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HIGHLIGHTS

® KLF14 inhibits proinflammatory cytokines and lipid accumulation in macrophages via binding to the promoter of miR-27a.

® MiR-27a-mediated LPL downregulation participates in the inhibitory effect of KLF14 on inflammation and lipid accumulation.

® Gypenosides, a KLF14 activator, delays the development of atherosclerosis in apoE~’~ mice.
ARTICLE INFO ABSTRACT
Keywords: Background and aims: Kriippel-like factor 14 (KLF14) is known to play a role in atherosclerosis, but the un-
Kriippel-like factor derlying mechanisms are still largely unknown. The aim of our study was to explore the effects of KLF14 on lipid
MicroRNA metabolism and inflammatory response, providing a potential target for lowering the risk of atherosclerosis-
Lipoprotein lipase causing disease.
ﬁg:;m}lf:lzn Methods and results: mRNA and protein levels of KLF14 were significantly decreased in oxidized low-density
Atherol;cleiiosis lipoprotein (oxLDL)-treated macrophages and in the atherosclerotic lesion area. Chromatin immunoprecipitation

(ChIP) and luciferase reporter gene assays were used to confirm that KLF14 positively regulated miR-27a ex-
pression by binding to its promoter. We also found that KLF14 could restored appropriate cellular lipid
homeostasis and inflammatory responses via negatively regulating lipoprotein lipase (LPL) expression in THP1-
derived macrophages through miR-27a. In addition, gypenosides (GP), a KLF14 activator, delayed the devel-
opment of atherosclerosis in apolipoprotein E deficient (apoE~"~) mice.

Conclusions: KLF14 plays an antiatherogenic role via the miR-27a-dependent down-regulation of LPL and sub-
sequent inhibition of proinflammatory cytokine secretion and lipid accumulation.
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1. Introduction

Atherosclerotic cardiovascular disease (ASCVD) is a major cause of
mortality and disability worldwide. Atherosclerosis (AS) is character-
ized by the transformation of macrophages into foam cells and ex-
cessive secretion of inflammatory cytokines in the vascular sub-
endothelial space [1,2]. Thus, it is critical to clarify the mechanisms
underlying lipid accumulation and inflammatory response for treat-
ment of ASCVD and subsequent clinical complications [3,4]. Previous
studies have indicated that Kriippel-like factor 14 (KLF14), a zinc finger
transcription factor, participates in lipid metabolism in vivo [5,6], but it
remains unclear if and how KLF14 alters composition and content of
lipids and the secretion of proinflammatory cytokines in the macro-
phage, affecting AS.

KLF14, a member of KLF family, can regulate expression of genes
involved in many important biological and pathological processes of
the organism via binding to the GT/GC-rich cis-regulatory sites in
target gene promoters or enhancers [7]. It is noteworthy that ab-
normal expression of KLF14 has been implicated in many athero-
sclerosis-related risk factors such as diabetes [8,9], metabolic syn-
drome [10], endothelial dysfunction [11] and inflammation [12] etc.
Genome-wide association studies (GWAS) reveal that KLF14 acts as a
master trans-mediator of adipose gene expression [8,13,14], affecting
the concentration or sizes of low-density lipoprotein (LDL), high-
density lipoprotein (HDL), and very-low-density lipoprotein (VLDL)
in plasma [6]. Another independent study demonstrated that
rs4731702 with a C to T substitution in the single nucleotide poly-
morphism (SNP) of ~14 kb upstream of KLF14 gene is associated with
reduced HDL cholesterol (HDL-C) levels and the ratio of APOA-I to
APOB [15], and a KLF14 SNP is identified as a high risk factor of
ASCVD [16]. Furthermore, liver-specific deletion of kif14 markedly
decreases plasma HDL-C levels and cholesterol efflux capacity in
apolipoprotein E deficient (apoE~" ") mice as a result of the loss of
klf14-mediated stimulatory effects on apoA-I promoter, and thus de-
monstrated that hepatic klf14 reduces atherosclerosis, highlighting
the important role of kif14 in the pathogenesis of ASCVD [5]. In
addition, recent studies revealed that klf14 inhibited the endothelial
inflammatory response, suggesting it serves as an important potential
anti-inflammatory regulator [11]. Indeed, numerous studies have
shown that KLF family members are involved in the regulation of
phenotypes and functions of macrophages. For instance, myeloid-
specific kIf2 deletion in apoe ™/~ mice increases macrophage adhesion
and atherosclerosis [17]. Furthermore, kif4 regulates polarization of
macrophages from the M1 to M2 phenotype and thereby acts as an
anti-inflammatory role [18]. However, it is still unclear whether
KLF14 affects macrophage inflammation-mediated atherosclerosis.
Therefore, exploration of the role of KLF14 in lipid metabolism and
inflammatory response in macrophages may shed new light on the
diagnosis and treatment of atherosclerosis.

Lipoprotein lipase (LPL) is an enzyme expressed and secreted by
parenchymal cells, such as macrophage, skeletal muscle cell and adi-
pocytes. Increasing attention has been paid to the proatherogenic effect
of macrophage-derived LPL [19] although a large number of studies
have been focused on its role in the hydrolysis of triglyceride (TG) core
of circulating triglyceride-rich lipoproteins (TRLs) [20]. For example,
macrophage-specific Ipl knockout mice do not demonstrate any changes
in plasma lpl hydrolytic activities, but have a remarkable repression in
formation of foam cells and atherosclerotic plaques [21], which can be
reversed by specifically expressing Ipl in macrophages in apoE~/~ mice
and rabbits [22,23]. It is well established that macrophage LPL plays an
atherogenic mediator through its non-enzymatic molecular bridge be-
tween proteoglycans and lipoprotein receptors, inducing the retention
of atherogenic lipoproteins for subsequent cellular uptake and gene
expression of inflammatory factors in subendothelial spaces. Therefore,
it is likely that negative regulation of LPL expression in macrophages
may become an important approach for prevention and treatment of
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AS. MicroRNAs, as an important negative regulator of target gene ex-
pression at post-transcriptional level, participate in maintaining lipid
homeostasis and regulating inflammation in AS [24-27]. Notably, we
have previously demonstrated that miR-27 inhibits lpl expression
through targeting the 3’UTR of Ipl gene, attenuating proinflammatory
cytokine secretion and lipid accumulation and thus reducing AS [28].
Interestingly, we identified potential binding sites of KLF14 in the
promoter of miR-27 but not other miRNAs using bioinformatics se-
quence tools (JASPAR). Thus, it is possible that miR-27 acts as a po-
tential target of KLF14 to regulate inflammation and lipid metabolism
in AS.

In the present study, we have identified that KLF14 downregulated
LPL expression in a miR-27a dependent manner and consequently re-
duced cellular lipid accumulation in macrophages, decreased proin-
flammatory cytokine secretion, and inhibited the progress of AS.
Upregulation of klf14 by gypenosides (GP), a KLF14 activator, delayed
the development of AS in apoE~/~ mice. Taken together, our studies
reveal one underlying molecular mechanism by which the KLF14/miR-
27a pathway down-regulates the expression of LPL.

2. Materials and methods
2.1. Clinical samples

Atherosclerotic arterial samples were collected from aortic dissec-
tion patients (thoracic or abdominal aortic aneurism) at The First
Affiliated Hospital of University of South China, Hengyang, China.
Arteries without macroscopic evidence of atherosclerosis were collected
from individuals who died in a road traffic accident. The tissue samples
collected were snap frozen in liquid nitrogen and grinded to extract the
mRNA and protein before the analyses of this study. All experiments
were approved by the Ethics Committee of the University of South
China, and consent form were obtained from study participants or their
representatives.

2.2. Cell culture and treatments

THP-1 monocytes were treated with 160 nmol/L phorbol 12-myr-
istate 13-acetate (PMA) to differentiate into macrophages. The THP-1-
dervied macrophage, peritoneal macrophages extracted from apoE ™"~
mice and RAW264.7 cells obtained from ATCC were cultured in RPMI
1640 medium supplemented with 10% fetal bovine serum and 2% pe-
nicillin-streptomycin. The macrophages were incubated with gypeno-
sides (GP) that were directly added into the culture solution (final
concentration of 50 pg/mL) for 48 h to detect relative protein expres-
sion.

2.3. LDL isolation and oxidization

Native lipoproteins (LDL: d = 1.025-1.063 g/mL) were isolated
from human plasma by discontinuous density gradient ultra-
centrifugation as described previously [18]. Briefly, the density of
plasma was adjusted to 1.006 g/mL with sodium chloride medium, and
the plasma was centrifuged at 150 000 g for 24 h. The Very low-density
lipoprotein (VLDL) and chylomicron-enriched layer was discarded. The
density of the remaining fraction was adjusted to 1.063 g/mL with
potassium bromide and then centrifuged at 150 000 g for 24 h to se-
parate LDL from HDL fraction. The purified LDL was dialyzed for 96 h
against PBS containing 0.3 mmol/L EDTA at 4 °C and degassed with N».
LDL (200 pg protein/mL) was oxidized in the presence of 10 umol/L
CuSO, for 18-20 h at 37 °C. The purity of isolated LDL and ox-LDL was
confirmed by the lipoprotein electrophoresis on an agarose gel. Oxi-
dation of LDL was confirmed by measuring thiobarbituric acid-reactive
substances (TBARS) with malonaldehyde bis (dimethyl acetal) (MDA)
as the standard. TBARS content of ox-LDL and native LDL was
18.30 = 0.62 and 0.94 = 0.37nmol/mg protein, respectively
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(p < 0.01). Ox-LDL was extensively dialyzed against tris-saline, kept in 2.4. RNA isolation and real time-quantitative PCR (RT-qPCR)
50 uM Tris-HCl, 0.15M NaCl and 2 pM EDTA at pH 7.4, and was used

within 10 days. The level of endotoxin was measured by the E-Toxate Total RNA was prepared from THP-1-derived macrophages,
kit (Sigma), which was consistently less than 0.005 EU/ml (lowest RAW264.7 cells or peritoneal macrophages using TRIzol reagent ac-
detection limit) [29]. cording to the manufacturer's instructions. Complementary DNA was
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Fig. 1. KLF14 decreases proinflammatory cytokine secretion and lipid accumulation via binding to the miR-27a promoter in macrophages.

(A) Infection with recombinant lentiviral vector encoding human KLF14 (LV-hKLF14) results in overexpression of KLF14 in THP-1 macrophages. (B) Overexpression
of KLF14 reduces the levels of proinflammatory cytokines (IL-1f, IL-6, MCP-1 and TNF-a) in ox-LDL treated THP-1 macrophages. *p < 0.05 vs vector group. (C) The
expression of miR-27a/b down-regulation responded to ox-LDL treatment in THP-1 and RAW264.7 macrophage. *p < 0.05 vs CON group. (D) Overexpression of
KLF14 with LV-KLF14 increases endogenous expression of precursor miR-27a (pre-miR-27a) and miR-27a, but not miR-27b, in THP-1 macrophages. *p < 0.05 vs
vector group. (E) Expression of KLF14 is downregulated in siRNA treated THP-1 macrophage. (F) Downregulation of KLF14 with siRNA decreases the expression of
pre-miR-27a and miR-27a, but not miR-27b, in the THP-1 macrophages. *p < 0.05 vs si-RNA-neg group. (G) After THP-1 macrophages were incubated with
actinomycin D (Act D) and infected with AAKLF14 for 24 h, KLF14 mRNA and miR-27a levels were determined by real-time qPCR, respectively. *p < 0.05 vs vector
group, **p < 0.01 vs vector group, *p < 0.05 vs DMSO group. (H) Two putative sites located at nt —1435~ —1422 and — 1521~ —1508 in the promoter region of
miR-27a with the binding sites of KLF14. Relative positions of the binding sites are predicted. (I) ChIP-PCR and ChIP-qPCR analysis of the KLF14 hit at the —1521~
—1508 site at the miR-27a promoter in THP-1 macrophages. ChIP-q-PCR results are shown as fold enrichment compared with input. **p < 0.01 vs IgG group. (J)
Mutations of the potential KLF14 binding sites verified by luciferase reporter gene assay show that miR-27a expression is dependent on KLF14-targeted binding site.
*p < 0.05vs WT group. (K) Luciferase reporter gene assay demonstrated that KLF14 can increase miR-27a promoter activity, but not KLF2, KLF4 and KLF11, in THP-
1 macrophages infected with recombinant lentiviral vector. **p < 0.01 vs vector group. All data are expressed as mean *+ S.D. from three independent experiments.
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Fig. 1. (continued)

synthesized using a high-capacity cDNA reverse transcription kit
(Takara, China), followed by 40-cycle 2-step PCR with sequence-spe-
cific primer pairs in the iCycler IQ Real-Time Detection System (Bio-
Rad, U.S.A). All oligonucleotide sequences of the primers are shown
below: KLF14, forward: 5-CCTCAAGTCACACCAGCGTA-3’, and re-
verse: 5'-CGACCTCGGTA CTCGATCAT-3’; LPL, forward: 5- GGGAGTT
TGGCTCCA GAGTTT-3’, and reverse: 5-TGTGTCTTCAGGGGTCCTTAG-
3’; GAPHD, forward: 5-AACTTTGG CATTGTGGAAGG-3’, and reverse:
5’-ACACATTGGGG GTAGGAACA-3'. All quantifications were normal-
ized to glyceraldehyde 3-phosphate dehydrogenase (GAPHD), ac-
cording to the formula ACt = [Ct] — [Ct (GAPHD)] and AACt = [ACT
(sample)] — [ACT (control)].

2.5. Total protein extraction and Western blot analysis

Cells or tissues were washed twice with PBS, lysed with lysis
buffer containing PMSF (94:6, V/V) and placed on ice for 25 min.

146

After, the cell lysate was isolated by centrifugation at 12 000 rpm for
10minat 4°C. Protein concentrations in the supernatants were
measured using the BCA assay. The proteins were then mixed with
5 x SDS loading buffer containing 10% p-mercaptoethanol and he-
ated for 10 min. Equal amount of proteins was then subjected to 6%
or 10% SDS-polyacrylamide gels for separation with subsequently
electrotransferring to polyvinylidene difluoride (PVDF) membranes.
The membranes were blocked with 5% non-fat dry milk and then
incubated with primary antibodies to LPL (ab21356, rabbit mono-
clonal antibody, 1:1000, ABCAM, U.K.), KLF14 (TA341450, rabbit
polyclonal antibody, Origene, U.S.A.), -actin (60008-1-Ig, mouse
monoclonal antibody, Proteintech, U.S.A.) at 4 °C for 6-8 h, respec-
tively. After incubation, the membranes were washed 3 times in TBST
and incubated with secondary horseradish peroxidase-linked anti-
rabbit or anti-mouse IgG (Beyotime, 1:1000, China) for 2h. After
washing, immune-active proteins were visualized with ECL Plus. f3-
actin was the internal control.
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2.6. Luciferase reporter gene assay

The PCR was used to amplify the cDNA fragment (Primers: Sense:
5-ATGGGAAAGAGTGGCTGGTATGTGT-3'; anti-sense: 5-TAAAGGTTGG
CTG GGACTCCCTG GC-3’) corresponding to the promotor region of 2000
bp of miR-27a from THP-1-derived macrophages. The luciferase vectors
with the promoter of human wild-type miR-27a (—1435~-1422: CACC
ACGCCCAGTT, —1521~-1508: TGATCCGCCCACCT) or mutated miR-
27a (—1435~-1422: CACCCGTGACAGTT, —1521~-1508: TGATAGTG
ACACCT) were constructed to normalize transfections. THP-1-derived
macrophages were co-transfected with wild-type miR-27a or mutation
miR-27a promotor reporter constructs and LV-KLF14.12 h later, the cells
were washed with PBS and incubated with 10% FBS/RPMI for another
12h. Analysis of luciferase activities was performed using the Dual-Glo
Luciferase Assay System (Promega), which were normalized to the cor-
responding firefly luciferase activity and plotted as a percentage of the
control. Data are the means of three independent experiments and re-
presented as fold change in comparison with control group.

2.7. Enzyme-linked immunosorbent assay (ELISA)

THP-1-derived macrophages at a density of 3.0 x 10° cells/cm?
were treated with KLF14 or DMSO (vehicle control) in the presence of
ox-LDL (50 pg/ml). Culture media were collected, centrifuged at 4 °C
for 10 min, and then examined for the presence of IL-1f3, IL-6, MCP-1
and TNF-a using ELISA kits (ThermoFisher Scientific, U.S.A.) according
to the manufacturers’ instruction.

2.8. Transfection experiments

The human KLF14 cDNA was amplified by PCR and cloned into the
pLV-EF1a-GFP vector. The construct (referred as LV-hKLF14 hereafter)
and the empty vector were used to transfect cultured THP-1-derived
macrophages at a multiplicity of infection of 100 transfecting units per
cell in the presence of 8 mg/ml of polybrene. 24 h later, the cells were
washed with fresh complete media. The human LPL expression vector
were constructed with pLV-EF1a-RFP vector (LV-hLPL). The cells were
cultured with bovine lpl (blpl) or transfected with LV-hLPL when
treated with LV-hKLF14. The KLF14 small interfering RNA (siKLF14)
was purchased from GenePharma. The THP-1-derived macrophages
were transfected with siKLF14 using Lipofectamine 2000 transfection
reagent according to the manufacturer's instructions. The serum-con-
taining media (2% serum) were then added to cells before the experi-
ments and/or functional assays were conducted. The effects of gene
silencing or overexpression were confirmed using Western blot up to
48 h after transfection.

2.9. Lipid content assay by high-performance liquid chromatography
(HPLC)

HPLC analysis of lipid content was conducted as described pre-
viously [28]. THP-1-derived macrophages were washed three times
with PBS. Total proteins were extracted and measured using BCA Pro-
tein Assay kit (Beyotime). Cholesterol was extracted with isopropanol
and stored at —20 °C. The stock solution was diluted with a cholesterol
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standard calibration solution. 0.1 ml of cholesterol standard calibration
solution or cell solution was supplemented with 10 ml reaction mixture.
0.4 U cholesterol oxidase in 10 ml of 0.5% NaCl was added for free
cholesterol determination, or 0.4 U cholesterol oxidase plus 0.4 U of
cholesterol esterase for total cholesterol measurement. The reaction
solution was then incubated at 37 °C for 30 min, and 100 ml of me-
thanol: ethanol (1:1) was added to stop the reaction. Each solution was
placed on ice for 30 min and centrifuged at 1500 rpm for 10 min at 4 °C.
After, 10 ml of supernatant was applied to a 2790 Chromatographer
(Waters, U.S.A). The column was eluted for 12 min with PBS solution
and monitored by absorbance at 226 nm. Data were analyzed with Total
Chrom software from PerkinElmer.

2.10. Chromatin immunoprecipitation assay (CHIP)
The cells were cross-linked in 1% formaldehyde for 15 min at 37 °C,

and then glycine solution was added to stop the reaction. SDS Lysis
Buffer (Beyotime, China) and phenylmethylsulfonyl fluoride (PMSF)
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(Beyotime, China) were then added to the cells before sonication with
the ultrasonic processor (Sonics, U.S.A) for 14 bursts of 4.5s with 9s
intervals under 60 W on the ice. Cell lysate was centrifuged at
12000 rpm for 10minat 4°C. The supernatant containing sheared
chromatin was kept on the ice. After, the samples were subjected to
immunoprecipitation using a ChIP assay kit (ABCAM, U.K.) and anti-
body against Elk-1 (ABCAM, U.K.) or antibodies against IgG (ABCAM,
U.K.). The DNA was eluted, and then collected to analysis using agarose
gel electrophoresis.

2.11. Mice

Male apoE~’/~ mice (8 weeks of age) were purchased from
Changzhou Cavens Laboratory Animal Co. LTD (Jiang Su, China). The
mice were injected via the tail vein with miR-27a antagomir (ANa),
2 x 108 TU/ml lentivirus particles of human LPL or KLF14 siRNA and
then fed the high-fat diet (HFD) containing with or without 200 mg/kg/
d GP for 12 weeks after a week of adaptive feeding with a chow diet.

THP-1

LPL

B-actin

2.00
1.804
1.60
1.40
1.204
1.004
0.804
0.60
0.404
0.204

0.00

Relative LPL protein level

HEK 293T

+

ns

+ - +
- + +

Fig. 2. LPL is involved in the effects of KLF14 on the secretion of proinflammatory cytokines and lipid accumulation in THP-1 macrophages.

(A) Overexpression of KLF14 in ox-LDL-treated THP-1 macrophages through infection with LV-hKLF14 downregulates the mRNA expression of LPL. *p < 0.05 vs
vector group, *p < 0.05 vs LV-hKLF14 group. (B) Luciferase reporter gene assay demonstrated that KLF14 does not directly enhance LPL promoter activity. (C) LPL
mediates the effects of KLF14 on the secretion of proinflammatory cytokines, such as IL-1f, IL-6, MCP-1 and TNF-a. *p < 0.05, **p < 0.01. (D) Oil red O assay
demonstrated that LPL mediates KLF14-induced decrease of lipid accumulation in THP-1 macrophages. All data are expressed as mean *+ S.D. from three in-
dependent experiments. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2.

The animals were then euthanized for the collection of blood and tis-
sues. Peritoneal macrophages were harvested 3 days after thioglycolate
(2ml/mouse, Sigma, U.S.A.) intraperitoneal injection. The red blood
cells and other contaminating cells were removed by red blood cell lysis
buffer and MACS microbeads coating CD14 antibody. All procedures
were performed in accordance with the Institutional Animal Ethics
Committee and the University of South China Animal Care Guidelines
for the Use of Experimental Animals.

2.12. Assessment of aortic atherosclerotic lesions

Mice were sacrificed by exsanguination under anesthesia. The heart
and aorta were incubated with phosphate-buffered saline (PBS) and
fixed in 4% paraformaldehyde. Tissues were embedded, serially sec-
tioned (6 um) throughout the three aortic valves, and then stained with
Oil Red O, hematoxylin-eosin (HE) stain and Masson stain. Images were
captured and lesion areas were quantified with Image Pro Plus soft-
ware.

2.13. Statistical analysis

+

All data were presented as means + SD, and evaluated using one-
way ANOVA and Student's t-test. p < 0.05 is considered statistically
significant. All statistical analyses were performed with SPSS 13.0
software.
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3. Results

3.1. KLF14 expression is downregulated in atherosclerotic lesions of aorta
and ox-LDL-treated macrophages

Previous studies revealed a beneficial effect of hepatic klf14 on
atherosclerosis through its enhancement of reverse cholesterol trans-
port (RCT) capacity mediated by serum apoA-I and HDL [5]. To in-
vestigate the specific relationship between KLF14 and atherosclerosis,
we first examined the expression of KLF14 in human atherosclerotic
plaque lesions (APL) and in normal vascular tissue (NVT). The results
showed that KLF14 mRNA and protein expression was significantly
decreased by approximately 74.8% and 57.0%, respectively, in the
atherosclerotic lesion compared with the normal tissue of human aorta
(Supplementary Fig. 1A). We next detected the mRNA and protein ex-
pression of kif14 in C57BL/6 mice fed a regular chow or Western type
diet (WD). Tissue homogenate of isolated aorta of mice fed WD dis-
played a noticeable down-regulation of kIfl4 expression
(Supplementary Fig. 1B). We then assessed the expression of klf14 in
the aorta of the apoE =/~ mice fed high-fat diet (HFD) for 8 weeks, a
well-established and accepted model for the study of dyslipidemia and
atherosclerosis. Consistently, we found that kif14 mRNA and protein
expression levels were decreased by 59.9% and 48.9%, respectively
(Supplementary Fig. 1C). These results suggest that low expression of
kif14 was present in atherosclerotic mice.

To further examine the expression of KLF14 in vitro, THP-1-derived
macrophages were incubated with 50 pg/ml ox-LDL for different time
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Fig. 2. (continued)

points (0, 12, 24, 48, 72 h). As shown in Supplementary Fig. 1D, KLF14
expression levels were markedly down-regulated in response to the
incubation with ox-LDL for 48h. Furthermore, similar results were
obtained from peritoneal macrophages harvested from apoE~/~ mice in
response to the incubation with ox-LDL in vitro (Supplementary
Fig. 1E). These findings suggest that KLF14 may be involved in the
regulation of macrophage functions that are closely associated with the
development of AS.

3.2. KLF14 inhibits secretion of proinflammatory cytokines and lipid
accumulation in macrophages through binding to the promoter of miR-27a

Hepatic klf14 plays a critical role in coronary heart disease (CAD)
[5]. Endothelial klf14, as a novel beneficial regulator of FGF/SK1 lipid
signaling, regulates lipid metabolism [30]. However, whether these
effects of KLF14 are mediated by its regulatory roles in macrophage
functions that are known to have a key role in the development of
atherosclerosis is unclear [3,4]. To examine whether KLF14 affected the
secretion of proinflammatory cytokines and lipid accumulation, we
infected ox-LDL-treated THP-1-derived macrophages with a re-
combinant lentiviral vector encoding human KLF14 (LV-hKLF14) to
overexpress KLF14 (Fig. 1A). LV-hKLF14 efficiently decreased the levels

of proinflammatory cytokines including interleukin-13 (IL-1(3), inter-
leukin-6 (IL-6), monocyte chemotactic protein-1 (MCP-1), and tumor
necrosis factor-a (TNF-a) (Fig. 1B). LV-hKLF14 also significantly re-
duced the cellular levels of free cholesterol (FC), cholesterol ester (CE),
and total cholesterol (TC) when compared with the control group
(Supplementary Table 1).

The effects of KLF14 on the secretion of proinflammatory cytokines
and lipid accumulation were consistent with what we observed in our
previous study of miR-27a/b [28] and that miR-27a/b expression was
down-regulated in response to ox-LDL treatment (Fig. 1C). Moreover,
the promoter region of miR-27a/b contains binding sites of KLF14
predicted by bioinformatic sequence tools (JASPAR). Thus, it is possible
that KLF14 regulates the expression of miR-27a/b. Indeed, we found
that LV-hKLF14 dramatically up-regulated the expression of en-
dogenous precursor (pre-miR-27a) and mature form (mat-miR-27a) of
miR-27a without any detectable effect on the expression of miR-27b
(Fig. 1D), whereas knockdown of KLF14 by its siRNA efficiently re-
pressed the expression of miR-27a (Fig. 1E and F). Furthermore, acti-
nomycin D, a transcriptional inhibitor, blocked KLF14-induced up-
regulation of pre-miR-27a in THP-1-derived macrophages (Fig. 1G),
suggesting that KLF14 regulates the expression of miR-27a at the
transcriptional level. To explore the potential underlying mechanisms,
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Fig. 3. Gypenosides (GP), as an activator of KLF14, depending on the KLF14/miR-27a/LPL pathway decreases lipid accumulation and proinflammatory cytokine secretion in
THP-1 macrophages treated with ox-LDL.

(A) Treatment of THP-1 and RAW 264.7 macrophages with GP for 24 h did not affect cell viability and LDH release from macrophages via 3-(4,5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide (MTT) and lactate dehydrogenase (LDH) analyses. (B and C) THP-1 macrophages treated with ox-LDL were incubated with different GP
concentrations (0, 10, 25, 50, 100 ug/ml) for 24 h, followed by detection of the effects of GP on the expression of KLF14, pre-miR-27a and miR-27a by qRT-PCR and Western
blot analyses. Administration of GP significantly up-regulated their expression in macrophage. **p < 0.01 vs 0 h group, *p < 0.05 vs CON group, **p < 0.01 vs ox-LDL
group. (D) THP-1 macrophages transfected with siRNA to silence KLF14 expression weakened the decrease of pre-miR-27a and miR-27a production induced by GP treatment.
*p < 0.05 vs siRNA-neg group. (E) ChIP-PCR and ChIP-q-PCR assays validated the occupancy of KLF14 and pol II at miR-27a promoter binding site in GP-treated THP-1
macrophages. *p < 0.05 vs 0 h group. (F) Ox-LDL-treated THP-1 macrophages incubated with different concentrations of GP (0, 10, 25, 50, 100 ug/mL) or for time periods
(0. 6. 12, 24, 48 h) were assessed for GP effects on LPL expression by Western blot and qRT-PCR analyses. Administration of GP down-regulated the expression of LPL in
both concentration- and time-dependent manners. *p < 0.05 vs 0 group. (G) Silencing KLF14 expression (siKLF14) or inhibiting miR-27a (27a-Inh) reversed the trend of
decreased LPL expression by GP. *p < 0.05. (H) Silencing KLF14 expression (siKLF14) significantly reversed the decrease trend of the effects of GP on proinflammatory
cytokines (IL-1f, IL-6, MCP-1 and TNF-a) from ox-LDL-treated THP-1 macrophages in the presence of GP. *p < 0.05 vs GP group. (I) Low expression of miR-27a resulted by
inhibition (27a-Inh) or over-expression of LPL (LV-hLPL) or incubation with bovine Ipl (blpl) demonstrated that miR-27a and LPL mediate the inhibitory effect of GP on the
production of proinflammatory cytokines in THP-1 macrophages. *p < 0.05 vs GP group, **p < 0.01 vs GP group. (J) Oil red O staining assay demonstrated that GP-induced
decrease of lipid accumulation was dependent on the KLF14/miR-27a/LPL pathway. All data are expressed as mean * S.D. from three independent experiments. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. (continued)

we examined whether KLF14, as a transcription factor, directly regu-
lated miR-27a expression through binding to its promoter. We searched
the binding potential of KLF14 to miR-27a and found two putative
KLF14 bindings sites in human miR-27a promoter including CATGGT
GAAAC and TGATCCGCCCACCT ocated at nt —1435~-1422 and
—1521~-1508 (Fig. 1H). Interestingly, a direct target binding region of
KLF14 that only harbors the distant nt —1521~-1508 site (site 2)

without nt —1435~-1422 site (site 1) of miR-27a promoter was iden-
tified by ChIP assay (Fig. 1I). Similar results were confirmed by a lu-
ciferase reporter gene assay (Fig. 1J), indicating that miR-27a occu-
pancy site 2 is critical for the transcriptional repression by KLF14.
Given the similar DNA-binding preferences of KLF family members
[31], we also examined whether other KLF transcription factors could
regulate miR-27a expression. The results showed that KLF14, but not
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KLF2, KLF4, or KLF11 up-regulated miR-27a promoter activity in THP-1
macrophages (Fig. 1K), indicating the specificity of KLF14.

3.3. miR-27a-mediated LPL downregulation participates in the inhibitory
effect of KLF14 on the secretion of proinflammatory cytokines and lipid
accumulation in macrophages

We have previously demonstrated that downregulation of LPL, a
miR-27 targeting gene, attenuates the secretion of proinflammatory
cytokines and lipid accumulation in THP-1 macrophages [28]. There-
fore, we explored whether LPL participated in the specific effects of
KLF14 on macrophages and found that KLF14 overexpression markedly
decreased LPL expression. This effect was independent of direct reg-
ulation of its promoter activity, whereas miR-27a inhibitor reversed the
effect of KLF14 on LPL expression (Fig. 2A-B), suggesting that miR-27a
mediates KLF14's action on LPL expression in macrophages.

To clarify the roles of LPL in KLF14 effects on proinflammatory
cytokine secretion and lipid accumulation, the cells were treated with
bovine Ipl (blpl) or lentiviral vector encoding human LPL (LV-hLPL).
ELISA assay showed that overexpression of LV-hLPL (Supplementary
Fig. 2) and incubation with blpl dramatically blocked the down-reg-
ulation of KLF14 on proinflammatory cytokine secretion including IL-

1B, IL-6, MCP-1 and TNF-a (Fig. 2C). In addition, LV-hLPL and blpl
significantly enhanced the intracellular lipid accumulation (Fig. 2E),
increased content of TC, FC and CE, and weakened the effects of KLF14
on lipid profiles (Supplementary Table 1). More interestingly, miR-27a
inhibitor reversed the effects of the KLF14 overexpression on in-
flammation and lipid accumulation (Fig. 2D and E). These findings
suggest that LPL plays an essential role in the regulatory effects of
KLF14/miR-27a on inflammatory response and lipid metabolism.

3.4. Gypenosides acts as an activator for induction of KLF14 expression

Our results suggest that KLF14 serves as a novel modulator of miR-
27a/LPL pathway, contributing to the lipid homeostasis and in-
flammation. Thus, we sought a strategy to activate endogenous KLF14
expression. It has been reported that gypenosides (GP) derived from a
Chinese medicine Gynostemma Pentaphylla have exhibited cardiovas-
cular protective effects [32,33]. We treated cells with 50 pg/ml GP for
24 h that exhibited a low cytotoxicity (Fig. 3A) and found that KLF14
expression was significantly increased in the GP-treated group cells
incubated with oxLDL (Fig. 3B). Consistent with KLF14, GP also sig-
nificantly increased the levels of pre-miR-27a and miR-27a as shown in
Fig. 3B and C. To explore whether KLF14 played a role in the effects of
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GP on the expression of miR-27, we knocked down KLF14 expression
via its specific siRNA. As expected, the silence of KLF14 reduced GP-
induced up-regulation of pre-miR-27a and mat-miR-27a production
(Fig. 3D). A ChIP assay revealed that GP promoted binding of KLF14 to
miR-27a promoter (Fig. 3E). These results suggest that GP promotes
KLF14 expression, which then binds to the miR-27a promoter and
consequently increases the level of miR-27a.

We also observed that GP obviously down-regulated LPL expression
in both concentration- and time-dependent manners in ox-LDL-treated
THP-1 macrophages (Fig. 3F). To confirm the contribution of KLF14/
miR-27a to the effect of GP on LPL, the cells were treated with KLF14
siRNA (siKLF14) or miR-27a inhibitor. Results showed that GP de-
creased LPL. mRNA and protein expression, which was blocked by
KLF14 silence or miR-27a inhibitor in THP-1 macrophages treated with

ox-LDL (Fig. 3G). Taking together, our results indicate that GP down-
regulates LPL by the mechanisms of at least in part the activation of
KLF14/miR-27a.

Next, we confirmed whether pharmacological effects of GP de-
pended on the KLF14/miR-27a/LPL pathway in ox-LDL-treated THP-1
macrophages. GP noticeably reduced the levels of proinflammatory
cytokines including IL-1p, IL-6, MCP-1 and TNF-a, which were in-
hibited by knockdown of KLF14 expression via siRNA (Fig. 3H). Similar
results were observed when the cells were treated with miR-27a in-
hibitor or LPL overexpression (Fig. 3I). Moreover, GP reduced the for-
mation of lipid droplets and the cellular levels of TC, FC, and CE,
whereas knockdown of KLF14, miR-27a inhibitor, or LPL treatment
significantly increased lipid accumulation in the presence of GP (Fig. 3J
and Supplementary Table 2). These results further validate the key role
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Fig. 3. (continued)

of the KLF14-dependent miR-27a/LPL signal pathway in the inhibitory
effects of GP on proinflammatory cytokine secretion and lipid accu-
mulation in macrophages.

3.5. Gypenosides delays the development of AS in apoE~’~ mice

We further asked whether KLF14-dependent miR-27a/LPL pathway
contributes to the effects of GP on AS in vivo. GP reduced the number
and size of lesions in the aorta region (Fig. 4A and B), the plaque lesion
areas (Figure 6C), and fiber content in the aortic sinus collagen
(Fig. 4D) in apoE~/~ mice, but these effects were blocked by ANa,
siKLF14 or LV-hLPL that down- or up-regulate the expression of KLF14
or LPL, respectively (Supplementary Fig. 3), in both mouse peritoneal
macrophage (MPM) and aorta of apoE~/~ mice (Fig. 4A-D). Further-
more, less lipid deposition was observed in the aortic root when the
mice were treated with GP, but siKLF14, ANa and LV-hLPL increased
the lipid deposition (Fig. 4E). Together, these results demonstrate that
GP inhibits the development of atherosclerotic lesions at least partially
through the KLF14-dependent miR-27a/LPL pathway in apoE~/~ mice.

GP also significantly decreased plasma levels of inflammatory fac-
tors including IL-1f, IL-6, MCP-1, and TNF-a (Fig. 4F), as well as
plasma TC and LDL-C levels (Supplementary Table 3), but increased
plasma HDL-C levels (Supplementary Table 3). On the other hand, in-
hibition of miR-27a by ANa or LV-hLPL treatment reduced HDL-C levels
but increased TC and LDL-C levels (Supplementary Table 3). Thus, GP
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down-regulates plasma levels of inflammatory factors and cholesterol in
apoE~’/~ mice.

4. Discussion

Kriippel-like factor (KLF) family, an important and evolutionarily
conserved transcription factor, is composed of 17 members character-
ized by the presence of conserved DNA-binding domain, Cys,/His, zinc
fingers. The KLFs regulate the expression of target genes encoding
proteins required for the important biological processes including
proliferation, apoptosis, differentiation, and development [31]. Re-
cently, GWAS shows that some SNPs near or in the KLF14 gene, a
member of KLFs, influence the risk of cardiovascular disease (CVD)
[16]. KLF14 has also been reported to affect obesity and type 2 diabetes
(T2D), which are closely associated with the onset and progress of
atherosclerosis [9,14,34,35]. Variants on KLF14 gene are closely asso-
ciated metabolic syndrome as a result of type 2 diabetes [36-39]. An-
unciado-Koza's study revealed that the adipose mesoderm-specific
transcript (Mest) mRNA expression that is susceptive to the develop-
ment of obesity has a very high correlation with klf14 expression in
both subcutaneous and visceral white adipose tissues (WAT) of C57BL/
6J mice fed HFD [34]. Overexpression of kif14 in Hepal-6 cells re-
versed the T2D-induced inhibition of glucose uptake and insulin sen-
sitivity through the activation of the PI3K/Akt signaling pathway [40].
The increased age-related DNA methylation of KLF14, a blood-based
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epigenetic biomarker, has been identified to associate with the severity
of T2D [35]. Those findings suggest that KLF14 plays an essential role
in the progress of glycol-metabolism homeostasis [9]. KLF14 is also a
critical regulator of lipid metabolism. Liver-specific klf14 expression
markedly reduces atherosclerotic lesions through binding to apoA-I
promoter sites and subsequent increasing apoA-I expression and reverse
cholesterol transport (RCT) [5]. However, it still remains poorly un-
derstood how KLF14 expression is regulated in atherosclerotic plaque
lesions of vertebrates. Our current study has revealed a reduction in
KLF14 expression in the atherosclerotic plaques area when compared
with that in the normal aorta tissue of human. A negative correlation
between kif14 and the development of atherosclerosis is also observed
in mice.

Although there has been a large amount of evidence on KLF14 as a
potential regulator of AS [41], if and how KLF14 regulates lipid me-
tabolism and inflammation have not been well defined. Here, we re-
ported that KLF14 expression levels were obviously decreased in THP-
1-derived macrophages and peritoneal macrophages in response to the
incubation with ox-LDL. Furthermore, in apoE~/~ mice, kIf14 expres-
sion was significantly down-regulated in aortic sinus plaque area. These
results suggest that macrophages in atherosclerotic plaques may low
expression of KLF14. It has been reported that variants in KLF14 in-
fluence atherosclerosis-related lipid profiles [15,42,43], which may be
closely related with the expression of KLF14 target genes related lipid
metabolism, such as ARSD, TPMT, SLC7A10, APH1B, NINJ2, KLF13,
GNB1, and MYL5 [10]. To explore the effects of KLF14 on cholesterol
metabolism, intracellular levels of TC, FC, and CE were examined.
Results obtained from HPLC showed that overexpression of KLF14
significantly reduce their levels. KLF14 also significantly down-regu-
lated the levels of IL-1f3, IL-6, MCP-1, and TNF-a. Thus, KLF14 plays an
antiatherogenic role, promoting RCT to accelerate excessive cholesterol
transportation from macrophages to the liver and decreasing secretion
of inflammatory cytokines from macrophages [5]. However, the exact
molecular mechanisms for KLF14's action on macrophages remain
poorly understood and need to be further investigated.

Our previous studies have shown that miR-27a/b represses choles-
terol accumulation and inflammatory cytokine secretion in the macro-
phages through inhibiting LPL expression via directly targeting its
3’UTR [28]. Given that miR-27a/b acts as an important modulator to
the development of atherosclerosis, it posttranscriptionally represses
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the expression of target genes and is regulated by a variety of factors as
well, such as ELAVL1, hepatitis C virus (HCV), and Pitx2c [44-46].
KLF14, a member of the SP/XKLF transcription family factors, tran-
scriptionally regulates the expression of genes required for important
biological and pathological processes. Our current study revealed that
miR-27a/b expression is down-regulated by KLF14 in macrophages at
the transcriptional level. One of the two putative KLF14 binding sites in
the promoter region of miR-27a is a direct target of KLF14 but not other
KLF members tested, suggesting that KLF14 regulates miR-27a expres-
sion through binding its promoter site.

In the current study, we confirmed that miR-27a mediates the ne-
gative effect of KLF14 on the expression of LPL without direct influence
on its promoter activity. KIf14 can significantly ameliorate macrophage
infiltration and reduce lpl expression in the aortic lesion regions of
apoE~’/~ mice. KLF14 also inhibits LPL-mediated inflammatory cyto-
kine secretion and lipid accumulation via miR-27a in the macrophages.
However, it is unknown how KLF14 specifically regulates gene ex-
pression in an atherosclerosis-related manner and if KLF14 tran-
scriptionally regulates other genes related to lipid metabolism, such as
lecithin cholesterol amyl transferase (LCAT), acyl coenzyme a-choles-
terol acyltransferase 1 (ACAT1), CD36, ATP-binding cassette trans-
porter (ABCA1 and ABCG1) and sterol regulatory element binding
protein-1 (SREBP1). Considering the potential antiatherogenic cap-
ability of KLF14, it will be important to address these issues.

Gypenosides (GP) has been widely used for its beneficial effects on
immunomodulation, lipid metabolism, and the maintenance of cardio-
vascular health [47-51]. GP was found to inhibit high-fat diet-induced
AS in rats [52]. It was previously reported that those effects might be
associated with its specific anti-oxidation [33,53,54]. However, it re-
mains to be elucidated whether GP affects inflammation and lipid
metabolism in macrophages as one of the underlying mechanisms for its
therapeutic effects. Here, we reported that GP increases the expression
of miR-27a through klIf14. Therefore, miR-27a attenuates lipid accu-
mulation and the pro-inflammatory cytokine secretion and conse-
quently leads to a reduction in atherosclerotic lesions in apoE ™/~ mice,
which is at least partially contributed by repressing the expression of 1pl
as described in our previous study [28]. As expected, we confirmed the
contribution of KLF14-dependent miR-27a/LPL pathway to the in-
hibitory effects of GP on proinflammatory cytokine secretion and lipid
accumulation in macrophages. We also found that GP significantly
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Fig. 4. Administration of gypenosides delays the development of aortic AS in apoE~/~ mice.

Eight-week-old male apoE~/~ mice (n = 10 mice per group), fed a high-fat diet (HFD) containing 200 mg/kg/d GP, were given saline or sikLF14 or miR-27a
antagomir (ANa) or human LPL lentiviral vector (LV-hLPL), respectively, via tail vein injection every 2 days for 8 weeks. (A) Gypenosides alleviated atherosclerotic
plaque in apoE ™/~ mice. Plaques (arrows) in aortic arches and thoracic aortas of representative apoE ™/~ mice are shown. (B) Gypenosides decreased atherosclerotic
lesion areas in apoE~/~ mice. Representative images and quantification of atherosclerotic lesion areas in en face analysis of the aorta with Oil red O staining. (C)
Effects of gypenosides on aortic atherosclerotic lesions in aortic root in apoE~/~ mice. Representative micrographs were obtained from hematoxylin-eosin (HE)
staining of cross-sections of aortic sinus in apoE ™/~ mice. (D) Gypenosides decreased the aortic sinus lesion areas in apoE~/~ mice. Representative micrographs were
obtained from Masson staining of cross-sections of aortic sinus in apoE~/~ mice. (E) Gypenosides reduced lipid accumulation in the aortic sinus of apoE~”~ mice.
Characterization of aortic sinus atherosclerotic lesion areas was performed by Oil red O staining. Total Oil red O staining positive area was determined using
IMAGEPRO PLUS Software. Images of representative sections from each group are accompanied by bar charts. (F) Gypenosides reduced the plasma levels of
inflammatory factors (IL-1f, IL-6, MCP-1 and TNF-a). Each data point represents one individual animal. The horizontal lines denote the mean of each group. All
results are expressed as mean * S.D. *p < 0.05 vs CON group, *p < 0.05 vs GP group. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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Fig. 5. Proposed model for the mechanism by which gypenosides (GP) induces KLF14 overexpression and delays atherosclerosis.

Administration of GP induces upregulation of KLF14 expression. KLF14, as a transcription factor, binds to mir-27a promoter to accelerate transcriptional level and
expression of mir-27a, which can specifically inhibit the expression of LPL via its RNA 3’UTR, and then attenuate lipid accumulation and secretion of proin-
flammatory cytokines in vivo, a key link in the progression of atherogenesis. This mechanism may also account for further atherosclerosis.

delayed the development of atherosclerotic lesions in apoE~/~ mice fed
HFD, at least partially as a result of klf14-induced inhibition of 1pl by
miR-27a (Fig. 5). We are currently investigating the molecular me-
chanism by which GP influences the expression of KLF14 since further
understanding of the underlying mechanisms of KLF14 functions will
help us to treat AS by targeting different signaling molecules in dif-
ferent cells, tissues, and species.
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