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Efficient proliferation and mitosis of glioblastoma cells infected
with human cytomegalovirus is mediated by RhoA GTPase
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Abstract. Human cytomegalovirus (HCMV) is a prevalent
viral pathogen, which can cause severe clinical consequences
in neonates, immunocompromised individuals, patients with
AIDS, and organ and stem cell transplant recipients. HCMV
inhibits the host cell cycle progress while the immediate-early
protein 1 (IE1) tethers to condensed chromatin in mitotic cells.
The present study investigated the effect of HCMV on the cell
cycle in human glioblastoma cells, as well as the role of RhoA
GTPase during mitosis in the same context. Live cell microscopy
showed that despite the apparent cell cycle arrest at late stages
of mitosis in normal fibroblasts, HCM V-infected U373MG cells
successfully went through all stages of cell division. HCMV IE1
protein exhibited a remarkably tight association with mitotic
chromosomes from early mitosis to late cytokinesis. Depletion
of RhoA significantly impaired the proliferation rate of
HCM V-infected U373MG cells; consistent with this observation,
the number of cells entering mitosis was also decreased. These
results demonstrated the differential behavior of HCMV during
mitosis in a normal and a cancer background. Furthermore,
RhoA may be a critical component for the efficient cell divi-
sion of HCM V-infected glioblastoma cells, which subsequently
ensures the maintenance of viral genomes.

Introduction

Human cytomegalovirus (HCMYV) is a widespread opportu-
nistic pathogen which is normally controlled by the immune

Correspondence to: Professor George Sourvinos, Laboratory
of Clinical Virology, Medical School, University of Crete,
71003 Heraklion, Greece

E-mail: sourvino@med.uoc.gr

Key words: human cytomegalovirus, cell cycle, mitosis, RhoA
GTPase, glioblastoma cells

system. Primary infection is usually asymptomatic or may
cause mild symptoms in healthy individuals. However,
accumulating evidence supports the concept that periodic
reactivation of HCMV can cause severe medical conditions
in immunocompromised patients such as transplant, cancer or
HIV-infected patients. Furthermore, vertical transmission of
HCMV during pregnancy is the leading cause of congenital
infection resulting in neurologic damage in neonates [reviewed
in (1,2)]. The exact mechanisms of establishment, latency and
reactivation of HCMV, although fundamental for its successful
persistence and dissemination, remain poorly understood.
Lytic HCMYV infection is temporally regulated and viral
gene expression takes place in three distinct phases, namely
the immediate-early (IE), early (E) and late (L) phases,
with the onset of each one being induced by the proteins
expressed in the previous one. The HCMV immediate-early
promoter/enhancer (MIEP) regulates the synthesis of the
immediate-early protein 1 (IE1) and immediate-early protein 2
(IE2) which are considered to control all subsequent early
and late events in HCMV replication, including reactivation
from latency, by antagonizing intrinsic and innate immune
responses (3). Both IE proteins are abundantly transcribed and
expressed as products of alternative splicing and despite their
relative homology, they exert distinct functions; IE1 is essential
for efficient viral replication particularly at low multiplicities
of infection (4) whereas IE2 has a key role during viral replica-
tion (5). HCMYV, as a successful opportunistic pathogen, takes
control of numerous host pathways such as metabolic and
signalling pathways, intrinsic and innate immune responses,
apoptosis or even cell cycle arrest strategies to prevent mitotic
entry in order to ensure its own maintenance and replica-
tion (6). HCMV interrupts the regular order of steps in the
cell division machinery by affecting key regulators of cell
cycle progression in normal fibroblasts in vitro (7-9). HCMV
infected cells have been found to proceed to mitosis but this
unscheduled mitotic entry is followed by aberrant spindle
formation, early separation of sister chromatids and eventually
cell death (10). Interestingly, the HCMV IE1 protein has been
known to be associated with condensed chromatin during
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mitosis (11-20). The C-terminal (a.a. 476-491) of IE1 protein
has been mapped as the responsible domain for this intriguing
association (17,21) however, the molecular mechanism as well
as the outcome of this interaction between IE1 and chromatin
remains to be determined.

Rho GTPases constitute a family of molecular switches that
control fundamental cellular processes such as signal trans-
duction pathways, cellular architecture and morphogenesis,
migration, innate and adaptive immunity while deregulation
of Rho GTPases have been associated with various human
diseases and disorders [reviewed in (22)]. Members of the
Rho family, including the RhoA, RhoB and RhoC isoforms
have been shown to facilitate critical functions for a produc-
tive HCMYV infection such as deregulation of cytoskeleton
at early stages of infection, signal transduction, formation of
the viral assembly compartment or secretion of IL-11, both
in normal fibroblasts, the gold-standard cells for studying
HCMV in vitro (23-27) or even in a cancer background (28).
Combining the involvement of RhoA isoform in the cell divi-
sion procedure (29-31) along with the mitotic defect in HCMV
infected cells, we investigated the role of RhoA GTPAse in
the context of human glioblastoma cells productively infected
with HCMV. Our results demonstrate that HCMV infected
glioblastoma cells, despite the cell cycle arrest observed in
normal fibroblasts, are capable to successfully complete all
phases of mitosis and cytokinesis. Furthermore, experiments
depleting RhoA revealed the active role of this Rho isoform
in glioblastoma cell proliferation and mitosis during HCMV
lytic infection.

Materials and methods

Cells and viruses. Human Foreskin Fibroblasts (HFF) and
the human glioblastoma U373MG (Uppsala) cell line (kindly
provided by Professor Sunyoun Kim, Korea) were authenti-
cated by short tandem repeats DNA profiling and were grown
in DMEM (Gibco BRL) supplemented with 10% foetal bovine
serum (Gibco BRL), 100 U/ml penicillin and 100 pg/ml strep-
tomycin under 5% CO, in a humidified incubator at 37°C. All
cells were tested periodically for mycoplasma contamination
using the Mycoplasma Plus PCR primer set (Stratagene) and
found to be negative. The laboratory strain HCMV ADI169
strain as well as the the recombinant HCMV CR401 virus
expressing the IE1 fused to EGFP (12) were used in this study.
The virus stocks were propagated and titrated on HFF cells
according to standard protocols (32). For viral infections, the
cells were infected with HCMYV at the indicated MOI for 2 h
and then the inoculum was removed and replaced by fresh
medium. The autofluoresecent construct pHcRed1-H2A was
transfected in U373MG cells to express histone H2A fused to
HcRed1 (12) using Lipofectamine 3000 according to the manu-
facturer's instructions. The initial HCMV CR401 infection of
U373MG cells was subsequently followed by transfection of
the cells with the pHcRed1-H2A construct.

RhoA knocking down. RhoA protein was knocked down using
small interfering RNA (siRNA) oligonucleotides against RhoA
mRNA. The siRNA sequence for RhoA was CGGAATGAT
GAGCACACAATT and the siRNA sequence for the negative
control was GAATAGACCCGTGATAGTACA. U373MG cells
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were transfected with 2 yg of siRNA against RhoA mRNA
or the control siRNA using Lipofectamine 3000 according
to the manufacturer's recommended protocol. Western blot
analysis was used in order to determine the efficient knock-
down of RhoA. After 48 h, the culture medium was changed
to 1% serum DMEM and the cells were infected with HCM'V
ADI169 wild type virus. All experiments were in triplicates.

Western blot analysis. The protein lysates from cells were
separated by 12% Tris-glycine SDS-PAGE and electrophoreti-
cally transferred onto PVDF membrane. The membrane was
incubated in blocking solution at room temperature for 1 h
and subsequently with primary antibodies against RhoA and
[-actin overnight at 4°C. Visualization of proteins was verified
by a chemiluminesence detection method, using the Image
Lab Software 6.0.1 (Bio-Rad Laboratories, Inc.).

MTT assay. MTT assay was performed to determine the cell
proliferation rate of mock and HCMYV infected U373MG after
the knockdown of RhoA protein. 1x10° cells were transfected
with the siRNA scrambled or the siRNA for RhoA and after-
wards were infected with HCMV ADI169 wild type virus
(MOI 2 pfu/cell) or mock infected, in order to quantify the
proliferation rate at 1, 2 and 3 days after the infection. The
MTT reagent (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetra-
zolium bromide) (Sigma Aldrich) was used and the cells were
incubated for 4 h at 37°C followed by the addition of 150 pul
MTT solvent (dimethyl sulfoxide-DMSO) for 15 min and
finally the measurement of the absorbance at 590 nm with a
reference filter of 620 nm.

Immunofluorescence analysis. For immunofluorescence, 1x10°
U373MG cells were transfected with the siRNA for RhoA or
with the siRNA scrambled on glass coverslips, were infected
with the HCMV AD169 wild type virus at MOI 2 pfu/cell
and after 1 day cells were fixed with 4% PFA and permeabi-
lized with 0.1% TritonX-100, for 10 min. Cells were stained
with the rabbit polyclonal antibody RhoA (sc-179, Santa Cruz
Biotechnology, Inc.), followed by a secondary Cy5-labeled
goat anti-rabbit antibody (Santa Cruz Biotechnology, Inc.). The
nuclei were stained with DAPI. The number of mitotic cells
were counted in randomly selected microscopy fields from each
condition and acquired with an epifluorescent Leica DMIRE2
microscope equipped with a Leica DFC300FX digital camera.

Statistical analysis. All data shown represent independent
experiments carried out in triplicate and are presented as the
mean + standard deviation. Data were analyzed by one-way
ANOVA followed by Tukey post hoc test using GraphPad 8.3.1
software (GraphPad Software, Inc.). P<0.05 was considered to
indicate a statistically significant difference.

Results and Discussion

Recruitment of IEI-72K onto metaphase chromatin in live
human fibroblasts and glioblastoma cells. Previous studies
have shown that HCMV IEl associates with condensed
chromatin of the host cell during mitosis and cells engaged
in viral replication enter into unscheduled mitosis (10-20).
The recombinant HCMV CR401 virus expressing IE1 fused
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to EGFP serves as an excellent tool for the visualization of the
IE1 protein in live infected cells, exhibiting perfect colocaliza-
tion with histone H2A in mitotic cells (12).

The direct interaction between HCMV IE1 and H2A-H2B
histones has been documented, precisely mapping the
chromatin-tethering domain (CTD) of IE1 and identifying that
several negatively charged H2A residues (E56, E61, E64, and
D90) composing the nucleosomal acidic pocket, but not acidic
residues outside the pocket, selectively direct the H2A interac-
tion with the IE1 CTD (21).

Given that HCMYV arrests cell cycle progression, we
attempted to identify the step in the mitotic process that is
impeded by timelapse microscopy. Single cells co-expressing
CR401 EGFP-IEl and HcRedl-H2A, presenting identical
localization onto condensed chromosomes, were monitored
throughout the course of mitosis. In contrast to the normal
cultured fibroblasts, in which mitosis lasts approximately for
1 h, HCMYV infected fibroblasts remained at several mitotic
phases for prolonged times. The IE1-EGFP protein evidently
became associated with condensing chromosomes altering its
initial diffuse nuclear localization to a compacted pattern alike
H2A in prophase and prometaphase (Fig. 1Aa-d). IE1-EGFP
mitotic chromosomes were properly aligned in metaphase
(Fig. 1Ae) however, a severe defect was apparent in anaphase,
revealing irregular chromosomal migration which results in a
significant number of lagging chromosomes (Fig. 1Af-h) and
consequently in failure to complete the cell division. Detailed
analysis examining a large number of randomly selected
HCMYV CR401 EGFP-IE1 mitotic cells, determined their
distribution in relation to all mitotic phases (Fig. 1B). The vast
majority of the mitotic cells were accumulated in prophase and
prometaphase followed by cells progressing to metaphase. A
minimal number of cells had advanced to an aberrant anaphase
whilst telophase cells were completely absent. Therefore, the
progression from metaphase to anaphase appears to be the
critical transition step, blocking the efficient cell division and
rendering the cells as non-productively infected cells.

The abortive infection observed in mitotic normal fibro-
blasts prompted us to investigate the fate of cell division in
HCM V-infected glioblastoma cells. HCMV expression has
been detected in a high percentage of human glioblastomas, the
most malignant primary brain tumor [reviewed in (33)] while
human glioblastoma cell lines are permissive and support
HCMYV gene expression (34-36). U373MG glioblastoma cells
were infected with HCMV CR401 EGFP-IE1 virus while
HcRed1-H2A in those cells served as a marker for condensed
chromosomes. Live cell imaging showed that glioblastoma
infected cells were capable of successfully completing mitosis.
As shown in Fig. 2, IE1-EGFP in tight association with H2A
was readily detectable in mitotic chromosomes, following the
strict sequential order of all phases of cell division and cytoki-
nesis, without encountering the defect observed in fibroblasts.
The above experiments demonstrate that there is an apparent
differentiation regarding mitotic progression, depending on
the cell line background, normal or cancerous.

Several viruses have evolved strategies to arrest cycle
progress and inhibit entry to mitosis, presumably in favour
of their own functions and overall successful replication and
propagation. HCMV represents a characteristic example of a
virus causing unscheduled cell division entry and distortion of
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Figure 1. HCMV causes defects in mitotic phases during cell division
normal fibroblasts. HFF cells were transfected with pHcRed1-H2A and
super-infected with HCMV CR401 (MOI=3 pfu/cell) expressing EGFP-IEI.
(A) A single cell co-expressing IE1 (green) and H2A (red) was monitored by
timelapse microscopy and still images were obtained every 3 h showing the
defective mitotic progression from (a and b) prophase and (c and d) prometa-
phase to (e) metaphase and (f-h) defective anaphase, with evident lagging
chromosomes. Scale bar, 10 ym. (B) Distribution of the HCM V-infected
mitotic cells at the different phases of cell division. HCMV, human cyto-
megalovirus; IE1, immediate-early protein 1.

mitotic structures and subsequent mitotic blockade (10,12,20).
Remarkably, the HCM V-induced mitotic restrain observed in
normal fibroblasts is entirely abrogated in human glioblas-
toma cells which unconditionally succeed to divide. In line
with our finding, efficient cell division has been observed in
an additional glioblastoma cell line permissive to HCMV,
T98G cells, which continue to divide, expressing all classes of
viral genes. The ability of HCMYV to persist within U373MG
cells may provide insights into a mechanism for the sustained
shedding of the virus. Interestingly, the nuclear antigen 1 of
Epstein-Barr virus and the latency-associated nuclear antigen
of the Kaposi sarcoma herpes virus (HHV-8), both proteins
expressed by gamma herpes viruses, tether metaphase
chromosomes, promoting viral genome maintenance during
latency and regulation of viral replication (37,38). The specific
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Figure 2. Glioblastoma cells infected with HCMV successfully complete all phases of cell division. U373MG cells were infected with CR401 IE1-EGFP virus
(MOI=3 pfu/cell) and transfected with pHcRed1-H2A. Still images were obtained from live cells by timelapse microscopy. Scale bar, 10 ym. HCMV, human

cytomegalovirus; IE1, immediate-early protein 1.

role of IEl binding onto condensed chromosomes remains
to be determined, however it is intriguing to suggest that the
chromatin-tethering activity of IE1 facilitates persistence of
the viral genomes in dividing cells. Furthermore, the chro-
mosome association properties of IE1 may have an additive
role in the uniform segregation of the HCMV genomes into
daughter cells.

RhoA GTPase silencing reduces proliferation and mitosis in
human glioblastoma cells. RhoA GTPase has been shown
to actively be involved in several aspects of HCMV infec-
tion (23-28). In addition, RhoA displays crucial roles in
several stages of mitosis such as cell cortex stiffening during
cell rounding, mitotic spindle formation [reviewed in (39)].
Combining the above, we tested the implication of RhoA in
cell division and proliferation of mock or HCM V-infected
U373MG cells by knocking down RhoA using the siRNA
approach. The successful silencing of RhoA in U373MG
cells used as a cell model in the current study, was deter-
mined by western blot analysis (Fig. 3A). The proliferation

rate of RhoA-depleted cells was significantly decreased for
a period of 3 days compared to both parental U373MG and
siRNA scramble-treated cells (Fig. 3B). Super-infection of
the same set of cells with HCMV ADI169 further confirmed
the successful replication rate of the RhoA-expressing cells in
contrast to the restricted cell division observed in the virally
infected RhoA-depleted cells (Fig. 3C). Apart from the growth
rate, we were also interested in exploring the mitotic behavior
of RhoA-expressing and silenced HCMV infected cells. For
that purpose, parental U373MG cells, siRNA scramble and
siRNA RhoA cells, were cultured for 2 days and multiple
random optical fields were monitored for the detection of
mitotic cells. Independently of the siRNA target (siscr or
siRhoA), all cells successfully accomplished cell division,
with RhoA-depleted cells presenting a significant reduction
in the number of mitotic cells compared to the parental and
scramble cells (Fig. 3D). The ability of both siRNA scramble
and siRNA targeting RhoA to successfully bring about mitosis
was also confirmed by immunofluorescence microscopy
(Fig. 3E and F). The mitotic rate of the aforementioned siRNA



3070 MOLECULAR MEDICINE REPORTS 22: 3066-3072, 2020
A B E 187 - usramc
siRNAscr siRhoA e -~ A *
s -& siscr
RhoA M- 'f:; 104 -+ siRhoA
8 #
[
1]
S 054
B-actin NS D S
<
0.0 T T T
1 2 3
Days
C o U373MG + HCMV D U373MG
E 57 - siscr+ HCMV . 1507 | *
§ -+ siRhoA + HCMV * E E‘ |—{"5 ns
s 107 £§ 1004 —
@ o=
o = O
5 Ew
2 05 w0 504 ‘
= ) - e =
b s=
2 =
. 0
0.0 . . . ~
1 2 3 a&'b é\a}} ~<\°?.
Days post infection QQ} é@'
E DAPI RhoA Merge F DAPI

198 YNYIS
vouyis

H

G
U373MG + HCMV
150 - * 300
2~ | * l
s — 8~
2§ 100 T & SE 200+
S5 — >3
Eo o
..52 50 + ; _n:, 100“
g = |
z
0 0
» £
? gl
@é’ & & &
Q7 2 Q?

Figure 3. Rho silencing results in defects in cell proliferation rate and mitosis efficiency in glioblastoma HCMV infected cells. (A) Specific knockdown of
RhoA in U373 cells was confirmed by western blot from whole protein extracts obtained after transfection with the indicated siRNAs (siRhoA or siRNA
scramble) of U373MG cells. Actin served as loading control. (B and C) Relative proliferation rate of parental U373MG, siscr and siRhoA either (B) mock
infected or (C) infected with HCMV AD169 (MOI=3 pfu/cell). The proliferation rate of cells was determined by seeding 5x10° cells/well and counting the cells
in triplicate for up to 3 days by MTT assay. Each experiment was replicated three times and data represent the mean and SE of the three separate experiments.
“P<0.05 vs. parental cells; “P<0.05 vs. siscr cells. (D) Proportion of mock-infected mitotic parental U373MG cells, siscr and siRhoA cells compared to each
other after counting 10 random microscopy fields. (E) siscr or (F) siRhoA U373MG cells successfully enter mitosis. (G) Proportion of HCMV ADI169-infected
mitotic parental U373MG cells, siscr and siRhoA cells compared to each other after counting 10 randomly selected microscopy fields. (H) The efficiency of
HCMYV shedding in siRNA scramble and siRhoA cells was determined by standard plaque assay after titrating the supernatants of the cells on HFF cells. Error
bars represent a standard deviation based on results from three experiments. “P<0.05; “P<0.01. siscr, siRNA scramble; siRhoA, siRNA RhoA; siRNA, small
interfering RNA; DAPI, 4',6-diamidino-2-phenylindole; HCMV, human cytomegalovirus.

silenced cells was further assessed in the context of HCMV
infection. In line with the proliferation rates, all groups of
infected cells (siscr or siRhoA) proceeded and successfully
completed mitosis and cytokinesis. However, the number of
mitotic cells with RhoA-depletion was statistically signifi-
cantly reduced compared to the parental and scramble cells
(Fig. 3G). The difference between the HCM V-infected parental

and siRNA scramble cells was of less statistical significance,
indicating a relative effect of the RNA interference process
on the mitotic cells. The aforementioned observation that the
siRNA scramble affected mitosis confirmed that although
non-targeting controls activate the RNAi machinery allowing
a baseline assessment of the effect of the introduction of duplex
RNA on gene expression, they can induce a stress response
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within cells. In addition, considering that HCMV is known
to trigger multiple cellular stress responses, the difference
in number of mitotic cells between the parental and siRNA
scramble groups could be due to siRNA/HCMV-induced
stress. Moreover, the HCMV shedding was also determined
by standard plaque assay, showing an efficient egress of the
virus from the glioblastoma cells, presenting no statistically
significant difference between siRNA treated and non-treated
cells (Fig. 3H). These findings provide a clear evidence for an
active role of RhoA GTPase during cell proliferation of unin-
fected but also remarkably of HCMV infected glioblastoma
cells which despite the silencing of RhoA they are still capable
of dividing properly. Moreover, cellular DNA synthesis is
ongoing, although restrained in RhoA-knockdown cells, even
in the presence of the HCMV genomes.

Previous studies have shown an active involvement of RhoA
GTPase during several aspects of HCMYV cell cycle including
cytoskeleton reorganization, viral replication, assembly and
egress of the progeny virus (23-28). The current study provides
evidence for an additional implication of RhoA in cell prolif-
eration and mitosis of glioblastoma HCM V-infected cells.
RhoA is a critical regulator and ensures the proper formation
of mitotic spindle and inhibition of RhoA activity is known to
affect distinct phases of the mitotic progression (29-31). We
show that glioblastoma cells are cable in overcoming the cell
cycle arrest induced by HCMV and our findings on cell prolif-
eration and division after RhoA depletion further expands our
knowledge regarding the role of this particular Rho GTPase
for viral genome maintenance and shedding.
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