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Despite the wide administration of several effective vaccines,
rotavirus (RV) remains the single most important etiological agent
of severe diarrhea in infants and young children worldwide, with
an annual mortality of over 200,000 people. RV attachment and
internalization into target cells is mediated by its outer capsid
protein VP4. To better understand the molecular details of RV entry,
we performed tandem affinity purification coupled with high-
resolution mass spectrometry to map the host proteins that interact
with VP4. We identified an actin-binding protein, drebrin (DBN1),
that coprecipitates and colocalizes with VP4 during RV infection.
Importantly, blocking DBN1 function by siRNA silencing, CRISPR
knockout (KO), or chemical inhibition significantly increased host
cell susceptibility to RV infection. Dbn1 KO mice exhibited higher
incidence of diarrhea and more viral antigen shedding in their stool
samples compared with the wild-type littermates. In addition, we
found that uptake of other dynamin-dependent cargos, including
transferrin, cholera toxin, and multiple viruses, was also enhanced
in DBN1-deficient cells. Inhibition of cortactin or dynamin-2 abro-
gated the increased virus entry observed in DBN1-deficient cells,
suggesting that DBN1 suppresses dynamin-mediated endocytosis
via interaction with cortactin. Our study unveiled an unexpected
role of DBN1 in restricting the entry of RV and other viruses into
host cells and more broadly to function as a crucial negative regu-
lator of diverse dynamin-dependent endocytic pathways.

drebrin | rotavirus | endocytosis

Endocytosis is a complex and tightly regulated process pivotal
to uptake of nutrients, neurotransmitters, and hormones into
cells (1). Endocytosis is also central to the host innate immune
response because the entry and hence detection of various bacterial
toxins and viral pathogens are dependent on their internalization
and access into endocytic vesicles (2, 3). Endocytosis can be grossly
categorized into dynamin-dependent and dynamin-independent
pathways, based on the reliance on dynamins, the host GTPases
essential to the scission reaction of nascent vesicles from plasma
membranes (2). Dynamin-dependent pathways can be further di-
vided into clathrin- or caveolae-mediated endocytosis (4), whereas
dynamin-independent pathways involve phagocytosis by specialized
immune cells, macropinocytosis, direct fusion, and other routes,
such as the nonclathrin/noncaveolae-dependent carrier and lipid
raft pathway (5).

Rotavirus (RV), a nonenveloped, segmented, double-stranded
RNA virus, is the leading cause of severe dehydrating diarrhea in
infants, accounting for 215,000 deaths annually worldwide (6).
RV infections mostly impact the young but can also affect the
immunocompromised, the elderly, and healthy adults (7). There-
fore, RV is a significant global health threat, and a deeper un-
derstanding of the RV-host interaction is needed to identify
cellular pathways that could serve as drug targets to prevent or
limit infection. RV efficiently replicates in the mature intestinal
epithelial cells (IECs) in the small bowel and its entry into host
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cells relies primarily on the viral outer capsid spike protein VP4 (8,
9). After VP4 binds to its cognate receptors on cellular surfaces, it
undergoes a marked conformational change that allows the RV
particles to be taken up by the host cells via endocytosis. Multiple
studies including two recent genome-wide siRNA screens suggest
that RV enters via a dynamin-2-dependent endocytosis (10, 11).
RV infection of polarized IECs from the apical side is also shown to
depend on clathrin (12). Despite these advances, the intricate mo-
lecular mechanisms of how VP4 interacts with the host proteins at a
postattachment step remain unclear. Here, we used tandem im-
munoprecipitation (IP) coupled with high-resolution mass spec-
trometry (MS) to systematically construct a VP4-host proteome
interactive network, which revealed that a large number of actin-
binding proteins are conducive or inhibitory to RV infection.
Notably, we found that drebrin (encoded by DBNT), known to
stabilize actin filaments (13), inhibits RV infection in a virus
strain-independent manner at the entry step. Genetic depletion
or chemical inhibition of DBNI significantly facilitates the en-
docytosis of dynamin-dependent cargo, including transferrin,
cholera toxin, vesicular stomatitis virus (VSV), as well as RV. Our
interrogation of the RV-host protein interactome unveiled a role of
DBNI1 as a master regulator of both clathrin- and caveolin-
dependent endocytic pathways.

Significance

Many clinically significant human viral and bacterial pathogens
use dynamin-dependent endocytosis to initiate infection or de-
liver toxin into host cells. Owing to the complex nature of this
cellular process, the molecular mechanisms that regulate this
pathway remain to be fully elucidated. Here, we use rotavirus (RV)
as a model and identify drebrin as a regulatory protein that re-
stricts the cell entry of multiple viruses. We demonstrate that
genetic depletion or chemical inhibition of drebrin leads to en-
hanced RV infection in vitro and increased diarrhea incidence and
virus shedding in vivo. Our current study provides insights into
endocytosis regulation in general and highlights the potential
broad application of blocking drebrin to augment the uptake of
viruses and other dynamin-mediated cargo.
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Results

VP4 Interactome Analysis Reveals Multiple Host Cytoskeleton-Associated
Proteins That Regulate RV Infection. To comprehensively identify
novel host proteins involved in RV entry, we focused our attention
on VP4, the viral hemagglutinin that, along with VP7, constitutes
the outermost layer of the infectious RV particle. We adopted a
tandem IP-MS approach as previously described (14, 15). In brief,
we generated an HEK293 stable cell line that, upon doxycycline
treatment, expresses VP4 derived from a rhesus rotavirus (RRV)
strain fused at the N terminus with a localization and affinity pu-
rification (LAP) tag (EGFP-TEV-S). A large-scale culture of this
cell line was produced and used for immunoprecipitation. Based on
the IP-MS results (Dataset S1), we constructed a systems view of
high-confidence VP4-interacting partners (Fig. 14). We identified
59 cellular proteins that coprecipitated with VP4. Gene ontology
analysis indicated that the majority are associated with the cyto-
skeleton (Fig. 1B). Such strong interaction with the host cytoskel-
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eton was not observed for the other RV proteins such as
NSP1 that we previously analyzed (15). We also noticed several
protein complexes/families specifically enriched in our VP4
interactome, such as the actin-related protein 2/3 complex
(ARPC; subunits 1A, 2, 3, 4, 5, and 5L), F-actin—capping protein
(CAPZ; subunits Al, A2, and B), adducin (ADD1-3), and tropo-
myosin (TMOD1-3) (Fig. 14).

To functionally study the role of these cytoskeleton binding
proteins in RV infection, we used small interfering RNA (siRNA)
to knock down the expression of select proteins and quantified RV
replication by measuring viral VP7 RNA levels with RT-qPCR at
24 h postinfection (p.i.) (Fig. 1C). Other than tumor susceptibility
gene 101 (TSGI101), none of the other siRNAs induced obvious
cytopathic effect (SI Appendix, Fig. S1A4). TSG101 and NSP4 served
as positive controls because these proteins were previously shown to
be important for promoting RV infection (11, 16). Interestingly, de-
pletion of TMOD3 led to a decrease in VP7 expression comparable
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Fig. 1. VP4 proteomic network reveals cytoskeleton-binding proteins that modulate RV infection. (A) Interactome of the bait viral protein (VP4) and high-

confidence host binding proteins. Solid lines with arrowheads represent interactions identified in this study. The width of lines corresponds to the strength of
interaction detected in the IP-MS experiment. Dotted lines represent publicly curated protein—protein interactions. The proteins studied in this paper are
highlighted by yellow nodes. (B) Pie chart of PANTHER functional classification of VP4-interacting proteins shown in A. (C) HEK293 cells were transfected with
indicated siRNA for 48 h and infected with simian RV RRV strain at MOI = 1 for 24 h. Levels of RV replication were measured by RT-gPCR examining the
expression of viral gene VP7, normalized to that of GAPDH. The genes studied in this paper are outlined by red boxes. (D) Same experiment as in C except that
viral gene NSP5 was measured instead of VP7 by RT-qPCR and virus titer in the supernatants was determined by a focus-forming unit (FFU) assay. For C and D,
experiments were repeated at least five times. Data are represented as mean + SEM. Statistical significance is determined by Student’s t test (**P < 0.01;
***xp < 0.001).
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to that induced by the positive controls (>20%), suggesting that
TMOD?3 might facilitate simian RV RRYV strain infection. In con-
trast, siRNA-mediated silencing of ADD1, ADD2, SCIN, and DBNI
(which encodes a protein named drebrin) resulted in enhanced
RV infection.

Based on the physical interaction strength with VP4 revealed by
IP-MS and the effect on RV replication following siRNA depletion,
we chose to further examine TMOD3, ADD1, and DBN1. We found
that TMOD?3 siRNA reduced both intracellular viral RNA, as
measured by NSP5 expression, and virus yield in the cell super-
natants at 24 h p.i. (Fig. 1D). Further, the effect of TMOD3 on RV
infectivity was virus strain-specific (S Appendix, Fig. S1B) and RRV

infectivity was enhanced in HEK293 cells overexpressing TMOD3
(SI Appendix, Fig. S1C), suggesting that TMOD?3 indeed facilitates
RRYV infection. In contrast, siRNA knockdown of ADDI1 and
DBNI1 increased intracellular viral RNA levels and extracellular
virus titers (Fig. 1D), indicative of inhibitory roles of ADD1 and
DBNI1 on RV infection. The effect of ADD1 on RV infection was
also strain dependent (SI Appendix, Fig. S24). To further examine
the anti-RV replication role of ADDI1, we used CRISPR-
Cas9 technology to generate ADDI™~ HEK293 cells (SI Appendix,
Fig. S2 B and C). ADDI™~ cells supported higher levels of RV
replication and virus release than did control cells (S Appendix, Fig.
S2 D and E), confirming that ADD1 acts as a host restriction factor
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Fig. 2. Drebrin deficiency results in enhanced RV infection. (A) Lysates of HEK293 cells stably expressing a GFP-tagged RRV VP4 were stimulated with or
without doxycycline (Dox, 1 pg/mL) for 24 h, then subjected to IP using a-GFP antibody, and analyzed with Western blot using indicated antibodies. Bottom
panels are 10% input. (B) HEK293 cells were infected with RRV at MOI = 3 for 24 h and analyzed by confocal microscopy for the localization of VP4 (green),
DBN1 (red), actin (phalloidin, white), and nucleus (DAPI, blue). Colocalization (yellow) is highlighted by white arrowheads. Panels are single z slices. (Scale bar,
8 um.) (C) WT and two individual clones of DBN1 knockout (KO) HEK293 cells were infected with RRV at MOI = 1 for 24 h. Viral gene NSP5 expression was
measured by RT-gPCR and normalized to that of GAPDH (Left). Virus particles in the supernatants were titrated by an FFU assay (Right). (D) DBN1 KO
HEK293 cells were transfected with pCMV6-entry empty vector (ev), and Flag-tagged full-length DBN-A or DBN-E, and infected with RRV at MOI = 1 for 24 h.
Viral gene NSP5 level was measured by RT-qPCR and normalized to that of GAPDH (Left) and lysates were harvested for Western blot using indicated an-
tibodies (Right). (E) WT and DBN1 KO HEK293 cells were transfected with RV double-layered particles (DLPs) for 16 h and NSP5 expression was measured by
RT-gPCR. (F) WT and DBN1 KO HEK293 cells were infected with RRV (MOI = 50) and then incubated at either 4 °C for 1 h or incubated at 4 °C for 1 h and then
shifted to 37 °C for an additional 1 h. The level of viral gene NSP5 was measured by RT-qPCR and normalized to that of GAPDH, as an indicator of input viral
genomes. For all figures, experiments were repeated at least three times. Data are represented as mean + SEM. Statistical significance is determined by
Student’s t test (**P < 0.01; ***P < 0.001; n.s., not significant).
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of RV infection. Of note, the effects of both TMOD3 and
ADDI1 on RV replication appeared to be strain specific although
the mechanistic basis for this strain specificity was not further
examined. Taken together, our interrogation of the VP4-host
protein interactome revealed several host cytoskeleton proteins
and identified TMOD?3 as proviral factor and ADD1 and DBN1 as
antiviral factors.

DBN1 Interacts with VP4 and Restricts RV Entry. We next narrowed
our focus to more fully examine the role of DBNI1 in regulating
RV replication because little is known concerning its potential
role during virus infections. DBN1 is a cytoskeletal protein whose
aberrant expression has been implicated in several malignancies
and neurological disorders (17, 18). We first validated the physical
interaction between DBN1 and VP4 during both exogenous ex-
pression and active RV infection. Using the HEK293 cells stably
expressing VP4, we observed that GFP-tagged VP4 specifically
coprecipitated with endogenous DBN1 upon doxycycline induc-
tion (Fig. 24). In addition, consistent with previous observation
(19), we found DBN1 at the plasma membrane and it strongly
colocalized with VP4 and actin filaments during RV infection (Fig.
2B). We further validated the specific colocalization of DBN1 and
VP4, but not two other RV structural proteins (VP6 and VP7),
using a proximity ligation assay (SI Appendix, Fig. S3 A and B).
Consistent with our confocal results, DBN1-VP4 interaction was
detected at the periphery of RV-infected cells (SI Appendix, Fig.
S3A). Importantly, this interaction also took place during active RV
entry into host cells, although the number of foci was much lower
(SI Appendix, Fig. S3 C and D). Because VP4 is naturally cleaved by
trypsin-like enzymes in the small intestine into N-terminal VP8*
and C-terminal VP5* fragments, we next asked which region is
responsible for DBN1 interaction. Using an in vitro transcription
and translation system, we expressed full-length VP4, VP8*, and
VP5* and performed immunoprecipitation with recombinant
GST-tagged DBNI1 protein. We found that in contrast to VP4 and
C-terminal VP5* coprecipitation with DBN1, the N-terminal VP8*
region responsible for the sialic acid binding and cell attachment
was unable to pull down DBN1 (SI Appendix, Fig. S4).

To obtain a clean background to better study DBN1 function,
we generated clonal DBNI~™~ HEK293 cells using the CRISPR-
Cas9 system. We isolated two individual colonies and confirmed
complete deletion of DBN1 by Sanger sequencing and Western
blot (SI Appendix, Fig. S54). Importantly, consistent with our
siRNA results, DBNI~'~ cells exhibited increased intracellular
viral RNA and production of RV progeny in the supernatants
compared with wild-type (WT) HEK293 cells (Fig. 2C). Unlike
effects of depletion of TMOD3 and ADDI, the effect of
DBNI1 deletion was strain independent (SI Appendix, Fig. S5B).
Adding back two major isoforms of Flag-tagged DBN1 (DBN-A
and DBN-E), but not the empty vector, completely rescued re-
sistance to RV infection in the DBNI7~ cells (Fig. 2D), whereas
DBN1 overexpression had minimal effect on RV infection (S
Appendix, Fig. S5 C-E). Collectively, these findings indicate that
endogenous DBN1 coprecipitates and colocalizes with VP4 and
functions to restrict RV infection in HEK293 cells. This restriction
could not be recapitulated by actin polymerization inhibitors, sug-
gestive of a novel function of DBN1 other than stabilization of actin
filaments (SI Appendix, Fig. S6A).

To mechanistically determine how DBNI1 antagonizes RV in-
fection, we took advantage of RV double-layered particles (DLPs),
which are transcriptionally active virus subparticles lacking the
VP4 and VP7 surface proteins and cannot directly infect cells unless
transfected into the cytoplasm to bypass entry (20). Transfected
DLPs resulted in comparable levels of virus replication in WT and
DBNI™"~ cells (Fig. 2E), suggesting that the DBN1-mediated in-
hibition occurs at the virus entry step. In addition, time-course ex-
periments revealed that levels of intracellular input viral RNA were
already elevated at 1 h postinfection in DBNI~~ cells compared

Li et al.

with WT cells (SI Appendix, Fig. S5D, Left), a further indication that
RV entry is inhibited by DBNI.

RV entry relies on VP4 binding to surface receptors, triggering
conformational changes that allow the virus particles to be in-
ternalized into the cells in a dynamin-dependent route (21). To
examine whether the initial RV attachment to host cells is affected
by the loss of DBN1, we performed a standard virus adsorption
assay. At 4 °C, energy-dependent endocytosis is inhibited, and at
this temperature similar amounts of RV particles were found to
bind to cellular surfaces in WT and DBNI ™'~ cells (Fig. 2F, Lef?).
Importantly, when cells preincubated with virus at 4 °C were shifted
to 37 °C for 1 h, virus uptake into DBNI™~ cells was higher than
into WT cells (Fig. 2F, Right), suggesting that DBN1-mediated RV
inhibition occurs at a postattachment step. Using a conformation-
specific antibody that only recognizes trimeric VP7 on incoming
virus particles (22), we also observed that in contrast to the pe-
ripheral VP7 staining in WT cells during early infection, in DBN1 -
cells VP7 staining was diffuse throughout the cytoplasm (S Ap-
pendix, Fig. S7), consistent with the enhanced rate of virus particle
trafficking into the cytoplasm of DBN1-deficient cells. Remarkably,
the replication of vesicular stomatitis virus (VSV), a completely
unrelated RNA virus from the Rhabdoviridae family, was also re-
stricted by the presence of DBNI1 early in infection (SI Appendix,
Fig. S6B). Altogether, these data indicate that endogenous
DBNI1 broadly restricts cell entry of VSV and multiple strains
of RV.

DBN1 Negatively Regulates the Endocytosis of Dynamin-Dependent
Cargo. Our findings that DBN1 deficiency results in an increase
in the entry of RV and VSV, both of which are known to depend
on the host GTPase dynamin for endocytosis (21, 23) led us to ask
whether DBN1 might play a more general role in regulating
dynamin-mediated endocytosis. Consistent with this hypothesis, the
uptake of fluorescently labeled transferrin, a well-studied ligand of
classical clathrin-mediated endocytosis (24), was enhanced in the
absence of DBN1: Whereas no transferrin was detected in WT cells,
cytoplasmic transferrin signal was visible at 10 min and became
more evident at 20 min postincubation in DBN1-deficient cells (Fig.
34 and SI Appendix, Fig. S84). To complement the immunofluo-
rescence staining experiments, we quantitatively measured trans-
ferrin uptake by flow cytometry and observed a concordantly
weaker transferrin endocytosis in WT cells than in DBNI™~ coun-
terparts 10 min posttransferrin addition (SI Appendix, Fig. S8B).

In addition to transferrin, we tested cholera toxin subunit B
(CTxB), which mediates the internalization of the holotoxin in a
caveolae-mediated, dynamin-dependent manner (24). CTxB uptake
was also markedly enhanced at early time points in DBN1-deficient
cells (Fig. 3B and SI Appendix, Fig. S8C). This result was further
verified by single-cell analysis (ST Appendix, Fig. S8D). In contrast,
dextran, a high molecular weight molecule internalized via
dynamin-independent macroPinocytosis (24), was detected at simi-
lar levels in WT and DBN1™"~ cells at all time points (S Appendix,
Fig. S8 E-G). In summary, loss of DBN1 resulted in increased
endocytosis of RV, VSV, transferrin, and CTxB, but not dextran,
highlighting a specific and critical role of DBN1 in dynamin-
controlled endocytic events that include both the clathrin- and
caveolae-dependent pathways.

To further investigate how DBN1 influences viral endocytosis, we
next examined uptake of various other DNA and RNA viruses in
the presence and absence of DBNI. Higher amounts of human
adenovirus serotype 5 (HAdVS5) and simian vacuolating virus 40
(SV40), reliant on clathrin-dependent and caveolae-dependent en-
docytosis, respectively (5), were observed in DBNI~~ cells than in
WT cells (Fig. 3C). In contrast, uptake of Vaccinia virus and Sendai
virus, neither requiring dynamin (5), was similar in DBN1™~ and
WT cells (SI Appendix, Fig. S8H). These data support our hy-
pothesis that DBN1 specifically inhibits dynamin-dependent
endocytic pathways. Interestingly, two important mosquito-borne
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Fig. 3. Loss of drebrin leads to enhanced endocytosis of dynamin-
dependent cargo. (A) WT and DBN1 KO HEK293 cells were incubated with
FITC-conjugated transferrin (Tfn, 20 pg/mL) and fixed at indicated time
points for confocal microscopy to examine intracellular transferrin (green)
and nucleus (DAPI, blue). (Scale bar in panels and single z slices, 20 pm.)
(B) WT and DBN1 KO HEK293 cells were incubated with FITC-conjugated
cholera toxin subunit B (CTxB, 10 pg/mL) and fixed at indicated time
points for confocal microscopy for internalized toxin (green) and nucleus (DAPI,
blue). (Scale bar in panels and single z slices, 20 pm.) (C) WT and DBN1 KO
HEK293 cells were infected with human adenovirus serotype 5 (HAdV5) or simian
vacuolating virus 40 (SV40) at MOI = 0.1 for 1 h. Expression levels of hexon
(HAdV5) and large T antigen (SV40) were measured by RT-gPCR and normalized
to that of GAPDH. For all figures, experiments were repeated at least three
times. Data are represented as mean + SEM. Statistical significance is determined
by Student’s t test (***P < 0.001).

flaviviruses, Zika virus and dengue virus, with undefined endocytic
pathways, infected WT and DBN17~ cells at the same efficiency
(SI Appendix, Fig. S8H), suggesting that these two viruses likely
enter cells independently of dynamin.

DBN1 Inhibits Dynamin-2 Function via Cortactin. Next, to define the
mechanism by which DBN1 blocks dynamin function, we pre-
incubated WT and DBN17~ cells with dynasore, an inhibitor that
blocks the activity of all three isoforms of dynamin (25), before
addition of RV. Consistent with the previous report (22), dynasore
treatment only modestly inhibited (1.5-fold) infection in WT cells
(Fig. 44). By contrast, dynasore substantially reduced (15-fold) RV
infectivity in the DBNI~~ cells (Fig. 44). A similar pattern was
observed with VSV infection (SI Appendix, Fig. S94). These data,
together with the spectrum of cargo regulated by DBN1, support
the possibility that DBN1 acts to inhibit the function of dynamin,
thereby limiting the potency of additional chemical dynamin in-
hibitors such as dynasore. We next examined the effect of Dyngo-
4a, a more specific small-molecule inhibitor for dynamin-2 (DNM2)
(26). RV infection was more significantly inhibited by Dygno-4a in
DBNI7~ cells (18-fold) than in WT cells (1.3-fold), suggesting that
DBNI1 likely functions through inhibition of DNM2 (SI Appendix,
Fig. S9B). To directly test this hypothesis, we knocked down the
expression of each of the three dynamins in WT and DBNI1~~ cells
and evaluated RV infectivity in these cells. Importantly, only the
siRNA targeting DNM2, and not those that reduced levels of
DNM]1 or DNM3 expression, resulted in reduction of RV infection,
and the inhibition was more pronounced in DBN17~ cells than in
WT cells (SI Appendix, Fig. S9C).
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Because there are no reports of DBN1-DNM?2 interaction and
that DBN1 did not directly interfere with the GTPase activity of
DNM2 (SI Appendix, Fig. S9D), we interrogated their possible
connections by combining available proteomics data of known
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Fig. 4. Drebrin inhibits dynamin-2-mediated endocytosis via interaction
with cortactin. (A) WT and DBN1 KO HEK293 cells were treated with either
vehicle control (DMSO) or dynasore (100 uM) for 30 min before RRV infection
(MOI = 1). Total RNA was harvested at 1 hpi and NSP5 level was measured by
RT-gPCR and normalized to that of GAPDH. (B) WT HEK293 cells were
transfected with indicated siRNA for 48 h before infection with RRV at
MOI = 1 for 1 h. Viral NSP5 level was measured by RT-gPCR and normalized
to that of GAPDH. Dotted line denotes NSP5 level of cells transfected with
ctrl siRNA (set at 0.984); cortactin (encoded by CTTN) is outlined by a red box.
(C) DBN1 KO HEK293 cells were transfected with indicated siRNA (gelsolin,
encoded by GSN) for 48 h and infected with RRV at MOI = 1 for 1 h. The level
of viral NSP5 was measured by RT-qPCR and normalized to that of GAPDH.
(D) HEK293 cells were transfected with the first siRNA for 48 h and then trans-
fected with second siRNA for an additional 48 h before RRV infection (MOI = 1)
for 1 h. The input viral genome was measured by NSP5 levels using RT-gPCR and
normalized to that of GAPDH. For all figures, experiments were repeated at least
three times. Data are represented as mean + SEM. Statistical significance is de-
termined by Student’s t test (*P < 0.05; **P < 0.01; ***P < 0.001; n.s., not
significant).
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DBNT1 binding proteins from publicly curated protein—protein
interaction databases (27) with an siRNA screen. We knocked
down the expression of all reported strong DBNI1 interactors in
HEK293 cells and then examined how individual siRNA de-
pletion affects RV entry. Among these, siRNA-mediated silencing
of genes encoding ARP3 actin-related protein 3 (ACTR3), spectrin
beta nonerythrocytic 1 (SPTBNI), and cortactin (CTTN) resulted in
a statistically significant decrease in RV infectivity (Fig. 4B). In-
triguingly, CTTN has been reported to assist DNM2-mediated en-
docytosis by mediating an association between DNM2-tethered
vesicles and ACTR3; this interaction promotes actin filament
growth and pushes the cargo-containing vesicles further into the
cytoplasm (28). Therefore, we hypothesized that CTTN might be
involved in DBN1-mediated inhibition of DNM2 activity. Indeed,
siRNA knockdown of CTTN impaired RV infection in DBNI™~
cells to an extent similar to chemical inhibition and siRNA-
mediated silencing of DNM2 (Fig. 4C). Inhibition of expression of
another DBNI interacting protein gelsolin (GSN), previously shown
to be antiviral through regulation of actin dynamics (29), had
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minimal effect either in WT or DBNI~'~ cells (Fig. 4 B and C).
Efficient knockdown of GSN and CTTN was validated by RT-
qPCR analysis (S Appendix, Fig. SOE). Further genetic dissection
revealed that, unlike the enhancement of RV entry in WT cells
by DBNI1 siRNA, silencing of both DBN1 and CTTN did not
enhance RV infection compared with transfection with CTTN
siRNA alone. This finding suggests that these two proteins
function in the same pathway. In addition, CTTN deficiency
abrogated enhanced endocytosis in cells previously transfected
with DBN1 siRNA (Fig. 4D), suggesting that CTTN likely acts
upstream of DBN1 in the pathway.

DBN1 Colocalizes and Coprecipitates with Cortactin. To further de-
lineate the molecular mechanisms of DBN1-mediated inhibition
of DNM2, we used a set of previously described DBN1 mutants
(30) to identify the domain within DBN1 that is responsible for
inhibiting DNM2-mediated endocytosis. Stable cell lines
were constructed from DBNI~~ HEK293 cells reconstituted with
two isoforms of full-length DBNI or mutants that encode the
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Fig. 5. N-terminal domain of drebrin localizes to the actin cytoskeleton and coprecipitates with cortactin. (A) DBN1 KO HEK293 cells stably expressing in-

dicated GFP-tagged DBN1 constructs or control EGFP were analyzed by confocal microscopy for the localization of DBN1 (green), actin (red), and nucleus
(DAPI, blue). Colocalization (yellow) is highlighted by white arrowheads. (Full-length: DBN isoforms A and E; N terminus: amino acid 1-366; middle region:
233-317; C terminus: 319-707). (Scale bar in panels and single z slices, 40 um.) (B) DBN1 KO HEK293 cells stably expressing indicated GFP-tagged
DBN1 constructs or control EGFP were subject to IP using a-GFP antibody and analyzed by Western blot using indicated antibodies. The IP band in-
tensities were normalized to endogenous CTTN levels in IP input and compared with that of DBN-A (lane 1), which was set as 1.00. Bottom panels are 10%
input. (C) Reconstituted DBN1 KO HEK293 cells were infected with RRV at MOI = 1 for 24 h and examined by RT-qPCR for viral NSP5 expression, normalized to
that of GAPDH. For all figures, experiments were repeated at least three times. Data are represented as mean + SEM. Statistical significance is determined by
Student’s t test (***P < 0.001).
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N-terminal domain (amino acids 1-366), middle region (amino acids
233-317), or the C-terminal domain (amino acids 319-707). In-
terestingly, the N-terminal fragment had peripheral localization
similar to that of the full-length DBN1 and colocalized with actin
filaments (Fig. 54). In contrast, the middle region of DBN1 was
observed diffusely throughout the cytoplasm and the C-terminal
mutant only partially colocalized with the cytoskeleton (Fig. 54).
Importantly, the full-length DBN1 and N-terminal domain colo-
calized with and coimmunoprecipitated with endogenous CTTN
(Fig. 5B and SI Appendix, Fig. S104) and were able to fully rescue
DBNI deficiency as shown by restricted RV infection in cells
expressing these constructs (Fig. 5C). Despite comparable expres-
sion levels (SI Appendix, Fig. S10B), the C-terminal fragment and
the middle region of DBN1 had an intermediate phenotype and did
not inhibit RV entry as effectively as the other DBN1 mutants (Fig.
5C). Further mutagenesis analysis with DBN1 mutants (31)
revealed that the most N-terminal ADF-H domain within DBN1 is
responsible for restriction of viruses and other cargo (SI Appendix,
Fig. S10C). Collectively, our data suggest that DBN1’s localization
to the actin cytoskeleton and interaction with CTTN, mediated by
its N-terminal region, are likely necessary for its ability to block
dynamin function.

Loss of DBN1 Enhances RV Infection in Vivo and in Human Intestinal
Enteroids. We next extended our analysis of DBN1 regulation of
RV infection from in vitro cell culture systems to a suckling
mouse model of RV infection. Five-day-old pups born from
Dbnl heterozygous (Het) breeding pairs were orally inoculated
with 10° plaque-forming units (pfus) of the simian RRV strain.

We monitored both diarrhea occurrence and fecal shedding of
viral antigens. Notably, although the overall gut homeostasis and
permeability was not altered by the loss of Dbnl (SI Appendix,
Fig. S11), Dbnl knockout (KO) pups exhibited increased di-
arrhea compared with both WT and Het animals (Fig. 6 4 and
B). In addition, we detected significantly more infectious virus
particles in the stool samples harvested from DbnI~~ mice than
their WT littermates on days 2, 4, and 6 postinfection (Fig. 6C),
further supporting an important role of DBN1 in restricting RV
infection in vivo.

To determine the physiological relevance of DBN1 in the human
small intestines, we tested the effect of DBN1 inhibition in a pri-
mary 3D human intestinal enteroid system, also known as the “mini-
gut” that recapitulates many important features of normal intestinal
epithelium and supports robust human RV infection (32). Because
it is technically challenging to directly deplete DBN1 expression in
the enteroids, we used BTP-2, a well-characterized DBN1 inhibitor
(33), as an alternative approach. BTP-2 treatment of HEK293 cells
mimicked CRISPR-mediated DBN1 depletion: RV entry was in-
creased by BTP-2 in a dose-dependent manner at concentrations
that did not induce obvious cytotoxicity or loss of tight junctions
(SI Appendix, Fig. S12 A-C). Importantly, inhibition of DBN1 by
BTP-2 also significantly promoted RV infection in human enteroids
(Fig. 6D), suggesting that DBN1 broadly functions to restrict RV
entry in a cell type-independent fashion in vitro as well as in vivo.

Discussion

Despite the widespread availability of several safe and effective RV
vaccines, RVs remain the leading cause for severe diarrheal diseases
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Fig. 6. Drebrin knockout results in increased RV infection in vivo and in human enteroids. (A) Five-day-old C57BL/6 pups of indicated Dbn1 genotypes (WT,
n = 3; Het, n = 7; KO, n = 3) were orally inoculated with 10° pfu of the simian RV RRV strain and monitored for the incidence of diarrhea for 7 d.
(B) Quantification of A for the indicated days postinfection based on diarrheal severity parameters. (C) Fecal specimens were collected on the indicated days
postinfection and subject to a standard plaque forming unit (pfu) assay to determine infectious virus particles per gram of stool samples. (D) Human intestinal
organoids were treated with either vehicle control (DMSO) or BTP-2 at indicated concentrations for 30 min before infection with the human RV Wa strain
(MOI = 1). Total RNA was harvested at 1 hpi and NSP5 level was measured by RT-qPCR and normalized to that of GAPDH. For D, experiments were repeated at
least three times. Data are represented as mean + SEM. Statistical significance is determined by Student'’s t test (*P < 0.05; **P < 0.01; n.s., not significant).
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in infants and young children. Many fundamental aspects of RV
pathogenesis and virus-host interaction are inadequately under-
stood, thus hindering the development of improved vaccines and
effective antiviral therapeutics. In particular, RV entry into target
host cells, primarily IECs in the small intestine, is a well-coordinated
yet complex event that warrants further investigation. We report
here a comprehensive set of studies to identify and examine some of
the host protein factors that interact with VP4, the viral outmost
capsid protein that mediates RV attachment and internalization
into target cells. Of note, we identified several cytoskeleton-
associated host proteins that either inhibit or facilitate RV in-
fection. One of these VP4 interacting proteins, drebrin (encoded
by DBNI), broadly functions to dampen dynamin-dependent
endocytosis, including the early entry steps of several viruses
including RV, VSV, HAdVS5, and SV40. Our current study, while
providing specific mechanistic insights into how DBN1 serves as
a general gatekeeper for dynamin-mediated endocytic pathways,
exemplifies how the study of viral protein/host protein interac-
tions can facilitate the general interrogation of host protein
function and signal transduction.

Viruses, as obligate intracellular pathogens, have to gain ac-
cess through the plasma membrane to use intracellular resources
for efficient replication and progeny production. During virus
infection, the host cell cytoskeleton constitutes an early line of
defense by posing a physical barrier to exogenous agents, before
the induction of innate immune responses. Virtually all viruses
have to devise ways to overcome the interconnected meshwork to
facilitate entry and/or egress. In the present study, using an un-
biased tandem IP-MS approach (Fig. 14), we identified the actin-
binding protein DBN1 as a restriction factor for RV infection (Fig.
1D). DBN1 coprecipitated with RV VP4 and colocalized with
actin filaments and VP4 during both ectopic expression and virus
infection (Fig. 24 and B and SI Appendix, Fig. S4). The presence
of DBNI1 restricted RV replication in a strain-independent man-
ner by specifically inhibiting virus entry into target host cells (S/
Appendix, Fig. S5). Importantly, DBN1 expression also served to
inhibit the entry of several other DNA and RNA viruses that rely
on dynamin for cell entry, including VSV, HAdVS, and SV40 (SI
Appendix, Fig. S6B and Fig. 3C). Recently, Zika virus (ZIKV) has
emerged as a global public health threat and has been clearly
identified as an important cause of microcephaly and rarely,
Guillain-Barre syndrome (34). The cell entry pathway of ZIKV
has yet to be defined. Our data suggest that, in contrast to the
previously mentioned viruses, ZIKV and dengue virus cell entry is
not regulated by DBNI1 (SI Appendix, Fig. S8H) and likely occurs
by a dynamin-independent endocytosis mechanism. In this aspect,
DBNI7~ cells may be a useful tool to study viruses and other
cargo with unknown entry pathways.

Using an siRNA screen of DBN1-interacting proteins, we found
that DBNI1 regulates dynamin-2 (DNM2)-dependent endocytosis
via an association with cortactin (CTTN) (Fig. 4B). The C-terminal
SH3 domain of CTTN binds to the proline-rich domain of dynamin-2,
promoting actin filament polymerization and vesicle fission (35).
Knocking down CTTN in DBNI~~ cells paralleled the effect of
Dygno-4a, a small-molecule DNM2 inhibitor, and significantly ab-
rogated the enhanced RV entry in these knockout cells (Fig. 4C and
SI Appendix, Fig. S9B). Immunofluorescence and IP analysis pin-
pointed the N terminus of DBN1 as responsible for its colocaliza-
tion and interaction with CTTN at the plasma membrane (Fig. 5
and SI Appendix, Fig. S104). Based on these findings, we hypoth-
esize that, at steady state in WT cells, DBN1 blocks DNM2 function
by interfering with CTTN-ACTR3 interaction, disconnecting
CTTN from the actin bundle and preventing vesicle-associated
filament growth. However, in DBN1-deficient cells, CTTN-
DNM2 complex is able to directly establish the connection
between DNM2-bound vesicles with Arp2/3 complex, thereby
facilitating the internalization of DNM2-dependent cargo.

Li et al.

Given the broad spectrum of cargos regulated by DNM2-
dependent endocytic pathways, we expect that DBN1~/~ cells will
also be altered in many other aspects of cell biology and immune
responses beyond the specific circumstance of RV infection. Be-
cause the endocytosis of a large number of cytokines, growth fac-
tors, and hormones is dependent on DNM2, it will be intriguing to
examine whether DBN1 deficiency affects the uptake of these
molecules as well. It is worth noting that interleukin-2 (IL-2) enters
cells via a clathrin- and caveolae-independent but dynamin-
mediated pathway (36) and it plays a crucial role in regulating
T-cell homeostasis. Whether T cells in Dbnl~~ mice are hyperre-
sponsive to IL-2 stimulation remains to be tested. In addition, Wnt
signaling, critical for maintaining the stem cell niche in the crypts of
small intestines, is dependent on caveolae and dynamin (37). One
might predict, based on our findings, that chemical inhibition of
DBNI1 by the small-molecule inhibitor BTP-2 in human enteroid
culture will significantly reshape the dynamics of IEC subpopula-
tions and affect how these cells respond to viral or bacterial chal-
lenge. Finally, it is tempting to speculate whether short-term
suppression of DBN1 by genetic depletion or chemical inhibition,
might serve to boost the DNM2-dependent cell entry pathway in a
manner that might augment drug delivery or immunization. For
example, one of the most commonly used viral vectors for gene
therapy, adeno-associated virus (AAV), enters via both dynamin-
dependent and -independent routes (38, 39). Specific and transient
DBNI1 inhibition could enhance AAV uptake into target tissues and
increase immunogenicity.

In summary, we initiated a systems-view analysis to identify the
host proteins that interact with RV VP4, the viral receptor. As an
initial result of this screen, we discovered and then investigated a
function of DBN1: the ability to restrict the entry of multiple viral
pathogens including RV into host cells. Our results suggest DBN1,
via colocalization and interaction with CTTN at the actin filaments,
specifically inhibits multiple examples of DNM2-mediated endocy-
tosis. These findings further highlight the important role of cyto-
skeleton proteins in virus infection and shed light on the delicate
regulatory mechanisms by which DNM-dependent endocytic events
are controlled. The current study also provides a mechanistic basis
for the potential design of DBN1 agonists and antagonists for
therapeutic purposes to enhance or inhibit cell entry, including entry
of multiple viruses/viral vectors.

Materials and Methods

Additional procedures are described in detail in SI Appendix, SI Materials
and Methods.

Cells and Viruses. Human embryonic kidney fibroblast HEK293 cells (CRL-1573)
were obtained from American Type Culture Collection (ATCC) and cultured in
DMEM supplemented with 10% FBS, 2 mM L-glutamine, 100 IU/mL of pen-
icillin, and 100 pg/mL of streptomycin. African Green Monkey kidney
MA104 cells (CRL-2378.1) were obtained from ATCC and cultured in com-
plete M199 medium. HEK293 cells stably expressing VP4 were cultured in
complete DMEM in the presence of puromycin (0.5 pg/mL). Expression of
VP4 was induced by doxycycline (1 pg/mL) treatment for 24 h. HEK293 cells
overexpressing Flag-tagged TMOD3, overexpressing Flag-tagged DBN1, and
reconstituted with DBN1 constructs stable cell lines were screened and cul-
tured in complete DMEM in the presence of G418 (0.5 mg/mL).

Human RV Wa and DS1 strain, simian RV RRV and SA11 strain, bovine RV
United Kingdom strain, porcine RV SB1A, OSU strain, and murine RV ETD
strains were propagated in MA104 cells as previously described (40). Viruses
were activated by trypsin (5 pg/mL) at 37 °C for 20 min before infection. Cells
were washed with serum-free medium (SFM) twice and incubated with virus
at different multiplicity of infections (MOls) at 37 °C for 1 h. After removal of
virus inoculum, complete medium or SFM was added back to cells. Lysates
and cell supernatants were harvested at different time points for virus
quantification. RV TLPs, DLPs, and VLPs were prepared as previously de-
scribed (20).

Recombinant VSV (strain Indiana) expressing GFP was previously characterized
(41) and was propagated and titrated in BHK-21 cells. ZIKV (strain P6-740) was
provided by Robert Tesh, University of Texas Medical Branch, Galveston, TX and
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propagated in C6/36 cells. DENV-1 (strain 276RKI) was obtained through NIH
Biodefense and Emerging Infections Research Resources Repository, National
Institute of Allergy and Infectious Diseases, NIH, and propagated in C6/36 cells.
Vaccinia virus (strain MVA) and SV40 (strain EK) were purchased from ATCC.
Human adenovirus serotype 5 and Sendai virus (strain Cantell) were kindly
provided by Xin Wang, Cleveland Clinic, Cleveland, OH.

Virus Infections. For assays of the virus entry, WT and DBN1~~ HEK293 cells
were incubated with RV at MOI = 10 at 37 °C for 1 h. After removal of virus
inoculum, cells were washed with PBS twice and harvested for virus quan-
tification. Strand-specific RT-PCR was performed to ensure that viral RNA
(mRNA level of NSP5) detected by gqPCR was derived from input viral ge-
nomes and not newly transcribed RNA. For assays of the virus binding, cells
were washed with DMEM two times and infected with RRV (MOI = 50) at
4 °C for 1 h. Cells were washed twice with DMEM and harvested for de-
tection of viral RNA. For VSV, HAdV5, SV40, VV, SeV infection, WT, and
DBN1~'~ HEK293 cells were infected at MOI of 0.1 for 1 h. For ZIKV and
DENV-1 infection, WT and DBN1~~ HEK293 cells were infected at MOI of
0.01 for 3 h. Cell lysates were directly harvested using RLT lysis buffer
and the copy number of viral genome present in the cells was quantified
by RT-qPCR.

Mice Infection. Six-week-old sex-matched DBN1 heterozygous mice on a
C57BL/6NJ background (C57BL/6NJ-Dbn1¢™"/), 027202) were purchased
from The Jackson Laboratory. Mice were specific pathogen free, maintained
under a strict 12 h light cycle (lights on at 7:00 AM and off at 7:00 PM), and
given a regular chow diet (Harlan, diet 2018) ad libitum. All mice were
maintained in Veterinary Medical Unit of VA Palo Alto Health Care System
(VAPAHCS). The Institutional Animal Care Committee at the VAPAHCS ap-
proved these studies.

To obtain DBN1 KO mice, we crossed DBN1 heterozygous male mice with
DBN1 heterozygous female mice. The offspring were born at a Mendelian
ratio: three WT, seven heterozygous, and three KO. Five-day-old suckling
mice were orally inoculated with 10° pfu of the simian RRV strain. From 1 to
7 dpi, littermates were examined daily for the occurrence of diarrheal dis-
ease. The percentage and severity of diarrhea among the littermates during
the course of infection was recorded as previously described (42). In brief,
diarrhea was scored based on color, consistency, and amount, and num-
bered as follows: 0 = normal; 1 = pasty; 2 = semiliquid; 3 = liquid, and
score >2 considered as diarrhea. Fecal specimens were collected into pre-
weighed Eppendorf tubes and stored at —80 °C before measurement by a
standard plaque assay. At 7 dpi, mouse tails and intestinal tissues were
harvested for genotyping by PCR and Western blot, respectively. The primers
used for genotyping are listed in S/ Appendix, Table S1. Small intestinal
tissues were collected from WT, heterozygous, and knockout mice at 5 d
postbirth and processed for hematoxylin and eosin staining at Histo-Tec
Laboratory.

Lipofection of DLPs. Infection of WT and DBN7~~ HEK293 cells with RRV DLPs
using lipofectin-mediated transfection was carried out as described (20).
Briefly, DLPs were diluted in DMEM and incubated with a mixture of Lip-
ofectamine (Life Technologies) in DMEM (15% vol/vol) for 40 min at room
temperature. A total of 50 pL of this mixture was added to the cells for 4 h at
37 °Cand 5% CO,, and then cells were washed with DMEM and harvested at
different time points for measuring viral RNA.
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RNA Isolation and Real-Time Quantitative PCR. Total RNA was extracted from
the cell lysates using RNeasy kit (Qiagen) as previously described (43). Virus
cDNA was generated by reverse transcription using High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems). gPCR was performed using
the Stratagene Mx3005P (Agilent) with each reaction composed of ¢cDNA
reverse transcribed from 50 ng of total RNA, 12.5 uL of Power SYBR Green
Master Mix (Applied Biosystems), and 200 nM both forward and reverse
primers in a total volume of 25 pL (44). SYBR Green primers used in this
paper are listed in S/ Appendix, Table S1.

Focus Forming Unit Assay. WT and DBN7~/~ HEK293 cells were infected with
RRV at MOI of 0.1 in 24-well plates. At different time points after infection,
supernatants were collected and added to MA104 cells in a 10x dilution
series. After 1 d, cells were fixed, incubated with primary rabbit antibodies
against DLP at 37 °C for 60 min, secondary incubation was performed with
anti-rabbit 1gG at 37 °C for 60 min, AEC substrate was added (SK-4200,
Vector Laboratories) and observed for color developing, and fluorescent
colonies were counted. Two independent experiments were performed with
triplicate infections and one representative experiment is shown.

Human Intestinal Enteroids. Primary human intestinal enteroids were kindly
provided by Calvin Kuo, Stanford University, Stanford, CA. The methods for
enteroid culture and RV infection were similar to previous publication (32). In
brief, enteroids were treated with TrypLE (Gibco) into single cell suspension,
stimulated with BTP-2 (0.25, 0.5, or 1.0 uM) for 30 min, and infected with Wa
(MOI = 10) for 1 h. RNA was harvested from infected enteroids for mea-
suring RV NSP5 levels as an indicator of input viral genomes.

Mass Spectrometry and Network Analysis. Tandem-affinity purification and
mass spectrometry were carried out as previously described (15) at the
Stanford MS core facility. For each LUMS experiment, spectral counts were
transformed into normalized spectral abundance factors. Using a panel of
66 other experiments also conducted in HEK293 cells, lognormal probability
distributions were inferred for the observation of RV VPA4. For each observed
gene product, a Z test was conducted against that background distribution.
The Benjamini-Hochberg method was used to correct P values so obtained,
and gene products were accepted below a false discovery rate of 0.12. In-
teractions between gene products identified in this way were obtained by
cross-reference with BioGrid (27). Networks were visualized and figures
rendered with Cytoscape (45).

Statistical Analysis. The results were shown as means + SEM. Statistical sig-
nificance was determined by Student’s t test using Prism 7 (GraphPad Soft-
ware). Significant differences are indicated in the figures (*P < 0.05; **P <
0.01; ***P < 0.001).
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