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Arginine methylation is a post-translational modification that is implicated in multiple bio-
logical functions including transcriptional regulation. The expression of protein arginine
methyltransferases (PRMT) has been shown to be up-regulated in various cancers.
PRMTs have emerged as attractive targets for the development of new cancer therapies.
Here, we describe the identification of a natural compound, licochalcone A, as a novel,
reversible and selective inhibitor of PRMT6. Since expression of PRMT6 is up-regulated
in human breast cancers and is associated with oncogenesis, we used the human breast
cancer cell line system to study the effect of licochalcone A treatment on PRMT6 activity,
cell viability, cell cycle, and apoptosis. We demonstrated that licochalcone A is a non-S-
adenosyl L-methionine (SAM) binding site competitive inhibitor of PRMT6. In MCF-7
cells, it inhibited PRMT6-dependent methylation of histone H3 at arginine 2 (H3R2),
which resulted in a significant repression of estrogen receptor activity. Licochalcone A
exhibited cytotoxicity towards human MCF-7 breast cancer cells, but not MCF-10A
human breast epithelial cells, by up-regulating p53 expression and blocking cell cycle
progression at G2/M, followed by apoptosis. Thus, licochalcone A has potential for
further development as a therapeutic agent against breast cancer.

Introduction

As one of the common protein post-translational modifications, arginine methylation plays an import-
ant role in a number of physiological processes and pathological conditions, including chromatin
remodeling, transcriptional regulation, RNA processing, trafficking, signal transduction, DNA repair
and RNA splicing in various cancers [1,2]. Arginine methylation can be mediated by a family of
enzymes known as protein arginine methyltransferases (PRMTs), of which nine different members
have been identified. PRMTs transfer a methyl-group from methyl-donor S-Adenosyl methionine
(SAM) onto the terminal guanidino nitrogen atoms of arginines and are categorized into three sub-
classes based on how the arginine residues are methylated. All PRMTs catalyze a
®-N°-monomethylarginine (MMA), which is then utilized by Type I PRMTs (PRMT1I, 2, 3, 4, 6 and
8) to further catalyze the production of ©-N® N -asymmetric dimethylarginine (ADMA) or by Type
Il PRMTs (PRMT5, 9) to catalyze the formation of ©-N°N“-symmetric dimethylarginine
(SDMA) [1]. PRMT7 is a Type III enzyme and is the only member in the sub-class to catalyze MMA
formation [2].

PRMT®6 is a predominantly nuclear enzyme characterized by its distinct substrates specificity and
by its automethylation, which plays an important role for its stability and activity [3-5]. Kinetic
studies have attributed a distributive rather than processive mode of action to PRMT6 in its catalysis
of demethylation of targets [6]. Histones comprise a major set of substrates of PRMT6 [3]. It is the
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primary enzyme to mediate asymmetric methylation of H3R2 in mammalian cells [7-9]. This modification
interferes with transcriptional activation associated with trimethylation of histone H3 at lysine (K)-4
(H3K4me3) [7]. It is involved in partial blockade of the recruitment of WD repeat family (WDRS5) protein, a
subunit of the mixed lineage leukemia (MLL) complex, to promoters [7-9]. PRMT6 elevation and increased
H3R2me2a methylation, has also been shown to interfere with the effector functions of the Inhibitor of Growth
(ING), a reader of H3K4me3, and a tumor suppressor down-regulated in a variety of cancers [9,10]. p53 is an
important target of the repressive activity of PRMT6 [11]. PRMT6 controls p53 expression by directly binding
its promoter to silence its expression, and indirectly by repressing the expression of HOXA10, a positive regula-
tor of p53 [8,11,12]. Consistent with this, knockout or knockdown of PRMT6 up-regulates p53 expression,
thus, likely that in tumors with high PRMT6 levels, the p53 pathway is epigenetically silenced [11,13].
Thrombospondin-1 (TSP-1), a potent natural inhibitor of angiogenesis, is also transcriptionally repressed by
PRMTS6, and reduction in TSP-1 level promotes tumor progression [14,15].

Besides its activity at H3R2, PRMT6 can also methylate histones H4 and H2A at R3 and histone H3 at R17
sites [8,16]. This has been proposed as a mechanism by which PRMT6 functions as a transcriptional coactiva-
tor of the nuclear receptors [17]. Beyond histone substrates histone substrates, non-histone substrates of
PRMT6 have also been described, including the nuclear scaffold protein HMGA1la/b [18,19], DNA polymerase
beta [20], tumor suppressor pl6, p21, and PTEN [21-23]. Thus, arginine methylation by PRMT6 plays mul-
tiple roles in cellular activities including chromatin remodeling, transcriptional regulation, RNA processing,
signal transduction, DNA repair and RNA splicing [9,17,19,24].

PRMT6 expression is up-regulated in various human malignancies, including bladder, lung, and breast
cancer [26,27], and its elevation is correlated with poor prognosis for patients with breast, colon, or lung
cancers [4,13,28]. Recent data using genetically engineered mice provide compelling support for an oncogenic
role for PRMT6 in mammary gland tumorigenesis, suggesting that it may be a good therapeutic target [29].
However, only a few studies have reported on the pre-clinical development of PRMT6 inhibitors [30-32].

Licochalcone A, one of the main flavonoids extracted from licorice root has shown broad anti-inflammatory,
antibacterial, anticancer, and antioxidative bioactivities [33]. Although, the cytotoxic effect of licochalcone A
against a number of cancers including breast has been tied to induction of apoptosis, cell cycle arrest, and
autophagy [34-37], its exact cytotoxic mechanism remains elusive. We had previously identified licochalcone A
as a PRMT inhibitor [38]. Here, we performed the first detailed biochemical characterization of licochalcone
A-PRMT6 interaction and connected the reduction in viability of breast cancer cells to the up-regulation of p53
expression and the induction of cell cycle arrest and apoptosis in response to drug treatment. To our knowl-
edge, we are the first to identify a natural inhibitor with higher specificity towards PRMTS6.

Materials and methods

Plasmids, antibodies, and chemicals

All GST fusion proteins were subcloned into pGEX6P-1, which allows for the induced production of recombin-
ant proteins fused to the C terminus of glutathione S-transferase including: GST-PRMT1, GST-PRMTS3,
GST-CARM1, and GST-PRMTS, as previously described [3]. GST-Npl3 was a gift from Pam Silver (Harvard
Medical School, MA, U.S.A.) [39]. GST-Suv39H1 was a gift from Thomas Jenuwein (Max-Planck Institute of
Immunobiology, Freiburg, Germany) [40]. GST-SET7 was a gift from Yi Zhang (Lineberger Comprehensive
Cancer Center, Chapel Hill, US.A.) [41]. GST-G9%a was a gift from Yoichi Shinkai (Institute for Virus
Research, Kyoto, Japan) [42]. Myc-PRMT5 and pVAX-PRMT6 were gifts from Stephane Richard (Lady Davis
Institute for Medical Research, Montreal, Canada). FLAG tagged human PRMT6 c¢cDNA was cloned into a
PCAGGS vector. Histones H3 and H4 from calf thymus were purchased from Roche Applied Science. The fol-
lowing antibodies were employed: anti-FLAG and anti-B-actin antibodies (Sigma-Aldrich, St. Louis, MO, U.S.
A.), anti-c-Myc antibody (Covance, Denver, PA, U.S.A.), anti-CARM1 and anti-PRMT6 antibodies (Bethyl
Laboratories, Montgomery, TX, U.S.A.), anti-p53 antibody (Santa Cruz Biotechnology, Santa Cruz, CA, U.S.
A)), anti-cleaved caspase-3 and anti-cleaved PARP antibodies (Cell Signaling Technology, Beverly, MA),
anti-H4R3me2a and anti-H3K9me3 antibodies (Active Motif, Rixensart, Belgium), anti-H3R2ml and
anti-H3R2m?2a antibodies (Abcam, Cambridge, UK.) and anti-H3R17me2a antibody (MED Millipore,
Burlington, MA, U.S.A.). Licochalcone A and Sinefungin were purchased from ALEXIS Corporation (San
Diego, CA, U.S.A.) and Sigma-Aldrich (St. Louis, MO, U.S.A.), respectively.
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In vitro methylation assay and IC5y determination

Assays have been described in detail previously [40]. All methylation assays were carried out in a final volume
of 30 pl of PBS and in the presence of S-adenosyl-L-[methyl->’H] methionine ([*H]AdoMet, 85 Ci/mmol from
a 0.5 mCi/ml in dilute HCl/ethanol 9:1, pH 2.0-2.5, PerkinElmer Life Sciences, Waltham, MA, U.S.A.). Specific
information pertaining to individual reaction conditions is described in each of the figure legends. The reac-
tions contained substrate (0.5-1.0 ng) and recombinant enzyme (0.1-0.5 pg) with 50 pM of each compound
or different doses of licochalcone A for ICs, determination. The mixtures were incubated at 30°C for 90 min
and then resolved by SDS-PAGE, transferred to a PVDF membrane, sprayed with Enhance (PerkinElmer Life
Sciences. Waltham, MA, U.S.A.), and exposed to film overnight for fluorography. Briefly, after in vitro methyla-
tion reactions, the samples were resolved by SDS-PAGE transferred to a PVDF membrane, stained with
Ponceau S, and the visualized bands of substrate were cut out, the disintegration per minute (dpm) was deter-
mined by using a liquid scintillation analyzer (Tri-Carb, Packard, Ramsey, MN, U.S.A.), and the ICs, values
were calculated.

Cell lines and cultures

The tamoxifen-inducible PRMTFY"ER-Cre MEFs and the MCF-7-Tet-on-shCARMI cell lines have been
described previously [43]. MCF-7 and MCEF-10A cell lines were obtained from ATCC. MCF-10A cells were cul-
tured in DMEM/F12 Ham’s Mixture supplemented with 5% horse serum (Thermo Fisher Scientific, Waltham,
MA, US.A.), EGF 20 ng/ml (Sigma-Aldrich, St. Louis, MO, U.S.A.), insulin 10 pg/ml (Sigma-Aldrich), hydro-
cortisone 0.5 mg/ml (Sigma-Aldrich), cholera toxin 100 ng/ml (Sigma-Aldrich). The other cell lines were
maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) containing fetal bovine serum (10%).

Photoaffinity competition labeling of methyltransferase enzymes

UV cross-linking of S-adenosyl-L-[methyl-3H] methionine to PRMT6 was performed as previously described
[44]. A CL-1000 UV cross-linker was used (UVP, Upland, CA, U.S.A.). GST-PRMT6 (10 pg) without any com-
petitor or with 200 wM sinefungin, 200 pM licochalcone A, 200 uM AMI-5, respectively, was exposed to UV
light (254 nm) at a distance of 1 cm for 30 min at 4°C in the presence of 3.2 uM [*H]AdoMet and 5 mM
dithiothreitol in a total volume of 50 pl of PBS. After UV cross-linking, samples were run on SDS-PAGE and
subjected to fluorography. Ponceau S staining of the same membrane served a loading control.

Cellular thermal shift assay

The assay was performed as detailed previously [45]. The assay measures the ability of compound to interact
with, and stabilize targets in intact cells. Briefly, MCF-7 cells cultured in 10 cm dishes at 90% confluency were
treated with dimethyl sulfoxide (DMSO) or licochalcone A for 24 h. After treatment, cells were detached with
trypsin, collected by centrifugation and subsequently resuspended in PBS. They were then aliquoted, and the
aliquots were heated to different temperatures (40-64°C) for 3 min, cooled at room temperature for 2 min and
placed on ice. Cells were lysed by three freeze/thaw cycles in liquid nitrogen. Insoluble proteins were separated
by centrifugation, and the soluble fractions were used for SDS-PAGE and Western blotting.

Cell viability assay
CellTiter-Glo luminescent reagent (Promega, Madison, WI, U.S.A.) were used to determine cell viability
according to the manufacturer’s protocol.

Luciferase assay

Dox-inducible CARM1 knockdown MCEF-7 cells were cultured in phenol red-free DMEM supplemented with
10% charcoal stripped fetal calf serum. Cells were seeded in 24-well culture dishes. Dox-inducible CARM]I
knockdown MCEF-7 cells were treated with 1 wg/ml of doxycycline for 6 days (d) to knockdown endogenous
CARM1 expression. Cells in each well were transfected with Lipofectamine 2000 transfection reagent (Thermo
Fisher Scientific, Waltham, MA, U.S.A.) according to the manufacturer’s protocol. MCF-7 and Dox-inducible
CARMI knockdown MCEF-7 cells were transiently transfected with 250 ng of ERE-LUC, 200 ng of
pSG-GRIP1, 200 ng of pVAX-PRMT6, and 2 ng humanized CMV-Renilla internal control. After 12 h of trans-
fection, cells were treated with 20 nM E2 to induce ERE-firefly and indicated amount of licochalcone A for
36 h. The cells were washed twice with PBS and harvested. Passive lysis of cells that lysed in Passive Lysis
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Buffer were used to perform luciferase assay using the Dual Luciferase Assay System (Promega, Madison, WI,
U.S.A)) and western blotting. Relative activity of firefly luciferase was normalized against Renilla luciferase
activity.

Quantitative reverse transcription PCR (RT-qPCR)

MCE-7 cells were cultured in phenol red-free DMEM supplemented with 10% charcoal dextran-stripped FBS
for 4 days before treatment. After 24 h of indicated amount of licochalcone A treatment, medium was changed
and cells were treated with 20 nM E2 to induce ER transcriptional activation and the same amount of licochal-
cone A. After 24 h, total RNA was extracted using RNeasy Mini kit (Qiagen, Mississauga, ON, Canada) and
cDNA was synthesized using iScript cDNA Synthesis Kits system (Bio-Rad Laboratories, Hercules, CA, U.S.A.).
qPCR was then performed using primer sets against the specified genes (Supplementary Table S1). Data was
analyzed using the Sequence Detection System software (Bio-Rad). The experimental cycle threshold (Ct) was
calibrated against the B-actin control product, and the amount of sample product from licochalcone A-treated
cells relative to that of the control cells was determined using the DDC; method (1-fold, 100%).

Cell cycle analysis

The effect of licochalcone A on cell cycle distribution was examined using propidium iodide (PI) as a DNA
stain to determine DNA content by flow cytometry. MCF-7 and MCF-10A cells were treated with licochalcone
A at the indicated concentrations for 48 h. Following the licochalcone A treatment, cells were harvested and
washed three times with PBS, and fixed in 70% ethanol at —20°C overnight. Then, the cells were resuspended
in 1 ml of PBS containing 20 pg/ml RNase A and 20 pg/ml PI. Cells were incubated in the dark for 3 h at 4°C.
The cells were subjected to cell cycle analysis using a flow cytometer (BD LSRFortessa Flow Cytometer, San
Jose, CA, U.S.A)).

Cell apoptosis analysis

Apoptotic cell death was quantified by a flow cytometer using the FITC Annexin V Apoptosis Detection Kit
with 7-AAD (BioLegend, San Jose, CA, U.S.A.), according to the manufacturer’s instruction. In brief, MCF-7
and MCF-10A cells were treated with licochalcone A (10, 30 or 40 M) or vehicle (DMSO) for 48 h. Cells were
then harvested, washed twice with ice-cold PBS. The washed cell samples were incubated with Annexin-V and
7-AAD for 15 min in the dark, then evaluated for apoptosis using a BD LSRFortessa Flow Cytometer. A total
of 10 000 cells were collected and analyzed. Cells that stain positive for annexin V and negative for 7-AAD are
undergoing early apoptosis; cells that stain positive for both annexin V and 7-AAD are either in the late stage
of apoptosis, undergoing necrosis, or already dead.

Gene expression profile in patient samples

Microarray datasets containing the gene expression values of patients with breast cancer were obtained from
Gene Expression Omnibus (www.ncbi.nlm.nih.gov/geo). The GSE29431 dataset, which contained Affymetrix
Human Gene U133 Plus 2.0 Array profiling of 12 normal breast tissues and 54 primary breast carcinoma
samples, were used to evaluate gene expression [46]. Microarray data were normalized using the robust multiar-
ray average method. The expression data for each gene were Z score-transformed [46].

Statistical analysis

Data are shown as means + SD or SEM of at least three independent samples. P < 0.05 was considered to be
statistically significant. Significance is indicated as *P <0.05, **P <0.01, **P <0.001, or ***P <0.0001; where
necessary for clarity, lack of significance is indicated (ns). P values for comparisons between every pairwise
combination among sample groups were obtained using the unpaired t-test with Welch’s correction using
GraphPad Prism version 7.0 for Windows (GraphPad Software Inc., San Diego, CA, U.S.A.).

Results
Licochalcone A is a PRMT®6 inhibitor

In a previous report, we described the identification of licochalcone A as a broad-spectrum PRMT inhibitor at
a concentration of 200 wM [38]. The structure of licochalcone A, a chalcone derivative, is shown in Figure 1A.
To further understand the specificity of licochalcone A on histone arginine methyltransferases, we performed
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Figure 1. Inhibitory effects of licochalcone A on a set of methyltransferases.

(A) Chemical structure of chalcone and its analog, licochalcone A. (B) Inhibitory activity of chalcone and licochalcone A against
PRMT6 using histone H3 and NPL3 as substrates and against a panel of arginine (PRMT1, PRMT3, CARM1, and PRMT5) and
lysine (SUV39H1, SET7, and G9a) methyltransferases using their histone substrates. Substrates (0.5-1 ng) were incubated with
recombinant enzymes (0.3 p.g) in the presence of [*H]JAdoMet and 50 uM of chalcone or licochalcone A for 90 min at 30°C in
1x PBS (final volume 30 pl). A control reaction was performed in the presence of DMSO at 3.3% (v/v). Reactions were resolved
by SDS-PAGE, transferred to a PVDF membrane, sprayed with Enhance (NEN) and exposed to film, overnight. (C)
Determination IC5q values of licochalcone A. An in vitro methylation assay was established to determine the ICsq of
licochalcone A. Dose-dependent curves showing licochalcone A inhibits PRMT6 and CARM1 activity but not SET7. Curve
fitting and determination of ICsq by GraphPad, the calculated ICsq values are 22.3 M for PRMT6 (solid curve), 68.8 uM for
CARM1 (dashed curve), and more than 333.3 wM for SET7 (dotted curve). The data are presented as the mean +S.E.M. n=3.

an in vitro methylation assay using purified PRMT1, PRMT3, PRMT5, PRMT6, and CARM1 that have been
reported to methylate histones [38] in the presence of a lower concentration of licochalcone A (50 M)
(Figure 1B). DMSO treated samples were included as controls (Figure 1B). A non-histone substrate of PRMT6
was also used to determine if licochalcone A acts by inhibiting PRMT6 enzyme rather than by targeting a spe-
cific substrate. We observed that in comparison with DMSO or chalcone treatment, licochalcone A treatment
caused an almost complete loss of methylation of histone H3 and NPL3 proteins (Figure 1B). In contrast, the
ability of PRMT1 and PRMT3 to methylate histone H4 and H3 remained unaffected, respectively, whereas a
small reduction in the methylation of histone H3 by CARM1 was noted in samples exposed to licochalcone A
(Figure 1B). PRMT5-dependent methylation of histone H4 also exhibited a slight decline in response to lico-
chalcone A (Figure 1B). In vitro methylation assays were also performed to confirm the specificity of licochal-
cone A towards PRMTs. To this end, a similar reaction was performed with histone lysine methyl transferases
(HKMTs) — SUV39HI, G9a and Set7 — with histone H3 as a substrate. As shown in Figure 1B, licochalcone
A did not have a discernable effect on the methylation of histone H3 by these enzymes.

Next, we also performed in vitro methylation assays to compare the licochalcone A concentration (ICs,) at
which a 50% reduction in the activities of CARMI1, PRMT6, and SET7 against histone H3. As shown in
Figure 1C, the IC5, values against CARMI1 and PRMT6 (Type I PRMTs) were roughly 69 and 22 uM, respect-
ively. We failed to achieve an ICs, dose of licochalcone A dose against the SET7 even when tested at concentra-
tions up to 333 pM (Figure. 1C). These results indicate that licochalcone A is a more selective inhibitor of
PRMT6 activity compared with other histone arginine methyltransferases.

Licochalcone A is a reversible and competitive PRMT®6 inhibitor

We next performed a preincubation/dilution assay to study the mode of inhibition of PRMT6 by licochalcone
A [47]. To this end, we preincubated 200 uM human GST-PRMT6 with 2 mM licochalcone A for 1 h, which
is ~70-fold its ICsy concentration. The expectation was that with more than 99% of the enzyme in an
enzyme-inhibitor complex at this drug dose, and PRMT6 activity would have been inhibited. DMSO or 2 uM
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of each compound was mixed with 200 nM PRMT6 directly to react with histone H3 for 1 h as the controls.
Interestingly, a 1000-fold dilution of the preincubated mixture of PRMT6 and licochalcone A into 1xPBS reac-
tion buffer with substrate histone H3 for 1 h reaction, resulted in restoration of ~100% of PRMT6 activity com-
pared with controls (Figure 2A). A similar experiment conducted with CARMI and histone H3, also promoted
a nearly 95% recovery of enzymatic activity, indicating licochalcone A is a reversible inhibitor of CARMI1
against histone H3 as well (Supplementary Figure S1). Next, a Lineweaver-Burk plot was generated to study the
kinetics of PRMT6 inhibition by licochalcone A. The increasing slope of lines with increasing licochalcone A
concentrations and their intersection on the y-axis, suggest that licochalcone A is a competitive inhibitor of
PRMTS6 (Figure 2B). UV cross-linking assays were then performed to evaluate if licochalcone A interfered with
AdoMet binding or substrate binding [44]. Cross-linking result was monitored by fluorography and ponceau
staining of radiolabeled GST-PRMT6 (Figure 2C). We observed that licochalcone A did not prevent radiola-
beled AdoMet binding, in contrast with the broad-spectrum methyl transferase inhibitors, sinefungin and
AMI-5, which have been reported [44] to bind to the AdoMet binding site and therefore, served as positive
controls. These results clearly demonstrate that licochalcone A inhibition does not involve the AdoMet binding
site and strongly indicate that its mode of action likely involves insertion into the arginine-binding pocket of
PRMT6 to compete with substrates. Together, these findings suggest that licochalcone A is a reversible, and a
competitive PRMT6 inhibitor.

Licochalcone A inhibits PRMT6 activity in cells

To further confirm that PRMTS is a direct binding target of licochalcone A in intact cells, we performed cellu-
lar thermal shift assay (CETSA) using MCF-7 cells [45]. As shown in Figure 3A, PRMT6 protein levels from
licochalcone A treated cells were more stable to increase in temperature when compared with the control
group, indicating potent binding of licochalcone A with PRMT6 to induce its thermal stabilization. A signifi-
cant difference in CARMI levels between treated and control groups was not noted in the same assay, suggest-
ing licochalcone A is more specific to PRMT6 (Figure 3A). Pretreatment of MCF-7 cells with licochalcone A
showed an obvious 3.9°C right shifts in the melting curves of PRMT6, but not CARM1 (Figure 3B,C). Thus,
PRMTS is confirmed as the direct binding target of licochalcone A in living cells.
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Figure 2. Licochalcone A is a reversible and competitive inhibitor.

(A) Licochalcone A is a reversible inhibitor. A dilution experiment was performed, where 200 nM GST-PRMT6 enzyme with

2 mM chalcone or licochalcone A were preincubated for 60 min, respectively, and then diluted 1000-fold into reaction mix at
final 200 nM GST-PRMT6 and 2 uM of compound with substrate histone H3 for 1 h reaction. DMSO and 2 pM of each
compound was mixed with 200 nM PRMT6 directly to react for 1 h as the controls. The relative percent recovery of PRMT6
activity compared with the control was calculated from three independent experiments. The data are presented as the

mean + S.E.M. (B) Typical Linweaver-Burke plots for inhibition of PRMT6 by licochalcone A. (C) Licochalcone A does not
compete for AdoMet binding to PRMT6. An AdoMet UV cross-linking experiment was performed in the presence of potential
competitors: 200 M sinefungin, 200 uM licochalcone A, and 200 uM AMI-5. Samples were separated on a 10% SDS-PAGE,
transferred to a PVDF membrane, sprayed with Enhance (NEN), and exposed to film overnight. Fluorographic results are shown
and Ponceau S staining of the same membrane serves as a loading control.
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Figure 3. Licochalcone A binding to PRMT6 in cells.

Cellular thermal shift assay (CETSA) was used to evaluate the binding capability of licochalcone A with CARM1 and PRMT6.
(A) MCF-7 cells were incubated with 40 uM licochalcone A for 24 h and then CETSA was performed. Representative PRMT6
and CARM1 Western blots of each sample are shown to demonstrate that licochalcone A increases the thermal stability of
PRMT6, but not CARM1 in intact cells. (B and C) PRMT6 and CARM1 levels were normalized to B-actin levels that were used
as a loading control. CETSA curves in intact cells for PRMT6 and CARM1 with licochalcone A are generated from triplicate
independent experiments. The data are presented as the mean+SD (n=3) * P<0.05 and *™* P <0.01 compared with control
groups).

To determine whether licochalcone A inhibits histone H3 arginine 2 methylation (H3R2me2a) by PRMT6 in
cells, two separate experiments were performed taking into consideration various technical caveats. First, the
rate of turnover for histone methyl marks is much slower than that of histone acetylation [48]. The existence of
arginine demethylases is controversial [2]. For these reasons, arginine methylation is a relatively stable methyl-
mark and turnover of methylated substrates may take longer. Thus, a potential for lack of meaningful informa-
tion with short drug treatment times along with possible inaccessibility of histones to the drug led us to
develop a new method to increase the sensitivity to detect significant changes in protein methylation. Here,
MCE-7 cells were first treated with cycloheximide and Chloramphenicol for 18 h to inhibit new protein synthe-
sis and to bring about a reduction in the levels of pre-existing methylated proteins. Culture media was then
changed to allow new protein synthesis, including histone H3. Licochalcone A was then added to the cells for
48 h of treatment and methylation of newly synthesized histones was monitored by Western blotting of acid-
extracted histones, using methyl-specific antibodies. As seen in Figure 4A, licochalcone A caused a significant
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Figure 4. Licochalcone A inhibits histone H3R2 methylation in cells.

(A) MCF-7 cells were treated with cycloheximide (100 wg/ml in ethanol) and chloramphenicol (40 wg/ml) for 18 h to inhibit
protein synthesis, and then new medium with indicated concentration of licochalcone A was added to the cells for additional
48 h treatment. Acid-extracted core histones from both control and treated cells were run and separated on 15% SDS-PAGE
gels, transferred to a PVDF membranes, and then immunoblotted with indicated methyl-specific antibodies. Equal loading of
core histones was monitored with Ponceau S staining (upper panel). Expression levels of PRMT6 and CARM1 in the whole-cell
lysate were monitored using PRMT6 and CARM1 antibodies respectively with B-actin serving as a loading control (lower panel).
(B) MCF-7 cells were treated with indicated doses of licochalcone A for 5 days. Acid-extracted core histones were purified and
separated on 15% SDS-PAGE gels, transferred to a PVDF membrane, and then immunoblotted with indicated methyl-specific
antibodies. Ponceau S staining indicates equal loading of core histones (upper panel). Expression levels of PRMT6 and
CARM1 in the whole cell lysate were monitored using PRMT6 and CARM1 antibodies respectively with B-actin serving as a
loading control (lower panel).

and dose-dependent decrease in H3R2 monomethylation. However, asymmetric dimethylation of H3R2 was
reduced to a smaller extent (Figure 4A). An inhibitory effect of licochalcone A on histone H4R3 methylation
was not observed in Western blots probed with H4R4me2a methyl-specific antibody (Figure 4A). Since
PRMT6 and PRMT1 are both reported to methylate H4R3 in vitro [8,49], we assessed the effect of PRMT1
knockout on methylation of H4R3 in PRMT1-inducible cells. H4R3 methylation was almost completely abro-
gated under these conditions, indicating that PRMT1 is the primary enzyme that methylates this site
(Supplementary Figure S2). This result also indicated that licochalcone A has no inhibitory activity against
PRMTI on the methylation of H4R3 at the tested concentration (Supplementary Figure S2). Licochalcone A
has been shown to inhibit CARMI activity in a cell-based reporter system [38]. However, the methylation of
histone H3R17 site, a major site methylated by CARMI, was not affected by licochalcone A treatment
(Figure 4A). Licochalcone A treatment did not alter the tri-methylation of histone H3K9, which is catalyzed by
lysine methyl transferases, Suv39H1 and SETDBI (Figure 4A). Finally, licochalcone A treatment did not affect
levels of either PRMT6 or CARM1 (Figure 4A).

The inhibitory effects of licochalcone A on H3R2 methylation were further assessed by directly treating
MCEF-7 cells for 5 days. H3R2 monomethylation level was significantly inhibited in a dose-dependent manner
by licochalcone A (Figure 4B). However, longer time treatment did not result in any significant decreases in the
asymmetric dimethylation levels of H3R2 (Figure 4B). Licochalcone A-dependent reduction in levels of PRMT6
or CARMI, as well as that of H4R3me2a, H3R17me2a, and H3K9me3, were not noted, suggesting that licochal-
cone A is a selective inhibitor of H3R2 methylation in cells (Figure 4B).
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Licochalcone A inhibits estrogen receptor-mediated gene activation and

selectively decreases the viability of MCF-7 cells

Recently, PRMT6 was identified as a transcriptional coactivator of the nuclear receptor, estrogen receptor-alpha
(ER-0) in breast cancer cells [17]. We, therefore, mined the transcriptome information publicly available at the
Gene Expression Omnibus GEO database with submission number GSE29431 to assess PRMT6 expression
levels in human breast cancer samples. First, we found PRMT6 gene expression to be significantly up-regulated
in primary carcinoma samples relative to normal breast tissues (Figure 5A). Second, its up-regulated expression
was significantly associated with tumor malignancy and an advanced tumor staging status (Figure 5B). These
findings suggest that PRMT6 may be a driver of breast cancer development and a potential therapeutic target.
To test this possibility, we examined the effect of licochalcone A treatment on the coactivity of PRMT6 in
MCEF-7 cells. To this end, cells were transfected with Myc-tagged PRMT6 and estrogen response element (ERE)
luciferase reporter, followed by treatment with different concentrations of licochalcone A for 36 h. The dual
luciferase assay performed to evaluate the inhibitory effect of compound on reporter gene expression induction
by estradiol revealed a licochalcone A dose-dependent decline in reporter activity from ERE (Figure 5C). Next,
to rule out the possibility that the inhibitory effects of licochalcone A on ERE reporter was due to CARM1
inactivation, we knocked down CARMI1 expression using tetracycline-inducible CARM1 shRNA and the dual
luciferase assay was repeated as described above. CARM1 was significantly knocked down as shown by Western
blotting analysis (Figure 5D). Surprisingly, the expression of transiently transfected PRMT6 was elevated 2-fold
or more in MCF-7 cells with CARM1 knockdown, which was associated with a 2-fold increase in ERE reporter
activity in licochalcone A-treated cells relative to untreated controls (Figure 5D). These data suggest that the
increase in reporter activity was not only CARM1-dependent, but also PRMT6-dependent. Licochalcone A can
inhibit the coactivator activity of PRMT6 in a dose-dependent manner similarly to what we observed in paren-
tal MCF-7 cells without CARM1 knockdown, suggesting licochalcone A might directly target PRMT6 to
exhibit its activity (Figure 5C). To further characterize the effect of licochalcone A on endogenous genes, we
focused on the well-characterized ERo target genes, GREB1 and TFF1 [43,50,51]. MCF-7 cells were estrogen
starved in phenol red-free DMEM for 4 days and treated with E2 and licochalcone A. Using quantitative
RT-PCR (qRT-PCR), we confirmed that GREB1 and TFF1 expression was significantly activated upon addition
of E2 to MCF-7 cells, but not control GAPDH expression (Figure 5E). Licochalcone A significantly inhibited
the E2-induced expression of GREBI and TFFI1 genes in a dose-dependent manner (Figure 5E). GAPDH gene
expression was not significant changed following treatment even at 40 wM of licochalcone A (Figure 5E). These
results demonstrate that the ER transcriptional activity facilitated by PRMT6 can be suppressed by licochalcone
A. To further investigate the selectivity of licochalcone A on cytotoxicity towards breast cancer cells, we com-
pared the effect of a 5-day drug exposure on the viability of MCF-7 breast cancer cells and MCF-10A non-
tumorigenic breast epithelial cells using the CellTiter-Glo Luminescent Cell Viability Assay. A significant and
dose-dependent reduction was observed upon licochalcone A treatment (Figure 5F). In contrast, growth reduc-
tion in MCF-10A cells was not noted even at a dose of 30 uM licochalcone A, indicating that the drug has
preferential cytotoxicity against breast cancer cells (Figure 5F).

Licochalcone A induces G2/M arrest in breast cancer cells

To determine the basis for the specific toxicity of licochalcone A against MCF-7 breast cancer cells, we per-
formed flow cytometry to assess the cell cycle distribution of MCF-7 and MCF-10A cells after treatment with
10 uM, 30 uM, and 40 M licochalcone A for 48 h. We observed a dose-dependent G2/M accumulation of
both MCF-7 and MCF-10 A cells following licochalcone A treatment (Figure 6A-C). An increase in the per-
centage of MCF-7 cells at G2/M was seen with increasing licochalcone A concentrations, as was coupled with a
decrease in the proportion of cells in G1 and S phases (Figures 6A upper panel & 6B). In contrast, the percent-
age of MCF-10A cells at G2/M phase was associated with a decrease in the number of cells in G1 and a slightly
increase in the proportion of cells in S phase of the cell cycle (Figure 6A-bottom panel & 6C). In the absence
of drug treatment, ~7.23% and 10.3% of MCF-7 and MCF-10A cells, respectively, were found in G2/M.
Treatment with 30 uM and 40 pM licochalcone A caused a substantial increase in the number of MCEF-7
(24.9% and 28.7%) and MCF-10A (15.0% and 18.8%) cells in G2/M. Thus, MCF-7 cells had a 2.4 and 2.2-fold
increase, respectively, in cells with a G2/M DNA content compared with MCF-10A cells. These data demon-
strate that licochalcone A is more effective in inducing G2/M arrest against MCF-7 cell than normal breast
MCEF-10A cell.
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Figure 5. Inhibitory effects of licochalcone A on estrogen receptor-mediated transcriptional activation in

MCF-7 cells. Part 1 of 2
(A) PRMT6 gene expression profiles measured by expression microarray in 15 normal breast samples and 54 breast carcinoma
samples. Each dot corresponds to one individual. Data show individual variability and means + SD. * P <0.05, ** P <0.01,

*** P<0.001, *** P<0.0001. (B) PRMT6 gene expression profiles measured in normal breast samples and breast carcinoma
samples (Grade 1, n=3; Grade 2, n=11; Grade 3, n =25). (C) ERE-Luc reporter activity is repressed in MCF-7 cells with
licochalcone A treatment. MCF-7 and Dox-inducible CARM1 knockdown MCF-7 cells were cultured in phenol red-free DMEM
supplemented with 10% charcoal dextran-stripped FBS for 3 days, and then transiently transfected with 250 ng of

ERE-LUC, 200 ng of pSG-GRIP1, 200 ng of pVAX-PRMT®6, and 2 ng humanized CMV-Renilla internal control. After 12 h of
transfection, cells were treated with 20 nM E2 to induce ERE-firefly and the indicated amount of licochalcone A for 36 h.
Relative activity of firefly luciferase was normalized against Renilla luciferase activity, and the results are represented as mean +
SD calculated from triplicate luciferase experiments. (D) Cell lysates taken from Luciferase assays were separated on 10%
SDS-PAGE gels, transferred to a PVDF membrane, and then immunoblotted with Myc and CARM1 antibodies to monitor the
expression levels of Myc-PRMT6 and endogenous CARM1 in different groups of treatment. B-actin serves as a loading control.
(E) MCF-7 cells were cultured in phenol red-free DMEM supplemented with 10% charcoal dextran-stripped FBS for 4 days and
treated with the indicated amount of licochalcone A. After 24 h of incubation, media were replaced and the cells were treated
with E2 (20 nM) and licochalcone A for another 24 h. Total RNA was extracted and RT-PCR was performed using primers
specific for the genes shown. GAPDH acts as a negative control. Target gene expression was normalized to $-actin. Error bars
represent standard deviation based on three independent experiments. * P <0.05, ** P<0.01 and

*** P <0.001. (F) MCF-7 and MCF-10A cells were exposed to various concentrations of the licochalcone A (0, 5, 10, 15, 20, 25,
30, 35, 40, and 50 wM) respectively for 4 days followed by analysis using the CellTiter-Glo Luminescent Cell Viability Assay to
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Figure 5. Inhibitory effects of licochalcone A on estrogen receptor-mediated transcriptional activation in

MCF-7 cells. Part 2 of 2
measure ATP as an indication of cell viability. The results are represented mean + S.E.M. of four independent experiments.
**P <0.01 and **P < 0.001 vs DMSO control.

Comparative analysis of apoptosis induced by licochalcone A in MCF-7 and
MCF-10A cells

Although licochalcone A is known to induce apoptosis in MCF-7 cells, a comparative study with non-
tumorigenic MCF-10A breast epithelial cells not been conducted [35-37]. To this end, annexin V/7-AAD
double staining assay was conducted and the number of apoptotic cells was quantified using a flow cytometric
analysis. Cells stained with Annexin V+/7-AAD+ were defined as late apoptotic or dead cells, while cells
stained with annexin V+/7-AAD— were considered to be in early stages of apoptosis. As shown in Figure 7A,B,
at 48 h of exposure, the number of early apoptotic cells MCF-7 cells (Annexin V+/7-AAD-) increased from
5.35% (DMSO control) to 6.69%,16.2%, and 27.5% with licochalcone A concentrations of 10 wM, 30 wM, and
40 nM, respectively. A significant difference in early apoptosis was not observed between untreated and treated
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Figure 6. Effects of licochalcone A on cell cycle analysis.

(A) MCF-7 and MCF-10A Cells were treated with indicated licochalcone A for 48 h and the cell cycle distribution was analyzed
by flow cytometry. (B and C) Percentages of cells in each cell-cycle phase. The data are presented as mean + SD of three
independent experiments (n =3). * P<0.05, ** P<0.01, and ** P <0.001 compared with untreated cells.
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in MCF-10 A cells. Overall, a 1.3-, 3.0-, and 5.1-fold increase in early apoptotic cells was seen in MCF-7 cells
compared with the MCF-10A cells. Compared with 1.23% of late apoptotic/dead MCEF-7 cells (Annexin V
+/7-AAD+) in DMSO treated samples, treatment with 10 wM, 30 uM, and 40 pM licochalcone A for 48 h pro-
moted a 1.3-, 4.8-, and 8.1-fold increase (1.58%, 5.86%, and 18.1%), in the number of late apoptotic/dead cells.
In contrast, only 0.31% MCF-10A cells were in the late stages of apoptosis in vehicle treated samples, as out-
lined for MCF7 cells, caused a small, but significant increase in the percentage of late apoptotic/dead cells
(1.19% and 1.58%, respectively) in 30 wM and 40 wM licochalcone A treated samples. This translates roughly
to a 3.8- and 5-fold increase in late apoptotic/dead cells relative to the vehicle treated samples.

Overall, licochalcone A (40 wM) caused a substantially larger increase in apoptosis or death in MCF7 cells
(45.6%) compared with MCF-10A cells (3.4%). Taken together, our results indicate that licochalcone A pro-
motes a G2/M phase arrest in both cells, but continues on to induce apoptosis in MCF-7 cells, highlighting its
enhanced cytotoxicity towards breast cancer cells (Figure 7A,B).

Licochalcone A abrogates PRMT6-dependent reduction in p53 in MCF-7 cells
We next investigated the mechanism by which licochalone A induced apoptosis in MCF-7 cells. As stated
earlier, p53 is a target of the repressive activity of PRMT6. Therefore, we asked if inhibition of PRMT6 activity
can increase p53 levels and induce apoptosis in MCF-7 cells. First, Western blot analyses were performed to
determine the levels of p53 and PRMT6 proteins in MCF-7 and MCF-10A cells following treatment with
10 M, 30 M, and 40 uM licochalcone A for 48 h. As shown in Figure 7C and consistent with a previous
report [52], p53 protein levels are substantially lower in MCF-7 cancer cells compared with MCF-10A human
mammary epithelial cells. Licochalcone A treatment increased p53 levels in MCF-7 cells in a concentration-
dependent manner, but not in MCF-10A cells (Figure 7C).

Consistent with p53 being a target of PRMTS6, levels of the latter were higher in MCF-7 cells relative to
MCEF-10A cells (Figure 7C). Licochalcone A did not affect the expression levels of PRMT6 in MCF-7 and
MCEF-10A cells (Figure 7C). Cleavage of PARP is a hallmark of apoptosis [53,54]. Exposure to 10 uM, 30 uM,
and 40 pM licochalcone A for 48 h resulted in a dose-dependent increase in cleavage of PARP in MCF-7A
cells (Figure 7C). In MCEF-10A cells, PARP cleavage was not detected with 10 uM and 30 wM licochalcone A
treatment, but weak cleavage could be seen at 40 uM drug (Figure 7C). These findings show that MCF-7 is
more sensitive to induce apoptotic death by licochalcone A than that of MCF-10A cells.

To establish the involvement of PRMT6 in licochalcone A-induced cell apoptosis or death, in MCF-7 cells,
we asked if apoptosis could be rescued by ectopic PRMT6 expression. MCF-7 cells treated with licochalcone A
were transiently transfected with pCAGGS-PRMT6 vector expressing FLAG-tagged PRMT6 and flow cytometry
performed to compare the levels of annexin V/7-AAD double staining. The number of early and late apoptotic/
dead cells were defined as described previously. Treatment with 35 wM licochalcone A increased early apoptosis
from 3.16% to 22.0% in untransfected cells and from 2.26% in control vector to only 7.25%, a 3-fold decrease
in apoptosis, in FLAG-PRMT6 expressing cells (Figure 7D,E). PRMT6 expression also caused a 2.3-fold reduc-
tion in licochalcone A induced late apoptosis and death in MCF-7 cells (0.12% to 1.14%) compared with 0.1%
to 2.67% in control untransfected cells (Figure 7D,E).

Western blot assays were also performed to demonstrate a reduced up-regulation of p53 protein levels in
response to PRMT6 overexpression (Figure 7F). Taken together, these results indicate that licochalcone A
induces apoptosis in MCF-7 cell partially by inhibiting PRMT6 activity.

Discussion
Expression of the arginine methyl transferase PRMT6 is elevated in breast cancer and is correlated with poor
prognostic significance for patients [26-28]. Indeed, our study confirmed these observations using a different
human breast cancer patient dataset. Furthermore, we also found PRMT6 levels to be associated with higher
tumor grade (Figure 5B). An oncogenic role for PRMT6 in breast cancer development was demonstrated by Bao
et al. using a genetically engineered mouse model [29]. These data are further supported by work from another
group, which has shown that growth of breast cancers in vivo could be blocked by PRMT6 depletion [27,29]
PRMT6 can methylate histone H3 as well as non-histone substrates. It transcriptionally represses p53
through histone H3R2 methylation [11]. PRMT6 inhibits the growth suppressive functions of p16 and p21 not
only by transcriptional repression, but also by methylation to change p16 protein conformation and to increase
cytoplasmic localization of p21 [22,55]. PRMT6 overexpression promotes the activity of the oncogenic PI3K/
AKT pathway, possibly by methylating ERa. at arginine 260 [29]. Both PRMT1 and PRMT6 methylate ERo at
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Figure 7. Induction of apoptosis by licochalcone A in MCF-7 and MCF-10A cells.
(A) To identify licochalcone A-induced apoptosis, flow cytometry analysis was performed by Annexin V and 7-AAD staining.
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Figure 7. Induction of apoptosis by licochalcone A in MCF-7 and MCF-10A cells. Part 2 of 2
The percentage of annexin V+/7-AAD+ (late apoptotic/dead) cells, in the top right quadrant, and annexin V+/Pl- (early
apoptotic) cells, in the bottom right quadrant, are indicated. (B) Bar graphs illustrating the percentage of late apoptotic/dead
and early apoptotic cells in MCF-7 and MCF-10A cells treated with indicated amount of licochalcone A for 48 h. The data are
presented as mean + SD of three independent experiments (n = 3). *** P <0.001 compared with untreated cells. (C) MCF-7 and
MCF-10A cells were treated with the indicated concentrations of licochalcone A for 48 h. Whole-cell extracts were
immunoblotted with the indicated antibodies. B-actin serves as a loading control. (D) A rescue experiment was performed
whereby wild-type FLAG-PRMT6 construct was reintroduced into licochalcone A treated MCF-7 cells. MCF-7 cells were
treated with DMSO and 35 uM licochalcone A alone or in combination with transfection of a control plasmid or plasmid
containing FLAG-PRMT®6 for 24 h. Flow cytometry analysis of annexin V/7-AAD double staining was carried out to examine the
number of apoptotic cells. The percentage of annexin V+/7-AAD+ (late apoptotic/dead) cells, in the top right quadrant, and
annexin V+/Pl— (early apoptotic) cells, in the bottom right quadrant, are indicated. (E) Bar graphs illustrating the percentage of
late apoptotic/dead and early apoptotic cells at the indicated treatments. The data are presented as mean = SD of three
independent experiments (n=3). ** P <0.01 and ** P <0.001. (F) Cell lysates taken from rescue experiment (D) were
immunoblotted with p53 and PRMT6 antibodies to examined for p53 expression and the expression levels of FLAG-PRMT6
and endogenous PRMT® in different groups of treatment. p-actin serves as a loading control.

this site [4,56]. In addition to the coactivator of estrogen receptor, PRMT6 also coactivates the progesterone,
glucocorticoid and androgen receptors in a methylation-dependent manner [17,57]. PRMT6 regulates alterna-
tive splicing [17,28] and PTEN methylation is thought to be regulated by PRMT6 through such a mechanism
[23], Thus, PRMT6 appears to play an important role in regulating multiple aspects of gene expression includ-
ing transcription and alternative splicing, cellular functions that are known to be perturbed during carcinogen-
esis [28].

These lines of evidence indicating an oncogenic function for PRMT6 led us to investigate if PRMT6-specific
inhibitors could be developed for anti-cancer therapy. Our previous work has identified licochalcone A as a
PRMT inhibitor [38]. Licochalcone A is one of the main active components in licorice, a commonly used
herbal medicine in Asia. It is a product of the dried root and rhizomes of Glycyrrhiza uralensis Fisch.,
G. glabra L., and G. inflata Bat. [58]. It is frequently prescribed in traditional Chinese medicine (TCM) for
enhancing the efficacy of other TCMs and/or decreasing their toxicity [59,60]. Recent studies have reported
multiple pharmacological attributes to licorice, including anti-viral, anti-microbial, anti-inflammation,
anti-cancer properties [34,35,61-66]. In vivo studies with osteosarcoma, glioma, gastric cancer, colon and cer-
vical cancers revealed reduction in tumor burden in mouse models following induction of apoptosis in
response to licochalcone A treatment, although the target of its inhibitory activity has not clearly been demon-
strated [61,64,66-68].

Here, we identified licochalcone A as the first naturally occurring, selective, and reversible inhibitor of
PRMTS6 (Figure 1). It is a competitive inhibitor, but does not compete for the SAM binding site of PRMT6
(Figure 2). Although, a previous study had shown inhibition of CARM1 by licochalcone A in an induced
FLAG-PABP1 cellular reporter system, which was also noted in our studies, inhibition of CARMI by licochal-
cone A required significantly higher drug doses. This observation was also confirmed by CETSA assays, which
revealed PRMT6 to be a preferred target for licochalcone A (Figure 3). Additional support for this result was
also derived from our finding that licochalcone A inhibits histone H3R2 methylation which can be catalyzed by
PRMT6 (Figure 4), but not histone H3R17 methylation, which is mainly brought about by CARM1 [69].

Licochalcone A has been shown to induce apoptosis of breast cancer cells in vitro and block breast cancer
growth in mouse model [34-37]. These pathways are also known to be affected by PRMT6. For example, lico-
chalcone A decreased the viability of MCF-7 cells by inhibiting PI3K/Akt/mTOR activation, a pathway known
to be activated by PRMT6 overexpression, and promoted induction of caspase-dependent apoptosis [29,35].
PRMTS6 synergistically functions with Steroid Receptor Coactivator (SRC-1) to coactivate ERo [17,56], which is
in line with our observation identifying PRMT6 involvement in the reduction in ERE reporter activity and the
expression of endogenous estrogen-responsive genes in response to licochalcone A treatment (Figure 5CE).
Knockdown of PRMTS6 levels by siRNA interference is known to cause an estrogen-dependent decrease in pro-
liferation of MCEF-7 cells [17], which is also supported by our findings that licochalcone A promotes a preferen-
tial reduction in proliferation of MCF-7 cells relative to normal MCF-10A breast epithelial cells (Figure 5F).
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PRMT6 promotes histone arginine methylation at the p53 locus to silence p53 gene expression [11]. In line
with this, our data showed that p53 protein level is lower in MCEF-7 cells than that of MCF-10A cells, which is
also consistent with a previous report [52], and this negatively corelated with the expression of PRMT6
(Figure 7C). An inverse correlation between PRMT6 and p53 levels in MCF-7 and MCF-10A cells provides
further support for a link between these proteins in licochalcone A-induced cell death of MCEF-7 cells. Other
reports have suggested that a subset of chalcones up-regulate p53 protein levels in MCF-7 cells [70,71],
although similar studies have not been conducted with licochalcone A. Indeed, drug-induced up-regulation of
P53, drove apoptosis following a G2/M cycle arrest in MCF-7 cells as opposed to MCF-10A cells, where lico-
chalcone A treatment caused a G2/M arrest, but failed to trigger apoptosis (Figure 7). These findings suggest
that licochalcone A can target cancer cells and possibly spare normal cells. Licochalcone A also induced p53
expression in HCT116 human colon cancer cells and SGC-7901 human gastric cancer cells [72,73]. A growing
body of evidence suggests that licochalcone A acts through multiple targets to induce apoptosis [35,36,73].
PRMT6 appears to be an important target of the drug because constitutive expression of PRMT6 could reverse
licochalcone A-induced apoptosis in MCF7 cells. Thus, while our data suggest that licochalcone A targets
PRMT6 activity, and acts by p53 up-regulation, current evidence also indicates that licochalcone A and PRMT6
can modulate signaling through multiple pathways. Thus, additional studies are needed to determine if
p53-independent mechanisms are also deployed by PRMT6 to attenuate breast cancer cell growth. Therefore, a
better understanding of the anti-tumor activity of licochalcone A in the specific context of PRMT6 function, is
necessary.

Our in vitro studies suggest that licochalcone A has therapeutic potential against breast cancer. However, future
in vivo studies are needed in patient derived xenograft models of triple negative breast cancers to investigate if
their higher levels of PRMT6, which we have shown in this study, makes them uniquely sensitive to licochalcone
A treatment. There is also a need for further efforts to identify potent and selective PRMT6 inhibitors. As a first
step in this direction, we have synthesized new compounds that are based on licochalcone A and previously
designed pharmacophore structures [74] for identifying potent and selective PRMT6 inhibitors (Supplementary
Figure S3). Recently reported Aryl Pyrazoles and MS117 are promising PRMT6 inhibitors [30,31]. However, its
transition from a tool compound to a therapeutic modality requires further mechanistic analyses.

Finally, in addition to PRMTS6, expression of a number of other PRMTs is up-regulated in cancers, making
them appealing targets for therapeutics development [2]. Indeed, one PRMT1 and three PRMT5 inhibitors
have entered into Phase I clinical trials for solid and hematological tumors between 2016 to 2019 [75]. We
anticipate that PRMT inhibitors will constitute the next wave of epigenetic modifiers to make the transition
from the laboratory space to clinical testing.
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