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The potential therapeutic effects of oncolytic measles virotherapy have been verified against plenty of malig- 

nancies. However, the oncolytic effects and underlying mechanisms of the recombinant Chinese measles virus 

vaccine strain Hu191 (rMV-Hu191) against human colorectal cancer (CRC) remain elusive. In this study, the anti- 

tumor effects of rMV-Hu191 were evaluated in CRC both in vitro and in vivo . From our data, rMV-Hu191 induced 

remarkably caspase-dependent apoptosis and complete autophagy in vitro . In mice bearing CRC xenografts, tumor 

volume was remarkably suppressed and median survival was prolonged significantly with intratumoral treatment 

of rMV-Hu191. To gain further insight into the relationship of rMV-Hu191-induced apoptosis and autophagy, we 

utilized Rapa and shATG7 to regulate autophagy. Our data suggested that autophagy was served as a protective 

role in rMV-Hu191-induced apoptosis in CRC. PI3K/AKT signaling pathway as one of the common upstream 

pathways of apoptosis and autophagy was activated in CRC after treatment with rMV-Hu191. And inhibition of 

PI3K/AKT pathway using LY294002 was accompanied by enhanced apoptosis and decreased autophagy which 

suggested that PI3K/AKT pathway promoted rMV-Hu191-induced autophagy and inhibited rMV-Hu191-induced 

apoptosis. This is the first study to demonstrate that rMV-Hu191 could be used as a potentially effective ther- 

apeutic agent in CRC treatment. As part of the underlying cellular mechanisms, apoptosis and autophagy were 

involved in the oncolytic effects generated by rMV-Hu191. And the cross-talk between these two processes and 

the PI3K/AKT signaling pathway was well identified. 
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. Introduction 

Colorectal cancer (CRC), a highly malignant tumor of the digestive

ystem, is the fourth lethal malignancies worldwide due to its high

ortality [ 1 , 2 ]. With the applications of conventional therapies such

s surgery, adjuvant chemotherapy and radiotherapy, colorectal cancer

ould recur frequently after the initial treatment or even entire removal

f the tumor. It is reported that the mean survival time of the CRC is still

ess than 3 years [3] . Thus, effective and promising therapeutic strate-

ies are still urgently needed across the globe. 

Oncolytic viruses (OVs) [4–6] which can selectively replicate in tu-

or cells and destroy them while leaving normal cells with little or no

amage, have been studied in a variety of human carcinomas [ 7 , 8 ]. OVs
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ead to cell lysis and death mainly by generating specific cytotoxic ef-

ects between adjacent cells [9] . Targeted therapies of OVs have been a

ot spot region in the medical community in past decades. The results

merging from clinical trials have certified the security and feasibility of

ncolytic virotherapy and provided early indications of efficacy. H101

a genetically engineered adenovirus) was first approved by CFDA in

hina as an oncolytic virus for head and neck tumors treatment in 2005.

hen, in 2015, T-VEC (a genetically modified herpes simplex virus) was

fficially approved by FDA in America for melanoma therapy. More-

ver, Phase I/II clinical trials using measles virus Edmonston strain are

urrently underway [10] . 

Measles virus (MV) is a single-strand RNA virus belonging to the

orbillivirus genus of the Paramyxovirid ae family [11] . MV principally
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mployed three cellular receptors, covering CD46, Nectin-4 and SLAM,

or targeting cell entrance [12–14] . Nectin-4 is highly expressed in ep-

thelial cells and adenocarcinoma cells. Wild-type MV infects more ef-

caciously via the receptor SLAM, a membrane glycoprotein expressed

ainly in immune cells. While most MV vaccine strains and laboratory

ngineered strains infect human cells predominantly through CD46, a

ellular receptor ubiquitously expressed in all nucleated cells, more to

oint, with higher abundance in human tumor cells than normal cells.

ue to the genome stability and long history of vaccination application

n China, the rMV-Hu191 modified by our laboratory using the virus

everse genetic system with enhanced safety and immunogenicity has

een considered remarkably appropriated for further research as a novel

ncolytic agent [15–17] . Meanwhile, the effective oncolytic property of

MV-Hu191 on gastric cancer has been confirmed [18] . However, the

echanisms of the oncolytic effects of rMV-Hu191 on colorectal cancer

emain unknown. 

Apoptosis is a cascade amplifying reactions regulated by

ASPs/caspases, a cysteine family of proteases [19] . It is consisted of

ntrinsic pathway triggering mitochondrial outer membrane permeabi-

ization by activating caspase-9 and extrinsic pathway through a death

eceptor-mediated manner by activating caspase-8 both resulting the

leavage of caspase-3 and PARP. Apoptosis is intensively appreciated

s a mechanism of regulating cell death to cytoplasm shrinkage and

uclear fragmentation while undergoing death stimulus or normal

evelopment and morphogenesis. 

Autophagy is a process that relies on the lysosomal pathway by form-

ng a double-layer membrane structure to remove degenerated or mis-

olded proteins as well as aging or damaged organelles under the ad-

inistration of autophagy related genes (ATG), which is conducive to

he maintenance of intracellular homeostasis [20] . Stimulated by mul-

iple stress conditions, such as nutrients, hypoxia, low energy and or-

anelle damage, autophagy is identified as a form of endogenous de-

ense against inflammation, autoimmunity, and cellular differentiation

isorders [21] . Under certain circumstances, autophagy can participate

n cell survival or cell death process [ 22 , 23 ]. Failure of autophagy reg-

lation will result in cell abnormality or even death. 

Due to the dual characters of autophagy, the complex relationship

etween autophagy and apoptosis usually occurring simultaneously in

ancers to coordinate cell survival and death, alters under certain cir-

umstances, such as the exposed cellular environment and the involved

tress levels. PI3K/AKT signaling pathway as one of the common up-

tream signals of apoptosis and autophagy, involved in cell growth, pro-

iferation, migration and apoptosis, is usually dysregulated in multiple

uman cancers contributing to cancer pathogenesis and therapy resis-

ance [ 24 , 25 ]. Accumulated evidences have proved the connection be-

ween colorectal tumorigenesis and PI3K/AKT pathway, however, the

otential mechanism still needs further improvement [ 26 , 27 ]. 

In this research, we elaborated for the first time that rMV-Hu191

enerated effectively oncolytic effects in human CRC both in vitro and

n vivo . We investigated the role of autophagy in rMV-Hu191-induced

poptosis. Furthermore, the potential involvement of PI3K/AKT signal-

ng pathway in rMV-Hu191-induced autophagy and apoptosis was inves-

igated. Based on these available results, we expected to provide promis-

ng therapeutic strategies for human CRC. 

. Materials and methods 

.1. Cell lines and reagents 

African green monkey kidney Vero cells were acquired from the

merican Type Culture Collection (ATCC, USA) and cultured in DMEM

edium. Human CRC cells and human umbilical vein endothelial cells

HUVEC) were purchased from the Cell Bank of the Chinese Academy

f Sciences, Shanghai, China. HT-29 and HCT-116 cells were cultured

n McCoy’s 5A medium, LS-174T cells were cultured in DMEM medium,

W620 cells were cultured in Leibovitz’s medium, DLD-1 and HUVEC
2 
ells were cultured in RPMI 1640 medium. All medium (Life Technolo-

ies, USA) were supplemented with 10% FBS. Cells were cultured at

7 °C, 5% CO2 incubator. 

Reagents: Z-VAD-FMK (ApexBio, A1902), Rapa (Sirolimus,

B1197), CQ (Sigma, C6628-25), LysoTracker Red (Beyotime, C1046)

nd LY294002 (ApexBio, A8250) were used at the final concentrations

f 100 𝜇M, 3 𝜇M, 20 𝜇M, 50 nM and 25 𝜇M, respectively. For flow

ytometry: human CD46-FITC-conjugated antibody (R&D Systems,

AB2005G, 1:100), human Nectin-4-PE-conjugated antibody (R&D

ystems, FAB2659P, 1:100), Annexin V FITC Apoptosis Detection Kit

BD Biosciences, 556547). For Western blot analysis: anti-LC3B (Sigma,

7543, 1:1000), anti-p62 (abcam, ab109012, 1:1000), anti- 𝛽-actin

CST, 4970S, 1:5000), anti-gapdh (CST, 5174S, 1:5000), anti-caspase-3

CST, 9665S, 1:1000), anti-PARP (CST, 9542S, 1:1000), anti-PTEN

abcam, ab32199, 1:1000), anti-total AKT (CST, 4691, 1:1000),

nti-phospho-AKT 

Ser473 (CST, 4060, 1:1000), secondary HRP-linked

nti-rabbit IgG (CST, 7074S, 1:3000), secondary HRP-linked anti-mouse

gG (CST, 7076S, 1:3000). 

.2. Virus construction and infection assays 

The construction of rMV-Hu191-H-EGFP was obtained by inserting

xogenous EGFP gene fragment in rMV-Hu191 as previously described

15] . The virus titers were determined on Vero cells by plaque forming

nit assays (PFU). Cells were washed with PBS once, and then incu-

ated with rMV-Hu191-H-EGFP at multiple MOIs for 1.5 h at 37 °C.

nabsorbed virus supernatant was exchanged with fresh medium. 

.3. Assessment of cytotoxicity in vitro 

2 × 10 5 -1 × 10 6 cells/well of CRC cells seeded in 6-well plates were

nfected with rMV-Hu191-H-EGFP at multiple MOIs. After 72 h post

reatment, the medium was abolished and the plates were fixed with

% paraformaldehyde in 4 °C refrigerator overnight. The next day, the

emaining cells were stained with 0.1% crystal violet. And then rinsed

wice gently with running water, air-dried and photographed under light

icroscope (Zeiss, Germany) with companion software. 

.4. Cell proliferation assays 

After infection of LS-174T (5 × 10 3 /well) and HT-29 (3 × 10 3 /well)

eeded in 96-well plates with multiple MOIs of rMV-Hu191-H-EGFP, cell

roliferation was quantified four days by Cell Counting Kit-8 (DOJINDO,

K04). At indicated time, cells were cultured with 100 μL working solu-

ion consisted of 90 μL DMEM medium and 10 μL reagent, for 30 min at

7 °C and then recorded the absorbance at 450 nm using multifunctional

icroporous plate detector (PowerPacTM Basic, BIO-RAD). 

.5. Measurement of virus growth curve 

LS-174T (1 × 10 6 cells/well) and HT-29 (7 × 10 5 cells/well) seeded

nto 6-well plates were treated with rMV-Hu191-H-EGFP at MOI of 0.1

nd 1. Unabsorbed virus was abolished after 1.5 h and replaced with

 mL fresh medium. The cells were scraped into medium at every 24 h in-

erval, freeze-thawed twice, and centrifuged. The titers of progeny virus

ere then measured on Vero cells by TCID50 assays. 

.6. Flow cytometry 

A total number of 1 × 10 6 cells harvested by trypsin without EDTA

ere blocked for 30 min in 2% BSA on ice avoiding light. For extra-

ellular staining, CRC cells were incubated with human CD46-FITC or

uman Nectin-4-PE-conjugated antibody in PBS for one hour. And then

ashed with cold PBS before analysis. 

As for the detection of apoptosis kit, the cells after above treatments

ere harvested, and resuspended into 1x binding buffer, with the cell
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ensity of 1 × 10 6 cells /mL, stained with 5 μL Annexin V-fluorescein

sothiocyanate (FITC) and 5 μL propidium iodide (PI) for 15 min avoid-

ng light, and then detected by flow cytometry (Beckman Coulter, USA)

ithin one hour. All data were analyzed by the Flowjo vX.0.7 software

Tree Star Inc, USA). 

.7. Construction of cell lines by lentivirus system 

The plenti-LC3B-EGFP plasmid, a generous gift from Professor Xi

hen (Children’s Hospital, Zhejiang University School of Medicine,

hina), and the shATG7 plasmid, purchased from Genechem (Shang-

ai, China), were packaged as lentivirus according to the GenePharma

ecombinant Lentivirus Operation Manual and then transfected the CRC

ells. After screening with puromycin, the single cell clone was screened

y dilution to 96-well plates. Subsequently, CRC cells stably expressing

C3B-EGFP or knocked down of ATG7 were obtained by amplification. 

.8. Confocal microscopy 

The CRC cells transfected with LC3B-EGFP plasmid were seeded in

aser confocal petri dishes at a density of 1.5 × 10 5 per well and were in-

ected with rMV-Hu191 (MOI = 0.5) and Rapa (an autophagy promotor,

 𝜇M) for 48 h. For labelling acidic compartments, 50 nM LysoTracker

ed was added into the medium to incubate for 30 min. Then the work-

ng fluid was removed with fresh medium. Colocalizations of autophago-

omes (LC3B-EGFP) and lysosomes (LysoTracker Red) were examined by

onfocal microscope (Zeiss, cLSM780) and companion software. 

.9. Transmission electron microscopy 

1 × 10 6 cells treated as indicated experiments were harvested, fixed

ith 2.5% glutaraldehyde at 4 °C overnight, followed by 1% osmic acid

xation, 2% uranium acetate staining, rinsing, gradient dehydration,

mbedding and polymerization. Ultrathin sections were stained with

ranyl acetate and lead citrate, and then imaged at an accelerated volt-

ge of 100 KV using the Zeiss EM 10 transmission electron microscope

Berlin, Germany). 

.10. Western blot analysis 

Cells collected at designed time were lysed in RIPA buffer containing

rotease inhibitor PMSF (Beyotime, ST506-2) and phosphatase inhibitor

ocktail (Beyotime, P1081). Supernatant was harvested and centrifuged.

he protein concentration was quantified using a BCA Protein Assay (Be-

otime, P0010). 50 𝜇g proteins per well were separated by SDS-PAGE

els, and then transferred onto PVDF membranes (BIO-RAD, 1620177).

he PVDF membranes was blocked with 5% non-fat milk, probed with

pecific primary antibodies at 4 °C overnight, then incubated with sec-

ndary HRP-linked antibody for one hour at room temperature. Blots

ere visualized using EZ-ECL detection kit for HRP (Biological Indus-

ries) and signals were photographed by Chemi XRQ Imaging System

Gene Company Limited). Quantitative density analysis of blots was cal-

ulated using ImageJ 1.45S software (National Institutes of Health). And

he original figures of Western Blot design of this study were shown in

ig. S1. 

.11. In Vivo CRC Xenograft Studies 

All the following animal experiments were approved by the ani-

al ethics committee of Zhejiang Chinese Medical University (IACUC-

0200330-01). 5 × 10 5 LS-174T or HT-29 cells suspended in 100 𝜇L PBS

ere subcutaneously implanted into the right flank of 3 or 4-weeks-old

emale nude mice purchased and maintained in Zhejiang Chinese Medi-

al University to construct subcutaneous tumor models. Treatments be-

an at one week post-implantation when the tumor volume reached ap-

roximately 30 mm 

3 (V = length x width 2 /2), and tumor-bearing mice
3 
ere randomly divided into two groups ( n = 7). The treatment consisted

f five intratumoral injections of Opti-MEM or virus (1 × 10 7 PFU/dose)

n 100 𝜇L volume, on post-implantation days 7,8,9,10,11 on LS-174T tu-

or models and days 7,9,11,13, 15 on HT-29 tumor models. For animal

urvival, tumor burden was measured using vernier caliper every two

r three days. Mice were euthanized when diameter reached approxi-

ately 1.5 cm in any direction, body weight decreased by 20%, natural

eath or tumor burst and necrosis occurred. 

Tumor tissues ( n = 3) were collected three days after the last injection

or the subsequent experiments. For frozen section, excised tumors were

apidly refrigerated to a certain degree of hardness to make 4 𝜇m slices

nd the green fluorescence generated by rMV-Hu191-H-EGFP was moni-

or under microscope (Zeiss Observer. Z1). Freshly excised tumor tissues

ere fixed in 4% formalin and embedded in paraffin for hematoxylin-

osin staining. As for immunohistochemistry, paraffin-embedded sec-

ions were dewaxed with xylene, hydrated in gradient ethanol, repaired

ntigen, blocked with normal serum, and then incubated with the indi-

ated primary and secondary antibody. 

.12. Statistical analysis 

Student’s t test and one-way multiple comparisons (ANOVA) were

tilized to assess statistical significance by GraphPad Prism version 6.0.

nimal survival was statistically analyzed using Kaplan-Meier survival

urves and log-rank test. All data exhibited representatively above were

epeated at least three times and presented as mean ± SD. P value below

.05 was considered to have statistical differences. ∗ P < 0.05; ∗ ∗ P < 0.01;
 ∗ ∗ P < 0.001; ∗ ∗ ∗ ∗ P < 0.0001. 

. Results 

.1. Abundance of CD46, Nectin-4 in human CRC cell lines’ surface 

CD46 is considered to be pivotal in mediating MV vaccine strain’s

ntrance to tumor cells [ 13 , 28 ]. It was extremely highly expressed in a

eries of CRC cells with 99.8% in LS-174T, 99.9% in HT-29, 99.9% in

W620, 99.9% in HCT-116, and 97.2% in DLD-1, while Nectin-4 expres-

ion was much lower with 9.29% in LS-174T, 44% in HT-29, 2.96% in

W620, 0.21% in HCT-116 and 60.4% in DLD-1( Fig. 1 A). 

.2. rMV-Hu191 induced efficient infection and oncolytic effects in human 

RC cell lines 

The green fluorescence generated by virus replication between adja-

ent cells was observed at 48 h post infection with a dose-dependence

anner ( Fig. 1 B). As shown in Fig. 1 C, the cytopathic effects of rMV-

u191-H-EGFP in CRC cell lines at 72 h post infection was a MOI gra-

ient dependence as well. The proliferation ability and cytotoxicity of

MV-Hu191-H-EGFP in CRC cell lines were demonstrated with dose and

ime-dependent manners by CCK8 assay ( Fig. 1 D). In order to inves-

igate the cytotoxicity of rMV-Hu191-H-EGFP on normal cells, we de-

ected the cell viability of HUVEC cells after virus infection. As shown in

ig. 1 E, rMV-Hu191-H-EGFP could also kill HUVEC cells to a certain ex-

ent, but a higher MOI was demanded to execute a weaker inhibition of

ell growth compared to CRC cells. Furthermore, the virus growth kinet-

cs was quantified by TCID50 assay, by which the titers of virus progeny

articles also followed dose and time-dependent manners ( Fig. 1 F). 

.3. The caspase-dependent apoptosis induced by rMV-Hu191 infection 

As shown in Fig 2 A, the apoptotic proportion of cells infected with

MV-Hu191 was dramatically increased with a time-dependence man-

er. In LS-174T cells, the proportion of apoptotic cells at 24 h, 36 h,

8 h and 60 h post infection was 29%, 40.8%, 43.7% and 50.1%, respec-

ively, compared with 4.8% in the control group. And in HT-29 cells, the

roportion of apoptotic cells at 24 h, 36 h, 48 h and 60 h post infection
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Fig. 1. In vitro infection and cytotoxicity of rMV-Hu191 in human CRC cells. 

(A) A panel of human CRC cells was determined by flow cytometry for the measles virus receptors, CD46 and Nectin-4. Isotype control staining was shown as solid 

histograms, while CD46 or Nectin-4 staining was shown as shaded histograms. (B) The green fluorescence in virus typical syncytia formed by rMV-Hu191-H-EGFP 

at 48 h post infection was monitored by fluorescence microscopy. Scale bar, 100 μm. (C) Virus-induced cytotoxic effects at 72 h post infection exhibited by crystal 

violet staining. (D, E) Cell viability was assessed by CCK8 Assay every 24 h post infection at multiple MOIs. Data were presented as mean ± SD from three repeated 

experiments. (F) Cells infected with virus were collected at indicated times and concentrations. Offspring virus particles were titered by TCID50 assay to perform 

viral growth kinetics. 

4 
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Fig. 2. rMV-Hu191 promoted apoptosis via the caspase-dependent pathway in human CRC cells. 

(A) The CRC cells were treated with rMV-Hu191 at MOI = 0.5, and the percentage of apoptotic cells was analyzed at indicated times by flow cytometry using an 

apoptosis kit. Representative results from three independent experiments were shown as mean ± SD. ∗ ∗ ∗ P < 0.001. (B) Cells infected with rMV-Hu191-H-EGFP at 

MOI = 0.5 were stained with DAPI solution. Then the co-localizations of nuclear fragmentation and virus-generated green fluorescence were photographed under a 

fluorescent microscope. Scale bar, 20 μm. (C) Activation of apoptotic marker proteins, cleaved-caspase-3 and cleaved-PARP at indicated times and concentrations 

was determined by Western blot assay. (D) Expression levels of cleaved-caspase-3 and cleaved-PARP after co-treatment with rMV-Hu191-H-EGFP (MOI = 0.5) and 

Z-VAD-FMK (100 μM) for 48 h were assessed by Western blot assay. (E) Quantification of the relative cleaved-caspase-3 and cleaved-PARP ratio was presented. Data 

were representative of three independent experiments and were shown as mean ± SD. ∗ P < 0.05; ∗ ∗ P < 0.01; ∗ ∗ ∗ P < 0.001. 

5 
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as 11.91%, 14.4%, 18.51% and 22.33%, compared with 10.29% in the

ock group. Treating human CRC cells with rMV-Hu191-H-EGFP led to

haracteristic morphological changes of apoptosis, such as nuclear frag-

entation ( Fig. 2 B) by DAPI staining co-localized with virus. 

The activation levels of caspase-3 and PARP which were the end-

xecuting protein of apoptosis and its substrate, were examined by West-

rn blot assay. Along with the dose and time manners of virus infec-

ion, the activation of cleaved-caspase-3 and cleaved-PARP was signif-

cantly increased at the same time ( Fig. 2 C). Then, CRC cells were co-

ultured with rMV-Hu191-H-EGFP and Z-VAD-FMK (a pan-caspase in-

ibitor). The result displayed that the activation of cleaved caspase-3

nd cleaved-PARP was dramatically abolished with statistical signifi-

ance ( Fig. 2 D, E). In conclusion, the above results further clarified that

MV-Hu191-induced apoptosis was caspase-dependent in CRC cells. 

.4. rMV-Hu191 induced complete autophagy and promoted autophagy 

ux in CRC cells 

As shown in Fig. 3 A, the conversion and lipidation of LC3B-I to

C3B-II were obviously increased and the expression of p62 was evi-

ently reduced in the rMV-Hu191-H-EGFP-treated group, which were

oth in time and dose-dependent manners. To further elucidate virus-

nduced autophagy, numerous green fluorescent puncta ( Fig. 3 B) were

xamined in typical syncytia formed by rMV-Hu191 in LS-174T and

T-29 cells stably expressing LC3B-EGFP. Then transmission electron

icroscopy (TEM) was applied to monitor autophagosomes formation

fter rMV-Hu191-H-EGFP treatment. We observed a mass of classical

ouble-membrane autophagosomes in cytoplasm of the treated group

ompared with the control group ( Fig. 3 C). 

However, LC3B-I to LC3B-II conversion does not always necessarily

ndicate autophagy up-regulation because lysosomal inhibition causes

he same results while it rather inhibits autophagy. For this objective,

e monitored autophagy flux by western blotting using lysosomal in-

ibitor CQ. As shown in Fig. 3 D, the autophagy flux in virus-treated

roup accompanied by CQ was obviously blocked with the increase of

C3B-II and p62. With the purpose to further illuminate autophago-

omes accumulation treated with rMV-Hu191, CRC cells stably express-

ng LC3B-EGFP, were labeled with LysoTracker Red, which was an

osinophilic fluorescent probe used to mark and trace acidic organelles

n live cells. LC3B-EGFP and LysoTracker Red co-localized after virus

nfection ( Fig. 3 E), which was more evident with the known autophagy

ctivator Rapa treatment. These data were consistent with the western

lotting results of p62 decrease, suggesting that autophagosomes and

ysosomes fused together to form autolysosomes to promote the progress

f autophagy flux after rMV-Hu191 infection. 

.5. Autophagy served as a protective role in rMV-Hu191-induced 

poptosis in human CRC cells 

Since autophagy was a double-edged sword of cell fate, the compli-

ated relationships between autophagy and apoptosis varied with cell

ypes and stimulus factors [29] . To gain further insight into the role

f autophagy played in the rMV-Hu191-H-EGFP-induced apoptosis in

S-174T cells, we used Rapa, an activator with activity against mTOR,

o promote autophagy. And ATG7, a gene involved in the initiation of

utophagosomes formation, was knocked down by shATG7 to inhibit

utophagy. 

Our results revealed that the ratio of rMV-Hu191-H-EGFP-induced

poptosis was significantly inhibited by Rapa treatment ( Fig. 4 A, B, C,

, E) with the obviously decrease of cleaved-caspase-3 and cleaved-

ARP. Meanwhile, the suppression of autophagy by shATG7 markedly

nhanced rMV-Hu191-H-EGFP-induced apoptosis ( Fig. 4 F, G, H, I, J, K)

ith the dramatically increase of cleaved-caspase-3 and cleaved-PARP.

t has been reported that ATG7 could promote viral replication, which

ight be related to the phenotype shown in this study. Therefore, we
6 
xamined viral growth on LS-174T cells and LS-174T cells stably trans-

ected with shATG7, and found no difference (Fig. S2). Taken together,

ur results demonstrated that autophagy played a protective role in

MV-Hu191-induced apoptosis in human CRC cells. 

.6. PI3K/AKT signaling pathway regulated rMV-Hu191-induced 

utophagy and apoptosis in human CRC cells 

Since PI3K/AKT is one of the common upstream pathways of au-

ophagy and apoptosis, we detected the phosphorylation of key kinases

o figure out whether rMV-Hu191-H-EGFP triggered the PI3K/AKT path-

ay in LS-174T cells. As shown in Fig. 5 A, the level of phosphory-

ated AKT 

Ser473 (p-AKT 

Ser473 ) was obviously accumulated with a dose-

ependent manner infected with virus compared to respective controls,

hile total protein without obvious changes. And expression of PTEN

as markedly reduced. These data suggested that rMV-Hu191-H-EGFP

ctivated the PI3K/AKT pathway in LS-174T cells. 

We next explored the connection of PI3K/AKT signaling pathway

ith rMV-Hu191-H-EGFP-induced autophagy and apoptosis in absence

r presence of the PI3K inhibitor LY294002. As shown in Fig. 5 B

nd C, LY294002 effectively downregulated the expression levels of p-

KT 

Ser473 ( P < 0.01). In presence of LY294002, rMV-Hu191-H-EGFP-

nduced autophagy was significantly decreased ( P < 0.05, Fig. 5 D, E).

nd rMV-Hu191-H-EGFP-induced apoptosis was obviously increased ac-

ompanied by LY294002 treatment ( P < 0.01, Fig. 5 F, G, H). Taken

ogether, we concluded that the activation of PI3K/AKT pathway pro-

oted rMV-Hu191-H-EGFP-induced autophagy and suppressed rMV-

u191-H-EGFP-induced apoptosis. 

.7. Tumor regression effects of rMV-Hu191 in human CRC xenografts 

To confirm in vivo oncolytic effects of rMV-Hu191-H-EGFP, nude

ice bearing subcutaneous human CRC tumors were applied intratu-

oral virus injection to assess the antitumor efficacy. The injections of

MV-Hu191-H-EGFP resulted in growth suppression of tumor volume

 Fig. 6 A, B) in LS-174T ( P < 0.05) and HT-29 ( P < 0.01) xenografts

ompared to the mock group treated with equivalent dose of Opti-MEM.

he median survival was 18 days in treated group and 9 days in control

roup ( P < 0.01) in LS-174T xenografts, while 39 days in treated group

nd 30 days in control group in HT-29 xenografts ( P < 0.001) ( Fig. 6 C).

hese data indicated that rMV-Hu191-H-EGFP had potent antitumor ef-

ects and prolonged the survival of human CRC xenografts significantly.

Three days after the last injection, animals ( n = 3) were sacrificed

o harvest tumor tissues. The green fluorescence ( Fig. 6 D) and measles

irus-nucleoprotein ( Fig. 6 E) were observed in the frozen sections of tu-

ors inoculated with virus but not in the control group, proving the ex-

stence of virus. Morphologically, HE staining sections showed large ar-

as of necrosis and swelling of apoptotic cells in the virus-treated group

 Fig. 6 F). The results from IHC staining showed the increased expression

f cleaved-caspase-3 ( Fig. 6 G) and LC3B ( Fig. 6 H) in virus-treated tu-

or tissues. Similarly, the protein levels of cleaved-caspase-3 and LC3B

xtracted from virus-treated groups also exceeded the control groups

 Fig. 6 I and J). 

. Discussion 

The emerging oncolytic virotherapy is expected to be the next prime

reakthrough in tumor therapy. To date, extensive OVs display remark-

ble efficacy in inhibition of tumorigenesis, and have been admitted into

linical trials, including measles virus [ 30 , 31 ], adenovirus [32] , herpes

implex virus-1 [33] , vaccinia virus [34] and so forth. The Chinese at-

enuated measles vaccine strain rMV-Hu191, authorized by the Chinese

overnment with long history of vaccination and guaranteed security, is

 promising candidate for oncolytic virotherapy. In this study, we had

rstly certified that rMV-Hu191 could serve as an oncolytic virotherapy

andidate for human CRC. 
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Fig. 3. Complete autophagy induced by rMV-Hu191 in human CRC cells. 

(A) Conversion of LC3B-I to LC3B-II and decrease of p62 in CRC cells treated with rMV-Hu191-H-EGFP (MOI = 0.5) at indicated times (left panel) and concentrations 

(right panel). (B) Cells stably expressing LC3B-EGFP were exposed to rMV-Hu191 (MOI = 0.5) for 1.5 h. The conversion and lipidation of LC3B-I (cytoplasm 

distribution) to LC3B-II (autophagosomes membrane distribution, green dots, white arrows) were photographed by an inverted fluorescence microscopy at 36 h post 

infection. Bars represent 50 μm. (C) The formation of autophagosomes (black arrows) which were structures with double layer containing intracellular contents was 

observed by TEM in rMV-Hu191-H-EGFP-infected cells. (D) The expression levels of LC3B-II and p62 in CRC cells infected with rMV-Hu191-H-EGFP (MOI = 0.5) 

accompanied by CQ treatment (20 μM) for 36 h. (E) Autophagosomes fuse with lysosomes in virus-infected cells. Cells co-treated with rMV-Hu191 (MOI = 0.5) and 

Rapa (3 μM) for 36 h, were incubated with LysoTracker Red (50 nM) for 30 min. The co-localizations of LC3B-EGFP-labeled autophagosomes (green) and LysoTracker 

Red-labeled acid vesicles (red) were determined using a confocal microscopy (white arrows). Bars represent 10 μm. 7 
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Fig. 4. Autophagy served as a protective role in human CRC cells’ apoptosis generated by rMV-Hu191. 

(A) Western blotting results of LS-174T cells treated with rMV-Hu191-H-EGFP at MOI = 0.5 in the absence or presence of Rapa (3 μM) for 36 h. Densitometry analysis 

of the protein levels of LC3B-II (B), p62 (C), cleaved-caspase-3 (D) and cleaved-PARP (E). (F) LS-174T cells knocked down by shATG7 or sh.mock were followed 

with rMV-Hu191-H-EGFP treatment (MOI = 0.5, 36 h). Densitometry analysis of the protein levels of ATG7 (G), LC3B-II (H), p62 (I), cleaved-caspase-3 (J), and 

cleaved-PARP (K). ∗ , compared with sh.mock cells. Similar consequences were obtained in three independent trials for densitometry analysis. ∗ P < 0.05; ∗ ∗ P < 0.01; 
∗ ∗ ∗ P < 0.001. 

8 
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Fig. 5. PI3K/AKT signaling pathway regulated rMV-Hu191-induced apoptosis and autophagy. 

(A) Expression levels of p-AKT Ser473 , total-AKT and PTEN in LS-174T cells treated with rMV-Hu191-H-EGFP at indicated concentrations for 36 h. Expression levels 

of p-AKT Ser473 (B), autophagy marker proteins (D) and apoptosis marker proteins (F) in LS-174T cells treated with virus (MOI = 0.5), with or without LY294002 (25 

μM) for 36 h. Densitometry analysis of proteins levels of p-AKT Ser473 (C), LC3B-II (E), cleaved-caspase-3 (G), and cleaved-PARP (H). (I) A schematic diagram: the 

connection of the PI3K/AKT signaling pathway and rMV-Hu191-induced autophagy and apoptosis. All Western blotting data were obtained from three independent 

experiments. ∗ P < 0.05; ∗ ∗ P < 0.01; ∗ ∗ ∗ P < 0.001. 

9 
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Fig. 6. The oncolytic effect of rMV-Hu191 in human CRC xenografts. 

(A) Tumor burden of human CRC xenografts with or without intratumoral injections of rMV-Hu191-H-EGFP was monitored every two or three days. (B) Distributions 

of tumor volumes on day 7 and day 27 post injection in LS-174T xenografts and HT-29 xenografts. Dots represented tumor volume of individual mice ( n = 7). (C) 

The survival of tumor-bearing mice was supervised by Kaplan-Meier analysis and statistical difference was administrated with log-rank test ( n = 7). Detections of 

green fluorescence (D) and MV-nucleoprotein (E) generated by virus in vivo . Bars represent 100 μm. Paraffin-embedded tumor sections were stained with HE for 

evaluating cells morphological changes (F, black arrows) and IHC staining for evaluating apoptosis (G) and autophagy (H) changes with virus treatment in vivo . Bars 

represent 50 μm. (I and J) Expression of cleaved-caspase-3 and LC3B in tumor tissues from rMV-Hu191 and mock treated mice. Data were shown as mean ± SD, 

( n = 3). ∗ P < 0.05; ∗ ∗ P < 0.01; ∗ ∗ ∗ P < 0.001. 
10 
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Programmed cell death (PCD) including apoptosis, autophagy and

ecrosis [35] , known as a generally cellular self-destroying process to

islodge damaged cells and maintain an endogenous homeostasis under

ertain emergencies, including tumorigenesis. Based on the above, PCD

onstitutes a promising target for tumor elimination. Apoptosis, known

s type I PCD, is the extensively well-defined one. From our data, we

ad determined that rMV-Hu191 induced effective antitumor activity

nd triggered apoptotic cell death in CRC cells with minor cytotoxicity

n normal HUVEC cells. We found that rMV-Hu191 induced augment

f cleaved-caspase-3 and cleaved-PARP, the two apoptotic marker pro-

eins, which could be abolished by the pan-caspase inhibitor Z-VAD-

MK, suggesting that rMV-Hu191 induced the caspase-dependent apop-

osis in human CRC cells. 

Autophagy is a process long known as a survival advantage to en-

elope and degrade damaged-organelles by forming autophagosomes to

old cellular homeostasis for cells undergoing context stresses. It has

een recognized as type II PCD [36] . However, excessive or insuffi-

ient activation of autophagy both could cause cell death. In general,

he character of autophagy whether promoting cell survival or resulting

ell death is exceedingly context dependent. LC3B-II, serves as a crucial

ark protein of autophagy, is lipidated from LC3B-I and participates

n autolysosomes formation [37] . p62, an ubiquitinated substrate trans-

erred from autophagosomes to autolysosomes reflecting the continuous

nd dynamic process of autophagy flux, is recognized as an autophagy

egative marker [38] . And there were two mechanisms for the augments

f autophagosomes: one was the accumulation of autophagosomes for-

ation accompanied with p62 decrease, called complete autophagy;

he other was the blockage of autophagosomes maturation accompa-

ied with p62 increase, called incomplete autophagy. In this article, we

ad demonstrated that rMV-Hu191 accelerated the LC3B-II lipidation,

nd markedly decreased the p62 expression level. The autophagosomes

nd autolysosomes, which were double membrane structures wrapped

ytoplasmic material, had been detected by transmission electron mi-

roscopy. We gained further insight to rMV-Hu191-induced autophagic

ux via the lysosomal inhibitor CQ and the co-localization of LC3B-EGFP

nd lysosomes by confocal microscopy. These data strongly suggested

hat rMV-Hu191 promoted complete autophagy in human CRC cells. 

Autophagy and apoptosis, as two evolutionarily conserved processes,

re crucial to regulate cell fate under various stresses [39] . The cross-

alk between these two processes is very complicated and sometimes

ven contradictory. Autophagy is considered as a stress adaptation and

ytoprotective mechanism to escape apoptosis-induced cell death. Un-

er certain conditions, it is also identified as an autophagic-cell death

athway [40] . Thus, it is necessary to figure out the complex interplay

f autophagy and apoptosis following different treatments. Deal with

he specific autophagy promotor Rapa prominently decreased the ex-

ression level of apoptosis proteins, whereas knockdown of ATG7, a

ene involved in the initiation of autophagosomes formation by shRNA

emarkably increased the rMV-Hu191-induced apoptosis. These results

uggested that autophagy exist as a temporary self-protective mecha-

ism against rMV-Hu191-induced apoptosis, and provided new insight

nto the autophagy as a potential intervention strategy for upregulating

poptosis in tumor therapy. 

Previous studies have revealed that PI3K/AKT pathway as one of

he common upstream signaling pathway of apoptosis, autophagy and

roliferation, is frequently dysregulated in cancers pathogenesis. Our

ata had proved that rMV-Hu191 obviously activated the PI3K/AKT

athway with dose-dependent manner in CRC cells. In addition, uti-

ization of PI3K inhibitor LY294002 inhibited rMV-Hu191-induced au-

ophagy, whereas promoted rMV-Hu191-induced apoptosis. To assess

he oncolytic efficacy of rMV-Hu191 in vivo , we constructed human CRC

enograft nude models. As our results shown, the intratumoral injection

f rMV-Hu191 generated remarkable tumor suppression and prolonged

nimal survival time with statistical significance. It is well known that

easles virus cannot infect mice because of lacking viral receptors [41] .

ide effects and other reactions induced by rMV-Hu191 need to be as-
11 
essed in transgenic mice or primates. And a major barrier to the effec-

ively systemic delivery of oncolytic measles viruses as antitumor agents

s the anti-measles neutralizing antibodies pre-existing in vaccinated in-

ividuals. It is prospective that these problems could be addressed by

ombining immunosuppressive drugs transiently depleting anti-measles

ntibodies prior to therapy [42] , using measles-infected cell carriers

o deliver the virus [ 43 , 44 ], and engineering oncolytic measles viruses

vading be neutralized by anti-measles antibodies [45] . 

In conclusion, our data demonstrated that recombinant Chinese

easles virus vaccine strain rMV-Hu191 generated tumor therapeutic

fficacy in human CRC both in vitro and in vivo . rMV-Hu191 induced

aspase-dependent apoptosis and complete autophagy, and activated

he PI3K/AKT pathway. And autophagy served as a protective role in

MV-Hu191-induced apoptosis. PI3K/AKT pathway regulated this two

rocesses by promoting rMV-Hu191-induced autophagy and inhibiting

MV-Hu191-induced apoptosis ( Fig. 5 I). And in order to detect whether

nhibitors play a direct role on virus replication, we also measured the

irus growth curves in LS-174T cells treated with rMV-Hu191 and in-

ibitors used in this study and found no statistical difference (Fig. S3).

aken together, in this study, we well explain the relationship between

MV-Hu191-induced apoptosis, autophagy and the PI3K/AKT pathway.

nd the underlying mechanisms may provide us a theoretical basis for

pplying this attenuated measles virus as an innovative oncolytic agent

gainst human CRC, such as combinational therapy of rMV-Hu191 with

gents targeting autophagy or PI3K/AKT pathway. 
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