Circulation G e
Research

JOURNAL OF THE AMERICAN HEART ASSOCIATION

Functional Role of Matrix M etalloproteinase-8 in Stem/Progenitor Cell Migration and
Their Recruitment Into Atherosclerotic Lesions
Qingzhong Xiao, Feng Zhang, Luyang Lin, Changcun Fang, Guanmei Wen, Tsung-Neng Tsai,
Xiangyuan Pu, David Sims, Zhongyi Zhang, Xiaoke Yin, Binia Thomaszewski, Boris Schmidt,
Manuel Mayr, Ken Suzuki, Qingbo Xu and Shu Ye

Circ Res. 2013;112:35-47; originally published online October 15, 2012;

doi: 10.1161/CIRCRESAHA.112.274019
Circulation Research is published by the American Heart Association, 7272 Greenville Avenue, Dallas, TX 75231
Copyright © 2012 American Heart Association, Inc. All rights reserved.
Print ISSN: 0009-7330. Online ISSN: 1524-4571

The online version of this article, along with updated information and services, islocated on the
World Wide Web at:
http://circres.ahgjournals.org/content/112/1/35

Data Supplement (unedited) at:
http://circres.ahgjournals.org/content/suppl/2012/10/15/CIRCRESAHA . 112.274019.DC1.html

Permissions: Requests for permissions to reproduce figures, tables, or portions of articles originally published
in Circulation Research can be obtained via RightsLink, a service of the Copyright Clearance Center, not the
Editorial Office. Once the online version of the published article for which permission is being requested is
located, click Request Permissions in the middle column of the Web page under Services. Further information
about this process is available in the Permissions and Rights Question and Answer document.

Reprints: Information about reprints can be found online at:
http://mww.Ilww.com/reprints

Subscriptions: Information about subscribing to Circulation Research is online at:
http://circres.ahajournal s.org//subscriptions/

Downloaded from http://circres.ahajournals.org/ by guest on January 7, 2013



http://circres.ahajournals.org/content/112/1/35
http://circres.ahajournals.org/content/suppl/2012/10/15/CIRCRESAHA.112.274019.DC1.html
http://www.ahajournals.org/site/rights/
http://www.lww.com/reprints
http://circres.ahajournals.org//subscriptions/
http://circres.ahajournals.org/

Molecular Medicine

Functional Role of Matrix Metalloproteinase-8 in
Stem/Progenitor Cell Migration and Their Recruitment
Into Atherosclerotic Lesions

Qingzhong Xiao, Feng Zhang, Luyang Lin, Changcun Fang, Guanmei Wen, Tsung-Neng Tsai,
Xiangyuan Pu, David Sims, Zhongyi Zhang, Xiaoke Yin, Binia Thomaszewski, Boris Schmidt,
Manuel Mayr, Ken Suzuki, Qingbo Xu,* Shu Ye*

Rationale: Accumulating evidence indicates that stem/progenitor cells (SPCs) represent an important source of
cells in atheromas and contribute to lesion formation and progression.

Objective: We investigated whether matrix metalloproteinase-§ (MMPS) played a role in SPC migration and their
recruitment into atheromas.

Methods and Results: We found that SPCs in atheromas expressed MMP8 and that MMP8 knockout significantly
reduced SPC numbers in atherosclerotic lesions in apolipoprotein E (ApoE)-deficient mice fed a Western diet.
Further in vivo experiments showed that ApoE”-/MMP8”- mice injected with stem cells isolated from bone
marrows of ApoE”-/MMPS8~~ mice had fewer SPCs in atheromas and smaller lesions than ApoE--/MMP8~-
mice injected with stem cells isolated from bone marrows of ApoE”/MMP8** mice. Ex vivo experiments showed
that MMPS8 deficiency inhibited the ability of SPCs to migrate from the arterial lumen and the adventitia into
atherosclerotic lesions. In vitro assays indicated that MMPS facilitated SPC migration across endothelial cells and
through Matrigel or collagen I. We also found that MMPS cleaved a-disintegrin-and-metalloproteinase-domain-10
and that MMPS8 deficiency reduced mature a-disintegrin-and-metalloproteinase-domain-10 on SPCs. Knockdown
of MMPS or incubation with the a-disintegrin-and-metalloproteinase-domain-10 inhibitor G1254023X decreased
E-cadherin shedding on SPCs. The decrease in migratory ability of SPCs with MMP8 knockdown was reduced by
incubation of such cells with culture supernatant from SPCs without MMP8 knockdown, and this compensatory
effect was abolished by an antibody against soluble E-cadherin.

Conclusions: MMPS plays an important role in SPC migration and their recruitment into atherosclerotic
lesions. (Circ Res.2013;112:35-47.)
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he pathogenesis of atherosclerosis is a chronic inflam-

matory process initiated by biochemical and mechani-
cal insults such as elevated level of low-density lipoprotein
cholesterol and high blood pressure.! Major constituents of
atherosclerotic lesions include lipids, macrophages, smooth
muscle cells (SMCs), and extracellular proteins, especially
collagen I and III. Traditionally, it is thought that the accu-
mulation of SMCs in atheromas results from migration of
resident SMCs from the arterial media into the intima, where
SMCs undergo proliferation, and that the accumulation

of monocytes/macrophages is the result of infiltration of
circulating monocytes into the intima, where they differentiate
into macrophages. Recent evidence, however, indicates that
stem/progenitor cells (SPCs) represent another source of
SMCs*3 and monocytes/macrophages®! in atheromas and
contribute to atherosclerotic lesion formation and progres-
sion.>"* Studies have identified 2 sources for SPCs in ath-
erosclerotic lesions: (1) bone marrow—derived SPCs that are
recruited into atherosclerotic lesions via the blood circulation
and (2) local SPCs in the vascular wall that can migrate into
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Non-standard Abbreviations and Acronyms
ADAM10  a-disintegrin-and-metalloproteinase-domain-10
ApoE apolipoprotein E

GFP green fluorescence protein

MMP matrix metalloproteinase

SMC smooth muscle cell

SPC stem/progenitor cell

atherosclerotic lesions.*!” However, the mechanisms by which
SPCs are mobilized from their original sites and recruited into
the atheroma are currently incompletely elucidated.

Matrix metalloproteinases (MMPs) are zinc-dependent
endopeptidases with proteolytic activity on a variety of pro-
teins. Collectively, the MMPs can degrade all proteins that
constitute the interstitial extracellular matrix and the base-
ment membrane. Moreover, a growing number of nonmatrix
proteins have been shown to be susceptible to cleavage by
MMPs. In some cases, such cleavage leads to increased activ-
ity of the proteins concerned, whereas in some other cases,
the cleavage results in diminished activity.'* There is evidence
indicating that certain MMPs play important roles in SPC mo-
bilization, homing, and migration into destination tissues. For
example, studies have shown that MMP9, whose expression is
induced by nitric oxide," can cleave the membrane-bound kit
ligand (also known as stem cell factor), leading to the release
of this cytokine, which promotes transfer of SPCs from qui-
escent to proliferative niches in the bone marrow.'® It also has
been demonstrated that MMP9 facilitates the incorporation of
bone marrow—derived endothelial progenitor cells into sites
of ischemia-induced neovascularization.'” Another MMP,
namely MMP14, has been shown to play a role in granulocyte
colony-stimulating factor—induced progenitor cell mobiliza-
tion, such that MMP14, activated by this cytokine, cleaves
off the protein CD44 on progenitor cells and thus disrupts
CD44-mediated binding of progenitor cells to the basement
membrane in the bone marrow, thereby promoting progenitor
cell mobilization and egress.'® Taken together, these studies
indicate that different MMPs play divergent roles in SPC mo-
bilization or migration.

MMPS (also known as collagenase-2) has potent proteo-
lytic activity on fibrillar collagens, particularly collagen I1.!°
It also can degrade other matrix proteins such as laminin
and fibronectin.' In addition, it has been shown to be able to
cleave the chemokines CXCL5%* and CXCL11.?! Studies of
polymorphonuclear cells have shown that a substantial pro-
portion of MMPS8 binds to the cell plasma membrane and that
the membrane-bound MMPS8 contributes importantly to col-
lagen I degradation.?

Previous studies by other researchers have shown that mac-
rophages, SMCs, and endothelial cells in atherosclerotic le-
sions express MMPS8,* that lesion progression is associated
with increased MMPS expression,** and that increased plasma
MMP8 levels correlate with increased risk of cardiovascular
mortality,” indicating a connection between MMPS and ath-
erosclerosis. Further to those studies, we recently showed that
MMP8 deficiency reduced atherosclerotic lesion formation in

apolipoprotein E (ApoE) knockout mice fed a Western diet,
with reduced lesional macrophage and SMC content,*® sug-
gesting a causal role of MMPS in the pathogenesis of ath-
erosclerosis. Because of the complexity of atherogenesis and
potentially a wide range of proteins that might be susceptible
to cleavage by MMPS, it is possible that multiple different
mechanisms contribute to the role of MMPS in atherosclerotic
lesion formation and progression, and further work would be
required to elucidate the mechanisms involved. In this study,
we found evidence of an important role of MMPS8 in SPC mi-
gration and their recruitment into atherosclerotic lesions.

Methods

Detailed Methods are provided in the Online Data Supplement. In
brief, microscopic sections of aortic root atherosclerotic lesions from
ApoE”/MMP8~~ and ApoE"-/MMP8** mice fed* a Western diet for
12 weeks were subjected to hematoxylin and eosin staining and im-
munostaining for MMPS, Sca-1, CD34, c-kit, and Flk-1, respectively.
In stem cell injection experiments, SPCs were isolated from bone
marrows of ApoE”/MMP8~~ and ApoE”/MMP8** mice, respec-
tively, and injected into ApoE”/MMP8~~ mice via the tail vein (1x10°
SPCs/mice). The mice were then fed a Western diet for 6 weeks or 12
weeks, and microscopic sections of aortic root atherosclerotic lesions
were subjected to hematoxylin and eosin staining and immunostain-
ing for Sca-1, c-kit, CD45, CD68, smooth muscle actin, and smooth
muscle myosin heavy chain, respectively. In ex vivo transendothelial
migration experiments, fluorescence-labeled embryonic Sca-1* SPCs
that had been infected with MMP8 shRNA to knockdown MMP8 or
nontarget shRNA to serve as controls were injected into the lumen of
explants of aortas with atherosclerotic lesions; after closure of both
ends of the vessels by ligation, the explants were cultured in the pres-
ence of stromal cell-derived factor-1a for 24 hours, followed by ex-
amination of fluorescence-labeled cells in the atherosclerotic lesions.
In ex vivo transadventitia migration experiments, fluorescence-labeled
embryonic Sca-1* SPCs that had been infected with MMP8 shRNA
or nontarget sShRNA were embedded in Matrigel and then patched
around the adventitia of explants of atherosclerotic aortas connected
to a microcirculation system with circulating progenitor cell culture
medium supplemented with stromal cell-derived factor-1a; after 24
hours of incubation, fluorescence-labeled cells in the atherosclerotic
lesions were examined.

Embryonic Sca-1* SPCs with or without exogenous MMP8 coat-
ing, embryonic Sca-1* SPCs that had been infected with MMPS8
shRNA or nontarget shRNA (the efficiency and specificity of MMP8
shRNA knockdown in embryonic Sca-1* SPCs are shown in Online
Figure 1), and bone marrow—derived Sca-1* SPCs from MMP8~~ or
MMP8** mice were subjected to assays for migration across an en-
dothelial monolayer or through a variety of different types of matrix
proteins as follows: Matrigel, collagen I, collagen IV, gelatin, fibro-
nectin, and elastin, respectively.

Western blot analyses and flow cytometry assays were performed
to examine pro—a-disintegrin-and-metalloproteinase-domain-10
(ADAM10) and mature ADAMI10 on embryonic Sca-1* SPCs in-
fected with MMP8 shRNA or nontarget shRNA. A recombinant
ADAMI10 (amino acids 19-673) consisting of the prodomain and the
other ectodomains were incubated with or without active MMPS8 and
subjected to Western blot analysis. Western blot analyses and flow
cytometry assays were performed to examine full-length E-cadherin
and shed E-cadherin on embryonic Sca-1* SPCs that had been infect-
ed with MMP8 shRNA or nontarget shRNA and had been incubated
with or without the ADAMI10 inhibitor GI254023X.?”* Embryonic
Sca-1* SPCs with MMPS8 knockdown were cultured in the presence
or absence of culture supernatant from embryonic Sca-1* SPCs with-
out MMPS8 knockdown, and in the presence or absence of an antibody
against soluble E-cadherin, and then were subjected to assays for mi-
gration through collagen I. Levels of soluble E-cadherin in plasma
samples from ApoE”-/MMP8"* and ApoE”/MMP8~ mice were
measured with the use of a commercially available ELISA kit.
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Results

SPCs in Culture and Atherosclerotic

Lesions Express MMPS8

Previously, in an RNA microarray analysis of Sca-1* SPCs
derived from embryonic stem cells,?*** we noted that they
expressed MMP8 mRNA (unpublished data). In this study,
we performed Western blot analysis and detected substantial
levels of MMPS protein in cultured Sca-1* SPCs derived from
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embryonic stem cells, bone marrow Sca-1* SPCs, leukocytes,
SMCs, and endothelial cells (Figure 1A). Immunocytochemical
analysis further confirmed the expression of MMPS8 in
cultured Sca-1* SPCs (Figure 1B). We found that MMP8
expression in embryonic Sca-1* SPCs was increased after
incubation with 4-hydroxynonenal and 7-ketocholesterol,
components of oxidized low-density lipoprotein cholesterol
(Figure 1C). Furthermore, immunohistochemical examination

ES-Sca-1+ cells

Figure 1. Stem/progenitor cells (SPCs) in culture and atherosclerotic lesions express matrix metalloproteinase-8 (MMPS8).

A, Bone marrow (BM)-derived leukocytes (CD45*), BM-derived stem cells (CD34* and Sca-1+), embryonic stem (ES) cell-derived Sca-1*
SPCs, endothelial cells (ECs), and smooth muscle cells (SMCs) express MMP8, as demonstrated by Western blot analysis. B, ES cell-
derived Sca-1* SPCs express MMP8, as demonstrated by immunofluorescence staining. C, Oxidized low-density lipoprotein constituents
induce MMP8 expression. Cultured Sca-1+ SPCs were treated with various amounts of the oxidized low-density lipoprotein constituents
4-hydroxynonenal and 7-ketocholesterol for 24 hours, followed by reverse-transcriptase polymerase chain reaction (RT-PCR) analysis

of MMP8 gene expression. D, SPCs in atherosclerotic lesions express MMP8. ApoE~-/MMP8+* mice were fed a Western diet for 12
weeks, and sections of the aortic roots were subjected to double immunofluorescence staining for MMP8 and Sca-1. White arrows in
the immunofluorescence image indicate double-positive cells in the lesion. Right, Gray-field image of the same section. Red dotted line

indicates the boundary between the lesion and healthy area.
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in atherosclerotic lesions from ApoE-deficient (ApoE~~/
MMP8**) mice fed a Western diet for 12 weeks showed that
Sca-1* SPCs in atherosclerotic lesions expressed MMPS8
(Figure 1D).

MMPS8 Deficiency Reduces SPCs in

Atherosclerotic Lesions

To begin to investigate whether MMPS8 played a role in
SPC recruitment into atherosclerotic lesions, we compared
the numbers of SPCs in aortic root atherosclerotic lesions
from ApoE-deficient mice with or without MMPS8 knockout
(ApoE""/MMP8~~ and ApoE”-/MMP8+*, respectively). We
used a panel of well-documented stem cell markers, includ-
ing CD34, Sca-1, c-kit, and Flk-1, to characterize the SPCs in
atherosclerotic lesions. We found that MMPS8 knockout sig-
nificantly reduced the numbers of CD34" cells (Figure 2A),

A ApoE*/MMP8**

ApoE/MMP8**

Grey field

ApoE/MMP8--

Grey field -

£
ot
» .

Sca-1* cells (Figure 2B), c-kit* cells (Online Figure IIA), and
Flk-1* cells (Online Figure IIB) in atherosclerotic lesions.

MMPS Plays a Role in SPC Migration and
Recruitment Into Atherosclerotic Lesions

Having found that SPCs in culture and atherosclerotic lesions
expressed MMPS8 and that MMP8 knockout significantly re-
duced SPC numbers in atherosclerotic lesions, we examined
whether MMPS had an effect on SPC migration and their re-
cruitment into atherosclerotic lesions.

To determine whether MMP8 had an effect on SPC
recruitment from the arterial lumen into atherosclerotic
lesions, we performed ex vivo experiments in which we
injected fluorescence-labeled embryonic Sca-1* SPCs that
had been infected with MMP8 shRNA to knockdown MMP8
or nontarget shRNA to serve as controls into the lumen of
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Figure 2. Matrix metalloproteinase-8 (MMP8) deficiency reduces stem/progenitor cells (SPCs) in aortic root atherosclerotic
lesions. Both ApoE~-/MMP8*+ and ApoE~-/MMP8~"- mice were fed a Western diet for 12 weeks. Aortic roots from ApoE~"-/MMP8++ and
ApoE~-/MMP8-- mice were harvested, sectioned, and subjected to immunofluorescence staining with antibodies against the

stem cell markers CD34 (green) (A) and Sca-1 (green) (B). Shown on the left are representative and bright/gray-field images. Far right
shows quantitative data of SPCs in atherosclerotic lesions of ApoE"-/MMP8** and ApoE~-/MMP8~- mice, respectively. Columns
represent mean+SD (n=5 mice in each group). Red dotted line indicates the boundary between the lesion and healthy area.

A representative image of IgG control staining is also shown.
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explants of mouse aortas with atherosclerotic lesions; after
closing both ends of the vessels by ligation, we cultured
the explants in the presence of stromal cell-derived factor-
la for 24 hours, followed by examination of fluorescence-
labeled cells in the explants. We detected large numbers of
fluorescence-labeled cells in the atherosclerotic lesions (and
the arterial media) in the explants injected with nontarget
shRNA-infected SPCs and found that the numbers of such
cells were significantly smaller in the atherosclerotic lesions
(and the arterial media) in the explants injected with MMP8
shRNA-infected SPCs (Figure 3A).

A Non-target shRNA

Lesion

<

Sca-1+ cell trans-endothelium migration/24hrs

B Non-target shRNA
Lesion i

MMP8 shRNA

Lesion

MMP8 shRNA

. Lesion
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To assess whether MMP8 had an effect on SPC migration
from the adventitia into the arterial media and atherosclerotic
lesions, fluorescence-labeled embryonic Sca-1* SPCs that
had been infected with MMP8 shRNA or nontarget shRNA
were embedded in Matrigel and then patched around the
adventitia of explants of atherosclerotic aortas connected to
a microcirculation system with circulating progenitor cell
culture medium supplemented with stromal cell-derived
factor-1o.. After culturing the explants for 24 hours, we
examined fluorescence-labeled cells in atherosclerotic lesions.
Similar to the above experiments, we detected larger numbers

p<0.05
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shRNA shRNA
p<0.05
140
120
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80

Migrated cells per 1000 nuclei

60 _l_
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Non-target MMP8
shRNA shRNA

Sca-1+ cell Trans-adventitia migration/24hrs

Figure 3. Matrix metalloproteinase-8 (MMP8) knockdown reduces stem/progenitor cell (SPCs) transadventitia migration and
transendothelium migration in ex vivo experiments. A, MMP8 knockdown reduces Sca-1* SPC transendothelium migration. Aortas
with atherosclerotic lesions from ApoE~-/MMP8++ mice were cut into several segments of 5 to 10 mm in length. Embryonic Sca-1+*

SPCs (10° cells) infected with nontarget shRNA or MMP8 shRNA were labeled with PKH26, washed, and injected into the lumen of the
aortas. After ligation of the ends, the aortic segments were cultured in progenitor cell culture medium supplemented with 100 ng/mL of
stromal cell-derived factor-1a for 24 hours under normal cell culture conditions (5% CO,, 21% O,, pH 7.0-7.5, 37°C). After 24 hours of
incubation, the aortic segments were harvested, cross-sectioned, and microscopically examined. Green arrows indicate SPC migration
direction. White arrows and arrowheads indicate migrated SPCs in the lesion area and media layer, respectively. White dotted line
indicates the boundary between the lesion and healthy area. B, MMP8 knockdown reduces Sca-1* SPC transadventitia migration. Aortas
(=10 mm in length) with atherosclerotic lesions from ApoE~-/MMP8++ mice were connected to minineedles of a microcirculation system
filled with progenitor cell culture medium supplemented with 100 ng/mL of stromal cell-derived factor-1a. Embryonic Sca-1* SPCs (10° cells)
infected with nontarget shRNA or MMP8 shRNA were labeled with PKH26, washed, and mixed with 200 pL of Matrigel and then patched
around the adventitia of the aortic segments. After 24 hours of incubation, the aortic segments were harvested, cross-sectioned, and
microscopically examined. Green arrows indicate direction of SPC migration. White arrows highlight SPCs that have migrated into the
lesions. White dotted line indicates the boundary between the lesion and healthy areas. Left, Representative images of aortic sections.
Right, Quantitative data of Sca-1* SPCs that have migrated into atherosclerotic lesions. Columns represent mean+SD (n=3 aortas, 10

sections per aortic segment, in each group).
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of fluorescence-labeled cells in the atherosclerotic lesions
(and the arterial media) in the explants patched with nontarget
shRNA-infected cells than in the atherosclerotic lesions
(and the arterial media) in the explants patched with MMP8
shRNA-infected cells (Figure 3B).

To further verify and characterize the effect of MMPS on SPC
migration, we performed in vitro migration assays using embryon-
ic Sca-1* SPCs that had been incubated with or without exogenous
MMPS, embryonic Sca-1* SPCs infected with MMP8 shRNA or
nontarget shRNA, and bone marrow—derived SPCs from mice
with or without MMPS8 knockout. The assays showed that incu-
bation with exogenous MMP8 enhanced, in a dose-dependent
manner, the ability of embryonic Sca-1* SPCs to migrate through
thick Matrigel, which mimics the vascular matrix (Figure 4A)
and their ability to transmigrate across an endothelial monolayer,
which mimics vascular endothelium (Figure 4B). In contrast,
depletion of endogenous MMPS8 by shRNAs in embryonic Sca-
1* SPCs significantly reduced their migratory ability (Figure 4C).
Consistently, Sca-1* SPCs isolated from the bone marrow of
MMPS knockout mice had significantly lower migratory ability
through matrix proteins than Sca-1* SPCs isolated from the bone
marrow of MMPS8 wild-type mice (Figure 4D and 4E).
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Because it was plausible that the effect of MMPS8 on cell
migration would likely be partly attributable its proteolytic
activity to degrade proteins in the extracellular matrix, we
further investigated which types of protein in the extracellu-
lar matrix were likely to primarily account for the effect of
MMPS on cell migration. We performed migration assays us-
ing transwells coated with collagen I, collagen IV, laminin,
fibronectin, or elastin, and found that MMPS8 had a significant
effect on embryonic Sca-1* SPC migration through collagen I
but not the other protein types tested (Online Figure III).

Because adhesion of SPCs to the extracellular matrix could
have an effect on their mobilization and migration, we further
examined whether MMPS8 affected SPC adhesion to Matrigel.
We found that incubation of embryonic Sca-1* SPCs with
MMPS dose-dependently inhibited their adhesion to Matrigel
(Online Figure IVA).

We also examined whether MMPS had an effect on SPC pro-
liferation because this potentially could be another reason for the
reduction in SPC numbers in atherosclerotic lesions of MMPS§
knockout mice, but we detected no such effect (Online Figure IVB).
Furthermore, we examined whether the numbers of hematopoietic
SPCs (CD34*/CD45* cells) in the bone marrow and peripheral

Figure 4. Matrix metalloproteinase-8
(MMP8) enhances stem/progenitor cell
(SPC) migration in in vitro experiments.
A and B, Incubation of SPCs with MMP8
enhances migration. Cultured embryonic
Sca-1* SPCs were pretreated with various
amounts of MMP8 for 2 hours and then
subjected to Matrigel migration assays

(A) and transendothelial migration assays
(B). C, Knockdown of MMP8 in SPCs
reduces migration. Cultured embryonic
Sca-1* SPCs were infected with nontarget
shRNA and MMP8 shRNA, followed

by transendothelium and transcollagen

| migration assays. D and E, MMP8
knockout reduces SPC migration. The
migratory ability of Sca-1* SPCs isolated
from the bone marrow of ApoE~-/
MMP8++ and ApoE~-/MMP8-- mice was
assessed with the use of Martigel-coated
transwells (D) or extracellular matrix (ECM)
invasion assay kit (E). Columns represent
mean=SD (n=3 independent experiments).

p<0.001

Trans-
ECM Matrigel

W vvps*+
Il Mmps--
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blood were lower in MMPS8 knockout mice than in MMPS8 wild-
type mice because this potentially could be another reason for re-
duced SPC numbers in atherosclerotic lesions of MMP8-deficient
mice, but we observed no such difference (Online Figure V).

MMPS Deficiency Reduces ADAM10 Maturation

In an ongoing study of vascular SMCs using proteomics tech-
niques, we found a decrease of ADAMI10 fragments in cul-
ture supernatants of vascular SMCs with MMPS8 deficiency
(unpublished data). Because ADAMI10 had been shown to
play a role in cell migration,”! we examined whether MMP8
deficiency had an influence on ADAMI10 on SPCs. Western
blot analyses showed that the ratio of the amount of mature
ADAMI10 vs the amount of pro-ADAMIO in protein ex-
tracts from MMPS8 shRNA-infected embryonic Sca-1* SPCs
was significantly lower than in protein extracts from nontar-
get shRNA-infected embryonic Sca-1* SPCs (Figure 5A).
Consistently, immunofluorescent staining and flow cytometry
analyses using an antibody specifically against the ADAM10
prodomain showed that the levels of pro-ADAMI0 on em-
bryonic Sca-1* SPCs were increased when MMP8 had been
knocked-down by shRNA (Figure 5B and 5C).

To test whether MMPS could cleave ADAM 10, we incubat-
ed a recombinant mouse ADAMI10 (amino acid residues 19—
673, consisting of the prodomain and the other ectodomains)
with active MMPS and performed Western blot analysis using
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an antibody against the prohormone convertase cleavage site
(amino acid residues 157-221) of ADAM10. At the baseline,
in the presence or absence of MMPS, the Western blot analy-
sis detected a band for the uncleaved recombinant protein (60
kDa) and 3 strong bands corresponding to =28, =25, and =18
kDa fragments, respectively (Figure 5D; the =28, =25, and
=18 kDa bands are indicated by arrowheads). After 2-hour in-
cubation without MMPS, these 4 different bands of ADAM10
remained the same, whereas after 2-hour incubation with
MMPS the intensity of the 60-kDa band was reduced, the =28
and =25 kDa bands almost completely disappeared, and a new
band of =20 kDa appeared, whereas the intensity of the =18
kDa band remained approximately the same (Figure 5D).

MMPS8 Deficiency Reduces E-cadherin

Shedding Likely by ADAM10

Our ongoing study of vascular SMCs using proteomics tech-
niques also showed a reduction of E-cadherin fragments in
culture supernatants of vascular SMCs with MMPS defi-
ciency (unpublished data). Because it had been reported
that ADAMI10 could shed E-cadherin on epithelial cells and
thereby promote epithelial cell migration,” and because we
had found a reduction in the amount of mature ADAMI0
on MMP8-depleted SPCs, we examined whether MMP8
knockdown or ADAMI10 inhibition could lead to a change
in E-cadherin on SPCs. Western blot analyses showed that

MMP8 shRNA

Figure 5. Matrix metalloproteinase-8
(MMP8) depletion reduces
a-disintegrin-and-metalloproteinase-
domain-10 (ADAM10) maturation on
stem/progenitor cells (SPCs).

A to C, MMP8 knockdown reduces the
amount of mature ADAM10 on SPCs.
Cultured embryonic Sca-1* SPCs

were infected with nontarget shRNA or
MMP8 shRNA and subjected to Western
blot analysis with antibodies against
ADAM10 (cytoplasmic domain), MMP8,
or a-tubulin (A); immunofluorescence
staining with antibodies against ADAM10
(prodomain) or MMP8 (B); and flow
cytometric analysis with an antibody
against ADAM10 (prodomain) (C).
Representative images of Western blot,
immunofluorescence staining, and flow
cytometric analysis, respectively, are
presented. Column chart in (A) shows
quantitative data of the ratio of the
amount of mature ADAM10 (M) vs the
amount of pro-ADAM10 (P). Column chart
n (C) shows mean fluorescence intensity
for ADAM10 (prodomain) in Sca-1* SPCs
infected with nontarget shRNA or MMP8
shRNA (n=3 independent experiments).
D, MMP8 cleaves ADAM10. Recombinant
ADAM10 (amino acid residues 19-673,
consisting of the prodomain and the other
ectodomains, 500 ng; Sigma, A9975) was
incubated with activated MMP8 (50 ng)

in assay buffer for 0 and 2 hours, respectively,
followed by Western blot analysis with

an antibody against the prohormone
convertase cleavage site (amino acid
residues 157-221) of ADAM10 (Abcam,
ab39153). Arrowheads indicate ADAM10
fragments affected by MMP8 incubation.
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knockdown of MMPS8 in embryonic Sca-1* SPCs with MMPS§ transmembrane cytoplasmic fragment in protein extracts from
shRNA and incubation of Sca-1* SPCs with the ADAM10- these cells (Figure 6A1 and 6B), suggesting a reduction in
specific inhibitor GI254023X*"?® increased the ratio of the E-cadherin ectodomain shedding, probably by ADAM10, on
amount of full-length E-cadherin vs the amount of E-cadherin MMPS8-depleted SPCs. Consistently, flow cytometry analyses
1.2 3 4
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Figure 6. Matrix metalloproteinase-8 (MMP8) depletion or a-disintegrin-and-metalloproteinase-domain-10 (ADAM10)

inhibition reduces E-cadherin shedding on stem/progenitor cells (SPCs) and decreases soluble E-cadherin-induced SPC
migration. A to C, MMP8 knockdown or ADAM10 inhibition reduces E-cadherin shedding on SPCs. Cultured embryonic Sca-1*

SPCs were infected with nontarget shRNA or MMP8 shRNA, followed by 3 days of culture in the presence or absence of the ADAM10
inhibitor GI254023X (5 umol/L). Cell lysates were harvested and subjected to Western blot analyses with antibodies against E-cadherin
(cytoplasmic domain) or MMP8 (A1). Conditioned media were also harvested and subjected to Western blot analysis with an antibody
against E-cadherin (N-terminal) (A2). A1 and A2, Representative images of Western blot analyses. B, Western blot densitometric
quantitative data (black columns show the ratios of the amount of C-terminal fragment [CTF] of E-cadherin vs the amount of full-length
[FL] E-cadherin in cell lysates; gray columns show the relative amounts of N-terminal E-cadherin in conditioned media. n=3 independent
experiments, *P<0.05 [treatment vs control], #P<0.05 [MMP8 shRNA plus GI254023X vs MMP8 shRNA or vs GI254023X]). C, Flow
cytometric analyses of Sca-1* SPCs that had been treated as in (A), with an antibody against E-cadherin (N-terminal). The column chart
presentation of quantitative data of mean fluorescence intensity in the flow cytometric analyses (n=3 independent experiments, *P<0.05
[column 3 or 4 vs column 2], #P<0.05 [column 5 vs column 3]). D, Soluble E-cadherin induces SPC migration. Conditioned culture
medium of Sca-1* SPCs were concentrated 10x, incubated with rat IgG (CM/IgG) or an antibody against E-cadherin N-terminus (CM/
DECAM-1) or neither (CM), and then transferred to cultures of MMP8 shRNA-infected Sca-1* SPCs, followed by transcollagen | migration
assays. Columns represent mean+SD (n=3 independent experiments). Also shown is a representative image of Western blot analysis of
concentrated conditional medium, with the use of the E-cadherin N-terminus antibody.
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Figure 7. Matrix metalloproteinase (MMP8) deficiency reduces stem/progenitor cell (SPC) recruitment and accumulation in
atherosclerotic lesions in vivo. ApoE~-/MMP8~- mice were injected with SPCs (1x10°) isolated from the bone marrow of ApoE~-/MMP8++
or ApoE~-/MMP8-- mice and fed a Western diet for 6 or 12 weeks. Aortic roots from the recipient mice were harvested, sectioned,

and subjected to immunohistochemical staining with an antibody against the stem cell marker Sca-1 (A) or hematoxylin and eosin

staining (B). A, MMP8 deficiency reduces SPC accumulation in atherosclerotic lesions. Shown in the figure are representative images of
immunohistochemical staining for Sca-1 and diagrammatic representation of quantitative data of Sca-1-positive cells in atherosclerotic
lesions of ApoE~-/MMP8~- mice injected with SPCs from ApoE~-/MMP8++ and ApoE~-/MMP8~- mice, respectively. Black arrows indicate
Sca-1-positive cells in the lesions. Green arrowheads indicate the boundary between the lesion and healthy area. Also shown in the figure
are representative staining images from IgG control or preincubation of Sca-1 antibody with a Sca-1 peptide. B, MMP8 deficiency results
in smaller atherosclerotic lesions. Shown in the figure are representative images of hematoxylin and eosin staining and diagrammatic
representation of quantitative data of the atherosclerotic lesions of aortic roots of ApoE~-/MMP8-- mice injected with SPCs isolated from
the bone marrow of ApoE~"-/MMP8++ or ApoE~-/MMP8-"- mice, respectively (black lines represent mean values in each group).

with an antibody specifically against E-cadherin ectodomain
showed an increase in the amount of E-cadherin ectodomain
on embryonic Sca-1* SPCs when infected with MMP8 shRNA
or incubated with the ADAMI10 inhibitor GI254023X (Figure
6C), whereas Western blot analysis showed a reduction in
the amount of soluble E-cadherin in the culture supernatants
(Figure 6A2).

Previous studies indicated that soluble E-cadherin could
disrupt cell-cell adhesion and induce epithelial and cancer
cell migration/invasion into collagen I gel.?*33 Because we had

observed that MMP8 knockdown led to a reduction in soluble
E-cadherin generation from Sca-1* SPCs, we investigated
whether this could have an effect on SPC migration. We found
that the decrease in migratory ability of embryonic Sca-1*
SPCs infected with MMP8 shRNA was significantly reduced
in the presence of supernatant from cultures of embryonic
Sca-1* SPCs infected with nontarget shRNA (Figure 6D).
Furthermore, we found that this rescuing effect of supernatant
from cultures of Sca-1* SPCs infected with nontarget ShRNA
was abolished if an antibody against soluble E-cadherin had
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been added to the supernatant to immunoprecipitate soluble
E-cadherin (Figure 6D), suggesting that E-cadherin shedding,
probably mediated by ADAMI10, contributes to the effect of
MMPS on SPC migration.

To investigate whether MMPS deficiency could have an ef-
fect on the level of soluble E-cadherin in vivo, we measured
the plasma levels of soluble E-cadherin in mice with or without
MMPS knockout fed a Western diet for 12 weeks. We found
that the plasma level of soluble E-cadherin was significantly
lower in MMPS8 knockout mice (226+261 vs 1850+2753 ng/
mL; P<0.01; n=5 per each group).

MMP8 Deficiency Reduces SPC Recruitment and
Accumulation in Atherosclerotic Lesions In Vivo
Having found that MMPS played an important role in SPC
migration and recruitment in ex vivo and in vitro experiments,
we further examined the in vivo effects of MMPS8 on SPC
migration and recruitment into atherosclerotic lesions and on
lesion formation and progression. To this end, we injected
ApoE”-/MMP8~~ mice with SPCs isolated from the bone
marrow of either green fluorescence protein (GFP) transgenic
or ApoE”"/MMP8~~ or ApoE”/MMP8** mice and fed
the recipient mice a Western diet. In these experiments,
MMPS8-deficienct mice were chosen as recipients to
exclude the effects of other cellular source of MMP8 on
SPC migration and recruitment into atherosclerotic lesions.
MagCellect Mouse Hematopoietic Cell Lineage Depletion
Kit (MAGM209, R&D System), rather than single stem cell
marker—positive selection, was used to isolate bone marrow
SPCs for injection, because SPCs in atherosclerotic lesions
are known to be heterogeneous and because no single stem
cell marker can capture the entire SPC population. The
suitability of using this method was confirmed by the finding
that =90% of cells isolated using this kit were c-kit and CD34
single- or double-positive (Online Figure VI), and =27% of
the c-kit/CD34 double-negative cells also were positive for
another stem cell marker, Sca-1 (Online Figure VI).

In ApoE”-/MMP8~~ mice injected with SPCs isolated from
the bone marrow of GFP transgenic mice and fed a Western
diet for 12 weeks, we verified that injected SPCs (containing
GFP as a marker) were recruited into and accumulated in ath-
erosclerotic lesions (Online Figure VIIB), and we found that
they were present also in the bone marrow, peripheral blood,
thymus, spleen, liver, and lung (Online Figure VIA) but un-
detectable in the brain, kidneys, and skeletal muscles (data
not shown). We found that the majority of GFP-positive cells
in atherosclerotic lesions expressed the hematopoietic cell
marker CD45 (35%) or the macrophage marker CD68 (29%:;
Online Figure VIIB), and some expressed the earlier SMC
marker smooth muscle actin (5%; Online Figure VIIB) or
the endothelial cell marker CD31 (<1%, data not shown), but
none of them expressed smooth muscle myosin heavy chain, a
marker for mature SMCs (Online Figure VIIB), indicating that
the injected SPCs recruited into atherosclerotic lesions differ-
entiate mainly into leukocytes/macrophages.

In ApoE”"/MMP8 mice injected with SPCs isolated
from the bone marrow of either ApoE’/MMP8~~ or
ApoE""/MMP8*"* mice and fed a Western diet for 6 or 12 weeks,
we found that compared with the atherosclerotic lesions in

those mice injected with SPCs isolated from ApoE~-/MMP8**
mice, the atherosclerotic lesions in those mice injected with
MMPS8-deficient SPCs (ie, isolated from ApoE~-/MMP8~~
mice) contained significantly fewer cells that were positive for
Sca-1 (Figure 7A), c-kit (Online Figure VIIIA), CD45 (Online
Figure VIIIB), or CD68 (Online Figure VIIIC), and had a
trend toward fewer smooth muscle actin—positive cells (Online
Supplement Figure VIIID), supporting that MMPS8 plays an
important role in SPC recruitment into and accumulation in
atherosclerotic lesions in vivo. Furthermore, we found that at
12 weeks postinjection, the atherosclerotic lesions in the aortic
roots of the mice injected with MMP8-deficient SPCs were
significantly smaller than the atherosclerotic lesions in those
mice injected with SPCs from ApoE"-/MMP8** mice (Figure
7B), further supporting an important role of MMPS in SPCs in
atherosclerotic lesion formation.

Discussion
Monocytes/macrophages and SMCs represent 2 major cell types
inatherosclerotic lesions and play central roles in lesion formation
and progression.! There is substantial evidence indicating that
a proportion of SMCs in atherosclerotic lesions are derived
from smooth muscle progenitor cells originally residing in the
arterial adventitia.>”® There is also emerging evidence suggesting
that a proportion of macrophages in atherosclerotic lesions are
derived from hematopoietic SPCs, which might originate from
the bone marrow and are recruited via the blood circulation
into atherosclerotic lesions.*'* In agreement, our study shows
the presence of SPCs in atherosclerotic lesions in ApoE-
deficient mice fed a Western diet can induce atherosclerosis.
Because SPCs are heterogeneous and no single marker can be
used to capture the various types,*** we used a panel of well-
documented markers (CD34, Sca-1, c-kit, and Flk-1) to detect
SPCs in atherosclerotic lesions in this study.

More importantly, results of our study indicate that MMP8
plays an important role in SPC migration and their recruit-
ment into atherosclerotic lesions. We first found that com-
pared with atherosclerotic lesions in ApoE”/MMP8** mice,
those in ApoE~-/MMPS8~~ mice contained fewer SPCs (CD34,
Sca-1, c-kit, and Flk-1—positive cells). To specifically test the
importance of MMPS8 in SPCs for the SPC recruitment into
atherosclerotic lesions and for lesion formation, we injected
ApoE~"/MMP8~~ mice with SPCs from bone marrows of GFP
transgenic or ApoE”/MMPS8~~ or ApoE”-/MMP8** mice and
fed the injected mice a Western diet. The experiment with
SPCs isolated from GFP transgenic cells showed that at 12
weeks postinjection, bone marrows of the recipient mice con-
tained GFP-positive SPCs, suggesting that the injected SPCs
had been incorporated into the bone marrow. It also showed
that atherosclerotic lesions in the recipient mice contained
GFP-positive SPCs, most of which expressed markers of he-
matopoietic cells and macrophages, indicating that SPCs had
been recruited into atherosclerotic lesions and differentiated
into leukocytes/macrophages. The experiment with injection
of SPCs from ApoE”/MMP87 or ApoE”/MMP8*"* mice
showed that atherosclerotic lesions in recipient mice inject-
ed with SPCs from ApoE”/MMP8~~ mice contained fewer
SPCs and were smaller than atherosclerotic lesions in mice in-
jected with SPCs from ApoE”-/MMP8** mice, corroborating
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that MMP8 from SPCs is important for SPC recruitment to
atherosclerotic lesions and for lesion development. Further
to these findings, our ex vivo experiments on aorta explants
demonstrated that the presence of MMPS8 enhanced SPC mi-
gration from the arterial lumen and the adventitia into ath-
erosclerotic lesions, whereas in vitro experiments showed that
the presence of MMPS8 increased the ability of SPCs to mi-
grate across the endothelium or through extracellular matrix.
Together, these in vivo, ex vivo, and in vitro findings indicate
that MMPS in SPCs plays an important role in SPC migration,
which facilitates their recruitment into atherosclerotic lesions
and increases lesion development.

Cell migration involves dissociation of the migrating cells
from the extracellular matrix and degradation of extracellular
matrix proteins in the migratory path. Our study shows that
the presence of MMPS inhibits SPC adhesion to extracellular
matrix and enhances SPC migration through extracellular ma-
trix proteins, particularly collagen I, the principal substrate of
MMP8" and the major constituent of the interstitial matrix of
the arterial wall.’® This provides a likely mechanistic explana-
tion for the role of MMPS8 in SPC migration and their recruit-
ment into atherosclerotic lesions.

SPC migration also entails disruption of their interactions
with each other and with stromal cells, allowing them to
be released from stem cell niches in, for example, the ar-
terial adventitia.>> The cell adhesion molecule E-cadherin,
which is highly expressed in SPCs as shown in previous
studies®”*® and in our present study, mediates cell-cell adhe-
sion by the formation of homodimers of the ectodomain of
E-cadherin on adjacent cells.*"** Soluble E-cadherin generat-
ed by E-cadherin ectodomain shedding from the cell surface,
however, can disrupt cell-cell adhesion and induce cell mi-
gration.*>* Results of our study indicate that MMPS8 can pro-
mote SPC migration by indirectly (probably via ADAM10)
or directly increasing E-cadherin ectodomain shedding and
soluble E-cadherin generation, providing another likely
mechanistic explanation for the role of MMPS8 in SPC mi-
gration and their recruitment into atherosclerotic lesions. A
previous study shows that ADAM10 can shed E-cadherin
on epithelial cells, thereby reducing E-cadherin-mediated
cell—cell adhesion and promoting epithelial cell migration.*!
In this study, we found that MMP8 depletion reduced the
amount of mature ADAM10 on SPCs and that knockdown
of MMPS and the presence of the ADAM10-specific inhibi-
tor GI254023X?728 resulted in reduced E-cadherin shedding
on SPCs. In addition, we found that soluble E-cadherin lev-
els in the plasma were decreased in MMP8 knockout mice.
Furthermore, results of in vitro experiments indicate that
soluble E-cadherin in SPC culture supernatant increased
migration of SPCs with MMP8 knockdown. Therefore, it
seems that future work to generate MMP8/ADAMI10 and
MMP8/E-cadherin double-knockout mice and to further
characterize these effects would be warranted.

Some ADAMs, including ADAM10, when activated, pos-
sess proteolytic activity.***! Their activation often involves
the removal of their prodomain.**#! Although prodomain re-
moval often occurs intracellularly, there is evidence indicat-
ing that the cell surface also contains pro-ADAMs (containing
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the prodomain) whose maturation (prodomain removal) can
potentially take place extracellularly.*'** The results of the
Western blot, immunocytochemical, and flow cytometry anal-
yses of our study suggest the presence of pro-ADAMI0 on
Sca-1* SPC surface and that the presence of MMP8 reduces
the amount of pro-ADAM10 and increases the amount of ma-
ture ADAMI10 on these cells. Our in vitro assays showed that
incubation of a recombinant mouse ADAM10 (amino acid
residues 19-673, consisting of the prodomain and the other
ectodomains) with active MMPS resulted in the generation of
cleaved ADAM10 products detectable by an antibody against
the ADAMI10 prohormone convertase cleavage site (amino
acid residues 157-221) in Western blot analysis. Although
the exact cleavage sites are unknown and further studies are
warranted, our data suggest that MMPS can cleave ADAM10,
which could potentially explain the finding of our study that
the presence of MMPS reduces pro-ADAMI10 and increases
mature ADAM10 on Sca-1* SPCs.

Our recent study showed that MMPS deficiency reduces
atherosclerotic lesion formation in ApoE knockout mice fed
a Western diet, with reduced lesional macrophage and SMC
content,”® indicating a causal role of MMP8 in the pathogenesis
of atherosclerosis. This previous study also revealed evidence
indicating that the role of MMPS in atherogenesis is partly
attributable to an MMP8-mediated increase in angiotensin
Il generation, leading to increased blood pressure and
increased expression of vascular cell adhesion molecule-1
that plays an important role in leukocyte recruitment.'
However, given the complexity of atherogenesis, and because
MMPS can potentially cleave multiple types of proteins with
different functions, it is plausible that multiple mechanisms
contribute to the role of MMPS in atherogenesis. The finding
of this study that MMPS8 enhances SPC recruitment into
atherosclerotic lesions indicates that this likely represents
another mechanism for the role of MMP8 in atherogenesis. It
is possible that reduced SPC recruitment into atherosclerotic
lesions in MMP8-deficient mice is partly because of the
reduced inflammatory surrounding and, therefore, attenuated
chemotaxis of SPCs into the vascular wall. However, results
of the in vivo experiments comparing MMPS8-deficient
mice injected with either MMP8-deficient SPCs or MMP8
wild-type SPCs indicate that MMPS8 expression by SPCs
themselves also plays an important role in their recruitment
into atherosclerotic lesions.

In summary, our study shows that MMP8 plays a func-
tional role in SPC migration and their recruitment into ath-
erosclerotic lesions, and that MMPS8 expression by SPCs
contributes to atherosclerotic lesion formation in ApoE-
deficient mice. The data from this study provide new insight
into the biological molecules and related mechanisms in-
volved in the regulation of SPC migration and in the patho-
genesis of atherosclerosis.
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Novelty and Significance

What Is Known?

* Atherosclerotic lesions contain cells derived from stem/progenitor cells
(SPCs).

¢ Matrix metalloproteinase-8 (MMP8) knockout reduces atherosclerosis in a
mouse model.

What New Information Does This Article Contribute?

* MMP8 plays an important role in SPC migration and recruitment into ath-
erosclerotic lesions.
o This contributes to atherosclerotic lesion progression.

Although previous research indicates that atherosclerotic lesions
contain SPCs, and that these cells contribute to lesion formation and
progression, the mechanisms by which they are recruited have re-
mained incompletely understood. Because SPC migration requires
degradation of proteins on the cell surface and the extracellular

matrix, we investigated whether the protease MMP8 plays a role
in SPC migration and their recruitment into atheromas. In a well-
established mouse model, we observed that deletion of MMP8 re-
duced SPC levels in atherosclerotic lesions. We found that MMP8-
null mice had development of larger atherosclerotic lesions if they
had been injected with SPCs that expressed MMP8 compared with
MMP8 knockout mice injected with MMP8-deficient SPCs. Further-
more, we found that MMP8-deficient SPCs had reduced ability to
migrate across the endothelium, or through extracellular matrix
(Matrigel or collagen 1), or into atherosclerotic lesions from the arte-
rial lumen or the adventitia. Our studies also indicate that the en-
hancing effect of MMP8 on SPC migration is partly because of its
ability to degrade collagen | and to cleave a-disintegrin-and-metal-
loproteinase-domain-10, which in turn cleaves the cell surface pro-
tein E-cadherin. These novel findings contribute to our understand-
ing of atherogenesis and may facilitate further translational stem
cell research in this area.
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A functional role of matrix metalloproteinase-8 in stem/progenitor cell migration
and their recruitment into atherosclerotic lesions
(Xiao, et al. MMP8 and stem/progenitor cell migration)

Supplemental Data

Materials

Antibodies against MMPS8 (ab53017), GAPDH (ab8245), ADAMI10 (prodomain, ab39178;
N-terminal, ab39153; and cytoplasmic domain, ab39177), E-cadherin (DECAM-1) (N-
terminal, ab11512), MMP14 (ab51074) and CD34 (ab8158) were purchased from Abcam
(Cambridge, UK). Antibody against E-cadherin (cytoplasmic domain, 24E10, 3195) was from
Cell signaling Technology. Antibodies against a-tubulin (mouse) and smooth muscle a-actin
(SMA) (Clone 1A4, A5228) were from Sigma. Antibodies against Sca-1 (Clone E13-161.7,
122516 and 122502) were from Biolegend, CD45 antibody (550539) was from BD
Pharmingen, and CD68 antibody (DS-MB-03863) was from Raybiotech, Inc. All secondary
antibodies were from Dako (Denmark). All other materials used in this study were purchased
from Sigma except those indicated otherwise.

Animals and stem/progenitor cell injection experiments

ApoE”/MMP8™ double knockout mice (C57BL/6 background) and ApoE’/MMP8"*
controls (littermates of ApoE'/ "/MMP8™ double knockout mice) were generated in our
previous study'. Six week old males of ApoE”/MMP8”" double knockout mice and controls
were fed a Western diet (Research Diet, D12108, containing 21% fat, 1.25% cholesterol and
0% cholate) for 12 weeks. In stem/progenitor cell (SPC) injection experiments, eight week
old males of ApoE"/MMPS8” double knockout mice were injected with 1x10°
stem/progenitor cells (SPCs) isolated from the bone marrow of ApoE'/'/MMP8'/’ double
knockout mice and ApoE”/MMP8"" controls through the tail vein and fed the Western diet
for 6 or 12 weeks. In some experiments, SPCs were isolated from the bone marrow of GFP
transgenic mice and injected into ApoE'/'/MMPS'/' double knockout mice. All animal
experiments were performed according to protocols approved by the Institutional Committee
for Use and Care of Laboratory Animals.

Characterization of atherosclerotic lesions

The extent of atherosclerotic lesions of aortic roots in ApoE'/ /MMPS8-/- double knockout
mice received MMP8™ or control SPCs was analyzed by hematoxylin/eosin staining as
previously described”. The stained aortas were photographed using a digital camera, and the
area of intima and media in a given image was highlighted and quantified (um?) by computer-
assisted quantification using the Axiovision software.

Sca-1" stem/progenitor cell culture and sShRNA mediated stable MMP8 gene silencing

Stem cell antigen 1-positive (Sca-17) SPCs isolated from differentiating embryonic stem cells
were obtained from our previous studies™ * and maintained/cultured in our laboratory as
previously described™ *. Lentiviral particles were produced using MISSION shRNA MMPS8
plasmids DNA (NM_008611, Sigma) according to protocol provided. The shRNA Non-
Targeting control vector (SHC002) was used as a negative control. Briefly, 293T cells were
transfected with the lentiviral vector and the packaging plasmids, pCMV-dR8.2 and pCMV-
VSV-G (both obtained from Addgene) using Fugene 6. The supernatant containing the
lentivirus was harvested 48h later, filtered, aliquoted and stored at —80°C. p24 antigen ELISA
(Zeptometrix) was used to determine the viral titre. The Transducing Unit (TU) was

Downloaded from http://circres.ahajournals.org/ by guest on January 7, 2013


http://circres.ahajournals.org/

calculated using the conversion factor recommended by the manufacturer (10* physical
particles per pg of p24 and 1 transducing unit per 10° physical particles for a VSV-G
pseudotyped lentiviral vector), with Ipg of p24 antigen converted to 10 Transducing Units
(TU). For lentiviral infection, mouse Sca-1* SPCs were plated 24 hours prior to infection in 6
well-plates at 37°C. One transducing Unit per cell (or 2-3x10%well) of sShRNA or control
virus were added with 10ug/ml hexadimethrine bromide (H9268; Sigma). Viral constructs
were incubated 24 hours with the cells before the media was replaced with complete media
containing 2ug/ml puromycin (P9620, Sigma). For selection of transductants, fresh media
containing puromycin was added at 2-3 day intervals for 10 days. Stably infected cells were
split and frozen for future experiments.

Isolation of Sca-1" stem/progenitor cells from MMP8 knockout and wildtype mice

Sca-1" SPCs were isolated from bone marrow of MMP8 /apoE”™ and MMP8""/apoE™ mice
by fluorescence cell sorter assay. Briefly, bone marrow was isolated from the tibias and
femurs of mice 6-12 weeks of age. The bone marrow was triturated using an 18 gauge needle
and passed through a 70 pm nylon mesh cell strainer (Becton Dickinson, Franklin Lakes, NJ)
to make a single cell suspension in DMEM supplemented with 2%FCS/10mM Hepes. Red
blood cells in bone marrow cells were lysed with a lysis buffer (8.3g NH4CL, 1.0g KHCO;
and 1.8ml of 5%EDTA in 1000ml). Bone marrow mononuclear cells were washed three times
and counted with a hemacytometer and then resuspended in DMEM with 5%BSA at 1x10°
cells/100ul and stained with 1pg of rat IgG control-FITC or rat anti-mouse Sca-1 antibody-
FITC, followed by fluorescence cell sorting assay with standard protocol. Sca-1-positive cells
(>90%) were recovered in DMEM with 5% BSA and kept on ice prior to migration/invasion
assays. In SPC injection experiments, MagCellect™ Mouse Hematopoietic Cell Lineage Depletion Kit
(MAGM209, R&D System) was used to isolate bone marrow SPCs according to the manufacturer's
instructions.

Immunoblotting

Cultured cells were harvested and lysed in a lysis buffer (50mM Tris-Cl pH 7.5, 150mM
NaCl, 1 mM EDTA pH 8.0) supplemented with protease inhibitors and 0.5% Triton by
sonication. Forty micrograms of protein was separated by SDS-PAGE with 4%~20% Tris-
Glycine gel (Invitrogen, Carlsbad, CA, USA) and subjected to standard Western blot
analysis.

Real-time RT-PCR

Real-time RT-PCR was performed as described before’. Briefly, total RNA was extracted
from cells using RNeasy kits (Qiagen, Valencia, CA, USA) according to the manufacturer's
instructions. Reverse transcription was performed using an Improm-II' ™ RT kit (Promega,
Madison, WI, USA) with RNase inhibitor (Promega) and Random primers (Promega).
Simultaneous RT reactions were performed without the addition of reverse transcriptase to
control the possible transcription of contaminating genomic DNA. Relative mRNA
expression level was defined as the ratio of target gene expression level to 18S expression
level with that of the control sample set as 1.0.

Indirect immunofluorescent staining of cells and frozen tissue sections

Indirect immunofluorescent assay was performed as described before® °. Briefly, cells or
tissue sections were labeled with appropriate isotype IgG control or antibodies as indicated in
the figures, and visualized with appropriate secondary antibodies conjugated with
phycoerythrin (PE) or fluorescein isothiocyanate (FITC) (DAKO). Cells or sections were
counterstained with 4', 6-diamidino-2-phenylindole (DAPI; Sigma). Images were examined

Downloaded from http://circres.ahajournals.org/ by guest on January 7, 2013


http://circres.ahajournals.org/

and acquired with SP5 confocal microscope with Leica TCS Sp5 software (Leica, Germany)
at room temperature.

Immunohistochemical analysis

Microscopic sections of the heart with the aortic root harvested from mice injected with SPCs
from GFP transgenic mice were subjected to double immunostaining for GFP together with
either CD45, CD68, CD31 or vascular smooth muscle cell markers smooth muscle o-actin
(SMA) or smooth muscle myosin heavy chain (SM-MHC). In brief, the sections were air
dried and fixed in cold acetone at 4°C, then incubated at 75°C for 30 minutes to eliminate any
potential endogenous alkaline phosphatise activity, followed by incubation with an avidin and
biotin blocking solution (Avidin Biotin Blocking systems, VectorLab), and then a peroxidise
blocking solution (3% H202), and then 10% goat serum (Dako). Thereafter, the sections
were incubated with a primary antibody was either a rat anti-CD45 (Biolegend), rat anti-
CD31 (Biolegend), rabbit anti-CD68 (Santa Cruz Biotechnology), rabbit anti-SMA (Sigma),
or rabbit anti-SM-MHC (AbD Serotec) antibody. The sections were then incubated with a
biotin-conjugated goat anti rabbit IgG or rat IgG antibody (Dako), followed by an incubation
with avidin-conjugated horseradish peroxidise and then with 3,3"-diaminodbenzidine (Dako).
The sections were then incubated with a mouse anti GFP antibody (Sigma), followed by an
incubation with goat anti mouse IgG conjugated with alkaline phosphatase (Sigma), and then
with Fast Red (Sigma). After counterstaining with hematoxylin and mounting, the slides were
examined using an OLYMPUS BX61 microscope and images taken using a BX-PMTVC
camera. Microscopic sections of other tissues/organs harvested from mice injected with SPCs
from GFP transgenic mice were subjected to immunostaining for GFP. Similarly,
microscopic sections of the heart with the aortic root harvested from mice injected with SPCs
from MMP8 wildtype and knockout mice respectively were subjected to immunostaining for
the either Sca-1, c-Kit, CD45, CD68 or SMA in atherosclerotic lesions.

Ex vivo assay stem/progenitor cell migration into atherosclerotic plaque

For ex vivo assessment of SPC trans-endothium migration into atherosclerotic plaque, aortas
with atherosclerotic lesions were taken from ApoE-/'/MMP8+/+ mice and cut into several
segments of 5 to 10 mm in length. Cultured embryonic Sca-1" SPCs infected with non-target
shRNA or MMP8 shRNA lentivirus were harvested, counted and labeled with PKH26
(Sigma, PKH26GL). Labeled cells (100,000) were washed three times and resuspended in
200pl of SPC culture medium and injected into the lumen of the aorta. After ligation of both
ends, the aortic segments were cultured in normal SPC culture medium but supplement with
100ng/ml of SDF-la. for 24 hours, at 5% CO,, 21% O,, pH7.0-7.5, 37°C. For ex vivo
assessment of SPC trans-adventitia migration into atherosclerotic plaque, aortas of
approximately 10 mm in length with atherosclerotic lesions were prepared from ApoE-/'
/MMP8"" mice and connected to mini-needles of a micro-circulation system filled with SPC
culture medium supplemented with 100ng/ml of SDF-1c.. Cultured embryonic Sca-1" SPCs
infected with non-target SIRNA or MMPS8 shRNA lentivirus were prepared and labeled with
PKH26 as abovementioned and mixed with Martigel (BD Bioscience), then patched around
the adventitia of aortic segments. After 24 hours of incubation (5% CO,, 21% O,, pH7.0-7.5,
37°C), the aortic segments were harvested, washed extensively and cross-sectioned. Sections
were examined under a fluorescence microscope, images were taken by a digital camera, and
migrated cells (red fluorescence in the vessel wall and atherosclerotic lesions) were counted.
Migration activity was expressed as the mean number of migrated cell per 1000 nuclei in
atherosclerotic lesions.
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Stem/progenitor cell migration/invasion assay

Boyden chamber chemotaxis assay method. Boyden chamber chemotaxis assay were
performed as described in previous study’. Briefly, 8 pm-pore polycarbonate filter
(Nucleopore Corp.) pre-coated with Matrigel (50pug/ml, BD Bioscience) and 48-well
chemotaxis chambers (Neuro Probe Inc.) were used. Sca-17 SPCs cultured in complete media
were trypsinized and suspended at a concentration of 4 X 10° cells/ml in 1% BSA DMEM. A
volume of 50 ul cell suspensions with different dose of MMP8 was placed in the upper
chamber, and 28 pl of DMEM supplemented with 1% BSA and SDF-1a (100 ng/ml, Miltenyi
Biotec) or vehicle was placed in the lower chamber. The chambers were incubated at 37°C
for 8h. After incubation, the filters were removed and the cells on the upper side of the filter
were scraped off. The cells that had migrated to the lower side of the filter were fixed in
methanol, stained with Mayer Hematoxylin and eosin, and quantified under a light
microscope. Migration activity was expressed as the mean number of cells that had migrated
per high power field (20x). All experiments were carried out in three independent triplicate
experiments.

Cell migration assay with transwell. SPC trans-endothelium and/or trans-extracellular matrix
(ECM) migration assays were performed on polycarbonate membrane inserts (8-um pore
size; Greiner Bio-One Inc., UK). Sca-1" SPCs cultured in complete media were trypsinized
and suspended at a concentration of 1X 10 cells/ml in 1% BSA DMEM. 2.0 x 10° cells in
200 pl serum-free medium supplemented with vehicle or different dose of MMP8 were
placed over the inner chamber of inserts pre-grown with monolayer of endothelial cell (for
trans-endothelium migration) or pre-coated with different ECM (for trans-ECM migration, 50
ug/ml of Matrigel, Collagen I, Collagen IV, gelatin, fibronectin or elastin) in a 24-well tissue
culture plate and 500 pl serum-free medium supplemented with 1% BSA and SDF-1a (100
ng/ml, Miltenyi Biotec) were added in the outer chamber of the insert. Plates were incubated
at 37°C for 24 h. The cells that had migrated through to the lower surface of the insert were
scraped off and mixed with the cells that had migrated into the bottom well. The total
migrated cells were quantified by cell counter. Migration activity was either expressed as the
mean number of cells that had migrated per well or the percentage (%) of migrated cells to
input cells. All experiments were carried out in three independent triplicate experiments.

QCM ECMatrix Cell Migration/Invasion Assay. The CHEMICON® Cell Invasion Assay Kit
(Millipore, ECM554) was used to evaluate the migratory and/or invasive ability of SPCs
according to standard protocol provided with this kit. Cell preparation and incubation was
similar to cell migration assay with transwell plate. The migrated cells were detached with
cell detachment buffer and subsequently lysed and detected by CyQuant GR® dye with
fluorescent plate reader. Migration/invasion activity of SPCs was expressed as the mean
fluormetric reading per group. All experiments were carried out in three independent
triplicate experiments.

Flow Cytometry Assay

Sca-1" SPCs infected with non-target sShRNA or MMP8 shRNA were cultured in the presence
or absence of the ADAMI10 inhibitor GI254023X"® (5uM) for 48 hours. For flow cytometric
analyses, the cells were harvested with Accutase (Sigma-Aldrich), washed and suspended in
PBS containing 1% BSA at 10’ cells per ml. The cell suspensions (100ul) were incubated for
60 minutes on ice with various antibodies (1pg/ml) as indicated in the Figures or an isotype-
matched control antibody (1pg/ml). Subsequently, the cells were washed and incubated for 40
minutes on ice with appropriate secondary antibodies conjugated with FITC or PE (1pg/ml),
and then analyzed by flow cytometry.
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Mononuclear cells isolated from bone marrow and peripheral blood of MMPS8” '/apoE'/ “and
MMP8"*/apoE”" mice were analyzed by flow cytometry analysis to examine the SPC
concentrations in bone marrow and peripheral blood, respectively.

Enzyme-linked immuno-sorbent assay (ELISA)
Commercially available ELISA kits (ab100678, Abcam, UK) were used to measure the
concentrations of soluble E-cadherin in plasma samples and cell culture supernatants.

Statistical analyses

Data were analyzed by two-tailed student’s t-test or one-way ANOVA. A value of P < 0.05
was considered statistically significant.
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Supplement figure legends:

Figure I. MMP8 shRNA can specifically knockdown MMP8 gene expression.

Total RNA samples and protein extracts were prepared from cultured embryonic Sca-1" SPCs
infected with non-target shRNA or MMP8 shRNA, and subjected to real-time RT-PCR and
Western blot analyses. Left panel shows results of real-time RT-PCR. Right panel shows
representative Western blot image.

Figure II. MMP8 deficiency reduces stem/progenitor cells in aortic root atherosclerotic
lesions.

ApoE'/'/MMP8+/+ and ApoE'/'/MMPS'/' mice were fed a Western diet for 12 weeks. Aortic roots from
ApoE'/'/MMP8+/+ and ApoE'/'/MMPS'/' mice were harvested, sectioned, and subjected to
immunofluorescence staining with antibodies against the stem cell markers c-Kit (Red) (A) and Flk-1
(Red) (B). Upper panels are images of immunofluorescence staining and bottom panels are bright-
field images. Red dotted line indicates the boundary between the lesion and healthy area. Far right
panels show quantitative data of SPCs in atherosclerotic lesions of ApoE'/'/MMPSHJr and ApoE'/'
/MMPS8" mice respectively. Columns represent mean + SD (n=5 mice in each group). A representative
image with IgG control staining was also shown.

Figure I11. MMPS8 deficiency reduces ability of stem/progenitor cell to migrate through
collagen I.

Sca-1" SPCs isolated from bone marrow of ApoE_/_/MMP8+/+ and ApoE_/_/MMPS_/_ mice were
subjected to assays for migration through transwells coated with either collagen I, collagen
IV, laminin, fibronectin or elastin. Columns represent mean = SD (n=3 independent
experiments).

Figure IV. MMP8 inhibits stem/progenitor cell adhesion to Matrigel but does not
affect stem/progenitor cell proliferation.

(A) MMPS inhibits SPC adhesion. Cultured Sca-1" SPCs were incubated with various
amounts of MMPS for 2 hours, followed by cell adhesion assays.

(B) Aliquots of equal numbers (10,000) of Sca-1" SPCs were seeded on Matrigel overnight
and then incubated with various amounts of MMPS for 48 hours. Cells were then harvested
and counted. Columns represent mean = SD (n=3 independent experiments).

Figure V. Concentrations of CD45"/CD34" cells in bone marrow and peripheral blood
in MMP8 knockout mice do not significantly differ from those in MMP8 wildtype mice.
Cells in bone marrow samples and peripheral blood samples from ApoE'/-/MMPSH+ and
ApoE'/'/MMPS-/' mice were harvested. Red blood cells were lysed, and the remaining cells
were subjected to flow cytometer analysis to determine the percentages of hematopoietic
SPCs, with the use of antibodies against CD45 and CD34, respectively. Up panels are the
representative images of flow cytometer analysis. Columns represent mean £ SD (n=8 mice
in each group).

Figure VI. Characterization of isolated bone marrow stem/progenitor cells.

Bone marrow cells were harvested from mice. Red blood cells were lysed, and the remaining
cells were subjected to hematopoietic cell lineage depletion for 2 or 3 rounds to obtain high purity
lineage-negative cells as described in the text. Isolated cells were subjected to flow cytometric
analysis (A) and immunofluorescence staining (B) to determine the percentages of SPCs, with the
use of antibodies against CD34, Sca-1 and CD34, respectively.
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Figure VILI. In vivo distributions and cell fates of transplanted stem/progenitor cells.
ApoE'/'/MMPS'/' mice were injected with 1x10° SPCs isolated from the bone marrow of GFP
transgenic mice, and fed a Western diet for 12 weeks. (A) Transplanted SPCs were homed to various
tissues. Various tissues/organs were harvested and subjected to immunohistochemical staining for
GFP with a primary mouse anti-GFP antibody and a secondary goat anti-mouse IgG antibody
conjugated with alkaline phosphatase (AP), followed by an incubation with FAST Red. Black arrows
indicate GFP-positive cells. (B) Transplanted SPCs were recruited into and accumulated in
atherosclerotic lesions and differentiated into CD45 or CD68-positive cells. Aortic roots from
recipient mice were harvested, sectioned, and subjected to double immunohistochemical staining with
antibodies against GFP and CD45, CD68 or the vascular smooth muscle cell markers, SMA and SM-
MHC. Black arrows indicate double positive cells. Representative images of single (A) or double (B)
immunohistochemical staining are presented (n=3 mice). A representative image with IgG control
staining is also shown in panel B.

Figure VIII. MMPS8 deficiency in SPCs results in less stem and hematopoietic cell
accumulation in atherosclerotic lesion.

ApoE-/'/MMPS'/- mice were injected with 1x10° SPCs isolated from the bone marrow of ApoE'/'
/MMP8"" or ApoE_/'/MMP8'/' mice, and fed a Western diet for 12 weeks. Aortic roots from the
recipient mice were harvested, sectioned, and subjected to immunohistochemical staining with
antibodies against c-Kit (A), CD45 (B), CD68 (C) or SMA (D). Left panels are representative images
of immunohistochemical staining for the respective markers, and right panels are quantitative data of
c-Kit, CD45, CD68 or SMA-positive cells in atherosclerotic lesions of ApoE'/'/MMPS'/' mice injected
with SPCs from ApoE_/'/MMP8+/+ and ApoE'/"/MMPS'/' mice respectively. Black arrows in left panels
indicate c-Kit, CD45, CD68 and SMA-positive cells, respectively. Columns represent mean + SD
(n=5 mice in each group).
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