (C57BL6-derived colon adenocarcinoma cells; 
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microsatellite unstable and KRAS WT) were received as kind gift from Dr. Xingxing Zang 

(Albert Einstein College of Medicine). CT26 was maintained in RPMI 1640 and MC38 in 

DMEM complete media. BALB/c and C57BL/6 mice were inoculated by subcutaneous 

injection of CT26 and MC38 (5×105 cells per mouse), respectively, suspended in 100uL of 

calcium- and magnesium-free PBS (1x PBS, pH 7.4) on the flank region. When the tumors 

had grown to approximately 100 mm3, mice were randomly divided into two groups (5 

animals in each group) and treated with either pelareorep intratumorally (i.t.) at a daily dose 

of 10 million TCID50 in 100 uL PBS (pelareorep group) or 100 uL of PBS daily i.t. (control 

group). Tumor volume was measured every three days using calipers and calculated as 

follows: volume = longest tumor diameter × (shortest tumor diameter)2/2. Animals were 

euthanized, and tumors were excised upon reaching tumor volume of 2 cm3 size.

Human CRC Patient PBMC Analysis—Following the institutional review board’s 

(Ethics Committee) approval, blood samples were collected from 8 patients with KRAS-
mutated metastatic CRC at 0 (pre) and 48 hours, days 8 and 15 and peripheral blood 

mononuclear cells were isolated for transcriptome analysis. Five patients had received 

pelareorep as part of a phase 1 clinical trial (NCT01274624) [19], while 3 patients were not 

enrolled in this trial but did receive equivalent background chemotherapy (i.e., FOLFIRI and 

bevacizumab).

Immunofluorescence

Cells were plated on Poly-L lysine coated coverslip (Sigma-Aldrich, P8920). Post 

pelareorep treatment, the coverslips were rinsed once with 1X PBS and fixed with absolute 

methanol at 20°C for 20 min. After removing methanol and 3 washes with 1X PBS, the 

coverslips were incubated overnight with 1:200 LC3 A/B antibody (cell signaling, 3868S). 

Post incubation coverslips were washed thrice with 1X PBS, then incubated anti-rabbit 

secondary antibody with Alexa Fluor 488 conjugate (Thermo-Fisher, A27034). Coverslips 

were incubated for 20 min at room temperature with Nuc-Blue Live Ready Probe (Thermo-

Fisher, R37605), washed and mounted using Pro-Long gold antifade reagent (Invitrogen, 

P36934) on microscope slides (Fisher-brand, 12-550-143), and cured in the dark (24-Hrs; 

Room temp) and scanned on 3D Histech P250 High Capacity Slide Scanner at Albert 

Einstein Analytical Imaging Facility (AIF).

Flow cytometry with autophagy assay kit and LC3 A/B antibody

After treatment, cells were stained using either Autophagy Assay Kit (Abcam, ab139484) or 

LC3 A/B-DyLight 488 antibody (PA5-22938) and prepared for flow cytometry analysis 

employing the following protocols.

Autophagic flux detection via Autophagy Assay Kit.

Cells were fixed for 15 min at room temperature in 4% paraformaldehyde, stained with 

Green Detection Reagent and prepared for flow cytometry analysis following the kit’s 

protocol (Abcam, ab139484).

LC3 A/B detection.—Cells were fixed with IC Fixation buffer for 20 min at room 

temperature and resuspended in 1X Permeabilization Buffer (Invitrogen, 00-5523-00), then 
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centrifuged at 500 xg for 10 min. Cells were stained LC3 A/B Dy-Light 488 antibody 

(1:500 ;1 hr/ 0°C), Followed by resuspension in Staining Buffer ( e-Bioscience 00-4222-57). 

Data was collected in BDFACS-Diva (BD Bioscience) and processed by flow Jo. V9 

software.

Cell line protein isolation, estimation, and Western Blot:

Harvested: Cells (1X PBS) were put through 3 freeze-thaw cycles (liquid nitrogen) before 

40 minutes incubation on ice with RIPA buffer (25 mM Tri-HCl, pH 7.6, 150 mM NaCl, 1% 

NP-40, 1% sodium-deoxycholate, 0.1 SDS). The cells were centrifuged at >12,000 rpm for 1 

hour at 4°C, and protein supernatant was collected.

Cell line: Protein was estimated by Micro BCA method (Thermo-Fisher, 23235). 50 ugm 

protein were loaded, separated by SDS-PAGE electrophoresis, transferred to PVDF 

(polyvinylidene difluoride) membranes, blocked in 5% milk (Bio-Rad, 1706404) and probed 

with primary antibodies and either anti-mouse or anti-rabbit secondary antibodies (cell 

signaling,7076, 7074, respectively). The blot was then incubated with HRP-conjugated 

secondary antibodies (1hr; Room-temp) (Supplementary Table S1) and visualized by 

chemiluminescence using Clarity Western ECL (Bio-Rad # 170-5061).

Mouse allograft protein isolation, estimation and Western Blot:  The whole tissue lysate 

was collected by mincing and grinding the tumor tissue with pestle and incubated (40mins; 

RIPA buffer+ protease inhibitor (SigmaP8340). The lysate was centrifuged at >12,000 rpm 

(1hour at 4°C). Post protein estimation( Bradford assay) 50 μg of protein was loaded into 

each lane, resolved by SDS-PAGE electrophoresis and transferred to PVDF membranes and 

probed with anti-mouse LC3A/B antibody (CST#4108) followed by HRP-conjugated 

secondary anti-rabbit antibody (CST#7074) and visualized by chemiluminescence (ECL 

Bio-Rad #170-5061).

Densitometry analysis.: Visualization and densitometry were done using Li-Cor Odyssey 

Fc imaging system. For densitometry, the band intensity was quantified using Image Studio 

Lite software (Li-Cor Corporate). The quantified intensity of each sample was normalized to 

the intensity of its respective housekeeping protein: β-actin or GAPDH.

RNA isolation, cDNA synthesis, and RT-qPCR analysis

Cell line:

RNA isolation and cDNA synthesis.: Cells were harvested and washed in 1X PBS before 

the isolation of RNA using RNeasy Mini Kit (Qiagen, 74106). One thousand ng of RNA was 

used to synthesize cDNA for each sample using iScript Reverse Transcription Supermix 

following the kit’s protocol (Bio-Rad, 1708840).

RT-qPCR Analysis with Autophagy Primer Library.: RT-qPCR reactions were prepared 

following Power-Up SYBR Green Master Mix’s instruction (Thermo-Fisher, A25777), and 

probed with Autophagy primer library diluted to the working concentration following the 

product’s protocol (RealTimePrimers, HATPL-1) composed of 88 autophagy-associated 

targets (supplementary table-2) and 8 reference genes (ACTB, B2M, GAPDH, GRUSB, 
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HPRT1, GK1, PPIA, and RPL13A). The q-PCR cycle and conditions were set according to 

the instruction by Power-Up SYBR Green Master Mix. Gene expression data were analyzed 

by the 2−ΔΔCT method [20] and normalized to the median of the eight housekeeping genes. 

Two tailed t-test was used to determine statistical significance (p<0.05). Statistics were 

calculated using Microsoft Office Excel.

Mouse tumor: RNA was isolated from tumor tissue and purified using Qiagen’s RNeasy 

Mini kit (Qiagen, cat, no.74106). RNA concentration was estimated using NanoDrop. 500 

ng of RNA was used to synthesize cDNA with iScript Reverse Transcription Supermix (Bio-

Rad, cat. no. 1001708841). cDNA from the five animals in each of the four study conditions, 

i.e. CT26- untreated, CT26- pelareorep treated, MC38- untreated and MC38- pelareorep 

treated, were pooled. Real time gene expression was performed by way of a mouse 

autophagy PCR array (Real Time Primers, MATPL-I) composed of 88 autophagy-associated 

targets (Supplementary Table-3) and 8 reference genes (ACTB, B2M, GAPDH, GRUSB, 

HPRT1, PGK1, PPIA, and RPL13A). The full list of genes is available on http://

realtimeprimers.com/moauprli.html [21]. The qPCR (BioRad CFX-97) was conducted 

(manufacturers recommendation) in triplicate with AzuraQuant™ Green(AZ-2120) Probe 

Fast qPCR Master Mixes and analyzed as detailed in cell line qPCR.

Gene expression profile by RNA sequencing of patient samples TRANSCRIPTOME 
Analysis: Total RNA was isolated from the peripheral blood mononuclear cells (PBMC) 

from 5 patients treated with pelareorep and 3 patients treated with standard of care therapy 

only at days 0 (pre), 2 (48 hours), 8- and 15-days post pelareorep treatment. Thermo-Fisher 

Scientific, Clariom-D Pico-Assay, (Catalog Number 902924) single stranded cDNA from 

total RNA follows with fragmentation and labeling as per manufacturer’s protocol.

For this study we analyzed 100 autophagy related genes (Supplementary Table 4). The genes 

that were found to be significantly altered (2−ΔΔCT method) in pelareorep receiving patient 

cohort were confirmed for no such alterations in the control group.

STATISTICAL ANALYSIS

All experiments were performed at least 3 times and the mean values from different 

treatment groups compared by two way unpaired student’s t test with a p value < 0.05 

considered statistically significant. Analysis was performed using Microsoft Excel (MS 

Office 2013).

RESULTS

KRAS mutant HCT116 has a greater expression of LC3 at 6 and 9 hours post pelareorep 
treatment

LC3 is one of the most extensively studied protein of the autophagy pathway. The 

distribution of fluorescence labeled LC3 A/B protein was determined microscopically by the 

number of puncta in treated and untreated samples of HCT116 and Hke3 cells. There was a 

significant, and time dependent difference in the increase in expression of LC3 A/B between 
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the two cell lines at 6 hours (3.24 fold; p= 0.008) and 9 hours (8.67 fold; p= 0.015) when 

treated with pelareorep (Figure 1A-D).

Pelareorep treatment increases autophagosome formation and number of LC3 positive 
cells in HCT116 culture

To verify our finding, DyLight 488 labeled LC3 A/B and fluorescently labeled 

autophagosomes (Green Detection Reagent- AbCam) in untreated and pelareorep treated 

HCT116 and Hke3 cells at 6 and 9 hours were analyzed by flow cytometry (Figure 2Ai-iii & 

2B i-iii). We observed significant difference in number of LC3 A/B positive cells normalized 

to untreated samples between the two cell lines at 6 hours (2.37 fold; p=0.018) and 9 hours 

(2.58-fold; p=0.045) (Figure 2A). Similarly, the fold difference of autophagosome positive 

cells in pelareorep treated/untreated samples were also significantly higher in HCT116 when 

compares to Hke3 by 2.02 fold at 6 hours (p= 0.012), and by 1.57 fold at 9 hours (p=0.016) 

(Figure 2B).

Pelareorep treatment upregulates proteins related to autophagy machinery in in vitro and 
in vivo models

CRC cell lines: To observe autophagy at molecular level, expression of five autophagy 

related proteins were analyzed at 6 and 9 hours in both, pelareorep-treated and untreated 

samples of HCT116 and Hke3 (Figures 3A-B). We observed significant difference in the 

protein expression (normalized to untreated samples) between the two cell lines at 6 and 9 

hours for LC3 A/B (p=0.021, and 0.036, respectively) and Beclin-1 (p=0.044, and 0.043, 

respectively). However, we only observed this significant difference in ATG-5 and P-62 at 6 

hours (p=0.051 and p=0.004), and in VPS-34 at 9 hours (p=0.039) (Figure 3A). For all 

significant differences, HCT116 shown higher protein expression when compared to Hke3. 

At both time points, the expression of LC3A/B was higher in HCT116 by 2.38 and 6.82 

folds, respectively, and slightly higher expression of Beclin-1 (1.17 and 1.24 folds, 

respectively). At 6 hours, the expression of ATG-5 and P-62 was higher by 1.84 and 1.52 

folds, and at 9 hours the expression of VPS-34 was higher by 1.39 fold (Figure 3B).

Syngeneic mouse models: We tested the overall expression of LC3A/B protein 

normalized to GAPDH in 20 syngeneic allograft residual tumors - CT26 cells injected into 

BALB/c and MC38 into C57BL/6 - post-euthanization in mice (5 animals per group of 

pelareorep-treated and control). MC38 had a baseline higher normalized expression of 

LC3A/B compared with CT26 (Figure 3C). Both groups of animals showed increase in the 

expression of LC3, with the magnitude of change being significant only in the KRAS mutant 

CT26 group (3.8 fold; p=0.005) and not in KRAS WT MC38 syngeneic mice (p=0.11) 

indicating that pelareorep induces LC3A/B protein expression significantly in KRAS mutant 

allograft tumors.

Pelareorep exposure augments autophagy induction in human colorectal cancer cell lines

To further investigate autophagy at molecular level, expression of 88 autophagy marker 

genes in pelareorep-treated and untreated HCT116 and Hke3 cells at 6 and 9 hours were 

analyzed by real time quantitative PCR. Expression of pelareorep-treated individual cell type 

was normalized to respective untreated samples. Genes including AMBRA1, ATG16L2, 
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BCL2, EIF4EBP1, EIF4G1, HSPA5, MAP1LC3 A/B, MCL1, and PIK3R4 showed a 4-fold 

or higher upregulation in HCT116 compared to Hke3 at 6 hours (p<0.05) (Figure 4A). At 

this time point, all genes except for MCL-1 were below basal level for Hke3. Similarly, 

genes such as ATG-4D, GPSM1, SEC23A, and GABARAP were significantly upregulated 

(p<0.05) in HCT116 at 9 hours treatment (Figure 4B).

Pelareorep exposure triggers autophagy induction in allografts of mouse models

Expression profiling of tumor tissues isolated from the two syngeneic mouse models, CT26 

and MC38, revealed a differential regulation of autophagy-associated genes. Of the 88 genes 

analyzed, 13 genes could not be captured due to very low expression (Cq unreadable) or 

high Cq values >38 wherein efficiency was questionable and were found to be unreadable 

across multiple runs of the experiment.

On analyzing the degree of change induced by pelareorep treatment, 12 genes (Figure 5) 

were identified to have statistically significant difference (p≤0.05), between the two mouse 

models. It is interesting to note that all 12 genes were induced in CT26, and suppressed in 

MC38. Of note, the BARKOR gene had an ~30-fold induction in the CT26 model. This gene 

has been identified as a mammalian autophagy-specific factor, overexpression of which 

leads to autophagy activation, increased number and enlarged volume of autophagosomes 

[22].

Pelareorep treatment enhances autophagy induction in CRC patients with KRAS mutation

Encouraged by our pre-clinical results, we examined 100 autophagy related genes 

(Supplementary Table 4) selected from RNA sequencing database generated by 

transcriptome analysis of the patient PBMC samples for differences in expression. Since the 

study entailed sampling of blood at three post-treatment time points, genes which showed 

significant changes (p<0.05) on at least two occasions, compared to pre-treatment levels, 

were selected for analysis. The time points studied in this analysis allowed for assessment of 

changes in autophagy markers over a period of days-weeks. Fourteen genes were thus 

identified in the patients who received pelareorep treatment - APOB, ATG16L1, ATG3, 
ATG7, DRAM1, GNAI3, MAPLC3, PIK3CA, PPM1K, RICTOR, RASD1, SQSTM1, 
ULK3, and UVRAG. Figure 6 depicts the changes noted in graphical form, which allows us 

to visualize the trend over time.

Identification of genes with significant changes across all three experimental models

In order to validate the involvement of autophagic machinery, we investigated gene 

expression across the 3 models – namely, preclinical in vitro (cell lines), pre-clinical in vivo 
(syngeneic mouse models), and clinical in vivo (human patient samples). We have compiled 

the genes which showed significant changes in same trend across experiments into a Venn 

diagram (Figure 7). Three genes, MAP1LC3, RASD1 and RICTOR, were found to be 

common across all three experimental models. One gene, ULK3 is shared between the 

mouse model and human patient samples only while three other genes were common 

between the human cell line model and human patient samples (ATG16L1/2, PPM1K, 
SQSTM1). Similarly, four genes (AMBRA1, ATG4, GB and SEC16A) were common 

between mouse model and human cell lines. The 88 genes that were analyzed across 
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samples were assessed by the STRING database [23] cluster analysis to understand the 

protein-protein interactions and interplay of the network of genes identified to be significant 

(Supplementary Figure 1).

DISCUSSION

The association between KRAS mutation and autophagy induction in cancer is complex. 

Several studies have shown that KRAS mutation induces autophagy while others have 

reported inhibition [5, 15, 17]. We instituted a broad-spectrum study including three 

different models to assess the contribution of autophagic machinery towards efficient self-

propagation and oncolytic activity of pelareorep in KRAS mutated CRC.

In the in vitro cell line experiments, we observed an early upregulation of autophagy related 

proteins starting at 3 hours and reaching significance between 6 and 9 hours. Within 24 

hours post infection the difference in level of the autophagic proteins between the KRAS 
mutant and WT disappears. We thus hypothesize that autophagy related proteins augment 

the oncolytic process of pelareorep during the initial steps of viral infection creating a 

favorable cellular environment for its effective propagation. There is clear evidence that 

RNA viruses like polio, corona (CoV), dengue, zika, west nile and mouse hepatitis (MHV) 

exploit autophagy for their replication [8]. It is proposed that LC3 forms a complex with 

ATG5/ATG12 and P-62 (SQSTM) during the initial steps of the formation of 

autophagosomes and serves as a platform for viral replication, further supported by the 

report stating that reovirus utilize ATG5 for its replication [24]. ATG5 is an important 

protein that plays a critical role not only in autophagic pathway but extends further to 

activate the innate immune response, an inevitable natural event post virus invasion [25]. 

ATG5 is indispensable for autophagic vesicle formation. Knocking down ATG5 can result in 

downregulation or total inhibition of autophagy, proving its central role in autophagy [25]. 

Recent studies have demonstrated that ATG5 modulates the immune system and enables 

crosstalk with apoptosis [26-28]. We have previously shown that pelareorep preferentially 

induces apoptosis in an array of KRAS mutant CRC cells [4] and the effect was most 

discernable at 48 hours post pelareorep administration. Our cell line data shows significant 

alterations of autophagic proteins at 6 hours post infection indicating autophagic induction 

preceded apoptosis. ATG5 is an important protein and one of the early players that critically 

controls the switch of the autophagic machinery from a pro survival mode to programmed 

cell death. P-62, a marker for early autophagic events and indicative of accumulation of 

autophagosome is significantly upregulated in HCT116 at 6 hours (early onset). Another 

important autophagic protein that networks with lipid kinase VP34 and regulates autophagy 

and apoptosis is Beclin-1, that can intervene at every major step in autophagic pathways, 

from autophagosome formation, to autophagosome/endosome maturation [29]. This protein 

was significantly upregulated in HCT116 at both time points with a significant upregulation 

of VP34 at 9 hours strongly supporting a preferential induction of autophagic machinery by 

pelareorep that is furthered to trigger the apoptotic pathway as a downstream event in KRAS 
mutant cells. [8]. These results are consistent with the previously reported role of autophagy 

as a “double edged sword” with abilities to salvage the cell as well as induce programmed 

cell death (apoptosis) [8]; and along the same line of our previously reported study where 
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apoptosis is triggered beyond 24 hours [4]. Upon trigger of the apoptotic machinery the 

expression of autophagic machinery is no longer significantly upregulated.

The qPCR analysis of the 88 autophagy related genes (supplementary tables 2, 3 and 4) in 

the cell lines at 6 and 9 hours clearly indicate upregulation of specific autophagy related 

genes only in pelareorep treated HCT116 cells, but lacking in Hke3 cells. Nine genes 

showed an early induction within 6 hours of pelareorep treatment and included LC3, 

RASD1, ATG16L1 among others. A rapid induction of autophagy, reflecting the instinct of 

the cell to adapt to stress, is followed by the activation of cell death pathways in response to 

multiple external signals such as invading pathogens [20, 22]. The fact that many signal 

transduction pathways that are elicited by cell-intrinsic stress regulate both autophagy and 

apoptosis might explain the sequential activation of both processes.

Our syngeneic mouse model study was an endpoint experiment wherein tumors generated 

with CT26 (KRAS mutant) were compared to MC38 (KRAS WT) tumors. Expression of 

LC3 was significantly upregulated in KRAS mutant tumors, which again confirmed that 

pelareorep efficiently induces autophagy in KRAS mutant tumors. It is well established that 

pelareorep propagates and oncolyses KRAS mutant CRC cell significantly better than 

KRAS wild type CRC [4, 30, 31]. The qPCR analysis of mouse tumor tissue shows an 

upregulation in expression of 12 autophagy related genes in CT26 tumor, which were all 

downregulated in the MC38 tumor (figure 5). Overexpression of BARCOR leads to 

autophagy activation and augmentation of autophagosome formation [22]. The most 

prominent and impressive (30-fold) overexpression of gene BARCOR strongly supports our 

hypothesis. Furthermore, important genes including LC3, ATG4, RASD1, Sec16A and ULK 
were also significantly upregulated in CT26 tumors.

In the clinical samples using patient PBMC, the expression of 100 (including the 

corresponding 88 genes used for the cell line and the mouse model study) genes from the 

transcriptome assay similarly documented significant upregulation of several genes (Figure 

6). These genes were significantly (p<0.05) upregulated in two out of three time points when 

compared to pre-pelareorep samples, and this was absent in control patients receiving 

standard of care treatment (Supplementary Figure 2). Our analysis of normalized genes 

utilizing strict statistical parameters yielded 13 genes that were significantly (p<0.05) 

upregulated in patients with a KRAS mutation treated with pelareorep in comparison to 

untreated patients. Three of these genes were common across the models (Figure 7).

Microtubule associated protein light chain 3 (LC3), one of the most well studied markers of 

autophagy [32], was found to be the centrally upregulated gene across every model and 

assay in our study, in complete agreement that autophagy was upregulated with pelareorep 

treatment in a KRAS mutant environment. RASD1 is a member of the RAS superfamily of 

small G-proteins is known to regulate signal transduction pathways through both G proteins 

and G protein-coupled receptors[33]. Although RASD1 is a member of the RAS superfamily 

of small G-proteins, which often promotes cell growth and tumor expansion, it plays an 

active role in preventing aberrant cell growth [34]. We speculate that pelareorep augments 

the destruction of KRAS mutant tumor cells by inducing RASD1, a phenomenon not 

witnessed in KRAS wild type tumors. We also observed an upregulation of RICTOR which 
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is a crucial component of mTORC2, and plays an essential role in regulating and activating 

AKT phosphorylation [35]. Reports indicate that AKT promotes cell growth, apoptosis and 

autophagy by triggering the phosphorylation and activation of mTOR [36]. RICTOR is a 

multifaceted protein that can cross talk and interact not only with the proteins of mTOR2 

complexes but also with growth factors like EGFR [37] and cytoskeleton protein actin [38]. 

RICTOR’s oncogenic role has gained momentum over recent years, with reports uncovering 

both canonical rate limiting activity on mTORC2-AKT, and the presence of additional 

mTORC2-independent functionalities [39].

Apart from these three genes that were upregulated across the all three subsets of study, an 

additional four genes were commonly upregulated in the mouse and cell line studies 

including AMBRA1, ATG4, GBL and Sec16A. AMBRA1 is known to be phosphorylated by 

ULK-1 and is upregulated upon autophagy activation, leading to complex formation with 

Beclin-1 and PI3KIII, followed by translocation to ER where autophagosome formation 

takes place [40]. ATG4D plays an important role in phagophore expansion by complexing 

with ATG-7, ATG3, and ATG5-ATG12 [41]. GβL is a subunit of both mTORC1 and 

mTORC2 complexes that regulate cell growth and survival and an integral component of 

autophagy machinery [42]. Sec16A is known to control ER-to-Golgi trafficking of specific 

cargo and is probably one important protein that pelareorep utilizes for synthesizing viral 

proteins and trafficking virions to the cell surface in a noncanonical manner [43].

Similarly, ULK3 is shared between mouse model and cell line while ATG16- 1 and 2, 

PPM1K and SQSTM1 are shared between patient samples and cell lines. A string database 

analysis of mouse ULK3 Protein (https://string-db.org/network/

10090.ENSMUSP00000059947) indicates that it is strongly associated with ATG proteins. 

ULK3, a serine theronine protein kinase primarily phosphorylates ATG proteins which in 

turn activates autophagy. Autophagy related 16 like 1 and 2 (ATG16L1/2) plays an essential 

role in autophagy by interacting with ATG12-ATG5 to mediate the conjugation of 

phosphatidylethanolamine (PE) to LC3 to produce a membrane-bound activated form of 

LC3 and thereby, controls the elongation of the nascent autophagosomal membrane. 

Interestingly ATG16L1/2 also regulates mitochondrial antiviral signaling (MAVS)-

dependent type I interferon (IFN-I) production. It has also been reported that ATG16L1 is 

associated with improved survival in human colorectal cancer and enhanced production of 

type I Interferon [44]. PPM1K encodes mitochondrial targeted 2C-type serine/threonine 

protein phosphatase (PP2Cm) and is highly conserved among vertebrates. PP2Cm 
expression is dynamically regulated by the nutrient environment and pathological stresses 

[45] and significant upregulation in KRAS mutated conditions indicates the viral control on 

mitochondrial homeostasis. STSQM1 alternatively known as p-62 has been previously 

discussed as we have also confirmed its expression western blot analysis as well as by qPCR 

in cell lines. Analysis of the patient sample transcriptome also confirmed the same degree of 

up-regulation indicating similar effects occurring in actual patients receiving pelareorep. The 

effectiveness (patient response) pharmacodynamic and immune profiling of our trial patients 

have been explicitly discussed in our previous publications[19, 46] Apart from the common 

genes, each study also had a group of other genes transcripts that were also significantly 

(p<0.05) upregulated which are all indicative of autophagic induction.
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CONCLUSION

This is the first study evaluating the alterations in autophagic pathway in colorectal cancer 

secondary to pelareorep intervention in which we focused on KRAS mutation, as pelareorep 

is significantly effective under KRAS mutated condition. We have previously shown that 

apoptosis is triggered upon pelareorep administration in a wide array of CRC cell lines, an 

effect most prominent at 48 hours [4]. Our current study clearly reveals that several 

important autophagic proteins are significantly upregulated in KRAS mutation as compared 

to the KRAS wildtype conditions, especially at early time points. Autophagy can be 

associated with both cancer progression and tumor suppression [47], and can promote cell 

survival or activate programmed cell death. We predict that administration of pelareorep in 

conjunction with autophagy activating drugs [48] will synergistically improve the efficacy of 

pelareorep and can be used as a dedicated therapy for the KRAS mutated CRC patient 

population.
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Refer to Web version on PubMed Central for supplementary material.
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STATEMENT OF TRANSLATIONAL RELEVANCE:

Oncolytic reovirus (pelareorep), a non-enveloped double stranded (ds) RNA virus, 

selectively replicates in and lyses KRAS mutated colorectal cancer cells and is a potential 

therapy option for patients. Although several mechanisms of this preferential oncolytic 

activity have been proposed, the involvement of autophagic machinery remains 

unexplored. Understanding its role in the preferential propagation of pelareorep may help 

to identify novel biomarkers and potential therapeutic targets in a pursuit to find effective 

treatment against KRAS mutated colorectal cancer. In this manuscript, we successfully 

demonstrate in a multitude of CRC models, the role of autophagy in the selective 

susceptibility of KRAS mutated cancer. Specifically, upregulation of LC3 A/B, a key 

early autophagic protein is consistent observed. This study may form the foundation for a 

first in human study of pelareorep with an autophagy inducer to augment its anti-cancer 

property.
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Figure 1. Immunofluorescence analysis of LC3 A/B.
(A & C) Visualization of LC3 A/B showed overall higher LC3 A/B puncta (green) in 

HCT116 in comparison to Hke3 at 6 and 9 hours respectively. (B&D) Green fluorescence 

intensity measurement showed higher fold change of LC3 A/B in HCT116 in comparison to 

Hke3 at both time points (p<0.05). The fold change of each cell line was obtained by 

normalizing the pelareorep-treated samples to the untreated counterparts (n=4) * p<0.05.
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Figure 2A: Expression-level difference of LC3 A/B in human CRC cell lines.
Flow cytometry analysis (Flo Jo 9.2) detected higher fold change of LC3 A/B in HCT116 in 

comparison to Hke3 at 6 and 9 hours (p<0.05) i) The dot plot ii) Histogram iii) Graphical 

representation. Cells were stained for LC3 A/B and detected through FITC channel. The fold 

change of each cell line was obtained by normalizing the pelareorep treated samples to the 

untreated counterparts (n=4).
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Figure 2B. Flow cytometry analysis detected higher fold change of autophagosome accumulation 
in HCT116 in comparison to Hke3 at 6 and 9 hours (p<0.05).
Cells were stained for autophagosome using Abcam Autophagy Detection kit and detected 

through FITC channel. (i) Histogram (ii) dot plot (iii) graphical representation. The fold 

change (y-axis) of each cell line was obtained by normalizing the pelareorep-treated samples 

to the untreated counterparts (n=3).

Jiffry et al. Page 18

Clin Cancer Res. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3A and 3B: Expression of autophagy related proteins in untreated (−) and Pelareorep 
treated (+) HCT116 and Hke3 samples at 6 and 9 hours.
A) The western portrayed the protein expression of autophagy related protein: LC3 A/B, 

ATG-5, P-62, Beclin-1, and VPS-34 on the left. B) The corresponding densitometry analysis 

showing fold change of pelareorep treated to untreated are on the right (n= 3).
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Figure 3C: Western blot analysis of total LC3 expression in CT26 and MC38-mice xenograft 
tumor in the untreated (Control) or pelareorep Treated group. (Left) The graphical depiction of 
the protein expression of LC3 I and II. (Right)
The corresponding densitometry showing normalized overall LC3 expression in control and 

Pelareorep treated groups of either CT26 or MC38 (n=5 for each group). For CT26, the 

control group was statistically significantly different from the pelareorep treated group 

(p=0.005).
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Figure 4A and 4B. Alterations in autophagy related gene expression at 6 and 9 hours.
Average fold change of autophagy gene expression in HCT116 and Hke3 at 6 hours (A: Top 

panel) and 9 hours (B: Bottom panel) (n=4). The genes presented are at least 4-fold 

difference between HCT116 and Hke3 (p<0.05). The error bars were generated from 

standard error of mean, and y-axis was plotted in log scale.
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Figure 5: Gene expression pattern in allografted syngeneic mouse model.
Comparison between fold-change in genes of interest expression between CT26 and MC38 

mouse models on treatment with pelareorep, calculated by the 2−ΔΔCT method. Respective p 

values listed as legend on the bars.
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Figure 6: 
Genes showing significant change in expression (p=<0.05) on exposure to pelareorep in 

KRAS mutated patients at least in two out of three time points (48 hours, Day8 and Day 15) 

normalized to pre-pelareorep therapy.

*Genes with signficant change on at least 2/3 time points
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Figure 7: 
Venn diagram depicting genes with significant change in expression (p<=0.05) across the 

three models studied.
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