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Abstract
Congenital human cytomegalovirus (HCMV) infection is a major cause of abnormalities and disorders in the central 
nervous system (CNS) and/or the peripheral nervous system (PNS). However, the complete pathogenesis of neural differ-
entiation disorders caused by HCMV infection remains to be fully elucidated. Stem cells from human exfoliated decidu-
ous teeth (SHEDs) are mesenchymal stem cells (MSCs) with a high proliferation and neurogenic differentiation capacity. 
Since SHEDs originate from the neural crest of the early embryonic ectoderm, SHEDs were hypothesized to serve as a 
promising cell line for investigating the pathogenesis of neural differentiation disorders in the PNS caused by congenital 
HCMV infection. In this work, SHEDs were demonstrated to be fully permissive to HCMV infection and the virus was 
able to complete its life cycle in SHEDs. Under neurogenic inductive conditions, HCMV infection of SHEDs caused an 
abnormal neural morphology. The expression of stem/neural cell markers was also disturbed by HCMV infection. The 
impairment of neural differentiation was mainly due to a reduction of intracellular cholesterol levels caused by HCMV 
infection. Sterol regulatory element binding protein-2 (SREBP2) is a critical transcription regulator that guides cholesterol 
synthesis. HCMV infection was shown to hinder the migration of SREBP2 into nucleus and resulted in perinuclear aggre-
gations of SREBP2 during neural differentiation. Our findings provide new insights into the prevention and treatment of 
nervous system diseases caused by congenital HCMV infection.
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Introduction

Human cytomegalovirus (HCMV), a member of the her-
pes virus family, is a significant contributor to congenital 
developmental birth defects. Its primary manifestations 
are observed in the nervous system [1, 2]. Approximately 
10–15% of neonates with congenital HCMV infection 
exhibit a wide range of central nervous system (CNS) and/or 
peripheral nervous system (PNS) disorders. CNS disorders 
caused by congenital HCMV infection present as micro-
cephaly, intracranial calcification, ventriculomegaly, among 
others. Concurrently, the main defects in PNS caused by 
HCMV infection include hearing loss, stemming from the 
absence of peripheral nerves or the loss of corresponding 
function. Furthermore, around 5–10% of infants congeni-
tally infected with HCMV may not display symptoms at 
birth but later develop mild forms of brain disorders, includ-
ing hearing loss and mental retardation [3]. However, the 
complete pathogenesis of neural differentiation disorders 
caused by HCMV infection remains to be fully elucidated.

Researchers have endeavored to clarify the mechanism 
behind neural differentiation disorders caused by HCMV 
infection. Odeberg et al. discovered that HCMV infec-
tion inhibits the differentiation of human neural precursor 
cells (NPCs) into neurons and astrocytes through apoptosis 
induced by virus in cells, during differentiation process [4, 
5]. Additionally, certain studies suggest that HCMV may 
stimulate neuroinflammatory processes [6–8] and impede 
neural precursor cell proliferation by disrupting cell cycle 
control [4, 9]. Furthermore, Liu et al. reported that the 
HCMV immediate-early 1 protein (IE1) suppresses neural 
progenitor cell proliferation and neurosphere formation by 
downregulating the expression of hairy and enhancer of 
split 1 protein in infected NPCs [10, 11].

Several neural cell lines have been successfully isolated 
and cultured in vitro for research on human neural differen-
tiation and development, such as neural stem cells (NSCs), 
NPCs and induced pluripotent stem cells (iPSCs) [12–14]. 
These cell lines also have been used to investigate the 
pathogenesis of congenital HCMV infection in neural dif-
ferentiation disorders. However, it has been demonstrated 
that HCMV cannot complete a full viral replication in iPSCs 
[15]. Although NPCs are susceptible to HCMV infection, 
they represent an intermediate stage in the differentia-
tion process from NSCs to mature neurons. Consequently, 
alterations in NPC differentiation caused by HCMV infec-
tion may not fully capture the overall impact of HCMV on 
stem cell differentiation [4, 5, 9, 16]. NSCs derived from 
the forebrain tissue of aborted human fetuses are consid-
ered an optimal model for studying neural differentiation 
post HCMV infection [15, 17]. Nevertheless, due to ethical 
considerations and limited availability, NSCs have not been 

extensively employed in this type of research. Considering 
the challenges associated with the use of NSCs, cell lines 
possessing both neural differentiation capacity and permis-
sibility to HCMV infection would significantly facilitate 
further research in this field.

Stem cells from human exfoliated deciduous teeth 
(SHEDs), isolated by Miura et al. in 2003, present a novel 
population of MSCs derived from the neural crest of the 
ectoderm [18–20]. Demonstrating a high proliferation rate 
and multi-differentiation capacity, under various induc-
tive conditions, SHEDs can successfully differentiate into 
diverse cell types, including neural cells, osteoblasts, hepa-
tocytes, and pancreatic cells. Among them, SHED-derived 
neural cells have been used to investigate the occurrence 
and treatment of multiple nervous system diseases, such as 
Parkinson’s disease, acute contused spinal cord injury, and 
sciatic nerve enervation [21–23]. Since SHEDs originate 
from the neural crest of the early embryonic ectoderm, their 
differentiation process into neural cells more accurately 
reflects the differentiation and development of the PNS. 
Therefore, SHEDs were hypothesized to serve as a prom-
ising cell line for investigating the pathogenesis of neural 
differentiation disorders in the PNS caused by congenital 
HCMV infection.

The aim of this study was to investigate the molecular 
mechanism of neural differentiation disorders caused by 
HCMV infection in SHEDs. Initially, the susceptibility of 
SHEDs to HCMV was established. Genomic replication 
and mature particle packaging in SHEDs were assessed. 
Subsequently, under neurogenic inductive conditions, the 
neural differentiation of SHEDs following HCMV infection 
was characterized. The study also determined the altered 
expression of stem/neural cell markers caused by HCMV 
infection in SHEDs. Ultimately, the impairment of neural 
differentiation resulting from HCMV infection was found 
related to a reduction of sterol regulatory element binding 
protein 2 (SREBP2)-mediated cholesterol biosynthesis. The 
results of this study offer new insight into the prevention 
and treatment of nervous system diseases caused by con-
genital HCMV infection.

Methods and materials

Primary culture of SHED

Human exfoliated deciduous teeth of children were obtained 
as discarded biological samples collected from children aged 
7- to 8-year-old from Department of Pediatric Dentistry of 
China Medical University. Isolation and characterization 
of SHED was performed as described previously [19]. To 
exclude the impact of individual genetic background on our 
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findings, SHED cell lines used in this study were obtained 
from 10 children respectively. Experiments were conducted 
from multiple cell lines. Only 4 to 8 generations of SHEDs 
can be used for experiments and differentiation induction.

Cell preparation

HELFs were cultured in Dulbecco’s minimal essential 
medium (DMEM, BI, Israel) containing 10% fetal bovine 
serum (Equitech, USA) and 100U/mL penicillin-streptomy-
cin (BI, Israel) solution. SHEDs were cultured in α-MEM 
(Gibco, USA) containing 15% FBS (Equitech, USA) and 
100U/ml penicillin-streptomycin (BI, Israel) solution.

Trypsin-EDTA (0.25% trypsin, 0.02% EDTA; Gbico, 
USA) was used for digestion during cell passage. Both 
HELF and SHEDs were maintained at 37 °C with 5% CO2 
and passaged every 3–4 days at 90% confluence.

Virus preparation

Human cytomegalovirus clinical low-passage strain Han 
and laboratory strain Towne expressing a GFP replorter 
under the SV40 promoter were derived from BAC DNA 
as previously described [24]. Towne is a present of Profes-
sor Yongjun Yu (Department of Cancer Biology, Abramson 
Family Cancer Research Institute, University of Pennsyl-
vania, USA). Viral stocks were generated following viral 
propagation in HELFs by standard ultracentrifugation pro-
cedures described previously [25]. The purified virus par-
ticles were stored at -80 °C until use.

Differentiation of SHEDs into neural cells

SHEDs were induced to differentiate into neural cells as 
previously described [18–20, 26–28]. Briefly, SHEDs were 
seeded (5000 cells/cm2) on 0.1% Gelatin (STEMCELL, 
Canada)-coated circular glass cover slips (20 mm in diam-
eter; nest, China) in plates. The attached cells were induced 
differentiation (1mL/well) in Neurobasal A medium (Gibco, 
USA) containing 1×B27 (Invitrogen, USA) supplement, 
40ng/mL human recombinant basic fibroblast growth factor 
(bFGF, STEMCELL, Canada), 20ng/mL human recombi-
nant epidermal growth factor (EGF, STEMCELL, Canada) 
and 100U/mL penicillin-streptomycin. Fresh medium was 
changed every 24 h. Cells were allowed to differentiate for 
7 days or extended to 14 days at 37 °C in an atmosphere of 
5% CO2 and 95% O2 prior to fixation and the performance 
of IFA or other experiments.

Detection of HCMV mRNAs and proteins

To detect viral molecules including HCMV mRNAs and 
proteins, we infected SHEDs or HELFs with higher mul-
tiplicities of infection (MOI) to make the detection of 
viral molecules better. SHEDs or HELFs were infected 
by HCMV at MOI of 1, and harvested at 24, 48 and 72 h 
post infection (hpi). Total RNA was extracted and reverse 
transcribed using RNeasy Mini Kit (QIAGEN, Germany) 
and QuantiNova Reverse Transcription Kit (QIAGEN, 
Germany) according to the supplier’s recommendations. 
Quantitative PCR was performed for transcripts of HCMV 
UL123, UL32, UL55, UL44, UL83, UL99 and glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) using Quanti-
Nova SYBR Green Kit (GIAGEN, Germany). Information 
of primers used in this study was listed in Table S1. Three 
independent experimental replicates were performed, and 
the results are presented as means and standard deviation.

HCMV-infected SHEDs were harvested at 24, 48 and 72 
hpi by being rinsed PBS, trypsinized, and pelleted. Total 
cellular protein was extracted by adding an equal volume 
of M-PER™ Mammalian Protein Extraction Reagent (Ther-
moFisher, USA) containing protease and phosphatase inhib-
itor cocktail (ThermoFisher, USA) to cell pellets. HCMV 
proteins were detected using western blotting with follow-
ing primary antibodies (Abs): IE2/3 (anti-rabbit, abcam, 
ab37601), HCMV-gB (anti-mouse, Santacruz, sc-69,742), 
CMV-pp52 (anti-mouse, Santacruz, sc-69,744), CMV-pp28 
(anti-mouse, Santacruz, sc-56,975) and GAPDH (anti-
mouse, proteintech, 60004-1-lg). Blots were probed with 
secondary Abs conjugated with horseradish peroxidase 
(HRP) and visualized with enhanced chemiluminescence 
reagents (Millipore, USA). Each experiment was performed 
in triplicates with representative images shown.

Quantification of HCMV DNA copies in supernatants

SHEDs were infected with HCMV at MOI of 1. Superna-
tants were collected at 24, 48, 72 and 96 hpi. The DNA 
copy numbers of HCMV genome in the supernatants were 
measured using CMV DNA quantification Kit (LifeRiver, 
China) on QuantStudio Q5 instrument (ThermoFisher, 
USA). Three independent experimental replicates were set 
at each time point and the results are presented as means and 
standard deviation.

Immunofluorescence assay (IFA)

Cells with different treatments including differentiated 
SHEDs with HCMV infection were first fixed with buf-
fer 4% paraformaldehyde for 30 min at room temperature 
and blocked with blocking solution (1×PBS containing 
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extensive washing, blots were probed with secondary Abs 
conjugated with horseradish peroxidase (HRP) to detect 
bound primary Abs. Proteins were visualized with enhanced 
chemiluminescence reagents, Immobilon Western HRP 
Substrate (Millipore, USA). All Western blot experiments 
were performed in triplicates, with representative images 
shown.

Transcriptomic sequencing

Cell samples including SHEDs, differentiated SHEDs 
(SHEDi) and differentiated SHEDs (hSHEDi) with HCMV 
infection (MOI = 1) were harvested and lysed in TRIzol 
Reagent (Thermo Fisher, USA) for high throughput RNA-
sequencing. After RNA quantification and qualification was 
assessed, a total amount of 1 µg RNA per sample was used 
as input material for the RNA sample preparations. Sequenc-
ing libraries were generated using NEBNext® UltraTM 
RNA Library Prep Kit for Illumina® (NEB, USA) fol-
lowing manufacturer’s recommendations and index codes 
were added to attribute sequences to each sample. Prepared 
libraries were sequenced on an Illumina Novaseq platform 
and 150 bp paired-end reads were generated.

Index of the reference genome was built and paired-end 
clean reads were aligned to the reference genome using 
Hisat2 v2.0.5. Differential expression analysis of two 
groups (three biological replicates per condition) was per-
formed using the DESeq2 R package (1.16.1). The resulting 
P-values were adjusted using the Benjamini and Hochberg’s 
approach for controlling the false discovery rate. Genes with 
Fold Change ≥ 2 and an adjusted P-value < 0.05 found were 
assigned as differentially expressed.

Differentially expressed genes were functionally cat-
egorized and analyzed using Ingenuity Pathway Analy-
sis software (QIAGEN Ingenuity System) and Gene Set 
Enrichment Analysis (GSEA, http://www.broadlinstitute.
org/gsea).

Chemical treatment

U18666A (MCE, HY-107433), a cholesterol synthesis inhib-
itor [29–31], was added to cells at a final concentration of 
2 µg/ml at the initiation of differentiation. Fatostatin (MCE, 
HY-14452), a inhibitor of SREBP activation [32–36], was 
added to cells at a final concentration of 1µM at the initia-
tion of differentiation. Cholesterol (MCE, HY-N0322) was 
added into the medium at a final concentration of 10 µg/ml 
at the initiation of differentiation and supplied to set concen-
tration with the change of medium.

0.1% Triton X-100, 0.3 M glycine and 5% BSA) for 1 h. To 
avoid unwanted morphological changes caused by the over-
whelming release of inflammatory cytokines, we infected 
differentiated SHEDs with a lower MOI of 0.5. Fc receptor 
blocking solution (absin, abs9476) was added to reduce non-
specific binding prior to incubation with primary antibodies 
for overnight at 4 °C, respectively. The samples were sub-
sequently washed and incubated with secondary antibodies. 
Cells were counterstained with DAPI before mounting.

The following antibodies were used for IFA: Nestin (anti-
mouse, cell signaling technology, 33475s), β3-tubulin (anti-
mouse, cell signaling technology, 5568), MAP2 (anti-mouse, 
cell signaling technology, 4542), NeuN (anti-mouse, abcam, 
ab177487), SREBP1 (anti-rabbit, proteintech 14088-1-AP), 
SREBP2 (anti-rabbit, abcam, ab30682), SCAP (anti-mouse, 
abcam, ab190103), β-actin (anti-rabbit, abcam, ab179467), 
Alexa Fluor® 594-labeled Goat Anti-Rabbit IgG (H + L) 
(ZSGB-BIO, ZF-0516) and Alexa Fluor® 594-labeled Goat 
Anti-mouse IgG (H + L) (ZSGB-BIO, ZF-0513).

A Carl Zeiss LSM880 confocal microscope with NIS 
Elements was used for image acquisition and analysis. All 
of the experiments were performed in triplicates, and rep-
resentative images were shown. The magnification for all 
images presented is 400×. Relative fluorescence values of 
cells in the field of vision were measured and the mean fluo-
rescence value were calculated by Image J software. Mean 
fluorescence value = Total fluorescence value of the sight/
Area of the sight.

Western blots analysis

Cells with different treatments were harvested at indicated 
time points. An equal volume of M-PER™ Mammalian Pro-
tein Extraction Reagent (ThermoFisher, USA) containing 
protease and phosphatase inhibitor cocktail (ThermoFisher, 
USA) was added into the cell pellets. Nuclear extracts were 
prepared using NE-PER™ (ThermoFisher, USA) and cyto-
plasmic extraction reagents (ThermoFisher, USA) accord-
ing to the manufacturer’s directions. Protein concentration 
was measured using BCA protein assay kit (Takara, Japan), 
equivalent amounts of denatured cell lysate were electro-
phoresed using SDS-polyacrylamide gel electrophoresis 
(SDS-PAGE) and transferred to PVDF membrane (Milli-
pore, USA). And then the blots were probed with each of 
the following primary antibodies (Abs): nestin (anti-mouse, 
cell signaling technology, 33475s), β3-tubulin (anti-mouse, 
cell signaling technology, 5568), MAP2 (anti-mouse, cell 
signaling technology, 4542), NeuN (anti-mouse, abcam 
ab177487), IE2/3 (anti-rabbit, abcam, ab37601), SREBP2 
(anti-rabbit, abcam 30,682), HMGCR (anti-rabbit, affinity 
DF6518), β-actin (anti-mouse, proteintech, 66009-1-lg) and 
Histone-H3 (anti-rabbit, proteintech, 17168-1-AP). After 
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fixed with buffer 4% paraformaldehyde for 30 min at room 
temperature and blocked with blocking solution (1×PBS 
containing 0.1% Triton X-100, 0.3 M glycine and 5% BSA) 
for 1 h. Primary antibodies (SREBP1, Proteintech 14088-
1-AP; UL44, Santa Cruz, sc-56,971) were incubated with 
slides at 4 °C overnight. The samples were then washed and 
incubated with secondary antibodies.

Images were acquired using a Carl Zeiss LSM880 confo-
cal microscope with NIS Elements. Image J were used for 
image analysis. All experiments were performed at least in 
triplicates, and representative images are shown. The mag-
nification for all images presented is 400×.

Statistical analysis

Statistical analyses were performed using Excel and Graph-
Pad Prism 5.0. Data were expressed as mean ± SD. Statisti-
cally significant differences were evaluated using unpaired 
2-tailed Student’s t test. In all cases, P-value of ≤ 0.05 was 
considered statistically significant.

Results

SHEDs are fully permissive to HCMV infection

Prior to delving into the impact of HCMV infection on neu-
ral differentiation in SHEDs, the susceptibility of SHEDs 
to HCMV infection was assessed by infecting them with 
green fluorescent protein (GFP)-labeled clinical HCMV 
strain Han and laboratory strain Towne, at varying multi-
plicities of infection. The fluorescence of GFP was observed 
at different time points post-infection. GFP fluorescence 
was detectable as early as 24 h post infection (hpi), indi-
cating successful HCMV entry into SHEDs (Fig.  1a and 
Supplementary Fig. S1a). Since neural differentiation is a 
long-term process, assessments of viral replications of Han 
and Towne in SHEDs were extended to 14 days at a low 
dose (MOI = 0.1). The GFP levels continued to rise over 
the course of infection, ultimately leading to lytic infection 
(Supplementary Fig. S1b).

Next, the transcription of essential viral genes repre-
senting different viral phases was measured at multiple 
time points. Examined genes included UL123 (encoding 
IE1, immediate early phase), UL32/UL44/UL55 (early 
phases), and UL83/UL99 (late phases). Similar to find-
ings in HCMV-infected human embryonic lung fibroblasts 
(HELFs), transcription of these viral genes was confirmed 
in SHEDs, with gene accumulation gradually increasing 
during infection (Fig.  1b). Notably, the transcription of 
UL123 and UL44 appeared stronger in SHEDs compared to 
HELFs. Furthermore, the expression of viral proteins (IE1, 

Cholesterol assay

Cells with different treatment were harvested and lysed in 
M-PER™ Mammalian Protein Extraction Reagent (Ther-
moFisher, USA) containing protease and phosphatase 
inhibitor cocktail (ThermoFisher, USA). The samples were 
diluted with component E (applied) according to the appro-
priate concentration, and then tested for cholesterol assay 
including cellular total cholesterol, free cholesterol and cho-
lesterol easter using Amplex® Red Cholesterol Assay Kit 
(ThermoFisher, USA) according to the manual instruction 
as previously described [37]. Each assessment was per-
formed in triplicate, and the differences between samples 
were balanced by protein concentration.

Brdu staining

SHEDs (5 × 103/well) were seeded on glass coverlips and 
cultured for 2–3 days. The cultures were incubated with 
BrdU solution (1:100) (Invitrogen) for 20  h, and stained 
with a BrdU staining kit (Invitrogen) according to the manu-
facturer’s instructions. The samples were then stained with 
hematoxylin. BrdU positive and total cell numbers were 
counted in 10 images per subject. The number of BrdU-
positive cells was indicated as a percentage of the total cell 
number. The BrdU assay was repeated on three independent 
samples for each experimental group.

Quantitative RT-PCR

Total RNA was extracted by using RNeasy Mini Kit (QIA-
GEN, Germany) with on column DNase treatment. cDNA 
was generated from 1  µg total RNA using QuantiNova 
Reverse Transcription Kit (QIAGEN, Germany) accord-
ing to the supplier’s recommendations. Quantitative PCR 
(qPCR) was performed on QuantStudio Q5 instrument 
(ThermoFisher, USA). Each 20 µl qPCR mixture contained 
100ng reverse transcription product, 10 µl 2×QuantiNova 
SYBR Green PCR Master Mix, 2 µl QN ROX Reference 
Dye (QIAGEN, Germany), and 0.7µM forward (F) and 
reverse (R) primers. Primers used in this study were listed 
in Table S1. Amplification was performed by denaturation 
at 95 °C for 2 min, followed by 40 two-step cycles of 95 °C 
for 15s and 60 °C for 30s. Each reaction was performed in 
triplicates, and the results for the target gene mRNA were 
normalized to GAPDH using the 2ΔΔCT method. The results 
are presented as means and standard deviation.

Confocal microscopy

For the co-localization of SREBP and CMV UL44, SHEDs 
were seeded in cover glass-bottomed 24-well plates and 
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Considering the neurogenic differentiation capacity of 
SHEDs and their full permissibility to HCMV infection, it 
was concluded that SHEDs can serve as a promising cell 
line for investigating the mechanism of neural differentia-
tion disorders caused by HCMV infection in vitro.

HCMV infection impairs neural differentiation of 
SHEDs

To investigate the impact of HCMV infection on neural 
differentiation, SHEDs were induced to differentiate into 
neural cells with or without HCMV infection. Throughout 
the neurogenic differentiation process, uninfected SHEDs 
exhibited morphological changes from their original stem 
cell structure characterized by a high nuclear-cytoplasmic 
ratio resembling bird nests without distinct boundaries to 
a neuron-like structure. This transformation included cell 
elongation, axonal structure formation, and a more abundant 
cytoplasm. In contrast, HCMV-infected SHEDs showed an 

UL44, UL55, and UL99) was also detected, with the kinet-
ics of viral protein expressions aligning with their transcrip-
tion levels (Fig. 1c).

Subsequent assessment focused on whether mature 
HCMV particles were produced in SHEDs during infection. 
Supernatants from HCMV-infected SHEDs were collected 
at 24, 48, 72 and 96 hpi, respectively, and incubated with 
HELFs. After 5 days of exposure to the supernatants from 
infected SHEDs, cell clusters with GFP fluorescence were 
detected and counted, indicating the release of mature infec-
tious HCMV particles from SHEDs into the supernatants. 
No GFP was detected in HELFs incubated with superna-
tant from mock-infected or early-infected (24 hpi) SHEDs, 
confirming that the mature virus particles were assembled 
and released into the supernatants only during the late phase 
of infection (Fig. 1d). Further quantitative analysis demon-
strated the accumulation of viral DNA in the supernatants 
throughout infection, revealing the continuous release of 
HCMV particles from SHEDs post infection (Fig. 1e).

Fig. 1  SHEDs are fully permissive to HCMV infection. a Increas-
ing cell amounts with GFP expressed in HCMV-infected SHED 
(MOI = 0.1, 1 and10, respectively) and HELFs. Scale bar = 100 μm. 
Magnification of images is 200×. b Quantitative PCR analysis of 
essential viral genes in HCMV-infected SHEDs (MOI = 1) and HELFs 
at different time points. Three independent experimental replicates in 
each group; error bars: mean ± SD. c Western blot analysis of HCMV 
proteins (UL123, UL44, UL55 and UL99) in infected SHEDs at differ-

ent time points (MOI = 1), three independent experimental replicates 
in each group; error bars: mean ± SD. d Infected SHEDs could release 
mature infectious HCMV particles into supernatants. HELFs infected 
through incubation with supernatants from HCMV-infected SHEDs, 
scale bar = 100 μm. Magnification of image is 200×. e Quantitative 
results of viral DNA copies in supernatants from HCMV-infected 
SHEDs at different time points, three independent experimental repli-
cates in each group; error bars: mean ± SD
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transcriptions of 780 genes were increased and the tran-
scriptions of 747 genes were decreased at the 7 days of dif-
ferentiation (Fig. 3a). In differentiated SHEDs with HCMV 
infection, the transcription of 1,179 genes increased, while 
1,301 genes decreased. Notably, 470 upregulated genes and 
572 downregulated genes were shared between uninfected 
and HCMV-infected differentiated SHEDs, indicating dis-
tinct transcriptional profiles due to the notable impact of 
HCMV infection on transcriptional regulation during neural 
differentiation.

Pathway analysis utilizing Ingenuity Pathway Analy-
sis (IPA) software revealed significant influences on path-
ways related to biosynthesis during the differentiation of 
SHEDs into neural cells. Specifically, cholesterol biosyn-
thesis exhibited activation with a z-score of 3.74, while the 
pathway involving 3-phosphoinositide biosynthesis was 
suppressed with a z-score of -2.11. It was inferred that the 
neural differentiation of stem cells coincided with altera-
tions in metabolic processes. In HCMV-infected cells, acti-
vation of pathways associated with the antiviral response, 
such as interferon and Toll-like receptor signaling path-
ways, was observed. However, the activation of choles-
terol biosynthesis disappeared, suggesting that, apart from 
immune responses, HCMV infection might disrupt the cho-
lesterol biosynthesis process during neural differentiation 
(Fig.  3b). It could be speculated that, except for immune 
responses caused by infection, HCMV infection potentially 
disturbs the cholesterol biosynthesis process during neural 
differentiation.

Gene set enrichment analysis (GSEA) was performed 
to further assess the effect of HCMV infection on neural 
differentiation and cholesterol biosynthesis, with normal-
ized enrichment scores (NES) indicating the degree of gene 
enrichment among these pathways. NES values exceeding 
1.60 or falling below − 1.60 signify significant enrichment 
of genes in the pathway. In our results, the NES values for 
neural differentiation and cholesterol biosynthesis pathways 
were − 1.75 and − 2.19, respectively (Fig.  3c), indicat-
ing suppression of both pathways by HCMV infection in 
SHEDs under neurogenic inductive conditions.

To validate the impacts of HCMV infection on choles-
terol biosynthesis, intracellular cholesterol contents were 
measured in SHEDs with different treatments. U18666A, 
which suppresses the activities of desmosterol reduc-
tase, sterol–D8–D7 isomerase and oxidosqualene cyclase, 
was used as a cholesterol synthesis inhibitor in our study 
[29–31]. Induced SHEDs treated with U18666A were also 
included as positive control. As known, intracellular cho-
lesterol primarily exists in two forms: free cholesterol (FC) 
and cholesterol ester (CE), with their total amounts com-
bined to calculate the total cholesterol (TC) content. Our 
results showed that the intracellular cholesterol contents 

abnormal neural morphology, showcasing reduced cell vol-
ume due to cytoplasm reduction and the absence of axon 
formation under neurogenic inductive conditions (Supple-
mentary Fig. S2a and S2b).

To assess the neural differentiation process, molecular 
markers of both stem cells and neural cells were detected, 
including Nestin, β3-tubulin, microtubule-associated protein 
2 (MAP2) and neural nuclei (NeuN). Nestin is abundantly 
expressed in NSCs and NPCs [38–40], while β3-tubulin, 
MAP2, and NeuN are expressed in mature neural cells [41–
43]. β3-tubulin and MAP2 serve as cytoskeletal proteins 
involved in neural cell structure formation, mainly distrib-
uted in the cytoplasm, and NeuN localized in the nucleus of 
mature neural cells.

Compared to undifferentiated SHEDs, the expression 
of Nestin was significantly decreased by 37.80 ± 9.80% in 
SHEDs at 7 days of differentiation, indicating the loss of 
differentiation properties of stem cells. On the contrary, the 
expressions of β3-tubulin, MAP2 and NeuN were gradually 
increased in SHEDs from 3 days of differentiation, demon-
strating gains of mature neural properties under neurogenic 
inductive conditions (Fig. 2a).

In HCMV-infected SHEDs, compared to those with stem 
cell properties, Nestin expression decreased by approxi-
mately 29.19 ± 3.56% at 3 days of differentiation and by 
59.37 ± 7.21% at 7 days of differentiation. Additionally, 
compared to SHEDs with induction, the expressions of 
β3-tubulin and MAP2 were decreased by 49.50 ± 8.56% 
and 46.28 ± 3.80% at 7 days of differentiation respectively, 
indicating a lack of substantial increase in β3-tubulin or 
MAP2 expression under neurogenic inductive conditions. 
In addition, there was no significant difference of NeuN 
expression between differentiated SHEDs with or without 
HCMV infection. Moreover, no variance in the cellular dis-
tribution of these molecular markers was observed among 
the different groups (Fig. 2a). Subsequently, changes in the 
expression of these molecular markers were confirmed by 
western blot analysis (Fig. 2b). Taken together, these find-
ings suggest that HCMV infection impairs the differentia-
tion of SHEDs into neural cells.

HCMV infection reduces intracellular cholesterol 
levels during neural differentiation

To investigate the mechanism behind neural differentiation 
impairment caused by HCMV infection, RNA-sequencing 
analysis in differentiated SHEDs was performed, with 
or without HCMV infection. Cells were harvested at the 
3 days of differentiation, a time point marked by observ-
able changes in neural differentiation-associated markers 
and completion of a round of viral genomic replication and 
transcription. Compared to SHEDs without induction, the 
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differentiation compared to untreated SHEDs. Similarly, 
the levels of β3-tubulin and MAP2 decreased at both 3 and 
7 days of differentiation. However, no significant effect on 
NeuN expression was observed (Fig. 4a).

Moreover, the addition of exogenous cholesterol into 
the medium at a final concentration of 10  µg/mL under 
neural inductive conditions rescued the neural differentia-
tion properties in HCMV-infected SHEDs. In comparison 
to cells without cholesterol treatment, the expression lev-
els of β3-tubulin and MAP-2 increased by 54.04 ± 4.79% 
and 46.93 ± 8.84%, respectively, at 7 days of differentiation 
(Fig.  4b). These results underscore the link between neu-
ral differentiation and cholesterol production, emphasizing 
that the reduction in cholesterol synthesis caused by HCMV 
infection directly impairs neural differentiation. Therefore, 
the application of exogenous cholesterol proves beneficial 
in mitigating the detrimental effects of HCMV infection 
during neural differentiation.

HCMV infection represses SREBPs-mediated 
transcription during neural differentiation

To investigate the mechanism under cholesterol biosyn-
thesis reduction caused by HCMV infection, the genes 
involved in sterol biosynthesis were identified from the 
transcriptomic data and subjected to further analysis. The 
heat map reveals that 73 genes participating in sterol bio-
synthesis were upregulated during differentiation, with 23 
of them identified as enzymes directly involved in choles-
terol synthesis (Fig. 5a). In HCMV-infected cells, only 37 
genes (50.68%, 37 vs. 73) were upregulated, indicating that 
HCMV infection inhibited the transcription of many genes. 
Detailed information is provided in Table S2. It is inferred 
that the reduction in cholesterol synthesis caused by HCMV 
infection may result from the inhibition of the transcription 
of most genes involved in cholesterol synthesis.

Building on these findings, the activities of transcrip-
tional regulators associated with cholesterol synthesis were 
assessed by the z-scores of candidate transcriptional regula-
tors and compared between different cell treatment groups 
(Fig.  5b). Among them, SREBPs, including SREBP1 and 
SREBP2, exhibited significant activations in differentiated 
SHEDs (z-score: 2.349 and 2.25, respectively) and inverse 
suppressions after HCMV infection (z-score: 0.659 and 
− 1.98, respectively). This data strongly supports the inhibi-
tion of SREBP function by HCMV infection.

SREBPs are transcriptional factors that maintain lipid 
homeostasis by controlling the expression of downstream 
enzymes involved in the biosynthesis of cholesterol and 
unsaturated fatty acids. Therefore, the investigation delved 
into whether the decreased expression of enzymes in the cho-
lesterol biosynthetic pathway resulted from the inhibition 

differed between uninfected and HCMV-infected differ-
entiated SHEDs (Fig.  3d). Compared to SHEDs without 
induction, the TC and FC contents significantly increased in 
SHEDs at 7 days of neurogenic differentiation. In HCMV-
infected SHEDs (Han or Towne), the contents of TC and 
FC decreased by approximately 50 ± 6.80% compared 
to uninfected cells, reaching levels equivalent to those in 
U18666A-treated cells. Importantly, there was no significant 
difference in cellular viabilities among cells subjected to 
different treatments (Supplementary Fig. S3a). The changes 
in TC content closely mirrored those in FC content. Further-
more, no significant difference in CE contents was observed 
among all groups (P = 0.1184). Additionally, FC and TC 
contents were measured in undifferentiated SHEDs with or 
without infection. It was observed that HCMV infection led 
to an increase in FC content by about 46 ± 3.98% in cells 
without induction, as previously described (Supplemen-
tary Fig. S3b). These findings suggest that the TC content 
increased to support the differentiation of SHEDs into neu-
ral cells, while HCMV infection hindered intracellular FC 
biosynthesis, resulting in a decrease in TC content during 
differentiation.

Reduction of cholesterol contents causes 
impairment of neural differentiation

To investigate whether the reduction of cholesterol bio-
synthesis due to HCMV infection is a plausible reason for 
the impairment of neural differentiation, markers related to 
neural differentiation were assessed in differentiated SHEDs 
treated with U18666A. The reduction in intracellular cho-
lesterol levels disrupted the neurogenic differentiation of 
SHEDs, and the dysregulation of these markers mirrored 
that caused by HCMV infection. In SHEDs with inhibited 
cholesterol synthesis through U18666A treatment, Nestin 
levels dropped to 26.04 ± 7.12% at 7 days of neurogenic 

Fig. 2  HCMV infection impairs neural differentiation. a SHEDs with 
or without HCMV infection, stained for molecular markers (Red), 
including Nestin, β3-tubulin, microtubule-associated protein 2 (MAP2) 
and neural nuclei (NeuN) at 3 and 7 days under neurogenic inductive 
conditions. Nuclei were counterstained with DAPI (blue). SHEDi: 
SHEDs under neurogenic inductive conditions; hSHEDi: SHEDi 
infected with HCMV clinical strain Han at an MOI of 0.5; scale bar 
= 50 μm. Magnification of image is 400×. Relative fluorescence values 
were measured using Image J software, three independent experimen-
tal replicates in each group; bar graphs for SHEDi were in gray color; 
bar graphs for hSHEDi were in green color; error bars: mean ± SD; 
*P < 0.05; **P < 0.01. b Western blot analysis of Nestin, β3-tubulin, 
MAP2 and NeuN in SHEDs during differentiation. SHEDi: SHEDs 
under neurogenic inductive conditions; hSHEDi: SHEDi infected with 
HCMV clinical strain Han at an MOI of 0.5. The relative gray values 
were measured by Image J software, three independent experimental 
replicates in each group; bar graphs for SHEDi were in gray color; 
bar graphs for hSHEDi were in green color; error bars: mean ± SD; 
*P < 0.05; **P < 0.01
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of SREBPs [44, 45], exhibited increased transcription dur-
ing neural differentiation compared to normal SHEDs. 
However, it decreased with HCMV infection and Fatostatin 
treatment. These changes in HMGCR were also confirmed 
at the protein level (Supplementary Fig. S4). These findings 
suggest that HCMV might reduce intracellular cholesterol 
synthesis by inhibiting SREBPs-mediated transcription dur-
ing neurogenic differentiation.

of SREBPs by HCMV infection. Fatostatin, a chemical 
known to inhibit SREBP activities, was introduced into the 
culture medium of SHEDs undergoing induction [32–36]. 
Transcription levels of related enzymes were measured and 
compared among different cell treatment groups. The results 
indicated that genes inhibited by Fatostatin were also down-
regulated targets of HCMV infection during differentiation 
(Fig. 5c). HCMV infection had similar effects to Fatostatin 
on downstream genes of SREBPs. Among them, 3-hydroxy-
3-methylglutaryl-coenzyme A reductase (HMGCR), gener-
ally considered a rate-limiting enzyme in the cholesterol 
biosynthetic pathway and a critical downstream molecule 

Fig. 3  HCMV infection reduces intracellular cholesterol biosynthe-
sis during neural differentiation. a RNA-sequencing data analysis of 
transcriptomic profiles of SHEDs altered by HCMV infection dur-
ing differentiation. b Differentially expressed genes (DEGs) involved 
pathways analyzed using ingenuity pathway analysis (IPA) software. c 
The inhibition in neural differentiation pathway (left) and cholesterol 
biosynthesis pathway (right) confirmed by GSEA analysis. d Intracel-

lular cholesterol contents measured in SHEDs with different treatment. 
Cells added U18666A, an inhibitor specific to cholesterol synthesis, 
were measured as positive reference. SHEDi: SHEDs under neuro-
genic inductive conditions; hSHEDi: SHEDi with HCMV clinical 
strain Han at an MOI of 0.5; tSHEDi: SHEDi with HCMV laboratory 
strain Towne at an MOI of 0.5. Triple independent experiments in each 
group; error bars: mean ± SD; *P < 0.05
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Fig. 4  Reduction of cholesterol biosynthesis causes impairment of 
neural differentiation. a IFA for the indicated markers in SHEDs under 
neurogenic inductive conditions in the presence or absence of 2 µg/
ml U18666A. SHEDi, SHEDs under neurogenic inductive conditions; 
SHEDi + U, SHEDi with U18666A added. Bar graphs for SHEDi were 
in gray color; bar graphs for SHEDi + U were in blue color; scale bar 
= 50 μm. Magnification of image is 400×. Relative fluorescence values 
were measured using ImageJ software, triple independent experiments 
in each group; error bars: mean ± SD; *P < 0.05; **P < 0.01. b IFA for 

β3-tubulin and MAP2 in infected SHEDs under neurogenic inductive 
conditions in the presence or absence of 10 µg/ml cholesterol. SHEDi, 
SHEDs under neurogenic inductive conditions; hSHEDi, SHEDi with 
HCMV infectio at an MOI of 0.5n; hSHEDi + cho: hSHEDi with cho-
lesterol added. scale bar = 50  μm. Magnification of image is 400×. 
Relative fluorescence values were measured using ImageJ software, 
triple independent experiments in each group; error bars: mean ± SD; 
*P < 0.05; **P < 0.01
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for fatty acid and triglyceride synthesis, while SREBP2 
modulates transcription of genes necessary for cholesterol 
synthesis and uptake, such as HMG CoA synthase [46, 
47]. Immunofluorescence assays (IFA) were employed to 
detect the cellular localizations of SREBP1 and SREBP2 in 
SHEDs separately to examine the impact of HCMV on them. 
In uninfected cells, the cytoplasmic and nuclear amounts of 
SREBP1 and SREBP2 increased with the progression of 
differentiation, indicating the activation of lipid synthesis, 
including fatty acid and cholesterol synthesis. Concurrently 
with the neural differentiation of SHEDs, more SREBP2 
migrated into the nucleus, consistent with the increased TC 
content observed in our results (Fig. 6b).

Additionally, HCMV infection disrupted the cellu-
lar localization of SREBPs during neural differentia-
tion (Fig.  6b). Centralized and noticeable aggregation of 
SREBPs around the nucleus was observed early at 3 days 
of differentiation in HCMV-infected cells. The migration of 

HCMV infection hinders the migration of SREBP2 
into nucleus

The generation of SREBPs with transcriptional regula-
tory activity involves the transport of the SREBP–SCAP 
complex from the endoplasmic reticulum (ER) to the 
Golgi apparatus. The inactive precursors of SREBPs (pre-
SREBPs) anchor in the ER membranes in the complex with 
SREBP cleavage activation protein (SCAP). When endog-
enous cholesterol synthesis is required, the SREBP–SCAP 
complex is loaded into coat protein II (COP II) vesicles and 
transported to the Golgi apparatus. SREBPs are cleaved into 
nuclear SREBPs and then migrate into the nucleus, bind-
ing to sterol regulatory element (SRE) sequences in the pro-
moter of several genes encoding enzymes essential for lipid 
synthesis and uptake (Fig. 6a).

SREBPs consist of SREBP1 and SREBP2. SREBP1 
predominantly activates the transcription of genes required 

Fig. 5  HCMV infection represses SREBPs-mediated transcriptions 
during neural differentiation. a The heat map indicating transcriptional 
inhibition of molecules involved in sterol biosynthesis by HCMV 
infection. b Activities of transcription regulators related to cholesterol 
biosynthesis evaluated and compared between SHEDs with or with-
out HCMV infection (shown with z-score). SREBP1 and SREBP2 
presented significant activations in induced SHEDs and opposite 

suppressions post HCMV infection. c qRT-PCR analysis of enzymes 
involved in cholesterol biosynthesis pathway at a transcriptional level 
by HCMV infection. Inhibitor of SREBPs, Fatostatin was added to 
induced SHEDs (1µM) as a reference control. SHEDi, SHEDs under 
neurogenic inductive conditions; hSHEDi, SHEDi with HCMV infec-
tion at an MOI of 1; Fato, SHEDi with Fatostatin added. Triple inde-
pendent experiments in each group; error bars: mean ± SD
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The establishment of in-vivo and in-vitro models suitable 
for investigating the pathogenesis of HCMV infection in the 
nervous system is necessary. Animal models like murine 
cytomegalovirus infection model and guinea pig cytomega-
lovirus infection model, have been used to study the mecha-
nism of cytomegalovirus disrupting cerebral development 
processes [50, 51]. However, due to the artificial routes of 
cytomegalovirus infection in most models and the limited 
sequence homology between human and animal cytomega-
lovirus genomes, the exact mechanism of HCMV infection 
causing human nervous system diseases cannot be fully elu-
cidated using these animal models. Therefore, most studies 
on the mechanism of nervous system disorders or defects 
caused by congenital HCMV infection have predominantly 
been conducted in human-derived cells.

Researchers have attempted to use human iPSCs for 
this purpose, however, iPSCs have regrettably proven to be 
restrictive to HCMV infection [15]. Neural precursor cells 
and neural progenitor cells have been shown to support 
productive viral replication [9–11, 16, 52–54], and studies 
have demonstrated the contributions of IE1, IE2, and viral 
microRNAs to neuropathogenesis. Human NSCs, isolated 
from the forebrain tissue of an aborted fetus, are the most 
frequently used cell types in terms of cell sources, but their 
acquisition is challenging due to medical ethical concerns. 
Therefore, the SHED cell line serves as a convenient tool 
to study the mechanisms of neural differentiation or devel-
opmental disorders caused by congenital HCMV infection.

In SHEDs, HCMV was initially confirmed to complete 
viral entry, genomic transcription, replication, and the pack-
aging and release of mature virus particles successfully. 
In addition, the transcription levels of critical viral genes 
in SHEDs and HELFs at different time points of infection 
were detected and compared. The transcriptional dynam-
ics of most genes were very similar in HELFs and SHEDs. 
However, the transcription levels of UL123 and UL44 were 
higher in SHEDs than in HELFs at 72 hpi. HCMV UL123 
is a key regulator initiating viral genomic transcription, and 
UL44 is an accessory protein of HCMV DNA polymerase, 
which is involved in the replication of the viral DNA genome 
[55, 56]. Therefore, the replication and transcription of the 
HCMV genome might be more permissive in SHEDs.

In our study, HCMV infection was demonstrated to 
impair the differentiation of SHEDs into neural cells. 
HCMV-infected SHEDs exhibited a shrunken cell volume 
due to the reduction of the cytoplasm and the lack of neural 
axon formation under neurogenic inductive conditions. In 
addition, the expression of Nestin was decreased by about 
29.19 ± 3.56% at the 3 days of differentiation and even lower 
(59.37 ± 7.21%) at the 7 days of differentiation compared to 
that in noninduced cells, indicating a rapid loss of the dif-
ferentiation properties of the stem cells. Consequently, no 

SREBP2 into the nucleus was impeded by HCMV infection, 
with the amounts of SREBP2 in the nucleus decreased by 
56.66 ± 3.21% and 69.23 ± 4.01% at 3 and 7 days of dif-
ferentiation, respectively, compared to uninfected cells. The 
SCAP protein was solely distributed in the cytoplasm, with 
no significant change in SCAP amounts observed among 
cells with different treatments. Perinuclear aggregation of 
SCAP was also noted along with SREBPs.

Moreover, multiple small foci stained by antibodies of 
SREBPs were found scattered within the nucleus. To deter-
mine whether the SREBP-formed small foci in the nucleus 
was due to the intensive binding of SREBPs to the viral 
genome, immunofluorescence co-localization analysis was 
performed for SREBPs and HCMV UL44 protein at 12 
hpi [48]. Since HCMV UL44 mediates the replication of 
the viral genome, the intranuclear localization of UL44 can 
approximately represent the location of the viral genome. 
However, no co-localization was observed for SREBPs and 
HCMV UL44 protein (Supplementary Fig. S5).

To address whether HCMV infection could impede 
SREBP2 migration into nucleus, the amounts of SREBP2 in 
cytoplasm and nucleus from different groups were also mea-
sured using western blotting (Fig. 6c). The SREBP2 in cyto-
plasm and nucleus at the 3 and 7 days of differentiation were 
both decreased significantly after HCMV infection. In com-
parison to uninfected cells, the content of SREBP2 in the 
nucleus was reduced by 67.20 ± 4.21% and 73.86 ± 5.99% 
at 3 and 7 days of differentiation, respectively. These find-
ings suggest that the impairment of neurogenic differentia-
tion caused by HCMV infection potentially associated with 
a reduction of cholesterol contents, stemming from the hin-
dered migration of SREBP2 into the nucleus.

Discussion

The development and maturation of the nervous system is 
a gradual and complex process that involves the differentia-
tion of neural tissue and the morphological differentiation 
of the encephalon. These processes encompass neurogen-
esis, migration, and the formation of axons and synapses. It 
has been demonstrated that cytomegalovirus can invade the 
nervous system at any stage of neurodevelopment, imped-
ing the proliferation and differentiation of neural cells and 
causing neurodevelopmental disorders or other neurological 
diseases through acute or persistent viral infection [49].

Nervous system disorders caused by congenital HCMV 
infection include periventricular calcification, ventricular 
enlargement, microcephaly, mental retardation, congeni-
tal deafness, epilepsy, and autism [2]. However, until now, 
information about their pathogenesis has been limited.
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during the differentiation of SHEDs into neural cells. In par-
ticular, the contents of FC and TC in SHEDs increased by 
38.60% and 22.90%, respectively. However, this increase in 
cholesterol content was eliminated by HCMV infection. A 
simple reduction of intracellular cholesterol was confirmed 
to block neural differentiation. Therefore, it was speculated 
that HCMV could impair neural differentiation via reducing 
intracellular cholesterol production.

The synthesis of intracellular cholesterol is controlled by 
a series of enzyme activation reactions, in which the changes 
in the expression level and activities of various enzymes are 
the main regulatory factors. During the differentiation of 
SHEDs into neural cells, Most of the enzymes in the cho-
lesterol synthesis pathway were significantly increased tran-
scriptionally; while after HCMV infection, these levels were 
significantly decreased. Thus, HCMV infection potentially 
inhibits intracellular cholesterol synthesis transcriptionally.

SREBPs are crucial transcriptional regulators that con-
trol fatty acid and endogenous cholesterol production in 
cells. Several viruses have been reported to regulate intra-
cellular cholesterol synthesis by altering the amount and 
activity of SREBPs. For instance, increased expression 
of SREBP1 in hepatocytes of patients with liver steatosis 
caused by hepatitis B virus infection has been correlated 
with increased lipid accumulation in liver tissue [64]. It has 
also been confirmed that HCMV mediates the activation 
of SREBP1 by inducing PKR-like endoplasmic reticulum 
kinase in fibroblasts, thereby increasing intracellular adi-
pogenesis [65, 66]. Therefore, in SHEDs, HCMV infection 
might suppress intracellular cholesterol synthesis by influ-
encing the production and cellular localization of SREBPs 
in the cytoplasm and nucleus.

The cleavage activation process of SREBPs mainly 
occurs on the ER and Golgi apparatus. Cleaved SREBPs 
enter the nucleus and play regulatory roles. In the cur-
rent study, SREBPs were observed aggregated around the 
nucleus and multiple discrete small foci appeared in the 
nucleus after HCMV infection. It was speculated that the 
perinuclear aggregation of SREBPs found in this study 
might be caused by following reasons: the cleavage of 
SREBPs from SCAP was interrupted, preventing SREBPs 
from leaving the organelles; the entry of cleaved SREBPs 
into the nucleus was blocked during infection. SREBP1 is 
responsible for fatty acid synthesis, while SREBP2 mainly 
participates in the regulation of cholesterol biosynthe-
sis [46]. It was confirmed that the amount of SREBP2 in 
nucleus was significantly reduced after HCMV infection. 
Thus, the suppression of intracellular cholesterol biosynthe-
sis was likely a result of the blockade of SREBP2 migration 
into nucleus.

To address the formation of the discrete small foci of 
SREBPs within the nucleus, confocal immunofluorescence 

increase was observed for β3-tubulin or MAP2 post-induc-
tion. This result might be due to the loss of the differentia-
tion capacity. Nestin, β3-tubulin and MAP2 are cytoskeletal 
proteins involved in the formation of cell structures. The 
reduced expression of these cytoskeletal proteins might lead 
to the abnormal morphology of SHEDs under neurogenic 
inductive conditions.

Some viruses have been identified to interfere with host 
cholesterol metabolism during infection. For instance, hepa-
titis C virus genes have been proven to alter host cell choles-
terol/lipid metabolism by stimulating the phosphorylation 
of SREBPs and proteolytic processing of SREBP2, thus 
inducing hepatic steatosis [57, 58]. Similarly, HCMV has 
been reported to manipulate the cellular cholesterol efflux 
pathway to modify host plasma membrane properties for 
better virus dissemination during lytic infection [59, 60]. 
Activation of liver X receptor has been demonstrated to 
decrease the assembly of HCMV particles in foreskin fibro-
blasts by reducing cholesterol content [61]. In our study, 
we also measured the TC and FC levels in HCMV-infected 
SHEDs without induction. Consistent with previous find-
ings, HCMV infection led to an elevation of cholesterol 
content in SHEDs. However, under neurogenic inductive 
conditions, HCMV infection caused a significant decrease 
in both FC and TC compared to SHEDs without infection. It 
is speculated that the suppression of cholesterol synthesis is 
a specific effect of HCMV infection during the differentia-
tion process.

Cholesterol is abundant in the nervous system. During the 
development of the nervous system, cholesterol is involved 
in regulating the proliferation, synapse formation, astro-
cyte proliferation, nerve repair, and remodeling of NSCs 
and NPCs [62]. Cholesterol also serves as determinant in 
stabilizing the endogenous membrane structure, as well as 
nerve cell growth and differentiation [33, 63]. According to 
our results, the level of intracellular cholesterol increased 

Fig. 6  HCMV infection impedes the migration of SREBP2 into 
nucleus. a The schematic diagram of the production and translocation 
process mature SREBPs (see text for details). SREBP: sterol regula-
tory element binding protein; SCAP: SREBP cleavage-activation pro-
tein; INSIG: insulin-induced gene 1; SRE: sterol regulatory element; 
S1P: site-1 protease; S2P: site-2 protease; ER: endoplasmic reticu-
lum. b IFA results for the intracellular localization of SREBP-SCAP 
components (red) in SHEDs under neural differentiation conditions 
with or without HCMV infection. Nuclei were counterstained with 
DAPI (blue). SHEDi, SHEDs under neurogenic inductive conditions; 
hSHEDi, SHEDi with HCMV infection at an MOI of 0.5; scale bar 
= 50  μm. Magnification of image is 400×. White triangles indicate 
perinuclear aggregation. c Western blots results showing a reduction of 
cytoplasm and nuclear SREBP2 caused by HCMV infection. SHEDi, 
SHEDs under neurogenic inductive conditions; hSHEDi, SHEDi with 
HCMV infection at an MOI of 0.5. The relative gray values were 
measured by Image J software, triple independent experiments in 
each group; bar graphs for SHEDi were in gray color; bar graphs for 
hSHEDi were in green color; error bars: mean ± SD; *P < 0.05
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detection of the viral proteins UL44 and SREBP was per-
formed. Since HCMV UL44 mediates the replication of the 
viral genome, the intranuclear localization of UL44 can be 
considered as the location of the viral genome. According 
to our results, SREBPs and UL44 were not co-localized, so 
the discrete foci of SREBPs were not due to intensive bind-
ing of SREBPs with the HCMV genome. As a result, the 
mechanism of HCMV infection influencing the activities of 
SREBPs requires further investigation.

In conclusion, our results elucidate a pathogenic mech-
anism of neural differentiation disorders, providing new 
insight into the prevention and treatment of nervous system 
diseases caused by congenital HCMV infection.
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