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Background: Active STAT5 promotes angiogenesis.
Results: In human brain endothelial cells, active STAT5 promotes the secretion of prolactin, which stimulates endothelial cell
migration and tube formation. Prolactin also induces the secretion of VEGF and activates STAT5.
Conclusion: Prolactin and STAT5 are engaged in a positive feedback loop that stimulates angiogenesis.
Significance: Prolactin may be important in pathologic angiogenesis.

We have shown previously that the murine prolactin/growth
hormone familymember proliferin plays a pivotal role in angio-
genesis induced by the FGF2/STAT5 signaling cascade. To
delineate the signaling pathway downstream of STAT5 in the
human system, where proliferin does not exist, we expressed
constitutively active (CA) or dominant-negative (DN) mutant
STAT5A in hCMEC/D3 human brain endothelial cells. We
found that conditioned medium from CA-STAT5A- but not
from DN-STAT5A-overexpressing endothelial cells (EC) is suf-
ficient to induce EC migration and tube formation but not pro-
liferation, indicating that STAT5A regulates the secretion of
autocrine proangiogenic factors. We identified prolactin (PRL)
as a candidate autocrine factor. CA-STAT5A expression stimu-
lates PRLproduction at theRNAandprotein level, andSTAT5A
binds to the PRL promoter region, suggesting direct transcrip-
tional regulation. Medium conditioned by CA-STAT5A-over-
expressing EC induces phosphorylation of the PRL receptor and
activates MAPK. Knockdown of PRL expression by shRNA or
blocking of PRL activity with neutralizing antibodies removed
the CA-STAT5A-dependent proangiogenic activity from the
conditioned medium of EC. The addition of recombinant PRL
restores this activity. STAT5A-induced PRL in the conditioned
medium can activate STAT5, STAT1, and to a lesser extent
STAT3 in hCMEC/D3 cells, suggesting the existence of a posi-
tive feedback loop between STAT5 and PRL that promotes
angiogenesis. Furthermore, we find that VEGF, a potent proan-
giogenic factor, is induced by activation of STAT5A, and VEGF
inductiondepends onPRL expression. These observations dem-
onstrate a STAT5/PRL/VEGF signaling cascade in human brain
EC and implicate PRL and VEGF as autocrine regulators of EC
migration, invasion, and tube formation.

Angiogenesis, the formation of a new microvasculature, is a
critical process during normal organ development as well as
tumor initiation, progression, and metastasis (1–4). Although
potent angiogenesis inducers (VEGF, basic FGF, angiopoietins,
thrombospondin) and a variety of downstream effector mole-
cules (integrins, matrix metalloproteases) have been identified,
the paracrine and autocrine signaling pathways that regulate
angiogenesis remain incompletely understood.
Prolactin (PRL),2 growth hormone, and placental lactogen

(PL) are members of a family of polypeptide hormones, which
share structural similarities and biological activities. Work by a
number of investigators indicates that these hormones along
with proliferin (PLF) and proliferin-related protein (PRP), the
murine members of this family, can regulate angiogenesis
(5–7). The classical textbook model suggests that PRL is
secreted by the pituitary gland into the circulation and exerts its
effects systemically primarily on the mammary gland. More
recently, it has become evident that PRL is also secreted locally
inmany tissues and acts as a paracrine/autocrine factor (8).One
of the proposed local activities of PRL is the regulation of angio-
genesis (5). The intact human PRL molecule, with a molecular
mass of 23 kDa, has proangiogenic activity and reportedly stim-
ulates endothelial cell (EC) proliferation (9), migration, and
tube formation (6). Conversely, proteolytically generated frag-
ments of PRL, typically displaying a molecular mass of 16 kDa,
inhibit angiogenesis and block EC proliferation (7, 10–14). PRL
is produced by some but not all ECs, suggesting a role of the
hormone in the autocrine regulation of angiogenesis (15–17).
The pleiotropic actions of PRL aremediated through the PRL

receptor (PRLR), amember of the type I cytokine receptor fam-
ily (18–20). Several signaling cascades are activated upon
ligand binding and receptor dimerization, including the Jak2/
STAT5, Ras/Raf/MAPK, Tek/Vav/Rac1, and PI3K/Akt path-
ways (21). These PRL-triggered signals, especially the Jak2/
STAT5 pathway, activate the expression of numerous
downstream genes, some of which have roles in angiogenesis.
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We have shown previously that PLF plays a pivotal role in
angiogenesis induced by FGF/STAT5 inmouse brainmicrovas-
cular endothelial cells (22). Because the PLF gene does not exist
in humans and PRL appears to carry out many PLF functions,
we sought to explore whether PRL or its family members carry
out roles similar to PLF in human cells. We report here that
STAT5-induced human brain ECmigration, invasion, and tube
formation requires the secretion of an autocrine factor and
identify this factor as PRL. We further show that PRL itself
activates STAT5 in ECs, thus establishing a positive signal feed-
back loop. We also show that VEGF, a potent angiogenesis
stimulator, is also induced in a PRL-dependent manner during
STAT5-mediated angiogenesis. Thus, we describe a novel role
for STAT5 in a STAT5-PRL-VEGF signaling cascade that facil-
itates growth factor-induced migration, invasion, and tube for-
mation of human brain EC.

EXPERIMENTAL PROCEDURES

Cell Culture—Immortalized human microvascular brain
endothelial cell line hCMEC/D3, a gift from Dr. B. Weksler,
WeillMedical College of Cornell University, NewYork,NY (23,
24), which has been extensively characterized and shown to
retain their EC characteristics, was maintained in EBM-2 basal
medium (Lonza, Allendale, NJ; #CC-3156) supplemented with
2% FBS and EGM-2 MV SingleQuots kit supplements and
growth factors (Lonza, #CC-4147). Dishes were coated with
collagen gel (R&D System, #354236) diluted at 1:500. HUVEC
were purchased from Lonza.
Antibodies and Reagents—Stock solutions (reconstituted at

100 �g/ml in sterile 4 mM HCl containing 1 mg/ml BSA) of
recombinant human PRL (R&D system, #682-PL) and recom-
binant human VEGF165 (500 nM, R&D system, #293-VE) were
diluted in serum-free DMEMmedium containing 0.2% BSA to
their final concentration and added to cultures for different
time periods with occasional mixing. Sunitinib (LC Laborato-
ries, Woburn, MA) was dissolved in DMSO to make a 1 mM

stock solution. All monoclonal antibodies and antisera were
obtained from commercial sources. Antibodies to STAT5
(C-17), STAT3 (H-190), STAT1�p91 (M-23), VEGF (A-20),
p-Tyr (PY20), p-Tyr (PY99), PRLR (H-300), von Willebrand
factor (H-300), and PRL (A-7 and H-105) were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Biotinylated anti-
humanPRL (BAF682)was purchased fromR&DSystems (Min-
neapolis, MN). Streptavidin-HRP was obtained from GE
Healthcare. Antibodies against FLAG (F-3165) and �-actin
(AC-74) were from Sigma. Antibodies to p-44/42 and Erk1/2
were from Cell Signaling Technology. Monoclonal anti-BrdU
antibody (clone Bu20a) was from Dako. Puromycin was from
SantaCruz (sc-108071).CollagenType I (#354236),Matrigel base-
mentmembranematrixhighconcentration (#354248), andMatri-
gel Invasion Chambers (#354483) were purchased from BD
Biosciences.
Adenoviral Plasmids—Constitutively active STAT5A

mutant (CA-STAT5A) harboring a COOH terminus FLAG tag
(pRKmSTAT5AHSFLAG; generated from pRKmSTAT5AcFLAG
using site-directed mutagenesis by substituting His-299 and
Ser-711 with arginine and phenylalanine, respectively) and a
dominant-negative STAT5Amutant (DN-STAT5A) truncated

from amino acid 713 to 793 (pRKmSTAT5A713FLAG) were
kindly provided by S. J. Collins (Fred Hutchinson Cancer Cen-
ter, Seattle, WA) (25). These were cloned into an adenoviral
expression vector in our laboratory as described previously
(26). For adenovirus infection of target cells, hCMEC/D3 cells
(5 � 105 cells/well) were seeded into 10-cm Petri dishes 1 day
before infection.A fixed volumeof a viral stock (50 pfu/cell) was
used to infect the target cells for 24 h. The infected hCMEC/D3
cells were then starved in serum-free DMEM medium for an
additional 24 h, and conditioned medium was collected for the
subsequent experiments as needed.
Lentivirus-mediated PRL-shRNA Expression—PRL expres-

sion in hCMEC/D3 cells was silenced with commercially
obtained shRNA-containing lentiviral particles (Santa Cruz
Biotechnology). Control shRNA (sc-10808) and shRNA target-
ing PRL (sc-37214-v) consist of a pool of three to five expression
constructs each encoding target-specific 19–25-nucleotide
(plus hairpin) shRNA. The constructs were introduced into the
hCMEC/D3 cells by lentiviral transduction, supplementing the
medium with 8 �g/ml Polybrene (Sigma). After selection with
puromycin (8 �g/ml; Sigma) for about 2 weeks, cells were
pooled and expanded.
Real-time PCR—Total RNA from treated hCMEC/D3 was

extracted using the RNeasy Mini kit (Qiagen, Valencia, CA)
according to themanufacturer’s instructions. Total RNA (1�g)
was reverse-transcribed in a reaction volume of 20 �l contain-
ing 2 �l of 10� reverse transcription buffer, 4 �l of 25 mM

MgCl2, 1�l of 10mM dNTP, 1�l of 50�MRandomprimer, and
1 �l of 40 units of RNaseOUT (Invitrogen). Synthesis of cDNA
was carried out for 50 min at 50 °C. PCR amplifications were
carried out in a 25-�l reaction volume at a 60 °C annealing
temperature. The primer sequences used to measure PRL gene
expression were: L1, CATGAACATCAAAGGATCGC (for-
ward), and R1, AACAGGTCTCGAAGGGTCAC (reverse); L2,
GTGACCCTTCGAGACCTGTT (forward), and R2, GATG-
GCCTTGGTAATGAACC (reverse). The primers used for
chromatin immunoprecipitation (ChIP) assays were purchased
from SABiosciences: EpiTec ChIP quantitative PCR assay
human PRL, NW_000948.3 (�)01 kb and EpiTec ChIP quanti-
tative PCR Assay human PRL, NW_000948.3 (�)04 kb. The
quantitative PCR was performed according to the EpiTec ChIP
quantitative PCR Handbook.
ChIP Assay—Chromatin immunoprecipitation was per-

formed using a kit (Upstate Biotechnology, Lake Placid, NY)
following the manufacturer’s instructions. Briefly, 2.5 � 106
hCMEC/D3 cells (infected with Ad-Con, Ad-CA-STAT5A or
Ad-DN-STAT5Aat 50 pfu/cells) were grown in 100-mmdishes
and cross-linked by adding formaldehyde to a final concentra-
tion of 1% and incubated at room temperature for 10min. Cells
were thenwashed and lysed in 2ml ofChIP lysis buffer (1%SDS,
10mMEDTA, 50mMTris-HCl, pH 8.0). Cells were sonicated to
shear DNA to lengths between 200 and 1000 base pairs after
incubation on ice for 10 min. Then 60 �l of protein A-agarose
beads (Sigma) were added to the sonicated lysates and rotated
at 4 °C for 1 h. The agarose beads were pelleted by brief centrif-
ugation. The supernatant fraction was collected (20-�l lysate
aliquots were taken out as input control) and immunoprecipi-
tated with an anti-STAT5 antibody (C17, Santa Cruz). For a
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negative control, the supernatant fraction was incubated with
60 �l of Salmon Sperm DNA/Protein A-agarose, omitting the
primary antibody. After the appropriate washing steps, the
complex was eluted from the antibody by adding 250 �l of elu-
tion buffer (1% SDS, 0.1 M NaHCO3) to the pelleted protein
A-agarose/antibody/STAT5 complex, and the supernatant
fractionwas carefully transferred to another tube before repeat-
ing the elution. The combined eluates (total volume �500 �l)
weremixedwith 20�l of 5 MNaCl, and the STAT5-DNAcross-
links were reversed by heating to 65 °C for 4 h. After a brief
digestionwith ProteinaseK, theDNAwas recovered by phenol/
chloroform extraction and ethanol precipitation. The pellets
were washed with 70% ethanol and air-dried. The pellets were
resuspended in an appropriate buffer for PCR.
Assessment of Mitogenesis—To measure DNA synthesis,

3000 hCMEC/D3 cells in 100�l were seeded into 96-well plates
and cultured for 24 h at 37 °C in aCO2 incubator. Then the cells
were washed twice with warmed PBS, and the culture medium
was replaced with conditioned medium for an additional 48 h.
DNA synthesis was analyzed with the bromodeoxyuridine
(BrdU) incorporation assay using a chemiluminescence-based
BrdU ELISA according to Hawker with modifications (27).
BrdU (10 �M final concentration; Sigma) was added for the last
6 h of the experiment. At the conclusion of labeling, cultures
were fixed with 70% EtOH (20 min, room temperature), acid-
denatured with 2 M HCl (20 min, 37 °C), neutralized with 0.1 M

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
�g/ml (60 min, 37 °C; Dako, clone Bu20a). After washing to
remove unbound antibody, the cells were incubated with sheep
anti-mouse IgG HRP-conjugated secondary antibody (1:2000
dilution; Amersham Biosciences) for 60 min at 37 °C. After
another round of washes and a final rinse with dH2O, 100 �l of
substrate (SureBlueTM, PKL) were added to each well and
developed for 15–30min until a sufficient blue color developed.
Wells were subsequently quenched with 0.5 M H2SO4 (50
�l/well), and the absorbance (optical density) was measured at
450 nm on a Spectramax Microplate Spectrophotometer
(Molecular Devices).
For the MTT proliferation assay, 3000 cells in a volume of

100 �l were seeded into 96-well plates, and at the end of the
treatments, 50 �l of CellTiter 96Aqueous One Solution Rea-
gent (Promega) were added. The cultures were incubated for
1–4 h at 37 °C, 5% CO2, and absorbance was measured at 490
nm using a 96-well plate reader (SpectraMax, Molecular
Devices).
Immunoblot—Cells were collected and washed 3 times with

cold PBS and lysed with 150 �l of radioimmune precipitation
assay buffer supplemented with protease and phosphatase
inhibitors on ice for 20 min. Cell lysates were cleared by cen-
trifugation at 13,000 rpm for 20min at 4 °C. Protein concentra-
tion was measured by BCA assay, and the lysates were mixed
with a 5� sample buffer. After boiling for 5 min, 50 �g of total
protein from each sample were separated on a 7.5–12% SDS-
PAGE gel. After transfer, the nitrocellulose membranes were
blocked with Tris-buffered saline containing 5% nonfat dry
milk for 1 h at room temperature and incubated with primary

antibodies against the proteins of interest in Tris-buffered saline
containing 5% nonfat dry milk plus 0.5% Tween 20, overnight at
4 °C.Afterwashing and incubationwith ahorseradishperoxidase-
conjugated secondary antibody, the proteins were revealed using
an enhanced chemiluminescent detection kit (Pierce).
Immunoprecipitation—Cells (P100mmdishes) were lysed in

1 ml of ice-cold lysis buffer (50 mM Tris, pH 7.5, 1 mM EDTA, 1
mM EGTA, 0.5 mM vanadate, 0.1% 2-mercaptoethanol, 1% Tri-
ton X-100, 50 mM NaF, 5 mM sodium pyrophosphate, 10 mM

sodium glycerophosphate, 0.1 mM PMSF, 1 �g/ml aprotinin, 1
�g/ml leupeptin, 1 �g/ml antipain). Cell lysates were collected
by scraping and clearance at 13,000 rpm for 20 min at 4 °C.
Protein concentrationswere determined byBCAassay, and 500
�g of cellular proteins were immunoprecipitated with precon-
jugated anti-PY20/PY99-PAA beads for 6–12 h at 4 °C. Anti-
body complexes were washed 3 times with lysis buffer and
mixed with 2� sample buffer and boiled for 10min. Then 40�l
of the samples were loaded to assay for p-PRLR, p-STAT5,
p-STAT1, p-STAT3, and p-ERK1/2. Another lysate aliquot was
probed for PRLR, STAT5, STAT3, STAT1, ERK1/2, and
�-actin.
TCAPrecipitation of Samples for SDS-PAGE—The volumeof

serum-free conditioned medium samples was adjusted up to 1
ml, and protein was precipitated with 100 �l of 100% TCA
(28.57 g TCA in 20 ml of Milli Q water). The tubes were placed
on ice for at least 2 h. Sampleswere centrifuged at 15,000� g for
20min at 4 °C, and the precipitateswerewashed twicewith cold
acetone (�20 °C). After brief air-drying, samples were mixed
with 1� sample buffer and boiled for 5 min.
Matrigel EC Tube Formation Assay—High Concentration

Matrigel Basement Membrane Matrix (#354248) was adjusted
to 10 �g/ml with DMEM, and 100 �l/well Matrigel was added
to prechilled 96-well plates. The plate was then incubated at
37 °C for 1 h to allow the material to solidify. Starved
hCMEC/D3 cells (15,000 cells/well) were seeded on the surface
of the Matrigel in 150 �l of conditioned media. After 6–8 h,
images of the tube structures were captured under a phase con-
trast microscope using a SPOT RT Slider digital camera (Diag-
nostic Instruments) and analyzed using ImageJ (rsb.info.nih.
gov). Tube length was assessed by drawing a line along each
tubule and measuring the length of the line in pixels. Tube
lengths weremeasured for each sample in five non-overlapping
fields at 200� original magnification.
Monolayer Wound Healing Assay—ECs were seeded onto

6-well plates at 5 � 105 cells/well and grown to confluence
before a 24-h starvation period in serum-free DMEM. A single
scratch wound was introduced in the monolayer using a
micropipette tip, and the medium was replaced with condi-
tioned medium from differently treated hCMEC/D3 cells.
Wound closure was monitored for 48 h.
EC Invasion Assay—EC invasion was assayed using modified

invasion chambers with polycarbonate PVP-free Nucleopore
filters (8 �m pore size) coated with 25 �g/filter Matrigel (BD
Bioscience). Starved EC cells (2� 105) were added to the upper
chamber in serum-free medium. Conditioned media were
applied as a chemoattractant to the lower compartment of the
chamber. At the end of a 48 h-incubation period, the cells on
the upper surface of the filter were removedwith a cotton swab,
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and cells on the lower surface of the filter were stained with
Hoechst 33342 (1 �g/ml). Cells on the lower surface were
counted, and each assay was performed in triplicate.

RESULTS

STAT5 Activation in ECs Induces the Secretion of an Auto-
crine Pro-angiogenic Factor—We have recently shown that
FGF-induced activation of STAT5 inmousemicrovascular ECs
results in the secretion of the growth hormone/prolactin
family member PLF, which stimulates EC migration, inva-
sion, and tube formation (22, 26). Because the PLF gene does
not exist in humans (21, 28–30), we explored whether active
STAT5 promotes the secretion of a different autocrine, proan-
giogenic activity in human ECs. For this purpose, we expressed
CA-STAT5A, DN-STAT5A, or a control construct in
hCMEC/D3 human brain ECs by adenoviral transduction, col-

lected conditioned media, and tested the ability of the condi-
tioned media to induce angiogenic effects in vitro in native
hCMEC/D3 cells. We chose brain endothelial cells because of
the importance of angiogenesis in glioma progression and
because of our longstanding interest in this tumor type. Con-
sistent with our previously reported observations inmouse ECs
(22, 26), conditioned medium from CA-STAT5A-transduced
cells compared with conditioned media from cells treated with
empty virus or DN-STAT5A-transduced cells stimulates
hCMEC/D3 tube formation (Fig. 1A) and migration (Fig.
1B), two processes essential for angiogenesis. Similar effects
are also observed after adding conditioned medium from
CA-STAT5A-transduced cells to HUVEC cells, suggesting that
the secreted activity affects ECs universally (supplemental Fig.
1,A and B). These observations indicate that STAT5 activation
in EC leads to the secretion of a soluble factor (or soluble fac-

FIGURE 1. STAT5 activation induces autocrine angiogenic activities associated with prolactin expression. hCMEC/D3 cells at 70% confluence were
transduced with Ad-Con, Ad-CA-STAT5A, and Ad-DN-STAT5A at 50 pfu/cell. Cells were incubated for 48 h, and the media were then replaced with fresh
serum-free DMEM for an additional 24 h. Conditioned media and cells were collected for subsequent experiments. A, effect of conditioned media on EC tube
formation. Starved hCMEC/D3 cells were tested for tube formation in Matrigel as detailed under “Experimental Procedures.” EC tube formation was measured
at 6 – 8 h. Photographs were taken with a phase-contrast microscope, and relative tube length was measured with ImageJ and expressed as the mean � S.D.
for three photographs. Shown is one of three independent experiments. B, effect of conditioned media on EC migration. hCMEC/D3 cell monolayers at �95%
confluence were wounded with a pipette tip after a 24-h starvation period as described under “Experimental Procedures.” The media were then replaced with
conditioned media from Ad-Con, Ad-CA-STAT5A, and Ad-DN-STAT5A. The cells were incubated for two additional days. Photographs were taken with a
phase-contrast microscope, and relative migration distance during the gap closure was measured with ImageJ and expressed as the mean � S.D. for three
photographs. Shown is one of two independent experiments. C, CA-STAT5A-induced PRL protein secretion into conditioned medium is shown. Conditioned
media from Ad-Con-, Ad-CA-STAT5A-, and Ad-DN-STAT5A-transduced hCMEC/D3 were TCA-precipitated and re-solubilized in sample buffer as described
under “Experimental Procedures.” Equal amounts of protein were fractionated on SDS-PAGE gels, and the membranes were probed with antibodies to human
PRL. Cell lysates were also analyzed for exogenous expression of FLAG-tagged STAT5, and �-actin served as loading control. D, induction of PRL mRNA by active
STAT5A. PRL mRNA was analyzed by qRT-PCR using specific PRL primers in the cells transduction with adenoviral Ad-Con, Ad-CA-STAT5A, and Ad-DN-STAT5A
as described above.
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tors) that specifically promotes tube formation and migration
via an autocrine loop.
STAT5Activation Results in the Release of PRL,WhichMedi-

ates the Phosphorylation of PRLR andERK1/2MAPK—Because
PLF, the prolactin superfamilymember responsible for STAT5-
dependent proangiogenic activity in mice, is not present in
human cells, we sought to explorewhether other prolactin fam-
ily members might be involved. Indeed, after STAT5 activation
in human brain ECs (hCMEC/D3), PRL protein secretion into
the conditioned medium was detected (Fig. 1C, supplemental
Fig. S1C), and PRL mRNA levels were elevated in the cells (Fig.
1D, supplemental Fig. S1D). Immunolabeling of humangliomas
revealed coexpression of PRL and STAT5 in endothelial cells in
some but not all glioma tissues (supplemental Fig 2). STAT5 is

found primarily in the EC nucleus (supplemental Fig 2A), sug-
gesting activation of this transcription factor in this cell type.
Interestingly, PRL also localizes to the nucleus (supplemental
Fig. 2B). Although this subcellular location is somewhat unex-
pected for a secreted hormone, it is consistent with prior
reports by Clevenger et al. (31–33) and others, who identified
PRL in the nucleus of lymphocytes and breast carcinoma cells
and ascribed functional significance to this subcellular localiza-
tion. STAT5 was also seen in scattered glioma cells (supple-
mental Fig. 2A), whereas PRL is expressed in the majority of
glioma cells (supplemental Fig. 2B).

To study the function of PRL secretion, expression of this pro-
tein was disrupted with RNAi. shRNA constructs targeting PRL
were stably expressed in hCMEC/D3 cells by lentiviral transduc-

FIGURE 2. Conditioned medium from STAT5A-overexpressing ECs activates PRLR and ERK1/2, dependent on PRL production. A, PRL expression is
suppressed by PRL-shRNA. To examine whether the expression of PRL has been knocked down by PRL shRNA constructs, the pooled clones that stably express
shRNA or shControl lentivirus were analyzed for PRL mRNA levels by qRT PCR using PRL specific primers. B, PRL shRNA reduces CA-STAT5A-induced PRL
secretion into the medium. Equivalent volumes of conditioned media from the pooled clones that stably express shRNA or shControl lentivirus were subjected
to TCA protein precipitation. The re-solubilized proteins were analyzed with a 12% acrylamide gel, and the membranes were probed for PRL. C, knockdown of
PRL prevents CA-STAT5 mediated induction of PRL. Pooled shRNA expressing clones targeting PRL and controls were transduced with Ad-CA-STAT5A,
Ad-DN-STAT5A, or Ad-control virus as described under “Experimental Procedures.” Conditioned media were TCA-precipitated and re-solubilized in sample
buffer. Equal amounts of protein were fractionated on SDS-PAGE gels, and the membranes were probed with antibodies to human PRL. The membrane was
stripped and reprobed with IGFBP5 as loading control. The cells were lysed and tested for expression of transduced exogenous STAT5 by Western blot. The
membranes were probed with an anti-FLAG antibody to detect FLAG-tagged exogenous mutant STAT5A or �-actin as the loading control. D, activation of PRLR
and MAPK by CA-STAT5A-conditioned medium is shown. Pooled shRNA expressing clones targeting PRL and controls were transduced with Ad-CA-STAT5A,
Ad-DN-STAT5A, or Ad-control to produce conditioned media as detailed under “Experimental Procedures.” hCMEC/D3 cells at 95–100% confluence were
starved for 24 h, and the cultures were incubated for 15 min with the conditioned media mentioned above. The treated cells were lysed, and 250 �g of total
protein was immunoprecipitated (IP) with antibodies to PY20/PY99 and probed with antibodies to PRLR and ERK1/2. Total cell lysates were also analyzed for
expression of endogenous PRLR and ERK1/2 to serve as loading control. IB, immunoblot.
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tion followedbyselection inpuromycin.qRT-PCRdemonstrates a
95–99% reduction of base-line PRL expression (Fig. 2A). The PRL
protein level present in the conditioned medium is also signif-
icantly decreased (Fig. 2B). Next, we examined whether the
shRNAconstruct can suppress PRL induction by active STAT5.
shRNA-expressing clones and controls were transduced with
CA-STAT5A, DN-STAT5A, or control virus. CA-STAT5A-in-
duced PRL protein secretion is dramatically suppressed by PRL
shRNA (Fig. 2C). The cells expressing mutant STAT5A and/or
PRL shRNA were also lysed and processed for Western blot-
ting. Ectopically expressed STAT5Awas detected with an anti-
body to the FLAG epitope (Fig. 2C, upper panel).
To examine the biologic activity of STAT5-induced PRL, we

treated starved hCMEC/D3 cells with conditioned media col-
lected from STAT5 overexpressing cells and assayed PRLR
phosphorylation. Conditioned medium from CA-STAT5A but
not from DN-STAT5A-expressing cells induces phosphoryla-
tion of the PRLR and of ERK1/2 (Fig. 2D). Conditionedmedium
collected from cells expressing active STAT5 in which PRL
expression had been silenced, failed to induce PRLR or ERK1/2
phosphorylation, demonstrating that PRL is responsible for
activation of the PRLR signaling pathway. Residual phosphory-
lated ERK1/2 after PRL expression silencing suggests that
STAT5 can also activate ERK1/2 via alternative, PRL-inde-
pendent pathways (Fig. 2D, lane 5).
STAT5 Binds to the PRL Promoter—The induction of PRL

production by CA-STAT5A could be the result of direct tran-
scriptional regulation or it could be mediated by a yet to be
defined indirect regulatory pathway. An NCBI Entrez Gene
database analysis revealed multiple potential STAT5 binding
siteswithin the PRL gene promoter region. This prompted us to
examine whether STAT5 can bind to the PRL promoter using
ChIP. Transduction of hCMEC/D3 with CA-STAT5A led to a
significant increase in STAT5 binding to the PRL promoter
region, as detected by qRT-PCR using two different primer
pairs (Fig. 3). This observation indicates that STAT5 binds to

the PRL gene in an activation-dependent manner and suggests
direct transcriptional regulation of PRL.
Positive Feedback Loop between STAT5 and PRL—Experi-

mental evidence generated by us and others points toward
STAT5 as a transcription factor that integrates signals originat-
ing from cytokines and growth factors. Binding of PRL to PRLR
has been shown to activate JAK2 and subsequently STAT5 (34).
To determine whether this signaling pathway is operative in
human ECs, hCMEC/D3 cells were starved and treated with
conditioned media collected from hCMEC/D3 cells stably
transfectedwith shPRL or shCon and transducedwithAd-Con,
Ad-CA-STAT5A or Ad-DN-STAT5A, respectively. Condi-
tionedmedium fromAd-CA-STAT5A-transduced cells stimu-
lates the phosphorylation of STAT5, STAT1, and to a much
lesser extent, STAT3 (Fig. 4). Importantly, knockdown of PRL
expression in the ECs producing the conditioned medium
largely abolishes STAT activation in the responding ECs.

FIGURE 3. Active STAT5A binds to the PRL promoter. Chromatin immuno-
precipitation with a STAT5-specific antibody was performed as described
under “Experimental Procedures.” DNA fragments in the precipitates were
analyzed by qRT-PCR using two primer pairs designed to amplify the PRL
promoter region. Results are normalized to input DNA and expressed relative
to control transduction. When a control antibody (rabbit IgG) was used, no
signal was detected by qRT-PCR. CA-STAT5A overexpression significantly
increases STAT5 binding to the PRL promoter region (p � 0.00001 for both
primer pair 1 and primer pair 2). Results shown are representative for three
independent experiments in triplicate.

FIGURE 4. Positive feedback loop between PRL and STAT5. hCMEC/D3
cells at 95–100% confluence were starved for 24 h. The media were then
replaced with conditioned media collected from shCon or shPRL-expressing
hCMEC/D3 cells that had been transduced with Ad-Con, Ad-CA-STAT5A, or
Ad-DN-STAT5A. The cells were treated with the conditioned media for 15 min.
The conditioned media-treated cells were lysed, and 250 �g of total protein
was immunoprecipitated (IP) with anti-PY20/PY99 antibody. The membranes
were probed with antibodies to STAT5, STAT3, and STAT1, respectively. Total
cell lysates were also analyzed for endogenous expression of STAT5, STAT3,
and STAT1 protein, respectively, to serve as loading control. IB, immunoblot.
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Because active STAT5 induces expression and secretion of PRL
(Figs. 1C and 2C), these observations point toward a positive
feedback loop that would drive enhanced and sustained STAT5
activation via autocrine PRL.
STAT5-induced PRL Activity Does Not Promote Cell

Proliferation—We previously demonstrated that PLF, secreted
by mouse ECs expressing CA-STAT5A, induces EC migration,
invasion, and tube formation but fails to stimulate proliferation.
To determine whether PRL has a similar activity in human ECs,
we studied ECmitogenesis using the BrdU incorporation assay.
Conditioned medium from ECs transduced with CA-STAT5A
had no effect on hCMEC/D3 cellmitogenesis. Neither silencing
of PRL expression by shRNA nor neutralization of PRL activity
with a blocking antibodyhad any effect onECmitogenesis (sup-
plemental Fig. 3,A andB). Similarly, recombinant PRL used at
a concentration of up to 1 �g/ml failed to induce a mitogenic
effect (supplemental Fig. 3C). This result is intriguing con-
sidering that PRL secretion leads to robust ERK1/2 activa-
tion (Fig. 2D).
STAT5-induced PRL Activity Is Required for Endothelial Cell

Migration, Invasion, and Tube Formation—Endothelial cell
migration, tube formation, and invasion in Matrigel are con-
sidered relevant in vitro surrogate assays for angiogenesis
(35). Compared with control, conditioned medium from
CA-STAT5A-transduced ECs induces EC migration 2–3-fold

(Fig. 5A). shRNA silencing of PRL expression in the producer
ECs (Fig. 5A) or neutralization of PRL activity in the condi-
tioned medium (Fig. 5B) abolishes CA-STAT5A-induced EC
migration, implicating PRL as the active constituent. Condi-
tioned medium from CA-STAT5A-transduced ECs induces
the formation of capillary tube-like structures in EC cultures in
matrigel gels by �2–2.5-fold. This activity is significantly
reduced by disrupting PRL expression with shRNA or blocking
PRL with a neutralizing antibody. These findings indicate that
PRL is required for STAT5-induced capillary morphogenesis
(Fig. 6, A and B).
To examine whether the pro-angiogenic effect of PRL is

limited to hCMEC/D3 cells or applies more universally to
other ECs, we repeated the experiments in similar form using
HUVEC, a well characterized human endothelial cell model.
The results in HUVEC closely mirror our findings in
hCMEC/D3 cells. HUVEC secrete PRL, and expression is
silenced by shRNA (supplemental Fig. 4A). CA-STAT5A
expression stimulates PRL secretion (supplemental Figs. 1C
and 4B), which is reduced by lentiviral delivery of a PRL shRNA
construct (supplemental Fig. 4B). Conditioned medium pro-
duced by CA-STAT5A-expressing HUVEC induces migration
(supplemental Fig. 5), tube formation (supplemental Fig. 6), and
invasion (supplemental Fig. 7) in a PRL-dependent manner. As
in hCMEC/D3 cells, conditioned medium from CA-STAT5A-

FIGURE 5. PRL is necessary for EC migration. A, dependence of hCMEC/D3 migration on PRL is shown. hCMEC/D3 cell monolayers at �95% confluence were
wounded with a pipette tip after a 24-h starvation period. The medium was then replaced with conditioned medium as indicated, and the cells were incubated
for 2 additional days. Photographs were taken with a phase-contrast microscope, and relative migration distance during the gap closure was measured with
ImageJ and expressed as the mean � S.D. for three photographs. Shown is one of two independent experiments. Silencing of PRL expression in CA-STAT5-
transduced cells resulted in decreased cell migration (*, p � 0.0005). B, neutralizing anti-PRL antibody decreases cell migration. Dialyzed polyclonal rabbit anti
human PRL at a final concentration of 5 �g/ml was used to neutralize PRL in the conditioned medium. An identical concentration of rabbit serum was used as
control antibody. Photographs were taken with a phase-contrast microscope, and relative length of migration was measured with ImageJ and expressed as the
mean � S.D. after analyzing three photographs. Neutralization of PRL resulted in decreased cell migration (p � 0.00004). Shown is one of two independent
experiments.
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expressing HUVEC induces PRLR and ERK1/2 phosphoryla-
tion in native HUVEC, which is abolished by silencing of PRL
expression in the producer cells (supplemental Fig. 8).
Recombinant PRL Restores Activity after shRNA Expression

Silencing—To further confirm a critical role for PRL in capillary
morphogenesis and to control for potential off-target effects of
the shRNA treatment, we examined whether recombinant PRL
can rescue EC tube formation in conditioned medium pro-
duced by cells in which PRL expression had been knocked
down. Indeed, recombinant PRL at a concentration of 50 ng/ml
completely restores EC tube formation, indicating that PRL is
necessary and sufficient for the induction of capillary tube for-
mation (Fig. 7).
STAT5 Mediates PRL-dependent VEGF Induction—VEGF is

a potent proangiogenic factor that is transcriptionally regulated
by STAT3 in certain models (36). To determine whether VEGF

plays a role in STAT5-mediated angiogenesis in our system,
we first examined whether VEGF secretion is induced by
CA-STAT5 overexpression. hCMEC/D3 cells stably transfected
with shCon or shPRL were transduced with CA-STAT5A,
DN-STAT5A, or control adenovirus. CA-STAT5A expression
results in a robust induction of VEGF secretion (Fig. 8A). Sur-
prisingly, STAT5-dependent VEGF secretion is abolished by
shRNA-mediated PRL expression silencing, suggesting that
PRL signaling is required upstream of VEGF production. Con-
sistent with this model, recombinant PRL stimulates VEGF
secretion (Fig. 8B, upper panel), indicating that PRL signaling is
sufficient for VEGF induction. Recombinant PRL is active in
vitro, because as expected it induces PRLR and ERK1/2 phos-
phorylation (Fig. 8B, lower panel). These observations are con-
sistent with a model in which active STAT5 mediates VEGF
expression through a PRL-dependent pathway. In a feedback

FIGURE 6. PRL is required for STAT5A-induced EC tube formation. A, hCMEC/D3 stably expressing shPRL or shCon were transduced with Ad-CA-STAT5A or
empty virus, and then conditioned media were collected and tested for their ability to induce EC tube formation in Matrigel as detailed under “Experimental
Procedures.” EC tube formation was measured at 6 h. Photographs were taken with a phase-contrast microscope, and relative tube length was measured with
ImageJ. Results are expressed as the mean � S.D. for three photographs. CA-STAT5A-stimulated tube formation was diminished by shPRL, indicating that PRL
is required for this activity (*, p � 0.00038). Shown is one of three independent experiments. B, neutralizing antibody to PRL abolishes EC tube formation
stimulated by conditioned medium from CA-STAT5A-expressing hCMEC/D3 cells. Neutralizing antibody directed against human PRL or rabbit serum control
were added to conditioned medium produced by CA-STAT5A expressing hCMEC/D3 cells at a final concentration of 5 �g/ml. The antibody-treated condi-
tioned medium was added to starved hCMEC/D3 cells, and tube formation was measured after 6 h. Photographs were taken with a phase-contrast microscope,
and relative tube length was measured with ImageJ and expressed as the mean � S.D. analyzing three photographs (chart). Data represent one of three
independent experiments in triplicate. The addition of anti-PRL antibody significantly inhibited tube formation (p � 0.00039).
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loop, PRL further activates STAT5, which enhances expression
of PRL and subsequently VEGF.
VEGF Signaling via VEGFR2 Participates in STAT5-depen-

dent Autocrine Stimulation of EC Tube Formation—To study
whether VEGF secretion contributes to the proangiogenic
effect of the conditioned medium from CA-STAT5A overex-
pressing cells, we blocked VEGF activity and analyzed the abil-
ity of the medium to induce endothelial cell tube formation.
Neutralization of VEGF significantly reduces EC tube forma-

tion, indicating that VEGFparticipates in the signaling pathway
(Fig. 9). The addition of recombinant VEGF to medium condi-
tioned by ECs expressing DN-STAT5A partially restores EC
tube formation. To further investigate the role of STAT5-de-
pendent PRL and VEGF secretion in the regulation of angio-
genic events, we analyzed whether the VEGFR2 is involved in
EC tube formation stimulated by conditioned medium from
ECs expressing active STAT5. The inhibition of VEGFR2 by
Sunitinib (1.0 �g/ml) led to a slight but significant reduction
in EC tube formation after conditioned medium from
CA-STAT5A-overexpressing ECs had been added, indicating
that VEGFR2 signaling does play a role in CA-STAT5A-in-
duced angiogenic activity (supplemental Fig. 9A). Although EC
tube formation induced by recombinant VEGF is significantly
diminished by the inhibition of VEGFR2 by Sunitinib (supple-
mental Fig. 10), EC tube formation stimulated by the addition
of PRL alone is not affected by inhibition of the VEGFR2
(supplemental Fig. 9B). In aggregate, these data suggest that
secretion of PRL and VEGF both contribute to STAT5-in-
duced angiogenesis.

DISCUSSION

We show here that STAT5 activation in ECs induces the
transcription and secretion of PRL. PRL, in turn, activates the
PRLR and induces EC migration, invasion, and tube formation
but not EC proliferation. Binding of PRL to PRLR activates
STAT5, which suggests an autocrine positive feedback loop
that would be expected to amplify and sustain angiogenic sig-
naling. PRL signaling also induces the secretion of the powerful
pro-angiogenic factor VEGF. Neutralization of VEGF activity
abolishesmost of the CA-STAT5A effect on EC tube formation
(Fig. 9), whereas inhibition of the VEGFR2 by Sunitinib has a
more limited effect (supplemental Fig. 10A).
Roles of PRL in Angiogenesis—The classical view of PRL as a

pituitary gland-derived hormone with roles in mammary gland
development and lactation had to be revisedwhen PRL produc-
tion in extrapituitary cell types such as fibroblasts and neurons
was shown (37, 38). PRL is also secreted by various ECs (15–17),
a cell type that also expresses PRLR (6, 15, 39, 40) and thus
might be subject to autocrine stimulation by this hormone.
Some reports describe an effect of PRL on EC proliferation (9),
whereas we and others have failed to observe this activity (6).
This discrepancy may be due to different EC types used in the
experiments or different functional states of the target cells.
Reuwer et al. (6) observed enhanced EC migration and tube
formation in response to PRL, but not proliferation, which is
consistent with our findings. The relevance of PRL signaling for
angiogenesis induction in vivo is also beginning to emerge. Ko
et al. (41) observed testicular angiogenesis in response to sys-
temic PRL expression and full-length PRL increases in vascular
density in the chicken chorioallantoic membrane assay (5–7).
The proangiogenic role of PRL family members appears to be
conserved across species, with PLF fulfilling this role in mice
(22, 42).
Some of the earlier work onPRL and angiogenesis focused on

shorter 16-kDa fragments of PRL family members, so-called
vasoinhibins, which potently inhibit angiogenesis (7, 10, 12, 43).
The 16-kDa fragments are generated by proteolytic cleavage of

FIGURE 7. Recombinant PRL restores EC tube formation in CA-STAT5-ex-
pressing cells after PRL knockdown with shPRL RNA. A, conditioned
medium from EC with and without CA-STAT5 and with and without shPRL-
RNA was added to ECs to test tube formation in starved EC. The addition of
recombinant PRL (50 ng/ml) restored tube formation of conditioned medium
produced by EC in which PRL production had been silenced by shRNA. EC
tube formation was measured at 6 – 8 h. Photographs were taken with a
phase-contrast microscope, and relative tube length was measured with
ImageJ and expressed as mean � S.D. for three photographs. Shown is one of
three independent experiments. B, quantitation of tube formation is shown.
Data represent one of three independent experiments in triplicate. C, recom-
binant human PRL stimulates tube formation in hCMEC/D3. Starved
hCMEC/D3 cells were tested for tube formation in serum-free medium con-
taining different concentrations of human recombinant PRL. EC tube forma-
tion was measured at 6 – 8 h. Photographs were taken with a phase-contrast
microscope, and relative tube length was measured with ImageJ and
expressed as the mean � S.D. for three photographs.
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full-length PRL, growth hormone, and PL, catalyzed by several
enzymes including cathepsin D, matrix metalloproteases and
bone morphogenic protein (43–45). Although full-length PRL
utilizes the PRLR, its proteolytic fragments appear to signal via
a different receptor (39) or an alternative signaling mechanism
that relies on the molecule’s physical properties as “tilted” pep-
tides (13). The existence of distinct signaling pathways of full-
length and 16-kDa forms of PRL is also supported by in vivo
studies. 16-kDa PRL is active during the early, proliferative
phase of the chorioallantoic membrane assay, when full-length
PRL is inactive, whereas the reverse effect is seen during the late
“differentiation” phase of the chorioallantoic membrane assay
(5–7). The dual function of PRL as autocrine stimulator and
inhibitor of angiogenesis dependent on protein processing con-
stitutes an efficient and unique regulatory mechanism (7, 10).
PRL and STAT5 Participate in a Positive Feedback Loop—

STAT5 is well characterized as a critical transcription factor
downstream of the PRLR that mediates many PRL activities,
particularly in mammary gland development and breast cancer
(21, 46). Our observation that active STAT5 induces the pro-
duction of PRL in ECs is novel and expands our understanding
of the interaction between these two signaling molecules.
STAT5-induced PRL is bioactive as it induces the phosphory-

lation of PRLR and of ERK1/2 and stimulates the phosphoryla-
tion of STAT5 (and to a lesser degree STAT1 and STAT3). This
sets the stage for a positive feedback loop, which could amplify
or sustain angiogenesis independent of the original paracrine
pro-angiogenic signal. This loop could be switched off by pro-
teases such as cathepsin D or morphogenic protein, which
process full-length PRL to the antiangiogenic 16-kDa peptide.
PRL-dependent VEGF Expression and Angiogenesis—VEGF

is an important paracrine and autocrine stimulator of angio-
genesis (47–49). Multiple factors have been implicated in the
regulation of VEGF expression in different tissues, including
hypoxia-induced pathways, cytokines, and steroid hormones.
VEGF secretion in estrogen-induced PRL-secreting rat pitui-
tary tumors as well as the PRL-secreting rat pituitary tumor cell
line GH3 is elevated compared with normal pituitary glands
(50). Furthermore, patients with pituitary tumors have elevated
serum VEGF levels (51). This finding also coincides with the
observation that the production of active VEGF isoforms by
mammary epithelial cells is increased during lactation when
PRL levels are elevated (52). These observations point to a role
of PRL in the regulation of VEGF expression.
Regulation of VEGF gene transcription occurs as the result of

several transcription factors acting on the VEGF promoter

FIGURE 8. PRL-dependent induction of VEGF. A, effect of PRL on VEGF induction. hCMEC/D3 stably expressing shPRL or shCon were transduced with
Ad-CA-STAT5A or empty virus as detailed under “Experimental Procedures.” Then conditioned media were collected and tested for expression of PRL and VEGF.
The treated cells were lysed, and lysates were also analyzed for expression of exogenous STAT5A and �-actin, which served as the loading control. B, effect of
recombinant PRL. Starved hCMEC/D3 cells were treated with recombinant PRL at 25 ng/ml for 16 h (upper panel) or 15 min (lower panel) in serum-free medium
condition. The conditioned media (CM) from cells treated for 16 h were analyzed for expression of VEGF and PRL, and the cells treated for 15 min were analyzed
for the activation of PRLR, STAT5, and ERK1/2 as described for Fig. 2. IP, immunoprecipitation; IB, immunoblot.
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including estrogen receptor (53), Sp1/Sp3 (54), and STAT3
(55). PRL-induced VEGF secretion has been described by oth-
ers (56, 57) and involves both SP1 and Egr1 transcription fac-
tors (56).Whether STAT5 activation plays a direct role in PRL-
induced VEGF production in our system remains an open
question.
Clinical Relevance and Role of PRL in Tumor Angiogenesis—

Autocrine VEGF secretion is required for maintaining the
integrity of the vascular system (48) although no vascular
abnormalities have been described in either PRL- (58) or PRLR-
deficient mice (46). Therefore, it is unlikely that autocrine PRL

signaling is necessary for vascular development or vessel main-
tenance in adults. A potential role for PRL in tumor angiogen-
esis is more compelling. Paracrine and autocrine PRL signaling
has been linked to prostate (59) and breast carcinoma (21)
development and progression, and PRLR expression has been
identified in tumor vessel EC of breast carcinomas (6). PRL is
found in benign CNS tumors (60) and is secreted by malignant
glioma cells.3 Tumor or stromal cell-derived PRL in addition to

3 X. Yang and A. Friedl, unpublished observations.

FIGURE 9. VEGF participates in the proangiogenic activity of conditioned medium produced by CA-STAT5A-expressing hCMEC/D3 cells. A, a tube
formation assay. Neutralizing polyclonal rabbit anti-VEGF (final 5 �g/ml) antibody was used to block VEGF, and recombinant VEGF (10 nM) was used for rescue.
Rabbit serum was used as the control. Photographs were taken with a phase-contrast microscope, and relative tube length was measured with ImageJ and
expressed as the mean � S.D. analyzing three photographs. Photos represent one of three independent experiments in triplicate. B, quantitation of tube
formation assay. Data represent one of three independent experiments in triplicate.
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PRL secreted by ECmay participate in a complex signaling net-
work that drives and sustains tumor angiogenesis. The auto-
crine feedback loop involving PRL and STAT5, which appears
to occupy a central role in this network, offers an attractive
target for therapeutic intervention. PRLR antagonists have
recently been described (61, 62) that could be used alone or in
combination with STAT5 blockers (63, 64) to disrupt the pos-
itive feedback loop. Similarly, 16-kDa PRL or related peptides
may be administered to counteract full-length PRL. The viabil-
ity of such strategies for the antiangiogenic therapy of tumors
remains to be tested in preclinical models. In summary, we
describe a novel proangiogenic, autocrine feedback loop that
centers around STAT5 andPRL signaling and involvesVEGF as
a downstream effector molecule.
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