
Measles Virus Enters Breast and Colon
Cancer Cell Lines through a PVRL4-
Mediated Macropinocytosis Pathway

Sebastien Delpeut,a,b Gary Sisson,a Karen M. Black,a Christopher D. Richardsona,b,c

Department of Microbiology and Immunology, Dalhousie University, Halifax, Nova Scotia, Canadaa; Canadian
Centre for Vaccinology, IWK Health Centre, Goldbloom Pavilion, Halifax, Nova Scotia, Canadab; Department of
Pediatrics, Dalhousie University, Halifax, Nova Scotia, Canadac

ABSTRACT Measles virus (MeV) is a member of the family Paramixoviridae that
causes a highly contagious respiratory disease but has emerged as a promising on-
colytic platform. Previous studies of MeV entry focused on the identification of cellu-
lar receptors. However, the endocytic and trafficking pathways utilized during MeV
entry remain poorly described. The contribution of each endocytic pathway has been
examined in cells that express the MeV receptors SLAM (signaling lymphocyte-
activating molecule) and PVRL4 (poliovirus receptor-like 4) (nectin-4). Recombinant
MeVs expressing either firefly luciferase or green fluorescent protein together with a
variety of inhibitors were used. The results showed that MeV uptake was dynamin
independent in the Vero.hPVRL4, Vero.hSLAM, and PVRL4-positive MCF7 breast can-
cer cell lines. However, MeV infection was blocked by 5-(N-ethyl-N-propyl)amiloride
(EIPA), the hallmark inhibitor of macropinocytosis, as well as inhibitors of actin po-
lymerization. By using phalloidin staining, MeV entry was shown to induce actin re-
arrangements and the formation of membrane ruffles accompanied by transient ele-
vated fluid uptake. Small interfering RNA (siRNA) knockdown of p21-activated kinase
1 (PAK1) demonstrated that MeV enters both Vero.hPVRL4 and Vero.hSLAM cells in a
PAK1-independent manner using a macropinocytosis-like pathway. In contrast, MeV
entry into MCF7 human breast cancer cells relied upon Rac1 and its effector PAK1
through a PVRL4-mediated macropinocytosis pathway. MeV entry into DLD-1 colon
and HTB-20 breast cancer cells also appeared to use the same pathway. Overall,
these findings provide new insight into the life cycle of MeV, which could lead to
therapies that block virus entry or methods that improve the uptake of MeV by can-
cer cells during oncolytic therapy.

IMPORTANCE In the past decades, measles virus (MeV) has emerged as a promising
oncolytic platform. Previous studies concerning MeV entry focused mainly on the
identification of putative receptors for MeV. Nectin-4 (PVRL4) was recently identified
as the epithelial cell receptor for MeV. However, the specific endocytic and traffick-
ing pathways utilized during MeV infections are poorly documented. In this study,
we demonstrated that MeV enters host cells via a dynamin-independent and actin-
dependent endocytic pathway. Moreover, we show that MeV gains entry into MCF7,
DLD-1, and HTB-20 cancer cells through a PVRL4-mediated macropinocytosis path-
way and identified the typical cellular GTPase and kinase involved. Our findings pro-
vide new insight into the life cycle of MeV, which may lead to the development of
therapies that block the entry of the virus into the host cell or alternatively promote
the uptake of oncolytic MeV into cancer cells.
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Measles virus (MeV) is a member of the family Paramixoviridae of the genus
Morbillivirus. It causes a highly contagious disease associated with respiratory

symptoms, fever, gastrointestinal distress, and a characteristic rash (1, 2). Measles is
often complicated by secondary infections due to MeV-induced immunosuppression in
humans (1, 3–7). Neurological complications associated with MeV infection are rare but
can arise at late stages of the disease (8–12). Over the past decade, numerous measles
outbreaks have occurred throughout the world, causing thousands of deaths despite
success in controlling the disease with a safe and effective vaccine (13–18). Currently,
no specific treatment for measles is available, although vitamin A is recommended by
the World Health Organization (WHO) for populations where the infant mortality rate
due to measles is over 1% (19, 20). Retinoic acid is believed to provide resistance
against MeV infection by enhancing innate immunity (21). Alternatively, effective
measles virus inhibitors have been explored, which target virus-mediated membrane
fusion (22, 23) and viral polymerase activity (24), but have yet to be developed for
clinical use. However, natural recovery from measles in healthy patients takes about 7
to 10 days following the appearance of the rash, and the individual usually acquires
lifelong immunity to the disease.

Measles virus particles are polymorphic, with an average diameter ranging between
50 and 1,000 nm (25). Virions are surrounded by a host cell-derived envelope that
contains the viral attachment protein hemagglutinin (H) and the fusion protein (F). The
15-kb negative-sense genomic and positive-sense template RNAs are encapsidated by
the nucleocapsid (N) protein. The viral phosphoprotein (P) and large polymerase
proteins (L) associate with these viral ribonucleoproteins to form the viral polymerase
complex (1, 2).

Entry into the host cell is the first step of the virus life cycle and represents an
attractive target for antiviral treatments. In the context of measles infection, MeV was
previously believed to enter the host cell through the attachment of MeV H to its
cellular receptor, followed by fusion between viral and cellular membranes mediated
by MeV F (26–31). However, viruses that fuse with the plasma membrane can often
enter the cell by endocytosis as well, depending upon the cell type (32). Interestingly,
MeV is able to use different receptors depending on the target cell type. Three major
cellular receptors have been identified for measles virus. Signaling lymphocyte activa-
tion molecule (SLAM) serves as an immune cell receptor (33–37), and the tumor-
associated marker nectin-4 (poliovirus receptor-like 4 [PVRL4]) is an epithelial receptor
for morbilliviruses (38–43). Although vaccine and laboratory cell-adapted strains of MeV
can use the human membrane cofactor protein (CD46) as a receptor (44, 45), other
morbilliviruses, including wild-type MeV (wtMeV), do not use CD46 to enter the host
cell (46–49).

Many enveloped viruses hijack the process of endocytosis to infect and enter cells.
The normal function of endocytosis ranges from the ingestion of fluid and solutes via
pinocytosis to the ingestion of large particles by phagocytosis (50–53). Different viruses
enter the cell by a variety of endocytotic mechanisms, including clathrin-mediated
endocytosis (CME), macropinocytosis, caveolin-associated uptake (caveola-mediated
endocytosis [CavME]), interaction with lipid rafts, direct fusion with the plasma mem-
brane, or other poorly defined pathways (54, 55). Macropinocytosis is a transient,
growth factor-induced, actin-dependent endocytotic process that causes rearrange-
ments in the plasma membrane resulting in the internalization of fluids and mem-
branes through the formation of large vacuoles and is used by many viruses to enter
the host cell (56, 57). This process is normally growth factor induced and transient and
can occur in almost all cell types. Four types of membrane rearrangements or ruffles
have been identified, as summarized by Mercer and Helenius (57), including cup-
shaped membrane extensions (circular), flat sheet-like folds (lamellipodium-like), large
irregular membrane extrusions (blebs), and thin finger-like extensions (filopodial pro-
trusions). Ruffles form in the extracellular space and fold back upon the cell, enclosing
particles and fluid near the cell surface to form large, irregularly shaped vacuoles known
as macropinosomes (56). Unlike CME and CavME, macropinocytosis is dynamin inde-
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pendent and characterized by vigorous actin reorganization induced by the growth
factor-associated activation of kinases and Rho GTPases. p21-activated kinase 1 (PAK1)
plays a key role in the process of macropinocytosis by regulating the actin-myosin
cytoskeleton and has been identified as a target for the small activated GTPases Rac1
and cdc42 (58). In turn, C-terminal binding protein 1 (CtBP1) is phosphorylated by PAK1,
which initiates membrane fission and the stabilization of the emerging macropi-
nosomal vesicle (59, 60). The formation of macropinosomes is blocked by inhibitors of
sodium/proton exchangers like 5-(N-ethyl-N-propyl)amiloride (EIPA), which decrease
the cytosolic pH and inhibit the activation of Rac1/Cdc42 (61).

Macropinocytosis has been reported to be involved in host cell entry by vaccinia
virus mature virions (62), adenovirus 3 (63), adenovirus 35 (64), echovirus 1 (65), Ebola
virus (66), influenza A virus (67), Nipah virus (68), respiratory syncytial virus (69), and
HIV-1 (70). Although this pathway characteristically involves the nonspecific receptor-
independent uptake of fluid, solute, and particles, it has been demonstrated that some
viruses can use a receptor-dependent macropinocytosis-like pathway to gain entry into
host cells (56, 57, 68, 70). Some preliminary reports suggest that MeV might also use a
macropinocytosis-like pathway to gain entry into the host cell. However, the mecha-
nism by which this is achieved still remains poorly described (71, 72).

The present study was aimed at characterizing wtMeV entry into cells that express
endogenous or genetically introduced SLAM and PVRL4. MeV was previously thought
to enter cells solely by direct fusion with the plasma membrane. The contribution of a
variety of endocytotic pathways to MeV entry was quantitatively examined by mea-
suring the impact of various inhibitory drugs, small interfering RNA (siRNA), and the
expression of well-characterized dominant negative (DN) mutants of cell trafficking
proteins that affect virus entry and infection. Combined with the use of a recombinant
MeV expressing firefly luciferase (Luc) or enhanced green fluorescent protein (eGFP),
these approaches provide a better understanding of receptor-mediated endocytosis
involved in MeV uptake. Overall, our data indicate that MeV enters Vero cells that
express SLAM and PVRL4 in a Rac1-PAK1-independent manner using a receptor-
mediated macropinocytosis-like pathway. However, MeV entry into the PVRL4-positive
MCF7, DLD-1, and HTB-20 human cancer cell lines relied upon Rac1 and its effector
PAK1, using a PVRL4-mediated macropinocytosis pathway.

RESULTS
Generation and analysis of recombinant wtMeV expressing the firefly lucifer-

ase reporter gene (wtMeV-Luc). To investigate the early steps of MeV entry, recom-
binant wild-type MeV expressing the firefly luciferase reporter gene (wtMeV-Luc) was
generated by reverse genetics (Fig. 1). The transcriptional unit encoding eGFP in
wtMeV-eGFP was replaced by the firefly luciferase open reading frame (ORF) upstream
of the N gene (Fig. 1A). The virus stock was propagated in B95a cells and titrated by the
50% tissue culture infective dose (TCID50) using Vero.hSLAM cells. Three cell lines (Vero,
Vero.hSLAM, and Vero.hPVRL4 cells) were used to compare multicycle growth kinetics
of wtMeV-Luc and wtMeV-eGFP. Each cell line was infected with viruses at a multiplicity
of infection (MOI) of 0.01, and syncytium formation and virus titers were monitored for
2 days postinfection. It appeared that both recombinant viruses were indistinguishable
in their spread and replication in Vero.hSLAM and Vero.hPVRL4 cells, as demonstrated
by syncytium formation and the kinetics of MeV production (Fig. 1B and C). In contrast,
the replication and spread of both wtMeV-eGFP and wtMeV-Luc were significantly
reduced in Vero cells that do not express MeV receptors (Fig. 1B and C). Together, these
data indicate that the replacement of the transcriptional unit encoding eGFP in the
wtMeV-eGFP genome with the firefly luciferase open reading frame had no effect on
virus replication and spread in Vero cell lines.

Next, the infectivity of wtMeV-Luc was assessed at the early steps of virus infection
by using a luciferase reporter assay. Vero, Vero.hSLAM, and Vero.hPVRL4 cells were
infected with wtMeV-Luc at an MOI of 1, and the accumulation of reporter activity was
quantified at 4 and 8 h postinfection (hpi) (Fig. 1D). Luciferase activity was detected
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from 4 hpi in Vero cells expressing SLAM and PVRL4, and a 4-fold increase was observed
at 4 to 8 h postinfection (Fig. 1D). In contrast, luciferase accumulation was not observed
in Vero cells at 4 and 8 hpi (data not shown). Together, these data indicated that
wtMeV-Luc receptor-dependent entry could be assessed at 8 hpi by quantifying
luciferase activity in Vero cells expressing SLAM and PVRL4.

Wild-type MeV induces both actin rearrangement and fluid-phase uptake in
Vero.hSLAM and Vero.hPVRL4 cells. To test whether wtMeV uses macropinocytosis
as a route of entry into target cells, actin rearrangement was monitored following
wtMeV-Luc infection of serum-starved Vero, Vero.hSLAM, and Vero.hPVRL4 cells at an
MOI of 1 (Fig. 2A). Macropinocytosis is normally induced by growth factors present in
serum, which produces changes in the actin distribution within the cell (67). Thirty
minutes after MeV infection, cells were stained with 4=,6-diamidino-2-phenylindole
(DAPI) nuclear stain and Alexa Fluor 546-conjugated phalloidin, which binds specifically

FIG 1 Levels of growth of wtMeV-Luc and wtMeV-eGFP are similar in Vero, Vero.hSLAM, and Vero.hPVRL4 cells. (A) wtMeV-Luc was
engineered from the wtMeV-eGFP genome by replacing the transcription unit encoding eGFP located upstream of the MeV H ORF with
the firefly luciferase (Luc) ORF. (B) Vero cell lines were infected with wtMeV-Luc and wtMeV-eGFP at an MOI of 0.01. The replication of
recombinant viruses was monitored by using fluorescence and phase-contrast microscopy on the indicated days postinfection. Syncytia
are delimited (black lines) in the phase-contrast image. (C) At 1 and 2 days postinfection, cell-associated virus titers were quantified and
expressed as TCID50 per milliliter. (D) Vero.hSLAM and Vero.hPVRL4 cells were infected with wtMeV-Luc at an MOI of 1. At 4 and 8 hpi,
luciferase activity was measured and is displayed as fold induction relative to the luciferase activity measured at 4 hpi. The means of data
from three independent experiments are shown, and error bars indicate standard deviations. The asterisks indicate a statistically significant
difference (P � 0.05 by ANOVA) in comparisons of data from day 1 and day 2, as well as 4 and 8 hpi, for each virus.
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FIG 2 Actin cytoskeleton dynamics are involved in wtMeV-Luc entry. (A) Serum-starved Vero, Vero.hSLAM, and Vero.hPVRL4 cells were
exposed to wtMeV-Luc (MOI of 1) or PBS for 30 min and fixed with formaldehyde. Actin filaments were labeled with Alexa Fluor
546-conjugated phalloidin (red), and the nucleus was labeled with DAPI (blue). Images were captured with a 100� oil immersion
objective. A higher magnification of the boxed area reveals the formation of actin protrusions at the cell surface membrane (arrows).
Experiments were repeated 3 times, with similar results. (B and C) Vero.hSLAM and Vero.hPVRL4 cells in serum-free medium were
pretreated with 500 nM bafilomycin A1 (Baf.), 40 �M cytochalasin D (Cyto. D), 1 �M latrunculin A (Lat. A), and DMSO for 30 min at 37°C.
Cells were then infected with wtMeV-Luc and wtMeV-eGFP at an MOI of 1. (B) As a measure of cell entry by wtMeV-Luc, bioluminescence
was measured at 8 hpi and is displayed as a percentage of luciferase activity relative to that under untreated conditions (DMSO). Both
cytochalasin D and latrunculin A treatments inhibited MeV-Luc entry into Vero hSLAM and Vero hPVRL4 cells. (C) After wtMeV-eGFP
infection, the inoculum was removed and replaced with fresh medium containing 200 �M FIP to prevent secondary infection. Twenty
hours later, virus infectivity was measured by FACS analysis and is displayed as a percentage of eGFP-positive cells relative to that under
untreated conditions (DMSO). Bafilomycin, cytochalasin D, and latrunculin A treatments had no effect upon MeV-eGFP infection. (D) To
test for potential drug toxicity, Vero.hSLAM and Vero.hPVRL4 cells in serum-free medium were pretreated with 40 �M cytochalasin D, 1
�M latrunculin A, and DMSO for 30 min at 37°C. Toxicity assays, using the MTS-based assay described in Materials and Methods, were
performed, and results are displayed as a percentage of viable cells relative to those under untreated conditions (DMSO). No toxicity due

(Continued on next page)
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to the polymerized form of actin (F-actin). Interestingly, infection with wtMeV-Luc led
to depolymerization and changes in the actin distribution (Fig. 2A). The number of
F-actin filaments decreased, and actin-driven membrane protrusions were observed on
the cell surface of Vero.hSLAM and Vero.hPVRL4 cells but were absent in mock-infected
control cells (Fig. 2A). A higher MOI increased the frequency of the formation of actin
protrusions (data not shown). In contrast, the actin filaments were not rearranged in
Vero cells that were exposed to wtMeV-Luc (Fig. 2A). Disruption of actin filaments with
cytochalasin D and latrunculin A was found to inhibit both MeV entry, measured with
a luciferase reporter virus at 8 hpi (Fig. 2B), and infectivity, assessed with wtMeV-eGFP
at 20 h hpi (Fig. 2C), in Vero.hSLAM and Vero.hPVRL4 cell lines. Cell viability assays
confirmed that these effects were due to impaired virus entry and not to the cytotox-
icity of cytochalasin D and latrunculin A (Fig. 2D). The endosomal acidification inhibitor
bafilomycin A1 (Baf), which raises the pH of late endosomes, did not affect MeV entry
(Fig. 2B and C). This may have been expected since membrane fusion that is mediated
by MeV occurs at neutral pH, and these experiments rule out CME as a mechanism for
entry into the host cell. Using a virus binding assay based upon flow cytometry
(fluorescence-activated cell sorter [FACS]) analysis, cytochalasin D treatment had no
effect on wtMeV binding to its cellular receptor (Fig. 2E), although wtMeV binding may
be slightly reduced following latrunculin A treatment (Fig. 2F). Together, these results
indicate that actin plays a critical role during wtMeV entry and infection of Vero cells
expressing SLAM and PVRL4, which are associated with increased actin depolymeriza-
tion and rearrangement, a hallmark of macropinocytosis (56, 57).

Another property of macropinocytosis activation is fluid-phase uptake. Various
viruses that enter host cells via macropinocytosis have been shown to transiently
enhance fluid-phase uptake (62–64, 73). To quantitatively assess fluid-phase uptake
following wtMeV infection, Vero cell lines were preincubated with wtMeV-Luc (MOI of
5) at 4°C for 1 h, followed by a temperature switch to 37°C for 15 min or 30 min. The
fluid-phase marker fluorescein isothiocyanate (FITC)-dextran was added for 5 min at the
end of each incubation period, and the uptake of FITC-dextran was measured by FACS
analysis (Fig. 3). As might be expected, FITC-dextran uptake was significantly increased
by �1.5-fold in wtMeV-infected cells expressing SLAM and PVRL4, compared to con-
stitutive baseline levels in mock-infected cells. The effect was observed 15 min after the
administration of wtMeV in cells expressing SLAM and PVRL4 and returned to baseline
levels within 30 min (Fig. 3A and B). No increase in FITC-dextran uptake was observed
in Vero cells following exposure to wtMeV (Fig. 3A and B). These observations indicate
that fluid-phase uptake is rapidly and transiently induced over the first 15 min at 37°C
following wtMeV infection of Vero.hSLAM and Vero.hPVRL4 cells. Again, these data
suggest that MeV might enter host cells through a SLAM- and PVRL4-mediated
macropinocytosis pathway.

Dynamin is not required for wtMeV entry in Vero.hSLAM and Vero.hPVRL4
cells. The GTPase dynamin is a signaling enzyme that plays a key role in actin cytoskeleton
dynamics, mitogen-activated protein kinase signaling, and apoptosis (74). Importantly,
dynamin function is also essential for the scission of newly formed vesicles from the
plasma membrane in various endocytosis pathways such as CME, CavME, and some of
the non-clathrin/non-caveolin-dependent pathways (54). However, dynamin is not
required for the process of macropinocytosis (56, 57). To determine whether wtMeV

FIG 2 Legend (Continued)
to cytochalasin D or latrunculin A was observed at the concentrations tested. (E and F) To determine effects on virus binding, Vero.hSLAM
and Vero.hPVRL4 cells were pretreated with DMSO, cytochalasin D (E), and latrunculin A (F) as indicated above and then incubated with
wtMeV-Luc at an MOI of 10 for 1.5 h. Cells were incubated with an MeV anti-H primary antibody followed by an Alexa Fluor
647-conjugated goat anti-mouse secondary antibody to detect MeV-bound cells by FACS analysis. Cells incubated in the absence of virus
(no virus) (filled histograms) were stained with anti-MeV hemagglutinin antibody. Experiments were repeated 3 times, with similar results.
Data from one representative experiment are shown in panels E and F. The studies showed that cytochalasin D had no effect and that
latrunculin A had a minimal effect on cell binding to MeV-Luc. The results shown in panels B to D are expressed as the means of data
from 3 independent experiments, and the error bars indicate standard deviations. Statistically significant differences (P � 0.05 by ANOVA)
are indicated by asterisks.
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entry requires dynamin, the effect of Dynasore, a GTPase inhibitor that targets
dynamin-1 and -2 (75), was tested by using a wtMeV-Luc entry assay (Fig. 4). As a
control to verify that Dynasore inhibits dynamin-mediated endocytosis, its effect on
the internalization of transferrin (CME marker) was determined in Vero.hSLAM cells

FIG 3 Wild-type measles virus stimulates FITC-dextran uptake in Vero.hSLAM and Vero.hPVRL4 cells.
Wild-type MeV-Luc and PBS (no virus) were incubated with Vero, Vero.hSLAM, and Vero.hPVRL4 cells on
ice for 1 h, shifted to 37°C for the indicated time periods, exposed to 1 mg/ml FITC-dextran at a molecular
weight of 70,000 during the last 5 min, and analyzed by flow cytometry. (A) Histogram overlays
illustrating the uptake of FITC-dextran molecules by cells incubated with PBS (filled histograms) and virus
0, 15, and 30 min after incubation of Vero, Vero.hSLAM, and Vero.hPVRL4 cells. Experiments were
repeated 3 times, with similar results. Data from one representative experiment are shown. (B) FITC-
dextran endocytosis in the presence of virus compared to that in the absence of virus. The uptake of
FITC-dextran was quantified as a percentage of FITC-dextran-positive cells, which was calculated by subtract-
ing the value for nonspecific FITC-dextran uptake (no virus) from the value obtained in the presence of the
virus. Results are displayed as fold induction normalized to values under untreated conditions at time zero.
The means of data from three independent experiments are shown, and error bars indicate standard
deviations. Statistically significant differences (P � 0.05 by ANOVA) are indicated by asterisks.

Measles Virus Enters Host Cells via Macropinocytosis Journal of Virology

May 2017 Volume 91 Issue 10 e02191-16 jvi.asm.org 7

http://jvi.asm.org


FIG 4 Wild-type MeV entry is dynamin independent. (A) As a positive control to demonstrate the effect of dynamin inhibition
on CME, Vero.hSLAM cells in serum-free medium were pretreated with 100 �M Dynasore and DMSO for 1 h at 37°C, washed
in PBS, and incubated with 50 �g/ml Texas Red-conjugated human transferrin for 30 min at 37°C. Cells were then washed three
times with cold PBS and once with low-pH buffer for 10 min and processed for FACS analysis. The samples pretreated with
DMSO and Dynasore are represented. The filled histogram (mock) represents cells that have not been incubated with Texas
Red-conjugated human transferrin. Experiments were repeated 3 times, with similar results, and data from one representative
experiment are shown. As expected, Dynasore treatment inhibited the uptake of Texas Red-conjugated transferrin. (B) As
another control, Vero.hSLAM cells were pretreated with 100 �M Dynasore and infected with VSV-Luc at an MOI of 1. Dynasore
treatment inhibited the CME-mediated uptake of VSV-Luc, as expected. (C) Toxicity assays were performed with Dynasore (25
�M, 50 �M, and 100 �M)-pretreated cells, and viability is displayed as a percentage relative to values under untreated
conditions (DMSO). Viability was determined by measuring the absorbance at 490 nm in the MTS substrate-based assay as
described in the text. (D and E) Vero.hSLAM and Vero.hPVRL4 cells in serum-free medium were pretreated with 25, 50, and 100
�M Dynasore or DMSO for 1 h at 37°C. The cells were infected with either MeV-Luc or MeV-GFP. Luciferase activity was
measured at 8 hpi. After wtMeV-eGFP adsorption, the inoculum was removed and replaced with fresh medium containing 200
�M FIP to prevent secondary infection and syncytium formation. Twenty hours later, virus infectivity was measured by FACS
analysis, and data are displayed as a percentage of eGFP-positive cells relative to the values under untreated conditions
(DMSO). The inhibitor had little effect on MeV-Luc uptake or MeV-GFP infection. (F to H) Vero.hSLAM and Vero.hPVRL4 cells
were transfected with plasmids expressing wild-type dynamin 2 (DYN WT) or the dominant negative form of dynamin 2 (DYN
DN) for 2 days. (F) The expression plasmids for DYN WT and DYN DN also contained a red fluorescent protein reporter gene,
which confirmed the expression of the genes in Vero.hSLAM and Vero.hPVRL4 cells when viewed by fluorescence microscopy.
(G and H) Vero.hSLAM and Vero.hPVRL4 cells were transfected with plasmids expressing DYN WT and DYN DN. At 2 days
posttransfection, the cells were infected with wtMeV-Luc (G) and wtMeV-eGFP (H) at an MOI of 2. Luciferase activity was
measured at 8 hpi and is reported as relative light units compared to values for the DYN WT control. (H) After wtMeV-eGFP
adsorption, the inoculum was removed and replaced with fresh medium containing 200 �M FIP to prevent secondary infection
and syncytium formation. Twenty hours later, virus infectivity was measured by FACS analysis, and data are displayed as a

(Continued on next page)
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(Fig. 4A). FACS analysis revealed that Dynasore treatment reduced the internalization of
transferrin in SLAM-expressing Vero cells (Fig. 4A). In addition, vesicular stomatitis virus
(VSV) expressing firefly luciferase (VSV-Luc), which enters cells by CME (76), is sensitive
to 100 �M Dynasore in Vero.hSLAM cells (Fig. 4C). Viability assays with Vero.hSLAM and
Vero.hPVRL4 cells confirmed that Dynasore had no cytotoxic effects at 25 �M, 50 �M,
and 100 �M concentrations (Fig. 4C). Subsequently, Vero cell lines were pretreated with
increasing concentrations of Dynasore for 1 h in serum-free medium prior to infection
with wtMeV-Luc at an MOI of 1. Luciferase activity was measured at 8 hpi, which
revealed that Dynasore treatment failed to have a significant effect on wtMeV entry into
Vero.hPVRL4 cells, even at the highest concentration tested (Fig. 4D). In Vero.hSLAM
cells, Dynasore also did not decrease virus entry but in fact caused a slight increase (Fig.
4D). It is possible that Dynasore treatment might increase MeV entry in Vero.hSLAM
cells (Fig. 4D) and subsequently redirect the virus to a nonproductive pathway, as
previously observed for Ebola virus (77). To further assess the efficiency of virus entry
following Dynasore treatment, an infectivity assay was performed by using wtMeV-
eGFP instead of wtMeV-Luc (Fig. 4E). After infection, the inoculum was removed and
replaced with fresh medium containing 200 �M fusion-inhibitory peptide (FIP) (Z-fFG;
carbobenzoxyl-D-phenylalanine-L-phenylalanine-glycine) to prevent secondary infec-
tion and syncytium formation in cells (22, 78, 79). Twenty hours later, numbers of
GFP-positive MeV-infected cells were quantified by FACS analysis (Fig. 4E). As expected,
the results revealed that Dynasore treatment of Vero.hPVRL4 cells failed to have a
significant effect on infection by wtMeV-eGFP. Dynasore also failed to inhibit infection
by wtMeV-eGFP in Vero.hSLAM cells (Fig. 4E). To further examine and validate the
dynamin independence of wtMeV infections, Vero cell lines were transfected with a
plasmid expressing either wild-type dynamin-2 (DYN WT) or a DN form of dynamin-2
(K44A) (DYN DN) (Fig. 4F), and both wtMeV entry and infection assays were again
performed (Fig. 4G and H). As expected, both the entry and infectivity of wtMeV were
not affected by DYN WT or DYN DN overexpression in Vero.hSLAM and Vero.hPVRL4
cells (Fig. 4G and H).

To verify whether CavME was involved in virus uptake, the effect of the inhibition of
this endocytosis pathway was measured by the overexpression of a dominant negative
form of caveolin (CAV DN) (Fig. 5). As expected, both MeV entry and infectivity were not
affected in PVRL4- and SLAM-expressing Vero cells following CAV DN overexpression
(Fig. 5A to C). Altogether, these findings indicate that the cell entry of wtMeV is
independent of caveolin and dynamin in Vero.hSLAM and Vero.hPVRL4 cells.

Wild-type MeV entry and infection are sensitive to amiloride (EIPA) treatment.
As indicated above, wtMeV uptake occurs through an actin-dependent, dynamin-
independent endocytic mechanism, suggesting that wtMeV might use a receptor-
mediated macropinocytosis pathway in Vero.hSLAM and Vero.hPVRL4 cells. To assess
the involvement of macropinocytosis, the effect of EIPA on wtMeV entry and infection
was studied. EIPA is a potent and specific inhibitor of Na�/H� exchanger activity
important for macropinosome formation (61). This inhibitor, by itself, did not affect cell
viability or produce cytolytic effects on Vero.hSLAM or Vero.hPVRL4 cells (Fig. 6A). The
entry and infection of Vero.hSLAM cells by VSV-Luc were unaffected by 100 �M EIPA
treatment, which is consistent with the fact that VSV does not enter the cells by
macropinocytosis (Fig. 6B). However, treatment of both Vero.hSLAM and Vero.hPVRL4
cells with 100 �M EIPA inhibited wtMeV-Luc (Fig. 6C) and wtMeV-eGFP (Fig. 6D) entry
and infection of host cells. Luciferase activity was measured at 8 hpi and was expressed
as a percentage of the luciferase activity in the untreated dimethyl sulfoxide (DMSO)
control (Fig. 6C). FACS analysis of wtMeV-eGFP-infected cells that were pretreated with

FIG 4 Legend (Continued)
percentage of eGFP-positive cells relative to the DYN WT control. DYN DN had no effect on MeV-Luc uptake or MeV-eGFP
infection in either Vero hSLAM or Vero hPVRL4 cells. In panels B to E, G, and H, the means of data from three independent
experiments are shown, and error bars indicate standard deviations. Statistically significant differences (P � 0.05 by ANOVA)
are indicated by asterisks.
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100 �M EIPA showed a marked drop (�40%) in the frequency of eGFP-positive cells
compared to that of control DMSO-treated cells (Fig. 6D). To rule out the possibility that
EIPA may have an impact on virus attachment to Vero.hPVRL4 cells, virus binding assays
were performed (Fig. 6E). Cells were pretreated with EIPA or DMSO for 1 h, dissociated
from the well, and then incubated with wtMeV-Luc for 90 min on ice. Virus binding was
detected by using a monoclonal antibody directed against MeV H and an Alexa Fluor
647-conjugated goat anti-mouse secondary antibody. In Vero.hPVRL4 cells, there was a
shift in the histogram peak for DMSO plus wtMeV-Luc treatment, indicating that wtMeV
had bound to these cells (Fig. 6E). In comparison to DMSO-treated control cells, an
identical peak was observed in Vero.hPVRL4 cells pretreated with EIPA (Fig. 6E). These
data suggest that EIPA treatment has no effect on wtMeV binding to Vero.hPVRL4 cells.
Overall, these results suggest that wtMeV entry may occur through an EIPA-sensitive
pathway in Vero cells expressing SLAM and PVRL4, which is consistent with entry by
macropinocytosis.

MeV enters Vero.hSLAM and Vero.hPVRL4 cells through a Rac1- and PAK1-
independent pathway. Another characteristic property of macropinocytosis is its
dependence on the activity of PAK1 (58). During the process of macropinocytosis,
Rac1-dependent activation of PAK1 regulates actin-myosin cytoskeletal dynamics that
lead to the formation of membrane protrusions (58). Initially, we studied the role of
Rac1 in MeV entry in Vero cells that had been previously transfected with either
wild-type GFP-Rac1 (Rac1 WT) or dominant negative mutant pGFP-Rac1-N17 (Rac1 DN)
expression plasmids (Fig. 7A). Cells were subsequently infected with wtMV-Luc, but the
expression of Rac1 DN had no effect on MeV entry in both Vero.hSLAM and Vero.hPVRL4
cells (Fig. 7B). Similarly, siRNA-mediated knockdown of PAK1 did not decrease MeV
entry in either cell line but seemed to increase it (Fig. 7C and D). However, the
siRNA-mediated knockdown of PAK1 did not enhance virus infection in these cells lines,
although MeV entry was increased (Fig. 7E). Because there is no correlation between
virus entry and infectivity following the siRNA knockdown of PAK1, we further exam-
ined MeV entry by overexpressing either Myc-PAK1 WT or glutathione S-transferase
(GST)-PAK1 DN in Vero.hSLAM and Vero.hPVRL4 cells (Fig. 7F to H). A nonsignificant
decrease in MeV entry was observed in both cell lines (Fig. 7G), which was correlated
with a nonsignificant decrease in MeV infectivity in these Vero cells (Fig. 7H). As a
consequence, our data indicate that MeV entry/infection is PAK1 independent.

FIG 5 Wild-type MeV entry is caveola independent. (A) Vero.hSLAM and Vero.hPVRL4 cells were transfected with
plasmids expressing the wild-type (CAV WT) and negative (CAV DN) forms of caveolin 1. At 2 days posttransfection,
eGFP reporter gene expression was monitored by fluorescence microscopy. (B and C) Vero.hSLAM and Vero.hPVRL4
cells were transfected with CAV WT or CAV DN expression plasmids and incubated for 2 days. Cells were then
infected with wtMeV-Luc and wtMeV-eGFP at an MOI of 2. (B) Luciferase activity was measured at 8 hpi, and values
are reported as a percentage of luciferase activity relative to that of the wild-type control. (C) After wtMeV-eGFP
infection, the inoculum was removed and replaced with fresh medium containing 200 �M FIP to prevent secondary
infection and syncytium formation. Twenty hours later, cells were incubated with an MeV anti-H primary antibody
followed by an Alexa Fluor 647-conjugated goat anti-mouse secondary antibody to detect MeV-infected cells. Virus
infectivity was measured by FACS analysis, and values are displayed as a percentage of Alexa Fluor-positive cells
relative to the CAV WT control. The means of data from three independent experiments are shown, and error bars
indicate standard deviations. Statistically significant differences (P � 0.05 by ANOVA) are indicated by asterisks.
Again, the CAV DN expression plasmid did not prevent MeV-Luc entry and MeV-eGFP infections.
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Overall, these findings indicate that the route of entry for MeV in Vero.hSLAM and
Vero.hPVRL4 cells differs from the classical macropinocytosis pathway with regard to
the requirement for Rac1 and PAK1. Since hSLAM and hPVRL4 are not normally
expressed in Vero cells and were introduced through the use of expression vectors, the
possibility of an adaptation to use redundant kinase pathways exists. Our results are
consistent with another recent paper (80) that shows that the receptor hSLAM can
mediate the uptake of measles virus particles via a macropinocytosis-like pathway in
A549 cells that had been engineered to express hSLAM (SLAMF1). Similar to our results,
this pathway was inhibited by EIPA; was dependent on actin rearrangement; and was
independent of Rac1, Cdc42, and PAK1 expression. Those investigators also used siRNA
and DN mutants to interfere with this pathway. They proposed that this form of
macropinocytosis is dependent on the RhoA–ROCK–myosin-II signal pathway, which
can be inhibited by the myosin inhibitor blebbistatin. The remaining experiments in our
paper deal with cancer cell lines that express endogenous PVRL4 and contain a
functional PAK1 signal pathway.

FIG 6 (A to D) Wild-type MeV entry and infection are sensitive to EIPA treatment. Vero.hSLAM and Vero.hPVRL4 cells were pretreated in
serum-free medium with 50 �M and 100 �M EIPA and DMSO for 1 h at 37°C. (A) Toxicity assays with 50 �M and 100 �M EIPA were
performed by using the MTS cell viability assay, and data are reported as a percentage relative to the value for the untreated control
(DMSO). (B) Pretreatment of Vero.hSLAM cells with 100 �M EIPA appears not to affect the uptake VSV-Luc at an MOI of 1, since this virus
enters cells by CME and not macropinocytosis. Luciferase activity was measured at 8 hpi, and values are reported as a percentage relative
to the value for the DMSO control. (C) Vero.hSLAM and Vero.hPVRL4 cells were pretreated with 50 �M and 100 �M EIPA and infected with
wtMeV-Luc at an MOI of 1. Luciferase activity was again measured at 8 hpi, and data are reported as a percentage relative to the value
for the untreated control (DMSO). (D) Both cell lines were pretreated with 50 �M EIPA, 100 �M EIPA, or DMSO and incubated with
wtMeV-eGFP for 1 h. The virus inoculum was removed and replaced with fresh medium containing 200 �M FIP to prevent secondary
infection and syncytium formation. Twenty hours later, virus infectivity was measured by FACS analysis, and data are displayed as a
percentage of eGFP-positive cells relative to the value for the untreated control (DMSO). EIPA inhibited the uptake of MeV-Luc and
MeV-eGFP in both cell lines. In all experiments in panels A to D, the means of data from three independent experiments are shown, and
error bars indicate standard deviations. Statistically significant differences (P � 0.05 by ANOVA) are indicated by asterisks. (E) Vero.hPVRL4
cells were pretreated with 100 �M EIPA and DMSO as indicated above, and cells were dissociated from the culture plate and then
incubated with wtMeV-Luc at an MOI of 10 for 1.5 h. Vero.hPVRL4 cells were incubated with an MeV anti-H primary antibody followed
by an Alexa Fluor 647-conjugated goat anti-mouse secondary antibody, and bound MeV was detected by FACS analysis. Cells incubated
in the absence of virus (no virus) were stained with anti-MeV hemagglutinin antibody. Data for the samples containing WtMeV-Luc plus
DMSO and wtMeV-Luc plus EIPA are represented. Experiments were repeated 3 times, with similar results. Data from one representative
experiment are shown. EIPA appeared to have no effect on the binding of MeV-Luc to Vero.hPVRL4 cells.
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FIG 7 MeV enters Vero.hSLAM and Vero.hPVRL4 cells through a Rac1- and PAK1-independent pathway. Vero.hSLAM and Vero.hPVRL4 cells were
transfected with plasmids expressing wild-type Rac1 (Rac1 WT), the dominant negative form of Rac1 (Rac1 DN), wild-type PAK1 (Myc-PAK1 WT),
the dominant negative form of PAK1 (GST-PAK1 DN), or siRNA targeting human PAK1. (A) Expression plasmids for Rac1 or its dominant negative
form contained an eGFP reporter gene, and the synthesis of Rac1 WT or Rac1 DN was confirmed by fluorescence microscopy. (B) Vero.hSLAM and
Vero.hPVRL4 cells were transfected with Rac1 WT and Rac1 DN expression plasmids and incubated for 2 days. The transfected cells were infected
with MeV-Luc at an MOI of 2 for 8 h, and luciferase activity is reported as a percentage relative to the value for the Rac1 WT control. Rac1 DN
appeared to have no effect on MeV-Luc entry. (C) Vero.hSLAM and Vero.hPVRL4 cells were transfected with PAK1 siRNA or scrambled control
siRNA and incubated for 2 days. Cell lysates were subjected to SDS-PAGE and analyzed by Western immunoblot analysis using antibodies directed
against PAK1. Knockdown of PAK1 by PAK1-targeting siRNA was confirmed in both cell lines. (D) Vero.hSLAM and Vero.hPVRL4 cells were
transfected with PAK1 siRNA or scrambled control siRNA and incubated for 2 days. The transfected cells were infected with MeV-Luc at an MOI
of 2 for 8 h, and luciferase activity is reported as a percentage relative to the values for scrambled control siRNA. PAK1 siRNA failed to inhibit the
entry of MeV-Luc in both cell lines. (E) Vero.hSLAM and Vero.hPVRL4 cells were transfected with PAK1 siRNA or scrambled control siRNA and
incubated for 2 days. The transfected cells were infected with MeV-eGFP at an MOI of 0.1 and incubated for 24 h. Syncytia were observed by using
fluorescence microscopy, and PAK1 siRNA did not appear to affect MeV-eGFP infections. Experiments were repeated 3 times, with similar results.
Data from one representative experiment are shown. (F) Vero.hSLAM and Vero.hPVRL4 cells were transfected with expression plasmids for
Myc-PAK1 and GST-PAK1 DN and incubated for 2 days. Expression in cell lysates from these cells was confirmed by using Western immunoblot
analysis and antibodies directed against the Myc and GST tags. (G) Vero.hSLAM and Vero.hPVRL4 cells were transfected with PAK1 WT and PAK1
DN expression plasmids and incubated for 2 days. These cells were infected with wtMeV-Luc for 8 h, and luciferase activity is reported as a
percentage relative to the value for PAK1 WT-transfected cells. The PAK1 DN form had little effect on MeV-Luc entry into Vero.hSLAM and
Vero.hPVRL4 cells. (H) Vero.hSLAM and Vero.hPVRL4 cells were transfected with PAK1 WT and PAK1 DN expression plasmids and incubated for
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MeV enters the MCF7 human breast cancer cell line through a PVRL4-mediated
macropinocytosis pathway. Although the expression of PVRL4 in Vero.hPVRL4 cells
mediates MeV entry, the signaling pathways that are triggered following MeV binding
to its receptor are likely different from those activated in cells that endogenously
express PVRL4. To determine whether MeV can enter host cells through a classical
macropinocytosis pathway, the PVRL4-positive MCF7 human breast cancer cell line was
studied (Fig. 8). MeV entry into MCF7 cells was previously shown to rely entirely upon
PVRL4 cell surface expression (39). Actin rearrangement was first monitored following
wtMeV-Luc infection of serum-starved MCF7 cells at an MOI of 10 (Fig. 8A). As expected,
infection with wtMeV-Luc led to depolymerization and changes in the actin distribution
(Fig. 8A). The number of F-actin filaments decreased, and actin-driven membrane
protrusions were observed on the cell surface of MCF7 cells but were absent in
mock-infected control cells (Fig. 8A). The same agents as those used to study macropi-
nocytosis were employed in the following studies. Each drug used to assess endocy-
tosis produced no cytotoxicity at the concentrations tested on MCF7 cells (Fig. 8B). As
another control, VSV-Luc entry into MCF7 cells was shown to be blocked by the
dynamin inhibitor Dynasore (100 �M) (Fig. 8C). To determine whether MeV entry was
dynamin independent in MCF7 cells, the cells were pretreated with 100 �M Dynasore
for 1 h in serum-free medium prior to infection with wtMeV-Luc at an MOI of 10. As
expected, luciferase activity measured at 8 hpi revealed that Dynasore treatment failed
to have any significant effect on wtMeV entry into the MCF7 cell line (Fig. 8D). To
confirm a role for actin during the initial stages of MeV infection of MCF7 cells, actin
filaments were disrupted with cytochalasin D and found to inhibit the entry of the
MeV-Luc reporter virus (Fig. 8E). To determine whether macropinocytosis was again
involved in MeV entry of these cells, the effect of EIPA on wtMeV entry into MCF7 cells
was measured. Inhibition of wtMeV-Luc entry in a dose-dependent manner was ob-
served (Fig. 8F). As a control, VSV-Luc, which enters cells by CME, was not affected by
100 �M EIPA treatment (Fig. 8C). To further assess the effect of EIPA on wtMeV
infection, MCF7 cells were pretreated with DMSO or different EIPA concentrations. They
were subsequently incubated with the wtMeV-eGFP reporter virus. FACS analysis
revealed that there were marked decreases of �40 and �75% eGFP-positive cells in
wtMeV-eGFP-infected MCF7 cells pretreated with 50 and 100 �M EIPA, respectively,
compared to those in DMSO-treated cells (Fig. 8G).

To specifically inhibit components of the macropinocytosis pathway, the knock-
down of PAK1 as well as expression of Rac1 DN were performed in MCF7 cells (Fig. 8H
to L). The knockdown of PAK1 dramatically reduced MeV entry into MCF7 cells (Fig. 8H
and I). In addition, MeV uptake was reduced by approximately 50% in cells expressing
Rac1 DN compared to those expressing the wild-type form of Rac1 (Fig. 8J and K). To
determine whether macropinocytosis might play a role in virus cell-to-cell spread, MCF7
cells previously transfected with control (Ctrl) and PAK1 siRNAs were infected with
wtMeV-eGFP (MOI of 10) at 3 days posttransfection, and syncytium formation was
monitored at 2 days postinfection (Fig. 8L). The knockdown of PAK1 led to a reduction
in the number of syncytia (Fig. 8L). Also, the sizes of the syncytia were similar among
the different siRNA-transfected MCF7 cells, suggesting that the inhibitors did not
directly affect syncytium formation or cell-to-cell spread (Fig. 8L). Altogether, these data
strongly indicate that MeV triggers the Rac1-PAK1 signaling axis during virus entry
through a PVRL4-mediated macropinocytosis pathway in the MCF7 human breast
cancer cell line.

MeV also enters DLD-1 colon and HTB-20 breast cancer cell lines through a
PVRL4-mediated macropinocytosis pathway. Finally, we extended our analyses to

FIG 7 Legend (Continued)
2 days. These cells were incubated with wtMeV-eGFP at an MOI of 2. After 1 h of adsorption, the virus inoculum was removed and replaced with
fresh medium containing 200 �M FIP to prevent secondary infection and syncytium formation. Twenty-four hours later, fluorescence due to viral
infection was measured by FACS analysis, and data are displayed as a percentage of eGFP-positive cells relative to the value for the PAK1 WT
control. All experiments are the means of data from three independent experiments, and error bars indicate standard deviations. Statistically
significant differences (P � 0.05 by ANOVA) are indicated by asterisks.
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FIG 8 MeV enters the MCF7 human breast cancer cell line through a PVRL4-mediated macropinocytosis pathway. (A) Serum-starved MCF7 cells were exposed
to wtMeV-Luc (MOI of 10) or PBS for 30 min and fixed with formaldehyde. Actin filaments were labeled with Alexa Fluor 546-conjugated phalloidin (white).
Images were captured with a 100� oil immersion objective. A higher magnification of the boxed area reveals the formation of actin protrusions at the cell
surface membrane (arrows). Experiments were repeated 3 times, with similar results. (B) Toxicity assays of MCF7 cells treated with 100 �M Dynasore, 50 and
100 �M EIPA, and 40 �M cytochalasin D were performed by using the MTS cell viability assay, and data are reported as a percentage relative to value for the

(Continued on next page)
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other PVRL4-positive cancer cell lines: DLD-1 (a colorectal adenocarcinoma cell line) and
HTB-20 (a breast tumor cell line). Both cell lines have been shown to express PVRL4 (39,
81). As shown in Fig. 9A, actin rearrangement was monitored with phalloidin staining
following wtMeV-Luc infection of serum-starved DLD-1 and HTB-20 cells. As expected,
actin-driven membrane protrusions were observed on the cell surfaces of DLD-1 and
HTB-20 cells but were absent in mock-infected control cells (Fig. 9A). Dynasore treat-
ment had no effect on MeV infection of MCF7, DLD-1, and HTB-20 cells, while increasing
concentrations of the macropinocytosis inhibitor EIPA decreased MeV infectivity (Fig.
8B). To determine whether PAK1 may play a role in MeV entry, DLD-1 cells previously
transfected with Ctrl and PAK1 siRNAs were infected with wtMeV-Luc (MOI of 10) at 2
days posttransfection (Fig. 9C and D). Knockdown of PAK1 (Fig. 9C) led to a significant
decrease in MeV entry (Fig. 9D). The poor transfection efficiency of plasmid DNA in
HTB-20 cells limited further study of components of the macropinocytosis pathway.
However, microscopic observations and treatment with EIPA, the classical inhibitor,
clearly indicated that MeV enters PVRL4-positive cancer cells through the process of
macropinocytosis.

DISCUSSION

Viruses have not only evolved to counteract cellular antiviral mechanisms to favor
viral replication but have also adapted to exploit cellular functions that promote virus
entry (54–56, 82). Endocytosis plays a key role in many cellular functions, which include
nutrient uptake, cell adhesion and migration, receptor signaling, cell polarity, and
pathogen entry (82). Interestingly, many viruses have been shown to hijack endocytotic
machinery to promote virus entry into host cells (83). Some viruses can actually use one
or more endocytic pathways to infect cells since the regulation of endocytosis is
pleiotropic and cell type dependent (82). A better understanding of viral entry is
fundamental, as it may lead to the development of novel antiviral therapies that block
virus internalization into the cell cytoplasm.

Previous studies to elucidate MeV entry have focused mainly on the identification of
receptors for MeV (33, 34, 38, 39, 44, 45). However, the specific endocytotic and
trafficking pathways utilized for cell entry during MeV infections remain poorly studied.
Recent publications suggested that macropinocytosis might be involved in MeV infec-
tion, but the results are preliminary, and the mechanisms involved and the cell types
affected need to be validated. One early study based on electron microscopy analysis
revealed that a vaccine strain of MeV induces pseudopodia in HeLa or CHO-K1 cells

FIG 8 Legend (Continued)
untreated control (DMSO). (C) As a control, MCF7 cells were pretreated with 100 �M Dynasore or 100 �M EIPA and were infected with VSV-Luc at an MOI of
1. Luciferase activity was measured at 8 hpi, and data are reported as a percentage relative to the value for the DMSO control. Dynasore treatment inhibited
the uptake of VSV-Luc, which occurs via the process of CME. However, EIPA treatment had little effect on VSV-Luc entry. (D) MCF7 cells were pretreated with
100 �M Dynasore and infected with wtMeV-Luc. Luciferase activity was measured at 8 hpi, and values are reported as a percentage of luciferase activity relative
to that of the untreated control (DMSO). Dynasore did not prevent the entry of MeV-Luc into MCF7 cells. (E) MCF7 cells were pretreated with 40 �M cytochalasin
D and infected with wtMeV-Luc. Luciferase activity was measured at 8 hpi, and data are reported as a percentage of luciferase activity relative to that of the
untreated control (DMSO). Cytochalasin D greatly reduced the entry of MeV-Luc into MCF7 cells. (F) MCF7 cells were pretreated with 50 �M and 100 �M EIPA
and infected with wtMeV-Luc. Luciferase activity was measured at 8 hpi, and values are reported as a percentage of luciferase activity relative to that of the
untreated control (DMSO). EIPA inhibited the entry of MeV-Luc into MCF7 cells. (G) MCF7 cells were pretreated with 50 �M EIPA, 100 �M EIPA, or DMSO and
incubated with wtMeV-eGFP (MOI of 10) for 1 h. The virus inoculum was removed and replaced with fresh medium containing 200 �M FIP to prevent secondary
infection and syncytium formation. Twenty hours later, virus infectivity was measured by FACS analysis, and values are displayed as a percentage of
eGFP-positive cells relative to the value for the untreated control (DMSO). EIPA inhibits MeV-eGFP infection of MCF7 cells. (H) MCF7 cells were transfected with
siRNA directed against PAK1 or scrambled control siRNA and incubated for 2 days. Cell lysates were subjected to SDS-PAGE and analyzed by Western
immunoblot analysis using antibodies directed against PAK1. The knockdown of PAK1 by PAK1-targeting siRNA was confirmed in MCF7 cells. (I) MCF7 cells were
transfected with PAK1 siRNA or scrambled control siRNA and incubated for 2 days. The transfected cells were infected with MeV-Luc at an MOI of 2 for 8 h,
and luciferase activity is reported as a percentage relative to that of control siRNA. PAK1 siRNA inhibited the entry of MeV-Luc into MCF7 cells. (J) MCF7 cells
were transfected with expression plasmids encoding either Rac1 WT or Rac1 DN. The expression plasmids also contained an eGFP reporter gene. Cells were
incubated for 2 days, and the synthesis of Rac1 WT or Rac1 DN was confirmed by fluorescence microscopy. (K) MCF7 cells were transfected with Rac1 WT and
Rac1 DN expression plasmids and incubated for 2 days. Transfected cells were infected with MeV-Luc at an MOI of 2 for 8 h, and luciferase activity is reported
as a percentage relative to that of the Rac1 WT control. Rac1 DN appeared to inhibit MeV-Luc entry. (L) MCF7 cells were transfected with siRNA directed against
PAK1 or scrambled control siRNA. After 2 days, cells were infected with wtMeV-eGFP at an MOI of 10. Syncytium formation was observed at 2 days postinfection
by using fluorescence microscopy. PAK1 siRNA clearly inhibited MeV-GFP infection. Experiments were repeated 3 times, with similar results. Data from one
representative experiment are shown. In the preceding experiments (B to G, I, and K) means of data from three independent experiments are shown, and error
bars indicate standard deviations. Statistically significant differences (P � 0.05 by ANOVA) are indicated by asterisks.
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transfected with a plasmid expressing CD46, suggesting that CD46 internalization
might be mediated by macropinocytosis (71). Another study relying on the use of an
MeV glycoprotein-pseudotyped lentiviral vector (H/F-LV) together with the macropi-
nocytosis inhibitor EIPA indicated that H/F-LVs might enter quiescent T cells through a

FIG 9 MeV enters the DLD-1 colorectal and HTB-20 breast cancer cell lines through a PVRL4-mediated macropi-
nocytosis pathway. (A) Serum-starved DLD-1 and HTB-20 cells were exposed to wtMeV-Luc (MOI of 10) or PBS for
30 min and fixed with formaldehyde. Actin filaments were labeled with Alexa Fluor 546-conjugated phalloidin (red).
Images were captured with a 100� oil immersion objective. A higher magnification of the boxed area reveals the
formation of actin protrusions at the cell surface membrane (arrows). Experiments were repeated 3 times, with similar
results. (B) MCF7, HTB-20, or DLD-1 cells were pretreated with either 50 �M EIPA, 100 �M EIPA, or 100 �M Dynasore.
Cells were infected with wtMeV-eGFP (MOI of 10) and viewed by fluorescence microscopy at 2 days postinfection.
Dynasore had no effect on infections by wtMeV-eGFP, but EIPA clearly inhibited infections in all 3 cell types. (C) DLD-1
cells were transfected with siRNA directed against PAK1. At 2 days posttransfection, knockdown of PAK1 expression was
confirmed by a Western immunoblot assay using antibodies directed against PAK1 and actin control proteins. (D) DLD-1
cells were transfected with PAK1 siRNA and scrambled control siRNA and incubated for 2 days. Cells were infected with
wtMeV-Luc, luciferase activity was measured at 8 hpi, and data are reported as a percentage of the luciferase activity
relative to that of the scrambled control siRNA. PAK1 siRNA inhibited the entry of MeV-Luc into DLD-1 cells. The means
of data from three independent experiments are shown, and error bars indicate standard deviations. Statistically
significant differences (P � 0.05 by ANOVA) are indicated by asterisks.
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SLAM/CD46-dependent entry mechanism that strongly resembles macropinocytosis
(72). Interestingly, CD46 has also been reported to be involved in the macropinocytosis
of adenovirus 35 (64). While multiple approaches suggested an entry mechanism
similar to macropinocytosis in MeV infection, key data from Frecha et al. were obtained
by using lentivirus-based retroviral pseudotypes together with a high concentration of
a pharmacological inhibitor, and drug specificity was not examined, making the
interpretation of results difficult (72). Until very recently, previous work using MeV did
not use specific macropinocytosis inhibitors (71). After we submitted this paper,
another research group demonstrated that hSLAM (SLAMF1) can mediate the cellular
entry of MeV via a macropinocytosis-like pathway in A549 cells that had been engi-
neered to express hSLAM (SLAMF1) (80). Similar to our results, this pathway was
inhibited by EIPA; was dependent on actin rearrangement; and was independent of
Rac1, Cdc42, and PAK1 expression. Those investigators also used siRNA and DN mutants
to interfere with this pathway. They proposed that this form of macropinocytosis is
dependent on the RhoA–ROCK–myosin-II signal pathway, which can be inhibited by the
myosin inhibitor blebbistatin. Our initial work with Vero.hSLAM cells supported that
group’s findings, but our results regarding the lack of Rac1-PAK1 involvement in a
macropinocytosis-like pathway in these cells were even more striking. This work from
our laboratory focuses on the role of PVRL4 (nectin-4) in the macropinocytosis of MeV
in cells that naturally express this receptor.

In this study, a detailed analysis of each major endocytic pathway was performed by
combining distinct and independent approaches. Drugs were used to inhibit pathways,
but issues of specificity were assessed by using highly specific dominant negative
mutants and siRNA knockdown to corroborate the data obtained by using pharmaco-
logical inhibitors. Our findings demonstrate that MeV enters Vero cells through a SLAM-
and PVRL4-mediated macropinocytosis-like pathway in a Rac1- and PAK1-independent
manner, while MeV entry into the MCF7 human breast cancer cell line relied upon Rac1
and its effector PAK1 through a PVRL4-mediated macropinocytosis pathway. That being
said, we cannot say that MeV entry occurs exclusively by this pathway but that its
disruption blocks the majority of infection and virus uptake.

As discussed below, the expression of SLAM and PVRL4 in Vero cells is sufficient to
induce MeV entry through a receptor-mediated macropinocytosis-like pathway. How-
ever, measles virus uptake occurs in a Rac1- and PAK1-independent manner, suggest-
ing that signaling pathways triggered following MeV binding to its receptor in Vero
cells are likely different from those activated in cells that endogenously express PVRL4.
Interestingly, the Src family of nonreceptor tyrosine kinases has been shown to be
involved in signaling pathways triggered by SLAM and nectin molecules (84–87).
Therefore, there is increasing evidence that c-Src functions as a key signaling interme-
diate in the induction of macropinocytosis via a mechanism independent of Rac1,
cdc42, and PAK1 (88–90). Consequently, further investigations will be needed to
determine whether Src family members play a key role in MeV entry into Vero cells
through a receptor-mediated macropinocytosis-like pathway.

In the past decades, measles virus vaccine strains have emerged as a promising
oncolytic platform for cancer therapy (91–95). Given that PVRL4 is upregulated on the
tumor surface of breast (96), lung (97), ovary (98), and colon (99) cancers, this tumor-
associated marker is a promising target for oncolytic measles therapies. The data
presented here establish for the first time that MeV entry into MCF7 human breast
cancer cells occurs through a PVRL4-mediated macropinocytosis pathway that requires
the Rac1-PAK1 signaling axis. This is consistent with data from our previous study
showing that MeV infection of MCF7 cells relies entirely on PVRL4 cell surface expres-
sion (39). Of particular importance, Mycobacterium bovis bacillus Calmette-Guerin (BCG)
was also shown to gain entry into bladder cancer cells by macropinocytosis rather than
phagocytosis (100). In fact, many studies have reported that the macropinocytosis
pathway is selectively upregulated by cancer cells (100–103) and was shown to support
cancer cell proliferation by supplying nutrient uptake in Ras-transformed cancer cells
(101). Extracellular ATP is also internalized by macropinocytosis and induces increased

Measles Virus Enters Host Cells via Macropinocytosis Journal of Virology

May 2017 Volume 91 Issue 10 e02191-16 jvi.asm.org 17

http://jvi.asm.org


intracellular ATP levels and drug resistance in cancer cells (104). Since the difference in
susceptibility between BCG-permissive and BCG-resistant bladder cancer cells results
from the oncogenic activation of signaling pathways that activate macropinocytosis
(100, 105, 106), a better understanding of signaling pathways involved in the PVRL4-
mediated macropinocytosis of MeV will benefit the development of novel oncolytic
measles therapies based on selecting PVRL4-positive cancer cells with enhanced mac-
ropinocytosis.

In conclusion, the evidence presented here indicates that MeV utilizes a PVRL4-
mediated macropinocytosis pathway as a primary means of entry into the MCF7,
HTB-20, and DLD-1 cancer cell lines (Fig. 10). Once MeV binds to PVRL4, Rac1/PAK1-
dependent signaling pathways are activated, which trigger vigorous actin-mediated
membrane protrusions. This is followed by MeV endocytosis. Although the intracellular
trafficking of the macropinosome is poorly documented, the ribonucleocapsid of MeV,
which enters cells in a pH-independent manner, is likely released prior to the fusion of
macropinosomes with more acidic compartments of the endolysosomal pathway.

MATERIALS AND METHODS
Antibodies and probes. PAK1 (catalog number 2602S) rabbit polyclonal antibody was purchased

from Cell Signaling Technology (Danvers, MA). Monoclonal anti-MeV H antibody produced in mouse
(catalog number MAB8905) was obtained from Merck Millipore (Etobicoke, ON, Canada). Actin mouse
monoclonal antibody (catalog number A3853), Alexa Fluor 647-conjugated goat anti-mouse antibody
(catalog number SAB4600353), and 70-kDa FITC-dextran (catalog number 46945) were obtained from
Sigma-Aldrich Canada (Oakville, ON, Canada). Peroxidase-conjugated goat anti-mouse antibody (catalog
number 115-035-146) was purchased from Jackson ImmunoResearch Laboratories (West Grove, PA).
Peroxidase-conjugated goat anti-rabbit antibody (catalog number G21234), Texas Red-conjugated hu-
man transferrin (catalog number T2875), and Alexa Fluor 546-conjugated phalloidin (catalog number
A22283) were obtained from Life Technologies (Burlington, ON, Canada). GST and Myc rabbit polyclonal
antibodies were purchased from Abcam (Cambridge, MA).

Cell lines and viruses. MCF7 human breast cancer cells were acquired from David Hoskin (Dalhousie
University, Halifax, Canada). Vero cells were purchased from the American Type Culture Collection
(Manassas, VA). Vero cells that express human SLAM (Vero.hSLAM) and PVRL4 (Vero.hPVRL4) were used
in previous studies (40, 107, 108). The recombinant Ichinose-B 323 (IC323) (109) wild-type measles virus

FIG 10 Schematic model for MeV entry into MCF7 cancer cells. Once MeV binds to PVRL4 (1), the
Rac1/PAK1-dependent signaling pathway is activated (2), which triggers vigorous actin-mediated mem-
brane protrusions (3). This is followed by MeV endocytosis (4). Various inhibitors of the macropinocytosis
pathway and their sites of action are shown in red.
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isolate expressing the eGFP reporter gene (wtMeV-eGFP) was obtained from Roberto Cattaneo (Mayo
Clinic, Rochester, MN). To generate a recombinant IC323 wild-type measles virus expressing firefly
luciferase (wtMeV-Luc), the transcription unit encoding eGFP located upstream of the MeV hemagglu-
tinin ORF within the wtMeV-eGFP genome was replaced by the firefly luciferase ORF. Thereafter,
wtMeV-Luc was rescued by reverse genetics (110). Viruses were propagated in B95a cells and titrated in
Vero.hSLAM cells. Recombinant VSV-Luc was obtained from Brent Johnston (Dalhousie University,
Canada).

Virus infection. Cells were infected with viruses at various MOIs in TCID50 per cell in phosphate-
buffered saline (PBS) for 1 h at 37°C. Cell monolayers were washed twice with PBS, incubated with
Dulbecco’s modified Eagle’s medium (DMEM) containing 5% fetal calf serum (FCS), and then harvested
at the indicated times postinfection. TCID50 titers for measles virus were determined by 50% endpoint
titration on Vero.hSLAM cells according to the Spearman-Kärber method (119).

Drug treatment and virus entry and infectivity assays. Vero cell lines and MCF7 cells in serum-free
medium were pretreated with 25 to 100 �M Dynasore, 50 to 100 �M EIPA, 40 �M cytochalasin D, 500
nM bafilomycin A1, and 1 �M latrunculin A for 30 to 60 min. Cells were washed twice in PBS prior
infection. All drugs were purchased from Sigma-Aldrich Canada (Oakville, ON, Canada). To measure viral
entry, wtMeV-Luc and VSV-Luc were adsorbed to cells for 60 min, followed by replacement with 5%
FCS-containing medium. At 8 h postinfection, luciferase activity was read on a Glomax luminometer
(Promega Corp., Madison, WI) by using the luciferase assay system kit purchased from Promega Corp.
(Madison, WI). To measure infectivity, wtMeV-eGFP was used. After MeV infection, the inoculum was
removed and replaced with fresh medium containing 200 �M FIP (catalog number C9405), purchased
from Sigma-Aldrich Canada (Oakville, ON, Canada). Twenty hours later, samples were processed for FACS
analysis.

Cytotoxicity assay. To measure viable cells in proliferation (cytotoxicity assay) following drug
treatment, a CellTiter 96 AQ One Solution cell proliferation assay kit was purchased from Promega Corp.
(Madison, WI). Assays were performed according to the manufacturer’s protocol by using the tetrazolium
substrate 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS)
and measuring the A490 of the formazan product that is produced in viable cells.

Plasmids, site-directed mutagenesis, and transfection. Plasmids expressing WT and DN forms of
Rac1 (111, 112), caveolin 1 (CAV) (113), PAK1 (114, 115), and dynamin 2 (DYN) (116) were obtained
from Addgene (Cambridge, MA). To generate the dominant negative form of dynamin 2, site-
directed mutagenesis (QuikChange II; Agilent Technologies) was performed on plasmid Dyn2-
pmCherryN1 (Addgene, Cambridge, MA) to introduce the K44A mutation. This mutation imparts a
defect in the GTPase activity of dynamin-2 (117, 118). Expression plasmids were transfected into cells
by using Lipofectamine 2000 (Life Technologies, Burlington, ON, Canada) according to the manu-
facturer’s protocol.

siRNA transfections. siRNA duplexes targeting human PAK1 (catalog number 6361S) and negative-
control siRNA (catalog number 6568S) were purchased from Cell Signaling Technology (Danvers, MA).
Vero.hSLAM, Vero.hPVRL4, and MCF7 cells were plated at 30 to 40% confluence into each well of a
12-well plate the day before transfection. They were subsequently transfected with siRNA at concentra-
tions of 100 nM using Lipofectamine 2000 (Life Technologies, Burlington, ON, Canada). Protein knock-
downs were evaluated 72 h after siRNA transfection by Western blotting.

Western blot analysis. Cell monolayers were lysed in radioimmunoprecipitation assay (RIPA) buffer
(50 mM Tris HCl [pH 7.4], 1% NP-40, 0.25% sodium deoxycholate, 150 mM sodium chloride, 1 mM EDTA,
1 mM sodium fluoride, 1 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride, 2 mM
dithiothreitol, 1� protease inhibitor cocktail [Roche Diagnostics, Laval, QC, Canada]) for 15 min on ice.
Cell lysates were clarified by centrifugation at 14,000 � g for 15 min at �4°C. SDS-PAGE and Western
immunoblotting were carried out by using antibodies against PAK1 and actin.

MeV binding assay. Cells were washed with PBS and dissociated by using a nonenzymatic cell
dissociation solution (catalog number C5789) purchased from Sigma-Aldrich Canada (Oakville, ON,
Canada). To assess the capacity for binding of MeV to PVRL4 and SLAM, Vero.hSLAM and Vero.hPVRL4
cells were incubated with wtMeV-Luc at an MOI of 10. Cells were washed three times with PBS containing
1% bovine serum albumin, 5 mM EDTA, and 0.1% sodium azide and incubated with an anti-MeV
hemagglutinin antibody on ice for 60 min. The cells were washed prior to incubation with an Alexa Fluor
647-conjugated goat anti-mouse antibody for 45 min on ice. Cells were again washed to remove any
unbound antibodies, fixed in 1% paraformaldehyde, and processed for FACS analysis.

Immunofluorescence. Serum-starved Vero cell lines and MCF7 cells were exposed to wtMeV-Luc
(MOIs of 1 and 10) at 4°C and incubated for 1 h. The temperature shift was performed after washing with
PBS by using prewarmed (37°C) serum-free medium for 30 min. Afterwards, cells were fixed with 4%
paraformaldehyde and permeabilized with PBS– 0.2% Triton X-100 at room temperature. Alexa Fluor
546-conjugated phalloidin and DAPI were used to stain actin filaments and nuclei of cells, respectively.

Fluid-phase uptake assay. Cells were washed with PBS and dissociated by using a nonenzymatic
cell dissociation solution (catalog number C5789) purchased from Sigma-Aldrich Canada (Oakville, ON,
Canada). wtMeV-Luc (MOI of 5) or PBS (internal experiment control) was then exposed to cells on ice for
1 h, and cells were shifted to 37°C by using prewarmed serum-free medium for the indicated time
periods and then exposed to FITC-dextran (1 mg/ml) during the last 5 min. Dextran uptake was stopped
by placing the cells on ice and washing the cells three times with cold PBS and once with low-pH buffer
(0.1 M sodium acetate, 0.05 M NaCl [pH 5.5]) for 10 min. The cells were then processed for FACS analysis.
The uptake of FITC-dextran was quantified as a percentage of FITC-dextran-positive cells, which was
calculated by subtracting the value of the nonspecific FITC-dextran uptake (no virus) from the value
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obtained in the presence of the virus. Results are displayed as fold induction normalized to values under
untreated conditions at time zero.

Internalization assay for transferrin. Cells pretreated with 100 �M Dynasore were exposed to 50
�g/ml Texas Red-conjugated human transferrin for 30 min at 37°C. Cells were then washed three times
with cold PBS and once with low-pH buffer (0.1 M sodium acetate, 0.05 M NaCl [pH 5.5]) for 10 min and
further prepared for FACS analyses.

Flow cytometry analysis. Samples were run on a Cyan ADP flow cytometer (Beckman Coulter,
Mississauga, ON, Canada). Data were processed by using FCS Express (De Novo Software, Glendale, CA)
and analyzed by using Flowing software (http://www.flowingsoftware.com/).

Microscopy. Cells were viewed by phase-contrast and fluorescence microscopy using a Leica
DMI4000B inverted microscope (Leica Microsystems, Concord, ON, Canada). A Zeiss LSM 510 microscope
(Carl Zeiss Canada) was used to acquire images by oil immersion.

Data analysis. Data were expressed as means � standard errors of the means. Analysis of variance
(ANOVA) was performed to identify statistically significant differences. P values of �0.05 were considered
statistically significant. Data were processed by using GraphPad Instat software (GraphPad, La Jolla, CA).

Ethics statement. The experiments in this article were performed at a biological safety level 2 facility
in accordance with the regulations set forth by the Public Health Agency of Canada and the Canada Food
and Drug Inspection Agency. This work did not involve experimentation with animals or human beings.
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