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This study reports engineered protease-stable, gramicidin-inspired, peptide-based proton transporter
LD8A, with alternating L- and p-amino acid residues, to treat the highly chemoresistant, radioresistant,
immunosuppressive metastatic renal cell carcinoma (RCC) cell line SK-RC-45. Exploiting the potential of
the LD8A proton transporter, this study proposes mechanistically rational combination therapy with high
translational potential. Current treatment methods involve multi-targeted tyrosine kinase inhibitors, which
are accompanied by serious side-effects and exhibit an alarmingly low median overall survival.
Computational and experimental data suggested that LD8A induced considerable membrane defor-
mation, which supported the destabilization of the intracellular pH regulating mechanism observed in
LD8A-treated RCC. This mechanistically rational combination therapy using LD8A and HIF-2a silencing
siRNA induced mitochondrial depolarization, cell cycle arrest, apoptosis, reduction in angiogenesis and
disruption of the major oncogenic signalling pathways in SK-RC-45 cells. The designed therapy upregu-
lated the VHL tumour suppressor protein and downregulated HIF-2a protein expression, thus decreasing
the activity of the HIF transcriptional factor, which is the master regulator causing clear cell RCC.
Additionally, it upregulated DAB2IP and facilitated radiosensitization in the radioresistant SK-RC-45 cells.
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To the best of our knowledge, this is the first study demonstrating that a designed biocompatible proton
transporter can potentiate immunotherapy against RCC by inducing the downregulation of the dual
checkpoint proteins CD47, PD-L1 and ganglioside GM2, resulting in enhanced phagocytosis and prevent-
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1. Introduction

Kidney cancer has seen a significant rise in prevalence, report-
ing approximately 400000 new cases and nearly 175000
deaths worldwide annually, with higher mortality rates in
countries with low to moderate income levels." Studies suggest
that exposure to air pollution and heavy metals elevates the
risk of developing kidney cancer.® Projections indicate that
rise in the occurrence of kidney cancer will continue over the
next decade, thus underscoring the pressing need to confront
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ing T cell inactivation and T cell apoptosis.

this major global health issue." Renal cell carcinoma (RCC)
originates in the renal epithelium and is responsible for more
than 90% of incidences of kidney cancer.* Furthermore, RCC
is highly chemoresistant, radioresistant, and immune-suppres-
sive owing to its highly aggressive angiogenic nature and
complex microenvironment, which provide numerous opportu-
nities for immune suppression, making RCC undetectable
until advanced stages.”® RCC has been infamous throughout
history for its very poor prognosis, with only 8% of individuals
diagnosed with metastatic RCC showing 5-year survival rates.’
Current treatment methods for patients with RCC extensively
includes multi-targeted, FDA approved, tyrosine kinase inhibi-
tors, such as sorafenib, sunitinib and pazopanib, which are
orally administered and mainly block the activity of platelet-
derived growth factor receptor (PDGFR) and vascular endo-
thelial growth factor receptor (VEGFR).””® Other common FDA
approved drugs including temsirolimus and immunotherapeu-
tic drugs, such as bevacizumab and nivolumab, are also
unable to show promising results.’ These expensive treatments
are also accompanied by side effects including hypertension,
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nausea, fatigue, impaired wound healing, gastrointestinal per-
foration, hypothyroidism, various pulmonary issues and alar-
mingly low median overall survival.”

Clear cell renal cell carcinoma (ccRCC) is the most common
histological subtype of renal cell carcinoma (RCC), constitut-
ing approximately 70% of RCC cases in adults.">'* The
majority of cases of spontaneous ccRCC arises owing to non-
functional VHL (von Hippel-Lindau) protein, leading to the
constitutive activation of hypoxia inducing factor (HIF)."> The
HIF transcription factor is a heterodimer of HIF-a (oxygen
sensing subunits) and HIF-p subunits and regulates the tran-
scription of around 200 genes and is the master regulator for
causing ccRCC."®> HIF-1a regulates the optimum intracellular
pH for cancer cell proliferation and HIF-2a promotes cell cycle
progression, radioresistance, angiogenesis, and is also respon-
sible for immunosuppression in RCC by downregulating trans-
membrane glycoproteins such as CD47 and PD-L1, resulting in
reduced phagocytosis and T cell activity in ccRCC.'®™*® Small-
molecule-based HIF-2a inhibitors have demonstrated effective-
ness against RCC but they tend to develop acquired resistance
and are associated with serious side effects."**°

Ion channels, specially Ca®>" ion channels and K* ion chan-
nels, play significant role in immune cell activation and
immune cell-mediated cancer cell killing.>® Modulation of
these ion channels particularly in the case of an immunocom-
promised cancer type, such as RCC, may yield promising
results. Interestingly, gramicidin has been successful in indu-
cing cell death in RCC cell lines under in vitro conditions.”>?*
Unfortunately, to date, gramicidin has not been established as
an anti-cancer drug due to its high haemolytic nature.****
Even combination therapy, the cornerstone of cancer care,>®
has also failed to provide a satisfactory result for patients with
metastatic RCC.>” Most of the attempted combination thera-
pies have yielded either non-tolerable toxicities or very limited
additional therapeutic advantages.”” For example, the combi-
nation of sunitinib with an mTOR inhibitor resulted in severe
toxicity issues and the combination of bevacizumab with
mTOR inhibitors did not prolong the median progression-free
survival compared to monotherapy.>®

Thus, to address the above-mentioned issues, we engin-
eered a gramicidin A (gA)-inspired peptide-based proton trans-
porter, LD8A, to induce cell death by disrupting the intracellu-
lar pH regulating mechanism mediated by HIF-1a. We also
silenced HIF-2a to downregulate multiple oncogenic pathways
responsible for causing ccRCC. We examined the efficacy of
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mechanistically inspired combination therapy having LD8A
and HIF-2a silencing siRNA in a ccRCC cell line and evaluated
the anti-cancer properties of this combination therapy through
mitochondrial depolarization, cell cycle arrest, apoptosis and
prevention of angiogenesis. Additionally, we also examined the
radiosensitization ability and immune-activation properties
such as increased phagocytosis and prevention of T cell inacti-
vation and apoptosis of our designed therapy in a metastatic
ccRCC cell line, SK-RC-45. We further evaluated the anti-
cancer efficacy of our designed combination therapy in an
in vivo zebrafish model.

2. Results and discussion
2.1. Peptide design

Herein, we aimed to engineer a gA-inspired protease stable,
peptide-based proton transporter having effective membrane-
deforming ability. Additionally, this transporter needs to be
biocompatible and have effective anti-cancer efficacy. gA, com-
posed of alternating 1- and p-amino acids in its sequence
(Table 1), forms a head-to-head, pore-forming, membrane-
spanning p-helix dimer conformation and has demonstrated a
significant anti-cancer efficacy against hard-to-treat cancer cell
lines and cancer stem cells.”>*>*%*° However, the haemolytic
activity of gA has restricted its use as an anti-cancer drug.”*”*
We deigned the gA-inspired LD8A peptide, having alternate -
and p-amino acid residues (Table 1), and evaluated its anti-
cancer effectivity against RCC. The presence of alternating
p-amino acids endowed the LD8A peptide with stability
against protease, and thus potential for systemic delivery.
Fig. 1a schematically depicts the structure of LD8A. The mass
of LD8A was examined by MALDI-TOF and ESI-MS (Fig. S17).
Fig. S21 depicts the scheme for the synthesis of the peptides
by the Fmoc solid-phase peptide synthesis method.

2.2. Mechanistically inspired rational design of combination
therapy

The hypoxia-inducible factor (HIF) signaling pathway is funda-
mentally important in driving the development and pro-
gression of ccRCC."®3> Between the two main isoforms of HIF-
o (HIF-1a and HIF-2a), the HIF-2a isoform acts as a master reg-
ulator for causing ccRCC and increases the expression of
angiogenic genes, promotes cell cycle progression, EMT (epi-
thelial mesenchymal transition), cancer cell invasion and

Table 1 List of peptides used in this study

Peptide Sequence Comments

gA HCO-Val-Gly-Ala-"Leu-Ala-"val-val-"val-Trp-"Leu- Exhibited high anticancer activity against hard-to-treat cancer cells. Cannot be

Trp-"Leu-Trp-"Leu-Trp-NHCH,CH,OH used as anti-cancer drug due to high haemolytic properties.

LDSA H-Ala-"val-Leu-Ala-Val-"Ala-Leu-"Trp-NH, Peptide used in this study. Protease-stable, non-haemolytic and non-toxic to
normal human cells. Can potentiate immuno-combination therapy against
the radioresistant metastatic ccRCC SK-RC-45 cell line.

AB36°"  PEG9-Arg-C*-Octylgly-Arg-Sar-Arg-Gly-Arg-Lys-N°(p- Improved transfection reagent with long-term high gene silencing efficacy.

alpha-tocopherol succinyl)-Arg-Sar-Arg-NH,
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Fig. 1 (a) Schematic of a ball-and-stick model of the LD8A peptide. (b)
Schematic explaining the development of mechanistically inspired
rational combination therapy involving HIF-2a silencing and disrupting
pH regulatory machinery of cancer cells using gA-inspired peptide-
based proton transporter. Left panel of the diagram is drawn based on
the information given in Fig. 3 of ref. 16.

facilitates immune evasion.’® Small molecule-based HIF-2a
antagonists such as PT2399 and PT2385 have exhibited an
inhibitory effect against RCC in pre-clinical and phase I clini-
cal studies but both of these small molecules develop acquired
resistance and PT2385 causes reduction in RBC precursors by
reducing erythropoietin.'>*® Thus, to address these issues, in
this study, we downregulated HIF-2a by RNA interference
technology to concomitantly affect all the ccRCC stimulative
oncogenic pathways and minimize the undesirable side-
effects.”

Interestingly, HIF-1a (another isoform of HIF-a), having
major tumor suppressor functions in ccRCC,'® also plays a
crucial role in RCC progression. HIF-1a signalling elevates
oxygen-independent glycolysis to provide energy to cancer cells
and lowers the intracellular pH by acidic metabolite lactate
accumulation in the intracellular space of cancer cells.'®"®
According to Volker H. Haase and MclIntyre et al., these toxic
acidic metabolites can induce apoptosis of cancer cells by low-
ering the intracellular pH.'®'” They suggested that HIF-1a
upregulates the MCT-4 (monocarboxylic acid transporter 4)
and NHE-1 (Na'/H' exchanger 1) proteins, which actively
pump out lactate and H' ions, respectively, from the intracellu-
lar space to the extracellular space, thus preventing the intra-
cellular pH from becoming acidic, which is crucial for cancer
cell survival."®'” Moreover, HIF-1a also upregulates many pH

This journal is © The Royal Society of Chemistry 2025
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regulating proteins, such as CA9 (carbonic anhydrase 9) and
CA12 (carbonic anhydrase 12), which generate bicarbonate
ions in the extracellular space.” These bicarbonate ions are
further imported to the intracellular space to further increase
the intracellular pH (slightly alkaline) of cancer cells."® All
these collective phenomena give rise to a slightly alkaline
intracellular pH and acidic extracellular pH and aid in cancer
progression.’”” An acidic extracellular pH favours extracellular
matrix degradation, resulting in the invasion and metastasis of
cancer."”

In this study, we hypothesized that disrupting this pH regu-
latory machinery can be of high therapeutic importance to
treat ccRCC. Thus, to address this issue, we propose that the
use of gA-inspired peptide-based H' transporters can be
effective. Gramicidin ion channels passively transport only
monovalent cations with the highest affinity for H ions.****
We hypothesize that gramicidin-inspired peptide-based bio-
molecules can induce cell death and apoptosis in ccRCC cells
by lowering the intracellular pH due to the permeation of H"
ions from the extracellular space. The combination of HIF-2a
gene silencing and biocompatible, ionophore mimicking
peptide-based biomolecules can be of high therapeutic impor-
tance for treating ccRCC. A schematic diagram explaining the
development of mechanistically inspired rational combination
therapy is depicted in Fig. 1b.

2.3. Cell viability assessment and evaluation of drug
combination interaction

Cell viability was investigated using the MTT assay to test the
toxicity of gA and LD8A at 24 h, 48 h and 72 h time points
against the metastatic ccRCC cell line SK-RC-45 (Fig. 2a and
b). The ICs, values of gA and LD8A at 72 h time point against
the SK-RC-45 cell line were calculated to be 992 nM and
27.95 uM using the CompuSyn software®® based on the MTT
assay data (Fig. 2a and b), respectively. The cell viability of
combination therapy involving HIF-2a silencing with gA and
LD8A separately was evaluated at the 72 h (Fig. 2c-f). The 72 h
time point was chosen for combination therapy given that lipo-
peptide AB36 (Table 1) exhibited high transfection efficacy at
this time point®' and LD8A exhibited significant toxicity only
at the 72 h time point. 25 nM of HIF-2a silencing siRNA was
used together with 1.25 uM lipopeptide AB36 at a molar ratio
of 50 (peptide : siRNA),** and this dose was kept fixed in the
combination therapy. Lipopeptide AB36 was selected as the
transfection reagent due to its non-toxic nature and its high
gene-silencing efficacy, which is comparable to that of the
commercial transfection reagent HiPerFect (Qiagen).*
Moreover, lipopeptide AB36 exhibited better long-term gene
silencing efficacy compared to HiPerFect (Qiagen).*’ HIF-2a
silencing as monotherapy did not exhibit any significant tox-
icity in 2D cell culture (Fig. 2c). The combination index (CI) for
the combination of HIF-2a silencing with gA or LD8A was
determined by the Chou-Talalay method®” using the
CompuSyn software,>® where CI < 1 indicates synergistic inter-
actions, CI = 1 indicates an additive effect and CI > 1 indicates
antagonistic interactions. Previous studies by our group

Biomater. Sci,, 2025, 13, 4681-4705 | 4683
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Fig. 2 Cytotoxicity analysis of (a) gramicidin A (gA) and (b) LD8A at 24 h, 48 h and 72 h time points in the SK-RC-45 kidney cancer cell line. ICsq
value of gA and LD8A at 72 h was calculated to be 992 nM and 27.95 uM, respectively, using the CompuSyn software, based on the MTT assay data.
(c) Cytotoxicity analysis of the combination of gA and HIF-2a gene silencing at 72 h time point in the SK-RC-45 RCC cell line. (d) Cl vs. Fa (effect)
plot at a non-fixed ratio of the combination of gA and HIF-2a gene silencing at 72 h time point in the SK-RC-45 RCC cell line. (e) Cytotoxicity ana-
lysis of the combination of LD8A peptide and HIF-2« silencing at 72 h time point in the SK-RC-45 kidney cancer cell line. (f) Combination index (Cl)
vs. effect (Fa) plot at a non-fixed ratio of the combination of LD8A and HIF-2a gene silencing at 72 h time point in the SK-RC-45 RCC cell line.
Selected doses of combination for further experiments are marked using blue arrows (d and f). p values are based on one-way ANOVA with
Bonferroni post-test (*, p < 0.05; **, p < 0.01; ***, p < 0.001; n.s., not significant compared with respective time point of vehicle in (a) and (b) and
vehicle in (c) and (e)). Results are presented as mean + SEM. Combination therapy of LD8A peptide and HIF-2a gene silencing exhibited stronger
synergistic effect and stronger cytotoxic ability against SK-RC-45 cells compared with the combination therapy of gA and HIF-2a gene silencing
(Table 2).

demonstrated that the dose of 25 nM of siRNA exhibited high
transfection efficacy.’’*® In the presence of 25 nM of siRNA,
the SK-RC-45 ccRCC cell line showed around 12% cell death
(Fig. 2¢), and hence gA and LD8A were considered stronger
cytotoxic drug compared to 25 nM HIF-2a gene silencing.
Thus, the combination studies were performed with non-fixed
ratios*® with doses of gA and LD8A near the ICs, value and the

4684 | Biomater. Sci, 2025, 13, 4681-4705

dose of siRNA was kept fixed at 25 nM. Fig. 2d and f depicts CI
vs. Fa (effect is abbreviated as “Fa”).

All the doses of both gA and LD8A used in this study exhibi-
ted synergistic interactions with most of the doses exhibiting
strong synergistic interaction (CI = 0.3-0.7),>° and hence
effective for combination therapy (Fig. 2d and f) and (Table 2).
Interestingly, the combination of LD8A with HIF-2a gene silen-

This journal is © The Royal Society of Chemistry 2025
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Table 2 Effect (Fa) and combination index (Cl) values of different com-
binations of drugs. Selected combination therapies are marked in bold.
The first three rows depict the effect of monotherapy in the presence of
three drugs (25 nM HIF-2a silencing siRNA, 992 nM gA and 30 pM LD8A)

Drug 2 Effect
S.no. Drug 1 and dose and dose (Fa) cCI
1. HIF-2a silencing siRNA; 25 nM — 0.12 NA
2. gA 992 nM — 0.48 NA
3. LD8A 30 uM — 0.59 NA
4. HIF-2a silencing siRNA; 25 nM  gA; 250 nM 0.365 0.61
5. HIF-2a silencing siRNA; 25 nM  gA; 500 nM 0.46 0.56
6. HIF-2a silencing siRNA; 25 nM  gA; 750 nM 0.58 0.36
7. HIF-2« silencing siRNA; 25 nM  gA; 992 nM 0.614 0.37
8. HIF-2a silencing siRNA; 25 nM  gA; 1.5 uM 0.66  0.38

9. HIF-2a silencing siRNA; 25 nM
10. HIF-2a silencing siRNA; 25 nM
11. HIF-2a silencing siRNA; 25 nM
12. HIF-2a silencing siRNA; 25 nM
13. HIF-2« silencing siRNA; 25 nM

LD8A; 15 uM 0.69  0.35
LD8A; 20 pM 0.74 0.38
LD8A; 25 uM 0.76  0.44
LD8A; 27.95 uM 0.8 0.4

LD8A; 30 pM 085 0.33

cing exhibited higher cytotoxicity and synergism compared to
the combination of gA with HIF-2a gene silencing. The best-
performing synergistic doses were chosen based on two para-
meters, ie., higher effect (Fa) and lower combination index
(CI) values. A dose of 992 nM was chosen for gA for combi-
nation therapy with HIF-2«a silencing having FA of 0.61 and CI
of 0.37 (Fig. 2c and d) (Table 2) and 30 pM was chosen for
LD8A for combination therapy with HIF-2a silencing having
FA of 0.85 and CI of 0.33 (Fig. 2e and f) (Table 2) for all further
combination studies.

The cytotoxicity of gA and LD8A was also checked for non-
cancerous human cell lines including human fibroblast cells
and HEK-293 (human embryonic kidney 293) cell line. LDSA
was non-toxic to the non-cancerous HEK-293 cell line and
human fibroblast cell line up to 50 pM, whereas gA exhibited
significant toxicity to these cell lines at 992 nM (Fig. S37).
Although gA exhibited a very low ICs, value compared to LD8A
in the SK-RC-45 cell line, LD8A was non-toxic to non-cancer
human cells and exhibited a higher synergistic effect in combi-
nation therapy with HIF-2a gene silencing compared to combi-
nation with gA against the SK-RC-45 cell line.

2.4. Haemolytic ability of gA and LD8A

We examined the haemolytic property of both gA and LD8A in
goat RBC at the 1 h time point. As reported by other
workers,>***> we also observed considerable haemolysis of goat
RBC in the presence of gA. gA at 992 nM (ICs, value for
SK-RC-45 at 72 h) exhibited 23.2% + 2.2% haemolysis and 80%
+ 0.9% haemolysis occurred in presence of gA at a 2.5 pM dose
(Fig. 3a). Despite its excellent anticancer properties against
many chemoresistant cancers such as RCC*® and gastric
cancer stem cells,> the use of gA has been restricted to only
ectopic application due to its haemolytic nature.***’
Interestingly, our data showed that the designed gA-mimicking
peptide LD8A was non-haemolytic to goat RBC up to 100 uM
concentration (Fig. 3a). This result is of high therapeutic sig-
nificance given that LD8A has significant translational poten-
tial to be administered intravenously as an anti-cancer drug.

This journal is © The Royal Society of Chemistry 2025
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2.5. Immunogenicity assay

The immunogenicity of gA and LD8A was checked in goat
PBMC (peripheral blood mononuclear cells) by the PBMC pro-
liferation assay. Concanavalin A, a T cell mitogen, served as the
positive control at a dose of 5 ug mL™" and PBS served as the
negative control.’>® LD8A did not exhibit any mitogenic activity
up to a 50 pM concentration at 72 h to PBMCs, suggesting that
LD8A is a non-immunogenic and non-toxic drug candidate
(Fig. 3b) and will not trigger any abrupt immune responses.
Interestingly, gA was cytotoxic to PBMCs at the 72 h time point
and reduced the PBMC population (Fig. 3b).

2.6. Serum stability of LDSA

Serum stability is important for the systemic delivery of a drug.
The use of alternating p-amino acids in LD8A prevented its
cleavage by endogenous proteases and ensured its stability in
the presence of 10% serum up to 72 h, as determined by mass
spectrometry studies (Fig. 3c). Thus, the serum stability and
non-haemolytic properties of LD8A make it an ideal drug can-
didate for systemic delivery.

2.7. Cell membrane mimetic GUV poration assay

The GUV poration assay was performed to examine the mem-
brane permeability property of gA and LD8A. To investigate
this phenomenon, we synthesised plasma membrane mimetic
giant unilamellar vesicles (GUVs) comprised of phosphatidyl-
choline (PC): cholesterol : phosphatidylethanolamine (PE) at a
65:20:15 ratio by the gel swelling method (Fig. 3d).>"*' The
lipids were labelled with CM-Dil stain (red color). GUVs were
formed in buffer containing FAM (5(6)-carboxyfluorescein,
green colour). Confocal microscopy with optical sectioning
allowed us to visualize the dark background within the GUVs
amidst the green coloured buffer. An intact GUV with no pores
or leakage will have a dark interior but the introduction of
pores or leakage in the GUV will allow the surrounding green-
coloured buffer to leak into the GUV interior, making its
interior green. We observed well-formed GUVs with a red
exterior and dark interior in untreated GUVs (Fig. 3d). The
incubation of GUVs with gA at 992 nM (ICs, dose) for 1 h at
37 °C caused leakage in the GUVs. LD8A also induced leakage
to GUVs at 27.95 uM (ICs, dose) after 1 h at 37 °C (Fig. 3d).
Interestingly, in addition to the leakage of GUVs, LD8A also
caused some GUVs to deform from their original spherical
shape without fully disrupting the GUVs (Fig. S4t). Melittin
(5 pM), a well-known membrane-active pore-forming peptide
derived from bee venom, was used as a positive control, which
also introduced pores in the GUVs (Fig. 3d). Thus, the GUV
poration assay confirmed that similar to gA and melittin,
LD8A can also induce pores in plasma membrane mimetic
GUVs.

2.8. Computational simulation studies for calculation of
membrane properties

Here, we examined the changes in cancer cell mimicking
membrane induced by LD8A, taking melittin as the positive

Biomater. Sci,, 2025, 13, 4681-4705 | 4685
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(a) Percentage of haemolysis induced by gA and LD8A peptide in goat blood at 1 h time point. Triton X was taken as the positive control. gA

is haemolytic, whereas LD8A is non-haemolytic. (b) Graphical depiction of the immunogenicity investigation, determining the stimulation index of
PBMCs separated from goat blood via MTT experiments. LD8A was non-immunogenic up to 72 h, while gA was toxic to PBMCs at higher concen-
trations. p values are based on one-way ANOVA with Bonferroni post-test (*, p < 0.05; ***, p < 0.001; n.s., not significant compared with PBS in (a)
and vehicle in (b)). Results are presented as mean + SEM. (c) Proteolytic stability of LD8A peptide in the presence of 10% FBS at 72 h time point
measured using (MALDI-MS) mass spectrometry. This data indicate that the LD8A peptide is stable in serum. (d) Representative examples of leakage
in the plasma membrane mimicking GUV (dye influx). Confocal images of the plasma membrane mimicking GUV in the presence of 992 nM gA,
27.95 uM LD8A peptide and 5 pM melittin are presented in the left panel. Melittin, a 26-residue amphipathic membrane pore forming peptide, was
taken as the positive control, and the right panel illustrates the corresponding intensity profiles of FAM dye (green) and CM-Dil dye (red) along the

radial axis of GUVs, indicated by the white dotted line.

control, by computational methods. The MD simulations were
performed for 300 ns with both peptides aligned parallel to
the bilayer-water interface. Both LD8A and melittin were com-
pletely internalized in the lipid bilayer after 300 ns simulation
(Fig. 4a, b and f, ). Interestingly, we observed striking local
membrane perturbation specially in the upper leaflet of mem-
brane when LD8A was internalized (Fig. 4b). Thus, the
changes in membrane properties such as area per lipid, mem-
brane thickness and mean curvature induced by both LD8SA
and melittin were evaluated using the package “FATSLiM”.*?
Area per lipid. The area per lipid (APL) of a membrane is
defined by the cross-sectional area along the X-Y plane of the
membrane divided by the total number of lipids present on
the membrane leaflet. In both the melittin and LD8A peptide

4686 | Biomater. Sci, 2025,13, 4681-4705

systems, the mean local APL value was higher for the region of
the membrane where the peptide was located, as shown in
(Fig. 4c and h). In addition, the APL plot was shown during
the initial, medial, and final periods of the trajectories for
both peptide systems (Fig. S5A and Bi-iiit). In the case of the
LD8A peptide system, the local APL values increased around
the peptide location, and the region with higher APL value
became broader near the peptide location as the trajectory pro-
gressed, as shown in figure (Fig. S5Ai-iiit). Comparing the
LD8A and melittin systems, the APL values for melittin
(0.81-0.84 nm?) (Fig. S5Bi-iiit) are relatively higher than that
for LD8A (0.74-0.76 nm?) (Fig. S5Ai-iiif). The increased APL
around both the LD8A and melittin peptide systems suggests
that the membrane was perturbed to some extent locally.

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a and b) Initial and final binding conformations, respectively, of LD8A in the lipid bilayer of the cancer cell mimicking membrane. The LD8A
peptide is shown in a red ball and stick representation. Membrane properties, such as (c) area per lipid (APL), (d) membrane thickness and (e) mean
curvature plots, across the LD8A system. (f and g) Initial and final binding conformations, respectively, of melittin in the lipid bilayer of the cancer
cell mimicking membrane. Melittin is displayed as red ribbons. (a and b and f and g) Surrounding water molecules are shown as cyan spheres. The
phosphate atoms of phospholipids are shown as orange spheres. K* and Cl™ ions are shown as purple and yellow spheres, respectively. (h) Area per
lipid (APL), () membrane thickness and (j) mean curvature plots across the melittin system. The contour plots showing APL, membrane thickness
and mean curvature of both LD8A and melittin systems are averaged over the trajectory, where x-axis and y-axis depict box dimension along X-Y
axis, and the color bar depicts the values for the respective membrane properties. For all the plots, the peptide position in the membrane along X-Y
plane is depicted by red dots.
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Membrane thickness. The membrane thickness is defined
as the distance between the two phosphate planes of the two
leaflets of the membrane. There is reduced membrane thick-
ness around the peptide for both peptide systems, as shown in
(Fig. 4d and i). In the case of the melittin system, the decrease
in the local thickness around the peptide can be noticed from
the initial stage of the trajectory, i.e. around 3.6 nm, and the
trait persisted until the end of the trajectory (Fig. S5Biv-vit).
As the simulation progressed, the region around melittin with
a decreased membrane thickness also seemed to widen. In the
case of the LD8A peptide system, the membrane thickness
around the peptide was approximately 4.2-4.0 nm as the simu-
lation progressed; during the final stage of the simulation, the
thickness value around the peptide decreased to about
3.8-3.6 nm (Fig. S5Aiv-vit). Between the two peptides, the
decreased thickness is more noticeable in the case of melittin.

Mean curvature. The mean curvature measures the curvature
of a surface extrinsically. In this analysis, a value of zero
suggests that the surface has no curvature, a negative value
refers to a convex surface, and a positive value indicates a
concave surface. The plot averaged across the trajectory for
both peptide systems shows that there is a positive mean cur-
vature in the vicinity of the peptide, indicating a concave
surface (Fig. 4e and j). The LD8A peptide system seemed to
induce a slightly smaller curvature, i.e. ~0.1 nm™", compared
to that of the melittin peptide system, which is 0.2 nm™". The
mean curvature plots at the differential stages for both peptide
systems (Fig. S5Avii-ix and S5Bvii-ixf) show that the curvature
on the surface manifested gradually as the trajectory pro-
gressed, given that the value increased for the LD8A peptide
system (Fig. S5Avii-ixt). In the initial stages, the mean curva-
ture seems to be ~0.2 nm™', which increased to 0.75 nm™" in
the final stage of trajectory for the LD8A peptide system.

The video illustrating the changes in APL, membrane thick-
ness and mean curvature for the last 40 ns of simulation for
LDS8A is provided as MOV1, MOV2 and MOV3, and the video
illustrating the changes in APL, membrane thickness and mean
curvature for the last 40 ns of simulation for melittin is pro-
vided as MOV4, MOV5 and MOV6, respectively. The membrane
properties, i.e. APL, membrane thickness and mean curvature,
all showed that the LD8A peptide has the tendency to perturb
the membrane spatial topology. Further, the thickness and the
mean curvature results together indicate that LD8A deforms the
membrane by inducing a concave curvature. In the case of
melittin, a higher deformed membrane was observed than the
LDS8A peptide. LD8A is a shorter peptide (8 amino acids) com-
pared to melittin (26 amino acids); moreover, in the GUV pora-
tion assay (section 2.7), we used around 5-fold higher concen-
tration of LD8A compared to melittin, and thus a system with a
higher number of LD8A peptides interacting with the mem-
brane may induce increased deformation of the membrane.

2.9. Evaluation of mitochondrial depolarization

The ionophore-like activities of the designed biomolecule were
evaluated by monitoring Rhodamine 123 (Rh123) dye uptake
via flow cytometry, which is known as the mitochondrial
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depolarization assay (reduced Rh123 dye uptake).>” The H" gra-
dient in a polarized mitochondrial membrane is utilized by
FoF1-ATP synthase for oxidative phosphorylation-dependent
ATP synthesis.*® The mitochondrial membrane depolarization
potential of gA and LD8A as monotherapy or in combination
with HIF-2a gene silencing was checked in the
SK-RC-45 metastatic ccRCC cell line. HIF-2a gene silencing, gA
992 nM (IC5, dose) and LD8A 27.95 pM (ICs, dose) exhibited
20.7% + 1%, 73.3% + 0.1% and 76.3% * 0.4% reduction in
Rh123 uptake, respectively, in the SK-RC-45 cell line (Fig. 5a).
The mitochondrial depolarization indicated that like gA, LDSA
also permits the transport of H' ions. The combination of gA
and HIF-2a gene silencing reduced the uptake of Rh123 to
88.6% + 0.8% and the combination of LD8A and HIF-2a gene
silencing reduced the uptake of Rh123 to 94% + 0.1% in the
metastatic ccRCC cell line SK-RC-45 (Fig. 5a). The drastic
reduction of mitochondrial potential value may eventually lead
to cell cycle arrest and reduced viability in ccRCC cell lines,
prohibiting the progression of RCC.

2.10. Evaluation of cell cycle arrest

This experiment was performed to examine the reduction in the
cell proliferation potential of the designed biomolecules. ccRCC
cell lines exhibit a high expression of HIF-2a protein."® The cell
cycle arresting potential of gA and LD8A as monotherapy or in
combination with HIF-2a silencing was evaluated by flow cyto-
metry using the propidium iodide (PI) staining method. PI
binds with the cellular DNA of dead cells and the DNA content
indicates the stage of cell cycle. In the untreated SK-RC-45 cells,
83.4% + 1.1% cells were in the GO/G1 phase (resting phase or
interphase), 8.5% =+ 0.9% in the S phase (DNA synthesis phase)
and 7.7% + 0.3% cells in the G2/M phase (gap phase or dividing
phase) (Fig. 5b). HIF-2a gene silencing and gA at 992 nM (ICs,
dose) administration for 72 h arrested SK-RC-45 cells in the G2/
M phase with 12.9% + 0.7% and 14.55% = 0.1% of cells, respect-
ively (Fig. 5b). The administration of LD8A at 27.95 uM (ICs,
dose) for 72 h induced S and G2/M phase cell cycle arrest, with
17.1% + 0.3% cells in the S phase and 17.5% + 0.4% cells in the
G2/M phase (Fig. 5b). The combination of gA with HIF-2a silen-
cing at 72 h also induced S and G2/M phase cell cycle arrest,
with 13.3% + 0.3% cells in the S phase and 12.7% =+ 0.9% cells
in the G2/M phase (Fig. 5b). The combination of LD8A with
HIF-2a silencing at 72 h induced cell cycle arrest in the
SK-RC-45 cell line with 16% + 1.1% cells in the S phase
(Fig. 5b). The individual images of flow cytometry analysis for
the cell cycle arrest of the SK-RC-45 cells treated with individual
conditions taken in this study are presented in Fig. S6.f
Notably, the combination of both gA and LD8A with HIF-2a
silencing significantly increased the SK-RC-45 cells in the sub
GO0/G1 phase (Fig. 5b), which suggests that the designed combi-
nation therapy may cause DNA fragmentation and induce apop-
tosis in metastatic ccRCC SK-RC-45 cells.**

2.11. Evaluation of apoptosis and necrosis

To evaluate the apoptosis or necrosis induced by gA and LD8A
as monotherapy or in combination with HIF-2a silencing,

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (a) Mitochondrial transmembrane potential assay performed using flow cytometry revealed decreased rhodamine 123 dye uptake following a
72 h incubation period in the presence of gA, LD8A peptide and HIF-2a gene silencing, both in monotherapy and combination therapy in SK-RC-45
kidney cancer cells. (b) Cell cycle analysis of gA, LD8A peptide and HIF-2a gene silencing, both in monotherapy and combination therapy in
SK-RC-45 kidney cancer cells, 72 h post-treatment by PI staining. (c) Apoptosis and necrosis analysis of SK-RC-45 kidney cancer cells treated with
gA, LD8A peptide and HIF-2a gene silencing, both in monotherapy and combination therapy, after 72 h post treatment. p values are based on one-
way ANOVA with Bonferroni post-test (*, p < 0.05; **, p < 0.01; ***, p < 0.001; n.s., not significant compared with vehicle in (a), respective cell cycle
phases of vehicle in (b) and respective cell viability states of vehicle in (c)). Results are presented as mean + SEM. Combination of LD8A peptide and
HIF-2a gene silencing exhibited more apoptotic cell population and less necrotic cell population compared with the combination of gA and HIF-2a
gene silencing. (d) Surviving fraction (SF) of SK-RC-45 cells and non-cancerous human fibroblast cells as obtained from clonogenic assay. p values
are based on one-way ANOVA with Bonferroni post-test (***, p < 0.001; n.s., not significant). Results are presented as mean + SEM. (e)
Representative photographs of clonogenic assay performed in 100 mm Petri dish. Results demonstrated that SK-RC-45 cell line is highly radioresis-
tant and human fibroblast cell line is radiosensitive. Treatment of combination of 30 uM LD8A and HIF-2ua gene silencing sensitized SK-RC-45 cells
to radiotherapy.
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Table 3 Percentage of apoptotic and necrotic cell populations post treatment

S. no. Condition % of alive cells % of early apoptotic cells % of late apoptotic cells % of necrotic cells
1. Vehicle 87.96 3.9 3.65 4.5

2. HIF-2a 80.25 9.1 6.25 4.4

3. gA 992 nM 59.9 18.1 20.0 1.9

4. LD8A 27.95 pM 53.45 36.3 7.85 2.4

5. LD8A 30 pM 47.9 40.2 9.4 2.5

6. 2A 992 nM + HIF-2a 34.5 27.75 26.4 11.4

7. LD8A 30 pM + HIF-2a 10.35 15.95 67.98 5.7

annexin V/PI-stained SK-RC-45 cells were analysed by flow cyto-
metry. Annexin V binds to phosphatidylserine, which flips to
the outer cell membrane leaflet during apoptosis.
Counterstaining with PI labels the nucleus of late apoptotic
and necrotic cells. Generally, annexin V—/PI- cells are con-
sidered live cells, annexin V+/PI- are considered cells in the
early apoptotic phase, annexin V+/PI+ as late apoptotic or sec-
ondarily necrotic cells and annexin V—/PI+ are considered
necrotic cells.*> The percentage of early apoptosis, late apopto-
sis and necrosis induced by gA and LD8A as monotherapy or
in combination with HIF-2a silencing is presented in Table 3
(Fig. 5c). The total apoptosis induced by the combination
therapy of gA (992 nM) and HIF-2a silencing on SK-RC-45 cells
was 54.1% + 7.2% (early apoptosis and late apoptosis com-
bined) and 11.4% + 1.5% of cells were found to be necrotic
(Fig. 5c). The total apoptosis induced by the combination
therapy of LDSA (30 uM) and HIF-2« silencing on SK-RC-45
cells was 83.9% = 6.3% (early apoptosis and late apoptosis
combined) and only 5.7% =+ 1.2% of cells exhibited necrosis
(Fig. 5¢). The individual images of flow cytometry analysis for
evaluating apoptosis and necrosis of SK-RC-45 cells treated
with individual conditions employed in this study are depicted
in Fig. S7.T Interestingly, the combination of LD8A (30 puM)
and HIF-2a silencing exhibited significantly higher apoptosis
and lower necrosis than the combination of gA (992 nM) and
HIF-20 silencing on SK-RC-45 cells (Fig. 5c). Apoptosis is
advantageous over necrosis given that apoptosis does not elicit
any inflammatory pathways, whereas necrosis leads to the
uncontrolled release of inflammatory cellular contents.*® This
data demonstrates highly effective therapeutic efficacy of the
designed combination therapy of LD8A (30 uM) and HIF-2a
silencing against the ccRCC SK-RC-45 cell line.

2.12. Assessment of degree of radioresistance of SK-RC-45
cell line and radiosensitization activity in the presence of
combination therapy

The clonogenic assay was performed to investigate the degree
of radioresistance and clonogenic survival following
irradiation of the ccRCC SK-RC-45 cell line."” After observing a
significant increase in apoptosis in SK-RC-45 cells following
treatment with the combination of LD8A 30 uM and HIF-2a
gene silencing (Fig. 5¢), we explored whether this combination
could sensitize SK-RC-45 cells to radiotherapy, overcoming the
inherent radioresistant nature of RCC.*® The cells were
radiated with a single dose of 2 Gy radiation, where a high SF2

4690 | Biomater. Sci,, 2025, 13, 4681-4705

(surviving fraction after 2 Gy radiation) indicates radioresis-
tance.”® SF2 is regarded as the benchmark dose and is sub-
stantiated by robust clinical data and in vivo murine model.*’
The SF2 for the ccRCC SK-RC-45 cell line was determined to be
0.79 + 0.1, indicating that the SK-RC-45 cell line is highly
radioresistant (Fig. 5d and e).”>® The SF2 for the non-cancer-
ous human fibroblast cell line was determined to be 0.1 + 0.03,
indicating its radiosensitive nature (Fig. 5d and e). The surviv-
ing fraction (SF) for SK-RC-45 cells after treatment with the
combination of LD8A 30 pM and HIF-2a gene silencing for
72 h was 0.74 + 0.1 (Fig. 5d and e). When the treated SK-RC-45
cells were further irradiated with a 2 Gy dose, the SF was calcu-
lated to be 0.28 + 0.06 (Fig. 5d and e). This significant decrease
in SF indicates that the designed combination therapy of
30 uM LD8A and HIF-2a gene silencing sensitized the meta-
static ccRCC SK-RC-45 cell line to radiation therapy, which can
be of high therapeutic value.

2.13. Elucidation of the mechanism of action induced by
monotherapy and combination therapy

Evans et al. hypothesized that gramicidin induced an altera-
tion in the plasma membrane composition and compression
can affect the orientation of different receptors present in the
plasma membrane, leading to altered oncogenic signalling
pathways.’® David et al. reported that gA downregulated the
expression of both the HIF-2a and HIF-1a proteins in RCC cell
lines by upregulating the VHL (Von Hippel-Lindau) protein.>?
Downregulation of HIF transcription factors in RCC led to the
reduced transcription of various oncogenes, ultimately redu-
cing the growth of human RCC xenografted tumors in an
in vivo model.”* Thus, we were interested to check if a similar
mode of function is also exhibited by LD8A.

2.13.1 Structural insights into mutated VHL (Von Hippel-
Lindau) by computational studies. The metastatic ccRCC cell
line SK-RC-45 has predominant Arg82Pro mutation in the VHL
protein.>® Alves and group reported that 42.9% of samples had
non-mutated VHL among histologically confirmed ccRCC
samples.”® A single point mutation, Arg82Pro,”* was intro-
duced in native VHL, specific to the SK-RC-45 cell line to gene-
rate the mutant VHL-HIF-2a complex computationally
(Fig. 6a). MD simulation was performed for 100 ns and the
total interaction energy between the VHL (PDB ID: 6BVB,
chain V) and HIF-2a (PDB ID: 6BVB, chain H) proteins in the
wild-type and mutant complex was calculated (Fig. 6b). The
total interaction energy between the wild-type VHL and HIF-2a

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 (a) Crystal structure of the VHL-HIF-2a complex (PDB ID: 6BVB). The Arg82Pro mutation site in VHL protein specific to the SK-RC-45 renal
cell carcinoma (RCC) cell line is represented in a red ball and stick model. VHL and HIF-2a proteins are shown in ribbon representation in pink and
cyan, respectively. (b) Bar graph showing the average interaction energy of wild-type VHL and mutant VHL with HIF-2a. The total interaction energy
(pink) is the sum of van der Waals energy (green) and electrostatic energy (blue). Real-time PCR data showing relative gene expression of (c) VHL
(von Hippel-Lindau, responsible for degradation of HIF-a protein), (e) HIF-2a, (f) HIF-1a, (h) VEGF, (i) mTOR and (j) DAB2IP gene in SK-RC-45 cells
after treatment with gA, LD8A peptide and HIF-2a gene silencing, both in monotherapy and combination therapy at 72 h time point.
Immunofluorescence of (d) VHL protein and (g) HIF-2a protein after treatment with gA (992 nM) and LD8A peptide (27.95 pM) at 72 h time point
compared with untreated SK-RC-45 cells, considered as vehicles. Scale bar = 20 pM. VHL is upregulated at both the gene and protein levels in the
presence of both gA and LD8A peptide. Both gA and LD8A peptide have no influence in downregulating HIF-2a at gene expression level. Both
monotherapy and combination therapy did not have any effect in HIF-1a gene expression. Both monotherapy and combination therapy has drasti-
cally reduced HIF-2a protein expression. Combination therapy of LD8A peptide and HIF-2a gene silencing exhibited significant reduction in VEGF
gene expression compared with monotherapy. Both gA and LD8A peptide induced significant reduction in mTOR gene expression. Combination
therapy of LD8A peptide and HIF-2a gene silencing exhibited significant upregulation in DAB2IP gene expression compared with monotherapy. p
values are based on one-way ANOVA with Bonferroni post-test (*, p < 0.05; **, p < 0.01; ***, p < 0.001; n.s., not significant compared with vehicle).
Results are presented as mean + SEM.
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proteins was calculated to be —1053.4 + 4.3 k] mol ™" (-227.4 +
1.1 k] mol™* van der Waals energy and —825.9 + 3.9 kJ mol™*
electrostatic energy) and the total interaction energy between
the mutated VHL and HIF-2a proteins was calculated to be
—1133.8 + 4.6 k] mol™ (=257.9 + 1.0 k] mol™ van der Waals
energy and —875.9 + 4.4 kJ mol™' electrostatic energy)
(Fig. 6b). The point mutation Arg82Pro in the VHL protein did
not significantly affect the binding interaction between VHL
and HIF-2a (Fig. 6b). This lack of effect may be due to the posi-
tion of the Arg82Pro mutation, which is distant from the
protein-protein interface in the VHL-HIF-2a complex (Fig. 6a).
The limitation of this study is that we could not consider the
full-length VHL-HIF-2a complex given that its complete crystal
structure is unavailable in the protein data bank.>® Moreover,
due to the complexity of atomistic simulations of multiprotein
complexes, we only considered the interaction between the
VHL and HIF-2a proteins.

2.13.2 Investigating the gene and protein expression of
VHL (Von Hippel-Lindau), HIF-1a and HIF-2« after treatment
with monotherapy and combination therapy. Next, we checked
the relative expression of VHL, HIF-1a and HIF-2a gene in the
SK-RC-45 cell line following 72 h treatment with gA (992 nM,
1Cs, dose), LD8SA (27.95 uM, ICs, dose), silencing HIF-2a gene,
combination therapy of gA (992 nM) with HIF-2a silencing and
combination of LD8A (30 uM) with HIF-2a silencing by real
time PCR (Fig. 6¢c, e, and f). Interestingly, both gA and LDSA
increased the relative expression of VHL with the relative gene
expression of 1.74 + 0.2 and 2.27 + 0.1, respectively, compared
to the vehicle (Fig. 6¢). No significant change in VHL gene
expression was observed after HIF-2a silencing both in mono-
therapy and combination therapy given that VHL functions
upstream to HIF-2a in the signalling cascade (Fig. 6¢c).'®
Immunofluorescence studies also confirmed that there is sig-
nificant increase in VHL protein expression after the treatment
of the SK-RC-45 cell line for 72 h with gA (992 nM, ICs, dose)
and LD8A (27.95 pM, ICs, dose) compared to the untreated
cells (Fig. 6d). According to Frew et al., the VHL protein exists
in two isoforms, with the longer protein isoform mainly loca-
lizing in the cytoplasm and the shorter protein isoform mainly
localizing in the nucleus.’® The studies by the groups of
Williams®” and Krek®® hinted the possibility that the VHL
protein isoform localizing in the nucleus is mainly responsible
for HIFx repression. The rhodamine intensity from maximum
intensity projection (MIP) image in the nucleus was calculated
to 59.3 + 3.8 a.u. for the untreated sample, and interestingly
after treatment with gA and LD8A, the rhodamine intensity
from MIP image in the nucleus was calculated to be 92.3 + 9.5
a.u. and 215.6 + 35.2 a.u, respectively.

According to these data, we hypothesized that the mutation
Arg82Pro in the VHL protein in the SK-RC-45 cell line may not
be responsible for the loss of VHL-mediated HIF-2o degra-
dation. According to the gene level and protein level expression
of VHL (Fig. 6¢ and d), it may be possible that the oncogenesis
in SK-RC-45 can be due to the low level of VHL protein in the
SK-RC-45 cell line. Given that we observed an increase in VHL
protein mainly localizing in the nucleus after treatment, we
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were interested to investigate if it could lead to enhanced
degradation of the HIF-2a protein in the SK-RC-45 cell line.

No significant changes in HIF-2a and HIF-la gene
expression were observed after treatment with both gA and
LDS8A (Fig. 6e and f), respectively. Silencing the HIF-2a gene
drastically reduced HIF-2a gene expression to 0.22 + 0.04
(Fig. 6€) but no significant change was observed in the level of
HIF-1a gene (Fig. 6f). The combination therapies did not sig-
nificantly alter the HIF-2a gene expression compared to only
HIF-2a gene silencing (Fig. 6e).

Interestingly, both the monotherapies and combination
therapies significantly decreased the HIF-2a protein
expression, with the combination therapies further lowering
the HIF-2a protein expression compared to monotherapy
(Fig. 6g). The rhodamine intensity (HIF-2a protein intensity) of
SK-RC-45 cells from MIP images for each condition is men-
tioned in Table 4.

Our findings indicate that gA and LD8A induced an
increase in the expression of the VHL protein, which reduced
HIF-2a protein expression. Interestingly, Rajasekaran and co-
workers reported similar findings with gA-treated RCC cell
lines.>

2.14. Relative expression of VEGF, mTOR and DAB2IP genes
relevant to therapeutic implications for ccRCC

The relative gene expression of three highly therapeutically
relevant genes were checked post-treatment with monotherapy
and combination therapy. Aberrant angiogenesis drives che-
moresistance and radioresistance in RCC.’® Our designed
combination therapy of LD8A (30 pM) with HIF-2a silencing
significantly reduced VEGF transcription (Fig. 6h and Table 5).

Table 4 Mean rhodamine intensity in SK-RC-45 cells calculated using
MIP images

Conditions Mean rhodamine
Protein investigated with dose intensity (a.u.)
HIF-20 (multi Vehicle 41.1+1.6
oncogenic switch HIF-2a 159+ 1.5
responsible for ccRCC) 2A 992 nM 20.3+4.4
LD8A 27.95 pM 16.3 +1.3
gA 992 nM + HIF-2a 15.4 +£2.4
LDS8A 30 pM + HIF-2a 9.5+0.3
CDA47 (prevents Vehicle 45.6 + 3.6
phagocytosis of cancer HIF-2a 13.1+0.7
cells) gA 992 nM 17.5+3.4
LDS8A 27.95 pM 14.2 +1.3
gA 992 nM + HIF-2a 12.1+0.7
LDS8A 30 pM + HIF-2a 9.7+ 0.4
PD-L1 (prevents T cell Vehicle 24.1+1.5
activation) HIF-2a 8.7+ 0.5
gA 992 nM 9.98 +0.4
LD8A 27.95 pM 8.91+0.2
gA 992 nM + HIF-2a 7.99+0.1
LDS8A 30 pM + HIF-2a 6.2 +0.1
GM-2 (responsible for Vehicle 89.13+7.6
apoptosis of T cells) HIF-2a 37.84+6.4
gA 992 nM 19.57 £ 2.0
LDS8A 27.95 pM 17.26 £ 0.9
gA 992 nM + HIF-2a 16.43 + 3.0
LDS8A 30 pM + HIF-2a 11.0 £ 0.7

This journal is © The Royal Society of Chemistry 2025
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Table 6 Relative expression of genes relevant to immunotherapy
against ccRCC

Conditions Relative mRNA Conditions Relative mRNA
mRNA investigated with dose expression_72h  mRNA investigated with dose expression_72 h
VEGF (responsible HIF-2a 0.46 + 0.05 CD47 (prevents HIF-2a 0.56 + 0.05
for angiogenesis) gA 992 nM 0.72 £ 0.07 phagocytosis of gA 992 nM 0.7 £ 0.07
LD8A 27.95 pM 0.61 +£0.08 cancer cells) LD8A 27.95 pM 0.63 +0.08
gA 992 nM + HIF-2« 0.38 +0.03 gA 992 nM + HIF-2a 0.49 + 0.06
LDS8A 30 pM + HIF-2a 0.21 + 0.05 LD8A 30 pM + HIF-2a 0.24 + 0.05
mTOR (responsible HIF-2a 0.93 £ 0.05 PD-L1 (prevents T HIF-2a 0.52 £ 0.14
for cell gA 992 nM 0.54 £ 0.09 cell activation) gA 992 nM 0.58 £ 0.06
proliferation) LDS8A 27.95 pM 0.33£0.1 LD8A 27.95 pM 0.61 £ 0.11
2A 992 nM + HIF-2« 0.49 + 0.07 2A 992 nM + HIF-2a 0.31 +0.05
LD8A 30 uM + HIF-2a 0.33 +0.1 LD8A 30 pM + HIF-2x 0.14 + 0.03
DAB2IP HIF-2x 2.07£0.1 GM2-synthase HIF-2a 0.83 + 0.04
(responsible for gA 992 nM 1.42 +0.28 (responsible for 2A 992 nM 0.74 + 0.07
radio-sensitization) LD8A 27.95 uyM 1.69 +0.13 apoptosis of T LD8A 27.95 pM 0.56 + 0.05
gA 992 nM + HIF-2« 2.62 +0.36 cells) gA 992 nM + HIF-2a 0.39 +0.03
LDS8A 30 pM + HIF-2a 3.3+£0.12 LD8A 30 pM + HIF-2a 0.24 + 0.04

Mutations in mTOR are common in ccRCC leading to hyperac-
tivation and cancer cell proliferation.>>®® Alongside HIF-a,
VHL also ubiquitinates RAPTOR, a key mTORC1 component.®°
Both gA (992 nM) and LD8A (27.95 uM) significantly reduced
mTOR gene expression (Fig. 61 and Table 5), while HIF-2a
silencing showed no additional effect. LDSA suppressed VEGF
and mTOR signalling in the metastatic ccRCC SK-RC-45 cell
line, which can be beneficial for treating RCC, given that
LD8A is non-haemolytic, serum-stable and has potential to be
used as oral medicine. As demonstrated by Yun et al., the Ras
GTPase-activating family protein DAB2IP can degrade PARP-1
(poly(ADP-ribose)polymerase) and elevated level of PARP-1
leads to radioresistance in kidney cancer cells.®’ The relative
expression of DAB2IP mRNA exhibited a significant increase in
the combination therapy of LDSA (30 pM) with HIF-2a silen-
cing (Fig. 6j and Table 5), suggesting that the designed combi-
nation therapy can be used to sensitize SK-RC-45 cells to
radiotherapy.

2.15. Immunoactivation induced by monotherapy and
combination therapy

2.15.1. Relative expression of CD47 and PD-L1 mRNA and
protein. The relative m-RNA expression of CD47 and PD-L1
was checked post-treatment to evaluate the reduction in the
immunosuppression in ccRCC cells. CD47 is overexpressed in
various tumors, and also serve as a bio-marker for malignant
cancer cells.®” CD47 interacts with SIRPa present in macro-
phages and monocytes, providing the “don’t eat me” signal,
and thus evading cancer cell phagocytosis by macrophages.®
PD-L1 is also a transmembrane glycoprotein expressed in
cancer cells.®® The interaction of PD-L1 of cancer cells with the
immune checkpoint protein PD-1 of T cells serves as “brakes”
and inhibits T cell activation, providing immune evasion to
cancer cells.®* CD47 and PD-L1 were reported to be highly
upregulated in ccRCC, leading to poor prognosis.®®> HIF acti-
vation leads to the upregulated expression of immune evasion
genes such as PD-L1 and CD47 in RCC."® The values of relative

This journal is © The Royal Society of Chemistry 2025

CD47 and PD-L1 gene expression post-treatment with mono-
therapy and combination therapy are presented in Table 6 and
Fig. 7a and b. Interestingly, the designed combination therapy
of only LD8A (30 uM) with HIF-2a silencing exhibited a signifi-
cant decrease in both CD47 and PD-L1 gene expression com-
pared to monotherapy by HIF-2a gene silencing (Fig. 7a and b).

Immunostaining of both CD47 and PD-L1 proteins was per-
formed separately to check the protein levels in the SK-RC-45
cell line at the 72 h time point (Fig. 7c and d). The immuno-
fluorescence data indicate that the combination therapies sig-
nificantly lowered both CD47 and PD-L1 protein expressions
compared to monotherapies (Fig. 7c, d and Table 4).

2.15.2. Evaluation of apoptosis of T cells induced by
SK-RC-45 cell line. Tannenbaum and co-workers reported that
many cancer cells including RCC overexpress death ligands
and gangliosides, inducing the apoptosis of around 90% of
tumour-infiltrating T cells.’® In our study, Jurkat cells were co-
incubated with the SK-RC-45 cell line for 72 h at a 1: 3 ratio to
mimic the tumour microenvironment and flow cytometry
studies were performed to determine the apoptotic cell popu-
lation of Jurkat cells by annexin V/PI staining.®® The untreated
SK-RC-45 cells induced apoptosis in 87% + 0.3% of Jurkat cells
(Fig. 8a). Monotherapies, including HIF-2a silencing, gA (992
nM), and LD8A (27.95 uM), reduced Jurkat cell apoptosis to
70.9% + 5.2%, 47.5% + 2.6%, and 38.7% * 3.5%, respectively
(Fig. 8a), indicating that in the presence of these drugs, active
T cells can induce a cytotoxic effect on cancer cells. The combi-
nation therapy of gA 992 and HIF-2a silencing and combination
of LD8A 30 pM and HIF-2« silencing exhibited 11.2% + 0.6%
and 9.8% + 0.4% apoptosis of Jurkat cells, respectively (Fig. 8a),
thus nearly completely abrogating the ability of SK-RC-45 cells
to induce apoptosis to Jurkat cells. The individual images of the
flow cytometry analysis for evaluating the apoptosis of Jurkat
cells mediated by SK-RC-45 cells treated with individual con-
ditions taken in this study are depicted in Fig. S8.1

Kudo and co-workers indicated that GM2 ganglioside was
primarily responsible for RCC cell-mediated T cell apoptosis.®”

Biomater. Sci, 2025, 13, 4681-4705 | 4693
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Fig. 7 Relative gene expression of (a) CD47 and (b) PD-L1 in SK-RC-45 cells after treatment with gA, LD8A peptide and HIF-2a gene silencing, both
in monotherapy and combination therapy at 72 h time point using real-time PCR. Interestingly, only the combination therapy involving LD8A
peptide and HIF-2a gene silencing exhibited significant reduction in both CD47 and PD-L1 gene expressions compared with monotherapy using
HIF-2a gene silencing. p values are based on one-way ANOVA with Bonferroni post-test (*, p < 0.05; **, p < 0.01; ***, p < 0.001; n.s., not significant
compared with vehicle). Results are presented as mean + SEM. Immunofluorescence of (c) CD47 protein and (d) PD-L1 protein after treatment with
gA, LD8A peptide and HIF-2a gene silencing, both in monotherapy and combination therapy at 72 h time point. Untreated SK-RC-45 cells were con-
sidered as vehicles. Scale bar = 20 pM. Both monotherapy and combination therapy significantly decreased the protein expression of CD47 and
PD-L1 proteins.
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Fig. 8 (a) Percentage of apoptotic Jurkat cells induced by mono- and combination drug-treated SK-RC-45 kidney cancer cells at 72 h. (b) Relative
GM2 synthase gene expression in mono- and combination drug-treated SK-RC-45 cells at 72 h time point using real-time PCR. (c)
Immunofluorescence of GM2 protein in mono- and combination drug-treated SK-RC-45 cells at 72 h time point compared with untreated
SK-RC-45 cells, considered as vehicles. Scale bar = 20 pM. (d) Percentage of macrophages phagocytosing SK-RC-45 kidney cancer cells in a co-
culture of SK-RC-45 cells and THP-1 cells for 4 h after treating SK-RC-45 cells with gA, LD8A peptide and HIF-2a gene silencing, both in monother-
apy and combination therapy for 72 h. Data indicate enhanced phagocytic activity in the presence of both gA and LD8A peptide as monotherapy. p
values are based on one-way ANOVA with Bonferroni post-test (*, p < 0.05; **, p < 0.01; ***, p < 0.001; n.s., not significant compared with untreated
in (a) and vehicle in (b) and (d)). Results are presented as mean + SEM. (e) FE-SEM images revealing phagocytosis of combination drug treated
SK-RC-45 cells by THP-1 macrophages.
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GM2-synthase is responsible for the production of ganglio-
sides, mainly GM2. Real-time PCR of GMz2-synthase will
provide sufficient evidence to conclude the production of
ganglioside GM2. According to Biswas and group, GM2-
synthase is overexpressed in various RCC cell lines, including
SK-RC-45.°® We observed a greater reduction in GM2-synthase
gene expression (Fig. 8b and Table 6) and GM2 protein
expression (Fig. 8c and Table 4) with combination therapy
compared to monotherapy.

2.15.3. Evaluation of in vitro phagocytosis of metastatic
ccRCC cell line SK-RC-45. This experiment was performed to
determine the percentage of macrophages that could phagocy-
tose cancer cells. Park et al. reported that CD47 is expressed
the highest in ccRCC histological subtypes in comparison to
other types of RCC.%®> The high expression of CD47 in cancer
cells will restrain macrophages from phagocytosing cancer
cells.®” Given that we observed a decrease in CD47 expression
both at the gene and protein levels, after the treatment of both
monotherapy and combination therapy (Fig. 7a and c), we were
interested to examine that if this treatment can elevate the
phagocytosis of metastatic SK-RC-45 cells by macrophages.
THP-1 monocyte cells were treated with PMA (phorbol 12-myr-
istate 13-acetate) for their differentiation to macrophages.®’
Additionally, macrophages were polarized to the M2 phenotype
by IL-4 administration and were co-incubated with SK-RC-45
cells in a 1:4 ratio to mimic tumor conditions.”®”? Co-incu-
bation of both cells was done for 4 h given that the maximum
phagocytosis occurs at 4-6 h of co-incubation.”®”*”® The per-
centage of THP-1 cells phagocytosing SK-RC-45 cells was deter-
mined by flow cytometry (Fig. 8d). The cancer cells were
labelled with CM-Dil, which can be detected by the PI channel,
and the macrophages were labelled by CD11b antibody conju-
gated to FITC.”' CM-Dil+/CD11b FITC+ cells represent the
macrophages that phagocytised cancer cells and CM-Dil—/
CD11b FITC+ represent the macrophages that failed to phago-
cytize any cancer cells. The unstained cells primarily consist of
monocytes, which did not differentiate to macrophages and
some unstained cancer cells. Treatment of the SK-RC-45 cells
with HIF-2a siRNA, gA (992 nM, ICs, dose), LD8A (27.95 pM,
IC5o dose), combination therapy of gA 992 nM with HIF-2a
silencing and the combination therapy of LD8A 30 pM with
HIF-2a silencing for 72 h resulted in 34% + 9.3%, 68.4% =
0.4%, 72% + 2.7%, 83.4% =+ 2.1% and 88% =+ 3% of macro-
phages exhibiting phagocytosis, respectively (Fig. 8d).
Individual images from the flow cytometry analysis for evaluat-
ing the phagocytic ability of THP-1 cells for SK-RC-45 cells
treated with the individual conditions in this study are
depicted in Fig. S9.f Fig. 8d shows that monotherapy pro-
moted considerable phagocytosis, as both gA and LD8A could
induce apoptotic signature (Fig. 5¢) and downregulate CD47
(Fig. 7a) in the SK-RC-45 cell line.”*

For the in vitro visualization of THP-1-mediated phagocyto-
sis, SK-RC-45 cells were treated with a combination of LDSA
30 pM and HIF-2a gene silencing and co-incubated with
THP-1 cells. The FE-SEM images (Fig. 8e) show that the
THP-1 macrophages extended their long thin pseudopods over
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the combination drug-treated SK-RC-45 cells, demonstrating
the process of phagocytosis.

2.16. Assessment of cellular proliferation and micro-
metastasis in in vivo zebrafish model

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of IISER
Kolkata and approved by the Institutional Animal Ethics
Committee (IAEC) under animal use protocol no.: IISERK/
TAEC/AP/2022/83. Murine xenograft models are the gold stan-
dard in cancer research but are costly and require large cell
quantities and time to generate tumours.>" Thus, to overcome
these challenges, we used a zebrafish (Danio rerio) xenograft
model, which is increasingly popular in cancer research due to
its similarities to humans, sharing 71% of protein-coding
genes and 82% of disease-related proteins with humans.*'**®
The advantages of zebrafish models include transparent
embryos for easy observation, low maintenance costs and the
ability to graft human cancer cells into their larvae with an
underdeveloped immune system.*! Additionally, zebrafish
embryos can be cultured in small spaces, making them ideal
for drug testing. These features make zebrafish a powerful tool
for cancer studies and drug evaluation.

A zebrafish xenograft model for human kidney cancer to
evaluate the efficacy of LD8A and the designed combination
therapy was established in this study. SK-RC-45 cells were
treated with LD8A and a combination of LD8A (30 pM) and
HIF-2a gene silencing for 72 h. Next, CM-Dil-labelled SK-RC-45
cells were injected into the perivitelline space of zebrafish
larvae at 48 h post-fertilization (hpf). A control group of
untreated, labelled SK-RC-45 cells was also injected, serving as
a vehicle control. Injecting cancer cells into zebrafish larvae
can lead to cell proliferation and micro-metastasis, typically
toward the tail-fin region.*"*®”> We monitored the prolifer-
ation and micro-metastasis of SK-RC-45 cells at both 0 and 5
days post-injection (dpi) (Fig. 9a and b) by capturing images
using epifluorescence microscopy.

The untreated SK-RC-45 cells exhibited significant cell pro-
liferation and migration towards the tail region at 5 dpi
(Fig. 9b). However, the larvae injected with LD8A (27.95 uM)-
treated SK-RC-45 cells showed a marked reduction in cell pro-
liferation compared to the untreated control at 5 dpi. Micro-
metastasis was only confined to the yolk sac extension region
the in case of the drug-treated SK-RC-45 cells compared to the
tail region in the untreated control at 5 dpi (Fig. 9b). Cell pro-
liferation was quantified by measuring the fluorescence inten-
sity of CM-Dil-labelled SK-RC-45 cells (Fig. 9c). The untreated
SK-RC-45 cells displayed approximately 2.2 times greater pro-
liferation at 5 dpi compared to 0 dpi, while the LD8A cells
exhibited 1.1 times greater proliferation at 5 dpi compared to 0
dpi and those treated with combination therapy exhibited 3.4
times less proliferation at 5 dpi compared to 0 dpi (Fig. 9¢). To
assess micro-metastasis, we captured images of the midsection
to tail region of the zebrafish larvae using epifluorescence
microscopy with an increased exposure time (700 ms) (Fig. 9b).
The larger red spots shown in the insets of the right and

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 In vivo zebrafish xenograft model for assessing cell proliferation and micro-metastasis in monotherapy (LD8A) and combination therapy
(LD8A + HIF-2a silencing). Images from (a) 0 dpi and (b) 5 dpi, showing zebrafish injected with SK-RC-45 cells: untreated (left), treated with LD8A
(27.95 pM) for 72 h (centre), and treated with a combination of LD8A (30 pM) and HIF-2x gene silencing for 72 h (right). Insets above each condition
on 5 dpi are images taken at higher TRITC exposure (700 ms), focusing the middle and tail regions to clearly visualize micro-metastasis. Treatment
of SK-RC-45 cells with the designed combination therapy led to a significant reduction in cell proliferation and micrometastasis of SK-RC-45 cells in
the in vivo zebrafish model compared with the untreated SK-RC-45 cells and those treated with monotherapy. (c) Quantification of SK-RC-45 cell
proliferation in the in vivo zebrafish xenograft model by measuring the fluorescence intensity of CM-Dil labeled SK-RC-45 cells on the fifth day rela-
tive to the day of injection. p values are based on one-way ANOVA with Bonferroni post-test (*, p < 0.05; **, p < 0.01; ***, p < 0.001). Data are
expressed as mean + SEM with n = 7 for each data point. The experiment was conducted twice. Fluorescence intensity quantification was performed
using the ImageJ software and is presented as percentage of mean fluorescence intensity, with the day 0 measurement serving as the baseline.
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Fig. 10 Cartoon representation based on our studies and literature
information, depicting the possible signalling mechanism induced by
monotherapy (LD8A) and combination therapy (LD8A + HIF-2a siRNA).
Green pointed arrows indicate upregulation and red blunt arrows indi-
cate downregulation. * indicates information supported by well-known
scientific literature. The left panel shows both LD8A as monotherapy
and LD8A and HIF-2a gene silencing as combination therapy upregu-
lated VHL. VHL ubiquitinates both HIF-2a and RAPTOR, leading to the
proteosome-mediated degradation of both the proteins, thus inhibiting
both HIF-2 (HIF-2a + HIF-B) and mTOR signalling pathways, simul-
taneously. Inhibition of HIF signalling led to the downregulation of
VEGF, CD47, PD-L1 and GM2 gangliosides, resulting in reduced angio-
genesis, increased phagocytosis, T cell activation and prevention of T
cell apoptosis, respectively. Inhibition of mTOR signalling led to reduced
cell proliferation. The right panel indicates that the combination therapy
of LD8A and HIF-2a gene silencing upregulated the DAB2IP protein,
leading to radiosensitization of the metastatic ccRCC cell line
SK-RC-45.

middle sections in (Fig. 9b) are residual pigments in the zebra-
fish larvae and imaging artifacts, not associated with SK-RC-45
cells. Combination therapy of LD8A (30 uM) and HIF-2a gene
silencing exhibited significant less cellular proliferation of
SK-RC-45 compared to monotherapy of LD8A (27.95 pM) in an
in vivo zebrafish xenograft model (Fig. 9c¢).

A summary of our observations and graphical representa-
tion of the probable mechanism of action, obtained from our
studies by LD8A as monotherapy and by the designed combi-
nation therapy of LD8A and HIF-2a gene silencing on the
metastatic ccRCC SK-RC-45 cell line are presented in Fig. 10.

3. Experimental section
3.1. Materials-

Resin and Fmoc-protected amino acids were procured from
Novabiochem and GL Biochem and utilized in the synthesis
process without additional purification. Coupling reagents,
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including HATU, HBTU, and PyBOP, were acquired from
Novabiochem, while hydroxybenzotriazole (HOBt) was bought
from Sisco Research Laboratories Pvt. Ltd (SRL). Anhydrous di-
methylformamide (DMF) and dichloromethane (DCM)
employed in the coupling reaction were procured from Acros
Organics, and N,N-diisopropylethylamine (DIPEA) was sourced
from TCI Chemicals. The washing solvents DCM and DMF
were bought from Merck India. 5(6)-Carboxyfluorescein (FAM)
dye was obtained from Invitrogen, and HiPerFect was procured
from Qiagen. Dulbecco’s modified Eagle’s medium (DMEM),
fetal bovine serum (FBS), 0.25% trypsin-ethylenediaminete-
traacetic acid (EDTA) (1x) and Opti-MEM were obtained from
Gibco, Life Technologies. RPMI-1640 and colorless RPMI-1640
were sourced from HiMedia. Gramicidin A, PMA, Fluoroshield
with 4',6-diamidino-2-phenylindole (DAPI), 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reagent,
Triton™ X-100, Rhodamine 123, propidium iodide and chole-
sterol were procured from Sigma-Aldrich. POPC (cat. no.
850457P) and PE (cat. no. 850757P) for constructing GUVs
were sourced from Avanti Polar Lipids. SignalSilence control
siRNA (unconjugated) (cat. no. 6568) was obtained from Cell
Signaling Technology. Annexin V, Alexa Fluor 488 conjugate
(cat. no. A13201), goat anti-rabbit IgG (H + L) secondary anti-
body, Alexa Fluor 568 (cat. no. A-11036) and CD47 primary
antibody (cat. no. MA5-30182) were bought from Thermo
Fisher Scientific. VHL (cat. no.: 0377), HIF-2a (cat. no. A7553)
and PD-L1 (cat. no. A19135) primary antibodies were procured
from ABclonal, USA. BD Pharmingen™ FITC rat anti-CD11b
(cat. no. 553310) was procured from BD Biosciences and IL-4
(cat. no. - CYT-211) was obtained from ProSpec-Tany
TechnoGene Ltd.

3.2 Peptide synthesis

The Fmoc solid-phase synthesis method was used to prepare
the peptides. Coupling of the amino acids was carried out
using Fmoc-protected amino acid (5 equivalents), DIC (5
equivalents), and Oxyma (5 equivalents) in dry DMF. We per-
formed double coupling for all the amino acids given that they
were hydrophobic. Then, the peptides were lyophilized under
vacuum after being purified using reversed-phased HPLC
using a C18 column and acetonitrile and water with 0.001%
TFA as the purification solvent. Confirmation of the peptide
mass was done by MALDI-MS and ESI-MS.

3.3 Cell culture

The ccRCC cell line SK-RC-45, Jurkat, and THP-1 cells were
grown in RPMI-1640 medium supplemented with 10% FBS,
1% sodium pyruvate, 1% MEM non-essential amino acids, 1%
penicillin-streptomycin and 0.1% amphotericin B. Human
fibroblast and HEK-293 cells were cultured in DMEM sup-
plemented with 10% FBS, 1% penicillin-streptomycin, and
0.1% amphotericin B.

3.4. Cell viability assay

Cells were exposed to varying doses of either monotherapy or
combination therapy for different intervals, as follows: 24-72 h

This journal is © The Royal Society of Chemistry 2025
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for the SK-RC-45 cell line and 72 h for the HEK-293 and
human fibroblast cell line, and the MTT assay was performed
as mentioned in ref. 30. Data were analysed using GraphPad
Prism, and the results are presented as mean + SEM. The
experiments were replicated twice.

3.5. Haemolysis assay

Goat blood was acquired from a local butcher shop and col-
lected in Alsever’s solution (2.05% dextrose, 0.8% sodium
citrate, and 0.42% sodium chloride) at a ratio of 1: 5. The hae-
molysis assay was performed with varying doses of LD8A, as
mentioned in ref. 76. The absorbance of the supernatants was
measured at 540 nm using a UV-vis plate reader to evaluate
hemoglobin release. In this experiment, PBS and 1% (v/v)
Triton X-100 in PBS were used as the negative (0% release) and
positive controls (100% release), respectively. The percentage
of hemolysis was calculated as 100 x [(OD540 of sample —
OD540 of negative control)/(OD540 of positive control —
OD540 of negative control)]. All samples were analysed in
triplicate for each experiment, and the averages of two inde-
pendent experiments + SEM were plotted using GraphPad
Prism.

3.6. Immunogenicity assay

PBMCs were isolated from goat blood acquired from a local
butcher shop and cultured, as done previously in ref. 31. The
cells were incubated with varying doses of gA and LD8A for
72 h. PBS was taken the negative control and concanavalin A
(ConA) at 5 pg mL™" was taken as the positive control. The
MTT assay was performed and the stimulation index was deter-
mined as mentioned in ref. 31.

3.7. Determination of serum stability

The serum stability of LD8A was examined in the presence of
10% FBS at 72 h time point following the standard procedures,
as reported in ref. 30.

3.8. Plasma membrane mimetic GUV poration assay

Giant unilamellar vesicles (GUVs) mimicking the plasma mem-
brane were prepared using a lipid mixture consisting of phos-
phatidylcholine (PC), cholesterol, and phosphatidylethanola-
mine (PE) in a ratio of 65:20:15*" and the gel swelling tech-
nique, as mentioned in ref. 31. Then, the GUV solution was
incubated with gA at a concentration of 992 nM and LD8A at a
concentration of 27.95 uM at 37 °C for 1 h and observed under
a confocal microscope. A 5 uM concentration of melittin was
utilized as the positive control.

3.9. Computational simulation studies

3.9.1. MD simulation of peptide with membrane. A lipid
bilayer system consisting of 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-
[phospho-i-serine] (POPS) phospholipids was built using
CHARMM-GUI membrane builder”””® for the LD8A and melit-
tin systems. In both systems, the bilayer consisted of 160 POPC
and 40 POPS phospholipids in each leaflet and these compo-
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sitions were selected because they mimic the cell membrane of
cancer cells.*" The lipid bilayers were solvated with 17707
TIP3P”® water molecules for the LD8A system and 20108 TIP3P
water molecules for the melittin system based on their
hydration number. The neutralization of the systems was per-
formed by the addition of 150 mM KCl salt. The extended
structure of LD8A was modelled using Discovery Studio
Visualizer and the X-ray crystal structure of melittin was
retrieved from the Protein Data Bank using PDB ID: 2MLT.
Each peptide molecule (LD8A and melittin) was aligned paral-
lel to the bilayer-water interface. The LD8A and melittin
systems possessed dimensions of 11.62 nm x 11.62 nm X
8.5 nm and 11.67 nm x 11.67 nm X 9.02 nm, respectively. All
directions were subjected to periodic boundary conditions.
The CHARMMS36 forcefield®® was used for the lipids and
peptide molecules in both systems. The energy of the systems
was minimized using the steepest descent algorithm.®' A
V-rescale thermostat® was used to equilibrate the systems for
3 ns at a temperature of 310 K. Following NVT equilibration,
the systems were subjected to NPT equilibration using a Nosé-
Hoover thermostat®®* and a Parrinello-Rahman barostat®® for
7 ns at 310 K and 1 bar of pressure. The long-range electro-
static interactions were computed using the particle-mesh
Ewald algorithm,?® while a linear constraint solver (LINCS)*”
algorithm was used to constrain bonds to every atom. The MD
simulations were performed for 300 ns using GROMACS
5.1.5.%

3.9.2. Calculation of membrane properties. In our case, we
estimated the local area per lipid by dividing the membrane
into 200 x 200 grids along its X-Y plane and averaged the last
100 ns of the trajectories for both the LD8A peptide and melit-
tin systems using the “FATSLiM” package.’” Local thickness
was calculated similarly to the local APL estimation method,
i.e., along a 200 x 200 grid of membrane plane along the X-Y
axis using the FATSLiM package for the LD8A and melittin
peptide systems. We calculated the mean curvature of the
membrane using the Python module “MembraneCurvature”
along the X-Y plane by dividing it into a 6 x 6 grid and plotted
an average of the mean curvature values after extrapolating the
6 x 6 grid values into a 24 x 24 grid.

3.9.3. Computational simulation studies of wild-yype and
mutant VHL-HIF-2ae complex interaction. The X-ray crystal
structure of the wild-type VHL-HIF-2a complex was retrieved
from the Protein Data Bank using accession ID: 6BVB, which
has a resolution of 2.00 A.°® A single-point mutation,
Arg82Pro,> was introduced in VHL, which is specific to the
SK-RC-45 renal cell carcinoma (RCC) cell line, to generate a
mutant VHL-HIF-2a complex using the mutagenesis module of
PyMol version 1.8.x. The simulation cubic box for both the
wild-type and mutant VHL-HIF-2a complexes measured
8.6 nm, containing 20527 and 20 521 TIP3P water molecules,
respectively. The wild-type and mutant complexes were neutral-
ized by adding 2 Na' ions and 3 Na' ions, respectively, and
both systems were subjected to energy minimization using the
steepest descent algorithm, followed by isochoric-isothermal
(NVT) and isothermal-isobaric (NPT) equilibration, each for

Biomater. Sci,, 2025, 13, 4681-4705 | 4699


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5bm00109a

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 22 Mei 2025. Downloaded on 08/11/2025 19:44:30.

(cc)

Paper

100 ps, and a final unrestrained production MD run for 100
ns, as previously described.®® The total interaction energy
(sum of the van der Waals energy and electrostatic energy)
between the VHL and HIF-2a proteins in the wild-type and
mutant complex was calculated using the g mmpbsa tool.”

3.10. Mitochondrial depolarization assay

Cells were plated in 6-well plates at a density of 0.25 x 10° cells
per well. On the following day, the cells were exposed to
various concentrations of monotherapies and combination
therapies and incubated for 72 h. The mitochondrial depolar-
ization assay was performed as mentioned in ref. 30 and ana-
lysed using flow cytometry (BD LSRFortessa™). The flow cyto-
metry data was analysed using the BD FACSDiva™ software
and further processed using the GraphPad Prism software.
The data is represented as mean + SEM of two independent
experiments.

3.11. Cell cycle analysis with PI

0.25 x 10° cells were seeded in each well of a 6-well plate, fol-
lowed by treatment with various doses of monotherapies and
combination therapies for a duration of 72 h. The cells were
trypsinized and the resulting cell suspension was collected via
centrifugation. The harvested cells were fixed with 100%
ethanol and incubated for 2 h at 4 °C. After the removal of
ethanol, the cells were washed with chilled PBS and stained
with PI at a final concentration of 40 ug mL™", followed by a
10 min incubation at 4 °C. Subsequently, the cells were ana-
lysed using a BD LSRFortessa™ flow cytometer. Calibration
was done by BD™ DNA QC particles consisting of chicken
erythrocyte nuclei (CEN) and calf thymocyte nuclei (CTN).
Data analysis was done using the BD FACSDiva™ software,
and the results were plotted using GraphPad Prism. The data
is represented as the mean +* SEM from two separate
experiments.

3.12. Apoptosis/necrosis assay

Apoptosis and necrosis were assessed using Annexin V, Alexa
Fluor 488 conjugate combined with propidium iodide (PI)
staining, as mentioned in ref. 30. 0.25 x 10° cells were cultured
in 6-well plates and treated with monotherapies and combi-
nation therapies at various concentrations for 72 h. The cells
were analysed using a BD LSRFortessa™ instrument. Data ana-
lysis was done using the BD FACSDiva™ software. The experi-
ment was conducted in duplicate, and the results were plotted
using GraphPad Prism software. The data is represented as the
mean + SEM from two separate experiments.

3.13. Clonogenic assay

Untreated SK-RC-45 cells, SK-RC-45 cells treated with the com-
bination of 30 uM LD8A and HIF-2a gene silencing for 72 h
and non-cancerous human fibroblast cells were cultured in
two sets. The cells of one set were irradiated with 2 Gy radi-
ation by VitalBeam™ (Varian Medical System) using 6 MV
X-rays. No radiation was applied to the other set. Then, the
cells were replated in triplicate for each condition in 100 mm
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plates at a density of 1000 cells per 100 mm plate to form colo-
nies. After 14 days, the cells were fixed with methanol: acetic
acid (3:1) and stained with 0.5% w/v crystal violet (aqueous
solution). Colonies of only 50 or more cells were scored.
Colonies were counted using a stereo microscope (Radical
RSMr-3B) and photographed with a Nikon D7500 camera. To
determine the SF (surviving fraction), the PE (plating
efficiency) was first determined. PE and SF were calculated
using the formulas PE = number of colonies formed/number
of cells seeded and SF = number of colonies formed after treat-
ment/(number of cells seeded x PE).*” All samples were ana-
lysed in triplicate for each experiment, and the average of two
independent experiments + SEM was plotted using GraphPad
Prism.

3.14. Realtime PCR analysis

The relative gene expression levels of VHL, HIF-2a, HIF-1a,
VEGF, mTOR, DAB2IP, CD47, PD-L1 and GM2 synthase were
assessed via real-time PCR after treating SK-RC-45 cells with
varying doses of monotherapies and combination therapies
for 72 h. RNA extraction was done using the RNeasy mini kit
(Qiagen). Subsequently, the RNA was reverse-transcribed into
c¢DNA using the Verso cDNA synthesis kit (Thermo Fisher
Scientific). Real-time PCR analysis of the target mRNA
expressions was conducted using the SYBR green detection
method in a CFX96™ real-time system (Bio-Rad). The primer
sequences utilized for PCR amplification are provided in
Table S1.f Primer synthesis was conducted by Eurofins
Genomics India Pvt. Ltd. HIF-2a silencing siRNA was also syn-
thesized by Eurofins Genomics India Pvt. Ltd. The sequence of
HIF-2a silencing siRNA is 5'-
UCACAGAACUGAUUGGUUAATAT-3' (sense) and 5'-
UAACCAAUCAGUUCUGUGAATAT-3' (antisense).”’ The result-
ing data were analyzed and visualized using the GraphPad
Prism software and presented as the mean + SEM from three
independent replicates.

3.15. Immunofluorescence studies

SK-RC-45 cells (25 000 cells per well) were seeded on coverslips
in 24-well plates. The cells were prepared for immunostaining
following the procedure mentioned in ref. 92 with the respect-
ive primary antibodies (VHL, HIF-2a, CD47, PD-L1 and GM2
proteins) at a dilution of 1:100 overnight at 4 °C. The cells
were treated with Alexa Fluor 568 conjugated secondary anti-
body and mounted with Fluoroshield-containing DAPI (Sigma-
Aldrich) onto a glass slide and observed under an Apotome
microscope.

3.16. Determination of apoptotic Jurkat cell population in
co-culture

SK-RC-45 cells were treated with varying concentrations of
monotherapies and combination therapies for a duration of
72 h. After, the dead floating cells were discarded and only the
attached cells were plated in 6 well plates. After 1 h, Jurkat
cells were co-cultured in the 6 well plates together with the
SK-RC-45 cells at a ratio 1: 3 for 72 h in complete RPMI media
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for 72 h. Only the Jurkat cells were removed by gentle washing
and analyzed to determine the apoptotic population by
Annexin V conjugated with Alexa Fluor 488/PI staining, as dis-
cussed in ref. 30.

3.17. Determination of phagocytosis percentage

THP-1 monocyte cells were induced to differentiate to macro-
phages by incubating with phorbol 12-myristate 13-acetate
(PMA), 100 ng mL ™" for 48 h.®® After 48 h, the PMA-containing
media was discarded and cells were allowed to rest for 24 h.
Following which, the cells were incubated with interleukin-4 at
a dose of 20 ng mL ™" for 24 h.”* Then, the medium containing
IL-4 was discarded and fresh medium was added. In separate
cell culture plates, SK-RC-45 cells were treated with varying
concentrations of monotherapies and combination therapies
for a duration of 72 h. Then, the SK-RC-45 cells were labelled
with 2 uM CM-Dil stain following the product’s instruction
manual. The stained SK-RC-45 cells were co-cultured with
THP-1 cells in the 6-well plates pre-treated with PMA and IL-4
at 4:1 ratio for 4 h. The cells in the co-culture were scraped
using a cell-scraper and collected in ice-cold PBS sup-
plemented with 5% FBS (v/v). Then, the cells were centrifuged
at 1200 rpm for 4 min at 4 °C. The supernatant was discarded
and fresh ice-cold PBS supplemented with 5% FBS (v/v) was
added. To this, 0.25 pL of CD11b-FITC conjugated antibody
was incubated for 30 min in ice to stain the macrophage cells.
The cells were collected by centrifugation, followed by washing
to avoid any excess CD11b-FITC conjugate and analyzed using
a BD LSRFortessa™ instrument. Data analysis was performed
using the BD FACSDiva™ software (from BD Biosciences). The
experiment was conducted in duplicate, and the results were
plotted using the GraphPad Prism software. The data are
expressed as the mean + SEM of two separate experiments.

3.18. Determination of phagocytosis by FE-SEM

A co-culture of THP-1 and SK-RC-45 cells was prepared as men-
tioned in the previous section (3.17). Untreated SK-RC-45 cells
and SK-RC-45 cells treated with combination of LDS8A 30 pM
and HIF-2a silencing for 72 h were used. The FE-SEM experi-
ment was performed as mentioned in ref. 76. The experiment
was repeated twice.

3.19. Zebrafish xenograft studies

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of IISER
Kolkata and approved by the Institutional Animal Ethics
Committee (IAEC) under animal use protocol no.: IISERK/
IAEC/AP/2022/83. For monotherapy, SK-RC-45 cells were
treated with LDSA (27.95 puM) for 72 h, and for combination
therapy, SK-RC-45 cells were treated with LDSA (30 pM)
together with HIF-2a gene silencing for 72 h. The, cells were
then stained and microinjected into the perivitelline space of a
48 hpf zebrafish embryo, as done previously.>* Post-image pro-
cessing including quantification of the fluorescence intensity
and image stitching was done using the Image]J software. The
experiment was repeated twice and the data was plotted using

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

the GraphPad Prism software considering the fluorescent
intensity of 0 dpi as the baseline.

4. Conclusions

Our study demonstrated that the LD8A peptide is biocompati-
ble and non-hemolytic and has significant potential to be used
as oral cancer medicine. Our designed combination therapy
having the LD8A peptide and HIF-2a gene silencing siRNA
exhibited strong synergistic drug interactions, inducing a high
level of apoptosis in ccRCC cells, mitochondrial depolarization
and cell cycle arrest. Additionally, our designed combination
therapy downregulated the major oncogenes VEGF, mTOR and
multi-oncogenic switch HIF-2a, confirming the prevention of
cancer metastasis both in in vitro and in vivo zebrafish models.
Interestingly, it also sensitized radioresistant SK-RC-45 cells to
radiotherapy. Our studies showed that the designed combi-
nation therapy potentiated immunotherapy against SK-RC-45
cells by dual activation of macrophages and T cells. The sig-
nificant findings of our present study demonstrated that
peptide-based proton transporters can be considered a new
class of anti-cancer drugs having unique potential for radio-
sensitization and potentiating immunotherapy. Our designed
cost-effective protease-stable multifunctional anti-cancer thera-
peutics may have great translational potential to treat patients
having aggressive radioresistant kidney cancer.
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