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A B S T R A C T

The emergence of 5-Fluorouracil (5-FU) resistance is the barrier to effective clinical outcomes for colorectal
cancer (CRC) patients. Autophagy was found to be involved in protecting tumor cells from 5-FU. However, the
specific role of autophagy-related genes in CRC 5-FU resistance remains unclear. In this study, HSPB8 among 34
differentially expressed ARGs in CRC was identified to be the hub ARGs in 5-FU resistant which was down-
regulated in CRC samples when compared with normal samples but up-regulated in CRC samples with rela-
tively higher lymphatic invasion, later stages and poor prognosis of CRC. Mechanistic analysis demonstrated that
due to the recruitment of CAFs, HSPB8 expression was enhanced in CRC cells so that HSPB8 could act together
with its co-chaperone BAG3 in autophagy drived 5-FU resistance. Furthermore, the augmented expression level of
HSPB8 was found to be significantly correlated to the immune cell infiltration such as Treg cells, macrophages,
monocyte and dendritic cells and so on. Our results suggested CAFs driving HSPB8 induced CRC 5-FU resistance
by promoting tumor autophagy would provide a new strategy in seeking potential CRC therapeutic target.
1. Introduction

Data collected in 2020 by the Global Cancer Observatory (GCO,
https://gco.iarc.fr), colorectal cancer (CRC) is the third most common
form of cancer worldwide after lung and breast cancers [1]. CRC Patients
at early stages of development and premalignant adenomatous polyps are
commonly asymptomatic, but often present evident symptoms at
advanced CRC. Drug adjuvant therapy is often applied to improve sur-
gical outcomes and to prevent tumor recurrence for patients with
advanced and metastatic CRC. 5-fluorouracil (5-FU), as the original
member of fluoropyrimidines, is the first-line drug for both single-drug
therapy and chemotherapy in CRC [2]. 5-FU-based therapies, such as
FOLFOX (5-FU, leucovorin, and oxaliplatin) or FOLFIRI (5-FU, leuco-
vorin, and irinotecan), have been used as the standard therapy for
advanced CRC. However, due to the emergence of drug resistance, the
effectiveness of 5-FU treatment is greatly reduced which has caused high
mortality of CRC patients [3, 4]. So studying the mechanism of 5-FU
resistance may be a key factor in improving colorectal cancer survival.
.
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Autophagy is a catabolic process that is crucial for cell development
and can occurs in response to nutrient deprivation or metabolic disorders
[5]. In tumor cells, autophagy plays a dual role which serves as a tumor
suppressor during the initial stages but later protects tumor cells from
chemo- and radioresistance, hypoxia and the immune defense system
[6]. Increasing studies in tumor therapy demonstrate the modulation of
autophagic flux might be a potential therapeutic strategy for cancer [7].
Inhibition of autophagy could be a promising strategy enhancing the
anticancer effect of 5-FU in CRC [8].

In this study, 34 differentially expressed autophagy-related genes
(ARGs) were obtained from the expression data of patients in the CRC
cohort in The Cancer Genome Atlas (TCGA) database, and the biological
functions of these differentially expressed ARGs were analyzed. Then
HSPB8 was determined to be the key ARG in enhancing CRC 5-FU
resistance. Higher HSPB8 expression usually correlated to a lower time
of overall survival (OS) and disease-free survival (DFS). Mechanistically,
cancer-associated fibroblasts (CAFs) were found to promote tumor
HSPB8 expression and increased HSPB8 expression could recruit Treg,
macrophage and neutrophil cells which would further enhance tumor 5-
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FU resistance. All our results would provide a new strategy in seeking
potential CRC diagnostic biomarkers and therapeutic targets.

2. Results

2.1. Enrichment analysis of differently expressed ARGs in CRC

Through analyzing TCGA RNA sequences data of 473 CRC samples
and matched 41 solid tissue normal samples, 12781 abnormal expressed
genes were obtained firstly. By comparing the TCGA database, 34 of 232
ARGs was identified with FDR< 0.05 and log2 FC > 1which showed 13
ARGs were up-regulated and 21 ARGs were down-regulated in CRC tis-
sues (Figure 1a). Then functional enrichment analysis was performed
with the 34 differentially expressed ARGs (Figure 1b). In the biological
Figure 1. Enrichment analysis of differently expressed ARGs in CRC. a: 232 AR
obtained from TCGA. By comparing with each other, 34 of 232 ARGs was identified w
ARGs were down-regulated in CRC tissues. b: The results of identified 34 ARGs in
pathway enrichment analysis. c: The distinct functional states of 13 up-regulated A
analyzed on CancerSEA.
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processes, the ARGs were mainly enriched in extrinsic apoptotic
signaling pathway via death domain receptors, mitophagy, regulation of
mitotic cell cycle, negative regulation of neuron apoptotic process and
negative regulation of apoptotic process. In the cellular components, the
ARGs were mainly enriched in cytosol, autophagosome membrane,
autophagosome, mitochondrion, protein complex and cytoplasmic
vesicle. In the molecular functions, the ARGs were mainly enriched in
ubiquitin protein ligase binding, kinase activity and protein phosphatase
2A binding. In the Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways, the ARGs were mainly enriched in ErbB signaling pathway,
p53 signaling pathway, pathways in cancer, apoptosis, HIF-1 signaling
pathway, PI3K-Akt signaling pathway, colorectal cancer and other
functional pathways (Figure 1b). In addition, CancerSEA was performed
to predict the ARGs associated functional states in CRC using scRNA-seq
Gs were obtained from the HADb and 12781 abnormal expressed genes were
ith FDR< 0.05 and log2 FC > 1which showed 13 ARGs were up-regulated and 21
Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)

RGs and 21 down-regulated ARGs in cancer cells at single-cell resolution were



Figure 2. The identification of hub ARGs in CRC 5-FU resistance. a: The IC50 5-FU response data of 44 CRC cell lines in GDSC database. The IC50 value was
significant higher in SW1116, LS-123, HT55, HT-115, SW1417 cells but lower in SNU-407, RKO, HCT-116, LS-411N, LS-513 cells (p < 0.05). b: The genomic in-
formation of CRC cells with different 5-FU IC50 response. By verification of 34 ARGs expression in CCLE, high expression of ATG9B, HSPB8 and PINK1 were
determined to be the hub ARGs correlated to 5-FU resistance. c: The association between hub ARGs expression and CRC overall survival (OS) and disease-free survival
(DFS). CRC patients with high HSPB8 expression were found to have a significant shorter OS and DFS time than patients with low HSPB8 expression (p < 0.05).
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datasets. As showed in Figure 1c, the up-regulated ARGs were mainly
enriched in DNA repair and cell stemness while down-regulated ARGs
were mainly enriched in cell cycle (p < 0.05).
2.2. Identification of hub ARGs in CRC 5-FU resistance

The IC50 5-FU response data of 44 CRC cell lines were analyzed in
GDSC database. As showed in Figure 2a, The IC50 value was significant
higher in SW1116, LS-123, HT55, HT-115, SW1417 cells but lower in
SNU-407, RKO, HCT-116, LS-411N, LS-513 cells (p< 0.05). According to
5-FU IC50, cells were separated into 5-FU resistance and 5-FU sensitive
groups and their genomic information were further compared in CCLE.
Consequently, volcano plot of 936 up-regulated and 64 down-regulated
genes were presented in Figure 2b (p < 0.05). By verification of 34
ARGs expression in CCLE, high expression of ATG9B, HSPB8 and PINK1
were determined to be the hub ARGs correlated to 5-FU resistance.
Moreover, the association between hub ARGs and CRC overall survival
(OS) and disease-free survival (DFS) were further explored in GEPIA.
Though difference were not found in CRC patients with different ATG9B
or PINK1 expression (figure2c, p > 0.05), CRC patients with high HSPB8
expression were found to have a significant shorter OS and DFS time than
patients with low HSPB8 expression (figure 2c, p < 0.05). As expected,
CRC cells with HSPB8 knock down were also found to show a significant
lower colony forming efficiency than other cells when cultured with 5-FU
(supplementary figure 1, p < 0.05).
Figure 3. The correlation between HSPB8 expression and CRC clinical charact
nificant higher expression in tumor tissues than normal tissues (p < 0.05). b: The
demonstrated that HSPB8 expression had no relation to tumor histological type (p <

lymphatic invasion. High HSPB8 expression was found to have a higher tumor stage a
in CRC patients with different MSI and KRAS mutation. The results showed that CRC
expression difference was not found in patients with or without KRAS mutation (p >
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2.3. The relationship between HSPB8 expression and CRC clinical
characteristics

As showed in GEPIA and HPA database, both HSPB8 mRNA and
protein were found to be down-regulated in CRC tissues (Figure 3a, p <

0.05). Then Xena was performed to verify the correlation between HSPB8
and CRC clinical characteristics. The results demonstrated that HSPB8
expression had no relation to CRC TNM stage or tumor histological type
(Figure 3b and Supplementary figure 2, p < 0.05). Fortunately, high
HSPB8 expression was found to have a higher tumor stage and lymphatic
invasion (p < 0.05, Figure 3c). Additionally, the HSPB8 expression of
CRC patients with different MSI and KRAS mutation were also compared.
The results showed that CRC patients without MSI seemed to have a
higher HSPB8 (p < 0.05), while HSPB8 expression difference was not
found in patients with or without KRAS mutation (figure 3c, p > 0.05).
2.4. Co-expression and gene interaction analyses of HSPB8 in patients with
CRC

PPI network analysis of HSPB8 was conducted with STRING. As
presented, 11 nodes and 54 edges were obtained in the PPI network
(Figure 4a). Then GeneMANIA was used to explore the potential inter-
action between HSPB8 and other genes. By comparing the results of
STRING, BAG3 and CRYAB were identified to be the highest frequency
genes associated with HSPB8. Function analysis of these genes revealed
eristics. a: The expression of HSPB8 in CRC tissues. The HSPB8 showed a sig-
association between HSPB8 expression and CRC histological type. The results
0.05). c: The relationship between HSPB8 expression and CRC tumor stage and
nd lymphatic invasion (p < 0.05). d: The comparison results of HSPB8 expression
patients without MSI seemed to have a higher HSPB8 (p < 0.05), while HSPB8
0.05).
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that they were mainly focus on cellular response to heat but the inter-
action between HSPB8 and BAG3 was found to play an important role in
positive regulation of macroautophagy. In addition, a co-expression of
HSPB8 and BAG3 was also found in CRC tissues by GEPIA (figure 4b, p <

0.05).
2.5. Correlation analysis between HSPB8 expression and cancer associated
fibroblasts (CAFs)

The HSPB8 expression of CRC tissues was lower than normal tissues
whereas patients with down-regulated HSPB8 usually related to a better
outcome. Previous studies had reported patient-derived CAFs can strik-
ingly reprogram the metabolic machinery of cancer cells [9]. Therefore,
the correlation between HSPB8 expression and CAFs was analyzed in
TISCH. The results displayed that comparing with other cells, HSPB8 was
found to mainly express in CAFs (Figure 5a, p < 0.05). As expected,
TIMER database was conducted which also demonstrated that a signifi-
cant correlation was found between HSPB8 expression and CAFs (figure
5b, p< 0.05). Then the HSPB8 expression of CRC and CAFs was analyzed
which demonstrated a higher HSPB8 expression was found in CAFs
Figure 4. Co-Expression and gene interaction analyses of HSPB8 in CRC. a: Th
potential interaction between HSPB8 and other genes. The interaction between HS
macroautophagy. In addition, a co-expression of HSPB8 and BAG3 was also found i
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(figure 5c, p < 0.05). As the recruitment factor of CAFs, transforming
growth factor β (TGF- β) was included in the study to detect its associa-
tion with HSPB8. Fortunately, a co-expression of HSPB8 and TGF-β was
observed in CRC tissues but not in normal tissues (figure 5d, p < 0.05).
2.6. Immune cell infiltration of HSPB8 in CRC patients

Recently, immune cells were reported to have a great affection on
CRC patients’ response to treatment [10]. Thus immune marker sets,
which were widely accepted as corresponding symbols of different
immunocytes were applied to explore their association with HSPB8
expression in TIMER and GEPIA databases. The results showed that the
immunemarkers of treg cells, macrophages, monocyte and dendritic cells
were significantly associated with HSPB8 expression (Table 1, p < 0.05).
Moreover, tumor-associated macrophages, especially for M2 macro-
phages were found to be highly related to HSPB8 expression (Table 1, p<

0.05). Additionally, the TIMER database was used to confirm the re-
lationships between HSPB8 expression and tumor immune cell infiltra-
tion such as Treg cells, macrophages, monocyte, dendritic cells and so on.
As expected, the increased expression level of HSPB8 was significantly
e PPI network analysis of HSPB8 by STRING. b: The prediction results of the
PB8 and BAG3 was found to play an important role in positive regulation of
n CRC tissues by GEPIA (p < 0.05).



Figure 5. Correlation analysis between HSPB8 expression and CAFs. a: The TISCH results of the association between HSPB8 expression and different cells in
tumor microenvironment. b: The verification results of the correlation between HSPB8 expression and CAFs by TIMER. c: The comparison of HSPB8 expression
between CRC cells and CAFs in CCLE. d: The co-expression between HSPB8 and TGF-β expression in CRC cells.
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correlated to the infiltration of Treg cells, macrophages, monocyte and
dendritic cells (Figure 6, p < 0.05).

3. Discussion

Since the 1950s, 5-FU-based chemotherapy has obtained to be the
mainstay of therapy for CRC patients. Although combinations of FOLFOX
or FOLFIRI have conferred survival benefits greater than the use of 5-FU
alone, nearly half of CRCs are resistant to 5-FU-based chemotherapies
[8]. Therefore, identifications on the characterization of the biological
factors involved in mediating resistance to 5-FU based therapy are ur-
gently needed. In this study, 34 differentially expressed ARGs associated
with CRC progression in 473 CRC tissues and 41 adjacent normal tissues
were screen from TCGA database and found that HSPB8 was important in
CRC 5-FU resistant. Due to the recruitment of CAFs, HSPB8 expression
was enhanced in CRC cells so that HSPB8 acted together with its
co-chaperone BAG3 promoting autophagy drived 5-FU resistance.
Furthermore, the augmented expression level of HSPB8 was found to be
significantly correlated to the immune cell infiltration such as Treg cells,
macrophages, monocyte and dendritic cells and so on.

5-FU is a heterocyclic aromatic organic compound which is similar to
the pyrimidine molecules of DNA and RNA. Therefore, 5-FU can induce
cytotoxicity and tumor cell death by interfering with the metabolism of
nucleoside and being incorporated into RNA and DNA [11]. Autophagy, a
6

self-degradative mechanism, maintains cellular homeostasis and cell
survival under both physiological and pathological conditions by
removing damaged DNA, dysfunctional proteins and defective organelles
[12]. In addition to its housekeeping roles, autophagy also involves in
protecting tumor cells from anticancer agents such as 5-FU [13]. Accu-
mulating evidence illustrated that a suppression of autophagy would
greatly enhances 5-FU induced tumor cell death [14]. In this study, 34
abnormal expressed ARGs were identified and analyzed their functions
including GO analysis and KEEG pathways. Preliminary analysis showed
that the expression of these ARGs is mostly enriched in ErbB signaling
pathway, p53 signaling pathway, HIF-1 signaling pathway, PI3K-Akt
signaling pathway which functioned as negative regulator of apoptotic
process. Further analysis of AGRs in single cancer cell function by Can-
cerSEA showed a consistent result that theses ARGs played an important
role in tumor cell DNA repair and maintaining cell stemness and cell
cycle.

HSPB8, a member of the HSPBs, is deeply involved in the modulation
of the appearance and the progression of many types of cancer in humans
[15, 16, 17]. The hypothesis that many of the HSPB8 effects in tumors are
due to its ability to facilitate autophagy [18]. Early studies had also
evidenced the key role of up-regulated HSPB8 in the development of
tamoxifen resistance in breast cancer by inducing cell autophagy [19]. In
this study, the chemoresistance role of HSPB8 was also found that CRC
cells with higher 5-FU IC50 usually company with an increased HSPB8



Table 1. The correlation between HSPB8 expression and immune cells.

Cell type Gene marker None Purity Tumor Normal

Cor P Cor P R P R P

B CD19 0.263 <0.001 0.149 0.0026 0.12 0.055 -0.25 0.12

KRT20 0.006 0.893 -0.006 0.908 -0.053 0.38 -0.4 0.0099

CD38 0.34 <0.001 0.225 <0.001 0.12 0.053 -0.35 0.024

CD4þT CD4 0.568 <0.001 0.489 <0.001 0.25 <0.001 -0.21 0.18

CCR6 0.093 0.0467 0.049 0.325 -0.017 0.78 -0.3 0.056

CD8þ T CD8A 0.301 <0.001 0.195 <0.001 0.29 0.063 -0.16 0.32

CD8B 0.285 <0.001 0.23 <0.001 0.29 0.064 -0.14 0.39

Treg FOXP3 0.505 <0.001 0.425 <0.001 0.25 <0.001 -0.18 0.25

IL2RA 0.437 <0.001 0.341 <0.001 0.19 0.002 -0.16 0.31

CCR8 0.522 <0.001 0.451 <0.001 0.29 <0.001 -0.15 0.36

Macrophage CD68 0.467 <0.001 0.4 <0.001 0.2 <0.001 -0.23 0.14

ITGAM 0.611 <0.001 0.563 <0.001 0.25 <0.001 0.38 0.015

M1 NOS2 -0.206 <0.001 -0.26 <0.001 -0.078 0.19 -0.087 0.59

IRF5 0.34 <0.001 0.354 <0.001 0.11 0.069 -0.29 0.065

PTGS2 0.283 <0.001 0.222 <0.001 0.048 0.43 0.4 0.0092

M2 ARG1 0.06 0.203 0.036 0.467 0.058 0.34 -0.11 0.48

MRC1 0.51 <0.001 0.444 <0.001 0.21 <0.001 0.084 0.6

TAM MS4A4A 0.571 <0.001 0.503 <0.001 0.26 <0.001 0.041 0.8

CCL2 0.693 <0.001 0.639 <0.001 0.39 <0.001 0.21 0.18

CD80 0.447 <0.001 0.372 <0.001 0.13 0.03 -0.075 0.64

CD86 0.59 <0.001 0.524 <0.001 0.24 <0.001 -0.11 0.5

CCR5 0.507 <0.001 0.418 <0.001 0.19 0.001 -0.19 0.23

Monocyte CD14 0.564 <0.001 0.488 <0.001 0.25 <0.001 0.02 0.9

FCGR3B 0.308 <0.001 0.253 <0.001 0.089 0.14 0.17 0.29

CSF1R 0.603 <0.001 0.537 <0.001 0.31 <0.001 0.036 0.82

Neutrophil CD66b -0.13 0.0054 -0.111 0.0256 0.023 0.7 -0.19 0.22

FUT4 -0.074 0.113 -0.078 0.116 -0.13 0.034 -0.34 0.032

ITGAM 0.611 <0.001 0.563 <0.001 0.25 <0.001 0.38 0.015

Natural killer cell XCL1 0.255 <0.001 0.208 <0.001 0.13 0.029 -0.14 0.37

CD7 0.305 <0.001 0.168 <0.001 0.052 0.39 -0.41 0.0086

KIR3DL1 0.178 <0.001 0.112 0.0244 0.013 0.83 0.053 0.74

Dendritic cell CD1C 0.495 <0.001 0.426 <0.001 0.24 <0.001 0.01 0.67

CD14 0.564 <0.001 0.488 <0.001 0.25 <0.001 0.02 0.9

CD11c 0.607 <0.001 0.538 <0.001 0.2 0.001 -0.26 0.095

The [bold] in the table refered to that the immunemarkers of treg cells, macrophages, monocyte and dendritic cells were significantly associated with HSPB8 expression.
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expression and patients with up-regulated HSPB8 inevitably showed a
poor prognosis of CRC not only in OS but also RFS. Early studies reported
in cooperation with BAG3, the chaperone activity of HSPB8 could deliver
the misfolded proteins to the autophagymachinery [20, 21]. Fortunately,
the strong combination between HSPB8 and BAG3 expression was also
found in this study which positive regulate cell autophagy. By the way, a
dual role of HSPB8 was found that CRC patients usually showed a lower
HSPB8 expression than normal tissues but patients with lower HSPB8
expression showed a higher 5-FU sensitivity and better outcome than
other patients. By reviewing existing studies, HSPB8 activity could be
either beneficial or detrimental for cancer cell growth, migration, and
death [18]. The opposite effects were also found in CHAC1 of kidney
renal cell (KIRC) carcinoma which is down-regulated in KIRC samples
when compared with normal samples but up-regulated in KIRC samples
with relatively higher malignancy and later stages [22]. However, the
mechanism of these controversial findings still remained unclear.

CAFs, as an important part of the tumor microenvironment (TME),
play a key role in cancer progression by contributing to extracellular
matrix deposition and remodeling, extensive crosstalk with cancer cells
[23]. In this study, HSPB8 was showed to be mainly enriched in CAFs
compared with other TME cells and an enhanced HSPB8 expression in
CRC cells was also found to be correlated to higher CAFs infiltration.
Additionally, we observed a significant co-expression of HSPB8 and TGF-
7

β in CRC tissues whereas correlation between them was not detected in
normal tissues. As present in recent studies, TGF- β released by tumor
cells could recruit CAFs which played an important role in crosstalk be-
tween cancer cells and fibroblasts [24]. Hence, our results indicated the
increased HSPB8 expression in CRC cells might due to the recruiting of
CAFs by TGF- β.

The tumor microenvironment (TME), comprising cellular compo-
nents, such as cancer-associated fibroblasts (CAFs), immune cells,
endothelial cells and adipocytes, and noncellular components such as
extracellular matrix (ECM), has been recognized as a critical contributor
to the treatment resistance [25, 26]. Except the noticeable association
between CAFs infiltration and HSPB8 expression, the correlation be-
tween the infiltration of various immune cells and HSPB8 expression was
also detected. Fortunately, the treg cells, macrophages, monocyte and
dendritic cells infiltration were significantly associated with HSPB8
expression. As presented, interaction between CAFs and adaptive im-
mune cells in the TME is known to have crucial functions in the restric-
tion of antitumor immunity [27]. Macrophages infiltrating tumors,
known as tumor associated macrophages (TAMs), are classified into two
different types M1 and M2. M1-type macrophages behave as an anti-
tumor role whereas M2-type macrophages exhibit tumor-promoting ac-
tivity by contributing to the activation of tumor angiogenesis, immune
suppression, invasion and metastasis of cancer cells [28]. Consistently, a



Figure 6. The relationships between HSPB8 expression and tumor immune cell infiltration. The increased expression level of HSPB8 was significantly correlated
to the infiltration of Treg cells, macrophages, monocyte and dendritic cells (p < 0.05).
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strong association of HSPB8 expression and M2-type macrophages was
also observed in this study.

On general, HSPB8 among 34 differentially expressed ARGs in CRC
was identified to be the hub ARGs in 5-FU resistant which was down-
regulated in CRC samples when compared with normal samples but up-
regulated in CRC samples with relatively higher lymphatic invasion,
later stages and poor prognosis of CRC. Mechanistic analysis demon-
strated that due to the recruitment of CAFs, HSPB8 expression was
enhanced in CRC cells so that HSPB8 acted together with its co-
chaperone BAG3 promoting autophagy drived 5-FU resistance. Further-
more, the augmented expression level of HSPB8 was found to be signif-
icantly correlated to the immune cell infiltration such as Treg cells,
macrophages, monocyte and dendritic cells and so on. In conclusion,
HSPB8 was found to be a valid indicator for poor prognosis of CRC pa-
tients with 5-FU therapy. All these results suggested CAFs driving HSPB8
induced CRC 5-FU resistance by promoting tumor autophagy would
provide a new strategy in seeking potential CRC therapeutic targets.

4. Materials and methods

4.1. Identify differently expressed ARGs in CRC

232 ARGs were obtained from the HADb (Human Autophagy Data-
base, http://www.autophagy.lu/) and transcriptome profiling data were
downloaded from TCGA Data Portal (https://tcga-data.nci.nih.gov/t
cga/). Then ARGs between CRC and normal samples were selected
basing on a t-test of Linear Models for Microarray Analysis package in R
[29]. The fold-change (FC) of the gene expression was also calculated.
The threshold criteria for the ARGs selection were P < 0.05 and |log2FC|
�1.
8

4.2. Functional and pathway enrichment analysis of ARGs

Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis was conducted for the selected
genes by online tools of the Database for Annotation, Visualization and
Inter-grated Discovery (DAVID, https://david.ncifcrf.gov/) [30]. The
cut-off value for the screening of significant functions and pathways was
FDR<0.05 as statistical significance. The distinct functional states of
ARGs in cancer cells at single-cell resolution were analyzed on Cancer-
SEA [31].

4.3. The identification of hub ARGs in CRC 5-FU resistance

The 5-FU response data of CRC cells and genomic information were
obtained from Genomics of Drug Sensitivity in Cancer (GDSC,
https://www.cancerrxgene.org/) and Cancer Cell Line Encyclopedia
(CCLE, https://sites.broadinstitute.org/ccle). The hub ARGs were iden-
tified by an overlap of comparing the obtained ARGs RNA-seq data from
CCLE and TCGA.

4.4. Validation of the hub ARGs in TCGA database

The expression data of hub ARGs and their correlation to CRC prog-
nosis were validated by Gene Expression Profiling Interactive Analysis
(GEPIA) [32]. The protein expression of ARGs detected by immunohis-
tochemistry (IHC) was obtained from The Human Protein Atlas (HPA,
https://www.proteinatlas.org/). Moreover, the association between hub
ARGs expression and tumor histological type, stage, TNM, lymphatic
invasion, microsatellite instability (MSI) and KRAS mutation were pro-
cessed by Xena [33].

http://www.autophagy.lu/
https://tcga-data.nci.nih.gov/tcga/
https://tcga-data.nci.nih.gov/tcga/
https://david.ncifcrf.gov/
https://www.cancerrxgene.org/
https://sites.broadinstitute.org/ccle
https://www.proteinatlas.org/
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4.5. Protein-protein interaction (PPI) network construction and module
analysis

Search Tool for the Retrieval of Interacting Genes (STRING) database
was conducted to predict the potential interactions amongst the identi-
fied ARGs from the protein level. Only the interactions containing at least
one DEGwere filtered out to build the PPI network, with the criterion of a
combined score of >0.9. Then GeneMANIA was further applied to
construct the gene-gene interaction network between ARGs and target
proteins [34].

4.6. ARGs exploration in tumor microenvironment (TME)

Tumor Immune Single-cell Hub (TISCH) was firstly processed to
analyze the hub ARGs expression visualization across multiple datasets at
the single-cell level in CRC tissues [35]. The signifcant functional states
were identified with P < 0.05 and correlation >0.2. Then the association
between hub ARGs expression and immune cells was verified by TIMER
with p < 0.05 [36].
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