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ABSTRACT

Identification of new gene inhibiting

Gemcitabine resistance in pancreatic cancer

Pancreatic cancer is a aggressive disease with dismal clinical outcomes, primarily owing to its
swift acquisition of resistance to chemotherapeutic agents. Among the diverse factors influencing
therapy failure, mitochondrial dynamics have emerged as key contributors to cancer cell survival.
Despite its clinical relevance, the molecular basis underlying gemcitabine resistance in pancreatic
cancer has not been fully elucidated. This study highlights the myo-inositol:sodium symporter
SLC5A3 (solute carrier family 5 member 3) as a contributor to gemcitabine resistance in pancreatic
cancer. SLC5A3 was markedly upregulated in gemcitabine-resistant pancreatic cancer tissues and
cell lines, where it supported cell survival by maintaining mitochondrial stability and suppressing
apoptotic pathways. Functional experiments revealed that silencing SLC5A3 led to altered
mitochondrial dynamics, elevated ROS levels, increased mitochondrial fragmentation, and a
reduction in oxidative phosphorylation efficiency. Additionally, SLC5A3 depletion activated
PINK1/Parkin-mediated mitophagy, leading to excessive clearance of both damaged and functional
mitochondria. This mitochondrial depletion resulted in an energy crisis and heightened apoptotic
susceptibility. In animal models, the inhibition of SLC5A3 markedly strengthened gemcitabine’s
antitumor activity, leading to suppressed tumor progression in xenograft experiments. These results
underscore the importance of SLC5A3 in maintaining mitochondrial stability and propose it as a

promising candidate for therapeutic intervention against chemoresistance in pancreatic cancer.

Key words: pancreatic cancer, gemcitabine, resistance, mitochondrial dysfunction, mitophagy
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1. INTRODUCTION

As the leading and most lethal form of pancreatic cancer, pancreatic ductal adenocarcinoma
(PDAQC) is associated with a 5-year survival rate near 13%, reflecting its severe clinical outcome. !
Due to limited therapeutic strategies and the rapid progression of the disease, gemcitabine remains
the cornerstone chemotherapeutic agent for PDAC treatment. > However, its clinical effectiveness
is often undermined by the rapid emergence of drug resistance. Several mechanisms have been
implicated in gemcitabine resistance, including activation of survival-promoting pathways,
alterations in drug metabolism, and suppression of apoptotic responses. >*> Despite these insights,
the intricate regulatory mechanisms and core molecular contributors underlying gemcitabine
resistance in PDAC are not fully understood. Therefore, identifying novel targets and understanding
the cellular basis of chemoresistance are essential to improving therapeutic outcomes.

Mitochondria play a critical role in both energy metabolism and apoptotic signaling, and
increasing evidence implicates mitochondrial dysfunction in cancer drug resistance. ”*° Tumor cells
rely on a finely tuned interplay between mitochondrial fission and fusion to adapt to metabolic stress
and sustain survival. !° Disruption of mitochondrial dynamics increases susceptibility to oxidative
damage, subsequently triggering mitophagy. '''? Although mitophagy serves to eliminate
dysfunctional mitochondria and maintain cellular health, its excessive activation can lead to
depletion of functional mitochondria, resulting in reduced ATP generation and increased
susceptibility to apoptosis. '3'%!51¢ Thys, understanding how mitophagy is regulated in
chemoresistant cancer cells may uncover potential therapeutic vulnerabilities.

As the largest class of membrane transporters, SLC proteins are increasingly linked to key
processes in metabolism and cancer progression. "% Among them, SLC5A3 has emerged as a
critical player in cancer biology. SLC5A3 facilitates cellular osmoregulation and inositol uptake,
contributing to cell proliferation and survival in various malignancies. 2*?! Previous studies have
demonstrated its oncogenic roles in acute myeloid leukemia, lung cancer, and cervical cancer by
modulating metabolic signaling and gene expression pathways. 222324

Our analysis revealed that SLC5A3 levels were substantially higher in PDAC samples and cells
exhibiting resistance to gemcitabine. Functional analyses indicated that silencing SLC5A3 disrupted
mitochondrial performance, led to diminished oxidative phosphorylation (OXPHOS), elevated
intracellular reactive oxygen species (ROS) levels, and triggered apoptotic cell death. Furthermore,
SLC5A3 knockdown disrupted mitochondrial dynamics and triggered mitophagy, which in turn led
to the degradation of both damaged and intact mitochondria, exacerbating energy depletion and
apoptotic sensitivity. These findings suggest that targeting SLC5A3 could enhance therapeutic
efficacy by reversing chemoresistance through the modulation of mitophagy and mitochondrial
homeostasis.



2. MATERIALS AND METHODS

2.1. Ethical compliance and human sample collection

All procedures involving human-derived tissues were conducted under ethical oversight, in
accordance with the principles outlined in the Declaration of Helsinki. Research protocols received
approval from the Institutional Review Boards of Gangnam Severance Hospital (approval number:
3-2021-0414) and Seoul National University Hospital (approval number: H-1705-031-852).
Pancreatic tissues were sourced from patients with histologically confirmed PDAC or from
individuals without malignancy, all undergoing surgical procedures at Gangnam Severance
Hospital. Patients who received standard gemcitabine therapy (1,000 mg/m? weekly for several
cycles) were stratified based on recurrence within six months. Informed consent was obtained from
each participant.

2.2. Data sources and computational methods
Public datasets, including TCGA-PAAD and Seoul National University Hospital cohorts,
were analyzed for survival correlation. Expression levels of SLC5A3 were divided into two groups
using statistical thresholds identified via X-tile (version 3.6.1; Yale University, Chicago, IL, USA).
Survival analyses were visualized using GraphPad Prism software (v10.3.0; GraphPad, San Diego,
CA, USA).

2.3. Cell lines and induction of drug resistance
Commercially available PDAC cell lines were acquired from ATCC (Gaithersburg, MD,
USA). They were sustained in either RPMI-1640 or DMEM media supplemented with 10% serum
and antibiotics (Biowest, Lyon, France; Gibco, Toronto, Canada). To establish resistance, PANC-
1 cells were incrementally treated with sub-cytotoxic concentrations of gemcitabine (Yuhan,
Daejeon, Republic of Korea) over several weeks, ultimately stabilizing at 0.5 pM.

2.4. Proliferation and cycle analysis

Cell viability was assessed by a tetrazolium-based metabolic assay (EZ-Cytox; DoGenBio,
Busan, Korea). Approximately 5,000 cells were plated per well and treated with gemcitabine for
72 hours, followed by reagent incubation. Optical density was measured at 450 nm using a
microplate reader (Molecular Devices, Birmingham, UK). For DNA synthesis assessment, BrdU
incorporation was measured via immunofluorescence. Cell cycle distribution was quantified using
propidium iodide and RNase A staining, analyzed on a flow cytometer (BD Biosciences, Vienna,
Austria).

2.5. Detection of apoptotic and oxidative responses
Apoptosis was evaluated by Annexin V staining (BD Biosciences, Vienna, Austria) and DNA



fragmentation using a TUNEL kit (Abcam, Madrid, Spain). Reactive oxygen species levels were
measured through DCFDA staining (Sigma-Aldrich, Milan, Italy), and signals were recorded using
a flow cytometry-based system. Data processing was conducted with FlowJo (version 10.8.1;
FlowJo LLC, Dublin, Ireland).

2.6. Mitochondrial performance and bioenergetics
Functional analyses of mitochondrial respiration were carried out using Seahorse instruments
(Agilent Technologies, Amsterdam, Netherlands). Oxygen consumption and ATP output were
measured following manufacturer instructions using assay kits compatible with the XFp and XFe96
platforms. Organelle fractionation was performed using a mitochondria isolation protocol (Thermo
Fisher Scientific, Munich, Germany).

2.7. Microscopy-based phenotypic profiling
Cells were stained with mitochondrial and nuclear dyes and imaged using an automated
confocal system (Operetta CLS; PerkinElmer, Sydney, Australia). Image classification was
processed using built-in machine learning software. For ultrastructural observation, fixed samples
underwent transmission electron microscopy (JEM-1400 Flash; JEOL, Osaka, Japan).

2.8. Mouse xenograft experiments
BALB/c (Orient Bio, Incheon, Republic of Korea) were surgically implanted with PDAC cells
mixed with extracellular matrix gel. Short-hairpin RNA vectors targeting SLC5A3 (Origene, Paris,
France) were administered intravenously. Gemcitabine and CCCP were injected intraperitoneally.
Animal studies were approved by Yonsei University IACUC (approval no. 2022-0061).

2.9. Immunostaining and imaging
Tissue sections (5 pum) were processed for immunofluorescence microscopy. Following
antigen retrieval and blocking, samples were incubated with primary antibodies and then
fluorophore-conjugated secondaries (Invitrogen, Singapore; Jackson ImmunoResearch, Berlin,
Germany). Imaging was performed using a laser-scanning confocal system (Leica TCS SP8 STED

CW; Leica Microsystems, Zurich, Switzerland).

2.10. Analysis of gene expression
Total RNA was extracted using phenol-chloroform reagents (TRIzol; Invitrogen, Singapore)
and reverse transcribed. Real-time amplification was performed using SYBR Green chemistry
(Applied Biosystems, Tel Aviv, Israel). For transcriptome profiling, libraries were constructed
using QuantSeq kits (Lexogen, Seoul, Republic of Korea) and sequenced on a NextSeq 550
(Illumina, Jakarta, Indonesia). Pathway analyses were conducted using DAVID and R (v3.5.1).

2.11. Immunoblot protocol



Protein extracts were isolated in lysis buffer containing both protease and phosphatase
inhibitor cocktails (Rockland, Nice, France). Equal volume of lysate were segregated by Sodium
Dodecyl Sulfate - Polyacrylamide Gel Electrophoresis, moved to Polyvinylidene Difluoride
membranes (Merck Millipore, Zurich, Switzerland), and probed with specific antibodies.
Visualization was achieved using chemiluminescence reagents and documented with imaging
systems (GE Healthcare, Melbourne, Australia).

2.12. Gene silencing by RNA interference
Transient knockdown of SLC5A3 was achieved through transfection of siRNA
oligonucleotides (Santa Cruz Biotechnology, New Delhi, India) using lipid-based reagents
(Lipofectamine RNAIMAX; Invitrogen, Singapore). Analyses were performed 48—72 hours post-
transfection.

2.13. Statistical evaluation
All data were obtained from at least three independent experiments unless otherwise indicated.
Results are presented as means + standard deviation (SD). Statistical significance was determined
using one-way or two-way ANOVA, with p-values < 0.05 considered significant. All analyses were
performed using GraphPad Prism software (version 10.3; GraphPad Software, San Diego, CA,
USA).



3. RESULTS

3.1. SLC5A3 expression is increased in PDAC

RNA-seq analysis of PDAC tumors and adjacent non-tumor tissues was carried out to explore
the role of solute carrier (SLC) transporters in disease development. SLCSA3 was identified as the
most prominently upregulated member of the SLC gene family in pancreatic tumor tissues relative
to their matched adjacent normal counterparts (Figure 1A). This observation was further
substantiated by experimental validation showing consistent upregulation of SLC5A3 at both
transcript and protein levels in PDAC samples (Figure 1B), implying its potential involvement in
pancreatic tumor biology.

To determine whether elevated SLC5A3 expression is unique to PDAC or observed across
different tumor types, we examined data from GEPIA2 database. SLC5A3 was found to be
overexpressed in multiple malignancies, with pancreatic adenocarcinoma (PAAD) displaying the
highest relative expression (Figure 1C). 2”2 Data integration from TCGA and GTEx cohorts
validated the observation of increased SLC5A3 expression in PAAD, showing a significant
elevation relative to non-tumorous pancreatic tissue. (Figure 1D). 293031

We next assessed SLC5A3 expression across different tumor stages, and the data revealed
persistently high expression levels as the disease progressed, suggesting that SLC5A3 may
contribute to disease advancement. Survival analysis using cohorts from TCGA-PAAD and Seoul
National University (SNU) revealed a statistically significant association between high SLC5A3
expression and reduced overall survival, suggesting a potential prognostic role in PDAC (Figure 1E).

To understand the transcriptional impact of SLC5A3 in PDAC, we conducted a clustered
heatmap analysis using RNA-seq data. Patients with high versus low SLC5A3 expression observed
distinct gene expression patterns, indicating that SLC5A3 may regulate specific gene networks in
the tumor microenvironment (Figure 1F). Moreover, differential gene expression analysis using the
GSE62452 dataset identified SLCSA3 among the top upregulated genes in PDAC tumor samples
when compared to normal controls (Figure 1G). Further investigation through Gene Ontology (GO)
enrichment analysis revealed that genes strongly correlated with SLC5A3 were enriched in pathways

related to mitochondrial function, apoptotic signaling, and regulation of the cell cycle (Figure 1H).
3
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Figure 1. SLC5A3 expression is increased in PDAC. (A) Using RNA sequencing data from
Gangnam Severance Hospital, we visualized differences in SLC gene expression between pancreatic
tumors and adjacent non-tumorous tissues through a heatmap analysis. (B) Analysis of paired tumor
and normal tissues demonstrated a marked increase in SLC5A3 expression at both the transcript and
protein levels in PDAC. (C) Among multiple cancer types analyzed using GEPIA2 and Human
Protein Atlas, SLC5A3 was most prominently expressed in pancreatic adenocarcinoma. (D) Boxplot
comparisons using TCGA and GTEx datasets indicate significantly higher SLC5A3 transcript levels
in PDAC tissues. (E) Survival analyses using Kaplan—Meier curves from both TCGA-PAAD and
SNU datasets. (F) Hierarchical clustering of SNU cohort transcriptomic data illustrates distinct gene
expression profiles based on SLC5A3 expression levels. (G) Volcano plot from GSE62452 dataset
highlights SLC5A3 as one of the most significantly upregulated genes in PDAC. (H) GO analysis
of SLC5A3-correlated genes indicates enrichment in pathways related to mitochondrial activity,
apoptosis regulation, and cell cycle control.



3.2. Elevated SLCS5A3 is associated with chemoresistance and poor
prognosis

To further explore the involvement of SLC5A3 in therapeutic response, we evaluated its
expression and correlation with gemcitabine resistance in both clinical samples and cell models of
pancreatic ductal adenocarcinoma (PDAC). Patients classified as gemcitabine-resistant exhibited
markedly elevated SLC5A3 levels compared to their gemcitabine-sensitive counterparts (Figure 2B).
This supports the hypothesis that SLC5A3 contributes to acquired chemoresistance.

We also examined SLC5A3 expression in a panel of pancreatic cancer cell lines previously
characterized for their sensitivity to gemcitabine. Across these cell lines, RES variants consistently
showed upregulation of SLC5A3 compared to their SEN counterparts, reinforcing its conserved
association with resistance (Figure 2E). Consistently, protein and mRNA levels of SLC5A3 were
markedly elevated in RES PDAC tumor tissues relative to SEN tissues (Figure 2D). To functionally
validate this correlation, we performed WST-1 viability assays to determine the gemcitabine IC50
values in SEN and RES PANC-1 cells. The results demonstrated that RES cells required
substantially higher concentrations of gemcitabine to achieve comparable cytotoxicity, indicating
increased drug tolerance (Figure 2F).

We then turned our attention to known molecular mediators of gemcitabine resistance. Among
these, RRM1 emerged as the gene most strongly correlated with SLC5A3 expression in the TCGA—
PAAD cohort (Figure 2C). ** Subsequent co-expression analyses confirmed that both RRM1 and
SLC5A3 were elevated in resistant cells and tissues, suggesting that they may function in a
coordinated manner to promote resistance.

In clinical datasets, survival outcomes were evaluated to determine the prognostic relevance of
SLC5A3. Patients within the SNU cohort exhibiting high SLC5A3 expression had significantly
shorter relapse-free survival compared to those with lower expression levels, implying that SLC5A3
may serve as a predictive indicator for poor response to gemcitabine (Figure 2A).

Lastly, to identify common molecular features of resistance, transcriptomic data from RES
PANC-1 cells, RES patient tissues, and PDAC tumor tissues were compared. Analysis of the Venn
diagram identified nine commonly upregulated genes, including SLC5A3, across all datasets
examined (Figure 2G), suggesting a core set of molecular features associated with chemoresistant
phenotypes.
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Figure 2. Elevated SLC5A3 is associated with chemoresistance and poor prognosis. (A) High
SLC5A3 expression correlated with shorter relapse-free survival in the SNU cohort, indicating an
association with earlier tumor recurrence. (B) Patients classified as gemcitabine-resistant (RES)
exhibited markedly elevated SLC5A3 expression levels relative to those in the gemcitabine-sensitive
(SEN) group. (C) Scatter plot analysis shows a strong correlation between SLC5A3 and the
chemoresistance marker RRM1 in TCGA-PAAD samples. (D) Both SLC5A3 and RRM1 exhibited
elevated mRNA and protein expression in RES tumor tissues, supporting their coordinated
upregulation in gemcitabine resistance. (E) SLC5A3 and RRM1 were also highly expressed in
multiple gemcitabine-resistant PDAC cell lines. (F) Dose—response curve and IC50 analysis of
PANC-1 cells revealed increased resistance in RES cells. (G) A Venn diagram comparing upregulated
genes from RES PANC-1 cells, RES patient tissues, and GSE62452 tumor samples identified
SLC5A3 among the commonly upregulated genes.



3.3. SLC5A3 depletion limits proliferation in GR PDAC

We performed targeted gene silencing in pancreatic ductal adenocarcinoma (PDAC) cells that
had acquired resistance to gemcitabine. Specific siRNAs were used to downregulate SLC5A3
expression in resistant (RES) cells, while scrambled siRNA served as a negative control. Subsequent
validation confirmed effective knockdown of SLC5A3 at both the transcriptional and protein levels
(Figure 3A, B).

Since SLC5A3 is involved in myo-inositol uptake, we assessed intracellular levels of this
metabolite following knockdown. A significant decline in myo-inositol content was observed in
SLC5A3-silenced cells (Figure 3C). *** This metabolic disturbance was paralleled by a marked
decrease in cell viability, as determined by WST assays. Although RES cells displayed increased
viability compared to their sensitive (SEN) counterparts, this effect was notably reversed upon
suppression of SLC5A3 (Figure 3D).

In addition, mRNA expressions of both SLC5A3 and RRM1 were reduced in knockdown cells,
suggesting that impaired inositol transport might be linked to broader effects on survival-related
gene networks. To explore these pathways, we employed gene set enrichment analysis (GSEA),
which revealed that RES cells were enriched in gene sets related to mitotic processes, including
chromosome segregation and checkpoint control. These gene sets were significantly diminished in
SLC5A3 knockdown cells (Figure 3E). 3¢

Cell cycle analysis using flow cytometry demonstrated that silencing SLCS5A3 led to
accumulation of cells in the GO/G1 phase, alongside a reduction in S phase populations, consistent
with a G1 phase arrest (Figure 3F). To probe the molecular mechanisms underlying this shift, we
quantified expression levels of critical regulators of cell cycle progression. Cyclins and CDKs
including CCNDI1, CCNE, CDK4, and CDK6 were substantially elevated in RES cells but
significantly decreased upon SLC5A3 knockdown (Figure 3G, H). To further assess proliferation,
Ki-67 immunofluorescence staining was used. A larger proportion of RES cells stained positive for
Ki-67 relative to SEN cells. However, SLC5A3 depletion led to a pronounced decline in proliferative
cell numbers (Figure 31, J). In addition to proliferation, we investigated migratory potential via
wound healing assays. As expected, RES cells exhibited enhanced migratory capacity, whereas
SLC5A3 knockdown impaired wound closure and cell movement (Figure 3K).
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Figure 3. SLC5A3 depletion limits proliferation in GR PDAC. (A) High SLC5A3 expression was
associated with earlier tumor recurrence, as shown by relapse-free survival data from the SNU cohort.
(B) Patients classified as gemcitabine-resistant (RES) exhibited markedly elevated SLC5A3
expression levels relative to those in the gemcitabine-sensitive (SEN) group. (C) Scatter plot analysis
shows a strong correlation between SLC5A3 and the chemoresistance marker RRM1 in TCGA-
PAAD samples. (D) Both SLC5A3 and RRM1 exhibited elevated mRNA and protein expression
levels in RES tumor tissues, supporting their coordinated upregulation in gemcitabine resistance. (E)
SLC5A3 and RRM1 were also highly expressed in multiple gemcitabine-resistant PDAC cell lines.
(F) Dose—response curve and IC50 analysis of PANC-1 cells revealed increased resistance in RES
cells. (G) A Venn diagram comparing upregulated genes from RES PANC-1 cells, RES patient tissues,
and GSE62452 tumor samples identified SLC5A3 among the commonly upregulated genes.
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3.4. SLC5A3 depletion induces mitochondrial apoptosis and ROS

We performed transcriptomic analysis comparing SLC5A3 knockdown (KD) cells with control
RES cells. Functional annotation via Gene Ontology (GO) revealed a strong enrichment of pathways
related to apoptotic regulation and oxidative stress responses in KD cells (Figure 4A), suggesting
that SLC5A3 supports cell survival under cytotoxic conditions. Consistently, Gene Set Enrichment
Analysis (GSEA) identified upregulation of both programmed cell death and ROS-associated gene
networks upon SLC5A3 suppression (Figure 4B).

To validate these findings experimentally, we employed Annexin V staining to quantify
apoptotic activity. KD cells exhibited a significantly elevated percentage of Annexin V-positive
populations relative to both sensitive (SEN) and RES control groups, supporting the notion that
SLC5A3 loss induces cell death (Figure 4C). Since intrinsic apoptosis is often linked to
mitochondrial perturbation, we assessed membrane potential using the JC-10 probe. KD cells
displayed a notable reduction in mitochondrial potential, indicative of functional impairment of the
organelle (Figure 4D). We next examined the expression levels of genes involved in apoptosis.
Quantitative analysis showed that silencing SLC5A3 led to a decrease in anti-apoptotic BCL2
transcripts and an increase in pro-apoptotic genes such as BAX, CASP3, and CASP9 (Figure 4E).
At the protein level, expression of cleaved CASP9, CASP8, BAX, PUMA, and PARP was elevated
in KD cells, confirming the activation of intrinsic apoptotic signaling cascades (Figure 4F).

Given that GSEA results highlighted ROS pathway involvement (Figure 4B), we investigated
intracellular ROS accumulation. Fluorescence-based assays revealed that ROS levels were
significantly increased in KD cells compared to both SEN and RES controls (Figure 4G), aligning
with previously established roles of ROS in mediating apoptotic cell fate. 3738

To determine whether antioxidant defenses were disrupted, we measured the expression of
NRF2 and GPX4, two pivotal components of the cellular redox response. Both markers were
significantly downregulated following SLC5A3 knockdown (Figure 4H), suggesting that oxidative
imbalance was exacerbated by impaired antioxidant capacity.
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3.5. SLC5A3 depletion alters mitochondria and triggers mitophagic cell
death

The regulation of mitochondrial dynamics is essential for preserving cellular equilibrium, and
disturbances in this process can lead to mitochondrial dysfunction and cell demise. 3°%° Based on
previous evidence suggesting a regulatory role for SLC5A3 in mitochondrial integrity 442,
investigated whether SLC5A3 knockdown (KD) alters mitochondrial behavior in gemcitabine-
resistant PDAC cells. A heatmap comparison revealed that SLC5A3 knockdown led to a notable
increase in pro-apoptotic gene expression and a concurrent reduction in anti-apoptotic gene levels
(Figure 5A), suggesting that silencing SLC5A3 induces a gene expression profile characteristic of
apoptosis.

To further examine mitochondrial alterations, we performed transmission electron microscopy
(TEM). KD cells exhibited abnormal mitochondrial morphologies characterized by increased
fragmentation, disrupted cristae, spherical shape, and vacuolization—features indicative of

we

mitochondrial stress (Figure 5B). These results suggest enhanced mitochondrial fission in the
absence of SLC5A3. ** High-content image analysis supported these findings, showing that KD cells
had a greater number of mitochondria with reduced average size (Figure 5C). * In addition,
MitoTracker staining showed evidence of mitochondrial division and structural compromise
following SLC5A3 depletion (Figure 5D).

We then measured protein expression of fusion and fission regulators. SLC5A3 KD led to a
decrease in mitochondrial fusion proteins OPA1 and MFNI1, and an increase in the fission protein
FIS1, indicating disruption of mitochondrial dynamics (Figure 5E).

To assess mitochondrial functionality, we measured the oxygen consumption rate (OCR).
SLC5A3-deficient cells showed significantly reduced OCR, suggesting impaired mitochondrial
respiration (Figure 5F). Consistent with this, mitochondrial ATP decreased while glycolytic ATP
output increased in knockdown cells, highlighting a transition in cellular metabolism from
mitochondrial respiration to glycolytic energy production (Figure 5G). Such a metabolic transition
is indicative of impaired mitochondria that fail to sustain adequate energy production. 4>*¢ Reduced
extracellular acidification rates in KD cells further confirmed the compromise in mitochondrial
energy output. After observing mitochondrial abnormalities, we investigated whether the loss of
SLC5A3 induces mitophagy, the targeted clearance of mitochondria. LC3B and MitoTracker
staining demonstrated enhanced mitophagy in cells lacking SLC5A3 (Figure 5H). Furthermore,
immunoblot analysis of mitochondrial fractions confirmed elevated levels of mitophagy markers
following SLC5A3 silencing (Figure 5I). Interestingly, despite mitophagy’s normal function in
maintaining cellular health by clearing damaged mitochondria ', we observed a net decrease in
total mitochondrial content in KD cells based on both MitoTracker signal and TEM observations.
These data suggest that mitophagy became excessive, leading to the depletion of even healthy
mitochondria. This process was likely exacerbated by the concurrent loss of fusion-related proteins
and increase in fission regulators, further amplifying mitochondrial disintegration.
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3.6. SLC5A3 depletion impairs tumor progression and mitochondrial
integrity in vivo

To evaluate the physiological relevance of SLC5A3 in regulating tumor development and
mitochondrial homeostasis in gemcitabine-resistant pancreatic ductal adenocarcinoma (PDAC), we
utilized an orthotopic xenograft model in BALB/c nude mice. To establish the orthotopic tumor
model, 2.5 x 10° PANC-1 SEN or RES cells were injected into the pancreas of each immunodeficient
mouse, with five mice allocated to each group. Eight weeks after implantation, SLC5A3 was
silenced in vivo using lentiviral delivery of shRNA constructs (shSLC5A3), while a scrambled
shRNA sequence served as control. Mice were further treated with gemcitabine and carbonyl
cyanide m-chlorophenyl hydrazone (CCCP), a well-characterized mitochondrial uncoupler, to
examine the interplay between mitochondrial activity and tumor suppression (Figure 6A). 47

Tumor burden was assessed post-treatment. Both SLC5A3 silencing and CCCP administration
led to significant reductions in tumor volume and weight compared to the untreated RES control
group, indicating impaired tumor progression upon mitochondrial disruption (Figure 6B, C). Gene
and protein expression analyses from excised tumor tissues showed that the depletion of SLC5A3
resulted in decreased levels of key cell cycle regulators, including CDK4 and CCNDI1, while
promoting the expression of apoptotic and mitochondrial markers such as BAX and CASP3 (Figure
6D, E). These molecular shifts suggested compromised proliferative signaling and enhanced cell
death.

To further validate mitochondrial alterations in vivo, immunofluorescence analysis was
performed. Tumors from SLC5A3-depleted and CCCP-treated groups exhibited decreased staining
for mitochondrial quality control proteins PINK1 and PARKIN, as well as reduced anti-apoptotic
BCL2 expression. In contrast, levels of cleaved CASP3 were significantly increased, reinforcing the

conclusion that mitochondrial dysfunction and apoptosis were both activated in these tumors (Figure
6F).
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Figure 6. SLC5A3 depletion impairs tumor progression and mitochondrial integrity in vivo. (A)
Experimental design: PANC-1 SEN and RES cells were orthotopically implanted into mice, followed
by shRNA injection and treatment with gemcitabine and CCCP. (B, C) Tumor weight and volume
were significantly lower in shSLC5A3- and CCCP-treated groups. (D, E) mRNA and protein analyses
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CCCP-treated groups.
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4. DISCUSSION

Gemcitabine resistance continues to pose a significant obstacle in the treatment of pancreatic
ductal adenocarcinoma (PDAC), with prior studies implicating factors such as altered drug
metabolism and enhanced pro-survival signaling pathways. *4*>* However, the complexity of
chemoresistance suggests the involvement of additional cellular processes. This study revealed that
SLC5A3 functions as a critical modulator contributing to gemcitabine resistance in PDAC, as
demonstrated in Figures 1 and 2. SLC5A3 was found to be upregulated in resistant PDAC cells, and
its inhibition led to impaired mitochondrial activity, elevated ROS levels, and induction of apoptosis,
indicating its role in supporting cell survival under chemotherapy.

Though SLC5A3 is primarily known as a sodium/myo-inositol transporter 2!, our findings
expand its functional profile by demonstrating its involvement in mitochondrial regulation.
Specifically, knockdown of SLC5A3 caused increased mitochondrial fragmentation, a decline in
ATP synthesis, and elevated oxidative stress (Figure 5). Mitochondrial division, which often
precedes mitophagy through the PINK 1/Parkin signaling cascade 323, was notably accelerated.
Interestingly, in SLC5A3-deficient cells, both damaged and functional mitochondria were removed,

1

suggesting an overactivation of mitophagy that led to energetic collapse and apoptotic progression
(Figure 4). This observation is consistent with reports linking mitochondrial instability to drug
resistance in other cancer types such as breast and ovarian tumors %3
mitophagy may be beneficial in PDAC.

A significant association was also observed between SLCS5A3 expression and oxidative
phosphorylation (OXPHOS) capacity (Figure SF). Chemoresistant tumors often enhance OXPHOS
to fulfill elevated energy requirements. *57 In this study, the loss of SLC5A3 markedly diminished
mitochondrial respiration and total ATP output, thereby disturbing cellular energy balance (Figure
5G). ATP depletion is known to impair essential cellular activities and amplify ROS accumulation
by hindering oxidative repair mechanisms. %% These changes promote a pro-apoptotic
environment, as was evident in SLC5A3-deficient cells.

SLC5A3 inhibition also interfered with cell cycle progression (Figure 3). Depletion of SLC5A3
caused an accumulation of cells in the G1 phase and was associated with reduced expression of
cyclin D1 and CDK4/6, aligning with earlier findings. ®'** Mitochondrial health is sustained through

, implying that targeting

a finely tuned balance between processes such as biogenesis, fusion, fission, and mitophagy. %
Disruption of this balance by loss of mitochondrial content or function compromises overall cell
viability. %% Our data suggest that SLC5A3 contributes to this balance by maintaining
mitochondrial structure and suppressing excessive mitophagy in chemoresistant cells. Future
research should investigate how SLC5A3 interfaces with critical mitochondrial regulatory proteins
such as DRP1, MFN2, and OPA1, which may uncover deeper insights into its involvement in energy
homeostasis and structural integrity in cancer cells.
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S. CONCLUSION

This study identifies SLC5A3 as a critical regulator of mitochondrial dynamics, cell cycle
progression, and chemoresistance in pancreatic ductal adenocarcinoma (PDAC). SLC5A3 promotes
gemcitabine resistance by preserving mitochondrial integrity, modulating cell cycle checkpoints,
and limiting ROS-induced apoptosis. Conversely, SLC5A3 inhibition disrupts these pathways,
resulting in enhanced apoptosis and increased sensitivity to chemotherapy. These findings position
SLC5A3 as a potential therapeutic target for overcoming gemcitabine resistance in PDAC,
particularly in treatment-refractory cases.
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