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Human Cytomegalovirus IE2 Protein
Disturbs Brain Development by the
Dysregulation of Neural Stem Cell
Maintenance and the Polarization of
Migrating Neurons

Dasol Han,a Sung-Hyun Byun,a Juwan Kim,a Mookwang Kwon,a

Samuel J. Pleasure,b Jin-Hyun Ahn,c Keejung Yoona

College of Biotechnology and Bioengineering, Sungkyunkwan University, Suwon, Gyeonggi-do, Republic of
Koreaa; Department of Neurology, University of California San Francisco, San Francisco, California, USAb;
Department of Molecular Cell Biology, Samsung Biomedical Research Institute, Sungkyunkwan University
School of Medicine, Suwon, Gyeonggi-do, Republic of Koreac

ABSTRACT Despite the high incidence of severe defects in the central nervous sys-
tem caused by human cytomegalovirus (HCMV) congenital infection, the mechanism
of HCMV neuropathogenesis and the roles of individual viral genes have not yet
been fully determined. In this study, we show that the immediate-early 2 (IE2) protein
may play a key role in HCMV-caused neurodevelopmental disorders. IE2-transduced neu-
ral progenitor cells gave rise to neurospheres with a lower frequency and produced
smaller neurospheres than control cells in vitro, indicating reduction of self-renewal
and expansion of neural progenitors by IE2. At 2 days after in utero electroporation
into the ventricle of the developing brain, a dramatically lower percentage of IE2-
expressing cells was detected in the ventricular zone (VZ) and cortical plate (CP)
compared to control cells, suggesting that IE2 concurrently dysregulates neural stem
cell maintenance in the VZ and neuronal migration to the CP. In addition, most IE2�

cells in the lower intermediate zone either showed multipolar morphology with
short neurites or possessed nonradially oriented processes, whereas control cells had
long, radially oriented monopolar or bipolar neurites. IE2� callosal axons also failed
to cross the midline to form the corpus callosum. Furthermore, we provide molecu-
lar evidence that the cell cycle arrest and DNA binding activities of IE2 appear to be
responsible for the increased neural stem cell exit from the VZ and cortical migra-
tional defects, respectively. Collectively, our results demonstrate that IE2 disrupts the
orderly process of brain development in a stepwise manner to further our under-
standing of neurodevelopmental HCMV pathogenesis.

IMPORTANCE HCMV brain pathogenesis has been studied in limited experimental
settings, such as in vitro HCMV infection of neural progenitor cells or in vivo murine
CMV infection of the mouse brain. Here, we show that IE2 is a pivotal factor that
contributes to HCMV-induced abnormalities in the context of the embryonic brain
using an in utero gene transfer tool. Surprisingly, IE2, but not HCMV IE1 or murine
CMV ie3, interferes pleiotropically with key neurodevelopmental processes, including
neural stem cell regulation, proper positioning of migrating neurons, and the cal-
losal axon projections important for communication between the hemispheres. Our
data suggest that the wide spectrum of clinical outcomes, ranging from mental re-
tardation to microcephaly, caused by congenital HCMV infection can be sufficiently
explained in terms of IE2 action alone.
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Human cytomegalovirus (HCMV) is a member of the betaherpesviruses that infect
most human populations in the world and establishes a lifelong infection, with

cycles of repeating latency and reactivation (1). Although HCMV infection is mostly
asymptomatic or subclinical in immunocompetent individuals, it can cause morbidity
and mortality in immunocompromised patients (1). Because of widespread infection in
human populations, the absence of an effective vaccine, and easy mother-to-fetus viral
transmission, HCMV is the most common cause of congenital infections (2) and also
the leading viral cause of birth defects, affecting 0.25% to 2% of newborn infants
worldwide (3).

Up to 10% of congenitally HCMV-infected newborns have overt clinical manifesta-
tions at birth, including microcephaly, thrombocytopenia, jaundice, hepatomegaly, and
occasionally life-threatening systemic complications (4). The remaining infected infants
have no clinical manifestations at birth, but some will still have defects in brain
functions, such as mental retardation, visual and hearing disorders, seizures, and
epilepsy (3, 5, 6). Infections during early pregnancy generally lead to more severe
clinical manifestations in newborns (5).

For proper brain development, neural stem cell number and expansion must be
closely regulated. Embryonic neural stem cells are maintained in the ventricular zone
(VZ), and as brain development proceeds, they differentiate into cells with neuronal
lineage commitment and migrate away from the VZ to the outer surface of the brain
to form cortical lamination (7). The failure of precise regulation of neural stem cell
proliferation and differentiation causes developmental abnormalities in the brain such
as microcephaly and mental retardation (8).

HCMV brain pathogenesis has been studied mainly in cultured neural progenitor
cells in vitro because of the lack of an appropriate animal model due to the strict
species-specific tropism of HCMV that only allows virus replication in cells of human
origin (9). To circumvent this limitation, an animal model using murine CMV (MCMV)
infection of the mouse brain has been used to provide insight into CMV pathogenesis
in the central nervous system (CNS) (10, 11). However, since MCMV differs considerably
from HCMV with respect to immediate-early (IE) gene organization, overall nucleotide
sequence, and corresponding biological properties (12), there have been limitations in
extrapolating data from the experimental animal MCMV model to HCMV pathogenesis
in the human brain.

To better understand the pathogenesis of viruses with a large and complicated
genome like HCMV, in-depth studies analyzing cellular and molecular changes at a
single-gene level as well as the whole-virus level are required. Considering that gene
function studies inducing expression of a viral gene of interest by vectors circumvent
the issue of host cell tropism, it is surprising that few attempts, to our knowledge, have
been made to assess the effect of individual HCMV genes in vivo using an animal model.

In this study, we show that expression of the HCMV immediate-early 2 (IE2) protein
has a profound negative impact on the proliferation and self-renewal capacity of neural
progenitor cells in vitro. Expression of HCMV IE2 protein also induces premature
differentiation of neural stem cells and accumulation of nonfunctional immature neurons
during brain development in vivo. Our study provides insight into the molecular
pathogenesis mechanisms by which a complex virus, HCMV, disturbs the development
of the most complex organ, the brain.

RESULTS
Expression of HCMV IE2, but not IE1, impairs the self-renewal and proliferation

of neural progenitor cells in vitro. For efficient gene delivery into primary neural
progenitor cells, IE1 and IE2 genes were cloned into the retroviral vector MSIG (13)
(Fig. 1A). MSIG contains an internal ribosome entry site (IRES) sequence for bicistronic
expression of IE1 or IE2 and green fluorescent protein (GFP) as a reporter. Western
blotting (Fig. 1B) and immunofluorescence (Fig. 1C) showed that the constructs ex-
pressed proteins of the expected sizes for each IE protein and GFP in target cells.
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To test the effect of IE proteins on embryonic neural progenitor cells in vitro, we
began with neurosphere cultures using mouse embryonic day 14.5 (E14.5) neural
progenitors. The neurosphere assay is a clonal cell survival assay based on the ability of
a single neural stem cell to grow into a colony (neurosphere) in defined stem cell media
(14). By measuring neurosphere frequency and size, the effects of a gene of interest on
self-renewal and proliferative activities, respectively, can be determined for stem cells.
As shown in Fig. 1D and E, IE2-transduced cells gave rise to far lower frequencies of
neurospheres and smaller neurospheres than control cells, indicating reduction of
self-renewal and cell proliferative capabilities upon IE2 expression, whereas IE1 expres-
sion did not appear to have any deleterious effects on neurosphere formation. To rule
out the possibility that IE2 exerts its negative influences on neural progenitor cells
through cytotoxic activity, we performed Western blotting to detect the active form of
caspase-3, a marker for apoptosis, and found that cleaved caspase-3 was undetectable
in IE2-transduced neural progenitor cells (Fig. 1F). Taken together, these results indicate
that IE2 negatively regulates neural stem cell characteristics in vitro, and these obser-
vations were not due to increased cell death.

IE2 negatively acts on multiple steps of brain development in vivo. We next
tested the effects of IE2 expression on neural stem cells in vivo. Neural stem cells reside
and proliferate in the VZ throughout brain development, and cells undergoing differ-
entiation into neurons migrate away from the VZ to cross the intermediate zone (IZ)
and reach the cortical plate (CP). For in vivo transgene expression in the developing
brain, IE2-expressing plasmid DNA was introduced into the telencephalic ventricle of
E13.5 embryos by in utero electroporation (Fig. 2A), and the outcomes of IE2 expression
were analyzed at E15.5. Initially, only cells lining the ventricles (thus, mostly neural stem

FIG 1 HCMV IE2 expression, but not IE1 expression, negatively regulates neural stem cells in vitro. (A) Schematic
representation of the retroviral vector used in this study. The retroviral vector MSIG, which bicistronically expresses
HCMV IE and GFP, was used to transduce primary embryonic neural progenitor cells. MSIG expressing only GFP was
used as a control. IRES, internal ribosome entry site; LTR, long terminal repeat; MCS, multicloning site; MIE, major
immediate early. Expression of IE1/2 and GFP in transduced target cells was confirmed by Western blotting using
an anti-IE antibody (B) and fluorescence microscopy (C), respectively. (D) Effect of IE1 and IE2 on neurosphere
formation. E14.5 primary neural progenitors transduced with each retroviral vector were cultured for 7 days in
serum-free medium supplemented with B27/N2 and FGF2. (E) Quantification of neurosphere frequency and size
from panel D. (F) Test for possible cytotoxic effects of IE proteins. Cell lysates from primary neural progenitors
transduced with each retroviral vector and cultured for 2 days were tested for cleaved caspase-3 generation by
Western blotting. Staurosporine (STS; 2 �M; 8 h of incubation) was used as a positive control. Scale bars, 100 �m.
Error bars represent standard deviations (SD). Student’s t test was used to determine statistical significance. ***,
P � 0.001; n � 3.
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cells) are transfected by electroporation, and after a certain period of time, the
distribution of gene-transferred cells in the cortical laminar layers are visualized by
immunofluorescence against the GFP reporter protein to analyze the differentiation
pattern of transgene-expressing cells. IE and GFP expression levels after in utero

FIG 2 HCMV IE2 expression disturbs cortical brain development in vivo. (A) Schematic of gene delivery into the embryonic brain through in utero electroporation
of plasmid DNA and assessment of the neurodevelopment-modulating activity of a gene of interest by determining the transgene-expressing cell positions in
the cortical layers. Initially, only neural stem cells lining the VZ are electroporated, and as development proceeds, they give rise to neural stem cells that reside
in the VZ or neurons that migrate up to the pial surface. (B) IE expression in the brains at 2 days postelectroporation was confirmed by immunostaining using
anti-GFP (reporter gene; green) and anti-IE1/2 (red) primary antibodies as well as Alexa Fluor 488- and 555-conjugated secondary antibodies. IE2-expressing
cells in E15.5 (C) or E18.5 (H and I) embryonic brains that were electroporated at E13.5 were immunolabeled using anti-GFP primary and Alexa 488-conjugated
secondary antibodies. For panel C, GFP immunofluorescence merged with DAPI-counterstained images are shown on the right. (D) Quantification of GFP� cell
positions from panel C. (E) Double immunolabeling of E15.5 brain sections electroporated with IE2-expressing plasmid at E13.5 using anti-GFP (green) and
anti-Sox2 (red) primary antibodies. (F) The shapes of GFP� electroporated cells in E15.5 cortices at the transition between MMZ and RMZ. The dotted red lines
indicate the direction of radial migration. Radial cells were defined as cells with a leading process with a deviation angle of less than 45° relative to the normal
radial migration direction. (G) Quantification of cell shapes shown in panel F. (I) Examination of callosal axon trajectory (closed arrowheads) using
immunolabeling of GFP at E18.5. The dotted lines indicate the midline, and an open arrowhead indicates where IE2� callosal axons stop projection. VZ,
ventricular zone; SVZ, subventricular zone; IZ, intermediate zone; CP, cortical plate; MMZ, multipolar morphology zone; RMZ, radial morphology zone; CC, corpus
callosum; LV, lateral ventricle. Scale bars were 20 �m (B, E, and F), 50 �m (C), and 100 �m (H and I). Error bars represent SD. Student’s t test was used to
determine statistical significance. **, P � 0.01; ***, P � 0.001; n � 3.
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electroporation were verified by immunofluorescence using anti-IE1/2 and anti-GFP
antibodies (Fig. 2B). As shown in Fig. 2C and D, IE2 expression resulted in significant
changes in cell localization in the embryonic brain. At 2 days postelectroporation, a
dramatically higher fraction of IE2-transfected cells was detected in the multipolar
morphology zone (MMZ) than in control cells. Far lower percentages of IE2-expressing
cells in the VZ and CP indicate that IE2 dysregulates neural stem cell maintenance as
well as neuronal migration and maturation. Enhanced cell exit from the VZ upon IE2
expression was further confirmed by immunostaining using an anti-Sox2 antibody (Fig.
2E). The delay in migration of IE2-expressing cells toward the pial surface was still
obvious at E18.5 and thus was presumed to be maintained throughout brain develop-
ment (Fig. 2H). The presence of a large number of IE2-expressing cells in the transfected
brain up to 5 days postelectroporation also provides evidence for the cytotoxicity-
independent dysregulation of brain development by IE2.

In addition, there was a prominent difference in cellular morphology between IE2�

and control cells in the boundary region between the MMZ and radial morphology
zone (RMZ), where multipolar-to-bipolar transition occurs. Control cells had long,
radially oriented monopolar or bipolar neurons, whereas most IE2� cells either showed
multipolar morphology with short neurites or possessed a leading process deviating
from the normal radial migrating direction (Fig. 2F). To quantify these observations, the
deviation angle of the leading process relative to the normal radial migration direction
was measured, and cells with a deviation angle of less than 45° were defined as radial
cells and the others as nonradial cells (Fig. 2G).

The neocortical hemispheres are connected via a large axon bundle, the corpus
callosum. This connection is achieved by the orderly projection of axons over long
distances from one side of the cortex to the equivalent contralateral cortical area (15).
As shown in Fig. 2I, callosal axons of IE2-expressing cells failed to project into the
topographically equivalent locations in the contralateral brain area at E18.5. Taken
together, these results indicate that IE2 disrupts multiple processes of brain develop-
ment, including neural stem cell maintenance in the VZ, migrating neuronal polariza-
tion, radial migration, and callosal axon projection linking the two hemispheres.

Expression of MCMV ie3, the MCMV homolog of HCMV IE2, has no detrimental
effects on neural stem regulation. Because of the high level of conservation between
HCMV IE2 and MCMV ie3 with regard to amino acid sequence, gene structure, and
protein functions (16), we tested if expression of MCMV ie3 could exert negative effects
similar to those of HCMV IE2 in neural stem cell regulation. Interestingly, MCMV ie3
behaved like the negative control both in vitro and in vivo; MCMV ie3 expression
appeared to have no inhibitory effects on the formation rate and size of neurospheres
(Fig. 3B and C). The cell distribution pattern in the developing brain also was not
affected by ie3 expression induced by in utero electroporation (Fig. 3E and F). Taken
together, these results indicate that despite its similarity to HCMV IE2, MCMV ie3 is not
associated with neural stem cell misregulation.

IE2 expression dysregulates neural progenitor cells in vitro through cell cycle-
inhibitory and DNA binding activities. To address how IE2 perturbs neural stem cell
properties, we generated two functional mutant IE2 genes by site-directed mutagen-
esis. IE2 induces transactivation of target genes and host cell cycle arrest, and these
functions can be selectively abrogated by amino acid substitutions. The H446,452L
mutation in a putative zinc finger domain abolishes both DNA binding and host cell
cycle arrest abilities (17–19), and the Q548R mutation, which adds a positively charged
residue in close proximity to the acidic activation domain, disrupts only the latter (20)
(Fig. 4A). The mutant IE2 genes were expressed at levels comparable to those of
wild-type IE2 in target cells as assessed by Western blotting (Fig. 4B). Changes in host
cell cycle-inhibiting and DNA binding activities of IE2 by the mutations were then
tested by quantitative real-time PCR (qPCR) to detect expression of cell cycle inhibitor
genes, cdkn1a (p21) (21) and cdkn1b (p27) (22), in the mouse neural progenitor cells
(Fig. 4D) and a chromatin immunoprecipitation (ChIP) assay to test IE2 binding to the
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c-myc promoter region using chromatin extracts derived from mouse neuroblastoma
Neuro-2a cells (Fig. 4E).

Upon transduction into primary neural progenitor cells, the Q548R mutation re-
stored neurosphere frequency as well as neurosphere size to 50% of the wild-type IE2
level (Fig. 3F and G), suggesting that the reduced level of in vitro stem cell properties
induced by IE2 expression is partly attributable to cell cycle inhibition. The DNA binding
activity of IE2 appeared to account for the remaining portion of the inhibitory effects
of IE2 on neurosphere formation, since the H446,452L mutation almost completely
abolished the ability of IE2 to reduce neurosphere frequency and size. These results
indicate that the IE2 cell cycle inhibition and DNA binding activities comparably
contribute to IE2-induced reduction of neural progenitor cell stemness in vitro.

IE2 cell cycle inhibition and DNA binding abilities are responsible for acceler-
ated cell exit from the VZ and mingled neuronal cell polarity in vivo, respectively.
Finally, we examined the functional consequences of the IE2 mutations in vivo by in
utero electroporation. The reduced fraction of cells in the VZ upon IE2 expression was
restored to normal levels by both the Q548R and H446,452L mutations, suggesting that
the cell cycle-arresting activity of IE2 is sufficient to cause enhanced neuronal differ-
entiation initiation (Fig. 5A and B). However, IE2 Q548R still produced fewer cells in the
upper region of the brain (Fig. 5A and B) and also more nonradial or multipolar cells at
the transition between MMZ and RMZ (Fig. 5C and D). Further abrogation of IE2 DNA
binding ability was required to rescue the neuronal cell migration, polarization, and
migration angle defects. These results indicate that IE2 disrupts normal brain develop-
ment in a stepwise manner by enhancing neural stem cell exit from the VZ and
inhibiting proper polarization of migrating immature neurons, and these are distinctly
associated with different IE2 functions, cell cycle-inhibitory and DNA binding (presum-
ably transcriptional regulatory) activities, respectively (Fig. 5E).

FIG 3 Effects of MCMV ie3 expression on neural stem cell regulation. (A) Expression of Myc-tagged MCMV ie3 in retrovirally transduced embryonic neural
progenitors was confirmed by Western blotting using an anti-Myc tag antibody. (B) E14.5 primary neural progenitors transduced with a retroviral vector
expressing either HCMV IE2 or MCMV ie3 were cultured for 7 days in neural stem cell medium for neurosphere formation. (C) Quantification of neurosphere
frequency and size in of cells shown in panel B. (D) MCMV ie3 expression in the brains at 2 days postelectroporation was examined using anti-GFP (green) and
anti-Myc tag (red) primary antibodies and Alexa Fluor 488- and 555-conjugated secondary antibodies. (E) MCMV ie3-expressing cells in E15.5 embryonic brains
that were electroporated at E13.5 were immunostained using anti-GFP primary and Alexa Fluor 488-conjugated secondary antibodies. DAPI-merged images are
shown on the right. (F) Quantification of GFP� cell positions of cells shown in panel E. Scale bars were 25 �m (D), 50 �m (E), and 100 �m (B). **, P � 0.01; ***,
P � 0.001; n � 3.
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DISCUSSION

Stem cells are defined by their ability to produce stem cell progeny, a property
known as self-renewal, and their ability to give rise to differentiated cells (23). The
self-renewal ability of neural stem cells is important for maintaining neural stem cell
pools throughout brain development. Thus, defects in neural stem cell division at early
embryonic stages cause depletion of the neural stem cell population, resulting in the
failure to produce a proper number and composition of neural cells and subsequently
cause microcephaly, a neurodevelopmental disorder characterized by a dramatically
smaller brain size at postnatal stages (24). In this regard, it is highly plausible that the
ability of IE2 to increase cell cycle exit of neural stem cells would sufficiently address the
issue of how HCMV infection can severely reduce brain size or damage brain structures
even without viral cytolytic activity.

Proper cortical development requires tightly regulated cell migratory events to
establish specific laminar position and connectivity of neurons (25, 26). Most neocor-
tical projection neurons originate by asymmetric division of neural stem cells in the
ventricular zone (27). They then move radially to the SVZ and lower IZ, where they
become multipolar cells possessing multiple long projections (28, 29). Axon formation
starts as cells approach the middle of the IZ, and in the upper part of the IZ, cell
morphology changes from multipolar to bipolar cells with a thick, radially oriented
leading process and a thin, trailing axon. This polarization of axon and dendrites confers
the ability of neurons to migrate to their final destination and communicate with
neighboring neurons (30), and errors in neuronal migration are subject to neurodevel-
opmental disorders, including lissencephaly and focal cortical dysgenesis (31). In this
study, we showed that migration of IE2-expressing cells to the cortical plate was greatly
delayed, consistent with a previous study reporting delayed migration of bromode-

FIG 4 Effects of IE2 mutations on IE2-induced downregulation of neural stem cell properties in vitro. (A) Schematic diagram showing the location of the
H446,452L and Q548R mutations in the IE2 gene. AD, activation domain; CORE, core domain; N, nuclear localization signal; ZF, putative zinc finger motif.
Expression of IE2 mutants and GFP in transduced target cells was confirmed by Western blotting using an anti-IE antibody (B) and fluorescence microscopy
(C). (D) Two days after E14.5 primary neural progenitor cells were transduced with each retroviral vector, mRNA expression levels of the indicated cell cycle
inhibitor genes were measured by qPCR. (E) Chromatin immunoprecipitation (ChIP) assay using Neuro-2a (a murine neuroblastoma cell line) chromatin extracts
and anti-Myc tag antibody and subsequent qPCR analysis for the genomic c-fos promoter region. (F) Effect of IE2 mutants on neurosphere frequency and size.
E14.5 primary neural progenitors transduced with the retroviral vectors were cultured for 7 days in serum-free medium supplemented with B27/N2 and FGF2.
(G) Quantification of results depicted in panel F. Scale bars, 100 �m. Error bars represent SD. Student’s t test was used to determine statistical significance.
*, P � 0.05; **, P � 0.01; ***, P � 0.001; n � 3.
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oxyuridine (BrdU)-labeled cells in postnatal mice infected with MCMV at E15.5 (11). Our
careful examination of cell morphology further revealed that the majority of IE2-
expressing cells remained as multipolar cells in the boundary region between MMZ and
RMZ, where multipolar-to-bipolar transition occurs. Because of the tight functional
association between polarization and radial migration of postmitotic neurons (25, 32,
33), we assumed that the lack of IE2-expressing cells in the cortical plate area was due
to a defect in the multipolar-to-bipolar transition of migrating neurons, and these
defects might also contribute to HCMV-caused neurodevelopmental disorders.

One of the major novel findings of this study is that callosal neurons expressing IE2
were not able to project axons across the midline. Orderly callosal axon projections
connecting the two brain hemispheres are critical for coordinated somatosensory and
motor functions as well as for higher cognitive processes (34, 35). Consequently, callosal
malformations are associated with various types of cognitive, behavioral, and neuro-
logical deficits (36). Thus, our data showing impairment of callosal axon projection into
the contralateral cortical area offers another possible explanation for brain pathogen-
esis associated with congenital HCMV infection.

Our sophisticated in vivo approaches produced interestingly different conclusions
from previous reports employing in vitro techniques. For example, HCMV infection was
shown to prevent the induction of neuronal differentiation of cultured neural progen-
itor cells by antineuronal marker immunostaining of cultured cells (37), whereas we

FIG 5 Effects of IE2 mutations on IE2-induced misregulation of neuronal differentiation in vivo. (A) Wild-type or mutant IE2-expressing cells in E15.5 embryonic
brains that were intraventricularly electroporated at E13.5 were immunolabeled using anti-GFP primary and Alexa Fluor 488-conjugated secondary antibodies.
DAPI-merged images are shown on the right. (B) Quantification of GFP� cell positions shown in panel A. (C) The shapes of cells electroporated with the indicated
plasmids in E15.5 cortices at the transition between MMZ and RMZ. The dotted red lines indicate the direction of radial migration. (D) Quantification of GFP�

cell shapes shown in panel C. (E) Schematic representation of a model for the detrimental effects of IE2 on brain development. Expression of IE2 in neural stem
cells in the VZ induces the accumulation of nonfunctional immature neurons by enhancing cell cycle exit of neural stem cells and inhibiting multipolar-to-
bipolar transition of postmitotic migrating neurons. VZ, ventricular zone; MMZ, multipolar morphology zone; RMZ, radial morphology zone. Scale bars, 50 �m.
Error bars represent SD. Student’s t test was used to determine statistical significance. **, P � 0.01; ***, P � 0.001; n � 3.
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conclude that increased initiation of neuronal differentiation of neural stem cells and
inhibition of full neuronal maturation with proper morphology in the correct cortical
laminar position may be the real causal mechanism of HCMV neuropathogenesis. They
also raised the possibility that late HCMV gene products were responsible for inhibition
of neuronal differentiation by using foscarnet sodium (Foscavir), a selective inhibitor of
late HCMV gene transcription, whereas we showed that immediate-early protein IE2 has
a great impact on neural stem cell differentiation. Although the results are not directly
comparable due to different experimental settings (neural progenitor cells in vitro
versus neural stem cells in vivo; HCMV whole virus versus single gene; pharmacological
versus direct gain-of-function approach), our in vivo approach, which dissects the
harmful effects of IE2 on multiple steps of brain development, has meaningful advan-
tages over previous in vitro studies.

In summary, our study provides a multistep model for IE2-induced disturbance of
brain development. We show that IE2 expression causes enhanced premature cell cycle
exit of neural stem cells in the VZ, which can lead to reduction of neural stem cells and
a small brain at postnatal stages, followed by inhibition of multipolar-to-bipolar tran-
sition and radial migration of new-born neurons which would result in abnormal
laminar structures and disruption of connectivity between neurons. It is of note that the
broad spectrum of neurodevelopmental disorders caused by HCMV that range from
physiological to structural defects can be explained by IE2 action alone. Our charac-
terization of IE2-induced misregulation of neural stem cell maintenance and differen-
tiation provides insight into the role of an individual viral gene in HCMV pathogenesis
and furthers our molecular understanding of HCMV-induced developmental CNS dis-
orders.

MATERIALS AND METHODS
Plasmid construction. MSIG-IE1 and -IE2 and MCMV ie3 plasmids were kindly provided by S. Kim

(Seoul National University, Seoul, South Korea) and Q. Tang (Howard University College of Medicine,
Washington, DC, USA), respectively. The IE2 Q548R and H446,452L mutants were generated by site-
directed mutagenesis using the following primers: Q548R (5=-CCGCGAAGGCCTACGCCGTGGGGCGGTTT
GAGAAGCCCACCG-3=), H446,452L (5=-CCACTCCCTTCCTCATGGAGCTGACTATGCCTGTGACACTGCCTCCTG
ATGTGGCGCAGCG-3=), and the complementary reverse primers. The intended mutations were verified by
conventional sequencing. The MCMV ie3 gene was amplified using the ie3-myc tag-F (5=-TCACGCGTGC
CACCATGGAACAAAAACTCATCTCAGAAGAGGATCTGAGTTGCAACATGATCATGATCG-3=) and ie3-R (5=-ATGGA
TCCTCACTCGCAGTCAGACTCATA-3=) primers and then inserted into the MSIG multicloning site.

Retrovirus preparation and transduction. The method of retroviral vector production was de-
scribed previously (38). Briefly, the retroviral construct was transfected into 293T cells with gag-pol
(pCA-gag-pol) and env-expressing vector (vesicular stomatitis virus glycoprotein) using polyethylenei-
mine (Sigma). The supernatant was collected 48 h after transfection, filtered through a 0.45-�m filter, and
frozen at �80°C until used. Concentrated viral stocks were prepared by ultracentrifugation at 25,000 rpm
for 90 min at 4°C in an SW28 rotor (Beckman Coulter). Pellets were resuspended in 50 �l of phosphate-
buffered saline (PBS) at 4°C for about 12 h, and virus aliquots were stored at �80°C. For viral titration,
NIH 3T3 cells were seeded at 1 � 105 in 6-well plates on the previous day. Viral supernatants were added
in the presence of Polybrene (final concentration, 8 �g/ml) (Sigma). Viral titer was determined by measuring
the percentage of GFP-positive cells transduced with different dilutions of virus stock.

Animals and in utero gene transfer. All animal protocols were approved by the Institutional Review
Board (no. SKKUIACUC-2016-04-0005-2) and conducted in the Laboratory Animal Research Center of
Sungkyunkwan University. Timed pregnant CD1 mice (Orient Bio) were used for injections, and embryos
were considered 0.5 days old (E0.5) when a vaginal plug was detected in the morning. Prior to injection,
pregnant mice were anesthetized with pentobarbital sodium (Hanlim Pharm). For in utero electropora-
tion, 1 to 2 �l of DNA solution (2 �g/�l) in PBS with 0.01% fast green dye (Sigma) was injected into the
lateral ventricle of E13.5 embryos, and five square electric pulses (33 V) were delivered at one pulse per
second (50-ms pulse followed by 950-ms gap) to the embryos through the uterus with forceps-type
electrodes (CUY650P5; 5-mm-diameter platinum round plates; Nepagene).

Neural progenitor cell preparation and neurosphere assay. Primary neural progenitor cells were
prepared from the lateral and medial ganglionic eminences of E14.5 embryos. Dissected brain tissue was
minced, washed three times with PBS, and incubated in 0.25% trypsin (Invitrogen) at 37°C for 5 min.
DNase and ovomucoid trypsin inhibitor (both from Worthington) were added, and samples were
triturated using a fire-polished Pasteur pipette. Cells were washed twice with DMEM–F12 medium
(Invitrogen), resuspended in PBS, and run through a 40-�m cell strainer (Falcon). Prior to neurosphere
assays, neural progenitors were transduced with concentrated retroviral vectors. After 48 h, aggregated
cells were mechanically dissociated, and 3,000 cells were seeded and incubated in DMEM–F12 medium
supplemented with B27/N2 (both from Invitrogen) and FGF2 (Peprotech). After 7 days of incubation, the
numbers of neurospheres were counted under a light microscope (Eclipse TS100; Nikon).
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Immunofluorescence. Standard immunofluorescence procedures were used for visualization of
target gene expression in electroporated animals. Briefly, gene-transferred embryonic brains were fixed
in 4% paraformaldehyde, dehydrated in 30% sucrose, and cryosectioned. Sections were washed in PBS
and then blocked for 1 h with PBS containing 10% fetal bovine serum and 0.2% Triton X-100. Samples
were then incubated overnight at 4°C with anti-GFP (1:1,000; Invitrogen) and anti-Sox2 (1:1,000; Chemi-
con) primary antibodies, washed three times in PBS, and incubated for 3 h at room temperature with
Alexa Fluor 488- or 555-conjugated secondary antibodies (Invitrogen) diluted in blocking solution.
Samples were further counterstained with 4=,6-diamidino-2-phenylindole (DAPI) (Sigma). Images were
acquired using a Zeiss LSM 700 confocal microscope.

Western blotting. Primary neural stem cells were lysed using radioimmunoprecipitation assay (RIPA)
buffer (Sigma) with a protease and phosphatase inhibitor cocktail (Pierce Biotechnology). Equal amounts
of protein (20 to 40 �g, depending on the target protein) were resolved in 8 to 10% (wt/vol) SDS-PAGE
and transferred to polyvinylidene fluoride (PVDF) membranes (PALL). The membranes were blocked with
TBST (150 mM NaCl, 10 mM Tris-HCl, 0.1% [vol/vol] Tween 20, pH 8.0) containing 5% (wt/vol) skim milk
and analyzed with the following primary antibodies: anti-IE1/2 (1:2,000), anti-cleaved caspase-3 (1:400),
anti-Myc tag (1:1,000), and anti-beta-actin (1:2,000). All blots were incubated overnight with a primary
antibody at 4°C and with horseradish peroxidase-conjugated anti-mouse or anti-rabbit secondary
antibodies (1:10,000; Pierce Biotechnology) for 2 h at room temperature. The protein bands were
visualized with the enhanced chemiluminescence system (Atto) and X-Omat film (Kodak).

Reverse transcription and quantitative real-time PCR. Total RNA was prepared from cultured cells
using TRIzol reagent (Qiagen), and cDNAs were synthesized from 400 ng of each RNA sample by using
an oligo(dT) primer and MMLV-RT enzyme (Promega). Quantitative real-time PCR (qPCR) was performed
using the TaKaRa thermal cycler Dice real-time system TP800 (TaKaRa) according to the SmartCycler
System’s protocol (TaKaRa) with the following primers: cdkn1a-F (5=-CCTGGTG-ATGTCCGACCTG-3=),
cdkn1a-R (5=-GCCATGAGCGCATCGCAATCA-3=), cdkn1b-F (5=-TCAAACGTGAGAGTGTCTAACG-3=), cdkn1b-R
(5=-CGGGCCGAAGAGATTTCTG-3=), b-actin-F (5=-CAAAAGCCACCCCCACTCCTAAGA-3=), and b-actin-R (5=-
GCCCTGGCTGCCTCAACACCTC-3=). All qPCRs were performed by predenaturing at 95°C for 30 s, followed
by 43 cycles of three-step amplification at 95°C for 5 s, 60°C for 10 s, and 72°C for 30 s, and a final cycle
at 95°C for 15 s, 60°C for 30 s, and 95°C for 15 s, irrespective of target genes.

ChIP. Transfected Neuro2A cells were cross-linked using 1% formaldehyde for 15 min. The samples
were then washed three times in cold PBS and homogenized in ChIP cell lysis buffer (1% SDS, 10 mM
EDTA, 50 mM Tris-HCl [pH 8.0], and protease inhibitor cocktail [Sigma]). After 10 min on ice, the lysate
was sonicated (Cole-Parmer) on ice using 14 pulses of 10 s each at 4 to 6 W and centrifuged for 20 min at
21,000 � g at 4°C, and then the supernatant was collected. An antibody against the Myc tag (1:300; Santa Cruz
Biotechnology) was added, and the samples were rotated overnight at 4°C. Immunoprecipitates were isolated
by incubating with protein G-agarose (Invitrogen), and the beads were washed consecutively with low-salt
buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl [pH 8.0], 150 mM NaCl), high-salt buffer (0.1%
SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl [pH 8.0], 500 mM NaCl), LiCl buffer (0.25 M LiCl, 1% NP-40,
1% deoxycholic acid, 1 mM EDTA, 20 mM Tris-HCl [pH 8.0]), and TE buffer (1 mM EDTA, 10 mM Tris-HCl [pH
8.0]). Chromatin was eluted and cross-linking was reversed with 0.2 M NaCl. Samples were then digested with
10 �g of proteinase K (Sigma), and DNA was isolated via a DNA purification kit (GeneAll). Enrichment of
genomic c-fos promoter regions was determined by qPCR using the c-fosP-F (5=-CAGTGACGTAGGAAGTCCA
T-3=) and c-fosP-R (5=-TGCTCGCTGCAGTCGCG-3=) primers.
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