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Background: Protein arginine methyltransferases (PRMTs) regulate protein biological activity by modulating arginine
methylation in cancer and are increasingly recognized as potential drug targets. Inhibitors targeting PRMTs are cur-
rently in the early phases of clinical trials and more candidate drugs are needed. Flavokawain A (FKA), extracted from
kava plant, has been recognized as a potential chemotherapy drug in bladder cancer (BC), but its action mechanism

Methods: We first determined the role of a type Il PRMT, PRMTS5, in BC tissue samples and performed cytological
experiments. We then utilized bioinformatics tools, including computational simulation, virtual screening, molecular
docking, and energy analysis, to identify the potential use of PRMTS5 inhibitors for BC treatment. In vitro and in vivo
co-IP and mutation assays were performed to elucidate the molecular mechanism of PRMT5 inhibitor. Pharmacology
experiments like bio-layer interferometry, CETSA, and pull-down assays were further used to provide direct evidence

Results: Among PRMTs, PRMT5 was identified as a therapeutic target for BC. PRMT5 expression in BC was corre-
lated with poor prognosis and manipulating its expression could affect cancer cell growth. Through screening and
extensive experimental validation, we recognized that a natural product, FKA, was a small new inhibitor molecule for
PRMT5. We noticed that the product could inhibit the action of BC, in vitro and in vivo, by inhibiting PRMT5. We fur-
ther demonstrated that FKA blocks the symmetric arginine dimethylation of histone H2A and H4 by binding to Y304

Conclusions: In summary, our research strongly suggests that PRMT5 is a potential epigenetic therapeutic target in
bladder cancer, and that FKA can be used as a targeted inhibitor of PRMT5 for the treatment of bladder cancer.
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Background

Bladder cancer (BC) is the most common type of urinary
cancer worldwide, with high recurrence and mortality
[1]. Although numerous novel treatment regimens have
been applied in the recent decade, no radical improve-
ment in prognosis has been achieved in clinical practice.
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To date, local or systemic chemotherapy using widely
accepted drugs is still the best therapeutic interven-
tion to assist in surgery for BC treatment [2]. Although
immune checkpoint inhibitors (ICIs) have emerged as
an effective alternative for managing advanced disease
and have shown durable responses in a subset of patients
with BC [3], unfortunately, the overall response rate is
only approximately 15-25% [4]. To improve the outcome
of patients with BC, we need to urgently explore more
therapeutic targets and identify appropriate drugs for
treating BC [5].

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13046-022-02500-4&domain=pdf

Liu et al. J Exp Clin Cancer Res (2022) 41:293

Unbalanced methylation is gradually being accepted
as a potential driver in human cancers [6]. Although
lysine methyltransferases are widely known to regulate
gene expression coupled with BC development, arginine
methyltransferases and their roles in BC remain obscure
[7]. Protein arginine methyltransferases (PRMTs) are
enzymes that transfer a methyl group from S-adenosyl-
L-methionine (SAM) to the substrate arginine side chain
and can be categorized into different subtypes based on
their catalytic routes [8]. Arginine methylation disor-
der has been reported to be prevalent in breast, lung,
and colon cancers and leukemia [9]. Most PRMTs have
been implicated in the regulation of cancer-associated
epigenetics and chromatin transcription signaling, RNA
metabolism, and DNA repair [10]. Recent reports have
shown that some PRMTs play indispensable roles in
regulating BC and are closely related to the proliferation,
invasion, and poor prognosis of the disease [11]. How-
ever, no systematic analysis on PRMTs in BC has been
performed to date, and the type of PRMT that specifi-
cally promotes the development of BC remains unknown.

The roles of PRMT enzymes in numerous diseases
have spurred significant interest in targeting them phar-
macologically [12]. Among these enzymes, including
EPZ015866, EPZ015666, GSK3326595, and LY-283, the
development of PRMTS5 inhibitors is the most attractive
approach [13-16]. Although some inhibitors have shown
an inhibitory effect on PRMT5 enzyme activity and func-
tion, their toxicity and therapeutic effect are still being
investigated [17].

Kava has been used for treating inflammatory bladder
diseases for more than 100years, and chalcones are the
main classes of compounds identified from kava extracts,
including flavokawain A, B, and C [18, 19]. These chalcones
have also been found to have strong anti-tumor activity
against various cancers, such as colon, lung, gastric, and
breast cancers [20-25]. FKA, in particular, has a unique
anti-cancer activity against urinary tract tumors [26]. Studies
have demonstrated that FKA has the strongest anti-BC
activity among the kava extracts discovered till date [27].

In previous studies, FKA could induce apoptosis in BC
cells via the involvement of Bax protein-dependent and
mitochondria-dependent apoptotic pathways [27]. In
addition, FKA could induce a G2-M arrest in the bladder
and prostate cancer cells [28, 29]. In mouse models, FKA
targeted the activated Ha-Ras pathway for the preven-
tion and treatment of non-muscle invasive BC [30]. FKA
is not metabolized by the liver, but is mainly concen-
trated in urine, indicating that orally administrated FKA
could specifically act on urinary tract carcinoma [28].
Meanwhile, no organ toxicity has been observed when
administering FKA [31]. Thus, FKA may be a promising
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anti-bladder cancer drug, and its potential anti-cancer
mechanism warrants further exploration.

The present study revealed that PRMT5 was the most
specific epigenetic regulator of all PRMT enzymes
involved in BC and was highly correlated with the malig-
nant characteristics of the disease. We identified FKA
as a specific inhibitor targeting PRMT5, which could
disrupt the binding of PRMTS5 to histone H2A and H4,
thereby inhibiting the symmetric arginine dimethyla-
tion level of histones. Our current findings suggest that
PRMTS5 is an attractive molecular target, and that FKA
may be an effective small natural molecule drug for treat-
ing BC patients with abnormal PRMT5 activity.

Methods

Cells and reagents

Bladder tumor cell lines, UMUC3 and T24, and urothe-
lial cell line, SV-HUC-1, were acquired from the cell
bank of the Chinese Academy of Sciences and cultured
in high glucose DMEM or PRMI 1640 medium with 10%
FBS (Gibco, Thermo Fisher Scientific, USA). All reagents
[EPZ015666 (22nM), GSK3326595 (6.2 nM), gemcitabine
(7.5ng/mL), cisplatin (100 mg/mL)] were purchased from
MedChemExpress, and various concentrations FKA were
used to treat UMUCS3 and T24 cells.

Cell transfection

Transient transfection was performed using LipoFiter
3.0 (HANBIO Corporation, China) to introduce plasmid
into cells. A PRMTS5 expression cell line was constructed
using lentivirus, and stable transfected cells were selected
using puromycin.

Patients and clinical samples

Surgically removed BC specimens and their adjacent nor-
mal counterparts were collected from the First Affiliate
Hospital of China Medical University. The samples were
stored at —80°C after collection. The study design was
approved by the Institutional Ethics Committees at the
First Affiliate Hospital of China Medical University. The
patients’ medical records are provided in Supplementary
Table; all study participants provided informed consent
before specimens were collected.

Western blotting

Cell lysates were extracted, standardized, and attenuated
for electrophoresis. Proteins were separated using 10%
SDS-PAGE and transferred onto PVDF membranes. The
membranes were then blocked at room temperature and
incubated with the primary and secondary antibodies. The
antibodies used are listed in the Supplementary Table.



Liu et al. J Exp Clin Cancer Res (2022) 41:293

Co-immunoprecipitation

Antibodies were incubated with cell lysates prepared
as described above in the presence of magnetic beads
(MedChemExpress Corporation, China). Proteins were
separated from beads by heating with SDS-containing
loading buffer.

Immunofluorescence
Cells were fixed in 4% paraformaldehyde and permeabi-
lized using 5% Triton X-100. Antibodies were incubated in
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5% FBS overnight; DAPI staining was performed to visu-
alize the nuclei. A confocal microscope (Olympus, Japan)
of 100 magnification was used for obtaining images.

Streptavidin agarose affinity assay

Briefly, HEK293T cells were transfected with PRMT5-
Flag and treated with 40uM Biotin—FKA for 4h. The
cells were then lysed in lysis buffer, and cell lysates were
incubated with streptavidin agarose overnight at 4°C.
Next, the streptavidin agarose beads were denatured
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and re-suspended in SDS-containing loading buffer. The
results were obtained using anti-PRMT5 or anti-Flag
antibody.

Cellular thermal shift assay (CETSA)

CETSA was conducted as previously described by Lutz
etal. [32]. Plasmid EPL-tagged PRMT5-WT or EPL-tagged
PRMT5-Mut was transfected into T24 and UMUC3
cell lines. The cells were diluted to 1.25 x 10° cells/mL in
a growth medium and inoculated into a 24-well plate, to
which 40 uM FKA was added, and then incubated at 37°C
and 5% CO, for 1h. The plate was then gradually heated
from 40 to 68°C, with temperature increments of 2°C
for 3min each time. The plate was then immediately
supplemented with the cell lysis and detection reagent.
After 30min of incubation at room temperature, the
chemiluminescence was determined using a Multimode
Microplate Reader. Data were collected, and melt curves
were plotted in GraphPad Prism using a Boltzmann
sigmoidal fit.

Bio-layer interferometry assay

An Octet K2 system was used for conducting the bind-
ing experiments on the PRMT5 proteins with FKA sam-
ples. All PRMT5 samples were prepared in Octet buffer
(20mM Tris-HCI, pH8.0) at a concentration of 10 utM/L.
Random-biotinylated FKA proteins were prepared at con-
centrations of 2, 3, and 4pM. The hydrated streptavidin
biosensors (ForteBio) first captured the biotinylated spike
proteins for 60s, and were then transferred to Octet buffer
for 60s to remove unbound proteins and provide the base-
line. Then, they were immersed in diluted FKA samples for
120s to provide the association signal, followed by transfer
into Octet buffer to test for a disassociation signal for 240s.
The generated data were analyzed using the ForteBio Data
Analysis software for correction and curve fitting.

qRT-PCR

Total RNA was extracted using TRIzol reagent, cDNA
was synthesized using the PrimeScript RT Master Mix
kit (Takara Bio, China). The PCR panel was obtained
using the SYBR Premix Ex Taq kit (Takara Bio, China),
according to the manufacturer’s instructions. The primer
sequences used are listed in the supplement table.
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CCK-8 assay

Cells were added into 96-well plates and imposed with
certain conditions. CCK-8 reagent (GlpBio Tech.) was
added with fresh medium after treatment, and absorb-
ance was measured at 450 nm.

Apoptosis assay

The apoptotic percentage of cells was assessed using
an AnnexinV-FITC Apoptosis Detection Kit (BD Bio-
sciences, USA). Briefly, treated cells were centrifugated
at 1000x g for 5min, washed twice with PBS, and resus-
pended in the 400 uL 1x binding buffer; 5uL of Annexin
V-FITC and propidium iodide were added in turn and
mixed. The treated cells were placed in the dark at room
temperature for 5-15min, after which flow cytometry
analysis was performed.

Xenograft mice model

Four-week-old Balb/c nude mice were prepared at the
China Medical University and experiments were con-
ducted in accordance with the institutional guidelines
approved by the Animal Care and Use Committee (IACUC
Issue No. KT2022608). Approximately 5x 10° cells per
mouse, wild-type or PRMT5 knockdown UMUCS3 cells,
were injected subcutaneously, and FKA (30mg/kg, dis-
solved in DMSO) was injected around the tumor in the
wild-type group every 3days. After 24 days of continuous
observation, the mice were sacrificed, and the weights of
xenografted tumors and mice were recorded.

Bioinformatics analysis

The Cancer Genome Atlas Program (TCGA) dataset was
downloaded for mining in R [33]. WGCNA and ssGSEA
were used for data analysis [34, 35]. A detailed descrip-
tion is provided in the Supplementary Materials.

Molecular docking and dynamic simulation

The Glide docking method in Schrodinger software was
used to predict the binding pattern of FKA and PRMT5
(PDB ID: 4X60), which generated a PDB file of the FKA-
PRMT5 complex. Molecular dynamics simulations of
the complex were performed using Amberl4. The gen-
eral AMBER force field (GAFF) was used for FKA, and

(See figure on next page.)

Fig. 2 PRMTS5 expression correlated with poor prognosis in BC tissues and cell lines. a Gene ontology analysis for the biological process of
differentially expressed genes based on PRMT5 expression in three BC datasets. b KEGG annotation of differentially expressed genes based on
PRMTS expression in three BC datasets. ¢ Kaplan—Meier analysis of survival prognosis based on PRMT5 expression in GEO datasets. d gPCR analysis
of PRMTS5 expression in BC tissues and adjacent normal bladder tissues. e Kaplan—Meier analysis of survival based on PRMT5 expression in patients.
f Western blot analysis of PRMT5 expression and histone methylation level in BC tissues and adjacent normal bladder tissues. g Cell viability analysis
of different BC cell lines by knocking down PRMT5 or treatment with gemcitabine and cisplatin
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the ff14SB force field was used for PRMT5. Molecular
mechanics optimization and molecular dynamics simula-
tion of all compounds were performed using the Sander
or Pmemd procedures in Amberl4. The binding free
energy was calculated using the MM/PBSA method.

Pattern drawing
The pattern diagram was drawn using the Figdraw software.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
software. All data were presented as the mean=+SD of at
least three independent experiments, and all differences
between the indicated groups were tested using the Stu-
dent t-test or one-way ANOVA. Statistical significance was
considered at p<0.05 (* represented p <0.05; ** represented
p<0.01; and *** represented p <0.001).

Results

PRMT5 was a BC prognostic factor among arginine
methyltransferases

To assess whether PRMT family expression was associated
with the development of BC, we performed an analysis of
the PRMT family expression, which showed that most
PRMTs were upregulated in tumor tissues compared with
those in normal counterparts (Fig. 1a). However, as the dis-
ease progressed, only PRMT5 was correlated with deterio-
rating prognosis (Fig. 1b). Furthermore, only PRMT5 was
positively correlated with immune cell infiltration in BC,
and immune gene set analysis showed that various types
of immune cell were more active in the group with high
PRMTS5 levels, indicating a potential sensitive response
target for immune therapy (Fig. 1c, d). Drug sensitivity
screening showed that an increase in PRMTs levels leads
to resistance to most drugs. Cetuximab, an EGFR inhibitor,
was uniquely positively correlated with PRMT expression,
which indicated that EGER inhibitors may have a considerable
effect on PRMT-positive BC patients (Fig. 1e).
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This indicated that PRMT5 was a BC-prognosis asso-
ciated arginine methyltransferase. Weighted gene co-
expression network analysis on PRMTs identified the most
correlated gene module with PRMT5 expression, and func-
tional enrichment analysis showed that this module was
correlated with the cell cycle and chromatin region, indi-
cating the involvement of PRMT5 in regulating chromatin
remodeling and alternative splicing (Fig. 1f and Supplement
Figure Sla). After analyzing the chromatin remodeling
results, we noticed that most BC marker genes changed
in line with PRMT5 expression, and genes correlated with
growth signal were upregulated (Supplement Figure S1b).

Correlation of PRMT5 expression in BC tissues and cell lines
with poor prognosis

To explore the function of PRMT5, we combined several
transcriptome datasets into a validation set and annotated
different PRMT5 expression groups. We observed that
a high PRMT5 expression level could activate DNA and
RNA regulation pathways that modulate chromatin stabil-
ity (Fig. 2a, b). Kaplan—Meier analysis on these data also
showed poor prognosis with high PRMT5 expression levels
(Fig. 2¢). In immune therapy cohort, though not presenting
a significant p-value, high PRMT5 expression shortened the
median survival time by approximately 4 months, which
may impede the effectiveness of atezolizumab (Supplement
Figure S1c). To confirm these results, we tested the expres-
sion of PRMT5 in BC tissues. We found that PRMT5 was
aberrantly overexpressed in tumor samples, resulting in
poor overall survival in our cohort and that it was correlated
with the progress of the disease, as shown in the stained BC
tissue (Fig. 2d, e and Supplement Figure S1d). Compared
with normal tissue, the methylation level of arginine on his-
tone H4 and H2A increased in tissues expressing high lev-
els of PRMT5; this may suggest that PRMT5 contributed to
the abnormal histone arginine methylation in BC (Fig. 2f).
Furthermore, PRMTS5 silencing significantly attenuated cell
viability in BC tissues and different cell lines, but had a mini-
mal effect on normal urothelial cells; silenced PRMT5 in

(See figure on next page.)

Fig. 3 Evaluating FKA as a candidate drug for targeting PRMT5. a PRMT5 candidate inhibitors ranked by docking score. b Docking model exhibited
the binding model between FKB and PRMT5. ¢ Chemical structure of FKA. d Cell viability assay performed after treatment with FKA, and FKA

IC50 were calculated in T24 (left) and UMUCS3 (right). Data are presented as the mean 4 SD of three replicates. @ PRMT5 expression changes after
treatment with different concentrations of FKA at different times, in T24 (left) and UMUCS3 (right). f Cell viability measured in T24 (upper) and UMUC3
(lower) after PRMT5 expression knockdown or treatment with 40 uM FKA. FKA treatment rescue effect tested in BC cells overexpressing PRMT5. Data
are presented as the mean £ SD of three replicates. ** p <0.01, *** p <0.001, using one-way ANOVA test. g Cell apoptosis measured after PRMT5
expression knockdown, 40 uM FKA treatment, and FKA treatment in T24 overexpressing PRMT5 using flow cytometry (left). Apoptosis rates for
replicated assays were counted (right). Data are presented as the mean £ SD of three replicates. ** p<0.01, *** p<0.001, using Student’s t-test. h
Cell viability changes after treatment with 40 uM FKA, two PRMT5 inhibitors and BC first-class chemotherapy drug. Synergetic effect on cell viability
upon co-treatment with FKA or PRMTS5 inhibitors and GC in T24 (left) and UMUCS3 (right). Data are presented as the mean = SD of three replicates.
**p<0.01,** p<0.001, using one-way ANOVA test. i BC regulon gene changes after adding FKA to T24, measured using PCR, and the fold changes
were standardized and normalized by log10. Data are presented as the mean =+ SD of three replicates




Liu et al. J Exp Clin Cancer Res (2022) 41:293 Page 7 of 15
a b c
Small molecules of Docking (var
natural products score N B/
- ) ‘PHE o
Flavokawain B -10.965 (IRD) (80 ) \:\ =
579 ( \ _—
. _ 2 L (TYR,
Isoacteoside 10.208 ~, l 37 ey OH O
Narcissoside -9.824 @ ‘,A'L R =
- . P 301
Chlorhexidine Hydrochloride -9.622 &
~0 o~ o~
Naringin Dihydrochalcone  -9.540 oo ~o on Vi)
\ ) 300
. 312 <’
Harpagoside -9.273 4% - .
pag Flavokawain A
Nocodazole -9.151 (VAL
326
d e
100 T24 1004 UMUC3
=o= 24h wo= 24h T24
o cnd _ 10
i 80 IC50—4‘§3h.67uM X 80 1C50=42.88uM o= Ctrl
§ 60 1:5-0 29.03uM g caone 84 i‘lgARMTS
h =29.03 60 — 1=
- = IC50=2537WM & " | . PRMTS5 OE+FKA i
E 40 E 404 3 6 Sk
¥ <
@ 207 & 20 = 4
)
N Q
0 T T T T 1 0 T T T T 1 2
0 20 40 60 80 100 0 20 40 60 80 100
Concentration of FKA [uM] Concentration of FKA [uM] 0 T T T |
f o 0 24 48 72 96 (h)
g S >
FKA FKA & @$ NI ,§$
na UMUC3
PRMTS PRMTS -~ = cm
- - === ShPRMT5
84 == FKA
£ |- PRMT5OE+FKA e
a-Tubulin a-Tubulin | ‘.§ 6 R
=
. » & & = 4
Time Time & & & & & § g4
T i—v—1 &)
PRMTS PRMTS |
T T T 1
. . h
a-Tubulin a-Tubulin 24 48 72 96 (h)
g T24
o cery ]
shPRMT5 E‘ s
FKA
xx
PRMT5 OE+FKA
¢ 0 5 10 15 20
i
UMUC3 KLFa
Ctel- 1 ctrl- | Foxm
1
a9 S I oAAG
EPZ015666] ' EPZ015666] A RARA
GSK3326595 HE, GSK3326595- Jv R’,ié% 0
ESR
. - FGFR1
GC Eh GC } Foxal
FKA+GCH Q—J FKA+GCH Al
% % %| % % %| ERBB2 -1
EPZ015666+GC o . EPZ015666+GC- . el
ESR
. - PRAR
GSK3326595+GC } GSK3326595+GC }m PRARG
T T T 1 T T T T 1 RXRA
0 20 40 60 80 100 0 20 40 60 80 100 ctrl FKA
Cell viability Cell viability

Fig. 3 (See legend on previous page.)




Liu et al. J Exp Clin Cancer Res (2022) 41:293 Page 8 of 15

— Complex
— Pocket
— Ligand

=
/ Phe577 \

Tyr304

RMSF (A)

Phe580

0 T T T T T T
100 200 300 400 500 600
Residue

3 0.0 i I Y L‘ L} d

g [ Fitting View

8 0.5 : - 4pM

£ | Pl

3 3pM

5 1.0 0.10 :

g Ser39 . . 2pM

[0} Phe577|

8 15 Phe327 o e o

= Tyr304| e < N i ) 'k

2., Fhesso 005 e N

2 - ™ e

s Leu309 A \“"“w-m,_\___

-2.5 f : e
0 :
-3.0 T T ‘l T T T 0 100 200 300 400 500 600
100 200 300 400 500 600 Time (s)
Residue
e f
PRMT5 FKA-Bio DAPI Merge

Fig. 4 FKA binding to PRMT5 in BC cells. a The Glide docking method in Schrodinger software was used to predict the binding pattern between
PRMTS5 and FKA. The high-resolution docking model of FKA binding to PRMT5 was used to identify potential binding sites. b The Gaussian09
software package of Amber software was used to analyze the molecular dynamic simulations of FKA binding to PRMT5, and the corresponding
RMSD (Upper) and RMSF (lower) scores were calculated. ¢ Binding free energy analysis of FKA to amino acid residues of PRMT5. d Bio-layer
interferometry detected the combination and dissociation process of FKA and human recombinant PRMT5 to determine the affinity between
FKA and PRMTS. e Pull-down assays confirmed that biotin cross-linked FKA could precipitate with PRMTS5 in 293T cell lysis. f Confocal microscopy
images indicate the co-localization of FKA with PRMT5 in T24 cells. PRMTS5 (green fluorescence), FKA (red fluorescence), DAPI (blue fluorescence),
and the merge images presents the integration of the three kinds of fluorescence




Liu et al. J Exp Clin Cancer Res (2022) 41:293

the gemcitabine and cisplatin (GC)-treated group showed a
synergetic inhibitory effect (Fig. 2g).

Evaluation of FKA as a candidate drug for targeting PRMT5
To date, no drugs targeting PRMTS5 in clinic trials are
reported to be effective against BC [9]. We utilized high-
throughput screening to identify small molecular com-
pounds that could specifically bind to PRMT5. After
ranking, we found that flavokawain B (FKB), an extract
from the kava plant, presented the highest binding score
(Figs. 3a, b). Zi et al. recognized FKA as a major com-
ponent in kava and showed that it had a major effect on
inhibiting BC tumorigenesis (Figs. 3c) [30]. We tested
the effective dose of three kava extracts, FKA, FKB, and
FKC, and found that BC cells were most sensitive to FKA
(Figs. 3d and Supplement Figure S2b, c); FKA had no
growth inhibitory effect on normal urothelial cells (Sup-
plement Figure S2a). In addition, dose- and time-depend-
ent PRMTS5 degradation was observed in relation to FKA,
indicating a clearance of inactive PRMT5 caused by FKA
administration (Fig. 3e). Meanwhile, BC cells treated with
FKB or FKC presented no impact on PRMT5 expression
(Supplement Figure S2d, e). FKA treatment had no influ-
ence on other PRMT proteins (Supplement Figure S2f).
Collectively, our observations indicated that FKA could
specifically inhibit PRMTS5.

PRMTS5 knockdown or FKA treatment attenuated BC
cell viability; however, the artificial overexpression of
PRMT5 limited the effect of FKA at the same concen-
tration (Fig. 3f). Furthermore, both PRMT5 knockdown
and FKA treatment could induce apoptosis in BC cells;
however, using the same FKA concentration, its effect
was abated in the high PRMT5 expression group, indi-
cating a dose-dependent relationship between the effect
of FKA and PRMTS5 expression (Fig. 3g and Supplement
Figure S3a, b). Compared with two PRMT5 inhibitors,
EPZ015666 and GSK3326595, a better response against
BC cells was observed in the FKA-treated group (Fig. 3h).
The synergistic effect of PRMTS5 inhibitors with GC regi-
men indicated that FKA had a synergistic effect with
GC, and that it was more efficient than the two PRMT5
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inhibitors when combined with these chemothera-
peutic drugs [36]. Moreover, a synergistic inhibitory
effect was observed when combining PRMTS5 silencing
or FKA with cetuximab, the EGFR inhibitor sensitive
to PRMTS5 expression, as indicated by bioinformatics
(Supplement Figure S3c). These data indicate the great
potential for exploring combination therapy for targeting
PRMTS5.

FKA binding to PRMT5

To elucidate the mechanism of the binding process, we
constructed a docking model and showed that FKA was
localized at the arginine-binding pocket of PRMT5 and
formed five hydrogen bonds at Tyr304, Ser439, Phe577,
Ser578, and Phe580 with PRMT5 (Figs. 4a). The molecu-
lar dynamic simulations showed that FKA stably binds
with PRMT5 over a short time, enduring little fluctuation
(Figs. 4b). Seven amino acids, including Tyr304 (— 1.65kcal/
mol), Leu309 (—2.13kcal/mol), Phe327 (— 1.33kcal/mol),
Ser439 (—1.03kcal/mol), Phe577 (— 1.23 kcal/mol), Ser578
(—1.60kcal/mol), and Phe580 (—1.68kcal/mol) played
major roles in the binding of the FKA ligand with the active
pocket of PRMT5 (Fig. 4c).

To explore the mechanism of FKA interaction with
PRMTS5, we performed an in vitro bio-layer interferome-
try assay to directly visualize the binding process between
the two substances. The results showed that FKA could
adhere to PRMT5 at a low dose. The affinity constant
showed that the complex experienced a persistent com-
bination and rapid reversible dissociation process, sug-
gesting that the complex exhibited a robust combination
process (Fig. 4d and Supplement Figure S4a). In cell lysis,
the pull-down assay confirmed that biotin-labeled FKA
could precipitate with the native PRMT5 (Figs. 4e). The
CETSA assay fluorescence report also indicated that
the combination of FKA and PRMT5 could promote
the thermal stability of PRMT5 in BC cells (Figs. 5a and
Supplement Figure S4b). Florescence images indicated
the co-localization of PRMT5 and biotin-labeled FKA
(Fig. 4f). All results clearly indicated that FKA directly
binds with PRMT5.

(See figure on next page.)

PRMTS5 supplied with FKA and SAM in T24 cell

Fig. 5 FKA inhibition of the methylation activity of PRMT5. a Fluorescent report CETSA assay confirmed that 25 uM FKA treatment inhibited
PRMT5 degradation when heated, thus enhancing PRMT5 stability in T24. b Precipitation of H2A (left) and H4 (right) with PRMT5 and the
inhibition of histone binding with PRMT5 after adding FKA to T24. ¢ Methylation change on the third arginine of histone 2A and histone 4
when supplied with different concentrations of FKA and SAM in T24 (left) and UMUCS3 (right) cells. d PRMT5 functional site mutant plasmids
were induced in T24 cells, then a pull-down assay using biotin-labeled FKA was performed to determine the potential binding sites between
FKA and PRMTS5. e Fluorescent report CETSA assay performed for PRMTS5 expression when treated with FKA in wild-type and Y304A/ F580A
mutated PRMT5 in T24 cells. Data are presented as the mean = SD of three replicates. f Bio-layer interferometry detected the combination and
dissociation of FKA and Y304A mutated recombinant PRMT5. g Bio-layer interferometry detected the combination and dissociation of FKA and
F580A mutated recombinant PRMTS. h Arginine methylation changed at the third arginine of histone 2A, and histone 4 in Y304/F580 mutated
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Inhibition of PRMT5 methylation activity by FKA and that FKA treatment abrogated the substrates H2A
It is widely accepted that PRMT5 can regulate his- and H4, which precipitated with PRMTS5 (Figs. 5b, c).
tone dimethylation. We showed that FKA-treated BC  Furthermore, despite the elevated methylation level,
cells became less methylated on H2AR3 and H4R3, after the addition of SAM, FKA still inhibited histone
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methylation (Fig. 5¢). Methylated histones could modu-
late gene expression; thus, we evaluated the expression
changes of 23 consensual regulon genes vitally engaged
in BC when treated with FKA [37]. The results showed
that most of these genes decreased, indicating a pro-
found impact of FKA on BC cells (Fig. 3i and Supple-
ment Figure S3e). Moreover, bioinformatics-based
target prediction was used for predicting the down-
stream genes that FKA targeted, and pathway enrich-
ment showed most of them enriched in key pathways
related to BC (Supplement Figure S3d).

PRMT5 mutation abolished the effect of FKA on BC cells

To further confirm the mechanism of FKA binding with
PRMT5, we generated five mutated active sites in PRMT5
to elucidate the potential binding sites for FKA. By inter-
acting with biotin-labeled FKA, we found that muta-
tions in PRMTS5, at Y304 A and F580A, hindered complex
formation (Fig. 5d). Changes in these two amino acid
residues also led to the loss of affinity between PRMT5
and FKA (Fig. 5f, g). Moreover, the thermal stability of
PRMTS5 decreased in the control group compared with
that in the non-mutated group treated with FKA, suggest-
ing the reduced FKA action on mutated PRMT5 (Fig. 5e
and Supplement Figure S4c). Y304 and F580 regulated
PRMTS5 binding to the substrate and initiated methyla-
tion; the sequence of these two regions was highly con-
served in different species (Supplement Figure S4d). Our
results showed that the H2A and H4 arginine-methylation
were not affected when using mutant plasmids. After the
addition of SAM, the mutant group showed little meth-
ylation change. Further co-treatment with FKA and SAM
inhibited the histone methylation level in the wild-type
PRMT5-induced group but had an interesting neutraliz-
ing effect in the mutant group (Fig. 5h).

Mutated and wild-type PRMT5 had a similar effect
on the cellular viability of BC; however, cells contain-
ing mutated PRMT5 became resistant to FKA treatment
(Fig. 6a). We also found that mutated PRMT5 cells were
less sensitive to FKA-induced apoptosis compared with the
wild type (Fig. 6b). These results indicate that FKA targeting
of PRMTS5 in BC cells could be attenuated by mutating
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Y304 and F580, and the outcome may contribute to a con-
formational change in the mutated PRMTS5 structure.

PRMTS5 inhibition and FKA control of BC growth in vivo

As we noted that FKA could inhibit BC cell lines via tar-
geting PRMTS5, we further confirmed this effect in vivo.
We found that in subcutaneous xenografted mice, PRMT5
knockdown in BC cells or regular FKA injection could
shrink tumor size compared with that in the untreated
group (Fig. 6c-e). The arginine methylation level of his-
tone and BC-associated regulon gene results revealed
similar changes in both in vivo and in vitro experiments:
both H2A and H4 R3 methylation decreased upon PRMT5
knockdown and in the FKA treatment groups, and most
regulon genes significantly decreased (Fig. 6f, g).

Discussion
In the present study, we thoroughly analyzed PRMT
enzymes and found that their functions were inconsistent
in BC. Previous studies on arginine methyltransferases
in cancers have mostly focused on PRMT1, CARMI,
and PRMTS5 [38, 39]. In BC, however, we found that only
PRMT5 was positively correlated with poor prognosis,
increased drug resistance, and higher immune cell infil-
tration. These results highlighted the behavior of PRMT
enzymes in BC and provided evidence for designing dif-
ferent therapeutic strategies targeting PRMT enzymes.
PRMTS5 regulates arginine symmetrical dimethylation
on histone, a critical epigenetic regulator; thus a change
in PRMTS5 expression has a broad effect on downstream
gene expression, in collaboration with another tran-
scriptional regulator [40, 41]. Unlike trimethylation
on lysine, which usually presents the start of transcrip-
tion process, the effect of dimethylation is more flexible,
including both activation and suppression functions on
different histones [42]. Therefore, the aberrant expression
of PRMTS5 leads to different results for different types of
cells and the employment of PRMT5 inhibitors may have
a selective effect [43, 44].

Comparing FKA with PRMT5 inhibitors, EPZ015666
and GSK3326595, we observed that BC cells were more
sensitive to FKA, and a better response was observed

(See figure on next page.)

Fig. 6 PRMTS5 inhibition and FKA treatment inhibited BC growth in vivo. a Cell viability measured in wild-type or Y304/F580 mutated PRMT5

T24 (left) and UMUCS3 (right). The inhibition effect of FKA was tested in different groups. Data are presented as the mean = SD of three replicates.

*** p<0.001, *** p<0.0001, using one-way ANOVA test. b FKA induced cell apoptosis rate in wild-type, and Y304/F580 mutated PRMT5 T24

(upper) and UMUC3 (lower) cells. Data are presented as the mean = SD of three replicates. *** p <0.001, **** p <0.0001, using Student’s t-test. ¢
Subcutaneous tumorigenesis in Balb/c nude mice injected with control UMUC3 cells or PRMT5 knockdown UMUC3 cells, and FKA was injected
intraperitoneally. d Tumor volume was recorded during tumor growth in different groups of nude mice. Data are presented as the mean =+ SD of
three replicates. **** p <0.0001, using one-way ANOVA test. e Tumor weight measured from different groups of nude mice. Data are presented

as the mean = SD of three replicates. *** p <0.001, **** p <0.0001, using Student’s t-test. f Arginine methylation changed at the third arginine of
histone 2A and histone 4 in the subcutaneous tumor. g BC regulon gene changes in the control, PRMT5 knockdown, and FKA treated subcutaneous
tumor tissues. h Graph abstract of FKA targeting PRMT5-modulated histone arginine methylation in BC
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on combining them with the GC regimen. As a product
derived from a natural source, FKA interferes with mul-
tiple pathways [29]. The multiple potential function of
FKA may contribute to its higher activity against BC cells
compared with that of other PRMT5 inhibitors, and the
extensive effect of FKA on BC warrants further investiga-
tion. To clarify the effect of FKA, we evaluated the expres-
sion of core regulon genes in BC and found that FKA
significantly inhibited their transcriptional expression,
such as EGFR and FGFR3. The results indicated that FKA
may have a significant effect on these BC markers. We
observed a high overlap of the expression of these markers
after FKA treatment and PRMT5 knockdown. Combined
with other tests, we suggested that FKA could regulate
these genes through the inhibition of PRMT5 activity.

Although the FKA-PRMT5 binding mode was simi-
lar to the EPZ015666-PRMT5 binding mode, the binding
sites for FKA on PRMT5 were Y304 and F580, which pre-
sented strong hydrogen bond interaction [11]. Y304 had
been proven to be a direct site where PRMT5 can catalyze
the substrate peptide and can be phosphorylated by JAK2.
Therefore, it could strongly affect the binding of PRMTS5 to
H2A and H4 [45, 46]. F580, a predominant binding site for
EPZ015666, also affected PRMT5 binding with the sub-
strate peptide [11]. By targeting Y304 and F580, we found
that FKA affected the symmetrical arginine dimethylation
levels of H2A and H4. When these two amino acids were
mutated, the affinity between FKA and PRMT5 was lost,
and the levels of H2AR3 and H4R3 recovered. The combi-
nation of these two binding sites enhanced FKA response
in BC. Blocking these two sites uncoupled PRMT5 and
histone which led to the abnormal expression of BC core
genes and progression of the disease.

PRMTS5 is a competitive target for developing therapeu-
tic drugs. Three phase I/II clinical trials, NCT04676516,
NCT03886831, and NCT04089449, are investigating the
efficacy of different PRMT5 inhibitors in hematological and
solid tumors [47, 48]. The combination of PRMTS5 inhibi-
tors with other regimens has also received great attention.
NCT02783300 is evaluating PRMTS5 inhibitors with immu-
notherapy like PD-1 antibody and NCT04794699 is testing
the synthetic lethal effect of PRMTS5 inhibitor with MTAP
defect [49]. In our study, we also determined the combined
effect of PRMT5 with some clinically used drugs. Inhibiting
PRMTS5 increased the chemotherapeutic effect of cisplatin
and gemcitabine, and co-treatment of PRMT5 and EGFR
inhibitor significantly inhibited cancer cell growth. The
encouraging results of this work indicated that PRMT5 was
a suitable target for developing combined therapies with
other drugs [50]. Further exploring its synergetic effect with
PARP inhibitors, immunotherapeutic antibodies, or chemo-
therapeutic drugs is worthy for further research.
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Conclusions

In conclusion, we systematically analyzed the role of the
PRMT family in BC and confirmed that PRMT5 was
highly correlated with the malignant properties of BC
and could be an ideal epigenetic therapeutic target. As
the first natural small molecule inhibitor of PRMT5, FKA
had a strong inhibitory effect on BC and warrants further
development to translate it into clinical applications.

Abbreviations

BC: Bladder cancer; CETSA: Cellular thermal shift assay; FKA: flavokawain A; GC:
Gemcitabine and cisplatin; PRMT: protein arginine methyltransferase; SAM:
S-adenosyl methionine; TGCA: Cancer genome atlas program.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513046-022-02500-4.

Additional file 1: Supplementary Methods. Supplementary Table.
Correlation between expression of PRMT5 clinicopathological parameters
in 60 cases of bladder cancer patients. Fig. S1. (a) PRMT5 expression
correlated with BLCA gene signatures in the TCGA dataset. (b) PRMT5
expression correlated with BLCA marker genes in the TCGA dataset. (c)
Kaplan—-Meier analysis of survival prognosis based on PRMT5 expression in
Imvigor datasets. (d) IHC analysis of PRMT5 in different stage BC. (e) West-
ern blot analysis of PRMT5 expression and histone methylation level in BC
tissues and adjacent normal bladder tissues. Statistical analysis of protein
expression was shown on the right side. Fig. S2. (a) Cell viability assay
performed by treating FKA in urothelial cell SV-HUC-1. (b) Cell viability
assay performed after treatment with FKB, and FKB IC50 were calculated
inT24 (left) and UMUC3 (right). Data are represented as mean+SD in
three replications. (c) Cell viability assay performed after treatment with
FKC, and FKC IC50 were calculated in T24 (left) and UMUCS3 (right). Data
are represented as mean £ SD in three replications. (d) PRMT5 expression
changed with different concentrations of FKB treatment times in T24
(upper) and UMUC3 (lower). (e) PRMTS5 expression changed with different
concentrations of FKC treatment times in T24 (upper) and UMUC3 (lower).
(f) Different PRMT expression changed with different concentrations of
FKA inT24 (left) and UMUCS3 (right). Fig. S3. (a) Cell apoptosis measured
by knocking down PRMT5 expression, FKA treatment, and supplied FKA in
PRMTS5 overexpressed UMUC3 using flow cytometry. (b) Apoptosis rates
for replicated assays were counted. (c) Cell viability assay performed after
treatment with FKA or PRMT5 shRNA combined with cetuximab in T24
(left) and UMUC3 (right). Data are represented as mean £ SD in five repli-
cations. (d) Functional pathway enrichment of predicted FKA downstream
targets. (e) Bladder cancer regulon genes changes after supplying FKA in
UMUC3 measured by PCR, and the fold changes were standardized and
normalized by log10. Fig. S4. (a) Bio-Layer Interferometry detecting the
combination and dissociation constants of FKA and human recombinant
PRMTS. (b) Fluorescent report CETSA assay confirmed that 25 uM FKA
treatment could inhibit PRMT5 degradation when heated, thus enhancing
PRMTS stability in UMUCS3. (c) Fluorescent report CETSA assay performed
for PRMT5 expression when treated with FKA in wild-type and Y304A/
F580A mutated PRMT5 in UMUCS cells. (d) Conservation of PRMTS5 Y304
and F580 in different species.

Acknowledgements
We would like to thank Editage for English language editing.

Authors’ contributions

SL: Conceptualization, writing, in vitro experiments, visualization. ZL: Bioin-
formatics analysis. CP: In vivo experiments. ZZ: Data curation, validation. CK:
Funding acquisition. LY: Supervision. XL: Conceptualization, methodology,
investigation, editing. All authors have read and approved the final version of
the manuscript.


https://doi.org/10.1186/s13046-022-02500-4
https://doi.org/10.1186/s13046-022-02500-4

Liu et al. J Exp Clin Cancer Res (2022) 41:293

Funding
This work was supported by the National Nature Science Fund in China
(Grants No. 81672525).

Availability of data and materials
The data in the current study are available from the corresponding author
upon request.

Declarations

Ethics approval and consent to participate

The study design was approved (Approval No. [2022]102) by the Institutional
Ethics Committees at the First Affiliate Hospital of China Medical University. All
participants in the study provided informed consent before specimens were
collected. All experiments on animals were conducted in accordance with the
institutional guidelines approved (IACUC Issue No. KT2022608) by the Animal
Care and Use Committee of China Medical University.

Consent for publication
All authors have agreed to publish this manuscript.

Competing interests
There are no conflicts of interest to declare.

Received: 30 July 2022 Accepted: 22 September 2022
Published online: 05 October 2022

References

1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram |, Jemal A, et al.
Global Cancer statistics 2020: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin.
2021;71:209-49.

2. Facchini G, Cavaliere C, Romis L, Mordente S, Facchini S, lovane G, et al.
Advanced/metastatic bladder cancer: current status and future direc-
tions. Eur Rev Med Pharmacol Sci. 2020,24:11536-52.

3. Lavoie JM, Sridhar SS, Ong M, North S, Alimohamed N, MclLeod D, et al.
The rapidly evolving landscape of first-line targeted therapy in metastatic
urothelial cancer: a systematic review. Oncologist. 2021;26:21381-e94.

4. van Dijk N, Gil-Jimenez A, Silina K, Hendricksen K, Smit LA, de Feijter JM,
et al. Preoperative ipilimumab plus nivolumab in locoregionally advanced
urothelial cancer: the NABUCCO trial. Nat Med. 2020,26:1839-44.

5. Segovia C, San Jose-Eneriz E, Munera-Maravilla E, Martinez-Fernandez
M, Garate L, Miranda E, et al. Inhibition of a G9a/DNMT network triggers
immune-mediated bladder cancer regression. Nat Med. 2019;25:1073-81.

6. Kim H, Ronai ZA. PRMTS5 function and targeting in cancer. Cell Stress.
2020;4:199-215.

7. Lawson ARJ, Abascal F, Coorens THH, Hooks Y, O'Neill L, Latimer C, et al.
Extensive heterogeneity in somatic mutation and selection in the human
bladder. Science. 2020;370:75-82.

8. Fuhrmann J, Clancy KW, Thompson PR. Chemical biology of pro-
tein arginine modifications in epigenetic regulation. Chem Rev.
2015;115:5413-61.

9. Guccione E, Richard S. The regulation, functions and clinical relevance of
arginine methylation. Nat Rev Mol Cell Biol. 2019;20:642-57.

10. Zhu F, Rui L. PRMTS in gene regulation and hematologic malignancies.
Genes Dis. 2019,6:247-57.

11. Zhang L, Shao G, Shao J, Zhao J. PRMT5-activated c-Myc promote bladder
cancer proliferation and invasion through up-regulating NF-kappaB
pathway. Tissue Cell. 2022,76:101788.

12. Wu Q, Schapira M, Arrowsmith CH, Barsyte-Lovejoy D. Protein arginine
methylation: from enigmatic functions to therapeutic targeting. Nat Rev
Drug Discov. 2021;20:509-30.

13. Duncan KW, Rioux N, Boriack-Sjodin PA, Munchhof MJ, Reiter LA, Majer
CR, et al. Structure and property guided Design in the Identifica-
tion of PRMTS5 tool compound EPZ015666. ACS Med Chem Lett.
2016;7:162-6.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

Page 14 of 15

Chan-Penebre E, Kuplast KG, Majer CR, Boriack-Sjodin PA, Wigle TJ,
Johnston LD, et al. A selective inhibitor of PRMT5 with in vivo and in vitro
potency in MCL models. Nat Chem Biol. 2015;11:432-7.

AbuHammad S, Cullinane C, Martin C, Bacolas Z, Ward T, Chen H, et al.
Regulation of PRMT5-MDM4 axis is critical in the response to CDK4/6
inhibitors in melanoma. Proc Natl Acad Sci U S A. 2019;116:17990-8000.
Bonday ZQ, Cortez GS, Grogan MJ, Antonysamy S, Weichert K, Boc-
chinfuso WP, et al. LLY-283, a potent and selective inhibitor of arginine
methyltransferase 5, PRMTS5, with antitumor activity. ACS Med Chem Lett.
2018;9:612-7.

Vinet M, Suresh S, Maire V, Monchecourt C, Nemati F, Lesage L, et al.
Protein arginine methyltransferase 5: a novel therapeutic target for triple-
negative breast cancers. Cancer Med. 2019;8:2414-28.

Abu N, Ho WY, Yeap SK, Akhtar MN, Abdullah MP, Omar AR, et al. The
flavokawains: uprising medicinal chalcones. Cancer Cell Int. 2013;13:102.
Bian T, Corral P, Wang Y, Botello J, Kingston R, Daniels T, et al. Kava as a
clinical nutrient: promises and challenges. Nutrients. 2020;12:3044.

Hseu YC, Lin RW, Shen YC, Lin KY, Liao JW, Thiyagarajan V, et al. Fla-
vokawain B and doxorubicin work synergistically to impede the propaga-
tion of gastric Cancer cells via ROS-mediated apoptosis and autophagy
pathways. Cancers (Basel). 2020;12:2475.

Karimi-Sales E, Mohaddes G, Alipour MR. Chalcones as putative hepato-
protective agents: preclinical evidence and molecular mechanisms.
Pharmacol Res. 2018;129:177-87.

LiJ, Zheng L, Yan M, Wu J, Liu Y, Tian X, et al. Activity and mechanism of
flavokawain A in inhibiting P-glycoprotein expression in paclitaxel resist-
ance of lung cancer. Oncol Lett. 2020;19:379-87.

Phang CW, Abd Malek SN, Karsani SA. Flavokawain C exhibits anti-tumor
effects on in vivo HCT 116 xenograft and identification of its apoptosis-
linked serum biomarkers via proteomic analysis. Biomed Pharmacother.
2021;137:110846.

Li X, Pham V, Tippin M, Fu D, Rendon R, Song L, et al. Flavokawain B
targets protein neddylation for enhancing the anti-prostate cancer effect
of Bortezomib via Skp2 degradation. Cell Commun Signal. 2019;17:25.
Wang J, Qi Q Zhou W, Feng Z, Huang B, Chen A, et al. Inhibition of glioma
growth by flavokawain B is mediated through endoplasmic reticulum
stress induced autophagy. Autophagy. 2018;14:2007-22.

Liu Z, Xu X, Li X, Liu S, Simoneau AR, He F, et al. Kava chalcone, fla-
vokawain a, inhibits urothelial tumorigenesis in the UPII-SV40T transgenic
mouse model. Cancer Prev Res (Phila). 2013:6:1365-75.

Zi X, Simoneau AR. Flavokawain a, a novel chalcone from kava extract,
induces apoptosis in bladder cancer cells by involvement of Bax protein-
dependent and mitochondria-dependent apoptotic pathway and sup-
presses tumor growth in mice. Cancer Res. 2005,65:3479-86.

Tang Y, Simoneau AR, Xie J, Shahandeh B, Zi X. Effects of the kava chal-
cone flavokawain a differ in bladder cancer cells with wild-type versus
mutant p53. Cancer Prev Res (Phila). 2008;1:439-51.

Wang K, Zhang W, Wang Z, Gao M, Wang X, Han W, et al. Flavokawain

a inhibits prostate cancer cells by inducing cell cycle arrest and cell
apoptosis and regulating the glutamine metabolism pathway. J Pharm
Biomed Anal. 2020;186:113288.

Liu Z, Song L, Xie J, Simoneau AR, Uchio E, Zi X. Chemoprevention of
urothelial cell carcinoma tumorigenesis by dietary Flavokawain a in UPII-
mutant ha-ras transgenic mice. Pharmaceutics. 2022;14:496.

Abu N, Mohameda NE, Tangarajoo N, Yeap SK, Akhtar MN, Abdullah

MP, et al. In vitro toxicity and in vivo immunomodulatory effects of
Flavokawain a and Flavokawain B in Balb/C mice. Nat Prod Commun.
2015;10:1199-202.

Romero C, Lambert LJ, Sheffler DJ, De Backer LJS, Raveendra-Panickar D,
Celeridad M, et al. A cellular target engagement assay for the char-
acterization of SHP2 (PTPN11) phosphatase inhibitors. J Biol Chem.
2020;295:2601-13.

Cancer Genome Atlas Research N, Weinstein JN, Collisson EA, Mills GB,
Shaw KR, Ozenberger BA, et al. The cancer genome atlas pan-cancer
analysis project. Nat Genet. 2013;45:1113-20.

Langfelder P, Horvath S. WGCNA: an R package for weighted correlation
network analysis. BMC Bioinformatics. 2008;9:559.

Hanzelmann S, Castelo R, Guinney J. GSVA: gene set variation analysis for
microarray and RNA-seq data. BMC Bioinformatics. 2013;14:7.



Liu et al. J Exp Clin Cancer Res

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

(2022) 41:293

Kurtova AV, Xiao J, Mo Q, Pazhanisamy S, Krasnow R, Lerner SP, et al.
Blocking PGE2-induced tumour repopulation abrogates bladder cancer
chemoresistance. Nature. 2015;517:209-13.

Kamoun A, de Reynies A, Allory Y, Sjodahl G, Robertson AG, Seiler R, et al.
A consensus molecular classification of muscle-invasive bladder Cancer.
Eur Urol. 2020,77:420-33.

Blanc RS, Richard S. Arginine methylation: the coming of age. Mol Cell.
2017,65:8-24.

Kalev P, Hyer ML, Gross S, Konteatis Z, Chen CC, Fletcher M, et al. MAT2A
inhibition blocks the growth of MTAP-deleted Cancer cells by reducing
PRMT5-dependent mRNA splicing and inducing DNA damage. Cancer
Cell. 2021;39:209-24 e11.

ZhengY, Dai M, Dong Y, Yu H, LiuT, Feng X, et al. ZEB2/TWIST1/PRMT5/
NuRD multicomplex contributes to the epigenetic regulation of EMT and
metastasis in colorectal carcinoma. Cancers (Basel). 2022;14:3426.
Bhattacharjee S, Rehman |, Basu S, Nandy S, Richardson JM, Das BB.
Interplay between symmetric arginine dimethylation and ubiquityla-
tion regulates TDP1 proteostasis for the repair of topoisomerase I-DNA
adducts. Cell Rep. 2022;39:110940.

Zhang J, Fan X, Zhou Y, Chen L, Rao H. The PRMT5-LSD1 axis confers slug
dual transcriptional activities and promotes breast cancer progression. J
Exp Clin Cancer Res. 2022;41:191.

Tang Y, Dong L, Zhang C, Li X, Li R, Lin H, et al. PRMT5 acts as a tumor
suppressor by inhibiting Wnt/beta-catenin signaling in murine gastric
tumorigenesis. Int J Biol Sci. 2022;18:4329-40.

Huang L, Zhang XO, Rozen EJ, Sun X, Sallis B, Verdejo-Torres O, et al.
PRMTS5 activates AKT via methylation to promote tumor metastasis. Nat
Commun. 2022;13:3955.

Antonysamy S, Bonday Z, Campbell RM, Doyle B, Druzina Z, Gheyi T, et al.
Crystal structure of the human PRMT5:MEP50 complex. Proc Natl Acad
SciUS A.2012;109:17960-5.

Pastore F, Bhagwat N, Pastore A, Radzisheuskaya A, Karzai A, Krishnan A,
et al. PRMTS inhibition modulates E2F1 methylation and gene-regulatory
networks leading to therapeutic efficacy in JAK2(V617F)-mutant MPN.
Cancer Discov. 2020;10:1742-57.

Chen, Shao X, Zhao X, JiY, Liu X, Li P, et al. Targeting protein arginine
methyltransferase 5 in cancers: roles, inhibitors and mechanisms. Biomed
Pharmacother. 2021;144:112252.

Bai X, Zhai Z, Zhao X, Li R, Liang L, Jin'Y, et al. Discovery of novel PRMT5
inhibitors bearing a methylpiperazinyl moiety. Future Med Chem.
2022;14:1071-86.

Abumustafa W, Zamer BA, Khalil BA, Hamad M, Maghazachi AA, Muham-
mad JS. Protein arginine N-methyltransferase 5 in colorectal carcinoma:
insights into mechanisms of pathogenesis and therapeutic strategies.
Biomed Pharmacother. 2022;145:112368.

Orben F, Lankes K, Schneeweis C, Hassan Z, Jakubowsky H, Krauss L, et al.
Epigenetic drug screening defines a PRMTS inhibitor-sensitive pancreatic
cancer subtype. JCl Insight. 2022;7:€151353.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 15 of 15

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Flavokawain A is a natural inhibitor of PRMT5 in bladder cancer
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Cells and reagents
	Cell transfection
	Patients and clinical samples
	Western blotting
	Co-immunoprecipitation
	Immunofluorescence
	Streptavidin agarose affinity assay
	Cellular thermal shift assay (CETSA)
	Bio-layer interferometry assay
	qRT-PCR
	CCK-8 assay
	Apoptosis assay
	Xenograft mice model
	Bioinformatics analysis
	Molecular docking and dynamic simulation
	Pattern drawing
	Statistical analysis

	Results
	PRMT5 was a BC prognostic factor among arginine methyltransferases
	Correlation of PRMT5 expression in BC tissues and cell lines with poor prognosis
	Evaluation of FKA as a candidate drug for targeting PRMT5
	FKA binding to PRMT5
	Inhibition of PRMT5 methylation activity by FKA
	PRMT5 mutation abolished the effect of FKA on BC cells
	PRMT5 inhibition and FKA control of BC growth in vivo

	Discussion
	Conclusions
	Acknowledgements
	References


