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RASAL1 (also known as p120 RasGAP) is a Ras GTPase-activating protein that functions as a regulator of blood
vessel growth in adult mice and humans. In humans, RASA1 mutations cause capillary malformation-arte-
riovenous malformation (CM-AVM); whether it also functions as a regulator of the lymphatic vasculature is
unknown. We investigated this issue using mice in which Rasal could be inducibly deleted by administration
of tamoxifen. Systemic loss of RASA1 resulted in a lymphatic vessel disorder characterized by extensive lym-
phatic vessel hyperplasia and leakage and early lethality caused by chylothorax (lymphatic fluid accumulation
in the pleural cavity). Lymphatic vessel hyperplasia was a consequence of increased proliferation of lymphatic
endothelial cells (LECs) and was also observed in mice in which induced deletion of Rasal was restricted to
LECs. RASA1-deficient LECs showed evidence of constitutive activation of Ras in situ. Furthermore, in isolated
RASAI1-deficient LECs, activation of the Ras signaling pathway was prolonged and cellular proliferation was
enhanced after ligand binding to different growth factor receptors, including VEGFR-3. Blockade of VEGFR-3
was sufficient to inhibit the development of lymphatic vessel hyperplasia after loss of RASA1 in vivo. These
findings reveal a role for RASAL1 as a physiological negative regulator of LEC growth that maintains the lym-
phatic vasculature in a quiescent functional state through its ability to inhibit Ras signal transduction initiated

through LEC-expressed growth factor receptors such as VEGFR-3.

Introduction
Ras is a small inner membrane-tethered GTP-binding protein that
regulates cell growth, survival, and differentiation (1). Stimula-
tion of cells with growth factors results in recruitment of guanine
nucleotide exchange factors (GEFs) to membranes that switch
Ras from an inactive GDP-bound to an active GTP-bound state
(2). GEFs eject GDP from the Ras guanine nucleotide-binding
pocket, thereby allowing Ras to bind GTP. In its GTP-bound state,
Ras triggers the activation of several different downstream signal
transduction pathways, including the MAPK pathway, which cou-
ples membrane events to cellular responses (3). Appropriate growth
factor-induced signal transduction requires subsequent inactiva-
tion of Ras through hydrolysis of bound GTP to GDP (2). However,
Ras has only weak GTPase activity, and efficient conversion of Ras
back to its GDP-bound form requires physical interaction with Ras
GTPase-activating proteins (RasGAPs). RasGAPs increase the abil-
ity of Ras to hydrolyze GTP by several orders of magnitude (2).
Numerous RasGAPs have now been identified, many of which
have overlapping patterns of tissue expression (4). Therefore,
which RasGAPs regulate Ras activation in which tissues has yet
to be resolved. One of the first described RasGAPs is p120 Ras-
GAP (RASA1). Despite potential redundancy of function with
other RasGAPs, mouse gene knockout studies have indicated an
important role for this RasGAP in the control of blood vessel
development during embryogenesis (5). In mice homozygous
for a targeted null allele of Rasal, blood vessel endothelial cells
(BEC:s) fail to organize into a honeycombed network within yolk
sacs. In addition, within the embryo, blood vessel growth abnor-
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malities and vessel ruptures are observed, resulting in leakage of
blood into the embryo and death at E10.5 (5).

RASAL1 also plays an important role as a regulator of blood vessel
growth in adult mice. Specifically, recent evidence indicates that
RASA1 functions as a negative regulator of blood vessel angio-
genesis triggered in response to tumors or purified angiogenic
growth factors, such as FGF (6). Furthermore, a microRNA has
been identified that has specificity for RASA1 and whose expres-
sion is strongly induced in BECs by angiogenic growth factors.
Induction of this microRNA in BECs during the course of angio-
genesis results in downregulation of RASA1 expression. This event
is required for continuation of the angiogenic response (6).

In addition to mice, RASA1 regulates blood vessel growth in
humans. Capillary malformation-arteriovenous malformation
(CM-AVM; OMIM 608355) is caused by germline mutations of
RASAI that act in a dominant fashion with high penetrance (7-9).
Capillary malformation in this disease results in the appearance
of single or multiple pink cutaneous lesions. In addition, in about
one-third of patients, there are fast flow lesions, including intra-
cranial arteriovenous malformations, arteriovenous fistulas, and
Parkes-Weber Syndrome. Mutations are distributed randomly
throughout the RASAI gene and include nonsense, missense, and
splice-site substitutions as well as insertions and deletions result-
ing in frame shifts or splice site disruption. In affected individuals,
it is hypothesized that disease results from somatic mutation of
the normal allele, consistent with the focal nature of lesions.

Concerning the lymphatic vascular system, strict control over
Ras signaling would seem paramount. In transgenic mice, over-
expression of Ras in endothelial cells results in lymphatic vessel
hyperplasia and leakage in the form of tissue edema and chylotho-
rax (10); however, disorders of blood vessel growth and function
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Absence of blood vessel abnormalities in induced RASA1-deficient mice. (A) Whole mount staining of ear and diaphragm from Rasa17/Ubertzcre
transgenic and Rasa1/ control mice (treated with TM 4 months prior) for the BEC marker CD31. (B) Adult Rosa26°¥» and Rosa26¢yieUbertzcre
mice were administered TM at 2 months of age and again 10 days later. 7 days after the last TM injection, whole mount ear and thoracic dia-
phragm specimens were stained with anti-GFP antibodies to identify sites of YFP expression (green) and anti-CD31 antibodies to identify blood
vessels (red). Merged red and green fluorescence images are shown for ear; individual and merged images are shown for diaphragm. The same
results were obtained in 6 repeat experiments (n = 6 mice). Original magnification, x40 (A); x100 (B).

are not apparent in this model. Conversely, mice deficient in the
expression of one or more Ras isoforms develop lymphatic vessel
hypoplasia and chylous ascites, also indicative of lymphatic ves-
sel dysfunction (10). However, which RasGAPs regulate Ras signal
transduction in lymphatic endothelial cells (LECs) has not to our
knowledge been previously explored. Notably, a small number of
CM-AVM patients also develop chylothorax and chylous ascites
(9), which suggests that RASA1 may act as essential regulator of
the lymphatic vasculature as well as the blood vasculature.

In this study, we sought to determine the function of RASA1
in tissue homeostasis in adult animals. We used a conditional
RASA1-deficient mouse model, in which deletion of Rasal in all
tissues of adult mice occurs in response to drug administration
(11). In these mice, induced deletion of Rasal did not result in the
development of spontaneous blood vascular lesions. Instead, a
striking spontaneous disorder of the lymphatic vascular system
resulted that was characterized by extensive lymphatic vessel dila-
tion, hyperplasia, and leakage defects. These findings revealed an
important role for RASA1 as a negative regulator of lymphatic ves-
sel growth and function in unchallenged animals.

Results

Loss of RASAI expression in adult mice does not result in the development of
spontaneous blood vessel abnormalities. To examine the role played by
RASA1 in adult tissues, we used mice that carry conditional floxed
Rasal alleles (Rasalfl) and a ubiquitin promoter-driven Ert2Cre
transgene (Ub?e¢) (11). Groups of Rasal"/fUb*?¢ and littermate
control Rasalf mice were given 2 i.p. injections of tamoxifen
(TM) at 2 months of age. This treatment results in complete loss
of RASA1 expression in all examined tissues, as assessed by West-
ern blotting of whole organ lysates performed 1 week after TM
induction (11). Given that RASA1 has been identified as a nega-
tive regulator of blood vessel angiogenesis in adult mice and that
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RASAI mutations cause CM-AVM in humans, we looked carefully
for any evidence of spontaneous blood vascular abnormalities in
TM-induced animals. However, no capillary or arteriovenous mal-
formations were observed in any tissue, either upon gross exami-
nation or by whole mount staining of tissues with an anti-CD31
antibody (Figure 1A). A normal density of blood vessels was also
observed by staining for SMA in tissue sections (see below).

To confirm that the Ub*? transgene and its protein product are
active in blood vessels, we generated Rosa262/ reporter Ub“* trans-
genic mice (12). Mice were administered TM at 2 months of age and
again 10 days later. After a further 7 days, expression of yellow fluores-
cent protein (YFP) in blood vessels was shown to be strongly expressed
by whole mount staining using anti-GFP and anti-CD31 antibodies
(Figure 1B). In addition, loss of RASA1 expression in BECs was dem-
onstrated directly by Western blotting (see below). Therefore, the
absence of a spontaneous blood vessel phenotype in this model can-
not be explained by the absence of Rasal deletion in this vessel type.

In contrast to the above findings, constitutive loss of RASA1
expression during embryogenesis results in cardiovascular defects
and lethality (5). To confirm that this phenotype is caused by loss of
RASAL1 in BECs specifically, we used the TieI-Cre transgenic line to
restrict expression of Cre to this lineage. Among progeny of crosses
between Rasal"*Tiel-Cre and Rasal/ mice, no RasalTiel-Cre pups
were identified (Supplemental Figure 1A; supplemental material
available online with this article; d0i:10.1172/JCI46116DS1). Results
of timed pregnancy experiments revealed that RasalVMTiel-Cre
embryos succumbed at E10-E11 as a result of defective cardiovas-
cular development (Supplemental Figure 1B), similar to RasaI-null
embryos (5). Therefore, we concluded that RASA1 has a BEC-intrin-
sic function during blood vascular development.

Lymphatic vessel dysfunction in induced RASAI-deficient mice. We ini-
tially reported that induced RASA1-deficient mice remain healthy
for 3 months after TM injection (11). However, when studies were
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Induced loss of RASA1 expression in adult mice results in early mortality associated with chylothorax and chylous ascites. (A) Kaplan-Meier
survival plots of Rasa1Ubert2ere and Rasa1 mice treated with TM at 2 months of age (n = 50 per genotype). (B) Flow cytometric analysis of
pleural effusion cells from deceased TM-treated Rasa1##lUbert2cre mice showing expression of lymphocytic markers TCRp (T cells), CD4 (T cells),
CD8 (T cells), and CD19 (B cells). Data are representative of 10 mice examined. (C) Total numbers and representative flow cytometric plot of
peritoneal leukocytes obtained by lavage of Rasa1/Ube2cre and Rasa1” mice treated with TM 3 months prior (n = 6 per genotype). (B and C)
Numbers in flow cytometry plots denote percent live cells. (D) Evans blue dye was injected s.c. into the hind footpads and tail of Rasa1#Ubertcre
and Rasa1/ mice treated with TM 3 months prior. Drainage of dye into the thoracic duct was examined 1 hour after injection. A blue thoracic
duct was clearly visible in Rasa1” mice, but not Rasa1lUbert2cre mice; instead, in Rasa1Uber2ere mice, injected dye commonly drained into
the peritoneum. The same results were obtained in 5 repeat experiments.

extended, it became apparent that all Rasa I/AUb**?¢ mice suc-
cumbed by 8 months after TM administration (Figure 2A). Prior
to death, mice frequently showed signs of labored breathing, and,
upon necropsy, the thoracic cavity was filled with a milky white
fluid with a high content of triglycerides (240-1,200 mg/dl; n = 7),
much higher than that observed in serum. Flow cytometric analy-
sis showed that the majority of cells in the effusion were lympho-
cytes (Figure 2B). Thus, the fluid had all the characteristics of chyle
(lipid-laden lymph), accumulation of which in the thoracic cavity
presumably suffocates mice, leading to death by chylothorax (13).
Leakage of lymph was not confined to the thoracic space in
RasalVUbr2r¢ mice, since chyle was also commonly found in the
peritoneal cavity (chylous ascites) of deceased animals. Further-
more, flow cytometric analysis of peritoneal flushes of groups of
mice treated with TM 3 months previously consistently revealed
the presence of large numbers of leukocytes, the majority of which
were again lymphocytes (Figure 2C). These findings suggested
that loss of RASA1 expression in adult mice results in a more
general lymphatic leakage defect. To confirm this, we performed
Evans blue tracing studies. Mice treated with TM 3 months prior
were injected with Evans blue in the hind footpads and tail. After
1 hour, mice were euthanized, and drainage of dye into the thorac-
ic duct was examined (Figure 2D). In TM-treated Rasa 1/ mice, dye
was readily detected in the thoracic duct, to which it gains access
via the cisternae chyli. In contrast, in TM-treated Rasa1VUber2re
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mice, drainage of dye to the thoracic duct was never observed,;
instead, dye commonly leaked into the peritoneal cavity of mice,
presenting as blue chyle (Figure 2D).

Lymphatic vessel dilation and development of extensive lymphatic vessel
hyperplasia in induced RASA1-deficient mice. Chylothorax, which occurs
perinatally, has been reported in some other mutant mouse mod-
els (14-17). In these models, chylothorax is often associated with
dilation of thoracic lymphatic vessels. To determine whether tho-
racic lymphatic vessels of induced RASA1-deficient mice also show
evidence of dilation, we performed immunohistochemical studies
of the chest region using a lymphatic-specific LYVE-1 antibody
(Figure 3, A and B, and ref. 18). Lymphatic vessels of the chest wall
were indeed markedly dilated in Rasa1/#Ub**?¢ mice. However, more
striking was the observed large increase in the density of lymphatic
vessels both within the chest wall and on the inside of the chest wall
facing the pleural cavity. In control mice, lymphatic vessels were
scarce on the inside of the chest wall, whereas in Rasa 1#/Uber2ere
mice, there was almost continuous coverage of the pleural face of
the chest wall with lymphatic vessels (Figure 3B). The identity of
these vessels as lymphatic was confirmed by their expression of
VEGF receptor 3 (VEGFR-3) in double immunofluorescence stain-
ing experiments (Supplemental Figure 2).

Lymphatic vessel dilation and hyperplasia was also observed in
other tissues of TM-treated RasalVAUb*>7¢ mice. In skin, hyper-
plasia was readily apparent after i.d. injection of shaved mice with
Volume 122 Number 2
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Lymphatic vessel dilation and hyperplasia in induced RASA1-deficient mice. (A and B) Anti-LYVE-1 antibody—stained sections of the chest wall
of Rasa1iUbertzere and Rasa1 mice treated with TM 4 months prior (n = 25 per genotype). (A) Arrows denote representative lymphatic ves-
sels within the chest wall. (B) Lower-power composite images. (C) Evans blue was injected i.d. at the base of the tail of shaved Rasa1//Ubertzcre
and Rasa1/ mice treated with TM 4 months prior. The dermal lymphatic network draining the injection site (IS) was imaged after 1 minute
(top). After 5 minutes, a midline incision was made to expose lymphatic vessels and the inguinal LN (ILN) on the underside of the skin (bottom).
The experiment was repeated 3 times with the same findings. (D) Representative anti-LYVE-1 antibody—stained sections of skin and lung of
Rasa1fflpert2ere and Rasa1 mice (n = 6 per genotype) treated with TM 3 months prior. Arrows denote lymphatic vessels. (E) Representa-
tive whole mount anti-Prox1 antibody staining of diaphragms of Rasa1”#Uber2¢re and Rasa1”# mice treated with TM 4 months prior (n = 5 per
genotype). (F) Number of lymphatic vessels (LV) or Prox1* cells per mm?2 in skin and diaphragms, respectively, of Rasa1/Ubert2cre and Rasa1f
mice in D and E. Data (mean + 1 SEM) were derived from 6 randomly selected fields from 3 mice per genotype. *P < 0.05; ***P < 0.001. Original

magnification, x400 (A); x40 (B); x100 (D and E).

Evans blue dye at the base of the tail (Figure 3C). As detected by
anti-LYVE-1 immunohistochemical staining, lymphatic vessels in
skin and lung were dilated and increased in number (Figure 3D).
Furthermore, immunofluorescence staining of whole mount
diaphragms using an antibody against the Prox1 LEC transcrip-
tion factor revealed a very large increase in the number of LECs in
RasalVfUbe27¢ mice (Figure 3E). Quantitative analysis of skin and
diaphragm confirmed the increased density of lymphatic vessels in
Rasa VU< mice (Figure 3F).

Dynamic imaging of lymph flow in induced RASAI-deficient mice. To
study the lymphatic defect in induced RASA1-deficient mice fur-
ther, we performed dynamic noninvasive near-infrared (NIR)
fluorescence imaging studies of lymph flow in live mice (19, 20).
TM-treated RasalVAUb**?¢ mice and Rasal/f controls were inject-
ed with indocyanine green (ICG) i.d. at the base of the tail. Fluo-
rescence images of mice were then acquired for up to 20 minutes
(Figure 4 and Supplemental Videos 1 and 2). These analyses provid-
ed noninvasive confirmation of the extensive lymphatic hyperpla-
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sia in induced RASA1-deficient mice. In control mice, dye followed
an almost direct route of drainage from the site of injection to the
inguinal LN, and subsequently to the axillary LN, via an inguinal-
to-axillary internodal lymphatic vessel (INL). However, in induced
RASAI1-deficient mice, dye first entered into an expansive lymphatic
vessel network before drainage to the INL (Figure 4). Another strik-
ing feature of the induced RASA1-deficient mice was that numerous
lymphatic vessels were seen to branch off from the INL. We have
not observed such lymphatic vessel sprouting from this lymphatic
channel in control mice. Longitudinal NIR fluorescence imaging of
induced RASA1-deficient mice revealed that lymphatic hyperplasia
was first apparent at 2-3 weeks after TM administration. Thereafter,
the extent of hyperplasia increased progressively, reaching a maxi-
mum at 8 weeks after TM treatment (Supplemental Figure 3).

For several selected regions of interest (ROIs) within the lym-
phatic network of induced RASA1-deficient and control mice, we
analyzed fluorescence intensity with respect to time (Figure 4B).
These studies revealed an absence of pulsatile activity in the hyper-
Number 2
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200

Quantitative analysis of propulsive lymph function in induced RASA1-deficient mice. (A) Rasa1/Ubert2cre and Rasa1 mice treated with TM
3—-4 months prior were injected i.d. at the base of the tail with ICG. Shown are fluorescence images superimposed on white-light images of live
animals taken 20 minutes after ICG injection, revealing dermal lymphatic networks. (B) Fluorescence images of mice in A acquired 3 minutes after
ICG injection. Numbers denote select ROls within the lymphatic network, and their fluorescence intensities with respect to time after injection are
shown. ROI 1 and ROI 2 in both groups, lymphatic vessels draining the site of injection; ROI 3 in both groups and ROI 4 in Rasa1?, INL collecting
lymphatic vessels; ROI 4 in Rasa1iUber2ere, newly formed lymphatic vessels that branch off from the INL. The same results were obtained with all
other examined Rasa1iUbert2ere and Rasa 1 control mice (n = 10 of each genotype). See also Supplemental Figure 3 and Supplemental Videos
1 and 2. (C) Number of contractions over a 5-minute period in INL of Rasa1?Uber2cre and Rasa 1 mice before and after TM injection. Measure-
ments were initiated 5 minutes after ICG injection (n = 6 per genotype). Data are mean + 1 SEM. Differences were not statistically significant.

plastic draining lymphatics proximal to the site of injection in
induced RASA1-deficient mice. This is consistent with their iden-
tity as lymphatic capillaries or newly formed lymphatic vessels that
lack the smooth muscle cell coverage associated with more mature
vessels (18). Likewise, there was an absence of pulsatile activity
in lymphatic vessels that branched off from the INL in induced
RASA1-deficient mice. Pulsatile activity was detected in larger col-
lecting lymphatic vessels of induced RASA1-deficient mice; how-
ever, the propulsive rates in these larger vessels were on average
not different from those in control mice (Figure 4C). Thus, even
though there is lymphatic vessel hyperplasia in induced RASA1-
deficient mice, there does not appear to be loss of vessel lymph-
propelling ability. This is in agreement with the absence of any
evidence of tissue lymphedema in this model.
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Lack of smooth muscle coverage of the majority of lymphatic vessels in induced
RASAI-deficient mice. In parallel with our NIR fluorescence imaging
studies, we examined whether newly formed lymphatic vessels in
induced RASA1-deficient mice are invested with smooth muscle. Tis-
sue sections of chest wall, skin, and esophagus were double stained
with anti-LYVE-1 and anti-SMA antibodies (Figure 5). The vast
majority of lymphatic vessels in induced RASA1-deficient mice were
not invested with smooth muscle. This finding is consistent with the
lack of contractile activity in the majority of lymphatic vessels in these
animals, as shown by NIR fluorescence imaging (Figure 4).

Induced loss of RASAL in lymphatic endothelial cells is sufficient to cause
lymphatic vessel dilation and hyperplasia. The early onset of lymphatic
vessel hyperplasia (Supplemental Figure 3) and the fact that tis-
sue lymphedema is not observed in induced RASA1-deficient mice
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both argue strongly against the notion that the increased number
of lymphatics arises as part of a homeostatic response to lymphatic
vessel leakage. Instead, we hypothesized that increased LEC prolif-
eration is the primary cause of the increased number of vessels.
This could be consequent to increased production of LEC growth
factors in RASA1-deficient mice causing elevated steady-state
concentrations of growth factors in tissues. Alternatively, lym-
phatic vessel abnormalities could be caused by dysregulated LEC
growth factor receptor signaling in response to low concentrations
of growth factors in the extracellular milieu. As determined by
RT-PCR, no difference in the expression of a number of LEC
growth factors — including FGF, PDGF, VEGEF-C (the ligand for
VEGEFR-3), and angiopoietin 1 — was detected in any tissue derived
from induced RASA1-deficient mice (data not shown and ref. 18).
Therefore, to obtain evidence for the alternative hypothesis, we
first asked whether the lymphatic vessel phenotype could result
from loss of RASA1 specifically in LECs. We used the recently
described Prox1¢*?¢¢ knockin line, in which the Prox1 promoter
drives expression of Ert2Cre (21). To confirm that TM-inducible
Cre activity was restricted to lymphatic vessels in this line, we gen-
erated Rosa269/Prox1¢? mice. After 3 repeat injections of TM,
YFP protein expression was detected in lymphatic vessels, but
not blood vessels, of these mice (Figure 6A). We further examined
whether Ert2Cre is active in both initial and collecting lymphatic
vessels in Prox1°%2¢ mice. In Rosa26%/Prox1¢%2¢ mice, YFP was
expressed within initial lymphatic vessels of the central diaphragm
(Figure 6B), which were clearly identified by the oak-leaf appear-
ance of the LECs therein (22). Similarly, YFP was expressed in col-
lecting lymphatic vessels enriched in the peripheral diaphragm
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Figure 5

The majority of newly formed lymphatic vessels in induced RASA1-
deficient mice do not have smooth muscle coverage. Sections of
chest wall, skin, and esophagus from Rasa1/flUbert2¢re and Rasa1™
mice treated with TM 3—4 months prior were stained with anti-LYVE-1
(green) and anti-SMA (red) antibodies. Some lymphatic vessels
(arrowheads) and blood vessels (arrows) are indicated. Original mag-
nification, x100 (chest wall and skin); x40 (esophagus).

(Figure 6B), identified by the spindle-like appearance of LECs (22).
Of note, however, in Rosa262Prox 1927 mice, YFP was expressed in
a relative minority of LECs in initial and collecting lymphatic ves-
sels. Conversely, in Rosa262PUb*?¢ mice, YFP was expressed in all
LECs of initial and collecting lymphatic vessels (Figure 6B).

Lymphatic vessel-specific inducible RASA1l-deficient
Rasal"fProx1¢?7¢ mice were generated by intercrossing Rasal/f!
and Prox1¢%27¢ mice. TM was administered to mice and to Rasa 1/
littermate controls at 2 months of age; 3 months later, mice were
analyzed for lymphatic vessel abnormalities. As shown by LYVE-1
immunohistochemical staining, lymphatic vessels in skin of
Rasa1VAProx1¢%27¢ mice were dilated and increased in number to an
extent similar to that observed in Rasa1%fUb*?7¢ mice (Figure 7,
A and C, and Figure 3, D and F). In addition, in whole mount dia-
phragm specimens, a large increase in Prox1* cell numbers was
observed in RasalVProx1¢*?e mice, albeit not as large as that in
Rasa VU2 mice (Figure 7, B and C, and Figure 3, E and F).

We also examined lymphatic vessel structure and flow in Rasa 17/
ProxI¢e¢ mice by NIR fluorescence imaging (Figure 7D and Sup-
plemental Videos 3 and 4). Dermal lymphatic vessel hyperplasia was
readily observed in Rasa1//fProx1¢*< mice. Longitudinal NIR fluores-
cence imaging of Rasal/fProx1¢*o* mice revealed that the lymphatic
vessel hyperplastic phenotype was first apparent 2-3 weeks after TM
treatment, similar to Rasa I/Ub*2 mice (data not shown).

Induced lympbhatic vessel-specific loss of RASAI during development
results in chylothorax in weanling mice. In contrast to RasalVAUbr2
mice, no early lethality was noted in Rasa1#fProx1¢%<¢ mice, and
these mice showed no evidence of chylothorax or chylous ascites
up to 1 year after TM injection (n = 30). This finding could indicate
that, in contrast to lymphatic vessel hyperplasia, lymphatic leakage
resulting from systemic loss of RASA1 in adults is not caused by
loss of RASA1 in LECs. However, in adult mice, ProxI¢*2ee caused
detectable recombination in a minority of LECs in lymphatic ves-
sels (Figure 6), which could account for the absence of overt signs
of lymphatic vessel leakage. To address this, we administered TM
to pregnant Rasa1Vf! dams carrying Rasa " Prox17%?¢ and Rasa 1!
control embryos at E15. Our rationale was that, since all LECs in
adult mice must descend from Prox1* LEC progenitors, then earlier
administration of TM during development should result in more
effective deletion of Rasal in LECs in adult mice (23, 24). Indeed,
TM administration at E15 resulted in chylothorax and death of
RasalfProx12 mice 2 weeks after birth (Figure 7, E and F). Half
of the Rasa1fProx1¢ mice developed chylothorax, whereas chy-
lothorax was not observed in any Rasa1/# littermate controls.

Increased circumferential growth and LEC proliferation in induced
RASAI-deficient mice. As confirmed by double staining with anti-
LYVE-1 and anti-Prox1 antibodies or with antibodies against Prox1
and the intercellular adhesion molecule VE-cadherin, lymphatic
vessels in TM-treated Rasa1/fUb ¢ and Rasa 1V Prox1¢72¢ mice
showed large increases in circumferential growth (Figure 8, A and
B). To confirm that increased LEC number and vessel growth are
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with anti-GFP antibodies (green) to identify sites of YFP expression and with anti-LYVE-1 or anti-CD31 antibodies (red) to identify lymphatic
vessels and blood vessels, respectively. Images were taken from the central part of the diaphragm. (B) Adult Rosa26¢Prox1et2ere mice and
Rosa26evirUbet2ere mice were administered TM as described in A and Figure 1, respectively. 7 days after the last injection, whole mount dia-
phragm specimens were stained with anti-LYVE-1 (red) and anti-GFP (green) antibodies. In initial lymphatics, expression was enriched in the
central diaphragm; in collecting lymphatics, expression was more commonly observed in the peripheral diaphragm. Similar results were obtained
in 5 different mice per genotype. Original magnification, x40 (A, LYVE-1, and B, initial lymphatics [top] and collecting lymphatics); x100 (A,

CD31, and B, initial lymphatics [bottom]).

consequences of increased LEC proliferation, we performed in vivo
BrdU labeling experiments. Adult Rasa1"/1Ub*? mice were injected
with BrdU 8 and 10 days after TM administration. At 2 hours after
the second BrdU injection, whole mount diaphragms were stained
with anti-LYVE-1 and anti-BrdU antibodies (Figure 8C). At this
early time point after TM administration, numerous lymphatic ves-
sel sprouts were observed in Rasa1/fUb**?¢ mice, but not in Rasa1#/#
mice. Moreover, in Rasa1/fUb¢*2¢ mice, BrdU* nuclei were detected
in the vicinity of these sprouts (Figure 8C). Under the labeling con-
ditions used, BrdU* nuclei were not identified in Rasa 1/ mice.

To more reliably quantify differences in LEC proliferation, we pet-
formed combined in vivo BrdU labeling and ex vivo flow cytomet-
ric staining analyses. RasalVAUb*>* mice were injected with BrdU
3 and S days after TM administration. At 2 hours after the last BrdU
dose, whole lung cell suspensions were prepared and stained with
anti-CD4S5, anti-podoplanin, anti-CD31, and anti-BrdU antibodies.
Within whole lung cell preparations, LECs were identified as CD45~
podoplanin*CD31% and were readily distinguished from BECs,
identified as CD45-podoplanin-CD31" (Figure 8D and ref. 18). Con-
sistent with the identity of this population as LECs, cells expressed
LYVE-1 and VEGFR-3 (data not shown). Importantly, comparison of
LECs from TM-induced Rasa1VUb?¢ and Rasalf mice revealed an
approximately 6-fold increase in BrdU incorporation in the former
(Figure 8D). These findings support the notion that lymphatic vessel
hyperplasia in induced RASA1-deficient mice results from increased
LEC proliferation. Conversely, no increase in BrdU incorporation
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into BECs was noted in TM-induced RasaI##Ub**?* mice compared
with controls (Figure 8D). This finding is consistent with the absence
of a spontaneous blood vascular phenotype in these mice.

RASA1I-deficient LECs show dysregulated Ras signal transduction initiat-
ed through multiple LEC growth factor receptors. As revealed by staining
of serial sections of the chest wall with anti-LYVE-1 and anti-phos-
pho-MAPK antibodies, the Ras-MAPK pathway was commonly acti-
vated in LECs from TM-induced Rasa1/fUbe*?¢ mice (Figure 9A).
In contrast, activation of the Ras-MAPK pathway in LECs of con-
trol Rasa1"/ mice was not observed. This observation is consistent
with a model in which the loss of RASA1 in LECs allows low levels
of growth factors present in the extracellular space of resting ani-
mals to trigger activation of the Ras-MAPK pathway and abnormal
downstream LEC proliferation.

To determine which LEC growth factor receptors might have
become dysregulated in LECs upon loss of RASA1, we conducted
in vitro signaling experiments. LECs were isolated from lungs of
RasalVAUb?e and Rasal”f mice treated with TM 2 weeks prior by
positive selection from whole lung cell suspensions using an anti-
podoplanin antibody (25). Cells were then expanded for 5-7 days
in medium containing endothelial cell growth supplement (ECGS)
before assay. This procedure yielded essentially pure LEC popula-
tions that uniformly expressed VEGFR-3 and were not contami-
nated with epithelial cells (Supplemental Figure 4A). Western blot-
ting confirmed that RASA1 was not expressed in purified LECs
from RasalVAUb**e mice (Supplemental Figure 4B).
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Figure 7

Lymphatic vessel hyperplasia and chylothorax in LEC-specific induced RASA1-deficient mice. (A and B) Skin sections and whole mount dia-
phragms from Rasa1#Prox1ert2cre and Rasa1 mice injected with TM 3 months prior (at 2 months of age) were stained with anti-LYVE-1 and
anti-Prox1 antibodies, respectively, to identify lymphatic vessels (arrows in A). (C) Number of lymphatic vessels and Prox1+ cells per mm?2 in skin
and diaphragms, respectively, of mice in A and B. Data (mean + 1 SEM) were derived from 6 randomly selected fields from 3 mice per genotype.
**P <0.01; ***P < 0.001. (D) ICG was injected i.d. at the base of the tail of Rasa1Prox1er2cre and Rasa1” mice injected with TM 3 months prior
(at 2 months of age). Representative fluorescence images were acquired 30 minutes later (n = 5 per genotype; see also Supplemental Videos 4
and 5). (E) Pleural effusions of deceased (2 weeks after birth) Rasa1Prox1et2cre mice administered TM at E15 were analyzed by flow cytometry
for expression of lymphocytic (TCRp, T cell; B220, B cell) and myeloid (CD11b and Gr1) markers. Numbers in quadrants indicate percent live
cells. Note the abundant lymphocytes, but absent myeloid cells. (F) Whole mount diaphragm specimens from deceased Rasa1//Prox1ertzcre
mice in E and littermate Rasa 1 controls (euthanized at 2 weeks of age) were stained with an anti—-LYVE-1 antibody to confirm lymphatic vessel
hyperplasia. Original magnification, x100 (A and F); x40 (B).

We examined Ras signal transduction initiated by PDGF, FGF,
and VEGF-C. Purified LECs were stimulated with growth factors
for different times up to 2 hours. Activation of the Ras pathway
was then assessed by Western blotting using phospho-MAPK
antibodies (Figure 9B). For PDGF and FGF, the MAPK response
was slightly prolonged in RASA1-deficient LECs. A more marked
difference, however, was observed for VEGF-C. In control LECs,
the peak VEGF-C-induced MAPK response occurred at 3 min-
utes. Similarly, in RASA1-deficient LECs, an early peak of MAPK
activation was observed at 3 minutes, before a return to baseline
levels of activation at 10 minutes. However, in RASA1-deficient
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LECs, a second wave of MAPK activation occurred 1 hour after
stimulation that was maintained for at least an hour. VEGF-C
also interacts with VEGFR-2 as well as VEGFR-3 (18). There-
fore, to distinguish between dysregulated signal transduction
through VEGFR-3 versus VEGFR-2, we also examined Ras-MAPK
activation triggered by VEGF-A, which binds to VEGFR-1 and
VEGFR-2 (18). No difference in the magnitude or kinetics of the
VEGF-A-induced MAPK response was observed between RASA1-
deficient and control LECs. Therefore, dysregulated Ras signal
transduction is specific to VEGFR-3. Differences in the kinetics
of Ras signal transduction induced by FGF, PDGF, and VEGFR-3
Volume 122
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Figure 8

Lymphatic vessel growth in vivo in induced RASA1-deficient mice. (A) Whole mount diaphragms from Rasa11Prox1ertecre, Rasa1flpert2ere, and
Rasa1%" mice injected with TM 3 months prior were stained with anti—-LYVE-1 or anti-VE-cadherin antibodies (red) and anti-Prox1 antibodies
(green). (B) Lymphatic vessel diameter in diaphragms of mice in A. Data (mean + 1 SEM) are derived from 6 randomly selected fields from 3 mice
per genotype. ***P < 0.001. (C) Rasa1Ubert2cre and Rasa1 mice were administered TM at 2 months of age, then BrdU 8 and 10 days later.
2 hours after the last BrdU dose, whole mount diaphragms were stained with anti-LYVE-1 and anti-BrdU antibodies. Note the numerous lym-
phatic sprouts (arrowheads) and BrdU* nuclei (arrows) in Rasa1ilUbert2cre mice. Images are representative of 3 mice per genotype. The boxed
region is shown enlarged 3-fold. (D) Rasa1lUbert2cre and Rasa 1 mice were administered TM at 2 months, then BrdU 3 and 5 days later. 2 hours
after the last BrdU injection, whole lung cell suspensions were analyzed by flow cytometry. Shown are representative 2-color plots of podoplanin
versus CD31 staining on gated CD45- cells (blue gates denote LEC and BEC populations) and BrdU staining within LECs and BECs. Numbers
indicate percent representation among total live cells in each plot. Similar results were obtained in 2 repeat experiments. Original magnification,
x100 (A, top); x400 (A, bottom, and C).

could not be explained by any alterations in the expression levels  did not induce activation of AKT in either type of LEC (data not
of respective receptors upon LECs. Thus, RASAl-deficient and  shown). PDGF did activate AKT, although no significant differ-
control LECs expressed the same levels of VEGFR-3, as deter-  ences in the kinetics of AKT activation were apparent between con-
mined by flow cytometry (Supplemental Figure 4A), and the same  trol and RASA1-deficient LECs (Figure 9B). In contrast, major dif-
levels of PDGFR and FGFR-3 (the principal FGFR expressed by  ferences in AKT activation were noted when LECs were stimulated
LECs), as determined by Western blotting (Supplemental Figure =~ with VEGF-C. Thus, AKT activation was observed at an early time
4B, data not shown, and ref. 26). point (1-3 minutes) in both types of LECs, but only in RASA1-

In the same experiments, we additionally examined activation  deficient LECs was a second wave of AKT activation observed, first
of the AKT kinase, which also lies downstream of Ras and which ~ detected at 1 hour after stimulation and again maintained for at
promotes cell survival (Figure 9B and ref. 27). FGF and VEGF-A  least an additional hour (Figure 9B).
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Figure 9
Dysregulated Ras signal transduction in RASA1-deficient LECs. (A) Serial sections of the chest wall of Rasa1fUbert2ere and Rasa1™ mice

treated with TM 4 months prior were stained with anti-LYVE-1 or anti-phospho-ERK antibody. Arrows denote lymphatic vessels. Images are rep-
resentative of 4 examined mice per genotype. Original magnification, x100. (B) LECs were isolated from lungs of Rasa1Ubert2cre and Rasa 1
mice treated with TM 2 weeks prior (see Supplemental Figure 4). LECs were stimulated in vitro with the indicated growth factors for the indicated
times. Activation of ERKs and AKT was determined by Western blotting of cell lysates with phosphospecific antibodies. Blots were reprobed with
ERK and AKT antibodies to demonstrate equivalent protein loading. Experiments were repeated at least 3 times with the same results. (C) Puri-
fied LECs were stimulated with medium alone or with medium containing the indicated growth factors for 48 hours. Proliferation was assessed
by BrdU incorporation during the last 24 hours of culture and measured by BrdU ELISA kit. Results are mean + 1 SD of triplicate determinations.
(D) Purified LECs were grown to confluency and then cultured in the presence or absence of serum with ECGS for a further 72 hours. Apoptosis
was determined by annexin V staining and flow cytometry. Numbers denote percent annexin V+ cells among total live 7-AAD- cells. Experiments
in C and D were repeated 3 times with similar results.

742 The Journal of Clinical Investigation  http://www.jci.org  Volume 122 ~ Number2  February 2012



research article

A Chest wall
Rasa1"Upeeee
™ T™M + anti-VEGFR-3
Mouse 1 Mouse 1
- v — —
1I— b e = .‘I".".
L =k <
% Mouse 2 Mouse 2 Mouse 3 Mouse 4
, V=7 S
3 Q'_
< ; %
' x
B C Skin
Rasa-;.frfrlu i2cre Rasa?”’” Rasa-r!r.-'rlu wi2ere
Chest wall
Hasa T.fn’.-\‘IUbe.rchre
80" dekdk
% 0 wk
- - ILN p
o 60
o
(5]
> 40+
€
3
g 207
o
0 8 wk -4 INL
™ ™ + TRy
anti-VEGFR-3
™ TM + anti-VEGFR-3
Figure 10

VEGFR-3 blockade inhibits the development of lymphatic vessel hyperplasia in induced RASA1-deficient mice. (A—C) Rasa1/Ubeteere and
Rasa1 mice were injected at 2 months of age with TM alone or TM together with a blocking anti-VEGFR-3 antibody that was readministered
to mice every 3 days for 8 weeks. (A) Chest walls were stained with an anti-LYVE-1 antibody (purple). Images from 2 TM-treated and 4 TM plus
anti-VEGFR-3-treated mice are shown; arrows indicate enlarged views. Original magnification, x40; x100 (enlargements). (B) Percent lymphatic
vessel coverage of the inner surface of the chest wall facing the pleural cavity. Data (mean + 1 SEM) are derived from measurements made on
12 longitudinal and cross-sections of thorax from 3 (TM) or 4 (TM plus anti-VEGFR-3) mice. ***P < 0.001. (C) NIR fluorescent images of dermal
lymphatic vessels immediately prior to and 8 weeks after treatment. Images were acquired 15 minutes after ICG injection. See also Supplemental
Videos 5 and 6. The same results were obtained with 3 other Rasa1”iUber2cre mice treated with anti-VEGFR-3 antibody (n = 4 total).

We also examined Ras-MAPK signal transduction in BECs and
fibroblasts from induced RASA1-deficient adult mice (Supple-
mental Figure 5). For BECs, we examined signaling in response
to PDGF, FGF, and VEGF-A; for fibroblasts, we examined sig-
naling in response to PDGF and EGF. In BECs, PDGF-induced
MAPK activation was increased upon loss of RASA1 at the peak of
the response, although the kinetics of MAPK activation was not
altered. In contrast, for FGF, MAPK activation occurred earlier in
RASA1-deficient BECs, although no difference in the magnitude
of the response was apparent. For VEGF-A, both the magnitude
and kinetics of MAPK activation were the same between RASA1-
deficient and control BECs. In RASA1-deficient fibroblasts, the
magnitude of MAPK activation (or AKT activation) induced by
PDGF and EGF was generally reduced compared with control
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fibroblasts, although the kinetics of responses was unaltered.
These findings may contribute to an understanding of why TM-
induced Rasa1/AUb*?¢ mice show a spontaneous phenotype only
in the lymphatic vascular system (see Discussion).

Increased proliferation and survival of RASA1-deficient LECs in vitro.
Since growth factor-induced Ras activation in RASA1-deficient
LECs was dysregulated, we next assessed functional responses of
purified LECs in vitro. No significant differences between RASA1-
deficient and control LECs were noted in assays that measured
LEC adhesion to substratum or LEC-LEC intercellular adhesion
(measured by electrical resistance of monolayers), LEC migration
(measured in wound healing and transwell migration assays), or
tube formation on matrigel or collagen matrices either in the pres-
ence or absence of growth factors (data not shown). In contrast, as
Volume 122 Number 2
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Junctional integrity of lymphatic vessels in induced RASA1-deficient
mice. Whole mount diaphragm specimens from Rasa1//Prox1ertzere
mice with chylothorax and Rasa7” littermate controls were stained
with LYVE-1 (green) and VE-cadherin (red) antibodies. Shown are
initial lymphatic vessels in the central diaphragm; arrows indicate
enlarged views of boxed regions. The same results were observed in
Rasat1fflJpertzere mice with chylothorax (n = 4). Original magnification,
x400; x1,000 (enlargements).

measured in BrdU incorporation assays in vitro, RASA1-deficient
LECs proliferated more vigorously, as observed when LECs were
stimulated with the combination of PDGF, FGF, and VEGF-C
(Figure 9C). Individual growth factors were unable to stimulate
proliferation of control or RASA1-deficient LECs in these assays
(data not shown). In addition, RASA1-deficient LECs were less sus-
ceptible to apoptosis induced by serum and growth factor depriva-
tion than were control LECs (Figure 9D).

Blockade of VEGFR-3 in vivo is sufficient to prevent lymphatic hyperplasia
induced by loss of RASA1 in adult mice. Since the greatest differences in
Ras signaling in RASA1-deficient LECs were observed after stimu-
lation with VEGF-C (Figure 9B), we next sought evidence that dys-
regulated signal transduction through VEGFR-3 is required for the
development of lymphatic vessel hyperplasia in vivo. At 2-3 months
of age, Rasal"Ub? mice were administered TM plus a blocking
anti-VEGFR-3 antibody (mF4-31C1) that was readministered to
mice every 3 days for 8 weeks (28). Lymphatic vessel hyperplasia in
the chest wall was assessed by immunohistochemistry and in skin
by NIR fluorescence imaging (Figure 10). Strikingly, anti-VEGFR-3
antibody treatment almost completely blocked the development
of lymphatic hyperplasia in the chest wall (Figure 10, A and B). In
contrast, littermate mice treated with TM alone or with TM plus an
antibody of irrelevant specificity that was isotype-matched to the
anti-VEGFR-3 antibody developed lymphatic hyperplasia at this
site (Figure 10, A and B, and data not shown), as described above.
In addition, anti-VEGFR-3 substantially blocked lymphatic hyper-
plasia in the skin of induced RASA1-deficient mice (Figure 10C and
Supplemental Videos 5 and 6). We concluded that dysregulated Ras
signal transduction initiated by VEGFR-3 on LECs is a major con-
tributing factor to the development of spontaneous lymphatic ves-
sel hyperplasia in induced RASA1-deficient mice.
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Disruption of button-like tight junctions between LECs in initial lymphat-
ics of induced RASA1-deficient mice with chylothorax. The relationship
between lymphatic vessel hyperplasia and chylothorax and chylous
ascites development in induced RASA1-deficient mice is uncertain.
Potentially, massive lymphatic vessel overgrowth at affected sites
could predispose vessels to mechanical damage and local rupture.
Alternatively, loss of RASA1 expression may have a direct effect on
LEC junctional integrity. Recent work has established the presence
of specialized discontinuous button-like junctions between LECs
in initial lymphatics that are composed of VE-cadherin and tight
junction-associated proteins (22). These buttons border overlap-
ping flaps between LECs and are essential for the maintenance of
junctional integrity. Therefore, we closely examined the junctions
between LECs in initial lymphatic vessels in induced RASA1-defi-
cient mice that had developed chylothorax. Whole mount dia-
phragm specimens were double stained with anti-VE-cadherin and
anti-LYVE-1 antibodies (Figure 11). In TM-treated control mice,
we readily identified VE-cadherin-containing buttons positioned
at the periphery of LECs between LYVE-1-rich flaps. Conversely, in
TM-treated RASA1-deficient mice that had developed chylothorax,
VE-cadherin buttons were rarely identified, and the expression pat-
terns of VE-cadherin and LYVE-1 at LEC borders were mostly over-
lapping. These findings strongly support the notion that RASA1
is required for the maintenance of LEC junctional integrity, which
explains, at least in part, the development of chylothorax and chy-
lous ascites in induced RASA1-deficient mice.

Discussion
We show here that induced systemic deletion of Rasal from adult
mice resulted in a spontaneous disorder of the lymphatic vascular
system. Loss of RASA1 caused extensive lymphatic vessel hyperpla-
sia that was a consequence of dysregulated LEC proliferation. In
addition, loss of RASA1 caused a lymphatic vessel leakage defect
associated with the development of chylothorax, chylous ascites,
and death. These findings identified RASA1 as a critical regulator
of the lymphatic vessel growth and function required for the integ-
rity of the lymphatic vasculature in resting animals.

To determine whether lymphatic vessel phenotypes in induced
RASA1-deficient mice were LEC intrinsic, we used a ProxI¢*2ere
knockin line, in which expression of Ert2Cre is driven by the
endogenous ProxI promoter (21). Reporter analysis confirmed
that Ert2Cre was active predominantly in lymphatic vessels in this
line. A recent report showed that Prox1 is also expressed in venous
valves and that in a ProxI¢*? BAC transgenic mouse line, Ert2Cre
is active in venous valve endothelial cells as well as lymphatics (29).
Conversely, we were unable to detect Cre-mediated recombination
in the blood vascular system using the Prox1¢%2<¢ knockin line
described herein. Potentially, this discrepancy could be explained by
differences in the level of Ert2Cre expression between lines and/or
differences in the TM administration protocol.

Loss of RASAL1 specifically in LECs of adult mice was shown to be
sufficient for the development of lymphatic vessel growth defects.
Hyperplasia of lymphatic vessels in the skin and diaphragm was
noted, although in the latter tissue, the extent of hyperplasia was
less than that observed upon ubiquitous deletion of Rasal. In con-
trast, chylothorax did not develop in adult LEC-specific RASA1-
deficient mice. One interpretation of this finding is that develop-
ment of chylothorax is LEC extrinsic. However, it is more likely that
the absence of chylothorax can be explained by relatively weak activ-
ity of Prox1t2¢ versus Ub**? in lymphatic vessels. In the Prox1¢2r
Number 2
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line, Cre-mediated recombination was detected in a minority of
LECs in initial and collecting lymphatics, whereas in the Ube2er
line, Cre activity was detected in all LECs. Thus, in order for chy-
lothorax to manifest, a threshold level of Rasal deletion may have
to be surpassed. In support of this, RasaI¥Prox1¢*¢ mice that
had been induced with TM at E15 of development, which would
be predicted to result in more efficient Rasal deletion in LECs, did
develop chylothorax 2 weeks after birth.

The LEC-intrinsic nature of the hyperplastic lymphatic vessel
phenotype, together with the finding that MAPK was constitutively
active in RASA1-deficient LECs in situ, suggested a model in which
abnormal spontaneous lymphatic vessel growth arises as a result
of dysregulated LEC growth factor receptor signal transduction to
the low ligand concentrations normally present in resting tissues.
According to this model, in wild-type mice, these ligands would
continually initiate activation of Ras in LECs. However, owing to
the action of RASA1, this activated Ras would be quickly converted
back to the inactive GDP-bound form. In contrast, in RASA1-defi-
cient mice, activated Ras molecules would accumulate, which in
turn would result in dysregulated LEC proliferation and survival
and overgrowth of the lymphatic vascular system.

Analysis of purified LECs in vitro revealed that Ras signal
transduction initiated by PDGFR, FGFR, and VEGFR-3, but not by
VEGFR-1 or VEGFR-2, was dysregulated in the absence of RASAL.
Specifically, PDGF and FGF stimulated slightly prolonged activa-
tion of MAPK in RASA1-deficient LECs. Moreover, whereas VEGF-C
stimulated a monophasic activation of MAPK and AKT in control
LECs, a biphasic activation of both kinase types was observed in
RASA1-deficient LECs. In parallel with these findings, RASA1-defi-
cient LECs showed increased proliferation and survival in response
to stimulation with the combination of all 3 growth factors in vitro.
RASAT1 has previously been implicated in the regulation of FGFR-
and PDGFR-induced Ras activation (30, 31). To our knowledge,
a similar role for RASAL1 as a regulator of VEGFR-3-induced Ras
activation has not been reported. However, like the other 2 recep-
tors, VEGFR-3 contains cytoplasmic domain tyrosine residues
in canonical motifs that would allow recognition by RASA1 SH2
domains and thus recruitment of RASA1 to membranes during the
course of receptor signaling. It is likely that dysregulated Ras signal
transduction through VEGFR-3 is the dominant factor that drives
lymphatic hyperplasia in induced RASA1-deficient mice. This
would be consistent with the finding that anti-VEGFR-3 blockade
almost completely inhibited lymphatic vessel hyperplasia in the
chest region of induced RASA1-deficient mice and had a significant
inhibitory effect on lymphatic vessel hyperplasia in the skin.

Spontaneous blood vessel abnormalities were not observed in
adult TM-induced Rasal/iUb*?¢ mice. This cannot be explained
by ineffective deletion of Rasal in BECs, since in Cre reporter mice,
the Ub*?e transgene was shown to be highly active in blood vessels.
Moreover, as shown by Western blotting, in RasaIVAUb 7 mice,
RASA1 expression in BECs was essentially extinguished in BECs
(Supplemental Figure 5). One reason for the lack of a spontaneous
blood vessel abnormality after loss of RASA1 in adult mice may
be a redundancy of RASA1 with other RasGAPs in BECs. In this
regard, extended activation of the Ras-MAPK pathway in response
to different growth factors was not observed in RASA1-deficient
BECs as it was in RASA1-deficient LECs. A second basis for the
lack of a spontaneous blood vessel phenotype may be that activa-
tion of Ras by itself is not sufficient to drive BEC proliferation.
This is indicated by the finding that transgenic overexpression of
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Ras in LECs and BECs in mice results in the same development of
lymphatic vessel hyperplasia, but not blood vessel abnormalities,
as described here (10).

Although a spontaneous blood vessel phenotype was not
observed in adult induced RASA1-deficient mice, it is important
to point out that RASA1 does play an important role in the blood
vascular system in adults during pathological angiogenesis. Thus,
microRNA-mediated loss of RASAL1 is essential for blood vessel
angiogenesis toward tumors (6). RASAL1 is also critical for blood
vessel function during development. In RASA1-deficient embryos,
there is a failure of normal blood vessel patterning in both the
yolk sac and the embryo itself, which leads to embryonic death (5).
Furthermore, as shown here, this was consequent to loss of RASA1
specifically in BECs (Supplemental Figure 1). Whether blood vas-
cular defects in RASA1-deficient embryos develop as a result of
aberrant Ras activation in BECs is uncertain (32, 33). RASA1 has
been shown to be required for directed cell movement, the impair-
ment of which may instead underlie defective blood vessel pattern-
ing in RASA1-deficient embryos. Importantly, RASA1 is thought
to regulate directed cell movement in a manner independent of its
ability to regulate Ras, but rather dependent on physical interac-
tion with p190 RhoGAP, which functions as a GAP for the Ras-
related Rho small GTP-binding protein.

In humans with CM-AVM, mutations of the RASAI gene do
cause spontaneous blood vascular lesions in children and adults
(7-9). This could reflect a genuine species difference between
humans and mice with regard to the role of RASA1 in regulation
of the mature blood vasculature. However, in CM-AVM, RASA1
loss through second-hit mutation may occur during embryonic
development. In contrast, in the induced RASA1-deficient mouse
model described here, expression of RASA1 remained intact
throughout embryonic development. Therefore, should loss of
RASAL1 during development be necessary for the appearance of
spontaneous blood vascular abnormalities that present after birth,
differences in the timing of RASA1 loss in CM-AVM and in the
induced RASA1-deficient mouse model could account for the dif-
ferences in phenotype.

Interestingly, chylothorax and chylous ascites have been observed
in a small number of CM-AVM patients (9). Because chylothorax
and chylous ascites are rare in humans, a spontaneous lymphatic
vessel phenotype resulting from loss of RASA1 expression appears
to be conserved across species. It is possible that a larger num-
ber of CM-AVM patients show lymphatic abnormalities, such as
hyperplasia, that may be revealed by noninvasive NIR fluorescence
imaging (34, 35). Alternatively, an apparent lower incidence of lym-
phatic abnormalities in CM-AVM could be explained by a require-
ment for second-hit mutations in LECs in order for lymphatic
vessel lesions to manifest. Such second-hit mutations would be
expected to occur in only a minority of LECs. This contrasts with
the induced RASA1-deficient mouse, in which the vast majority of
LECs would lose expression of RASAL.

VE-cadherin-rich button-like junctions between LECs in initial
lymphatics of the chest region were disrupted in induced RASA1-
deficient mice. This finding provides a potential explanation for
lymphatic vessel leakage in this model. Notably, both tissue edema
and chylothorax develop in mice that overexpress Ras in LECs (10).
This suggests that the lymphatic vessel leakage defects that occur
after RASA1 loss are consequent to aberrant Ras activation in
LECs. However, how aberrant Ras activation relates to disruption
of button-like junctions remains to be established.
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Outside of the lymphatic vascular system, no significant abnor-
malities have been detected in any other tissue in induced RASA1-
deficient mice. One exception is the immune system, where T
cell development and survival is affected (36). However, T cell
phenotypes in induced RASA1-deficient mice and T cell-spe-
cific constitutive RASA1-deficient mice are relatively subtle, and
which RasGAPs regulate antigen-induced Ras activation in mature
T cells remains to be defined. Likewise, despite its broad pattern of
expression, RASA1 does not appear to be a significant nonredun-
dant regulator of Ras activation in other somatic cell types (includ-
ing fibroblasts; Supplemental Figure S). In particular, induced
RASA1-deficient mice did not develop tumors in any tissue; thus,
RASAL1 did not function as an essential tumor suppressor.

In summary, we showed here that RASA1 functions as a non-
redundant physiological negative regulator of lymphatic vessel
growth that is required for the maintenance of normal lymphatic
vessel architecture and functional integrity in adult animals. These
findings have important implications for our understanding of
mechanisms of lymphatic vessel growth and function in general. In
addition, prior findings suggest that RASA1 may be a useful target
for the manipulation of lymphatic vessel growth in disease situa-
tions (37). For example, in lymphedema, local short-term inhibi-
tion of RASA1 expression could promote local lymphatic vessel
growth, resulting in symptom alleviation. Conversely, in cancer,
prevention of growth factor-mediated downregulation of RASA1
in LECs, which may be required for tumor-induced lymphangio-
genesis, could result in reduced tumor metastasis. One possible way
in which such manipulation could be achieved is through the use
of RASA1-specific microRNAs and counterpart anti-microRNAs
that have previously been described and shown to be effective in
manipulation of blood vessel angiogenesis in vivo (6).

Methods

Mice. Rasal”f and Ub**** mice have been described previously (11, 38).
Prox1¢t2ee mice were provided by G. Oliver (St. Jude Children’s Hospital,
Memphis, Tennessee, USA) (21). Mice carrying a Tiel-Cre transgene were
purchased from the European Mutant Mouse Archive. Mice were inter-
crossed to generate Rasa /Ub?e¢, RasalProx1¢7¢, and Rasal/Tiel-Cre
mice and littermate controls. Reporter Rosa262f mice, purchased from
JAX (12), were crossed with Ube*?"¢ and ProxI°*?"¢ mice to generate
Rosa269Ub? and Rosa269/PProx1¢%e mice. All mice were on a mixed
129S6/SvEv X CS7BL/6 genetic background.

TM administration. Adult mice at age 2 months and pregnant dams were
given 2 i.p. injections of TM (0.2 mg/g body weight per injection, dissolved
in corn oil; MP Biochemicals) on consecutive days. For antibody blocking
experiments, an anti-VEGFR-3 monoclonal antibody (mF4-31C1, 0.8 mg
antibody per mouse per injection; provided by B. Pytowski, ImClone Sys-
tems, New York, New York, USA) was administered i.p. to mice at the same
time as TM and every 3 days thereafter for 8 weeks (28).

Triglyceride analysis. Levels of triglycerides in plural effusions were
determined with the use of an IDEXX analyzer (IDEXX Laboratories)
using dry chemistry.

Evansbluetracing. For thoracic duct drainage experiments, Evans blue (5 mg/ml
in PBS; Sigma-Aldrich) was injected s.c. into hind foot pads and the base of
the tail (50 ul at each injection site). After 1 hour, mice were euthanized, and
drainage of dye to the thoracic duct was examined. For examination of dermal
lymphatics, Evans blue was injected i.d. at the base of the tail of shaved mice
(20 wl per injection). Dermal lymphatics were imaged 1 minute afterward.
Subsequently, mice were euthanized, and a midline incision was made to
expose lymphatics on the underside of the skin and the inguinal LN.
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Tissue immunostaining. For preparation of tissue sections, mice were
euthanized, and organs were fixed in 4% paraformaldehyde and embedded
in paraffin. For chest wall, samples were decalcified before embedding. For
whole mount staining, mice were perfused with 1% paraformaldehyde before
organ explantation. 5-ium sections or whole organs were stained with rat or
rabbit anti-LYVE-1 (Upstate Biotechnology, Abcam, and eBioscience); rab-
bit anti-Prox1 (Millipore) and anti-GFP (Abcam); mouse anti-SMA (Sigma-
Aldrich) and anti-phospho-ERK (Cell Signaling Technology); and rat anti-
VEGFR-3 (eBioscience), anti-CD31 (BD Biosciences), and anti-VE-cadherin
(Abcam) primary antibodies. For immunofluorescence detection, second-
ary goat anti-rabbit Alexa Fluor 488, goat anti-mouse Alexa Fluor 594,
or goat anti-rat Alexa Fluor 594 antibodies were used (Invitrogen). For
immunohistochemistry, a rabbit on rodent AP Polymer kit (Biocare) was
used. Either DAB or Vulcan Fast Red (Biocare) were used as chromagens.
Sections were viewed on an Olympus IX70 microscope. Lymphatic vessel
density and diameter was determined as described previously (39).

NIR fluorescence imaging. NIR fluorescence imaging was performed
as described previously (19, 20). 20 ul ICG (555 uM) was injected i.d. at
the base of the tail of shaved mice. Fluorescence images were acquired
with 200-ms integration time by an electron-multiplying CCD camera
(Princeton Instruments). Data were analyzed with Matlab (The Math-
works) and Image] (NIH). Pulsatile activity was determined by measuring
the mean fluorescence intensity at selected ROIs with respect to time.

Cell isolation. For isolation of LECs and BECs, lungs were minced with
scissors and digested with 0.25% collagenase D (Roche) for 1 hour at 37°C.
Single cell suspensions were prepared by mechanical disruption followed
by passage through a 70-um cell strainer (BD Biosciences). Cell suspen-
sions were incubated with an anti-podoplanin antibody (8F11; MBL), and
LECs were isolated by positive selection using goat anti-rat-coated immu-
nobeads (Miltenyi). BECs were similarly isolated from LEC-depleted lung
cell suspensions using an anti-CD31 antibody (Abcam). LECs and BECs
were seeded into collagen-coated wells of 24-well tissue culture plates and
expanded by culture in DMEM supplemented with 20% fetal calf serum
(complete medium), 100 ug/ml heparin, and 3 ug/ml ECGS (Sigma-
Aldrich) for 5-7 days. For isolation of fibroblasts, 1-cm sections of tail were
digested with 0.25% collagenase D (Roche) overnight. Released cells were
then cultured in complete medium for 10 days.

Flow cytometry. Pleural effusion cells from deceased mice and peri-
toneal exudate cells (obtained by lavage) from euthanized mice were
stained with fluorochrome-labeled TCRf (H57-597), CD19 (1D3), B220
(RA36B2), CD11b (M1-70), Grl (RB6-8C5), CD4 (GKL.5), and CD8
(53-6.7) mAbs (all from BD Biosciences). Whole cell suspensions from
lung and isolated LECs were stained with CD45.2 (104; BD Biosciences),
podoplanin (8.1.1; BioLegend), CD31 (MEC 13.3; BD Biosciences),
LYVE-1 (Abcam), VEGFR-3 (AF743; R&D Systems), a9 integrin (R&D
Systems), and Ep-CAM (G8.8; BioLegend) antibodies. Antibodies were
either directly fluorochrome-labeled or were detected with appropriate
fluorochrome-labeled secondary antibodies. Cell staining was analyzed
by flow cytometry on a FACSCanto (BD Biosciences).

LEC proliferation in vivo. 8 days after TM administration, mice were inject-
ed i.p. with 1 mg BrdU (Roche) by i.p. injection. The BrdU injection was
repeated 2 days later. 2 hours after the second BrdU injection, diaphragms
were harvested from mice and subjected to whole mount staining using
rabbit anti-LYVE-1 and mouse anti-BrdU (Millipore) antibodies and cor-
responding secondary Alexa Fluor-conjugated secondary antibodies. Alter-
natively, mice were injected with BrdU 3 and 5 days after TM. 2 hours after
the last BrdU injection, lungs were harvested from mice, and whole cell sus-
pensions were prepared. Incorporation of BrdU into LECs and BECs was
determined by flow cytometry as described above using a directly coupled
anti-BrdU antibody (BD Biosciences).

Volume 122

Number2  February 2012



Cell signal transduction. Cells were detached from plastic by incuba-
tion in Accutase (Sigma-Aldrich) and seeded in DMEM into wells of
96-well plates (5 x 10 cells/well) coated (LECs and BECs) or not (fibro-
blasts) with collagen. After overnight culture, cells were stimulated with
100 ng/ml murine PDGF-B (BioVision), murine FGF (R&D Systems),
rat VEGF-C (Genway), or murine VEGF-A (R&D Systems) for different
times at 37°C. Cells were then lysed in nonident P-40 lysis buffer, and
activation of ERK and AKT was determined by Western blotting of cell
lysates using phospho-specific anti-ERK and anti-AKT antibodies (Cell
Signaling Technology). Blots were reprobed with anti-ERK, anti-AKT,
and anti-GAPDH antibodies (Cell Signaling Technology) to confirm
equivalent protein loading. Equivalent expression of PDGFR and FGFR-3
was shown by Western blotting of RASA1-deficient and control LEC
lysates using specific antibodies (Abcam). Loss of RASA1 expression in
RASA1-deficient LECs was also shown by Western blotting using a spe-
cific antibody (Santa Cruz Biotechnology).

LEC proliferation. Detached LECs were seeded in DMEM with 5% fetal calf
serum into collagen-coated wells of 96-well plates (3 x 103 cells/well). The
following day, cells were stimulated with growth factors as described above.
After 24 hours, BrdU was added to the cultures, which were incubated for
an additional 24 hours. Incorporation of BrdU was measured using a cell
proliferation ELISA kit (Roche).

LEC survival. LECs were grown to confluency in wells of 24-well plates.
Wells were then washed, and either DMEM or DMEM supplemented with
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t test. A P value less than 0.05 was considered significant.
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with University of Michigan and University of Texas Health Science Cen-
ter-Houston guidelines and were approved by the respective university
committees on the use and care of animals.
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