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Abstract

The fibroblast growth factors (FGF) play diverse roles in
development, wound healing, and angiogenesis. The intracel-
lular signal transduction pathways, which mediate these
pleiotropic activities, remain incompletely understood. We
show here that the proangiogenic factors FGF2 and FGF8b can
activate signal transducers and activators of transcription
(STAT) in mouse microvascular endothelial cells (EC). Both
FGF2 and FGF8b activate STAT5 and to a lesser extent STAT1,
but not STAT3. The FGF2-dependent activation of endothelial
STAT5 was confirmed in vivo with the Matrigel plug
angiogenesis assay. In tissue samples of human gliomas, a
tumor type wherein FGF-induced angiogenesis is important,
STAT5 is detected in tumor vessel EC nuclei, consistent with
STAT5 activation. By forced expression of constitutively active
or dominant-negative mutant STAT5A in mouse brain ECs, we
further show that STAT5 activation is both necessary and
sufficient for FGF-induced cell migration, invasion, and tube
formation, which are key events in vascular endothelial
morphogenesis and angiogenesis. In contrast, STAT5 is not
required for brain EC mitogenesis. The cytoplasmic tyrosine
kinases Src and Janus kinase 2 (Jak2) both seem to be involved
in the activation of STAT5, as their inhibition reduces FGF2-
and FGF8b-induced STAT5 phosphorylation and EC tube
formation. Constitutively active STAT5A partially restores
tube formation in the presence of Src or Jak2 inhibitors.
These observations show that FGFs use distinct signaling
pathways to induce angiogenic phenotypes. Together, our
findings implicate the FGF-Jak2/Src-STAT5 cascade as a
critical angiogenic FGF signaling pathway. [Cancer Res 2009;
69(4):1668–77]

Introduction

Malignant neoplasms depend on the induction of new blood
vessels (angiogenesis) for continued growth and metastatic spread
(1, 2). Angiogenesis combined with aberrant endothelial cell (EC)
proliferation is particularly evident in high-grade gliomas (3).
Because of the apparent reliance of gliomas on angiogenesis and
the lack of effective treatments, angiogenesis inhibition is a
promising therapeutic approach in this highly lethal tumor type.

The rational design of such treatment strategies, however, requires
a more complete understanding of the biology of angiogenesis
regulation.

Many members of the fibroblast growth factor (FGF) family rank
among the most potent angiogenic stimulators (4). FGFs signal via
four known receptor tyrosine kinases (FGFR1-4). Ligand specificity
is provided by alternative splicing events affecting the FGFR
extracellular domain and by heparan sulfate proteoglycan cor-
eceptors (5, 6). The present study focuses on FGF2 and FGF8b, two
growth factors with well-documented roles in tumor angiogenesis,
which signal via different FGFRs (7, 8). FGF2 is thought to signal
primarily through FGFR1c, whereas FGF8b signals via FGFR3 and
FGFR4 (6). Ligation of the FGFR leads to receptor transphosphor-
ylation and the activation of several parallel signaling pathways
(9–11). In one such pathway, a docking complex, which includes FRS2
and growth factor receptor binding protein 2 (Grb2), stimulates the
classic ras–raf–mitogen-activated protein kinase (MAPK)/extracel-
lular signal-regulated kinase (ERK) kinase (MEK)–MAPK signaling
cascade (11). An alternative pathway involves Gab1, phosphatidyli-
nositol 3-kinase (PI3K), and Akt (12). MAPK-mediated signaling is
thought to control mitogenesis, whereas Akt has been implicated
primarily in cell survival regulation. It is unlikely, however, that these
two pathways mediate all of the pleiotropic FGF effects.

The signal transducers and activators of transcription (STAT) are
best characterized as downstream mediators of cytokine signaling
(13). Recent evidence has implicated these transcription factors in
FGF-triggered pathways, although their relative contribution has
not been fully explored (14). STAT1 is specifically activated in
chondrocytes of thanatophoric dysplasia patients, which carry a
constitutively active mutant of FGFR3 (15). In human umbilical
vein ECs, STAT3 is phosphorylated in response to FGF2 (16).
Interestingly, phosphorylated STAT3 (p-STAT3) has been detected
in activated ECs of high-grade gliomas, suggesting a role for STATs
in angiogenesis of this tumor type (17). This raises questions about
signaling intermediaries between the FGFRs and STATs. Src kinases
can activate STATs and are established players in FGF signaling
(18–21). Janus kinase 2 (Jak2) is typically implicated as an upstream
activator of STATs (22), although little evidence links this enzyme
to the FGFR-STAT axis.

Angiogenesis requires the orchestration of a sequence of events,
which include migration and invasion of ECs into the stroma
surrounding the preexisting vessel, proliferation along the migra-
tion path, and differentiation into a new vessel tube. FGFs are
capable of stimulating all of these processes, but there is very little
information on the physiologic role of the different intracellular
signaling pathways in regulating these cellular responses. The
purpose of this study was to examine the function of STAT
signaling downstream of the FGFR in EC responses. We describe a
novel role for the Jak2/Src-STAT5 cascade in mediating FGF-
induced migration, invasion, and tube formation of brain ECs.

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).
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Materials and Methods

Cell culture. Tissue-specific, conditionally immortalized microvascular

EC lines from H-2Kb-tsA58 mice (gifts from Isaiah J. Fidler; ref. 23), which
have previously been extensively characterized and shown to retain their EC

characteristics, were maintained in DMEM supplemented with 10% fetal

bovine serum (FBS) at 33jC. The cells were cultured at 37jC for 24 h to

abolish the SV40 large T antigen before the experiments. Mouse brain
microvascular ECs (BMVEC) were used for all experiments unless stated

otherwise.

Antibodies and reagents. Stock solutions (10.0 Amol/L) of recombinant
human FGF2 (Pepro Tech1) and recombinant mouse FGF8b (gift from Alan

C. Rapraeger, University of Wisconsin) were diluted in DMEM containing

0.2% bovine serum albumin (BSA) to their final concentration and added to

cultures for different time periods. All monoclonal antibodies and antisera
were obtained from commercial sources. Antibodies to the following

antigens were obtained from Santa Cruz Biotechnology2: STAT5 (C-17),

STAT3 (H-190), p-STAT3 (B-7), STAT1ap91 (M-23), p-STAT1 (A-2), and Jak2

(C-20 for immunoprecipitation and HR-785 for immunoblots). Antibodies to
p-STAT5A/B (8-5-2) and p-Jak2 (Tyr1007/1008) were from Upstate

Biotechnology.3 Antibodies against Flag (F-3165) and h-actin (AC-74) were

from Sigma.4 Antibodies to p-Src family (416), p-44/42, and Erk1/2 were

from Cell Signaling Technology.5 Monoclonal anti-bromodeoxyuridine
(BrdU) antibody (clone Bu20a) was purchased from Dako.6 The kinase

inhibitors PP2/PP3 and AG490/AG9 were from Calbiochem.7 Collagen type I

and Matrigel invasion chambers were purchased from BD Biosciences.8

Adenoviral plasmids. A constitutively active STAT5A mutant (STAT5A-

CA) harboring a COOH terminus Flag tag (pRKmSTAT5AHSFlag; generated

from pRKmSTAT5AcFlag using site-directed mutagenesis by substituting

His299 and Ser711 with arginine and phenylalanine, respectively) and a
dominant-negative STAT5A mutant (STAT5A-DN) truncated from amino

acids 713 to 793 (pRKmSTAT5A713Flag) were obtained from Steven J.

Collins (Fred Hutchinson Cancer Center; refs. 24, 25). Both mutant forms of

STAT5A with Flag tags were removed from the EcoRI and EcoRV sites and
then inserted into the EcoRI and XBaI sites of pDNR-1r to give pDNR-1r-

mSTAT5AHSFlag and pDNR-1r-mSTAT5A713Flag. Then both donor vectors

were reacted with Cre BD Adeno-X LP vector using the BD Adeno-XTM
Expression System 2 to produce recombinant Adeno-X-viral DNAs.

Gene transfer mediated by adenovirus. For adenovirus generation,

linearized recombinant Adeno-X plasmids were transfected into 293 cells

with FuGene6 (Roche9). When a cytopathic effect emerged, cells were
collected and frozen and thawed thrice in sterile PBS. To produce the viral

stock, the adenovirus was amplified through an additional round of 293 cell

infection. Characterization and titration of the viruses were carried out by

infecting 293 cells with serially diluted viral stock, counting plaque-forming
units (pfu), and Western blotting with anti-Flag antibody. For infection of

target cells, brain ECs (5 � 105 per well) were seeded into 10-cm dishes 1 d

before infection. A fixed volume of a viral stock (25 pfu) was used to infect
the target cells for 24 h. The infected brain ECs were then starved in 0.2%

BSA DMEM for 24 h and treated with FGFs for the subsequent experiments.

Assessment of cell growth. DMEM, supplemented with 0.2% BSA or

different concentrations of FBS, was added to each well of a 24-well plate,
and cells were pretreated with or without growth factor. After 96 h of

incubation, the cells were washed with ice-cold saline, trypsinized, stained

with Trypan Blue, and counted. DNA synthesis was measured with a chemi-

luminescence-based BrdU ELISA according to Hawker with modifications
(26). Cells were starved (0.2% BSA DMEM, 24 h) and subsequently stimu-

lated with FGFs (24 h with indicated concentrations of FGF2 or FGF8b in

starvation buffer). BrdU ( final concentration, 10 Amol/L; Sigma) was added
for the last 6 h. At the conclusion of labeling, cultures were fixed with 70%

ethanol (20 min, room temperature), acid denatured with 2 mol/L HCl

(20 min, 37jC), neutralized with 0.1 mol/L borate buffer (pH 9.0; 5 min,

room temperature), and treated with blocking buffer (2% goat serum in PBS
with 0.1% Triton X-100). Primary monoclonal anti-BrdU antibody was used

at 1 Ag/mL (60 min, 37jC; Dako, clone Bu20a). After washing, to remove

unbound antibody, the cells were incubated with horseradish peroxidase

(HRP)–conjugated secondary antibody followed by chromogenic detection
in a plate reader.

Immunoblot. Cells (P100mm dishes) were washed thrice with cold PBS

and lysed with 150 AL of radioimmunoprecipitation assay (RIPA) buffer

supplemented with protease and phosphatase inhibitors on ice for
20 min. Cell lysates were collected by scraping, followed by centrifugation

at 13,000 rpm for 20 min at 4jC. Protein concentration was measured by

bicinchoninic acid (BCA) assay, and the lysates were mixed with 5� sample
buffer. After boiling for 5 min, 50 Ag of total protein from each sample were

separated on a 7.5% to 12% SDS-PAGE gel. After transfer, the nitrocellulose

membranes were blocked and incubated with antibodies against the

phosphorylated proteins in TBS containing 5% nonfat dry milk plus 0.5%
Tween 20 overnight at 4jC. After washing and incubating with an HRP-

conjugated secondary antibody, the phosphorylated proteins were revealed

using an enhanced chemiluminescent detection kit (Pierce). Membranes

were then stripped and reprobed with antibodies against the non-
phosphorylated proteins and developed as described above.

Immunoprecipitation. Cells (P100mm dishes) were lysed in 1 mL of ice-

cold lysis buffer. Cell lysates were collected by scraping and cleared at
13,000 rpm for 20 min at 4jC. Protein concentrations were determined by

BCA assay, and 1,000 Ag of cellular proteins were immunoprecipitated with

preconjugated anti–STAT5A-PAA beads for 6 to 12 h at 4jC. Antibody
complexes were washed thrice with lysis buffer, then mixed with 2� sample
buffer, and boiled for 10 min. Then 40 AL of the samples were loaded to

assay for p-STAT5 and STAT5.

Preparation of nuclear fractions. After treatment, the cells were

washed twice with ice-cold PBS and scraped into fresh PBS. The cells were
washed rapidly once with hypotonic buffer [10 mmol/L HEPES (pH 7.9),

1.5 mmol/L MgCl2, 10 mmol/L KCl, 0.2 mmol/L phenylmethylsulfonyl

fluoride, 0.5 mmol/L DTT], and the supernatant was discarded. Cell pellets
were then resuspended in 500 AL fresh hypotonic buffer and allowed to

swell for 30 min on ice. After homogenization in a Dounce homogenizer,

nuclei were collected by centrifugation for 15 min at 3,300 � g . The nuclear

preparation was washed once gently with fresh hypotonic buffer. The nuclei
were then lysed and analyzed for p-STAT1, p-STAT3, and p-STAT5, as

described for immunoblots.

Immunofluorescence detection of p-STATs and p-Src in brain ECs.
Brain ECs were cultured in eight-well chamber slides for 24 h to a
confluency of 40% to 50%. After rinsing with PBS, 100 AL starvation medium

were added for 24 h. The medium was replaced with 100 AL fresh starvation

medium supplemented with FGF2 or FGF8b at 10 nmol/L and incubated for

different lengths of time. Then the cells were rinsed with cold PBS and fixed
in 4% paraformaldehyde. After blocking, primary and fluorescence-labeled

secondary antibodies were used at a 1:100 dilution and incubated at 37jC
for 1 h in a humidified chamber. The slides were then mounted and
examined by fluorescence microscopy.

Collagen gel EC tube formation assay. Collagen gels were prepared

according to a previous report (27). Briefly, a 12-well tissue culture plate was

prechilled at �20jC and carefully coated with growth factor–reduced
collagen (1.3 Ag/mL; 500 AL/well; BD Biosciences). The plate was incubated

at 37jC for 1 h to allow the collagen to solidify. Brain ECs (15,000 per well)

were seeded on the surface of the collagen gel in starvation medium with or

without FGF2 or FGF8b (10 nmol/L). After 12 to 24 h, images of the tube
structure were captured under phase contrast microscopy using a SPOT RT

Slider digital camera (Diagnostic Instruments10) and analyzed using

1 www.peprotech.com
2 www.scbt.com
3 www.upstate.com
4 www.sigmaaldrich.com
5 www.cellsignal.com
6 www.dakousa.com
7 www.emdbiosciences.com
8 www.bdbiosciences.com
9 www.roche-applied-science.com 10 www.diaginc.com
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ImageJ.11 Tube length was assessed by drawing a line along each tubule and

measuring the length of the line in pixels. Tube length was measured for

each sample in five nonoverlapping fields under the original magnification
of 200�.

Monolayer wound healing assay. Brain ECs were seeded onto six-well

plates at 5 � 105 per well and grown to confluence before a 24-h starvation

period in DMEM with 0.2% BSA. A single-scratch wound was introduced in
the monolayer using a micropipette tip, and the medium was replaced with

DMEM supplemented with FGF2 or FGF8b at 10 nmol/L. Wound closure

was monitored for 48 h.

Invasion assay. EC invasion was assayed using modified invasion
chambers with polycarbonate polyvinyl pyrrolidone (PVP)–free Nucleopore

filters (8-Am pore size), coated with 25 Ag/filter Matrigel (BD Bioscience).

Brain ECs (2 � 105 cells per well) infected with Ad-Con, Ad-STAT5A-CA, or

Ad-STAT5A-DN and suspended in DMEM containing 0.2% BSA were added
to the upper chamber in the absence of FGFs. Medium containing FGFs

(10 nmol/L) was placed in the lower chamber as a chemoattractant. At the

end of a 48-h incubation period, the cells on the upper surface of the filter
were removed with a cotton swab and cells on the lower surface of the filter

were stained with Hoechst 33342 (1 Ag/mL) and counted. Each assay was

performed in triplicate.

Matrigel plug in vivo angiogenesis assay. Growth factor–reduced
Matrigel (BD Biosciences) was adjusted to a concentration of 6.5 mg/mL

with DMEM and mixed with FGF2 or FGF8b (20 ng/mL) and heparin

(0.0025 units/mL). Matrigel for the control group was supplemented with

heparin only. The Matrigel preparations (0.7 mL) were injected s.c. into the
flanks of 4-wk-old to 6-wk-old BALB/C mice (n = 6 per group) with a 21-G

needle and permitted to solidify. After 7 d, the mice were euthanized and

the Matrigel plugs were completely excised with the surrounding tissue. The

samples were fixed in 10% neutral buffered formalin, embedded in paraffin,
and sectioned for immunohistochemistry. After epitope retrieval and

blocking, paraffin sections of the Matrigel plugs were labeled with

antibodies to STAT5A (1:200; ST5a-2H2, Zymed), p-STAT5 (1:50; Upstate),

and CD31 (1:100, Pharmingen) followed by chromogenic detection. The
labeling reactions were carried out on a Labvision automated instrument.

ECs invading into the gels were identified by CD31 positivity. Nuclear

STAT5A was scored by evaluating both the percentage of positive ECs
(1, >0–1%; 2, 1–5%; 3, >5%) and labeling intensity (0, negative; 1, weak; 2,

moderate; 3, strong) and multiplying the values for each sample.

Immunohistochemistry on archival human tissues. Sections from

two tissue microarrays containing deidentified human glioma tissues and11 http://rsb.info.nih.gov/ij/

Figure 1. FGF2 and FGF8b stimulate the proliferation of mouse microvascular ECs. Mouse ECs were starved for 24 h and treated with the indicated concentrations of
FGF2 or FGF8b in starvation medium for an additional 24 h. BrdU was added for the last 6 h and detected as described in Materials and Methods. Data are
representative for three independent experiments. Error bars, SD for triplicate samples in a single experiment.
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nonneoplastic brain controls (28) were exposed to heat-induced epitope
retrieval for 90 min. The anti-STAT5A antibody (ST5a-2H2, Zymed) was

applied at a dilution of 1:250 at room temperature for 2 h. Bound antibody

was visualized with the Ventana detection system, including signal

amplification, using an automated immunostainer according to the
manufacturer’s protocol (Ventana Medical12). Only intense nuclear staining

was considered positive.

Results

FGF2 and FGF8b stimulate brain EC proliferation. Among
the 23 FGF family members, FGF2 and FGF8b have well-
documented proangiogenic activities and are thought to signal
via different FGFRs (6–8). Because mitogenesis is an important
component of the angiogenic cascade, we determined the
proliferative response of mouse microvascular ECs to FGF2 and
FGF8b. ECs from different organ sites were included to detect a
potential heterogeneity in response. Both FGFs are similarly
effective in stimulating the proliferation of ECs from brain, bone,
lung, and prostate, demonstrating that mitogenesis is a universal
response of different ECs to FGF2 and FGF8b (Fig. 1). Maximal
DNA synthesis stimulation was achieved at a growth factor
concentration of 10 nmol/L. Therefore, this concentration was
chosen for subsequent experiments.
FGF2 and FGF8b activate STATs in brain ECs. Recently, STAT

transcription factors have been shown to take part in FGF signaling
with a potential effect on angiogenesis regulation (16). This
prompted us to examine the role of STATs in FGF signaling in
BMVECs. These experiments focused on STAT1, STAT3, and STAT5

based on prior work by other investigators with other cell types
(14, 15, 29). Both FGF2 and FGF8b activate STAT5 and, to a lesser
extent, STAT1 in a time-dependent fashion, whereas STAT3
phosphorylation remains unchanged (Fig. 2A). FGF2-induced
STAT5 activation peaks at 10 minutes, whereas FGF8b-induced
STAT5 activation reaches maximum stimulation at f20 minutes.
In microvascular ECs from bone, FGF2 and FGF8b trigger a robust,
transient phosphorylation of STAT3, which peaks at f20 minutes
and declines at 40 minutes (Supplementary Fig. S1). FGF2 also
activates STAT5 in a time-dependent manner for at least 40
minutes, but in contrast, no STAT1 activation is detected. This
suggests that different STAT family members are activated in ECs
in different organ sites. Because members of the MAPK family
(e.g., ERK1/2) and Src proteins have been shown to play critical
roles in mediating FGF-induced EC proliferation, ERK1/2 and Src
activation were also examined (20). As expected, both FGF2 and
FGF8b effectively activate ERK1/2 and Src in BMVECs under the
same conditions used for STAT analysis (Fig. 2C and D).
FGF2 and FGF8b treatments result in nuclear translocation

of p-STAT1 and p-STAT5. Tyrosine phosphorylation is necessary
but not sufficient for STAT activation. STATs have to translocate to
the nucleus to function as transcription factors (30). Therefore, we
examined the presence of p-STAT1, p-STAT3, and p-STAT5 in
nuclear extracts in response to FGF treatment. The results were
overall congruent with the immunoprecipitation data as p-STAT5
and p-STAT1 translocate to the nucleus upon FGF2 or FGF8b
stimulation of brain ECs, whereas neither FGF2 nor FGF8b
increases nuclear p-STAT3 (Fig. 3A).

To further confirm the nuclear translocation of p-STAT1,
p-STAT3, and p-STAT5, we examined the localization of STAT
proteins in brain ECs by immunocytochemistry. In accordance
with the biochemical data, both STAT1 and STAT5 proteins

Figure 2. FGF2 and FGF8b stimulate
tyrosine phosphorylaton of STAT proteins in
BMVECs. A, detection of FGF-induced
tyrosine phosphorylation of STATs by Western
blot. Cells at 90% confluence were starved
for 24 h and treated with 10 nmol/L of FGF2
or FGF8b for 0, 2.5, 5, 10, 20, and 40 min
as indicated. Cells were then lysed and
immunoprecipitated with different anti-STAT
antibodies. Equal amounts of protein were
separated with SDS-PAGE gels. The
membranes were sequentially probed with
antibodies to p-STATs and total STATs.
Densitometry was performed with Kodak 1D
3.6 software, and the results are listed below
each band. B, FGF2- and FGF8b-induced
MAPK phosphorylation in BMVECs. C,
FGF2- and FGF8b-induced stimulation of Src
phosphorylation in BMVECs. Total protein
(50 Ag) of each sample was separated by
SDS-PAGE, and the membranes were probed
with antibodies against p-Src. h-Actin served
as loading control.

12 www.ventanamed.com
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translocate to the nucleus upon FGF2 or FGF8 stimulation. STAT1
and STAT5 begin to accumulate in the nuclear compartment
5 minutes after the addition of FGF2 and FGF8b. From 10 to
20 minutes onward, p-STAT1 and p-STAT5 are predominantly
detected within the nuclei. In contrast, p-STAT3 does not shift into
the nuclear compartment upon FGF2 or FGF8b stimulation
(Fig. 3B). In summary, FGF2 and FGF8b induce the nuclear
translocation of STAT proteins, further implicating STAT activation
in FGF signaling.
STAT5 is activated during angiogenesis in vivo . Because of

the robust, FGF-dependent stimulation of STAT5 in both EC types,
we decided to examine STAT5 activation during angiogenesis
in vivo using the subcutaneous Matrigel plug assay. Compared with
the control plugs, which showed some EC invasion but only
minimal vessel formation, FGF2-containing Matrigel was charac-

terized by intense EC invasion and vessel formation. The FGF8b-
containing plugs were indistinguishable from the control plugs.
Because the proangiogenic effect of FGF2 in this assay is amply
documented (31), we did not further quantify blood vessel density
in the gels. ECs in all three groups contained cytoplasmic STAT5A
(Fig. 3C). Semiquantitative analysis of nuclear STAT5A in ECs
revealed significantly elevated labeling scores in FGF2-containing
gels (3.0F 1.3 SD) compared with controls (0.17F 0.4 SD; P < 0.01).
FGF8b treatment did not increase nuclear STAT5A, indicating that
this FGF family member does not induce detectable STAT5
activation in subcutaneous ECs in this model. In the FGF2-
containing gels but not the controls or FGF8b gels, focal nuclear
p-STAT5 was observed (Fig. 3C).

Because FGFs, particularly FGF2, play a role in glioma
angiogenesis, one would predict STAT5A activation in glioma

Figure 3. FGF2 and FGF8b stimulate
nuclear translocation of STAT proteins.
A, analysis of phosphorylated STATs in
nuclear fractions of FGF-stimulated
BMVECs by Western blot. Cells at 90%
confluence were starved for 24 h
and stimulated with FGF2 or FGF8b
(10 nmol/L) for 30 min. Total protein (50 Ag)
of nuclear fractions were analyzed by
SDS-PAGE to determine the amounts of
p-STAT1, p-STAT3, and p-STAT5A.
h-Actin served as loading control.
B, immunocytochemical detection of
FGF2-induced and FGF8b-induced nuclear
translocation of p-STATs in BMVECs.
The cells were cultured to 50% to 75%
confluency and then starved for 24 h. The
cells were then stimulated with FGF2 or
FGF8b (10 nmol/L) for 10 min. After fixation
with 4% paraformaldehyde and blocking,
the cells were sequentially incubated with
anti–p-STAT and fluorochrome-labeled
secondary antibodies. Original
magnification, 200�. C, STAT5 is
activated during FGF2-induced
angiogenesis in vivo . Matrigel with FGF2,
with FGF8b, or without growth factor
supplement (control) was injected into
BALB/c mice. After 7 d, the Matrigel
plugs were excised and examined by
immunohistochemical labeling with
antibodies to the EC marker CD31,
STAT5A, and p-STAT5, as indicated.
The arrowheads indicate EC nuclei.
Scale bar, 100 Am. Original magnification,
1,000�. D, STAT5A localization in
human glioma tissues. Paraffin sections
from a tissue microarray containing
human glioma tissues and nonneoplastic
brain controls were H&E stained (a, c, e)
or labeled with an antibody to STAT5A
(b, d, f ). Bound antibody was visualized
by immunoperoxidase (brown color
signal). Two different glioma cases
(a, b and c, d , respectively) and one
nonneoplastic gliosis tissue (e, f ). The
arrowheads indicate vessel EC nuclei.
The asterisk indicates tumor cells with
nuclear STAT localization. Original
magnification, 600�.
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vessel ECs in vivo . We analyzed human tissue microarrays
containing 56 gliomas (49 astrocytomas and 7 oligodendrogliomas)
and 36 nonneoplastic gliosis lesions. Among the 56 glioma tissue
cores, 35 contained interpretable blood vessels. Strong nuclear
labeling of vascular ECs with an antibody to STAT5A was seen in 10
of these 35 tumors, contrasting with 2 of 36 nonneoplastic tissues
(P = 0.012; Fig. 3D). We were unable to detect any labeling with the
phosphorylated-specific STAT5 antibody in the small tumor
samples present in the array slides.
STAT5 is not involved in FGF2-induced and FGF8b-induced

mitogenesis. Because FGF2 and FGF8b are potent stimulators of
EC proliferation (Fig. 1) and activate the STAT5 transcription factor
(Figs. 2 and 3), we explored whether STAT5 is involved in
mitogenesis regulation. To determine whether STAT5 activation
is necessary and/or sufficient for EC mitogenesis induction, a
STAT5A-CA mutant harboring a COOH terminus Flag tag or a
STAT5A-DN truncated at amino acid 713 were introduced into
BMVECs by adenoviral transduction (24, 25, 32). As monitored by
adenovirally delivered green fluorescent protein, infection efficien-
cy was >95% (data not shown). Western blots confirm that the
STAT5A constructs are efficiently expressed in the infected cell
populations (Fig. 4A). Immunofluorescence staining revealed that
STAT5A-CA is distributed throughout the cytoplasm. Only nuclear
localization is detected with the phosphorylated-specific antibody.
In contrast, STAT5A-DN is not found in the nucleus and blocks the
nuclear translocation of endogenous STAT5A in response to FGF
(Fig. 4B). The forced expression of STAT5A-CA or STAT5A-DN had
no significant effect on cell number or DNA synthesis (Fig. 4C and
D). These results indicate that FGF2-induced or FGF8b-induced
mitogenesis in brain ECs is independent of STAT5 activation.
STAT5 is required for EC migration, invasion, and tube

formation. To investigate further the role of FGF-dependent

STAT5 activation in the regulation of angiogenic events, we
analyzed EC migration, invasion, and tube formation as in vitro
angiogenesis surrogates. BMVECs were infected with control virus,
STAT5A-CA, or STAT5A-DN. Cell migration was determined by a
monolayer wounding assay in the presence or absence of FGF2 or
FGF8b. Cells expressing STAT5A-CA exhibit enhanced migration
compared with control cells, whereas diminished migration is seen
in cells expressing STAT5A-DN (Fig. 5A, top). Both FGF2 and FGF8b
stimulate migration in control virus-infected cells. STAT5A-CA
stimulate migration to the level seen in FGF2-treated and FGF8b-
treated cells (Fig. 5A, bar graph). Conversely, STAT5A-DN abolishes
FGF2-induced and FGF8b-induced migration, indicating that this
migration requires STAT5 activation. Similarly, STAT5A-CA expres-
sion is sufficient to induce invasion through Matrigel-coated
membranes in the absence of FGF2 or FGF8b, whereas STAT5A-DN
suppresses FGF2-induced and FGF8b-induced invasion (Fig. 5B).

EC tube formation in collagen gels is considered one of the most
relevant in vitro angiogenesis assays (33). As expected, FGF2 and,
to a lesser degree, FGF8b induce tube formation (Fig. 5C). STAT5A-
CA exhibits an activity similar to FGF2, suggesting that STAT5
activation is sufficient for tube formation. Importantly, expression
of STAT5A-DN abolishes FGF2-stimulated and FGF8b-stimulated
activity, demonstrating that STAT5 activation is required for FGF-
induced tube formation. In total, these observations are consistent
with a model in which STAT5 mediates specific FGF-induced
angiogenic events in brain ECs.
Jak2 and Src are involved in FGF2-induced and FGF8b-

induced activation of STAT5. Cytokine-induced and growth
hormone–induced STAT activation is regulated by two pathways,
one involving Jak family members and the other p60Src (34, 35). To
explore the role of Jak and Src in FGF-induced STAT activation,
we tested whether pharmacologic inhibitors of these signaling

Figure 4. STAT5 is not required for
mitogenesis of BMVECs. A, expression of
mutant STAT5A in brain ECs. BMVECs
were transduced with mutant STAT5A
adenovirus at 200 pfu/cell, lysed, and
processed for Western blotting. The
membranes were probed with an anti-Flag
antibody to detect ectopically expressed
STAT5A. B, localization of mutant STAT5A
in BMVECs. Cells were transduced with
mutant STAT5A adenoviruses at 200
pfu/cell and labeled with antibodies to
p-STAT5A and FLAG-tag (to detect
exogenous STAT5A). C, forced expression
of STAT5A-CA or STAT5A-DN has no
significant effect on cell growth compared
with mock-infected cells. BMVECs
transduced with the different adenoviruses
were plated in triplicate wells in a 24-well
plate in medium containing either 0.5% or
10% serum. At the indicated time points,
cells were harvested and viable cells
were counted by trypan blue exclusion.
Columns, means of two experiments; bars,
SD. D, FGF2-induced and FGF8b-induced
mitogenesis is independent of STAT5A.
BMVEC mitogenesis in response to FGF2
and FGF8b was determined by BrdU
assay in the presence and absence of
STAT5A-CA and STAT5A-DN.
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molecules disrupt FGF-induced STAT activation. Both the Jak2
inhibitor AG490 and the Src inhibitor PP2 significantly diminishes
STAT5 tyrosine phosphorylation (Fig. 6A and B). Conversely, the
inactive forms of both PP2 (PP3) and AG490 (AG9) fails to show an

inhibitory activity. FGF2-induced and FGF8b-induced STAT5
translocation to the nucleus is also inhibited by PP2 treatment
(Supplementary Figs. S2 and S3). The involvement of Jak2 in
FGF signaling is further supported by the observation that

Figure 5. STAT5 is necessary and sufficient for FGF2-induced and FGF8b-induced BMVEC migration and tube formation. A, dependence of BMVEC migration on
STAT5A. BMVECs were infected with empty adenovirus (Con), or adenovirus delivering STAT5A-CA or STAT5A-DN at 100 pfu/cell. Cell monolayers atf95% confluence
after a 24-h starvation period and 24 h postinfection were wounded with a pipette tip (top ). Relative migration distance during the gap closure was measured with ImageJ
(chart). STAT5A-CA largely bypassed the requirement for FGF2 or FGF8b (P < 0.01). STAT5A-DN abolished FGF2-induced or FGF8b-induced migration (P < 0.01).
B, dependence of BMVEC invasion onSTAT5A. BMVEC invasion was assayed usingmodifiedMatrigel invasion chambers. Cells (2� 105) infected with control virus (Con )
or mutant STAT5A delivering virus (STAT5A-CA and STAT5A-DN) were added to the upper chamber in the absence of FGFs. FGF-containing medium (10 nmol/L)
was applied as a chemoattractant to the lower compartment of the chamber. Cells at the lower aspect of the membrane were counted after 48 h. Expression of STAT5A-CA
stimulated invasion and bypassed the requirement for FGF2 or FGF8b (P < 0.01). STAT5A-DNabolished FGF2-induced or FGF8b-induced invasion (P < 0.01).C, STAT5A
is essential for EC tube formation in collagen gels. Mouse brain ECs expressing STAT5A-CA, STAT5A-DN, and empty vector were tested for tube formation in collagen
gels as detailed in Materials and Methods. EC tube formation was measured at 12 h. Photographs were taken with a phase-contrast microscope (top ), and relative
tube lengthwasmeasuredwith ImageJ and expressed asmeanFSD for three photographs (chart ). STAT5A-CAs stimulated tube formation and bypassed the requirement
for FGF2 or FGF8b (P < 0.01). STAT5A-DN abolished FGF2-induced or FGF8b-induced tube formation (P < 0.01). One of three independent experiments.
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FGF2-dependent or FGF8b-dependent STAT5 activation is blocked
by a dominant-negative Jak2 (Jak2 K!E mutant; Supplementary
Fig. S4). These results are consistent with Jak2 and Src acting
upstream of FGF-induced STAT5 activation and are in keeping with
the previously published observation that FGF2-induced STAT3
activation in human umbilical vascular EC is associated with Jak2
and Src (16). Conversely, inhibition of Src by PP2 does not block the
activation of ERK1/2 (Fig. 6B), indicating that distinct signaling
pathways underlie FGF-induced STAT5 and MAPK pathway
activation in mouse ECs. The Jak2 inhibitor AG490 reduces
ERK1/2 phosphorylation, suggesting cross-talk between Jak2 and
the MAPK pathway.
Src and Jak2 inhibitors block FGF2-induced and FGF8b-

induced tube formation. The effect of Src and Jak2 inhibition on
EC tube formation was examined to further explore the role of
these tyrosine kinases in STAT5 signaling. FGF2-induced and

FGF8b-induced tube formation is attenuated by treatment with
either the Jak2 inhibitor, AG490 (Fig. 6C), or the Src inhibitor, PP2
(Fig. 6D). As expected, STAT5A-DN abrogates tube formation in the
presence of either FGF2 or FGF8b. Expression of STAT5A-CA
partially restores tube formation in the presence of PP2 or AG490.
These results are consistent with Src and Jak2 signaling upstream
of STAT5, although we cannot rule out that other Src-dependent
and Jak2-dependent factors are also required for optimal EC
morphogenesis.

Discussion

FGF family members are among the most potent angiogenesis
inducers and actively participate in tumor angiogenesis. In vitro
both FGF2 and FGF8b stimulate EC proliferation, migration,
invasion, and tube formation. We show here that both FGFs

Figure 6. Jak2 and Src activation
are required for FGF2-induced and
FGF8b-induced STAT5A phosphorylation
and tube formation in BMVECs. A and B,
pharmacologic inhibitors of Jak2 (A) and
Src (B ) attenuate FGF2-induced and
FGF8b-induced STAT5A phosphorylation
in BMVECs. Cells at 90% confluence were
starved and treated with the Jak2 inhibitor
AG490 or the inactive analogue AG9
(both at 30 Amol/L for 24 h) and the Src
inhibitor PP2 or the inactive analogue PP3
(both at 10 Amol/L for 16 h). FGF2 or
FGF8b (10 nmol/L) were then added for
20 min. Cell lysates were prepared, and
500 Ag of total protein were used for
immunoprecipitation with anti-STAT5A
antibody. p-STAT5A and total STAT5A were
sequentially analyzed by Western blot.
Levels of p-ERK1/2, ERK1/2, p-p38,
p-AKT, and h-actin were also assessed by
Western blot as indicated. C and D, Jak2
and Src activation are required for
FGF2-induced and FGF8b-induced tube
formation in BMVECs. BMVECs were
infected with Ad-Con, Ad-STAT5A-CA,
or Ad-STAT5A-DN at 100 pfu for 24 h,
starved for 24 h, and placed onto collagen
gels (1.4 mg/mL) in the presence or
absence of FGF2 or FGF8b (10 nmol/L).
The cells were treated with the Jak2
inhibitor AG490 at 30 Amol/L (C ) or the
Src inhibitor PP2 at 10 Amol/L (D ).
EC tube formation was measured at
12 h. Photographs were taken with a
phase-contrast microscope, and relative
tube length was expressed as mean F SD.
Both AG490 and PP2 inhibited FGF-
induced tube formation, and STAT5A-CA
expression largely overcame this inhibition
(P < 0.01). One of two independent
experiments.
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stimulate STAT transcription factors, in particular STAT5. Impor-
tantly, we report the novel finding that FGF-induced STAT5
activation is necessary and sufficient for brain EC migration,
invasion, and tube formation, all of which are critical components
of the angiogenic cascade. Conversely, STAT5 activation is
dispensible for FGF-induced EC mitogenesis.

A considerable wealth of information has accumulated on
signaling events downstream of the FGFR. Most attention has been
directed toward the classic ras-raf-MEK-MAPK pathway (reviewed
in refs. 10, 36). This signaling cascade seems to be primarily
responsible for the regulation of cell proliferation. The PI3K-Akt
pathway has been linked to FGF-induced cell survival, although Akt
does not seem to be involved in FGF signaling in our cell model
(9, 12, 37). In agreement with our findings, a limited number of
reports support a role for members of the STAT family in FGF
signaling. For example, a constitutively active mutant, FGFR3,
which is responsible for thanatophoric dysplasia type II dwarfism,
specifically activates STAT1, resulting in chondrocyte growth arrest
(15). The FGFR-STAT1 axis also negatively regulates bone growth
prenatally and postnatally under physiologic conditions (38, 39).
Deo and colleagues (16) observed STAT3 phosphorylation in
response to FGF2 in human umbilical vein ECs, which required
platelet-activating factor. The biological consequence of STAT3
activation in this cell type was not further examined.

The multiplicity of the intracellular signaling pathways down-
stream of FGFR raises questions about their regulation and
biological purpose. It is conceivable that different FGFRs
preferentially activate distinct signaling pathways (e.g., MAPK,
Akt, STATs, or individual STAT family members). This hypothesis
seems plausible as ECs isolated from diverse organ sites express
different combinations of FGFRs13 and show distinct patterns of
STAT activation. In bone ECs, FGF2 primarily stimulates STAT3,
whereas FGF8b activates STAT5. Because FGF2 and FGF8b
preferentially bind to and activate different FGFRs, this observation
supports a model of FGFR-specific STAT activation. An attractive
physiologic role for a network of divergent FGF signaling pathways
might be that it generates numerous opportunities for cross-talk
and integration with other signaling systems. For example,
epidermal growth factor receptor–mediated activation of ERK1/2
can diminish FGFR signaling via a negative feedback loop involving
FRS2 (40). Interleukin-3–induced EC proliferation and migration
is dependent on STAT5, which provides a mechanism for this
cytokine (and probably other factors) to modulate FGF-mediated
angiogenesis (41).

STAT proteins are activated by tyrosine phosphorylation through
members of the Janus or Src kinase families (30). A direct activation
by receptor tyrosine kinases has also been proposed (42). Our data
point toward FGFR-induced STAT activation via Jak2 and Src
intermediaries. The involvement of Jak2 downstream of a receptor
tyrosine kinase indicates an unorthodox transduction mechanism

for which there is some precedent. Dudley and coworkers
described vascular endothelial growth factor (VEGF)–induced
STAT5 stimulation that required Jak2 activity (43). A role for Src
family kinases in FGFR signaling has been described more
frequently (20, 21, 44–46). Similar to our findings in ECs, Maciag’s
group (20) attributed FGF1-induced fibroblast migration to Src
activation, whereas mitogenesis was associated with the ERK1/2
pathway. Claesson-Welsh’s group (45) observed that Src inhibition
abolishes FGF2-induced EC tube formation, consistent with the
FGFR-Src-STAT5 signal cascade proposed here.

Our central observation is that STAT5 is required for FGF2-
induced and FGF8b-induced assembly of brain ECs into vascular
tubes. This raises the question whether other proangiogenic factors
can activate STATs, thus elevating STATs to the rank of general
regulators of vascular endothelial morphogenesis. Indeed, the
potent angiogenic stimulator VEGF induces tyrosine phosphoryla-
tion of several STAT family members, including STAT1, STAT3,
STAT5, and STAT6 (43, 47, 48). Yahata and colleagues (48) found
that VEGF-mediated STAT3 activation is essential for migration
and tube formation in human dermal microvascular ECs.
Consistent with the concept of EC heterogeneity, different STAT
family members may be responsible for regulating the differenti-
ation of ECs in different organ sites. Alternatively, both STAT3 and
STAT5 may be required. The central role of STAT transcription
factors in angiogenesis is further supported by the observation that
the angiopoietin receptor Tie-2 can activate STAT1, STAT3, and
STAT5 (49). Interestingly, activated STAT3 was detected in tumor
vessel ECs of gliomas, suggesting roles in tumor angiogenesis (17).
Together, these studies point to an integration of several
proangiogenic signaling pathways by STATs to orchestrate EC
migration and organization into vascular channels.

The critical position of STAT family members in multiple
proangiogenic signaling pathways renders them attractive targets
for antiangiogenic therapeutic approaches. Naturally, the involve-
ment of STATs in cytokine signaling and their role in regulating the
immune system and hematopoiesis may require very selective
inhibition and/or targeted delivery of therapeutic agents. However,
a recent preclinical study using a transcription factor decoy
approach targeting STAT3 provided promising preliminary support
for such a treatment strategy (50). Additional work is needed to
better define the FGFR-STAT signaling pathway and evaluate
STATs as therapeutic targets.
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