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Rotavirus (RV) is the major cause of childhood gastroenteritis
worldwide. This study presents a functional genome-scale analysis
of cellular proteins and pathways relevant for RV infection using
RNAi. Among the 522 proteins selected in the screen for their
ability to affect viral infectivity, an enriched group that partic-
ipates in endocytic processes was identified. Within these pro-
teins, subunits of the vacuolar ATPase, small GTPases, actinin 4,
and, of special interest, components of the endosomal sorting
complex required for transport (ESCRT) machinery were found.
Here we provide evidence for a role of the ESCRT complex in the
entry of simian and human RV strains in both monkey and human
epithelial cells. In addition, the ESCRT-associated ATPase VPS4A
and phospholipid lysobisphosphatidic acid, both crucial for the
formation of intralumenal vesicles in multivesicular bodies, were
also found to be required for cell entry. Interestingly, it seems that
regardless of the molecules that rhesus RV and human RV strains
use for cell-surface attachment and the distinct endocytic pathway
used, all these viruses converge in early endosomes and use multi-
vesicular bodies for cell entry. Furthermore, the small GTPases
RHOA and CDC42, which regulate different types of clathrin-inde-
pendent endocytosis, as well as early endosomal antigen 1 (EEA1),
were found to be involved in this process. This work reports the
direct involvement of the ESCRT machinery in the life cycle of
a nonenveloped virus and highlights the complex mechanism that
these viruses use to enter cells. It also illustrates the efficiency of
high-throughput RNAi screenings as genetic tools for comprehen-
sively studying the interaction between viruses and their host cells.

Rotaviruses (RVs), members of the family Reoviridae, are the
leading etiologic agents of viral gastroenteritis in infants and

young children worldwide, being responsible for an estimated
453,000 deaths each year (1). The infectious particle is composed
of three concentric layers of protein that enclose the viral ge-
nome formed by 11 segments of double-stranded RNA. The
proteins of the outermost layer, VP4 and VP7, are involved in
virus attachment and cell entry. Two domains constitute the
spike protein VP4: VP5 at the base of the spike and VP8 at the
head. Once inside the cell, the triple-layered particle (TLP) loses
the surface proteins, leading to a double-layered particle (DLP)
that is transcriptionally active. The nascent viral mRNAs can be
used either for viral protein synthesis or for genome replication.
Newly formed progeny DLPs assemble in cytoplasmic inclusions
known as viroplasms and bud into the lumen of the ER. The
outer-layer proteins then assemble on DLPs in this compartment
(2). It has been recently reported, however, that RV hijacks the
autophagy membrane-trafficking pathway to transport the ER-
associated viral proteins required for infectious particle assembly
to membranes surrounding viroplasms (3).
Even though specific steps of entry have been increasingly well

characterized in recent years, the involvement of host-cell pro-
teins in the replication life cycle of the virus has been poorly
characterized. The initial interactions of the virus with the cell
surface involve several molecules. Specifically, some RV strains
such as rhesus RV (RRV), initially bind to sialic acid on the cell
surface through the VP8 domain of the spike protein VP4, but
some RVs appear to attach to subterminal sialic acid, such as
that present in ganglioside GM1 (4); in addition, it was recently

described that the VP8 protein of human RV strain HAL1166
and the human RV strains belonging to the most frequent VP4
genotypes (P4 and P8) bind to A-type histo-blood group antigens
(5, 6). Integrin 2β1 has also been reported to serve as an attach-
ment receptor for some RV strains (7), although this integrin, as
well as integrins vβ3 and xβ2 and the heat-shock protein 70
(HSC70), have been implicated mostly in a postattachment in-
teraction of the virus that might be involved in cell internalization
(7). Nevertheless, RV strains whose infectivity does not depend
on integrins have also been reported. RRV enters cells by an
endocytic pathway that is independent of clathrin and caveolin,
whereas other RV strains have been shown to enter cells through
a clathrin-dependent endocytosis (8). It has also been reported
that RV cell entry depends on dynamin and cholesterol (8), al-
though contradicting results were recently reported in Madin
Darby canine kidney cells (9). RRV infection of monkey kidney
MA104 cells has been shown to depend on the small GTPase
RAB5, but not on RAB4 or RAB7 (10). The interaction of the
RV spike protein VP4 with surface receptors determines the
endocytic pathway used by RVs to enter cells (11). This protein
has also been proposed to undergo structural changes during the
entry process (9, 12); nonetheless, a functional correlation of the
proposed structural changes with cellular factors that trigger
these changes is not known.
Recently, several studies have reported the use of genome-

wide RNAi screens to unravel virus–host cell interactions (13).
We recently developed a robust high-throughput screening assay
to assess RV replication in cell culture (14). In this study we
report a genome-wide siRNA screen that allowed us to identify
more than 500 proteins and several biological processes poten-
tially involved in various steps of the RV life cycle. Of particular
interest, the endosomal sorting complex required for transport
(ESCRT) complex, a major pathway for the lysosomal degra-
dation of monoubiquitinated membrane proteins (15) and also
involved in the abscission step of cytokinesis and in the budding
process of several enveloped viruses, was found to be involved in
RV cell entry. This report describes the use of the ESCRT
complex by a nonenveloped virus and highlights the complex
mechanism that RVs use to enter cells.

Results
Identification of Cellular Proteins Required for RV Infection Using
a Genome-Wide siRNA Screen. The assay involved RRV infection
of MA104 (Cercopithecus aethiops) cells previously transfected
with an siRNA library that targets 21,181 individual human genes,
followed by evaluation of virus replication by an optimized im-
munofluorescent detection of viral protein synthesis (14). The
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screening was performed in two steps (Fig. S1A and Materials
and Methods). Using this experimental design, 522 genes whose
expression is required for RV infection were identified (Table
S1). Analysis of the data by functional clustering showed that the
genes that scored as positives are implicated in a broad array of
cellular functions and also suggested several statistically enriched
biological pathways that could be involved in the virus life cycle
(Table S2). Among the pathways identified are several that have
been reported to be relevant for, and in some cases highly regu-
lated during, RV infection, including tight junction (TJ) function
(16), endocytosis (8, 10), and calcium signaling (17), as well as the
protein-ubiquitination pathway (18, 19).
The functional protein clusters initially identified with the

Ingenuity Systems software were enriched with several protein-
interaction databases. We initially characterized three cellular
processes: the ubiquitin-proteasome pathway, the TJ network, and
the endocytosis-related protein system. Regarding the protea-
some-ubiquitin components, in silico proteomics showed a strong
cluster in our data set: E3 ligase hits, deubiquitinase PAN2, and
heat-shock proteins. Components of the 26S proteasome were
also present in these hits (Fig. S1B and Table S2). These findings
are supported by the recent demonstration of the involvement of
the proteasome-ubiquitin pathway in the life cycle of RVs (18, 19).
Fifteen proteins belonging to the TJ network were recognized

by protein databases among the positive hits, including JAM-A
(junctional adhesion molecule) and claudins [human F11 re-
ceptor (F11R), claudin 6 (CLDN6), CLDN14, and CLDN9)
(Fig. S1C and Table S2). Several cytoplasmic proteins involved in
the assembly and maintenance of TJs were also present in our
data set (PARD6A, CNKSR3, MYL9, MYH1, and MYH8),
suggesting that TJs are important for RV infection. Protein in-
teraction analysis predicted several proteins that might also
participate in RV replication, such as occludin and ZO-1. Pre-
liminary results substantiate the relevance of the TJ proteins for
RV infection (Fig. S1E). TJ proteins have also been reported as
receptors or coreceptors for reovirus and hepatitis C virus (20).
In agreement with the endocytic pathway reported for RRV cell

entry (8, 10), 13 endocytosis-related proteins were identified in the
screening (Table S2), including RAB GTPases such as RAB30,
a Golgi traffic regulator; RABL2A, whose function is not well
characterized; and CDGAP, the activator of GTPase CDC42. Two
subunits of the endosomal vacuolar H+-ATPase (v-ATPase; V0
subunit C and V1 subunit B1) were also detected in agreement
with previous results that showed that bafilomycin, an inhibitor of
the v-ATPase, affects RV infection (8, 10, 21). Coatomer complex
elements (COPB1, COPA) and the GTPase ARF1—whose de-
pletion has been associated, among other phenotypes, with defects
in the function of early endosomes (EE) (22)—were tightly clus-
tered in our data set. Of particular interest, two components of the
ESCRT complex (VPS25 and VPS37D) (15) were present in the
output data, and in silico proteomics predicted these and other
ESCRT components to be associated with other cellular proteins
identified in the screening (Fig. S1D).

Characterization of Endocytosis-Related Proteins in RV Cell Entry by
RNAi.To determine if the selected cellular proteins were required
for virus entry or during a postentry step, RRV DLPs were in-
troduced into siRNA-transfected cells by lipofection. DLPs are
noninfectious because they lack the outer protein layer; however,
if introduced into the cells by lipofection, bypassing the virus
entry step, they are able to start a replication cycle.
Silencing the expression of two subunits of the coatomer com-

plex I (COPB1, COPA), and ARF1 required for its function,
inhibited virus infectivity by more than 70%. These proteins,
however, seem to be required at a stage downstream from the virus
entry point because the number of infectious foci produced by
transfecting DLPs was also reduced by the siRNA treatment (Fig.
1A). In contrast, the v-ATPase was shown to be involved exclu-
sively at the virus entry step because siRNAs against the two
proton pump subunits notoriously reduced virus infectivity

whereas they did not affect the replication of transfected DLPs
(Fig. 1B). RAB30 and RABL2A were also required for virus
entry, as well as α–actinin-4 (ACTN4), relevant for endosome
maturation and vesicular trafficking (Fig. 1C).
We also knocked down the synthesis of three GTPases with a

well-characterized regulatory function on endocytosis. Although
the siRNA against RHOA (siRHOA) decreased the infectivity of
RRV about 25%, the siARF6 had no effect on viral replication.
Silencing the expression of CDC42 decreased RRV infectivity by
about 50% (Fig. 1D), consistent with the findings of the screening
that showed that CDGAP, the activator of CDC42, was required
for RRV entry. Additionally, the dominant-negative (DN) mu-
tant CDC42N17 caused a 50% decrease in virus infectivity,
whereas the constitutively active variant CDC42V12 had no affect
(Fig. 1E), confirming the participation of CDC42 in RV entry.
Of particular interest, the VPS25 component of the ESCRT

machinery was also found to be involved in virus entry because
the siVPS25 reduced the number of infected cells by about 40%.
In addition, the siVPS37D consistently decreased RRV infectivity
but without reaching statistical significance (Fig. 1F). Because the
existence of VPS37 isoforms could mask the effect of silencing
the expression of this protein, the role of other components of
the ESCRT complex in RRV cell entry was further explored. The
efficiency of RNAi on gene expression was verified by real-time
quantitative RT-PCR of the target mRNA and/or by Western
blot analysis of the silenced protein (Fig. S2).
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Fig. 1. Characterization of proteins involved in endocytosis and intracellular
traffic pathway. (A, B, C, D, and F) MA104 cells were transfected with the in-
dicated siRNAs and 72 hpt were either infected with RRV [multiplicity of infec-
tion (MOI) 3] or transfected with RRV DLPs. (E) MA104 cells were transfected
with plasmids encoding CDC42 (WT), CDC42N17 (N17), or CDC42V12 (V12) and
at 24 hpt were infected with RRV (MOI 5). At 6 hpi, cells were fixed and pro-
cessed for IF using anti-NSP5 antibodies to detect infected cells, as described in
Materials and Methods. The infectivity is expressed as a percentage of that
observed in cells transfectedwith an irrelevant siRNA (Irre), which was taken as
100%. The relative infectivity of cells expressing CDC42 DN was obtained by
normalizing against its wild-type counterpart. All experiments describing RNAi
or DN results (Figs. 1, 2, 5, and 6) represent the arithmetic means and SEM of
three independent experiments performed in duplicate. ***P < 0.001; **P <
0.01; *P < 0.05.
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ESCRT Machinery Is Involved in RRV Cell Entry. The ESCRT system
consists of four protein complexes (0, I, II, and III) and accessory
elements that function in coordination and sequentially to form
multivesicular bodies (MVB) (15). Transfection of cells with siRNAs
specific for components of all four ESCRT complexes [HRS
(ESCRT-0), TSG101 (ESCRT-I), VPS25 (ESCRT-II), VPS24
(ESCRT-III)], for VPS4A (the ATPase associated to ESCRT-III),
and for the accessory protein ALIX impaired the infectivity of
RRV in MA104 cells (Fig. 2A). All siRNAs inhibited virus cell
entry, except siALIX, because it also decreased the infectivity of
transfected DLPs. To confirm the role of TSG101, VPS4AA, and
ALIX in RRV infection, DN mutants of these proteins fused to
fluorescent proteins were overexpressed in MA104 cells. Expres-
sion of DN mutants TSG101 1–157, VPS4AA E228Q, and ALIX
176–869 decreased RV infectivity between 40% and 75%, com-
pared with their wild-type counterparts (Fig. 2B). These results
suggest that the function of the ESCRT machinery, including
the ESCRT-associated ATPase VPS4A involved in fission of
intralumenal vesicles (ILVs), is required for RRV cell entry.
On the other hand, even though a role for ALIX in RV entry
cannot be discarded, this protein seems to be rather required at
a postentry step.
The possibility that interfering with the function of the ESCRT

complex could prevent the transport or recycling of a RV receptor
to the plasma membrane was ruled out by showing that RRV cell
binding and internalization was not reduced under these con-
ditions (Fig. S3). RRV binding and internalization was also not
affected by transfection of cells with siRAB5, siRAB7, siEEA1, or
si-v-ATPase (Fig. S3A). In addition, inhibition of the ESCRT
subunits did not seem to alter the general endosomal vesicular
traffic because neither the infectivity of human adenovirus 5 (Fig.
2A and Fig. S4A)—which, like certain RV strains, enters cells via
a clathrin-dependent pathway (8, 11)—nor the cellular uptake
of transferrin (Fig. S4B)—known to occur through an ESCRT-
independent endocytic process—were affected by the siESCRTs.
Furthermore, neither siESCRTs nor DN mutants modified the
intracellular distribution of EEA1, a generic marker for EE,
suggesting that the inhibition of ESCRT components (Fig. S4 C
and D) does not have a general negative effect on endocytic
processes or on the stability of EE compartments in MA104 cells.

Rotavirus Uncoating and Colocalization with EE and ESCRT Components.
To visualize the early steps of RV cell entry, purified RRV TLPs
were detected by immunofluorescence (IF) using antibodies to
TLPs or mAb 159 directed to VP7 that recognizes the protein only
when it is assembled into viral particles (Fig. 3A and Fig. S5). RRV
TLPs were adsorbed for 1 h at 4 °C, and the cells were then shifted
to 37 °C for the indicated periods of time. When the virus was
detected with anti-TLP antibodies it showed a progressive aggre-
gation pattern that started to be evident at 20 min postinfection
(pi). The signal was maintained up to 40 min pi, and then it started
to decline (Fig. S5C). The signal of mAb 159 showed a statistically
significant decrease at 60 min compared with the 40 min time
point (Fig. 3C), suggesting that RRV uncoats between 40 and
60 min pi.
We found that EEA1, involved in EE formation, is required

for RRV cell entry and confirmed that RRV infectivity is de-
pendent on RAB5 and independent of RAB7, as recently de-
scribed (10) (Fig. S6). Using the same IF assay described above,
RRV particles were found to colocalize with EEA1 starting at
15 min pi, increasing thereafter to reach a maximum at 40 min pi
(Fig. 3 B and D); this colocalization was no longer detectable
after 100 min of incubation, suggesting that virus particles reach
the EE compartment at about 15 min pi and then become
enriched at later times in the EE. These data were confirmed by
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Fig. 3. Kinetics of rotavirus cell entry. (A and B) MA104 cells were incubated
for 1 h at 4 °C with purified RRV TLPs (MOI of 50) and quickly shifted to 37 °C
for the indicated periods of time; cells were fixed and processed for IF using
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quantified in three different experiments by confocal microscopy. In each
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were scored and averaged. Viral particle counts were determined as de-
scribed inMaterials and Methods. (D) The level of colocalization of EEA1 and
TLPs was evaluated by confocal microscopy and reported as the percentage
of the total number of RRV particles per cell at the indicated time points. The
colocalization events were scored and reported as described in SI Material
and Methods.

10272 | www.pnas.org/cgi/doi/10.1073/pnas.1304932110 Silva-Ayala et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1304932110/-/DCSupplemental/pnas.201304932SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1304932110/-/DCSupplemental/pnas.201304932SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1304932110/-/DCSupplemental/pnas.201304932SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1304932110/-/DCSupplemental/pnas.201304932SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1304932110/-/DCSupplemental/pnas.201304932SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1304932110/-/DCSupplemental/pnas.201304932SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1304932110/-/DCSupplemental/pnas.201304932SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1304932110/-/DCSupplemental/pnas.201304932SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1304932110/-/DCSupplemental/pnas.201304932SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1304932110/-/DCSupplemental/pnas.201304932SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1304932110/-/DCSupplemental/pnas.201304932SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1304932110/-/DCSupplemental/pnas.201304932SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1304932110/-/DCSupplemental/pnas.201304932SI.pdf?targetid=nameddest=STXT
www.pnas.org/cgi/doi/10.1073/pnas.1304932110


colocalization of virus particles with RAB5, which was found at
essentially the same times pi observed for EEA1 (Fig. S7).
Colocalization of RRV particles with components of the

ESCRT machinery was investigated by overexpression of fluo-
rescent fusion proteins (FP) (Fig. 4 A and B). Infected MA104
cells expressing FP-HRS showed a clear colocalization already
at 15 min pi that reached a maximum at 30 min; FP-VSP4A had a
maximum colocalization with the virus at 40min pi. The FP-TSG101
and RRV particles showed a colocalization kinetics similar to
those of EEA1 and RAB5. The colocalization of FP-TSG101
with RRV was not as abundant as that observed with FP-HRS
and FP-VPS4A, most likely due to its low level of expression in
MA104 cells.

ESCRT-Dependent Pathway Is also Required by Human RV Strains. To
determine if the ESCRT complex used by RRV is also used by
other RV strains, we evaluated the effect of siRNAs and DN
mutants on the infectivity of human RV Wa and DS-1 in MA104
cells. Both strains enter cells by clathrin-dependent endocytosis
(11). We observed a significant decrease of Wa and DS-1 in-
fectivity in cells transfected with siHRS, siTSG101, siVPS25, and
siVPS4A, as well as a clear decrease in the infectivity of Wa with
DN mutants of TSG101, VPS4AA, and RAB5 (RAB5S32N)
(Fig. 5 A and B). The effect of DN mutants on DS-1 infectivity
could not be evaluated, given the low infectious titer of this strain
combined with the low plasmid transfection efficiency (25%
compared with an siRNA transfection efficiency of 90%) ach-
ieved in MA104 cells.
A more specific cellular component involved in protein and lipid

sorting through the MVB is the phospholipid lysobisphosphatidic
acid (LBPA) that is found in the membrane of ILVs and is crucial
for ILV formation.We addressed the role of LBPA in the cell entry
of RRV and Wa using a function-blocking mAb. Pretreatment of
cells with the anti-LPBA antibody allows its uptake by fluid-phase
endocytosis with accumulation in endosomes (23). Cells were
treated with anti-LBPA antibody or an isotype (IgG1) control and
subsequently infected with RRV or Wa. This treatment specifically
reduced the infectivity of both RV strains by 50% and 80%, re-
spectively (Fig. 5C), providing further evidence for the requirement

of formation of ILVs for RV infection and highlighting the rele-
vance of the ESCRT machinery in the entry process RVs.

ESCRT Machinery Is a Conserved Requirement for RV Infection of
Intestinal Cells. The relevance of the ESCRT complex for RV
infection of the human intestinal epithelial cell line Caco-2 was
evaluated by RNAi and the use of DN mutants. As shown in Fig.
6A, siTSG101, siVPS25, siVPS4A, and siVPS32 inhibited the
infectivity of RRV, Wa, and DS-1 to different levels, ranging
from 20 to 60%. The least inhibitory effect was that found for
siVPS4A and siVPS32; siVPS4A inhibited the infectivity of Wa
by only about 20%, whereas siVPS32 blocked the infectivity of
RRV and Wa but not that of DS-1 (Fig. 6A). On the other hand,
the infectivity of RRV was decreased by about 40% with the DN
mutants of TSG101 and VPS4A (Fig. 6B), indicating that the
lack of or low inhibition by siRNAs in Caco-2 cells could be due
to a lower transfection efficiency in these cells compared with
MA104 cells.

Discussion
In this work we report an RNAi genome-wide screen carried out
to recognize cellular proteins involved in the replication cycle of
RVs. Several cellular proteins related to endocytic processes
were identified in the screen that were characterized in more
detail, including actin-related proteins, the v-ATPase, and vari-
ous components of the ESCRT machinery. ACTN4, a calcium-
dependent actin-interacting protein, was found among the pos-
itive hits; RHOA and CDC42, two small GTPases that have been
reported to regulate clathrin-independent endocytosis of differ-
ent cargoes by its actin modeling function (24), were also shown
to be required for RRV infection, as well as the CDC42 activator
CDGAP. Furthermore, it has been shown that RV infection
leads to a structural rearrangement of actin filaments, and it was
recently described that RHOA is phosphorylated at 0.5 h post-
infection (hpi), suggesting its participation in the observed early
rearrangements of the actin cytoskeleton (25). Additionally, di-
rect colocalization between incoming RRV particles and the actin
network was recently described (9). Altogether these results sug-
gest that RRV might use actin network-related proteins for
cell entry.
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A highlight of the RNAi screen was the identification of
components of the ESCRT complex as important for RV infec-
tion. Here we provide evidence for a role of this cellular ma-
chinery in RV cell entry, in particular the ESCRT components
HRS, TSG101, VPS25, VPS24, and VPS32. The observation that
the siRNA against VPS4A and the LBPA-blocking mAb reduced
RV infectivity suggests an important role for ILVs. Interestingly,
in addition to RAB5, EEA1, and v-ATPase, the cell entry of the
human RV strains Wa and DS-1, as well as that of RRV, appears
to require the function of the ESCRT machinery and, most im-
portantly, the formation of ILVs both in monkey kidney epi-
thelial cells and in human intestinal cells (Fig. 7). These data
strongly suggest that regardless of the cell molecules that different
RVs use to bind to the cell surface, and the different endocytic
pathway that they use, the vesicular traffic of the endocytosed RV
particles converges in EEs. These findings also suggest that the
ESCRT-dependent virus entry might be a general mechanism for
RV to infect different types of cells.
Moreover, the colocalization data between RRV and ESCRT

components suggest that the infecting virus transiently passes
through HRS- and TSG101-positive compartments (TSG101 is
known for its participation in cargo sorting through its interaction
with HRS) and subsequently colocalizes strongly with VPS4A.
The formation of ILVs during RV infection is most likely re-
quired in EEs or in a maturing endosomal compartment, at least
for RRV, because this RV strain does not seem to reach late
endosomes (LEs), as judged by its independence from RAB7 and
RAB9. The infecting virus presumably enters the cytosol from
ILV-containing maturing endosomes (MEs) to start transcribing
the viral genome (Fig. 7). In this regard it is important to point
out that, although mature MVBs are generally considered as
synonymous with LEs, the formation of ILVs begins in EEs (22);
the ESCRT machinery is already in place in the cytosolic surface
of the EE membrane, the lumen of the vacuolar EE domains
often contains several ILVs (26) and, although in minor amounts,
LBPA is also present in EE (27). Few other viruses have been
reported to use the ESCRT complex during cell entry. OldWorld
arenaviruses (23), echovirus 1 (28), and vesicular stomatitis virus
(23) have been suggested as undergoing sorting into ILVs of
MVB mediated by the ESCRT complex during cell infection. It
will be interesting to determine if this entry mode is shared with
other members of the Reoviridae family.
On the other hand, ALIX, an accessory protein of the ESCRT

machinery, seems to be required during cell infection at a post-
entry step. In this regard, ALIX has been shown to help in the

cell exit of hepatitis B virus through an ESCRT-independent
mechanism and has also been suggested as a participant in
autophagy events (29). This observation raises a potential role
for ALIX in the autophagy hijacking mechanism recently de-
scribed for RV replication (3).
One important question that remains to be answered is how the

ESCRT machinery is involved in RV cell entry and why the for-
mation of ILVs is required. We suggest two possible scenarios. In
the first scenario, ILVs could be the sites where a RV receptor
becomes enriched and clustered, and this clustering could be re-
quired to prime a conformational change of VP4 to induce dis-
ruption of the EEmembrane. Several integrins have been proposed
as RV-binding and postbinding receptors (7). These cell-surface

In
fe

ct
iv

ity
 (%

) 

Irre TSG101 VPS25 VPS4A VPS32 ATP6V0C
0

25

50

75

100

125

150 RRV
DS-1
Wa

siRNA:

** ** **

***
***

**

***
***

**

**
*

A

*

Caco-2

TSG101 TSG101-DN VPS4A VPS4A-DN
0

25
50
75

100
125

* *

B

Plasmid:

Fig. 6. Rotavirus enters human intestinal cells in an ESCRT-dependent
manner. (A) RNAi in Caco-2 cells was carried out as described in Fig. 1 and
then infected with RV strains RRV, DS-1, or Wa (MOI 1). (B) Caco-2 cells were
transfected with the indicated plasmids and infected with RRV (MOI 5). At
6 hpi, cells were fixed and processed for IF as described in Fig. 1. The relative
infectivity of cells expressing ESCRT DN mutants was calculated by normal-
izing against their wild-type counterpart.

1

ESCRT ? (siRNA and DN) 
V-ATPase siRNA
RAB5  (siRNA and DN)
EEA1 siRNA

ILV
ESCRT (siRNA and DN)
V-ATPase siRNA
anti-LBPA

2

3

4

5

6

7

T
T

TT

T

T
T

T T

Early 
endosome

Maturing 
endosome

Cellular 
surface

ESCRT
domains

Terminal
    SA

Sub-terminal
       SA

HBGA

Post-attachment
      receptors

Primary 
vesicle

Dynamin2

Clathrin

Actin
filaments

ACTN4 siRNA
CDC42 (siRNA and DN)
RHOA siRNA

RRV
Wa
DS-1

Fig. 7. Working model for rotavirus cell entry. (1) RVs attach to the cell
surface through the VP8 domain of VP4. After this initial attachment, the
VP5 domain of VP4, as well as VP7 of some RV strains, has been proposed to
interact with integrins, and all strains seem to interact with HSC70 at lipid
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RRV is internalized into the cell by a clathrin- and caveolin-independent
endocytic process. All other RV strains so far characterized enter cells by
clathrin-dependent endocytosis. The traffic of the RRV endocytic vesicle is
probably driven by the actin cytoskeleton and regulated by proteins such as
ACTN4, CDC42, and RHOA. The role of these proteins has not been tested for
RV strains other than RRV. (3) Regardless the endocytic pathway used, the
delivery of coated and uncoated primary vesicles to EEs depends on RAB5,
EEA1, and probably on HRS and the v-ATPase (34). (4) At the EE, the endo-
cytic vesicle carrying RV as cargo interacts with components of the ESCRT
machinery (specifically HRS, TSG101, VPS25, VPS24, and VPS32) and fuses
with the membrane of the EE. At this stage, the virus probably begins to be
internalized into the endosomal lumen through the action of VPS4A. (5) EEs
progress to MEs by acquiring a lower pH and a lower intraendosomal cal-
cium concentration through the function of the v-ATPase; during this pro-
cess the formation of ILVs increases. (6) The virus-receptor complex continues
to be internalized in domains rich in the phospholipid LBPA with the par-
ticipation of the VPS4A ATPase; this internalization might cause a clustering
of virus receptors or the inhibition/induction of signaling pathways (see text)
that causes a conformational change in the spike protein that promotes its
interaction with the endosomal membrane, causing a permeabilization of
the membrane that leads to the exit of intraendosomal calcium (35). In
nanomolar calcium concentrations, the RV particle uncoats and a further
and more drastic conformational change of VP4 occurs—referred to as a
fold-back structure (35)—that promotes the exit of DLPs from the MEs. (7)
The cytosolic DLPs start transcribing the RV genome to continue the repli-
cation cycle of the virus. It is important to note that RV strains other than
RRV might require to reach LEs, where a lower pH and lower calcium con-
centration exist, to uncoat and for a successful translocation of the viral DLPs
into the cytosol.
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proteins are known to be constitutively endocytosed, transported to
endosomes, and then recycled back to the plasma membrane by
different mechanisms. For integrin β1, a covalent ubiquitin modi-
fication is required for its endocytosis and lysosomal degradation
orchestrated by the ESCRT complex (30). In addition, several
integrins, such as β1, appear to be enriched in MBV after their
internalization (28). Thus, it is possible that infectious RV particles
are internalized together with integrins or with another so-far-
unidentified cell molecule in a virus-receptor complex that uses
the ESCRT machinery. Once this complex is enriched in the MVB
compartment, the virus may interact with other nearby known or
unknown molecules, integrins included, triggering RV structural
changes that promote the disruption of the endosomal membrane.
Interestingly, JAM-A was also identified in this work as a factor
required for RV entry, suggesting that TJ proteins could also be
associated with virus internalization.
In the second scenario, the requirement for the ESCRT ma-

chinery and the involvement of ILVs in RV entry could result
from the need to either attenuate or activate a signaling cascade.
It is known that RV activates several signal transduction pathways
during cell infection. Some of these signaling events seem to be
triggered during cell entry because noninfectious particles and
virus-like particles promote NF-κB and STAT activation, IL8
secretion, and JNK phosphorylation (31, 32). Many cellular sig-
naling events are governed by internalization of ligand-activated
receptors by endocytosis. This internalization has classically been
thought to attenuate signaling by targeting receptors for degra-
dation in lysosomes. However, it can also retain the signals in
early signaling endosomes and may even participate in the gen-
eration of signals. In these cases, signal transduction ends when
the signaling complex is sequestered by ILVs into endosomes. In
contrast, in the case of the canonical WNT signal transduction, it

has been reported that sequestration of an enzyme from the cy-
tosol inside ILVs of MVBs activates the signaling pathway (33).
Thus, an exciting possibility is that ILV formation could be
needed for RV entry to regulate a signaling event required for
efficient virus replication.
In summary, this study presents a comprehensive genome-

scale analysis of cellular proteins and pathways relevant for RV
infection. It represents a useful resource for further studies and
has the potential to provide insights into possible therapeutic
targets to control rotavirus infection. These results also revealed
the outstanding requirements and the complex mechanisms that
RV employs to enter the cell and supports the use of an endo-
cytic process for cell entry of nonenveloped viruses.

Materials and Methods
An RNAi library composed of 21,121 pools of four siRNAs, each targeting the
whole human genome (Dharmacon siARRAY siRNA Library, Human Genome,
G-005000–05, Thermo Fisher Scientific), was used. For the secondary screen,
individual siRNAs used as the pool in the first screen were assayed. Reverse
transfection with oligofectamine (Invitrogen) was used for delivering siRNAs
into MA104 cells in triplicate in a 384-well plate format as described (14).
Additional details can be found in SI Materials and Methods.

ACKNOWLEDGMENTS. We thank P. Romero and R. Espinosa for technical
assistance; A. Saralegui for assistance with confocal microscopy; the Insti-
tute of Chemistry and Cell Biology (ICCB)-Longwood people at Harvard
Medical School; C. Shamu, S. Chang, S. Rudnicki, S. Johnston, K. Rudnicki,
and D. Wrobel for their advice during the genome-wide screening; R. Binari
for his technical assistance at Harvard Medical School; and B. Mathey-Prevot
for helpful discussions. This work was supported by Grant IN219208 from
DGAPA-UNAM and by Grant 153639 from Consejo Nacional de Ciencia y
Technología (Mexico) (CONACYT). D.S-A. andM.G. are recipients of a scholar-
ship from CONACYT.

1. Parashar U, et al. (2013) Progress with rotavirus vaccines: Summary of the Tenth In-
ternational Rotavirus Symposium. Expert Rev Vaccines 12(2):113–117.

2. Estes MK, Kapikian AZ (2007) Fields Virology, eds Knipe DM, Howley PM (Lippincott
William & Wilkins, Philadelphia), pp 1917–1974.

3. Crawford SE, Hyser JM, Utama B, Estes MK (2012) Autophagy hijacked through
viroporin-activated calcium/calmodulin-dependent kinase kinase-β signaling is re-
quired for rotavirus replication. Proc Natl Acad Sci USA 109(50):E3405–E3413.

4. Martínez MA, López S, Arias CF, Isa P (2013) Gangliosides have a functional role
during rotavirus cell entry. J Virol 87(2):1115–1122.

5. Huang P, et al. (2012) Spike protein VP8* of human rotavirus recognizes histo-blood
group antigens in a type-specific manner. J Virol 86(9):4833–4843.

6. Hu L, et al. (2012) Cell attachment protein VP8* of a human rotavirus specifically
interacts with A-type histo-blood group antigen. Nature 485(7397):256–259.

7. López S, Arias CF (2004) Multistep entry of rotavirus into cells: A Versaillesque dance.
Trends Microbiol 12(6):271–278.

8. Gutiérrez M, et al. (2010) Different rotavirus strains enter MA104 cells through dif-
ferent endocytic pathways: The role of clathrin-mediated endocytosis. J Virol 84(18):
9161–9169.

9. Wolf M, Vo PT, Greenberg HB (2011) Rhesus rotavirus entry into a polarized epithe-
lium is endocytosis dependent and involves sequential VP4 conformational changes.
J Virol 85(6):2492–2503.

10. Wolf M, Deal EM, Greenberg HB (2012) Rhesus rotavirus trafficking during entry
into MA104 cells is restricted to the early endosome compartment. J Virol 86(7):
4009–4013.

11. Díaz-Salinas MA, et al. (2013) The spike protein VP4 defines the endocytic pathway
used by rotavirus to enter MA104 cells. J Virol 87(3):1658–1663.

12. Yoder JD, et al. (2009) VP5* rearranges when rotavirus uncoats. J Virol 83(21):
11372–11377.

13. Mohr S, Bakal C, Perrimon N (2010) Genomic screening with RNAi: Results and chal-
lenges. Annu Rev Biochem 79:37–64.

14. López T, Silva-Ayala D, López S, Arias CF (2012) Methods suitable for high-throughput
screening of siRNAs and other chemical compounds with the potential to inhibit
rotavirus replication. J Virol Methods 179(1):242–249.

15. Wollert T, Hurley JH (2010) Molecular mechanism of multivesicular body biogenesis
by ESCRT complexes. Nature 464(7290):864–869.

16. Nava P, López S, Arias CF, Islas S, González-Mariscal L (2004) The rotavirus surface
protein VP8 modulates the gate and fence function of tight junctions in epithelial
cells. J Cell Sci 117(Pt 23):5509–5519.

17. Dong Y, Zeng CQ, Ball JM, Estes MK, Morris AP (1997) The rotavirus enterotoxin NSP4
mobilizes intracellular calcium in human intestinal cells by stimulating phospholipase
C-mediated inositol 1,4,5-trisphosphate production. Proc Natl Acad Sci USA 94(8):
3960–3965.

18. Contin R, Arnoldi F, Mano M, Burrone OR (2011) Rotavirus replication requires

a functional proteasome for effective assembly of viroplasms. J Virol 85(6):2781–2792.
19. López T, Silva-Ayala D, López S, Arias CF (2011) Replication of the rotavirus genome

requires an active ubiquitin-proteasome system. J Virol 85(22):11964–11971.
20. Bergelson JM (2009) Intercellular junctional proteins as receptors and barriers to virus

infection and spread. Cell Host Microbe 5(6):517–521.
21. Chemello ME, Aristimuño OC, Michelangeli F, Ruiz MC (2002) Requirement for vac-

uolar H+ -ATPase activity and Ca2+ gradient during entry of rotavirus into MA104

cells. J Virol 76(24):13083–13087.
22. Huotari J, Helenius A (2011) Endosome maturation. EMBO J 30(17):3481–3500.
23. Pasqual G, Rojek JM, Masin M, Chatton JY, Kunz S (2011) Old world arenaviruses

enter the host cell via the multivesicular body and depend on the endosomal sorting

complex required for transport. PLoS Pathog 7(9):e1002232.
24. Taylor MP, Koyuncu OO, Enquist LW (2011) Subversion of the actin cytoskeleton

during viral infection. Nat Rev Microbiol 9(6):427–439.
25. Zambrano JL, et al. (2012) Rotavirus infection of cells in culture induces activation of

RhoA and changes in the actin and tubulin cytoskeleton. PLoS ONE 7(10):e47612.
26. van Meel E, Klumperman J (2008) Imaging and imagination: Understanding the endo-

lysosomal system. Histochem Cell Biol 129(3):253–266.
27. Matsuo H, et al. (2004) Role of LBPA and Alix in multivesicular liposome formation

and endosome organization. Science 303(5657):531–534.
28. Karjalainen M, et al. (2011) Echovirus 1 infection depends on biogenesis of novel

multivesicular bodies. Cell Microbiol 13(12):1975–1995.
29. Petiot A, et al. (2008) Alix differs from ESCRT proteins in the control of autophagy.

Biochem Biophys Res Commun 375(1):63–68.
30. Lobert VH, et al. (2010) Ubiquitination of alpha 5 beta 1 integrin controls fibroblast

migration through lysosomal degradation of fibronectin-integrin complexes. Dev Cell

19(1):148–159.
31. Rollo EE, et al. (1999) The epithelial cell response to rotavirus infection. J Immunol 163

(8):4442–4452.
32. Holloway G, Coulson BS (2006) Rotavirus activates JNK and p38 signaling pathways in

intestinal cells, leading to AP-1-driven transcriptional responses and enhanced virus

replication. J Virol 80(21):10624–10633.
33. Dobrowolski R, De Robertis EM (2012) Endocytic control of growth factor signalling:

Multivesicular bodies as signalling organelles. Nat Rev Mol Cell Biol 13(1):53–60.
34. Kozik P, et al. (2013) A human genome-wide screen for regulators of clathrin-coated

vesicle formation reveals an unexpected role for the V-ATPase. Nat Cell Biol 15(1):

50–60.
35. Trask SD, Kim IS, Harrison SC, Dormitzer PR (2010) A rotavirus spike protein confor-

mational intermediate binds lipid bilayers. J Virol 84(4):1764–1770.

Silva-Ayala et al. PNAS | June 18, 2013 | vol. 110 | no. 25 | 10275

M
IC
RO

BI
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1304932110/-/DCSupplemental/pnas.201304932SI.pdf?targetid=nameddest=STXT

