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4. Discussion

Itis well known that both macroangiopathy and microangio-
pathy tend to develop rapidly in patients with poorly
controlled diabetes. Numerous factors present in macroangio-
pathy and microangiopathy such as hypertension [18,19],
hyperglycemia [20], hyperinsulinemia [21,22), hyperlipidemia
[7,23], oxidative stress [24,25] and so on, contribute to
angiopathic progression via independent and/or coordinated
mechanisms [6,21,24]. Some of these numerous effects act
directly on vascular cells [26], while others affect macrophages
which invade vascular cells [6]. In this study, we focused on
foam cell formation from macrophages, and the activities of
patient sera which induce foam cell differentiation were
measured. The sera were obtained from diabetic patients,
because atherosclerosis and microangiopathy develop rapidly
in this patient population. To obtain reproducible values, we
used the J774.1 cell line which firmly attaches to culture-
dishes and changes into foam cells in response to WHHLMI
rabbit serum. Assay reproducibility and validity were con-
firmed from intra-assay and inter-assay CVs. However, as CVs
were still somewhat high, cautious cell handling is critical
before proceeding to clinical use. Moreover, by GC analysis,
lipid accumulation including cholesteryl ester accumulation
rose in proportion to the MMI increase. No specific GC peak
corresponding to MMI was detectable. Therefore, the Adi-
poRed assay precisely reflects intracellular lipid ester accu-
mulation. The obtained values were thus used for
comparisons with various clinical factors.

MMI was revealed to be clustered with TG and diabetic
nephropathy, the latter being a well-known cause of hyper-
triglyceridemia [27]. Furthermore, diabetic retinopathy was
relatively closely related to MMI and was presumed to be an
event preceding nephropathy. Among partial coefficients of
regression, age was negative and significant, in fact dove-
tailing with newly progressive retinopathy being less severe in
elderly patients [28].

In multiple regression analysis, we selected six variables
which rather strongly accounted for MML TG itself is thought
to be the primary material of intra-TG accumulation. TZDs
might have direct effects against macrophages, while with
diabetic retinopathy and nephropathy, administration of an o-
GI, which is minimally absorbed from the intestinal tract, and
a high BMI reflect only the clinical state and are not directly
related to serum parameters. Among these, «-Gls improve
blood sugar fluctuations, and a high BMI (obesity) is known to
produce metabolic syndrome, the major cause of insulin
resistance and atherosclerotic angiopathy. From this view-
point, it is reasonable that TZDs suppress the ill effects of
obesity, by improving insulin resistance. To develop a
practical assay, the system shown in the Supple. 3 Table
might be worthwhile. It might actually be the case that
numerous pathways and bioactive substances affect macro-
phage maturation in the absence of any lipid effect. Logistic
regression analysis, conversely, revealed MMI to be useful for
measuring the activity or progression of diabetic angiopathy.
In other words, macrophage foam cell formation was related
to the development of diabetic microangiopathy. At a
minimum, active retinopathy and nephropathy at stage 3a
or later were predictable from a higher MMI value at the same

time point. Retinopathy and nephropathy acted simply in an
additive manner with MM, suggesting that a higher number of
complications reflect the strength of macrophage activity.

Several clinical studies have focused on diabetic angio-
pathy and medications, with subsets of drugs proving to be
effective against angiopathy, though the underlying mechan-
isms remain uncertain. The «-GIs and TZDs were demon-
strated to be effective for the prevention of macrovascular
diseases in the stop-NIDDM trial [29] and the PROactive study
[30], respectively. However, whether or not this is attributable
to direct and/or indirect effects on atherosclerotic regions
rather than glycemic control remains unclear. Taking the
results of this assay into consideration, these medications
may function to prevent macrophage foaming, Moreover, we
found that MMI reflected several factors, including foaming or
lipid accumulation in individual cells, as well as cell viability
and/or growth. Intensive studies focusing on both the
characteristics of serum, ie. analysis by 2-DE/mass spectro-
metry, and the corresponding effects on macrophages, i.e.
microarray investigations, might clarify the features of
macrophage activation.

This study was cross-sectional, such that relationships
among variables were ambiguous in terms of cause and effect,
especially the impacts of medical therapy. Most of the diabetic
patients examined had already received interventional thera-
pies including not only anti-hyperglycemic agents, but also
anti-hypertensive agents, statins, anti-coagulants, and so on.
Although a future intensive cohort study is needed, MMI might
be corrected to avoid excessively strong effects of the lipid
state, thus truly reflecting the risk of developing angiopathic
diseases in patients with Type 2 diabetes, and thereby become
a useful indicator for selecting appropriate medical therapy.
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Inhibition of endothelial cell activation by bHLH protein E2-2 and its impairment
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E2-2 belongs to the basic helix-loop-helix
(bHLH) family of transcription factors.
E2-2 associates with inhibitor of DNA
binding (Id) 1, which is involved in angio-
genesis. In this paper, we demonstrate
that E2-2 interacts with Id1 and provide
evidence that this interaction potentiates
angiogenesis. Mutational analysis re-
vealed that the HLH domain of E2-2 is
required for the interaction with Id1 and
vice versa. In addition, Id1 interfered with

E2-2-mediated effects on luciferase re-
porter activities. Interestingly, injection of
E2-2—expressing adenoviruses into Matri-
gel plugs implanted under the skin
blocked in vivo angiogenesis. In contrast,
the injection of ld1-expressing adenovi-
ruses rescued E2-2-mediated inhibition
of in vivo angiogenic reaction. Consistent
with the results of the Matrigel plug as-
say, E2-2 could inhibit endothelial cell
(EC) migration, network formation, and

proliferation. On the other hand, knock-
down of E2-2 in ECs increased EC migra-
tion. The blockade of EC migration by
E2-2 was relieved by exogenous expres-
sion of Id1. We also demonstrated that
E2-2 can perturb VEGFR2 expression via
inhibition of VEGFR2 promoter activity.
This study suggests that E2-2 can main-
tain EC quiescence and that Id1 can
counter this effect. (Blood. 2010;115(20):
4138-4147)

Introduction

Angiogenesis is the formation of new vessels from preexisting ones
by sprouting or by intussusceptive microvascular growth. Angiogen-
esis takes place throughout development as well as in adulthood.
Although the vasculature in adults is generally quiescent, angiogen-
esis occurs to ensure physiologic homeostasis and integrity after
wound healing, inflammation, ischemia, and during the female
reproductive cycle.! Angiogenesis encompasses 2 phases: activa-
tion and resolution. The activation phase is initiated by growth
factor signals (eg, vascular endothelial growth factor [VEGF],
fibroblast growth factor-2 [FGF-2]) or by hypoxia. In this process,
endothelial cells (ECs) proliferate, vascular permeability increases,
and extracellular matrix components are degraded. These serial
events allow ECs to migrate and form new capillary sprouts.
During the resolution stage, ECs cease proliferation and migration,
the basement membrane is reconstituted, and the vessels mature.
The transition from the activation phase to the resolution phase,
and vice versa, is referred to as the “angiogenic switch” and is
determined by a tightly regulated balance between angiogenic
inducers and inhibitors.?

The inhibitor of the DNA-binding (Id) family of proteins,
consisting of Id1, 1d2, 1d3, and 1d4, belongs to the helix-loop-helix
(HLH) family of transcription factors. The basic HLH (bHLH)
family of transcription factors regulates transcription by binding to
DNA as either homodimers or heterodimers. Id proteins, which
lack a DNA-binding domain, interact with bHLH proteins to
prevent dimer formation and/or DNA binding.? In addition, Id1 can
associate with members of the Ets protein family and Rb.*3 Several
observations support a crucial role for Id proteins in development,
differentiation, and proliferation of cells, and in tumorigenesis. For

example, it has been demonstrated that Idl can block MyoD-
mediated myogenic responses.5® IdI and 1d3, identified as direct
targets of bone morphogenetic protein (BMP) signaling,”" are
abundantly expressed during blood vessel formation. Idl/Id3
double-knockout mice display abnormal angiogenesis character-
ized by enlarged, dilated blood vessels.'® Introduction of Id1 into
ECs induces EC proliferation and migration.!”! Because knock-
down of Id 1 in ECs treated with BMP perturbs EC activation, Id1 is
considered to be essential for BMP-induced EC activation.!® Loss
of Idl in tumor ECs leads to down-regulation of integrin o6,
integrin 4, FGFR1, MMP2, and laminin5.!” Thus, Id1 positively
regulates proangiogenic transcripts even though it cannot bind
directly to DNA. Although many bHLH transcription factors have
been implicated in EC angiogenic activities, which proteins Id1
regulates remains unclear.

We have reported that Heyl/Herp2/Hesrl, one of the bHLH
proteins induced by Notch signaling, antagonizes activated BMP
receptor-induced EC migration. This antagonism is caused by the
degradation of Id! interacting with Heyl/Herp2/Hesrl in ECs.
Thus, Idi-induced EC migration is blocked by Heyl/Herp2/
Hesr1.?® However, the mechanism by which Id1 triggers EC
angiogenic activation is still poorly understood.

To gain more insight into the molecular mechanisms by which
Id1 positively regulates EC activation, we searched for Idl
interaction partners using a yeast 2-hybrid system and identified
E2-2. E2-2 (also known as ITF2, TCF4, SEF2, and SEF2-1B) is
classified into the E-protein family (or the class A type of bHLH
transcription factors), whose expression is virtually ubiquitous. In
addition to E2-2, E2A and HEB also belong to the E-protein family.
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This family of transcription factors recognizes a consensus DNA
sequence known as the E-box (CANNTG) in dimer form, whereas
monomeric forms have no discernible DNA-binding activity.2!?
The E-protein family of proteins is known to regulate lymphocyte
development,® neural differentiation, and myogenesis.s Our
previous study demonstrated that E2-2 can inhibit the activity of
VEGFR2 luciferase reporters in ECs.2 However, how E2-2
counteracts the activity of the VEGFR2 promoter and whether E2-2
influences the actions of ECs remain veiled. In this study, we
explored the role of E2-2 in angiogenesis both in vitro and in vivo.
We found that E2-2 represses VEGFR2 promoter activity to inhibit
angiogenesis and that E2-2-mediated EC inactivation can be
alleviated through interaction with Id1.

Methods

Plasmids and adenoviruses

cDNAs for human and mouse E2-2 as well as mouse LMO2 were cloned by
reverse-transcription polymerase chain reaction (RT:PCR). Each ¢cDNA
was sequenced before use. E2-2AHLH and Id1AHLH were generated by
Pfx DNA polymerase (Invitrogen) using human E2-2 or mouse Id1 as
templates, respectively. Mouse stem cell leukemia hematopoietic transcrip-
tion factor (SCL) was a kind gift from Dr M. Ema (University of Tsukuba,
Japan).2” ¢cDNAs were inserted into Flag-pcDNA3 or Myc-pcDNA3% and
subsequently ligated into the pcDEF3 vector.?® DEF3-Flag-1d1, DEF3-Myc-
Id1, and DEF3-Id] have been previously described.2® MCKpfos-luc and
pGL2b-VEGFR2-luc (— 166 bp/267 bp) were generously provided by Drs
M. Sigvardsson (Lund University, Sweden) and C. C. W. Hughes (Univer-
sity of California, Irvine), respectively.26-3931 VEGFR2-luc mutant con-
structs were also generated by PCR. After verification of each sequence,
reporter constructs were used for each experiment. Adenoviruses express-
ing Myc-E2-2 were generated using the pAdTrack-CMV vector.3? After
recombination of pAdTrack-CMV-Myc-E2-2 with pAdEasy-1,% the result-
ing plasmid was transfected into 293T cells, and adenoviruses were
amplified. Adenoviruses expressing Flag-Id] have been reported.?®

Cell culture

COS7 cells and mouse embryonic endothelial cells (MEECs)!? were
maintained in Dulbecco modified Eagle medium (DMEM; Invitrogen)
containing 10% fetal calf serum (FCS; Invitrogen), minimum essential
medium nonessential amino acids (Invitrogen), and 100 U/mL penicillin/
streptomycin (Wako). Calf pulmonary aortic endothelial cells (CPAEs)?
were cultured in DMEM with 10% FCS, 20mM N-2-hydroxyethylpipera-
zine-N'-2-ethanesulfonic acid (Wako), and 100 U/mL penicillin/streptomy-
cin. Primary human umbilical vein endothelial cells (HUVECs) were
cultured in endothelial basal medium (Lonza Walkersville) supplemented
with 2% FCS. MEECs and HUVECs were grown on 0.1% gelatin-coated
dishes.

Adenoviral infections

Adenoviruses were incubated in DMEM containing polybrene (Sigma-
Aldrich; 80 pg/mL) for 2 howrs and added to the dishes. Two hours after
infection, cells were washed and allowed to recover 24 hours before
the experiments. If necessary, cells were starved by removal from the
FCS overnight and then stimulated with 50 ng/mL recombinant human
VEGF (Wako).

Immunoprecipitation and Western blotting

To detect interactions among the proteins, plasmids were transfected into
COST7 cells (5 X 10° cells/6-cm dish) using FuGENE6 (Roche Diagnos-
tics). Forty hours after transfection, the cells were lysed in 500 L of TNE
buffer (10mM Tris {[pH 7.4], 150mM NaCl, ImM ethylenediamine-N', N,
N, N'-tetraaccetic acid, 1% NP-40, ImM phenymethylsulfonyl-l-fluoride,
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5 pg/mL leupeptin, 100 U/mL aprotinin, 2mM sodium vanadate, 40mM
NaF, and 20mM f-glycerophosphate). Cell lysates were precleared with
protein G-Sepharose beads (GE Healthcare) for 30 minutes at 4°C and then
incubated with anti-Flag M5 antibody (Sigma-Aldrich) for 2 hours at 4°C.
Protein complexes were immunoprecipitated by incubation with protein
G-Sepharose beads for 30 minutes at 4°C followed by 3 washes with TNE
buffer. Immunoprecipitated proteins and aliguots of total cell lysates were
boiled for 5 minutes in sample buffer, separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, and transferred to Hybond-C
Extra membranes (GE Healthcare). The membranes were probed with
anti-Myc 9EI0 antibody (Santa Cruz Biotechnology). Primary antibodies
were detected using horseradish peroxidase-conjugated goat anti-mouse
antibody (GE Healthcare) and chemiluminescent substrate (Thermo Elec-
tron). Protein expression in total cell lysates was evaluated by Western
blotting using anti-Flag M5 or anti-Myc 9E10 antibody. To detect the
endogenous interaction between Id1 and E2-2, either an anti~E2-2 monoclo-
nal antibody (anti-TCF4 M03; Abnova) or an anti-Id1 polyclonal antibody
(Santa Cruz Biotechnology) was used.

RNA isolation and RT-PCR

Total RNA was isolated using the RNeasy kit (QIAGEN). Reverse
transcription was carried out using a First-Strand ¢DNA Synthesis Kit
(Takara). PCR was performed using Taq polymerase (Invitrogen) as
directed by the manufacturer. Primer sets used are shown in supplemental
Tables 1 and 2 (available on the Blood Web site; see the Supplemental
Materials link at the top of the online article).

Transcriptional reporter assay

MEECs were seeded at 5 X 10* cells/well in 12-well plates 1 day before
transfection.

Cells were transfected using Lipofectamine (Invitrogen) and Plus
Reagent (Invitrogen). After 40 hours of transfection, lysates were prepared
and luciferase activity was measured using a luciferase assay system
(Promega). Results were corrected by measuring -galactosidase activity
(pCH110; GE Healthcare). Each experiment was carried out in triplicate
and repeated at least twice. Values represent the mean plus or minus SD
(n = 3).

immunofluorescence

Immunofluorescence assay was performed as previously described.*
Briefly, MEECs grown on the cover glass were stimulated with 25 ng/mL
BMP6 to induce Idi. After treatment, the glasses were washed once with
phosphate-buffered saline (PBS), fixed for 10 minutes with 4% paraformal-
dehyde (PFA; Wako), washed 3 times with PBS, subsequently permeabil-
ized with 0.5% Triton X-100 in PBS for 5 minutes, and washed again
3 times with PBS. Glasses were blocked with 5% normal swine serum
(Dako Denmark) in PBS at 37°C for | hour and incubated with 5% normal
swine serum (in PBS) containing mouse monoclonal anti—-E2-2 (anti-TCF4
MO3) and rabbit polyclonal Id! antibodies at 4°C overnight. The glasses
were then washed 3 times with PBS, incubated with 5% normal swine
serum (in PBS) including both fluorescein isothiocyanate-conjugated goat
anti-mouse IgG antibody (diluted 1:250; Invitrogen) and Texas red-
conjugated goat anti-rabbit IgG antibody (diluted 1: 250; Invitrogen) at
room temperature for 1 hour, and washed 3 times with PBS. To visualize the
fluorescence, an immunofluorescence microscope (Axiovert 200M; Carl
Zeiss) was used.

Migration assay

Cell migration assays were performed using a Boyden chamber. Costar
nucleopore filters (8-wm pore diameter) were coated with 10 pg/mL
fibronectin (Sigma-Aldrich) ovemight at 4°C. The chambers were washed
3 times with PBS. Adenovirus-infected HUVECs starved for 12 hours
without FCS were added to the top of each migration chamber at a density
of 1.5 X 10? cells/chamber in 150 pL of endothelial basal medium without
FCS. Cells were allowed to migrate to the underside of the chamber in the
presence or absence of 50 ng/mL VEGF in the lower chamber. After
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6 hours, cells were fixed in 4% PFA and stained with 0.5% crystal violet
(dissolved in 25% methanol; Wako). The upper surface was wiped with
cotton swabs to remove nonmigrating cells. Cells present on the lower
surface were counted. Each experiment was carried out in triplicate and
repeated several times. Values represent the mean plus or minus SD (n = 3).

Network formation assay

HUVECs (2 X 10 cells/well in an 8-well Lab-Tek chamber; Thermo
Electron) infected with adenoviruses were seeded on growth factor-reduced
Matrigel (BD Biosciences). Ninety minutes later, images were captured
every 15 minutes for 4 hours using a time-lapse microscope (Axiovert
200M; Carl Zeiss) to monitor cell behavior,

Erk phosphorylation

HUVECs were seeded at 1 X 10° cells/well in 12-well plates. Twenty-four
hours after HUVECs were infected with the E2-2—expressing adenoviruses,
HUVECs were starved without FCS for 12 hours. Then, HUVECs were
stimulated with S0 ng/mL VEGF for the indicated times. Phospho-Erk1/2,
Erk2, Myc-E2-2, and B-actin were analyzed by Western blots of total cell
lysates using antiphospho-Erk(p44/p42) (Cell Signaling), anti-Erk2 (Santa
Cruz Biotechnology), anti-Myc9E!0Q (Santa Cruz Biotechnology), and
anti—[3-actin (Sigma-Aldrich) antibodies, respectively.

Cell proliferation

Proliferation was measured by direct counting of cultures in 12-well plates.
CPAEs were seeded at 1 X 10* cells/well in 12-well plates 1 day before
adenoviral infection. We began counting cells 1 day after adenoviral
infection. ’

Mouse angiogenesis assay

The formation of new vessels in vivo was evaluated by Matrigel plug assay
with some modifications to the previously described method.? Adenovi-
ruses expressing 1 X 10° pfu of green fluorescent protein (GFP), 1 X 10°
pfu of E2-2, and/or 2.5 X 108 pfu of 1dl were mixed in the Matrigel
solution at 4°C with 200 ng/mL VEGF-A (Wako), ! pg/mL bFGF (R&D
Systems), and 100 pg/mL heparin (Wako). A total of 500 pL of Matrigel-
containing adenoviruses was injected subcutaneously into the abdomen of
male ICR mice. The mice were killed 7 days after the injection. The
Matrigel plugs with adjacent subcutaneous tissues were recovered by en
bloc resection, and images were then taken using a stereomicroscope
(Leica). Thereafter, each sample was embedded in the optimal cutting
temperature (OCT) compound and quickly frozen in liquid nitrogen to be
sectioned at a thickness of 5 wm at —18°C. After being fixed with 4%
PFA/PBS, anti-rat monoclonal PECAM-1 antibody (1:200 dilution) was
used as a primary antibody. Then, the sections were incubated with
Alexa568-conjugated goat anti~rat IgG antibody (1:200 dilution; Invitro-
gen). Images were taken using a fluorescence microscope (Carl Zeiss).
Mice were housed in the animal facilities of Laboratory Animal Resource
Center in University of Tsukuba under specific pathogen-free conditions
with constant temperature and humidity and fed a standard diet. Treatment
of mice was approved by the Animal Care and Use Program at the
University of Tsukuba.

Knock-down of E2-2

The pLVTHM lentiviral vector for shRNA was purchased from Addgene.
Double-strand DNAs for 5'-cgegtccccAGAGCTGAGTGATTTACT-
GtcaagagaCAGTAAATCACTCAGCTCTttttggaaat/3’ -aggge TCTCGACT-
CACTAAATGACaagttctct GTCATTTAGTGAGTCGAGAaaaaacctttage-5'
(shE2-2#1) and 5'-cgegtecccGAAATTAGATGACGACAAGttcaagaga-
CTTGTCGTCATCTAATTTCtttttggaaat-3'/3"-aggggCTTTAATCTACT-
GCTGTTCaagttctct GAACAGCAGTAGATTAA AGaaaaacctttage-5' (shE2-
2#4) were inserted into pLVTHM digested with both Miul and Clal.
Lentiviral vectors expressing shE2-2 were transfected into 293T cells
together with psPAX2 and pMD2.G. The lentiviruses were incubated for
2 hours in DMEM containing polybrene (80 ug/mL) and then added to the
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dishes. Two hours after being infected, the cells were washed and cultured
in medium. Infected HUVECS, which became GFP-positive, were isolated
by fluorescence-activated cell sorting and used for the experiments,

Results
Identification of Id1-interacting proteins

To obtain insight into how Id1 activates angiogenesis, we isolated
proteins that interact with Id1 using a yeast 2-hybrid system. We
used Id1 as bait to screen an amplified human aorta cDNA library
(with an original complexity of 3.5 X 10 independent cDNA
clones). Among the positive clones identified, the cDNA encoding
E2-2 was isolated most frequently. We then investigated whether
E2-2 interacts with Id1 in mammalian cells. We also tested the
interaction of E2-2 with Herp2, LMO?2, and SCL, which are known
to modulate EC activation.?%36-3% Ag shown in Figure 1A, E2-2
interacted with Id 1, SCL,?¢ and itself, but not with Herp2 or LMO2.
In the reciprocal experiment, Id1 bound strongly with E2-2 and
marginally with LMO2 and itself (Figure 1B). When the membrane
was exposed for a longer time, an interaction between Id1 and
Herp2, which we have described previously,?® was observed (data
not shown). These results indicated that the interaction between Id1
and E2-2 is the most prominent of the combinations tested.

To confirm that the interaction between E2-2 and Id1 is
physiologically significant, we investigated the interaction between
endogenous proteins in MEECs stimulated with BMP6 for 3 hours
because Id1 is known to be induced by BMPs.* After cell lysis,
immunoprecipitation was performed using an anti—-E2-2 antibody.
Subsequently, immunoprecipitates were blotted with an anti-Id1
antibody. As shown in Figure 1C, endogenous Idl formed a
complex with endogenous E2-2 in cells. Conversely, the specific
band corresponding to E2-2 could be detected (arrow) when cell
lysates were immunoprecipitated with an anti-Id 1 antibody (supple-
mental Figure 1). The interaction between E2-2 and Id1 led us to
investigate whether E2-2 colocalizes with Id1. To show colocaliza-
tion of E2-2 with Id1 in ECs, subcellular localization was
determined with a fluorescence microscopy by staining E2-2 with
fluorescein isothiocyanate-conjugated goat anti-mouse IgG and
Id1 with Texas Red-conjugated goat anti—rabbit IgG. E2-2 and 1d1
colocalized in nucleus (Figure 1D), which is consistent with an
interaction between the 2 proteins. In addition, we used the aorta
ring assay to visualize the expressions of E2-2 and Id1 with
fluorescent imaging. When both E2-2 and Id1 were costained with
fluorescence probes, we recognized that both proteins in sprouting
ECs could colocalize in the nucleus (data not shown).

HLH domains play an important role in protein-protein interac-
tions. To examine the contribution of HLH domains to the E2-2/Id 1
interaction, we made E2-2 and Id] mutants lacking the respective
HLH domains (supplemental Figure 2A). As shown in supplemen-
tal Figure 2B and C, E2-2 did not interact with E2-2AHLH or
Id1AHLH. Similarly, Id1 did not interact with E2-2AHLH (supple-
mental Figure 2D). To further confirm that the HLH domain of
E2-2 is enough for E2-2 to interact with Idl, we made an
expression construct for GFP, which was fused with the HLH
domain derived from E2-2 (GFP-HLH). When GFP-HLH was
cotransfected with Id1 in COS7 cells, we could observe the
interaction between GFP-HLH and Id1 (supplemental Figure 2E).
However, its interaction seemed to be weak. Thus, the other
domain(s) of E2-2, except for its HLH domain, might contribute to
the adequate interaction between E2-2 and Idl. Taken together,
these results indicated that E2-2 heterodimerizes with Id1 and
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Figure 1. Interaction between E2-2 and Id1. (A) Interaction of Myc-E2-2 with Flag-ld1. Myc-E2-2 was cotransfected with Flag-E2-2, Flag-Herp2, Flag-ld1, Flag-LMO2, or
Flag-SCL. Immunoprecipitations were carried out using anti-Flag M5 antibody, and coimmunoprecipitated E2-2 was detected by Western blotting using anti-Myc 9E10 antibody
(top panel). The expression of Myc-E2-2 and proteins conjugated with Flag at the N-terminus was evaluated using anti-Myc 9E10 (middle panel) and anti-Flag M5 antibodies
(bottom panel), respectively. (B) Interaction of Myc-ld1 with Flag-E2-2. The experiment was performed in a manner similar to that described in panel A. Interaction of Myc-Id1
with Flag-tagged proteins (top panel). Expression of Myc-Id1 and Flag-tagged proteins was checked using anti-Myc 9E10 antibodies (middle panel) and anti-Flag M5
antibodies (bottom panel), respectively. (C) Endogenous interaction between |d1 and E2-2. MEECs were stimulated with BMP6 for 3 hours. Cell lysates were
immunoprecipitated with a mouse anti—E2-2 monoclonal antibody, followed by Westem blotting with a rabbit anti-ld1 polyclonal antibody (top panel). Expression of E2-2 in
immunoprecipitates was checked using an anti-E2-2 monoclonal antibody (second panel). To show expression of E2-2 and Id1 in total lysates, an anti-E2-2 monoclonal
antibody (third panel) and an anti-ld1 polyclonal antibody (bottom panel) were used. As a negative control, mouse control IgGs were used for immunoprecipitation.
(D) Colocalization of E2-2 with Id1 in MEECs. MEECs were stained with a mouse anti-E2-2 monoclonal antibody (green) or a rabbit anti-ld1 polyclonal antibody (red). Nuclei
were visualized using 4’ ,6-diamidino-2-phenylindole. After samples were mounted with Fluorescent Mounting Medium (Dako Denmark), they were visualized using an
immunofluorescence microscope (Axiovert 200M; Carl Zeiss) with a 63 /1.4 oil objective lenses (Carl Zeiss). Images were acquired with AxioCam MRm 60-C1 (Car Zeiss)

and processed with the AxioVision Rel 4.4 (Carl Zeiss) and Adobe Photoshop 7.0.1 software (Adobe).

homodimerizes through its HLH domain. In addition, Id1 requires
its HLH domain to associate with E2-2,

Inhibition of E2-2-mediated transcription by Id1

The MCKpfos-luc reporter construct consisting of 4 E-box ele-
ments has been used to investigate the function of E-proteins.?6-
E2-2 enhanced the activity of this reporter in a dose-dependent
manner (supplemental Figure 3A), but E2-2AHLH was unable to
potentiate reporter activity (data not shown). Id proteins have been
reported to interact with bHLH transcription factors and prevent
them from binding to DNA or forming active heterodimers (or
homodimers).? Although we did not know whether E2-2 forms a
homodimer or a heterodimer with other bHLH proteins in MEECs
to activate this reporter, Id1 blocked E2-2-induced reporter activity
as anticipated (Figure 2A; supplemental Figure 3B). Consistent
with the undetectable interaction between E2-2 and Id1AHLH,
E2-2-induced reporter activity was not reduced by IdIAHLH
(Figure 2A).

As we have reported,®® E2-2 inhibited VEGFR2 reporter
activity in MEECs in a dose-dependent manner (supplemental
Figure 3C), whereas the introduction of Id1 into MEECs relieved
the E2-2-mediated repression (Figure 2B). To show that Id I indeed
hampers E2-2 dimer formation, COS7 cells were cotransfected
with Myc-E2-2 and Flag-E2-2 in the absence or presence of

Myc-Id 1. Immunoprecipitation of COS7 cell extracts revealed that
Id1 blocked E2-2 homodimer formation (Figure 2C). We also
investigated whether Idl can disrupt the preexisting E2-2 ho-
modimer. We prepared lysates from cells transfected with either
Myc-Id1 or pcDNA3. Subsequently, each lysate was mixed with
lysate prepared from cells transfected with both Myc-E2-2 and
Flag-E2-2, immunoprecipitated with anti-Flag antibody, and then
analyzed by Western blotting with anti-Myc antibody. As seen in
Figure 2D, Idl could efficiently make the preexisting E2-2
homodimer dissociated.

Inhibition of EC activation by E2-2

We speculated that E2-2 would have an opposite effect on EC
activation compared with Id1 because Id1 antagonized E2-2—
mediated reporter activity. To investigate the effect of E2-2 on
network formation, we infected HUVECs with either GFP- or
E2-2-expressing adenoviruses before seeding the cells on Matri-
gel. We then observed the formation of cord-like structures by
time-lapse microscopy (Figure 3A). As seen in video (supplemental
Figure 4A-B), HUVECs expressing E2-2 did not form cord-like
structures as quickly as HUVECs expressing GFP as a control did.
We also investigated the effect of E2-2 on cell migration in the
presence of VEGE. HUVECs challenged with VEGF after infection
with E2-2—expressing adenoviruses exhibited decreased migration



4142  TANAKAetal BLOOD, 20 MAY 2010+ VOLUME 115, NUMBER 20
A B _ c WyeE22 )
Flag€22  + -+ 4
8 14 tycddt s e
£ ] JRE: .
i5s | M g2 ™ i b
ég | 799 ] . .
£Es B gg 08 ! ,r WB Myo
= 1 l EL 0 I N e
ol ] ( P 02 | 1 | WB Flog
E2-2 - + + + + . - c °
191 S .l 22 ' .
K1aHLH B R - | 1d$ ' ' B M
D
Myc-E2-2
FlagE2-2

- ) Myt

# Fiag
WB Myc

C

oCONAZ

bhyc-ldt

Figure 2. ld1 counteracts E2-2-mediated luciferase activity. (A} id1AHLH does not perturb E2-2-induced MCKpfos-luc activity. MEECs were transfected with MCKpfos-uc,
E2-2, and either Id1 or different amounts of Id1AHLH. (B} Id1 relieves the inhibition of pGL2b-VEGFR2-luc (— 166 bp/267 bp) activity by E2-2. MEECs were transfected with
pGL2b-VEGFR2-luc {(—166 bp/267 bp), ld1, and E2-2, (C) Id1 disrupts E2-2 homodimer formation. The experiment was performed as described in Figure 1A. E2-2 homodimer
formation (top panel) and E2-2/Id1 heterodimer formation (second panel) are shown. Expressions of Myc-E2-2 (third panel) and Myc-ld1 (bottom panel) were evaluated using
an anti-Myc 9E10 antibody, and the expression of Flag-E2-2 was shown using an anti-Flag M5 antibody (fourth panel). (D} Id1 disturbs the preexisting E2-2 homodimer
formation. Left panel: lilustration of how cell lysates were prepared from each dish in which indicated plasmids were transfected in COS7 cells. Right panel: After each cell
lysate was mixed, the experiment was performed as described in Figure 1A, E2-2 homodimer formation (top panel) and E2-2/ld1 heterodimer formation (second panel) are
shown. The expression of Flag-E2-2 was shown using an anti-Flag M5 antibady (third panel). Expressions of Myc-E2-2 (fourth panel) and Myc-ld1 (bottom panel) were

evaluated using an anti-Myc 9E10 antibody.

compared with cells infected with GFP-expressing adenoviruses
(Figure 3B). Because Id1 perturbs the function of E2-2, we
examined the possibility that Id1 would relieve the E2-2-mediated
repression of the VEGF-induced chemotactic response. Indeed, 1d1
marginally rescued the inhibitory effect of E2-2 on VEGF-induced
cell migration (Figure 3B). Importantly, VEGF-induced HUVEC
migration was also increased when E2-2 levels were decreased via
lentiviral expression of human shE2-2s but not in response to
control lentiviruses (Figure 3C).

Impairment of in vivo angiogenesis by E2-2

Because E2-2 inhibits EC activation in vitro, we tried to examine
whether in vivo angiogenesis would be affected by overexpression
of E2-2. To elucidate this possibility, we used the Matrigel plug
assay by which the angiogenic (or antiangiogenic) ability of
proteins, cytokines, or compounds can be assigned. To overexpress
E2-2 and/or Id1, we subcutaneously injected Matrigel mixed with
E2-2— and/or Idl-expressing adenoviruses.’>*? Seven days after
implantation of the Matrigel plugs together with adenoviruses
expressing E2-2 and/or Id1, the Matrigels were removed. When we
investigated whether the protein expression by the method of
adenoviral gene transfer was kept for 7 days, GFP-positive cells
were detected in the Matrigel plugs (supplemental Figure 5). As
seen in Figure 4A, there were fewer blood vessels observed in the
Matrigel plugs containing E2-2-expressing adenoviruses than in
those containing control adenoviruses. Because Id! influenced the
E2-2-mediated inhibition of EC activation, we mixed the Idl-
expressing adenoviruses with E2-2-expressing adenoviruses and
injected them into the Matrigel plugs implanted under the skin. As
expected, the injection of Id1-expressing adenoviruses restored in

vivo angiogenesis suppressed by E2-2. When the cells expressing
PECAM-1 were visualized using the frozen sections, there were
fewer PECAM-1-positive cells seen in the Matrigel plugs injected
with adenoviruses expressing E2-2 than in those injected with
control adenoviruses or a combination of Id I-expressing adenovi-
ruses with E2-2-expressing adenoviruses (Figure 4B-C). These
results indicated that, in contrast to Id1, E2-2 is an antagonistic
molecule for angiogenic reaction.

To investigate the mechanism by which E2-2 inhibits angio-
genic reaction both in vitro and in vivo, we examined the
expression of several genes known to be implicated in angiogenesis
(eg, VEGFR1, VEGFR2, VEGE PECAM-1, and VE-cadherin). Of
the genes examined, VEGFR2 mRNA was considerably reduced in
both human and bovine ECs after infection with E2-2—-expressing
adenoviruses (Figure 4D); the expression of VEGF was marginally
decreased by E2-2. VEGFR1, PECAM-1, and VE-cadherin mRNA
levels, however, did not change in response to E2-2 overexpression
(Figure 4D). Because VEGFR2 mRNA was prominently decreased
by E2-2, we were prompted to check its protein expression after the
infection of E2-2 to HUVECs. Consistent with the result of
VEGFR2 mRNA expression, E2-2 slightly inhibited the expression
of VEGFR2 protein, whereas Id! partially rescued decrease of
VEGFR? protein mediated by E2-2 (supplemental Figure 6B).

VEGF signaling through the activation of the VEGFR2 receptor
elicits multiple effects on ECs, such as migration, proliferation, survival,
and differentiation.! One of the signaling pathways downstream of
VEGF/VEGFR? is the MAP kinase pathway. When HUVECs were
stimulated with VEGF, Erk was transiently phosphorylated (Figure 4E).
Its phosphorylation peaked at 10 minutes after VEGF stimulation and
declined rapidly thereafter. When E2-2 was overexpressed in HUVECs
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Figure 3. E2-2 blocks EC activation. (A) E2-2 inhibits the formation of cord-like structures on the Matrigel. Forty hours after adenoviral infection, HUVECs were seeded on the
Matrigel. Ninety minutes fater, images were recorded every 15 minutes by time-lapse microscopy (supplemental Figure 4A-B). The images at 0-, 2-, and 4-hour time points are
shown. Bottom panel: Expression of Myc-E2-2. Samples were visualized using a conventional microscope (Axiovert 200M; Carl Zeiss) with a 5:/0.12 dry objective lenses (Carl
Zeiss). Images were acquired with AxioCam MRm 60-C1 (Cadl Zeiss) and processed with the AxioVision Rel 4.4 (Carl Zeiss) and Adobe Photoshop 7.0.1 software (Adobe).
(B) 1d1 rescues E2-2-mediated inhibition of cell migration. After adenoviral infection, HUVECs were seeded on the upper membrane of the Boyden chamber. VEGF (50 ng/mt)
was added to the lower chamber. After 6 hours, cells were stained with crystal violet, and the number of transmigrated celis was counted. Adenoviruses expressing LacZ or
GFP were used as controls. Values represent the mean plus or minus SD (n = 3). Bottom panels: Myc-E2-2 and Flag-ld1 expression levels. Significant difference was
calculated by the Student ttest. (C) shE2-2 enhances VEGF-induced effect on HUVEC migration. Lentiviruses expressing GFP alone, shE2-2#1, or shE2-2#4 were infected in
HUVECs. After sorting lentivirus-infected cells using GFP as a matker, sorted HUVEGs were used for migration assay as described in panel B. Bottom panels: Expressions of
E2-2 and B-actin by RT-PCR. Values represent the mean plus or minus SD (n = 3). Significant difference was calculated by the Student ttest.

by adenoviral gene transfer, VEGF induced phosphorylation of Erk with
similar kinetics to those of HUVECs infected with GFP-expressing
adenoviruses; however, the extent of Erk phosphorylation was dimin-
ished (Figure 4E-F). Consistent with the inhibition of VEGF-induced
Erk phosphorylation by E2-2, CPAEs and HUVECs expressing E2-2
proliferated more slowly than those expressing GFP (Figure 4G;
supplemental Figure 6C). Taken together, these observations support the
idea that E2-2 has the ability to inhibit EC activation by antagonizing
VEGEF signaling,

Id1 has been implicated in the regulation of the expression of
integrin w6, integrin B4, FGFR 1, MMP2, and laminin3; loss of Id1
results in decreased protein levels." Because Id! antagonizes the
function of E2-2, we hypothesized that genes suppressed transcrip-
tionally by the loss of Id1 might be negatively regulated by E2-2.
Transcript levels of MMP2 and integrin B4, but not of other genes,
in ECs were reduced by overexpression of E2-2 (Figure 4D; and
data not shown). Thus, E2-2 may also block EC activation through
transcriptional repression of other proangiogenic genes.

Suppression of VEGFR2 promoter by E2-2

Because ectopic E2-2 reduced VEGFR2 mRNA levels in ECs (Figure
4D), we tried to determine which regions of the VEGFR2 promoter

could be affected by E2-2. We tested several VEGFR2 promoter
constructs truncated downstreamn of position —166 for E2-2 responsive-
ness. Basal reporter activity was greatly reduced on removal of the
sequence between —80 and —40. However, all of the constructs were
strongly inhibited by E2-2 in a dose-dependent manner (Figure 5A).
Two typical E-boxes located in the 5” noncoding region of the VEGFR2
gene were predicted to be involved in the inhibition of VEGFR2
promoter activity by E2-2. To test this hypothesis, we made 7 3'-
truncation mutants of the VEGFR2 promoter (Figure 5B). Basal reporter
activity gradually decreased as the 5’ noncoding region was truncated.
Unexpectedly, E2-2 could still attenuate the luciferase activity even
when both E-boxes were deleted. Furthermore, the activity of pGL2b-
VEGFR2-luc (—40 bp/5 bp) was also inhibited by E2-2 despite very
low basal luciferase activity. GATA-1 and/or GATA-2 are known to
positively regulate VEGFR2 promoter activity by binding to the 5’
noncoding region (98-122 bp).*? However, the basal activity of the
reporter lacking the GATA binding site (pGL2b-VEGFR2-luc [-80
bp/93 bp]) remained at 60% of the reporter activity with the binding site
included (pGL2b-VEGFR2-luc, —80 bp/159 bp). Thus, it appears that
neither GATA sequences nor E-boxes are required for E2-2 to repress
the activity of the VEGFR2 promoter.
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Figure 4. Suppression of angiogenesis by E2-2.
(A) Photographs for en bloc resection, including Matrigel
plugs with adjacent subcutaneous tissues. Samples were
visualized using a stereomicroscope (S8APO; Leica).
Images were acquired with EC3 (Leica) and processed
with the LAS EZ (Leica) and Adobe Photoshop 7.0.1
software (Adobe). (B) PECAM-1 staining of frozen sec-
tions. Matrigels are located to the right side of broken
lines, whereas there are mouse subcutaneous tissues to
the left side of broken lines. PECAM1-positive areas are
shown as white. After samples were mounted with Fluo-
rescent Mounting Medium (Dako Denmark), they were
visualized using animmunofluorescence microscope (Ax-
iovert 200M; Carl Zeiss) with a 63 /1.4 oil objective
lenses (Carl Zeiss). Images were acquired with AxioCam
MRm 60-C1 (Carl Zeiss) and processed with the Axio-
Vision Rel 4.4 (Carl Zeiss) and Adobe Photoshop 7.0.1
software (Adobe). (C) Relative PECAM-1-positive area in
Matrigel plugs. Five fields were randomly chosen in each
condition from panel B, and PECAM-1-positive areas
were scored using the imaging software. PECAM-1-
positive areas were normalized with the areas of the field.
Each relative PECAM-1-positive area was calculated by
the comparison of the score in Matrigel plugs, including
GFP. (D) Effect of E2-2 on the expression of mRNAs
implicated in EC activation. mRNAs involved in EC
activation were analyzed by RT-PCR. HUVECs or CPAEs
were infected with adenoviruses expressing E2-2 or GFP
as a negative control. Gene transcript names are indi-
cated to the left of the figure. mRNAs for B-actin and
= = GAPDH were included as intemal controls. The expres-
S S sion of Myc-E2-2 was evaluated in total cell lysates using

an anti-Myc 9E10 antibody (bottom panel). Adex indi-
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We next explored the effect of Idl on the E2-2-mediated
repression of VEGFR2 promoter activity. For this purpose, we used
pGL2b-VEGFR2-luc (—80 bp/5 bp) instead of pGL2b-VEGFR2-
luc (—40 bp/5 bp) because the basal activity of pGL2b-VEGFR2-
luc (—40 bp/5 bp) was quite low. Similar to the effect of Id1 on the
pGL2b-VEGFR2-luc (—166 bp/267 bp) reporter (Figure 2B), Id1
relieved the E2-2-mediated repression of pGL2b-VEGFR2-luc
(—80 bp/5 bp) activity (Figure 5C), but Id1AHLH did not (data not
shown). This evidence further convinced us that E2-2 negatively
regulates the VEGFR2 promoter. Because the HLH domain of E2-2
is required to activate the MCKpfos-luc reporter (data not shown),
we also tested the effect of E2-2AHLH on the activity of the
VEGFR2 promoter. As expected, E2-2AHLH was not capable of
inhibiting VEGFR2 promoter activity (data not shown). To test the
possibility that E2-2 can bind to the VEGFR2 promoter (from —40
to 5), we performed electrophoresis mobility shift assay using
glutathione S-transferase (GST) fusion proteins. GST or GST-Id 1
showed no specific binding to the VEGFR2 promoter. However, a
specific shifted band appeared when GST-E2-2 was mixed with the
probe. Interestingly, the shifted complex decreased when GST-Id 1

e G —

phosphorylation. Phospho-Erk1/2 (top panel), Erk2 (sec-
ond panel), Myc-E2-2 (third panel), and B-actin (bottom
panel) levels were analyzed by Westem blots of total cell
lysates. Adenoviruses expressing GFP were used as a
negative control. The expression for phosphorylation of
Erk1/2 was normalized using the intensity of the band
corresponding to Erk2. Each relative intensity was calcu-
lated by the comparison of the value for cells infected with
GFP-expressing adenoviruses in the absence of VEGF.
(F) Graphical presentation for relative intensity of phospho-
Erk1/2 levels in panel E: @ represents GFP-expressing
adenoviruses; O, Myc-E2-2—expressing adenovirusues.
(G) E2-2 perturbs EC proliferation. Each experiment was
performed in triplicate and repeated a few times. Values
represent the mean plus or minus SD (n = 3).
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was added to the mixture containing GST-E2-2 and the probe
(supplemental Figure 7A). To further confirm that Id1 promotes the
dissociation of E2-2 from the VEGFR2 promoter, we carried out
chromatin immunoprecipitation analysis using HUVECs infected
with E2-2— and/or Id1-expressing adenoviruses. In the presence of
Id1, the VEGFR2 promoter showed decrease in E2-2 binding
(supplemental Figure 7B). These results support the data that Id1
rescues E2-2-mediated repression of VEGFR2 promoter activity.

Discussion

It is widely accepted that ubiquitous bHLH proteins, such as E2-2
and E2A, interact with tissue-restricted bHLH proteins to bind
consensus E-box sequences and activate transcription of target
genes. E-proteins are pivotal in the regulation of cell proliferation
and differentiation. For example, E2-2 and its family member E2A
play critical roles in B-cell development and perturbed T-cell
development.***5 In the present study, we found that E2-2 could
inhibit angiogenesis in Matrigel plugs implanted under the skin,
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Figure 5. Analysis of the VEGFR2 promoter. (A) Effect
of E2-2 on &’ deletion mutants of the VEGFR2 promoter.
MEECs were transfected with 1 of the indicated reporters
with different amounts of E2-2. The inhibition percentage
of reporter activities by E2-2 is indicated to the right of the
top panel. (B) Effect of E2-2 on 3’ deletion mutants of the
VEGFR2 promoter. The experiment was caried out as
described in panel A, (C) Effect of Id1 on E2-2-mediated
suppression of VEGFR2 promoter activity. Different
amounts of Id1 (0.1 and 0.5 pg) were transfected together
with E2-2. The experiment was carried out as described
in panel A
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whereas Id1 overcame E2-2-mediated antagonism of angiogenesis
in vivo.,

We showed that E2-2 associated with Id1 in MEECs (Figure
1C; supplemental Figure 1A). Consistent with this interaction, Id1
blocked the E2-2-induced activity of the artificial E-box~
containing reporter (MCKpfos-luc) in a manner dependent on the
HLH domains of Id1 (Figure 2A; supplemental Figure 3B). On the
other hand, E2-2 blocked the VEGFR?2 reporter activity in ECs
independently of typical E-box sequences (Figure 5B).26 Although
E2-2 generally activates the transcription of target genes by
forming dimers with other bHLH proteins, a few reports have
shown that E2-2 can interfere with transcription.*®7 In the present
study, we clarified that E2-2 negatively regulated the activity of the
VEGFR2 promoter, which does not possess typical E-box se-
quences. However, the VEGFR2 promoter from —40 to 5 contains
one imperfect E-box sequence (CANNTC), which has been
identified as one of the binding sites of E2-2,4 It is possible that
E2-2 negatively regulates the transcription of the VEGFR2 gene
through its binding to the imperfect E-box sequence because
GST-E2-2 could make a specific complex with this promoter
region. Excepting that possibility, E2-2 might displace TFII-I from
the initiator (inr) sequences or interact with TFII-I on inr sequences
to prevent TFII-I from activating transcription because TFII-T was
recently found to enhance VEGEFR2 transcription in an inr-
dependent fashion.*® Further investigation is needed to examine in
detail how E2-2 inhibits VEGFR2 promoter activity. In an analo-
gous fashion to E2-2, we found that E2A potentiated and inhibited
MCKpfos-luc activity and VEGFR2-luc activity, respectively
(supplemental Figure 8A-B), and also interacted with Id1 (supple-
mental Figure 8C). Furthermore, Idl perturbed E2A-induced
MCKpfos-luc activity (supplemental Figure 8A). These observa-
tions provide further evidence that E-protein family members
interfere with EC activation. The mechanism by which Idl
potentiates EC activation has not been fully explored. Our study
demonstrates one possible mechanism by which Id1 enhances EC
activation: by antagonizing the inhibitory function of E2-2 on
VEGFR?2 promoter activity (supplemental Figure 9).

A number of transcription factors, such as SCL, Ets, Spl, and
NF-«B, have been identified as positive regulators of the VEGFR2
promoter. 52 E2-2 may also modulate the activity of these

T T

transcription factors, although the sequences between —40 and S of
the VEGFR2 promoter are critical for the ability of E2-2 to
negatively regulate VEGFR2 promoter activity.

The mRNA expressions of integrin B4 and MMP2, both of
which are thought to be involved in EC activation, are reduced on
ablation of the Id1 gene in cells.!” As expected, overexpression of
E2-2 in ECs down-regulated the transcripts of integrin B4 and
MMP?2 (Figure 4D). Hey I/Herp2/Hesr! has been shown to inhibit
the activity of both the MMP2 and the VEGFR2 promoters via the
inr element.3! The inhibition of MMP?2 transcription by E2-2 might
also occur via inr sequences in the MMP2 promoter. Genes other
than VEGFR2, integrin 84, and MMP2 that contribute to EC
activation may also be negatively regulated by E2-2. We are
currently searching for such genes by DNA microarray or chroma-
tin immunoprecipitation (ChIP-on-ChIP) analysis.

The present study demonstrated that E2-2 affects EC activation
through suppression of the VEGFR2 transcript as one of its
inhibitory actions. The antagonistic actions of E2-2 on EC activa-
tion were not so strong that we could exclude other possible
explanations for why E2-2 blocks in vivo angiogenesis. Thus, it is
possible that E2-2 also possesses the ability to influence vascular
smooth muscle cells in addition to ECs to perturb angiogenic
reaction in vivo, Therefore, we need to further investigate the
action of E2-2 on vascular smooth muscle cells.

The addition of Idl restored E2-2-mediated inhibition of
angiogenesis. E2-2 is ubiquitously expressed, whereas Idl is
induced by a number of proangiogenic factors.3 The function of Id1
can also be regulated by the subcellular localization during
angiogenesis.’® Thus, the balance between E2-2 and Id! in the
nucleus might determine either the activation or the resolution
phase in ECs. It is possible that a compound that enhances the
expression of E2-2 in ECs might provide an effective drug to
inhibit tumor angiogenesis.

Recently, Deleuze et al reported that E2A (also known as
E12/E47) together with SCL and LMO?2 could up-regulate VE-
cadherin expression to potentiate EC activation.®® The E2-2-
mediated EC suppression observed in our present study conflicts
with that report. However, in their report, E2A alone did not
enhance VE-cadherin expression, although the knock-down of
E2A did inhibit VE-cadherin expression.? Furthermore, there is no
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evidence that E2A overexpression can activate ECs. We have
presented evidence clearly demonstrating that E2-2 overexpression
inactivates ECs. In addition, E2A alone, like E2-2, blocked
VEGFR2-luc reporter activity (supplemental Figure 8B). It is
possible that the bilateral activation of ECs by E-proteins is
dependent on the presence of other cofactors, such as SCL
and LMO2.

Mice lacking the E2-2 gene are initially viable but die within 1
week of birth. No vascular abnormality in E2-2-deficient embryos
is observed.* Itis possible that related genes (E2A and HEB) might
compensate for E2-2 gene deficiency during development. If
EC-specific knockout mice bearing triple deletions of the E2-2,
E2A, and HEB genes can be established, vascular defect(s) might
then be seen.

In conclusion, we discovered a novel mechanism by which E2-2
impairs VEGFR2 transcription in ECs. Idl can overcome the
inhibitory effect of E2-2 on VEGFR2 transcription to potentiate EC
activation. The identification of compounds that bolster E2-2
activity in an EC-specific manner may provide an exciting opportu-
nity to modulate tumor angiogenesis for therapeutic intervention.
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Sensory neurons release calcitonin-gene related pep-
tide (CGRP) on stimulation. We have reported that
topical application of capsaicin increases facial skin
elasticity by increasing the production of dermal
insulin-like growth factor-1 (IGF-I) through stimulation
of sensory neurons in mice and humans. In this study,
we examined whether topical application of «-p-gluco-
sylglycerol (GG), a compound found in Japanese tradi-
tional brewed foods such as sake (Japanese rice wine),
increases the dermal production of IGF-I in mice and
increases the facial skin elasticity in females. GG
increased CGRP release and cAMP levels in dorsal
root ganglion (DRG) neurons isolated from wild-type
mice. Pretreatment with capsazepine, an inhibitor of
vanilloid receptor-1 activation, and with KT5720, an
inhibitor of protein kinase A, reversed GG-induced
increases in CGRP release from DRG neurons. Topical
application of GG increased dermal levels of IGF-I,
IGF-1 mRNA, and collagen in wild-type mice, but not
in CGRP-knockout mice. Topical application of GG
increased cheek-skin elasticity in 13 female volunteers.
These observations strongly suggest that GG increases
the production of IGF-I in the skin through sensory
neuron stimulation, thereby increasing skin elasticity.

Key words: w-D-glucosylglycerol; calcitonin gene-related
peptide; insulin-like growth factor-I; sensory
neurons; skin elasticity

Insulin-like growth factor-I (IGF-I) is a basic peptide
of 70 amino acids with an almost ubiquitous distribution
in various tissues and cells, mediating the growth-
promoting actions of growth hormone (GH) and playing
important roles in postnatal and adolescent growth,?

Since IGF-I has been found to play an important role
in the maintenance of normal skin morphology® and to
increase collagen synthesis by fibroblasts in vifro,? the
detrimental skin morphological changes observed in
patients with Laron syndrome might be attributable to
reduced IGF-I production.

Capsaicin-sensitive sensory neurons are nociceptive
neurons found in many tissues within the lining epithelia
and around blood vessels.¥ These sensory neurons
release calcitonin-gene related peptide (CGRP) upon
activation of vanilloid receptor-1 (VR-1) by a wide
variety of noxious physical and chemical stimuli,”
thereby showing sensory-efferent functions. CGRP, a
37-amino acid neuropeptide, is produced in dorsal root
ganglion (DRG) neurons by tissue-specific alternative
processing of the calcitonin gene.® We have reported
that sensory neuron stimulation increases IGF-I produc-
tion in mice.” Furthermore, we recently found that
topical application of capsaicin increases dermal levels
of IGF-1, thereby increasing skin elasticity in humans.®
In addition, sensory neuron stimulation leading to
increased IGF-I production promotes hair growth in
mice and humans.,”

Sake is a traditional brewed alcoholic beverage in
Japan, and is also known as Japanese rice wine,
Japanese people have experienced that ingestion of
sake has positive effects on the skin condition, and
women living in the northern region of Japan, where
high amounts of sake are consumed, have a better
complexion than those living in other areas of Japan,!®
These observations suggest that sake might have
beneficial effects on the maintenance of skin integrity.
Consistently with this notion, topical application and
oral ingestion of sake concentrate protected the skin
from ultraviolet B-induced epidermal barrier disruption
in mice,'>"? but the detailed mechanisms underlying
these beneficial effects of sake on the skin are not fully
understood.

a-D-Glucosylglycerol (GG) is a compound contained
at a level of about 0.5% in sake.' GG is formed by
transglucosylation to glycerol, which is produced by
yeast using a-glucosidase derived from koji (microbes
similar to those used in the production of blue cheese) in
the sake mash.!” GG is thought to function as an
intracellular osmoregulator, thereby contributing to the
survival of yeast during fermentation,'?

¥ To whom correspondence should be addressed. Tel: +81-52-853-8196; Fax: -+81-52-842-3460; E-mail: whynot@med.nagoya-cu.ac.jp
Abbreviations: CGRP, calcitonin gene-related peptide; CPZ, capsazepine; DRG, dorsal root ganglion; GG, a-p-glicosylglycerol; GH, growth
hormone: IGF, insulin-like growth factor-I; PKA, protein kinase A; VR-1, vanilloid receptor-1; WT, wild-type
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Based on these observations, we hypothesized that
GG increases dermal IGF-I production by stimulating
sensory neurons, thereby contributing to the mainte-
nance of skin integrity.

In the present study, we examined the effects of GG
on CGRP release from DRG neurons isolated from wild-
type (WT) mice and, on dermal production of IGF-I in
WT and congenital CGRP-knockout (CGRP~—/—) mice.
Furthermore, we analyzed the effects of topical appli-
cation of GG on cheek skin elasticity in human female
volunteers,

Methods

Reagents. GG is kindly provided by Tatsuuma-Honke Brewing Co.,
Ltd. (Nishinomiya, Japan). Capsazepine (CPZ), an inhibitor of VR-1
activation,'™ was purchased from Sigma Chemical Co. (St. Louis,
MO). KT5720, an inhibitor of protein kinase A (PKA), was purchased
from Alexis (Basel, Switzerland). All other reagents were of analytical
grade.

Animals. Male C57BL/6 mice (6-8 weeks old; Nihon SLC,
Hamamatsu, Japan) were used in this study. The care and handling
of the animals was in accordance with the National Institute of Health
guidelines. All experimental procedures described below were ap-
proved by the Nagoya City University Animal Care Committee.

Generation of «CGRP-knockout mice. The generation of «CGRP-
knockout mice was described previously.!® The mouse CT/aCGRP
genomic DNA was cloned from a BALB/c mouse genomic library in
EMBL3 using synthetic oligonucleotide probes derived from the
mouse CT/aCGRP ¢DNA sequence. A 7.0-kb fragment containing
exons 3 to 5 of the mouse CT/aCGRP gene was subcloned into
pBluescript (Stratagene, La Jolla, CA). A targeting vector was
constructed by replacing the 1.6-kb Xbal-Xbal fragment encompassing
exon 5, which is specific for «CGRP, with the neomycin resistance
gene and the flanking thymidine kinase geme. This plasmid was
linearized with Notl and introduced into 129/Sv-derived SM-1 ES
cells by electroporation, after which the cells were selected in medium
containing G418 (300 ug/ml) and ganciclovir (2 gmol/1). Homologous
recombinants were identified by PCR and Southern blot analysis.
Targeted ES cell clones were injected into C57BL/6 mouse blastocysts
to generate chimeric mice. Male chimeras were then crossbred with
C57BL/6 females and germline transmission was achieved. Litter-
mates obtained by breeding heterozygotes with the genetic background
of the 129/SvXC57BL/6 hybrid were used in phenotypic analysis.
Only males were used in this study.

Genotype determination of CGRP-knockout pups. Genomic DNA
was extracted from tails of mice as previously described'® and was
used for PCR analysis. PCR was performed using the external primers
of the replaced gene fragment. The wild-type allele and the mutant
allele gave different band sizes. Primer sequences and PCR conditions
have been described.'®

In vitro experiments. lsolation and culture of dorsal root ganglion
newrons (DRG) and measurement of CGRP release and intracellular
cAMP levels,

DRG isolated from the lumbar, cervical, and thoracic regions were
dissected from mice, as described previously.!” After 5d in culture,
the medium was aspirated gently and washed with serum-free Ham’s
F-12 medium. The cells were incubated with GG (1, 10, and 100 um)
for 30min in Ham’s F-12 medium containing 1% supplemented calf
serum without nerve growth factor. After incubation, the supernatants
were sampled and stored —20°C for CGRP measurement, To
determine whether GG increase CGRP release from DRG via VR-1
activation, we examined the effects of CPZ, an inhibitor of VR-1
activation,' on GG-induced CGRP release from DRG. CGRP levels
were determined using a commercial mouse CGRP enzyme immuno-
metric assay kit (SPI-Bio, Massy Cedex, France).

Recent studies indicate that cAMP plays a critical role in CGRP
release from sensory neurons by phosphorylating VR-1 through
activation of PKA,'® and that cAMP-dependent PKA activation is
critically involved in CGRP production in DRG neurons.'® Hence we
measured intracellular cAMP levels in DRG neurons. We examined
the effect of KT5720 on CGRP release from DRG neurons at a
concentration of 10umM, as described previously.!” After collection of
supernatants, plates were placed on ice, media were removed, and cells
were washed in ice-cold PBS. Thereafter, ice-cold 65% ethanol were
added to each well. The ethanol were collected and dried under
nitrogen gas. Intracellular levels of cAMP were determined with an
enzyme immunoassay kit (GE Healthcare, Buckinghamshire, UK)
according to the manufacturer’s instructions.

In vivo experiments. Effects of a single topical application of GG
solution on dermal IGF-I levels in wild-type (WT) and CGRP-
knockout mice.

Topical application of GG solution. Mice were anesthetized with
i.p. injections of ketamine (100 mg/kg) and xylazine (10mg/kg). A
GG was dissolved in normal saline. GG solution (100 1) was applied
to the shaved backs of the mice (4 cm?), as described previously.® The
skin was removed 30 min after topical application of GG solution or
saline and then immediately immersed into liquid nitrogen.

Determination of dermal IGF-I level. Dermal levels of 1GF-1 were
determined in the animals by a modification of methods described
previously.”” The skin was minced and homogenized in a polytron
type homogenizer (2 times for 15s) using 2ml of I N acetic acid
according to the manufacturer’s instructions. The homogenates were
then centrifuged at 3,000 x g for 10 min. The supernatants were kept in
a deep freezer at —80°C. The concentration of IGF-I was assayed
using a specific enzyme immunoassay kit (Diagnostic Systems
Laboratories, Webster, TX).

Determination of dermal CGRP levels. The dermal levels of CGRP
were determined in animals by a modification of methods described
previously.2 The skin was minced and homogenized in a polytron
type homogenizer (2 times for 15s) using 2ml of 2N acetic acid. The
homogenates were bathed in 90°C water for 20min and then
centrifuged at 4,500 x g for 10min. CGRP was extracted from the
supernatant using reverse-phage Cl8 columns (Amersham, Little
Chalfont, UK). The columns were prepared by washing with 5 ml of
methanol onto the column, followed by a wash with 20ml of 0.1%
trifiuoroacetic acid, and the solvent was evaporated under a stream of
nitrogen gas. The concentration of CGRP was assayed using a specific
enzyme immunoassay kit (SPI-Bio, Massy Cedex, France).

Quantitative mRNA analysis. Quantitative mRNA analysis was
performed as previously described.?” The tissue was weighed and
immersed in liquid nitrogen. Total RNA was extracted from the
hippocampus with TRIZOL Reagent (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions. The RNA extracted was
used as a template for cDNA reverse transcription. Sample cDNAs
were amplified in Model 7700 Sequence detector (Applied Biosystems,
Perkin Elmer Japan, Chiba, Japan) with primers, dual-labeled fluogenic
probes, and a Tagman PCR Reagent Kit (Applied Biosystems,
Branchburgh, NJ). The thermal cycler conditions were 10min at
95°C for deactivation and then 40 cycles for 1Ss at 95°C for
denaturation and Imin at 60°C for bath annealing and extension.
Known concentrations of serially diluted IGF-I and B-actin cDNA
generated by PCR were used as standards for quantitation of the
sample ¢cDNA. The copy numbers of ¢cDNA for IGF-1 were stand-
ardized to those for S-actin from the same sample in the WT and
CGRP—/~ mice. The mean value for the WT mice 30 min after topical
application of saline was determined to be 1.0.

Measurements of total collagen levels in the skin. The relative
content of total collagen was measured spectrophotometrically by a
method previously described.”*?¥ In this experiment, a GG solution
(100 pl) was applied to the shaved backs of mice (4 em?) for 14d. The
skin was removed 14 d after topical application of the GG solution and
then immersed in 4% paraformaldehyde. Paraffin-embedded tissue was
cut into 15-um sections, and three sections were deparaffinized in
xylol, xylol-ethanol (1:1, vol/vol), ethanol-water (1:1, vol/vol), and
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water. The sections were then placed in small test tubes (10 X 75 mm)
and covered with 0.2ml of a saturated solution of picric acid in
distilled water containing 0.1% fast green FCF and 0.1% Sirius red
F3BA. The tubes were covered with aluminum foil and incubated at
room temperature for 30 min in a rotary shaker. The fiuid was carefully
withdrawn, and the sections were repeatedly rinsed with distilled water
until the rinse fluid was colorless. One m! of 0.1 N NaOH in absolute
methanol (1:1, vol/vol) was then added, and each tube was gently
mixed until ail color was eluted from the specimen. The eluted color
was read in a spectrophotometer at 540 and 605 nm (corresponding to
the maximum absorbances of Sirius red and fast green respectively).
The corrected absorbance at 540nm (corrected for the contribution of
fast green to the absorbance at 540nm) was then calculated by
subtracting from the absorbance at 540nm the value comesponding to
29.1% of the optical density at 650 nm. The absorbances at 540 and
605 nm were then divided by their respective color equivalents (2.08
and 38.4) to obtain the amounts of collagen and noncollagen protein in
the specimen. An estimate of collagen content was calculated by the
percentage of total protein,

Human experiments. Topical application of 0.01% GG in healthy
female human volunteers.

The protocol was approved by the Ethics Study Board of Sugikami
Hospital (Kumamoto Prefecture, Japan), where the study was done.
The study design was a double-blinded and placebo-controlled trial.
Informed consent was obtained from 23 healthy human female
volunteers (aged 36.0 + 9.7 years). Topical application of 0.01% GG
or vehicle (saline) was done once a day (at night between 10 PM and
11 PM after washing of faces) for 14d. We randomly assigned the 23
volunteers to two groups: 13 received 0.01% GG and the remaining 10
received vehicle.

Assessment of skin elasticity after topical application of GG in
human subjects. Before and after topical application of 0.01% GG or
vehicle to the 23 healthy female human volunteers for 14d, we
measured cheek elasticity with a Cutometer MPA580 (Integral, Tokyo),
as described previously.® In this system, skin elasticity is defined as A
(maximal deformation) — B (basal level after removal of vacuum).

Statistical analysis. Data were expressed as mean = SD. The results
were compared by ANOVA followed by Scheffé€’s posr hoc test. To
determine the difference between the values for skin elasticity obtained
in the same subject before and after topical application of 0.01% GG,
the statistical significance of the data was calculated by paired r-test. A
level of p < 0.05 was considered statistically significant.

Results

Effects of GG on CGRP release and cAMP levels in
DRG neurons isolated from WT mice, in vitro

To determine whether GG increases CGRP release
from sensory neurons, we examined the effects of GG on
the release of CGRP from DRG neurons isolated from
WT mice. GG at concentrations higher than 1um
enhanced the release of CGRP from DRG neurons
(Fig. 1A). Cyclic AMP has been found to sensitize
sensory neurons through PKA-dependent phosphoryla-
tion of VR-1.'%1929 T¢ elucidate the mechanism by
which GG stimulates sensory neurons, we examined the
effects of GG on cAMP levels in DRG neurons isolated
from WT mice. As shown in Fig. IB, GG at concen-
trations higher than I uMincreased cellular cAMP levels,

Effects of CPZ, an inhibitor of VR-1 activation, and
KT5720, an inhibitor of PKA, on GG-induced CGRP
release from DRG neurons isolated from WT mice

Pretreatment with CPZ, an inhibitor of VR-1 activa-
tion, did not have any effect on the baseline release of
CGRP from DRG neurons, but it reversed the GG-
induced increase in CGRP release from DRG neurons
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Fig. 1. Effects of «-D-Glucosylglycerol (GG) on CGRP Release from
DRG Netirons (A) and Intracellular cAMP Levels in DRG Neurons
(B) Isolated: from WT Mice.

DRG neurons were incubated with GG (1, 10, and 100um) for
30min. Supematants were collected, and CGRP levels were
measured by enzyme immunoassay. Intracellular cAMP levels were
measured by enzyme immunoassay. Each value represents the
mean % SD for five experiments. *p < 0.01 vs. media.

(Fig. 2). To determine whether PKA is involved in GG-
induced stimulation of sensory neurons, we analyzed the
effects of KT5720, an inhibitor of PKA, on GG-induced
increases in CGRP release from DRG neurons isolated
from WT mice (Fig. 2). Pretreatment with KT5720
significantly reversed the GG-induced increase in CGRP
release from DRG neurons (Fig. 2).

Effect of topical application of GG on dermal levels of
IGF-I in WT and CGRP—/— mice

Applied topically, 0.005% and 0.01% GG signifi-
cantly increased dermal IGF-1 levels 30min after
application in WT mice (p < 0.01) (Fig. 3). In contrast,
topical application of 0.05 or 0.1% of GG did not
increase dermal IGF-I levels in the WT mice (Fig. 3).
Although topical application of 0.005 and of 0.01% GG
increased the dermal IGF-I levels in the WT mice, it
showed no such effects in the CGRP—/— mice (Fig. 3).

Changes in dermal levels of CGRP and IGF-I with
time in WT mice subjected to topical application of 0.01
and 0.1% GG

The dermal levels of CGRP and IGF-I were increased
in WT mice with time after topical application of 0.01%
of GG (Fig. 4). In contrast, these levels were transiently
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Fig. 2. Effects of «-b-Glucosylglycerol (GG) and/or Capsazepine (CPZ) or KT5720 on CGRP Release from DRG Isolated from WT Mice.
DRG neurons were incubated with GG (100 pm) and/or CPZ {10 i), an inhibitor of VR-1 activation, or KT5720 (10 um), a PKA inhibitor, for
30 min. Each value represents the mean = SD for five experiments. *p < 0.01 vs. media. | p < 0.01 vs. GG.
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Fig,3. Effects of Topical Application of ¢-D-Glucosylglycerol (GG) on Dermal IGE-1 Levels in WT and CGRP—/~ Mice.
Skin samples were dissected 30 min after topical application of GG. Each value represents the mean - SD for five experiments. Closed bars,
WT mice; open bars, CGRP—/~ mice. *p < 0.01 vs. vehicle. tp < 0.01 vs. WT.

increased, peaking at 15 min, after topical application of
0.1% GG and decreased to baseline levels at 30 min after
topical application in WT mice (Fig. 4).

Effects of 0.01% GG on dermal levels of IGF-I mRNA
and collagen in the WT and CGRP—/— mice

Topical application of 0.01% GG significantly
increased dermal IGF-I mRNA levels 30min after
application in WT mice, but not in CGRP~/— mice
(Fig. 5). The mean value for IGF-I/8-actin mRNA of the
control in the CGRP—/— mice (2.84 x 10~* £ 4.94 x
107%; p < 0.01) was significantly lower than that of the
control in the WT mice (6.15 x 1074 £ 6.71 x 1075),

Dermal collagen levels increased significantly 14d
after topical application of 0.01% in the WT mice
(p < 0.04), but not in the CGRP—/— mice (Fig. 6).

Effects of topical application of 0.01% GG and vehicle
on cheek skin elasticity in healthy female volunteers

To determine whether topical application of 0.01%
GG would increase skin elasticity in humans, we

analyzed the effects of 0.01% GG and vehicles on
cheek skin elasticity in 13 and 10 healthy female
volunteers respectively. Baseline data (age and cheek-
skin elasticity) did not differ between the 0.01% GG
group and the vehicle group (Table 1). Applied topically
to the facial skin of the 13 healthy female volunteers
once a day for 14d, 0.01% GG significantly increased
cheek-skin elasticity as compared with that noted
before topical application (p < 0.01) (Fig. 7A). Topical
application of vehicles did not increase cheek-skin
elasticity in the remaining 10 healthy female volunteers
(Fig. 7B).

Discussion

In the present study, we examined to determine
whether the GG present in Japanese rice wine sake
stimulates sensory neurons to increase dermal IGF-I
levels in WT mice. GG increased the release of CGRP
from DRG neurons isolated from WT mice. CPZ, an
inhibitor of VR-1 activation, completely reversed the
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Fig.4. Changes in Dermal Levels of CGRP and IGF-1 with Time after Topical Application of 0.01 and 0.1% a-p-Glucosylglycerol (GG) in WT

Mice.

Skin samples were dissected 0, 5, 10, 15, 20, 25, and 30 min after topical application of 0.01 and 0.1% GG in WT mice. Each value represents
the mean = SD for five experiments. Closed bars, 0.01% GG; open bars, 0.1% GG. *p < 0.01 vs. time 0. Tp < 0.01 vs. 0.01% GG.
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Fig, 5. Effects of Topical Application of 0.01% a-p-Glucosylglycer-
ol (GG) on Dermal IGF-J mRNA Levels in WT and CGRP—/—
Mice.

Skin samples were dissected 30 min after topical application of
0.01% GG. Each value represents the mean + SD for five experi-
ments. *p < 0.01 vs. vehicle. 'p < 0.01 vs. WT.

GG-induced increase in CGRP release from DRG
neurons, suggesting that GG increases the release of
CGRP from sensory neurons viag activation of VR-1.
We found that GG increased cAMP levels in DRG
neurons isolated from WT mice. CGRP has been found
to increase cAMP levels in sensory neurons, thereby
sensitizing VR-1 to endogenous agonist, such as
anandamide through the activation of PKA.'$1926) e
recently reported that stimulation of sensory neurons
increased tissue cAMP levels in WT mice, but not in
CGRP—/~ mice,”” suggesting that CGRP plays a
critical role in increases in cAMP levels in sensory
neurons upon stimulation. Based on these observations,
it is likely that the CGRP released from sensory neurons
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Fig. 6. Effects of Topical Application of 0.01% «-D-Glucosylglycer-
ol (GG) on Dermal Collagen Levels in WT and CGRP~/~ Mice.
Skin samples were dissected 14d after topical application of
0.019% GG. Each value represents the mean = SD for five experi-
ments. *p < 0.04 vs. vehicle.

Table 1. Baseline Data for Healthy Female Volunteers

0.01% GG
(n=10) (n=13)

Age 36.5+8.7 35.6+10.7 0.834
Cheek skin elasticity 0.318 £0.036 0.326+:0.058  0.684

Vehicle
p values

Values are represents mean + SD, GG, a-b-glucosylglycerol.

stimulated by GG increases cAMP levels via an
autocrine mechanism, thereby sensitizing VR-1 through
PKA activation. Consistently with this notion, a PKA
inhibitor, KT5710, reversed GG-induced increases
CGRP release from DRG neurons, as found in the
present study.
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Fig.7. Effects of Topical Application of 0.01% «-D-Glucosylglycer-
ol (GG) (A) and Vehicle (B) on Cheek Skin Elasticity in Healthy
Female Volunteers.

GG and vehicle was applied to the facial skin of 13 and 10 female
volunteers respectively once a day for 14d. Cheek skin elasticity
was measured by Cutemeter before and after the experiments.
*p < 0.01 vs. pre.

We have reported that stimulation of sensory neurons
by topical application of capsaicin increases dermal
IGF-T production in WT mice,” suggesting that topical
application of GG increases dermal IGF- levels by
stimulating sensory neurons in WT mice. Consistently
with this hypothesis, topical application of 0.005 and
0.01% GG increased dermal IGF-1 levels in the WT
mice, but not in the CGRP—/~ mice 30min after
topical application,

The dermal levels of IGF-I increase significantly
30 min after topical application of 0.01% GG, as found
in the present study. Since CGRP has vasorelaxant
effects,”™ it is possible that topical application of GG
increases dermal tissue blood flow, thereby increasing
dermal IGF-1 levels. However, this possibility is less
likely, since the dermal levels of IGF-I mRNA increased
significantly 30 min after topical application of GG in
the present study.

Since skin fibroblasts have been found to express the
CGRP receptor® and are capable of producing IGF-1,3"
our present observations suggest that topical application
of 0.01% GG increases dermal IGF-I levels in the skin
fibroblasts through stimulation of sensory neurons,

Although GG increased the release of CGRP from
DRG neurons isolated from the WT mice in a concen-
tration-dependent manner in vitro, GG at concentrations
higher than 0.05% did not increase dermal IGF-I levels
in these mice 30 min after topical application. We have

reported that dermal IGF-I levels increased transiently
after topical application of 0.01% capsaicin in WT
mice,® suggesting that 0.05 and 0.1% GG more strongly
stimulates sensory neurons than 0.005 and 0.01% GG,
thereby rapidly increasing dermal IGF-1 levels at peak
time points earlier than 30 min after topical application,
and that these increases are followed by rapid decreases
due to depletion of CGRP from the sensory neurons.
Consistently with this hypothesis, the dermal levels
of CGRP and IGF-I transiently increased and peaked
at 15min after topical application of 0.1% GG, and
decreased to baseline levels 30 min after topical appli-
cation in WT mice.

Topical application of 0.01% GG increases dermal
IGF-I levels 30min after application, as found in the
present study. Production of IGF-I via capsaicin in vivo
is more rapid than that in response to CGRP in vitro,?"
indicating that the former is not mediated by increases in
transcription, as is the latter, but rather by other
unknown mechanisms. Our previous study indicates
that subcutaneous administration of capsaicin increases
the tissue levels of IGF-I and IGF-I mRNA in various
organs, including the skin, 30 min after administration
in mice,” suggesting the possibility that stimulation of
sensory neurons by topical application of 0.01% GG
increases IGF-I production by increasing its transcrip-
tion. This possibility should be examined in future
experiments,

IGF-I increases the production of collagen® and
elastin®® by skin fibroblasts and promotes the prolifer-
ation of keratinocytes,™ suggesting that IGF-I produced
by fibroblasts acts on these fibroblasts themselves as
well as on keratinocytes, promoting the production of
collagen and elastin and the proliferation of the cells,
respectively. Consistently with this hypothesis, dermal
levels of collagen increased 14 d after topical application
of 0.01% GG in the WT mice, but not in CGRP—/—
mice as found in the present study.

Patients with Laron syndrome show skin morpholog-
ical changes such as decreased thickness with decrease
of the elastin content.* The IGF-I receptor has been
found to be expressed in biopsy specimens of the human
skin.®® These observations suggest that the detrimental
skin morphological changes observed in patients with
Laron syndrome are attributable to reduced production
of IGF-1, raising the possibility that IGF-I plays critical
roles in the maintenance of skin integrity.

Topical application of 0.01% GG to facial skin
significantly increased cheek skin elasticity in 13
healthy female volunteers after 14d of application
(p < 0.01), but topical application of the vehicles did
not increase skin elasticity in the 10 healthy female
volunteers. We have reported that topical application of
0.01% capsaicin increased cheek skin elasticity in
healthy female volunteers.®’ These observations strongly
suggest that GG increases cheek skin elasticity in
healthy female volunteers by activating sensory neurons.
The important mechanical property that primarily
maintains skin elasticity is attributable to the content
and molecular structure of the collagen fibers embedded
in the ground substance.™ Since dermal levels of
collagen increased after topical application of 0.01% GG
in the WT mice, it is likely that dermal levels of collagen
are increased, thereby at least in part contributing to the
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increase in cheek skin elasticity in the volunteers after
topical application of 0.01% GG.

The sweat secretion rate has been found to be lower in
patients with GH deficiency who have low serum IGF-1
levels. A decrease in the ability to sweat results from
atrophy of the eccrine sweat glands due to a lack of
stimulation by GH or IGF-I, or both.?” Since intra-
epidermal elasticity is known to be associated with the
presence of sweat,’® topical application of 0.01% GG
have increased the secretion of sweat in the facial skin
epidermis of the volunteers, contributing to the im-
proved facial skin elasticity.

Although sake has been used as a skin care lotion in
Japan since ancient times,'? the precise mechanisms
underlying this effect are not well understood. Increases
in dermal IGF-I production induced by GG via sensory
neuron stimulation might explain at least in part this
favorable effect of sake on the skin.
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