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Abstract Given our previous findings that human

cytomegalovirus (HCMV) nucleic acids and proteins are

expressed in human malignant glioma in vivo, we inves-

tigated cellular signaling events associated with HCMV

infection of human glioma and astroglial cells. HCMV

infection caused rapid activation of the phosphatidylinosi-

tol-3 kinase (PI-3K) effector AKT kinase in human

astro-glial and fibroblast cells, and induced tyrosine phos-

phorylation of phospholipase Cc (PLCc). Co-immunopre-

cipitation experiments revealed association of the p85

regulatory subunit of PI-3K with a high-molecular weight

protein phosphorylated on tyrosine, following short-term

exposure to HCMV. In contrast to a previous report, we

were unable to confirm the identity of this high-molecular

weight protein as being the epidermal growth factor

receptor (EGFR). Stimulation of glioma and fibroblast cell

lines over-expressing EGFR with HCMV (whole virus) or

soluble glycoprotein B did not induce tyrosine phosphor-

ylation of the receptor, as did the genuine ligand, EGF.

Furthermore, we found that expression levels of the human

ErbB1-4 receptors were not rate-limiting for HCMV

infection. Dispensability of EGFR function during early

HCMV infection was substantiated by demonstration of

viral immediate early gene expression in cells lacking the

EGFR gene, indicating that HCMV may promote onco-

genic signaling pathways independently of EGFR activa-

tion. Among non-receptor cellular kinases, HCMV

infection induced phosphorylation of focal adhesion kinase

(FAK) Tyr397, which is indispensable for integrin-medi-

ated cell migration and invasion. HCMV-induced FAK

activation was paralleled by increased extracellular matrix-

dependent migration of human malignant glioma but not

normal astro-glial cells, suggesting that HCMV can

selectively augment glioma cell invasiveness.

Keywords Cancer � Glioma � Phosphatidylinositol-3

kinase � EGFR � Cell migration � Signal transduction

Introduction

Human herpesvirus 5 [human cytomegalovirus (HCMV)]

is ubiquitous worldwide, and persistent infection occurs

in over 70% of adults. Association of HCMV infection

with several human malignancies, including brain, pros-

tate, and colon cancer has been reported [1], suggesting
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a potential role for HCMV in oncogenesis. We and

others have recently demonstrated that HCMV is present

in over 90% of human malignant gliomas [2, 3], while

no viral gene products were detectable in the non-

malignant brain tissue. These findings have important

implications for glioma biology, since accumulating

evidence indicates that HCMV viral gene products can

alter signaling pathways underlying cellular apoptosis,

proliferation, migration, and transformation [4–7]. For

example, transcriptional activation of cellular oncogenes,

including c-FOS, c-MYC, and c-JUN is induced by

HCMV exposure [8], reminiscent of growth factor-

mediated signaling events [9]. Intriguingly, this activa-

tion does not require viral infectivity nor de novo viral

protein synthesis, suggesting that interaction of the virus

with cell surface proteins elicits fast activation of

cytoplasmic signaling cascades [8]. In efforts to exert

cell cycle control and inhibit apoptosis, DNA viruses

have acquired during evolution the capacity to subvert

cellular signaling pathways, most notably by activation

of the PI3-K/AKT axis, or interference with p53 and Rb

cell cycle control functions [10, 11]. For example,

activation of the phosphatidylinositol-3 kinase (PI-3K)/

AKT pathway is central to the ability of human her-

pesvirus 4 [Epstein-Barr virus (EBV)] to establish viral

latency and to induce transformation of B cells and of

the oropharyngeal epithelium, leading to nasopharyngeal

carcinoma [10, 12]. These data suggest that other

members of the herpes virus family may utilize a similar

mechanism, possibly engaging cellular receptors and

promoting oncogenesis by modulating the PI3K-AKT

pathway.

Given previous reports of epidermal growth factor

receptor (EGFR) representing a critical cellular target for

HCMV infection and initiation of downstream signaling

[13–16], and considering the importance of EGFR signal-

ing in malignant glioma biology, we sought to investigate

early cellular signaling events associated with HCMV

infection of astro-glial and glioma cells. Here we show that

HCMV infection leads to prompt induction of cellular

tyrosine kinase signaling, including tyrosine phosphoryla-

tion of a ~180 kDa protein, associated with the p85 regu-

latory subunit of PI3-K, and distinct from EGFR.

Additional oncomodulatory viral properties are supported

by our data showing that short-term HCMV exposure

induced recruitment of phospholipase Cc (PLCc) and FAK

activation, while persistent HCMV infection promoted

extracellular matrix-dependent migration of malignant

glioma cells, but not normal astrocytes. Taken together, our

data provide novel insights into HCMV-induced signaling

pathways that modulate glioma cell growth, survival, and

invasiveness.

Materials and methods

Cell lines and recombinant expression

Human embryonic lung fibroblasts (HEL) and U87 glio-

blastoma were obtained from ATCC. Intestinal fibroblasts

of mice homozygous for targeted deletion of a functional

EGFR gene (EGFR-/-) had been extensively character-

ized [17] and were obtained from Robert Whitehead.

NR6 fibroblasts representing an EGFR-negative clone of

NIH3T3 [18, 19] were provided by Harvey Herschman.

Immortalized human astrocytes have previously been

described [20]. U251 glioblastoma and RK3E epithelial cell

lines [21] were kindly provided by G. Yancey Gillespie and

J. Michael Ruppert, respectively. MDA-MB468 human

breast carcinoma [22], NIH3T3 [23] and recombinant

derivatives expressing human ErbB receptors including

LTR-EGFR, LTR-ErbB2, LTR-ErbB3, LTR-ErbB4, and

LTR-ErbB3 + ErbB2 have previously been characterized

[24–27]. Recombinant human EGFR expression in RK3E

was accomplished by retroviral transduction. Human EGFR

open reading frame was cloned in SalI of pBABE-puro [28]

LTR-based expression vector. Ten microgram BABE-

EGFR or BABE-puro were transfected in BOSC23 pack-

aging cell line using standard calcium phosphate technique

[29] to obtain high-titer helper virus-free infectious parti-

cles. Selected mass populations of RK3E consisting of more

than 100 individual colonies (cfu) were obtained following

infection with similar titers of BABE-puro or BABE-EGFR

retrovirus and puromycin selection at 2.5 lg/ml.

HCMV production

Human cytomegalovirus strains AD169 and Towne

(ATCC) were propagated in human embryonic lung

fibroblasts (HEL cells) for less than five passages. HEL

cells were infected at a multiplicity of infection (MOI) of 1

and and virus collected over a period of 5–7 days following

infection in serum free medium. Virus was pelleted by

sucrose gradient centrifugation at 80,000 g and 4� and

resuspended in DMEM. Mock controls were generated in

parallel by conditioning and processing uninfected cultures

identically. Virus titers were estimated by IE1 immuno-

histochemical staining. Recombinant, soluble glycoprotein

B (S-gB680) from strain AD169, which was generated by

truncation at codon 680 was kindly provided by Don

J. Diamond and Zhongde Wang [30].

Immunoprecipitation and immunoblotting

Immunoprecipitation and Immunoblot analyses were con-

ducted as previously reported [22, 26, 27]. Briefly, for
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protein-specific immunoprecipitation cell lysates were

prepared in StaphA buffer containing 10 mM phosphate

buffer 7.4, 0.1 M NaCl, 5 mM EGTA, 0.5% deoxycholate,

1% Triton, 0.1% SDS, 1 mM PMSF, 10 lg/ml aprotinin.

Co-immunoprecipitation experiments were conducted on

fresh protein lysates in mild detergent conditions preserv-

ing protein associations in vivo and containing 20 mM

Tris–HCl 7.5, 100 mM NaCl, 5 mM EGTA, 1% NP40 as

well as protease and phosphatase inhibitors [24]. For

immunoprecipitation using uncoupled murine MAb except

EGFR AB-1, protein G agarose was precoated with goat

anti-mouse IgG secondary antibody, whereas immune

complexes of AB-1 or rabbit polyclonal antibodies were

directly precipitated. In immunoblots, bound antibodies

were visualized by chemiluminescence using horseradish

peroxidase-coupled secondary goat antibodies (Bio-Rad,

Pierce, Rockford, IL, USA) and developed using ECL

(Amersham, Piscataway, NJ, USA) or West Femto (Pierce).

Antibody concentrations were adjusted according to manu-

facturers’ recommendation. Commercial antibody sources

included Santa Cruz Biotechnology: AKT (sc-8312), pAKT

(sc-16646-R), anti-phosphotyrosine pY99 and agarose con-

jugate (sc-7020 and sc-7020AC), pY576FAK (sc-16563-R),

pY576/577FAK (sc-21831-R), pY397FAK (sc-11765-R),

pS722FAK (sc-16662-R); Novocastra: NCL-CMVpp65;

Chemicon: HCMV-IE1 (MAb810), FAK (MAb2156); Cell

Signaling: pAKT (244F9); Upstate: p85 PI-3K (UBI 06-

195), PLCc (UBI 05-163), FAK (UBI 06-543); ICN: anti-

phosphotyrosine (pY20); Oncogene Sciences: EGFR MAb

(AB-1). ErbB receptor-specific peptide antisera that have

been previously described [24–27] were used at dilutions up

to 1:50,000 for chemiluminescent detection.

EGFR genotyping

Genomic DNA was purified by organic solvent extraction

and ethanol precipitation. The EGFR genotype was con-

firmed in NIH3T3 and EGFR-/- fibroblasts by PCR as pre-

viously reported [25]. Allele-specific fragments of normal

EGFR (350 bp) and targeted deletion EGFRtm1Mag (450 bp)

were concurrently amplified using 100 ng genomic DNA

and a mixture of three specific primers at 20 lM each: 5¢-
GCC CTG CCT TTC CCA CCA TA-3¢, 5¢-TTG CAG CAC

ATC CCC CTT TC-3¢ and 5¢-ATC AAC TTT GGG AGC

CAC AC-3¢. PCR conditions were 3 min at 94�, 12 cycles:

20 s at 94�, 30 s at 64�–0.5�/cycle, 35 s at 72�, 25 cycles:

20 s at 94�, 30 s at 58�, 35 s at 72� followed by 2 min final

extension at 72�. A 351 bp fragment of glyceraldehyde-3

phosphate dehydrogenase (GAPDH) was amplified as ref-

erence gene control under similar conditions using the fol-

lowing primers: 5¢-TCT TGT GCA GTG CCA GCC T-3¢ and

5¢-GCC TTC TCC ATG GTG GTG AA-3¢. PCR products

were electrophoresed on 1.2% agarose gels and visualized

by ethidium bromide staining.

Migration assay

Transwell-24 plates (Corning) with insets holding an 8 lm

pore membrane were used to determine haptotactic migra-

tion. Membrane was coated with BSA or different extra-

cellular matrix proteins (10 lg/ml). Following blocking of

wells and filters in 1% BSA, 4 · 104 cells infected or mock-

treated for 90 min 24 h earlier were seeded in each inset and

allowed to migrate 5 h at 37�. Cells migrated to the bottom of

the membrane were fixed and stained. Experimental condi-

tions were tested in triplicate. Migrated cells were counted in

3 representative 1 mm2 areas of each well employing a

hemocytometer grid and inverted microscope.

Results

HCMV induces rapid activation of PI3K-AKT

signaling in human astrocytes

Given the documented presence of HCMV gene products

in over 90% of human GBM samples [2, 3], we tested the

susceptibility of human astrocytes to HCMV infection

in vitro. For kinetic analysis, we used immortalized nor-

mal human astrocytes (NHA) [20]. NHAs were serum-

starved for 48 h and exposed to HCMV at MOI of 1 for

increasing periods of time, from 10 min to 48 h, prior to

preparation of protein lysates. Since the structural pp65

HCMV tegument protein is detectable prior to viral gene

transcription (due to virus entry into the cell) and its

sustained expression requires de novo viral gene tran-

scription, we monitored pp65 protein levels by immuno-

blot analysis of cell lysates up to 48 h following infection.

As illustrated in Fig. 1, pp65 protein was readily detected

10 min following infection and protein levels were

increased at 30 min in HCMV (Towne)-infected samples.

At 2 and 6 h, pp65 detectable protein receded to levels

observed at 10 min, followed by increasing levels (indi-

cating de novo protein expression) at 24 and 48 h of

infection. Detection of the HCMV immediate early pro-

tein (IE-1) p72 marks the onset of viral gene expression.

IE-1 protein expression commenced 2–6 h following

HCMV infection of human astrocytes, while the p80

splice variant (IE2) appeared at 48 h (Fig. 1A). Thus, the

kinetic profiles of pp65 structural, as well as p72 and p80

immediate early viral protein expression confirmed the

susceptibility of NHAs to HCMV infection and were

similar to those measured in human fibroblasts, the most

widely explored host cell [31, 32].
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We next investigated the effects of HCMV infection on

the PI3K downstream effector, AKT, in NHAs. Immuno-

blot analysis using a phosphor-specific antibody shows

increased AKT activation between 10 min and 2 h fol-

lowing HCMV treatment of NHAs (Fig. 1A, third panel),

while total cellular AKT levels remained constant

throughout 48 h, in both Towne- and mock-treated cells.

To determine whether HCMV infection induces AKT

activation in other cell types, we subjected HEL cells to

short-term HCMV triggering in serum-free conditions;

EGF and serum were used as positive control stimuli. As

depicted in Fig. 1B (upper panel), 10 min exposure of

serum-starved HEL cells to HCMV Towne (MOI-5)

resulted in induction of AKT phosphorylation relative to

mock treatment. The extent of AKT signal induction by

HCMV appeared similar to that of 17 nM EGF and slightly

stronger than the one elicited by 10% fetal bovine serum.

Subsequent blotting of the membrane with an anti-EGFR

polyclonal antibody revealed comparable levels of endog-

enous EGFR across all samples (Fig. 1B, lower panel).

These findings demonstrate that prompt induction of AKT

phosphorylation is a common property of HCMV infection,

shared by different cell types, and indicate that HCMV

exposure activates the cellular PI3K-AKT signaling path-

way in a similar manner to the activation induced by

growth factors binding to their cognate receptors.

HCMV induces tyrosine phosphorylation

of a ~180 KDa cellular protein and recruitment

of the PI-3K and PLCc signaling pathways

To obtain direct evidence for activation of cellular

tyrosine kinase signaling by HCMV, we conducted

co-immunoprecipitation experiments based on the high-

binding affinity of PI-3K regulatory subunit p85 Src-

homology-2 (SH-2) domains to sequence-specific,

phosphotyrosine-containing epitopes of proteins recruited

and activated upon stimulation [26]. Serum-starved HEL

fibroblasts were mock treated or exposed to HCMV

strains Towne and AD169 (MOI-5), for 10 min at 37�C.

Cell lysates were immunoprecipitated using an antibody

specific for the p85 regulatory subunit of PI-3K. Western

blot analysis using an anti-pTyr antibody demonstrated

considerable tyrosine phosphorylation of a protein in the

180–200 kDa range which became associated with p85

upon infection with either of the two HCMV strains

(Fig. 2A, left panel). Direct immunoblotting of total cell

lysates revealed a tyrosine phosphorylated protein of

similar size present only the samples treated with HCMV

(Fig. 2A, lysate lanes labeled T, A). Our data indicates

that the 180–200 kDa protein was the principal moiety

undergoing tyrosine phosphorylation upon infection with

either Towne or AD169 strains of HCMV. When

reversing co-immunoprecipitation using the anti-p85

antibody for immunoblot analysis, we noticed the pres-

ence of several cellular p-Tyr proteins associated with

the PI3K regulatory subunit in the Towne-infected

samples. Western blot of total cell lysates indicates that

a fraction of cellular p85 co-immunoprecipitated with

phosphotyrosine proteins, as p85 itself was not signifi-

cantly phosphorylated on tyrosine (Fig. 2A, right panel).

In addition, direct immunoblotting using anti-p85 anti-

body confirmed equivalent amounts of protein were

present across all samples and demonstrated specificity

of the p85 antiserum (Fig. 2A).

To assess whether additional phospholipid second

messenger pathways of tyrosine kinase signaling became

activated upon HCMV infection, we examined PLCc. Anti-

PLCc immunoblot analysis of pTyr immunoprecipitates

indicated association of PLCc with cellular phosphotyro-

sine proteins upon HCMV infection, while direct anti-

PLCc immunoblotting confirmed similar PLCc amounts in

mock and HCMV treated fibroblasts (Fig. 2B). Taken

together, these data demonstrate activation of cellular

Fig. 1 Rapid activation of PI 3-K effector AKT kinase by HCMV in

human astro-glial cells and embryonic lung fibroblasts. (A) Time

course of HCMV infection and AKT induction in NHAs; cells were

serum-starved and mock treated (M) or infected with HCMV Towne

strain (T). Immunoblot analysis shows the presence of HCMV pp65

protein 10 min following stimulation, while IE1/IE2 viral gene

products become detectable 6 h following stimulation. pT308-AKT

reaches maximum levels at 10 min following HCMV stimulation

reminiscent of growth-factor-induced signaling. (B) Short-term

(10 min) Towne triggering of HEL cells results in phosphorylation

of AKT to a similar extent as the p-AKT induced by EGF
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tyrosine kinase signaling and recruitment of the PI-3K,

and PLCc pathways upon short-term exposure to HCMV.

Lack of direct EGFR activation in vivo by HCMV

EGFR was reported to function as cellular receptor for

HCMV, and its tyrosine kinase activity in vivo to be

activated by HCMV with a kinetic and efficiency resem-

bling that of its natural ligand [15]. We did not detect

association of EGFR and p85 when re-probing the anti-

pTyr blot of anti-p85 immunoprecipitates (shown in

Fig. 2A, left panel) with EGFR peptide antiserum under

conditions that distinctly visualized the 170 kDa EGFR

product in the total cell lysates (Fig. 3A). Consequently,

we investigated direct activation of EGFR upon short-term

exposure to HCMV by measuring EGFR tyrosine phos-

phorylation as one of the most sensitive detection

approaches for EGFR activity in vivo [26, 33, 34]. HEL

cells were serum-starved and mock- or HCMV- (MOI ~5)

treated for 10 min at 37�C in serum-free conditions. Cell

lysates were immunoblotted using anti-pTyr antibodies. An

increase in tyrosine phosphorylation of a 180 kDa protein

was noticed upon Towne infection in comparison to mock

treatment (Fig. 3B), exceeding serum-dependent tyrosine

phosphorylation of a similar size protein. EGF stimulation

(17 nM) resulted in pronounced tyrosine phosphorylation

of a 170 kDa protein. Immunoblot analysis of the anti-pTyr

immunoprecipitates using anti-EGFR antibody identified

the latter (~170 kDa) as the phosphorylated EGFR. Fur-

thermore, these data also demonstrated that the 180 kDa

phosphotyrosine protein induced in HCMV-triggered HEL

cells was distinct from EGFR (Fig. 3B). Within the time-

frame of these experiments, we verified that Towne-

infected cells expressed the pp65 HMCV protein, using

Western blot analysis (Supplementary Fig. 1).

We next analyzed EGFR-specific immunoprecipitates and

total cell lysates by immunoblotting with anti-pTyr antibody

(Fig. 3C). Direct immunoblotting of lysates with anti-pTyr

illustrated in Fig. 3C, yielded similar results to those obtained

upon enrichment of pTyr proteins by immunoprecipitation

(Fig. 3B). In comparison to EGF treatment, HCMV Towne

induced a subtle tyrosine phosphorylation of a protein in the

180–200 kDa range (Fig. 3C). Enrichment of EGFR by

receptor-specific immunoprecipitation revealed activation of

EGFR upon EGF stimulation, demonstrated by increased

p-Tyr-EGFR levels (Fig. 3C, lanes 3 and 7, upper panel)

relative to total EGFR (Fig. 3C, lanes 3 and 7, lower panel).

The lack of phosphotyrosine proteins of similar molecular

weight in the HCMV or serum treated samples clearly indi-

cated that they were distinct from EGFR (Fig. 3C).

In additional experiments, we tested direct EGFR acti-

vation by HCMV in epithelial cells over-expressing the

EGFR (BABE-EGFR) and in MDA-MB468 breast cancer

cells known to harbor over-expression of normal human

EGFR. Following serum starvation, cells were stimulated

for 10 min at 37�C in serum-free medium with either EGF

(17 nM), the HCMV virus or the purified HCMV glyco-

protein B. While EGF caused potent tyrosine phosphory-

lation of the 170 kDa EGFR band in the BABE-EGFR and

MDA-MB468 cells. Under these conditions, neither

HCMV nor the HCMV glycoprotein B induced detectable

EGFR tyrosine phosphorylation (Supplementary Fig. 2A).

These data indicate that even at high EGFR expression

levels facilitating more sensitive detection of EGFR

activity, neither HCMV nor glycoprotein B was able to

induce rapid activation of EGFR tyrosine kinase signaling.

We next tested the steady state activity of EGFR 24 h

following infection of U251 human glioma cells, along

with murine NIH3T3 fibroblasts and epithelial cells engi-

neered to over-express human EGFR. Relative EGFR

expression levels in various cell lines are shown by

immunoblot analysis using EGFR peptide antibody (Sup-

plementary Fig. 2B, lower panel). To attain maximal

EGFR activation in different cell types, we exposed cells

Fig. 2 Recruitment of phospholipid substrate pathways PI-3K and

PLCc by HCMV-mediated activation of tyrosine kinase signaling.

Serum-starved HEL cells were treated as indicated: M mock, T
Towne, A AD169. (A) Immunoprecipitates using either anti-p85

antibody (UBI 06-195; left) or anti-phosphotyrosine MAb pY99 (sc-

7020AC; right) were blotted using anti-pY99 (sc-7020; left panel) or

anti-p85 (right panel), respectively. Towne and AD169 treated

samples display the presence of a ~180–200 kDa protein phosphor-

ylated on Tyrosine, also present in the cell lysates (left panel). Several

cellular p-Tyr proteins associated with p85 are detectable in the

Towne-infected samples (right panel). (B) Four hundred lg fresh

lysates were immunoprecipitated using anti-pY99 agarose conjugate

and blotted using an anti-PLCc MAb; association of PLCc with

cellular phosphotyrosine proteins is noticeable only in the Towne-

infected samples
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10 min to 17 nM EGF (E). HCMV Towne (T) failed to

induce EGFR-specific tyrosine phosphorylation 24 h fol-

lowing infection when compared to mock-treated cells. In

contrast, robust receptor tyrosine kinase activity was elic-

ited in vivo by EGF (Supplementary Fig. 2B). These data

demonstrate that persistent HCMV infection fails to acti-

vate both endogenous EGFR in human glioma cells, as well

as EGFR over-expressed in various cell types.

ErbB family members are not required for immediate

early gene expression of HCMV

To test whether any of the human ErbB family members is

required for HCMV infection of mammalian cells, we used

NIH3T3 mouse fibroblasts engineered to stably over-

express individual human ErbB receptors at high-receptor

levels, including LTR-EGFR, LTR-ErbB2, LTR-ErbB3

or LTR-ErbB4 as well as an ErbB2-ErbB3 heterodimer

(LTR-ErbB3 + ErbB2) [24–27]. Serum-starved cells were

infected with Towne strain (T) or mock treated (M) for 2 h

at 37�C in serum-free medium. HCMV IE1 protein was

detected 12 h later in all Towne-infected but not mock

treated NIH3T3 derivatives (Fig. 3D). IE1 expression did

not appear up-regulated by over-expression of any of the

four human ErbB receptors or the ErbB2-ErbB3 heterodi-

mer (Fig. 3D). This finding was paralleled by indistin-

guishable morphologic appearance upon infection of

control NIH3T3 and transfectants over-expressing the

various human ErbB receptors, suggesting that HCMV

infection and cytopathic effects were not dependent on the

activity of any of the ErbB receptors tested.

To further explore EGFR receptor requirement during

HCMV infection, NR6 cells, an EGFR-negative clonal

derivative of NIH3T3 [18, 19] and intestinal fibroblasts

Fig. 3 Lack of direct EGFR activation in vivo by HCMV or

glycoprotein B. (A) Re-blotting of anti-p85 co-immunoprecipitates

and lysates (Fig. 2 panel A) using EGFR peptide antiserum

demonstrates the lack of association between p85 and EGFR,

following either Towne or AD169 stimulation. (B) Cells were

stimulated using HCMV Towne (MOI ~5; T), EGF (E), and serum

(S); lysates (200 lg) were immunoprecipitated using anti-pY20

phosphotyrosine MAb and evenly divided for immunoblot analysis

using anti-pY20 and EGFR peptide antiserum E7. Only stimulation

using EGF results in p-Tyr of EGFR, while Towne treatment induced

p-Tyr of a ~180–200 kDa protein, distinct from EGFR. (C)

Immunoprecipitates of the EGFR extracellular domain were divided

and subjected to immunoblot analysis using anti-pY20 (upper panel)
and EGFR peptide antiserum E7 (lower panel). Again, only EGF

stimulation (lane E) results in p-Tyr of EGFR, which is present at

equivalent levels across all samples. (D) ErbB family members are

not required for immediate early gene expression of HCMV. NIH3T3

fibroblasts over-expressing individual human ErbB receptors or an

ErbB3-ErbB2 heterodimer [24–27] were mock treated (M) or infected

(T) for 2 h. Protein lysates were subjected to immunoblotting using

HCMV IE1 (Mab810) or ErbB receptor antibodies E7, M6, MK4, and

E4 to confirm recombinant Erb1-4 over-expression in the respective

transfectants [24–27]. Towne treatment resulted in robust IE1

expression on all the cell lines tested, including the NIH3T3 un-

transfected, parental cells, demonstrating that human Erb1-4 receptors

are not rate-limiting for HCMV infection. (E) HEL cells, NR6 cells

representing an EGFR-negative derivative of NIH3T3 [18, 19], and

fibroblasts from EGFR-/- mice [17] were mock treated (M) or infected

with HCMV Towne (T) for 6 h (lane 4) or 24 h (lanes 2, 5, 7).

IE1expression as determined by Western blot analysis using MAb810,

shows that even in the absence of the EGFR gene, cells maintain their

susceptibility to HCMV infection
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derived from knockout mice homozygous for targeted

deletion of the EGFR gene were subjected to HCMV

infection at an MOI of ~0.8. Effective infection of NR6 and

EGFR-/- fibroblasts by HCMV Towne was demonstrated

by expression of immediate early proteins IE1 and IE2 6 h

(lane 4) and 24 h (lane 5) following virus exposure

(Fig. 3E), indicating that mouse EGFR was not required for

HCMV infection of rodent fibroblasts. By comparison to

the actin loading control, immediate early gene expression

appeared similar or possibly higher in EGFR-/- than in

HEL cells (Fig. 3E). In concert, these observations

unequivocally excluded requirement of EGFR function for

HCMV immediate early gene expression.

HCMV induces activation of FAK by selective

phosphorylation of Tyrosine 397

Based on the recent implication of integrins as cellular

entry receptors for HCMV [13], we analyzed focal

adhesion kinase (FAK), a cytoplasmic tyrosine kinase

known to be involved in integrin-mediated transduction of

signals emanating from the extracellular matrix [35]. Total

FAK protein was immunoprecipitated from mock- or

HCMV-treated cells and immunoblotted using anti-pTyr

antibodies. A major 125 kDa tyrosine-phosphorylated band

co-migrating with FAK was detected in immunoprecipi-

tates of HCMV-infected but not mock-treated cells

Fig. 4 HCMV induces FAK activation and enhances haptotactic

migration of human glioblastoma cells. (A) Protein-specific immu-

noprecipitation of FAK (MAb2156) was conducted in the presence of

ionic detergents using 100 lg lysates prepared in StaphA buffer. FAK

immunoprecipitates were immunoblotted with pY20 phosphotyrosine

MAb (left panel) and total cell lysates were analyzed by direct

western blotting using a polyclonal FAK rabbit antibody (middle
panel). Towne (T) treatment resulted in p-Tyr of FAK, as shown in

the left panel. Immunoblot analysis using FAK phosphorylation-site

specific antibody pY397 (right panel) revealed that HCMV(T)-

induced p-Tyr of FAK detected by pY20 is mainly due to

phosphorylation of Y397, essential for FAK-mediated cellular

motility. (B) NHA and glioma cells (40,000/well) mock-treated (M)

or HCMV-infected (T) were seeded in triplicate on inset membranes

of Transwell-24 plates precoated with BSA, fibronectin (FN) or

vitronectin (VN). Stained representative filter memebranes show cells

that migrated within 5 h to the bottom of 8 lm pore membranes. (C)

Number of migrated cells per mm2 (representing means of three

representative 1 mm2 areas) counted for each of the triplicate wells

(after background subtraction of cells migrated in the BSA condition)

demonstrate that HCMV promotes U87 malignant glioma cell

invasion, while inhibiting NHAs migration toward both VN and

FN. (D) Immunoblot analysis (using MAb810) detected expression of

HCMV IE1 (72 h following infection) in cells cultured in duplicate

with those subjected to migration assays. M mock, T Towne; short

(upper), and long (lower) film exposures demonstrate the presence of

both IE1 and IE2 viral gene products in NHAs, while only IE1 is

detectable in U87 glioma cells
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(Fig. 4A, left panel). Similar FAK expression level upon

HCMV or mock treatment was confirmed by direct

immunoblotting using total FAK antiserum (Fig. 4A,

middle panel). These data demonstrated enhanced tyrosine

phosphorylation of FAK in vivo, following short-term

exposure to HCMV. To further substantiate these findings,

we employed a set of phosphorylation site-specific anti-

bodies directed toward pTyr397, pTyr576, pTyr576/577 or

pSer722 of FAK, respectively. HCMV treatment caused

increased FAK tyrosine phosphorylation in vivo at Tyr397

(Fig. 4A, right panel) and to a lesser extent at Tyr576/577,

with marginal differences at Tyr576 (Supplementary

Fig. 3). Serine phosphorylation at residue 722 appeared

unaltered (Supplementary Fig. 3). Enhanced FAK tyrosine

phosphorylation in vivo, especially around the consensus

binding epitopes for Src and p85 SH2 domains surrounding

Tyr397 implicate HCMV in activation of pathways

responsible for cell motility and invasion.

HCMV infection enhances haptotactic migration

of human glioblastoma cells

Given our findings that HCMV induces FAK activation, we

next investigated whether HCMV can modulate glioma cell

motility and invasion, which is a hallmark of these highly

invasive tumors [13–15]. NHA immortalized human

astrocytes and U87 glioma cells were exposed to sucrose-

purified HCMV in serum-free DMEM (5 MOI) or mock

infected for 90 min at 37�C. Subsequently, cells were

maintained in growth medium and subjected to migration

assays 24 h after infection. To determine haptotactic

migration, 4 · 104 viable cells/well were allowed to

migrate through 8 lm pore membranes of Transwell-24

plates toward the extracellular matrix proteins fibronectin

or vitronectin for 5 h. Both non-malignant human astro-

cytes (NHA) and U87 glioblastoma cells revealed sub-

stantial migration toward fibronectin (FN) and vitronectin

(VN) relative to 1% bovine serum albumin (BSA) serving

as negative control that did not promote migration

(Fig. 4B). Comparing mock (M) and HCMV-infected (T)

cells, haptotactic migration appeared substantially altered

by HCMV infection. HCMV inhibited migration of NHAs,

while significantly promoting migration of U87 glioblas-

toma cells toward either substrate (Fig. 4B, C). As illus-

trated in Fig. 4C, mock-treated NHAs and U87 cells

showed similar migration rates toward both fibronectin and

vitronectin. However, while HCMV infection caused a

reduction of approximately threefold in NHA migration,

haptotactic migration was significantly increased (2.7-fold)

by HCMV in U87 glioblastoma cells (Fig. 4C). To deter-

mine infection efficiency, we analyzed immediate early

protein expression by Western blotting in the same cell

populations seeded for migration. Seventy-two hours fol-

lowing infection, both NHA and U87 exhibited consider-

able IE1 expression (Fig. 4D). At 72 h post-infection, IE1

and IE2 showed similar prevalence in NHA, whereas IE1

was more abundant than IE2 in U87 glioma cells (Fig. 4D),

suggesting possible differences in kinetics of infection or

immediate early gene transcript processing between

immortalized astro-glial and malignant glioma cells.

Western blot analysis of lysates from NHA cells subjected

to migration assays for 72 h did not reveal significant

changes in the FAK pTyr397, levels (data not shown), most

likely due to the short time course of FAK activation best

captured within 10 min of stimulation as shown in Fig. 4A.

These data indicate that, in addition to inducing rapid

biochemical changes in cellular kinase activity, such as

activation of FAK, sustained HCMV infection can selec-

tively stimulate glioma cell invasion, and thus promote a

more aggressive tumor phenotype.

Discussion

We and others have found a strong association between

HCMV and malignant gliomas in vivo [2, 3, 36]. In efforts

to delineate a possible role for HCMV in the neoplastic

process, we investigated biological consequences of

HCMV infection of immortalized and transformed astrog-

lial cells. Here, we present evidence indicative of short-

term induction of cellular tyrosine kinase signaling in hu-

man astro-glial cells, which is associated with recruitment

of the PI-3K and PLCc pathways akin to growth factor-

mediated activation of intracellular signaling cascades.

Both pathways have been implicated in the survival and

proliferation of glioma cells, while PI-3K is also funda-

mental for inhibition of apoptosis [37, 38]. Our data doc-

umented activation of FAK kinase by phosphorylation on

Tyr397, which represents a major SH2 domain binding site

for the p85 regulatory subunit of PI3K. Thus, FAK acti-

vation might additionally contribute to short-term PI-3K

recruitment upon HCMV infection. Since FAK represents

an essential effector of integrin signaling [35], our obser-

vations are consistent with a previous report establishing a

critical role for cellular integrins during virus attachment

and entry [13] and warrant future studies toward identifi-

cation of integrins that mediate HCMV-induced tyrosine

kinase signaling specifically in human glioma cells.

Following HCMV exposure, we observed tyrosine

phosphorylation of a high molecular weight protein that

associated with the p85 regulatory subunit of PI-3K, which

was distinct from EGFR. In stimulation experiments using

either whole virus or HCMV gB, we did not detect HCMV-

induced EGFR phosphorylation at efficiency comparable to

the genuine ligand, EGF, in spite of documenting tyrosine

kinase signaling, including PI-3K and PLCc recruitment.
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This contrasts with earlier observations [14, 15] reporting

EGFR as cellular receptor for HCMV and activation of

EGFR signaling by HCMV resembling that elicited by

EGF. Given the high percentage of human gliomas that

display amplification and/or over-expression of EGFR, we

conducted a series of experiments to unequivocally estab-

lish whether HCMV can activate this tyrosine kinase

receptor. Employing model cells for stable over expression

of human ErbB receptors or targeted EGFR deletion, we

present genetic evidence indicating that none of the four

human ErbB receptors was rate limiting or required for

HCMV infection. These data are consistent with those of

Isaacson and Compton (which were published during

preparation of this manuscript) which also demonstrate that

HCMV does not enter or signal through EGFR [39]. Uti-

lizing EGFR blocking antibodies and small molecule

inhibitors of the EGFR kinase activity the authors dem-

onstrate lack of EGFR requirement during HCMV cellular

infection. This study also showed that HCMV stimulation

does not induce Tyr-phosphorylation of EGFR in several

cell lines tested (including the HEL cells used by us). Thus,

our data do not support a role for HCMV-induced condi-

tionally transformed phenotype of EGFR, but rather sug-

gest that distinct receptor(s) tyrosine kinases in conjunction

with integrin heterodimers [13] may mediate HCMV-

induced activation of cellular signaling cascades.

An important hallmark of malignant gliomas is their

invasive behavior, a property linked to cell-extracellular

matrix interaction involving integrin and PI-3K signaling

[40–42]. The latter pathway is sensitized in gliomas by

common abrogation of the PTEN tumor suppressor func-

tion [43]. While HCMV-induced FAK stimulation has been

previously reported [16], our data documents selective

phosphorylation of Tyr 397, which has been shown to play

a pivotal role in mediating integrin-dependent glioma cell

motility [44]. Based on evidence of HCMV inducing in-

tegrin [13], PI-3K and FAK signaling we investigated its

effect on haptotactic migration of glioma cells, a biologic

property critically controlled by FAK kinase signaling.

Here, we present evidence that HCMV can significantly

augment migration toward extracellular matrix proteins

fibronectin and vitronectin of human glioma cells but not

non-malignant astroglial cells in vitro. Since there was no

notable difference in infectivity of immortalized and

malignant glioma cells, these findings indicated that

HCMV has the ability of potentiating the neoplastic phe-

notype of certain glioblastomas in vivo by enhancing cell

migration toward extracellular matrix (haptotaxis). In this

context, detection of HCMV in tumor tissue from glio-

blastoma patients might hold clinical relevance from a

diagnostic and therapeutic perspective.

Mouse models of CMV infection demonstrated that

virus reactivation in the adult occurs specifically in the

neural stem cells of the subventricular zone [45]. Given the

large body of evidence that currently implicates human

adult resident neural stem cells as the ‘‘glioma cell of

origin’’ [46], it is tempting to speculate that reactivation

of HCMV within the same region may contribute to

gliomagenesis by initiating oncogenic events in a particu-

larly susceptible stem cell population. Data presented

herein clearly demonstrate that HCMV can directly acti-

vate key cellular signaling mechanisms, specifically the

PI3K/AKT, PLCc and FAK pathways in astro-glial and

glioma cells, thereby supporting an oncomodulatory role

for this endemic human herpes virus.
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