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Abstract

Background: Genomic DNA methylation plays an important role in both the occurrence and
development of bladder cancer. Kaempferol (Kae), a natural flavonoid that is present in many
fruits and vegetables, exhibits potent anti-cancer effects in bladder cancer. Similar to other
flavonoids, Kae possesses a flavan nucleus in its structure. This structure was reported to inhibit
DNA methylation by suppressing DNA methyltransferases (DNMTs). However, whether Kae
can inhibit DNA methylation remains unclear. Methods: Nude mice bearing bladder cancer
were treated with Kae for 31 days. The genomic DNA was extracted from xenografts and
the methylation changes was determined using an Illumina Infinium HumanMethylation 450
BeadChip Array. The ubiquitination was detected using immuno-precipitation assay. Results:
Our data indicated that Kae modulated DNA methylation in bladder cancer, inducing 103
differential DNA methylation positions (ADMPs) associated with genes (50 hyper-methylated
and 53 hypo-methylated). DNA methylation is mostly relied on the levels of DNMTs. We
observed that Kae specifically inhibited the protein levels of DNMT3B without altering the
expression of DNMT1 or DNMT3A. However, Kae did not downregulate the transcription of
DNMT3B. Interestingly, we observed that Kae induced a premature degradation of DNMT3B
by inhibiting protein synthesis with cycloheximide (CHX). By blocking proteasome with
MG132, we observed that Kae induced an increased ubiquitination of DNMT3B. These results
suggested that Kae could induce the degradation of DNMT3B through ubiquitin-proteasome
pathway. Conclusion: Our data indicated that Kae is a novel DNMT3B inhibitor, which may

promote the degradation of DNMT3B in bladder cancer.
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Introduction

Bladder cancer is a common urological malignant tumor that severely affects patients’
quality of life. Similar to most other cancers, the pathogenesis of bladder cancer remains
poorly understood. Accumulated evidences indicate that the methylation modification of
genomic DNA is closely associated with bladder cancer [1-5]. The hyper-methylation of
tumor-suppressive genes and the hypo-methylation of oncogenes regulate the proliferation
and metastasis of bladder cancer [4-6]. Therefore, the re-activation of tumor suppressors
and/or the inhibition of oncogenes by modulating DNA methylation with effective and low-
toxicity reagents may be a strategy for the prevention and treatment of cancer [7, 8].

Kaempferol (Kae) is a natural flavonoid that occurs widely in many fruits and vegetables.
Kae was reported to be an anti-tumor reagent against many cancers, such as breast cancer,
pancreatic cancer, prostate cancer, and lung cancer [9-12]. Previously, we found that Kae
could suppress bladder cancer by inducing apoptosis both in vitro and in vivo [13, 14]. These
data highlight that this compound may be a new candidate for the prevention and treatment
of bladder cancer.

Many flavonoids are potent anti-tumor chemicals. The well-known flavonoid
(-)-epigallocatechin-3-0-gallate (EGCG) strongly inhibits DNA methylation by interfering
with DNA methyltransferases (DNMTs) [15]. All of the flavonoids, including EGCG and Kae,
share a unique flavan nucleus in their structures [15]. This nucleus structure is responsible
for its DNA methylation inhibitory activity [16]. Due to the inhibitory effects of Kae on
bladder cancer and its chemical structure, we hypothesized that Kae might suppress the
DNMTs and regulate DNA methylation in bladder cancer. To investigate these effects, we
constructed bladder cancer T24 cell-derived xenografts models and treated with Kae. We
found Kae induced the decrease of DNMT3B and modulated DNA methylation in bladder
cancer.

Materials and Methods

Main chemicals and reagents

Kae was purchased from Sigma-Aldrich (St. Louis, MO, USA). For in vitro studies, Kae was dissolved in
DMSO (Sigma-Aldrich) to produce a stock solution of 80 mM and was stored at -20 °C; a final concentration
at 40 pM was used. For in vivo studies, Kae was dissolved in sterile corn oil (Sigma-Aldrich). Fetal bovine
serum (FBS), phosphate-buffered saline (PBS), TRIzol reagent and RPMI 1640 medium were purchased
from Thermo Fisher Scientific (Schuylerville, NY, USA). Rabbit anti-5-methylcytosine, DNMT1, DNMT3A,
DNMT3B, GAPDH primary antibodies and goat anti-rabbit, goat anti-mouse secondary antibodies were all
obtained from Cell Signaling Technology (Beverly, MA, USA). A mouse anti-ubiquitin (Ub) antibody was
purchased from Santa Cruz (Dallas, TX, USA).

Cell culture

The T24 and 5637 bladder cancer cell lines, two widely used cell lines in bladder cancer research, were
cultured in RPMI 1640 medium containing 10% FBS. The cultures were incubated at 37 °C in a humidified
atmosphere containing 5% CO,.

Animal experiments

The animal experiments were approved by the Beijing Friendship Hospital Animal Care and Use
Committee. Bladder cancer xenografts were prepared as previously described [17]. In brief, 3 x 10° T24
cells per 100 pl cell suspension was injected into the right flank of 5-week-old BALB/c nude mice. Five days
after cell transplantation, the mice were randomly distributed into vehicle and Kae treatment groups (n=5
per group). Kae was administered by an intraperitoneal injection at the dose of 150 mg/kg every day. The
mice in the vehicle group were intraperitoneally injected with an equal volume of corn oil. The tumor size
was measured with a vernier caliper. Tumor volume was calculated as (length x width?)/2. All of the mice
were treated for 31 days and then sacrificed for further study.
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DNA extraction

The genomic DNA of tumor tissues was extracted using a TaKaRa MiniBEST Universal Genomic
DNA Extraction Kit (Dalian, China) according to the manufacturer’s instructions. In brief, the samples
were digested with lysis buffer containing Proteinase K and RNase A at 56 °C. Then, the genomic DNA
was separated and purified using a spin column. The concentration was measured using a NanoDrop Lite
Spectrophotometer (Thermo Fisher Scientific), and the quality of each sample was evaluated by using an
agarose gel electrophoresis assay for the following analysis.

Dot blotting for the detection of global content of 5-methylcytosine

To analyze global DNA methylation, DNA Dot blotting was performed to detect 5-methylcytosine. The
protocols were followed according to the manufacturer’s instructions provided by Cell Signaling Technology.
In brief, the genomic DNA was diluted with nuclease-free water into a range of concentrations, denatured by
heating at 95 °C for 10 min and immediately chilled on ice for 5 min. Then, the DNA was applied onto nylon
membrane and ultraviolet (UV) cross-linked at 1200 J/m?2 The membrane was then blocked with 5% non-
fat milk in Tris Buffered Saline with Tween 20 (TBST) solution for 1 h at room temperature and incubated
in rabbit-anti-5-methylcytosine antibody (1:1000; Cell Signaling Technology) at 4 °C overnight. Then, the
membrane was washed 3 times with TBST and incubated with goat-anti-rabbit secondary antibody at room
temperature for 1 h. After that, the membrane was washed 3 times with TBST and the dots were detected
using SuperSignal West Femto Maximum Sensitivity Substrate (Pierce, Rockford, IL, USA). The membrane
was then washed with nuclease-free water 3 times and stained with methylene blue solution as an internal
control for each group.

High-density DNA methylation assay

The DNA methylation profiles were determined at Sangon Biotech Shanghai Co Ltd (Shanghai, China)
using [llumina Infinium HumanMethylation 450 BeadChip Arrays (Illumina HM450K V1.2, San Diego,
CA, USA), and the protocol was followed according to the manufacturer’s instruction. DNA samples from
xenografts (3 per group) were bisulfite-converted using a Zymo EZ DNA Methylation kit (Zymo Research,
Orange, CA, USA), all of the samples were randomly distributed across the microarray. The Illumina
Genomestudio software (San Diego, CA, USA) was used to process the DNA methylation data, and data
processing was performed with the IMA package in R (Illumina). The ( values were used to represent
the methylation levels of individual sites. A total of 592 unreliable loci according to P values and 1215
loci containing missing 8 values were excluded, leaving 483,770 loci. This microarray covers 99% of the
RefSeq genes with multiple sites in the promoter, including 1500 and 200 base pair (bp) upstream of the
transcription start site (TSS), 5’-untranslated regions (UTR), gene body and the 3’-UTR; 96% of CpG islands
with sites in the islands, shores and shelves.

Pyrosequencing methylation analysis

The methylation status of the CpG rich region (CGG CGG GCA CTC ACA TCA TCT CTG CCA TCA CCG CCG
CCG CCG ATG CCC) of WRN (Werner syndrome RecQ like helicase) promoter indicated by the “HM450K”
data was determined with pyrosequencing methylation assay. The genomic DNA (1 pg) was treated with
sodium bisulfite using the EZ DNA Methylation-Gold Kit (Zymo Research) according to the manufacturer’s
instructions. Then the products of bisulfite-treated genomic DNA were amplified using the following
primers: forward primer (FP, biotinylated): 5’-GTT GTA GTA GAG GGG TAG AGA GTT-3’; reverse primer (RF):
5’- CTC TAC CCT CTC TCC CCT CAT CCC T-3" The amplifying condition was: 95 °C for 3 min, [94 °C for 25 s,
58 °C for 25s, 72 °C for 25 s] 35 cycles, 72 °C for 5 min. Pyrosequencing was performed using the following
primer: 5’-ACC CCA AAT CTC CAA C-3’. The methylation index was indicated using the average methylation%
of the CpGs.

Protein expression levels

Whole protein in cells or tissue was extracted using RIPA lysis buffer. The protein (20-40 pg) from
each group was loaded onto SDS polyacrylamide gels for electrophoretic separation and blotted onto
nitrocellulose membranes. Then, the membranes were blocked with 5% non-fat milk in TBST solution for
1 h at room temperature. The membranes were soaked in diluted primary antibodies (1:1000 with TBST)
at 4°C overnight. The membranes were then washed 4 times with TBST and incubated in diluted secondary
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antibody (1:2000 with TBST) for 1 h at room temperature. Then, the membranes were washed 4 times with
TBST solution, and the bands were detected using SuperSignal West Femto Maximum Sensitivity Substrate
(Pierce, Rockford, IL, USA). The intensity of each band was scanned with Quantity One software (Bio-Rad,
Hercules, CA, USA). The relative intensity of each band was normalized with the corresponding intensity of
GAPDH.

Determination of gene transcription levels

Total RNA was extracted using TRIzol reagent, and 500 ng RNA from each sample was used for
the reverse transcription using a cDNA synthesis kit (TaKaRa, Dalian, China). The reverse transcription
products were diluted with nuclearase-free water to a final concentration at 5 ng/pl. For real-time qPCR, 15
ng of cDNA in each reaction was analyzed using the 7500 Real-Time PCR System (Applied Biosystems). The
total volume of each reaction was 20 pl, containing 3 pl of diluted cDNA solution, 10 pl of 2x qPCR SYBR®
Fast qPCR Mix (TaKaRa), 0.4 pl forward and reverse primers (10 pmol/pl), 0.4 pul 50x ROX reference Dye I1
and 5.8 pul nuclearase-free water. GAPDH was employed as an internal control. The relative expression was
calculated with the AACt (cycle threshold) method. The following primers were listed: DNMT1 FP: 5’-TAC
CTG GAC GAC CCT GAC CTC-3’, RP: 5’-CGT TGG CAT CAA AGA TGG ACA-3’; DNMT3A FP: 5’-TAT TGA TGA GCG
CAC AAG AGA GC-3’, RP: 5’-GGG TGT TCC AGG GTA ACA TTG AG-3’; DNMT3B FP: 5’-GGC AAG TTC TCC GAG
GTC TCT G-3’, RP: 5’-TGG TAC ATG GCT TTT CGA TAG GA-3’; WRN FP: 5’-TGC AGC CAT TTC TTG TCA AA-3,,
RP: 5’-GAA GGA CAG TAG ATG ATT GTT GGA-3’; GAPDH FP: 5’-GCC ACA TCG CTC AGA CAC-3’, RP: 5’-GCC CAA
TAC GAC CAA ATC C-3’. The primer sequences for WRN and GAPDH were used as previously reported [18].
The condition for amplification was: 95 °C for 5 min, [95 °C for 25 s, 60 °C for 60 s] 40 cycles.

Ubiquitination study

The cells were treated with or without Kae in the presence of cycloheximide (CHX) (Sigma-Aldrich)
at 50 pug/ml to inhibit protein synthesis for 6, 12 and 24 h, respectively. The degradation of DNMT3B was
detected with western blotting.

The cells were treated with MG132 (Sigma-Aldrich) at a final concentration of 5 pM with or without
Kae for 6 h. Then, the total protein in each group was extracted and immuno-precipitated with Protein
G Magnetic Beads (Thermo Fisher) and rabbit-anti-DNMT3B antibody. The precipitates were washed and
eluted. The status of ubiquitination was detected by using regular western blot with an Ub antibody (Santa
Cruz). DNMT3B in the total protein of each group were employed as inputs.

Statistical analysis

The data were indicated as the mean+S.D. obtained from at least three independent experiments. The
differences between groups were calculated using a two-tailed Student's t-test performed using the IBM
SPSS 19.0 software (SPSS Inc., Chicago, IL, USA). The statistical significance was defined as P<0.05. For the
differential DNA methylation, the IMA package in R (Illumina) was used. Differential methylation values
such as AB and P values were calculated. Sites for which |AB|20.1 and P<0.05 were considered differentially
methylated.

Results

Kaempferol inhibits bladder cancer growth in vivo

To analyze the effects of Kae on bladder cancer in vivo, bladder cancer xenografts were
prepared with T24 cells. Nude mice bearing tumor xenografts were treated with Kae (150
mg/kg/day) or vehicle for 31 days. As expected, Kae treatment significantly inhibited the
growth of xenografts (Fig. 1A). The volume of the xenografts was smaller in Kae-treated mice
than in vehicle-treated mice (Fig. 1B).

Kaempferol does not vary the global content of 5-methylcytosine in bladder cancer

To analyze whether Kae regulates DNA methylation in bladder cancer, total DNA from
bladder cancer xenografts was extracted. We firstly evaluated global DNA methylation by
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detecting 5-methylcytosine. However, we found that Kae did not alter the global content of
5-methylcytosine in the xenografts (Fig. 2A).

Kaempferol modulates DNA methylation in bladder cancer

To more precisely describe the effects of Kae on DNA methylation, an HM450K
microarray was used to detect differential DNA methylation positions (dDMPs). We found
that there were 103 dDMPs associated with genes, including 50 hyper-methylated (48.5%)
and 53 hypo-methylated (51.5%). The dDMPs were associated with 82 genes, and encoded
126 transcripts, including 61 hyper-methylated (48.4%) and 65 hypo-methylated (51.6%)
(Fig. 2B).

The dDMPs were distributed as follows: 17% in the island region, 11% in the N-shelf,
14% in the N-shore, 6% in the S-shelf and 11% in the S-shore. The distribution of dDMPs
in the different regions was calculated. We found that the number of hypo-methylated
sites in the CpG island region was larger than that of hyper-methylated sites. These dDMPs
distributed in the genes were listed as follows: 35% in the gene body region, 2% in the first
exon, 8% in the TSS200, 21% in the TSS1500, 11% in the 5’"UTR and 3% in the 3'UTR. The
dDMPs in the TSS1500, TSS200 and 5’'UTR regions were more frequently hypo-methylated,
whereas in the gene body region, they were more frequently hyper-methylated after Kae
treatment.

The differentially DNA methylated regions (dDMRs) were analyzed. We found that
11 dDMRs were associated with coding genes, including 3 hyper-methylated and 8 hypo-
methylated. In our HM450K microarray data, we found that the TSS200 region of WRN
promoter was hypo-methylated. The promoter of this gene contains CpG rich region that
can be regulated by DNMT3B [19]. To validate the DNA methylation, we detected the
DNA methylation changes in the TSS200 region of WRN promoter using pyrosequencing
methylation analysis. We found that the methylation index was significantly downregulated
by Kae in bladder cancer xenografts (Fig. 2C). Consistently, the expression of WRN was
increased to 2.0-fold (Fig. 2D).
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Fig. 2. Kaempferol modulates DNA methylation in bladder cancer. (A) Global DNA methylation in xeno-
grafts was detected using Dot blotting. 5-Methycytosine was detected in genomic DNA of xenografts from
kaempferol (Kae)-treated mice and control mice. Methylene blue staining was employed as a control to in-
dicate total amount of DNA. (B) An I[llumina HM450K microarray was used to detect DNA methylation after
Kaempferol (Kae) treatment in xenografts. Differential DNA methylation is shown indicated as a heat map
(n=3 per group). (C) The methylation status of a 48 base pair containing CpG rich region in the promoter
of WRN was measured using pyrosequencing methylation analysis, and the methylation index in each CpG
sites are shown. (D) Relative expression of WRN in bladder cancer xenografts treated with or without Kae.
Data are expressed as the mean # S.D., and **P<0.01 compared with the control group (n=>5 per group).

Kaempferol regulates the expression of DNMT3B in bladder cancer cells

Given that Kae modulates DNA methylation in bladder cancer, we next investigated
whether the expression of DNMTs, which are crucial enzymes in the regulation of DNA
methylation, could be regulated by Kae. We detected the expression of DNMT1, DNMT3A and
DNMT3B. We found that treating T24 and 5637 cells with Kae in vitro resulted in a significant
downregulation of DNMT3B but could not vary the expression of DNMT3A or DNMT1 (Fig.
3A-D). Likewise, Kae treatment led to the downregulation of DNMT3B without altering the
expression of DNMT3A or DNMT3B in T24 cell-derived xenografts (Fig. 3E and 3F).
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Fig. 3. Kaempferol inhibits the expression of DNMTs. (A-D) T24 and 5637 cells were treated with Kaemp-
ferol (Kae, 40 uM) for the indicated time. The expression of DNMT1, DNMT3A and DNMT3B was measured
using western blotting (A, C). (E, F) The expression of DNMTs was detected in xenografts from nude mice
bearing bladder cancer treated with Kae (n=5) or vehicle (n=4) (E). GAPDH was employed as an internal
control. The DNMTs/GAPDH ratio for relative expression is shown (B, D, F). (G, H) The transcription of DN-
MTs in Kae-treated bladder cancer cells. The transcription of DNMT1, DNMT3A and DNMT3B in T24 (G) and
5637 (H) cells was measured using real-time quantitative PCR. Data are expressed as the mean * S.D., and
*P<0.05, **P<0.01 compared with the control group.

Kaempferol promotes the ubiquitination of DNMT3B

We then investigated whether the transcription of DNMTs was regulated by Kae. T24
and 5637 cells were treated with Kae for 24 and 48 h, respectively. The transcription of
DNMT1, DNMT3A and DNMT3B was detected by using real-time qPCR. We found that Kae
did not vary the transcription of DNMT1 or DNMT3A. However, the transcription of DNMT3B
was extraordinarily increased induced by Kae at 24 and 48 h post treatment (Fig. 3G and 3H).

The amount of a protein is mostly affected by its synthesis and degradation. Because
the transcription of DNMT3B is not paralleled with its protein levels after Kae treatment,
we therefore speculated that Kae might activate its degradation pathway. The degradation
of DNMT3B is mostly dependent on the Ub-proteasome pathway [20]. Therefore, we
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investigated the degradation of DNMT3B by using the protein synthesis inhibitor CHX. Our
results indicated that the protein levels of DNMT3B were reduced within 24 h after CHX
treatment, whereas its levels were reduced within 12 h in the presence of Kae (Fig. 4A).
These data indicated that Kae promoted the degradation of DNMT3B in bladder cancer cells.

We next inhibited the proteasome by administering MG132, and total protein from each
group was immuno-precipitated with anti-DNMT3B antibody. In the presence of MG132, we
found that Kae significantly promoted the ubiquitination of DNMT3B both in T24 and 5637
cells (Fig. 4B). These results indicated that Kae downregulated the protein levels of DNMT3B
by promoting its Ub-proteasome degradation.

Discussion

Targeting proteins belong to the epigenetic machinery using natural compounds is a
promising area for the epigenetic therapy of cancer [21-26]. Some flavonoids, such as EGCG,
can inhibit tumor growth by inhibiting DNA methylation [16]. However, the effects of Kae, a
natural product that is present in many fruits and vegetables, on DNA methylation remain
unclear. In this study, we found that Kae may modulate DNA methylation in bladder cancer
by using epigenomic assays.

The effects of Kae on regulating histone deacetylases and non-coding RNAs have been
reported [27, 28], which may be closely associated with bladder cancer progression [29,
30]. DNA methylation, as a common epigenetic modification, regulates the expression of
genes. To our knowledge, the present study for the first time reported the effects of Kae on
DNA methylation. Our data indicated that Kae did not vary the content of 5-methylcytosine,
a biomarker for global DNA methylation, in bladder cancer xenografts. It modulated DNA
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methylation in specific positions. Kae induced both hyper- and hypo-methylation in the
genomic DNA of bladder cancer, which may result in the differential expression of the
associated genes. In this study, we found that the TSS200 region of WRN promoter was
hypo-methylated and its expression was upregulated by Kae. This gene encodes a RecQ like
helicase, which promotes DNA repair in response to chemotherapy drugs [31]. In addition,
RF(C3, a replication factor that promotes tumor growth [32], was hyper-methylated in the
TSS1500 region, which might induce the downregulation of its expression and inhibit tumor
growth. GSTT1, encoding a glutathione S-transferase, its polymorphism was reported to
be associated with the susceptibility to bladder cancer [33]. Our data indicated that Kae
induced a hypo-methylation in the first exon of GSTT1, which might cause an increase of its
expression. However, these results remain to be validated.

DNMTs are key enzymes in the regulation of DNA methylation. The DNA methylation
is mostly relied on the expression of DNMTs. DNMT3A and DNMT3B are mostly associated
with de novo DNA methylation, whereas DNMT1 is associated with maintaining the DNA
methylation patterns of genes [34, 35]. The spectrum of target sequences for DNMT3A and
DNMT3B are different [36], therefore, selective inactivation of DNMT3A or DNMT3B may
result in different DNA methylation. In the present study, we investigated the expression
of these enzymes in bladder cancer after Kae treatment. We found that Kae inhibited the
expression of DNMT3B without altering the expression of DNMT1 or DNMT3A, in both T24
and 5637 cells in vitro and in the xenografts. In bladder cancer, the increasing of DNMT3B
silences some tumor suppressors and thereby promote tumor progression [37]. Targeting
DNMT3B may inhibit the tumor progression and increase the sensitivity to chemotherapy
[38]. In Kae treated bladder cancer cells, the downregulation of DNMT3B as well as its
regulated genes may contributed to the growth inhibition of bladder cancer.

The expression of DNMT3B is mostly dependent on its biosynthesis and degradation. In
the present study, we observed that the transcription of DNMT1 and DNMT3A was notaltered
by Kae treatment. In contrast, the transcription of DNMT3B was upregulated, not paralleled
with its protein levels. This effect might be a feedback to the decrease of the DNMT3B protein.
In the present study, we identified that Kae promoted DNMT3B degradation in bladder
cancer. Because the degradation of DNMT3B is dependent on the Ub-proteasome pathway
[20], we found the Ub-conjugation of DNMT3B was indeed upregulated by Kae treatment.
The activation of the Ub-proteasome pathway for the degradation of DNMT3B is dependent
on the PI3K/Akt signaling pathway [20]. Phospho-Akt interacts with DNMT3B and prevents
its degradation [20]. Our previous data indicated that Kae inhibits the activation of the
PI3K/Akt pathway by increasing the tumor suppressor phosphatase and the tensin homolog
deleted on chromosome 10 (PTEN) in bladder cancer [13]. This effect of Kae may cause the
instability of DNMT3B and thereby promote its degradation via enhancing ubiquitination.
Therefore, these results indicated that the downregulation of DNMT3B induced by Kae
might be associated with the PI3K/Akt-associated Ub-proteasome pathway.

Taken together, our data indicate that Kae modulated DNA methylation and
downregulated the level of DNMT3B through promoting its Ub-proteasome degradation.
Therefore, Kae, a natural product with low toxicity, may be a novel DNMT3B inhibitor in
bladder cancer.
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