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Oncolytic measles virus strains are currently being evaluated in several clinical trials, as a

promising novel oncolytic platform. Poliovirus receptor-related 4 (PVRL4) was recently

identified as a potent measles virus (MV) receptor; however, its regulation is not yet under-

stood. Increased levels of PVRL4 protein were observed in cell membrane, cytoplasm and

nuclei of glioblastoma, breast and ovarian tumor clinical samples with no significant

change in PVRL4 mRNA levels in glioblastoma and breast cancer compared with their cor-

responding control samples, suggesting that PVRL4 is likely post-transcriptionally regu-

lated. Therefore, we sought to investigate the potential role of miRNAs in PVRL4

regulation and thus MV infectivity. We demonstrated that miR-31 and miR-128 can bind

to the 30UTR of PVRL4 and decrease PVRL4 levels while anti-miR-31/128 increase PVRL4

levels suggesting that PVRL4 is miRNA targeted. Furthermore, miR-31/128 expression levels

were down-regulated in glioblastoma and breast tumor samples and showed significant

negative correlations with PVRL4 levels. Infection with an MV strain that exclusively uti-

lizes PVRL4 as its receptor showed that over-expression of miR-31/128 decreases MV infec-

tivity while inhibition of the respective miRNAs via anti-miRs increase MV infectivity and

reduce tumor size in mouse xenograft models of glioblastoma, breast and ovarian cancer.

Additionally, miR-128 levels showed significant correlations with MV infection and in vivo

anti-tumor effect, while MV infection increased miR-31 expression and thereby contrib-

uted to the observed decrease in PVRL4 levels. This study suggests that PVRL4 is post-

transcriptionally regulated by miR-128 and miR-31 and harbors possible miRNA targets

that could modulate MV infectivity and in turn enhance MV based oncolytic therapeutic

strategies.

ª 2016 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights

reserved.
1. Introduction (Albrecht et al., 1980; de Swart, 2009; Kobune et al., 1996).
Measles virus (MV) is a primate specific virus that naturally in-

fects humans, rhesus, marmosets, and squirrel monkeys
st Street SW, Rochester, M

st Street SW, Rochester, M
ha@mayo.edu (H. Geekiy
7
ochemical Societies. Publ
Despite the availability of a safe and cost-effective vaccine,

the increased measles related deaths worldwide in 2013

(Perry et al., 2014), and the recent outbreaks in the USA
N 55902, USA.

N 55902, USA.
anage), galanis.evanthia@mayo.edu (E. Galanis).

ished by Elsevier B.V. All rights reserved.

mailto:geekiyanage.donahirosha@mayo.edu
mailto:galanis.evanthia@mayo.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molonc.2016.07.007&domain=pdf
www.sciencedirect.com/science/journal/15747891
http://www.elsevier.com/locate/molonc
http://dx.doi.org/10.1016/j.molonc.2016.07.007
http://dx.doi.org/10.1016/j.molonc.2016.07.007
http://dx.doi.org/10.1016/j.molonc.2016.07.007
http://dx.doi.org/10.1016/j.molonc.2016.07.007


M O L E C U L A R O N C O L O G Y 1 0 ( 2 0 1 6 ) 1 3 8 7e1 4 0 31388
(Clemmons et al., 2015; Zipprich et al., 2015) signifies the

importance of understanding the factors determining MV

infectivity. MV is among the first viruses to be documented

as an oncolytic virus (Bluming and Ziegler, 1971; Zygiert,

1971) and currently recombinant strains are being tested in

clinical trials of glioblastoma (Institute) and ovarian cancer

(Institute; Institute) as oncolytic therapy, while clinical appli-

cations for breast cancer are in development. MV attenuated

vaccine strains have proceeded as promising oncolytic strate-

gies due to their genetic stability, safety records (Nakamura

and Russell, 2004) and early evidence of biologic activity

(Delpeut et al., 2014; Msaouel et al., 2013). MV, like most mor-

billiviruses, has a well-established receptor-dependent lym-

photropism and epitheliotropism (Noyce et al., 2011;

Pratakpiriya et al., 2012; Tatsuo et al., 2000). MV receptor

tropism to CD46 (Dorig et al., 1993; Naniche et al., 1993) (atten-

uated vaccine strains), SLAM/CD150 (Erlenhoefer et al., 2001;

Tatsuo et al., 2000) and PVRL4/nectin-4 (Delpeut et al., 2014;

Muhlebach et al., 2011; Noyce et al., 2011; Noyce and

Richardson, 2012) (both the vaccine and wild-type viruses),

has been well documented.

Since its discovery as an MV receptor in 2011 (Muhlebach

et al., 2011; Noyce et al., 2011), PVRL4 has garnered increasing

interest. Reymond et al. (2001) and the Human Protein Atlas

Project (www.proteinatlas.org) have shown that PVRL4 is

expressed not only in the placental trophoblasts, brain, lung,

testis glandular cells of the stomach, but also adenocarci-

nomas of the lung, breast, ovary and glioblastoma. Elevated

levels of PVRL4 have been observed in breast cancer cell lines

(Fabre-Lafay et al., 2005), and ovarian cancer tissues and sera

(DeRycke et al., 2010). Furthermore, a recombinant SLAMblind

wild-type MV strain that singularly used PVRL4 as its receptor

demonstrated greater oncolytic activity than the Edmonston

vaccine strain using CD46 in subcutaneous xenograft models

of breast cancer (Sugiyama et al., 2013). Moreover, PVRL4 has

the strongest biochemical binding affinity to MV (Kd)

compared with both SLAM and CD46 (Muhlebach et al.,

2011). Due to its selective distribution in comparison with

the ubiquitously expressed CD46 and the lymphotropic

SLAM, PVRL4 represents a promising tumor-associated recep-

tor for MV oncolytic therapy (Delpeut et al., 2014; Muhlebach

et al., 2011; Noyce et al., 2011; Noyce and Richardson, 2012;

Sugiyama et al., 2013). Noyce et al. (2011) has observed that

most adenocarcinomas are susceptible to MV infection inde-

pendent of CD46 and SLAM receptor use. In order to exploit

PVRL4 to its full potential and thus selectively target, infect

and eradicate cancer cells, it is important to understand the

molecular mechanisms governing its regulation. However,

the regulation of PVRL4 is not well understood.

MiRNAs have emerged as key regulators of gene expression

in the past decade (Ambros, 2008; Berezikov, 2011). Most miR-

NAs regulate gene expression post-transcriptionally by bind-

ing to the 30UTR of the target mRNA and causing

translational repression or degradation of the mRNAs (He

and Hannon, 2004). Notably, miRNAs target w30% human

genes (Lewis et al., 2005), regulate a remarkable number of

cellular functions including differentiation, metabolism, ag-

ing, apoptosis, and tumorigenesis (Ameres and Zamore,

2013; Amiel et al., 2012; He and Hannon, 2004) and are differ-

entially expressed in cancers (Croce, 2009; Lu et al., 2005;
Volinia et al., 2006) including glioblastoma (Ciafre et al.,

2005; Rao et al., 2010), breast (Blenkiron et al., 2007; Iorio

et al., 2005) and ovarian (Yang et al., 2013; Zhang et al., 2006)

cancers. Similarly, a growing number of reports suggest that

oncolytic viruses (Barnes et al., 2008; Fu et al., 2012; Lee

et al., 2009; Mazzacurati et al., 2015; Yao et al., 2014; Zhang

et al., 2012) including MV (Baertsch et al., 2014; Leber et al.,

2011), show preferential tropism to differentialmiRNA expres-

sion patterns where (artificial) insertion of miRNA target se-

quences (miRTs) is explored in this context. Therefore, we

sought to investigate whether post-transcriptional regulation

of PVRL4 and thus MV infectivity is mediated by miRNAs.
2. Material and methods

2.1. Patient sample information

Frozen glioblastoma tumor samples (n ¼ 18) and gliosis (con-

trol) samples (n ¼ 12), breast cancer tumor samples (n ¼ 15)

and their corresponding control (non-tumor) samples

(n ¼ 15), ovarian malignant tumor samples (n ¼ 13 þ 5) and

corresponding benign tumor samples (control) (n ¼ 13) from

the same patient, were obtained from the Mayo clinic Gli-

oma/Breast/Ovarian Specialized Program of Research Excel-

lence (SPORE) programs. Patient information is included in

Tables S1eS4. Out of the 12 gliosis samples 1 sample showed

late CT (threshold cycle) values for the normalizing gene,

RNU6, and thus had higher uncertainty in qRT-PCR measure-

ments. Subsequently, this sample was eliminated from

miRNA analysis.

2.2. Lentivirus-vector particle production

The miRs, anti-miRs and PVRL4 lentiviral-vector plasmids

(Genecopoeia), Gag-pol (packaging protein) and VSV-G

(envelop protein) (gifts from Eric Poeschla, MD) were produced

and purified using TOP 10 competent cells (Invitrogen) and

Hispeed plasmid maxi kit (Qiagen), and then transfected into

293T cells using Lentifectin (Applied biological materials

Inc.) according to manufacturer’s instructions. The constructs

for miRs contained GFP reporter genes and puromycin selec-

tion markers while the constructs for anti-miRs contained

m-cherry reporter genes and hygromycin selection markers.

The vector particles were tittered via flow cytometry using

the reporter genes.

2.3. Wild-type MV production

MV vaccine strains utilize CD46, SLAM and PVRL4 as their re-

ceptors while wild-typeMV uses SLAM and PVRL4 as its recep-

tor. This study addresses the regulation of an MV receptor,

PVRL4. In order to effectively quantify the regulatory role of

the respective miRNAs on PVRL4 and thus on MV infectivity

it was important that the other receptors, CD46 and SLAM,

did not interfere on MV infectivity. Thus, a wild-type eGFP

expressing MV strain that is SLAM blind and thus exclusively

uses PVRL4 as its receptor (Leonard et al., 2010), a gift from

Roberto Cattaneo, PhD, was used in this study. The virus

was grown in MCF7 cells and tittered according to Reed and

http://www.proteinatlas.org
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Muench, 1938 using the GFP reporter gene. The tittered virus

was used in subsequent cell culture and mouse experiments.

All MV and lenti-viral vector studies were conducted accord-

ing to BSL2þ guidelines.
2.4. Mice
2.4.1. U87 cell xenografts
Six week old athymic nude mice were injected subcutane-

ously with 1 � 106 stably transduced U87 cells containing

lentiviral-vectors expressing scramble miRNA (both

scramble miR construct and anti-miR construct) (5 mice),

miR-31/-128 (5 mice), miR-31/-128 þ PVRL4 (5 mice) and

anti-miRs-31/128 (5 mice). Out of the 20 mice in the 4

groups, 1 mouse from the miR-31/128 and 2 mice from the

miR-31/-128 þ PVRL4 group did not develop and thus, were

eliminated from the study. At 6 weeks after tumor cell injec-

tion, tumor sizes were measured using Vernier caliper mea-

surements and tumor volumes were calculated according to

the formula, (greater diameter � greater diameter � smaller

diameter)/2. Following tumor measurement all mice were

treated intratumorally with SLAM blind WT-measles virus

strain at 2.5 � 103 infectious units (IU) per 62.5 mm2 tumor

volume (Poisson distribution applied on MV batch titer).

The mice received three consecutive viral doses at 3 and 2

day intervals respectively. Tumors were collected for RNA

analysis and histopathology studies following tumor vol-

ume calculations and animal euthanasia. Tumor sizes

were measured before every treatment. The tumor sizes

calculated prior to the first MV dose and prior to euthanasia

(48 h following the final MV dose in order to allow oncolytic

activity from the final dose) were used for tumor size differ-

ence calculations. The tumor size difference was calculated

by subtracting tumor volume prior to euthanasia from tu-

mor volume prior to the first MV dose. Size differences

were normalized to the mean scrambled miRNA size differ-

ence and calculated as percentages. At the end of the exper-

iment, 1 mouse from the scramble miRNA group had no

visible tumor and thus tissue from this mouse was not

available for RNA analysis and histopathology analysis.

Similarly, another mouse (1 mouse) from the same group,

scramble miRNA, had a CT values that were too late and

thus had higher uncertainty in qRT-PCR measurements.

Therefore, this mouse was eliminated from RNA analysis.

In a second experiment, 4 week old athymic nude mice

were injected subcutaneously with stably transduced U87

containing lentiviral-vectors expressing scramble miRNA

(both scramble miR construct and anti-miR construct) (5

mice), miR-31/-128 (5 mice), miR-31/-128 þ PVRL4 (5 mice)

and anti-miRs-31/128 (5 mice). For this experiment

1 � 108 cells were injected with 150 mL of PBS and equal vol-

umes of matrigel (Corning). Two weeks after tumor cell in-

jection, tumor sizes were measured using Vernier caliper

measurements and tumor volumes were calculated accord-

ing to the formula, (greater diameter � greater

diameter � smaller diameter)/2. Following tumor measure-

ment all mice were treated intratumorally with SLAM blind

WT-measles virus strain. The mice received four consecu-

tive viral doses at 5 � 104 IU, 1.5 � 103 IU, 3 � 104 IU and
6 � 104 IU per 62.5 mm2 tumor volume respectively at 4, 3

and 2 day intervals. Tumors were collected for RNA analysis

and histopathology studies following tumor volume calcula-

tions and animal euthanasia. Tumor sizes were measured

before every treatment. The tumor sizes calculated prior to

the first MV dose and prior to euthanasia (48 h following

the final MV dose in order to allow oncolytic activity from

the final dose) were used for tumor size difference calcula-

tions. The tumor size difference was calculated by subtract-

ing tumor volume prior to euthanasia from tumor volume

prior to the first MV dose. Size differences were normalized

to the mean scrambled miRNA size difference and calcu-

lated as percentages.

In a third experiment, 4 week old athymic nude mice were

injected subcutaneously with stably transduced U87 contain-

ing lentiviral-vectors expressing scramble miRNA (both

scramble miR construct and anti-miR construct) (10 mice),

miR-31 (9 mice), anti-miR-31 (10 mice), miR-128 (10 mice)

and anti-miR-128 (10 mice). For this experiment 2 � 107 cells

were injected with equal volumes of matrigel (Corning). 2.5

weeks after tumor cell injection, tumor sizes were measured

using Vernier caliper measurements and tumor volumes

were calculated according to the formula, (greater

diameter � greater diameter � smaller diameter)/2. Following

tumor measurement all mice were treated intratumorally

with SLAM blind WT-measles virus strain. The mice received

four consecutive viral doses at 2.5 � 106 IU, 1.5 � 106 IU,

2� 106 IU and 2.5� 106 IU per 62.5 mm2 tumor volume respec-

tively at 3, 4 and 2 day intervals. Tumors were collected for

RNA analysis following tumor volume calculations and ani-

mal euthanasia. Tumor sizes were measured before every

treatment. The tumor sizes calculated prior to the first MV

dose and prior to euthanasia (48 h following the final MV

dose in order to allow oncolytic activity from the final dose)

were used for tumor size difference calculations. The tumor

size difference was calculated by subtracting tumor volume

prior to euthanasia from tumor volume prior to the first MV

dose. Size differences were normalized to the mean scram-

bled miRNA size difference and calculated as percentages.

2.4.2. MCF7 cell xenografts
Four week old athymic nude mice were injected subcutane-

ously with 1 � 108 stably transduced MCF7 containing

lentiviral-vectors expressing scramble miRNA (both scramble

miR construct and anti-miR construct) (5mice), miR-31/-128 (5

mice), miR-31/-128 þ PVRL4 (5 mice) and anti-miRs-31/128 (5

mice) with 150 mL of PBS and equal volumes of matrigel. Two

weeks after tumor cell injection, tumor sizes were measured

using Vernier caliper measurements and tumor volumes

were calculated according to the formula, (greater

diameter � greater diameter � smaller diameter)/2. Following

tumor measurement all mice were treated intratumorally

with SLAM blind WT-measles virus strain. The mice received

four consecutive viral doses at 5 � 104 IU, 2 � 104 IU, 4 � 104 IU

and 4 � 104 IU per 62.5 mm2 tumor volume respectively 4, 3

and 2 day intervals. Tumors were collected for RNA analysis

and histopathology studies following tumor volume calcula-

tions and animal euthanasia. Tumor sizes were measured

before every treatment. The tumor sizes calculated prior to

the first MV dose and prior to euthanasia (48 h following the

http://dx.doi.org/10.1016/j.molonc.2016.07.007
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final MV dose in order to allow oncolytic activity from the final

dose) were used for tumor size difference calculations. The tu-

mor size difference was calculated by subtracting tumor vol-

ume prior to euthanasia from tumor volume prior to the first

MV dose. Size differences were normalized to the mean

scrambled miRNA size difference and calculated as

percentages.

2.4.3. A2780 cell xenografts
Nine week old athymic nude mice were injected subcutane-

ously with 1 � 106 stably transduced A2780 containing

lentiviral-vectors expressing scramble miRNA (both

scramble miR construct and anti-miR construct) (5 mice),

miR-31/-128 (5 mice), miR-31/-128 þ PVRL4 (5 mice) and

anti-miRs-31/128 (5 mice). Two weeks after tumor cell injec-

tion, tumor sizes were measured using Vernier caliper mea-

surements and tumor volumes were calculated according to

the formula, (greater diameter � greater diameter � smaller

diameter)/2. Following tumor measurement all mice were

treated intratumorally with SLAM blind WT-measles virus

strain. The mice received a single dose at 5 � 104 IU, per

62.5 mm2 tumor volume. A2780 cell xenografts are rapid

growing tumors and thus reached IACUC approved tumor

volumes before the opportunity to administer additional

MV doses. Tumors were collected for RNA analysis and his-

topathology studies following tumor volume calculations

and animal euthanasia. Tumor sizes were measured before

every treatment. The tumor sizes calculated prior to the

first MV dose and prior to euthanasia (96 h following the

final MV dose in order to allow oncolytic activity from the

final dose) were used for tumor size difference calculations.

The tumor size difference was calculated by subtracting tu-

mor volume prior to euthanasia from tumor volume prior to

the first MV dose. Size differences were normalized to the

mean scrambled miRNA size difference and calculated as

percentages.

All animal procedures conducted were approved by the

Institutional Animal Care and Use Committee at Mayo

Clinic.

2.5. Luciferase assay

PVRL4 luciferase wild-type 30UTR expression clone and the

mutant clones for miR-31 and miR-128 seed regions, con-

taining firefly luciferase reporter gene and Renilla tracking

gene, driven by the SV40 promoter (Genecopoeia) were

transfected at 0.8 mg in to confluent 293T cells in 96 well

plates using Lipofectamine 2000 (Invitrogen), following

miRNA lenti-vectors transduction at MOI ¼ 2. The luciferase

assay was conducted with a dual luciferase assay kit (Luc-

Pair miR Luciferase Assay Kit) (Genecopoeia) where the

luciferase expression levels were normalized to Renilla

expression levels.

2.6. Cell culture

U87 and MCF7 cells were from American Type Culture Collec-

tion and cultured according to Iankov et al. (2012), Phuong

et al. (2003). A2780 cells from Sigma were cultured in RPMI-

1640 with Glutamine þ 10% fetal bovine serum.
2.7. Protein extraction and western blot analysis

Cells were lysed and human tissue were homogenized (using

Cole-Palmer, EW-04727-07 Labgen 7 Series Homogenizer) in

lysis buffer (cell signaling) (Geekiyanage and Chan, 2011) using

protease inhibitor cocktail (Sigma), NuPAGE 4e12% Bis-Tris

gels (Life technologies) and iblot gel transfer device (Life tech-

nologies). Blots were imaged using ChemiDoc (BioRad) and

protein quantifications (intensity of bands) were conducted

using Quantity One (BioRad) version 4.5, by normalizing to

the respective loading controls. Primary antibodies included

PVRL4 antibodies (Sigma, HPA010775, 1:1000 dilution),

(Abcam, 155692, 1:1000 dilution), (Proteintech, 21903-I-AP,

1:1000 dilution), Anti-Measles nucleoprotein antibody

(Abcam, 23974, 1:1000 dilution), GAPDH antibody (Cell

signaling, 14C10, 2118L, 1:2000 dilution), Histone H3 antibody

(Cell signaling, 9715S, 1:1000 dilution), Cyclophilin A antibody

(Cell signaling, 2175S, 1:1000 dilution) and a-tubulin antibody

(Sigma, T5168, 1:2000 dilution). Primary antibodies were incu-

bated overnight at 4 �C. Secondary antibodies included HRP

Goat Anti-Mouse Ig (BD Pharmingen, 554002, 1:1000 dilution)

and Anti-rabbit IgG, HRP-linked Antibody (Cell signaling,

7074S, 1:1000 dilution). Secondary antibodies were incubated

for 1 h at room temperature.

PVRL4 is a 510-amino acid transmembrane protein that has

a predicted/calculated molecular weight of w55 kDa that has

observed bands atw44, 55 and 66 kDa, depending on the anti-

body, cell/tissue type and N-glycosylation in SDS polyacryl-

amide gels. The bands between molecular weights

50e75 kDa was used for quantification. We have tried >5

different commercially available antibodies against PVRL4.

While most antibodies detect the recombinant PVRL4 protein

they fail to detect the endogenous protein in cell lysates. Out

of the antibodies we tried Abcam 155692, Proteintech 21903-

I-AP and Sigma prestige HPA010775, were able to detect

endogenous PVRL4 in cell lysates. After we observed that the

Protein Atlas Project has validated Sigma prestige

HPA010775 antibody, we conducted our studies using Sigma

prestige HPA010775 antibody (all data in the main manuscript

and most in supplemental data). Endogenous and recombi-

nant PVRL4 protein migration profiles in breast cancer cells

(MCF7), glioblastoma cells (U87) and ovarian cancer cells

(A2780) are represented in Figure S1. It should be noted that

when a protein is over-expressed, at times cells may not be

able to complete the necessary translational modifications

and thus, may not show the higher molecular weight band

but only show the lower molecular weight band. (The migra-

tion distance between molecular markers 50 kDa and 75 kDa

may differ depending on the running durations of the SDS

page).

2.8. Immunohistochemistry

Frozen human tissues and formalin fixed xenograft tissues

were sectioned at 5 mm. Antigen retrieval and staining was

conducted using Bond III biosystem, (PVRL4-citrate, PH 6;

MV-F-EDTA, pH 9) and polymer refine detection kit (Leica) ac-

cording to manufacturer’s recommendation. Primary anti-

bodies were diluted in Dako background reducing diluent

and incubated for 30 min. The frozen tissue samples were

http://dx.doi.org/10.1016/j.molonc.2016.07.007
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incubated in Dako-X0909, while xenograft tissues were incu-

bated in Rodent Block-M (Biocare). PVRL4 primary antibody

(Sigma, HPA010775) was used on brain (1:50), breast (1:100)

and ovarian (1:200) tissue samples. MV fusion protein primary

antibody (Abbiotec, 251363) was used on xenograft tissues at

1:100 dilutions. An Axioplan2 microscope was used with Axi-

oCam HR camera and Axiovision software (version 4.7) to

generate images under bright field, configured with 20x Plan-

NEOFLUAR (NA 0.50) and 40x N-ACHROPLAN (NA 0.65).

2.9. Quantitative RT-PCR

TotalmRNA andmiRNA analysiswere performed according to

Geekiyanage and Chan (2011) using LightCycler 480-II (Roche)

and software (version 1.5.0). MRNA samples with RIN

values � 7 were used in this study. Primers included human

GAPDH: 50-GAGTCAACGGATTTGGTCGT-30 and 50-TTGATTTT
GGAGGGATCTCG-30; PVRL4: 50-AGCCACTGACTTGTGTGGTG-
30 and 50-CAGCCGTGTCCAGTTGTATG-30; MV-nucleocapsid pro-

tein (N-protein) RNA: 50-AGTGAGAATGAGCTACCG-30 and 50-
TGTCTAGGGGTGTGCC-30 (Plumet and Gerlier, 2005). All

miRNA primers (miScript primers, miR-31, miR-128, RNU6)

were purchased from Qiagen and their efficiencies have

been tested by the manufacturer. PVRL4 and GAPDH primers

were designed using Primer3 (version 4.0) (Koressaar and

Remm, 2007; Untergasser et al., 2012). The primer sequences

for MV-N were according to the original article (Plumet and

Gerlier, 2005) where their efficiencies have been tested. We

tested PVRL4 and GAPDH primer efficiencies and they had

similar efficiencies (slope ¼ w �3.32). Relative expressions

were calculated using the comparative CT method (2�DDCT)

(Livak and Schmittgen, 2001) normalizing to their correspond-

ing GAPDH (formRNA analysis) or RNU6B (for miRNA analysis)

expressions.
3. Results

3.1. Elevated PVRL4 protein in malignant tumors

PVRL4 protein levels were detected in malignant tumor sam-

ples including, glioblastoma (n ¼ 18) and their control gliosis

(n ¼ 15) samples, breast tumor (n ¼ 15) and their correspond-

ing normal breast tissue (control) (n ¼ 15), and malignant

ovarian tumor (matched (n¼ 13) or un-matched (n¼ 5) to con-

trol) and their respective control benign tumor samples

(n ¼ 13). PVRL4 protein levels were significantly (ManneWhit-

ney U test) elevated in glioblastoma (Figures 1A,B, 2AeH and

Figure S2AeD), breast tumors (Figures 1D,E, 2I,J and

Figure S8AeL) and malignant ovarian tumors (Figures 1G,H,

2M,N and Figure S9AeD) compared with their respective con-

trol samples. IHC studies showed PVRL4 protein expression in

cell membrane, cytoplasm and nuclei with punctated distri-

bution, in glioblastoma (Figure 2QeT, Figures S2F,H, S3eS7),

gliosis (Figure S2E) breast tumors (Figure 2K,L and

Figure S8MeP) and ovarian tumors (Figure 2O,P and

Figure S9EeH). The presence of PVRL4 in glioblastoma,

although at strongly varying degrees, was further validated

in patient derived primary glioblastoma cells via western blot-

ting (Figure S10A) and flow cytometry analysis
(Figure S10BeO). Additionally, the expression of PVRL4 in

both the cytoplasm and nuclei were further observed through

western blot by separating the cellular cytoplasmic and the

nuclear fractions (Figure S10P). Only ovarian malignant tu-

mors (Figure 1I) expressed increased PVRL4 mRNA levels cor-

responding to the elevated PVRL4 protein levels, while

glioblastoma (Figure 1C) and breast tumor (Figure 1F) samples

showed predominantly similar PVRL4mRNA expression levels

compared with their control samples. Thus, these results sug-

gest that PVRL4 is likely post-transcriptionally regulated at

least in glioblastoma and possibly in breast tumors. Therefore,

we further investigated the potential post-transcriptional

regulation of PVRL4 by miRNAs.

3.2. PVRL4 is a miRNA targeted gene

Prediction algorithms, miRNA.org (Betel et al., 2010) and

RegRNA (Chang et al., 2013), were incorporated to select po-

tential miRNAs that target PVRL4 mRNA. Common miRNA

predictions between miRNA.org and RegRNA were selected

and thesemiRNAs were further filtered according to literature

reports of miRNA down-regulated in glioblastoma, breast can-

cer and ovarian cancer. Of the miRNAs predicted by the two

algorithms, miR-31 and miR-128 are reportedly down-

regulated in glioma (Karsy et al., 2012; Mizoguchi et al., 2012;

Visani et al., 2014), breast (Qian et al., 2012; Yan et al., 2008;

Zhang et al., 2006) and ovarian cancers (Banno et al., 2014;

Dahiya and Morin, 2010; Wyman et al., 2009). Luciferase re-

porter constructs were generated containing the human

30UTR of PVRL4. Plasmids expressing the respective miRNAs

were co-transfected with the constructs and the luciferase

expression was detected in 293T cells. MiR-31 and miR-128

significantly decreased the luciferase expression (Figure 3A).

These results were confirmed by transducing cells (glioblas-

toma, breast and ovarian cancer) with lentiviral-vectors

expressing miRs or anti-miRs (antisense) for miR-31 and

miR-128. MiR-31 and miR-128 suppressed endogenous PVRL4

expression and anti-miRs-31 and -128 rescued the endoge-

nous PVRL4 levels upon transduction in glioblastoma (U87)

(Figure 3B), breast tumors (MCF7) (Figure 3C) and ovarian tu-

mors (A2780) (Figure 3D). It should be noted that many factors

could affect the demonstrated in vitro miRNA-mRNA interac-

tion. First, the cellular machinery may not be able to support

the biogenesis of miRNA at the concentration of transduction

(lentiviral-vectors expressing miRs or anti-miRs) and there-

fore, may only produce a fraction of the miRNAs or anti-

miRS transduced. Second, miRNA-mRNA interactions are

both spatial and temporal. Thus, the full effect of miR-31

and miR-128 may only be detected at a particular time point.

The half-life of PVRL4 mRNA/protein also affects this time

point. Third, miRNAs are moderate regulators and the natu-

rally occurring noise in biological samples could interfere

with the accurate measurement of relative changes. Fourth,

the abundance of endogenous PVRL4mRNA/protein can influ-

ence the prominence of the changes (van Rooij, 2011). Taking

these points to account, miR-31 and miR-128 could possibly

assert more prominent changes than what we observe.

Furthermore, due to the high affinity between PVRL4 and

MV, subtle changes in PVRL4 protein levels could have signif-

icant impact on infection outcome. Confocal microscopy
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Figure 1 e PVRL4 protein levels are increased with unchanged PVRL4 mRNA levels in malignant tumors. Representative western blots and

quantification of blots in glioblastoma (A and B) (n [ 18), breast cancer (D and E) (n [ 15) and ovarian cancer (G and H) (n [ 18) patient

samples showing increased PVRL4 protein levels in malignant tumor samples compared with control tissues, gliosis (n [ 12), normal breast

(n[ 15) or benign ovarian tumors (n[ 13). PVRL4 protein levels were quantified by normalizing to GAPDH or Histone H3 and represented as a

percentage of the mean values of the control tissues. PVRL4 mRNA expressions were quantified by qRT-PCR for glioblastoma (C), breast tumor

(F) and ovarian tumor (I) samples. Relative expressions shown are normalized to GAPDH and mean expression levels of control samples. Error bars

represent standard error of mean (SEM). Statistical significances were determined by ManneWhitney U tests.
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Figure 2 e Increased PVRL4 IHC staining in malignant tumors. Gliosis (control) (AeD) glioblastoma (EeF), normal breast (G), breast tumor

(H), benign ovarian (K) and malignant ovarian tumor (L) samples stained with PVRL4 antibody (X20). Representation of PVRL4 staining (X40) in

cytoplasm and nuclei with punctated distribution in glioblastoma (OeR), breast (I and J) and ovarian malignant (M and N) tumor tissues. Scale

bars indicate 100 mm.
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Figure 3 e MiR-31 and miR-128 regulates PVRL4. Human PVRL4

30UTR firefly luciferase (wild-type or mutant (see Figure 3B)) and

Renilla luciferase plasmid constructs were transfected (0.8 mg in 96

well plates) into 293T cells with scrambled miRNA, miR-31, miR-

128 and miR-9 transduced at MOI [ 2. Normalized (to Renilla)

sensor luciferase activity is shown as a percentage of luciferase

expression in scrambled miRNA transfection (A). Error bars represent

standard error of mean (SEM) derived from three or more

experiments. Statistical significance between scrambled miRNA and

candidate miRs treated cells were determined by 2-tailed student t

tests. The putative binding sites of PVRL4 to miR-31 and miR-128

and miRNA seed regions are shown in red font. The binding sites of

hPVRL4 30UTR mutant to miR-31 and miR-128 seed regions are

indicated in black font within the red font binding sites (B). Western

blot analysis of endogenous PVRL4 in U87 (C), MCF7 (D) and
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studies further validated the suppressing effect of miRs-31

and -128 and the enhancing effect of anti-miRs-31 and -128

on PVRL4 levels in glioblastoma cells (U87) (Figure S5).
3.3. Reduced expressions of miR-31 and -128 correlate
with PVRL4 levels in glioblastoma

The expression levels of miR-31 and miR-128 were signifi-

cantly down-regulated in glioblastoma (n ¼ 18) (Figure 4A

and B) and breast tumors (Figure 4C and D) compared with

their respective controls, gliosis (n¼ 11) and normal breast tis-

sue (n ¼ 15). Although, other reports (Banno et al., 2014;

Dahiya and Morin, 2010; Wyman et al., 2009) have shown dif-

ferential expression levels of miR-31 and miR-128 in ovarian

tumors, the malignant ovarian tumors tested in our study

did not show a significant change in miR-31 and -128

compared with their benign tumor controls. Differences in

cellularity observed between ovarian tumors may have

contributed to the differences in observations. Alternatively,

benign ovarian tumors may not represent the ideal controls

for malignant ovarian tumors. Statistically significant nega-

tive correlations were observed between miR-31 (Figure 4E),

miR-128 (Figure 4F) and PVRL4 protein in gliosis and glioblas-

toma tissues. A statistically significant negative correlation

was observed between miR-31 (Figure 4G) and PVRL4 protein

in normal breast and breast tumor tissues, while there was

no significant correlation between miR-128 and PVRL4.

The tumor microenvironments vary between tumors type,

tumor grade and between patients, and therefore, prone to

variations in biomarker expression levels. Although a causal

relationship has not been established, the PVRL4 promoter

has transcription factor binding sites for GATA-3 and P53

(Kent et al., 2002) and show correlation with their expressions

(Fabre-Lafay et al., 2007), suggesting possibility of transcrip-

tional regulation. This transcriptional regulation can

contribute to less than perfect co-efficient. In the ever chang-

ing tumor microenvironment biomarker levels can vary in

response to cellular functions and contribute to variations

and co-efficient.
3.4. MiR-31 and mir-128 modulates MV infectivity

High copy numbers levels have been observed for miR-31 in

normal astrocytes (340 copies/pg small RNA) (Wu et al., 2009)

and miR-128 in normal brain tissue (Nuovo et al., 2009) (Most

of our experiments, cell culture and mouse studies, were con-

ducted by transducing lenti-vectors expressing miRNAs at

MOI of 1e2 (1e2 copies per cell)). In respect to glioblastoma

(U87), consistent with other research (Skalsky and Cullen,

2011; Ciafre et al., 2005) we demonstrate very low miR-128

expression levels in comparison with breast cancer cells

(MCF7) (Figure S11B). Comparable miR-31 expression levels
A2780 (E) cells, following transduction with lentivirus vectors

containing miRs or anti-miRs (inhibitor) using scrambled miRs/anti-

miRs as controls. Three or more independent experiments were

conducted with cells collected at 4 or 7 days post transduction

(MOI [ 1) for the respective miRs and anti-miRs.
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were observed in glioblastoma (U87) in comparison with

breast cancer cells (MCF7) (Figure S11A). MiR-31 and miR-128

expression levels although low in glioblastoma U87 cells, are

detectable. In our studies, miR-31 and miR-128 levels in cells

are manipulated via lentiviral-vectors in respect to miR-31

and miR-128 base levels of expressions (cells expressing

scrambled miRNA) (Figure S11C and D).

Gain- and loss-of-function experiments were performed to

identify the effect of miR-31 and miR-128 on MV infectivity. A

wild-type MV that exclusively utilizes PVRL4 as its receptor

was employed (Leonard et al., 2010). This is the MV strain

used throughout this study. Cells transduced with miRs alone

or in combination with PVRL4 and anti-miRs were infected

with MV. MV N-protein levels were evaluated to assess virus

infectivity. Over-expression of miR-31 and -128 via lentiviral-

vectors down-regulated the endogenous PVRL4 and MV N-

protein levels in U87 (Figure 5A,B and D, Figure S12), MCF7

(Figure 5C,E and Figure S13A) and A2780 (Figure S13BeD) cells.

Over-expression of PVRL4 via transduction with lentiviral-

vectors restored/increased MV infectivity in U87 glioma cells

(Figure 5A,B and C), MCF7 breast cancer cells (Figure 5C,E

and Figure S13A) and A2780 ovarian cancer cells

(Figure S13BeD) cells as shown by increased MV N-protein

levels. Inhibition of miR-31 and -128, through transduction

of anti-miRs-31 and -128, increase endogenous PVRL4 and in

turn, up-regulate MV infectivity in U87 (Figure 5A and C),

MCF7 (Figure 5B,D and Figure S13A) and A2780

(Figure S13BeD) cells. It should be noted that MV infection

down-regulates PVRL4 levels in cells (Figure 6L and

Figure S18) and therefore, PVRL4 levels post MV infection

may not indicate the PVRL4 levels prior to MV infection.

To evaluate the direct role of miR-31, miR-128, and thus

PVRL4 on MV infectivity, target protectors that prevent the

binding of the respective miRNA seed regions to the target

mRNA, were designed against the targeted sites on PVRL4

formiR-31 andmiR-128. U87 cells were transiently transfected

with miR-31 or miR-128 mimics along with their respective

target protectors. MV N-protein levels were assessed, to iden-

tify virus infectivity levels in miRs and target protector trans-

fected cells. MV N-protein levels decreased significantly upon

transfection with miR-31 (Figure 5F and H) or miR-128

(Figure 5G and I) along with a negative target protector. MV

N-protein levels remained unchanged upon transfection

with miR-31 (Figure 5F and H) or miR-128 (Figure 5G and I)

along with their respective target protectors. The MV strain

used in this study expresses GFP, allowing fluorescence imag-

ing to detect MV infection. By preventing the binding of miR-

31 (Figure S14AeF) and miR-128 (Figure S14GeL) to PVRL4,

target protectors for miR-31 and miR-128 allowed MV infec-

tion comparable to scrambled miRNA transfected cells, while

transfection of miR-31 or miR-128 with negative target protec-

tors that do not bind to any specificmRNA and therefore allow

miR-31 and -128 to reduce PVRL4 levels, showed decreasedMV

infectivity. Similar results were observed with co-transfection

with miRNA and target protectors for miR-31 and miR-128 in

MCF7 (Figure S15A,B and EeP) and A2780 (Figure S15C and D)

cells respectively. These results together suggest that miR-31

and miR-128 modulates MV infectivity by directly binding

and regulating PVRL4.
3.5. MiR-31 and -128 modulates MV infectivity and
tumor size

In order to investigate the regulatory effect of miR-31 and -128

on MV infectivity in tumors, U87, MCF7 and A2780 cells were

stably co-transduced with lentiviral-vectors containing miRs

alone or in combination with PVRL4 and anti-miRs, and were

subcutaneously xenografted into athymic nude mice.

Implanted U87 and MCF7 tumors were subjected to 3 or 4

consecutive MV injections at 1 � 106 TCID50, while A270

groups received a single dose of virus prior to euthanasia

(see full description in Material and methods). Tumor size

measurements obtained prior to administration of the first

dose of virus and immediately prior to euthanasia were used

for tumor size difference calculations.

Tumor sizes were decreased in U87 and MCF7 tumors con-

taining scrambled miRNA, miR-31/-128 þ PVRL4 and anti-

miRs-31/-128, while tumors containing miR-31/-128 showed

increase in size after MV administration. The size differences

between miR-31/-128, anti-miRs-31/-128 and scrambled

miRNA (control) groups and size differences between miR-

31/-128 and miR-31/-128 þ PVRL4 groups are significantly

different in U87 (Figure 6A) and MCF7 (Figure 6B) xenografted

tumor groups, where the reduction in tumor size in anti-miRs-

31/-128 groups are significantly greater than the reduction of

tumor size in scrambled miRNA (control) groups. In A2780

(Figure 6C) xenografts, themiR-31/-128 group showed increase

in tumor size compared with the scrambled miRNA (control)

group while the miR-31/-128 þ PVRL4 group showed less tu-

mor growth compared with the scrambled miRNA (control)

and miR-31/-128 groups. However, in this A2780 model, the

least tumor growth observed in the anti-miRs-31/-128 group

did not reach statistical significance (p¼ 0.09, ManneWhitney

U test) compared with the scrambled miRNA (control) group.

This may possibly be due to the small animal number, the

fast growth of the tumors compared with U87 and MCF7

models and the single dose of MV administered compared

with the multiple doses in the other two models.

Statistically significant increase in theMVN-proteinmRNA

levels were observed in miR-31/-128 þ PVRL4 and anti-miRs-

31/-128 groups compared with scrambled miRNA (control)

group in U87 (Figure 6D) tumor xenografts, while a statistically

significant reduction in MV N-protein mRNA levels was

observed in the miR-31/-128 group compared with the scram-

bled miRNA (control) group, explaining the tumor size differ-

ences. MV infection was visualized in U87 tumor xenograft

by IHC staining for MV fusion protein (Figure S16). A statisti-

cally significant positive correlationwas observed between tu-

mor size differences and MV N-protein mRNA levels in U87

xenografts (Figure 6E) validating the impact of miRNAs on

MV infectivity and thus virus oncolysis. Furthermore, statisti-

cally significant negative correlations were observed between

tumor miR-128 expression levels and MV N-protein mRNA

levels (Figure 6F) and tumor size differences (Figure 6G), in

scrambledmiRNA,miR-31/-128 and anti-miRs-31/-128 groups,

further confirming that miR-128 modulates MV infectivity in

glioblastoma. Statistically significant correlations were not

observed between miR-31 expression levels and MV levels

and tumor size differences.
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Figure 4 e MiR-31 and miR-128 expressions correlate with PVRL4 levels. QRT-PCR quantification of miR-31(A) and miR-128 (B) expression

levels in gliosis (n [ 11) and glioblastoma (n [ 18) tissues. QRT-PCR quantification of miR-31 (C) and miR-128 (D) expression levels in normal

breast (n [ 15) and breast tumor (n [ 15) tissue. Relative expressions shown are normalized to RNU6B and mean control expressions. Statistical

comparisons were performed using ManneWhitney U tests. Spearman’s correlation analysis demonstrated significant negative correlations

between miR-31 (E),-miR-128 (F) expressions and PVRL4 protein levels in gliosis and glioblastoma samples. Spearman’s correlation analysis

demonstrated significant negative correlations between miR-31 expressions (G) and PVRL4 protein levels in breast tumor and their respective

control samples. The significance of the correlation was determined by two-tailed T distribution tests.
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Similarly, miR-31 and miR-128 were over-expressed and

inhibited individually in U87 cells via lentiviral-vectors.

2 � 107 cells were subcutaneously xenografted on to athymic

nude mice and MV was administered 2.5 weeks after tumor

implantation at 1 � 108 TCID50. Tumor size difference

showed (Figure S17A) similar trend to Figure 6A, where

over-expression of the respective miRNAs led to tumor

growth, possibly due to lack of MV infection. Inhibition of

the miRNAs resulted in reduction in tumor growth, a possible
outcome of increased MV infection and anti-tumor activity.

Statistically significant positive correlation was observed be-

tween tumor MV infection (MV-N mRNA expression levels)

and tumor size difference indicating the relationship be-

tween MV infection and anti-tumor activity (Figure S17B).

While tumor miR-128 levels showed statistically significant

negative correlations with tumor size differences

(Figure S17C) and MV infection levels (Figure S17D), miR-31

did not.

http://dx.doi.org/10.1016/j.molonc.2016.07.007
http://dx.doi.org/10.1016/j.molonc.2016.07.007
http://dx.doi.org/10.1016/j.molonc.2016.07.007


Figure 5 e MiR-31 and miR-128 modulates MV infectivity. Western blot analysis and blot quantification of PVRL4 and MV N-protein levels

following transduction with lentiviral-vectors (MOI [ 1) expressing miRNA and anti-miRs alone or in combination with lentiviral-vectors

expressing human PVRL4, and 2, 3, 5 or 7 days post MV (exclusively utilizes PVRL4 as receptor) infection (MOI[ 0.1, 2 and 1) in U87 (A, B and

D) and MCF7 (C and E) cell lines. Western blot quantification of virus N-protein demonstrating MV infection (2e3 days post infection

(7000e15,000 IU/well)) following transfection of miR-31 and miR-128 mimics at a final concentration of 10 nM along with negative or positive

“target protectors” for miR-31 (F and H) or miR-128 (G and I) seed regions at a final concentration of 500 nM in U87 cells. Error bars represent

standard error of mean (SEM) derived from three or more experiments. Statistical analyses were conducted by student t tests.
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Consistent with prior research (Noyce et al., 2011), PVRL4

protein levels are decreased following MV infection

(Figure 6L and Figure S18). In order to investigate whether

this down-regulation of PVRL4 is mediated by a change in

miR-31 expression induced by MV infection, we measured

the miR-31 expression levels in U87 cells following MV infec-

tion (Figure 6HeK). MV infection significantly up-regulated

miR-31 expression levels (Figure 6M) while miR-128 expres-

sion levels (Figure 6N) remained unchanged between infected

and un-infected cells.
4. Discussion

We found that PVRL4 protein levels were increased in glioblas-

toma patient samples with PVRL4 present in cell membrane,

cytoplasm and the nuclei. Also confirmed by our study, other

studies have demonstrated increased levels of PVRL4 in breast

cancer and ovarian cancer suggesting it as a potential
biomarker for cancer diagnosis. Similarly, our findings suggest

that PVRL4 may potentially serve as a diagnostic marker for

glioblastoma. Prospective independent validations with larger

cohorts are warranted. The increase in PVRL4 protein was

observed with no change in PVRL4 mRNA levels suggesting

that PVRL4 is post-transcriptionally regulated. We and others

(Karsy et al., 2012; Mizoguchi et al., 2012; Visani et al., 2014)

have shown that miR-31 and miR-128 expression levels are

down-regulated in glioblastoma. We further observed nega-

tive correlations between the expression levels of miR-31/-

128 and PVRL4 protein levels in glioblastoma patient samples.

This in combination with our luciferase UTR assays, gain- and

loss-of-function cancer cell culture data and target protector

studies suggests that PVRL4 is directly regulated through

miR-31 and miR-128.

PVRL4 can enhance tumor growth through enabling cell-

to-cell attachment and matrix-independent integrin b4/SHP-

2/c-Src activation (Pavlova et al., 2013) while blocking of

PVRL4 can inhibit tumor growth suggesting PVRL4 as a

http://dx.doi.org/10.1016/j.molonc.2016.07.007
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Figure 6 e Anti-miR-31/-128 increases MV infectivity and reduces tumor size while miR-31 regulates MV mediated PVRL4 decrease. Tumor size

differences post subcutaneous intratumoral MV administration in U87 (A), MCF7 (B) and A2780 (C) xenografts that were stably transduced with

lentiviral-vectors containing miRs alone or in combination with PVRL4 and anti-miRs. Tumor sizes were measured before the administration of

the first dose of the virus and two days after the last dose immediately prior to euthanasia in U87 groups, scrambled miRNA (n[ 10), miR-31/-128

(n [ 9), miR-31/-128 D PVRL4 (n [ 8) and anti-miRs-31/-128 (n [ 10), MCF7 and A2780 groups, scrambled miRNA (n [ 5), miR-31/-128

(n[ 5), miR-31/-128D PVRL4 (n [ 5) and anti-miRs-31/-128 (n[ 5). RT-PCR quantification of tumor MV N-protein mRNA levels in stably

transduced U87 mice at euthanasia (D). Statistical analysis was performed by ManneWhitney U tests. Spearman’s correlation test demonstrates

significant positive correlation between tumor MV N-protein mRNA levels and tumor size differences (E). Spearman’s correlation test

demonstrates significant negative correlation between tumor miR-128 expression levels and tumor MV N-protein mRNA levels (F). Spearman’s

correlation test demonstrates significant negative correlation between tumor miR-128 expression levels and tumor size differences (G). The

significances of the correlations were determined by two-tailed T distribution tests. Confluent U87 cells (6 well plates) were infected with MV

(150 mL of 106 TCID50). Cells were imaged and collected 7 days post infection. Representative fluorescence (H) and phase contrast of un-infected

(I) cells. Representative fluorescence (J) and phase contrast (K) of GFP expressing MV infected cells. PVRL4 (L) miR-31 (M) and miR-128 (N)

expression levels were quantified by qRT-PCR in MV infected and un-infected cells. Relative expression levels shown are normalized to GAPDH

or RNU6B and mean control (un-infected cells) expressions. Error bars represent standard error of mean (SEM) derived from three or more

experiments. Statistical significances were determined by student t tests.
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potential therapeutic strategy against breast cancer (Pavlova

et al., 2013). MiR-128 has been shown to inhibit proliferation,

tumor growth (Dong et al., 2014; Peruzzi et al., 2013; Zhang

et al., 2009), differentiation (Guidi et al., 2010) and
angiogenesis (Shi et al., 2012) in glioma. Similarly, miR-31

has been identified to inhibit migration and proliferation

while the loss of miR-31 increases tumor growth of glioblas-

toma cells (Rajbhandari et al., 2015). Correspondingly, miR-
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31 and miR-128 inhibit metastasis of breast (Korner et al.,

2013; Liu et al., 2014; Masri et al., 2010) and ovarian tumors

(Creighton et al., 2010; Woo et al., 2012). These reports further

support our findings that PVRL4 is post-transcriptionally regu-

lated by miR-31/-128.

In addition to the tumor types investigated in this study,

miR-128 is down-regulated in prostate (Schaefer et al.,

2010), lung (Weiss et al., 2008), colorectal (Takahashi et al.,

2014) and acute lymphocytic leukemia (Kotani et al., 2010).

MiR-128 can be down-regulated due to loss of heterozygosity

in chromosome 3p, the loci for miR-128-2, as observed in

several cancers including neuroblastoma/glioblastoma

(Ciafre et al., 2005) and breast cancer (Qian et al., 2012). Simi-

larly, the miR-128 aberrations observed could be a result of

DNA methylations of the miR-128 promoter region

(Takahashi et al., 2014) and point mutations (Kotani et al.,

2010). The down-regulation of miR-128 has also been attrib-

uted to direct binding of the zinc finger regulatory transcrip-

tion factor SNAIL, which is expressed in elevated levels in

tumors, to the miR-128 promoter (Qian et al., 2012). Impli-

cated in neurodegenerative diseases (Lee et al., 2011; Lukiw,

2007), miR-128 is one of the most abundant and highly

enriched miRNA in the human brain (Skalsky and Cullen,

2011; tenOever, 2013).

MIR31HG, which encodes miR-31, flanks the most

frequently deleted loci, 9p21.3, CDKN2A/B (cyclin-dependent

kinase inhibitor 2A) in glioblastoma (Network, 2008; Parsons

et al., 2008) and this deletion is associated with poor prognosis

(Rajbhandari et al., 2015). Other than glioblastoma (Visani

et al., 2014), breast (Yan et al., 2008; Zhang et al., 2006) and

ovarian (Creighton et al., 2010) cancers, miR-31 expression is

down-regulated in prostate (Schaefer et al., 2010), stomach

(Zhang et al., 2010), urothelial (Veerla et al., 2009), acute

lymphoblastic leukemia (Usvasalo et al., 2010), melanoma

(Zhang et al., 2006) and bladder cancers (Wszolek et al.,

2011). Altered miR-31 expressions could be due to regulation

by TNF and BMP-2, epigenetic silencing due to promoter

hypermethylation (Augoff et al., 2012) or demethylation of

H3K4me3 by EMSY (Vire et al., 2014) or post-transcriptional

regulation (Lee et al., 2008).

The wild-type MV used in this study exclusively utilizes

PVRL4 as its receptor and is blind to other receptors, CD46

and SLAM, thus providing a platform to effectively investigate

the miRNA mediated PVRL4 regulation of MV infectivity. Cell

culture and mouse xenograft data indicate that miR-31/-128

regulate MV infectivity and thus can have a significant impact

on MVmediated tumor size. The similar negative correlations

(r ¼ 0.53) between bothmiR-128 and virus infectivity andmiR-

128 and tumor size further support that PVRL4 and MV infec-

tivity are regulated by miR-128. The strong correlation

(r ¼ �0.86) between miR-128 (individual transduction) and tu-

mor size difference in comparison with the moderate correla-

tions between, miR-128 (individual transduction) and MV

infection (r ¼ �0.86), and MV infection and tumor size differ-

ence, may suggest interplays between direct impact of miRNA

levels on tumorigenesis, varying miRNA and PVRL4 levels in

response to MV infection and other off-target mechanisms.

We demonstrated thatmiR-31 andmiR-128mediateMV infec-

tivity through direct regulation of PVRL4 using site-directed

mutagenesis and target protector studies. However, we
cannot rule out the effects of off-target activities in a relatively

uncontrolled (compared to in vitro) in vivo model.

Cellular miRNAs could regulate viral infectivity by binding

to viral RNAs and thereby directly promoting or limiting viral

replication as in the case of miR-122, where it promotes HCV

RNA replication (Jopling et al., 2005; Randall et al., 2007), or

by modulating endogenous mRNA targets and indirectly pro-

moting or limiting virus replication (Gottwein and Cullen,

2008). Oncolytic viruses are not only used to deliver miRNAs

to tissues (Lou et al., 2013) but they can be engineered to utilize

host miRNAs to control viral tropism (Baertsch et al., 2014;

Barnes et al., 2008; Leber et al., 2011; tenOever, 2013). PVRL4

levels are known to decrease with MV infection (Noyce et al.,

2011) similar to other MV receptors, CD46 (Schneider-

Schaulies et al., 1995) and SLAM (Welstead et al., 2004).

Furthermore, several viruses including cytomegalovirus

(Buck et al., 2010), Herpesvirus saimiri (Cazalla et al., 2010)

and hepatitis C virus (Luna et al., 2015) regulate host miRNAs.

Our data demonstrate that miR-31 expression levels were up-

regulated post MV infection in U87 glioblastoma cells. We also

show that miR-31 post-transcriptionally regulates PVRL4.

Therefore, we hypothesize that this up-regulation of miR-31

following MV infection could contribute to the down-

regulation of PVRL4. Additional ongoing work will help us to

understand whether MV up-regulates host miR-31 (down-

regulate PVRL4) as a survival mechanism (low receptor levels

lead to slow infectivity and thus long-term survival in the host

by keeping the host alive) or whether the host up-regulates its

miR-31 (down-regulate PVRL4) as a defensemechanism to MV

infection.

Although patient breast and ovarian tumor PVRL4 levels

did not show strong correlations with miR-31 and miR-128,

breast and ovarian cell culture results suggest that miR-31/-

128 may contribute at least in part to the regulation of PVRL4

in breast and ovarian tumors. The concurrent increase in

PVRL4 mRNA with PVRL4 protein in ovarian tumors also sug-

gests potential transcriptional regulation. The strong statisti-

cally significant negative correlations between miR-128 and

PVRL4 levels in glioblastoma patient samples, and miR-128

levels and MV infectivity levels in glioblastoma tumor xeno-

grafts, in combination with tumor size differences and gain-

and loss-of-function tissue culture study results suggest that

loss-of-function of miR-128 results in reduced suppression

of PVRL4 and thereby increased MV infectivity. This relation-

ship betweenmiR-128 andMV infectivity can possibly explain

selective MV infection in tumor with down-regulated miR-128

expression levels. The in vivomouse xenograft studies suggest

that the impact of miR-128 and possibly miR-31 on oncolytic

infectivity is far greater than any possible proliferative effect

caused by PVRL4 and the anti-miRs. Although, it may not be

practical to further inhibit miRNAs that are already down-

regulated in malignant tumors in efforts to increase MV infec-

tivity and thus oncolysis, depending on the tumor type, stage,

grade and miRNA expression profiles, the respective miRNAs

can potentially be utilized at least in part to regulateMV infec-

tivity and MV based oncolytic strategies.

PVRL4 was identified as a MV receptor in 2011, while CD46

and SLAMwas identified as receptors in 1993 and 2000 respec-

tive. Much research on MV infection and anti-tumor activity

has been in respect to CD46 and SLAM in comparison to the

http://dx.doi.org/10.1016/j.molonc.2016.07.007
http://dx.doi.org/10.1016/j.molonc.2016.07.007
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more recently identified PVRL4 and therefore, we may not

fully understand the contribution of PVRL4 as a MV receptor.

Further, studies are warranted to understand the contribution

of PVRL4 in MV oncolytic virotherapy in comparison with

CD46. The scope of this study was to understand the regula-

tion of PVRL4 in the understood capacity of a MV receptor.

The anti-tumor activity of MV is used to further elucidate

the role of the regulatory miRNA on PVRL4 and in turn MV

infectivity.

In conclusion, this study demonstrates that host miR-31

and miR-128 contribute at least in part to regulate MV infec-

tivity, through post-transcriptional regulation of the receptor,

PVRL4. In cell culture, we have also observed thatMV infection

can similarly regulate host miRNA, i.e. miR-31, expression

levels.
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