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Abstract

Metabolic plasticity allows cancer cells to survive under adverse conditions. To investigate the
role of mitochondrial chaperone tumor necrosis factor receptor-associated protein 1 (TRAP1)
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in this process, we used CRISPR/Cas9 mediated genetic deletion to knock out (KO) TRAP1

in colon cancer cells. Depletion of TRAP1 triggered a series of events: induced metabolic
reprogramming, increased glycolytic flux, downregulation of mitochondrial complex I, and
elevated ROS generation. TRAP1-deficient cells showed tolerance to Oxidative Phosphorylation
(OXPHOS) inhibitors and exhibited a higher extracellular acidification rate (ECAR). Additionally,
TRAP1 depletion activated hypoxia response elements (HRES) and upregulated HIF1A target
genes such as GLUT1 and MCT1. Furthermore, pyruvate dehydrogenase kinases 1 (PDK1) was
upregulated in KO cells, leading to the inactivation of the tricarboxylic acid (TCA) cycle enzyme,
pyruvate dehydrogenase (PDH). This metabolic shift towards glycolytic metabolism resulted in
increased glycolytic metabolism, elevated lactic acid production, and higher glucose consumption,
making TRAP1-depleted cancer cells more dependent on this altered metabolism for survival.
Treatment with DCA, a PDK inhibitor, restored PDH activity, exacerbated oxidative stress, and
increased cell death in KO cells. Our study here sheds light on how TRAP1 depletion affects
metabolic plasticity, driving colon cancer cells to adapt to metabolic and oxidative stress. These
findings highlight TRAP1 as a promising therapeutic target for manipulating metabolic plasticity
and overcoming drug resistance in cancer therapy.
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Introduction

Colorectal cancer (CRC), the second leading cause of cancer-related deaths, is linked to
disrupted metabolic pathways that contribute to its progression [1,2]. During tumorigenesis,
rapidly dividing cancer cells encounter a harsh environment characterized by nutrient
scarcity, potential drug exposure, and oxygen availability. To survive, CRC cells adapt

by altering their metabolic pathways to provide the energy required for proliferation and
developing drug resistance [3]. A promising avenue for improving treatment outcomes
involves understanding how cancer cells reprogram their metabolism to support growth.
Metabolic reprogramming is recognized as a hallmark of cancer, not only promoting tumor
development [4,5], but also contributing to resistance against chemotherapeutic agents

[6]. Research indicates that cancer cells often display metabolic plasticity rather than
dependency, allowing them to switch between glycolytic bioenergetics and mitochondrial
bioenergetics depending on environmental context [7,8]. Throughout tumor progression, this
metabolic plasticity enables cancer cells to maintain a metabolic hybrid, thereby supporting
their energy needs to survive in stressful environments [9]. Metabolic plasticity of cancer
cells offers a valuable opportunity for developing new anti-cancer therapies. Targeting
metabolic enzymes such as mitochondrial pyruvate dehydrogenase (PDH) or glutaminase
has shown promise, with some strategies already in clinical trials [10,11].

Mitochondria, the cell’s powerhouse for energy production, plays a prominent role

in maintaining a cancer cell’s metabolic profile. Disrupting mitochondrial function

with mitochondrial HSP90 inhibitor Gamitrinib can limit this metabolic plasticity by
inducing mitochondrial dysfunction and impairing energy production, thereby enhancing
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the effectiveness of MAPK inhibitor treatments [12]. Even when oxygen is sufficient,

cancer cells often prefer glycolysis over pyruvate oxidation to fulfill biosynthetic and

redox needs, a phenomenon known as aerobic glycolysis [13-15]. For redox homeostasis,
Reactive Oxygen Species (ROS) reduces pyruvate oxidation via stabilization of the HIFLA
transcription factor to facilitate glycolysis in an oxidative stress environment [16-18].

In addition, HIF1A suppresses oxidative phosphorylation through NDUFA4L 2, inhibiting
electron transport chain complex | activity and ROS generation [19]. HIF1A downstream
genes, such as GLUT1, GLUT3, and MCTs, promote glycolytic bioenergetics by increasing
glucose uptake and lactate exportation [20-22]. Under hypoxic conditions, glycolytic
gatekeeper dehydrogenase kinase 1 (PDK1) is activated by HIFLA. The activation of PDK1
suppresses mitochondrial functions by phosphorylating the pyruvate dehydrogenase (PDH)
Ela subunit, thereby inhibiting the PDH complex (PDC). PDH is the essential rate-limiting
step connecting glycolysis with the TCA cycle, which converts pyruvate to acetyl-CoA
within the mitochondrial matrix. The inhibition of PDH reduces pyruvate oxidation via the
tricarboxylic acid (TCA) cycle [23]. In this regard, regulation of the PDH complex by PDKs
is critical for mitochondrial respiration and metabolic plasticity [24]. Restoring PDH activity
using the PDK inhibitor DCA shifts metabolism from glycolysis to mitochondrial respiration
and suppresses colon cancer growth [25].

TRAP1, a heat shock protein localized in the mitochondria [26—-28], is frequently
dysregulated in various cancers, including colorectal cancer [29-34]. TRAPL is involved
in various cellular processes, including regulation of metabolic energy, ROS detoxification,
and promoting cell survival [35-37]. Our previous studies have shown that TRAP1 is
upregulation during the neoplastic progression of colitis-associated colorectal cancer [38—
40]. Inhibition of TRAP1 by gamitrinib-triphenylphosphonium (G-TPP) has been found to
induce cell death in multiple cancers [41-45], and restore drug sensitivity in resistant cell
lines [46-48]. Targeting NRF2, a key regulator of cellular stress responses, could further
enhance the effectiveness of G-TPP in colorectal cancer treatment [49]. However, the role
of TRAP1 in regulating the metabolic switch between aerobic glycolysis and oxidative
phosphorylation in tumor cells remains poorly understood [50]. Some studies suggest

that TRAP1 inhibits mitochondrial oxidative phosphorylation (OXPHQS) by binding to
succinate dehydrogenase (SDH), a crucial enzyme in complex 1, thereby altering energy
metabolism [51,52]. This inhibition leads to intracellular succinate accumulation and
HIF1A activation, promoting a metabolic shift towards aerobic glycolysis in tumor cells.
Recent findings reveal a novel relationship between TRAP1 and HIF1A: under hypoxic
conditions in zebrafish embryos, HIF1A stabilization enhances TRAP1 expression [53].
Conversely, TRAP1 depletion in TRAP1-/- mice results in deregulated mitochondrial
respiration and a metabolic switch towards aerobic glycolysis, characterized by increased
glucose consumption and lactic acid production [54]. These seemingly contradictory
findings highlight the complexity and multifaceted nature of TRAP1 in regulating metabolic
plasticity and drug resistance in colon cancer.

In this study, we used CRISPR/Cas9 mediated genetic deletion to knock out TRAP1 in
colon cancer cells, aiming to investigate TRAPL1’s role in cancer metabolism and survival.
Using proteomics, we identified dysregulated pathways resulting from TRAP1 depletion
and further explored the mechanistic roles of TRAPL1 in regulating metabolic activity
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in colon cancer cells. TRAP1 depletion led to a series of metabolic changes, including
oxidative stress, mitochondrial remodeling, and a heightened reliance on glycolysis.

Our findings indicate that TRAP1-depleted cancer cells become “addicted” to glucose,
exhibiting increased activation of hypoxia response elements (HRE) and decreased pyruvate
dehydrogenase (PDH) activity. Combining TRAP1 depletion with glycolytic inhibitors
demonstrated synergistic suppressive effects on colon cancer cells. These results underscore
the critical role for TRAP1 in maintaining metabolic hybrid through the regulation of
mitochondrial activity.

Materials and methods

2.1. Cell lines and growth supplements

CT26 cell line was provided by Dr. Yun’s Lab at Baylor College of Medicine. HCT116,
RKO, SW48 and SW480 cells were purchase from ATCC. The cell line was cultured in
Dulbecco’s Modified Eagle’s Medium supplemented with 0.1 mM sodium pyruvate, 10

% fetal bovine serum, penicillin (100 U/ml), and streptomycin (100 mg/ml). Cells were
cultured in a humidified atmosphere with 5 % CO2. Rotenone, oligomycin, 2DG, Trolox
and PX478 were obtained from Sigma-Aldrich (St. Louis, MO, USA). TRAP1 inhibitor
(G-TPP) was purchased from MedChemExpress (Monmouth Junction, NJ 08852, USA).
TRAP1 CRISPR/Cas9 plasmid was obtained from Santa Cruz (Dallas, TX, USA). pCMV6
and pCMV6/TRAP1 plasmids were obtained from Origene (Rockville, MD, USA). All
tissue culture reagents were obtained from Thermo Fisher (Waltham, MA, USA).

2.2. CRISPR/Cas9—mediated knockout of TRAP1

CT26 cells were seeded into six well plates (2E+05/well) overnight. Cells were co-
transfected with 1.5 ug HDR plasmid and 1.5 ug TRAP1 CRISPR/Cas9 using lipofectamine
LTR from Thermos Fisher (Waltham, MA, USA) for 72 h. Cells were selected with 2 pg/ml
puromycin (InvivoGen, San Diego, CA, USA) for 72 h. Single cell colony was performed
by series dilution and cells were consistently selected with 2 pg/ml puromycin. TRAP1
knockout efficiency was checked using western blotting and gPCR in individual clone.

2.3. Western blotting

The cells were lysed in RIPA buffer containing protease inhibitor (Thermo Fisher,
Waltham, MA, USA). Nuclear part and cytoplasm part were separated by NE-PER™
Nuclear and Cytoplasmic Extraction kit (Thermo Fisher, Waltham, MA, USA) according
to the manufacturer’s protocol. Western blot analysis was performed using the following
antibodies: anti-TRAP1 (1:1000) from LSBio (Lynnwood, WA, USA), anti-MCT1 (1:500),
anti-NDUFA10 (1:500), anti-NDUFS2 (1:500) from Santa Cruz (Dallas, TX, USA), anti-
GLUT1 (1:1000), anti-HIF1A (1:1000), anti-PDH (1:1000), anti-pPDH (5293) (1:1000),
anti-pPDH (S232) (1:1000), anti-Lamin B1 (1:1000), anti-PARP (1:1000), anti-CHOP
(1:1000), anti-tubulin (1:5000) and anti-actin (1:5000) were obtained from Cell Signaling
(Danvers, MA, USA). Acrylamide gel was purchased from Bio-Rad (Hercules, CA, USA).
Iblot was obtained from Thermo Fisher (Waltham, MA, USA). The membranes were
immersed in 2 % BSA in phosphate-buffered saline + Tween 20 to block non-specific
background staining. The secondary antibody was horseradish peroxidase-labeled (Jackson
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Immuno Research Laboratories, West Grove, PA, USA) for enhanced chemiluminescence
detection. Chemical reagents for enhancing chemiluminescent were added to the membrane
and the image was detected by Bio-Rad Gel Doc™ XR*.

2.4. Quantitative real-time reverse transcriptase PCR analysis

Cellular total mRNAs were extracted, and cDNA was synthesized using the ABI

cDNA synthesis kit. The cDNA products were analyzed using ABI SYBR green dye

and ABI quantitative real-time PCR machine (Quantstudio 7 Pro, ABI). The reaction
cocktail contained primer, cDNA and 2X SYBR green gPCR master mix. The primers
sequences used were as follows: mouse TRAP1 5'-ACGGACGCACCACTCAACA-3’
(sense) and 5"-AGCTCCCTGCTCACATCAAAC-3’ (antisense), mouse GAPDH 5’-
CAAATTCAACGGCACAGTCAA-3’ (sense) and 5 -GTCTCGCTCCTGGA AGATGGT-3’
(antisense). The data was analyzed using ABI software.

2.5. Cell viability assay

Parental (WT) or TRAP1-depleted (KO) cells were seeded into 96-well plates overnight at
a density of 5000 cells per well. Subsequently, the cells were treated with different dosages
of 2DG, DCA, G-TPP, rotenone, or oligomycin for 48 h at 37 °C in a 5 % CO2 incubator.
One-tenth volume of culture media containing Cell Counting Kit-8 reagent (Dojindo, Japan)
was added to each well, followed by incubation at 37 °C for 2 h. Cell viability was then
measured using an ELISA reader at OD450 (CLARIOstar plus, BMG LABTECH).

2.6. Mass spectrum analysis

Cells were lysed in RIPA buffer containing protease inhibitors (Thermo Fisher, Waltham,
MA, USA). The cell debris was pelleted by centrifugation at 14,000x g for 10 min at 4 °C.
The supernatant was collected, and 50 g of protein was processed for proteomic analysis
as previously described [39,55]. Briefly, the protein lysates were reduced with 10 mM DTT
(Thermo Fisher, Waltham, MA, USA) at 50 °C for 1 h, followed by alkylation with 25

mM iodoacetamide (Sigma-Aldrich,St. Louis, MO, USA) at room temperature for 30 min
in the dark. The proteins were precipitated by adding a 1/4 volume of 100 % (w/v) TCA
(Sigma-Aldrich,St. Louis, MO, USA) and incubating on ice for 20 min. The samples were
centrifuged at 14,000x g for 5 min at 4 °C. The pellets were rinsed twice with ice-cold
acetone, followed by another centrifugation at 14,000xg for 10 min. The protein pellets
were then air-dried and resuspended in 50 mM ammonium bicarbonate (Sigma-Aldrich,St.
Louis, MO, USA). Trypsin (Thermo Fisher, Waltham, MA, USA) was added at a 1:20 ratio
in two steps with a 2 h incubation in between, with vertexing every 30 min. The samples
were finally incubated overnight at 37 °C. After drying completely in a Thermo Scientific™
Savant™ SpeedVac'", the samples were resuspended in 0.1 % formic acid (Sigma-Aldrich,
St. Louis, MO, USA) for LC-MS/MS analysis. One microgram of each digested sample
was analyzed using a Q Exactive™ HF-X Orbitrap™ mass spectrometer (ThermoFisher
Scientific, Waltham, MA, USA) interfaced with an UltiMate 3000 HPLC (ThermoFisher
Scientific), as described previously [56]. The MS data were then searched against the
UniProt human protein database for peptide/protein identification using the Comet algorithm
embedded in the Trans-Proteomic Pipeline [57,58].
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2.7. Seahorse assay

The mitochondrial function of WT and TRAP1-depleted CT26 cells was measured using the
Seahorse XF Cell Mito Stress Test kit (Agilent, Santa Clara, CA) and analyzed using the
Seahorse XFe24 Analyzer (Agilent, Santa Clara, CA). Briefly, cells were seeded onto an
Agilent XF cell culture plate (Agilent, Santa Clara, CA) at 20,000 cells/well and cultured

at 37 °C in an incubator overnight. To measure mitochondrial function, cells were washed
in XF base medium and then cultured in XF base medium (Agilent, Santa Clara, CA)
containing 25 mM glucose, 4 mM L-glutamine, and 1 mM sodium pyruvate for 1 h at

37 °C in a non-CO2 incubator. After incubation, 5 uM Oligomycin, 5 uM FCCP, and 2

UM rotenone were loaded into ports A, B, and C of the Seahorse plate, respectively. The
microplate was then loaded onto a Seahorse XFe24 Analyzer. The oxygen consumption rate
was measured based on the manufacturer’s protocol and presented using the XF Cell Mito
Stress Test Report Generator. The data was further analyzed using Wave software.

2.8. Cell cycle analysis

WT and KO CT26 cells were prepared and stained with DAPI (40 ng/ml) (light sensitive).
The samples were placed in 12 x 75 Falcon tubes and analyzed using a fluorescence-
activated cell sorter (BD Biosciences, La Jolla, CA, USA). For cell-cycle analysis, 10,000
stained cells were sorted by flow cytometery and data were analyzed using the Flow JO
software (BD Biosciences).

2.9. Colony forming assay

2.10.

Cells (300 cells/well) were seeded into 6-well dishes overnight. The cells were then treated
with Ctrl, 1.25 mM, 2.5 mM 2DG or 10 mM DCA, 20 mM DCA, or 10 nM oligomycin,

50 nM oligomycin respectively, and incubated at 37 °C incubator for 7 days. The number of
cell colonies was stained with 0.5 % crystal violet at room temperature (RT) for 15 min. The
colony numbers were counted, and a #test was applied to evaluate statistical significance.

Reactive oxygen species generation measurement

Cells were cultured in 24-well plates overnight and then treated with different dosages

of 2DG, oligomycin, rotenone, Trolox, G-TPP, and DCA for 24 h. Intracellular ROS

levels in the cells were measured using the Cellular ROS Assay Kit (DeepRed) (Abcam,
Cambridge, United Kingdom), after incubation with 10 uM of the kit’s reagent for 30

min. Cells were collected and washed with PBS. Then, they were resuspended in PBS
containing 2 % FBS. The samples were placed in 12 x 75 Falcon tubes and analyzed using
a fluorescence-activated cell sorter (BD FACSCanto I1). The data were then analyzed using
FlowJo software.

2.11. Glucose consumption assay

Cells were grown on a 6-well plate overnight and then treated with either fresh complete
medium or medium containing different dosages of 2DG, Rotenone, PX478, or Trolox.
Following incubation for 24, 48, or 72 h respectively, the supernatant medium was collected,
and glucose levels were quantified using a Glucose-Glo kit (Promega, Madison, WI, USA)
according to the manufacturer’s protocol. luminescence was read on a luminometer for
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glucose level. Glucose consumption was calculated by subtracting the glucose concentration
of the culture medium from non-culture medium.

2.12. Lactate production assay

Cells were grown in a 6-well plate overnight, and the medium was refreshed with complete
medium or medium containing different dosages of 2DG, rotenone, PX-475, or Trolox.
Following incubation for 24, 48, or 72 h, the supernatant medium was collected, and the
amount of lactate was quantified using a Lactate-Glo kit (Promega, Madison, Wisconsin,
USA) according to the manufacturer’s protocol. Luminescence was read on a luminometer
for lactate level.

2.13. Immunofluorescence staining

Cells (10000 cells/well) were seeded into 8 well chambers overnight. Culture medium was
changed to fresh medium, and cells were incubated at 37 °C incubator for 24 h. The cells
were fixed with 4 % paraformaldehyde at RT for 10 min. Cells were permeabilized with

0.2 % TritonX-100 RT 5 min and incubated with 2 % goat serum/0.3 M glycine for 2 h.

The slide was incubated with primary antibodies GLUT1 (1:200), HIF1A (1:200), pPDH
(S232) (1:200), PDK1 (1:200) (Cell signaling (Danvers, Massachusetts, USA), or MCT1
(1:200) (Santa Cruz, Dallas, TX, USA) overnight and incubated with secondary antibody
anti-rabbit-488 antibody (1:400) or secondary antibody anti-mice-488 antibody (1:400) at
RT for 2 h. Cells were stained with DAPI (200 ng/ml) for 5 min. The image was observed by
fluorescence (ECLIPSE E800, Nikon).

2.14. HRE luciferase reporter assay

Monolayers cells were infected with the HRE Luciferase Reporter Lentivirus purchased
from LipExoGen Biotech (Baltimore, MD, USA) in the presence of 8 ug/mL polybrene for
48 h. Cells were then selected with 2 pg/mL Blasticidin (InvivoGen, San Diego, CA, USA)
for 3 days. Subsequently, cells containing the HRE Luciferase Reporter were seeded into 96-
well plates overnight. These cells were then treated with either Ctrl or different dosages of
Trolox for 18 h. An equal volume of culture media containing Cell-Glo Reagent (Promega,
Madison, WI, USA) was added, and the cells were incubated for 15 min. Luminescence was
then measured using a luminescence reader.

2.15. ADP/ATP measurement

Cells were grown in a 96-well plate overnight, and then treated with 1.25 mM, 2.5 mM 2DG
or 10 mM, 50 mM Rotenone for 24 h.Then the culture medium was removed and 90 pl

of ATP reagent was added to each well. Incubate the plate for 1 min at room temperature.
Luminescence was read on a luminometer for the ATP assay (RLUA). Incubate the plate

for an additional 10 min at room temperature. After 10-min incubation, read luminescence
for ATP (RLUB). This measurement provides the background prior to measuring ADP.
Immediately following the reading of RLUB, add 5 pl of ADP Reagent to each well and

mix by tapping the plate or pipetting. After 1 min, read luminescence for ATP (RLUC).
Calculate the ADP/ATP ratio using the formula. ADP/ATP ratio = (RLUC — RLUB)/RLUA.
The ADP/ATP kits were purchased from Sigma (Louis, MO, USA).
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2.16. Ectopic expression of TRAPL1 in KO cells

The pCMV6 and pPCMV6/TRAPL plasmids were purchased from OriGene (Rockville,
MD, USA) and amplified in DH5a cells. Plasmids were then extracted using QIAGEN
plasmid mini kits (Hilden, Germany) and verified by agarose gel electrophoresis. CT26
cells were seeded in 6-well plates until they reached 70 % confluence. These cells were
then transfected with 2 ug of either pPCMV6 or pPCMV6/TRAPL plasmid for 72 h. Selection
with 2 mg/ml neomycin (InvivoGen, San Diego, CA, USA) was maintained throughout the
experiment. TRAP1 protein expression was confirmed by Western blotting.

2.17. Bioinformatics analysis

The GEPIA website (https://gepia.cancer-pku.cn/index.html) was used to assess the TRAP1
gene expression level in the different groups. The correlation between genes in human colon
cancer samples was performed using the ENCORI website (https://rnasysu.com/encori).
The enrichment analysis of proteomic data was performed using the Gene Set Enrichment
Analysis (GSEA), which is a computational method that determines a set of genes

shows statistically significant, concordant differences between two groups. Differentially
expressed genes analysis of the proteomic data was carried out using DESeq2, with a fold
change greater than 1.5 and a false discovery rate (FDR) less than 0.1 as cutoff (http://
bioinformatics.sdstate.edu/idep/). Shiny GO, a tool for analyzing genes and proteins, was
employed to perform GO functional annotation and biological pathway enrichment analysis
on the differentially expressed genes (http://bioinformatics.sdstate.edu/go/).

2.18. Statistical analysis

For the /in vitro studies, each experiment was performed independently at least twice.
Continuous data were presented as means = SEMs, and two-group comparisons were
performed using the student’s unpaired #test. All statistical tests were two-sided, and P

< 0.05 was considered to be significant. Calculated P-values of £< 0.05 (*), £< 0.01 (**)
and P< 0.001 (***) were as indicated.

3. Results

3.1. TRAP1 is essential in maintaining cellular redox homeostasis and colon cancer

survival

In our previous studies, we reported an overexpression of TRAPL in the tumor tissues and
precursor lesions of colitis associated colorectal cancer [39,49]. This aberrant expression

of TRAP1 in colon tumors was further confirmed by an analysis of the TCGA database,
which revealed significantly higher TRAP1 mRNA levels in colon tumors compared to
normal adjacent tissues (Fig. 1A). To investigate the functional role of TRAPL in colon
cancer, we utilized the CRISPR-Cas9 system to deplete TRAP1 expression in CT26 colon
cancer cell line. Successful depletion of TRAP1 was validated through western blotting
across various TRAP1-deficient clones (Fig. 1B). Notably, TRAP1 protein was undetectable
in these depleted cells (designated as KO lines), while the TRAP1 mRNA level remained
unchanged (Fig. 1C). We then assessed the impact of TRAP1 depletion on cell proliferation
by measuring cell growth for 24-72 h. As shown in Fig. 1D, TRAP1 depletion led to a
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concomitant reduction in cell growth. At 72 h, cell numbers decreased significantly by over
three folds in all three KO lines compared to WT cells (Fig. S1A and S1B).

To gain a comprehensive understanding of the molecular alterations induced by TRAP1
depletion, we performed proteomic analysis on cell lysates from WT and KO cells. The
enrichment analysis of proteomic data using Gene Ontology (GO) Biological Process (BP)
revealed downregulation of proteins involved in mitotic cell cycle, cytoplasmic translation,
ribosome biogenesis, mitochondrial electron transport and NADH dehydrogenase complex
assembly (mitochondrial complex I) in KO cells (Fig. 1Eand Fig. S1C, S2A, S2B). On

the other hand, proteins involved in detoxification and cellular oxidant detoxification were
upregulated in KO cells (Fig. 1F). Taking a closer look at mitochondrial complex I,

which the enrichment analysis revealed to be downregulated in the KO cells, we observed
significant reductions in several subunits—NDUFC2, NDUFS2, NDUFA10, NDUFS1 and
NDUFV1—in KO cells as compared to WT (Fig. S2C). In addition, we validated the
expression levels of NDUFS2 and NDUFAZ10 using specific antibodies in Western blot and
found that these two proteins are significantly decreased in TRAP1 KO cells compared to
WT cells (Fig. S2D). To confirm the potential role of TRAP1 in regulating the expression
mitochondrial complex I, we analyzed the correlation between TRAP1 and mitochondrial
complex I in human colon cancer samples from the TCGA database. Interestingly, we found
a strong positive correlation between TRAP1 and several mitochondrial complex | subunits
(Fig. S2E).

Mitochondria, the cellular powerhouses, rely on a series of complexes to efficiently generate
energy. When mitochondrial complex I malfunction, it disrupts the flow of electrons, leading
to the unwanted production of harmful reactive oxygen species (ROS) [59]. Therefore,

we investigated the impact of TRAP1 depletion on redox homeostasis and measured
intracellular ROS levels in colon cancer cells. Remarkably, TRAP1 depletion induced a
dramatic 3- to 5-fold increase in ROS level (Fig. 1G and H). Restoring TRAP1 expression

in KO cells (designated as KO TOE) reduced ROS level by ~60 % compared to KO

cells (Fig. 11-K), confirming the surge of ROS in KO cells was due to TRAP1 depletion.
Additionally, cell cycle analysis revealed a striking shift in the cell cycle distribution of KO
cells. The GO/G1 phase, indicative of cellular quiescence, was increased to >50 % in KO
cells, compared to approximately 40 % in WT cells. Conversely, the S and G2/M phases,
associated with DNA replication and mitosis, respectively, exhibited moderate decline in KO
cells (Fig. 1L). Furthermore, the colony-forming ability of KO cells diminished by around
50 % (Fig. 1M and N). These compelling results indicate that TRAP1 depletion triggers a
cascade of events, resulting in reduced cell proliferation, downregulation of mitochondrial
complex I, elevated ROS generation, and cell cycle arrest in GO/G1 phase.

3.2. TRAP1 modulates metabolic switch between mitochondrial bioenergetics and
glycolysis bioenergetics

Oxidative stress plays a crucial role in regulating cancer cell metabolic activity by
influencing metabolic pathways to maintain redox balance. Given that TRAP1 depletion
leads to excessive ROS generation, we investigated how such consequential oxidative stress
may affect the metabolic profile of KO cancer cells. Intriguingly, we observed that the
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culture media of KO cells became more acidic compared to the WT group (Fig. 2A).

This observation prompted us to investigate the potential role of TRAP1 in cellular pH
homeostasis. Direct pH measurements confirmed a significantly lower pH value in the KO
cells compared to the WT cells (Fig. 2B). These findings suggest that TRAP1 depletion
disrupts intracellular pH regulation, which may potentially contribute to the acidified culture
media observed in KO cells.

To further elucidate the mechanism underlying the potential metabolic shift, we investigated
the proteins associated with cellular pH regulation in the enrichment analysis of proteomic
data of the WT and KO cells. The GSEA analysis revealed positive enrichment of two
biological processes resulting from TRAP1 depletion: regulation of pH and intracellular pH
reduction (Fig. 2C). Several pH regulation-related proteins were upregulated in KO cells
compared to WT cells (Fig. 2D). GSEA analysis of cellular component (CC) using the
proteomic data further revealed that TRAP1 depletion downregulated the proteins associated
with mitochondrial and ribosomal compartments, including NADH dehydrogenase complex
(complex 1) and ribosomal subunit (Fig. 2E and F). These results suggest that depletion of
TRAP1 may lead to mitochondrial dysfunction and metabolic alterations.

To assess the impact of TRAP1 depletion on metabolic flux, we conducted Seahorse
metabolic flux analysis to evaluate mitochondrial respiration and glycolytic function.
Surprisingly, the seahorse analyses revealed a remarkable tolerance of KO cells to OXPHO
inhibitors (FCCP, oligomycin, rotenone) treatment (Fig. 2G), indicating reduced reliance on
mitochondrial OXPHOS for energy production. Conversely, extracellular acidification rate
(ECAR) measurements demonstrated a significant enhancement of glycolytic bioenergetics
in KO cells, exhibiting 3- to 4-fold increases compared to WT cells (Fig. 2H). These
findings were further supported by energy MAP analysis, which revealed a shift in the
bioenergetic flux profile of KO cells towards glycolytic bioenergetics (Fig. 21). To confirm
the role of TRAPL1 depletion in driving this metabolic shift, we directly measured glycolytic
flux by assessing glucose consumption rate and lactate levels. TRAP1 depletion resulted

in increased glucose consumption rate and pronounced lactate production (Fig. 2J and

K), further solidifying the evidence of a metabolic switch from OXPHOS to glycolysis
driven by TRAP1 depletion (Fig. 2L). These findings imply that TRAP1 plays a crucial

role in regulating the metabolic balance between glycolytic bioenergetics and mitochondrial
bioenergetics in colon cancer.

3.3. TRAP1 regulates mitochondrial bioenergetics through modulation of PDH activity

It has been shown that pyruvate dehydrogenase kinases (PDKSs) inhibit the TCA cycle by
phosphorylating PDH at serine residues 232, 293, and 300, thereby reducing PDH activity
[60]. Consequently, inhibition of PDH, which normally converts pyruvate to acetyl-CoA,
impedes the influx of acetyl-CoA from glycolysis into the TCA cycle [61]. Given that
depletion of TRAP1 shifts metabolic bioenergetics to glycolysis and reduces mitochondrial
reliance, we investigated the bioenergetic flux in KO cells by assessing PDK1 protein level
and PDH phosphorylation status. As shown in Fig. 3A, KO cells exhibited significantly
elevated PDK1 expression and increased PDH phosphorylation at residues S232 and S293
compared to the WT cells. Immunofluorescence staining further confirmed that PDH
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phosphorylation at the S232 site was notably higher in the cytoplasm of KO cells compared
to WT cells (Fig. 3B).

Further investigations using OXPHO inhibitors confirmed that KO cells were tolerant to
their effects. Treatment with rotenone (complex I inhibitor) and oligomycin (complex 1V
inhibitor) dramatically reduced WT cell growth but had a much lesser impact on KO cells
(Fig. 3C, Fig. S3A). Rotenone has been shown to cause incomplete electron transfer within
cells and lead to ATP depletion and ROS production [62]. Therefore, we measured ROS
levels in cells treated with either 200 nM rotenone or 200 nM oligomycin. Notably, WT
cells showed a significant increase in ROS levels compared to non-treated controls, whereas
KO cells remained relatively unaffected (Fig. 3D and E, Fig. S3B, S3C). Similarly, 200 nM
oligomycin treatment reduced colon cancer growth and colony-forming ability in WT cells
but had a much lesser extent in KO cells (Figs. S3D, S3E, S3F). These findings were further
supported by assessing glycolytic flux, which revealed over a two-fold increase in glucose
consumption rate and lactate acid production in 50 nM rotenone-treated WT cells compared
to KO cells (Fig. 3F and G). Furthermore, immunofluorescence staining confirmed the
enhanced expression of glycolysis associated proteins, GLUT1 and MCT1, in KO cells
(Fig. S4A and S4B). Overall, OXPHO inhibitors significantly impact cell viability and
induce metabolic reprogramming through induction of glycolytic flux in WT cells, while
having minimal effects in KO cells. This difference may be attributed to the pre-existing
OXPHOS defects resulting from TRAP1 depletion in KO cells. Collectively, these data
suggest that TRAP1 depletion alters cellular metabolic phenotype to confer tolerance to
OXPHO inhibitors by inhibiting PDH activity.

3.4. Depletion of TRAP1 renders cells more vulnerable to metabolic stress

Given that TRAP1 depletion induces mitochondrial remodeling and pushes metabolism
towards glycolytic bioenergetics in colon cancer cells, we speculated that KO cells would

be more susceptible to metabolic stress. To test this hypothesis, we used 2-deoxyglucose
(2DG), a glucose analog that inhibits glucose consumption and ATP production [63], to
investigate metabolic alterations in KO cells. As expected, KO cells showed significant
reduction in colony formation and cell viability upon 2DG treatment (Fig. 3H-J, Fig. S4C).
Notably, KO cells were highly sensitive even to low doses of 2DG, while WT cells remained
largely unaffected by even high doses of 2DG (1.25 mM and 2.5 mM). These results indicate
that depletion of TRAP1 diminishes metabolic hybrid and induces metabolic dependency

in colon cancer cells. Furthermore, 2DG induced excessive ROS production specifically in
KO cells, but not in WT cells (Fig. 3K and L). Additionally, 2DG treatment significantly
reduced glucose consumption rate in KO cells compared to the WT cells (Fig. 3M). We also
measured the cellular ADP/ATP ratio to assess how TRAPL influenced the balance between
glycolytic and oxidative metabolism under various metabolic stress conditions. Interestingly,
treatment with the OXPHO inhibitor rotenone (50 nM) increased ADP/ATP ratio by ~1.5
folds in WT cells but had minimal effect in KO cells (Fig. S4D). Conversely, treatment

with 2.5 mM 2DG increased ADP/ATP ratio in KO cells, but with minimal effect in WT
cells (Fig. S4E). These findings suggest that TRAP1 depletion renders colon cancer cells
vulnerable to 2DG-induced metabolic stress. Since 2DG induced higher ROS level in KO
cells compared to WT cells, we would expect strong ER stress responses in KO cells.
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Indeed, this was confirmed by elevated CHOP protein expression in KO cells. Prolonged
ER stress induced by 2DG further triggered cell death and cleavage of PARP proteins in
KO cells, while WT cells remained unaffected (Fig. 3N). In summary, by depleting TRAP1,
we’ve found a way to restrict the metabolic plasticity of cancer cells and force them into a
vulnerable and dependent state. This discovery makes TRAP1 a promising target for cancer
therapy, providing a novel approach to combat malignant cells by targeting their metabolic
plasticity.

Depletion of TRAPL1 restricts metabolic plasticity to elevated glycolytic metabolism

through induction of the HIF1IA/HRE pathway

Next, we investigated how TRAP1 modulates the metabolic phenotype in colon cancer cells
by altering the balance between glycolytic and mitochondrial bioenergetics. Our GSEA
analysis of proteomic data revealed significant enrichment of several Hallmark gene sets,
including hypoxia and glycolysis, in KO cells (Fig. 4A). The GSEA enrichment plots
showed a positive correlation between TRAP1 depletion and the hypoxia gene set (NES:
-1.74, P < 0.005), as well as the glycolysis gene set (NES: -1.40, P < 0.05) (Fig. 4B

and C). Furthermore, differential gene expression analysis identified 58 upregulated and

44 downregulated genes in KO cells compared to the WT cells. The volcano plot of these
differentially expressed genes is shown in Fig. 4D. Additionally, GO BP analysis highlighted
significant enrichment of metabolic-associated pathways among the differentially expressed
genes (Fig. 4E). Similarly, various metabolic pathways, including HIF1A signaling, and the
glycolysis/gluconeogenesis pathway, were among the top 10 enriched KEGG pathways in
KO cells (Fig. 4F), further supporting the notion that TRAP1 depletion in colon cancer cells
triggers metabolic rewiring towards aerobic glycolysis.

To explore the potential role of HIF1A in this process, we analyzed correlation between
TRAP1 and HIF1A expression, as well as between HIF1A and MCT1 expression using the
TCGA colon cancer database (ENCORI). We found a strong inverse correlation between
TRAP1 and HIFLA mRNA expression (correlation coefficient = -0.498, P < 0.001).
Conversely, a positive correlation was observed between HIFLA and MCT1 expression
(correlation coefficient = 0.274, P < 0.005) (Fig. 4G). Next, we sought to determine whether
HIF1A localization plays a significant role in the observed metabolic rewiring in KO

cells. Immunofluorescent staining demonstrated that HIFLA predominantly localizes to the
nucleus in KO cells (Fig. 4H). These results were further confirmed by western blot analysis
of subcellular fractions, including nucleus and cytoplasm (Fig. 41), suggesting its active
participation in transcriptional regulation.

We speculated that the nuclear translocation of HIF1A could activate transcription of
glycolytic-associated genes in the presence of oxygen, leading to metabolic rewiring in
response to oxidative stress in KO cells. In our study, the observed metabolic adaptations

to enhance cancer cell survival in KO cells were likely due to the oxidative environment.

To investigate this further, we employed HRE Luciferase reporter-containing cells to assess
HIF1A transcriptional activity. Notably, KO cells exhibited a substantial increase (4- to
8-fold) in HRE transcriptional activation compared to WT cells (Fig. 4J). Previous studies
have demonstrated that HIF1A can upregulate the expression of glycolytic flux markers such
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as GLUT1 and MCT1, promoting a shift toward facultative aerobic glycolysis in cancer cells
[64,65]. Following this, we examined the expression of glycolytic genes (including HIF1A,
GLUT1 and MCT1) in KO cells. Western blot analysis confirmed that these markers were
upregulated in KO cells compared to WT cells (Fig. 4K). Collectively, these findings support
our hypothesis that TRAP1 depletion induces ROS, restricting metabolic plasticity toward

a facultative glycolytic phenotype in colon cancer, potentially mediated by the HIFLA/HRE
pathway (Fig. 4L).

To further confirm TRAP1 KO induced oxidative stress and shift the metabolic profile to
obtain proliferation advantage, we tested additional human-derived colon cancer cell lines
(HCT116, RKO, SW8, and SW480). TRAPL1 inhibition led to excessive oxidative stress in 4
UM or 8 UM G-TPP-treated colon cancer cells and reduced cell viability, with various degree
of responses (Fig. SSA-S5F). SW480 cells are more resistant to G-TPP treatment, whereas
SW48 cells are highly sensitive. Furthermore, we observed consistent suppression of PDH
activity in all four cell lines, along with HIF1A activation in HCT116 and RKO cells (Fig.
S5G-S5H). These findings are consistent with the observations in CT-26 cells, reinforcing
the conclusion that TRAP1 knockout induces oxidative stress and promotes a metabolic shift
toward glycolysis.

Restoring TRAP1 permits metabolic plasticity and protects cancer cells from the

glycolytic inhibitor treatment

After revealing that TRAP1 depletion in colon cancer cells restricts metabolic plasticity

by inhibiting PDH activity, we proceeded to restore TRAP1 expression in KO cells to
investigate if reintroducing TRAP1 in KO cells could at least partially reverse the effects
caused by its depletion. As expected, re-introduction of TRAP1 in KO cells led to a
significant reduction in PDK1 expression and PDH phosphorylation (Fig. 5A and B). This
TRAP1 restoration not only restored mitochondrial PDH activity but also re-sensitized the
cells to rotenone treatment to a degree similar to WT cells (Fig. 5C). Furthermore, TRAP1-
restored KO cells exhibited elevated intracellular ROS levels upon rotenone treatment
compared to non-treatment controls, whereas KO cells were relatively resistant to rotenone
(Fig. 5D and E). These data suggest that restoring TRAP1 expression reverses the metabolic
reprogramming observed in KO cells, validating our phenotypic and molecular observations
in KO wells as TRAP1-dependent.

Furthermore, restoring TRAPL1 expression reduced HIF1A nuclear localization (Fig. 5F),
and significantly downregulated the expression of HIFLA downstream genes, including
GLUT1 and MCT1 (Fig. 5G, Fig. S6A and S6B). Restoration of TRAP1 also led to
reduction in extracellular acidification and glycolytic flux in the cells (Fig. S6C and S6D).
Consequently, lactate acid production and glucose consumption rate were also corrected

to levels similar or closer to WT cells (Fig. 5H and I). Additionally, restoring TRAP1
alleviated oxidative stress induced by 2DG treatment in the cancer cells (Fig. 5J and K). In
essence, restoring TRAP1 in KO cells recovers the cells to a metabolic hybrid state, enabling
metabolic plasticity. This explains why restoring TRAP1 protected the cancer cells from the
glycolytic inhibitor 2DG treatment (Fig. 5L). Collectively, these findings demonstrate that
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TRAP1 acts as a switch, controlling the metabolic phenotype of cancer cells by permitting
or restricting metabolic plasticity.

ROS detoxification alleviates the activation of HIF1IA/HRE axis in KO cells

Previous studies have demonstrated that intracellular ROS can stabilize HIF1A and activate
the glycolysis pathway in cancer cells [66,67]. To elucidate the roles of ROS in the context
of HIF1A activation and TRAP1 depletion under oxygen-rich conditions, we used ROS
scavenger Trolox to treat the WT and KO cells. After 2 h of treatment, 2 mM Trolox
significantly reduced the intracellular ROS induced by TRAP1 depletion (Fig. 6A and B).
Furthermore, HIF1A nuclear localization was greatly diminished in 1 mM Trolox-treated
KO cells compared to non-Trolox control KO cells. In comparison, Trolox treatment only
slightly reduced HIF1A nuclear localization in WT ells (Fig. 6C). These results further
strengthen the link between ROS and HIF1A activation in this specific context.

Next, we conducted a reporter assay to directly assess the impact of ROS detoxification on
the transcriptional activation of HRE in KO cells. As shown in Fig. 6D, the luminescence
from the HRE reporter was significantly reduced in the Trolox treatment groups compared
to the non-treatment groups in KO cells, while the WT cells were not affected by the Trolox
treatment. Notably, by restoring redox homeostasis through ROS scavenging with Trolox,
we observed downregulation of aerobic glycolysis-associated genes, including HIF1A,
GLUT1, and MCT1 in KO cells (Fig. 6E). Furthermore, the pH of the culture medium
increased in Trolox-treated KO cells compared to the control groups, in a dosage-dependent
(Fig. 6F). To explore the impact of Trolox on glycolytic flux in KO cells, we investigated
its effects on lactic acid levels and glucose consumption. Interestingly, Trolox treatment

led to decreased glucose consumption in the KO2 and KO7 clones, while lactic acid levels
was reduced across all three KO clones (Fig. 6G and H). These results further underscore
the crucial role of ROS in HIFLA/HRE pathway activation and subsequent metabolic
reprogramming in KO cancer cells.

To further elucidate how TRAP1 depletion modulates metabolic rewiring through HIF1A
signaling, we employed the HIF1A inhibitor PX-478 to inactivate HIF1A in KO cells.

As shown in Fig. 61, this treatment led to significant reduction in HIF1A protein

level, accompanied by downregulation of its downstream targets, GLUT1 and MCT1.
Consequently, glycolytic flux was diminished (Fig. 6J and K). To further explore the

role of HIF1A in regulating mitochondrial bioenergetics, we examined its impact on the
PDK1/PDH axis. Inhibition of HIF1A using PX-478 decreased PDK1 expression and
restored PDH activity through reduction of phosphorylation at PDH(S232) in clone 2 and
clone 7, but not in clone 6 (Fig. 6L and M). These results suggest that cancer cells lacking
TRAP1 ramp up their production of harmful ROS, which in turn activates HIF1A — a
pivotal player in energy production. HIFLA not only promotes aerobic glycolysis through
upregulation of glycolysis enzymes, but also activates PDKs to reduce PDH activities,
further suppressing the mitochondrial bioenergetics. These bioenergetic shifts redirect cells
away from efficient mitochondrial power generation and towards a less efficient process
(aerobic glycolysis).
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3.8. Restoration of PDH activity exacerbates oxidative stress and cell death in KO cells

PDKs phosphorylate PDH, inhibiting its activity and thereby preventing the conversion
of pyruvate to acetyl-CoA and shifting the cellular metabolic profile away from OXPHO.
Depletion of TRAP1 led to upregulation of PDKs in all three KO clones (Fig. S7A).
Dichloroacetic acid (DCA), a known PDKSs inhibitor, activates PDH activity and has been
shown to restore oxidative phosphorylation in colon cancer [25]. To evaluate the forced
activation of PDH in the context of TRAP1 depletion, we treated KO cells with 20

mM DCA to restore PDH activity and analyzed the metabolic profile and cell viability.
As expected, DCA-treated KO cells showed a significant decrease in both PDK1 protein
expression and PDH phosphorylation at serine residues 232 and 293 (Fig. 7A and B).

Next, we assessed the glycolytic flux in DCA-treated cells by measuring the pH of

the culture media. The pH values of the culture media in DCA-treated KO cells were
significantly higher compared to untreated controls (Fig. 7C and D). Furthermore, we
characterized the glycolytic flux by measuring glucose consumption rate and lactic acid
level in DCA-treated cells. Both measurements were significantly reduced in DCA-treated
KO cells, reaching levels similar to those in WT cells (Fig. 7E and F). These results suggest
that DCA suppresses the aerobic glycolysis pathway and shifts the glycolytic bioenergetics
towards mitochondria bioenergetics in KO cells. Since TRAP1 depletion led to a substantial
increase in ROS, we speculated that treatment with DCA (which activates PDH) might
further elevate ROS levels in KO cells. Indeed, we observed a dramatic rise in ROS levels
specifically in DCA-treated KO cells, with a much lesser increase in WT cells (Fig. 7G and
H). Additionally, TRAP1-restored KO cells displayed ROS generation patterns more similar
to WT cells than KO cells when treated with DCA (Fig. S7B and S7C). Beyond the increase
of ROS levels, DCA treatment and TRAP1 depletion synergistically suppressed cell viability
and colony formation in KO cells, with fewer effects observed in WT cells (Fig. 71-K, Fig.
S7D). These results suggest that DCA disrupted the cellular ROS detoxification capacity by
shifting the metabolic pathway towards the OXPHO pathway in mitochondrial dysfunction
cells (KO cells).

It has been reported that DCA can restore chemosensitivity to 5-FU in colon cancer by
modulating glycolysis [68]. Recent studies also suggest that targeting OXPHOS could be
an emerging strategy in cancer therapy to reduce drug resistance [69]. In this study, we
observed that DCA enhanced the efficacy of OXPHOS inhibitors in TRAP1 KO cells
compared to treatment with OXPHOS inhibitors alone. In contrast, OXPHQOS inhibitors
increased the efficacy of DCA in WT cells compared to DCA alone. These findings indicate
that TRAP1 KO cells exhibit a distinct metabolic profile characterized by mitochondrial
dysfunction. As shown in Fig. STE-S7F, DCA treatment restored the sensitivity of KO cells
to OXPHOS inhibition, thereby suppressing cancer cell growth. Collectively, these results
suggest that TRAP1 depletion impairs PDH activity, leading to reduced mitochondrial
energetics and making cells more reliant on glycolysis for survival. Further modulation

of glycolysis through DCA treatment leads to a dramatic increase in ROS, resulting in
significant decrease in cell proliferation and increase of cell death (Fig. 7L). Combining
TRAP1 inhibition with DCA treatment exhibits a synergistic suppressive effect on colon
cancer.
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4. Discussion

Cancer cells often exploit metabolic plasticity to adapt to their metabolism, enabling survival
under the stress conditions encountered during tumor development, metastasis, and cancer
therapy [9,70,71]. Metabolic plasticity empowers cancer cells to adapt to oxidative stress
through two main strategies: 1) Upregulating their antioxidant capacity to directly detoxify
ROS, and 2) Rewiring their metabolic bioenergetics to mitigate ROS production [72]. The
mitochondrial protein TRAP1 has been implicated in various cellular processes, including
the regulation of metabolic energy, ROS detoxification, and cell survival [37]. In this study,
we employed CRISPR/Cas9 mediated genetic deletion to knock out TRAP1 in colon cancer
cells to investigate the roles of TRAPL in regulating tumor cell metabolism and survival. We
found that KO cells exhibited excessive ROS generation and reduced cell proliferation.
Intriguingly, these KO cells undertook metabolic reprogramming to adapt to oxidative
conditions to enhance their survival. This metabolic reprogramming in KO cells involved

a restriction of mitochondrial bioenergetics and a shift towards glycolytic bioenergetics.

Our study provides new insights into how TRAP1 depletion influences metabolic plasticity,
enabling colon cancer cells to adapt to metabolic and oxidative stress.

Our previous study demonstrated that inhibiting TRAP1 led to activation of NRF2,

the master regulator of the antioxidant response. Combining an NRF2 inhibitor with a
TRAP1 inhibitor resulted in excessive ROS levels surpassing the cytotoxic threshold,
thereby exacerbating cell death [49]. TRAP1 has been shown to influence the balance
between oxidative phosphorylation and glycolysis, potentially rewiring cellular metabolism
[50]. Additionally, TRAP1 appears to regulate mitochondrial activity through interactions
with complex I11 [73]. While studies have suggested that TRAP1 inhibition leads to a
metabolic switch towards glycolysis, the precise role of TRAPL1 in favoring either oxidative
phosphorylation or glycolysis remains controversial and requires further investigation. In
our current study, we observed significantly decreased expression of mitochondrial complex
I subunits (NDUFC2, NDUFS2, NDUFA10, NDUFS1, NDUFV1, and NDUFS4) in KO
cells. In addition, KO cells exhibited resistance to rotenone (a complex | inhibitor) and
oligomycin (a complex IV inhibitor), indicating diminished mitochondrial reliance. These
results clearly demonstrate that TRAP1 is involved in the regulation of mitochondrial
function through mitochondrial complex I. Furthermore, we found that TRAP1 depletion
not only impaired mitochondrial bioenergetics but also increased glucose uptake and lactate
secretion, rendering the cells sensitive to inhibition of glycolysis. These findings indicate
that TRAP1 depletion limits the metabolic plasticity of colon cancer cells, forcing them
towards increased glycolytic state and making them dependent on this pathway for survival.

Cell metabolic plasticity is governed by master regulators AMPK and HIF1A, which control
cellular energy homeostasis and aerobic glycolysis, respectively [74]. These two master
regulator genes enable cancer cells to stay in a hybrid metabolic phenotype, efficiently
producing energy through various metabolism pathways [70]. This hybrid metabolic
phenotype not only keeps ROS at moderate and balanced levels, benefiting cancer cell
signaling, but also prevents DNA damage due to excessive ROS [75,76]. In this study,
proteomics analysis revealed that glycolysis gene set and HIF1A signaling pathway were
significantly enriched in KO cells. These results were further validated through HIF1A
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nuclear localization (immunofluorescence staining) and induction of highly transcriptional
activation of hypoxia response elements (reporter assay). HIF1A stimulates the expression of
glycolysis-associated genes and represses mitochondrial function by inducing PDK1 under
hypoxic conditions [24,77]. Consequently, HIFLA downstream genes, including GLUT1 and
MCT1, were significantly upregulated, and glycolytic flux was dramatically enhanced in

KO cells. Consistent with these findings, ROS scavenger Trolox reversed glycolytic flux

and HIF1A activation in KO cells. Furthermore, restoration of TRAP1 expression in KO
cells decreased HIF1A, GLUT1, MCT1, pPDH (S232), and ROS generation, reversing

the metabolic reprogramming effects observed in KO cells. These findings suggest that
TRAP1 depletion induces ROS generation, leading to activation of the HIF1A pathway and
a preference for aerobic glycolysis in colon cancer cells.

Our findings further reveal that TRAP1 depletion not only induces a metabolic shift
towards glycolysis for ROS detoxification via the HIF1A pathway but also restricts
mitochondrial bioenergetics by suppressing PDH activity. Furthermore, inhibiting HIF1A
with PX-478 decreased GLUT1 and MCT1 expression, and restored PDH activity in KO
cells. Collectively, these results suggest that TRAP1 tailors the metabolic phenotype of
colon cancer cells by regulating the ROS/HIF1A/PDH axis to adapt stressful conditions.
These novel findings support TRAP1 as a potential therapeutic target for modulating

cancer metabolism and impeding tumor progression. Previous research suggests that
targeting metabolic plasticity through combination therapies holds promise for colon cancer
treatment, potentially improving patient outcomes [78]. An earlier study demonstrated that
targeting metabolic plasticity with mitochondrial HSP90 inhibitor induced mitochondrial
dysfunction and enhanced the efficacy of MAPK inhibitor treatment in cancer cells [12].
Our study aligns with this concept, as our data suggests that TRAP1 depletion enhances
metabolic dependence in colon cancer cells, making them more susceptible to therapeutic
intervention. Notably, the PDK inhibitor DCA, a current clinical drug used for lactic acidosis
in mitochondrial defects [79,80], specifically increased mitochondrial dependence and
augmented the cytotoxic effects in KO cells, but not in WT cells. Remarkably, combining
DCA or 2DG with TRAP1 depletion exhibited synergistic suppressive effects, suggesting a
potential therapeutic strategy.

In conclusion, our study demonstrates that TRAP1 modulates metabolic switch between
mitochondrial bioenergetics and glycolytic bioenergetics. Depletion of TRAP1 induces
metabolic shift towards glycolysis in colon cancer cells, enabling them to adapt to
oxidative stress and ensure survival. Consequently, depletion of TRAP1 creates a metabolic
vulnerability as well as metabolic dependency on glycolysis, presenting a potential
therapeutic strategy for colon cancer. This opens an exciting new path for developing novel
therapies targeting cancer metabolism.
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TCA tricarboxylic acid

PDK1 pyruvate dehydrogenase kinases 1
PDH pyruvate dehydrogenase
DCA dichloroacetic acid
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Fig. 1. TRAPlisessential in maintaining colon cancer survival and redox homeostasis.
(A)TRAPL expression levels in normal versus colon tumor tissues, according to the TCGA

database, as displayed on the GEP2 website. (B) TRAP1 protein expression was not
detectable in TRAP1 CRISPR/Cas9 CT26 cells using Western blot analysis. (C) TRAP1
mRNA levels were quantified by gPCR in WT and KO colon cancer cells. (D) Cell growth
of WT and KO cells was measured at 24 h, 48 h, 72 h using CCK-8. (E) GSEA of proteomic
data using Molecular Signatures Database (MSigDB) GO BP gene set is summarized as

the normalized enrichment score (NES) in WT and KO cells. (F) GSEA plots of cytoplasm
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translation, regulation of cell cycle G1-S, detoxification and cellular oxidant detoxification
gene signatures that are associated with depletion of TRAPL. (G) Intracellular ROS levels
in WT and KO cells were detected using the abcam cellular ROS assay kit and analyzed
by flow cytometry. (H) Quantitation of ROS. (1) Cell lysates were prepared from WT EV,
KO2 EV and KO2 TOE for Western blot analysis to detect TRAP1 and Actin proteins. (J)
Intracellular ROS levels in WT EV, KO2 EV and KO2 TOE were detected using an ROS
assay kit and analyzed by flow cytometry. (K) Quantitation of ROS. < 0.05 (*), < 0.01
(**). (L) WT and individual KO cells were collected and stained with PI. The cell cycle
was analyzed using flow cytometry and BD software. (M) Cells were seeded in 6-well plates
and cultured for 7 days. Cells were stained with crystal violet, and colony numbers were
quantified in (N).
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Fig. 2. Depletion of TRAPL rewires cancer cell metabolic bioener getics.
(A, B) The pH value of the culture medium was measured in WT and KO CT26 cells.

(C, D) Enrichment analysis of proteomic data was performed using the GSEA MSigDB
GO BP gene set. GSEA plots and heat maps for pH regulation genes in the TRAP1
metabolic gene signature. (E) GSEA of mass spectrometry was performed with MSigDB
GO CC gene set and is summarized as the normalized enrichment score (NES) in WT and
KO cells. (F) GSEA plots for NADH dehydrogenase complex and cytosolic ribosome are
presented within the TRAP1 metabolic gene signature. (G, H) The oxygen consumption
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rate (OCR) and extracellular acidification rate (ECAR) of WT and KO cells were measured
using the Seahorse assay. The data were analyzed using Wave software. (1) The energy

map generated from the Seahorse assay in WT and KO cells is shown. The empty and

dotted squares represent duplicate experiments within each group. Blue indicates the WT
group, red represents the KO6 group, and green represents the KO7 group. (J, K) Glucose
consumption and lactate production were measured in WT and KO cells using Glucose-GLO
and Lactate-GLO Kkits, respectively. (L) Illustration of TRAP1 depletion favors the glycolysis
pathway than oxidative phosphorylation in colon cancer. < 0.05 (*), < 0.01 (**).
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Fig. 3. TRAP1 tailor metabolic activity in colon cancer cells.
(A) TRAP1, PDK1, pPDH (S232), pPDH (S293), PDH, and Actin protein levels were

detected in WT and individual KO cells using Western blot analysis. (B) WT and individual
KO cells were fixed with 4 % paraformaldehyde and stained with pPDH (S232) antibody.
Staining was analyzed using a Nikon microscope. (C) WT and KO cells were treated with
various concentrations of rotenone for 48 h. Cell viability was determined using the CCK-8
assay at OD450. (D) Cells were treated with either Ctrl or 200 nM rotenone for 24 h.
Intracellular ROS levels were detected using the abcam cellular ROS assay kit and analyzed
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by flow cytometry. Quantitation of intracellular ROS levels is shown in (E). (F, G) Glucose
consumption and lactate production were measured in cells treated with 10 nM or 50 nM
rotenone using Glucose-GLO and Lactate-GLO Kits, respectively. (H) WT and KO cells
were treated with either Ctrl, 1.25 mM, or 2.5 mM 2DG for 7 days. Cells were stained

with crystal violet, and colony numbers were quantified in (1). (J) WT and KO cells were
treated with various concentrations of 2DG for 48 h. Cell viability was determined using the
CCK-8 assay at OD450. (K) WT and KO cells were treated with Ctrl or 5 mM 2DG for 24
h. Cellular ROS levels were detected using the abcam cellular ROS assay kit and analyzed
by flow cytometry. Quantitation of cellular ROS levels is shown in (L). (M) WT and KO
cells were treated with 0.625 mM, 1.25 mM, or 2.5 mM 2DG for 24 h. The culture medium
was collected, and glucose consumption was analyzed using Promega Glucose-GLO Kits.
(N) WT and KO cells were treated with various concentrations of 2DG for 48 h. Cell lysates
were prepared for Western blot analysis to detect TRAP1, CHOP, PARP, and Actin protein
levels. P<0.05 (*), P<0.01 (**).
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Fig. 4. Depletion of TRAPL restricts metabolic plasticity to factitive glycolytic metabolism.
(A) GSEA of mass spectrometry was performed with MSigDB HALLMARK gene set

and is summarized as the normalized enrichment score (NES) in WT and KO cells.

(B, C) Enrichment analysis was carried out using the GSEA HALLMARK gene set.
GSEA plots of hypoxia and glycolysis genes are presented within the TRAP1 metabolic
gene signature. (D) Differential gene expressions were analyzed using DEseq2, with fold
change >1.5 and FDR <0.1. Volcano plot shows relative fold change (log2) in protein
abundance versus —1og10(P values) from WT cells compared with KO cells. Proteins that
demonstrate a significant change in expression are colored, with decreased expression in
green color and increased expression in red color. (E, F) BP and KEGG pathway analysis
of the differential gene expressions was conducted using ShinyGO website. The dot plot
represents the top 10 significant pathways ranked according to — log enrichment P value.
(G) Correlation analysis of TRAP1 with HIF1A and HIF1A with MCT1 expression in the
TCGA database was performed using the ENCORI website. (H) Cells were fixed with 4 %
paraformaldehyde and stained with HIF1A antibody. Staining was analyzed ushing a Nikon
microscope. (1) Nuclear and cytoplasmic fractions of WT and KO cells were separated
using a nuclear extraction kit (ThermoFisher). TRAP1, HIF1A, Lamin B1, and Tubulin
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proteins were detected using specific antibodies by Western blotting. (J) WT and KO cells
stably expressing HRE-luciferase were subjected to a reporter assay using the Promega
luciferase kit, One-GLO. Luminescence levels were measured using a Luminescence reader.
(K) TRAP1, HIF1A, GLUTL1, MCT1, and Actin proteins were detected using Western
blotting. (L) Hllustration of TRAP1 depletion induces ROS generation to facilitate glycolysis
pathway through ROS-HIF1A axis. £< 0.05 (*), < 0.01 (**).
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Fig. 5. Ectopic expression of TRAPL restores PDH activity to permit metabolic plasticity.
(A) Cell lysates were prepared from WT EV, KO2 EV, KO2 TOE, KO6 EV, and KO6 TOE

cells. TRAP1, PDK1, pPDH (S232), pPDH (S293), PDH, and Actin proteins were detected
using Western blot analysis. (B) Cells were fixed with 4 % paraformaldehyde and stained
with pPDH (S232) antibody. Staining was analyzed using a Nikon microscope. (C) Cells
were treated with different dosages of rotenone for 48 h. Cell viability was analyzed using
the CCK-8 assay at OD450. (D) WT EV, KO2 EV and KO2 TOE cells were treated with Ctrl
and 200 nM rotenone for 24 h. Intracellular ROS levels of were detected using the abcam
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cellular ROS assay kit and analyzed by flow cytometry. (E) Quantitation of intracellular
ROS levels. (F) Cells were fixed with 4 % paraformaldehyde and stained with HIF1A
antibody. Staining was analyzed using a Nikon microscope. (G) Cell lysates were prepared
from WT EV, KO2 EV and KO2 TOE cells. TRAP1, GLUT1, MCT1, and Actin protein
levels were detected using western blot analysis. (H, 1) The relative glucose consumption
rate and lactate concentration of the culture medium at different time points in WT EV,
KO2 EV and KO2 TOE cells were measured using Glucose-GLO and Lactate-GLO Kkits.

(J) Cells were treated with 5 mM 2DG for 24 h. Intracellular ROS levels were detected
using the abcam cellular ROS assay kit and analyzed by flow cytometry. (K) Quantitation of
intracellular ROS levels. (L) Cells were treated with different dosages of 2DG for 48 h. Cell
viability was analyzed using the CCK-8 assay at OD450. £< 0.05 (*), A< 0.01 (**).
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Fig. 6. ROS detoxification rever ses metabolic reprogramming in KO cells.
(A) WT and KO cells were treated with 2 mM Trolox for 2 h. Intracellular ROS levels

were detected using the abcam cellular ROS assay kit and analyzed by flow cytometry. (B)
Quantitation of intracellular ROS levels were performed. (C) Cells were treated with Ctrl
and 1 mM Trolox for 24h. Cells were fixed with 4 % paraformaldehyde and stained with
HIF1A antibody. Staining was analyzed using a Nikon microscope. (D) WT and KO cells
stably expressing HRE-luciferase were treated with various concentrations of Trolox for 18
h. Reporter assays were performed using One-GLO. (E) Cells were treated with 0.3 mM or 1
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mM Trolox for 24 h. Cell lysates were prepared for Western blot analysis to detect TRAP1,
HIF1A, GLUT1, MCT1, and Actin proteins. (F) Cells were treated with 0.3 mM or 1 mM
Trolox for 48 h. The pH value of the culture medium was measured using a pH meter. (G,
H) Cells were treated with Ctrl, 2 mM Trolox for 24 h. Glucose consumption and lactate
production in Trolox-treated cells were measured using Glucose-GLO and Lactate-GLO
kits. (1) Cells were treated with Ctrl, 50 uM, or 100 uM PX478 for 24 h. Cell lysates were
prepared for Western blot analysis to detect TRAP1, HIF1A, GLUT1, MCT1, and Actin
proteins. (J, K) Glucose consumption and lactate production in 100 uM PX-478-treated
cells were measured using Glucose-GLO and Lactate-GLO kits. (L) Cells were treated with
100 pM PX478 for 24 h. Cells were fixed with 4 % paraformaldehyde and stained with
pPDH(S232) antibody. Staining was analyzed using a Nikon microscope. (M) Cells were
treated with 100 UM PX478 for 48 h. Cell lysates were prepared for Western blot analysis
to detect TRAP1, HIF1A, PDK1, pPDH(S232), PDH, and Actin proteins. £< 0.05 (*), P<
0.01 (**).
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Fig. 7. Restore of PDH activity exacer bates oxidative stress and cell death in KO célls.
(A) Cells were treated with 20 mM DCA for 48 h. TRAP1, PDK1, pPDH (S232), pPDH

(S293), PDH, and Actin protein levels were detected using Western blot analysis. (B)

Cells were treated with Ctrl and 20 mM DCA for 24 h. Cells were fixed with 4 %
paraformaldehyde and stained with pPDH (S232) antibody. Staining was analyzed using

a Nikon microscope. (C, D) The pH value of the culture medium was measured in cells
treated with various concentrations of DCA. (E, F) The relative glucose consumption rate
and lactic acid concentration of the culture medium in DCA-treated cells were measured
using Glucose-GLO and Lactate-GLO kits. (G) WT and KO cells were treated with Ctrl, 10
mM DCA, or 20 mM DCA for 24 h. Intracellular ROS levels were detected using the abcam
cellular ROS assay kit and analyzed by flow cytometry. (H) Quantitation of intracellular
ROS levels. (1) Cells were treated with Ctrl, 10 mM, 20 mM, or 40 mM DCA for 48 h. Cell
viability was analyzed using the CCK-8 assay at OD450. (J) Cells were treated with Ctrl,
10 mM, or 20 mM DCA for 7 days. Cells were stained with crystal violet. Colony numbers
were quantified in (K). (L) Hlustration of the DCA activated the PDH activity to suppress
cell viability in KO cells. £<0.05 (*), £< 0.01 (**).
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