
KLF15 regulates smooth muscle response to vascular injury

Yuan Lu, Saptarsi Haldar, Kevin Croce, Yunmei Wang, Mashashi Sakuma, Toshifumi
Morooka, Baiqiu Wang, Darwin Jeyaraj, Susan J Gray, Daniel I. Simon, and Mukesh K. Jain
University Hospitals Harrington-McLaughlin Heart & Vascular Institute, Case, Cardiovascular
Research Institute, Department of Medicine, Case Western Reserve, University School of Medicine,
University Hospital Case Medical Center, Cleveland, Ohio

Abstract
Objective—Vascular smooth muscle cells respond to mechanical injury via tightly orchestrated
series of gene regulatory events. Kruppel Like Factor 15 (KLF15) is a zinc finger transcriptional
factor that is expressed in vascular smooth muscle cells (VSMCs), however its role in vascular
biology is unknown.

Methods and Results—KLF15 is broadly expressed in both arterial and venous vascular beds in
a VSMCs restricted fashion. KLF15 expression is markedly reduced by both pharmacologic and
mechanical stimuli. To examine the specific role of KLF15 in the vascular response to injury, we
performed femoral artery wire injury in KLF15−/− and wild type (WT) mice. KLF15−/− mice develop
exaggerated neointimal growth, with evidence of increased SMC proliferation and migration within
the neointima. In concordance, gain and loss of function studies in isolated VSMCs demonstrate that
KLF15 can directly inhibit both SMC proliferation and migration.

Conclusions—These data are first to identify KLF15 as a novel inhibitor of VSMCs proliferation
and migration and implicate this factor as a critical regulator of the vascular response to injury.
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INTRODUCTION
In response to injury the vascular smooth muscle cells (VSMCs) undergoes marked phenotypic
changes characterized by enhanced cellular proliferation, migration, and extracellular response
that contribute to disease processes such as restenosis or transplant arteriopathy. The
transcriptional events leading to the highly orchestrated process of VSMCs activation,
proliferation, migration, and neointimal formation have been the subject of intense study, but
remain incompletely defined1–4.

Kruppel Like Factors are a subclass of the zinc-finger family of transcriptional regulators that
are key regulators of gene expression, cell growth, and differentiation5, 6. Our laboratory
identified KLF15 as a novel member of this family that plays critical roles in cardiomyocyte,
adipocyte and hepatocyte biology 6, 7. However, its role in VSMCs has yet to be determined.
In the current study, we report that KLF15 is robustly expressed in VSMCs across arterial and
venous beds. Furthermore, our in vitro and in vivo observations identify KLF15 as a novel and
essential regulator of VSMC response to injury.
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MATERIALS & METHODS
KLF15−/− mouse was generated as previously described7. Mouse femoral artery wire injury
was performed in WT and KLF15−/− mice (n=17 in each group) and histopathologic analyses
performed after two weeks. RNA isolation, Real-time PCR and Northern blot were performed
as previous described7. VSMCs migration was examined by Boyden chamber assay and DNA
synthetic rate was determined by [3H]-thymidine incorporation assay. Data is expressed as
mean ± SD. Differences between experimental groups were evaluated for statistical
significance by using the Student’s t test for unpaired data. P<0.05 was considered statistically
significant.

RESULTS
KLF15 regulates the biological response to vascular injury

Using a KLF15+/− reporter mouse in which the mouse KLF15 locus was targeted using a
nuclear-localized lacZ cassette 7, we examined vascular KLF15 expression using in situ X-gal
staining. KLF15 is abundantly expressed in the VSMCs layer of both arterial and venous
(Figure 1A). To gain initial insights into KLF15 function, we assessed its expression following
pathologic stimuli in vitro and in vivo. KLF15 mRNA expression was markedly reduced in
cultured rat aortic smooth muscle cells (RASMC) in response to platelet-derived growth factor-
BB (PDGF-BB), a potent inducer of SMC proliferation and migration (Figure 1B left panel,
representative Northern blot of 4 independent experiments; Figure 1B right panel, Real-time
PCR of KLF15/18S rRNA, n=3 in each group). Similarly, we observed a marked reduction in
KLF15 mRNA at 5 days of wire-injured femoral arteries (~80%) (n=7 in Sham and n=5 in
injured group) (Figure 1C).

To determine whether KLF15 directly modulates the biological response to vascular injury,
we performed femoral artery wire injury in KLF15−/− mice and WT littermate controls.
Fourteen days following wire injury, KLF15−/− mice developed enhanced intimal growth with
a 170% increase (P=0.019) in intimal area (Figure 1D). Intimal: medial area ratio was increased
significantly in KLF15−/− compared to WT mice (0.98 ± 0.47 vs. 0.65 ± 0.41; P=0.011). At
14d, SMC α-actin and leukocyte CD45 staining confirmed that the dominant cellular
contributor to the neointima was VSMC (Figure 1D and data not shown for CD45 staining).
Intimal cellular proliferation was assessed by incorporation of BrdU and was increased by
167% (P=0.045) in KLF15−/− mice (Figure 1D). Quantitative morphometry data are
summarized in Supplementary Table 1.

KLF15 regulates VSMC proliferation and migration
Since KLF15−/− femoral arteries demonstrated excess neointimal growth (Fig. 1D), we
hypothesized that KLF15 might directly regulate VSMCs proliferation and migration.
KLF15−/− mouse aortic smooth muscle cells (MASMCs) exhibited significantly increased
proliferation and migration, both at baseline and in response to PDGF-BB stimulation (Figures
2A & 2C). Conversely, adenoviral overexpression of KLF15 in RASMCs strongly inhibited
PDGF-BB induced cellular proliferation and migration (Figures 2B & 2D).

DISCUSSION
The data presented herein are first to identify KLF15 as an essential regulator of the biological
response to vascular injury. Our studies indicate that KLF15 is a novel inhibitor of SMC
migration and proliferation. Consistent with these observations, KLF15 −/− mice exhibited
enhanced neointimal formation following wire injury. Our data also indicate that the effects
observed are likely due to a cell-intrinsic defect as evidenced by the fact that KLF15−/−
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VSMCs exhibit augmented proliferation and migration. Taken together, these studies suggest
that KLF15 positively regulates the vascular response to injury.

Our observations add to an increasing appreciation of the importance of Kruppel Like Factors
in vascular smooth muscle cell biology. To date two members of this gene family have been
shown to critically regulate the SMC response to injury. KLF5 is minimally expressed in the
vasculature under basal conditions, but is robustly induced following injury. This factor
promotes SMC proliferation and, consistent with this observation, hemizygous deficiency of
KLF5 results in reduced neointimal formation8. Similarly, KLF4 is also expressed at low levels
in quiescent VSMCs and induced rapidly following injury in VSMCs9. However, conditional
deletion of KLF4 accelerates neointimal formation suggesting that its post-injury induction is
likely a negative feedback response1. By contrast to KLF4 and KLF5, KLF15 is robustly
expressed in VSMC in vivo under basal conditions and significantly reduced following injury.
Given that KLF15 inhibits VSMCs proliferation/migration, this high basal expression may
serve as a means to prevent unrestrained SMC activation. Taken together, our work coupled
with previous observations highlight a critical role for the Kruppel Like factor gene family in
the regulating vascular response to injury.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
KLF15 regulates the vascular response to injury. A, Vascular expression pattern of KLF15.
B&C, Northern blot and Real-time PCR analysis for KLF15 expression following treatment
with PDGF-BB (B) and in mouse femoral artery wire injury samples(C). D, WT and KLF15
−/− mice were subjected to femoral artery wire injury. Neointima was characterized by elastic,
smooth muscle cell α-actin, and BrdU staining.
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Figure 2.
KLF15 regulates VSMCs proliferation and migration. A&B, VSMCs proliferation was
assessed using 3H thymidine incorporation assay. C&D, VSMCs migration was measured
using the Boyden chamber assay. *P<0.05 vs. WT or EV control group; **P<0.01 vs. WT or
EV control group; #P<0.05 vs. PDGF-BB treated WT or EV group; ## P<0.01 vs. PDGF-BB
treated WT or EV group; ++ P<0.01 vs. KLF15−/−or Ad-KLF15 control group.

Lu et al. Page 6

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2011 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


