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Abstract

Emily Keller Blue

DEATH-ASSOCIATED PROTEIN KINASE REGULATES VASCULAR SMOOTH

MUSCLE CELL SIGNALING AND MIGRATION

Cardiovascular disease is the number one cause of death for Americans.
New treatments are needed for serious conditions like atherosclerosis, as it can
lead to stroke and heart attack. Many types of cells contribute to the progression
of cardiovascular disease, including smooth muscle cells that comprise the
middle layers of arteries. Inappropriate growth and migration of smooth muscle
cells into the lumen of arteries has been implicated in vascular diseases. Death
associated protein kinase (DAPK) is a protein that has been found to regulate the
survival and migration of cancer cells, but has not been well characterized in
vascular cells. The objective of this work was to determine the signaling
pathways that DAPK regulates in smooth muscle cells.

These studies have focused on smooth muscle cells isolated from human
coronary arteries (HCASM cells). We have determined that HCASM cells
depleted of DAPK exhibit more rapid migration, showing that DAPK negatively
regulates migration of vascular cells. Results from a focused RT-PCR array
identified matrix metalloproteinase 9 (MMP9) as a gene that is increased in cells

depleted of DAPK. MMP9 is an important enzyme that degrades collagen, a
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component of the extracellular matrix through which smooth muscle cells migrate
during atherosclerosis. We found that DAPK regulates phosphorylation of the NF-
kB transcription factor p65 at serine 536, a modification previously found to
correlate with increased nuclear levels and activity of p65. In DAPK-depleted
HCASM cells, there was more phosphorylation of p65, which causes increased
MMP9 promoter activity. Additional experiments were conducted using
transgenic mice in which the DAPK gene has been deleted. By studying these
mice, we have determined that under some circumstances DAPK augments
maximal MMP9 levels in mouse carotid arteries which have been injured by
ligation surgery via other signaling pathways.

MMP9 has been previously implicated as a protein that promotes vascular
diseases such as atherosclerosis. Our research in identifying DAPK as a
regulator of MMP9 expression identifies a new target for treatment of vascular

diseases like atherosclerosis.

Patricia J. Gallagher Ph.D., Chair
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Chapter I: Introduction

Cardiovascular disease is the number one cause of death in the United
States. Diseases such as atherosclerosis and restenosis following angioplasty
can lead to death due to myocardial infarction and stroke. The determination of
new therapies to prevent or halt the progression of these diseases is essential.
The goal of the studies described in this dissertation was to characterize the role
of death-associated protein kinase (DAPK) in vascular disease. The results of the
studies presented here contribute to the accumulating knowledge of proteins and

pathways that regulate the progression of vascular disease.

Atherosclerosis: Roles of smooth muscle cells

Atherosclerosis is a disease that involves multiple cell types, including
endothelial cells, macophages, lymphocytes, and smooth muscle cells (SMC)
(80). Smooth muscle cells are known to play a key role in the development of
atherosclerosis (reviewed in (31)). Even in utero at 36 weeks’ gestation, pre-
atherosclerotic lesions called eccentric intimal thickenings are found in human
large arteries; these are present in nearly all humans by the age of 1 year (52,
111, 122). These thickened regions generally consist mainly of SMCs and
proteoglycans produced by these cells (111). These thickenings are of interest
because the regions of the arteries where they tend to occur correlates with
regions where advanced atherosclerotic lesions are found later in life (110, 111).
Thus, inappropriate proliferation of SMC likely have roles in the early genesis of
vascular disease (31). These roles include lipid uptake, maintenance of
macrophage survival in lesions, and secretion of cytokines, extracellular matrix,
and proteases.

SMC have several different characteristics and roles that are thought to
contribute to atherosclerosis. A change in phenotype can often occur when the
cells are exposed to an atherogenic environment in vivo (18, 90). SMC exhibit a

switch from a “contractile” phenotype to a “synthetic” phenotype, when the cells



are exposed to stimuli like altered extracellular matrix (11, 115), cytokines (29,
45, 77), shear stress (97), reactive oxygen species (113), and lipids (93). SMC
are often exposed to such conditions during atherosclerosis, prompting the cells
to decrease levels of smooth muscle contractile proteins like sm-a-actin,
calponin, and smooth muscle myosin heavy chain, and to increase synthesis of
collagen and other extracellular matrix proteins (90). The phenotypically
“synthetic” cells also exhibit increased migration and proliferation. Inappropriate
migration and proliferation of SMC has long been viewed a hallmark of vascular
disease, and these altered, migratory and proliferative SMC likely contribute to
the progression of atherosclerosis (90). In addition, receptors for VLDL and LDL
increase during this phenotypic switch, leading to cholesterol uptake by SMC,
turning these SMC into foam cells (75, 98, 101). In vitro culture models used in
the studies in Chapter Il allow for the addition and subtraction of growth factors to
mimic the atherogenic stimuli that induce phenotypic switching.

SMC also play a role in the retention and survival of monocytes and
macrophages in atherosclerotic lesions. Endothelial cells interact with monocytes
as they are migrating into the intima, via expression of adhesion molecules like
ICAM1 and VCAM1. These receptors are also expressed by SMC, and can
mediate interactions with macrophages (12, 16, 112). Previous studies have
found that VCAM1 and ICAM1 are expressed by intimal smooth muscle cells in
human and mouse atherosclerotic coronary, aorta, and carotid arteries, but not in
healthy medial smooth muscle (33, 57, 89). VCAM1 expression is found in lesion
prone areas of arteries in the ApoE-/- mice, possibly indicating that its expression
is important in the early generation of plaques (12). Blockade of VCAM1 with a
neutralizing antibody leads to increased apoptosis of monocytes in a SMC-
monocyte co-culture model, indicating that these adhesion receptors promote
survival of monocytes in vivo (16). Other pathways can also lead to increased
monocyte binding to SMC, resulting in prevention of apoptosis (15).

SMC also produce cytokines, extracellular matrix, and proteases which

may be important in atherogenesis. SMC produce PDGF, TGFg, macrophage



inhibitory factor (MIF), interferony, and monocyte chemoattractant protein (MCP-
1) (4, 43, 84, 88, 92, 96). These cytokines, many of which are also produced by
other cells in atherosclerotic plaques, can act in an autocrine fashion to induce
ECM production. In addition, by acting in a paracrine fashion, many of these
cytokines can induce endothelial dysfunction (96). SMC are the major producers
of ECM in both healthy arteries and in atherosclerotic plaques (34). Type | and Il
collagen fibers make up the bulk of the ECM in healthy arteries; however, the
atherosclerotic arteries contain increased proteoglycans, with some collagen |
fibrils and fibronectin (99). This alteration in ECM allows atherosclerotic arteries
to trap more LDL, leading to increased oxidized LDL, accelerated lesion
progression, and cell proliferation (17, 19, 21). Also, the change from the fibrillar
collagen found in healthy arteries to the proteoglycan and fibronectin rich plaques
induces SMC to start proliferating; these proliferative SMC also increase
production of proteoglycan, leading to increases in lesion size (17, 67, 100). Both
SMC and macrophages produce matrix metalloproteinases; these will be

discussed in the following section.

Matrix metalloproteinase 9 and atherosclerosis

Several matrix metalloproteinases are found upregulated in atherosclerotic
lesions, including MMP1, MMP2, MMP3, MMP7, MMP8, MMP9, MMP11,
MMP12, MMP13, MMP14, and MMP16 (86). MMP2 and MMP9 are the two
gelatinases that are secreted by SMC. These proteases can degrade a variety of
substrates, including gelatin, collagen, fibronectin, laminin, and versican. MMP9
can also degrade cytokines and chemokines, resulting in alteration of their
activity (119). The importance of MMP9 in the regulation of smooth muscle cell
migation has been well documented, both in vitro and in vivo (26, 38, 82).
Incubation in conditioned media from rat aortic SMC overexpressing MMP9 led to
increased SMC migration in vitro (82). Also, a study by Galis, et al. (2002) found
that MMP9™” mice showed impaired SMC migration in response to ligation of the
carotid artery (38, 62). Results presented in Chapter Il show that DAPK



negatively regulates expression of MMP9 in vitro in primary vascular smooth
muscle cells, and Chapter Ill shows that DAPK promotes MMP9 expression in
an in vivo model. Tight regulation of MMP9 activity is important for maintainence
of plaque stability. Expression of active MMP9 by macrophages resulted in
plaque instability and disruption in ApoE” mice (41). This result implies that the
role of DAPK as a regulator of MMP9 expression likely has important implications

for vascular disease.

Mouse models of atherosclerosis and vascular disease

Several mouse models exist for the study of atherosclerosis and vascular
disease. Although there are disadvantages to mouse models, using a mouse
model has the advantage of enabling the use of a variety of transgenic and gene
knockout models, which are not extensively available for other species.
Unfortunately, unlike humans, mice do not spontaneously develop large
atherosclerotic lesions; small lesions similar to human fatty streaks can be
induced by a high-fat/high-cholesterol diet (91, 114). Knockout approaches in
combination with altered diet and/or vascular surgery are used to induce
atherogenesis in mice (1, 65). The two main models of mouse atherosclerosis
are the ApoE” mouse, and the LDLR” mouse (55, 94, 95, 130). Both of these
models exhibit marked increases in serum cholesterol, especially when the mice
are fed a high fat/high cholesterol diet, which results in the formation of complex
atherosclerotic lesions. The high fat/high cholesterol diet accelerates the
formation of the atheromas (65). Thousands of studies have been done over the
last two decades using these atherosclerotic mice.

Vascular surgery is another way to induce atherogenesis in mice and
other rodents (126). Several models exist to mimic injuries induced by
angioplasty, including carotid artery catheter injury and femoral artery wire injury
(79, 105). In addition, the carotid artery ligation surgery mimics vascular changes
that occur as a result of blockage of an artery, resulting in thrombosis and altered

shear stress (69). These three models have slightly varied results, in the type of



cells predominantly contributing to the lesions, and in the response to injury, but
all of them generally result in SMC proliferation and migration, resulting in a
thickened medial smooth muscle layer, and often the formation of a neointimal
layer (126). Thus, these are accepted ways to test SMC migration and
proliferation in vivo. The carotid artery ligation model was used to test the in vivo
role of DAPK in chapters Il and Ill. Atherosclerotic lesions often occur in humans
at sites with altered shear stress; thus, the carotid ligation model mimics this
situation (68). In addition, MMP9 is upregulated rapidly in the mouse carotid
injury model, enabling in vivo studies of factors regulating its expression (40).
Studies using mice deficient in MMP9 have revealed the importance of this

vascular protease in the response to vascular injury (62).

Regulation of MMP9 transcription and stability

The regulation of MMP9 transcription has been extensively studied in
many cell types. As opposed to the constitutively expressed MMP2, the MMP9
gelatinase is induced in vascular smooth muscle cells by a variety of cytokines,
including TNFa, IL-1p, IL-4, IL-18, PDGF, and bFGF (reviewed in (87)). The
MMP9 promoter has several well-characterized cis-regulatory elements, shown in
Figure 1 including an AP1 binding site, an NF-kB binding site, and SP1 binding
site (20, 76). The AP1, NF-kB, and SP1 binding sites are required for maximal
MMP9 promoter activity in SMC and deletion of even one of these sites results in
much lower induction of MMP9 by cytokines. In addition, steady-state levels of
MMP9 can be regulated by signaling to stabilize the MMP9 mRNA, originating

from a3p1 integrin (56). However, this regulation has not been verified in SMC.

NF-kB signaling: overview and role of phosphorylation

The NF-kB transcription factor family contains five members, p65/Rel A,
Rel B, c-Rel, NF-xB1 p105/p50, and NFx-B2 p100/p52 (reviewed in (23, 46,
85)). These proteins play important roles in a variety of cell processes, including

apoptosis control, proliferation and differentiation. Specificity of signaling is



thought to occur via interaction of different combinations of homodimers and
heterodimers, in conjunction with interactions with other transcription factors.
While all the family members contain a Rel homology domain (RHD) required for
DNA binding and dimerization, only the “Rel” proteins p65/RelA, Rel B, and cRel
contain the transcription activation domain. Generally, heterodimers of one “Rel’
protein (p65/RelA, RelB, or cRel) form with one non-TAD containing protein (p50
or p52). The translocation of the dimers to the nucleus is regulated by the binding
of several inhibitors of NF-«B (lkB), which both promote the nuclear export of p65
and p50, and maintain p65/p50 and p65/p65 dimers in the cytosol. The canonical
signaling involves activation that results in degradation of IkB induced by IkKp,
allowing the translocation of p65/p50 dimers to the nucleus to bind promoters and
activate transcription(reviewed in (23, 46)). Other inhibitors of NF-kB signaling
include the unprocessed, full-length NF-xB1 (p105) and NF-xB2 (p100).
Cleavage of the inhibitory domains from p105 and p100 reveals the p50 and p52
“active” versions.

The regulation of NF-xB also involves phosphorylation and acetylation of
the family members (reviewed in (51)). Several phosphorylation sites on p65
have been identified, and they exert a variety of effects that are still being
characterized. Of interest to this dissertation is the phosphorylation of S536 on
p65. This phosphorylated serine is located in the transactivation domain of p65,
and has been reported to increase NF-kB activity. The mechanism behind this
increase is likely to due to a conformation change that alters its interaction with
other proteins. Notably, p65 phosphoS536 exhibits decreased affinity for IkB.
This leads to an inability of kB to export p65 phosphoS536 from the nucleus (10,
13, 39). In addition, p65 phosphoS536 has increased binding to the histone
acetyltransferase p300, and decreased binding to the SMRT and HDACS co-
repressors (24, 47). Several kinases can mediate this phosphorylation, including
lkKa/p and RSK1(102, 103). Results presented in Chapter Il reveal an indirect
role for DAPK in regulation of p65 phosphorylation on S536.



Death-associated protein kinase

Death-associated protein kinase-1 (DAPK) is a 160-kD serine/threonine
kinase. As its name implies, the human DAPK1 cDNA was originally cloned as a
gene that contributes to interferon-y induced cell death (30). At the same time,
the Gallagher lab cloned the mouse DAPK1 cDNA based on the high degree of
homology between kinase domain of DAPK and myosin light chain kinase
(MLCK) (58). DAPK is part of a family of death-related kinases; other family
members include DAPK-1-related protein 1 (DRK1 or DAPK2), zipper interacting
kinase (ZIPK or DAPK3), DAP-kinase related apoptosis inducing protein kinase 1
(DRAK1) and DRAK2 (9). The kinases in this family do share highly similar
kinase domains, but the other domains in these proteins give them unique
functions in vivo. DAPK1 (referred to as DAPK in this dissertation) is the most
well studied member of this family, and is the focus of the experiments described
in the subsequent chapters.

DAPK has been implicated in a variety of cellular functions, including
regulation of apoptosis, autophagy, survival, cell migration, and adhesion (9, 58,
61, 71, 121, 128). DAPK has been proposed to be a tumor suppressor, after
findings indicated that methylation of the DAPK promoter was linked to cancer
recurrence and metastasis (9). Many early studies linked the kinase activity of
DAPK to the promotion of apoptosis and autophagy. However, many of these
reports were performed using cells overexpressing a constitutively active form of
DAPK which can induce morphological changes that cause cells to round and
detach from the extracellular matrix (121). More current studies, using siRNA
depletion of DAPK and other strategies, have identified non-death related roles
for the protein (78).

DAPK has several domains that mediate protein-protein interactions with a
variety of proteins. The domains include an N-terminal kinase domain, a
calmodulin (CaM) binding domain, a series of eight ankyrin repeats, two P-loops,
a cytoskeletal binding domain, and a death domain (Figure 2). Previous studies

have found that the non-kinase domains are important in mediating interactions



with other proteins and also for regulation of kinase activity; in fact, most of the
proteins that have been shown to bind to DAPK are not substrates of the kinase
(78). The experiments in this dissertation used strategies such as siRNA
knockdown and genetic ablation of DAPK to further examine the physiological
role of DAPK in the smooth muscle cells of the vasculature. Thus, the focus was
on deletion of the protein as a whole, and not specifically on the kinase activity,
so only a few of the 11 substrates of DAPK will be highlighted here. First, DAPK
is a substrate for itself and undergoes autophosphorylation at S308 (Figure 2).
This phosphorylation site lies within the calmodulin binding region, and blocks
activation of the kinase by inhibiting binding of the activator Ca2+/calmodulin to
the region (60, 109). Dephosphorylation of this site by PP2A represents part of
the mechanism by which DAPK is activated in response to detachment induced
cell death, or anoikis (123). Another well-characterized substrate of DAPK is
myosin regulatory light chain (MLC) and phosphorylation of MLC activates
myosin |l motor activity leading to force generation needed for cell migration,
shape changes, and cell division (7, 28, 58). Other proposed substrates include
beclin-1, CaMKK, MCM3, p21, p53, S6, syntaxin-1A, tropomyosin-1, and ZIPK
(6, 36, 48, 107-109, 116, 128).

Many proteins that interact with DAPK have been identified. Relevant to
this dissertation are actin, MCM3, Mib1, PP2A, ERK, PKD, and RSK and these
interactions will be briefly discussed (2, 6, 7, 22, 27, 28, 59, 123).

Early studies linked DAPK and actin, after limited biochemical studies
showed that DAPK co-fractionates with actin in a RIPA lysate pellet (28). In this
study, treatment of cells with Latrunculin A to inhibit actin polymerization resulted
in an increase in the soluble DAPK, although at least half of the DAPK was still
insoluble, while most of the actin was solubilized by Latrunculin A. Also,
immunofluorescence performed on cells transfected with GFP-DAPK showed
that the exogenous protein localized to the cytoskeleton. From these
experiments, it was inferred that DAPK is a cytoplasmic, actin-bound protein, and

that a cytoplasmic region is required for this interaction (28). Data that will be



presented in Chapter Il contradict this finding and suggest that some of the
DAPK is present in the nucleus. Supporting this statement is the recent
identification of a novel DAPK substrate, the nuclear protein mini-chromosome
maintenance complex component 3 (MCMS) (6).

Two E3 ubiquitin ligases that interact with DAPK are DAPK-interacting
protein 1/Mindbomb1 (Mib1) and Carboxyl terminus of HSC70-interacting protein
(CHIP) (59, 129). Studies have characterized roles for these E3 ligases in
regulation of DAPK levels via ubiquitination and proteasomal degradation;
however, these ligases may also have other roles that involve interaction and
targeting by DAPK binding.

DAPK has been proposed to be involved in the regulation of several
signaling pathways, including MAPK family members ERK and JNK, and NF-xB
based on interactions with proteins such as ERK, protein kinase D (PKD), and
PKC-6. Previous studies have found that DAPK and ERK can phosphorylate
each other, and that DAPK activity blocks the nuclear translocation of ERK in 3T3
cells (22). DAPK can also promote oxidative stress-induced JNK activation in
HEK293 cells, via phosphorylation of PKD (32). Finally, DAPK blocks nuclear
accumulation of NF-xB family member p65/RelA in T cells through regulation of
PKC-6, in response to T cell receptor activation, but DAPK does not does affect
NF-«B signaling in response to TNFa in T cells (27).

DAPK has been previously linked to atherosclerosis by two studies, which
found increased DAPK in and around atherosclerotic lesions (81, 124). The goal
of the studies presented in this dissertation was to characterize the role of DAPK
in smooth muscle cells, and determine how its expression affects vascular
pathology. Based on studies showing that DAPK is upregulated in atherosclerotic
plagues, and can regulate cell migration, | propose that DAPK regulates SMC
signaling and migration. Studies in Chapter Il will examine the effect of siRNA
depletion of DAPK from primary smooth muscle cells. Chapter Il will explore the

role of DAPK in vivo, using a newly produced DAPK KO mouse model.



NFkB AP1Sp1

Figure 1: MMP9 promoter cis regulatory elements.
The MMP9 promoter contains the following conserved cis elements: an NF-xB

binding site (-600), an AP1 binding site (-73) and an SP1 binding site at (-48).
Adapted from (20, 76).

10



S/IT
Kinase
Domain  Ser 308 PLoops

(((l i

Ca%/CalM Cytoskeleton Death
Binding Repeats Binding Domain

£

Figure 2: The domains of DAPK.
Schematic showing domains in DAPK, including the N-terminal ser/thr kinase
domain, a Ca*/calmodulin binding domain which contains an auto-phosphoryla-

tion site at ser308, a series of 8 ankyrin repeats, 2 P-loops, a cytoskeletal-binding

domain, and a death domain.
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Chapter Il: DAPK Blocks MMP9 Expression in Vascular Smooth Muscle
Cells Via Indirect Regulation of NF-k B p65 Phosphorylation

Introduction

Inappropriate proliferation and migration of vascular smooth muscle cells
contributes to the pathogenesis of many vascular diseases including
atherosclerosis and restenosis (31). Many signaling pathways play a role in
smooth muscle cell survival, migration, and proliferation, but our understanding of
the regulation of these pathways is incomplete. Further knowledge of the
regulation of these pathways will lead to better treatments of vascular disease.

Death-associated protein kinase 1 (DAPK or DAPK1) is a 160 kDa serine-
threonine kinase which is regulated by Ca*/calmodulin binding (9, 58). Several
studies have elucidated a role for DAPK in human cancers, and it has been
proposed to be a tumor suppressor (64). DAPK overexpression can promote
autophagy in some cells and also can regulate apoptosis (53, 128); the effect,
however, is cell type and context dependent (8, 78). Several studies have also
identified a role for DAPK as a negative regulator of cell adhesion and migration,
however these studies have been performed in cancer cells and fibroblasts (70,
71, 121, 128). While DAPK is expressed in smooth muscle cells, and cell
adhesion and migration are important roles of smooth muscle cells in the genesis
of vascular disease, the role of DAPK in vascular smooth muscle cells has not
been well studied. Two previous studies have identified increased levels of DAPK
in regions of arteries containing atherosclerotic lesions (81, 124). However, these
studies have not characterized the functional role of DAPK in vascular disease.
Based on the previous work, we hypothesized that DAPK negatively regulates
SMC migration.

In the current study, we used a focused RT-PCR based array to identify
genes regulated by endogenous DAPK that could be regulating cell migration.

This lead to the discovery that DAPK negatively regulates transcription of matrix
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metalloproteinase 9 (MMP9) in primary smooth muscle cells via regulation of NF-

kB family member p65.

Materials and Methods

Cells, Antibodies, and Reagents. Human coronary artery smooth muscle cells
(HCASMC) are purchased from Lonza and were cultured as previously described
(131). SMC growth media used was MCDB131 containing 5% FCS, 2 ng/ml
human bFGF, 5 mg/ml human insulin, and 0.5 ng/ml human EGF. EGF, insulin,
and bFGF were obtained from Invitrogen. Hela cells were purchased from ATCC
and were cultured in DMEM (Mediatech) containing 10% FCS and glutamine and
penicillin/streptomycin (Mediatech). HelLa cells were transfected using Fugene 6
(Roche), following the manufacturer’s protocol. Monoclonal antibodies to DAPK
(clone 55), sm-a-actin (A2547), calponin (clone hCP) and vinculin were obtained
from Sigma. Antibodies to MMP9, p65 phosphoS536, p65 phosphoS276, total
p65, phospho-ERK, phospho-p38 MAPK, P- IkKo/f S176/S180, NF-kB1, NF-
kB2, Rel B, and c-Rel were obtained from Cell Signaling Technology. GAPDH
monoclonal antibody was purchased from Novus. Human DAPK siRNA was
obtained from Dharmacon (D-004417-07) and p65/Rel A siRNA was purchased
from Qiagen (SI00301672). The sequence of the double-stranded, nontargeting
control siRNA was 5-GAU GAC AGG UAU AGU AAG UUU-3’, and was
purchased from Dharmacon. TNFa, U0126, SP600125, and SB203580 inhibitors
were purchased from EMD Biosciences. All other reagents were purchased from

Fisher Scientific unless otherwise noted.

Nucleofections. Nucleofections were performed per the manufacturer’s protocol
for primary smooth muscle cells (Lonza, VPI-1004; Nucleofector Il device). For
Nucleofections of primary HCASMC, 80% confluent cells were trypsinized and
pelleted. Each sample consisted of 1 x 10° cells and was resuspended in 100 ul
of Nucleofection reagent and then mixed with either 4 ul 40 uM siRNA or 2-5 ug

plasmid DNA. Cells were then nucleofected using program P-24. Cells were
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immediately transferred to tubes containing SM-2 media (Lonza), and then
cultured at 37°C in 5% CO, for 24-72 hours before analysis. Transfection
efficiency was determined to be greater than 95% for siRNA using siGlo control
siRNA (Dharmacon), and approximately 40% efficient for cDNA, as indicated by

nucleofection of GFPmax cDNA (Lonza).

ApoE” mice. All animal studies followed the guidelines for care of animals at
Indiana University and were approved by Indiana University IACUC. For the IHC
studies, two-month old control, male C57BL/6 were obtained from Harlan and
ApoE-/- mice were purchased from Jackson Laboratories. The mice were fed a
Western diet containing 0.21% cholesterol and 21% fat (D12097B; Research
Diets) for 3 months, anesthetized with a cocktail of ketamine (0.1 mg/g) and
xylazine (0.01 mg/g), and aortas were harvested from the mice. For
immunohistochemistry, mice were perfused with PBS and then by 4%
paraformaldehyde in PBS. Aortas were fixed overnight in 4% paraformaldehyde,
paraffin embedded, and sectioned. For RNA analysis, 6-month old ApoE” mice
were obtained from both Jackson Laboratories and an internal colony of ApoE™
mice, and were fed a Western diet for 2 months. The mice were anesthetized and
perfused with PBS followed by RNAlater (Ambion). Aortas were stored in
RNAlater at 4°C and then dissected under a dissection microscope, separating
regions with white, visible plaques from plaque-free regions. Samples were
frozen at -80°C, and RNA was prepared using Trizol after grinding tissue in a

Pyrex glass tissue grinder.

Immunohistochemistry. Sections from paraffin-embedded aortas were
rehydrated and antigens retrieved using a Retriever 2100 and R-Buffer UG
(Electron Microscopy Services). Sections were stained with DAPK (1:75, Sigma,
DAPK-55) and sm-a-actin (1:500, Sigma) antibodies overnight using the M.O.M.
peroxidase kit and the NovaRed peroxidase substrate kit (both from Vector

Laboratories). Negative controls included no primary antibody. Masson’s
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Trichrome staining was performed by the Indiana University Anatomy and Cell
Biology Histology Core. Images were obtained from a Nikon Diaphot 200
microscope, and Olympus DP70 camera using Plan 10x Nikon objective and

were compiled in Adobe Photoshop. All images were treated identically.

Carotid artery injury model. Eight-week old C57BL/6 mice underwent the
carotid ligation surgery as previously described (69). Briefly, mice were
anesthetized with a cocktail of ketamine (0.1 mg/g) and xylazine (0.01 mg/g). The
carotid artery was exposed via a 0.5-cm incision 1-mm from the midline on the
mouse’s neck. A 4-0 silk suture was used to ligate the right common carotid
artery, proximal to the bifurcation. Mice were sacrificed 4-14 days following injury,
and the injured carotid artery rinsed in PBS and frozen in liquid nitrogen.
Uninjured carotid arteries from mice that did not undergo surgery were used as
controls. Lysates were prepared by grinding the frozen arteries in RIPA buffer
containing protease and phosphatase inhibitors (Sigma) using a glass tissue

homogenizer.

Migration assays. Modified Boyden chamber assays were performed by plating
50,000 cells per cell culture insert (8 um pore size #353097; BD Biosciences).
Inserts were placed in 24-well culture dishes containing MCDB131 plus 10% FCS
in the lower well. After 6 hours of incubation, cells remaining on the upper side of
the membrane were removed with a cotton swab, and migrated cells on the
bottom side were fixed in 3.7% formaldehyde and stained with 0.4% crystal violet
in 20% methanol. After briefly destaining in water, transwells were photographed
and cells counted. Five fields were counted per transwell, and three transwells
were used per condition for each experiment. Migration index was calculated by
normalizing the number of cells migrated in test samples to cells migrated in

control samples.
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Superarray analysis. HCASMC nucleofected with control or DAPK siRNA were
serum starved for 2 days in MCDB131 media. RNA was purified using Trizol and
then treated with DNase | (Roche) to remove genomic DNA. cDNA for
Superarray analysis was prepared using RT? First strand cDNA Synthesis Kit
(SABiosciences). RT-PCR was performed RT? gPCR SYBR green Master Mix
and the human Extracellular Matrix and Adhesion Molecules PCR Array (PAHS-

013; SABiosciences). Data was analyzed using the SABiosciences protocol.

Real-time RT-PCR. RNA was prepared from cells or tissues using Trizol
(Invitrogen). 0.5 ug was reverse transcribed as previously described (131). cDNA
was diluted 1:5 with water, then amplified using Faststart SYBR green master
mix (Roche) and gene specific primers (Eurofins MWG/Operon) in a AB 7500
Real-Time System (Applied Biosystems). Relative abundance of mRNA was
calculated using the 2**°* method. HPRT was used as an internal control for
human RNA, and RPLPO was used as an internal control for mouse RNA. Primer

sequences used are listed in Table 1.

Immunoblotting. Cells were lysed in RIPA lysis buffer containing protease
inhibitor cocktail and phosphatase inhibitor cocktails 1 and 2 (Sigma). Protein
was quantitated using a BCA assay (Pierce). Cytosolic and nuclear fractions
were prepared using NE-PER Nuclear and Cytoplasmic Extraction Reagents
(Pierce). Equal amounts of proteins were separated by SDS-PAGE, and detected
using standard immunoblotting protocols. Immunoblots were imaged using a
Syngene G-box and GeneSnap software (Synoptics). Quantitation of band

intensity was performed using Imaged (NIH).

Gelatin zymography. Zymography was performed as previously described with
a few modifications (73). Briefly, to generate conditioned media, equal numbers
of cells were plated in 6 well plates. Cells were serum starved in MCDB 131

(Mediatech) for 24 to 48 hours, and conditioned media was collected and
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concentrated 50x using Ultracel-10K centrifugal filters (Amicon). Volumes of
concentrated media were normalized to the amount of protein contained in the
RIPA lysates, to compensate for variations in cell number. Media samples were
separated by SDS-PAGE containing 7.5% acrylamide and 0.1% gelatin (BioRad).
Gels were incubated in 2.5% Triton-X-100 for 30 minutes, then incubated in
zymography buffer overnight at 37°C. (50 mM Tris pH 7.5, 200 mM NacCl, and 5
mM CaCl,). Gels were stained in 0.5% Coomassie Blue R-250 in 7.5%
methanol/7.5% acetic acid for 24 hours, followed by destaining in 7.5%
methanol/7.5% acetic acid for 2 hours. Gels were dried and photographed using

a Syngene GeneSnap imager.

Promoter assays. MMP9 promoter constructs (WT and mutAP-1) used in this
study were the kind gift of Dr. Bysani Chandrasekar (University of Texas-San
Antonio) (20), and were in pGL3b (Promega). The MMP9 mut-NF-kB construct
was generated in this laboratory using site-directed mutagenesis of the NF-xB
binding site using the Quikchange Site-Directed mutagenesis kit (Stratagene).
Primers used were: forward (GGG GGT TGC CCC AGT GGC CTT TTC CAG
CCT TGC CTA GCA G) and reverse (CTG CTA GGC AAG GCT GGA AAA GGC
CAC TGG GGC AAC CCC C). The NF-xB-Luc plasmid was purchased from
Stratagene. The p65 WT, S536A, and S536D mutant cDNAs were the kind gift of
Dr. Carl Sasaki (NIH) (104). Primary HCASMC were Nucleofected with siRNA,
and then plated and incubated at 37°C to allow siRNA to deplete target RNA.
After 3 days, cells were Nucleofected again with MMP9 and NF-xB-luciferase
cDNA constructs and plated in four wells of a 24-well plate in Lonza SM-2 growth
media. One well was lysed in Laemli sample buffer and used to confirm protein
expression and knockdown by immunoblotting. Three wells were lysed 18 hours
after Nucleofection in Passive Lysis Buffer (Promega) containing protease
inhibitor cocktail (Sigma), and assayed for Luciferase activity as previously

described (131). Luciferase values were normalized to TK-Renilla (Promega).
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Data analysis. All experiments were independently performed at least three
times. All statistical analysis and graphs were created using GraphPad Prism
software (GraphPad Software, San Diego, CA). Graphs display mean +/- sem of
at least three independent experiments unless otherwise noted. Statistical

significance was determined by Student’s t test unless otherwise noted.

Results

To better understand the role of DAPK in vascular tissues, the expression
pattern of DAPK in atherosclerotic lesions in the well-characterized ApoE™ mouse
model of atherosclerosis was examined. Paraffin sections of aortas from wild-
type control and ApoE™ mice fed a Western diet were stained for DAPK or sm-a.-
actin, and then examined for expression. Figure 3A shows a representative
image from the aortas, revealing an increase in DAPK expression in the
atherosclerotic plaque from the ApoE™ mice, compared with the wild type control.
Immunostaining of adjacent serial sections of atherosclerotic plaques shown in
Figure 3A to detect expression of sm-a-actin, revealed that the areas of plaques
with the greatest DAPK expression coincided this smooth muscle marker. Using
RT-PCR the relative levels of DAPK mRNA were then quantitated in plaque
versus non-plaque regions of aortas from ApoE” mice that had been fed a
Western diet for 2 months. Figure 3B reveals that DAPK mRNA is significantly
increased in plague regions compared to non-plaque regions of the aortas. In
addition to the atherosclerosis model, the carotid ligation model was also utilized
to examining the expression of DAPK. Immunoblotting of tissue lysates from
injured or uninjured control carotid arteries, revealed that DAPK protein was
significantly upregulated as early as 4 days after injury, with peak levels observed
by 7 days post-injury and this high level of expression was maintained for at least
2 weeks (Figure 3C). These data indicate that expression of DAPK is increased
in two mouse models of vascular pathology and suggest a potential link to the

development of vascular disease.
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Smooth muscle cells are unique in that they can alter their phenotype
depending on the conditions used to culture the cells (90). In the presence of
serum and growth factors, the cells are more secretory, migratory, and
proliferative, and they express less of the smooth muscle contractile proteins.
Serum starvation induces a more differentiated state, with decreased secretion,
migration and proliferation, and increased expression of smooth muscle marker
proteins such as sm-a-actin, calponin, and sm22a. Figure 4A shows an
immunoblot of lysates from primary human coronary artery smooth muscle cells
cultured in either growth media, or serum-free media for up to 8 days. The results
show that DAPK expression increased in parallel with the smooth muscle
markers. This finding is consistent with our in vivo results, indicating that DAPK is
expressed in more differentiated smooth muscle cells.

DAPK has been implicated in the regulation of cell migration in 3T3
fibroblasts and cancer cells (71). This observation prompted studies to determine
whether DAPK regulates migration of smooth muscle cells. Nucleofection was
used to introduce DAPK cDNA into the primary human coronary artery smooth
muscle cells (HCASMC), and then the ability of these cells to migrate in a
modified Boyden chamber assay was tested. As is seen in Figure 4B,
overexpression of DAPK significantly reduced (43.0 +/- 8.0% of control) the
ability of HCASMC to migrate toward the serum stimulus. Conversely, when
Nucleofection of DAPK siRNA was used to deplete DAPK from the primary
smooth muscle cells, the migration of primary HCASMC was augmented (Figure
4C; 454 +/- 11.3% increase over control). A representative immunoblot
confirmed the overexpression of DAPK, and also shows that DAPK siRNA
depletion was efficient (Figure 4D). These results indicate that DAPK is a
negative regulator of smooth muscle cell migration.

DAPK has been shown to regulate many different cellular signaling
pathways in other cell types, but the role in regulation of vascular smooth muscle
migration is undefined. We hypothesized that alteration of DAPK protein levels in

smooth muscle cells caused a change in signaling pathways, resulting in altered
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transcription of downstream genes. A focused RT-PCR based screen of
extracellular matrix and adhesion molecules was performed to identify genes
related to cell migration that may be regulated by DAPK signaling, and ultimately
the pathways DAPK impacts in primary smooth muscle cells. In this screen, the
MRNA levels of extracellular matrix (ECM) and adhesion genes were compared
in control and DAPK-depleted HCASMCs. Several genes were identified that
were altered in response DAPK depletion including MMP9, E-cadherin, VCAM1,
p3-integrin, PECAM1, TIMP3, ADAMTSS8, CTGF, CLEC3B, and laminin a.3. One
of the targets, matrix metalloproteinase 9 (MMP9), a cytokine-inducible protease,
was selected for further validation based on its link to cell migration and vascular
pathology(87). In our screen, we found that MMP9 was increased 3.6-fold in
HCASMC depleted of DAPK. In order to verify that MMP9 is increased in
HCASMC, we examined MMP9 mRNA expression in HCASMC both in the
presence and absence of serum. As is shown in Figure 5A, DAPK depletion
leads to a 49.3 +/- 22.9% increase in MMP9 mRNA under growth conditions (plus
serum and growth factors). The increase in MMP9 is more apparent in the
serum-starved condition, when the absence of DAPK results in a 166 +/- 28%
increase in MMP9 mRNA (Figure 5A). Under these conditions, we also validated
a change in VCAM1, which was upregulated by 140 +/- 9% in DAPK-depleted
cells in serum-free media, compared to control cells (Figure 5B). We also
examined MMP9 protein levels in concentrated, conditioned media from
HCASMC depleted of DAPK using both immunoblotting and gelatin zymography,
which in-gel digestion of gelatin from MMP9 protein in samples results in light
areas on a dark background after staining of the gel. The intensity of the light
areas correlates with MMP9 levels in the conditioned media. This data revealed
that depletion of DAPK in HCASMC caused an increase in the amount of MMP9
protein secreted (Figure 5C, lane 2). Conversely, overexpression of DAPK
(Figure 5C, lane 3) suppressed MMP9 protein expression. Finally, rescue of
DAPK expression by Nucleofection of DAPK cDNA in HCASMC previously
depleted of DAPK, partially restored MMP9 secretion (Figure 5C, lane 4). Thus,
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DAPK negatively regulates MMP9 mRNA and secreted MMP9 protein in
HCASMC.

Previous reports have found that the steady-state levels of MMP9 mRNA
can be altered by changes in the stability of the mRNA, involving signaling from
integrin pathways (56). In order to determine if DAPK negatively regulates the
stability of MMP9 mRNA in HCASMC, an RNA stability assay was performed.
The mRNA levels of MMP9 were measured in control and DAPK-depleted
HCASMC after treating the cells with the transcription inhibitor Actinomycin D for
8-24 hours. MMP9 mRNA levels were normalized to levels found in control cells
treated in parallel with the vehicle, DMSO. As is shown in Figure 5D, there was
no significant difference in the stability of MMP9 mRNA in control or DAPK-
depleted HCASMC, either in growth conditions or in serum-free media. It is
interesting to note that the presence of serum and growth factors did markedly
stabilize MMP9 mRNA, with no degradation measured after 24h of Actinomycin D
treatment (Figure 5D). Comparatively, HCASMC grown in the absence of serum
exhibited a drastically reduced half-life of approximately 8 hours. Thus, while the
presence of growth factors strongly stabilizes MMP9 mRNA, expression of DAPK
does not affect the stability of MMP9 mRNA.

Since DAPK does not alter the stability of MMP9 mRNA, it likely acts by
attenuating MMP9 promoter activity. MMP9 is an inducible gene that is regulated
by cytokines via many signaling pathways in vascular smooth muscle cells,
including the MAPK pathways (25). In order to determine if the increase in MMP9
that we observe in HCASMC depleted of DAPK is due to increased MAPK
signaling, DAPK-depleted HCASMC were treated with inhibitors of ERK (U0126),
JNK (SP600125) or p38 MAPK (SB203580), and the effect on MMP9 expression
was measured by qRT-PCR. As is shown in Figure 6A, while DMSO-treated,
DAPK-depleted HCASMC exhibited a 2.7-fold increase in MMP9 expression, this
increase in MMP9 expression was not significantly affected by treatment of
HCASMC with these MAPK inhibitors. Thus, the increase in MMP9 expression
following DAPK depletion is not due to increased MAPK signaling.
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In order to directly determine the effect of DAPK on the MMP9 promoter,
promoter assays were performed using a previously described luciferase
construct containing a 726-base pair region flanking the 5’ end of the human
MMP9 gene (20). This region of the MMP9 promoter is responsive to cytokines
such as TNFa, and contains well-characterized cis-elements, which bind NF-xB
and AP-1 transcription factors. Using Nucleofection to introduce the promoter
construct into previously DAPK-depleted or control HCASMC, we found that
DAPK depletion significantly increased MMP9 promoter activity (Figure 6B). To
further determine the regulatory elements and pathways required for the DAPK
effect, previously characterized promoter constructs containing point mutations at
either the NF-xB binding site, or the AP-1 binding site were used. While mutation
of the AP-1 binding site in the MMP9 promoter did not alter the effect of DAPK
depletion, mutation of the NF-kB binding site blocked the effect of DAPK
depletion on the MMP9 promoter (Figure 6B). Thus, the NF-xB binding site is
required for the increase in MMP9 promoter activity observed when DAPK is
depleted from HCASMC. As expected, the luciferase activities generated in
response to the mutant AP-1 and mutant NF-xB sites were much lower than
those generated from the wild-type MMP9 constructs, although they have
detectable activity above empty pGL3b controls (data not shown). In addition, we
directly tested the effect of DAPK on activation of a synthetic luciferase construct
whose expression is driven by consensus kB binding elements. The NF-kB-Luc
construct exhibited greater activation in HCASMC depleted of DAPK (Figure 6B).
Thus, DAPK negatively regulates MMP9 expression via decreased NF-xB
signaling.

The NF-xB signaling pathway is composed of 5 main family members:
p65/Rel A, Rel B, c-Rel, NF-xB1 p105/p50, and NF-xB2 p100/p52. They form
homodimers and heterodimers to activate transcription (23, 46). Much of the
regulation of canonical NF-kB signaling occurs via maintenance of p65 in the

cytosol by binding of inhibitors, such as IkBa. Upon stimulation, the inhibitors are
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phosphorylated by IkKp and degraded, allowing p65/p65 and p65/p50 dimers to
translocate to the nucleus to activate transcription on NF-xB responsive genes.
As the increase in MMP9 promoter activity was observed only when NF-kB
binding site was intact, the possibility that DAPK might be altering the amount of
p65 in the nucleus under basal conditions was examined. For this experiment,
the levels of p65 in cytosolic and nuclear fractions from control and DAPK-
depleted HCASMC were determined by immunoblotting. These results showed
the expected increase in nuclear p65 in response to TNFa treatment (Figure 7,
lanes 5 and 6); however, there was no significant difference in nuclear p65 levels
following TNFa stimulation in control compared to DAPK-depleted cells (Figure
7, lanes 6 and 8). In addition, there was no difference in nuclear p65 under basal
conditions (Figure 7, lanes 5 and 7). Finally, there were no changes in the levels
of NF-xB1, NF-kB2, RelB, and c-Rel either in the cytosol or nuclear fractions
(Figure 7). Interestingly, DAPK was predominantly found to be localized to
nuclear fractions in control siRNA-treated HCASMC (Figure 7), although the
significance of this finding is unclear.

Recently, the importance of post-translational modification of NF-kxB-p65
(p65) has become appreciated (51). One site that has been shown to be
important in the regulation of p65 localization and transcriptional activity is serine
536 (24, 47, 49, 102, 103). After finding that there was no change in the amount
of total p65 in the nucleus, the amount of phosphorylated-S536 p65 (p65
phosphoS536) in control and DAPK-depleted cells was determined using a p65
antibody that specifically recognizes p65 phosphoS536 (Figure 8A). This
experiment showed that a 44 +/- 16% increase in phosphorylation at p65
phosphoS536 was detected in HCASMC depleted of DAPK (Figure 8B). These
results suggest that DAPK negatively regulates the phosphorylation of p65 at
serine 536.

Some previous studies have suggested that p65 phosphoS536 increases
the propensity for p65 to be retained in the nucleus (10, 13). Others suggest that
p65 phosphoS536 alters the transcriptional activity of NF-kB, since S536 is
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located within the transactivation domain of p65 (24, 47). To determine the effect
of p65 phosphoS536 in primary HCASMC, these cells were first depleted of
endogenous p65 by transfection with siRNA specific to p65. Subsequently, the
p65-depleted cells were transfected with vectors for expression of wild-type p65,
the phosphomimetic mutant, p65-S536D (serine to aspartic acid mutation) or the
nonphosphorylatable mutant, p65-S536A (serine to alanine mutation). The effect
of these transfected p65 proteins on a co-transfected NF-kB-Luc construct was
then determined. As shown in Figure 9A, siRNA depletion of p65 was efficient in
decreasing in NF-xB dependent promoter activity (approximately 50% decrease),
which could be rescued by expression of wild-type p65 or the
nonphosphorylatable mutant. The phosphomimetic mutant, p65-S536D showed
50% more NF-kB activity. These results indicate that S536 phosphorylation
makes an important contribution to NF-xB transcriptional activity in primary
HCASMC. Western immunoblotting confirmed that p65 was efficiently depleted
from HCASMC (approximate 75% decrease) and that the relative expression
levels of the transfected p65 wild type or mutant constructs while low, were
similar (Figure 9B). Because the expression of the rescued protein was near the
limit of detection in HCASMC, the expression levels of the constructs was also
verified in HeLa cells and found to be similar (Figure 9C).

Based on the collective findings that DAPK depletion from HCASMC does
not alter the level of nuclear p65 (Figure 7), increases the level of p65 phospho-
S536 (Figure 8), and that p65 phosphoS536 enhances NF-kB activity (Figure 9),
the relative levels of TNFa-stimulated p65 phosphoS536 in the nucleus following
DAPK depletion were determined. These results revealed that there is a two-fold
increase in the amount of TNFa-stimulated nuclear p65 phosphoS536 in DAPK-
depleted cells, as compared with control cells (Figure 10A, lanes 6 and 8). Thus,
although DAPK depletion does not change the amount of total p65 translocated
to the nucleus, it does result in an increase in p65 phosphoS536. It should be
noted that in the absence of TNFa stimulation nuclear p65 phosphoS536 is not

detectable.
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This data indicates that phosphorylation of p65 at S536 may have a role in
regulating the amount of nuclear p65 available to activate transcription of genes
like MMP9, and that DAPK regulates this phosphorylation. To determine if p65
expression was required for the increased NF-xB binding and increased MMP9
promoter activity observed in the DAPK-depleted HCASMC, siRNA was used to
deplete endogenous DAPK and/or p65 from HCASMC. The effects of these
depletions on NF-xB-regulated MMP9 promoter activity were measured using
luciferase reporter assays. In these experiments, the results were normalized to
either control siRNA alone, or p65 siRNA alone to specifically determine whether
or not p65 was required for the increased activity observed when DAPK is
depleted. As is shown in Figure 10B, depletion of DAPK led to an increase in the
NF-kB promoter activity and this effect was attenuated when both p65 and DAPK
were depleted from HCASMC. A similar trend was observed with the MMP9
promoter; DAPK depletion resulted in a slight increase in promoter activity, and
the increase was blocked when both DAPK and p65 were depleted (Figure 10B).
These results indicate that the increase in MMP9 promoter activity observed
when DAPK is depleted from primary HCASMC likely requires p65, and probably
occurs in response to increased phosphorylation of p65 at S536.

The increase in phosphorylation observed could be due to increased
kinase activity by IkKo/pB, which are known to phosphorylate p65 at S536.
However, immunoblotting (Figure 10C) for the activated, phosphorylated IkKa/p
was not different between control and DAPK depleted HCASMC, indicating that

the p65 phosphoS536 is increased by another unknown mechanism.

Discussion

While previous studies have enhanced our understanding of the pathways
regulated by DAPK and potential substrates for this protein kinase, these studies
have focused on examining the role of DAPK in cancer cells, fibroblasts, and
immune cells (22, 27, 32, 58, 71). The results presented here are unique in that

they are the first to characterize the role of DAPK in primary vascular smooth
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muscle cells. Using a focused RT-PCR based array, we have found that DAPK is
a negative regulator of several genes linked to migration and extracellular matrix
composition, including MMP9. The current study focused on the role of DAPK in
regulation of MMP9, and our results demonstrated that there is a diminished
secretion of MMP9 protein when DAPK is overexpressed, and enhanced MMP9
protein and mRBNA when DAPK is depleted from primary HCASMC.
Mechanistically these studies show that DAPK mediates its transcriptional
regulation by blocking NF-xB activity. This finding is supported by results
showing that mutation of a cis element in the MMP9 promoter that binds NF-xB
blocks the effect of DAPK on this promoter. In addition, DAPK depletion from
HCASMC results in increased nuclear p65 phosphoS536, while total levels of
nuclear p65 are unchanged by DAPK depletion. Finally, we determined that NF-
kB p65 is required for the increase in NF-kB activity observed when DAPK is
depleted from HCASMC, since depletion of p65 from the cells blocked the DAPK
effect.

Our studies confirm that DAPK mRNA and protein is upregulated in mouse
atherosclerotic lesions particularly in sm-oa-actin expressing cells within the
plaques. Additionally we demonstrate that DAPK expression is also upregulated
in the carotid ligation injury model at 4-14 days post-ligation. This data together
with the finding that DAPK has an inhibitory role in HCASMC migration and the
known role of DAPK in cancer cell and fibroblast migration suggests that DAPK
may be important for regulation of SMC migration in vivo, a critical element in the
development of many vascular pathologies (54, 71). Several genes including
MMP9 that are important for cellular migration and ECM formation were altered in
response to depletion of DAPK from HCASMCs. The finding that depletion of
DAPK enhances HCASMC migration, together with the central role of MMP9 in
VSMC migration and the development of atherosclerosis led to further
examination of the potential role of DAPK in regulating the expression of this
molecule (26, 38, 62, 74, 87).
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Although the stability of MMP9 mRNA is unaffected by DAPK expression,
total mMRNA and protein levels are significantly altered, linking DAPK to
transcriptional regulation of MMP9. Supporting this, MMP9 promoter activity was
directly related to expression of DAPK. Several signaling pathways modulate
expression of MMP9 including MAPK and NF-«B. Interestingly, while DAPK-
depletion had no effect on the activation of MAPK pathways in primary HCASMC,
it did significantly alter NF-xB signaling. The finding that depletion of DAPK did
not alter MAPK signaling was surprising, since DAPK had been previously shown
to block the nuclear translocation of ERK, and to be required for JNK activation
under at least some conditions (22, 32). Despite the fact that a statistically
significant change in MMP9 expression was not observed when DAPK-depleted
cells were treated with the MEK inhibitor U0126, there was a trend toward a
decrease in MMP9 mRNA levels, suggesting that ERK activation may make a
minor contribution to the increased MMP9 promoter activity observed in DAPK-
depleted cells. Relevant to this finding, a previous study utilizing aortic SMC
demonstrated that ERK was required for maximal NF-xB activation and MMP9
expression in response to TNFa (83), so it is possible that ERK may be acting
upstream of NF-xB in HCASMC.

Previously, Chuang et al. linked DAPK to negative regulation of NF-xB
signaling in T cells, and in this study DAPK was found to block nuclear
translocation of p65 in response to T cell activation (27). Although our results did
not show any alteration in nuclear translocation of p65, DAPK depletion resulted
in a significant increase in nuclear p65 phosphoS536. This suggests that the
mechanism utilized by DAPK to regulate T cell signaling is likely very different
than that used in HCASMC. Consistent with this is the additional finding that the
T cell signaling response requires an atypical protein kinase C isoform, PKC-6.
Another difference between these two cell types is the partial membrane-
association of DAPK in T cells, which clearly differs from our finding that DAPK is
predominantly localized to the nucleus in HCASMC. This is another unanticipated

finding, as it was previously reported that DAPK was predominantly found in the
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cytoplasm, bound to actin filaments (28). Determining the localization of
endogenous DAPK has been difficult in previous studies, as the available
antibodies to DAPK are not suitable for immunofluorescent staining. Most, if not
all, studies have relied on overexpression to visualize location of DAPK in the cell
(7, 28). One previous study Cohen el al. suggested that DAPK localized with
actin-containing insoluble fractions (28). It is possible that DAPK actually
associates with DAPK with insoluble chromatin, which co-fractionated with actin
in RIPA lysis buffer (28). Using a different cell fractionation protocol, we have
found DAPK in the nucleus of several cell types, including HeLa and HEK293
(data not shown), suggesting that the localization of DAPK to the nucleus is not
necessarily cell type dependent.

The increased level of nuclear p65 phosphoS536 when DAPK is depleted
from HCASMC is an intriguing finding that can account for increased MMP9
expression. This proposal is supported by the fact that no other alterations in NF-
kB family members were observed and because depletion of p65 resulted in
blocking the DAPK effect on the MMP9 promoter. Thus, enhanced levels of
nuclear p65 phosphoS536 is likely the reason for the observed increased NF-xB
activity and MMP9 expression when DAPK is depleted from SMC. The NF-xB
family member p65 can be phosphorylated on several different sites, and the
roles of these phosphorylations are still being characterized (51). However,
previous studies have determined that p65 phosphoS536 increases
transactivation activity in luciferase assays (50), in agreement with our results in
primary HCASMC. These previous studies have found that p65 phosphoS536
can both dissociate repressors such as SMRT and HDAC3 from promoters, and
recruit p300/CBP activators to promoters (24, 47). In addition, phosphorylation of
serine 536 also may alter the localization of p65, as it reduces the ability of p65 to
bind to IkBa, thus allowing p65 phosphoS536 to resist nuclear export (10, 13,
39).

Several kinases are known to phosphorylate p65 on serine 536, including
lkKo/p and RSK1 (102, 103). The finding that there is a significant increase in
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p65 phosphoS536 when DAPK was depleted argues against the possibility that
DAPK plays a direct role in phosphorylation of p65 at this site, even though it is a
ser/thr kinase. In addition, examination of the p65 sequence did not reveal any
sequences with similarity to other DAPK consensus phosphorylation site
sequences (78, 106, 120). Since we observed an increase in p65 phosphoS536
in DAPK-depleted cells, we hypothesized that DAPK was negatively regulating
one of these kinases. However, we found no changes in the active,
phosphorylated forms of IkKa/p in DAPK-depleted HCASMC, either in the basal
state, or following TNFa-activation (Figure 10C). In addition, parthenolide, an
inhibitor of IkKa/p, had no signficant effect on the increased levels of MMP9
observed in DAPK-depleted cells (data not shown). These results led us to
hypothesize about other mechanisms for regulating phosphorylation of p65,
including phosphatase activity. One possibility is that PP2A, a known p65
phosphatase (127) which was recently shown to physically interact with DAPK
(123), is not effectively targeted to p65 in DAPK-depleted cells. This alternative
suggests the existence of a complex of proteins including DAPK, PP2A and p65
exists in cells; further studies will be required to validate this possibility.
Collectively, this report details a novel mechanism for regulation of VSMC
migration that is modulated by the cellular levels of DAPK. DAPK appears to act
upstream of NF-kB signaling and ultimately alters the level of p65 phosphoS536.
Reduced DAPK expression enhances the levels of p65 phosphoS536 leading to
increased MMP9 expression and increased VSMC migration. Current studies are
focused on identifying the direct target of DAPK in the NF-kB signaling pathway
and identifying additional transcriptional targets that are modulated by DAPK

activity.
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Figure 3: DAPK is upregulated in atherosclerosis and in response to
vascular injury.

A: Paraffin sections from the aortas of ApoE” and wild-type C57BL/6 mice (WT)
that had been fed a Western diet for 3 months were stained to detect expression
of DAPK or sm-a-actin. Brownish red staining represents areas of expression of
DAPK or sm-a-actin. Histological staining with Masson’s Trichrome stain is also
shown; red staining indicates cytoplasm and blue staining indicates collagen. B:
gRT-PCR was performed on RNA isolated from nonplaque or plaque regions of
aortas from ApoE-/- mice fed a Western diet for 2 months. RPLPO was used as

the endogenous control. The mRNA levels in plaque regions were normalized to
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its own nonplaque control for each mouse aorta, and a paired t test was used to
compare samples. * p<0.05; n=13 per group. C: Immunoblotting of RIPA lysates
(20 ug/lane) from ligated carotid arteries was performed. Vinculin was used as a
loading control. The graph shows quantitation of DAPK protein, normalized to
vinculin. T tests were used to determine statistical significance, compared to

uninjured arteries (0 d). ***p<0.001; ** p<0.01; n=3.
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Figure 4: DAPK negatively regulates HCASMC migration.

A: Immunoblotting was performed on RIPA lysates from HCASMC that were
serum-starved for 0-8 days to induce smooth muscle differentiation markers.
Each lane represents 10 ug total protein, which was immunoblotted as indicated.
DAPK levels were quantitated and normalized to GAPDH, as shown below blots.
B & C: Modified Boyden chamber assays were performed using HCASMC that
had been grown in serum-containing growth media. Upper well contained cells in
serum-free medium, and lower well contained 10% FCS. Migrated cells were
quantitated after 6 hours. Migrated cells in test samples normalized to control for
each experiment. B: Two days before migration study, HCASMC were
Nucleofected with either pcDNA3 or pcDNA3 DAPK construct. Results show
mean +/- sem for three independent experiments. *P<0.05 by t test. C: Three
days before migration study, HCASMC were Nucleofected with either control or
DAPK siRNA. Results show mean +/- sem for five independent experiments.

*P<0.05 by t test. D: Immunoblotting of lysates from parallel wells of HCASMC
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used in migration studies showing overexpression of DAPK (left) and siRNA

depletion of DAPK (right). Vinculin was used as a loading control.
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Figure 5: DAPK negatively regulates MMP9 and VCAM1 expression.

A: gRT-PCR was performed using cDNA from control or DAPK siRNA treated
HCASMC with primers specific for MMP9. Growth media: cells were grown for 2
days in growth media before RNA was collected. HPRT was used as the
endogenous control. Results show mean +/- sem for three independent
experiments. Serum-free media: cells were grown in growth media for 2 days,
followed by serum-free media for 3 days. Results show mean +/- sem for three
independent experiments. *p<0.05, **p<0.01. B: qRT-PCR was performed for
VCAM1 as described in A, using serum-free media. Results show mean +/- sem
for four independent experiments. ***p<0.001. C: Upper panels show
immunoblots of RIPA lysates. Equal amounts of RIPA lysates from HCASMC
were immunoblotted for DAPK and vinculin (loading control). Lower panels show
immunoblot and gelatin zymography to measure relative MMP9 levels in
conditioned media. Arrow denotes nonspecific band recognized by MMP9
antibody. D: mRNA stability assay for MMP9. DAPK or control siRNA were
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introduced into HCASMC by Nucleofection. After 3 days, the Nucleofected
HCASMC in growth media were treated with either carrier (DMSO, 0.1%) or
Actinomycin D (4 uM) for 8-24 hours. For serum-free media samples, HCASMC
were serum-starved for 3 days prior to addition of DMSO or Actinomycin D. qRT-
PCR was performed on cDNAs generated, and MMP9 mRNA values were
normalized to DMSO controls at each time point. The number of samples

analyzed for each time point, n=3.
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Figure 6: DAPK regulates MMP9 promoter activity by attenuating NF-kB
activity.

A: HCASMC were Nucleofected with control or DAPK siRNA. Two days after
Nucleofection, serum-free media was added and cells were incubated for two
days. Cells were treated with DMSO (0.1%), MEK1 inhibitor U0126 (5 uM), JNK
inhibitor SP600125 (10 uM), or p88MAPK inhibitor SB203580 (5 uM) for 24
hours, then RNA was collected, and cDNA generated. MMP9 mRNA was
normalized to HPRT. Graph shows mean +/- sem for 4-6 independent

experiments. **p<0.01. B: Upper panel shows sequence of wild-type and mutant
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versions of plasmids used for MMP9 Luciferase constructs containing mutations
in the NF-kB- and AP-1-binding sites of the human MMP9 promoter. HCASMC
were Nucleofected with control or DAPK siRNA. After three days cells were
Nucleofected a second time to introduce Luciferase constructs (2 ug pGL3b
MMP9 or NFkB-Luc and 0.5 ug pTK Renilla). Cells were plated in triplicate in
growth media. Each sample was normalized to Renilla to control for transfection
variation, and DAPK siRNA normalized to control siRNA treated cells for each
luciferase construct to calculate fold activation. Graph shows mean +/- sem for 3

independent experiments. ***p<0.001, **p<0.01.
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Figure 7: DAPK depletion does not alter p65 translocation to the nucleus.

Primary HCASMC containing either control or DAPK siRNA were serum-starved
for 18 hours. TNFa (10 ng/ml) was added as indicated for 15 minutes. Nuclear
and cytosolic fractions were isolated, and equal amounts of protein were
analyzed by immunoblotting as indicated. Vinculin and PARP are included as
cystosolic and nuclear markers, respectively. The levels of nuclear p65 did not
significantly vary between cells expressing DAPK and those depleted of DAPK.

Immunoblots are representative of three independent experiments.
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Figure 8: DAPK depletion increases p65 phosphoS536.

A: Representative immunoblot of RIPA lysates from HCASMC after depletion of
DAPK with siRNA. HCASMC were Nucleofected with control or DAPK siRNA.
Cells were serum-starved for 3 days, and then stimulated with 10% FCS for 30
minutes. RIPA lysates were collected and equal amounts of protein were
immunoblotted as indicated. B: Quantification of p65 phosphoS536, normalized
to total p65. Graph shows mean +/- sem for 6 independent experiments. *p<0.05

by t test.
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Figure 9: Phosphorylation of p65 at S536 increases activation of NF-xB.

A: HCASMC were Nucleofected with control or p65 siRNA. Three days later the
cells were Nucleofected again with NF-xB-Luc (2 ug), pTK-Renilla (0.5 ug), and
either pcDNAS3, p65 WT, p65 S536A, or p65 S536D (2 ug) and cells were plated
in growth medium. Luciferase assays were performed 18h after Nucleofection,
measuring duplicate samples in triplicate wells. Fold NF-xB activation was
determined by normalizing to control siRNA sample. Data is presented as mean
+/- sem for triplicate wells a single experiment. *p<0.05 vs. pcDNA3/control
siRNA (column 1); #p<0.05 vs. pcDNA3/p65 siRNA (column 2). Similar results
were obtained in three independent experiments. B: Immunoblotting of HCASMC
lysates from p65 siRNA/p65 rescue experiment in parallel wells Nucleofected in
A. C: Immunoblotting of HelLa lysates transfected with p65 constructs used in A

and B. Vinculin is used as a loading control.
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Figure 10: Increased MMP9 in DAPK-depleted HCASMC requires p65
phosphoS536.

A: HCASMC were Nucleofected with control or DAPK siRNA. Three days after
Nucleofection, cells were serum-starved overnight. Cells were treated with or
without TNFa (10 ng/ml) for 15 minutes to induce phosphorylation and nuclear
translocation of p65. Cytosolic and nuclear fractions were prepared, and equal
amounts were immunoblotted for p65 phosphoS536 and total p65. B: HCASMC
were Nucleofected with siRNAs as indicated. Three days after Nucleofection,
cells were Nucleofected again with NF-xB-Luc or wild-type MMP9 promoter
construct and pTK-Renilla and the cells were plated in growth medium. After
incubation for 18h, duplicate measurements were made for triplicate wells. The
fold activation of promoter constructs was determined by normalizing to either
control siRNA only, or to p65 siRNA only samples. *p<0.05 vs. control siRNA. C:
Cells were treated as in A, except that RIPA lysates were prepared.
Immunoblotting of TNFa (10 ng/ml) treated HCASMC revealed no difference in
lkKo/p activation on S176/S180.
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Table 1: Primers used for RTPCR

Primer name Sequence (5’ to 3’)

Mo DAPK Forward ATG GCT ATT ACT CCG TGG CTA AAG
Reverse TCA CAG CAA GAT GAA GAG CGA TG

Mo RPLPO Forward GGA CCC GAG AAGACCTCCTT
Reverse TGC TGC CGT TGT CAA ACA CC

Hu MMP9 Forward GAA CCA ATC TCA CCG ACA GG
Reverse GCC ACCCGAGTG TAACCATA

Hu HPRT Forward CCT TGG TCA GGC AGT ATA ATC CA
Reverse GGT CCT TTT CAC CAG CAA GCT

Hu VCAM Forward CAT GGA ATT CGA ACC CAA AC
Reverse TGT ATC TCT GGG GGC AAC AT
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Chapter lll: Generation and Characterization of a DAPK Knockout Mouse

Introduction

In the previous chapter, studies were described that addressed the role of
DAPK in primary smooth muscle cells. This chapter outlines studies that address
the role of DAPK in vivo. Much of the previous work regarding DAPK has been
accomplished using cultured cell lines. A mouse model containing an in-frame
deletion of part of the N-terminal kinase domain of DAPK has been generated
and the resultant mouse expresses DAPK that lacks only a small region of the
kinase domain (8, 63, 78). This animal is poorly characterized and its usefulness
is limited by the fact that only a small region of the 160 kD DAPK protein is
deleted to result in expression of nearly the entire molecule. Two other recent
studies have been published which utilized two additional, independently
generated DAPK knockout mouse models (42, 118). Gozuacik, et al. (2008)
examined the effect of DAPK on ER stress in their DAPK knockout model, and
found that DAPK is required for ER stress in kidney injected with thapsigargin. Tu
et al. (2010) used a separate DAPK knockout mouse to examine the role of
DAPK in a stroke model; they found that DAPK mediates neuronal death in
response to stroke. Both of these models were generated using traditional, global
gene knockout strategies. Up to this point, there have been no in vivo studies
examining the effect of deletion of DAPK on vascular physiology and pathology.
To accomplish this, a DAPK knockout (DAPK KO or DAPK™) mouse model was
generated.

Because of concerns that deletion of DAPK in all tissues could induce
embryonic lethality, the choice was made to generate a conditional knockout
mouse using the Cre-lox system. In addition, such a system offers many
advantages over traditional knockout strategies, in that the control of deletion can
be spatially and temporally regulated, depending on the Cre deleter mouse that is
used. Thus, this chapter describes the first mouse containing a floxed DAPK

gene. The generation and characterization of this mouse is outlined, together
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with results from the carotid artery ligation injury model in which we sought to
examine the effects of deletion of DAPK on the response to vascular injury in
vivo. In this model, the right carotid artery is ligated, which prompts remodeling of
the artery, increased MMP9 expression, and formation of a thickened medial

smooth muscle layer and a neointimal layer in the lumen of the artery.

Methods

Generation of DAPK" mice. The BAC Engineering Core at the University of
North Carolina generated the targeting vector shown in Figure 11. The BAC
clone used in its construction (RPCI-105110) was originally isolated from
C57BL/6. After sequencing to confirm the location of the elements listed in
Figure 11, the Indiana University Transgenic Mouse Core Facility generated ES
clones resistant to neomycin by electroporating the construct into albino C57BL/6
ES cells, and the resulting clones were grown and screened for homologous
recombination of the floxed DAPK allele by PCR, Southern blotting, and
sequencing of PCR-amplified floxed allele. ES clones were injected into C57BL/6
blastocysts, and the resulting chimeras were mated to wild-type C57BL/6 to
check for germline transmission. DAPK" heterozygotes were obtained and
confirmed by PCR analysis, and crossed with each other to generate DAPK""
homozygotes. The neo cassette was removed by mating the DAPK"™ female with
a male mouse expressing the FLPe recombinase under control of the f-actin

promoter (Actin-FLPe**; Jackson Laboratories).

Generation of DAPK-/- mice. To generate DAPK” mice, male DAPK"" mice
were mated with smMHC-Cre*" females. The smMHC-Cre+/- were obtained from
Michael Kotlikoff (37, 125). Due to transient expression of Cre in these mice in
eggs, this cross resulted in deletion of exon 4 in the floxed DAPK allele in the
eggs, resulting in mice heterozygous for the DAPK allele in all tissues. The
heterozygous smMHC-Cre*" DAPK*" females were then crossed with DAPK"
males to generate DAPK knockout (DAPK KO or DAPK™) mice.
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Southern blotting. Genomic DNA was isolated from ES cell clones, and 2-5 ug
was digested with BamHI. The digests were separated on a 0.8% agarose gel,
the gel was incubated in 0.25 M HCI followed by 0.4 M NaOH, and DNA was
transferred to positively charged nylon filter (Brightstar Plus, Ambion), in 0.4 M
NaOH by downward capillary transfer. A **P-labeled DNA probe was prepared
using a agarose-gel purified, PCR-amplied fragment located 2140 nucleotides
upstream of DAPK exon 4, following *P-labeled using the NEBIot kit (New
England Biolabs). After neutralization in 2x SSPE, the membrane was incubated
in hybridization buffer (6x SSPE, 5x Denhardt’s solution, 0.5% SDS, and 100
ug/ml salmon sperm DNA) at 65°C for 3 hours. The *P-labeled probe was added
and the blot was incubated at 65°C overnight with agitation. The membrane was
washed and exposed to X-OMAT AR film (Kodak) with intensifying screens at -
80°C. Expected sizes are 5.8 kb for wild-type allele and 4.5 kb for the
recombined, floxed allele. BAC clones were used as controls; unmodified clone
RPCI-105110 was a wild-type control, and a modified BAC clone containing the
neo cassette and loxP sites surrounding DAPK exon 4 was used as a control for
the floxed, recombined allele. Both BAC clones were supplied by the BAC
Engineering Core (UNC).

Genotyping. For screening of ES clones, genomic DNA was isolated from cells
using the Gentra Puregene Cell Kit (Qiagen). For screening of mice, digits were
cut from 12-14 day-old mouse pups. DNA was extracted by boiling the digits in
125 ml 25 mM NaOH and 0.2 mM EDTA for 30 minutes, followed by addition of
125 ml 40 mM Tris-HCI (117). PCR amplification was done using GoTaqg Green
Master Mix (Promega), 0.5mM each primer, and DNA. PCR method was: 95°C
for 2 minutes, followed by 35 cycles of 95°C for 30 seconds, 55°C for 30
seconds, and 72°C for 1 minute. Amplicons were separated on a 1.4% agarose

gel, and photographed using a Syngene GeneSnap. Primer sequences used for
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genotyping are listed in Table 2. Sequencing of PCR amplicons to verify the

distal loxP site was performed by Seqwright.

Real-time RT-PCR. Mouse tissues were rinsed in PBS and then snap-frozen in
liquid nitrogen. RNA was prepared from frozen mouse tissues by homogenizing
the tissue in Trizol (Invitrogen), using increased amounts of glycogen (200 ug per
artery) to precipitate the small amount of RNA obtained from individual carotid
artery samples. Tests were performed to verify that the increased glycogen
present in the RNA samples did not interfere with subsequent cDNA production,
nor PCR amplification. 0.5 ug of RNA was reverse transcribed as previously
described (131). cDNA was diluted 1:5 with water, then amplified using Faststart
SYBR green master mix (Roche) and gene specific primers (Eurofins
MWG/Operon) in a AB 7500 Real-Time System (Applied Biosystems). Relative
abundance of mRNA was calculated using the 2*°* method. HPRT was used as

an internal control. Primer sequences used are listed in Table 3.

Semi-quantitative RT-PCR. RNA and cDNA was prepared as described above.
DAPK exon 4 and HPRT were amplified using gene-specific primers (see Table
3). PCR was performed with the following cycling parameters: 95°C for 2,
followed by 95°C for 30 seconds, 57°C for 30 seconds, and 72°C for 30 seconds
for 30 cycles (HPRT) or 35 cycles (DAPK). Amplified DNA was separated on a
1.4% agarose gel, and photographed using a Syngene G-Box and GeneSnap

software (Synoptics).

Immunoblotting. Tissues were homogenized in RIPA lysis buffer containing
protease inhibitor cocktail and phosphatase inhibitor cocktails 1and 2 (Sigma),
using a glass tissue homogenizer. Protein was quantitated using BCA assay
(Pierce). Equal amounts of proteins were separated by SDS-PAGE, and detected
using standard immunoblotting protocols. Antibodies used were: MMP9 (a

generous gift of Dr. Robert Senior (Washington University, St. Louis, MO) (5);
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DAPK (from BD Biosciences); GAPDH (Novus); vinculin, a-sm-actin, and p-actin
from Sigma. Immunoblots were imaged using a Syngene G-box and GeneSnap
software (Synoptics). Quantitation of band intensity was performed using ImageJ
(NIH).

Gelatin zymography. Zymography was performed as previously described with
a few revisions (73). Equivalent amounts of protein from RIPA lysates of tissues
(20-50 ug) were separated by SDS-PAGE containing 7.5% acrylamide and 0.1%
gelatin (Biorad). Gels were incubated in 2.5% Triton-X-100 for 30 minutes, then
incubated in zymography buffer overnight at 37°C. (50 mM Tris pH 7.5, 200 mM
NaCl, and 5 mM CaCl,). Gels were stained in 0.5% Coomassie Blue R-250 in
7.5% methanol/7.5% acetic acid for 24 hours, followed by destaining in 7.5%
methanol/7.5% acetic acid for 2 hours. Gels were dried and photographed using

a Syngene G-box and GeneSnap software (Synoptics).

Carotid artery injury model. Eight-week old DAPK" or DAPK" and DAPK-/-
mice underwent the carotid ligation surgery as previously described with a few
modifications (69). Briefly, mice were anesthetized with a cocktail of ketamine
(0.1 mg/g) and xylazine (0.01 mg/g). The carotid artery was exposed via a 0.5-cm
incision 1-mm from the midline on the mouse’s neck. A 4-0 silk suture was used
to ligate the right common carotid artery, proximal to the bifurcation. For RNA and
protein analysis, mice were sacrificed 1-14 days following injury, and the injured
carotid artery rinsed in PBS and frozen in liquid nitrogen. Uninjured carotid
arteries from mice that did not undergo surgery were used as controls. Lysates
were prepared by grinding the frozen arteries in RIPA buffer containing protease
and phosphatase inhibitors (Sigma) using a glass tissue homogenizer. For
histological analysis, injured mice were anesthetized and then perfused, first with
sterile saline (0.9%) containing 0.1 mM sodium nitroprusside and 1 mM
adenosine, and then with RNAlater (Ambion). Arteries were fixed overnight in Z-

Fix (Anatech) and embedded in paraffin. Sections obtained 50 um from the
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suture were stained with Verhoeff-van Gieson elastin stain. Embedding,
sectioning, and staining was performed by the Indiana University Anatomy and
Cell Biology Histology Core. Images were obtained from a Nikon Eclipse 90i
microscope, Nikon DS-Fil camera and Nikon Elements AR 3.0 software. Images
were compiled in Adobe Photoshop. ImagedJ was used to measure intima and
neointimal areas in injured arteries. The intima was defined as the area between
the inner and outer elastic lamina, and the neointima was defined as the area of
cells and connective tissue (not blood cells) on the inside of the inner elastic
lamina. At least two sections were measured for each artery and the average

area was used in statistical analyses.

Animal studies. All animal studies were approved by Indiana University IACUC.

Data analysis. All experiments were independently performed at least three
times. All statistical analysis and graphs were created using GraphPad Prism
software (GraphPad Software, San Diego, CA). Graphs display mean +/- sem of
at least three independent experiments. Statistical significance was determined

by Student’s t test unless otherwise noted.

Results

In order to determine the in vivo role that DAPK plays in mouse
physiology, we sought to generate a DAPK knockout mouse. Previous data from
this and other laboratories using cultured cell systems indicated a role for DAPK
in regulating apoptosis and autophagy (8, 78). In light of this, and in order to
allow the greatest flexibility in deleting DAPK from specific tissues, a DAPK
flox/flox (DAPK"™) mouse was generated, such that loxP sites flanked exon 4.
These loxP sites can be acted upon by Cre recombinase to generate either a
whole-body or a tissue specific deletion of DAPK. Figure 11 shows the targeting
strategy used to generate the DAPK"™ mouse. Following Cre recombinase

activity, exon 4 will be deleted. Deletion of exon 4 is expected to result in splicing
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of exon 3 to exon 5 to generate a frame shift that incorporates a translational stop
codon after 3 missense amino acid residues. The subsequent mRNA will encode
a protein comprised of the first 95 amino acids together with 3 miscoded amino
acids. This region of DAPK contains 81 residues of the kinase domain but will not
be functional as all of the known conserved kinase domain motifs are deleted
(44). The targeting construct encodes the gene for neomycin, which is used for
positive selection, as well as a negative selection cassette encoding diptheria
toxin. The targeting construct was linearized and electroporated into albino
C57BL/6 ES cells (Stratagene), and resulting clones were screened by PCR. The
PCR primers were positioned (Figure 12A, P1/P6) such that they would allow
identification of correct targeting of the neo/flox cassette following electrophoresis
of the PCR reaction products. Representative results are shown in Figure 12C; a
1.2-kb band was detected in the amplified DNA from the DAPK" mice with
primers P1/P6. In addition, Southern blotting was performed to verify clones with
correct targeting of the neo/flox cassette following hybridization with an
appropriate probe (Figure 12A). Figure 12B shows the result of the Southern
blot experiments. As expected, the **P-labeled probe hybridized with a 5.8-kb
BamHI-fragment in DNA samples from negative control, non-electroporated ES
cells, consistent with the expected results based on the sequence of the wild-type
DAPK allele. A 5.8-kb wild-type band and a 4.5-kb band that corresponds to the
size expected by the recombined allele hybridized to the labeled probe in DNA
samples from heterozygous, DAPK"™ ES cells. BAC DNA was used as positive
and negative controls for the Southern blot. Because of difficulties in finding
unique restriction sites in the right targeting arm 3’ of exon 4, Southern blotting
used to verify the correct placement of the distal loxP site between exon 4 and 5
was inconclusive. To validate the correct placement of the distal loxP site, this
region was amplified by PCR using primers P2 and P5, and then sequenced to
verify the correct placement of both loxP sites. Two independent ES clones (#244
and #315) containing correctly-targeted, floxed-exon 4 were injected into

C57BL/6 blastocysts, and implanted into pseudopregnant females to generate
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two independent DAPK"* lines. The resulting chimeric pups were then mated with
wild-type C57BL/6 mice, and the pups were screened by PCR with primers P2
and P5, as is shown in Figure 12A and D.

In order to delete the neomycin cassette, female DAPK"™ mice were mated
with a male, C57BL/6 ACTFLPe mouse expressing the FLP recombinase under
the control of the human ACTB promoter. This mating resulted in recombination
between the FRT sites flanking the neomycin cassette and deletion (Aneo) of this
cassette (Figure 11). The resulting DAPK flAneo/+ mice (Figure 13A) were then
backcrossed to each other to generate homozygous DAPK!oxAneofoxaneo — The
genotype of this strain was verified by PCR, using primers P1 and P4 as shown
in Figure 13A. The PCR resulted in generating a single 0.7-kB fragment
corresponding to a DAPK'oxAneoloxaneom o yse; DAPK™™ ™" mice generated both a
0.7 kb fragment, and a 0.6kb wild-type fragment (Figure 13A).

To generate a full-body DAPK " mouse, a DAPKxAneofloxinee mgale was
mated with a C57BL/6 smMHC-Cre*" female. This smMHC-Cre mouse expresses
Cre recombinase under control of the smMHC promoter. Due to a transient
expression of Cre in the egg, in which the Cre protein is present in both Cre
genetically positive and negative fertilized eggs, crossing a male
DAPKToxaneoffioxtneo with g female Cre*” mouse results in all progeny having one
DAPK allele deleted (DAPK™). Crossing the heterozygous DAPK* mice
generated a full-body DAPK™ line. The PCR results are shown in Figure 13B,
confirming deletion of the DAPK exon 4 (primers P3 and P4, 0.35-kB fragment),
and the presence of the recombined DE4 allele (primers P1 and P5, 0.72-kB
fragment).

The deletion of DAPK exon 4 was confirmed by RT-PCR of RNA isolated
from liver, using primers that spanned exons 3 and 4 to generate the expected
0.2-kB fragment (Figure 14A). Primers to HPRT, which generated a 0.2-kB
fragment, were used as a positive control to confirm the presence of RNA in all
samples. In addition, the absence of DAPK protein was confirmed by

immunoblotting lysates prepared from liver and brain tissues from DAPK**,
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DAPK”, and DAPK* mice. These tissues were selected because they have high
levels of DAPK expression. As is shown in Figure 14B, no DAPK protein was
found in the liver or brain of DAPK” mice, and as expected reduced levels were
observed in DAPK*" mice.

Examination of the DAPK” mice yielded no overt visible differences
caused by the deletion of the DAPK protein. The DAPK” mice exhibited no
changes in weight, when compared with wild-type counterparts from the same
colony (Figure 15A). A reduction the sizes of litters from DAPK’ mice was
observed; Figure 15B shows that both DAPK” lines 244 and 315 exhibited
reduced litter sizes, possibly indicating that there may be some reproductive
problems or issues with the survival of some DAPK KO pups. The frequency of
genotypes resulting from DAPK heterozygote crosses (DAPK* x DAPK*;from
line 244), and from DAPK” and DAPK*" (line 315) are shown in Table 4. For line
244, there was a reduction in the expected percentage of DAPK™ resulting from
heterozygous parents (21% vs. the expected 25%); the reduction was more
striking with males (13%). In addition, a reduction in the number of DAPK” was
observed in line 315 (44% vs. the expected 50%). A Chi-squared analysis did not
show that the difference is statistically significant and it is likely due to the small
sample size for this study. It should be noted that this result agrees with a
previous study that showed that male DAPK” mice were born at lower than
expected frequencies (42). In the current study, two DAPK" and DAPK" lines
were maintained (lines 244 and 315), and no differences have been observed
between the lines. Data presented are from line 244, unless otherwise noted.

Data presented in Chapter Il pointed to a role for DAPK in regulating
MMP9 expression in vascular smooth muscle, with increased MMP9 mRNA and
protein measured from HCASMC that had been depleted of DAPK using a DAPK
siRNA. In order to determine if in vivo deletion of DAPK results in altered MMP9,
immunoblotting and zymography was performed on RIPA lysates from mouse
aorta obtained from DAPK"™ and DAPK™ mice. Low levels of MMP9 protein were

observed in the aorta; however they were not different between DAPK" and

51



DAPK™ mice. (Figure 16A). The expression of MMP9 protein was lower in other
tissues, such as carotid artery, liver and kidney, so gRT-PCR was used to detect
changes in MMP9 mRNA. As is shown in Figure 16B, there was no change in
the levels of MMP9 mRNA in carotid artery, liver or kidney tissues obtained from
DAPK”, as compared with the same tissues obtained from DAPK"" mice.

This result was surprising, especially in the aortic vascular tissue, as we
had previously found that DAPK was a negative regulator of MMP9 in cultures of
primary HCASMC (Chapter Il, Figure 3). One possible explanation for this result
is that in DAPK” mice a compensatory mechanism is engaged which blocks
increased MMP9 expression. This possibility is not implausible, as increases in
this protease are likely undesirable and incompatible with normal physiology. In
support of this, macrophage specific transgenes overexpressing this protease
have been described as having adverse effects on recruitment of neutrophils
based on MMP9 activity inactivating certain chemokines (14, 119). However,
compensation in whole animal knockouts is often not able to rescue the effects of
the knockout under pathological conditions. In order to determine if DAPK has
effects on MMP9 expression in an in vivo pathological condition, we examined
the response of DAPK” mice to carotid artery ligation. This injury, which is
schematically illustrated in Figure 17A, mimics blockage of arteries by thrombus
formation, and results in the remodeling of the ligated artery (69). This
remodeling is characterized by migration and subsequent proliferation of the
medial smooth muscle cells in the lumen of the artery. Within 24h after ligation, a
significant increase in MMP9 expression has been observed (40), indicating that
this model would be appropriate to test the hypothesis that DAPK negatively
regulates MMP9 in vivo. Figure 17B shows the results from western blotting of
lysates prepared from the injured carotid arteries of a DAPK** mouse. These
results established the time course of expression of MMP9 and showed that in
response to carotid ligation, the levels of MMP9 in the injured vessels increased
from undetectable basal levels until 4 days post-injury, after which time the levels

of MMP9 began to decrease and continued to do so until at least 14 days after
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injury. In addition, this experiment verified previous observations that expression
of smooth muscle markers, such as smooth muscle a-actin (sm-a-actin)
decreased over the first 7 days post-injury. This is likely due to de-differentiation
of the vascular smooth muscle from contractile cells to more proliferative,
migratory cells in response to the injury. In parallel, there was an increase in
DAPK protein was observed as early as 4 days after injury, and maintained until
at least 14 days post-injury (for quantification, see Chapter Il, Figure 3C). Since
both DAPK" and DAPK"* were used as controls in this study the control mice will
be denoted as DAPK". Figure 18A and Figure 18B shows the results of western
blots and gelatin zymograms of uninjured and injured carotid arteries at 1 and 7
days post-injury. Quantification of these results revealed that there was a 9.6-fold
increase in MMP levels within 1 day following injury in DAPK" mice.

Based on the findings in cultured primary HCASMC (Chapter Il), we
expect DAPK to negatively regulate MMP9 expression. Thus, the DAPK” mice
should exhibit an increase in MMP9 expression in injured carotid arteries,
compared to DAPK" mice. Unexpectedly, MMP9 levels at 7 days post-injury were
actually lower in DAPK” mice compared to DAPK" mice (Figure 18B). To
quantify the levels of active MMP9 expressed in response to the ligation injury
the intensity of MMP9 bands (Figure 18C) was quantitated and normalized to
vinculin, which was used as a loading control. As is shown in Figure 18C there
was no difference in expression of MMP9 observed at 1 day post-ligation, and
although the effect at 7 days is not statistically significant, the trend indicates that
DAPK” have lower levels of MMP9. To further verify these unexpected results,
gRT-PCR was performed to measure MMP9 mRNA in injured and uninjured
carotid arteries from control DAPK" and DAPK” mice. As Figure 18D shows,
ligation injury of the carotid artery resulted in a 12.5-fold increase in MMP9
mRNA, and there was no difference between DAPK" and DAPK™ mice (12.5 +/-
3.0 for DAPK" vs. 14.1 +/- 2.3 for DAPK™).

Histological sections of carotid artery tissues were prepared from DAPK"
and DAPK” mice at 14 (Figure 19 A-D) and 28 days (Figure 19 E-H) post-
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ligation injury. These sections were stained with Verhoeff-van Giesen stain to
visualize morphological details of the tissues including the adventitial, medial and
neointimal layers as well as the elastic laminae. Representative stained sections
were examined at these two time points and this examination revealed an
increase in the thickness of the medial smooth muscle in response to the carotid
ligation injury (Figure 19). As can be seen by comparing panels A, B to C, D of
Figure 19, DAPK” mice had reduced response to injury at 14 days. For
comparison an uninjured control DAPK" artery is shown in Figure 19-I
Quantitation of the medial smooth muscle areas in these sections revealed that
DAPK” mice had significantly smaller medial smooth muscle areas at 14 days
after injury (Figure 19 A-D, and 19J). This trend was not observed at 28 days
post-injury, however (Figure 19 E-H and 19J).

DAPK has been previously implicated as a negative regulator of fibroblast
and cancer cell migration(71). Results presented in Chapter Il (Figure 2)
indicated that DAPK also negatively regulates smooth muscle cell migation.
Because the carotid ligation injury results in migration of smooth muscle cells into
the lumen of the vessel to form a neointima, we hypothesized that the DAPK”
mice would exhibit increased SMC migration in response to injury, resulting in an
increased neointimal area at later time points post injury. The response to injury
at 14 and 28 days post-injury in both the DAPK" mice and DAPK” was quite
varied; as is shown in Figure 19E-H, and many but not all mice showed
development of a neointima at these time points. The ratio of neointimal to medial
smooth muscle area is commonly used to compare the response to injury in
vascular models. The quantitative results shown in Figure 19K reveal the
heterogeneity in the response at 28 days, and suggest that there is no significant
difference between the medial area or the neointimal/media ration for DAPK" and
DAPK™ mice. Interestingly, on average, the DAPK” mice do show a trend toward
having decreased neointimal formation at 14d post-injury (Figure 19K), with
means of 0.203 +/- 0.08 in the DAPK" and 0.079 +/- 0.04 for the DAPK™".
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Discussion

The data presented in this chapter are the results of studies following the
generation of a DAPK knockout mouse. These studies show that we successfully
generated a transgenic mouse containing loxP sites flanking exon 4 of DAPK. A
heterozygous mouse was then generated by mating a male DAPK™ mouse with
a mouse that expresses Cre recombinase in eggs at the time of fertilization.
Deletion of exon 4 was determined by PCR, RT-PCR, Southern, and
immunoblotting. Analysis of mouse litter size indicated that the DAPK™ mice

+/+

produce significantly smaller litters than DAPK™" mice. In addition, when the
numbers of DAPK” mice generated from heterozygous crosses were tabulated,
there was a trend toward a decrease in the birth of DAPK™ pups. Although the
trend was not statistically significant due to the small sample size, it is likely that
deletion of DAPK presents a challenge to the survival of mice during embryonic
development.

Based on the results from Chapter Il showing that DAPK is a negative
regulator of MMP9 in human coronary artery smooth muscle cells, it was
hypothesized that deletion of DAPK would result in increased MMP9 expression.
However, no changes were observed in MMP9 mRNA or protein levels in several
tissues, including aorta, carotid artery, liver, and kidney, although future work
should include more samples, to verify the results in liver and kidney, and to
allow for statistical analysis of the data. Using the carotid artery ligation injury
model, the effect of DAPK deletion on MMP9 levels in a pathological condition
was tested. Both DAPK” and DAPK" mice displayed a similar, robust increase in
MMP9 protein and mRBNA 1 day after injury. The MMP9 levels remained
increased about basal up to 14 days following injury. Interestingly, in the DAPK™
mice, there was a trend toward a reduction in the MMP9 protein observed 7d
after injury, although future studies should first expand the sample size to allow
statistical analysis of the quantification. In addition to inducing MMP9 expression,
the carotid artery ligation also causes smooth muscle cell migration and

proliferation to result in a thickened medial smooth muscle layer and the

55



generation of a neointimal cell layer that encroaches upon the lumen of the
vessel. Examination of histological sections from DAPK" and DAPK™ mice
showed no significant difference in neointimal formation, however DAPK” mice
generate significantly smaller medial smooth muscle layers 14 days following
injury.

The results in this study were surprising in many ways, but are
instrumental in leading us to new areas in which to determine the in vivo role of
DAPK. Based on the studies in Chapter Il and previous studies, it was expected
that DAPK” mice might have a myriad of problems which would be detrimental to
their development. The strategy of using the Cre-lox system was decided upon
because it was thought that deletion of DAPK in all tissues might induce
embryonic lethality. During the generation of these mice, studies were published
using adult mice from two independently-generated DAPK” mouse models (42,
118). These studies indicated that our DAPK” mice would not likely be
embryonic lethal. The DAPK”™ mice in our study exhibited normal growth,
compared to the DAPK"™ mice that have normal levels of DAPK. Based on the
results in Table 4, there was a trend toward reduced numbers of the DAPK™ mice
born, especially with male mice. This is in agreement with a previous study,
which found slight decreases in numbers of male DAPK” mice, when compared
to expected Mendelian ratios (42). This observation indicates that DAPK has an
important role in promoting the development and survival of mice in utero. This
also lends credence to the hypothesis that the surviving mice likely have
alterations that allow them to compensate for the deleterious effects resulting
from the loss of DAPK expression.

We observed increased MMP9 expression in HCASMC when DAPK was
depleted in studies reported in Chapter Il. In cell culture, these effects did not
adversely affect cell survival, but in an in vivo system such as the DAPK” mouse,
such increases would likely alter development and might not be compatible with
life. MMP9 is a protease that can digest extracellular matrix proteins and growth

factors, altering their activity (86, 87). Expression of MMP9 is tightly regulated by
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many cytokines, and the activity is tightly regulated in vivo by the expression of
endogenous inhibitors such as TIMP-3 (87). Previous studies have linked
alterations in the balance of TIMPs and MMPs with vascular pathology, like
aneurysm (3, 35, 66). In addition, transgenic mice constitutively expressing
MMP9 in macrophages exhibited less stable atherosclerotic plaques on an
ApoE” mouse background (41). An upregulation in MMP9 would likely be
undesirable; thus the DAPK™ mice that are born and survive likely have slight
changes to reduce the expression.

Another reason for the different results observed in Chapter Il versus this
chapter is that the studies in Chapter Il were performed in human coronary artery
smooth muscle cells, and in this /in vivo study was performed on vascular tissue
from aorta and carotid arteries. It is possible that the effect might be a species
difference or a tissue origin difference, or that the signaling pathways activated in
SMC culture differ from those activated in the response to carotid injury. The
carotid injury model involves a more complex situation, with multiple cells
contributing to MMP9 expression.

Examination of the histological sections showed that DAPK” mice have
smaller areas of medial smooth muscle. The decrease in MMP9 observed at 7d
after injury could be contributing to the decreased medial smooth muscle area;
however, more samples are needed to confirm the decrease in MMP9.
Alternatively, the unexpected decrease in medial smooth muscle could be a
direct effect of DAPK; previous work by this lab has found that primary aortic
SMC require DAPK for survival (61). Perhaps the pathological conditions
stimulated by the carotid injury result in apoptosis in SMC lacking DAPK.

In conclusion, DAPK” mice have been generated which display defects in
the response to carotid injury. The DAPK” mice exhibit reduced MMP9
expression 7 days after injury. In addition, there is a decrease in medial smooth
muscle area 14 days following injury. In Chapter IV, conclusions for these
experiments are described and future studies are outlined to determine if there is

a change in cell number, apoptosis, or proliferation. Studies will also seek to
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identify the reason that DAPK has different effects on MMP9 expression in

human CASMC and in the in vivo carotid injury model.
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Figure 11: Strategy for generating DAPK" and DAPK™.

A targeting construct was generated containing loxP sites flanking exon 4 of the
DAPK1 gene (red triangles). A neomycin resistance cassette (pGK Neo) flanked
by FRT sites (yellow ovals) and a diptheria toxin A (DTA) gene (green box) were
included in the targeting construct for use as a positive and negative selection of
ES cell transgenes. Homologous recombination between the targeting vector and
the gene results in generation of the floxed allele (+neo). Subsequent mating with
the Actin-FLPe mouse (FLPe recombinase under the control of the human p-actin
promoter) results in floxed allele (Aneo). Deletion of exon 4 is accomplished by
mating the floxed allele (Aneo) mouse with a mouse expressing Cre recombinase
to generate AE4 allele. This study used smMHC-Cre deleter mice, which contain
Cre in the fertilized egg, generating a whole-body deletion of the DAPK Exon 4
(AE4).
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Figure 12: Verification of DAPK ", DAPK ™"° and DAPK" mice.

A: Location of the primers used for PCR verification of the floxed DAPK and
DAPK KO mice (P1-P8). In addition, the Southern blot probe (SB probe) location
is shown (red box). B: Autoradiogram of a Southern blot showing the presence
of the recombined, floxed DAPK allele (4.5-kb band) in two ES cell lysates, in
addition to the wild-type DAPK allele (5.8 kb). BamHI was used to digest the
genomic DNA, and the sites are indicated in panel A. Positive controls include
BamHI digested BAC DNA (RPCI-105110), which contains the section of the wild-
type (WT) DAPK1 gene shown in panel A. The targeting construct shown in
Figure 11 was homologously recombined with the WT BAC to generate the “fI”
positive control shown on the right. C - D are representative images of agarose
gels used to identify PCR reaction products. The primers used and the size of the
expected fragment, are indicated on to the left and right sides of the gels,
respectively. C: PCR results from ES cells to validate the occurrence of
homologous recombination between DAPK exon 3 and exon 4. P1/P6 generated
a 1.2 kb product in ES cells where homologous recombination occurred; no band

was observed where random integration of the construct occurred. D: PCR
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fragments generated from genomic DNA samples of the indicated genotypes of
flox mice. The sizes of the fragments verify the presence of the DAPK"* and
DAPK™"™ alleles. P2/P5 primers amplify only the flox allele to generate a 2.0 kb
fragment, P1/P4 primers will amplify only the WT allele to generated a 0.6 kb
fragment and P3/P4 primers amplify within exon 4 to generate a 0.35 kb

fragment.
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Figure 13: Verification of DAPK "4 and DAPK * mice.

A: PCR results from floxAneo mice verify the presence of DAPK™™* and
DAPK'Aneoanee giales. P1/P4 primers amplify a 0.7 kb region corresponding to the
flAneo allele, and a 0.6 kb region corresponding to the wild-type (wt) allele. B:
PCR results to verify the alleles of the DAPK* and DAPK™ mice. P3/P4 primers
amplify exon 4 to generate 0.35 kb amplicons for wild-type or the floxed allele but

do not amplify the deleted exon 4 (AExon 4). P1/P5 primers generate a 0.72 kb

amplicon for the AExon 4 allele.
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Figure 14: Verification of deletion of DAPK mRNA and protein.

A: Semi-quantitative RT-PCR was performed on liver RNA obtained from
DAPK**, DAPK **, and DAPK” mice. DAPK™ mice showed no amplification of the
DAPK exons 3/4 (upper, lane 1) and DAPK" showed reduced levels when
compared to DAPK**. Primers to HPRT were used as an internal control. A no-
template (nt) control was also tested. B: Immunoblotting verified the absence of
DAPK protein in lysates from the liver and brain of DAPK KO mice, and reduced
levels in lysates from DAPK*. Anti-DAPK monoclonal antibody (Sigma) was
used to detect expression of DAPK in 80 ug liver and 70 ug of brain cell extracts.

Vinculin and p-actin were used as loading controls.

63



+s.  Weight of mice

15.0+ - \WTMale n=11
-+-KOMale n=7

~ 12.5+
2 10.04 / —=— WT Female n=14
o= -=-KO Female n=8

[<)
‘5 7-51 /
s 5.0+
2.5+
OC T | L] 1
10 15 20 25 30
Age (days)
B Litter sizes
7=
DAPK flI/fl
all T T —
- I DAPK KO
v 5d = *kk
)
£ 4
4
5 31
o
* 2=
1-
c T T 1
244 315 combine

Figure 15: Statistical analysis of growth and litter size in WT and DAPK KO
mice.

A: Weights of mice were tabulated at various times and graphed as indicated.
WT litters were used for comparison because there were not enough DAPK"
litters at time of publication. B: Mouse litter sizes for two lines of DAPK" or
DAPK” mice were tabulated and graphed as indicated. For the combined
column, data from the 244 and 315 lines were combined. ** p<0.01, *** p<0.001.
DAPK KO denotes DAPK” genotype. Sample sizes were: 244 DAPK"™ (n=34),
244 DAPK KO (n=29), 315 DAPK" (n=25), 315 DAPK KO (n=21), combined
DAPK" (n=59), and combined DAPK KO (n=50).
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Figure 16: Quantitation of MMP9 protein and mRNA in DAPK™ mice.

A: RIPA lysates from DAPK"™ and DAPK” (denoted DAPK KO) mice were
analyzed by immunoblotting for DAPK (Sigma) and MMP9, and gelatin
zymography. Each lane on the gel represents 50 ug total protein. B: qRT-PCR
was performed on cDNA generated from total RNA prepared from carotid artery,
liver, and kidney of control DAPK"™ and DAPK KO (DAPK™) mice as indicated.
MMP9 mRNA was normalized to HPRT. Values were then normalized to the
average of the DAPK" group for comparison. N=6 for carotid artery, n=2 for liver

and kidney.
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Figure 17: Expression of MMP9 is upregulated by carotid ligation.

A: Schematic showing the region of the right carotid artery ligated; the region
highlighted by the box was collected for protein and mRNA analysis. B: Lysates
from carotid arteries of WT C57BL/6 0-14 days post injury were analyzed as
indicated. Immunoblotting results from mice showing the response to injury at the
protein level from 0-14 days after injury. DAPK antibody was from BD. Carotid

arteries from uninjured mice were used as negative controls. RIPA lysates (20 ug

per lane) were blotted for the indicated proteins.
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Figure 18: MMP9 is upregulated in both DAPK" and DAPK * mice; MMP9
mRNA is decreased in DAPK” mice at 7d after injury.

A-B: Lysates from carotid arteries of WT C57BL/6 1 and 7 days post injury were
analyzed as indicated. Immunoblotting results from mice showing the response to
injury at the protein level from 0-14 days after injury. Carotid arteries from
uninjured mice were used as negative controls. RIPA lysates (20 ug per lane)
were blotted for the indicated proteins. Immunoblotting and zymography results
1 day (A) and 7 days (B) post-injury from DAPK " and DAPK” mice (denoted
DAPK KO). DAPK monoclonal antibody was from BD. C: MMP9 was quantitated
on zymograms in A & B, and normalized to the immunoblotted vinculin. N values

are as indicated. D: gRT-PCR was used to measure MMP9 mRNA in RNA
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samples obtained from DAPK ™ or DAPK KO mice at 1 day post-injury. Levels

were normalized to mouse HPRT. N=6.
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Figure 19: DAPK " mice exhibit less medial response to carotid injury after
14d.

A-H: Representative paraffin sections of injured arteries from DAPK" and DAPK"
mice after fixation and staining with Verhoeff-Van Gieson which stains the elastic
laminae black. A, B, C, D: 14 days after injury; E, F, G, H: 28 days after injury.
I: Uninjured control artery. A, B, E, F are arteries from DAPK" mice; C, D, G, H
are arteries from DAPK " mice (denoted DAPK KO). Scale bar in panel A shows

100 um. J — K: Using ImagedJ software, area of the medial smooth muscle layers
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or the ratio of neointimal area (area of non-blood cell growth in lumen inside of
inner elastic lamina) to the media area was measured, calculated, and graphed.
Medial smooth muscle was defined as the area between the inner and outer
elastic lamina. The numbers of arteries examined were: n=12 for 14 days DAPK"
and DAPK KO; n=10 for 28d DAPK " and n=9 for 28d DAPK KO. Duplicate
sections were measured for each mouse. *p=0.034, DAPK" vs. DAPK KO, 14d

post-injury.
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Table 2: Primers used for RT-PCR

Primer name

Sequence (5’ to 3’)

Mo DAPK (exon 4) Forward TCATTCTGATCCTGGAGCTTG

Reverse TGCCTCCTCTTCAGTCAGAGA
Mo HPRT Forward TGGCCCTCTGTGTGCTCAA

Reverse TGATCATTACAGTAGCTCTTCAGTCTGA
Mo MMP9 Forward CCTGAAAACCTCCAACCTCA

Reverse GGTGTAACCATAGCGGTACAAGT

Table 3: Primers used for genotyping and Southern blot probe template

Primer name

Sequence (5’ to 3’)

P1

TGCTTACTGTCTGGCAGTGG

P2 GCTTCCTCGTGCTTTACGGTATC

P3 TCTGTCCCCTCGTTTGTGAATG

P4 CAGGTGCCTCAGTTTCTCTTGG

P5 ATAGGAGCACAGCCCGTCTTGACAG
P6 TGGACGTAAACTCCTCTTCAGACCTG
P7 GCATTGAGCACCTTCCTTCACAC

P8 CGGAGCATTTCAGATGGCACTG

Southern probe forward

GAAGGAAGGGTTGAGAGAGTTGC

Southern probe reverse

CCAAGTTTGAGACAAGGCAGAGTC
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Table 4: Frequency of genotypes observed

Line 244

244 (+/- x +/-) DAPK +/+ DAPK+/- DAPK -/-
Males 12 (27%) 27 (60%) 6 (13%)
Females 9 (22.5%) 19 (47.5%) 12 (30%)
Combined 21 (25%) 46 (54%) 18 (21%)
P value combined 0.67

P value males 0.18

P value females 0.76

Line 315

315 (+/- x -/-) DAPK +/- DAPK -/-

Males 17 (57%) 13 (43%)

Females 15 (56%) 12 (44%)

Combined 32 (56%) 25 (44%)

P value combined 0.35

P value males 0.47

P value females 0.67
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Chapter IV: Future Studies and Conclusions

The results presented in the previous two chapters point to a role for
DAPK in regulation of smooth muscle signaling. Chapter Il focused on the
regulation of MMP9 expression by modulating p65 activity in primary human
coronary smooth muscle cells, and Chapter lll presented studies using a newly
generated DAPK” mouse. Examination of this mouse model revealed that DAPK
promotes MMP9 expression and development of thickened media in a carotid
injury model. Future studies will be delineated in this chapter to advance our
understanding of the role of DAPK has on the physiology and pathology of
smooth muscle and other tissues.

In Chapter I, results showed that DAPK negatively regulates levels of p65
phosphoS536. Using a phosphomimetic mutant p65 S536D, we showed that this
phosphorylated form of p65 increases the NF-xB activity, and that the inhibitory
effect of DAPK requires p65 to modulate MMP9 expression levels. Further
studies are needed to confirm that DAPK depletion leads to increased binding of
p65 phosphoS536 on the MMP9 and VCAM1 promoters. Chromatin
immunoprecipitation assays should be used to examine the binding of p65 to
endogenous promoters in control and DAPK-depleted HCASMC; increased
binding of p65 phosphoS536 to the MMP9 and VCAM1 promoters is expected
when DAPK is depleted from HCASMC. Other NF-kB regulated promoters that
are not responsive to DAPK depletion (IL-8 and TNFa, data not shown) should
be used as negative controls. In addition, the role of p65 partner NF-xB1/p50 in
the transcription of MMP9 and VCAM1 should be explored to determine if its
binding is also affected by DAPK depletion.

DAPK depletion results in increased p65 phosphoS536 via an unknown
mechanism. There are several kinases that can phosphorylate p65 at S536,
including lkKo/p and RSK. There was no increase in the active forms of lkKo/f in
DAPK-depleted HCASMC, leading to the hypothesis that perhaps

dephosphorylation of p65 was affected in these cells. PP2A has been previously
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shown to both bind DAPK and also to dephosphorylate p65 phosphoS536. This
ser/thr phosphatase is also partially localized to the nucleus in HCASMC (data
not shown). Thus, it is possible that DAPK and PP2A are part of a complex that
regulates the phosphorylation status of nuclear p65. Future studies should focus
on determining if DAPK, PP2A and p65 form a complex, and if DAPK depletion
leads to disruption of the PP2A/p65 complex. Alternatively, another binding
partner of DAPK might be mediating the effect on p65. DAPK has also been
shown to bind to Mib1, an E3 ubiquitin ligase. Previous studies have shown that
p65 phosphoS536 is specifically targeted for degradation by the nuclear
proteasome (72). Depletion of DAPK could disrupt the ubiquitination of p65 by
Mib1; future studies should focus on determining if Mib1 can ubiquitinate p65 in
vitro and in vivo, and whether or not Mib1 and p65 interact. The levels of p65
phosphoS536 phosphorylation and turnover are likely to be tightly regulated
because p65 phosphoS536 does not bind IkBa (10, 13). This inhibitor of NF-xB
signaling is responsible for maintaining p65 in the cytoplasm; thus, alternative
mechanisms for terminating and regulating NF-xB signaling on promoters that
bind p65 phosphoS536 are likely important and not well defined. Identification of
the specific effect that DAPK has upon regulation of p65 phosphoS536 will
further the knowledge in this field.

Another finding in Chapter Il was that DAPK is localized to the nucleus.
This finding was based on cell fractionation of HCASMC, and has been also
found to be true for other cell line such as HelLa and 293HEK. Further studies to
determine the regulation of DAPK nuclear localization are needed, such as
characterization of sequences in DAPK that regulate its nuclear localization. One
such highly basic amino acid sequence is located within the kinase domain of
DAPK and site directed mutagenesis could be used to alter these residues and
determine if nuclear localization was blocked.

Chapter lll showed that the deletion of DAPK in vivo has a different effect
on MMP9 than was shown in Chapter Il. In normal aortic, carotid artery, or

hepatic tissue from DAPK"™ and DAPK™ mice, there was no difference in MMP9

74



MRNA or protein expression. Reduced levels of MMP9 were found at 7 days
following ligation of the carotid artery in the small sample size examined. The
sample size in this study should be expanded, and also data for MMP9 mRNA
levels determined for the 7 day post-injury time point. After verification of the
decreased MMP9 at 7 days in the DAPK KO mice, the reasons for the different
effect that low DAPK levels have on MMP9 expression should be explored. The
carotid artery is a complex environment, and more than one cell type likely
contributes to the MMP9 levels produced in response to vascular injury, including
SMC and macrophages. Further studies need to be done to determine which
cells are primarily responsible for the production of MMP9 mRNA in the carotid
artery ligation. It is also possible that the differences we observe are due to
unique properties of coronary artery smooth muscle cells, as compared to aortic
and carotid artery smooth muscle cells. Examination of mouse coronary arteries
is difficult, so future studies should first focus on characterizing the role of DAPK
in primary carotid smooth muscle cells from mouse and human tissue, and also
in macrophages and immune cells. Depletion of DAPK in these other cell culture
models should be done to determine what effect DAPK has on MMP9
expression. In addition, compensatory mechanisms are likely to be playing a role
in masking the effects of the DAPK deletion and could explain the differences
between acute depletion in cultured HCASMC compared to total sustained
depletion in the mouse model. Further studies should examine if there are
alterations in the NF-kB pathway to block the increased p65 phosphoS536 that
may occur in the absence of DAPK.

Data presented in Chapter Ill indicates that DAPK” mice have decreased
medial smooth muscle thickness at 14 days post injury. More studies should
determine if these differences are due to changes in cell number, apoptosis, and
proliferation. In Chapter Il, staining of sections from ApoE” mice showed that
DAPK expression is upregulated in atherosclerotic lesions from ApoE™ mice that
have been fed a high-fat diet. Double-knockout mice (DAPK™; ApoE™) should be
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generated to determine if the increased DAPK contributes to the generation of
atheromas.

The DAPK’ mice were generated from a mouse that contained loxP sites
around DAPK exon 4. These mice can be used in the future to generate tissue
specific knockout mice in an unlimited number of studies to determine the effect
of DAPK on specific cell types, such as endothelial cells, smooth muscle cells,
immune cells, and other cell types, in both normal and injured arteries. Studies in
nonvascular, DAPK-expressing tissues could also be undertaken using other Cre
deleter mice. Because the deletion of DAPK is likely inducing compensatory
changes to ensure the animals’ survival, use of an inducible Cre system would
allow for temporal control of DAPK deletion after the animals reach maturity. This
strategy could reveal more effects of the loss of DAPK.

In conclusion, results presented here highlight roles for DAPK in vascular
smooth muscle, both in human coronary artery smooth muscle cells and in vivo in
the mouse carotid artery ligation model. DAPK levels were increased in the
smooth muscle cells in two mouse models of vascular pathology. In the
HCASMC, reduced DAPK levels led to increased cell migration and MMP9
expression. The mechanism behind the in vitro upregulation of MMP9 was
identified, and we found that reduced DAPK leads to increased phosphorylated
p65, which has more NF-xB activity on the MMP9 promoter. DAPK also plays a
role in vascular pathology in vivo; in the DAPK™ mice there was a reduced medial
response to ligation of the carotid artery, and also less MMP9 expression. Thus,
depending on the context and possibly cell type, DAPK plays different roles in
regulation of cellular signaling that determines the amount of MMP9 produced by
cells. In conclusion, DAPK plays a complex role in the regulation of vascular

smooth muscle signaling.
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