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Lymphangioleiomyomatosis (LAM) is a potentially fa-
tal lung disease characterized by nodules of prolifer-
ative smooth muscle-like cells. The exact nature of
these LAM cells and their proliferative stimuli are
poorly characterized. Herein we report the novel
findings that the lymphangiogenic vascular endothe-
lial growth factors (VEGF) C and D induce LAM cell
proliferation through activation of their cognate re-
ceptor VEGF-R3 and activation of the signaling inter-
mediates Akt/mTOR/S6. Furthermore, we identify ex-
pression of the proteoglycan NG2, a marker of
immature smooth muscle cells, as a characteristic of
LAM cells both in vitro and in human lung tissue.
VEGF-C-induced LAM cell proliferation was in part a
result of autocrine stimulation that resulted from cross
talk with lymphatic endothelial cells. Ultimately, these
findings identify the lymphangiogenic VEGF proteins
as pathogenic growth factors in LAM disease and at
the same time provide a novel pharmacotherapeutic
target for a lung disease that to date has no known
effective treatment. (Am J Pathol 2009, 175:1410–1420;
DOI: 10.2353/ajpath.2009.080830)

The understanding of lymphatic biology has expanded
rapidly with the discovery of the lymphangiogenic pro-
teins vascular endothelial growth factors (VEGF) C and D
and their cognate receptor VEGF-R3.1,2 They are mem-
bers of the VEGF family of growth factors, having 40%
homology with VEGF-A, and their importance in lymph
vasculature biology is well demonstrated by the finding
that VEGF-C null mice die as a result of abnormal lym-
phatic development.3 Increasingly it has become clear
that the biological role of these VEGF proteins have ex-

panded beyond effects on the lymphatic endothelium
alone to include the peri-lymphatic milieu and the invest-
ing immature vascular smooth muscle or pericytes.4 Fur-
thermore, they have now been implicated in both patho-
genic and non-pathogenic human processes including
cancer growth and metastasis, wound healing, and im-
mune regulation.

The lymphatic endothelial cell (LEC) is distinct from
blood vessel endothelium with respect to their biological
function, structure, and protein repertoire.5 As such they
represent a unique cell that may play a distinctive role in
the pathogenesis of human disease. Like blood vessel
endothelium they share their basement membrane with
surrounding immature smooth muscle cells called peri-
cytes. It is clear that along with VEGF, pericyte-endothe-
lial cell interactions play an important role in modulating
vascular biology.4

Until recently the lymphatic vasculature has been con-
sidered an innocent bystander in the pathogenesis of
pulmonary disease. Historically, one such disease has
been pulmonary lymphangioleiomyomatosis (LAM), a
progressive and fatal lung disease that almost exclu-
sively affects women in their reproductive years.6,7

Pathologically, LAM is characterized by proliferation of
abnormal smooth muscle-like cells that form lung nodules
distributed in a peri-lymphatic manner. The etiology of
LAM has been linked to mutations in the TSC2 gene;
however, the nature and site-of-origin of LAM cells re-
mains speculative.8 Based on the LAM cells proximity to
lymphatic vessels, we hypothesized that the LEC and
lymphangiogenic proteins VEGF-C and/or -D might play
a role in their proliferation; and that these smooth muscle-
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like LAM cells represented perivascular mural cells that
were proliferating through a mechanism involving LEC
cross talk.

Using both in vitro primary LAM-derived cells (LDC)9

and immunohistochemistry of human lung LAM tissues,
we report that VEGF-C and -D induce LDC proliferation
through activation of their cognate receptor VEGF-R3
and subsequently phosphatidylinositol 3-kinase (PI3K)/
mTOR/S6 signaling. Of note, this VEGF-R3 proliferative
signaling pathway did not appear to be inhibited by
functional tuberin. Furthermore, LDC proliferation was in-
duced by cross talk between LEC and LDC and medi-
ated through LDC production of VEGF-C. Taken together,
these results identify the lymphangiogenic VEGF proteins
as novel pathogenic growth factors in LAM disease and
the lymphatic endothelium as a modifying factor in LAM
cell proliferation.

Materials and Methods

Chemicals and Reagents

Recombinant human VEGF-C, -D and mutated VEGF-C
(Cys156Ser, a VEGF-R3 specific agonist), platelet-de-
rived growth factor (PDGF), non-conjugated or biotin
conjugated antibodies to VEGF-R1, VEGF-R2 or VEGF-
R3, respectively, and the VEGF-C/D-binding chimeric
protein VEGF-R3/Fc (human VEGF-R3 extracellular do-
main fused to the carboxy-terminal Fc region of human
IgG1) were purchased from R&D Systems (Minneapolis,
MN). The VEGF-R3 inhibitor, MAZ-51 was purchased
from Alexis Biochemicals (San Diego, CA). Wortmannin,
rapamycin, and antibodies to �-actin and �-smooth mus-
cle actin were purchased from Sigma (St. Louis, MO).
Monoclonal antibody to VEGF-R3 (M-20) was purchased
from Santa Cruz Biotechnology, (Santa Cruz, CA). Anti-
bodies to total and phospho-mTOR (ser 2448), Akt, phos-
pho-Akt (ser473), S6-ribosomal protein, phospho-S6 (ser
235/236) (2F9), P70S6 Kinase, phospho-p70 S6 kinase
(Thr389), ERK-2, phospho-ERK (Thr202/Tyr204) (D13.14),
Tuberin TSC2, and Hamartin TSC1 were obtained from
Cell Signaling Technologies (Danvers, MA). Antibodies to
Prox-1, NG2, and phospho-tyrosine (4G10) were pur-
chased from Millipore-Upstate (Lake Placid, NJ). Phyco-
erythrin and streptavidin conjugated goat anti-mouse
secondary antibodies were purchased from Jackson Im-
munoresearch Laboratories (West Grove, PA).

Cells and Cell Culture

Primary LAM-derived smooth muscle-like cells (clone
5/50 and 12/89) 9 passages 3 to 10 were grown in DMEM/
F12 medium (Invitrogen, Carlsbad, CA) supplemented
with 10% fetal bovine serum (FBS; Mediatech, Herndon,
VA), and constituents as previously described.10 These
cells have been well characterized and were derived
from nodules of separate patients with LAM that express
tuberin but have one allele of the TSC2 gene that is
mutated. All presented data are from either of the two

LDC clones and are representative of the similar findings
obtained by using either clone.

Primary adult human microvascular endothelial cells
and pulmonary arterial smooth muscle cells (PASM) were
obtained from Cambrex (East Rutherford, NJ) and grown
in cell specific growth factor-supplemented nutrient me-
dia as per the manufacturer’s instructions (Cambrex,
EBM-2). The microvascular endothelial cells all ex-
pressed the LEC marker, Prox-1,11 and thus served as a
model of LEC for co-culture experiments.

For expression of wt-TSC2, LDC were seeded in six
well plates at 2 � 105 per well and grown in full growth
media until 70% to 80% confluent. Cells were then trans-
fected with lentivirus carrying green fluorescent protein
tagged wt-TSC2 (human) or the GFP alone (kind gifts of
V. Krymskaya), by using methods as previously de-
scribed.10 Forty-eight hours post-transfection, cells were
serum starved for 24 to 48 hours before all experiments;
growth factor stimulation at 200 ng/ml for time intervals as
indicated, in the presence or absence of various inhibitors.

Immunoblotting and Immunoprecipitation

LAM cells (2 � 105) were grown in six well-plates until
70% confluent, serum starved for 24 hours, and lysates
were obtained after stimulation with VEGF-C (200 ng/ml)
in the absence or presence of various inhibitors (200
nmol/L Wortmannin, 200 nmol/L Rapamycin or 10 �mol/L
of MAZ51) for different time intervals as indicated. Cells
were rinsed twice with ice-cold PBS/sodium orthovana-
date (Na3VO4, 10 mmol/L) and then lysed with radioim-
munoprecipitation assay buffer (20 mmol/L Tris pH-7.4;
150 mmol/L NaCl; 5 mmol/L EDTA; 1% Triton-X 100; 0.5%
sodium deoxycholate; 10% glycerol; 25 mmol/L NaF; 1
mmol/L phenylmethylsulfonyl fluoride; and 1 mmol/L
Na3VO4) with phosphatase and protease inhibitors
(Sigma). Lysate protein concentration was measured by
using the Bio-rad protein assay kit (Bio-Rad Laboratories,
Hercules, CA) with bovine serum albumin (BSA) as stan-
dard. Lysate proteins (10 to 15 �g) were separated by
SDS-polyacrylamide gel electrophoresis under reducing
conditions, transferred to a polyvinylidene difluoride
membrane (Immobilon-P, Millipore, Billerica, MA). The
membrane was blocked in 5% nonfat dry milk, and then
probed with appropriate specific primary antibodies fol-
lowed by horseradish peroxidase-conjugated secondary
antibodies and signals were detected by using enhanced
chemiluminescence method (Amersham, Piscataway, NJ).

For immunoprecipitation of VEGF-R3, LDC were stim-
ulated with VEGF-C or VEGF-D (200 ng/ml) for 5 minutes
and protein lysates were prepared by using the lysis
buffer as described above. Pre-cleared lysates were incu-
bated with 2 �g of anti-VEGF-R3 antibody bound to 30 �l of
protein-A Sepharose beads (Amersham, Piscataway, NJ).
The beads were washed, resuspended in Laemmli sam-
ple buffer, boiled at 95°C for 5 minutes, resolved on
SDS-polyacrylamide gel electrophoresis under reducing
conditions, proteins transferred to polyvinylidene difluo-
ride membranes and immunoblotted with anti-phospho-
tyrosine antibody (4G10).
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Flow Cytometry

Cultured cells were grown to 80% confluency, trypsinized,
washed in PBS, resuspended in PBS at a density of 5 �
105 cells/ml/200 �l volume, then incubated with either
antibody isotype-matched control IgG (represented by a
shaded profile) or appropriate primary antibodies (repre-
sented by an un-shaded profile) for 20 minutes at 4°C
and secondary antibody labeled with goat anti-mouse
IgG conjugated with phycoerythrin or streptavidin for 15
minutes. Finally, labeled cells were suspended in PBS
and analyzed on a FACSCalibur flow cytometer (Becton
Dickinson FACSort, San Jose, CA).

Adhesion Assay

Assays were performed as previously described12 with
some minor modifications. After coating 96-well microtiter
plates (ICN, Linbro/Titertek, Aurora, OH) with VEGF-C or
VEGF-D at 4°C overnight, wells were blocked with 3%
BSA (Sigma) for 30 minutes at 37°C. After trypsinization,
cells were incubated with or without appropriate antibod-
ies (20 �g/ml) for 30 minutes on ice and 5 � 104 cells,
suspended in serum free media, were seeded to each
well. After 3 hours, adherent cells were fixed and stained
with 1% formaldehyde, 0.5% crystal violet, 20% methanol
for 30 minutes, and the number of adherent cells was
evaluated by measuring absorbance at 595 nm in a
microplate reader (SpectraMax 190, Molecular Devices,
Sunnyvale, CA).

Migration Assay

Assays were performed as previously described12 by
using 8 �m pore size polycarbonate Transwell inserts
(Corning Costar, Cambridge, MA) coated with relevant
ligand or 1% BSA as a binding control. Cells, 5 � 104,
were incubated in the presence or absence of inhibitors
for 30 minutes on ice and then seeded into the top
chamber and 1% fetal calf serum (FCS) to the bottom
chamber, to serve as a chemoattractant. Cells were al-
lowed to migrate for 4 hours at 37°C. Cells that migrated
and adhered to the bottom surface of the Transwell mem-
brane were fixed, stained as per the manufacturers in-
structions (Diff-Quik, Dade Behring Inc, Newark, DE), and
mounted onto glass slides. Cells were counted in 10 high
power (�100) fields for each condition.

Proliferation Assay

Cell proliferation was determined by manual cell counting
as well as by BrdU assay. For cell counting, trypsinized
cells were resuspended in serum free medium (SFM)
and 10 �l of cells were loaded into a hemacytometer.
Twenty cell counting areas were assessed and the
results were expressed as a mean � SD. BrdU assays
were performed by using the cell proliferation Biotrak en-
zyme-linked immunosorbent assay (ELISA) System (RPN
250, Amersham Biosciences, Piscataway, NJ) as per the

manufacturer’s instructions. Briefly, after serum starvation
over night, cells were treated with inhibitors or antibodies as
indicated, and 5 � 104 cells/well were seeded in 96-well
plates precoated with appropriate substrate. After incuba-
tion at 37°C for 24 hours, cells were resuspended in the
presence of 10 �mol/L BrdU for 120 minutes, then washed,
fixed, blocked, and incubated with horseradish peroxidase-
conjugated antibody to detect incorporated BrdU. Pro-
liferation was quantified by measuring absorbance at
450 nm in a microplate reader (SpectraMax 190, Mo-
lecular Devices).

Co-culture experiments were performed in Transwell
culture wells. LDC and LEC were grown in 10 cm culture
plates until 75% to 80% confluent, trypsinized, and 5 �
104 cells were seeded into separate Transwell plates;
LDC on the upper chamber of the membrane was in-
serted in one plate and the LEC on the lower culture well
was inserted in a separate Transwell plate. After 24 hours
in full growth medium (FGM), cells were serum starved
overnight and the Transwell insert with LDC was trans-
ferred to the Transwell with LEC and co-cultured for 24
hours in SFM. Subsequently, LDC were trypsinized, re-
suspended in BrdU labeling media, added to 96 well
plates, incubated for 120 minutes, centrifuged, and opti-
cal density was measured as noted above. For compar-
ison, similar experiments were performed with LDC alone
grown on Transwell inserts in FGM and SFM. Experiments
were performed at least 3 times and data are presented
as mean � SD.

Immunohistochemistry and
Immunofluorescence Analysis

LDC were cultured on a 2-well Chamber Coverglass Sys-
tem (Nalgene Nunc International, Naperville, IL) for 24 to
48 hours and then fixed with 4% methanol-free formalde-
hyde and 0.5% Triton X-100-PBS. Following, blocking
with 1% BSA, cells were stained with anti-smooth mus-
cle �-actin 1:50 (Sigma), stained cells were subse-
quently analyzed by confocal microscopy (Zeiss/
SM510, Thorwood, NY). Experiments were repeated
four times and representative images reported. Institu-
tional review board approval was obtained for all im-
munohistochemistry involving human lung tissue. Lung
tissue specimens were analyzed from both patients who
clinically had chylothoraces and those patients who did
not. For the detection of NG2 and Prox-1, LAM tissue was
formalin-fixed, paraffin-embedded, and after routine pro-
cessing, sections that included preheated 1 mmol/L
EDTA, pH8.0, antigen retrieval for 30 minutes were incu-
bated in 1:200 NG2 or 1:100 Prox-1 antibodies for 30
minutes. Detection was completed by the use of a biotin-
free polymer, Rabbit MACH3 (Biocare Medicals, Walnut
Creek, CA) for 10 minutes. Nova Red (Vector Laborato-
ries, Burlingame, CA) and modified Schmidts’s Hematox-
ylin counterstain was used as the chromogen and sec-
tions were mounted with a permanent mounting media.
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VEGF-C ELISA

Supernatant from LEC or LDC grown in various condi-
tions as indicated and in the presence or absence of
specific growth factors (as a matrix coating the culture
well) were collected and the concentration of soluble
VEGF-C was determined by ELISA as per the manu-
facturers instructions (Zymed Laboratories, San Fran-
cisco, CA). Briefly, 100 �l of collected supernatant was
added to a 96-well plate precoated with rabbit anti-
human VEGF-C and incubated at 37°C for 1 hour. After
washing wells with buffer solution, 100 �l of horserad-
ish peroxidase-conjugated secondary antibody was
added to each well and incubated at 4°C for 30 min-
utes, then 100 �l of tetramethylbenzidine substrate
was added to each well and incubated for 10 minutes
and absorbance was measured at 450 nm on a micro-
plate reader.

Statistics

Data are presented as mean values � SD from at least
three separate experiments unless otherwise stated. All
immunoblots were performed at least three times and
representative examples are displayed.

Results

VEGF-C and VEGF-D Induce Human
LDC Proliferation

Lung tissue from patients with LAM is characterized by
nodules of proliferating smooth muscle-like cells in close
proximity with lymphatic vessels. Since VEGF-C and -D
are central mitogenic regulators of the peri-lymphatic
milieu, we hypothesized that these growth factors played
a role in LAM cell proliferation. To test this hypothesis in
vitro, we used LDC, an established cell model of primary
smooth muscle-like cells isolated from human lung LAM
nodules.9,10 First, we confirmed these cells’ previously
published characteristics and population uniformity; includ-
ing the expression of desmin (Figure 1A, left), �-smooth
muscle actin (Figure 1A, middle and right), TSC2 expres-
sion, and constitutive hyperphosphorylation of mTOR and
S6 ribosomal protein (data not shown).

Next we tested the effect of VEGF-C/D on LDC adhe-
sion and migration by using serum-starved LDC grown in
wells coated with various concentrations of VEGF-C or
-D. Figure 1, B and C, respectively, show that LDC adhere
and migrate in a dose-dependent fashion when in contact
with VEGF-C or -D substrate. Furthermore, VEGF-C and
-D induced LDC proliferation (Figure 1D) in a dose-de-
pendent fashion and to a similar extent as PDGF, an
established proliferative stimulus.13 In contrast, normal
primary human PASM did not proliferate in the presence
of VEGF-C or -D (Figure 1E).

VEGF-C or -D Induced LDC Proliferation is
Mediated by Activation of VEGF-R3

VEGF-R3 is the cognate receptor for VEGF-C and -D and
after the binding of these proteins, the receptor het-
erodimerizes and undergoes autotyrosine phosphoryla-
tion. We investigated the extent of VEGF-R3 expression
on LDC and PASM by fluorescence-activated cell sorting
(FACS) analysis. Figure 2A shows that VEGF-R3 is ex-
pressed on LDC but not PASM. This finding is supported
by previously published data14 showing strong expres-
sion of VEGF-R3 by immunohistochemistry in human LAM
lung tissue. In contrast, neither VEGF-R1 nor -R2 were
expressed on either LDC or PASM in vitro (data not shown).
Of note, we analyzed other in vitro LAM cell-models that
have been previously studied including ELT3 (rat uterine
leiomyoma15) and human lung fibroblasts16 and found they
did not express VEGF-R3 (data not shown).

Because VEGF-R3 is the cognate receptor for VEGF-C
and -D, we hypothesized that LAM cell proliferation in-
duced by these growth factors might result from activa-
tion of VEGF-R3. Figure 2B shows that VEGF-C or -D
induced dose-dependent proliferation of LDC, which was
blocked in the presence of the indoline compound MAZ-
51, which specifically blocks the tyrosine kinase activity
of VEGF-R3.17 As expected, PDGF-induced LDC prolif-
eration was not blocked by VEGR-R3 inhibition. Immuno-
blotting of immunoprecipitated VEGF-R3 from LDC ly-

Figure 1. VEGF-C and -D induce LDC cell proliferation. A: Primary LDC
characteristics: expression of desmin (left) measured by flow cytometry
(shaded area: fluorescence measurement by using isotype antibody; line:
protein expression by using specific antibody) and � smooth muscle actin
(original magnification: �40, left; �100, right) by immunocytochemistry. B:
Adhesion assay by using primary human LDC plated on varying concentra-
tions of VEGF-C or -D. After cell fixation and staining with crystal violet,
absorbance at 595 nm was measured. C: Transwell LDC migration assay by
using varying concentrations of VEGF-C or -D coating the membrane insert
and 1% FCS as a chemotactic stimulus. The number of cells fixed to the
undersurface of the membrane was counted in 10 hpf in 3 separate wells per
condition. D: Proliferation of LDC measured as the extent of BrdU uptake in
LDC grown for 24 hours on varying concentrations of growth factor as
indicated. E: Proliferation assay of PASM as described above.
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sates (Figure 2C) showed that in the presence of VEGF-C
or -D, VEGF-R3 is phosphorylated (all three processed
forms) and that R3 inhibitor blocks activation. In contrast,
PASM cells showed no expression of VEGF-R3 and ap-
propriately no receptor phosphorylation when stimulated
with VEGF-C. These findings confirm that VEGF-C and -D
induced LDC proliferation is at least, in part, a result of
activation of their cognate receptor, VEGF-R3.

VEGF-C Induced LDC Proliferation is
Transduced through PI3K/mTOR/S6 Activation

We next sought to determine the signaling intermediates
that were activated after VEGF-R3 activation. Because
wortmannin reduced VEGF-C or -D induced LDC prolif-
eration (see Supplemental Figure S1A at http://ajp.
amjpathol.org), we investigated whether PI3K/Akt-depen-

dent activation of mTOR was involved.18 We performed
Western blot analysis on protein lysates from LDC stim-
ulated with VEGF-C (Cys156Ser), which is a mutated form
of VEGF-C that specifically activates VEGF-R3.19 Figure
3A shows immunoblots of lysates from VEGF-C stimu-
lated LDC in the absence (dimethyl sulfoxide) or pres-
ence of wortmannin (left), rapamycin (middle), and
MAZ-51 (right). VEGF-C treatment of LDC induced phos-
phorylation of Akt, mTOR, S6 kinase (S6K), S6 ribosomal
protein (Figure 3A), and Erk (see Supplemental Figure
S1B at http://ajp.amjpathol.org) with maximal phosphory-
lation after 15 to 30 minutes. As expected, phosphoryla-
tion of these downstream signaling intermediates was
inhibited by the pharmacological inhibitors wortmannin or
rapamycin. Activation of these signaling intermediates
was also inhibited by MAZ-51 suggesting they are in-
volved in LDC-VEGF-R3 signaling. The ribosomal protein
S6 has been shown to regulate LAM cell proliferation,9

and is found constitutively hyperphosphorylated, as a
result of loss of TSC2 function in LAM cells. Because
mTOR is an upstream activator of S6, through S6K, we
next investigated the effect of VEGF-C on S6 activation in
LDC. Similar to Akt and mTOR, VEGF-C induced phos-
phorylation of S6K and S6 at 15 to 30 minutes, which was
inhibited by MAZ-51. Taken together these results sug-
gest that VEGF-C, through activation of VEGF-R3, signals
LDC proliferation at least in part through the Akt/
mTOR/S6 pathway.

VEGF-C Signaling through Akt/mTOR is
Minimally Modified by Functional TSC2

To determine whether functional tuberin altered VEGF-
C/D induced LDC proliferation, we transfected LDC (see
Supplemental Figure S1C at http://ajp.amjpathol.org),
which express a mutant inactive form of tuberin, with
wild-type TSC2 (wt-TSC2/EGFP, Figure 3B, bottom) or
empty vector (EGFP, Figure 3B, top) and then determined
phosphorylation of signaling proteins by immunoblot
analysis. Figure 3B shows the characteristic hyperphos-
phorylation of S6 in LDC, which was diminished by wt-
TSC2 expression, but not affected with transfection of
EGFP alone.9,10 VEGF-C induced phosphorylation of Akt,
mTOR, S6K, S6 (Figure 3C), and Erk MAP kinase (see
Supplemental Figure S1B at http://ajp.amjpathol.org) is
still apparent in the presence of functional TSC2. How-
ever, the extent and timing of maximal phosphorylation is
altered. In addition, Figure 3D shows that VEGF-C in-
duced activation of Akt, mTOR, or S6 in wt-TSC2 trans-
fected LDC can still be inhibited by the VEGF-R3 inhibitor
MAZ-51. Taken together these findings suggest that al-
though the VEGF-C-induced mTOR proliferation signal-
ing pathway appears to be modified by functional tuberin
it is not significantly inhibited.

Human LAM Cell Nodules Express VEGF-R3
and NG2

It has previously been suggested that lymphangiogen-
esis is an etiological factor in LAM cell prolifera-

Figure 2. VEGF-C and -D induced LDC proliferation is mediated by VEGF-
R3. A: Flow cytometry analysis of VEGF-R3 expression in primary human
LDC (left) and PASM (right). The shaded area represents fluorescence
measurement with isotype antibody, the line shows VEGF-R3 expression
using specific antibody. B: Proliferation assay of LDC grown on either
VEGF-C (diamonds) or VEGF-D (triangles) or PDGF (circles) in the presence
or absence of MAZ-51 (10 �mol/L). C: Western blot analysis of lysates from
LDC treated with VEGF-C or -D for 5 minutes in the presence or absence of
VEGF-R3 inhibitor. Lysates were initially immunoprecipitated with VEGF-R3
antibody (R3-IP Ab) and then immunoblotted with the phospho-tyrosine
antibody (4G10). Activated VEGF-R3 has 3 processed forms as demonstrated.
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tion.14,20 To further investigate this and also to validate
the importance of our in vitro findings, we performed
immunohistochemistry of human LAM lung tissue by
using antibodies to VEGF-R3 and Prox-1 on five sepa-
rate lung tissue samples. Figure 4 shows representa-
tive pictures from two of these samples. Figure 4A
demonstrates that there is expression of VEGF-R3 on
cells within LAM nodules, which is more clearly dem-
onstrated at a higher magnification (Figure 4B). This
finding is consistent with previous reports.14 In con-
trast, lung tissue from the same sample that was not
involved by nodular proliferation showed little expres-
sion of VEGF-R3 (Figure 4C). Furthermore, we did not
find diffuse expression of the LEC specific marker,

Prox-1, on LAM cells in lung nodules but rather dis-
cretely in endothelial cells (ECs) that lined lymphatic
vessels (Figure 4D). These findings were true whether
the LAM tissue was from patients with a clinical history
of chylothoraces (data not shown). Taken together, our
findings suggest that there is robust expression of
VEGF-R3 in LAM cells intimately distributed next to
lymph channels appropriately lined by Prox-1 positive
LECs.

Because Prox-1 negative LAM cells proliferate in
close proximity to lymphatic vessels, we hypothesized
that they may be immature smooth muscle cells, re-
sembling pericytes. Using immunocytochemistry, Fig-
ure 5A (top, left) shows that in vitro, LDC abundantly
express NG2 on their cell surface. This finding was
confirmed by both flow cytometry (Figure 5A, bottom,
right) and immunoblot of LDC lysates (Figure 5A, top,
right). In contrast, expression of NG2 was not apparent
in PASM measured by Western blot (top, right) or flow
cytometry (bottom, left). To confirm these in vitro find-
ings, we performed immunohistochemistry of human
LAM lung tissue. Figure 5B shows significantly in-
creased immunostaining with the pericyte marker NG2
in human lung LAM nodules (arrows and box). The
nodule outlined by the box is displayed at higher mag-
nification in Figure 5C. Robust staining of NG2 on cells
within LAM nodules from two separate patients is dem-
onstrated in Figure 5, D and E, respectively. There was
no reactivity of isotype antibody (Figure 5F) or there
was any NG2 staining in bronchiolar airway smooth
muscle cells (Figure 5G), which are mature and there-
fore are not expected to express NG2. Taken together
these results serve not only to further characterize
markers of these unique LAM cells but also supports
the notion that less-mature smooth muscle-like cells
reside within LAM nodules distributed in a peri-lym-
phatic fashion.

Figure 3. VEGF-C induces PI3K/mTOR/S6 sig-
naling. A: Western blots to detect phospho-Akt
(pAkt), phospho-mTOR (p-mTOR), phospho-
S6K (pS6K), and phospho-S6 (pS6) in lysates
from LDC treated with the VEGF-R3 specific ag-
onist VEGF-C (Cys156Ser), over time in the pres-
ence or absence of wortmannin (left), rapamy-
cin (middle), or MAZ-51 (right); total Akt,
mTOR, S6K, or S6 levels served as protein load-
ing controls. B: Immunocytochemistry of LDCs
labeled for pS6 in cells expressing only GFP
(top) or GFP tagged wt-TSC2 (bottom). C:
Western blots to detect pAkt, p-mTOR, pS6K,
and pS6 in lysates from LDC expressing GFP
tagged wt-TSC2 (left four lanes) or GFP alone
(right four lanes) stimulated with VEGF-R3 spe-
cific agonist VEGF-C (Cys156Ser), over time; total
Akt, mTOR, S6K, or S6 levels served as protein
loading controls. Bottom two panels: Western
blot for TSC2 expressing GFP tagged wt-TSC2 (left
four lanes) or GFP alone (right four lanes),
�-actin served as protein loading control. D: West-
ern blots to detect pAkt, p-mTOR, and pS6 in
lysates from LDC expressing GFP tagged wt-TSC2
stimulated with VEGF-R3 specific agonist VEGF-C
(Cys156Ser) in the absence or presence of MAZ-51
over time; total Akt, mTOR, S6K, or S6 levels
served as protein loading controls.

Figure 4. VEGF-R3 is expressed in human LAM nodules. A: Photomicro-
graph of human LAM lung tissue stained for expression of VEGF-R3 (original
magnification, �20). B: Picture focuses on the LAM cells within the prolifer-
ative nodule outlined by the box in A (original magnification, �100). C:
Image of surrounding normal lung stained for VEGF-R3 (original magnifica-
tion, �40). D: Image of a LAM nodule surrounding a lymphatic vessel that is
stained for Prox-1 (original magnification, �100). Arrows indicate LECs that
are Prox-1 positive.
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Cross Talk with ECs Promotes LDC Proliferation
through Autocrine VEGF-C Stimulation

Pericytes and ECs function through cross talk that can
modify their respective biological functions, common ex-
tracellular environment, and ultimately vessel biology.4

Therefore, we hypothesized that LAM cell proliferation

would be increased through interactions with LEC. First,
we identified microvascular endothelial cells to serve as a
model of LEC. Figure 6A (top) demonstrates that these
ECs uniformly expressed the LEC-specific marker Prox-1.
This finding was confirmed by Western blot (Figure 6A,
bottom), which showed the presence of Prox-1 in these
ECs but not LDC. We then used a Transwell culture
system to determine whether a soluble factor was re-
sponsible for LDC proliferation when grown in co-culture
(Co-Cx) with LEC. Using BrdU uptake (Figure 6B, top)
and manual cell counting (Figure 6B, bottom) as mea-
sures of cell proliferation, we found that LDC grown in
SFM in the presence of LEC had increased proliferation
to an extent comparable with LDC alone, grown in FGM.
This finding suggested that a soluble factor(s) was re-
sponsible for this proliferative response.

Because LDC have previously been shown to express
VEGF-C,14 we hypothesized that this growth factor was
one of the soluble stimulatory proteins. We showed by
Western blot (Figure 6C, top) and ELISA (Figure 6C,
bottom) that the primary LDC, but not LEC, used in our
experiments expressed and secreted VEGF-C. Figure 6C
(bottom) shows that when grown in the presence of SFM
neither LDC nor LEC secreted VEGF-C. In contrast, when
grown in FGM, LDC but not LEC were stimulated to
secrete VEGF-C. Neither the SFM nor FGM used to grow
these cells contained VEGF-C (Figure 6D). Furthermore,
when LDC were grown on VEGF-C substrate (Figure 6D,
stippled bars) or grown in Co-Cx with LEC (diagonal
bars) they secreted levels of VEGF-C equivalent to that of
LDC grown in FGM (black bars). Figure 6D also demon-
strates that VEGF-R3/Fc, when added to co-cultured
cells, effectively bound VEGF-C resulting in decreased
levels in the Co-Cx supernatant. In separate experiments
(Figure 6E), we found that Co-Cx promotes an increase in
LDC proliferation measured by BrdU uptake (stippled
bar) and cell counting (data not shown), which was sig-
nificantly decreased in the presence of VEGF-R3/Fc (di-
agonal bar). Taken together these results suggest that
LDC proliferation is mediated at least in part through
cross talk with LEC and the resultant autocrine secretion
of VEGF-C.

Discussion

LAM is a devastating disease, characterized by nodules
of proliferative smooth muscle-like cells that progres-
sively destroy lung parenchyma. The etiology of LAM
cells and the molecular mechanisms underlying this lung
disease remain elusive. In this report, we have identified
a novel proliferative stimulus for LAM cells, namely the
lymphangiogenic growth factors VEGF-C and -D.

VEGF-C and -D form a subgroup of the VEGF growth
factor family, which can induce cell migration and prolif-
eration through activation of their cognate receptor,
VEGF-R3.21 Although initially described as activating
ECs to induce lymphangiogenesis, increasingly the pro-
file of VEGF-C/D’s cell expression, receptor activation,
and cellular effects have diversified.22

Figure 5. LDC and human LAM nodules express NG2. A: In vitro expression
of NG2 in primary cultures human LDC determined by immunocytochemistry
(top, left), Western blot (top, right), or flow cytometry (bottom, right). For
comparison, expression of NG2 in normal PASM is also shown by Western
blot (top, right) and flow cytometry (bottom, left). The shaded area in flow
histogram represents isotype antibody; the line represents NG2 expression
using specific antibody. B: Photomicrograph (original magnification, �20;
left) of human lung LAM nodules (arrow) stained for NG2, within otherwise
normal appearing lung parenchyma. C: Image focuses on LAM cells (ar-
rows) within the larger proliferative LAM nodule outlined by the box in B
(original magnification, �40). D and E: Image of LAM nodules from two
separate patients, respectively (original magnification, �100). F: Image of a
LAM tissue nodule and surrounding normal lung stained with an isotype
control antibody (original magnification, �40). G: Image of unaffected
lung tissue stained for NG2, from the same patient in B showing an airway
and surrounding smooth muscle (indicated by the arrow) (original mag-
nification, �40).
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We have shown that LDCs express VEGF-R3. This
might appear to contradict previously reported find-
ings,14,20 in which immunohistochemistry of human LAM
tissue demonstrated LAM cell clusters that expressed
VEGF-R3 on cells located only along the perimeter of the
clusters but not within the cluster itself. This finding was
interpreted as VEGF-R3-expressing LEC “coating” the
LAM cell cluster after its fragmentation from parenchymal
LAM nodules into lymphatics. However, in light of our
findings, other interpretations are plausible. Namely, that
the cells at the cluster periphery are not LEC but rather
LAM cells that preferentially highly express VEGF-R3. As
opposed to the centrally located cells the peripheral LAM
cells are in immediate contact with the pericellular milieu
and would require high receptor expression to bind li-
gands. Certainly this is the case for other biological pro-
teins such as integrins and actin at the leading edge of
migrating cells.23 This not withstanding, when taken to-
gether with Kumasaka et al.’s20 findings, our combined
results describe a novel concept in LAM biology; the
notion that there is an intimate relationship of LAM cells to
the LEC. Our findings indicate for the first time that this
cross talk is biologically important and involves autocrine
VEGF-C activation of VEGF-R3.

There are a number of potential sources of VEGF-C
and -D in LAM disease. First, it is clear from our study and
others14 that the LAM cell itself produces VEGF, which
can, as we have demonstrated, act in an autocrine fash-
ion. The second potential source is the alveolar pneumo-
cyte. Although the most common lung tissue abnormali-
ties associated with LAM are proliferative smooth muscle
cell nodules and cysts, there may also be changes of
multifocal micronodular pneumocyte hyperplasia.24 In
this setting the pneumocyte, which expresses VEGF-C
and -D under normal conditions,1,25 may overexpress

these growth factors and act as a paracrine stimulus for
LAM cells. Finally, soluble VEGF produced at distant
pathological sites may act as a proliferative stimulus.
There is evidence to suggest that LAM represents a
metastatic site of a systemic disorder and thus VEGF
production by the “primary” site may act as a source of
soluble VEGF.20,26 The study by Seyama et al,27 which
showed that patients with LAM have elevated serum lev-
els of VEGF-D, supports this possibility.

In comparison with VEGF-R2, the cognate receptor for
VEGF-A, the signaling proteins involved in transducing
cell proliferation after VEGF-R3 activation are not well
characterized.28 In this study we have shown for the first
time that VEGF-C and -D induce proliferation of primary
LDC through activation of VEGF-R3 and subsequently the
signaling intermediates Akt/mTOR/S6 and Erk (Figure 7).
Of note, other receptor tyrosine kinases such as PDGF-R
also transduce their effects on LAM cells through PI3K/
Akt/mTOR suggesting that this proliferative signaling
mechanism is part of a common final pathway for growth
factor-induced LAM cell proliferation.8 This is supported
by recent clinical trials29 demonstrating regression of
angiomyolipomas in patients treated with the mTOR in-
hibitor, sirolimus (rapamycin). The pro-proliferative ribo-
somal protein S6 is activated by mTOR and is typically
under the inhibitory control of TSC2/TSC1 complex. In the
case of LAM, TSC2 is mutated, reversing its inhibitory
effect and resulting in S6 hyperphosphorylation and in-
creased cell proliferation. Our results suggest that in the
case of VEGF-R3 signaling, TSC2 does not appear to be
entirely inhibitory but rather acts in a modulatory fashion
affecting the time course and extent of activation of sig-
naling proteins. This TSC2-“bypass” does not appear to
be unique to VEGF because other growth factors have
been reported to signal in a similar fashion.13

Figure 6. Cross talk with endothelium increases
LDC proliferation through autocrine stimulation by
VEGF-C. A: Immunocytochemistry of primary mi-
crovascular endothelial cells (LEC) labeled to de-
tect expression of Prox-1, a LEC-specific marker
(top); immunoblot comparing Prox-1 expression
in lysates from LEC and LDC (bottom). B: Prolif-
eration assay, measuring BrdU uptake (top), or
cell number counts (bottom) of LDC grown in
Transwell plates in SFM (black bars) or FGM
(stippled bars) or in co-culture with LEC in se-
rum free conditions (Co-Cx, diagonal bars). C:
Western blot for VEGF-C in lysates from LDC
and LEC grown in serum free conditions (top).
�-actin serves as a protein loading control; ELISA
measuring VEGF-C concentration in supernatant
from LDC or LEC grown in SFM (dark bars) or
FGM (stippled bars) (bottom). D: ELISA mea-
suring VEGF-C concentration in the SFM and
FGM that used to grow LDC and LEC cells (first
two columns); supernatant from LDC grown in
either FGM (black bar) or SFM after stimulation
with VEGF-C (stippled bar); or SFM after co-
culture with LEC in the absence (diagonal bars)
or presence (brick bars) of the VEGF-C
“sponge,” VEGF-R3/Fc (R3/Fc). E: Proliferation
assay measuring BrdU uptake, of LDC grown in
SFM (black bars) or in co-culture with LEC in the
absence (stippled bar) or presence (diagonal
bar) of R3/Fc.
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The origin and nature of the LAM cell is poorly under-
stood but is characterized as smooth muscle like. Con-
sequently, there is no well-established in vitro cell model.
As a result, a number of cell types, each with their own
inherent limitations, have been used including trans-
fected fibroblasts,16 renal angiomyolipoma cells,30 and
cells derived from Eker rat uterine leiomyomas.15 The
limitations of primary human LAM cells used in our stud-
ies include the following: first, like all tissue derived cells,
in vivo characteristics are lost both as a result of the
isolation procedure and through variable differentiation
over time in culture; second, in vitro cell protein expres-
sion may differ from that in vivo and in the case of NG2,
may be misleading since it can be expressed in some
non-pericyte cells.4

This not withstanding, a number of points suggest
that our findings may be relevant and applicable to the
in vivo biology of LAM. First, these primary LAM cells
are species (human) and organ-origin (lung) specific
and relevant. Second, they were the only cell types of
the previously used LAM cell models (noted above)
that expressed VEGF-R3, a protein consistently shown to
be present in human LAM lung. Third, LAM cells were
derived from human LAM tissue nodules whose peri-
vascular distribution supports the notion that LAM cell
proliferation may be a result of LEC cross talk. Fourth,
similar to VEGF-R3, expression of NG2 was found both in
vitro and in vivo. Fifth, there is some evidence that other
members of the perivascular epithelioid cell tumor family
(such as angiomyolipomas [AML], lesions often co-exis-
tent with LAM) may be of pericyte origin.31 Although
separately none of these points are definitive, taken to-
gether they suggest that LAM cells may be vascular
mural smooth muscle cells that undergo abnormal prolif-
eration; and, that at least in part the proliferative stimulus
might arise from LEC cross talk.

Pericyte-endothelial cell cross talk is increasingly be-
ing recognized as playing an essential role in static and
dynamic vessel function.32 We found for the first time that
through EC cross talk LDC proliferation is increased in an
autocrine VEGF-C-dependent manner (Figure 7). The sol-
uble factor(s) that induce VEGF-C secretion from LDC is
unknown at this time. Furthermore, whether this factor
originates from the LDC or LEC or both remains to be
determined. Our results are consistent with previous find-
ings where secretion of growth factors, including VEGF,
has been demonstrated in other pericyte-EC co-cul-
tures.33 Cross talk can also be transduced through, di-
rect cell-cell contact involving cadherins34 and presum-
ably, this may also be playing a role in LAM disease.
Recently, others have shown that matrix modulators
such as matrix metalloproteases,16,35 also play a role in
LAM pathogenesis. In the case of VEGF-C and -D further
studies are required to investigate these other potential
mechanisms in the context of autocrine VEGF stimulation.
Recent work also shows that LAM cells within body fluids
express VEGF-R3, which presumably gain access to the
various body compartments through lymphatic or blood
vessel infiltration.20 Whether LAM cells are definitively
pericytes remains to be determined; however, our results
do serve to further characterize these poorly understood
and unique cells.

Previous studies have shown that LAM lung disease
may occur sporadically or in association with tuberous
sclerosis complex (TSC), an autosomal dominant disor-
der characterized by multiorgan hamartomas. Approxi-
mately 40% of patients with TSC who have no pulmonary
symptoms, have been found to have lung parenchymal
abnormalities consistent with LAM.36,37 In contrast, all of
the patients with TSC who are found to have lung disease
also have renal AML.36 These findings support the hy-
pothesis that LAM nodules are a result of distant metas-
tases from the AML lesions. However, only 60% of spo-
radic LAM cases have co-incident AML, challenging this
hypothesis.38–40 It is important to consider though that
both AML and LAM lesions are classified within the broad
category of perivascular epithelioid cell tumors. These
lesions are characterized by their peri-vascular location,
positive desmin, and HMB-45 staining (common to LAM
cells) and their ability, albeit it variably, to metastasize to
various tissue sites. Thus, one might speculate that spo-
radic LAM represents simply a primary lung PEComa,
separate from clear cell “sugar” tumor, which may me-
tastasize at a frequency that differs from that of AML.
Soluble and matrix-associated growth factors, such as
VEGF, would have their proliferative effect both locally
and in distant tissue sites. The evidence from the litera-
ture is that the growth factors implicated in LAM are
extensive,13,41,42 but the combination of our in vitro and in
vivo findings suggests that the lymphangiogenic VEGF
proteins play an important role. In this context and at this
time, the role of TSC mutations, and their protein products
hamartin and tuberin in VEGF-C and -D-induced LAM cell
proliferation is unclear.

In conclusion, we have identified a novel proliferative
stimulus for LDC, namely the lymphangiogenic growth
factors VEGF-C and -D. Primary lung LDC adhere, mi-

Figure 7. Proposed VEGF-C/D cell signaling pathway to transduce LAM cell
proliferation. After VEGF-R3 binding and activation, Akt is phosphorylated
and as is in turn mTOR, which by itself or through S6, induces cell prolifer-
ation. TSC2 does not appear to have a significant inhibitory effect on
VEGF-R3 signaling but does play a modulatory role, and Akt may also have
a direct modulatory effect on TSC2. Erk is also used by VEGF-R3 to induce
LAM proliferation. LDC-LEC cross talk serves as an activating mechanism for
LAM-VEGF-R3 through autocrine production of VEGF-C/D. The potential
mechanisms of LDC-LEC cross talk resulting in release of VEGF-C from LDC
include soluble factor production and/or cell-cell contact.
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grate, and proliferate in the presence of both growth
factors through activation of their cognate receptor,
VEGF-R3. LDC appear to have an immature smooth mus-
cle cell phenotype (NG2 positive) suggesting they are
perivascular mural cells and through cross talk with LECs
are stimulated to produce VEGF-C, which exerts its pro-
liferative effect in an autocrine manner. After activation of
VEGF-R3, the proliferative effect of VEGF-C and -D is
transduced through the intermediate signaling proteins
PI3K/Akt/mTOR and subsequently S6. Taken together
these results suggest a novel pathogenic mechanism for
LAM through the lymphangiogenic proteins VEGF-C and
-D and identify VEGF-R3 as a novel potential pharmaco-
therapeutic target.
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