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Abstract

Angiogenesis is regulated by the local balance between angiogenic stimulators and inhibitors and is maintained
by muscle-derived angiogenic factors in ischemic tissues. Aims: Our objectives were to investigate the effect of
cold shock domain protein A (CSDA) as an endogenous angiogenesis inhibitor and to develop a novel strategy
of therapeutic angiogenesis by blocking CSDA expression. Results: In human skeletal muscle cells, CSDA was
upregulated during hypoxia when cells were damaged and apoptosis was induced. CSDA expression could
repress the activity of hypoxia inducible factor-la and nuclear factor kB, because CSDA can competitively bind
the hypoxia response element and the nuclear factor kB-binding element. As a result, vascular endothelial
growth factor-A, interleukin-6, and interleukin-8 secretions from skeletal muscle cells were decreased. Further,
CSDA depletion increased the secretion level of these angiogenic factors. In a hindlimb ischemia model, transfer
of short-hairpin RNA targeting CSDA ameliorated ischemia without direct transfer of angiogenic factors. In this
ischemic tissue, vascular endothelial growth factor-A, interleukin-6, and CXCL2 protein levels were increased.
Innovation and Conclusion: CSDA appears to play a critical role as an endogenous angiogenesis inhibitor in
skeletal muscle, and RNA interference targeting of CSDA is a promising gene therapy strategy for treating

peripheral arterial disease. Antioxid. Redox Signal. 15, 2109-2120.

Introduction

HERAPEUTIC ANGIOGENESIS is a promising strategy for

treating peripheral arterial disease (PAD), in addition to
pharmacotherapy, percutaneous transluminal angioplasty, and
vascular surgery. Over the past several years, angiogenic growth
factors, such as vascular endothelial growth factor (VEGF)-A (7),
fibroblast growth factor (2), and angiopoietin-1 (6), have been
utilized in gene therapies designed to provide therapeutic an-
giogenesis for PAD. Although these molecules powerfully pro-
mote cellular proliferation and migration in vitro, their utility is
not sufficient for clinical use. Clinical success has been limited to
a small group of selected patients. Unfortunately, a randomized,
double-blind, placebo-controlled trial of this strategy failed to
show a significant benefit (7). The long-term safety and efficacy
of these therapies remain unclear, and there is little scientific
evidence to resolve these questions. Novel strategies are there-
fore required to achieve clinical benefit. Further, angiogenesis is
regulated by a local balance between angiogenesis stimulators
and inhibitors (25); however, the detailed mechanisms respon-
sible for this balance, especially the negative regulation of an-
giogenesis, remain unclear.

We recently identified a new molecule, cold shock domain
protein A (CSDA), which is an angiogenic modulator (20).
CSDA is a DNA-binding protein that especially binds CT-rich
DNA sequences (26). We found that in endothelial cells,
CSDA can bind to the hypoxia response element (HRE) con-
tained in the VEGF promoter region and to the serum re-
sponse element (SRE), the final target of the Ras/exttacellular
signal-regulated kinase signal, and repress the activation of
these elements as a blocker. CSDA competes with hypoxia
inducible factor (HIF)-1a and Elk-1, repressing the expression
of VEGF-A and endothelial cell proliferation, respectively
(Supplementary Fig. S1; Supplementary Data available online
at www .liebertonline.com/ars). Further, we found that
CSDA is expressed in normal skeletal muscle, but the function
of CSDA in this tissue is not known. Recently, the importance
of muscle-derived angiogenic factors in the neovasculariza-
tion of ischemic skeletal muscle was recognized (30).

In the present study, we tested the hypothesis that CSDA
plays an important role as an endogenous angiogenesis in-
hibitor by repressing the expression or function of angiogenic
factors in skeletal muscle. Further, the depletion of CSDA
expression with a knockdown strategy may improve the
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angiogenic response in ischemic tissues through the modu-
lation of endogenous angiogenic factors. The goals of the
present study were to investigate the effect of CSDA as an
endogenous angiogenesis inhibitor during hypoxic (ischemic)
conditions and to develop a novel gene therapy strategy for
PAD using RNA interference (RNAI) to target CSDA.

Results

Effect of hypoxia on CSDA expression
and SkMC apoptosis

Skeletal muscle cells (SkMCs) were cultured under hypoxic
conditions for 7 days, and CSDA expression was examined at
five time points. CSDA messenger RNA (mRNA) expression
was downregulated at 1 day of hypoxia and then upregu-
lated, especially by day 7 (n=4; Fig. 1A). The protein levels of
CSDA decreased up to 3 days of hypoxia but then increased
rapidly at day 7 (n=4; Fig. 1B and C). To understand the
differences between the early phase (up to 3 days) and late phase
(after 3 days) of hypoxia in CSDA expression, we measured the
mitochondrial transmembrane potential and performed terminal
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deoxy nucleotidyl transferase dUTP nick end labeling (TUNEL)
analysis of SkMCs under hypoxic conditions and performed
western blot analysis of cytochrome ¢, because disruption of the
mitochondrial transmembrane potential and translocation of cy-
tochrome ¢ are some of the earliest intracellular indicators of
apoptosis. Over 3 days of hypoxia, the mitochondrial trans-
membrane potential was disrupted (Fig. 1D, green-colored cells),
and the SkMCs were in disarray (Fig. 1E). Further, western blot of
cytochrome c indicated that hypoxic conditions triggered the re-
lease of cytochrome c from the mitochondria into the cytosol (Fig.
1F). The cells were TUNEL positive at day 7 of hypoxia (Fig. 1E,
brown-colored cells). At day 7, CSDA expression was detected in
caspase 3-positive and TUNEL-positive SkMCs by immunoflu-
orescence staining (Fig. 2A and B). When SkMCs were treated by
apoptosis inducers under normoxic conditions for 3 days, the
mitochondrial transmembrane potential was disrupted (Fig. 2C),
and TUNEL analysis was positive for these cells (Fig. 2D). Fur-
ther, CSDA was induced by treatment with apoptosis inducers
for 3 days under normoxic conditions (Fig. 2E and F). We also
found that after 3 days of hypoxia, the cell population was
composed of many apoptotic cells with a few terminal apoptotic
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FIG. 1. Hypoxia modulates
CSDA expression and induces
SkMC apoptosis. (A) Expression
of endogenous CSDA in SkMCs
after Oh, 8h, and 1, 3, and 7 days
of hypoxia. n=4; *p<0.05 versus
O0h. (B) Typical western blots of
endogenous CSDA after Oh, 8h,
and 1, 3, and 7 days of hypoxia.
(C) Fold increase in endogenous
CSDA expression shown in B
compared with Oh in SkMCs.
n=4; *p<0.05 versus Oh. (D)
Representative images of the mi-
tochondrial transmembrane po-
tential in SkMCs during hypoxic
conditions. In healthy cells, fluo-
rescent molecules aggregated in-
side the mitochondria and
fluoresced red (until after 1 day of
hypoxia). In apoptotic cells, fluo-
rescent molecules remained in the
cytoplasm and fluoresced green
(after 3 days of hypoxia) (magni-
fication: 200x). (E) Representative
pictures of TUNEL analysis of
‘ ; SkMCs under hypoxic conditions,
- i ‘ . followed by counterstaining with
N methyl green-pyronin. Healthy
cells are pink, and apoptotic cells
are brown. Scale bar=100 ym. (F)
Typical western blots of cyto-
chrome c after 0, 1, 3, and 7 days of
hypoxia. CSDA, cold shock do-
main protein A; SkMC, skeletal
muscle cell.
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FIG. 2. Apoptosisinduces CSDA
in SKMCs. (A, B) Representative
pictures of double immunofluores-
cent stains for TUNEL (A) or cas-
pase 3 (B) (red) and CSDA (green)
in SkMCs after 7 days of hypoxia.
Nuclei were stained by DAPI
(blue). Scale bar=100um. (C) Re-
presentative images of the mito-
chondrial transmembrane potential
in SkMCs treated by apoptosis in-
ducers. In healthy cells, fluorescent
molecules aggregated inside the
mitochondria and fluoresced red.
In apoptotic cells, the fluores-
cent molecules remained in the
cytoplasm and fluoresced green
(magnification: 200x). (D) Re-
presentative pictures of TUNEL
analysis of SkMCs treated by apo-
ptosis inducers, followed by coun-
terstaining with methyl green—
pyronin. Healthy cells are pink, and
apoptotic cells are brown. Scale
bar=100 um. (E) Typical western
blot of CSDA in SkMCs treated by
apoptosis inducers. These cultures
were incubated under normoxic
conditions for 3 days. P.C. indicates
cell lysates that overexpressed
CSDA under normoxic conditions.
(F) Fold increase in endogenous
CSDA expression shown in Figure
1E compared with the positive
control; n=4. There was no signifi-
cant change compared with the
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or necrotic cells as assessed by staining (Supplementary Fig. S2A
and B). Autophagy of SkMCs was assessed by western blot of
LC-3 and Atg-12. These autophagy markers were increased at 1
day of hypoxia, but then decreased rapidly (Supplementary Fig.
S2C). These results suggest that CSDA expression changed under
hypoxic conditions and was correlated with cell damage (apo-
ptosis and, to a lesser extent, necrosis).

Regulation of VEGF-A secretion from SkMCs
by CSDA

In SkMCs cultured under hypoxic conditions, the mRNA
expression levels of HIF-1a were strongly upregulated at day
1 of hypoxia (n=4; Fig. 3A) and those of VEGF-A were up-
regulated at 3 days of hypoxia, after which they decreased
significantly (n =4; Fig. 3B). The corresponding protein levels
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changed in parallel with mRNA levels (Fig. 3C-E). These
changes in VEGF-A and HIF-1a expression seemed to behave
in the opposite direction of that of CSDA.

Previously, we and others reported that CSDA can inhibit
VEGE-A promoter activity by competitively binding to HRE
in endothelial cells (3). In SkMCs, VEGF promoter activity
significantly increased under hypoxic conditions, but over-
expression of CSDA significantly repressed this increase
when compared with control hypoxia (p <0.05; Fig. 3F). Un-
der normoxic conditions, depletion of CSDA by shCSDA in-
creased VEGF promoter activity significantly up to the level
induced by hypoxia. Further, under hypoxic conditions,
shCSDA increased VEGF promoter activity far above the
shSC level of hypoxia (p<0.05; Fig. 3G). Overexpressed
CSDA decreased VEGF-A secretion (p<0.05; Fig. 3H),
and depletion of CSDA expression significantly increased
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VEGF-A secretion (p <0.05; Fig. 3I) when compared with the
control or shSC. Clearly, VEGF secretion was not strongly
affected by overexpression of CSDA when compared with the
change in VEGF promoter activity. These results suggest that
another mechanism of regulation of VEGF-A may exist; in-
deed, HIF-independent regulation of VEGF-A has been pre-
viously reported (1). However, depletion of CSDA resulted in
a 60% upregulation of VEGF-A secretion under hypoxic
conditions. These data suggest that HIF-1a expression and
activity are possibly affected by hypoxia-induced CSDA
competition, resulting in the repression of VEGF-A secretion.

DNA binding of CSDA to the NFkB-binding element
and regulation of NFkB activity

Nuclear factor kB (NFxB) is an important molecule for
angiogenesis, because NFxB activation has the potential to

Normoxia

Hypoxia

induce HIF-1o (10, 19), and NF«B activation is followed by the
activation of several angiogenic cytokines (11, 13). Because
cold shock domain (CSD) proteins can bind CT-rich DNA
sequences (26), we tested the hypothesis that CSDA can
directly bind the NFxB-binding element (BE) to repress the
activation of several cytokines (Supplementary Fig. S3). Im-
munofluorescence staining of SkMCs by anti-p65 antibody
demonstrated that p65 was translocated into the nucleus at 1
day of hypoxia (Fig. 4A). The expression of NFkB mRNA in
SkMCs was upregulated at day 1, as quantified by real-time
quantitative PCR (n=4; Fig. 4B). NF«xB activation can be
quantified by the phosphorylation of p65 at multiple serine
sites by some protein kinases (16). NF«kB (p65) was phos-
phorylated in the nuclei of SkMCs under hypoxic conditions
atday 1, whereas the total NFxB protein level was not altered
by hypoxia (Fig. 4C). These results suggest that NF«B in
SkMCs was activated by hypoxia. Gel mobility shift assays
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demonstrated that hypoxia increases NFkB DNA-binding
activity, and this band was supershifted using p65 antibody
(Fig. 4D). Overexpression of the CSDA gene increased specific
binding to the consensus NF«xB-BE, but not to mutant NF«xB-
BE. Further, preincubation of nuclear extract with anti-CSDA
antibody blocked the formation of the CSDA-NF«xB-BE com-
plex (Fig. 4E), as previously reported (3, 4). These results in-
dicate that CSDA can compete with NF«B and directly bind
the NFxB-BE. We further examined the effect of CSDA ex-
pression on NFxB-BE activity in SkMCs using an NFxB-BE-
luciferase reporter gene. Overexpressed CSDA significantly
decreased hypoxia-induced NFxB-BE activity to the level of
normoxia (p<0.05; Fig. 4F), and depletion of CSDA by
shCSDA significantly increased NFxB-BE activity over the
normoxia level (p <0.05; Fig. 4G).

Hypoxia

Normoxia Hypoxia

Regulation of IL-6 and IL-8 secretion from SkMCs
by CSDA

Next, we examined the expression and secretion of inter-
leukin (IL)-6 and IL-8 from SkMCs, because NF«B can regu-
late these angiogenic cytokines (5) and it has been reported
that these cytokines are secreted from skeletal muscle (18, 30).
The expression levels of IL-6 and IL-8 mRNA were upregu-
lated at day 1 of hypoxia, as quantified by real-time quanti-
tative PCR (n=4; Fig. 5A and B). Overexpressed CSDA
decreased IL-6 and IL-8 secretion when compared with the
control (p <0.05; Fig. 5C and D), and depletion of CSDA sig-
nificantly increased IL-6 and IL-8 secretion when compared
with shSC (p <0.05; Fig. 5E and F). The changes in NF«B, IL-6,
and IL-8 expression levels appeared to be similar to those of



2114
< 60 L6 § 20 IL-8
k=] 8 R
o $o 1
52 40 8o
X x = 12
<2 . :2
£520 £5 s

@ o
(303 . (33 4 .
A Q@
= 0 2 0

0 8 1d 3d 7d 0 B8h 1d 3d 7d
Time of Hypoxia Time of Hypoxia

C wr L6 D s L8

3 g 400

B >

< < 300

@ *®

2 =

2 2100

0 0
control CSDA control CSDA control CSDA control CSDA
Normoxia Hypoxia Normoxia Hypoxia
1

E 300 - L6 . F 400 I8 t

? =

5 5

& =4

@ A

= ]

c c

© ®

£ €

2 2

0
shSC shRNA shSC shRNA shSC shRNA shSC shRNA

Normoxia Hypoxia Normoxia Hypoxia

FIG. 5. CSDA regulates IL-6 and IL-8 secretions from
SkM(Cs. (A, B) Expression of endogenous IL-6 (A) and IL-8 (B)
in SkMCs after Oh, 8h, and 1, 3, and 7 days of hypoxia. n=4;
*p <0.05 versus 0 h. (C, D) Effect of CSDA plasmid on IL-6 (C)
or IL-8 (D) secretion from SkMCs during normoxic or hypoxic
conditions for 1 day. (E, F) Effect of s\CSDA on IL-6 (E) or IL-8
(F) secretion from SkMCs during normoxia or hypoxia for 1
day. n=6; *p<0.05 versus control or shSC of normoxia;
19 <0.05 versus control or shSC of hypoxia. GFP plasmid or
shSC plasmid was transfected as a control. IL, interleukin.

HIF-1¢ and VEGF-A and behaved in the opposite direction of
that of CSDA.

Effects of CSDA on in vitro angiogenesis

To confirm the effect of CSDA on angiogenesis, a tube
formation assay using an angiogenesis assay kit was per-
formed with endothelial aortic cells. The tube-like structures
were decreased in the CSDA group, but were increased in the
shCSDA group (Fig. 6A). Quantitative analysis of the total
tube length confirmed that there was a significant increase in
tube formation by gene transfer of shCSDA when compared
with the group with no treatment (Fig. 6B).

These results suggest that CSDA can regulate the angio-
genesis response induced by VEGF-A, IL-6, and IL-8 secretion
in SkMCs via blocking HRE and NFxB-BE activation.

Gene therapy with RNAI targeting CSDA in vivo

On the basis of our in vitro data, we assessed the hypothesis
that Csda knockdown would stimulate angiogenesis and alter
ischemia. To test this concept, a hindlimb ischemia mouse
model was created, and the shCSDA plasmid was transfected
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into ischemic muscle tissue using the ultrasound-sonopora-
tion method (27). In the control group, the expression of CSDA
mRNA was downregulated at day 7 but was upregulated at
day 25. Depletion of Csda by shCSDA resulted in 78.8% re-
pression of CSDA mRNA level at day 25 (n=4; Fig. 7A).

Figure 7B shows representative laser Doppler imaging (LDI)
images of hindlimb blood flow at days 4 and 28 after surgery,
and only the shCSDA group was observed to have high per-
fusion in the operated side limb (Fig. 7B, white arrow; images of
other groups not shown). Depletion of CSDA by shCSDA re-
sulted in a significant improvement in the ratio of ischemic/
nonischemic limb blood flow from 25 days after surgery, al-
though serial LDI examinations revealed the continuity of is-
chemia in the other groups (p <0.05; Fig. 7C). To investigate the
degree of angiogenesis at the microcirculation level, histologi-
cal sections were harvested from ischemic skeletal tissues and
stained with the endothelial cell markers von Willebrand Fac-
tor (Fig. 7D) and CD31 (Fig. 7E). The capillary density in these
sections was significantly increased in the shCSDA group
compared with the control group (p<0.05; Fig. 7F). In the
control group, the CSDA expression was detected in SkMCs
but not in endothelial cells, whereas expression of CSDA pro-
tein was downregulated by gene transfer of shCSDA (Fig. 8A).
We investigated whether depletion of CSDA could accelerate
the angiogenic process in vivo by analyzing ischemic muscle
tissues at days 0, 7, and 25 after surgery. The expression levels
of HIF-1o. and NFkB mRNA in the control group were in-
creased at day 7 but decreased at day 25. Further, depletion of
CSDA by shCSDA significantly upregulated the mRNA ex-
pression levels of these molecules at day 25 (n=4; Fig. 8B and
C). Further, the mRNA expression levels of VEGF-A, IL-6, and
the mouse IL-8 functional homolog, CXCL2, followed the
changes in HIF-1o. and NFxB mRNA (n=4; Fig. 9A-C). VEGF-
A, IL-6, and CXCL2 secretions from muscle tissue were sig-
nificantly increased in the shCSDA group compared with the
control group at day 25 (p <0.05; Fig. 9D-F).

These data strongly suggest that RNAi targeting of CSDA
could promote angiogenesis via the activation of HRE and
NFxB-BE without direct transfer of angiogenic factors in vivo.

Discussion

In this study, we propose a novel mechanism for the neo-
vascularization of ischemic skeletal muscle induced by mus-
cle-derived angiogenic factors (Supplementary Fig. S4). We
revealed that skeletal muscle has the potential to produce
angiogenic factors (i.e., VEGF-A, IL-6, and IL-8), but the se-
cretion of these molecules is inhibited by a negative regulator
of angiogenesis, CSDA, via repression of HRE and NFxB-BE.
CSDA represses the secretion of angiogenic molecules (VEGF-
A, IL-6, and IL8) from skeletal muscle and limits the paracrine
effect of these molecules to endothelial cells. Further, RNAi
targeting of CSDA was an effective therapy to enhance the
potential of endogenous angiogenic molecules and to pro-
mote angiogenesis in a hindlimb ischemia mouse model.

CSDA (also known as dbpA) is a member of the Y-
box-binding protein family (22) that is characterized by a
common DNA/RNA-binding region called the CSD (31).
CSD proteins have multiple functions, including the regula-
tion of transcription and translation (14). CSDA can bind to
CT-rich DNA sequences (26) (i.e., HRE [3], G-CSF promoter
[4], and SRE [20]). In the present study, we found that CSDA
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can bind a new target, the NFxB-BE, and compete with NFxB
to repress its activity. NF«B is the key regulator of many ILs
and growth factors (e.g., IL-6, IL-8, and granulocyte-colony
stimulating factor), cytokines, cell adhesion receptors (e.g.,
inter-cellular adhesion molecule-1 and vascular cell adhesion
molecule-1), immunomodulatory proteins, and other proteins
(e.g., myosin heavy chains and matrix metalloproteinases) (5)
and plays an important role in neovascularization. Further,
NFxB mediates VEGF-A secretion via activation of HIF-1« (10,
19). Because NF«B is induced by VEGF-A (5), NFxB and VEGF-
A form a positive autoregulatory loop. However, endogenous
CSDA can repress both NF«B activity and VEGF-A secretion
via independent mechanisms, and this synergistic activation of
neovascularization is inhibited by CSDA. On the basis of these
findings, we now recognize CSDA as a critical endogenous
angiogenesis inhibitor.

The activities of many angiogenic factors have been inves-
tigated in many limb-ischemia animal models (8, 28). On the
basis of these preclinical data, several angiogenic factors, in-
cluding VEGF-A and fibroblast growth factor-2, have been
tested in PAD patients (28). Despite claims of success in early,
small, open-label trials, all double-blind, randomized, placebo-
controlled trials reported to date have failed to conclusively
show a clinical benefit (28). This difference between preclinical
and clinical study results is a very important problem for
therapeutic angiogenesis. Thus, a reasonable mechanism is
required to explain this problem and to advance therapeutic
efforts. Thus, we focused on control of the local balance be-
tween angiogenesis stimulators and inhibitors to achieve clin-
ical benefits. On the basis of our results, we believe that CSDA
is a critical endogenous angiogenesis inhibitor. The strategy of
knocking down CSDA is reasonable for changing the local
balance of angiogenic regulators, and it may be possible to
improve upon classical gene therapy for PAD using this strat-
egy. Further, an analysis of endogenous CSDA in PAD patients
may help to determine a treatment, strategy, especially to de-
cide whether a PAD patient is a responder or nonresponder of

angiogenic factors during the pretreatment assessment, which
could increase the success of therapeutic angiogenesis.

The CSDA promoter region contains transcription factor-
binding motifs for SRE, Sp-1, Oct-4, and the E-box (12). Inter-
estingly, under normoxic conditions, the regulation of CSDA
expression in skeletal muscle can be explained by the E-box
sequence. MyoD], which binds to the E-box, can regulate the
gene expression of various muscle proteins, including myosin
heavy chain, myosin light chain, and a-cardiac actin, in coop-
eration with the serum-response factor and Sp-1 transcription
factor (9, 15, 23). Our study demonstrated that CSDA was
downregulated in the early ischemia phase in vivo, which re-
sulted in the upregulation of HRE and NFxB-BE activity, which
then increased the secretion of angiogenic factors. The rapid
adaptation by the activation of HRE and the NF«B-BE during
the acute phase was not sustained; in the late phase, CSDA
expression was upregulated. Every growth factor was silenced,
and finally, the original expression of CSDA was reversed by
SRE self-regulation. These data suggest that CSDA is tightly
controlled during hypoxic (ischemic) conditions as an endog-
enous angiogenesis inhibitor. CSDA knockdown appears to be
a promising and novel gene therapy strategy to promote an-
giogenesis through the modulation of biological mechanisms.

In conclusion, the present study demonstrates that CSDA has a
potent effect as an endogenous angiogenesis inhibitor in skeletal
muscle and that RNAi targeting of CSDA appears to be a novel
and promising strategy for improved gene therapy for PAD. We
believe that the results of our present study will lead to new fields
of research for angiogenesis and gene therapy development.

Materials and Methods

Cell culture

Human SkMCs were purchased from Lonza and maintained
in skeletal muscle growth medium (Lonza) supplemented with
10% fetal bovine serum and skeletal muscle growth supplement
(including rhEGF, insulin, GA-1000, fetuin, dexamethasone, and
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bovine serum albumin). Cell quality was confirmed by im-
munofluorescence analysis (Supplementary Fig. S5). Cultures
were incubated at 37°C in a humidified atmosphere of 95% air
and 5% CO,, and the medium was exchanged every 2 days.
The cells at passages 5-8 were used in experiments. Hypoxic
conditions were created using the AnaeroPack system (Mit-
subishi Gas Chemical Company, Inc.), and cultures were in-
cubated without changing the medium under continuous
hypoxic conditions as measured by an anaerobic indicator
(Becton, Dickinson and Company). The cells were transfected
with the LipoTrust™ EX Gene reagent (Hokkaido System
Science Co., Ltd.). Apoptosis was induced by actinomycin D
(10 uM), camptothecin (2 uM), and etoposide (100 M) ac-
cording to the manufacturer’s instructions (BioVision, Inc.).

Plasmid construct

The mouse CSDA plasmid was subcloned into the mam-
malian expression vector pcDNA3.1 (Invitrogen), which
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FIG. 7. Gene therapy with
shRNA targeting CSDA induces
angiogenesis in vivo. (A) Ex-
pression of endogenous CSDA of
ischemic skeletal muscle tissue on
days 0, 7, and 25 without gene
transfer and day 25 with shCSDA
transfer after surgery. n=4;
*p<0.05 versus 0 day; 'p<0.05
versus 25 days without gene
transfer. (B) Representative image
of peripheral blood flow analyzed
by LDI on days 4 and 28 after
surgery. The left-side hind limb
received surgery, and the right-
side one was untreated. Color-
coded images represent blood
flow distribution; low or no
perfusion is displayed as blue,
whereas the highest perfusion is
displayed as red (white arrow). (C)
Quantitative analysis of blood
flow in hind limbs is expressed as
the perfusion ratio of the ischemic
hind limb to the untreated oppo-
site limb on days 0, 4, 7, 13, 18, 21,
25, and 28 after surgery. n=6;
*p <0.05 versus every other group.
(D, E) Representative image of
immunofluorescence stains for
vWF (D) or CD31 (E) in cross-
sections of ischemic tissue at day
28. Scale bar=100 um. (F) Capil-
* lary density in cross-sections of
ischemic tissue immunostained
with CD31 antibody. *p<0.05
versus control. LDI, laser Doppler
imaging; shRNA, short-hairpin
RNA; vWF, von Willebrand
Factor.

shCSDA

contains an influenza hemagglutinin tag (19). The pGene-
Clip™ Neomycin Vector (Promega), which expresses short-
hairpin RNA (shRNA), was used for shRNA targeting of
CSDA (shCSDA) and scramble (shSC) after inserting pairs of
annealed DNA oligonucleotides. The sequence of the insert
for the shRNA targeting CSDA (sense) was 5'-tctcGGA
GAAACTG-TGAGTTTGATcttcctgtcaATCAAACTCTACAG
TTTCTCCct-3".

Real-time quantitative PCR

mRNA expression levels were measured by real-time
quantitative PCR. Total RNA was extracted using Isogen
(Nippon Gene). Complementary DNA was synthesized using
the Thermo Script RT-PCR System (Invitrogen). Real-time
quantitative PCR was performed using TagMan Gene Ex-
pression Assays (human VEGF-A, Hs00900054; human HIF-
1o, Hs00153153; human CSDA, Hs01124964; human NFxB,
Hs00153294; human f-actin, 99999903; mouse VEGF-A,
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control

A

CSDA

FIG. 8. HIF-la and NFkB
mRNA is upregulated by
CSDA depletion in vivo. (A)
Representative image of immu-
nofluorescence stains for CSDA
in cross-sections of ischemic
tissue at day 28. Scale bar=100
pm. (B, C) Expression levels of
endogenous HIF-1oo (B) and
NFkB (p65) (C) of ischemic
skeletal muscle tissue on days 0,
7, and 25 without gene transfer
and on day 25 with shCSDA
transfer after surgery. n=4;
*»<0.05 versus 0 day; 'p<0.05
versus 25 days without gene
transfer.

DAPI

Merge

Mm00437304; mouse HIF-1a, Mm00468869; mouse CSDA,
MmO00516166; mouse NFxB, Mm00501346; mouse f-actin,
Mm00607939; Applied Biosystems). The absolute number of
gene copies was normalized using f-actin and standardized
by a sample standard curve.

Western blotting

Nuclear extracts were prepared using NE-PER™ (Prome-
ga). Whole-cell lysates and nuclear extracts (40 ug) were re-
solved by SDS-polyacrylamide gel electrophoresis. Proteins
were transferred onto a nitrocellulose membrane using iBlot™
(Invitrogen) and then incubated with primary antibody fol-
lowed by an antirabbit immunoglobulin G-horseradish per-
oxidase secondary antibody (GE Healthcare UK Ltd.). Specific
proteins were detected with enhanced chemiluminescence
(GE Healthcare UK Ltd.). We used the following primary
antibodies: VEGF-A (Santa Cruz Biotechnology, Inc.), HIF-1a
(Invitrogen), CSDA (Aviva Systems Biology), phospho-spe-
cific or total NFxB (p65) (Cell Signaling Technology), LC-3
(Medical & Biological Laboratories Co., Ltd.), Atg-12 (Medical &
Biological Laboratories Co., Ltd.), and actin (Sigma). To quantify
and compare protein levels, the density of each band was mea-
sured by densitometry. Western blot of cytochrome ¢ was per-
formed using a Cytochrome c Releasing Apoptosis Assay kit
(BioVision, Inc.) according to the manufacturer’s protocol.

Evaluation of apoptosis and necrosis

We used the MitoCapture Apoptosis Detection kit (BioVi-
sion, Inc.) to detect disruptions in the mitochondrial trans-
membrane potential. To confirm differences between
apoptosis and necrosis, we used a Green Fluorescence Protein
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(GFP)-Certified Apoptosis/Necrosis Detection kit (Enzo Life
Sciences International, Inc.) according to the manufacturer’s
instructions. TUNEL labeling was performed using the In Situ
Apoptosis Detection kit (Takara), according to the manufac-
turer’s protocol, in combination with immunostaining for the
appropriate cell marker. Counterstaining was performed us-
ing methyl green—pyronin. Propidium iodide (PI) staining
was performed as previously described (17). Briefly, the cells
were also stained with Hoechst 33258 (bisbenzimide, 10 M;
Invitrogen) and PI (10 M; Sigma), because Hoechst 33258
stains all nuclei and PI stains the nuclei of cells with disrupted
plasma membranes. The nuclei of viable, necrotic, and apo-
ptotic cells were observed as blue intact nuclei, red round
nuclei, and fragmented (or condensed) nuclei, respectively,
under fluorescence microscopy.

VEGF promoter and NFxB assay

We determined the activity of the VEGF promoter and
NF«B by cotransfecting cells with a luciferase reporter gene
connected to the corresponding element (Clontech Labora-
tories, Inc.). Four hours after transfection, transfected cells
were incubated with serum-free medium or conditioned
medium. The cells were washed with phosphate-buffered
saline and lysed for 5min with 100 ul of cell lysis buffer at
37°C. Then, 20 pl of cell extract was mixed with 100yl of lu-
ciferase assay reagent, and the light produced was measured
for 30 s with a luminometer.

Enzyme immunoassay

The protein levels of human and mouse VEGF-A, human and
mouse IL-6, human IL-8, and mouse CXCL2 were measured by
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FIG. 9. Depletion of CSDA increases angiogenic mole-

cule secretions in vivo. (A-C) Expression levels of endoge-
nous VEGF-A (A), IL-6 (B), and IL-8 (C) of ischemic skeletal
muscle tissue on days 0, 7, and 25 without gene transfer and
on day 25 with shCSDA transfer after surgery. n=4; *p<0.05
versus 0 day; 'p<0.05 versus 25 days without gene transfer.
(D-F) Effect of shCSDA on VEGE-A (D), IL-6 (E), and CXCL2
(F) secretion from ischemic skeletal muscle tissue at day 25
after surgery. n=6; *p <0.05 versus control.

enzyme immunoassay (R&D Systems) according to the manu-
facturer’s instructions (Invitrogen).

Immunofluorescence analysis

Immunofluorescence analysis was performed as previ-
ously described (21). The sections were stained with primary
antibodies, including CSDA (Aviva Systems Biology), caspase
3 (Medical & Biological Laboratories Co., Ltd.), CD31 (Santa
Cruz Biotechnology, Inc.), terminal deoxyribonucleotidyl
transferase (Thermo Fisher Scientific Anatomical Pathology),
NFxB (Santa Cruz Biotechnology, Inc.), von Willebrand Fac-
tor (Dako), actin (Abcam), myosin heavy chain (Abcam),
desmin (Abcam), and MyoD1 (Abcam). Corresponding sec-
ondary antibodies were labeled with AlexaFluor555 or 488
(Molecular Probes).

Gel mobility shift analysis, competition,
and antibody analysis

Nuclear extracts were prepared from cultured SkMCs with
or without overexpressed CSDA using NE-PER (Promega).
A gel retardation assay was performed using a Gel Shift
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Assay System (Promega) according to the manufacturer’s
instructions (with some modifications), a double-stranded
NFxB-BE-consensus oligodeoxynucleotide, 5-AGTTGAG
GGG-ACTTTCCCAGGC-3’, and an NFxB-BE-mutant oligo-
deoxynucleotide, 5-AGTTGAGGCGACTTTCCCAGGC-3’
(Santa Cruz Biotechnology, Inc.). Antibody experiments
were performed by the addition of protein and NF«B anti-
body (Santa Cruz Biotechnology, Inc.), CSDA antibody
(Aviva Systems Biology), or HA antibody (Santa Cruz Bio-
technology, Inc.).

Tube formation assay

A human aortic endothelial cell tube formation assay was
conducted in triplicate using an Angiogenesis kit (Kurabo)
according to the manufacturer’s instructions. Briefly, cells
were transfected with CSDA, shCSDA, or GFP and cultured
with or without VEGF-A (10 ng/ml) or suramin (50 uM) un-
der normoxic conditions. After 10 days of incubation, the cells
were stained with monoclonal antihuman CD31 antibody.
The stained cells were photographed, and tubule-like struc-
tures in the images were analyzed for the length of tube for-
mation using an Angiogenesis Image Analyzer (Kurabo).

Mouse hindlimb ischemic model and gene
transfer protocol

All animal protocols were approved by the Animal Ethics
Committee of Asahikawa Medical College. Wild-type male
C57BL/6] mice were anesthetized with 1.5%-2.5% isoflurane
in a mixture of air, and unilateral hindlimb ischemia was in-
duced as previously described (24), with some modifications.
Briefly, the common iliac artery near the aortic bifurcation,
internal iliac artery, deep femoral artery, and superficial
femoral artery were ligated, the ligated area was removed,
and all side branches were dissected free. A total of 30 mice
were randomly assigned to one of five groups: shCSDA
plasmid (200 ug/0.1ml; inserted on pGeneClip Neomycin
Vector), GFP plasmid as a control (200 ug/0.1 ml; inserted on
pcDNA3.1), saline (0.1 ml), shSC plasmid (200 ug/0.1 ml; in-
serted on pGeneClip Neomycin Vector), and sham operation.
Plasmids or saline were injected intramuscularly using a 30-
gauge needle on days 4, 7, 13, 18, 21, and 25 after surgery.
Injected plasmids were transfected by a microbubble-en-
hanced ultrasound method as previously described (27).
Blood flow was determined by LDI (Moor Instruments), and
capillary density within the ischemic thigh adductor skeletal
muscles was determined for the angiogenesis analysis (29).

Statistical analysis

All results are expressed as the means +standard error of
mean. Data were compared using the unpaired Student’s
t-test for comparisons between two groups. Analysis of vari-
ance followed by Dunnett’s test was used for pairwise
comparisons against the control, and Tukey’s test was used
for multiple comparisons. Differences were considered sig-
nificant at p <0.05.
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BE =binding element
CSD = cold shock domain
CSDA = cold shock domain protein A
DAPI =4’,6-diamino-2-phenylindole
GFP =green fluorescence protein
HIF = hypoxia inducible factor
HRE = hypoxia response element
IL = interleukin
LDI = laser Doppler imaging
mRNA = messenger RNA
NF«B =nuclear factor kB
PAD = peripheral arterial disease
PI = propidium iodide
RNAi =RNA interference
shRNA = short-hairpin RNA
SkMC = skeletal muscle cell
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Hokkaido 078-8510 SRE = serum response element
Japan TUNEL = terminal deoxynucleotidyl transferase
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dUTP nick and labeling
VEGF = vascular endothelial growth factor
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