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Endothelial KLF4: Crippling Vascular Injury?

Derin Tugal, MD; Mukesh K. Jain, MD, FAHA; Daniel I. Simon, MD, FAHA

he health of the vascular endothelium is critical for

normal vascular physiologic function, and dysfunction of
the endothelium can lead to development of vascular disease,
such as atherosclerosis and thrombosis. Endothelial cells
(ECs) integrate hemodynamic and biochemical signals to
regulate principal vascular functions, including vasoreactivity,
permeability, immune cell homing, and thrombosis. Molecular,
cellular, and genetic approaches over the past decade have
strongly implicated members of the Kriippel-like factor (KLF)
family of transcription factors as essential regulators of
endothelial function in health and disease. Krippel is the
German word for “cripple,” a name given to the gap gene
identified in Drosophila embryos whose absence results in
abnormal segmentation and death.' In this issue of Journal of
American Heart Association, Yoshida and colleagues add
important insights to this field and identify endothelial KLF4
as a negative regulator of neointimal formation in the
biological response to vascular injury by counteracting the
actions of nuclear factor kappa B (NF-xB), a central regulator
of inflammation.?

The development of methods to culture ECs in the early
1970s was a major advance that ushered in the modern era of
vascular biology research.®>* Subsequent work from many
laboratories has revealed that these cells can alter their
phenotype in response to various physiologic and pathologic
stimuli. For example, stimulation of the endothelium with
proinflammatory cytokines produces a dysfunctional endo-
thelium associated with elaboration of proadhesive and
-thrombotic factors.>® Conversely, laminar flow induces an
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opposing gene profile associated with antithrombotic, -adhe-
sive, and -inflammatory properties.7’8 Importantly, human
arterial segments subject to laminar flow are less likely to
develop atherogenic lesions, in contrast to “atheroprone”
arterial branch points exposed to nonlaminar or disturbed
flow.” Emphasis on identifying central regulators integrating
the effects of both hemodynamic and biochemical stimuli in
the endothelium led to the discovery of the KLF family of
transcription factors. Though several members of this family
have been implicated in endothelial biology, the data are most
compelling for KLF2 and KLF4.'%"'?

Initial links between KLFs and the endothelium were
gleaned from the observations of Kuo and colleagues, who
found that within embryonic vascular tissues, KLF2 was
principally expressed in the endothelium.'' Subsequent work
from several laboratories identified KLF2 and KLF4 as laminar
flow-inducible transcription factors that broadly regulate
endothelial gene products governing vasoreactivity, perme-
ability, immune cell adhesion, and thrombosis.” Furthermore,
both factors were shown to inhibit endothelial proinflamma-
tory targets by virtue of their ability to antagonize NF-kB.'>'*
Whereas in vitro functional studies were highly supportive of
the notion that KLF2 and KLF4 controlled basic endothelial
functions, in vivo confirmation proved to be more difficult until
recently.'®'® This gap in physiologic relevance was the result,
in large part, of the challenges associated with the viability of
KLF2 and KLF4 knockout (KO) mice.""'® For example, global
or endothelial-specific deletion of KLF2 results in death during
embryonic development.'" Furthermore, global deletion of
KLF4 results in death within hours of birth, thereby precluding
studies in adult animals.'® However, endothelial-specific KLF4
KOs are viable."” Using this mouse line and a second line
overexpressing KLF4 in the endothelium, Zhou and colleagues
showed recently that KLF4 confers an antiatherogenic and
-thrombotic phenotype.'” Mechanistically, these effects were
linked to the ability of KLF4 to inhibit NF-xB activity by
affecting recruitment of critical coactivators to induce target
genes, such as vascular cell adhesion molecule 1 (VCAM-1)."”
Collectively, these observations provided the most cogent in
vivo evidence to date implicating endothelial KLFs as essential
regulators of vascular function in the adult animal.

The current study by Yoshida and colleagues builds on the
aforementioned work and evaluates the role of endothelial

DOI: 10.1161/JAHA.113.000769

Journal of the American Heart Association 1


http://creativecommons.org/licenses/by-nc/3.0/

Endothelial KLF4 Tugal et al

KLF4 in a model of vascular remodeling.? Using the genetic
background of Tie2-Cre and KLF4'oP mice, the authors
generated endothelial-specific deletion of KLF4. Mice sub-
jected to carotid artery ligation demonstrated enhanced
neointimal formation postinjury, a finding attributed to
enhanced vascular smooth muscle cell (VSMC) proliferation
and recruitment of inflammatory cells (macrophages and T
lymphocytes). Importantly, KLF4 expression was induced
within the VSMC compartment of both wild-type and EC-KL4-
deficient mice in response to injury, and smooth muscle cell
(SMC) differentiation marker expression (smooth muscle [SM]
220 and SM-actin) was no different, thereby strongly
implicating the contribution of endothelial KLF4 to this
altered phenotype. By day 21, EC-KLF4-deficient mice
exhibited greater neointimal formation, as compared to
controls. Examination of injured tissue revealed enhanced
endothelial expression of cell adhesion markers in EC-specific
KLF4 KO mice. The researchers explain that the greater
VCAM-1 and E-selectin expression likely resulted in the
enhanced recruitment and accumulation of inflammatory cells
in the neointima. Mechanistic studies showed that tumor
necrosis factor alpha—induced expression of VCAM-1 is
augmented in the absence of KLF4. Detailed VCAM-1
promoter analysis revealed the presence of one KLF4 and
two NF-xB consensus-binding sites. Furthermore, chromatin
immunoprecipitation studies revealed that the direct binding
of KLF4 to p65 in human umbilical vein endothelial cells
transduced with KLF4 inhibited NF-«xB activity at the VCAM-1
promoter in response to inflammatory stimuli. Interestingly,
Yoshida and colleagues previously reported enhanced neoin-
timal formation in KLF4 conditional KO mice after vascular
injury resulting from reduced induction of p21WAFT/CIP1 4
potent inhibitor of cell cycle progression.'® They identified
KLF4-binding sites in its promoter and showed that KLF4
regulated p21WAF1/CPT expression in a p53-dependent man-
ner.'® Taken together, the current and previous findings
identify endothelial KLF4 as a regulator of vascular injury-
mediated neointimal hyperplasia through anti-inflammatory
and -proliferative effects (Figure).

From a historical perspective, Forrester and coworkers
proposed a paradigm for neointimal hyperplasia as a general
wound-healing response based largely on observations from
animal studies.'® Endothelial denudation, platelet deposition,
inflammatory cell infiltration, release of growth factors, medial
SMC modulation and proliferation, proteoglycan deposition,
and extracellular matrix remodeling were identified as the
major milestones in the temporal sequence of this response.
The centrality of inflammation in this response was proposed
initially by Dr. Peter Libby in 1992,%° and a series of studies
by our laboratory demonstrated that leukocyte recruitment
and accumulation, mediated by the leukocyte integrin,
macrophage-1 antigen, and the platelet counter-receptor,
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Figure. Diametric relationship of KLF4 and NF-kB affects
vascular endothelial health. Schematic diagram representing
antithetical expression of KLF4 and NF-kB in endothelial cells.
A, KLF4 presence and diminished NF-kB activity promotes
vascular integrity. B, KLF4 absence and enhanced NF-xB activity
facilitate injury-mediated vascular disease associated with inflam-
matory cell recruitment and neointimal hyperplasia. EC indicates
endothelial cell; EEL, external elastic lamina; IEL, internal elastic
lamina; KLF4, Kriippel-like factor 4; NF-xB, nuclear factor kappa B;
SMC, smooth muscle cell.

glycoprotein  Iba, drives the neointimal hyperplasia
response.’?? In both balloon-angioplastied and stented
arteries, re-endothelialization of at least part of the injured
vessel surface occurs, and accelerating EC recoverage
attenuates neointimal formation.?® The importance of the
endothelium in neointimal formation is vascular injury and
model dependent. Animal models of neointimal hyperplasia
that preserve the endothelium (eg, carotid ligation, perivas-
cular cuff) are mechanistically distinct from endothelial

DOI: 10.1161/JAHA.113.000769

Journal of the American Heart Association 2

TVIMOLIdA



Endothelial KLF4 Tugal et al

denuding animal models (eg, air dry, wire injury) and clinical
restenosis (eg, balloon angioplasty and stenting).

Although the Yoshida and coworkers nicely characterize
the role of endothelial KLF4 in the carotid artery ligation
model of vascular injury that largely preserves the endo-
thelium,? several limitations merit consideration. The Tie2
promoter exhibits activity in cells of the hematopoietic
compartment. Importantly, KLF4 confers anti-inflammatory
effects in myeloid cells, and recently, our group demonstrated
that KLF4 myeloid deficiency results in enhanced inflamma-
tory cell infiltration of atherosclerotic lesions.?* Although the
researchers demonstrate no significant difference between
KLF4 levels in peripheral blood of control and EC-specific
KLF4 KO mice,®> the presence of KLF4-sufficient cellular
contaminants cannot be excluded. Therefore, KLF4-deficient
monocytes and macrophages may be contributing to the
observed phenotype of enhanced neointimal formation of
Tie2-Cre-derived EC-specific KLF4 KO mice. Furthermore, the
contribution of additional factors regulated by KLF4, such as
nitric oxide, cytokines/chemokines, and matrix-modifying
enzymes, that may play a role in the observed phenotype
were not presented. Several key questions are evident. First,
if KLF deficiency promotes vascular disease, what are the
upstream regulators of KLF4? Second, does KLF4 regulate EC
proliferation and migration that might influence re-endothel-
ialization after vascular injury? Third, what signals mediate the
crosstalk between ECs and VSMCs that drives an increase in
VSMC KLF4 expression and subsequent VSMC proliferation
after injury? Fourth, is KLF4 deficiency responsible for
premature atherosclerosis in diabetic patients as well as
others with accelerated vascular disease (eg, HIV infection,
transplant vasculopathy)? Finally, it would be of interest to
know whether sustained overexpression of endothelial KLF4
abrogates the effects of vascular injury. Because KLF4
deficiency has been linked to atherothrombosis,'” pulmonary
vascular disease,?® and, currently, restenosis, could boosting
KLF4 expression be therapeutically beneficial in patients with
vascular disease? Interestingly, statins have been shown to
enhance endothelial KLF4 expression, providing a nonlipid
drug benefit derived from KLF4 activity in the endothelium.?
Also, recently, an abciximab-KLF4 expression plasmid dual-
delivery intracoronary stent was shown to maintain intralu-
minal area and reduce in-stent restenosis in a porcine model
of coronary injury.?’

Collectively, despite its limitations, the findings of this
article support an important role for KLF4 in the maintenance
of vascular health and its deficiency in aggravating vascular
disease. Targeting transcription factors has largely remained
elusive in human disease. Further insights into upstream
factors that regulate KLF4 expression as well as new
therapeutic approaches (eg, RNA interference, chemical
epigenetic regulators) might provide new avenues for mod-

ulating neointimal formation. Understanding how to safely
and efficiently translate these experimental observations
might lead to new clinical applications, perhaps targeting
KLF4.

Sources of Funding

This work was supported, in part, by National Institutes of
Health grants to Jain (HL110630, HL097593, HL112486,
HL086548, and HL119195), Simon (HL57506 MERIT Award),
and a Robert and Lynn Heisler Fellowship Award (Tugal).

Disclosures

None.

References

1. Gloor H. Schadigungsmuster eines Letalfaktors (Kr) von Drosophila melanog-
aster. Arch Julius Klaus Stift. 1950;25:38-44.

2. Yoshida T, Yamashita M, Horimai C, Hayashi M. Deletion of Kriippel-like factor
4 in endothelial and hematopoietic cells enhances neointimal formation
following vascular injury. / Am Heart Assoc. 2014;3:e000622 doi:10.1161/
JAHA.113.000622

3. Jaffe EA, Nachman RL, Becker CG, Minick CR. Culture of human endothelial
cells derived from umbilical veins. Identification by morphologic and immu-
nologic criteria. J Clin Investig. 1973;52:2745-2756.

4. Gimbrone MA Jr, Cotran RS, Folkman J. Human vascular endothelial cells in
culture. Growth and DNA synthesis. / Cell Biol. 1974;60:673—-684.

5. Gimbrone MA Jr, Topper JN, Nagel T, Anderson KR, Garcia-Cardena G.
Endothelial dysfunction, hemodynamic forces, and atherogenesis. Ann N Y
Acad Sci. 2000;902:230-239; discussion 239-240.

6. Berk BC, Abe JI, Min W, Surapisitchat J, Yan C. Endothelial atheroprotective
and anti-inflammatory mechanisms. Ann N Y Acad Sci. 2001;947:93-109;
discussion 109-111.

7. Topper JN, Cai J, Falb D, Gimbrone MA Jr. Identification of vascular endothelial
genes differentially responsive to fluid mechanical stimuli: cyclooxygenase-2,
manganese superoxide dismutase, and endothelial cell nitric oxide synthase
are selectively up-regulated by steady laminar shear stress. Proc Nat/ Acad Sci
USA. 1996;93:10417-10422.

8. Takada Y, Shinkai F, Kondo S, Yamamoto S, Tsuboi H, Korenaga R, Ando J.
Fluid shear stress increases the expression of thrombomodulin by cultured
human endothelial cells. Biochem Biophys Res Commun. 1994;205:1345—
1352.

9. Gimbrone MA Jr, Garcia-Cardena G. Vascular endothelium, hemodynamics, and
the pathobiology of atherosclerosis. Cardiovasc Pathol. 2013;22:9—15.

10. Atkins GB, Jain MK. Role of Kriippel-like transcription factors in endothelial
biology. Circ Res. 2007;100:1686—-1695.

11. Kuo CT, Veselits ML, Barton KP, Lu MM, Clendenin C, Leiden JM. The LKLF
transcription factor is required for normal tunica media formation and blood
vessel stabilization during murine embryogenesis. Genes Dev. 1997;11:2996—
3006.

12. Yet SF, McA’Nulty MM, Folta SC, Yen HW, Yoshizumi M, Hsieh CM, Layne MD,
Chin MT, Wang H, Perrella MA, Jain MK, Lee ME. Human EZF, a Krippel-like
zinc finger protein, is expressed in vascular endothelial cells and contains
transcriptional activation and repression domains. J Bio/ Chem.
1998;273:1026—1031.

13. Hamik A, Lin Z, Kumar A, Balcells M, Sinha S, Katz J, Feinberg MW, Gerzsten
RE, Edelman ER, Jain MK. Krippel-like factor 4 regulates endothelial
inflammation. J Bio/ Chem. 2007;282:13769—-13779.

14. SenBanerjee S, Lin Z, Atkins GB, Greif DM, Rao RM, Kumar A, Feinberg MW,
Chen Z, Simon DI, Luscinskas FW, Michel TM, Gimbrone MA Jr, Garcia-Cardena
G, Jain MK. KIf2 is a novel transcriptional regulator of endothelial proinflam-
matory activation. / Exp Med. 2004;199:1305-1315.

15. Atkins GB, Wang Y, Mahabeleshwar GH, Shi H, Gao H, Kawanami D,
Natesan V, Lin Z, Simon DI, Jain MK. Hemizygous deficiency of Kriippel-like
factor 2 augments experimental atherosclerosis. Circ Res. 2008;103:690—
693.

DOI: 10.1161/JAHA.113.000769

Journal of the American Heart Association 3

TVIYOLIaH


info:doi/10.1161/JAHA.113.000622
info:doi/10.1161/JAHA.113.000622

Endothelial KLF4

16.

17.

20.

21.

22.

Tugal et al

Segre JA, Bauer C, Fuchs E. KIf4 is a transcription factor required for
establishing the barrier function of the skin. Nat Genet. 1999;22:356—360.

Zhou G, Hamik A, Nayak L, Tian H, Shi H, Lu Y, Sharma N, Liao X, Hale A,
Boerboom L, Feaver RE, Gao H, Desai A, Schmaier A, Gerson SL, Wang Y,
Atkins GB, Blackman BR, Simon DI, Jain MK. Endothelial Kriippel-like factor 4
protects against atherothrombosis in mice. / Clin Investig. 2012;122:4727—
4731.

. Yoshida T, Kaestner KH, Owens GK. Conditional deletion of Kriippel-like factor

4 delays downregulation of smooth muscle cell differentiation markers but
accelerates neointimal formation following vascular injury. Circ Res.
2008;102:1548-1557.

. Forrester JS, Fishbein M, Helfant R, Fagin J. A paradigm for restenosis based

on cell biology: clues for the development of new preventive therapies. / Am
Coll Cardiol. 1991;17:758-769.

Libby P, Schwartz D, Brogi E, Tanaka H, Clinton SK. A cascade model for
restenosis. A special case of atherosclerosis progression. Circulation.
1992;86:11147-11152.

Simon DI, Dhen Z, Seifert P, Edelman ER, Ballantyne CM, Rogers C. Decreased
neointimal formation in Mac-1(—/—) mice reveals a role for inflammation in
vascular repair after angioplasty. J Clin Investig. 2000;105:293-300.

Wang Y, Sakuma M, Chen Z, Ustinov V, Shi C, Croce K, Zago AC, Lopez J, Andre
P, Plow E, Simon DI. Leukocyte engagement of platelet glycoprotein ibalpha
via the integrin Mac-1 is critical for the biological response to vascular injury.
Circulation. 2005;112:2993-3000.

23.

24.

25.

26.

27.

Asahara T, Bauters C, Pastore C, Kearney M, Rossow S, Bunting S, Ferrara N,
Symes JF, Isner JM. Local delivery of vascular endothelial growth factor
accelerates reendothelialization and attenuates intimal hyperplasia in balloon-
injured rat carotid artery. Circulation. 1995;91:2793-2801.

Sharma N, Lu Y, Zhou G, Liao X, Kapil P, Anand P, Mahabeleshwar GH, Stamler
JS, Jain MK. Myeloid Kriippel-like factor 4 deficiency augments atherogenesis
in apoe—/— mice—brief report. Arterioscler Thromb Vasc Biol. 2012;32:
2836-2838.

Shatat MA, Tian H, Zhang R, Tandon G, Hale A, Fritz JS, Zhou G, Martinez-
Gonzalez J, Rodriguez C, Champion HC, Jain MK, Hamik A. Endothelial Kriippel-
like factor 4 modulates pulmonary arterial hypertension. Am J Respir Cell Mol
Biol. 2013; Epub ahead of print.

Ohnesorge N, Viemann D, Schmidt N, Czymai T, Spiering D, Schmolke M,
Ludwig S, Roth J, Goebeler M, Schmidt M. Erk5 activation elicits a
vasoprotective endothelial phenotype via induction of Krippel-like factor 4
(kIf4). J Biol Chem. 2010;285:26199-26210.

Kwon JS, Song SJ, Yang EJ, Kim YS, Lim KS, Kim DG, Cho DL, Jeong MH, Ahn Y.
Novel abciximab- Krippel-like factor 4-plasmid dual-delivery titanium dioxide-
coated coronary stent. Int J Cardiol. 2013;168:5104-5106.

Key Words: Editorials ¢ endothelium ¢ Kruppel-like

tran-

scription factor ¢ vascular injury

DOI: 10.1161/JAHA.113.000769

Journal of the American Heart Association 4

TVIMOLIdA



