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BACKGROUND

A disintegrin and metalloprotease 17 (ADAM17) is a membrane-span-
ning metalloprotease overexpressed in various cardiovascular diseases
such as hypertension and atherosclerosis. However, little is known
regarding the regulation of ADAM17 expression in the cardiovascu-
lar system. Here, we test our hypothesis that angiotensin Il induces
ADAM17 expression in the vasculature.

METHODS

Cultured vascular smooth muscle cells were stimulated with 100nM
angiotensin . Mice were infused with 1 pg/kg/minute angiotensin Il for
2 weeks. ADAM17 expression was evaluated by a promoter-reporter
construct, quantitative polymerase chain reaction, immunoblotting,
and immunohistochemistry.

RESULTS
In vascular smooth muscle cells, angiotensin Il increased ADAM17
protein expression, mRNA, and promoter activity. We determined

A disintegrin and metalloprotease 17 (ADAMI17), also
called tissue necrosis factor a (TNFa)-converting enzyme,
is a membrane-spanning metalloprotease implicated in the
regulatory shedding of cell surface proteins, which include
TNFa and the ligands for epidermal growth factor (EGF)
receptors.! It has been documented that trans-activation
of EGF receptor plays critical roles for many cellular func-
tions mediated through multiple G protein-coupled recep-
tors.! We have demonstrated that heparin-binding EGF-like
growth factor (HB-EGF) shedding through ADAM17 acti-
vation is responsible for the EGF receptor transactivation
and subsequent hypertrophy induced by angiotensin IT (Ang
II) in cultured vascular smooth muscle cells (VSMCs).?
Interestingly, enhanced ADAM17 expression has recently
been demonstrated in animal models for and humans with
various types of cardiovascular diseases, including hyperten-
sion,’ atherosclerosis,* and abdominal aortic aneurysm.> We
have shown that ADAM17 expression was enhanced in neoin-
tima of rat carotid arteries upon angioplasty. Gene transfer of

that the angiotensin Il response involves hypoxia inducible fac-
tor Ta and a hypoxia responsive element. In angiotensin ll-infused
mice, marked induction of ADAM17 and hypoxia inducible factor 1a
was seen in vasculatures in heart and kidney, as well as in aortae, by
immunohistochemistry.

CONCLUSIONS

Angiotensin Il induces ADAM17 expression in the vasculatures through
a hypoxia inducible factor 1a-dependent transcriptional upregulation,
potentially contributing to end-organ damage in the cardiovascular
system.
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dominant-negative ADAM17 prevented the neointima for-
mation.® Moreover, human ADAM17 single nucleotide poly-
morphisms linked to higher risks for cardiovascular mortality
have been reported.” Although these studies suggest that a
treatment to reduce ADAM17 activity or its expression may
be beneficial to prevent cardiovascular diseases, little is known
regarding the regulatory mechanism of ADAMI17 expression
in the cardiovascular system. In this study, we have tested our
hypothesis that Ang II is a key positive regulator of ADAM17
expression in the vasculature and elucidated the molecular
mechanism by which Ang IT induces ADAM17 in VSMCs.

METHODS
Reagents

AngII was purchased from Sigma-Aldrich (St. Louis, MO)
and Bachem (Torrance, CA). A selective AT, receptor antag-
onist, RNH6270, was a gift from Sankyo Pharmaceutical
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(Tokyo, Japan). A hypoxia inducible factor la (HIF-la)
inhibitor, CAS 934593-90-5, was purchased from Santa
Cruz Biotechnology (Dallas, TX). Antibodies for immu-
noblotting and immunohistochemistry against ADAM17
were purchased from Santa Cruz Biotechnology (sc-13973)
and Abcam (No. 39163; Cambridge, MA), respectively.
Antibodies for immunoblotting and immunohistochemis-
try against HIF-1a were purchased from Novus (NB100-123
and NB100-134, respectively; Littleton, CO). Antibodies
for immunoblotting and immunohistochemistry against
Tyr'%8-phosphorylated EGF receptor were purchased from
Invitrogen (44788G; Grand Island, NY) and Cell Signaling
(No. 2236; Danvers, MA), respectively. Antibodies against
total EGF receptor and GAPDH were purchased from
Santa Cruz Biotechnology (sc-03) and Millipore (MRB374;
Billerica, MA), respectively.

Cell culture

VSMCs were prepared from thoracic aorta of male
Sprague-Dawley rats by the explant method as described
previously.® VSMCs were subcultured in Dulbecco’s modified
Eagle medium containing 10% fetal bovine serum, penicil-
lin, and streptomycin. Cells from passages 3—10 at 80%-90%
confluence were made quiescent by incubation with serum-
free medium for 2-3 days. To avoid any potential phenotypic
alteration, VSMCs were renewed every 2-3 months, and
VSMCs from frozen stock were never used. The results were
confirmed in at least 2 distinct cell preparations.

Immunoblotting

Immunoblotting was performed as previously described.?
Quiescent VSMCs grown on 6-well plates were stimulated
for specified durations. The reaction was terminated by the
replacement of medium with 100 pl of 1x sodium dodecyl
sulfate sample buffer. Forty microliters of the cell lysates
were subjected to sodium dodecyl sulfate—polyacrylamide
gel electrophoresis and electrophoretically transferred to
a nitrocellulose membrane. The membranes were then
exposed to primary antibodies overnight at 4 °C. After incu-
bation with the peroxidase linked secondary antibody for 1
hour at room temperature, immunoreactive proteins were
visualized by a chemiluminescence reaction kit.

Promoter assay

pTACE-Luc vectors encoding murine ADAM17 promoter
(2,340 to —1bp), its 5" deletion constructs, or hypoxia
responsive element (HRE) mutants located at H4 site were
constructed as reported previously.’ A luciferase reporter
gene driven by 3 repeats of the HRE retrieved from the
erythropoietin gene, HRE;-Luc, was generously provided by
Dr. Steven McKnight (University of Texas). pSEAP2-control
vector (Clontech, Mountain View, CA) was used to normal-
ize transfection efficiency. VSMC (2 x 10° cells) were trans-
fected by Amaxa Nucleofector program U-25 in basic SMC
Nucleofector” solution (Lonza, Basel, Switzerland) contain-
ing 5 pg pTACE-Luc or HRE;-Luc vector and 1 pg pSEAP2-
control vector. Twenty-four hours after the transfection, cells

were incubated with serum-free Dulbeccos modified Eagle
medium for 24 hours. The cells were then stimulated with
100nM Ang 1l for 24 hours. Cellular luciferase activity was
measured by Luciferase Reporter Gene Assay kit (Roche,
Indianapolis, IN), and secreted alkaline phosphatase activity
in the medium was measured as described.®

HB-EGF shedding assay

Ang II-mediated HB-EGF shedding was quantified in
VSMCs using an alkaline-phosphatase-tagged HB-EGF
encoding adenovirus (HB-EGF-ALP) as previously
described.® After serum starvation, VSMCs were infected
with adenoviral vectors encoding HB-EGF-ALP. Two days
after infection, cells were incubated with or without 100nM
Ang II for 24 hours. After the medium change, secreted
HB-EGF was measured for 1 hour using a colorimetric alka-
line phosphatase activity assay as previously described.®

Quantitative real-time polymerase chain reaction

Total RNA was extracted from VSMCs using TRIzol rea-
gent (Invitrogen). cDNA was synthesized using RevertAid
First Strand c¢DNA Synthesis Kit (Thermo, Waltham,
MA). Quantitative real-time polymerase chain reaction
(qPCR) was performed with SYBR Green qPCR Master
Mix (Fermentas, Waltham, MA) as described previ-
ously.! mRNA abundance was calculated by normaliza-
tion to ribosome 18S. The primers used were ADAMI17:
forward ACTCTGAGGACAGTTAACCAAACC, reverse
AGTAAAAGGAGCCAATACCACAAG; Ribosome 18S:
forward CTCTCTTCCACAGGAGGCCTACACG, reverse
AGGCTATTTTCCGCCGCCCATC.

Ang Il infusion and immunohistochemistry

All animal procedures conformed to the Guide for the Care
and Use of Laboratory Animals published by the US National
Institutes of Health (Publication No. 85-23, revised 1996) and
Temple University. Eight-week-old male C57Bl/6 mice (SAGE
Labs, St. Louis, MO) were infused with either saline or Ang
IT (1 pg/kg/minute) for 14 days by osmotic minipump. The
heart, kidney, and aorta were extracted, fixed, and used for
immunohistochemical studies as described previously.>®

Statistical analysis

Data are presented as means + SEMs. Student ¢ test or
paired ¢ test was performed as appropriate for 2-group com-
parisons. Values of P < 0.05 were considered to be statisti-
cally significant.

RESULTS

To examine whether Ang II increases ADAM17 expres-
sion in VSMC:s, the cells were stimulated with 100nM Ang
II for 1-24 hours. As shown in Figure 1a, Ang II increased
ADAM17 protein expression at 2-24 hours of stimulation.
Pretreatment of AT, receptor blocker RNH6270 (10 uM;
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Figure 1. Angiotensin Il (Ang Il) induces a disintegrin and metalloprotease 17 (ADAM17) expression through hypoxia inducible factor 1a (HIF-1a). (a,b)
Rat vascular smooth muscle cells (VSMCs) were stimulated with 100nM of Ang Il for 1-24 hours, and expression of ADAM17, HIF-1a, and GAPDH was
determined by immunoblotting. The ADAM17 antibody mainly detected ADAM17 precursor at just above 102kDa MW marker in whole VSMC lysates,
which was quantified in the bar graph. Representative blots and densitometry analysis of the data (mean + SEM; *P < 0.05 compared with basal control)
are shown from 3 separate experiments. (c) Rat VSMCs pretreated with or without HIF-1a inhibitor CAS 934593-90-5 (20 uM) for 1 hour were stimulated
with 100 nM of Ang Il for 4 hours, and expression of ADAM17 and GAPDH was determined by immunoblotting. Representative blots and densitometry
analysis of the data (mean = SEM; *P < 0.05 compared with basal control) are shown from 3 separate experiments. (d) Upon Amaxa transfection of
ADAM17 luciferase promote-reporter constructs (-2,340 —1; and its mutants)® for 48 hours, VSMCs were stimulated with 100 nM of Ang Il for 24 hours,
and luciferase activity was determined (mean + SEM; n = 3; *P < 0.05 compared with basal control). The arrows denote 6 HIF-1 binding sites, with black
arrows denoting 2 hypoxia responsive elements composed of one HIF-1 binding sequence and one HIF-1 ancillary sequence. H4x: HIF-1 binding site
mutation at position H4. (e) Eight-week-old C57BI/6 mice were infused with Ang Il (1 pg/kg/minute) or saline for 2 weeks. Tissues were immunostained
with ADAM17 antibody, HIF-1a antibody, or EGFR-pY'% antibody as indicated. Representative images are shown from 3 mice for each. The red arrows
indicate renal arteries. The blue arrows denote renal tubules.
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30 minutes) prevented ADAMI17 induction by 100nM
Ang II in VSMCs (Supplementary Figure Sla). Ang II also
increased ADAMI17 mRNA at 8 and 24 hours in VSMCs
(Supplementary Figure S1b). The ADAM17 induction by
Ang II was associated with enhanced ADAMI17 activation
as assessed by HB-EGF shedding and EGFR activation
(Supplementary Figure Slc,d).

A recent study demonstrated that TNFa stimulated
ADAM]17 transcription through HIF-1a and HRE located in
the ADAM17 promoter.” Ang II increased HIF-1a protein
expression in VSMC at 2-8 hours (Figure 1b). An HIF-1a
inhibitor attenuated Ang II-induced ADAMI17 protein
expression (Figure 1c), whereas the inhibitor suppressed
EGF receptor expression regardless of Ang II stimulation
(Supplementary Figure Sle). To elucidate an involvement of
HRE for ADAM17 induction by Ang II in VSMCs, effects of
Ang II on several ADAMI17 promoter luciferase constructs
were examined. Ang II stimulated ADAM17 promoter activ-
ity with a 5-fold induction observed with the —991 construct.
However, Ang II-stimulated ADAM 17 promoter activity was
dependent upon sequences in the region —991 to -410, most
notably the HRE at position H4 (Figure 1d). In fact, muta-
tion of the H4 site completely abrogated the Ang II response.
To test the ability of Ang II to stimulate HRE-dependent
transcription, VSMCs were transfected with a luciferase
reporter gene driven by 3 repeats of the HRE retrieved from
the erythropoietin gene, HRE;-Luc. Ang II increased this
luciferase activity in VSMCs (Supplementary Figure S1f).
These data suggest that Ang II stimulates ADAM17 tran-
scription through HIF-1a and an HRE located within the
—991 to —410 region of the ADAM17 promoter.

To examine whether Ang II induces vascular ADAM17
expression in vivo, C57Bl/6 mice were infused with Ang
IT (1 pg/kg/minute) or control saline for 2 weeks. We con-
firmed that Ang II induced end-organ damage in heart and
kidney associated with vascular medial hypertrophy and
perivascular fibrosis (data not shown). Enhanced ADAM17
staining was seen in coronary arteries, renal arteries, and
aortae in mice infused with Ang II (Figure 1le). Marked EGF
receptor Tyr!%8 phosphorylation was detected in these arter-
ies with Ang II infusion. Moreover, strong HIF-1a staining
was observed in the arteries with Ang II infusion.

DISCUSSION

It has been recently reported that Ang IT infusion stimulated
ADAMI17 induction in abdominal aorta of apoE-/- mice.!! In
our study, we have demonstrated that Ang IT induces ADAM17
expression in VSMCs through HIF-1a/HRE-dependent tran-
scriptional upregulation. Although induction of HIF-1la
mRNA and protein has been observed in VSMCs stimulated
with Ang II'*!* and in rodent aorta'* infused with Ang II,
limited information is available regarding the target gene(s)
regulated by the HIF-1a induction. In aorta, Ang II appears to
generate vascular endothelial growth factor through HIF-1a
induction.' Silencing VSMC HIF-1a protected against vascu-
lar remodeling in mice infused with Ang IL."> Our data indicate
that ADAM 17 is another HIF-1a target gene induced by Ang IT
in heart, kidney, and aorta, suggesting a potential contribution
of HIF-1a-dependent ADAM17 induction in cardiovascular

pathophysiology. Although induction of ADAM17, as well
as HIF-1a, by Ang II were mainly observed in the vascula-
ture, these proteins were also increased in cardiac myocytes
and renal tubules. By contrast, the EGF receptor activation by
Ang II was more prominent in the vasculature. This could be
because of differences in ADAM17 activity or expressions of
ADAMI17 substrates and EGF receptors. However, it seems
difficult to interpret the involvement of HIF-1a in Ang II-
induced sustained EGFR activation in VSMCs by the HIF-1a
inhibitor because the inhibitor reduced EGFR expression.
Inclusion of genetic tools such as VSMC HIF-1a-deficient
mice'® may solve this limitation of the study. In addition,
potential contribution of hypertension in ADAM17 induction
by Ang II in vivo remains to be elucidated.

The mechanism by which Ang II increases ADAM17 pro-
tein expression may not be limited to transcriptional upreg-
ulation. As noted, there is a discrepancy in the induction
time course of HIF-1a and ADAMI17 with Ang II stimula-
tion. The early increase in ADAMI17 protein levels could be
due to effects on post-translational fate of ADAM17 protein,
such as enhanced trafficking!® or suppression of degrada-
tion.!” In addition, ADAM17 3’UTR has conserved regions
targeted by a microRNA, miR-145, whose expression is
markedly reduced in a synthetic phenotype of VSMCs.!®
Upon induction, ADAM17 activation by Ang II requires
its maturation,'s as well as regulatory phosphorylation.”
Further research is required to determine whether Ang II
also increases ADAM17 mRNA stability, suppresses protein
degradation, and enhances its trafficking.

Our data presented here may suggest the notion that
VSMC ADAM17 could provide a novel therapeutic tar-
get toward preventing cardiovascular diseases associated
with the enhanced renin angiotensin system. Silencing
of ADAM17 in VSMCs attenuated rapid EGF receptor
transactivation by Ang II in VSMCs," and induction of
ADAM17 by Ang II may lead to sustained EGF receptor
activation. Conditional EGF receptor null mice have been
used to prove the critical role of EGF receptor transactiva-
tion in hypertensive renal damage induced by Ang II infu-
sion.?? It has been shown that EGF receptor transactivation
partially contributes to HIF-1la-dependent transcription in
VSMCs.!? Therefore, the induction of ADAM17 by Ang II
likely promotes a feed-forward loop of ADAM17 activation
and subsequent EGF receptor activation under a variety of
pathophysiological conditions, including hypoxia/ischemia,
leading to end-organ damage in the cardiovascular system.

SUPPLEMENTARY MATERIAL

Supplementary materials are available at American Journal
of Hypertension (http://ajh.oxfordjournals.org).
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