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Abstract

Cancer-Associated Fibroblasts (CAFs) have been found to play a crucial role in tumor chemoresistance.
In this work, we employed silico analyses to identify genes and pathways that affect chemoresistance
caused by CAFs in breast cancer. Our study revealed that 118 differentially expressed genes in CAFs are
associated with breast cancer chemoresistance. The FoxO, Rapl, MAPK, ErbB, and PI3K-Akt pathways
were identified as crucial pathways, while KRAS, COMP, PTEN, CDKN1A, and BCL2L11 were identified as
crucial genes through which CAFs influence breast cancer chemoresistance. These genes exhibit abnormal
expression in breast cancer tissues and are associated with clinical parameters and immune infiltration,
impacting patient prognosis. This study offers a new perspective on the progression of treatment targets
for breast cancer therapy based on CAFs as well as a novel molecular theory for the potential mechanisms
by which CAFs mediate the effects of chemoresistance in breast cancer.
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Introduction

Breast cancer is the most prevalent malignant tumor in wo-
men and one of the major contributors to the global burden of
disease. It holds the position as the second most frequently pre-
valent cancer and the fourth leading cause of cancer-related mor-
tality worldwide, with 2.3 million new cases and 666,000 fatalities
reported in 2022, according to the latest global cancer statistics
[1]. Despite significant and substantial progress has been made
in drug development for breast cancer, the effectiveness of treat-
ment is still hampered by metastasis and therapeutic resistance.
Taxanes, such as Paclitaxel (PTX) and Docetaxel (DTX), is widely
used as a first-line chemotherapy agent in the adjuvant and neo-
adjuvant treatment of breast cancer, especially in advanced me-
tastatic cancer treatment. However, the resistance to taxanes in
breast cancer is a huge obstacle to clinical application, which is
closely correlated with adverse reactions, recurrence and metas-
tasis. Meanwhile, the generation of drug resistance is also a major
cause of death in patients receiving treatment [2].

For the past several years, the possible significance of the Tu-
mor Microenvironment (TME) in tumor development, metastasis,
and treatment has been extensively investigated [3,4]. CAFs are
the essential components of the TME and are activated fibro-
blasts with functional heterogeneity [5]. Cancer-Associated Fi-
broblasts (CAFs) secrete and release a wide range of active bio-
molecules, such as cytokines, growth factors, Extracellular Matrix
(ECM) components, hormones and proteases, which not only pro-
mote tumourigenesis, growth and angiogenesis, but also lead to
the production and remodeling of aberrant extracellular matrices,
promoting tumor migration, invasion and distant metastasis [6,7].
At the same time, CAFs can develop or enhance chemoresistance
through various mechanisms, including induction of Epithelial-
Mesenchymal Transition (EMT), activation of stem cell-related
programs, and reprogramming of tumor cell metabolism [8].

Increasing evidence indicates a close link between CAFs and
breast cancer. For example, the oncogenic function of CAFs in
breast canceris dependent on STAT3, which acts as atumor growth
promoter by inducing the CAFs secreted proteins ANGPTL4, MMP
13 and STC-1 [9]. In addition, CAFs activated by TGF- 1 can result
in cellular autophagy or overexpression of FAP- a, thereby pro-
moting invasion, metastasis, and EMT of breast cancer [10]. Thus,
the presence of CAFs is usually significantly associated with poor
prognosis in breast cancer [11]. Another explanation for this cor-
relation is that CAFs directly influence the response to treatment
and may be involved in the induction of treatment resistance [12].
CD63+ CAFs secrete exosomal miR-22, mediated by SFRS 1, for
binding to their targets ER a and PTEN, rendering breast tumor
cells resistant to tamoxifen [13]. Given these findings, identifying
genes and pathways related to CAFs in breast cancer chemothe-
rapy resistance may facilitate the development of new targets for
reducing breast cancer treatment resistance.

Bioinformatics analysis, which advances the development of
targeted and individualized medicines, is a useful means for re-
cognizing possible molecular targets for therapy and biomarkers
of progression [14-16]. The Cancer Genome Atlas (TCGA) contains
information on numerous human malignancies and provides
a comprehensive view of similarities, variations and emerging
events within neoplasm genealogy [17]. Additionally, the Gene

Expression Omnibus (GEO) offers a comprehensive gene expres-
sion profile that demonstrates an integrated whole picture of
cellular regulation [18]. Using data from the TCGA and GEO da-
tabases, this study attempted to find out crucial genes and pa-
thways associated to the regulation of CAFs in chemoresistance
in breast cancer.

Materials and methods
Data download

Gene expression profiling data of the breast cancer dataset
GSE42568 and the breast cancer chemotherapy resistance da-
tasets GSE28784 and GSE99225 were download from the GEO
database (https://www.ncbi.nlm.nih.gov/gds/). Both GSE42568
and GSE99225 datasets were obtained from Homo Sapiens, sour-
ced from Breast Tissue, and GSE28784 dataset obtained from
Homo Sapiens, sourced from MDA-MB-231 cells. GSE42568 in-
cludes 17 normal breast tissue samples and 104 breast cancer
tissue samples. GSE99225 includes 4 chemo-sensitive breast tis-
sue samples and 4 chemo-resistant breast cancer tissue samples.
GSE28784 includes 3 chemo-sensitive cell lines and 6 chemo-re-
sistant cell lines. All samples were included in this study.

Fibroblast-Related Genes (FRGs) were collected from Gene-
Cards database (https://www.genecards.org/). Using «Fibro-
blast» as a search term and keeping only «Protein Coding», a total
of 19942 FRGs were obtained. At the same time, the top 2000
FRGs were obtained for subsequent analysis in descending order
of ‘Relevance Score’.

Clinical information and overall survival data for crucial genes
were collected from the TCGA-BRCA at The Cancer Genome Atlas
(TCGA) website (https://portal.gdc.cancer.gov/) and the Univer-
sity of California Santa Cruz (UCSC) Xena database (http://xena.
ucsc.edu/).

Analysis of differentially expressed genes (DEGSs)

According to the grouping of the datasets, the GSE42568
samples were divided into the breast cancer group and the control
group, and the GSE28784 and GSE99225 samples were divided
into the chemo-sensitive group and the chemo-resistant group.
Gene differential expression analysis of each dataset was perfor-
med with |log FC|>1.0 and adj. p<0.05 as the threshold, and the
results were presented by drawing the volcano plots.

GO and KEGG analysis

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) analyses were performed were performed to in-
vestigate the functional roles of DEGs in Biological Processes (BP),
Molecular Functions (MF), and Cellular Components (CC), as well
as the associated pathways.

Construction of the PPI network

Protein-Protein Interaction (PPI) networks of candidate genes
were constructed using the String database (https://cn.string-db.
org/) defining the species as human. Subsequently, the resulting
PPI network was imported into Cytoscape software for visualiza-
tion, and the candidate genes were ranked based on degree value
(number of interactions with candidate genes) using the plugin
CytoHubba, and the top 20 genes were selected for presentation.
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Identification of the intersect genes

The DEGs from breast cancer dataset GSE42568 were intersec-
ted with the top 2000 FRGs obtained from GeneCards database to
obtain Fibroblast-related Differentially Expressed Genes (FRDEGSs)
for breast cancer, and a Venn diagram was plotted.

The DEGs from breast cancer chemotherapy resistance data-
set GSE99225 were intersected with the top 2000 FRGs obtained
from GeneCards database to obtain fibroblast-related chemothe-
rapy resistance genes for breast cancer, and a Venn diagram was
plotted.

The crucial genes were obtained by intersecting genes with
high degree values in the PPl networks (PPI-top20) with top genes
in crucial pathway enrichment analysis (KEGG-top20).

Expression and correlation analysis of the crucial genes

The mRNA expression levels of crucial genes in breast cancer
tissues and normal tissues was analyzed based on the TCGA-BRCA
dataset, and the results were presented by box-and-line plots.
While, the correlations between crucial genes in breast cancer
was analyzed and shown by chord plot.

Survival analysis of the crucial genes

The effects of crucial genes on patient prognosis, such as
Overall Survival (0S), Disease-Free Survival (DSS) and Progres-
sion-Free Interval (PFl), were assessed based on the TCGA-BRCA
dataset, and the results were plotted on the Kaplan-Meier (KM)
survival curves. The time-dependent Receiver Operating Charac-
teristic (ROC) curves based on the expression of crucial genes and
OS were generated, and the Area Under the Curve (AUC) values
were calculated to assess diagnostic capacity for breast cancer
samples at 1, 3, and 5 years.

Correlation analysis of crucial genes and clinicopathological
parameters

Based on the TCGA-BRCA dataset, the correlation between
crucial genes and clinical characteristics of breast cancer patients
was investigated, including age, menstrual status, anatomical site,
pathological TNM stage, expression status of ER, PR, and HER2,
and molecular typing.

Immune infiltration analysis

Correlations between crucial genes and major immune cells
were analyzed through the TCGA database and represented by
a heatmap.

Results

FoxO, TNF, Hippo, Wnt, Rap 1, MAPK, IL-17, ErbB, PI3K-Akt,
JAK-STAT signaling pathways are pathways associated with
chemoresistance in breast cancer

To explore the specific mechanisms affecting chemoresistance
in breast cancer, we obtained the breast cancer chemotherapy re-
sistance dataset GSE28784 from the GEO database. The results
of differential analysis showed that GSE28784 contained a total
of 1041 DEGs, which were demonstrated by volcano and heat
maps (Figure 1A-B). KEGG analysis showed that these genes were
mainly enriched in 96 pathways, such as FoxO signaling pathway,

Th17 cell differentiation, TNF signaling pathway, Hippo signaling
pathway, Wnt signaling pathway, Proteoglycans in cancer, Rapl
signaling pathway, EGFR tyrosine kinase inhibitor resistance,
MAPK signaling pathway, IL-17 signaling pathway, ErbB signaling
pathway, PI3K-Akt signaling pathway, Cellular senescence, Apop-
tosis, Thl and Th2 cell differentiation, Focal adhesion, NOD-like
receptor signaling pathway, B cell receptor signaling pathway,
Transcriptional misregulation in cancer, Signaling pathways regu-
lating pluripotency of stem cells, Platinum drug resistance, JAK-
STAT signaling pathway, and Cell cycle (Figure 1C).

PI3K-Akt, EGFR, Ras, Rap 1, MAPK, FoxO, HIF-1, TNF, AMPK,
ErbB, PPAR, and PD- (L) 1 signaling pathways are pathways
associated with CAFs in breast cancer

To explore the specific mechanisms of CAFs affecting breast
cancer, we obtained the breast cancer dataset GSE42568 from
the GEO database. The results of differential analysis showed that
GSE42568 contained a total of 3198 DEGs, which were demons-
trated by volcano and heat maps (Figure 2A-B). By taking the in-
tersection of DEGs from the breast cancer dataset GSE42568 with
the top 2000 FRGs obtained from the GeneCards database, a to-
tal of 526 FRDEGs were obtained (Figure 2C). And the signaling
pathways in which FRDEGs were mainly enriched were identified
using KEGG, and the results showed that FRDEGs were involved
in the regulation of 144 pathways, such as Focal adhesion, PI3K-
Akt signaling pathway, EGFR tyrosine kinase inhibitor resistance,
Ras signaling pathway, Rapl signaling pathway, MAPK signaling
pathway, ECM-receptor interaction, FoxO signaling pathway, HIF-
1 signaling pathway, Transcriptional misregulation in cancer, TNF
signaling pathway, Chemokine signaling pathway, Cellular senes-
cence, AMPK signaling pathway, Apoptosis, Toll-like receptor si-
gnaling pathway, Signaling pathways regulating pluripotency of
stem cells, ErbB signaling pathway, PPAR signaling pathway, PD-L1
expression, and PD-1 checkpoint pathway in cancer (Figure 2D).

Chemoresistance in breast cancer is affected by the CAFs

Comparison of the results from analyses of chemoresistant
and CAFs revealed 84 shared genes and 68 shared signaling pa-
thways at the intersection (Figure 3A-B), suggesting that CAFs
have an impact on chemotherapy resistance in breast cancer. We
then obtained the breast cancer chemotherapy resistance data-
set GSE99225 from the GEO database. The results of differential
analysis showed that GSE99225 contained a total of 1039 DEGs,
which were demonstrated by a volcano map (Figure 3C). To fur-
ther explore the important role of CAFs in breast cancer chemore-
sistance, a total of 118 candidate genes were obtained by taking
the intersection of DEGs from the breast cancer chemoresistance
dataset GSE99225 with the top 2000 FRGs obtained from the
GeneCards database (Figure 3D).

FoxO, Rapl, MAPK, ErbB, PI3K-Akt signaling pathways are
the crucial pathways associated with chemoresistance in breast
cancer

We performed gene functional enrichment analysis on the
above 118 candidate genes. GO enrichment analysis (p<0.05) re-
vealed a remarkable influence of 50 MF, including ECM structural
constituent, endopeptidase activity, receptor ligand activity, signa-
ling receptor activator activity, and integrin binding. Additionally,
34 CC such as focal adhesion, cell-substrate junction, basement
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membrane, external side of plasma membrane, and actin cytos-
keleton had notable influences. Furthermore, significant effects
were seen in 701 BP, including ECM organization, transmembrane
receptor protein serine/threonine kinase signaling pathway, epi-
thelial cell proliferation, mesenchyme development, and regula-
tion of angiogenesis showed remarkable impacts (Figure 4A).

At the same time, the results of KEGG enrichment analysis
(p<0.05) showed 118 candidate genes involved in 69 signaling pa-
thways involving the aforementioned identified pathways related
to chemoresistance and CAFs in breast cancer, such as FoxO signa-
ling pathway, Rap1l signaling pathway, MAPK signaling pathway,
ErbB signaling pathway, and PI3K-Akt signaling pathways (Figure
4B), and therefore, these pathways were considered as the crucial
pathways in CAFs-mediated breast cancer drug resistance.

To further identify the crucial genes, we plot the top 20 genes
based on their degree of enrichment in KEGG, including AKT2,
KRAS, CDKN1A, ARAF, GADD45A, MDM 2, PTEN, FASLG, CAMK2D,
GNG 12, PDGFC, FGF7, ITGB 5, RXRA, ITGA11, ITGB 6, MMP 2, AN-
GPT2, BCL2L11, and COMP (Figure 4C).

Construction of PPI network of candidate genes

We restricted the species to human in the String database and
imported these 118 candidate genes in order to investigate the
PPI network of the proteins encoded by these genes in more de-
tail. As can be seen in (Figure 5A), there were 329 edges and 118
nodes (PPl enrichment p value <1.0e-16) that demonstrated the
correlations between proteins. The number of additional genes
in the PPI network that interacted with the candidate gene was
known as core degree value. Based on degree value, the top 20
genes were MMP2, PTEN, PXDN, KRAS, CDKN1A, FGF7, MDM2,
SOX9, MMP13, COL11A1, LMNA, TIMP3, COMP, ELN, FMOD,
EGR1, BCL2L11, BRD4, SMAD7, and TWIST1 (Figure 5B).

KRAS, COMP, PTEN, CDKN1A, and BCL2L11 are crucial genes
regulating chemoresistance

Eight crucial genes (MMP2, PTEN, KRAS, CDKN1A, FGF7,
MDM?2, COMP, and BCL2L11) were obtained from the intersection
of PPI-top20 and KEGG-top20 based on the degree of enrichment
and degree value (Figure 6A).

Meanwhile, we compared the mRNA expression of the above
crucial genes in TCGA samples, TCGA_GTEx samples, and TCGA
paired samples using BRCA expression profiling data provided
by TCGA, and the results showed that KRAS, MDM2, COMP, and
BCL2L11 were up-regulated, while MMP2, PTEN, CDKN1A, and
FGF7 were down-regulated (Supplementary Figure 1A-C).

In addition, we plotted the receiver operating characteristic
(ROC) curve of the above genes based on clinical information
from the TCGA-BRCA dataset and the UCSC Xena database, and
the results showed that the AUC of the above genes were all grea-
ter than 0.5. The AUC of the genes MMP2, CDKN1A, MDM2, and
BCL2L11 were in the range of 0.5~0.7, with low diagnostic accura-
cy; the AUC of genes PTEN and KRAS were in the range of 0.7~0.9,
with some diagnostic accuracy; and the AUC of genes FGF7 and
COMP were >0.9, with high diagnostic accuracy (Supplementary
Figure 2A-1).

The UCSC Xena database was used to analyze the relationship
between the expression of the above 8 genes and the OS, DSS,
and PFl of 1098 breast cancer patients in the TCGA-BRCA dataset.
The results showed that KRAS, PTEN, CDKN1A were significantly
correlated with OS, COMP, BCL2L11 were significantly correlated
with DSS, and KRAS as well as COMP were significantly correla-
ted with PFI (Figure 6B-H). Therefore, we identified KRAS, COMP,
PTEN, CDKN1A, and BCL2L11 as crucial genes for chemoresistance
in breast cancer.

Finally, the correlation of the expression of the above genes
was analyzed based on the TCGA-BRCA dataset, and we found
that there was a positive correlation between the expression of
the above crucial genes (Figure 6l), as detailed in Supplementary
Figure 3A-1.

Crucial genes associated with clinical features

Based on the clinical information from TCGA-BRCA dataset
and the UCSC Xena database, we further explored the correlation
between the crucial genes and the clinical characteristics of breast
cancer, including menstrual status, anatomical site, PAMS50, and
ER/PR/HER2 status (Figure 7A-1). The results demonstrated that in
breast cancer patients, the expression of PTEN and BCL2L11 were
linked to menstrual status. The expression of COMP was correla-
ted with the anatomical site, with higher expression levels in right
than left breast cancer. The expression of KRAS and COMP were
correlated with different breast cancer subtypes. The expression
of KRAS, COMP, PTEN, CDKNA1, and BCL2L11 were related to the
status of ER and PR expression, while the expression of COMP was
related to HER2 expression status.

Immune infiltration abundance of crucial genes

Given the interaction of CAFs with immune cells, we further
investigated the correlation between crucial genes and the infil-
tration abundance of major immune cell types, including 24 im-
mune cells like B cells, CD8+ T cells, macrophages, neutrophils,
and dendritic cells. The results revealed that KRAS, COMP, PTEN,
CDKN1A, and BCL2L11 were partially positively and partially ne-
gatively associated with immune cells. For instance, COMP and
CDKN1A showed a positive correlation with CD8+ T cells infiltra-
tion but a negative correlation with B cells infiltration, while PTEN
and BCL2L11 were positively associated with Natural Killer cells
(NKs) infiltration but negatively associated with regulatory T cells
(Tregs) infiltration (Figure 8).

Discussion

Taxanes is effective in treating breast cancer with few adverse
reactions, and is often used as a first-line chemotherapeutic agent
for adjuvant and neoadjuvant therapy in advanced metastatic
breast cancer. However, the emergence of drug resistance is one
of the important reasons for clinical treatment failure [19]. With
a more in-depth understanding of the TME, it has also been de-
monstrated to be a crucial factor in the induction of chemothe-
rapy resistance [20]. CAFs are the most numerous cellular compo-
nents in the TME that can mediate cancer cell chemoresistance,
thereby facilitating cancer development, invasion and metastasis
[21,22]. For example, CAFs are reported as a key factor in che-
moresistance in gastric and pancreatic cancers [23,24]. However,
the particular mechanisms of CAFs’ function in chemoresistance
in breast cancer remain unknown.
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Studies have shown that CAFs are involved in inducing che-
moresistance in breast cancer, and targeting CAFs may be a pro-
mising approach to overcome resistance [25,26]. For example,
inhibition of interferon signaling prevents CAFs-dependent pro-
tection of breast cancer cells from chemotherapy [27]. Moreover,
CAFs promotes resistance to cisplatin and DTX in locally advanced
breast cancer patients and predict poor prognosis [28]. ATL-1
downregulates CTGF expression in fibroblasts and decreases the
ability of breast cancer cells to convert fibroblasts into CAFs, the-
reby increasing the sensitivity of TNBC cells to PTX [29].

In our study, we performed bioinformatics analyses identifying
crucial genes and pathways associated with CAFs in breast can-
cer chemoresistance to find molecular markers associated with
breast cancer prognosis. As a result, this study revealed that
crucial signaling pathways such as FoxO, Rap 1, MAPK, ErbB,
PI3K-Akt and crucial genes such as KRAS, COMP, PTEN, CDKN1A,
and BCL2L11s are important for the regulation of breast cancer
chemoresistance, suggesting that these signaling pathways and
genes are expected as potential intervention strategies for targe-
ting CAFs to improve taxanes resistance, and provide more effec-
tive individualized treatment options for breast cancer patients.

FoxO (Forkhead box O) is an important transcription factor that
is indispensable in the regulation of the cell cycle and apoptosis
[30]. The FoxO signaling pathway is mainly regulated by PKB/Akt
and MAPK [31]. Upon phosphorylation by Akt or other kinases,
the ability of FoxO to bind DNA is inhibited, losing the ability to
initiate transcription of target genes for apoptosis and cell cycle
arrest [32]. In breast cancer, this pathway is frequently dysregu-
lated, leading to sustained Akt activation and FoxO inactivation,
which contributes to evasion of chemotherapy-induced apopto-
sis, leading to chemoresistance. For example, miR-222 mediates
doxorubicin resistance in breast cancer cells by regulating the
PTEN/Akt/FoxO1 signaling pathway [33]. In addition, FoxO3a inhi-
bits the development of tamoxifen-resistant breast cancer by in-
creasing the expression of integrin a5 [34] and plays an important
role in regulating the drug sensitivity of breast cancer to epirubi-
cin and PTX [35]. These findings are consistent with our findings.

ErbB belongs to the epidermal growth factor receptor fami-
ly, and the human ErbB family consists of four members, ErbB1
(EGFR), ErbB2 (HER2), ErbB3, and ErbB4, which play key roles in
regulating the processes of cell proliferation, migration, and dif-
ferentiation [36]. ErbB exerts its effects by initiating downstream
signaling cascades that affect various cellular processes, among
which, the PI3K/Akt and MAPK signaling pathways are the most
important [37]. In breast cancer, especially in HER2-positive and
TNBC subtypes, over-activation of the ErbB pathway is often asso-
ciated with resistance to conventional chemotherapeutic agents
and poor prognosis. Generally, abnormally activated Akt in HER2-
positive breast cancer, which plays a major role in resistance to
anti-HER 2 therapy via the PI3K/Akt pathway [38]. EGFR overex-
pression is also common in TNBC, leading to resistant by a similar
mechanism [39].

Rap 1, also known as the Ras-associated protein 1. Rap 1 signa-
ling activation plays a critical role in inducing breast cancer for-
mation and progression to malignancy [40]. Upregulation of Rap
1 signaling leads to increased adhesion of tumor cells to the ECM,
promoting the metastasis of breast cancer [41,42]. Furthermore,
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this process is essential for protecting tumor cells from chemo-
therapy-induced apoptosis, as increased adhesion can provide
mechanical resistance to cell detachment during chemotherapy.
For example, inhibition of the Rap 1 signaling in breast cancer
can lead to attenuation of the malignant properties of breast can-
cer cells and chemotherapeutic resistance to doxorubicin [43].
Moreover, another interesting finding is that activating Rap 1 si-
gnaling enhances breast cancer migration and invasion but makes
it more sensitive to rapamycin and PTX response [44].

The MAPK and PI3K-Akt signaling pathways have long been
shown to be involved in breast cancer drug resistance in several
studies. For example, activation of the MAPK signaling pathway
in breast cancer has been experimentally shown to favor the de-
velopment of resistance to cisplatin [45]. Modulation of the ERK/
MAPK signaling pathway promotes triple-negative breast cancer
cell proliferation, invasion and DTX resistance [46,47], in addition
to driving ECM degradation and PTX chemoresistance [48]. Whe-
reas, activation of FAK/PI3K/Akt signaling pathway and IGF1R-
PI3K-Akt axis in breast cancer cells both induce cisplatin resis-
tance and breast cancer progression [49,50]. Inhibition of tamoxi-
fen and PTX therapeutic responsiveness by PI3K/Akt signaling in
breast cancer has also been confirmed by studies [51,52].

Since most of the above pathways can function by regulating
the MAPK and PI3K-Akt signaling pathways, we focused on the
importance of these two in chemoresistance of CAFs in breast
cancer. It was shown that IL 32 derived from CAFs enhances EMT
and tumor cell invasion by activating the p38/MAPK signaling
pathway in breast cancer [53]. Breast cancer cells can secrete
TGF- B1, which in turn upregulates the p44/42 MAPK signaling
pathway, leading to the chemoresistance of CAFs [54]. In addi-
tion, autocrine IGF2 from CAFs in breast cancer activates PI3K/Akt
signaling by binding to IGF1 receptor on CAFs, promotes the inte-
raction between CAFs and T cells, mediating immune escape, and
ultimately leads to reduced efficacy of anti-programmed death
1 therapy [55]. CAFs can also induce trastuzumab resistance in
HER2-positive breast cancer through amplification of cancer stem
cells and activation of multiple pathways (NF-k B, JAK/STAT3, and
PI3K/Akt) [56].

However, the study of CAFs mediating PTX resistance in breast
cancer through the above signaling pathways has not been repor-
ted, so further investigation of the potential relationship between
CAFs and these related pathways may be an important direction
to address PTX resistance clinically.

Moreover, we found that the crucial genes KRAS, COMP, PTEN,
CDKN1A, BCL2L11, which are highly enriched in these signaling
pathways and are closely related to the clinical prognosis of pa-
tients, are abnormal expression in breast cancer tissues, and cor-
relate with CAFs and their mediated development of resistance
to paclitaxel, which is a potential target for targeting CAFs to im-
prove paclitaxel resistance.

KRAS is the most common RAS mutation and one of the most
common oncogenic mutations. In breast cancer, KRAS mediate
resistance to chemotherapeutic agents. For example, KRAS mu-
tations in breast cancer reduce responsiveness to drug treatment
with trastuzumab [57]. Furthermore, the emergence of KRAS mu-
tations led to the generation of palbociclib resistance in metasta-
tic breast cancer patients who received palbociclib combined with

fulvestrant as a first-line treatment regimen [58]. While a cell ex-
periment showed that the expression level of KRAS changed signi-
ficantly in various cell lines before and after PTX treatment, sug-
gesting its involvement in the drug response of PTX and may be
apotential mechanism to overcome PTX resistance [59]. The KRAS
protein was once considered a therapeutically refractory target
due to its «undruggable», but in recent years, specific inhibitors
against KRAS (G12C) mutations, such as Adagrasib and Sotorasib
have been approved by the FDA and have shown promising effi-
cacy in clinical trials [60,61]. They may be expected to be used in
the treatment of breast cancer in the future.

COMP (Cartilage Oligomeric Matrix Protein) is an important
non-collagenous ECM protein. It functions as a signaling regulator
in maintaining the structural integrity of the ECM and is involved
in various biological processes including cell adhesion, prolifera-
tion and differentiation [62]. The expression of COMP is usually
higher in breast cancer tissues than in normal tissues and corre-
lates with lymph node metastasis and poor prognosis [63], which
is in line with our finding that high COMP expression is associated
with poor TNM stage in breast cancer. Moreover, in metastatic
patients treated with taxanes, the median survival of patients
with high levels of serum COMP detected in the disease metas-
tasis period was shorter [64], suggesting that COMP is associated
with chemotherapy resistance involved such as increased cancer
cell survival and apoptosis inhibition. It have also been found that
COMP could inhibit the activity of calpain, thus reducing the acti-
vation of apoptosis-related proteins and enhance the viability of
tumor cells by regulating the calcium homeostasis and apoptosis
pathway, leading to resistance to a variety of chemotherapeutic
drugs [65]. This is consistent with our findings.

PTEN is a key tumor suppressor gene that mainly dephospho-
rylates PIP3 through its lipid phosphatase activity, which in turn
inhibits the activation of the PI3K/Akt signaling pathway [66]. It
significantly affects the genomic stability, cell cycle of breast can-
cer, thereby promoting breast cancer development [67,68]. In ad-
dition, PTEN has been found to be involved in breast cancer drug
resistance. For example, PTEN/Akt/mTOR signaling facilitates the
promotion of a doxorubicin-resistant phenotype in breast cancer
[69]. Deletion of PTEN may also create an immunosuppressive
microenvironment by affecting the number of tumor-infiltrating
lymphocytes, leading to immune escape and resistance to anti-
PD-1/PD-L1 therapy [70]. While the loss of function of PTEN has
also been shown to be involved in regulating the PTX resistance
of breast cancer by activating the PI3K/Akt pathway through mul-
tiple mechanisms [71,72]. These studies highlight the need for
restoring PTEN function as a potential strategy to overcome drug
resistance in breast cancer. For example, PTX combination the-
rapy has shown promising in clinical trials for the treatment of
advanced TNBC with altered PTEN [73]. CCDKN1A (Cyclin-Depen-
dent Kinase Inhibitor 1A), also known as p21, is an important cell
cycle regulator that plays a key role in the G1/S transition of the
cell cycle, ensuring DNA integrity and normal cell division [74].
It has been found that p21 has a dual role in breast cancer as
both a tumor suppressor and an oncogene, with specific mecha-
nisms that are complex and dependent on the cellular environ-
ment and signaling pathways [75]. Abnormally expressed p21 in
breast cancer protects cancer cells from the cytotoxic effects of
chemotherapeutic drugs. For example, in the state of doxorubi-
cin treatment, cell colony ability to form or undergo apoptosis is
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significantly affected by changes in p21 expression, and P21 ex-
pression protects MDA-MB-231 cells from inhibition of cell proli-
feration caused by doxorubicin [76]. Moreover, early studies have
confirmed that p21 is important in mediating PTX resistance in
breast cancer [77,78].

BCL2L11 (BCL-2 like 11), also known as BIM, is a pro-apoptotic
protein and plays a key role in the mitochondria-dependent apop-
totic pathway [79]. BIM has an important role in chemotherapy
resistance in breast cancer, and its expression level and functio-
nal status directly affect the efficacy of chemotherapeutic agents.
It was shown that the protein-protein interaction of Hsp 70 with
BIM protects ERa-positive breast cancer from tamoxifen-induced
apoptosis by binding and stabilizing ERa36 [80]. BIM is involved
in regulating chemosensitivity of PRKCQ to PTX and doxorubicin
treatments, and inhibition of BIM hinders chemotherapy-induced
cell apoptosis [81]. Moreover, BIM regulates PTX-induced apopto-
sis through the mitochondrial pathway, significantly affecting the
sensitivity of breast cancer cells to PTX, and is a potential target to
overcome chemoresistance [82].

CAFs can interact with immune cells in the TME and signifi-
cantly affect tumor progression and chemoresistance. CAFs can
mediate immune escape from TNBC by secreting chemokines, re-
cruiting monocytes and promoting their transformation into lipid-
associated macrophages with immunosuppressive functions, and
inhibiting T cell activation and proliferation [83]. It has also been
shown that lymphocyte infiltration abundance is closely related
to TNBC survival, which can be used as an early prognostic indica-
tor and a predictor of TNBC response to chemotherapy [84].

Moreover, CAFs can inhibit the infiltration of CD8+ T cells and
promote the resistance of tumor cells to immunotherapy by bloc-
king the immune checkpoints [85]. Based on these findings, we
hypothesize that crucial genes may regulate CAFs and influence
the generation of chemoresistance in breast cancer through their
interaction with immune cells, ultimately affecting patient survi-
val. Our findings tentatively support this speculation. These fin-
dings not only reveal the central role of CAFs and immune cells in
breast cancer chemoresistance, but also provide a theoretical ba-
sis for the development of therapeutic strategies targeting TME.
In addition, some studies have found that the above genes and
pathways could affect the chemotherapy efficacy of breast cancer
through interaction. Two key signaling pathways for cell growth
regulation, Ras/Raf/MEK/ERK and PI3K/PTEN/Akt/mTOR, can be
activated by chemotherapeutic agents and are thus involved in
the regulation of chemoresistance [86]. While sustained EGFR/
KRAS/SIAH pathway activation drives chemoresistance and early
tumor recurrence in triple negative breast cancer [87].

However, studies involving the above genes and pathways in
breast cancer chemotherapy resistance, especially involving CAFs,
have not been reported and need further study.

In this study, we performed bioinformatics analysis to identify
genes and pathways associated with CAFs and breast cancer che-
moresistance based on public databases. We found that breast
cancer resistance may be associated with CAFs, suggesting that
CAF-related genes and pathways may serve as a potent tumor
biomarker and possible therapeutic target, and providing direc-
tion for future mechanistic studies. Although the genes and pa-
thways in the results have been extensively studied, most studies

have focused on other biological roles, and they have not been
reported in previous studies as chemotherapy resistance genes
associated with CAFs. Therefore, they are still valuable to study
as potential chemotherapeutic resistance genes associated with
CAFs.

Although we merged information from several databases to
make our findings accurate and reliable, some limitations of this
study are inevitable. First of all, the limitation of the sample size
in the relevant datasets leads to the underrepresentation of the
sample, and more diverse samples and data are needed in the fu-
ture to further support our conclusions. Therefore, the interaction
between tumor cells and CAFs depends not only on shared genes
but also on the correlation of gene expression between these two
components, which we cannot currently demonstrate with publi-
cly available data. Finally, the conclusions of this study are based
on the results of bioinformatics analyses of public databases, and
the real role of tumor-associated fibroblasts in chemotherapy re-
sistance needs to be confirmed by more experiments. More stu-
dies of CAFs and chemotherapy resistance in breast cancer may
contribute to giving a clear answer.

Therefore, targeted therapies targeting these genes may be
very promising as an anti-chemotherapy resistance strategy for
breast cancer patients. However, further research is necessary to
confirm the findings prior to clinical translation, particularly regar-
ding the potential of CAF-based targeted treatment to overcome
breast cancer chemoresistance.

Conclusion

In conclusion, our study indicated that that FoxO, Rap1, MAPK,
ErbB, PI3K-Akt signaling pathways may be the crucial pathways
for CAFs in chemoresistance in breast cancer, while KRAS, COMP,
PTEN, CDKN1A, and BCL2L11 may be crucial genes. This work offe-
red a new perspective on the progression of treatment targets for
breast cancer therapy based on CAFs as well as a novel molecular
theory for the potential mechanisms by which CAFs mediate the
effects of chemoresistance in breast cancer.
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