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Abstract

Cuproptosis, a new type of programmed cell death (PCD), is closely related to cellular tricarboxylic acid
cycle and cellular respiration, while hypoxia can modulate PCD. However, their combined contribution
to tumor subtyping remains unexplored. Here, we applied a multi-omics approach to classify
TCGA_COADREAD based on cuproptosis and hypoxia. The classification was validated in three
colorectal cancer (CRC) cohorts and extended to a pan-cancer analysis. The results demonstrated that
pan-cancers, including CRC, could be divided into three distinct subgroups (cuproptosis-hypoxia
subtypes, CHSs): CHSI had active metabolism and poor immune infiltration but low fibrosis; CHS3 had
contrasting characteristics with CHSI; CHS2 was intermediate. CHS1 may respond well to cuproptosis
inducers, and CHS3 may benefit from a combination of immunotherapy and anti-fibrosis/anti-hypoxia
therapies. In CRC, the CHSs also showed a significant difference in prognosis and sensitivity to classic
drugs. Organoid-based drug sensitivity assays validated the results of transcriptomics. Cell-based assays
indicated that masitinib and simvastatin had specific effects on CHSI and CHS3, respectively. A
user-friendly website based on the classifier was developed (https://fan-app.shinyapps.io/chs_ classifier/)
for accessibility. Overall, the classifier based on cuproptosis and hypoxia was applicable to most
pan-cancers and could aid in personalized cancer therapy.
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Introduction

As an indispensable trace element, copper (Cu) intracellular Cu have been found to mediate

balance is essential for organisms since abnormal Cu
metabolism affects cellular respiration, proliferation,
and migration [1, 2] and is linked to multiple tumors
[3]. The influence of Cu on tumors is generally
believed to occur through the regulation of
intracellular redox reactions [4]. Until 2022, aberrant

programmed cell death (PCD), but the underlying
mechanism is distinct from previously known forms
of PCD. Excessive Cu binds directly to lipid-acylated
components of the tricarboxylic acid (TCA) cycle,
causing the accumulation of lipid-acylated proteins
and loss of iron-sulfur cluster proteins, resulting in
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cell death. Additionally, it has been observed that
cells reliant on mitochondrial respiration are
significantly more sensitive to Cu ionophores than
those reliant on glycolysis, revealing the importance
of cellular respiration in cuproptosis [5].

Cellular respiration is dependent on oxygen
levels in intracellular environment. The deleterious
biological effects of hypoxia in tumors have been
widely recognized [6]. Hypoxia affects tumor
behavior through modulating of the physicochemical
environment and intracellular signaling transduction
pathways [7]. Moreover, hypoxia has been found to
regulate multiple types of PCD [8]. Tsvetkov et al. also
observed that while stabilization of the HIF pathway
did not alleviate cuproptosis, improving the hypoxic
environment did [5]. Given that cuproptosis is a novel
form of PCD, the interplay between it and hypoxia is a
topic that merits further exploration.

Cu overload is associated with the progression
and prognosis of colorectal cancer (CRC) [9]. But the
underlying mechanisms remain poorly understood.
As for hypoxia, it has impact on various aspects of
CRC, including altering the cellular metabolism,
tumor microenvironment (TME), and radiotherapy
sensitivity [10, 11].

Heterogeneity is common in cancers that poses a
significant obstacle to precision therapy [12,13].
Therefore, a classification system capable of
identifying patient subgroups with distinct features
would facilitate personalized treatments. Herein, we
hypothesize that multi-omics analysis of patients with
varying hypoxic and cuproptotic statuses may help
elucidate the disparities and links among individuals,
offering novel insights into tumor classification and
treatment.

Materials and methods

The flow diagram of the study is shown in
Figure 1.

Patient cohorts and cell lines

Transcriptomic,  non-coding  RNA  and
methylation data of TCGA_COADREAD were
downloaded from the USCS Xena portal

Transcriptomic data of pan-cancer were obtained
from pan-cancer subsets on XENA, normalized by
log2 (X+1). After removing non-tumor samples, 9,185
samples were reserved for analysis.

A total of 1,281 CRC patients from three Gene
Expression Omnibus (GEO) databases were recruited
(accession #GSE39582, #GSE196576, and #GSE28702).
Also, the single-cell RNA (scRNA) dataset GSE144735,
including 8,254 cells, was downloaded.

Four CRC cell lines, HCT116, L5180, HT29, and
SW620, were purchased from the Institute of

Biochemistry and Cell Biology, Chinese Academy of
Sciences, Shanghai, China. All cells were cultured in
high-glucose Dulbecco’s modified eagle’s medium
(DMEM) (KeyGEN, China) with 10% fetal bovine
serum (FBS) (Hyclone, USA) and 1% penicillin/
streptomycin solution (GIBCO, USA) at 37 °Cina 5%
CO: incubator. Masoprocol, forskolin, kenpaullone,
pazopanib, masitinib, simvastatin, vorinostat,
MK-2206, and MK-0752 were purchased from
MedChemExpress (USA). Idarubicin was purchased
from TargetMol (China).

Twenty-eight CRC samples were collected from
Zhejiang Cancer Hospital for organoid culture. This
study was approved by the Institutional Review
Boards of Zhejiang Cancer Hospital (IRB-2021-291)
and performed in accordance with the recognized
ethical guidelines of the Declaration of Helsinki. All
participants signed informed consent forms.

The profiles of the datasets in this study are
listed in Table 1.

Table 1. The profile of datasets

Dataset Sample Type Number Source

Training set TCGA_COADREAD tissue 381 TCGA
Validation set GSE39582 tissue 566 GEO
GSE196576 tissue 578 GEO
GSE28702 tissue 83 GEO
GSE144735 single cell 8254 GEO
TCGA_PANCAN* tissue 9185 TCGA
Re-validation set organoid 28 this study
cell line 4 this study

* TCGA_PANCAN, including Adrenocortical carcinoma (ACC), Bladder urothelial
carcinoma (BLCA), Breast invasive carcinoma (BRCA), Cervical squamous cell
carcinoma and Endocervical adenocarcinoma (CESC), Cholangiocarcinoma
(CHOL), Colon adenocarcinoma/Rectum adenocarcinoma (COADREAD), Diffuse
large B-cell lymphoma (DLBL), Esophageal carcinoma (ESCA), Stomach
adenocarcinoma (STAD), Glioma (GBMLGG), Head and Neck squamous cell
carcinoma (HNSC), Kidney chromophobe (KICH), Kidney renal clear cell
carcinoma (KIRC), Kidney renal papillary cell carcinoma (KIRP), Liver
hepatocellular carcinoma (LIHC), Lung adenocarcinoma (LUAD), Lung squamous
cell carcinoma (LUSC), Mesothelioma, Ovarian serous cystadenocarcinoma (OV),
Pancreatic adenocarcinoma (PAAD), Pheochromocytoma and Paraganglioma
(PCPG), Prostate adenocarcinoma (PRAD), Sarcoma, Skin cutaneous melanoma
(SKCM), Testicular germ cell tumor (TGCT), Thyroid carcinoma (THCA), Uterine
Corpus Endometrial carcinoma (UCEC), Uterine carcinosarcoma (UCS), and Uveal
melanoma (UVM).

Consensus molecular clustering

The key genes for cuproptosis were obtained
from the literature [5], and the key genes for hypoxia
were obtained from the hallmark of the Molecular
Signatures Database (MSigDB), excluding genes
directly associated with the HIF pathway. The key
genes are listed in Table S1. R package
“ConsensusClusterPlus” [14] was applied to execute
consensus  clustering of TCGA_COADREAD.
Calculating the Euclidean distances with k-means, we
chose three as the optimal cluster. Using
TCGA_COADREAD as the training set, we applied
the K-nearest neighbor algorithm (KNN) [15] to
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classify the samples in the validation and fold change of 21 and adjusted P value (FDR) of <0.05.

re-validation sets. Gene ontology (GO), gene set enrichment analysis
F ional ich Ivsi (GSEA), and gene set variation analysis (GSVA) were
unctional enrichment analysis performed with the R package “clusterProfiler” [16]

We applied the 'limma" package for the based on gene sets of MsigDB and the Kyoto
differential analysis. Differential expression genes  Encyclopedia of Genes and Genomes (KEGG).
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Figure 1. The flowchart of the study.
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Immune-related features

We applied multiple algorithms to estimate the
relative enrichment of immune cells, including
TIMER 2.0 [17], EPIC [18], and the microenvironment
cell-populations counter (MCP-counter) [19]. The
Tracking Tumor Immunophenotypes (TIP) was
applied to assess the immune cycle [20].

The “ESTIMATE” [21] package was used to
calculate the ESTIMATE, stromal, and immune scores.
Functional gene expression signatures (Fges) were
applied for an overview of the profile of immune
characteristics [22].

Methylation and non-coding RNA (ncRNA)
analysis

The collated methylation data were analyzed
using the “CHAMP” package [23].

Integrating the interactive information of ncRNA
and mRNA in Starbase [24], mirDIP [25] and
Targetscan [26] datasets, we obtained hub IncRNAs
and corresponding mRNAs. Then, the ceNetwork was
constructed with Cytoscope.

The construction of a cuproptosis-hypoxia
subtype (CHS) website

For researches’ accessibility, we constructed a
website dedicated to CHS analysis using the standard
Model-View-Controller pattern with the "Shiny"
package.

Colorectal cancer organoids (CRCOs) assay

Resected colorectal cancer tumor tissues were
placed in 4 °C phosphate buffered salin with normo-
cin (Invitrogen, China) and gentamicin/amphoteritin
B (GIBCO, USA) for cell isolation. The tissues were cut
into tiny fragments after removing blood and necrotic
fractions. The tissue fragments were dissociated with
digestion buffer (7 mL DMEM) (GIBCO,USA), 500
U/mL collagenase IV (Sigma, USA), 1.5 mg/mL
collagenase II (Solarbio, China), 20 mg/mL
hyaluronidase (Solarbio, China), 0.1 mg/mL dispase
type II (Sigma, USA), 10 uM RHOK inhibitor 1y27632
(Sigma, USA), and 1% FBS (Hyclone, USA) on a
shaker at 37 °C for 30-60min. After lysing red cells,
dissociated single cells were resuspended with
Matrigel gel, and were pipetted into pre-warmed
24-well plates. CRCO culture medium (1 mL/well)
[27] was added after gel solidification. Next, the plates
were incubated in a 37 °C and 5% CO: culture
incubator. CRCO culture medium was refreshed
every 3 days. To characterize the organoids and
validate their fidelity to the original tumor, we
performed  immunofluorescence  staining  for
colorectal cancer organoid markers, including Ki-67,
CDX2, B-catenin, CK20, and CK-pan.

To test the IC50 values of the drugs, 100
organoids with a particle size of 70 um to 100 um were
selected and laid in 96-well plate per well. Incubating
with CRCO culture medium for 24 h, we replaced the
primary culture medium with a new organoids
culture medium containing different concentrations of
5-Fu, SN38 or oxaliplatin (Selleck, USA). After 5 days,
the organoids viability was evaluated with
Cell-Titer-Glo 3D Cell viability assay (Promega, USA)
according to the manufacturer’s instruction.

Drug susceptibility analysis

We collected the target genes of CRC drugs from
Drugbank [28] and analyzed their expressions.
Moreover, we submitted DEGs to the CMap database
to predict potential drugs. Next, we determined the
connection between the drugs and the key genes
using the Cancer Cell Line Encyclopedia database.

Cell proliferation and migration assay

The cell counting kit-8 assay (BEIERBO, China)
was used to detect cell proliferation according to the
manufacturer’s protocol.

We used 24 Transwell chambers (Corning, USA)
for the migration assay. The detected cells were
suspended in a serum-free medium, and were
inoculated in the upper chambers. The lower
chambers contained DMEM with 10% FBS. Incubating
for 24 h, we fixed the cells on the bottom side of the
membrane with 4% methanol for 15 min after wiping
the top side. Then, the fixed cells were stained with
0.1% crystal violet for 15 min at room temperature,
photographed by light microscope (Leica, Germany)
and manually counted.

Quantitative Real-time PCR (qPCR)

Total RNA was extracted from the cells using a
cellular RNA extraction kit (Vazyme, China)
following the manufacturer's instructions. The
extracted RNA was then reverse transcribed into
complementary DNA (cDNA). For the qPCR
reactions, the cDNA, SYBR Green master mix
(Vazyme, China), double-distilled water (ddH20),
and gene-specific primers (refer to Table S2) were
mixed to the reaction mixture. The reaction mixture
was subjected to denaturation, annealing, and
extension to complete the amplification process
(applied biosystems, USA).

Western blot

The cells were first placed on ice and lysed to
extract cellular proteins. The cell lysate was then
subjected to SDS-PAGE  (sodium  dodecyl
sulfate-polyacrylamide gel electrophoresis) to
separate the proteins based on their molecular weight.
Then, the proteins were transferred onto a PVDF
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(polyvinylidene fluoride) membrane. To prevent
non-specific binding, the PVDF membrane was
blocked with non-fat milk. After blocking, the
membrane was incubated with specific primary
antibodies against the target proteins (abcam, USA).
Subsequently, the membrane was incubated with
secondary antibodies.

Finally, the chemiluminescent signals were
captured by imaging system (Azure Biosystems,
California).

Statistical analysis

All statistical analyses were performed using R
software (version 4.1.2). The Kaplan-Meier survival
curve was plotted using the 'Survminer' package.
Univariate Cox and LASSO Cox regression analyses
were applied to establish the prognostic model. The R
package “survivalROC” was wused for the
time-dependent receiver operating characteristic
(ROC) curve. The “rms” package was employed to
construct nomogram and calibration curves. The
linear relationship was measured using Pearson’s
correlation analysis. The Wilcoxon test was used to
compare the differences between the two groups. The
analysis of variance test was performed for multiple
groups. The survival times were compared using the
log-rank test. All p-values were two-sided, and values
< 0.05 were considered statistically significant.

Results

The establishment of cuproptosis-hypoxia
subtypes

Using  unsupervised clustering, TCGA_
COADREAD patients were classified into three
clusters, namely CHS1, CHS2, and CHS3, based on
the key genes associated with cuproptosis and
hypoxia (Figure S1A). CHS1 had the highest scores for
cuproptosis and the lowest scores for hypoxia, while
CHS3 had the opposite (Figure S1B). For the
validation datasets, the score characteristics were
consistent with those of the training set (Figure S1F).
CHS1 had an earlier stage and fewer metastases,
whereas CHS3 had an inverse trend (Figure S1C).
However, there were no significant differences among
the three subtypes regarding age and sex (Figure
S1D-E).

Mutation characteristics

Single nucleotide polymorphism (SNP) charac-
teristics presented disparities in the top 10 genes
among the CHSs (Figure 2A). The mutation rates
varied significantly, even among the genes that were
shared among them. For instance, Kras, a recognized
oncogene, was found to be mutated in 54% of CHS1
and only 3% of CHS3. Kras mutations in CRC cells

altered the demand for Cu bioavailability by varying
the intracellular Cu pool [29]. Considering the
difference in cuproptosis among the CHSs, Kras
status may be associated with cuproptosis in CRC. As
an unfavorable prognostic factor in CRC, the Braf
mutation rate was 3.7% and 17.3% in CHS1 and CHSS3,
respectively, indicating poor prognosis in CHS3
(Figure 2B). The mutation tendencies of Kras and Braf
among CHSs were verified in the validation set
(Figure 2C). The proportion of SNP types also differed
among the subtypes (Figure S1G).

Copy number variation (CNV) analysis showed
that abnormal amplification and deletion varied
among the CHSs (Figure 2D). The loci with mutation
rate results q < 0.05 were retained for GO enrichment
analysis. Loci in CHS1 were enriched for circulating
immunoglobulins, adaptive immune responses, and
so on. The results of CHS2 included mRNA splicing
and cellular responses to INF_a, whereas the results of
CHS3 were lipid metabolism, and endogenous
apoptosis, among others (Figure 2E-G).

Profile of hallmarks

We performed GSVA based on hallmarks [30] to
profile the features of the CHSs. Surprisingly, there
were significant differences among almost all gene
sets among the subtypes (Figure 3A). The ability of
cell proliferation, invasion, and metastasis, avoiding
immune destruction, and inducing angiogenesis were
stronger in CHS3, whereas evading growth
suppression and dysregulation of energy metabolism
were stronger in CHSI. The same trend was also
observed in the three validation sets (Figure S2A-C).
We performed GSVA based on GO genesets to further
analyze multiple general biological traits. As shown in
Figure 3B, there were disparities in proliferation,
angiogenesis, invasion, stemness, and immunity, all
of which were more conspicuous between CHS1 and
CHS3.

To explore the differences between CHS1 and
CHS3, we first performed a differential analysis to
identify DEGs, based on which we performed GO
analysis. The results showed that DEGs were mainly
enriched in metastasis, and immune-related pathways
(Figure 3C). Further, we observed that GSEA of
representative pathways with classic biological traits
were more active in CHS3 (Figure 3D, Figure S2G,1),
which also verified the results of GSVA (Figure 3B). In
the three validation cohorts, all the above results
presented identical tendencies to the training sets
(Figure S2D-F, Figure S3A-E).

The consensus molecular subtype (CMS) is
probably the most robust classification for CRC. It
categorized patients into 4 clusters, namely, CMS1
with hypermutation and immune activation;, CMS2
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with marked WNT and MYC signaling activation;
CMS3, evident metabolic dysregulation; and CMS4
with prominent TGF-p activation, stromal invasion
angiogenesis and poor prognosis [31]. As shown in
Figure 3E, CHS1 mainly corresponded to CMS2 and
CMS3, CHS2 had no tendentious distribution, and

A

Altered in 108 (99.08%) of 109 samples

w0

i

A 3

wul.l 'Fu - ‘“H

W\ ||
- | I

| |

‘I

bl

III H*ll

|

Altered in 187 (100%) of 187 samples
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Figure 3. Representative biological characteristics in CHSs. A. The features of hallmarks of each subtype. B. The key biological traits of each subtype. C. The results of
GO enrichment analysis on DEGs. D. The results of GSEA analysis on proliferation, angiogenesis. E. The correspondence between CHS and CMS. F. The metabolic profile among

3 CHSs. G. GSEA analysis of TCA cycle and lipoic acid metabolism.

The metabolic profile of the CHSs

Since cell metabolism is associated with both
cuproptosis and hypoxia [32,33], as well as the

implications of energy metabolism in hallmark
analyses, we performed GSVA based on all KEGG
metabolic pathways to explore the metabolic profile
of CHSs. This demonstrated that, except for glycan,
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the metabolism of other substances was the most
active in CHS1. Notably, the TCA cycle and lipoic acid
metabolism, closely related to cuproptosis, were
much more active in CHS1 (Figure 3F, 3G), which
corresponds to the physiological relationship between
them and cuproptosis. Due to oxidative phospho-
rylation being a critical step in aerobic respiration
following the TCA cycle, we also conducted GSEA on
oxidative phosphorylation. The results indicated that
there was no significant difference in the extent of
oxidative phosphorylation between the CHS1 and
CHS3 (p = 0.705). It is consistent with the findings
from Tsvetkov et al., indicating that the impact of
copper on cuproptosis is exerted through the TCA
cycle rather than directly targeting the electron
transport chain. The metabolic analysis results of the
three validation datasets were similar to those of the
training group (Figure S4A-E).

Immune landscape among the CHSs

The immune system acts as an important
anti-tumor barrier [34]. The abundance and diversity
of the T-cell repertoire (TCR) and B-cell repertoire
(BCR) were higher in CHS3, suggesting more
infiltration of T and B cells in CHS3 (Figure S5A,B).
The results of TIMER showed that six major immune
cell clusters differed significantly among CHSs and
were the most abundant in CHS3 (Figure 4A). The
results of EPIC were largely consistent with TIMER.
Notably, the fraction of cancer-associated fibroblasts
(CAFs) was also much higher in CSH3 (Figure 4B),
consistent with hallmarks and CMS results [35]. The
results of MCP-counter were also in accordance with
TIMER and EPIC (Figure S5D).

Next, we used the ESTIMATE algorithm to
assess the overall status of the TME (Figure 4C). The
three indices obtained from ESTIMATE were highest
in CSH3, suggesting that the immune cells and
stromal components in CHS3 were relatively more
abundant. The tumor purity of CHS3 was the lowest,
which was negative with the estimated score. The
scores of the validation cohorts presented the same
trend (Figure S5E-G).

Mellman et al. summarized the complex
anti-tumor process of immune cells as a cancer-
immunity cycle [36, 37]. Our analysis of the
cancer-immunity cycle demonstrated that the release
of cancer antigens and the infiltration of various
immune cells were more enriched in CHS3. However,
the recognition and killing of cancer cells appeared
more inert in CHS3 (Figure S5H). The infiltration of
more suppressive cells and the inhibitory effect of the
TME in CHS3 might have caused this. Further, the

validation datasets showed a similar tendency (Figure
SS5I).

We measured the expression of immune
checkpoint blockade (ICB)-related molecules and
observed that their expression was the highest in
CHS3 (Figure 4D). A high lymphocyte fraction was
also associated with better efficacy of ICB [38-40]. The
analysis demonstrated that the lymphocyte fraction
was also the highest in CHS3 (Figure S5C). The
efficacy of ICB is directly influenced by the TME [41].
Fowler et al. established Fges (functional gene
expression signatures) to classify the TME into four
distinct subtypes [42]. The analysis showed that the
features of Fges in the three subtypes were distinct
(Figure 4E). CHS1 mainly belonged to subtypes D and
IE, and CHS3 mainly belonged to subtypes IE/F and
F, indicating that CHS3 was highly fibrotic and
responded poorly to immunotherapy (Figure 4F). The
expression of ICB and the TME subtypes in the three
validation cohorts presented the same tendency
(Figure S6A-C). Therefore, improving the fibrotic
stroma is likely a prerequisite for the satisfactory
effect of immunotherapy in CHS3.

Examining the characteristics of the subtypes
at the single cell level

After annotating the cell types, we obtained
2,212 tumor cells from the single-cell dataset (Figure
5A). The expression of some key genes showed
obvious disparities. For instance, the cuproptosis
regulators ATP7B and SLC31A1 are almost
exclusively expressed in tumor cells. In contrast, some
genes such as SLC2A3 and RORA are highly
expressed in other cells except tumor cells (Figure 5B,
Figure S7A).

Our classifier classified the tumor cells into three
clusters to observe the biological characteristics
(Figure S7B) and verify the conclusions of the bulk
transcriptomic data. Namely, the TCA cycle and lipoic
acid metabolism were more active in CHSI1 than in
CHS3 (Figure S7C). Other representative features
were stronger in CHS3 cells than in CHS1 (Figure
5C-E).

DNA methylation pattern and features of the
microbiota among the CHSs

Aberrant methylation is associated with
tumorigenesis, apoptosis, and therapeutic resistance
[43-45]. The comparison of methylation sites between
CHS1 and CHS3 revealed differentially methylated
sites (Figure S7D). Immunity and lipid metabolism
were among the top ten pathways of enrichment
analysis based on differential sites (Figure S7E), which
verified the reliability of the transcriptome analysis
results from another dimension.
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The importance of microbiota in the origin,
development, and therapeutic response of CRC has
been gradually recognized [46], especially Fusobac-
terium nucleatum (F.n) [47]. The F.n abundance in
CHS3 was significantly higher (Figure 5F). TIGIT and
BIRC3 are key factors interacting with F.n to suppress

tumor immunity and promote chemoresistance in

CRC [48,

49].

LBP, MD2,

TLR4 and CD14 are

responsible for general bacterial effects [50]. Analysis
of the above genes revealed that their expression in
CHS3 was significantly higher, consistent with the
richness of F.n (Figure 5G, Figure S7F). GSEA based
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on the genesets of response to bacteria showed that  transduction of multiple signaling pathways, thereby
the p-value of each pathway was less than 0.05 (Figure  affecting the tumorigenesis and progression of CRC.

5H). This indicates that F.n in tissues may alter the
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Construction of the competing endogenous
RNA (ceRNA) network

Salmena et al. proposed the concept of ceRNAs
to describe sophisticated regulatory relationships
among different types of ncRNAs [51]. It was recently
discovered that they are non-negligible in various
diseases, including CRC [52, 53]. We performed
differential analysis for miRNAs and obtained 150
differentially = expressed miRNAs. Enrichment
analysis demonstrated that differential miRNAs were
enriched in JNK cascade, and interferon-gamma
binding (Figure S8A). Based on the differential
miRNAs and IncRNAs, we acquired 10 hub IncRNAs
and 28 hub miRNAs using StarBase. Next, we utilized
miRNA-mRNA predictive websites obtained 409
targeted mRNAs, and successfully visualized the
ceNetwork with Cytoscope (Table S3, Figure S8B,C).

Pan-cancer analysis

Given that both cuproptosis and hypoxia are
non-cancer specific, we explored whether the
above-mentioned taxonomy is applicable to other
cancers. The KNN was applied to classify cancers
using TCGA-COADREAD as the training set. Most
tumors had the same score characteristics as
CRC —the cuproptosis score was highest in CHS1 and
lowest in CHS3, whereas the hypoxia score was the
opposite (Figure 6A).

Profile of pan-cancer hallmarks

Since the hallmarks of CRC were significantly
different among the CHSs, we performed GSVA of
the hallmarks to investigate whether the CHSs of
pan-cancer had the same biological features. In almost
all cancers, CHS3 exhibited more active cell
proliferation, metastasis, immune destruction, and
angiogenesis, whereas CHS1 had stronger ability to
evading growth inhibition and dysregulation of
energy metabolism (Figure 6B, Figure S9). Further, we
performed GSVA of various specific pathways in
pan-cancer. Most cancers were identical to CRC, with
significant differences in proliferation, stemness,
invasion, angiogenesis, and immunity among the
CHSs. The above differences were more evident
between CHS1 and CHS3 (Figure S10A-E). The results
of the GSEA were in accordance with the GSVA, i.e.,
the mentioned features were more active in CHS3
(Figure 7A).

Metabolic characteristics of pan-cancer

GSVA based on the KEGG metabolic pathway
presented that the metabolic characteristics of most
tumors had the same trend as that of CRC—the
substance metabolism was the most active in CHSI,
except for glycan biosynthesis (Figure 6C, Figure S11).

The characteristics of cancers whose pathological type
was adenocarcinoma had a higher similarity to CRC,
highlighting the importance of tissue origin and
pathological type. The activity of TCA cycle and lipoic
acid metabolism presented the similar trend (Figure
512, S13). These results revealed that CHS classifi-
cation is an important aspect of tumor metabolism,
especially adenocarcinoma.

The immune landscape among pan-cancer CHSs

TIMER, EPIC, and MCP-counter were used to
assess the pan-cancer immune cell infiltration. We
found conspicuous differences among the CHSs for
the six immune cells in most cancer types with TIMER
and the trend was the same as in CRC (Figure 7B). The
results obtained via EPIC and MCP-counter were also
identical to those of CRC (Figure S14A,B; only
representative cancer types are shown). The
abundance and diversity of TCR and BCR showed the
same trend (Figure S15A-D). According to the
ESTIMATE assessment, the infiltration of immune
cells and stromal components in most cancers was
similar to that in CRC among each subtype (Figure
514C). As in CRC, the expression of ICB-related
molecules was highest in CHS, but lowest in CHS1
(Figure S15E). Then, we classified the TME of
pan-cancer into four subtypes based on Fges and
compared them with the CHSs, and the
correspondence was accordant with CRC. Namely,
the majority of CHS1 belonged to subtype D, and
CHS3 belonged to subtype IE/F or F, which
confirmed the high fibrosis of the TME in CHS3
(Figure 7C).

Exploration of the clustering in clinical
application

Sensitivity of classic drugs and organoid validation

To evaluate the drug sensitivity of CHSs, we
retrieved the target molecules of CRC drugs from
Drugbank and analyzed their expression specifically
within the CHSs. We observed distinct differences in
the expression of multiple targets of chemothe-
rapeutic and targeted drugs in the CHSs (Figure 8A).
The higher expression of targeted molecules in CHS3
indicated that the cluster probably benefited more
from the drugs.

Samples of organoids were successfully
classified into CHSs with transcriptomic data (Figure
S16A). The IC50 values of organoids was consistent
with the DrugBank’s prediction. CHS3 was the most
sensitive to fluorine and SN38 (the active form of
irinotecan in vivo), whereas CHS1 was relatively
insensitive (Figure 8B). Patients of CSH3 indeed
benefited more from chemotherapy according to
clinical efficacy (Figure 8C). The analysis of GSE28702
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also showed that CHS3 had the highest response rate
to FOLFOX (Figure S16B). Together, these results
indicate that this taxonomy is valuable in guiding
clinical medication.

Prediction of novel drugs and cell validation

Using the cMap database, we identified five
potent drugs for CHS1 and CHS3, and analyzed the
correlations between the drugs and key genes (Figure
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516C). To test the efficacy, we treated CRC cell lines
belonging to the different CHSs with the drugs,
except for masoprocol, which was unavailable. The
classification results for the cell lines are listed in
Table S4. We selected 15180, HT29, and HCT116,
SW620 cells to represent CHS1 and CHS3,
respectively. The expression of representative key
genes between CHS1 and CHS3 cells is differential at
transcription levels and protein levels (Figure

cancer type

== lung squamous cell carcinoma

« mesothelioma

== ovarian serous cystadenocarcinoma
~~ pancrealic adenocarcinoma

« adrenocortical cancer
bladder urothelial carcinoma

= brain lower grade glioma

== breast invasive carcinoma

«= cervical & endocervical cancer == ph Y &
« cholangiocarcinoma « prostate adenocarcinoma
w diffuse large B-cell lymphoma == Sarcoma
esophageal carcinoma skin cutaneous melanoma
glioblastoma multiforme == stomach adenocarcinoma
== head & neck cell -— lar germ cell tumor
kidney chromephobe w= thymoma

w=thyroid carcinoma
=== uterine carcinosarcoma
«= uterine corpus endometrioid carcinoma

uveal melanoma
¢ group
CHS1
CHs2
CHSa

biological characteristics
Activeting Invasion&metastasis
Avoiding immune destruction
Deregulahng cellular energetics
Evading growth suppression
Genome instability & mutation

kidney clear cell carcinoma
w kidney papillary cell carcinoma
== liver hepatocellular carcinoma
«= lung adenocarcinoma

lung adnocarcinoma

HI {
[ A
I I sz smars_sienaone
|| | HALLMARIC ILG_JAK_STAT3_BIGRALING.

Inducing angiogenesis
HALLAWRK TNFA_SIGNALING VIA_NF<B

CNOTCH SIGNALING = W Resisting cell death
HALLMARK_APICAL_SURFACE Sustaining proliferation
HALLMARK_WINT_SETA_CATENIN_SIGNALING Tumor-prometing inflammation
HALLMARK_APICAL_AMCTION
HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION
HALLMARK_MYOGENESIS

Iung adnocarcinoma
B =il

jroup
CHSﬁ
CHS2
CHS3

substance metablism

Amino acid metabolism

Carbchydrate metabolism
L Energy metabolism
Glycan biosynthesis and metabolism
Lipic metabolism
Metabolism of cofactors and vitamins
Nucleotide metabolism

| S ieayninasis H
i f 1 i ) Yairs, u%n?ne“ : ard iseucne degradan %
\ MY 18 ity Eo—
\ W S e e B
¥

| I t e ié
i f‘, il f. = %:mmmw

mhma bt

”ml% Ei e,

g bosyrthsis 10 sarics.
ﬁ% 'm«-”&wmmm Rl cormaan surats
"'% u‘?mﬁ hl&-nmlhh
:nnlln L
facte and neslacta sevies

e r-afnunolumna todes
degfadahon

e
idyinoaitol (GFT}-anchar biasyninesis

1 el

i T |

1 hl melaboism
(LURR LA B IS | Ome carbon pod
NCr )
e

Lgﬁ\c‘m S0 ol etpenoid-—guinons bosyihests

| thor
I St
Hilrogen mesabotism
I 1T TR T IS Burine metabotism
[ ey A T i Eeengnd

yramdine

messbolism
=

Figure 6. Classic biological characteristics of CHSs in pan-cancer. A. The characteristic of cuproptosis and hypoxia among CHSs in pan-cancer. B. The features of
hallmarks of each subtype in representative cancer. C. The metabolic profile among CHSs in representative cancer.

https://www.ijbs.com



Int. J. Biol. Sci. 2023, Vol. 19

3538

S17A-B). The IC50 results showed that most drugs
had a strong cell-killing effect on CRC cells, except
forskolin, pazopanib, and MK-0752 (Figure S18).
Among the remaining drugs, most IC50s for cell lines
were consistent with the predicted tendency-- the
sensitive drugs for CHS3 had lower IC50 values in
HCT116 and SW620, and the sensitive drugs for CHS1
showed the opposite trend (Figure 8D). The transwell
assay revealed that most drugs had an effective and
differential impact on the migration of the two cell
subtypes (Figure 8E,F). The drugs sensitive to CHS3
weakened the migration ability of HCT116 and
SW620 to a greater extent. Colony formation
presented a similar trend (Figure 8G, H). Generally,
masitinib had more obvious effects on the
proliferation, migration, and survival of CHSI cells,
suggesting that masitinib might have an unexpected
anti-tumor effect in CHS1. Similarly, simvastatin was
administered to CHS3.

Prognostic value of the clustering

The survival analysis of the training set showed
that the outcomes of the CHSs were significantly
different. CHS1 had the best prognosis, whereas
CHS3 had the worst (Figure 8I). The same survival
trend was observed in the validation set (Figure 8]). It
was also consistent with the indication of Braf
mutation (Figure 2B).

We constructed a prognostic model based on the
prognostic differences between CHS1 and CHS3. The
details of the model were provided in Table S6.
Patients with higher scores had a poorer prognosis
than their counterparts (Figure S16D). In addition, we
built a nomogram with the model for clinical
application (Figure S16E). The areas under the curves
of the time-dependent ROC curves at 1, 3, and 5 years
were 0.8, 0.8, and 0.81, respectively (Figure S16F).
Finally, we constructed calibration curves to test the
consistency of the predictive survival probability and
actual information (Figure S16G). Both the ROC and
calibration curves validated the good predictive
performance of the model.

Discussion

A robust classifier is valuable for precision
medicine and improving prognosis because of the
heterogeneity and prognostic disparity of cancers.
Since the unique mechanism of cuproptosis has been
reported, several studies have investigated its
correlation with multiple cancers [54-56]. Considering
the relationship between cuproptosis and hypoxia, it
is important to explore their role in classifying CRC
and pan-cancer to guide clinical application.

In this study, we identified three distinct
subtypes based on cuproptosis and hypoxia using

TCGA_COADREAD as the training set and validated
it in single-cell and bulk validation sets. CHS1 is
characterized by high sensitivity for cuproptosis, low
degree of hypoxia, active metabolism, poor immune
infiltration, less fibrosis in the TME, and the best
prognosis among the CHSs. In contrast, CHS3 is
characterized by low sensitivity for cuproptosis, high
degree of hypoxia, relatively inactive metabolism,
abundant immune infiltration, more fibrosis in the
TME, and poor prognosis. The characteristics of CHS2
are intermediate. Heterogeneity is a fundamental
feature of cancers [57]. Thus, we applied this
classification to pan-cancers and surprisingly found
that it enabled to classify most samples into three
distinct clusters.

The results indicated that CHS1 might be more
sensitive to cuproptosis inducers. CHS3 of CRC might
have a higher response rate to classic drugs, according
to the analysis of transcriptomics and organoids.
Although hypoxia is responsible for resistance to
several chemotherapeutic drugs [57, 58], and confers
tumor cells the ability to activate pleiotropic
mechanisms for survival [9]. The good response of
CHS3 might be due to the much higher expression of
targeted genes, although their degree of hypoxia is
more severe. Combining the results from databases
and assays, masitinib and simvastatin might have
specific effects on CHS1 and CHS3 in CRC,
respectively. As a predominant microbiota in CRC,
F.n influences tumorigenesis, proliferation, angioge-
nesis, and chemoresistance of CRC by affecting TME
and multiple signaling pathways [60,61]. The analysis
of F.n demonstrated that its differential richness might
be responsible for the differences among CHSs.
Additionally, we constructed a prognostic model and
a ceRNA network for CRC to provide a reference for
prognostic prediction and ncRNA research.

Cuproptosis and hypoxia are closely related to
metabolism [5, 62], and our study demonstrated that
the metabolism of most substances, including the
TCA cycle and lipoic acid, was more active in CHS].
The TCA cycle is pivotal for aerobic respiration [63].
Severe hypoxia accompanying lower TCA cycle is
consistent with the physiology. Analysis of the
hallmarks indicated a stronger malignancy in CHS3.
The insensitivity of CHS3 to cuproptosis may allow
higher Cu levels in physiological state, which creates a
favorable niche for proliferation, metastasis and
angiogenesis [64-66]. Moreover, hypoxia promotes a
bias toward metastasis and stemness [67, 68].
Therefore, we speculate that low sensitivity for
cuproptosis and high-degree hypoxia may synergis-
tically account for the active proliferation and
metastasis in CHS3.

https://www.ijbs.com



Int. J. Biol. Sci. 2023, Vol. 19

3539

A proliferation ~iog10(pvalue) @ 2.5@ 5.0 @ 7.5@) 10.0 color . pos
regulation.of Toelhproiferation .6 "6 "6 9 @ @ ® © ¢ 6 0 0 0 0 006066000080+ 9000
regulstion.ofievkocylzprolieration - | @ ¢ @ @ © © @ 6 9 © 0 0 0 6 © 0 0 & 9 0 0 & O o o080
regulation.ofepitheialcellproiferation - | ¢ @ & © @ © @ © © @ @ 0 ¢ @ ¢ © © © 4 6 0 0 0 0 006 0600
regulation of. ial cell proliferati © 0000600200008 06000600000200000¢
positive af cel 1009 0006000000000 000000O0O0O0OO0NG
musclecelirolileration - 1 ¢ @ © @ © © @ ¢ © © 0 0 0 0 © 0 06000 C00Q0OCOOC
mononuciearcellproliferation - (@ 9 @ @ © ¢ © ¢ 0 © © 0 0 9 0 0 O 0 0 O OO @000
ymphocyteproiiferation - |9 @ @ © & ¢ © & 0 9 0 0 0 0 0000000 ECO ¢ o000
leukocyleprolieralion | @ @ @ @ © ¢ © © 0 € @ 0 0 0 0 0 0 0 0 0 O QO ¢ o000
epithelial.callpolferation - | @ ¢ & © 6 ¢ & @ € © 0 0 0 6 0 0 0 0 6 00000000060
angiogenosis ~log10(pvalue) ® 25 @ 50@ 7.5@ 10.0 color . pos
vascularwoundhealing § .+ & & 4 & & % 5 8 0 @ ® + 8 0 4 0 0 0t P e 0 st s e 0
sproutingangiogenesis {9 0 © @ © @ © ¢ 0 0 0 0 ¢ © 0 0 © 0000 000G EOO T
regulafion of sprouting angiogenesis { « + + & ¢ & & s 0 2 e o e 9 8 0 0 0+ s e o0 0
regutation.ofangiogenesis { @ @ & @ € @ € 9 9 © € 0 ¢ 0 0 0 0 0 0 000000009
positive.regulationof. 1 . ., o+ g~ . e ‘o .
sprouting.angiogenesis
g -
positive.ragilation.of angi A a0 A 2 B B B A e e L N R R
angiogenesisimvolved/n [ ¢ * # & & 6 & 8 4 9 6 & + 4 6 0 6 2 8 4 5 s s s 0 e e o0
woundhealing1g 9 © ¢ © 0 © © 0 © 02 0 0 000660000000 OCGOGSEDOTC
EMT ~log10{pvalue) @ 25 @ 5.0@ 7.5 10.0 color . pos
of EMT in. cushion. 596090645 536906¢¢8465044343
regulation.of epithelial.iomesenchymaltransiton{ ¢ @ ® ® 8 & @ ¢ S 2 D 0 S O P O O O OGBS
regulation of.cardiac. EMTH « & + & @ ® ® % 0 & 8+ 0 O BB s s PO O P s e e
positive.reguistion ofEMT.InvoIvedin L o 6 & & & 8 & & & 4 4 0 4 4 8 6 & 88 65 46 64+ 8
endocardial cushion. formation
positivereguiationofEMT (¢ & & & & 8 ¢ ¢ 2 0 2 0 0 0 0 0O D 0 D G922 2P0 e O
positive,regulationcfcardiscEMT {# & ¢ @ @ & & & & ¢ ¢ & ¢ ¢ ¢ ¢ & & 6 ¢ & ¢ ¢ 8 ¢ 0 o *
negative regulation.of EMT { + @ © 0 & 2 0 + 0 0 @ 00 0 0 s 00 e 0@ 0 0 0 o
EMT involved in endocardial cushion formation § « & © o090+ 0000 © 9 00 09 0 00 009000 0
epilhefial to.mesenchymal lransition { & @ & & & @ & » *® L A B N B B B *so0® 99 o
cardiac.epithelial.to.mesenchymaitransiticn 1 # & +« & 8 @ @ + 0 0 @ ® » 0 ¢ 0 0 ¢ 9 0 ¢+ 200 0000
stemness ~log10(pvalue) » 1@ 2@3@4coloi pos
stemcellprolferation{ « *« o o ¢ § @ ¢« o » ¢ 0 © ¢ 2 0 ¢ ¢ 0 0 + 5 0 09 5 0 0 o
regulation.of stem.cell proliferation | | - B > 9o o o o 0 0 .
mesen i stem cell i ion - l i
stem.cell, )| ! &
positive reguiation of stem. cell. proliferation é 4 s 1 o
positive.reguiation.ol. mesenchymal | 1 ' '
m.cellproliferation H »
pu:ﬁzfvejeguggdn‘ﬁﬁmalnpoiehc .
stem.cell profiferation . ° ©
negative.regulation of stem
cell proliferation ! 1 1 ' i ? ¢ !
femzal ‘ PPGEPR TR ST ORET
ic stem. cell.p
imunne ~log10{pvalue) ® 25@5.0@7.5@ 10.0 coloi - pos . neg
Teellaclivetion {1 @ @ @ & & & ® 9 ¢ @ ¢ - ¢ 3 & 0 60 0000 L N B B
regulation.cinaturalidiercel. | . & 4 o & @ 8 8 « 5 0 @ © 0 + 0 0 00 0 0 0 o+ 0 »
medjated Immunity O 00000000080 +00060000000e+0000
reguiation.of hemopolesis
positive.regulation of lymphocyte | * e 9 00 008 ¢+ 0900 L 2 B B B B B BN BE B e e + o @
[ediated mmunity o000 e0000000 e 0000 OOOD 0000
ymphocylemediaiadimninily Lo o 9 8 9 0 0 0 6 9 S 0 + S S S0 S0 GO OGN s 9000
Immunesesponss. | o 0 0 9 0 0 0 0 0000 eeeco o000 00 TR R
cellacivationinvovedin 1o 5 6 6 909909099 +08 000800080 +0 00
immune.response
Besllrecepiorsignalingpalhwey @ @ ® 0 0 ¢ 2 0 0 0 00+ 000600020000 0000
_ Beellactvaion {9 9 9 9 0 0 0 5 0 0 0 0 9900000900 + 9 000
activation_of immune.respanse
e - o
& o £ §
Frsdiesds f80: 4 Fh87 220 . 2f
A i Fes p
FISSIESET2FFES f £8 £ &
\‘?ﬁaf‘ﬁ _§0@§f§\5\,‘3'§w@ ':’f F & -Pf
FEsdL I8 Yt SEEEEFEd
SLFFEIEFE SESEETsEETgEd
S A R 5 LS Tss
TS LI TFI R § IS egd
FPFIFSTETISFsd FHdd §H7 488
L3 T 5Y 5 & & 4 5
3 ol $E&T §¢ & 5‘9
s ¥
stomach adnocarcinoma prostate adnocarcinoma breast carcinoma

800G

800D 800D
CHs1 CHS1
6000 6000 6000
4000 [ CHS2 4000 | CHS2 4000
2000 2000 2000
CHS3 CHS3
o o 0

Group Immune Group Immune

CHs1

CHs2

CHS3

Group

Immune

stomach adnocarcinoma

gﬂ 8
H o
?} (==
Laos B o
i it
lad e

. oo

o e o
o P T o

prostate adnocarcinoma

aroup
cHat
cHE2

(=

k3

Relative cell abundance

jFwr

— o
o ot o
o (A B @““ﬁ:@“’f S

e

breast carcinoma

E =
Bos
% goup
3 B3 o
& ' l ‘ B o=
g B3 cHay

Pt -H ‘ w@\\

P TP

lung adnocarcinoma

Retative cefl abundance

|

&

- o
o o o
o AP &“‘p@:wﬁu@pw“

lung adnocarcinoma
8000

CHSs1
6000 D
| group
a0 | crs2 . B cHst
cHs2
B cusa
2000 IE
CHs3 IEfF
0
Group Immune

Figure 7. The immune landscape among 3 CHSs in pan-cancer. A. The results of GSEA analysis on proliferation, angiogenesis, invasion, stemness, and immune in
pan-cancer. B. The abundance of immune cells by TIMER in representative cancer. *, p<0.05; **, p<0.01; ***, p<0.001. C. The correspondence between CHS and Fges

classification in representative cancer.

https://www.ijbs.com



Int. J. Biol. Sci. 2023, Vol. 19 3540

A B
=

N group

5 ﬂuorourld>ne$SOD1
uorouridine SERPINA7 ¢

| Illl HHIII I hl‘ III l\ 1 LU0 oxahplatm SABCG2
oxaliplatin SNQO1
1 1 oxaliplatin SMT2A

|

il

[ II\M!III Hflll IIHIH
[0 WI!‘II\H \’ il \H |
Gpectabine STYNP T
!”“ M gl = * ,, Eﬁ
|nnotecan STOPIMT $

BCHE
0 \|‘ 1] \H} | 1”] |r|notecan $UGT1A9
‘;

i

oxaliplatin SMPO
oxaliplatin SATP7B
|17 leucovorin $SHMT2

log2(IC50) of SN38

10g2(IC50) of FU
i
log2(IC50) of Oxaliplatin

| M
I

I | |rmotecan $CYP2B6 [
mab$C1QA
IHI‘ |Il\ U\” {1 ] BovagzumabsC1QE
evaclzumab$C1QC
|| \ | \ Bevacizumab$ R3A
| | 1l || Bevacizumab$ FCGRZA C
Db |
il ‘I MI I
BevacizumabbFCGR1A
l Aflibercept$PGF
\ H H\I W | Aflibercept$VEGFB

| evacizumab$FCGR2B
h’ ’] Bevacizumab$FCGR2C
il CetuximabSEGFR
H || Cetu)umahSFCGREB

CHS1 CHS2 CHS3 CHS1 CHS2 CHs3 CHS1 CHS2 CHs3

T|

pre-treatment after-treatment

HHI[HHIIIl I\\ A ech
| Regorafeni
‘ RegorafenibSFLT 1 CHS1
{L K | RegorafenibSKDR
/ \‘ |‘ Il r I l | RegorafenibSFLT4
| \ HRegorafembSKlT
| RegorafenibSPDGFRA
\ ‘\ RegoralenlePDGFRB
\| H I | RegorafenibSFGFR1
[ ‘ [l RegorafenibSFGFR2
Regorafenib§TEK
\ \ ’ I' RegorafenibSDDR2
1) WI‘ | | RegorafenibSNTRK 1
l ’n l ” \l|‘ J [ |’| ‘ || RegorafenibSMAPK 11
JHEIE QRO e Regorafenib$ABL1
&
o b T ! group cHs1  Therapy antiangiogenic therapy
[ - . | CHS2 chematherapy CHS3
Wcrss EGFR inhibitor
E HT29 LS180 HCT116 SW620
CHS1 CHS3 F =
: B 2 * . L ]
2 5 Bors =
5
O A c
: = g e m ® i @
5 Ry S 0.50
i SO 4 « o] =3 o 2] [ ]
2 | u *
C o
= @ e * o u
@ ' 26 g N ©
© Z ECIRNS S »\“‘" w8
e O 0O BN A AL
£ fi] % : . &« \@(\Q") O o W
H cell_line 4 Ls1e0 M HT29 4 swe20 M HCT116
HT29 LS180 HCT116 SW620
G CHS3 1,00 -
2 = . *
c3 3 - u .
) B o075
= = i 3 *
&, E * n o}
NSy £ 050
o 2 ‘ i}
o = kS . ] ]
=2 = °
£ @ 4 \ 025 *
@ = (= [ ] ©
2 £ / -
= ™ -
= 2 - \505\9“ ao\\°“ «\056\ 5\\\“@ (\;6\"\0 \(\,'1396
& o5® o+ o & W

|C50(uM)

Survial orobiatil y

p=004

3 3 0 50 260 T B =

@,\\ \)\\0 e\@\. \(\\p “\0\0 ,LB"Q TimS{inontt i o 7 00

@ Qrb S -(\0<\ e ‘\;\‘Kq' = 7 0 5 CHSL o s ’ .

o . : ! % & % :

7 a o + » (] 4 2

cell line W LS180 M HT20 W SWe20 @ HCT116 g EJ 160 i ] S [ 150 200
~imefmenthi Tima{montr}

Figure 8. Clinical application of the clustering. A. The expression of targeted molecules of chemotherapeutic drugs. B. The IC50 of fluorine, SN38 and oxaliplatin in
organoids. C. The MRI images of patients belonged to CHS1 and CHS3. MRI, magnetic resonance imaging; PR, partial response; CR, complete response. D. The IC50 of the drugs
for colorectal cells. *, the assay results were consistent with the prediction of the cMap database. #, the unit is nm. E. The representative images of transwell assay. NC, normal
control. F. The result of transwell assay for CRC cell lines with screened drugs. NC, normal control. G. The representative images of colony-formation. NC, normal control. H.
The results of colony-formation for CRC cell lines with screened drugs. NC, normal control. .. Kaplan—Meier plot for 3 CHSs in training set and GSE39582, respectively.

https://www.ijbs.com



Int. J. Biol. Sci. 2023, Vol. 19

3541

Prior researches have shown a close relationship
between cuproptosis and tumor immunity [55, 69, 70].
Alterations in the immune profile always occur when
tumors experience hypoxia, such as T-cell dysfunc-
tion, tumor-associated macrophages recruitment, and
increased ICB resistance [71 - 73]. Our analysis of TME
revealed that immune infiltration in CHS3 was the
most abundant, including anti-tumor cells, MDSCs,
and CAFs. Given the impactful immunosuppressive
function of MDSCs and CAF [74], even if the immune
infiltration of CHS3 was more abundant, the function
of tumor suppression and immune killing was not
necessarily superior to that of the other two subtypes.

As a major type of immunotherapy, ICBs have
provided hope to patients once considered incurable.
Multiple ICB drugs have been approved by the FDA
[75]. The highest level of ICB expression in CHS3
indicates the potential for ICB therapy in these
patients. Also, the fibrosis of TME in CHS3 was the
highest. Therefore, we assume that the high
infiltration of immunosuppressive cells, high fibrosis
of the TME and high ICB expression inhibited
immune surveillance and killing in CSH3, leading to
poor prognosis. Bagaev et al. revealed that the more
severe fibrosis of the TME, the worse ICB effect. Given
the adverse effects of fibrosis and hypoxia on ICB
treatment [71, 76], improving fibrosis and hypoxia in
the TME should be a prerequisite for the maximum
efficacy of ICB in CHS3. Anti-TGF-p is one of general
approaches to improve fibrosis in the TME [77].
TGF-B expression greatly increases under severe
hypoxic condition [78]. It plays a vital role in cancers
under hypoxia, actively participating in the regulation
of TME. The TGEF-p signaling synergizes with hypoxia
to exert profound effects on extracellular matrix
remodeling, promote tumor bone metastases, and
modulate EMT in various cancers [79]. Considering
the synergy of hypoxia and TGF-f, combining anti-
TGF-f drugs (e.g., vactosertib) and immunotherapy
probably achieves surprising effects in CHS3.

Although our study provides a robust
classification algorithm based on cuproptosis and
hypoxia with a multi-omic analysis of CRC, which is
applicable to pan-cancer, two major drawbacks still
require further exploration. First, survival differences
between the three subtypes for most tumors in
pan-cancer were not as significant as those in CRC,
suggesting that more factors must be considered for
predicting their prognosis. Second, the treatment of
pan-cancers was not explored due to incomplete
information.

In conclusion, we performed a multi-omic
analysis of CRC based on cuproptosis and hypoxia,
classifying patients into three well-characterized
subtypes. The subtyping algorithm is applicable to

pan-cancers, and the general biological processes and
immune profiles of each CHS are similar in
pancancers. For CRC, chemotherapy and targeted
therapy are more effective in CHS3, and improving
hypoxia may further promote these effects. CHS3 may
benefit greatly from ICB therapy under anti-fibrosis
and anti-hypoxia conditions for most pan-cancer
cases.

Abbreviations

Cu: copper; PCD: programmed cell death; TCA:
tricarboxylic acid; CRC: colorectal cancer; TME: tumor
microenvironment; DMEM: Dulbecco’s modified
eagle’s medium; FBS: fetal bovine serum; MSigDB:
Molecular Signatures Database; GO: Gene ontology;
GSEA: gene set enrichment analysis; GSVA: gene set
variation analysis; KEGG: Kyoto Encyclopedia of
Genes and Genomes; MCP-counter: microenviron-
ment cell-populations counter; ncRNA: non-coding
RNA; CHS: cuproptosis-hypoxia subtype; CRCO:
colorectal cancer organoid; DEG: differential expres-
sion gene; ROC: receiver operating characteristic;
SNP: single nucleotide polymorphism; CMS: consen-
sus molecular subtype; TCR: T-cell repertoire; BCR:
B-cell repertoire; CAF: cancer-associated fibroblast;
ICB: immune checkpoint blockade; F.n: Fusobacterium
nucleatum; ceRNA: competing endogenous RNA;
MDSC: myeloid-derived suppressor cell.

Supplementary Material

Supplementary figures and tables.
https:/ / www.ijbs.com/v19p3526s1.pdf

Acknowledgements

We appreciate The Cancer Genome Atlas
Database and, Gene Expression Omnibus Database
for providing the data, and thank all sample donors.

Funding

This work was supported by the Key
Research-Development Program of Zhejiang Province
under Grant (number: 2022C03015).

Data Availability

The public datasets in this study can be obtained
from online repositories. The information on
organoids that supports the findings of the study is
available from the corresponding author upon
reasonable request.

Author contributions

Z] contributed to the design of the study and
data analysis. P] performed the data analysis, cell
assays, and drafted the manuscript. JF constructed the
data arrangement. DZ revised the visualization of

https://www.ijbs.com



Int. J. Biol. Sci. 2023, Vol. 19

3542

data. MB and QS collected the tissues. MW cultured
the organoids. QC, BT, HL and YZ reviewed the
manuscript. All authors read and approved the final
manuscript.

Competing Interests

The authors have declared that no competing

interest exists.

References

1.

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Grubman A, White AR. Copper as a key regulator of cell signalling pathways.
Expert Rev Mol Med. 2014; 16: ell.

Gaetke LM, Chow-Johnson HS, Chow CK. Copper: toxicological relevance and
mechanisms. Arch Toxicol. 2014; 88: 1929-1938 .

Gupte A, Mumper R]J. Elevated copper and oxidative stress in cancer cells as a
target for cancer treatment. Cancer Treat Rev. 2009; 35: 32-46.

Li Y. Copper homeostasis: Emerging target for cancer treatment. Iubmb Life.
2020; 72: 1900-1908.

Tsvetkov P, Coy S, Petrova B, et al. Copper induces cell death by targeting
lipoylated TCA cycle proteins. Science (American Association for the
Advancement of Science). 2022; 375: 1254-1261.

Bhandari V, Hoey C, Liu LY, et al. Molecular landmarks of tumor hypoxia
across cancer types. Nat Genet. 2019; 51: 308-318.

Singleton DC, Macann A, Wilson WR. Therapeutic targeting of the hypoxic
tumour microenvironment. Nat Rev Clin Oncol. 2021; 18: 751-772.

Jing X, Yang F, Shao C, et al. Role of hypoxia in cancer therapy by regulating
the tumor microenvironment. Mol Cancer. 2019; 18: 157.

Blockhuys S, Celauro E, Hildesjo C, et al. Defining the human copper
proteome and analysis of its expression variation in cancers. Metallomics.
2017; 9: 112-123.

Qureshi-Baig K, Kuhn D, Viry E, et al. Hypoxia-induced autophagy drives
colorectal cancer initiation and progression by activating the PRKC/PKC-EZR
(ezrin) pathway. Autophagy. 2020; 16: 1436-1452.

Malier M, Gharzeddine K, Laverriere MH, et al. Hypoxia Drives
Dihydropyrimidine Dehydrogenase Expression in Macrophages and Confers
Chemoresistance in Colorectal Cancer. Cancer Res. 2021; 81: 5963-5976.
Dentro SC, Leshchiner I, Haase K, et al. Characterizing genetic intra-tumor
heterogeneity across 2,658 human cancer genomes. Cell. 2021; 184: 2239-2254.
Zhang A, Miao K, Sun H, et al. Tumor heterogeneity reshapes the tumor
microenvironment to influence drug resistance. Int J Biol Sci. 2022; 18:
3019-3033.

Wilkerson MD, Hayes DN. ConsensusClusterPlus: a class discovery tool with
confidence assessments and item tracking. Bioinformatics. 2010; 26: 1572-1573.
Cover T, Hart P. Nearest neighbor pattern classification. IEEE Transactions on
Information Theory. 1967; 13: 21-27.

Yu G, Wang LG, Han Y, et al. clusterProfiler: an R package for comparing
biological themes among gene clusters. Omics. 2012; 16: 284-287.

Li T, Fu ], Zeng Z, et al. TIMER2.0 for analysis of tumor-infiltrating immune
cells. Nucleic Acids Res. 2020; 48: W509-W514.

Becht E, Giraldo NA, Lacroix L, et al. Estimating the population abundance of
tissue-infiltrating immune and stromal cell populations using gene expression.
Genome Biol. 2016; 17: 218.

Racle ], de Jonge K, Baumgaertner P, et al. Simultaneous enumeration of
cancer and immune cell types from bulk tumor gene expression data. Elife.
2017; 6: €26476

Xu L, Deng C, Pang B, et al. TIP: A Web Server for Resolving Tumor
Immunophenotype Profiling. Cancer Res. 2018; 78: 6575-6580.

Yoshihara K, Shahmoradgoli M, Martinez E, et al. Inferring tumour purity and
stromal and immune cell admixture from expression data. Nat Commun. 2013;
4:2612.

Bagaev A, Kotlov N, Nomie K, et al. Conserved pan-cancer microenvironment
subtypes predict response to immunotherapy. Cancer Cell. 2021; 39: 845-865.
Morris TJ, Butcher LM, Feber A, et al. ChAMP: 450k Chip Analysis
Methylation Pipeline. Bioinformatics. 2014; 30: 428-430.

Li JH, Liu S, Zhou H, et al. starBase v2.0: decoding miRNA-ceRNA,
miRNA-ncRNA and protein-RNA interaction networks from large-scale
CLIP-Seq data. Nucleic Acids Res. 2014; 42: D92-D97.

Hauschild AC, Pastrello C, Ekaputeri G, et al. MirDIP 5.2: tissue context
annotation and novel microRNA curation. Nucleic Acids Res. 2023; 51:
D217-D225.

McGeary SE, Lin KS, Shi CY, et al. The biochemical basis of microRNA
targeting efficacy. Science. 2019; 366: eaav1741

Yao Y, Xu X, Yang L, et al. Patient-Derived Organoids Predict Chemoradiation
Responses of Locally Advanced Rectal Cancer. Cell Stem Cell. 2020; 26: 17-26.
Law V, Knox C, Djoumbou Y, et al. DrugBank 4.0: shedding new light on drug
metabolism. Nucleic Acids Res. 2014; 42: D1091-D1097.

Aubert L, Nandagopal N, Steinhart Z, et al. Copper bioavailability is a
KRAS-specific vulnerability in colorectal cancer. Nat Commun. 2020; 11: 3701.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Liberzon A, Birger C, Thorvaldsdottir H, et al. The Molecular Signatures
Database (MSigDB) hallmark gene set collection. Cell Syst. 2015; 1: 417-425.
Guinney J, Dienstmann R, Wang X, et al. The consensus molecular subtypes of
colorectal cancer. Nat Med. 2015; 21: 1350-1356.

Blades B, Ayton S, Hung YH, et al. Copper and lipid metabolism: A reciprocal
relationship. Biochim Biophys Acta Gen Subj. 2021; 1865: 129979.

Parks SK, Cormerais Y, Pouysségur J. Hypoxia and cellular metabolism in
tumour pathophysiology. ] Physiol. 2017; 595: 2439-2450.

Lv B, Wang Y, Ma D, et al. Inmunotherapy: Reshape the Tumor Immune
Microenvironment. Front Immunol. 2022; 13: 844142.

Turley SJ, Cremasco V, Astarita JL. Immunological hallmarks of stromal cells
in the tumour microenvironment. Nat Rev Immunol. 2015; 15: 669-682.

Chen DS, Mellman I. Oncology meets immunology: the cancer-immunity
cycle. Immunity. 2013; 39: 1-10.

Xu L, Deng C, Pang B, et al. TIP: A Web Server for Resolving Tumor
Immunophenotype Profiling. Cancer Res. 2018; 78: 6575-6580.

Thorsson V, Gibbs DL, Brown SD, et al. The Immune Landscape of Cancer.
Immunity. 2018; 48: 812-830.

Hellmann MD, Callahan MK, Awad MM, et al. Tumor Mutational Burden and
Efficacy of Nivolumab Monotherapy and in Combination with Ipilimumab in
Small-Cell Lung Cancer. Cancer Cell. 2018; 33: 853-861.

Rizvi NA, Hellmann MD, Snyder A, et al. Cancer immunology. Mutational
landscape determines sensitivity to PD-1 blockade in non-small cell lung
cancer. Science. 2015; 348: 124-128.

Gide TN, Quek C, Menzies AM, et al. Distinct Immune Cell Populations
Define Response to Anti-PD-1 Monotherapy and Anti-PD-1/Anti-CTLA-4
Combined Therapy. Cancer Cell. 2019; 35: 238-255.

Bagaev A, Kotlov N, Nomie K, et al. Conserved pan-cancer microenvironment
subtypes predict response to immunotherapy. Cancer Cell. 2021; 39: 845-865.
Moore LD, Le T, Fan G. DNA methylation and its basic function.
Neuropsychopharmacol. 2013; 38: 23-38.

Myéhidnen SK, Baylin SB, Herman JG. Hypermethylation can selectively
silence individual p16ink4A alleles in neoplasia. Cancer Res. 1998; 58: 591-593.
Xie VK, He ], Xie K. Protein arginine methylation promotes therapeutic
resistance in human pancreatic cancer. Cytokine Growth Factor Rev. 2020; 55:
58-69.

Saus E, Iraola-Guzman S, Willis JR, et al. Microbiome and colorectal cancer:
Roles in carcinogenesis and clinical potential. Mol Aspects Med. 2019; 69:
93-106.

Castellarin M, Warren RL, Freeman ]JD, et al. Fusobacterium nucleatum
infection is prevalent in human colorectal carcinoma. Genome Res. 2012; 22:
299-306.

Gur C, Ibrahim Y, Isaacson B, et al. Binding of the Fap2 protein of
Fusobacterium nucleatum to human inhibitory receptor TIGIT protects
tumors from immune cell attack. Immunity. 2015; 42:344-355.

Zhang S, Yang Y, Weng W, et al. Fusobacterium nucleatum promotes
chemoresistance to 5-fluorouracil by upregulation of BIRC3 expression in
colorectal cancer. ] Exp Clin Cancer Res. 2019; 38: 14.

Ryu JK, Kim SJ, Rah SH, et al. Reconstruction of LPS Transfer Cascade Reveals
Structural Determinants within LBP, CD14, and TLR4-MD2 for Efficient LPS
Recognition and Transfer. Immunity. 2017; 46: 38-50.

Salmena L, Poliseno L, Tay Y, et al. A ceRNA hypothesis: the Rosetta Stone of a
hidden RNA language? Cell. 2011; 146: 353-358.

Slack FJ, Chinnaiyan AM. The Role of Non-coding RNAs in Oncology. Cell.
2019; 179: 1033-1055.

Zhou P, Sun L, Liu D, et al. Long Non-Coding RNA lincRNA-ROR Promotes
the Progression of Colon Cancer and Holds Prognostic Value by Associating
with miR-145. Pathol Oncol Res. 2016; 22: 733-740.

Bao JH, Lu WC, Duan H, et al. Identification of a novel cuproptosis-related
gene signature and integrative analyses in patients with lower-grade gliomas.
Front Immunol. 2022; 13: 933973.

Song Q, Zhou R, Shu F, et al. Cuproptosis scoring system to predict the clinical
outcome and immune response in bladder cancer. Front Immunol. 2022; 13:
958368.

Xiao C, Yang L, Jin L, et al. Prognostic and immunological role of
cuproptosis-related protein FDX1 in pan-cancer. Front Genet. 2022; 13: 962028.
Zhang A, Miao K, Sun H, et al. Tumor heterogeneity reshapes the tumor
microenvironment to influence drug resistance. Int J Biol Sci. 2022; 18:
3019-3033.

Frederiksen L], Siemens DR, Heaton JP, et al. Hypoxia induced resistance to
doxorubicin in prostate cancer cells is inhibited by low concentrations of
glyceryl trinitrate. ] Urol. 2003; 170: 1003-1007.

Roizin-Towle L, Hall E]J. The effect of bleomycin on aerated and hypoxic cells
in vitro, in combination with irradiation. Int J Radiat Oncol Biol Phys. 1979; 5:
1491-1494.

Luo K, Zhang Y, Xv C, et al. Fusobacterium nucleatum, the communication
with colorectal cancer. Biomed Pharmacother. 2019; 116: 108988.

Kostic AD, Gevers D, Pedamallu CS, et al. Genomic analysis identifies
association of Fusobacterium with colorectal carcinoma. Genome Res. 2012; 22:
292-298.

Parks SK, Cormerais Y, Pouysségur J. Hypoxia and cellular metabolism in
tumour pathophysiology. J Physiol. 2017; 595: 2439-2450.

Korotchkina LG, Patel MS. Mutagenesis studies of the phosphorylation sites of
recombinant human pyruvate dehydrogenase. Site-specific regulation. J Biol
Chem. 1995; 270: 14297-14304.

https://www.ijbs.com



Int. J. Biol. Sci. 2023, Vol. 19

3543

64.

65.
66.
67.
68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Turski ML, Brady DC, Kim HJ, et al. A novel role for copper in
Ras/mitogen-activated protein kinase signaling. Mol Cell Biol. 2012; 32:
1284-1295.

Garber K. Cancer's copper connections. Science. 2015; 349: 129.

Ge EJ, Bush Al, Casini A, et al. Connecting copper and cancer: from transition
metal signalling to metalloplasia. Nat Rev Cancer. 2022; 22: 102-113.

Gilkes DM, Semenza GL, Wirtz D. Hypoxia and the extracellular matrix:
drivers of tumour metastasis. Nat Rev Cancer. 2014; 14: 430-439.

Shi R, Liao C, Zhang Q. Hypoxia-Driven Effects in Cancer: Characterization,
Mechanisms, and Therapeutic Implications. Cells-Basel. 2021; 10.

Zhu Z, Zhao Q, Song W, et al. A novel cuproptosis-related molecular pattern
and its tumor microenvironment characterization in colorectal cancer. Front
Immunol. 2022; 13:940774.

Jiang R, Huan Y, Li Y, et al. Transcriptional and genetic alterations of
cuproptosis-related genes correlated to malignancy and immune-infiltrate of
esophageal carcinoma. Cell Death Discov. 2022; 8: 370.

Singleton DC, Macann A, Wilson WR. Therapeutic targeting of the hypoxic
tumour microenvironment. Nat Rev Clin Oncol. 2021; 18: 751-772.

Henze AT, Mazzone M. The impact of hypoxia on tumor-associated
macrophages. ] Clin Invest. 2016; 126: 3672-3679.

Brooks JM, Menezes AN, Ibrahim M, et al. Development and Validation of a
Combined Hypoxia and Immune Prognostic Classifier for Head and Neck
Cancer. Clin Cancer Res. 2019; 25: 5315-5328.

Chakravarthy A, Khan L, Bensler NP, et al. TGF-p-associated extracellular
matrix genes link cancer-associated fibroblasts to immune evasion and
immunotherapy failure. Nat Commun. 2018; 9: 4692.

Zhu S, Zhang T, Zheng L, et al. Combination strategies to maximize the
benefits of cancer immunotherapy. ] Hematol Oncol. 2021; 14: 156.

Jaiswal AR, Liu AJ, Pudakalakatti S, et al. Melanoma Evolves Complete
Immunotherapy Resistance through the Acquisition of a Hypermetabolic
Phenotype. Cancer Immunol Res. 2020; 8: 1365-1380.

Liu T, Han C, Wang S, et al. Cancer-associated fibroblasts: an emerging target
of anti-cancer immunotherapy. ] Hematol Oncol. 2019; 12: 86.

Shen X, Xue Y, Si Y, et al. The unfolded protein response potentiates
epithelial-to-mesenchymal transition (EMT) of gastric cancer cells under
severe hypoxic conditions. Med Oncol. 2015; 32:447.

Mallikarjuna P, Zhou Y, Landstrém M. The Synergistic Cooperation between
TGF-p and Hypoxia in Cancer and Fibrosis. Biomolecules. 2022; 12: 635

https://www.ijbs.com



