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Abstract

Introduction: ~ The  PI3K/AKT/mTOR Adirucd EGER KKreseons
signaling pathway plays a significant role in | cmn= W

the development of T-cell acute lymphoblastic e /I\. ~

leukemia (T-ALL). Rapamycin is a potential
therapeutic  strategy for hematological

malignancies due to its ability to suppress miR3152

mTOR activity. Additionally, microRNAs W<:
(miRNAs) have emerged as key regulators | .. _—

in T-ALL pathophysiology and treatment. D protin N
This study aimed to investigate the combined ~ |

CellProgressionand Invasion

effects of rapamycin and miRNAs in
inhibiting the PI3K/AKT/mTOR pathway in
T-ALL cells.

Methods: Bioinformatic algorithms were used to find miRNAs that inhibit the PI3K/AKT/mTOR
pathway. Twenty-five bone marrow samples were collected from T-ALL patients, alongside
five control bone marrow samples from non-leukemia patients. The Jurkat cell line was chosen
as a representative model for T-ALL. Gene and miRNA expression levels were assessed using
quantitative real-time PCR (qRT-PCR). Two miRNAs exhibiting down-regulation in both clinical
samples and Jurkat cells were transfected to the Jurkat cell line to investigate their impact on target
gene expression. Furthermore, in order to evaluate the potential of combination therapy involving
miRNAs and rapamycin, apoptosis and cell cycle assays were carried out.

Results: Six miRNAs (miR-3143, miR-3182, miR-99a/100, miR-155, miR-576-5p, and miR-
501-3p) were predicted as inhibitors of PI3K/AKT/mTOR pathway. The expression analysis of
both clinical samples and the Jurkat cell line revealed a simultaneous downregulation of miR-
3143 and miR-3182. Transfection investigation demonstrated that the exogenous overexpression
of miR-3143 and miR-3182 can effectively inhibit PI3K/AKT/mTOR signaling in the Jurkat cell
line. Moreover, when used as a dual inhibitor along with rapamycin, miR-3143 and miR-3182
significantly increased apoptosis and caused cell cycle arrest in the Jurkat cell line.

Conclusion: These preliminary results highlight the potential for improving T-ALL treatment
through multi-targeted therapeutic strategies involving rapamycin and miR-3143/miR-3182.
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Introduction
T-cell acute lymphoblastic leukemia (T-ALL) diagnosis
and treatment have made considerable strides, but those
who have refractory or recurrent leukemia, still face
negative side effects and poor prognosis."” Defective
maturation processes are linked to differentiation arrest,
hyper-proliferation, and accumulation of leukemia cells
in the bone marrow and extra-medullary locations.?
Anemia, granulocytopenia, thrombocytopenia, and the
suppression of physiologic hematopoiesis are among
the clinical complications of this type of malignancy.*®
The current standard of care for pediatric instances is
combination chemotherapy; however, these powerful
therapies frequently result in protracted side effects over
time.°

The interaction between oncogenic signals and T
cell growth signals is the most conspicuous feature of
T-ALL. The proliferation of T cell progenitors is primarily
controlled by the phosphatidyl 3-kinase (PI3K)/AKT/
mammalian target of rapamycin (mTOR) signaling
pathway, which plays a vital role in hematopoiesis.” As
thymocytes develop, NOTCHI activates the PI3K/AKT/
mTOR signaling pathway to regulate cell growth and
proliferation.”® In more than 60% of T-ALL cases, gain-
of-function (oncogenic) mutations activates NOTCH1,
which results in the expansion, proliferation, and self-
renewal of T cells through binding to the distal enhancer
region of MYC and activating the PI3K/AKT/mTOR
pathways in a feed-forward loop.”!" Furthermore, PTEN
inhibition by NOTCHI1 promotes the development of
T-ALL by preventing the activation of AKT signaling."

The inhibition of PI3K/AKT/mTOR signaling has
been shown to be effective in reducing the proliferation
of T-ALL cells in vitro and increasing the survival rate of
most T-ALL patients with activated NOTCHI1 pathway."
Research on clinical models and trials has demonstrated
the anti-cancer properties of rapamycin, one of the mTOR
inhibitors currently available." Molecular studies have
revealed that rapamycin can induce G1 arrest and reduce
S-phase entry in T-ALL cell lines, as well as decreasing
cell proliferation and downregulating Cyclin D3
expression.'>' Rapamycin may have limited anticancer
effect as a monotherapy, while studies suggest that it can
be highly beneficial in combination with other therapies,
such as miRNA.'”'8

Research  has consistently demonstrated that
microRNAs (miRNAs) play a critical role in the initiation
and development of cancer."”® The fact that more than
half of miRNA genes are located in "fragile sites" or
genomic regions associated with cancer, indicates their
profound stimulatory and inhibitory effects on tumors."
Transferring mimic or inhibitory miRNAs, which are
based on the manipulation of miRNA function, is one of
the currently known treatment strategies for cancer.”*

The effect of combination therapy strategies using
rapamycin concurrently with PI3K/AKT/mTOR signaling

pathway-inhibiting miRNAs in apoptosis induction in
NOTCHI1 overexpressed T-ALL cells was investigated in
this study.

Materials and Methods

Bioinformatic analysis to predict miRNAs targeting main
genes of mTOR signaling pathway

Utilizing bioinformatic tools, we predicted miRNAs that
potentially target the mTOR signaling pathway in T-ALL.
Initially, expression data on T-ALL was retrieved from
the Gene Expression Omnibus (GEO) database, with
the accession number GSE225751. GEO2R analysis was
employed to identify the expression of mTOR, PI3K,
AKT, and S6KB1 mRNAs after Everolimus® (a rapamycin
analog) treatment of Jurkat cells. The TargetScan was used
for initial miRNA target prediction, followed by the use of
DIANA tools,? miRanda,” and miRWalk.” Ultimately, the
most frequently predicted miRNAs in different tools with
the highest scores were investigated in target validated
tools like MiRTarBase.”

Primer design

To evaluate the expression of target genes (mTOR, PI3K,
AKT, S6KB1) and candidate miRNAs ( miR-99a/100, miR-
501-3p, miR-576-5p, miR-155, miR-3143, and miR-3182),
the primers were designed using the Allele ID 7.0 and
Oligo7 * software . The sequences of primer

pairs are shown in Table 1.

Literature reviews showed that the activation of the
PI3K/AKT/mTOR pathways is a consequence of NOTCH1
over-activation. Twenty-five bone marrow samples of
patients diagnosed with T-ALL were obtained from
Peyvand Laboratory in Tehran, Iran. Informed consent was
obtained from all the patients to participate in this study.
The diagnosis of T-ALL was confirmed via combination
of immuno-phenotyping, immuno-cytogenetic analysis,
and cellular morphology. None of the patients had
undergone chemotherapy or radiation therapy prior to
sampling. The expression of NOTCHI1 was investigated in
clinical samples, and finally, 15 out of 25 samples that were
confirmed to be NOTCH]1overexpressed were recruited
for further analysis. Five control bone marrow samples
from non-leukemia patients were also provided.

RNA extraction, cDNA synthesis, and quantitative
RT-PCR for miRNAs and their target genes expression
analysis

To investigate the expression of miRNAs and target genes,
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific,
Inc., USA) was used to extract total RNA in accordance with
the manufacturer's instructions. The spectrophotometer
(MaestroNano Pro, Hong Kong) was employed to evaluate
the quality and quantity of RNA. Reverse transcription kit
(Thermo Fisher Scientific, USA) was used to create cDNA
in accordance with the manufacturer's instructions. Stem-
loop based cDNA synthesis kit for miRNAs" expression
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Table 1. The sequences of primer-set in this study

miRNAs Forward sequence (5’ = 3')
miR-99a/100 CGCAACCCGTAGATCCGAA
miR-501-3p CAATGCACCCGGGCAAG
miR-576-5p GACCGCATTCTAATTTCTCCAC
miR-155 GCCGTTAATGCTAATCGTGATAG
miR-3143 CATAGCACGCGGGCTAG
miR-3182 GACCGGATTACATTCTATAGGC
ue AAGGATGACACGCAAATTC
Universal reverse primer GACGTGGGACGGAGGT

Genes Forward sequence (5’ - 3’) Reverse sequence (5’ - 3’)
NOTCH1 CGAGCGGCCCTACGTG GTACAGTACTGACCTGTCCAC
AKT TGAGGAGCGGGAGGAGTG GAGGATCTTCATGGCGTAGTAGC
PI3K CCACGACCATCATCAGGTGAA CCTCACGGAGGCATTCTAAAGT
mTOR CAATGCTATGGAGGTTACAGG ATCGCTTGTTGCCTTTGG

S6KB1 CTTCCGAGACAGGGAAGCTG TCACAATGTTCCATGCCAAGTT
ACTB (B-Actin) CTTCCTTCCTTCCTGGGCATG GTCTTTGCGGATGTCCAC

UB: Housekeeping non-coding RNA, ACTB (B-actin): housekeeping gene.

analysis was purchased from AnaCell company (Tehran,
Iran) and applied as previously described.”® Quantitative
real-time PCR (qRT-PCR) was carried out to evaluate
gene expression using SYBR Green-based method in
StepOne™ instrument (ABI, USA). U6 and B-actin served
as internal controls for miRNA and gene expression
analyses, respectively. The relative expression levels of
genes and miRNAs were calculated using comparative
threshold cycles (AACt).

Cell culture

Jurkat cells (T-cell acute lymphoblastic leukemia cell
lines) carrying early activating mutations in NOTCH1%
was acquired from the Iranian Biological Resource
Center in Tehran, Iran. The cells were cultured in RPMI-
1640 medium (PAN biotech, Germany), supplemented
with 10% fetal bovine serum (Gibco, USA), at 37 °C in
a humidified atmosphere containing 5% carbon dioxide.

Evaluating the inhibitory concentration (IC50) of
rapamycin in Jurkat cells using MTT assay

To evaluate the IC50 of rapamycin in Jurkat cells, the
cells were seeded (50000 cells/well) in 96 well plates
and treated with the increasing concentrations of
rapamycin for 24, 48, and 72 hours (10, 20, 40, 60, and
80 uM). After the treatment period, 100 pL of MTT dye
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide, Sigma, USA) was added to each well. The plates
were incubated in the dark for 4 hours to allow formazan
crystal formation. Then, 100 pL of dimethyl sulfoxide
(DMSO, Sigma, USA) was added to dissolve the formazan
crystals. Finally, the absorbance of the solution was

measured using a plate reader at 570 nm, with a reference
wavelength of 630 nm.

Transfection of FAM-labeled scramble into the Jurkat
cells

To achieve the best transfection efficiency in Jurkat cells,
which are difficult to transfect, FAM-labeled control
(Scramble) was obtained from EXIQON (Denmark).
Jurkat cells were cultured in 6-well plates with a cell density
of 250000 per well and then incubated at 37 °C. These
cells were subsequently transfected with 50 nM of FAM-
labeled Scramble using TurboFect™ transfection reagent
(Thermo Fisher, USA) for 48 hours. The effectiveness
of oligo transfection was confirmed by examining the
cells using a Nikon TE2000 fluorescent microscope 48
hours after the procedure. To further ensure transfection
efficiency, FAM-labeled cells were counted using a flow
cytometer (Beckman Coulter Inc. USA). The transfection
protocol followed specific guidelines, and all subsequent
tests were conducted under the same conditions for
consistency.

microRNAs transfection and rapamycin treatment

MiR-3143 and miR-3182 mimics were purchased from
EXIQON (Denmark), and utilized to evaluate miRNAS’
effects on cellular response. Two groups were transfected
with each mimic using TurboFect™ for 48 hours at a
concentration of 50 nM. To investigate the impact of
rapamycin on the cells, one group was subjected to
rapamycin treatment alone at its IC50 concentration,
another two groups received the same treatment procedure
while being transfected with each mimic, whereas the
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other group received a combination of all three drugs.
Finally, a control group was included that underwent
identical conditions to the experimental groups without
any treatment.

Rapamycin and miRNAS’ effects on apoptosis of Jurkat
cells

To evaluate the effect of rapamycin treatment and
miRNAs on cell apoptosis, the proportion of cells that
remained alive following the intended treatment was
indicated by staining the cells with Annexin V-FITC (BD
Biosciences, Bedford, MA, USA). The assay relies on the
ability of Annexin V, a calcium-dependent phospholipid-
binding protein, to bind specifically to phosphatidylserine
(PS) that is exposed on the outer surface of the plasma
membrane during early stages of apoptosis. The assay
involves incubating the cells with Annexin V-FITC and a
vital dye such as propidium iodide (PI) that stains necrotic
cells. The cells are then analyzed by flow cytometry to
determine the proportion of Annexin V-positive cells,
which are considered apoptotic, and PI-positive cells,
which are considered necrotic.

Rapamycin and miRNAs’ effects on cell cycle of Jurkat
cells

To evaluate the effect of rapamycin treatment and
miRNAs on the cell progression, cell cycle assay was
performed. This assay facilitates the identification of
alterations in DNA content that occur during G1, S, G2,
and M phases of cell cycle. Propidium iodide (PI) dye
(BD Biosciences, Bedford, Massachusetts, United States)
binds to DNA without sequence specificity. In cell cycle
analysis, PI is added to cells subsequent to their fixation
and permeabilization, and the resulting fluorescence
intensity is directly proportional to the amount of DNA
present in each cell.

Statistical analyses

All tests were done in duplicate, and findings were
presented as the mean standard deviation. ANOVA and
Student’s t-test were utilized to compare the groups with
normally-distributed data. GraphPad Prism software was
utilized for the statistical analysis (Prism application,
GraphPad Software, San Diego, CA.). Statistical
significance was defined as P<0.05.

Results

Selection of candidate miRNAs

GEO2R analysis of GSE225751 showed that the main
genes of mTOR signaling pathway were downregulated
after Everolimus treatment. Using prediction methods,
the miRNAs which target the 3'-UTR of PI3K, Akt
mTOR, and S6KB1 mRNAs were retrieved; finally, the
six miRNAs with the highest scores, highest number of
repetitions, and highest number of predictions across
multiple databases were chosen and listed in Table 2.

Table 2. Candidate miRNAs and their target genes from PI3BK/AKT/mTOR pathway

SUmMm

miRNAMap MirZ

TarBase miRTarBase

PicTar

miRSearch miRWalk DIANA-microT

microCosm microPIR miRDB

Target gene TargetScan miRanda

miRNA

mTOR 0

miR-99a/100

1

mTOR

miR-3182

0

S6Kb1

miR-155

1

S6Kb1

miR-3182

1

PIK3CA

miR-3143

PI3K

miR-576-5p

AKT

miR-3143

AKT

miR-501-3p

Interaction was indicated by a score of 1 and its absence by a score of 0. The SUM displays the total number of prediction/validation of miRNA: mRNA interactions in thirteen bioinformatic tools.
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All putative miRNAs contain at least one binding site on
the 3'-UTR of their respective mRNA, as determined by
bioinformatics and sequence alignment analyses.

Selection of NOTCH1I-overexpressed clinical samples
The PI3K/AKT/mTOR pathway is activated by mutant
NOTCHI1, which promotes leukemia cell growth and
proliferation. To investigate this further, we recruited
15 clinical samples with NOTCHI1-overexpression from
a total of 25 T-ALL samples. The expression levels of
selected candidate miRNAs were evaluated in these
samples to determine their potential roles in modulating
the downstream effects of NOTCH]1 overexpression.

Declined expression of miR-3143 and miR-3182 in
NOTCH]1-overexpressed T-ALL samples
TheexpressionlevelsofmiR-155,miR-576-5p,miR-501-3p,
miR-3143, miR-3182, and miR-99a/100 were investigated
in 15 NOTCH1-overexpressed clinical samples compared
with healthy samples. The results showed a significant
decrease in the expression of miR-3143, miR-3182, and
miR-501-3p by approximately a thousand-fold when
compared to the control group (****P<0.0001) (Fig. 1B).
These findings suggest potential roles for these miRNAs
in regulating the downstream effects of mutant NOTCH1
and warrant further investigation into their therapeutic
potential for leukemia treatment.

Loss of miR-3143 and miR-3182 in T-ALL cell line (Jurkat
cells)

The expression pattern of miR-155, miR-576-5p, miR-
501-3p, miR-3143, miR-3182, and miR-99a/100 in T-ALL
cell line were confirmed against healthy controls. As
shown in Fig. 1B, miR-3143, miR-3182, and miR-501-3p
exhibited a significant decrease in expression levels by
almost a thousand-fold when compared to the normal
control (****P<0.0001). Notably, this expression pattern
closely resembled their expression levels in clinical
samples (Fig. 1A), suggesting potential roles for these
miRNAs in leukemia development. Due to their ability to
target and regulate multiple key genes in the PI3K/AKT/
mTOR pathway, which is activated by mutant NOTCH1
and plays a critical role in leukemia cell growth and
proliferation, miR-3143 and miR-3182 were chosen for
transfection analysis.

Overexpression of PI3K, AKT, mTOR, S6KBI genes by
QRT-PCR in Jurkat cell line

Relative expression levels of target genes (PI3K, AKT,
mTOR, and S6KBI) in Jurkat cells were compared with
those of healthy control samples. The results obtained
from qRT-PCR analysis showed a significant increase in
the expression levels of PI3K, AKT, and mTOR genes in
the Jurkat cell line when compared to the normal controls
(*P <0.05) (Fig. 2).

(A) 100+
= 10+
—
s&
25
ss
=3
o N
o=
> | 0.1+
S
& Z 0014
0.001
0.0001
15 T-ALL clinical samples
100+
(B) .
0 T
5 [ Jran— . - —|—
z = 1
28
£ %
o= 01
S=
E £ oot
0.001 T T T T T T
> 4 R $ R P
q},\u q?.@ @,\i‘a & 0\.\0 é\é” lg‘;&a
K . § < $
& & & & & <

Jurkat cell line

Fig. 1. (A) Expression of miR-155, miR-576-5p, miR-501-3p, miR-3143,
miR-3182, miR-99a/100 in 15 NOTCH1 overexpressed T-ALL clinical
samples. The expression of miR-3143, miR-3182 and miR-501-3p showed
a significant decrease in comparison with healthy normal samples by
about a thousand-fold (****P<0.0001). Two independent experiments
were performed in duplicates (n=2). (B) Expression of miR-155, miR-576-
5p, miR-501-3p, miR-3143, miR-3182, miR-99a/100 in Jurkat cells. The
expression of miR-3143, miR-3182, and miR-501-3p indicated a significant
decrease compared to healthy normal samples (**** P<0.0001). Three
independent experiments were performed in triplicates (n=3).

Anti-proliferative effect of rapamycin on Jurkat cells
Jurkat cells were treated with varying concentrations of
rapamycin (5-80 uM) for 24, 48, or 72 hours, and cell
viability was assessed using the MTT assay. The results
showed that after exposure to rapamycin, the viability of
Jurkat cells was significantly reduced in a dose- and time-
dependent manner (Fig. 3A). Notably, after 48 hours of
treatment, the concentration of rapamycin at 13 uM had a
50% inhibitory effect, resulting in the calculation of 13 uM
as the IC50 of rapamycin (Fig. 3B and 4C). Accordingly,
this concentration was chosen for further investigations.
To ensure the accuracy and reliability of our findings, we
conducted two independent experiments in quadruplicate
(n=2).

Efficient transfection of oligos into Jurkat cells using
TurboFect™ reagent
Jurkat cells were transfected with 50 nM of FAM-labeled

Biolmpacts. 2024;14(4):28870 |5
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Fig. 2. Expression of PI3K, AKT, mTOR, and S6KB1 genes in Jurkat cells.
The expression of PI3K, AKT, mTOR, and S6KB1 genes in Jurkat cells
indicated a significant increase compared to control samples (*P<0.05).
Three independent experiments were done in triplicates (n=3).
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Fig. 3. (A) MTT assay on Jurkat cells showed that the viability of Jurkat
cells was significantly reduced after exposure to rapamycin in a dose-
and time-dependent manner. (B) The colorimetric assays indicated that
rapamycin with a concentration of 13 pM can inhibit cell proliferation by
50% (IC50) 48 hours after treatment. Two independent experiments were
done in quadruplicates (n=2).

Scramble using TurboFect™ transfection reagent (Thermo
Fisher, USA). The effectiveness of the transfection was
assessed by examining the cells under a fluorescent
microscope. The results showed that the majority of cells
exhibited a luminous color, indicating successful entry of
Scramble into the cells (Fig. 4A). To further confirm the
transfection efficiency, flow cytometry was performed to
determine the exact number of FAM-labeled (transfected)
cells. The data revealed that more than 75% of Jurkat
cells were successfully transfected with FAM-labeled
Scramble (Fig. 4B). It should be noted that transfection
of suspension cells can be a challenging and inefficient
process; fortunately, our optimized transfection procedure
was able to achieve a notably high transfection rate.

Combination of miR-3143, miR-3182 and rapamycin
significantly promotes Jurkat cell apoptosis

In this study, the induction of apoptosis was investigated
using flow cytometric analysis of Annexin V-fluorescein-
isothiocyanate-stained cells (Fig. 5A-5G). Following
treatment with rapamycin at a concentration of 13
uM for 48 hours, there was a significant increase in the
proportion of late apoptotic cells as observed in the upper
right quadrant of the flow cytometry plot (Fig. 5D). These
tindings suggest that rapamycin has the ability to trigger
cellular apoptosis. Moreover, when miR-3143 and miR-
3182 were combined with rapamycin and transfected into
Jurkat cells, the same increase in apoptosis was observed
compared to other study groups and the percentage of
apoptotic cells reached approximately 60%, which is
notably higher than the control (**P<0.0001) (Fig. 5G).
Overall, these data suggest that the combination of miR-
3143, miR-3182, and rapamycin can effectively induce
apoptosis in Jurkat cells.

Combination of miR-3143, miR-3182, and rapamycin
induces cell cycle arrest in Jurkat cells

The present study utilized flow cytometry to evaluate
cell cycle indices and establish the precise mechanism
by which rapamycin and miRNAs inhibit cell viability.
The obtained results, as shown in Fig. 6A, indicate that
rapamycin therapy induced cell cycle arrest at the GO/G1
phase and prevented entryinto the S phase when compared
to the control group. Similarly, miR-3143, miR-3182, and
rapamycin group significantly induced cell cycle arrest at
the GO/G1 phase (*P < 0.05). These findings suggest that
the combination of miR-3143, miR-3182, and rapamycin
may cause cell cycle arrest by regulating the expression
of key proteins involved in the regulation of G0/G1
phase in cells. As illustrated in Fig. 6B, relevant statistical
comparisons are provided to support these observations.

PI3K, AKT, mTOR, S6KBI1 gene expression significantly
decreased in Jurkat cells transfected with miR-3143,
miR-3182 mimic and rapamycin

The study groups, including Jurkat cells transfected with
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Fig. 4. (A) Establishment of transient transfection into the Jurkat cell line. To validate the transfection efficacy, cells were transfected with FAM-labeled
Scramble and examined under a fluorescent microscope 48 hours post transfection applying TurboFect™. According to the observations, high percentage of
Jurkat cells were FAM-labeled 48 hours after treatment. (B) Counting the FAM-labeled cells (FL1-H+: transfected cells) using flow cytometer in un-transfected
cells (negative control, the number is below 1 that shows no transfection); (C) Counting the FAM-labeled cells (FL1-H+: transfected cells) using flow cytometer
showed that more than 75% of Jurkat cells were transfected with FAM-labeled Scramble.

miR-3143 mimic, Jurkat cells transfected with miR-
3182, Jurkat cells transfected with rapamycin, Jurkat cells
transfected with miR-3143 mimic plus rapamycin, Jurkat
cells transfected with miR-3182 mimic, and Jurkat cells
transfected with miR-3143 and miR-3182 plus rapamycin
underwent qRT-PCR analysis of PI3K, AKT, mTOR, and
S6KBI1. TurboFect™ reagent was utilized to transfect
miR-3143, miR-3182, and their respective combinations
into Jurkat cells. The results indicated that the miR-3143
mimic-transfected group showed a significant reduction
in the expression levels of PI3K, AKT, mTOR, and
S6KB1 (****P<0.0001) compared to non-transfected
Jurkat cells (Fig. 7A). In contrast, the miR-3182 mimic
group only exhibited decreased expression levels of
mTOR and S6KB1 compared to non-transfected Jurkat
cells (***P<0.001) (Fig. 7B). Rapamycin was applied to
regulate the expression levels of the mTOR gene and its
downstream signaling pathway in Jurkat cells. The results
showed a considerable decrease in mTOR expression
(****P <0.0001) and a significant increase in PI3K and
S6KB1 gene expression (**P <0.01) in the rapamycin-
treated group (Fig. 7C). The results also revealed a
significant decrease in these genes' expression levels in
the group that received both rapamycin and miR-3143

(P<0.001, P<0.0001) compared to the control group
(Fig. 7D). Similar findings were observed in the group
that received miR-3182 plus rapamycin (Fig. 7E). It is
noteworthy that the combined treatment with miR-3143,
miR-3182, and rapamycin resulted in a greater reduction
in the expression levels of the target genes compared to
the groups that received rapamycin or any of the miRNAs
alone (P<0.0001) (Fig. 7F).

Discussion

The PI3K/Akt/mTOR signaling pathway has been found
to play a crucial role in the pathogenesis of T-ALL by
promoting cell proliferation, survival, and resistance to
chemotherapy. Rapamycin is a potent mTOR inhibitor
that has been extensively studied for its effects on
T-ALL cell lines. Studies have shown that rapamycin
can induce cell cycle arrest and apoptosis in T-ALL cells
by inhibiting downstream effectors of the PI3K/Akt/
mTOR pathway, including p70S6 kinase and 4E-BP1.%
Other studies have reported that rapamycin can sensitize
T-ALL cells to conventional chemotherapeutic agents by
enhancing their cytotoxic effects. Several clinical trials
have employed this approach, with rapamycin undergone
a clinical trial for patients with advanced acute leukemia
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Fig. 5. Apoptosis assay in seven different study groups: (A) Non-transfected Jurkat cells, (B) Jurkat cells transfected with miR-3143 mimic, (C) Jurkat cells
transfected with miR-3182, (D) Jurkat cells transfected with rapamycin(IC50=13uM), (E) Jurkat cells transfected with miR-3143 mimic plus rapamycin, (F)
Jurkat cells transfected with miR-3182 mimic plus rapamycin, and (G) Jurkat cells transfected with miR-3143 and miR-3182 plus rapamycin. Our results
indicated that the group treated with rapamycin showed a significant increase in apoptosis in the Jurkat cell line (**P<0.0001). This pattern was also observed
in the groups treated with miR-3143 plus rapamycin, miR-3182 plus rapamycin, and miR-3143 and miR-3182 plus rapamycin (**P<0.0001). The statistical
data presented in this graph represent the findings from two independent experiments(n=2).

(NCT00874562).2*3t MicroRNAs (miRNAs) are small
non-coding RNAs that regulate gene expression at the
post-transcriptional level. Several miRNAs have been
identified as regulators of the PI3K/Akt/mTOR pathway
in T-ALL**** Combination therapy using miRNAs and
rapamycin has been explored as a potential approach to
enhance the therapeutic efficacy of mTOR inhibitors
in T-ALL. For example, a study, investigating the use of
doxorubicin and miR-34a as a combination therapy for
T-ALL, showed that the combination of doxorubicin
with miR-34a led to a significant decrease in cell

viability compared to either agent alone.”® By targeting
multiple components of the PI3K/Akt/mTOR pathway,
combination therapy may be more effective and overcome
drug resistance. The present study aimed to investigate the
potential cytotoxic effects of rapamycin and PI3K/AKT/
mTOR inhibitory miRNAs, alone or in combination,
against NOTCH]1-driven T-ALL. Through the use of
bioinformatic tools, we identified six miRNAs that target
the PI3K/AKT/mTOR pathway, including miR-3143,
miR-3182, miR-99a/100, miR-155, miR-576-5p, and miR-
501-3. Further analysis revealed that miR-3143 and miR-
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Fig. 6. A) Cell cycle assay in seven different study groups: (A) Non-transfected Jurkat cells, (B) Jurkat cells transfected with miR-3143 mimic, (C) Jurkat
cells transfected with miR-3182, (D) Jurkat cells transfected with rapamycin (IC50=13uM), (E) Jurkat cells transfected with miR-3143 mimic plus rapamycin,
(F) Jurkat cells transfected with miR-3182 mimic plus rapamycin, and (G) Jurkat cells transfected with miR-3143 and miR-3182 plus rapamycin. (H) The
statistical data from the cell cycle assay which indicated that compared with the control group, rapamycin group significantly induced G1/sub G1 arrest and
reduced S phase entry. Exactly the same pattern was observed for miR-3143 plus rapamycin and miR-3143 plus rapamycin. Furthermore, it was found that
miR-3143, miR-3182, and rapamycin significantly induced G1/sub G1 arrest (* P<0.05). The statistical data presented in this graph represent the findings
from two independent experiments (n=2).
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Fig. 7. The expression level of PI3K, AKT, mTOR, and S6KB1 genes in study groups. (A) Jurkat cells transfected with miR-3143, the expression level of PI3K,
AKT, mTOR and S6KB1 genes indicated a significant reduction compared to the control (***P<0.001, **** P<0.0001). (B) The expression level of mTOR and
S6Kb1 genes in Jurkat cells transfected with miR-3182 indicated a considerable decrease compared to non-transfected cells ( *** P<0.001). (C) In Jurkat cells
treated with rapamycin, the expression of mMTOR genes was significantly reduced ( **** P<0.0001), while the expression of S6KB7 and AKT was significantly
increased compared to the control ( ** P<0.01). (D) In Jurkat cells transfected with miR-3143 and treated with rapamycin, the mRNA expression of PI3K,
AKT, mTOR, and S6KB1 genes was significantly decreased ( *** P<0.001, **** P<0.0001). (E) In the Jurkat cells transfected with miR-3182 and treated with
rapamycin, the expression of PI3K, AKT, mTOR, and S6KB1 was significantly reduced (*P<0.05, ***P<0.001, ****P<0.0001). (F) In the Jurkat cells that were
simultaneously transfected with rapamycin, miR-3143 and miR-3182, the expression level of all target genes (PI3K, AKT, mTOR, and S6KB1) especially
mTOR and S6KB1 showed a significant decrease compared with control and single/double treatment ( ****P<0.0001). All the results were compared to the
control untreated Jurkat cells.
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Research Highlights

What is the current knowledge?

V Overexpression of PI3K/AKT/mTOR signaling pathway
contributes to the pathogenesis of T-cell acute lymphoblastic
leukemia (T-ALL), as well as resistance to chemotherapy.

v Rapamycin, which blocks a crucial component of the PI3K/
AKT/mTOR pathway, has been widely used to investigate
therapeutic effects on T-ALL.

v Evidence supports the idea that microRNAs (miRNAs) are
crucial in the pathogenesis and therapeutic resistance.

What is new here?

v The study identifies specific miRNAs that can inhibit the
PI3K/AKT/mTOR pathway in T-ALL.

V The study shows that combining rapamycin with these
miRNAs can have a synergistic effect in inducing apoptosis
and cell cycle arrest in T-ALL cells.

v These findings provide new insights into potential
T-ALL.

treatments for chemotherapy-resistant

3182 were down-regulated in both clinical samples and the
Jurkat human T-cell leukemia cell line. Using TurboFect™
reagent, miR-3143 and miR-3182 were over-expressed in
Jurkat cells. To our knowledge, the functions and effects
of these miRNAs have not been previously investigated
in hematological malignancies. We found that PI3K,
AKT, mTOR, and S6KBI could be direct downstream
targets of miR-3143 and miR-3182, and there is a negative
correlation between these miRNAs and PI3K/AKT/mTOR
genes. Interestingly, treatment with rapamycin led to a
significant increase in the expression of PI3K/S6KBI genes,
while markedly decreasing mTOR gene expression may
be attributed to a compensatory mechanism triggered by
mTOR downregulation and linked to T-ALL recurrence.
In contrast, transfection of Jurkat cells with miR-3143
or miR-3182 and subsequent treatment with rapamycin
resulted in a significant decrease in the mRNA expression
of PI3K, AKT, mTOR, and S6KBI1 genes. Furthermore,
this downregulation was more pronounced in cells treated
with both miRNAs and rapamycin, compared to cells
treated with either agent alone, indicating the additive
effects of these compounds on the expression levels of
PI3K/AKT/mTOR genes. Interestingly, co-transfection of
miR-3143 and miR-3182 with rapamycin into Jurkat cells
led to a significant increase in the percentage of apoptotic
cells and cells in the GO/G1 phase, suggesting enhanced
cytotoxicity. However, this effect was not statistically
different when miR-3143 or miR-3182 were transfected
alone. These findings suggest that combination therapy
using miRNAs and rapamycin may be a promising
approach for enhancing the therapeutic efficacy of mTOR
inhibitors in the treatment of T-ALL. Recent studies
demonstrated that blocking mTOR kinase with rapamycin
leads to the dephosphorylation of critical downstream
signaling proteins, p70S6K, which limits cell cycle
proliferation and causes G1 growth arrest.'>!* The mTOR

blockage causes nuclear localization of the p27 inhibitor
in T-ALL cells, according to a second functional study
utilizing rapamycin. Gu et al demonstrated that rapamycin
induces GO/G1 cell cycle arrest and upregulates p21 and
p27 inhibitors while downregulating cyclin D1 in T-ALL
cell lines.*® Kong et al revealed that rapamycin arrests
the cell cycle in T-ALL cells by lowering MYCN mRNA
and protein expression in T-ALL patients and T-ALL
cell line.*® The results of the presented study are totally
compatible with the aforementioned findings. In a study
conducted by Evangelisti et al, the PI3K/AKT/mTOR axis
transcription inhibitor ZSTK-474 was utilized to decrease
T-ALL proliferation. It was found that this suppression
was greatly enhanced when combined with a Wnt/B-
catenin pathway inhibitor, suggesting that the inhibition of
multiple pathways may be an effective therapeutic strategy
for T-ALL treatment.” Similarly, Shi et al discovered that
FAK downregulation significantly increased rapamycin-
induced decrease of cell proliferation, G0/G1 cell cycle
arrest, and apoptosis, further supporting the idea that
combining multiple components could yield more
effective treatment outcomes.* As previously mentioned,
several studies have suggested that targeting the PI3K/
AKT/mTOR pathway could be a promising therapeutic
strategy for T-ALL. In fact, these studies have shown
that combining such therapy with other components
leads to a significant improvement in efficacy, which
is consistent with the findings of our study. Multiple
differentially expressed miRNAs were found by Valiollahi
et al, including miR-3143, whose dysregulation could alter
leukemogenesis and stemness capacities in Ph+ B-ALL.
The mentioned study suggested that dysregulation of miR-
3143 could play a role in the development and progression
of leukemia.* Mucifio-Olmos et al hypothesized that
miR-3143 affects carbon metabolism in breast cancer
cell lines by targeting hexokinase-2 (MCF?7).* Razaviyan
et al reported downregulation of miR-3182 in MCEF-
7 cells compared to normal mammary epithelial cells
(MCF-10A) and discovered a substantial simultaneous
decrease in the mTOR and S6KBI genes in cancer cells."
Finally, Khazaie-Poul et al utilized human umbilical cord
mesenchymal stem cell-loaded exosomes to overexpress
miR-3143 and miR-3182 in the MDA-MB-231 cell line,
ultimately identifying a substantial reduction in PI3K/
AKT/mTOR genes as possible therapeutic targets.*”

Conclusion

The PI3K/AKT/mTOR signaling pathway is dysregulated
in NOTCHI1-overexpressed T-ALL, and inhibiting this
pathway may be beneficial in blocking the progression
of leukemia. In a cellular model, we investigated the
action of rapamycin in combination with miR-3143 and
miR-3182 and found that the combination treatment was
highly effective, most likely through the downregulation
of key genes in the PI3K/AKT/mTOR signaling pathway.
Importantly, our findings are consistent with current
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literature on the effects of antitumor synergy and suggest
that the novel combination of miR-3143 and miR-3182
with rapamycin can be proposed as a complementary
therapy based on miRNA mimics. However, functional
and preclinical studies are necessary to verify these claims.
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