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Abstract: The biosynthesis of unsaturated fatty acids is involved in the initiation and progression of colon adenocarcinoma (COAD). In this study, we aimed to investigate the multi-omics characteristics of unsaturated fatty acid
biosynthesis-related genes and explore their prognostic value in colon cancer by analyzing the data from The Cancer
Genome Atlas (TCGA) and Gene Expression Omnibus (GEO) databases. An unsaturated fatty acid biosynthesis pathway related-genes enrichment score (BUFAS) was constructed utilizing the single sample gene set enrichment analysis (ssGSEA). We discovered that a high BUFAS was associated with longer overall survival (OS) in both the training
and the validation sets. Multivariable analysis including the clinical characteristics further verified the independent
prognostic value of the BUFAS in both the TCGA-COAD and the GSE39582 datasets. In addition, GSEA analysis revealed that BUFAS was positively associated with several signaling pathways, including MTORC1, peroxisome, and
pathways related to fatty acid metabolism, while was negatively associated with other signaling pathways, such as
hedgehog, NOTCH, and Wnt/beta-catenin pathway. Furthermore, in the COAD cell lines of the Genomics of Drug
Sensitivity in Cancer (GDSC) database, we found that BUFAS was positively correlated with the drug sensitivities of
cisplatin, gemcitabine, camptothecin, lapatinib, and afatinib, while was negatively correlated with that of ponatinib.
Moreover, in the COAD single-cell transcriptomic dataset (GSE146771), the BUFAS varied among different cell types
and was enriched in mast cells and fibroblasts. Taken together, the BUFAS we constructed could be used as an
independent prognostic signature in predicting the OS and drug resistance of colon cancer. Unsaturated fatty acid
biosynthesis pathway might serve as potential therapeutic targets for cancer treatment.
Keywords: Unsaturated fatty acids biosynthesis, colon cancer, prognostic signature, overall survival, multi-omics
characterization

Introduction
Colon cancer is one of the leading causes of
cancer-related deaths worldwide, accounting
for almost 10% of cancer mortality in 2020 [1].
In the newly diagnosed colon cancer patients,
one in five has already developed metastasis,
and more than a quarter of them will experience regional or distant metastases later even
with the initial diagnosis of localized disease
[2], attributing to the dismal clinical outcomes
[3]. Thus, stratifying patients at the time of
diagnosis is critical in selecting the most appro-

priate treatment options and cancer management. However, except the generally accepted
clinical features such as age and tumor stage,
biomarkers for predicting the prognosis of
colon cancer are yet limited. Therefore, identifying novel and reliable signatures for improving
the overall outcome of colon cancer are urgently needed.
Lipid metabolism is known to be involved in
tumorigenesis. As the product of lipid metabolism, triacylglycerol is served as a substrate in
energy metabolism to ensure adequate energy
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supply for tumor cell growth [4]. The biosynthesis of other lipids, such as cholesterol, phospholipids, and sphingolipids, provides indispensable materials for cytomembrane generation during cancer cell proliferation [5]. Hence,
the abnormal lipid metabolism is a distinct feature of malignant cells [6], which is supported
by the findings of altered lipid component in
tumors, including breast [7], lung [8], renal [9],
and liver cancers [10]. Consistently, the activated expression of genes encoding lipid synthesis-related enzymes has been found in
colon cancer cells [11]. Furthermore, in vitro
studies have demonstrated the potential of
using lipid synthesis inhibitors in cancer therapy [12], suggesting the pivotal role of lipid
metabolism in colon cancer.
Consistent with the importance of lipid metabolism in tumor initiation and progression, fatty
acids, as one of the most important productions of lipid synthesis, have been suggested to
associate with the cellular survival, malignancy,
metastasis, and immune phenotype of different tumors, including glioma [13], cervical cancer [14], and myeloid leukemia [15]. In addition,
extra intake of unsaturated fatty acids has
been demonstrated to have significant benefits
in cardiovascular diseases [16], inflammatory
diseases [17], and diet-related tumors including colon cancer [18], whereas an excessive
dietary intake of saturated fatty acids is an
important risk factor for colon cancer [19].
Furthermore, unsaturated fatty acid supplementation helps sensitize the multi-drug resistant colon cancer cells to chemo treatment
[20], although the functional mechanism of
unsaturated fatty acids in colon cancer development remains elusive. Collectively, unsaturated fatty acids may have potential protective
functions in colon cancer development, which
provides the rationale for further investigations
on the role of unsaturated fatty acid biosynthesis-related genes in tumorigenesis, which may
provide new insights into colon cancer management.
Using public databases, including The Cancer
Genome Atlas (TCGA) project and the Gene
Expression Omnibus (GEO) database, we depicted the multi-omics characteristics of unsaturated fatty acid biosynthesis pathways in
colon cancer, and further constructed a prognostic signature, which might reveal the poten-
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tial molecular mechanisms underlying the function of unsaturated fatty acids in the development of colon cancer.
Methods and materials
Data collection
Three cohorts were included in this study.
HTSeq-FPKM gene expression matrix of The
Cancer Genome Atlas Colon Adenocarcinoma
(TCGA-COAD) was obtained via the R package
“TCGAbiolinks”, together with the survival and
clinical information [21]. Mutation annotation
format, copy number variation (CNV) information, and methylation sequencing results
by Illumina HumanMethylation450 BeadChip
(450K) were retrieved from UCSC XENA database (https://xenabrowser.net/). Survival and
clinical of COAD samples in the GSE39582
cohort were acquired via the R package
“GEOquery” [22]. Raw expression microarray
“CEL” data files of the GSE39582 cohort were
directly downloaded from the Gene Expression Omnibus (GEO) database (http://www.
ncbi.nlm.nih.gov/geo), which was further normalized by the R package “affy” [23]. The transcriptomic data of single-cell sequencing
(Smart-seq2) in colon cancer patients (GSE146771) were downloaded from the GEO database [24]. The unsaturated fatty acid biosynthesis-related gene set (hsa01040) was downloaded from the Kyoto Encyclopedia of Genes
and Genomes (KEGG) database via the R package “KEGGREST”, and 27 genes involved in
the biosynthesis of unsaturated fatty acid were
obtained from the gene set. The 50 gene sets
of cancer hallmark pathways were obtained
from the Molecular Signature Database v.7.4
(MSigDB). In the TCGA-COAD and GSE39582
cohorts, patients were excluded if their survival
status was unknown, or survival time was 0.
Patients with both clinical information and
expression profiling data were included for further analysis.
Multi-omics characterization of unsaturated
fatty acid biosynthesis in colon cancer
The expression and methylation levels of the
27 genes related to the biosynthesis of unsaturated fatty acids were extracted from the
expression matrix and methylation matrix,
respectively. Mann-Whitney test was applied to
evaluate the difference in expression and
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methylation levels of these 27 genes between
normal and tumor tissues. The CNV amplification and deletion frequency of unsaturated
fatty acid biosynthesis-related genes were
extracted and calculated from the sequencing
results, while the somatic single-nucleotide
variation of these genes was calculated via the
R package “maftools” based on sequencing
results [25].
Development of a prognostic score via single
sample gene set enrichment analysis (ssGSEA)
The unsaturated fatty acid biosynthesis pathway gene set enrichment score (BUFAS) of
every sample was calculated via the R package “GSVA” through “ssGSEA” method in the
TCGA-COAD cohort [26, 27]. Samples were further divided into high- and low-BUFAS groups
according to the median of BUFAS. KaplanMeier analysis was utilized to calculate the
overall survival (OS), and the log-rank test was
applied to compare the difference in survival
curves between the high- and low-BUFAS
groups through the R package “survival”.
BUFAS as an independent prognostic factor
was verified by univariable and multivariable
Cox regression analyses, which was applied
by the coxph function in the R package “survival”. Furthermore, model validation was conducted by applying the same methods to the
GSE39582 cohort. The consensus molecular
subtypes (CMSs) of colon cancer patients in
both the TCGA-COAD and GSE39582 cohorts
were assessed through the R package “CMScaller” [28]. The BUFAS of different clinical
characteristics was compared to evaluate the
association between the BUFAS and the clinical
information of the TCGA-COAD cohort, as well
as the estimated CMS subtypes.
Pathway correlation analysis
The enrichment scores for many hallmarks of
cancer were calculated by the ssGSEA analysis
based on the gene expression matrix in the
TCGA-COAD cohort. The correlation between
the BUFAS and 50 hallmarks was quantified
by the Spearman’s correlation analysis according to their ssGSEA scores. The corAndPvalue
function in the R package “WGCNA” was exploited to evaluate the correlation between
each gene in the unsaturated fatty acid biosynthesis pathway gene set and 50 hallmarks of
cancer based on single gene expression and
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the ssGSEA scores of these hallmarks [29].
GSEA analysis was conducted utilizing the java
GSEA Desktop Application (http://software.
broadinstitute.org/gsea/index.jsp) to associate
the signaling pathway enrichment in c2.cp.
kegg.v7.5.symbols.gmt in the BUFAS-high and
BUFAS-low groups. The normalized enrichment
score (NES) was examined to identify significant pathways with a P-value <0.05, which was
adjusted by the false discovery rate (FDR)
method.
Drug sensitivity analysis
The pRRophetic algorithm was originally exploited to predict drug response based on gene
expression microarray data and the half maximal inhibitory concentration (IC50) information
from the Genomics of Drug Sensitivity in Cancer (GDSC) database [30, 31]. The R package
“pRRophetic” was applied to estimate the drug
sensitivity of 138 drugs based on the mRNA
expression data of those samples in the TCGACOAD cohort, which was shown as IC50 prediction. The correlation between the estimated
drug sensitivity and the BUFAS was estimated
for every drug through the Spearman’s correlation analysis, and a P<0.05 was considered
statistically significant. Furthermore, the corAndPvalue function in the R package “WGCNA”
was utilized for conducting the Pearson’s correlation analysis between the drug susceptibility and gene expression [29]. Genes that were
potentially related to the drug response were
selected by the Pearson’s correlation coefficient (r) with a P-value <0.05.
Single-cell transcriptomic analysis
Each single cell in the GSE146771 dataset was
assigned with a BUFAS score by the ssGSEA
method via the R package “GSVA”, together
with the annotation by the Tumor Immune
Single-cell Hub (TISCH) database (http://tisch.
comp-genomics.org). Uniform manifold approximation and projection (UMAP) plots of the
BUFAS for single cell in the GSE146771 dataset were displayed under two resolutions: “Cell
type malignancy” and “Cell type major lineage”. The differences in the BUFAS among cell
types were calculated by the Kruskal-Wallis
test, and P-value <0.05 was considered statistically significant. Finally, the BUFAS in each cell
type was compared with the others for calculation of the log2 Fold Change (log2FC), which
Am J Cancer Res 2022;12(8):3985-4000
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was used to predict the cell subpopulations on
which unsaturated fatty acid biosynthesis pathway mainly targeted.
Statistical analysis
Statistical analyses, as well as analyses that
used various R packages, were all conducted in
R (version 4.1.2). Visualization of the results
was achieved by R and GraphPad Prism (version 9). The median value (range) and the exact
number (percentage) were presented for continuous variables and categorical variables,
respectively. The distribution of continuous
variables was compared among different groups by the Wilcoxon test. The proportions of
categorical variables were examined by the
Chi-Square test or the Fisher’s exact test.
Statistical significance was considered as
P-value <0.05.
Results
Multi-omics characterization of unsaturated
fatty acid biosynthesis-related genes in colon
cancer
A total of 27 gene candidates involved in
the unsaturated fatty acid biosynthesis were
derived from the KEGG hsa01040 gene set
(Supplementary Table 1). The expression and
methylation levels of the unsaturated fatty
acid biosynthesis-related genes were analyzed
in 453 cancer and 41 normal samples from
the TCGA-COAD dataset (Figure 1A and 1B).
Since the methylation information was only
available in 23 genes, the correlation between
the gene expression and the methylation levels
was only analyzed in these genes. Six genes
showed negative regulation of the methylated modification in gene expression, including
ACOT4 and ELOVL4 (hypermethylated and
down-regulated in tumor tissues), and ACOT7,
SCD, ELOVL3, and HSD17B12 (hypomethylated and up-regulated in tumor tissues), while an
inverted correlation was found in another six
genes, including FADS1, FADS2, and BAAT
(hypermethylated and up-regulated in tumors),
and ACOT1, ACOX1, and ACOX3 (hypomethylated and down-regulated in tumors), suggesting additional gene expression regulatory
mechanisms other than methylation were
involved. Furthermore, the CNV and mutational
characteristics of these genes were also included in the multi-omics analyses. Copy number
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amplification was observed in ELOVL1 and
ACOX1, while ACAA1, ACOT7, HSP17B14, ELOVL2, FADS2, SCD, and ELOVL3 exhibited significant copy number deletion (Figure 1C). Various
gene mutations were detected in 77 (17.0%)
tumor samples, and three genes, ELOVL2
(14%), ACOX1 (12%), and FADS2 (12%) exhibited the high mutational frequency (Figure 1D).
Prognostic value of unsaturated fatty acid biosynthesis score in colon cancer
Based on the ssGSEA algorithm, an unsaturated fatty acid biosynthesis-related gene enrichment score (BUFAS) was calculated and
assigned to each tumor sample in the TCGACOAD dataset. To investigate the potential
prognostic value of BUFAS, samples were divided into the high- and low-BUFAS groups by
the median value for Kaplan-Meier analysis. In
the TCGA-COAD cohort, a high BUFAS was
associated with longer overall survival (OS, logrank P=0.003; HR, 0.54; 95% CI, 0.35-0.81,
Figure 2A). To verify the independent prognostic value of the BUFAS, univariable and multivariable analyses were performed on the clinical features, including age, sex, TNM stage,
location of the primary tumor, microsatellite
status, and consensus molecular subtype
(CMS). Patients’ age and clinical stage exhibited statistical significance (P<0.05, Figure 2B)
in the univariable models and were integrated
into the following multivariable model, in which
BUFAS remained to be significantly associated
with OS (HR, 0.59, 95% CI, 0.38-0.90; P=0.01,
Figure 2C), suggesting BUFAS as an independent prognostic marker in colon cancer.
Importantly, similar results were obtained in
the validation set (GSE39582). A high BUFAS
was associated with longer OS (HR, 0.72, 95%
CI, 0.54-0.96; P=0.03, Figure 2D), and, moreover, this prognostic effect remained significant in the multivariable model (HR, 0.73, 95%
CI, 0.55-0.98; P=0.03, Figure 2E, 2F), confirming BUFAS as an independent prognostic factor
for predicting the OS of colon cancer.
Association between BUFAS and clinical features in COAD
The BUFAS was compared with different clinical
features, including age, sex, tumor site, TNM
stage, CMS, microsatellite status, KRAS muta-
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Figure 1. Characterization of unsaturated fatty acid biosynthesis-related genes in the TCGA-COAD cohort. (A, B) Boxplots depicting the expression (A) and methylation status (B) of the genes involved in unsaturated fatty acid biosynthesis. (C, D) Histogram of the copy number variation (CNV) features (C) and oncoprint showing
the mutation characteristics (D) of the unsaturated fatty acid biosynthesis-related genes in tumor tissues. *P<0.05; **P<0.01; ***P<0.001; and ****P<0.0001
by Mann-Whitney test.
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Figure 2. Prognostic value of BUFAS in COAD. (A) The overall survival (OS) of colon cancer patients compared between the high- and low-BUFAS groups, with the Kaplan-Meier survival curves showing the longer OS in patients with
high-BUFAS (3042 vs. 1881 days). (B, C) The univariable (B) and multivariable (C) analyses of the BUFAS and the
clinical characteristics in the TCGA-COAD dataset. (D) The OS of colon cancer patients compared between the highand low-BUFAS groups, with the Kaplan-Meier survival curves showing the longer OS in patients with high-BUFAS
(4350 vs. 3180 days). (E, F) The univariable (B) and multivariable (C) analyses of the BUFAS and clinical characteristics in the GSE39582 dataset. HR, hazard ratio; 95% CI, 95% confidence interval.

Figure 3. The association between BUFAS and clinical characteristics. (A-H) Boxplot showing the distribution of
BUFAS in in different groups of TNM stages (A), consensus molecular subtypes (CMS, B), microsatellite status (C),
tumor sites (D), age (E), sex (F), K-Ras mutations (G), and tumor mutational burden (TMB, H). ns (non-significant)
P>0.05, *P<0.05; **P<0.01; ***P<0.001; and ****P<0.0001 by Wilcoxon test.

tion status, and tumor mutational burden
among patients (TMB, Figure 3). A relatively
lower BUFAS was observed in the patients with
stage IV (Figure 3A), CMS4 subtype (Figure
3B), and microsatellite stability (Figure 3C),
while the BUFAS was not associated with tumor
sites (Figure 3D), age (Figure 3E), sex (Figure
3F), KRAS mutations (Figure 3G), and TMB
(Figure 3H).
Functional mechanisms of unsaturated fatty
acid biosynthesis
Considering that other cancer-related pathways
may be involved in the unsaturated fatty acid
biosynthesis, the correlation between the
BUFAS and other pathways was determined on
the samples in the TCGA-COAD cohort by
assigning a group of cancer hallmark ssGSEA
scores. We found that the BUFAS was positively associated with MTORC1 signaling, fatty
acid metabolism, and peroxisome, while BUFAS
was negatively correlated with such signaling
3991

pathways as hedgehog, NOTCH, and Wnt/betacatentin (Figure 4A and Supplementary Table
2). Besides, all the genes constructing the
BUFAS were analyzed. The samples with upregulated expression of HACD4 and ELOVL4
showed higher enrichment scores in the pathways of KRAS signaling upregulation, angiogenesis, and TGF-beta signaling, but showed
lower enrichment scores in the pathways of
DNA repair and MYC targets (Figure 4B). These
results suggested that HACD4 and ELOVL4
might be the core genes in unsaturated fatty
acid biosynthesis. In addition, GSEA analysis
further revealed the prominent enrichment of
signatures in the high-BUFAS group, which were
related to oxidative phosphorylation, steroid
biosynthesis, fatty acid metabolism, nucleotide
excision repair, DNA replication, and mismatch
repair (Figure 4C). Together, these data suggested the relationship between unsaturated
fatty acid synthesis and other metabolism
pathways, as well as the pathways related to
authentic DNA replication.
Am J Cancer Res 2022;12(8):3985-4000
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Figure 4. Potential cancer hallmarks associated with unsaturated fatty acids biosynthesis. (A) Volcano plot showing
the cancer hallmark pathways that were most correlated with BUFAS score. (B) GSEA enrichment of KEGG pathways
in the BUFAS-high group. (C) The association of cancer hallmark pathways with the genes involved in unsaturated
fatty acid biosynthesis. *P<0.05; **P<0.01; ***P<0.001; and ****P<0.0001 by spearman correlation.

To explore the potential association between
immune response and the BUFAS, the faction
of 22 types of tumor-infiltrating immune cells,
which reflected the immune microenvironment
of tumor samples, was estimated by utilizing
the R package “CIBERSORT”. A lower proportion of Treg cells and higher infiltration levels of
activated CD4+ memory T cells and macrophage M1 were observed in the high-BUFAS
groups. The proportions of the other 19 immune cell types were not significantly differed
between the high- and the low-BUFAS groups
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(Supplementary Figure 1). Furthermore, among
the 14 immune checkpoints, only the expression of TNFRSF9 was upregulated in the highBUFAS group (Supplementary Figure 2). These
findings suggested a weak association between unsaturated fatty acid biosynthesis and
immunoregulation.
Drug sensitivity
To help in drug selection for cancer treatment,
the association between the BUFAS and the
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drug sensitivity was evaluated using GDSC
database. A total of 69 drugs were identified to
have significantly different IC50 levels between
the low- and high-BUFAS groups. We further
analyzed the potential association between
the BUFAS score and the IC50 of agents with
analogues that are currently used for colon
cancer treatment. Significant results were
obtained as we found that the BUFAS was negatively associated with the IC50 of several chemotherapeutics, including cisplatin (analogues
of oxaliplatin) (Figure 5A), gemcitabine (analogue of capecitabine) (Figure 5B), and camptothecin (analogue of irinotecan) (Figure 5C). In
addition, increased sensitivity to Epidermal
growth factor receptor (EGFR) tyrosine kinase
inhibitors (TKIs) such as lapatinib (Figure 5D)
and afatinib (BIBW2992) (Figure 5E) was associated with increased BUFAS, suggesting the
beneficial effect of these drugs in patients with
higher BUFAS. In contrast, the IC50 of ponatinib
(AP.24534) (Figure 5F), a tumor angiogenesis
inhibitor, exhibited a positive correlation with
BUFAS, suggesting a better response to ponatinib in patients with lower BUFAS who had poor
overall survival.

synthesis-related genes was analyzed in these
cells, and the BUFAS was assigned to each cell
type by ssGSEA (Figure 6C). The BUFAS was
different among different cell subsets (P<
0.001), as the B cells and plasma cells exhibited lower BUFAS distribution, while the BUFAS
score was higher in mast cells and fibroblasts
(Figure 6D). A log2FC value of BUFAS distribution was calculated in each cell subset for
enrichment analysis of the score, and a significant enrichment of BUFAS was observed in
mast cells and fibroblasts, suggesting that the
unsaturated fatty acid biosynthesis alteration
might originate from or accumulate on specific
cell types (Figure 6E).
Discussion

Dysregulated unsaturated fatty acid biosynthesis

As early as in the 1920s, the German physiologist Otto Warburg and his colleagues first
reported metabolic alterations in tumors [32].
Over the past decade, the idea of cancer cell
metabolic reprogramming has become one of
the focuses in cancer research [33] and has
been considered as one of the hallmarks of
cancer by facilitating tumorigenesis [34-36]. In
recent years, growing evidence has revealed
that the cancer metabolism is complex with
heterogeneity and plasticity to facilitate the
rapid proliferation of cancer cells [37-39]. In
support this, fatty acid metabolism is involved
in many aspects of cancer cell biology. Fatty
acid metabolism influences the synthesis of
lipid building blocks of membrane and the signaling molecules. Fatty acids are also the substrate for ATP and NADH synthesis. Additionally,
the acceleration of polysaturated fatty acid
(PUFA) can induce ferroptosis in different cancer types [40-42]. All studies suggest that fatty
acid synthesis and metabolism have multifaceted roles in cancer [43, 44].

Since the dysregulation of unsaturated fatty
acid biosynthesis plays important roles during
oncogenesis, we explored the possible origin of
abnormal unsaturated fatty acid biosynthesis
by utilizing the single-cell sequencing dataset
(GSE146771). Classification of the cell types
was conducted based on the annotation information from the TISCH database, and the cells
were classified as malignant cells, immune
cells, and stromal cells (Figure 6A), or presented as 13 detailed subsets (Figure 6B). The
expression of the unsaturated fatty acid bio-

Cancer cells can acquire fatty acids through
intracellular and extracellular sources under
different circumstances. For example, fatty
acid de novo synthesis uses non-lipid substrates to produce palmitate, which can be further converted into unsaturated fatty acids
through desaturases and elongases, such as
fatty acid desaturase 1 (FADS1) and very longchain fatty acid protein 5 (ELOVL5). Based on
the annotation information in KEGG database
[45], a total of 27 genes were identified to be
involved in the biosynthesis of unsaturated

Moreover, we investigated the association
between IC50 values and the expression of all
the unsaturated fatty acid biosynthesis-related
genes and identified a significant association
between drug sensitivity and the expression of
8 genes: ACOT7, HACD2, ELOVL4, HACD4,
ACOX1, SCP2, HSD17B12, and HACD3 (P<
0.05 and |correlation| >0.5) (Figure 5G). These
genes might be the potential core genes of
unsaturated fatty acid biosynthesis involved in
drug response.
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Figure 5. Association between BUFAS and drug sensitivity. (A-F) The correlation between BUFAS of cell samples and the estimated IC50 value of medications, including cisplatin (A), gemcitabine (B), camptothecin (C), lapatinib (D), BIBW2992 (E), and AP.24534 (F). (G) The association of IC50 value estimated in 69 medications
with the genes involved in unsaturated fatty acid production. *P<0.05; **P<0.01; ***P<0.001; and ****P<0.0001 by spearman correlation.
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Figure 6. Biosynthesis of unsaturated fatty acids in single cell cohorts. (A, B) The tumor microenvironment (TMB) in
the GSE146771 datasets identified by the single cell sequencing markers and the calculation of uniform manifold
approximation and projection (UMAP). The cells are displayed in the malignant-immune-stromal sequencing (A)
or more detailed subsets of TMB (B). (C) The BUFAS distribution of each cell sample in the GSE146771 dataset.
(D) The Kuskal-Wallis test revealed a varied distribution of BUFAS among 13 cell subgroups. (E) Log2 fold change
(log2FC) of BUFAS in cell subsets.

fatty acids, such as in the production of longchain omega-3 fatty acid, eicosapentaenoic
acid (EPA), docosahexaenoic acid (DHA). These
genes, including acyl-CoA thioesterase (ACOT)
[46], acyl-CoA oxidase (ACOX) [47], and elongation of very-long-chain-fatty acids (ELOVL) [48]
gene families, regulate both lipid metabolism
and unsaturated fatty acid biosynthesis; however, little is known about the integrated roles
of these unsaturated fatty acid biosynthesisrelated genes in the initiation and progression
of colon cancer. To tackle these questions and
further understand the multifaceted roles of
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unsaturated fatty acids in colon cancer, in
this study, we developed a prognostic model,
BUFAS, based on the 27 unsaturated fatty
acid biosynthesis-related genes retrieved from
the KEGG hsa01040 gene set by ssGSEA
algorithm.
To date, this is the first study on developing a
prognostic factor based on unsaturated fatty
acid biosynthesis-related genes enrichment
score in colon cancer. Although there were
existing prognostic signatures based on different signaling pathways or biological molecules
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in colon cancer [49], most studies focused
on immune-related biological functions. For
example, a tumor microenvironment risk score
(TMRS) was established by LASSO Cox regression in the GEO cohort, which was a robust tool
not only for prognostic prediction but also for
the tailored therapy in colon cancer [50]. Xu et
al. identified 11 key immune-related genes
and constructed a prognostic model by random
forest algorithm. They further validated their
model in an independent validation set and
investigated the molecular mechanism of their
model in a single-cell sequencing dataset,
which proved that their model was accurate
and reliable [51].
However, so far, very few prognostic models in
colon cancer are based on the fatty acid synthesis or metabolism-related genes. Ding et al.
extracted the differentially expressed fatty acid
metabolism-related genes between colon cancer and normal tissues. They further developed
a prognostic model based on these fatty acidrelated genes using LASSO Cox regression
analysis [52]. Nevertheless, given the multifaced roles and different categories of fatty acids,
our study particularly focused on the function
and prognostic value of unsaturated fatty acid
biosynthesis-related genes in colon cancer.
Previous studies have revealed the important
roles of PUFA in different cancer types. For
example, it has been reported that the biosynthesis of arachidonic acid (AA) and adrenic acid
(AdA) by ELOVL5 and FADS1 may be a critical
checkpoint in the ferroptosis pathway in gastric
cancer [40]. This study supports the notion that
the PUFA biosynthesis pathway plays an essential role in ferroptosis which may, in turn, predict the efficacy and prognosis after ferroptosis-mediated cancer therapy. In colon cancer,
the intake of long-chain omega-3 fatty acid,
a type of PUFA, could improve the DFS in
patients with high COX2 expression [53].
Therefore, in our study, we constructed our
prognostic factor based on the unsaturated
fatty acid biosynthesis pathway-related gene
enrichment score in the TCGA cohort and validated it in the GSE39582 cohort, which was
proved to be an independent prognostic signature for the OS of colon cancer.
Pathway correlation analysis revealed that the
unsaturated fatty acid biosynthesiswas strongly correlated with some important hallmarks of
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cancer, such as the peroxisome pathway and
the mTOR complex 1 pathway. Specifically, in
peroxisome pathway, Peroxisome ProliferatorActivated Receptor γ (PPARγ) is a nuclear receptor and is involved in regulating lipid metabolism-related gene expression. Several PUFAs
are the natural ligands of this receptor [54, 55].
Importantly, colon cancer patients with PPARγ
expressing in the tumor tissues have better
overall survival, which is consistent with our
prognostic factor and correlation analysis
results [56]. Furthermore, PUFA, such as those
in fish oil, can activate PPARγ, and their consumption is associated with the prevention of
colon cancer [57]. It has been reported that
Eicosapentaenoic acid (EPA), one type of PUFA,
can inhibit the growth of human colon cancer
HT-29 cells, and this process may be associated with the downregulation of PI3K/Akt/mTOR
signaling pathway [58]. Several genes in our
gene set, such as ELVOL5 and FADS1, were
also reported to be associated with ferroptosis
in cancer, and PUFA is was reported to induce
ferroptosis in various cancer cells [59-61].
According to these studies, we further investigated whether our BUFAS was associated with
the ssGSEA score of the ferroptosis signaling
pathway by using Spearman correlation analysis. We found that our BUFAS was positively
associated with the ferroptosis pathway in
colon cancer (Rho=0.35, P<0.001, Supplementary Figure 3).
The immune microenvironment is critically
involved in the tumor formation, development,
and therapeutic efficacy in various cancer
types including colon cancer [62, 63]. Therefore,
the association of immune cell infiltration in
tumor microenvironment with the BUFAS was
evaluated in this study (Supplementary Figure
1). There was a significantly higher infiltration
proportion of activated CD4+ memory T cells
and macrophage M1 in the high-BUFAS group,
while the fraction of Treg cells was lower in the
high-BUFAS group. Interestingly, a low intraepithelial CD3+/FoxP3+ cell ratio is associated
with poor survival in patients with colon cancer,
which is consistent with our results [64]. Finally, our analyses into the previous single-cell
sequencing dataset indicated that the biosynthesis of the unsaturated fatty acid pathway
might intervene in the behaviors and activities
of mast cells and macrophages in colon cancer,
which is in consistent with the findings of
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increased M1 macrophages infiltration in the
high-BUFAS group.
There are several limitations in our study. First,
we developed our BUFAS prognostic factor via
ssGSEA to estimate the overall enrichment
score of a certain gene set, which made it difficult to identify key genes of prognostic value.
Second, the analyses were mainly conducted
under in silico circumstances, which needs further experimental validation and clinical validation. Finally, since the signature was constructed in retrospective cohorts, further validation
on its performance in prospective studies
should be conducted.
Conclusions
In this study, a novel unsaturated fatty acid
biosynthesis-related signature was constructed as an independent prognostic signature in
COAD. This signature was correlated with the
sensitivity to chemotherapeutic drugs and was
identified to originate from mast cells and macrophages. These results may provide rationale
for the stratification and therapeutic treatment
selection in the management of colon cancer.
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Supplementary Table 1. The 27 unsaturated fatty acid biosynthesis-related genes used for the development of BUFAS
Gene
ACOT2

Entrez Gene Summary
ACOT2 encodes a member of the acyl-CoA thioesterase protein family, and is one of four acyl-CoA
hydrolase genes located in a cluster on chromosome 14.
ACOT7
acyl-CoA thioesterase 7
ACOT7 encodes a member of the acyl coenzyme family. The encoded protein hydrolyzes the CoA thioester of palmitoyl-CoA and other long-chain fatty acids.
ACOT4
acyl-CoA thioesterase 4
Enables acyl-CoA hydrolase activity and succinyl-CoA hydrolase activity. Involved in carboxylic acid metabolic process; saturated monocarboxylic acid metabolic process; and succinyl-CoA metabolic process.
HACD2
3-hydroxyacyl-CoA dehydratase 2
The protein encoded by HACD2 can catalyze the third step (dehydration) in the conversion of long chain
fatty acids to very long chain fatty acids.
ACAA1
acetyl-CoA acyltransferase 1
ACAA1 encodes an enzyme operative in the beta-oxidation system of the peroxisomes. Deficiency of
this enzyme leads to pseudo-Zellweger syndrome.
HSD17B4 hydroxysteroid 17-beta dehydrogenase 4
The protein encoded by HSD17B4 is a bifunctional enzyme that is involved in the peroxisomal betaoxidation pathway for fatty acids. It also acts as a catalyst for the formation of 3-ketoacyl-CoA intermediates from both straight-chain and 2-methyl- branched-chain fatty acids.
FADS1
fatty acid desaturase 1
The protein encoded by FADS1 is a member of the fatty acid desaturase (FADS) gene family. Desaturase enzymes regulate unsaturation of fatty acids through the introduction of double bonds between
defined carbons of the fatty acyl chain.
HACD4
3-hydroxyacyl-CoA dehydratase 4
Enables 3-hydroxyacyl-CoA dehydratase activity and enzyme binding activity. Involved in fatty acid elongation and very long-chain fatty acid biosynthetic process.
ACOX1
acyl-CoA oxidase 1
The protein encoded by ACOX1 is the first enzyme of the fatty acid beta-oxidation pathway, which
catalyzes the desaturation of acyl-CoAs to 2-trans-enoyl-CoAs. It donates electrons directly to molecular
oxygen, thereby producing hydrogen peroxide.
HSD17B12 hydroxysteroid 17-beta dehydrogenase 12 HSD17B12 encodes a very important 17beta-hydroxysteroid dehydrogenase (17beta-HSD) that converts estrone into estradiol in ovarian tissue. This enzyme is als o involved in fatty acid elongation.
HACD3
3-hydroxyacyl-CoA dehydratase 3
Enables 3-hydroxyacyl-CoA dehydratase activity and enzyme binding activity. Involved in fatty acid biosynthetic process; positive regulation by virus of viral protein levels in host cell; and positive regulation
of viral genome replication.
ELOVL2
ELOVL fatty acid elongase 2
Enables fatty acid elongase activity. Involved in fatty acid elongation, polyunsaturated fatty acid and
very long-chain fatty acid biosynthetic process.
BAAT
bile acid-CoA: amino acid N-acyltransferase The protein encoded by BAAT is a liver enzyme that catalyzes the transfer of C24 bile acids from the
acyl-CoA thioester to either glycine or taurine, the second step in the formation of bile acid-amino
acid conjugates . The bile acid conjugates then act as a detergent in the gastrointestinal tract, which
enhances lipid and fat-soluble vitamin absorption.
ELOVL5
ELOVL fatty acid elongase 5
ELOVL5 belongs to the ELO family. It is highly expressed in the adrenal gland and testis , and encodes a
multi-pass membrane protein that is localized in the endoplasmic reticulum. This protein is involved in
the elongation of long-chain polyunsaturated fatty acids.

2

Description
acyl-CoA thioesterase 2

Unsaturated fatty acid biosynthesis in colon cancer
SCD

stearoyl-CoA desaturase

SCP2

sterol carrier protein 2

ACOT1

acyl-CoA thioesterase 1

ELOVL1

ELOVL fatty acid elongase 1

ELOVL4

ELOVL fatty acid elongase 4

ELOVL6

ELOVL fatty acid elongase 6

SCD5

stearoyl-CoA desaturase 5

ELOVL7

ELOVL fatty acid elongase 7

ACOX3

acyl-CoA oxidase 3, pristanoyl

ELOVL3

ELOVL fatty acid elongase 3

HACD1

3-hydroxyacyl-CoA dehydratase

FADS2

fatty acid desaturase 2

TECR

trans-2,3-enoyl-CoA reductase

3

SCD encodes an enzyme involved in fatty acid biosynthesis, primarily the synthesis of oleic acid. The
protein belongs to the fatty acid desaturase family and is an integral membrane protein located in the
endoplasmic reticulum.
SCP2 encodes two proteins : sterol carrier protein X (SCPx) and sterol carrier protein 2 (SCP2), as
a result of transcription initiation from 2 independently regulated promoters. The SCPx protein is a
peroxisome-associated thiolase that is involved in the oxidation of branched chain fatty acids, while the
SCP2 protein is thought to be an intracellular lipid transfer protein.
Enables acyl-CoA hydrolase activity. Involved in acyl-CoA metabolic process; long-chain fatty acid metabolic process; and very long-chain fatty acid metabolic process.
Enables fatty acid elongase activity. Involved in fatty acid biosynthetic process and sphingolipid biosynthetic process.
ELOVL4 encodes a membrane-bound protein which is a member of the ELO family, proteins which
participate in the biosynthesis of fatty acids.
ELOVL6 encodes a fatty acid elongases, which uses malonyl-CoA as a 2-carbon donor in the first and
rate-limiting step of fatty acid elongation.
Stearoyl-CoA desaturase (SCD; EC 1.14.99.5) is an integral membrane protein of the endoplasmic
reticulum that catalyzes the formation of monounsaturated fatty acids from saturated fatty acids. SCD
may be a key regulator of energy metabolism with a role in obesity and dislipidemia.
Enables fatty acid elongase activity. Involved in fatty acid elongation, polyuns aturated fatty acid; fatty
acid elongation, saturated fatty acid; and very long-chain fatty acid biosynthetic process.
Acyl-Coenzyme A oxidase 3 also know as pristanoyl-CoA oxidase (ACOX3) is involved in the desaturation
of 2-methyl branched fatty acids in peroxisomes.
ELOVL3 encodes a protein that belongs to the GNS1/SUR4 family. Members of this family play a role in
elongation of long chain fatty acids to provide precursors for synthesis of sphingolipids and ceramides.
The protein encoded by HACD1 contains a characteristic catalytic motif of the protein tyrosine phosphatases (PTPs) family. The PTP motif of this protein has the highly conserved arginine residue replaced by
a proline residue; thus it may represent a distinct class of PTPs.
The protein encoded by FADS2 is a member of the fatty acid desaturase (FADS) gene family. Desaturase enzymes regulate unsaturation of fatty acids through the introduction of double bonds between
defined carbons of the fatty acyl chain.
TECR encodes a multi-pass membrane protein that resides in the endoplasmic reticulum, and belongs
to the steroid 5-alpha reductase family. The elongation of microsomal long and very long chain fatty
acid consists of 4 sequential reactions. This protein catalyzes the final step, reducing trans-2,3-enoylCoA to saturated acyl-CoA.
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Supplementary Table 2. Cancer hallmark pathways correlated to BUFAS
cor

p value

correlation

-LOG10 (P value)

HALLMARK_HEDGEHOG_SIGNALING

-0.27647

5.23E-09

negative

8.281141

HALLMARK_NOTCH_SIGNALING

-0.27001

1.21E-08

negative

7.918701

HALLMARK_WNT_BETA_CATENIN_SIGNALING

-0.26602

2.00E-08

negative

7.699414

HALLMARK_APICAL_JUNCTION

-0.23333

9.28E-07

negative

6.032497

HALLMARK_MYOGENESIS

-0.19374

4.91E-05

negative

4.309354

HALLMARK_TGF_BETA_SIGNALING

-0.11231

0.019162

negative

1.717565

HALLMARK_ESTROGEN_RESPONSE_EARLY

-0.11076

0.020899

negative

1.679868

HALLMARK_MITOTIC_SPINDLE

-0.10342

0.031085

negative

1.507444

HALLMARK_KRAS_SIGNALING_DN

-0.08805

0.066574

negative

1.176695

-0.0745

0.120744

negative

0.918136
0.861304

Cancer hallmarks

HALLMARK_P53_PATHWAY
HALLMARK_UV_RESPONSE_DN

-0.07129

0.137625

negative

HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION

-0.06295

0.189985

negative

0.72128

HALLMARK_COAGULATION

-0.06169

0.198984

negative

0.701183

HALLMARK_APICAL_SURFACE

-0.05114

0.287142

negative

0.541903

HALLMARK_TNFA_SIGNALING_VIA_NFKB

-0.03385

0.481216

negative

0.31766

HALLMARK_ANGIOGENESIS

-0.02844

0.554013

negative

0.25648

HALLMARK_PANCREAS_BETA_CELLS

0.006758

0.888176

positive

0.051501

HALLMARK_IL6_JAK_STAT3_SIGNALING

0.013085

0.785436

positive

0.104889

HALLMARK_KRAS_SIGNALING_UP

0.01532

0.749917

positive

0.124987

HALLMARK_IL2_STAT5_SIGNALING

0.016989

0.723729

positive

0.140424

HALLMARK_INTERFERON_ALPHA_RESPONSE

0.020697

0.66673

positive

0.17605

HALLMARK_HYPOXIA

0.024337

0.612575

positive

0.212841

HALLMARK_ALLOGRAFT_REJECTION

0.025787

0.591558

positive

0.228003

HALLMARK_INTERFERON_GAMMA_RESPONSE

0.037744

0.432174

positive

0.364341

HALLMARK_PI3K_AKT_MTOR_SIGNALING

0.041463

0.388171

positive

0.410977

HALLMARK_INFLAMMATORY_RESPONSE

0.041487

0.387896

positive

0.411285

HALLMARK_COMPLEMENT

0.053466

0.265714

positive

0.575586

HALLMARK_APOPTOSIS

0.053841

0.262374

positive

0.58108

HALLMARK_REACTIVE_OXYGEN_SPECIES_PATHWAY

0.076976

0.108865

positive

0.963112

HALLMARK_HEME_METABOLISM

0.089306

0.062764

positive

1.202292

HALLMARK_MYC_TARGETS_V2

0.093967

0.050195

positive

1.29934

HALLMARK_ESTROGEN_RESPONSE_LATE

0.134446

0.005002

positive

2.300828

HALLMARK_PROTEIN_SECRETION

0.159905

0.000828

positive

3.081943

0.16974

0.000384

positive

3.416106

HALLMARK_XENOBIOTIC_METABOLISM

0.179361

0.000173

positive

3.760853

HALLMARK_UNFOLDED_PROTEIN_RESPONSE

0.198653

3.12E-05

positive

4.50617

HALLMARK_ANDROGEN_RESPONSE

0.209391

1.11E-05

positive

4.952792

HALLMARK_G2M_CHECKPOINT

0.245032

2.49E-07

positive

6.603092

HALLMARK_DNA_REPAIR

0.249421

1.50E-07

positive

6.824605

HALLMARK_MYC_TARGETS_V1

0.293111

5.53E-10

positive

9.257123

HALLMARK_ADIPOGENESIS

0.296762

3.31E-10

positive

9.479776

HALLMARK_E2F_TARGETS

0.297565

2.96E-10

positive

9.529161

HALLMARK_BILE_ACID_METABOLISM

0.320582

9.75E-12

positive

11.01104

HALLMARK_SPERMATOGENESIS

0.358116

1.70E-14

positive

13.76922

HALLMARK_GLYCOLYSIS

0.408606

1.70E-20

positive

19.76922

HALLMARK_PEROXISOME

0.417655

1.70E-20

positive

19.76922

HALLMARK_OXIDATIVE_PHOSPHORYLATION

0.430355

1.70E-20

positive

19.76922

HALLMARK_FATTY_ACID_METABOLISM

0.450569

1.70E-20

positive

19.76922

HALLMARK_CHOLESTEROL_HOMEOSTASIS

0.460148

1.70E-20

positive

19.76922

HALLMARK_MTORC1_SIGNALING

0.533759

1.70E-20

positive

19.76922

HALLMARK_UV_RESPONSE_UP

4

Unsaturated fatty acid biosynthesis in colon cancer

Supplementary Figure 1. Comparison of the immune infiltration cells between the high- and low-BUFAS groups in
the TCGA-COAD cohort. Violin plot showing the proportion of immune infiltration cells between the high- and lowBUFAS groups in the TCGA-COAD cohort. *P<0.05 and **P<0.01 by Wilcoxon test.

Supplementary Figure 2. Comparison of the TNFRSF9 expression between the high- and low-BUFAS groups in the
TCGA-COAD cohort. Violin plot showing the TNFRSF9 expression between the high- and low-BUFAS groups in the
TCGA-COAD cohort. *P<0.05.
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Unsaturated fatty acid biosynthesis in colon cancer

Supplementary Figure 3. Correlation between the BUFAS and ferroptosis. The correlation between the BUFAS and
ferroptosis by the Spearman correlation analysis.
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