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ORIGINAL ARTICLE

TNF-a induces phenotypic modulation in cerebral vascular smooth
muscle cells: implications for cerebral aneurysm pathology

Muhammad S Ali'®, Robert M Starke'*®, Pascal M Jabbour', Stavropoula | Tjoumakaris', L Fernando Gonzalez',
Robert H Rosenwasser', Gary K Owens>, Walter J Koch?, Nigel H Greig® and Aaron S Dumont'

Little is known about vascular smooth muscle cell (SMC) phenotypic modulation in the cerebral circulation or pathogenesis of
intracranial aneurysms. Tumor necrosis factor-alpha (TNF-x) has been associated with aneurysms, but potential mechanisms are
unclear. Cultured rat cerebral SMCs overexpressing myocardin induced expression of key SMC contractile genes (SM-a-actin,
SM-220, smooth muscle myosin heavy chain), while dominant-negative cells suppressed expression. Tumor necrosis factor-alpha
treatment inhibited this contractile phenotype and induced pro-inflammatory/matrix-remodeling genes (monocyte
chemoattractant protein-1, matrix metalloproteinase-3, matrix metalloproteinase-9, vascular cell adhesion molecule-1, interleukin-1
beta). Tumor necrosis factor-alpha increased expression of KLF4, a known regulator of SMC differentiation. Kruppel-like transcription
factor 4 (KLF4) small interfering RNA abrogated TNF-« activation of inflammatory genes and suppression of contractile genes. These
mechanisms were confirmed in vivo after exposure of rat carotid arteries to TNF-z and early on in a model of cerebral aneurysm
formation. Treatment with the synthesized TNF-« inhibitor 3,6-dithiothalidomide reversed pathologic vessel wall alterations after
induced hypertension and hemodynamic stress. Chromatin immunoprecipitation assays in vivo and in vitro demonstrated that TNF-
o promotes epigenetic changes through KLF4-dependent alterations in promoter regions of myocardin, SMCs, and inflammatory
genes. In conclusion, TNF-o induces phenotypic modulation of cerebral SMCs through myocardin and KLF4-regulated pathways.
These results demonstrate a novel role for TNF-o in promoting a pro-inflammatory/matrix-remodeling phenotype, which has
important implications for the mechanisms behind intracranial aneurysm formation.
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INTRODUCTION

Vascular smooth muscle cells (SMCs), unlike the terminally
differentiated cardiac or skeletal muscle cells, retain remarkable
plasticity. In response to environmental stimuli or cues, SMCs can
undergo profound changes in phenotype, switching from cells
principally concerned with contraction to cells that possess a pro-
inflammatory, pro-matrix remodeling phenotype.'* Prior studies
have noted significant alterations in cerebral blood vessels in
response to injury and ischemia, resulting in an inflammatory
response.® Phenotypic modulation is characterized by a decreased
expression of contractile proteins (such as smooth muscle
myosin heavy chain (SM-MHC), SM-o-actin, and SM-22a with
increased expression of matrix metalloproteinases (MMPs) and
other inflammatory mediators. Phenotypic modulation of vascular
SMCs is known to be important in the pathogenesis of
atherosclerosis and other vascular diseases.'?

There are well-established regional differences in SMC pheno-
type at the molecular level among different vascular beds,’
and little is known about SMC differentiation and phenotypic

switching in the cerebral circulation. Accumulating data
suggest that SMC phenotypic modulation is involved in the
pathogenesis of intracranial aneurysms (IA)>° and progression
of atherosclerosis within the aneurysmal sac has correlated
with  aneurysmal growth and rupture’  Furthermore,
inflammation and inflammatory cytokines have been directly
implicated in the pathogenesis of IA® More specifically, a
potentially critical role for TNF-o in the pathology of IA has been
suggested from recent data,>'® although a possible mechanism
has not been established.

Tumor necrosis factor-alpha is a pro-inflammatory cytokine
that is a constituent of the innate immune system’s response to
various forms of stress (infectious, chemical, and mechanical)."”
It has been demonstrated to be proatherogenic through
multiple biologic effects including influences on the endo-
thelium (producing endothelial dysfunction), SMC apoptosis, and
atherosclerotic plaque destabilization through extracellular matrix
remodeling.'*"* Although TNF- and pro-inflammatory mediators
have been found to be upregulated after cerebrovascular injury
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and ischemia>'* a potential direct role for TNF-o in SMC

phenotypic modulation has not been investigated.

The aims of the present study were:' to evaluate a potential
direct role of TNF-z in producing phenotypic modulation
of cultured cerebral SMCs including repression of SMC marker
genes and induction of pro-inflammatory, matrix-remodeling
genes that may have a critical role in the pathogenesis of
cerebral aneurysms;”> to determine whether TNF-o. produces
similar phenotypic modulation of SMCs in vivo, and® to test the
hypothesis that TNF-az-induced phenotypic modulation of SMCs is
mediated by Kruppel-like transcription factor 4 (KLF4)—a potent
repressor of SMC differentiation marker genes,'? and pluripotency
factor involved in reprogramming of somatic cells.'

MATERIALS AND METHODS

This study was carried out in strict accordance with the recommendations
in the Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health and in accordance with the ARRIVE (Animal Research:
Reporting In Vivo Experiments) guidelines. The protocol was approved
by the Committee on the Ethics of Animal Experiments of the Thomas
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Jefferson University (Permit Number: 833). All surgery was performed
under Isofluorane anesthesia. All efforts were made to minimize
suffering. An outline of experimental time line is demonstrated in
Figure 1. Cerebral blood vessels (circle of Willis) from rats were harvested
for cerebral vascular SMC culture and treated with TNF-o (Millipore,
Billerica, MA, USA) for quantitative polymerase chain reaction (PCR),
western blot, chromatin immunoprecipitation (CHIP), evaluation of
apoptosis, and assessment after adenovirus promoter transfection (See
Supplementary Materials and Materials and Methods).

After experiments in vitro, experiments were carried out after application
of pluronic gel (Sigma-Aldrich, St Louis, MO, USA) containing TNF-u to the
adventitial surface of rat carotid arteries to directly evaluate phenotypic
modulation in vivo. Additionally, CHIP assays were carried out to determine
epigenetic alterations in vivo (Figure 1). Subsequently, the role of
TNF-o was assessed early on in an established rodent cerebral aneurysm
model induced by hypertension and hemodynamic stress.'® The
TNF-o inhibitor 3,6'-dithiothalidomide was synthesized as previously
described'”"? and activity was assessed in an early rodent cerebral
aneurysm model (Figure 1). Further details regarding the Materials
and Methods can be found in the Supplementary Information available
at the Journal of Cerebral Blood Flow & Metabolism website—www.
nature.com/jcbfm.
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Figure 1. Time-line of experiments. (A) Cerebral blood vessels (circle of Willis) from rats were harvested for cerebral vascular smooth muscle
cell (SMC) culture and treated with tumor necrosis factor-alpha (TNF-) for quantitative polymerase chain reaction, western blot, evaluation of
apoptosis, and assessment after adenovirus promoter transfection. (B) After experiments in vitro, experiments were carried out after
application of pluronic gel containing TNF-o to the adventitial surface of rat carotid arteries to directly evaluate phenotypic modulation in vivo.
(€) Additionally, chromatin immunoprecipitation assays were carried out to determine epigenetic alterations in vitro and in vivo.
(D) Subsequently, the role of TNF-z and the TNF-« inhibitor 3,6'-dithiothalidomide was assessed early on in an established rodent cerebral
aneurysm model induced by hypertension and hemodynamic stress. BAPN, -aminopropionitrile; SMC-MHC, smooth muscle cell myosine
heavy chain.
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RESULTS

Tumor Necrosis Factor-Alpha Potently Repressed Smooth Muscle
Cell Marker Gene Promoter Activity and Messenger RNA levels in
Cultured Cerebral Smooth Muscle Cells

To examine a potential direct effect of TNF-« on inducing
phenotypic modulation in cultured cerebral SMCs, cells were first
transfected with the various SMC promoter-reporter constructs
and treated for 24 hours with TNF-o. (Figure 1). Tumor necrosis
factor-alpha potently repressed SM-MHC and SM-z-actin promoter
activity in a dose-dependent fashion (Figure 2A). Quantitative real-
time (RT)-PCR analysis demonstrated that cerebral SMCs treated
with TNF-o for 24 hours exhibit a profound suppression of
SM-g-actin, SM-MHC, and SM-22-z in a dose-dependent
fashion (Figure 2B). Western blot analysis confirmed a reduction
in protein expression of SM-z-actin and SM-MHC in response to
TNF-a stimulation (Figure 2C). Further, TNF-a: induces apoptosis in
vascular SMCs in a dose-dependent fashion (Supplementary
Figure 1).

Tumor Necrosis Factor-Alpha-Activated Expression of a Cohort of
Pro-inflammatory Genes

Phenotypic modulation of vascular SMCs can also be characterized
by activation of a repertoire of pro-inflammatory genes.'? Based in
part upon established work in the field of cerebral aneurysms,® we
selected a number of inflammatory genes that may have a role in
cerebral aneurysm pathogenesis that also contain KLF4 consensus
binding sites that are conserved across species in their promoter
region. Quantitative real-time RT-PCR and western blot
analysis revealed that TNF-z treatment for 24 hours markedly
increased expression of MCP-1, MMP-3, MMP-9, VCAM-1, and IL-1/8
messenger RNA (mRNA), respectively, in a dose-dependent
manner (Figure 3). Similarly, protein expression of inflammatory
genes was increased in a dose-dependent manner (Figure 3).

Tumor Necrosis Factor-Alpha Induced Expression of the
Transcription Factor, Kruppel-like transcription factor 4, A Potent
Regulator of Smooth Muscle Cell Phenotypic Modulation

The transcription factor KLF4 is known to be a potent regulator of
SMC differentiation."? To determine if TNF-o: induced suppression
of SMC differentiation marker genes and activation of pro-
inflammatory genes were accompanied by concomitant changes
in expression of KLF4, cultured cerebral SMCs were treated with
TNF-o. for various periods of time. Using quantitative real-time
RT-PCR, TNF-a markedly increased expression of KLF4 (over
six-fold) beginning as early as 2hours after TNF-a treatment
(Supplementary Figure 2A). The maximal response appeared
to occur at a TNF-a concentration of 10ng/mL. Western blot
also confirmed increased protein expression of KLF4 compared
with  glyceraldehyde 3-phosphate dehydrogenase control
(Supplementary Figure 2B).

Small Interfering RNA-Induced Suppression of Kruppel-like
transcription factor 4 Inhibited Tumor Necrosis Factor-alpha-
induced Repression of Smooth Muscle Cell Marker Genes and
Activation of Pro-Inflammatory Genes

To evaluate whether KLF4 is required for TNF-a-induced suppres-
sion of SMC marker genes and activation of expression of pro-
inflammatory genes, cultured cerebral SMCs were treated with
TNF-o +/— an small interfering RNA (siRNA) oligonucleotide
specific for KLF4 or with a control siRNA to green fluorescent
protein (GFP). KLF4 siRNA abrogated TNF-a-induced suppression
of SM-z-actin, SM-MHC, and SM-22-o while the control GFP siRNA
had no effect (Figure 4A). Moreover, KLF4 siRNA oligonucleotide
essentially completely prevented the activation of expression
of MCP-1, VCAM-1, and MMP-3 while control GFP siRNA did
not (Figure 4B). Control studies showed that the KLF4 siRNA
completely abolished the increase in expression of KLF4 mRNA in
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Figure 2. Tumor necrosis factor-alpha (TNF-«) suppressed promoter

activity, messenger RNA (mRNA) levels, and protein expression of
smooth muscle cell (SMC) marker genes. (A) Smooth muscle
myosine heavy chain (SM-MHC)-luc and SM «-actin-luc promoter-
luciferase constructs were transiently transfected into cerebral
vascular SMCs for 48hours and were treated with TNF-o for
24 hours. Luciferase activity was measured, normalized to total
protein content, and then expressed as fold increase over vehicle.
Values represent mean *s.e.m. *P<0.001 vs vehicle. (B) Cultured
cerebral SMCs were treated for 24hours with the indicated
concentration of TNF-o or vehicle. Real-time polymerase chain
reaction (RT-PCR) was performed, normalized to 18S ribosomal RNA
(rRNA), and expressed as fold increase over vehicle. Values represent
mean ts.em. *P<0.05; **P<0.005; ***P<0.0001 vs vehicle. (C)
Cultured SMCs were starved for 72 hours and further treated with
TNF-oo with the indicated range of concentration for another
72 hours. Total protein lysate of SMCs (0.2 ug) were subjected to
western blot analysis of SM-MHC and SM-a-actin protein expression.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a
loading control.

response to TNF-o stimulation while the GFP siRNA did not
(Figure 4C).

These findings were corroborated by examining the changes at
the protein level. Cerebral SMCs were transfected with either GFP
siRNA or KLF4 siRNA. Total protein extracts were subjected to
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Figure 3. Tumor necrosis factor-alpha (TNF-x)-induced messenger
(mMRNA) and protein expression of pro-inflammatory genes.
(A) Cultured cerebral smooth muscle cells (SMCs) were treated with
the indicated concentration of TNF-o for 24 hours. Real-time
polymerase chain reaction was performed, normalized to 18S
ribosomal RNA (rRNA), and expressed as fold increase over vehicle.
Values represent mean * s.e.m. *P<0.001 vs vehicle. *P<0.0001 vs
vehicle. (B) Cultured SMCs were starved for 72 hours and further
treated with TNF-o with the indicated concentration for another
72 hours. Total protein lysate of SMCs (0.2 ug) were subjected to
western blot analysis of monocyte chemoattractant protein-1
(MCP-1) and vascular cell adhesion molecule-1 (VCAM-1) protein
expression. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was used as a loading control.

western blot analysis. Tumor necrosis factor-alpha stimulation
suppressed expression of SM-g-actin in cells transfected with GFP
siRNA while this suppression was eliminated by KLF4 siRNA
(Figure 4D). However, TNF-« stimulated the expression of VCAM-1
in cells transected with siGFP while this was inhibited by short
interfering RNA specific to KLF4 (siKLF4) (Figure 4D). Expression of
f-actin was not altered with either GFP siRNA or KLF4 siRNA
transfection (Supplementary Figure 3A).

Tumor Necrosis Factor-Alpha Decreased Expression of Smooth
Muscle Cell Marker Genes and Increased Expression of Pro-
Inflammatory Genes In Vivo in Rat Carotid Arteries

To delineate whether TNF-o also suppressed expression of SMC
marker genes and activated expression of pro-inflammatory/
matrix-remodeling genes in vivo, the F-127 pluronic gel sys-
tem?®?" was used to apply TNF-x or vehicle to the adventitial
surface of rat carotid arteries in vivo (Figure 1). Quantitative real-
time RT-PCR analysis demonstrated that TNF- induced significant
suppression of SM-g-actin, SM-MHC, and SM-22-« after 24 hours as
well as a significant increase in KLF4 mRNA levels after 6 hours of
treatment, vs vehicle-treated vessels (Supplementary Figure 4A).
Additionally, TNF- produced a marked increase in pro-inflamma-
tory genes (Supplementary Figure 4B). The effects of TNF-a were
localized and expression of these genes was not altered in the
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aorta or liver. Additionally, control f-actin mRNA expression was
unchanged in TNF-o-treated vessels (Supplementary Figure 3B).
Collectively, these data demonstrate that TNF-x decreases the
expression of SMC marker genes, increases expression of KLF4,
and increases expression of pro-inflammatory/matrix-remodeling
genes in vivo.

Aneurysm Induction Surgery is Associated with a Suppression of
Smooth Muscle Cell-z-Actin and an Increase in Expression of
Tumor Necrosis Factor-Alpha, Kruppel-Like Transcription Factor 4
and Pro-inflammatory/Matrix-Remodeling Genes

To evaluate if changes in SMC marker genes, KLF4, TNF-¢, and pro-
inflammatory/matrix-remodeling genes occur at an early time
point after aneurysm induction surgery (before frank aneurysm
formation), we employed an established rodent model of cerebral
aneurysm formation that involves induced hypertension and
hemodynamic stress through unilateral carotid artery ligation
(Figure 1).'® Animals undergoing treatment developed
hypertension ~as compared with untreated controls
(Supplementary Figure 5). Two weeks after aneurysm induction
surgery, quantitative real-time RT-PCR (Figure 5) and immuno-
fluorescence staining (Figure 6) were performed on vessels of the
Circle of Willis. Aneurysm induction surgery resulted in a
significant reduction in SM-MHC and SM-z-actin with an increase
in expression of TNF-o, KLF4, MMPs (including MMP-2, -3, and -9),
MCP-1, and VCAM-1 compared with Circle of Willis vessels from
age-matched controls. Daily intraperitoneal injections with the
synthesized TNF-o inhibitor 3,6’-dithiothalidomide reversed these
alterations. Expression of SM-22x was also decreased after
aneurysm induction, but this was not significantly altered with
3,6'-dithiothalidomide treatment. This model typically induces
aneurysm formation between 3 and 6 months (Supplementary
Figure 6). Taken together, these data demonstrate that TNF-o is
increased early after aneurysm induction surgery and concomitant
changes in expression of SMC marker gene SM-u-actin, KLF4, and
pro-inflammatory/matrix-remodeling genes occur in a similar
fashion as demonstrated with TNF-o treatment of SMCs in vitro
and rat carotid arteries in vivo.

Myocardin Increased Smooth Muscle Cell Marker Gene Promoter
Activity and Induced Expression of Smooth Muscle Cell Marker
Genes in Cultured Cerebral Smooth Muscle Cells

Because of regional heterogeneity in factors regulating vascular
SMC differentiation according to the vascular bed, we set out to
determine if the highly potent SRF coactivator, myocardin,
was able to increase SMC marker gene promoter activity and
mMRNA level in cerebral SMCs. Cultured rat cerebral SMCs were
transfected with various SMC promoter-reporter constructs
and co-transfected with the myocardin or dominant-negative
myocardin transfection vectors. Transfection with the myocardin
vector significantly increased SM-u-actin and SM-MHC promoter
activity (Supplementary Figure 7A) while transfection with the
dominant-negative myocardin vector repressed SM-z-actin
and SM-MHC promoter activity (Supplementary Figure 7B).
Examination of endogenous gene expression using real-time
RT-PCR demonstrated that myocardin transfection potently
increased expression of SM-a-actin, SM-220, and SM-MHC
mRNA (Supplementary Figure 7C). Conversely, transfection
with a dominant-negative myocardin construct suppressed
expression of SM-w-actin, SM-22¢, and SM-MHC mRNA
(Supplementary Figure 7D). When cultured cerebral vascular
SMCs were infected with dominant-negative myocardin, there
was a significant reduction in expression of myocardin mRNA, as
compared with vehicle (Supplementary Figure 8A). Additionally,
transfection with myocardin adenovirus significantly increased
myocardin expression, as compared with vehicle (Supplementary
Figure 8B).
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Figure 4. Tumor necrosis factor-alpha (TNF-x) induced suppression of smooth muscle cell (SMC) marker genes and induction of
pro-inflammatory genes was mediated by Kruppel-like transcription factor 4 (KLF4). (A-C) Cultured cerebral SMCs were transfected with KLF4
small interfering (siRNA), oligonucleotides (short interfering RNA specific to KLF4 (siKLF4)), or nonspecific control oligonucleotides (siGFP) with
TNF-o (50 ng/mL) or vehicle treatment. Total RNA samples were isolated and differentiation marker genes (SM-220, SM-z-actin and smooth
muscle myosine heavy chain (SM-MHC)), inflammatory marker genes (MCP-1, VCAM-1, and MMP-3), and KLF4 messenger RNA (mRNA)
expression were analyzed by real-time polymerase chain reaction. Values were normalized to 18S ribosomal RNA (rRNA) and represent
mean * s.e.m. The experiment was repeated four times and the representative data are shown. (A) *P<0.05 vs vehicle; **P <0.005 vs siGFP.
(B) *P<0.01 vs vehicle; **P<0.0001 vs siGFP. (C) *P<0.0001 vs vehicle; **P<0.0002 vs siGFP. (D) Three micrograms of total protein lysate of
SMCs transfected with KLF4 small interfering RNA (siRNA) or green fluorescent protein (GFP) siRNA were subjected to western blot analysis
using anti-SM-o- actin, anti-VCAM-1 (vascular cell adhesion molecule-1), and anti-GAPDH (glyceraldehyde 3-phosphate dehydrogenase)
antibodies. The band intensity was quantified by densitometry. Relative band intensity was normalized to the band intensity of GAPDH and

presented as fold increase over vehicle.

Tumor Necrosis Factor-Alpha Repressed Expression of Myocardin
in a Kruppel-Like Transcription Factor 4-Dependent Manner

To evaluate potential mechanisms by which TNF-a represses
expression of SMC marker genes, we examined its effects on
expression of myocardin. Tumor necrosis factor-alpha significantly
attenuated expression of myocardin mRNA (Supplementary
Figure 9A) while siKLF4 prevented this decrease (Supplementary
Figure 9B). Tumor necrosis factor-alpha also significantly reduced
expression of myocardin mRNA in vivo (while simultaneously
increasing expression of KLF4) when applied with pluronic gel to
rat carotid artery (Supplementary Figure 9C). These data suggest
that KLF4 represses expression of vascular SMC marker genes, at
least in part, via KLF4-dependent repression of myocardin.

Tumor Necrosis Factor-Alpha Induced Binding of the Transcription
Factor SP1 to the Promoter Region of Kruppel-Like Transcription
Factor 4

To further assess the mechanisms behind KLF4 activation,
CHIP assays were used to assess the role of transcription factory
SP1 and histone modifications at the KLF4 promoter region.
Tumor necrosis factor-alpha treatment in cerebral vascular SMCs
resulted in increased binding of SP1 at the promoter region
of KLF4 along with increased histone acetylation, both of which
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are characteristic of promotion of KLF4 gene expression
(Supplementary Figure 10).2

Tumor Necrosis Factor-Alpha Induced Binding of Kruppel-Like
Transcription Factor 4 to the Promoter Regions of Smooth Muscle
Cell Marker Genes and Myocardin

To examine potential direct interactions of KLF4 with the
promoter regions of SMC marker genes and myocardin, we
performed CHIP assays (Figure 1). Tumor necrosis factor-alpha
resulted in increased binding of KLF4 to the promoter regions of
SM-g-actin, SM-MHC, and myocardin at 6 hours after treatment in
cultured cerebral vascular SMCs (Supplementary Figure 11A).
Moreover, when TNF- was applied to rat carotid arteries in vivo,
CHIP assays demonstrated a similar increased binding of KLF4 to
the promoter regions of SM-u-actin, SM-MHC, and myocardin
(Supplementary Figure 11B).

Tumor Necrosis Factor-Alpha Induced Binding of Kruppel-Like
Transcription Factor 4 to the Promoter Regions of Monocyte
Chemoattractant Protein-1

To determine the interactions between KLF4 and pro-inflamma-
tory gene expression, CHIP assays were used to assess alterations
at the MCP-1 promoter region both in vivo (Supplementary

© 2013 ISCBFM
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Figure 5.  Aneurysm induction surgery is associated with a suppres-
sion of smooth muscle cell (SMC)-a-actin, smooth muscle cell
myosine heavy chain (SM-MHC), and an increase in expression of
TNF-2, Kruppel-like transcription factor 4 (KLF4), and pro-inflamma-
tory/matrix-remodeling genes in vivo, which is reversed with
treatment with the TNF-u synthesis inhibitor 3,6’-dithiothalidomide.
Messenger RNA (mRNA) expression of anterior cerebral circulation
2 weeks after aneurysm induction surgery. Aneurysm induction
surgeries were performed as detailed in Materials and Methods.
Circle of Willis from animals undergoing aneurysm induction
surgery and daily intraperitoneal injections of 3,6'-dithiothalidomide
(N =6), aneurysm induction surgery and vehicle (N=6), or controls
treated only with vehicle (N=6) were harvested after 14 days. RNA
was extracted, real-time polymerase chain reaction was performed,
and expression levels of SM-z-actin, SM-MHC, KLF4, TNF-«, and
pro-inflammatory marker genes were normalized to 18S ribosomal
RNA (rRNA) and represent fold increase over control. Messenger
RNA (mRNA) expression of SM-z-actin, SM-MHC was decreased and
expression of KLF4, TNF-z, and pro-inflammatory marker genes
was increased after aneurysm induction surgery, as compared
with controls. Treatment with daily intraperitoneal injections of
3,6'-dithiothalidomide significantly reversed the decreased expres-
sion of SM-z-actin and SM-MHC and the increase in expression
of KLF4, TNF-o, and pro-inflammatory marker genes. Values
represent mean * s.e.m. *P<0.001 vs control; **P<0.001 aneurysm
induction versus 3,6'-dithiothalidomide. 3,6'DTM represents 3,6'-
dithiothalidomide.

Figure 11C) and in vitro (Supplementary Figure 11D). Tumor
necrosis factor-alpha induces binding of KLF4 to the promoter
region of MCP-1 and increases histone acetylation. Increased
histone acetylation promotes transcription of the downstream
gene. These studies demonstrate that both direct binding of KLF4
to the promoter region and histone acetylation may have an
important role in MCP-1 regulation.

Tumor Necrosis Factor-Alpha-Induced Suppression of Smooth
Muscle Cell Marker Genes was Accompanied by Recruitment of

© 2013 ISCBFM

Histone Deacetylase 2, Promoter Hypoacetylation, and Changes in
Promoter Methylation

To determine if epigenetic mechanisms may potentially mediate
TNF-o-induced suppression of SMC marker genes, we examined
whether TNF-o recruited histone deactylases (HDACs) and resulted
in changes in acetylation at the promoter regions of the respective
genes. Tumor necrosis factor-alpha recruited histone deacetylase
2 to the promoter regions of SM-z-actin and SM-MHC at 6 hours
after treatment in cultured cerebral SMCs (Figure 7A). Additionally,
TNF-o produced hypoacetylation of the histones at the promoter
regions of these genes (Figure 7B). On examining changes
in hypoacetylation of the histones at the promoter regions of
SM-o-actin and SM-MHC when TNF-o was applied to rat carotid
arteries in vivo, there was a nonsignificant trend toward similar
changes (data not shown). To evaluate potential changes in
promoter methylation that may induce gene suppression, further
CHIP assays were performed. Tumor necrosis factor-alpha
produced H3K27 trimethylation in the histones at the promoter
regions of SM-a-actin and SM-MHC at 6 hours after treatment in
cultured cerebral vascular SMCs, characteristic of transcriptional
suppression®? (Figure 7C). Application of TNF-u to rat carotid
arteries appeared to produce decreases in H3K4 dimethylation
that has also been associated with transcriptional repression®?
(Figure 7D). In summary, TNF-xz appears to recruit histone
deacetylase 2 to the promoter region of SMC marker genes
producing hypoacetylation and also appears to result in changes
in promoter methylation that lead to gene transcriptional
repression.

DISCUSSION

Significant progress has been made in understanding vascular
SMC biology, although mechanisms underlying control of SMC
phenotypic modulation in disease states remain poorly defined.
Well-established regional differences in SMC phenotype at
the molecular level have been documented and previously little
was known about SMC differentiation in the cerebral circulation.
Although prior studies have found that cerebral vascular injury
and ischemia may result in an inflammatory response®'* and
accumulating evidence suggests SMC phenotypic modulation
and inflammation may have a role in the pathogenesis of cerebral
aneurysms,®  potential mechanisms remain incompletely
understood. The current study presents novel data demon-
strating that TNF-o produces profound phenotypic modulation
of cerebral SMCs characterized by decreased expression of SMC
contractile genes and increased expression of pro-inflammatory,
pro-matrix-remodeling genes in vitro and in vivo. Additionally,
TNF-o. is increased and similar SMC phenotypic modulation
appears to occur within the cerebral circulation early in a
rodent model of cerebral aneurysm formation, and this is reversed
after daily treatment of the TNF-oo synthesis inhibitor
3,6'-dithiothalidomide.

Previous studies in cultured aortic SMCs have demonstrated
that in response to environmental stimuli, SMCs can differentiate
into cells primarily concerned with contraction or regress to a pro-
inflammatory, pro-matrix remodeling phenotype." Myocardin has
a key role in promotion of differentiated SMCs with upregulation
of contractile proteins, including SM-MHC, SM-u-actin, and SM-
220." Studies have found that in disease states such as vascular
injury,”® experimental atherosclerosis,>* and hemodynamic
stress,?> phenotypic modulation results in repression of the SMC
contractile phenotype that is, at least in part, regulated by KLF4.'
Observations in the present study provide evidence that SMC
differentiation and phenotypic modulation occurs, at least in part,
via similar mechanisms within the cerebral circulation. Both in vitro
and in vivo experiments in cerebral SMCs demonstrated increased
expression of SMC contractile proteins under the direct control of
myocardin and KLF4.
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Figure 6. After aneurysm induction surgery, immunohistochemistry staining demonstrates decreased expression of SMC-z-actin and smooth
muscle myosine heavy chain (SM-MHC) and increased expression of tumor necrosis factor-alpha (TNF-¢,) Kruppel-like transcription factor
4 (KLF4), and pro-inflammatory/matrix-remodeling genes in vivo, which is reversed with treatment with the TNF-o synthesis inhibitor
3,6'-dithiothalidomide. Immunofluorescence staining of the Circle of Willis 2 weeks after aneurysm induction surgery (N =6) demonstrated
increased expression of (A) TNF-o (green ), monocyte chemoattractant protein-1 (MCP-1) (red), interleukin-1 beta (IL-1/3) (red ), vascular cell
adhesion molecule-1 (VCAM) (red ), (B) KLF4 (red), matrix metalloproteinase (MMP-2) (red), MMP-3 (red ), MMP-9 (red ), and decreased
expression of (C) SM-o-actin (red), SM-MHC (red) as compared with controls. Alterations in animals undergoing aneurysm induction surgery
were reversed with daily intraperitoneal injections of 3,6'-dithiothalidomide (N = 6). Expression of SM-22 (red) was decreased after aneurysm
induction surgery, but changes in expression were not reversed with 3,6'-dithiothalidomide treatment. Nuclei (blue) are counter stained with
4,6-Diamidino-2-phenylindole (DAPI). 3,6'DTM represents 3,6'-dithiothalidomide. Scale bar represents 100 um.
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Tumor necrosis factor-alpha (TNF-z)-induced suppression of smooth muscle cell (SMC) marker genes was accompanied by

recruitment of histone deacetylase 2 (HDAC2), promoter hypoacetylation, and changes in promoter methylation. (A) Cultured cerebral
SMCs were treated with TNF-o (50 ng/mL) for 6 hours. Association of HDAC2 to the CArG-containing promoter region of SMC marker genes
(SM-z-actin and smooth muscle myosine heavy chain (SM-MHC)) was determined with chromatin immunoprecipitation (ChIP) assay using
anti-HDAC2 antibody. Values represent fold increase over vehicle and are expressed as mean * s.e.m. *P<0.01; **P <0.0007 vs vehicle. (B & C).

Similar to the above, ChIP assays were performed with the followi

ng antibodies: anti-H3K9Ac and anti-H3K27triMe. Values represent fold

increase over vehicle and represent mean £ s.e.m. ¥*P<0.0001 vs vehicle. (D): Pluronic gel containing TNF-x (60 ug/mL) was applied to the rat
carotid arteries (n=12). Vessels were harvested and ChIP assay performed using anti-H3K4diMe. Values represent fold increase over vehicle
and mean £ s.e.m. ¥*P<0.0001; **P<0.0005 vs vehicle. CArG, Cytosine Cytosine [Adenosine/Thyminels Guanine Guanine.

During aneurysm formation, there is thinning and degeneration
within the media as spindle-like vascular SMCs dissociate
from each other, migrate to the intima, and proliferate®
This phenotypic alteration is believed to be characterized by a
decreased expression of contractile proteins and an increased
expression of inflammatory mediators. Prior studies have found
that in response to injury and ischemia, TNF-a and other pro-
inflammatory mediators are upregulated in cerebral blood
vessels.>'* Both in in vitro and in vivo experiments performed
herein, TNF-o. induced downregulation of myocardin, SM-u-actin,
SM-MHC, and SM-22-« and upregulation of MMP-3, MMP-9, MCP-
1, VCAM-1, and IL-1f in a dose-dependent manner. Upregulation
of these remodeling proteins has been linked to inflammation and
IA. Specifically, MMPs upregulate proteinases and angiogenic
factors linked to degradation of the extracelluar matrix.?®
Overexpression of MMPs has been demonstrated both in
humans,?” where increased expression was observed in ruptured
aneurysms, and in animal experiments, where inhibition
of MMPs?® blocked aneurysm progression. Monocyte chemo-
attractant protein-1 is a key inflammatory mediator in
atherosclerosis and is overexpressed in IA and subarachnoid
hemorrhage after aneurysm rupture.®® In experimental models,
MCP-1 was upregulated in aneurysm walls, and MCP-1 knockout
mice demonstrated a decreased expression of MMPs and
inhibition of aneurysmal progression®® In both SMCs and
endothelial cells, VCAM-1 is a potent mediator of inflammatory
cell adhesion and found to be upregulated in both experimental
aneurysm models®' as well as in humans after aneurysm
rupture.3® Vascular cell adhesion molecule-1 helps bind key
inflammatory cells that lead to further release of matrix-
remodeling proteins and vessel wall breakdown in aneurysm
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models. Similarly IL-1f has been found in the vascular media of
cerebral aneurysms and IL-1f knockout mice have been
associated with decreased incidence of advanced aneurysmal
changes and apoptosis through caspase regulation.®® Thus, TNF-o
may have multiple roles in aneurysm progression including
SMC phenotypic modulation, upregulation of vessel wall
remodeling and inflammatory genes, increased expression of
pro-inflammatory proteins, and localization of inflammatory cells
to areas of vascular injury.

Although a number of studies have found upregulation of key
inflammatory genes in IA, the specific mechanisms have not been
completely elucidated. It is possible that a number of other
inflammatory genes are involved,® but attention has focused on
MMP-3, MMP-9, MCP-1, VCAM-1, and IL-1f as most of these genes
have conserved KLF4-binding domains. In experiments of vascular
injury?®> and atherosclerosis** in aortic SMCs, studies have
demonstrated that phenotypic modulation was dependent on
KLF4. This is mediated by downregulation of the SMC marker
genes and the myocardin promoter. In the present study,
phenotypic modulation occurred through a similar mechanism.
Tumor necrosis factor-alpha potently increased KLF4 expression
while resulting in a corresponding decrease in myocardin.
Chromatin immunoprecipitation assays demonstrated direct
binding of KLF4 to the promoter regions of myocardin and SMC
genes after treatment with TNF-o. Inhibition of KLF4 with siRNA
reversed these alterations. Additionally, similar SMC phenotypic
modulation appears to occur early within the cerebral circulation
in a rodent model of cerebral aneurysm formation through
hemodynamic stress and induced hypertension with an analogous
increase in TNF-o, KLF4, pro-inflammatory genes and a significant
reduction in SM-z-actin and SM-MHC. Epigenetic changes
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characteristic of induced transcriptional activation of MCP-1 and
suppression of myocardin and SMC differentiation genes,>>**3* as
demonstrated in CHIP assays in vitro and in vivo, provides further
evidence that KLF4 regulates SMC phenotypic modulation
through activation of pro-inflammatory genes and inhibition of
myocardin-mediated activation of SMC genes.?*3¢

Although KLF4 is necessary, it may not be sufficient to fully
account for TNF-o induced suppression of SMC genes. Chromatin
immunoprecipitation assays demonstrated that transcription
factor SP1 was found to bind and activate the KLF4 promoter. In
addition to KLF4, a number of other repressor pathways have
been implicated in SMC phenotypic modulation,' and TNF-u
activates a variety of alternative pathways implicated in cerebral
aneurysm formation.>'®*” Similarly, studies are necessary to
address the activation mechanisms of TNF-z in aneurysm
formation. In this study, we have found that hemodynamic
stress and induced hypertension lead to upregulation of TNF-o.
Tumor necrosis factor-alpha is a potent inflammatory cytokine
released by numerous inflammatory cells and its induction has
been linked to many risk factors for aneurysm formation, including
hemodynamic stress, hypertension, aging, gender, alcohol, and
smoking."®3” Although there have been limited studies, TNF-o has
been found to be overexpressed in human aneurysms.® The most
likely link is a combination of genetic, environmental,
and hemodynamic factors that result in vascular injury and
inflammation leading to TNF-a upregulation, vascular SMC
phenotypic modulation and, ultimately, vessel wall degradation.®

Prior studies have found upregulation of TNF-z in human
excised aneurysm domes, but no studies have assessed the
incidence of aneurysm formation or progression in human trials of
patients receiving TNF-« inhibitors. Further studies will need to
directly test the role of TNF-z-mediated vascular SMC phenotypic
modulation in aneurysm growth, and its relevance to clinical
events such as rupture. In addition to its potent pro-inflammatory
effects, TNF-u is involved in signal initiation of apoptosis®*” and
increased expression of its proapoptotic downstream target Fas
has been found in IA° After TNF-x initiates vascular SMC
phenotypic modulation and alteration from the contractile
phenotype to an inflammatory/matrix-remodeling phenotype, it
may eventually trigger apoptosis with subsequent loss of both
phenotypes and aneurysmal rupture.® Above experiments with
terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick
end-labeling demonstrated increased apoptosis after high-dose
TNF-o exposure (Supplementary Figure 1) and may be the
ultimate end product of TNF-a-induced modulation of vascular
SMCs. As SMCs are responsible for production of elastic fibers®
and extracellular matrix, their death may cause a decline in
contractile element synthesis and vessel wall structural integrity
that ultimately lead to aneurysm formation or progression.>® The
underlying mechanism may occur through TNF-a upregulation of
KLF4, as KLF4 has been shown to activate macrophages,*® which
not only induce expression MMPs in aneurysms, but also have a
key role in apoptosis and phagocytosis of SMCs leading to
aneurysm progression.”®*° The number of such apoptotic cells has
been shown to correlate with the probability of rupture of cerebral
aneurysms.*"*? In addition to repression of SMC differentiation
marker genes, KLF4 is a pluripotency factor involved in the
reprogramming of somatic cells.'® This may, in part, explain how
inflammatory cells and cytokines promote vascular wall
remodeling and aneurysm formation.?%3°

In summary, results of the present studies provide novel in vitro
and in vivo evidence showing that TNF-a profoundly suppresses
expression of SMC differentiation genes and myocardin while
concomitantly activating expression of KLF4 and matrix remodel-
ing/inflammatory genes. Although phenotypic modulation cannot
be directly tested in cerebral aneurysms as carried out in cultured
SMCs and rat carotid arteries—a model of intracranial athero-
sclerosis?®*' —TNF-a was increased early in an animal model of
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aneurysm formation in parallel with changes in expression of
the SMC marker gene SM-g-actin, SM-MHC, KLF4, and pro-
inflammatory/matrix-remodeling genes in a similar fashion. This
process was inhibited by treatment with the TNF-o synthesis
inhibitor 3,6’-dithiothalidomide. This process appears, at least in
part, to be regulated by TNF-o induction of KLF4 with inhibition of
myocardin. In vivo and in vitro experiments show that TNF-o
results in epigenetic changes with markedly enhanced binding
of KLF4 to the promoter regions of SMC marker genes and
recruitment of histone deacetylase, resulting in histone
modifications and altered gene expression. Taken together,
these results demonstrate a direct, novel role of TNF-o in
phenotypic modulation of SMCs with important implications for
the mechanisms by which TNF-o contributes to intracranial
aneurysm formation. These processes, importantly, appear to
be reversible, as assessed by TNF-x synthesis inhibition with
3,6'-dithiothalidomide. Although prior studies have found
upregulation of TNF-o in human excised aneurysm domes,”'® no
studies have assessed the incidence of aneurysm formation or
progression in human trials of patients receiving TNF-« inhibitors.
Additionally, inhibitors of key inflammatory proteins have been
shown to preclude aneurysm development and progression in
animal models, and further studies may lead to a beneficial
alternative medical therapy in humans.
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