
Zika virus increases mind bomb 1 levels, causing degradation
of pericentriolar material 1 (PCM1) and dispersion of PCM1-
containing granules from the centrosome
Received for publication, September 6, 2019, and in revised form, October 28, 2019 Published, Papers in Press, October 30, 2019, DOI 10.1074/jbc.RA119.010973

Fayuan Wen‡1, Najealicka Armstrong‡1, Wangheng Hou‡1, Ruth Cruz-Cosme‡, Lilian Akello Obwolo‡,
Koko Ishizuka§, Hemayet Ullah¶, X Min-Hua Luo�, Akira Sawa§, and Qiyi Tang‡2

From the ‡Department of Microbiology, Howard University College of Medicine, Washington, D. C. 20059, the §Department of
Psychiatry and Behavioral Sciences, The Johns Hopkins University, Baltimore, Maryland 21218, the ¶Department of Biology,
Howard University, Washington, D. C. 20059, and the �State Key Laboratory of Virology, CAS Center for Excellence in Brain Science
and Intelligence Technology (CEBSIT), Wuhan Institute of Virology, Chinese Academy of Sciences, Wuhan, Hubei 430071, China

Edited by Craig E. Cameron

The centrosome is a cytoplasmic nonenveloped organelle
functioning as one of the microtubule-organizing centers and
composing a centriole center surrounded by pericentriolar mate-
rial (PCM) granules. PCM consists of many centrosomal proteins,
including PCM1 and centrosomal protein 131 (CEP131), and
helps maintain centrosome stability. Zika virus (ZIKV) is a fla-
vivirus of the family Flaviviridae whose RNA and viral particles
are replicated in the cytoplasm. However, how ZIKV interacts
with host cell components during its productive infection stage
is incompletely understood. Here, using several primate cell
lines, we report that ZIKV infection disrupts and disperses the
PCM granules. We demonstrate that PCM1- and CEP131-con-
taining granules are dispersed in ZIKV-infected cells, whereas
the centrioles remain intact. We found that ZIKV does not sig-
nificantly alter cellular skeletal proteins, and, hence, these pro-
teins may not be involved in the interaction between ZIKV and
centrosomal proteins. Moreover, ZIKV infection decreased
PCM1 and CEP131 protein, but not mRNA, levels. We further
found that the protease inhibitor MG132 prevents the decrease
in PCM1 and CEP131 levels and centriolar satellite dispersion.
Therefore, we hypothesized that ZIKV infection induces protea-
somal PCM1 and CEP131 degradation and thereby disrupts the
PCM granules. Supporting this hypothesis, we show that ZIKV
infection increases levels of mind bomb 1 (MIB1), previously
demonstrated to be an E3 ubiquitin ligase for PCM1 and
CEP131 and that ZIKV fails to degrade or disperse PCM in
MIB1-ko cells. Our results imply that ZIKV infection activates
MIB1-mediated ubiquitination that degrades PCM1 and CEP131,
leading to PCM granule dispersion.

Zika virus (ZIKV),3 an emerging mosquito-transmitted
pathogen, is causatively associated with neonatal microcephaly
when the infection occurs in pregnant women (1–3). ZIKV,
together with West Nile virus, yellow fever virus, Japanese
encephalitis virus, and Dengue fever virus, belongs to the family
Flaviviridae (4, 5). It is likely that interactions of viral proteins
with host factors determine the fate and/or efficiency of infec-
tion, pathogenicity, transmission, and epidemic potential. This
family of viruses has an enveloped icosahedral capsid that con-
tains a single-stranded RNA genome (about 11,000 nucleo-
tides) with positive sense (6). Therefore, the infected viral RNA
can be directly translated to a large polyprotein precursor,
which is co- and post-translationally processed by viral and
cellular proteases into three structural and seven nonstructural
(NS) proteins.

The centrosome is a cytoplasmic unenveloped organelle
functioning as one of the microtubule-organizing centers and
hence is an important regulator of cell-cycle progression (7–9).
It has been reported that the centrosome is important in differ-
ent biological processes, including cell proliferation, differenti-
ation, and development (10). The centrosome is essential for
cell-cycle regulation in eukaryotic cells because the perturba-
tion of core centrosomal or centrosome-associated proteins
results in cell-cycle dysregulation and certain cancers (11). A
centrosome contains a core of two centrioles arranged orthog-
onally. These two centrioles remain attached until mitosis.
Each centriole is composed of a nine-triplet microtubule
assembled in a tubular structure, with other components such
as centrin, cenexin, and tektin (10). Pericentriolar materials
(PCM) are the proteins surrounding the centriole, especially
the �-tubulin ring complexes (�-TuRCs). EM revealed that
PCM proteins form electron-dense granules of around 70 –100
nm in diameter localizing around the centrosome in various cell
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appearing daughter centrioles during centriole duplication in
replicating cells (12). The PCM proteins include �-tubulin,
pericentrin, and ninein and are responsible for microtubule
nucleation (13). Pericentriolar material 1 (PCM1, also known as
PTC4 or RET/PCM-1) and CEP131 (also called AZI1) are com-
ponents of centriolar satellites (14), which presents as cytoplas-
mic granules around the centrosome (15–19).

PCM1 is a 228-kDa coiled-coil protein with multiple iso-
forms that interacts with the cellular centrosome through the
G1, S, and part of G2 phases of the cell cycle, but disassociates
with the centriole at the late G2 and M phases (20). Studies by
depletion, mutation, or dysfunction of PCM1 demonstrated
that PCM1 comprises a structural platform for centriolar satel-
lites, is important for satellite particle assembly, and is essential
for the correct localization of several centrosomal proteins and
for anchoring microtubules to the centrosome (10). PCM-1
interacts with more than 50 different proteins, one of which is
CEP131. CEP131, a 131-kDa protein, is recruited to centriolar
satellites by PCM1 (21). The biological function of CEP131 is
largely unknown. Because ZIKV has been demonstrated to
affect stem cell division and proliferation, it is important to
know whether ZIKV infection could affect these proteins that
are related to centrosome.

Recently, we and other groups have investigated the ZIKV-
triggered centrosome abnormality. It was reported that ZIKV
infection caused disruption of the centrosome (22) and that
infection of ZIKV resulted in a significant increase of foci har-
boring centriolar markers and impaired spindle positioning
(23, 24). Furthermore, an ultrastructural study revealed that
ZIKV infection caused cytoskeletal changes that may have
unidentified effects on centrosomal function (25). Our present
studies show that ZIKV infection disrupts the association of
PCM1 and CEP131 with the centrosome and causes the Mib1-
mediated ubiquitination and proteasome-dependent degrada-
tion of PCM1 and CEP131.

Results

ZIKV infection disperses PCM1 from centrosome in SK-N-SH,
U-251MG, Vero, ARPE-19, neural stem cells (NSCs), and MRC-5
cells

The centriole is a barrel-like structure, composed of multiple
proteins, that resides at the core of the centrosome (26). Its
functions include recruiting PCM proteins and nucleating cen-
trosomes. Antibodies against pericentrin (PCNT), centrosomal
protein 135 (CEP135), or �-tubulin are commonly used to show
the loci of centrioles, and antibodies against CEP131 or PCM1
are used to show the pericentriolar materials by immunocyto-
chemistry (ICC). As shown in Fig. 1, ICC with anti-PCNT anti-
body shows only one or two condensed dots in each SK-N-SH
cell (Fig. 1A2). Other centrosome-related proteins are needed
for centrosome structure and maturation and stability, such as
PCM1 (Fig. 1A3). PCM1 is distributed in the cytoplasm with a
center domain where it associates with PCNT (Fig. 1, A1–A3).
The association between PCNT and PCM1 at the centriole can
be observed in many other cells, such as MRC-5, U-251MG,
ARPE-19, NSC, and Vero cells (Fig. 1D). We set out to know
whether this association could be affected by ZIKV infection.

Both MR766 (African strain) and PRVABC59 (Asian strain)
strains of ZIKV were used in this study, and the results from the
two strains are the same. We present the results from MR766 in
Fig. 1. At 24 h after MR766 infection of SK-N-SH cells, ICC
assays were performed to show the viral E protein and PCM1
(as shown in Fig. 1B) or E protein and PCNT (Fig. 1C). The
center condensed domain of PCM1 disappears with a dispersed
distribution around the cytosol of the ZIKV-infected SK-N-SH
cell, whereas the uninfected cell (leftmost cell in Fig. 1B3)
retains an intense PCM1 center. Although the PCM1 structure
is disrupted, the PCNT core distribution remains intact after
ZIKV infection (Fig. 1C3). A similar effect of ZIKV MR766 on
PCM1 has been observed in NSC, as shown in Fig. 2B. ZIKV
infection clearly dispersed the PCM1 granules in the NSC but
had no effects on PCNT (Fig. 2A) that colocalizes with PCM1 in
uninfected cells as shown in Fig. 2C.

We performed similar experiments in other ZIKV-permis-
sive cell lines (MRC-5, U-251MG, ARPE-19, and Vero) but
extended the infection time to 48 h, and the results were not
different among the different cells. We then counted the num-
ber of cells in which the PCM1 center domain was dispersed in
ZIKV-infected cells versus noninfected cells. The rate of PCM1
dispersion in noninfected cells is �5%, but the rate of PCM1
dispersion in ZIKV-infected cells ranges from 70 to 90% (Fig.
1E). Statistical analysis was carried out using a pairwise two-
tailed t test to compare the two groups (ZIKV-infected cells
versus noninfected cells), and the differences were significant
(Fig. 1E; *, p � 0.001). Therefore, our experimental results
demonstrate that ZIKV infection causes dispersion of PCM1
from the centriole. SK-N-SH, Vero, MRC-5, ARPE-19, and
U-251MG are all permissive for ZIKV replication (27). SK-
N-SH is a neuroblastoma cell line that displays epithelial mor-
phology, grows very well in adherent culture (28), and is fre-
quently used to study neural stem cell differentiation, so we
chose SK-N-SH cells for subsequent experiments.

As mentioned above, there were still a small portion of ZIKV-
infected cells that had intact PCM1. To show this, we took a
photograph under the confocal immunofluorescence micro-
scope with a �40 lens so that more cells could be visualized. As
shown in Fig. 1F, SK-N-SH cells were infected with ZIKV at an
MOI of 1 for 24 h. IFA was performed to detect the viral protein
(NS3) and cellular protein (PCM1). Among the 14 ZIKV-in-
fected cells (shown by anti-NS3 antibody in green as indicated
by the stars), only five of them contain intact PCM1 granules
(indicated by red stars). PCM1 granules in all of the other
ZIKV-infected cells are dispersed as indicated by white stars. If
the viral infection is extended to 48 h, the dispersion of PCM1
can reach higher rates. We also demonstrated that ZIKV PRV-
ABC59 had PCM1-dispersing effects as shown in Fig. 3.

Like PCNT, CEP135 is another centriolar protein because it
forms a core structure within nascent centrioles (29, 30), so we
further examined the centriole using ICC to test whether ZIKV
infection modifies the morphology of CEP135. After ZIKV
MR766 infection for 48 h at an MOI of 0.5, the SK-N-SH cells
were stained for CEP135 in green and NS3 in red (Fig. 4A). One
or two centrioles can be seen in the infected cells (top two cells)
and are intact as in uninfected cells (bottom one cell). No signif-
icant modifications in numbers and volume of the CEP135 were
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observed upon ZIKV infection. These results are consistent
with the observation for PCNT as shown in Fig. 1C. Cytoskele-
ton proteins are reported to be related to biogenesis of centro-
some (31). To know whether ZIKV has any effects on cellular
morphology, we further examined the ZIKV infection in SK-

N-SH cells for cytoskeleton proteins, including �-tubulin, �-ac-
tin, and acetyl-�-tubulin. As shown in Fig. 4 (B–D), the pictures
were taken to include both infected and uninfected cells. We
did not observe a significant modification of the cytoskeleton
proteins by ZIKV infection. The results are reproducible in

Figure 1. ICC to show the interaction of ZIKV with centrosome proteins. A1–A4, relationship of PCNT and PCM1 in SK-N-SH cells. A1, merged image; A2,
PCNT to show the centriole; A3, PCM1 to show the PCM1 granules; A4, DAPI to show the nuclei. B, effects of ZIKV MR766 on PCM1 granules in SK-N-SH cells. B1,
merged image; B2, E protein to show the viral infection; B3, PCM1 to show the PCM1 granules; B4, DAPI to show the nuclei. C, effects of ZIKV MR766 on centriole
in SK-N-SH cells. C1, merged image; C2, E protein to show the ZIKV infection; C3, PCNT to show centriole; C4, DAPI. D, distribution of PCM1 and PCNT in different
cells. ICC was performed to show the relationship of PCNT (green) and PCM1 (red) in the cell line as indicated. PCNT and PCM1 colocalize in all of the cells: U251
MG, MRC-5, Vero, ARPE-19, and NSC. E, percentile of the cells in which the PCM1 was dispersed in different cells: MRC-5, U-251 MG, SK-N-SH, Vero, ARPE-19, and
NSC. The degree of significance was as follows: *, p � 0.001. F, same as B, but photographs were taken with a �40 lens so that more cells could be visualized.
Scale bar, 10 �m. Error bars, S.E.

Figure 2. ICC to show the interaction of ZIKV with centrosome proteins in NSC. A, PCNT was not affected by ZIKV infection. PCNT is shown in red, and ZIKV
infection is shown by E protein in green. DAPI was used to show the nuclei. B, effects of ZIKV MR766 on PCM1 granules in NSC cells. C, colocalization of PCNT and
PCM1. Scale bar, 10 �m.

Figure 3. ICC to examine the interaction of ZIKV PRVABC59 and PCM1. SK-N-SH cells were grown on coverslips and infected with ZIKV PRVABC59 at an MOI
of 0.5 for 24 h. The cells were then fixed for IFA to check viral protein (E protein in green) and cellular proteins (PCM1 in red). Scale bar, 10 �m.
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PRVABC59 infected cells. First, PCM1 was dispersed by ZIKV
PRVABC59 at 24 hpi in SKN-SH cells as shown in Fig. 3. In
addition, ZIKV PRVABC59 infection caused no significant
modification to cellular skeletal proteins, such as CEP135, �-tu-
bulin, acetyl-�-tubulin, and �-actin (Fig. 5). Therefore, the
results from the ICC assays suggest that ZIKV infection causes
the dispersion of PCM1, which is not due to ZIKV infection–
caused cytoskeleton alteration.

More interestingly, we were curious about whether other fla-
viviruses disperse PCM1 granules. For that purpose, we
infected SK-N-SH cells with DENV-2 for 24 h. The cells were
fixed and stained for DENV E protein in red and PCM1 in green
as shown in Fig. 6. As can be seen, the PCM1 dotlike structure

remains intact in both DENV- and mock-infected cells. There-
fore, it might be specific for ZIKV to cause dispersion of PCM1.

ZIKV infection caused dispersion of CEP131

Another PCM protein, CEP131, is associated with PCM1
(32) and responds to regulation of cell stress. We wanted to
determine whether ZIKV infection could cause the similar
alteration of CEP131. First, we performed IFA for SK-N-SH
cells to visualize the CEP131 and PCM1 at a normal state (unin-
fected cells). As shown in Fig. 7A, PCM1 (red) and CEP131
(green) presented as dotlike structures in the cytoplasm and
co-localized in almost all of the cells. Then we examined
the effects of ZIKV infection on CEP131 distribution. The

Figure 4. ICC to examine the interaction of ZIKV and cellular proteins. SK-N-SH cells were grown on coverslips and infected with ZIKV at an MOI of 0.5 for
24 h. The cells were then fixed for IFA to check viral protein (NS3) and cellular proteins. A, CEP135 to show centriole; B, �-tubulin; C, acetyl-�-tubulin; D, �-actin.
Scale bar, 10 �m.
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SK-N-SH cells were infected with ZIKV MR766 at an MOI of
0.5 for 24 h, fixed, and immunostained with anti-CEP131 (red)
and -NS3 (green). As can be seen in Fig. 7B, the dotlike structure
of CEP131 is dispersed in most ZIKV-infected cells. Therefore,
CEP131 is another PCM component that is dispersed following
ZIKV infection.

ZIKV infection induced ubiquitination and degradation of
PCM1, which can be prevented by a protease inhibitor, MG132

We noticed in the ICC experiments shown in Fig. 1 that
PCM1 density is much lower in the ZIKV-infected cells than in
mock-infected cells. This reduction may result from protein
instability and/or translational defects. To determine whether
proteasome-dependent protein degradation is involved in
PCM1 dispersion after ZIKV infection, we selected MG132, a
well-known inhibitor of proteasome-dependent protein degra-
dation. The SK-N-SH cells were infected with ZIKV MR766 at

an MOI of 1, and the medium was changed to contain 10 �M

MG132 or no MG132 12 h before collecting samples. Mock-
infected cells were used as a control. Whole-cell lysate samples
were then collected at 24 or 48 hpi. Western blotting assays
were performed to examine the levels of PCM1. As shown in
Fig. 8A, the ZIKV-infected cells have much less PCM1. How-
ever, when the cells were treated with 10 �M MG132, the PCM1
degradation was prevented. Next, we tested for dose effects of
MG132 on protection of PCM1. As shown in Fig. 8B, we
infected SK-N-SH cells with ZIKV (MR766 on the left and PRV-
ABC59 on the right) at an MOI of 1 for 12 h, and the medium
was then changed to contain different concentrations of
MG132 as indicated and incubated for another 12 h. A mock
infection was used as control. Clearly, the cells that are treated
with more MG132 contain more undegraded PCM1, so the
protective effects of MG132 on PCM1 are dose-dependent.

Figure 5. ICC to examine the interaction of ZIKV PRVABC59 and cellular proteins. SK-N-SH cells were grown on coverslips and infected with ZIKV
PRVABC59 at an MOI of 0.5 for 24 h. The cells were then fixed for IFA to check viral protein (NS3) and cellular proteins. A, CEP135, to show centriole; B, �-tubulin;
C, acetyl-�-tubulin; D, �-actin. Top, ZIKV-infected cells; bottom, mock-infected cells.

Figure 6. ICC to examine the interaction of DENV and PCM1. SK-N-SH cells were grown on coverslips and infected with ZIKV PRVABC59 at an MOI of 0.5 for
24 h. The cells were then fixed for IFA to check viral protein (E protein in red) and cellular proteins (PCM1 in green). Scale bar, 10 �m.
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To determine whether ubiquitination is involved in the deg-
radation of PCM1, we performed an immunoprecipitation (IP)
assay using anti-PCM1 antibody to pull down the total PCM1
and then blotted with anti-ubiquitin or anti-PCM1 antibody.
As shown in Fig. 8C, the immunoprecipitated samples include
those from mock-infected cells (first lane), ZIKV-infected cells
(second lane), and ZIKV-infected cells treated with TAK-243,
which is a ubiquitin-activating enzyme (UAE) inhibitor (third
lane). TAK-243 (also called MLN7243) prevents the conju-
gation of ubiquitin to the protein through inhibition of
UAE1 (33). As shown in the input, ZIKV infection decreased
the protein level of PCM1, but treatment of TAK-243 res-
cued the degradation of PCM1. The co-IP results showed
that ZIKV infection enhanced the interaction of ubiquitin
with PCM1, and the interaction was inhibited by TAK-
243. Therefore, ubiquitination is utilized in viral PCM1
degradation.

MG132 prevents the dispersion of PCM1 by ZIKV infection

Next, we asked whether the dispersion of PCM1 granules
depends on the proteasomal degradation of PCM1 protein. In
doing so, we infected the SK-N-SH cells with ZIKV MR766 at an
MOI of 1 for 24 h and then added MG132 at a final concentration
of 10 �M, and 12 h later, the cells were fixed for an immunofluo-
rescent assay. A no-MG132 group was used as control as shown on
the left side of Fig. 9A. Consistently, as shown in Fig. 9 (A and B), we
found that the presence of MG132 prevents the dispersion of PCM1.
Therefore, the dispersion of PCM1 induced by ZIKV-infection
involves a process of ubiquitination and proteasomal degradation.

ZIKV infection induced protein levels of Mib1, but not PCM1 or
CEP131

To determine whether a PCM1 gene suppression occurs
upon ZIKV infection at the transcriptional level, we performed

Figure 7. ICC to examine the interaction of CEP131 with PCM1 and ZIKV protein. A, PCM1 and CEP131 colocalize in SK-N-SH cells. The photograph was
taken with a �40 lens. B, CEP131 was dispersed by ZIKV infection (MOI of 0.5) in SK-N-SH cells for 24 h. The photograph was taken with a �40 lens. Scale bar,
10 �m.

Figure 8. Degradation of PCM1 by ZIKV in SK-N-SH cells. A, Western blotting assay to examine the levels of PCM1 and Mib1 in SK-N-SH cells that are infected
or mock-infected with ZIKV at an MOI of 1 in the presence or absence of MG132 (10 �M). The MG132 was added 12 h before sample collection. NS3 shows viral
infection, and tubulin is for control of sample loading. B, Western blotting assay to determine the dose dependence of MG132 in inhibiting the degradation of
PCM1 by ZIKV. SK-N-SH cells were infected with ZIKV at an MOI of 1 for 24 h. The MG132 was added 12 h before collecting the samples. C, immunoprecipitation
and Western blotting assays to determine ubiquitination of PCM1. The whole-cell lysate from mock-infected SK-N-SH cells, ZIKV-infected SK-N-SH cells, or
ZIKV-infected SK-N-SH cells treated with TAK-243 (MLN7243) (purchased from Chemietek, catalog no. AOB87172) was incubated with anti-PCM1 and protein
G beads; the beads were washed; and the eluted samples were probed with anti-PCM1 or anti-ubiquitin antibody.
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real-time RT-PCR as shown in Fig. 10 to determine the mRNA
level. The total RNA was isolated from either mock-infected or
ZIKV-infected (at an MOI of 1) SK-N-SH cells. Real-time RT-
PCR was performed for PCM1, PCNT, CEP131, and PCM1-
related proteins such as Mib1, USP9X, CEP290, and GAPDH.
The mRNA levels of PCM1, PCNT, CEP131, CEP290, USP9X,
and Mib1 were normalized to GAPDH and averaged from two
independent experiments as shown in Fig. 10. The mRNA levels
of PCM1, PCNT, Mib1, CEP290, USP9X, and CEP131 are
slightly reduced upon ZIKV infection; only the reductions of
CEP290 and PCNT mRNA levels are statistically significant
(p � 0.001) after t test. Therefore, ZIKV infection negatively
regulated the protein levels of the centrosomal genes moder-
ately at transcriptional level.

Next, we asked whether ZIKV infection could result in alter-
ation of production of PCM1, CEP131, and other centrosomal
proteins. For that purpose, we infected SK-N-SH cells with
ZIKV MR766 at an MOI of 1. The whole-cell lysates were pre-
pared at different time points as indicated: 24, 48, and 72 hpi.
Western blotting assays were performed to examine the levels
of cellular and viral proteins. As can be seen in Fig. 11, the
protein level (the density of the band) was first normalized to
�-tubulin. Then the ratios were obtained by comparing the
infected group with the mock groups. A ratio of 1 means no
change. We found that PCM1, CEP131, USP9x, and CEP290
are reduced significantly by ZIKV infection. PCNT protein level
was moderately decreased. Surprisingly, Mib1 was significantly
increased, whereas other protein levels were reduced. Because
Mib1 has been identified as the E3 of PCM1 or CEP131 during
the ubiquitination procedure, we presume that Mib1 is an
important factor for ubiquitin-mediated degradation of centro-
somal proteins. Consistently, MG132 treatment abolished the
ZIKV-caused decrease of PCM1, CEP131, and CEP290, but not
USP9x.

Mib1 is required for ZIKV to disperse and degrade PCM1

To further demonstrate the importance of Mib1 in degrada-
tion of PCM1, we knocked out the Mib1 from SK-N-SH cells
(Mib1-ko) using the CRISPR/Cas9 system. As shown in Fig.
12A by Western blotting and ICC, Mib1 cannot be detected in
the Mib1-ko cells. Interestingly, the PCM1 in the Mib1-ko cells
appears more condensed, as shown by ICC (bottom of Fig. 12A).
Then we infected ZIKV (MR766 or PRVABC59) to Mib1-ko or
normal SK-N-SH cells for 24 h at an MOI of 1. A Western

blotting assay was performed to examine the level of PCM1. As
can be seen on the left side of Fig. 12B, PCM1 level is not
changed by ZIKV infection in the Mib1-ko cells, but it is clearly
reduced in normal SK-N-SH cells. In addition, we performed
the co-transfection assays in the Mib1-ko cells as shown on the
right side of Fig. 12B. PCM1 (shown by anti-GFP) is not
degraded when transfected alone (lane 2) or co-transfected
with ubiquitin (shown by anti-Myc, lane 3). PCM1 is clearly
degraded when the Mib1 (anti-HA) is co-transfected together
with PCM1 and ubiquitin (lane 4). Consistently, the infection of
ZIKV fails to disperse PCM1 in Mib1-ko cells, as shown in Fig.
12C, lending further support to the idea that Mib1 is not only
essential for ZIKV-mediated degradation of PCM1 but also
important for ZIKV dispersal of PCM1.

Discussion

Due to the medical significance of ZIKV outbreaks, massive
in vitro and in vivo studies have been undertaken recently to
elucidate how the ZIKV infection causes congenital disorders
(34, 35). It has become clear that ZIKV infection disturbs the
proliferation of stem cells, but how ZIKV infection interferes
with cellular growth is not fully understood. In addition to the
apoptosis induced by ZIKV infection, which has been widely
accepted as the major mechanism by which ZIKV causes neu-
rogenic defects, other mechanisms have not been explored
thoroughly. The interaction of virus with the infected cells is
intricate; ZIKV might have more biological effects on the

Figure 9. Effect of MG132 on the ZIKV-induced dispersion of PCM1 in SK-N-SH cells. SK-N-SH cells were infected with ZIKV at an MOI of 1 for 24 or 48 h. A,
the cells were assayed by ICC to examine PCM1 in red and E protein in green. Left, no treatment of MG132; right, cells were treated with MG132. Scale bar, 10 �m.
B, the positively infected cells (24 or 48 hpi) were counted to determine the percentiles of cells in which the PCM1 was dispersed or not dispersed (right). *, p �
0.01. Error bars, S.E.

Figure 10. Real-time RT-PCR to determine the levels of PCM1 and Mib1.
1.25 �g of total RNA was used for each RT-PCR to examine the levels of PCM1,
Mib1, PCNT, CEP131, CEP290, USP9X, and GAPDH using the primers shown in
Table 1. The experiments were performed independently two times, and the
average mRNA levels were normalized with that of GAPDH. *, p � 0.05; **, p �
0.001. Error bars, S.E.
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infected cells than we have yet discovered or imagined. For
example, ZIKV might interfere with cell division to prohibit cell
proliferation in addition to inducing cell suicide. One of the
most important steps in cell proliferation is cell division; cen-
trosomes and centrosomal components are central to cell divi-
sion. Considering these facts, it is possible that ZIKV infection
affects the centrosome.

We studied the interaction of ZIKV with the centrosome.
The centrosome is a cytoplasmic organelle that is not envel-
oped; hence, its components are more dynamic and freer to
move inside the cytoplasm. Besides the center of centrosome
that constitutes centriole-forming proteins, several proteins
have been identified that surround the centriole, dubbed peri-
centriolar materials (PCM). The protein PCM1 was identified
as a granule cytoplasmic protein, and its encoding gene was
mapped to chromosome 8p21.3-p22 (36). The distribution of

PCM1 in cells is dynamic with the cell cycle (37). Although it
was demonstrated that PCM1 is not required for nucleation of
microtubules (38) that initiates from �-TuRC, it may function
in maintaining the radial organization of microtubules (37).
One of our major discoveries in this study is that centrosomal
structures were modified by ZIKV infection. PCM1-related
granule structure was dispersed from centrioles in almost all
ZIKV-infected cells, whereas the centriole remains intact (Figs.
1–3). Other centrosome-associated proteins tested are not
affected by ZIKV, including PCNT, CEP135, and �-tubulin.
Impairment of cellular skeletal proteins, such as �-actin and
�-tubulin, was not observed (Figs. 4 and 5). Two strains of
ZIKV, MR766 and PRVABC59, both dispersed the PCM1 gran-
ules (Figs. 1 and 3). However, our results showed that DENV-2
has no dispersive effects on PCM1 (Fig. 6). More importantly,
ZIKV dispersed PCM1 in many kinds of cells, including neural

Figure 11. ZIKV infection resulted in reduction of pericentrosomal proteins: PCM1, CEP290, USP9X, and CEP131. Western blotting assay to examine the
levels of PCM1 and Mib1 in SK-N-SH cells that were infected or mock-infected with ZIKV at an MOI of 1 for 24, 48, or 72 h. NS3 was to show viral infection, and
tubulin was used to control for sample loading. Left, without MG132 treatment; right, with MG132 treatment 12 h before collecting samples. We have
performed two independent experiments; the densitometry was obtained by averaging the two Western blot analyses, and the numbers represent the mean
protein expression. The densities of protein bands are first normalized with tubulin, and then the proteins from ZIKV-infected groups were compared with
these from mock-infected groups. If the ratio is �1, it means that the protein is reduced by ZIKV.
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stem cells (Figs. 1 and 2); whether this is related to ZIKV patho-
genesis will be further investigated.

Interestingly, the dispersion can be prevented by adding
MG132 into the cell culture as shown in Fig. 9. This study also
clarified that the dispersion of PCM1 from centriole is medi-
ated by degradation of PCM1 and CEP131; MG132 blocked the
degradation of PCM1, and the blocking effect was in an MG132
dose– dependent manner. Therefore, we conclude that ZIKV
disperses PCM1 from the centriole by degrading PCM1. Mib1
has been found to have activity of E3 ubiquitin ligase of several
proteins and be involved in degradation of PCM1 (39 –41). We
found that Mib1 is required for ZIKV to degrade or disperse
PCM1 because Mib1 knockout cells can still be infected by
ZIKV, but the PCM1 remained intact (Fig. 12). We demon-
strated that ZIKV induces expression of Mib1 and decreases the
protein levels of PCM1 and CEP131 (Figs. 8, 11, and 12). The

reduction of PCM1 or CEP131 does not occur at the transcrip-
tional level because real-time RT-PCR results show that the
mRNA levels of PCM1 or CEP131 are only moderately attenu-
ated by ZIKV infection.

More than 100 centrosomal proteins congregate around the
centriole and largely relate to cell division. They form granular
structures and localize around the centriole (12). Several cen-
trosomal proteins have been reported to be associated with
ZIKV infection. For example, it was reported that ZIKV infec-
tion of spinal cord neuroepithelial stem cells and radial glial
cells resulted in centrosomal depletion and mitochondrial
sequestration of phospho-TBK1 during mitosis (42). Our pres-
ent study demonstrates that ZIKV disrupts PCM1 granular
structure. PCM1 is related to cell cycle and cell division because
its distribution was dispersed during early G2 phase and con-
centrated in the centrosome at the G1 phase (17). Therefore,

Figure 12. Effects of ZIKV on PCM1 in Mib1 knockout cells. SK-N-SH cells were transfected with a mixture of CRISPR/Cas9 plasmids that target the Mib1 gene,
and the GFP-positive cells were selected and diluted to generate Mib1-ko cells. A, left, Western blot analysis to test the protein level of Mib1 in SK-N-SH and its
Mib1-ko cells; right, ICC to test Mib1 and PCM1 production in SK-N-SH and Mib1-ko cells. B, left, ZIKV (MR766 or PRVABC59) was infected into Mib1-ko or normal
SK-N-SH cells for 24 h at an MOI of 1. The whole-cell lysates were collected to run a Western blotting assay to detect PCM1, Mib1, NS3, and tubulin. Right,
co-transfections of plasmids expressing protein as indicated into Mib1-ko cells for 24 h. Western blots were performed to examine each protein as indicated on
the right. C, ICC to show whether ZIKV infection disperses PCM1 in either SK-N-SH or Mib1-ko cells.
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our experimental results suggest that ZIKV infection might
have functional effects on the centrosome to cause microceph-
aly. However, we did not find that ZIKV infection affected any
other centrosomal proteins or related proteins, such as tubulin
and actin (Figs. 4 and 5).

It has been determined that ZIKV is the causative pathogen
of microcephaly in infants born to ZIKV-infected mothers,
although the occurrence rate is only 5% among ZIKV-infected
pregnancies (43). In vitro and in vivo experiments have demon-
strated that ZIKV infection causes defects of NSC proliferation
(44 –52). The widely accepted pathogenic mechanism causing
the defect of the NSCs is that ZIKV infection induces apoptosis
of NSCs (34). However, the interaction between ZIKV and host
has not been fully understood. A dozen genes have been iden-
tified to be related to primary microcephaly (MCPH). More
than half of the MCPH proteins are directly related to the cen-
trosome (26, 52, 53). Our results from the present studies sug-
gest a connection between centrosomal proteins and ZIKV
infection; centrosomal proteins are affected by ZIKV through
Mib1-mediated proteasomal degradation.

In the future, we will further investigate the consequences of
the interaction of ZIV with centrosome at in vivo level. It is also
important to identify which ZIKV protein is responsible for the
effects of ZIKV on centrosomal proteins.

Materials and methods

Cell lines, tissue culture, and viruses

Vero cells (ATCC�, CCL-81TM), SK-N-SH (ATCC�, HTB-
11TM), U-251MG (Sigma, 09063001), MRC-5 (ATCC�, CCL-
171TM), and HEK 293T (ATCC�, CRL-1573TM) were pur-
chased from ATCC or Sigma. The cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal calf serum and penicillin (100 IU/ml)-streptomy-
cin (100 �g/ml) and amphotericin B (2.5 �g/ml) (54). ZIKV
strains MR766 (55) and PRVABC59 (56) were obtained from
ATCC.

NSC culture

Human fetal primary NSCs/NPCs (neural progenitor cells)
were purchased from the Comprehensive NeuroAids Center
(CNAC) at Temple University. Before culture of the cells, plates
or dishes were coated with Matrigel (BD Biosciences, catalog
no. 356230; 1:400 dilution with DMEM/F-12 before use) at
37 °C for 2 h. The primary NSCs/NPCs were expanded by
monolayer in DMEM/F-12 NSC/NPC proliferation medium
(Cellgro, 10-092-CV) containing 20 ng/ml epidermal growth
factor, 10 ng/ml basic fibroblast growth factor, and B27 supple-
ment (50�; Gibco, 12587-010). To dissociate the cells for prop-
agation, the monolayer cells were treated with Accutase
(Sigma, A6964-100) at room temperature. The dissociated sin-
gle cells from the third to fifth passaged NSC/NPC were plated
on Matrigel-coated 24-well chamber slides (for immunocyto-
chemistry) and 6-well plates (for Western blotting). The cells
were treated as follows: mock or ZIKV infection. Each group
contained 2– 4 replicates. Experiments were repeated at least
three times for statistical analyses.

Knockout of Mib1 from SK-N-SH cells using CRISPR/Cas9
technique

SK-N-SH cells were seeded in a well of a 24-well plate. When
the cells reached 50% confluence, we transfected a plasmid mix-
ture of human Mib1 CRISPR/Cas9 ko plasmid (Santa Cruz Bio-
technology, Inc., sc-404769). The plasmid also expresses GFP as
a marker. If GFP expression was detected, the cells were
trypsinized, diluted, and distributed into a 96-well plate. When
the cell clones grew to 30% of the well, the cells were then
transferred into a 48-well plate, and each clone was distributed
into two wells of the 48-well plate. When the cells grew to 60%,
one well was lysed for a Western blotting assay to check the
production of Mib1. The Mib1-negative cell clones were
selected and named as Mib1-ko for further experiments.

Antibodies

Anti-PCNT (ab4448), anti-ubiquitin (ab7780), and anti-cy-
clin D3 (ab63535), anti-CEP135 (ab75005), and anti-�-tubulin
(ab84355) were purchased from Abcam (Cambridge, MA).
Rabbit anti-PCM1 (H-262, sc-67204), mouse anti-Mib1 (D6),
and mouse anti-PCM1 (G-6, sc-398365) for showing pericen-
trosomal materials; anti-�-tubulin (sc-5274); anti-�-actin (sc-
47778); anti-Myc (sc-40); anti-acetyl �-tubulin (sc-23950); and
anti-�-tubulin (4G1, sc-58666) were purchased from Santa
Cruz Biotechnology, Inc. The anti-ZIKV antibody for ICC was
generated from the hybridoma cell line D1-4G2-4-15 (ATCC�
HB-112TM) in our laboratory. The anti-ZIKV NS3 antibody for
Western blotting is a mAb generated and purified in our labo-
ratory. Rabbit anti-NS3 (GTX133309) was purchased from
GeneTex (Irvine, CA).

ICC assay

Immunostaining was performed on cells grown on coverslips
after fixation with 1% paraformaldehyde (10 min at room tem-
perature) and permeabilization in 0.2% Triton (20 min on ice)
by sequential incubation with primary and Texas Red–labeled
secondary antibodies (Vector Laboratories, Burlingame, CA)
for 30 min each (all solutions in PBS). Finally, cells were equil-
ibrated in PBS, stained for DNA with Hoechst 33258 (0.5
�g/ml), and mounted in Fluoromount G (Fisher).

Immunoblot analysis

Proteins were separated by SDS-7.5% PAGE (57) (10 –20 �g
loaded in each lane), transferred to nitrocellulose membranes
(Amersham Biosciences), and blocked with 5% nonfat milk for
60 min at room temperature. Membranes were incubated over-
night at 4 °C with primary antibody followed by incubation with
a horseradish peroxidase– coupled secondary antibody (Amer-
sham Biosciences) and detection with enhanced chemilumi-
nescence (Pierce), according to standard methods. Membranes
were stripped with stripping buffer (100 mM �-mercaptoetha-
nol, 2% SDS, 62.5 mM Tris-HCl, pH 6.8), washed with PBS plus
0.1% Tween 20, and used to detect additional proteins.

Co-IP assay

The SK-N-SH cells were lysed with a lysis buffer (25 mM

Tris-HCl, pH 7.4, 150 mM NaCl, 1% Nonidet P-40, 1 mM EDTA,
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5% glycerol) supplemented with protease inhibitor mixture
(catalog no. p8340, Sigma) on ice for 10 min. The lysates were
then centrifuged at 3,000 � g for 5 min, and the supernatants
were transferred to new tubes. The supernatants were incu-
bated with antibodies overnight in a cold room with rolling.
The incubations were coupled to protein G–Sepharose beads
(Amersham Biosciences) according to the manufacturer’s
instructions for 3 h. The beads were washed three times in PBS
plus 0.1% BSA and resuspended in a mixture of PBS and 2�
Laemmli buffer (20 �l of each). After heating at 95 °C for 5 min,
beads were removed by centrifugation, and supernatants were
analyzed by SDS-PAGE and immunoblotting.

RNA isolation and real-time RT-PCR

Total RNA was isolated using TRI Reagent (Ambion) from
SK-N-SH cells that were mock- or ZIKV-infected for 24 h. The
RNA was treated with DNase I (RNase-free, Invitrogen, catalog
no. 18047-019) according to the manufacturer’s instructions.

The total RNA concentration was measured with the
Thermo Fisher Qubit 4 Fluorometer, and a quality check was
conducted using electrophoresis to ensure that the 28S, 18S,
and 5S rRNA bands are clearly seen. One �g of the total RNA
was used for reverse transcription, which was carried out using
an iScriptTM cDNA synthesis kit (Bio-Rad, catalog no. 170-
8891) according to the manufacturer’s protocol, and 25 ng of
cDNA was used for real-time PCR. To quantitatively examine
the mRNA levels of PCM1, MIB1, CEP131, PCNT, CEP290,
and USP9X, a real-time PCR was undertaken using the Sso-
AdvancedTM Universal SYBR Green Supermix kit (Bio-Rad,
catalog no. 172-5271). The reactions of quantitative PCR were
as follows: 94 °C for 30 s, followed 40 cycles of 94 °C for 15 s;
60 °C for 30 s. Following the amplification cycles, a melting
temperature curve analysis was obtained by measuring the fluo-
rescence during a period of warming from 65 to 95 °C. All sam-
ples were run in duplicate. Data were collected, and relative
gene expression level was analyzed by the 2���CT method using
the CFX software (Bio-Rad), with GADPH as the reference
gene. The primers used to determine transcriptional levels of
PCM1, MIB1, USP9X, CEP131, PCNT, CEP290, and GAPDH
are listed in Table 1.

Confocal microscopy

Cells were examined with a Leica TCS SPII confocal laser-
scanning system. Two or three channels were recorded simul-

taneously and/or sequentially and controlled for possible
breakthrough between the FITC and Texas Red signals and
between the blue and red channels.

Statistical studies

Statistical details of experiments are found in the corre-
sponding figure legends. Viral titers in treated and untreated
cells were analyzed by Student’s t test. All statistical data were
analyzed with GraphPad Prism version 5.01 (GraphPad Soft-
ware, Inc., La Jolla, CA) using the pairwise two-tailed t test. Data
are given as mean 	 S.E. as indicated, and the significant differ-
ence is indicated in each legend.
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associated with microcephaly. N. Engl. J. Med. 374, 951–958 CrossRef
Medline

2. Petersen, E., Wilson, M. E., Touch, S., McCloskey, B., Mwaba, P., Bates, M.,
Dar, O., Mattes, F., Kidd, M., Ippolito, G., Azhar, E. I., and Zumla, A. (2016)
Rapid spread of Zika virus in the Americas: implications for public health
preparedness for mass gatherings at the 2016 Brazil Olympic Games. Int.
J. Infect. Dis. 44, 11–15 CrossRef Medline

3. Weaver, S. C., Costa, F., Garcia-Blanco, M. A., Ko, A. I., Ribeiro, G. S.,
Saade, G., Shi, P. Y., and Vasilakis, N. (2016) Zika virus: history, emer-
gence, biology, and prospects for control. Antiviral Res. 130, 69 – 80
CrossRef Medline

4. Wikan, N., and Smith, D. R. (2016) Zika virus: history of a newly emerging
arbovirus. Lancet Infect. Dis. 16, e119 – e126 CrossRef Medline

5. Plourde, A. R., and Bloch, E. M. (2016) A literature review of Zika virus.
Emerg. Infect Dis. 22, 1185–1192 CrossRef Medline

6. Faye, O., Freire, C. C., Iamarino, A., Faye, O., de Oliveira, J. V., Diallo, M.,
Zanotto, P. M., and Sall, A. A. (2014) Molecular evolution of Zika virus
during its emergence in the 20th century. PLoS Negl. Trop. Dis. 8, e2636
CrossRef Medline

7. Stearns, T. (2001) Centrosome duplication: a centriolar pas de deux. Cell
105, 417– 420 CrossRef Medline

8. Rodrigues-Martins, A., Riparbelli, M., Callaini, G., Glover, D. M., and Bet-
tencourt-Dias, M. (2007) Revisiting the role of the mother centriole in
centriole biogenesis. Science 316, 1046 –1050 CrossRef Medline

9. Naghavi, M. H., and Walsh, D. (2017) Microtubule regulation and func-
tion during virus infection. J. Virol. 91, e00538-00517 CrossRef Medline

10. Hori, A., and Toda, T. (2017) Regulation of centriolar satellite integrity
and its physiology. Cell Mol. Life Sci. 74, 213–229 CrossRef Medline

11. Badano, J. L., Teslovich, T. M., and Katsanis, N. (2005) The centrosome in
human genetic disease. Nat. Rev. Genet 6, 194 –205 CrossRef Medline

12. Theg, D. E. (1964) Cytoplasmic microtubules in different animal cells.
J. Cell Biol. 23, 265–275 CrossRef Medline

Table 1
Primers for RT-PCR

Primer Sequence

PCM1_Fw 5�-AGTGAAGTTTCTACCATCC-3�
PCM1_Rv 5�-GCACAAGATTGTATCACTCC-3�
CEP131_Fw 5�-TGATGCTCTTCGAGGGCAG-3�
CEP131_Rv 5�-GGAACTCCGGGCATTGGAT-3�
USP9X_Fw 5�-AAGTGAAGCATGTCAGCGATT-3�
USP9X_Rv 5�-GCCACACATAGCTCCACCA-3�
CEP290_Fw 5�-AGATGCTCACCGAACAAGTAGA-3�
CEP290_Rv 5�-ATGAGTCTGTTGAGAAAGGGTTG-3�
PCNT_Fw 5�-TTGTGGTCCCAGCTTGATTCT-3�
PCNT_Rv 5�-CTCCAGTTCGGACTCATGCT-3�
GAPDH_Fw 5�-GAAGGTGAAGGTCGGAGTC-3�
GPDH_Rv 5�-GAAGATGGTGATGGGATTTC-3�
Mib1_Fw 5�-AAGTGAGAGGGTTCTGTTAGAG-3�
Mib1_Rv 5�-AGTCCTGGATTTCTGTTACCT-3�

Functional interaction of ZIKV and centrosome

J. Biol. Chem. (2019) 294(49) 18742–18755 18753

http://dx.doi.org/10.1056/NEJMoa1600651
http://www.ncbi.nlm.nih.gov/pubmed/26862926
http://dx.doi.org/10.1016/j.ijid.2016.02.001
http://www.ncbi.nlm.nih.gov/pubmed/26854199
http://dx.doi.org/10.1016/j.antiviral.2016.03.010
http://www.ncbi.nlm.nih.gov/pubmed/26996139
http://dx.doi.org/10.1016/S1473-3099(16)30010-X
http://www.ncbi.nlm.nih.gov/pubmed/27282424
http://dx.doi.org/10.3201/eid2207.151990
http://www.ncbi.nlm.nih.gov/pubmed/27070380
http://dx.doi.org/10.1371/journal.pntd.0002636
http://www.ncbi.nlm.nih.gov/pubmed/24421913
http://dx.doi.org/10.1016/S0092-8674(01)00366-X
http://www.ncbi.nlm.nih.gov/pubmed/11371338
http://dx.doi.org/10.1126/science.1142950
http://www.ncbi.nlm.nih.gov/pubmed/17463247
http://dx.doi.org/10.1128/JVI.00538-17
http://www.ncbi.nlm.nih.gov/pubmed/28615197
http://dx.doi.org/10.1007/s00018-016-2315-x
http://www.ncbi.nlm.nih.gov/pubmed/27484406
http://dx.doi.org/10.1038/nrg1557
http://www.ncbi.nlm.nih.gov/pubmed/15738963
http://dx.doi.org/10.1083/jcb.23.2.265
http://www.ncbi.nlm.nih.gov/pubmed/14222814


13. Rieder, C. L., Faruki, S., and Khodjakov, A. (2001) The centrosome in
vertebrates: more than a microtubule-organizing center. Trends Cell Biol.
11, 413– 419 CrossRef Medline

14. Kubo, A., Sasaki, H., Yuba-Kubo, A., Tsukita, S., and Shiina, N. (1999)
Centriolar satellites: molecular characterization, ATP-dependent move-
ment toward centrioles and possible involvement in ciliogenesis. J. Cell
Biol. 147, 969 –980 CrossRef Medline

15. Romei, C., and Elisei, R. (2012) RET/PTC translocations and clinico-path-
ological features in human papillary thyroid carcinoma. Front. Endocrinol.
(Lausanne) 3, 54 CrossRef Medline

16. Corvi, R., Berger, N., Balczon, R., and Romeo, G. (2000) RET/PCM-1: a
novel fusion gene in papillary thyroid carcinoma. Oncogene 19,
4236 – 4242 CrossRef Medline
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