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Introduction
Glioblastoma (GBM) is the most common malignant brain tumor, 
with approximately 10,000 new cases per year in the US. There 
is no effective treatment, and patient survival remains dismal (1, 
2). The standard-of-care treatment combining maximal surgical 
resection, irradiation, and temozolomide has a median survival 
of 14.6 months (3), and 5-year survival rates are below 10% (4). 
Despite remarkable progress in our understanding of the genet-
ics and cell biology of GBM (1, 2), little progress has been made 
in improving patient survival. Major clinical challenges include 
tumor invasiveness and the delivery of drugs across the blood-
brain barrier as well as inter- and intratumoral heterogeneity and 
drug resistance. Recent work has suggested a potential role for 
human cytomegalovirus (HCMV) in GBM growth, although this is 
not well understood at present.

HCMV is highly prevalent in human populations, and fol-
lowing resolution of primary infection, persists for the lifetime 
of its host in a latent state, periodically reactivating during peri-
ods of stress and immunocompromise (5). Interestingly, HCMV 
proteins and nucleic acids have been identified in up to 90% 

of GBM specimens (6–10) as well as in some other cancers (11, 
12). Accumulating clinical data support the relevance of HCMV 
in GBM (13–19), with some encouraging responses reported 
with HCMV-targeted immunotherapies (14–18). Vaccination 
with DCs pulsed with tumor lysates led to expansion of mostly 
anti-CMV T cells in 1 responder (14), and CMV pp65 mRNA–
pulsed autologous DCs showed promising long-term survival 
data in GBM (15–17). Ex vivo expansion of anti-CMV T cells and 
their administration in combination with temozolomide led to 
increased long-term progression-free survival (18). Data from 
primary GBM patients suggested that the antiviral drug valganci-
clovir could prolong median overall survival (19).

Although various HCMV proteins increase GBM cell prolif-
eration, invasion, and angiogenesis (20, 21), a mechanistic link 
between HCMV and cancer in vivo has not been established, 
and the role of HCMV in GBM remains a subject of debate, with 
some groups unable to detect the presence of CMV in tumor spec-
imens (22, 23). The use of mouse models to investigate the role of 
CMV in tumor growth would therefore be helpful in understand-
ing the potential importance of CMV in GBM as well as provid-
ing an opportunity to rationally investigate antiviral therapeutic 
approaches. Using a genetically engineered GBM mouse model, 
we previously showed that systemic murine CMV (MCMV) infec-
tion accelerates malignant glioma progression (24), but no mech-
anism was established. To address this question, here we devel-
oped and characterized an MCMV GBM mouse model based on 
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MRI, which showed significantly larger tumor volumes in MCMV+ 
mice (Figure 1D and Supplemental Figure 1C). Histologic analysis 
showed increased hemorrhage and poorly defined tumor margins 
in MCMV+ mice compared with controls (Figure 1E).

Increased angiogenesis in MCMV+ murine GBM. Further histo-
logical examination showed a pronounced increase in Ki67 and 
CD31 staining in MCMV+ mice, suggesting enhanced cell pro-
liferation and tumor angiogenesis (Figure 2, A and B). Consis-
tent with this, image analysis (25) showed that total blood vessel 
length, total area of vessel coverage, and vessel branching were 
significantly increased in MCMV+ mouse tumors (Figure 2B). 
We confirmed this MCMV-associated phenotype using a second 
murine GBM cell line, CT-2A (26), which also displayed signifi-
cantly shorter survival and increased blood vessel parameters in 
MCMV+ mice compared with controls (Figure 2, C and D). Accord-
ingly, increased intratumoral blood flow was observed in MCMV+ 
mice compared with controls by arterial spin-labeling–functional 
MRI (ASL-fMRI) (Figure 2E). Thus, our data show that the pres-
ence of preexisting MCMV infection is associated with increased 
angiogenesis, elevated intratumoral blood flow, and faster tumor 
growth in a mouse GBM model.

Detection of CMV in pericytes and tumor cells in both mouse 
and human GBM. HCMV immediate early 1 (IE1) and pp65 gene 
products have been detected in human GBM (6–10). Similarly, we 
detected MCMV expression by immunofluorescence microscopy 

orthotopically injected murine GBMs in a syngeneic background. 
Our data demonstrate that tumor growth is significantly faster in 
the presence of MCMV and that angiogenesis is significantly (P < 
0.005)elevated in these tumors, with a striking increase in peri-
cyte coverage of tumor-associated blood vessels. We identified 
PDGF-D as an essential mediator of these effects. The angiogen-
ic phenotype was reversed by the antiviral drug cidofovir. These 
data support a role for CMV in accelerating GBM growth via a 
proangiogenic mechanism and provide a rationale for the use of 
antiviral therapies in CMV-associated tumors, such as GBM.

Results
CMV accelerates GBM growth in a mouse model. To investigate the 
role of CMV in GBM in vivo, C57BL/6 mice were infected at P2 
with Δm157 Smith strain MCMV (MCMV+) and allowed to resolve 
over at least 15 weeks (24) (Figure 1A). We stereotactically implant-
ed luciferase-expressing murine GL261Luc2 GBM cells intracra-
nially in MCMV+ and naive control mice. MCMV+ mice had signifi-
cantly shorter survival than controls (P < 0.001) (Figure 1B) and 
earlier onset of clinical signs of deterioration, including weight 
loss (Supplemental Figure 1A; supplemental material available 
online with this article; https://doi.org/10.1172/JCI123375DS1). 
Bioluminescence imaging (BLI) revealed significantly faster 
tumor growth in MCMV+ mice compared with controls (Figure 1C 
and Supplemental Figure 1B). This was confirmed by T2-weighted 

Figure 1. MCMV infection accelerates GBM growth in mice. (A) Experimental overview. (B) Kaplan-Meier curves of GL261Luc2 tumor-bearing mice. Unin-
fected, n = 20; MCMV+, n = 19. P < 0.0001, log-rank test. Median survival is indicated on plot and shown in parentheses. (C) BLI and (D) MRI analysis of 
tumor-bearing MCMV+ and control animals 30 days after tumor implantation. (D) Tumor volume rendering from MRI images (left), tumor volume over time 
(right). n = 3. Box extends from the 25th to 75th percentile, and the median is indicated by a horizontal line. The whiskers represent the maximum and 
minimum values. Statistical analysis was performed by 2-way ANOVA with Bonferroni’s correction. *P < 0.05; ***P < 0.005. (E) H&E staining of GL261Luc2 
tumors at end points. Scale bars: 1 mm (left panels); 50 μm (right panels).
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perivascular niche (Figure 3C). MCMV is known to infect pericytes 
(28), and immunostaining also colocalized with the pericyte mark-
er NG2 in close proximity to tumor-associated blood vessels (Fig-
ure 3C). Additionally, MCMV colocalized with tumor cell markers 
CD133 and luciferase (Supplemental Figure 2D). Thus, MCMV is 
present in both tumor cells and the perivascular niche of GBMs in 
MCMV+ mice.

Immunostaining for NG2 revealed striking differences 
between MCMV+ mice and controls, with extensive coverage 
of tumor vasculature with NG2+ cells in MCMV+ mice only (Fig-
ure 3D). Immunostaining and flow cytometry showed a marked 
increase (up to 400%) of intratumoral NG2+ cells in MCMV+ mice 

in GBMs from MCMV+ but not control mice (Figure 3A and Sup-
plemental Figure 2A) and observed a time-dependent increase of 
the MCMV IE1 homolog m123 mRNA by quantitative reverse-tran-
scriptase PCR (qRT-PCR) after tumor implantation (Figure 3B). 
MCMV immunostaining was mostly localized in tumors and was 
heterogeneous. Extratumoral MCMV immunostaining was con-
fined to the choroid plexus and ventricular regions and was oth-
erwise absent from normal brain tissue, consistent with previous 
observations (24, 27) (Supplemental Figure 2B). No MCMV reac-
tivation was detected in lung tissue from MCMV+ tumor-bearing 
mice (Supplemental Figure 2C). Costaining of tumors from MCMV+ 
mice for the endothelial cell marker CD31 localized MCMV in the 

Figure 2. MCMV infection accelerates 
GBM blood vessel formation in mice. (A) 
Ki67 (green) immunofluorescence in brain 
sections taken from animals at the end 
point of survival studies. DAPI-stained 
nuclei are shown in blue. Scale bar: 50 μm. 
Graph shows Ki67-positive nuclei counts 
from 12 independent fields in 3 tumor 
samples. ***P < 0.005, Student’s t test. 
(B) CD31 (red) immunofluorescence in 
sections from GL261Luc2 tumors at sur-
vival end points (left panels). Scale bars: 
100 μm. AngioTool analysis (right panels). 
Graphs show data for vascular parameters. 
Images are from 12 independent fields for 
each condition. n = 4. *P < 0.05; **P < 0.01 
Student’s t test. (C) Kaplan-Meier survival 
curve of mice intracranially implanted with 
the murine CT-2A GBM cell line. Unin-
fected (n = 6) vs. MCMV+ (n = 6). P < 0.01, 
log-rank test. Median survival is indicated 
on plot and shown in parentheses. (D) Left 
panels show CD31 immunofluorescence 
staining (red) of tumor vasculature in 20 
μm sections from CT-2A tumors in control 
and MCMV+ animals at survival end points. 
Scale bar: 100 μm. Graphs show represen-
tations of the data for vascular parameters 
based on analysis of angiogenesis and 
vessel morphology. Images are from 12 
independent fields and 3 tumor speci-
mens for each condition. *P < 0.05; ***P 
< 0.005, Student’s t test. (E) ASL-fMRI 
showing T2 coronal sections with ASL 
heatmap overlay. Quantitative analysis 
of both groups at corresponding ROIs. n 
= 3. Box extends from the 25th to 75th 
percentile, and the median is indicated 
by a horizontal line. Whiskers represent 
the maximum and minimum values. *P < 
0.05, Student’s t test.
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ure 3, A and B). HCMV pp65 and IE1 were not detected in normal 
human brain by immunofluorescence (Supplemental Figure 3C). 
In human tumor specimens, HCMV colocalized with GBM mark-
ers CD133, Olig2, and vimentin (Supplemental Figure 3, D and E). 
Also, strong colocalization of HCMV with perivascular NG2+ cells, 
but not CD31+ endothelial cells (Figure 3F and Supplemental Fig-
ure 3D), was observed in human GBM, a finding consistent with 
HCMV association with pericytes. Furthermore, IE1 was detected 
in 17 out of 18 GBM samples and absent in pooled cortical control 
RNA (Supplemental Figure 3F). In summary, our data show wide-

(Figure 3E and Supplemental Figure 2E). NG2 staining in MCMV+ 
animals strongly colocalized with the pericyte marker PDGFR-β, 
whereas no colocalization was observed with Olig2, a classic mark-
er of NG2-positive glial cells (28), confirming that these MCMV/
NG2-positive cells are pericytes and not glial cells (Supplemental 
Figure 2F). Together, these data show MCMV-associated accumu-
lation of pericytes in GBM vasculature and suggest that these peri-
cytes can harbor CMV in vivo.

To confirm our findings in human GBM, we immunohisto-
chemically visualized HCMV (Figure 3F and Supplemental Fig-

Figure 3. CMV associates with vascular pericytes in GBM. (A) CMV (green, Virusys CA150-1 antibody; red, Virusys CA003-100 antibody) immunofluores-
cence staining in brain sections from animals at the end point of survival studies. DAPI-stained nuclei are shown in blue. Scale bar: 50 μm. (B) Real-time 
qPCR analysis of MCMV IE1/m123 mRNA levels in GL261Luc2 tumors from MCMV+ and naive mice. n = 3. Box extends from 25th to 75th percentile, and 
median is indicated by horizontal line. Whiskers represent maximum and minimum values. *P < 0.05; ***P < 0.005, Holm-Šídák test. (C) CMV (red, 
Virusys CA003-100), CD31 (green), and NG2 (green) immunofluorescence in tumor sections from MCMV+ mice. DAPI-stained nuclei are shown in blue. 
Scale bar: 50 μm. (D) CD31 (red), NG2 (green), and nuclei (blue) immunofluorescence in tumors from MCMV+ mice. Scale bar: 50 μm. (E) NG2 fluorescence 
intensity in 12 independent fields of view from murine GBMs. n = 3. Box extends from 25th to 75th percentile, and median is indicated by horizontal line. 
Whiskers represent maximum and minimum values. Scale bar: 50 μm. ***P < 0.005, Student’s t test. (F) CMV (red, Virusys CA003-100), CD31 (green), and 
NG2 (green) immunostaining immunofluorescence in human GBM. Scale bar: 50 μm. Pearson’s rank colocalization. n = 3. Box extends from 25th to 75th 
percentile, and median is indicated by horizontal line. Whiskers represent maximum and minimum values.

https://www.jci.org
https://www.jci.org
https://www.jci.org/129/4
https://www.jci.org/articles/view/123375#sd
https://www.jci.org/articles/view/123375#sd
https://www.jci.org/articles/view/123375#sd
https://www.jci.org/articles/view/123375#sd
https://www.jci.org/articles/view/123375#sd
https://www.jci.org/articles/view/123375#sd
https://www.jci.org/articles/view/123375#sd
https://www.jci.org/articles/view/123375#sd
https://www.jci.org/articles/view/123375#sd
https://www.jci.org/articles/view/123375#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

1 6 7 5jci.org   Volume 129   Number 4   April 2019

esized that CMV-infected tumor cells might attract pericytes. 
Using Transwell coculture assays, we confirmed that brain vas-
cular pericytes migrate faster toward CMV-infected tumor cells 
compared with uninfected controls in both human and murine 
contexts (Figure 4A). To further investigate the effects of CMV 
infection of pericytes and GBM cells on angiogenesis, we cul-
tured human brain microvascular endothelial cells (HBMECs) 
with conditioned media from HCMV-infected patient-derived 
GBM stem-like cells (GSCs) or human brain vascular peri-
cytes (HBVPs). Both media induced significant increases in 
tube formation compared with control media, and when con-
ditioned media from HCMV-infected GSCs and HBVPs were 
combined, tube formation was further enhanced (Figure 4B). 

spread detection of HCMV in GBM, and while the perivascular 
niche seems to be a major site of CMV infection, infected cells are 
observed throughout the tumor tissue in all specimens (n = 5) ana-
lyzed. Colocalization of NG2 and pp65 was estimated as very high 
(86.2% ± 11.1%). Thus, in human GBM, HCMV staining patterns 
are similar to those observed in the MCMV+ mouse GBM model.

The CMV-infected cell secretome increases pericyte migration 
and angiogenesis in vitro. Pericytes have been implicated in GBM 
and are known to participate in angiogenesis, vessel stabiliza-
tion, and regulation of cerebral blood flow (29–32). We there-
fore studied how CMV might mechanistically enhance pericyte 
accumulation and angiogenesis in GBM. Because CMV is readi-
ly detectable in both human and murine tumor cells, we hypoth-

Figure 4. Conditioned medium from CMV-infected GBM cells increases pericyte migration and endothelial cell tube formation. (A) Transwell migration 
of HBVPs and MBVPs. Data are presented as mean ± SD. ***P < 0.005, Holm-Šídák test. (B) HBMEC tube formation on Matrigel performed in the presence 
of conditioned media from HCMV-infected human GSCs or HBVPs. Data are presented as mean ± SD. ***P < 0.005, Holm-Šídák test. (C) Aortic ring assay 
performed using conditioned media from uninfected and CMV-infected GL261Luc2 cells or MBVPs. Graphical representation shows number of sprouting 
vessels. Data are presented as box and whisker plot. Box extends from 25th to 75th percentile, and median is indicated by horizontal line. Whiskers repre-
sent maximum and minimum values. ***P < 0.005, 2-way ANOVA. Scale bars: 50 μM (B); 1 mm for (C).
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When explanted mouse aortic rings were exposed to media 
from MCMV-infected GL261Luc2 cells or infected mouse brain 
vascular pericytes (MBVPs), there was increased endothelial 
cell sprouting, with the combination of both media showing the 
greatest effect (Figure 4C). Taken together, these data suggest 
a model in which CMV infection of GBM cells and/or pericytes 
induces a proangiogenic secretome.

CMV-induced PDGF-D regulates pericyte recruitment and angio-
genesis in vitro. Consistent with the effects of CMV-conditioned 
medium on angiogenesis, RNA-Seq of human GSCs after HCMV 
infection showed angiogenesis as a prominent Gene Ontology 
(GO) term. To prioritize genes further, we compared upregulat-
ed genes after HCMV infection of G44 GSCs with a curated list 
of secreted proangiogenic proteins. This identified 6 mRNAs 

with potential proangiogenic roles upregulated in HCMV-infect-
ed GSCs: BMP4 (33), CCL2 (34), CXCL8 (35), LIF (36), WNT4 
(37), and PDGFD, as shown in Supplemental Table 1. Of these, 
PDGF-D, a known regulator of pericyte function (38–40), has not 
been studied in GBM. Because of the pronounced effect on peri-
cytes in our mouse model, we further investigated the potential 
role of PDGF-D in mediating the observed phenotypes. Indepen-
dent validation confirmed that PDGF-D was upregulated in GSCs 
after HCMV infection at both the mRNA and protein levels, and 
this upregulation persisted over time in human GSCs after HCMV 
infection (Figure 5, A and B, and Supplemental Figure 4, A and 
B). Pdgfd mRNA and protein upregulation were also observed in 
MCMV-infected murine GL261Luc2 cells (Figure 5, C and D). 
Functional studies showed that migration of both human and 

Figure 5. PDGF-D upregulation by CMV in GBM. (A) qRT-PCR for PDGF-D in GSCs after HCMV infection. Box extends from 25th to 75th percentile, and median 
is indicated by horizontal line. Whiskers represent the maximum and minimum values. Outlier is shown by a green circle. (B) Western blot for PDGF-D in GSCs 
after HCMV infection. (C) qRT-PCR for PDGF-D in GL261Luc2 cells after MCMV infection. Box extends from 25th to 75th percentile, and median is indicated by 
horizontal line. Whiskers represent maximum and minimum values. (D) Western blot for PDGF-D in GL261Luc2 cells after MCMV infection. qRT-PCR data are 
represented as mean ± SD. *P < 0.05; ***P < 0.005, Student’s t test (A and C). (E and F) Transwell migration of HBVP and MBVP in the presence and absence 
of PDGF-D–neutralizing antibodies, or recombinant PDGF-D (rPDGF-D), as indicated. CMV-infected GBM cells and controls were grown on the bottom of a 
12-well plate, as shown. Data are represented as mean ± SD. ***P < 0.005, Holm-Šídák test. (G) PDGF-D (red) and CMV (green) immunofluorescence showing 
areas of high CMV (lower right) and low CMV (lower left) in human GBM. DAPI-stained nuclei are shown in blue. Scale bar: 50 μm (upper images) 10 μm 
(lower images). (H) Increased phosphorylation of NF-κB p65 subunit RelA in G44 GSCs 24 hours after infection with HCMV Towne strain. (I) siRNA-mediated 
knockdown of RelA in G44 GSCs 48 hours after transfection. Box extends from 25th to 75th percentile, and median is indicated by horizontal line. Whiskers 
represent maximum and minimum values. (J) PDGF-D downregulation in response to HCMV infection after RelA knockdown in G44 GSCs.
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murine pericytes toward CMV-infected GBM cells was abolished 
by a PDGF-D–neutralizing antibody, while recombinant PDGF-D 
induced vigorous pericyte migration (Figure 5, E and F). In addi-
tion, endothelial tube formation by HCMV-infected GSC-con-
ditioned medium was partially blocked by PDGF-D–neutral-
izing antibodies, and recombinant human PDGF-D induced 
tube formation, although to a lesser extent than CMV-infected 
cell-conditioned medium (Supplemental Figure 4C). Immuno-
fluorescence showed that PDGF-D was widespread in MCMV+ 
GL261Luc2 tumors and in human GBM specimens, where it 
partially colocalized with HCMV pp65 staining (Figure 5G and 
Supplemental Figure 4D). In contrast, intratumoral PDGF-D was 
barely detectable in MCMV-naive controls (Supplemental Figure 
4D), and in normal human brain, PDGF-D staining was confined 
only to vasculature (Supplemental Figure 4E). Taken together, 
these data suggest that CMV-induced PDGF-D expression may 
play an important role in GBM biology.

To further investigate the upregulation of PDGF-D expres-
sion after CMV infection, we examined the potential signaling 
pathways involved. It has been previously reported that CMV 
infection leads to activation of the NF-κB–signaling pathway (41, 
42). It has also been reported in ChIP-Seq studies that PDGF-D 
expression may be NF-κB regulated (43); therefore, we investigat-
ed this pathway in our GSCs. Western blotting against the phos-
phorylated p65/RELA subunit of NF-κB 24 hours after infection 

of G44 GSCs with HCMV indicated that the pathway was acti-
vated (Figure 5H). Treatment of G44 GSCs with siRNA against 
RELA/p65 efficiently knocked down RELA (Figure 5I) and ablat-
ed upregulation of PDGF-D in response to HCMV infection, as 
shown by Western blotting (Figure 5J). Thus, NF-κB is involved in 
PDGF-D upregulation by HCMV in GSCs.

Pdgfd knockdown impairs GBM growth in vivo. To further 
investigate the role of PDGF-D in CMV-induced GBM growth, 
Pdgfd was knocked out (Pdgfd-KO) in GL261 cells using CRISPR/ 
cas9 technology (Figure 6A). Loss of PDGF-D expression was 
verified by Western blotting (Figure 6A). CMV infection did not 
restore PDGF-D expression in Pdgfd-KO cells (Supplemental 
Figure 5A). Pdgfd-KO cells showed growth kinetics and MCMV 
infection similar to those of control cells in vitro (Supplemental 
Figure 5B), but showed impaired pericyte attraction compared 
with control cells after MCMV infection (Figure 6B). Consistent 
with our model, orthotopically implanted PDGF-D–competent 
GL261Cas9 cells grew as tumors, with mortality significantly 
enhanced in MCMV+ mice compared with naive mice (Figure 
6C). In contrast, MCMV-naive mice receiving Pdgfd-KO tumor 
cells all survived more than 60 days (Figure 6C), suggesting 
a critical role for PDGF-D in GBM progression. Interestingly, 
lethality was restored when Pdgfd-KO tumors were implanted 
in MCMV+ mice, albeit it was significantly delayed compared 
with what occurred with PDGF-D–competent tumors (Fig-

Figure 6. PDGF-D mediates the effects of MCMV in murine GBM. (A) Western blot for PDGF-D in GL261cas9-Pdgfd-KO cells. (B) Transwell migration 
assay of MBVPs toward GL261cas9-PDGFD-KO cells. Data are represented as mean ± SD. ***P < 0.005, 2-way ANOVA. (C) Kaplan-Meier curves of naive 
and MCMV+ mice intracranially implanted with GL261Cas9 (n = 4), GL261cas9-Pdgfd-KO (guide 3) (n = 4), or GL261cas9-Pdgfd-KO guide 5 (n = 4). Median 
survival is indicated on plot and shown in parentheses. (D) T2-weighted MRI at day 30. Box extends from 25th to 75th percentile, and median is indi-
cated by horizontal line. Whiskers represent the maximum and minimum values. *P < 0.05, 2-way ANOVA. (E) CD31 (red), NG2 (green), and nuclei (blue) 
immunofluorescence in GL261Pdgfd-KO tumors at end points. Scale bar: 50 μm. (F) Quantitative analysis of angiogenesis and vessel morphology in tumor 
sections. Data are represented as mean ± SD. **P < 0.01; ***P < 0.005, 2-way ANOVA.
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Discussion
Here, we provide what we believe is the first report of an in vivo 
mechanism underlying the promotion of GBM growth by CMV. We 
have shown that MCMV infection clearly potentiates tumor growth 
in implantable intracranial murine GBM models. We identified 
PDGF-D as an essential factor for intracranial GBM growth whose 
expression is induced by CMV infection of GSCs and stimulates 
both pericyte attraction and angiogenesis. Importantly, CMV-stimu-
lated tumor growth is reversed by treatment with cidofovir, an FDA- 
approved antiviral agent (44). Together, these data provide support 
for the potential clinical importance of CMV in GBM progression 
and suggest both CMV and PDGF-D as targets in GBM therapy.

Proangiogenic effects of CMV. The most striking effects in CMV+ 
mice were on angiogenesis. We observed (a) increased intratu-
moral blood vessel length and branching, (b) increased pericyte 
coverage of intratumoral blood vessels, (c) increased intratumoral 
blood flow, (d) a proangiogenic secretome in CMV-infected peri-
cytes, and (e) a proangiogenic and pericyte-attracting secretome 
in CMV-infected GBM cells. These observations support the con-
cept that a CMV-mediated increase in vessel number and maturity 
is likely to be a major factor in the increased tumor growth in the 
context of the MCMV+ mice. Indeed, it has been established that 
CMV has proangiogenic effects in nontumoral settings (45–47), 
and a role in tumor angiogenesis has been previously speculated, 
although never established (48). One of our most striking obser-
vations was the striking increase in pericyte coverage of the tumor 
vasculature in MCMV+ animals. Pericytes are permissive for CMV 
infection (28), and indeed, these tumor-associated pericytes 
strongly stain for MCMV in both our model and in human tumors. 

ure 6C). MRI performed at day 40 confirmed Pdgfd-KO tumor 
establishment only in MCMV+ animals (Figure 6D). Pdgfd-KO 
tumors showed reduced accumulation of pericytes and reduced 
vessel coverage (Figure 6E), with fewer vessels and branch junc-
tions compared with PDGF-D–competent controls, consistent 
with impaired angiogenesis (Figure 6F). Together, these results 
demonstrate an essential role for PDGF-D in GBM growth that 
can be rescued by MCMV.

The antiviral drug cidofovir reverses the growth-promoting effects 
of MCMV in the mouse GBM model. The presence of elevated 
MCMV mRNA and protein after tumor implantation suggested 
importance of viral activity in our tumor-progression pheno-
type. To confirm this, MCMV+ mice were treated with the viral 
DNA synthesis inhibitor cidofovir (44) after tumor implantation. 
Whereas cidofovir treatment had no effect on the survival of 
naive GL261Luc2 tumor-bearing mice, it significantly improved 
survival in MCMV+ mice compared with untreated controls (Fig-
ure 7A). These observations suggest that, under these treatment 
conditions, cidofovir does not have direct antitumor effects, as 
tumor growth in MCMV-naive mice was unchanged. Consistent 
with a direct antiviral effect, MCMV immunostaining was mark-
edly decreased in cidofovir-treated MCMV+ mice, and this was 
associated with dramatically decreased PDGF-D staining and 
reduction of tumor vascularization to CMV-naive levels (Fig-
ure 7, B and C). Finally, cidofovir treatment led to the reversal 
of MCMV-induced vascular pericyte accumulation (Figure 7D). 
Together, these results suggest that CMV acts as a critical poten-
tiator of tumor progression by stimulating PDGF-D expression, 
pericyte accumulation, and GBM angiogenesis.

Figure 7. Cidofovir reverses CMV-induced proangiogenic phenotype in MCMV+ GBM mice. (A) Kaplan-Meier survival curve of naive and MCMV+ GL261Luc2 
tumor-bearing mice treated with cidofovir (CDV). Median survival is indicated on plot and shown in parentheses. (B) CMV (green, Virusys CA150-1 antibody) 
and PDGF-D (magenta) immunofluorescence of tumor sections from CDV-treated mice. DAPI-stained nuclei are shown in blue. Scale bar: 100 μm. Box plot 
shows quantitation of PDGF-D fluorescence intensity (n = 3). Box extends from 25th to 75th percentile, and median is indicated by horizontal line. Whis-
kers represent maximum and minimum values. ***P < 0.005, Student’s t test. Error bars indicate SD. (C) Quantitative analysis of angiogenesis and vessel 
morphology after CDV treatment. Scale bar: 100 μm. ***P < 0.005, 2-way ANOVA. Error bars indicate SD. Scale bar: 50 μm. (D) CD31 (red), NG2 (green), and 
nuclei (blue) immunofluorescence in tumor sections at survival end points after CDV treatment. 
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parison of our RNA-Seq data with GO terms for secreted angiogenic 
molecules revealed several upregulated mRNAs encoding secret-
ed proteins involved in the promotion of angiogenesis in GBM by 
CMV, as shown in Supplemental Table 1, suggesting that promotion 
of angiogenesis is multifactorial. Interestingly, our RNA-Seq data 
scored highly for PDGF-D, which is known to be involved in the con-
trol of pericyte migration (50), but has not been studied in the con-
text of GBM. Similarly to PDGF-B, PDGF-D is a ligand of PDGFR-β, 
and null mouse mutants of either PDGFR-β or PDGF-B are lethal 
in utero due to hemorrhage caused by abnormal, pericyte-lacking 
vasculature (51). Additionally, PDGF-D is known to be involved 
in pericyte, macrophage, and monocyte chemotaxis as well as the 
induction of angiogenesis in vitro (52, 53).

Our in vitro data suggest that PDGF-D is responsible for peri-
cyte accumulation in GBM in CMV+ mice and also contributes to 
angiogenesis. We showed by qRT-PCR and Western blotting that 
PDGF-D is clearly upregulated in human GSCs and mouse GBM 
cells after infection with CMV, and we confirmed that PDGF-D 
alone can stimulate pericyte migration in both mouse and human 
systems. Depletion of PDGF-D by blocking antibodies or CRIS-
PR-mediated gene editing completely blocks pericyte migration in 
vitro. Most compelling is the observation that GBM cells lacking 
PDGF-D cannot grow in CMV-naive hosts, showing lack of both 
pericyte influx and angiogenesis. However, when these same KO 
cells are introduced into MCMV+ mice, tumor growth and lethal-
ity are restored, although more slowly than in WT controls, sug-
gesting that extratumoral factors provided by MCMV in the model 
may overcome the lack of PDGF-D in tumor cells. Whether CMV 
is providing PDGF-D or a different compensatory factor is a sub-
ject of current investigation. Our data suggest the importance of 
PDGF-D as a potential therapeutic target in vivo.

Regulation of PDGF-D expression by NF-κB. We showed that 
PDGF-D upregulation is at least in part regulated by CMV acti-
vation of NF-κB signaling (Figure 5, H–J). It has been previously 
shown that, after HCMV infection, cells show a virus-regulated 
induction of NF-κB signaling (41). Purified viral glycoproteins 
were shown to induce NF-κB activity (41, 42). In this study, we 
showed that in human GSCs, infection with CMV results in the 
activation of NF-κB signaling via p65 phosphorylation. Because 
NF-κB has also been associated with PDGF-D in ChIP-Seq stud-
ies (43), we hypothesized that NF-κB activation might also lead to 
PDGF-D upregulation. This was confirmed by siRNA-mediated 
inhibition of NF-κB signaling. As the induction of PDGF-D expres-
sion by CMV was only partially inhibited, other mechanisms, such 
as Sp-1 induction upon CMV infection, might also be involved in 
PDGF-D upregulation (54, 55).

Effects of antiviral therapy in CMV GBM models. In recent 
years, clinical approaches targeting CMV have led to encourag-
ing clinical results (13–18). These approaches include CMV-tar-
geted immunotherapies and the antiviral drug valganciclovir, 
which is a substrate of CMV thymidine kinase (TK), rendering 
infected cells exquisitely sensitive to its effects by accumula-
tion of toxic metabolites catalyzed by viral TK activity. How-
ever, MCMV does not have a homolog of the HCMV TK gene 
and is not sensitive to valganciclovir. Therefore, in the current 
report, we tested the effects of cidofovir, an FDA-approved anti-
viral drug that inhibits viral DNA polymerase and blocks MCMV 

Pericytes are essential for fully functional brain vasculature (49), 
and a direct correlation between pericyte coverage of tumor vas-
culature and diminished survival in patients with GBM has been 
reported, highlighting the relevance of this observation (31). Over-
all, we examined tumor samples from 5 patients using immunoflu-
orescence and 18 using RT-PCR (Figure 3 and Supplemental Figure 
3). Of those, all 5 immunostained samples were positive for HCMV 
pp65 and only 1 sample from the PCR study was negative for CMV. 
Although CMV reactivity was predominantly found in the perivas-
cular niche, single cells remained positive throughout the tumor. 
Further studies on an extended panel of tumors are warranted.

CMV reactivation in the mouse model. As reported in human 
specimens, MCMV reactivation could be detected in our mouse 
model. We observed (a) a time-dependent increase of MCMV 
IE1/m123 levels as tumors grew and (b) the presence of CMV in 
intratumoral pericytes as well as tumor cells by immunostaining in 
both the mouse model and in human GBM specimens.

This is the first report, to our knowledge, to show that CMV 
is reactivated in perivascular intratumoral pericytes, suggesting 
potentially important biological mechanisms. We speculate that 
CMV reactivation occurs within the tumor microenvironment due 
to local immunosuppression that prevents control of CMV reactiva-
tion by the adaptive immune system. Based on our observations, we 
also speculate that at least one source of intratumoral CMV may be 
pericytes recruited from the circulation and are currently investigat-
ing this hypothesis. Indeed, pericytes are known to be permissive 
for CMV infection and may play a role in CMV retinitis (28). Our 
data so far suggest that CMV reactivation is specific to the immu-
nosuppressive tumor microenvironment. We were unable to see 
any symptoms of systemic CMV reactivation or detect its presence 
in lung tissue from MCMV-infected tumor-bearing animals. How-
ever, this does not discount the possibility that CMV may be reac-
tivated in other tissues or specific cell types during tumor growth. 
Also, there are many additional CMV-encoded transcripts we could 
search for. This is an area of current investigation.

One of the challenges in this field of study is to relate chang-
es seen in vitro under acute infection conditions, to those seen in 
vivo when the virus is undergoing long term reactivation in mul-
tiple cell types within the tumor microenvironment. Our mouse 
model will allow highly detailed studies of viral gene reactivation 
and other molecular changes temporally and by cell type enabling 
a detailed understanding of the dynamics of the process. Measure-
ment of MCMV transcript levels showed a 10-fold lower expres-
sion of IE1/m123 in vivo compared with in vitro by qRT-PCR. On 
a cellular level, this difference is likely smaller, due to the lower 
numbers of cells infected in vivo versus in vitro. Initial compari-
sons of CMV IE1/m123 levels between the murine model and 
human GBM specimens suggest that levels of CMV activation may 
be slightly higher in the murine model (data not shown). However, 
this does not account for the variable of numbers of cells infected 
per specimen and changes in CMV activation over tumor evolu-
tion. Further detailed studies are therefore needed to survey mul-
tiple genes and specimens in each system.

PDGF-D as a mediator of the effects of CMV on pericyte recruitment 
and angiogenesis. In our system, CMV infection of GSCs promotes 
the secretion of a wide array of different proangiogenic cytokines, 
a phenotype previously observed in other cell types (45–48). Com-
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vided by Bill Britt (University of Alabama, Birmingham, Alabama, 
USA). MCMV and HCMV strains were cultured in NIH3T3 and 
MRC-5 cells, respectively, and viral titer was measured as previously 
described (24). GL261Luc2 murine glioma cells were purchased from 
PerkinElmer. CT-2A murine glioma cells were a gift from Thomas 
Seyfried (Boston College, Boston, Massachusetts, USA). HBMEC 
cells were purchased from ScienCell Research Laboratories and 
grown according to the manufacturer’s recommendations. Primary 
human GSCs (G34, G35, G44, G157) were obtained by dissociation 
of gross tumor samples and cultivated in neurosphere media, as pre-
viously described (60). Mycoplasma testing was routinely done by 
PCR. GBM subtype classification was done by gene-expression pro-
filing as previously described (60).

CMV infection in vitro. For CMV infection in vitro, we seed-
ed up to 106 cells in 6-well plates and treated with CMV or mock 
infection (purified extract from uninfected fibroblasts) the next 
day. We infected GL261Luc2 neurospheres with MCMV (MOI of 1) 
or patient-derived human GSCs with HCMV (MOI of 1) for 2 hours. 
Cells were then rinsed with Dulbecco’s PBS (DPBS) (Thermo Fish-
er) and covered with fresh culture medium.

Transwell cell migration assay. Cells were seeded in a 24-well 
culture plate, infected with CMV (MOI of 1), and cultured for 72 
hours. Light transmission blocking Transwell inserts (FluoroBlock, 
Corning) with a pore size of 8 μm were used. 1 × 106 Cells were tryp-
sinized and stained with Vybrant DiO Cell-Labeling Solution (Ther-
mo Fisher). Cells were added to the Transwell compartment and 
incubated at 37°C. Images were taken after 24 hours and 48 hours. 
For each assay, 15 images from 3 separate wells were analyzed. Each 
assay was repeated 3 times.

Flow cytometry. Flow cytometry was performed on a FACS LSR 
II or Fortessa (BD Biosciences). Cells were gated by forward scatter/
side scatter while excluding duplets by forward scatter area/forward 
scatter height. Subsequently, CD45+ (BioLegend, catalog 103101) 
cells were gated, with further classification by their expression of 
NG2 (Stratech, catalog bs-4800R-FITC) and PDGFR-β (BioLegend, 
catalog 136007).

qRT-PCR. Total RNA was extracted using TRIzol and treated with 
RNase-free DNase (QIAGEN). mRNA expression analysis was carried 
out using Power SYBR Green (Applied Biosystems). RNA concentra-
tion was quantified using a Nanodrop RNA 6000 (Thermo Fisher) and 
analyzed using the Applied Biosystems StepOnePlus PCR machine 
(Thermo Fisher). See Supplemental Table 2 for primer sequences.

Generation of knockdown cell lines using siRNA. Human RELA was 
knocked down using siRNA technology. Briefly, GSCs were trans-
fected using siRNA oligonucleotides against p65/RELA (QIAGEN) 
or nontargeting controls at 100 pmol/5 × 105 cells and validated at 
the mRNA and protein levels. Cells were processed 48 hours after 
transfection. All transfections were performed with Lipofectamine 
2000 (Life Technologies) following the manufacturer’s recommen-
dations. Antibodies used were as follows: NF-κB p65 XP rabbit mAb 
(clone D14E12, catalog 8242), phospho–NF-κB p65 (Ser536) mouse 
mAb (clone E1Z1T, catalog 13346) (Cell Signaling Technology).

In vivo studies. Six-week-old male and female C57BL/6 mice were 
purchased from The Jackson Laboratory and mated once. The f1 gen-
eration was inoculated with a nonlethal dose of Δ157 MCMV Smith 
strain at P2 (103 PFU) by i.p. injection, as previously described (24). 
After 14 weeks, 1000 cells (GL261Luc2, GL261Cas9, GL261PDGFKO,  

replication. Treatment of MCMV+ GL261 tumor-bearing mice 
with cidofovir caused reversal of the MCMV-induced pheno-
type, with a reduction of tumor-infiltrating pericytes, decreased 
tumor vasculature, and improved survival, consistent with these 
clinical observations. Previous work has suggested that cido-
fovir has antitumor potential both in vitro and in vivo in com-
bination with irradiation (56). The use of cidofovir as an anti-
cancer drug is not restricted to GBM and has been shown to be 
effective in HPV-associated cervical cancer (57), although with 
some toxicity (58). Thus, the current report suggests that cidofo-
vir might improve survival in hosts with CMV, but it is not clear 
that CMV-naive hosts would show such a benefit. Our observa-
tion that cidofovir treatment could reverse the effects of CMV 
on GBM growth provides at least proof of principle supporting 
the potential use of antiviral treatments in brain tumors. Impor-
tantly, others have shown potentially favorable data on the use 
of valganciclovir in patients (19) and have also shown that cido-
fovir can sensitize cells to irradiation (56). This suggests that 
incorporating irradiation into our model would show further 
enhancement of animal survival and would strongly support 
clinical application. Studies are currently underway with addi-
tional antiviral drugs in combination with other therapies to 
assess the translational relevance of this approach.

Limitations. This study was performed in mouse GBM mod-
els, and MCMV has many differences from HCMV. The lack of 
TK in MCMV limits our ability to test valganciclovir in this mod-
el; however, an engineered MCMV with a copy of HCMV TK has 
been created (59), and we will investigate this in order to model 
the effects of valganciclovir. CMV and its relationship with GBM 
and cancer remains a controversial area, with some groups unable 
to detect CMV in human specimens (22, 23). At present, there are 
no reports of next-generation sequencing data from human tumor 
specimens containing CMV sequences, which may be explainable 
by low levels of CMV in tumors as well as a high level of natu-
ral genetic variation in CMV. Also, until this study, there was no 
mechanistic explanation, to our knowledge, of how CMV could 
influence tumor growth. Our observations therefore add to the 
weight of evidence that CMV can play a role in tumor growth and 
may be therapeutically very important.

Summary and perspective. Our observations provide insights 
into how CMV infection affects GBM growth in vivo and are sup-
ported by observations in human patient specimens. These data 
strengthen the argument for a role of CMV in GBM growth and a 
rationale for antiviral therapy in overcoming treatment limitations 
in current GBM therapy. Finally, in identifying PDGF-D as a con-
tributor to the CMV-induced phenotype, we have identified a tar-
get for potentiating current GBM therapy regimens, augmenting 
immunotherapeutic approaches, and ultimately, developing new 
approaches to treating GBM.

Methods
Cell culture and virus propagation. NIH3T3 mouse fibroblasts and 
MRC-5 cells were purchased from ATCC and cultured in DMEM 
with 10% FBS (Sigma-Aldrich), penicillin (100 U/ml), and strepto-
mycin (10 mg/ml) (Thermo Fisher). MCMV lacking the m157 gene 
(24) was provided by Ulrich Koszinowski (Ludwig-Maximilians-Uni-
versitat, Munich, Germany), and HCMV-GFP Towne strain was pro-
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Immunoblotting. Cells were lysed using RIPA buffer containing 1% 
protease inhibitor cocktail (Merck Millipore) and 5% phosphatase inhib-
itor cocktail (Roche). Total protein concentration was measured using 
the Bradford protein assay. Primary antibodies used were against HCMV 
(Virusys Corporation, catalog CA150-1; 1:1000), HCMV pp65 (Virusys, 
catalog CA003-100; 1:1000), anti-human PDGF-D (Thermo Fish-
er, catalog 40-2100; 1:1000), and β-actin (Cell Signaling Technology,  
catalog 4967; 1:1000).

Immunohistochemistry. Mice were euthanized using CO2 inhala-
tion and subsequently perfused with 4% neutral-buffered formalin 
(Sigma-Aldrich) for fixation. Cryoprotection was performed using 
30% sucrose. All mouse brain slides were obtained from 30 μm frozen 
sections. Permeabilization was done using 1% Triton X-100 (Sigma- 
Aldrich) in PBS (Thermo Fisher) for 10 minutes. Slides were then incu-
bated with the primary antibody (1:100 in normal serum) overnight 
at 4°C. For detection of the primary antibody, species-matched fluo-
rophore-coupled antibodies were incubated for 1 hour at room tem-
perature. Slides were then covered with antifade mounting medium 
(Vectashield, Vector Laboratories) and coverslipped. All fluorescent 
and bright-field microscopy-based assays were observed using a Nikon 
Eclipse Ti microscope (Nikon). High-resolution confocal fluorescent 
microscopy was performed using a Zeiss LSM 710 confocal microscope 
system and visualized using ZEN Zeiss Imaging software. For human 
specimens, IHC staining was performed as previously described 
(6). Briefly, tissue specimens were incubated with antibodies against 
CMV (Virusys Corp.), followed by H&E counterstaining. We first val-
idated the MCMV immunostaining conditions in vitro by staining of 
MCMV-infected and noninfected GL261 cells. Additional controls 
used for antibody specificity were brain and tumors from noninfected 
control animals, brain subventricular zone staining in infected animals, 
and the absence of any background staining with secondary antibodies 
alone. For colocalization, images were imported into the Fiji version 
of the free image-processing software ImageJ (NIH). The preinstalled 
plugin for colocalization analysis coloc2, which uses a pixel intensity 
correlation measurement, was used to calculate colocalization param-
eters (Pearson’s coefficient and Spearman’s rank correlation). For 
immunofluorescence studies, the following antibodies were used: anti-
mouse, CD31 (Bio-Rad, catalog TLD-3A12, 1:100), PDGF-D (Thermo 
Fisher, catalog 40-2100, 1:100), and PDGFRβ (BioLegend, 323605, 
1:100); anti-human, PDGF-D (R&D, catalog AF1159, 1:100), CD133 
(BioLegend, catalog S16016B, 1:100), Vimentin (SP20, Thermo Fish-
er, catalog MA5-16409, 1:100), and CD31 (Bio-Rad, catalog MCA1738, 
1:100); anti-human mouse Ki67 (Abcam, catalog ab15580, 1:100), NG2 
(EMD Millipore, 1:100), and Olig2 (Merck, catalog MABN50, 1:100); 
anti-CMV (Virusys Corp., catalog CA150-1, 1:1000) and HCMV pp65 
(Virusys, catalog CA003-100, 1:1000).

Quantification of tumor vasculature in frozen sections. Immuno-
fluorescence staining using anti-CD31 antibodies (Bio-Rad, catalog 
MCA2388GA) was performed in coronal frozen brain sections. An 
ImageJ algorithm (provided by Institute for the Neurosciences, Neu-
ro Technology Studio, Brigham and Women’s Hospital) was used to 
automate vessel detection and characterization for length, area, and 
branching points (25).

Statistics. All microscope-based assays were edited/quantified 
using ImageJ, including the Analyze Particles function of binary 
images with automatic threshold. Data are expressed as mean ± SD. 
Unpaired 2-tailed Student’s t test was used for comparison between 

and CT-2A) in 3 μl normal saline were injected intracranially to estab-
lish mouse brain tumors (2 mm right lateral, 1 mm frontal to the 
bregma, and 3 mm deep). Infection was confirmed in serum samples 
using the commercial pathology service provided by Charles River 
(anti-MCMV Multiplexed Fluorometric ImmunoAssay). Cidofovir 
treatment was performed by i.p. injection (100 mg/kg) 3 times per 
week for 2 weeks. DMSO and sterile saline were used as vehicle.

Imaging methods. MRI data were acquired using a Bruker 7 Tesla 
scanner (Bruker Biospin). Animals were kept under isoflurane narcosis 
throughout the scan. Respiration and heart rate were monitored. Body 
temperature was maintained using a homeothermic blanket. ASL was 
performed as previously described (61). Briefly, the animal was care-
fully positioned with the labeling coil located at the neck to allow label-
ing of blood flowing through the carotid arteries. For ASL, single-shot, 
gradient-echo, echo-planar imaging (EPI) acquisition was used. Paired 
images were acquired alternately — one with ASL (labeled image) and 
the other without (control). Tumor blood flow was analyzed by com-
paring specified regions of interest (ROIs) with their anatomical par-
allel in the contralateral hemisphere. The average difference in ROIs 
was compared between different animals and translated into relative 
fold-change difference. T2-weighted images were acquired using the 
RARE pulse sequence. The resulting segmentations were reviewed 
manually to ensure accuracy.

Generation of KO cell lines using CRISPR/Cas9. The murine Pdgfd 
gene was knocked out using CRISPR/Cas9 technology. Briefly, GL261 
cells were lentivirally transduced with the Cas9 gene. Stable Cas9- 
expressing clones were then transduced with a lentivirus expressing a 
gRNA specifically designed to target the murine Pdgfd gene (designat-
ed as guide 3 and guide 5). The plasmid constructs used to make the 
lentivirus vectors, pLentiCAS9Blast and pLentiGuide (guide 3 targets 
exon 2 of the gene: 5′-GGGTAGCTGTTCGGGAAGCG-3′; guide 5 
targets exon 3 of the gene: 5′-TTTGTTCTTGACGTTATCCT-3′) were 
purchased from GenScript. Cells successfully transfected with the 
gRNA were positively selected using puromycin resistance, and single 
clones were isolated via serial dilution. Only clones testing negative 
for PDGF-D expression by Western blot analysis were used.

RNA-Seq. Triplicates of proneural GSCs (G44) were infected with 
HCMV at an MOI of 0.1. Cells were then kept in culture for 3 days. 
Uninfected cells served as controls. Equal quantities of total RNA 
were isolated using the TRIzol reagent (Thermo Fisher) according 
to the manufacturer’s protocol. RNA degradation and contamination 
were monitored on 1% agarose gels, and RNA integrity was assessed 
with the RNA Nano 6000 Assay Kit and a Bioanalyzer 2100 system 
(Agilent Technologies). Sequencing libraries were generated using 
the Illumina paired-end indexing protocol. Corresponding RNA-
Seq paired-end reads were processed using the TopHat suite with 
Cufflinks. Raw reads in fastq format were mapped to the reference 
organism using STAR software. Clean data were obtained by remov-
ing reads containing adapter sequences, reads containing poly-N, 
and low-quality reads from raw data. The Q20, Q30, GC-content, 
and sequence duplication levels of the clean data were calculated. 
All downstream analyses were based on high-quality clean data. All 
RNAseq data were deposited in the EMBL-EBI’s ArrayExpress data-
base (E-MTAB-7613).

Analysis was performed using the Kyoto Encyclopedia of Genes 
and Genomes (KEGG) for pathway enrichment analyses and Protein 
ANalysis THrough Evolutionary Relationships (PANTHER) for GO.
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