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ABSTRACT

MECHANOTRANSDUCTION OF INTERSTITIAL FLOW MODULATES VASCULAR
SMOOTH MUSCLE CELL AND FIBROBLAST MOTILITY AND PHENOTYPE
IN 2-D AND 3-D

by

Zhong-Dong Shi

Advisor: Dr. John M. Tarbell

Vascular lesion formation often occurs in regions where the endothelium has been
damaged and the transmural interstitial flow is elevated. Vascular smooth muscle cells
(SMCs) and fibroblasts/myofibroblasts (FBs/MFBs) contribute to vascular repair or
vascular lesion formation by migrating from the vessel media and adventitia into the site
of the injury intima. During the damage period, vascular SMCs and FBs/MFBs are
exposed to luminal blood flow (2-dimensional, 2-D) or elevated interstitial flow (3-D).
Therefore, we hypothesize that the alterations of fluid flow during vascular injury
modulate SMC and FB/MFB phenotype and motility, which may contribute to vascular
remodeling and lesion formation.

To test this hypothesis, we first established a 3-D interstitial flow-cell migration
system and then through a series of newly-designed experimental methods, we have
generated following primary findings: 1) Interstitial flow can promote rat vascular SMC,
FB, and MFB motility in collagen gels by upregulation of matrix metalloproteinase-13

(MMP-13) expression; 2) Flow-induced upregulation of MMP-13 is mediated by
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activation of extracellular signal-regulated kinase 1/2 (ERK1/2) mitogen-activated
protein kinase (MAPK) and the downstream transcription factor, activating protein-1
(AP-1), specifically c-Jun; 3) Furthermore, cell surface heparan sulfate proteoglycans
(HSPGs) mediate focal adhesion kinase (FAK) activation which regulates the ERK
signaling cascade; 4) We propose a conceptual mechanotransduction model wherein
surface HSPGs, with the synergism of integrin-mediated cell-matrix adhesions, sense
interstitial flow and activate the FAK and ERK pathway, leading to upregulation of MMP
and cell motility in 3-D.

In a differentiation study, we have found that: 1) 2-D laminar flow shear stress
reduces expression of SMC marker genes in both SMCs and MFBs: a-smooth muscle
actin (a-SMA), smooth muscle protein 22 (SM22), SM myosin heavy chain (SM-MHC),
smoothelin, and calponin; 2) 3-D interstitial flow suppresses expression of SM-MHC,
smoothelin, and calponin, but enhances expression of a-SMA and SM22; 3) The effects
of laminar flow and interstitial flow on SMC marker expression is dependent on HSPG-
mediated ERK activation.

Taken together, we propose that mechanotransduction of fluid flow may be involved
in vascular remodeling and lesion formation by affecting SMC, FB, and MFB phenotype
and motility. This is the first study to describe a flow-induced mechanotransduction
mechanism in 3-D. This study has implications in understanding the flow-related
mechanobiology in vascular lesion formation, tumor cell invasion, and stem cell

differentiation.
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Chapter 1

Introduction



1.1 Hypothesis and aims

Interstitial fluid flow is an important coupling factor between mechanical stress and
signaling on cells that are embedded in a 3-D matrix. When the vessel wall is injured, the
transmural interstitial flow is elevated immediately in the injury site due to the reduced
resistance, and hence both mass transport conveyed by transmural convection and shear
stress on medial smooth muscle cells (SMCs) and adventitial fibroblasts are augmented.
When the intima is damaged, SMCs on the superficial layer are exposed to luminal blood
flow. It has been shown that in 2-D shear stress affects vascular SMC and fibroblast
migration, proliferation and differentiation. Combing these facts, we therefore
hypothesize that during vascular injury, the alteration of transmural interstitial flow in
the vessel wall can affect vascular SMC and fibroblast properties and functions, such as
proliferation, differentiation, and migration. In response to changes of interstitial flow,
SMCs and fibroblasts can rapidly switch their phenotypes from a more contractile or
quiescent state to a more synthetic and proliferative state, and migrate into the wound
areas in the intima, where these cells contribute to vascular repair, remodeling, or
vascular lesion formation in atherosclerosis and neointimal hyperplasia. Therefore, in this

dissertation, we will test our hypothesis by pursuing the following specific aims:

Specific aim 1: To establish a 3-D interstitial flow — cell migration system for

studying the effects of interstitial flow on cell motility. Collagen I is used as 3-D ECM.

Rat vascular SMCs and fibroblasts are suspended in collagen gels and loaded into the cell

culture inserts (8 um of pore size). After spreading out, cells are exposed to interstitial



flow with different intensities driven by different pressure drops. Then the cells in gels
are incubated with PDGF-BB for a Boyden chamber chemotaxis assay. The number of
migrated cells through the pores of culture inserts is counted. This system allows us to

quantify cell migration and examine the changes in cellular and molecular biology.

Specific aim 2: To determine the effects of interstitial flow on cell motility and the

underlying mechanism. Using the 3-D flow - migration system, we will determine the

effects of flow on cell migration, either enhancing or supressing. Since rat collagenase
(MMP-13) plays a major role in native collagen I digestion and gelatinase (MMP-2) is
responsible for degrading denatured collagens, the potentital involvement of both MMP-
13 and MMP-2 will be examined. The roles of some signaling molecules such as MAPK

(ERK1/2 and p38) and transcription factors (c-Jun and c-Fos) will be investigated.

Specific aim 3: To elucidate the mechanotransduction mechanism of interstitial flow

on cell motility. FAK is a well-known mechanosensitive kinase that mediates mechanical

stimuli. Cell surface glycoclayx components such as heparan sulfate proteoglycans
(HSPGs) are flow sensors in 2-D. Therefore, the potential mechanosensing roles of FAK

and HSPGs will be determined.

Specific aim 4: To investigate the effects of fluid flow on SMC and myvofibroblast

phenotypic _modulation _in 2-D and 3-D. Using flow systems to recapitulate the

environments of cells in 3-D and in 2-D, the effects of interstitial flow and laminar flow
on SMC marker gene expression in both SMC and myofibroblast and the underlying

mechanotransduction mechanism will be investigated.



1.2 Artery wall components and their function

The arterial wall represents a highly plastic three-dimensional (3-D) structure possessing
a unique adaptive capacity to face alterations in blood pressure, flow, and shear stress
taking place during development and in certain vascular diseases [152]. Arteries are
usually composed of three layers: the tunica intima, tunica media, and tunica adventitia
(Fig. 1-1). The intima consists of a layer of endothelial cells (ECs) lining the vessel
lumen, as well as a subendothelial layer made up mostly of loose connective tissue. The
internal elastic lamina (IEL) separates the intima from media. The media is composed
mostly of circumferentially arranged smooth muscle cells (SMCs). The external elastic
lamina (EEL) separates the media from the adventitia. Finally, the tunica adventitia is
primarily composed of loose connective tissue made up of fibroblasts (FBs) and

associated collagen fibers (Table 1-1).

AfteryH&E tunica intima
Ay

Endothelium of Tunicz Intima

Basement Membrane

Internal Elastic Lamina

Tunica Media

External Elastic Lamina

Tunica Adventitia

[

Blood Vessel Lumen

I\l B :

(A) Schematic artery wall . (B) Elastic aorta layers

Figure 1-1. Arterial wall components.
(http://www.ucc.ie/bluehist/CorePages/Vascular/Vascular.htm)
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This tissue compartmentalization inherently gives rise to structural-functional
interfaces that allow for the maintenance of arterial wall homeostasis. Pathological
stimuli can target all wall layers and interfaces simultaneously or only one layer/interface.
The response to injury may be initially localized to a specific layer, and later it can invest
other layers depending on time, severity of the lesion, responsiveness, and functional
connectivity among the wall tissues. In response, a repair program is activated which
eventually leads to vascular wall remodeling [152].

Table 1-1. Blood vessel wall components
(http://w3.ouhsc.edu/histology/Text%20Sections/Cardiovascular.html)

Tunica intima Tunica media Tunica adventitia

1. Endothelial cell lining 1. Smooth muscle cells 1. Mostly collagenous fibers

2. Subendothelial layer 2. Collagen fibers 2. Elastic fibers

3. Internal elastic lamina | 3. Ejastin lamellae 3. Fibroblasts and macrophages
3. External elastic lamina 4. Vasa vasorum

1.3 Neointima formation and atherosclerosis

Neointima formation (or intimal thickening, intimal hyperplasia), the accumulation of
cells and new extracelluar matrix (ECM) within the inner vessel wall, is a physiological
response to mechanical injury, increased wall stress, or chemical insult. If excessive, it
can lead to the obstruction of blood flow and tissue ischemia [115]. Neointima formation
is often induced in regions where the endothelium has been damaged by vascular
procedures such as angioplasty or at the anastomoses of vascular grafts [99, 156]. An
example of neointima formation is shown in Fig. 1-2. Atherosclerosis involves multiple
processes including endothelial dysfunction, inflammation, vascular proliferation and

matrix alteration. Vascular proliferation contributes to the pathobiology of atherosclerosis


http://w3.ouhsc.edu/histology/Text Sections/Cardiovascular.html
http://w3.ouhsc.edu/histology/Glass slides/81_06.jpg
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and is linked to other cellular processes such as inflammation, apoptosis and matrix
alterations. Cardiovascular risk factors alter the vascular endothelium, which may trigger
a cascade of events, including the recruitment of leukocytes. Cytokines and growth
factors are released by inflammatory cells and vascular cells, generating a highly
mitogenic milieu. Vascular SMCs (VSMCs) migrate, proliferate and synthesize
extracellular matrix (ECM) components on the luminal side of the vessel wall, forming
the fibrous cap of the atherosclerotic lesion. Inflammatory mediators ultimately induce
thinning of the fibrous cap by expression of proteases, rendering the plaque weak and
susceptible to rupture and thrombus formation. In advanced disease, fibroblasts (FBs) and
VSMCs with extracellular calcification give rise to fibrocalcific lesions [42]. See Fig. 1-3

for detail.

Figure 1-2. Neointima formation in the mouse abdominal aorta. A. H&E staining of
abdominal aorta collected from uninfected IFN-yR-/- mouse 2 months after whole body
irradiation. Arrow points to the intima. B. H&E staining of a large abdominal vessel
collected from murine cytomegalovirus (MCMYV) infected IFN-yR-/- mouse 4 months
after infection and 2 months after whole body irradiation. Space between arrows indicates
the thickness of the neointima [59].



a Initiation of atherosclerosis Athel ic factors:
@ L[mrem\

o & :
Hypertension

Smoking

Endoteiial dysfunction

* Endothelial : Oz +NO

li - S POGF IGF-1

dysfunction @ - @ . cp.1| bFGF TGF-p

* Inflammation E EGF\MG !
* Foam cells

vsSMC |

_aclivatbon |
b Early lesion VSMC migration/ proliferation:
PDGF-EB

* Inflammation

* Foam cell
[fatty streak)
VSMC
migration and
proliferation
€ Vulnerable plague Fibrous cap
degradation and
plaque rupture
Thin fibrous @
cap: VSMC a —2 = Collagenases
apoptosis and (O - .
replication e = 0 Sh'umelysins

abundant
foam cells

* Intense
inflammation
(shoulder
region)

d Advanced lesion

Stable fibrocalcific
VSMC
abundancs
* Fibroblasts
and matrix
* Extracellular
calcification
= VSMC “ Foam cell =z Matrix
=2 Endothelial cell @ T-lymphocyte == == Calcification 2
E
Mon Fibroblast Platelet and fibrin H
3 monooyte £z B

Figure 1-3. Development of atherosclerosis. LDL, low-density lipoprotein; MCP,
monocyte chemoattractant protein; VCAM, vascular cell adhesion molecule; PDGF-BB,
platelet-derived growth factor (BB, beta-chain homodimer); TNF, tumor necrosis factor;
TGF, transforming growth factor; IL, interleukin 1; IGF, insulin-like growth factor; bFGF,
basic fibroblast growth factor; Ang II, angiotensin II; EGF, epidermal growth factor; IFN,
interferon [42].



1.4 Role of medial SMC and adventitial fibroblast in vascular

remodeling and diseases

The vascular SMCs in animals and humans are highly specialized cells whose principal
function is to regulate blood vessel tone, blood pressure, and blood flow distribution.
SMCs within adult blood vessels have an extremely low proliferation rate, exhibit very
low synthetic activity, and express a unique repertoire of contractile proteins, ion
channels, and signaling molecules required for cell contractile function [124]. Unlike
skeletal or cardiac muscle cells that are terminally differentiated, SMCs retain remarkable
plasticity and can undergo rather profound and reversible changes in phenotype in
response to changes in local environmental cues [124]. SMC phenotype is a continuum
and the terms "contractile" and "synthetic" refer to relative positions along this continuum,
indicating cell functions and marker expression that are associated with either a
contractile or a synthetic function [178]. SMC plasticity plays an important role in
vascular development, repair, and remodeling. During vascular development, SMCs
display high plasticity and play a key role in morphogenesis of the blood vessel by
exhibiting high rates of proliferation, migration, and production of ECM components
such as collagen, elastin, and proteoglycans that make up a major portion of the vessel
wall while at the same time acquiring contractile capabilities [125]. In response to injury,
SMCs dramatically increase proliferation rate, motility, and synthetic capacity and play a
critical role in vascular repair [125]. However, on the other hand, due to the high degree
of plasticity, SMCs may be led to adverse phenotypic switching and migration under
abnormal environmental conditions that can contribute to development and progression

of vascular diseases such as atherosclerosis and hypertension and cancer [125].



Vascular SMCs have received a great deal of attention for their role in vascular
disease, while adventitial fibroblasts have not been as well characterized as SMC because
of their remote origin in the outer adventitial layer of the blood vessel, which has
historically been considered a supporting tissue [152]. Recent in vivo work, however, has
shown that, in addition to SMCs, adventitial fibroblasts (FBs) and their activated
counterpart myofibroblasts (MFBs), contribute to neointima formation following vascular
injury [87, 147, 158, 163, 174]. Adventitial MFBs appear to be capable of migrating from
the adventitia to the media or even to the intima and contribute to the thickening of the
neointima, which has been observed in response to endothelial injury [163, 174].

One of the most consistent findings in experimental models of systemic vascular
injury and hypertension is early and often dramatic adventitial remodeling [152, 179].
Early evidence of adventitial cell activation and phenotypic change has been reported
following balloon injury to the vessel wall [132, 174]. A more recent experiment using
animal models of hypercholesterolemia and hypertension has also demonstrated that
adventitial remodeling precedes intimal and medial remodeling [62]. Studies also have
shown that under conditions of elevated blood pressure, the adventitia becomes the
predominant wall component due to its pronounced stiffening behavior [155, 173]. Thus
the adventitia has been suggested to be the most appropriate arterial layer for “sensing”
hypertensive states [102, 155]. A rapidly emerging concept is that the activation of
adventitial FBs plays a key role in regulating vascular function and structure from the
“outside-in” [179, 209]. The adventitial FBs display an important partnership with the
medial SMCs in terms of phenotypic conversion, proliferation, apoptotic, and migratory

properties, and contribute to neointima formation and vascular remodeling [152].



1.5 Characteristics of vascular SMC, fibroblast, and myofibroblast and

their involvement in vascular diseases

The vascular fibroblast, myofibroblast, and SMC can be distinguished according to their
expression of SMC markers, as shown in Tables 1-2 and 1-3, and Figs. 1-4 and 1-5.
Fibroblasts do not express either a-SM actin (a-SMA) or SM myosins; myofibroblasts
express o-SMA but not SM myosins; SMCs express both a-SMA and SM myosins. Only
differentiated (mature) SMCs express smoothelin. a-SMA expression, stress fiber
formation, and robust collagen secretion are the distinguishing features of myofibroblasts
[192]. Adventitial fibroblasts can differentiate into myofibroblasts and even SMCs by
mechanical tension or treatment with TGF-B1 (Fig. 1-6) [144, 152, 193]. In response to
injury, medial SMCs de-differentiate into immature SMCs which migrate into the intima;
and quiescent adventitial fibroblasts can be activated and converted into myofibroblasts
and then migrate into the intima through the media (Fig. 1-7) [152], where these cells
contribute to vascular lesion formation.

Table 1-2. SMC marker expression in fibroblast, myofibroblast and SMC

o-SM actin SM Myosins Smoothelin
Fibroblast - - -
Myofibroblast + - -
Immature SMC + SM1", SM2 -
Differentiated SMC + SM1*, SM2* +

SM1: smooth muscle-type 1 MHC isoforms; SM2: smooth muscle-type 2 MHC isoforms.

Table 1-3. Comparison of cell characteristics in vivo

Contractility Proliferation Synthesis Migration
Fibroblast Low Low Low Low
Myofibroblast High High High High
Immature SMC Low High High High
Differentiated SMC High Low Low Low

-10 -



(B) a-SMA staining for FBs

(©) Phase contrast images of MFBs (D) 0-SMA staining for MFBs

Figure 1-4. Morphology and o-SMA staining to characterize FBs and MFBs
(personal unpublished data).
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Figure 1-5. Western blotting to characterize FB, MFB and SMC. Top, Western blot
gel bands; A, SM-MHC; B, a-SMA. Data are presented as means = SEM. *P < 0.05
compared to the normalized SMC corresponding protein content. From [50].
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1.6 Matrix metalloproteinases and their role in SMC and fibroblast

migration

The major components of the interstitial matrix of the media and adventitia are collagen I
and III, produced by vascular SMCs and fibroblasts [136, 140]. ECM-cell interactions
affect the physical coupling of cells via the regulation of cell-surface adhesion molecules
and may also regulate, via a positive feedback loop, the deposition of ECM [21]. Thus,
under normal conditions, there must be a homeostatic relationship between resident cells
and this collagen matrix to maintain SMCs and fibroblasts in a quiescent state. Activation
of SMCs and fibroblasts leads to alterations in the production and relative composition of
matrix components, which in turn ultimately contributes to further changes in cell growth,
behavior, and phenotype switching.

Matrix metalloproteinases (MMPs) are a family of zinc enzymes responsible for
degradation of ECM components, including basement membrane collagen, interstitial
collagen, fibronectin, and various proteoglycans (see Table 1-4). MMPs are key
mediators of the normal ECM remodeling that takes place during development, tissue
morphogenesis, and repair. In addition, MMPs have been implicated in the untoward
ECM degradation that occurs in various diseases. MMPs are conventionally classified as
“collagenases”, “gelatinases”, “stromelysins”, “membrane type MMPs (MT-MMPs)” and
“other MMPs” based on substrate specificity [80]. All MMPs possess an N-terminal
signal sequence or “pre” domain, a propeptide “pro” domain that is removed during
activation, and a conserved catalytic domain. With the exception of matrilysin, all MMPs

contain a hemopexin-like domain which is connected to the catalytic domain by a hinge
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domain (Fig.1-8). The initial step of ECM degradation involves active collagenases,
especially MMP-1, -8, -13, and -18, which digest intact collagens followed by further
digestion by gelatinases, mainly MMP-2 and MMP-9 [72]. Excessive or inappropriate
expression of MMPs may contribute to the pathogenesis of tissue-destructive processes in
a wide variety of diseases. MMPs in the blood vessel wall are produced by a number of
cells, including endothelial cells (ECs), SMCs, fibroblasts and macrophages. Endogenous
tissue inhibitors of metalloproteinases (TIMPs) reduce excessive proteolytic ECM
degradation by MMPs. The balance between MMPs and TIMPs plays a major role in

vascular remodeling and diseases [137].

Table 1-4. The MMP family (Adapted from Calbiochem)

The Matrix Metalloproteinase (MMP) Family

Mol. Wt. Collagen

Enzyme E.C. No. Pseudonyms 5 Additional Substrates
y Y (Latent/Active)  Substrates
MMP-1 3.4.247 Collagenase-1, Fibroblast Collagenase, 55,000/45,000 1,11, 10, VI Aggrecan, Gelatin, MMP-2, MMP-9
Interstitial Collagenase, Tissue Collagenase VI, X
MMP-2 3.4.24.24 72 kDa Gelatinase, 72 kDa Gelatinase/Type IV 72,000/66,000 [ | \VARVA Aggrecan, Elastin, Fibronectin,
Collagenase, Gelatinase A, TBE-1 VI, X, XI Gelatin, Laminin, MMP-9, MMP-13
MMP-3 3.4.24.17 Procollagenase, PTR1 protein, SL-1, 57,000/45,000 I, 1, 1V, 1X, Aggrecan, Elastin, Fibronectin,
Stromelysin-1, Transin-1 X, Xl Gelatin, Laminin, MMP-7,
MMP-8, MMP-13
MMP-7 3.4.24.33 Matrilysin, Matrin, PUMP-1 Protease, Uterine 28,000/19,000 IV, X Aggrecan, Elastin, Fibronectin,
Metalloproteinase Gelatin, Laminin, MMP-1,
MMP-2, MMP-9
MMP-8 342434 Collagenase-2, Neutrophil Collagenase, 75,000/58,000 111,10,V VI Aggrecan, Elastin, Fibronectin,
PMNL Collagenase VI, X Gelatin, Laminin
MMP-9 3.4.24.25 92 kDa Gelatinase, 92 kDa Gelatinase/Type IV 92,000/86,000 IV, V, VI, X, Aggrecan, Elastin, Fibronectin,
Collagenase, Gelatinase B XIV Gelatin
MMP-10 S22 SL-2, Stromelysin-2, Transin-2 57,000/44,000 I, IV, vV Aggrecan, Elastin, Fibronectin,
Gelatin, Laminin, MMP-1, MMP-8
MMP-11 SL-3, Stromelysin-3, ST-3 51,000/44,000 Aggrecan, Fibronectin, Laminin
MMP-12  3.4.24.65 HME, Macrophage Metalloelastase 54,000/45,000 \Y2 Elastin, Fibronectin, Gelatin,
MME and 22,000 Laminin
MMP-13 Collagenase-3 60,000/48,000 I 1V Aggrecan, Gelatin
MMP-18 Xenopus Collagenase-4, xCol4 70,000/53,000
MMP-19 RASI-1 54,000/45,000 \ Fibronectin, Aggrecan, COMP,
Laminin, Gelatin
MMP-20 Enamelysin 54,000/22,000 Aggrecan, Amelogenin, COMP
MMP-23 CA-MMP
MMP-26 Matrilysin-2, Endometase 28,000/19,000 v Gelatin, Fibronectin
MMP-28 Epilysin
MT1-MMP MMP-14, Membrane-Type Metalloproteinase-14 66,000/56,000 1,1, Aggrecan, Elastin, Fibronectin,
Gelatin, Laminin, MMP-2, MMP-13
MT2-MMP MMP-15, Membrane-Type Metalloproteinase-15  72,000/60,000 Fibronectin, Gelatin, Laminin, MMP-2
MT3-MMP MMP-16, Membrane-Type Metalloproteinase-16 64,000/52,000 MMP-2
MT4-MMP MMP-17, Membrane-Type Metalloproteinase-17 57,000/53,000 Fibrin, Gelatin
MTS5-MMP MMP-24 —-/62,000
MT6-MMP MMP-25, Leukolysin \% Gelatin, Fibronectin, Laminin-I
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Figure 1-8. Domain structure of the MMPs. Pre: signal sequence, Pro: propeptide with
a free-zinc-ligating thiol group, Zn: zinc-binding site [80].

MMP-1 (interstitial collagenase, pro-/active: 55/45 kDa) cleaves native triple helical
collagen I at a specific site three-fourths of the way from the N-terminus, releasing 4 and
% length collagen fragments. MMP-2 (gelatinase-A, type IV collagenase, pro-/active:
72/66 kDa) mainly digests denatured collagens (gelatins) and collagen fragments. MMP-
2 is thought to be unable to cleave the native interstitial collagens. However, MMP-2 is
capable of cleaving native type IV and V collagens [3]. Increased MMP expression and
activity were associated with development of neointimal arterial lesions and SMC
migration after arterial balloon injury in animal models [13, 214]. Upregulated expression
of MMPs may also be necessary for fibroblasts to move through the adventitial matrix
into the media and even into intima [164]. Previous work has shown that pig coronary
adventitial fibroblasts secrete significantly greater levels of MMPs than SMC. Even more
strikingly, the level of TIMPs expression is more than 10-fold less in fibroblasts.
Fibroblasts may hence have a greater propensity to generate MMP activity, which could

give them an advantage over SMC when migrating into areas of vascular injury [164].
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Human interstitial collagenase is referred to as MMP-1. In rodents, however, MMP-1
is developmentally silenced and not present, and its collagenolytic function is mainly
performed by MMP-13 [54]. MMP-13 (pro-/active: 60/48 kDa) is the major interstitial
collagenase in rats and mice to digest collagens. Due to confusion in MMP nomenclature,
rat interstitial collagenase (genebank locus: M60616) should be recognized as rat MMP-
13, not MMP-1 as many other articles and ours have designated [8, 166, 167].

The controlled degradation of ECM components helps cells migrate. MMPs can
contribute to cell migration in several ways: 1) they can clear a path through the ECM; 2)
they can expose cryptic sites on the cleaved proteins that promote cell binding, cell
migration, or both; 3) they can promote cell detachment so that a cell can move onward,
or 4) they can release extracellular signal proteins that stimulate cell migration [5].

Remodeling of ECM and non-matrix substrates by MMPs could influence vascular
SMC migration in many ways [116]. Cells in the media or adventitia would need to break
physical barriers between basement membrane (BM) components and cell surface
integrins. For vascular SMC to move, several signal transduction pathways must be
activated to reorganize the cytoskeleton and to form reversible contacts with existing or
newly expressed cell surface and ECM components. Signaling pathways originating from
growth factor receptors, cadherins and integrins appear to be very important [1, 22, 114].
ECM-integrin interactions, in particular, promote activation of focal adhesion kinase
(FAK) and focal adhesion formation (Fig.1-9). Cellular adhesion on native collagen I is
mediated by of; and o3 integrins and on proteolytically cleaved, denatured collagen
can also be mediated by o33 integrins [107, 210]. Loss of contact with BM components,

type IV collagen and laminin, are likely to be responsible at least in part for the profound
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changes in gene expression that occur in VSMC during neointima formation. Hence,
MMPs by degrading BMs can indirectly facilitate a host of new ECM-integrin
interactions leading to activation of FAK and increased migration (Fig.1-9). Cleavage of
ECM proteins may also reveal cryptic integrin binding sites. For example, PDGF
stimulated vascular SMC migrate more rapidly on collagen I that has been cleavaged into
1/4, 3/4 length fragments than on intact collagen I [181]. Moreover, SMC adhesion and
migration on cleaved collagen is mediated by newly induced o,f3 integrins, while
migration on native collagen I is mediated by constitutive a3, integrins (Fig.1-9) [116].
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Figure 1-9. MMP influences on vascular SMC migration. MMPs can remodel
basement membrane components, including laminin and collagen IV and free cells to
migrate. Loss of basement membranes promotes SMC phenotypic modulation. This leads
to synthesis, amongst other things, of new integrin subunits and new matrix components
that include glycoprotein ligands for these integrins. MMPs also fragment existing
membrane components such as collagen I and this can create new integrin-binding sites.
By acting through integrins and FAK, ECM components influence intracellular pathways
that regulate the cytoskeletal changes necessary for motion. MMPs could shed cadherins
and could thereby relieve constraints on movement caused by adherens junctions [116].
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1.7 Hemodynamic forces on vascular SMC and fibroblast

Modeling studies have shown that: 1) interstitial flow driven by the transmural pressure
gradient imposes fluid shear stresses on SMCs, 2) the SMC layer adjacent to the porous
internal elastic lamina (IEL) is exposed to shear stresses an order of magnitude greater
than underlying SMC layers, which is around 0.1 to 1 dyn/cm?, and 3) the underlying
SMCs far away from IEL are exposed to much lower shear stress [183-185, 201] (see
Fig.1-10). Although, to our knowledge, there have been no studies conducted to estimate
the magnitude of shear stress that adventitial fibroblasts are subjected to in an artery, we
hypothesize that the interstitial flow shear stress on fibroblasts would be less than that on
SMC, since the permeability of “loose” adventitia is greater than the “dense” media.

When the IEL is damaged, SMCs may also be exposed to luminal blood fluid shear stress.

Circumferential or
Hoop Stress

Medial Layer
*Smooth Muscle Cell

Piumen — Ptissue = AP > 0

Intimal Layer
*Endothelial Cell Ptissue

Figure 1-10. Hemodynamic forces acting on artery wall. The transmural pressure
differentitial AP drives transmural interstitial flow across the arterial wall.
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Interstitial flow on SMCs and fibroblasts as well as transmural mass transport
conveyed by hydraulic conductance will be elevated after endothelial denudation
following angioplasty or other injury [56, 104, 186] (Fig.1-11). For example, when the
endothelium is denuded in rabbit aortas, both hydraulic conductance (Lp) and Darcy
permeability (Kp) are increased 2.5-fold [10], which can lead to a 60% increase in shear
stress. Endothelial denudation in rat aortas induces a 75% increase in hydraulic
conductivity [171], which can result in a 30% increase in shear stress. (see equations (1)
and (2) for estimation of shear stress). In the hypertensive condition, not only is the vessel
wall stress higher than normal, but the interstitial flow is elevated due to elevated blood
pressure. Shortly after injury (within minutes, less than one hour), a fibrin clot will form
at the injury site, which reduces the elevated interstitial flow. The interstitial flow is still
higher than that in the uninjured blood vessel because the permeability of blood clot (10
1% ¢m?) is much higher than aortic intima and media (10™"* cm?, see Table 1-5) [39, 86].
However, the fibrin clot would largely block the elevated cytokine convection to vascular
SMCs and fibroblasts. Transmural interstitial flow decreases during wound healing.

The Darcy permeability (Kp) of a porous media is defined by
Kp = p(IV/A)/(A P/L) (1),
and Wang and Tarbell [204] developed a theory for the interstitial flow induced shear
stress (1) on cells that can be expressed approximately as
= p(Jv/A)NKp= (AP/LWNKp  (2).

In equations (1) and (2), p is the viscosity of the fluid flow, Jv is the volumetric flow rate,
A is the cross section area, AP is the pressure drop across the porous media, and L is the

thickness of the porous media.
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Figure 1-11. Interstitial flow increases after vascular injury. Darcy permeability and
interstitial flow-induced shear stress can be estimated using the equations in the figure
[50].

Table 1-5. Selected permeabilities of some tissues and collagen gels

Tissue/material K, (cm?)

Collagen gel (2.5-45 mg/ml) 10%-10" cm” [118, 138, 204]
Aortic media and intima 0.3-1.5x10"[86]

Adventitia ?2>10"

Blood clot (unretracted/retracted) 10%-10"° [39]

Several previous studies have demonstrated that mechanical stimuli affect vascular
SMC and fibroblast migration. Li et al. (2002) [89] provided evidence that adventitial
fibroblasts respond to mechanical stretch. Their work provides a possible mechanism for
the activation of fibroblast migration from adventitia into neointima. SMCs have
displayed reduced migratory activity in response to elevated blood flow in a balloon

catheter injury model in vivo [76] and have also demonstrated inhibition of 2-D migration
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in response to fluid shear stress (12 dyn/cmz) in vitro [127]. Garanich et al. (2005) [51]
applied shear stress (~15 dyn/cm®) using a rotating shear apparatus directly on the
surfaces of SMCs which were cultured on a thin layer of Matrigel. They found that the
migration of SMC was suppressed via nitric oxide-mediated downregulation of MMP-2
activity. Furthermore, Garanich et al. (2007) [50] revealed that shear stress could also
inhibit myofibroblast migration and promote fibroblast migration using the same
experimental methods.

Fluid shear stress also affects vascular SMC proliferation and differentiation. In some
2-D studies, fluid shear stress has reduced cell proliferation [180, 196] and induced
apoptosis [46]. Other 2-D studies, however, have shown that fluid shear stress can reduce
expression of SMC marker genes [9, 202] and promote SMC proliferation [9, 57]. The
controversy of different effects of shear stress on SMC proliferation probably is due to
the level of shear stress and the patterns of shear stress that were applied to cells, and also
the species and phenotypic state of SMCs that were used.

Taking these in vitro 2-D studies together, it is clear that fluid flow shear stress has a
significant impact on vascular SMC and fibroblast/myofibroblast proliferation, migration,
and differentiation at least in vitro in 2-D. It is now well known that a 3-D cell culture
system can better recapitulate the in vivo microenvironment [32]. However, to date, there
have been no studies to investigate whether fluid flow affects vascular SMC and
fibroblast proliferation, differentiation, and migration in 3-D environment.

The thesis that follows will address the questioins raised above. In chapter 2, we
investigate the effects of interstitial flow on vascular fibroblast, myofibroblast, and

smooth muscle cell motility in 3-D collagen I gels and the potential role of MMPs. In
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chapter 3, we consider the involvement of signaling molecules including MAPK
(ERK1/2 and p38) and transcription factor AP-1 (c-Jun and c-Fos) in MMP expression
and cell motility when cells are exposed to interstitial flow in 3-D. Chapter 4 is devoted
to exploring the roles of FAK and cell surface HSPGs in the mechanotransduction of
interstitial flow; and chapter 5 examines the effects of both laminar flow (2-D) and
interstitial flow (3-D) on modulation of SMC marker gene expression and the underlying
mechanotransduction mechanism. The thesis closes with a chapter summarizing the

whole work and discussing clinical implications and future research directions.
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Chapter 2

Interstitial Flow Promotes Rat Vascular Fibroblast,

Myofibroblast, and Smooth Muscle Cell Motility in 3-D

Collagen I via Upregulation of MMP-13
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2.1 Abstract

Neointima formation often occurs in regions where the endothelium has been damaged
and the transmural interstitial flow is elevated. Vascular smooth muscle cells (SMC) and
fibroblasts/myofibroblasts (FB/MFB) contribute to intimal thickening by migrating from
the media and adventitia into the site of injury. In this study, for the first time, the direct
effects of interstitial flow on SMC and FB/MFB migration were investigated in an in
vitro 3-dimensional (3-D) system. Collagen I gels were used to mimic 3-D extracellular
matrix (ECM) for rat aortic SMC and FB/MFB. Exposure to interstitial flow-induced by
1 cmH,O pressure differential (shear stress ~0.05 dyn/cm?, flow velocity ~0.5 um/s, and
Darcy permeability ~10"" cm?) substantially enhanced cell motility. Matrix
metalloproteinase (MMP) inhibitor (GM 6001) abolished flow-induced migration
augmentation, which suggested that enhanced motility was MMP-dependent.
Upregulation of rat interstitial collagenase (MMP-13) played a critical role for flow-
enhanced motility, which was further confirmed by silencing MMP-13 gene expression.
Longer exposures to higher flows suppressed the number of migrated cells, although
MMP-13 gene expression remained high. This suppression was a result of both flow-
induced tissue inhibitor of metalloproteinase-1 (TIMP-1) upregulation and increased
apoptotic and necrotic cell death. Interstitial flow did not affect MMP-2 gene expression
or activity in the collagen I gel for any cell type. Our findings shed light on the
mechanism by which vascular SMC and FB/MFB contribute to intimal thickening in
regions of vascular injury where interstitial flow is elevated.

Keywords: interstitial flow; migration; matrix metalloproteinase; neointima formation
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2.2 Introduction

Neointima formation is often induced in regions where the endothelium has been
damaged by mechanical injury, increased wall stress (as in hypertension), or chemical
insult [68, 99, 101, 115, 157]. The migration of smooth muscle cells (SMC) from the
media to the intima and their subsequent proliferation and new extracellular matrix (ECM)
secretion are well recognized characteristics of neointima formation [99, 115]. In addition
to medial SMC, adventitial fibroblasts (FB) and their activated counterpart,
myofibroblasts (MFB) are also capable of migrating from the adventitia to the media and
even to the intima where they contribute to the thickening of the neointima in response to
endothelial injury [152, 158, 163, 174].

It has been shown that matrix metalloproteinases (MMPs) are involved in intimal
lesion formation. MMPs are a family of zinc-dependent enzymes responsible for
degradation of ECM. Human interstitial collagenase is referred to as MMP-1. In the
rodents, however, MMP-1 is developmentally silenced and not present. The
collagenolytic function of MMP-1 is mainly performed by MMP-13 (e.g., rat interstitial
collagenase, or collagenase-3) [54]. MMP-13 (pro-/active: 60/48 kDa) is the major
interstitial collagenase in rats and mice to digest collagens. Due to confusion in MMP
nomenclature, rat interstitial collagenase (genebank locus: M60616) should be recognized
as rat MMP-13, not MMP-1 as many other articles and ours have designated [8, 166, 167].
The ECM degradation initially involves active collagenases (especially MMP-1, -8, and -
13) which digest intact collagens, and then gelatinases (mainly MMP-2 and MMP-9) for

further digesting collagen fragments and gelatins [72]. The excessive proteolytic ECM
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degradation by MMPs can be reduced by endogenous tissue inhibitors of
metalloproteinases (TIMPs). The balance between MMPs and TIMPs plays a major role
in vascular remodeling and diseases [137]. Increased MMP expression and activity are
associated with neointimal lesion development and SMC migration after arterial balloon
injury [13, 214]. Upregulated MMP matrix-degrading activity may also be necessary for
FB to move through the adventitial matrix into the media and intima [164]. MMP
expression and SMC migration were promoted at vein-to-graft anastomoses in
hemodialysis grafts, leading to intimal thickening and stenosis [105]. However, the
mechanisms by which SMC and FB “sense” vascular injury and then contribute to
neointima formation still remain unclear.

Interstitial flow, the movement of fluid through the ECM, is present in all tissues
[198]. It is an important coupling factor between mechanical stress and signaling in the 3-
D matrix [56]. Modeling studies have shown that transmural interstitial flow (driven by
transmural pressure) passes through the oriented SMC layers to the adventitia and
imposes shear stresses on SMC that are of the order of 0.1 to 1 dyn/cm?, depending on the
location of the cells in the media [184, 185, 201]. Shear stress on FB would be expected
to be lower than on SMC since the permeability of “loose” adventitia is higher than that
of “dense” media. In the case of vascular injury or hypertension, interstitial flow and
flow-induced shear stress on SMC and FB will be elevated [104, 184, 186]. For example,
when the endothelium is denuded, the hydraulic conductance is increased 2.5-fold [10] in
rabbit aortas and 1.75-fold [171] in rat aortas, which leads to 2.5-fold and 1.75-fold
increases in shear stress, respectively (see equation (2) for shear stress estimation).

Previous studies have demonstrated that shear stress on cell monolayers (2-D) affects
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vascular SMC and FB migration in vitro [50, 51]. Changes in shear stress in venous grafts
also may cause SMC migration and intimal thickening [105]. However, there has been no
assessment of whether interstitial flow directly affects vascular SMC and FB/MFB
migration in 3-D.

Vascular SMC and FB/MFB reside in a 3-D ECM which is mostly collagen 1. The
migration of SMC and FB/MFB initially occurs in collagen I; cells then penetrate the
external/internal elastic lamina (EEL/IEL) and basement membrane as they move into the
intima. To model the in vivo environment more faithfully, therefore, we use 3-D collagen
I as the ECM to investigate the direct effects of interstitial flow on the motilities of
vascular SMC and FB/MFB. We show that interstitial flow can promote SMC and
FB/MFB migration rates in 3-D collagen I gels and this enhanced motility is controlled

by upregulation of MMP-13, not MMP-2.

2.3 Methods

2.3.1 3-D gel preparation. Rat aortic SMC, adventitial FB and MFB were obtained as
previously described [50, 51]. Cells (passage 3-5) were first suspended in rat tail collagen
I (BD Science) gels (cell density: 2.5x10° cells/ml; final gel concentration: 4 mg/ml).
Then 200 pl of gel was loaded into each 12-well cell culture insert with 8 um pore size
membrane (BD Science) whose edge had been precoated with 50 ul of 4 mg/ml of cell-
free collagen without serum to prevent the gel from later contracting and detaching

during cell spreading (Fig. 2-14). 1 ml of growth medium (DMEM containing 10% FBS
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and 1% P/S) was added to each well, and the gels were continuously incubated for 24

hours to allow cell spreading.

12-well insert

Membrane -
with 8 um " o < Gel-cell layer
pores L3 N AL, = Precoating layer

24-well insert

12-well insert

Plate well

PDGF-BB

Figure 2-1. Schematic of the 3-D interstitial flow and cell migration system. A: 200
ul of cell/gel mixture was loaded into a 12-well insert with a 50 ul cell-free collagen
precoating layer along the edge. Gel concentration was 4 mg/ml and cell density was
2.5%10° cells/ml. B: The gel was exposed to interstitial flow driven by a pressure drop. C:
After exposure to flow, to check cell motility, the gel was pre-compacted with a 24-well
insert on top and then incubated with 20 ng/ml of PDGF-BB to initiate migration.

2.3.2 Interstitial flow experiment and cell migration assay. Gels were subjected to
interstitial flow driven by 1, 3, or 10 cmH,O pressure drop for 1, 3, or 6 h (Fig. 2-1B).
The flow medium was the same as the growth medium. Other gels not exposed to flow
served as no flow controls. Immediately after the flow exposure period, the undersides of
insert membranes were swabbed by wet and sterile cotton tipped applicators to remove

any cells which had already migrated to the undersides. In this way, all inserts indicated

zero cell migration at the start of the migration period.
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Because the compaction of gels due to different flow rates could affect cell migration
rates, all gels were pre-compacted to a defined state just before the migration phase of the
experiment. To accomplish the pre-compaction, a 24-well format insert was placed on the
top of each gel (Fig. 2-1C) and compressed to a fixed depth by placing the lid over the
12-well plate. Then by confocal microscopy we did not see any change in cell distribution
between flow treated gels and controls, which suggests that cells did not migrate in the
gels during 6 h of flow period (data not shown). Thus to check the effect of flow on cell
motility, we added 1 ml of 20 ng/ml PDGF-BB (Sigma) to each plate well to initiate
migration to the bottom of the insert membrane. This way we were able to count migrated
cells easily as a modified Boyden chamber. After 48 hours of chemotactic incubation,
cells that had migrated to the undersides of insert membranes were stained with Diff-
Quik (Dade Behring Inc), and 5 fields (100X) (1 center, 4 edges) were randomly picked
for counting. We observed that there was no difference in cell migration whether pre-
compacting gel right before flow or after flow; however, the level of compaction
significantly affected cell migration. Preliminary experiments with 4 mg/ml collagen gels

showed that compaction reduced cell migration by ~ 30% (data not shown).

2.3.3 MMP activity inhibition experiments. A potent, broad-spectrum MMP inhibitor,
GM 6001 (Calbiochem), and its structural analog, GM 6001-NC, as a negative control
were used in some experiments to block MMP activity. 1 ml of 10 pM GM 6001 or GM
6001-NC were mixed with 1 ml of 20 ng/ml PDGF-BB and then added to some plate

wells at the start of the migration period.
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2.3.4 MMP activity assay. The MMP-2 activity in the conditioned media of control, 1 h
flow, and 6 h flow treated gels were determined using the SensoLyte™ 520 MMP-2
Assay Kit from AnaSpec Co. (San Jose, CA). Briefly, the conditioned media was
collected from the companion plate well after the 48 h migration period. To measure
MMP activity, the conditioned media was concentrated to the same fold by an YM-10
Microcon centrifugal filter device (Millipore). In the MMP-2 assay, 50 ul either with or
without | mM APMA treated medium was added to each microplate well, followed by
adding MMP-2 substrate 5-FAM/QXL™520 FRET peptide. The fluorescence intensity

representing the MMP-2 activity was measured at 490/520 nm wavelength.

2.3.5 Collagen/gelatin zymography and reverse collagen zymography. Collagen and
gelatin zymography was used to reinforce MMP activity assay data. The collagen and
gelatin proteolytic activities of MMPs in the conditioned media of control, 1 h flow, and
6 h flow treated gels were assessed by collagen or gelatin substrate zymography as
previously described [55]. Electrophoresis was carried out using a Mini-PROTEAN 3
Cell system (Bio-Rad). 20 pl of conditioned media was mixed in non-reducing 5X
sample buffer containing SDS, glycerol, and bromophenol blue (without 2-
mercaptoethanol) and subjected to electrophoresis on 10% polyacrylamide SDS gels (1.5
mm thick) containing 0.5 mg/ml of calf skin collagen type I (C9791, Sigma) or 1 mg/ml
of porcine skin gelatin (G2500, Sigma). After electrophoresis, the polyacrylamide gels
were washed 3 times (20 min each) in 2.5% Triton X-100 for 1 h to remove all traces of
SDS. Gels were rinsed in distilled water for 5 min and finally incubated at 37 °C in

developing buffer containing 100 mM Tris-HCI, 5 mM CacCl,, 0.005% Brij-35, 0.001%
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NaNj3, pH 8.0 for 20 h. Gels were stained with 0.25% Coomassie brilliant blue G-250 in
50% methanol, 10% acetic acid solution and destained with 40% methanol, 10% acetic
acid solution. MMP level was identified as clear zones of lysis against a blue background.
Finally the gels were incubated in 5% methanol, 7.5% acetic acid. To check TIMP-1
levels, 40 ul of conditioned media each well was subjected to reverse zymography which
was performed as previously described [176]. Reverse collagen zymography was very
similar to collagen zymography except that the polyacrylamide SDS gels were not only
incorporated with calf skin collagen I, but also contained day-4 rat aortic fibroblast
conditioned medium. The level of TIMP-1 was identified by the blue bands. To quantify
MMP levels, the images were acquired using ChemiDoc XRS (Bio-Rad) and processed

using Quantity One software (Bio-Rad).

2.3.6 Releasing cells from collagen gels. To collect cells from collagen gels, gels were
detached from cell culture inserts and transferred into centrifuge tubes. Each gel was then
incubated with 100 pl of 0.2% of collagenase I (Worthington Biochemical) in complete
growth media at 37° C for about 1 h with gentle agitation. Once collagen gels were

completely digested, the media with collagenase was removed by centrifugation. Cell

pellets were then washed once with ice-cold PBS and collected.

2.3.7 Reverse transcription-polymerase chain reaction (RT-PCR). RT-PCR assays
were performed to assess relative mRNA levels. Briefly, cells were lysed and reverse
transcription was performed following the procedures for the “Cells-to-cDNA™ II” kit

(Ambion). PCR reactions were performed using designed primers and Multiplex PCR
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Master Mix (New England Biolabs). A 383-bp rat MMP-13 product was amplified using
the sense primer 5’-GAC CTC ATG TTC ATC TTT AG-3’ and the antisense primer 5’-
CAC CAC AAT AAG GAA TTC GT-3’ (Genebank accession no. M60616). A 200-bp
rat MMP-2 product was amplified using the sense primer 5’-GAT GGA TAC CCA TTT
GAC GG-3’ and the antisense primer 5’-CTG CTG TAT TCC CGA CCA TT-3’
(Genebank accession no. NM_031054). A 203-bp TIMP-1 product was amplified using
the sense primer 5’- GTG TTT CCC TGT TCA GCC AT-3’ and the antisense primer 5’-
GTT CAG GCT TCA GCT TTT GC-3’ (Genebank accession no. NM_053819). A 232-
bp GAPDH product was amplified using the sense primer 5’-TCT TCA CCA CCA TGG
AGA A-3’ and the antisense primer 5’-ACT GTG GTC ATG AGC CCT T-3’ (Genebank
accession no. NM _017008). PCR amplification was conducted using the following
protocol: predenaturation at 95 °C for 5 minutes, then either 40 cycles (for MMP-13) or
30 cycles (for all other genes) of denaturation at 94 °C for 35 seconds, annealing at 52 °C
for 35 seconds, and extension at 72 °C for 35 seconds, followed by a final extension at 72
°C for 10 min. The amplified mRNA products were separated by electrophoresis in 2.5%
agarose gels and photographed under UV light in the presence of ethidium bromide. The

products were confirmed not only by DNA loading marker, but also by sequencing.

2.3.8 Hairpin siRNA plasmid construction. The hairpin siRNA oligonucleotides

(MMP-13 sense, 5’-GATCC GTGAACAAGCTTCAGGTAA TTCAAGAGA

TTACCTGAAGCTTGTTCAC AGA-3’; MMP-13 antisense, 5’-AGCTTCT

GTGAACAAGCTTCAGGTAA TCTCTTGAA TTACCTGAAGCTTGTTCAC G-3)
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contained a region specific to bases 1501 to 1519 of MMP-13 mRNA (bold underlined), a
hairpin loop region (italic), and 5’ and 3’ linker sequences for subcloning into the BamHI
and HindIII sites of the pSilencer 4.1 CMV-neo vectors (Ambion). After cloning, the
plasmid was then confirmed by both BamHI and HindIII digestion and sequencing. The

vector that had no siRNA insert was used as a vector sham control.

2.3.9 MMP-13 shRNA transfection. MMP-13 shRNA plasmid was transfected into rat
aortic SMC and MFB (both at passage 4) using Lipofectamine™ (Invitrogen), following
manufacturer’s instruction. Cells were then split once. After reaching 80% confluence, a
fraction of the cells was used to verify MMP-13 gene knowdown by RT-PCR, and other
cells were directly suspended into collagen gels for flow-migration experiments. After
flow experiments, both RT-PCR and collagen zymography were performed to check

MMP-13 gene knockdown and activity reduction.

2.3.10 Cell apoptosis and viability assay. After 48 h of chemotatic incubation, cells in
flow treated collagen gels were stained using the Vybrant™ apoptosis assay kit #2
(Invitrogen). Live cells in different gels with the same flow treatment were stained with
Calcein AM (Invitrogen) to check viability. Both assays were carried out according to the
supplier’s instructions. Images were taken under an inverted fluorescent microscope by

focusing on the layer of cells right above the cell culture insert membrane.

2.3.11 Cell apoptosis induction and wound healing assay. Rat aortic MFB and SMC

were grown in small dishes until 80% confluency. Then the growth media was replaced
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by tissue necrosis factor (TNF)-a (20 ng/ml) and cycloheximide (CHX) (3 pg/ml) (Sigma)
in complete growth media for 2.5 h to induce apoptosis. Wounds in monolayer cells were
scratched using a small pipette tip. TNF-o/CHX then was replaced by PDGF-BB (20

ng/ml) in DMEM for cell migration for 24 h.

2.3.12 Confocal Microscopy. Cell distribution was observed by confocal microscopy.
After certain flow experiments and the 48 h incubation with PDGF-BB, cells in the
collagen gel were stained with Calcein AM (Molecular Probes) and scanned by a
confocal laser scanning microscope (Leica TCS SP2 AOBS) with a 10X lens.

Fluorescence intensity was quantified as an indicator of cell distribution.

2.3.13 Data Analysis. Results are presented as mean = SEM. Data sets were analyzed for
statistical significance using a Student’s t-test with a two-tailed distribution, and P < 0.05
was considered statistically significant. For comparison of more than two groups, we
used one-way ANOVA followed by the t-test with Bonferroni correction, and P < 0.05/N

(N stands for number of comparisons) was considered statistically significant.
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2.4 Results

2.4.1 Flow velocity, Darcy permeability (Kp) and shear stress (t) estimation
The Darcy permeability (Kp) of the gel/cell layer is defined by
Kp = p(IV/A)/(A P/L) (1),
and Wang and Tarbell [204] developed a theory for the interstitial flow induced shear
stress (1) on cells that can be expressed approximately as
= p(Jv/A)NKp= (AP/LWNKp  (2).
In equations (1) and (2), p is the viscosity of the flow medium, Jv is the volumetric
flow rate, A is the cross section area of the gel, AP is the pressure drop across the gel, and
L is the thickness of the gel. Interstitial flows driven by 1, 3, and 10 cmH,0 pressure
drops induced shear stresses on cells in collagen gels of 0.05, 0.10, and 0.36 dyn/cm’,
respectively. The Darcy permeability (Kp) was on the order of 10" cm?® and the
interstitial flow velocity was in the range of 0.5-2.4 pm/s. Gel compaction also occurred
as the gel thickness decreased with increasing flow. The Darcy permeability, flow

velocity, and shear stress for the experimental conditions are summarized in Table 2-1.

Table 2-1. Flow velocity, Darcy permeability and shear stress estimation

Pressure drop, AP | Thickness, L | Flow rate, Jv | Velocity, V | Permeability, Kp | Shear stress, t
(cmH,0) (mm) (ul/min) (um/s) (em®x10™") (dyn/cm?)
10 1.5+0.2 13.0+1.1 24+04 2.6+0.5 0.36 + 0.04
3 1.8+0.2 44+04 0.7+0.2 30+04 0.10 +£0.02
1 2.1+0.2 35+0.5 0.5+0.2 56x1.1 0.05+0.01

Data are mean = SEM (n=4). (A=0.9 cn?’, u=0.8 cP at 37°C). The gel thickness before
flow was about 2.4 mm. The values given in Table 2-1 for gel thickness were measured
after the flow period but before pre-compaction. After pre-compaction, the gel thickness
was about 1.4 mm for all samples.
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2.4.2 Validation of 3-D interstitial flow - cell migration system

Fig. 2-2 shows that both fibroblasts and myofibroblasts can migrate from the collagen gel
through 8 um pores to the undersides of filter membranes. Without PDGF-BB in serum
free DMEM medium, cells were barely seen on filter membranes, while the migration
through membrane pores was dramatically promoted in the present of PDGF-BB. These

results suggest that PDGF-BB is capable of attract these cell to migrate.

(A) without PDGF-BB (B) with PDGF-BB
F R R S SR e : R R R i LI VO R

A A

(D) with PDGF-BB

(C) without PDGF-BB

Figure 2-2. PDGF-BB induces vascular cell migration in the collagen gel. The
PDGF-BB induced fibroblasts (A and B) and myofibroblasts (C and D) migration from
collagen gels to the undersides of cell culture insert filter membranes through 8 um pores.
Cells (1x10° cells/ml) were mixed with collagen I (1 mg/ml) and incubated with DMEM
containing 10% FBS in cell culture plates for 12 hours, then the growth medium was
replaced with 100 ng/ml of PDGF-BB in serum free DMEM medium and incubated for
12 hours. The cells were stained with Diff-Quik. Phase contrast images were taken by a
Roper Scientific Cascade 650 camera with a 10X lens on a Nikon Eclipse TE2000-E
inverted microscope.
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The effect of flow on cell motility in collagen gels was visualized using a confocal
microscope. The motility can be inferred from the cell spatial distribution and more
concisely from the intensity profile of fluorescently labeled cells (see Fig. 2-3 4, B, C and

D). This observation suggests that interstitial flow does affect cell motility in 3-D gels.

z=78.110 um} 2=5.5 H fz=39 ma v L PR H 2=1.000 pm

—— Control

6 h flow

Fluorescent intensity (arbitrary unit)

==
0 40 80 120 160 200 240 280

Distance from the underside of insert membrane (um)

Figure 2-3. Effect of interstitial flow on cell distribution in collagen gels. Panels A, B
and C are representative confocal images of cell (MFB) distributions in collagen gels
after 48 h of migration to PDGF-BB. Cells in 3-D collagen gels were exposed to up to 6 h
of flow (10 cmH,O pressure drop) followed by 48 h of migration to 20 ng/ml PDGF-BB
as chemoattractant. A, Cells in no flow control. B, 1 h flow treated gel. C, 6 h flow
treated gel. Images in Panels A, B and C are XY scans in the Z-direction from the
underside of the insert membrane (Z = 0 um) up to Z = 80 um depth in gels with 20 pm
steps. Cells were stained with Calcein AM (green). D, Representative fluorescence
intensity profile of cells in collagen gels. Intensities were measured from confocal images
from the underside of the insert membrane (Z = 0 um) up to Z = 280 um depth in gels
with 20 pm steps.
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Then migrated cells through the pores to the undersides of insert membranes were
visualized and counted. As indicated in Figs. 2-4, the number of migrated fibroblasts and
myofibroblasts were significantly elevated after exposure to 1 hour of flow driven by a
3.3 cmH,0 (0.1 dyn/cm?) pressure drop. However, for 6 hours, there were no statistically
significant changes in migratory activity compared to no-flow controls for both cell types.
This observation is consistent with confocal microscopy results, suggesting that our 3-D

interstitial flow — cell migration system is able to detect effects of flow on cell motility.

(D) No flow control (E) 1 h flow treated (F) 6 h flow treated

Figure 2-4. Interstitial flow affects cell migration. Migrated vascular fibroblasts (A, B
and C) and myofibroblasts (D, E and F) to undersides of filter membranes with 48 h
chemotactic incubation with 20 ng/ml PDGF-BB after treated with interstitial flow with
3.3 cmH,O pressure differential. The images were taken by Olympus DP11-N camera
under 10X lens of Nikon Eclipse TE2000-E inverted microscope.

2.4.3 Interstitial flow affects cell motility in collagen gels

The migration rates of MFB, FB and SMC (Fig. 2-5) were significantly elevated after
exposure to 1-6 h of 1 cmH,O flow compared to no flow controls. 1 h of 3 cmH,O and 10

cmH,0 flow also promoted MFB and FB motility, but did not affect SMC. However, 6 h

of 10 cmH,O flow suppressed migration for all three types of cells. Overall, the migration
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rates were higher in lower flow cases compared to corresponding time points in higher
flow cases. The trends of migration rates in response to flow were very similar for FB and
MFB. The difference between SMC and FB/MFB was that there was no enhancement of

SMC migration in any of the 3 and 10 cmH»O flow cases.
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Figure 2-5. Effects of interstitial flow and MMP inhibitor (GM 6001) on vascular
MFB, FB, and SMC motility in 3-D collagen gels. Cells in 3-D collagen gels were
exposed to up to 6 h of flow driven by 10, 3, or 1 cmH,O pressure drop and then
incubated with 1 ml of 20 ng/ml PDGF-BB to examine cell migration. In the cases of
MMP inhibition, GM 6001 (1 ml of 10 uM) was added together with PDGF-BB. In X-
axis, “0” stands for “no-flow control”, and “x1-x2” stands for “flow intensity (cmH,0) —
exposure time (hours)”. Data are mean + SEM (n = 4-19). *, P <0.05 vs. no flow control;
#, P <0.015 vs. their corresponding flow cases without GM 6001 treatment.
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2.4.4 MMP inhibitor abolishes interstitial flow-induced migration

A broad spectrum MMP inhibitor (GM 6001) was used to investigate the potential role of
MMPs in interstitial flow-enhanced vascular FB, MFB and SMC motility. GM 6001 had
very similar inhibitory effects on both FB and MFB migration (Fig. 2-5): it attenuated
migration in no flow control gels to 70-80% and completely abolished elevated migration
in 1 cmH,O flow treated gels. Surprisingly, GM 6001 had no effect on SMC migration in
no-flow control gels, but 1 cmH,O flow-enhanced migration was attenuated nearly to

control levels by GM 6001.

2.4.5 Interstitial flow affects MMP-13 and TIMP-1 protein levels, but not MMP-2

Collagen zymography was used to measure MMP-13 levels (Fig. 2-6). After exposure to
flow, active MMP-13 levels for MFB were markedly increased. In SMC, active MMP-13
levels were only increased in lower flow cases and no significant changes were observed
in the higher flow (10 cmH,0) cases. These data are consistent with cell migration data
(Fig. 2-5). The only exceptions are for the 3 and 10 cmH,O flow cases at 6 h in MFB,
where collagen zymography showed enhanced MMP-13 activity. Since collagen
zymography detected all active MMP-13, not only free active MMP-13 but also MMP-13
in MMP-13/TIMP complexes which were dissociated in zymography [176]. To examine
whether high flow induced more TIMP expression, reverse collagen zymography was
performed, which clearly showed that longer exposure to higher flow induced more
TIMP-1 expression in both MFB and SMC (Fig. 2-6). By gelatin zymography, we

observed, surprisingly, that for both SMC and MFB, the active MMP-2 levels displayed
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no significant changes in response to flow at any time point (Fig. 2-6). AnaSpec MMP-2

activity assays confirmed this finding (data not shown).

MMP-13 o 104 106 31 36 11 13 1-6
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Figure 2-6. Collagen and gelatin zymography for MMP-13 and MMP-2, and
reverse collagen zymography for TIMP-1. For MMP-13 and MMP-2, an identical
volume (20 ul) of conditioned medium was loaded into each well. The first bands in the
zymograms are the pro-MMPs and second bands are the active MMPs. For reverse
collagen zymography, 40 ul of conditioned medium was loaded into each well. In the
panels, “0” stands for “no-flow control”, and “x1-x2” stands for “flow intensity (cmH,O)
— exposure time (hours)”.

2.4.6 Interstitial flow upregulates gene expression of MMP-13 and TIMP-1 but not
MMP-2

Interstitial flow significantly promoted MMP-13 gene expression for both MFB and SMC
(Fig. 2-7). Overall, the longer the exposure, the higher the MMP-13 expression; and the

higher the flow, the greater the expression. There was no detectable MMP-13 gene

expression in SMC for the no-flow control case. By comparison, SMC expressed less
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MMP-13 than MFB. The MMP-2 gene expression was much higher than MMP-13
expression in controls, but there was no change in any flow case compared to controls for
either SMC or MFB. TIMP-1 gene expression was also significantly upregulated in MFB

by longer exposure to higher intensity of flow and slightly upregulated in SMC.

MFB 0 1-1 1-3 1-6 3-6 10-6 Marker
MMP-13

MMP-2

TIMP-1

SMC ¢ 14 13 16 36 106 Marker

MMP-13

MMP-2

TIMP-1

GAPDH
Figure 2-7. Interstitial flow up-regulates MMP-13 and TIMP-1 gene expression, but
not MMP-2. Rat vascular MFB and SMC were released from collagen gels by
collagenase I right after flow. Reverse transcription polymerase chain reaction (RT-PCR)
was conducted to detect rat MMP-13, MMP-2 and TIMP-1 mRNA expression with
GAPDH as a reference gene. The exposure times for taking images were different for

different genes. In the panels, “0” stands for “no flow control”, and “x1-x2” stands for
“flow intensity (cmH,O) — exposure time (hours)”.

2.4.7 Silencing MMP-13 expression eliminates flow-enhanced cell motility

To further verify that MMP-13 was required for flow-induced migration, we silenced
MMP-13 expression by small hairpin RNA (shRNA). As shown in Fig. 2-8§, MMP-13
shRNA completely abolished the flow-enhanced migration for both MFB and SMC,
while there was no effect on control cases. MMP-13 RNA interference data were highly
consistent with the general MMP inhibitor (GM 6001) results (Fig. 2-5). MMP-1 gene
expression knockdown and activity reduction were confirmed by RT-PCR and collagen

zymography.
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Figure 2-8. MMP-13 shRNA abolishes flow-enhanced cell migration. A: RT-PCR
was used to confirm MMP-13 gene silencing. B: Collagen zymography was used to
check MMP-13 activity reduction. C: Cell migration data. In the panels, “0” stands for
“no flow control”, and “x1-x2” stands for “flow intensity (cmH,O) — exposure time
(hours)”. Data are mean £ SEM (n=3-4). *, P < 0.05 vs. no-flow control. #, P < 0.008 vs.
their corresponding flow cases with vector transfection.

2.4.8 High intensity interstitial flow induces cell apoptosis in 3-D collagen

Longer exposure to higher intensity flow induced SMC and MFB apoptosis and necrosis
(Fig. 2-9). 6 h of 10 cmH,0 flow induced apoptosis in many more cells compared to 3 h
of 1 cmH,0 flow. In addition, many more dead cells and fewer normal live cells were
observed due to longer exposure to higher intensity of flow. A wound healing assay
showed that cells in the dish containing more apoptotic MFB-induced by TNF-o/CHX
displayed much lower motility than the dish that had not been induced (Fig. 2-10).

Similar phenomena were also observed for SMC (data not shown).
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Figure 2-9. Longer exposure to higher flow induces cell apoptosis and necrosis.
Cells in collagen were exposed to 1 cmH,0 flow for 3 h (A, C, and C’) and 10 cmH,0
flow for 6 h (B, D, and D’) and then incubated for 48 h with PDGF-BB. A and B are
SMC; C, C’, D, and D’ are MFB. Cells were stained either by Vybrant™ apoptosis assay
kit #2 or by Calcein AM. Images were taken by focusing on the layer of cells right above
the cell culture insert membrane. In A, B, C, and D, apoptotic cells were stained with
Alexa Fluor® 488 annexin V in green, dead (necrotic) cells were stained with propidium
iodide (PI) in red. In C’ and D, live cells in gels were stained with Calcein AM in green.

Figure 2-10. Apoptosis impairs cell motility. In the wound healing assay, a monolayer
of cells in a dish was treated with tissue necrosis factor (TNF)-a (20 ng/ml) and
cycloheximide (CHX) (3 pg/ml) (A) or without (B) for 2.5 h to induce apoptosis,
followed by wound scratching shown as the space between two broken white lines; media
then was replaced by DMEM with PDGF-BB (20 ng/ml) for cell migration for 24 h.
Representative cell type was MFB.
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2.5 Discussion

This was the first study to investigate the influence of interstitial flow on the migration of
vascular wall cells (FB, MFB, and SMC) in a 3-D model and to determine the underlying
mechanisms. The primary finding is that interstitial flow can promote vascular FB/MFB
and SMC motility via upregulation of rat interstitial collagenase (MMP-13). By
separating the migration period from the flow period, the effects of flow on motility could
not be interpreted as resulting from the convection of chemoattractant or other molecules
produced by the suspended cells. We also eliminated the effect of gel compaction due to
flow, because gel compaction affects gel fiber density and thus gel permeability and
stiffness, which in turn affect cell migration rates [91, 212]. It is also clear in Fig. 2-1B
that the direction of interstitial flow corresponds to the direction of cell migration.
However, one cannot argue that there was a direct mechanical enhancement of migration
in the direction of flow (drag of flow on the suspended cells) during the initial 1-6 h flow
period, because cell distributions in the gels, determined by confocal microscopy, were
not different for no flow controls and gels exposed to flows (data not shown).

The permeability of the collagen gel is very important as it controls mass transport to
cells by diffusion and convection and shear stress on cells. The permeability depends
strongly on the gel concentration. In the present study, the Darcy permeability (Kp) of 4
mg/ml collagen gels was on the order of 10" ¢cm?, which is two to three orders higher
than in the layers of the rabbit aortic wall (10" cm?) [86]. However, our Kp is consistent
with literature data: 10®-10"% cm? for 2.5-45 mg/ml collagen gels [118, 138, 204]. The

interstitial flow velocity in our experiments was in the range of 0.5-2.4 pum/s, which is
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substantially higher than the interstitial flow velocity in the normal aorta (0.01-0.1 pm/s)
[190, 201]. But the estimated shear stresses on suspended cells in our experiments (0.05-
0.36 dyn/cm®) are in the expected range for the aorta based on equations (1) and (2). In
addition, the porous membrane of the culture inserts with 8§ um pore size (area fraction of
the pores is 0.03) mimics the EEL/IEL, whose fenestral pore area fraction is 0.001-0.036
[185]. The pore size of an un-compacted 2.5 mg/ml collagen gel was observed by
electron microscopy to be no more than 1 um which is much smaller than the cell
diameter (around 10 pm) [204]. The gel pore size in the present study that used
compacted 4 mg/ml collagen gels should be somewhat smaller but of the same order of
magnitude. Cells would not be able to crawl through pores of such small dimensions and
must use enzymes (MMPs) to create accessible pathways through the matrix.

The basic phenomena of flow vs. migration displayed in Fig. 2-5 suggests that the
lower levels of interstitial flow (1 cmH,O differential pressure) enhance motility of all
cell types studied (FB, MFB, and SMC) while the higher levels of interstitial flow (10
cmH,0 differential pressure) at longer exposure times (6 hours) suppress migration rate
of all cell types. The roles of MMPs, TIMPs, and apoptosis in mediating these diverse
phenomena have been investigated and all are discussed below.

In an earlier study using a 2-D flow system, we observed that much higher shear
stress (~10 dyn/cm®) enhanced FB migration, but inhibited MFB and SMC migration in
Matrigel [50, 51]. Differences in shear stress level, matrix material (collagen vs. Matrigel)
and system dimension (2-D vs. 3-D) undoubtedly contributed to these differences. In the
more physiological 3-D system, cells exhibit matrix adhesions all over their surface, thus

the interstitial flow not only acts directly on the cell surface, but also affects the matrix
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structure, cell-matrix adhesion and tethering that could result in amplified
mechanosignaling [91, 133, 182].

Vascular SMC, FB, and MFB migration and MMP secretion are typical features of
neointima formation after endothelial injury [13, 152]. The proteolytic effects of MMPs
play an important role in vascular remodeling and cellular migration [48], and there is
abundant evidence of MMP upregulation in animal models of neointima formation [115].
Levels of MMP-1 and other MMPs are increased after femoral artery injury in mice [94],
and MMP-1 upregulation occurs in injured monolayers of vascular SMC [70]. In the
present study, a broad spectrum MMP inhibitor (GM 6001) completely abolished flow-
promoted cell motility (Fig. 2-5), suggesting that MMPs play a major role in flow-
enhanced cell motility in collagen matrices. We further investigated whether rat
interstitial collagenase (MMP-13) and/or MMP-2 play a specific role in flow-enhanced
migration rate. We found that the flow induced MMP-13 protein and gene expression and
the trends in MMP-13 activity showed good agreement with the trends in cell migratory
activity; however, there was no effect of flow on MMP-2 at either the gene or protein
level (Figs. 2-6 and 2-7). Using MMP-13 shRNA we further confirmed the critical role of
MMP-13 in flow-regulated migration rate (Fig. 2-8). MMP-13 shRNA almost completely
abolished flow-induced migration. In addition, knockdown of MMP-13 did not affect
membrane-type MMP-1 (MT-MMP-1; MMP-14) gene expression (data not shown).
Combining the migration data with the MMP inhibitor, MMP-13 shRNA, and MMP-13
activity data (Figs. 2-5 and 2-8), we also noted that migration in no flow controls was

partly MMP-dependent for FB/MFB and totally independent of MMP for SMC.
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We have shown that upregulation of MMP-13 but not MMP-2 by interstitial flow
substantially promoted vascular FB, MFB, and SMC migration in collagen I matrices.
Consistent with this observation, it has also been reported that human interstitial
collagenase (MMP-1) is essential for hepatocyte growth factor mediated human corneal
epithelial cell migration on collagen I [33]. However, other studies have shown that
MMP-2 plays an important role in vascular SMC and FB migration both in vivo and in
vitro. Changes in MMP-2 activity affect SMC and FB migration which contribute to
neointima formation [13, 116, 164, 214]. 2-D shear stress suppresses SMC migration in
Matrigel via downregulation of MMP-2 activity [51, 127]. Upregulation of MMP-1 and -
2 are responsible for chlorotyrosine-induced human aortic SMC migration [111]. Other
recent studies reported that fluid shear stress modulated endothelial cell invasion into 3-D
collagen matrices through MMP-2 activation and that collagen I but not Matrigel
matrices form an MMP-dependent barrier to ovarian cancer cell penetration [71, 177].
However, it has been shown that MMP-2 activation is delayed in rat and mouse studies
[115]. In vivo, the accumulation of new ECM into the extravascular space of the damage
site could alter the properties of the matrix that cells migrate within, which might affect
MMP expression and activation. Therefore, in our 6 h flow experiments MMP-2 might
also have been delayed. All of these findings indicate that MMP activation is dependent
on many factors including substrate materials, cell types, and the nature and duration of
stimuli.

TIMPs play a crucial role in maintaining vascular wall homeostasis [105, 137, 164].
In addition to MMP-13, TIMP-1 gene and protein expression were also elevated by

higher flow and longer exposure (Figs. 2-6 and 2-7). The TIMP-1 response may have
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been the cell’s attempt to eliminate excessive MMP formation in order to strike a balance.
The elevated TIMP-1 expression by higher flow certainly could partially reduce MMP-13
activity, which in turn would reduce the cell migration rates.

We also observed that at the highest flow rate and longest exposure time, migration
rates were suppressed for all cell types (Fig. 2-5). This was most likely related to both the
elevation of TIMP-1 expression and the appearance of apoptotic and necrotic cells under
these conditions (Fig. 2-9). The apoptotic cell populations displayed a reduced migration
rate as expected (Fig. 2-10). The more apoptotic and necrotic cells induced by higher
flow together could significantly reduce cell migration rates. It has been shown that
enhanced SMC apoptosis and reduced migration are likely involved in inhibition of
neointima formation by a Rho-kinase inhibitor [169]. Vascular SMC apoptosis is one
characteristic of vascular remodeling that occurs in atherosclerosis, hypertension, and
restenosis following angioplasty [100, 160]. Apoptosis of SMC often occurs rapidly right
after vascular injury [134]. It has been reported that fluid shear stress can induce tumor
cell cycle arrest and vascular SMC apoptosis in 2-D in vitro and that changes in wall
tension can also cause SMC apoptosis in vivo [23, 46, 159]. Apoptosis also can be
induced in the ECM with a low stiffness [77], and the collagen matrix stiffness can be
reduced when MMP expression is overabundant. However, in the present study, the
largest number of apoptotic cells appeared in the longest exposure to highest flow case,
while the MMP-13 activity was at a lower level. These data suggest that cell apoptosis
was mainly induced by interstitial flow, not reduced matrix stiffness.

The precise physiological relevance of the results of the present study can only be

hypothesized at the present time. One plausible scenario that incorporates the basic
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findings on interstitial flow and migration (Fig. 2-5) is that after vessel injury the intima
is exposed to elevated concentrations of chemoattractant originating in blood elements
that initiate cell migration to the intima. Elevated interstitial flow increases shear stress
on all cells in the wall, but it induces a lower shear stress on cells like FB and MFB that
are embedded in the loose connective tissue of the adventitia (with higher Kp than the
medial connective tissue) than on the SMC in the media (recall equation (2)). Migration
of these adventitial cells is therefore elevated early by the enhanced interstitial flow while
the SMC migration is suppressed. As injury healing proceeds, the interstitial flow shear
stresses are reduced and a period in which the SMC migration is enhanced and the
FB/MFB migration is reduced ensues. The net result is enhanced migration of all cell
types by interstitial flow during some phase of the injury healing process.

Taken together, our results indicate that interstitial flow may be one of the direct links
between vessel injury and vascular FB and SMC migration. Interstitial flow can promote
vascular cell motility by stimulating rat collagenase MMP-13 expression and activation
(see Fig. 2-11 for a schematic model), while if the flow is too high, it might suppress cell
motility by inducing cell apoptosis. However, to determine exactly how the vascular cells
“sense” interstitial flow and then promote MMP-13 expression requires additional
investigation. That longer exposure to higher interstitial flow induces cell apoptosis and
necrosis also needs to be further clarified. Certainly, neointima formation from vascular
injury in vivo is very complicated, involving not only elevated flow, but inflammatory
cells and other factors. However, using a 3-D collagen I gel system as a model of
physiological interstitial flow, we, for the first time, have been able to observe significant

influences of interstitial flow on cell migration. Our results suggest a possible mechanism
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whereby vessel injury enhances interstitial flow that activates medial SMC and

adventitial FB and thus further contributes to neointima formation.

Figure 2-11. A schematic model to show that interstitial flow promotes MMP-13
expression and cell motility. Interstitial flow induces rat interstitial collagenase (MMP-
13) expression, and upregulated MMP-13 digests collagen fibers and promotes cell
migration. However, how cells "sense" interstitial flow and then trigger MMP expression
still remain unclear.
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Chapter 3

Interstitial Flow Induces MMP-13 Expression and Vascular
SMC Migration in Collagen I Gels via an ERK1/2-Dependent

and c-Jun-Mediated Mechanism
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3.1 Abstract

The migration of vascular smooth muscle cells (SMC) and fibroblasts into the intima
after vascular injury is a central process in vascular lesion formation. The elevation of
transmural interstitial flow is also observed after damage to the vascular endothelium. We
have shown previously that interstitial flow upregulates rat interstitial collagenase (MMP-
13) expression which in turn promotes SMC and fibroblast migration in collagen I gels.
In this study, we investigated further the mechanism of flow-induced MMP-13
expression. An ERK1/2 inhibitor (PD-98059) completely abolished interstitial flow-
induced SMC migration and MMP-13 expression. Interstitial flow promoted ERK1/2
phosphorylation while PD-98059 abolished flow-induced activation. Silencing ERK1/2
completely abolished MMP-13 expression and SMC migration. In addition, interstitial
flow increased the expression of AP-1 transcription factors (c-Jun and c-Fos), while PD-
98059 attenuated flow-induced expression. Knocking down c-jun completely abolished
flow-induced MMP-13 expression, while silencing c-fos did not affect MMP-13
expression. We also show that p38 MAPK does not play a significant role in flow-
induced MMP-13 expression. Taken together, our data indicate that interstitial flow
induces MMP-13 expression and SMC migration in collagen I gels via an ERK1/2-
dependent and c-Jun-mediated mechanism and suggests that interstitial flow, ERK1/2
MAPK, c-Jun, and MMP-13 may play important roles in SMC migration and neointima
formation after vascular injury.

Keywords: shear stress, matrix metalloproteinase, MAPK, AP-1, neointima formation
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3.2 Introduction

Vascular smooth muscle cell (SMC) and fibroblast migration and proliferation in the
intima play a major role in neointima formation after vascular injury. It is well known
that growth factors and inflammatory cytokines can induce SMC migration through 3-
dimensional (3-D) extracellular matrix (ECM) by stimulating secretion of matrix
metalloproteinases (MMP) which are capable of digesting ECM [49, 97, 215]. For
example, upregulated expression of MMP-1 in the early stages of atherosclerosis is
associated with SMC migration [7, 12]. Because the major collagen components in the
vascular wall are collagen type I and type III, and interstitial collagenase (MMP-1 in
human and MMP-13 in rodents) is responsible for initial cleavage of collagen I and III
[195], interstitial collagenase is believed to play an essential role in vascular SMC
migration and vascular lesion formation [49] [135].

Transmural interstitial flow driven by the transmural pressure differential is a
physiological fluid movement through vascular vessel interstitium that imposes fluid
shear stress on parenchymal cells [184, 201]. The biological role of this small flow (shear
stress) has not been well recognized [167, 182, 204]. However, during the early stages of
vascular injury, the interstitial flow is elevated due to loss of the endothelial hydraulic
resistance, and we hypothesized that this elevated flow could participate in vascular SMC
and fibroblast migration and neointima formation [167]. Furthermore, in hypertension,
the transmural interstitial flow is also increased due to the elevated transmural differential
pressure in the large arteries, which also can lead to neointima formation [68, 101]. We

have previously shown that interstitial flow can stimulate SMCs and fibroblasts to
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express MMP-13, which can in turn facilitate cell migration in collagen I gels [167].
However, one of the remaining challenges is to determine the exact biomolecular
signaling pathway (mechanism) of flow-induced MMP-13 expression.

Therefore, in this study, we investigated the underlying mechanism of interstitial
flow-induced MMP-13 expression. The activation of mitogen-activated protein kinases
(MAPKSs) such as extracellular signal-regulated kinase-1 and -2 (ERK1/2), expression of
activator protein-1 (AP-1) transcription factors such as c-Jun and c-Fos, and AP-1 DNA
binding activity were examined. Gene silencing was also conducted to confirm the roles
of ERK1/2 and AP-1 in regulation of MMP-13 expression. The results suggest that
interstitial flow induces MMP-13 expression and SMC migration via an ERK1/2-

dependent AP-1 (c-Jun) activation mechanism.

3.3 Materials and Methods

3.3.1 Collagen gel preparation and flow experiments. Rat aorta SMCs were isolated
from male Sprague-Dawley rats weighing 150 g [50]. The procedure was approved by the
City College/City University of New York Medical School Animal Care and Use
Committee. As previously described [167], rat aortic SMC (passage 3-5) were suspended
in rat tail collagen I (BD Science) gels (cell density: 2.5x10° cells/ml; final gel
concentration: 4 mg/ml), and pH was adjusted to 7.0 by mixing the appropriate amount of
NaOH. For cell migration experiments, 200 pl of gel was loaded into each 12-well cell
culture insert with 8 um pores (BD Science). For RNA extraction and protein extraction

experiments, 6-well cell culture inserts with 8§ um pores (BD Science) were used. In order
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to keep the same level of shear stress, the same gel thickness was maintained in both the
6- and 12-well experiments, thus 1 ml of gel was used for a 6-well insert. The gels were
incubated for 24 h to allow cell spreading. Gels were then subjected to interstitial flow
driven by 1 cmH,O pressure drop (shear stress was ~0.05 dyn/cm?) for various time
periods according to the specific experimental design. This shear stress level elicited the
maximum enhancement of migration in our previous study [167]. For MAPK inhibition
experiments, after 24 h of cell spreading in the collagen gel, the cells were treated with
p38 MAPK inhibitor (InSolution™ SB-203580, SB, from Calbiochem), or ERK1/2
inhibitor (InSolution™ PD-98059, PD, from Calbiochem) for 1 h followed by various

time periods of interstitial flow with or without inhibitors in the flow media.

3.3.2 Western blotting. Collagen gels were washed once with ice-cold PBS; then 2X
lysis buffer was added immediately to the gels followed by sonication for 30 seconds on
ice. The 2X lysis buffer was composed of 2X RIPA buffer (300 mM NaCl, 2% NP-40,
100 mM Tris, 0.2% Brij 35, 2 mM EDTA, pH 7.5) with a supplement of 2X protease
inhibitor cocktail (Roche Diagnostics), 2X phosphatase inhibitor cocktail (Roche
Diagnostics), 2 mM activated NazVOy, and 2 mM PMSF. Lysates were centrifuged in a
microfuge (14,000 rpm for 1 hour at 4°C), and then the supernatants were collected and
the remaining gel pellets were discarded as previously described [50]. The supernatants
were concentrated using an YM-10 Microcon centrifugal filter device (Millipore). Protein
concentrations in supernatants were evaluated using a total protein assay (Bio-Rad). The
protein samples were then boiled for 5 minutes after mixing with 4X sample buffer (400

mM Tris-HCl, 8% SDS, 40% glycerol, 0.04% bromphenol blue, and 20% -
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mercaptoethanol, pH 6.8) and stored at -80°C. Equal amounts of total protein per well
were loaded onto 10% SDS-polyacrylamide gels. After electrophoresis, proteins were
transferred to PVDF membranes (Bio-Rad) and blocked at room temperature with 2%
Enhanced Chemiluminescence (ECL) Advance Blocking Agent (Amersham, GE
Healthcare) in TBS-T [50]. The membranes were incubated overnight with a 1:1000
dilution of a specific rabbit primary antibody (monoclonal antibodies: ERK1/2, phospho-
ERK1/2, phospho-p38 MAPK, c-Fos, and c-Jun; polyclonal antibodies: p38 MAPK, a-
tubulin, and B-actin, all from Cell Signaling), followed by a 1.5-h room temperature
incubation with an ECL horseradish peroxidase (HRP)-linked anti-rabbit IgG antibody
(Amersham, GE Healthcare). The proteins on PVDF membranes were then detected
using an ECL advanced Western blotting detection kit (Amersham, GE Healthcare) and
the ChemiDoc XRS system with the Quantity One software (Bio-Rad). Some membranes
were stripped using Restore™ Plus Western Blot Stripping Buffer (Thermo Scientific

Pierce) for a subsequent detection.

3.3.3 Nuclear protein extraction and AP-1 DNA binding activity assay. Cells were
released from collagen gels by 0.2% of collagenase I in growth medium and washed with
ice-cold PBS as previously described [167]. To extract nuclear protein, cells were treated
with NE-PER® nuclear and cytoplasmic extraction reagents (Thermo Scientific Pierce)
by following the manufacturer’s procedure. Because of the presence of EDTA, extracts
were mixed with CaCl; to a final concentration of 5 mM to inactivate EDTA. 3 pg of
nuclear extract per well was used for an AP-1 DNA binding activity assay using the AP-1

transcription factor microplate assay (Marligen) following the manufacturer’s procedure.
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3.3.4 RNA extraction and gene expression analysis. Total RNA was isolated from cells
in collagen matrices using TRIzol® LS Reagent (Invitrogen) with the following
modification. During RNA precipitation, high-salt (1.2 M Na-citrate / 0.8 M NaCl) was
added together with isopropanol. Under these conditions, RNA can be effectively
precipitated while contaminating polysaccharides and proteoglycans remain in the soluble
form [27]. RNA samples were then converted to cDNA by reverse transcription (RT). For
analyzing gene expression, the polymerase chain reaction (PCR) was performed using the
following protocol: pre-denaturation at 95 °C for 5 minutes, then either 40 cycles (for
MMP-13) or 30 cycles (for c-jun, c-fos, and GAPDH) of denaturation at 94 °C for 35
seconds, annealing at 52 °C for 35 seconds, and extension at 72 °C for 35 seconds,
followed by a final extension at 72 °C for 10 min. The amplified products were separated
by electrophoresis in 2.5% agarose gels and photographed under UV light in the presence
of ethidium bromide (EB). Quantitative real-time PCR (RT-qPCR) was also performed
for c-fos, c-jun, and MMP-13 expression on the ABI PRISM® 7000 sequence detection
system (Applied Biosystems). GAPDH served as an internal control. Reactions were
performed in 30 pl reaction mixture volumes containing SYBR® Green PCR Master Mix
(Applied Biosystems), cDNA and specific primer pairs. RT-qPCR programs were set to 2
minutes at 50°C and 10 minutes at 95°C followed by 45 cycles of 35 seconds at 95°C, 35
seconds at 52°C, and 40 seconds at 72°C. Following each PCR, dissociation curve
analysis was used to assess the specificity of product amplification. Primer sequences are

listed in Table 3-1.
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Table 3-1. Primer sequences and product sizes for rat genes

Target gene Primer sequence Genbank locus Size
GAPDH NM_017008 232
Forward (372-390) 5’-TCTTCACCACCATGGAGAA-3’
Reverse (603-585) 5’-ACTGTGGTCATGAGCCCTT-3’
MMP-13 M60616 383
Forward (1016-1036) 5’-GACCTCATGTTCATCTTTAGA-3’
Reverse (1398-1378) 5’-CACCACAATAAGGAATTCGTT-3’
c-fos X06769 239
Forward (1665-1684) 5’-GGAATTAACCTGGTGCTGGA-3’
Reverse (1903-1884) 5’-TCAGACCACCTCAACAATGC-3’
c-jun X17163 291
Forward (2592-2611) 5’-GAAGTAGCCCCCAACCTCTC-3’
Reverse (2882-2863) 5’-ATGGCTCTCAACTCAAGCGT-3’

3.3.5 RNA interference. To silence ERK1/2, two ERK1 shRNAs and two ERK2
shRNAs which were subcloned into pSUPER vector (kindly donated by Dr. Michal
Hetman) were co-transfected into SMCs. The ERK1/2 shRNA target sequences were:
shERK1-1, GACCGGATGTTAACCTTTA;

shERK1-2, ATGTCATAGGCATCCGAGA;

shERK2-1, GTACAGAGCTCCAGAAATT;

and shERK2-2, AGTTCGAGTTGCTATCAAG [74].

To silence c-jun and c-fos, two c-jun shRNAs and c-fos shRNAs which were subcloned
into BS/U6 vector (kindly donated by Dr. Mingtao Li) were co-transfected into cells. The

c-jun shRNA target sequences were:
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she-jun-a, ACAGGTGGCACAGCTTAAA;

and shc-jun-b: AGTCATGAACCACGTTAAC.

The c-fos shRNA target sequences were:

she-fos-a, GGAGACAGATCAACTTGAA;

and shc-fos-b, GCTGAAGGCTGAACCCTTT [103, 211].

The transfections were conducted using Lipofectamine™ LTX and PLUS™ reagents

(Invitrogen).

Data Analysis. Results are presented as mean + SEM. Data sets were analyzed for
statistical significance using a Student’s t-test with a two-tailed distribution, and P < 0.05
was considered statistically significant. For comparison of more than two groups, we
used one-way ANOVA followed by the t-test with Bonferroni correction, and P < 0.05/N

(N stands for number of comparisons) was considered statistically significant.
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3.4 Results

3.4.1 Interstitial flow induces SMC migration and MMP-13 expression while PD-
98059 abolishes the flow effects.

MAPKSs are important mediators which regulate a variety of cellular processes, including
gene expression, proliferation, survival, apoptosis, migration, and differentiation [146].
Therefore, the roles of ERK1/2 and p38 MAPK were examined in this study. As shown in
Fig. 3-1, interstitial flow significantly induced vascular SMC migration by two-fold and
ERK1/2 inhibitor (PD-98059) completely abolished flow-induced migration. Surprisingly,
p38 MAPK inhibitor (SB-203580) markedly enhanced flow-induced migration. In no-
flow control cases, PD-98059 did not affect SMC migration, while SB-203580 promoted

SMC migration.
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Figure 3-1. Effects of PD-98059 and SB-203580 on interstitial flow-induced vascular
SMC migration. ERK1/2 inhibitor (PD-98059, PD) suppresses flow-induced SMC
migration; and p38 MAPK inhibitor (SB-203580, SB) promotes SMC migration. After 24
h of cell spreading in collagen I gels, media was replaced with either fresh media, or 5
uM SB-203580, or 10 uM PD-98059 for 1 h, and then some gels were exposed to 1
cmH,O of interstitial flow (~0.05 dyn/cmz) either with or without inhibitors for 6 h
followed by 48 h migration to 20 ng/ml PDGF-BB. The numbers of migrated cells to the
undersides of cell culture inserts were counted. Other gels that were not exposed to flow
served as no-flow controls (Ctrl). Data are presented as mean £ SEM, n= 6-8. * P<0.05 vs
Ctrl; ** P<0.02 vs Ctrl+SB; # P<0.005 vs Flow.
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We have previously shown that interstitial flow-induced cell migration in collagen I
gels is controlled by MMP-13 [167]. Therefore, we examined the effects of interstitial
flow and MAPK inhibitors on MMP-13 gene expression. As shown in Fig. 3-2,
interstitial flow significantly induced MMP-13 gene expression in vascular SMC, and
PD-98059 completely abolished flow-induced MMP-13 expression, while SB-203580
markedly enhanced flow-induced MMP-13 expression. In no-flow control cases, PD-
98059 inhibited MMP-13 expression and SB-203580 slightly promoted MMP-13 gene
expression. The combination of SMC migration data and MMP-13 expression data
suggest that interstitial flow-induced cell migration and MMP-13 expression are ERK1/2-

dependent, while p38 MAPK appears to play a downregulatory role.
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Figure 3-2. Effects of PD-98059 and SB-203580 on interstitial flow-induced MMP-
13 expression. PD-98059 (PD) attenuates flow-induced MMP-13 expression; and SB-
203580 (SB) promotes MMP-13 expression. After spreading out, cells in gels were
pretreated with 5 uM SB or 10 uM PD for 1 h, and then exposed to interstitial flow either
with or without MAPK inhibitors for 6 h. MMP-13 gene expression was checked by both
RT-PCR and RT-qPCR. RT-qPCR data are presented as mean = SEM in the bar graph,
n=4. * P<0.05 vs Ctrl; # P<0.01 vs Flow; ** P<0.05 vs Flow.



3.4.2 Interstitial flow induces ERK1/2 and p38 MAPK activation.

To further investigate whether the interstitial flow and MAPK inhibitors really affect
ERK1/2 and p38 activation, Western blotting was used to analyze the levels of both
phosphorylated and total ERK1/2 and p38 MAPK (shown in Fig. 3-3). During 60 min of
exposure to interstitial flow, ERK1/2 was markedly activated as the phosphorylated
ERK1/2 level increased greatly. PD-98059 dramatically inhibited ERK1/2 activation for
no-flow (0 min) and flow (15-60 min) cases compared to the cases without addition of
PD-98059. Interestingly, p38 MAPK inhibitor SB-203580 significantly enhanced
ERK1/2 activation for no-flow (0 min) and flow (15-60 min) cases. This unexpected
stimulatory role of SB-203580 on ERK1/2 activation has been reported elsewhere [45, 88,
145]. Sixty minutes of interstitial flow, with or without SB-203580 or PD-98059, had no

effect on total ERK1/2.
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Figure 3-3. Interstitial flow induces ERK1/2 and p38 MAPK activation. 4: PD
markedly inhibited flow-induced ERKI1/2 activation, and SB enhanced ERKI1/2
activation. B: SB significantly inhibited flow-induced p38 activation, and PD did not
affect p38 activation. After spreading out in gels, cells were pretreated with 5 uM SB or
10 uM PD for 1 h, and then exposed to interstitial flow either with or without inhibitors
for 0 to 60 min. Total and phosphorylated ERK1/2 and p38 levels were analyzed by
Western blotting. The experiments were run three times and similar results were observed.
Fold change values are the ratios of phosphorylated MAPKSs over their own total MAPKs,
and then normalized to no-flow control cases without inhibitors, respectively.
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As shown in Fig. 3-3B, interstitial flow markedly activated p38 MAPK. SB-203580
clearly inhibited flow-induced p38 MAPK activation, while PD-98059 did not affect p38
MAPK activation. Sixty minutes of interstitial flow, with or without SB-203580 or PD-

98059, had no effect on total p38 MAPK.

3.4.3 Interstitial flow induces SMC migration and MMP-13 expression via ERK1/2
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Figure 3-4. Silencing ERK1/2 abolished flow-induced MMP-13 expression (4) and
cell migration (B). RT-PCR (gel panel in 4) and RT-qPCR (bar graph in 4) were used to
measure MMP-13 gene expression. To silence both ERK1 and ERK2 at the same time,
the same amount of each ERK1 and ERK2 short hairpin (sh)RNAs was co-transfected
into SMCs at 10 pg of total plasmid DNA/2.5x10° cells (i.e. 2.5 pg of each of four ERK
shRNAs were mixed together). 10 pg of pSUPER vector was used as vector control.
After 24 h of transfection, cells were suspended into collagen gels for 24 h of spreading.
Cells were then exposed to interstitial flow for 3 h either followed by 48 h migration to
20 ng/ml PDGF-BB or directly subjected to gene analysis. Data are presented as mean +
SEM. * P<0.05 vs vector-control; # P<0.01 vs vector-flow; n= 3-4.
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Since the pharmacological inhibitors may also influence other protein kinases [35], to
further confirm the predominant regulatory role of ERK1/2 in MMP-13 expression and
cell migration, ERK1/2 shRNAs were transfected into cells. After knocking down of
ERK1/2, both interstitial flow-induced MMP-13 expression (Fig. 3-44) and cell
migration (Fig. 3-4B) were completely abolished. In addition, the migration in no-flow
control case (vector) was barely dependent on ERK1/2 (Figs. 3-1 and 3-4B), which is
consistent with our previous observation that migration of SMC in the no-flow control
case is independent of MMP-13 [167].

Taken together these data (cell migration, MMP-13 expression, MAPK activation and
inhibition, and ERK1/2 gene knockdown) suggest that interstitial flow-induced cell
migration and MMP-13 expression proceed through an ERK1/2-dependent pathway.
ERK1/2 activation plays a much more direct and critical role in regulating MMP-13

expression than p38 MAPK does although the exact role of p38 MAPK is not clear.

3.4.4 Interstitial flow induces c-Jun and c-Fos expression through ERK1/2 activation
Transcription factors c-jun and c-fos are members of the AP-1 family and these
immediate-early genes are targets of the ERK1/2 MAPK pathway [36]. To investigate
whether interstitial flow-induced ERK1/2 phosphorylation affects AP-1 transcription
factor (c-Jun and c-Fos) expression, we determined c-jun and c-fos gene expression by
RT-qPCR and c-Jun and c-Fos protein expression by Western blotting. Interstitial flow
dramatically induced c-jun and c-fos transient gene expression (Fig. 3-54) within 15 min
and then the elevated expression returned to the control level by 60 min. PD-98059

attenuated both c-jun and c-fos transient gene expression to their control levels. In the
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presence of SB-203580, interstitial flow significantly induced c-jun and c-fos gene
expression that remained relatively high level at 60 min although the peak level was not
as high as the induction by interstitial flow alone (Fig. 3-54). The change of c-fos
expression was more pronounced than that of c-jun.

Similar trends were observed for AP-1 protein expression (Fig. 3-5B). Interstitial flow
markedly induced c-Jun and c-Fos protein expression within 60 min. PD-98059
significantly reduced flow-induced c-Jun and c-Fos expression. SB-203580 raised c-Jun

and c-Fos expression for both no-flow (0 min) and flow cases, but there appeared to be

little flow-induction.
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Figure 3-5. Interstitial flow induces AP-1 transcription factor expression through
ERK1/2 activation. PD markedly inhibited flow-induced c-Jun and c-Fos expression,
and SB promoted c-Jun and c-Fos expression at longer times (60 min). After spreading
out, cells in gels were pretreated with 5 uM SB or 10 uM PD for 1 h, and then exposed to
interstitial flow either with or without inhibitors for 0, 15, 30, or 60 min. -actin served as
internal control. 4: mRNA expression of c-fos and c-jun were detected by real-time PCR
(mean £ SEM, n= 3-5). B: A representative Western blot result for AP-1 protein
expression. The experiments were run three times and similar results were observed. The
quantifications for protein expression are shown as fold change.
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3.4.5 Interstitial flow induces AP-1 DNA binding activity depending on ERK1/2
activation

To regulate target gene transcription, AP-1 transcription factors have to translocate from
the cytoplasm into the nucleus and bind to specific sites on DNA (AP-1 site). As shown
in Fig. 3-6, interstitial flow significantly increased AP-1 DNA binding activity by two-
fold, and PD-98059 completely abolished flow-increased DNA binding activity,
suggesting that increased DNA binding activity is ERK1/2-dependent. After treatment
with SB-203580, the flow-induced AP-1 DNA binding activity was only slightly, but not
significantly, higher than the flow only case (Fig. 3-6). This is not consistent with the fact
that the MMP-13 gene expression was much higher in the case of flow with SB-203580
than in the flow only case (Fig. 3-2). However, it is possible that the sustained expression
of AP-1 transcription factor stimulated by SB-203580 (Fig. 3-5) provided a sustained

high level of DNA binding activity which maintained MMP-13 expression at a high level.
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Figure 3-6. Interstitial flow induces AP-1 DNA binding activity via ERK1/2
activation. PD abolished flow-induced augmentation of AP-1 binding activity, while SB
slightly enhanced flow-induced augmentation of AP-1 binding activity. After 24 h of cell
spreading in collagen I gels, media was replaced with either fresh media, or 5 uM SB-
203580, or 10 pM PD-98059 for 1 h, and then the gels were exposed to 1 cmH,0O of
interstitial flow either with or without inhibitors for 3 h. After flow, cells were released
from collagen gels by incubating with 0.2% collagenase I for 40 min. Nuclear proteins
were then extracted followed by AP-1 DNA binding activity assay. Data are presented as
mean = SEM, n= 3. * P<0.05 vs Ctrl; # P<0.02 vs Flow.
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3.4.6 Interstitial flow-induced MMP-13 expression is mediated by c-jun but not c-fos
To further investigate whether ERK1/2 regulated MMP-13 expression directly through
AP-1, c-jun and c-fos genes were silenced by their sShRNAs. As shown in Fig. 3-7, after
knocking down c-jun, the flow-induced MMP-13 expression was completely abolished.
Although interstitial flow significantly induced c-fos expression (Fig. 3-5), surprisingly,
silencing of c-fos did not affect MMP-13 expression (Fig. 3-8). These data suggest that it
was c-jun but not c-fos that mediated flow-induced MMP-13 expression through an

ERK1/2-dependent pathway.
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Figure 3-7. Interstitial flow induces MMP-13 expression depending on c-Jun. A4:
Cells that were transfected with c-jun shRNAs expressed less c-jun (gel panel: RT-PCR;
bar graph: RT-qPCR). B: Silencing c-jun completely abolished flow-induced MMP-13
expression (gel panel: RT-PCR; bar graph: RT-qPCR). To silence c-jun, the same
amounts of shc-jun-a and shc-jun-b shRNAs were co-transfected into SMCs at 10 pg of
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total plasmid DNA/2.5x10° cells (i.e. 5 pug of each shRNA were mixed together). 10 pg
of BS/U6 vector was used as vector control. After 24 h of transfection, cells were
suspended into collagen gels and allowed to spread for 24 h before flow experiments.
Gels were then exposed to interstitial flow for 3 h. Data in bar graphs are presented as
mean = SEM. In 4, * P<0.005 vs vector, n= 3. In B, * P<0.02 vs vector-control; # P<0.01
vs vector-flow; n=3.
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Figure 3-8. Interstitial flow-induced MMP-13 expression is independent of c-Fos. 4:
Cells that were transfected with c-fos shRNAs expressed much less c-fos (gel panel: RT-
PCR; bar graph: RT-qPCR). B: Silencing c-fos barely affected flow-induced MMP-13
expression (gel panel: RT-PCR; bar graph: RT-qPCR). To silence c-fos, the same
amounts of shc-fos-a and shc-fos-b shRNAs were co-transfected into SMCs at 10 pg of
total plasmid DNA/2.5%10° cells (i.e. 5 pug of she-fos-a and 5 pg of she-fos-b were mixed
together). 10 pg of BS/U6 vector was used as vector control. Transfection was conducted
using Lipofectamine™ LTX and PLUS™ reagents (Invitrogen). After 24 h of
transfection, cells were suspended into collagen gels and allowed to spread for 24 h
before flow experiments. Gels were then exposed to 1 cmH,O of interstitial flow for 3 h.
Data in bar graphs are presented as mean + SEM. In 4, * P<0.001 vs vector, n=3. In B, *
P<0.02 vs vector-control, n=3.
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3.5 Discussion

In the present study, we observed that interstitial flow activated both ERK1/2 and p38
MAPK; PD-98059 abolished flow-induced ERK1/2 activation; and in contrast, SB-
203580 enhanced flow-induced ERK1/2 activation and abolished flow-induced p38
MAPK activation (Fig. 3-3). Interstitial flow also induced MMP-13 expression and SMC
migration, and PD-98059 inhibited flow-induced MMP-13 expression and cell migration,
while SB-203580 enhanced MMP-13 expression and cell migration although the
activation of p38 MAPK was inhibited (Figs. 3-1 and 3-2). Silencing ERK1/2 completely
abolished flow-induced MMP-13 expression and cell migration (Fig. 3-4). These findings
indicate that interstitial flow-induced MMP-13 expression and cell migration proceed
through an ERK1/2-dependent pathway. ERK1/2 activation plays a much more critical
role in regulating flow-induced MMP-13 expression than p38 MAPK although the exact
role of p38 MAPK remains unclear.

There is abundant evidence in the literature that induction of human interstitial
collagenase (MMP-1) or rat interstitial collagenase (MMP-13) expression is related to the
activation of MAPKs such as ERK1/2 and/or p38 MAPK [20, 110, 123, 142, 172].
Activation of ERK1/2 by chemical and physical factors such as mitogenic growth factors,
proinflammatory cytokines, heat shock, ultraviolet (UV) light, and other factors often
induce MMP-1 expression in many human cell types [20, 28, 38, 49, 110, 128]. In
contrast, activation of p38 MAPK has opposing effects on human MMP-1 gene
expression depending on the mode of induction [43]. For example, MMP-1 expression in

human skin fibroblasts induced by tumor necrosis factor (TNF)-o is through AP-1-
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dependent transcriptional activation via the ERK1/2 pathway and AP-1-independent
enhancement via p38a MAPK by mRNA stabilization [142]; lipopolysaccharide (LPS)-
induced monocyte human MMP-1 expression is regulated by both ERK1/2 and p38
MAPK [82]; while PDGF-BB and arsenite suppress human MMP-1 expression via p38
MAPK activation [43, 206]. One study has demonstrated that p38 a, one isoform of p38
MAPK, inhibits the ERK1/2 pathway [206]. Serotonin induces rat MMP-13 production
via ERK1/2 pathway in uterine rat SMCs [172]. Macrophage migration inhibitory factor
up-regulates MMP-13 mRNA of rat calvaria-derived osteoblasts via an ERK1/2 and AP-1
dependent but p38-independent pathway [123]. Thus in our study, the crosstalk between
ERK1/2 and p38 MAPK might play a role in interstitial flow-induced rat interstitial
collagenase (MMP-13) expression. However, although the role of p38 MAPK remains
unclear, our data strongly suggest that ERK1/2 plays a predominant regulatory role in
flow-induced rat MMP-13 expression.

In cardiovascular health and disease, it has been shown that the ERK1/2 MAPK plays
an important role [113]. Increased ERK1/2 activation contributed to augmented vascular
SMC proliferation and neointima formation with aging in a rabbit study [52]. The rapid
activation of ERK1/2 after balloon injury of the rat carotid artery may be associated with
vascular SMC migration and proliferation in vivo [67, 81]. Completely blocking ERK1/2
activation in balloon-injured carotid arteries can inhibit carotid neointima formation by
suppressing SMC migration and proliferation after 2 weeks [53]. The evidence from in
vitro studies has also shown that ERK1/2 activation plays a crucial role in cardiovascular
cell proliferation, cell migration, and interstitial collagenase expression [28-30, 49, 110,

112, 139].
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The activation of ERK1/2 MAPK can induce expression and activation of many
transcription factors such as AP-1. AP-1 transcription factors have a variety of
physiological and pathophysiological consequences through their regulation of target
gene expression. The AP-1 DNA binding element plays a pivotal role in regulation of
MMP expression since AP-1 sites are present throughout the MMP promoters [18, 199].
Jun proteins can form stable dimers that bind AP-1 DNA recognition elements (5’-
TGAG/CTCA-3’). Fos proteins can bind DNA by forming heterodimers with Jun
proteins (Jun:Fos) that are more stable than Jun:Jun dimers [161]. The ERK MAPK
cascade is likely involved in the induction of the c-fos gene and in forming the Jun:Fos
heterodimer [161]. In the present study, we observed that interstitial flow significantly
promoted AP-1 (c-Jun and c-Fos) expression (Fig. 3-5). The increased expression and
activation of c-Jun and c-Fos led to an elevated AP-1 DNA binding activity (Fig. 3-6),
which could promote MMP-13 expression. Using an ERK1/2 specific inhibitor PD-98059,
we further demonstrated that interstitial flow-induced AP-1 DNA binding activity is
ERK1/2-dependent (Fig. 3-6). However, interestingly, RNA interference results suggest
that it was c-jun but not c-fos that regulated MMP-13 expression (Figs. 3-7 and 3-8),
although c-fos was definitely induced by flow. In addition, we observed that NF-=B did
not play a major role in flow-induced MMP-1 expression and cell migration (data not
shown).

Taken together, we described, for the first time, a mechanism of interstitial flow-
induced rat interstitial collagenase (MMP-13) expression in vascular SMC in 3-D
collagen I gels (shown in Fig. 3-9). Interstitial flow can, by an as yet to be determined

mechanotransduction mechanism, induce ERK1/2 MAPK activation, which promotes

-72-



AP-1 transcription factor expression and AP-1 DNA binding activity, resulting in an
elevated MMP-13 expression. Proteolysis of collagen by upregulated MMP-13 then
facilitates SMC migration through collagen I. However, the mechanism by which
vascular cells “sense” interstitial flow and then trigger ERK1/2 signaling pathway
requires further investigation. Considering that cells in 3-D exhibit matrix adhesions all
over their surface, cell-matrix adhesion and tethering through integrin-rich cell-matrix
adhesions would be a potential mechanosensor [162, 167]. Another candidate would be
the cell surface glycocalyx, which has been shown to mediate fluid shear stress-regulated

vascular SMC contraction [4] and various endothelial cell functions [188].

Figure 3-9. A proposed ERK1/2-c-Jun-dependent mechanism regulates flow-
induced MMP-13 expression and cell motility. Interstitial flow stimulates the cell
inducing ERKI1/2 phosphorylation (mechanotransduction) which enhances AP-1
expression and AP-1 DNA binding activity, leading to an increased expression of rat
interstitial collagenase (MMP-13). Upregulated MMP-13 digests collagen fibers and
facilitates cell migration. One of the remaining questions is how cells “sense” interstitial
flow and then activate the ERK1/2 pathway.
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Transmural interstitial flow is elevated when the endothelium is injured due to
chemical or mechanical stimuli or when the vascular hydraulic conductivity is enhanced
by inflammation or hypertension. Thus elevated interstitial flow may be associated with
vessel remodeling and neointima formation [143, 167]. The present study reveals a
mechanism whereby altered interstitial flow during the early stages of vascular injury
stimulates MMP expression and vascular SMC and fibroblast migration which can lead to
neointima formation. These findings suggest that methods to control interstitial flow, or
directly inhibit MMP expression, or suppress ERK1/2 MAPK activation may be able to

limit neointima formation clinically after vascular injury.
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Chapter 4

Heparan Sulfate Proteoglycan-Mediated FAK Activation Is
Essential for Interstitial Flow Mechanotransduction
Regulating ERK-Dependent MMP Expression and Cell

Motility in 3-D
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4.1 Abstract

Interstitial flow directly affects cells that reside in tissues and regulates tissue physiology
and pathology by modulating important cellular processes including proliferation,
differentiation, and migration. However, the structures that cells utilize to sense flow in a
3-dimensional (3-D) environment have not yet been elucidated. Previously, we have
shown that interstitial flow upregulates rat interstitial collagenase (MMP-13) expression
via activation of an ERK1/2-c-Jun signaling pathway, which in turn promotes cell
motility in collagen 1. Herein, we focused on uncovering the interstitial flow-induced
mechanotransduction mechanism in 3-D. Inhibition or knockdown of focal adhesion
kinase (FAK) inhibited flow-induced ERK1/2 activation, MMP-13 expression, and cell
motility. Cleavage of cell surface heparan sulfate (HS) chains from proteoglycan (PG)
core proteins by heparinase or disruption of HS biosynthesis by silencing N-
deacetylase/N-sulfotransferase 1 (NDST1) also blocked flow-induced ERK1/2 activation,
MMP-13 expression, and cell motility. Interstitial flow induced FAK phosphorylation at
Tyr925, and this activation was blocked when HSPGs were disrupted. Removal of HS
also attenuated FAK activation at Tyr397. Together, we demonstrate that cell surface
HSPGs mediate interstitial flow-induced mechanotransduction that regulates MMP-13
expression and cell motility in 3-D via activation of a FAK-ERK1/2-c-Jun signaling
cascade. This is the first study to describe the flow-induced mechanotransduction
mechanism in cells in 3-D. This study will be of interest to understand the flow-related
mechanisms in vascular remodeling and lesion formation and also tumor invasion.

Keywords: interstitial flow mechanotransduction, heparan sulfate proteoglycan, FAK
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4.2 Introduction

In living tissues, many cell types including smooth muscle cells (SMCs), fibroblasts,
bone cells, and tumor cells are exposed to interstitial fluid flow. Interstitial flow can
modulate many cellular processes in 3-dimensional (3-D) microenvironment including
proliferation, apoptosis, differentiation, and migration [149, 167, 182, 204]. Interstitial
flow therefore plays important roles in tissue physiology and pathology. Transmural
interstitial flow driven by the transmural pressure differential is a physiological fluid
movement through vascular vessel interstitium that imposes fluid shear stress on vascular
(SMCs) and fibroblasts [167, 201]. During the early stages of vascular injury or in
hypertension, elevated transmural interstitial flow has been hypothesized to contribute to
neointima formation by affecting SMC and fibroblast phenotype and motility [50, 143,
166, 167].

Interstitial fluid flow can affect cells in tissues both mechanically (via shear stress)
and chemically (mass transport). To investigate effects of interstitial flow on biology of
tissue interstitial cells including vascular cells, bone cells and tumor cells, application of
fluid shear stress to cells cultured on 2-D substrates has been widely used [4, 23, 50, 208].
It is now well recognized that culturing cells in an in vitro 3-D extracellular matrix (ECM)
better mimics in vivo cell physiology than traditional 2-D planar culture [32]. The interest
in studying the biological effects of interstitial flow on cells in 3-D in vitro has increased
substantially in the last decade. It has been reported that interstitial flow can induce
cytokine release [204] and increase matrix metalloproteinase (MMP) expression and cell

motility in 3-D collagen matrices [166, 167]. Interstitial flow can also promote tumor cell
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migration, capillary morphogenesis, and stem cell differentiation in 3-D environments
[61, 66, 170]. However, the mechanism by which cells in a 3-D microenvironment sense
interstitial flow and convert this stimulation into cellular responses (mechanotransduction)
that has not yet been well elucidated. Fluid shear stress-induced mechanotransduction in
endothelial cells (ECs) on 2-D substrates has been well studied [6, 189]. Cells that are
embedded in 3-D ECM have different patterns of cell-matrix adhesions [32] and
elongated morphologies compared to cells seeded on 2-D substrates [15], which might
give rise to different mechanotransduction pathways. Therefore, it is necessary to
determine the mechanosensors for cells embedded in 3-D microenvironment when
exposed to interstitial flow.

In 2-D studies, it has been suggested that cell surface glycocalyx components are
responsible for sensing fluid shear stress on vascular ECs and SMCs [4, 47, 126, 188,
191]. The surfaces of eukaryotic cells, such as epithelial, cardiovascular and tumor cells,
are decorated with a variety of membrane-bound macromolecules that constitute the
glycocalyx. The glycocalyx consists primarily of proteoglycans and glycoproteins that are
incorporated into the cell membrane. Proteoglycans contain a protein core (such as
syndecans that transmembrane and can be attached to the cytoskeleton and glypicans that
are anchored to the plasma membrane) with extended polysaccharide branches composed
of glycosaminoglycans (GAGs) [4]. Heparan sulfate, chondroitin sulfate, and hyaluronan
are the most dominant GAGs on most cell surface. Glycoproteins are also composed of a
core protein but with much smaller sugar residues [4]. Glycocalyx components,
especially heparan sulfate proteoglycans (HSPGs), have been demonstrated to play

important roles in cellular recognition and signaling, cell growth, adhesion, spreading and
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migration, and even in development, tumorigenesis, and vasculogenesis [14, 31, 44, 60].
Although, in 2-D, the role of glycocalyx (especially) HSPGs in flow-induced
mechanotranduction have been well studied, there has been no report on the role of the
glycocalyx in flow sensing in a 3-D microenvironment.

Focal adhesion kinase (FAK) is a widely expressed cytoplasmic protein tyrosine
kinase (PTK) linked to integrin-mediated signaling. FAK is known to be a major
mechanosensitive kinase that can be rapidly activated by a variety of mechanical stimuli
and plays an important role in control of cell adhesion and migration [130]. It has been
suggested that HSPGs (such as syndecan-1 and -4) can act cooperatively with integrins in
creating signals for cell spreading and for assembly of focal adhesion plaques and stress
fibers [75, 109, 151, 200]. Syndecan-4 can associate with FAK through the adaptor
protein paxillin [37]. The association between syndecan-4 and paxillin is parallel to the
association between integrin and paxillin, and this suggests the potential for syndecan-4
to mediate signaling events parallel to integrins [37]. In 2-D, it is well known that HSPGs
on the apical side of the cells that do not bind to ECM can act as mechanosensors
converting stimulation of fluid shear stress into biochemical responses [187, 188, 205].
On the basal side, HSPGs (such as syndecan-4) can bind to the substrate and modulate
FAK and ERK1/2 activation in a manner similar to that of cells attached to ECM by
integrin-based adhesions [11, 207]. This suggests that HSPG-mediated attachments are
capable of functioning as another signaling pathway to transmit mechanical signals to the
actin cytoskeleton and into cell nucleus.

We have shown previously that interstitial flow can activate an ERK1/2 MAPK and

c-Jun signaling cascade leading to increased expression of MMP-13, which in turn
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promotes vascular SMC and fibroblast migration in 3-D collagen I matrices [166]. Based
on this background, we now demonstrate, for the first time, that cell surface HSPGs are
mechanosensors for interstitial flow that leads to activation of the focal adhesion kinase
(FAK) and ERK1/2-c-Jun signaling cascade, thus promoting MMP-13 expression and

cell motility in 3-D ECM.
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4.3 Materials and Methods

4.3.1 Collagen gel preparation and flow experiments. As previously described [166,
167], rat aortic SMC (passage 3-5) were suspended in rat tail collagen I (BD Science)
gels (cell density: 2.5x10° cells/ml; final gel concentration: 4 mg/ml), and pH was
adjusted to 7.0 by mixing the appropriate amount of NaOH. For cell migration
experiments, 200 pul of gel was loaded into each 12-well cell culture insert with 8§ um
pores (BD Science). For RNA extraction and protein extraction experiments, 6-well cell
culture inserts with 8 um pores (BD Science) were used. In order to keep the same level
of shear stress, the same gel thickness was maintained in both the 6- and 12-well
experiments, thus 1 ml of gel was used for each 6-well insert. The gels were incubated for
24 h to allow cell spreading. Gels were then subjected to interstitial flow driven by a 1
ecmH,O pressure drop (shear stress was ~0.05 dyn/cm®) for various time periods
according to specific experimental designs.

For FAK inhibition and HSPGs cleavage experiments, before exposure to flow, the
cells were treated either with 10 pM of FAK inhibitor PF-228 (Santa Cruz Biotechnology)
or 6.7 IU/L heparinase III (IBEX Technologies, Montreal, Canada) in growth medium for
2.5 hours. Gels were then exposed to flow. Flow medium contained either 10 uM of PF-
228 for FAK inhibition experiments or 1 IU/L heparinase III for HSPGs cleavage

experiments.

4.3.2 RNA interference. To silence FAK, two FAK short hairpin (sh) RNAs and one

control shRNA were used (gift from Dr. Tadashi Yamamoto). The sequences specific for
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rat FAK mRNA were: FAK#1, 5-GGTCCAGACCAATCACTAT-3' and FAK#2, 5'-
GCAGTTTGCCAACCTTAAT-3'. A non-silencing control sequence was: 5'-
TTCTCCGAACGTGTCACGT-3'". The annealed nucleotides were inserted into pSIREN-
RetroQ vector [65]. In order to disrupt heparan sulfate biosynthesis, a rat N-
deacetylase/N-sulfotransferase 1 (NDST1) shRNA was used. The target sequence for rat
NDST1 was: 5-CTTACTGTGCTCCTCAATCCTATCAGCGT-3’, which was
subcloned into pGFP-V-RS vector (Origene, MD). The transfections were conducted

using Lipofectamine™ LTX and PLUS™ reagents (Invitrogen).

4.3.3 Immunostaining. To assess the cleavage of heparan sulfate glycosaminoglycans
(HS-GAGs) by heparinase III, primary antibody HepSS-1 (US Biological) and secondary
antibody Alexa Fluor 350 goat anti-mouse IgM (Invitrogen) were used to stain cell HS-
GAGs. Briefly, cells were seeded in a 24-well plate for 2 days and then treated with 6.7
IU/L heparinase III for 1 hour, followed by fixation with 4% paraformaldehyde and
blocking with 4% BSA in PBS. Then cells were incubated with primary antibody HepSS-
1 (1:200 dilution in PBS with 4% BSA) for 2 hours and secondary antibody anti-mouse
IgM (1:100 dilution) for 2 hours at room temperature. Finally cells were mounted by
mounting medium containing propidium iodide (PI) (Vector Laboratories). For the
NDST1 knockdown experiment, the same staining procedure was followed to evaluate
the disruption of heparan sulfate biosynthesis by sANDST1. To visualize the influence of
heparinase III on cell morphology in 3-D collagen gels, cells were stained with Calcein

AM (invitrogen).
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4.3.4 Western blotting. Protein samples were collected and western blots were
performed as described previously [166]. Collagen gels were washed once with ice-cold
PBS, then 2X lysis buffer was added immediately to the gels followed by sonication for
30 seconds on ice. The 2X lysis buffer was composed of 2X RIPA buffer (300 mM NaCl,
2% NP-40, 100 mM Tris, 0.2% Brij 35, 2 mM EDTA, pH 7.5) with a supplement of 2X
protease inhibitor cocktail (Roche Diagnostics), 2X phosphatase inhibitor cocktail (Roche
Diagnostics), 2 mM activated Na;VOy, and 2 mM PMSF. Lysates were centrifuged in a
microfuge (12,000 g for 1 hour at 4°C), and then the supernatants were collected and the
remaining gel pellets were discarded. The supernatants were concentrated using
Centrifugal Filter Units (Millipore). Protein concentrations in supernatants were
evaluated using Protein Determination Kit (Cayman Chemical). The protein samples
were then boiled for 5 minutes after mixing with 4X sample buffer (400 mM Tris-HCI,
8% SDS, 40% glycerol, 0.04% bromphenol blue, and 20% B-mercaptoethanol, pH 6.8)
and stored at -80°C. Protein samples were loaded onto 10% Tris-HCl Ready Gels (Bio-
Rad). After electrophoresis, proteins were transferred to PVDF membranes (Bio-Rad)
and blocked at room temperature with 2% Enhanced Chemiluminescence (ECL) Advance
Blocking Agent (Amersham, GE Healthcare) in TBS-T [50]. The membranes were
incubated overnight with a 1:1000 dilution of a specific rabbit primary antibody
(monoclonal antibodies: ERK1/2, phospho-ERK1/2; polyclonal antibodies: FAK,
phospho-FAK (Tyr397), phospho-FAK (Tyr925), a-tubulin, and B-actin. All antibodies
were purchased from Cell Signaling), followed by a 1.5-h room temperature incubation
with an ECL horseradish peroxidase (HRP)-linked anti-rabbit IgG antibody (1:1000)

(Amersham, GE Healthcare). The proteins on PVDF membranes were then detected
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using Immobilon Western Chemiluminescent HRP Substrate (Millipore) and the
ChemiDoc XRS system with the Quantity One software (Bio-Rad). Some membranes
were stripped using Restore™ Plus Western Blot Stripping Buffer (Thermo Scientific

Pierce) for subsequent detections.

4.3.5 RNA extraction and gene expression analysis. Cells in collagen gels were directly
lysed by TRIzol® LS Reagent (Invitrogen) and the insoluble materials were removed by
centrifugation at 12,000 x g for 10 minutes at 4°C. Chloroform was added for phase
separation followed by RNA isolation using the RNeasy Mini Kit (Qiagen). RNA
samples were then converted to cDNA by reverse transcription (RT). For analyzing gene
expression, the polymerase chain reaction (PCR) was performed using the following
protocol as previously described [166]: pre-denaturation at 95 °C for 5 minutes, then
either 30 cycles (for MMP-13) or 28 cycles (for GAPDH) of denaturation at 94 °C for 35
seconds, annealing at 52 °C for 35 seconds, and extension at 72 °C for 35 seconds,
followed by a final extension at 72 °C for 10 min. The amplified products were separated
by electrophoresis in 2.5% agarose gels and photographed under UV light in the presence
of ethidium bromide (EB). Quantitative real-time PCR (RT-qPCR) was also performed
for MMP-13 expression on the ABI PRISM® 7000 sequence detection system (Applied
Biosystems). GAPDH served as an internal control. Reactions were performed in 25 pl
reaction mixture volumes containing ABsolute Blue QPCR SYBR Green ROX Mix
(Thermo Scientific), cDNA, and specific primer pairs. Real-time PCR protocol was set to
15 minutes at 95°C followed by 45 cycles of 30 seconds at 95°C, 30 seconds at 55°C, and

30 seconds at 72°C. The fluorescent data were collected at 76°C. The dissociation curve
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analysis was used to assess the specificity of product amplification. Primer sequences are
listed in Table 4-1.

Table 4-1. Primer sequences for rat genes

Target gene Primer sequence GenBank Locus Size
MMP-13 NM_133530 71
Forward (1124-1145) 5-TCTGACCTGGGATTTCCAAAAG-3'
Reverse (1194-1175) 5-GTCTTCCCCGTGTCCTCAAA-3'
NDST1 NM_024361 258
Forward (3188-3207) 5’- CCCAGCCAGCCAGGAGCAAC-3’
Reverse (3445-3426) 5’- GGGCAGGACTGGCCGAACAC-3’
FAK NM_013081 232
Forward (3405-3424) 5’- CTGCTGAACTCCGACTTGGG-3’
Reverse (3636-3317) 5’- CCCAAAGGGCAGAAAGCCAT-3’
GAPDH NM_017008 232
Forward (372-390) 5’-TCTTCACCACCATGGAGAA-3’
Reverse (603-585) 5’-ACTGTGGTCATGAGCCCTT-3’

Data Analysis. Results are presented as mean + SEM. Data sets were analyzed for
statistical significance using a Student’s t-test with a two-tailed distribution, and P < 0.05

was considered statistically significant.
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4.4 Results

4.4.1 Interstitial flow-induced MMP-13 expression and cell motility depend on
HSPGs.

Heparan sulfate glycosaminoglycans (HS-GAGs) are abundantly presented on the
surfaces of vascular SMCs and can be substantially depleted by a selective enzyme,
heparinase III (upper panel of Fig. 4-14). Heparan sulfate production can be effectively
suppressed by silencing N-deacetylase/N-sulfotransferase 1 (NDST1), an enzyme that
modulates heparan sulfate biosynthesis (lower panel of Fig. 4-14). Elimination of
heparan sulfate disrupted cell surface HSPGs, providing a possibility to determine the
mechanotransduction role of HSPGs in sensing fluid flow [4, 47]. To investigate whether
the HSPGs were responsible for sensing 3-D interstitial flow, heparinase III and NDST1
short hairpin RNA (shRNA) were used to disrupt cell surface HSPGs. Cleavage of HS-
GAGs by heparinase completely abolished flow-induced MMP-13 expression (Fig. 4-1B),
resulting in a significant reduction in flow-induced cell motility (Fig. 4-1C). Heparinase
also reduced MMP-13 expression and cell motility in the no-flow control case (Figs. 4-18
and 4-1C). Knockdown of NDST1 abolished the augmentation of MMP-13 expression
and cell motility induced by interstitial flow (Fig. 4-1B8 and 4-1C). NDST1 gene
expression was reduced by NDST1 shRNA (Fig. 4-1D). It appears that shANDST1 and

heparinase III had similar effects on MMP-13 expression and cell motility.
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Figure 4-1. Interstitial flow promotes MMP-13 expression and cell motility
dependent on heparan sulfate proteoglycans (HSPGs). (4) Immunostaining to show
that HSPGs present on the surfaces of cells cultured on 2-D; Both heparinase III (Hep)
and NDST1 shRNA (shNDST1) successfully eliminated HS glycosaminoglycans (HS-
GAGs); Blue: HS-GAGs; Red: PI for nuclei; Green: GFP. (B) Cleavage of HS-GAGs by
Hep (left panel) or disruption of HS biosynthesis by shNDST1 (right panel) abolished
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flow-induced MMP-13 expression (gel panel data were obtained by traditional RT-PCR;
bar graph data were obtained by RT-qPCR). (C) Flow-induced cell motility was
abolished by disruption of HSPGs by Hep or shNDSTI1. (D) NDST1 was successfully
suppressed by shNDST1. For Hep treatment experiments, after spreading in collagen gels,
cells were treated with 6.7 IU/L Heparinase III, and then incubated for 2.5 h, followed by
4.5 h of exposure to interstitial flow. After flow, some gels were subjected to RNA
extraction and RT-(q)PCR, and other gels were subjected to cell motility test experiment.
RT-gPCR data and migration are presented as mean £ SEM, n= 3-4. * P<0.05 vs No-flow
controls; ** P<0.05 vs Flow cases.

4.4.2 Interstitial flow-induced MMP-13 expression and cell motility depend on FAK.

FAK is a major mechanosensitive kinase that can be rapidly activated by a variety of
mechanical stimuli to regulate cell adhesion and migration [130]. Therefore, we
investigated whether FAK was involved in flow-induced MMP-13 expression and cell
motility in our 3-D system. It has been reported that a FAK inhibitor PF-228 selectively
inhibits FAK phosphorylation at Tyr397 and inhibits cell migration concomitant with the
inhibition of focal adhesion turnover [175]. In this study, PF-228 significantly attenuated
but not completely abolished flow-induced MMP-13 expression (Fig. 4-24) and
completely abolished flow-induced cell motility (Fig. 4-2B). To further elucidate the role
of FAK, shRNA was used to silence FAK. After FAK knockdown, flow-induced MMP-
13 expression was substantially inhibited (Fig. 4-24) and cell motility was completely
abolished to a level even lower than the control case (Fig. 4-2B). In the no-flow control
cases, PF-228 slightly reduced MMP-13 expression but not cell motility, while sShRNA of
FAK significantly suppressed cell motility but not MMP-13 expression (Fig. 4-24 and B).
Transfection of cells with FAK shRNA reduces total FAK expression, resulting in less
focal adhesion turnover and thus less cell motility. Addition of inhibitor PF-228 inhibits

FAK phosphorylation at Tyr397, but do not affect total amount of FAK. Therefore, our

data suggest that FAK activation at Tyr397 and focal adhesion turnover are critical for
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cell migration; and there must be FAK phosphorylation at other tyrosine sites played an
important role for MMP-13 expression besides Tyr397, because FAK shRNA completely
abolished flow-induced MMP-13 expression but PF-228 did not. Baseline migration in
the no-flow controls barely depended on FAK, which is consistent with previous results

that baseline migration is independent of MMP and ERK1/2 [166, 167].
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Figure 4-2. Interstitial flow promotes MMP-13 expression and cell motility
dependent on focal adhesion kinase (FAK). (4) Inhibition of FAK by PF-228 (left
panel) or knockdown of FAK by FAK shRNA (shFAK, right panel) abolished interstitial
flow-induced MMP-13 expression (gel panel data were obtained by traditional RT-PCR;
bar graph data were obtained by RT-qPCR). (B) Interstitial flow-induced cell motility
was abolished by inhibition of FAK by PF-228 or silencing FAK by shFAK. (C) FAK
expression was reduced by shFAK. (D) FAK knockdown inhibited NDST1 gene
expression, NDST1 knockdown suppressed FAK gene expression. Before flow
experiments, cells were incubated with DMSO or 10 uM PF-228 in medium for 2 h. RT-
qPCR data and cell migration data are presented as mean + SEM in the bar graph, n= 3-4.
* P<0.05 vs No-flow controls; ** P<0.05 vs Flow cases.



Interestingly, knocking down either NDST1 or FAK gene suppressed the other gene
(Fig. 4-2D), suggesting HSPGs and FAK may interact with each other. We speculate that
HSPG production promotes cell-matrix adhesion formation, while cell-matrix adhesion

formation enhances cell spreading which may promote HSPG production.

4.4.3 FAK and HSPGs mediate flow-induced ERK1/2 activation.

A
PF-228 Hep
(min) 0O 15 30 0 15 30 0 15 30
percr| S S = ===
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Figure 4-3. Interstitial flow-induced ERK1/2 activation depends on both FAK and
HSPGs. (4) Western blots showed that inhibition of FAK by PF-228 and disruption of
HSPGs by heparinase (Hep) reduced ERK1/2 phosphorylation; Cells in gels were
pretreated with 10 pM of PF-228 or 6.7 IU/L of heparinase for 2.5 h before exposed to
flow. (B) Western blots showed that silencing FAK by shFAK or disrupting HSPGs by
shNDST1 significantly reduced flow-induced ERK1/2 activation. The gel panels are
representative images from three independent experiments.

We have previously demonstrated that interstitial flow-induced MMP-13 expression
depends on activation of the ERK1/2-c-Jun signaling cascade [166]. We also showed that
flow-induced MMP-13 upregulation depends on both FAK and HSPGs (above).
Therefore, we further investigated whether FAK and HSPGs regulate flow-induced
ERK1/2 activation using Western blotting (Fig. 4-3). Flow significantly stimulated
ERK1/2 phosphorylation, and PF-228 dramatically reduced ERK1/2 phosphorylation in

the no-flow control case, and partially but significantly attenuated flow-induced ERK1/2
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activation under flow (Fig. 4-34). Knockdown of FAK significantly reduced ERK1/2
activation in the no-flow control case and substantially inhibited flow-induced ERK1/2
activation (Fig. 4-3B). Cleavage of HSPGs by heparinase significantly inhibited ERK1/2
phosphorylation in the no-flow control and also inhibited flow-induced ERK1/2
activation (Fig. 4-34). Disruption of HSPGs by silencing NDST1 also significantly
reduced flow-induced ERK1/2 activation (Fig. 4-3B). These results suggest that both

FAK and HSPGs play crucial roles in ERK1/2 activation to regulate MMP-13 expression.

4.4.4 HSPGs are interstitial flow mechanosensors mediating FAK and ERK1/2
activation.

Since both knockdown of FAK and removal of HSPGs abolished flow-induced ERK1/2
activation and MMP-13 expression, these data suggest that the mechanosensitive
signaling pathways mediated by FAK and by HSPGs regulating ERK1/2 activation
should be in a serial, not parallel pattern. Therefore, we hypothesized that HSPGs are
flow sensors and signal transducers which sense and transmit interstitial flow stimuli to
activate FAK and its downstream signaling cascade. To test this hypothesis, we simply
eliminated cell surface HSPGs using heparinase and then investigated whether flow-
induced activations of FAK and ERK1/2 were affected. The results are shown in Fig. 4-4.
Removal of HSPGs significantly reduced FAK phosphrylation at Tyr397, leading to a
marked reduction in ERKI1/2 activation. Surprisingly, flow did not affect FAK
phosphorylation at Tyr397 as the level of phosphorylated Tyr397 did not change with
flow exposure time. However, flow dramatically elevated phosphorylation of FAK at
Tyr925 and ERK1/2 and these activations were markedly attenuated by cleavage of

HSPGs. These data together with MMP-13 expression, cell migration and ERK1/2
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activation data (Figs. 4-2 and 4-3) imply that phosphorylation of FAK at Tyr397 play a
role in baseline ERK1/2 activation and MMP-13 expression, while activation of FAK at
Tyr925 is crucial for flow-induced ERK1/2 activation, MMP-13 expression, and cell
motility. Disruption of HSPGs attenuated interstitial flow-induced activation of FAK
Tyr925 and ERK1/2, suggesting that HSPGs are mechanosensors in mediating interstitial

flow-induced signaling activation and MMP expression.

Hep
(min) 0 5 10 15 O 5 10 15

p-FAK Tyr925
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Figure 4-4. HSPGs mediate flow-induced activation of FAK Tyr925 and ERK1/2.
Cells in gels were pretreated with heparinase for 2.5 h to remove cell surface HSPGs.
Removal of HSPGs reduced FAK phosphorylation at Tyr397, but interstitial flow did not
affect Tyr397 phosphorylation. Flow promoted Tyr925 and ERK1/2 phosphorylation, and
cleavage of HSPGs blocked the flow effects. The gel panels are representative images
from three independent experiments. J-actin serves as an internal control.

4.4.5 Heparinase but not shNDST1 induces cell contraction in 3-D.

We also observed that after cleavage of HS-GAGs by incubating cells with heparinase,
cells tended to be slightly contracted (see Fig. 4-54). This is probably a result of cell
adhesions to collagen fibers being loosened by removal of HS-GAGs. It is known that
HSPGs can promote cell-matrix adhesion formation and increase the strength of

adhesions to ECM [14]. HSPGs themselves can also tether to ECM binding domains with

HS chains serving as secondary cell-matrix adhesions [14]. Thus, depletion of HS-GAGs
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reduced HSPGs ligation to ECM and released some of the cell-matrix attachments that
causing cell contraction (Fig. 4-54). However, when we disrupted HSPGs by knocking
down NDSTI, we did not see significant differences in cell morphology (i.e. attachment
and spreading) in 3-D collagen gels between vector control cells and NDST1 knockdown
cells (Fig. 4-5B), suggesting integrin-based cell-matrix adhesions were still formed.
Therefore, we conclude that HSPGs played a crucial role in mediating interstitial flow
signal to activate FAK-ERK1/2 and their downstream cascade, eventually leading to an

increase in MMP-13 expression and cell motility.

A Non-treated Hep

Figure 4-5. Effects of heparinase and NDST1 shRNA on SMC morphology in 3-D
collagen gels. Disruption of HSPGs with heparinase III induced slight cell contraction in
3-D (4), while knockdown of NDST1 did not affect cell morphology (adhesion and
spreading) in collagen gels (B). For heparinase treatment experiments, after 24 h of cell
spreading, cells were incubated with 6.7 IU/L heparinase for 2.5 h. Cells were stained
with Calcein AM (Invitrogen) in green. Images are the representative pictures from three
independent experiments.
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4.5 Discussion

Fluid flow in the tissue interstitium is very low due to the resistance of ECM fibrils and
cells [86]. It has been shown, however, that such low fluid flow can affect cytokine
release, vascular and tumor cell migration, capillary morphogenesis, and stem cell
differentiation [61, 66, 166, 167, 170, 204]. But, how cells sense this subtle fluid flow in
a 3-D environment remains largely unknown. Thus, the aim of this study was to
determine the interstitial flow sensors and transducers for cells in 3-D ECM. We showed,
for the first time, that HSPG-mediated activation of the FAK-ERK-c-Jun signaling
cascade plays the major mechanotransduction role in interstitial flow-induced MMP-13
expression and SMC motility in a 3-D matrix.

HSPGs are present all over the cell surface, binding extracellular ligands and forming
signaling complexes with receptors. The binding of cell surface HSPGs to ECM
components can immobilize the proteoglycans, enabling HSPG core proteins to interact
with the actin cytoskeleton [14, 17]. Therefore, cell surface HSPGs can act as both
coreceptors and mechanosensors in most ECM and cytoskeleton interactions. In the
absence of integrins, binding of HSPGs to ECM can support cell attachment and
spreading through reorganization of the actin cytoskeleton and can also mediate solid
strain-induced mechanotransduction [11, 14, 151]. It has been suggested that HSPGs play
important roles in EC and tumor cell migration and/or invasion [24, 108]. In the present
3-D study, we showed that cleavage of HS-GAGs significantly reduced MMP-13
expression and cell motility in the no-flow control case and completely abolished flow-

induced MMP-13 expression and cell motility (Fig. 4-1). This finding is opposite to that
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of a previous 2-D study which showed that HSPG disruption enhanced EC migration by
decreasing stress fibers and the size of focal adhesions, and increased EC migration speed
under flow conditions [108], suggesting that cells in 3-D wuse distinct
mechanotransduction and migration mechanisms compared with cells on 2-D.
Differences in cell surface HSPGs organization and cell-matrix interactions may
contribute to the distinct flow responses.

Appropriate cell-matrix adhesions are critical for cells and tissues to maintain
function. Focal adhesions are macromolecular contact complexes between cells and ECM,
which are composed of transmembrane receptors (such as HSPGs and integrins),
structural molecules (such as actin, tensin, and a-actinin), and signaling molecules (such
as FAK) [207]. FAK is a non-receptor protein tyrosine kinase (PTK) which is involved in
integrin downstream signaling. Stimulation of a number of cell surface receptors,
including integrins and G protein-coupled receptors, can cause FAK autophosphrylation
at Tyr397. Phosphorylation at Tyr397 generates a binding site for Src family PTKs.
Recruitment of Src family kinases induces FAK phosphorylation at Tyr925.
Phosphorylation at Tyr925 creates a binding site for the growth factor receptor-bound-2
(Grb2) domain and triggers Ras/MAPK cascade activation [154]. FAK plays a central
role in mediating cell migration. Silencing of FAK blocks agonist-induced upregulation
of MMP, EC motility, and vascular tube formation [34]. FAK can mediate ERK-
dependent eosinophil migration [26]. FAK also plays pivotal roles in tumor cell migration,
and has been suggested as a target for cancer therapy [131]. Shear stress-induced ERK
activation in ECs depends on FAK in 2-D [92]. Furthermore, centrifugal force can induce

cytokine production through activation of FAK and ERK pathways [64]. In this study, we
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showed that inhibition or knockdown of FAK suppressed interstitial flow-induced MMP-
13 expression and cell motility (Fig. 4-2) due to inhibition of ERK1/2 phosphorylation
(Fig. 4-3), suggesting that FAK is the cytoplasmic signal mediator of interstitial flow-
induced ERK /2 activation in cells in 3-D.

Studies have shown that in 2-D, shear stress can induce phosphorylation of FAK at
Tyr397 in ECs [90, 92], probably mediated by HSPGs on the apical surface of the cells
transmitting shear force through actin filaments to focal adhesions on the basal side,
where adhesions were assembled for cell directional migration [108]. Other studies have
shown that cyclic strain can induce FAK phosphorylation at both Tyr397 and Tyr925 [19,
25], however, strain-induced activation of the ERK pathway is mediated by activation of
FAK at Tyr925 but not Tyr397 [25]. Interestingly, FAK phosphorylation at Tyr397 is not
required for FAK phosphorylation at Tyr925 in response to strain [25]. The Tyr925 site is
within the focal adhesion targeting (FAT) domain of FAK and binds to paxillin which
connects to integrin [25, 106] or proteoglycan (such as syndecan-4) [37], while Tyr397
locates farther away from paxillin and normally is activated by integrin clustering [106]
or syndecan-4 ligation to ECM [207]. Therefore, we speculate that phosphorylation at
Tyr397 is mainly caused by the stimulation of signals (mechanical or chemical) that
regulates cell-matrix adhesion formation and turnover, while activation at Tyr925 most
likely directly relates to signal (mechanical or chemical) transmission from ECM to
cytoskeleton that modulates intracellular signaling events.

When cells are embedded in 3-D, we do not know whether all of the HSPGs on the
surfaces are bound to ECM ligands or only a fraction of them. This makes it difficult to

evaluate whether all of the HSPGs on the cell surface are involved in flow-induced
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mechanotransduction, or only those HSPGs bound to the ECM, or those HSPGs not
bound to the ECM. However, after we cleaved HSPGs with heparinase, without exposing
cells to flow, phosphorylation of both FAK Tyr397 and ERK1/2, MMP-13 expression,
and cell motility were significantly attenuated compared to the case without enzyme
treatment (see Figs. 4-1, 4-3, and 4-4). Reduced FAK phosphorylation at Tyr397
probably was due to reduced HSPG (syndecan-4) ligation to collagen fibers [207] and/or
decreased cell-matrix adhesion assembly (integrin clustering) caused by disruption of cell
adhesion to the ECM by heparinase (Fig. 4-54), resulting in lower cell motility (Fig. 4-
1C). Interestingly, interstitial flow significantly enhanced FAK phosphorylation at
Tyr925, but not Tyr397 (Fig. 4-4), suggesting that flow-induced MMP expression and
ERK1/2 activation are dependent on FAK phosphorylation at Tyr925. While disruption
of HSPGs by heparinase abolished interstitial flow-induced Tyr925 phosphorylation and
ERK activation (Fig. 4-4), and inhibition of heparan sulfate production by knockdown of
NDST1 did not affect cell spreading (Fig. 4-5B), suggesting that mechanotransduction is
mainly HSPG-dependent. Studies have shown that HSPG syndecan-4 can modulate FAK
phosphorylation [207] and that syndecan-4-mediated cell adhesion to the ECM can be an
alternative signaling pathway to the integrin-based signaling cascade [11]. Since
interstitial flow-induced mechanotransduction is mediated by FAK, the HSPGs that
function as flow sensors in 3-D might be directly located at the sites of cell adhesions to
the ECM, where HSPGs (specially syndecan-4) are able to pass signals to FAK [37]. It is
not known whether FAK can also link to HSPGs that are not bound to the ECM. When
cells are embedded in 3-D, cell-matrix adhesions form all around the cell surface,

however, the level of phosphorylated FAK at Tyr397 is lower than on 2-D [15, 32],
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suggesting that integrin-based signaling may be less than it is on 2-D. Thus, it is possible
that cell surface HSPG-mediated signaling (such as the flow-induced Tyr925
phosphorylation in this study) compensates the loss of function from integrins.

Integrins consist of afy heterodimers with large extracellular and short cytoplasmic
domains. The molecular weights of a and B subunits are 110-128 kDa and 81-87 kDa
respectively [109]. To adhere to the ECM, integrin extracellular domains directly attach
to the binding sites in the ECM and cytoplasmic domains interact with the cytoskeleton.
The length of integrin-mediated adhesion (gap between cell membrane and ECM
substrate surface) is around 15 nm [69, 213]. When exposed to solid strains, integrin-
based adhesions can be easily deformed due to the relative motion between the ECM and
cell membrane, resulting in activation of integrin signaling. Because of this, integrin-
mediated focal adhesions have been widely suggested to be mechanosensors for solid
strain [16]. Unlike integrins, HSPGs (especially syndecans) contain a relatively shorter
transmembrane core protein with several long and flexible HS-GAG chains extended into
the extracellular space [109]. Monomeric syndecan core proteins range in size from 20 to
45 kDa [122]. In mediating cell adhesion, syndecans form stable homodimers and bind to
the heparin/heparan sulfate binding sites on the relatively rigid collagen fibers with the
long and flexible heparan sulfate chains and the cytoplasmic domains on core proteins
interact with the cytoskeleton [109].

The core proteins of HSPGs do not bind directly to the ECM. The binding is realized
by the heparan sulfate chains. Noting that the pore size of collagen gels in vitro is around
0.5-1.0 um [138, 204] and the space between two adjacent collagen fibers in the media of

human aortas is greater than 50 nm (estimated from [40, 41]), there is plenty of space for
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HS-GAG chains (diameter < 1 nm, [188, 205]) and even HSPG core proteins (5-10 nm,
estimated from [150]) to be deformed.

The HS-GAG chains are rather long and flexible and may be deformed by shear flow.
We therefore spectulate that HSPG-mediated attachments are more flexible and sensitive
to flow than integrin-mediated adhesions. When exposed to interstitial flow, the flexible
heparan sulfate chains can be deformed causing HSPG core protein deformation that is
transmitted to the cytoskeleton, leading to activation of the FAK-mediated signaling
cascade. When exposed to interstitial flow, on the other hand, there is not much relative
motion between the cell membrane and the ECM. Since integrin-mediated bonding is
rather rigid, the flow-induced displacement of integrin-mediated adhesion bonds should
be much less than that of HSPG-mediated adhesions, implying less mechanotransduction
through integrins than HSPGs. However, we observed that cells could not spread out in
collagen I gels when B1 integrins were blocked by a specific antibody (see Fig. 6-2),
suggesting that cell spreading through HSPG chain ligation alone is minimal and
integrin-mediated adhesions are indispensable for spreading and maintaining
cytoskeleton rigidity. This cytoskeletal organization is important for mechanosignal
sensing and transduction [203]. Synthesizing all of the above information, we conclude
that, by colocalizing within integrin-mediated cell-matrix adhesion complexes, HSPGs
play a major role in sensing interstitial flow and mediating the mechanotransduction
through FAK activation in 3-D.

Previously we showed that interstitial flow-enhanced MMP-13 expression and cell
motility depends on activation of the ERK1/2-c-Jun signaling pathway [166]. In the

present study, we further showed that in 3-D, cell surface HSPG-mediated FAK
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phosphorylation is responsible for ERKI1/2 activation, although which HSPG core
proteins are responsible for force transmission to FAK remains to be determined. Taking
these results together, we propose, for the first time, that HSPG-mediated FAK activation
is essential for interstitial flow-induced mechanotransduction (shown in Fig. 4-6).
Interstitial flow can, by a HSPG-mediated mechanotransduction mechanism, with the
presence of integrin-mediated adhesions, induce FAK activation, which further activates
the ERK1/2-c-Jun signaling cascade, resulting in an elevated MMP-13 expression and
SMC motility. Once vascular injury occurs in vivo, this interstitial flow-induced
mechanotransduction mechanism can be used by SMCs and fibroblasts to migrate into
the intima where the cells contribute to neointima formation. This hypothesis is partly
supported by a recent study that shows ERK1/2-dependent c-Jun activation regulates
shear- and injury-induced MMP expression, vein graft stenosis, and intimal hyperplasia
[119]. Our hypothesis should be examined by more sophisticated in vivo experiments.

In conclusion, for the first time, we reveal a HSPG-mediated mechanotransduction
pathway by which cells sense interstitial flow in a 3-D ECM and activate FAK and its
downstream effectors. This study may shed light on mechanotransduction mechanisms in
3-D interstitial flow-related models of capillary morphogenesis, tumor invasion, and cell

differentiation, in addition to cell migration.
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Figure 4-6. A proposed mechanotransduction mechanism for interstitial flow on
cells via HSPG-mediated FAK activation in 3-D. Cell surface HSPGs colocalized with
integrin-mediated cell-matrix adhesions are responsible for sensing flow. Interstitial flow
stimulation causes HSPG deformation which activates FAK and induces ERK1/2-c-Jun
signal cascade activation, leading to an increase in MMP-13 expression and cell motility.
The core proteins of HSPGs do not bind to the ECM directly. The core proteins can be
deformed in the large ECM spaces as the result of shear flow forces on the HS-GAG
chains. Either core proteins do not extend into the ECM spaces (A) or they do (B).
Integrin-mediated cell adhesions are important for mechanotransduction, but integrins do
not play a major flow sensing role because integrin-collagen bonds are rather rigid and
there is not much strain between cell membrane and the ECM. Some HSPGs may bind
the ECM but do not cooperate with integrins (lower left in A), and other HSPGs may not
bind the ECM (upper left in A). It is unlikely that these two types of HSPGs connect with
FAK, and thus they do not play a major role in flow-induced mechanotransduction.
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Chapter 5

Fluid Flow Shear Stress Modulation of Smooth Muscle Cell
Marker Genes in 2-D and 3-D Depends on
Mechanotransduction by Heparan Sulfate Proteoglycans

and ERK1/2 Activation
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5.1 Abstract

Vascular SMC phenotypic switching, migration, and proliferation play central roles in
vascular repair, remodeling, and lesion formation in response to vascular injury. During
vascular injury, SMCs may be directly exposed to altered luminal blood flow or
transmural interstitial flow which may modulate SMC gene expression. In this study, we
examined the influences of both laminar flow and interstitial flow on SMC marker gene
expression in both SMCs and myofibroblasts (MFBs). Exposure to 8 dyn/cm® laminar
flow shear stress (2-dimensional, 2-D) for 15 h significantly reduced expression of -
SMA, SM22, SM-MHC, smoothelin, and calponin. Cells suspended in collagen gels were
exposed to interstitial flow shear stress (~0.05 dyn/cm?, 3-D), and after 6 h of exposure,
expression of SM-MHC, smoothelin, and calponin were significantly reduced, while
expression of a-SMA and SM22 were markedly enhanced. PD98059 and heparinase 111
significantly blocked the effects of laminar flow on gene expression. PD98059 and
heparinase also dramatically attenuated the effects of interstitial flow on SM-MHC,
smoothelin, and calponin, but enhanced flow-induced expression of a-SMA and SM22.
SMCs and MFBs have similar responses to fluid flow. Silencing ERK1/2 completely
blocked both laminar flow and interstitial flow effects on SMC marker gene expression.
Western blotting showed that both fluid flow types induced ERK1/2 activation which was
inhibited by cleavage of heparan sulfate proteoglycans (HSPGs). Our results suggest that
HSPG-mediated ERK1/2 activation is an important mechanotransduction pathway
modulating SMC marker gene expression when SMC and MFB are exposed to flow.

Keywords: interstitial flow mechanotransduction, smooth muscle cell, myofibroblast,

differentiation, phenotype, heparan sulfate proteoglycan, ERK1/2
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5.2 Introduction

The major functions of vascular SMCs are to maintain and regulate blood vessel tone,
blood pressure, and blood flow distribution. SMCs retain remarkable plasticity and can
undergo phenotypic modulation between contractile state and synthetic state in response
to alterations in local environmental cues [125, 140]. The phenotype of SMC is a
continuum, not a discrete set of phenotypic states. The terms "contractile" and "synthetic"
refer to relative positions along this continuum, indicating cell functions and marker
expression that are associated with either a contractile or a synthetic function [178]. In
response to injury, SMCs can dramatically increase proliferation, motility, and secretion
capacity, and play critical roles in vascular repair and remodeling [125, 140]. However, if
the responses are excessive, SMCs may also contribute to vascular lesion formation by
migrating from the media into the intima under abnormal environmental conditions [125,
167]. Besides SMCs, adventitial fibroblasts (FBs) and their activated counterpart
myofibroblasts (MFBs) are also involved in intimal lesion formation [152, 163].

SMCs and FBs/MFBs normally reside in a 3-dimensional (3-D) environment
composed of extracellular matrix (ECM) components mainly collagen I and III. Most in
vitro studies have investigated responses of SMCs to chemical or mechanical stimuli by
culturing them on 2-D substrates. However, it has been shown that 3-D culture systems
are a better representation of the in vivo environment than conventional 2-D systems [140,
178]. In a 3-D collagen gel, SMCs are less proliferative and more quiescent compared
with SMCs cultured in 2-D on a collagen matrix [93, 204].

The contractile SMCs in the media are exposed to a physiological interstitial flow

driven by the transmural pressure drop [184, 201]. However, during vascular injury,
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SMCs may be exposed to elevated interstitial flow after damage to the vascular
endothelium [167], and the superficial layer of SMCs may even be directly exposed to
luminal blood flow where the intima is denuded. During the early stages of injury, shear
stresses (luminal blood flow and transmural interstitial flow) on SMCs are elevated, and
have been hypothesized to contribute to neointima formation [50, 143, 167]. In some 2-D
studies, fluid shear stress has reduced cell proliferation [180, 196] and induced apoptosis
[46]. Other 2-D studies, however, have shown that shear stress can reduce expression of
SMC marker genes [9, 202] and promote SMC proliferation [9, 57]. In addition, SMC
and MFB have different migratory response to laminar flow (2-D) and interstitial flow (3-
D) [50, 51, 167].

To date, no studies have shown whether interstitial flow affects SMC and MFB
phenotype in 3-D, and the mechanisms by which SMC and MFB sense fluid flow shear
stress and modulate their phenotype remain unclear. Given that switching SMC from
contractile to synthetic phenotype will increase cell proliferation and motility, we
therefore postulate that there can be some shared mechanisms between cell phenotypic
modulation and migration. We have already shown that ERK1/2 signaling plays a key
role in interstitial flow-induced SMC motility [166]. In this study, we investigated how
laminar flow and interstitial flow affect the expression of SMC marker genes and the
potential role of ERK1/2. In addition, it has been suggested that cell surface glycocalyx
heparan sulfate proteoglycans (HSPGs) are shear stress sensors for endothelial cells (ECs)
and SMCs in 2-D [4, 47]. There has been no study to show whether or not the glycocalyx
functions as an intersitial flow sensor in 3-D. Therefore we also examined the role of

HSPGs in mechanotransduction in both 2-D and 3-D.
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5.3 Materials and methods

5.3.1 2-D and 3-D cell culture. Rat aortic SMCs and MFBs were obtained and cultured
as previously described [50]. For 2-D experiments: SMCs and MFBs were seeded on
fibronectin coated (30 ug/insert) 6-well format cell culture inserts with 0.4 um pore size
(1.5%x10° cells/insert) and cultured for 24 h with 2 ml of growth medium in the inserts and
3 ml of growth medium in the companion well. For 3-D experiments: SMCs and MFBs
were suspended in rat tail collagen I (BD Science) gels and plated in 6-well cell culture
inserts with 8 um pore size (cell density: 2.5x10° cells/ml; final gel concentration: 4

mg/ml); cells were then cultured for 24 h with 2 ml growth medium in the bottom well

[166].

5.3.2 Fluid flow shear stress experiment. 2-D laminar flow: a rotating disk shear rod
device was used [51], and the average shear stress of 8 dyn/cm” was applied to cells
cultured in the inserts for 15 h. 3-D interstitial flow: cells in 3-D collagen gels were
subjected to interstitial flow as previously described [167] for 6 h, which was driven by a

1 cmH,0 pressure differential (~0.05 dyn/cm?).

5.3.3 ERK1/2 inhibition and HSPG cleavage. PD98059 (Calbiochem) was used for
ERK1/2 inhibition and heparinase III (IBEX Technologies, Montreal, Canada) was used
for HSPG cleavage. After 24 h spreading in 2-D or 3-D, cells were pre-incubated with 10
uM of PD98059 or 6.7 IU/L of heparinase III for 3 h in growth medium. Cells were then

subjected to flow experiments as described above.
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5.3.4 RNA interference. To silence ERK1/2, two ERK1 short hairpin (sh) RNAs and
two ERK2 shRNAs which were subcloned into pSUPER vector (kindly donated by Dr.
Michal Hetman) and were co-transfected into SMCs. The ERKI1/2 shRNA target
sequences were:

shERK1-1, GACCGGATGTTAACCTTTA;

shERK1-2, ATGTCATAGGCATCCGAGA;

shERK2-1, GTACAGAGCTCCAGAAATT;

and shERK2-2, AGTTCGAGTTGCTATCAAG [74, 166].

The transfections were conducted using Lipofectamine™ LTX and PLUS™ reagents

(Invitrogen).

5.3.5 RNA extraction and gene expression analysis. 2-D experiments: 0.5 ml of
TRIzol® LS Reagent (Invitrogen) was added to cell culture inserts and incubated for 5
min with gentle pipette mixing; samples were then transferred to microcentrifuge tubes
for further RNA extraction. 3-D experiments: Cells in collagen gels were directly lysed
by TRIzol and the insoluble materials were removed by centrifugation at 12,000 x g for
10 minutes at 4°C. Chloroform was added for phase separation followed by RNA
isolation using the Purelink RNA Mini Kit (Invitrogen). RNA samples were then
converted to cDNA by reverse transcription (RT). For analyzing gene expression,
quantitative polymerase chain reaction (qPCR) was performed using the following
protocol as previously described [166]: GAPDH served as an internal control; reactions
were performed in 25 pl reaction mixture volumes containing ABsolute Blue QPCR

SYBR Green ROX Mix (Thermo Scientific), cDNA and specific primer pairs; real-time
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PCR protocol was set to 15 minutes at 95°C followed by 45 cycles of 30 seconds at 95°C,
30 seconds at 55°C, and 30 seconds at 72°C; the fluorescent data were collected at 80°C;
the dissociation curve analysis was used to assess the specificity of product amplification.
Primer sequences are listed in Table 5-1.

Table 5-1. Primer sequences for rat SMC marker genes

Gene Forward sequence (5°-3”) Reverse sequence (5°-3”) GenBank Locus Reference
a-SMA GATCACCATCGGGAATGAACGC CTTAGAAGCATTTGCGGTGGAC NM_031004.2 [129]
SM22 TGTTCCAGACTGTTGACCTC GTGATACCTCAAAGCTGTCC NM_031549.2 [194]
SM-MHC AAGCAGCTCAAGAGGCAG AAGGAACAAATGAAGCCTCGTT NM_001170600.1  [98]
SMTN TCGGAGTGCTGGTGAATAC CCCTGTTTCTCTTCCTCTGG NM_001013049.2  [141]
Calponin ACAAAAGGAAACAAAGTCAAT GGGCAGCCCATACACCGTCAT NM_031747.1 [121]
GAPDH TCTTCACCACCATGGAGAA ACTGTGGTCATGAGCCCTT NM_017008 [167]

5.3.6 Immunofluorescence staining. To assess the cleavage of heparan sulfate
glycosaminoglycans (HS-GAG) by heparinase III, primary antibody HepSS-1 (US
Biological) and secondary antibody Alexa Fluor 350 goat anti-mouse IgM (Invitrogen)
were used to stain HS-GAGs. Briefly, SMCs were seeded in plate wells for 2 days and
then treated with 6.7 IU/L heparinase III for 1 hour, followed by fixation with 4%
paraformaldehyde and blocking with 4% BSA in PBS. Then cells were incubated with
primary antibody HepSS-1 (1:200 dilution in PBS with 4% BSA) for 2 hours and
secondary antibody anti-mouse IgM (1:100 dilution) for 2 hours at room temperature.
Finally, cells were mounted with mounting medium containing propidium iodide (PI)

(Vector Laboratories) and covered by coverslips.
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5.3.7 Protein extraction and Western blotting. Protein extraction from 2-D: briefly,
after washing cells in inserts with ice-cold PBS, 1X lysis buffer was added and cell
scrapers were used to remove cells from inserts; samples were sonicated for 30 s and
rocked for 15 min; supernatants were collected and cell pellets were discarded by
centrifugation. Protein extraction from 3-D collagen gels was described previously in
detail [166]: briefly, 2X lysis buffer (with a supplement of 2X protease inhibitor cocktail
and 2X phosphatase inhibitor cocktail , 2 mM activated NazVO,, and 2 mM PMSF) was
added immediately to the gels followed by sonication for 45 s on ice; lysates were
centrifuged at 12,000 g for 1 hour at 4°C, and then the supernatants were collected and
the remaining gel pellets were discarded; the supernatants were concentrated using
Centrifugal Filter Units (Millipore); the protein samples were boiled for 5 minutes after
mixing with 4X sample buffer and then subjected to SDS-PAGE; proteins were
transferred to PVDF membranes and incubated with specific primary antibodies (ERK1/2
and phospho-ERK1/2, from cell signaling), followed by incubation with an ECL
horseradish peroxidase (HRP)-linked anti-rabbit IgG antibody (Amersham, GE
Healthcare); the proteins on PVDF membranes were then detected using Immobilon
Western Chemiluminescent HRP Substrate (Millipore) and the ChemiDoc XRS system
with the Quantity One software (Bio-Rad); some membranes were stripped using
Restore™ Plus Western Blot Stripping Buffer (Thermo Scientific Pierce) for a

subsequent detection.

Data Analysis. Results are presented as mean = SEM. Data sets were analyzed for
statistical significance using a Student’s t-test with a two-tailed distribution, and P < 0.05

was considered statistically significant.
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5.4 Results

5.4.1 2-D Laminar flow reduces SMC marker gene expression in SMCs and MFBs

To investigate the effect of laminar shear stress (2-D) on SMC marker expression in
SMCs and MFBs, cells were cultured in inserts (6-well format with 0.4 pm pore size;
1.5%10° cells/filter) for 24 h. Cells were then exposed to 8 dyn/cm” (average) shear stress
applied by a rotating disk shear rod for 15 h. The mRNA levels were measured by RT-
qPCR, and are shown in Fig. 5-1. Exposure to 8 dyn/cm’ of laminar shear stress
significantly reduced a-smooth muscle actin (a-SMA), smooth muscle protein 22 (SM22
also called as transgelin), smooth muscle myosin heavy chain (SM-MHC), smoothelin

(SMTN), and calponin gene expression in both SMCs (Fig. 5-1A) and MFBs (Fig. 5-1B).

5.4.2 Interstitial flow attenuates SM-MHC, SMTN, and calponin expression but
enhances a-SMA and SM22 expression in 3-D

To evaluate the influence of interstitial flow on SMC marker expression, SMCs and
MFBs were suspended in collagen I gels and plated in cell culture inserts (6-well format
with 8 pm pore size; gel concentration: 4 mg/ml; cell density: 2.5x10° cells/ml). After
spreading in gels for 24 h, cells were then subjected to interstitial flow driven by 1
cmH,O pressure differential (~0.05 dyn/cm?) for 6 h. The expression of SMC markers
was assessed by RT-qPCR and shown in Fig. 5-2. Just like laminar flow in 2-D,
interstitial flow in 3-D also significantly reduced SMC marker SM-MHC, SMTN, and
calponin gene expression in both SMCs and MFBs (Fig. 5-2). However, unlike laminar

flow, interstitial flow markedly promoted a-SMA and SM22 expression in both cell types.
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Figure 5-1. Laminar flow down-regulates expression of SMC marker genes in both
SMCs (A) and MFBs (B) in 2-D. SMCs and MFBs were exposed to 8 dyn/cm2 laminar
shear stress for 15 h. Expression of SMC marker genes (a-SMA, SM22, SM-MHC,
smoothelin (SMTN), and calponin) were analyzed by RT-qPCR. The gene expression
was normalized to its companion No-Flow control case. All the data are presented as
mean = SEM. * P<(.05 vs corresponding No-Flow control; n=4-6.
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Figure 5-2. Interstitial flow attenuates gene expression of SM-MHC, smoothelin,
and calponin, but promotes expression of a-SMA and SM22 in both SMCs (A) and
MFBs (B) in 3-D. SMCs and MFBs were exposed to interstitial fluid flow driven by 1
cmH,O pressure differential (~0.05 dyn/crn2 shear stress [167]) for 6 h. Gene expression
was analyzed by RT-qPCR and normalized to its own No-Flow control case. All the data
are presented as mean + SEM. * P<0.05 vs corresponding No-Flow control; n=4-6.

5.4.3 Both PD98059 and heparinase III block laminar flow-induced reduction in
SMC marker expression 2-D

To investigate the underlying mechanisms by which laminar flow attenuated SMC

marker expression, PD98059 was used to inhibit ERK1/2 activation and heparinase III

was used to cleave cell surface heparan sulfate glycosaminoglycans (HS GAGs) from

-112 -



heparan sulfate proteoglycans (HSPGs). Cells were pre-incubated with 10 pM of
PD98059 or 6.7 IU/L of heparinase for 3 h followed by exposure to laminar flow for 15 h.
Flow medium contained 10 pM of PD98059 for ERK inhibition experiments, and flow
medium contained 1.0 IU/L heparinase for HSPG cleavage experiments. RT-qPCR
results are shown in Fig. 5-3. After treatment with PD98059 or heparinase, reduction in
gene expression in SMCs and MFBs caused by laminar flow were significantly blocked
in both cell types. These data suggest that ERK1/2 MAPK and cell surface HSPGs played

important roles in laminar flow-induced decreases in SMC marker expression.

5.4.4 Both PD98059 and heparinase III block interstitial flow-induced reduction in
SM-MHC, SMTN, and calponin expression, but enhance flow-induced a-SMA or
SM22 expression in 3-D

To examine whether the effects of interstitial flow on SMC marker gene expression were
also related to ERK1/2 and HSPGs, cells were pre-incubated with 10 pM of PD98059 or
6.7 IU/L of heparinase for 3 h followed by exposure to interstitial flow for 6 h. Flow
medium contained 10 uM of PD98059 for ERK inhibition experiments, and flow medium
contained 1 IU/L heparinase for HSPG cleavage experiments. As shown in Fig. 4,
inhibition of ERKI1/2 or cleavage of HSPGs eliminated interstitial flow-induced
decreases in SM-MHC, SMTN, and calponin expression in both SMCs and MFBs.
However, either inhibition of ERK1/2 or removal of HSPGs did not attenuate interstitial
flow-induced a-SMA and SM22 expression. Instead, expression of a-SMA and SM22
was further enhanced. These data suggest that ERK1/2 and HSPGs were involved in

interstitial flow-mediated SMC marker expression.
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Figure 5-4. PD98059 and heparinase III reverse interstitial flow-induced reductions
in SM-MHC, smoothelin, and calponin expression, but further enhance interstitial
flow-induced a-SMA and SM22 expression in both SMCs (A) and MFBs (B) in 3-D.
The cells were pretreated with PD98059 (PD) or heparinase III (Hepr) for 3 h, and then
exposed to interstitial flow (1 cmH,O) for 6 h. Gene expression was analyzed by RT-
qPCR and normalized to its own Flow without PD or Hepr treated case. All the data are
presented as mean = SEM. * P<0.05 vs corresponding No-Flow control; #P<0.05 vs
corresponding Flow case; $ P<0.05 vs corresponding Flow case; n=4-5.
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5.4.5 Knocking down ERK1/2 attenuates effects of both laminar flow and interstitial
flow on SMC marker expression

Since PD98059 may have cellular effects other than inhibition of ERK1/2, shRNA
specific to ERK1/2 was used. Due to the high similarity in SMC marker gene expression
between SMCs and MFBs when they were exposed to either laminar flow or interstitial
flow, ERK1/2 gene knockdown was only performed in SMCs. Knockdown of ERK1/2
significantly reversed laminar flow-induced down-regulation of SMC marker gene
expression in 2-D (Fig. 5-5A). Silencing of ERK /2 also significantly inhibited interstitial
flow effects on SMC marker expression in 3-D: reduced expression of SM-MHC, SMTN,
and calponin were significantly reversed with ERK1/2 knockdown; while increased
expression of both a-SMA and SM22 were markedly inhibited (Fig. 5-5B). These results
suggest that regulation of SMC marker gene expression by fluid flow is dependent on the
ERK1/2 signaling pathway.

However, interstitial flow-induced upregulation of a-SMA and SM22 was not
attenuated by PD98059 or heparinase in 3-D (Fig. 5-4) but blocked by ERKI1/2
knockdown, indicating that besides affecting ERK1/2, PD98059 and removal of HSPGs
also had effects on other cellular signal pathways which increased expression of a-SMA

and SM22.
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Figure 5-5. Knockdown of ERK1/2 reverses effects of both laminar flow (A) and
interstitial flow (B) on expression of SMC marker genes. The cells were transfected
with ERK1/2 shRNAs or shRNA vectors. All the data were presented as mean + SEM. *
P<0.05 vs corresponding No-Flow control; #P<0.05 vs corresponding Vector-Flow case;
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5.4.6 Heparan sulfate proteoglycans are mechanosensors for fluid flow-induced and
ERK-mediated cell phenotypic modulation

The efficiency of heparinase III in cleaving cell surface HSPG GAGs was evaluated by
immunostaining. Fig. 5-6 shows that SMC surfaces contain abundant HSPGs and that
using heparinase III can substantially cleave cell surface HS GAGs. Removal of HSPGs
reversed most of the flow effects, suggesting that HSPGs might be involved in ERK1/2
activation. To examine whether the fluid flow affected ERK1/2 activation and the role of
cell surface HSPGs, Western blotting was used to determine ERK1/2 phosphorylation.
The results are shown in Fig. 5-7. Both laminar flow (2-D) and interstitial flow (3-D)
dramatically induced ERK1/2 phosphorylation, and PD98059 significantly inhibited fluid
flow-induced ERK1/2 activation. After removal of HSPGs, however, activation of
ERK1/2 induced by fluid flow was significantly attenuated as well. These results suggest
that ERK1/2 activation was mediated by cell surface HSPGs. Although PD98059 and
heparinase had different effects on the expression of some SMC marker genes in 3-D (Fig.
5-4) compared with 2-D (Fig. 5-3), knockdown of ERK1/2 abolished flow effects in both
2-D and 3-D (Fig. 5-5). In addition, both PD98059 and removal of HS-GAGs suppressed
flow induced ERK1/2 activation in 2-D and 3-D (Fig. 5-7), suggesting that besides
displaying some other cellular effects, HSPGs are essential in mediating flow induced
ERK1/2 activation. Therefore, we conclude that the effects of laminar flow and
interstitial flow on expression of SMC marker genes depend on ERK1/2 activation via a

mechanotransduction mechanism mediated by HSPGs.
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Figure 5-6. Cleavage of heparan sulfate glycosaminglycans (HS-GAGs) by
heparinase III. SMCs were grown on the plate for 2 days, and then incubated with 6.7
IU/L heparinase III (Hep) for 1 h followed by immunostaining for HS-GAGs. The
surfaces of SMCs present abundant HS-GAGs (blue), which was successfully cleaved by
heparinase III. Cell nuclei were stained by propidium iodide shown in red.
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Figure 5-7. PD98059 and heparinase III suppress both laminar flow and interstitial
flow-induced ERK1/2 activation. Cells in 2-D or 3-D were pretreated with ERK1/2
inhibitor PD98059 (PD) or heparinase III (Hep) and then exposed to laminar flow or
interstitial flow for 0 to 30 min. Cells were lysed and proteins were extracted for Western
blotting. Gel panels were representative Western blots from three independent
experiments, where similar results were found.
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5.5 Discussion

In the present study, we demonstrated that laminar flow and interstitial flow significantly
affect expression of SMC marker genes (a-SMA, SM22, SM-MHC, smoothelin, and
calponin): laminar flow reduces expression of all five SMC marker genes in SMCs and
MFBs on a 2-D substrate; interstitial flow attenuates gene expression of SM-MHC,
smoothelin, and calponin, but enhances expression for a-SMA and SM22. The influences
of laminar flow and interstitial flow on expression of SMC marker genes are mediated by
activation of ERK1/2 MAPK. In addition, cell surface glycocalyx HSPGs play a major
role in mechanotransduction of fluid flow-induced ERK1/2 activation. SMCs and MFBs
have the same pattern of phenotypic modulation in response to fluid flow.

Vascular SMC dedifferentiation, migration, proliferation, and protein secretion play
central roles in both vascular remodeling and vascular lesion formation [125]. Phenotypic
modulation (switching) is one of the key events for SMCs to be engaged in vascular
repair, remodeling, and disease. In response to vascular injury, contractile SMCs are
capable of transiently modulating their phenotype to a highly synthetic state with
increasing ability to migrate into wound sites. In vivo, SMCs continuously encounter
mechanical stimuli that play important roles in governing cell function and phenotype
[178]. Surgical intervention such as balloon angioplasty or stent implantation can denude
endothelial cells and damage the intima, leaving SMCs directly exposed to luminal blood
flow shear stress. In hypertension, SMCs and FBs/MFBs are not only exposed to tensile
stress (stretch), but also exposed to elevated interstitial flow driven by augmented

transmural pressure [166, 167]. Therefore, in the early stages of vascular injury, shear
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stress induced either by luminal blood flow or by transmural flow may alter the
phenotype of SMCs and FBs/MFBs. In the present in vitro study, we show that both
laminar flow (2-D) and interstitial flow (3-D) affect expression of SMC marker genes in
SMCs and MFBs.

Other studies have shown that FBs can differentiate into MFBs followed by further
differentiation into SMC like cells [152]. Vascular SMCs, FBs, and MFBs therefore share
common characteristics and functions. a-SMA is widely expressed in both SMCs and
MFBs and regulates cell contractility when it is incorporated within actin filaments to
form stress fibers. SM22 is highly expressed in SMCs, FBs, and MFBs [84]. SM22
colocalizes with a-SMA and may play a role in actin filament remodeling , but it is not
essential for SM development and its function still remains unknown [85]. Calponin is
also expressed in SMCs and FBs/MFBs. SM-MHC and smoothelin are better SMC
markers, and smoothelin is only expressed in mature and fully differentiated SMCs [197].
Although it has been suggested that some SMC marker proteins such as SM-MHC and
smoothelin are not expressed in MFBs or immature SMCs [152], we still detected the
expression of these genes by RT-qPCR.

Laminar flow reduces expression of all studied SMC marker genes, consistent with
several studies [9, 202]. Other 2-D studies, however, have shown that shear stress can
reduce cell proliferation [180, 196] and induce apoptosis [46]. The controversy about
different effects of shear stress on SMC proliferation probably is due to the level of shear
stress and the patterns of shear stress that were applied to cells, and also the species and
phenotypic states of SMCs that were used. In this study, 3-D interstitial flow attenuates

expression of SM-MHC, smoothelin, and calponin genes, but enhances expression for a-
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SMA and SM22. The disparity between 2-D and 3-D suggests the microenvironmental
cues that cells receive are important for phenotype modulation. In conventional 2-D
cultures, decreased cell proliferation is generally associated with the contractile state. In
3-D, SMC proliferation and cytokine secretion are reduced, suggesting that cells are more
contractile compared with 2-D. However, a-SMA expression is also reduced in 3-D [93,
178]. This seeming contradiction may well explain the differences in gene expression
between cells in 2-D and 3-D in response to flow. SMCs cultured in a 3-D collagen
matrix express diminished a-SMA, and exhibit less phosphorylation of focal adhesion
kinase [32, 93] and less spreading. It has been suggested that incorporation of a-SMA
into stress fibers directly correlates with the strength of cell-matrix adhesion and is
crucial for cell contractility and cell spreading [63]. In our study, when exposed to
interstitial flow, cell proliferation and spreading are increased (data not shown), and
therefore more cell-matrix adhesions are required, which could induce a-SMA and SM22
expression to promote stress fiber formation and cell-matrix adhesion formation. This is
consistent with another study that has shown that interstitial flow can increase a-SMA
expression and promote FB differentiation into MFB and their proliferation in 3-D
collagen gels [117]. It has been suggested that laminar flow shear stress can induce SMC
to decrease expression of SMC markers and increase expression of endothelial cell (EC)
markers which transdifferetiate SMCs into ECs [202]. Because a 3-D environment is
suitable for SMC and MFB physiology and a 2-D system is more suitable for ECs to
perform their function, another explanation for our observations is that reduction in SMC

marker expression on 2-D substrates turns SMCs/MFBs into more EC like cells; while
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interstitial flow only modulates SMC/MFB in 3-D from a more contractile phenotype to a
more synthetic state.

a-SMA and SM22 are not SMC specific markers and are present in many cell types.
Their roles generally are related to stress fiber formation and cell contractility, which may
regulate cell motility. This hypothesis may well explain the difference in flow-induced
migration between 2-D and 3-D that we have observed before: in 2-D studies, laminar
flow inhibits SMC and MFB migration [50, 51], while in 3-D, interstitial flow-induced
upregulation of a-SMA and SM22 may enhance SMC and MFB motility [167].

In 3-D, unlike SM-MHC, smoothelin and calponin, a-SMA and SM22 were
upregulated by interstitial flow and that could not be reversed by PD98059 or heparinase;
instead, their expression was further enhanced (Fig. 5-4). However, the interstitial flow-
upregulated expression could be abolished by knockdown of ERK1/2 (Fig. 5-5),
indicating that besides affecting ERK1/2, PD98059 and removal of HSPGs by heparinase
also affected other cellular signaling pathways which induced expression of a-SMA and
SM22. We observed that treatment with PD98059 and heparinase caused cells to contract
slightly in 3-D gels (data not shown). The chemical inhibitor PD98059 displays toxicity
to cells, and HSPGs (such as syndecans) can mediate cell attachment to ECM [75]. Thus,
cleavage of HSPG GAGs by heparinase reduces cell attachment to ECM. Also note that
proliferation of SMC/MFB in 3-D was reduced compared with 2-D. Treatment with
PD98059 and heparinase further reduced cell proliferation and decreased cell attachment
to ECM in 3-D. When exposed to interstitial flow, cells tended to be more proliferative,

spreading out to regain attachments to ECM, which likely required an increase in

-123 -



expression of a-SMA and SM22. The distinct effects of PD98059 and heparinase on cells
in 2-D and 3-D suggest that cell physiology is different between 2-D and 3-D.

MAPKs are important mediators which regulate a variety of cellular processes,
including gene expression, proliferation, survival, apoptosis, migration, and
differentiation [146]. In cardiovascular health and disease, it has been shown that the
ERK1/2 MAPK pathway plays an important role [113]. Increased ERK1/2 activation
contributed to augmented vascular SMC proliferation and neointima formation with
aging in a rabbit study [52]. The rapid activation of ERK1/2 after balloon injury of the rat
carotid artery may be associated with vascular SMC migration and proliferation in vivo
[67, 79, 81]. The evidence from in vitro studies has also shown that ERK1/2 activation
plays a crucial role in cardiovascular cell proliferation and cell migration [9, 166]. The
increase in SMC proliferation and migration is associated with a phenotypic switching
from the contractile state to the synthetic state, which is regulated by sustained
phosphorylation of ERK1/2 [148]. Our results suggest that besides the role in regulating
cell proliferation as reported in the literature, ERK1/2 also plays a central role in both
laminar flow and interstitial flow-induced cell phenotype modulation.

In 2-D studies, it has been suggested that the cell surface glycocalyx is responsible for
sensing fluid flow shear stress on vascular ECs and SMCs [4, 47, 188]. In 3-D, HSPGs,
which are present all over the cell surface, bind extracellular ligands and form signaling
complexes with receptors. Binding of cell surface HSPGs to ECM components can
immobilize the proteoglycans, enabling HSPG core proteins to interact with the actin
cytoskeleton [14]. Therefore, the cell surface HSPGs can act as both coreceptors and

mechanosensors in ECM-cytoskeleton interactions. In the present study, we demonstrated
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that cell surface HSPGs are flow sensors by which cells can sense laminar flow and
interstitial flow stimuli and then undergo phenotypic modulation through ERKI1/2
activation.

We have shown previously that 1-6 h of interstitial flow driven by 1 cmH,O (~0.05
dyn/cm?) can dramatically enhance cell motility and MMP expression [167]. In the
present study, we again show that this short exposure to interstitial flow also has great
impact on the expression of cell phenotypic genes. The unique 3-D cell-matrix structure
may play the key role. In the more physiological 3-D system, the cells exhibit matrix
adhesions all over their surface, and 3-D cell-matrix interactions enhance cell biological
activity [32]. Thus the mechanosignal of interstitial flow on the glycocalyx can be
significantly amplified by interactions between the cell cytoskeleton and matrix through
cell-matrix adhesions.

In summary, we have shown, for the first time, that both laminar flow and interstitial
flow are capable of modulating SMC and MFB phenotype into a more synthetic state via
HSPG-mediated ERK1/2 activation - a mechanotransduction mechanism. Fluid flow-
induced phenotype modulations are somewhat different in 2-D and 3-D: fluid flow down-
regulates both a-SMA and SM22 in 2-D, but promotes their expression for cell spreading
in 3-D; however, fluid flow reduces expression of more specific SMC markers (such as
SM-MHC and smoothelin) in both 2-D and 3-D. On the other hand, interstitial flow can
induce FB differentiation into MFB in 3-D [117]. Together with the fact that laminar flow
inhibits SMC and MFB migration in 2-D [50, 51] and interstitial flow enhances SMC, FB,
and MFB motility in 3-D [166, 167], our study may indicate that during vascular injury,

in response to the alterations of interstitial flow in the local environment, SMCs in the
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media can shift their phenotype from a contractile state to a more synthetic state and FBs
in the adventitia can modulate their phenotype from a quiescent state to an activated state
and differentiate into MFBs. Under the sustained stimulation of interstitial flow, the
synthetic SMCs and activated FB and MFB gain higher motility and migrate into the
intima or wound sites. While for the superficial layer of SMCs in the injury regions, the
luminal blood flow directly promotes their dedifferentiation into a more proliferative state
and inhibits their migration. SMCs and MFBs in the intima or injury sites can proliferate,
secrete ECM proteins, and increase stress fiber contractility by expressing a-SMA under
interstitial flow, which therefore contribute to wound closure and healing, vascular
remodeling, or vascular lesion formation. This study also suggests that ERK1/2 and
HSPGs may be the potential targets for regulation of cell phenotype and inhibition of

vascular lesion formation.
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Chapter 6

General Conclusions and Future Directions
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6.1 General conclusions

In vivo, when the endothelium of an artery is injured, the interstitial fluid flow on
vascular SMC and fibroblast is elevated due to the reduced flow resistance. During the
damage period, SMCs and fibroblasts will be exposed to elevated interstitial flow. After
damage of the intima, SMCs in the superficial layer may be directly exposed to luminal
blood flow. In response to vascular injury, contractile SMCs in the media and quiescent
fibroblasts in the adventitia of vessel wall can rapidly modulate their phenotypic states,
increase proliferation rates, synthetic capacities, and motilities. The activated cells then
migrate into injury sites (such as in the intima) where they contribute to vascular repair,
remodeling, or vascular lesion formation depending on the characteristics of
microenvironmental cues. Therefore, our hypothesis has been that the alterations of fluid
flow during vascular injury modulate SMC and fibroblast phenotype and motility.
Through a series of novel experimental methods, we have generated several primary

findings that are summarized below.

6.1.1 Summary on the effects of flow on MMP expression and cell motility

1) Interstitial flow can promote vascular SMC and fibroblast motility in 3-D collagen I
gels by upregulation of MMP-13 expression.

2) However, if the interstitial flow is too high, it will suppress cell motility by
enhancing TIMP-1 expression and inducing cell apoptosis, although MMP-13 gene
expression still remains elevated. High intensity flow driven by high pressure may

also cause collagen gel compaction which can impair cell function.
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3)

4)

5)

6)

Flow-induced upregulation of MMP-13 is mediated by activation of ERK1/2 MAPK
and a downstream transcription factor (activating protein-1, AP-1) (c-Jun).
Activation of AP-1 increases DNA binding activity, which promotes MMP-13
expression.

Interstitial flow also induces activation of p38 MAPK and AP-1 transcription factor
c-Fos, however, both p38 MAPK and c-Fos play minor roles in flow-induced MMP-
13 expression.

By chemical inhibitor and gene silencing, we have shown that focal adhesion kinase
(FAK) is the mechanosensitive kinase that mediates interstitial flow-induced
ERK1/2 activation.

We further found that cell surface heparan sulfate proteoglycan (HSPG)-mediated
activation of focal adhesion kinase (FAK) plays an essential role in promoting

MMP-13 expression in 3-D.

6.1.2 Summary on flow modulation of SMC and MFB phenotype

In the cell differentiation study, we have shown that laminar flow shear stress (8 dyn/cm®

for 15 h) in 2-D attenuates gene expression of SMC marker a-SMA, SM22, SM-MHC,

smoothelin, and calponin. In 3-D, interstitial flow (driven by 1 cmH,0, ~0.05 dyn/cm’

for 6 h) also downregulates gene expression of SM-MHC, smoothelin, and calponin, but

enhances expression of a-SMA and SM22 genes. We further have shown that HSPG-

mediated ERK1/2 activation plays a mechanotransduction role in modulating SMC

marker gene expression induced by laminar flow (2-D) and interstitial flow (3-D).

-129 -



A recent study has shown that ERKI1/2- and c-Jun N-terminal kinase (JNK)-
dependent c-Jun activation regulates shear- and injury-inducible early growth response-1
(egr-1) expression, vein graft stenosis after autologous end-to-side transplantation in
rabbits, and intimal hyperplasia in human saphenous veins [119]. The activation of c-Jun
is independent of p38 MAPK. The activation of c-Jun stimulates SMC proliferation and
MMP expression. DNAzyme targeting c-Jun attenuates SMC growth, wound repair, and
reduces intimal thickening [119]. These data demonstrate that strategies targeting c-Jun
may be useful for the prevention of vein graft stenosis. In our in vitro 3-D study, we also
demonstrated that interstitial flow induces MMP expression and promotes SMC
migration via activation of an ERK1/2-dependent and c-Jun-mediated mechanism and
this process is independent of p38 MAPK. The mechanism by which SMCs sense the
interstitial flow signal in our in vitro 3-D study is very similar to the in vivo study.
Therefore, our findings suggest that interstitial fluid flow is involved in regulating
vascular cell phenotype and motility in vivo and that contribute to vascular remodeling
and lesion formation. This has been the first study to investigate the effects of interstitial
fluid flow on vascular wall cell migration, and also the first study to explore the
underlying mechanotransduction mechanism induced by interstitial flow in 3-D [165-

168]. Our primary observations support the hypothesis that we have made.

6.1.3 Conclusions
Our study may indicate that during vascular injury, in response to the alterations of
interstitial flow in the local environment, SMCs in the media can shift their phenotype

from a contractile state to a more synthetic state and FBs in the adventitia can modulate
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their phenotype from a quiescent state to an activated state and differentiate into MFBs.
Under the sustained stimulation of interstitial flow, the synthetic SMCs and activated FB
and MFB gain higher motility and migrate into the intima or wound sites. While for the
superficial layer of SMCs in the injury regions, the luminal blood flow directly promotes
their dedifferentiation into a more proliferative state and inhibits their migration. SMCs
and MFBs in the intima or injury sites can proliferate, secrete ECM proteins, and increase
stress fiber contractility by expressing a-SMA under interstitial flow, which therefore
contribute to wound closure and healing, vascular remodeling, or vascular lesion
formation. The contribution of interstitial flow to vascular lesion formation after vascular

injury has been summarized in Fig. 6-1.

Lumen Neointima = 37% Aﬁlnjured EC layer

-¢=7°1
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.Ej N
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a» Mature SMC, @@ Immature SMC, ® EC, & FB, <& MFB
I Migration direction, k Phenotype transition, “yInterstitial flow
-

Figure 6-1. A model for contribution of interstitial flow to vascular lesion formation
after vascular injury. In response to elevated interstitial flow after EC damage,
adventitial FBs modulate their phenotype from a quiescent state to a more activated state
and differentiate into MFB; medial SMCs switch their phenotype from a contractile state
to a more synthetic and proliferative state. Under interstitial flow, the activated cells then
gain higher motility and migrate into the intima or injury sites where they proliferate,
secrete abundant new ECM, and eventually contribute to vascular lesion formation. For
simplicity, the involvements of inflammatory cells and cytokines and many other factors
in vascular lesion formation are not shown in this cartoon. SMC: smooth muscle cell; EC:
endothelial cell; FB: fibroblast; MFB: myofibroblast; IEL: internal elastic lamina; EEL:
external elastic lamina.
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6.1.4 Clinical significance and potential implications

All in all, we have explored the novel concept that interstitial flow affects vascular cells
in the interstitium by modulating cell phenotype and motility. Therefore, interstitial flow-
mediated events coupled to inflammatory responses present at sites of vascular injury
would collectively contribute to vascular repair and lesion formation. The effects of
interstitial flow on vascular remodeling and lesion formation have important clinical
implications. In the regions of vascular injury, such as at the site of vessel repair by
angioplasty and at the anastomoses of a vascular graft with the native artery, if we can
control transmural interstitial flow, modify the surface glycocalyx, target signaling
molecules (FAK, ERK1/2, and c-Jun), or modulate MMP expression, we will be able to
promote wound healing or limit vascular lesion formation.

This study also sheds light on putative fluid flow-induced mechanotransduction
mechanisms involving HSPGs and FAK in other fields including tumor cell invasion and
stem cell differentiation. It has been suggested that both FAK and HSPGs play critical
roles in regulating tumor initiation, progression, and metastasis and also stem cell
differentiation [17, 58, 78, 120, 153]. FAK is a key regulator of cardiogenesis in mouse
embryonic stem (ES) cells and FAK signaling within embryoid bodies can direct stem
cell lineage commitment [58]. HS-GAGs, composed of N- and O-sulfated polysaccharide
chains covalently bound to core proteins ubiquitously expressed on the cell surface and in
the extracellular matrix (ECM), play a critical role in regulating tumor initiation,
progression, and metastasis [95, 153]. Treatment of primary tumors with heparinase I1I
inhibits FAK and ERK1/2 activation [96]. HS-GAGs, depending on their location

(anchored at the cell surface or soluble as free GAGs), the signaling molecules they
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associate with, and their fine structures, can either promote or inhibit the tumorigenic
process [95]. HSPGs are also present throughout embryonic development and could
potentially modulate signals maintaining pluripotency and initiating differentiation [83].
HSPGs are critical coreceptors for signals inducing embryonic stem (ES) cell
differentiation. Genetic targeting of N-deacetylase/N-sulfotransferase 1 and 2 (NDST1
and NDST2), two enzymes required for N-sulfation of proteoglycans, blocks ESC
differentiation [83]. Differentiation of embryonic stem cells into endothelial cells in an in
vitro embryoid body is paralleled by an amplification of HS-GAG sulfation, which
correlates with the levels of the enzyme NDST1 [60]. Knockdown of NDST1 by shRNA
or modification of HS-GAGs in ES cells with heparinases or sodium chlorate inhibits
differentiation of embryonic stem cells into endothelial cells [60]. Tumor cells and ES
cells in vivo are exposed to interstitial fluid flow, and therefore the effects of interstitial

flow and the potential roles of FAK and HSPGs should be determined.
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6.2 Future directions

Vascular remodeling and lesion formation in vivo is very complicated, involving not only
elevated flow, but also inflammatory cells and other factors. However, using a 3-D
collagen I gel system as a model of physiological interstitial flow, we, for the first time,
have been able to observe the fascinating and potentially significant influences of
interstitial flow on cell migration and differentiation. Our results suggest a possible
mechanism whereby vessel injury enhances interstitial flow that activates vascular SMC

and FB and thus further contributes to vascular remodeling or lesion formation.

6.2.1 Future considerations for improvement of 3-D interstitial flow system

Since beside type I collagen, there are many other components (such as elastin,

proteoglycans, collagen II, III, IV, and etc) in the blood vessel wall extracellular matrix in

vivo, our 3-D collagen I only model is somewhat limited compared with real vessel wall
matrix. This component-limited matrix may affect different MMP expression and
activation. Therefore, our hypotheses should be tested in the following modified models:

1) A more sophisticated 3-D system that uses mixed matrix to better mimic vessel wall
ECM.

2) A system using cocultured endothelial cells (ECs) on the surface of 3-D matrix with
SMC inside will better recapitulate in vivo conditioins. This system will allow us to
create vascular injury on ECs and then test our hypothesis.

3) The hypotheses should also be examined in a model more relevant to the in vivo

situation such as an intact perfused vessel or in animal models.
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6.2.2 Future considerations for the study of mechanotranduction

In the mechanotransduction study, we have shown that cell surface heparan sulfate
proteoglycans (HSPGs) are responsible for mediating interstitial flow-induced activation
of FAK and the downstream ERK1/2 signal cascade. To date there is only one study that
has shown that the HSPG, syndecan-4, can bind to paxillin which is the substrate for
FAK. Syndecan-4 is the only HSPG that colocalizes with focal adhesions. Syndecan-4
itself can mediate cell-matrix adhesion. However, whether other cell surface HSPGs that
are not bound to ECM can mediate FAK/ERK activation remains unknown and needs to
be clarified. Future work also should examine whether syndecan-4 is the major HSPG
that mediates interstitial flow mechanotransduction.

In addition, the integrin-mediated focal adhesions are well-known mechanosensitive
pathways, and FAK is one of the important components of focal adhesion. HSPG
syndecan-4-mediated adhesions are parallel to integrin-based adhesions. However, HSPG
syndecans must work synergistically with integrins to regulate cell adhesion. If one either
blocks integrin or removes syndecan-4, the adhesions via the companion molecule
(syndecan-4 or integrin) will be disrupted, which makes it almost impossible to dissect
these two signaling paths from each other. For example, Fig. 6-2 shows that blockage of
integrin B1 completely inhibits SMC spreading in collagen I gels. The difference in
morphology also affects cell physiology as MMP-13 expression is dramatically altered
(see Table 6-1). Therefore using an integrin blocking antibody is not a feasible method.

Thus the the degree of involvement of integrin-based adhesion remains to be investigated.
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Figure 6-2. Integrin B1 antibody blocks cell spreading in 3-D collagen I gels. A)
Non-treated cells. B) Integrin B1 antibody treated cells. Cells were pretreated with 40
pg/ml of integrin Bl antibody (NA/LE Hamster Anti-Rat CD29, clone Ha2/5, BD
Pharmingen, #555002) for 15 min to neutralize integrin B1. Cells were then suspended in
collagen I gel, 4 mg/ml, 0.25x10° cells/ml and plated into 6-well inserts, and then
incubated for 24 h followed by Calcein AM staining. The growth medium in companion
wells contains 20 pg/ml Ha2/5 antibody.

Table 6-1. Effect of interstitial flow on MMP-13 gene expression
in cells with or without treatment by integrin 1 antibody.

No-Flow Flow No-Flow + Ab Flow + Ab

MMP-13 1 3.2*%+0.7 46.3*+ 4.6 38.2%"+7.7

Cells were treated as described in the caption of Fig. 6-2, and then
exposed to interstitial flow for 6 h. Total RNA was extracted by
adding Trizol directly to collagen gels, and purified using Qiagen
RNeasy mini-kit. * P <0.05 vs No-Flow; # P > 0.05 vs No-Flow+Ab.
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6.2.3 Future directions in the flow-induced differentiation study

We have demonstrated that laminar flow shear stress in 2-D attenuates gene expression of
SMC markers a-SMA, SM22, SM-MHC, smoothelin, and calponin. In 3-D, interstitial
flow also downregulates gene expression of SM-MHC, smoothelin, and calponin, but
enhances expression of a-SMA and SM22 genes. PD98059 and heparinase III also
enhances 0-SMA and SM22 gene expression. We have postulated that the 3-D
environment may affect cell phenotype which may cause these different responses.
However, the exact mechanism should be further addressed.

We further showed that HSPG-mediated ERKI1/2 activation plays a
mechanotransduction role in modulating SMC marker gene expression induced by
laminar flow (2-D) and interstitial flow (3-D). Based on the studies of interstitial flow-
induced MMP expression and cell migration, the activation of FAK seems important for
regulating the ERK1/2-c-Jun signaling cascade. Therefore, whether FAK and c-Jun also
are involved in flow induced SMC phenotype modulation needs to be examined.
However, the difficulty of this problem is that either a chemical inhibitor or siRNA by
themselves may affect cell phenotype, which may block or amplify the flow effects.
Therefore, more sophisticated methods will be required to study the effect of fluid flow
on cell phenotype.

The multifunctional cytokine, transforming growth factor-pl1 (TGF-B1) is a well-
characterized mediator that regulates vascular cell growth and differentiation and is
involved in the induction of intimal thickening [2, 73, 125]. Therefore, the possible

involvement of TGF-B1 in this study should be assessed.
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