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Abstract

LONP1, a mitochondrial ATP-dependent protease, plays a crucial role in mitochondrial
homeostasis by regulating protein turnover and mitophagy. Recent studies have highlighted
its upregulation in various cancers, including colorectal cancer (CRC). This study
investigates the expression of LONP1 in colon adenocarcinoma (COAD) and its correlation
with mitophagy-related proteins and immune infiltration markers. Using publicly available
databases and immunohistochemical analysis of 50 COAD patient samples, we confirmed
that LONP1 expression is significantly elevated in COAD compared with normal tissue. High
LONP1 levels were associated with tumor progression, TP53 mutation status, and poor
prognosis. Correlation analyses revealed that LONP1 is closely linked to mitochondrial
dynamics, mitophagy regulators (PINK1, AMBRA1, FUNDC1), and metabolic
reprogramming. Additionally, LONP1 expression positively correlated with tumor-infiltrating
lymphocytes, particularly CD8+ T cells, suggesting a potential role in immune evasion.
Immunohistochemical analysis distinguished two patterns: high LONP1/low TOMMZ20
expression associated with aggressive tumors and low LONP1/high TOMM20 expression
linked to better outcomes and stronger immune infiltration. These findings suggest that
LONP1 contributes to tumor progression through mitochondrial regulation and immune
modulation, highlighting its potential as both a prognostic biomarker and a therapeutic target
in COAD.



1. Introduction

LONP1, also known as Lon protease 1, is a highly conserved ATP-dependent protease
located in the mitochondrial matrix, where it plays a crucial role in maintaining mitochondrial
proteostasis and overall cellular homeostasis. LONP1 selectively degrades misfolded,
oxidatively damaged, or surplus mitochondrial proteins, thereby ensuring the integrity of
mitochondrial proteins under both normal and stress conditions. LONP1 exerts several
functions in the cells (Gibellini et al., 2020). In particular, LONP1 binds to and regulates
mitochondrial DNA (mtDNA) and is involved in maintaining mtDNA stability, influencing
mitochondrial gene expression. LONP1 participates in metabolic regulation by modulating
key enzymes involved in the tricarboxylic acid (TCA) cycle and oxidative phosphorylation
(OXPHOS). LONP1 expression is upregulated under various stress conditions, including
oxidative stress, hypoxia, and proteotoxic stress. It protects mitochondrial functionality by
degrading damaged proteins and maintaining proper folding of stress-sensitive
mitochondrial enzymes, such as heat shock proteins (Gibellini et al., 2022). For instance,
oxidative stress induces LONP1 via nuclear factor erythroid 2-related factor 2 (NRF2) and
NF-kB pathways, while LONP1 overexpression amplifies reactive oxygen species (ROS)
production, thereby promoting tumorigenic Ras-MEK-ERK signaling (Pinti et al., 2011;
Cheng et al., 2013). Hypoxia further induces LONP1 expression through hypoxia-inducible
factor (HIF)-1a and HIF-2aq, facilitating cancer cell survival under low oxygen conditions (Di
et al., 2016).

LONP1 contributes to mitophagy, the selective autophagic degradation of damaged
mitochondria. It plays a role in regulating key components of mitophagy pathways, such as
phosphatase and tensin homologue (PTEN)-induced putative kinase 1 (PINK1). The PINK1-
Parkin pathway relies on ubiquitination to tag damaged mitochondria for degradation. PINK1
accumulates on mitochondria with low membrane potential, phosphorylates ubiquitin, and
activates Parkin, which further ubiquitinates outer mitochondrial membrane (OMM) proteins.
This cascade recruits autophagy adapters, like sequestosome-1 (p62/SQSTM1), nuclear
domain 10 protein 52 (NDP52), and Optineurin (OPTN), linking ubiquitinated mitochondria
to autophagosomes (Lazarou et al., 2015; Yoo and Jung, 2018). LONP1 supports this
process by degrading PINK1 under normal conditions; its depletion leads to PINK1
accumulation, highlighting the role of LONP1 in mitochondrial maintenance. Moreover, the
PINK1/Parkin pathway is closely interconnected with molecules and pathways involved in
mitochondrial dynamics, such as mitofusin 1 (MFN1) and MFN2, responsible for
mitochondrial fusion. MFN1 and MFN2 are highly susceptible to ubiquitination by Parkin.
MFN2 promotes the recruitment of Parkin to damaged mitochondria, and PINK1
phosphorylates MFN2, enhancing its ubiquitination by Parkin (Tanaka et al., 2010).
Consequently, PINK1/Parkin activation leads to rapid ubiquitination and degradation of
MFN1 and MFN2, preventing fusion between damaged and healthy mitochondria (Tanaka
et al., 2010).

Proteins such as FUN14 domain-containing 1 (FUNDC1), BCL2-interacting protein 3
(BNIP3), and NIP3-like protein X (NIX) interact directly with autophagy-related proteins
(ATGs) via LC3-interacting regions (LIRs). Under hypoxia, FUNDC1 undergoes
dephosphorylation, enhancing its interaction with LC3 and promoting mitophagy (Liu et al.,
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2012). LONP1 stabilizes mitochondrial dynamics through interactions with FUNDC1, as its
depletion leads to mitochondrial defects, reduced ATP production, and increased ROS
levels. Reconstitution of LONP1 in FUNDC1-deficient cells restores mitochondrial function
and reduces cancer cell motility and invasion (Li et al., 2020).

Several studies highlighted the upregulation of LONP1 as a typical feature of various
cancers, including colorectal cancer, melanoma, glioblastoma, and bladder cancer. LONP1-
haploinsufficient mice exhibit higher resistance to tumorigenesis, suggesting its critical role
in cancer progression (Bernstein et al., 2012; Cheng et al., 2013; Nie et al., 2013; Liu et al.,
2014; Quiros et al., 2014; Di et al., 2016; Gibellini et al., 2018).

The metabolic reprogramming characteristic of cancer cells, such as alterations in OXPHOS
and glycolysis, is influenced by LONP1. It regulates enzymes like succinate dehydrogenase
subunit B (SDHB) and E1a and supports epithelial-to-mesenchymal transition (EMT), a key
step in cancer metastasis. LONP1 enhances EMT markers (N-cadherin, Snail) and
stabilizes B-catenin by modulating Akt and GSK-3 pathways (Gibellini et al., 2018). LONP1
is also involved in proneural-mesenchymal transition, particularly in glioblastomas harboring
IDH mutations, demonstrating its role in aggressive cancer phenotypes.

This study aims to investigate the expression levels of LONP1 in colon adenocarcinoma
(COAD) and its correlation with mitophagy-related proteins and immune infiltration markers.
By analyzing publicly available datasets and performing immunohistochemical (IHC)
analysis on COAD patient samples, we seek to determine the role of LONP1 in tumor
progression, mitochondrial regulation, and immune response. Our findings may provide
insights into LONP1 as a potential prognostic biomarker and therapeutic target in colorectal
cancer.

2. Materials and Methods
2.1Clinical specimens

Fifty cases of COAD were selected from the archives of the Pathology Department at the
Azienda Ospedaliero-Universitaria Policlinico di Modena. The study was approved by the
local Ethics Committee (Prot CE-AVEN N°1103/2021, SIRER ID 3711, Ref. Prot. 15590;
May 25, 2021). Patient sex, age at diagnosis, tumor location within the colon, tumor size,
and macroscopic/endoscopic appearance were extracted from medical records. Histological
examination included all original tissue sections stained with hematoxylin and eosin,
evaluated under optical microscopy. The following histomorphological features were
recorded: i) Microscopic growth pattern (expansive or infiltrative); ii) Histological subtype
and differentiation grade; iii) Tumor aggressiveness features (Lokuhetty et al.), including
lymphovascular invasion, tumor budding, perineural invasion, intratumoral lymphocytosis;
and iv) Pathological tumor stage based on the TNM system (Edge et al., 2010).



2.2 Immunohistochemistry

The most representative paraffin-embedded block of the tumor and peritumoral stroma was
selected for analysis. Sections of 4 ym thickness were cut and mounted on positively
charged slides for IHC staining. Slides were dried overnight at 40°C to enhance tissue
adhesion. The sections were processed using the BENCHMARK ULTRA IHC/ISH ROCHE
automated immunostainer (Roche Diagnostics, Basilea, Switzerland), following the
datasheet protocols for various markers. The instrument automatically carried out the
following steps: i) Deparaffinization and rehydration; ii) Antigen retrieval (CC1-induced) for
36 minutes at 95°; iii) Blocking endogenous peroxidases with hydrogen peroxide; iv)
Incubation with selected antibodies at 37°C as per the selected protocol; and v) Reaction
development using the Ventana ultraView Universal DAB Detection Kit, employing an avidin-
biotin peroxidase complex (ABC) system with diaminobenzidine (DAB) as the chromogenic
substrate, and counterstaining with hematoxylin. Antigen expression was visually
represented by a brown chromogenic precipitation distinct from the blue hematoxylin
counterstaining. Positive control tissues were included to validate the staining reactions.
Specifically, the immunohistochemical expression of the following proteins was investigated:
LONP1 (Primm), TOMM20 (Santa Cruz Biotechnology, #sc-17764), MFN2 (Abgent,
#RB21136), CD3-CD4-CD8 (Leica Biosystems, Deer Park, IL, USA, #HIO1A-005), E-
Cadherin (Cohesion Biosciences, #CPA1198), N-Cadherin (Cohesion Biosciences,
#CPA1200), Vimentin (Cohesion Biosciences, #CPA1198), TWIST (Cloud-Clone,
#PAC838Hu01), SIRT3 (Santa Cruz Biotechnology, #sc-365175), SNAIL (ABclonal
Technology, #A5243), and PINK1 (Cloud-Clone, #PAL057Hu01).

2.3 Evaluation of IHC staining

Evaluation of IHC staining was performed using a double-blind control procedure: two
pathologists evaluated and scored all tissue specimens. For immunohistochemical analysis,
a semi-quantitative score was used in combination with the percentage of positive area and
the intensity of the staining. LONP1 staining intensity score (negative=0, weak=1,
moderate=2, strong=3). We defined markers immunostaining values 0-2 as normal
expression and 3 as overexpression.

2.4 Analysis of publicly available datasets

The following public databases have been inspected for LONP1 expression in different types
of tumors, and for the analysis of correlation with mitophagy proteins, and immune cells
infiltrate:

- Tumor Immune Estimation Resource (TIMER) (https://cistrome.shinyapps.io/timer/): this
web-based platform facilitates comprehensive analysis of tumor-infiltrating immune cells.
The TIMER database was utilized to investigate the expression patterns of LONP1 mRNA
in both cancerous and non-cancerous tissues. The "DiffExp module" was employed to
compare LONP1 expression levels between tumor and normal tissues within The Cancer



Genome Atlas (TCGA) dataset. Additionally, the "SCNA module" was used to evaluate the
association between tumor infiltration levels and different copy number variations (CNVs) of
LONP1 (Li et al., 2017). The "Correlation module" was applied to assess the relationship
between LONP1 expression and immune marker genes in COAD, while the "Survival
module" was used to examine the association between immune cell infiltration and clinical
outcomes.

- GEPIA2 database (http://gepia2.cancer-pku.cn/): GEPIA2 is an upgraded web server for
gene expression profiling and interactive analyses in cancer and normal tissues (Tang et
al.,, 2019). The database was utilized to analyze LONP1 expression across multiple
malignancies. Additionally, LONP1 expression levels were specifically evaluated in normal
colon tissue and CRC.

- UALCAN database (https://ualcan.path.uab.edu/): the "TCGA module" of the UALCAN
database was employed to compare LONP1 mRNA expression levels in tumor versus
normal tissues. In this study, we evaluated LONP1 expression in COAD while accounting
for TP53 mutational status.

- LinkedOmics Database (http://www.linkedomics.org/): this database is a comprehensive
collection of multiomics and clinical data from 32 cancer types, including 11,158 patient
profiles from TCGA. The "Correlation module" was employed to investigate the relationship
between LONP1 expression and immune marker genes in COAD, while the "SCNA module”
was used to analyze immune cell infiltration in relation to LONP1 CNVs. Furthermore, the
“Link Interpreter module’s Gene Set Enrichment Analysis (GSEA)” was used to explore the
biological processes associated with the LONP1 gene. The GSEA analysis was conducted
using the following criteria: the false discovery rate (FDR) was determined based on Rank
Criteria from the LinkFinder results; the minimum gene set size was set to three; and a total
of 500 permutations were performed.

- Kaplan-Meier Plotter (https://kmplot.com/analysis/index.php?p=home): this online tool is
used to analyze the prognostic value of LONP1. The patient samples are split into two
groups and compared using a Kaplan-Meier survival plot, and the hazard ratio with 95%
confidence intervals and logrank P value are calculated (Gyorffy, 2024).

2.5 Cell culture

A human colon carcinoma cell line, SW620 (ATCC), was used in this study. Cells were
maintained in Glutamax RPMI 1640 medium supplemented with gentamycin and 10% fetal
bovine serum (FBS; Life Technologies, Carlsbad, CA, USA). Cells were cultured in a standard
incubator at 37°C and 5% CO; in a humidified atmosphere. When specified, to induce mitophagy,
cells were treated with 10 uM carbonyl cyanide m-chlorophenyl hydrazone (CCCP) for six hours.



2.6 Cell transfection and retroviral transduction

The pMSCV-Puro empty vector and the pMSCV containing cDNA encoding for the full-
length isoform of LONP1 tagged at C-term with enhanced green fluorescent protein (eGFP)
(PMSCV-Lon-ISO1-eGFP), were used to transiently transfect the amphotrophic Phoenix
(phxA) cell line. The transfection was carried out using Lipofectamine 3000 (Life
Technologies, Carlsbad, CA, USA) along with 20 ug of every single plasmid and 0.9 pg of a
helper plasmid. The retroviral supernatants generated from the transfection were used for
stable transfection of SW620 cells, which were then selected and maintained in medium
supplemented with 2 ug/mL puromycin.

2.7 RNA interference

Reverse transfection of cells was performed using RNAIMAX (Thermo Fisher Scientific,
Waltham, MA, USA) and 100 nM of three pre-validated siRNA (s17901, s17902, and
s17903, Thermo Fisher Scientific) targeting Lonp1 mRNA. Following a 72-hour incubation
period, the cells were collected.

2.8 Western blotting

Cell lysates were prepared using RIPA lysis buffer supplemented with protease and
phosphatase inhibitor cocktails (Sigma-Aldrich, St. Louis, MO, USA). Proteins were
separated by SDS-PAGE (sodium dodecyl sulfate—polyacrylamide gel electrophoresis) on
precast gels (8%; Thermo Fisher Scientific) and transferred to nitrocellulose membranes
(Bio-Rad Laboratories) for immunoblotting. To optimize the hybridization process, the
membranes were cut prior to incubation with primary antibodies. Primary antibodies used
included anti-LONP1 (Primm), anti-PINK1 (Cloud-Clone, #PAL057Hu01), and anti-Bactin
(Abcam, Cambridge, UK, #ab8227). Secondary antibodies were HRP-conjugated goat anti-
rabbit and horseradish peroxidase (HRP)-conjugated goat anti-mouse (Bio-Rad
Laboratories; #1706515, #1706516). Protein detection was performed using Enhanced
Clarity chemiluminescent substrate (Bio-Rad Laboratories) and visualized with a ChemiDoc
MP system (Bio-Rad Laboratories). Image analysis was carried out using Image Lab
software version 5.2.1.

2.9 Immunofluorescence and confocal microscopy

Cells were cultured on coverslips in 24-well plates and then fixed with 3.7% formaldehyde
in PBS (Sigma-Aldrich) for 9 minutes, followed by acetone fixation at =20 °C for 5 minutes
(Sigma-Aldrich) and permeabilization with 0.1% Triton X-100 in PBS for 6 minutes (Sigma-
Aldrich). After blocking with 3% bovine serum albumin (BSA) for 30 minutes, cells were
incubated for one hour at room temperature with primary antibodies against LONP1
(Primm), mitochondria (anti-hMIT, Sigma-Aldrich #MAB1273), and PINK1 (Cloud-Clone,
#PALO57Hu01), each diluted 1:100 in 3% BSA. Following washes, Alexa Fluor—conjugated



secondary antibodies (Alexa Fluor® 488 Goat anti-Mouse, #A-11017; Alexa Fluor® 647
Goat anti-Rabbit, #A-21246; Life Technologies) were applied at a 1:200 dilution for one hour
at room temperature in 3% BSA, and unbound antibodies were removed by washing. Nuclei
were counterstained with 4',6-diamidino-2-phenylindole (DAPI; 0.5 ug/mL), and coverslips
were mounted with Fluoromount (Sigma-Aldrich). Images were acquired using an SP8-
AOBS confocal microscope (Leica Microsystems, Wetzlar, Germany) and analyzed with
Imaged and ScanR software.

2.10 RNA extraction and quantitative real-time PCR

Total RNA was isolated from cells using the Quick-RNA Miniprep Plus Kit (Zymo Research,
Irvine, CA, USA) according to the manufacturer’s protocol. The elution was performed in
100 puL of DNase/RNase-free water. The RNA concentration was measured using a
NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific). Subsequently, 1 ug of
RNA was subjected to reverse transcription using the iScript cDNA synthesis kit (Bio-Rad).
Relative expression levels of the genes LONP1, PINK1, and TOMMZ20 were measured by
quantitative real-time PCR, using a set of pre-validated wet-lab oligos from Bio-Rad. Real-
time PCR was carried out in triplicate using the SsoAdvanced Universal SYBR Green
Supermix (Bio-Rad), following the recommended reaction setup and thermal cycling
conditions, in a CFX96 Touch instrument (Bio-Rad). The ribosomal protein S18 (RPS18)
transcript was employed as the reference gene. Gene expression changes were determined
using the AA-cycle threshold (AA-Ct) method.

2.11 Statistical Analysis

Data analysis was performed by SPSS 26.0 and GraphPad Prism 10.0 software. Paired t-
test for independent means was used for group comparisons. To compare various groups,
one-way ANOVA was used, while the Chi-square test was utilized to evaluate the
association between LONP1 expression and clinicopathological features. The survival
curves were constructed using Kaplan-Meier methodology. Univariate and multivariate
ratios of the risk of study factors were analyzed using the Cox proportional hazards
regression method. A value of p < 0.05 was considered statistically significant.

3. Results
3.1 LONP1 expression is elevated in most cancer types

Several lines of evidence have reported an association between the upregulation of LONP1
in several cancers and its involvement in cancer progression and EMT (Zanini et al., 2022).
To explore this further, we inspected different publicly available databases to assess LONP1
expression patterns and possible correlations with cancer progression and immune
response, particularly in colorectal cancer.



We first inspected the TIMER database. Data analysis showed that LONP1 mRNA tends to
be expressed at higher levels in most human cancers (in red) than in normal tissues (in
blue), including bladder urothelial carcinoma (BLCA), breast invasive carcinoma (BRCA),
cholangiocarcinoma (CHOL), COAD, esophageal carcinoma (ESCA), head and neck
squamous cell carcinoma (HNSC), kidney chromophobe (KICH), liver hepatocellular
carcinoma (LIHC), lung adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC),
prostate adenocarcinoma (PRAD), rectum adenocarcinoma (READ), stomach
adenocarcinoma (STAD), thyroid carcinoma (THCA), and uterine corpus endometrial
carcinoma (UCEC) (p < 0.05). No cancer type showed a consistent decrease in LONP1
expression compared to normal tissues (Fig. 1A). Analysis of the GEPIA2 database gave
similar results, as far as COAD was concerned (Fig. 1B). The same significant increase was
observed for LONP1 mRNA and protein levels in COAD when compared with normal tissue,
as obtained from the UALCAN database (Fig. 1C and 1D).

3.2 A high level of LONP1 expression was closely associated with the malignancy degree
of COAD

We previously observed that LONP1 expression linearly increases from normal mucosa to
transformed cells in the development of COAD (Gibellini et al., 2018).

For this reason, we inspected the UALCAN database and observed an increment of LONP1
MRNA expression (expressed as transcript per million, TPM) throughout COAD progression
(Fig. 2A). The same increment was observed at the protein level (Fig. 2B). We also observed
the same increment of LONP1 at the mRNA (Fig. 2C) and protein levels (Fig. 2D) when
comparing normal and COAD tissue, based on sex. Both male and female COAD patients
showed significantly higher levels of LONP1, while no differences were found between
sexes.

Furthermore, LONP1 was found to be differentially expressed based on TP53 mutation
status in COAD. As illustrated, the mRNA expression levels of LONP1 were significantly
higher in TP53-mutant COAD samples compared with both normal tissues and TP53 wild-
type COAD samples (Fig. 2E). These observations suggest a possible association between
LONP1 expression and tumor grade or TP53 mutation status, although causality cannot be
inferred from these data alone.

Thus, we performed a Kaplan-Meier analysis, using the Kaplan-Meier Plotter online tool,
revealing that COAD patients with high LONP1 expression presented no statistically
significant difference in overall survival (OS) compared with those with low LONP1
expression (Fig. 3A; p=0.079). Interestingly, subgroup analysis suggested that higher
LONP1 expression might be associated with better OS in TP53 wild-type patients (Fig. 3B;
p=0.0082) and worse OS in TP53-mutant patients (Fig. 3C; p=0.011). These observations
suggest that high levels of LONP1 could further worsen the prognosis in patients with COAD
in whom TP53 is mutated.



3.3 LONP1 expression is correlated with proteins regulating mitochondrial functions and
dynamics in COAD

We next analyzed the genes co-expressed with LONP1 in COAD patients within the TCGA
dataset, using LinkedOmics. Our analysis identified 5,307 genes that significantly correlated
with LONP1 expression in colorectal cancer (Fig. 4A; p < 0.05 and FDR <0.05). Among
them, 1,879 genes showed a positive correlation with LONP1, while 3,428 genes exhibited
a negative correlation, as shown in the heat maps (Fig. 4B and 4C). Among the top 50 genes
positively associated with LONP1 expression, nine were already known to interact with
LONP1 at protein levels, or co-regulated with LONP1 under stress conditions (ATP5D,
CLPP, MRPL12, POLRMT, SLC25A10, SLC25A39, TIMM13, TIMM44, and TOMMA40).
GSEA revealed an association between LONP1 and mitochondrial RNA metabolic process,
DNA replication, extracellular structure organization, and neuron projection guidance (Fig.
4D).

Then, we analyzed the relationship at the protein level between LONP1 and other co-
expressed proteins in COAD patients within the CPTAC Pancancer dataset, using
LinkedOmics. Our analysis identified 1,830 proteins that significantly correlated with LONP1
expression in colorectal cancer (Fig. 4E; p < 0.05 and FDR <0.05). Of these, 833 proteins
showed a positive correlation with LONP1, while 997 exhibited a negative correlation, as
shown in the heat maps (Fig. 4F and 4G). Enrichment analysis revealed an association
between LONP1 and mitochondrial transport, mitochondrial membrane organization,
muscle system process, and circulatory system process (Fig. 4H).

To confirm these data, we performed a correlation analysis between LONP1 and the genes
found to be positively correlated with LONP1, using the TIMER database. We confirmed the
positive correlation between LONP1 and mitochondrial proteins, such as ATP5D, CLPP,
MRPL12, POLRMT, SLC25A10, SLC25A39, TIMM13, TIMM44, and TOMM40 (Fig. 5).
Thus, we investigated the possible correlation between LONP1, and genes related to
mitochondrial dynamics, such as DNM1L, FIS1, MFN1, MFN2, and OPA1 (Fig. 6A), and
mitophagy, like AMBRA1, BECN1, FUNDC1, NBR1, PARK2, PINK1, and PTEN (Fig. 6B).
We found that LONP1 expression was negatively correlated with MFN1 and positively
correlated with MFN2, suggesting its involvement in mitochondrial dynamics (Fig. 6A). In
addition, LONP1 showed a significative positive correlation with AMBRA1 and PINK1 and
negative correlation with FUNDC1, PARKZ2, and PTEN, in agreement with the established
role of LONP1 in mitophagy (Fig. 6B).

To validate these observations, we re-analyzed RNA-seq data previously generated in our
laboratory from SW620 colorectal cells with silenced LONP1 (Gibellini et al., 2022). As
shown in Figure 7, LONP1 silencing in SW620 cells was associated with increased
expression of MRPL12, POLRMT, SLC25A10, TIMM13, TIMM44, TOMM40, and TOMM20,
confirming the inverse correlation between these gene transcripts and LONP1 levels
observed in silico. Regarding genes involved in mitochondrial dynamics and morphology,
LONP1 silencing resulted in reduced MFNZ2 transcript levels and increased FUNDC1 and
PINK1 transcripts, whereas no significant changes were detected for other genes related to
mitochondrial dynamics.
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3.4 LONP1 expression levels affect mitochondrial markers, immune cell infiltration, and
clinical outcome in CRC

As we noticed that LONP1 is able to modulate PINK1 expression in SW620 cells and is
correlated with PINK1 expression (Fig. 6B and 7), we wondered if the expression of LONP1
could affect mitophagy and mitochondrial dynamics in vivo, and if this modulation could
impact the outcome of the disease.

Thus, we retrospectively selected 50 patients (31 males [62%] and 19 females [38%]; Table
1) with a diagnosis of COAD and monitored the expression of LONP1 and markers of
mitophagy and/or mitochondrial dynamics in formalin-fixed, paraffin-embedded (FFPE)
specimens via IHC. Due to technical issues with the biopsies, LONP1 expression was
analyzed in 48 patients out of 50. The clinical features of enrolled patients and the correlation
with LONP1 expression are reported in Table 2. The age at diagnosis ranged from 56 to 89
years (mean age at diagnosis 73 years). In 30 cases, neoplasms originated in the left colon,
while in 20 cases, they originated in the right colon. The sizes of the tumor masses ranged
from 20 to 70 milimeters (average size approximately 42 mm), and
endoscopically/macroscopically, they were excavated/ulcerated in 33 cases (66%) and
polypoid-vegetative in 17 (34%). The histotypes consisted of non-acinar subtype (NAS)
adenocarcinoma (35 cases; 70%), partially mucinous adenocarcinoma (extracellular mucin
<50% of tumor volume, 11 cases; 22%), and mucinous adenocarcinoma (extracellular mucin
>50% of tumor volume, 4 cases; 8%). One tumor (2%) was diagnosed at an early stage
(Stage 1), 17 (34%) neoplasms were localized to the colonic wall (Stage 2), 23 (46%)
neoplasms were locally advanced (N+/Stage 3), and 9 (18%) had metastasized to other
organs (M+/Stage 4). Morphological analysis allowed the identification of histological
characteristics predictive of an unfavorable prognosis in each tumor. In particular, we
selected features with unequivocal pathological significance of aggressiveness, observed in
a) tumor grading G3, b) lymph node metastasis related to lymphovascular invasion and
tumor budding, c) invasion of the perivisceral serosa, and d) visceral metastasis. All four
characteristics were present in five tumors (10%), three were present in four tumors (8%),
two were present in 18 tumors (36%), and one was present in 16 tumors (32%). Seven
tumors (14%) did not exhibit any of the aforementioned histological unfavorable
characteristics.

As expected, IHC for LONP1 was positive in all tumor specimens, in agreement with the
ubiquitous expression of the protein. The distribution of the protein was always cytoplasmic,
with a weak signal sometimes present in the nucleus. The staining intensity—independently
evaluated by two pathologists—ranged from weak (which received a score 1) to strong
(which received a score 3). When stratified by gender and tumor features, we observed that
LONP1 signal intensity was not associated with gender and tumor grading but was
significantly associated with tumor size and position. In particular, we observed that higher
signal intensity was present in cancer originating on the left side of the colon, and in smaller
cancers (<42 mm).
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In the same samples, we next analyzed the expression of markers of mitochondrial mass,
mitochondrial dynamics, and mitophagy in the same specimens. The expression of
translocase of outer mitochondrial membrane 20 (TOMMZ20), a typical marker of
mitochondrial mass, followed a trend that was inverse with respect to LONP1. This trend
was also confirmed in the correlation analysis performed with the TIMER database, showing
a significant negative correlation between LONP1 and TOMM20 expression levels (Fig. 8A).

Based on the expression and distribution of Lonp1 and TOMM20 in the 48 samples
analyzed, we could distinguish two main patterns. Pattern 1 was characterized by High
TOMM20 levels (HTOMM20) and Low LONP1 levels (LLONP1), including weak focal and
diffuse expression, and was found in 36 cases. Cases in Pattern 1 comprised 26 advanced-
stage tumors (locally advanced with lymph node metastasis or diffusely advanced with
lymph node and visceral metastasis) and 10 tumors confined to the colonic visceral wall, all
exhibiting at least one feature of malignancy/unfavorable prognosis. Pattern 2 was
characterized by Low TOMM20 levels (LTOMMZ20) and High LONP1 levels (HLONP1),
including moderate diffuse and highly diffuse expression, and was observed in the
remaining 12 cases. Cases in Pattern 2 included two tumors in a diffusely advanced stage
with lymph node and visceral metastasis, four tumors in a locally advanced stage with lymph
node metastasis, and six tumors confined to the colonic visceral wall, of which only two
exhibited one feature of malignancy/unfavorable prognosis, while four showed no
histological characteristics of malignancy. The analysis of available cases suggests a
tendency for tumors in Pattern 1 (HTOMM20/LLONP1) to metastasize more frequently and
exhibit histological characteristics indicative of malignancy, predisposing to spread and
unfavorable prognosis. On the other hand, tumors in Pattern 2 (LTOMM20/HLONP1) appear
less likely to display histological characteristics predictive of metastatic spread.

We finally explored the correlation between the immunohistochemical profiles of LONP1 and
TOMMZ20, the clinical-pathological characteristics of the tumors, and the tumor-infiltrating
lymphocytes (TIL) in the two group groups (Fig. 8B). Samples displaying Pattern 1 were
characterized by multiple histological characteristics of aggressiveness (including
metastasis to multiple pericolic lymph nodes), sometimes with distant metastasis (M+), and
low or absent TIL (average count 3 T lymphocytes per high-power field [HPF]; hot spot count
5-7 cells per HPF). Conversely, samples displaying Pattern 2 were mostly non-metastatic
tumors or with few metastatic lymph nodes (limited to 1-2 lymph nodes), characterized by
widespread and intense TIL (average count 25 T lymphocytes per HPF; hot spot count 35-
40 T lymphocytes per HPF).

As IHC analysis suggested a possible impact of LONP1 levels on immune cell infiltration,
we inspected the TIMER database, looking for a possible association between LONP1
expression and immune markers of different immune cell populations in COAD. LONP1
CNVs exhibited significant correlations with infiltration levels of B cells, CD8+ T cells,
neutrophils, and dendritic cells (Fig. 9A). Additionally, we analyzed immune markers of B
cells, CD8+ T cells, CD4+ T cells, macrophages, neutrophils, and dendritic cells. After purity-
related adjustments, TIMER analysis revealed that LONP1 expression was negatively
correlated with the infiltration of B cells, macrophages, and CD8+ T cells—confirming our
previous observation—whereas no significant correlation was observed for CD4+ T cells,
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neutrophils, and dendritic cells (Fig. 9B). Furthermore, we assessed the impact of LONP1
expression and immune cell infiltration on patient survival outcomes in COAD. As shown in
Figure 9C, variations in LONP1 expression within immune cells did not significantly influence
the cumulative survival rate of COAD patients over time. Collectively, these findings suggest
a potential role for LONP1 in modulating immune cell infiltration in COAD.

To confirm these observations, we also examined the expression of PINK1 and TOMM20 in
SW620 cells, either after silencing or overexpressing the full-length form LONP1 (LONP1
Isoform 1, or ISO1). At the mRNA level, we confirmed that LONP1 silencing increased the
relative expression of PINK1 in SW620 cells. Conversely, LONP1 overexpression was
correlated with reduced expression of PINK1. Regarding TOMM20, silencing of LONP1 did
not significantly affect its expression, while its overexpression resulted in slightly reduced
relative levels of TOMM20 (Fig. 10).

Because gene—protein correlations were not straightforward in publicly available datasets,
particularly as far as PINK1 is concerned, we assessed its expression in the same cell line,
either after overexpressing or silencing LONP1. We focused our attention on PINK1, as
public data indicated discrepancies between its correlation with LONP1 at the mRNA and
protein levels, and previous studies in animal models demonstrated LONP1-mediated
degradation of PINK1. Given that PINK1 is expressed at low levels and is barely detectable
in these cells in basal conditions, we induced mitophagy by treating cells with CCCP for six
hours. As shown in Figure 11A, PINK1 levels increased significantly upon CCCP treatment
when LONP1 was silenced, but not when a scrambled siRNA was used. Conversely, LONP1
overexpression in both cell lines prevented PINK1 detection in CCCP-treated cells,
indicating that LONP1 promotes PINK1 degradation (Fig. 11B).

Confocal microscopy confirmed that LONP1 silencing followed by CCCP treatment led to
PINK1 accumulation in mitochondria in SW620 cells; this effect was minimal in cells treated
with control siRNA (Fig. 12A). Overexpression of LONP1 in the same cells led to a reduction
in PINK1 signal, which was barely detectable, even though cells were treated with CCCP
(Fig. 12B). These experiments were repeated in SW480 cells, yielding similar results (not
shown).

4. Discussion

In this study, by combining in silico analysis of publicly available datasets and retrospective
IHC analysis of specimens from patients with COAD, we showed that LONP1 is upregulated
in tumor tissues compared with normal counterparts. Moreover, we demonstrated that its
levels are correlated with tumor progression, mitochondrial dynamics, and immune
infiltration. Our findings suggest that LONP1 may serve as a potential biomarker for COAD
prognosis and a key regulator of mitochondrial homeostasis in cancer cells.

We first observed that LONP1 expression is significantly higher in COAD than in normal
tissues, as confirmed by database analyses and IHC. This observation is in agreement with
previous reports on the role of LONP1 in cancer progression and further confirms its
involvement in tumor cell adaptation to metabolic and oxidative stress (Gibellini et al., 2018).
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Furthermore, LONP1 levels were positively associated with TP53 mutations, particularly in
tumors with poor prognosis. In agreement with this observation, our previous study
highlighted that LONP1 is preferentially upregulated in CRC samples with mutated P53
(Gibellini et al., 2018). The interaction(s) between LONp1 and p53 are quite complex and
not completely elucidated. On one side, LONP1 interacts with p53 in the mitochondrial
matrix, mitigating p53-induced apoptosis under oxidative stress, and impairs the
transcription-dependent apoptotic function of p53 by reducing the mRNA expression of its
target genes. On the other side, mitochondrial LONP1 enhances the stability and abundance
of p53 (Sung et al., 2018). However, no information is currently available regarding the effect
of p53 levels on LONP1 transcription. We can speculate that the higher levels of LONP1
transcripts in the presence of TP53 mutations could be due to a lower capability of p53
mutant cells to cope with oxidative or endoplasmic reticular stress, which can induce LONP1
transcription (Gibellini et al., 2020). Further studies are needed to clarify this point.

Concerning mitochondrial functionality and dynamics, our observations are in line with some
known roles of LONP1. LONP1 transcriptional levels are increased when mitogenesis is
promoted, and this notion is confirmed by the positive correlation between LONP1 and
POLMRT, the gene whose product is crucial for mtDNA transcription and initiation of
replication, or ATPSD, a subunit of mitochondrial ATP synthase. Furthermore, LONP1
expression is positively correlated with that of CLPP, another mitochondrial matrix protease
often co-regulated with LONP1 (Zhang et al., 2023).

The observed correlation between LONP1 and mitophagy-related proteins, such as PINK1
and AMBRA1, supports its role in mitochondrial quality control mechanisms and as a
regulator of mitophagy. Studies have established the interrelation between LONP1 and
PINK1, indicating that the loss of LONP1 function can lead to the accumulation of PINK1,
suggesting a feedback mechanism where LONP1 potentially regulates PINK1-mediated
pathways (Thomas et al., 2014; Zurita Rendon and Shoubridge, 2018). The absence of
LONP1 results in enhanced PINK1-Parkin activity (Liu et al.), which is linked to increased
mitophagy and may counteract mitochondrial dysfunctions associated with aging and
neurodegenerative conditions (Thomas et al., 2014). We observed a positive correlation
between LONP1 and PINK1 at the transcriptional level, likely related to higher mitochondrial
mass or number, rather than increased mitophagy, whose regulation occurs at the protein
level through LONP1-mediated degradation of LONP1. We could not detect PINK1
expression at the protein level in our IHC analysis, likely because the steady levels of PINK1
are generally very low. Interestingly, the negative correlation between LONP1 and TOMM20
expression suggests that tumors with high LONP1 levels may undergo increased
mitochondrial turnover, potentially promoting cancer cell survival.

Additionally, the link between LONP1 and immune infiltration markers revealed an inverse
association with CD8+ T cells, suggesting a potential role in immune evasion mechanisms.
The two immunohistochemical expression patterns we identified—high LONP1/low
TOMM20 in aggressive tumors and low LONP1/high TOMMZ20 in less invasive cases—
further support the impact of LONP1 on COAD progression and patient prognosis.
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Despite these insights, our study has some limitations. The findings presented here are
primarily based on analyses of publicly available datasets, which, although comprehensive,
are inherently correlative and subject to biases in sample collection and processing. The
observed associations between LONP1 expression, cancer progression, and mitochondrial-
related genes cannot establish causality and may be influenced by confounding factors such
as tumor heterogeneity, treatment history, and patient demographics. Furthermore, protein-
level data from CPTAC and other resources, while informative, may not fully capture post-
translational modifications or functional activity of LONP1. Survival analyses should be
interpreted with caution, as they rely on retrospective data and may not account for all clinical
variables influencing patient outcomes. The sample size of 50 COAD cases, while
informative, remains relatively small, and validation in larger, independent cohorts is
needed. Additionally, further functional studies are necessary to elucidate the precise
molecular mechanisms through which LONP1 influences mitophagy, immune modulation,
and cancer metabolism.

While our study integrates in silico analyses with in vitro validation in CRC cell lines, we
acknowledge the importance of further functional studies using stable knockout or
knockdown models. However, to fully elucidate the mechanistic role of LONP1 in tumor
progression and immune modulation, future studies will focus on the generation of stable
KO/KD models in CRC cell lines. These models will allow for long-term functional assays,
including metabolic profiling, mitochondrial dynamics, and immune cell co-culture systems
to assess the impact of LONP1 on tumor-immune interactions. Given the embryonic lethality
of complete LONP1 knockout in vivo, as previously reported (De Gaetano et al., 2020).
Conditional or tissue-specific KO mouse models may provide a viable strategy to investigate
the role of LONP1 in colorectal tumorigenesis and immune evasion in a physiological
context. These approaches will be instrumental in validating LONP1 as a potential
therapeutic target and in exploring its utility in combination with immunotherapeutic
strategies.

5. Conclusions

The findings of our study indicate a notable association between elevated levels of LONP1
and an unfavorable prognosis in COAD. Additionally, LONP1 is strongly correlated with
proteins involved in mitophagy and mitochondrial dynamics, suggesting its potential role in
modulating mitochondrial function and contributing to COAD progression. The analysis
reveals that LONP1 is significantly linked to various signaling pathways, including those
related to mitochondrial homeostasis and cellular stress responses. In aggregate, our
findings highlight the potential of LONP1 as a promising prognostic biomarker for COAD.
Furthermore, its involvement in mitochondrial dynamics confirms LONP1 as a promising
target for therapeutic interventions aimed at regulating mitochondrial function in the context
of colon adenocarcinoma.
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Legends to figures

Figure 1. LONP1 is expressed at high levels in cancer. A. Expression levels of LONP1
mRNA in different types of cancers (red), in comparison with normal tissue counterparts
(blue), as reported in the TIMER database. COAD is highlighted by a red box. Data are
shown as log2 transcript per million (TPM). **= p<0.001; ***= p<0.0001. B. Expression levels
of LONP1 mRNA in tumor samples (T, depicted in red) and normal tissue (N, depicted in
gray) according to the GEPIA2 database. COAD is highlighted by a red box and reported in
a single boxplot on the right. Data are shown as log2 TPM. **= p<0.001. C. Expression of
LONP1 mRNA in COAD primary tumor (depicted in red) in comparison to normal tissue
counterpart (depicted in blue), as reported in the TCGA database. Data are shown as TPM.
D. Expression of LONP1 protein in COAD primary tumor (depicted in red) in comparison to
its normal tissue counterpart (depicted in blue), as reported in the CPTAC database. Z-
values represent standard deviations from the median across samples for the given cancer
type. Log2 Spectral count ratio values from CPTAC were first normalized within each sample
profile, then normalized across samples.

Figure 2. LONP1 is expressed at high levels during COAD progression. A. Expression
levels of LONP1 mRNA during COAD progression (Stage 1 in orange, Stage 2 in brown,
Stage 3 in green, Stage 4 in red), in comparison with normal tissue counterparts (depicted
in blue), as reported in the UALCAN database. Data are shown as TPM. B. Protein levels
of LONP1 during COAD progression (Stage 1 in orange, Stage 2 in brown, Stage 3 in green,
Stage 4 in red), in comparison with normal tissue counterparts (depicted in blue), as reported
in the UALCAN database. Data are shown as Z-values. C. LONP1 mRNA expression levels
in COAD based on patients’ gender (male depicted in red and female depicted in orange) in
comparison with normal tissue counterparts (depicted in blue), as reported in the UALCAN
database. Data are shown as TPM. D. LONP1 protein levels in COAD based on patients’
gender (male depicted in red and female depicted in orange) in comparison with normal
tissue counterparts (depicted in blue), as reported in the UALCAN database. Data are shown
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as Z-values. E. mRNA expression levels of LONP1 in TP53-mutant COAD in normal tissues
and non-mutant COAD. Data are shown as TPM.

Figure 3. High levels of LONP1 were associated with a poor prognosis in COAD
patients. A. Kaplan-Meier survival curves showing the association between LONP1 levels
and survival probability in COAD patients. B. Kaplan-Meier survival curves showing the
association between LONP1 levels and survival probability in COAD patients with wild-type
P53. C. Kaplan-Meier survival curves showing the association between LONP1 levels and
survival probability in COAD patients with mutated P53.

Figure 4. LinkedOmics database and enrichment analysis were used to examine
LONP1 co-expression genes in COAD. A. Vulcano plot showing highly associated LONP1
genes in a COAD cohort. B. Heatmap with the top 50 genes positively associated with
LONP1 expression. C. Heatmap with the top 50 genes negatively associated with LONP1
expression. D. Representative GO enrichment plots for positively and negatively enriched
pathways with LONP1 expression. E. Vulcano plot showing highly associated LONP1
proteins in a COAD cohort. F. Heatmap with the top 50 proteins positively associated with
LONP1. G. Heatmap with the top 50 proteins negatively associated with LONP1. H.
Representative GO enrichment plots for positively and negatively enriched pathways with
LONP1.

Figure 5. Correlation between LONP1 and mitochondrial factors. Analysis of correlation
between LONP1 and mitochondrial factors already known to interact or co-regulate with
LONP1, present in the most significant 50 genes positively correlated to LONP1 from the
LinkedOmics database (ATP5D, CLPP, MRPL12, POLRMT, SLC25A10, SLC25A39,
TIMM13, TIMM44, and TOMMA40).

Figure 6. Correlation between LONP1 and mitochondrial dynamics and mitophagy
factors. A. Analysis of correlation between LONP1 and mitochondrial dynamics factors
(DNM1L, FIS1, MFN1, MFN2, OPA1). B. Analysis of correlation between LONP1 and
mitophagy factors (AMBRA1, BECN1, FUNDC1, NBR1, PARK2, PINK1, and PTEN).

Figure 7. LONP1 silencing modulates the expression of mitochondrial genes in
colorectal cancer cells. A. Relative mRNA expression levels of mitochondrial genes in
SW620 cells after LONP1 silencing, as determined by RNAseq analysis. Genes positively
correlated with LONP1 in in silico analyses (e.g., MRPL12, POLRMT, SLC25A10, TIMM13,
TIMM44, TOMM40, and TOMMZ20) were upregulated upon LONP1 silencing, while
negatively correlated genes (e.g., MFN2, FUNDC1, and PINK1) showed inverse expression
patterns. Data are shown as **= p<0.001; ***= p<0.0001.
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Figure 8. Correlation between the immunohistochemical profiles of Lonp1 and
TOMM20 and lymphocyte infiltration in the tumor mass. A. Analysis of the correlation
between LONP1 and TOMM20. B. Representative IHC images of COAD with different levels
of TOMM20, LONP1, and TIL.

Figure 9. LONP1-related immune infiltration in COAD. A. LONP1 CNVs effect on the
infiltration levels of B cells, CD8+ T cells, neutrophils, and dendritic cells in COAD (*p<0.05,
**p<0.01). B. Correlation between LONP1 expression and immune markers of different
immune cells in COAD. C. Correlation of cumulative survival rate and immune infiltration,
including B cells, CD8+T cells, CD4+T cells, macrophages, neutrophils, and DCs in COAD.

Figure 10. LONP1 silencing or overexpression affects PINK1 and TOMM20 expression
in SW620 cells. A. Quantitative real-time PCR analysis of LONP1, PINK1, and TOMMZ20
MRNA levels in SW620 cells after LONP1 silencing (siRNA) or overexpression (1ISO1).
LONP1 silencing increased PINK1 expression and had minimal effects on TOMM20, while
overexpression reduced PINK1 and slightly decreased TOMM20 levels. Data are shown as
relative expression normalized to RPS18, and are presented as mean + SD of three
independent experiments, **= p<0.001; ***= p<0.0001.

Figure 11. LONP1 regulates PINK1 protein levels in colorectal cancer cells. A. Western
blot analysis and histograms showing relative protein levels of PINK1 and LONP1 in SW620
cells treated with CCCP to induce mitophagy, following LONP1 silencing. LONP1 silencing
led to increased PINK1 accumulation, while overexpression suppressed PINK1 levels. Data
are reported as mean + SD of three independent experiments, *= p<0.05. B. Western blot
analysis and histograms showing relative protein levels of PINK1 and LONP1 in SW620
stably overexpressing LONP1, with or without treatment with CCCP to induce mitophagy.
Data are reported as mean + SD of three independent experiments, *= p<0.05.

Figure 12. LONP1 regulates PINK1 localization in colorectal cancer cells. A. Confocal
microscopy images showing PINK1 localization in SW620 cells after LONP1 silencing or
overexpression, after treatment with CCCP. PINK1 (green), mitochondria (hMit, red), and
nuclei (DAPI, blue). Merged images show PINK1 accumulation at mitochondria upon LONP1
silencing. Length bar = 10 ym. B. Confocal microscopy images showing PINK1 localization
in SW620 cells after LONP1 overexpression, after treatment with CCCP. PINK1 (green),
mitochondria (hMit, red), and nuclei (DAPI, blue). Merged images show PINK1 accumulation
at mitochondria upon LONP1 silencing. LONP1 silencing enhances PINK1 mitochondrial
localization, while overexpression reduces it. Length bar = 10 ym.
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Table 1. Clinical features of the 50 enrolled patients.

Table 2. Expression of LONP1 evaluated by IHC in 48/50 cases of colorectal cancer,
stratified according to gender, tumor size, location, and grading. Significant differences are
highlighted in bold.

Feature N (%)
Sex 31 males/19 females
Age at diagnosis (mean+SD) 73 =17 years

Average macroscopic size of neoplasms 42 mm (range 20-70 mm):

Tumor histotypes

Mucinous/colloid/ring with stone COAD 4
Martially mucinous COAD 11
NAS COAD 35

Stage at diagnosis

Early stage (Stage 1) 1
Localized to the colonic wall (Stage 1 and 2) 17
Locally advanced (Stage 3) 23
Metastatic to visceral organs (Stage 4) 9

Tumor growth pattern
Excavated/ulcerated 33

Polypoid-vegetative 17

Histological features predictive of unfavorable prognosis

No features 7
Presence of one feature 16
Presence of two features 18
Presence of three features 4
Presence of four features 5

Table 1. Histological features of the 50 COAD cases studied.
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Feature N (%) LONP1 Expression p-
value
1 2
Patients 48 19 22
Gender
M 31 (62%) 14 14 0.331
F 17 (38%) 5 8
Tumor size
<4.2 cm 28 9 12 <0.05
>4.2 cm 20 11 9
Tumor location
Right 19 12 6 <0.05
Left 29 7 16
Tumor grading
G1 1 0 1 0.583
G2 29 10 15
G3 18 9 6

Table 2. Expression of LONP1 as evaluated by IHC and correlation with clinical parameters in the
selected COAD cases. Quantification of LONP1 was possible only in 48 out of 50 cases selected.
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