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Figure 1. ecSOD gene transfer promotes blood flow recovery and angiogenesis in hindlimb ischemia model. A. C57BL/6J mice were
subjected to unilateral hindlimb ischemic surgery and adenoviral injection (Ad.LacZ or Ad.ecSOD or Ad.ecSOD-AHBD, 1x10° pfu) into adductor
muscle was performed at immediately after surgery. Hindlimb blood flow recovery was measured by relative values of laser Doppler perfusion
between ischemic and non-ischemic legs at day14 (n=5-6). B. Representative Western blots of adductor muscle lysates obtained after adenoviral
injection at day 3 probed by anti-human ecSOD or anti-o-tubulin antibodies. C. Mouse adductor muscle tissues were stained by simplicifolia lectin to
detect capillaries at day7 after ischemia. Capillary density was quantitated as the number of capillaries per muscle fibers. (n =4). Bar indicates 50 pm.
*p<0.05 vs. Ad.LacZ.

doi:10.1371/journal.pone.0010189.g001
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Figure 2. ecSOD increases H,0, levels in non-ischemic and ischemic limbs in hindlimb ischemia model. H;0, levels in non-ischemic and
ischemic adductor muscles were measured by Amplex Red from WT mice after adenoviral injection (Ad.LacZ or Ad.ecSOD or Ad.ecSOD-AHBD, 1x10°
pfu) (A), or from WT and ecSOD ™/~ mice (B) at day 3 (n =4-6). The values were normalized by tissue weights and expressed as fold change over LacZ

(A) or WT (B) of non-ischemic sites. *p<<0.05 vs. LacZ (A) or WT (B).
doi:10.1371/journal.pone.0010189.g002

ecSOD-derived HyO4 in VEGF signaling in ECs. Figure 3A shows
that infection of HUVECs with Ad.ecSOD significantly enhanced
VEGF-induced VEGFR2 autophosphorylation without affecting
basal phosphorylation. By contrast, Ad.ecSOD-AHBD had no
effects on this response under the condition in which both ecSOD
and ecSOD-AHBD were expressed in cell lysates to similar extent
(Fig. 3B). We also verified the protein expression and activity of
both ecSOD and ecSOD-AHBD in cultured media (Fig. SI).

'@ PL0S ONE | www.plosone.org

These suggest that newly synthesized ecSOD proteins pass
through intracellular secretory pathway to the extracellular space,
and that ecSOD bound to ECs surface via HBD, but not ecSOD
inside the cells, is required for facilitating VEGF-induced
VEGFR2-pY. Consistently, conditioned media of Ad.ecSOD-
infected ECs also augmented VEGF-induced receptor phosphor-
ylation (Fig. 3D). Of note, short-term pretreatment with the HyO,-
detoxifying enzyme catalase that does not enter the cells prevented
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Figure 3. Extracellular H,O, generated by ecSOD enhances VEGF-induced VEGFR2 autophosphorylation, in a HBD-dependent
manner, in ECs. A and B. HUVECs were infected with Ad.ecSOD or Ad.LacZ (A and B) or Ad.ecSOD-AHBD (B), and stimulated with VEGF (20 ng/ml)
for 5 min. Lysates were immunoprecipitated (IP) with anti-VEGFR2 antibody (Ab), followed by immunoblotted (IB) with anti-phospho-tyrosine (pTyr)
Ab to measure VEGFR2-pY. The same lysates were IB with anti-VEGFR2 or ecSOD Abs (n = 3-4). C. HUVECs infected with Ad.LacZ or Ad.ecSOD were
pretreated with catalase (500 U/ml) for 1 hr to scavenge extracellular H,O,, and then stimulated with VEGF (20 ng/ml) for 5 min. Lysates were used for
measurement of VEGFR2-pY or total VEGFR2 or ecSOD expression (n=4). D. HUVECs were incubated with conditioned media (CM) obtained from
Ad.ecSOD or Ad.LacZ-infected HUVECs for 15 min, and stimulated with VEGF (20 ng/ml) for 5 min. Some cells were pretreated with catalase (500 U/
ml) for 15 min to scavenge extracellular H,0, before CM addition. Lysates were used for measurement of VEGFR2-pY or total VEGFR2 (n =3). Bottom
panel shows averaged data; expressed as fold change over basal (means * S.E.). *p<0.05 vs. Ad.LacZ+VEGF. # p<0.05.
doi:10.1371/journal.pone.0010189.g003
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the effects induced by Ad.ecSOD (Fig. 3C) and conditioned media
of Ad.ecSOD-infected ECs (Fig. 3D). By contrast, this exogenous
catalase treatment had no effects on VEGF-induced VEGFR2
phosphorylation in LacZ-infected ECs. Either exogenous applica-
tion of HyO, (<500 uM) which is diffusible (Fig. S2), or NO donor
DETA-NO (Fig. S3) had no effects on both basal and VEGF-
induced VEGFR2-pY, while higher concentration of HyO; (at
500 uM) only enhanced VEGF-induced this response (Fig. S2).
We found that concentration of HyO, in culture medium in
Ad.ecSOD-infected ECs was at around 1 pM, as measured by
Amplex Red. These suggest that extracellular HyO, derived from
ecSOD anchored to ECs surface via HBD is produced locally to
promote VEGFR2 phosphorylation.

We next examined whether ecSOD increases HyO, levels in
ECs using DCF-DA that detects intracellular peroxides including
Hy0,. Figure 4 shows that overexpression of ecSOD, but not
ecSOD-AHBD, increased DCF fluorescence compared to Ad.-
LacZ-infected cells. Note that some of ecSOD-derived Hy;O,
signals accumulated at plasma membrane, and that short-term
treatment of exogenous catalase inhibited ecSOD-induced DCF
signal. We confirmed that pretreatment of ECs with polyethylene
glycol (PEG)-catalase that enters the cells before loading DCF-DA
abolished the fluorescence signals in basal state, as reported
previously [38]. Taken together, these suggest that ecSOD binding
to ECs via HBD is required to generate extracellular HyO,, which
enters the cells to regulate VEGF signaling.

ecSOD localized in caveolae/lipid rafis via HBD enhances VEGF-induced
VEGFR? autophoshorylation in these microdomains. Since HyO, is highly
diffusible, and some core proteins of HSPGs and VEGFR2 are
localized in caveolae/lipid rafts [19,20,28], we next examined
whether ecSOD-induced regulation of VEGFR2 may occur in
these microdomains. Sucrose gradient fractionation confirmed
that VEGFR2 was localized in caveolin-1-enriched, low density
lipid rafts fraction 46 (Fig. 5A). Intriguingly, ecSOD overexpres-
sion increased its localization in both caveolae/lipid rafts and non-
caveolae/lipid rafts fractions (Fraction 9-13), while ecSOD-
AHBD was found only in non-caveolae/lipid rafts (Fig. 5A). We
verified the expression of both ecSOD and ecSOD-AHBD in total
lysates (Fig. S4A). These indicate that HBD of ecSOD is required
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for its localization in lipid rafts, and that non-lipid rafts-localized
ecSOD and ecSOD-AHBD may mainly represent their expression
in the intracellular secretory pathway before secretion to the
extracellular space. We also confirmed that endogenous ecSOD is
found in caveolae/lipid rafts in mouse lung tissue which highly
expresses ecSOD (Fig. S4B). Figure 5B shows that ecSOD
overexpression selectively enhanced VEGF-induced VEGFR2
phosphorylation in caveolae/lipid rafts, but not non-caveolae/
lipid rafts. Disruption of caveolae/lipid rafts by pretreatment with
cholesterol-binding agent, methyl-B-cyclodextrin (MBCD) [19,39],
enhanced VEGF-induced VEGFR2 tyrosine phosphorylation, but
completely inhibited ecSOD effects (Fig. S5). These suggest that
ecSOD-induced augmentation of VEGFR2 activation is depen-
dent on integrity of caveolae/lipid rafts.

PTPs inhibition prevents ecSOD-induced enhancement of VEGF-induced
VEGFR? autophosphorylation. To determine the mechanism by which
ecSOD enhances VEGFR2 autophosphorylation, we examined
whether ecSOD-derived HyO, may inactivate PTPs such as DEP-
1 and PTPI1B, which negatively regulate VEGFR2 activation
[24,25]. Figure 6 shows that inhibition of PTPs by sodium
orthovanadate (SOV) (Fig. 6A); or knockdown of either DEP-1 or
PTPIB, or both proteins with siRNAs (Fig. 6B), significantly
enhanced VEGF-induced VEGFR2-pY in LacZ infected cells.
Either SOV or double knockdown of DEP1 and PTPI1B almost
completely prevented ecSOD-induced enhancement of VEGFR2
phosphorylation (Fig. 6A and 6B), while either DEP-1 siRNA or
PTPIB siRNA alone partially but significantly blocked ecSOD
effects. All these treatments had no effects on basal VEGFR2
phosphorylation (data not shown). These results suggest that
ecSOD-induced enhancement of VEGF-induced VEGFR2-pY is
mediated at least through inhibition of DEP-1 and/or PTP1B.

ecSOD induces oxidative inactivation of DEP1 and PTP1B
localized in caveolae/lipid rafts

Since PTPs are inactivated by ROS via reactive Cys oxidation
[4,5], we next examined whether DEP1 and PTP1B are localized
in caveolin-enriched lipid rafts, and oxidized by ecSOD.
Figure 7A shows that both DEP1 and PTPI1B are found in both
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Figure 4. ecSOD increases H,0, levels, in a HBD-dependent manner, in ECs. DCF fluorescence was measured by confocal microscopy in
HUVECs infected with Ad.LacZ, Ad.ecSOD pretreated with or without catalase (500 U/ml, for 1 hr), or Ad.ecSOD-AHBD. Arrows indicate plasma
membrane DCF staining. Lower panel shows the average of DCF fluorescence at 4 different fields (x63) (n=4). * p<0.05 vs. Ad.LacZ.

doi:10.1371/journal.pone.0010189.g004
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Figure 5. ecSOD localized in caveolael/lipid rafts via HBD enhances VEGF-induced VEGFR2 autophoshorylation in these
microdomains. A. After sucrose gradient centrifugation to isolate caveolae/lipid rafts, equal volume of each fraction from top to bottom (total 13
fractions) was IB with anti-VEGFR2, caveolin-1, or paxillin Abs (upper panel). In lower panel, Ad.LacZ or Ad.ecSOD or Ad.ecSOD-AHBD-infected
HUVECs were used for caveolae/lipid rafts isolation, and each fraction was IB with anti-ecSOD or caveolin-1 Abs. B. Ad.LacZ or Ad.ecSOD-infected
HUVECs were stimulated with VEGF (20 ng/ml) for 5 min, and followed by caveolae/lipid rafts fractionation. Equal amounts of proteins from pooled
Fraction 4-6 (caveolae/lipid rafts) and Fraction 9-13 (non-caveolae/lipid rafts) were IB with anti-VEGFR2-pY1175, total VEGFR2 or caveolin-1 Abs
(n=3). *p<0.05.

doi:10.1371/journal.pone.0010189.g005

o

caveolae/lipid rafts and non-caveolae/lipid rafts fractions, and and PTPIB in lipid rafts fraction. These suggest that extracellular
that ecSOD overexpression decreased their PTP activity in H,0, generated by ecSOD induces oxidative inactivation of
caveolae/lipid rafts, but not non-caveolae/lipid rafts (Fig. 7B). DEP1/PTPIB in caveolae/lipid rafts, thereby promoting VEGF-
Furthermore, newly-developed Cys-SOH trapping reagent [36] induced VEGFR2 autophosphorylation in these specialized
revealed that Ad.ecSOD increased Cys-OH formation of DEPI microdomains.
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Figure 6. Inhibition of PTPs or knockdown of DEP1 and PTP1B prevents ecSOD-induced enhancement of VEGFR2 autopho-
sphorylation. A. HUVECs infected with Ad.LacZ or Ad.ecSOD were pretreated with 0.3 mM sodium orthovanadate (SOV) for 30 min, and stimulated
with VEGF (20 ng/ml) for 5 min. Lysates were used for measurement of VEGFR2-pY or total VEGFR2 or ecSOD expression (n=3). B. HUVECs were
transfected with DEP1 or/and PTP1B siRNA, and then infected Ad.LacZ or Ad.ecSOD. Cells were stimulated with VEGF (20 ng/ml) for 5 min and lysates
were used for measurement of VEGFR2-pY and expression of proteins indicated (n=4). * p<<0.05.

doi:10.1371/journal.pone.0010189.g006

ecSOD promotes VEGF-induced EC migration

We next examined the functional consequence of enhancement
of VEGFR2 activation by ecSOD-derived extracellular HyO, in
VEGF-induced EC migration and proliferation. Figure 8 using
modified Boyden chamber assay shows that ecSOD, but not
ecSOD-AHBD, significantly enhanced VEGF-induced migration
without affecting sphingosine-1-phosphate (S1P)-induced response.

@ PLoS ONE | www.plosone.org

Thus, ecSOD-induced effect is specific for VEGFR2 signaling.
Importantly, ecSOD-induced enhancement of VEGF-induced EC
migration was prevented by catalase, supporting the role of ecSOD-
derived HyO,. VEGF-induced EC proliferation was also augment-
ed by Ad.ecSOD (Fig. S6). These effects of ecSOD were associated
with an enhancement of VEGFR2 downstream signaling such as
PLCy and p38MAPK phosphorylation (Fig. S7).

9 April 2010 | Volume 5 | Issue 4 | e10189
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Figure 7. ecSOD induces inactivation and oxidation of DEP-1 and PTP1B localized in caveolae/lipid rafts. A. After sucrose gradient
centrifugation, equal volumes of each fraction from top to bottom (total 13 fractions) were IB with anti-DEP-1, PTP1B, VEGFR2 or caveolin-1 Abs. B.
DEP-1 and PTP1B activities in pooled Fraction 4-6 (caveolae/lipid rafts) and Fraction 9-13 (non-caveolae/lipid rafts) in Ad.LacZ and Ad.ecSOD-infected
HUVECs were measured using pNPP as a substrate after IP with anti-DEP-1, PTP1B Abs. The values were expressed as a ratio to Ad.LacZ infected PTP
activity (defined as 1.0) in each fraction (n=3) *p<<0.05. C. Ad.LacZ or Ad.ecSOD-infected HUVECs were extracted in the presence of biotin-labeled
Cys-SOH trapping reagent DCP-Bio1. After sucrose gradient centrifugation, pooled Fraction 4-6 and Fraction 9-13 were affinity captured with
streptavidin beads to purify the Cys-SOH formed protein, followed by IB with anti-DEP-1 or PTP1B Abs.

doi:10.1371/journal.pone.0010189.g007

Discussion

The present study provides novel evidence that ecSOD
functions as a generator of extracellular HyO, in specific
subcellular compartments to promote VEGF signaling linked to
angiogenesis. Here we show that: 1) gene transfer of ecSOD, but
not ecSOD-AHBD, increases HyO, levels in adductor muscle, and

@ PLoS ONE | www.plosone.org

promotes angiogenesis in response to hindlimb ischemia; 2) HoO,
levels in both non-ischemic and ischemic hindlimbs are markedly
reduced in ecSOD ™/~ mice; 3) In vitro, overexpression of ecSOD,
but not ecSOD-AHBD, in cultured medium in ECs enhances
VEGF-induced VEGFR2-pY through generation of extracellular
H,0,; 4) HBD of ecSOD is required for localization of ecSOD at
plasma membrane caveolin-enriched lipid rafts where VEGFR2

April 2010 | Volume 5 | Issue 4 | e10189
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Figure 8. ecSOD promotes VEGF-induced EC migration in a HBD-dependent manner. HUVECs infected with Ad.LacZ or Ad.ecSOD or
Ad.ecSOD-AHBD were stimulated with 20 ng/ml VEGF or 10 pmol/L sphingosine-1-phosphate (S1P) for 6 hours, and cell migration was measured by
the modified Boyden chamber method. Some cells were pretreated with 500 U/ml catalase for 15 min and performed migration assay in the presence
of catalase. Bar graph represents averaged data, expressed as cell number counted per 10 fields (x200) and fold change over that in unstimulated

cells (control). * p<<0.05 vs. Ad.LacZ+VEGF.
doi:10.1371/journal.pone.0010189.g008

and PTP1B/DEP-1 are found; 5) endogenous ecSOD is also
found in caveolae/lipid rafts in tissues enriched with ecSOD; 6)
VEGF-induced VEGFR2-pY in caveolae/lipid rafts, but not non-
lipid rafts, is selectively enhanced by ecSOD, which is at least due
to oxidative inactivation of PTP1B and DEPI in caveolae/lipid
rafts; 7) ecSOD-derived HyOq promotes VEGF-induced EC
migration in a HBD-dependent manner.

Exogenous HyO, can increase angiogenic gene expression and
promote pro-angiogenesis responses in ECs [8,13]. However, since
H,0, is diffusible and short-lived, its application for therapeutic
neovascularization in vivo is difficult and not efficient. ecSOD is the
enzyme that catalyzes dismutation of Oy™ to produce HyOy in the
extracellular space by anchoring to ECs surface or extracellular
matrix through HBD [14]. We previously reported that ecSOD
expression is increased in response to hindlimb ischemia, and that
post-ischemic revascularization is impaired in ecSOD™’™ mice
[17]. However, a role of ecSOD-derived HyO, in VEGF signaling
and ischemia-induced angiogenesis was virtually unexplored. Here
we show that gene transfer of Ad.ecSOD, but not Ad.ecSOD-
AHBD, increases HyO, production in adductor muscles, as
measured by Amplex Red assay, which predominantly detects
extracellular HyO,, as well as promotes blood flow recovery and
capillary formation in response to hindlimb ischemia. Further-
more, ecSOD ™~ mice show significant reduction of HyOj levels
in both non-ischemic and ischemic hindlimbs. These results
strongly suggest that ecSOD bound to tissue via HBD plays an
important to role as a generator of extracellular H,O, to promote
angiogenesis in vivo. To determine the underlying mechanisms, we
examined the effects of ecSOD-derived HyO5 on VEGF signaling

@ PLoS ONE | www.plosone.org

in ECs. The present study demonstrates for the first time that
overexpression of ecSOD, but not ecSOD-AHBD, in ECs or its
conditioned media enhances VEGF-induced VEGFR2 autopho-
sphorylation. Moreover, these ecSOD-induced effects on
VEGFR2, but not VEGF-induced VEGFR2 autophosphorylation,
are inhibited by short-term pretreatment with catalase that
scavenges extracellular HyO,. Thus, these findings indicate that
extracellular HyOy derived from ecSOD promotes VEGF-induced
VEGFR2-pY in ECs in a HBD-dependent manner.

In this study, we found that HyOy concentration in culture
media of Ad.ecSOD-infected ECs is around 1 pM, while
exogenous HyOy requires at least 500 uM to enhance VEGF-
induced receptor phosphorylation. These results support the
possibility that ecSOD binding to ECs surface via HBD may
provide the microenvironment in which extracellular HyO,
generated by ecSOD is more compartmentalized than exogenous-
ly-applied HyOy. Of note, either high concentration of exogenous
H,0, or Ad.ecSOD has no effects on basal VEGFR2-pY. These
suggest that ligand-induced pre-assembly of VEGFR2 containing
signaling complexes and/or their specific localization might be
required for promoting effect of extracellular HyO, derived from
ECs-bound ecSOD on VEGFR2-pY. It has been shown that
VEGF-induced VEGFR2 autophosphorylation is regulated by
“intracellular” Hy0, derived from Nox2-based NADPH oxidase
in ECs [7,8]. NADPH oxidase-dependent O, production occurs
both intracellularly and extracellularly [12,40]. Thus, NADPH
oxidase-derived O,  produced extracellularly may be rapidly
dismutated by ecSOD to generate HyO, in close proximity to the
VEGFR2 to facilitate its phosphorylation efficiently. Of note,
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classical role of ecSOD is to scavenge O, to increase NO
bioactivity; however, NO donor has no effect on VEGF-induced
phosphorylation of the VEGFR2. Thus, it is HyO, rather than
NO, which mediates ecSOD-induced augmentation of VEGFR2
activation in ECs.

ecSOD binds to cell surface HSPGs via HBD, and some cell
surface core proteins of HSPGs are localized in caveolae/lipid
rafts in ECs [28,41]. We thus examined whether ecSOD-induced
modulation of VEGFR2 might occur in these specialized
microdomains. Sucrose gradient fractionation reveals that ecSOD
is localized in both caveolae/lipid rafts and non-caveolae/lipid
rafts fractions in Ad.ecSOD-infected ECs, while ecSOD-AHBD is
found only in non-caveolae/lipid rafts fraction. Of note,
endogenous ecSOD protein is also found in caveolae/lipid rafts
in lung tissue in which ecSOD is abundantly expressed. We show
that VEGF-induced VEGFR2-pY in caveolae/lipid rafts, but not
in non-caveolae/lipid rafts, is enhanced by ecSOD. Disruption of
caveolae/lipid rafts by cholesterol-binding reagent increases
VEGF-induced VEGFR2 autophosphorylation, but prevents
ecSOD-induced effect. Mechanism by which cholesterol depletion
increases VEGF-induced phosphorylation of VEGFR2 in ECs
seems to be due to dissociation of VEGFR2 from caveolin [19].
Thus, these results suggest that ecSOD localization at caveolin-
enriched lipid rafts via HBD is required for ecSOD-induced
enhancement of ligand-induced VEGFR2 phosphorylation in
these specific plasma membrane compartments.

Reversible oxidative inactivation of PTPs by ROS [42,43,44]
and their specific localization are important for ROS to increase
tyrosine phosphorylation signaling events [4,5]. The initial product
of Cys oxidation is Cys-SOH, a key intermediate involved in redox
signaling [45]. The present study shows that inhibition of PTPs or
knockdown of DEP-1 and/or PTPI1B increases VEGF-induced
VEGFR2-pY, which prevents ecSOD-induced effect on
VEGFR2. These suggest that both DEP1 and PTPIB function
as a negative regulator for VEGFR2-pY, as reported previously
[24,25], and that ecSOD-derived HyO, inhibits their PTPs
activity to promote VEGFR2 phosphorylation. Intriguingly, we
found that both DEP1 and PTPIB are localized in both caveolae/
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lipid rafts and non-lipid rafts in ECs. Moreover, newly-developed
cell permeable Cys-SOH trapping probe [36,37] reveals that
ecSOD increases Cys-SOH formation of DEP-1 and PTPIB as
well as decreases their PTP activity in caveolin-enriched lipid rafts,
but not in non-lipid rafts. NADPH oxidase is localized in lipid rafts
to generate Oy~ in ECs [21]. These suggest that extracellular
H,0, generated by ecSOD locally oxidizes and inactivates DEP-1
and/or PTPIB in caveolae/lipid rafts where NADPH oxidase and
VEGFR2 are found, which in turn promotes VEGF-induced
VEGFR2 phosphorylation in these specific microdomains. Other
possible PTPs that are regulated by ecSOD cannot be ruled out in
the current study.

Functionally, ecSOD, but not ecSOD-AHBD, promotes
VEGF-induced EC migration in vitro, which is prevented by
exogenous application of catalase. This is consistent with ecSOD-
induced augmentation of ischemia-induced angiogenesis in vivo. Of
note, S1P-induced migration was not affected by Ad.ecSOD,
supporting our conclusion that localizing ecSOD, VEGFR2, and
DEP-1/PTP1B in lipid rafts as important mechanism by which
ecSOD-derived HyO, enhances VEGFR2 signaling lined to
angiogenic responses. We previously reported that ecSOD
functions to preserve NO bioactivity by scavenging Oy~ in the
ischemic tissues, thereby promoting angiogenesis [17]. Similarly,
HBD-dependent protective endothelial function of ecSOD via
decreasing extracellular Oy~ has been reported in animal model
with hypertension [16]. The R213G polymorphism in the ecSOD
gene, which reduces binding to endothelium surface and increases
serum ecSOD levels, is associated with increased risk of
cardiovascular diseases [46]. The present study uncovers a novel
mechanism by which ecSOD promotes endothelial functions such
as EC migration and proliferation by generating extracellular
H,O, at the specific membrane compartment, and thus facilitating
VEGF signaling linked to angiogenesis. In contrast, ecSOD
overexpression inhibits, instead of increase, tumor angiogenesis
and tumor invasion [47,48]. In pro-oxidant pathological condi-
tions such as atherosclerosis and hypertension, ecSOD seems to be
inactivated by HyO, derived from ecSOD due to its peroxidase
activity [49,50]. Thus, ecSOD gene transfer effect on angiogenesis

Caveolae/lipid rafts

ia -
/ VEGFR2 \

EC proliferation 4 EC migration 4

Figure 9. Proposed model for role of ecSOD-derived H,0; in VEGFR2 signaling linked to angiogenesis. Extracellular H,0, generated by
ecSOD localized at caveolae/lipid rafts via HBD induces oxidative inactivation of DEP1 and PTP1B in these microdomains, thereby promoting VEGF-
induced VEGFR2 phosphorylation, which may contribute to EC migration and proliferation in vitro as well as angiogenesis in vivo.

doi:10.1371/journal.pone.0010189.g009
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in vivo seems to be varied with cell types and context specific
[17,47,48,51].

In summary, extracellular HyO, generated by ecSOD localized
at caveolin-enriched lipid rafts via HBD efficiently facilitates
VEGFR2 signaling via oxidative inactivation of DEP-1/PTP1B in
these microdomains, which may contribute to promoting postnatal
angiogenesis (Fig. 9). Our previous and present studies may
uncover novel mechanism whereby increased ecSOD expression
in ischemic tissues promotes reparative neovascularization in vizo.
It is likely that ecSOD may serve as a potent generator of
extracellular HyO, in the plasma membrane specific compart-
ments to promote angiogenesis growth factor signaling. The
present findings also imply that ecSOD gene transfer may
represent an important therapeutic approach for treatment of
angiogenesis-dependent diseases including ischemic heart and
limb diseases.

Supporting Information

Figure S1 ecSOD and ecSOD-AHBD protein expression and
activity in culture medium in adenovirus infected HUVECs.
Conditioned media obtained from HUVECs infected with
AdLacZ or Ad.ecSOD or Ad.ecSOD-AHBD was used for
Western analysis with anti-human ecSOD antibody (A) or
measurement of ecSOD activity (B).

Found at: doi:10.1371/journal.pone.0010189.s001
PDF)

Figure S2 Exogenous H;O, at physiological concentration
cannot enhance VEGF-induced VEGFR2 autophosphorylation.
HUVECs were pretreated with indicated concentration of HoO,
for 15 min, and stimulated with VEGF (20 ng/ml) for 5 min.
Lysates were immunoprecipitated (IP) with anti-VEGFR2 Ab and
followed by immunoblotted (IB) with anti-pTyr Ab for measure-
ment of VEGFR2-pY (n=3).

Found at: doi:10.1371/journal.pone.0010189.s002 (0.05 MB
PDF)

Figure S3 Exogenous application of NO donor has no effect on
VEGF-induced VEGFR2 autophosphorylation. HUVECs were
pretreated with indicated concentration of No donor, diethylene-
tetraamine-NONOate (DETA-NO) for 30 min, and stimulated
with  VEGF (20 ng/ml) for 5 min. Lysates were used for
measurement of VEGFR2-pY.

(0.03 MB
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Figure S4 Endogenous ecSOD is localized in caveolae/lipid
rafts in mouse lung in which ecSOD is highly expressed. A. Total
lysates from HUVECs infected Ad.LacZ or Ad.ecSOD or
Ad.ecSOD-AHBD for caveolae isolation were IB with anti-
ecSOD to confirm the expression of ecSOD and ecSOD-AHBD.
B. Mouse lung (400 mg) was fractionated to isolate caveolae/lipid
rafts and IB with anti-mouse ecSOD or caveolin-1 antibodies.
Found at: doi:10.1371/journal.pone.0010189.5004 (0.05 MB
PDF)

Figure S5 Intact caveolae/lipid rafts are required for ecSOD-
induced enhancement of VEGFR2 autophosphorylation. HU-
VECs were pretreated with or without 10 mM methyl-B-
cyclodextrin (MBCD) for 1 hr, and stimulated with VEGF
(20 ng/ml) for 5 min. Lysates were used for measurement of
VEGFR2-pY or total VEGFR2 or ecSOD expression (n=3).
* p<0.05.

Found at: doi:10.1371/journal.pone.0010189.5005 (0.09 MB
PDF)

Figure S6 ecSOD promotes VEGF-induced EC proliferation.
Ad.LacZ or Ad.ecSOD-infected HUVECs were cultured in 0.5%
FBS containing medium with or without VEGF (20 ng/ml) for
48 hours, and cell number was counted with a hemocytometer
(n=28). * p<0.05.

Found at: doi:10.1371/journal.pone.0010189.5006 (0.01
PDF)

MB

Figure S7 ecSOD enhances VEGFR2 downstream signaling in
HUVEGs. Cell lysates from Ad.LacZ and Ad.ecSOD infected
HUVECs with or without VEGF stimulation (20 ng/ml, 5 min)
were IB with anti-p-PLCy or PLCy (A) or p-p38MAPK or
p38MAPK (B) antibodies (n = 3). *p<<0.05

Found at: doi:10.1371/journal.pone.0010189.5007 (0.08 MB
PDF)
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Unexpected Role of the Copper Transporter ATP7A in
PDGF-Induced Vascular Smooth Muscle Cell Migration

Takashi Ashino, Varadarajan Sudhahar, Norifumi Urao, Jin Oshikawa, Gin-Fu Chen, Huan Wang,
Yuging Huo, Lydia Finney, Stefan Vogt, Ronald D. McKinney, Edward B. Maryon, Jack H. Kaplan,
Masuko Ushio-Fukai, Tohru Fukai

Rationale: Copper, an essential nutrient, has been implicated in vascular remodeling and atherosclerosis with
unknown mechanism. Bioavailability of intracellular copper is regulated not only by the copper importer CTR1
(copper transporter 1) but also by the copper exporter ATP7A (Menkes ATPase), whose function is achieved
through copper-dependent translocation from frans-Golgi network (TGN). Platelet-derived growth factor
(PDGF) promotes vascular smooth muscle cell (VSMC) migration, a key component of neointimal formation.

Objective: To determine the role of copper transporter ATP7A in PDGF-induced VSMC migration.

Methods and Results: Depletion of ATP7A inhibited VSMC migration in response to PDGF or wound scratch
in a CTR1/copper-dependent manner. PDGF stimulation promoted ATP7A translocation from the TGN to lipid
rafts, which localized at the leading edge, where it colocalized with PDGF receptor and Racl, in migrating
VSMCs. Mechanistically, ATP7A small interfering RNA or CTR small interfering RNA prevented PDGF-
induced Racl translocation to the leading edge, thereby inhibiting lamellipodia formation. In addition, ATP7A
depletion prevented a PDGF-induced decrease in copper level and secretory copper enzyme precursor prolysyl
oxidase (Pro-LOX) in lipid raft fraction, as well as PDGF-induced increase in LOX activity. In vivo, ATP7A
expression was markedly increased and copper accumulation was observed by synchrotron-based x-ray
fluorescence microscopy at neointimal VSMCs in wire injury model.

Conclusions: These findings suggest that ATP7A plays an important role in copper-dependent PDGF-stimulated
VSMC migration via recruiting Racl to lipid rafts at the leading edge, as well as regulating LOX activity. This
may contribute to neointimal formation after vascular injury. Our findings provide insight into ATP7A as a novel
therapeutic target for vascular remodeling and atherosclerosis. (Circ Res. 2010;107:787-799.)

Key Words: vascular remodeling m vascular smooth muscle m migration s copper transporter
m platelet-derived growth factor

C opper, an essential micronutrient, plays an important role in
physiological repair processes including wound healing
and angiogenesis, as well as various pathophysiologies including
tumor growth, neurodegenerative disease, and atherosclerosis.'~?
Copper levels are significantly increased in cancer and athero-
sclerotic lesions.? Implanting a copper cuff promotes neointima
thickening in response to vascular injury,'® whereas copper
chelators prevent this response!! and tumor growth.? Underlying
molecular mechanisms remain unclear. Platelet-derived
growth factor (PDGF) is a key growth factor to promote
neointimal formation and vascular remodeling in vivo pri-
marily through the PDGF receptor- (PDGFR) expressed in
vascular smooth muscle cells (VSMCs).'? VSMC migration

is a critical event for the development of atherosclerosis and
restenosis after vascular injury.'> PDGF-induced cell migra-
tion is regulated by actin cytoskeleton, Racl activation and
translocation to the leading edge.'?'* However, a role for
copper in PDGF-induced VSMC migration has not been
demonstrated.

Because excess copper is toxic, copper homeostasis is
tightly controlled by regulation of copper uptake, transport
and excretion.!2 Indeed, under physiological conditions, the
level of intracellular free copper is extraordinarily restri-
cted.'* Copper uptake is mainly mediated by the copper
transporter (CTR)1 copper importer, which is involved in
embryonic development.'-'5 Once copper enters the cell via
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Non-standard Abbreviations and Acronyms

ApoE apolipoprotein E

ATP7A Menkes ATPase, copper-transporting P-type ATPase
BCS bathocuproine disulfonate

CTxB cholera toxin subunit B

CTR1 copper transporter 1, SLC31A1

ICP-MS inductively coupled plasma mass spectrometry

LOX lysyl oxidase

LOX-PP lysyl oxidase pro-peptide

PDGF platelet-derived growth factor

PDGFR platelet-derived growth factor receptor-g8

Pro-LOX proenzyme of lysyl oxidase

HASM human aortic smooth muscle cell -

MASM mouse aortic, smooth muscle cell

RASM rat aortic smooth muscle cell

siRNA small interfering RNA

S0D superoxide dismutase

SXFM synchrotron-based x-ray fluorescence microscopy
™ tetrathiomolybdate

TGN trans-Golgi network

VSMC vascular smooth muscle cell

CTRI1, it can be delivered into various distinct cellular
compartments via ATP7A copper transporting ATPase
through the Atox1 copper chaperone.'¢'7 ATP7A is ubiqui-
tously expressed and transports copper to the extracellular
space or to the selected copper enzymes, which are either
secreted from cells, or reside within vesicular compart-
ments.!®17 When intracellular copper increases, ATP7A
translocates from trans-Golgi network (TGN) to the plasma
membrane or to cytoplasmic vesicles,!®!7 thereby main-
taining intracellular copper homeostasis and avoiding cop-
per toxicity. This process requires both copper binding to
cytoplasmic regions of ATP7A as well as its catalytic
turnover.!819

The biological significance of ATP7A in vivo is under-
scored by Menkes disease, a disorder caunsed by ATP7A
mutations resulting in a marked decrease in copper levels in
most tissues except for the kidney and small intestine.
Menkes patients show multiple abnormalities secondary to
either loss of activity of some secretory copper enzymes or
impairment of neuronal activation and other unknown func-
tion, leading to death in infancy.22° In vascular tissue,
ATP7A is involved in delivering copper to secretory copper
enzymes, such as superoxide dismutase (SOD)3 and proen-
zyme of lysyl oxidase (Pro-LOX).'720-22 After secretion,
Pro-LOX is processed and activated by proteolysis to a
mature active 32-kDa enzyme (LOX) and an 18-kDa propep-
tide (LOX-PP), both of which are expressed in vascular
tissue.?223 LOX is known to be critical for vascular extracel-
lular matrix maturation by regulating the cross-linking of
collagens or elastin. Of note, LOX is stimulatory but LOX-PP
is inhibitory for cell migration.?*-25 No information is avail-
able regarding a role of ATP7A in PDGF-mediated vascular
migration and remodeling.

Here, we demonstrate the novel role of ATP7A in PDGF-
induced VSMC migration. PDGF stimulation promotes
ATP7A translocation from the TGN to lipid rafts which
localize at the leading edge in migrating VSMC, thereby
promoting lamellipodia formation through recruiting Racl, in
a CTR1-dependent manner. This is associated with a decrease
in cellular copper and secretory copper enzyme precursor
prolysyl oxidase in caveolae/lipid rafts, which may contribute
to activation of LOX. In vivo, ATP7A expression is markedly
increased and copper accumulation is observed at neointimal
VSMC in wire injury model. These findings provide insight
into ATP7A as potential therapeutic targets for vascular
remodeling and development of atherosclerosis.

Methods

An expanded Methods section is available in the Online Data
Supplement at http://circres.ahajournals.org.

Detergent-Free Purification of Caveolin-Rich
Membrane Fractions

Caveolae/lipid raft fractions were separated by the sodium carbon-
ate—based detergent-free method.

Copper Measurements

Copper contents were analyzed by inductively coupled plasma
mass spectrometry (ICP-MS) using a PlasmaQuad3, as reported
previously.2®

Yascular Injury

Animal protocols were approved by the Animal Care and Use
Committee of the University of Illinois at Chicago and University of
Minnesota. Wire-induced injury of the carotid artery in apolipopro-
tein (Apo)E-deficient atherosclerotic mice was performed, as re-
ported previously.?’

Synchrotron X-Ray Fluorescence Microscopy
Sections (5-pm thick) of formalin-fixed, paraffin-embedded, wire-
injured femoral artery were used. For x-ray imaging, the sections
(5-pm thick) of formalin-fixed, paraffin-embedded, wire-injured
femoral artery were prepared on silicon nitride windows (Silson), as
reported previously.?8

Results

Expression of the ATP7A Copper Transporter and
the CTR1 Copper Importer in VSMCs

RT-PCR analysis of rat, mouse, and human aortic smooth
muscle cells (RASMs, HASMs, and MASMs) detected both
ATP7A and CTRI1 expression (Figure 1A). Western analysis
with anti-ATP7A antibody showed expression of ATP7A
with a 178-kDa protein in whole cell lysates of RASMs,
HASMs, and MASMs (Figure 1B).'¢!7 By contrast, CTR1
protein was not detected in whole cell lysates, but in caveo-
lae/lipid rafts fraction, by specific anti-CTR1 antibody, as
shown later (Figure 5A; Online Figure V, A and B).

ATP7A Is Involved in PDGF-Induced VSMC
Migration in a Copper-Dependent Manner

We next examined the role of ATP7A in VSMC migration.
Modified Boyden chamber assays demonstrated that knock-
down of endogenous ATP7A expression with small interfer-
ing (si)RNA significantly inhibited PDGF-stimulated migra-
tion in VSMCs (Figure 1C and Online Figure 1). Because the
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Figure 1. ATP7A is involved in VSMC migration stimulated by PDGF or wound scratch in a copper-dependent manner. A,
RT-PCR analysis of ATP7A and CTR1 mRNA expression in various VSMCs (RASMs, HASMs, and MASMs). B, Western blot analy-
sis of ATP7A protein expression in various VSMCs. C and D, RASMs were transfected with ATP7A, CTR1, or control siRNA for 48
hours or treated with the copper chelator BCS (cell-impermeable) (200 pmol/L for 72 hours) or the copper chelator TTM (cell-
permeable) (10 nmol/L for 24 hours). Cell migration was assessed by the modified Boyden chamber assay after stimulation with
or without 50 ng/mL PDGF for 8 hours. E, Wound-scratch assay was performed in confluent monolayers of RASMs transfected
with siRNA or treated with copper chelator in the presence of PDGF (50 ng/mL), as described in the Online Data Supplement.
Images were captured immediately after rinsing at 0 hour and at 24 hours after the wounding in the cells. Bar graph represents
averaged data, expressed as cell number per field. *P<0.05 vs control siRNA-treated (C and E) or untreated (D and E) cells. Val-

ues are the means+SD for 3 independent experiments.

copper transporter function of ATP7A is dependent on the
delivery of copper from the extracellular space via CTR 1,230
we also investigated the role of CTRI. Transfection of
VSMCs with CTR1 siRNA significantly reduced endogenous
CTRI1 expression (Online Figures I [A] and V [B]). PDGF-
induced cell migration was significantly inhibited by CTRI
siRNA (Figure 1C) as well as copper chelators tetrathiomo-
lybdate (TTM) (cell-permeable) and bathocuproine disulfon-
ate (BCS) (cell-impermeable) (Figure 1D), suggesting that
this response is copper-dependent. Wound scratch assay of
confluent monolayer of VSMCs in the presence of PDGF also
showed that ATP7A siRNA as well as CTR1 siRNA or BCS
significantly inhibited directional cell migration in response
to wound injury (Figure 1E). In contrast, transfection of
ATP7A siRNA did not have significant effect on PDGF-
induced VSMC proliferation (Online Figure II). These results
suggest that ATP7A is involved in PDGF-stimulated VSMCs
migration in a copper-dependent manner.

PDGF Stimulation Promotes ATP7A
Translocation to the Leading Edge in a
Copper-Dependent Manner

To gain insight into the mechanism by which ATP7A
mediates VSMC migration in response to PDGF, we exam-
ined the subcellular localization of ATP7A after wound
scratch in the presence of PDGF. In confluent monolayers of
VSMC before wounding or in migrating VSMCs away from
the scratched area, ATP7A was found predominantly in
perinuclear regions (Figure 2A). In contrast, ATP7A accu-
mulated and colocalized with F-actin at the leading edge in
actively migrating VSMCs, but did not colocalize with actin
stress fibers in the cell body (Figure 2A). We confirmed the
specificity of the ATP7A staining by ATP7A siRNA, as
shown later (Figure 3D). Furthermore, nonimmune IgG
(control) showed no staining (data not shown). Pretreatment
of VSMCs with copper chelators BCS or TTM as well as
CTRI1 siRNA markedly inhibited wound-induced transloca-
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Figure 2. ATP7A is translocated to the leading edge in VSMCs stimulated by wound scratch or PDGF in a copper-dependent
manner. A and B, Confluent monolayer of RASMs before (top) and after wound scratch in the presence of 50 ng/mL PDGF for 18
hours (bottom) were stained with anti-ATP7A (green) and Alexa Fluor 568-phalloidin (red) antibodies. Small white arrowheads point
to the leading edge, and large arrows point to direction of migration. C and D, Growth-arrested RASMs were stimulated with or with-
out 50 ng/mL PDGF for 5 minutes. Cells were costained for ATP7A and phalloidin. In some experiments, RASMs transfected with
CTR1, or control siRNA, or treated with copper chelators BCS or TTM were stimulated by wound scratch (B) or PDGF (D). Results for
A through D are representative of 3 independent replicates of immunofluorescence images.

tion of ATP7A toward the leading edge (Figure 2B). Simi-
larly, in untreated VSMC, ATP7A was found predominantly
in perinuclear regions, and colocalized with syntaxin 6, a
TGN marker (Online Figure III, B). PDGF stimulation
rapidly promoted ATP7A translocation from the Golgi to the
plasma membrane leading edge with peak at 5 minutes, which
gradually returned to the perinuclear region within 30 min-
utes (Figure 2C; Online Figure III, A). This effect was
observed in VSMCs from other species, such as MASMs,
suggesting that function of ATP7A is similar in VSMC across
the different species (Online Figure III, C). Furthermore, this
response was inhibited by copper chelators as well as knock-
down of CTR1 (Figure 2D). Of note, the location of syntaxin
6 was not altered by PDGF in VSMCs (Online Figure III, B),
suggesting that PDGF-induced ATP7A translocation was not
attributable to the general effect on Golgi structure. Taken
together, these findings suggest that PDGF stimulation pro-
motes ATP7A translocation to the leading edge, in a copper-
dependent manner, thereby stimulating VSMC migration.

ATP7A Is Involved in PDGF-Stimulated
Lamellipodia Formation and Racl Translocation
in a CTR1-Dependent Manner in VSMCs

To assess further the mechanism by which ATP7A is in-
volved in VSMC migration, we examined whether ATP7A is
involved in actin reorganization. Knockdown of ATP7A by
siRNA significantly impaired wound scratch- (Figure 3A)
and PDGF- (Figure 3B) stimulated lamellipodia formation at
the leading edge in VSMCs as visualized by phalloidin
staining. These effects were also prevented by siRNA knock-
down of the CTR1. Because Racl plays a role in lamellipodia
formation and cell migration,?' we next examined the role of
ATP7A in Racl activation and translocation in PDGF-
stimulated VSMCs. PDGF stimulation increased active,
GTP-bound form of Racl within 1 minute, which was not
affected by either ATP7A or CTRI1 siRNA (Online Figure
IV). Immunofluorescence analysis showed that PDGF stim-
ulation promoted translocation of Racl to the leading edge
where it colocalized with ATP7A (Figure 3C). Coimmuno-
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Figure 3. ATP7A is involved in PDGF-
stimulated lamellipodia formation and
Rac1 translocation in a CTR1-
dependent manner in VSMCs. A and B,
RASMs transfected with control siRNA or
X CTR1 siRNA or ATP7A siRNA were stimu-
lated with wound scratch (A) or 50 ng/mL
PDGF (B) as described for Figure 2, and
cells were stained for phalloidin to visual-
ize lamellipodia formation. Cells with
lamellipodia formation were expressed as
percentage of cell number of wound edge
(A) or total cell number (B) (means=SD,
n=3). In B, cells in boxes are magnified in
insets. Small white arrowheads point to
the leading edge, and large arrows point
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precipitation analysis showed that ATP7A associated with
Racl in the basal state, which was further enhanced after
PDGF stimulation (Online Figure IV, C), suggesting that
ATP7A recruits Racl to the lipid rafts via binding to Racl in
response to PDGF directly or indirectly. Furthermore, Racl
trafficking to the leading edge was inhibited by either ATP7A
or CTR1 siRNA (Figure 3D). Thus, the copper transporter
ATP7A is involved in PDGF-stimulated translocation of
Racl to the leading edge, but not Racl activation, in a
CTR1-dependent manner, which may contribute to lamelli-
podia formation and VSMC migration.

ATP7A Colocalizes With PDGFR at the Leading
Edge in a CTR1-Dependent Manner in
PDGF-Stimulated VSMCs

Because we found that ATP7A is a downstream mediator for
PDGFR signaling linked to VSMC migration, we next
examined the relationship between ATP7A and PDGFR in
PDGF-stimulated VSMCs. Immunofluorescence analysis
showed that ATP7A colocalized with PDGFR at the leading
edge after PDGF stimulation (Figure 4A). Of note, both
CTR1 and ATP7A siRNAs inhibited PDGF-induced ATP7A
movement to the leading edge without affecting PDGFR
localization (Figure 4B). Coimmunoprecipitation analysis
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siRNA  siRNA  siRNA

ATP7A/Rac1

to direction of migration. *P<0.05 vs con-
trol siRNA-treated cells. C and D, RASMs
stimulated with or without PDGF as
described above and costained with anti-
ATP7A antibody (red) and anti-Rac1 anti-
body (green). In D, RASMs were trans-
fected with control siRNA or CTR1 siRNA
or ATP7A siRNA as described. All fluores-
cence images were taken at 5 different
fields/well, and the cell images are repre-
sentative of >3 different experiments.
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further confirmed that PDGF stimulation promoted PDGFR
association with ATP7A, which was somewhat inhibited by
CTRI1 siRNA (Figure 4C). Under this condition, PDGF-
induced PDGFR autophosphorylation was not affected by
CTRI1 siRNA (Figure 4C). Taken together, these results
suggest that PDGF stimulation induces colocalization and
association of ATP7A with PDGFR at the leading edge in a
CTRI1-dependent manner, and that CTR1-ATP7A pathway is
downstream of PDGFR activation.

PDGF Promotes ATP7A Recruitment to the
Caveolae/Lipid Rafts, Where PDGFR, Racl, and
CTR1 Are Localized, in a CTR1-Dependent Manner
To gain further insight into the subcellular compartments in
which ATP7A is localized, we performed detergent-free
sucrose gradient fractionation in VSMCs, as previously
described.?? Western analysis of sequential fractions from the
gradient showed that ATP7A was found in both caveolin-
enriched lipid rafts fractions and noncaveolae/lipid rafts
fractions which mainly contain paxillin (Figure 5A).>* By
contrast, the CTR1 copper importer was predominantly found
in caveolae/lipid rafts. The specificity of the CTR1 antibody,
which detects glycosylated CTR1,?>* was verified by CTR1-
deficient mouse embryonic fibroblast cells*® and VSMCs
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Figure 4. ATP7A colocalizes with PDGFR at the leading edge in a CTR1-dependent manner in PDGF-stimulated VSMCs. A
through C, Growth-arrested RASMs were stimulated with 50 ng/mL PDGF for 5 minutes. All fluorescence images were taken at 5 dif-
ferent fields/well, and the cell images are representative of >3 different experiments. A, Effect of PDGF on subcellular localization of
ATP7A and PDGFR in VSMCs. RASMs were stained with anti-ATP7A antibody (green) and anti-PDGFR antibody (red). B, Effect of
ATP7A or CTR1 siRNA on subcellular localization of ATP7A and PDGFR in PDGF-treated cells. RASMs transfected with CTR1, ATP7A,
or control siRNA were double-stained with anti-ATP7A antibody (green) and anti-PDGFR antibody (red). C, PDGF stimulation pro-
moted PDGFR association with ATP7A in a CTR1-dependent manner. RASMs were transfected with control siRNA or CTR1 siRNA.
Growth-arrested confluent monolayer of RASMs was stimulated with 50 ng/mL PDGF for indicated times (min). Lysates were immuno-
precipitate (IP) with anti-PDGFR antibody, followed by immunobilot (IB) with ATP7A, phospho-PDGFR, and PDGFR antibody.

transfected with CTR1 siRNA (Online Figure V, A and B).
Localization of ATP7A and CTR1 in caveolae/lipid rafts was
further confirmed in various VSMCs, including RASM,
HASM, and MASM (Online Figure V, C) and using
detergent-free OptiPrep gradient cell fractionation (Online
Figure V, D). Figure 5B shows that PDGF stimulation for 5
minutes promoted recruitment of ATP7A, CTR1 and Racl to
the caveolae/lipid rafts fractions without affecting PDGFR
localization, which was associated with an increase in
PDGFR phosphorylation in these fractions. Significantly,
CTR1 siRNA prevented PDGF-induced translocation of
ATP7A and Racl to the caveolae/lipid rafts without affecting
PDGFR phosphorylation (Figure 5B). These suggest that
PDGF-induced PDGFR autophosphorylation occurs in
caveolae/lipid rafts, which in turn promotes recruitment of
ATP7A and Racl to these specialized microdomains where
PDGEFR is localized, in a CTR1-dependent manner.

ATP7A Is Translocated to the Lipid Rafts
Localized at the Leading Edge in
PDGF-Stimulated VSMCs

Lipid rafts have been shown to be localized at the leading
edge during cell migration.?> We thus examined the spatial

relationships among ATP7A, lipid rafts and leading edge
after PDGF stimulation using immunofluorescence analysis.
As shown in Figure 5C and Online Figure VI (B), ATP7A
colocalized with cholera toxin subunit B (CTxB), a lipid raft
marker,** at the leading edge in PDGF- and wound scratch-
stimulated VSMCs. Furthermore, CTxB accumulated and
colocalized with F-actin at the leading edge in actively
migrating VSMCs (Online Figure VI, A and C). Disruption of
lipid rafts by cholesterol binding reagent, methyl-g-
cyclodextrin, completely abrogated the ATP7A localization
at the leading edge and CTxB staining (Figure 5D) as well as
lamellipodia formation (Online Figure VI, A). These results
suggest that PDGF stimulates translocation of ATP7A to the
lipid rafts localized at the leading edge, thereby promoting
lamellipodia formation.

PDGF Stimulation Reduces Copper Content in
Caveolae/Lipid Raft Fractions in VSMCs

Because ATP7A is involved in exporting copper to the
extracellular space, we next examined the effects of PDGF
on copper levels in VSMCs. At first, we performed **Cu
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efflux and ®*Cu uptake experiments in cultured VSMCs
and found that PDGF stimulation had no effects on either
response (Online Figure VII). Similarly, ICP-MS analysis
of total cell lysates of VSMCs also showed that copper
contents were not changed after PDGF stimulation (Figure
6A). Because ATP7A is recruited to the caveolae/lipid
rafts in response to PDGF, we next measured the copper
content in the lipid rafts and nonlipid raft fractions.
Intriguingly, we found that the caveolae/lipid rafts fraction
contains much higher amounts of copper than nonlipid raft
fractions in the basal state (Figure 6B). Moreover, PDGF
stimulation significantly reduced copper content in caveo-
lae/lipid rafts in an ATP7A-dependent manner (Figure 6C
and Online Figure VIII). These results suggest that PDGF-
induced recruitment of ATP7A to the lipid rafts may
contribute to copper export to the extracellular space in
these specialized microdomains. This was not detected by
global measurements of **Cu efflux and **Cu uptake in
whole cells. The plasma membrane localization of ATP7A
and CTR1 in PDGF-stimulated VSMCs was confirmed by
using cell surface biotinylation assays (Online Figure IX).

We next examined whether PDGF-induced decrease in
copper content in caveolae/lipid rafts may reflect the secre-

tion of copper-binding proteins, such as Pro-LOX which
obtain copper from ATP7A. We found that pro-LOX was
localized in caveolae/lipid rafts in the basal state, and PDGF
stimulation promoted the reduction of pro-LOX level in an
ATP7A dependent manner in these fractions (Figure 6D and
6E; Online Figure X). After secretion, Pro-LOX is processed
to a mature active nonglycosylated LOX and a glycosylated
propeptide LOX-PP.22.23 Of note, LOX and LOX-PP were not
found in caveolae/lipid rafts in the basal state or after PDGF
treatment (Figure 6D and 6E). Taken together, these findings
suggest that PDGF-stimulated ATP7A recruitment into the
caveolae/lipid rafts may be required for the secretion of
copper-dependent enzymes such as pro-LOX localized in
these specific compartments.

It has been reported that ATP7A is involved in LOX
activity!73¢ and that LOX activity is involved in PDGF-
induced VSMC migration®* in addition to its effect on
extracellular matrix remodeling. We thus examined whether
LOX activity is involved in copper transporter ATP7A-
dependent PDGF-induced VSMC migration. ATP7AsiRNA
significantly inhibited LOX activity in VSMCs treated with
PDGF (Online Figure XII, A). Furthermore, treatment of a
specific chemical LOX activity inhibitor, Baminopropion-
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Figure 6. PDGF stimulation reduces copper content and Pro-LOX in lipid rafts fractions in VSMCs. A through C, Copper con-
tents were measured by ICP-MS in whole cells (A) or caveolae/lipid rafts or noncaveolae/lipid rafts (B and C) in RASMs with or without
PDGF stimulation for 5 minutes. Equal amounts of proteins in caveolae/lipid rafts (fractions 4 to 5) or noncaveolae/lipid rafts (fractions 9
to 13) were obtained by sucrose gradient fractionation as described for Figure 5. *P<0.05 vs nonlipid rafts or unstimulated cells
(means+SD, n=3). D, Identification of Pro-LOX, but not LOX, in caveolae/lipid rafts in VSMCs. RASMs were fractionated by sucrose
gradient centrifugation, followed by immunoblotted with anti-LOX-PP (which detects both Pro-Lox and LOX-PP), anti-LOX, or anti-

caveolin-1 antibodies. E, Effect of PDGF treatment on Pro-LOX level in

caveolae/lipid rafts fractions in VSMCs. Equal amounts of pro-

teins in caveolae/lipid rafts (fractions 4 to 5) were immunoblotted with anti-LOX-PP, -LOX, or —caveolin-1 antibodies in RASMs with or

without 50 ng/mL PDGF for 5 minutes.

itrile (BAPN), significantly inhibits PDGF-induced VSMC
migration (Online Figure XII, B), which is consistent with the
report by Lucero et al.>* These findings suggest that LOX
activity is involved in PDGF-induced, ATP7A-dependent
VSMC migration.

ATP7A Is Upregulated in Neointimal Formation in
Response to Vascular Injury In Vivo

To determine the functional significance of ATP7A in VSMC
migration in vivo, we examined the role of ATP7A in
neointimal formation using a mouse wire injury model.
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Figure 7. ATP7A is involved in neointimal formation in response to vascular injury in vivo. A and B, ATP7A is highly expressed in
neointimal VSMCs of wire-injured carotid arteries of ApoE-deficient atherosclerotic mice. Immunohistochemical (A) or immunofluores-
cence (B) analysis for uninjured (control) or injured (4 weeks after) carotid artery stained with anti-ATP7A antibody (A); or costained with
anti- ATP7A (green) and a-smooth muscle actin (red) antibodies (B). C, X-ray fluorescence microscopy scans of the neointima of wire-
injured carotid arteries. Areas of neointimal lesions were identified by hematoxylin/eosin staining (left). X-ray fluorescence microscopy
scans (1 to 2 seconds per pixel) were performed in paraffin-embedded tissue (right). Map of Cu shows areas of the lowest to the high-
est content scaled to a rainbow color (bottom). Copper accumulation in neointimal lesions is shown in white arrow. The minimal and
maximal Cu content displayed in micrograms per square centimeter is shown in the image.

Immunohistochemical analysis showed that ATP7A protein
expression was robustly increased in neointimal VSMC and
endothelial cells lining the lumen in the injured vessel of
ApoE-deficient atherosclerotic mice (Figure 7A). Immuno-
fluorescence analysis demonstrated that ATP7A was colocal-
ized with a-smooth muscle actin, a VSMC marker, in the
neointima formed in response to injury (Figure 7B). We next
examined if induction of ATP7A precedes VSMC migration
after injury to address the cause-effect of ATP7A in VSMC
migration in vivo. As shown in Online Figure XI, we
observed increase in ATP7A expression at 3 days after wire
injury in the vessels of ApoE-deficient atherosclerotic mice,
whereas there was no VSMC migration and neointima for-
mation at this time point as reported by Linder et al.?” Thus,
these findings suggest that ATP7A expression is increased
before the onset of VSMC migration following vascular
injury and this upregulation is also observed in neointimal
VSMCs. Finally, we examined spatial distribution of copper
in neointima using synchrotron-based x-ray fluorescence
microscopy (SXFM).28 As shown in Figure 7C, copper
accumulation was observed at neointimal lesions in wire

injury model. These results suggest that ATP7A may be
involved in neointima formation in response to vascular
injury in vivo.

Discussion
A role for copper in tissue repair, neointima thickening and
atherosclerosis has been suggested; however, the underlying
detailed mechanisms remain unknown.>-7¢-!! Here we pro-
vide novel evidence that the ATP7A copper transporter is
involved in PDGF-stimulated VSMC migration, which is
critical for neointimal formation and vascular remodeling
(Figure 8). We found that stimulation with PDGF promotes
ATP7A translocation from TGN to the leading edge. This
PDGF-induced ATP7A movement toward the site of actin
remodeling is inhibited by cell permeable and impermeable
copper chelators as well as depletion of the CTR1 copper
importer. It has been shown that relocalization of ATP7A
from the Golgi is triggered by increased cytoplasmic copper
as well as by estrogen, insulin, NMDA (N-methyl-p-
aspartate) activation, hypoxia, and cytokines.?16-3-3% How-
ever, our data are the first demonstration that the ATP7A




