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Abstract

The Ul small nuclear ribonucleoprotein (snRNP) complex is essential for pre-mRNA splicing and inhibition of premature
polyadenylation. Its dysfunction has been implicated in various cancers, including glioblastoma, driving oncogenic splicing
and tumor progression. This study explored the potential of APT20TTMG, a synthetic cDNA that modulates Ul snRNP
misassembly, in glioblastoma. The internalization of APT20TTMG was assessed in U-87 MG cells, as well as its effects
on cell viability, proliferation, and apoptosis. Athymic mice were used to evaluate the effects of intravenous APT20TTMG
administration on tumor-related parameters. APT20TTMG exhibited over 50% internalization, exerting cytotoxic, cytostatic,
and pro-apoptotic effects in vitro. A 22-day treatment with APT20TTMG reduced tumor volume, slowed tumor growth,
and showed a trend toward increased body weight. Treatment also decreased oncogenic pathways and tended to enhance
histopathological outcomes. A pilot study combining APT20TTMG with temozolomide further improved antitumor efficacy.
Our results demonstrate that APT20TTMG has strong potential in correcting Ul snRNP complex dysfunction, supporting

its further investigation as a strategy to modulate splicing in glioblastoma.
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Introduction

Glioblastoma (GBM) is the most common and aggres-
sive primary brain tumor, classified by the World Health
Organization as a grade IV CNS malignancy [1, 2]. It is
associated with a poor prognosis, with a median survival of
12-16 months following diagnosis [3]. The current stand-
ard of care includes surgical resection, radiotherapy, and
chemotherapy with temozolomide (TMZ). However, GBM
exhibits high resistance, especially due to the isocitrate
dehydrogenase (IDH) wildtype genotype, which promotes
cellular heterogeneity and contributes to resistance against
standard therapies and tumor recurrence [4-7].
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Alternative polyadenylation is a critical process in
the progression of GBM and other cancer types [8—11].
Although it increases transcript diversity [12], cancer cells
tend to use proximal polyadenylation signals, resulting in
shorter 3’ untranslated regions and higher protein expression
levels, which has been associated with increased prolifera-
tion [10, 13]. Additionally, spliceosome alterations in GBM
drive oncogenic splicing events that promote tumor pro-
gression, TMZ resistance, and could be involved with cell
cycle reentry [14-17]. Dysregulated expression of spliceo-
some components, such as small nuclear ribonucleoproteins
(snRNPs), has also been observed [17].

The Ul snRNP complex, composed of a Ul snRNA and
Ul-A, Ul-C, U1-70K, and Sm proteins, is a key regulator
of both splicing and polyadenylation. It recognizes splicing
sites and facilitates spliceosome assembly through its bind-
ing to the 5’ splicing site [18], as well as prevents premature
cleavage and polyadenylation of pre-mRNAs, thereby main-
taining transcripts integrity [19]. By regulating alternative
polyadenylation patterns, it acts as a molecular safeguard
against aberrant gene expression and pro-oncogenic sign-
aling. Consequently, targeting the Ul snRNP complex to
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restore its function represents a promising therapeutic strat-
egy for correcting pathological alterations driven by splicing
and polyadenylation dysregulation.

In this study, we evaluated the effects of APT20TTMG
in GBM models. It is a synthetic single-stranded cDNA
designed through computer-aided design strategies to
contain precise chemical modifications, sequence speci-
ficity, and structural features that enable its binding to Ul
snRNPs and conserved regions of pre-mRNAs [20]. These
APT20TTMG interactions ensure the proper assembly and
function of the Ul snRNP complex, effectively restoring
normal splicing and polyadenylation mechanisms.

Methods
Drugs

APT20TTMG was synthesized by Synbio Technologies
(Monmouth Junction, NJ, USA) and stored at — 20 °C
until use. For in vitro experiments, APT20TTMG (batches
P20190506-11 for internalization, P20190717-11 for viabil-
ity, P20201023-12 for proliferation, and P20190924-08 for
apoptosis) was reconstituted in deionized water or phos-
phate-buffered saline (PBS) to prepare a 300 uM stock solu-
tion. This stock solution was subsequently diluted to achieve
final concentrations of 0.003, 0.03, 0.3, 3, and 30 uM.
Cisplatin (Clearsynth, Mumbai, India) was prepared by
reconstitution in a mixture of dimethyl sulfoxide (Rankem,
Gurugram, India) and water, with stock solutions diluted to
final concentrations of 0.01, 0.1, 1, and 10 uM. For in vivo
experiments, 5 mg of APT20TTMG (batch 20220803002-1)
was diluted in 1.25 ml of saline to achieve a concentration
of 4 mg/ml. A dose volume of 5 ml/kg was administered
via intravenous (i.v.) to deliver a final dose of 20 mg/kg.
For TMZ (Sigma-Aldrich, St. Louis, MO, USA), 1.5 mg of
the compound was solubilized in a solution containing 4%
Tween 80 in distilled water to obtain a uniform suspension
of 0.5 mg/ml. A dose volume of 10 ml/kg was administered
orally (p.o.) to achieve a final dose of 5 mg/kg.

Cell culture

Human GBM U-87 MG cells, acquired from the Ameri-
can Type Culture Collection (Manassas, VA, USA), were
cultured in 75 cm? flasks using Dulbecco’s Modified Eagle
Medium (HiMedia Laboratories, Thane, India) supple-
mented with 10% fetal bovine serum (FBS; Sigma-Aldrich,
St. Louis, MO, USA) and 1% penicillin/streptomycin solu-
tion (Gibco, Grand Island, NY, USA). Cells were maintained
in a humidified incubator at 37 °C with 5% CO,. Before
plating, cells were counted using a hemocytometer (Hausser
Scientific, Horsham, PA, USA).
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Internalization

Cells were plated in 24-well plates (1 x 103 cells/well) and
incubated with 1 uM FAM-labeled APT20TTMG, prepared
in FBS-free medium, for 1, 2, 4, and 6 h. Vehicle-incubated
cells were used as controls. Following incubation, wells
were washed twice with 1 ml of PBS/well and incubated
with 200 pL of trypsin (Sigma-Aldrich, St. Louis, MO,
USA) for 3 min. Trypsin was neutralized by adding com-
plete medium and the cells were centrifuged at 1500 rpm
for 5 min. The cell pellet was then washed with 2 ml of PBS
and centrifuged as previously. After discarding the superna-
tant, the cells were resuspended in 200 pL of PBS. Cellular
uptake of APT20TTMG was assessed by measuring cell
fluorescence using the BD FACSCanto II flow cytometer
(BD Biosciences, Franklin Lakes, NJ, USA). For each sam-
ple, 10,000 gated events were acquired.

Cell viability

Cells were plated in 96-well plates (5 x 10* cells/well) and
treated with APT20TTMG (0.003, 0.03, 0.3, 3, or 30 uM) or
cisplatin (0.01, 0.1, 1, or 10 uM) in 1% FBS medium, for 48,
96, and 144 h. Cells treated with dimethyl sulfoxide/water
were used as a control. After 48 h, APT20TTMG or cispl-
atin were re-added to the wells until the end of the assay.
At each time-point, the medium was replaced with fresh
medium containing 20 pL of MTT solution (5 mg/ml; Inv-
itrogen, Waltham, MA, USA) for 3 h at 37 °C. Absorbance
was measured at 540 nm using the Synergy H1 microplate
reader (BioTek, Winooski, VT, USA). Results were normal-
ized to the percentage of viability relative to the control.
The maximum inhibitory effect (I,,,,) of APT20TTMG was
determined using log(inhibitor) vs. normalized response
analysis.

Cell proliferation

Cells were plated in 96-well plates (2 x 103 cells/well)
and treated as previously described, and proliferation was
determined at 48, 96, and 144 h using the bromodeoxyur-
idine (BrdU) incorporation assay (Roche, Basel, Switzer-
land). Cells were incubated with 10 pL of BrdU for 90 min
at 37 °C. The medium was then replaced with 200 uL of
FixDenat solution, followed by a 30-min incubation at room
temperature. After removing FixDenat, 100 uL of Anti-
BrdU-POD solution was added and cells were incubated for
90 min at room temperature. The wells were washed three
times with 20 pL of washing solution and 100 pL of sub-
strate solution was added for 30 min at room temperature.
Absorbance was measured at 370 nm using the Synergy HT
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microplate reader (BioTek, Winooski, VT, USA). Results
were normalized to the percentage of proliferation relative to
the control. The I,,,, of APT20TTMG was determined using
log(inhibitor) vs. normalized response analysis.

Apoptosis

The apoptosis-inducing potential of APT20TTMG was eval-
uated using the Annexin V Apoptosis Detection kit (eBio-
Science, San Diego, CA, USA). Cells were plated in 24-well
plates (1 x10° cells/well) and treated with APT20TTMG
(0.25, 0.5, and 1 uM) for 24 h. Cells were then collected
as previously described and washed with PBS and binding
buffer. Cells were labeled with fluorescein isothiocyanate-
conjugated annexin V for 15 min, washed again with binding
buffer, and then stained with propidium iodide. Apoptosis
was analyzed using the BD FACSCanto II flow cytometer
(BD Biosciences, Franklin Lakes, NJ, USA). For each sam-
ple, 10,000 gated events were acquired.

Animals

Female athymic nude mice (Vivo Bio Tech, Hyderabad,
India), aged 68 weeks, were housed in individually ven-
tilated cages under pathogen-free conditions, controlled
temperature (19.1-21.8 °C, 40-61% relative humidity), and
a 12-h light/dark cycle. Food and filtered sterile water were
provided ad libitum. All in vivo experiments were conducted
at the Dabur Research Foundation (Ghaziabad, India) in
accordance with their ethical standards. Procedures adhered
to the Animal Research: Reporting of In Vivo Experiments
guidelines. The study was approved by the Institutional
Animal Ethics Committee (IAEC/79/1532) and authorized
by the Committee for the Purpose of Control and Super-
vision of Experiments on Animals (CPCSEA; registration
no. 64/PO/RcBi/S/99/CPCSEA, dated 28.02.22). The use of
APT20TTMG was approved by the Institutional Biosafety
Committee (BT/BS/17/775/2018-PID; no. IBSC/12/005).

Subcutaneous xenograft model

Human GBM U-87 MG cells were maintained in Eagle’s
Minimum Essential Medium (Sigma-Aldrich, St. Louis,
MO, USA) supplemented with 10% FBS. Log-phase cells
were harvested using trypsin, washed with Eagle’s Mini-
mum Essential Medium, and resuspended at a concentra-
tion of 10 million cells / 100 pL in serum-free medium.
Cells were mixed 1:1 with Matrigel matrix and 200 pL of
the mixture was injected into the right flank of five donor
mice. Tumor growth was monitored on alternate days and
once the tumor reached 500 mm?, the mice were euthanized.
Tumors were fragmented into 30 mg pieces and implanted

subcutaneously (s.c.) into experimental animals (n=45)
using trocar devices.

Animals were monitored for tumor growth twice weekly
and once the tumor reached 100 mm?, they were randomized
(n=28/group) into the following groups: vehicle (5 ml/kg
saline, i.v., every third day for three weeks), TMZ (5 mg/kg,
p.o., daily for three weeks), and APT20TTMG (20 mg/kg,
i.v., every third day for three weeks). The sample size was
based on previous studies, which demonstrated sufficient
statistical power to detect significant effects. In a pilot study
(n=>5/group), mice were treated with APT20TTMG (10
or 20 mg/kg, i.v.) alone or combined with TMZ (5 mg/kg,
p.o., daily). The pilot treatment regimen with APT20TTMG
included an initial 7-day attack dose (daily), followed by a
maintenance dose (every three days), and a final 7-day attack
dose, totaling 30 days. Mice without tumors or with aggres-
sive tumor growth were excluded. Tumor size (length and
width) was measured using a digital vernier caliper (Mitu-
toyo, Kawasaki, Japan). Body weight and clinical signs were
recorded weekly.

At the end of treatments, mice were euthanized by CO,
asphyxiation. In the pilot study, all mice of the vehicle group
and three mice from each treatment group were euthanized
on day 22, while the remaining animals continued treatment
until day 30. Tumors were dissected, weighed, and divided
into two portions: one fixed in 10% neutral buffered formalin
and the other snap-frozen and stored at — 80 °C for histo-
pathological analysis.

Histopathology

Tumor sections on slides were deparaffinized in two
xylene baths (5 min each) and rehydrated through a
graded alcohol series (two baths of 100% alcohol, one of
95%, and one of 80%, 3 min each). Heat-induced epitope
retrieval was performed using citrate buffer (pH 6.0) at
95 °C for 20 min to prevent methylene bridges forma-
tion. Slides were rinsed three times with PBS, incubated
with peroxidase for 10 min, and blocked with blocking
solution for 5 min. They were then incubated with the
Ki-67 antibody (1:200; Zytomed Systems, Berlin, Ger-
many) for 60 min, followed by three washes and incuba-
tion with poly-HRP-streptavidin conjugate for 30 min.
After additional washes, slides were incubated with
3,3’-diaminobenzidine solution for 5 min, rinsed with dis-
tilled water, counterstained with hematoxylin and eosin,
and mounted. Images were acquired using a Diaphot
300 microscope (Nikon, Tokyo, Japan). Ki-67-positive
cells were quantified using the Imagel] software (NIH,
USA). Additional histopathological parameters, includ-
ing nucleus-to-cytoplasm (N:C) ratio, apoptosis, necro-
sis, capsule, and angiogenesis, were analyzed. According
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to these parameters, samples were classified into three
grades: 1 (<25% anaplastic cells — well-differentiated), 2
(<25-50% anaplastic cells), and 3 (< 50-75% anaplastic
cells — less differentiated).

Biomarkers

For quantification of protein kinase B (AKT), glial fibril-
lary acidic protein (GFAP), TAU, cyclic adenosine 3,
5'-monophosphate (cAMP), nuclear factor kappa B (NF-
kB), and transforming growth factor-beta 1 (TGF-f),
tumor tissues were homogenized and centrifuged. The
supernatant was collected and analyzed using the follow-
ing ELISA kits: Human AKT Protein (MyBioSource, San
Diego, CA, USA), Human GFAP (Cusabio, Houston, TX,
USA), Human TAU Protein (MyBioSource, San Diego,
CA, USA), cAMP (MyBioSource, San Diego, CA, USA),
Human NF-kB (MyBioSource, San Diego, CA, USA), and
Human TGFB1 (Abbexa, Cambridge, UK) ELISA Kkits.

Statistical analysis

For in vitro data (two or three independent experiments
with two or three technical replicates), one-way ANOVA,
followed by Dunnett’s multiple comparison test, was used.
For in vivo data, one- or two-way ANOVA, followed by
Dunnett’s or Tukey’s multiple comparisons tests, were
used. Statistical significance was set as p <0.05. Data
were analyzed using the GraphPad Prism 10 software
(GraphPad Software Inc., San Diego, CA, USA) and
expressed as mean + standard error of the mean (SEM).

Results
APT20TTMG shows time-dependent internalization

A significant increase in the internalization of APT20TTMG
in U-87 MG cells was observed over time (Supplementary
Fig. S1), with rates of 47.4 +4.7% at 1 h, 45.4+3.9% at 2 h,
58.0+4.8% at 4 h, and 63.6 +3.2% at 6 h post-incubation.
These results demonstrate that APT20TTMG is efficiently
internalized by U-87 MG cells.

APT20TTMG alters viability and proliferation,
and induces apoptosis in U-87 MG cells

A 31.4+1.8% (p=0.0064) reduction in cell viability was
observed after 48 h of treatment with 30 pM APT20TTMG
(Fig. la). This reduction persisted at 96 h, with 0.3, 3,
and 30 uM APT20TTMG significantly decreasing viabil-
ity by 30.3+3.1% (p=0.0185), 37.3£6.3% (p=0.0045),
and 66.2+1.2% (p <0.0001), respectively. A similar trend
was observed at 144 h, with reductions of 22.5+7.7%
(p=0.0481), 33.6+7.3% (p=0.0038), and 71.9+4.1%
(»<0.0001) for 0.3, 3, and 30 uM APT20TTMG, respec-
tively. Cisplatin, a gold-standard cancer treatment, was
tested under the same conditions. Its inhibitory concentra-
tion (ICs) and I,,,, values for U-87 MG viability are sum-
marized in Supplementary Table S1.

At 48 h, treatment with 0.03, 0.3, and 3 uM APT20TTMG
transiently increased cell proliferation by 13.1 +£0.9%
(»=0.0332), 27.3£5.3% (p=0.0001), and 19.4 +3.1%
(p=0.0024), respectively (Fig. 1b). This early effect was not
sustained, as no significant changes were observed at 96 h.
However, at 144 h, all tested concentrations of APT20TTMG
(0.003, 0.03, 0.3, 3, and 30 uM) significantly decreased

Il number (%)

0

Relative cel

o PR
& o

APT20TTMG (M)

Fig.1 APT20TTMG decreases the viability and proliferation of U-87
MG cells, and induces late apoptosis. Cells were treated with five
concentrations of APT20TTMG (0.003, 0.03, 0.3, 3, and 30 uM), and
the a cell viability and b cell proliferation were evaluated by the MTT
and BrdU assays, respectively, at 48, 96, and 144 h post treatment.
Cells were treated with three concentrations of APT20TTMG (0.25,
0.5, and 1 puM), and c apoptosis phases were evaluated 24 h after
the treatment. Phases: A™/PI™ (viable cells); A*/PI™ (recent apopto-
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ATPI NG API® ATPI
(viable cells) (recent apoptosis) (late apoptosis) (necrosis)

sis); AT/PI* (late apoptosis); A™/PI* (necrosis). Data are plotted as
a percentage of cell viability, cell proliferation, or apoptosis phases
compared to non-treated cells. Results are expressed as mean+SEM
of three independent experiments performed in three (graphs a and
b) or two (graph c¢) technical replicates. One-way ANOVA, fol-
lowed by Dunnett’s multiple comparison test. *p <0.05, **p<0.01,
*#%p <0.001, and ****p <0.0001
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proliferation by 44.5+3.4% (p <0.0001), 28.2+4.5%
(p=0.0008), 36.8+3.9% (p<0.0001), 53.1+5.7%
(p<0.0001), and 74.1+1.8% (p <0.0001), respectively. In
contrast, cisplatin did not increase cell proliferation at any
time point (Supplementary Table S2). APT20TTMG exhib-
ited a concentration-dependent cytotoxic effect, with ICs,
decreasing from 62.3 uM to 6.8 uM and I, increasing from
31.4+3.1% to 71.9+7.2% over time. The sustained reduc-
tion in proliferation further indicates a cytostatic effect of
APT20TTMG in U-87 MG cells.

Regarding apoptosis, 0.5 uM and 1 uM APT20TTMG
significantly increased annexin V and propidium iodide posi-
tive cells (A*/PI* markers) by 100.3+16.2% (p=0.0170)
and 106.8 +24.5% (p=0.0123) (Fig. 1c) respectively, indi-
cating late apoptosis.

APT20TTMG exhibits antitumor activity in mice

Starting from day 16, both APT20TTMG and TMZ exhib-
ited significant antitumor activity in the s.c. xenograft study,
reducing the mean tumor volume by 46.5% (470.6 +67.6,
p=0.0102) and 47.0% (466.5 +72.3, p=0.0094) (Fig. 2a),
respectively, compared to the vehicle group. APT20TTMG
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Mean Tumor Volume (mm®)
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showed superior efficacy on days 20 (46.7% reduc-
tion; 640.9+129.1, p=0.0002) and 22 (42% reduction;
843.1+192.3, p<0.0001), whereas TMZ achieved its maxi-
mum inhibition on day 16, with reduced efficacy thereaf-
ter. On day 20, APT20TTMG reduced the tumor volume
ratio (tumor volume/growth inhibition) by 50.1% (6.4 + 1.3,
p=0.0016), compared to the vehicle group, outperforming
TMZ (43.5% reduction; 7.2 +2.0, p=0.0072) (Fig. 2b).
By day 22, APT20TTMG maintained a greater reduction
(43.5%; 8.6 +2.1, p=0.0010) than TMZ (33.1%; 10.2+2.8,
p=0.0170). Although TMZ also reduced the ratio on day
16 (4.6 +0.8, p=0.0388; vehicle: 9.0+ 1.4), APT20TTMG
exhibited higher maximum inhibition at the end of the evalu-
ation period (days 20 and 22).

Analysis of the area under the curve (AUC) for tumor
growth revealed that APT20TTMG and TMZ decreased the
total area by 41.3% (8244 + 1207, p=0.0214) and 38.6%
(86191292, p=0.0316) (Fig. 2c), respectively, compared
to the vehicle group. Although not statistically significant,
APT20TTMG showed a trend toward a 36.8% reduction
in tumor weight, while TMZ showed a 26.9% reduction
(Fig. 2d). Notably, APT20TTMG, but not TMZ, tended to
increase both absolute and relative body weights (Fig. 2e—f,
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Fig.2 APT20TTMG decreases tumor volume in a s.c. xenograft
glioblastoma model. U-87 MG tumors were implanted in experimen-
tal animals via s.c. Once the tumor reached approximately 100 mm?,
animals were divided into groups and treated with saline (5 ml/kg of
saline, i.v.), TMZ (5 mg/kg, p.o), or APT20TTMG (20 mg/kg, i.v.)
for 22 days. Tumor volume and body weight were measured twice a
week. a Mean tumor volume (mm?®) over time. b Tumor growth ratio
calculated as tumor volume at each time point relative to the initial
volume at day 0. ¢ Area under the curve (AUC) derived from tumor

volume over the treatment period. d Tumor weight at the end of treat-
ment. e Absolute body weight measured throughout the experiment.
f Relative body weight, expressed as percentage of the weight at the
start of treatment. Data are expressed as mean+SEM (n=_8/group).
Two-way ANOVA, followed by Tukey’s post hoc test (graphs a, b, d,
and e), and one-way ANOVA, followed by Dunnett’s multiple com-
parison test (graphs ¢ and f). *p<0.05, **p<0.01, ***p<0.001,
*HEEp <0.0001
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respectively), which may indicate a favorable tolerability
profile in treated animals.

APT20TTMG induces histopathological tumor
changes

Elevated Ki-67 levels in cancer cells indicate a poorly
differentiated and potentially more aggressive tumor.
Although no statistical differences were observed among
treated groups, APT20TTMG decreased Ki-67-positive
cells by 14.6% (7.7 + 1.4), when compared to the vehicle
group (9.1 +1.7) (Supplementary Fig. S2a). This effect was
comparable to TMZ, which reduced Ki-67-positive cells
by 17.5% (7.5 £ 1.1), indicating that APT20TTMG has a
proliferative index similar to the standard GBM treatment.
Moreover, tumors in the APT20TTMG and TMZ groups
exhibited fewer anaplastic features and cellular atypia, exten-
sive mixed-type infiltrate, and prominent central necrosis,
compared to the vehicle group (Supplementary Fig. S2b).
The nucleus-to-cytoplasm ratio (N:C), an indicator of
cellular dedifferentiation, was reduced by treatment with
APT20TTMG (Supplementary Fig. S3a and Supplementary
Fig. S4), with 50% of animals displaying a low ratio, 33.3%
intermediate, and 16.7% high. In contrast, TMZ-treated ani-
mals exhibited only intermediate ratios, while the vehicle

group showed 12.5% low, 50% intermediate, and 37.5% high
ratios. APT20TTMG also increased apoptosis (66.67% mild
and 33.33% moderate), compared to the vehicle (100% mild)
and TMZ (87.5% mild and 12.5% moderate) groups (Supple-
mentary Fig. S3b). The presence of prominent necrosis was
lower in the APT20TTMG group (66.7%) when compared
to TMZ (75%) and vehicle (87.5%) groups (Supplementary
Fig. S3c).

Less differentiated cells (more malignant) are less likely
to form a capsule, which reduces tumor migration and inva-
sion. APT20TTMG-treated animals had the highest capsule
formation (83.3%), compared to TMZ (75%) and vehicle
(37.5%) groups (Supplementary Fig. S3d). Angiogenesis
analysis revealed mild levels in 66.7% of APT20TTMG-
treated animals, unlike vehicle and TMZ groups, where only
37.5% showed mild angiogenesis (Supplementary Fig. S3e).
Differentiation assessment demonstrated that APT20TTMG-
treated animals were the only ones to present cells with
Grade 1 differentiation (16.7%), followed by 66.7% in Grade
2 and 16.7% in Grade 3 (Supplementary Fig. S3f). Vehicle
and TMZ groups only presented cells in Grade 2 (50% and
62.5%, respectively) and Grade 3 (50% and 37.5%, respec-
tively). Although APT20TTMG-treated animals exhibited
favorable distributions across these histopathological param-
eters, no statistical differences were observed.
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APT20TTMG in a s.c. xenograft glioblastoma model. U-87 MG
tumors were implanted in experimental animals via s.c. Once the
tumor reached approximately 100 mm?, animals were divided into
groups and treated with saline (5 ml/kg of saline, i.v.), TMZ (5 mg/
kg, p.o), or APT20TTMG (20 mg/kg, i.v.) for 22 days. In the end of
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cessed for the evaluation of oncogenic signaling pathways by ELISA.
a AKT. b GFAP. ¢ TAU. d cAMP. e NF-kB. f TGF-. Data are pre-
sented as individual values of protein quantification (ng/ml) (n=6/
group). One-way ANOVA, followed by Dunnett’s multiple compari-
son test. ¥p<0.01, **p <0.01, and ***p <0.001
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APT20TTMG decreases GBM biomarkers

To identify signaling pathways activated by APT20TTMG,
some biomarkers were analyzed in U-87 MG tumors.
APT20TTMG reduced AKT levels by 65% (0.9+0.1,
p=0.0012), compared to the vehicle group (2.5+0.4)
(Fig. 3a). A similar reduction was observed with TMZ
(74.6%; 0.6 £0.2), suggesting that APT20TTMG disrupts
cancer cell growth and survival by affecting AKT-regu-
lated cellular processes, such as proliferation and survival.
GFAP, a marker of glial tumors, was reduced by 33.9%
with APT20TTMG (11.5+1.0, p=0.0223) and by 50.8%
with TMZ (8.5 + 1.3, p=0.0013), compared to the vehicle
group (Fig. 3b). TAU levels were also significantly reduced
by APT20TTMG (19%; 30.9+2.1, p=0.0103) and TMZ
(27%; 27.8+1.3, p=0.0007) (Fig. 3c), supporting its role in
cancer progression. Although TMZ reduced cAMP by 36%
(52.7+5.6, p=0.0056), no statistically significant difference
was observed in the APT20TTMG group (20.8% reduction;
65.2+4.3) (Fig. 3d). Also, no significant changes were
observed in NF-kB and TGF-f levels for either treatment
(Fig. 3e—f, respectively). Overall, these findings suggest
that APT20TTMG affects classical GBM pathways (AKT),
and emerging mechanisms including microtubule alteration
(TAU) and astrogliosis (GFAP).

APT20TTMG, alone and in combination with TMZ,
stops tumor progression

A pilot xenograft study was conducted to evaluate a pos-
sible synergic effect between APT20TTMG and TMZ.
One day after the first attack dose (day 8) of the pilot
study, a significant reduction in tumor volume was
observed in the 20 mg/kg APT20TTMG + TMZ group
(43.1%; 218.4 +18.06, p=0.0215), compared to the vehi-
cle group (Fig. 4a). This reduction persisted on day 10
(46.5%; 265.3+17.2, p=0.0003). On this same day, sig-
nificant decreases were also observed in the 20 mg/kg
APT20TTMG (38.2%; 306.2 +25.4, p=0.0053) and 10 mg/
kg APT20TTMG + TMZ (34.9%; 322.8+23.7, p=0.0142)
groups, compared to the vehicle group. By day 12, reduc-
tions further improved to 48.1% (321.4+17.2, p<0.0001),
41.7% (360.7 +£27.5, p=0.0142), and 38.1% (383.1+31.6,
p<0.0001) in these groups, respectively. Additionally, the
10 mg/kg APT20TTMG group showed a 28.8% reduc-
tion (440.5+24.8, p=0.0104). These effects persisted
until day 22, with reductions of 63.4% (579.8 +39.7) for
20 mg/kg APT20TTMG +TMZ, 48.2% (817.4 +78.9) for
20 mg/kg APT20TTMG, 46.1% (851.2 +23.3) for 10 mg/
kg APT20TTMG + TMZ, and 30.0% (1104.8 +86.0) for
10 mg/kg APT20TTMG (p <0.0001 for all groups). Tumor
volume curves plateaued by day 26, except for the 10 mg/
kg APT20TTMG group, suggesting effective tumor growth

control with higher doses of APT20TTMG, alone or com-
bined with TMZ.

Regarding tumor growth ratio, on day 10, only the
20 mg/kg APT20TTMG + TMZ group showed a 44.5%
reduction (3.4+0.3, p=0.0182), compared to the vehi-
cle group (Fig. 4b). By day 12, reductions were 45.9%
(4.1+0.3, p=0.0008) for 20 mg/kg APT20TTMG +TMZ,
41.3% (4.5+0.3, p=0.0034) for 20 mg/kg APT20TTMG,
and 37.2% (4.8+0.4, p=0.0118) for 10 mg/kg
APT20TTMG + TMZ group. By day 15, the tumor growth
ratio decreased further, showing reductions of 52.7%
(5.4+0.5, p<0.0001) for 20 mg/kg APT20TTMG +TMZ,
48.2% (5.9+0.3, p<0.0001) for 20 mg/kg
APT20TTMG, 42% (6.6 +0.6, p <0.0001) for 10 mg/kg
APT20TTMG +TMZ, and 30.8% (7.9 +0.8, p=0.0007) for
10 mg/kg APT20TTMG. These effects persisted until day
22, with reductions of 61.6% (7.4 +0.7), 48.1% (10.0+0.7),
433% (11.0+1.4), and 28.7% (13.8 = 1.0), respectively
(» <0.0001 for all groups). The AUC and tumor weight
data (Fig. 4c—d, respectively) further supported these find-
ings. The 20 mg/kg APT20TTMG 4+ TMZ and 10 mg/kg
APT20TTMG + TMZ groups showed AUC reductions of
52.7% (6733 +282.5, p <0.0001) and 39.8% (8572 +309.2,
p <0.0001), respectively, and tumor weight reductions of
53% (520.00 +20.5, p<0.0001) and 31.9% (754.3 +£25.5,
p=0.0007), respectively, compared to the vehicle group
(AUC: 14,252 +650; tumor weight: 1107.4 +48.7).
Alone, both doses reduced AUC by 43.4% (8060 +444.5,
p<0.0001) and 28.4% (10,199 +394.6, p <0.0001) and
tumor weight by 46.7% (589.7 +£40.0, p <0.0001) and
22.3% (860.3 +£57.5, p=0.0112), respectively. No changes
in body weight (Fig. 4e—f) or clinical signs were observed.
Therefore, APT20TTMG, particularly at 20 mg/kg alone
or combined with TMZ, demonstrated significant effects in
reducing tumor volume and growth in the xenograft model.

Discussion

This study proposes that APT20TTMG, a novel synthetic
cDNA, exhibits an effective mechanism against GBM. We
have previously demonstrated the therapeutic correction of
the U1 snRNP complex by APT20TTMG [20]. As the spli-
ceosome machinery has been demonstrated to be altered in
GBM [16], APT20TTMG represents a potential therapeutic
strategy, although further studies are required to evaluate its
efficacy and safety.

As previously described [20], to achieve its mecha-
nism of action, APT20TTMG was specifically designed
to contain a sequence complementary to highly conserved
regions at exon—intron donor splicing sites in pre-mRNAs.
It also features a secondary structure and chemical modifi-
cations that facilitate interactions with U1-C and U1-70K
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proteins, modulating their distance, position, and behavior to
ensure proper snRNP assembly. Upon entering the nucleus,
APT20TTMG binds to the donor splicing sites, effectively
displacing the RNA-binding domain of Ul snRNA. This
interaction, along with the attraction of U1 snRNPs, ensures
correct positioning and initiation of splicing, even under
pathological conditions.
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The assembly of the Ul snRNP complex, regulated by
U1-70K, controls the availability of Sm proteins, which are
shared among spliceosome snRNPs, thereby influencing the
cellular snRNP repertoire [18]. Elevated levels of SmG, an
Sm protein, have been associated with TMZ resistance and
the regulation of p53 and Myc pathways, which are critical
for cell cycle progression in GBM [16]. SmG availability,
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«Fig.4 The combination of APT20TTMG with TMZ has enhanced
antitumoral activity in a pilot s.c. xenograft glioblastoma model
study. U-87 MG tumors were implanted in experimental animals
via s.c. Once the tumor reached approximately 100 mm?®, animals
were divided into groups and treated with saline (5 ml/kg of saline,
i.v.), APT20TTMG (10 or 20 mg/kg, i.v.), or APT20TTMG (10 or
20 mg/kg, i.v.)+TMZ (5 mg/kg, p.o) for 30 days. During the first
seven days and the last seven days, animals received a daily attack
dose of APT20TTMG. From days eight to 21, animals received a
regular dose of APT20TTMG every three days. Tumor volume was
measured twice a week, and body weight and clinical signs were
measured daily. All the vehicle animals and three animals from each
treatment group were euthanized on the 22nd day, and the remaining
animals continued in the study until the 30th day. a Mean tumor vol-
ume (mm?) over time. b Tumor growth ratio calculated as tumor vol-
ume at each time point relative to the initial volume at day 0. ¢ Area
under the curve (AUC) derived from tumor volume over the treatment
period. d Tumor weight at the end of treatment. e Absolute body
weight measured throughout the experiment. f Relative body weight,
expressed as percentage of the weight at the start of treatment. Data
are expressed as mean+SEM (n=3-5/group). Two-way ANOVA,
followed by Tukey’s post hoc test (graphs a, b, e, and f), and one-
way ANOVA, followed by Tukey’s post hoc test (graphs ¢ and d).
*p<0.05, #p <0.01, **¥*p <0.001, and ****p <0.0001

regulated by Ul snRNP assembly, may also play a key role
in GBM physiopathology and therapy resistance. By pro-
moting proper Ul snRNP assembly [20], APT20TTMG pre-
vents premature polyadenylation of pre-mRNAs and may
positively influence SmG availability, leading to cell cycle
arrest.

The cellular uptake of molecules similar to APT20TTMG,
such as aptamers and oligonucleotides, typically involves
initial adsorption followed by endocytic pathways [21-23].
Rapidly growing cells exhibit higher oligonucleotide uptake
efficiency compared to slow-growing cells [24], which may
explain the increased APT20TTMG internalization of 63.6%
at 6 h. This efficient and sustained internalization is crucial
for the beneficial effects demonstrated in this study. These
effects include APT20TTMG’s ability to induce cell death
and suppress proliferation in U-87 MG, highlighting its
potential for controlled cancer growth inhibition.

Xenograft models effectively simulate human tumor
progression [25]. U-87 MG cells, known to be more
sensitive to TMZ [26], are one of the most extensively
characterized and widely used GBM cell lines. They offer
significant advantages, including the ability to perform
direct comparisons across studies and enhance experi-
mental reproducibility. Their well-defined characteris-
tics also facilitate reliable in vitro assays and subsequent
in vivo validations, making them a robust tool for pre-
clinical research [27]. We observed that APT20TTMG
was more effective than TMZ in decreasing tumor vol-
ume and promoting weight gain. Considering that GBM
patients frequently experience weight loss as a conse-
quence of the heterogeneous tumor metabolism [28,
29], APT20TTMG could also play a role in metabolic

regulation. Additionally, the reduction in tumor volume
aligns with APT20TTMG’s ability to induce apoptosis in
U-87 MG cells, a critical feature of cancer therapy that
promotes targeted cell death with minimal tissue damage
[30]. This apoptotic effect probably involves phosphati-
dylserine translocation, triggering downstream apoptotic
pathways and membrane permeabilization, further contrib-
uting to tumor suppression [31].

Combination therapies often enhance outcomes by
leveraging complementary mechanisms. The beneficial
effects observed with 10 or 20 mg/kg APT20TTMG com-
bined with TMZ suggest improved antitumor activity. This
may be attributed to APT20TTMG's ability to restore Ul
snRNP function and normalize SmG availability [20],
potentially overcoming TMZ resistance and pS3 and Myc
pathways [16]. Further studies are needed to fully explore
these benefits and optimize this combination.

Moreover, treatment with APT20TTMG reduced key
biomarkers associated with GBM: AKT, which promotes
tumor survival [32], GFAP, elevated in reactive astroglio-
sis and linked to pro-tumor effects [33, 34], and TAU,
implicated in cancer through its role in p53 regulation and
DNA repair and decreased cell motility and migration of
U-87 MG cells [35-37]. The reduction of AKT, GFAP, and
TAU by APT20TTMG, comparable to TMZ, suggests it
may mitigate reactive astrogliosis, counteract the immu-
nosuppressive environment, and inhibit cell proliferation.
While the significant reduction of these biomarkers is con-
sistent with our proposed U1 snRNP-mediated mechanism
based on prior mechanistic studies, they represent correla-
tive evidence rather than proof of direct causality between
APT20TTMG’s splicing modulation and specific protein
reduction. Future studies involving APT20TTMG’s effects
on Ul snRNP function and subsequent splicing altera-
tions in GBM cells are needed to establish a direct causal
relationship.

In conclusion, APT20TTMG represents a promising
therapeutic candidate for GBM due to its unique mecha-
nism of modulating pre-mRNA splicing and suppressing
premature polyadenylation. Preliminary studies suggest that
APT20TTMG exhibits a high degree of specificity in its
mechanism of action, with no off-target effects observed so
far. However, further comprehensive studies are essential to
rigorously evaluate its selectivity and potential toxicities,
given the ubiquitous role of Ul snRNP in mRNA process-
ing. Such investigations should be performed in more com-
plex and clinically relevant models, such as patient-derived
cell lines and orthotopic GBM models that more accurately
recapitulate the tumor microenvironment, genetic heteroge-
neity, and therapeutic resistance observed in humans. These
additional studies will be critical to confirm the absence of
off-target activity and to ensure the safety and efficacy of
APT20TTMG before advancing to clinical development.
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