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The lymphatic system plays an important role in in-
flammation and cancer progression, although the
molecular mechanisms involved are poorly under-
stood. As determined using comparative transcrip-
tional profiling studies of cultured lymphatic endo-
thelial cells versus blood vascular endothelial cells,
growth hormone receptor was expressed at much
higher levels in lymphatic endothelial cells than in
blood vascular endothelial cells. These findings were
confirmed by quantitative real-time reverse transcrip-
tase-polymerase chain reaction and Western blot
analyses. Growth hormone induced in vitro prolifer-
ation, sprouting, tube formation, and migration of
lymphatic endothelial cells, and the mitogenic effect
was independent of vascular endothelial growth fac-
tor receptor-2 or -3 activation. Growth hormone also
inhibited serum starvation-induced lymphatic endo-
thelial cell apoptosis. No major alterations of lym-
phatic vessels were detected in the normal skin of
bovine growth hormone-transgenic mice. However,
transgenic delivery of growth hormone accelerated
lymphatic vessel ingrowth into the granulation tissue
of full-thickness skin wounds, and intradermal deliv-
ery of growth hormone resulted in enlargement and
enhanced proliferation of cutaneous lymphatic ves-
sels in wild-type mice. These results identify growth
hormone as a novel lymphangiogenic factor. (Am J
Pathol 2008, 173:586–597; DOI: 10.2353/ajpath.2008.080060)

Lymphatic vessels play an important role in tissue fluid
homeostasis and lipid uptake as well as in pathological
conditions such as inflammation and cancer dissemina-
tion.1,2 Recent studies have highlighted a direct correla-
tion between the occurrence of lymph node metastases
and lymphatic vessel density in several types of human
cancer, including cutaneous malignant melanoma3 and
head and neck cancer.4 Moreover, in mouse models of
cancer, tumor-induced lymphangiogenesis potently pro-
motes tumor metastasis to lymph nodes and other
sites.5,6 Lymphangiogenesis also occurs in tumor-draining

lymph nodes, and lymph node lymphangiogenesis is asso-
ciated with enhanced metastasis to distant organs in mouse
tumor models and also in some types of human cancer.7–10

Thus, there has been a quest for identifying the molecular
mediators of lymphangiogenesis.

The first specific lymphangiogenic factors identified
were vascular endothelial growth factor-C (VEGF-C) and
VEGF-D, which activate VEGF-receptor-3 (VEGFR-3)11

expressed on lymphatic endothelial cells (LECs) but not
on blood vascular endothelial cells (BVECs) under nor-
mal conditions.12 During embryogenesis, VEGF-C is re-
quired for the development of the lymphatic vascular
system,13 and overexpression of VEGF-C or -D in exper-
imental tumors promotes tumor lymphangiogenesis and
metastasis. Furthermore, VEGF-C and -D expression lev-
els have been shown to correlate with the incidence of
metastases in a large number of human tumor types.14

More recently, additional lymphangiogenic factors have
been identified, including VEGF-A,7,15–17 hepatocyte
growth factor,18 angiopoietin-1,19 insulin-like growth fac-
tors I and II (IGF-I and -II),20 and platelet-derived growth
factor-BB.21 However, the relative importance of these
factors in physiological and pathological lymphangiogen-
esis is currently unclear, and additional factors are likely
involved.

Growth hormone receptor (GHR) belongs to the cyto-
kine receptor superfamily and is expressed by a number
of different cell types including fetal mesenchymal tis-
sue22 from which vessels develop. On binding of its
ligand, the pituitary gland-derived growth hormone (GH,
also known as somatotropin), the GHR forms homodimers
leading to receptor autophosphorylation and activation of
insulin receptor substrate 1 and 2, janus kinase 2, and
phosphatidylinositol-3 kinase.23 In addition to production
by the pituitary gland, ectopic GH expression has also
been found in vivo in the developing rat lung,24 normal
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and neoplastic human lymphoid tissues and endothelial
cells,25 in normal and cancerous breast tissue,26 as well
as in pancreatic cancer.27 In vitro GH expression has
been described in human dermal fibroblasts, in T-cell
lymphoma and monocyte lymphoma cell lines,28 in pe-
ripheral blood mononuclear cells,29 and in murine gran-
ulocytes and macrophages.30

GH signaling has been implicated in promoting post-
natal longitudinal growth, in carbohydrate metabolism, in
adipocyte maturation, and in the maintenance and devel-
opment of the immune system.31 GH also has been
shown to enhance the proliferation of human retinal mi-
crovascular endothelial cells32 and of bovine brain cap-
illary endothelial cells,33 and to promote the formation of
capillary-like structures by human umbilical cord vein
cells in vitro.34 In vivo, GH exerts an angiogenic effect in
the late-stage chicken-chorioallantoic membrane as-
say,35 and transgenic mice expressing bovine GH under
the rat phosphoenolpyruvate carboxykinase promoter
(bGH tg) show enhanced vascularization of the wound
granulation tissue.36 However, the potential activity of GH
in lymphatic vessel formation and function is not known.

In previous gene expression profiling studies of cultured
human LECs and BVECs, we detected that GHR expres-
sion levels were higher in LECs than in BVECs.37 In the
present study, we investigated the in vitro and in vivo expres-
sion and function of GHR and GH, respectively, with regard
to potential activity on the lymphatic vascular system. We
found that GHR was expressed at much higher levels in
LECs than in BVECs, as evaluated by quantitative real-time
reverse transcriptase-polymerase chain reaction (RT-PCR)
and by Western blot analyses. GH induced in vitro prolifer-
ation, sprouting, tube formation, and migration of LECs, and
the mitogenic effect was independent of VEGFR-2 or -3
activation. GH also inhibited serum starvation-induced LEC
apoptosis. No major alterations of lymphatic vessels were
detected in the normal skin of bGH tg mice. However,
transgenic delivery of GH accelerated lymphatic vessel in-
growth into the granulation tissue of full-thickness skin
wounds, and intradermal delivery of GH resulted in enlarge-
ment and enhanced proliferation of cutaneous lymphatic
vessels in wild-type mice. Together, these findings identify
GH as a novel lymphangiogenic factor and suggest a po-
tential role in pathological conditions associated with lym-
phatic vessel activation.

Materials and Methods

Cells

Dermal BVECs and LECs were isolated from neonatal
human foreskins by immunomagnetic purification as pre-
viously described.18 The lineage-specific differentiation
was confirmed by real-time RT-PCR for the lymphatic
vascular markers Prox1, LYVE-1, and podoplanin, and for
the blood vascular endothelial markers VEGFR-1 and
VEGF-C, as well as by immunostains for CD31, LYVE-1,
and Prox1 as described.37 Cells were cultured in endo-
thelial basal medium (Cambrex, Verviers, Belgium) sup-
plemented with 20% fetal bovine serum (Gibco, Paisley,

UK), antibiotic antimycotic solution (1�; Fluka, Buchs,
Switzerland), L-glutamine (2 mmol/L, Fluka), hydrocorti-
sone (10 �g/ml, Fluka), and N6,2�-O-dibutyryladenosine-
3�,5�-cyclic monophosphate sodium salt (25 �g/ml,
Fluka) for up to 11 passages. Cells were grown in a
humidified atmosphere at 37°C and 5% CO2.

Quantitative Real-Time RT-PCR

Total cellular RNA was extracted from confluent LECs or
BVECs using the Trizol reagent (Invitrogen, Paisley, UK)
and treated with RQ RNase-free DNase (Catalys AG,
Wallisellen, Switzerland) in the presence of RNase inhib-
itor (Applied Biosystems, Rotkreuz, Switzerland). The ex-
pression levels of vascular lineage-specific genes and of
GHR were examined by real-time PCR using the 7900HT
fast real-time PCR system and TaqMan one-step RT-PCR
master mix reagents (Applied Biosystems). Primer and
probe sequences for detection of Prox-1, LYVE-1, and
VEGFR-1 have been described previously.37 For detec-
tion of GHR, the forward primer 5�-CATTGCCCTCAACT-
GGACTT-3� and reverse primer 5�-GTGGTGCTTCCC-
ATCTCACT-3� were used in combination with SYBR
Green PCR master mix (Applied Biosystems). IGF-I,
VEGF-A, and VEGFR-2 mRNA expression levels were
determined by TaqMan gene expression assays (Applied
Biosystems) after treatment with 100 ng/ml of recombi-
nant human GH (R&D Systems, Abingdon, UK) for 30
minutes, 4 hours, or 24 hours. All RT-PCR results were
normalized by the expression levels of �-actin.18

Immunoblotting and Enzyme-Linked
Immunosorbent Assay

LECs and BVECs were grown to 80% confluence. Total
protein was extracted in lysis buffer (20 mmol/L Tris, 150
mmol/L sodium chloride, 5 mmol/L ethylenediaminetet-
raacetic acid, 1% Triton X, 25 mmol/L sodium fluoride, 1
mmol/L phenylmethyl sulfonyl fluoride, 1 mmol/L sodium
metavanadate, 10% glycerol, one tablet of ethylenedia-
minetetraacetic acid-free protease inhibitor cocktail per
10 ml extraction buffer (Roche, Basel, Switzerland)) and
the protein concentration was determined using the
NanoOrange protein quantitation kit (Invitrogen). Eighty
�g of total protein were immunoprecipitated with a mouse
anti-GHR antibody (0.25 �g; Abcam, Cambridge, UK),
separated in an 8% acrylamide separating gel and im-
munoblotted with the same GHR antibody (2 �g/ml) and
an anti-mouse horseradish peroxidase antibody (1:2000;
Amersham, Duebendorf, Switzerland). In an additional
study, 2 ml of supernatant were obtained from LECs
treated with 100 ng/ml of GH (R&D Systems) for 6 hours
or 24 hours. After immunoprecipitation of IGF-I using a
goat anti-IGF-I antibody (5 �g, R&D Systems), IGF-I was
detected by incubation with a goat anti-IGF-I antibody
(0.2 �g/ml, R&D Systems) and anti-goat horseradish per-
oxidase antibody (1:2000, Invitrogen). Recombinant hu-
man IGF-I (R&D Systems) was used as a positive control.
Protein bands were visualized by the ECL plus Western
blotting detection system (Amersham). For detection of
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IGF-I by enzyme-linked immunosorbent assay, 200 �l of
immunoprecipitated tissue culture supernatant, and a di-
lution series of recombinant IGF-I were mixed with car-
bonate buffer (sodium hydrogen carbonate and sodium
carbonate, 0.1 mol/L, pH 8.8) and incubated overnight in
Nunc-Immuno 96-microwell plates (VWR, Dietikon, Swit-
zerland) at 4°C. IGF-I was detected by incubation with
0.75 �g/ml goat anti-IGF I antibody (R&D Systems) and
anti-goat horseradish peroxidase antibody (1:1000, In-
vitrogen). Detection was performed using BM Blue POD
substrate (Roche) and stopped by applying sulfuric acid.
Absorbance was measured by using a VersaMax micro-
plate reader (Bucher Biotec AG, Basel, Switzerland).

Immunofluorescence Staining and
Morphometric Analyses

Immunofluorescence analyses were performed on 6-�m
frozen sections of human neonatal foreskins and of mouse
skin samples after implantation of Matrigel containing re-
combinant human GH or phosphate-buffered saline (PBS),
as well as of 6-�m paraffin sections of skin samples ob-
tained from bGH transgenic and age-matched wild-type
mice (kindly provided by Dr. Sabine Werner, ETH Zurich,
Switzerland).36 The antibodies used were reactive against
the lymphatic-specific markers podoplanin38 (D2-40, 1:100;
Signet, Dedham, USA) and LYVE-138 (reactive against both
human and mouse,1:1000; Upstate, Dundee, UK), against
the panendothelial marker CD3139 (anti-human and anti-
mouse, 1:50; Becton Dickinson, Allschwil, Switzerland) and
against GH receptor (anti-human, 1:20; R&D Systems). Cor-
responding secondary antibodies were labeled with Alexa
488 or Alexa 594 (Invitrogen). Frozen sections were fixed in
�20°C acetone for 2 minutes and 4°C 80% methanol for 5
minutes. Antigen retrieval was performed by boiling the
sections for 10 minutes in citric acid buffer. For BrdU stains
(Alexa 594-conjugated antibody, 1:60; Invitrogen), tissues
were pretreated with 2 N HCl for 20 minutes at room tem-
perature. Nuclei were counterstained with 20 �g/ml Hoechst
trihydrochloride, trihydrate (nitrogen). Sections were examined
by an Axioskop 2 plus microscope and pictures were taken
using a AxioCam MRc (Carl Zeiss AG, Feldbach, Switzerland).
The vessel density, vessel size, and average area occupied by
vessels were determined in CD31/LYVE-1-stained sections
obtained from wild-type and bGH transgenic mice as de-
scribed,18 using the IPLab software (Scanalytics, Rockville,
MD). Three pictures each were taken of hot-spot areas in
normal tail skin (wild-type: n � 10 female and n � 6 male;
transgenic: n � 9 female and n � 6 male), and four in areas
surrounding or within the granulation tissue of 5-day-old skin
wounds (wild-type: n � 5 female; transgenic: n � 6 female).
For the Matrigel study, blood and lymphatic vessels as well as
BrdU-positive LECs were analyzed in three areas in close
proximity to the Matrigel. Morphometric analyses were per-
formed by an investigator blinded to the identity of the sam-
ples. Statistical analyses were performed using the two-tailed
unpaired Student’s t-test (Graph Pad Prism 4; GraphPad Soft-
ware Inc., San Diego, CA).

Proliferation, Migration, Apoptosis, Tube
Formation, and Sprouting Assays

Proliferation, migration, and tube formation assay were
primarily performed as described.18 For proliferation as-
says, BVECs and LECs (1.25 to 1.5 � 103) were seeded
into fibronectin- or collagen type I-coated 96-well plates
and were treated with different concentrations of GH (0 to
1000 ng/ml, R&D Systems) or with an equal volume of
PBS in endothelial basal medium containing 2% fetal
bovine serum. LECs were also incubated with GH (100
ng/ml) together with goat anti-human GHR antibody (1
�g/ml, R&D Systems), human anti-human VEGFR-3 anti-
body (clone hF4-3C6, 1 �g/ml), human anti-human
VEGFR-2 (clone 1121b, 10 �g/ml; kind gift of Dr. Bronek
Pytowski, Imclone Systems Inc., New York, NY), goat
anti-human IGF I antibody (10 �g/ml, R&D Systems), or
control IgG (1 �g/ml or 10 �g/ml, respectively). After 72
hours, cells were incubated with 5-methylumbelliferyl-
heptanoate as described.40 The intensity of fluores-
cence, proportional to the number of viable cells, was
measured using a SpectraMax Gemini EM microplate
reader (Bucher Biotec AG).

Haptotactic cell migration was performed in the pres-
ence or absence of GH (10 to 1000 ng/ml) as de-
scribed.18 In additional studies, cells were pre-incubated
with a blocking anti-GHR antibody (1 �g/ml, R&D Sys-
tems), a blocking anti-integrin �9�1 antibody (1 �g/ml;
Chemicon, Temecula, CA), or control IgG for 10 minutes,
and were then seeded into the upper chambers of trans-
well migration chambers and incubated for 3 hours in the
presence or absence of GH (100 ng/ml). Migrated cells
were stained with Calcein AM (Invitrogen) and fixed in 4%
paraformaldehyde. The fluorescence intensity, propor-
tional to the number of transmigrated cells, was mea-
sured using a SpectraMax Gemini EM reader.

For tube formation assays, confluent LEC monolayers
were overlaid with collagen type I gels as described18 (1
mg/ml; Cohesion, Palo Alto, CA) containing GH (100
ng/ml) or an equal volume of PBS. Tubes were evaluated
for up to 20 hours. Three pictures of hot-spots were taken
per well and total tube length was analyzed using the IP
Lab software as described.18

Spheroid sprouting assays were performed as de-
scribed41 with the following variation. Spheroids were
generated in hanging drops without methylcellulose in
Nunclone plates (1000 cells in 20 �l medium; Nunc
GmbH, Wiesbaden, Germany). After 24 hours of incuba-
tion, spheroids were collected and mixed with collagen
type I solution with or without GH (100 ng/ml). Spheroid
sprouting was analyzed after 16 hours, using an Axiovert
200M microscope (Carl Zeiss AG). Quantitative sprout length
analysis was performed using the IP Lab software.

For apoptosis assays, LECs (one 60-mm plate each)
were treated with 100 ng/ml GH or with PBS for 60 hours
in endothelial basal medium containing 0.2% bovine se-
rum albumin. As a positive control, 200 �mol/L hydrogen
peroxide was applied for 24 hours. Cells were stained
using the In Situ Cell Death Detection kit (Roche), and
fluorescence was detected on a FACS DIVA flow cytom-

588 Tobler et al
AJP August 2008, Vol. 173, No. 2



eter (Becton Dickinson). Events (n � 30,000) were col-
lected for each sample and the data were analyzed using
Flowjo Version 6.3.4 (Tree Star Inc., Ashland, OR).

For all in vitro studies, three independent experiments
were performed, except for the migration assay using
anti-integrin �9�1 antibody and the TUNEL assay, which
were performed twice. Migration, tube formation, sprout-
ing, and proliferation assays using blocking antibodies
were performed in triplicates each. For proliferation as-
says with different GH concentrations, eight wells per
condition were used. The apoptosis assays were per-
formed in single plates. Treatment with VEGF-A (20 ng/
ml) was used as a positive control. Figures illustrate
results of one representative experiment. Statistical anal-
yses were performed using the two-tailed unpaired Stu-
dent’s t-test (Graph Pad Prism 4).

In Vivo Matrigel Lymphangiogenesis Assay

FVB wild-type mice (female, 9 weeks old, n � 8 per
group; Charles River, Sulzbach, Germany) were intrader-
mally injected with 50 �l of growth factor reduced Matrigel
(Becton Dickinson) containing 1 �g/ml of GH (n � 8) or an
equal volume of PBS (n � 8). After 7 days, 3 hours before
tissue harvest, 300 �l of BrdU (40 mmol/L; Sigma, Buchs,
Switzerland) were injected intraperitoneally. Tissues were
embedded and frozen in optimal cutting temperature (OCT)
compound (Sakura Finetek, Zoeterwoude, The Nether-
lands). Immunohistochemistry and morphometric analyses
for mouse LYVE-1 and CD31 were performed as described
above by an investigator blinded to the identity of the
samples. For statistical analyses the two-tailed unpaired
Student’s t-test was used (Graph Pad Prism 4). The animal
study was approved by the Veterinaeramt des Kantons
Zuerich, Zuerich, Switzerland, permission number 123/2005.

Results

Enhanced Expression of GHR by LECs as
Compared to BVECs

To identify genes that are more highly expressed in LECs
than in BVECs, we reanalyzed our previously reported
gene expression profiles comparing LECs and
BVECs.18,42 These results showed that GH receptor
mRNA was more strongly expressed by LECs than by
BVECs (5.72-fold � 0.99; n � 3). The difference in GHR
gene expression levels was confirmed by real-time RT-
PCR in two matched pairs of LECs and BVECs that were
obtained from the same donor each, with an up to 30-fold
increase of GHR mRNA levels in LECs (Figure 1A). Im-
munoprecipitation and Western blot analyses of cell ly-
sates confirmed that these differences in GHR mRNA
expression also correlated with the protein levels (Figure
1B).

Lymphatic Vessels in Normal Skin Express GHR

To investigate whether GHR is also expressed by lym-
phatic vessels in situ, we performed double-immunofluo-

rescence analyses of normal human foreskin for GHR
and for the lymphatic markers LYVE-1 or podoplanin and
the panvascular marker CD31. LYVE-1-positive and po-
doplanin-positive lymphatic vessels also expressed GHR
(Figure 2, A–F). The majority of CD31-positive vessels
were labeled for GHR (Figure 2, G–I). In agreement with
previous results, GHR expression was detected on epi-
dermal keratinocytes and dermal fibroblasts.43 Double-
immunofluorescence staining of murine skin revealed ex-
pression of GHR by LYVE-1-positive lymphatic vessels
(data not shown).

GH Induces LEC Proliferation Independently of
VEGFR-2 or VEGFR-3 Activation in Vitro

We next investigated whether GH might promote prolif-
eration of LECs and whether the different receptor ex-
pression levels in LECs and BVECs in vitro might also
lead to different response rates. GH enhanced LEC pro-
liferation with a minimal effective concentration of 10
ng/ml (P � 0.0073, Figure 3A). At this concentration no
effect on BVECs could be observed (data not shown).
Treatment with 100 ng/ml of GH led to a more than
1.65-fold induction of proliferation in LECs (P � 0.0002,
Figure 3B) but only to a 1.2-fold induction in BVECs (P �
0.0048, Figure 3B) as compared with untreated controls.
Thus, LECs showed a significantly increased sensitivity
toward induction of proliferation by GH, as compared
with BVECs. Addition of an anti-GHR antibody completely
abolished the GH induced proliferation in both cell types,
whereas addition of an isotype control antibody had no
effect (Figure 3B). To investigate whether GH induces
endothelial cell proliferation directly or indirectly via acti-
vation of VEGFRs, as has been described for FGF-2,44,45

Figure 1. GHR is expressed at higher levels in human LECs as compared to
BVECs in vitro. A: Real-time RT-PCR of two matched pairs of LECs (L) and
BVECs (B) that were obtained from the same donor each, revealed an up to
30-fold increase in GHR mRNA levels in LECs. Bars represent mean � SD. B:
Immunoprecipitation and Western blot analyses of cell lysates confirmed that
these differences in GHR mRNA expression also correlated with the protein
levels.
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cells were treated with GH in the absence or presence of
blocking anti-VEGFR-3 or anti-VEGFR-2 antibodies.
Blockade of VEGFRs had no inhibitory effect on
GH-induced endothelial cell proliferation (Figure 3, B and
C), indicating that the mitogenic effects are independent
of VEGFR signaling. Blockade of VEGFR-2 inhibited
VEGF-A-induced LEC proliferation, confirming the block-
ing activity of the antibody (Figure 3C). Qualitative real-
time RT-PCR analyses of LECs after GH treatment for 30
minutes, 4 hours, or 24 hours revealed similar levels of
VEGFR-2 mRNA expression as compared with control
LECs, whereas VEGF-A mRNA levels were below the
detection limit in all samples (data not shown), further
confirming that the GH effects were independent of
VEGFR signaling.

GH Induces Tube Formation, Sprouting, and
Migration of LECs in Vitro

We investigated whether GH might also exert stimulatory
effects on other processes implicated in lymphangiogen-
esis, namely tube formation, sprouting, and migration.

For tube formation assays, confluent LEC monolayers
were overlaid with a collagen type I gel containing or not
100 ng/ml of GH. GH treatment significantly induced
formation of tube-like structures as compared with un-
treated controls (P � 0.001; Figure 4, A and B). Preincu-
bation of the cells with a blocking antibody against GHR,
but not with an isotype control antibody, inhibited the GH
effects. Blockade of the GHR in the absence of GH
stimulation did not reduce baseline LEC tube formation
(Figure 4B).

The chemoattractive activity of GH in LECs was tested
using a transwell migration assay. Addition of GH pro-
moted chemotactic LEC migration with a minimal effec-
tive concentration of 100 ng/ml (P � 0.0091, Figure 4C).
Preincubation with an anti-GHR antibody significantly in-
hibited the migratory response toward GH, as compared
to isotype controls (P � 0.0017, Figure 4D). Integrin �9�1

has been recently described to partially mediate the ef-
fects of HGF on LEC migration.18 Therefore, we next
investigated whether the integrin �9�1 might also play a
role in mediating GH’s effects on LEC migration. How-
ever, incubation with a blocking anti-integrin �9�1 anti-

Figure 2. GHR is expressed by lymphatic vessels in normal human skin. A–F: Double-immunofluorescence analyses of normal human foreskin revealed a
co-expression of the lymphatic-specific markers LYVE-1 (A, green) and podoplanin (D, green) with GH receptor (B and E, red; C and F, merged pictures). G–I:
All CD31-positive vessels (G, green) were labeled for GH receptor (H, red; I, merged picture), confirming GH receptor expression by lymphatic as well as blood
vessels in vivo. Scale bars � 100 �m.

590 Tobler et al
AJP August 2008, Vol. 173, No. 2



body did not reduce the GH-induced stimulation of LEC
chemotactic migration (Figure 4D).

To test the ability of GH to induce sprouting, we em-
bedded spheroids produced by LECs in collagen type I
gels containing 100 ng/ml of GH or vehicle alone. Sphe-
roids formed more sprouts on incubation with GH as
compared to the controls (Figure 4E). When compared to
VEGF-A-treated spheroids, GH stimulation was less
potent and led to shorter sprouts. Treatment of LEC
monolayer cultures with GH also reduced serum
starvation-induced apoptosis (Figure 4F).

Accelerated Lymphatic Vessel Ingrowth into the
Wound Granulation Tissue of GH Transgenic
Mice

To investigate whether GH might also induce lym-
phangiogenesis in vivo, we analyzed transgenic mice that
express bovine GH under the rat phosphoenolpyruvate
carboxykinase-promoter (bGH tg mice).36 Double-immu-
nofluorescence analyses of normal skin for the lymphatic
vessel marker LYVE-1 and the panvascular marker CD31
revealed a slightly increased average size of lymphatic
vessels in both female bGH tg (1937.939 �m2 � 724.94
versus wild-type: 1539.45 �m2 � 703.58; P � 0.24) and
male bGH tg (2455.567 �m2 � 765.58 versus wild-type:
2222.228 �m2 � 433.014; P � 0.53) mice. It is of interest
that the average size of lymphatic vessels was higher in
male than in female wild-type mice. To study whether
transgenic expression of bGH might enhance lymphatic
vessel growth under conditions of lymphangiogenesis,
we quantified lymphangiogenesis and angiogenesis dur-
ing wound healing in bGH tg and control mice. Differen-
tial immunostaining of skin samples, obtained at day 5
after induction of full-thickness wounds,36 for LYVE-1 and
CD31 revealed accelerated ingrowth of LYVE-1-positive/
CD31-positive lymphatic vessels into the wound granu-
lation tissue in bGH tg mice (three of six mice), as com-
pared to wild-type controls (zero of five) (Figure 5, A–C).
In both genotypes, massive accumulations of LYVE-1-
positive macrophages were observed at the lower border
of the granulation tissue. In contrast to lymphatic vessels,
these macrophages did not express CD31 (Figure 5,
F–H). There were no obvious differences in macrophage
numbers between bGH tg and wild-type mice (data not
shown). In agreement with previous results,36 we also
found an increased density of blood vessels within and in
close proximity to the granulation tissue of bGH tg mice
(Figure 5, D and E).

Intradermal Implantation of GH-Containing
Matrigels Promotes Lymphatic Vessel
Enlargement in Mice

We investigated whether intradermal delivery of GH to
normal skin might promote lymphatic vessel activation.
To this end, we implanted Matrigels containing 1 �g/ml of
GH or an equal volume of PBS into the back skin of
female FVB mice. After 7 days, differential immunostain-

Figure 3. GH induces LEC proliferation independent of VEGFR-2 or
VEGFR-3 activation in vitro. A: Dose-dependent effect of GH on LEC
proliferation, as compared to untreated cells, with a minimal effective
concentration of 10 ng/ml (P � 0.0073). B: Treatment with 100 ng/ml of
GH led to a more than 1.65-fold induction of proliferation in LECs (L,
black bars) but only to a 1.2-fold induction in BVECs (B, white bars), as
compared with untreated controls. Addition of an anti-GH receptor
(aGHR) antibody completely abolished the GH-induced proliferation in
both cell types whereas addition of an anti-VEGFR-3 antibody (aVEGFR3)
or isotype control antibodies (CIgGgoat and CIgGhuman) had no inhibitory
effect. C: Addition of an anti-VEGFR-2 antibody (aVEGFR2) or isotype
control antibody (CIgGhuman) did not inhibit the stimulation of LEC
proliferation by GH (100 ng/ml). Addition of the anti-VEGFR-2 antibody
completely blocked VEGF-A-induced proliferation (P � 0.001), confirm-
ing its blocking activity. Bars represent mean � SD. ns, Not significant.
*P � 0.05, **P � 0.01, ***P � 0.001.
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ing for LYVE-1 and CD31 revealed enlargement of lym-
phatic vessels in the skin surrounding GH-containing
Matrigels but not in the skin surrounding control Matrigel
implants (Figure 6, A–C). Double immunostaining for
LYVE-1 and BrdU revealed the presence of several pro-

liferating LECs in lymphatic vessels surrounding GH-con-
taining implants (Figure 6C). This was only rarely seen in
control implanted mice. We also found several enlarged
LYVE-1-negative, CD31-positive blood vessels surround-
ing GH-containing Matrigel implants (Figure 6B). Quanti-

Figure 4. Treatment of LECs with GH induces tube formation, sprouting, and migration, and inhibits apoptosis in vitro. A: Confluent LEC monolayers were
overlaid with a collagen type I gel containing or not 100 ng/ml of GH. GH treatment significantly induced formation of tube-like structures as compared with
untreated controls (P � 0.001). A and B: Preincubation of the cells with a blocking antibody against GHR (aGHR), but not with an isotype control antibody (CIgG),
inhibited the GH effects. C: Addition of GH promoted chemotactic LEC migration with a minimal effective concentration of 100 ng/ml (P � 0.0091). D:
Preincubation with an anti-GHR antibody, but not with a blocking anti-integrin a9b1 antibody, significantly inhibited the migratory response toward GH, as
compared to isotype controls (P � 0.0017). Bars represent mean � SD. ns, Not significant. **P � 0.01, ***P � 0.001. E: Spheroids produced by LECs, cultured in
collagen type I gels, formed significantly more sprouts on incubation with 100 ng/ml of GH as compared to controls, but less than the treatment with 20 ng/ml
of VEGF-A. F: Treatment of LEC monolayer cultures with 100 ng/ml of GH reduced serum starvation-induced apoptosis (gray line) as compared to vehicle-treated
cells (black line). Hydrogen peroxide treatment was used as a positive control (dotted line). Scale bars � 100 �m (B).
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tative image analyses of LYVE-1/CD31-stained sections
showed a slight increase in the size of lymphatic (555.62
�m2 � 188.21 versus 463 �m2 � 82.94; P � 0.29) and
blood vessels (162.87 �m2 � 64.92 versus 129.76 �m2 �
32.96; P � 0.28) surrounding GH-containing Matrigels
(Figure 6, D and G). In contrast, the number of lymphatic
and blood vessels was unchanged (Figure 6, F and I).

Discussion

To date, several mediators of lymphangiogenesis have
been identified. Among these, VEGF-C represents the most

important lymphangiogenic factor in many human can-
cers.46 Moreover, there is increasing evidence that lym-
phatic vessel activation plays an important role in mediating
acute and chronic inflammation.16,47 Therefore, identifica-
tion of the molecular mediators of lymphatic vessel growth
will likely provide novel insights into the pathomechanisms
of disease. In a search for novel pathways involved in lym-
phangiogenesis, we have used transcriptional profiling of
cultured human dermal BVECs and LECs to identify en-
hanced expression of GHR in lymphatic endothelium in
vitro. These results were confirmed by quantitative real-time
RT-PCR and by Western blot analyses. We also found that

Figure 5. Accelerated lymphatic vessel ingrowth into the granulation tissue of bGH transgenic mice. A and B: Differential immunostains of skin samples for
LYVE-1 (green) and CD31 (red) revealed accelerated ingrowth of LYVE-1-positive/CD31-positive lymphatic vessels into the wound granulation tissue in bGH tg
mice (arrows). C: Merged picture of a LYVE-1/CD31-positive lymphatic vessel in the wound granulation tissue (blue, nuclei). D and E: Increased density of
CD31-positive vessels within and in close proximity to the granulation tissue of bGH tg mice (E) compared to wild-type littermates (D: GT, granulation tissue;
NT, normal tissue). F–H: Massive accumulation of LYVE-1-positive macrophages (arrows) were observed at the lower border of the granulation tissue in both
genotypes. In contrast to lymphatic vessels, these macrophages did not express CD31. CD31-positive vessels are indicated (arrowhead). Scale bars � 100 �m.
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GH promotes LEC proliferation, migration, sprouting, and
tube formation, and inhibits starvation-induced apoptosis.
Moreover, our studies in transgenic mice and intracutane-
ous application of GH indicate that GH also activates lym-
phatic vessels in vivo.

GHR was one of the most potently up-regulated genes
in LECs as compared to BVECs, indicating that strong
GHR expression is characteristic for the lymphatic phe-
notype in vitro. It is of interest that GHR mRNA levels were
also increased after infection of BVECs with the Kaposi’s
sarcoma-associated herpesvirus (KSHV), which leads to
a lymphatic reprogramming of blood vascular endotheli-

um.42,48 The KSHV-induced lymphatic reprogramming is
partially mediated by up-regulation of the transcription
factor Prox1, and we have previously shown that siRNA-
mediated Prox1 knockdown diminished the KSHV-medi-
ated induction of GHR.42 Furthermore, our recent studies
indicate that knockdown of Prox1 in primary human LECs
results in inhibition of GHR expression (data not shown),
indicating that GHR is indeed a Prox1 target gene.

In accordance with the enhanced GHR expression by
LECs, its ligand GH more potently induced the prolifera-
tion of LECs as compared with BVECs in vitro. Previous
studies have shown that GH stimulates the in vitro growth

Figure 6. Intradermal implantation of GH-containing Matrigels promotes lymphatic vessel enlargement in mice. A and B: Differential immunostains for LYVE-1
(green) and CD31 (red) revealed enlargement of lymphatic vessels (arrows) and blood vessels (arrowheads) in the skin surrounding GH-containing Matrigels
and to a lesser extent in the skin surrounding control Matrigel implants. C: Double immunostains for LYVE-1 (green) and BrdU (red) revealed the presence of
proliferating LECs in lymphatic vessels surrounding GH-containing implants (arrow). D–I: Quantitative image analyses of LYVE-1/CD31-stained sections showed
an increase in the size (average size of individual vessels in �m2) and the average vascular area (percent of tissue area covered by vessels) of lymphatic (D and
E) and blood vessels (G and H) surrounding GH-containing Matrigels, whereas, the number of lymphatic (F) and blood vessels (I) was unchanged.

594 Tobler et al
AJP August 2008, Vol. 173, No. 2



of human retinal microvascular endothelial cells32 and of
bovine brain capillary endothelial cells33 but not of hu-
man umbilical cord vein endothelial cells.32 However, its
comparative effects on LECs have not been previously
characterized. Importantly, GH did not only stimulate LEC
proliferation, but also promoted a number of other cellular
functions involved in lymphangiogenesis, including tube
formation and chemotactic migration. LEC treatment with
GH inhibited LEC apoptosis, in accordance with previous
results in other cell types including mammary carcinoma
cells49 and in T cells.50

Previous studies have indicated that several lym-
phangiogenic factors might mediate their effects on LECs
indirectly via paracrine or autocrine effects leading to
activation of VEGFR-2 or VEGFR-3. In particular, the lym-
phangiogenic activity of basic fibroblast growth factor
was inhibited by blockade of VEGFR-3 signaling.44 Im-
portantly, we found that inhibition of VEGFR-2 or VEGFR-3
signaling by anti-VEGFR-2 or anti-VEGFR-3 blocking an-
tibodies did not reduce the mitogenic activity of GH on
LECs. These results indicate that GH, similar to hepato-
cyte growth factor18 and IGF-1,20 activates lymphatic
endothelium independently of the VEGFR-signaling path-
way in vitro.

Previously, IGF-I has been shown to mediate several of
GH’s downstream effects in a number of cell types.31

However, after treatment of LECs with GH for up to 24
hours, we did not detect elevated IGF-1 mRNA expres-
sion levels, and IGF-1 protein was not detectable in LEC
supernatants with and without GH treatment (data not
shown), as studied by immunoprecipitation/Western blot
analyses and enzyme-linked immunosorbent assays.
Thus, autocrine IGF-1-mediated signaling does not ap-
pear to significantly contribute to the effects of GH on
LECs in vitro. Similarly, previous studies in rat pancreatic
� cells found that GH treatment did not result in up-
regulation of IGF-1 expression, indicating that there are
cell type-specific differences in the GH response.51

The integrin �9�1 is specifically expressed by LECs
but not by BVECs52 in vitro and by lymphatic vessels in
vivo.53 Integrin �9�1 acts as a receptor for VCAM-1, cy-
totactin, and osteopontin, and it plays an important role in
lymphatic vessel formation. Integrin �9�1-deficient mice
are characterized by chylothorax formation, a sign of
impaired lymphatic fluid transport54, mediated by abnor-
mal development of larger lymphatic vessels. Previous
studies have revealed that the �9�1 integrin is important
for VEGF-C and hepatocyte growth factor-mediated LEC
migration.18,52 Our results indicate that GH-stimulated
chemotactic LEC migration, in contrast, is independent of
the �9�1 integrin.

The expression of GHR by LECs was confirmed in
normal tissues in situ. We found that GHR was expressed
by human dermal lymphatic vessels and also by other
cell types, including fibroblasts and epidermal keratino-
cytes, in agreement with previous results.43 Whereas
GHR was expressed at much higher mRNA and protein
levels in cultured LECs than in BVECs, blood vessels
were also found to express GHR in situ, as evaluated in
immunofluorescence stains using a CD31 antibody. Al-
though immunofluorescence stains are not suitable for an

exact quantification of protein expression levels, these
results indicate that factors in the tissue microenviron-
ment play important roles in regulating endothelial cell
expression of GHR. In agreement with the detected GHR
expression on lymphatic vessels, chronic intradermal de-
livery of GH to the skin of mice induced lymphatic vessel
enlargement surrounding the Matrigel implants, associ-
ated with increased LEC proliferation. GH also acceler-
ated lymphatic vessel ingrowth into the granulation tissue
of full-thickness wounds in bGH tg mice. In contrast, in
VEGF-A transgenic mice—which show enhanced lym-
phangiogenesis—the first lymphatic vessels in the wound
granulation tissue appeared at day 7 after wounding,
whereas in wild-type mice, lymphatics are usually first
seen in the granulation tissue after 14 days.15 Chronic
transgenic delivery of bGH in transgenic mice did not
lead to major alterations of lymphatic vessels in normal,
unwounded skin. Together, these results indicate that the
GH effects are dependent on the activation status of
lymphatic vessels because they are seen in healing
wounds and in the inflammatory tissue response to Ma-
trigel implants. Activation in these conditions is likely
mediated, at least in part, by accumulation of activated
macrophages that are known to be potent sources of
other lymphangiogenic factors such as VEGF-C and
VEGF-A,55 which are also known to be elevated during
wound healing.56,57 Similarly, it has been previously
found that GH’s effects on blood vascular angiogenesis
only occur at sites of blood vessel activation in mice.36 In
accordance with these data, we found that intradermal
GH delivery resulted in enlargement of cutaneous blood
vessels, and that bGH tg mice showed enhanced blood
vascular density in the wound granulation tissue. Thus,
GH is both a lymphangiogenic and an angiogenic factor,
similar to some other recently identified novel lym-
phangiogenic factors including hepatocyte growth fac-
tor,18 VEGF-A,16 IGF-I,20 and platelet-derived growth fac-
tor-BB.21 Further studies are needed to evaluate the
relative contributions of each of these factors, as well as
their possible synergistic activities, in different patholog-
ical conditions associated with lymphangiogenesis. In
addition, tissue-specific and disease-specific character-
istics of stromal cells might further modulate the lym-
phangiogenic response to these factors.

The clinical relevance of GH’s effects on lymphatic
vessels remains to be established. Lymphatic vessel hy-
perplasia and activation has been reported in several
chronic inflammatory diseases including psoriasis.16 El-
evated circulating GH levels in psoriatic patients have
been reported,58,59 and GH treatment correlated with
relapses of psoriatic lesions.60 Somatostatin, an inhibitor
of GH production by the pituitary gland, has been previ-
ously used to treat human psoriasis of the skin and pso-
riatic arthritis with some encouraging results.61 However,
there are at present no published placebo-controlled,
larger clinical studies using somatostatin or the more
specific GH antagonist pegvisomant. GH expression has
also been found in metastatic pancreatic cancer27 and in
breast cancer,26 and up-regulated GHR expression lev-
els have been implicated in colorectal cancer,62 in pros-
tate cancer progression,63 and in breast cancer devel-
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opment.64 In mouse tumor xenotransplant models, GH
receptor antagonists (pegvisomant, B2036-PEG) inhib-
ited the growth of experimental breast cancer, colorectal
cancer, and meningiomas.65–67 However, tumor (lym-
ph)angiogenesis was not evaluated in these studies. Be-
cause tumor-induced lymphangiogenesis has been cor-
related with cancer metastases in several types of human
tumors,68,69 it will be of interest to investigate whether GH
expression in human cancers might also be associated
with induction of lymphatic vessel growth and/or with
enhanced frequency of metastases.
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