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Renal Cell Carcinoma (RCC) is on the top 10 of the most incident cancers worldwide, being a third of patients
diagnosed with advanced disease, for which no curative therapies are currently available. Thus, new effective
therapeutic strategies are urgently needed. Herein, we tested the antineoplastic effect of newly synthesized 3-
nitroflavanones (ML0o1302) on RCC cell lines. 786-0, Caki2, and ACHN cell lines were cultured and treated
with newly synthesized 3-nitroflavanones. IC50 values were calculated based on the effect on cell viability
assessed by MTT assay, after 72 h of exposure. ML0o1302 displayed antineoplastic properties in RCC cell lines
through marked reduction of cell viability, increased apoptosis and DNA damage, and morphometric alterations
indicating a less aggressive phenotype. MLo1302 induced a significant reduction of global DNA methylation and
DNMT mRNA levels, increasing global DNA hydroxymethylation and TET expression. Moreover, MLo1302
decreased DNMT3A activity in RCC cell lines, demethylated and re-expressed hypermethylated genes in CAM-
generated tumors. A marked in vivo decrease in tumor growth and angiogenesis was also disclosed. MLo1302
disclosed antineoplastic and demethylating activity in RCC cell lines, constituting a potential therapeutic agent
for RCC patients.

1. Introduction

Renal cell carcinoma (RCC) is the most frequent kidney cancer type
(~85%) with a male to female ratio of 2.0:1.0, representing the 7th and
10th most common cancer in men and women, respectively, and steadily
increasing over the last decades [1,2]. Clear cell RCC (ccRCC) is the most
frequent RCC histological subtype (=~ 80%) followed by papillary
(pRCC) and chromophobe RCC (chRCC), which represents 80% of the
non-ccRCC [3]. RCC represents a heavy economic burden on the
healthcare system due to the high morbidity and mortality rate. Despite
the curative intent of nephrectomy, about 30% of RCC cases are diag-
nosed with locally advanced disease and distant metastases. At these
stages, therapy regimens with tyrosine kinase inhibitors allow for dis-
ease control, increasing median survival for up to 9 months. Nonethe-
less, this treatment is not curative and eventually all metastatic RCC

(mRCC) patients will develop resistance, disclosing a 5-year survival
rate inferior to 10% [4,5]. Thus, considering RCC biology, it is imper-
ative to improve not only early detection approaches but also new and
more effective therapeutic strategies for locally advanced and metastatic
disease. Importantly, several tumor suppressor genes (TSGs) involved in
critical pathways for cellular homeostasis maintenance were found
silenced by promoter methylation in RCC [6-9]. Indeed, TSG hyper-
methylation has been reported in about 20% and 7% of ccRCC and
PRCC, respectively [10,11]. Specifically, MTHFR (ccRCC: 100%; pRCC:
100%), RASSF1A (ccRCC: 81%; pRCC: 100%), and TIMP3 (~ 58%) were
shown to be highly methylated in RCC [6,8]. Taking advantage of the
reversible nature of epigenetic modifications, modulation of epigenetic
machinery using inhibitors of the DNMT, the DNA methyltransferases,
might provide new and more effective therapeutic strategies for cancer,
including RCC [12,13].
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Over the last decades, several compounds were tested in an attempt
to restore the normal methylation patterns through inhibition of DNMTs
[14,15], triggering their proteasomal degradation [16,17]. This strategy
might contribute to the reversion of cancer cell phenotype and
improvement of patient outcome [18]. Indeed, the clinical benefit of
DNMT inhibitors (DNMTi) in hematologic cancer patients observed in
clinical trials [19,20] led to U.S. Food and Drug Administration (FDA)
and European Medicines Agency (EMA) approvals of 5-azacytidine and
5-aza-2’-deoxycytidine for treatment of myelodysplastic syndrome,
acute myelomonocytic leukemia and chronic myelomonocytic leukemia
[21,22]. However, these drugs display several limitations, including
neutropenia and thrombocytopenia at higher doses due to cytotoxic
effects [23], physiological instability, and short half-life due to the
degradation by hydrolytic cleavage and deamination by cytidine
deaminase [24,25]. Moreover, the lack of specificity might lead to
aberrant expression of normally silenced genes, contributing to tumor-
igenesis [26]. Although other cytidine analogs with improved stability
and efficacy have been developed, the cytotoxic effects inherent to
nucleoside analogs, derived from their incorporation into DNA [27],
entailed the development of new compounds that inhibit DNA methyl-
ation without requiring DNA incorporation [28]. Notably, natural
products, including isothiocyanates (e.g phenethyl isothiocyanate),
polyphenols (e.g epigallocatechin-3-gallate (EGCG), genistein, curcu-
min) and flavonoids (e.g. flavanones), present in food, constitute a class
of compounds with antioxidant and anti-tumor properties that affect the
epigenome, including alterations on DNA methylation [29,30]. These
compounds also induce apoptosis, inhibit cancer cell proliferation, in-
vasion and migration by affecting several important signaling pathways
[31]. These natural products are widely available in dietary and dis-
closed low toxicity and good tolerability [31,32]. Among them, flava-
nones are a subgroup of flavonoids abundantly found in plants such as
tea and citrus fruits [33]. Despite their potential clinical utility, natural
compounds and their derivatives have not been extensively explored in
urological cancer. Hence, we sought to explore the anti-neoplastic ac-
tivity of newly synthetized 3-nitroflavanones [34] in RCC, dissecting the
underling molecular mechanisms and focusing in its expected deme-
thylating action.

2. Materials and methods
2.1. Chemicals

3-Nitroflavanones DD880, MLo1302, MLo1507, ML0o1508 and
ML01607 were synthetized as described in [34] as compounds F1v880,
1, 3, 4 and 19, respectively. Stock solution of 10 mM DMSO were pre-
pared, aliquoted and kept at — 20 °C. Two different batches were pre-
pared and used in the experiments.

2.2. Cell culture and drug administration

Four ATCC epithelial renal cell lines (Lockville, MD, USA) available
at our laboratory [HKC8 (benign kidney cell line), 786-O (primary
ccRCC), Caki-2 (primary pRCC) and ACHN (metastatic pRCC)] were
cultured in the recommended medium supplemented with 10% Fetal
Bovine Serum (FBS) (Merck, Berlin, Germany) and 1% Antibiotic-
Antimycotic (Anti-Anti (100x), GIBCO, Waltham, MA, USA), and were
maintained at 37 °C in a humidified atmosphere containing 5% CO». All
cell lines were routinely tested for Mycoplasma spp. contamination (PCR
Mycoplasma Detection Set, Takara Bio, Shiga, Japan). Five recently
characterized 3-nitroflavanones [34] were dissolved with dimethyl
sulfoxide (DMSO, Sigma-Aldrich Corp., St. Louis, MO, USA) at 10 mM
concentration and stored at — 20 °C until further use. Treatment was
performed every 24 h during three consecutive days. For control pur-
poses, cell lines were also exposed to the drug vehicle (DMSO).
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2.3. Viability assay

Cell viability was evaluated using 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium-bromide (MTT) assay (Sigma-Aldrich). Cells were
seeded onto 96-well plates at 1.5 x 10% 2 x 10, 3 x 10% and 2.5 x 10*
cells per well for RWPE, 786-0, Caki-2 and ACHN, respectively. Cells
were allowed to adhere overnight and then exposed to the IC50 and 2
x IC50 concentration of each compound or DMSO during three
consecutive days, being the media renewed every 24 h. Afterwards, cell
viability was measured at days 0, 1, 2 and 3. The absorbance was
measured using a microplate reader (FLUOstar Omega, BMG Labtech,
Offenburg, Germany) at 540 nm wavelength with background subtrac-
tion at 630 nm. Three replicates were used for each condition and at
least three biological independent experiments were performed. The
number of viable cells was calculated using the formula: [(experiment
OD x number of cells at day 0)/Mean OD at day 0].

2.4. Apoptosis evaluation

Apoptosis was assessed using the APOPercentage™ apoptosis assay
kit (Biocolor Ltd., Belfast, Northern Ireland), according to the manu-
facturer’s guidelines. Briefly, 3 x 10* (786-0), 4 x 10* (Caki-2) and 3.5
x 10* (ACHN) cells/well were seeded onto 24-well plates, allowed to
adhere overnight. After 72 h of compound exposure, 5% of the APO-
Percentage dye was added to the media and incubated at 37 °C during
15-30 min, depending on cell type. After exposure to Dye Releasing
Agent, absorbance was determined using a microplate reader (FLUOstar
Omega) at 550 nm wavelength with background subtraction at 620 nm.
Three biological and three experimental replicates were performed for
each condition. Apoptosis levels were calculated according to the for-
mula: [apoptosis OD/Mean MTT OD at day 3].

2.5. Single cell gel electrophoresis (comet assay)

Quantification of DNA fragmentation was evaluated as previously
[35]. Briefly, after 72 h of drug exposure, 50,000 cells were harvested by
trypsinization, washed in PBS and re-suspended in 75 pL of low-melting
point agarose (Invitrogen, Carlsbad, CA, USA). This cell suspension was
applied on top of a microscope slide containing normal-melting point
agarose and allowed to polymerize for 20 min at 4 °C. The slides were
then immersed in lysis solution, pH 10 (2.5 M NaCl, 100 mM NasEDTA,
10 mM Tris Base and Triton X-100 1%) at 4 °C during 2 h in the dark.
Then, the slides were incubated in an alkaline electrophoresis buffer
(300 mM NaOH, 1 mM NayEDTA, pH 13) for 40 min at 4 °C to allow
DNA unwinding. Single cell gel electrophoresis was performed on a
horizontal electrophoresis platform at 4 °C for 30 min at 27 V. The
slides were then immersed in neutralization buffer (Tris-HCl; pH 7.5,
0.4 M Tris Base) for 10 min. After fixation with 100% ethanol, the slides
were stained with Sybr Green® (Life Technologies, Foster City, CA, USA)
and DNA damage was evaluated under a fluorescent microscope. At least
three independent and two experimental replicates were performed for
each condition. The DNA damaging effect through DNA fragmentation
was determined by measuring four previously described parameters,
including total intensity (DNA content), tail length, tail moment (a
measure of both amount of DNA in the tail and its distribution) and
percentage of DNA in the tail [36]. A minimum of 50 cells were
considered for each of the three replicates.

2.6. Morphometric analysis

Cell morphometric analysis was performed after 72 h of exposure to
the compound. Cell sphericity and area were evaluated using the free-
hand polygon tool of the Olympus CellSens Dimension software
(Olympus Corporation, Shinjuku, Japan). For each condition, at least 50
cells from the three biological replicates were analyzed.
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2.7. Chicken chorioallantoic membrane (CAM) assay

Fertilized chicken eggs (Pintobar, Portugal) were incubated hori-
zontally at 37 °C with 70% humidity (HERATHERM incubator; Thermo
Scientific). At 3rd day of development, a small hole was shaped in the
pointed end of the egg to allow CAM dissociation from the egg shell
membrane and an oval window (= 2 cm diameter) was made on the top
of the egg shell, enabling access to the CAM and evaluation of embryo
viability. These windows were then sealed with transparent tape to
prevent eggs dehydrating and incubated at 37 °C until day 10 of the
embryonic development. At this day, ACHN cells [2 x 10° cells/egg]
were collected and resuspended in 25 pL of Matrigel (BD Biosciences,
San Jose, CA, USA). Following 10 min of incubation at 37 °C, ACHN cells
were implanted into the CAM under sterile conditions. Three experi-
mental groups were tested: control/vehicle (n = 12), 1.5 pM MLo1302
(n = 12) and 3 pM ML01302 (n = 12). The shell windows were then
protected again with invisible tape and the eggs returned to incubation
at 37 °C until day 14 of embryonic development to allow for tumor
formation. At day 14, 50 pL of the compound or vehicle were added to
the tumor into the CAM, under sterile conditions, and placed again into
the incubator at 37 °C after all treatments, until 72 h. Images of the CAM
implants were acquired at the first day of treatment in ovo, prior to it,
and also at 72 h after the treatment regimen, using a stereomicroscope
(Olympus SZX16) attached to a digital camera SC-180 (Olympus) and
CellSens imaging software (Olympus) to assess the tumor size and
vascular network. After treatment, the embryos were sacrificed by in-
cubation at — 80 °C for 10 min. Both the implants and the underlying
and immediately adjacent CAM portions were cut using forceps and a
small suture scissor and fixed in paraformaldehyde solution at 4% (v/v).
Ex ovo images were then captured for each CAM implant. The excised
membranes were transferred to histological cassettes, embedded in
paraffin, and serially sectioned for immunohistochemical analysis. Four
independent CAM assays were performed.

2.8. Global DNA methylation

Imprint® Methylated DNA Quantification kit (Sigma-Aldrich, Ger-
many) was used to quantify 5-mC global content following manufac-
turer’s recommendations. Briefly, after DNA extraction, using the
standard phenol-chloroform method, 200 ng of total DNA were incu-
bated with a 5-mC capture and detection antibody. Absorbance was
measured using FLUOstar Omega microplate reader at 450 nm. DNA
methylation levels were compared with a synthetic fully methylated
DNA positive control. Three biological and three experimental replicates
were performed. Calculation of the percentage of DNA global methyl-
ation was performed using the following formula: [((Mean OD sample —
Mean OD blank)/(Mean OD methylated control — Mean OD blank)) x
100].

2.9. Global DNA hydroxymethylation

MethylFlash™ Global DNA Hydroxymethylation (5-hmC) ELISA
Easy Kit (Epigentek) was used to quantify 5-hmC global content
following manufacturer’s instructions. Succinctly, 100 ng of extracted
DNA was bound to strip-wells specifically treated to have a high DNA
affinity. The hydroxymethylated fraction of DNA was detected using a 5-
hmC mAb-based detection complex and then quantified colorimetrically
by reading the absorbance in a microplate spectrophotometer. The
percentage of hydroxymethylated DNA is proportional to the OD in-
tensity measured. Three biological and three experimental replicates
were performed. The percentage of hydroxymethylated DNA was
calculated based on the generation of a standard curve, and then,
applying the formula: [((Mean OD sample — Mean OD negative control)/
(slope x amount of input sample DNA)) x 100].
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2.10. DNMT3A activity

Nuclear extracts from either compound or vehicle exposed cells were
obtained using the Nuclear Extract Kit (Active Motif, Rixensart,
Belgium), per manufacturer’s protocol. After protein quantification
using Pierce BCA Protein Assay kit (Thermo Fisher Scientific), 10 ug of
nuclear extract obtained from each sample was used to measure
DNMT3A activity with EpiQuick™ DNMT3A Assay Kit (Epigentek, New
York, USA), according to the manufacturer’s instructions. Briefly, nu-
clear extracts from 786-0, Caki-2 and ACHN were added to a specific 96
well plate coated with CpG enriched substrate. After the enzymatic re-
action, capture and detection antibodies were added to the wells.
Absorbance was measured using FLUOstar Omega microplate reader, at
450 nm with background subtraction at 655 nm. Three biological and
three experimental replicates were performed for each sample. The
subsequent formula was used to calculate the DNMT3A activity per-
centage: [((Treated sample OD - Blank OD)/ (Vehicle OD - Blank
OD)) x 100].

2.11. Immunohistochemistry analysis

Immunohistochemistry (IHC) on paraffin section of microtumors on
CAM was performed in representative 4 um-thick tissue sections for
DNMT1, DNMT3A, DNMT3B and Ki67, using the UltraVision Detection
System (Large Volume Anti-Polyvalent, HRP; Thermo Scientific Inc.,
USA). Briefly, deparaffinized and rehydrated slides were submitted to
heat-induced antigen retrieval for 20 min at 98 °C with 10 mM citrate
buffer (pH 6.0) for Ki67 and 20 min at microwave with 1 mM EDTA
buffer (pH 8.0) for DNMT1, DNMT3A and DNMT3B. After endogenous
peroxidase inactivation, incubation with the primary antibody was
performed overnight at RT. The immune reaction was visualized with
3,3’-diamonobenzidine (Sigma-Aldrich™) as a chromogen. All sections
were counterstained with Gill-2 haematoxylin and mounted with
Entellan® (Merck-Millipore). A positive control was included for each
antibody. The immunostaining was evaluated quantitatively using
GenASIS software (Applied Spectral Imaging, ASI) using a digital camera
UCMAD3 (Olympus), considering the percentage of positivity and in-
tensity of staining. The score for immunoreactive extension was as fol-
lows: score 0: < 15% of immunoreactive cells; score 1: 15-50% of
immunoreactive cells; score 2: 50-75% immunoreactive cells; score 3:
> 75% of immunoreactive cells. The final score was defined as the sum
of extension and intensity scores and for statistical analysis, a final score
> 1 was considered positive.

2.12. Quantitative methylation-specific PCR (qMSP)

Genomic DNA extracted from cell lines using the phenol-chloroform
method as previously [35] was submitted to sodium bisulfite conversion
(EZ DNA Methylation-Gold™ Kit, Zymo Research, Irvine, CA, USA)
following manufacturer’s instructions. Sodium bisulfite modified DNA
(1000 ng) was amplified by qMSP using TagMan technology. Reactions
were performed in 96-well plates using Applied Biosystems® 7500
Real-Time PCR System (Thermo Fisher Scientific). Briefly, per each well
1 pL of modified DNA, 9 pL of Master Mix using Xpert Fast Probe (uni)
(GRISP, Porto, Portugal) were added. The amplification was carried out
by a period of 3 min at 95 °C followed by 45 cycles with 5 s at 95 °C and
30 s at a specific temperature, depending on the primers sequence of
each gene (Table A.1). Only amplifications < 35 cycles were considered
as positive. The PCR program was performed using Applied Biosystems®
7500 Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA,
USA) and all samples were run in triplicate. The methylation levels for
each sample were derived from calibration curves created using serial
dilutions (1:5) of bisulfite modified CpGenome™ Universal Methylated
DNA. The methylation levels for each gene were calculated after
normalization to S-ACTIN. Methyl Primer Express Software v1.0
(Applied Biosystems, Foster City, CA, USA) was used to design the
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specific primers and probes.
2.13. Quantitative real-time PCR (qRT-PCR)

RNA from cultured cell lines was obtained by TRIzol method (Invi-
trogen, Carlsbad, CA, USA), according to manufacturer’s instructions,
with further complementary DNA (cDNA) synthesis using RevertAid
Reverse Transcription Kit (Thermo Fisher Scientific). RNA quantifica-
tion and purity were assessed in NanoDropTM Lite Spectophotometer
(Cat. ND-LITE, Thermo ScientificTM). Xpert Fast Sybr (uni) blue (GRISP,
Porto, Portugal) was used to quantify the expression of the target genes.
The PCR program was performed using Applied Biosystems® 7500 Real-
Time PCR System and consisted of 2 min at 95 °C followed by 40 cycles
with 5sat 95 °C and 30 s at a specific temperature (Table A2), and a final
step of 15 s at 95 °C, 1 min at 60 °C and 30 s at 95 °C. The expression of
molecular genes to assess apoptosis pathway, CASP3 (Hs00234387_m1),
cell cycle inhibition, CDKN1A (Hs00355782_m1), and cell proliferation,
Ki67 (Hs01032427_m1) was quantified using Tagman expression assays
(purchased as pre-developed assays from Applied Biosystems) and
NZYSpeedy qPCR Probe Master Mix (2 x), ROX (NZYTech), and
normalized to GUSB (Hs99999908_m1). The PCR program was carried
out using Applied Biosystems® 7500 Real-Time PCR System and
comprised a period of 2 min at 50 °C and 10 min at 95 °C followed by 40
cycles with 15 s at 95 °C and 1 min at 60 °C. The expression of each
target gene was then normalized to the expression of the housekeeping
(GUSB) gene. All the samples were run in triplicate and human reference
total RNA (Agilent Technologies, USA) was used as positive control to
generate a standard curve (dilutions of 1:10).

2.14. Statistical analysis

Kruskal-Wallis with post-hoc Dunn’s multiple comparison test and
one-way analysis of variance (ANOVA), with post-hoc Dunnet’s multiple
comparison test, were used to compare the results obtained in each
parameter for the different compounds’ concentrations and the control/
vehicle, when appropriate. For immunohistochemistry analysis, the
comparison of DNMT and Ki67 expressions between control/vehicle and
different MLo1302 concentrations was evaluated for statistical signifi-
cance using Pearson’s chi square (x?) test. Analyses were performed with
GraphPad Prism 7 (San Diego, CA, USA) and statistical significance was
set at p-value < 0.05.

3. Results

3.1. ML01302 decreases viability and increases apoptosis of RCC cell
lines

The half-maximal inhibitory concentration (IC50) of cell viability by
several 3-nitroflavonones synthetized in [34] was calculated for HKC8,
786-0, Caki-2 and ACHN cell lines after 72 h of compound exposure
(Table 1). ML01302 showed the lowest IC50 values for tumor cells (1.5
pM) without significantly impairing the benign cell line (HKC8) (Table 1
and Fig. 1a). MLo-1607 was used as a negative control, showing the
highest IC50 values for all treated cell lines. Considering these results,
IC50 and 2xIC50 values were chosen as treatment concentrations in
clear cell RCC cells for 72 h to assess the effects on the RCC phenotype.

A time- and dose-dependent inhibition of RCC cell viability was
observed for MLo1302. Overall, tumor cell growth suppression appeared
from day 1 at both tested concentrations, with a stronger effect on day 3
with the highest dose (Fig. 1a). Indeed, 3 pM of ML01302 induced an
83%, 91% and 86% reduction in 786-0, Caki-2 and ACHN cell viability
upon 72 h of treatment, respectively. MLo1302 also increased apoptotic
levels of the three tested RCC cell lines in a dose-dependent manner
(Fig. 1b), particularly at the highest concentration. Importantly, it did
not disclose any effect either on HKC8 cells viability with the IC50 of
tumor cells (1.5 pM), nor on HKC8 apoptosis at 3 pM (HKC8 IC50 value).
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Table 1
IC50 values obtained for each tested flavanone-derived compound for RCC cell
lines (n = 3).

Compound Cell Line IC50 (uM) Chosen Treatment Concentrations (pM)
DD880 HKC8 9.70 £ 0.06 10 20

786-0 437 +057 5 10

Caki-2 10.26 + 0.47 10 20

ACHN 8.34 £1.31 10 20

MLo01302 HKC8 276 +0.76 3 6
786-0O 1.49 £ 0.01 1.5 3
Caki-2 1.40 £ 0.94 1.5 3
ACHN 1.32 £ 0.41 1.5 3

MLo01507 HKC8 16.96 + 0.64 15 30
786-0O 13.81 +0.37 15 30
Caki-2 14.99 + 1.26 15 30
ACHN 7.42+0.03 75 15

ML01508 HKC8 16.9 £+ 0.59 17 34
786-0 2.37 £ 0.01 25 5

Caki-2 229+0.29 25
ACHN 4.84 + 0.61 5 10
MLo01607 HKC8 104 £1 - -
786-0 108 £1 - -
Caki-2 85+5 - -
ACHN 137 £1 - -

These results were paralleled at the molecular level by the significant
decrease in Ki67 (cell proliferation marker), along with increased
CDKN1A (negative cell cycle regulator) and CASP3 (apoptosis marker)
expression levels (Fig. 1c).

3.2. ML01302 induces DNA damage and morphometric alterations in
RCC cell lines

786-0 and ACHN cells exposed to MLo1302 displayed increased cell
area, higher cell granularity and nuclei heterochromatic regions
comparatively to controls (Fig. 2a and Fig. S1). The latter combined with
the smaller size of the cell population suggests an apoptotic status.
Interestingly, cell vacuolization and debris were commonly found in
cells treated with the highest MLo1302 concentrations (Figure B.1).
Conversely, cell area was significantly decreased in Caki-2 cells treated
with MLo1302 (Fig. 2a). Moreover, cell sphericity was significantly
increased in all treated cells when compared to the respective vehicle
(Fig. 2b).

RCC cell lines treated with ML01302 increased comet tail length
significantly associated with DNA damage (Fig. 3a). The same cells also
disclosed increased ATR (serine/threonine-protein kinase), GADD45B
(growth arrest and DNA damage 45) and RAD9 (cell cycle checkpoint
control protein) expression levels, with the exception of Caki-2 for
GADD45B (Fig. 3b).

3.3. MLo1302 affects global DNA and histone methylation and DNMT3A
activity in RCC cell lines

The pRCC cell lines (Caki-2 and ACHN) exhibited the highest basal
global 5-mC content and DNMT levels compared to the ccRCC cell line
786-0 (Table C1). Decreased of 5-mC content was found in all RCC cell
lines upon exposure to ML01302, with the highest reduction (55% for
Caki-2% and 70% for ACHN) achieved at the lowest tested concentration
(Fig. 4a). Global DNA methylation reduction associated with a signifi-
cant 5-hmC global content increase in Caki-2 (44% at 1.5 pM and 62% at
3 pM) and ACHN (58% at 1.5 uM and 70% at 3 pM) cell lines (Fig. 4b).
Moreover, DNMT3A activity was decreased in all RCC cell lines tested
the highest reduction being achieved in Caki-2 cells (56%) exposed to
3 uM of ML01302 (Fig. 4c). These results associated with a significant
decrease of DNMT1 and DNMT3a transcript levels in RCC cell lines,
except for 786-0 in which only DNMT3a was decreased after treatment
(Fig. 4d). DNMT3b, except for Caki-2 cells, was not affected (Fig. 4d).
Considering that DNA methylation is a balance between the activity of
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Fig. 1. MLo1302 effect on cell viability and apoptosis. (a) MLo-1302 decreased cell viability as measured by MTT assay after days 0, 1, 2 and 3, and (b) increased
apoptosis levels, measured at day 3 with a phosphatidylserine-based assay, of RCC cell lines (786-0, Caki-2 and ACHN) without significantly impairing of the viability
of normal cell lines (HKC8). Statistically significances were observed between (a) vehicle and at the concentration corresponding to the IC50, and (b) vehicle and at
the concentration of two times the IC50. These phenotypic results were accompanied by (c) molecular analysis revealing a significant increase of CDKN1A (cell cycle
inhibitor) and CASP3 (marker of apoptosis pathway), and a significant decrease of Ki67 (cell proliferation marker). All data are presented as mean of three inde-
pendent experiments &+ S.D., CI: 95%, based on ANOVA with post-hoc Dunnet’s multiple comparison test (ns — no significant; *p < 0.05; **p < 0.001;

**p < 0.001; ****p < 0.0001).

DNMT and TET [37], we also evaluated the expression levels of the TET
enzymes. TET1 and TET2 mRNA levels were increased in the three tested
RCC cell lines, whereas TET3 was upregulated only in ACHN cells
(Fig. 4d).

3.4. MLo1302 reverses the methylation status of gene promoters in RCC
cell lines

MLo01302 exposure induced demethylation (Fig. 5a) and re-
expression (Fig. 5b) of the three selected RCC-related genes, MTHEFR,
RASSF1A and TIMP3, in Caki-2 and ACHN cell lines. In ACHN, all genes
were demethylated and re-expressed at the same concentration, in
particular for RASSFIA a 4.8-fold re-expression upon demethylation
with MLo1302 was observed (Fig. 5b). 786-O cells showed a decreased
of MTHFR promoter methylation (Fig. 5a), with no significant changes
in its expression levels (Fig. 5b). In Caki-2, 3 uM of ML01302 led to
demethylation with concomitant re-expression of MTHFR and TIMP3
genes. Taken together, these data indicate that MLo1302 targets DNA
promoter methylation.

3.5. Anti-angiogenic effect of MLo1302 on chick embryo CAM assay

ACHN was the most responsive cell line to ML0o1302, in which the
greater demethylating effect was attained. Therefore, we performed
CAM assay on ACHN cells treated with MLo1302. The ACHN tumor

inoculated into the CAM was treated for three consecutive days to mimic
the in vitro assays. ML01302 effectively reduced the tumor size (Fig. 6a
and b) and the number of vessels around the tumor (Fig. 6a and c).
Additionally, decreased tumor proliferation by 36% and 27% for 1.5 pM
and 3 uM of ML01302, respectively, was found in the CHC group (Ki67
positive cells) compared to 58% for the control group (Fig. 6d and e),
showing the anti-proliferative effect of ML0o1302. Accordingly, signifi-
cant decreases in DNMT1 and DNMT3A protein expression were found
in the MLo1302-treated vs control groups (Fig. 6d and e), confirming the
demethylation potential of MLo1302. DNMT3B protein was not detected
in ACHN microtumors (data not shown).

4. Discussion

Deregulation of epigenetic machinery has been implicated in renal
carcinogenesis and critical target genes deregulated by epigenetic
mechanisms have been identified [9]. Moreover, RCC discloses a CpG
island methylator phenotype (CIMP), which confers a more aggressive
behavior, as observed specifically in pRCCs associated to a worse overall
survival [11,38]. Finally, DNMT1, 3A and 3B proteins were found to be
overexpressed in the three most frequent sporadic RCC subtypes and
associated with poor prognosis [39]. Thus, DNMT inhibitors might be
useful therapeutic tools for RCC. Indeed, the two nucleoside DNMTi
FDA-approved for hematological neoplasi, have been tested in RCC
clinical trials as monotherapy or in combination with other therapeutic
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Fig. 2. MLo1302 effect on cellular morphology. ML0o1302 induced morphometric alterations were followed in the three RCC cell lines by measuring the (a) cell area
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Wallis with post-hoc Dunn’s multiple comparison test (ns — no significant; **p < 0.001; ***p < 0.001; ****p < 0.0001).

agents [40-43]. Nonetheless, similarly to other solid tumors, these two
5-azanucleosides showed very limited effectiveness in RCC. This might
be due to limited incorporation into DNA, since solid tumors are much
less proliferative compared to hematological neoplasms [44]. Thus,
non-nucleoside DNMTi, which do not need to be incorporated into DNA,
might overcome this constraint. Remarkably, most DNMTi developed
thus far target DNMT1, whereas DNMT3A and 3B inhibition has been
less explored. Although DNMT1 is the most dynamic DNMT enzyme in
differentiated cells due to its role in DNA methylation mark mainte-
nance, DNMT3A and 3B have been also considered as important targets.

Herein, we report for the first time the anti-neoplastic and deme-
thylating activity of a newly synthetized 3-nitroflavanone DNMTi
(ML01302) in RCC cell lines. Interestingly, this compound reduced cell
viability and induced apoptosis in a dose- and time-dependent manner,
although it is not a potent DNMT inhibitor in vitro [34]. Impressively, an
83% reduction in 786-O cell viability after 72 h exposure to 3 pM of
MLo01302 was observed. In comparison to 5-aza-2’-deoxycytidine, a
FDA-approved nucleoside DNMTi, which reduced Caki-2 cell viability of
approximately 53% and increased apoptosis 4.4-folds after 96 h of
treatment at 5 pM [45], 3 pM of MLo1302 decreased Caki-2 cell viability
and augmented apoptosis in a more pronounced manner after 72 h (91%
and 13.8-fold, respectively). Importantly, cell viability reduction upon
exposure to MLo1302 was confirmed at the molecular level through a
significant decrease in Ki67 transcript levels and increased CDKNIA
expression. Moreover, significantly increased CASP3 mRNA levels also
corroborate the apoptosis assay results. Accordingly, in CAM assays,
ACHN microtumors treated with MLo1302 showed decreased Ki67
expression, confirming the inhibitory effect upon tumor growth and
angiogenesis.

MLo01302 also induced alterations in cell morphology in the three
RCC cell lines. Increased cell sphericity depicted after exposure is,
indeed, an epithelial phenotype marker, associated with mitigation of
aggressiveness [46,47]. Importantly, this observation is in accordance
with the phenotypic results of cell viability impairment and apoptosis
induction. Interestingly, MLo1302 induced a dose-dependent increase in
786-0 and ACHN cell area. This might be due to cell swelling, which
along with debris and cell vacuolization, might suggests cell death by

necrosis. Therefore, the mechanism of death in these two cell lines re-
quires further elucidation. Conversely, treated Caki-2 cells showed sig-
nificant cell area reduction that combined with heterochromatic
regions, cell granularity and cellular fragmentation, suggested an
apoptotic status. Importantly, cell size and sphericity increased along
with decreased cell viability and cell cycle arrest. In addition, dimin-
ished Ki67 and augmented CDKN1A levels might also suggest cell
senescence in response to cellular stress. RCC cells also depicted marked
DNA damage upon MLo1302 exposure. DNA damage was observed in a
dose-dependent manner and led to ATR signaling pathway activation by
RAD9 (DNA injury sensor), ATR (signal transducer), and GADD45B
overexpression, which interacts with P21 (CDKN1A), culminating in cell
cycle arrest and DNA repair. ATR signaling is primarily activated upon
single-strand breaks (SSB), although not exclusively [48,49]. In accor-
dance, ATR pathway activation associated with DNA repair, cell cycle
arrest, apoptosis and senescence corroborate the phenotypic results.
Importantly, GADD45 proteins are also known to promote active DNA
demethylation of specific loci and normal gene expression, interacting
with enzymes such as TET1 [50,51]. Specifically, GADD45B induces
specific DNA demethylation by binding to sequence-specific transcript
factors or by direct binding to nucleic acids [50,52]. Therefore, a
possible mechanism of action for MLo1302 might be activation of DNA
damage response (DDR) signaling pathway ATR combined to upregu-
lation of GADD45B, which not only induces DNA repair and cell cycle
arrest, but also DNA demethylation. These results might be of particu-
larly importance, since DNA repair has been implicated in
therapy-resistance [53]. Hence, the DNA repair machinery impairment
induced by these compounds might be beneficial for standard cancer
therapy. Moreover, DNA damage-induced phenotype might render RCC
cells sensitive to poly(ADP-ribose) polymerase (PARP) inhibitors [54]
and, thus, they might also be useful as chemosensitizers. Therefore,
exploring combined therapies should be considered in further studies
with this new and promising 3-nitroflavanone.

Interestingly, RCC cell lines exposed to MLo1302 showed a
decreased in global DNA methylation at both concentrations, i.e. 1.5 and
3 uM, although more impressively with 1.5 M for which a 70%
reduction was achieved in ACHN and 55-60% in the other cell lines.
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These results are in agreement with the reported 50% reduction of the
global 5-mC content observed in Caki-2 cell line treated with 1 uM 5-
aza-deoxycytidine [55]. Likewise, MLo1302 showed a higher inhibi-
tory effect on DNMT expression, especially DNMT1 and DNMT3a.
Remarkably, the compound led to 21-56% decrease in DNMT3A activity
in all tested RCC cell lines. Furthermore, the effect of ML0o1302 was also
validated in an in vivo CAM model. The non-nucleoside MLo1302
showed an IC50 value (1.5 uM) similar to 5-aza-2’-deoxycytidine (1 pM)
but displayed a more important phenotypic impact on RCC cells. To our
knowledge, this is the first report of a non-nucleoside DNMT inhibitor
that displays greater anti-cancer effect than 5-aza-2’-deoxycytidine in
RCC cell lines.

Finally, 5-mC marks may be lost or eliminated in a passive or active
manner, during DNA replication in absence of DNMT activity or through
TET enzyme activity, respectively. In active DNA demethylation, 5-hmC
is a product of 5-mC oxidation by the TET family proteins that, with
further steps, further culminates in DNA base-excision repair (BER)

pathway and replacement of a methylated cytosine by an unmodified
cytosine in a replication-dependent manner [56,57]. Nonetheless, global
5-hmC loss has been reported for several tumor models [37], including
RCC [58]. The 5-hmC reduction might be due to TET mutations or
transcriptional/protein downregulation [59]. In our study, a significant
5-hmC increase associated with increased TET mRNA levels was found
upon ML01302 treatment, especially for TET1. Importantly, TET1 was
reported to be downregulated in RCC, correlating with poor prognosis
[60]. In ACHN cells, TET1 ectopic overexpression significantly associ-
ated with decreased cell viability and invasion, and increased apoptosis
[60]. Overall, although the exact molecular targets of MLo1302 have not
been yet identified, these data suggest that phenotypic effect of this
novel compound may, at least partially, result from induced TETI
overexpression. This leads to active DNA demethylation, along with
GADDA45B, as previously mentioned. Moreover, increased 5-hmC global
content in Caki-2 and ACHN cell lines might contribute to the success of
passive demethylation, as 5-hmC DNA may alter in vitro selectivity site
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to DNMT1 and deplete its activity [61,62]. The results obtained in 786-O
cells also suggest that passive DNA demethylation is involved, as no
increase in global 5-hmC content or decrease in DNMT1 mRNA levels
were observed. Notably, MLo1302 ability to demethylate and re-express
TSGs represents a pivotal result concerning the mode of action of this
compound. Specifically, RASSF1A, which induces cell cycle and mitotic
arrest, DNA repair as well as apoptosis [63,64], is commonly silenced by

hypermethylation [64], especially in pRCC [65,66]. In our study,
treatment with 3 uM of ML01302 is associated with 27% decrease in
methylation and concomitant 5-fold RASSF1A re-expression after 3 days
of exposure in ACHN cell line. Interestingly, similar results were ach-
ieved with 200 nM of 5-aza-2’-deoxycytidine after 2-6 days of treatment
of ACHN cells [67]. Likewise, reduced RASSFI1A promoter methylation
and concomitant 50-100-fold re-expression was achieved in 786-0 cells
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upon exposure to 5 uM of 5-aza-2’-deoxycytidine [68]. In the same line,
cells exposed to MLo1302 also displayed demethylated and re-expressed
TIMP3, a gene encoding for a metalloproteinase inhibitor that inhibits
tumor growth, invasion, migration and angiogenesis, while inducing
apoptosis [69,70]. Altogether, demethylation and concomitant
re-expression of these RCC-related genes further comfort the observa-
tions of the phenotypic assays.

In conclusion, ML01302 was the most effective compound inducing
phenotypic alterations in RCC cells, significantly decreasing DNA
methylation at both global and gene-specific levels, entailing a less
aggressive phenotype, which was also confirmed by the reduction of
RCC microtumors growth and angiogenesis. Strikingly, the most
impressive demethylation effects were depicted in ACHN cells, a meta-
static pRCC cell line, which also disclosed the highest 5-mC basal con-
tent. Importantly, MLo1302 reduced RCC malignant features at low
concentrations, which suggests clinical usefulness. As the currently
available systemic therapies for mRCC are mostly based on ccRCC
biology, specific therapies for pRCC and other non-ccRCC are notably
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lacking [71]. Pivotal clinical trials of novel therapies are carried out in
ccRCC patients because it is the most commonly diagnosed RCC subtype
[72], but metastatic pRCC displays similar aggressiveness [71,73],
deserving due attention. Thus, the hypothesis that MLo1302 might be a
new anti-neoplastic compound preferentially targeting pRCC should be
considered and further explored, not only as monotherapy but also in
combination with conventional or targeted therapies. Finally, to the best
of our knowledge, the published data on the antineoplastic activity of
non-nucleoside natural products in RCC is scarce [31,43], with only two
articles reporting the anticancer properties of EGCG, but without data
related to the demethylating potential [74,75]. Thus, our study might
well represent the first approach to this important issue combining
anti-neoplastic and demethylating properties, and render 3-nitroflava-
nones the focus of further investigations in RCC.
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