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Activation of cells intrinsic to the vessel wall is central to the initiation and progression of vascular inflam-
mation. As the dominant cellular constituent of the vessel wall, vascular smooth muscle cells (VSMCs) and
their functions are critical determinants of vascular disease. While factors that regulate VSMC proliferation
and migration have been identified, the endogenous regulators of VSMC proinflammatory activation remain
incompletely defined. The Kruppel-like family of transcription factors (KLFs) are important regulators of
inflammation. In this study, we identified Kruppel-like factor 15 (KLF15) as an essential regulator of VSMC
proinflammatory activation. KLF15 levels were markedly reduced in human atherosclerotic tissues. Mice with
systemic and smooth muscle-specific deficiency of KLF15 exhibited an aggressive inflammatory vasculopathy
in two distinct models of vascular disease: orthotopic carotid artery transplantation and diet-induced athero-
sclerosis. We demonstrated that KLF15 alters the acetylation status and activity of the proinflammatory factor
NF-«B through direct interaction with the histone acetyltransferase p300. These studies identify a previously

unrecognized KLF15-dependent pathway that regulates VSMC proinflammatory activation.

Introduction

Inflammation is central to the pathogenesis of numerous vascu-
lar disease states that collectively serve as a major source of mor-
bidity and mortality worldwide (1-4). A number of cell types,
both intrinsic and extrinsic to the vessel wall, are activated by
inflammatory stimuli. In turn, these cellular constituents per-
petuate the inflammatory response, resulting in a vicious feed-
forward cycle that contributes to disease progression and its
attendant complications such as heart attack, stroke, and gan-
grene of the extremities (1, 4-6). Despite the recognized impor-
tance of inflammation in disease states such as atherosclero-
sis or transplant vasculopathy, therapies directed at limiting
inflammation are lacking (1, 4, 7-11). As such, the identification
of novel molecular pathways that limit inflammation is of con-
siderable interest.

As the most abundant cell intrinsic to the vessel wall, the vascu-
lar smooth muscle cell (VSMC) is central to blood vessel homeo-
stasis. Under physiologic conditions, this quiescent cell regulates
vasomotor tone and blood pressure. However, in response to
injury, VSMCs proliferate, migrate, secrete ECM, and elaborate
cytokines/chemokines that promote and amplify inflammation
(1,7, 8). While a number of factors have been implicated in the
proproliferative/promigratory response (9, 10, 12), our under-
standing of endogenous factors that regulate VSMC inflamma-
tory activation remains poorly understood.
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Studies over the past decade have implicated the Kruppel-like
family of transcription factors (KLFs) as central regulators of
blood vessel biology (13). With respect to VSMCs, three members
of this gene family have been identified as regulators of this cell
type in vivo, namely, KLF4, KLF5, and KLF15 (14). Although KLF4
and KLFS are minimally expressed in VSMCs under basal condi-
tions, they are rapidly induced upon injury and regulate smooth
muscle differentiation and proliferation (14). By contrast, KLF15
is robustly expressed in VSMCs under basal conditions, but is
reduced following mechanical injury or exposure to proprolif-
erative/proinflammatory stimuli (14). However, a role for any
VSMC-KLFs in inflammatory vascular disease remains unknown.
Here, we show that KLF15 expression is significantly reduced in
human atherosclerotic tissues (P = 0.0001). Further, SMC-spe-
cific deficiency of KLF15 renders vessels susceptible to increased
inflammation. Mechanistically, we show that KLF15 alters the
acetylation status and activity of NF-kB through direct interac-
tion with p300. Taken together, these studies identify KLF15 as
a novel molecular regulator of vascular inflammation and eluci-
date a previously unrecognized molecular pathway that regulates
VSMC proinflammatory activation.

Results
KLF15 expression is reduced in human atherosclerotic tissues. To explore
the potential role of KLFs in atherogenesis, we first examined
the expression profile of KLFs in human atherosclerotic aortic
samples. In comparison with nonatherosclerotic control aortae
(n = 6), KLF15 mRNA expression was significantly decreased by
approximately 7-fold in atherosclerotic aortic specimens (n = 6,
P =0.0001) (Figure 1A). The expression of two additional KLF
family members, KLF2 and KLF4, was also significantly decreased
in atherosclerotic aortae by approximately 2-fold (P = 0.02) and
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Figure 1

KLF15 is decreased in human atherosclerotic tissue. (A) KLF mRNA expression in human atherosclerotic tissue (n = 6). Values are normalized to
B-actin and presented as the mean + SEM. Insert shows individual KLF15 expression data. (B) KLF15 mRNA expression in RASMC after POVPC
(100 uM) treatment for 12 hours (n = 12). Values are normalized to 18S rRNA and presented as the mean = SD. Ao., aorta.

3-fold (P = 0.02), respectively (Figure 1A and Supplemental Fig-
ure 1A; supplemental material available online with this arti-
cle; doi:10.1172/JCI168552DS1). We next assessed KIf15 mRNA
expression in primary rat aortic smooth muscle cells (RASMCs).
Consistent with the in vivo observations, treatment of primary
RASMCs with the oxidized phospholipid 1-palmitoyl-2-(5-oxova-
leroyl)-sn-glycero-3-phosphocholine (POVPC), an active compo-
nent of minimally modified LDL and a proatherogenic stimulus,
significantly reduced KIf15 expression (Figure 1B). Since KLFI15
expression is reduced in human atherosclerotic vascular tissues as
well as in POVPC-challenged RASMCs, we postulated that vascu-
lar KLF15 may play an important role in atherogenesis.

Systemic KLF1S5 deficiency accelerates atherogenesis. We next sought
to determine the effect of KLF15 deficiency on atherogenesis. As
a first step, we examined the relative expression of KLF15 in vas-
cular and myeloid cells. RNA was harvested from freshly isolated
mouse aortic SMCs (MASMCs) (passage 2), cardiac microvascular
endothelial cells (CECs) (passage 2), and both thioglycollate-elicted
and bone marrow-derived macrophages (macrophage-P or macro-
phage-BM) (passage 1). As shown in Supplemental Figure 1B, KIf15
was expressed virtually exclusively in MASMCs. To confirm this in
vivo, we used a KIf15%~ reporter mouse in which the KLF15 locus
was targeted using a nuclear-localized LacZ cassette. Costain-
ing was performed for endothelial (vWF) cells and SMCs (SMC
a-actin). As shown in Supplemental Figure 1C, KIf15 expression
was limited to the medial SMC layer.

Next, to determine whether KLF1S5 deficiency affects atherogen-
esis, KLF15-null mice on an Apoe”/- background were challenged
with a high-fat diet (HFD) for two time points (15 or 25 weeks),
and the extent of aortic atherosclerotic plaques was assessed en
face after Sudan IV staining. Aortae from KIf157-/Apoe”~ mice
displayed a significantly greater plaque lesion size compared with
control Apoe”~ mice at both time points (Supplemental Figure 2,
Aand B). Of note, KIf157/-/Apoe”~ mice on a normal chow diet also
developed enhanced atherosclerosis after 25 weeks (Supplemen-
tal Figure 2, A and B). In addition, KIf157-/Apoe”~ mice demon-
strated significantly higher mortality than Apoe”/- mice in the
HFD-fed groups: 20% versus 0% for 15 weeks, and 40% versus 9%
for 25 weeks, respectively (data not shown). KIf157-/Apoe”~ mice
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also showed significantly higher levels of plasma total cholesterol
and triglycerides (Supplemental Figure 2, C and D), findings that
may contribute to the proatherosclerotic phenotype observed in
KLF15-null animals.

SMC KLF1S deficiency promotes vascular inflammation. To eliminate
the confounding effects of hyperlipidemia, we undertook two dis-
tinct approaches to assess the effect of SMC KLF15 deficiency on
atherogenesis. First, we orthotopically transplanted carotid arter-
ies from WT and congenic KIf15-/- mice into congenic Apoe”/~ mice
as we have described previously (15). Four weeks following trans-
plantation, KLF15-deficient carotid grafts developed atheroscle-
rotic lesions that were approximately 2-fold larger than those that
developed in WT carotid grafts (Figure 2, A and B). These larger
KIf157/- carotid lesions had a 24% + 7% greater prevalence of mac-
rophages (n = 6, P < 0.001), but fewer VSMCs (50% + 20%) than
were observed in the WT carotid lesions (Figure 2C and data not
shown). To understand why KIf157/- carotid interposition grafts
recruited more macrophages, we first isolated VSMCs from WT
and KLF15-null aortae and tested protein expression levels of
a panel of proinflammatory and proatherosclerotic targets by
ELISA (12, 16-24). Of the 22 targets tested, 6 targets were sig-
nificantly increased, including monocyte chemotactic protein 1
(MCP-1), vascular cell adhesion molecule 1 (VCAM-1), matrix
metalloproteinase 3 (MMP3), PDGFAA, and PDGFAB (Figure 2D),
while VEGF levels were significantly lower in KLF15-null VSMCs.
To verify these observations in tissues, we harvested carotid grafts
1 week postoperatively, before intimal macrophage infiltration
and immunostained for proteins responsible for recruiting and
retaining monocytes/macrophages MCP-1 and VCAM-1 in the
arterial intima, as described previously (15). Concordant with the
greater recruitment of macrophages at 4 weeks after interposi-
tion grafting, preatherosclerotic KIf157/- carotid grafts expressed
30%-40% + 10% more MCP-1 and VCAM-1 molecules than WT
carotid grafts (Figure 2E). Thus, data from both carotid grafts in
vivo and VSMCs in vitro demonstrated that KLF1S deficiency aug-
ments inflammatory signaling.

As a second approach, we used the Cre-LoxP system to study
the endogenous role of VSMC KLF15 in atherogenesis. SMC-spe-
cific deletion was accomplished with the use of the Sm22a-Cre
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Figure 2

Arterial KLF15 expression reduces atherogenesis. (A and B) Carotid arteries from WT and KI/f15-- mice were transplanted orthotopically into
congenic Apoe~~ mice, harvested 4 weeks later, and stained with a connective tissue stain (Elastin) or a lipid stain (Oil Red O). Neointimal
cross-sectional areas were measured by planimetry and plotted as the means + SEM of greater than or equal to 6 specimens in each group. (C)
Serial sections of specimens from A were immunostained for monocytes/macrophages (CD11b) or VSMCs (SMC a-actin). (D) Aortic VSMCs
from WT and KIf15-- mice were serum starved for 24 hours and then changed into DMEM medium with no serum for 6 hours. The conditioned
culture medium from different groups was subjected to ELISA for the indicated proteins. Values were normalized to VSMC protein concentration
and plotted as the means + SD. (E) Carotid grafts were harvested 1 week postoperatively, before macrophage infiltration (not shown), and frozen
sections were stained for the indicated protein and DNA. The ratio of immunofluorescence/DNA fluorescence in KIf15-- arteries was normalized

to that in WT arteries and plotted as the means + SEM of four independent specimens of each genotype.

mouse (25) mated to KIf15/¥/flex mice to generate Sm22-Cre”?/
KIf15fex/flox mutant mice (Smc-Klf15-KO) (Supplemental Figure
3A). These mice were viable and born at the expected Mendelian
frequency. Assessment of KLF15 expression levels in vascular
and nonvascular tissues revealed robust and specific deletion of
KLF15 in aortic tissue (Supplemental Figure 3B). Smc-KIf15-KO
mice were bred onto an Apoe”~ background, and the lipid profile
was assessed at 8 weeks of age. There was no significant differ-
ence between Smc-KIf15-KO/Apoe”~ and control mice with regard
to total cholesterol, LDL, and triglyceride levels (Supplemental
Figure 3, C-E). Moreover, systolic blood pressures assessed by
tail-cuff assay were equivalent in the Smc-KIf15-KO/Apoe”~ and
control mice after 15 weeks of an HFD challenge (Supplemen-
tal Figure 3F). However, after consuming an HFD for 15 weeks,
Smc-KIf15-KO/Apoe”/~ mice demonstrated significantly more
atherosclerosis than the control mice as assessed by Sudan IV
staining of aortae en face (Figure 3, A and B) and aortic trans-
verse sections (Figure 3C and Supplemental Figure 4). Consistent
with the carotid transplant studies, immunohistochemical anal-
yses of Smc-KIf15-KO/Apoe~/~ aortae showed enhanced MAC3 but
reduced SMC o-actin immunoreactivity in the aortic wall and

4234 The Journal of Clinical Investigation

http://www.jci.org

atherosclerotic lesion, indicating more macrophages but fewer
VSMCs (Figure 3C). In addition, Smc-KIf15-KO/Apoe~~ aortae also
showed increased MCP-1 and VCAM-1 staining in the aortic wall
(Figure 3C). Collectively, these data from two distinct experimen-
tal approaches suggest that VSMC KLF1S5 deficiency results in
enhanced vascular inflammation.

SMC-specific KLF15 deletion activates the NF-XB pathway. Our
data show that KLF15 deficiency was associated with increased
amounts of proinflammatory factors including MCP-1, VCAM-1,
and MMP3, which are all established targets of NF-kB (26, 27).
NF-kB is a principal upstream regulator of inflammatory gene
expression and a well-recognized transcriptional factor involved
in the pathogenesis of atherosclerosis (26, 28). The mammalian
NF-kB family consists of seven proteins including p65, c-Rel, RelB,
pS0, pS2,p100, and p10S. These molecules form various homo- or
heterodimers that are sequestered in the cytoplasm and translo-
cate into the nucleus upon stimulation to activate specific down-
stream targets. Of note, p65 and p50 have been reported as being
activated in human atherosclerosis (28-31).

As a first step, we interrogated the NF-xB pathway in nuclear
extracts from aortae of Smc-Klf15-KO/Apoe”~ mice following a
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SMC-specific expression of KLF15 suppresses atherosclerosis. (A and B) Representative image of an Smc-KIf15-KO aorta developed substan-
tially more atherosclerotic lesions after a 15-week HFD challenge (n = 7 in the Sm22Cre/Apoe- group; n = 9 in the Kif15%x/fox/ Apoe-- group; and
n =11 in the Smc-KIf15-KO/Apoe- group). (C) Representative immunohistochemical analyses showed enhanced atherosclerotic lesion formation
as well as increased MAC3, MCP-1, and VCAM-1 staining in Smc-KIf15-KO aorta. SMC a-actin staining was decreased in the Smc-KIf15-KO
group (n =7 in the Sm22Cre/Apoe- group; n = 9 in the Kif15%x/fex/ Apoe~- group; and n = 11 in the Smc-KIf15-KO/Apoe~- group).

15-week HFD. In comparison with the control tissues, Western
blot analyses revealed no significant change in the expression of
total p65 and pS50 (Figure 4A and Supplemental Figure 4B). Pre-
vious studies have shown that posttranslational modifications
such as phosphorylation (32) or acetylation (30) can augment
p65 activity. However, assessment of phosphorylated p65 (p65-
phosS536) revealed no significant difference between the control
and KLF15-deficient aortae (Figure 4A and Supplemental Figure
4B). In contrast, we observed a significant increase in acetylated
p6S (Ac-p65) (p65-AcK310) in SMC-KLF15-KO/Apoe”~ aortae fol-
lowing the 15-week HFD (Figure 4A and Supplemental Figure
4B). To confirm this finding, we assessed the effect on Ac-p65
(p65- AcK310) in nuclear extracts following acute knockdown of’
KLF1S from cultured mouse aortic VSMCs. In comparison with
VSMCs treated with control virus, KLF15 knockdown engendered
increased acetylation of p65 (AcK310-p65) at baseline and follow-
ing TNF-a stimulation, but no significant change in total p65
expression (Figure 4B, right panel). Conversely, KLF15 overexpres-
sion conferred an antiparallel effect on Ac-p65 levels in human
aortic SMCs (HASMCs)(Figure 4B, left panel).
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Previous studies have shown that acetylation of p65 primarily
occurs in the nucleus and is regulated by histone acetyltransferases
(HAT) and deacetylases. To date, seven acetylated lysines have been
identified within p65, and the majority of these are acetylated by
HAT p300/CBP (30). We therefore tested whether KLF15 altered
the ability of p300 to acetylate p65 in VSMCs. We immunoprecipi-
tated p65 from human aortic VSMC nuclear extracts and observed
that overexpression of p300 significantly increased p65 acetyla-
tion, while KLF15 overexpression repressed p300-dependent p65
acetylation (Figure 4C).

Next, we sought to explore the significance of KLF15-depen-
dent NF-kB acetylation on candidate inflammatory targets such
as MCP-1 and VCAM-1. To do so, we used two p65 constructs
containing lysine (K) to arginine (R) mutations that prevent
p6S acetylation: p65K7R, containing all seven lysine mutations
and p65K310R, in which only Lys310 was mutated. As shown in
Figure 4, D and E, in contrast to WT p65, both the p65K7R and
p65K310R exhibited a reduced transactivational activity (~50%) to
induce both MCP-1 and VCAM-1 promoters. The fact that similar
results were seen with p65K7R and p65K310R suggests that K310
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KLF15 suppresses NF-kB transactivation activity in VSMCs. (A) Western blots of indicated proteins in 15-week HFD-challenged aortae
nuclear extract (n = 3 individual aortae in each group). (B) Nuclear extract Western blots of AcK310-p65 and total p65 (baseline and following
TNF-a stimulation) in EV and KLF15 adenovirus—infected HASMCs (left panel) and in WT and KLF15 acute knockout mouse aortic SMCs. (C)
HASMCs overexpressed the indicated proteins for 48 hours, then p65 was immunoprecipitated from nuclear extracts. Immunoprecipitates were
immunoblotted for total p65, total acetylated lysine (AcK), and acetylated p65-lysine310 (AcK310). (D and E) HEK293T cells were transiently
transfected with the indicated plasmids for 48 hours (n = 3 independent experiments in each group). (F and G) HEK293T cells were transiently
transfected by the indicated plasmids for 48 hours. p300-HAT deletion mutation showed significantly lower transcriptional activity on both MCP-1
and VCAM-1 promoters. KLF15 attenuated p300-dependent p65 activation on both promoters (n = 3 independent experiments in each group).

was of particular importance. To determine the effect of KLF15
on p300-augmented p6S5 transactivational activity, we performed
cotransfection studies with p300, p65, and KLF15. As shown in
Figure 4, F and G, p300 enhanced the p65-mediated activation
of the MCP-1 and VCAM-1 promoters by approximately 2.5-fold.
This activation is dependent on p300 HAT activity, since a p300-
HAT deletion mutation (p300AHAT) failed to augment p6S tran-
scriptional activity (Figure 4, F and G). Importantly, KLF15 sig-
nificantly attenuates the p300-dependent p65 activation on both
the MCP-1 and VCAM-1 promoters. Collectively, the above results
strongly suggest that p300-mediated acetylation is important for
p6S transcriptional activity and that KLF1S attenuates this effect.
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KLF1S inhibits NF-XB activation through KLF15-p300 interaction. We
next sought to further clarify the mechanism by which KLF15
attenuates p300-dependent p65 acetylation. Since KLF factors can
bind to p300 (33, 34), we considered the possibility that KLF15 may
compete with p65 for binding to p300. Coimmunoprecipitation
studies established that KLF1S can form a complex with endoge-
nous p300 (Figure 5A). Furthermore, in a concentration-dependent
manner, KLF15 overexpression inhibited the association of p300
with p65 (Figure 5B). To determine whether endogenous KLF15
affected p65-p300 interaction, we assessed the effect of KLF15
deficiency on p65-p300 interaction. In HASMCs, shRNA-mediated
depletion of KLF1S increased endogenous p65-p300 interaction
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Volume 123 October 2013



research article

A | P B KLF15-Myc - o02ug 2ug C HASMC MEFs
_Input_ IP (myc) pe5-Flag + + + Input  IP (p65) Input IP (p65)
P300 .. —_— p300-HA  + + + WB p300 190 = TN 300 wew s 7
- P e
KLF15-Myc [l — 5% Input{ — '\F/:;/QG p65? ??? p65 ,\. ’\'
e == = HA fF &L S8 S8
IP: anti-HA{ - o3 3 ¢ &
—— FLAG & &
&
D Input IP (P300) E Input IP (P300) F
s s s s
s Z s Z s Z s % KLF15TAD pcDNA3.0  KLF15-Myc
n = T = [ = [ = : .
b + = + = + z +  domain peptide (uM) 0 100 300 0 100 300 WB
R Feow F o ow R - | t{------pSOO
P = R P = R neu Myc
LW ¥¥ LW ¥ ¥ T T~ v T TR v A v

MCP-1 VCAM-1
G MCP-1 promoter
p
NS
3.00- P=1.6e-6
- P=3e9 P=2e8
> 2504
i
© 2.00]
@
..“L_’ 1.50 |
‘©
= 1.00]
(0]
=
= 0.50]
K]
T 0.00]
& Ry 3 9
< x& ‘l§ °J§Y
%93 x <<\
< S &
6XQ QBX
& Q@
o
Q‘b

Figure 5
KLF15 inhibits NF-kB activation through KLF15-p300 interaction. (A)
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Coimmunoprecipitation of overexpressed myc-KLF15 and endoge-

nous p300 in HEK293T cells. (B) KLF15 overexpression prevented p300-p65 interaction in a dose-dependent fashion in HEK293T cells. (C)
Immunoprecipitation of endogenous p65 and p300 after TNF-a stimulation for 20 minutes in HASMCs after acute KLF15 knockdown (left panel)
and in KLF15-null MEFs (right panel). (D and E) HASMCs infected with Ad-EV or Ad-KLF15 were stimulated with TNF-a. for 4 hours. ChIPs were
performed with p300 antibody on MCP-1 and VCAM-1 promoters containing the NF-kB binding site. (F) The 15—amino acid KLF15 TAD domain

peptide competed with full-length KLF15 for p300 immunoprecipitation in
showed that the KLF15 TAD domain is critical for its repressive function
VCAM-1 promoters (n = three independent experiments in each group).

after TNF-a stimulation (Figure SC, left panel). Similar effects were
also observed in KLF15-null primary mouse embryonic fibroblasts
(MEFs) (Figure 5C, right panel). Next we performed ChIP assays to
test whether KLF15 affected p300 occupancy on target promoters.
As shown in Figure 5, D and E, KLF15 reduced p300 occupancy on
the promoters of p65 targets MCP-1 and VCAM-1. Collectively, the
above results suggest that KLF15 may suppress NF-kB activity by
interrupting p300-p6S interaction.

To determine the structural basis for KLF15 and p300 inter-
action, we took advantage of a recent finding that a specific
motif within KLF1 mediates interaction with p300 (35). Since
KLF15 also contains the same motif, we posited that this region
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HEK293T cell nuclear extracts. (G and H) Transient transfection assays
. KLF15ATAD mutant attenuated its repressive function on MCP-1 and

may mediate interaction with p300. As a first step, a 15-amino
acid KLF15 transactivation domain (TAD) domain peptide
(VSRPFQDTLEEIEEFLEE) was synthesized for competitive
immunoprecipitation assays. As shown in Figure SF, addition
of the KLF15 TAD peptide, in a dose-dependent manner, inhib-
ited KLF1S binding to endogenous p300. Next, to determine
whether the KLF15 TAD domain is functionally important, we
cotransfected p65, p300, and full-length KLF15 or a KLF1SATAD
mutant in the presence of either an MCP-1 or VCAM-1 promoter.
As shown in Figure 5, G and H, in comparison with KLF15, the
ability of the KLF1SATAD mutant to inhibit MCP-1 and VCAM-1
promoter activity was strongly attenuated.
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Discussion

Current paradigms for the development of vascular inflamma-
tory disease states suggest that proinflammatory activation of
the endothelium leads to immune cell recruitment and invest-
ment within the vessel wall. Subsequently, a complex interaction
between immune cells and local elements such as VSMCs occurs,
which contributes to disease progression (1, 7, 8). Studies over the
past decade have implicated the Kruppel-like family of factors as
important regulators of inflammation (14). The current study is,
we believe, the first to link KLFs to the biology of VSMCs and the
development of vascular inflammation. Importantly, KLF15 was
reduced in human atherosclerotic tissues (Figure 1A). Further,
using two different in vivo approaches, we definitively established
that VSMC KLF15 deficiency promotes VSMC inflammation
and vasculopathy (Figures 2 and 3). These findings add to the
growing appreciation that KLFs are central regulators of vascular
inflammation. Indeed, other members of this family, such as KLF2
and KLF4, are strongly expressed in endothelial and hematopoi-
etic lineages, perhaps owing to the common origins of these cell
types (14). A feature common to both factors is their ability, in
endothelial and hematopoietic cells, to promote an antiinflam-
matory and quiescent cellular state. Consistent with this view,
endothelial deficiency of KLF4 or myeloid deficiency of KLF2 and
KLF4 has been shown to promote experimental atherosclerosis
(34,36, 37). We note that studies by Owens and colleagues support
arole for KLF4 in smooth muscle biology (38). Specifically, condi-
tional postnatal deletion of KLF4 delayed the downregulation of
SMC differentiation markers but enhanced neointimal formation
(39). However, the role of SMC KLF4 in a chronic inflammatory
vasculitis like experimental atherogenesis remains an important
unanswered question. Regardless, the current work, coupled with
these previous observations, implicates KLFs as central regulators
of the major cellular constituents that affect vessel homeostasis in
health and disease.

An interesting aspect of the current work is the finding of a
link between KLF15 and NF-kB activity. Specifically, we found
that KLF15 deficiency increased NF-kB acetylation, an impor-
tant posttranslational modification that can enhance NF-xB
transcriptional activity. The coactivator p300 is known to interact
with and acetylate p65, and thus we focused our efforts on this
pathway (30). Importantly, our findings suggest that KLF15 can
compete with p65 for binding to p300 in a concentration-depen-
dent manner (Figure 5B). The importance of this interaction is
further supported by the observation that depletion or deletion of
KLF15 in cells enhances p65-p300 interaction (Figure 5C). Addi-
tionally, we defined the region within KLF15 that mediates this
interaction and showed that deficiency of this region attenuates
the ability of KLF15 to inhibit p65-p300 cooperativity (Figure S,
E-G). These findings have important implications. First, we note
that previous work by our group and others has demonstrated
that KLF2 and KLF4 can also interact with p300 (34, 40). Fur-
ther, overexpression of KLF2 or KLF4 can reduce, while deficiency
can augment, p300 occupancy of NF-kB inflammatory targets
in endothelial or immune cells (34, 40, 41). Thus, the ability to
interact with p300 may serve as a shared mechanism by which
KLFs in distinct cell types regulate inflammation. Second, we
defined a specific 15-amino acid region within KLF15 that medi-
ates the interaction with p300. Intriguingly, as recently pointed
out by Omichinski and colleagues, this motif, which subserves
p300 interaction, is common to p53 as well as to several KLFs
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(KLF1, 2, 4, 5, and 15) (35). Consequently, competition between
KLF1/2/4/5/15 and pS3 for p300 may provide a mechanism by
which these KLFs can regulate major cellular processes such as
survival and adaptation to genotoxic stress. Indeed, we recently
linked KLF1S5 deficiency to hyperacetylation of pS3, enhanced
VSMC apoptosis, and aneurysm formation (42). The increased
pS53 activity could also reduce VEGF expression (43-46), as
observed in our study (Figure 2D). These observations raise the
possibility that competition for p300 between KLFs and nodal
regulators such as NF-kB and p53 may account for the broad
gene regulatory and cellular effects ascribed to these factors in
diverse cell types. However, technical limitations preclude the
precise assessment of intrinsic concentrations and the stoichio-
metric relationship between these factors. Accordingly, additional
studies will be required to determine whether this competition
between KLF15 and specific factors (e.g., p65 or p53) for p300 is
operative in vivo under various physiologic or pathologic states.

Finally, recent studies have also identified KLF15 as a cen-
tral regulator of nutrient availability, flux, and energy homeo-
stasis (47, 48). For example, we showed that KLF1S5 regulates
lipid uptake and utilization in skeletal muscle (48). Whether
KLF15 affects VSMC fuel utilization and energy homeostasis
is unknown but is quite possible, given the intimate and evo-
lutionarily conserved link between inflammation and metabo-
lism across phylogeny. Since the metabolism of VSMCs is poorly
understood, such efforts are likely to be highly informative and
are the subject of ongoing studies.

In summary, this work identifies VSMC KLF15 as an essential
regulator of vascular inflammation. These findings, coupled with
recently published work in endothelial and immune cell biology,
now firmly establish the KLF family members as major regulators
of vessel biology (14). Further, given that the competition for coac-
tivators is a mechanism shared by vascular KLFs, therapeutic strat-
egies affecting this common pathway may allow for particularly
robust antiinflammatory effects in multiple cell types operative in
the pathogenesis of atherosclerosis and other vascular disease states.

Methods

Mice and animal studies
All mouse studies were performed in accordance with protocols approved
by the IACUCs of Case Western Reserve University and Duke University.

Generation and characterization of Smc-KIf15-KO mice

Sm22-Cre transgenic mice expressing Cre recombinase under the transcrip-
tional control of the 2.8-kb mouse Sm22a promoter have previously been
described (25). The Sm22¢ mouse line was a gift from Aaron Proweller’s lab-
oratory (Case Western Reserve University). The KIf15-floxed mouse line was
generated by Ozgene by inserting the LoxP site flanking exon 2 of the KIf15
gene. SMC-specific KIf15 KO mice were generated by mating the Kif1 5ex/flox
mouse line with the Sm22% mouse line, designated the Sm22-Cre”/%/KIf1 5o/flex
(KIf15-Smc-KO) mouse line. The control mice were generated from KIf1 5o/ flox
breeding pairs or $m22¢¢ to WT CS7BL/6] breeding pairs. To assess the
expression pattern of the KIfFIS gene, Sm22-Cre*/%/KIf15fe¥/flex mouse aorta
and liver tissues were harvested at 6 weeks of age, and KIf15 gene expres-
sion was measured by quantitative PCR (qPCR). KIf15-Smc-KO and control
mouse lines were bred on an Apoe”~ background for the atherosclerosis
study. KIf157/~ mice were generated as previously reported (49). Apoe”~/
KIf157- mice were generated by breeding the KIf157/~ mouse line with the
Apoe”~ mouse line. Studies were performed with age-matched controls.
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Animals and diets

Mouse atherosclerosis models were generated by feeding approximately 6- to
8-week-old male mice an atherogenic diet (Research Diet D12108-C; 1.25%
cholesterol, 12.5% fat, 0% sodium cholate) for 15 or 25 weeks. All other exper-
iments were performed with 8- to 10-week-old male mice with age-matched
respective controls. All mouse experimentation was conducted under proto-
cols approved by the IACUC of Case Western Reserve University.

Orthotopic carotid artery transplant

Mouse orthotopic carotid artery transplants were performed as previ-
ously described (15). C57BL/6-congenic KIf157/- and WT mice were used as
common carotid artery donors for congenic Apoe”/~ mice; both donor and
recipient mice were anesthetized with pentobarbital (50 mg/kg). Recipient
Apoe/- mice were fed normal mouse chow for 1 or 4 weeks and then sacri-
ficed. Specimens were processed for histology, and immunofluorescence
was quantitated as described (15).

Human subjects

Human cDNA samples were obtained from Koichi Shimizu’s laboratory at
Brigham and Women’s Hospital and Harvard Medical School. Briefly, non-
atherosclerotic and atherosclerotic specimens were obtained from aortae
from pathology specimens either from cardiac transplantation donors or
autopsies (n = 6 each). All specimens were obtained by protocols approved
by the Human Investigation Review Committee of the Brigham and Wom-
en’s Hospital. As previous described, total RNA was extracted from the
aortic specimens using Trizol (Invitrogen) and purified with an RNeasy
kit (QIAGEN); cDNA was synthesized with Oligo(dT) and a First-Strand
cDNA Synthesis Kit followed by DNase treatment (Invitrogen).

Lipid profile analysis

Total plasma cholesterol and triglyceride levels were determined after
12-hour fasting by using the respective assay kit (Cholesterol Reagent set
from Pointe Scientific, Inc. and Triglyceride Reagent kit from Wako Chem-
icals USA). The plasma lipoprotein Western blot was performed by the Uni-
versity of Cincinnati Mouse Metabolic Phenotyping Center.

Atherosclerosis and blood pressure analysis

Whole-mount aortae were isolated and stained by en face Sudan IV.
Descending aortae between the left and right renal arteries were cryosec-
tioned and prepared in transverse sections for Sudan IV staining. Digital
images of en face preps and transverse sections were quantitated using
Image-Pro software (Media Cybernetics). Results are expressed as the per-
centage of the Sudan IV-positive area relative to the total aorta area. Sys-
tolic blood pressure was measured in conscious mice using the BP-2000
Blood Pressure Analysis System (Visitech Systems). To allow mice to adapt
to the apparatus, we performed daily blood pressure measurements for
1 week. Blood pressure was subsequently recorded daily for 1 week.

Cell culture

Primary VSMCs, endothelial cells, macrophages, and MEFs were isolated from
mice or rats as previously described (34,41, 50, 51). Human aortic VSMCs and
HEK293T cells were obtained from ATCC. All cells were cultured in DMEM
supplemented with 5% FBS. POPVC was purchased from Cayman Chemicals.

Molecular biology

Adenoviral overexpression or knockdown. Adenovirus carrying the mouse
KIf15 gene (Ad-KIf15) or empty control virus (EV) was used for VSMCs.
Adenovirus carrying human KLF15 shRNA or empty control virus shRNA
(shEV) was used for the knockdown procedures, which were performed in
HEK293T cells and HASMCs.
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RNA isolation and qPCR. Total RNA from cultured cells and mouse tissue
samples was isolated using either TRIzol reagent (Invitrogen) or an RNeasy
kit (QIAGEN). First-strand cDNA was synthesized and subjected to qPCR
with Roche universal probe reagents (Universal ProbeLibrary; Roche Applied
Science) on a StepOnePlus Real-Time PCR System (Applied Biosystems). Gene
expression was normalized to 18S RNA or f-actin by using the AACt method.

MCP-1 promoter clone. The human MCP-1 promoter covering a region
from -4,752 to +1 (4,753 bp) was amplified from human genomic DNA
by PCR and ligated into a pGL3 luciferase reporter vector (Promega).
Transient transfection assays were performed with an X-tremeGENE HP
transfection reagent (Roche Applied Science) in HEK293T cells. Luciferase
activity in transfected cells was measured using a Luciferase Reporter Assay
System (Promega). Luciferase activity was normalized to total cell protein
concentration (BCA assay; Pierce Biotechnology). p65 and its mutants
expression plasmids as well as p300 and its mutant expression plasmids
were acquired from Addgene, deposited by Warner Green. The VCAM-1
promoter was described previously. KLF15-truncated mutant expression
plasmids were clone by deletion of the following sequences: the KLF15
TAD deletion expression plasmid has a deletion of amino acids 140-160;
the KLF15-ZnF-only expression plasmid has a deletion of amino acids
1-320 (accession number NP_075673.1).

Western blot analysis and immunobistochemistry. Western blots were per-
formed following standard protocols. Antibodies were obtained as follows:
300 (Sc-585), p65 (SC-372), MCP-1 (SC-1784), VCAM-1 (SC-1504), HRP-
Myc (sc-40 HRP), and HRP-conjugated anti-goat IgG (SC-2020) from Santa
Cruz Biotechnology Inc.; Mac-3 (550292) from BD Pharmingen; histone 3
(4499), acetylated lysine (9814), and phospho-NF-kB p65 (Ser536) (3033)
from Cell Signaling Technology; goat anti-KLF4 (AF3158) from R&D
Systems; acetyl-NF-kB p65 (K310) (19870) from Abcam; p50 (06-886)
and HRP-conjugated anti-rabbit light chain (MAB201P) from EMD Mil-
lipore; HA (PA1-29751) antibody from Thermo Fisher Scientific; HRP-Flag
(A8592) and a-smooth muscle actin Cy3™ (C6198) from Sigma-Aldrich;
and HRP-conjugated anti-rabbit IgG (NA934V) and anti-mouse I1gG
(NA931V) from GE Healthcare. Immunohistochemical studies of tissue
samples were performed using paraffin-embedded or cryoembedded tis-
sues. Images were collected and morphometric analysis and measurements
were conducted by using Image-Pro Analyzer software (Media Cybernetics).

ELISA. Primary mouse aortic VSMCs were serum starved for 24 hours
and then cultured in DMEM with no serum for 6 hours. Supernatants were
collected and subjected to ELISA by Search Light (Pierce Biotechnology)
for the indicated targets as shown in Figure 2D. Values were normalized to
the VSMC protein concentration from the same culture dish. Experiments
were performed on three independent isolated VSMC lines, each from a
pool of three mice.

Immunoprecipitation. Cultured HEK293T cells, HASMCs, and MEFs were
used for immunoprecipitation. Cultured HEK293T cells were transfected
with KLF15-myc, p65-Flag, and/or p300-HA constructs using FuGENE
HD (Promega). Nuclear protein was extracted using the NE-PER Nuclear
and Cytoplasmic Extraction Reagent (Pierce Biotechnology), and anti-c-myc
agarose affinity gel antibody (Sigma-Aldrich) or anti-HA agarose antibody was
used for immunoprecipitation. Cultured HASMCs and MEFs were treated by
human or mouse TNF-o. (10 ng/ml), respectively, for 20 minutes, and nuclear
protein was extracted. p65 antibody (8242; Cell Signaling Technology) and
magnetic Dynabeads (Invitrogen) were used for immunoprecipitation.

ChIP. ChIP assays were performed as previously described (41). In brief,
2 x 107 cells were stimulated with TNF-o. (10 ng/ml) or vehicle for 4 hours
prior to cross-linking for 10 minutes with 1% formaldehyde. p300 antibody
was used for ChIP. Magna ChIP Protein A Magnetic Beads and the ChIP
Assay Kit were obtained from Millipore. MCP-1 promoter PCR was per-
formed with the specific primers flanking the NF-kB binding site (sense:
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GCCTAACCCAGGCTTGTGCCG; antisense: GGAGGTCAGTGCTGGC-
GTGAG), and VCAM-1 promoter PCR was performed with specific prim-
ers flanking the NF-kB-binding site (sense: CCCACCCCCTTAACCCA-
CATTG; antisense: ACAGCCTGTGGTGCTGCAAGT).

Statistics

Results from gene expression in human samples (Figure 1A) and mouse
carotid artery transplants (Figure 2B) are presented as the mean + SEM;
all other results are presented as the mean + SD. Statistical significance of
differences was analyzed using a two-tailed Student’s ¢-test between two
groups, and Bonferroni’s correction was used when more than two groups
were present. Mouse carotid artery data for more than two groups were
analyzed by ANOVA with Tukey’s post-hoc test for multiple comparisons.

A Pvalue less than 0.05 was considered statistically significant.
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