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Abstract
Sustained induction and activation of matrixins (matrix metalloproteinases or MMPs), and the
destruction and deposition of extracellular matrix (ECM), are the hallmarks of cardiac fibrosis.
The reversion-inducing-cysteine-rich protein with Kazal motifs (RECK) is a unique membrane-
anchored endogenous MMP inhibitor. We hypothesized that elevated angiotensin II (Ang II),
which is associated with fibrosis in the heart, differentially regulates MMPs and RECK both in
vivo and in vitro. Continuous infusion of Ang II into male C57Bl/6 mice for 2 weeks resulted in
cardiac fibrosis, with increased expressions of MMPs 2, 7, 9 and 14, and of collagens Ia1 and
IIIa1. The expression of RECK, however, was markedly suppressed. These effects were inhibited
by co-treatment with the Ang II type 1 receptor (AT1) antagonist losartan. In vitro, Ang II
suppressed RECK expression in adult mouse cardiac fibroblasts (CF) via AT1/Nox4-dependent
ERK/Sp1 activation, but induced MMPs 2, 7 and 9 via NF-κB, AP-1 and/or Sp1 activation.
Further, while forced expression of RECK inhibits, its knockdown potentiates Ang II-induced CF
migration. Notably, RECK overexpression reduced Ang II-induced MMPs 2, 9 and 14 activation,
but enhanced collagens Ia1 and IIIa1 expression and soluble collagen release. These results
demonstrate for the first time that Ang II suppresses RECK, but induces MMPs both in vivo and in
vitro, and RECK overexpression blunts Ang II induced MMP activation and CF migration in vitro.
Strategies that upregulate RECK expression in vivo have the potential to attenuate sustained MMP
expression, and blunt fibrosis and adverse remodeling in hypertensive heart diseases.
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1. Introduction
The Renin-Angiotensin-Aldosterone system plays an important role in normal myocardial
function. However, chronic elevation in angiotensin II (Ang-II) levels is associated with
persistent hypertension, myocardial hypertrophy, fibrosis and adverse remodeling, which if
untreated, can progress to heart failure. While the deleterious effects of chronically elevated
Ang II are generally considered to be mediated through the Ang II receptor AT1, signaling
through AT2 is thought to oppose AT1-dependent pro-inflammatory, pro-hypertrophic and
pro-fibrotic effects [1]. In cardiac fibroblasts (CF), the principle cell type responsible for
cardiac fibrosis [2–5], Ang II, via AT1, upregulates the expression levels of various
matrixins (a.k.a. matrix metalloproteinases or MMPs) that promote extracellular matrix
(ECM) degradation, resulting in increased CF migration and proliferation, ECM deposition,
fibrosis and adverse remodeling [6].

To date, nearly 28 MMPs have been discovered, with several being expressed at very low or
undetectable levels in the normal heart. However, following injury, their chronic activation
contributes to the aberrant remodeling of ECM. Enhanced expression and/or activation of
MMPs, such as the gelatinases MMP2 and MMP9, the transmembrane metalloprotease
MT1-MMP (Membrane type 1 matrix metalloprotease or MMP14), and the matrilysin
MMP7, promote breakdown of various ECM components that can result in fibroblast
invasion and proliferation, and fibrosis.

The reversion-inducing-cysteine-rich protein with Kazal motifs (RECK) is a unique
membrane-anchored endogenous MMP inhibitor that contains several serine protease
inhibitor-like domains [7]. It is expressed in several organs under physiological conditions,
including heart [7]. Its expression is however suppressed in various tumors. In fact, many
cancer and oncogene-transformed cells show little or no expression of RECK, which might
be a contributory factor in their invasive potential and malignancy [8, 9]. Although RECK
has been shown to inhibit the activation of MMPs 2, 7, 9 and 14 [7, 10–12], all of which are
known to contribute causally to myocardial fibrosis and adverse remodeling, its role in
CVD, especially in hypertensive heart disease, has not been described.

Since chronically elevated Ang II levels are associated with cardiac fibrosis and adverse
remodeling, we investigated the effect of Ang II on the regulation of MMPs and RECK in
vivo and in vitro. Our results show for the first time that Ang II/AT1-mediated cardiac
fibrosis in a mouse model is characterized by increased MMPs 2, 7, 9, and 14 expression,
but suppressed RECK. Further, Ang II stimulates MMPs 2, 9 and 14 expression in isolated
cardiac fibroblasts via NF-κB, AP-1 and/or Sp1 activation, but suppresses RECK via ERK/
Sp1-dependent signaling. Notably, while forced expression of RECK inhibits, its
knockdown potentiates Ang II-induced CF migration. Strategies that upregulate RECK
expression may have the potential to blunt fibrosis and adverse remodeling in hypertensive
heart diseases.

2. Methods
2.1. Materials

The materials used are detailed in the Supplementary methods section.
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2.2. Infusion of Ang II and administration of losartan
This investigation conforms to the Guide for the Care and Use of Laboratory Animals,
published by the National Institutes of Health. All protocols were approved by the
Institutional Animal Care and Use Committees of Tulane University, New Orleans, LA and
the University of Texas Health Science Center, San Antonio. Male C57Bl/6 mice (~3
months old, and weighing ~25 g) were trained for systolic blood pressure (SBP)
measurement by tail cuff plethysmography (CODA Noninvasive Blood Pressure System,
Kent Scientific, Torrington, CT) without anesthesia [13, 14]. One group of mice was infused
with 1.5 µg/kg/min of human Ang II for two weeks via subcutaneously implanted
(midscapular region) Alzet miniosmotic pumps (n=8/group). Pumps were implanted under
isofluorane anesthesia (5.0% for induction, and 2% for maintenance). A control group was
implanted with sterile saline-filled pumps (n=6). A subset of mice receiving Ang II was co-
treated with the AT1 antagonist losartan in drinking water (0.6 g/L). After blood pressure
measurements, body weights were recorded, and the animals sacrificed. The hearts were
rapidly excised, rinsed in ice-cold physiological saline, and weighed. The right ventricle and
atria were trimmed away, and the left ventricle (LV) was weighed. The LV was cut into
three pieces and two were snap-frozen in liquid N2 for not more than 3 days prior to
analysis. The third piece was embedded in OCT for histo-morphometric analysis.

The dose of Ang II used in the present report is within the pathophysiological limits. Ang II
was infused at 1.5 µg/kg/min for two weeks. While the basal levels of Ang II are ~0.25
pmol/ml, its infusion at 400 and 1,000 ng/kg/min has been shown to increase its systemic
levels to approximately 0.5 and 0.8 pmol/ml, respectively [15]. These levels approximate
0.25 (basal), 0.5 and 0.8 ng/ml, respectively. Ang II at 1.5 µg/kg/min should equate to
approximately 1.1 ng/ml. In patients with congestive heart failure and chronic kidney
disease, Ang II levels are about 2–5 times above normal [16–19], and that based on the
report of Gonzales-Villalobos et al. [15] the expected Ang II concentrations in our model
should approximate to 4-fold normal in the mouse.

2.3. Assessment of cardiac remodeling
Since increased collagen synthesis and deposition is a significant feature of pathological
cardiac remodeling, we quantified fibrosis by Picrosirius Red staining (8 µm cryosections)
as previously described [13]. Myocardial hypertrophy served as confirmatory evidence of a
response to Ang-II, and was analyzed by a ratio of heart weight to body weight.

2.4. Isolation of cardiac fibroblasts
Cardiac fibroblasts (CF) were isolated using collagenase digestion and differential
centrifugation as we have described in our previous published reports [20–22] and detailed
in Supplementary methods. CF were used between the second and third passages. At 70%
confluency, the cells were made quiescent by incubating in medium containing 0.5% BSA
(serum free) for 48 h. At the end of the experimental period, culture supernatants were
collected and snap frozen. Cells were harvested, snap frozen, and stored at −80°C.

2.5. Detection of hydrogen peroxide by Amplex® Red assay
The quiescent CF were treated with Ang II (10−7M for 30 min). H2O2 production was
measured as previously described [22] using a commercially available fluorescent Amplex®
Red Hydrogen Peroxide/Peroxidase Assay Kit (Molecular Probes Inc./Life Technologies),
according to the manufacturer's instructions. Fluorescence was recorded at 530 nm
excitation and 590 nm emission wavelengths (CytoFluor II; Applied Biosystems, Foster
City, CA). Standard curves were generated using known concentrations of H2O2. Studies
were also performed after DPI pretreatment or Ad.siNox4 transduction.
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2.6. Adeno and lenti viral transduction
Adenovirus containing the full-length mouse RECK ORF (GenBank accession #
NM_016678.2) under control of the CMV promoter (Ad.RECK) was custom made at Vector
Biolabs (Philadelphia, PA). Adenoviral vectors expressing siRNA against MMP2
(Ad.siMMP2) and MMP9 (Ad.siMMP9) were provided by Jasti S. Rao (University of
Illinois College of Medicine, Peoria, IL). Ad.siGFP was used as a control. Lentival shRNA
targeting RECK, p65, c-Jun (JUN), Sp1, and GFP were purchased from Sigma-Aldrich.
Adeno and lentiviral infections are described in Supplementary methods.

2.7. Transcription factor activation
Nuclear extracts were prepared using the Panomics Nuclear Extraction kit according to the
manufacturer's (Panomics/Affymetrix, Freemont, CA) instructions. Nuclear p-p65 (Ser536)
p-c-Jun (Ser63) levels were analyzed by immunoblotting. Lamin A/C (nuclear) and GAPDH
(cytoplasmic) served as loading and purity controls.

2.8. mRNA expression
Total RNA was isolated using the TRIzol method, treated with DNase, and 1 µg of DNA-
free total RNA reverse transcribed using the Quantitect cDNA Synthesis Kit (Qiagen).
MMP2, MMP9, RECK, collagen Ia1, and collagen IIIa1 mRNA expression levels were
analyzed by RT-qPCR using TaqMan® probes and Eppendorf Realplex4 system [20–23].
Data are shown as fold change (2−ΔΔCt). All data were normalized to corresponding 18S
rRNA, and expressed as fold change relative to untreated controls.

2.9. Immunoblotting, immune complex kinase assay, and Biotrak activity assays
Extraction of whole cell lysates, membrane, cytoplasmic and nuclear protein extracts,
immunoprecipitation, immunoblotting, chemiluminescence, and densitometry were
performed as previously described [20, 21, 23]. ERK enzyme activity was analyzed by
immune complex kinase assays using whole cell homogenates and a commercially available
colorimetric assay kit (Cell Signaling Technology, Inc.).

MMP2 and MMP9 activities in concentrated culture supernatants containing 1 µg of total
protein were analyzed using the MMP2 (RPN2631) and MMP9 (#RPN2634) activity assay
kits (GE Healthcare Biosciences, Piscataway, NJ) according to the manufacturer’s
instructions. MMP14 activity in Ang II-treated CF cell extracts was determined by the MT1-
MMP Biotrak assay kit (RPN2637). CF were washed with ice-cold PBS and lysed for 15
minutes in MMP assay buffer supplemented with 0.25% (v/v) Triton X-100. MMP14 levels
were also quantified by immunoblotting using the membrane fractions. GAPDH in
cytoplasmic extracts served as a loading control.

2.10. Soluble collagen release
The effect of Ang II on the secretion of soluble collagen was determined as previously
described [22]by the Sircol Collagen assay (Biocolor, Newtownabbey, N. Ireland). The
assay is based on the specific binding of the anionic dye Sirus red, to the basic amino acid
residues of collagen. Cell numbers were quantified by CyQuant assay as previously
described [24], and collagen levels were normalized to cell numbers,

2.11. Cell migration
CF migration was quantified as described previously using BioCoat™ Matrigel™ invasion
chambers and 8.0-µm pore polyethylene terephthalate membranes with a thin layer of
Matrigel™ basement membrane matrix [20, 22]. Cultured CF were trypsinized and
suspended in RPMI + 0.5% bovine serum albumin, and 1 ml containing 2.0 × 105 cells/ml
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was layered on the coated insert filters. Cells were stimulated with Ang II (10−7 M). The
lower chamber contained 10% serum. Plates were incubated at 37 °C for 12 h. Membranes
were washed with PBS, and non-invading cells on the upper surface were removed using
cotton swabs. CF invading into and through the Matrigel™ matrix were quantified by MTT
assay. Numbers of CF migrating in response to Ang II were normalized to those of untreated
cells and expressed as fold change from untreated.

2.12. Cell death analysis
To determine whether transduction of viral vectors, pharmacological inhibitors or over-
expression of mutant proteins affected cell viability, cell death was analyzed using the Cell
Death Detection ELISAPLUStrypan blue dye exclusion, and microscopic visualization of cell
shape and for cells floating in the media.

2.13. Statistical analysis
Comparisons between controls and various treatments were performed by analysis of
variance with post hoc Dunnett's t tests. All assays were performed at least three times, and
the error bars in the figures indicate the S.E.

3. Results
3.1. Ang II differentially regulates MMPs and RECK in vivo

The continuous infusion of mice with Ang II for 2 weeks resulted in increased systolic blood
pressure and cardiac hypertrophy (Supplementary Fig. 1). Further, Ang II increased both
interstitial and perivascular fibrosis (Fig. 1A). The levels of expression of the ECM protein
genes collagen types Ia1 and IIIa1 were enhanced (Fig. 1B). Moreover, Ang II infusion was
associated with increased activation of MMPs 2 and 9, and increased levels of MMP7 and
14 in myocardial homogenates (Fig. 1C). In marked contrast, the mRNA and protein
expression of RECK, the negative regulator of MMPs, was significantly reduced (Fig. 1D,
E). Co-treatment with the AT1 antagonist losartan reversed these changes. Thus the cardiac
fibrosis that results from Ang II infusion is characterized by the increased expression of
matrix degrading enzymes, reinforced by the reduced expression of their natural inhibitor
RECK (Fig. 1).

3.2. Ang II-induced cardiac fibroblast (CF) migration is mediated by MMPs 2 and 9, but
inhibited by RECK

Fibroblasts are the major non-muscle cell type in the heart responsible for ECM regulation
and remodeling, with migration of CF into injured tissue playing a significant role in the
remodeling process [2–5]. Since myocardial RECK expression was significantly reduced in
vivo following Ang II infusion (Fig. 1D, E), we investigated the role of RECK on CF
migration using Boyden chamber invasion assays. Ang II induced a significant increase in
CF migration that was significantly inhibited by losartan (Fig. 2A). Notably, overexpression
of RECK by adenoviral transduction markedly inhibited Ang II-induced CF migration (Fig.
2B). In contrast, knockdown of RECK using lentiviral shRNA potentiated CF migration
(Fig. 2B). Neither RECK overexpression nor its knockdown affected cell viability (data not
shown). In contrast to RECK, knockdown of MMP2 or MMP9 attenuated Ang II-induced
CF migration (Fig. 2C). These results indicate that RECK and MMPs differentially regulate
Ang II-stimulated CF migration (Fig. 2).

3.3. Ang II induces CF migration through Nox4 NADPH oxidase-dependent ERK activation
The MAP kinase ERK plays a critical role in Ang II-induced signal transduction and
responses, including Ang II-induced CF proliferation [25, 26]. Addition of Ang II to CF
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induced ERK enzyme activity in a time-dependent manner, as determined by a
phosphorylation assay using Elk-1 as a substrate (Fig. 3A). Further, since Ang II is a potent
pro-oxidant, and NADPH oxidases are often the major contributors of ROS generation, we
investigated the role of Nox4, the dominant NADPH oxidase isotype in CF [27], in H2O2
production and ERK activation. Pre-treatment with the Nox inhibitor DPI, or knockdown of
Nox4 with Ad.siRNA each inhibited Ang II-induced H2O2 production (Fig. 3B) and ERK
activation (Fig. 3C). Pretreatment with the ERK inhibitor PD98059, but not the p38MAPK
inhibitor SB203580 or the JNK inhibitor SP600125, also inhibited Ang II-induced ERK
activation (Fig. 3D). Further, PD98059 attenuated Ang II-induced CF migration (Fig. 3E), as
did knockdown of Nox4 (Fig. 3F). These results indicate that Ang II stimulates CF
migration via Nox4/ROS-dependent ERK activation (Fig. 3).

3.4. Ang II induces MMPs 2 and 9 via NF-κB- and/or AP-1 activation, and MMP14 via Sp1
We have demonstrated that CF migration in response to Ang II is positively regulated by
MMPs 2 and 9, and negatively regulated by RECK (Fig. 2). To understand the diverse
effects of Ang II, we next investigated the underlying mechanisms. Ang II induced both
MMP2 (Fig. 4A) and MMP9 (Fig. 4B) mRNA expression in CF, an effect that was markedly
attenuated by p65 or c-Jun knockdown using lentiviral shRNA. Importantly, knockdown of
p65 or c-Jun also attenuated Ang II-induced CF migration (Fig. 4C), indicating that Ang II-
induced CF migration is mediated in part via NF-κB or AP-1 induced MMP2 and MMP9
expression. Further, the ERK inhibitor PD98059 inhibited Ang II induced p65 and c-Jun
activation (Fig. 4D). In addition to MMPs 2 and 9, CF also express MMP14, but not MMP7
([28, 29]), and Sp1 has been shown to positively regulate MMP14 expression [30].
Therefore, we investigated whether Ang II induces MMP14 expression via Sp1. Indeed, Ang
II-induced Sp1 activation via ERK (Fig. 4E), and knockdown of Sp1 attenuated MMP14
expression (Fig. 4F).

Cardiac ECM is predominantly comprised of collagens type I and III that contribute to
cardiac structural integrity and function, as well as to the remodeling process. Therefore, we
next investigated whether Ang II regulates collagens type Ia1 and IIIa1 in CF. Ang II
enhanced the mRNA and protein expression levels of both ECM protein genes (Fig. 4G and
H), and knockdown of c-Jun attenuated their expression. Together, these results demonstrate
that Ang II-induces MMPs 2, 9 and 7, and collagens I and III, via ERK-dependent NF-κB,
AP-1 and/or Sp1 activation (Fig. 4).

3.5. Ang II suppresses RECK expression in CF
In contrast to MMP induction (Fig. 4), Ang II suppressed RECK expression in CF in a time-
dependent manner, with significantly reduced levels seen as early as 2 h (Fig. 5A), and a
marked reduction at 6 h. Pre-treatment with the ERK inhibitor PD98059 reversed Ang II
induced RECK suppression (Fig. 5B). Since Ang II activates Sp1 (Fig. 4E), and as Sp1
activation has been shown to negatively regulate RECK expression in cancer cells [31–33],
we next investigated whether Ang II suppresses RECK via Sp1 activation. Pre-treatment of
CF with the ERK inhibitor PD98059 reversed Ang II-induced RECK suppression (Fig. 5B).
Similarly, pre-treatment with the Sp1 inhibitor mithramycin or Sp1 knockdown reversed
Ang II-induced RECK suppression (Fig. 5C), as did c-Jun knockdown. These results
indicate that Ang II suppresses RECK expression via ERK-dependent Sp1 or AP-1
activation (Fig. 5).

3.6. RECK suppresses MMP activation in CF
We have demonstrated that while MMP2 and 9 knockdown inhibits Ang II-induced CF
migration, RECK overexpression blunts the pro-migratory effects of Ang II (Fig. 2). Since
RECK is known to inhibit MMPs 2, 7, 9 and 14 [7, 10, 11] [12], we next investigated
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whether RECK overexpression inhibits MMP activation in CF. Since MMP7 is expressed in
cardiomyocytes and inflammatory cells [28, 29], but not cardiac fibroblasts, we focused on
MMPs 2, 9 and 14. We analyzed MMPs 2 and 9 activations by immunoblotting using equal
amounts of culture supernatants and antibodies that detect both pro and active forms.
MMP14 expression was analyzed in membrane fraction by immunoblotting. Our results
show that Ang II enhanced the activities of MMPs 9 (Fig. 6A), 2 (Fig. 6B), and 14 (Fig. 6C),
and RECK overexpression attenuated these effects. The Biotrak activity assays using culture
supernatants (MMPs 2 and 9) and cellular extracts (MMP14) confirmed these results (right
hand panels in Fig. 6A, 6B and 6C), indicating that RECK inhibits activation of both soluble
(MMP2, MMP9) and membrane-bound MMP (MMP14) in CF (Fig. 6).

3.7. RECK overexpression enhances collagen expression and secretion in CF
Since RECK is an MMP inhibitor, and as MMPs exert collagenolytic activity, we next
examined whether RECK overexpression enhances Ang II-induced collagen expression and
secretion. Our results show that Ang II induced collagens types Ia1 (Fig. 7A) and IIIa1 (Fig.
7B) protein levels, and RECK overexpression further enhanced their expression. Moreover,
RECK overexpression enhanced Ang II-induced increases in soluble collagens secretion
(Fig. 7C). These results indicate that RECK potentiates Ang II-induced collagens expression
and secretion (Fig. 7).

4. Discussion
RECK is a unique membrane-anchored MMP regulator [7], that has been shown to inhibit
the activity of MMPs 2, 7, 9 and 14 [7, 10–12]. Enhanced expression of the MMPs
contributes causally to the myocardial fibrosis and adverse remodeling that can occur in the
heart after injury. Though reduced or lack of RECK expression in the progression of certain
cancers is well described [8, 9], its expression and role in CVD, particularly in hypertensive
heart disease, have not previously been reported. Here we show for the first time that Ang
II-induced cardiac fibrosis is characterized by increased expression of MMPs 2, 7, 9 and 14,
but suppressed RECK expression, suggesting differential regulation of MMPs and their
endogenous inhibitor RECK by Ang II. Supporting these in vivo observations, Ang II
induced MMPs 2, 9 and 14 expression in cardiac fibroblasts in vitro via ERK-dependent NF-
κB, AP-1, and/or Sp1 activation, but suppressed RECK via Sp1 activation. Further, Ang II
induced the synthesis and secretion of collagens type Ia1 and IIIa1 via AP-1 activation, and
RECK overexpression enhanced this effect. Notably, while forced expression of RECK
inhibits, its knockdown potentiates Ang II-induced CF migration (Fig. 8).

Although both RECK and TIMPs inhibit MMP activity, marked differences exist between
these two classes of MMP inhibitors. For example, while TIMPs are secreted proteins [34],
RECK is expressed on the plasma membrane as a GPI-anchored protein [7]. As soluble
proteins, TIMPs act both locally and distally, whereas as a membrane-anchored protein, the
inhibitory effect of RECK may be localized. Further, TIMPs inhibit all MMPs, whereas
RECK to date has only been shown to inhibit MMPs 2, 7, 9 and 14 [7, 10–12]. However,
based on structural similarities between various subclasses of MMPs, it’s plausible that
RECK may inhibit other MMPs as well. In addition, while the expression of TIMPs is
mostly regulated at the transcriptional level, RECK expression is regulated both
transcriptionally and post-transcriptionally. Interestingly TIMPs also exert anti-apoptotic
and prosurvival effects, independent of their MMP regulation. Whether RECK exerts similar
or opposing effects remains to be determined.

In contrast to studies in cancer [8, 9], there are virtually no reports describing the role of
RECK in either human or animal models of cardiovascular disease. In the one study we
were able to identify [35], the investigators reported the increased expression of RECK in
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the fibrotic atria of patients with atrial fibrillation (AF). In those subjects,
immunohistochemistry revealed RECK positive staining in cells present in the ECM [35].
RECK expression was also detected as diffuse positive spots or cell accumulations in the
interstitium. Immunoblotting confirmed increased RECK expression in right atrial free walls
[35]. Based on these observations, the authors speculated that increased RECK expression
may be a compensatory mechanism in this late stage of the disease, since those subjects also
showed increased levels of MMP2 and TIMPs, and fibrosis [35]. These important
association studies however did not provide mechanistic insights into RECK expression,
role, and regulation in fibrosis.

Here we show that Ang II infusion in mice induces cardiac fibrosis with increased
expression of MMPs, but suppressed expression of RECK. Similar to its in vivo effects, Ang
II induced MMPs 2, 9 and 14 in cardiac fibroblasts in vitro. Ang II stimulated Nox4-
dependent H2O2 production, the activation of the redox-sensitive transcription factors NF-
κB and AP-1, and the induction of MMPs. While both NF-κB and AP-1 have been shown to
positively regulate MMP9 transcription, various cis-regulatory elements have been shown to
play a role MMP2 regulation. In addition to two AP-2 and at least four Sp1 binding sites in
its proximal promoter region [36], the MMP2 promoter also contains several AP-1 binding
sites, and FosB, JunB, c-Jun, and Fra1 contributed to its increased transcription [37]. In
addition, p53, nm-23β, and RE-1 have also been shown to regulate MMP2 transcription [38].
We analyzed a 4.1 kb mouse MMP2 promoter (GenBank: AB125668.1) and the first exon
by both www.cbrc.jp/research/db/TFSEARCH.html and MatInspector Professional®
software and identified several putative NF-κB binding sites; five in the promoter region and
one in the 5’UTR (data not shown), suggesting a potential role for NF-κB in MMP2
regulation. Also, a role for NF-κB in MMP2 expression has been previously reported [38–
40], suggesting that MMP2 regulation is complex. Here we show that Ang II-induced
MMP2 expression is attenuated by p65 or c-Jun knockdown.

In contrast to the induction of the MMPs, Ang II suppressed RECK expression in part via
Sp1 activation. The RECK proximal promoter region contains two Sp1-binding sites [33],
and ERK-dependent Sp1 activation has been shown to repress RECK expression and
promote HER-2/neu oncogene-induced tumor cell invasion [32]. Consistent with those
results in tumor cells, we show here that Ang II suppresses RECK expression in cardiac
fibroblasts via ERK/Sp1 activation. Interestingly, Sp1 activation induces MMP14 expression
[30], suggesting that Ang II-mediated Sp1 activation differentially regulates MMPs and their
inhibitor RECK in CF, most likely resulting in a net increase in MMP production/activation,
ECM destruction, and fibroblast migration.

RECK inhibits MMPs 2, 7, 9 and 14 [7, 10–12]. These MMPs contribute causally to
myocardial fibrosis and adverse remodeling [41–44]. RECK inhibits MMP2 and MMP9
secretion and enzymatic activity [7]. Recently, RECK has also been shown to inhibit MMP9
transcription [45]. In those studies, RECK overexpression was shown to prevent Fra-1 and
c-Jun binding to the TRE-1 site within the MMP9 promoter region. RECK however failed to
affect MMP2 transcription or mRNA expression [45]. RECK forms a complex with MMP14
and inhibits its maturation and proteolytic activity [12]. RECK also promotes the rapid
internalization and decay of MMP14 [12]. RECK competitively inhibits MMP7 activity
[11]. Surprisingly, RECK is also a target of MMP proteolytic activity. Using purified
proteins, both MMPs 2 and 7 have been shown to cleave RECK in vitro [11]. It is thus
possible that decreased transcription via Sp1 activation and increased degradation by MMPs
might have contributed to reduced RECK expression in vivo in hearts of Ang II infused
animals. Of note, RECK has also been shown to inhibit ADAMs 10 and 17 (TACE) [46,
47], whose enhanced expression showed a strong positive correlation with cardiac
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remodeling and failure [48, 49]. Further, knockdown of ADAM17 has been shown to inhibit
angiotensin II-induced myocardial hypertrophy and fibrosis [50].

The matrix metalloproteinase system is the major proteolytic system involved in the
degradation of ECM components in the heart, and cardiac fibroblasts via MMPs regulate
ECM degradation and deposition, and thus cardiac remodeling. Initially at least, ligand-
dependent rapid activation of preformed MMPs present in ECM degrade various
components of ECM, followed later by the sustained induction and activation of MMPs and
excessive ECM degradation. This results in the breakdown of myocyte–matrix interface,
myocyte misalignment and slippage, LV dilation, and dysfunction, suggesting that sustained
MMP induction is deleterious to the heart. In fact, gene deletion of various MMPs has been
shown to be protective in various models of myocardial injury [41–44]. Here we show
increased levels of MMPs 2, 7, 9 and 14 in the heart even after 14 days of Ang II
administration. The initial breakdown in ECM components by MMPs is followed by CF
migration and proliferation, and enhanced ECM deposition, and fibrosis. Our results show
increased interstitial and perivascular fibrosis following Ang II infusion. In contrast to MMP
expression, Ang II infusion is associated with inhibition of RECK both in vivo and in vitro
in CF. Thus the combination of MMP induction and RECK downregulation may result in
sustained activation of MMPs, increased collagenolytic activity, CF migration and
proliferation, fibrosis, and adverse remodeling. These results suggest that strategies that
upregulate RECK expression in vivo might attenuate the deleterious effects of the sustained
activation of various MMPs and ADAMs in CVD, specifically in hypertensive heart disease.
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Abbreviations

ADAM a disintegrin and metalloproteinase domain

AP-1 activator protein-1

ARB angiotensin receptor blockers

ACE angiotensin converting enzyme

AT1 angiotensin II type 1 receptor

AT2 angiotensin II type II receptor

CF cardiac fibroblasts

CMV cytomegalovirus

CVD cardiovascular disease

DPI diphenylene iodonium

ECM extracellular matrix

EGFP enhanced green fluorescent protein
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Elk Elk, Est-like protein

ERK Extracellular Signal-Regulated Kinase

GAPDH glyceraldehyde-3-phosphate dehydrogenase

GFP green fluorescent protein

GPI glycophosphatidylinositol

JNK c-Jun amino-terminal kinase

LV left ventricle

MAPK mitogen-activated protein kinase

MOI multiplicity of infection

MMP matrix metalloproteinase

MT1-MMP membrane type 1-MMP

MTT 3-(4,5-dimethythiazol-2-yl)-2,5-diphenyl tetrazolium bromide

NF-κB nuclear factor kappa B

Nox NADPH oxidase

NADPH nicotinamide adenine dinucleotide phosphate

RECK reversion-inducing-cysteine-rich protein with Kazal motifs

ROS reactive oxygen species

SBP systolic blood pressure

shRNA short hairpin RNA

siMMP small inhibitory RNA against MMP

Sp1 Specific protein 1

TACE tumor necrosis factor, alpha, converting enzyme

TIMP Tissue Inhibitor of Metalloproteinase

TPA 12-O-Tetradecanoylphorbol-13-acetate

TRE TPA DNA response element

UTR untranslated region

WT wild-type
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Highlights

► RECK is a unique membrane-anchored MMP inhibitor

► Angiotensin II induces MMP expression in vivo and in vitro

► Ang II suppresses RECK expression in vivo and in vitro

► RECK overexpression inhibits Ang II-induced MMP expression and
fibroblast migration

► Strategies that upregulate RECK may attenuate fibrosis and adverse
remodeling
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Fig. 1. Ang II/AT1-induced myocardial fibrosis is characterized by increased MMPs and
suppressed RECK expression
A, Ang II infusion increases cardiac fibrosis via AT1. Male C57Bl/6 mice were continuously
infused with Ang II (1.5 µg/kg body wt/min) for 14 days via miniosmotic pumps. Saline
served as a control. One group of mice receiving Ang II was co-treated with the AT1
antagonist losartan in drinking water (0.6 g/L). Collagen deposition was analyzed by
Picrosirius Red staining of cryosections (8 µm), and photographed at 100× magnification
(n=6). B, Ang II increases ECM protein gene expression. Left ventricular (LV) tissue from
mice described in A was analyzed for collagens type Ia1 and IIIa1 by RT-qPCR. Expression
of 18S rRNA served as an invariant control. *P < 0.01 vs. saline, †P < 0.05 vs. Ang II (n =
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6/group). C, Ang II induces MMPs expression. LV tissue from mice described in A was
analyzed for MMP2 and 9 activation by immunoblotting using antibodies that detect both
pro and active forms (left hand panel). MMPs 7 and 14 expressions were also analyzed by
immunoblotting (right panel) (n=2–4). D, E, Ang II suppresses RECK expression. LV tissue
from mice described in A were analyzed for RECK mRNA expression by RT-qPCR (D) and
protein levels by immunoblotting (E; n=2–4). D*P < at least 0.01 vs. saline, †P < 0.05 vs.
Ang II (n = 6/group).
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Fig. 2. Ang II-induced cardiac fibroblast migration is differentially regulated by RECK and
MMPs
A, Ang II stimulates CF migration via AT1. At 70% confluency, CF were made quiescent by
incubating in medium supplemented with 0.5% BSA for 48h. The quiescent CF were
trypsinized, re-suspended in medium containing 0.5% BSA, layered on Matrigel™ basement
membrane matrix-coated filters, incubated with or without losartan (10 µM for 1 h) and then
with Ang II (10−7M for 12 h). The lower chamber contained media with 10% serum. Cells
migrating to the other side of the membrane were quantified using MTT assay. B, Forced
expression of RECK inhibits, but its knockdown potentiates Ang II-induced CF migration.
CF transduced with Ad.RECK (moi 40 for 24 h) or lentiviral RECK shRNA (moi 0.5 for 48
h) were made quiescent, layered on Matrigel™ basement membrane matrix-coated filters,
incubated with Ang II (10−7M) for 12 h, and analyzed for migration by MTT assay.
Knockdown of RECK was confirmed by immunoblotting (inset). Akt served as an off target
(n=3). *P < 0.001 vs. untreated; †P < 0.01 vs. Ang II, §P < 0.05 vs. Ang II (n=6). C, Ang II
induces CF migration via MMP2 and MMP9. CF transduced with adenoviral MMP2 or
MMP9 siRNA (moi 100 for 48 h) were analyzed for migration as in B. Knockdown of
MMP2 and MMP9 was confirmed by immunoblotting as shown on the right (n=3). *P <
0.001 vs. untreated; †P < at least 0.05 vs. Ang II (n=6).
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Fig. 3. Ang II induces CF migration via Nox4-dependent ERK activation
A, Ang II induces ERK activation. The quiescent CF incubated with Ang II (10−7M) were
analyzed for ERK activation by an in vitro immune complex kinase assay using Elk-1 as a
substrate. A representative of three independent experiments is shown. B, Ang II stimulates
Nox4-dependent H2O2 generation. CF infected with Ad.siNox4 (moi 100 for 48 h) or treated
with DPI (10 µM for 30 min) prior to Ang II addition (10−7M) for 30 min were analyzed for
H2O2 production using the Amplex® Red assay. *P < 0.01 vs. untreated; †P < at least 0.05
vs. Ang II ± DMSO or Ad.siGFP (n=6). C, Ang II induces ERK activation via Nox4 and
ROS. CF transduced with Ad.siNox4 (moi 100 for 48 h) or pretreated with DPI (10 µM for
30 min) were incubated with Ang II (10−7M) for 30 min. ERK activation was analyzed as in
A (n=3). Knockdown of Nox4 was confirmed by immunoblotting (right hand panel). D,
PD98059 inhibits Ang II-induced ERK activation. The quiescent CF were treated with the
ERK inhibitor PD98059 (10 µM for 1 h), p38MAPK inhibitor SB203580 (1 µM for 30 min)
or JNK inhibitor SP600125 (20 µM for 30 min) prior to Ang II addition (10−7M for 30 min).
ERK activation was analyzed as in A (n=3). E, Ang II stimulates CF migration via ERK. The
quiescent CF were layered on Matrigel™ basement membrane matrix-coated filters,
incubated with PD98059 (10 µM for 1 h) followed by Ang II (10−7M for 12 h). Cell
migration was analyzed by MTT assay. *P < 0.001 vs. untreated; †P < 0.01 vs. Ang II (n=6).
F, Knockdown of Nox4 attenuates Ang II-induced CF migration. CF transduced with
Ad.siNox4 (moi 100 for 48 h) were incubated with Ang II (10−7M) for 12 h were analyzed
for migration as in A. A–D *P < at least 0.01 vs. untreated; †P < at least 0.05 vs. Ang II
(n=6).
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Fig. 4. Ang II induces CF migration and collagen expression via NF-κB, AP-1 and/or Sp1-
dependent MMP expression
A, B, Ang II induces MMP2 and MMP9 expression via p65 and c-Jun. CF transduced with
lentiviral shRNA (moi 0.5 for 48 h) were incubated with Ang II (10−7M) for 2 h. MMP2 (A)
and MMP9 (B) mRNA expression was analyzed by RT-qPCR. Knockdown of p65 and c-Jun
was confirmed by immunoblotting as shown on the right (n=3). *P < 0.01 vs. untreated; †P
< 0.05 vs. Ang II (n=3). C, Ang II stimulates CF migration via p65 and c-Jun. CF transduced
with lentiviral p65 or c-Jun shRNA (moi 0.5 for 48 h) were made quiescent, layered on
Matrigel™ basement membrane matrix-coated filters, and incubated with Ang II (10−7M)
for 12 h. Cell migration was analyzed by MTT assay. c-Jun and p65 served as respective off
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targets. *P < 0.001 vs. untreated; †P < 0.01 vs. Ang II (n=6). D, Ang II induces p65 and c-
Jun activation via ERK. The quiescent CF were incubated with PD98059 (10 µM for 1 h)
prior to Ang II (10−7M for 30 min) addition. Phospho-p65 and phospho-c-Jun levels were
analyzed by immunoblotting using nuclear protein extracts. Lamin A/C (nuclear) and
GAPDH (cytoplasmic) served as loading and purity controls (n=3). E, F, Ang II activates
Sp1 via ERK. The quiescent CF were treated PD98059 (10 µM for 1 h) prior to Ang II
addition (10−7M for 3 h). Sp1 activation was analyzed by ELISA using nuclear protein
extracts (n=6). Lamin A/C and GAPDH served as loading and purity control (inset). *P <
0.001 vs. untreated; †P < 0.01 vs. Ang II ± DMSO (n=6). F, Ang II induces MMP14 via
Sp1. CF transduced with lentiviral Sp1 shRNA (moi 0.5 for 48 h) prior to Ang II addition
(10−7M for 3 h) were analyzed for MMP14 expression by immunoblotting using membrane
fractions (n=3). Knockdown of Sp1 was confirmed by immunoblotting and is shown on the
right. c-Jun served as an off-target. G, H, Ang II induces collagens type Ia1 (G) and IIIa1
(H) expression in part via AP-1. CF treated as A, but for 24 h were analyzed for collagen Ia1
(G) and collagen IIIa1 (H) mRNA expression by RT-qPCR and protein levels by
immunoblotting (n=3). G, H*P < 0.01 vs. untreated; †P < 0.01 vs. Ang II ± GFP shRNA
(n=6).
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Fig. 5. Ang II suppresses RECK expression via Sp1
A, Time-dependent suppression of RECK expression by Ang II. The quiescent CF treated
with Ang II (10−7M) for the indicated time periods were analyzed for RECK expression by
immunoblotting using cleared whole cell lysates (n=3). B, Ang II suppresses RECK
expression via ERK. The quiescent CF were treated with PD98059 (10 µM for 1 h) prior to
Ang II addition (10−7M for 3 h). RECK expression was analyzed as in A (n=3). C, Ang II
suppresses RECK via Sp1. CF transduced with lentiviral Sp1, GFP and c-Jun shRNA (moi
0.5 for 48 h) or treated with mithramycin (100 nM in DMSO for 45 min) prior to Ang II
addition (10−7M for 3 h) were analyzed for RECK expression by immunoblotting (n=3).
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Fig. 6. RECK overexpression inhibits MMP activation
A–C, Forced expression of wild type RECK (Ad.RECK) inhibits MMP9 (A), MMP2 (B) and
MMP14 (C) activation. CF were transduced with Ad.RECK (moi 40 for 24 h) and then
treated with Ang II (10−7M) for an additional 24 h. MMP9 (A) and MMP2 (B) enzymatic
activity was analyzed by immunoblotting using equal amounts of culture supernatants and
antibodies that detect both pro and active forms (left hand panels). MMP7 expression (C)
was analyzed by immunoblotting using membrane fractions. Tubulin (whole cell
homogenates) or GAPDH (cytoplasmic extracts) served as loading controls. The
immunoreactive bands were semiquantified by densitometry and results from three
independent experiments are summarized in the middle panels. Enzymatic activities were
also analyzed by Biotrak activity assay kits (right hand panels) using concentrated culture
supernatants containing 1 µg of total protein (MMPs 9 and 2). MMP7 enzymatic activity
was also analyzed by the Biotrak activity assay kit using whole cell lysates (C, right hand
panel). A–C, *P < 0.01 vs. respective untreated; †P < at least 0.05 vs. Ang II ± Ad.GFP
(n=6).
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Fig. 7. RECK overexpression enhances Ang II-induced collagen expression
A, B, Forced expression of wild type RECK enhances Ang II-induced collagens type Ia1 (A)
and type IIIa1 (B) levels. CF transduced with Ad.RECK (moi 40 for 24 h) were treated with
Ang II (10−7M) for 12 h, and then analyzed for collagen expression by immunoblotting
using cleared whole cell lysates. The immunoreactive bands from three independent
experiments were semiquantified by densitometry and are shown in the respective lower
panels. A, B*P < 0.05 vs. respective untreated; †P < 0.05 vs. Ang II ± Ad.GFP (n=3). C,
RECK overexpression enhances total collagen release. CF were transduced with Ad.RECK
as in A, and then treated with Ang II for 48 h. Equal amounts of culture supernatants were
analyzed for recently synthesized collagens by Sircol collagen assay and normalized to cell
numbers. In addition to cell numbers, Tubulin in whole cell lysates also served as a control
(inset). *P < at least 0.01 vs. untreated; †P < 0.05 vs. Ang II ± Ad.GFP (n=6).
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Fig. 8.
Schema showing possible signal transduction pathways involved in the differential
regulation of MMPs and RECK in Ang II-induced collagen synthesis, fibroblast migration,
fibrosis, and adverse remodeling. +: positive regulation, −: negative regulation, broken
arrow: though we have not investigated it here, Sp1 has also been shown to transcriptionally
upregulate MMP9.
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