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Abstract

P38y (MAPK12) is predominantly expressed in triple negative breast cancer cells (TNBC) and induces stem cell (CSC)
expansion resulting in decreased survival of the patients due to metastasis. Abundance of G-rich sequences at MAPKI2
promoter implied the functional probability to reverse tumorigenesis, though the formation of G-Quadruplex (G4) struc-
tures at MAPK12 promoter is elusive. Here, we identified two evolutionary consensus adjacent G4 motifs upstream of the
MAPK]I2 promoter, forming parallel G4 structures. They exist in an equilibria between G4 and duplex, regulated by the
binding turnover of Sp1l and Nucleolin that bind to these G4 motifs and regulate MAPK12 transcriptional homeostasis. To
underscore the gene-regulatory functions of G4 motifs, we employed CRISPR-Cas9 system to eliminate G4s from TNBC
cells and synthesized a naphthalene diimide (NDI) derivative (TGS24) which shows high-affinity binding to MAPK12-G4 and
inhibits MAPK 2 transcription. Deletion of G4 motifs and NDI compound interfere with the recruitment of the transcription
factors, inhibiting MAPK12 expression in cancer cells. The molecular basis of NDI-induced G4 transcriptional regulation
was analysed by RNA-seq analyses, which revealed that MAPK12-G4 inhibits oncogenic RAS transformation and trans-
activation of NANOG. MAPK12-G4 also reduces CD441i€%/CD24°% population in TNBC cells and downregulates internal
stem cell markers, arresting the stemness properties of cancer cells.
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Introduction

Pallabi Sengupta and Anindya Dutta contributed equally.
The mitogen-activated protein kinase (MAPK) cascade is an

essential signaling pathway, in which the input signals from
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various upstream stimuli converge to promote tumorigenesis
by inducing tumor-suppressive and pro-oncogenic effects,
thus leading to cancer cell survival, stemness, dissemination,
metastasis, and therapeutic resistance. Although extensive
research has been conducted to characterize and understand
the functions of the MAPK superfamily of proteins, namely
MAPK14 (p38a), MAPK11 (p38B), MAPKI12 (p38y), and
MAPKI13 (p389) [1, 2], the physiological and pathological
functions of MAPK12 (p38y) remain largely unaddressed.
MAPKI12 (aka ERK3; ERK6; ERK-6; SAPK3; PRKM12;
SAPK-3; MAPK 12; P38GAMMA) was initially reported
to have abundant expression in the skeletal muscles. How-
ever, the recent development of the global and tissue-specific
MAPKI12 (p38y)-knockout mouse lines, acknowledged that
MAPK12 expression is not as restricted as initially thought
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and exhibits pleiotropic cellular functions through cytokine
production, cell cycle regulation, exocytosis, migration,
invasion, differentiation, and neuron activity; having acute
pathophysiological functions related to inflammation [3],
cancer stemness [4-6], tumorigenesis, diabetes, neurode-
generation, cardiac hypertrophy, and glucose homeostasis.
Aberrant expression of MAPK12 has recently been iden-
tified as the diagnostic and prognostic marker in triple-
negative breast cancer (TNBC), glioma malignancy, colon
cancer, and non-small cell lung cancer (NSCLC), associated
clinically with lower overall patient survival [7].

Previous studies have shown that MAPK12 expression
is highly induced by RAS activation, which positively
regulates phosphorylation-independent oncogenic RAS
transformation in various cancers [8—13]. Alternatively,
MAPKI12 downregulation arrests oncogenic RAS trans-
formation, which leads to the diminution of metastatic
and oncogenic properties of cancer cells [14-17]. In
breast cancer, MAPK12-induced KRAS transformation
integrates with estrogen receptor-mediated pathways to
promote tumorigenesis and invasion [18, 19]. In colorec-
tal cancer, MAPK12 induces KRAS-mediated invasion
and metastasis, leading to the transactivation of MMP9
(Matrix metalloprotease 9). In pancreatic cancer, MAPK12
mediates the crosstalk between RAS signaling and aero-
bic glycolysis [9], suggesting MAPK12-induced RAS
transformation as the crucial step to activate the signaling
cascades leading to tumorigenesis, stemness, metastasis,
and cell invasion in cancer. Lately, MAPK12 activation
has been shown to promote cancer stemness properties
by inhibiting microRNA-200b turnover through the ubiq-
uitin-mediated proteasomal degradation of GATA3 [4].
In a more recent study, MAPK12 has been reported to
regulate G,-to-G, transition by inducing retinoblastoma
phosphorylation that enables the cells to escape from the
quiescent stage in response to the stress stimuli, playing
a significant role in hepatocyte regeneration after par-
tial hepatectomy [20]. Other investigations indicated the
involvement of MAPK12 in myoblast differentiation [21]
and in regulating cytoskeleton integrity [22]. This envis-
aged that MAPK12 is one of the key proteins to regulate
the acquisition of stem cell-like traits in the cancer cells.
Besides, MAPK12 activation stimulates the pro-inflamma-
tory cytokines that play a central role in the development
of inflammation-induced neoplastic processes, fostering
proliferation and metastasis. With the revelation of these
oncogenic functions, emerging studies are being made
to produce specific MAPK12 inhibitors [23]. SB203580
and BIRB0796 are two well-established specific inhibi-
tors for MAPK12 [24]. However, these compounds exhibit
promiscuous binding to MAPK14 that expresses ubiq-
uitously in all cell types, resulting in off-target effects.
SUO005 has recently been identified as a specific MAPK12
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inhibitor, utilizing the structural differences between
the active forms of MAPK14 and MAPK12 gatekeeper
residues at the hinge region of the ATP-binding pocket
[25, 26]. Although SUO0OS5 inhibits MAPK12 expression
in the cultured cells, it binds to MAPK13, another iso-
form of MAPK superfamily, having off-target effects [27].
Recently, an anti-inflammatory drug, pirfenidone has been
used as MAPK12-specific inhibitor, while its specificity
for other MAPK isoforms remains to be tested. Therefore,
the lack of MAPK12-specific inhibitors and its implica-
tions in tissue regeneration, cancer, and metabolic dis-
eases, necessitate the development of novel therapeutic
strategies targeting MAPK12 [28, 29].

G-Quadruplex (G4) nucleic acids have long been identi-
fied as attractive therapeutic targets in anticancer research
[30]. These noncanonical DNA secondary structures
are formed over the tandem repeats of guanine (G)-rich
sequences having multiple n—x stacks of G-tetrads. These
cohere through Hoogsteen hydrogen bonds involving N1,
N7, 06, and N2 of G bases. The central carbonyl O6 offers
G4 stability through metal cation (Na* and K*) coordina-
tion [31]. G4s have received considerable attention in the
past due to their widespread distribution in human genome,
viz. telomeres, promoters, open reading frames, untrans-
lated regions of the oncogenes, and translocation hotspots
[32, 33]. Genome-wide analyses have further suggested
that G4 structures are concentrated within the functional
genomic regions, from highly divergent organisms, and
play imperative roles in myriad gene-regulatory functions,
such as transcription, replication, telomere maintenance,
and translation regulation [34—37]. Although progress has
been made in understanding G4 structures and their forma-
tion, their precise functional significance, and the impact of
their conformational dynamics on transcriptional regulation
are still areas of active research and investigation. Previous
studies have revealed the importance of full conformational
ensemble of G4 motifs for their wild-type functions [38],
bringing into question the experimental strategies that utilize
designed G4 sequences, tailored to predominantly populate
single-ground conformations. Most of the G4-targeting
compounds fail to conform to the polymorphic skeleton of
wild-type G4s and suffer from promiscuous binding to other
Gd4s, resulting in off-target effects. Earlier investigations
reported that MAPK 2 transcription is stringently regulated
by the G-rich elements in its promoter that bind to Spl in
a sequence-dependent manner, leading to the upregulation
of MAPK 2 transcription [39]. Since Sp1 has been widely
studied as a potential G4 binding protein, the possibility
that these G-rich domains at MAPKI2 promoter fold into
G4 structures is conspicuous. In a more recent study from
Neidle’s group revealed the enrichment of putative G4
sequences (PQS) at MAPK 12 promoter, having possible
functions to reverse tumorigenesis in gemcitabine-resistant
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pancreatic cancer cells, suggesting the PQS in MAPK12 pro-
moter as an attractive therapeutic target [40].

In this study, we identified two adjacently located G4
motifs at MAPKI2 promoter that poise homeostatic regu-
lation in MAPK12 transcription. They exhibit equilibria
between duplex and G4 forms, regulated by the binding
turnover of Nucleolin and Spl at tandem G4 elements.
We harnessed CRISPR-Cas9-mediated deletion of these
MAPK]12-G4s to underscore their gene-regulatory func-
tions in MAPK12-mediated oncogenesis. We also devel-
oped the chemical derivatives of naphthalene diimide
(NDI) that induce and stabilize G4 formation at MAPK12
promoter and abrogate G4-mediated MAPK 2 transcription
in breast cancer cells. The molecular basis of NDI-induced
G4 regulation was accessed by transcriptome-wide analy-
ses using RNA-seq that revealed the inhibitory functions of
tandem MAPK12-G4 motifs in oncogenic RAS transforma-
tion, which in turn thwart the transactivation of NANOG.
G4 formation at MAPK 2 promoter also reduces CD44igh/
CD24°% population in breast cancer cells and downregu-
lates internal stem cell markers. The conformational dynam-
ics between two neighboring G4s in MAPK12 promoter
plays a role in diminishing the stem cell-like characteristics
of breast cancer cells. Additionally, they link MAPK12's
effects on RAS transformation to pathways that control stem
cell-like behavior.

Materials and methods
Preparation of oligonucleotide sequences

Putative G4-forming sequences at MAPKI2 promoter
(wild-type (wt) and mutated) (Table S1) were dissolved
into 10 mM potassium phosphate buffer (pH 7.0) or 1 X PBS
(Phosphate buffered saline) (pH 7.4), in presence or absence
of 100 mM potassium chloride (KCI). The sequences were
annealed by heating at 95 °C for 5 min, followed by cooling
slowly to room temperature to allow G4 formation. 1 Xx PBS
was used to mimic physiological conditions for the in vitro
studies.

Forster resonance energy transfer (FRET) studies

To understand the kinetics of G4 folding upon recombinant
Nucleolin and Spl binding, we performed FRET studies,
wherein the nonradiative energy is transferred from the
excited donor fluorophore to the ground state acceptor
fluorophore. To prepare the FRET probe, oligonucleotide
sequences (GQ (wt) and C-wt (Table S1)) were procured
from Eurofins India Pvt. Ltd, in which 6-FAM (Donor)
was attached to the 5'-end of the G4 strand (GQ (wt)) and
an internal Cy3 (Acceptor 1) tag was attached to 22T in

the same strand. Cy5 (Acceptor 2) tag was attached to the
complementary sequence of G4 strand (C-wt) at the 3’
-end. Two oligonucleotide sequences were allowed to form
heteroduplex at an equimolar concentration by heating at
95 °C followed by slow cooling to room temperature. From
steady-state emission intensity, the qualitative idea had been
evaluated about the efficiency of energy transfer between
the donor and acceptor fluorophores in presence of Nucleo-
lin and Spl. Oligonucleotide sequences were diluted to
1 uM into 1 X PBS (pH 7.4) while recombinant Nucleolin
(0.25-3 uM) and Sp1 (0.25-1 uM) were titrated at increasing
concentration gradient at 16 °C.

We acquired the fluorescence emission spectra from 560
to 690 nm wavelength by exciting the solution at 495 nm.
Then, we determined the FRET efficiency and the distance
between donor and acceptor fluorophores attached to the
probe both in presence and absence of Nucleolin and Spl
using the following equations:

Forster distance (R;) between 6-FAM and Cy3 pair
is~6.7 nm and 6-FAM and Cy5 is~6.5 nm [41].

. Fpa
Efficiency of FRET, €pppr =1 — —
Fp
Fp,: Donor intensity in the presence of acceptor; Fj,: Donor
intensity in the absence of acceptor.
The distance (R),,) between 6-FAM—Cy3 and 6-FAM—
Cy5 had been determined using the formula:

1
1—¢ 6
FRET
Rps =Ry <—
E€FRET

Dimethyl sulphate (DMS) protection assay

To analyze the composition of G-tetrad core and G4 folding
topology, we performed DMS protection assay on 74-nucle-
otide long oligonucleotide sequence that encompasses two
adjacent G4 sequences of MAPK12 promoter. The sequence
was purchased from Xcelris Genomics Pvt. Ltd. and labelled
with 6-FAM (6-Carboxyfluorescein) at 5'-end. We annealed
the sequence by heating the samples at 90 °C for 5 min
and then cooling slowly to room temperature in 20 pl of
10 mM potassium phosphate buffer (pH 7.0) with or without
100 mM KCI. We methylated the annealed samples by 0.1%
(final concentration) DMS for 2 min at room temperature.
The reaction was stopped by stop solution (0.3 M sodium
acetate (pH 7.0) and 1 M p-mercaptoethanol), and subse-
quently ethanol-precipitated by adding 2.5X volume of
chilled ethanol, 1.5X volume of 0.3 M sodium acetate (pH
5.2) and centrifugation at 12,000xg for 30 min at 4 °C. We
washed the pellet with chilled 75% ethanol followed by cen-
trifugation at 12,000x g for 30 min at 4 °C. We prepared the
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A + G ladder of the same 74-nucleotide long DNA fragment
by adding 4% formic acid to 400 nM sequence following
30 min of incubation at 37 °C. We cleaved the methylated
samples and the A + G ladder sample by 1 M piperidine for
20 min at 95 °C. The samples were further lyophilized to
remove piperidine following three successive water washes.
The cleaved products were dissolved in formamide dye
(47.5% formamide, 0.01% SDS, 0.01% bromophenol blue,
0.005% xylene cyanol and 0.5 mM EDTA) and analyzed on
a 15% sequencing (denaturing) urea-PAGE gel along with
A + G sequencing ladder of the same 74-nucleotide long
DNA fragment. Resolved DNA fragments were visualized
using Typhoon Trio™ phosphorimager (GE Healthcare).
Relative band intensity of each nucleotide fragment was
calculated by dividing the intensity of target bands in the
lane with the corresponding band in A + G ladder.

Biotin-streptavidin magnetic pull-down assay

To identify the proteins that bind to the G4-motifs at
MAPKI2 promoter, 5'-biotinylated wild-type G4 sequences
were procured from Eurofins India Pvt. Ltd. and reconsti-
tuted into 1 X PBS (pH 7.4). We prepared the nuclear extract
of MDAMB-231 cells from 70% confluent cells, in which
cells were washed in 1 X PBS (pH 7.4), scraped, and pel-
leted down by centrifugation at 3500xg at room temper-
ature for 5 min. The pellet was resuspended into nuclear
extraction buffer (20 mM HEPES (pH 7.9), 1.5 mM MgCl,,
0.4 mM NaCl, 0.2 mM EDTA, 25% glycerol, 0.5 mM PMSF,
0.5 mM DTT, and 0.1% Tween 20) and incubated for 1 h in
ice. Cells were centrifuged at 12,000xg for 30 min at 4 °C
to collect the supernatant with the nuclear extract. Dyna-
beads M-280 streptavidin were vigorously shaken in the
preservative. 200 pl of beads per reaction were added to
the microcentrifuge tube. The tube was secured on a Pro-
mega PolyATract 1000 magnet to pull down Dynabeads.
The supernatant was carefully removed without disturbing
the beads. Beads were washed by 500 ul of 2 x B/W buffer
(10 mM Tris—ClI (pH 7.5), 1 mM EDTA, 2 M NacCl, 0.05%
Tween 20) thrice. Following the final wash, beads were
resuspended into 190 ul of 2 X B/W buffer without Tween
20, in which 200 pl of 250 ng/ul biotinylated G4 probe was
added. The mixture was incubated for 20 min at room tem-
perature under rocking condition. Then, beads were pulled
down using the magnet and these steps were repeated thrice
to saturate the beads with G4 probes. Probe-bead complex
was washed in 400 pl of TE buffer three times. To make
the probes suitable for protein—-DNA interactions, the probe-
beads were washed with 500 ul BS/THES buffer (22 mM
Tris—Cl1 (pH 7.5), 4.4 mM EDTA, 8.9% sucrose (mass/vol),
62 mM NaCl, 0.3% protease inhibitory cocktail, 0.04% phos-
phatase inhibitory cocktail, 10 mM HEPES, 50 mM KCl,
5 mM CaCl,, 12% Glycerol), supplemented with 10 pg/ml
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Poly dI-dC to reduce nonspecific binding. To allow pro-
tein interaction to biotinylated G4, 200 ul BS/THES buffer
was added to the probe-bead complex along with 750 ul
of nuclear extract and incubated for 30 min at 4 °C under
rocking condition. The bead—protein complex was pulled
down using the magnet and the supernatant was discarded.
The probe-bead—protein complex was further washed with
500 pl of BS/THES buffer with 10 pg/ml Poly dI-dC five
times and in the final step, washing was done with 500 ul of
BS/THES buffer without Poly dI-dC. The bound proteins
were eluted in presence of 120 pl elution buffer (25 mM
Tris—Cl (pH 7.0) and varying concentration of NaCl) at an
increasing gradient of NaCl (50, 100, 250, and 350 mM).
Elution fractions were run on 15% SDS-PAGE and proteins
were detected by Western blot using anti-Nucleolin antibody
(Abcam) and anti-Sp1 antibody (Sigma).

Cell culture and 3D spheroid assay

Human triple negative breast adenocarcinoma cell line,
MDAMB-231 was procured from NCCS, Pune and was
maintained in DMEM-complete media with 10% (v/v)
FBS, 100 unit/ml penicillin, and 100 pg/ml streptomycin at
37 °C in a humidified incubator with 5% CO,. For 3D cul-
ture (spheroid) of MDAMB-231 cells, cells were subcultured
into DMEM media, supplemented with 20 ng/ml recom-
binant epidermal growth factor, B27 supplement, 5 pg/ml
insulin, 0.4% BSA in a humidified atmosphere with 5% CO,
at 37 °C. Single-cell suspensions were prepared using mild
enzymatic dissociation using 1 X Trypsin—EDTA solution at
37 °C for 2-3 min. To generate the spheroids of 300—400 um
diameter on the 4th day of inoculation, the dissociated cells
were diluted from the stock cultures at a concentration of
7000 cells per ml in the standard medium. Then, 200 pl of
cell suspension was transferred into each well of agarose-
coated microtiter plate and incubated for 96 h in a humidi-
fied atmosphere with 5% CO, at 37 °C. Spheroid formation
was monitored by phase contrast microscope.

Dual-luciferase assay

We performed dual-luciferase assays to examine the intra-
cellular selectivity of TMPyP4 and NDI compounds for
MAPK]2-G4. Dual-luciferase constructs of MAPKI?2 pro-
moters with and without the G4 scaffolds were transfected
into MDAMB-231 cells along with 50 ng of pGL3-control
vectors (Promega) (used as internal control) using Lipo-
fectamine® 2000 transfection reagent (Thermo-Fisher Sci-
entific) following standard protocol recommended by the
manufacturer. The role of compound-bound G4 complex in
oncogene promoter activation was investigated in contrast to
the G4-null promoter constructs (MAPKI2 promoter cloned
in luciferase construct without G4 motifs) into MDAMB-231
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cells. Cells were sub-cultured into 24 well plates at a den-
sity of 2.5 10* cells per well and transfected with the
reporter plasmids for 48 h. After 24 h of transfection, cells
were treated with different concentrations of TMPyP4 and
TGS24. 24 h post-treatment, cells were washed with 1 X PBS
(pH 7.4) and scraped in ice using 1 X PLB (Passive lysis
buffer). Luciferase activities were monitored by the dual-
luciferase assay system (Promega) as per the manufacturer’s
protocol. Luminescence of each sample is detected in Glo-
Max® 20/20 Single-Tube Luminometer (Promega) in trip-
licates and averaged from three independent experiments.

Chromatin immunoprecipitation (ChIP)

ChIP assays were conducted to monitor the promoter occu-
pancy of the transcription factors across MAPKI2 and
NANOG promoters in presence of the NDI compounds fol-
lowing standard protocols. ChIP-grade antibodies (Anti-
Nucleolin antibody [4E2]-ChIP Grade (Abcam)), Anti Spl
antibody (Sigma), Anti c-JUN Rabbit polyclonal antibody
(Abcam), and anti-Hsp90p polyclonal antibody (Abcam))
were employed for the experiments. ChIP-isolated DNA
was purified using MinElute Purification kit (Qiagen) and
was amplified by PCR reactions using forward and reverse
primers specific to the G4-enriched regions at MAPKI2 or
NANOG promoter (Table S2) with Phusion® High-Fidelity
PCR Kit (NEB). Antirabbit IgG was employed for mock
immunoprecipitation.

Co-immunoprecipitation

To examine physical interaction of HSP90, c-JUN, and
MAPKI12 with RAS, co-immunoprecipitation studies were
carried out using Classic IP kit (Pierce). In brief, MDAMB-
231 cells were grown at a density of 1 x 10 cells per well
and treated with 50 nM TGS24 for 24 h and were lysed in
lysis buffer containing 50 mM Tris—HCI (pH 7.5), 150 mM
NaCl, 1% Nonidet P-40, and the protease inhibitory cock-
tail. After centrifugation at 14,000 rpm for 30 min at 4°C,
the supernatant was incubated with protein G or protein
A/G-immobilized agarose beads (Santa Cruz), preloaded
with anti-Ras antibody (Abcam). The immunocomplexes
were extensively washed with the lysis buffer. Detection of
HSP90, c-JUN, and MAPK12, immunoprecipitation with
Rabbit monoclonal anti-Hsp90f antibody (Abcam), Anti
c-JUN Rabbit polyclonal antibody (Abcam), Rabbit anti-
p38y-antibody (CST) in the IP buffer (20 mM Tris—HCl
(pH 8.0), 0.2% Nonidet P-40, 1 mM dithiothreitol, and the
protease inhibitory cocktail) followed by washing in the
wash buffer that contains 1% Nonidet P-40. Resins were
extensively washed, and the immune complexes were sub-
sequently eluted and analysed by Western blotting with
anti-Hsp90p or anti-c-JUN or anti-p38y antibodies. The

immunoprecipitants were transferred to the nitrocellulose
membranes, which were immunoblotted with specific pri-
mary antibodies and then incubated with horseradish-perox-
idase conjugated secondary antibody against mouse or rabbit
immunoglobulin, followed by the detection with ECL (Elec-
trochemiluminescence) immunoblotting detection method.

Next-generation sequencing

To analyze whole transcriptome expression profile upon
50 nM TGS24 treatment for 24 h, RNA-seq study was car-
ried out in MDAMB-231 tumorspheres. Total RNA was
extracted from the tumorspheres using TRIzol following
standard protocol and RNA concentration and purity were
estimated using spectrophotometer measurements (evalu-
ating the ratio of absorbance at 260 nm and 280 nm as a
measure of protein contamination, and the ratio of absorb-
ance at 260 nm and 230 nm as a measure of carbohydrate
contamination), and its integrity was examined using capil-
lary electrophoresis (BioAnalyser 2100, Agilent Technolo-
gies, Santa Clara, CA) to ensure the achievement of RNA
integrity number (RIN) (28S to 18S ribosomal RNA)>9,
required for the preparation of the libraries for next genera-
tion sequencing (NGS). Then, the total RNA was processed
with RiboCop rRNA depletion kit (Lexogen) following
manufacturer’s recommendation to remove ribosomal RNA
from total RNA content.

NGS analyses of 50 nM TGS24-treated samples were
performed at Medgenome India Pvt. Ltd. using [llumina®
HiSeq 4000/x platform to obtain 150-bp paired-end reads.
The sequencing depth for each sample was 100 million
reads. The raw reads were filtered using Trimmomatic
(v-0.36) for retaining high-quality sequence and adapter
trimming. Other unwanted sequences, such as mitochon-
drial genome sequences, ribosomal RNAs, transfer RNAs,
adapter sequences using Bowtie2 (2.2.4). Filtered reads
were aligned to Human genome (hg19) using splice aware
aligner like STAR to quantify reads mapped to each tran-
script. Total number of uniquely mapped read counts were
estimated using FeatureCount (1.5.2). The raw read counts
for control and treated samples were normalized using
DESeq2. A distribution of these log,(fold change) values
were found to be normally distributed, wherein the genes
which were found to be 2 standard deviations away from the
mean (mean + 2 X Standard deviation, mean- 2 X Standard
deviation) were differential expressed. GO annotation and
Reactome pathway information for differentially expressed
genes were done using Panther database. RNA-seq data had
been submitted to GEO database GSE168403 (Supporting
information: Scheme 2 and Scheme 3). GSEA analysis have
been performed to find out the top-ranking gene-sets and
their differential expression upon TGS24 treatment.
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Semi-quantitative and real-time PCR

To verify the results of RNA-seq analyses and to observe
the effect of TGS24, semi-quantitative and real-time PCR
experiments had been carried out in MDAMB-231 cells.
RNA isolation, cDNA synthesis, and polymerase chain reac-
tions were performed following the protocols. Housekeeping
gene, GAPDH was used as an internal control. PCR primers
were designed using Primer-BLAST, NCBI, and analyzed
in OligoAnalyser 3.1-IDT (Table S3). The real-time PCR
gene expression analysis was analyzed by AAC, method and
represented as fold change. The level of significance was
calculated by paired t test. The experiments were performed
with three technical replicates and two biological replicates.

Deletion of G4-forming region at MAPK12 promoter
using CRISPR/Cas9 method

MAPK1?2 promoter-specific gRNA sequences were designed
using a combination of prediction tools, such as gRNA
scorer 1.0 and 2.0, CRISPRz, and GuideScan having zero
predicted off-targets. The crRNA sequences were synthe-
sized by Dharmacon. The bipartite synthetic gRNA had been
heteroduplexed using equimolar concentrations of gene-
specific crRNAs and a tractrRNA in 30 mM HEPES (pH
7.4), 100 mM potassium acetate at a final concentration of
1 uM. The heteroduplex was annealed by heating at 90 °C
for 10 min followed by slowly cooling to reach the room
temperature. Alt-R™ 3NLS Cas9 nuclease was diluted to
1 uM from a 10 mg/ml stock solution into Opti-MEM. To
prepare a mixed solution of 60 nM ctRNP complex, 5.25 ul
of 1 uM crRNA: tracrRNA complex was mixed with 1 uM
diluted Cas9, on which 77 ul of Opti-MEM medium was
added. The mixture was incubated at room temperature for
5 min. Then, 4.2 ul of Lipofectamine RNAIMAX (Thermo)
was mixed with 83.3 ul of Opti-MEM, which was added to
the ctRNP complex, diluting the ctRNP complex to 30 nM.
Then, the ctRNP-lipid complexes were incubated at room
temperature for 20 min and transfected into MDAMB-231
cells. After 48 h of transfection, genomic DNA was isolated,
and the target region was PCR-amplified using specific prim-
ers. Deletion of the target region had been confirmed by
Sanger sequencing PCR.

In vivo studies

4T1 (murine mammary carcinoma) tumor cells were
acquired from the National Centre for Cell Science (NCCS)
central cell repository, Pune and grown in RPMI 1640
media, containing 1 mM sodium pyruvate, nonessential
amino acids, 2 mM L-glutamine, 100 units/l penicillin,
100 pg/ml streptomycin, 50 pg/ml gentamycin sulfate, 50 pg/
ml plasmocure, and 10% FBS at 37 °C with 5% CO,. Female
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BalB/c mice of 6-8 weeks old were obtained from Centre
for Translational Animal Research (CTAR), Bose Institute,
Kolkata, India and maintained following the guiding princi-
ples of the animal ethical committee, as noted by CPCSEA
guiding principles. Mice were acclimatized to the labora-
tory environment at 25 °C for 7 days under 12 h’ dark-light
cycle, before the experiments. 4T1 cells (1.5 x 10° cells per
animal) were injected in the mammary fat pad of the mice
subcutaneously to grow palpable solid breast tumors. The
animals were indiscriminately divided into one control and
one treated group having 5 mice into each group. The control
group 1 comprised of mice induced to grow breast tumor
using 4T1 cells (1.5% 10°), injected intraperitoneally with
1 xPBS (pH 7.4). Once the tumors were palpable after 14th
day of inoculation, the intra-peritoneal injection of com-
pound TGS24 (800 pg per kg body weight) was initiated.
The dose was given at an interval of 48 h for next 21 days.
Animals were observed for clinical abnormalities twice each
day to observe the clinical or toxicological symptoms. Mor-
tality, if any, signs of toxicity, body weight, and food con-
sumption were monitored for 21 days post-treatment. After
21 days, mice were sacrificed, and the tumors and major
organs (liver and lungs) were collected and fixed in 10%
formalin for histopathological analyses. Tumor volumes
were calculated using the formula V= 1/2 (width? x length)
using caliper.

Nude mice were maintained at 22-25 ‘C temperatures in
a highly sterile environment, and light—dark cycles of 12 h,
while the mice are having access to pellet diet and drinking
water. At the start of the experiment the female mice were
5 months old, with a body weight of around 20 g. MDAMB-
231 cells were cultured using RPMI media, supplemented
with 12% FBS. Around 3 lakh cells were diluted using 50 ul
of 1X PBS and 50 pl of Matrigel (Corning) and instantly
administered into each female nude mice with an intraperi-
toneal injection, in the breast region. Breast tumor growth
was detected within 2 weeks and the treatment with TGS24
began with a dosage of 800 pg/kg body weight, injected
intraperitoneally amid 48-h intervals, between each dose,
with a total of four given dosages. The tumor tissues and
major organs were isolated and tested for differential gene
expression by qPCR from the RNA isolated from the tumor
tissue, and histopathological analysis of the organs.

Results
Characterization of two putative G4 forming motifs
identified at the promoter region of human MAPK12

gene

G-rich domains in the human genome endure topologi-
cal constraints due to supercoiling stress, epigenetic
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Fig. 1 Identification of two putative G4-forming motifs at MAPKI2
promoter. A Two adjacent G4-forming motifs, GQ-1 and GQ-2,
mapped at —204 and —163 base pairs respectively upstream the tran-
scription start site (TSS) of MAPKI2 promoter, separated by 21 nt.
B CD spectra of G4-forming motifs in presence of 100 mM KCI at
pH 7.0 and 25 C temperature; GQ(wt), wild-type G4-forming motifs;
GQ(ml), GQ-1 motif mutated; GQ(m2), GQ-2 motif mutated. C
CD-melting curves of GQ(wt), GQ(m1), and GQ(m?2) in presence of
100 mM KCI at pH 7.0 within a range of 10 C-95 °C temperature
at 5 °C interval. Fraction of folded G4 calculated from the sigmoi-
dal curves using the molar ellipticity values at 265 nm as a func-
tion of temperature. Error bars represent mean +SE (N=3). D KCI-
dependency of G4-forming motifs; CD-Melting temperatures (7))
of GQ(wt), GQ(m1), and GQ(m2) plotted against increasing concen-
trations of KCI at pH 7.0 and 25 °C. Error bars represent mean+SE
(N=3). E Concentration-dependent G4-molecularity of GQ(wt),
GQ(m1), and GQ(m2). CD-Melting temperatures (7},,) plotted against

modifications, oxidative damage, and transcription factors’
binding, which result in G4 formation in the double-helical
platform [42]. In this study, we identified two G4 forming
motifs separated by a 21 bp (base pair) spacer element,
upstream of the transcription-start-site (TSS) at MAPK12
promoter (positions — 163 and —204) (Fig. 1A). These
motifs were found to be evolutionary conserved among

increasing concentrations of G4-DNA at pH 7.0 and 25 °C. Error
bars represent mean+SE (N=3). F DMS protection assay using
74-nt long MAPK12 promoter sequence containing adjacently located
GQ-1 and GQ-2 motifs in presence and absence of 100 mM KCI.
Guanine residues in G-tetrads and loop elements are assigned based
on the principle of DMS-mediated protection of N7 atoms in guanine
bases required for G4-folding with respect to A+ G ladder. Densito-
metric values defining the DMS-cleaved band intensities are provided
in the bar plot. Error bars represent mean=+ SE (N=3). G2-G21 par-
ticipate in GQ-1 formation; G44-G61 involved in GQ-2 folding. Red
asterisks at G7 and G10 denote the propensity of guanines to occur in
both tetrad core and loop elements. G Four predicted G4 topologies
of GQ(wt) sequence at MAPK2 promoter determined by CD spectral
profiles and DMS protection assays. Parallel G4 topologies of GQ-1
and GQ-2 with propeller loops (orange line) connected by a 21-nt
spacer forming putative stem—loop structure

the primates, as revealed from the sequence homology of
G-rich domains in the phylogenetic groups (Figure S1).
The two motifs were assigned the G-scores of 41 (GQ-1)
and 42 (GQ-2) using QGRS (Quadruplex-forming G-Rich
Sequences Mapper) mapper [43]. Since G4 formation
destabilizes the proximal duplex regions [44], and the pres-
ence of two G4s in tandem position indicate complex gene
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regulatory activity on MAPKI2 transcription [45, 46], the
74-nucleotide long wild-type sequence of MAPKI2 pro-
moter had been considered for the characterization of G4
structures in vitro. CD (Circular Dichroism) spectra of wild-
type 74-nt sequence (GQ (wt)) revealed a positive maximum
at 262 nm and a negative maximum at 242 nm, indicating
the formation of parallel topology (Fig. 1B). CD thermal
melting experiment showed that GQ (wt) folds into highly
stable G4 structures in presence of KCI (melting temperature
(T,)=79+2.5 °C) (Fig. 1C), and its thermodynamic stabil-
ity is further enhanced upon increasing KCI concentration
(Fig. 1D). The molecularity of GQ (wt) was investigated by
concentration dependent CD melting studies. The T, values
did not significantly change in the wild-type (GQ (wt)) and
mutant (GQ(m1) and GQ(m2)) sequences upon increasing
DNA concentration (Fig. 1E), suggesting that they are all
folded in intramolecular conformations.

Specific guanine residues were systematically mutated
in GQ-1 (GQ(m1)) or GQ-2 (GQ(m?2)) motifs to disrupt
G4 formation in either domain, for monitoring the effect of
one G4 motif on the dynamics and stability of the other in
tandem position. GQ(m1) showed no characteristic spec-
tra of parallel G4 structure, compared to the wild-type
sequence, and showed prominent decrease in thermal sta-
bility (7,,,=45+3.2 °C) in the presence of KCI (Fig. 1B and
C). However, mutations in GQ-2 (GQ(m?2)) restored parallel
G4 structure in GQ-1, as revealed from its CD spectra with
higher thermal stability (7,,=65 +2.2 °C), as compared to
that of GQ(m1) (Fig. 1B and C). Although the thermody-
namic stability of GQ(m2) was significantly decreased as
compared to that of the wild-type sequence, its stability was
enhanced upon increasing KCI concentration, suggesting
higher propensity of GQ-1 to form G4 structures, compared
to GQ-2 (Fig. 1D). This observation was further validated
by the NMR (Nuclear Magnetic Resonance) studies showing
broad envelope of the imino proton resonances between 10
to 12 ppm for GQ (wt) and GQ(m2) and disappearance of
the same in GQ(m1) (Figure S2A). This finding is agreeable
with the previous reports which claimed that adenines at the
central loop regions reduce the stability and impart confor-
mational dynamics to the G4 structures, because of stacking
interactions with the guanines in the tetrads [47—49]. How-
ever, thymine residues in the loop regions are more favored
to induce kinetic stability in the G4 structures, due to the
differences in the solvation entropy and the geometric plas-
ticity of thymine residues [50, 51]. The differences in the
structural behavior of wild-type and mutant sequences in
presence of potassium ions were precisely indicated by the
numbers and linewidths of the imino signals in the '"H NMR
spectra. The broad and poorly resolved peaks in GQ(wt) and
GQ(m?2) spectra, in the absence of KCl, envisaged heteroge-
neous mixtures of G4 structures, while in 100 mM KCl, the
revelation of prominent imino signals of sharper linewidth
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in GQ (wt) and GQ(m?2) indicated potassium-induced con-
formationally restricted structures (Figure S2B). Interest-
ingly, we observed proton resonances at 13.2 ppm in both
GQ (wt) and GQ(m?2) in presence of KCl, having poor reso-
lution and lower intensity, compared to that of the imino
signals between 10 and 12 ppm, suggesting the formation of
minor populations of Watson—Crick base pairs as well (Fig-
ure S2B). To further delineate the tetrad core structures and
G4 folding topologies of GQ-1 and GQ-2, DMS protection
assay was carried out for GQ (wt) sequence both in presence
and absence of 100 mM KCI. In GQ-1 motif, DMS-cleaved
products at G2, G3, G4, G8, G9, G13, G14, G15, and G19
positions which displayed lowest band intensities in presence
of KCl, suggesting their participation in tetrad core. Inter-
estingly, G7, G10, G18, and G21 showed DMS cleavage of
higher intensities in presence of KCl, indicating their equal
propensity to participate in the loop as well as in the tetrad
core (Fig. 1F). Thus, the conformational dynamics and heter-
ogeneous mixture of various G4 topologies within the wild-
type sequence were quite evident. This observation was fur-
ther confirmed by 1D 'H proton NMR spectra of 22-nt long
GQ-1 sequence that harbored site-specific G— T mutations
at G7, G10, G18, and G21 positions. Indeed, single G— T
mutations at these positions restricted the conformational
heterogeneity, as evident from the appearances of sharper
imino signals. However, dual G— T mutations at G10 and
G18 positions induced the most kinetically stable conformer
with distinct and sharp twelve imino signals, indicating the
conformationally stabilized predominant G4 arrangement in
solution (Figure S2C). Similarly, the 1D 'H proton NMR
spectra of 21-nt long GQ-2 sequence, having specific G— T
mutations at positions G16 and G18, revealed the appear-
ance of sharper imino signals due to further restriction of
conformational dynamics and stabilization of a particular
conformer (Figure S2D). These results suggested that both
GQ-1 and GQ-2 can form G4 structures in solution, though
GQ-1 forms a more thermodynamically favored and highly
stabilized G4 structure as compared to GQ-2.

Combining the findings from CD spectra, NMR stud-
ies, and DMS protection assays, four plausible models of
G4 structures of GQ (wt) have been proposed, as shown in
Fig. 1G. In GQ-1, G2-G7/G8-G13-G18/G19 and G4-G9/
G10-G15-G20/G21 formed the first and third quartets
respectively, with respect to the 5'-end. The residues G7,
G10, G18, and G21 retained the comparable possibilities
to occur in the quartet plane as well as in the intervening
propeller loops, concluded from the equivalent DMS foot-
printing band intensities of these guanines, in the absence
and presence of potassium ions. Interestingly, the 21-nt long
spacer element separating GQ-1 and GQ-2 motifs harbored
several mirror-repeats, which may form Watson—Crick
base pairing between G24:C34, C27:G31, and C28:G30
(also confirmed by the evolution of proton resonances at
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13.2 ppm). In GQ-2, G59-G54-G49-G44, G60-G55-G50-
G45, and G61-G56-G51-G46 constituted the first, second,
and third quartets respectively, interconnected by propeller
loops.

G4-targeting porphyrin and naphthalene diimide
(NDI) derivative recognize and stabilize putative
MAPK12-G4 motifs in vitro

To probe G4 formation within MAPK 12 promoter, a porphy-
rin derivative, TMPyP4 (5,10,15,20-tetra(N-methyl-4-pyri-
dyl) porphyrin) was primarily employed as a reference com-
pound to assess its binding profiles with GQ (wt) and GQ-1
sequences. TMPyP4 has been studied extensively to bind
to a variety of G4 structures containing diverse topological
variations, and end-stacking interactions provide higher G4
to duplex selectivity in vitro [52, 53]. In this study, the fluo-
rometric titration of GQ(wt) and GQ-1 sequences resulted in
the significant increase in the emission intensity of TMPyP4
with a characteristic peak at 660 nm, a prominent depression
at 690 nm, followed by a small hump at 720 nm (Figure S3A
and S3B). A similar binding property had been previously
observed upon G4 titrations into TMPyP4. n-stacking inter-
action between its porphyrin ring and the G-tetrad plane
leads to the splitting of Q(0,0) and Q(0,1) bands and inhib-
its the free rotation of the N-methylpyridinium groups
[54, 55]. Figure S3C depicted sigmoidal binding curves
by plotting the relative increase in fluorescence intensities
(A, =665 nm) against G4 concentration suggesting high
affinity binding between TMPyP4 and MAPK12-G4s having
Ky, (Binding dissociation constant) values of 1.4 +0.05 pM
and 2.3 +£0.07 uM for GQ(wt) and GQ-1 motifs respec-
tively. These observations were further supported by CD
melting experiments, which showed that TMPyP4 intro-
duced higher thermal stability in GQ(wt) and GQ-1 motifs
in aqueous solution (AT, of GQ(wt)=12 °C+3.1 and AT,
of GQ-1=18 °C+0.76) (Figure S3D).

Due to TMPyP4-mediated promiscuous interactions
to other biomolecular G4s and duplex [52, 53], and its
interference with multiple signaling pathways [56-58],
this compound had not been taken up for further studies.
Previous investigation using naphthalene diimide (NDI)
derivatives have been carried out by the Neidle group in
details suggesting that they bind to parallel G4 struc-
tures with high affinity and exhibit anticancer properties,
by selective targeting of G4 structures. Their effects are
studied in the critical pathways related to pancreatic can-
cer. Some of the well-studied NDI derivatives include
MM41 [59] and CMO03 [60, 61]. These compounds are
limited by their poor solvation and selectivity for G4 struc-
tures. Therefore, tetrasubstituted naphthalene diimide
(NDI) derivative compounds, TGS24 (N,N'-Bis-(3-(1H-
imidazol-1-yl)propyl)-2,6-di(3-(1H-imidazol-1-yl)

propylamino)-1,4,5,8,-naphthalenetetracarboxylic diimide)
and an isogenic compound TGS25 (N,N'-Bis-(3-(3-methyl-
1H-imidazol-3-ium-1-yl)propyl)-2,6-di(3-(3-methyl- 1H-im-
idazol-3-ium-1-yl)propyl)amino)-1,4,5,8-naphthalenetetra-
carboxylic diimide) was synthesized and used as the probes
(Fig. 2A), to assess their binding selectivity for MAPK12-
G4 motifs. Owing to planar electron-deficient aromatic core
of NDI derivatives, they create quadrupole moment with
partial negative charge, above and below the plane, and a
partial positive charge around the periphery. Their chemical
accessibility, the peculiar characteristics of their aromatic
planar core, and the presence of protonable side arms had
been exploited to provide n—r stacking interactions with the
electron-rich G-tetrad showing higher duplex to G4 selectiv-
ity [62]. Furthermore, differential substitution of the side-
arms in NDI compounds had been utilized to provide better
selectivity for G4 scaffolds of divergent topologies [63].
The NDI core has been preserved and the side arms have
been modified for TGS24, to aid in the interaction with the
G4 loop regions. Compared to MM41, we can see that the
methyl-groups have been replaced in the TGS24 molecule.
The presence of tertiary amines aids in ready protonation,
thus favoring the solvation state of the molecule (Fig. 2A
and S4). In this study, the titrations of GQ(wt) sequence
into TGS24 resulted in the sharp rise of absorbance at 640
and 660 nm respectively. MAPK12-G4 binding to TGS24
led to maximum hyperchromic shift in TGS24 UV absorb-
ance spectrum compared to other oncogenic G4 structures
(e.g., G4 structures at BCL-2, VEGF, KRAS, and telomere
(Tel22)) (Figure S5A), suggesting that TGS24 interacts
with many G4 structures with different affinities. Since the
UV absorbance spectrum for c-MYC G4 almost completely
overlapped with the MAPK12 G4 spectra in presence of
TGS24, we sought to calculate the apparent Ky (Ky ;)
values (Figure S5B and S5C). Although the K, value for
MAPK]I?2 was not significantly higher than that of c-MYC
G4, which was also expected given the similarity in their
G4 sequences, and the similar changes in their absorbance
spectrum upon TGS24 binding, TGS24 showed slightly
higher affinity for MAPK12-G4 (Figure S5D). Also, in fluo-
rometric titration, we observed rise in the emission intensity
and the Job’s plot suggested a 1:1 binding stoichiometry
(Figure S6A and S6B). In aqueous solution, highly polar
water molecules facilitate intramolecular charge transfer in
the chromophore moieties of NDI compound, thus lowering
the energy of the first singlet excited state and alleviates the
triplet state transition which causes fluorescence quenching
[64]. Unlike TMPyP4, TGS24 showed higher affinity for
parallel G4s and showed better duplex-G4 selectivity, which
was also confirmed by the Stephen Neidle’s group [65].
Since the fluorescent property of NDI compound was highly
reduced in aqueous solution, we also performed ITC (Iso-
thermal Titration Calorimetry) experiments to estimate the
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Fig.2 MAPKI2-G4 binding selectivity and anticancer properties of
naphthalene diimide compound. A Chemical formula of synthetic
naphthalene diimide derivatives, TGS24 and another isogenic com-
pound TGS25. B ITC profiles showing intermolecular interactions
between wild-type MAPKI2-GQ and TGS24, TGS25 in potassium
phosphate buffer (pH 7.0) and 100 mM KCI at 25 °C temperature.
Top panels: enthalpic heat released versus time at 25 °C during titra-
tions. Bottom panels: thermogram of the integrated peak intensi-
ties plotted against the molar ratio of the complex. Thermodynamic
parameters of intermolecular interactions (change in binding enthalpy
(AH), entropy (AS), binding stoichiometry (n) and binding free
energy (AG) are estimated from best-fit curves. C Flow cytometric
analysis of apoptosis in MDAMB-231 cells by Annexin V-FITC-PI
dual staining assay. 2x10° cells treated with TGS24 (50 nM and
100 nM) for 24 h. FITC: Fluorescein isothiocyanate; PI: Propidium
iodide. In the typical flow cytometric quadrants, lower left quadrant
(Annexin V-FITC negative/PI negative) denotes live cells, lower right
quadrant (Annexin V-FITC positive/PI negative) denotes early apop-
totic cells, upper quadrants (Annexin V-FITC positive/PI positive
and Annexin V-FITC negative/Pl positive) define late apoptotic and
dead cells. D Percentage of live (Annexin V-FITC negative/PI nega-
tive), early apoptotic (Annexin V-FITC positive/PI negative), and late
apoptotic/dead (Annexin V-FITC positive/Pl positive and Annexin
V-FITC negative/PI positive) cells calculated from flow cytomet-

thermodynamic parameters of G4-binding reactions. TGS24
also showed higher affinity interaction with GQ(wt) as com-
pared to the isogenic compound, TGS25 (Fig. 2B). Further-
more, TGS24 was found to highly stabilize the MAPKI2-
G4 structures compared to the duplex. TGS24 provided

@ Springer

20

Days without TGS24 treatment

ric analyses in MDAMB-231 cells treated with TGS24 (50 nM
and 100 nM) for 24 h. Error bars represent mean+SE (N=3). E
pGLA4.72[hRIucCP] luciferase constructs having the inserts contain-
ing MAPKI2 promoter sequences having both of wild-type G4-ele-
ments (wt), single-deletion of GQ-1 motif (GQ(d1)) or GQ-2 motif
(GQ(d2)), and double-deletions of GQ-1 and GQ-2 (GQ-null) ahead
of the hRluc coding region. The promoter sequences are cloned
into Kpnl and HindIIl restriction sites. hRluc, Renilla luciferase
gene; P1, promoter sequences. F Dual-luciferase assays. Evaluation
of MAPKI2 promoter activities using the luciferase constructs with
or without the wild-type G4-forming sequences in MDAMB-231
cells. Promoter activities are determined by Renilla/Firefly lumines-
cence values in control cells and cells treated with TGS24 (50 nM
and 100 nM) and TGS25 (1 and 2 pM) for 24 h. Error bars represent
mean+ SE (N=3). Statistical differences in the luciferase activities
compared to that of the control cells use two-tailed Student's ¢ test
(*P<0.05, **P<0.01, ***P<0.001). G Tumor regression by
TGS24 (800 pg per kg body weight) treatment and without treatment
(H) in BALB/c mice (average body weight 25 g) bearing palpable
4T1-breast tumors. Tumor volume measured up to 21 days at a 5 days
interval after tumor implantation. Statistical analyses of tumor regres-
sion compared to that of the Oth day post-TGS24 treatment use two-
tailed Student's ¢ test (¥*P <0.05, ¥*P <0.01, ***P <0.001)

greater thermal stability to GQ(wt) (AT, =18 °C+0.81)
and GQ-1 (AT,,=20 °C+0.81) in aqueous solution (Fig-
ure S3E). These findings collectively suggested that TGS24
provided higher selectivity to the G4 motifs at MAPK12 pro-
moter, that strongly escalated the thermodynamic stability
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of MAPK12-G4 structures. While TGS24 did not exhibit
remarkable selectivity for MAPK12-G4, it displayed a higher
level of specificity as compared to both TMPyP4 and the iso-
genic compound TGS25. As a result, we decided to conduct
preliminary cellular studies by employing both TGS25 and
TGS24 molecules. TGS25, being relatively nonspecific, was
included in our investigations to provide a basis of compari-
son with TGS24, which showed greater specificity towards
MAPK12-G4. This approach enabled us to assess and com-
pare the downstream effects of targeting MAPK12-G4 with
TGS25 as a reference. However, it is crucial to acknowledge
that, at this stage, we cannot definitively ascertain whether
TGS24 exclusively interacts with other promoter G4s. While
our research predominantly provides valuable insights into
the correlation between TGS24, MAPK12 expression, and
the identified promoter G4s, it remains an open question
whether the molecule engages with other G4 structures in
the genome. This limitation underscores the need for further
investigations to comprehensively understand the specificity
and interactions of TGS24 with G-quadruplex structures.

TGS24 exerts anticancer properties

by downregulating G4-driven MAPK12 promoter
activity and sensitizes MDAMB-231 cells

to apoptotic death

Previously, NDI scaffold has been widely used to develop
G4-binding molecules possessing in vivo anticancer activi-
ties, of which a few had reached the clinical trials phase
[59, 66—69]. In this study, TGS24 had been taken up for
the evaluation of anticancer activities and target selectivity
for MAPK12-G4 motifs in MDAMB-231 cells. MTT assay
showed that TGS24 exerted antineoplastic properties having
ICs, values within a range of 34-64 nM in various cancer
cell lines. (Table S4). Previous reports showed that MAPK12
overexpression promotes tumorigenesis and is one of the
salient properties of triple-negative breast cancer (TNBC)
cells [6, 70, 71]. Therefore, MDAMB-231 cell line had been
chosen as a model for TNBC cells. Flow cytometric analysis
using Annexin-V-FITC/PI staining suggested that TGS24
sensitized MDAMB-231 breast cancer cells to apoptotic
death (Fig. 2C and D) at 50 nM concentration, as evident
by the quantitative estimation of live, early apoptotic, and
necrotic cell population (Fig. 2D). TGS24-driven increased
expression of CASPASE 8, APAF-1, and cleaved PARP-1
was observed in MDAMB-231 cells (Figure S7A). In addi-
tion, accumulated release of CASPASE 3 was observed upon
TGS24 treatment, which confirmed its potential to induce
apoptotic signaling at a significantly lower concentration
(Figure S7B and S7C). The binding specificity and pro-
moter activity of MAPK12-G4 structures in the presence
of TGS24 (and TGS25), in cellular microenvironment, was
assessed by dual-luciferase assays. MDAMB-231 cells were

transfected with the respective luciferase constructs (cloned
in pGL4.72[hR{ucCP]) containing the MAPK12-G4 motifs
upstream of the Renilla luciferase coding sequences. The
quantification of MAPKI?2 promoter activity with increas-
ing concentrations of TGS24 was carried out, considering
that the stabilization of G4 structure by the molecule would
downregulate the expression of Renilla luciferase gene in
contrast to the GQ-null plasmids and the plasmids carry-
ing deletion of GQ-1 (GQ(d1)) or GQ-2 (GQ(d2)) motifs
(Fig. 2E and F). The luciferase deletion constructs GQ-1
and GQ-2 motifs (GQ-null) showed constitutive activation
of promoter even after TGS24 and TGS25 treatment, while
the constructs with wild-type MAPK2-G4 motifs mani-
fested ~70% downregulation of promoter activity, compared
to that of GQ-null. This inhibition was more pronounced
upon dose dependent TGS24 and TGS25 treatment. (Fig. 2E
and F). This demonstrated the stabilization of G4 motifs by
TGS24 and TGS25 have strong inhibitory effect on MAPKI2
promoter activation and TGS24 and TGS25 could target and
stabilize these motifs. Deletion of GQ-2 or GQ(d2) con-
structs showed inhibitory effect in promoter activation upon
TGS24 and TGS2S treatment, comparable to wild-type (wt)
construct. However, GQ-1 deletion or GQ(d1) upregulated
the promoter activity compared to the wild type, which
further supports the higher propensity of GQ-1 to form G4
structures, compared to GQ-2; TGS24 failed to reduce the
promoter activation in GQ(d1), while TGS25 exhibited inhi-
bition of promoter activity in GQ(d1), suggesting its lower
selectivity for MAPK12-G4 motifs (Fig. 2E and F). There-
fore, considering the binding selectivity and anticancer prop-
erties, TGS24 seemed to be the better candidate, compared
to TGS25.

Anticancer activity of TGS24 was further evidenced
in the in vivo studies in Balb/c female mice. Subcutane-
ous injection of 4T1 breast cancer cells (TNBC cells) in
the left mammary pad of Balb/c mice was successfully
used to develop palpable breast tumors, noticeable from the
14th day. Intraperitoneal dose of 800 pg/kg body weight of
TGS24 resulted in ~ 80% regression of tumor size in 21 days,
compared to the placebo, without significant changes in
body weight (Figure S8A, S8B, Fig. 2G and H). Histo-
pathological studies of the tumor and major organs, such
as livers and lungs showed widespread metastases in the
placebo group of mice, characterized by the enrichment and
invasion of irregular large cell nuclei with multiple nucleoli.
Treatment of TGS24 (800 pg/kg body weight) for 21 days
resulted in the clearance of the tumor cells, as revealed from
the loosely arranged cells in the microscopic images (Fig-
ure S8C). Here we adjusted the in vivo dosage based on the
ICs, values obtained from our cell line studies. We focused
on optimizing the therapeutic outcome while minimizing
potential injury to the animals. The chosen dose show-
cased promising results, and our rationale was guided by
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(A) T

>

Female nude mouse xenografted
with MDAMB-231 cells

(B)

Control

TGS24

Fig.3 Xenograft model of TNBC cell line MDAMB-231 in NUDE
mice. A Schematics of xenografting procedure to establish tumor in
NUDE mice and subsequent dissection procedures for histopatho-
logical and gene expression analysis. B Histopathological analysis
of the prepared tissue sections of the major organs like kidney, liver
and lungs by haematoxylin eosin staining and fixed slides imaged
using inverted phase-contrast microscope. The major organs are iso-

a conscientious approach that prioritized the animals' well-
being while achieving meaningful tumor reduction.

TGS24 exerts inhibition in cell migration and cancer
stem cell expansion in MDAMB-231 (TNBC) cells
and xenografted nude mice model

Nuclear localization of TGS24 in MDAMB-231 cells was
clearly visible from the confocal microscopic images after
12 and 24 h of treatment (Figure S9A). Based on the mean
fluorescence intensity, nuclear uptake efficiency of TGS24
was significant (Figure S9B), supporting the idea that
TGS24-induced stronger cellular responses in apoptosis
and MAPK12 promoter inhibition. Generation of MAPK12-
knockout mice has recently provided ground-breaking infor-
mation regarding the innumerable functions of MAPKI2,
which includes its role in stemness and metastasis regula-
tion [4, 8, 18, 21, 23, 72, 73]. Therefore, the sphere forming
efficiency (SFE) had been assessed in MDAMB-231 cells
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lated from TGS24 treated mouse and compared with the no treat-
ment control group. C Gene expression analysis by real-time PCR
for the various genes promoting stemness, metastasis and key drivers
of oncogenesis. RNA isolated from the tumor tissue of xenografted
mice model is used for the experiment. Relative gene expression with
respect to GAPDH housekeeping gene. (¥*P <0.05, **P <0.01)

upon TGS24 treatment to observe its effects in stemness
regulation. The microscopic images showed decreased
numbers and size of tumorspheres in MDAMB-231 cells
(Figure S9C). The SFE of MDAMB-231 cells in sphere cul-
ture was suppressed by ~60% with TGS24 treatment at a
significantly lower concentration (Figure S9D). In addition,
TGS24 weakened the migratory potential of MDAMB-231
cells by ~40% at 24 h (compared to the control), as revealed
from the wound-healing assay (Figure SO9E and S9F). Con-
sistent with the previous results of apoptosis induction and
MAPK]2 selectivity, coupled with the wound-healing assay
and tumorsphere forming studies, TGS24 was found to be
a promising therapeutic candidate. Next, TNBC cells were
xenografted in nude mice to develop tumor in the mammary
region. The tumors were developed within 2 weeks of xeno-
grafting, and the nude mice were treated with TGS24 at a
dosage of 800 ng/kg body weight. The tumors and the vital
organs (like liver, kidney, lungs) were isolated and used for
histopathology (Fig. 3A), which showed that the metastatic
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malignant cells are reduced in TGS24 treated condition
(Fig. 3B). The tumor tissue was used for RNA isolation and
subsequent analysis of gene expression against GAPDH con-
trol. The stemness related genes (OCT4, SOX2, NANOG) all
showcased decrease in expression by the comparative AAC,
method. The expression of MAPK12, RAS, CD44, cMYC,
HSP90, cJUN, VEGF and ZEBI was also decreased sig-
nificantly (Fig. 3C). Indeed, the stemness properties of the
cells are evidently lost after TGS24 treatment in nude mice,
along with downregulation of genes responsible for cancer
cell invasiveness and metastasis.

Binding of Nucleolin and Sp1 at G4 motifs
within the MAPK12 promoter

Two adjacently located G4 motifs have been identified
to inhibit MAPKI?2 transcription, while mutations in G4
scaffold enhanced MAPK12 promoter activation. Hence,
it is speculated that specific transcription factors regulate
the kinetics of G4 folding—unfolding process to modulate
MAPK]I?2 transcription. Previous reports have shown that
Spl increases MAPKI2 transcription through binding to the
G-box elements present in its promoter region [39]. A recent
study by Sutherland et al. depicted that Sp1 binding to the
G-rich domains increases negative super helical stress, that
inhibits Nucleolin occupancy in c-MYC-G4 element [74].
Since Spl and Nucleolin bind to various G4 structures
across the genome and modulate G4-mediated transcrip-
tion of many oncogenes [75-77], we performed western
blots using Sp1- and Nucleolin-specific antibodies follow-
ing biotin-streptavidin magnetic pull-down of MAPK12-G4
elements. In this study, biotin labelled G4 motifs in MAPK12
promoter have been probed to identify if Nucleolin and Sp1
interact with the G4 structures. Biotin-conjugated G4 motifs
were attached to the streptavidin-coated magnetic beads and
incubated in the nuclear extract of MDAMB-231, to allow
the binding of specific transcription factors. The bound tran-
scription factors were eluted with an increasing gradient of
NaCl followed by subsequent detection with Nucleolin- or
Spl-specific antibodies in western blot experiments (Fig-
ure S10A). This suggested the binding of Nucleolin and
Sp1 proteins to the G4-binding domains (Figure S10B). To
verify this observation, we performed ChIP experiments on
the region encompassing adjacent G4 elements within the
MAPK 2 promoter and estimated the efficiency of Nucleolin
and Sp1 binding in MDAMB-231 cells. We also performed
the ChIP experiment under siRNA-knockdown of Nucleolin
to investigate if Nucleolin knockdown affects Sp1 binding.
However, their relationship does not seem to be recipro-
cally related, nor do they compete for binding because the
increase in Spl occupancy is not statistically significant
compared to the control, and the error bars overlap. This
observation aligned with the structural complexity of the

MAPK]2-G4, which spans a considerable length and may
not possess overlapping binding sites for Sp1 and Nucleolin.
Furthermore, our findings suggest that there may be other
transcription factors at play in the intricate regulation of
MAPK]1?2 expression. The binding of Nucleolin, which stabi-
lizes the G4, and Sp1, which appears to have a destabilizing
effect implies the involvement of a more complex regulatory
network (Figure S10C and S10D). To confirm if the neigh-
boring G4 elements are target binding sites of Nucleolin
and Spl at MAPK12 promoter, we employed CRISPR/Cas9-
mediated deletion of the G4-motifs at MAPK12 promoter,
which revealed strong reduction of both Nucleolin and Sp1
recruitment, suggesting their specific interactions with the
G4 elements in the promoter region. We first attempted to
introduce point mutations using CRISPR/Cas9; however,
due to high G-richness in the MAPKI12-G4 domains, it
resulted in numerous -specific effects. Therefore, we intro-
duced deletion to successfully remove the two G4 forming
motifs from the promoter. Although removing a long stretch
of sequence from the promoter region might inadvertently
remove some important domains, it also encompassed the
G4 motifs, which have been found to be indispensable to
regulate its transcription. However, due to the potential non-
specific biological effects of the deletion of two G4-motifs
and the 21 bp intermediate region, we chose to study the
effect of MAPKI12-G4s upon TGS24 treatment, as it pre-
sented a better candidate to target MAPK12-G4s, as shown
by both in vitro and luciferase studies.

Nucleolin and Sp1 regulate duplex-to-G4 kinetics
to poise MAPK12 transcription homeostasis

Studies have, so far, suggested that GQ-1 shares the com-
mon binding site for both Nucleolin and Sp1 and exhibits
greater propensity to fold into G4 structure, as compared to
GQ-2. Therefore, to figure out Nucleolin and Sp1-induced
G4 plasticity at GQ-1 and their role in regulating the kinet-
ics of its folding-unfolding process, we carried out FRET
studies using a duplex nucleotide probe that hosts the GC-
rich sequences of MAPK12 promoter, having 6-FAM at the
5'-end of GQ-1 and an internal fluorophore, Cy3 at T22
within the same strand. G4-hosting strand was hybridized
with its complementary strand that contained Cy5 tag at
the 3'-end (Fig. 4A). Since the complementary strand of
G4-hosting sequence had a high proportion of cytosine
residues, which might give rise to i-motif formation, CD
spectroscopy was performed to determine the secondary
structure of the C-rich strand alone and in hybridized form
with the G-rich strand. C-rich strand upon hybridization
with the G4-hosting sequence resulted in duplex forma-
tion under pH 7.0 and pH 3.0, as revealed by the positive
maxima at 275 nm. In absence of the G-rich strand, under
acidic conditions (pH 3.0), positive maxima at 285 nm and
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Fig.4 Nucleolin and Spl regulate G4 —duplex transition at
MAPK]I2 promoter. A FRET probe. MAPK12-G4 motifs conjugated
with 6-FAM at 5'-end of GQ-1 and internal Cy3 at T22. The com-
plementary strand of G4-forming sequence contains Cy5 at 3'-end.
G4-formation gives high FRET signal between 6-FAM and Cy3.
Duplex formation gives high FRET signal between 6-FAM and Cys5.
B Fluorometric titration of 90 nM FRET probe with increasing gra-
dient of recombinant Nucleolin (0-3 uM) in 50 mM Tris—Cl, pH
7.0, 100 mM KCI at 15 °C at excitation wavelength (A.,) of 497 nm.
Decline of FRET signal at Cy5 emission ((A,,) 650 nm) upon Nucle-
olin titration suggests disruption of duplex with concomitant increase
of Cy3 emission ((A,,) 595 nm) indicating G4 evolution. C Fluo-
rometric titration of 90 nM FRET probe with increasing gradient
of recombinant Spl (0-1 puM) in 50 mM Tris—Cl, pH 7.0, 100 mM
KCl at 15 °C at excitation wavelength () of 497 nm. Decline of
FRET signal at Cy3 emission ((A.;,) 595 nm) upon Spl titration
suggests G4 resolution with concomitant increase of Cy5 emission
((Ae) 650 nm) indicating duplex transition. D FRET efficiency cal-
culated following the equation: E=1 — (Ip,/Ip); Ip, and I, are the
emission intensity of donor fluorophore in presence and absence of
acceptor fluorophore respectively. Error bars represent mean+SE
(N=3). Statistical differences are determined compared to the control
by two-tailed Student's ¢ test (¥*P <0.05, **P <0.01, ***P <0.001).
With increasing Spl, distance between 6-FAM and Cy5 decreases.
Nucleolin titration decreases the distance between 6-FAM and Cy3.
The change in distances (r) between donor and acceptor fluorophore
calculated by E=R,%/(R,5+1°). R, denotes Forster distance between
donor and acceptor. The distance between 6-FAM and Cy3 decreased
from 6.5+0.1 nm (R,=6.5 nm) in the free DNA to 5.2+0.1 nm in
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the complex with Nucleolin indicating G4 formation. The distance
between 6-FAM and Cy5 decreased from 6.8 +0.2 in free DNA to
5.3+0.3 under Spl-bound conditions indicating duplex formation
(E) pGLA4.72[hRIucCP] luciferase constructs having the inserts con-
taining MAPKI2 promoter sequences having adjacent G4-elements
(wild-type). Dual-luciferase assays. Evaluation of MAPK2 promoter
activities in MDAMB-231 cells under the following conditions:
siRNA knockdown of Nucleolin at 48 h and TGS24 (50 nM) treat-
ment for 24 h, nucleolin-knockdown +TGS24 treatment, nucleolin
knockdown +TGS25 treatment, and TGS24 and TGS25 treated alone
separately Error bars represent mean+SE (N=3). Statistical differ-
ences in the luciferase activities compared to that of the control cells
use two-tailed Student's ¢ test (*P<0.05, **P <0.01, ***P <0.001).
Statistical differences in the luciferase activities in presence of
TGS24-treated samples compared to that of cells, treated with recom-
binant Spl and Nucleolin, siRNA-knockdown of Nucleolin use two-
tailed Student's ¢ test (**P <0.001). F RT-PCR analysis. Expression
profile of MAPKI2 transcripts from P, promoter in MDAMB-231
cells under following conditions: TGS24 (50 nM) treatment for 24 h
and siRNA knockdown of Nucleolin for 48 h, nucleolin-knock-
down+TGS24 treatment, nucleolin knockdown+TGS25 treatment,
and TGS25 treated alone separately. Quantification of the transcripts’
level relative to the control by qPCR analyses. Error bars represent
mean=+SE (N=3). Statistical differences are determined compared
to the control by two-tailed Student's 7 test (*P<0.05, **P<0.01,
#*%P <(0.001). Statistical differences between recombinant Nucleolin-
treated and Nucleolin-knockdown cells are determined by two-tailed
Student's 7 test (**P <0.001). GAPDH considered as housekeeping
gene
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negative maxima at 258 nm clearly demonstrated the forma-
tion of i-motif structure in the C-rich strand. However, in the
presence of the G-rich strand, positive maxima at 275 nm
suggested the predominant formation of duplex under pH
7.0 and pH 3.0 at 25 °C. In the presence of 100 mM KCI,
positive maxima at 265 nm and a shoulder around 275 nm,
suggested the co-existence of both duplex and G4 structures
(Figure S11). These CD spectra collectively indicated that
the GC-rich duplex at MAPK2 promoter involves an equi-
librium between G4 and duplex under physiological pH.
Fluorometric titration of Nucleolin resulted in high FRET
signal between 6-FAM and Cy3 suggesting Nucleolin-
induced G4 formation at GQ-1. The gradual decrease in the
FRET signal between 6-FAM and Cy35, indicated the disrup-
tion of duplex formation (Fig. 4A and B). In contrast, fluo-
rometric titration of Sp1 led to strong FRET signal between
6-FAM and Cy5, indicating Sp1-induced duplex formation.
Concomitantly, Spl titration gradually reduced the inten-
sity of FRET signal between 6-FAM and Cy3, indicating
Spl-induced G4 resolution (Fig. 4A and C). With increasing
Sp1 concentration, FRET efficiency between 6-FAM and
CyS5 was increased by ~20%, while an increase in Nucleolin
decreased the FRET efficiency by ~30% (Fig. 4D). Since
donor fluorescence quantum yield has a direct influence on
the Forster distance (R;) and FRET efficiencies, the quench-
ing effect was taken into consideration to estimate the change
of dye-to-dye distance upon protein titrations using the fol-
lowing equation: E=R,%/(R,®+r°). The distance between
6-FAM and Cy3 decreased from 6.5+0.1 nm (R,=6.5 nm)
in the free DNA to 5.2+0.1 nm in the complex with Nucleo-
lin, indicating G4 formation. The distance between 6-FAM
and Cy5 decreased from 6.8 +£0.2 in free DNA to 5.3+0.3
under Spl-bound conditions, indicating duplex formation.
Since Nucleolin and Spl regulate the duplex-to-G4 kinet-
ics at the MAPKI2 promoter, we performed dual-lucif-
erase assays to investigate the effect of these proteins on
G4-driven MAPK 2 promoter activation. siRNA-knockdown
of Nucleolin strongly activated MAPKI2 promoter activ-
ity, while TGS24 treatment resulted in decreased promoter
activity and transcription of the MAPK12 gene (Fig. 4E and
F). To examine the gene-regulatory functions of dual G4
elements, we employed CRISPR/Cas9-mediated disruption
of G4 motifs resulting in undetectable transcripts’ level of
MAPKI2, which led to significant growth arrest and cellular
death. CRISPR/Cas9-mediated disruption of G4 elements
underscored the role of G4 elements to poise homeostatic
regulation of MAPKI2 transcription. The duplex-to-G4 equi-
libria at neighboring G4 motifs and binding of Nucleolin
or Spl are pivotal in maintaining basal level of MAPKI2
expression within the cells. Furthermore, the observation
that TGS24 (50 nM) treatment decreased the promoter acti-
vation, confirmed the biological significance of G4 motifs.
Displacement of Nucleolin and Spl by TGS24 from G4

structures appended bona fide stability to the G4 motifs,
resulting in the inhibition of MAPKI2 promoter activation
(Fig. 4E). This was in accord with MAPKI?2 transcription
reduction by TGS24 (50 nM) treatment (Fig. 4F).

Downregulation of G4-driven MAPK12 expression
by TGS24 abrogates stemness expansion,

and metastatic potential of cancer cells and triggers
apoptotic signaling

To perform comprehensive transcriptomic analysis of
MDAMB-231 cells upon TGS24 (50 nM) treatment for
24 h, differential mRNA expression of the oncogenes have
been estimated using next-generation sequencing (NGS)
approach. We chose the time-point based on our previous
cellular experiments that allowed us to observe the effects
of the compound on MAPKI2 expression, without induc-
ing complete cell death. It presented us an ideal window
for assessing the impact of the compound. The study opti-
mized an RNA-seq pipeline to map the read counts to human
transcriptome and compare the gene expressions in TGS24-
treated cells with respect to the untreated ones. NGS data
revealed that among 1321 total genes detected 269 were dif-
ferentially upregulated, while 346 were differentially down-
regulated with statistical significance (FDR > 0.05, and fold
change > 2), in the TGS24-treated cells as compared to the
untreated ones. Of them, 44 top-scoring genes are associ-
ated with metastasis, stemness, proliferation, and apopto-
sis-related pathways, revealed distinct on/off switch. This
suggested a pattern of upregulated or downregulated genes
with respect to the differential expression of MAPKI2. Of
particular significance within this set of genes are PARPI,
NANOG, and hnRNP K. These genes are reported to harbor
distinct G4 structures located within their promoter regions.
Notably, the nature of these G4 formations is not uniform. In
the case of PARPI, the G4 structure adopts a hybrid configu-
ration [78], while the G4 region within the AnRNP K pro-
moter displays a mixed arrangement, encompassing both G4
and i-motif structures [79]. While a promoter G4 structure
had been observed in NANOG in the sequencing study by
Lyu et al. in a recent article [80], G4 formation or its poten-
tial functions are not extensively investigated. It is important
to acknowledge that among the genes showing differential
expression in the RNA-seq study, there is a possibility that
some may host G4-forming domains. These G4 structures,
if present, might not have been extensively studied or char-
acterized to date. Intriguingly, our findings align harmoni-
ously with prior research conducted by the Stephen Neidle's
group [65], corroborating the heightened binding preference
of TGS24 for parallel G4 structures. Therefore, the differen-
tial expression of the oncogenes, reported in this study may
be a combined effect of MAPK12-G4 targeting and nonspe-
cific binding of TGS24 to other putative G4s in the genome
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[80, 81]. However, as a pivotal player operating at the cross-
roads of stemness, apoptosis, and metastasis pathways,
MAPK12 exerts regulatory control over numerous down-
stream genes. Consequently, the observed alterations in the
expression of these genes might also stem from the intricate
network of interactions orchestrated by MAPK12. Vimen-
tin, MMP12, CD44, and SOX2, associated with metastasis
and stemness pathways were differentially downregulated
upon TGS24 treatment, suggesting that reduced expression
of these oncogenes might lead to diminution of migra-
tory potential and sphere forming rates in MDAMB-231
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cells. However, Wnt, p-Catenin, and ALDHpI expression
remained unaltered upon TGS24 treatment (Fig. 5A and C).
Furthermore, downregulation of RAS, c-FOS, c-JUN, and
MAPKI2 upon TGS24 treatment indicated that silencing of
MAPK]?2 expression by TGS24 reversed the expression of
these proliferation markers of RAS pathway, leading to the
reduced oncogenic transformation of RAS (Fig. 5A and B).
Furthermore, enhanced expression of GATA3, CASPASE 9,
and PARP-1 and reduced expression of NF-kB suggested
that TGS24 treatment led to the increase of pro-apoptotic
markers, sensitizing the cells to apoptotic death (Fig. SA
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«Fig.5 Downstream effects of TGS24-treatment and its selective
interaction with MAPK12-G4 motifs. A RNAseq analyses of TGS24
treatment in MDAMB-231 spheres expressing high MAPK2. Heat-
map of biological replicates of differentially expressed genes upon
24 h treatment of 50 nM TGS24 treatment in MDAMB-231 spheres
using the log,(count) values for each replicate. The screening
threshold for the differentially expressed genes is set to: llog2(Fold
Change)l>1 and P value <0.05. Differential expression of the tran-
scripts clustered by Euclidean correlation, with distinct upregu-
lation, unaltered, and downregulation patterns in expression for
TGS24 treatment, compared to control condition. The count values
are colour coded blue to yellow to red in increasing order. Differen-
tially expressed genes are clustered based on their involvement with
RAS, apoptosis, and stemness- and metastasis-related pathways. B
RT-qPCR-verification of RNAseq data for differentially expressed
genes in RAS pathway upon 50 nM TGS24 treatment in MDAMB-
231 spheres for 24 h: MAP4K3, RAS, MAPKI2, c-FOS, c-JUN,
HSP90. Quantification of the transcripts’ level relative to the control
by qPCR analyses. Error bars represent mean+SE (N =3). Statistical
differences are determined compared to the control by two-tailed Stu-
dent's ¢ test (*P<0.05, **P<0.01, ***P<0.001). GAPDH consid-
ered as housekeeping gene. C RT-qPCR-verification of RNAseq data
for differentially expressed genes in metastasis and stemness-related
pathway upon 50 nM TGS24 treatment in MDAMB-231 spheres
for 24 h: ALDHpI, WNT-1, p-Catenin, SOX2, MMP12, Vimentin,
CD-44. Quantification of the transcripts’ level relative to the control
by qPCR analyses. Error bars represent mean+SE (N=3). Statisti-
cal differences are determined compared to the control by two-tailed
Student's ¢ test (*P<0.05, **P<0.01, ***P<0.001). GAPDH con-
sidered as housekeeping gene. D RT-qPCR-verification of RNAseq
data for differentially expressed genes in apoptotic pathway upon
50 nM TGS24 treatment in MDAMB-231 spheres for 24 h: NF-xp,
Spl, GATA3, CASP9, PARP-I. Quantification of the transcripts’
level relative to the control by qPCR analyses. Error bars represent
mean=+SE (N=3). Statistical differences are determined compared
to the control by two-tailed Student's 7 test (*P<0.05, **P<0.01,
##%P <(0.001). GAPDH considered as housekeeping gene. E Correla-
tion of log,(fold-change) values from RNA-Seq and RT-PCR analy-
sis. The R? value is 0.854. F Interaction network of upregulated and
downregulated genes, obtained using STRING database, with the
minimum required interaction score of 0.400 and network edges rep-
resenting evidence of an interaction

and D). To validate NGS analyses, both semi-quantitative
and real-time PCR experiment have been performed on the
selected genes, such as RAS, MAPK12, c-FOS, Vimentin,
MMPI12, NF-kp, c-JUN, SOX2, and CD44 which showed
robust downregulation in TGS24-treated cells, as compared
to the untreated ones (Fig. SB—D). We sought to enhance
the robustness of our findings by comparing our RNA-seq
data with a dataset previously generated by Neidle's group
[60, 82]. Both studies employed similar NDI compounds
to explore their potential effects on cancer cell lines. This
comparative analysis provided valuable insights into the
consistency and reproducibility of the observed transcrip-
tional alterations. Strikingly, the RNA-seq data from both
studies independently underscored the perturbation of cru-
cial signaling pathways, including RAS, MAPK, Wnt, and
Notch, upon treatment with NDI compounds. This alignment
reinforces the significance of these pathways as key play-
ers in the cellular responses to NDI treatment. Importantly,

our dataset further accentuates the significance of MAPK12
within this context. Building upon Neidle's group's obser-
vation, we discovered MAPK12 to be one of the major
targets influenced by NDI treatment. The convergence of
our findings on RAS and stem cell-related pathways from
both datasets provides compelling evidence, reinforcing the
understanding of the compound's impact on cancer cells.
The results of linear regression analysis further indicated a
high correlation (R?=0.854) between the data of RT-qPCR
and NGS analyses (Fig. 5E). This observation further sug-
gested that MAPK12-downregulation led to the reduction of
stemness and metastatic markers in cancer cells, which was
reflected in reduced sphere formation and the inhibition of
migratory properties of MDAMB-231 cells (Figure S12).
TGS24 also reduced the expression of oncogenes, related
to RAS pathway leading to the antiproliferation of cancer
cells and subsequent sensitization of cancer cells to apop-
tosis. This finding was consistent with the results of flow
cytometry. Therefore, MAPK12-induced stemness and meta-
static pathways might be at the crossroad of RAS pathway,
wherein MAPK 12 might act as the essential effector protein
connecting the crosstalk between RAS-mediated prolifera-
tion, stemness and metastasis-related cascades (Fig. SF,
S12).

G4 formation at MAPK12 promoter thwarts
oncogenic RAS transformation and inhibits

the trans-activation of NANOG to reduce stemness
in MDAMB-231 cells

While RNA-seq analyses provided a comprehensive over-
view of altered gene expression, the results may not solely
attribute to MAPK12-G4 targeting as TGS24 or other NDI
molecules bind to other parallel G4s. Therefore, further vali-
dation of the RNA-seq analysis is indeed required to con-
firm the role of MAPK12-G4 in stemness regulation. Breast
cancer stem cells are characterized by high expression of
CD44 markers over plasma membrane. Since MAPKI2
downregulation by TGS24 treatment had been found to
decrease tumorsphere formation in MDAMB-231 that
potentially had a subpopulation of CSCs, flow cytometric
analyses had been carried out to confirm if TGS24 treat-
ment led to reduced stemness expansion in MDAMB-231
spheroids by the estimation of CD44ig/CD24°% popula-
tion. TGS24 treatment resulted into reduction of CD44igh/
CD24%Y population by ~50% as compared to that of
control. Consistent with NGS analyses, this observation
confirmed that downregulation of G4-mediated MAPK12
expression by TGS24 led to stemness reduction in cancer
cells (Fig. 6A). This finding was further supported by west-
ern blot study that revealed lower level of CD44, OCT-4,
SOX2, and NANOG expression in MDAMB-231 spheres
upon TGS24 treatment (Fig. 6H-J). On the other hand,
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Fig.6 Stabilization of MAPKI2-G4 motifs by TGS24 enhances
stemness-markers via HSP90-RAS-c-JUN-NANOG axis. A Flow
cytometric analyses of CD44 and CD24 expression in MDAMB-231
spheres upon TGS24 (50 nM) treatment for 24 h. Box and whisker
plot displays the percentage of CD44 '°%/CD24% and CD44hieh /
CD24 ¥ population upon TGS24 (50 nM) treatment for 24 h.
Error bars represent mean+SE (N=3). Statistical differences are
determined compared to the control by two-tailed Student's ¢ test
(*P<0.05, **P<0.01, ***P<0.001). B Violin plot showing
MAPK]I2 expression in CD44hgh /CD24'°% population upon TGS24
(50 nM) treatment for 24 h. Error bars represent mean +SE (N=3).
Statistical differences are determined compared to the control by
two-tailed Student's ¢ test (*P<0.05, **P<0.01, ***P<0.001).
C Western blot analyses of the proteins in RAS pathway: RAS,
¢-JUN, HSP90, MAPK12 under TGS24 (50 nM) treatment for 24 h
in MDAMB-231 spheres. GAPDH considered as housekeeping pro-
tein. D Co-immunoprecipitation analysis showing tetrameric complex
of RAS, HSP90, MAPK12, and c-JUN. MDAMB-231 spheres that
express RAS, are subjected to immunoprecipitation (IP) with anti-
RAS antibody and to immunoblotting (IB) with anti-HSP90, anti-c-
JUN, and anti-MAPKI12 antibodies upon TGS24 (50 nM) treatment
for 24 h. E ChIP analyses. ChIP results using anti-RAS, anti-HSP90,
anti-c-JUN, and anti-MAPK12 antibodies suggesting MAPKI12,

TGS24 led to MAPK12-induced reduction in oncogenic
RAS expression, which insinuated MAPK12-mediated
positive feedback mechanism to regulate RAS expression
(Fig. 6C). Previous studies showed that MAPK12 increases
RAS expression through the activation of HSP90 (Heat
shock protein 90), which forms a tetrameric complex of
MAPKI12, HSP90, RAS, and c-JUN and protects oncogenic
RAS from proteasomal degradation, enhancing its stabil-
ity [83, 84]. Therefore, in this study, HSP90 activation was
closely inspected upon TGS24 treatment, to find out whether

@ Springer

c-JUN, RAS, and HSP90 enrichment at NANOG promoter under
TGS24 (50 nM) treatment for 24 h in MDAMB-231 spheres. F Sche-
matic representation of NANOG promoter region (AP1 site). Tran-
scription initiation site is marked with an arrow. Position of the ChIP
primers used in semi-quantitative and Real-time PCR reactions fol-
lowing immunoprecipitation is indicated. Input fraction indicates
total DNA; negative control immunoprecipitation uses rabbit IgG
showing no signal. G Quantification of MAPK12, RAS, c-JUN, and
HSP90 binding at NANOG promoter by percentage of input method
based on quantitative real-time PCR under aforementioned condi-
tions. Error bars represent mean+SE (N=3). Statistical differences
are determined by one-way ANOVA followed by Tukey—Kramer
test (*P<0.05, **P<0.01, ***P<0.001). H RT-PCR analyses.
Expression profile of OCT-4, SOX2, and NANOG transcripts upon
the treatment of TGS24 (50 nM) treatment for 24 h in MDAMB-231
spheres. I Quantification of the transcripts’ level of OCT-4, SOX2,
and NANOG relative to the control by qPCR analyses. Error bars
represent mean+SE (N=3). Statistical differences are determined
compared to the control by two-tailed Student's ¢ test (*P<0.05,
**P<0.01, ***P <0.001). J Western blot analyses of OCT-4, SOX2,
CD-44, and NANOG upon the treatment of TGS24 (50 nM) treat-
ment for 24 h in MDAMB-231 spheres

TGS24 reduced oncogenic RAS transformation by deacti-
vating HSP90. Despite that HSP90 transcription remained
unaffected upon TGS24 treatment, its protein expression was
significantly reduced upon TGS24 treatment, accompanied
with the reduction of RAS and c-JUN expression (Fig. 6C).
Furthermore, the formation of tetrameric complex involving
MAPK12, HSP90, RAS, and c-JUN was also investigated
upon TGS24 treatment by co-immunoprecipitation stud-
ies, which revealed that TGS24 reduced RAS immunopre-
cipitation with MAPK12, HSP90, and c-JUN. Therefore,
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TGS24 reduced G4-mediated MAPK12 expression, which
in turn downregulated RAS signaling in MDAMB-231
cells (through HSP90 deactivation) (Fig. 6D). Previous
studies have shown that c-JUN stimulated NANOG tran-
scription through its binding to the AP-1-like site across
the NANOG promoter, leading to the stemness expansion of
colon cancer cells [85]. Similarly, MAPK12 is implicated
in the trans-activation of MMP9 [72] and cyclin D1 [86],
through c-JUN binding to their AP1-binding sites. There-
fore, MAPK12 immunoprecipitants (c-JUN, HSP90, and
RAS) were further analyzed for their complex formation at
the NANOG promoter upon TGS24 treatment by chromatin
immunoprecipitation studies (Fig. 6E-G). TGS24 abrogated
the occupancy of MAPK12, RAS, HSP90, and c-JUN at
the NANOG promoter, which envisaged that TGS24 reduced
the trans-activation of NANOG expression by arresting
MAPKI12 expression and oncogenic RAS transformation
(Fig. 6E-G). These observations collectively emphasized
that the G4 motifs in MAPK12 promoter stringently regu-
late MAPK 2 expression in cells that abrogates the crosstalk
between oncogenic RAS transformation and the activation
of stemness-related pathways.

Discussion

GC-rich regions act as the structural and functional ‘punc-
tuation marks’ for gene-regulatory mechanisms. They are
prone to develop secondary nucleic acid structures, such as
G4s and i-motifs and interact with specific transcription fac-
tors to modulate gene transcription. MAPK12, which lately
gained attention due to its aberrant expression in myriad of
cancers, harbors repeats of G-rich elements within its pro-
moter region that stringently regulates its transcription. In
this study, two adjacently located G4 motifs were mapped
upstream of the MAPK 12 promoter region, separated by a
spacer of 21 bp, of which GQ-1 exhibits higher propensity
to fold into G4 structures, as compared to GQ-2. The pres-
ence of two tandem G4 structures imparted conformational
dynamics within the MAPK 12 promoter element, maintain-
ing an equilibrium between duplex and G4 forms, regulated
by Nucleolin and Spl. Although Nucleolin induces G4
formation at MAPKI2 promoter by arresting its promoter
activation, Spl promotes MAPK?2 transcription by induc-
ing duplex formation. Their binding specificity at G4 ele-
ments appear to direct a homeostatic regulation of MAPK12
transcription. This was verified by CRISPR/Cas9 mediated
disruption of neighboring G4 elements that resulted in unde-
tectable MAPK12 level and cellular death. Since G4 struc-
tures have emerged as an attractive therapeutic target for its
ability to modulate oncogene transcription, the G4 motifs at
MAPK]I?2 promoter provided a promising target to impede
its expression in the cancer cells.

The design of MAPK12-specific inhibitors is highly
challenging due to its structural similarities with other
MAPK isoforms and is limited by promiscuous binding
of MAPK12-targeting small molecules to MAPK 14 and/
or MAPK13. Hence, the design of small molecules that
could restrict gene transcription by targeting the unique
G4 structures at its promoter gained increasing acceptance.
Considering the immense role of G4 structures to maintain
a threshold level of MAPKI2 transcripts within the cells,
selective targeting of G4s by small molecules seems to be a
promising avenue for therapeutic intervention. In this study,
NDI derivatives were assessed for their promising anticancer
properties and high-affinity binding to MAPK12-G4 topolo-
gies. However, fluorescence studies provided a read out to
claim its slightly higher binding affinity to G4 structures at
MAPK]I2 promoter compared to other G4s in the genome.
Therefore, further elucidation of structure-based design and
the understanding of structural dynamics in MAPKI2 G4s
are essential to minimize off-target interactions with other
G4 structures within the cells. Mechanistic details of Nucle-
olin-induced G4 formation at MAPK2 promoter could pro-
vide further insights to design selective probes to target and
arrest the conformational dynamics at MAPK12 promoter. In
this connection, revelation of the guanine residues (G7, G10,
G18, and G21) that mainly introduced dynamicity in the G4
structures were the important findings of this study. Never-
theless, the role of these guanine residues to mediate interac-
tion with Sp1 and/or Nucleolin remains to be investigated
further. In a recent study, MAPK12 has been reported to
play significant role in hepatocyte regeneration after partial
hepatectomy by inducing retinoblastoma phosphorylation
during GO/G1 transition, thereby enabling the cells to escape
from the quiescent stage in response to the stress stimuli
[20]. This study envisaged the important role of MAPK12 to
induce stemness properties in liver cancer cells. In our study,
we investigated the role of these G4 structures at MAPKI2
promoter to regulate stemness expansion in TNBC cells
and xenograft models. To understand the molecular basis
of G4-driven transcription inhibition and the downstream
effects, we carried out complete transcriptome study that
evidenced reduced expression of oncogenes associated with
RAS, apoptotic pathway and stemness-related signaling.
These findings revealed that G4-driven MAPK 2 transcrip-
tion not only regulates oncogenic RAS transformation, but
also regulates the expression of multiple oncogenes leading
to apoptosis regulation and stemness expansion of cancer
cells. However, it is crucial to emphasize that we cannot
definitively ascertain whether TGS24 exclusively interacts
with the identified promoter G4s. This uncertainty under-
scores the intricate nature of G4 targeting and the need for
further investigations. Our further cellular studies showed
that MAPK 1?2 transcription led to constitutive activation of
RAS pathway by protecting and increasing the stability of
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Fig.7 Dynamics of two tandem G4-motifs at MAPKI2 promoter regulated by spatiotemporal binding of Nucleolin and Spl regulate cancer

stemness via MAPK12-HSP90-RAS-c-JUN-NANOG axis

RAS protein from proteasomal degradation. In this regard,
MAPK12 formed a tetrameric protein complex with HSP90
and c-JUN, involving MAPK12, RAS, HSP90, and c-JUN
to inhibit proteasomal degradation of RAS. G4-mediated
silencing of MAPK 2 transcription led to the deactivation of
RAS pathway by disrupting the formation of tetrameric pro-
tein complex, leading to the proliferation arrest of the cancer
cells. On the other hand, G4-driven attenuation of MAPKI2
transcription strongly inhibited the binding occupancy of
the tetrameric complex at NANOG promoter leading to
the downregulation of NANOG trans-activation in cancer
cells. Therefore, while our transcriptomic studies might
be impacted by TGS24’s nonspecific binding to other G4
structures, our further cellular investigation aligning with the
RNA-seq study reinforced the effect of MAPK12-G4 target-
ing in stemness regulation. Therefore, G4 structures might
play an imperative role to place MAPKI2 at the junction of
RAS and NANOG-mediated signaling, wherein the expres-
sion level of MAPK12 transcripts determine the crosstalk
between RAS and NANOG-pathways (Fig. 7).
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