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Introduction: Colorectal cancer is one of the most common gastrointestinal cancers
and the second leading cause of cancer-related death. Although colonoscopy
screening has greatly improved the early diagnosis of colorectal cancer, its
recurrence and metastasis are still significant problems. Tumour cells usually have
the hallmark of metabolic reprogramming, while fatty acids play important roles in
energy storage, cell membrane synthesis, and signal transduction. Many pathways of
fatty acid metabolism (FAM) are involved in the occurrence and development of colon
cancer, and the complex molecular interaction network contains a variety of genes
encoding key enzymes and related products.

Methods: Clinical information and RNA sequencing data were collected from
TCGA and GEO databases. The prognosis model of colon cancer was
constructed by LASSO-Cox regression analysis among the selected fatty acid
metabolism genes with differential expression. Nomogram for the prognosis
model was also constructed in order to analyze its value in evaluating the survival
and clinical stage of the colon cancer patients. The differential expression of the
selected genes was verified by gPCR and immunohistochemistry. GSEA and
GSVA were used to analyze the enrichment pathways for high- and low-risk
groups. CIBERSORT was used to analyze the immune microenvironment of
colon cancer and to compare the infiltration of immune cells in the high- and
low-risk groups. The “circlize” package was used to explore the correlation
between the risk score signature and immunotherapy for colon cancer.

Results: We analysed the differential expression of 704 FAM-related genes
between colon tumour and normal tissue and screened 10 genes with
prognostic value. Subsequently, we constructed a prognostic model for colon
cancer based on eight optimal FAM genes through LASSO Cox regression
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analysis in the TCGA-COAD dataset, and its practicality was validated in the
GSE39582 dataset. Moreover, the risk score calculated based on the prognostic
model was validated as an independent prognostic factor for colon cancer
patients. We further constructed a nomogram composed of the risk score
signature, age and American Joint Committee on Cancer (AJCC) stage for
clinical application. The colon cancer cohort was divided into high- and low-
risk groups according to the optimal cut-off value, and different enrichment
pathways and immune microenvironments were depicted in the groups.

Discussion: Since the risk score signature was significantly correlated with the
expression of immune checkpoint molecules, the prognostic model might be able
to predict the immunotherapy response of colon cancer patients. In summary, our
findings expand the prognostic value of FAM-related genes in colon cancer and

provide evidence for their application in guiding immunotherapy.
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fatty acid metabolism, colon cancer, prognostic model, tumour immune
microenvironment, immunotherapy

Introduction

Colorectal cancer (CRC) is one of most common cancers
diagnosed in both men and women and is also the second leading
cause of cancer-related death (1). In spite of the overall decrease in
mortality rate during the most recent decade, the mortality rate of CRC
is still increasing in young adults (1). Colon cancer is characterized by
dysregulation of intestinal epithelial differentiation, proliferation, and
cell death (2). Adenocarcinoma accounts for 80%-90% of colon cancer
cases in terms of pathologic classification (3). Although endoscopic
screening has dramatically promoted the early diagnosis of colon
cancer, the rates of recurrence and metastasis still cannot be
underestimated (1).

Fatty acids have important roles in energy storage, membrane
synthesis, and generation of signals (4). Numerous studies have
confirmed the significance of fatty acid biosynthesis for tumour cell
growth and survival (5), and reprogramming of cellular energy
metabolism has been accepted as a hallmark of cancer (6). Cancer
cells can evade lipid peroxidation-mediated cell death through an
increase in saturated lipids (7). Lipids can also assemble as lipid rafts,
which are of vital importance for tumour progression and metastasis
(8). Altered cellular levels of fatty acids or their derivative compounds
usually imply oxidative stress or lipotoxicity (9). Various FAM FAM
pathways, including the synthesis, desaturation, elongation, and
mitochondrial oxidation of fatty acids, are affected in colon cancers,
and these pathways are composed of intricate genes (10). Therefore, the
application of some differentially expressed core genes in FAM as novel
biomarkers may be a novel strategy for improving the diagnosis and
prognosis of colon cancer.

The tumour microenvironment (TME) contains different cell
types, including endothelial cells, immune cells and stromal
fibroblasts, as well as cytokines and extracellular matrix (11).
Tumour cells have different metabolic patterns from normal
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stromal cells, and these patterns have impacts on the local
metabolic landscape and may mediate antitumour immunity (12).
The fates of immune cells in the TME are determined by FAM. For
example, regulatory T cells (Tregs) drive immunosuppression in the
TME, while lipid signalling enforces the functional specialization of
intratumoural Tregs (13). Moreover, long-chain fatty acid
metabolism is dominant in tumour-associated macrophages
(TAMs), and these cells promote tumour progression and
metastasis by suppressing tumour immune surveillance (14).
Myeloid cells infiltrating colon cancer also showed the same
phenotype of cellular lipid accumulation (14).

It has been proven that combining classic immunotherapy with
drugs targeting FAM-associated genes can achieve synergetic
antitumour effects (9). CAR-T cells pretreated with short-chain
fatty acids derived from the gut microbiome presented better
proliferation and cytolytic ability (15). Moreover, targeting some
fundamental enzymes of FAM in M2-like TAMs and Tregs might
enhance immune checkpoint blockade, thus improving antitumour
immunity (13, 16). Since patients diagnosed with metastatic
colorectal cancer featuring mismatch repair deficiency (dMMR)
or high microsatellite instability (MSI-H) status show a positive
response to anti-PD-1 or combination with anti-CTLA-4 therapies
(17, 18), the addition of antagonists to block metabolic pathways in
treatment may enhance the effects of antitumour immunotherapy.

In this research, we established a prognostic signature based on
FAM-related genes with differential expression in colon cancer. The
feasibility of the signature was validated in both training and test
sets, and all colon cancer patients were sorted into the low- or high-
risk group. The enriched pathways between the low- and high-risk
groups were also analysed. Moreover, we discussed the correlation
of the signature score with immune cell infiltration in the TME and
the feasibility of predicting the effects of immunotherapy for each
colon cancer patient.
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Materials and methods
Data acquisition

The RNA sequencing data and matched clinical information were
collected from The Cancer Genome Atlas (TCGA) database (41
normal colon samples and 471 colon adenocarcinoma samples in
total) and the GSE39582 dataset (585 colon adenocarcinoma samples
in total) in the Gene Expression Omnibus (GEO) database. Samples
included in the research are those diagnosed as colon adenocarcinoma,
with mapped clinical information and gene expression matrix data, and
with complete information including overall survival (OS) data, age,
and sex (at minimum). After excluding patients who did not meet these
criteria, we enrolled 424 patients with colon adenocarcinoma from
TCGA as a training set and 585 patients from GSE39582 as a validation
set for further investigation. The FAM gene set was obtained from the
Molecular Signature Database v7.5.1 (MSigDB), and 743 FAM genes
were collected (https://portal.gdc.cancer.gov/repository; https://
www.ncbi.nlm.nih.gov/geo/; https://www.gsea-msigdb.org/gsea/
msigdb/index jsp).

Identification of differentially expressed
genes among FAM-related genes

We applied the “DESeq2 (19)”, “edgeR (20)” and “limma (21)” R
packages with the significance criteria set to [log2FC|>1 and false
discovery rate (FDR) <0.05; we compared gene expression profiles
between colon adenocarcinoma and normal samples to identify the
differentially expressed genes (DEGs). The DEGs were obtained from
transcriptome expression data fetched from the TCGA database. After
overlapping of the selected 743 FAM genes with the whole filtered genes
in the TCGA-COAD cohort, 704 FAM-related genes were collected.
The whole filtered genes excluded those of which expression level was
zero in all samples, and retained the genes expressed in more than half
of the samples. Volcano plots and heatmaps were drawn based on the
results with the “ggplot2 (22)” and “corrplot (23)” R packages.

Generation of a prognostic
risk score model

We used the TCGA colon adenocarcinoma cohort as the
training set and the GSE39582 colon adenocarcinoma cohort as
the test set. Log rank test and univariate Cox regression were both
employed to generate potential prognostic risk genes, and genes
with p value <0.05 were selected. The prognostic genes were then
overlapped with the differentially expressed FAM genes to select
eligible FAM-related genes for the prognostic risk model. We used
the “glmnet (24)” R package considering both survival time and
event to establish the best prognostic model and identified 8 optimal
FAM genes. Then, least absolute shrinkage and selection operator
(LASSO) Cox regression analysis was carried out in the training set
to generate a statistical prognostic risk score model for colon cancer
patients. According to the predictive model, the following formula
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can be applied for each colon cancer patient to calculate the risk
score related to FAM:

Risk Score = > Expi * Coefi

Expi represents the expression value of the FAM-related genes,

Coefi represents the corresponding regression coefficient.

We applied the “survminer (25)” package to find an optimal
cut-off point of the risk score to discriminate the difference between
the high- and low-risk groups among the patients. K—M analysis of
OS and PES was also employed between the two risk groups to
evaluate the feasibility of the survival model. We also depicted the
scatter diagram of survival status and heatmap of the expression of
the 10 screened FAM genes for the low- and high-risk groups.
Boxplots with Kruskal’s test were delineated to compare the
distribution of the risk score value in different groups based on
various clinicopathologic parameters, including stage, T, N and M.

Histology and mutational landscapes for
the screened prognostic genes

We used the Human Protein Atlas (HPA) database (https://
www.proteinatlas.org/) to illustrate the protein histology of the
screened FAM genes in both colon cancer and normal tissues.
We employed the “maftools (26)” package to summarize the
mutational landscape for colon cancer based on TCGA-COAD
data. Then, we selected the screened FAM genes and depicted their
specific mutational frequency diagram in the TCGA-COAD cohort.

Construction of the nomogram and
survival analysis based on of multiple
clinical features

We conducted univariate and multiple Cox regression analyses
to validate whether the risk score signature based on the FAM genes
was an independent prognostic indicator of colon cancers. Then, we
used the “regplot (27)” and “survival (28)” packages to construct a
nomogram to predict the survival of colon cancer patients on the
basis of the risk score signature and five other clinical features.
Moreover, a calibration curve was constructed to confirm the
predictive discrimination of the nomogram.

Gene set enrichment analysis and
gene set variation analysis

We applied the “clusterProfiler (29)” package to perform gene
set enrichment analysis (GSEA) according to the adjusted
expression data for all transcripts to decipher the enriched
pathways and biological functions between the low- and high-risk
groups. We chose “c2.cp.kegg.v7.4symbols.gmt” from the MsigDB
database as the reference gene set. We considered pathways with |
NES| > 1, NOM p value < 0.05 and FDR < 0.25 to be significantly
enriched. Moreover, we applied the “GSVA (30)” and “limma (21)”
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packages to perform gene set variation analysis (GSVA) to
determine the enriched gene sets among all the samples in the
training cohort. The significantly enriched GSVA pathways were
defined as those with logFC > 0.1 and adjusted p value < 0.05.

Estimation of the tumour immune
microenvironment infiltration

Based on the gene sets acquired from CIBERSORT (31) and the
previous work from Barbie et al. (32), single-sample gene set

10.3389/fimmu.2023.1301452

enrichment analysis (ssGSEA) was employed to evaluate the
abundance of the 28 immune cells infiltrating the colon cancer
microenvironment. Moreover, we compared the differences in
infiltration of the selected immune cells between the low- and
high-risk groups in the same way. We further calculated the
immune score and stromal score of colon cancer via the
“estimate” algorithm (33). Then, we computed the rank
correlation coefficients for the matrix of the selected immune cells
and the screened FAM genes as well as the matrix of the risk score
signature and the chosen immune cells, and we presented these
results as heatmaps in Figures 1D and 2A.
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Correlations of immune microenvironment features of colon cancer with the screened FAM-related genes and the risk score signature. (A) The
differential infiltration of multiple immune cells between normal and tumour tissues. (B, C) Comparison of stromal activity (B) and immune activity

(C) between normal and tumour tissues via the ESTIMATE algorithm. (D)

The correlation between the selected FAM genes and infiltrated immune

cells in the TME. (E) The differential infiltration of multiple immune cells between the low- and high-risk groups. FAM, fatty acid metabolism; TME,
tumour microenvironment. * means p < 0.05; ** means p < 0.01; *** means p < 0.001; **** means p < 0.0001; ns means no significance.
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The role of the risk score signature in TME immune cell infiltration, enriched immune pathways and implications for immunotherapy. (A) Correlation
of the risk score signature and infiltrated immune cells. (B) The difference in the enriched immune pathways between the low- and high-risk groups.
(C) Correlation between the selected FAM genes and immune checkpoint molecules based on the expression profile. (D) Correlation of the risk
score signature and various immune subtypes for the TCGA-COAD cohort. (E) Correlation of the risk score signature and immune checkpoint

molecules. FAM, fatty acid metabolism; TCGA, The Cancer Genome Atlas; COAD, colon adenocarcinoma.

*** means p < 0.001.

* means p < 0.05; ** means p < 0.01;

Potential implications for immunotherapy
based on the screened FAM genes

We listed the main immune checkpoint candidates involved in
the immunotherapy of colon cancer, and we depicted a heatmap to
reveal the correlation between the screened FAM genes and PD-1,
CTLA4, and PD-L2 via Spearman’s test. We used the “circlize (34)”
package to present the correlation of the risk score signature and the
various immune checkpoint molecules to assess the ability of the
model to predict the response to immunotherapy.

Cell line culture, RNA purification and
quantitative real-time PCR analysis

Human colon cancer cell lines (HT29 and HCT116) were
obtained from our laboratory, and a normal colonic epithelial cell
line (NCM460) was purchased from the American Type Culture
Collection. All cell lines were cultured in 1640 medium (Corning,
United States) with 10% foetal bovine serum (Gibco, United States)
in an incubator with 5% CO, and 99% relative humidity at 37°C. All
cells were passaged for fewer than 6 months, and 1 x 108 cells were
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harvested for RNA purification. Total RNA was extracted from cells
with TRIzol (Thermo Fisher, United States), and then reverse
transcription was performed with a real-time PCR reagent kit
(TaKaRa, Japan). Then, the RNA levels of the screened FAM
genes in the three cell lines were detected by quantitative real-
time PCR (qQRT-PCR) using the SYBR Green method (TaKaRa,
Japan) on the ThermoFisher ViiA7 system. The RNA levels of the
target genes were normalized against those of GAPDH using the
comparative Ct method. All the primers are shown in
Supplementary Table.

Statistical analysis

We used R software (Version 4.1.3) and RStudio to perform all
the statistical analyses. The significance of differences between two
groups was determined by the Wilcoxon test, while the significance
of differences among three or more groups was analysed by one-way
ANOVA and Kruskal-Wallis tests. Moreover, the correlation test
was conducted by Spearman’s correlation test. All statistical p values
were two-tailed, and a p value <0.05 was considered to indicate
statistical significance.
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Results

Identification of prognostic genes related
to FAM in colon adenocarcinoma

First, we compared the differential expression of 704 FAM
(FAM) genes between paired normal and tumour samples using
the thresholds of |log2FC| > 1 and FDR < 0.05 and identified 49
upregulated FAM genes and 104 downregulated FAM genes
(Figure 3A). To attenuate the arithmetic error, we cited three
classic R packages for variation analysis (Figures 3C-E). Then, we
performed log-rank and Cox regression tests to identify the
prognostic genes. We overlapped the results and identified 10
FAM genes (ACSL6, CYP19AI, LRP2, OSBPL3, SLCOI1A2,
ACOX1, FABP4, PLAAT5, PPARGCIA and TNFAIPS8L3) with
significant differential expression and prognostic value
(Figure 3B). The boxplots of these 10 genes were more directly
used to illustrate the differential expression between normal and
tumour samples (Figure 3F). The results showed that the expression
levels of ACSL6, CYP19AI1, LRP2, OSBPL3 and SLCOIA2 were
considerably increased, while those of ACOXI, FABP4, PLAATS,
PPARGCIA and TNFAIPS8L3 were decreased in colon cancer. We
also quantified the transcript levels of OSBPL3, CYPI19AI, and
SLCOIA2 in human colorectal cancer cell lines (Supplementary
Figure 1), and the results showed that these three genes were all
more highly expressed at the RNA level in the tumour cell lines
(either HCT116 or HT29) than in the normal colon epithelial cell
line NCM460. Moreover, we unravelled the correlation feature
among these 10 FAM genes with a correlation matrix plot
(Figure 3G) and applied a circos plot to demonstrate the
chromosomal locations of the 10 FAM genes (Figure 3H).

Construction of a prognostic model for
colon adenocarcinoma patients based on
FAM-related genes

We performed LASSO Cox regression analysis in the TCGA-
COAD cohort with the 10 screened FAM genes to determine the
optimal FAM genes for establishing the prognostic model. Ultimately,
we selected eight significant FAM genes to construct the model: ACSL6,
TNFAIP8L3, ACOX1, LRP2, OSBPL3, PPARGCIA, CYPI9AI, and
SLCOIA2 (Figures 4A, B). To demonstrate the independent
prognostic capacity of these eight genes, K-M curves of overall
survival (OS) in the training set were generated (Figure 4C). From
the K—M analysis results for the individual genes, we found that the
high-expression groups for TNFAIP8L3, LRP2, OSBPL3, CYP19AI and
SLCO1A2 and the low-expression groups for ACSL6, ACOXI and
PPARGCIA had worse OS.

According to the prognostic model, the risk score of each colon
adenocarcinoma patient based on FAM genes can be calculated as
follows: Risk Score = Expression of CYPI9AI * 0.31775133 -
Expression of ACSL6 * 0.02442698 + Expression of LRP2 *
0.49898014 + Expression of OSBPL3 * 0.21861865 + Expression
of SLCOI1A2 * 0.13954724 - Expression of ACOXI * 0.37098995 -
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Expression of PPARGCIA * 0.11749459 + Expression of
TNFAIP8L3 * 0.16809725. Then, the patients were divided into
low-risk and high-risk groups according to the optimal cut-off point
in different cohorts (Figure 5A, left). The proportion of dead
patients in the high-risk group was higher than that in the low-
risk group in the TCGA-COAD cohort (Figure 5B, left). We also
delineated the expression level of the eight FAM genes included in
the prognostic model and showed the expression levels for each
patient in either the high- or low-risk group (Figure 5C, left).
Moreover, K-M analysis was conducted to evaluate the prognostic
feasibility of the risk score, which illustrated that the high-risk
group showed significantly impaired OS compared with the low-
risk group (Figure 5D, left), and the same was true in the assessment
of progression-free survival (PFS) in the training set
(Figure 5E, left).

Validation of the prognostic model based
on eight FAM-related genes

To further validate the significance of the constructed
prognostic model, we implemented the same investigations in the
validation set GSE39582. With the same calculation formula for the
risk score, the colon adenocarcinoma patients in the validation set
were separated into high- and low-risk groups with the optimal cut-
off point (Figure 5A, right). The proportion of dead patients in the
high-risk group was also larger than that in the low-risk group
(Figure 5B, right). We also delineated the expression levels of the
eight FAM genes in each patient in the high- and low-risk groups
(Figure 5C, right). Consistent with results in the training set, the
high-risk group showed worse OS than the low-risk group in the
validation set (Figure 5D, right). However, the recurrence-free
survival between the high- and low-risk groups was not
significantly different (Figure 5E, right).

Multiple features of screened FAM genes

We recalculated the expression levels of the 10 original FAM
genes used to generate the prognostic signature model between the
low- and high-risk groups (Figure 6A), and the boxplots showed
decreased expression of ACOX1, PPARGCIA and ACSL6 and
increased expression of LRP2, CYPI9AI1, FABP4, TNFAIPSL3,
PLAATS5, OSBPL3 and SLCOIA2 in the high-risk group compared
with the low-risk group. The characteristic immunohistochemical
results of the selected FAM genes were obtained from the HPA
database, and the qualitative results showed obvious expression
differences between normal and colon tumour samples at the
protein level (Figure 6B).

We then depicted the mutation profile landscape of the TCGA-
COAD cohort (Figure 6C). Missense mutations and single
nucleotide polymorphisms were the most common among
various classifications or variant types, and C > T occurred more
often regarding single nucleotide variants. We used boxplots to
present the variants for each patient in the cohort and counted the
frequency of variant classifications. Moreover, the top 10 mutated
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Identification of FAM-related prognostic genes in colon cancer. (A) Heatmap of the 704 FAM genes with differential expression. (B) Venn diagram to
screen the 10 FAM genes with prognostic value. (C—E) Volcano plot exhibiting the differential expression of the screened FAM genes through the
"DESeq2", "EdgeR" and "Limma" R package analyses. (F) The concrete expression data of the 10 FAM genes in colon normal and tumour tissues. (G)
Correlation matrix plot showing the correlation features of the 10 screened FAM genes in the TCGA-COAD cohort. (H) The circos plot depicting the
location on chromosomes of 10 FAM genes. FAM, fatty acid metabolism; TCGA, The Cancer Genome Atlas; COAD, colon adenocarcinoma.

genes with their specific mutation types are depicted for colon

adenocarcinoma. Although the 10 screened FAM genes were not

among the top 10 mutated genes, we used a waterfall plot to show
the mutational landscape of the ten pivotal FAM genes (Figure 6D).
It was found that nearly a quarter of the 447 colon adenocarcinoma

Frontiers in Immunology

samples had mutations in at least one key FAM gene, and LRP2

exhibited the highest frequency, while there were no mutations in
PLAATS and TNFAIPSL3. Missense mutation was the main variant
type of the screened FAM genes, which is consistent with the
general mutation features of colon cancer.
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Construction of the prognostic model for colon cancer based on the screened FAM-related genes. (A) The partial likelihood deviance in the LASSO
analysis. (B) LASSO coefficient profiles of the eight screened FAM genes. (C) K—M analyses of survival probability based on the expression profile of
the eight screened FAM genes. LASSO, least absolute shrinkage and selection operator; FAM, fatty acid metabolism; K—M, Kaplan—Meier.

Integrated assessment of the risk
score based on FAM-related genes:
cox regression analyses and
development and calibration of the
clinicopathological nomogram

To determine whether the risk score based on the screened
FAM genes is an independent prognostic indicator for colon
adenocarcinoma patients, we employed both univariate and
multivariate Cox regression analyses in the training set
(Figures 7A, B). From the univariate Cox regression data, we
concluded that the FAM gene-based risk score, tumour stage and
T and N clinicopathological stage of the patients were closely related
to OS (all p < 0.001). Moreover, age, stage, clinicopathological T
stage and the risk signature score could be regarded as independent

Frontiers in Immunology

prognostic indicators in the multivariate Cox regression analysis (all
p < 0.05). To develop a clinically related quantitative method for
predicting the probability of patient mortality, we established a
nomogram with an optimal concordance index (C-index), which
integrated the risk score and other independent prognostic
indicators to predict each patient’s OS at three and five years
(Figure 7C). A calibration plot was also generated (Figure 7D)
and demonstrated that the developed nomogram was reasonably
consistent with the ideal curve.

Moreover, we further evaluated the practicability of the FAM-
related risk score in predicting other clinical parameters, including
the AJCC stage and clinicopathological stage, in both the training
and validation datasets (Figures 7E, F). A higher risk score was
correlated with more severe clinical stage and T, N, and M
clinicopathological stage in the TCGA cohort, especially between
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Evaluation and validation of the practicality of the prognostic model in the training set and test set. (A) Distribution of the patients’ normalized risk
scores assigned by the constructed prognostic model. (B) The relationship between the overall survival time and survival event of the patients and
the risk score. (C) Hierarchical clustering of the eight screened FAM genes between the low- and high-risk groups. (D) K-M analyses of OS between
the low- and high-risk groups. (E) K-M analyses of PFS between the low- and high-risk groups. K-M, Kaplan—Meier; OS, overall survival; PFS,

progression-free survival.

the early and terminal stages (all p < 0.05). A similar tendency was
reconfirmed (all p < 0.05), except for M clinicopathological stage, in
the validation set of GSE39582. From the results, we speculated that
a higher risk score tended to indicate greater disease severity in
terms of the above clinical features, and a higher risk score implied
impaired survival.
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Analysis of pathways correlated
with the risk score

We performed gene set enrichment analysis (GSEA) to explore
the biological signalling pathways enriched in the high- and low-
risk groups in the training set. We employed the Kyoto
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Encyclopedia of Genes and Genomes (KEGG) database to explore
the pathways correlated with risk and determined that the pathways
of cell adhesion molecules, complement and coagulation cascades,
ECM-receptor interaction, malaria and Staphylococcus aureus
infection were enriched in the high-risk group (Figure 8A). Then,
we applied the Gene Ontology (GO) database and found that
pathways of B-cell receptor signalling, collagen fibril organization,
complement activation of the classical pathway, extracellular matrix
structure constituent and immunoglobulin receptor binding were
abundant in the high-risk group (Figure 8B). Moreover, we
compared the gene transcriptional data of each sample in the
training set and performed gene set variation analysis (GSVA) to
determine the enriched pathways in the risk groups (Figure 8C).
Five pathways were found to be activated in the high-risk group
after GSVA: taste transduction, glycosaminoglycan biosynthesis
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chondroitin sulfate, neuroactive ligand receptor interaction, ECM
receptor interaction, and calcium signalling pathway.

Features of the screened FAM genes in the
tumor-immune microenvironment

To determine the relevant immune phenotype for colon
adenocarcinoma, we listed 28 main immune cells and compared
their expression levels between COAD tumour and normal tissues
according to the key molecules. We found that 23 cell types in the
tumour microenvironment (TME) presented significant differences
in infiltration between tumour and normal tissues (Figure 1A).
Notably, apart from CD56 bright natural killer cells and activated
CD4 T cells, which were mainly enriched in tumour samples, other
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Establishment of the clinicopathological nomogram and comprehensive assessment of the multiple clinical parameters for colon cancer according
to the risk score signature. (A) Univariate Cox regression analysis of the risk score signature and other clinical parameters in the training set. (B)
Multivariate Cox regression analysis of the risk score signature and other clinical parameters in the training set. (C) The construction of the clinical
nomogram to predict the 3-year and 5-year OS of patients in the training cohort. (D) The calibration curve to evaluate the consistency of the
predicted and observed OS for the constructed nomogram. (E, F) Correlation of the risk score signature and several clinical parameters in the
TCGA-COAD cohort (E) and GSE39582 cohort (F). The Cancer Genome Atlas; COAD, colon adenocarcinoma.

immune cell subtypes were mostly enriched in normal samples. The
main B-cell subtypes, including activated B cells and immature B
cells, were obviously enriched in normal tissue. In addition, we used
the ESTIMATE algorithm to estimate the immune and stromal
scores between normal and tumour samples, and we determined
that immune and stromal activity were significantly decreased in
the tumour samples (Figures 1B, C).
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Then, we explored the correlation between the 10 screened key
FAM genes and the infiltration of immune cells in the tumour
microenvironment (Figure 1D). All the screened FAM genes with
both differential expression and prognostic value were positively
correlated with the levels of memory B cells but were negatively
correlated with the levels of CD56 dim natural killer cells.
Moreover, we further explored the difference in immune cell
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infiltration between the low- and high-risk groups (Figure 1E). We
found that only type 17 T helper (Th17) cells and CD56 bright
natural killer cells were relatively enriched in the low-risk group,
and other immune cells with differential infiltration levels were
relatively enriched in the high-risk group.

Characterization of immune cell infiltration
according to the risk score signature and
potential indications for immunotherapy

We performed correlation analysis to determine the
relationship between the risk score and immune cell infiltration
in the tumour microenvironment (Figure 2A), and we observed a
negative correlation between the risk score and the infiltration levels
of neutrophils and a positive correlation between the risk score and
the infiltration levels of most other immune cells. Moreover, we
used gene set variation analysis to determine the differentially
enriched immune-related pathways between the two risk score
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groups (Figure 2B). The enrichment scores of the high-risk group
were generally higher than those of the low-risk group. The type 2
interferon response pathway showed the most significant difference,
followed by the T-cell coinhibition pathway. Both results showed
that the risk score signature was correlated with the
immune response.

Moreover, we found that the expression of the 10 screened FAM
genes was closely related to the expression of immune checkpoint
molecules (Figure 2C). The expression levels of PPARGCIA,
ACSL6, ACOXI, and CYPI9AI were negatively correlated with
those of PD-1 with obvious significance (Figure 2C). Reportedly,
four immune subtypes can be divided according to the
intratumoural immune states of colon cancers: Cl1 (wound
healing), C2 (IEN-y), C3 (inflammatory), and C4 (lymphocyte
depleted) (35). We further explored the immune subtypes of the
cohort patients based on the risk score, and we found that the C2
immune subtype of colon cancer can be distinguished from C1 and
C3 according to the risk score signature (both p < 0.05) (Figure 2D).
Finally, we explored the correlation of the risk score signature with
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the expression of immune checkpoint molecules, and we found a
positive correlation (Figure 2E), which indicated that the risk score
signature based on FAM-related genes has the potential to guide
immunotherapy and predict outcomes.

Discussion

Colorectal cancer has become the second leading cause of
cancer-related death (36). It usually evolves from an intestinal
neoplastic precursor lesion, and without routine endoscopy, the
lesion will eventually develop into a tumor over a long period of
time. Most colorectal cancers are sporadic, and the common
pathogenic mechanism usually includes familial inherited
mutations, environmental lifestyle factors, genetic mutations and
genomic instability. Cellular metabolic reprogramming is
fundamental to tumour proliferation (6), and this hallmark is
appropriate for colon cancer as well. Apart from aerobic
glycolysis and glutamine consumption, cancer cells also rely on
FAM to generate energy for survival. Cancer cells can take up
exogenous free fatty acids and even increase endogenous lipogenesis
to meet the high demands of energy metabolism (37). FAM is
composed of diverse pathways containing many signalling
molecules. These molecules are usually the pivotal enzymes,
transporters or receptors dominating the synthesis, transport and
decomposition of fatty acids. Since the fatty acid metabolism in
tumour is dynamic, a prognostic model constructed based on genes
involved in the dynamic process to discriminate the risk level of
colon cancer patients may give some implications for clinicians in
the development of treatment plans and the evaluation of prognosis.

Many studies have validated the functional variation of some
key FAM-related genes in various types of cancer. Therefore, we
analysed the differential expression of FAM genes and predicted
their prognostic potential in the colon adenocarcinoma cohort of
the TCGA database. We identified ten FAM genes with significantly
differential expression and prognostic value, and we constructed a
prognostic model with the eight genes that met the screening
criteria: ACSL6, TNFAIPS8L3, ACOXI, LRP2, OSBPL3,
PPARGCIA, CYP19A1, and SLCO1A2. Acyl-CoA synthetase long-
chain family member 6 (ACSL6) is responsible for synthesizing
long-chain fatty acids, and it is commonly downregulated in most
types of cancers except for colorectal cancer (38). ACSL6 could be
translocated with ETV6 in myeloid neoplasms, and the gene fusion
might activate the oncogene near the translocated chromosomes to
initiate tumorigenesis (39). Moreover, its upregulation in CRC cells
promotes the synthesis of fatty acids, thus providing more energy
for tumour cell proliferation (38). Tumour necrosis factor alpha-
induced protein 8-like 3 (TIPE3, also known as TNFAIP8L3) is the
transfer protein of phosphoinositide second messengers, which
mainly exists in the secretory epithelium and serves as a
carcinogenic molecule (40). Upregulation of TNFAIP8L3 is
ubiquitous in various cancers, and its function in promoting the
occurrence and development of cancer is correlated closely with
activation of the phosphatidylinositol-3-kinase (PI3K)/protein
kinase B (AKT) signalling pathway (41). Acyl-CoA oxidase 1
(ACOXI1) is a peroxisomal enzyme that normally participates in
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the 3-oxidation of long-chain fatty acids. Its participation in CRC
development is usually linked with its upstream regulator PPARo.
(42). Low-density lipoprotein receptor-related protein 2 (LRP2, also
known as megalin) is primarily expressed in the absorptive
epithelium, and its expression is usually decreased in diseases
associated with fibrosis (43). We found that the LRP2 level was
elevated in colon cancer, but its correlation with tumorigenesis is
still unknown. Oxysterol binding protein-like 3 (OSBPL3), also
known as oxysterol binding protein-related protein 3 (ORP3), is a
bona fide tumour suppressor gene. It was validated that knockout of
OSBPL3 is likely to promote tumour progression and induce
aneuploidy, and the mRNA level of OSBPL3 in cancer is closely
associated with patient survival (44). Peroxisome proliferator-
activated receptor gamma coactivator 1 alpha (PPARGCIA) is a
major transcriptional regulator of several key metabolic pathways
that plays a significant role in inducing oxidative phosphorylation
and the expression of genes involved in the tricarboxylic acid cycle
in various tissues (45). Moreover, PPARGCIA can also promote de
novo lipid synthesis, which is accompanied by the activation of the
pentose phosphate pathway (45, 46). Our results and those of other
studies both validated the decreased expression of PPARGCIA in
tumour cells (47), but paradoxically, some studies showed that
PPARGCIA is associated with the proliferation of tumour cells
(48). Its cancer-promoting effect was thought to occur via induction
of the expression of genes that coordinate glucose metabolism as
well as FAM, thus facilitating the conversion of glucose to fatty acids
and ultimately promoting the growth of colon adenocarcinoma
(49). Moreover, PPARGCIA is also associated with the dysfunction
of tumour-specific T cells (50). Thus, it can be inferred that
PPARGCIA is a potential therapeutic target for colon cancer.
Aromatase, also named cytochrome P450 monooxygenase 19A1
(CYP19A1), is mainly involved in the metabolism of oestrogen and
can convert estrone into oestradiol. Its high expression may increase
the risk of colon cancer, according to the work on sex-related factors
associated with the development of the disease (51). CYP19A1 may
promote the occurrence and progression of tumours via oestrogen
metabolism enzymes and then affect inflammatory pathways. In
addition, it has been observed in clinical samples that single
nucleotide polymorphism mutations in CYPI19A1 are
independently associated with colon cancer (52). Solute carrier
organic anion transporter family member 1A2 (SLCO1A2)
mediates the cellular uptake of a wide range of endogenous
substrates, drugs, and heterogeneous biologics and coordinates
the transport of bile salt, hormones, and thyroxine. It is
abnormally expressed in many tumour tissues, and its expression
is reduced in colon polyps and colon cancer (53). Since its substrates
contain various hormones and their complexes, it may promote the
growth of hormone-dependent tumours (54). Due to the unique
role of this transporter in pharmacokinetics and its ability to
transport chemotherapeutics (55), we assumed that SLCO1A2
might be an effective target for treating colon cancer.

Then, we evaluated the correlation between the risk score of the
constructed prognostic model composed of the above eight FAM genes
and the available clinical parameters, which included survival status,
AJCC stage, and T and N stage in the test set and validation set. The
results showed that the higher the risk score was, the more serious the

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1301452
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Huang et al.

relevant clinical parameters were, and a high risk score also indicated
worse survival outcomes in patients with colon cancer. Moreover, we
found that the risk score signature can be used as an independent
prognostic indicator of colon cancer through univariate and
multivariate Cox regression analyses. Finally, we developed a clinical
nomogram that included the risk score signature, age, and AJCC stage
with feasible validation via the C-index and calibration curve. The
constructed nomogram showed satisfactory prediction value in terms
of the OS of colon cancer patients.

We also conducted gene set enrichment analysis and gene set
variation analysis between the high- and low-risk groups. We found
that the pathways of ECM-receptor interaction, B-cell receptor
signalling, classical complement activation, extracellular matrix
structural constituent and immunoglobulin receptor binding were
enriched in the high-risk group. The enrichment of these immune
metabolism-related pathways in the high-rick group might suggest
a correlation between the screened FAM genes and tumour
immunity. Therefore, we further explored the tumour immune
microenvironment of colon cancer and found that there was a
significant difference in immune cell infiltration between normal
colon tissue and colon cancer tissue. In addition, application of the
“ESTIMATE” algorithm revealed that tumour samples had both
lower immune scores and stromal scores. Moreover, we verified that
many immune cells were enriched in the high-risk group. By further
comparing the correlation of the screened FAM genes with the
immune cells infiltrated in TME, we also found that the expression
of TNFAIP8L3 was positively correlated with the majority of the
infiltrated immune cells, while ACSL6 was negatively correlated.
ACSL6 in tumour cells mainly promotes the anabolism of fatty acids
to provide energy, but its specific function in infiltrating immune
cells in the TME still requires further exploration. Although there is
still a lack of relevant studies on TNFAIP8L3 and tumour immunity,
it has been validated that this gene can induce the occurrence and
development of a variety of tumours and promote the growth,
proliferation and migration of tumour cells by activating the PI3K
and Akt signalling pathways (40). High expression of TNFAIPSL3
has been verified to be associated with a poor prognosis in colon
cancer, and TNFAIPSL3 expression together with CD8+ T-cell
infiltration in the tumour affect the survival of colon cancer
patients (56). As TNFAIP8L3 is an important transporter of the
second messenger for phosphoinositol in FAM and promotes
tumour progression, we speculated that this gene might be
involved in orchestrating lipid metabolism for both tumour cells
and immune cells in the colon cancer TME and might play a pivotal
role in FAM in the tumour immune microenvironment.

Immunotherapy is an emerging treatment strategy for cancer,
and its efficacy in colon cancer has received increasing attention.
However, methods for accurately distinguishing colon cancer
patients suitable for immunotherapy are still undergoing
improvement. Multiple immune cells in the tumour
microenvironment may have functional alterations in FAM-
related genes, and such alterations can have impacts on immune
checkpoint inhibitor therapy (57). Previous studies have confirmed
that targeting FAM-related genes of T cells can promote the
antitumour immunity function of CD8+ T cells (58), and the
expression of TNFAIPSL3, the gene screened in our study, and
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the infiltration level of CD8+ T cells can synergistically predict the
survival outcomes of colon cancer patients. Moreover, we
demonstrated that the risk score signature based on the screened
FAM genes could distinguish the immune subtypes in patients with
colon cancer, and the risk score was positively correlated with the
expression of immune checkpoint molecules such as PD-1, PD-L2
and CTLA4. Therefore, the prognostic model constructed based on
the eight screened FAM genes might be able to guide the application
of immunotherapy for colon cancer patients, and these FAM genes
could be potential targets for immunotherapy to reverse the fate of
immune cells in the TME.

In conclusion, we constructed a prognostic model based on FAM
genes screened through analysis of differential expression and potential
prognostic value, and the model can be applied as an independent
prognostic factor to predict the prognosis of colon cancer patients. We
also established a nomogram combining the risk score based on the
prognostic model and several significant clinical parameters, and the
nomogram was verified to be a reliable model. Furthermore, we
deciphered the molecular characteristics of the selected FAM genes
and the potential correlation between the risk score signature and the
tumour immune microenvironment as well as the immunotherapy
response of colon cancer. In summary, this study may expand the
scientific evidence for research on FAM in colon cancer and provide
background for further clinical translational research.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Ethics statement

Ethical approval was not required for the studies on animals in
accordance with the local legislation and institutional requirements
because only commercially available established cell lines were used.

Author contributions

XH: Conceptualization, Formal Analysis, Writing - original
draft, Writing - review & editing, Data curation, Methodology,
Software. YS: Data curation, Formal Analysis, Methodology,
Writing - original draft, Resources. JS: Methodology, Writing —
original draft, Software, Validation. YH: Methodology,
Writing - original draft, Resources. HS: Methodology, Resources,
Writing - original draft. AQ: Methodology, Resources, Writing —
original draft. YC: Methodology, Resources, Writing - original
draft. YZ: Resources, Writing - original draft. QW: Writing -
original draft, Conceptualization, Formal Analysis, Funding
acquisition, Investigation, Project administration, Supervision,
Writing - review & editing.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1301452
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Huang et al.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. The work
was supported by the National Natural Science Foundation of
China (Grant Nos. 31870021, 31070032 to QW) and National
Natural Science Foundation of Shanghai (16ZR1430700), and
Shanghai Health and Family Planning Commission Scientific
Funding (201540227 to QW).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References

1. Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2022. CA: Cancer ] For
Clin (2022) 72(1):7-33. doi: 10.3322/caac.21708

2. Cancer Genome Atlas Network. Comprehensive molecular characterization of human
colon and rectal cancer. Nature (2012) 487(7407):330-7. doi: 10.1038/naturel11252

3. Dienstmann R, Salazar R, Tabernero ]. Personalizing colon cancer adjuvant
therapy: selecting optimal treatments for individual patients. J Clin Oncol (2015) 33
(16):1787-96. doi: 10.1200/JC0O.2014.60.0213

4. Currie E, Schulze A, Zechner R, Walther TC, Farese RV Jr. Cellular fatty acid
metabolism and cancer. Cell Metab (2013) 18(2):153-61. doi: 10.1016/
j.cmet.2013.05.017

5. Rohrig F, Schulze A. The multifaceted roles of fatty acid synthesis in cancer. Nat
Rev Cancer (2016) 16(11):732-49. doi: 10.1038/nrc.2016.89

6. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell (2011)
144(5):646-74. doi: 10.1016/j.cell.2011.02.013

7. Rysman E, Brusselmans K, Scheys K, Timmermans L, Derua R, Munck S, et al. De
novo lipogenesis protects cancer cells from free radicals and chemotherapeutics by
promoting membrane lipid saturation. Cancer Res (2010) 70(20):8117-26. doi:
10.1158/0008-5472.CAN-09-3871

8. Piccinin E, Cariello M, Moschetta A. Lipid metabolism in colon cancer: Role of
Liver X Receptor (LXR) and Stearoyl-CoA Desaturase 1 (SCD1). Mol Aspects Med
(2021) 78:100933. doi: 10.1016/j.mam.2020.100933

9. Pakiet A, Kobiela J, Stepnowski P, Sledzinski T, Mika A. Changes in lipids
composition and metabolism in colorectal cancer: a review. Lipids In Health Dis (2019)
18(1):29. doi: 10.1186/s12944-019-0977-8

10. Luo X, Cheng C, Tan Z, Li N, Tang M, Yang L, et al. Emerging roles of lipid
metabolism in cancer metastasis. Mol Cancer (2017) 16(1):76. doi: 10.1186/s12943-017-0646-3

11. Quail DF, Joyce JA. Microenvironmental regulation of tumor progression and
metastasis. Nat Med (2013) 19(11):1423-37. doi: 10.1038/nm.3394

12. Luo Y, Wang H, Liu B, Wei J. Fatty acid metabolism and cancer immunotherapy.
Curr Oncol Rep (2022) 24(5):659-70. doi: 10.1007/s11912-022-01223-1

13. Lim SA, Wei J, Nguyen TM, Shi H, Su W, Palacios G, et al. Lipid signalling
enforces functional specialization of T cells in tumours. Nature (2021) 591(7849):306—
11. doi: 10.1038/s41586-021-03235-6

14. Wu H, Han Y, Rodriguez Sillke Y, Deng H, Siddiqui S, Treese C, et al. Lipid
droplet-dependent fatty acid metabolism controls the immune suppressive phenotype
of tumor-associated macrophages. EMBO Mol Med (2019) 11(11):e10698. doi:
10.15252/emmm.201910698

15. Luu M, Riester Z, Baldrich A, Reichardt N, Yuille S, Busetti A, et al. Microbial
short-chain fatty acids modulate CD8 T cell responses and improve adoptive
immunotherapy for cancer. Nat Commun (2021) 12(1):4077. doi: 10.1038/s41467-
021-24331-1

16. Liu C, Chikina M, Deshpande R, Menk AV, Wang T, Tabib T, et al. Treg cells
promote the SREBP1-dependent metabolic fitness of tumor-promoting macrophages
via repression of CD8 T cell-derived interferon-y. Immunity (2019) 51(2):381-97.€6.
doi: 10.1016/j.immuni.2019.06.017

17. Le DT, Kim TW, Van Cutsem E, Geva R, Jager D, Hara H, et al. Phase II open-
label study of pembrolizumab in treatment-refractory, microsatellite instability-high/

Frontiers in Immunology

10.3389/fimmu.2023.1301452

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/
fimmu.2023.1301452/full#supplementary-material

mismatch repair-deficient metastatic colorectal cancer: KEYNOTE-164. J Clin Oncol
(2020) 38(1):11-9. doi: 10.1200/JCO.19.02107

18. Zhao P, Li L, Jiang X, Li Q. Mismatch repair deficiency/microsatellite instability-
high as a predictor for anti-PD-1/PD-L1 immunotherapy efficacy. ] Hematol Oncol
(2019) 12(1):54. doi: 10.1186/s13045-019-0738-1

19. Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol (2014) 15(12):550. doi:
10.1186/513059-014-0550-8

20. Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for
differential expression analysis of digital gene expression data. Bioinf (Oxford England)
(2010) 26(1):139-40. doi: 10.1093/bioinformatics/btp616

21. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. limma powers
differential expression analyses for RNA-sequencing and microarray studies. Nucleic
Acids Res (2015) 43(7):e47. doi: 10.1093/nar/gkv007

22. Wickham H. ggplot2: Elegant Graphics for Data Analysis. New York: Springer-
Verlag (2016).

23. Simko T. R package ‘corrplot’: Visualization of a Correlation Matrix. (2021).

24. Simon N, Friedman J, Hastie T, Tibshirani R. Regularization paths for Cox's
proportional hazards model via coordinate descent. J Stat Software (2011) 39(5):1-13.
doi: 10.18637/js5.v039.i05

25. Alboukadel Kassambara MK, Biecek P. survminer: Drawing Survival Curves
using 'ggplot2’. (2021).

26. Mayakonda A, Lin DC, Assenov Y, Plass C, Koeffler HP. Maftools: efficient and

comprehensive analysis of somatic variants in cancer. Genome Res (2018) 28(11):1747-
56. doi: 10.1101/gr.239244.118

27. Marshall R. regplot: Enhanced Regression Nomogram Plot. (2020).
28. Therneau TM. A Package for Survival Analysis in R. (2022).

29. Wu T, Hu E, Xu S, Chen M, Guo P, Dai Z, et al. clusterProfiler 4.0: A universal
enrichment tool for interpreting omics data. Innovation (Cambridge (Mass.)) (2021) 2
(3):100141. doi: 10.1016/j.xinn.2021.100141

30. Hinzelmann S, Castelo R, Guinney J. GSVA: gene set variation analysis for
microarray and RNA-seq data. BMC Bioinf (2013) 14:7. doi: 10.1186/1471-2105-14-7

31. Newman AM, Liu CL, Green MR, Gentles AJ, Feng W, Xu Y, et al. Robust
enumeration of cell subsets from tissue expression profiles. Nat Methods (2015) 12
(5):453-7. doi: 10.1038/nmeth.3337

32. Barbie DA, Tamayo P, Boehm JS, Kim SY, Moody SE, Dunn IF, et al. Systematic
RNA interference reveals that oncogenic KRAS-driven cancers require TBK1. Nature
(2009) 462(7269):108-12. doi: 10.1038/nature08460

33. Yoshihara K, Shahmoradgoli M, Martinez E, Vegesna R, Kim H, Torres-Garcia
W, et al. Inferring tumour purity and stromal and immune cell admixture from
expression data. Nat Commun (2013) 4:2612. doi: 10.1038/ncomms3612

34. Gu Z, Gu L, Eils R, Schlesner M, Brors B. circlize Implements and enhances
circular visualization in R. Bioinf (Oxford England) (2014) 30(19):2811-2. doi: 10.1093/
bioinformatics/btu393

35. Thorsson V, Gibbs DL, Brown SD, Wolf D, Bortone DS, Ou Yang TH, et al. The
immune landscape of cancer. Immunity (2018) 48(4):812-30.e14. doi: 10.1016/
jimmuni.2018.03.023

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1301452/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1301452/full#supplementary-material
https://doi.org/10.3322/caac.21708
https://doi.org/10.1038/nature11252
https://doi.org/10.1200/JCO.2014.60.0213
https://doi.org/10.1016/j.cmet.2013.05.017
https://doi.org/10.1016/j.cmet.2013.05.017
https://doi.org/10.1038/nrc.2016.89
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1158/0008-5472.CAN-09-3871
https://doi.org/10.1016/j.mam.2020.100933
https://doi.org/10.1186/s12944-019-0977-8
https://doi.org/10.1186/s12943-017-0646-3
https://doi.org/10.1038/nm.3394
https://doi.org/10.1007/s11912-022-01223-1
https://doi.org/10.1038/s41586-021-03235-6
https://doi.org/10.15252/emmm.201910698
https://doi.org/10.1038/s41467-021-24331-1
https://doi.org/10.1038/s41467-021-24331-1
https://doi.org/10.1016/j.immuni.2019.06.017
https://doi.org/10.1200/JCO.19.02107
https://doi.org/10.1186/s13045-019-0738-1
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.18637/jss.v039.i05
https://doi.org/10.1101/gr.239244.118
https://doi.org/10.1016/j.xinn.2021.100141
https://doi.org/10.1186/1471-2105-14-7
https://doi.org/10.1038/nmeth.3337
https://doi.org/10.1038/nature08460
https://doi.org/10.1038/ncomms3612
https://doi.org/10.1093/bioinformatics/btu393
https://doi.org/10.1093/bioinformatics/btu393
https://doi.org/10.1016/j.immuni.2018.03.023
https://doi.org/10.1016/j.immuni.2018.03.023
https://doi.org/10.3389/fimmu.2023.1301452
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Huang et al.

36. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al.
Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries. CA: Cancer ] For Clin (2021) 71(3):209-
49. doi: 10.3322/caac.21660

37. Menendez JA, Lupu R. Fatty acid synthase and the lipogenic phenotype in cancer
pathogenesis. Nat Rev Cancer (2007) 7(10):763-77. doi: 10.1038/nrc2222

38. Quan J, Bode AM, Luo X. ACSL family: The regulatory mechanisms and
therapeutic implications in cancer. Eur ] Pharmacol (2021) 909:174397. doi: 10.1016/
j.ejphar.2021.174397

39. Wu X, Cai H, Qiu Y, Li J, Zhou DB, Cao XX. ETV6-ACSL6 fusion gene in
myeloid neoplasms: clinical spectrum, current practice, and outcomes. Orphanet ] Rare
Dis (2020) 15(1):192. doi: 10.1186/s13023-020-01478-6

40. Fayngerts SA, Wu J, Oxley CL, Liu X, Vourekas A, Cathopoulis T, et al. TIPE3 is
the transfer protein of lipid second messengers that promote cancer. Cancer Cell (2014)
26(4):465-78. doi: 10.1016/j.ccr.2014.07.025

41. Gu Z, Cui X, Sun P, Wang X. Regulatory roles of tumor necrosis factor-o.-
induced protein 8 like-protein 2 in inflammation, immunity and cancers: A review.
Cancer Manage Res (2020) 12:12735-46. doi: 10.2147/CMAR.S283877

42. Dai W, Xiang W, Han L, Yuan Z, Wang R, Ma Y, et al. PTPRO represses
colorectal cancer tumorigenesis and progression by reprogramming fatty acid
metabolism. Cancer Commun (London England) (2022) 42(9):848-67. doi: 10.1002/
cac2.12341

43. Cabezas F, Farfan P, Marzolo M-P. Participation of the SMAD2/3 signalling
pathway in the down regulation of megalin/LRP2 by transforming growth factor beta
(TGF-881). PLoS One (2019) 14(5):e0213127. doi: 10.1371/journal.pone.0213127

44. Xu P, Richter ], Blatz A, Girtner F, Alberts R, Azoitei A, et al. Downregulation of
ORP3 correlates with reduced survival of colon cancer patients with advanced nodal
metastasis and of female patients with grade 3 colon cancer. Int ] Mol Sci (2020) 21
(16):5894. doi: 10.3390/ijms21165894

45. Mootha VK, Lindgren CM, Eriksson KF, Subramanian A, Sihag S, Lehar J, et al.
PGC-1alpha-responsive genes involved in oxidative phosphorylation are coordinately
downregulated in human diabetes. Nat Genet (2003) 34(3):267-73. doi: 10.1038/
ngl180

46. Espinoza DO, Boros LG, Crunkhorn S, Gami H, Patti ME. Dual modulation of
both lipid oxidation and synthesis by peroxisome proliferator-activated receptor-
gamma coactivator-lalpha and -lbeta in cultured myotubes. FASEB ] (2010) 24
(4):1003-14. doi: 10.1096/1j.09-133728

47. Feilchenfeldt J, Briindler MA, Soravia C, Tétsch M, Meier CA. Peroxisome
proliferator-activated receptors (PPARs) and associated transcription factors in colon

Frontiers in Immunology

16

10.3389/fimmu.2023.1301452

cancer: reduced expression of PPARgamma-coactivator 1 (PGC-1). Cancer Lett (2004)
203(1):25-33. doi: 10.1016/j.canlet.2003.08.024

48. Weinberg F, Hamanaka R, Wheaton WW, Weinberg S, Joseph J, Lopez M, et al.
Mitochondrial metabolism and ROS generation are essential for Kras-mediated
tumorigenicity. Proc Natl Acad Sci U S A (2010) 107(19):8788-93. doi: 10.1073/
pnas.1003428107

49. Bhalla K, Hwang BJ, Dewi RE, Ou L, Twaddel W, Fang HB, et al. PGCla
promotes tumor growth by inducing gene expression programs supporting lipogenesis.
Cancer Res (2011) 71(21):6888-98. doi: 10.1158/0008-5472.CAN-11-1011

50. Scharping NE, Menk AV, Moreci RS, Whetstone RD, Dadey RE, Watkins SC,
et al. The tumor microenvironment represses T cell mitochondrial biogenesis to drive
intratumoral T cell metabolic insufficiency and dysfunction. Immunity (2016) 45
(2):374-88. doi: 10.1016/j.immuni.2016.07.009

51. Lin ], Zee RY, Liu KY, Zhang SM, Lee IM, Manson JE, et al. Genetic variation in
sex-steroid receptors and synthesizing enzymes and colorectal cancer risk in women.
Cancer Causes Control CCC (2010) 21(6):897-908. doi: 10.1007/s10552-010-9518-5

52. Slattery ML, Lundgreen A, Herrick JS, Kadlubar S, Caan BJ, Potter JD, et al.
Variation in the CYP19A1 gene and risk of colon and rectal cancer. Cancer Causes
Control CCC (2011) 22(7):955-63. doi: 10.1007/s10552-011-9768-x

53. Ballestero MR, Monte M]J, Briz O, Jimenez F, Gonzalez-San Martin F, Marin JJ,
et al. Expression of transporters potentially involved in the targeting of cytostatic bile
acid derivatives to colon cancer and polyps. Biochem Pharmacol (2006) 72(6):729-38.
doi: 10.1016/j.bcp.2006.06.007

54. Obaidat A, Roth M, Hagenbuch B. The expression and function of organic anion
transporting polypeptides in normal tissues and in cancer. Annu Rev Pharmacol
Toxicol (2012) 52:135-51. doi: 10.1146/annurev-pharmtox-010510-100556

55. Tusuf D, Hendrikx JJ, van Esch A, van de Steeg E, Wagenaar E, Rosing H, et al.
Human OATP1B1, OATP1B3 and OATP1A2 can mediate the in vivo uptake and
clearance of docetaxel. Int ] Cancer (2015) 136(1):225-33. doi: 10.1002/ijc.28970

56. Xu Y, Zhu Y, Xia H, Wang Y, Li L, Wan H, et al. Tumor necrosis factor-o-

inducible protein 8-like protein 3 (TIPE3): a novel prognostic factor in colorectal
cancer. BMC Cancer (2023) 23(1):131. doi: 10.1186/s12885-023-10590-2

57. Wu L, Zhang X, Zheng L, Zhao H, Yan G, Zhang Q, et al. RIPK3 orchestrates
fatty acid metabolism in tumor-associated macrophages and hepatocarcinogenesis.
Cancer Immunol Res (2020) 8(5):710-21. doi: 10.1158/2326-6066.CIR-19-0261

58. Chamoto K, Chowdhury PS, Kumar A, Sonomura K, Matsuda F, Fagarasan S,
et al. Mitochondrial activation chemicals synergize with surface receptor PD-1
blockade for T cell-dependent antitumor activity. Proc Natl Acad Sci U S A (2017)
114(5):E761-70. doi: 10.1073/pnas.1620433114

frontiersin.org


https://doi.org/10.3322/caac.21660
https://doi.org/10.1038/nrc2222
https://doi.org/10.1016/j.ejphar.2021.174397
https://doi.org/10.1016/j.ejphar.2021.174397
https://doi.org/10.1186/s13023-020-01478-6
https://doi.org/10.1016/j.ccr.2014.07.025
https://doi.org/10.2147/CMAR.S283877
https://doi.org/10.1002/cac2.12341
https://doi.org/10.1002/cac2.12341
https://doi.org/10.1371/journal.pone.0213127
https://doi.org/10.3390/ijms21165894
https://doi.org/10.1038/ng1180
https://doi.org/10.1038/ng1180
https://doi.org/10.1096/fj.09-133728
https://doi.org/10.1016/j.canlet.2003.08.024
https://doi.org/10.1073/pnas.1003428107
https://doi.org/10.1073/pnas.1003428107
https://doi.org/10.1158/0008-5472.CAN-11-1011
https://doi.org/10.1016/j.immuni.2016.07.009
https://doi.org/10.1007/s10552-010-9518-5
https://doi.org/10.1007/s10552-011-9768-x
https://doi.org/10.1016/j.bcp.2006.06.007
https://doi.org/10.1146/annurev-pharmtox-010510-100556
https://doi.org/10.1002/ijc.28970
https://doi.org/10.1186/s12885-023-10590-2
https://doi.org/10.1158/2326-6066.CIR-19-0261
https://doi.org/10.1073/pnas.1620433114
https://doi.org/10.3389/fimmu.2023.1301452
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Prognostic value of fatty acid metabolism-related genes in colorectal cancer and their potential implications for immunotherapy
	Introduction
	Materials and methods
	Data acquisition
	Identification of differentially expressed genes among FAM-related genes
	Generation of a prognostic risk score model
	Histology and mutational landscapes for the screened prognostic genes
	Construction of the nomogram and survival analysis based on of multiple clinical features
	Gene set enrichment analysis and gene set variation analysis
	Estimation of the tumour immune microenvironment infiltration
	Potential implications for immunotherapy based on the screened FAM genes
	Cell line culture, RNA purification and quantitative real-time PCR analysis
	Statistical analysis

	Results
	Identification of prognostic genes related to FAM in colon adenocarcinoma
	Construction of a prognostic model for colon adenocarcinoma patients based on FAM-related genes
	Validation of the prognostic model based on eight FAM-related genes
	Multiple features of screened FAM genes
	Integrated assessment of the risk score based on FAM-related genes: cox regression analyses and development and calibration of the clinicopathological nomogram
	Analysis of pathways correlated with the risk score
	Features of the screened FAM genes in the tumor-immune microenvironment
	Characterization of immune cell infiltration according to the risk score signature and potential indications for immunotherapy

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




