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Abstract

Background Obesity is a known risk factor for colorectal
cancer (CRC), but its impact on prognosis and tumor biology
remains unclear. This study aimed to identify molecular bio-
markers that reflect obesity-associated tumor characteristics
and stratify patient outcomes.

Methods We conducted a multi-step analysis integrating
transcriptomic data, clinical validation, and spatial profiling.
Candidate genes were first screened in the TCGA-COAD-
READ dataset based on expression trends across normal,
healthy-weight CRC, and obese CRC samples. Prognosti-
cally relevant genes were then validated in an independent
cohort using immunohistochemistry (IHC). Finally, spatial
transcriptomic analysis using GeoMx DSP was performed
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to elucidate the tumor microenvironment associated with
the top candidate.

Results Among six shortlisted genes, NNT showed a
significant association with overall survival specifically in
obese patients and was validated at the protein level by THC.
High NNT expression was independent of TNM stage and
associated with improved prognosis. Spatial transcriptomic
profiling revealed that NNT-high tumors were enriched for
antioxidant, apoptotic, and metabolic programs, while onco-
genic and proliferative pathways were suppressed. These
patterns suggest that NNT contributes to a redox-balanced
and metabolically adaptive tumor state.

Conclusions Through integrative molecular and spatial
analyses, NNT was identified as a potential prognostic bio-
marker in obesity-associated CRC. This study highlights the
importance of combining clinical data with spatial transcrip-
tomics to uncover context-specific tumor biology.
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Introduction

Colorectal cancer (CRC) is the most common malignancy
of the gastrointestinal tract and the second leading cause
of cancer-related mortality worldwide, with approximately
1.9 million new cases and over 935,000 deaths reported in
2020 [1]. Despite advances in treatment and early detection,
prognostic assessment in CRC still relies heavily on ana-
tomical staging systems such as TNM. These systems, while
clinically useful, do not capture the biological heterogeneity
of tumors or host-specific factors such as metabolic status,
which may profoundly affect patient outcomes [2].

Obesity has emerged as a significant global health issue
and a well-established risk factor for CRC [3, 4]. Paradoxi-
cally, however, several studies have reported improved sur-
vival outcomes in obese cancer patients compared to those
with normal weight—a phenomenon known as the “obesity
paradox” [5, 6]. The biological basis of this paradox remains
poorly understood. One hypothesis is that obesity may define
a distinct molecular or microenvironmental subtype of
cancer, rather than conferring a uniform protective effect.
However, the lack of obesity-specific cell lines and animal
models has hindered efforts to mechanistically dissect this
relationship, highlighting the need for human tissue-based
molecular investigations.

A promising avenue lies in the identification of biomark-
ers that not only stratify prognosis but also reflect obesity-
associated tumor biology [7]. In this context, mitochondrial
redox regulation has gained attention, as metabolic imbal-
ance and oxidative stress are hallmarks of both obesity and
cancer [8]. Obesity-driven mitochondrial dysfunction can
elevate reactive oxygen species (ROS), which promote
tumor progression by damaging DNA and activating onco-
genic signaling pathways, such as MAPK and NF-«B [9,
10]. Although cells maintain redox homeostasis through
antioxidant systems, persistent oxidative stress may foster
tumor adaptation and immune evasion [11, 12]. Thus, redox
regulation represents a critical link between obesity and
cancer biology and may offer insights into novel prognostic
biomarkers.

In this study, we aimed to identify molecular biomarkers
specifically associated with obesity-related CRC and inves-
tigate their clinical and biological relevance. We performed
transcriptomic analysis of public CRC datasets stratified by
body mass index (BMI) to identify candidate genes linked
to obesity status. Findings were validated in an independ-
ent CRC patient cohort using immunohistochemistry and
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survival analysis. Given the central role of overall survival in
clinical decision-making, we specifically evaluated the prog-
nostic value of candidate biomarkers. To further explore the
tumor-intrinsic and microenvironmental roles of the most
promising candidate, we employed spatial transcriptomic
profiling using the GeoMx Digital Spatial Profiler [13, 14].
This integrative approach was designed to uncover clinically
meaningful biomarkers and elucidate potential mechanisms
underlying obesity-associated CRC prognosis.

Materials and methods
Study overview

This study was conducted to identify and validate prognostic
biomarkers specific to obesity-associated colorectal cancer
(CRC) using a three-phase design: biomarker discovery in a
public transcriptomic dataset, clinical validation in a patient
cohort, and spatial transcriptomic analysis to explore under-
lying biological mechanisms. The initial discovery phase
utilized gene expression data from The Cancer Genome
Atlas (TCGA) CRC cohort stratified by body mass index
(BMI). The validation phase involved immunohistochemical
(IHC) analysis of tumor tissues from an independent cohort
of CRC patients. Finally, spatial transcriptomics using the
GeoMx Digital Spatial Profiler (DSP) was performed on
formalin-fixed paraffin-embedded (FFPE) samples to assess
microenvironmental and pathway-level changes associated
with the biomarker of interest.

TCGA CRC cohort and candidate gene discovery

Transcriptomic and clinical data for the TCGA CRC cohort
were obtained from the UCSC Cancer Genomics Browser
[15-17]. Among 434 CRC cases, 417 samples from patients
aged 40 years or older were selected. From these, 414 pri-
mary tumor and adjacent normal tissue samples were identi-
fied, and 268 samples with available weight and height data
at the time of diagnosis were included in the final analysis.
These were stratified into three groups based on BMI: adja-
cent normal tissue from healthy-weight patients (AN), tumor
tissue from healthy-weight patients (HT; BMI < 25 kg/m?),
and tumor tissue from overweight or obese patients (OT;
BMI >25 kg/m?) [18].

To identify obesity-associated molecular patterns, genes
were screened for expression trends that changed consist-
ently across the three groups. Specifically, we defined
upward-trending genes as those with increasing median
expression from AN to HT to OT, and downward-trending
genes as those with decreasing median expression in that
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same order. This stepwise trend filtering was applied to
prioritize genes potentially linked to obesity-related tumor
progression.

Clinical validation cohort, tissue microarray,
and immunohistochemistry

The clinical validation cohort consisted of 456 patients who
underwent surgical resection for primary CRC at Gachon
University Gil Medical Center (GMC) between April 2010
and January 2013. Patients with recurrent CRC, prior bowel-
altering surgeries, preoperative chemotherapy or radio-
therapy, or previous cancer diagnoses were excluded. After
applying exclusion criteria, 448 patients with preserved
tumor blocks were included for analysis. Tissue microar-
rays (TMAs) were constructed from formalin-fixed, paraffin-
embedded (FFPE) tumor samples [19, 20]. Two 2-mm cores
were extracted from each tumor and embedded in recipient
paraffin blocks.

IHC was performed using the BOND III automated stainer
(Leica Biosystems, Newcastle, UK) and the Bond Polymer
Refine Detection system (DS9800; Leica Biosystems, Mel-
bourne, Australia). The following primary antibodies were
used: anti-NNT (1:250, PA5-52,118, Abcam, Cambridge,
UK), anti-PANK3 (1:200, ab247294, Abcam, Cambridge,
UK), anti-PPARGCI1B (1:500, ab118603, Abcam, Cam-
bridge, UK), anti-RTL6 (1:20, ab31917, Abcam, Cambridge,
UK), anti-FAM220A (1:100, ab229254, Abcam, Cambridge,
UK), and anti-TMEM?9 (1:200, ab236864, Abcam, Cam-
bridge, UK). Staining intensity was scored on a scale from
0 to 3 for most markers. For antibodies that exhibited weak
or inconsistent staining patterns across samples, a 0-to-2
scoring scale was used to reflect limited detection sensitivity.
For analysis, scores of 0—1 were considered low expression
and 2-3 as high expression.

The study was approved by the Institutional Review Board
of Gachon University Gil Medical Center (GBIRB2016-
318) and conducted in accordance with the Declaration of
Helsinki.

GeoMx DSP data processing and statistical analysis

This analysis included colorectal cancer (CRC) patients
from the validation cohort at Gachon University Gil Medi-
cal Center. GeoMx Digital Spatial Profiling (DSP) was per-
formed on formalin-fixed paraffin-embedded (FFPE) sam-
ples from 89 patients, all of whom were part of the validation
cohort. Patients were selected according to the following
criteria: (1) availability of paired tumor and adjacent nor-
mal tissues with adequate RNA integrity for ROI selection;
(2) complete BMI and clinicopathologic information; (3)
representative coverage across TNM stages I-IV and BMI
categories (healthy weight, 18.5— <25 kg/m?; overweight/

obese, >25 kg/mz; excluding underweight cases); and (4)
absence of neoadjuvant therapy, preoperative radiotherapy,
or severe necrosis affecting tissue quality. Cases that failed
NanoString QC or lacked sufficient area for ROI selection
were excluded.

For each case, tumor and adjacent normal regions were
annotated by an experienced gastrointestinal pathologist
based on H&E reference slides and morphology markers.
To enable obesity-stratified spatial analysis, we extended the
TCGA-based classificaiton by defining adjacent normal tis-
sues from overweight/obese patients as ON. Accordingly, a
total of 115 ROIs were analyzed, comprising 16 AN, 24 ON,
33 HT, and 42 OT regions. This sampling strategy ensured
balanced representation across BMI and tissue types while
minimizing technical bias. ROIs were retained if they met
the following quality thresholds: > 1,000 raw reads; > 80%
trimmed; > 50% stitched; > 50% aligned reads; >50%
sequencing saturation; negative controls > geometric mean
1; >3 nuclei; and > 100 me area. Probe QC excluded tar-
gets whose geometric-mean ratio to all probes was <0.1 or
that failed Grubbs’ test in >20% of segments, and individual
outlier segments were excluded locally. The limit of quan-
tification (LOQ) was defined as the mean negative-probe
signal +2 SD. To correct for ROI-specific variation (e.g.,
area, mRNA input, hybridization), data were normalized
using third-quartile (Q3) normalization. The final dataset
comprised 115 ROIs x 9,490 genes. Obese and non-obese
cohorts were further stratified by NNT expression levels,
selecting the top and bottom 10 samples in each group for
differential expression analysis. All downstream analyses,
including hierarchical clustering (pheatmap) and gene set
enrichment analysis (fgsea), were conducted in R version
4.3.2.

Survival analysis

Survival analysis was conducted separately for the discovery
and validation cohorts. In the TCGA dataset, gene candi-
dates that showed significant expression trends were fur-
ther evaluated for prognostic relevance. Five-year overall
survival (OS) was analyzed based on mRNA expression
using Kaplan—Meier curves [21]. In contrast, in the GMC
validation cohort, five-year event-free survival (EFS) and
disease-specific survival (DSS) were assessed according
to biomarker protein expression measured by IHC as only
OS data were available in the TCGA dataset. This approach
allowed for a more clinically detailed evaluation of patient
outcomes. In this study, events were defined as follows:
for OS, death from any cause; for EFS, recurrence, metas-
tasis, or death; and for DSS, death specifically attributed
to colorectal cancer. Statistical methods for both cohorts
included log-rank tests and Cox proportional hazards mod-
els. Subgroup analysis was stratified by BMI category (HT
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vs. OT) and biomarker expression level. Multivariate Cox
proportional hazards models were adjusted for age and sex to
minimize confounding effects. Age was treated as a continu-
ous variable and sex as a binary variable (male/female). All
analyses were performed using SPSS version 25.0.

Results

Transcriptomic discovery of prognostic biomarker
candidates

We performed a comparative transcriptomic analysis using
the TCGA COADREAD dataset to identify prognostic bio-
markers associated with obesity in colorectal cancer (CRC).
Samples were classified into three groups—adjacent nor-
mal tissue (AN), tumor tissue from healthy-weight CRC
patients (HT), and tumor tissue from overweight/obese CRC
patients (OT). A total of 139 genes demonstrated a consist-
ent monotonic trend in expression across the AN-HT-OT
axis, with 61 showing a downward pattern and 78 showing
an upward pattern (Fig. 1A). Of these, six representative
genes—NNT, PANK3, PPARGCIB, RTL6 (downward),
and FAM220A, TMEM9 (upward)—were selected based on
consistent trends and survival relevance. Their expression
profiles showed progressive changes across AN, HT, and
OT groups, as visualized in bar plots (Fig. 1B), reflecting
obesity-associated transcriptional shifts.

These six candidates also demonstrated statistically sig-
nificant associations with overall survival in the OT group:
NNT, PANK3, PPARGCI1B, and RTL6 (downward trend)
and FAM220A and TMEM?9 (upward trend) (Fig. 1C). In
the OT group, higher expression of downward-trend genes
and lower expression of upward-trend genes correlated with
improved survival outcomes. This pattern was not observed
in the HT group, suggesting a potential obesity-specific
prognostic effect. Accordingly, these genes were selected
for further validation by immunohistochemistry (IHC) in an
independent CRC patient cohort.

Clinical and pathological characteristics by NNT
expression

Clinical validation was conducted in an independent cohort
of 448 CRC patients from Gachon University Gil Medical
Center. Of these, 127 (28.3%) were classified as having obe-
sity-associated CRC (BMI >25 kg/mz), while 321 (71.7%)
were healthy-weight CRC patients (Table 1). The mean
patient age was 65.1 + 11.4 years, with 60.0% male and
40.0% female. BMI values differed markedly between the
groups, with healthy-weight patients showing a mean BMI
of 21.7 +2.1 kg/m* and overweight/obese patients showing
a mean BMI of 27.3 +2.1 kg/m?. (t test, p<0.0001). Most
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tumors were located in the sigmoid colon or rectum and
were moderately differentiated. Based on TNM staging,
15.1% were stage 1, 32.6% stage II, 33.0% stage III, and
11.8% stage IV.

To further explore clinical differences between the obe-
sity-associated and healthy-weight CRC groups, we com-
pared clinicopathological characteristics based on BMI
classification (Table 2). No significant differences were
observed between the two groups with respect to age, sex,
diabetes mellitus, family history, anemia, white blood cell
counts, serum CEA levels, tumor location, tumor differen-
tiation, or TNM stage. In contrast, the prevalence of smok-
ing was lower in the overweight/obese CRC group than in
the healthy-weight group (9.4% vs 17.8%). Both univariate
and multivariate analyses indicated an inverse association
between smoking and overweight/obese CRC (univariate
p=0.028; multivariable OR 0.466, 95% CI 0.229-0.949,
p=0.035). This trend is consistent with the well-established
inverse relationship between smoking and body weight. [22,
23]. In addition, we assessed the clinicopathological associa-
tions of the six candidate genes identified in the TCGA anal-
ysis. Univariate and multivariate analyses revealed distinct
clinical correlations for several of these genes. Specifically,
PANK3 was associated with TNM stage; PPARGCI1B with
serum CEA levels and tumor differentiation; RTL6 with ane-
mia and tumor differentiation; FAM220A with both tumor
differentiation and TNM stage; and TMEM9 with anemia,
tumor differentiation, and TNM stage (Online Resources
1-5). NNT expression showed no significant association
with conventional clinicopathological variables (BMI <25
vs >25: univariate p=0.293; multivariable OR 0.768, 95%
CI 0.491-1.202, p=0.249), supporting that its prognostic
impact is largely independent of baseline features (Table 3).

NNT as a potential independent prognostic marker
in obesity-related CRC

To validate our findings, we performed IHC and survival
analysis, using the GMC cohort. First, we stratified the 448
patients into OT and HT groups according to BMI (cutoff
value of 25 kg/m?), and each group was further classified
into high and low subgroups based on IHC expression
(Fig. 2A). Thereafter, we performed survival analysis to
evaluate the association between six protein expression, BMI
status, and 5-year event-free survival (EFS) and disease-
specific survivals (DSS). Among the six candidate proteins
in the GMC cohort, survival analysis validated NNT as the
sole protein with a significant association with patient sur-
vival. In the OT group, survival analysis revealed that the
rate of 5-year EFS was lower in the lower expression sub-
group (NNT; ,,,) compared to that in the higher expression
subgroup (NNTy;,p), and the HR of NNT,,, group versus
the NNTyy;p, group was 2.20 in the multivariate model (CPH
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A. Biomarker Discovery (TCGA COADREAD cohort)
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Fig. 1 Discovery of obesity-associated prognostic biomarker can-
didates in colorectal cancer (CRC). A Schematic overview of gene
expression trend analysis using TCGA COADREAD data. Samples
were stratified into adjacent normal (AN), tumor tissue from healthy-
weight CRC patients (HT), and tumor tissue from overweight/obese
CRC patients (OT). A total of 139 genes showed monotonic expres-
sion changes across the AN-HT-OT axis, with 61 genes displaying a
downward trend and 78 genes showing an upward trend. B Bar plots
showing expression patterns of six candidate genes (NNT, PANK3,
PPARGCIB, RTL6, FAM220A, and TMEMY) across the three groups.
Four genes showed a downward trend (higher in AN, lower in OT),

model adjusted for age and sex, 95% confidence interval
[CI]: 1.01-4.80, p <0.05). In the HT group and the entire
cohort, the 5-year EFS did not differ between the NNT;
and NNTy;,;, subgroups. In addition, the other five can-
didates showed no difference in the 5-year EFS and DSS
(Fig. 2C and D), regardless of expression and BMI status,
suggesting that NNT may be a specific prognostic biomarker
for overweight CRC patients.

and two genes showed an upward trend (lower in AN, higher in
OT). C 5-year overall survival analysis in the OT group revealed six
genes significantly associated with prognosis. High expression of
downward-trend genes (NNT, PANK3, PPARGCIB, RTL6) and low
expression of upward-trend genes (FAM220A, TMEM9) were asso-
ciated with favorable survival outcomes. OT, tumor tissue samples
from overweight and obese patients with CRC (BMI > 25 kg/m?); HT,
tumor tissue samples from healthy weight patients with CRC (body
mass index [BMI] <25 kg/mZ); AN, adjacent normal tissue samples
from group HT

Survival impact of NNT expression
in obesity-associated CRC

We first evaluated the prognostic relevance of TNM stage
in obesity-associated CRC (OT) patients. As expected,
patients with late-stage disease (stage III-IV) had signifi-
cantly poorer 5-year EFS and disease-specific survival DSS
compared to those with early-stage disease (stage I-1I). In
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Table 1 Baseline characteristics

Total (n=448)

Age 65.1+114
Sex
Male 269 (60.0%)
Female 179 (40.0%)
BMI
BMI <25 (kg) 21.7+2.1
BMI>25 (kg) 27.3+2.1
Laboratory findings
Hemoglobin (g/dL) 122+24
WBC (10%/pL) 7542 +2684.7
CEA (ng/mL) 82.3+408.6
Histology
Size (mm) 52.1+21.9
Location
Cecum 10 (2.1%)
Ascending colon 77 (15.9%)
Hepatic flexure 8 (1.6%)
Transverse colon 29 (6.0%)
Splenic flexure 3 (0.6%)
Descending colon 12 (2.5%)
Sigmoid-descending 5(1.0%)
Sigmoid colon 112 (23.1%)
Rectosigmoid colon 82 (16.9%)
Rectum 110 (22.7%)
Pathology
WD 27 (5.6%)
MD 383 (79.0%)
PD 18 (3.7%)
Mucinous 18 (3.7%)
SRC 2 (0.4%)
TNM stage
I 73 (15.1%)
1T 158 (32.6%)
1 160 (33.0%)
v 57 (11.8%)

BMI Body mass index, CEA carcinoembryonic antigen, MD moder-
ately differentiated carcinoma, PD poorly differentiated carcinoma,
SRC signet ring cell carcinoma, TNM tumor, node, metastasis, WBC
white blood cells, WD well differentiated carcinoma

multivariate analysis, the HR for EFS in stage III-IV versus
I-1I was 12.07 (95% CI: 4.28-34.08, p <0.001), and the HR
for DSS was 8.33 (95% CI: 2.90-23.90, p <0.001) (Fig. 3A
and B). Importantly, the individual prognostic effects of
NNT expression and TNM stage are presented separately
in Figs. 2 and 3 (for NNT) and Figs. 3A-B (for TNM), both
demonstrating significant associations with survival.

Given that NNT expression was independent of conven-
tional clinicopathologic factors, we investigated whether
combining NNT expression with TNM staging could
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improve prognostic stratification in obesity-associated
CRC. To this end, patients were categorized into four
groups: Group 1 (high NNT expression and early-stage
disease [Stage I-II]), Group 2 (low NNT expression and
early-stage), Group 3 (high NNT expression and advanced-
stage [Stage III-IV]), and Group 4 (low NNT expression and
advanced-stage). Multivariate survival analysis revealed a
clear and stepwise stratification of survival outcomes across
these four groups. Group 1 exhibited the most favorable
prognosis, followed by Group 2 and Group 3, while Group
4 demonstrated the worst 5-year event-free survival (EFS)
and disease-specific survival (DSS). In particular, Group 4
showed a markedly elevated risk of adverse outcomes com-
pared to Group 1, with an EFS hazard ratio (HR) of 21.20
(95% CI: 2.88-156.08, p<0.01) and a DSS HR of 14.05
(95% CI: 1.89-104.38, p=0.01) (Fig. 3C and D). These
results demonstrate that integrating NNT expression with
TNM stage enables more refined and clinically meaningful
risk stratification, allowing for a more accurate prediction of
prognosis than either variable alone.

Within the subgroup of patients with advanced-stage
disease (TNM stage III-I1V), further stratification by NNT
expression revealed significant survival differences. Patients
with low NNT expression (Group 4) showed markedly lower
5-year event-free survival (EFS) compared to those with
high NNT expression (Group 3), with a hazard ratio (HR)
0f 2.52 (95% CI: 1.09-5.82; p=0.030). A similar trend was
observed for disease-specific survival (DSS) (HR: 2.32, 95%
CI: 0.84-5.92), though not statistically significant (Fig. 3E
and F). These results indicate that NNT expression stratifies
prognosis even within the same TNM stage, suggesting that
its combination with staging criteria may enhance prognos-
tic resolution in patients with obesity-associated CRC.

Spatially resolved metabolic and signaling
reprogramming associated with NNT expression
in obese CRC

To elucidate spatial transcriptomic changes associated
with NNT, we performed GeoMx DSP on FFPE sam-
ples from the validation cohort, profiling both tumor and
adjacent normal regions across BMI-defined groups (AN,
ON, HT, and OT), and stratifying tumors into NNTHig}1
and NNT, ., where indicated (Fig. 4A, B; Supplemen-
tary Fig. S1). To further delineate obesity-related tran-
scriptional differences, NNT expression was compared
across four spatial groups (AN, ON, HT, and OT) rep-
resenting adjacent normal and tumor tissues stratified by
BMI. A significant group-level difference was observed
(ANOVA p <0.0001; Supplementary Fig. S1A), show-
ing a progressive decrease from AN — ON — HT — OT.
This finding indicates that obesity-related downregulation
of NNT emerges already in adjacent normal tissues and
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Table 2 Clinical characteristics of patients with colorectal cancer (CRC)

Variables Univariate Multivariate

Total (n=448) Healthy-weight Obese CRC (n=127) p value OR (CI) p value
CRC (n=321)

Age (yrs) 65.5+11.6 63.9+10.5 0.741 0.915
<65 196 (43.8%) 142 (44.2%) 54 (42.5%) 1 (Reference)
>65 252 (56.3%) 179 (55.8%) 73 (57.3%) 1.025 (0.658-1.593)

Sex 0.261 0.553
Male 269 (60.0%) 198 (61.7%) 71 (55.9%) 1 (Reference)
Female 179 (40.0%) 123 (38.3%) 56 (44.1%) 1.143 (0.736-1.773)

Diabetes mellitus 0.515 0.554
No 358 (79.9%) 259 (80.7%) 99 (78.0%) 1 (Reference)
Yes 90 (20.1%) 62 (19.3%) 28 (22.0%) 1.175 (0.688-2.004)

Smoking 0.028 0.035
No 379 (84.6%) 264 (82.2%) 115 (90.6%) 1 (Reference)
Yes 69 (15.4%) 57 (17.8%) 12 (9.4%) 0.466 (0.229-0.949)

Family history 0.693 0.644
No 389 (86.8%) 280 (87.2%) 109 (85.8%) 1 (Reference)
Yes 59 (13.2%) 41 (12.8%) 18 (14.2%) 1.156 (0.625 - 2.137)

Anemia 0.224 0.123
No 230(51.3%) 159 (49.5%) 71 (55.9%) 1 (Reference)
Yes 218 (48.7%) 162 (50.5%) 56 (44.1%) 0.703 (0.450-1.100)

WBC counts 0.650 0.556
Normal 376 (83.9%) 271 (84.4%) 105 (82.7%) 1 (Reference)
Abnormal 72 (16.1%) 50 (15.6%) 22 (17.3%) 1.190 (0.667 — 2.122)

Serum CEA 0.997 0.890
Normal 328 (73.2%) 235 (73.2%) 93 (73.2%) 1 (Reference)
Abnormal 120 (26.8%) 86 (26.8%) 34 (26.8%) 0.966 (0.590-1.581)

Tumor location 0.422 0.684
LCC 323 (72.1%) 228 (71.0%) 95 (74.8%) 1 (Reference)
RCC 125 (27.9%) 93 (29.0%) 32 (25.2%) 0.902 (0.479-1.483)

Tumor differentiation 0.771 0.642
Differentiation 409 (91.3%) 293 (91.3%) 117 (91.5%) 1 (Reference)
Undifferentiation 38 (8.5%) 28 (33.3%) 10 (7.9%) 0.830 (0.379-1.820)

TNM stage 0.465 0.537
/I 231 (51.6%) 169 (52.6%) 62 (48.8%) 1 (Reference)
/v 217 (48.4%) 152 (47.4%) 65 (51.6%) 1.147 (0.742-1.773)

becomes more pronounced in tumors. In NNTy;,;, tumors
(Fig. 4C), transcripts involved in metabolic and apoptotic
pathways—including PAM, EFNAI, NTSE, MGLL, GULO,
ALAD, TXNIP, LGALS3, TGFBR3, and IER3—were sig-
nificantly upregulated, suggesting increased glycolytic
activity, enhanced fatty acid metabolism, and heightened
apoptotic signaling. In contrast, genes associated with
cellular proliferation and poor prognosis—such as RBM3,
NEDD4, KPNBI, ROMOI1, E2F1, KHDRBS3, CEBPG,
SNRPA, SND1, and DDX18—were markedly downregu-
lated. These transcriptomic shifts indicate that NNTy;,,
tumors adopt a metabolically active yet less proliferative
tumor phenotype.

Pathway-level analysis revealed selective enrichment
of hallmark programs related to epithelial-mesenchymal
transition, hypoxia, fatty acid metabolism, glycolysis,
heme metabolism, UV response, and apoptosis in NNTy;,,
tumors (Fig. 4D). Conversely, oncogenic pathways includ-
ing Wnt/B-catenin and c-Myc signaling were significantly
suppressed. These spatially confined alterations suggest
that elevated NNT expression fosters a redox-protective,
metabolically reprogrammed microenvironment that may
counterbalance tumor-promoting signals. Consistent
with this interpretation, spatial mapping of the antioxi-
dant response showed localized upregulation of reactive
oxygen species (ROS)-scavenging genes—such as CAT,
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Table 3 Clinicopathologic significance of NNT expression

Variables Univariate Multivariate
Total (n=448) NNT (n=290), Low NNT (n=158), High p value OR (CI) p value

Age (yrs) 0.116 0.067
<65 196 (43.8%) 119 (41.0%) 77 (48.7%) 1 (Reference)
>65 252 (56.3%) 171 (59.0%) 81 (51.3%) 0.677 (0.446-1.028)

Sex 0.562 0.524
Male 269 (60.0%) 177 (61.0%) 92 (58.2%) 1 (Reference)

Female 179 (40.0%) 113 (39.0%) 66 (41.8%) 1.148 (0.751-1.754)

Diabetes mellitus 0.577 0.548
No 358 (79.9%) 234 (80.7%) 124 (78.5%) 1 (Reference)

Yes 90 (20.1%) 56 (19.3%) 34 (21.5%) 1.170 (0.702-1.950)

Smoking 0.927 0.489
No 379 (84.6%) 245 (84.5%) 134 (84.8%) 1 (Reference)

Yes 69 (15.4%) 45 (15.5%) 24 (15.2%) 0.809 (0.444-1.282)

Family history 0.597 0.629
No 389 (86.8%) 250 (86.2%) 139 (88.0%) 1 (Reference)

Yes 59 (13.2%) 40 (13.8%) 19 (12.0%) 0.862 (0.672-1.575)

Anemia 0.982 0.963
No 230 (51.3%) 149 (51.4%) 81 (51.3%) 1 (Reference)

Yes 218 (48.7%) 141 (48.6%) 77 (48.7%) 1.010 (0.662-1.541)

WBC counts 0.331 0.444
Normal 376 (83.9%) 247 (85.2%) 129 (81.6%) 1 (Reference)

Abnormal 72 (16.1%) 43 (14.8%) 29 (18.4%) 1.236 (0.718-2.128)

Serum CEA 0.136 0.100
Normal 328 (73.2%) 219 (75.5%) 101 (69.0%) 1 (Reference)

Abnormal 120 (26.8%) 71 (24.5%) 49 (31.0%) 1.471 (0.929-2.330)

Tumor location 0.646 0.826
LCC 323 (72.1%) 207 (71.4%) 116 (73.4%) 1 (Reference)

RCC 125 (27.9%) 83 (28.6%) 42 (26.6%) 0.949 (0.597-1.511)

Tumor differentiation 0.119 0.086
Differentiation 409 (91.3%) 259 (89.3%) 150 (94.9%) 1 (Reference)
Undifferentiation 38 (8.5%) 30 (10.3%) 8 (5.1%) 0.483 (0.210-1.110)

TNM stage 0.485 0.400
il 231 (51.6%) 146 (50.3%) 85 (53.8%) 1 (Reference)

/v 217 (48.4%) 144 (49.7%) 73 (46.2%) 0.837 (0.553-1.267)

BMI 0.293 0.249
BMI <25 321 (71.7%) 203 (70.0%) 118 (74.7%) 1 (Reference)

BMI > 25 127 (28.3%) 87 (30.0%) 40 (25.3%) 0.768 (0.491-1.202)

GPX1-3, SODI-2, TXNIP, and PRDX6—within NNTy;,,
tumors (Fig. 4E). Notably, ACO2 (p =0.0254), PRDX6
(p=0.0379), and TXNIP (p =0.0165) were significantly
enriched in NNTy;,, tumors, implicating enhanced mito-
chondrial metabolism and redox buffering capacity. In con-
trast, DDX18 (p =0.0274) was predominantly expressed
in NNTy ,,, tumors, consistent with elevated proliferative
potential (Fig. 4F). Within the HT (non-obese tumor)
compartment, we further examined four NNT-associated
genes—DDX18, PRDX6, TXNIP, and ACO2—to inves-
tigate context-specific redox regulation (Supplementary
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Fig. S1B). DDX18 was higher in NNT-high cases, PRDX6
showed a mild increase in NNT-high tumors, whereas
TXNIP and ACO2 were unchanged. These data suggest
that NNT selectively modulates antioxidant and metabolic
genes, supporting a context-dependent adaptive redox
response rather than uniform antioxidant activation.
Together, these spatially resolved transcriptomic insights
reveal that high NNT expression reprograms discrete tumor
niches toward enhanced energy metabolism and oxidative
stress management, while concurrently dampening onco-
genic signaling. These findings provide a mechanistic basis
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Fig. 2 Discovery and clinical
validation of new biomarker
candidate specific for obesity-
associated colorectal cancer. A
Representative immunohisto-
chemical staining of six candi-
date proteins—NNT, PANK3,
PPARGCI1B, RTL6, FAM220A,
and TMEMO9—in colorectal
cancer tissue. Staining intensity
and distribution were scored
semi-quantitatively as follows:
score 0, faint and rare immu-
nostaining; score 1+, focal and
weak staining; score 2+, mod-
erate and diffuse staining; and
score 3+, strong and diffuse
staining. B—C 5-year event-
free survival (B) and 5-year
disease-specific survival (C)
according to the expression of
six candidates (NNT, PANK3,
PPARGCI1B, RTL6, FAM220A,
and TMEMDO) in the group

OT, group HT, and all patients
with CRC; FAM220A, family
with sequence similarity 220
member A; NNT, Nicotinamide
nucleotide transhydrogenase;
PANK3, pantothenate kinase

3; PPARGCIB, peroxisome
proliferator-activated recep-

tor gamma coactivator 1-beta;
RTL6, retrotransposon Gag like
6; TMEMY, transmembrane
protein 9
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«Fig. 3 Multivariate test of NNT in the GMC cohort. A-B 5-year
event-free survival (EFS) (A) and 5-year disease-specific survival
(DSS) (B) considering only tumor node metastasis (TNM) stage in
the OT group. Survival analysis with TNM stage alone. C-D GMC
cohort multivariate test of 5-year EFS (C) and 5-year DSS (D) com-
bined with NNT and TNM staging system of OT patients. E-F 5-year
EFS (E) and 5-year DSS (F) according to NNT expression at the
same TNM stage (III-IV). Panels A-B illustrate the individual prog-
nostic impact of TNM stage alone, while panels C-F show the com-
bined analysis integrating NNT expression with TNM staging

for the observed favorable prognostic impact of NNT in
obesity-associated CRC.

Discussion

Obesity is a well-established risk factor for colorectal cancer
(CRC) [24], yet the biological mechanisms linking metabolic
status to tumor behavior remain poorly defined. Traditional
staging systems such as TNM [25] focus on anatomical
spread but fail to account for obesity-associated molecular
heterogeneity that may influence prognosis [2]. Moreover,
paradoxical observations—such as improved outcomes in
some obese cancer patients (the so-called “obesity paradox™)
[5, 6]—further highlight the need for biomarkers that reflect
the unique tumor biology in this context and support indi-
vidualized prognostic assessment.

To address this gap, we conducted a multi-platform analy-
sis designed to identify and clinically validate a prognostic
biomarker specific to obesity-associated CRC. Using tran-
scriptomic data from the TCGA CRC cohort stratified by
BMI, we identified six candidate genes—TMEM?Y9, PANKS3,
PPARGCIB, RTL6, FAM220A, and NNT—that exhibited
directional expression changes across adjacent normal tis-
sue, healthy-weight tumors, and obesity-associated tumors.
Importantly, we linked these trends to patient survival,
ensuring that selection was based not only on biological
consistency but also clinical relevance. Because only over-
all survival (OS) data were available in the TCGA cohort,
whereas event-free survival (EFS) and disease-specific sur-
vival (DSS) data were available in our validation cohort,
different endpoints were used according to data availabil-
ity. This strategy also provided greater clinical granularity
for survival assessment. This survival-centered approach,
extended through event-free and disease-specific survival
validation in a large, independent TMA-based IHC cohort
(n=4428), reinforces the translational potential of our find-
ings. Although the difference did not reach statistical signifi-
cance, NNT expression tended to be higher in obese CRC
patients, consistent with the transcriptomic pattern observed
in TCGA and GeoMx datasets.

Among the six candidates, only NNT demonstrated a
significant association with prognosis at the protein level,

specifically in obese patients. Furthermore, NNT expres-
sion was independent of standard clinicopathologic features
such as TNM stage or tumor grade, underscoring its value as
an orthogonal biomarker. Previous studies have linked high
NNT expression to enhanced mitochondrial redox homeo-
stasis and altered survival outcomes in other cancer types,
supporting its broader prognostic relevance beyond CRC
[26]. NNT is a mitochondrial enzyme that supports redox
homeostasis by generating NADPH, which is essential for
detoxifying reactive oxygen species (ROS). This function
is particularly relevant in obesity, where oxidative stress is
elevated and may influence tumor progression [27]. When
integrated with TNM staging, NNT enabled refined prog-
nostic stratification, particularly in advanced-stage (III-1V)
patients. This layered classification approach provides
a practical framework for identifying high-risk patients
who may benefit from intensified surveillance or tailored
therapies. Inclusion of ON samples in the spatial analysis
revealed that NNT expression is already reduced in adjacent
normal tissues of overweight/obese patients, with the lowest
levels observed in obese tumors (Supplementary Fig. S1A).
Moreover, within the HT compartment, selective changes in
DDX18 and PRDX6 (Supplementary Fig. S1B) support the
concept that NNT fine-tunes specific elements of the redox
network to adapt to metabolic stress rather than driving a
global antioxidant response.

To explore the biological significance of NNT, we
employed spatial transcriptomic profiling using the GeoMx
Digital Spatial Profiler. This platform allowed us to spatially
compare gene expression patterns between NNT-high and
NNT-low tumors, enabling tumor compartment level anal-
ysis not achievable by bulk or single-cell methods. Based
on our findings, we propose the following hypothesis: in
obese CRC, tumors with high NNT expression establish
a redox-stabilized and metabolically regulated state [28],
characterized by elevated expression of genes involved in
fatty acid metabolism, oxidative stress mitigation, and apop-
tosis. This observation aligns with previous evidence that
NNT supports mitochondrial NADPH production, thereby
facilitating ROS detoxification under oxidative or hypoxic
stress [29]. However, antioxidant and redox-regulating
pathways, including GPX1-3 and PRDX6, are known to
exert context-dependent roles in cancer. While maintain-
ing redox balance can protect against excessive oxidative
damage, the same mechanism may also promote tumor cell
survival under metabolic or inflammatory stress [30-32].
Therefore, the increased expression of antioxidant genes in
NNT-high tumors likely reflects an adaptive response to the
oxidative environment associated with obesity, rather than
a purely tumor-suppressive process. This interpretation is
further supported by recent findings showing that NNT sus-
tains mitochondrial NADPH production and redox cycling,
enabling metabolic adaptation under stress conditions [33].
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Fig. 4 Analysis of NNT expression in obese colorectal cancer (CRC)
patients using GeoMx spatial transcriptomics technology. A GeoMx
analysis of FFPE tissue from obese CRC patients (OT group): Forma-
lin-fixed paraffin-embedded (FFPE) tissue was collected from obese
CRC patients, and GeoMx technology was used for spatial transcrip-
tomics. The tumor epithelial regions were isolated based on DNA
and PanCK markers to ensure accurate targeting of the tumor cells.
B Boxplot of NNT expression groups: The patients were divided
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into high NNT expression and low NNT expression groups. C Vol-
cano plot of gene expression differences between NNT high and low
groups. D GSEA analysis results: The normalized enrichment scores
(NES) derived from GSEA analysis are presented. E Heatmap of
gene expression related to metabolic pathways, such as glycolysis,
fatty acid metabolism, scavengers of reactive oxygen species (ROS),
apoptosis, Wnt /p-catenin signaling, and c-Myc signaling. F Boxplots
of ACO2, PRDX6, TXNIP, and DDX18 genes
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Fig. 5 Overview of study workflow and key findings. Biomarker
discovery using the TCGA COADREAD cohort identified six genes
associated with prognosis in obesity-associated colorectal cancer
(CRC). NNT was selected and validated in the Gil Medical Center
CRC cohort using tissue microarray immunohistochemistry (IHC)
and survival analysis. GeoMx digital spatial profiling of the CRC

In contrast, NNT-low tumors exhibited increased
expression of proliferative and oncogenic pathways, such
as c-Myc and Wnt/B-catenin signaling. Interestingly,
although EMT and hypoxia-related signatures—typically
associated with tumor aggressiveness—were also observed
in NNT-high tumors, they co-occurred with redox-bal-
ancing and pro-apoptotic programs. Taken together, these
findings suggest that NNT-mediated redox regulation in
obese CRC may act as a double-edged mechanism—miti-
gating oxidative stress while simultaneously supporting
metabolic adaptation—ultimately contributing to a more
controlled tumor phenotype.

Our spatial transcriptomics analysis, uniquely enabled by
spatial transcriptomics, further demonstrated that antioxi-
dant-related genes (ACO2 [34], PRDX6 [35], TXNIP [36])
were concentrated in NNT-high tumors, while proliferative
and immune-evasive signals (DDX18 [37]) were confined to
NNT-low tumors. Such intratumoral compartmentalization
cannot be captured by bulk or single-cell RNA sequenc-
ing, highlighting the essential advantage of spatial platforms
in decoding tumor heterogeneity and microenvironmental
dynamics.

While we acknowledge the absence of functional in vitro
or in vivo validation as a limitation, our integrative use of
large-scale transcriptomic discovery, survival-focused clini-
cal validation, and spatially resolved mechanistic analysis
presents a compelling, patient-derived evidence framework.
Additionally, the validation cohort was derived from a single
institution, which may limit generalizability; thus, external
confirmation in multi-center or prospective studies will
be important. Nonetheless, this strategy directly connects

cohort characterized NNT-high and NNT-low tumors, revealing dif-
ferences in pathways including scavengers of reactive oxygen species
(ROS), apoptosis, Wnt/p-catenin signaling, and c-Myc target expres-
sion. CRC, colorectal cancer; IHC, immunohistochemistry; ROS,
reactive oxygen species

biomarker biology with oncologic outcomes, the most deci-
sive metric in clinical oncology.

Taken together, these findings suggest that NNT over-
expression in obesity-associated CRC may modulate
tumor—immune interactions and antioxidant responses, con-
tributing to favorable prognosis. The overall study workflow
and proposed mechanistic model are summarized in Fig. 5.
In conclusion, NNT is a novel and clinically validated prog-
nostic biomarker for obesity-associated CRC. Its expression
level is strongly associated with survival outcomes—the
most clinically meaningful indicator of oncologic efficacy—
with low NNT indicating worse prognosis and high NNT
correlating with favorable survival. Notably, NNT enabled
additional prognostic refinement even within the same TNM
stage, supporting its value in personalized risk stratification
and treatment planning. Supported by spatial transcriptomic
insight and validated through IHC on a large clinical cohort,
NNT offers both mechanistic depth and practical feasibility.
These strengths highlight its potential for rapid integration
into precision oncology strategies tailored for obese CRC
patients.
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