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Dysregulated expression patterns of hsa-miR-9-5p and hsa-let-7a-5p
are associated with altered NFAT5, ARID1A, and ZFP36 expression in
NSCLC cell lines

Yagi1z Turan Kizilkaya®, Perisu Yildiz Unal

Department of Molecular Biology and Genetics, Demiroglu Bilim University Faculty of Arts and Sciences, Istanbul, Tiirkiye

ABSTRACT

Objectives: This study aimed to evaluate the expression patterns of hsa-miR-9-5p and hsa-let-7a-5p together with nuclear factor of activated T-cells 5
(NFATS5), AT-rich interacting domain-containing protein 1A (ARID1A), and zinc finger protein 36 (ZFP36) in non-small cell lung cancer (NSCLC) cell lines
and to externally contextualize these findings using ENCORI/starBase transcriptomic data.

Materials and methods: The A549 and H1299 NSCLC cell lines and the non-tumorigenic bronchial epithelial BEAS-2B cell line were cultured under
standard conditions. Total ribonucleic acid (RNA), including small RNA fractions, was isolated and converted into complementary deoxyribonucleic
acid for microRNA (miRNA) and messenger RNA (mRNA) analyses. Quantitative real-time polymerase chain reaction (qRT-PCR) analyses were
performed using SYBR Green chemistry. qRT-PCR was performed to determine the expression levels of hsa-miR-9-5p, hsa-let-7a-5p, NFAT5, ARID1A,
and ZFP36. U6 and glyceraldehyde-3-phosphate dehydrogenase were used as endogenous controls for miRNA and mRNA analyses, respectively.
Relative expression was calculated using the 2-AACt method, and statistical analyses were performed using ACt values. ENCORI/starBase was used
to examine tumor-normal expression patterns and miRNA-mRNA co-expression relationships in lung adenocarcinoma (LUAD) and lung squamous
cell carcinoma (LUSC) cohorts.

Results: The hsa-miR-9-5p expression was significantly increased in A549 and H1299 cells compared with BEAS-2B cells, whereas hsa-let-7a-5p
expression was significantly reduced. NFAT5 expression was markedly upregulated in both NSCLC cell lines, while ARID1A and ZFP36 expression levels
were decreased, particularly in A549 cells. ENCORI/starBase analyses partially supported the in vitro findings, showing higher hsa-miR-9-5p expression
and lower hsa-let-7a-5p and ZFP36 expression in lung cancer samples. Co-expression analysis further showed a weak but significant inverse correlation
between hsa-miR-9-5p and ZFP36 in both LUAD and LUSC.

Conclusion: The findings demonstrate a coordinated expression profile in NSCLC cell lines characterized by increased hsa-miR-9-5p and NFAT5
expression together with reduced hsa-let-7a-5p, ARID1A, and ZFP36 expression. ENCORI/starBase data provide external support, particularly for the
hsa-miR-9-5p/ZFP36 relationship. However, these findings should be interpreted as association-level evidence, and further functional studies are
required to validate direct miRNA-mRNA regulatory interactions.
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Lung cancer (LC) remains the leading cause
of cancer-related mortality worldwide, with
an estimated 1.8 million deaths in 2022.01
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Non-small cell lung cancer (NSCLC) represents
the major histological category of LC and includes
lung adenocarcinoma (LUAD), lung squamous
cell carcinoma (LUSC), and large-cell carcinoma
as its principal subtypes. Although molecularly
targeted therapies and immune checkpoint
inhibitors have improved outcomes in selected
patient groups, metastatic progression, tumor
heterogeneity, and treatment resistance continue
to limit durable clinical responses.?! Defining
regulatory molecular networks that coordinate
oncogenic activation and tumor-suppressive loss
in NSCLC, therefore, remains both biologically
and clinically relevant.

Micro-ribonucleic acids (miRNAs) are
small non-coding RNAs of approximately
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22 nucleotides that regulate gene expression
predominantly through post-transcriptional
repression of target messenger RNAs
(mRNASs).B In cancer, miRNAs may function
as either oncogenic or tumor-suppressive
miRNAs, depending on cellular context, target
repertoire, and disease stage.” In LC, altered
miRNA expression has been associated with
proliferation, invasion, epithelial plasticity,
inflammatory signaling, and therapeutic
resistance, supporting the biological relevance
of miRNA-mRNA regulatory axes in NSCLC
pathogenesis.”!

Among miRNAs implicated in NSCLC,
hsa-miR-9-5p has increasingly been described as
an oncogenic miRNA, although its effects may
vary depending on tumor context and target
selection. Zhu et al.®! showed that miR-9-5p
promotes LUAD cell proliferation, migration, and
invasion by directly targeting inhibitor of DNA
binding 4 (ID4). Similarly, Li et al.”! reported
that miR-9-5p enhances NSCLC cell growth and
metastatic behavior by repressing transforming
growth factor beta receptor 2 (TGFBR2). More
recently, Zhang et al.’® demonstrated by reverse
transcription-quantitative polymerase chain
reaction (RT-gPCR) that miR-9-5p is upregulated
in NSCLC tissues and cell lines compared with
non-malignant controls and is associated with
malignant clinicopathological features, including
tumor size, lymphatic metastasis, and invasive
capacity. These findings support an oncogenic
role for miR-9-5p in NSCLC models.[®!

In contrast, the let-7 family is among the
most established tumor-suppressive miRNA
families in LC. Reduced let-7 expression has
been reported in human LCs and is associated
with shortened postoperative survival.l”
Mechanistically, let-7 family members regulate
key oncogenic drivers, including rat sarcoma
(RAS), and restoration of let-7 activity has been
shown to suppress NSCLC tumor development
in preclinical models.'%1 These data provide
a rationale for evaluating hsa-let-7a-5p in
combination with an oncogenic miRNA, such
as hsa-miR-9-5p, in NSCLC cell models.

The functional consequences of miRNA
dysregulation depend strongly on the biological
identity of their target mRNAs. Nuclear factor of
activated T-cells 5 (NFAT5), AT-rich interacting

21

domain-containing protein 1A (ARID1A),
and zinc finger protein 36 (ZFP36) represent
mechanistically distinct candidate mRNAs
relevant to NSCLC biology. The NFAT5 is an
osmosensitive and stress-responsive transcription
factor implicated in LC progression. Guo and
Jin"? showed that NFAT5 is upregulated in LUAD
cells and promotes proliferation and migration,
in part by regulating aquaporin 5 expression.
More recent evidence indicates that NFAT5 can
regulate interleukin 8 and contribute to NSCLC
cell growth, migration, and nuclear factor kappa
B-related signaling.'® These findings support
NFAT5 as a pro-tumorigenic factor in LC.!1213]

The ARID1A, a core component
of the switch/sucrose-non-fermentable
(SWI/SNF) chromatin-remodeling complex,

has a contrasting tumor-suppressive role in
LUAD. Loss of ARID1A expression has been
shown to promote LUAD cell proliferation,
migration, invasion, and metastasis and to
predict poor prognosis.'¥ Multi-omics analyses
further indicate that ARID1A deficiency
can enhance cell-cycle progression, activate
oncogenic receptor tyrosine kinase signaling,
and contribute to resistance to epidermal growth
factor receptor (EGFR) tyrosine kinase inhibitors
in EGFR-mutant LUAD.!'® Reduced ARID1A
expression in NSCLC may therefore reflect
loss of chromatin-dependent tumor-suppressive
regulation with implications for metastasis and
treatment resistance.

The ZFP36, also known as tristetraprolin,
is an adenine-uracil (AU)-rich element-
binding RNA-binding protein that promotes
degradation of target mRNAs and is widely
regarded as a post-transcriptional tumor
suppressor.’® In NSCLC, Zhang et al.l”
demonstrated that ZFP36 mediates the
destabilization of BARX homeobox 1 (BARX1)
mRNA. Loss of ZFP36 increased BARX1
expression and promoted proliferation,
migration, invasion, and tumorigenicity by
activating oncogenic programs involving cell
division cycle 20 (CDCZ20), cell division cycle
45 (CDC4b), tripartite motif-containing 37
(TRIM37), and matrix metalloproteinase-9
(MMP-9). These findings place ZFP36 within
a post-transcriptional tumor-suppressive axis
relevant to NSCLC progression.
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Based on this background, the present
study characterized the basal expression
relationship between two functionally opposing
miRNAs, hsa-miR-9-5p and hsa-let-7a-5p,
and three mechanistically distinct candidate

mRNAs: NFAT5, a stress-responsive and
pro-tumorigenic transcription factor;
ARID1A, a chromatin-remodeling tumor

suppressor; and ZFP36, a post-transcriptional
RNA-binding tumor suppressor involved in
mRNA decay regulation. These candidates
were selected based on their biological
relevance to NSCLC-associated regulatory
reprogramming and their potential involvement
in miRNA-associated transcriptional and
post-transcriptional dysregulation pathways. The
BEAS-2B cells were used as a non-tumorigenic
bronchial epithelial reference, whereas A549
and H1299 served as NSCLC models. To
externally contextualize the in vitro findings,
the Encyclopedia of RNA Interactomes
(ENCORI)/starBase Pan-Cancer transcriptomic
and miRNA-mRNA co-expression analyses
were performed in LUAD and LUSC cohorts.
Since the study design relied on baseline
expression profiling rather than miRNA gain- or
loss-of-function approaches, the findings were
interpreted as association-level evidence rather
than direct proof of miRNA-mRNA regulatory
interactions.

MATERIALS AND METHODS
Cell lines and culture conditions

The human NSCLC cell lines Ab549
and H1299, along with the immortalized
non-tumorigenic human bronchial epithelial
cell line BEAS-2B, were utilized. All cell lines
were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA).
BEAS-2B functioned as the non-tumorigenic
reference, whereas A549 and H1299 were
used as NSCLC models.

Cells were cultured at 37°C in a humidified
incubator with 5% carbon dioxide (CO2).
The A549 and H1299 were maintained in
high-glucose Dulbecco's modified Eagle's
medium (DMEM) (Gibco, Thermo Fisher
Scientific, Grand Island, NY, USA, cat no:
11965092) supplemented with 10% heat-
inactivated fetal bovine serum (Gibco, Thermo
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Fisher Scientific, Grand Island, NY, USA,
Cat no: A5670801) 1% penicillin-streptomycin
(Gibco, Thermo Fisher Scientific, Grand Island,
NY, USA, Cat no: 15140122). The BEAS-2B
cells were cultured under identical conditions
to enable comparative analysis. Cells were
passaged prior to reaching confluence and
harvested for RNA isolation at 80-90%
confluence. Independent biological replicates
were included for each cell line. Cells were
seeded in six-well plates and harvested for RNA
isolation at the designated confluence. Cell
lines were routinely monitored for mycoplasma
contamination using PCR-based quality-control
procedures. Only cultures exhibiting normal
morphology and adequate viability were
selected for qRT-PCR analysis.

RNA isolation

Total RNA, including small RNA fractions,
was isolated from BEAS-2B, A549, and H1299
cells using the miRNeasy Tissue/Cells Advanced
Mini Kit (217604, Qiagen, Hilden, Germany)
following the manufacturer’s instructions.
After washing with phosphate-buffered saline
(Gibco, Thermo Fisher Scientific, Grand Island,
NY, USA, cat no: 10010023), cells were lysed,
and RNA was purified using a spin-column
extraction method.

The RNA concentration and purity were
assessed using a NanoDrop spectrophotometer
(Thermo Fisher Scientific, Inc., Waltham, MA,
USA). Only samples with acceptable A260/A280
and A260/A230 ratios were selected for
complementary DNA (cDNA) synthesis. The
RNA samples were stored at -80°C until further
analysis.

cDNA synthesis

Complementary DNA  synthesis was
conducted separately for miRNA and mRNA

Table 1. Reverse transcription reaction components for
miRNA analysis

Component Quantity (uL)
RT reaction buffer (5X) 2
RNase-free water 5
RT enzyme mix 1
Template RNA 2
Total 10

RT, reaction buffer; miRNA, micro-ribonucleic acid.
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analyses. For miRNA quantification, cDNA was
synthesized from total RNA using the miRCURY
LNA RT2 First Strand Kit (Qiagen, Hilden,
Germany, cat no: 330404) in accordance with
the manufacturer’s protocol, as shown in Table 1.
This ¢cDNA was used to quantify hsa-miR-9-5p
and hsa-let-7a-5p. For mRNA quantification,
cDNA was synthesized using the RT? First
Strand Kit (Qiagen, Hilden, Germany), following
the manufacturer’s instructions. Briefly, genomic
DNA was first eliminated by incubating total
RNA with genomic DNA elimination buffer
at 37°C for 5 min. Reverse transcription was
subsequently performed by adding BC5 reverse
transcriptase mix to a final reaction volume of
20 ul, followed by incubation at 42°C for 15 min
and enzyme inactivation at 95°C for 5 min. This
cDNA was used to quantify ARID1A, NFAT5,
and ZFP36.

Quantitative real-time PCR analysis

Quantitative real-time PCR was conducted
using SYBR Green detection (Qiagen, Hilden,

Table 2. gPCR reaction components for miRNA and
mRNA analysis

Component Quantity (uL)
gPCR mastermix (2x) 10
RNase-free water (ddH20) 6

RT? qPCR primer assay or 1
miRCURY LNA miRNA PCR assay

Template RNA (1:10 diluted) 3

Total 20

gPCR, quantitative polymerase chain reaction; miRNA, micro-ribonucleic
acid; RT, reverse transcription.

Table 3. Primer assay information for miRNA and
mRNA expression analysis

Target GeneGlobe ID Accession number
hsa-miR-9-5p YP00204513 MIMAT0000441
hsa-let-7a-5p YP00205727 MIMAT0000062
ARID1A PPH13453B NM_006015
NFAT5 PPH01474B NM_006599
ZFP36 PPH17294C NM_003407
GAPDH PPHOO0150F NM_002046

U6 U6snRNA YP02119464

miRNA, micro-ribonucleic acid.
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Germany, cat no: 330620) on a Rotor-Gene Q
system (Qiagen, Hilden, Germany), as shown
in Table 2. Validated gene-specific primers
were employed for target miRNAs and mRNAs,
as shown in Table 3. The U6 small nuclear
RNA served as the endogenous control for
miRNA analysis, while GAPDH was used as the
endogenous control for mRNA analysis. The
BEAS-2B cells functioned as the calibrator for
relative expression.

Polymerase chain reactions were performed
in technical triplicate. The protocol consisted
of an initial denaturation at 95°C for 10 min,
followed by 40 cycles of 95°C for 15 sec
and 60°C for 60 sec. Melt-curve analysis was
conducted to confirm product specificity and
to exclude non-specific amplification or primer-
dimer formation.

Bioinformatic analysis using
ENCORI/starBase

To complement the in
PCR findings, external transcriptomic
evidence was evaluated using the
ENCORI/starBase Pan-Cancer Analysis
Platform.'8) ENCORI/starBase Pan-Cancer
analyses were conducted using the Cancer
Genome Atlas (TCGA)-derived transcriptomic
datasets available on the ENCORI/starBase
platform. Expression profiles for tumor and
normal tissues in the LUAD and LUSC cohorts
were retrieved directly from the database.
Analyses used unmatched tumor and normal
sample groups rather than paired samples from
the same patients. Expression values, including
log2(FPKM + 0.01) for mRNAs and log2(RPM
+ 0.01) for miRNAs, were used as provided
by the ENCORI/starBase platform without
additional recalculation. The miRNA-mRNA
co-expression relationships were evaluated
using the correlation analysis tools integrated
within the ENCORI/starBase database, based
on TCGA-associated transcriptomic datasets.
The platform was queried for hsa-miR-9-5p,
hsa-let-7a-5p, ARID1A, NFAT5, and ZFP36 in
LUAD and LUSC cohorts.

Tumor-normal expression patterns were
examined using ENCORI-generated box plots.
For mRNA expression analysis, ARIDI1A,
NFAT5, and ZFP36 were evaluated in LUAD
cohorts comprising 526 cancer and 59 normal

vitro gRT-
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samples and in LUSC cohorts comprising
501 cancer and 49 normal samples. For
miRNA expression analysis, hsa-miR-9-5p and
hsa-let-7a-5p were evaluated in LUAD cohorts
comprising 512 cancer and 20 normal samples
and in LUSC cohorts comprising 475 cancer
and 38 normal samples.

Gene expression values were presented as
log2(FPKM + 0.01), whereas miRNA expression
values were presented as log2(RPM + 0.01),
as provided by ENCORI/starBase. In addition,
miRNA-mRNA co-expression relationships
were examined wusing ENCORI-generated
scatter plots for hsa-miR-9-5p and hsa-let-7a-5p
against ARID1A, NFAT5, and ZFP36 in LUAD
and LUSC cohorts. Correlation coefficients
and p-values were recorded directly from the
ENCORI/starBase output.

These analyses were used as external
transcriptomic support for the in vitro findings
and were not interpreted as direct evidence
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of miRNA-mRNA binding or functional

repression.
Statistical analysis

Statistical analyses were performed using
ACt values in GraphPad Prism version 10.0
(GraphPad Software, San Diego, CA, USA). Data
are presented as mean + SEM unless otherwise
specified. For each target, one-way ANOVA
followed by Dunnett’s multiple-comparison
test was applied, with BEAS-2B serving as
the control group. A p-value of < 0.05 was
considered statistically significant. Significance
levels were indicated as follows: * p < 0.05,
**p <0.01, "™ p < 0.001.

For ENCORI/starBase analyses,
tumor-normal  expression profiles and
miRNA-mRNA co-expression results were

interpreted using the platform's statistical
outputs. Correlation strength was evaluated
based on the reported correlation coefficient (r)
and corresponding p-value.
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Figure 1. Relative expression levels of hsa-miR-9-5p and hsa-let-7a-5p
in BEAS-2B, A549, and H1299 cells. Relative expression levels of
hsa-miR-9-5p (a) and hsa-let-7a-5p (b) were analyzed by qRT-PCR. The
U6 was used as the endogenous control, and BEAS-2B cells were used
as the calibrator. Relative expression was calculated using the 2/-AACt
method. The hsa-miR-9-5p expression was significantly increased in
A549 and H1299 cells compared with BEAS-2B, whereas hsa-let-7a-5p
expression was significantly reduced in both cancer cell lines.

Data are presented as mean + SEM. Statistical comparisons were performed using one-way
ANOVA followed by Dunnett’s multiple comparisons test against BEAS-2B. *** p < 0.001

vs. BEAS-2B.
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RESULTS

Basal expression of hsa-miR-9-5p and
hsa-let-7a-5p in NSCLC cell lines

The basal expression levels of hsa-miR-9-5p
and hsa-let-7a-5p were evaluated in BEAS-2B,
A549, and H1299 cells by qRT-PCR. BEAS-2B
cells served as the non-tumorigenic bronchial
epithelial reference, and U6 was used as the
endogenous control for miRNA normalization.
Relative expression was calculated using the
2-AACt method."”! Comparisons were performed
using one-way ANOVA followed by Dunnett's
multiple comparisons test against BEAS-2B;
data are presented as mean = SEM.

Compared with BEAS-2B cells, hsa-miR-9-
5p expression was markedly increased in both
NSCLC cell lines. The A549 cells showed a
3.56-fold increase, whereas H1299 cells showed
a 6.92-fold increase. Both differences were
statistically significant compared with BEAS-2B
(p < 0.001), as shown in Figure 1la.

In contrast, hsa-let-7a-5p expression was
reduced in both A549 and H1299 cells. Relative
to BEAS-2B cells, hsa-let-7a-5p decreased

25

to 0.36 in A549 and to 0.22 in H1299.
Both reductions were statistically significant
compared with BEAS-2B (p < 0.001), as shown
in Figure 1b.

Together, these findings indicate an
opposing basal miRNA expression profile in
NSCLC cells, characterized by upregulation
of the oncogenic miRNA hsa-miR-9-5p and
downregulation of the tumor-suppressive
hsa-let-7a-5p.

Basal expression of ARID1A, NFATS5,
and ZFP36 in NSCLC cell lines

The expression levels of three candidate
mRNA targets, ARID1A, NFAT5, and ZFP36,
were next analyzed in the same three cell lines.
The GAPDH was used as the endogenous
control for mRNA normalization, and BEAS-2B
was used as the calibrator.

The ARID1A expression was decreased in
both NSCLC cell lines compared with BEAS-
2B. A549 cells showed a pronounced reduction,
with ARID1A expression decreasing to 0.15.

H1299 cells also showed reduced ARID1A
expression, although the decrease was less
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Figure 2. Relative mRNA expression levels of ARID1A, NFAT5, and ZFP36 in BEAS-2B, A549, and H1299
cells. Relative expression levels of ARID1A (a), NFAT5 (b), and ZFP36 (c) were determined by qRT-PCR.
The GAPDH was used as the endogenous control, and BEAS-2B cells were used as the calibrator. Relative
expression was calculated using the 27A-AACt method. The ARID1A and ZFP36 expression levels were
decreased in A549 and H1299 cells compared with BEAS-2B, whereas NFAT5 expression was markedly

increased in both cancer cell lines.

Data are presented as mean + SEM. Statistical comparisons were performed using one-way ANOVA followed by Dunnett's multiple
comparisons test against BEAS-2B. ** p < 0.01, *** p < 0.001 vs. BEAS-2B.
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marked, with a relative expression level of 0.56.
ARID1A expression was therefore suppressed in
both NSCLC cell models, particularly in A549
cells, as shown in Figure 2a.

In contrast, NFAT5 expression was strongly
increased in both cancer cell lines. The A549
cells exhibited a 4.04-fold increase, whereas
H1299 cells showed an 8.02-fold increase
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compared with BEAS-2B. The induction was
more prominent in H1299 cells, indicating that
NFAT5 is highly expressed in both NSCLC
models examined, as shown in Figure 2b.

The ZFP36 expression was also reduced
in both NSCLC cell lines. A549 cells showed
a marked decrease to 0.15, while H1299
cells showed a moderate decrease to 0.49

(b) hsa-miR-9-5p with 475 cancer and 38 normal samples in LUSC
Data Source: ENCORI project
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(d) hsa-let-7a-5p with 475 cancer and 38 normal samples in LUSC
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Figure 3. ENCORI/starBase-based tumor-normal expression profiles of hsa-miR-9-5p and hsa-let-7a-5p in LUAD
and LUSC cohorts. Tumor-normal expression profiles of hsa-miR-9-5p and hsa-let-7a-5p were evaluated using the
ENCORI/starBase Pan-Cancer Analysis Platform. The hsa-miR-9-5p expression was examined in LUAD (a) and LUSC
(b), whereas hsa-let-7a-5p expression was examined in LUAD (c) and LUSC (d). The hsa-miR-9-5p showed higher
expression in tumor samples compared with normal samples in both LUAD and LUSC, while hsa-let-7a-5p showed
lower expression in tumor samples. The miRNA expression values are presented as log2(RPM + 0.01), as provided by

ENCORI/starBase.

LUAD, lung adenocarcinoma, LUSC, lung squamous cell carcinoma.
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relative to BEAS-2B. These findings support
a reduced basal expression pattern of ZFP36
in NSCLC cells, consistent with its proposed
tumor-suppressive role, as shown in Figure 2c.

Integrated miRNA-mRNA expression
pattern

QOverall, the gRT-PCR results revealed a
coordinated expression pattern in A549 and
H1299 cells relative to BEAS-2B. Both NSCLC
cell lines displayed increased hsa-miR-9-5p
and NFAT5 expression, together with reduced
hsa-let-7a-5p, ARID1A, and ZFP36 expression.
This profile was more pronounced in H1299
cells for hsa-miR-9-5p and NFAT5, whereas in

(a) (©
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Ab49 cells, ARID1A and ZFP36 were more
strongly suppressed. These findings support a
basal regulatory pattern in NSCLC cell lines
characterized by oncogenic miRNA activation,
loss of tumor-suppressive miRNAs, NFAT5
upregulation, and reduced expression of the
candidate tumor suppressors ARID1A and ZFP36.

ENCORI/starBase-based external
transcriptomic analysis

To determine whether the in vitro expression
pattern was reflected in larger patient-derived
transcriptomic datasets, ENCORI/starBase
Pan-Cancer analyses were performed for LUAD
and LUSC cohorts.
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Figure 4. ENCORI/starBase-based tumor-normal expression profiles of ARID1A, NFAT5, and ZFP36 in LUAD and
LUSC cohorts. Tumor-normal expression profiles of ARID1A, NFAT5, and ZFP36 were evaluated using the ENCORI/
starBase Pan-Cancer Analysis Platform. The ARID1A expression was examined in LUAD (a) and LUSC (b), NFAT5
expression in LUAD (c) and LUSC (d), and ZFP36 expression in LUAD (e) and LUSC (f). The ZFP36 showed lower
expression in tumor samples than in normal samples in both LUAD and LUSC. In contrast, ARID1A and NFAT5 showed
more complex tumor-normal expression patterns that were not fully concordant with the in vitro qRT-PCR findings. Gene
expression values are presented as log2(FPKM + 0.01), as provided by ENCORI/starBase.

LUAD, lung adenocarcinoma, LUSC, lung squamous cell carcinoma.
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Tumor-normal expression analyses showed
that hsa-miR-9-5p expression was higher in
cancer samples than in normal samples in both
LUAD and LUSC, as shown in Figures 3a, b. In
contrast, hsa-let-7a-5p expression was lower in
cancer samples compared with normal samples
in both LC subtypes, as shown in Figures 3c,
d. These patterns were directionally consistent
with the qRT-PCR results showing increased
hsa-miR-9-5p and reduced hsa-let-7a-5p
expression in A549 and H1299 cells relative
to BEAS-2B.

ARID1IA and NFAT5 did not show fully
concordant tumor—-normal expression patterns
with the in vitro results, as shown in Figures 4a-d.
In contrast, among the mRNAs analyzed, ZFP36
showed a lower expression pattern in tumor

(a) (©
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samples than in normal samples in both LUAD
and LUSC cohorts, as shown in Figures 4e, f.
This finding was directionally consistent with
the reduced ZFP36 expression observed in both
NSCLC cell lines.

To further explore potential miRNA-mRNA
relationships, ENCORI/starBase co-expression
analyses were performed for hsa-miR-9-5p and
hsa-let-7a-5p against ARID1A, NFAT5, and
ZFP36 in LUAD and LUSC cohorts. Among the
analyzed pairs, the most coherent external support
was observed for the hsa-miR-9-5p/ZFP36
relationship.

The hsa-miR-9-5p did not show a consistent
inverse relationship with ARID1A or NFATS5.
In LUAD, hsa-miR-9-5p showed no significant

(e)

hsa-miR-9-5p vs. ARID1A, 512 samples (LUAD)

" L= Regression (y = -0.0060x + 3.9144)
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hsa-miR-9-5p vs. NFATS, 512 samples (LUAD)

Data Source: ENCORI project Data Source: ENCORI project Data Source: ENCORI project

— Regression (y = -0.0259x + 1.416%) " | Regression (y = -0.0747x + 7.2776)
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hsa-miR-9-5p vs. ZFP36, 512 samples (LUAD)
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hsa-miR-9-5p vs. ARID1A, 475 samples (LUSC)

© = Regression (y = 0.0505x + 3.2167)
® r=0.150, p-value = 1.03¢-03

hsa-miR-9-5p vs. NFATS, 475 samples (LUSC)

Data Source: ENCORI project Data Source: ENCORI project Data Source: ENCORI project
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hsa-miR-9-5p vs. ZFP36, 475 samples (LUSC)
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{® r=-0175, p-value = 1.27¢-04 .

Figure 5. ENCORI/starBase-based co-expression analysis between hsa-miR-9-5p and ARID1A, NFAT5, and ZFP36 in
LUAD and LUSC cohorts. Co-expression relationships between hsa-miR-9-5p and the candidate mRNAs were evaluated
using ENCORI/starBase. The hsa-miR-9-5p was analyzed against ARID1A in LUAD (a) and LUSC (b), NFAT5 in LUAD
(c) and LUSC (d), and ZFP36 in LUAD (e) and LUSC (f). hsa-miR-9-5p showed a weak but statistically significant negative
correlation with ZFP36 in both LUAD and LUSC, whereas no consistent inverse relationship was observed with ARID1A
or NFAT5. Correlation coefficients and p-values were obtained directly from ENCORI/starBase. miRNA expression values
are shown as log2(RPM + 0.01), and mRNA expression values are shown as log2(FPKM + 0.01).

LUAD, lung adenocarcinoma, LUSC, lung squamous cell carcinoma.
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correlation with ARID1A (r =-0.022, p = 0.620)
or NFAT5 (r = -0.074, p = 0.0932), as shown
in Figures 5a and c. In LUSC, hsa-miR-9-5p
showed a weak positive correlation with
ARID1A (r = 0.150, p = 1.03 x 10°3), whereas
its correlation with NFAT5 was not statistically
significant (r = —0.061, p = 0.187), as shown in
Figures 5b and d. These results do not support
a consistent inverse miR-9-5p-associated
expression pattern for ARID1A or NFAT5
at the bulk tumor level. The hsa-miR-9-5p
showed a weak but statistically significant
negative correlation with ZFP36 in both LUAD
(r = -0.153, p = 5.02 x 10% and LUSC
(r = -0.175, p = 1.27 x 104, as shown in
Figures 5e and f. This inverse relationship

(a) ©
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was directionally compatible with the in vitro
pattern of increased hsa-miR-9-5p and reduced
ZFP36 expression.

hsa-let-7a-5p showed no significant correlation
with ARID1A in LUAD (r = 0.016, p = 0.712),
whereas a weak positive correlation was
observed in LUSC (r = 0.213, p = 2.97 x 10°),
as shown in Figures 6a and b. Similarly,
hsa-let-7a-5p showed no significant correlation
with NFAT5 in LUAD (r = 0.058, p = 0.192),
but a weak positive correlation was observed in
LUSC (r = 0.183, p = 595 x 107%), as shown
in Figures 6¢ and d. For hsa-let-7a-5p, weak
positive correlations were observed with ZFP36
in both LUAD (r = 0.127, p = 3.99 x 1073) and
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Figure 6. ENCORI/starBase-based co-expression analysis between hsa-let-7a-5p and ARID1A, NFAT5, and ZFP36 in
LUAD and LUSC cohorts. Co-expression relationships between hsa-let-7a-5p and the candidate mRNAs were evaluated
using ENCORI/starBase. The hsa-let-7a-5p was analyzed against ARID1A in LUAD (a) and LUSC (b), NFAT5 in LUAD
(c) and LUSC (d), and ZFP36 in LUAD (e) and LUSC (f). The hsa-let-7a-5p showed weak positive correlations with
ZFP36 in both LUAD and LUSC. Positive correlations with ARID1A and NFAT5 were observed only in LUSC, whereas
no significant correlations were observed for these pairs in LUAD. Correlation coefficients and p-values were obtained
directly from ENCORI/starBase. miRNA expression values are shown as log2(RPM + 0.01), and mRNA expression values

are shown as log2(FPKM + 0.01).

LUAD, lung adenocarcinoma, LUSC, lung squamous cell carcinoma.
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LUSC (r = 0.153, p = 8.47 x 10%), as shown in
Figures 6e and f.

Taken together, ENCORI/starBase analyses
partially supported and externally contextualized
the in vitro gqRT-PCR findings. The strongest
concordance was observed for increased
hsa-miR-9-5p, reduced hsa-let-7a-5p, reduced
ZFP36, and the inverse hsa-miR-9-5p/ZFP36
co-expression pattern. However, the ARID1A
and NFAT5 results appeared more context-
dependent and did not fully mirror the cell
culture findings at the bulk tumor transcriptomic
level. Therefore, the ENCORI/starBase
results were interpreted as supportive and
hypothesis-generating rather than confirmatory
evidence of direct miRNA-mRNA regulation.

DISCUSSION
In the present study, basal expression
profiles of hsa-miR-9-5p, hsa-let-7a-5p,

NFAT5, ARID1A, and ZFP36 were evaluated
in BEAS-2B, A549, and H1299 cells. The
main finding was a coordinated expression
pattern in NSCLC cell lines characterized
by increased hsa-miR-9-5p and NFATS5
expression together with reduced hsa-let-7a-5p,
ARID1A, and ZFP36 expression, relative to the
non-tumorigenic bronchial epithelial reference
BEAS-2B. This profile suggests a putative
regulatory pattern in which oncogenic miRNA
activation, tumor-suppressive miRNA loss,
stress-responsive transcriptional activation, and
reduced tumor-suppressive mRNA expression
coexist in NSCLC cell models. Since the
present study is based on basal expression
profiling, these findings are interpreted as
association-level evidence rather than direct
proof of miRNA-mRNA regulation.

The upregulation of hsa-miR-9-5p in A549
and H1299 cells is consistent with previous
reports describing miR-9-5p as an oncogenic
miRNA in NSCLC and LUAD. Li et al.l”
showed that miR-9-5p promotes NSCLC cell
proliferation, invasion, and metastasis through
repression of TGFBR2, while Zhu et al.l®
demonstrated that miR-9-5p enhances LUAD
cell proliferation, migration, and invasion
by targeting ID4. More recently, Zhang et
al.’® reported increased miR-9-5p expression
in NSCLC tissues and cell lines relative to
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non-malignant controls, with associations to
smoking-related clinicopathological features. The
increased miR-9-5p expression observed here in
both NSCLC cell lines is therefore compatible
with an oncogenic miRNA phenotype, although
the functional consequences are likely to depend
on cell-line-specific target availability and
pathway context.[6-8

In contrast, hsa-let-7a-5p was decreased in
both A549 and H1299 cells compared with
BEAS-2B. This finding is consistent with the
established tumor-suppressive role of the let-7
family in LC. In a systematic review and
meta-analysis, Pop-Bica et al.?” emphasized
the clinical relevance of let-7 family members
in NSCLC and discussed their regulatory
relationship with oncogenic pathways involving
RAS, myelocytomatosis viral oncogene
(MYC), high mobility group A (HMGA), signal
transducer and activator of transcription 3
(STAT3), and Janus kinase 2 (JAKZ2). The
reduced let-7a-5p expression observed here
therefore supports the interpretation that loss
of tumor-suppressive miRNA activity may
accompany NSCLC-associated transcriptional
reprogramming. The concurrent increase in
miR-9-5p and reduction in let-7a-5p indicate a
reciprocal miRNA profile rather than a single-
miRNA alteration.

Among the three candidate mRNA targets,
NFAT5 showed the most pronounced increase,
particularly in H1299 cells. This finding is
biologically meaningful given that NFAT5, also
known as TonEBP, is increasingly recognized as
a stress-responsive transcription factor involved
in tumor progression, metabolic adaptation,
inflammation, and therapy resistance. Dou et
al.?l reported that circ_0001944 promotes
proliferation, migration, invasion, glycolysis,
and tumor growth in NSCLC by upregulating
NFAT5 through sequestration of miR-142-5p,
supporting the concept that NFAT5 can be
regulated by non-coding RNA networks and can
contribute to malignant phenotypes in NSCLC.

The relevance of NFAT5 in LC is further
supported by recent evidence linking
TonEBP and NFAT5 to macrophage-induced
cisplatin resistance, migration, and invasion
in A549 cells. Song et al.?? showed that
macrophage-conditioned medium increased
TonEBP and NFAT5 expression, enhanced
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cisplatin resistance and motility, and that RNA
interference-mediated suppression of TonEBP
and NFAT5 reduced cisplatin resistance,
migration, and invasion. These findings
place NFAT5 at the intersection of tumor
microenvironment interaction, inflammatory
signaling, drug resistance, and invasive
behavior. The increased NFAT5 expression
detected in A549 and H1299 cells in the present
study may therefore reflect a stress-adaptive
and potentially pro-tumorigenic transcriptional
state, although this interpretation remains
speculative within the present dataset.

The relationship between the two miRNAs
and NFAT5 requires cautious interpretation.
The reduction of hsa-let-7a-5p together with
increased NFAT5 is directionally consistent
with loss of tumor-suppressive miRNA-mediated
repression of a pro-tumorigenic factor.
However, the simultaneous increase in
hsa-miR-9-5p and NFAT5 does not support a
simple direct inhibitory relationship between
miR-9-5p and NFAT5 under basal conditions.
This apparent discrepancy may reflect indirect
regulation, dominant transcriptional activation,
circRNA-mediated derepression as previously
demonstrated for NFAT5 in NSCLC,2U or
stress-related pathway activation overriding
potential miRNA repression. Within the present
dataset, the let-7a-5p and NFAT5 relationship
therefore appears more directionally coherent
than a direct miR-9-5p and NFAT5 suppressive
model.

The ARID1A expression was reduced
in both NSCLC cell lines, with a stronger
decrease in A549 cells. This is compatible
with the tumor-suppressive role of ARIDIA
as a core component of the SWI/SNF
chromatin-remodeling complex. Recent
translational data further support the clinical
relevance of ARID1A loss in LUAD. Yang
et al.,!”® reported that ARID1A deficiency
attenuates response to EGFR-tyrosine kinase
inhibitor treatment in EGFR-mutant LUAD,
with loss of ARID1A expression linked to
EGFR-related signaling activation. Reduced
ARID1A expression in A549 and H1299 cells
may therefore reflectloss of chromatin-dependent
tumor-suppressive regulation with potential
implications for metastatic behavior and therapy
resistance.
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The relationship between miRNA
changes and ARID1A expression should

not be overinterpreted. The combination of
increased hsa-miR-9-5p and reduced ARID1A
is directionally compatible with an oncogenic
miRNA-associated suppression model, but
direct binding of miR-9-5p to the ARID1A
3'UTR has not been established in NSCLC
and was not tested here. In contrast, reduced
hsa-let-7a-5p would not explain ARID1A
downregulation through a simple direct
targeting mechanism, since decreased let-7a-5p
would be expected to relieve repression of its
direct targets. The ARID1A downregulation
in these NSCLC cell lines may therefore
involve additional mechanisms, including
genetic alteration, epigenetic regulation,
transcriptional repression, protein stability
changes, or regulation by other non-coding
RNAs.24 Direct testing is required before
ARID1A can be assigned as a functional
downstream target of either miR-9-5p or
let-7a-5p in this model.

The ZFP36 was also reduced in both A549
and H1299 cells. The ZFP36, also known
as ftristetraprolin, is an AU-rich element-
binding RNA-binding protein that promotes
mRNA decay and is broadly considered a
tumor-suppressive post-transcriptional regulator.
Saini et al.,l'® reviewed the tristetraprolin family
and highlighted that TTP family RNA-binding
proteins regulate multiple cancer-relevant
traits, including inflammation, proliferation,
metastasis, prognosis, and chemotherapy
response. Reduced ZFP36 expression may
therefore create a permissive post-transcriptional
environment by stabilizing transcripts that would
normally be degraded.

In NSCLC specifically, Zhang et al.l'”!
demonstrated that ZFP36 mediates BARXI1
mRNA destabilization. Loss of ZFP36 increased
BARXI1 expression and promoted proliferation,
migration, invasion, and tumorigenicity through
activation of oncogenic programs involving
CDC20, CDC45, TRIM37, and MMP-9. The
reduction of ZFP36 observed in the present study
is therefore consistent with a model in which
NSCLC cells may lose an important mRNA decay
checkpoint, potentially facilitating oncogenic
transcript stabilization. This interpretation is
particularly relevant since ZFP36 represents
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a regulatory layer distinct from both miRNA
repression and chromatin remodeling.

Taken together, the present expression
pattern suggests two biologically plausible
regulatory interpretations. First, hsa-miR-9-5p
upregulation, together with ARID1A and
ZFP36 downregulation, is compatible with
an oncogenic miRNA-associated reduction of
tumor-suppressive regulatory layers, namely
chromatin remodeling and mRNA decay.
Second, hsa-let-7a-5p downregulation together
with NFAT5 upregulation is compatible with
loss of tumor-suppressive miRNA constraint
on a pro-tumorigenic transcription factor.
This framework is biologically attractive
since NFAT5, ARID1A, and ZFP36 represent
three mechanistically distinct levels of gene
regulation: stress-responsive transcriptional
signaling, chromatin remodeling, and
post-transcriptional mRNA turnover.
Nevertheless, the current data cannot
determine whether these relationships are
direct, indirect, or parallel consequences of
broader NSCLC-associated reprogramming.

To further evaluate whether the in
vitro expression pattern reflects findings
observable in larger patient-derived datasets,
ENCORI/starBase Pan-Cancer analyses were
performed in LUAD and LUSC cohorts. The
most robust concordance between the cell
culture findings and the cohort-level data
was observed for hsa-miR-9-5p, hsa-let-7a-5p,
and ZFP36. Higher hsa-miR-9-5p and lower
hsa-let-7a-5p expression in tumor samples
relative to normal lung tissue in both LUAD
and LUSC supports the in vitro miRNA
expression profile and is consistent with
previous reports describing miR-9-5p
as oncogenic and let-7 family members as
tumor-suppressive in LC.>%2% Similarly, ZFP36
expression was reduced in tumor samples in
both LUAD and LUSC, directionally consistent
with the reduction observed in A549 and
H1299 cells and with the post-transcriptional
tumor-suppressive role of ZFP36 in NSCLC.[16.17]

In contrast, ARIDIA and NFAT5 did
not show fully concordant tumor-normal
expression patterns at the bulk tumor level.
Whereas both cell lines exhibited reduced
ARID1A and increased NFAT5 expression
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relative to BEAS-2B, the ENCORI/starBase
cohort distributions suggested more complex
subtype-dependent profiles. Several factors may
account for this discrepancy. First, BEAS-2B is
an SV40 large T antigen-immortalized bronchial
epithelial line and may not fully recapitulate
the transcriptomic profile of adjacent normal
lung tissue used as the cohort reference.??
Second, bulk tumor expression averages across
heterogeneous cell populations, including tumor
cells, stromal cells, and immune infiltrate,
whereas the in vitro signal reflects tumor
cell-autonomous expression. Third, ARID1A
inactivation in LUAD is frequently genetic,
with mutation or copy-number alteration
accounting for functional loss in the absence
of strict mRNA-level reduction.!'®24 For
NFATD5, stress-responsive expression depends
on osmotic, hypoxic, and inflammatory
cues that vary substantially between tightly
controlled in vitro conditions and patient tumor
microenvironments.l?1221 Therefore, the in vitro
ARID1A and NFATS5 alterations are interpreted
as cell-line-specific expression changes
requiring independent validation rather than
as universally conserved tumor-level signatures.

Co-expression analyses provided a partial
but informative external context. Among
the six miRNA-mRNA pairs examined, the
hsa-miR-9-5p and ZFP36 relationship showed
the most consistent inverse association, with
weak but statistically significant negative
correlations in both LUAD (r = -0.153,
p = 502 x 10% and LUSC (r = -0.175,
p = 1.27 x 10%). This pattern is directionally
compatible with an oncogenic miR-9-5p
contribution to ZFP36 suppression in
NSCLC, although direct binding has not been
demonstrated and the correlation strength
precludes definitive causal interpretation. No
consistent inverse correlations were detected
between hsa-miR-9-5p and ARID1A or NFAT5
at the bulk tumor level. For hsa-let-7a-5p,
weak but significant positive correlations were
observed with ZFP36 in both LUAD and
LUSC, as well as with ARID1A and NFAT5
in LUSC. These positive correlations are
unlikely to reflect direct miRNA-mediated
regulation, which would predict inverse rather
than positive associations. A more plausible
interpretation is that hsa-let-7a-5p, ARIDI1A,
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and ZFP36 are coordinately downregulated
in tumor samples as part of a broader tumor-
suppressive program; cohort-level correlation
then captures their co-suppression rather
than a direct regulatory link. Therefore, the
ENCORI/starBase results are best interpreted
as supportive and hypothesis-generating, with
the hsa-miR-9-5p and ZFP36 axis emerging
as the most coherent candidate for future
mechanistic  validation through 3'UTR
luciferase reporter assays and miRNA mimic
and inhibitor experiments.

The differences between A549 and
H1299 cells are also informative. The
H1299 cells showed stronger induction of
hsa-miR-9-5p and NFAT5, whereas A549
cells showed more pronounced suppression
of ARID1A and ZFP36. This suggests that
the proposed signature is not uniform across
NSCLC cell models and may be influenced
by cell-line-specific genetic background,
differentiation state, signaling dependencies,
and stress-response programs. A relevant
example is tumor protein p53 (TP53) status:
Ab49 retains wild-type p53, whereas H1299
carries a homozygous TP53 deletion and is
p53-null.!?® Such genetic differences may shape
downstream miRNA and mRNA expression
profiles in distinct ways. Although both A549
and H1299 showed the same overall direction
of change, these findings should not be
generalized to all NSCLC subtypes without
validation in additional LUAD and non-LUAD
cell lines and in patient-derived tumor samples.

The use of BEAS-2B as the reference cell
line also requires methodological qualification.
BEAS-2B is widely used as a non-tumorigenic
bronchial epithelial reference model, but it is
an immortalized cell line rather than a primary
normal bronchial epithelial cell. Han et al.?®
reported that BEAS-2B cells are SV40 large T
antigen-expressing, non-tumorigenic cells with
features that complicate their interpretation as
a purely normal epithelial model. BEAS-2B is
therefore appropriate as an initial non-malignant
bronchial epithelial comparator, but validation
using primary normal human bronchial epithelial
cells or additional non-malignant bronchial
epithelial models would strengthen translational
interpretation.
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Several limitations of the present study
should be considered when interpreting the
findings. First, the analyses were based on
basal expression profiling in a limited number
of NSCLC cell lines and may therefore not
fully capture the biological heterogeneity of
NSCLC in clinical settings. In addition, the
study focused on transcript-level alterations
and did not include protein-level validation

experiments. Although ENCORI/starBase
analyses provided supportive external
evidence, the observed miRNA-mRNA

correlations were generally weak and should
be interpreted cautiously, since statistically
significant associations in large transcriptomic
cohorts do not necessarily indicate direct or
biologically meaningful regulatory interactions.
Furthermore, functional validation experiments
such as luciferase reporter assays, miRNA
mimic/inhibitor transfection, or knockdown
studies were not performed. Therefore,
the findings of the present study should be
regarded as association-based and hypothesis-
generating rather than definitive evidence of
direct miRNA-mRNA regulation. Additional
studies incorporating functional assays,
protein-level analyses, and broader NSCLC
models will be necessary to further clarify
the biological significance of the proposed
expression patterns.

In conclusion, the present study identifies a
basal expression pattern in NSCLC cell lines
characterized by hsa-miR-9-5p upregulation,
hsa-let-7a-5p downregulation, NFAT5
upregulation, and reduced ARID1A and ZFP36
expression. This profile is compatible with a
putative miRNA-mRNA regulatory signature
involving oncogenic miRNA activation, tumor-
suppressive  miRNA loss, stress-responsive
transcriptional activation, chromatin-regulatory
loss, and impaired mRNA decay control.
Although direct regulatory interactions remain
to be validated, these findings provide a
rational basis for future mechanistic studies
investigating the hsa-miR-9-5p and hsa-let-7a-5p
axis in relation to NFAT5, ARID1A, and ZFP36
in NSCLC biology.

Data Sharing Statement: The data that support
the findings of this study are available from the
corresponding author upon reasonable request.
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