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Abstract

Renal fibrosis is a common histomorphological feature of renal aging and chronic kidney diseases of all etiologies, and its
initiation and progression are substantially influenced by aberrant epigenetic modifications of fibrosis-susceptible genes, yet
without effective therapy. “Epigenetic diets” exhibit tissue-protective and epigenetic-modulating properties; however, their anti-
renal fibrosis functions and the underlying mechanisms are less understood. In this study, we show that genistein, a
phytoestrogenic isoflavone enriched in dietary soy products, exhibits impressive anti-renal fibrosis activities by recovering
epigenetic loss of Klotho, a kidney-enriched anti-aging and fibrosis-suppressing protein. Mouse fibrotic kidneys induced by
UUO (unilateral ureteral occlusion) displayed severer Klotho suppression and adverse expression of renal fibrosis-associated
proteins, but genistein administration markedly recovered the Klotho loss and attenuated renal fibrosis and the protein expression
abnormalities. The examination of possible causes of the Klotho recovery revealed that genistein simultaneously inhibited
histone 3 deacetylation of Klotho promoter and normalized the promoter DNA hypermethylation by suppressing elevated
DNA methyltransferase DNMT1 and DNMT3a. More importantly, genistein’s anti-renal fibrosis effects on the renal fibrotic
lesions and the abnormal expressions of fibrosis-associated proteins were abrogated when Klotho is knockdown by RNA
interferences in UUO mice. Thus, our results identify Klotho restoration via epigenetic histone acetylation and DNA demethyl-
ation as a critical mechanism of genistein’s anti-fibrosis function and shed new lights on the potentials of epigenetic diets in
preventing or treating aging or renal fibrosis-associated kidney diseases.

Key messages

*  Genistein prevents renal fibrosis and the associated Klotho suppression in UUO mice.

* Genistein upregulates Klotho in part by reversing the promoter histone 3 hypoacetylation.
*  Genistein also preserves Klotho via relieving Klotho promoter hypermethylation.

*  Genistein demethylates Klotho promoter by inhibiting aberrant DNMT1/3a expression.

* Genistein restoration of Klotho is essential for its anti-renal fibrosis function.
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Introduction

Renal interstitial fibrosis (renal fibrosis) is a typical
histomorphological feature of renal aging and chronic kid-
ney diseases (CKD) and characterized by myofibroblast
trans-differentiation (MTD) and excessive deposition of
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extracellular matrix (ECM) proteins in renal interstitium
[1]. At the subcellular level, renal fibrogenesis is regulated
by a complex interplay between pro- and anti-fibrotic sig-
naling and regulators. Pro-fibrotic signaling pathways such
as TGF{3/Smad and Wnt/f3-catenin promote MTD and the
production of ECMs [2], while fibrosis-suppressors like
Klotho, BMP-7, or Smad6/7 can block or interfere with
the pro-fibrotic signaling. In addition, CKD patients with
identical underlying diseases often experience various sus-
ceptibility and severity of renal fibrosis [3]. Studies inves-
tigating renal samples of patients or animals of renal fibrot-
ic diseases detect DNA methylation alterations and aberrant
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histone deacetylase (HDAC) activities at the promoters of a
number of genes known to be related to renal fibrosis
[4—7], suggesting that the initiation and progression of renal
fibrosis are additionally controlled by epigenetic
modifications.

Epigenetics studies gene expression alterations regulated
by DNA methylation, protein/histone acetylation, and
miRNA interference. DNA methylation catalyzed by three
bioactive methyltransferases DNMTI1, DNMT3a, and
DNMT3b adds a methyl group to a cytosine of CpG islands
located in gene promoter and silences gene transcription via
recruiting transcriptional repressor and histone deacetylase
complex. On the other hand, histone acetylation is regulated
inversely by histone acetyltransferases (HAT) or histone
deacetylases that either positively or negatively affect gene
transcription. Accumulating studies indicate that specific
demethylating or HDAC inhibiting agents attenuated renal
fibrosis by modulating the expression of a number of
fibrosis-related genes in animal studies [8—11], making the
identification of effective epigenetic drugs of lower side ef-
fects and the key target genes with therapeutic potentials an
active area of renal research.

Dietary plant-derived food provides an easy source of safe
bioactive substances with epigenetic modulating capacities.
For example, sulforaphane and curcumin from eatable plants
exhibit renal-protective properties via epigenetic modulations
of DNA methylation or protein acetylation in animal studies
[12—14]. Genistein, an isoflavone (4,5,7-trihydroxy
isoflavone) enriched in soy and soy products with epigenetic
regulatory potentials [15, 16], exhibits multiple tissue-
protective activities against carcinogenesis, obesity, osteopo-
rosis, and fibrotic disorders with a very low level of toxicity in
most animal species [17, 18]. Genistein also displays effective
renoprotection against cisplatin-induced kidney injury and di-
abetic nephropathy [19, 20], which involve active pro-fibrotic
activities. However, whether genistein possesses anti-renal fi-
brosis function by epigenetic modulation and its cellular tar-
gets remains unknown.

Klotho is a renal tube epithelium-enriched anti-aging and
fibrosis-suppressive protein. Klotho-deficient mice exhibit
various aging phenotypes in almost all organs and spontane-
ously develop renal fibrosis [21]. Klotho transgenic overex-
pression or exogenous supplementation prevents renal fibrosis
in various models of renal fibrotic disorders [22, 23]. Klotho
exists in both membrane-bound and soluble forms. The formal
mainly acts as a permissive co-receptor for fibroblast growth
factor 23 [24]; whereas the soluble Klotho, derived from either
membrane shedding of membrane Klotho or a secreted form
due to differential splicing Klotho mRNA, is found in blood,
cerebral spinal fluid, and urine and regulates the functions of
various cellular membrane receptors and ion transporters by
physical interactions or via its intrinsic glycosidase activities
[25]. Klotho inhibits renal fibrosis by binding to Wnt or TGFf3
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(transforming growth factor-beta) receptor, thereby
interrupting the pro-fibrotic Wnt/3-catenin and TGF(3/Smad
signaling [22, 23]. Klotho declined early in CKD patients [26,
27] and is severely suppressed after renal injury in animal
models of renal fibrosis, which is prohibited by DNA meth-
yltransferase (DNMT) or HDAC inhibitions [10, 28, 29].
Thus, it is believed that Klotho is an ideal target of epigenetic
intervention in anti-renal fibrosis therapy.

In this study, we investigated the anti-renal fibrosis func-
tions of genistein and explored the underlying mechanisms.
We found that genistein is an impressive upregulator of
Klotho, through which it effectively prevented renal fibrosis
in unilateral ureteral occlusion (UUO) mice. We further dem-
onstrated that genistein recovered Klotho loss via simulta-
neously normalizing the promoter histone 3 hypoacetylation
and DNA hypermethylation. Thus, our results discover that
genistein possesses dual epigenetic modulation activities that
preserve a key anti-fibrosis protein Klotho in mouse fibrotic
kidney, which confers its anti-renal fibrosis function.

Methods
Animal UUO model and genistein administration

C57BL/6 mice were purchased from the Model Animal
Research Center of Nanjing University, and the experimental
procedures were in accordance with the animal use guidelines
and approved by the Institutional Animal Care and Use
Committee of Nanjing University School of Medicine
(Nanjing, China). Mice of eight-week-old male housed in
the animal facilities of the medical school of Nanjing
University, weighing 20 £ 0.5 g, were maintained with a stan-
dard diet and water ad libitum under 22 °C temperature and
regular lighting conditions (12-h light/dark cycles).

Mouse model of renal fibrosis was established by a UUO
procedure as detailed before [10]. The mice were randomly
divided into four groups (6 mice in each group): (1) sham (5%
DMSO); (2) genistein (MCE, USA, 10 mg/kgb, kilogram
bodyweight, in 5% DMSO; intraperitoneal injection daily ad-
ministered 1 day before UUO operation [20]); (3) UUO (5%
DMSO); and (4) UUO + genistein treatment. Seven days after
the initiation of UUO operation, the mice were sacrificed and
the kidneys harvested by surgical procedure and stored at —
80 °C.

Cell culture and treatment

Human kidney tubular HK2 and human embryo kidney
HEK293 cells (ATCC, USA) were cultured in DMEM/F12
or DMEM media, respectively as before [30], supplemented
with 10% fetal bovine serum and 1% penicillin/streptomycin
(Gibco, USA). Cells were cultured in a humidified 5% CO2



J Mol Med

incubator at 37 °C. Genistein, TGF 3 (BD Biosciences, USA),
fulvestrant (MCE, USA), trichostatin A (TSA, Selleck, USA)
were added as indicated.

Histology

Kidney section preparations and Masson’s trichrome staining
were performed essentially as before [10]. Photomicrographs
were obtained by a DP74 Olympus microscope (Olympus
Inc., Japan). Renal fibrosis was calculated as the ratio of col-
lagen deposition (blue color area in Masson’s trichrome-
stained sections) over the whole field area based on ten ran-
domly selected non-overlapping fields for each animal and
analyzed by Image J software.

Serum biochemistry

The blood was collected by intracardiac puncture immediately
after the mouse sacrifice. Mouse sera were collected and ana-
lyzed for blood urea nitrogen (BUN) and creatinine (Cre)
using a Chemray 430 automatic analyzer (Rayto Life &
Analytical Sciences Co., Ltd., China). All serum samples were
analyzed within 24 h after collection.

Western blot

Western blot analyses of renal tissues and cells were carried
out as before [31, 32] with the following primary and second-
ary antibodies (suppliers): anti-Klotho rat monoclonal anti-
body (TransGenic, Japan), DNMT1 (Cell Signaling Tech.,
USA), DNMT3a (GeneTex, USA), DNMT3b (Epigentex,
USA), E-cadherin (B&D Biosciences, USA), x-SMA (Santa
Cruz, USA), 3-catenin (Invitrogen, USA), collagen-I (Bioss,
China), acetyl-Histone H3 (Millipore, USA), Histone3
(ABclonal, China), [3-actin, goat anti-rabbit IgG-HRP, and
goat anti-mouse [gG-HRP (Yifeixue Biotech, Nanjing,
China). The blots were developed using an ECL plus
Western blotting detection system (Vazyme, USA). The pro-
tein expression levels were determined by Image J software.

Reverse-transcription PCR

RT-PCR (reverse-transcription PCR) detecting Klotho mRNA
in renal tissue was performed essentially as before [33] using
the following primers: Klotho-F GGCTTTCCTCCTTT
ACCTGAAAA; Klotho-R CACATCCCACAGATAGACAT
TCG. Gapdh served as an internal control, Gapdh-F
GGCCCGGTGCTGAGTATGTC; GAPDH-R TGCCTGCT
TCACCACCTTCT. The relative quantification of RT-PCR
data is presented as the expression ratio of Klotho over
GAPDH gene.

Chromatin immunoprecipitation

ChIP (chromatin immunoprecipitation) assay is performed
with renal tissues or HK2 cells to detect the association of
acetylated histone 3 with Klotho promoter under various con-
ditions using a protocol established before [28]. The
Immunoprecipitation was performed with anti-acetyl histone
H3 antibody (Millipore, Billerica, MA) or an isoform-
matched IgG as a control. The immunoprecipitated DNA
was analyzed by PCR using primers specific for mouse or
human Klotho promoter as following: mouse, mKLpF (5'-
GCTGAGTTG TACCTTACTGAG-3") and mKLpR (5'-
CACCATATCCCGTTCATCAC-3'); human, hKLpF (5'-
GCCACCATGTTGGTGAATTT-3") and hKIpR (5'-TCAC
ACCTGTAATCCCAGCA-3"). After amplification, the PCR
products were separated in 1.5% agarose gels and visualized
under UV light by staining with ethidium bromide. The Image
J software was used for optical densitometry analysis.

Methylation-specific PCR and bisulfite-sequencing
PCR

MSP (methylation-specific PCR) and BSP (bisulfite-
sequencing PCR) for Klotho promoter methylation examina-
tion of mouse kidney tissues and human HK?2 cells were per-
formed essentially as before [33]. The prediction of CpG
islands in mouse Klotho promoter and the primer designs for
methylation-specific PCR (MSP) or bisulfite-sequencing PCR
(BSP) were performed by online program MethPrimer (http://
www.urogene.org/methprimer) and depicted in Fig. 4a. MSP
primer sequences for mouse were as follows: ME-mKL-F
GGTATCGCG GGTATTTTTA ATC and ME-mKL-R
CGACATAATCCCT AAAA TAATCGAC; UM-mKL-F
TTAAT GGTA TTGTGG GTATTTTTAATTG and UM-
mKL-R CAACA TAATCCCTAAA ATAATCAAC; for input
DNA control, Inp-mF TAGTTTTA GGAAGGTAAAGGGA
GTG and Inp-mR AAATACCCAAAAAAAACACA
ACAAA; for human Klotho promoter, ME-hKL-F
AAAGAGA ATGAATTTGAGCGTTTAC and ME-hKL-R
ACTCCGCT AACAATAATACCTACG; UM-hKL-F
AAGAGAATGAAT TTGAGTGTTTATGA and UM-hKL-
R TCCACTAACAATAATTACCTACAAA; for input DNA
control, Inp-hF C CAACTCCAAATCCCCTCTCTAT and
Inp-hR TGATTAA TTTAGATTGGGTTT AGAGAAGGA.
PCR-amplified products were analyzed by electrophoresis
on a 2% agarose gel and quantified by Image J software.

Primers for bisulfite-sequencing PCR of mouse Klotho pro-
moter were Bis-mKL-F TAGTTTTAGGAAGGTAAAGG
GAGTG and Bis-mKL-R AACAATAATTATCCAA
AACAAAC. The PCR products were purified and cloned into
pGEM-T Easy Vector (Promega, USA). Five to ten clones
from each mouse were randomly chosen for sequencing
analysis.

@ Springer


http://www.urogene.org/methprimer
http://www.urogene.org/methprimer

J Mol Med

Luciferase assay

A mouse Klotho promoter reporter plasmid (mKLp-Luc) was
constructed and assayed previously [33]. For luciferase assay,
HEK?293 cells were transiently transfected with plasmid
mKLp-Luc plus a Renilla luciferase control plasmid with
Lipofectamine 2000 (Invitrogen, USA) reagents. The
transfected cells were treated with TGF{3 and/or genistein
for 48 h before luciferase activities were assayed by a micro-
plate illuminometer using a dual luciferase reporter assay kit
(Promega, USA). Luciferase activities were normalized to
Renilla luciferase levels and expressed as relative fold
changes.

Klotho suppression by RNA interferences

Klotho knockdown in cells or in kidneys was performed with
shRNA or siRNA strategy, respectively, as before [33]. For
Klotho knockdown in HK2 cells, a small hairpin RNA plas-
mid specific for human Klotho (shRNA-Klotho) and a control
plasmid containing a scrambled sequence (shRNA-control)
were constructed. sShRNA-Klotho plasmid contains oligo se-
quences CTTCCTTATTTCACTGA AGATCTCGAGATCT
TCAGT GAAATAAGGAAG. HK2 cell was transfected with
control or shRNA-Klotho for 24 h before the experiments. For
in vivo Klotho knockdown, a small interfering RNA targeting
mouse Klotho gene 5'-GCGACTACCCAGAG AGTAT-3’
and a scrambled RNA control (10 nm in 200 pl of PBS for
each mouse, respectively) were injected into mouse tail vein
1 day before UUO operation.

Statistical analysis

The statistical analyses were based on at least three indepen-
dent experiments for cell experiments or at least six mice in
each group for animal studies. Data are represented as mean +
standard deviation (SD). Statistical significance was assessed
by Student’s ¢ test for the comparisons of two groups and one-
way analysis of variance (ANOVA) followed by Tukey’s post
hoc test for comparisons of multiple groups. P<0.05 and
P <0.01 were considered statistically significant or very
significant.

Results

Genistein alleviates UUO-incurred renal fibrosis
and Klotho repression

We first tested our idea that genistein possesses anti-renal
fibrosis functions in a well-established mouse model of
UUO-incurred renal fibrosis. Mouse kidney subjected to
UUO for 7 days displayed severe renal interstitial fibrosis
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evidenced by Masson-stained collagen depositions (3.7 +0.7
to 23 £5.7% of blue-colored areas in Fig. 1a and the quanti-
fication in Fig. 1b, P<0.01) and the functional loss indicated
by increased serum creatinine and blood urine nitrogen (BUN)
(Fig. 1c). Consistently, the UUO kidneys showed aberrant
expressions of renal fibrosis-related proteins including epithe-
lial marker E-cadherin, myofibroblast marker c-SMA (alpha-
smooth muscle actin), 3-catenin, and extracellular matrix type
I collagen (Fig. 1d, e). However, genistein pretreatment at a
dose 10 mg/kgb [20] significantly mitigated the renal fibrotic
lesions (from 23 £5.7 to 8.8 £5.8% of blue-colored areas,
Fig.1a, b; P<0.05), the abnormal serum levels of creatinine
and BUN (Fig. lc), and the aberrant expression of renal
fibrosis-associated proteins (Fig. 1d, e). As expected, UUO
kidney suffered from marked reductions of Klotho protein
and mRNA as reported previously [33], which were effective-
ly corrected by genistein treatment (Fig. 1d, e). Since the res-
toration of endogenous Klotho reportedly protected the kid-
ney from renal fibrosis in mice [10], these results suggest that
genistein restoration of Klotho may contribute to its anti-renal
fibrosis actions in UUO kidney.

Genistein attenuates TGFB-induced pro-fibrotic
protein expression and Klotho repression in kidney
cells

To confirm the anti-renal fibrosis effects associated with
Klotho restoration by genistein, we tested the genistein regu-
lation of Klotho and the expressions of renal fibrosis-related
proteins in renal tubule cells. Transforming growth factor beta
(TGFp) is considered the primary pathological factor that
causes Klotho suppression and promotes renal fibrosis [33,
34]. Indeed, TGFf3 treatment of renal tube HK2 cells led to
reduced Klotho, E-cadherin, and increased «-SMA, [3-caten-
in, and collagen I, which were reversed by genistein treatment
(Fig. 2a, b). Further, TGFf3 inhibited the transcriptional activ-
ity of a luciferase reporter driven by the mouse Klotho pro-
moter, but the inhibitory effects were significantly relieved by
genistein (Fig. 2c). Genistein possesses estrogenic activities
[35, 36]. Administration of fulvestrant, an estrogen receptor
(ER) antagonist, largely abolished the Klotho recovery by
genistein (Fig. 2d), suggesting that genistein preserved
Klotho at least in a significant part via its activation of estro-
gen receptor (ER).

Genistein anti-deacetylation properties contribute
to the Klotho restoration

Previous studies reported that genistein exhibits HDAC inhib-
itory property in tumor cell lines [37] and Klotho downregu-
lation in the fibrotic kidney can be relieved by HDAC inhibi-
tion [28, 38], suggesting that genistein inhibition of HDAC
activities might contribute to the Klotho restoration. To test
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indicated by arrows. b Quantification of mouse kidney fibrosis (percent- tively (two randomly selected samples from each group are presented). e
age of the blue area over the whole renal cortex area) from a. ¢ Average Quantifications of d. The results are presented as mean + SD, and the
concentrations of serum creatinine (Cre) and blood urine nitrogen (BUN) statistical analysis was based on all experimental mice tested. *P < 0.05,
from experimental mice as mentioned above. d Renal expressions of E- *##P < (.01 vs. sham; P <0.05 vs. UUO mice
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(TSA, Fig. 3a). Further, UUO kidney and TGF 3-treated HK2
cells displayed reduced histone 3 acetylation, possibly due to
aberrant HDAC expressions. Genistein treatment marginally
increased the histone 3 acetylation in the kidney of normal
mice and untreated HK2 cells, but significantly reversed the
histone 3 hypoacetylation in both UUO kidney and TGFf3-
treated renal cells (Fig. 3b, c). In addition, this effect was
partially inhibited by fulvestrant treatment (Fig. 3c, right
panel), suggesting that genistein inhibition of HDAC activity
relies in part on its estrogenic effect. To directly test whether
genistein-induced histone 3 acetylation regulates Klotho, we
examined the amounts of acetylated histone 3 that were asso-
ciated with Klotho promoter by chromatin immunoprecipita-
tion (ChIP) assay. The results showed that genistein slightly
increased, but UUO and TGFf3 significantly reduced, the
amount of acetylated histone 3 associated with Klotho pro-
moter in both mouse kidney and HK2 cells; however, genis-
tein effectively inhibited the association reduction (Fig. 3d, e).
Taken together, these results clearly demonstrate that genistein
inhibition of HDAC activities contributes at least in part to the

Klotho restoration by genistein in both UUO kidney and
TGF 3-treated renal cells.

Genistein attenuates pathological Klotho promoter
hypermethylation in vitro and in vivo

Both human and mouse Klotho promoters are characterized
by heavy CpG islands as depicted in Fig. 4a for mouse Klotho
promoter. Klotho promoter hypermethylation has been report-
ed in patients and in animal models of renal fibrotic diseases
by others’ and our previous studies [10, 33, 39], which ac-
counts for the Klotho suppression. Again, we confirmed by
methylation-specific PCR (MSP) that Klotho promoter meth-
ylation levels significantly increased in both mouse UUO kid-
ney (Fig. 4b, ¢, from 34.9+ 1.6 to 63.2+7.9%, P <0.05) and
TGF 3-treated HK2 cells (Fig. 4d, e, from 36.9 +4.3 to 54.6 =
11.5%, P <0.05). However, genistein treatment brought the
levels back to approximate 45.5+4.3% and 37.2+6.3%
(P <0.05), respectively. To confirm these results we further
performed bisulfite-sequencing PCR (BSP), the golden

a Genistein  TSA b uuo - - + + 0 Sham O Gen c Fulvest - - + +
(M) 0 5 1530033 s e ocen - * mUUOEGUUO TGFB - -+ o+ o+ o+ o+ ¥
? Gen - + - + -+ -+
Ac-H3 - | G 4 *k AC-H3 | o e o 22
<3 * - T T ACH3 - - - -
<
Total H3 /s v v e e -% 2 Total H3 e ———— o
o1 ﬂﬂ % D * Total H3 | s v wiy| - oo e e
4 ko
-actin @ G» e o an 0 -actin - i .
p-acti 12345 P X, B-OCHN e S0 ot et e w— —
1.2 3 4 5
d IP IgG  Anti-AcH3 USham U Gen IP IgG  Anti-AcH3 0 Con O Gen s +
_ ANEACHS - n :
Sh Sh Ge U GIU |UUOmGenU CoCo Ge TR GITB TCFREGTE @ T,
1 ™15 o) A
Ki 2 + K} P i <!
mKip i 1 p £ 1 _g * .
2 o * © 05
npu [0} npu & .
- 0 i C‘Ilf) 0 0 0

Fig. 3 Genistein anti-deacetylation property contributes to the Klotho
restoration. a Genistein anti-deacetylation assay. HK2 cells were treated
with increasing doses of genistein (Gen, 5, 15, and 30 uM) and the
positive control TSA (0.33 uM) for 24 h, and then cell lysates were tested
for acetylated (Ac-H3) and total histone 3 (T-H3) by Western blot. The
quantifications are on the right side. b Renal histone 3 acetylation assay.
Mouse kidney lysates from sham, genistein, UUO, and genistein-treated
UUO mice (7 days, n=6) were assayed for acetylated histone 3 with a
pan-acetylated histone 3 antibody by Western blot. Two randomly select-
ed samples from each group were presented. The levels of 3-actin served
as loading control. The quantifications were based on all experimental
mice and are presented on the right side. ¢ Acetylated histone 3 assay of
the renal cell. HK-2 cells treated with genistein (15 uM) and/or TGFf3
(5 ng/ml) for 24 h were assayed with anti-acetylated and anti-total histone
3 antibodies by Western blot. In a separate assay, cell lysates treated with
TGFf3 and genistein in the presence or absence of fulvestrant (Fulvest,
1 uM) under the same condition were also assayed. The quantifications
are presented underneath the blots based on three independent experi-
ments. d Mouse kidney ChIP assay. Antibodies against acetylated histone
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H3 (AcH3) and an isoform-matched control (IgG) were used in ChIP
assay to isolate acetylated chromatin fragments from renal cell lysates
of sham, genistein (Gen), UUO, and genistein-treated UUO mice, respec-
tively. The precipitated DNA fragments were further PCR-amplified with
primer sets specific for mouse Klotho promoter (mKLpro). PCR products
using DNAs prior immunoprecipitation served as input (Input) control.
The PCR products were analyzed on a 1.5% agarose gel and visualized
under UC light. The representative results are shown. The quantifications
based on all experimental animals are presented on the right side. e Renal
cell ChIP assay. HK2 cells treated with genistein (15 uM), TGFf
(5 ng/ml), or genistein plus TGF3 for 24 h were processed with ChIP
assay similar to the abovementioned renal tissue ChIP, except a PCR
primer set specific for human Klotho promoter was employed. The
PCR products were analyzed on a 1.5% agarose gel and visualized under
UC light. The quantifications were based on three independent experi-
ments and are presented on the right side. Data are presented as mean +
SD. #*P<0.05, **P<0.01 vs. sham or control; 7P <0.05 vs. UUO or
TGFp treatment; “P < 0.05 vs. TGF /! ‘genistein treatment
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Fig. 4 Genistein attenuates pathological Klotho promoter
hypermethylation in vitro and in vivo. a Schematic diagram of mouse
Klotho promoter (— 300 to 900 base pair related to the transcription start
site). The guanine/cytosine contents are indicated on the Y-axis. The CpG
islands are in gray. The approximate locations of methylated or
unmethylated specific PCR (MSP) primers as well as primers for BSP
are indicated. b MSP analysis of mouse kidney DNAs. Mouse kidney
tissues from sham, genistein, UUO, and genistein-treated UUO mice
(7 days, n=6 as in Fig. 1) were subjected to MSP analysis using primer
sets that were specific for mouse Klotho promoter as shown in a. PCR
products were analyzed on 1.5% agarose gel and visualized under UV
light. Two randomly selected samples from each group are shown. ¢
Quantifications of b based on all experimental mice. d MSP analysis of

standard for DNA methylation determination, on a different
region of Klotho promoter (— 234 to + 14 related to transcrip-
tion starting site). Similarly, UUO kidney showed a significant
increase of Klotho promoter methylation from 2 +0.89 to
14.8+1.5% (P<0.01), but genistein treatment reduced the
level to 4.6 +0.15% (P < 0.05, Fig. 4f, g). Since Klotho pro-
moter hypermethylation is a driving force for Klotho suppres-
sion in UUO kidney, these results suggest that genistein de-
methylation of Klotho promoter substantially prevents the re-
nal fibrotic Klotho loss.

Genistein normalizes aberrant expressions of DNMT1
and DNMT3a

In mammals, DNA methylations are catalyzed by the enzy-
matic activities of three bioactive DNA methyltransferases,
including DNMT1, the key maintenance methyltransferase,
and DNMT3a/DNMT3b, for de novo methylation. We found
that TGF 3 treatment and UUO incurred a dramatic increase of
DNMT1 and DNMT3a in HK2 cells (Fig. 5a, b) and mouse
kidney (Fig. 5c, d), respectively, but did not noticeably alter
DNMT3b level. However, genistein treatment significantly
inhibited the abnormal expressions of DNMTI1 and
DNMT3a in both TGF(3-treated HK2 cells (Fig. 5a, b) and

human Klotho promoter. HK2 cells were treated with genistein (15 uM)
in the presence or absence of TGFf3 (5 ng/ml) for 24 h, and then cellular
DNAs were subjected to MSP analysis using a primer set specific for
human Klotho promoter. e Quantifications of d based on three indepen-
dent experiments. f BSP assay of experimental mice. Renal tissues from
the abovementioned experimental mice were analyzed by BSP analysis.
The black circle represents methylated cytosine and the white circle the
unmethylated. Results of three mice (M1-M3) from each group and five
clones from each mouse are shown. g Quantification of f. The statistical
analysis was based on all experimental mice unless otherwise indicated,
and the only representative results are shown. Data are presented as mean
+ SD. #*P<0.05 vs. control cells or sham mice; TP <0.05 vs. TGFp
treatment or UUO mice

UUO kidney (Fig. 5c, d). Further, genistein inhibition of
DNMT1 and DNMT3a was also sensitive to its estrogenic
activity since the ER antagonist fulvestrant substantially
prevented the inhibitory effects (Fig. Se, f). Taken together,
these results suggest that genistein possesses demethylating
capacity by inhibiting DNMT1 and DNMT3a under renal
fibrotic conditions, which explains its alleviations of Klotho
promoter hypermethylation and Klotho depression.

Klotho is crucial for the normalization of fibrotic
protein expression by genistein in renal cells

A critical question we wanted to address is whether Klotho is
an essential cellular target that mediates genistein’s anti-renal
fibrosis functions. If genistein preservation of Klotho is cru-
cial for its anti-fibrotic actions, then lack of Klotho would
reduce or abolish the beneficial effects. Based on this assump-
tion, we first investigated the effects of Klotho knockdown on
genesis’ anti-fibrotic activities in renal cells. We employed a
control plasmid expressing a scrambled RNA sequence and a
siRNA-interfering plasmid expressing a pre-miRNA hairpin
(shRNA-Klotho) that specifically targeted and downregulated
Klotho when transfected into HK2 cells (Fig. 6a (top panel),
b). We then compared the effects of Klotho knockdown on
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Fig. 5 Genistein mitigates the aberrant expressions of DNMT1 and
DNMT3a in vitro and in vivo. a Renal cell DNMT assay. HK2 cells
were treated with genistein (15 pM) in the presence or absence of
TGFp (5 ng/ml) for 24 h, and then the cell lysates were assayed for
DNMTI1, DNMT3a, and DNMT3b by Western blot. b Quantification of
a. ¢ Kidney tissue DNMT assay. The expression of DNMT1, DNMT3a,
and DNMT3b from sham, genistein, UUO, and UUO mice (n = 6) were
assayed by Western blot (two randomly selected samples from each group

genistein improvements of the key fibrosis-related protein ex-
pressions after TGF[3 treatment. The results showed that
Klotho knockdown potentiated basal, but exacerbated
TGF3-induced expression of x-SMA, E-cadherin, 3-catenin,
and collagen I comparing to that in control cells (Fig. 6a, b,
lane 1 vs. lane 5), suggesting that Klotho is an upstream and
master regulator of the pro-fibrotic protein expressions.
Again, genistein treatment significantly improved the
TGF3-induced abnormal protein expressions in control cells,
but these inhibitory effects were only marginal in Klotho
knockdown cells (Fig. 6a, b), supporting that Klotho is crucial
for genistein’s anti-fibrosis activity in renal cells.

Klotho is essential for the anti-renal fibrosis function
of genistein in UUO mice

Further, we performed the mouse study to explore the critical
roles of Klotho in genistein’s anti-renal fibrosis functions
in vivo. We adopted a small interference RNA (siRNA) strat-
egy that effectively knocked down Klotho in mouse kidney
(Fig. 7d, top panel). Similar to cell assay, Klotho knockdown
not only prompted basal renal fibrotic histological changes (4
+0.6% vs. 7.6 £4.5% of blue-colored area) and the abnormal
expressions of renal fibrosis-associated protein E-cadherin, oc-
SMA, [3-catenin, and collagen I (Fig. 7d, land 1/2 vs. 7/8), but
also aggravated UUO-incurred renal fibrotic lesions (31 +

@ Springer

are shown). d Quantification of ¢, which was based on all animals tested.
e Fulvestrant assay. HK2 cells were treated with or without genistein
(15 pM) and TGFf (5 ng/ml) in the presence or absence of fulvestrant
(Fulvest, 1 uM) for 24 h, and then Klotho protein levels were assayed by
Western blot. f Quantifications of e, which were based on three indepen-
dent experiments. Data are presented as mean = SD. *P < (.05,
#%P < (.01 vs. control cells or sham mice; TP <0.05 vs. UUO mice or
TGFp treatment; “P < 0.05 vs. control in fulvestrant treatment

7.1% vs. 49 £11%, P<0.05, Fig. 7a, b), serum BUN and
creatinine productions (Fig. 7c), and the expressions of the
renal fibrosis-associated proteins (Fig. 7d, lane 3/4 vs. 9/10).
Genistein treatment effectively reduced the renal fibrosis se-
verity (14 +6.5%, P < 0.05) and the levels of serum BUN and
creatinine (Fig.7¢c), and significantly corrected the abnormal
protein expressions in control siRNA-injected mouse kidney
(Fig. 7d, left panel). Moreover, the above beneficial anti-renal
fibrotic effects were largely abolished when Klotho was
knocked down (Fig. 7a—e). Collectively, these results clearly
indicate that genistein preservation of Klotho is a critical
mechanism that confers genistein’s anti-renal fibrosis func-
tions in vivo.

Discussion

It is well recognized that many epigenetic drugs of small
chemical compounds are cytotoxic and their off-target and
the long-term effects of genome-wide hyperacetylation or de-
methylation raise safety concerns. “Epigenetic diets” are
emerging as relatively safe bioactive supplementations for
the prevention and treatment of epigenetic disorders [40]. In
this study, we have revealed a prominent mode of anti-renal
fibrosis action by genistein and identified Klotho as a key
gene that mediated the beneficial effects. In mouse fibrotic
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Fig. 6 Klotho is crucial for the normalization of fibrotic protein
expression by genistein in renal cells. a HK2 cells were transfected with
control or Klotho specific SARNA plasmid, and then treated with
genistein (15 pM) in the presence or absence of TGFf3 (5 ng/ml) for
48 h. The expressions of E-cadherin, a-SMA, [3-catenin, collagen I,

Genistein

and Klotho were assayed by Western blotting. b Quantifications of pro-
tein levels in a. Cell assays were repeated three times and representative
data are shown. Results are presented as mean + SD of fold changes. *P <
0.05, **P<0.01 vs. shRNA-control cells; 7P <0.05 vs. TGF3-treated
cells; “P <0.05 vs. shRNA-Klotho-transfected control cells
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Fig. 7 Klotho is essential for the anti-renal fibrosis function of genistein
in UUO mice. a Representative Masson’s trichrome-stained kidney sec-
tions from siRNA-control- or siRNA-Klotho-injected sham, genistein
(Gen), UUO, or genistein-treated UUO mice (n = 6 in each group, 7 days).
Renal fibrosis stained in blue is indicated by arrows. b Quantification of
mouse kidney fibrosis from all mice as in a. ¢ Average concentrations of
serum creatinine (Cre) and blood urine nitrogen (BUN) from experimen-
tal mice as above. d Renal lysates from the abovementioned animals were

analyzed for the expression of Klotho, E-cadherin (E-cad), x-SMA, (3-
catenin ([3-cat), and collagen I (Col-I) by Western blot. Two randomly
selected samples from each group are shown. e Quantifications of average
protein levels in d based on all mice tested. Results are presented as mean
+ SD. *P<0.05, **P<0.01 vs. siRNA-control-treated sham mice;
fP<0.05 vs. siRNA-control-treated UUO mice; “P < 0.05 vs. siRNA-
Klotho-treated sham mice
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kidney incurred by UUO, Klotho is severely depressed mainly
due to the histone deacetylation and DNA hypermethylation
on Klotho promoter incurred by aberrant HDAC and
DNMT1/DNMT3a induction. Genistein effectively corrected
these epigenetic alterations and reversed the Klotho suppres-
sion. Moreover, genistein alleviated renal fibrosis in a Klotho
restoration-dependent manner demonstrated by in vivo
siRNA-mediated Klotho silencing assay. Therefore, our re-
sults clearly demonstrated that genistein exerts impressive
anti-renal fibrosis functions essentially through Klotho resto-
ration by a dual epigenetic regulatory mechanism.

Epigenetic alterations mediated by DNA methylation
and protein acetylation affect gene transcription via dif-
ferent mechanisms but are mechanistically connected.
Methylated CpGs on gene promoter are recognized and
bound by methyl-binding proteins complexed with tran-
scription co-repressors and HDACs. HDACs remove the
acetyl groups from lysine on the core histone tails and
restore the positive charge of lysine, resulting in chro-
matin compaction and gene transcription silencing [41].
Indeed, we detected the DNA hypermethylation that is
associated with deacetylation of histone 3 on Klotho
promoter in the fibrotic kidney. We further showed that
simultaneous inhibition of the hypermethylation and his-
tone deacetylation on Klotho promoter by genistein,
even with a weaker acetylation capacity comparing to
TSA (Fig. 3a), effectively recovered Klotho-deficit and
reduced renal fibrosis lesions. These results provide the
first evidence that Klotho restoration by a combination
of DNA demethylation and histone acetylation strategies
can restore Klotho more efficiently and suggest that
many dietary bioactive substances with epigenetic regu-
latory capacities might prevent Klotho loss and renal
fibrosis in a similar mode of actions, which are worthy
of future exploration.

As we demonstrated that genistein prevented the Klotho
loss via epigenetic modulations, the direct link between
genistein and its simultaneous modifications of the abnor-
mal protein hypoacetylation and DNA hypermethylation is
still missing. Genistein as a phytoestrogen can bind to the
estrogen receptor (ER) and exert its biological effects
through either ER- or non-ER-mediated signaling path-
ways [42]. Estrogen receptor activations have been shown
to promote DNA demethylation [43] and core histone acet-
ylation [16] via unclarified mechanisms. Many endoge-
nous and exogenous ER ligands such as 173-estradiol
and tamoxifen can either positively or negatively regulate
the ER activities [43, 44]. One study reported that treat-
ment of MDA-MB-231 cells with a combination of green
tea polyphenols and sulforaphane led to Klotho reactiva-
tion through active chromatin modifications, which was
partially dependent on ER« reactivation [45]. Our results
further demonstrate that genistein inhibitions of aberrant
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DNMA1/3a elevation, histone 3 acetylation and Klotho
depression are partially blocked by ER inhibitor (Figs.
2d, 3c, Se), strongly suggesting that genistein’s estrogenic
effects contribute, at least in a significant part, to its Klotho
restoration and anti-renal fibrosis functions, although the
additional ER-independent pathways through which genis-
tein exerts its epigenetic modulation functions are intrigu-
ing but currently unclear.

Klotho has been considered a sensitive biomarker of renal
injury, and its levels closely and inversely correlate with the
severity of renal fibrosis in patients and animals of CKD
[46-48]. Previous and our current studies indicated that
Klotho suppression in the fibrotic kidney is inhibited by either
demethylating or HDAC inhibiting agents, suggesting that the
aberrant expressions of DNMT1 and DNMT3a, and HDAC
activities contribute to the Klotho suppression [10, 33, 38, 49].
Although the information regarding Klotho levels before pa-
tients developed renal diseases is limited, decreased plasma
soluble Klotho is detected in aged populations in a study of
2496 participants, which correlated with the poor renal func-
tions and incident CKDs [50]. This important observation
implies that other than various renal injuries that suppress
Klotho, people with prior epigenetic influences due to the life
history of drug use, hazardous food consumption, illness, or
unfavorable environmental exposures might lower their
Klotho levels via epigenetic modifications, which would pre-
dispose them to renal fibrosis or exacerbate the renal fibrosis
progression. Klotho is present in serum and urine and easily
detectable. Future study of its levels in the susceptible popu-
lations might establish whether Klotho is a biomarker of pre-
renal fibrotic conditions.

In conclusion, our study has uncovered an important fea-
ture of genistein restoration of Klotho that contributes signif-
icantly to its anti-renal fibrosis function, suggesting that die-
tary bioactive substances are potential sources of epigenetic
drugs in clinical anti-renal fibrosis therapy. Our results also
have other medical implications. Because Klotho is an anti-
aging protein critically involved in aging and aging-related
disorders such as tumor, cardiovascular, and neurodegenera-
tive diseases [51], Klotho preservation by genistein or other
dietary epigenetic regulators might retard or beneficially affect
these pathological processes.
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