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ABSTRACT Limiting virus entry is crucial to prevent infection, since this step of the
virus life cycle is a major determinant of cellular tropism, host range, and pathogenesis.
We recently showed that the transmembrane protein signal regulatory protein alpha
(SIRPA), a negative regulator of F-actin-dependent phagocytosis, limits endocytosis of
enveloped RNA viruses from unrelated families. Mechanistically, surface engagement
of SIRPA recruits the SH2 domain-containing protein tyrosine phosphatases (SHP)-1
and -2, initiating a signaling cascade that dephosphorylates different pro-phagocytic
proteins, including the heavy chain (MYH9) of the molecular motor non-muscle myosin
IIA (NM-IIA), to ultimately suppress phagocytosis. Here, we analyzed whether MYH9
would enhance viral infection, as it does phagocytic engulfment, and how its activity in
infection is regulated. We found that MYH9 expression increases the infection of viruses
exploiting different endocytic pathways/mechanisms to enter cells, including flavivirus,
arenavirus, rhabdovirus, and togavirus, in human and mouse cells. Furthermore, we
demonstrated that MYH9 is actively translocated to the plasma membrane upon viral
infection to support post-binding steps of entry, and that phosphorylation of two key
tyrosine residues in its head and tail domains is essential for its function in viral infection.
By using small molecule inhibitors and MYH9 knockdown cells, we suggest that members
of the Src family kinases may phosphorylate/activate MYH9 to support virus entry.

IMPORTANCE Viral infections represent a major threat to global public health and
pose a huge social and economic cost; thus, a better understanding of how cell-intrin-
sic factors modulate the outcome of infection is of great importance to better under-
stand virus—host interactions and to our ability to develop prophylactic measures and
therapeutics. In this work, we show that MYH9 is a broad proviral host factor that
enhances entry of divergent families of human pathogenic RNA viruses, which exploit
different endocytic pathways to infect cells. By determining that virus infection triggers
the phosphorylation of MYH9 in two tyrosine residues essential for its proviral activity,
and the family of non-receptor tyrosine kinases involved in this process, we may also
provide new cellular targets to develop antiviral therapies.

KEYWORDS virus entry, MYH9, proviral factor, tyrosine phosphorylation

Viruses can hijack a variety of cellular processes and molecules to promote entry
and replication in host cells (1). Although virus entry is a major determinant of
cellular tropism, host range, and pathogenesis, there are relatively few host factors
acting at this step whose activity has been characterized (2). We previously uncovered
that signal regulatory protein alpha (SIRPA) is an intrinsic antiviral factor that limits
entry of pathogenic enveloped RNA viruses from divergent families (3). SIRPA is a
receptor-type transmembrane glycoprotein highly expressed on myeloid cells, harboring
two immunoreceptor tyrosine-based inhibition motifs (ITIM) in its cytoplasmic domain
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(4). Phosphorylation of the SIRPA ITIMs provides docking sites for the recruitment and
activation of the cytosolic SH2 domain-containing protein tyrosine phosphatases
(SHP)-1 and -2, initiating a negative signaling cascade that ultimately inhibits F-actin-
dependent phagocytosis and immune signaling (4, 5). The phosphorylation levels of
SIRPA are greatly enhanced by the engagement of the membrane protein CD47 in
trans, which leads to the recruitment of the SHP phosphatases and the subsequent
dephosphorylation of several prophagocytic proteins, including the heavy chain (MYH9)
of non-muscle myosin IIA (NM-IIA) (6-8).

NM-IIA is a hexameric protein with motor and contractile properties involved in
cell migration, adhesion, phagocytosis, and other cellular processes, which consists of
homodimers of MYH9, regulatory light chains (RLC), and essential light chains (9). Each
MYH9 monomer comprises an N-terminal motor domain, which regulates the production
of mechanical force through magnesium-dependent ATP hydrolysis (ATPase activity) and
binding to actin filaments, and a C-terminal cargo-binding tail domain (9, 10). Phosphor-
ylation of the RLCs regulates the assembly of NM-IIA into bipolar filaments, which is
essential to engage and contract the actin cytoskeleton (11, 12). It was shown that
SIRPA limits viral endocytosis by a mechanism that resembles its inhibitory activity on
phagocytosis (3), and that F-actin-mediated phagocytosis is mostly driven by phospho-
activated MYH9, since its pharmacological inhibition prevents particle engulfment to a
similar extent as the negative signaling initiated by the SIRPA-CD47 interaction (8, 13).
Therefore, we speculated that other phagocytic proteins could also have a role in virus
infection.

Here, we investigated whether MYH9 enhances viral infection and how its activity
would be regulated during this process. We found that MYH9 increases infection levels of
unrelated enveloped viruses, including flavivirus, arenavirus, rhabdovirus, and togavi-
rus, which use different mechanisms of virus entry, and that its ATPase activity and
self-oligomerization are essential for its proviral activity. Furthermore, we showed that
virus infection drives the accumulation of MYH9 at the plasma membrane to support
post-binding steps of virus entry and that phosphorylation of the tyrosine residues
277 and 1805 is critical for its function in infection. By analyzing different families of
non-receptor tyrosine kinases (NRTKs), we identified that members of the Src family
kinase would phosphorylate MYH9 upon viral infection, which could be therapeutically
exploited.

RESULTS
MYHO9 enhances viral infection in human and mouse cells

Given the significant role of MYH9 in distinct cellular processes that require the
generation of mechanical force, MYH9 knockout cells are mostly non-viable and Myh9
depletion is embryonic lethal in mice (9, 14). Thus, to analyze the role of MYH9 in viral
infection, we did short-interfering RNA (siRNA)-mediated knockdowns in human and
mouse cells, which transiently reduced MYH9 mRNA and protein expression (Fig. 1A),
without compromising cell viability 48 h post-transfection (Fig. 1B). siMYH9-transfected
cells were infected with replicative-competent viruses at a multiplicity of infection (MOI)
of 1, and viral replication levels were measured at 24-48 h post-infection (hpi) by
quantitative polymerase-chain reaction (qPCR). MYH9 knockdown resulted in signifi-
cantly lower infection levels of the New World arenavirus (NWA) Tacaribe (TCRV), the
Old World arenavirus (OWA) Lymphocytic Choriomeningitis virus (LCMV), the flavivirus
Zika (ZIKV), the rhabdovirus vesicular stomatitis virus (VSV), and the togavirus Mayaro
(MAYV) (Fig. 1C), while infection levels of the retrovirus murine leukemia virus (MLV)
were not reduced upon siMYH9 transfection with respect to a siRNA control (siCTRL)
(Fig. 1D). As a control for this experiment, we used herpes simplex virus type-1 (HSV-1),
which was first described to use MYH9 as a cellular receptor (15), observing lower HSV-1
infection levels upon MYH9 knockdown as expected (Fig. 1E). To analyze Myh9 activity
in viral infection, we isolated bone marrow-derived macrophages (BMDMs) from 8- to
12-week-old C57BL/6 mice, and we transfected a mouse-specific siRNA (simMYH9) in
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FIG 1 MYH9 enhances viral infection in human and mouse cells. (A) MYH9 knockdown validation in human cell lines and mouse primary cells transfected with
a siMYH9 or a siCTRL; MYH9 mRNA levels were analyzed in human cell lines and mouse primary cells by RT-qPCR (left) and MYH9 expression was assessed by
western blot in A549 cells using a rabbit anti-MYH9 (CST) (right) at 48 h post-siRNA transfection. Relative MYH9 expression levels from independent experiments
are depicted above each lane and a mouse anti-Tubulin (Thermo) served as a control. (B) Analysis of cell viability in siMYH9- and siCTRL-transfected A549 cells.
(C) A549 cells were transfected with a siMYH9 or a siCTRL as detailed, and infected with the indicated viruses for 24 h. Viral RNA levels were analyzed by RT-qPCR.
(D) 293T-mCAT cells were transfected with the indicated siRNAs for 48 h and infected with MLV. DNA was isolated at 48 hpi and analyzed by qPCR. (E) HSV-1
infection levels upon MYH9 knockdown. DNA was isolated at 24 hpi and analyzed by qPCR. (F) BMDMs isolated from C57BL/6 mice were transfected with a
mouse-specific siMYH9 and infected with TCRV and LCMV. Viral RNA was isolated 48 hpi and analyzed by RT-qPCR. Shown is the average + standard deviation
(SD) of 3-4 independent experiments. Unpaired t test was used to determine significance. ***, P < 0.0002; **, P < 0.009; *, P < 0.05; ns, not significant. (G) A549
cells were infected with TCRV or LCMV, and endogenous MYH9 mRNA levels were determined by RT-qPCR at 8 and 24 hpi. The data shown represent the average
+ SD of three independent experiments. One-way analysis of variance (ANOVA) was used to determine significance. ****, P < 0.0001; *, P < 0.03; ns, not significant.
(H) MYH9 expression was analyzed by western blot in A549 cells infected with TCRV for 24 h using a rabbit anti-MYH9 (CST) and relative MYH9 expression levels
are depicted above each lane. Shown is the average + SD of three independent experiments. An unpaired t test was used to determine significance. *, P < 0.04. A
mouse anti-Tubulin (Thermo) was used as a control.

fully differentiated BMDMs for 48 h (Fig. 1A). Next, we infected simMYH9-transfected cells
with TCRV and LCMV at an MOI = 1 for 48 h, which were shown to infect primary mouse
cells at high levels (16), and we found that reduced expression of Myh9 also resulted in
a significant decrease in viral infection levels for both viruses (Fig. 1F), indicating that
MYHO9 proviral activity is conserved in both human and mouse cells.

We next asked whether viral infection could upmodulate the expression levels
of MYH9 to further support infection. To this end, we quantified MYH9 mRNA and
endogenous protein expression in A549 cells after viral infection. We observed that
MYH9 transcript levels were increased at 8 hpi, while at 24 hpi, the expression levels were
comparable to those observed for MOCK-infected cells (Fig. 1G). Western blot analysis
showed that MYH9 levels were significantly increased at 24 hpi (Fig. 1H), suggesting
that virus infection establishes a positive feedback-like mechanism to further increase
infection levels.
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The ATPase activity and self-assembly of MYH9 promote infection of viruses
exploiting different uptake mechanisms

There is now a consensus about the existence of six main endocytic pathways in
mammalian cells, which can be broadly divided based on their dependence on
dynamin-2 (DYN-2) activity, a large GTPase involved in pinching off endocytic vesi-
cles from the plasma membrane (17). DYN-2-dependent endocytic processes include
clathrin-mediated (CME), fast endophilin-mediated, and clathrin-independent carrier
pathways, while dynamin-independent mechanisms include caveolae, macropinocytosis,
and phagocytosis (17). In Fig. 1, we showed that MYH9 enhances infection of viruses
that exploit different endocytic pathways to enter cells: TCRV, ZIKV, VSV, and MAYV
use CME (18-21), while LCMV exploits a macropinocytosis-like (MPL) mechanism for
cellular entry (22). To formally examine whether the activity of MYH9 in viral infection is
independent of the virus entry route, we analyzed infection levels in MYH9 knockdown
cells upon DYN-2 inhibition; for these experiments, we used the NWA TCRV and the
OWA LCMV, whose entry is DYN-2-dependent (CME) and -independent (MPL), respec-
tively. In brief, TCRV entry is initiated by the binding of the viral glycoprotein (GP) to a
yet-to-be-identified surface receptor(s). Unlike pathogenic NWAs, TCRV infects human
cells independently of transferrin receptor 1 (TfR1) (2). In this context, we showed
that L-type voltage-gated calcium channels are required for efficient TCRV entry (16).
Subsequent to the interaction of TCRV GP with its receptors/entry factors on the cell
surface, viral internalization occurs through CME, followed by trafficking to a pH 5 late
endosome where virus-cell fusion occurs (2, 18). On the other hand, LCMV GP interacts
with its well-characterized bona fide receptor a-dystroglycan (a-DG) on the cell surface,
promoting viral internalization via a non-classic macropinocytosis mechanism where
early macropinosomes deliver the virus-receptor complex to the late endosome for
subsequent fusion of the viral and endolysosomal membranes facilitated by the mucin
receptor CD164 (23-25).

To first corroborate the role of DYN-2 in TCRV and LCMV infection, we pre-incubated
A549 cells for 30 min with the inhibitor dynasore, followed by viral infections (MOl = 1)
in the presence of the inhibitor for 1 h, and viral RNA levels were analyzed by reverse
transcription quantitative PCR (RT-qPCR) at 24 hpi. As expected, only TCRV, but not LCMV,
infection was decreased in cells treated with dynasore with respect to a vehicle control
(dimethyl sulfoxide [DMSO]) (Fig. 2A). Next, we transfected a siMYH9 for 48 h before
dynasore treatment and virus infection, and we analyzed TCRV and LCMV RNA levels.
MYH9 knockdown did not further decrease TCRV infection levels in dynasore-treated
cells, suggesting that MYH9 enhances DYN-2-dependent TCRV infection, whereas LCMV
infection levels were reduced only in those cells transfected with a siMYH9 irrespective
of the treatment with dynasore (Fig. 2B), indicating that MYH9 is supporting virus
infection independently of the viral entry route used. To rule out that TCRV and LCMV
could use alternative entry pathways, which may be also contributing to infection and
thus be targeted by the activity of MYH9, we tested the specific inhibitors chlorproma-
zine (CME), nystatin (caveolae), 5-(N-ethyl-N-isopropyl)amiloride (EIPA) (macropinocyto-
sis), and wortmannin (phagocytosis) prior to and during viral infection, as described
above. We found that only chlorpromazine significantly reduced TCRV infection levels,
confirming that this virus mostly uses CME to enter cells (Fig. 2C). Interestingly, nystatin-
and EIPA-treated cells showed increased levels of TCRV infection, which agrees with the
reported upregulation of CME when other endocytic routes are perturbed/depleted (17).
On the other hand, LCMV infection levels were only decreased in EIPA-treated cells due to
the inhibition of MPL, its main entry route (Fig. 2C). Collectively, these data suggest that
MYH9 is a pleiotropic proviral host factor that supports infection of viruses exploiting
both DYN-2-dependent and -independent uptake mechanisms.

Many of the cellular functions performed by NM-IIA require the generation of motor/
contractile force by the head domain of MYH9, which may be suppressed either by
inhibiting its Mg**-dependent ATPase activity or by preventing the serine/threonine
phosphorylation of the RLCs (9-12). Thus, to determine the molecular basis of the
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FIG 2 The ATPase activity and oligomerization of MYH9 promote infection of viruses exploiting different uptake mechanisms. (A) A549 cells were pre-treated
with dynasore (100 uM) for 1 h, infected with TCRV or LCMV in the presence of the inhibitor, and the viral RNA was analyzed at 24 hpi by RT-qPCR. The data
shown represent the average + SD of four independent experiments. Unpaired t test was used to determine significance. ***, P < 0.0001; ns, not significant.
(B) A549 cells were transfected with a siMYH9 or a siCTRL for 48 h and treated with dynasore (100 uM) for 1 h prior to infection. TCRV and LCMV infections
were analyzed as described in panel A. The data shown represent the average + SD of three independent experiments. Two-way ANOVA was used to determine
significance. ***, P < 0.0005; **, P < 0.005; ns, not significant. (C) Cells were pre-treated with the inhibitors chlorpromazine (10 uM), EIPA (35 uM), nystatin (50 uM),
or wortmannin (200 nM) for 1 h, and then infected with TCRV or LCMV in the presence of the compounds. Viral RNA was analyzed at 24 hpi by RT-qPCR. The data
shown represent the average + SD of 3-4 independent experiments. One-way ANOVA was used to determine significance. ***, P < 0.0002; **, P < 0.004; *, P <
0.04; ns, not significant. (D) A549 cells were incubated with blebbistatin (25 uM) for 1 h and then infected with TCRV or LCMV in the presence of the inhibitor
for 1 h. At 24 hpi, viral RNA was isolated and analyzed by RT-qPCR. (E) A549 cells were incubated with ML-7 (10 pM) and/or Y-27632 (25 uM) for 45 min and then
treated with calcimycin (CST) for 15 min. Total levels of RLC and pRLC (S18/T19) were determined by western blot using monoclonal antibodies from CST. Relative
PRLC levels are depicted above each lane. A mouse anti-Tubulin (Thermo) was used as a control. (F) A549 cells were incubated with ML-7 (10 uM) and Y-27632 (25
UM) for 45 min and then infected with TCRV or LCMV for 1 h in the presence of the inhibitors. Shown is the average + SD of three independent experiments. An
unpaired t test was used to determine significance. *, P < 0.02.

activity of MYH9 in viral infection, we first used the inhibitor blebbistatin, which binds
to MYH9 ATPase site, hence suppressing the overall mechanical activity of NM-IIA (26).
The treatment of A549 cells with blebbistatin before and during infection resulted in a
significant reduction in TCRV and LCMV RNA levels at 24 hpi, suggesting that the ATPase
activity is necessary for the proviral function of MYH9 (Fig. 2D).

It was also shown that phosphorylation of threonine (T) 18 and serine (S) 19
residues in the RLCs of NM-IIA by myosin light chain kinase (MLCK) and Rho-associated
protein kinases (ROCK) regulates the assembly of bipolar filaments that engage and
contract actin filaments (11, 12). Interestingly, these kinases are simultaneously active
and compete for a limiting pool of cellular NM-IIA monomers; thus, the assembly of
NM-IIA filaments could be driven not only by direct phosphorylation/activation of the
T18/519 residues by a given kinase, but also by inactivating the competing kinase(s) (27,
28). To first corroborate that the phosphorylation of the RLC would not be completely
prevented by only inhibiting MLCK or ROCK kinases, we analyzed the phosphorylation
of the T18/519 residues by western blot, upon treatment with the inhibitors ML-7
(MLCK) and Y-27632 (ROCK) in A549 cells pre-incubated with the calcium ionophore
calcimycin to promote the phosphorylation of the RLCs. The individual treatment with
ML-7 (10 uM) or Y-27632 (25 pM) modestly decreased phosphorylation of T18/S19;
however, phosphorylation of the RLCs upon calcimycin treatment was markedly reduced
when both inhibitors were used simultaneously (Fig. 2E). To test whether inhibiting
the phosphorylation of RLCs modulates the levels of viral infection, we infected A549
cells with LCMV or TCRV in the presence of both ML-7 and Y-27632. Viral infection was
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analyzed 24 hpi, detecting a significant decrease in infection levels in those cells treated
with the inhibitors with respect to control cells (Fig. 2F). Hence, preventing the assembly
of NM-IIA in bipolar filaments, which is essential for the motor/contractile activity of
MYHO9, also reduces viral infection.

Viral invasion drives the translocation of MYH9 to the plasma membrane

Phagocytosis is a finely coordinated process that involves the assembly of the cytoskele-
ton and the rapid accumulation of prophagocytic proteins at the phagocytic synapse
to drive engulfment, including F-actin, NM-IIA, paxillin, and actinin (29). Given the
fundamental function of MYH9 during phagocytic uptake and its role as a surface
receptor for HSV-1 (8, 15), we next asked whether MYH9 might function during entry
of the viruses herein analyzed. To this end, we assessed the sub-cellular localization of
endogenously expressed MYH9 during viral entry by confocal microscopy. Specifically,
we analyzed the expression pattern of MYH9 after TCRV binding (MOI = 50) on ice for
1 h (0") and at different intervals during viral internalization at 37°C (5" and 15), using
a monoclonal anti-MYH9 and a cross-reactive anti-Junin virus antibody that binds to
TCRV nucleoprotein (NP). We found that virus binding to A549 cells did not alter the
localization of MYH9 with respect to MOCK-infected cells, as it was uniformly distributed
along the cytoplasm (Fig. 3A; MOCK 0, 5, 15" and TCRV 0’). However, when TCRV-infec-
ted cells were shifted to 37°C, a permissive temperature for viral internalization, we
observed a marked accumulation of MYH9 at the plasma membrane in a time-depend-
ent fashion, which was not observed in MOCK cells (Fig. 3A; TCRV 5%, 15’). Since other
cytoskeletal proteins also accumulate at the plasma membrane during phagocytosis and
viral endocytosis, we also analyzed whether actin would translocate to the membrane
by staining for actin filaments with Phalloidin-Alexa Fluor 568. We found that actin
expression was also enriched at the cell periphery and that it increasingly colocalized
with MYH9 during TCRV internalization at 37°C, which again was not observed for
MOCK-infected cells (Fig. 3A), suggesting that these motor proteins collectively support
TCRV endocytosis. Although we could not stain the NP of LCMV particles using a
commercial antibody (clone VL4), we did observe the translocation of MYH9 during
LCMV internalization, but not upon binding of viral particles (Fig. 3B; LCMV 5’, 15°). Thus,
MYH9 may facilitate the internalization step of TCRV and LCMV entry when it translocates
to the cell periphery.

MYH9 supports post-binding steps of virus entry

To formally determine which step(s) of virus entry is promoted by the activity of
MYH9, we next performed virus binding, internalization, and fusion assays with variable
expression levels of MYH9 in A549 cells. In brief, TCRV and LCMV binding were assessed
by quantifying viral RNA from bound particles to siMYH9- and siCTRL-transfected cells
after 1 h on ice, while internalized viral RNA was analyzed after virus binding, incubation
of infected cells at 37°C for 45 min and stripping off non-internalized viral particles
with Proteinase K. MYH9 knockdown did not alter TCRV nor LCMV binding to cells but
significantly decreased internalization levels of both viruses (Fig. 4A and B). Lastly, to
determine whether MHY9 would modulate virus-cell fusion, we analyzed syncytium
formation as a surrogate assay. To this end, A549 cells were co-transfected with a sSiMYH9
and a FLAG-tagged LCMV GP construct, and 48 h later, the transfected cells were pulsed
with sodium citrate (pH = 5 or pH = 7) to assess the number and size of cell syncytia
by immunofluorescence. As depicted in Fig. 4C, there was no syncytium formation
when GP-transfected cells were pulsed at pH = 7, given the requirement of an acidic
environment for arenavirus GP-mediated cell fusion (30). When the cells were pulsed
at pH = 5, we observed a significantly lower number of syncytia, as well as cells per
syncytium in siMYH9-transfected cells, with respect to siCTRL-transfected cells (Fig. 4C
and D), indicating that MYH9 is also required for an efficient process of virus-cell fusion.
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FIG 3 Viral infection drives the translocation of MYH9 to the cell periphery during virus entry. (A) A549 cells were infected with TCRV (MOI = 50) or

MOCK-infected and MYH9 expression was analyzed by confocal microscopy using a rabbit anti-MYH9 (Sigma) after virus-cell binding on ice (0") and during

viral internalization at 37°C at different timepoints (5" and 15’). TCRV nucleoprotein (TCRV-NP) was detected using a cross-reactive anti-Junin virus antibody (BEI

resources), actin filaments were stained with Phalloidin-Texas Red (Invitrogen), and DAPI (VectorLabs) was used as a nuclear counterstain. Scale bar: 10 ym.

(B) A549 cells were infected with LCMV (MOI = 50) or MOCK-infected, and MYH9 expression was analyzed during virus-cell binding and viral internalization as

described in panel A. Scale bar: 10 pm.

Tyrosine phosphorylation of MYH9 is essential for its role in virus entry

Although MYH9 participates in several cellular processes requiring the generation of
mechanical/contractile force, to our knowledge, there are a few studies analyzing how
its activity is regulated by tyrosine phosphorylation (pY). Of note, MYH9 is phospho-
activated in different tyrosine residues upon B cell antigen receptor (BCR) stimulation,
bacterial invasion, and to efficiently drive F-actin-driven phagocytosis (8, 31, 32). To
analyze whether virus invasion triggers pY of MYH9, we infected A549 cells with TCRV
for 15 min, and we either immunoprecipitated tyrosine-phosphorylated proteins using
a mix of anti-pY antibodies or MYH9 with a monoclonal antibody. Western blot analysis
showed that pY levels of MYH9 were significantly increased in TCRV-infected cells with
respect to MOCK-infected control cells (Fig. 5A), indicating that virus entry triggers pY
and activation of MYH9.

Tsai et al. demonstrated that pY of 277 and 1805 residues is essential for the function
of MYH9 in phagocytic engulfment, given that point mutations in any of these residues
inhibited its contractile function during the process (8). To analyze whether pY of these
key residues would also modulate the function of MYH9 in virus entry, we mutated
277Y and 1805Y to phenylalanine (F) individually or in combination (227F, 1805F, and
277,1805F [2F]), using a construct of MYH9 WT fused to green fluorescent protein (GFP)
as template (Fig. 5B). We also analyzed the MYH9 3A mutant, which harbors alanine (A)
replacements in three serine (S) residues (1914S, 1915S, and 1946S), whose phosphory-
lation is essential for the activity of MYH9 in focal adhesion and protrusion extension
(Fig. 5B) (33). To examine the contribution of these mutant versions of MYH9 to virus
entry, we first assessed and quantified the expression of GFP in transfected cells, finding
that the MYH9 227F, 1805F, 2F, and 3A mutants expressed at similar levels with respect
to the MYH9 WT construct (Fig. 5C and D). Interestingly, forced expression of MYH9
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FIG 4 MYH9 activity supports post-binding steps of virus entry. (A) A549 cells were incubated with TCRV or LCMV (MOI = 10) for 1 h on ice, and RNA levels
of bound virions were analyzed by RT-gPCR. Shown is the average + SD of three independent experiments, and an unpaired t test was used to determine
significance; ns, not significant. (B) A549 cells were infected on ice as described above, shifted to 37°C for 45 min, treated with 1 mg/mL of Proteinase K (Gibco) for
45 min, followed by 2 mM of phenylmethylsulfonyl fluoride (PMSF) (Sigma), and internalized viral RNA was quantified by RT-gPCR. Shown is the average + SD of
three independent experiments, and an unpaired t test was used to determine significance. ***, P < 0.0008; **, P < 0.003. (C) A549 cells were co-transfected with a
siMYH9 and a FLAG-tagged GP for 48 h, and transfected cells were then pulsed with sodium citrate at pH =5 or pH = 7 for 10 min to analyze syncytia formation.
(D) The number of syncytia (top) and the number of cells per syncytium (bottom) were quantified. Shown is the average + SD of three independent experiments,

and four randomly selected regions were analyzed in each experiment. Unpaired t test was used to determine significance. ***, P < 0.0001; *, P < 0.03.

WT resulted in a gain-of-function in viral internalization, while we did not observe an
increase in internalization levels in 227F-, 1805F-, or 2F-expressing cells, with respect to
an empty vector (EV) control (Fig. 5E). Overexpression of the 3A mutant enhanced viral
internalization to similar levels to the WT construct (Fig. 5E), indicating that substituting
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FIG 5 Tyrosine phosphorylation of MYH9 is essential for its function in virus entry. (A) A549 cells were infected with TCRV (MOI = 10) for 15 min, and tyrosine

phosphorylated (pY) proteins or MYH9 were immunoprecipitated with a mix of rabbit anti-pY antibodies (CST) or a mouse anti-MYH9 (Sigma), respectively.

MYH9 expression (total and pY) was analyzed by western blot with a rabbit anti-MYH9 (CST). A mouse anti-Tubulin (Thermo) was used as a control. (B) Graphic

scheme of MYH9 fused to green fluorescent protein (GFP), showing the protein domains and the localization of the substituted residues in the mutant constructs

(created with BioRender). (C) MYH9 WT and mutant constructs were overexpressed in A549 cells for 24 h and GFP expression was assessed by epifluorescence

microscopy in three independent experiments. (D) Quantification of GFP+ cells 24 h post-transfection of the MYH9 constructs. One-way ANOVA was used to

determine significance; ns, not significant. (E) TCRV (top) and LCMV (bottom) internalization assays in A549 cells overexpressing MYH9 WT and mutant constructs.

Shown is the average + SD of three independent experiments. One-way ANOVA was used to determine significance. ***, P < 0.0001; ns, not significant. (F) A549
cells were transfected with the MYH9 WT and 2F constructs for 24 h and infected with TCRV (MOI = 50). GFP and TCRV-NP expression was determined by confocal

microscopy during viral internalization at 37°C (5" and 15’). DAPI (VectorLabs) was used as a nuclear counterstain. Scale bar: 10 pm.

277Y and 1805Y residues, but not 1914S, 1915S, and 1946S, abrogates the activity of
MHY9 during virus entry.

Since we found that the MYH9 phospho-inactive mutants cannot support virus entry
although their expression levels were comparable to the WT construct, we then asked
whether these mutants may have an impairment to translocate to the cell periphery to
promote viral entry. To test this, we analyzed GFP expression in MYH9 WT- and 2F-trans-
fected cells during TCRV internalization, an entry step enhanced by the activity of MYH9,
by confocal microscopy. In MOCK-infected cells, both MYH9 WT and 2F constructs were
distributed in the cytoplasm when incubated at 37°C for 5" or 15" (Fig. 5F; MOCK 5’,
15). However, the MYH9 2F mutant did not accumulate at the plasma membrane during
viral internalization, as it was observed for the WT protein for both time points (Fig. 5F;
TCRV 5/, 15'). Collectively, these results indicate that pY of the 277 and 1805 residues is
required for the translocation of MYH9 to the cell periphery, and hence for its proviral
activity during viral entry.

Src family kinases likely phosphorylate MYH9 upon virus entry

To further characterize the role of pY in infection, we lastly sought to identify which
kinase(s) phosphorylate MYH9 upon virus entry. There are nine families of NRTKs in
mammals, known as Src, Abl, Fes, Jak, Ack, Syk, Tec, Fak, and Csk (34), which could
phosphorylate/activate MYH9 to promote infection. To analyze this, we investigated
whether the activity of Src, Jak, and/or Syk kinases would modulate virus entry by
using selective inhibitors. Briefly, A549 cells were pre-treated with small molecules
targeting Src (PP1), Syk (piceatannol), and Jak (Jak inhibitor 1) families for 45 min, to
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(100 nM), or piceatannol (50 uM) for 45 min, and viral internalization was analyzed in the presence of the inhibitors. Shown is the average + SD of three

independent experiments. One-way ANOVA was used to determine significance. ****, P < 0.0001; ns, not significant. (B) A549 cells were transfected with a

siMYH9 or a siCTRL for 48 h, treated with the indicated inhibitors for 45 min prior to infection, and viral internalization was analyzed in the presence of the

inhibitors. Two-way ANOVA was used to determine significance. ***, P < 0.0003; **, P < 0.001; ns, not significant. (C) A549 cells were pre-treated with PP1 (50 pM)

or DMSO (vehicle) for 45 min, infected with TCRV (MOI = 10) or MOCK-infected for 15 min, and tyrosine phosphorylated proteins were immunoprecipitated with

a mix of rabbit anti-pY antibodies (CST). MYH9 expression (total and pY) was analyzed by western blot with a rabbit anti-MYH9 (CST). Immunoprecipitation with a

rabbit IgG polyclonal antibody and detection of GAPDH served as controls.

later assess viral internalization in the presence of the inhibitors. PP1 treatment markedly
reduced internalization levels of both viruses, piceatannol did not affect TCRV nor LCMV
internalization, while Jak inhibitor | had opposite effects: it greatly enhanced TCRV
internalization but decreased the process for LCMV (Fig. 6A), indicating that members of
the Src family phosphorylate cellular proteins relevant for both TCRV and LCMV entry.

Since Src kinases phosphorylate hundreds of proteins to modulate their function
in several physiological and pathological processes (35), we coupled MYH9 knockdown
with PP1 treatment to analyze whether these kinases may be activating MYH9 upon virus
infection. Interestingly, TCRV and LCMV internalization levels were similarly decreased in
siMYH9- and siCTRL-transfected cells pre-incubated with PP1, while piceatannol-treated
cells showed decreased internalization levels only when transfected with a siMYH9 but
not with a siCTRL, as was observed for the vehicle (DMSO) control (Fig. 6B). These results
suggest that members of the Src family may phosphorylate MYH9 during virus entry,
since PP1 treatment did not further reduce viral internalization levels in siMYH9-trans-
fected cells. To further analyze this, we immunoprecipitated pY upon TCRV infection
(15 min) in PP1-treated and control cells, as well as in MOCK-infected cells. Western blot
analysis showed that pY of MYH9 during TCRV invasion was diminished in the presence
of PP1 to levels comparable to those detected in MOCK cells (Fig. 6C); as expected, we
did not detect MYH9 when using an IgG control antibody (ralgG) for the immunoprecipi-
tation (Fig. 6C). These results support that Src kinases are likely to phosphorylate and
activate MYH9 during virus entry to further promote infection.

DISCUSSION

NM-IIA is a ubiquitous actin-binding protein with critical functions in a wide range
of cellular physiological processes, including cell adhesion, migration, and phagocyto-
sis, and more recently it has also been implicated in modulating viral and bacterial
infection (9, 36). NM-IIA is a molecular motor that provides mechanical force through
ATP hydrolysis; hence, its function in infection is often associated with the motor and
contractile properties of MYH9 (36). MYH9 was first identified as a cellular receptor
for HSV-1, and later studies showed that it also promotes infection of other herpesvi-
ruses (Kaposi's-sarcoma associated Herpesvirus; KSHV) and arterivirus (severe fever with
thrombocytopenia syndrome virus and porcine reproductive and respiratory syndrome
virus) (15, 37-40). Here, we showed that MYH9 enhances infection of endocytic
viruses from divergent families, including Arenaviridae, Flaviviridae, Rhabdoviridae, and
Togaviridae, and that such activity is conserved in human and mouse cells (Fig. 1C and F).
We also found that viral infection upregulates MYH9 endogenous expression, suggest-
ing a virus-driven positive regulatory mechanism (Fig. 1G and H). This observation is
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not without precedent, since the upregulation and/or activation of cellular proteins to
support infection has been reported. For instance, severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection upregulates the expression of the viral receptor
ACE2 through the transcription factor GATA6, while Influenza A virus infection enhances
galectin-3 expression to modulate the activity of the viral polymerase complex (41, 42).
Thus, MYH9 is a broad proviral host factor whose expression is positively modulated to
increase viral infection levels by a mechanism currently under investigation.

By analyzing TCRV and LCMV infection, which, respectively, use CME and MPL for
cell entry, we showed that MYH9 supports infection of viruses exploiting both dyna-
min-dependent and -independent uptake processes (Fig. 2B and C). Interestingly, it
was shown that NM-IIA supports entry of KSHV by CME in foreskin fibroblasts and
by macropinocytosis in dermal endothelial cells, which are both dependent on the
activation of the E3 ubiquitin ligase c-Cbl by tyrosine phosphorylation (37, 38). KHSV
interacts with and activates Ephrin A2 early during infection, which in turn associates
with phospho-c-Cbl, NM-IIA, as well as clathrin and its adapter protein AP2 to pro-
mote CME (37). In the case of macropinocytosis, the interaction of phospho-c-Cbl
with phospho-RLC in KSHV-induced blebs leads to the association of NM-IIA with actin
filaments to accelerate actomyosin contraction and bleb retraction (38). Future studies
will be aimed at determining whether MYH9 forms part of a conserved protein signaling
complex to promote distinct viral endocytic routes.

To get further insight into the proviral activity of MYH9, we sought to analyze
the effect in viral infection of decreasing the motor/contractile activity of NM-IIA or
preventing its self-assembly into bipolar filaments. The small molecule blebbistatin
binds to the ATPase site of MYH9, decreasing the phosphate release rate and thereby
suppressing its motor activity, which is needed for efficient phagocytic engulfment
(8, 26, 43). In blebbistatin-treated cells, TCRV and LCMV infection levels were greatly
reduced (Fig. 2D). Moreover, we determined that preventing the phosphorylation of the
RLCs in the S18/T19 residues, which modulates the self-assembly of NM-IIA monomers
into functional bipolar filaments that interact with the actin cytoskeleton (11, 28), also
reduced virus infection (Fig. 2E and F). These results hence indicate that the motor/
contractile activity and the self-oligomerization of NM-IIA are essential for the proviral
function of MYH9.

Although we showed that MYH9 is a host factor that enhances infection of divergent
endocytic viruses, its role in viral infection was first described for HSV-1; Arii et al.
proposed that MYH9 functions as a cellular receptor for HSV-1, favoring virus binding
and virus-cell fusion at the plasma membrane by directly interacting with the viral gB
glycoprotein (15). Later studies suggested that MYH9 would also promote cell binding
of arteriviruses by interacting with surface glycoproteins (39, 40), although it was not
established how MYH9, a cytoplasmic protein, would become inserted or expressed
at the cell surface to promote virus binding (44). We examined whether MYH9 may
serve as an entry factor for TCRV and LCMV by analyzing its sub-cellular localization
upon infection. We found that virus binding did not induce the accumulation of MYH9
at the cell periphery, and that the levels of viral RNA from bound particles were
similar in siMYH9- and siCTRL-transfected cells (Fig. 3A, B, and 4A). However, when
the infected cells were shifted to a permissive temperature for virus internalization, we
observed a sustained increase in the expression of membrane-associated MYH9 and a
marked decrease in internalized viral RNA in MYH9 knockdown cells (Fig. 3A, B, and 4A),
indicating that MYH9 expression is relevant for virus uptake but not for virus-cell binding.
We also detected actin enrichment and increased co-localization with MYH9 during viral
internalization, suggesting that these motor proteins cooperate to enhance this process
(Fig. 3A). Lastly, we used a surrogate system to determine whether MYH9 would also
modulate virus-cell fusion. Arenavirus glycoproteins are class | fusion proteins that get
primed at an acidic pH to mediate viral-endosomal membrane fusion (45). Our fusion
assay showed that MYH9 knockdown significantly reduced the formation of cell syncytia
and the number of cells per syncytium at pH = 5 (Fig. 4C and D), indicating that MYH9
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is likewise important for virus-cell fusion. Collectively, our results demonstrate that MYH9
translocates to the plasma membrane upon infection to support post-binding steps of
viral endocytosis.

We next investigated how the function of MYH9 in virus entry may be regulated,
because it was not previously addressed (15, 39, 40). In fact, little is known about
how post-translational modifications in MYH9 modulate the activity of NM-IIA in other
cellular processes that require motor/contractile force (9, 10). To our knowledge, there
are three studies analyzing the role of tyrosine phosphorylation of MYH9 in phagocyto-
sis, BCR stimulation, and bacterial invasion (8, 31, 32). Specifically, phosphorylation of the
Y277/1805 residues favors the polymerization of NM-IIA dimers into bipolar filaments,
which is essential for phagocytic engulfment, while Listeria monocytogenes infection
triggers the phosphorylation of Y158 which affects the ability of MYH9 to bind to and/or
hydrolyze ATP thus preventing bacterial dissemination (8, 32). Upon demonstrating that
viral invasion triggers tyrosine phosphorylation of MYH9 (Fig. 5A), we examined whether
phosphorylation of Y277 and/or Y1805 might regulate its function in virus infection. We
first analyzed these residues because we showed that the contractile activity of MYH9
is needed to enhance entry (Fig. 2D), and we hypothesize that phagocytic proteins
would also have a role in viral endocytosis. We showed that the MYH9 phospho-inactive
mutants 277F, 1805F and 2F cannot functionally contribute to virus entry, indicating
that phosphorylation of both tyrosine residues is needed for the proviral activity of
MYH9 (Fig. 5E). Furthermore, we also determined that MYH9 2F had an impairment to
translocate to and accumulate at the plasma membrane to facilitate entry (Fig. 5F). Thus,
our results indicate that viral invasion triggers tyrosine phosphorylation of MYH9, which
is essential to regulate its contractile activity to promote virus entry.

Lastly, we sought to determine which tyrosine kinase(s) would phosphorylate/acti-
vate MYH9 to enhance virus entry. Typically, viral infection involves the activation
of many surface molecules and downstream proteins/signaling pathways, including
receptor and non-receptor kinases, cytoskeletal proteins, among others (1). In this regard,
it was shown that binding of the OWA Lassa virus GP to its bona fide receptor a-DG
induces its tyrosine phosphorylation by NRTKs, which regulates the internalization of
the virus-receptor complex (46). Here, we examined whether the Jak, Syk, and/or Src
families of NRTKs may phosphorylate MYH9 upon virus infection. We initially analyzed
these NRTKs because of their role in endocytic processes and virus entry: Syk kinases
phosphorylate C-type lectin receptors which are used as entry factors (47, 48), Jak
kinases modulate CME (49), and Src kinases phosphorylate different proteins to facilitate
virus entry and replication (50-52). Moreover, members of the Src family phosphorylate
the Y158 residue of MYH9 during bacterial invasion (32). We found that inhibiting the
Src kinases with the small molecule PP1 decreased internalization of both TCRV and
LCMV (Fig. 6A). Thus, we next analyzed the effect of combining PP1 treatment and MYH9
knockdown to examine whether Src kinases may phosphorylate MYH9 upon virus entry.
PP1 treatment did not further decrease viral internalization in siMYH9-transfected cells
with respect to control cells, and the addition of the inhibitor reduced virus-triggered
tyrosine phosphorylation of MYH9 during entry (Fig. 6B and C), suggesting that MYH9
may be activated by Src kinases upon infection. However, these observations need to
be further corroborated by using selective inhibitors of individual members of the Src
family, Src knockout systems, and by performing in vitro kinase assays. Since MYH9
expresses at high levels in many cell types and it is involved in several cellular processes,
it cannot be depleted nor inhibited for therapeutic purposes (9). Thus, identifying the
kinase(s) that activate MYH9 upon virus entry may provide new druggable targets to
limit the early steps of infection of a variety of RNA viruses of public health importance.
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MATERIALS AND METHODS
Mice

C57BL/6 mice were housed according to the policies of the Animal Care Committee of
the Institut Pasteur de Montevideo. BMDMs were isolated from the hind limbs of 8- to
12-week-old mice as previously described (3).

Cell lines and viruses

Vero, A549, U20S, BHK-21, NIH-3T3, Hela, and 293T cells were grown in Dulbecco’s
modified Eagle Medium (DMEM; Gibco) supplemented with 2 mM glutamine, 10% fetal
bovine serum (FBS, Invitrogen) and penicillin (100 U/mL)-streptomycin (100 pg/mL)
(Invitrogen) (DMEM complete). 293T cells stably expressing mouse mCAT-1 (293T-mCAT)
were also cultured with geneticin (1 pg/mL). TCRV, VSV, ZIKV (PRVABC59 strain), and
HSV-1 (KOS strain) were propagated in Vero cells, while LCMV (Armstrong strain) was
grown in BHK-21 cells. Briefly, cell monolayers were infected at 70%-80% confluence
at an MOI of 0.01-0.03, culture medium was removed at 24 hpi, and the cells were
washed with phosphate-buffered saline (1x PBS) and refed with DMEM containing 2%
FBS. Culture supernatant from TCRV, VSV, ZIKV, and LCMV infected cells was collected at
4-8 dpi, passed through a 0.45 um filter, concentrated with Vivaflow 50 system filters
(Sartorius), and stored at —80°C until use. For HSV-1, cells were cultured for 2-3 dpi
until 100% of cells displayed cytopathic effect (CPE). Cells were then frozen at —80°C
and thawed at 37°C three times, and the cell suspension was sonicated three times
for 30 s to release virus particles. Moloney MLV was harvested from the supernatants
of stably infected NIH 3T3 fibroblasts. The supernatant was passed through a 0.45 ym
filter and treated with 20 U/mL DNase-1 (Roche) at 37°C for 30 min. MAYV was obtained
by transfecting a cDNA infectious clone (53) in Hela cells using Lipofectamine 3000
(Thermo). Infectious MAYV particles were collected from culture supernatant when full
CPE was observed.

Virus titration

TCRV titers were determined by an infectious center assay using a mouse monoclonal
anti-Junin nucleoprotein (clone 1C06-BE10, BEI resources) and an anti-mouse IgG-Alexa
Fluor 488 secondary antibody (Invitrogen). LCMV, ZIKV, VSV, and HSV-1 titers were
established by plaque assays in Vero cells using 1% agarose overlays. MLV titers were
determined by a focus-forming assay on NIH-3T3 cells by using a monoclonal anti-ENV
(Ab538), as previously described (3).

RNA interference

Silencer Select siRNAs were purchased from Thermo. Human (#4390824; ID: s534066)
and mouse (#4390771; ID: s70267) MYH9 siRNAs and a negative control (siCTRL) were
used following a forward-transfection protocol with Lipofectamine RNAiMax (Invitrogen).
Briefly, adherent cells were transfected at 60%-70% confluence with the indicated
siRNAs for 48 h, and knockdowns were verified by RT-qPCR using the primers described
in Table 1. siRNA-transfected cells were then infected for 24-48 h or used for virus entry
assays.

Chemicals

Blebbistatin, ML-7, Y-27632, chlorpromazine, nystatin, 5-(N-ethyl-N-isopropyl)amiloride
(EIPA), dynasore, PP1, piceatannol, wortmannin, and Jak inhibitor | were purchased
from Sigma and reconstituted with DMSO or methanol following the manufacturer’s
instructions. Adherent cells were pretreated with the inhibitors for 30-60 min, followed
by viral infections for 1 h in the presence of the inhibitors. After the infection was
completed, the cells were incubated without inhibitors for an additional 24 h.
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TABLE 1 Primer pairs used for RT-qPCR

Primer name Primer sequence

LCMV-F AGA ATC CAG GTG GTT ATT GCC
LCMV-R GTT GTA GTC AAT TAG TCG CAG C
VSV-F TGA ATG TGC CTC GTT CAG ATA
VSV-R CCA AAG TCG ATC AAA TAA GGC
GAPDH-F CCCCTT CATTGA CCT CAACTACA
GAPDH-R CGC TCC TGG AGG ATG GTG AT
TCRV-F TCG GTC ACA GAT GGG ACC AGG
TCRV-R CAG GGT TCT TCA CGT CCT CTG
ZIKV-F CAG CAA TAG AGA CTT CGT GGA
ZIKV-R CAG CAA TAG AGA CTT CGT GGA
hMYH9-F CCT TCC GAC AAGAGT GGCTTT
hMYH9-R GAG TAG TAA CGC TCC TTG AGG
mMYH9-F CAT ACA ACA AAT ACC GCT TCC
mMYH9-R TCAGTGTTCCGCTCCTTCTTG
GAP DNA-F CCCCTT CATTGA CCT CAACTACA
GAP DNA-R CGC TCC TGG AGG ATG GTG AT
SuMLV-F CCT ACT ACG AAG GGG TGG
suMLV-R CAC ATG GTA CCT GTA GGG GC
HSV1-TK-F GAG TTT CAC GCC ACC AAG AT
HSV1-TK-R CTA TGA TGA CAC AAA CCC CG
MAYV-F AGG ACC CAG AGG AAC ACT AATA
MAYV-R CGATACTCTTTC GCCCACTTAC

Generation of mouse primary cells

BMDMs were isolated from the hind limbs of 8- to 12-week-old C57BL/6 mice as
previously described (3). Macrophages were cultured in DMEM complete supplemen-
ted with 100 pg/mL of macrophage colony-stimulating factor (M-CSF; Gibco) and 0.1%
sodium pyruvate (Gibco). Cells were harvested 7 days after plating and seeded in 24-well
plates for virus infections.

In vitro and ex vivo infections

A549 cells were infected with TCRV, LCMV, ZIKV, and VSV at an MOI = 1 for 24 h, while
HSV-1 infections (MOl = 1) were done in U20S cells for 48 h. Viral nucleic acids were
isolated at the indicated time points to assess infection levels by RT-qPCR (TCRV, LCMV,
ZIKV, and VSV) or qPCR (HSV-1). MLV infections of 293T-mCAT cells were done at an MOI
= 0.1 and viral DNA was measured by gPCR at 48 hpi. BMDMs were infected with TCRV
and LCMV at an MOI = 1, and the cells were harvested at 48 hpi to assess infection levels
by RT-qPCR.

Western blot

Protein extracts (50 pg) were resolved on 10% SDS-polyacrylamide gels, transferred to
polyvinylidene difluoride membranes (General Electric), and blocked with 3% bovine
serum albumin (BSA; Sigma) or 5% non-fat milk. The following antibodies were used
to detect endogenous, overexpressed, or fused proteins: rabbit anti-MYH9 (CST; #3403),
rabbit anti-GAPDH (CST; #2118), mouse anti-FLAG (Invitrogen; # MA1-91878), rabbit
anti-RLC (CST; #8505), rabbit anti-pRLC (Thr18/Ser19) (CST; #3674), mouse anti-Tubulin
(Thermo; #A11126).

Immunoprecipitation of endogenous proteins

A total of 500 ug of protein lysate per condition was incubated with a mix of rabbit
anti-phospho-tyrosine antibodies (CST MultiMab; #8954), a rabbit monoclonal anti-MYH9
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(Sigma; #M8064), or a rabbit IgG control polyclonal antibody (Proteintech; # 30000-0-AP)
and 20 pL of Pierce Protein A/G agarose beads (Thermo; #20421) on rotation and at 4°C
for 14 h. The immunocomplexes were then washed off five times with 1x cell lysis buffer
and loaded onto SDS-polyacrylamide gels for western blot analysis.

Nucleic acid isolation and RT-qPCR

DNA was isolated with the DNeasy Blood & Tissue Kit (Qiagen), and total RNA was
isolated using the GeneJET RNA Purification Kit (Thermo). RNA was used as a template for
cDNA synthesis using the RevertAid Reverse Transcriptase (Thermo) in a reaction mixture
primed with 50 ng/pL of random hexamers (Macrogen). Viral and cellular RNAs were
detected by RT-qPCR using a QuantStudio 3 Real-Time PCR System (Applied Biosystems)
with specific primer pairs (Table 1), and the RNA expression was normalized to GAPDH.
RT-qPCR reactions were done using Power SYBR Green Master Mix (Applied Biosystems),
under these amplification conditions: 50°C for 2 min, 95°C for 10 min, and 40 cycles
of 95°C for 15 s and 60°C for 1 min. The efficiency of amplification was determined
for each primer set by a standard curve with 10-fold serial dilutions of DNA of known
concentration. The slope values of the standard curves for the primer pair amplicons
ranged from 3.5 to 3.2. For each primer pair, a non-template control was included, and
each sample was run in triplicate.

Confocal microscopy

A549 cells were infected with TCRV and LCMV at an MOI = 50 on ice for 1 h and then
shifted to 37°C for different time intervals (0, 5, and 15 min). MYH9 sub-cellular localiza-
tion and TCRV particles during virus entry were analyzed in a Zeiss LSM800 Confocal
Microscope using a rabbit anti-MYH9 (Sigma; #M8064) and an anti-Junin nucleoprotein
(clone 1C06-BE10; BEI resources), and Alexa Fluor-conjugated (488 or 647) secondary
antibodies (Invitrogen). Actin localization was determined using Texas Red-X Phalloidin
(Invitrogen; #T7471).

Virus entry assays
Binding assay

A549 cells were incubated on ice with TCRV or LCMV (MOI = 20) for 1 h, washed three
times with 1x PBS to remove unbound particles, and total RNA was isolated to analyze
genomic RNA levels of bound virions by RT-qPCR.

Internalization assay

A549 cells were infected on ice as described, washed with 1x PBS, shifted to 37°C for
45 min, treated with 1 mg/mL of Proteinase K (Gibco) for 45 min to strip off non-inter-
nalized particles from the cell surface, and treated with 2 mM of phenylmethylsulfonyl
fluoride (PMSF) (Sigma) to inactivate Proteinase K. RNA was next isolated to analyze
internalized viral RNA by RT-qPCR.

Fusion assay

A549 cells were co-transfected with a siMYH9 and a FLAG-tagged LCMV GP construct
using Lipofectamine 3000 (Thermo) for 48 h. Next, transfected cells were pulsed with
sodium citrate at pH = 5 or pH = 7 for 10 min, and the number and size of cell syncytia
were determined by epifluorescence microscopy in four randomly sampled regions per
condition, by analyzing the GP expression using an anti-FLAG antibody (Thermo).

Generation of MYH9 mutant constructs

DNA constructs encoding full-length MYH9 wild-type (WT) (#11347) and the 3xA mutant
(#101041) fused to GFP were purchased from Addgene. The 277F, 1805F and 2F
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TABLE 2 Primer pairs used for PCR-mediated mutagenesis®

Primer Sequence (5'-3)

MYH9-277F-For CCA CAT CTT CTA2TA TCT CCT GTC TGG G
MYH9-277F-Rev AAG GTC CGT TCT TCC TTG GCT
MYH9-1805F-For CAA GTC CAA GTATAA GGC CTC CAT CAC CG
MYH9-1805F-Rev ACA GTG CCC TCC ATC TCC TGC

“The primer positions are based on the MYH9 reference sequence CR456526.1. In bold is depicted the MYH9
sequence, with underlining indicating the coding sequences mutated from tyrosine to phenylalanine and bold
indicating the unmutated codon.

constructs were generated by PCR-based site-specific mutagenesis using the MYH9 WT
construct as template and the Q5 Site-Directed Mutagenesis Kit (New England Biolabs).
The primers used to generate these mutants are detailed in Table 2. All introduced
mutations were validated by Sanger sequencing (Macrogen).

DNA transfection

DNA expression constructs were transfected into 80%-90% confluent cells using
Lipofectamine 3000 (Thermo) for 24 h according to the manufacturer’s instructions. Cells
were then lysed with 1x RIPA buffer supplemented with 1x Protease and Phosphatase
Inhibitors (Thermo), the supernatants were clarified by centrifugation at 13,000 rpm and
4°C for 15 min, sonicated for 15 s, and stored at —70°C until use.

Statistical analysis

Each experiment was done with three technical replicates per experiment. The data
shown is the average of at least three independent experiments, or as indicated in
the figure legends. Statistical analysis was performed using the GraphPad 8.1/PRISM
software. Tests used to determine significance are indicated in figure legends.

ACKNOWLEDGMENTS

We thank Dr. Susan R. Ross for providing HSV-1 KOS strain, VSV and MLV, and advice
on infections, Dr. E. John Wherry for providing LCMV Armstrong strain, and Dr. James
Weger-Lucarelli for generously supplying the MAYV infectious clone used in this study.
ZIKV PRVABC59 strain was obtained from the World Reference Center for Emerging
Viruses and Arboviruses through the University of Texas Medical Branch at Galveston.
The reagents TRVL-11573 and NA05-AG12 were acquired through BEI Resources.

This work was supported by the European Society of Clinical Microbiology and
Infectious Diseases (ESCMID; Switzerland) and the Comision Sectorial de Investigacién
Cientifica (CSIC; Uruguay). K.G. was supported by a Calmette and Yersin Pasteur Network
postdoctoral grant. The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

AUTHOR AFFILIATIONS

"Laboratorio de Interacciones Virus-Célula, Institut Pasteur de Montevideo, Montevideo,
Uruguay

’Departamento de Inmunobiologia, Facultad de Medicina, Universidad de la Republica,
Montevideo, Uruguay

*Burnett School of Biomedical Sciences, College of Medicine, University of Central Florida,
Orlando, Florida, USA

‘Laboratorio de Evolucién Experimental de Virus, Institut Pasteur de Montevideo,
Montevideo, Uruguay

*Laboratorio de Virologia Molecular, Facultad de Ciencias, Universidad de la Republica
Uruguay, Montevideo, Uruguay

December 2025 Volume 99 Issue 12

Journal of Virology

10.1128/jvi.00241-25 16

Downloaded from https://journals.asm.org/journal/jvi on 21 April 2026 by 164.73.80.123.


https://doi.org/10.1128/jvi.00241-25

Full-Length Text

Seccién Genética Evolutiva, Facultad de Ciencias, Universidad de la Republica Uruguay,
Montevideo, Uruguay

AUTHOR ORCIDs

Gonzalo Moratorio 2 http://orcid.org/0000-0002-4555-4926
Nicolas Sarute  http://orcid.org/0000-0001-6432-1880

AUTHOR CONTRIBUTIONS

Natalia Ansin, Formal analysis, Investigation | Kathia Guardado, Formal analysis,
Investigation | Matias Ponce, Formal analysis, Investigation | Maria Paz Garcia, Investi-
gation | Camila Ladra, Investigation | Irene Ferreiro, Investigation | Gonzalo Moratorio,
Investigation, Methodology, Resources | Nicolas Sarute, Conceptualization, Data curation,
Formal analysis, Funding acquisition, Investigation, Supervision, Writing — original draft,

Journal of Virology

Writing - review and editing

DATA AVAILABILITY

The data that support the findings of this study are available from the corresponding
author upon request.

ETHICS APPROVAL

The experiments performed with mice in this study were approved by the Institut
Pasteur de Montevideo’s Committee for the Care and Use of Laboratory Rodents
(protocol #009-23).

REFERENCES

1.

Yamauchi Y, Helenius A. 2013. Virus entry at a glance. J Cell Sci
126:1289-1295. https://doi.org/10.1242/jcs.119685

Sarute N, Ross SR. 2021. The board is set, the pieces are moving:
modulation of New World arenavirus entry by host proteins. PLoS
Pathog 17:€1009605. https://doi.org/10.1371/journal.ppat.1009605
Sarute N, Cheng H, Yan Z, Salas-Briceno K, Richner J, Rong L, Ross SR.
2021. Signal-regulatory protein alpha is an anti-viral entry factor
targeting viruses using endocytic pathways. PLoS Pathog 17:1009662.
https://doi.org/10.1371/journal.ppat.1009662

Barclay AN, Brown MH. 2006. The SIRP family of receptors and immune
regulation. Nat Rev Immunol 6:457-464. https://doi.org/10.1038/nri1859
Barclay AN, Van den Berg TK. 2014. The interaction between signal
regulatory protein alpha (SIRPa) and CDA47: structure, function, and
therapeutic target. Annu Rev Immunol 32:25-50. https://doi.org/10.1146
/annurev-immunol-032713-120142

Veillette A, Thibaudeau E, Latour S. 1998. High expression of inhibitory
receptor SHPS-1 and its association with protein-tyrosine phosphatase
SHP-1 in macrophages. J Biol Chem 273:22719-22728. https://doi.org/10
.1074/jbc.273.35.22719

Oldenborg PA, Gresham HD, Lindberg FP. 2001. CD47-signal regulatory
protein a (SIRPa) regulates Fcy and complement receptor-mediated
phagocytosis. J Exp Med 193:855-862. https://doi.org/10.1084/jem.193.
7.855

Tsai RK, Discher DE. 2008. Inhibition of “self” engulfment through
deactivation of myosin-Il at the phagocytic synapse between human
cells. J Cell Biol 180:989-1003. https://doi.org/10.1083/jcb.200708043
Pecci A, Ma X, Savoia A, Adelstein RS. 2018. MYH9: structure, functions
and role of non-muscle myosin IIA in human disease. Gene 664:152-167.
https://doi.org/10.1016/j.gene.2018.04.048

Vicente-Manzanares M, Ma X, Adelstein RS, Horwitz AR. 2009. Non-
muscle myosin Il takes centre stage in cell adhesion and migration. Nat
Rev Mol Cell Biol 10:778-790. https://doi.org/10.1038/nrm2786

Chou C-L, Christensen BM, Frische S, Vorum H, Desai RA, Hoffert JD, de
Lanerolle P, Nielsen S, Knepper MA. 2004. Non-muscle myosin Il and
myosin light chain kinase are downstream targets for vasopressin
signaling in the renal collecting duct. J Biol Chem 279:49026-49035. htt
ps://doi.org/10.1074/jbc.M408565200

December 2025 Volume 99 Issue 12

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Billington N, Wang A, Mao J, Adelstein RS, Sellers JR. 2013. Characteriza-
tion of three full-length human nonmuscle myosin Il paralogs. J Biol
Chem 288:33398-33410. https://doi.org/10.1074/jbc.M113.499848
Morrissey MA, Kern N, Vale RD. 2020. CD47 ligation repositions the
inhibitory receptor sirpa to suppress integrin activation and phagocyto-
sis. Immunity 53:290-302. https://doi.org/10.1016/j.immuni.2020.07.008
Mhatre AN, Li Y, Bhatia N, Wang KH, Atkin G, Lalwani AK. 2007.
Generation and characterization of mice with Myh9 deficiency.
Neuromolecular Med 9:205-215. https://doi.org/10.1007/s12017-007-80
08-8

Arii J, Goto H, Suenaga T, Oyama M, Kozuka-Hata H, Imai T, Minowa A,
Akashi H, Arase H, Kawaoka Y, Kawaguchi Y. 2010. Non-muscle myosin
IIA is a functional entry receptor for herpes simplex virus-1. Nature
467:859-862. https://doi.org/10.1038/nature09420

Sarute N, Ross SR. 2020. CACNA1S haploinsufficiency confers resistance
to New World arenavirus infection. Proc Natl Acad Sci USA 117:19497-
19506. https://doi.org/10.1073/pnas.1920551117

Rennick JJ, Johnston APR, Parton RG. 2021. Key principles and methods
for studying the endocytosis of biological and nanoparticle therapeu-
tics. Nat Nanotechnol 16:266-276. https://doi.org/10.1038/541565-021-0
0858-8

Roldan JS, Martinez MG, Forlenza MB, Whittaker GR, Candurra NA. 2016.
Human transferrin receptor triggers an alternative Tacaribe virus
internalization pathway. Arch Virol 161:353-363. https://doi.org/10.1007
/s00705-015-2652-3

Agrelli A, de Moura RR, Crovella S, Branddo LAC. 2019. ZIKA virus entry
mechanisms in human cells. Infect Genet Evol 69:22-29. https://doi.org/
10.1016/j.meegid.2019.01.018

Zhang R, Kim AS, Fox JM, Nair S, Basore K, Klimstra WB, Rimkunas R, Fong
RH, Lin H, Poddar S, Crowe JE Jr, Doranz BJ, Fremont DH, Diamond MS.
2018. Mxra8 is a receptor for multiple arthritogenic alphaviruses. Nature
557:570-574. https://doi.org/10.1038/541586-018-0121-3

Sun X, Yau VK, Briggs BJ, Whittaker GR. 2005. Role of clathrin-mediated
endocytosis during vesicular stomatitis virus entry into host cells.
Virology (Auckl) 338:53-60. https://doi.org/10.1016/j.virol.2005.05.006

10.1128/jvi.00241-25 17

Downloaded from https://journals.asm.org/journal/jvi on 21 April 2026 by 164.73.80.123.


http://orcid.org/0000-0002-4555-4926
http://orcid.org/0000-0001-6432-1880
https://doi.org/10.1242/jcs.119685
https://doi.org/10.1371/journal.ppat.1009605
https://doi.org/10.1371/journal.ppat.1009662
https://doi.org/10.1038/nri1859
https://doi.org/10.1146/annurev-immunol-032713-120142
https://doi.org/10.1074/jbc.273.35.22719
https://doi.org/10.1084/jem.193.7.855
https://doi.org/10.1083/jcb.200708043
https://doi.org/10.1016/j.gene.2018.04.048
https://doi.org/10.1038/nrm2786
https://doi.org/10.1074/jbc.M408565200
https://doi.org/10.1074/jbc.M113.499848
https://doi.org/10.1016/j.immuni.2020.07.008
https://doi.org/10.1007/s12017-007-8008-8
https://doi.org/10.1038/nature09420
https://doi.org/10.1073/pnas.1920551117
https://doi.org/10.1038/s41565-021-00858-8
https://doi.org/10.1007/s00705-015-2652-3
https://doi.org/10.1016/j.meegid.2019.01.018
https://doi.org/10.1038/s41586-018-0121-3
https://doi.org/10.1016/j.virol.2005.05.006
https://doi.org/10.1128/jvi.00241-25

Full-Length Text

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

December 2025 Volume 99

Rojek JM, Perez M, Kunz S. 2008. Cellular entry of lymphocytic
choriomeningitis virus. J Virol 82:1505-1517. https://doi.org/10.1128/JVI.
01331-07

Cao W, Henry MD, Borrow P, Yamada H, Elder JH, Ravkov EV, Nichol ST,
Compans RW, Campbell KP, Oldstone MB. 1998. Identification of alpha-
dystroglycan as a receptor for lymphocytic choriomeningitis virus and
Lassa fever virus. Science 282:2079-2081. https://doi.org/10.1126/scienc
e.282.5396.2079

Iwasaki M, Ngo N, de la Torre JC. 2014. Sodium hydrogen exchangers
contribute to arenavirus cell entry. J Virol 88:643-654. https://doi.org/10.
1128/JV1.02110-13

Bakkers MJG, Moon-Walker A, Herlo R, Brusic V, Stubbs SH, Hastie KM,
Saphire EO, Kirchhausen TL, Whelan SPJ. 2022. CD164 is a host factor for
lymphocytic choriomeningitis virus entry. Proc Natl Acad Sci USA
119:€2119676119. https://doi.org/10.1073/pnas.2119676119

Kovacs M, Téth J, Hetényi C, Mélnasi-Csizmadia A, Sellers JR. 2004.
Mechanism of blebbistatin inhibition of myosin Il. J Biol Chem
279:35557-35563. https://doi.org/10.1074/jbc.M405319200

Croft DR, Coleman ML, Li S, Robertson D, Sullivan T, Stewart CL, Olson
MF. 2005. Actin-myosin-based contraction is responsible for apoptotic
nuclear disintegration. J Cell Biol 168:245-255. https://doi.org/10.1083/jc
b.200409049

Beach JR, Bruun KS, Shao L, Li D, Swider Z, Remmert K, Zhang Y, Conti
MA, Adelstein RS, Rusan NM, Betzig E, Hammer JA. 2017. Actin dynamics
and competition for myosin monomer govern the sequential
amplification of myosin filaments. Nat Cell Biol 19:85-93. https://doi.org/
10.1038/ncb3463

Diakonova M, Bokoch G, Swanson JA. 2002. Dynamics of cytoskeletal
proteins during Fcy receptor-mediated phagocytosis in macrophages.
Mol Biol Cell 13:402-411. https://doi.org/10.1091/mbc.01-05-0273
Borrow P, Oldstone MB. 1994. Mechanism of lymphocytic choriomenin-
gitis virus entry into cells. Virology (Auckl) 198:1-9. https://doi.org/10.10
06/viro.1994.1001

Baba T, Fusaki N, Shinya N, Iwamatsu A, Hozumi N. 2003. Myosin is an in
vivo substrate of the protein tyrosine phosphatase (SHP-1) after migM
cross-linking. Biochem Biophys Res Commun 304:67-72. https://doi.org/
10.1016/50006-291X(03)00542-4

Almeida MT, Mesquita FS, Cruz R, Osério H, Custédio R, Brito C,
Vingadassalom D, Martins M, Leong JM, Holden DW, Cabanes D, Sousa S.
2015. Src-dependent tyrosine phosphorylation of non-muscle myosin
heavy chain-lIA restricts Listeria monocytogenes cellular infection. J Biol
Chem 290:8383-8395. https://doi.org/10.1074/jbc.M114.591313

Rai V, Thomas DG, Beach JR, Egelhoff TT. 2017. Myosin IIA heavy chain
phosphorylation mediates adhesion maturation and protrusion in three
dimensions. J Biol Chem 292:3099-3111. https://doi.org/10.1074/jbc.M1
16.733402

Amatya N, Lin DY-W, Andreotti AH. 2019. Dynamic regulatory features of
the protein tyrosine kinases. Biochem Soc Trans 47:1101-1116. https://d
0i.0rg/10.1042/BST20180590

Kumar A, Jaggi AS, Singh N. 2015. Pharmacology of Src family kinases
and therapeutic implications of their modulators. Fundam Clin
Pharmacol 29:115-130. https://doi.org/10.1111/fcp.12097

Tan L, Yuan X, Liu Y, Cai X, Guo S, Wang A. 2019. Non-muscle myosin II:
role in microbial infection and its potential as a therapeutic target. Front
Microbiol 10:401. https://doi.org/10.3389/fmicb.2019.00401

Dutta D, Chakraborty S, Bandyopadhyay C, Valiya Veettil M, Ansari MA,
Singh VV, Chandran B. 2013. EphrinA2 regulates clathrin mediated KSHV
endocytosis in fibroblast cells by coordinating integrin-associated
signaling and c-Cbl directed polyubiquitination. PLoS Pathog
9:1003510. https://doi.org/10.1371/journal.ppat.1003510

Valiya Veettil M, Sadagopan S, Kerur N, Chakraborty S, Chandran B. 2010.
Interaction of c-Cbl with myosin IIA regulates Bleb associated macropi-
nocytosis of Kaposi’s sarcoma-associated herpesvirus. PLoS Pathog
6:21001238. https://doi.org/10.1371/journal.ppat.1001238

Issue 12

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Journal of Virology

SunY, QiY, Liu C, Gao W, Chen P, Fu L, Peng B, Wang H, Jing Z, Zhong G,
Li W. 2014. Nonmuscle myosin heavy chain IIA is a critical factor
contributing to the efficiency of early infection of severe fever with
thrombocytopenia syndrome virus. J Virol 88:237-248. https://doi.org/1
0.1128/JVI.02141-13

Gao J, Xiao S, Xiao Y, Wang X, Zhang C, Zhao Q, Nan Y, Huang B, Liu H,
LiuN, LvJ,DuT, Sun Y, Mu Y, Wang G, Syed SF, Zhang G, Hiscox JA,
Goodfellow |, Zhou E-M. 2016. MYH9 is an essential factor for porcine
reproductive and respiratory syndrome virus infection. Sci Rep 6:25120.
https://doi.org/10.1038/srep25120

Israeli M, Finkel Y, Yahalom-Ronen Y, Paran N, Chitlaru T, Israeli O, Cohen-
Gihon |, Aftalion M, Falach R, Rotem S, Elia U, Nemet |, Kliker L,
Mandelboim M, Beth-Din A, Israely T, Cohen O, Stern-Ginossar N,
Bercovich-Kinori A. 2022. Genome-wide CRISPR screens identify GATA6
as a proviral host factor for SARS-CoV-2 via modulation of ACE2. Nat
Commun 13:2237. https://doi.org/10.1038/541467-022-29896-z

Yang M-L, Chen Y-C, Wang C-T, Chong H-E, Chung N-H, Leu C-H, Liu F-T,
Lai MMC, Ling P, Wu C-L, Shiau A-L. 2023. Upregulation of galectin-3 in
influenza A virus infection promotes viral RNA synthesis through its
association with viral PA protein. J Biomed Sci 30:14. https://doi.org/10.1
186/512929-023-00901-x

Sosale NG, Rouhiparkouhi T, Bradshaw AM, Dimova R, Lipowsky R,
Discher DE. 2015. Cell rigidity and shape override CD47’s “self"-signaling
in phagocytosis by hyperactivating myosin-II. Blood 125:542-552. https:/
/doi.org/10.1182/blood-2014-06-585299

Matozo T, Kogachi L, de Alencar BC. 2022. Myosin motors on the
pathway of viral infections. Cytoskeleton (Hoboken) 79:41-63. https://do
i.org/10.1002/cm.21718

York J, Dai D, Amberg SM, Nunberg JH. 2008. pH-induced activation of
arenavirus membrane fusion is antagonized by small-molecule
inhibitors. J Virol 82:10932-10939. https://doi.org/10.1128/JVI.01140-08
Moraz M-L, Pythoud C, Turk R, Rothenberger S, Pasquato A, Campbell KP,
Kunz S. 2013. Cell entry of Lassa virus induces tyrosine phosphorylation
of dystroglycan. Cell Microbiol 15:689-700. https://doi.org/10.1111/cmi.
12078

Chen S-T, Lin Y-L, Huang M-T, Wu M-F, Cheng S-C, Lei H-Y, Lee C-K, Chiou
T-W, Wong C-H, Hsieh S-L. 2008. CLEC5A is critical for dengue-virus-
induced lethal disease. Nature 453:672-676. https://doi.org/10.1038/nat
ure07013

Chen S-T, Liu R-S, Wu M-F, Lin Y-L, Chen S-Y, Tan DT-W, Chou T-Y, Tsai I-S,
Li L, Hsieh S-L. 2012. CLEC5A regulates Japanese encephalitis virus-
induced neuroinflammation and lethality. PLoS Pathog 8:21002655. http
s://doi.org/10.1371/journal.ppat.1002655

Karim M, Saul S, Ghita L, Sahoo MK, Ye C, Bhalla N, Lo C-W, Jin J, Park J-G,
Martinez-Gualda B, East MP, Johnson GL, Pinsky BA, Martinez-Sobrido L,
Asquith CRM, Narayanan A, De Jonghe S, Einav S. 2022. Numb-
associated kinases are required for SARS-CoV-2 infection and are cellular
targets for antiviral strategies. Antiviral Res 204:105367. https://doi.org/1
0.1016/j.antiviral.2022.105367

Mainou BA, Dermody TS. 2011. Src kinase mediates productive
endocytic sorting of reovirus during cell entry. J Virol 85:3203-3213. http
s://doi.org/10.1128/JV1.02056-10

Delorme-Axford E, Sadovsky Y, Coyne CB. 2013. Lipid raft- and SRC
family kinase-dependent entry of coxsackievirus B into human placental
trophoblasts. J Virol 87:8569-8581. https://doi.org/10.1128/JV1.00708-13
Kumar R, Agrawal T, Khan NA, Nakayama Y, Medigeshi GR. 2016.
Identification and characterization of the role of c-terminal Src kinase in
dengue virus replication. Sci Rep 6:30490. https://doi.org/10.1038/srep3
0490

Chuong C, Bates TA, Weger-Lucarelli J. 2019. Infectious cDNA clones of
two strains of Mayaro virus for studies on viral pathogenesis and vaccine
development. Virology (Auckl) 535:227-231. https://doi.org/10.1016/j.vir
01.2019.07.013

10.1128/jvi.00241-25 18

Downloaded from https://journals.asm.org/journal/jvi on 21 April 2026 by 164.73.80.123.


https://doi.org/10.1128/JVI.01331-07
https://doi.org/10.1126/science.282.5396.2079
https://doi.org/10.1128/JVI.02110-13
https://doi.org/10.1073/pnas.2119676119
https://doi.org/10.1074/jbc.M405319200
https://doi.org/10.1083/jcb.200409049
https://doi.org/10.1038/ncb3463
https://doi.org/10.1091/mbc.01-05-0273
https://doi.org/10.1006/viro.1994.1001
https://doi.org/10.1016/S0006-291X(03)00542-4
https://doi.org/10.1074/jbc.M114.591313
https://doi.org/10.1074/jbc.M116.733402
https://doi.org/10.1042/BST20180590
https://doi.org/10.1111/fcp.12097
https://doi.org/10.3389/fmicb.2019.00401
https://doi.org/10.1371/journal.ppat.1003510
https://doi.org/10.1371/journal.ppat.1001238
https://doi.org/10.1128/JVI.02141-13
https://doi.org/10.1038/srep25120
https://doi.org/10.1038/s41467-022-29896-z
https://doi.org/10.1186/s12929-023-00901-x
https://doi.org/10.1182/blood-2014-06-585299
https://doi.org/10.1002/cm.21718
https://doi.org/10.1128/JVI.01140-08
https://doi.org/10.1111/cmi.12078
https://doi.org/10.1038/nature07013
https://doi.org/10.1371/journal.ppat.1002655
https://doi.org/10.1016/j.antiviral.2022.105367
https://doi.org/10.1128/JVI.02056-10
https://doi.org/10.1128/JVI.00708-13
https://doi.org/10.1038/srep30490
https://doi.org/10.1016/j.virol.2019.07.013
https://doi.org/10.1128/jvi.00241-25

	Phospho-activated non-muscle myosin IIA heavy chain supports different mechanisms of virus uptake
	RESULTS
	MYH9 enhances viral infection in human and mouse cells
	The ATPase activity and self-assembly of MYH9 promote infection of viruses exploiting different uptake mechanisms
	Viral invasion drives the translocation of MYH9 to the plasma membrane
	MYH9 supports post-binding steps of virus entry
	Tyrosine phosphorylation of MYH9 is essential for its role in virus entry
	Src family kinases likely phosphorylate MYH9 upon virus entry

	DISCUSSION
	MATERIALS AND METHODS
	Mice
	Cell lines and viruses
	Virus titration
	RNA interference
	Chemicals
	Generation of mouse primary cells
	In vitro and ex vivo infections
	Western blot
	Immunoprecipitation of endogenous proteins
	Nucleic acid isolation and RT-qPCR
	Confocal microscopy
	Virus entry assays
	Generation of MYH9 mutant constructs
	DNA transfection
	Statistical analysis



