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Suberanilohydroxamic Acid as a Pharmacological Kruppel-Like Factor
2 Activator That Represses Vascular Inflammation and

Atherosclerosis
Yanni Xu, PhD;* Suowen Xu, PhD;* Peng Liu, PhD;* Marina Koroleva, BSc; Shuya Zhang, PhD; Shuyi Si, PhD; Zheng Gen Jin, PhD

Background—Kruppel-like factor 2 (KLF2) is an important zinc-finger transcription factor that maintains endothelial homeostasis
by its anti-inflammatory, -thrombotic, -oxidative, and -proliferative effects in endothelial cells. In light of the potent vasoprotective
effects of KLF2, modulating KLF2 expression or function could give rise to new therapeutic strategies to treat cardiovascular
diseases.

Methods and Results—High-throughput drug screening based on KLF2 promoter luciferase reporter assay was performed to
screen KLF2 activators. Real-time PCR and western blot were used to detect gene and protein expression. Identified KLF2 activator
was orally administered to ApoE~/~ mice to evaluate anti-atherosclerotic efficacy. By screening 2400 compounds in the Spectrum
library, we identified suberanilohydroxamic (SAHA) acid, also known as vorinostat as a pharmacological KLF2 activator through
myocyte enhancer factor 2. We found that SAHA exhibited anti-inflammatory effects and attenuated monocyte adhesion to
endothelial cells inflamed with tumor necrosis factor alpha. We further showed that the inhibitory effect of SAHA on endothelial
inflammation and ensuing monocyte adhesion was KLF2 dependent using KLF2-deficient mouse lung endothelial cells or KLF2
small interfering RNA— depleted human endothelial cells. Importantly, we observed that oral administration of SAHA reduced diet-
induced atherosclerotic lesion development in ApoE~/~ mice without significant effect on serum lipid levels.

Conclusions—These results demonstrate that SAHA has KLF2-dependent anti-inflammatory effects in endothelial cells and provide
the proof of concept that KLF2 activation could be a promising therapeutic strategy for treating atherosclerosis. (/ Am Heart
Assoc. 2017;6:e007134. DOI: 10.1161/JAHA.117.007134.)
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he endothelium plays an important role in maintaining

vascular homeostasis and regulating blood vessel tone,
inflammation, vessel permeability, thrombosis, and vasculo-
genesis/angiogenesis processes.? Endothelial dysfunction,
typically characterized by impaired vasoreactivity, enhanced
permeability to plasma lipoproteins, and selective adhesive-
ness for mononuclear leukocytes, is implicated in atheroscle-
rosis, diabetes mellitus, hypertension, and coronary artery
disease.”®

Kruppel-like factor 2 (KLF2) is a zinc-finger transcription
factor preferentially expressed in vascular endothelium, lung,
and lymphocytes.”™® It functions as a master regulator to
maintain endothelial homeostasis® and control multiple genes
critical for anti-inflammatory, -thrombotic, -oxidative, and -
proliferative effects in endothelial cells (ECs)."* '° For exam-
ple, KLF2 potently induces the expression of vasodilatory and
anti-inflammatory genes such as endothelial nitric oxide
synthase, inhibits vasoconstrictive factors such as endothelin-
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Clinical Perspective

What Is New?

* Histone deacetylase inhibitor suberanilohydroxamic acid
activates Kruppel-like factor 2 by myocyte enhancer factor 2.
* Oral administration of suberanilohydroxamic acid represses
vascular inflammation and atherosclerosis in ApoE ™/~ mice.

What Are the Clinical Implications?

Kruppel-like factor 2 activators have therapeutic potential to
treat atherosclerosis.

Suberanilohydroxamic acid could be repurposed as a
potential anti-inflammatory and -atherosclerotic drug.

1 expression, and represses expression of adhesion molecules,
such as vascular cell adhesion molecule 1 (VCAMT1)."810
Experimental studies have demonstrated that shear stress’'
along with small molecules such as lipid-lowering statins'®'?
and resveratrol are capable of exerting vasoprotective effects
by promoting KLF2 activation.*'>"® The molecular mecha-
nisms involved in the regulation of endothelial KLF2 expression
includes the AMP-activated protein kinase/dual specificity
mitogen-activated protein kinase kinase 5/extracellular-signal
related kinase 5/MEF2 (myocyte enhancing factor 2) pathway
and the histone deacetylase (HDAC) 5 pathway."'*'° Recent
studies have demonstrated that deletion of 1 KLF2 allele in mice
increases atherosclerosis,16 and KLF2 controls endothelial and
vascular integrity.'” These important findings suggest that
KLF2 could serve as a promising therapeutic target for the
treatment of atherosclerosis.

In light of the potent vasoprotective effects mediated by
KLF2, modulating KLF2 expression or function might be a
novel therapeutic strategy for a wide range of human diseases,
including cardiovascular diseases.' Therefore, we aimed to
identify novel KLF2 activators using a luciferase assay based
high-throughput drug screening and hoped that these activa-
tors would have endothelial protective functions. Interestingly,
we have identified a US Food and Drug Administration—
approved small molecule, suberoylanilide hydroxamic acid
(SAHA, also known as Vorinostat or MK0683), as a novel KLF2
activator, that prevents endothelial inflammation in vitro and
atherosclerosis development in vivo. Our study suggests that
the anticancer drug SAHA could be repurposed as an effective
therapeutic agent for atherosclerosis.

Materials and Methods

Reagents

The library of small-molecule drugs (NCI Spectrum Compound
Library 2400 chemical compounds dissolved at 1 mmol/L in

DMSO) was purchased from the University of Rochester
Pathway Discovery Resource. SAHA was purchased from L C
Laboratories (#V-8477, purity >99%; Woburn, MA). iQ SYBR
Green Supermix (#1708886) was purchased from Bio-Rad
Laboratories (Hercules, CA). A High-Capacity cDNA Reverse
Transcription Kit (#4374966) was obtained from Thermo
Fisher Scientific (Waltham, MA). Recombinant human tumor
necrosis factor alpha (TNFa) was purchased from R&D Systems
(#210-TA; Minneapolis, MN). Lipofectamine 2000 Transfection
Reagent was purchased from Thermo Fisher Scientific. The
wild-type and MEF2 binding site defective mutant KLF2-luc
promoter-driven luciferase reporter (KLF2-luc) plasmids were
gifted by Prof Mukesh Jain.'® KLF2 adenovirus was from
ViGene Biosciences, Inc (#VH849868; Rockville, MD).

Cell Culture

COS-7 cells (ATCC, Rockville, MD) were cultured in DMEM
(cellgro; Corning Incorporated, Corning, NY) with 10% Fetal
Bovine Serum (FBS) (Thermo Fisher Scientific). Human umbil-
ical vein ECs were isolated and cultured as previously
described.'® Human coronary artery ECs (HCAECs) were from
Cell Applications Inc (#300K-05A; San Diego, CA) and Lifeline
Cell Technologies (#FC-0032; Fredrick, MD). HCAECs were
cultured in MesoEndo Cell Growth Media (Gobico) containing
10% FBS and Growth Supplement (#212K-500; Cell Applica-
tions Inc.).'® Passage 3 to 6 of HCAEC cells were used for
experiments. THP-1 cells (ATCC) were grown in RPMI 1640
containing 10% FBS. All cells were maintained in a 37°C
incubator with 5% CO,.

Transfection and Luciferase Assay

COS-7 cells plated in 100-mm dishes were transfected with
5.4 pg of KLF2-Luc using Lipofectamine 2000 in Opti-MEM
(Gibco, Grand Island, NY). After 6 hours of transfection, the
transfected cells were then plated in 96-well plates at a density
of 3.5x10° cells/well in normal DMEM containing 10% FBS
(100 pL/well). When cells were attached to the bottom of
plate, the drugs (1.0 pL/well; final concentration was 5 pmol/
L, 200 pL medium/well) were added into the 96-well plate for
24 hours. Activity of the luciferase reporter gene was assayed
using Dual-Luciferase Reporter Assay System (Promega,
Madison, WI) and detected using a microplate spectropho-
tometer (BMG Labtech, Ortenberg, Germany). The fold of KLF2
activity of the tested compound is calculated as compound
firefly luciferase value /DMSO firefly luciferase value.

Real-Time PCR

Total RNA was extracted from cultured HCAECs and lung ECs
using an RNeasy Mini kit (Qiagen, Hilden, Germany).'® In brief,
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cells were plated in 24-well plates and treated with SAHA (0.1, 1,
and 10 pmol/L) for 24 hours. After treatment, cells were
washed with PBS. Total RNA was extracted using a QIAGEN
RNeasy Mini kit (Qiagen). Mouse aorta EC RNA was extracted
using QiaZol lysis reagent (Qiagen).'® Quantitative real-time PCR
was performed using iQ SYBR Green Supermix (Bio-Rad) in a Bio-
Rad iQ5 real-time PCR thermal cycler. Relative mRNA expres-
sion of target genes was normalized to the housekeeping gene,
glyceraldehyde 3-phosphate dehydrogenase, and expressed as
fold change over control.?%2" Sequences of the specific mouse
primers were designed using IDT PrimerQuest software, and the
oligo sequences are listed in Table S1.

Western Blot

Western blot was performed as previously described.'® Blots
were incubated overnight at 4°C with appropriate primary
antibodies, including VCAM-1 (#sc-1504, 1:1000; Santa Cruz
Biotechnology, Santa Cruz, CA), ICAM-1 (#sc-8439, 1:1000;
Santa Cruz Biotechnology), and glyceraldehyde 3-phosphate
dehydrogenase (#AB2302, 1:1000;, Burlington, MA). After being
washed 3 times with 1x Tris Buffered Saline with 0.1% Tween-20
(TBST), membranes were incubated with IRDye 680RD Goat anti-
Mouse IgG (H+L), IRDye 800CW Goat anti-Rabbit IgG (H+L) or
IRDye 680RD Goat anti-Chicken IgG (H+L) (1:10 000 dilution in
1x TBST; LI-COR) at room temperature for 30 minutes. Images
were visualized by using the LI-COR Odyssey Infrared Imaging
System. Densitometric analysis of blots was performed with NIH
Image] software (NIH, Bethesda, MD).

Assay of Monocyte Adhesion to ECs

Assay of monocyte adhesion to ECs were essentially
performed as previously described.”>%° In brief, confluent
HCAECs were plated in 6-well plates the day before pretreat-
ment with vehicle (0.1% DMSO) or SAHA (10 umol/L) of
indicated concentrations for 12 hours. TNFo (at a final
concentration of 10 ng/mL) was added and incubated in a
CO;, incubator for 6 hours. Then, 5 to 7x10° of the THP-1
cells were added to the HCAECs in a final volume of 2.5 mL
and incubated in a CO, incubator for 30 minutes. After
treatment, cells were gently washed 3 times with serum-free
medium to remove nonadherent THP-1 cells from the plate.
Phase-contrast microphotographs of cells were taken using a
Canon A640 digital camera with a Zeiss Axiovert 40C
microscope (Carl Zeiss, Jena, Germany). Numbers of adherent
cells from each image were counted and plotted.

Approval of Animal Studies

All animal procedures conformed to the Guideline for the Care
and Use of Laboratory Animals published by the NIH and were

approved by the Institutional Animal Care and Use Committee
of the University of Rochester Medical Center (Rochester, NY).

Isolation of Mouse Lung ECs

KLF2*/~ mice (B6; 129S4-KIf2"™"- " /| Stock# 026926) were
purchased from JAX Laboratory (Bar Harbor, ME). Mouse lung
ECs were isolated as described previously.?® Briefly, lungs from
3 mice of each group were minced into pieces and digested with
prewarmed type | collagenase (2 mg/mL) at 37°C for 45 min-
utes. The suspension was filtered through a 70-um disposable
cell strainer and then centrifuged at 800 g at 4°C for 5 minutes.
Precipitates were resuspended in cold PBS+BSA+Penicillin/
Streptomycin. The cell suspension was then incubated with
CD31 (#553370; BD Pharmingen, San Jose, CA)-coated
Dynabeads (Invitrogen, Carlsbad, CA) on a rotor at room
temperature for 15 minutes, and then washed until the
suspension became visibly clear. Cells with beads were
resuspended in growth medium (DMEM+20%FBS+penicillin/
streptomycin+heparin) and plated on 0.1% gelatin-coated
culture dishes. At 5 to 9 days after plating, cells approached
confluence. A second sort of cells were performed with CD102-
coated (#553326; BD Pharmingen) Dynabeads sorting. Then,
cells were cultured in growth medium and used for indicated
experiments immediately.

TNFa-Stimulated Endothelial Inflammation Assay

Isolated lung ECs from 3 mice of each group were treated with
SAHA and TNFo the same as in HCAECs. RNA and protein
samples were used for western blot and qPCR experiments. In
vivo, SAHA (50 mg/kg/day) or vehicle (0.5% carboxymethyl
cellulose-sodium) was orally administered to KLF2*/* and
KLF2*/~ mice for 10 days. Then, mice were injected with
mTNFa (0.5 pg/mouse) for 6 hours. Mice were euthanatized
by CO, euthanasia. Aortic ECs from 3 mice were pooled by
lysed with 1x SDS sample buffer by flushing the vessel
lumen. Western blot was performed to detect mouse VCAM1
(#AF643, 1:1000; R&D Systems) and ICAM1 (#AF796,
1:1000; R&D Systems) expression.

Analysis of Atherosclerotic Lesions and Lipid
Profile

To evaluate the potential antiatherosclerotic efficacy of SAHA,
we administered vehicle (0.5% carboxymethyl cellulose-
sodium; n=9), or SAHA (50 mg/kg body weight/day, by oral
gavage; n=10) into 6-week-old ApoE~/~ mice, which were fed a
western-type diet (#TD88137; Harlan Teklad, North Easton,
MA) for an additional 12 weeks to accelerate plaque formation.
After treatment, mice were euthanatized, and whole aorta were
isolated, fixed, and subject to en face Oil Red O staining, as
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Figure 1. Identification of SAHA as a pharmacological KLF2 activator. A, Results of KLF2-luc-based drug
screening. B, The chemical structure of SAHA. C, SAHA upregulates KLF2 mRNA expression in HCAECs.
HCAECs were treated with vehicle (0.1% DMSO) or indicated concentration of SAHA (0.1, 1, and 10 umol/
L), and then the levels of KLF2 mRNA expression were detected by qPCR using GADPH as the loading
control. *P<0.05 (SAHA vs vehicle), nonparametric Wilcoxon rank-sum test, 2-tailed, n=4. D, SAHA
upregulates KLF2 promoter activity by MEF2. COS7 cells were transfected with KLF2-wild type (—221 bp,
KLF2-221 WT) or KLF2-mutant (—221 bp, mutation of MEF2 binding site, KLF2-221 mutant) before
stimulation with indicated concentration of SAHA for 24 hours. Then, luciferase activity was read and
expressed as fold over control, nonparametric Wilcoxon rank-sum test, 2-tailed, n=4, *P<0.05. KLF2
indicates Kruppel-like factor 2; SAHA, suberoylanilide hydroxamic acid; WT, wild type.

previously described.'® The ratio of Oil Red O—positive lesion
area to total lumen area was calculated for each mouse using
NIH ImageJ software and expressed as percentage of total area.
Serum from vehicle- and SAHA-treated mice (n=8/each group)
was prepared at the end point, and levels of total cholesterol,
triglyceride, low-density-lipoprotein cholesterol/very-low-den-
sity-lipoprotein cholesterol were analyzed with commercial
colorimetric kits from BioVision, Inc. (#K622, #K6 13; Milpitas,
CA). After reaction, absorbance at 562 nm was recorded and
lipid concentration was calculated using total cholesterol and
triglyceride standard curves. One microliter of undiluted serum
was used for measuring total cholesterol, 2 pL of undiluted
serum for measuring triglyceride, and 2 pL of diluted serum for
measuring low-density-lipoprotein cholesterol/very-low-den-
sity-lipoprotein cholesterol (and multiply dilution factor).

Statistical Analysis

Data obtained from cell-culture experiments were derived
from different batches of HCAECs from different donors. Data

analysis was performed using GraphPad Prism 5 software
(GraphPad Software Inc, La Jolla, CA). Statistical comparisons
and analyses between 2 groups were performed by 2-tailed,
paired Student t test or nonparametric Wilcoxon rank-sum
test, as indicated in figure legends. When comparing more
than 2 groups, 1-way ANOVA with Bonferroni or Kruskal—
Wallis post-hoc test analysis was used. Data are presented as
mean+SEM, and P<0.05 was considered statistically signif-
icant.

Results

High-Throughput Compound Screening Identifies
SAHA as a Potent Inducer of KLF2

We designed a high-throughput compound screening method
using a human —1.7-kb KLF2-luc in COS-7 cells. To verify our
screening system, we first tested the responsiveness of
reporter vectors to reported compounds (simvastatin'®'?)
that activated KLF2 or KLF2-upstream activators (dual
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Figure 2. SAHA attenuates THP-1 monocyte adhesion to HCAECs. HCAECs were plated in 6-well plates
the day before pretreatment with DMSO (vehicle) or SAHA (10 pumol/L) for 12 hours. Then, TNFa (10 ng/
mL, final concentration) or vehicle (PBS) was added for an additional 6 hours. Then, THP-1 monocytes
(0.5 mL/well) were added for 30 minutes and then nonadherent monocytes were washed out. A,
Representative images of monocyte adhesion assay. Cobblestone-shaped cells are endothelial cells
whereas small and round cells are adherent THP-1 monocytes. B, Quantification of (A). Adherent THP-1 cells
were counted from 6 independent experiments. One-way ANOVA with post-hoc Bonferroni test; **P<0.01.

SAHA indicates suberoylanilide hydroxamic acid; TNFo, tumor necrosis factor alpha.

specificity mitogen-activated protein kinase kinase 5%’ and
MEF2%%). As shown in Figure S1, compared with control
treatment (DMSO or Ad-lacZ), simvastatin, adenoviral dual
specificity mitogen-activated protein kinase kinase 5, and
MEF2 infection could dramatically increase KLF2 luciferase
activity in COS-7 cells transfected with KLF2-luc plasmid.
These data demonstrated that KLF2-luc screening model was
successfully established and could be used for subsequent
screening of potential KLF2 activators.

The Spectrum library is a small collection of 2400
compounds that contains natural products (25%), marketed
drugs (in the United States, Europe, and Japan, 60%) and other
bioactive compounds (15%). Among the 2400 compounds
tested, 25 compounds were discovered to increase KLF2-luc
activity >2-fold (Figure 1A). Among the 25 positive-hit com-
pounds, known KLF2-activating compounds, including sim-
vastatin, rosuvastatin, mevastatin, atorvastatin, and
resveratrol, were identified and labeled (Figure 1A). These
results further validated the successful establishment of our
KLF2-luc screening system.

One of the hit drugs we have identified is SAHA
(Figure 1B), a US Food and Drug Administration—approved
anticancer drug. In our system, SAHA could significantly
increase KLF2 promoter luciferase activity (Figure 1A) more
than 50-fold compared with vehicle control. We next evalu-
ated the effect of SAHA on KLF2 expression in HCAECs. Our
gPCR assay indicated that SAHA could increase KLF2 mRNA
expression at 10 pumol/L (Figure 1C). Meanwhile, SAHA
(10 pumol/L) also significantly decreased the mRNA expres-
sion of known KLF2-target gene endothelin-12%2° (Figure S2).

Taken together, our data suggest that SAHA is a bona-fide
KLF2 activator.

To identify the mechanism for SAHA-mediated activation of
the KLF2 promoter, we performed dual-luciferase activity assay
by transfecting COS7 cells with wild-type, KLF2-promoter—
driven luciferase reporter plasmid (—221 bp, KLF2-22 1-wt) and
mutant plasmids with point mutation in the MEF2 binding site of
the KLF2 promoter region (gifted by Prof Mukesh Jain,'® KLF2-
22 1-mutant). Transfected cells were incubated with or without
SAHAfor 24 hours, then luciferase activity was determined. We
observed that mutation of the MEF2 binding site significantly
reduced the SAHA-mediated increase of the KLF2 promoter
activity (Figure 1D). These data implicate that SAHA induces
the KLF2 promoter activity through MEF2 binding.

SAHA Exhibited Anti-Inflammatory Effects and
Attenuated Monocyte Adhesion to ECs

KLF2 is a potent anti-inflammatory transcription factor that
maintains normal endothelial function. To determine whether
SAHA-mediated KLF2 upregulation improves EC function, the
effect of SAHA on TNFa-induced monocyte adhesion to
HCAECs was evaluated. Our data showed that, at concentra-
tions of 0.1 to 10 umol/L, SAHA did not significantly affect
EC viability (Figure S3). Compared with the vehicle control,
TNFa-induced THP-1 monocyte adhesion to HCAECs was
greatly blocked by SAHA (Figure 2A and 2B).

To investigate the mechanism by which SAHA attenuates
monocyte adhesion to ECs, expression of KLF2 and adhesion
molecules including VCAM1 and ICAM1 were examined.
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Figure 3. SAHA decreases TNFa-stimulated vascular inflammation in HCAECs. A, HCAECs were plated in 6-well plates the day before pretreatment
with DMSO (vehicle) or SAHA (10 pumol/L) for 12 hours. Then, TNFa (10 ng/mL, final concentration) or vehicle (PBS) was added for an additional
3 hours, and then gPCR was performed to assess VCAM1 and ICAM 1 mRNA expression. Nonparametric Kruskal-Wallis test; *P<0.05; **P<0.01,
n=6. B, HCAECs were treated as described above, and then western blot assays were performed to examine VCAM1 and ICAM 1 protein expression.
Representative images are shown, and the protein levels of VCAM 1 and ICAM 1 were normalized to GAPDH. One-way ANOVA with post-hoc Bonferroni
test; *P<0.05; **P<0.01, n=5. GAPDH indicates glyceraldehyde 3-phosphate dehydrogenase; ICAM1, intercellular adhesion molecule 1; KLF2,
Kruppel-like factor 2; SAHA, suberoylanilide hydroxamic acid; TNFa, tumor necrosis factor alpha; VCAM1, vascular cell adhesion molecule 1.

Figure 3A shows that TNFa significantly increased VCAM1 and
ICAM 1 mRNA expression. Figure 3B shows that TNFa increased
VCAM1 and ICAM1 protein expression. However, SAHA treat-
ment significantly decreased TNFo-induced VCAM1 (but not
ICAM1) mRNA. SAHA treatment significantly decreased TNFao-
induced VCAM1 and ICAM1 protein expression (Figure 3A and
3B). Figure 3A shows that TNFo decreased KLF2 mRNA
expression whereas SAHA significantly increased KLF2 expres-
sion in the presence or absence of TNFo. We also show that
adenoviral KLF2 overexpression blocked TNFo-induced VCAM 1,
but not ICAM1, expression in ECs (Figure S4). Taken together,
these data demonstrated that SAHA had a potent anti-
inflammatory effect in ECs.

Anti-Inflammatory Effects of SAHA Is KLF2
Dependent
To test whether the anti-inflammatory effects of SAHA is KLF2

dependent, we evaluated vascular inflammation markers in
KLF2-deficient mice treated with SAHA. A previous study has

shown that systemic knockout of KLF2 was embryonically
lethal'®; therefore, in this study, KLF2*/~ mice were used to
validate KLF2 dependency of SAHA.

Genotypes of KLF2*/* and KLF2*/~ mice were confirmed
by PCR assays (Figure 4A). KLF2 deficiency in KLF2*/~ mice
was confirmed by real-time PCR.%*

To ask whether the effects of SAHA were dependent on KLF2
in cultured cells, lung ECs were isolated from KLF2*/* and
KLF2*/~ mice. TNFa significantly increased VCAM 1 and ICAM 1
mRNA and protein expression in mouse lung ECs. However, in
lung ECs from KLF2*/~ mice, the preventive effects of SAHA on
TNFo-induced VCAM1 expression was partially rescued (Fig-
ure 4B and 4C). We next evaluated the effects of SAHA on
expression of KLF2 and the inflammatory markers in mouse
aortic endothelium. Aortic intimal (endothelium layer) lysates
were collected from KLF2*/* and KLF2*/~ mice treated with or
without SAHA. Our western blot analysis showed that TNFa
greatly increased VCAM 1 and ICAM 1 protein expression in both
KLF2*/* and KLF2"/~ ECs, but SAHA significantly decreased
VCAM1 protein expression in KLF2"/* aortic ECs. Meanwhile,
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Figure 4. SAHAinhibits vascular inflammation by KLF2. A, Representative genotyping results of KLF2

+/+

and

KLF2*/~ mouse tail DNA. B and C, Lung ECs from KLF2*/* and KLF2"/~ mice were treated with or without
SAHA for 12 hours, and then TNFa was added for an additional 3 hours. gPCR was performed to examine
VCAM1 and ICAM1 mRNA expression. One-way ANOVA with post-hoc Bonferroni test; *P<0.05; **P<0.01,
n=4.D, HUVECs were treated with control siRNA or KLF2 siRNA (siKLF2) for 48 hours, then treated with SAHA
for 12 hours before stimulation with TNFa for monocyte adhesion assay. One-way ANOVA with post-hoc
Bonferroni test; *P<0.05; **P<0.01,n=6. ECs indicates endothelial cells; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; ICAM1, intercellular adhesion molecule 1; KLF2, Kruppel-like factor 2; SAHA, suberoylanilide

hydroxamic acid; TNFa, tumor necrosis factor alpha; VCAM1, vascular cell adhesion molecule 1.

this inhibitory effect of SAHA was reversed in KLF2*/~ lung and
aortic ECs (Figure S5).

After observing the anti-inflammatory effects of SAHA was
KLF2 dependent, we asked whether KLF2 depletion by siRNA
(Figure Sé) could partially reverse SAHA-mediated inhibitory
effects on monocyte adhesion to ECs. Human umbilical vein
ECs were treated with control siRNA or KLF2 siRNA for
48 hours before the monocyte adhesion assay was per-
formed. We observed that KLF2 depletion partially reversed
the effect of SAHA (Figure 4D). Taken together, these data
demonstrate that the anti-inflammatory effect of SAHA was
KLF2 dependent.

Oral Administration of SAHA Reduces
Atherosclerosis Development in ApoE 7~ Mice

The KLF2-activating and anti-inflammatory effects of SAHA
prompted us to investigate the potential effects of SAHA on

the development of atherosclerosis in an ApoE~/~ mouse
model. Six-week-old male ApoE~/~ mice were fed a high-fat
diet, concomitantly treated with carboxymethyl cellulose-
sodium (vehicle) or SAHA (50 mg/kg/day) for 12 weeks by
oral gavage. When compared with the vehicle group, SAHA
treatment profoundly reduced gross lesion formation in the
aortic arch (Figure 5A). The whole en face aortas were stained
with Oil Red O, and plaque ratios (plaque area/total area)
were calculated for each mouse. As shown in Figure 5B and
5C, the average plaque ratio of vehicle group and SAHA group
was 10.0% and 6.7% (P<0.01), respectively. Compared with
the vehicle group, SAHA treatment significantly inhibited
atherosclerotic lesion formation by 33.2% (Figure 5B and 5C).
However, there was no significant change in serum lipid levels
between the vehicle- and SAHA-treated groups (Figure 5D).
Thus, these results indicate that SAHA treatment attenuates
atherosclerosis development in ApoE /"~ mice independent of
lipid levels.
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Figure 5. SAHA attenuates atherosclerosis development in ApoE~/~ mice. A, 6-week-old male ApoE ™/~
mice were fed a high-fat diet, concurrent with the treatment of vehicle (CMC-Na) or SAHA (50 mg/kg/day,
oral gavage) for 12 weeks. Representative gross images of aortic arch of each group of mice were shown.
B, Representative images (composite of 5-6 images of the same aorta) of en face Oil Red O (ORO) staining
for the lesions of each group mice are shown. C, Quantitative analysis of en face ORO staining lesions.
Student ¢ test, n=9 to 10. **P<0.01. D, Effect of SAHA on serum lipid profile. P>0.05 for all comparisons,
Student ¢ test, n=8. LDL-C indicates low-density lipoprotein cholesterol; SAHA, suberoylanilide hydroxamic
acid; TC, total cholesterol; TG, triglyceride; Veh, vehicle; VLDL-C, very-low-density lipoprotein cholesterol.

Discussion

Atherosclerosis, as a chronic inflammatory disease,*® 3 plays
a major role in the pathogenesis of cardiovascular diseases.®*
Therapeutic targeting of different inflammatory pathways
might be effective in preventing and treating cardiovascular
diseases.’*” The endothelium, as the key regulator of
vascular homeostasis, has vasoprotective properties, includ-
ing anti-inflammatory response and vasodilation.*® Endothelial
dysfunction is regarded as the primary driver of atheroscle-
rotic disease.®’ Previous studies have shown that KLF2 is
protective molecule in vascular diseases.'® Therefore, design-
ing drugs that specifically modulate endothelial KLF2 expres-
sion could result in novel therapies to promote vascular health
and thus prevent endothelial dysfunction—associated dis-
eases.'” The aim of this study was designed to identify
potential KLF2 activators that have therapeutic potential to
treat atherosclerosis. In this regard, our high-throughput drug
screening identified dozens of compounds that can increase
KLF2 expression/activity. Among these compounds, SAHA, a
well-known US Food and Drug Administration—approved drug
that is used to treat various cancers, was identified as a KLF2
activator that could limit atherosclerosis by inhibiting vascular
inflammation.

Our study shows that SAHA is a KLF2 activator that blocks
monocyte adhesion to ECs and inhibits the development of
atherosclerosis. Based on our in vitro and in vivo data, SAHA

reduces monocyte adhesion mainly by inhibiting TNFo-
stimulated upregulation of VCAM1. Because VCAMT1 is a
well-known target of KLF2,*° we investigated whether the
downregulation of VCAM1 by SAHA is KLF2 dependent. Given
that KLF2 overexpression inhibits TNFa-mediated induction of
the proinflammatory molecule, VCAM1,41 in ECs, it is
conceivable that the mechanism for the antiatherosclerotic
effect of SAHA is partially exerted through KLF2-dependent
anti-inflammatory action. The consequent antiatherosclerotic
effects accompanying KLF2 upregulation by SAHA may
include promoting a set of genes with demonstrated anti-
thrombotic, -inflammatory, and -proliferative functions.'®3>42
SAHA, as a pan-HDAC inhibitor, was approved by the US Food
and Drug Administration as an effective anticancer agent.**
Our recent study has shown that HDAC5 associates with
KLF2 and represses KLF2 transcriptional activation.** In light
of the fact that SAHA is a pan-inhibitor for multiple HDACs,
therefore it could conceptually increase expression of many
genes by increasing transcriptional accessibility of epigenetic
marks to gene promoters. However, the contributory role of
SAHA on HDAC isoforms to KLF2 upregulation need to be
further elucidated. Although we have shown that SAHA
reduces monocyte adhesion under static conditions, it would
be important to validate the antiadhesive effects of SAHA in a
more physiologically relevant model by applying shear flow
and TNFo.*>%¢ We also recognize that atherosclerosis is a
complex, chronic inflammatory disease with the functional
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interplay among different cell types.*” Given that KLF2 is
expressed in multiple cell types involved in atherosclero-
sis,'*®* including monocyte/macrophage, ECs, smooth
muscle cells, and T cells, it is possible that the atheroprotec-
tive effects of SAHA observed in ApoE™/~ mouse models
could result from the combined effects of SAHA on multiple
cellular events involved in atherosclerotic lesion formation.
Therefore, the specific contribution of different cell types in
SAHA-mediated atheroprotection warrants further studies.

Consistent with our results, previous studies have shown
that Scriptaid or trichostatin A as pan-HDAC inhibitors could
successfully prevent neointima formation from balloon
injury,”® and trichostatin A also can attenuate TNFo-induced
monocyte adhesion through suppression of VCAM1.%" Pre-
clinical atherosclerosis models have suggested that drugs
modulating histone acetylation may be utilized to treat
cardiovascular disease in the future.?? It is noteworthy that,
to date, there are some debates on the effects of HDAC
inhibitors in treating experimental atherosclerosis.’® More-
over, the side effects of HDAC inhibitor on the vascular
system need to be systematically and closely monitored.>®
Therefore, HDAC inhibitors with a high efficacy and safety
profile might be exploited as promising therapeutic agents of
atherosclerotic vascular diseases.

In summary, the present study demonstrates that SAHA is
a novel KLF2 activator and suggests that the anticancer drug,
SAHA, could be repurposed as an effective KLF2-dependent
anti-inflammatory and -atherosclerotic drug, which merits
further clinical evaluation.
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Table S1. Real time PCR primer sequence

Gene name gPCR primer sequence
hKLF2 Sense: 5-CACGCACACAGGTGAGAA-3’
Antisense: 5-ACAGATGGCACTGGAATGG-3
hVCAM-1 Sense: 5-TCAGATTGGAGACTCAGTCATGT-3
Antisense: 5-ACTCCTCACCTTCCCGCTC-3’
hICAM-1 Sense: 5-GGCCGGCCAGCTTATACAC-3'
Antisense: 5-TAGACACTTGAGCTCGGGCA-3’
hET-1 Sense, 5- AAGGCAACAGACCGTGAAA-3',
Antisense: 5-GTCTTCAGCCCTGAGTTCTTT-3’
hGAPDH Sense: 5-GATTCCACCCATGGCAAATTC-3
Antisense: 5- CTGGAAGATGGTGATGGGATT-3’
mKLF2 Sense: 5-CGTACACACACAGGTGAGAAG-3’
Antisense: 5-TGTGTGCTTTCGGTAGTGG-3’
mVCAM1 Sense: 5-ACTCCCGTCATTGAGGATATTG-3’
Antisense: 5- TGACAGTCTCCCTTTCTTTGAG-3’
mICAM1 Sense: 5-CGTACACACACAGGTGAGAAG-3’
Antisense: 5- TGTGTGCTTTCGGTAGTGG-3’
mMGAPDH Sense: 5-AACAGCAACTCCCACTCTTC-3

Antisense: 5- CCTGTTGCTGTAGCCGTATT-3’

h, human; m, mouse




Figure S1. Confirmation of the screening model.
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Simvastatin (1 pM, 24 h), MEKS5 constitutively active adenovirus and MEF2
adenovirus infections were used to validate KLF2-luc screening model. The luciferase
activity was then tested and the calculated as fold-change over vehicle or control

adenovirus (Ad-LacZ) infection, **P<0.01 vs control, n=3.



Figure S2. SAHA decreased KLF2 target gene ET-1 expression in HCAECs.
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HCAECs were treated with vehicle (0.1%DMSO), or SAHA (0.1, 1 and 10 uM) for 24 h,
and then ET-1 mRNA expression was detected by gPCR. **P < 0.01 vs vehicle, n = 4.



Figure S3. SAHA does not significantly affect endothelial cell viability
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HCAECs were treated with increasing dose of SAHA (0.1 to 10 pM) for 24 h, then cell

viability was assessed using the CCK8 cell viability kit, P>0.05 vs vehicle control, n=3.



Figure S4. KLF2 decreases VCAM1, but not ICAM1 expression in HUVECs
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A, Confirmation of KLF2 over-expression. HUVECs were infected with control
adenovirus (Ad-Con, -) or Ad-Flag-KLF2 (Ad-KLF2, +) for 24 h, then western blot was
performed to detect Flag-KLF2 and eNOS expression (positive control), using
GAPDH as the loading control. B, Effect of KLF2 overexpression on ICAM1 and
VCAM1 protein expression induced by TNFa. HUVECs were infected with control
adenovirus (Ad-Con, -) or Ad-Flag-KLF2 (Ad-KLF2, +) for 24 h, and then treated with
TNFa for 6 h before whole cell lysate were collected for western blot analysis.

Representative blots from three independent experiments were shown.



Figure S5. Effect of SAHA on VCAM1 and ICAM1 protein expression in

endothelial cells from KLF2** and KLF2*- mice.
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(A) Western blots were performed to examine VCAM1 and ICAM1 protein expression
in SAHA-treated lung ECs isolated from KLF2** and KLF2*" mice. Lysate from three

pooled mice per each group were used for loading. (B) KLF2** and KLF2*" mice were
orally administered with SAHA (50 mg/kg/day) or vehicle (0.5% CMC-Na) for 10 days.

Then, mice were injected with vehicle or TNFa (0.5 ug/mouse) for 6 h. Pooled aortic

endothelium from three mice were lysed with 1xSDS sample buffer by flushing the

vessel lumen placed on slides. Western blot assays were performed to examine

VCAM1 and ICAM1 protein expression. The protein level of GAPDH was used as

internal control.



Figure S6. Silencing efficiency of KLF2 siRNA

HUVECs were treated with control siRNA (SiNC, 20 nM) or KLF2 siRNA (siKLF2,
20nM) for 48 h, then, RNA was isolated for RT-PCR analysis to examine the
expression of KLF2, NOS3 (eNOS), THBD (thrombomodulin) using GAPDH as the
loading control. Representative gel image from 2 independent experiments was

shown.



