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Thiazole peptidomimetics as chemical
modulators of KRAS gene expression via
G-quadruplex stabilization

Debasmita Biswas, Ananta Gorai, Sandip Maiti, Ritapa Chaudhuri,
Sayantan Pradhan and Jyotirmayee Dash *

KRAS is one of the most frequently mutated oncogenes in human cancers and remains a challenging target

for therapeutic intervention, often labeled ‘‘undruggable.’’ We herein synthesized triazole-containing

peptidomimetics TTh1 and TTh2, to explore their selective interactions with DNA quadruplexes. Biophysical

studies reveal that TTh2 with a prolinamide motif selectively binds to and stabilizes the KRAS G-quadruplex

structure, resulting in marked suppression of the KRAS mRNA and protein levels in HeLa cells. This

downregulation correlates with the inhibition of key downstream signaling pathways, including MAPK and

Akt/mTOR, which are critical for cancer cell proliferation and survival. These results highlight the potential of

G4-binding peptidomimetics as chemical tools for modulating oncogene expression through selective

stabilization of promoter G-quadruplex structures.

Introduction

The KRAS proto-oncogene plays a central role in cellular com-
munication networks that regulate growth, differentiation, and
survival. As a member of the RAS family of proteins, KRAS
encodes a GTPase that functions as a molecular switch, which
transmits signals from cell surface receptors to intracellular
pathways in response to external growth stimuli.1 In its unmu-
tated, normal state, KRAS is essential for maintaining cellular
homeostasis, regulating balanced cell proliferation and
differentiation.2 However, mutations in the KRAS gene result
in a constitutively active protein, leading to uncontrolled cell
division—a hallmark of cancer.

The transformation of KRAS from a proto-oncogene to an
active oncogene explains why KRAS mutations are implicated in
various types of cancer, including pancreatic, colorectal, and
lung cancers. Understanding the mechanism of KRAS action is
crucial for the development of next-generation targeted thera-
pies against KRAS-driven tumors. However, this remains a
significant challenge due to the intratumoral heterogeneity
and genetic mutability of KRAS.3–5 Once considered ‘‘undrug-
gable’’ due to its structure and the nature of its mutations,
KRAS has been resistant to targeting by most small-molecule
inhibitors.6 The smooth surface of the protein and the absence
of distinct binding pockets make it difficult for small molecules

to effectively target it, in contrast to other oncogenes with more
accessible binding sites.7–9 The diverse nature of KRAS muta-
tions, such as G12C, G12D, G12V, and G13D, means that each
mutation responds differently to drug treatment. As a result, a
new therapeutic approach is needed to address the diverse nature
of KRAS mutations and their varying responses to treatment.
While progress has been made with the approval of sotorasib
for treating cancers harboring the KRAS G12C mutation, other
KRAS variants still lack targeted therapies.10–17 In this context,
targeting KRAS DNA secondary structures, such as G-
quadruplexes (G4s), offers an effective approach to cancer
therapy compared to conventional strategies that focus on
inhibiting the KRAS protein.

G-quadruplexes are four-stranded structures formed by G-
rich nucleic acid sequences. They differ from the canonical B-
form double helix and are held together by Hoogsteen hydro-
gen bonding, resulting in stacked G quartets. They are com-
monly found in the promoter regions of many transcriptional
regulatory genes, including oncogenes and proto-oncogenes
such as KRAS.18–22 The stabilization or disruption of such G4
conformations can be therefore utilized to modulate the tran-
scription of the KRAS gene. G4-targeting drugs may offer greater
selectivity, minimizing off-target effects and toxicity. This
approach could also overcome resistance mechanisms often
associated with protein inhibitors. With growing insights into
the biological roles of G4s in cancer, including their involve-
ment in gene regulation and genomic stability,18 targeting
KRAS G4 structures using small molecules represents a promis-
ing frontier in cancer therapy.
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Small molecules represent valuable therapeutic tools for
probing and modulating G-quadruplex (G4)-associated cellular
mechanisms.23–30 However, only a limited number of ligands
have been reported to selectively bind and stabilize KRAS G4
structures.27 Herein, we have employed amide coupling as well
as Cu(I)-catalyzed azide–alkyne cycloaddition to synthesize
thiazole peptides TTh1 and TTh2. TTh2, featuring a prolina-
mide motif acts as a novel G4-binding ligand that selectively
recognizes KRAS G4 structure and downregulates KRAS proto-
oncogene expression.

Results and discussion
Ligand design and synthesis

Ligands such as multicarbazoles, porphyrin-based photosensi-
tizers, isoquinoline alkaloids, and natural polyphenols have
been reported to bind to the KRAS G-quadruplex (G4) based on
biophysical and modeling studies.31–34 Moreover, compounds
like berberine, coptisine, TMPyP4, and indolo[3,2-b]quinoline
derivatives have been shown to reduce KRAS expression in
cancer cells.35–38 However, most studies are limited to in vitro
characterization, offering minimal insight into the downstream
cellular effects or mechanisms. In this study, we have designed
poly-thiazole ligands by incorporating a phenyl amino thiazole
(TTh1) or a phenyl prolinamide (TTh2) moiety linked via a
triazole unit (Scheme S3, SI). These ligands adopt a planar
crescent-shaped geometry, which enables effective interactions
with G-quadruplex DNA via p–p stacking and hydrogen bond-
ing. Thiazole-containing peptides are present in numerous

biologically active compounds and natural products.28–30 As
amide bond surrogates, thiazoles contribute to peptide stability
and enhance biological activity. We have previously reported
thiazole-based ligands for targeting c-MYC28,29 and c-KIT G-
quadruplexes.30 Other studies have also demonstrated interac-
tions of thiazoles with various G4s via molecular docking and
MD simulations.39 Compared to previously reported thiazole
ligands, the bis-thiazole framework presented here exhibits
high binding affinity and specificity towards the KRAS G4 struc-
ture, likely due to the extended conjugation and multivalent
interaction abilities. Proline, known for influencing peptide con-
formation, was incorporated to enhance selective binding to a
particular G-quadruplex.40,41 It likely positions the bis-thiazole
scaffold for preferential recognition. The 1,2,3-triazole unit further
stabilizes the interaction as a peptide bond isostere.

A bis-thiazole amide functionalized with an alkyne motif 1
was synthesized via consecutive amide coupling reactions
followed by ester hydrolysis using thiazole amino acid building
blocks (Scheme S1, SI). Azido prolinamide 3 was obtained via
amide coupling of 4-azidoaniline 2 with N-Boc proline (Scheme
S2, SI). The Cu(I)-catalyzed azide–alkyne cycloaddition (click
reaction) between alkyne 1 and azide 2, followed by coupling
with a thiazole amino acid, furnished the Boc-protected
triazole-containing trithiazole peptidomimetic (Scheme S3,
SI), which upon Boc deprotection with TFA provided TTh1.
The Cu(I)-catalyzed click reaction of alkyne 1 with azide 3
containing a prolinamide motif and subsequent Boc deprotec-
tion, produced the triazole-containing bis-thiazole peptidomi-
metic TTh2 (Fig. 1a and Schemes S2 and S3, SI).

Fig. 1 (a) Structure of alkyne 1, azides 2–3 and thiazole peptides (TTh1 and TTh2). (b) The energy optimized structure of TTh2. The rightmost cyan part is
proline. For detailed synthetic procedures of TTh1 and TTh2, see the SI.
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Selective recognition of the KRAS G-quadruplex by TTh2

A high-throughput FRET-based melting assay was performed
using dual-labeled (50 FAM–30 TAMRA) G4 sequences including
VEGF, KRAS, BCL2, c-KIT1, c-KIT2, c-MYC27 and a control duplex
DNA to assess the stabilization of the G4 structures by pepti-
domimetic ligands (Fig. 2a and b and Fig. S3–S4, Table S1, SI).
This screening approach enabled the comparison of melting
temperatures (Tm) for DNA in the presence and absence of the
ligand, providing a quantitative measure of ligand-induced
stabilization. The results revealed that the proline-containing
bis-thiazole conjugate TTh2 selectively stabilized KRAS
(Tm B50 1C), c-KIT1 (Tm B66 1C), and c-KIT2 (Tm B70 1C) G4
structures in a dose-dependent manner. For KRAS, TTh2 exhib-
ited DTm values of 12.9 � 1 1C and 24.7 � 1 1C at 5 and 25 molar
equivalents, respectively. In contrast, for c-KIT1, the DTm values
were B7 1C and B14 1C, while for c-KIT2, the corresponding
values were only B1.2 1C and B7.6 1C at the same molar
equivalents (Fig. 2a and b, Fig. S4, SI). TTh2 showed no effect
on the melting temperatures of BCL2 (Tm B74 1C), VEGF
(Tm B76 1C), or c-MYC27 (Tm B67 1C) G4s. For all studied
G4s, negligible changes in melting temperature (DTm) were
observed with TTh1, even at molar equivalents up to 50.
Considerable stabilization of KRAS G4 (DTm = 12.9 � 1 1C)
was observed at only 5 equivalents (1 mM) of TTh2. The melting

temperature profiles of ds26 DNA (Tm B73 1C) remained
unchanged upon interaction with any of these ligands. These
findings suggest that TTh2 selectively stabilizes KRAS G4 compared
to other G4 structures and ds26 DNA. Furthermore, the results
highlight the importance of the prolinamide motif in TTh2 for its
interaction with G4 structures within the synthesized thiazole
peptides. To evaluate the selectivity of TTh2, FRET melting experi-
ments were conducted using PhendC3, a well-known G4
stabilizer.42–44 PhendC3 increased the thermal stability (DTm

B10 1C) of all tested G4s, including VEGF, KRAS, c-KIT1, c-KIT2,
and BCL2, even at a low concentration (1 mM, 10 equivalents),
indicating a non-selective binding profile (Fig. S5, SI). In contrast,
TTh2 selectively stabilized KRAS G4 with minimal effect on other
G4 structures, demonstrating its preferential binding affinity. Next,
a FRET competitive assay (Fig. S4b, SI) demonstrated the specific
binding of peptide TTh2 to KRAS G4 over duplex DNA. No appreci-
able changes in the Tm values of G4 were observed upon the
addition of a 50-fold molar excess of competitor duplex calf thymus
(ct) DNA (10 mM) to a ligand concentration of 1 mM.

Fluorometric titration was then employed to determine the
binding affinities (Kd) of the ligands for various G4 structures
(Fig. 2c and d, and Fig. S6, S7, SI). The titrations were carried
out with an excitation wavelength of lex = 300 nm. Both TTh1
and TTh2 exhibited two major emission peaks at approximately

Fig. 2 (a) 3D bar diagram showing the change in melting temperature (DTm) of DNA upon addition of 1 mM of TTh1 and TTh2. (b) FRET melting profiles of
different G4s and ds-DNA (100 nM) upon interaction with 0–50 molar equivalents of TTh2 (0–10 mM) in 60 mM K+-cacodylate buffer, pH B 7.4.
(c) Fluorimetric titration of 2 mM of TTh2 with (B0–10 equiv.) KRAS G4 DNA in 100 mM Tris-KCl buffer, pH B 7.4. (d) Hill plot of TTh2 (2 mM) titrated with
VEGF, KRAS, BCL2, c-KIT1, c-KIT2, c-MYC27 G4 and ds DNA (B0–10 equiv.). (e) Isothermal calorimetric titration of 5 mM KRAS G4 DNA with 50 mM of
TTh2 in 100 mM Tris and 100 mM KCl buffer, pH B 7.4.
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lmax E 354 nm and 427 nm. Incremental addition of KRAS G4
DNA resulted in approximately a 3-fold increase in the fluores-
cence intensity of TTh2 (Kd = 0.8 mM), whereas no substantial
spectral change was observed during titration with dsDNA.
When titrated with other G4 DNAs, TTh2 exhibited lower
binding affinities compared to KRAS G4 DNA, with Kd values
exceeding 1.5 mM. Similarly, the ligand TTh1 containing an
aminothiazole sidechain showed a 7-fold increase in intensity
(Kd = 1.8 mM) upon titration with BCL2 DNA but exhibited a
lower specificity and affinity for all G4 DNAs compared to TTh2.
Despite its binding ability to BCL2 G4 in the fluorescence
titration assay, TTh1 did not stabilize BCL2 G4, as shown by
the FRET assay. Furthermore, TTh1 exhibited no significant
binding potential with other G4s in either FRET or fluorometric
titration assays. Consequently, TTh1 was excluded from further
studies. Isothermal titration calorimetry (ITC) was performed to
explore the thermodynamic properties of the binding interac-
tions (Fig. 2e and Fig. S8, Table S2, SI). Peptide TTh2 exhibited
a higher binding affinity for KRAS G4 DNA with a Kd value of
B0.53 mM, DG = �8.56 kcal mol�1 and a 1 : 1 binding stoichio-
metry, while showing weaker interactions (limited hydrogen
bonding) with other G4s (45 mM). Consistent with the FRET
and fluorometric results, TTh2 displayed comparatively lower
binding affinities for c-KIT1 and c-KIT2, with the Kd values of

B3.3 mM and B2.6 mM, respectively. Both FRET and ITC
studies confirmed that TTh2 exhibited negligible binding to
duplex DNA. The binding isotherms generated from titrating
TTh2 with G4 DNAs and control dsDNA (5 mM) indicated that
all interactions were exothermic.

Circular dichroism (CD) spectroscopy was used to examine
the structural response of KRAS G4 DNA (15 mM) upon titration
with 0–10 equivalents of TTh2 under both salt-free and
potassium-containing conditions (Fig. S9, SI). The spectra
retained the characteristic features of a parallel G-quadruplex,
including a positive peak near 262 nm and a negative peak
around 240 nm. Although a modest gradual decrease in ellip-
ticity at 262 nm was observed upon ligand addition, the overall
spectral profile remained consistent. These results suggest that
TTh2 binds to KRAS G4 without inducing significant changes to
its global G-quadruplex topology.

Molecular docking study reveals selectivity towards KRAS over
other G4s

The NMR structure of KRAS G-quadruplex DNA (PDB: 6T2G) was
retrieved from the RCSB Protein Data Bank.45 The structure was
prepared using MGL Tools by adding hydrogens, removing
heteroatoms, and modeling missing loops.46 Docking with Auto-
Dock Vina47 generated 20 binding poses, with TTh2 showing

Fig. 3 Visualization of the KRAS G-quadruplex and TTh2 interactions after docking (groove binding); (a) top view of the KRAS G-quadruplex DNA with
TTh2; base pairs are represented as rings, and the DNA backbone is shown as a cartoon; (b) side view of the same structure, illustrating the spatial
orientation of TTh2 relative to the G-quadruplex DNA; (c) surface model representation of the DNA, highlighting the regions accessible for interaction
with TTh2; (d) detailed representation of interactions between TTh2 and DNA base pairs (dA, dT, dG, dC); (e) interaction between the proline motif of
TTh2 and the KRAS G-quadruplex DNA; (f) the same interaction in different orientations. Interaction types, such as hydrogen bonds, are depicted as
dotted lines, and the DNA base pairs surrounding TTh2 are labelled in blue with their two-letter codes. (g) The RMSD plot of DNA during simulation with
TTh2; (h) the RMSD plot of ligand TTh2; (i) RMSF of DNA during simulation with TTh2; (j) the radius of gyration (Rg) plot of DNA during simulation with
TTh2; (k) the number of H-bonds between DNA complexed with TTh2. These results support stable groove binding of TTh2 and its role in maintaining
the structural integrity of KRAS G4. Further details are provided in the SI.
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groove-binding behavior and a binding affinity of �9.5 kcal mol�1.
Key interactions included eleven hydrogen bonds (1.85–3.22 Å) with
bases such as dG4, dG28, dT8, and dA1, along with four p-
interactions (Fig. 3a–f). The proline moiety of TTh2 contributed
three essential hydrogen bonds, particularly with dG4, dG28, and
dT8, stabilizing the complex within the DNA groove. The rigid cyclic
structure of proline likely promotes groove binding by enhancing
spatial complementarity and improving ligand stability. Addition-
ally, docking studies with c-MYC and BCL2 G4 structures resulted in
less favourable docking scores, further supporting the binding
preference of TTh2 for KRAS G4 (Fig. S10, SI).

To explore the binding affinity and stability of TTh2 with
KRAS G-quadruplex DNA, a 200-ns molecular dynamics simula-
tion was performed for groove binding modes. RMSD analysis
showed early stabilization, with DNA and ligand RMSDs reach-
ing a steady value at B0.80 nm and B0.25 nm, respectively.
RMSF analysis revealed low flexibility at the G-quartet region
and higher mobility at the loop and terminal regions. The
radius of gyration (Rg) remained steady at B1.4 nm, confirming
the compactness of the G4 structure. Hydrogen bond analysis
indicated stable interactions, with 3–5 H-bonds persisting after
130 ns, mainly involving dG4, dT8, dG28, and dA1 (Fig. 3g–k).

TTh2 preferentially downregulates KRAS gene expression in
HeLa cells

The cytotoxicity of TTh1 and TTh2 was evaluated against a
cervical cancer cell line (HeLa) and a human embryonic (HEK)

cell line using the MTT assay. In HeLa cells, ligands TTh1 and
TTh2 demonstrated IC50 values of 28.2 � 0.28 mM and 29.7 �
0.35 mM, respectively (Fig. S11, SI). Furthermore, both the
ligands displayed a significantly lower toxicity toward normal
HEK cells with IC50 values exceeding 50 mM.

Then, the in vitro effects of the ligands TTh1 and TTh2 on
the expression of the KRAS gene, relative to housekeeping
genes, were evaluated by qRT-PCR analysis in HeLa cells
(Fig. 4a–d and Fig. S12, SI). After a 24 h treatment with TTh2,
the expression levels ofKRAS decreased to 0.5-fold (50%
reduction) and 0.32-fold (68% reduction) at concentrations of
5 mM and 10 mM, respectively. Conversely, HeLa cells treated
with 5 mM TTh1 showed no significant reduction in KRAS
mRNA expression. However, at 10 mM, TTh1 lowered the
expression levels to 0.51-fold, indicating a 49% reduction.
The effect of TTh2 on c-MYC mRNA expression was also
evaluated (Fig. S12b and c), and no significant changes were
observed, indicating that TTh2 exhibits selectivity toward the
KRAS gene.

The expression of KRAS was further silenced in a dose-
dependent manner, as observed by the western blot analysis
of the cell lysates collected 24 hours post-treatment with TTh2.
TTh2 reduced the KRAS protein levels by 38.4% and 56% at
concentrations of 5 mM and 10 mM, respectively (Fig. 4b–d and
Fig. S13, SI). This reduction in the KRAS protein levels in HeLa
cells led to the inhibition of key downstream signaling path-
ways including MAPK and Akt/mTOR, both critical for cancer

Fig. 4 (a) qRT-PCR analysis of KRAS in HeLa cells after treatment with 5 and 10 mM TTh1 and TTh2 in DMSO for 24 h. (b) Western blot analysis of KRAS,
Akt, mTOR, Erk, p-Erk and GAPDH proteins after treatment with TTh2 at 5 and 10 mM in HeLa cells. (c) Bar diagram representing the dose-dependent
downregulation of the KRAS protein by 5 and 10 mM TTh2. (d) Bar diagram representing the dose-dependent expression of Akt, mTOR, Erk and p-Erk
proteins after treatment with 5 and 10 mM of TTh2. (e) Relative luciferase activity (FF/RL) from the KRAS promoter-driven firefly luciferase plasmid
normalized with the pRL-TK Renilla plasmid in HeLa cells treated with 5 mM and 10 mM TTh1 and TTh2.
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cell proliferation and survival. The MAPK pathway is a major
signaling pathway where KRAS is primarily activated by the
interaction with RAF kinases and triggers a series of phosphor-
ylation events that promote cellular growth and division. The
reduction in KRAS expression resulted in decreased activation,
as evidenced by a 70% reduction in ERK phosphorylation
following treatment with 10 mM TTh2 (Fig. 4d). Similarly,
TTh2 inhibited the Akt/mTOR pathway, a key regulator of
cellular metabolism and growth, by significantly reducing the
Akt/mTOR protein levels to 34.8% (at 10 mM [TTh2]) (Fig. 4d).
This is particularly important as aberrant activation of the Akt/
mTOR pathway is frequently associated with therapeutic resis-
tance in many cancers. TTh2 may synergistically enhance
the efficacy of existing treatments by targeting both the Akt/
mTOR pathway and the MAPK pathway, overcoming the robust
resistance mechanisms commonly observed in KRAS-mutant
tumours.

Next, to validate the results obtained from qRT-PCR and
Western blot analysis, we performed an immunofluorescence
assay using a KRAS-specific antibody in HeLa cells. The assay
revealed a dose-dependent reduction in the green fluorescence
intensity, representing KRAS protein, within the cytoplasm.
This observation further confirms the downregulation of KRAS
protein expression by 2-fold and 4-fold with increasing TTh2
concentrations (Fig. 5a and b, and Fig. S15, SI). The nuclei were
counterstained with Propidium Iodide, indicated by the red
signal, serving as a reference for the nuclear regions. These
results further support the evidence of KRAS protein down-
regulation observed in previous experiments.

The dual luciferase assay further confirmed that the
observed changes in KRAS gene expression were due to the
stabilization of the KRAS promoter G4 by TTh2 (Fig. 4e). The
PGL3-KRAS plasmid, containing the G4 promoter, was co-
transfected with the Renilla luciferase plasmid pRL-TK, which

Fig. 5 (a) Immunofluorescence analysis of KRAS protein expression in HeLa cells. The assay shows a dose-dependent decrease in green fluorescence,
representing KRAS protein, within the cytoplasm with increasing TTh2 (blue signal) concentrations. Nuclei are counterstained with NucRed (red signal) as
a reference for nuclear regions, imaged using a Leica DMI8 microscope. Scale bars: 50 mm. (b) bar diagram showing dose-dependent reduction in mean
fluorescence intensity (MFI) in HeLa cells. (c) Immunostaining with TTh2 and BG4 antibodies: cells were stained with TTh2 (visualized under the blue
filter), BG4 antibody (visualized under the red filter), and the merged image shows co-localization, imaged using a Leica DMI8 Stellaris 5 microscope.
Scale bars: 10 mm. (d) Bar diagram showing an increase in BG4 foci on treatment with TTh2. Data are shown as mean � SD; P o 0.05.
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contains a non-G4 promoter, into HeLa cells. These transfected
HeLa cells were treated with 5 mM or 10 mM each of TTh1 and
TTh2 for 36 hours. After normalizing the Renilla luciferase
expression, the results showed that treatment with TTh2
reduced luciferase expression driven by the KRAS promoter by
50% compared to control cells (Fig. 4e). In contrast, treatment
with TTh1 did not result in any significant change in KRAS
luciferase expression. Furthermore, the effect of TTh2 was
evaluated using a luciferase reporter plasmid driven by the
c-MYC promoter. No significant change in luciferase activity
(normalized to Renilla) was observed, further supporting the
selective interaction of the thiazole ligand TTh2 with the KRAS
promoter G-quadruplex (Fig. S14, SI). G4-specific staining in
the immunofluorescence assays using BG4 antibodies revealed
the presence of G4 structures in the cells through scattered
punctate [red] nuclear staining. The nuclear localization of
TTh2 in HeLa cells was visualized as a blue fluorescence. This
observation was further supported by a 2.9-fold increase in BG4
foci in TTh2-treated HeLa cells compared to the untreated
control (Fig. 5c and d, and Fig. S16, SI). The increase in foci
strongly suggests that TTh2 binds to G4 structures within
the cells.

Conclusions

In summary, we have synthesized ligands TTh1 and TTh2 to
explore the potential of peptidomimetics in targeting nonca-
nonical DNA G-quadruplexes (G4). This work demonstrates that
the peptidomimetic ligand TTh2, with bis-thiazole and proli-
namide motifs, selectively stabilizes the KRAS G4 structure.
High-throughput FRET-based melting assays revealed that
TTh2 effectively stabilizes the KRAS G4 structure, leading to a
notable increase in melting temperature (DTm) in a dose-
dependent manner. This stabilization was further corroborated
by competitive binding assays, fluorometric titration assays
and isothermal titration calorimetry (ITC), which demonstrated
a high binding affinity of TTh2 for KRAS G4, coupled
with a high specificity for G-quadruplex DNA over
duplex DNA. The therapeutic potential of TTh2 was further
explored in HeLa cells, where selective downregulation of the
KRAS levels was observed through qRT-PCR, western blot
analysis and immunofluorescence assays. Treatment with
TTh2 resulted in significant reductions in both KRAS mRNA
and protein levels, which correlated with inhibition of crucial
downstream signalling pathways, including MAPK and Akt/
mTOR, essential for cell proliferation and survival. Moreover,
dual-luciferase assays validated that the changes in KRAS
expression were directly linked to the stabilization of the KRAS
promoter G4 by TTh2. Immunofluorescence assays demon-
strated an enhanced presence of G4s in HeLa cells, validating
that TTh2 can interact with and stabilize G4s in a cellular
context. In conclusion, the peptidomimetic ligand TTh2 repre-
sents a promising chemical probe for targeting G-quadruplex
structures in gene regulatory regions, offering new opportu-
nities to modulate KRAS expression and associated oncogenic
pathways.
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7 S. Casacuberta-Serra, Í. González-Larreategui, D. Capitán-
Leo and L. Soucek, Signal Transduction Targeted Ther., 2024,
9, 205.

8 S. E. Dekker and L. Deng, Cancers, 2024, 16, 3885.
9 B. Liu, H. Zhou, L. Tan, K. T. H. Siu and X.-Y. Guan, Signal

Transduction Targeted Ther., 2024, 9, 175.
10 G. K. Dy, R. Govindan, V. Velcheti, G. S. Falchook, A.

Italiano, J. Wolf, A. G. Sacher, T. Takahashi, S. S.
Ramalingam and C. Dooms, J. Clin. Oncol., 2023, 41,
3311–3317.

RSC Chemical Biology Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
d’

oc
tu

br
e 

20
25

. D
ow

nl
oa

de
d 

on
 2

5/
2/

20
26

 1
4:

22
:2

6.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

https://doi.org/10.1039/d5cb00046g
https://doi.org/10.1039/d5cb00046g
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cb00046g


1892 |  RSC Chem. Biol., 2025, 6, 1885–1892 © 2025 The Author(s). Published by the Royal Society of Chemistry

11 A. Mohanty, A. Nam, S. Srivastava, J. Jones, B. Lomenick,
S. S. Singhal, L. Guo, H. Cho, A. Li and A. Behal, Sci. Adv.,
2023, 9, eade3816.

12 J. Liu, R. Kang and D. Tang, Cancer Gene Ther., 2022, 29,
875–878.

13 B. A. Lanman, J. R. Allen, J. G. Allen, A. K. Amegadzie,
K. S. Ashton, S. K. Booker, J. J. Chen, N. Chen, M. J. Frohn
and G. Goodman, J. Med. Chem., 2019, 63, 52–65.

14 A. R. Moore, S. C. Rosenberg, F. McCormick and S. Malek,
Nat. Rev. Drug Discovery, 2020, 19, 533–552.

15 J. M. Ostrem, U. Peters, M. L. Sos, J. A. Wells and
K. M. Shokat, Nature, 2013, 503, 548–551.

16 F. Skoulidis, B. T. Li, G. K. Dy, T. J. Price, G. S. Falchook,
J. Wolf, A. Italiano, M. Schuler, H. Borghaei and F. Barlesi,
N. Engl. J. Med., 2021, 384, 2371–2381.

17 J. Canon, K. Rex, A. Y. Saiki, C. Mohr, K. Cooke, D. Bagal,
K. Gaida, T. Holt, C. G. Knutson and N. Koppada, Nature,
2019, 575, 217–223.

18 D. Varshney, J. Spiegel, K. Zyner, D. Tannahill and S. Balasub-
ramanian, Nat. Rev. Mol. Cell Biol., 2020, 21, 459–474.

19 T. Simonsson, M. Kubista and P. Pecinka, Nucleic Acids Res.,
1998, 26, 1167–1172.

20 Y. Qin and L. H. Hurley, Biochimie, 2008, 90, 1149–1171.
21 S. Balasubramanian, L. H. Hurley and S. Neidle, Nat. Rev.

Drug Discovery, 2011, 10, 261–275.
22 A. M. Zahler, J. R. Williamson, T. R. Cech and D. M. Prescott,

Nature, 1991, 350, 718–720.
23 H. Han and L. H. Hurley, Trends Pharmacol. Sci., 2000, 21,

136–142.
24 J. Dash, P. S. Shirude, S.-T. D. Hsu and S. Balasubramanian,

J. Am. Chem. Soc., 2008, 130, 15950–15956.
25 M. Nadai, F. Doria, M. Scalabrin, V. Pirota, V. Grande,

G. Bergamaschi, V. Amendola, F. R. Winnerdy, A. T. N.
Phan and S. N. Richter, J. Am. Chem. Soc., 2018, 140,
14528–14532.

26 A. D. Moorhouse, A. M. Santos, M. Gunaratnam, M. Moore,
S. Neidle and J. E. Moses, J. Am. Chem. Soc., 2006, 128,
15972–15973.

27 G. Miglietta, S. Cogoi, J. Marinello, G. Capranico,
A. S. Tikhomirov, A. Shchekotikhin and L. E. Xodo, J. Med.
Chem., 2017, 60, 9448–9461.

28 D. Dutta, M. Debnath, D. Müller, R. Paul, T. Das, I. Bessi,
H. Schwalbe and J. Dash, Nucleic Acids Res., 2018, 46,
5355–5365.

29 A. Gorai, R. Chaudhuri, T. K. Mukhopadhyay, A. Datta and
J. Dash, Bioconjugate Chem., 2022, 33, 1145–1155.

30 R. Paul, D. Dutta, T. Das, M. Debnath and J. Dash, Chem. –
Eur. J., 2021, 27, 8590–8599.

31 A. Ou, J. W. Schmidberger, K. A. Wilson, C. W. Evans,
J. A. Hargreaves, M. Grigg, M. L. O’Mara, K. S. Iyer,
C. S. Bond and N. M. Smith, Nucleic Acids Res., 2020, 48,
5766–5776.

32 M. Caterino, F. D’Aria, A. V. Kustov, D. V. Belykh,
I. S. Khudyaeva, O. M. Starseva, D. B. Berezin, Y. I. Pylina,
T. Usacheva, J. Amato and C. Giancola, Int. J. Biol. Macro-
mol., 2020, 145, 244–251.

33 L.-N. Wen and M.-X. Xie, Spectrochim. Acta, Part A, 2017, 171,
287–296.

34 R. Pattanayak, P. Basak, S. Sen and M. Bhattacharyya, Int.
J. Biol. Macromol., 2016, 89, 228–237.

35 K.-B. Wang, Y. Liu, J. Li, C. Xiao, Y. Wang, W. Gu, Y. Li,
Y.-Z. Xia, T. Yan, M.-H. Yang and L.-Y. Kong, Nat. Commun.,
2022, 13, 6016.

36 S. Cogoi and L. E. Xodo, Nucleic Acids Res., 2006, 34,
2536–2549.

37 J. Lavrado, H. Brito, P. M. Borralho, S. A. Ohnmacht, N.-S.
Kim, C. Leitão, S. Pisco, M. Gunaratnam, C. M. P. Rodrigues,
R. Moreira, S. Neidle and A. Paulo, Sci. Rep., 2015, 5,
9696.

38 H. Brito, A. C. Martins, J. Lavrado, E. Mendes, A. P.
Francisco, S. A. Santos, S. A. Ohnmacht, N.-S. Kim, C. M.
Rodrigues and R. Moreira, PLoS One, 2015, 10, e0126891.

39 S. Cao, Q. Su, Y.-H. Chen, M.-L. Wang, Y. Xu, L.-H. Wang,
Y.-H. Lu, J.-F. Li, J. Liu and X.-J. Hong, Int. J. Mol. Sci., 2024,
25, 623.

40 A. Chauhan, S. Paladhi, M. Debnath and J. Dash, Org.
Biomol. Chem., 2016, 14, 5761–5767.

41 A. Chauhan, S. Paladhi, M. Debnath, S. Mandal, R. N. Das,
S. Bhowmik and J. Dash, Bioorg. Med. Chem., 2014, 22,
4422–4429.

42 W. J. Chung, B. Heddi, F. Hamon, M. P. Teulade-Fichou and
A. T. Phan, Angew. Chem., Int. Ed., 2014, 53, 999–1002.

43 C. Beauvineau, C. Guetta, M.-P. Teulade-Fichou and F.
Mahuteau-Betzer, Org. Biomol. Chem., 2017, 15, 7117–7121.

44 A. Bednarz, R. T. Rosendal, L. M. Lund and V. Birkedal,
Biochimie, 2024, 227, 61–67.

45 J. Marquevielle, C. Robert, O. Lagrabette, M. Wahid,
A. Bourdoncle, L. E. Xodo, J. L. Mergny and G. F. Salgado,
Nucleic Acids Res., 2020, 48, 9336–9345.

46 F. Kolpakov and V. Babenko, Mol. Biol., 1997, 31, 540–547.
47 O. Trott and A. J. Olson, J. Comput. Chem., 2010, 31,

455–461.

Paper RSC Chemical Biology

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
d’

oc
tu

br
e 

20
25

. D
ow

nl
oa

de
d 

on
 2

5/
2/

20
26

 1
4:

22
:2

6.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cb00046g



