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Human Cytomegalovirus US28 Found in Glioblastoma Promotes an Invasive and 

Angiogenic Phenotype 
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Supplementary Methods 

Expression Profiling Using Affymetrix Arrays 

Affymetrix Human Gene 1.0 ST arrays were processed according to the Affymetrix Expression 

Analysis Whole Transcript (WT) Sense Target Labeling Protocol (Affymetrix Inc., Santa Clara, 

CA).  Briefly, total RNA (300 ng) was converted to double strand cDNA.  cRNA was obtained 

by an in vitro transcription reaction and used as the template for generating a new 1st strand 

cDNA.  The cDNA was fragmented, end-labeled with biotin and hybridized to the Array for 16 

hours at 45�C using the GeneChip Hybridization Oven 640.  Washing and staining with 

Streptavidin-phycoerythrin was performed using the GeneChip Fluidics Station 450 and the 

images acquired using the Affymetrix Scanner 3000 7G Plus.  The data was normalized using 

quantile normalization with the RMA algorithm (12) for gene-level intensities and the ratio 

determined for each gene using Partek Genomics Suite (Partek Inc St. Louis, Missouri). Total 

RNA was processed at the microarray facility from the center for applied genomics at Public 

Health Research Institute in New Jersey, using the Affymetrix Gene ST.1

Mean values of the 30 most up-regulated and 30 most down-regulated transcripts in the 

NPC_HCMV vs. NPC_Untreated (control) are displayed using the R program heatmap.2 from 

the package ‘gplots’. The package is available from the R repository CRAN, and is maintained 

by Gregory R. Warnes. 

RT-PCR

Brain tissue was homogenized and lysed in 1 mL QIAzol reagent (Qiagen) using a TissueRuptor 

homogenizer (Qiagen).  RNA was then chloroform extracted and purified using the RNeasy lipid 

tissue mini kit (Qiagen).  The quality of the RNA was verified by spectrometry and visualization 

of ribosomal RNA bands on an agarose gel. For each sample, 1ug of total RNA was reverse 
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transcribed using the iScript cDNA synthesis kit (BioRad) according to the manufacturer’s 

instructions.  Standard end-point PCR was then performed using the Taq PCR Core kit (Qiagen) 

with an input of 1ug of cDNA for each experimental sample, water only for the negative control, 

and 1ug of cDNA from CMV infected cells for the positive control.  The primers used for PCR 

analysis are as follows: US28 F-5’-TCGCGCCACAAAGGTCGCAT-3’, R-5’-

GACGCGACACACCTCGTCGG-3’; Rab14 F-GCAGATTTGGGATACAGCAGG-3’, R-5’-

CAGTGTTTGGATTGGTGAGATTC; UL56 F-5’-GAGTTGTTTCCCGAAAGTTTCATTAT-

3’, R-5’-CCTCTCTCACAATGTGGACATG-3’.  The PCR amplification cycle was repeated 50 

times with a 60°C annealing temperature for the US28 primers and a 58°C annealing temperature 

for the Rab14 and UL56 primers.  20 uL of each 50uL PCR reaction was resolved on a 1% 

agarose gel and the size of each amplicon (US28=390 base pairs, Rab14=167 base pairs, and 

UL56=249 base pairs) was verified relative to a 1KB DNA ladder (Fermentas).  The DNA from 

the remainder of each PCR reaction was then isolated using the MinElute PCR Purification kit 

(Qiagen) and sequenced. 

Immunofluorescence and Immunohistochemistry

Primary cultures and NPCs were fixed using methanol (10 min, RT) and immunostained using 

the following primary antibodies (overnight incubation, 4C): US28 C terminus,(sc#28042, 

1/200), VEGF (sc# 507, 1/200) from Santa Cruz Biotechnology, e-NOS from Abcam (Ab#5589, 

1/1,000), COX2 (C4842, 1/500) from Cell Signaling, p-STAT3 (44380G, 1/500) and total 

STAT3 (44364G, 1/500) from Biosource. Fluorescently labeled secondary antibodies were from 

Invitrogen. For tissue immunohistochemistry, we used antigen retrieval (Citra Plus, HK080-5K, 

from Biogenex) and pepsin digestion as previously described (1). Following overnight 

incubation with primary antibodies, Biogenex’ supersensitive Polymer HRP IHC detection 
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system was used following the manufacturer’s directions (QD400-60K). Counterstaining was 

done using Hematoxylin. Cells and tissues were visualized using a Nikon Eclipse C1 Confocal 

microscope (Nikon TE2000-U) fitted with a “Cool Snap” Photometrix camera (Roper Scientific). 

Images were acquired using EZ-C1 v2.20 software and further processed using Photoshop 

(Adobe Photoshop CS4).

Human Phoshpho-Kinase Array and Western Blot Assays

Cell lysates were prepared in the lysis buffer provided within the Proteome profiler array kit 

(catalog number ARY 003) from R&D. Parallel determination of the relative levels of protein 

phosphorylation was conducted according to the kit instructions, using 200�g protein/sample.  

ELISA for VEGF was performed using the DUO ELISA KIT catalog # DY293B from R&D 

Systems, following manufacturer’s instructions. Cells were serum starved (or grown in the 

absence of growth factors) for 48 h prior to collecting supernatants which were assayed for 

VEGF levels using the ELISA system described. ELISA for human CCL5 was performed using 

the R&D anti-human CCL5 neutralizing antibody (AB-278-NA, used a capture antibody) in 

conjunction with the recombinant human CCL5 and anti-CCL5-Biotinylated detection antibody, 

also from R&D (# BAF478).  

Matrigel Invasion Assays 

Matrigel coated plates were obtained from BD Biosciences (BD catalog # 354480) and used 

according to the manufacturer’s instructions. Prior to invasion assays, cells were harvested using 

EDTA and resuspended in serum free media (0.1% BSA). 30,000 glioma cells/well were used in 

the case of U251 cells and 10,000 cells/well were used in the case of primary derived GBM cells.  

The lower chamber was filled with 200 ml complete growth medium. Where indicated, 50ng/ml 

CCL5 (rhCCL5, catalog # 278-RN/CF, from R&D) was added to the lower chamber. Cells were 
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allowed to migrate into the Matrigel for 12h after which, cells that remained in the Matrigel or 

attached to the upper side of the filter were removed with cotton tips following.  Invasive cancer 

cells on the lower side of the filter were fixed and stained using Crystal violet. All invading cells 

were counted using an inverted microscope (10X). In neutralizing experiments, cells were pre-

incubated with the anti-CCL5 antibody for 12 h prior to the invasion assay.

Supplementary Figure Legends

Supplementary Figure 1: Co-localization of US28 and VEGF in primary glioma-derived 

cultures.

Primary GBM-derived cultures were fixed with methanol and processed for double 

immnunofluorescence for US28 and VEGF. A. Example of US28 positive cells (arrows, green 

fluorescent). B. Pre-incubation with 10x excess US28 blocking peptide eliminated virtually all 

specific staining, showing specificity of the US28 detection. C. Cells were processed for US28 

immunofluorescence (using secondary Alexa 488 anti-goat antibody) and then incubated with 

anti-VEGF antibody, followed by secondary Alexa 647 anti-rabbit. Several cells show double 

labeling of US28 and VEGF (arrows). D. Negative control, using rabbit IgG and US28 blocking 

peptide followed by the same secondary antibodies. Bar = 50 �m.  

Supplementary Figure 2: Specificity of US28 antibody in labeling HCMV-infected and 

US28 overexpressing glioma cells.

A.U251 glioma cells were either mock- or HCMV (Towne/Ad 169 1MOI) infected and 

processed for U28 immunofluorescence 24h post infection. Alternatively, Ad-U28 expressing 

adenovirus was used to over-express US28 in U251 cells. US28 blocking peptide was used to 

block specific staining. The right panels indicate that US28 is specifically recognized by the 

antibody both in HCMV infected and US28 expressing cells. B. U251 cells were transduced with 

two other vectors –pcDEF-U28 and LXSN-HA-US28 and processed for immunofluorescence for 
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US28 48 hr later. The middle and right panels show specific US28 staining in the transduced 

glioma cells.  Bar=100�m.

Supplementary Figure 3. CCL5 is over-expressed in the mesenchymal GBMs. Expression 

data from a cohort of 36 GBMs representative of the three glioma molecular signatures 12 cases 

each for the Proneural, Proliferative, and Mesenchymal GBM subclasses: CCL5 normalized 

intensity values are shown. CCL5 expression levels were compared between different GBM 

subclasses. Average CCL5 levels in Mesenchymal= 492 vs Proliferative= 152, p=0.11; CCL5 

levels in Mesenchymal= 492 vs Proneural= 107, p=0.047, student t-Test. Mean survival for each 

GBM subclass is also displayed.

Supplementary Figure 4. Verification of persistent HCMV infection in glioma cells.  U87

mock or HCMV infected (MOI=1) cells were maintained in culture for 14 days, lysed, and 

processed for western blot for HCMV IE1 (upper blot). Probing with the actin antibody was used 

to verify equivalent loading of the samples (lower blot).

Supplementary Figure 5. US28 KD inhibits invasion of HCMV-infected gliomas. A. 

Photomicrographs of U87 IHCMV-infected cells 72h following treatment with control and 

targeting siRNAs. US28 immunodetection is shown. Nuclei are stained with DAPI. Bar= 100�m.

B. Plots of cumulative mean pixel intensity for various siRNA conditions are shown. 

Quantification of US28 fluorescence intensity was used to determine the extent of US28 

knockdown by each siRNA individually and when siRNA 1 and 2 were used together. 

Fluorescence intensity measurements averaged in over 70cells/condition show that siRNA1(dark 

grey line) induced a ~42% US28 KD , while siRNA2 (blue line) induced a ~60% decrease in 

US28 protein levels. US28 siRNA1+2 induced a ~ 80% US28 KD (red line). All comparisons 

were done with control siRNA and were highly significant (p<0.0001 for all comparisons, using 

the Kolmogorov-Smirnov test). C. Uninfected U87 cells were treated with CCL5 blocking 

antibody (CCL5 Mab) or various US28 siRNAs (as indicated) and subjected to Matrigel invasion 

assay. A representative experiment is shown. Conditions were run in triplicate and experiments 

were repeated three times. ** p< 0.01, t-Test.  D. HCMV -infected U87 cells treated CCL5 Mab 

and /or with siRNA1, 2, or 1+2 were subjected to Matrigel invasion assays. Average cell counts 
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of invading cells are shown. Conditions were run in triplicate and the experiment was repeated 

twice. *, p<0.05; ** p<0.001. t-Test.

Supplementary Figure 6. US28 KD inhibits Matrigel invasion and VEGF secretion in 

primary GBM cells endogenously infected with HCMV. A-B. Primary GBM cells (labeled 

GBM Case I) were treated with non-targeting, control siRNA or US28 siRNA 1+2 and processed 

for US28 immunofluorescence 72 hours later. Fluorescence intensity measurements showed a ~ 

75% US28 protein KD (not shown). C. Cells from the same GBM case I treated with US28 

siRNA 1+2 were stained for IE1 (green) and a glioma stem cell marker, SOX2 (red). Nuclei were 

counterstained with DAPI.  Bar= 100�m. D. Supernatants from the same primary GBM culture 

treated with CCL5 Mab and/or US28 siRNA1+2 were used to measure CCL5 levels by ELISA; * 

p=0.002 ANOVA. E.GBM Case I cells were treated with CCL5 Mab and/or US28 siRNA 1+2 

and subjected to Matrigel invasion assay. Each condition was run in quadruplicate. Mean cell 

counts of invading cells are shown * p<0.02, t-TEST. F-I. Primary cultures from a different 

GBM case endogenously infected with HCMV (labeled GBM Case II) were treated either with 

non-targeting siRNA (F, G) or US28 siRNA 1+2 (H, I) and processed for immunofluorescence 

for US28 and VEGF. Nuclei are counterstained with DAPI. Bar=100�m. J. GBM Case II-

derived cultures were treated with US28 siRNAs, as indicated; 72h later supernatants were used 

for VEGF measurement using ELISA. Conditions were run in triplicate.  ** p=0.0014, t-Test.  

Supplementary Figure 7.  US28 Induces p-STAT3 activation in human neural precursor 

cells.

Human NPCs were infected with HCMV or the retroviral expression vector LXSN-US28 and 48 

hours later cells were processed by Western blot or immunofluorescence. A. Western blot of 

mock, HCMV- infected, and US28 overexpressing NPCs show activation of phosphor-STAT3 

by whole virus infection as well as by US28 over-expression. Total STAT3 levels are 

unchanged. IE1 expression is only detected in the HCMV infected cells. Actin was used as a 

loading control. B. US28 over-expressing NPCs were processed for US28/p-STAT3 double 

immunofluorescence. Right panels show that p-STAT3 activation co-localizes with US28 

expression. Bar= 50�m.  
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Supplementary Figure 8. Phosphor-STAT3 and US28 co-localize in primary glioma-

derived cultures. Primary GBM cultures were processed for double immunofluorescence for p-

STAT3 and US28. Lower panel indicates the presence of cells that are positive for both antigens 

(arrows). Cells stained with secondary antibodies alone were negative for both p-STAT3 and 

US28 (not shown). Bar = 75 �m.  



Soroceanu et al        HCMV US 28 Promotes GBM Invasion and Angiogenesis 

9



Soroceanu et al        HCMV US 28 Promotes GBM Invasion and Angiogenesis 

10



Soroceanu et al        HCMV US 28 Promotes GBM Invasion and Angiogenesis 

11



Soroceanu et al        HCMV US 28 Promotes GBM Invasion and Angiogenesis 

12

Proliferative
(mean survival= 60.5 weeks)
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(mean survival= 65 weeks)

Proneural
(mean survival=174.5 weeks)

Supplementary Figure 3
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US28 STATUS US28 STATUS US28 STATUS VEGF E-NOS
CASE NUMBER GENDER AGE DIAGNOSIS RT-PCR Tissue IHC-Paraffin IF-Cells IF /IHC IF/IHC

CPMC1 M 68 GBM positive

CPMC2 F 50 GBM positive positive positive positive positive
CPMC3 F 57 GBM REC positive positive positive positive

CPMC4 M 56 GBM negative postive positive positive

CPMC5 M 54 GBM REC positive positive
CPMC6 F 59 GBM positive positive positive positive positive

CPMC7 F 8 AA negative positive
CPMC8 F 40 AA positive

CPMC9 M 76 GBM positive positive positive positive positive
CPMC10 F 77 GBM positive positive positive

CPMC11 F 6 Encephalitis negative negative negative

CPMC12 M 51 Oligodendroglioma positive positive positive
CPMC13 M 35 LGA negative

CPMC14 M 73 GBM positive positive positive positive
CPMC15 M 81 GBM positive positive

CPMC16 M 68 Aneurysm negative negative negative negative negative
CPMC17 M 58 GBM positive

CPMC18 M 32 AA negative negative

CPMC19 F 60 GBM positive positive positive positive positive
CPMC20 F 83 GBM positive positive

CPMC21 M 46 AA negative positive
CPMC22 M 82 GBM negative negative

CPMC23 M 81 GBM positive positive positive positive positive

CPMC24 M 70 GBM positive positive positive positive
CPMC25 M 56 GBM negative negative

CPMC26 M 72 GBM positive positive positive positive
CPMC27 M 60 GBM positive positive positive

CPMC28 M 69 GBM positive positive positive
CPMC29 F 77 GBM positive positive positive

CPMC30 F 72 GBM positive

CPMC31 M 47 GBM negative negative negative negative
CPMC32 F 68 GBM positive positive positive

CPMC33 F 72 GBM positive
CPMC34 M 65 GBM positive

CPMC35 M 23 Epilepsy negative negative negative negative

TOTAL= 35 CASES Positive = 53% Positive = 65%

Supplementary Table 1: Summary of IHC, IF, and RT-PCR characterization results for all 

human brain tissues included in the study.


