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Targeted overexpression of Angptl6/angiopoietin-related
growth factor in the skin promotes angiogenesis and
lymphatic vessel enlargement in response to ultraviolet B
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ABSTRACT

Angiogenesis is required for physiological tissue repair processes, such as cutaneous wound healing. However, recent
studies indicate that endogenous angiogenic factors may enhance photo-induced skin alterations in response to experi-
mental ultraviolet (UV)-B exposure. Angiopoietin-related growth factor (AGF), also known as angiopoietin-like protein 6
(Angptl6), is known to promote new blood vessel formation and vascular hyperpermeability. Importantly, epidermal over-
expression of Angptlé/AGF in mice promotes wound healing in the skin. However, it remains unclear whether overexpres-
sion of Angptl6/AGF facilitates tissue repair processes in response to UV-B irradiation. To test this hypothesis, we
subjected Angptl6/AGF transgenic mice to acute or chronic UV-B exposure. Surprisingly, transgenic mice showed
enhanced photosensitivity to subthreshold doses of UV-B that did not induce skin alterations in wild-type littermates.
Marked enlargement of blood vessels was observed after a single exposure to UV-B in Angptl6/AGF transgenic mice,
although no epidermal changes were observed. Chronic UV-B exposure over 14 weeks promoted cutaneous skin dam-
age in Angptl6/AGF transgenic mice, whereas wild-type mice showed little or no macroscopic skin alteration. In addition
to pronounced angiogenesis and epidermal hyperplasia, marked enlargement of dermal lymphatic vessels was observed
in UV-B-exposed Angptl6/AGF transgenic mice. Electron microscopy analysis further revealed that the number and size
of collagen bundles in the dermis was markedly reduced after chronic UV-B exposure in Angptl6/AGF transgenic mice.
Taken together, these results indicate that ectopic expression of Angpti6/AGF in mice likely promotes UV-B-induced skin

alterations, and that angiogenesis could be a therapeutic target in prevention of skin photo-aging.
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INTRODUCTION

Angiogenesis - the formation of new blood vessels from pre-exist-
ing ones — is induced in physiological tissue repair and in pathologi-
cal conditions such as cutaneous inflammation and/or tumor
progression.”? Ultraviolet (UV)-B induces acute and chronic skin
alterations. Acute exposure of human or mouse skin to UV-B pro-
motes erythema and/or blisters because of marked increases in
vascular permeability. UV-B-induced skin damage is characterized
by epidermal hyperplasia, degradation of matrix proteins and der-
mal elastosis.® Previous studies have shown that pronounced
angiogenesis is induced by acute UV-B irradiation of human and
mouse skin.*® In fact, UV-B irradiation upregulates potent angio-
genic factors in the skin, including vascular endothelial growth factor
(VEGF)-A, basic fibroblast growth factor and interleukin-8.5% Over-
expression of VEGF-A in the epidermis has also been shown to

collagen, photoaging, photosensitivity, transgenic mice, vascular endothelial growth factor.

induce enhanced photosensitivity in the skin in response to a single
UV-B exposure.® In contrast, systemic blockade of endogenous
VEGF-A signaling significantly reduces photosensitivity and antago-
nizes enlargement of blood vessels in the skin, indicating that the
primary angiogenic response may be the crucial event that facili-
tates acute photo-induced skin reactions. Importantly, chronic
UV-B exposure caused prominent wrinkle formation in VEGF-A
transgenic mice by promoting significant new blood vessel forma-
tion in the skin, leading to the idea that endogenous angiogenic fac-
tors such as VEGF-A function to promote photo-induced skin
damage. Currently, it is unclear whether ectopic expression of
angiogenic growth factors contributes to cutaneous tissue repair
processes in response to UV-B exposure.

Angiopoietin-related growth factor (AGF), also known as Angptl6,
is a member of the family of angiopoietin-like proteins, which play
crucial roles in murine vascular development and/or physiological
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metabolism.'®"" Like all angiopoietins, Angptlé/AGF possesses an
N-terminal coiled-coil domain and a C-terminal fibrinogen-iike
domain.'? Most angiopoietins are known to bind Tie1 and/or Tie2
receptors, whereas Angptl6/AGF remains an orphan ligand. Tar-
geted disruption of Angptl6/AGF in mice leads to obesity and insulin
resistance, reflecting clinical features reminiscent of human meta-
bolic syndrome.!” Meanwhile, targeted overexpression of Ang-
ptl6/AGF in mouse skin promotes angiogenesis and epidermal
hyperplasia, indicating that Angptl6/AGF mediates pleiotropic
effects towards several cell lineages, including epidermal keratino-
cytes.'®'® Of particular interest, Angptl6/AGF transgenic mice in
the skin show markedly enhanced cutaneous wound healing during
the tissue repair process compared to wild-type mice.'® Impor-
tantly, little or no Angptl6/AGF is expressed endogenously in mouse
skin, indicating that Angptl6/AGF has a potent tissue repair function
separate from its role as an angiogenic factor in the skin.

Recent studies indicate that lymphatic vessels play a crucial role
in mediating UV-B-induced cutaneous changes.™ UV-B exposure
induces marked enlargement of lymphatic vessels in mouse skin.
Sufficient lymphatic flow is required to suppress dermal edema
and inflammation in response to a single UV-B exposure. Impor-
tantly, activation of VEGF-C/vascular endothelial growth factor
receptor-3, one of the major pathways promoting lymphatic vessel
growth and function,'® has been shown to attenuate UV-B-induced
edema formation and skin inflammation.'® Furthermore, lymphatic
vessels show enhanced leakiness in UV-B-irradiated skin, leading
to reduced lymphatic drainage and impaired function.™ Moreover,
among Angptl family members, targeted Angptl2 overexpression in
the skin has been recently shown to promote enlargement of der-
mal lymphatic as well as blood vessels.'” Currently, it is unclear
whether Angptl6/AGF alters the growth of lymphatic vessels in
experimental mouse models of UV-B exposure.

Here, to test the hypothesis whether AGF facilitates cutaneous
tissue repair processes in response fo UV-B irradiation, we
subjected Angptl6/AGF transgenic mice to either acute or chronic
UV-B exposure. We report that overexpression of Angptlé/AGF in
mouse skin enhances photosensitivity to acute UV-B exposure by
promoting enlargement of dermal blood vessels but does not
induce epidermal hyperplasia in response to a minimal erythema
dose of UV-B. By contrast, chronic UV-B exposure, at a dose that
did not induce detectable skin changes in wild-type mice, induced
pronounced angiogenesis and enlargement of lymphatic vessels,
leading to wrinkle development in Angptl6/AGF transgenic mice.
Together, these results indicate that targeted overexpression of
Angptl6/AGF in mouse skin may prevent photo-induced cutaneous
damage from a single exposure of UV-B, but long-term AGF induc-
tion could mediate UV-B-induced skin alterations such as photo-
induced skin aging.

METHODS

UV-B irradiation regime

Ten-week-old male FVB/N or BALB/c wild-type mice, or keratin 14
promoter-driven Angptl6/AGF transgenic mice were exposed to
graded doses of four equally charged fluorescent lamps (ULTRA-
VIOLET-B TL 20W/12RS; Philips, Amsterdam, Netherlands). The

© 2011 Japanese Dermatological Association
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minimal erythema dose (MED) was determined by imradiation of
square areas on back skin with seven different doses of UV-B, rang-
ing 5.0 x1072 to 4.0x 107" J/em? (n = 5/group). An additional
skin area was sham-irradiated. Erythema formation was evaluated
48 h after irradiation. Ten-week-old male BALB/c wild-type mice or
transgenic overexpressing Angptl6/AGF in the epidermis under
control of the human keratin 14 promoter were exposed to seven
different UV-B doses, ranging 3.0 x 1072 to 9.0 x 1072 J/cm?, on
the dorsal skin (n = 5/group) to determine MED. In addition, ear skin
of AGF transgenic mice and wild-type littermates was exposed to a
single dose of UV-B by 9.0 x 1072 J/cm? (n = 5/group). Thereafter,
ear thickness was measured daily for up to 8 days. In an additional
experiment, 8-week-old male wild-type or AGF transgenic mice
were irradiated three times weekly for 14 weeks with a total dose of
8.185 J/cm? (n = 10/genotype). Control mice were sham-irradi-
ated. Skin samples were either shap-frozen with O.C.T.-Compound
(Sakura Finetek Japan, Tokyo, Japan) in ethanol dry ice or fixed in
4% paraformaldehyde in phosphate-buffered saline. All animal
studies were approved by the Ehime University Subcommittee on
Research Animal Care.

Real-time reverse transcription polymerase chain
reaction (RT-PCR)

Total RNA was isolated from dorsal skin of Angptl6/AGF transgenic
mice or wild-type littermates (1 = 5) and of five non-irradiated con-
frol mice using Isogen (Wako, Osaka, Japan). Real-time RT-PCR
was performed and analyzed with a 7900 HT Fast Real-Time PCR
System (Applied Biosystems, Branchburg, NJ, USA). Primers and
probes for B-actin, AGF, VEGF-A, VEGF-C and VEGF-D were pur-
chased from Applied Biosystems. RNA analysis was carried out using
a TagMan RT-PCR Master Mix reagents kit (Applied Biosystems),
according to the manufacturer’s protocol. Target gene expression in
test samples was normalized to corresponding B-actin expression.

Histological analysis and immunofluorescence
stains

Immunofluorescence was analyzed on 5-um frozen sections, as
described previously,” using a biotinylated rat antimouse CD31
antibody (BD Biosciences Pharmingen, San Diego, CA, USA), a
monoclonal rat LYVE-1 antibody (MBL, Nagoya, Japan), and corre-
sponding secondary antibodies labeled with Alexa Fluor 488 or 594
(Molecular Probes, Eugene, OR, USA). Representative sections
were prepared from skin of UV-B- or sham-irradiated mice
(n = 5/group). Nuclei were counterstained with 4’,6’-diamidino-2-
phenylindole dihydrochloride (DAPI; Molecular Probes). Staining
was analyzed and digital images were captured using a confocal
laser scanning microscope LSM510 (Carl Zeiss, Jena, Germany).
Morphometric analyses were performed using IP-LAB software as
described previously.™ In addition, paraffin sections were prepared
from skin of the same mice. Routine hematoxylin-eosin or Masson-
trichrome staining was performed.

Computer-assisted morphometric vessel analysis

Double immunofluorescence staining using anti-CD31 antibody for
blood vessels and anti-LYVE-1 antibody for lymphatic vessels was
analyzed using an LSM510 microscope. Representative fields of
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each section were examined at x10 magnification, and the number
of vessels/mm?, average vessel size and relative area occupied by
blood or lymphatic vessels were determined in a dermal area within
200 pm of the epidermal-dermal junction. An unpaired Student’s
t-test was used to analyze differences in microvessel density,
vascular size and relative vascular area.

Transmission electron microscopy analysis

Skin tissues were fixed in 0.1 mol/L phosphate-buffered 2.5% glu-
taraldehyde with 0.1% tannic acid (pH 7.4) for 2 h, and postfixed
with 1% osmium tetroxide in phosphate buffer for 2 h. Specimens
were washed in 0.25 mol/L sucrose solution, dehydrated in a
graded ethanol series, and embedded in an Epon resin mixture
(Epon 812 resin; TAAB Laboratories Equipment, Aldermaston,
Berks, England). Ultra-thin sections of 60-80 nm were prepared
using an Ultracut S blade (Leica Microsystems, Wetzlar, Germany)
and subsequently double-stained with uranyl acetate and lead
citrate. Specimens were analyzed at a voltage of 80 kV, and images
were captured using a transmission electron microscope, JEM-
1230 (JEOL, Tokyo, Japan).

RESULTS

BALB/c and FVB/N wild-type mice show
comparable MED

Transgenic mice in which Angptl6/AGF is driven from the keratin 14
promoter (K74~Angptl6/AGF) were originally bred on a BALB/c
background.'® However, previous studies of the role of angiogene-
sis in mediating UV-B-induced skin alterations in transgenic mice
have utilized mice on an FVB/N background.*® Therefore, to assess
the biological effect of Angptl6B/AGF upon photodamaged skin,
we first compared the MED of wild-type FVB/N and BALB/c
mice using graded UV-B doses. The dorsal skin of FVB/N wild-
type mice showed signs of erythema 48 h after irradiation with
7.2 x 1072 J/cm® UV-B or higher doses {n = 6) (Fig. 1a). Similarly,
BALB/c wild-type mice developed minimal erythema on back skin
at a dose of 7.2 x 1072 J/em? UV-B (n = 6) (Fig. 1b) in the same
timeframe. Therefore, both FVB/N and BALB/c wild-type mice
showed comparable erythema formation at the same radiation
dose, indicating that BALB/c mice are suitable models to evaluate
photosensitivity following UV-B radiation.

Cutaneous photosensitivity is enhanced in
Angptl6/AGF transgenic mice

To determine whether epidermal Angptl6/AGF overexpression
alters cutaneous photosensttivity in the skin, we evaluated MED of
Angptl6/AGF transgenic mice by exposing them to doses of UV-B
ranging 3.0 x 1072 to 9.0 x 1072 J/cm?. The dorsal skin of AGF
transgenic mice showed signs of erythema at 4.0 x 1072 J/cm?
UV-B and higher (n = 5) (Fig. 1d), whereas in comparably-treated
wild-type littermates the MED was defined as 7.2 x 1072 J/cm?
UV-B (Fig. 1c). Statistical analysis showed that the MED for
Angptl6/AGF transgenic mice is significantly lower than that of
wild-type mice (Fig. 1e). Overall, these observations suggest that
Angptl6/AGF transgenic mice show enhanced cutanecus photo-
sensitivity relative to wild-type mice.
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Figure 1. Enhanced photosensitivity of Angptl6/AGF transgenic (TG)
mice. (a,b) The dorsal skin was exposed to graded doses of ultraviolet
(UV)-B ranging 5.0 x 1072 to 4 x 107" J/cm?, or to sham irradiation.
A minimal erythema dose (MED) of 7.5 x 1072 J/cm? was deter-
mined by analyzing skin of wild-type (WT) FVB/N mice 48 h after
irradiation (a, n = 5). A comparable MED was observed in wild-type
BALB/c mice (b, n = 5). (c,d) Analysis of the skin of Angptl6/AGF
transgenic mice indicated a MED of 4.0 x 1072 J/cm? of UV-B
(d, n = 5), whereas skin of wild-type littermates showed signs of ery-
thema at 7.0 x 1072 J/cm? (e, n = 5) Statistical analysis confirmed
that the MED for Angptl6/AGF transgenic mice is significantly fower
than that of wild-type mice. Data are expressed as mean + standard
deviation (n = 6/condition). ***P < 0.001.

Angptl6/AGF promotes blood vessel enlargement in
response to a single UV-B exposure

One MED induces formation of an erythema characterized by
microvascular enlargement in the skin. Therefore, we asked whether
macroscopic vascular enlargement occurs in the skin of Ang-
ptl6/AGF transgenic mice by irradiating them with increased doses
of UV-B. A dose of 9.0 x 1072 J/cm? UV-B induced macroscopic
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vascular enlargement in ear skin of Angpt/6/AGF transgenic mice
(Fig. 2b, arrowheads) as compared with sham-irradiated ears
(Fig. 2b, arrows), whereas no macroscopic vascular alteration was
seen in UV-B-exposed (Fig. 2a, arrowheads) or sham-irradiated ear
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Figure 2. Angptls/AGF promotes blood vessel enlargement follow-
ing acute ultraviolet (UV)-B irradiation (a,b). The ear skin of Ang-
pti6/AGF transgenic (TG) mice or wild-type (WT) littermates was
exposed to a single irradiation of UV-B of 9.0 x 1072 J/cm?. Forty-
eight hours later, transgenic mice developed erythema and enlarge-
ment of blood vessels (b, arrowheads) relative to sham-irradiated ears
(b, arrows), whereas little or no alteration was observed in UV-B-
exposed (a, arrowheads) or sham-iradiated ear skin of wild-type
mice (a, arrows). (c,d) Histological analysis revealed that ear skin
of wild-type mice appeared normal (c, hematoxylin-eosin [HE]),
whereas the skin of Angptl6/AGF-overexpressing mice showed der-
mal edema and vessel dilation particularly on the side of UV-B irradia-
tion as compared with the other side of ear skin which is unexposed
to UV-B (d, HE). (e,f) Double immunofluorescence staining reveals
dilated CD31* blood vessels (red) in transgenic mice, while no such
changes were seen in skin of wild-type littermates. LYVE-1" stain
(green) was comparable between ear skin of AGF transgenic mice
and wild-type littermates. Nuclei are stained blue (4’,6’-diamidino-2-
phenylindole dihydrochloride [DAPI] stain). (Scale bars, 100 ym.)
(g) Angptle/AGF-overexpressing mice show significant ear swelling
48 h after irradiation with 9.0 x 1072 J/cm? UV-B (), while no ear
swelling is observed in similarly treated wild-type littermates ().
(h—) Quantitative reverse transcription polymerase chain reaction
(RT-PCR) analyses of ear skin of Angptl6/AGF-overexpressing mice
and wild-type littermates 48 h after UV-B irradiation (7 = 5). Increased
Angptl6/AGF and vascular endothelial growth factor (VEGF)}-A
expression was seen in K14-Angpil6/AGF mice in response to a
single UV-B exposure (h,). Comparable levels of VEGF-D mRNA
were seen in the presence or absence of UV-B iradiation (). Routine
HE stain showed that ear skin of Angptl6/AGF-overexpressing mice
and wild-type mice appeared comparable and normal 8 days after
UV-B irradiation (k). Azan-Mallory staining showed that collagen
bundles in the papillary dermis remained normal in UV-B-treated
Angptis/AGF transgenic mice (n) and wild-type littermates 8 days
after UV-B irradiation {m). Data are expressed as means =+ standard
deviation (n = 5/condition and time point). *P < 0.01; *P < 0.05.

skin of wild-type littermates (Fig. 2a, arrows). Histologically, ear skin
of Angptl6/AGF transgenic mice showed marked edema in the
dermis and vessel dilation 48 h after irradiation (Fig. 2d), whereas
the skin of wild-type mice showed no significant changes at
9.0 x 1072 J/cm? UV-B (Fig. 2¢). Double immunofiuorescence with
antibodies against CD31 for blood vessels and LYVE-1 for lympha-
tic vessels showed that blood vessels were markedly enlarged in
Angptle/AGF transgenic mice (Fig. 2f), whereas no such changes
were seen in wild-type littermates (Fig. 2e). Lymphatic vessels in
Angptl6/AGF transgenic mice remained normal as well as lympha-
tic vessels in wild-type littermates. Furthermore, Angptl6/AGF
transgenic mice showed prominent, albeit transient, ear swelling
48 h after irradiation (Fig. 2g). In contrast, the ears of wild-type mice
showed no detectable changes in thickness after a single UV-B
irradiation at 9.0 x 1072 J/cm? (Fig. 2g).

Quantitative real-time RT-PCR analyses of RNA extracted from
mouse ears showed that expression levels of Angptl6/AGF and
VEGF-A increased by 2.0-fold (Fig. 2h) and 2.5-fold (Fig. 2i), respec-
tively, in Angptl6/AGF transgenic mice 48 h after irradiation. By
contrast, wild-type mice showed little or no change in expression
levels of either transcript after irradiation with 9.0 x 1072 J/em?
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Figure 3. Increased wrinkle formation in Angptlé/AGF-overexpressing mice after long-term ultraviolet (UV)-B irradiation. Dorsal skin of non-
irradiated wild-type (WT) and Angptl6/AGF transgenic (TG) mice (a,b). After 14 weeks (three times/week) of UV-B irradiation, wild-type mice do
not show macroscopic skin alterations (c), whereas Angptl6/AGF transgenic mice developed wrinkles and slight erythema (d) (representative
images; n = 13/genotype). Skin replicas of wild-type and Angptl6/AGF-overexpressing mice showed no signs of wrinkle formation or texture
changes (e,f), nor did those of wild-type mice treated with UV-B (g). Angpti6/AGF-overexpressing mice treated with long-term UV-B irradiation,
however, did show wrinkle formation and texture changes (). () Hematoxylin-eosin (HE) staining reveals signs of epidermal hyperplasia, edema,
inflammatory cell infiltration, and increased vascularization in the papillary dermis in skin of UV-B-iradiated Angptl6/AGF-overexpressing mice ().
The skin of non-irradiated mice of both genotypes (i), or of UV-B-irradiated wild-type mice (k) does not show major histological abnormalities.

(Scale bars: [e-h] 1 mm, [H] 100 pm.)

UV-B. Furthermore, comparable expression levels of VEGF-D were
observed in the ears of Angptl6/AGF transgenic and wild-type mice
under UV-B- or sham-irradiation regimes (Fig. 2j). VEGF-C mRNA
levels remained unchanged in either group (data not shown).

To find overall changes of ears in Angptl6/AGF transgenic mice
and wild-type littermates, we daily measured the ear thickness for
8 days after UV-B irradiation. Seven days after UV-B irradiation, ear
thickness was comparable between AGF transgenic mice and wild-
type littermates (Fig. 2g). Eight days after UV-B irradiation, the
macroscopic appearance of ear skin in Angptl6/AGF transgenic mice
returned to normal {data not shown). Histologically, ears obtained
from Angptl6/AGF transgenic mice and wild-type littermates
showed comparable cellular morphology 8 days after irradiation

“based on hematoxylin—eosin staining (Fig. 2k,l). Azan-Mallory
staining also indicated little or no degradation of dermal collagen

370

bundles in ears of Angptl6/AGF transgenic mice 8 days after
irradiation with 9.0 x 1072 J/cm? UV-B (Fig. 2m,n). Together,
these results suggest that targeted overexpression of Ang-
ptl6/AGF promotes vascular enlargement and subsequent
plasma leakage from blood vessels at early stages of UV-B irradi-
ation in murine skin, but that vascular hyperpermeability is not
associated with acute photo-induced skin damage.

Angptl6/AGF mediates epidermal hyperplasia in
response to chronic UV-B exposure

Overall, we found transient vascular enlargement and reversible ear
swelling in Angptl6/AGF transgenic mice after a single UV-B expo-
sure but did not observe acute UV-B-induced skin damage or
acceleration of the healing process. Therefore, we asked whether
targeted Angptl6/AGF overexpression induces skin changes
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Figure 4. Marked reduction in dermal collagen bundles in K14-Angpti6/AGF transgenic mice after long-term uliraviolet (UV)-B. (a,b) Azan-
Mallory staining shows that collagen bundles in the papillary dermis are severely altered in UV-B-treated Angptl6/AGF transgenic (TG) mice
(b, yellows arrows) compared with wild-type (WT) littermates (a). (c,d) Electron micrographs revealed that collagen fibrils and bundles in
UV-B-treated AGF transgenic mice were markedly fragmented beneath the dermoepidermal junction (d, arrowheads) compared with wild-type
mice (c, arrowheads). (Scale bars: [a,b] 50 pm, [c,d] 2 um.) KC, keratinocytes.

following chronic UV-B irradiation. Angptl6/AGF transgenic mice
and wild-type littermates were exposed 3 days a week to a total
dose of 8.185 J/cm? UV-B for 14 weeks. Wild-type mice showed
no skin changes after UV-B irradiation based on both macroscopic
appearance {Fig. 3c) and microscopic analysis using skin replicas
(Fig. 3g) and appeared comparable in gross appearance to sham-
irradiated wild-type mice (Fig. 3a,e). In contrast, the skin of
Angptl6/AGF transgenic mice exhibited transverse wrinkles after
chronic UV-B irradiation (Fig. 3d,h), while sham-irradiated trans-
genic mice showed little or no wrinkling (Fig. 3b,f). Histologically, the
skin of Angptl6/AGF transgenic mice showed evidence of epider-
mal hyperplasia, edema formation and inflammatory cell infilration
in the dermis after chronic UV-B irradiation (Fig. 3l), whereas no
such changes were observed in sham-irradiated transgenic mice
(Fig. 38j) or in wild-type mice with or without UV-B irradiation
{Fig. 3i,k). Azan-Mallory staining showed that the size of collagen
bundles was reduced in the upper dermis of Angptl6/AGF trans-
genic mice after chronic UV-B exposure (Fig. 4b), whereas these
alterations were not observed in UV-B-irradiated wild-type litter-
mates (Fig. 4a). Moreover, electron microscopic analysis revealed
that the regular assembly of collagen was markedly perturbed in the
upper dermis of Angptl6/AGF transgenic mice after chronic UV-B
irradiation (Fig. 4d), whereas the fibrillar collagen network was
maintained in the dermis of UV-B-irradiated wild-type mice (Fig. 4c).
Together, these results suggest that following chronic UV-B expo-
sure, the skin of Angptl6/AGF transgenic mice undergoes altera-
tions leading to wrinkle formation.

© 2011 Japanese Dermatological Association

Targeted Angptl6/AGF overexpression promotes
angiogenesis and lymphatic enlargement in
response to chronic UV-B exposure

To determine whether chronic UV-B exposure alters the microvas-
cular network in the skin of Angptl6/AGF transgenic mice, we
undertook macroscopic and microscopic analyses of blood and
lymphatic vessels in the skin. Macroscopic analysis indicated that
the skin of transgenic mice was more vascularized after UV-B expo-
sure than that of wild-type littermates either with or without irradia-
tion (Fig. 5a,c,d) or of sham-irradiated transgenic mice (Fig. 5b).
Double staining for blood and lymphatic vessels showed that
CD31-positive blood vessels were enlarged in the upper dermis
of Angptls/AGF transgenic mice after chronic UV-B irradiation
(Fig. 5h), whereas few alterations were seen in sham-irradiated
transgenic mice or wild-type littermates, either irradiated or not irra-
diated (Fig. 5e-g). Computer-assisted morphometric analysis of
CD31-stained skin sections confirmed that the average number of
blood vessels was significantly increased in Angptl6/AGF trans-
genic mice after chronic irradiation (47.23 + 8.65 blood ves-
sels/mm?; P < 0.05), as compared with sham-irradiated transgenic
mice (32.17 = 3.25 blood vessels/mm?) or wild-type controls
(25.45 + 3.36 blood vessels/mm? Fig. 5). Furthermore, blood
vessels were significantly larger in UV-B-irradiated Angptl6/AGF
transgenic mice (353.6 + 41.7 ym% P < 0.05) than in sham-
iradiated transgenic mice (295.6 + 35.3 um? Fig. 5k). Moreover,
we observed a significant increase in the percentage of total tissue
area covered by blood vessels in UV-B-iradiated Angptl6/AGF
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Figure 5. Induction of angiogenesis in Angptl6/AGF transgenic (TG) mice after long-term ultraviolet (UV)-B irradiation. (a—d) Increased cutaneous
vascularization, with prominent enlargement of blood vessels, is observed after chronic UV-B treatment in the skin of Angptis/AGF-overexpress-
ing mice (d). Compared with non-irradiated wild-type (WT) littermates (a), no significant changes were observed in wild-type littermates after
long-term UV-B iradiation (c) or in Angptie /AGF-overexpressing mice that did not undergo iadiation (o). (Scale bars: 3 mm.) (e-h) Double immuno-
fluorescence for blood vessels by anti-CD31 antibody (red, arrowheads) and for lymphatic vessels by anti-LYVE-1 antibody (green, arrows)
demonstrates prominent vascularization in the dermis of Angptls/AGF-overexpressing mice after chronic UV-B iradiation (h), whereas few
vessels were altered in wild-type littermates that did or did not undergo UV-B irradiation {e,g) and in non-iradiated Angptl6/AGF-over-
expressing mice (). (Scale bars, 50 um.) () Computer-assisted morphometric analysis of CD31-stained skin sections after 14 weeks of UV-B
iradiation revealed a significant increase in the relative area occupied by blood vessels () and in blood vessel density () in Angptl6/AGF
transgenic mice (B) compared with wild-type littermates (). (K} Enlargement of blood vessels detected by CD31 staining is prominent in
UV-B-treated Angptls/AGF transgenic mice. Skin sections after 14 weeks of UV-B irradiation show a significant increase in the relative area
occupied by lymphatic vessels () and in average vessel size (n) in Angpti6/AGF transgenic mice (B) compared with wild-type mice. In
contrast, no significant differences were observed in the vessel density (m) between non-iradiated and iradiated skin of AGF transgenic
mice () and wild-type littermates (). Data are expressed as mean = standard deviation (0 = 5). "**P < 0.001; P < 0.01; *P < 0.05.

372 © 2011 Japanese Dermatological Association

— 187 —



(a) *
i & 1

6 | —
o
= 57
[%3
¢ 4
£
Q. 2 4
2
<] B

0
(b) P=0.06

3 i 1
£ P=0.05
Q f 1
(]
& 2
<
.
o 1
w
>

0+ .

WT AGF-TG WT AGF-TG
No-UVB UvB

Figure 6. Chronic ultraviolet (UV)-B exposure promotes increased
levels of Angptl6/AGF mRNA and decreased levels of vascular endo-
thelial growth factor (VEGF)-A mRNA. (g) Angptl6/AGF mRNA levels
were significantly increased in the skin of UV-B-exposed transgenic
(TG) mice compared with wild-type littermates. (o) In contrast, VEGF-
A mRNA expression in the skin was undetectable after UV-B irradia-
tion of either wild-type or Angptl6/AGF transgenic mice.

transgenic mice (1.65 = 0.16%) compared with controls (0.75 =
0.17%; P < 0.001) {Fig. 5i). Lymphatic-specific staining with LYVE-1
revealed marked enlargement of dermal lymphatic vessels in
UV-B-irradiated skin of Angpt/6/AGF transgenic mice (Fig. 5h)
compared with sham-irradiated transgenic mice (Fig. 5) or irradi-
ated or non-irradiated wild-type mice (Fig. 5e,g). Computer-
assisted morphometric analysis showed that the size of dermal
lymphatic vessels is significantly increased by twofold (P < 0.05)
in Angptl6/AGF transgenic mice after chronic UV-B imadiation
(2129.2 + 654.1 um? P < 0.05) compared with non-irradiated trans-
genic mice (981.5 + 305.4 um?), or wild-type controls with or
without UV-B irradiation (911.2 + 219.3 um? or 807.7 + 242.6 um?,
respectively; Fig. 5n). The percentage of total tissue area covered by
lymphatic vessels of Angptl6/AGF-overexpressing skin was signifi-
cantly increased after chronic UV-B-irradiation (1.51 + 0.41%;
P < 0.001) compared with sham-irradiated Angpt/6/AGF transgenic
mice (0.53 + 0.09%) or wild-type controls with or without UV-B
irradiation {0.52 + 0.26% or 0.47 + 0.21%, respectively; Fig. 5.
However, the average density of dermal lymphatics in both geno-
types with or without chronic UV-B exposure was comparable
(Fig. 5m). Importantly, increased levels of ectopic Angptl6/AGF
mRNA were observed in UV-B-exposed skin of Angpt/6/AGF trans-
genic mice as compared with sham-irradiated skin of transgenic
mice (Fig. 6). No changes in VEGF-A mRNA levels were observed in
UV-B-exposed skin of either Angptl6/AGF transgenic or wild-type
mice (Fig. 6). Together, these results suggest that overexpression of
Angptl6/AGF in mouse skin promotes prominent angiogenesis and
subsequent enlargement of lymphatic vessels.

© 2011 Japanese Dermatological Association

Role of Angptl6 in UV-B-induced skin alteration

DISCUSSION

in this study, we subjected Angpt/6/AGF transgenic mice to UV-B
exposure, a major risk for cutaneous damage, to test the hypothesis
that Angptl6/AGF might reduce acute and/or chronic skin damage
by accelerating tissue repair. Interestingly, however, our results indi-
cate that chronic UV-B activates the K14 promoter driving the Ang-
pti6/AGF transgene, resulting in photo-induced skin alterations at a
subthreshold UV-B dose that induced little or no skin changes in
wild-type littermates.

Recent studies indicate that UV-B potently induces an angio-
genic switch, namely, upregulates pro-angiogenic mediators and
downregulates anti-angiogenic ones, leading to a pathological
pro-angiogenic condition in the skin.? In support of this concept,
targeted VEGF-A overexpression in mouse skin was shown to
promote vascular enlargement and subsequent vascular leakage in
response to a single UV-B exposure.g In addition, VEGF-A trans-
genic mice showed increased inflammatory cell infiltration in the
dermis and epidermal hyperplasia at subthreshold UV-B doses, fea-
tures typical of acute UV-B-induced skin damage.® In contrast, in
the present study, targeted Angptl6/AGF overexpression in mouse
skin promoted little or no epidermal hyperplasia in response to a
single UV-B exposure, although marked enlargement of cutaneous
blood vessels was observed. In fact, Angptl6/AGF has been shown
to increase the vascular network of capillary-sized blood vessels in
a physiological pattern, '” whereas VEGF-A induces formation of tor-
tuous, capillary-sized blood vessels in transgenic mice, leading to
promotion of leukocyte trafficking and rolling.?° Therefore, physio-
logical induction of AGF by a single UV-B exposure may prevent
enhanced vascular leakage, which would initiate cutaneous inflam-
mation and subsequent epidermal hyperplasia.

In contrast 1o a single UV-B exposure, chronic UV-B exposure
over 14 weeks was accompanied by prominent skin alterations,
including epidermal hyperplasia, in Angptl6/AGF transgenic mice
as compared with wild-type littermates. Overproduction of AGF
over a long period may underlie the development of wrinkles seen in
response to chronic UV-B irradiation. In fact, in this study, a total
dose of 8.156 J/cm? UV-B was required to promote development
of macroscopic wrinkles in K74-Angptl6/AGF transgenic mice,
whereas a total dose of 0.72 J/cm? UV-B was sufficient to induce
chronic photo-induced skin damage in ivadiated K714-VEGF-A
transgenic mice.® Interestingly, no induction of VEGF-A mRNA was
found in Angptl6/AGF transgenic mice which were exposed to the
long-term UV-B irradiation in the skin, whereas Angptl6/AGF mRNA
levels were significantly increased in those mice. Therefore, these
findings suggest that long-term UV-B irradiation activates the
K14 promoter driving the Angptl6/AGF transgene, and that the
ectopic overexpression of AGF actively promotes the development
of chronic photo-induced skin alterations in an independent
manner.

Dermal lymphatic vessels were markedly enlarged in Ang-
pti6/AGF transgenic mice after chronic UV-B exposure. In contrast,
litte or no lymphatic vessel alteration was seen in sham-irradiated
Angptl6/AGF transgenic mice compared with wild-type littermates.
Does experimental induction of Angptl6/AGF by chronic UV-B
exposure mediate dilation of lymphatic vessels? The skin of
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UV-B-exposed Angptl6/AGF transgenic mice exhibits signs of
enhanced angiogenesis reflected by an increased number of blood
vessels compared to sham-irradiated mice. In contrast, the density
of lymphatic vessels was comparable between chronic UV-B- and
sham-irradiated Angptl6/AGF mice, suggesting that Angptl6/AGF
does not induce lymphangiogenesis as it does angiogenesis.
However, increased blood flow can induce uptake and subsequent
transport of fluids by dermal lymphatic vessels, likely promoting
significant enlargement of the lymphatic vasculature. importantly,
chronic UV-B exposure markedly upregulated Angptl6/AGF mRNA
levels, whereas no upregulation of VEGF-A mRNA levels was
observed in this model. VEGF-A, but not VEGF-C or VEGF-D, was
previously shown to be upregulated in hairless mice in response to
chronic UV-B exposure, an effect accompanied by enlargement
and impairment of lymphatic vessels.'® Furthermore, functional
inactivation of VEGF-A inhibits enlargement of lymphatic vessels
after a single UV-B exposure, suggesting that VEGF-A is responsible
for both vascular hyperpermeability and reduced lymphatic drainage
in response to UV-B exposure.™ Therefore, angiogenesis and
increased blood flow likely promote enlargement of lymphatic ves-
sels and alter their function in chronic UV-B-induced skin damage.
Accordingly, Angptl6/AGF has been recently shown to enhance
blood flow in a mouse hind-limb ischemia model.?! In addition, epi-
dermal overexpression of Angptl2 promotes marked enlargement of
lymphatic and blood vessels in the skin. Moreover, sufficient lym-
phatic flow is required to minimize tissue edema and subsequent
inflammation in response to UV-B irradiation.?® Therefore, future
studies should address whether UV-B irradiation alters lymphatic
flow and/or function in Angptl transgenic mice, and whether metas-
tasis associated with UV-B-induced carcinogenesis is correlated
with changes in lymphatic vessel function.
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EphrinA/EphA signal facilitates insulin-like
growth factor-l-induced myogenic differentiation
through suppression of the Ras/extracellular
signal-regulated kinase 1/2 cascade in myoblast
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Masayoshi Minami®, Tatsuya Koyama®®, Yuki Wakayama®, Shigetomo Fukuhara®,

and Naoki Mochizuki®

aDepartment of Cell Biology, National Cerebral and Cardiovascular Center Research Institute, Osaka 565-8565, Japan;
Division of Cardiology, Department of Internal Medicine, Jikei University School of Medicine, Tokyo 105-8461, Japan

Monitoring Editor
Richard K. Assoian
University of Pennsylvania

ABSTRACT Insulin-like growth factor-l {IGF-l) activates not only the phosphatidylinositol
3-kinase (PI3K)-AKT cascade that is essential for myogenic differentiation but also the extra-
cellular signal-regulated kinase (ERK) 1/2 cascade that inhibits myogenesis. We hypothesized
that there must be a signal that inhibits ERK1/2 upon cell-cell contact required for skeletal
myogenesis. Cell-cell contact-induced engagement of ephrin ligands and Eph receptors
leads to downregulation of the Ras-ERK1/2 pathway through p120 Ras GTPase-activating
protein (p120RasGAP). We therefore investigated the significance of the ephrin/Eph signal in
IGF-i-induced myogenesis. EphrinA1-Fc suppressed IGF-l-induced activation of Ras and
ERK1/2, but not that of AKT, in C2C12 myoblasts, whereas ephrinB1-Fc affected neither
ERK1/2 nor AKT activated by IGF-l. IGF-l-dependent myogenic differentiation of C2C12 myo-
blasts was potentiated by ephrinA1-Fc. In p120RasGAP-depleted cells, ephrinA1-Fc failed to
suppress the Ras-ERK1/2 cascade by IGF-l and to promote IGF-l-mediated myogenesis.
EphrinA1-Fc did not promote IGF-I-dependent myogenesis when the ERK1/2 was constitu-
tively activated. Furthermore, a dominant-negative EphA receptor blunted IGF-l-induced
myogenesis in C2C12 and L6 myoblasts. However, the inhibition of IGF-l-mediated myogen-
esis by down-regulation of ephrinA/EphA signal was canceled by inactivation of the ERK1/2
pathway. Collectively, these findings demonstrate that the ephrinA/EphA signal facilitates
IGF-l-induced myogenesis by suppressing the Ras-ERK1/2 cascade through p120RasGAP in
myoblast cell lines.
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Skeletal myogenesis is a complex process that begins with the com-
mitment of multipotent mesodermal precursor cells to the muscle
fate (Andres and Walsh, 1996; Taylor, 2002). These committed
cells—the myoblasts—subsequently withdraw from the cell cycle,
differentiate, and fuse into multinucleated myotubes. In culture,
most skeletal muscle cell lines proliferate under high serum condi-
tions, whereas the cells placed under low serum conditions sponta-
neously undergo differentiation into myotubes (Florini et al., 1991;
Ewton et al., 1994; Bach et al., 1995).

Differentiation of skeletal muscle cells is positively and negatively
regulated by two major intracellular signaling pathways, namely the
phosphatidylinositol 3-kinase (PI3K)~AKT cascade and the extracel-
lular signal-regulated kinase (ERK) 1/2 cascade (Kaliman et al., 1996,
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1998; Bennett and Tonks, 1997; Coolican et al., 1997; Tortorella
et al., 2001; de Alvaro et al., 2005; Koyama et al., 2008). The latter
involves Ras, Raf, mitogen-activated protein kinase (MAPK)/ERK ki-
nasel/2 (MEK1/2), and ERK1/2. Activation of ERK1/2 cascade
evoked by mitogens induces proliferation of cultured skeletal mus-
cle cells but prevents their differentiation (Bennett and Tonks, 1997;
Coolican et al., 1997; Tortorella et al., 2001; de Alvaro et al., 2005;
Koyama et al., 2008). Among various growth factors, the insulin-like
growth factors (IGFs), including IGF-1 and IGF-Il, have been reported
to be quite singular, in that they stimulate both proliferation and
differentiation of muscle cells in culture (Florini et al., 1991, 1996:
Coolican et al., 1997; Kaliman et al., 1998; Koyama et al., 2008;
Clemmons, 2009).

IGF-I receptor, which belongs to receptor tyrosine kinase (RTK)
family, activates the PI3K-AKT signaling cascade in response to IGFs,
thereby promoting differentiation of skeletal muscle cells (Florini
etal., 1996; Coolican et al., 1997; Kaliman et al., 1998; White, 2003).
The importance of the IGF/IGF-I receptor signal in muscle develop-
ment is also illustrated by the poor muscle development and dystro-
phic phenotype of IGF-I receptor—deficient mice (Liu et al,, 1993).
However, the IGF/IGF-1 receptor signal also induces activation of
ERK1/2 through Grb2-associated binder 1-SHP2 signaling pathways
in C2C12 cells, which counteracts PI3K/AKT signal-mediated myo-
genic differentiation (Coolican et al., 1997; Koyama et al., 2008).
Thus the differentiation of myoblasts into myotubes is determined
by the balance between the positive and negative signals mediated
through PI3K-AKT and ERK1/2 cascades, respectively.

Myoblast differentiation is regulated not only by the signaling
pathways induced by soluble myogenic growth factors but also by
those initiated by cell-cell contacts (Krauss, 2010; Pavlath, 2010).
Cell~cell adhesions are constituted by cadherin and other junctional
molecules. Among them, N-cadherin (also known as cadherin-2) is
expressed throughout skeletal myogenesis and was shown to be
involved in myogenic differentiation in myoblast cell lines (Charrasse
et al., 2002; Gavard et al., 2004; Lovett et al., 2006; Krauss, 2010).
N-cadherin associates in cis with Cdo, a cell surface receptor of the
immunoglobulin (Ig) superfamily in C2C12 myoblasts (Lu and Krauss,
2010). On N-cadherin ligation, the Cdo intracellular region binds to
Bnip-2, a scaffold protein for Cdc42 small GTPase, and to JLP, a
scaffold protein for the p38a/B MAPK, which results in Cdc42-de-
pendent activation of p38a/p (Takaesu et al., 2006; Kang et al.,
2008). In contrast to ERK1/2 MAPK, the p380/B pathway promotes
skeletal myogenesis by inducing the expression of muscle-specific
genes in myoblast cell lines and primary myoblasts (Guasconi and
Puri, 2009). Thus, upon cell-cell contact formation, the N-cadherin/
Cdo complex promotes myogenic differentiation through activation
of the p38o/B pathway. N-cadherin engagement also induces acti-
vation of RhoA, leading to serum response factor-dependent ex-
pression of muscle-specific genes in skeletal muscle cell lines (Carnac
et al.,, 1998). It has also been suggested that M-cadherin, another
member of the classic cadherin family, regulates myoblast fusion
through Trio guanine nucleotide exchange factor-dependent acti-
vation of Rac1 in C2C12 myoblasts (Charrasse et al., 2007). In addi-
tion to cadherins, lg superfamily members such as neogenin and
neural cell adhesion molecule also regulate myogenic differentia-
tion of cultured myoblasts in a cell-cell contact-dependent manner
(Kang et al., 2004; Krauss, 2010). These results reveal the impor-
tance of the signaling pathways mediated by cell-cell contacts for
myoblast differentiation.

Eph receptors and their ligands—ephrins—constitute the largest
subfamily of RTKs, and have been implicated in diverse physiologi-
cal and pathophysiological functions, such as neural development,
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angiogenesis, and tumorigenesis (Pasquale, 2005, 2008). The Eph
receptors are divided into two classes, EphA and EphB, based on
their ability to bind the ligands ephrinA and ephrinB, respectively.
Unlike other RTK ligands, both ephrinA and ephrinB are membrane-
bound proteins (Pasquale, 2005, 2008). EphrinAs anchor to the
plasma membrane via a glycosylphosphatidylinositol moiety,
whereas ephrinBs contain a transmembrane domain. Thus ephrin/
Eph signaling is initiated by the formation of cell-cell contacts
(Pasquale, 2010). On ephrin binding, Eph receptors undergo auto-
phosphorylation at tyrosine residues in the cytoplasmic domain,
which then triggers downstream signaling cascades through interac-
tion with several signaling molecules, including p120 Ras GTPase-
activating protein (p120RasGAP) (Pasquale, 2010). It has been
shown that the ephrin/Eph signal negatively regulates the Ras-
ERK1/2 cascade through inhibition of Ras by p120RasGAP in various
types of cell lines (Elowe et al., 2001; Miao et al., 2001; Tong et al.,
2003; Parri et al., 2005; Pasquale, 2010). The evidence that the Eph/
ephrin signal depends on cell~cell contacts and its ability to down-
regulate the Ras-ERK1/2 cascade prompted us to test our hypoth-
esis that the ephrin/Eph signal promotes myogenic differentiation
by reducing the myogenic inhibitory signal mediated by the Ras-
ERK1/2 cascade. In this study, we found that the cell-cell contact—
dependent ephrinA/EphA signal down-regulates the IGF-l~induced
ERK1/2 pathway through p120RasGAP in myoblast cell lines,
thereby accelerating myogenic differentiation.

RESULTS

EphrinA/EphA signal represses IGF-l-induced activation

of ERK1/2, but not AKT, through p120RasGAP in mouse
C2C12 and rat L6 myoblasts

To investigate whether the ephrin/Eph signal downregulates the
Ras-ERK1/2 cascade in myoblasts, we examined the effect of eph-
rinA1-Fc or ephrinB1-Fc on IGF-l-induced activation of ERK1/2 and
AKT in myoblast cell lines. IGF-l induced activation of both ERK1/2
and AKT in sparse cultures of mouse C2C12 and rat L6 cells (Figure 1
and Supplemental Figure S1, A and B). EphrinA1-Fc, but not F,
dramatically suppressed [GF-i-induced activation of ERK1/2
(Figure 1 and Supplemental Figure S1, A and B). In clear contrast,
IGF-l~induced activation of AKT was unaffected by ephrinA1-Fc
(Figure 1 and Supplemental Figure $1, A and B). EphrinB1-Fc did
not affect IGF-l-induced activation of ERK1/2 and AKT in C2C12
cells (Supplemental Figure S1C). To confirm that ephrinB1-Fc used
in this experiment is functional, we also examined the effect of eph-
rinB1-Fc on activation of ERK1/2 by cartilage oligomeric matrix pro-
tein (COMP)-angiopoietin-1 (Ang1), a potent Ang1 variant, in hu-
man umbilical vein endothelial cells, since it was reported that the
ephrinB/EphB signal suppresses Ang1-induced activation of ERK1/2
in endothelial cells (Kim et al., 2002). COMP-Ang1~induced activa-
tion of ERK1/2 was clearly attenuated by the treatment with eph-
rinB1-Fc (Supplemental Figure S1D). These results indicate that the
ephrinA/EphA signal, but not the ephrinB/EphB signal, downregu-
lates the IGF-I-induced ERK1/2 cascade without affecting the AKT
activation by IGF-l in C2C12 and L6 myoblasts.

It is known that p120RasGAP is recruited to the ephrinA-stimu-
lated EphA receptors, leading to down-regulation of the Ras-ERK1/2
pathway (Pasquale, 2010). Thus we next investigated whether the
ephrinA/EphA signal down-regulates the IGF--induced ERK1/2
cascade by decreasing Ras activity through p120RasGAP. IGF- in-
duced activation of Ras in C2C12 myoblasts (Figure 2A). IGF-1-in-
duced Ras activation was suppressed by ephrinA1-Fc (Figure 2A).
However, ephrinA1-Fc failed to suppress the IGF-i~induced Ras ac-
tivation when p120RasGAP was depleted by small interfering RNAs
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FIGURE 1: The ephrinA/EphA signal suppresses IGF-l-induced
activation of ERK1/2 in C2C12 myoblasts. (A) Serum-starved C2C12
myoblasts were stimulated for 10 min with or without 10 nM IGF-l in
the presence or absence of 1.7 nM Fc (Fc) or ephrinA1-Fc (A1-Fc) as
indicated at the top. Cell lysates were subjected to Western blot
analysis with anti-phospho-ERK1/2 (p-ERK1/2), anti-ERK1/2 (ERK1/2),
anti-phospho-AKT (p-AKT), and anti-AKT (AKT) antibodies as
indicated at the left. (B) Phosphorylation levels of ERK1/2 (left) and
AKT (right) observed in A were quantified and represented by the
ratio of phospho-ERK1/2 or phospho-AKT to total ERK1/2 or total
AKT, respectively. The value for each group is expressed relative to
the ratio observed in the cells stimulated with IGF-| in the absence of
Fc and ephrinA1-Fc and shown as means # SD of three independent
experiments. **p < 0.01, significant difference between two groups.
N.S., no significance between two groups. a.u., arbitrary unit(s).

(siRNAs; Figure 2A). Consistently, depletion of p120RasGAP by
siRNA blunted the inhibitory effect of ephrinA1-Fc on IGF-l-induced
activation of ERK1/2, although it had no effect on IGF-I-induced
activation of ERK1/2 and AKT (Figure 2, B and C). Collectively, these
findings indicate that the ephrinA/EphA signal downregulates the
IGF-l-evoked Ras-ERK1/2 cascade through p120RasGAP in C2C12
myoblasts.

EphrinA/EphA signal enhances |GF-l-induced

myogenic differentiation

Myogenic differentiation is negatively and positively regulated by
the ERK1/2 and AKT cascades, respectively (Kaliman et al., 1996,
1998; Bennett and Tonks, 1997; Coolican et al., 1997; Tortorella
et al., 2001; de Alvaro et al., 2005; Koyama et al., 2008). Because
the ephrinA/EphA signal downregulates the ERK1/2 cascade with-
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out affecting the AKT pathway in myoblast cell lines, we hypothe-
sized that myogenic differentiation might be enhanced by the eph-
rinA/EphA signal. To address this possibility, confluent C2C12
myoblasts were differentiated into myotubes by being incubated in
DMEM containing 1% fetal bovine serum (FBS) and 10 nM IGF-l in
the presence of either Fc or ephrinA1-Fc. To evaluate myogenic dif-
ferentiation, the expression of muscle-specific myosin heavy chain
(MHC) protein was examined by immunocytochemical and Western
blot analyses. On the third day after induction of myogenic differen-
tiation, formation of MHC-positive myotubes was greater in the cells
differentiated in the presence of ephrinA1-Fc than in those in the
presence of Fe (control; Figure 3, A and B). Consistently, expression
of MHC protein was 2.4 and 1.6 times higher in the ephrinA1-
Fc—treated cells than in those treated with Fc on the second and
third days after induction of differentiation, respectively (Figure 3, C
and D). Similarly, myogenic differentiation of C2C12 cells induced
by low concentrations of IGF-l was also potentiated by the treat-
ment with ephrinA1-Fc (Supplemental Figure $2). These results indi-
cate that activation of the ephrinA/EphA signal results in enhance-
ment of IGF-I-dependent myogenic differentiation in C2C12 cells.

EphrinA/EphA signal promotes IGF-l-induced myogenic
differentiation by suppressing the Ras-ERK1/2 cascade
through p120RasGAP
To investigate whether the ephrinA/EphA signal promotes IGF-I-
dependent myogenic differentiation by suppressing the Ras-ERK1/2
pathway through p120RasGAP, we examined the effect of p120Ras-
GAP depletion on the enhancement of IGF-l~induced myogenic dif-
ferentiation by the ephrinA/EphA signal. C2C12 myoblasts trans-
fected with either control siRNA or two independent siRNAs targeting
p120RasGAP were differentiated in the media containing both IGF-I
and ephrinA1-Fc for 2 d. Myogenic differentiation of C2C12 cells was
significantly suppressed in the p120RasGAP-depleted cells com-
pared to the cells transfected with control siRNA, as assessed by im-
munocytochemical analysis with anti-MHC antibody (Figure 4, A and
B). Consistently, the expression of MHC was decreased by the deple-
tion of p120RasGAP (Figure 4, C and D). These findings show that
the ephrinA/EphA signal implicates p120RasGAP in the enhance-
ment of the IGF-l-induced myogenic differentiation of C2C12 cells.
To further clarify whether the ephrinA/EphA signal promotes
|GF-l-dependent myogenic differentiation through inactivation of
ERK1/2 pathway, we examined the effect of adenovirus-mediated
overexpression of a constitutively active mutant of MEK1 (caMEK1).
As expected, overexpression of caMEK1 in C2C12 cells resulted in
constitutive activation of ERK1/2 (Figure 5A). Inactivation of ERK1/2
in response to IGF-l by ephrinA1-Fc was canceled in the cells ex-
pressing caMEK1, although overexpression of caMEKT did not af-
fect IGF-l-induced AKT activation in the presence or absence of
ephrinAl-Fc (Figure 5A). In the C2C12 myoblasts expressing
caMEK1, IGF-I failed to induce formation of MHC-positive myo-
tubes even in the presence of ephrinA1-Fc (Figure 5, B and C). Con-
sistently, IGF--induced expression of MHC was prevented by over-
expression of caMEK1 irrespective of the presence or absence of
ephrinA1-Fc (Figure 5, D and E). Collectively, these findings indicate
that the ephrinA/EphA signal potentiates IGF-l-induced myogenic
differentiation of C2C12 cells through p120RasGAP-mediated
down-regulation of the Ras~ERK1/2 cascade.

EphA2 receptor that lacks the cytoplasmic domain acts

as a dominant-negative mutant for EphA family members
We further investigated whether the ephrinA/EphA signal is required
for IGF-I-dependent myogenic differentiation. Because reverse
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transcription (RT)-PCR analysis revealed that C2C12 myoblasts ex-
press multiple members of ephrinA ligands such as ephrinA1, eph-
rinA3, ephrinA4, and ephrinA5 and those of EphA receptors, which
include EphA1, EphA2, EphA3, and EphA4 (Supplemental Figure
S$3), we decided to use a dominant-negative approach instead of
performing siRNA-mediated silencing of ephrinA ligands and EphA
receptors. We prepared the adenovirus encoding the EphA2 recep-
tor mutant lacking the cytoplasmic region (EphAZ2Acyto), which was
previously reported to exhibit dominant-negative activity (Cheng
et al., 2003; Taddei et al., 2009). Overexpression of EphA2Acyto
blunted the ephrinA1- Fc—medvated phosphorylation of EphA2 in
C2C12 cells (Figure 6A). It is significant that phosphorylation of
EphA2 was greater in the confluent C2C12 cells than in the sparse
cells (Figure 6B). Phosphorylation of EphA2 was likely to be induced
by the binding of EphA2 to endogenous ephrinA upon cell-cell
contact. EphA2 phosphorylation observed in the confluent cells was
decreased by overexpression of EphA2Acyto (Figure 6B), indicating
that the EphA2 signal functions under confluent culture conditions
and can be blocked by overexpression of EphA2Acyto. Because
C2C12 cells express several members of the EphA receptor family,
as indicated by RT-PCR analysis, it can be assumed that ephrinA1-Fc
suppresses IGF-I-induced activation of ERK1/2 through multiple
members of EphA receptors. In C2C12 and L6 myoblasts, the in-
hibitory effect of ephrinA1-Fc on ERK1/2 activation in response to
IGF-I was canceled by overexpression of EphA2Acyto (Figure 6C
and Supplemental Figure S4), implying that EphA2Acyto acts as a
dominant-negative mutant not only for EphA2, but also for other
members of the EphA receptor family.

Endogenous ephrinA/EphA signal is required for efficient
myogenic differentiation induced by IGF-I

To clarify the role of the ephrinA/EphA signal in IGF-~induced myo-
genic differentiation, the EphA signal was abrogated by EphA2Acyto
overexpression during IGF-l~induced myogenic differentiation.
C2C12 and L6 myoblasts infected with adenoviruses encoding
EphA2Acyto exhibited decreased formation of MHC-positive myo-
tubes compared to the uninfected cells or the cells infected with
B-galactosidase (B-gal)~encoding adenoviruses (Figure 7, A and B,
and Supplemental Figure S5A). Consistently, IGF-l-mediated ex-
pression of MHC protein was significantly reduced by EphA2Acyto
overexpression (Figure 7, C and D, and Supplemental Figure S5B).

{(+) of 1.7 nM ephrinA1-Fc (A1-Fc) as indicated at the top. GTP-bound
Ras was collected as described in Materials and Methods and
subjected to Western blot analysis with anti-Ras antibody (GTP-Ras).
Aliquots of cell lysates were also subjected to Western blot analysis
with anti-Ras (Ras), anti-p120RasGAP (p120RasGAP), and anti-f-
tubulin (B-tubulin) antibodies as indicated at the left. (B) Serum-
starved C2C12 myoblasts transfected with siRNA as described in A
were stimulated for 10 min with or without 10 nM IGF-! in the absence
or presence of 1.7 or 3.4 nM ephrinA1-Fc (A1-Fc) as indicated at the
top. Cell lysates were subjected to Western blot analysis with
anti-phospho-ERK1/2 (p-ERK1/2), anti-ERK1/2 (ERK1/2), anti~
phospho-AKT (p-AKT), anti-AKT (AKT), and anti-p120RasGAP
(p120RasGAP) antibodies as indicated at the left. (C) Phosphorylation
levels of ERK1/2 (top) and AKT (bottom) observed in B were
quantified and represented by the ratio of phospho-ERK1/2 or
phospho-AKT to total ERK1/2 or total AKT, respectively. Values are
expressed as explained in the legend of Figure 1B. Values are
expressed relative to the ratio obtained from the IGF-I-treated cells
transfected with control siRNA. *p < 0.05, **p < 0.01, significant
differences between two groups. N.S., no significance between two
groups. a.u., arbitrary unit(s).
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FIGURE 3: The ephrinA/EphA signal promotes IGF-l-induced
myogenic differentiation. (A) Immunocytochemical analysis of C2C12
myoblasts using anti-MHC antibody. Confluent cells were
differentiated into myotubes in DMEM containing 1% FBS and 10 nM
IGF-! in the presence of either 6.4 nM Fc (Fc) or ephrinA1-Fc (A1-Fc)
for 3 d. The cells were then fixed, immunostained with anti-MHC
antibody, and visualized with Alexa Fluor 488-conjugated secondary
antibody. The cells were also poststained with Hoechst 33342 o
visualize the nuclei. Alexa 488 (MHC), bright-field (BF), and Hoechst
33342 (Hoechst) images are shown as indicated at the left.
Experiments were repeated three times with similar results. Scale
bars, 100 pm. (B) The fusion index observed in A was determined by
dividing the number of nuclei within multinucleated myotubes by the
total number of nuclei analyzed. Values are expressed relative to that
observed in the cells differentiated in the presence of Fc and shown
as means * SD of three independent experiments. (C) Confluent
C2C12 myoblasts were differentiated into myotubes in DMEM
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These findings indicate that the ephrinA/EphA signal is required for
efficient myogenic differentiation induced by IGF-I in myoblast cell
lines.

To investigate whether myogenic differentiation induced by IGF-
| requires the suppression of ERK1/2 activity by the ephrinA/EphA
signal, we first examined the effect of EphA2Acyto overexpression
on ERK1/2 activity by inducing differentiation with IGF-I. The ERK1/2
activity of the C2C12 cells expressing EphA2Acyto varied at the sev-
eral time points during differentiation and was not always signifi-
cantly increased compared with either the parental cells or those
expressing B-gal. Therefore, to further assess the effect of
EphA2Acyto on the ERK1/2 activity during the differentiation, we
examined it using the cells in the presence of ephrinA1-Fc in addi-
tion to IGF-1. C2C12 cells infected with adenoviruses expressing
EphA2Acyto exhibited a high level of ERK1/2 activity compared to
those infected without or with B-gal-expressing adenoviruses dur-
ing myogenic differentiation (Supplemental Figure Sé). Furthermore,
we investigated the effect of a MEK1/2 inhibitor, U0126, on the IGF-
I-induced myogenic differentiation. U0126 slightly enhanced for-
mation of MHC-positive myotubes and increased the expression of
MHC in C2C12 and L6 myoblasts infected with or without B-gal-
encoding adenoviruses (Figure 8 and Supplemental Figure S5). As
observed in Figure 7, overexpression of EphA2Acyto partially inhib-
ited myotube formation and decreased the expression of MHC
(Figure 8 and Supplemental Figure S5). However, the inhibitory ef-
fect of EphA2Acyto on IGF-I-mediated myogenic differentiation was
completely suppressed by the treatment with U0126 (Figure 8 and
Supplemental Figure S5). Collectively, these findings suggest that
IGF-l-induced myogenic differentiation is facilitated by the ephrinA/
EphA signal, leading to down-regulation of the ERK1/2 cascade in
myoblast cell lines.

DISCUSSION

In the present study, we investigated the role of ephrin/Eph signal-
ing in skeletal muscle differentiation and found that the ephrinA/
EphA signal facilitates IGF-I-induced myogenic differentiation by
repressing the Ras—ERK1/2 signaling cascade through p120RasGAP
in myoblast cell lines (Figure 9). To our knowledge, this study reveals
for the first time the potential role of the ephrinA/EphA signal in
skeletal myogenesis.

We delineated the molecular mechanism by which an endoge-
nous ephrinA/EphA signal is involved in the inactivation of ERK1/2
that is preferable for myogenic differentiation induced by IGF-I. Al-
though it is well known that IGFs promote myogenic differentiation
through the PI3K/AKT pathway, IGFs also induces activation of
myogenic inhibitory signal mediated by the ERK1/2. Activation of
the PI3K/AKT pathway is responsible for myogenic differentiation,
whereas the ERK1/2 pathway counteracts the PI3K/AKT pathway-
dependent myogenic differentiation (Kaliman et al., 1996, 1998;
Bennett and Tonks, 1997; Coolican et al., 1997; Tortorella et al.,

containing 1% FBS and 10 nM IGF-| in the presence of either 6.4 nM
Fe (Fc) or ephrinA1-Fc (A1-Fc) for time periods (days) indicated at the
top. Cell lysates were subjected to Western blot analysis using
anti-MHC (MHC) and anti-AKT (AKT) antibodies as indicated at the
left. (D) The expression level of MHC observed in C was quantified by
normalizing the expression of MHC by that of AKT. Values are
expressed relative to that observed in the cells differentiated in the
presence of Fe for 3 d and shown as means + SD of three
independent experiments. *p < 0.05, significant differences between
two groups. a.u., arbitrary unit(s).
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- 4: The ephrinA/EphA signal promotes IGF-l-dependent
myogenic differentiation through p120RasGAP (A) C2C12 myoblasts
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antibody and visualized with Alexa Fluor 488-conjugated secondary
antibody. The cells were also poststained with Hoechst 33342 to
visualize the nuclei. Alexa 488 (MHC), bright-field (BF), and Hoechst
33342 (Hoechst) images are shown as indicated at the left.
Experiments were repeated three times with similar results. Scale
bars, 100 pm. (B) The fusion index observed in A was determined as
described in the legend of Figure 3B. Values are expressed relative to
that observed in the cells transfected with control siRNA and shown
as means * SD of three independent experiments. (C) siRNA-
transfected C2C12 myoblasts were differentiated into myotubes as
described in A for time periods (days) indicated at the top. Cell
lysates were subjected to Western blot analysis using anti-MHC
(MHC), anti-p120RasGAP (p120RasGAP), and anti-AKT (AKT)
antibodies as indicated at the left. (D) Expression level of MHC
observed in C was quantified by normalizing the expression of MHC
by that of AKT. Values are expressed relative to that observed in the
control siRNA-transfected cells differentiated for 2 d and shown as
means * SD of three independent experiments. *p < 0.05, **p < 0.01,
significant differences between two groups. a.u., arbitrary unit(s).
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2001; de Alvaro et al., 2005; Koyama et al., 2008). Thus it is rea-
sonable that the mechanisms that suppress the ERK1/2 pathway
might exist to facilitate myogenic differentiation during skeletal
myogenesis.

The EphrinA/EphA signal in C2C12 cells suppresses ERK1/2 dur-
ing myogenesis. EphA and EphB receptors inhibit the Ras-ERK1/2
pathway by decreasing the Ras activity through p120RasGAP in
various types of cells (Elowe et al., 2001; Miao et al., 2001; Tong
et al., 2003; Parri et al., 2005; Pasquale, 2010). Thus, we assumed
that the ephrin/Eph signal is favorable for skeletal myogenesis and
found that the ephrinA/EphA signal down-regulates the Ras—ERK1/2
pathway induced by IGF-I through p120RasGAP in myoblast cell
lines, thereby facilitating myogenic differentiation. In addition, it was
previously reported that DA-Raf1, a splicing isoform of A-Raf, is ex-
pressed during skeletal myogenesis and enhances myogenic differ-
entiation of C2C12 cells by acting as a dominant-negative antagonist
of the Ras-ERK1/2 pathway (Yokoyama et al., 2007). Recently glypi-
can, a heparin sulfate proteoglycan expressed in myoblasts, was
reported to sequester basic fibroblast growth factor (bFGF) in lipid
rafts away from its receptors (Gutierrez and Brandan, 2010). Because
bFGF represses myogenic differentiation through the activation of
the ERK1/2 pathway (Tortorella et al., 2001), sequestration of bFGF
by glypican promotes myogenic differentiation. Therefore the
ERK1/2 activity in myoblasts is suppressed by various mechanisms
to facilitate myogenic differentiation during skeletal myogenesis.

Temporal ERK1/2 inactivation and activation might be important
for myogenesis. The ERK1/2 cascade is essential for proliferation of
myoblasts but negatively regulates myogenic differentiation by sup-
pressing the expression of muscle-specific genes. Of interest, it was
also shown that the late stage of skeletal muscle differentiation re-
quires the ERK1/2 activity (Bennett and Tonks, 1997). Expression of
MAPK phosphatase-1, which inhibits ERK1/2 activity, is down-regu-
lated during the late stage of myogenesis, and its overexpression
prevents myotube formation without affecting the expression of
muscle-specific genes. Thus the ERK1/2 activity is temporarily con-
trolled during myogenic differentiation. On induction of myogenic
differentiation, the cell-cell contact-dependent ephrinA/EphA sig-
nal suppresses ERK1/2 activity, as we demonstrated in this study.
However, the ephrinA/EphA signal may be down-regulated to reac-
tivate the ERK1/2 cascade at the late stage of skeletal muscle dif-
ferentiation. Because EphA2 expression is induced by activation of
the Ras-ERK1/2 pathway (Macrae et al., 2005), EphA-signal-depen-
dent inhibition of the Ras~ERK1/2 pathway may lead to down-regu-
lation of EphA2 expression. Therefore the ERK1/2 activity may be
temporarily controlled by an EphA2-Ras-ERK1/2 negative feedback
loop during skeletal myogenesis.

There is only limited information on the role of the ephrin/Eph
signal in muscle development. It was shown that the ephrinA5/
EphA4 signal is involved in migration of muscle precursor cells
(Swartz et al., 2001). EphrinA5 expressed in mesoderm tissue pre-
vents EphAd-positive muscle precursor cells from migrating into
abnormal embryonic regions. Furthermore, a role of EphA4 signal in
maintenance of neuromuscular junctions was suggested (Lai et al.,
2004). EphA4 localized at the neuromuscular junctions of adult mus-
cle induces expression of acetylcholinesterase, an enzyme that de-
grades the neurotransmitter acetylcholine, through Janus kinase/
signal transducers and activators of transcription pathway. However,
the role of ephrin/Eph signal in differentiation of myoblasts into
myocytes has never been reported. Therefore the present study is
the first to unravel the potential role of the ephrinA/EphA signal
in myogenic differentiation of myoblast cell lines. However, further
study is required to clarify whether the ephrinA/EphA signal is
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FIGURE 5: Constitutive activation of the ERK1/2 pathway inhibits the promotion of IGF-
l-mediated myogenic differentiation by the ephrinA/EphA signal. (A) Serum-starved C2C12
myoblasts infected with adenoviruses encoding either B-gal (B-gal) or constitutive active mutant
of MEK1 (caMEK1) were stimulated with or without 10 nM IGF-I for 10 min in the presence of 1.7
nM Fc (=) or ephrinA1-Fc (A1-Fc) as indicated at the top. Cell lysates were subjected to Western
blot analysis with anti-phospho-ERK1/2 (p-ERK1/2), anti-ERK1/2 (ERK1/2), anti~phospho-AKT
(p-AKT), anti-AKT (AKT), and MEK1 (MEK1) antibodies as indicated at the left. (B) C2C12
myoblasts infected without (-) or with adenoviruses encoding either $-gal (B-gal) or constitutive
active mutant of MEK1 (caMEK1) were differentiated into myotubes in DMEM containing 1%
FBS and 10 nM IGF-l in the presence of 6.4 nM Fc (-) or ephrinA1-Fc (A1-Fc) for 2 d. The cells
were immunostained with anti-MHC antibody, and visualized with Alexa Fluor 488-conjugated
secondary antibody. The cells were also poststained with Hoechst 33342 to visualize the nuclei.
Alexa 488 (MHC), bright-field (BF), and Hoechst 33342 (Hoechst) images are shown as indicated
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implicated in differentiation of primary myo-
blasts or in myogenic differentiation in vivo.

The present study apparently indicates
that p120RasGAP-mediated inhibition of the
Ras-ERK1/2 pathway is responsible for the
promotion of myogenic differentiation by
the ephrinA/EphA signal in myoblast cell
lines. However, since the ephrinA/EphA sig-
nal not only activates p120RasGAP but also
stimulates various intracellular signaling mol-
ecules (Pasquale, 2010), myogenic differen-
tiation might also be regulated by other sig-
naling pathways. EphA2 signaling is known
to promote the intercellular junctions medi-
ated by cadherins such as E-cadherin and N-
cadherin (Miao et al., 2003; Cooper et al.,
2008; Jun et al., 2009; Miura et al., 2009).
Because engagement of N-cadherin and M-
cadherin leads to the activation of promyo-
genic signaling pathways in myoblasts
(Krauss, 2010), the ephrinA/EphA signal may
promote skeletal myogenesis by enhancing
cadherin-based cell-cell junctions. RhoA is
activated by EphA receptors through ephexin
(Shamah et al., 2001) and induces expression
of muscle-specific genes through serum re-
sponse factor (Carnac et al., 1998). Thus the
ephrinA/EphA signal may also regulate myo-
genesis through RhoA-dependent expres-
sion of muscle-specific genes. In addition, it
has been shown that ephrinA-mediated re-
verse signaling also regulates various bio-
logical functions, such as insulin secretion
from B cells, neurogenesis, tumor suppres-
sion, and tumor progression (Pasquale,
2010). Thus it would be interesting to exam-
ine the involvement of ephrinA reverse sig-
naling in myogenic differentiation.

at the left. Experiments were repeated three
times with similar results. Scale bars, 100 um.
(C) The fusion index observed in B was
determined as described in the legend of
Figure 3B. Values are expressed relative to
that observed in the uninfected cells
differentiated in the presence of Fc and
shown as means + SD of three independent
experiments. (D) Adenovirus-infected C2C12
myoblasts were differentiated into myotubes
as described in B for time periods (days)
indicated at the top. Cell lysates were
subjected to Western blot analysis using
anti-MHC (MHC), anti-MEK1 (MEK1), and
anti-AKT (AKT) antibodies as indicated at the
left. (E) The expression level of MHC
observed in D was quantified by normalizing
the expression of MHC by that of AKT. Values
are expressed relative to that observed in the
uninfected cells differentiated in the presence
of Fc for 2 d and shown as means = SD of
three independent experiments. **p < 0.01,
significant differences between two groups.
a.u., arbitrary unit(s).
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FIGURE &: EphA2 mutant lacking the cytoplasmic region acts as a
dominant-negative EphA receptor. (A) C2C12 myoblasts infected
without (-) or with adenoviruses encoding either B-gal (B-gal) or
C-terminal HA-tagged EphA2 mutant that lacks the cytoplasmic region
(EphA2Acyto) were serum starved and stimulated for 10 min in the
presence of 2.2 nM Fc {-) or ephrinA1-Fc (A1-Fc) as indicated at the
top. EphA2 was immunoprecipitated with anti-EphA2 antibody and
subjected to Western blot analysis with anti-phosphotyrosine (p-Tyr)
and anti-EphA2 (EphA2) antibodies. Aliquots of total-cell lysate were
also subjected to Western blot analysis with anti-EphA2 (EphA2),
anti-HA (EphA2Acyto), and anti-B-tubulin (B-tubulin) antibodies as
indicated at the left. (B) C2C12 myoblasts infected with adenoviruses
as described in A were placed on the culture dishes for 4 h under
either sparse or confluent culture condition as indicated at the top.
Immunoprecipitation of EphA2 and Western blot analysis were
performed as described in A. (C) C2C12 myoblasts infected with
adenoviruses as described in A were serum starved and stimulated for
10 min with or without 10 nM IGF-I in the presence of 1.7 nM Fc () or
ephrinA1-Fc (A1-Fc) as indicated at the top. Cell lysates were
subjected to Western blot analysis with anti~phospho-ERK1/2
(p-ERK1/2), anti-ERK1/2 (ERK1/2), anti-phospho-AKT (p-AKT), anti-AKT
(AKT), and anti-HA (EphA2Acyto) antibodies as indicated at the left.
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FIGURE 7: IGF-l-induced myogenic differentiation is blunted by
blocking the ephrinA/EphA signal. (A) C2C12 myoblasts infected
without (=) or with adenoviruses encoding either B-gal or EphA2Acyto
were differentiated into myotubes in DMEM containing 1% FBS and
10 nM IGF-| for 3 d. The cells were immunostained with anti-MHC
antibody and visualized with Alexa Fluor 488-conjugated secondary
antibody. The cells were also poststained with Hoechst 33342 to
visualize the nuclei. Alexa 488 (MHC), bright-field (BF), and Hoechst
33342 (Hoechst) images are shown as indicated at the left.
Experiments were repeated three times with similar results. Scale bars,
100 pm. (B) The fusion index observed in A was determined as
described in the legend of Figure 3B. Values are expressed relative to
that observed in the uninfected cells and shown as means + SD of
three independent experiments. (C) Adenovirus-infected C2C12
myoblasts were differentiated into myotubes as described in A for
time periods (days) indicated at the top. Cell lysates were subjected to
Western blot analysis using anti-MHC (MHC), anti-HA (EphA2Acyto),
and anti-AKT (AKT) antibodies as indicated at the left. (D) The
expression level of MHC observed in C was quantified by normalizing
the expression of MHC by that of AKT. Values are expressed relative
to that observed in the uninfected cells differentiated for 3 d and
shown as means + SD of three independent experiments. **p < 0.01,
significant differences between two groups. a.u., arbitrary unit(s).
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FIGELRE 9: Schematic representation of a proposed model for how
the ephrinA/EphA signal potentiates IGF-l-induced myogenic
differentiation. IGF-I not only induces myogenic differentiation
through the PI3K/AKT pathway but also stimulates the myogenic
inhibitory signal mediated by the Ras—ERK1/2 cascade. The cell-cell
contact-dependent ephrinA/EphA signal suppresses the RasxERK1/2
cascade by IGF-I through p120RasGAP, thereby facilitating IGF-
l-mediated myogenic differentiation.

In conclusion, we have demonstrated that the cell-cell contact-
dependent ephrinA/EphA signal suppresses IGF-l-induced activa-
tion of the Ras—ERK1/2 cascade by decreasing the Ras activity
through p120RasGAP in myoblast cell lines. This molecular mecha-
nism accounts for IGF-I-induced myogenic differentiation facilitated
by ephrinA/EphA.

MATERIALS AND METHODS

Reagents and antibodies

COMP-Ang1 was kindly provided by G. Y. Koh (Korea Advanced
Institute of Science and Technology, Daejeon, South Korea). Human
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FIGURE 8: Inhibition of IGF-l-induced myogenic differentiation by a
dominant-negative EphA receptor mutant is canceled by inhibiting
the ERK1/2 pathway. (A) C2C12 myoblasts infected without (-) or with
adenoviruses encoding either B-gal or EphA2Acyto were
differentiated into myotubes in DMEM containing 1% FBS and 10 nM
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IGF-l in the presence of vehicle (dimethyl sulfoxide [DMSO]) or 3 uM
U0126 for 3 d. The cells were immunostained with anti-MHC antibody
and visualized with Alexa Fluor 488-conjugated secondary antibody.
The cells were also poststained with Hoechst 33342 to visualize the
nuclei. Alexa 488 (MHC), bright-field (BF), and Hoechst 33342
(Hoechst) images are shown as indicated at the left. Experiments
were repeated three times with similar results. Scale bars, 100 um.
(B) The fusion index observed in A was determined as described in
the legend of Figure 3B. Values are expressed relative to that
observed in the uninfected cells differentiated in the presence of
DMSO and shown as means + SD of three independent experiments.
(C) Adenovirus-infected C2C12 myoblasts were differentiated into
myotubes as described in A for time periods (days) indicated at the
top. Cell lysates were subjected to Western blot analysis using
anti-MHC (MHC), anti-HA (EphA2Acyto), and anti-AKT (AKT)
antibodies as indicated at the left. (D) The expression level of MHC
observed in C was quantified by normalizing the expression of MHC
by that of AKT. Values are expressed relative to that observed in the
uninfected cells differentiated in the presence of DMSO for 3 d and
shown as means * SD of three independent experiments. *p < 0.05,
**p < 0.01, significant differences between two groups. N.S., no
significance between two groups. a.u., arbitrary unit(s).
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recombinant IGF- was kindly provided by Astellas Pharma (Tokyo,
Japan). Other reagents were purchased as follows: Hoechst 33342
nuclear dye from Sigma-Aldrich (St. Louis, MO); human Fc, mouse
ephrinA1-Fc, and mouse ephrinB1-Fc from R&D Systems (Minneap-
olis, MN); and U0126 from Cell Signaling Technology (Beverly, MA).
Antibodies were purchased as follows: anti-phospho-p44/42 ERK1/2
(Thr-202/Tyr-204), anti-phospho-AKT (Thr-308), and anti-AKT from
Cell Signaling Technology; anti-MEK?1, anti-ERK1/2, anti-EphA2, and
anti-phosphotyrosine (PY99) from Santa Cruz Biotechnology (Santa
Cruz, CA); anti-HA tag from Roche Diagnostics (Indianapolis, IN);
anti-pan Ras from Calbiochem (La Jolla, CA); anti-MHC (MF20) from
the Developmental Studies Hybridoma Bank (lowa City, 14); anti-B-
tubulin from Sigma-Aldrich; horseradish peroxidase-conjugated
anti-mouse, anti-rabbit, and anti-rat from GE Healthcare Life
Sciences (Piscataway, NJ); and Alexa Fluor 488-labeled goat anti—
mouse IgG from Molecular Probes (Eugene, OR).

Cell culture, stimulation, and myogenic differentiation
Mouse C2C12 and rat L6 myoblasts were maintained as subconflu-
ent monolayers in DMEM (Nissui, Tokyo, Japan) supplemented with
FBS (20% for C2C12 cells, 10% for Lé cells), 4.5 g/l glucose, 0.58 g/
L-glutamine, 100 U/ml penicillin, and 100 pg/ml streptomycin. To
examine the IGF-l-induced activation of ERK1/2, AKT, and Ras, the
cells were serum starved overnight and stimulated with IGF-1 in the
presence or absence of nonclustered Fc, ephrinA1-Fc, or ephrinB1-
Fc as indicated in the figure legends. For the induction of myogenic
differentiation, cultured medium was replaced with DMEM contain-
ing 1% FBS and IGF-| at the concentrations described in the figure
legends, when cell density reached confluency. The differentiation
medium was exchanged every day. Human umbilical vein endothe-
lial cells were purchased from Kurabo (Osaka, Japan) and main-
tained as described previously (Fukuhara et al., 2005).

siRNA-mediated protein knockdown

Stealth siRNAs targeting mouse p120RasGAP (no. 1, 5-UGUCCAA-
CACCUAACAACCAGUUUA-3’; no. 2, 5-CACUACUGGCCAG-
CAUCCUACUAAA-3) and siRNA duplexes with irrelevant se-
quences (Stealth RNAi negative control) as a control were purchased
from Invitrogen (Carlsbad, CA). For siRNA-mediated gene silenc-
ing, 10 nM siRNA duplexes were introduced into C2C12 myoblasts
by reverse transfection using Lipofectamine RNAIMAX reagent (In-
vitrogen) according to the manufacturer’s instruction. The cells
were replated 24-30 h after the transfection and subjected to the
experiments.

Adenovirus vector construction and infection

To generate adenovirus vector expressing the human EphA2 mutant
that lacks the cytoplasmic region (EphA2Acyto), a cDNA fragment
encoding amino acids 1-574 of human EphA2 was amplified by
PCR using an expression vector for human EphA2 (a gift from A,
Sakakibara, Nagoya University, Nagoya, Japan) as a template and
was subcloned into pCMV-HA vector (Fukuhara et al., 2008). Then,
a cDNA fragment encoding C-terminal HA-tagged EphA2Acyto was
excised and inserted into the pShuttle vector (Clontech, Mountain
View, CA). The adenovirus was produced by using the Adeno-X sys-
tem according to the manufacturer’s protocol (Clontech). Recombi-
nant adenovirus vectors encoding B-gal and caMEK1 were kindly
provided by M. Matsuda (Kyoto University, Kyoto, Japan) and S.
Kawashima (Kobe University, Kobe, Japan), respectively. For adeno-
viral infection, subconfluent C2C12 cells were infected with adeno-
viruses at the multiplicity of infection of 30 for 24 h and replated for
the experiments.
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Immunoprecipitation and Western blot analysis

Cells were washed with ice-cold phosphate-buffered saline (PBS),
lysed in lysis buffer containing 50 mM Tris, pH 7.5, 150 mM NaCl,
1 mM sodium orthovanadate, 20 mM sodium fluoride, 1% Nonidet
P-40, 0.1% SDS, 0.5% sodium deoxycholate, and 1x protease in-
hibitor cocktail (Roche Diagnostics), and centrifuged at 15,000 x g
for 20 min at 4°C. The supernatant was used as precleared total-cell
lysate. For the immunoprecipitation of EphA2, the cells were lysed
in lysis buffer containing 20 mM Tris, pH 7.5, 150 mM NaCl, 3 mM
EDTA, 1% Nonidet P-40, and 1x protease inhibitor cocktail. EphA2
was immunoprecipitated from the cleared lysates by incubation with
anti-EphA2 antibody for 2 h at 4°C. Immunocomplexes were recov-
ered with the aid of protein A-Sepharose beads (GE Healthcare Life
Sciences). Aliquots of cell lysate and the immunoprecipitates were
subjected to SDS-PAGE and Western blot analysis with the antibod-
ies as indicated in the figure legends.

Immunocytochemistry

Cells plated on 3.5-cm collagen type I-coated plastic dishes (Iwaki
Asahi Glass, Tokyo, Japan) were fixed with 2% formaldehyde in PBS
for 15 min, permeabilized with 0.1% Triton X-100 for 5 min, and
blocked with PBS containing 4% bovine serum albumin for 1 h. The
cells were then stained with anti-MHC antibody for 1 h at room tem-
perature. Protein reacting with the antibody was visualized with Al-
exa Fluor 488-conjugated secondary antibody. The nucleus was
also poststained with Hoechst 33342 nuclear dye. Fluorescent im-
ages of Alexa Fluor 488 and Hoechst 33342 and phase-contrast im-
ages were recorded with an Olympus IX-81 inverted fluorescence
microscope (Olympus Corporation, Tokyo, Japan) as described pre-
viously (Noda et al., 2010).

Reverse transcription-PCR

Total RNA was prepared from C2C12 myoblasts using TRIzol reagent
(Invitrogen), and reverse-transcribed by random hexamer primers us-
ing Superscript Il (Invitrogen) according to the manufacturer's instruc-
tion. PCR was performed using the gene-specific primers listed in
the Supplemental Table S1. Amplification of glyceraldehyde-3-phos-
phate dehydrogenase was also performed in parallel as a control.

Detection of GTP-bound form of Ras

Ras activation was assessed using a pull-down technique. Cells were
lysed at 4°C in a pull-down lysis buffer containing 20 mM Tris, pH
7.5, 100 mM NaCl, 10 mM MgClp, 1% Triton X-100, 1 mM ethylene
glycol tetraacetic acid, 1 mM dithiothreitol, 1 mM sodium orthova-
nadate, and 1x protease inhibitor cocktail. GTP-bound Ras was col-
lected on the glutathione transferase-tagged Ras binding domain of
Raf precoupled to glutathione-Sepharose beads. GTP-bound Ras
and aliquots of total cell lysate were subjected to Western blot anal-
ysis with the antibodies as indicated in the figure legends.

Statistical analysis

The signal intensity of the band of Western blot analysis was cal-
culated using Scion Image software. All data are expressed as
means * SD. Differences among multiple groups were compared
by one-way analysis of variance followed by a post hoc compari-
son tested with the Bonferroni method. Values of p < 0.05 were
considered significant.
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