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In Brief Statement
Epithelial-mesenchymal
transition (EMT) profoundly
rewires the proteomic networks
that control lipid handling, lipid
droplet biogenesis, and
mitochondrial resilience in
colorectal cancer cells. Using
epithelial-like HCT15 and
mesenchymal-like HCT116 cells,
integrated quantitative
proteomics and metabolic
profiling reveal that EMT status
modulates lipotoxic outcomes.
These results indicate that, in
response to palmitic acid, cells
either undergo cell death or
adapt by increasing lipid storage
and enhancing their metabolic
flexibility. This work identifies
EMT-driven lipid remodeling as a
possible determinant of lipotoxic
stress responses.
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* Proteomics reveals divergent lipid storage and metabolic programs in CRC cells.
e EMT-driven proteomics modulates cellular sensitivity to palmitic acid stress.
* Mesenchymal-like cells show stronger lipid storage and resistance to lipotoxicity.
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Epithelial-Mesenchymal Transition Shapes the
Lipotoxic Response of Colon Cancer Cells to

Palmitic Acid

Francesco Vari''>%, llaria Serra'**

, Elisa Bisconti°®, Eleonora Stanca®®,

Antonella Raffo-Romero®, Sarah Mehenni®, Yanis Zirem®, Daniele Vergara®,

Isabelle Fournier®, Anna Maria Giudetti’ ©,

Saturated fatty acids such as palmitic acid (PA) can
induce lipotoxic stress, whereas monounsaturated fatty
acids like oleic acid (OA) often promote adaptive re-
sponses through lipid droplets (LDs) formation. Here, we
reveal that epithelial-mesenchymal transition (EMT) pro-
foundly influences the lipotoxic response of colorectal
cancer cells. Using the epithelial-like HCT15 and
mesenchymal-like HCT116 cell lines, we combined pro-
teomic, metabolic, and imaging analyses to elucidate how
EMT status determines lipid storage capacity and resis-
tance to PA-induced toxicity. A basal proteomic profiling
highlighted a striking divergence in metabolic changes:
HCT15 cells displayed enhanced glycolysis and reduced
expression of LDs biogenesis proteins, while
HCT116 cells exhibited oxidative metabolism and a “lipid-
rich” proteomic signature enriched in PLIN2, GPAT3, and
DGAT1. Functionally, PA triggered massive cytotoxicity
and failed to induce LDs in HCT15 cells, correlating with
DGAT1/2 downregulation and suppressed triacylglycerol
synthesis. In contrast, HCT116 cells showed modest LDs
accumulation, preserved mitochondrial function, and
strong resistance to lipotoxic stress. OA treatment
restored LDs formation and cell viability in both models,
underscoring the protective role of unsaturated fatty
acids. Notably, forced EMT induction in HCT15 cells by
PMA markedly enhanced LDs accumulation and reduced
PA-induced death, confirming that EMT confers meta-
bolic plasticity and lipid-buffering capacity. These find-
ings demonstrate that EMT status modulates differential
lipid handling and stress adaptation in colon cancer cells,
linking mesenchymal transition to enhanced LDs
biogenesis and survival under lipotoxic conditions. Data
are available via ProteomeXchange with identifier
PXD071641.

and Michel Salzet®’

INTRODUCTION

The colon, or large intestine, is a pivotal component of the
digestive tract, primarily responsible for absorbing nutrients,
water, electrolytes, and vitamins from the intestinal lumen (1).
The epithelial cells lining the colon form a continuous layer
connected by tight junctions (TJs) between neighboring
epithelial cells, which are crucial for maintaining the integrity
of the intestinal barrier (2).

E-cadherin (E-cad), a calcium-dependent adhesion mole-
cule, is prominently located at these junctions. Functional cell
adhesion relies on the interaction between E-cad and cyto-
plasmic proteins known as catenins (3). Specifically, p-catenin
(B-cat) binds to the cytoplasmic domain of E-cad, linking it to
the actin cytoskeleton, thereby contributing to tissue integrity
and robust cell-cell adhesion (4, 5).

Disruption of this epithelial integrity is a hallmark of the
epithelial-mesenchymal transition (EMT), a dynamic process
through which epithelial cells lose polarity and adhesion,
acquiring mesenchymal features such as increased motility
and invasiveness. EMT plays a critical role not only in devel-
opment and wound healing but also in cancer progression,
where it enhances metastatic potential and confers resistance
to various stressors, including nutrient overload and lip-
otoxicity (6).

The intestinal barrier is extremely sensitive to dietary in-
fluences, with certain components capable of inducing
dysfunction. A shift from traditional to a Western diet,
particularly rich in saturated fats, can compromise membrane
integrity, leading to gastrointestinal disorders and triggering
local and systemic inflammation (7). Under high-fat
dietary conditions, enzymes known as diacylglycerol
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EMT Modulates Lipotoxicity in Colon Cancer Cells

O-acyltransferases (DGAT1 and DGAT2) play a crucial role in
lipid metabolism. These enzymes catalyze the final step of
triacylglycerol (TAG) synthesis, converting diacylglycerol and
acyl-CoA into TAG. Intestinal DGAT1 is essential for dietary
fat absorption and storage. In response to a high-fat diet
(HFD), DGAT1 activity is upregulated, facilitating the conver-
sion of excess diacylglycerols into TAG, which helps regulate
lipid levels within intestinal cells and prevents the toxic
accumulation of free fatty acids (FFAs) (8). DGAT2 also con-
tributes to lipid accumulation in intestinal cells by supporting
TAG synthesis, especially when dietary fat intake is elevated.

Nutrient overload can induce endoplasmic reticulum (ER)
stress, triggering the unfolded protein response (UPR), which
governs the autophagy pathway, crucial for lipid metabolism
(9). The effects of ER stress and autophagy can vary by tis-
sue. Recently, we demonstrated a differential regulation of
DGAT1 and DGAT2 under lipotoxicity induced by palmitic
acid (PA) in hepatic cancer cell lines (10).

PA, a saturated fatty acid, and oleic acid (OA), a mono-
unsaturated fatty acid, are the most abundant fatty acids in
the diet and plasma, representing 31% and 27% of total
plasma non-esterified fatty acids, respectively (11). These
fatty acids exert distinct effects on cellular metabolism. PA is
often associated with pro-inflammatory responses and has
been implicated in promoting cancer cell proliferation and
survival (12). In contrast, OA has been linked to anti-
inflammatory effects and may inhibit cancer cell growth
through various mechanisms, including the modulation of
signaling pathways related to apoptosis and cell cycle regu-
lation (13, 14). Research has shown that PA can impair in-
testinal barrier integrity and induce inflammation by disrupting
paracellular permeability and altering TJ expression and
localization (15).

Beyond classical apoptotic and necrotic mechanisms, fer-
roptosis has recently emerged as a distinct form of regulated
cell death characterized by the accumulation of lipid perox-
ides derived from polyunsaturated fatty acids and critically
dependent on enzymes such as acyl-CoA synthetase long
chain family member 4 (ACSL4) and iron metabolism path-
ways (16). Several studies have shown that saturated fatty
acids, including PA, can create conditions that favor ferrop-
tosis, especially in cells with impaired lipid droplets (LDs)
formation and reduced capacity to neutralize toxic lipid in-
termediates. In this context, comparing epithelial- and
mesenchymal-like intestinal cells may provide novel insights
into the relationship between lipotoxicity, EMT, and vulnera-
bility to ferroptosis (17).

This study aims to compare the effects of PA and OA on
two human colon cancer cell lines, HCT15 and HCT116,
which exhibit distinct cellular characteristics. HCT116 cells
display a mesenchymal-like phenotype, characterized by
increased migratory and invasive capabilities, reduced E-cad
expression, and alterations in cell adhesion properties (18).
Conversely, HCT15 cells retain epithelial traits, including

stronger cell-cell adhesion and lower motility, potentially
rendering them more susceptible to lipid-induced stress and
membrane dysfunction (19). From a genomic perspective,
HCT116 cells are TP53 wild-type, whereas HCT15 cells har-
bor a TP53 loss-of-function mutation, a distinction that may
also affect their metabolic responses (20). We found that
HCT15 and HCT116 respond differently to PA treatment,
regarding both lipotoxicity and LDs accumulation. Proteomic
analysis showed distinct differences between the 2 cell lines
that align with their EMT phenotypes. Moreover, the EMT
transition was able to partially reverse these differences,
further supporting the idea that EMT underlies the divergent
cellular behaviors observed in HCT15 and HCT116. Together,
these results underscore the importance of EMT in shaping
lipotoxic responses and highlight the potential of EMT-
targeting strategies for modulating metabolic stress associ-
ated with fatty acid overload.

MATERIALS AND METHODS
Cell Treatments and Reagents

HCT15 and HCT116 human colon cancer cell lines were main-
tained in Dulbecco's Modified Eagle Medium (DMEM, Sigma-Aldrich
D5546) low glucose with 10% fetal bovine serum (FBS, Capricorn HI-
12A), 100 U/ml penicillin, 100 pg/ml streptomycin (Sigma-Aldrich
#P4333), and 2 mM glutamine (Sigma-Aldrich G7513). Cells were
cultured at 37 °C with 5% partial pressure of CO2 in a humidified
atmosphere. Both cell lines were regularly tested for mycoplasma
contamination using a Mycoplasma Detection Kit (Aurogene, REP-
MYSNC-100). OA (COD. 75090), PA (COD. 506345), and bovine
serum albumin (BSA), fraction V fatty acid-free (COD. 03117057001)
were purchased from Merck. Fatty acids were dissolved in fatty-acid-
free BSA at 8 mM concentration and were subsequently diluted to the
desired final concentration in DMEM immediately before cell treat-
ments. To mimic physiological albumin-bound FFA delivery and to
maintain fatty acid solubility, PA and OA were prepared as fatty acid-
BSA complexes (8 mM stock in 10% (w/v) fatty-acid-free BSA) and
diluted into culture medium. Vehicle control cells were treated with
fatty-acid-free BSA alone at the same final concentration as in the
fatty acid-BSA solutions (final BSA ~0.25% (w/v)). The PA/OA treat-
ment media, therefore, contained BSA, which is required to prevent
precipitation and to approximate physiological fatty acid transport by
serum albumin (21, 22). For cell treatments with PA and OA, we chose
the concentration of 0.2 mM, which represents the physiological
postprandial intestinal concentration, and is within the concentration
range of FFAs in human plasma (i.e., 0.2-2 mM) (22, 23). For EMT
induction, colon cancer cells were plated onto a 6-well plate for 24 h.
Cells were then treated in triplicate with 100 nM Phorbol 12-myristate
13-acetate (PMA, Santa Cruz sc-3576) for 24 h before being sub-
jected to PA treatment for an additional 24 h. For autophagy inhibition
of colon cancer cells, 100 pM of chloroquine (Cell signaling #14774)
was added 4 h before the incubation ending.

Cell Viability Assay

Cell viability was evaluated using the crystal violet assay on
adherent cells. Cells were seeded in a 96-well plate at a density of
10,000 cells per well. After treatment, cells were washed with
phosphate-buffered saline (PBS) and fixed with 4% para-
formaldehyde (PFA) for 30 min at room temperature. The cells were
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then stained with 0.1% crystal violet (Sigma Aldrich, Cat. no. C0775)
solution for 1 h at room temperature. The stain was removed through
multiple washes with distilled water until the solution was clear. The
plate was left to air dry. To solubilize the crystal violet, 100% ethanol
was added, and the absorbance of the dye was measured at 550 nm.

Analysis of Proteomics Data

Whole-cell lysates from colorectal cancer cell lines HCT15 and
HCT116, treated with PA or with BSA as a vehicle control, were
subjected to label-free quantitative proteomic analysis.

Sample preparation and digestion. proteins were extracted using a
lysis buffer supplemented with protease and phosphatase inhibitors.
Protein concentrations were determined using the bicinchoninic acid
(BCA) assay and 50 pg of protein per sample were processed.
Samples were reduced, alkylated and digested overnight at 37 °C
using a filter-aided sample preparation (FASP) workflow on Amicon
Ultra-0.5 ml centrifugal filters (30 kDa MWCO; Millipore). After
digestion, peptides were acidified by adding trifluoroacetic acid (TFA)
to a final concentration of 5% (v/v) to quench proteolysis. NaCl was
added to a final concentration of 50 mM and samples were incubated
for 10 min at room temperature to promote precipitation of remaining
interfering substances. After centrifugation (14,000xg, 15 min), the
peptide-containing supernatant was recovered, dried and recon-
stituted in 60 pl of 0.1% formic acid (FA). A volume of 20 pl from each
sample was desalted using an Evotip Pure (Evosep, Denmark) ac-
cording to the manufacturer’s protocol.

LC-MS/MS acquisition (DIA-PASEF). Peptides were analyzed us-
ing an Evosep One liquid chromatography (LC) system coupled to a
timsTOF HT mass spectrometer (Bruker Daltonics). The LC system
operated under the 60 samples-per-day (60 SPD) method using a
C18 performance column (EV1109; 8 cm x 150 pm, 1.5 pm particle
size) maintained at 40 °C and connected to a fused silica emitter
(10 pm i.d., Bruker) integrated into a CaptiveSpray ion source. Mobile
phases were 0.1% FA in water (A) and 0.1% FA in acetonitrile (B).
Data were acquired in diaPASEF mode. MS1 survey scans were
recorded over an m/z range of 100 to 1700 and an ion mobility range
of 1/Kg = 0.6 to 1.6 V s/cm?. For fragmentation analysis, the precursor
m/z range was fractionated in the quadrupole/ion-mobility plane us-
ing 24 diagonal diaPASEF isolation windows (3 x 8 windows) of
25 m/z width each spanning m/z 400 to 1000 across the full ion
mobility range (1/Ko = 0.6-1.6 V s/cm?). No window overlap was
applied. The ramp/accumulation time was 100 ms, resulting in a total
cycle time of ~1.2 s. Collision energy was linearly ramped as a
function of ion mobility (approximately 20-59 eV).

DIA data processing, identification criteria, and quantification. Raw
diaPASEF data were processed with DIA-NN (version 2.1) for peptide
identification and protein quantification (Demichev et al., Nat
Methods 2020). A project-specific spectral library was generated in
DIA-NN using the library-free (directDIA) workflow. Searches were
performed against the UniProt Homo sapiens reference proteome
(release 2024_12; downloaded December 2024; ~82,000 protein
entries), supplemented with common contaminants. Enzyme speci-
ficity was set to trypsin/P with up to two missed cleavages. Carba-
midomethylation of cysteine was set as a fixed modification;
methionine oxidation and protein N-terminal acetylation were set as
variable modifications. Precursor and fragment ion mass tolerances
were set to 20 ppm. Identifications were accepted at 1% false dis-
covery rate (FDR) at both precursor and protein-group levels using
DIA-NN’s target-decoy strategy. Protein quantification was per-
formed using MS2 fragment-ion intensities with DIA-NN interference
correction enabled and cross-run normalization activated (robust LC
mode).

Downstream statistical analysis and visualization. DIA-NN output
tables were imported into Perseus (version 1.6.10.43). Protein

intensities were log,-transformed and normalized before analysis.
Proteins identified in at least two biological replicates per condition
were retained. Missing values were imputed using a low-abundance
normal distribution. Differential expression was assessed by two-
sample t test with Benjamini-Hochberg correction for multiple
testing (FDR <0.05); unadjusted p-values are additionally reported for
exploratory comparisons. Venn diagrams illustrating protein overlap
and uniqueness between the 2 cell lines were generated using
InteractiVenn (24). Additional analyses were performed using Profiler
(25) for functional enrichment and STRING for interactome analysis
(26).

Analysis of Cellular Bioenergetic Profiles Using Seahorse XFp

For bioenergetic studies, 10.000 cells/well were seeded in the XFp
cell culture miniplates. The results were normalized to the total cell
number following DAPI staining. Each Oxygen consumption rate
(OCR)/extracellular acidification rate (ECAR) measurement cycle
consisted of 3 min mixing, 2 min waiting and 3 min measurement,
repeated three times for each assay step, following the manufac-
turer’s recommendations. Each condition was measured using 4 to 6
technical replicate wells per experiment, and experiments were
repeated in at least three independent biological replicates. The
assay was executed in XF DMEM Medium pH 7.4 media (Agilent,
Santa Clara, California, United States; Cat. #103575-100) containing
5.5 mM glucose (Agilent, Cat. #103577-100), 2 mM L-glutamine
(Agilent, Cat. #103579-100) and 1 mM sodium pyruvate (Agilent, Cat.
#103578-100). Next, cells were incubated at 37 °C in a non-CO2
incubator for 1 h. OCR and ECAR were measured under basal con-
ditions and in response to sequentially injected compounds at a final
concentration of 1.5 pM oligomycin (Sigma-Aldrich Cat. #04876),
2 pM FCCP (Sigma-Aldrich Cat. #C2920), and 0.5 pM rotenone
(Sigma-Aldrich Cat. #R8875) + 0.5 uM antimycin A (Sigma-Aldrich
Cat. #A8674) and 50 mM of 2-deoxy-D-glucose (2-DG, Sigma-Aldrich
Cat. #D6134). Stocks of compounds were prepared in the same
DMEM media and loaded into the delivery ports of Seahorse car-
tridges. The parameters related to respiration were assessed,
including non-mitochondrial respiration (OCR after rotenone-
antimycin A injection), basal mitochondrial respiration (AOCR be-
tween the steady state and after rotenone-antimycin A injection),
ATP-linked respiration (AOCR between basal mitochondrial respira-
tion and after oligomycin injection), and maximal mitochondrial
respiration (AOCR between non-mitochondrial respiration and after
FCCP injection). The parameters related to glycolysis were assessed,
including non-glycolytic acidification (ECAR after 2-DG injection),
glycolysis (AECAR between the steady state and after 2-DG injec-
tion), maximal glycolytic capacity (AECAR between non-glycolytic
acidification and after oligomycin injection), and glycolytic reserve
(AECAR between the steady state and after oligomycin injection).

BODIPY Staining

BODIPY 493/503 staining was performed on cells cultured on
coverslips (60-80% confluency) in 12-well plates. After treatment,
cells were washed with PBS and incubated for 15 min at 37 °C with
the dye (1:1000 dilution from a 1 mg/ml stock in PBS). Following three
washes with PBS, the slides were mounted using Dako Fluorescent
Mounting Medium (Agilent) and imaged with an inverted confocal
microscope (Zeiss Axio Observer Z1 equipped with an LSM 780
scanning head; Zeiss). Images were acquired with ZEN Black soft-
ware using the 63 x /1.4 oil-immersion objective with a 20 pm scale
bar. LDs number and area were quantified using FIJI software
(version 2.9.0/1.53). For each condition, three representative images
were acquired using identical microscope settings. Quantification
was performed using the "Analyze Particles" function, with size and
circularity filters set to exclude background noise. This function
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provided measurements of both the number of LDs and the total area
per field of view. All data were normalized to the number of cells per
image.

Thin-Layer Chromatography (TLC)

Total lipids were extracted from HCT15 and HCT116 cells using
methyl-tert-butyl ether as an extraction solvent, as reported in (27).
Extracted lipids were loaded on silica gel plates for thin-layer chro-
matography (TLC) analysis. Plates were developed with hexane/ethyl
ether/acetic acid (70/30/1; v/v/v). After development, plates were
uniformly sprayed with 10% cupric sulfate in 8% aqueous phosphoric
acid, allowed to dry for 10 min at room temperature, and then placed
into a 145 °C oven for 10 min, as reported in (28). Different lipid
species were identified by developing specific standards under the
same experimental conditions. Spot intensity was measured by
densitometric analysis.

RNA Extraction and Real-Time qPCR Analyses

Total RNA was extracted from HCT15 and HCT116 cells with TRl
reagent (Zymo Research, R2050-1). RNA quantification was per-
formed using a NanoDrop One Spectrophotometer (Thermo Scienti-
fic). For cDNA synthesis, HIScript Ill RT SuperMix for gPCR (+gDNA
wiper) kit was used (Vazyme Biotech), following the manufacturer’s
instructions. Gene expression analyses were performed through real-
time RT-PCR using iTaq Universal Sybr Green Supermix (Bio-Rad),
run on the Rotor-Gene Q 6000 System (Qiagen). A comparative
analysis was performed. Glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) and p-actin were evaluated as housekeeping genes,
resulting in stable overall samples. GAPDH was chosen as the
reference gene. All predesigned primers were obtained from Bio-Rad
(more information is available at www.bio-rad.com/PrimePCR). The
list of primers is reported in Supplementary Table S1.

Western Blot

Proteins were extracted from cells using RIPA lysis buffer (Cell
Signaling #9806). Total protein levels were determined using the
Bradford method (Bio-Rad Laboratories). After boiling for 5 min,
proteins were loaded and separated by SDS-polyacrylamide gel
electrophoresis. The samples were then transferred onto a nitrocel-
lulose membrane (Bio-Rad Laboratories) and blocked at room tem-
perature for 1 h using 5% (w/v) non-fat milk in TBS-Tris buffer
(Tris-buffered saline (TBS) plus 0.5% (v/v) Tween-20, TTBS). The
membranes were incubated with the primary antibodies reported in
Supplementary Table S2. After washing with TTBS, the blots were
incubated with peroxidase-conjugated monoclonal secondary anti-
bodies (Sigma-Aldrich) at 1:10.000 dilutions at room temperature for
1 to 2 h. The blots were then washed thoroughly in TTBS. Western
blotting analyses were performed using the Amersham ECL Advance
Western Blotting Detection Kit (GE Healthcare), and the ChemiDoc
system (Bio-Rad) was used for chemiluminescence measurement.
Densitometric analysis of the immunoblots was performed using
Image LabTM Version 6.0.1 2017 (Bio-Rad Laboratories, Inc.)
software.

Statistical Analysis

Results are expressed as means + standard deviation (SD). Sta-
tistical differences for cell-based assays were evaluated using
GraphPad Prism version 8.3.0 for Windows. Comparisons were
performed using one-way analysis of variance (ANOVA) followed by
Tukey’s post hoc test, unless otherwise indicated. Differences were
considered statistically significant when p < 0.05. For proteomic data,
statistical analyses were performed in Perseus version 1.6.10.43
using the DIA-NN protein-group intensity matrix. Protein intensities

were log,-transformed and normalized before analysis. Proteins
quantified in at least two biological replicates per condition were
retained. Missing values were imputed using a low-abundance
normal distribution. Differentially expressed proteins were deter-
mined by a two-sample t test (six biological replicates per condition)
with Benjamini-Hochberg correction for multiple testing; proteins with
FDR <0.05 were considered significant. For exploratory comparisons,
unadjusted p-values are additionally reported.

Experimental Design and Statistical Rationale

For the MS-based proteomics experiment, two colorectal cancer
cell lines (HCT15 and HCT116) were analyzed under two conditions
(BSA vehicle control vs PA 0.2 mM for 24 h). Each condition was
analyzed using six independent biological replicates (n = 6), each
originating from an independent cell culture, protein extraction and
digestion. Peptide digests were injected once per biological replicate
(one technical LC-MS/MS run per digest) and sample acquisition
order was randomized to minimize batch effects. DIA-PASEF pro-
vides high quantitative precision and data completeness, and the use
of n = 6 biological replicates enables detection of moderate effect
sizes while supporting multiple-testing correction (Benjamini-Hoch-
berg FDR) for robust identification of differentially expressed proteins.
For all other cellular assays (viability, lipid droplet imaging, TLC,
Seahorse, RT-gPCR and Western blotting), experiments were per-
formed in at least three independent biological replicates, with
technical replicates as described in the respective method sections.

RESULTS
Proteomic Profiling of HCT15 and HCT116 Cell Lines

We performed an unbiased, exploratory global proteomic
analysis (Benjamini-Hochberg FDR <0.05; see Methods) to
delineate baseline molecular differences between the colo-
rectal cancer cell lines HCT15 and HCT116. Approximately
6.000 proteins were identified across the two models. Hier-
archical clustering (Fig. 1A) resolved two distinct expression
clusters: Cluster one comprised proteins markedly upregu-
lated in HCT15 and downregulated in HCT116, whereas
Cluster two included proteins enriched in HCT116 and sup-
pressed in HCT15, indicating clearly segregated proteomic
phenotypes. Functional enrichment analysis (Fig. 1B)
demonstrated that HCT15 cells preferentially engage in
glycolytic pathways, while HCT116 cells predominantly rely
on oxidative metabolism. In Supplementary Table S3 proteins
that are upregulated in HCT15 or HCT116 cells are catego-
rized based on their functions. Consistently, LDHA and LDHB,
key enzymes orchestrating the metabolic equilibrium between
glycolysis and oxidative phosphorylation, were significantly
upregulated in HCT15 cells compared to HCT116 cells
(Supplementary Table S4). This metabolic divergence was
corroborated by Seahorse flux analysis, showing elevated
basal respiration in HCT116 and enhanced glycolytic activity
in HCT15 (Fig. 1C).

Volcano plot analysis further revealed robust differential
protein expression between the 2 cell lines (Fig. 1D). While
most proteins clustered around the origin (log, fold
change = 0), reflecting overall comparable expression levels,
distinct subsets exhibited significant positive or negative fold
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respiration and glycolytic activity, respectively. D, volcano plot depicting differentially expressed proteins between HCT116 and HCT15 cells.
The x-axis represents log, fold-change (HCT116 vs. HCT15), while the y-axis indicates —logqo p-value. E, Western blot validation of selected
proteins involved in cell adhesion and intracellular signaling, including E-cadherin, PKCa, NDRG1, B-catenin, non-phospho p-catenin, and
ZEB1, in both cell lines. Ponceau S staining served as a total-protein loading control. F, venn diagram showing shared and unique proteins
identified in HCT15 and HCT116 cell lines. G, functional enrichment analysis of cell-line-exclusive proteins, illustrating biological processes and

pathways predominantly associated with proteins uniquely detected in HCT15 (red) or HCT116 (green) cells.

changes with strong statistical confidence, indicating cell line-
specific regulatory signatures.

Consistent with their predominantly epithelial phenotype,
HCT15 cells displayed higher levels of E-cadherin, whereas
HCT116 cells showed increased Zeb-1 expression. Non-
phosphorylated p-catenin, a key regulator of EMT, was also
elevated in HCT15 relative to HCT116. Conversely,
HCT116 cells expressed higher levels of PKCa, a known EMT
inducer, together with NDRG1, a context-dependent EMT
modulator. In addition, HCT15 cells exhibited increased
abundance of multiple epithelial markers, supporting a more
differentiated and cohesive  epithelial phenotype
(Supplementary Table S3 and S4). Western blot analysis of
core EMT regulators corroborated our proteomic findings
(Fig. 1E).

The Venn diagram (Fig. 1F) confirmed both shared and
exclusive proteomic features, with 6.060 proteins common to
both lines, 88 detected only in HCT15, and 159 unique to
HCT116 (Supplementary Table S5 and S6). Proteins exclusive

to HCT116 were enriched in pathways related to EMT, hyp-
oxia, and p53 signaling, whereas those unique to HCT15 were
predominantly associated with apoptosis and inflammatory
processes (Fig. 1G, Supplementary Table S5 and S6).
Notably, a substantial proportion of the exclusive proteins in
both cell lines mapped to lipid metabolism. HCT15 lacked
several proteins required for LDs biogenesis, which were
instead uniquely expressed in HCT116, PLIN2, DHRSS3, and
reduced levels of CAV-1, GPAT3, DGAT, LDAF1, and MFN2
compared to HCT116 (Supplementary Table S3-S6). More-
over, enzymes involved in cholesterol esterification, such as
ACAT1 and ACAT2, and the autophagy-associated protein
ATG2A were more expressed in HCT15 than HCT116 cells.
The consistency of our results with data from the Human
Protein Atlas database further strengthens our observations
(29). The differences between HCT15 and HCT116 cells in
LDs-associated proteins suggest two distinct cell strategies.
HCT116 cells display a “lipid-rich” phenotype, characterized
by enhanced lipid storage that supports rapid growth,
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membrane biosynthesis, and stress resistance. In contrast,
HCT15 cells preferentially rely on lipid recycling and auto-
phagy to maintain energy balance and ensure survival under
metabolic stress conditions. This trait is functionally relevant,
as LD formation is essential for buffering lipid-induced toxicity
and maintaining metabolic homeostasis under elevated fatty
acid exposure.

Palmitic Acid Differentially Induces Lipid Droplet
Formation in HCT15 and HCT116 Cells

PA significantly decreased HCT15 cell viability, causing
approximately 40% and 80% cell death at 24 and 48 h,
respectively, as determined by crystal violet staining
(Supplementary Fig. S1A). Conversely, HCT116 cells were
remarkably resistant to PA, exhibiting only ~20% loss of
viability at 48 h (Supplementary Fig. S1B). Based on the
proteomic results, we sought to further investigate the
metabolism of LDs in the 2 cell lines. We selected PA, a
saturated fatty acid classically associated with lipotoxic
stress, and OA, a monounsaturated fatty acid known to
counteract PA-induced toxicity and promote neutral lipid
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storage. This approach enabled us to examine how fatty acid
composition modulates cell viability and lipid accumulation.

Bright-field microscopy showed that PA exposure markedly
altered HCT15 cell morphology, inducing pronounced cell
shrinkage, rounding, detachment, and a clear reduction in cell
density (Supplementary Fig. S1C). Co-treatment with OA
partially restored cell morphology and confluence, indicating
a protective effect of OA against PA-induced cytotoxicity. In
stark contrast, HCT116 cells displayed minimal morpholog-
ical changes upon PA treatment, maintaining normal
morphology and adherence without substantial loss of
confluence or evident cell death under any condition
(Supplementary Fig. S1D).

Consistent with these observations, together, these results
demonstrate a marked cell line-specific sensitivity to satu-
rated fatty acid exposure, with HCT116 cells being substan-
tially more resistant to PA-induced cytotoxicity than HCT15
cells.

Fluorescence microscopy further revealed robust LD
accumulation in both cell lines following OA treatment
compared to BSA (Fig. 2, A and D). OA-derived LDs were
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Fia. 2. Lipid droplet metabolism in HCT15 and HCT116 cells. Representative confocal microscopy images showing lipid droplets (LDs,
green; stained with BODIPY) and nuclei (blue; stained with DAPI) in HCT15 (A) and HCT116 (D) cells treated for 24 h with BSA (control), palmitic
acid (PA, 200 uM), oleic acid (OA, 200 pM), or their combination (PA + OA, 1:1 ratio, 200 uM each). Scale bar: 20 pm. Quantification of LD
number per cell in HCT15 (B) and HCT116 (E), and LD area (um?) in HCT15 (C) and HCT116 (F) under the indicated conditions. G, relative
mRNA expression levels of DGAT1 and DGAT2 in HCT15 and HCT116 cells, as determined by gRT-PCR. Data are expressed as fold change
versus BSA. H, basal DGAT1 and DGAT2 expression comparison between HCT15 and HCT116. (/, J) Thin-layer chromatography (TLC) analysis
of intracellular neutral lipids, including triacylglycerols (TAG), free fatty acids (FFA), cholesterol (Chol), and diacylglycerols (DAG), and their
relative quantification by densitometric analysis in (/) HCT15 and (J) HCT116 cells after 24 h of treatment. Each lipid species is expressed as a
percentage of the total neutral lipid content and normalized to the control group (BSA). Data represent the mean + SD of three independent

experiments. (*p < 0.01; **p < 0.001; ***p < 0.0001 versus BSA).
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significantly larger in HCT15 than in HCT116 cells (Fig. 2, E
and F). HCT15 cells failed to accumulate appreciable LDs in
response to PA alone (Fig. 2, A and D), whereas HCT116 cells
formed modest LDs under PA treatment (Fig. 2, B and E),
albeit fewer and smaller than those induced by OA (Fig. 2, E
and F). Co-treatment with PA and OA promoted LD formation
to levels comparable to OA alone in both cell lines, indicating
a dominant effect of OA on lipid storage (Fig. 2, A-F).
Expression analysis of the TAG-synthesizing enzymes
DGAT1 and DGAT2 revealed further differences between the
cell lines. In HCT15 cells, PA significantly downregulated
DGAT1 and DGAT2 mRNA levels, with partial rescue by OA
co-treatment (Fig. 2G). In contrast, PA treatment did not
significantly alter DGAT1 or DGAT2 expression in
HCT116 cells relative to BSA. Notably, basal DGAT1
expression was substantially higher in HCT116 than in
HCT15 cells (Fig. 1H), in agreement with our proteomic data
and with The Human Protein Atlas (29), potentially contrib-
uting to the enhanced lipid storage capacity of HCT116 cells.
To corroborate these findings, total lipids were extracted after
24 h of FA treatment and analyzed by TLC (Fig. 2, / and J and
supplementary Fig. S2). OA induced a significant increase in

TAG content in both cell lines relative to controls. Notably, PA
treatment led to ~38% TAG accumulation in HCT116 cells but
less than 15% in HCT15 cells (Fig. 3, A and B). As expected,
PA/OA co-treatment increased TAG levels, consistent with
the microscope analysis of LDs accumulation (Fig. 1A).

Palmitic Acid Shapes the Proteomic Landscape of HCT15
and HCT116 Colon Cancer Cells

We performed a proteomic analysis on HCT15 and
HCT116 cells after PA treatment for 24 h. Hierarchical clus-
tering of proteomic data revealed two major clusters for both
cell lines. In HCT15 cells Cluster two comprised proteins
upregulated by PA, while Cluster one included proteins
downregulated by PA (Fig. 3A). In HCT116 cells, Cluster two
contained proteins downregulated by PA, whereas Cluster 1
comprised proteins upregulated by PA (Fig. 3B). Functional
enrichment analysis, performed with Profiler (based on com-
bined score and gene count) using MSigDB_HALL-
MARK_2020 database, shows that PA treatment in HCT15
cells primarily upregulated proteins involved in apoptosis,
fatty acid metabolism, UV response, xenobiotic metabolism,
and mTORC1 signaling (Fig. 3C) (25). By contrast, in HCT116

Combined Score
CLUSTER 1 HCT15
g
5 CLUSTER 2 HCT15
. P
CLUSTER 1HCT116
100
50
CLUSTER 2HCT116 0
P 3
. Y
%,
“ (4
%%, %, 2,
%, Oty
%

Myc

OXPHOS Adipogenesis targets V1
PLIN2

IDH3A

HCT116

OXAI1L,
SURF1,
MFN2

AA

N
' N
mTORC1 .
signaling  Metabolism
\
PSMAS.SHM U
e o

Response
to UV

HCT15

PDCD4,
HMOX1,
SQSTM1

UGDH,
SUCLA2,
ECH1

/:\\
HCT116 HCT15
mponent 2 (8,5%) Component 2 (8,3%)
0 ° 0
.
.
3 & Y
> 9
5
3
g
3
. E
o = A ]
* .

Component 1 (65%)
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illustrating the distribution of biological replicates and overall proteomic variance between treatments and cell lines.
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cells, the upregulated proteins were mainly associated with
adipogenesis, oxidative phosphorylation, and MYC target
gene sets V1 (Fig. 3D). The proteins driving these pathways
are listed and grouped by cell line and functional category
(Fig. 3E). These findings suggest that HCT15 cells respond to
PA by activating multiple stress-related programs, including
apoptotic signaling, metabolic adaptation, and xenobiotic
defense, indicating a higher sensitivity to lipid-induced stress.
In contrast, HCT116 cells appear to reprogram their meta-
bolism toward energy production and lipid accumulation.

The Venn diagrams comparing upregulated proteins in the
2 cell lines following PA exposure reveal eight shared proteins
(GLB1L2, HMOX1, LMAN2, FAR1, SQSTM1, PNPLA2,
REEP4, and TRAPPCS3), probably involved in common
adaptive responses to the treatment (Fig. 3F, Supplementary
Table S7). Moreover, proteins upregulated by PA exclusively
in HCT15 or HCT116 cells were 114 and 87, respectively
(Fig. 3F). Among up-regulated proteins in HCT116 cells after
PA treatment, we found PLIN2 (Supplementary Table S7), a
central regulator of LD biogenesis and stabilization (30).

PCA of normalized proteomic data (p < 0.01) was per-
formed to assess both treatment-induced differences and
replicate homogeneity (Fig. 3G). In HCT15 cells, PC1 (66%)
and PC2 (8%) clearly separate BSA- and PA-treated cells. A
similar pattern of separation was observed in HCT116 cells
(PC1 = 65% and PC2 = 8.25%). Since PC1 captures the
largest source of variability, its separation of the groups in-
dicates that the dominant difference in the dataset is driven
by the effect of PA treatment, whereas PC2 accounts for a
smaller portion of variability, likely reflecting secondary or
subtle differences.

Transcription factors involved in the upregulation of pro-
teins by PA were obtained by enrichment analysis using
ChEAS, followed by interaction validation with STRING
(Supplementary Fig. S3). In HCT15 cells, the top-ranked
transcriptional factors up-regulated by PA are proteins
involved in cellular responses to ER stress: CEBPG, NCOA1,
GLMP, ZBEDS, ATF5, NR1H4, ZNF335, DDIT3, and ZNF852.
STRING analysis highlighted that ATF5, CEBPG, and DDIT3
show significant interactions with the upregulated proteins,
suggesting a central role in mediating the cellular response of
HCT15 to PA. In HCT116 cells, the top-ranked transcription
factors XBP1, ATMIN, ZNF761, MSANTD1, THAP7, ZNF653,
ESR1, ZNF883, TIGD5, and GTF2B. Notably, ESR1 and
GTF2B were found to interact with key proteins of lipid
metabolism, including PLIN2 and CPT1A, both upregulated
by PA treatment of HCT116 cells.

The Proteomic Profile of HCT15 cells Indicates That
Palmitic Acid Activates a Specific Cell Death Pathway

Building on the proteomic evidence revealing a distinct pro-
apoptotic signature in PA-treated HCT15 cells, we investi-
gated, by Western blot (Fig. 4A) the molecular mechanisms
underlying PA-induced cell death. PA treatment dramatically

elevated the p-ERK/ERK ratio in HCT15 cells compared to
BSA or OA in both cell lines (Fig. 4, A-C). This hyperactivation
coincided with striking p53 stabilization and marked sup-
pression of YAP protein expression, orchestrating a molecular
switch toward cell death commitment.

Interestingly, proteomic analysis indicated a modulation
of proteins associated with apoptosis, with higher expres-
sion of Bax and reduced level of antiapoptotic Bcl-2, in
HCT15 compared with HCT116 cells (Supplementary
Table S4). Our comprehensive analysis of cell death
markers by Western blot (Fig. 4D) revealed a complex pic-
ture that extends beyond classical apoptosis. Bax expres-
sion, which confirmed its major expression in HCT15 cells
compared to HCT116 cells, remained unchanged in
HCT15 cells but was significantly reduced in HCT116 cells
following PA exposure (Fig. 4, D and E). While PA treatment
selectively suppressed the anti-apoptotic protein Bcl-2 in
HCT15 cells and upregulated this anti-apoptotic marker in
HCT116 cells (Fig. 4, D and F), suggesting fundamentally
different cellular responses to saturated fatty acid stress.
The activation of PARP-1 and proteolytic cleavage of
caspase-7, hallmarks of apoptotic execution, were evident
in PA-treated HCT15 but not HCT116 cells (Fig. 4, D, G, and H).
Several additional observations point toward ferroptosis as
a concurrent or even predominant mechanism of PA-
induced cell death in HCT15 cells. Most compellingly, PA
treatment upregulated ACSL4 in HCT15 cells, while down-
regulating it in HCT116 cells (Fig. 4D). In line with this, PA
treatment induced a marked increase in p16 expression in
HCT15 cells while decreasing this marker in HCT116 cells
(Fig. 4, D and J), further supporting a cell line-specific
stress response consistent with ferroptosis vulnerability.
Concomitantly, PA downregulated GPx4 expression in HCT15
but not in HCT116 cells (Fig. 4, D and K). Given that,
GPx4 represents the central defense against ferroptosis by
neutralizing lipid peroxides (31), its suppression coupled
with ACSL4 elevation creates a molecular environment
primed for ferroptosis cell death. Proteomic analysis in PA-
treated HCT15 cells confirms significant upregulation of
multiple ferroptosis-related proteins, including SLC7A11,
HMOX1, SESN2, SQSTM1/p62, and CAT (Supplementary
Table S7).

Beyond its cytotoxic effects, PA exposure triggered a
profound disintegration of epithelial architecture in
HCT15 cells, marked by a striking downregulation of essential
junctional proteins, including E-cadherin, $-catenin, and ZO-
1, at both protein and transcript levels (Fig. 4, M-0). Such a
collapse of intercellular adhesion is a hallmark of epithelial
destabilization and has been strongly associated with cancer
aggressiveness and metastatic potential (32, 33). Remark-
ably, co-treatment with OA largely rescued this phenotype,
reinstating the expression of junctional proteins and safe-
guarding epithelial cohesion (Fig. 4, L-N). In contrast,
HCT116 cells exhibited a striking resistance to PA challenge,
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Fic. 4. Cell signaling, tight junctions, and cell death programs in HCT15 and HCT116 cells. A, representative Western blot analysis of
pPERK1/2, total ERK1/2, P53, c-Myc, and YAP in HCT15 and HCT116 cells after 24 h of treatment with BSA (control), OA (200 pM), PA (200 pM),
or PA + OA (1:1 ratio, 200 pM each). Quantification of pERK/ERK ratios in (B) HCT15 and (C) HCT116. D, Western blot analysis of apoptosis-
related markers (Bax, Bcl2, PARP1, cleaved PARP1 [C-PARP1], caspase 7 [Cas7], cleaved caspase 7 [C-Cas7]), ACSL4, p16, and GPx4, and
(E-K) relative quantifications, including C-PARP1/total PARP1 and C-Cas7/total Cas7 ratios in both cell lines treated with BSA or PA.
L, representative Western blot analysis of tight junction proteins E-cadherin (E-cad), p-catenin (§-cat), and ZO-1 in HCT15 and HCT116 cells. M
and N, relative mRNA expression levels of ZO-1, p-cat, and E-cad in HCT15 and HCT116 cells after 24 h of treatment with BSA, OA, PA, or
PA + OA. Values represent the mean + SD of at least three independent experiments. (*p < 0.05; **p < 0.01; **p < 0.005; ***p < 0.001).

with only negligible perturbations in junctional marker

expression under identical conditions (Fig. 4, L-N).

Palmitic Acid Reprogram Energy Metabolism in Colon
Cancer Cells

Among differentially expressed proteins in the two colo-
rectal cancers following PA treatment, we identify many
mitochondrial proteins (Supplementary Table S7). To eluci-
date the impact of fatty acid exposure on mitochondrial
functionality, we performed comprehensive bioenergetic
profiling using Seahorse XF technology and OXPHOS com-
plex analysis in HCT15 and HCT116 intestinal cells (Fig. 5).

HCT15 cells demonstrated marked metabolic vulnerability
to PA treatment, exhibiting a dramatic suppression of both
basal and ATP-linked mitochondrial respiration (Fig. 5A and
B) that persisted throughout the measurement period. This
respiratory impairment was accompanied by a reduction in
extracellular acidification (Fig. 5A), indicating no compensa-
tory shift toward glycolytic metabolism. These last data are
also confirmed by a significant reduction in glycolysis and
glycolytic reserve in PA-treated HCT15 cells (Fig. 5B).

Proteomics analysis of PA-treated HCT15 cells further sup-
ports OCR data, indicating downregulation of proteins
involved in mitochondrial oxidative phosphorylation and dy-
namics (NDUFAF1, NDUFA3, NDUFA10, SURF1, OXA1L,
COX20, MFN2, NDUFS3, ATPAF1, ACAD9, LONP1, and
YME1L1) (Supplementary Table S7). In striking contrast, OA
treatment maintained near-normal respiratory capacity, sug-
gesting preservation of mitochondrial function.

HCT116 cells showed remarkable metabolic resilience
across PA treatments (Fig. 5, F—J). PA treatments resulted in
only modest alterations in basal respiration and ATP-linked
mitochondrial respiration, with minimal impact on extracel-
lular acidification rates, glycolysis, and glycolytic reserve
(Fig. 5G), indicating maintained oxidative capacity and
metabolic flexibility. OA treatment in HCT116 cells increased
mitochondrial basal respiration and ATP-linked respiration,
with a minimal increase also in glycolysis (Fig. 5G).

Western blot analysis of OXPHOS subunit complexes
provided mechanistic insights into the observed respiratory
defects. In HCT15 cells, PA treatment induced significant
downregulation of Cl (NDUFB8 subunit) and ClI (SDHB subunit)
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Fic. 5. Energy metabolism in HCT15 and HCT116 cells. A, F, oxygen consumption rate (OCR) and extracellular acidification rate (ECAR)
profiles were assessed using a Seahorse XFp Analyzer in HCT15 and HCT116 cells after 24 h of treatment with BSA (control), OA (200 pM), or
PA (200 uM). B and G, bioenergetic parameters, including basal respiration, ATP-linked respiration, glycolysis, and glycolytic reserve, were
derived from OCR/ECAR curves. Representative Western blot analysis of total OXPHOS, phosphorylated AMPK (p-AMPK, Thr172), and total
AMPK in (C and D) HCT15 and (H and /) HCT116 cells, with relative quantification of mitochondrial complex subunits () HCT15 and (J) HCT116
p-AMP/AMPK ratioratios. Ponceau S staining was used as a total protein loading control. Values represent the mean + SD of at least three
independent experiments. (*p < 0.05; *p < 0.01; **p < 0.005; ***p < 0.001).

(Fig. 5, C and D). HCT116 cells showed minimal changes in
OXPHOS complex expression, with a trend toward an increase
in Cll expression (Fig. 5, H and /). Coherent with the higher basal
respiration of HCT116 cells under OA treatment, both Cl and ClI
were upregulated by OA in HCT116 cells (Fig. 5, H and /).

AMPK, a crucial nutrient and energy sensor, plays a
central role in maintaining cellular energy homeostasis (34).
Our data revealed that PA treatment led to a marked in-
crease in the phosphorylation of AMPK (p-AMPK) relative
to total AMPK levels in both cell lines (Fig. 5, C, E, H, and
J). Differently, OA treatment did not significantly affect
AMPK activation in HCT116 cells, while it enhanced AMPK
phosphorylation in HCT15 cells. Importantly, co-treatment
with OA did not counteract the PA-induced phosphoryla-
tion of AMPK, suggesting that PA triggers a persistent
activation of the AMPK pathway independent of OA (data
not shown).

EMT Enhances Resistance to Palmitic Acid-Induced
Lipotoxicity in HCT15 cells

To further dissect whether the differential sensitivity of
HCT15 and HCT116 colorectal cancer cells to the lipotoxic

effects of PA could be mechanistically linked to EMT, we
assessed the impact of PA in the presence of PMA, a well-
characterized EMT inducer (Fig. 6A) (35). At the molecular
level, PMA treatment induced clear EMT-related changes in
HCT15 cells, as reflected by downregulation of the epithelial
marker E-cadherin and modulation of key signaling molecules
(Fig. 6B). Specifically, PMA reduced PKCa and p53 expres-
sion while markedly increasing NDRG1 levels in both cell
lines, a signature consistent with a shift toward a
mesenchymal-like phenotype (32, 33). Phase-contrast mi-
croscopy revealed that PA alone elicited profound stress re-
sponses in HCT15 cells, manifested by cell rounding and
detachment (Supplementary Fig. S4). Remarkably, co-
treatment with PMA attenuated these cytotoxic features,
preserving cell morphology and suggesting that EMT activa-
tion exerts a protective role against PA-induced lipotoxic
stress. In sharp contrast, HCT116 cells exhibited only minimal
morphological alterations across all treatment conditions,
highlighting their intrinsic resistance to PA cytotoxicity
(Supplementary Fig. S4).

Cell viability assays further substantiated these observa-
tions: in HCT15 cells, PA markedly reduced survival at 24 h,
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(control), PA (200 pM), PMA (100 nM), or PMA + PA. Ponceau S staining was used as a loading control. C and D, cell viability assessed by the
Crystal Violet assay in HCT15 (C) and HCT116 (D) cells under the same conditions. E and F, representative BODIPY staining images showing
lipid droplets accumulation (green) in PMA/PA-treated HCT15 (E) and HCT116 (F) cells. Scale bars: 100 pm. Values are expressed as
mean = SD of at least three independent experiments. (*p < 0.05; **p < 0.01; **p < 0.005; ***p < 0.001).

an effect that was almost completely reversed by PMA
co-treatment (Fig. 6C). Conversely, in HCT116 cells, neither
PA nor PMA significantly impacted viability (Fig. 6D). Such
remodeling underscores the capacity of EMT to enhance cell
survival under metabolic stress conditions.

Notably, LD accumulation was markedly enhanced in
HCT15 cells exposed to the PA-PMA combination compared
to PA alone, while no such effect was evident in HCT116 cells
(Fig. 6, E and F). Given that LD biogenesis represents a well-
established adaptive mechanism to buffer FFA-induced lip-
otoxicity in hepatocytes (36, 37), our data strongly suggest
that PMA-induced EMT promotes LD accumulation as a
cytoprotective strategy in HCT15 cells.

Collectively, these findings support the hypothesis that EMT
activation by PMA confers a protective advantage against PA-
induced lipotoxicity, particularly in HCT15 cells, by driving a
mesenchymal-like phenotype associated with enhanced LDs
synthesis and activation of pro-survival pathways.

DISCUSSION

Our findings reveal a fundamental relationship between
EMT status and cellular vulnerability to saturated fatty acid-
induced stress in colorectal cancer. The striking differential

sensitivity of HCT15 and HCT116 cells to PA extends
beyond simple cytotoxicity, encompassing divergent
metabolic reprogramming, lipid handling capacity, and
activation of distinct cell death pathways. These observa-
tions align with emerging evidence that EMT confers broad
metabolic plasticity and stress resistance in cancer cells
(32, 38), but our study uniquely demonstrates how this
phenotypic state specifically modulates responses to di-
etary lipid exposure.

We acknowledge that the present study focuses on two
colorectal cancer cell lines with distinct baseline phenotypes
(HCT15, predominantly epithelial-like; HCT116, more
mesenchymal-like). This design was chosen to contrast two
extreme states and to uncover mechanistic links between
EMT features and lipid stress responses; however, it does not
capture the full molecular heterogeneity of colorectal cancer.
Therefore, we have tempered statements of generalization
throughout the manuscript and frame our conclusions as
applying to these models. Future work should validate the key
observations (differential LD storage capacity, DGAT regula-
tion, and lipotoxic sensitivity) in additional epithelial and
mesenchymal CRC models and in patient-derived organoids,
ideally including isogenic systems to disentangle EMT status
from genetic background (e.g., TP53).
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The mesenchymal-like phenotype of HCT116 cells, char-
acterized by elevated Zeb-1, PKCa, and NDRG1 expression
alongside reduced E-cadherin, appears to establish a pre-
adapted metabolic state capable of buffering lipotoxic
stress. This interpretation is consistent with recent work
demonstrating that mesenchymal cancer cells exhibit
enhanced metabolic flexibility and can efficiently redirect
excess nutrients toward biosynthetic pathways rather than
toxic accumulation (39). Conversely, the epithelial character-
istics of HCT15 cells, robust cell-cell junctions, high E-cad-
herin expression, and organized polarity, may paradoxically
render these cells more vulnerable to membrane lipid per-
turbations that disrupt cellular architecture.

The inability of HCT15 cells to accumulate LDs in response
to PA represents a critical metabolic failure that likely drives
their enhanced sensitivity to lipotoxicity. Our observation that
PA downregulates the expression of DGAT1 and DGAT2
specifically in HCT15 cells provides a molecular mechanism
for this deficiency. These findings resonate strongly with
recent studies in hepatocytes demonstrating that DGAT1
downregulation under PA exposure compromises the cell
capacity to sequester toxic FFA into neutral lipid stores (10).
The concept of LDs as "metabolic buffers" that protect cells
from lipotoxicity is well established in liver biology (36, 37),
and our data extend this paradigm to colorectal cancer cells,
suggesting that LD biogenesis capacity fundamentally de-
termines cellular fate under lipid stress.

The proteomic identification of elevated PLIN2 expression
in HCT116 cells following PA treatment supports this inter-
pretation, as PLIN2 is a key structural protein that stabilizes
nascent LDs and prevents their premature lipolysis (40). The
coordinated upregulation of both PLIN2 and maintained
DGAT expression in HCT116 cells likely creates a permissive
environment for lipid storage that is absent in HCT15 cells.

Our observation that PA induces simultaneous activation of
apoptotic markers and ferroptosis signatures in HCT15 cells
challenges traditional views of cell death as discrete, mutually
exclusive pathways. The constellation of findings, ACSL4
upregulation, GPx4 downregulation, iron metabolism dysre-
gulation, alongside PARP-1 cleavage, caspase-7 activation,
and Bcl-2 suppression, strongly suggests a hybrid
ferroptosis-apoptosis mechanism. This interpretation aligns
with emerging evidence that cells under metabolic stress can
activate multiple death pathways simultaneously, with the
outcome representing the integrated effect of these signals
41).

ACSL4 has a central role in incorporating polyunsaturated
fatty acids into membrane phospholipids, making it a critical
determinant of ferroptosis susceptibility. Its selective upre-
gulation in PA-treated HCT15 cells, coupled with GPx4
downregulation, creates a highly permissive context for lipid
peroxidation-driven damage. Unlike apoptosis, ferroptosis is
not caspase-dependent but rather relies on oxidative and
lipid imbalance, and our model supports this hypothesis. In

contrast, HCT116 cells, thanks to their enhanced metabolic
plasticity and efficient lipid storage, appear less susceptible
to ferroptosis. This is particularly relevant given that saturated
fatty acids like PA can promote conditions favoring ferrop-
tosis in cells with impaired antioxidant defenses and
compromised lipid storage (42). The proteomic identification
of coordinated upregulation of ferroptosis-related proteins,
SLC7A11, HMOX1, SESN2, SQSTM1/p62, and CAT, further
supports the activation of this pathway.

The possible engagement of ferroptosis and apoptotic
machinery might reflect the severity of metabolic disruption in
PA-treated HCT15 cells. Classical apoptosis typically requires
ATP and functional mitochondria, yet our bioenergetic
profiling revealed catastrophic metabolic failure in these cells.
Under such conditions, alternative ATP-independent death
pathways like ferroptosis may become increasingly impor-
tant. The hybrid nature of cell death in this context may thus
represent not redundancy but rather complementary mech-
anisms ensuring elimination of severely compromised cells.

The comprehensive bioenergetic failure observed in PA-
treated HCT15 cells, characterized by suppressed mito-
chondrial respiration and impaired glycolytic capacity, reveals
that lipotoxicity extends far beyond simple membrane
perturbation. The proteomic evidence of downregulated
OXPHOS complex proteins (NDUFA, SURF1, and OXA1L)
and mitochondrial dynamics regulators (MFN2, LONP1, and
YME1L1) suggests that PA actively dismantles mitochondrial
infrastructure in susceptible cells. This interpretation differs
from models proposing simple substrate overload and
instead suggests active suppression of mitochondrial
biogenesis or accelerated mitochondrial degradation.

The inability of HCT15 cells to compensate for respiratory
failure by upregulating glycolysis represents a particularly
striking metabolic inflexibility. In contrast, cancer cells typi-
cally exhibit remarkable metabolic plasticity, readily switching
between oxidative phosphorylation and glycolysis depending
on substrate availability and oxygen tension (the Warburg
effect). The loss of this flexibility in PA-treated HCT15 cells
may reflect either direct glycolytic enzyme inhibition or
broader disruption of metabolic regulatory networks. The
reduction in both glycolysis and glycolytic reserve suggests
fundamental impairment of glucose metabolism.

The metabolic resilience of HCT116 cells, maintaining
near-normal respiratory and glycolytic capacity despite PA
exposure, likely contributes significantly to their survival
advantage. Their ability to even increase mitochondrial respi-
ration under OA treatment demonstrates intact metabolic
machinery capable of adapting to lipid substrate availability.
This metabolic competence may stem from their mesenchymal
phenotype, which has been associated with enhanced mito-
chondrial function and oxidative metabolism in multiple cancer
contexts (43).

These metabolic distinctions may, at least in part, derive
from differences in p53 functionality between the two cell

12 Mol Cell Proteomics (2026) 25(4) 101554

SASBMB



EMT Modulates Lipotoxicity in Colon Cancer Cells

lines. Beyond its established roles in cell cycle arrest and
apoptosis, p53 is a central regulator of cellular metabolism.
Wild-type p53 supports mitochondrial oxidative phosphory-
lation, maintains mitochondrial integrity, and suppresses
excessive glycolytic activity, thereby ensuring an efficient and
balanced bioenergetic state (44). Conversely, loss or
dysfunction of p53 disrupts this homeostasis, leading to
impaired mitochondrial respiration and a compensatory shift
toward glycolysis, a hallmark of metabolic rewiring consis-
tently demonstrated in both cultured cells and in vivo models.
In this context, the proteomic differences observed between
HCT116 (p53 wild type) and HCT15 (p53 mutant) are
consistent with their distinct metabolic phenotypes and
reinforce the concept that p53 status shapes both metabolic
and phenotypic traits in colorectal cancer cells.

The higher baseline expression of PKCa and NDRG1 in
HCT116 cells, and their further modulation by PMA-induced
EMT in HCT15 cells, points to these proteins as potential
mediators of lipotoxic resistance. The well-established roles
of PKCu in regulating TJ dynamics and cell survival signaling
(45, 46) position it as a key effector in maintaining barrier
function under stress. Its activation may promote cytoskeletal
remodeling that stabilizes membrane integrity during lipid
challenges, while simultaneously activating pro-survival
pathways that counteract apoptotic signals.

The context-dependent functions of NDRG1 in cancer
make it a particularly intriguing player. While traditionally
viewed as a metastasis suppressor, recent evidence dem-
onstrates that NDRG1 can promote survival and stress
tolerance in mesenchymal-like tumor cells (47, 48). Our
observation that NDRG1 is elevated in resistant HCT116 cells
and further induced by EMT-promoting PMA treatment in
HCT15 cells suggests it functions as an adaptive stress
response protein in this context. The ability of NDRG1 to
modulate cellular iron homeostasis may be particularly rele-
vant given the ferroptosis component of PA-induced cell
death, as proper iron regulation is critical for preventing
Fenton reaction-driven lipid peroxidation.

Notably, MYC expression exhibited variable regulation,
reflecting its well-documented context-dependent duality:
while promoting proliferation under physiological conditions,
c-Myc paradoxically sensitizes cells to apoptosis during
stress scenarios characterized by ERK hyperactivation or
YAP suppression (49). The simultaneous activation of these
stress-responsive pathways suggests that PA triggers a co-
ordinated cellular response that ultimately favors cell death
over survival.

The selective disruption of E-cadherin, p-catenin, and ZO-1
expression in PA-treated HCT15 cells reveals that saturated
fatty acid exposure can trigger EMT-like changes that
compromise epithelial architecture. This observation extends
previous findings that PA disrupts intestinal barrier integrity
(15) by demonstrating that the effect is cell phenotype
dependent. The rescue of junctional protein expression by OA

co-treatment is particularly noteworthy, suggesting that un-
saturated fatty acids may actively stabilize epithelial archi-
tecture through mechanisms beyond the simple absence of
saturated fatty acid toxicity.

The relationship between junctional disruption and lipotoxic
sensitivity remains incompletely understood. Loss of E-cad-
herin-mediated adhesion could potentially sensitize cells to
membrane stress by eliminating cooperative survival
signaling between adjacent cells. Alternatively, E-cadherin
downregulation may be a consequence rather than a cause of
cellular stress, reflecting activation of EMT-inducing tran-
scription factors downstream of lipotoxic signals. The fact
that forced EMT induction protects HCT15 cells from PA
toxicity argues that phenotypic transition itself, with its
attendant metabolic reprogramming, confers the protective
effect, rather than simply the presence or absence of specific
junctional proteins.

The protective effect of PMA-induced EMT in HCT15 cells
provides compelling causal evidence that mesenchymal
transition enhances lipotoxic resistance. PMA treatment not
only attenuated PA-induced cytotoxicity but also enhanced
LDs accumulation, suggesting that EMT coordinately repro-
grams multiple aspects of lipid metabolism. This observation
aligns with emerging evidence that EMT involves compre-
hensive metabolic rewiring, including enhanced fatty acid
oxidation, altered lipid synthesis pathways, and modified
mitochondrial function (50).

It is important to note, however, that PMA is a potent
pharmacological activator of PKC with pleiotropic and
potentially cell line-dependent effects, and it may not fully
recapitulate physiological EMT cues present in the tumor
microenvironment. In this study, we used PMA as an estab-
lished experimental tool to transiently shift EMT-associated
markers and to probe causality between EMT-linked reprog-
ramming and resistance to lipotoxicity. Future studies should
validate the EMT-lipotoxicity relationship using additional
EMT induction models (e.g., TGF-p-driven EMT) and genetic
approaches (e.g., modulation of ZEB1/SNAI1 or PKCa
signaling) across a broader panel of colorectal cancer
models.

The molecular changes induced by PMA, E-cadherin
downregulation, PKCa and p53 suppression, NDRG1 upre-
gulation, partially recapitulate the baseline phenotype of
HCT116 cells, supporting the interpretation that these
markers define a stress-resistant cellular state. Interestingly,
the ability of PMA to reduce p53 expression may contribute to
its protective effect, as p53 stabilization was identified as a
key mediator of PA-induced death in untreated HCT15 cells.
This suggests that mesenchymal cells may evade lipotoxicity
partly through attenuated p53 responses, allowing them to
tolerate metabolic stress that would trigger apoptosis in
epithelial cells.

Our findings have several potential clinical implications for
understanding how dietary fat composition influences
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colorectal cancer progression and treatment responses. The
observation that mesenchymal-like cancer cells resist satu-
rated fatty acid-induced stress suggests that dietary in-
terventions targeting lipid composition might differentially
affect tumors based on their EMT status. Epithelial-like tu-
mors might be particularly vulnerable to saturated fat-
mediated cytotoxicity, while mesenchymal tumors could
potentially thrive under high saturated fat conditions.

Colorectal cancers display substantial inter- and intra-
tumor heterogeneity, and EMT-like transcriptional programs
are frequently enriched in advanced disease and metastatic
lesions. Metastatic dissemination, particularly to the liver,
occurs in a lipid-rich environment in which circulating
albumin-bound FFAs and local lipid stores are abundant. In
this context, enhanced neutral-lipid storage and LD buffering
could plausibly support tumor cell survival during detach-
ment, circulation and colonization by limiting acute lipotoxic
stress. Our in vitro data are consistent with such a model: the
more mesenchymal-like HCT116 cells maintain DGAT
expression and induce PLIN2-positive LDs in response to PA,
whereas the epithelial-like HCT15 cells fail to mount this
protective storage response and undergo cell death.

In line with the emerging view that LD buffering capacity
shapes cellular responses to saturated fatty acids, Zhao et al.
recently reported that PA increased LD formation and
modulated tumor cell phenotypes in another cancer context,
and that pharmacological depletion of LDs by DGAT1/DGAT2
inhibition sensitized cells to PA-induced stress (51). Although
performed in a different tumor type, these observations
support the broader concept highlighted by our study: the
capacity to sequester lipids into LDs is a key determinant of
whether saturated fatty acids act as a metabolic substrate or
a cytotoxic insult.

The identification of ferroptosis as a component of lipotoxic
cell death opens potential therapeutic avenues. Ferroptosis-
inducing agents are being explored as cancer therapeutics
(52), and our data suggest that combining such agents with
dietary or pharmacological strategies that promote saturated
fatty acid exposure might synergistically eliminate epithelial
cancer cells while sparing normal tissues. Conversely, inhib-
iting EMT in mesenchymal tumors might sensitize them to
lipotoxic stress.

The protective effect of OA co-treatment observed
throughout our study suggests that dietary fat quality, not just
quantity, critically influences cancer cell fate. This aligns with
epidemiological evidence associating Mediterranean diets,
rich in monounsaturated fats from olive oil, with reduced
colorectal cancer risk (53). Our mechanistic data provide
cellular and molecular support for these epidemiological
observations.

While our study provides comprehensive characterization
of differential lipotoxic responses in EMT-distinct colorectal
cancer cell lines, several questions remain. First, the in vivo
relevance of the proposed EMT-lipid-buffering axis requires

validation in animal models of primary and metastatic colo-
rectal cancer as well as in human tumor samples. Second,
because our conclusions are based on 2 cell lines with
distinct genetic backgrounds, we cannot exclude contribu-
tions from cell line-specific alterations (including TP53 status)
to some of the observed phenotypes. Future work using
additional epithelial and mesenchymal colon rectal cancer
cells, patient-derived organoids and/or isogenic systems will
be important to disentangle EMT state from genetic back-
ground. Finally, although PMA provided a convenient tool to
perturb EMT-associated markers, complementary ap-
proaches using more physiological EMT stimuli and genetic
modulation will strengthen causal inference.

CONCLUSION

From a broader perspective, these findings position EMT
not only as a driver of invasiveness and metastasis but also as
a fundamental determinant of metabolic fate under nutrient or
lipid stress. The proteomic evidence supports the view that
EMT confers a “metabolic armor,” reorganizing mitochondrial
and lipid-handling systems to sustain cell viability even in the
presence of potentially cytotoxic fatty acids. Such metabolic
plasticity may explain why mesenchymal-like tumors exhibit
greater survival and therapeutic resistance in lipid-rich mi-
croenvironments, a scenario increasingly relevant in obesity-
associated cancers.

Altogether, the comparative proteomic analysis of HCT15
and HCT116 cells reveals that EMT rewires the proteome in a
manner that integrates structural, metabolic, and stress-
response functions. This reprogramming transforms how
cells perceive and manage lipid challenges, turning palmitic
acid from a lethal insult in epithelial contexts into a manage-
able metabolic substrate in mesenchymal ones. Under-
standing this proteomic shift opens new avenues for targeting
EMT-associated metabolic adaptations, potentially exploiting
lipotoxic stress as a therapeutic vulnerability in epithelial-like
colorectal cancers.
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