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Akt-mediated signaling plays an important role in
blood vascular development. In this study, we inves-
tigated the role of Akt in lymphatic growth using
Akt-deficient mice. First, we found that lymphangio-
genesis occurred in Aktl ™", Akt2™~, and Akt3 ™~
mice. However, both the diameter and endothelial
cell number of lymphatic capillaries were signifi-
cantly less in Akt '~ mice than in wild-type control
mice, whereas there was only a slight change in
Akt2™~ and Akt3 ™~ mice. Second, valves present in
the small collecting lymphatics in the superficial der-
mal layer of the ear skin were rarely observed in
Akt1 ™~ mice, although these valves could be detected
in the large collecting lymphatics in the deep layer of
the skin tissues. A fluorescence microlymphangiogra-
phy assay showed that the skin lymphatic network in
Akt1 ™~ mice was functional but abnormal as shown
by fluorescein isothiocyanate-dextran draining.
There was an uncharacteristic enlargement of collect-
ing lymphatic vessels, and further analysis showed
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that smooth muscle cell coverage of collecting lym-
phatic vessels became much more sparse in AktI-
deficient mice than in wild-type control animals.
Finally, we showed that lymphatic vessels were de-
tected in compound Akt-null mice and that lym-
phangiogenesis could be induced by vascular endo-
thelial growth factor-C delivered via adenoviral
vectors in adult mice lacking A%t1. These results indi-
cate that despite the compensatory roles of other Akt
isoforms, Akt1 is more critically required during lym-
phatic development. (4m J Pathol 2010, 177:2124-2133;
DOI: 10.2353/ajpath.2010.091301)

The lymphatic system provides an important conduit for
the maintenance of tissue fluid homeostasis and trans-
port of macromolecules as well as immune cells into the
blood circulation and is also implicated in inflammation
and tumor metastasis.’~® During the last decade, exten-
sive studies have been carried out in the field of lym-
phatic research, which have resulted in great insights into
the molecular network underlying lymphatic develop-
ment. Prox1, a homeobox transcription factor, has been
shown to be a fate-determining factor for lymphatic en-
dothelial cell differentiation,”® and its expression is con-
trolled by Sox18.° Activation of vascular endothelial
growth factor receptor-3 signaling by its ligand vascular
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endothelial growth factor (VEGF)-C/-D plays crucial roles
for lymphatic endothelial cell proliferation, migration, and
survival during the formation of the lymphatic network. '™
Various other genes have also been identified as participat-
ing in lymphatic development.®®

The serine/threonine protein kinase Akt (also named
PKB) acts as a major signal transducer downstream of
phosphoinositide-3 kinase. '3 Three isoforms of Akt ex-
ist in mammalian cells, including Akt1, Akt2, and Akt3,
and are encoded by three separate genes, which have
approximately 85% sequence identity.'* Akt can be ac-
tivated by many angiogenic growth factors such as VEGF
and angiopoietin-1, which are mediated by their corre-
sponding receptor tyrosine kinases.'™ '® It has been
shown that VEGF-mediated activation of Akt is critical for
vessel patterning in zebrafish'® and vascular develop-
ment of the chorioallantois in chick embryos.® Although
Akt plays an important role in blood vascular develop-
ment including cell survival and cell growth and differen-
tiation by orchestrating a number of signaling pathways
in endothelial cells,'®2" the contribution of each Akt iso-
form in this process has not been fully elucidated. A
recent study has demonstrated that Akt1 is the predom-
inant isoform in mouse blood vascular endothelial cells,
and endothelial cell proliferation and migration in re-
sponse to VEGF were impaired when Akt1 was deleted.??

So far, the role of Akt-mediated signaling in lymphatic
development has been poorly understood. Mice homozy-
gous for Pik3r1, which encodes p85a as well as two
smaller variants (p55a and p50«) acting as regulatory
subunits of class |, phosphoinositide 3-kinases, were
shown to have chylous ascites accumulation into the
abdomen after birth.®® Further investigation demon-
strated that there was defective lymphatic development
and valve formation in Pik3r1~/~ mice.?* In this study, we
further show that Akt can be activated on VEGF-C induc-
tion in primary lymphatic endothelial cells. Although lym-
phatic vessel growth occurred in the single Akt knockout
mice (Akt1 /=, Akt2™'~, or Akt3™7), loss of Akt1 led to
abnormal lymphatic development including the reduced
lymphatic endothelial cell numbers and vessel size, de-
fective valve development, and smooth muscle cell cov-
erage of collecting lymphatics. This result indicates that
Akt is the major isoform in mediating signals for lym-
phatic development.

Materials and Methods

Knockout Models

Akt1, Akt2, and Akt3 knockout mice were generated as
described previously?®?” and backcrossed into the
C57BL/6 background. All animal experiments were per-
formed in accordance with the institutional guidelines of the
Model Animal Research Institute of Nanjing University.

Cell Culture

NCI-H460 cells were obtained from American Type Cul-
ture Collection (Manassas, VA) and were maintained in
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RPMI 1640 (Sigma-Aldrich, St. Louis, MO) supplemented
with 2 mmol/L L-glutamine, penicillin (100 U/ml), strepto-
mycin (100 ug/ml), and 10% fetal calf serum (PromoCell,
Heidelberg, Germany). Primary human lymphatic endo-
thelial cells (hLECs) were isolated from human foreskin as
described previously.?® hLECs were cultured in 10 ug/ml
fibronectin-coated plates with endothelial growth medium
containing growth supplements from Promocell.

Production of Recombinant Adenoviruses and
in Vivo Delivery of VEGF-C Via Adenoviral
Vector

The cDNA encoding human VEGF-C was cloned into the
transfer vector (pShuttle-IRES-EGFP) of the AdEasy vec-
tor system (Qbiogene, Carlsbad, CA). Recombinant ad-
enoviruses (AdVEGF-C/GFP and AdGFP) were produced
following the manufacturer’s instruction. NCI-H460 cells
used for expression analysis were transduced with Ad-
VEGF-C/GFP or AdGFP (multiplicity of infection 50).
Expression of VEGF-C was confirmed by Western blot
analysis of the conditioned medium as described
previously,?® and green fluorescent protein (GFP) ex-
pression by the examination under a fluorescence
microscope.

Approximately 2 X 108 plagque-forming units of AAVEGF-
C/GFP or AdGFP control viruses were injected subcutane-
ously into mouse ears. Tissues were collected for histolog-
ical analysis within 2 weeks after adenoviral transduction.

Immunohistochemistry

Antibodies used in this study included rabbit anti-mouse
LYVE-1 (Abcam Inc., Cambridge, MA) or rat anti-mouse
LYVE-1 (a kind gift from Dr. Gou Young Koh, KAIST,
Daejeon, Republic of Korea), rabbit anti-human Prox1
(Abcam, and a kind gift from Dr. Tatiana V. Petrova,
University of Lausanne, Lausanne, Switzerland), goat an-
ti-mouse Integrin-a9 (R&D Systems, Minneapolis, MN), rab-
bit anti-human phosphorylated endothelial nitric oxide syn-
thase (eNOS) (Upstate Biotechnology, Charlottesville, VA),
hamster anti-mouse platelet/endothelial cell adhesion mol-
ecule-1 (PECAM-1) (Millipore Corporation, Billerica, MA), or
monoclonal rat anti-mouse PECAM-1 (PharMingen, San Di-
ego, CA), and Cy3-conjugated mouse anti-mouse
a-smooth muscle actin (Sigma-Aldrich). For whole-mount
staining of blood vascular and lymphatic vessels, tissues
were fixed in 4% paraformaldehyde, blocked with 3% milk
and 0.3% Triton X-100 in PBS, and incubated with anti-
bodies against LYVE-1 and PECAM-1 overnight at 4°C.
Alexa 594-, Alexa 488-, or Cy5-conjugated secondary
antibodies (Molecular Probes, Eugene, OR) were used
for staining, and samples were then mounted with
Vectashield (Vector Laboratories, Burlingame, CA) and
analyzed with a Leica confocal microscope.

For staining of tissue sections, tissues were fixed in 4%
paraformaldehyde overnight at 4°C, and paraffin sections
(6 wm) were immunostained with antibodies as described
above. The signals were amplified using the tyramide
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signal amplification system (PerkinElmer Life and Analyt-
ical Sciences, Waltham, MA). Peroxidase activity was
developed using 3-amino-9-ethyl carbazole (Sigma-Al-
drich), and sections were counterstained with hematox-
ylin before analysis. For staining of cryosections, tissues
were fixed in 4% paraformaldehyde for 2 hours on ice,
incubated in 20% sucrose/PBS overnight and embedded
in O.C.T. compound (Tissue-Tek, Sakura Finetek USA,
Inc., Torrance, CA). Sections (10 um) were used for
immunostaining as described above.

Cell Proliferation Analysis

Mice were injected with BrdU (0.1 mg/g b.wt., Sigma-Al-
drich) 2 hours before sample collection. Skin tissues were
collected and processed for histological analysis. 5-Bromo-
2'-deoxyuridine (BrdU) incorporation was detected using
mouse anti-BrdU (Roche Diagnostics, Indianapolis, IN) an-
tibody, followed by staining with Alexa 488-conjugated sec-
ondary antibody (Roche Diagnostics). Lymphatic endothe-
lial cells were identified by immunostaining for Prox1 as
described above. BrdU™*/Prox1™ cells were examined un-
der a fluorescence microscope and quantified.

Western Blot Analysis

hLECs were starved overnight in serum-free basal me-
dium and then were stimulated for 30 minutes with 100
ng/ml recombinant human VEGF-C (R&D Systems). Cells
were lysed in the lysis buffer (1% Nonidet P-40, 20 mmol/L
Tris-HCI [pH 7.5], 150 mmol/L NaCl, 5 mmol/L EDTA, 2
mmol/L NagVO,, 100 umol/L phenylmethylsulfonyl fluoride
with proteinase inhibitor cocktail [Roche Diagnostics]) and
cleared of particulate material by centrifugation. Total ly-
sates were analyzed by SDS-polyacrylamide gel electro-
phoresis and blotted with antibodies against Akt or phos-
pho-Akt (Cell Signaling Technology, Danvers, MA).

Quantification of Lymphatic Diameter

For the quantification of lymphatic capillary size in ear skin,
eight images (with X100 magnification) representing differ-
ent regions of whole ear skin (bottom side) were taken
under a fluorescence microscope and kept constant for all
of the samples. Five horizontal lines were evenly laid on the
images, and the diameters of lymphatic vessels crossed
with these lines were measured and analyzed using Image
Pro Plus (MediaCybernetics, Inc., Bethesda, MD).

Fluorescence Microlymphangiography

The functionality of the lymphatic network in Akt-null mice
was assayed by fluorescence microlymphangiography
using fluorescein isothiocyanate (FITC)-conjugated dex-
tran (FITC-dextran 2000, Sigma-Aldrich). FITC-dextran (2
wl) was injected intradermally into mouse ears or tails.
The lymphatic vessels were examined using a fluores-
cence dissection microscope (MZFLIII, Leica, Wetzlar,
Germany).

Statistics

Statistical analyses were performed with the unpaired
Student’s t-test. All P values are two-tailed.

Results

Alteration of Lymphatic Capillary Size in
Akt1~"~ Mice

To investigate the role of Akt in lymphatic development,
we examined the skin sections from adult Akt1 7,
Akt2™/~ and Akt3™/~ and wild-type (WT) control mice by
immunostaining for the lymphatic marker LYVE-1.%° Com-
pared with the WT control (Figure 1A), in the single Akt
gene knockout mice lymphatic vessels could be de-
tected (Figure 1, B-D), and there was no obvious differ-
ence in lymphatic vessel number. However, whole-mount
immunostaining with ear skin revealed that the diameter
of capillary lymphatics in Akt7 '~ mice was significantly
less than that of the WT control mice (Figure 1, E-H). The
size of the lymphatic capillaries was quantified using
Image-Pro Plus (MediaCybernetics, Inc.). As shown in
Figure 11, the diameter of skin lymphatic capillaries in
Akt1™/~ mice was approximately half of that in WT mice.
Lymphatic size was also slightly less in Akt2™~ and
Akt3™/~ mice than that of the wild-type control. Consis-
tently, the change in lymphatic capillary size was also seen
in internal organs such as the intestine of Akt7-null mice
(Supplemental Figure 1, see http://ajp.amjpathol.org). We
also examined blood vessels of skin in Akt~ mice by
whole-mount immunostaining for pan-endothelial cell
marker PECAM-1. As shown in Supplemental Figure 2 (see
http://ajp.amjpathol.org), there was no obvious difference in
blood vessel diameter between the Akt7 "~ and WT mice.

To find out the reason for the alteration of lymphatic
vessel diameter in Akt7-null mice, we analyzed the lym-
phatic endothelial cell (LEC) number in skin lymphatics
by immunostaining for LYVE-1 and Prox1 (Figure 2, A-F).
Quantification of LEC number revealed that total LECs
per grid was about half in lymphatic capillaries of Akt7-
null mice compared with that of control mice (Figure 2G).
The difference remained the same after the normalization
of LEC number by lymphatic length (LECs/per 100-um
lymphatic vessel) (Figure 2H). We further examined lym-
phatic endothelial cell proliferation by BrdU labeling and
immunostaining for Prox1 with skin tissues at postnatal
day 1. There was only a small trend toward the decrease
of the percentage of BrdU™ lymphatic endothelial cells
(BrdU™/Prox1™") in Akt1-null mice (Supplemental Figure
3, see http.//ajp.amjpathol.org). Apoptotic lymphatic en-
dothelial cells were also hardly observed by terminal
deoxynucleotidy! transferase dUTP nick-end labeling
staining in both WT and Akt7-null mice (data not shown).
In addition, we analyzed the eNOS expression and its
phosphorylation status in lymphatic vessels by immuno-
staining, and there was no obvious difference in the total
eNOS (data not shown) and phosphorylated eNOS levels
(Supplemental Figure 4, see http.//ajp.amjpathol.org) be-
tween Akt1 deficient and control mice.
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Figure 1. Histological analysis of lymphatic vessels in single Akt knockout
mice. A-D: Immunohistochemical staining for LYVE-1 with skin sections of
WT (A), Akt1™"~ (B), Akt2™/~ (C), and Akt3~/~ mice (D). Arrows point to
lymphatic vessels. E-H: Whole-mount staining for LYVE-1 with ear skins of
WT (E), Akt1™'~ (F), Akt2~"~ (G), and Akt3~’~ mice (H). I: Quantification
of lymphatic vessel diameters from WT, Akt7™"", Akt2~’~ and Aki3~/~ mice
(WT: 45.7 = 3.5 pm; Akt~ 21.2 = 1.4 pm, P < 0.0001; Aki2™": 40.5 =
3.6 um, P = 0.0295; Akt3~/": 40.8 + 1.2 um, P = 0.0088; mean = SD; n =
6 for each group). *P < 0.05. Scale bars: 50 um (D); 200 wm (HD.

Lack of Valve Formation in Small Collecting
Lymphatics of Akt1-Null Mice

We further examined lymphatic valve formation in Akt7-
null mice. The bottom side of ear skin adjacent to carti-
lage contains mainly lymphatic capillaries and small col-
lecting lymphatics, and large collecting lymphatics are
present in the deep layer of tissues at the upper side of
ear skin. Analysis of ear skin from wild-type mice by
whole-mount immunostaining with PECAM-1 showed that
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Figure 2. Fewer endothelial cell numbers in lymphatic capillaries of
Akt1™"" mice. A=F: Whole-mount staining for LYVE-1 (green) and PROX1
(red) with ear skins of WT (A, C, and E) and Akt1~/~ mice (B, D, and F). G:
Quantification of total LEC number in WT and Akt~ mice (WT: 473.7 +
34.7 cells/grid; Akt17/7:258.6 * 11.7 cells/grid; mean = SD; n = 6 for each
group; P < 0.0001). H: Quantification of LEC numbers per 100-um lymphatic
vessel (LV) in WT and Akt1~"~ mice (WT: 11.0 + 0.9 cells, Akt1~"":6.6 £ 0.5
cells; mean = SD; n = 6 for each group; P < 0.0001). ***P < 0.0001. Scale bar:
100 pm.

lymphatic valves were strongly stained although lym-
phatic vessels were faintly positive for PECAM-1 (Figure
3, A, B, F, and G, arrows). There was also sparse smooth
muscle cell coverage with valve-containing small collect-
ing lymphatics (Figure 3C). Note that regions with smooth
muscle cell (SMC) coverage in lymphatic vessels were
negative for LYVE-1 staining (Figure 3, C-E, arrowheads).
Interestingly the valves and smooth muscle cell coverage
were rarely observed in lymphatic vessels in the corre-
sponding area of Akt~ mice (Figure 3, F-J). The ab-
sence of lymphatic valves was validated by immunostaining
for LYVE-1 (Figure 3, M, N, S, and T) and integrin-a9 (Figure
3, K, L, Q, and R), a marker for lymphatic valves.®' Consis-
tently, there were integrin-a9 positive structures observed in
the lymphatic vessels at the bottom side of ear skin in
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Figure 3. Defective lymphatic valve formation in Akt1-deficient mice. A=J: Whole-mount staining for PECAM-1, a-smooth muscle actin (SMA), and LYVE-1 with
ear skin of WT and Ak7~’~ mice. B-E and G-J: High-magnification view of boxed regions in A and F, respectively. Arrows indicate lymphatic valves with
strong PECAM-1 staining; arrowheads indicate regions in lymphatic vessels with SMC coverage, which are negative for LYVE-1 staining; asterisk indicates blood
vessels with smooth muscle cell coverage. K=V: Whole-mount staining for LYVE-1 and integrin-a9 with ear skin of WT and Akt7~’~ mice. K-P: At the bottom
side of ear skin adjacent to cartilage, integrin-a9-positive lymphatic valves can be seen in WT (K and O) but not A4kt7~"~ mice (L and P). Q-V: In both WT (Q
and U) and Akt~ mice (R and V), integrin-a9-positive valves can be seen in the large collecting lymphatic vessels in the deep layer of skin tissues at the upper
side of the ear. Arrows point to the valves. Scale bars: 200 um (F); 50 um (J); 100 um (P and V).

wild-type mice (Figure 3, K and O, arrows), but these were
rarely observed in Akt~ mice (Figure 3, L and P). How-
ever, valves could be detected in large collecting lymphat-
ics in the deep layer of tissues at the upper side of ear skin
in both wild-type (Figure 3, Q and U, arrows) and Akt7-null
mice (Figure 3, R and V, arrows).

Defective Remodeling of Collecting Lymphatic
Vessels in Akt1-Deficient Mice

To examine the functionality of the lymphatic vessels in
Akt1-null mice, FITC-dextran was injected intradermally

for the visualization of lymphatic draining. The lymphatic
network in Akt7-null mice was shown to have the draining
function (Figure 4B) compared with that of wild-type mice
(Figure 4A). However, there was an obvious delay with
FITC-dextran draining as demonstrated in the tails of
Akt1-null mice (Supplemental Figure 5, see http.//ajp.
amjpathol.org). There were no functional defects ob-
served with collecting lymphatic vessels in Akt2- or Akt3-
null mice (data not shown). We also found that some
regions of collecting lymphatic vessels appeared abnor-
mally enlarged in Akt7-null mice (Figure 4B, arrowhead).
The enlargement of collecting lymphatic vessels in
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Akt1~/~ mice was further confirmed by whole-mount im-
munostaining of ear skin for PECAM-1 and LYVE-1 (Fig-
ure 4, D, F, and H, arrows), and collecting lymphatic
vessels of wild-type mice are shown as controls in Figure
4, C, E, and G (arrows). The enlargement of collecting
lymphatics was accompanied by a significant increase in
lymphatic endothelial cell numbers (WT: 16.8 = 1.7 cells/
100 wm lymphatic vessel; Akt1~~: 25.3 = 5.9 cells/100
pm lymphatic vessel, mean = SD; n = 4 for each group;
P < 0.05). This may result from the lack of contact inhi-
bition of endothelial cell proliferation by vascular smooth
muscle cells.

Further analysis by immunostaining for a-smooth mus-
cle actin showed that there was much sparser smooth
muscle cell coverage with collecting lymphatics in Akt7-
deficient mice (Figure 4, J, L, N and P, arrows) than that
in wild-type mice. Note that there was dense coating of
smooth muscle cells in large collecting lymphatics ex-
cept in the valve region in wild-type mice (Figure 4, |, K,
M and O, arrows). There were no obvious defects with
SMC investment with blood vessels in Akt7-null mice
(Figure 4, L, N, and P, arrowhead).

Induction of Lymphangiogenesis by VEGF-C in
Adult Mice Lacking Akt1

We further analyzed the expression of Akt isoforms in
lymphatic endothelial cells and activation of Akt by
VEGF-C stimulation. In cultured human lymphatic endo-
thelial cells, all three Akt isoforms can be detected at the
mRNA level by RT-PCR analysis (data not shown). Treat-
ment with VEGF-C induced an increase of Akt phosphor-
ylation in lymphatic endothelial cells (Figure 5A).
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Akt1-

Figure 4. Defective smooth muscle cell cover-
age with collecting lymphatic vessels in Akt1-
null mice. A and B: FITC-dextran microlym-
phangiography to examine the functionality of
the collecting lymphatic vessels in ear skin of
WT (A) and Akt1~"~ mice (B). Arrows in A and
B point to functional collecting lymphatic ves-
sels. Arrowhead in B points to an enlarged
region of the collecting lymphatic vessels in
Akt1-null mice. Dashed lines indicate the injec-
tion sites. C-H: Whole-mount immunostaining
for PECAM-1 (red) and LYVE-1 (green) with ear
skin of WT (C, E, and G) and Akt1~/~ (D, F, and
H) mice. Arrows point to collecting lymphatic
vessels. J-P: Whole-mount immunostaining for
PECAM-1 and a-smooth muscle actin (aSMA)
with ear skin from WT and Akt7~/~ mice. K—P:
High-magnification view of boxed regions in I
and J, respectively. Arrows indicate collecting
lymphatic vessels with SMC coverage. Arrow-
heads indicate blood vessels with normal SMC
coverage. Note that there is much sparser SMC
coverage with collecting lymphatic vessels in
Akt™’~ mice in comparison with that of the WT
control. Scale bars: 50 wm (H); 200 um (J); 50
pm (P).

To investigate whether the loss of Akt would have any
effect on lymphangiogenesis in adults, mice were treated
with VEGF-C delivered via adenoviral vector. Recombi-
nant adenoviruses overexpressing human VEGF-C and
GFP (AdVEGF-C/GFP) were examined for VEGF-C ex-
pression by Western blot analysis (Figure 5B), and GFP
expression was confirmed under a fluorescence micro-
scope (Figure 5C). Induction of lymphangiogenesis by
AdVEGF-C/GFP in vivo was analyzed by whole-mount
immunostaining of mouse ear skin for LYVE-1 after the
administration of recombinant adenoviruses via subcuta-
neous injection. VEGF-C induced numerous lymphatic
sprouts by day 4 (Figure 5, D-G and I-L, arrowhead), and
massive lymphatic vessel growth by day 7 (Figure 5, H
and M), after adenoviral transduction in both Akt7-null
(Figure 5, I-M) and wild-type mice (Figure 5, D-H). It is
noteworthy that there are more GFP™ lymphatic endothe-
lial cells in the Akt7-null mice (Figure 5, J-L, arrows) after
AdVEGF-C/GFP treatment. This result suggests that there
may be more adenoviruses retained in the skin lymphatic
vessels of Akt7-null mice, resulting in increased adeno-
viral transduction of LECs. This finding supports the
above observation (Supplemental Figure 5, see http://ajp.
amjpathol.org) that the lymphatic draining function in
Akt1™/~ mice is not as efficient as that of wild-type
controls.

Detection of Lymphatic Vessels in Akt Compound
Knockout Mice
To further investigate the compensatory role of Akt iso-

forms in lymphatic development, we analyzed lymphatic
vessels in Akt compound knockout mice. Mice with de-
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Figure 5. Induction of lymphangiogenesis with
VEGF-C delivered by adenoviral vectors in adult
mice lacking Aktl. A: Cultured human LECs
were starved overnight and then stimulated with
recombinant human VEGF-C. Cells were then
harvested for Western blot analysis of total Akt
and phosphorylated Akt. B and C: Western blot
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letion of both Akt2 and Akt3 (Akt2~~/Akt3~~) survived
well, and there were no obvious defects in the formation
of the lymphatic network (Figure 6, A and C). Because
mice with deletion of both Akt7 and Akt3 (Akt1~/~/
Akt37/7) are embryonic lethal before the emergence of
lymphatic vessels,®® we analyzed mice homozygous
for Akt1 deletion and heterozygous for Akt3 deletion
(Akt1~/~/Akt3™' 7). Consistent with the phenotype of
Akt1-null mice, the lymphatic capillary size was less than
that of wild-type control (Figure 6, B and D), and there
was no obvious difference between Akt1~/~/Akt3"™/~ and
Akt1™/~ mice. Lymphatic vessels could be detected in
the skin of Akt1 "~ /Akt2~/~ mice at postnatal day 1 (Fig-
ure 6E), although they died shortly after birth,®® and skin
tissues from Akt1™~/Akt2*'~ mice were used as control
(Figure 6F). The results suggest that Akt1 is the major
player in lymphatic development, whereas the Akt2 or
Akt3 isoform can partially compensate for its loss during
lymphatic development, as summarized in the schematic
illustration (Figure 6G).

Discussion

In this study we have investigated the role of Akt in
lymphatic development. We show that lymphangiogen-
esis occurred in mice null for Akt1, Akt2, or Akt3 during
embryonic development and also in adult mice when
induced by VEGF-C. However, loss of Aktl led to re-
duced size in lymphatic capillary vessels and defects in
smooth muscle cell coverage with collecting lymphatic
vessels and valve development, whereas there was no
obvious abnormality observed in mice with deletion of
either Akt2 or Akt3 or both Akt2 and Akt3. This finding
indicates that despite the partial compensatory role of Akt
isoforms in lymphatic development, Akt1 is the most re-
quired isoform in lymphangiogenesis.

dium of NCI-H400 cells transduced with Ad-
VEGF-C/GFP, and expression of GFP was exam-
ined under a fluorescence microscope (C). D-M:
Whole-mount immunostaining for LYVE-1 (red)
with the mouse ear skin at day four (D-G and
I-L) or day seven (H and M) after transduction
with AAdVEGF-C/GFP. Arrows in J and K indi-
cate the GFP™* lymphatic endothelial cells, and
arrowheads in G and L point to the lymphatic
sprouts. Scale bars: 200 um (K); 50 uwm (L);
100 wm (M).

In mammals, three Akt genes exist, and they compen-
sate for each other in a variety of biological functions
because of their high sequence identity and ubiquitous
expression.32:34738 Consistently, we have found that lym-
phatic vessels could be detected in mice with genetic
deletion of a single Akt isoform or with combined defi-
ciency of Akt isoforms. There were no obvious defects
with the lymphatic network observed in Akt2™/Akt3 ™~
mice. However, abnormalities in lymphatic formation
were observed when Akt1 is absent. The diameter of
capillary lymphatic vessels is significantly less in Akt1 /"~
mice than that in wild-type controls. The findings indicate
that Akt1 alone is sufficient for maintaining lymphatic
development, whereas Akt2 or Akt3 can only partially
compensate for its loss. Akt1 has been shown to be the
main isoform in blood vascular endothelial cells.?® The
dominant role of Akt1 in lymphatic vessel growth sug-
gests that Akt1 may also be the major isoform in lym-
phatic endothelial cells although transcripts for three Akt
genes can be detected in LECs by RT-PCR (data not
shown). It is therefore likely that the survival signal for
LECs may be attenuated in Akt7-null mice, which leads to
the reduced LEC number and capillary size. However,
apoptotic lymphatic endothelial cells could hardly be
detected by terminal deoxynucleotidyl transferase dUTP
nick-end labeling staining in both wild-type and Akt7-null
mice (data not shown). There was only a slight decrease
in lymphatic endothelial proliferation by BrdU labeling in
Akt1-null mice, and the difference was not statistically
significant compared with that in wild-type controls (Sup-
plemental Figure 2, see http://ajp.amjpathol.org). Al-
though eNOS has been shown to be the immediate sig-
naling molecule downstream of Akt,®%“° loss of Akt1,
Akt2, or Akt3 alone does not seem to have a strong effect
on eNOS phosphorylation. We show that phospho-eNOS
could be detected in lymphatic endothelial cells of
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Figure 6. Compensatory roles of Akt isoforms in lymphatic development.
A-D: Whole-mount immunostaining for LYVE-1 with ear skin of compound
knockout mice (Akt2™""/Akt3~"~ [Al and Akt1™"~/Akt3™~ [B]). C and D:
High-magnification view of the boxed regions in A and B, respectively. E
and F: Immunohistochemical staining for LYVE-1 with skin sections from
Akt~ /Akt2~"~ (E) and Akt1*/~/Akt2*/~ (F) at postnatal day one. Arrows
point to lymphatic vessels. G: Schematic illustration to summarize the roles of
Akt in lymphatic development. In LECs, three Akt isoforms are expressed,
and Akt can be activated downstream of various receptor tyrosine kinases
(RTK). Aktl is the most required isoform in lymphatic development although
AKkt2 or Akt3 can partially compensate for its absence. Scale bars: 200 uwm (D);
50 um (F).

Akt177~ mice and other Akt isoform-deficient mice, and
there was no obvious difference in the level of phosphor-
ylated eNOS by immunostaining between Akt7-null and
wild-type mice (Supplemental Figure 3, see http://ajp.
amjpathol.org). This may be due to the compensatory
mechanisms by the remaining Akt isoforms and/or other
protein kinases such as protein kinase A.?>*' Compen-
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sation of Akt isoforms in lymphatic growth was also vali-
dated by the occurrence of lymphangiogenesis on
VEGF-C induction in adult Akt7-null mice. Furthermore,
Akt has the potential to phosphorylate multiple sub-
strates.?? It is possible that several molecular pathways
are disrupted in lymphatic endothelial cells of Akt7-null
mice, which altogether contributes to the defects ob-
served with lymphatic development. The details about
altered downstream signals in lymphatic endothelial cells
in the absence of Akt1 or other Akt isoforms are yet to be
investigated.

In addition to the decrease in lymphatic capillary size,
there were also remodeling defects with collecting lym-
phatic vessels. We observed that the skin collecting lym-
phatic vessels of Akt7-null mice were abnormally en-
larged. Immunohistochemical analysis showed that there
was insufficient coverage of collecting lymphatic vessels
by smooth muscle cells in Akt7-deficient mice. Impaired
SMC recruitment to the collecting lymphatic vessels has
been shown in Ang2-null mice.”® On the other hand,
ephrinB2 has been shown to be expressed by collecting
lymphatic endothelium, and the abnormal coverage of
SMC with capillary lymphatics has been shown in eph-
rinB2-mutant mice with loss of the C-terminal PDZ inter-
action site.** An increase in SMC coverage with lym-
phatic vessels has also been shown in Foxc2-deficient
mice, because of the increased platelet-derived growth
factor-B expression by lymphatic endothelial cells.*® It is
not clear how these distinct signaling pathways coordi-
nate to regulate lymphatic vessel remodeling and matu-
ration. However, Akt has been shown to be an important
mediator downstream of various receptor protein kinases
such as Tie2, platelet-derived growth factor receptor-g,
and EphB4, which are critically required for vascular
remodeling and maturation involving vascular differenti-
ation and mural cell recruitment and its interaction with
endothelial cells for stabilizing vasculature.'s:1846-50
This finding suggests that Akt plays an important role in
mediating the signals for the remodeling of primary lym-
phatic vessels into a mature network and that defects
with lymphatic remodeling may be due to the insufficient
recruitment of SMCs or poor interactions between SMCs
and LECs.

Interestingly, in this study, we also observed that lym-
phatic valves are rarely seen in the small collecting lym-
phatic vessels but are present in large ones in Akt~
mice. Lymphatic valves are tiny semilunar structures,
which are important for preventing lymph backflow dur-
ing their contraction. Formation of vascular valves in-
volves several important cellular events including endo-
thelial to mesenchymal transformation followed by cell
proliferative expansion, migration, and remodeling into
valve leaflets.®' So far there is little understanding about
the molecular regulation of lymphatic valve development.
Defective development of lymphatic valves has also been
reported in mice with genetic deletion of the Foxc2 gene,*®
in ephrinB2 mutant mice,** in mice with endothelial cell-
specific deletion of tga9,%" and in Pik3r1-deficient mice.*
Based on this study and findings of other researchers, it
seems that the phosphoinositide-3 kinase-Akt pathway
plays an important role in lymphatic valve development. The
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detailed cellular and molecular mechanisms underlying this
process require further investigation.

Finally, there was no obvious change in blood vessel
size by whole-mount immunostaining for PECAM1 with
ear skin (Supplemental Figure 2, see http.//ajp.amjpathol.
org) and internal organs such as retina (data not shown)
of Akt71-null mice, although the blood vessel basement
membrane was reported to be thinner with reduced lami-
nin content.?® This finding is consistent with studies by
other researchers showing that Akt1 is not essential for
blood vascular growth during embryonic development
because Akt7-null mice are viable, but rather it has an
important role during pathological angiogenesis.??52-54
Our findings are also in agreement with the observation
that there is no abnormal blood vessel growth observed
in Pik3r1-null mice despite defective lymphatic develop-
ment.?* In addition to the difference in molecular pro-
files between blood vascular and lymphatic endothelial
cells, %556 the distinct phenotype in response to the loss
of Akt1 could also be related to the structural difference
between blood vascular and lymphatic capillaries. In
blood vessels, there is continuous basement membrane
and also supporting pericytes, whereas lymphatic capil-
laries do not have supporting cells and the basement
membrane is discontinuous. The LECs may be more
sensitive to the Akt-mediated signaling for survival than
blood vascular endothelial cells.

To summarize, loss of Akt1 led to the reduced size of
lymphatic capillaries and defects in the maturation of
collecting lymphatic vessels and valve development, and
Akt2 or Akt3 could partially compensate for its loss during
lymphatic development. The distinct requirement of Akt
isoforms in vascular development may reflect their differ-
ential expression levels in endothelial cells. However, it is
also possible that there may exist Akt isoform-specific
substrates in different types of cells. Further investigation
in this direction would help us understand the differential
requirement of Akt in blood vascular and lymphatic
development.
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