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Pancreatic cancer (PanCa) is projected to become the second major cause of cancer-related mortality by 2030.
The current diagnostic and treatment strategies offer only marginal benefits in overall survival. This highlights
the need to discover new biomarkers and targets for the treatment of PanCa. Dysregulated mitochondrial
ribosome biogenesis occurs in PanCa and can be utilized as a potential biomarker and molecular target for its
management. In this study, we established MRPL3 (Mitochondrial Ribosomal Protein L3) as a potential
biomarker and its role in expression of ETC (Electron Transport Chain) components. We employed an integrated
approach combining the in silico and experimental validation. Our findings demonstrate that the expression of
MRPL3 is upregulated during PanCa in ductal adenocarcinoma and other single cell populations of pancreas.
Amongst various grades, the highest expression of MRPL3 was observed in grade 1 human PanCa tumors. MRPL3
is involved in the growth of PanCa cells and the targeted knock-down of MRPL3 leads to decrease in the
expression of ETC components. Moreover, in silico analysis identified that MRPL3 undergoes alternative splicing
that gives rise to six coding and four non-coding variants. The MRPL3-001 isoform arising from
ENSG00000114686.8 variant was found to be the most abundant in PanCa. Pathway enrichment analysis showed
that MRPL3 is positively associated with cell growth and proliferation while negatively associated with cell
lineage commitment and differentiation. These results represent MRPL3 as a promising early biomarker and
molecular target for PanCa which warrant further investigation for its clinical applications.

Introduction mortality rate that closely mirrors its incidence rate [4]. Surgical

resection remains a primary curative intervention strategy for PanCa;

Pancreatic cancer (PanCa) remains a significant health burden and
third leading cause of cancer-related mortality, with a five-year survival
rate of only 11 % [1]. According to American Cancer Society for the year
2025, an estimated 67,440 new cases (34,950 men and 32,490 women)
will be diagnosed and 51, 980 people will die of PanCa in the United
States [2]. The majority of PanCa cases are classified as adenocarci-
nomas, primarily pancreatic ductal adenocarcinomas [3]. PanCa is a
highly aggressive malignancy characterized by poor prognosis and

however, >80 % of patients are diagnosed at an advanced stage pre-
cluding eligibility for surgical intervention. Notably, early-stage detec-
tion could significantly improve survival rates, with estimates
suggesting an increase in survival probability of up to 80 % [5,6].
Despite this, no FDA-approved tumor-specific biomarker for PanCa is
currently available. Presently, the diagnostic approaches for PanCa rely
on multidetector computed tomography (CT) imaging and the serum
levels of carbohydrate antigen 19-9 (CA19-9) [7]. However, these
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methods present inherent limitations. CA19-9, while commonly used,
exhibits broad cross-reactivity with multiple malignancies and
non-malignant conditions, such as chronic pancreatitis and liver
cirrhosis [8]. The available therapeutic regimens, including chemo-
therapy and targeted therapies are not very effective and are often
associated with substantial toxicity in the patients [9]. Consequently,
the identification of reliable and specific molecular markers for early
detection and prognosis, along with development of new molecular
targets remains an urgent clinical need.

Mitochondria are semi-autonomous organelles in the cell that have a
separate genome [10]. The mitochondrial DNA encodes the components
of electron transfer chain (ETC) or oxidative phosphorylation
(OXPHOS). The components of OXPHOS are upregulated in pancreatic
and other cancers to increase the survival and proliferation of cancer
cells [11]. A dedicated set of ribosomes called mitochondrial ribosomes
(mitoribosomes) synthesize the 13 essential proteins of mitochondrial
ETC encoded by mitochondrial genome [12]. Mitochondrial ribosomal
proteins (MRPs) are structural and functional components of mitor-
ibosomes [13-16]. The MRPs are encoded by the nuclear genome and
transported into mitochondria for mitochondrial ribosome biogenesis.
The biological role of different MRPs is poorly understood. Emerging
evidence suggests that MRPs play a vital role in cancer cell survival and
metabolic adaptation [17-19]. Mutations in MRPs have implication in
the pathogenesis of several human disorders including neurological
disorders, lactic acidosis, and cardiomyopathies [16]. Most of the MRP
mutations result in protein instability and defective OXPHOS often
leading to early life fatalities. Additionally, mutations in MRPs are also
associated with congenital syndromes such as such as blepharophimosis,
ptosis, and epicanthus inversus syndrome (BPES), hypogonadism,
sensorineural hearing loss, and primary adrenal failure [20]. Particu-
larly, the mutation in MRPL22 in BPES leads to additional deformities
such as microcephaly and soft plate cleft. MRPs have been increasingly
recognized as contributing factors in the origin, oncogenesis, and cancer
progression [21-23]. These molecular alterations suggest that MRPs
may serve as potential biomarkers and therapeutic targets for the
treatment of cancer. Functional studies in murine models revealed that
the knockout of MRPL3 gene is embryonically lethal, while spontaneous
mutations of MRPL3 in decrepit mice lead to neurodegenerative phe-
notypes. Furthermore, a genome-wide CRISPR/Cas9 screen that MRPs
are essential for the viability and growth of cancer cells [24]. Overall,
these studies provide a strong clue of MRPs involvement in carcino-
genesis and other diseases.

The current study was designed to investigate the role of MRPL3 as
an early biomarker and a possible molecular target in PanCa. Our results
demonstrate that MRPL3 is overexpressed during the early stages of
pancreatic carcinogenesis and its expression correlates with the NADH:
Ubiquinone Oxidoreductase Core Subunit 1 (NDUFS1) in human
pancreatic tumors. NDUFS] is the part of complex I of ETC that transfers
electrons from NADH to OXPHOS [25]. Targeted knockdown of MRPL3
inhibits the growth of PanCa with concomitant decrease of both NDUFS1
and ATPase8. In silico analysis revealed the presence of various coding
and non-coding isoforms of MRPL3 in PanCa, which are associated with
the pathways involved in growth and differentiation.

Materials and methods
Chemicals and reagents

All cell culture media and analytical grade reagents used in this study
were obtained from commercial sources. Dulbecco’s Modified Eagle
Medium (DMEM)-high glucose (Cat. No 11,965,092), Roswell Park
Memorial Institute (RPMI) 1640 (Cat. No 11,875,093), DMEM/F-12
Medium (Cat. No 11,320,033), McCoy’s 5A (Modified) medium (Cat.
No 16,600,082), fetal bovine serum (FBS) (Cat. No 10,437-028),
Trypsin EDTA (0.25 %) with phenol red (Cat. No 25,200,056), phos-
phate buffer saline (PBS)-pH 7.4 (Cat. No 10,010,023), and antibiotic-
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antimycotic (100X) (Cat. No 15,240,062) were procured from Gibco™
by Life Technologies, Carlsbad, CA, USA. Eagle’s Minimum Essential
Medium (EMEM; Cat. No 30-2003) was procured from American Type
Culture Collection (ATCC, Manassas, Virginia, USA). For immunohis-
tochemical (IHC) analysis, the peroxidazed-1 (Cat. No PX968M), Diva
Decloaker RTU (Cat. No DV2004G1), background sniper (Cat. No
BS966M), DaVinci Green antibody diluent (Cat. No PD900M), MACH 4
Universal HRP-Polymer (Cat. No M4U534G), 3,3-Diaminobenzidine
(DAB) chromogen kit (Cat. No DB801), and CAT Hematoxylin (Cat. No
CATHE-M) were obtained from BioCare Medical LLC, Pacheco, CA, USA.

Antibodies

The following primary antibodies were used in this study: anti-
MRPL3 (Cat. No Sc-514,217, Santa Cruz Biotechnology Inc, CA, USA),
anti-NDUFS1 (Cat. No 12,444-I-AP, ProteinTech Group Inc, IL, USA),
anti-ATPase8 (Cat. No 26,723-I-AP, ProteinTech Group Inc, IL, USA).
Normal mouse IgG (Cat. No Sc-2025, Santa Cruz Biotechnology Inc, CA,
USA) was used as an isotype control IgG. The secondary antibodies
utilised in this study were: anti-Rabbit IgG HRP conjugate (Cat. No
W401B) and anti-mouse IgG HRP conjugate (Cat. No W402B) from
Promega, Madison, WI, USA.

Normal organ-specific MRPL3 gene expression coverage, overall survival,
and reference-test gene correlation analysis

The organ and tissue-specific expression profile of MRPL3 under
normal physiological conditions was analyzed by utilizing Genotype
Tissue Expression (GTEx) database [26]. Kaplan Meier (KM) survival
analysis was conducted using the KM Plotter tool to evaluate the prog-
nostic significance of MRP3 expression in pancreatic adenocarcinoma
(PAAD) [27]. Furthermore, pairwise gene correlation analysis between
two genes MRPL3 and NDUFSI (test genes) was performed in PAAD
tissues using gene transcript per million (TPM) values, as retrieved from
the Gene Expression Profiling Interactive Analysis (GEPIA) database
[28].

Spot prediction of MRPL3 in single cell type cluster of pancreatic cells

The cellular location of MRPL3 within pancreas cell cluster was
evaluated using single-cell RNA sequencing (scRNA-seq) data, employ-
ing Uniform Manifold Approximation and Projection (UMAP) analysis
[29]. This approach facilitated the spatial prediction of MRPL3 expres-
sion across distinct cell clusters of pancreatic cells. The expression dis-
tribution was assessed within a range of 0-210 nTPM values, with
cellular abundance represented in terms of read count and total cell
count.

Analysis of MRPL3 coding structures and gene isoforms

The structural diversity and isoform-specific expression pattern of
MRPL3 in PAAD were assessed by using the isoform analysis sub module
of GEPIA2 [30]. The genomic transcript data of GEPIA2 was obtained
from The Cancer Genome Atlas (TCGA) database. GEPIA2 contains
comprehensive genomic information, encompassing a total of 60,498
genes and 198,619 isoforms, categorized into distinct classes such as
protein-coding, retained introns, and processed transcript, etc. [31].

Analysis of MRPL3 associate co-expressed genes

To investigate MRPL3-associated co-expressed genes and their
functional enrichment, the LinkFinder and LinkInterpreter sub-modules
of LinkedOmics were employed [28,32]. LinkFinder enabled gene as-
sociation analysis, while LinkInterpreter facilitated enrichment analysis.
RNA-seq data (n = 178) from the University of North Carolina (UNC)
were analyzed using Spearman’s correlation coefficient and visualized
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Fig. 1. Expression profiling of MRPL3 in normal and cancerous tissues. (a) The bar graph shows the organ-specific expression of MRPL3 in humans. The data
was obtained from Gene Expression Profiling Interactive Analysis (GEPIA) database (http://gepia.cancer-pku.cn/) and plotted with GrapPad Prism version 10.0.0.
software. (b) The expression of MRPL3 was studied in different cancers which shows that the expression of MRPL3 is increased in many cancers (red dots) as
compared to normal condition (green dots). The data was obtained from GEPIA database. (¢) The Kaplan Meier plot shows that the survival rate is very poor in PanCa
patients with MRPL3 overexpression. The Hazard ratio (HR) is >2 (indicative of very poor survival rate) and Logrank P value is 0.0012. (d) MRPL3 positioning in
pancreas: RNA expression of MRPL3 in various pancreatic tissues. The single cell type clusters identified in this tissue were visualized by a UMAP plot.
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via volcano plots. Genes exhibiting significant positive or negative cor-
relation with MRPL3 were identified based on a statistical threshold of p
< 0.01 [33]. Gene enrichment analysis was conducted using Gene Set
Enrichment Analysis (GSEA) database within the Kyoto Encyclopedia of
Genes, and Genomes (KEGG) Pathways plugin. The enrichment analysis
parameters included a minimum of 25 IDs per category, a maximum of
2000 IDs per category, selection of the top 25 significant categories, and
10,000 permutations.

Cell culture

The pancreatic cancer cell lines Capan-2, AsPC-1, MIA PaCa-2,
HPAF-II, BxPC-3, PANC-1, and non-cancerous HPNE cells were ob-
tained from ATCC. The cell lines were cultured in their suggested growth
media supplemented with 10 % FBS and 1 % antibiotic. The cells were
maintained at 37 °C in a humidified atmosphere containing 5 % CO
[341.

Immunohistochemistry

The paraffin embedded human pancreatic tissue microarray (TMA)
slide was processed for analysis. The slides were rehydrated by
immersing into an ethyl alcohol gradient and then subjected to 0.3 %
H20; (peroxidazed-1) and subsequently 1 % Triton X-100. The heat-
induced antigen retrieval was done using the universal decloaking so-
lution at 120 °C for 20 min followed by blocking with the Blocking
Sniper for 30 min at RT and then primary antibodies (MRPL3 diluted in
DaVinci Green Ab diluent; dilution 1:100) were applied to the slides,
incubated at RT for 1 h and followed by overnight incubation at 4 °C.
MACH 4 Universal HRP probe and polymer were applied to the slides for
appropriate duration and washed with TBS. After washing the unbound
secondary antibodies, a few drops of DAB substrate were applied to the
slides to detect the immunoreactive complexes and then the slides were
counterstained by CAT hematoxylin, dehydrated in alcohol gradient,
mounted after cleaning with xylenes and the images were captured by
using PANNORAMIC Digital Slide Scanner (PANNORAMIC MIDI II) by
3DHISTECH Ltd.

Western blotting

Western blotting was done as previously reported [35]. Cells were
seeded in 100 mm culture dishes and allowed to reach 70-80 % con-
fluency. After completion of the incubation cells were harvested, and
protein estimation was done by Pierce BCA Protein Assay. The samples
were denatured in the heat block pre-set at 95 °C for 5 min. 20-40 pg
protein of each sample was loaded in precast gels from Bio-Rad
depending upon the size of protein. The membranes were blocked for
1.5 to 2 hin 5 % blocking buffer (non-fat dry milk or BSA in TBST). The
membranes were incubated overnight with primary antibodies at 4 °C
with gentle rocking (~20 rpm). After this, incubation with secondary
antibody was done for 1 hour at room temperature (R.T.). Protein bands
on the membranes were detected using. Immobilon western chemilu-
minescent HRP substrate (Millipore, Cat. No WBKLS0500) was used for
imaging the membranes and imaged using ChemiDoc imager (BioRad,
CA, USA).

Generation of MRPL3 knockdown stable cells

MIA PaCa-2 cells seeded in 6 -well plates were transfected either with
scrambled (Scr) or MRPL3 shRNA packed into lentiviruses (Cat. No sc-
77,897-V, Santa Cruz Biotechnology Inc, CA, USA) at a multiplicity of
infection equal to 1. After 24 h, the reduced serum medium was
removed, and cells were allowed to grow overnight in supplemented
DMEM media. The selection was done using puromycin at 1.0 ug/mL for
7 days with the media change every alternate day. The generation of
stable MRPL3 KD clones was verified by western blotting.
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Confocal microscopy

HPNE, MIA PaCa-2 and HPAF-II cells were seeded in 24-well plates
on sterile Corning® BioCoat® Poly-1-Lysine glass coverslips as described
recently [1]. After attachment, cells were incubated with Invitrogen’s
MitoTracker™ dye RedFM (Cat No M22425), ThermoFisher Scientific,
MA, USA) for 45 min. The cells were then fixed with 4 % para-
formaldehyde followed by permeabilization with 0.25 % Triton X-100
for 10 min. The cells were washed thrice and blocked with 1 % BSA for
30 min at R.T. After blocking, MRPL3 (1:200) and NDUFS1 (1:200)
antibodies were added and left overnight at 4 °C. The cells were washed
thrice with PBS for 5 min each and incubated with FITC -labelled
anti-mouse secondary Antibody from Invitrogen, Waltham, MA Cat. No
62-6511; dilution-1:200) or Alexa Fluor® 647 labelled anti-rabbit sec-
ondary antibody from Jackson Immuno-Research Laboratories, Inc.,
Pennsylvania, USA (Cat. No 711-606-152; dilution-1:100) for 1 hour at
R.T. The cells were washed thrice, mounted on glass slides using VEC-
TASHIELD Vibrance® Antifade Mounting Medium with DAPI by Vector
Laboratories, Inc., CA, USA (Cat. No H-1800-2). The slides were left for
15 min at R.T. for hardening and then stored at 4 °C in dark boxes. The
images were acquired on Leica STELLARIS STED & STELLARIS 8 STED
Microscope, Leica Microsystems (Wetzlar, Germany).

Immunoprecipitation (IP)

Two million cells were seeded in 100 mm culture dishes. The cells
were processed in the same way as in western blotting. After protein
estimation, equal volume (1 mL) of samples in RIPA buffer containing
200 pg of protein were precleared with 20 uL of protein A-Agarose beads
(Santa Cruz, Cat. No sc-2001) at 4 °C for 1 h. 10 pg of MRPL3 antibody
and 20 pL of magnetic protein A/G-Agarose beads (Santa Cruz, Cat. No
sc-48,385) was added to IP samples. Normal mouse IgG (Santa Cruz, Cat.
No sc-2025) was used as an isotype control. The samples were incubated
overnight at 4 °C with rotation. The samples were denatured for 5 min at
95 °C. 10 pL of samples were loaded on the precast gels and processed as
per the western blotting protocol mentioned above. The membranes
were probed with NDUFS1 antibody and incubated overnight at 4 °C,
followed by probing with secondary antibody for 1 hour at R.T. Immo-
bilon western chemiluminescent HRP substrate (Millipore, Cat. No
WBKLS0500) was used to image the membrane on ChemiDoc imager
(BioRad, CA, USA).

Statistical analysis

The statistical significance was calculated by a two-tailed unpaired t-
test using GraphPad Prism version 10.0.0. The p values are expressed as
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 [36].

Results

MRPL3 overexpression is associated with high risk of mortality in PanCa
patients

The oncogenic role of MRPL3 was not studied in cancer. In this study,
we investigated the potential of MRPL3 as an early biomarker and mo-
lecular target in PanCa. We analyzed the expression of MRPL3 in various
human organs, different pancreatic cells, and normal and pancreatic
tumor tissues using in silico approaches. MRPL3 expression was within
the range of 21.55 to 91 TPM (transcripts per million) in various normal
human tissues (Fig. 1a). Among all the investigated organs, gall bladder,
pancreas, liver, and brain showed comparatively low expression of
MRPL3, whereas prostate, ovaries, and cervix displayed intermediate
expression. In contrast, the blood cells exhibited the highest MRPL3
expression. Further, in silico analysis revealed significant (p < 0.01) in-
crease of MRPL3 expression in pancreatic tumor tissues as compared to
normal pancreatic tissues (Fig. 1b). A similar trend was observed across
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Fig. 2. Expression profiling of MRPL3 in normal and cancerous tissues. (a) PanCa cell lines show differential expressions of MRPL3. RNA seq data was obtained
from the European Bioinformatics Institute database (https://www.ebi.ac.uk/gxa/home). Primary human mammary epithelial line (HMEC) was used as a control.
(b). The representative images from IHC analysis of PanCa TMA Shows that the MRPL3 expression increases in Grade 1, 2, and 3 of PanCa as compared to normal
pancreatic tissues. The scale bars in IHC micrographs correspond to 50 ym and 20 um at 20X and 40X magnifications, respectively. (c¢) The table shows the level of
MRPL3 expression in normal, NAT, and PanCa tissues from different grades. The level of MRPL3 expression was calculated from the IHC staining shown in Fig. 2(b).
(d) Mean composite score (MCS) of normal and cancerous pancreatic tissues belonging to different stages of gradel, grade 2 and grade 3 of PanCa. MCS was
calculated to analyze the expression of MRPL3 in different areas of pancreatic normal and cancer samples The p values were calculated by comparing MCS of PanCa
tissues with normal samples. The number of samples (n) used for the analysis is indicated in the figure. The p values are expressed as ***p < 0.001 ****p < 0.0001.
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multiple cancer types compared to respective normal counterparts
(Fig. 1b and Supplementary Table 1). Next, we examined the corre-
lation of MRPL3 with overall survival of PanCa patients. The results
indicated that the elevated expression of MRPL3 is linked with poor
overall survival in PanCa patients compared to patients with lower
expressing MRPL3. This relationship was quantified using the hazard
ratio (HR), a clinical metric that gene expression level with patient
outcomes (Fig. 1¢) [37]. Specifically, H.R > 1 indicates low survival rate
due to treatment or increased gene expression, H.R = 1 denotes no effect
of treatment or increased gene expression and H.R < 1 signifies high
survival due to treatment or increased gene expression. These results
strongly suggest the association of increased expression of MRPL3 with
higher mortality in PanCa patients. Given the heterogeneity of pancre-
atic tissue, which comprises both endocrine and exocrine components

with diverse cell populations. We further evaluated the expression of
MRPL3 at the single cell level using UMAP plot (Fig. 1d). This UMAP
plot analysis identified that PDAC cells have the highest expression of
MRPL3 among all pancreatic cells (exocrine glandular cells, fibroblasts,
immune cells, macrophages, and endothelial cells). Overall, these
computational results provide a strong clue of MRPL3 association with
overall less survival rate in PanCa patients.

Validation of MRPL3 in silico results by wet lab findings

Using RNA-seq data from the European Bioinformatics Institute
database (https://www.ebi.ac.uk/gxa/home), we observed that PanCa
cell lines express greater MRPL3 as compared to normal cells (HMEL)
(Fig. 2a). To corroborate the above in silico results, we investigated the
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Fig. 4. MRPL3 KD decreases the expression of ETC components. (a) The correlation analysis of MRPL3 and NDUFS1 was done by using GEPIA database
(http://gepia.cancer-pku.cn/). MRPL3 and NDUFS1 are positively correlated with spearman coefficient (R) value equal to 0.73. (b) Differential gene expression of
NDUFS1 in HPNE and PanCa lines was studied by western botting. The expression of NDUFS1 in each cell line was analyzed by Image J and the values were
represented as O.D. above the blots. (¢) Co-localization of NDUFS1 (red) and MRPL3 (green) was studied by double-immunofluorescence confocal microscopy in
HPNE, MIA- PaCa-2 and HPAF-II cells. Magnification scale bar represents 10 ym. (d) Stable MRPL3 KD clones were generated by infecting the MIA PaCa-2 cells
shRNA coated with lentivirus. After selection with puromycin (1 ug/mL), the expression of MRPL3 in the stable clones was analyzed by western blotting. The effect of
MRPL3 KD on expression of ATPase 8 and NDUFS1 (ETC components) in MIA PaCa-2-MRPL3 KD stable clones was detected by western blotting. (e) Effect of MRPL3
KD on the localization of NDUFS1 and MRPL3 in MIA PaCa-2-MRPL3 KD stable clones was detected by confocal microscopy. Magnification scale bar represents

10 pm.

expression level of MRPL3 in pancreatic tissues by IHC. Our results
exhibited high expression of MRPL3 protein in all grades/stages of
PanCa as compared to the normal pancreatic tissues (Fig. 2b). The in-
tensity of IHC staining was graded as 1, 2, 3, and 4 denoting weak,
moderate, strong, and very strong MRPL3 expression, respectively
(Fig. 2¢). All the grades 1 and 1-2 pancreatic tumor tissues showed the
highest MRPL3 protein level, while pancreatic tumor grades 2, 2-3, and
3 showed moderate, strong and very strong protein levels of MRPL3.
However, all the normal and normal adjacent tissues (NAT) of pancreas
showed weak expression of MRPL3 (Fig. 2¢). To consider the differences
in MRPL3 expression across the different regions of the samples, we
calculated mean composite score (MCS) of samples belonging to the
various grades of PanCa (Fig. 2d and Supplementary Table 2).
Coverage denotes the expression of MRPL3 in the different areas of a
tissue section. The coverage was categorized as 1, 2, 3, and 4 which
denotes weak, moderate, strong and very strong coverage of tissue
sections by MRPL3 signal during IHC staining. Like our intensity data,
normal pancreatic and NAT samples showed the least MCS score equal to
1. On the other hand, grade 2, grade 2-3, and grade 3 tissue samples
showed several fold increases in MCS of MRPL3 compared to normal and
NAT tissues. Overall, our results clearly indicate that MRPL3 is highly
overexpressed in the early stage of PanCa.

MRPL3 is overexpressed in PanCa cells

MRPL3 is a mitochondrial protein expressed in the nuclei of the cells.
To confirm the in silico analysis data, we determined the expression of
MRPL3 in transformed human pancreatic normal epithelial (HPNE) and
various PanCa cells (BxPC3, Capan-2, AsPC1, HPAF-II, and MIA PaCa-2)
by Western blot analysis. Our results demonstrated that MRPL3 is
differentially upregulated in PanCa cells as compared to HPNE cells. The
highest expression of MRPL-3 was observed in MIA PaCa-2 and HPAF-II
cells, while Capan-2 and AsPC-1 cells show moderate expression of
MRPL3 (Fig. 3a and 3b, and supplementary Fig. 1). However, BxPC-3
cells did not show any detectable protein level of MRPL3. We further
investigated the localization of MRPL3 in normal and pancreatic cells
using confocal microscopy. We observed that MRPL3 was predomi-
nantly localized in mitochondria in both normal (HPNE) and PanCa cells
(i.e., MIA PaCa-2 and HPAF-II) (Fig. 3c). To investigate the functional
impact of MRPL3 in PanCa cells, we generated MRPL3-knockdown
(MRPL3 KD) MIA PaCa-2 stable cell line and characterized by western
blot analysis (Fig. 3¢). These results indicate that MRPL3 is differentially
expressed in human PanCa cells.

MRPL3 regulates the expression of ETC proteins

MRPL3 is one of the critical components of mitoribosomes which are
involved in the synthesis of ETC proteins. We hypothesized that MRPL3
might have a role in the expression of ETC components. To investigate
this hypothesis, we first performed in silico analysis to investigate the
correlation between MRPL-3 and complex I ETC protein NDUFS1. Using
correlation database GEPIA, we found that the expression of MRPL3 is
positively correlated with the expression of NDUFS1 (R = 0.73)
(Fig. 4a). Next, we determined the expression of NDUFS1 in HPNE and
various PanCa cells (BxPC3, Capan-2, AsPC1, HPAF-II, and MIA PaCa-2
by Western blot analysis. Our results revealed that NDUFS1 is

overexpressed in all the tested PanCa cells (Capan-2, AsPC1, HPAF-II,
and MIA PaCa-2) compared to HPNE cells (Fig. 4b; supplementary
Fig. 2 and 3). The double immunofluorescence analysis of MRPL3 and
NDUFS1 in HPNE, MIA PaCa-2, and HPAF-II cells demonstrated co-
localization of MRPL3 and NDUFS1 in PanCa cells compared to HPNE
(Fig. 4¢). To further evaluate if MRPL3 and NDUFS1 proteins physically
interact in PanCa cells, we performed immunoprecipitation/WB anal-
ysis. Our results revealed no direct physical interaction of MRPL3 and
NDUFS1 proteins in HPAF-II cells (Supplementary Fig. 4). NDUFS1 and
ATPase 8 are critical components of mitochondrial functionality, where
NDUFS1 is involved in mitochondrial respiration, while ATPase 8 is
critical for ATP production [25,38] . Therefore, we determined if MRPL3
is involved in regulating NDUFS1 and ATPase 8. Our results revealed
that targeted knockdown of MRPL3- inhibited the expression of both
NDUFS1 and ATPase 8 in MIA PaCa-2 cells (Fig. 4d and supplementary
Fig. 5). Confocal microscopy results also revealed a decreased expres-
sion of NDUFS1 in MRPL3 KD cells compared to control (Fig. 4e).
Overall, these results suggest that MRPL3 expression correlates with
NDUFS1 and targeted knockdown of MRPL3 inhibits ETC components in
PanCa cells.

MRPL3 gene expresses several isoforms and regulates the signaling
pathways involved in PanCa development and growth

Genetic information is diversified by the production of protein iso-
forms by alternative gene splicing [39]. Previous studies have shown
that various isoforms of MRPs are involved in important cellular func-
tions such as protein stability [40]. Therefore, we were interested to
know if MRPL3 isoforms are present in PanCa. Our in silico analysis data
showed the presence of six coding and four non-coding variants of
MRPL3 (Fig. 5a). The six coding variants were found to translate into
isoforms. Out of the six MRPL3 isoforms, ENST000026995.7, was
identified as the most abundant MRPL3 splice variant in PanCa (Fig. 5b).
To understand the role of MRPL3 isoforms in PanCa, we investigated the
association of MRPL3 with co-expressed genes using the LinkFinder and
LinkInterpreter. RNA-seq data from the TCGA_PAAD cohort and the
UNC Institute dataset were processed using the HiSeq RNA platform and
the Firehose_RSEM log2 pipeline. The study identified a total of 19,695
enriched genes, of which 11,857 exhibited significant negative corre-
lations with MRPL3 (green dots), while 7838 genes showed significant
positive correlations (red dots) (Fig. 5¢). Functional enrichment analysis
using GSEA and KEGG pathway categories within LinkInterpreter
revealed that MRPL3 co-expressed genes were significantly associated
with multiple biological processes (Fig. 5d).

The pathways positively correlated with MRPL3 included ribosome,
RNA transport, aminoacyl-tRNA biosynthesis, cell cycle, DNA replica-
tion, ribosome biogenesis in eukaryotes, proteasome, protein processing
in the endoplasmic reticulum, nucleotide excision repair, and homolo-
gous recombination. Conversely, pathways negatively correlated with
MRPL3 included chemokine signaling, osteoclast differentiation,
neuroactive ligand-receptor interaction, staphylococcus aureus infec-
tion, cell adhesion molecules (CAMs), intestinal immune network for
IgA production, NF-kappa B signaling, hematopoietic cell lineage, Thl
and Th2 cell differentiation, and cytokine-cytokine receptor interaction.
Overall, these results demonstrate that MRPL3 splice variants may have
a role in the development and growth of PanCa.
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Fig. 5. MRPL3 isoforms regulate key signaling pathways. (a-b) MRPL3 mRNA undergoes alternative splicing that generates ten splice variants. Six coding
isoforms arise from splice variants. The splice variants that give rise to coding or non-coding isoforms of MRPL3 have been labelled in Fig. 5a. The structures of
coding-isoforms have been shown in Fig. 5b (¢) Volcano plot shows the genes significantly correlated with MRPL3. The correlation was done by Spearman test. Green
and red dots represented the negative and positive correlations with MRPL3, respectively. (d) Pathway enrichment analysis of MRPL3 and associated genes was done
by using LinkInterpreter. Blue and orange bar graphs represent pathway enrichment of genes positively and negatively associated with MRPL3.
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Discussion

Despite the progress made, the incidence and mortality associated
with PanCa continue to show an upward trend unlike most other can-
cers. This health concern could be addressed by the discovery of new
biomarkers and targets for PanCa. The use of mitochondrial ribosome
biogenesis components as early clinical biomarkers and molecular tar-
gets for PanCa has not been reported. Accumulating evidence suggests
the role of MRPs in tumorigenesis and metabolic reprogramming
[41-44]. Several MRPs exhibit altered expressions in various cancers,
influencing mitochondrial function, apoptosis, and cellular stress re-
sponses. Given their differential expression in normal versus tumor tis-
sues [20]. However, little is known about the role of MRPs in PanCa. A
recent in silico study has shown that overexpression of MRPL3 is asso-
ciated with poor prognosis of PanCa [45]. Our results demonstrate a
significant increase in MRPL3 expression in different cancers including
PanCa. In silico single cell RNA seq and IHC analysis revealed that
expression of MRPL3 is higher in pancreatic ductal cells than other
single cell populations of pancreas. The expression of MRPL3 was higher
in grade I PanCa tissues indicating use as a potential early biomarker for
PanCa. The increased expression of MRPL3 was found to be associated
with decreased chances of survival as indicated by H.R of 3.24. These
results confirm that an increase in MRPL3 expression can also be used as
a potential biomarker for poor prognosis in PanCa. The correlation be-
tween KRAS and mitochondrial metabolism in growth of cancer cells
and tumorigenesis has been previously reported [46]. The expression of
MRPL3 was found to be low in BxPC-3 PanCa cells which harbor wild
type KRAS than PanCa cells (Capan-2, AsPC-1, HPAF-II and MIA PaCa-2)
express mutated KRAS. Further studies are warranted to establish the
role of KRAS in overexpression of MRPL3 in PanCa.

MRPL3 is expressed in the nuclei of pancreatic cells and translocated
to mitochondria for synthesis of mitoribosomes. CRISPR/Cas9 deletion
screening has shown that mitochondrial proteins are important for the
growth of tumor cells [24]. Available literature shows that antibiotics
such as tetracyclines inhibit mitochondrial protein synthesis [47,48]. A
pharmacological screening has shown that pyrvinium pamoate, an
anthelmintic drug, inhibits mitochondrial respiration in acute myeloid
leukemia cells by targeting OXPHOS proteins [49]. The essentiality of
MRPs may be attributed to the involvement of mitoribosomes in trans-
lation of ETC components [50]. NDUFS1 is a part of complex I of ETC
that transfers electrons from NADH to ETC [51]. MRPL3 KD in PanCa
was found to decrease the expression of both NDUFS1 and ATPase 8
proteins. These results indicates that MRPL3 is involved in translational
efficiency of mitoribosomes which promotes the cell death via
decreasing expression of ETC components. However, further detailed
mechanistic investigations are warranted to fully understand the cor-
relation between MRPL3 and ETC components.

The splice variants of ribosomal genes have been linked to the sur-
vival of cancer cells and are emerging molecular targets for cancer
therapeutics [52]. The uL10p isoform of uL10 ribosomal protein have
been found to be associated with ER stress [39]. Two MRPL12 isoforms
have been shown to be involved in transcriptional regulation of mito-
chondrial genes and mitochondrial ribosome biogenesis [40]. Our study
indicates the presence of both non-coding and coding variants of MRPL3
in PanCa. However, more in depth study is required to understand and
molecular mechanisms and functional impact of these coding and
non-coding isoforms of MRPL3 in PanCa. MRPLs play an important role
in diverse cellular processes such as OXPHOS and apoptosis. Our results
demonstrate correlation of MRPL3 with signaling pathways associated
with cell cycle, DNA replication, aminoacyl-tRNA biosynthesis, and
ribosome biogenesis. While the genes negatively correlated with MRPL3
promote the pathways associated to cell lineage and differentiation such
as hematopoietic cell lineage, osteoclast differentiation, and Thl and
Th2 differentiation.
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Conclusion

MRPL3 is overexpressed in early-stage pancreatic tumor tissues and
its expression correlates with the expression of NDUFS1. Targeted
knockdown of MRPL3 inhibits expression of both NDUFS1 and ATPase8.
Overall, this study suggests that MRPL3 could be the potential early-
stage biomarker and molecular target in PanCa. Targeting mitor-
ibosome biogenesis through MRPL3 could be a novel strategy for the
prevention and treatment of PanCa.
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