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Emerging microbe infections, such as Zika virus (ZIKV), pose an
increasing threat to human health. Investigations on ZIKV replica-
tion have revealed the construction of replication complexes (RCs),
but the role of cytoskeleton in this process is largely unknown.
Here, we investigated the function of cytoskeletal intermediate fil-
ament protein vimentin in the life cycle of ZIKV infection. Using
advanced imaging techniques, we uncovered that vimentin fila-
ments undergo drastic reorganization upon viral protein synthesis
to form a perinuclear cage-like structure that embraces and con-
centrates RCs. Genetic removal of vimentin markedly disrupted
the integrity of RCs and resulted in fragmented subcellular disper-
sion of viral proteins. This led to reduced viral genome replication,
viral protein production, and release of infectious virions, without
interrupting viral binding and entry. Furthermore, mass spectrom-
etry and RNA-sequencing screens identified interactions and inter-
play between vimentin and hundreds of endoplasmic reticulum
(ER)-resident RNA-binding proteins. Among them, the cytoplasmic-
region of ribosome receptor binding protein 1, an ER transmem-
brane protein that directly binds viral RNA, interacted with andwas
regulated by vimentin, resulting in modulation of ZIKV replication.
Together, the data in our work reveal a dual role for vimentin as a
structural element for RC integrity and as an RNA-binding-regulat-
ing hub during ZIKV infection, thus unveiling a layer of interplay
between Zika virus and host cell.
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Z ika virus (ZIKV), a mosquito-borne enveloped RNA virus
that belongs to the Flaviviridae family, has gained notoriety

recently, due to its explosive outbreaks and association with
serious clinical diseases, such as Guillain-Barr�e syndrome in
adults and microcephaly in newborns (1–4). Currently, no
ZIKV-specific therapies or prophylactic vaccines are available
(5). ZIKV genome is a positive-sense, single-stranded RNA
[ssRNA(+)] (6). The viral replication occurs on the surface of
the endoplasmic reticulum (ER), where the double-strand
RNA (dsRNA) is synthesized from viral genomic ssRNA(+)
and transcribed into new proteins (7, 8). The viral genome is
translated into a polyprotein, which is proteolytically processed
into three structural proteins (capsid [C], precursor membrane
[prM], and envelop [Env]) and seven nonstructural proteins
(NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5), by both host
and viral proteases (9, 10). ZIKV infection can rewire cellular
components to establish viral replication complexes (RCs),
which increase the local concentration of viral and cellular fac-
tors for efficient viral replication (11–13). However, the func-
tion of rewired cytoskeleton network remains elusive in ZIKV
infection.

Vimentin is the most abundant intermediate filaments (IFs),
which generally surrounds the nucleus and extends throughout
the cytoplasm, providing help to important biological processes,
such as organelle positioning, cell migration, and cell signaling
(14). Except for acting as an integrator of cellular mechanical
functions, the highly dynamic nature of vimentin filaments ena-
bles it to respond rapidly to pathological stimuli (15). Several
studies have observed the phenomenon of vimentin network
rearrangement in viral infections and proposed that the role of
intact vimentin scaffold could contribute to the viral life cycle
(16–21). However, evidence for the dynamic changes of vimen-
tin IFs during ZIKV infection and its contribution to RCs
integrity and stability remain understudied.

In addition to providing a structural scaffold, there is evi-
dence indicating that cytoskeletal proteins also regulate transla-
tional apparatus (22). For example, ribosomes can physically
associate with microtubules (MTs) and F-actin in different cells
(23, 24). Disorganization of F-actin by cytochalasin D impairs
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local protein synthesis in isolated axoplasmic nerve fibers (25).
The interaction between keratin IFs and the Y subunit of
eukaryotic elongation factor-1 (eEF1BY) plays an essential role
in protein synthesis (26). MTs can bind to the cytoplasmic tail
of RRBP1 and take part in ER organization and neuronal
polarity (27, 28). However, information on the spatial and func-
tional relationship between vimentin IFs and the translational
machinery, especially in the context of virus infection, remain
completely unknown.

In this study, we investigated the function of vimentin IFs in
ZIKV infection. By monitoring spatial-temporal responses of the
cellular vimentin network throughout various steps of the ZIKV
life cycle, we demonstrated that ZIKV infection induces massive
rearrangements of cytoplasmic vimentin. When vimentin protein
was genetically depleted from cells, distribution of viral proteins is
scattered within infected cells, indicating its “organizer” role. Viral
RNA replication, protein synthesis, and virion release are subse-
quently reduced. Using mass spectrometry (MS) and RNA-
sequencing (RNA-seq) analysis, we discovered many intimate
interactions between vimentin and RNA-binding proteins (RBPs),
and that vimentin facilitates ZIKV RNA replication by interacting
with and regulating the level and subcellular distribution of
RRBP1, indicating its “regulator” role. Thus, our work establishes
important connections among vimentin filaments dynamics,
ZIKV RCs, and cellular RBPs in highly effective infection.

Results
ZIKV Infection Induces Drastic Cellular Vimentin Rearrangement
and Formation of Cage-Like Structures. To study whether host
cytoskeletal proteins respond to ZIKV infection, we examined
the vimentin network using an established model with human
osteosarcoma cells (U2OS) that express abundant cytoskeletal
filaments and are highly susceptible to viruses (29–31) (Fig. 1 A
and D). The cells were infected with an ZIKV Asian lineage
strain, SZ01, and fixed at different time points (hours) postin-
fection (hpi). Viral nonstructural protein NS4B, which colocal-
ized with structural protein envelop (Env) (SI Appendix, Fig.
S1A) and endogenous vimentin, were visualized by immunoflu-
orescence. In mock-infected cells, vimentin filaments showed
perinuclear localization and radiated toward the cell periphery
with apparent filamentous structure (Fig. 1A). However, the
localization of vimentin rearranged markedly and formed com-
pact aggregation together with viral protein near the nucleus,
without any notable changes on cell size and overall morphol-
ogy, within 48 hpi (Fig. 1 A and B).

A time-course study showed that viral RNA replication initi-
ated from 8 hpi and reached to a plateau at 36 hpi and onward;
concurrently, viral proteins start to synthetize from 12 hpi and
become more pronounced afterward (Fig. 1 C and D). It was
evident from the quantification that both viral RNA appear-
ance and protein synthesis started before the virus-induced
vimentin rearrangement, which was not yet initiated at 16 hpi.
The vimentin compartments only appeared to shrink at around
24 hpi, and progressively reached a plateau at 36 hpi (Fig. 1
B–D). This suggests that vimentin concentration is not required
to initiate virus replication. Instead, the emergence of viral pro-
teins may act as a trigger for the vimentin rearrangements to
occur. At the protein levels, however, cytoskeletal components—
including actin, tubulin, and vimentin—were similar between
ZIKV-infected and mock-infected cells throughout the infection
lifecycle (Fig. 1D).

To describe the detailed dynamics of vimentin filament rear-
rangement, we generated a vimentin-mCherry stable-expression
U2OS cell line and performed live-cell imaging analysis. A high
multiplicity of infection (MOI) of input virus was used to achieve
infection of every cell recorded. In mock-infected cells, no appar-
ent changes of vimentin were observed within a 30-h monitoring

period (Fig. 1E). In contrast, vimentin filaments gradually gath-
ered around the nucleus from ∼20 hpi and progressively intensi-
fied in ZIKV-infected cells (Fig. 1E and Movies S1 and S2).

ZIKV multiplies in perinuclear RCs (32, 33). In order to
gain insight into the spatial relationship between vimentin and
viral protein, we took advantage of the three-dimensional–
structured illumination microscopy (3D-SIM) for superresolu-
tion visualization. Side views of 3D images discovered that
vimentin filaments form a hollow cage-like structure that wrap
structural protein Env as well as nonstructural proteins NS1
and NS4B (Fig. 1F and SI Appendix, Fig. S2D). Furthermore,
electronic microscopy elaborated events of enrichment of
IF-like filaments next to the concentrated area of viral particles
in the perinuclear region (Fig. 1G and SI Appendix, Fig. S2E).
Together, these imaging observations indicated that ZIKV
infection induced vimentin-cage formation around RCs.

Exogenous Expression of ZIKA Viral Protein Leads to Vimentin
Enrichment in the Perinuclear Area. To further dissect the role of
viral protein in vimentin rearrangement, we transfected
vimentin-mCherry–expressing cells with EGFP-tagged Env pro-
tein and monitored vimentin dynamics. The results showed that
during 1.5-h real-time monitoring after overnight transfection,
vimentin filaments and viral Env protein accumulated next to
the nucleus synchronously (Fig. 2A and Movie S3). By tracing
the fluorescent intensity in the perinuclear region, vimentin was
found to be gathered densely (Fig. 2B).

Moreover, the retrograde movement of vimentin filaments
gather the scattered viral protein, as visualized by individual
fluorescent foci, to the perinucleus region (Fig. 2C and Movie
S4), indicating a potential role of vimentin being as a proviral
factor. Considering a general phenomenon that vimentin could
form a cage around aggregated protein during aggresome for-
mation (34, 35), we performed a solubility assay to elaborate
whether viral proteins might form aggregates to trigger vimen-
tin rearrangement during ZIKV infection. The results showed
that both viral Env and NS4B proteins gradually formed insolu-
ble aggregates starting from 24 to 48 hpi (SI Appendix, Fig.
S2F). However, the vimentin cage has already been formed at
16 to 24 hpi, which is apparent earlier than viral proteins form-
ing aggregates (Fig. 1A). Consistent with the results in Fig. 1
B–D, these data suggest that vimentin in this context is not to
be recruited by insoluble aggregates of viral proteins, but rather
that viral protein production initiated from 16 hpi may serve as
a trigger for vimentin rearrangement.

Host Vimentin Acts as an Organizer for the Integrity of Viral RCs
and Is Required for Efficient Infection. Vimentin has gained more
attention on its roles in various viral infections (16–21, 36). To
determine whether there is a causal relationship between
vimentin rearrangement and ZIKV infection, we used a
CRISPR/Cas9 method to establish vimentin-knockout (KO) in
U2OS and Huh7 cells, both of which are highly susceptible for
ZIKV infection (12, 31) (SI Appendix, Fig. S3 A and B). Results
showed that reducing vimentin levels neither affected the cell
viability nor cell growth (SI Appendix, Fig. S3 C–E). We next
used a lentiviral system to establish vimentin KO full-length
rescue cells, and verified the levels of vimentin protein express
in these cells by Western blot (SI Appendix, Fig. S3A).

In these cells, we observed not only similar vimentin network
shrinkage and formation of a concrete compartment for viral
RCs, but also viral protein localization at a subcellular level
(Fig. 3A). Intriguingly, viral protein staining for NS4B, Env,
and NS1 displayed a piecemeal and consistent distribution in
vimentin KO cells (Fig. 3A and SI Appendix, Fig. S3 F–H),
which is rarely seen in wild-type cells. It has been reported that
the RCs during dengue virus type 2 (DENV-2) infection
became diffused throughout the cytoplasm when vimentin was
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nified area shown in the corresponding color image on the Right. IFs, intermediate filaments indicated with magenta lines; MTs, microtubules indicated
with green lines; vRCs, viral RCs indicated with blue circle. (Scale bars, 500 nm in the cell images and in the magnified images).

CE
LL

BI
O
LO

G
Y

Zhang et al.
Host cytoskeletal vimentin serves as a structural organizer and an
RNA-binding protein regulator to facilitate Zika viral replication

PNAS j 3 of 12
https://doi.org/10.1073/pnas.2113909119



knocked down by small-interfering RNA (siRNA) (37). Differ-
ently, we witnessed here that ZIKV RCs are scattered into
lumps rather than evenly diffused as in the DENV-2 case, indi-
cating a distinct dispersion feature regulated by vimentin upon
ZIKV infection. Moreover, depletion of vimentin dramatically
increases the proportion of partitioned cellular viral protein
compartments up to 85% and reduces the total viral protein
area, both of which can be fully rescued when full-length
vimentin was reintroduced (Fig. 3 A–C). Nevertheless, vimentin
that forms unit-length filaments (ULF) or squiggles was not
able to fully rescue the viral dispersion phenotype observed in
infected cells (Fig. 3 A and B).

How does this scattered subcellular distribution of viral pro-
tein influence viral replication? To address this, we subse-
quently measured viral genome replication by qRT-PCR and
viral protein expression by Western blot in vimentin KO cells.
It is apparent that the absence of vimentin caused significant
reduction of viral RNA copies and viral protein levels at both
24 and 48 hpi (Fig. 3 D and E), and reintroducing vimentin par-
tially rescued the viral protein expression (Fig. 3E). Virus titer
was further measured and, as expected, there was at least
20-fold less of viruses released from vimentin-depleted cells at
48 hpi (Fig. 3F). Similarly, in Huh7 cells, vimentin depletion

showed defective infection as that in U2OS cells (SI Appendix,
Fig. S3 I–K).

By immunostaining and flow cytometry, fewer infected cells
were detected in a vimentin-depletion background at 24 and 48
hpi, the fast replication period during the viral life cycle (Fig. 3
G and H), suggesting that vimentin is critical for efficient ZIKV
infection. Taken together, these data show that depletion of
host vimentin leads to compromised viral infection, as demon-
strated by less genome replication, reduced protein expression,
and fewer particle production, most probably as a result of the
disruption of the integrity of concentrated perinucleus RCs.

Vimentin Depletion Compromises Viral Genome and Protein Synthesis
without Affecting Viral Binding and Entry to the Host Cell. To further
investigate the function of vimentin, a time course of infection
experiment was performed. Changes of viral RNA copies in
wild-type and vimentin KO cells were confirmed by qRT-PCR.
Although the viral RNA numbers were the same at the begin-
ning of infection, their copies in vimentin KO cells were consis-
tently lower than that in wild-type cells during the later period
of infection (Fig. 4A). Apart from the replication dynamics of
viral genome, viral proteins in both backgrounds accumulated
gradually, but vimentin depletion led to a slower accumulation
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and, thus, much less viral Env and NS4B protein expression at
each time point from 16 hpi onwards (e.g., 20, 24, 36, and 48
hpi), compared to wild-type cells (Fig. 4B).

The observed low levels of viral Env protein expression in
vimentin KO cells could be due to a decrease in protein

biogenesis and an increase in protein degradation. We there-
fore tested whether vimentin could influence the stability of
ZIKV proteins. Plasmid expressing Env–EGFP and NS4B–
EGFP fusion proteins were transiently transfected into cells,
respectively, and analyzed by Western blot 48 h later (Fig. 4C).
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PCR, Western blotting, and plaque assay, respectively. Numbers in the blots indicated the levels of ZIKV proteins normalized to GAPDH. Results from three
independent experiments are shown. ***P < 0.001 (two-way ANOVA test). (G) Percentage of infected WT and VIM KO cells (MOI = 1, 48 hpi) measured
by flow cytometry. (H) Percentage of infected WT and VIM KO cells (MOI = 5) measured by immunofluorescence. Cell were fixed and immunostained to
visualize ZIKV NS4B and nucleus. (Scale bars, 100 μm.) Error bars indicated means ± SEM.
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The results showed that vimentin depletion dramatically
reduced the exogenous expression of both Env–EGFP and
NS4B–EGFP (Fig. 4 D–F). We next treated cells with cyclohexi-
mide (CHX, 20 μg/mL for 11 h) to inhibit protein translation,
and found that both viral Env and NS4B were relatively stable
in both wild-type and vimentin KO cells (Fig. 4D). These
suggest that vimentin acts on protein biosynthesis but not

degradation. The following experiments further confirmed this
assertion.

There are two classic destinations for cellular protein degra-
dation regulated by proteasomal and lysosomal pathways. To
further analyze whether depletion of vimentin promotes the
degradation of viral protein and via which way, cells transfected
with Env–EGFP and NS4B–EGFP, respectively, were treated
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Fig. 4. Depletion of vimentin influences the production of viral components after entering cells. (A) Time course of accumulated intracellular ZIKV RNA
in infected U2OS WT and VIM KO cells (MOI = 0.1) measured by qRT-PCR. The values were relative to WT at 0.5 hpi. Error bars indicated means ± SEM,
***P < 0.001 (unpaired t test). (B) Time course of accumulated intracellular ZIKV Env and NS4B protein in infected WT and VIM KO cells (MOI = 0.1) mea-
sured by Western blots. Numbers in the blots indicated the levels of ZIKV Env or NS4B normalized to GAPDH. (C) The schematic diagram of drug treat-
ment experiment. Cells were transiently transfected with E-EGFP plasmid for 36 h, and then treated with MG132 (10 μM), NH4Cl (25 mM), and CHX (20
μg/mL) for 11 h. (D) Western blotting analysis of viral protein upon CHX treatment. (E) Western blotting analysis of viral protein upon MG132 treatment,
where detection of P21 accumulation serves as positive control. (F) Western blotting analysis of viral protein upon NH4Cl treatment, where detection of
LC3 accumulation serves as positive control. (G) The schematic diagram of ZIKV binding and entry assay. (H) ZIKV RNA levels from bound and internalized
ZIKV were measured by qRT-PCR. Means ± SEM from three independent experiments is shown. ns P > 0.05 (two-way ANOVA test).
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with proteasomal specific inhibitor MG132 (10 μM for 11 h), or
lysosomal specific inhibitor ammonium chloride (NH4Cl) (25
mM for 11 h) (Fig. 4C). Immunoblot analysis showed that the
levels of Env and NS4B apparently increased after MG132
treatment (Fig. 4E), but were not influenced by NH4Cl applica-
tion (Fig. 4F). Concurrently, p21 and LC3, known proteins for
proteasome and lysosomal degradation, respectively, were cho-
sen as positive controls for these experiments. Combing results
of the increased viral protein upon MG132 treatment but not
NH4Cl treatment, it is reasonable to conclude that viral pro-
teins were degraded mainly via proteasomal pathway and
vimentin depletion does not interrupt the degradation of viral
protein.

Given that vimentin shrinking was visualized from 24 hpi but
not before, we speculated that the early steps of viral replica-
tion were not affected in vimentin depletion cells. To confirm
this, we used two assays to examine binding and entry steps
(Fig. 4H), respectively. Cells were infected by ZIKV for 1 h at
4 °C, directly or incubated for 1 more hour at 37 °C, washed,
and then cell lysates collected for measurement of RNA copies
by qRT-PCR (Fig. 4G). The results confirmed that both the
binding and entry of ZIKV are similarly efficient in wild-type
and vimentin KO cells (Fig. 4H). Collectively, these results sug-
gest that vimentin acts on the production and accumulation of
ZIKV proteins as well as the efficient replication of ZIKV
RNA, without influencing viral internalization.

A Large Number of Host RBPs Interact with and Are Being
Regulated by Vimentin During ZIKV Infection. Since the perinu-
clear expression of vimentin is highly associated with the ER
where viral RNA replication and protein translation take place,
we speculate that aside from being a structural scaffold, vimen-
tin may interact with host factors that regulate viral RNA tran-
scription and subsequent protein synthesis. To test this, we
implemented MS analysis to identify proteins interacting with
vimentin, and subjected 1,050 candidates to gene ontology
(GO) analyses by DAVID (The Database for Annotation, Visu-
alization and Integrated Discovery). The recognized vimentin
interactors were classified based on three taxonomic features,
including molecular function, cellular component, and biological
process. From the classification analysis, we found that a large
proportion of candidates interacted with vimentin are RBPs and
ribosome components (Fig. 5A), and they are intimately related
to RNA processing, translation, and viral transcription (Fig. 5B).
Importantly, GO annotation revealed a significant enrichment of
ER components with vimentin (Fig. 5C), indicating that vimentin
is the principal factor that interacts with ER-associated RBPs in
host cells.

To complement with the interactome assay, RNA-seq was
subsequently applied to analyze the variations of global gene
transcription in both wild-type and vimentin KO cells infected
with ZIKV. A total of 1,408 genes were significantly affected
(P < 0.05), including 518 up- and 890 down-regulated genes in
a vimentin-depletion background upon ZIKV infection (SI
Appendix, Fig. S4A). Among the down-regulated hits, there are
many ER-localized genes related to dsRNA binding and tran-
scription regulation (SI Appendix, Fig. S4 B and C), as well as a
large proportion of genes involved in antiviral immune and
inflammatory response (Fig. 5D). Together with the MS result,
we conclude that aside from contributing to RC scaffolding,
which provides a structural support, vimentin is also involved in
processing viral RNA replication and serving a functional role.

Given the critical role of ER in ZIKV infection, we more care-
fully examined candidates with ER localization in both MS and
RNA-seq results (Fig. 5 E and F). By investigating ER-annotated
candidates, we obtained the top 15 vimentin-interacting proteins
by setting the threshold of interacting peptides coverage over
30% from MS results (Fig. 5E and SI Appendix, Table S1).

Concurrently, RNA-seq data were analyzed and the results
demonstrated dramatical changes of the mRNA levels of many
ER-associated genes, among them, 80% of significantly differen-
tially expressed genes were down-regulated (Fig. 5F). By cross-
checking MS and RNA-seq candidates, ER-resident RRBP1
(also known as p180) was recognized as the only common hit,
which shows high endogenous expression in wild-type and sub-
stantially down-regulated expression in vimentin KO cells during
ZIKV infection (Fig. 5F). Of note, it has been recently reported
that RRBP1 play a pronounced role in flaviviruses (e.g., DENV,
ZIKV) infection by directly binding to viral RNA (38). We thus
focused on RRBP1, and asked how the interaction between
vimentin and RRBP1 influence ZIKV infection.

Host Vimentin Acts as a Regulator to Interact and Modulate
ER-Resident RRBP1 to Facilitate ZIKV Infection. RRBP1 contains a
short ER luminal domain, a transmembrane domain, and a
large cytoplasmic domain containing a tandem repeat motif
(39) (Fig. 6A). RRBP1 peptides interacting with vimentin iden-
tified from MS were located mostly in the cytoplasmic coiled-
coil region (25 of 28 recognized peptides) (Fig. 6A and SI
Appendix, Table S2). We subsequently performed the pull-down
assay by using purified His-tagged vimentin protein with an
RRBP1 antibody as probe. The results confirmed that RRBP1
indeed interacts with vimentin both in vitro and in cell-free con-
ditions (Fig. 6B).

Next, we explored the correlation between the cellular expres-
sion of vimentin and RRBP1 upon ZIKV infection. Immunofluo-
rescence results showed that in wild-type cells, both vimentin and
RRBP1 are accumulated around the nucleus where the ER net-
work resides (Fig. 6C and SI Appendix, Fig. S5 G and H). Upon
ZIKV infection, both vimentin and RRBP1 aggregated near the
nucleus and colocalized with dsRNA-staining positive viral RNA
(Fig. 6C and SI Appendix, Fig. S5A), indicating both of them
have participated in the viral RC process.

To elucidate the relationship between vimentin and RRBP1,
we compared the RNA level, protein level, and the localization
of RRBP1 in wild-type and vimentin KO cells. Results showed
that depletion of vimentin reduced both the mRNA and pro-
tein levels of RRBP1 to around 50%, and enlarged the cellular
distribution of RRBP1 (Fig. 6 D and E and SI Appendix, Fig.
S5 B–D). In contrast, deprivation of RRBP1 neither affects the
mRNA nor the protein level of vimentin (Fig. 6G and SI
Appendix, Fig. S5E). Imaging data showed that lacking vimentin
led to a decrease and concurrently expansion of the subcellular
viral RNA and RRBP1 in infected cells (Fig. 6 C–E and SI
Appendix, Fig. S5F).

Consistently, upon ZIKV infection, RRBP1 turned into scat-
tered segregation in vimentin KO cells, similar as segregated
viral proteins (Figs. 3A and 6C), indicating that disruption of
RC integrity by vimentin influenced not only viral components
but also host viral-binding components. It is subsequently noted
that the colocalization between RRBP1 and viral dsRNA were
significantly reduced, while the colocalization between RRBP1
and the ER was basically unchanged, in vimentin KO cells (Fig.
6 C and F and SI Appendix, Fig. S5 H and J), suggesting that
vimentin depletion reduced the combined abundance of viral-
host constituents in RCs, rather than the location of RRBP1 on
the ER. Given the expansive distribution of ER-located
RRBP1, we further investigated the effect of vimentin KO on
ER morphology. Surprisingly, depletion of vimentin resulted in
ER dispersion in both mock and ZIKV-infected conditions (SI
Appendix, Fig. S5 G–I), suggesting that vimentin is critical for
the subcellular distribution of the ER. Although dsRNA is
colocated with the ER in both wild-type and vimentin KO cells
(SI Appendix, Fig. S5 G and H), the ER tends to gather near
the nucleus where viral dsRNA accumulates in wild-type cells,
and becomes piecemeal together with dsRNA in vimentin KO
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cells (SI Appendix, Fig. S5 G–J), indicating that remodeled ER
subcellular localization is the reason for the scattered distribu-
tion of viral RC. Together, these data suggest that the intimate
connection between vimentin and the ER is essential for elabo-
rate remodeling of the ER during latter stages of ZIKV infec-
tion, ensuring the viral RC concentration around the nucleus.

The above results suggested that ER-located RRBP1 assists
viral RNA replication by close contact with viral RNA, and this
contact is regulated by vimentin. To verify this, we generated

RRBP1 knockdown (KD) cells in both wild-type and vimentin
KO background by short-hairpin RNA (shRNA) (Fig. 6G and
SI Appendix, Fig. S5 D and E) and then infected them with
ZIKV. Consistent with a previous study (38), RRBP1 KD
reduced viral RNA copies by about 40% (Fig. 6H). In compari-
son, the effect of vimentin depletion on the reduction of viral
genome replication was much more severe than that of RRBP1
KD; however, the double depletion has no additive effects (Fig.
6H), suggesting that RRBP1 and vimentin located in the same

A B

C D

E F

Fig. 5. Interaction between vimentin and ER-localized RNA-binding components affect ZIKV infection. (A–C) GO analysis of proteins interacting with
vimentin in A549 cells. (A) The top 10 significant GO terms in molecular function are shown in the bubble chart. (B) The top 10 significant GO terms in
biological process are shown in the bubble chart. (C) All 17 significant cellular components with count number greater than 50 genes are shown in the
bubble chart. (D) Biological process enrichment analysis of significantly down-regulated genes in ZIKV-infected VIM KO cells compared with infected WT
cells (MOI = 1, 24 hpi) by RNA-seq. The top 10 enriched terms are shown in the bubble chart. In A–D, the color of the bubbles displayed from red to blue
indicated the descending order of -log10(Padj). The sizes of the bubbles are displayed from small to large in ascending order of gene counts. The x and y
axis represent the gene ratio and the GO terms, respectively. (E) List of ER-located proteins interacting with vimentin by setting the coverage peptides
threshold over 30% from MS assay. (F) Heatmap of significantly differentially expressed genes (ER-annotated) between ZIKV infected U2OS WT and VIM
KO cells (MOI = 1, 24 hpi) identified by RNA-seq (n = 3 independent experiments per condition).
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regulating cascade during ZIKV infection. Next, synthesized
viral protein was analyzed. The absence of vimentin resulted in
significant reduction of structural protein Env, but the absence
of RRBP1 alone showed no obvious effect (Fig. 6I), indicating
that RRBP1 plays a role in viral RNA replication rather than
protein synthesis. Taken together, these results demonstrate a

pivotal role of vimentin as an upstream factor regulating one of
the known viral-binding host factors, RRBP1, to affect viral
RNA replication. Combined with omics analysis, these data fur-
ther suggest that aside from contributing to scaffolding RCs,
vimentin also acts as a hub molecule to interact with and regu-
late various RBPs. Both functions of vimentin are important

A B

D

E

F

C

G H I

Fig. 6. Vimentin interacts with ER-located RRBP1 to regulate ZIKV infection. (A) The domain structure of RRBP1 protein. Red lines represent the peptides
interacting with vimentin identified from MS. (B) In vitro binding assay of vimentin with RRBP1. Cell lysates were incubated with purified recombinant
his-tagged vimentin protein, and analyzed by anti-RRBP1 antibody in Western blotting. (C) Immunofluorescence images of vimentin, RRBP1, and ZIKV
RNA in WT and VIM KO cells infected with ZIKV (MOI = 5) for 24 h, and stained with anti-dsRNA, anti-RRBP1, and antivimentin antibodies and DAPI for
nucleus. (Scale bars, 15 μm.) (D and E) Quantifications of RRBP1 intensities (D) and areas (E) in noninfected (MOCK) WT and VIM KO cells. Each point rep-
resents a single cell. ***P < 0.001 (unpaired t test). (F) Quantification of the colocalization between RRBP1 and dsRNA in ZIKV-infected WT and VIM KO
cells by Pearson’s coefficients. Each point represents a single cell. ***P < 0.001 (unpaired t test). (G) Western blots demonstrated that RRBP1 was effi-
ciently knocked down by shRNA in both WT and VIM KO cells. Numbers in the blots indicated the levels of RRBP1 normalized to GAPDH. (H) Quantifica-
tions of ZIKV RNA copies detected by qRT-PCR, and normalized to GAPDH, in WT, RRBP1 KD, VIM KO, and RRBP1 KD;VIM KO conditions. The cells were
infected with ZIKV at MOI = 0.1 for 24 h, and the data are from three independent experiments. ***P < 0.001 (one-way ANOVA test). (I) Protein levels of
RRBP1, vimentin, ZIKV Env in WT and vimentin KO cells detected by Western blots, which were also probed with vimentin antibody to confirm the KO
efficiency and GAPDH antibody to verify equal sample loading.
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for facilitating efficient ZIKV replication and promoting
infection.

Discussion
In this study, we report the spatial-temporal rearrangement of
vimentin filaments induced by ZIKV infection. Importantly, we
reveal two major functions of host cell vimentin during ZIKV
infection: 1) organizer, as a structural support to increase the
local concentration of all necessary factors for high efficiency of
viral replication; and 2) regulator, by interacting with and regu-
lating RBPs, such as RRBP1, to facilitate viral replication. The
latter is unique as a time that vimentin has been demonstrated
to play a nonscaffold function in the context of virus infection.
Moreover, as vimentin provides a structural cage surrounding
RCs as organizer, their concentration also increases near RCs
that can positively enhance its regulator role. These two roles
complement one another to make an integrated view of vimen-
tin in regulating ZIKV replication.

Vimentin Cage Formation in Viral Infections. Viral infections
rewire cellular networks, especially endomembrane and cyto-
skeleton, to generate the viral RCs for efficient replication (11).
Thereby, various virus-induced structures—such as convoluted
membrane, zippered ER, invaginated vesicles, and vesicle pack-
et—play a crucial role in viral morphogenesis (13, 40, 41). How-
ever, the spatial structure features and the mechanisms of
morphological maintenance of such a complex remain elusive.
Our present study uses ZIKV to examine this issue. ZIKV
infection induces nestin, one of the IFs in neural stem and pro-
genitor cells, to restructure in the perinuclear region to wrap
around viral dsRNA (12). Although it has been reported that
ZIKV dsRNA colocalized with vimentin filaments to the peri-
nuclear region (42), the dynamic spatial correlation between
vimentin filaments and viral proteins of ZIKV, as well as the
function of vimentin in ZIKV infection, are unknown. Taking
advantage of imaging techniques, we found that ZIKV infection
led to vimentin remodeling and formation of cage-like struc-
tures that surround the RCs, long after the initiation of viral
RNA replication, but following more closely to viral protein
production (Fig. 1 C and E). This kinetic association between
host vimentin and viral products has been demonstrated by sev-
eral lines of evidence. 1) The appearance of vimentin shrinking
was ∼16 h from the commencement of infection, coincides with
the period of exponential increase of viral RNA replication
(Fig. 1C). 2) Vimentin filaments gradually accumulated to the
site of viral protein synthesis or RCs, to eventually form a
whole cage (Fig. 1A). 3) The cages could also be formed when
cells started to synthesis new viral proteins (Fig. 2 A and C).
Finally, 4) cage formation was not observed in cases where only
EGFP vectors were expressed, or medium without live viruses
was included (SI Appendix, Fig. S1G). Despite being unable to
prove a cause-and-effect mechanism yet, the above data
strongly suggest a link between ZIKV infection and vimen-
tin function.

In agreement with our data, vimentin rearrangement has been
observed in other experimental models of infection. In cells with
DENV-2 infection, vimentin has increased the interaction with
viral NS4A protein, and vimentin filaments gradually moved
toward the nucleus, and finally formed cage structures at around
48 hpi (37). In SARS-CoV-2 infection, the beginning of vimentin
retraction falls within the time frame (around 6.5 hpi) of genome
replication (43). We first characterize the spatial-temporal char-
acteristics of vimentin filaments in ZIKV infection. Both the time
of appearance and the colocalization in the perinuclear area for
the replication-assembly organelles, lead us to interpret that
vimentin sensed viral replication and formed a scaffold to facili-
tate viral replication.

The Need of Vimentin in Viral Infections. In line with the hypothe-
sis that the cytoskeleton cage observed in ZIKV infection might
contribute to spatially concentration of different viral-induced
membranous structures (12), we demonstrated that without the
cage formation after vimentin depletion, the ER is more disper-
sive (SI Appendix, Fig. S5 G–I), and RCs are misorganized and
segregated in the cytoplasm (Fig. 3A), leading to less efficient
synthesis of viral components, and lower overall infection effi-
ciency (Figs. 3 A, D–H and 4 A and B). Several studies report
IFs link to membranous organelles, such as mitochondria (44),
Golgi (45), and lysosome (46, 47). The relationship between
vimentin and the ER, especially in infection conditions, is wor-
thy of future study. Moreover, disruption of vimentin filaments
by a chemical Acrylamide significantly reduced the release of
both bluetongue virus and DENV-2 (48, 49). Treatment with
Withaferin A, a compound that disrupts vimentin network,
resulted in a significant reduction in SARS-CoV-2 replication
and virion released (43). Thus, it may be a common function in
viral infection that vimentin cage organizes the replication
structures and provides an optimal niche for the replication/
translation to occur.

The decreased viral protein level within cells may be due to
the reduced production or increased degradation. Vimentin has
been previously shown to regulate the proteasomal degradation
of hepatitis C virus (HCV) core protein to affect HCV produc-
tion (50). In contrast, by treatment with protein synthesis and
degradation inhibitors, we showed that ZIKV Env biogenesis,
but not its stability, was reduced in vimentin-depleted cells
(Fig. 4 C–F). Thus, why vimentin acts differently in different
viral infections remains to be determined.

The Nonstructural Role of Vimentin in Viral Infections. The ER is
an essential cellular compartment for completion of the virus
life cycle. During ZIKV replication, there is an accumulation of
viral components in the ER (13), and viral nonstructural pro-
teins can be incorporated into the ER membrane to create
invagination or protrusion vesicles for viral RNA replica-
tion (11).

Since viruses cannot encode all proteins necessary for their
life cycle, they usurp cellular protein biogenesis machineries,
such as ribosomal proteins (51), RBPs for viral RNA replica-
tion/transcription (52–54), and formation of the ER membrane
protein complex (55, 56). Noncoding subgenomic flavivirus
RNA (sfRNA) produced by ZIKV can interact with over 20
RBPs to regulate multiple cellular posttranscriptional pro-
cesses, and therefore limit effective response of these cells to
viral infection (57, 58). Four-hundred and sixty-four RBPs were
identified as being associated with DENV or ZIKV guide
RNAs, including previously reported candidates (e.g., heteroge-
neous nuclear ribonucleoproteins, polyadenylate-binding pro-
tein) that specifically associate with DENV RNA (38, 59–61),
and recently known RBPs vigilin and RRBP1, which were
reported to directly bind to DENVand ZIKV RNA (38).

In line with these discoveries, using MS and RNA-seq analy-
sis, we revealed that vimentin interacts with a large number of
RBPs and ribosomal proteins to regulate cellular transcription
and translation, enabling efficient ZIKV replication (Fig. 5).
Importantly, numbers of ER-located proteins interacting with
vimentin revealed from our screen data have been previously
demonstrated in ZIKV infection. For example, the chaperone
activity of binding immunoglobulin protein (BiP/GRP78/
HSPA5) promotes ZIKV infection by interacting with viral
envelop protein and cellular alkaline phosphatase (62–66).
ELAV-like RNA binding protein 1 (ELAVL1/HuR) interacts
with HCV 30UTR and increased HCV replication (67), whereas
it exhibits an antiviral effect in ZIKV infection (68). KD of
HYOU1 have dramatically reduced the viral titer of both ZIKV
and DENV (64). It is intriguing that our RNA-seq results
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reveal depletion of vimentin significantly reduced HYOU1 level
(Fig. 5F). Considering the interplay between cytoskeleton and
the ER membrane (69–72), it is tempting to speculate that
virus-induced vimentin cage not only provides physical space
for viral RCs accumulation, but equally importantly, interacts
with molecules involved in cellular transcription and translation
process, and thus promotes the efficiency of virus replication
from perspectives of both physical support and functional
control.

The Interaction between Vimentin and RRBP1. Among the numer-
ous candidates, we focused on the interaction between vimentin
and RRBP1, a positively charged membrane-bound protein
found in rough ER (73), because: 1) RRBP1 was identified as
the top candidates in both MS and RNA-seq examinations; and
2) RRBP1 could directly bind viral RNA and play a pro-
nounced role during DENVand ZIKV infection (38).

A previous study has identified that RRBP1 could mediate
the interaction between the ER and MTs via the novel
MT-binding and -bundling domain MTB-1 of the coiled-coil
region of RRBP1 (27). Overexpression of MTB-1 induced acet-
ylated MTs and promoted MT bundling (27). Moreover,
RRBP1 also regulates ER organization and controls axon spec-
ification by regulating local MT remodeling (28). Aside from
the interplay with MTs, our data demonstrate that RRBP1
colocalizes with ZIKV dsRNA, and KD of RRBP1 in wild-type
cells reduces ZIKV RNA replication (Fig. 6 C and H).

Significantly, our results are unique in identifying that vimentin
can directly bind to RRBP1 and influence its cellular localization
and expression level in both mock-infected and ZIKV-infected
cells. Since vimentin is generally considered to play mechanical
roles, such as improving the mechanical integrity of cells and
determining the mechanical strength and resilience of cells in
recent years (74), our discovery represents an improved under-
standing of the regulator role of vimentin, and the interplay
between cytoskeletal IFs and ER proteins, especially in the con-
text of virus infection. Of note, RRBP1 depletion has less effect

on viral replication than that of vimentin depletion (Fig. 6 H and I),
and RRBP1 expression has no significant influence on the cellular
distribution, mRNA and protein expression of vimentin, indicat-
ing RRBP1 acts through vimentin during ZIKV infection. Further
investigation is needed to determine whether other RBPs may
cooperate with vimentin to modulate ZIKV replication, and
whether this cooperation is a universal phenomenon during flavi-
virus infection. Identification of these factors not only benefits the
characterization of the biogenesis of ZIKV RCs, but also provides
potential candidates for developing broad-spectrum compounds
that restrict viral replication.

Materials and Methods
Human U2OS cells and Huh7 cells (and derived KO and full-length rescue cells)
were infected with ZIKV (SZ01 strain). Infected cells were analyzed for RNA
replication, protein expression, infectious virus production, viral RC localiza-
tion, and GO by qRT-PCR, Western blot, plague, immunofluorescence, trans-
mission electron microscopy, MS, and RNA-seq. The detailed information of
these techniques is described in SI Appendix.

Data Availability. TheMS proteomics data have been deposited to the Proteo-
meXchange Consortium via the publicly accessible PRIDE partner repository
(dataset identifier PXD027362). All RNA-seq data have been deposited into
the publicly accessible CNGB Sequence Archive (CNSA) of China National Gen-
eBank DataBase (CNGBdb) (accession no. CNP0002016). All other study data
are included in the main text and SI Appendix.
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