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Abstract 

The overall survival rate of pancreatic ductal adenocarcinoma (PDAC) is the worst among all cancers, which is mainly 
due to the fact that most patients are in the late tumor stage when diagnosed, lacking effective treatment options. 
Although targeted therapy has shown some prospects in PDAC, its efficacy is limited to patients with specific gene 
mutation or target gene expression. A large number of patients have no other treatment options except chemother-
apy. However, the high drug resistance rate of chemotherapy for PDAC severely limits the improvement of curative 
effect. Therefore, determining the key factors that lead to drug resistance in PDAC is crucial to improve the prognosis 
of patients. Multifunctional oncoprotein Y-box binding protein 1 (YBX1) may be one of such potential targets. Stud-
ies have confirmed that YBX1 is associated with the inherent behavior of a variety of cancers, such as proliferation, 
invasion, metastasis, and cancer cell stemness. Herein, we integrated and analyzed the resistance mechanism of YBX1 
in anti-tumor therapy, and discussed its potential as a therapeutic target to reverse the chemotherapy resistance of 
PDAC.
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1 � The dilemma of pancreatic ductal 
adenocarcinoma treatment

Pancreatic ductal adenocarcinoma (PDAC) is the 12th 
most common malignant tumor in the world and the sev-
enth leading cause of cancer death, with a 5-year survival 

rate of only 10% [1]. In the past 25 years, the global bur-
den of PDAC has doubled, and it has ranked among the 
top 10 cancer deaths in more than 130 countries [2]. 
According to the latest data from the American Cancer 
Society, there will be about 60,430 new PDAC patients in 
2021, including about 48,220 deaths. It is estimated that 
PDAC will become the second leading cause of cancer 
deaths in the United States in the next 20–30  years [1]. 
In European Union countries, PDAC is expected to sur-
pass breast cancer and become the third leading cause 
of cancer related death [3]. In China, the 5-year survival 
rate of PDAC has not been significantly improved in the 
past decade, only 9.9%, almost the same as 30 years ago. 
With the growth of population, the acceleration of aging 
process and the popularization of westernized lifestyle, 
the incidence rate of PDAC is expected to rise in the next 
few years [4, 5].

†Zheng Li, Haidi Chen and Borui Li contributed equally to this work.

*Correspondence:
Xiaowu Xu
yuxianjun@fudanpci.org
Xianjun Yu
xuxiaowu@fudanpci.org
1 Department of Pancreatic Surgery, Fudan University Shanghai Cancer 
Center, 270 DongAn Road, Shanghai 200032, China
2 Department of Oncology, Shanghai Medical College, Fudan University, 
Shanghai 200032, China
3 Shanghai Pancreatic Cancer Institute, Shanghai 200032, China
4 Pancreatic Cancer Institute, Fudan University, Shanghai 200032, China

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1007/s44178-023-00039-8&domain=pdf


Page 2 of 11Li et al. Holistic Integrative Oncology            (2023) 2:16 

For populations with increased risk of PDAC, includ-
ing those with family history, new diabetes or precancer-
ous pancreatic cysts, early screening will be an important 
method to reduce the prevalence of PDAC and improve 
the prognosis. Genomics analyses of blood samples com-
bined with clinical pathological examination from high-
risk groups has been proved to be helpful to detect early 
PDAC and identify the types and stage of precancerous 
lesions. However, the current cognitive high-frequency 
classical gene mutations have limitations. For exam-
ple, mutations in KRAS and / or GNAS genes are highly 
specific for mucous cysts such as intraductal papillary 
mucinous neoplasms, but it is impossible to predict the 
possibility and speed of patients’ progression to malig-
nant tumors. Besides, CDKN2A, TP53 and / or SMAD4 
gene mutation are almost only seen in patients with 
advanced PDAC who have already become malignant. 
Therefore, although diagnosis at the early stage of PDAC 
can provide a better survival rate, most patients are still 
diagnosed as advanced diseases and lose the chance of 
surgery.

The heterogeneity of PDAC makes it difficult to find 
clinically relevant therapeutic targets. However, with the 
development of high-throughput sequencing technol-
ogy, the detection flux has been improved to the level of 
whole exon / genome, which has made great progress in 
the research of PDAC in pathogenesis, molecular typing, 
and pharmacodynamics. For PDAC patients with NTRK 
fusion gene, larotinib or entropinib is the first choice 
for treatment. For patients with pathogenic germline 
BRCA1/2 gene or PALB2 gene mutation, platinum con-
taining regimen is the first choice for first-line chemo-
therapy. If there is no progress ≥ 16 weeks after platinum 
treatment, it is recommended to use the PARP inhibitor 
olaparide for maintenance treatment [6]. A multicenter 
phase IIb clinical study (PCS07) in Germany used nito-
zumab combined with gemcitabine as a first-line scheme 
for locally advanced PDAC or metastatic PDAC patients 
with KRAS gene wild-type, which significantly improved 
the 1-year OS and PFS of the population [7]. Although, 
recent trials of immunotherapeutic strategies, such as 
the inhibitors pembrolizumab and nivolumab against the 
PD-1 checkpoint, have shown promise as first-line and 
second-line treatments for some PDAC. However, due to 
the lack of powerful biomarkers, the response to immu-
notherapy is unpredictable, thus it is still impossible to 
predict which patients will have a therapeutic response 
[8–11].

At present, the exploration of targeted and immuno-
therapy of PDAC only stays at the stage of single center 
and small sample clinical trials, and there is no dawn 
of clinical transformation. The current clinical prac-
tice guidelines for locally advanced or advanced PDAC 

still recommend gemcitabine chemotherapy combined 
with other drugs as the standard treatment strategy. 
Patients usually initially respond to gemcitabine-based 
chemotherapy, but inevitably develop into drug-resist-
ant tumors [12]. One of the most important obstacles to 
anti-cancer treatment is the emergence of drug-resistant 
tumors. Developing powerful therapeutic drugs that can 
overcome drug resistance is a continuous challenge faced 
by cancer researchers.

2 � Y‑Box binding protein 1: a neglected 
multifunctional oncoprotein in PDAC

Due to the high drug resistance rate of PDAC, there is an 
urgent need to provide patients with treatment options 
to improve chemotherapy resistance. One such poten-
tial target is Y-Box binding protein 1 (YBX1). YBX1 was 
first found to be a transcription factor of major histo-
compatibility complex class II, which binds to the Y-box 
[13]. YBX1 is a part of a highly conserved cold shock 
protein superfamily, which contains a conserved nucleic 
acid binding region called the cold shock domain (CSD) 
[14, 15]. In addition to CSD, YBX1 is also composed of 
two other highly disordered domains, namely, alanine/
proline rich variable N-terminal domain and C-termi-
nal domain, each of which promotes different biological 
interactions. As a multifunctional protein, YBX1 exists in 
the nucleus and cytoplasm and plays different roles. As 
a transcriptional regulator in the nucleus, YBX1 regu-
lates the expression of multiple genes by binding to the 
Y-box sequence located in the promoter that contributes 
to transcriptional regulation, and is also involved in the 
repair of DNA damage, and pre mRNA splicing [16–18]. 
In the cytoplasm, YBX1 is the main component of mes-
senger ribonucleoprotein complex, and is closely related 
to mRNA stability and translation activation or inhibi-
tion of many genes [19, 20]. This functional diversity 
has shown the same extensive biological role in cancer, 
including participation in cell proliferation, tumorigen-
esis, invasion and metastasis, and drug resistance of can-
cer cells [21–23]. Intracellular localization is critical for 
YBX1 function, its nuclear localization or overexpression 
is closely related to the poor prognosis of more than 20 
human tumors, and this translocation is induced by gen-
otoxic stress induced by anticancer agent administration 
[24]. Accumulation of YBX1 in the nucleus induces the 
expression of many genes associated with cancer aggres-
siveness. Therefore, compounds that can inhibit antican-
cer drug-induced YBX1 nuclear translocation without 
cytotoxicity will be powerful tools in cancer chemother-
apy. But until now, the molecular events governing YBX1 
shuttling and subcellular localization have not been fully 
described. Raffetseder et  al. describe that YBX1 nuclear 
localization is actively mediated by the splicing factor 
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SRp30c/SRSF9 [25]. Furthermore, Stein et  al. described 
heat shock-induced rapid nuclear accumulation of YBX1-
induced multidrug resistance protein 1 (MDR1) tran-
scription, which declined again within 4  h after heat 
shock [26]. Cytoplasmic-nuclear shuttling of YBX1 is a 
dynamic process controlled by a complex and under-
appreciated regulatory network and may be strongly 
dependent on the tumor cell microenvironment [27].

As a multifunctional oncoprotein, the role of YBX1 in 
PDAC seems to be ignored. Nevertheless, some studies 
suggest that YBX1 plays an important role in the occur-
rence, development, invasion and metastasis of PDAC. 
Studies have shown that the nuclear expression of 
YBX1 is related to the poor prognosis of PDAC, and its 
knockdown can inhibit tumor growth and metastasis in 
a mouse model [28]. Liu et  al. found that overexpres-
sion of YBX1 can promote the growth of PDAC through 
GSK3B/cyclin D1/E1 pathway [29]. As a key reversible 
and heritable mechanism of transcriptional regulation, 
epigenetic modification plays a crucial role in tumo-
rigenesis. Smoking can induce epigenetic modification 
to promote the development of PDAC. Chromobox 
homolog 3 (CBX3) is a key participant in tobacco 
induced PDAC. Cigarette smoke extract exposure pro-
moted the overexpression of YBX1, which led to the up 
regulation of CBX3 in PDAC cells. Further study found 
that CBX3 may inhibit the expression of SMAD spe-
cific E3 ubiquitin protein ligase 2 (SMURF2) and acti-
vate TGF- β signal pathway to promotes the progress 

of PDAC. It indicates that YBX1/CBX3/SMURF2 signal 
axis may be a promising therapeutic target for smok-
ing related PDAC [30]. YBX1 may also play a role in the 
invasion and metastasis of PDAC. Research shows that 
high YBX1 level is related to the invasion of peripheral 
nerves. Silencing YBX1 significantly reduces the ability 
of cell invasion [31].

3 � Holistic analysis of anti‑tumor resistance 
mechanism of YBX1

It was initially found that the expression of ATP bind-
ing cassette transporter gene ABCB1 and growth factor 
receptor genes EGFR and HER2/ErbB2 related to mul-
tiple drug resistance were transcriptionally activated 
by YBX1 in cancer cells. In addition, the expression of 
other drug resistance related genes MVP/LRP, TOP2A, 
CD44, CD49f, BCL2, MYC and androgen receptor are 
also activated by YBX1 transcription, which indicates 
that YBX1 may be at the center of resistance to anti-
tumor treatment. Therefore, targeting YBX1 to over-
come tumor resistance provides a new anti-cancer 
treatment strategy [32, 33]. In this article, we integrated 
and analyzed the anti-tumor treatment resistance 
mechanism of YBX1, and summarized the evidence 
supporting YBX1 to promote chemotherapy resistance 
(Table 1, Fig. 1), hormone therapy, targeted and immu-
notherapy resistance (Table 2, Fig. 2).

Table 1  Holistic anti-tumor resistance mechanism of YBX1 in chemotherapy resistance

Platinum chemotherapy resistance a. The proto-oncogene Twist1 regulates YBX1 gene and protein expression in bladder cancer cells, while 
YBX1 regulates Twist1 translation. Both Twist1 and YBX1 promote malignant potential, including tumor 
growth, invasion, and cisplatin anticancer resistance [34]
b. NONO and RALY proteins are required for YBX1-induced resistance to oxaliplatin in colon adenocarci-
noma cell line [35]
c. YBX1 silencing sensitizes human neuroblastoma SH-SY5Y cells to cisplatin, and down-regulates MDR1 
protein through the NF-κB signaling pathway to promote cisplatin-induced apoptosis [36]
d. CircIPO7 promotes metastasis and cisplatin chemotherapy resistance in nasopharyngeal carcinoma by 
promoting nuclear translocation of YBX1 and activating transcription of FGFR1, TNC and NTRK1 [37]

Antimetabolic chemotherapy resistance a. YBX1 is directly involved in the control of the basal promoter activity of drug resistance protein MVP 
and 5-FU-induced MVP promoter activity, thereby promoting 5-FU drug resistance in colon cancer [38]
b. Abnormal TP53 gene in bladder cancer leads to p53 protein mutation, promotes YBX1 nuclear translo-
cation, upregulates MDR1 transcription, and induces gemcitabine resistance in bladder cancer [39]

Alkaloid chemotherapy resistance a. Increased nuclear localization of YBX1 was accompanied by upregulation of P-glycoprotein in 
paclitaxel-pretreated breast cancer. YBX1 may be responsible for paclitaxel resistance in some breast 
cancer patients [40]
b. Taxanes activate RAF-1, which activates ERK, leading to the activation of ribosomal S6 kinase (RSK), 
which leads to the phosphorylation and activation of YBX1. Targeting RSK by siRNA or kinase inhibitors to 
indirectly downregulate YBX1 in taxane-resistant prostate cancer cells sensitizes cells to taxanes [41]

Anthracyclines chemotherapy resistance a. Doxorubicin treatment of drug-sensitive MCF-7 breast cancer cells results in nuclear translocation of 
YBX1 with concomitant increase of MDR1 expression in P-glycoprotein and hence doxorubicin chemore-
sistance [42]
b. In diffuse large B-cell lymphoma, overexpression of YBX1 increases the adhesion of DLBCL cells to 
fibronectin, which increases YBX1 phosphorylation at Ser102 and pYBX1 S102 nuclear translocation, 
conferring the cell adhesion-mediated resistance to mitoxantrone [43]
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Fig. 1  Holistic anti-tumor resistance mechanism of YBX1 in chemotherapy resistance. The integration shows the molecules that may be involved 
in the process of YBX1 causing different types of chemotherapeutic drug resistance. Abbreviations: FN, fibronectin; MDR1, multidrug resistance 
protein 1; MVP, major vault protein; pYBX1, phosphorylated YBX1; P-gp, P-glycoprotein; RSK, ribosomal S6 kinase

Table 2  Holistic anti-tumor resistance mechanism of YBX1 in hormone therapy, targeted and immunotherapy resistance

Endocrine therapy resist-
ance

a. YBX1 specifically binds ER, causing it to accelerate the degradation of proteasome pathway and induce the transcrip-
tional activation of ERBB2. At the same time, tamoxifen treatment also enhanced the binding of YBX1 to the ERBB2 
promoter at the transcriptional level to induce the increase of ERBB2 expression. ER degradation and ERBB2 expression 
increase the resistance of breast cancer to estrogen [44]
b. In castration resistant prostate cancer, YBX1 is also involved in drug resistance to non steroidal anti androgen enza-
lutamide by up regulating the expression of androgen receptor androgen variant 7. When YB1 is knocked down, the 
sensitivity of cells to enzalutamide increases [45]

Targeted treatment resist-
ance

a. Herceptin resistant breast cancer cell lines have elevated levels of P-YBX1 S102 and its activated kinase P-RSK. Acti-
vated YBX1 mediates Herceptin resistance in breast cancer cells by increasing CD44 + cells, while inhibiting YBX1 can 
restore cell sensitivity to Herceptin [46]
b. YBX1 can specifically control the expression of HER2, rather than EGFR and HER3, and affect the sensitivity of gastric 
cancer cells to HER2 targeted anticancer drug lapatinib [47]
c. The resistance of malignant melanoma to vemurafenib is mediated by the upregulation of p90 ribosomal S6 kinase, 
which is a kinase downstream of the MAPK/ERK axis phosphorylating YBX1 S102 [48]
d. YBX1 is critical in the development of acquired resistance to sunitinib in metastatic clear cell renal cell carcinoma [49]
e. CircRNA-SORE mediates sorafenib resistance in hepatocellular carcinoma by stabilizing YBX1 [50]
f. YBX1 promotes resistance to gefitinib in lung adenocarcinoma cells by targeting major vault protein to activate AKT 
signaling and epithelial-mesenchymal transition [51]

Immunotherapy resistance a. In hepatocellular carcinoma, YBX1 expression was positively correlated with PD-L1, possibly through increased 
expression through binding to the PD-L1 promoter. Indicates that endogenous YBX1 plays a role in the development of 
chemoresistance associated with an induced tumor immunosuppressive microenvironment and immune evasion [52]
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3.1 � YBX1 in platinum chemotherapy resistance
Cisplatin is a representative cytotoxic anticancer drug. 
Studies have shown that enhanced YBX1 expression is 
usually associated with cisplatin resistance [53, 54]. Hide-
aki et al. found that YBX1 nuclear localization increased 
in acquired cisplatin resistant ovarian cancer [55]. When 
exposed to cisplatin, the expression of YBX1 will also 
increase in several breast cancer cell lines, and it is found 
that the overexpression of YBX1 is enough to endow 
breast cancer cell lines with cisplatin resistance [56, 57]. 
Many advanced bladder cancer are mainly treated with 
cisplatin based chemotherapy schemes, including metho-
trexate, vinblastine, doxorubicin and cisplatin (MVAC), 
gemcitabine and cisplatin (GC). Twist1, a basic helix-
loop-helix transcription factor, is a proto-oncogene [58]. 
Masaki et al. showed that Twist1 regulated the expression 
of YBX1 gene and protein in bladder cancer cells, while 
YBX1 regulated Twist1 translation. Twist1 and YBX1 
both promote malignant potential, including tumor 
growth, invasion, and cisplatin resistance to cancer. This 

study also shows that inhibition of Twist1 and YBX1 can 
improve the cytotoxicity of cisplatin [34].

Whether in adjuvant therapy or metastatic therapy, one 
of the most effective anti-colorectal cancer treatments 
is the combination of fluoropyrimidine and oxaliplatin. 
To determine how YBX1 mediates chemotherapy resist-
ance, Tsofack et al. showed that YBX1 cDNA transfection 
confers oxaliplatin resistance on two colorectal cell lines 
SW480 and HT29. According to Oncomine microarray 
database, a list of 24 potential YBX1 interacting proteins 
was determined, followed by siRNA inhibition, to iden-
tify proteins that significantly affect oxaliplatin sensitivity 
after gene silencing. Only the down-regulation of NONO 
or RALY proteins made previously oxaliplatin resistant 
YBX1 overexpression cells sensitive. It shows that knock-
down of NONO or RALY can significantly counteract 
oxaliplatin resistance in colorectal cancer overexpressing 
YBX1 protein [35].

Wang et al. established a neuroblastoma cell line with 
YBX1 silencing by using shRNA knockdown method to 

Fig. 2  Holistic anti-tumor resistance mechanism of YBX1 in hormone therapy, targeted and immunotherapy resistance. The integration shows the 
molecules that may be involved in different types of hormone therapy, targeted and immunotherapy resistance caused by YBX1. Abbreviations: 
ARV7, androgen receptor androgen variant 7; MVP, major vault protein
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inhibit the expression of YBX1. YBX1 silenced neuro-
blastoma cell SH-SY5Y showed a significant decrease 
in cell proliferation and an increase in apoptosis rate in 
xenotransplantation tumor models in  vitro and in  vivo. 
At the molecular level, YBX1 silencing led to down-reg-
ulation of cyclin A, cyclin D1 and Bcl-2, and up-regulated 
levels of Bax, cleaved caspase-3 and cleaved PARP-1. In 
addition, xenograft tumors from neuroblastoma SH-
SY5Y cell line were treated with YBX1 shRNA plasmid 
by intratumoral injection, effectively inhibiting tumor 
growth and inducing cell death [59]. A follow-up study 
found that YBX1 silencing made SH-SY5Y cells sensitive 
to cisplatin and passed through NF- κ B signal pathway 
down regulates MDR1 and promotes cisplatin induced 
apoptosis. Therefore, targeted YBX1 is expected to be 
used in the treatment of neuroblastoma and overcome 
its cisplatin resistance when developing new therapeutic 
strategies for neuroblastoma [36].

Cisplatin based chemotherapy can effectively improve 
the distant metastasis of nasopharyngeal carcinoma, but 
about 30% of patients fail due to chemotherapy resist-
ance. Hong et  al. found that the novel circRNA cir-
cIPO7 was specifically overexpressed in patients with 
distant metastatic nasopharyngeal carcinoma through 
sequencing data. Knockout of circIPO7 in nasopharyn-
geal carcinoma cells can inhibit its metastasis and 
increase its sensitivity to cisplatin therapy in  vitro and 
in vivo. In mechanism, circIPO7 binds to YBX1 in cyto-
plasm and promotes its phosphorylation at serine 102 
(p-YBX1S102) through kinase AKT, thus further promot-
ing YBX1 nuclear translocation and activating FGFR1, 
TNC and NTRK1 transcription, thus obtaining cisplatin 
resistance [37].

3.2 � YBX1 in antimetabolic chemotherapy resistance
Vaults are thought to play a direct role in multidrug 
resistance (MDR) of anticancer drugs. Human major 
vault protein (MVP), also known as lung resistance-
related protein (LRP), is a major component of Vaults 
and may be involved in defense against foreign organ-
isms. MVP levels are high in some multidrug-resistant 
tumors, such as colon cancer [60–62]. Non-MDR-related 
drug 5-fluorouracil (5-FU) has been the main drug in 
colorectal cancer chemotherapy. Ulrike et  al. confirmed 
in human colon cancer HCT116 cells that, in addition to 
MDR-related cytostatics, 5-FU can promote the binding 
activity of transcription factor YBX1 and human MVP 
gene promoter Y-box (CCAAT box) in a time-dependent 
manner and interaction, thereby inducing MVP mRNA 
and protein expression, while YBX1 cDNA transduction 
resulted in increased expression of endogenous MVP 
protein. Therefore, this study indicates that YBX1 is 
directly involved in the control of basal MVP promoter 

activity and 5-FU-induced MVP promoter activity, and 
that YBX1 is directly related to MVP-mediated drug 
resistance [38].

Approximately 80% of muscle-invasive bladder cancers 
are thought to be caused by the carcinoma in situ (CIS) 
pathway, which is associated with genetic abnormalities 
of the tumor suppressor genes TP53 and Rb, and the CIS 
pathway is thought to have a role in the development of 
anticancer drug resistance potential. The combination of 
gemcitabine and cisplatin has been accepted as the new 
standard of care for advanced bladder cancer because 
it has fewer adverse events than MVAC [63]. Despite 
reasonable response rates after initial chemotherapy, 
60–70% of patients relapse within the first year probably 
due to resistance to gemcitabine. The tumor suppressor 
protein p53 is considered to be the key to the nuclear 
translocation of YBX1, and YBX1 plays an important 
role in the acquisition of drug resistance by up-regulating 
the expression of MDR-1 gene and its product P-glyco-
protein (P-gp) through nuclear translocation. Yamashita 
found that the abnormality of TP53 gene in bladder can-
cer leads to mutation of p53 protein, coordinates the pro-
motion of YBX1 nuclear translocation, up-regulates the 
transcription of MDR-1 gene, and induces gemcitabine 
resistance in bladder cancer. Thus, nuclear expression of 
YBX1 is important for resistance of TP53-mutant blad-
der cancer to chemotherapy including gemcitabine [39].

3.3 � YBX1 in alkaloid chemotherapy resistance
Paclitaxel is an anticancer agent that is effective against a 
variety of human tumors, including non-small cell lung 
cancer, ovarian cancer, breast cancer, head and neck 
cancer, and melanoma, and has been widely used in 
locally advanced, metastatic, and recurrent breast can-
cer, and showed significant efficacy [64–68]. However, 
as is often observed with other chemotherapy agents, 
many patients who initially responded to paclitaxel later 
relapsed. Furthermore, some tumors have been shown 
to be completely resistant to paclitaxel even during ini-
tial treatment. YBX1 can regulate the expression of 
P-gp encoded by the MDR1 gene, and early studies have 
shown that paclitaxel is a substrate of P-gp [69]. How-
ever, little is known about the role of YBX1 in breast can-
cer treated with paclitaxel. Tomoyuki et  al. found that 
paclitaxel pretreatment of breast cancer can increase 
the nuclear localization of YBX1, and paclitaxel may act 
as an external stress factor leading to YBX1 activation. 
Concurrently, increased binding of nuclear-translocated 
YBX1 to the Y-box of the MDR1 promoter upregulated 
the expression level of P-gp in breast tumors. The study 
shows that YBX1 may be involved in the occurrence of 
paclitaxel resistance in breast cancer [40].
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Androgen deprivation therapy (ADT) is currently the 
gold standard for treatment of recurrent or advanced 
prostate cancer. Although approximately 90% of pros-
tate cancers are androgen-dependent for tumor growth 
and respond well to ADT, the majority of androgen-
dependent prostate cancers eventually overcome low 
circulating androgen levels and relapse during ADT in 
a castration-resistant manner. Taxanes, including doc-
etaxel and cabazitaxel, are currently the only chemo-
therapy agents that have been shown to confer a survival 
benefit in patients with castration-resistant prostate can-
cer (CRPC). However, they are not very efficient and they 
only prolong survival by a few months due to intrinsic 
and acquired resistance to taxanes [70, 71]. Masaki found 
that YBX1 was upregulated in CRPC, and docetaxel 
treatment further upregulated YBX1 and conferred tax-
ane resistance through the TGF-β/Twist/YBX1 pathway, 
whereas knockdown of YBX1 sensitized prostate cancer 
cells to docetaxel [72]. Mechanistically, taxanes activate 
RAF-1, which activates ERK, leading to the activation of 
ribosomal S6 kinase (RSK), which leads to the phospho-
rylation and activation of YBX1, leading to taxane resist-
ance. Targeting RSK by siRNA or kinase inhibitors to 
indirectly downregulate YBX1 in taxane-resistant pros-
tate cancer cells sensitizes cells to taxanes [41].

3.4 � YBX1 in anthracyclines chemotherapy resistance
The role of YBX1 in breast cancer was first observed by 
Bargou et al., who reported that treatment of drug-sensi-
tive MCF-7 breast cancer cells with doxorubicin resulted 
in nuclear translocation of YBX1 and increased expres-
sion of MDR1 in P-gp, thus doxorubicin chemoresistance 
[42]. Miao found in human diffuse large B-cell lymphoma 
DLBCL cell line that YBX1 significantly increased cyc-
lin D1 and cyclin E, accelerated G1/s transition and cell 
proliferation. Furthermore, overexpression of YBX1 
increased the adhesion of DLBCL cells to fibronectin, 
which increased YBX1 phosphorylation at Ser102 and 
pYBX1 S102 nuclear translocation, conferring cell adhe-
sion-mediated resistance to mitoxantrone, and silencing 
YBX1 expression sensitizes DLBCL cells to mitoxantrone 
and overcomes cell adhesion-mediated resistance pheno-
type in an AKT-dependent manner [43].

3.5 � YBX1 in endocrine therapy resistance
Adjuvant endocrine therapy and chemotherapy have 
been widely used in the treatment of breast cancer [73]. 
However, the emergence of refractory tumors is a major 
complication in breast cancer patients receiving adjuvant 
endocrine therapy [74]. Targeting YBX1 may help over-
come anti-estrogen resistance and malignant progres-
sion in breast cancer. YBX1 silencing induces significant 
downregulation of cell proliferation and cell cycle-related 

genes, such as HER2, FGFR2, and CDC6, and upregula-
tion of ERα in human breast cancer cell lines, endow-
ing breast cancer cells with enhanced responsiveness to 
endocrine therapy [44, 75–78]. Furthermore, YBX1 spe-
cifically binds ER, leading to its accelerated degradation 
by the proteasomal pathway, and induces transcriptional 
activation of ERBB2. Meanwhile, in a parallel manner, 
tamoxifen (a representative anti-estrogen drug) treat-
ment also enhanced the binding of YBX1 to the ERBB2 
promoter at the transcriptional level to induce increased 
ERBB2 expression. ER degradation and increased ERBB2 
expression enhance breast cancer resistance to estrogen. 
The findings strongly suggest that YBX1 will serve as a 
target for the treatment of estrogen-resistant breast can-
cer [44]. In castration-resistant prostate cancer, YBX1 is 
also implicated in resistance to the nonsteroidal antian-
drogen enzalutamide through upregulation of androgen 
receptor AR variant 7 (AR V7) expression. Sensitivity to 
enzalutamide increases when YBX1 is knocked down in 
castration-resistant prostate cancer cells [45].

3.6 � YBX1 in targeted treatment resistance
Development of acquired trastuzumab resistance 
remains a common challenge in the treatment of patients 
with tumors expressing human epidermal growth fac-
tor 2 (HER2) [79, 80]. J Dhillon et  al. found that breast 
cancer trastuzumab-resistant cell lines had elevated 
levels of P-YBX1 S102 and its activating kinase P-RSK. 
Expression of P-YBX1 S102 mediates trastuzumab resist-
ance in breast cancer cells by increasing CD44 + cells, 
whereas inhibition of CD44 or YBX1 restores sensitiv-
ity to trastuzumab [23, 46]. The HER2-targeting anti-
body trastuzumab is an approved treatment modality 
for HER2-positive advanced gastric cancer. Tomohiro 
et  al. found that nuclear YBX1 expression was signifi-
cantly associated with HER-2 expression in gastric cancer 
patient tissues. YBX1 can specifically control the expres-
sion of HER2, but not EGFR and HER3, affecting the 
sensitivity of gastric cancer cells to the HER2-targeted 
anticancer drug lapatinib [47].

Small molecule inhibitors of mutated BRAF (BRAF 
V600E/K), such as vemurafenib (PLX4032) and dab-
rafenib (GSK2118436), have been shown to have sig-
nificant antitumor activity in melanoma harboring such 
BRAF mutations, leading to long-term progression free 
and overall survival [81, 82]. However, initially impres-
sive response rates are limited by the inevitable and often 
rapid emergence of resistance to targeted therapies [83]. 
Kosnopfel et  al. found that in malignant melanoma cell 
lines, vemurafenib resistance is mediated by upregulation 
of p90 RSK, a downstream kinase of the MAPK/ERK axis 
that phosphorylates YBX1 S102. Inhibition of RSK using 
chemical inhibitors (BI-D1870 and LJH-685) significantly 
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affected the viability of these cells [48]. Resistance to 
tyrosine kinase inhibitors (TKI) is a phenomenon of con-
cern in patients with renal cell carcinoma (RCC). RCC is a 
highly vascular tumor, and sunitinib, the most commonly 
targeted anti-angiogenic drug, works by inhibiting recep-
tor tyrosine kinases in endothelial cells. However, those 
who initially respond to treatment eventually resistant to 
TKI within 10–14 months, and YBX1 is found to be criti-
cal in the development of sunitinib-acquired resistance in 
metastatic RCC [49].

Sorafenib is a first-line chemotherapy drug for 
advanced hepatocellular carcinoma (HCC). However, 
drug resistance to sorafenib significantly limits its thera-
peutic effect, and the mechanism of drug resistance has 
not been fully elucidated. Xu reported a circular RNA 
circRNA-SORE upregulated in sorafenib-resistant HCC 
cells. circRNA-SORE binds to YBX1 in the cytoplasm, 
thereby preventing the nuclear interaction of YBX1 
with the E3 ubiquitin ligase PRP19, thereby blocking 
the PRP19-mediated degradation of YBX1. In  vitro and 
in  vivo results showed that circRNA-SORE was trans-
ported by exosomes to propagate sorafenib resistance in 
HCC cells. This study suggests that targeting YBX1 is a 
potential strategy to overcome sorafenib resistance in 
HCC patients [50]. Lou et al. found that YBX1 was signif-
icantly upregulated in gefitinib-resistant lung adenocarci-
noma cells compared with gefitinib-sensitive cells. YBX1 
promotes resistance to gefitinib in lung adenocarcinoma 
cells by targeting MVP to activate AKT signaling and epi-
thelial-mesenchymal transition. Therefore, targeting the 
YBX1/MVP axis may help overcome gefitinib resistance 
in lung adenocarcinoma patients [51].

3.7 � YBX1 in immunotherapy resistance
Tumor cells can escape immune destruction in tumor 
chemoresistance, but the mechanisms underlying this 
phenomenon remain unclear. It has been shown that 
high YBX1 mRNA levels predict poor prognosis in lumi-
nal breast cancer, which is associated with M2 mac-
rophage infiltration and T cell depletion in the tumor 
microenvironment. Combining classical therapy with 
immune checkpoint inhibitors and M1 polarizers may be 
an effective therapeutic strategy for YBX1-overexpressing 
luminal breast cancer [84]. In the process of resistance 
to endocrine therapy in prostate cancer, tumor cells can 
escape immune surveillance and immune killing. Studies 
have shown that Flightless I homologue (FLII) physically 
interacts with YBX1 to inhibit the nuclear localization 
of YBX1, thereby inhibiting the transcription of PD-L1 
in enzalutamide-resistant tumors. Restoration of FLII 
expression reverses enzalutamide resistance by inhibit-
ing the YBX1/PD-L1 pathway to activate T cell responses 
in the tumor microenvironment. The study also found 

that reversal of endocrine therapy resistance and 
immune evasion was mediated by proliferation of effec-
tor CD8 + T cells and suppression of tumor infiltration by 
regulatory T cells and myeloid-derived suppressor cells. 
Taken together, these results demonstrate a functional 
and biological interplay between endocrine therapy 
resistance and immune evasion mediated through the 
FLII/YBX1/PD-L1 cascade [85]. Tao demonstrated that 
high expression of both YBX1 and PD-L1 was associated 
with a chemoresistant phenotype in HCC. Binding of 
YBX1 to the PD-L1 promoter enhances PD-L1 transcrip-
tion. Knockdown of YBX1 in HCC chemoresistant cells 
resulted in decreased PD-L1 expression. YBX1 promotes 
PD-L1-associated CD8 + T cell apoptosis and regulates 
T cell cytokine secretion by upregulating PD-L1. These 
findings suggest that endogenous YBX1 plays a role in 
the development of chemoresistance associated with an 
induced tumor immunosuppressive microenvironment 
and immune evasion. Inhibition of PD-L1 by reducing 
endogenous YBX1 expression would improve the thera-
peutic index of chemotherapy-based tumor immuno-
suppressive microenvironment and immune evasion. 
Targeting the YBX1 signaling axis while reversing tumor 
immune evasion and multidrug resistance may improve 
antitumor responses [52].

4 � Potential of YBX1 as a target 
of anti‑chemoresistance in PDAC

Although there is evidence that YBX1 plays an impor-
tant role in the development, invasion and metastasis of 
PDAC, it has rarely been reported in the study of PDAC 
chemotherapy resistance, and the latter is an important 
reason that seriously restricts the overall prognosis of 
PDAC. Long non-coding RNA HIF1A-AS1 can recruit 
phosphorylated YBX1 to HIF1α mRNA, thereby pro-
moting the translation of HIF1α, enhancing glycolysis 
and promoting gemcitabine resistance in PDAC [86]. 
This study suggests that YBX1 plays a role in the process 
of gemcitabine resistance in PDAC, and targeting YBX1 
may be a potential strategy to reverse PDAC chemore-
sistance. As mentioned before, Twist1 regulates the 
expression of YBX1 gene and protein in bladder cancer 
cells, and YBX1 regulates Twist1 translation, leading to 
cisplatin anticancer resistance [34]. In PDAC, Twist and 
growth differentiation factor 15 (GDF15) are involved in 
the tumor progression. Whereas Twist induces GDF15 
expression through a p38 MAPK-dependent mechanism, 
thereby promoting PDAC cell invasion and cisplatin 
chemotherapy resistance [87]. These studies suggest that 
YBX1 may promote cisplatin chemotherapy resistance by 
regulating the expression of Twist1 in PDAC.

Previous explorations in other tumors also confirmed 
the potential of targeting YBX1 to reverse chemotherapy 
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resistance.. Depletion of YBX1 expressed protein with 
antisense RNA directed against YBX1-specific mRNA 
resulted in increased sensitivity to cisplatin as reported 
by Ohga et al. [53, 88]. Similarly, Guay et al. found that 
shRNA-mediated silencing of the YBX1 gene enhanced 
cellular sensitivity to cisplatin, UV light, and camptoth-
ecin [57]. YBX1 silencing sensitizes neuroblastoma cells 
to cisplatin and promotes cisplatin-induced apoptosis by 
downregulating MDR1 through NF-κB signaling. There-
fore, targeting YBX1 is promising for neuroblastoma 
therapy and to overcome its cisplatin resistance when 
developing new therapeutic strategies [36]. To date, only 
one small molecule, SU056, effectively inhibits YBX1. 
SU056 is an azopodophyllotoxin that biophysically binds 
YBX1 and has been shown to be potent in a syngeneic 
model of ovarian cancer. Further studies are needed to 
improve the specificity of SU056 for YBX1 and to identify 
other compounds specific for YBX1 [89]. However, we 
need to pay attention to the fact that the specific molecu-
lar mechanism of YBX1 leading to multi-drug resistance 
has not yet been elucidated. In future clinical practice, 
the side effects caused by targeting YBX1 also require our 
vigilance.

5 � Conclusion and perspectives
Although there is strong evidence that YBX1 drives 
resistance to antitumor therapy in other cancers by 
upregulating a wide range of drug resistance-related 
genes, and studies have shown that YBX1 plays a role 
in the development of PDAC, the research on YBX1 in 
inducing chemoresistance in PDAC cells still in early 
stages. In conclusion, this review covers recent advances 
in cancer biology on YBX1-promoted resistance to anti-
tumor therapy. Targeting YBX1 may be a potential strat-
egy to reverse chemotherapy resistance in PDAC. Since 
YBX1 is a protein with pleiotropic functions, designing 
compounds that can specifically inhibit YBX1 chemore-
sistance activity or RNA-based drug delivery will be a 
challenging task.

Abbreviations
PDAC	� Pancreatic ductal adenocarcinoma
YBX1	� Y-box binding protein 1
CSD	� Cold shock domain
MDR1	� Multidrug resistance protein 1
CBX3	� Chromobox homolog 3
SMURF2	� SMAD specific E3 ubiquitin protein ligase 2
MVAC	� Methotrexate, vinblastine, doxorubicin and cisplatin
GC	� Gemcitabine and cisplatin
MVP	� Major vault protein
LRP	� Lung resistance-related protein
5-FU	� 5-Fluorouracil
CIS	� Carcinoma in situ
P-gp	� P-glycoprotein
ADT	� Androgen deprivation therapy
CRPC	� Castration-resistant prostate cancer

RSK	� Ribosomal S6 kinase
AR V7	� AR variant 7
TKI	� Tyrosine kinase inhibitors
RCC​	� Renal cell carcinoma
HCC	� Hepatocellular carcinoma
GDF15	� Growth differentiation factor 15

Acknowledgements
Thanks to the Chinese Anti-Cancer Association for supporting our research.

Authors’ contributions
Z L, HD C and BR L contributed equally to this work and written the manu-
script. T W consulted and sorted out the literature. SR J and Y Q revised 
the manuscript. XW X and XJ Y designed the study. The author(s) read and 
approved the final manuscript.

Funding
This study was supported by the Excellence project of Shanghai Municipal 
Health Commission (20224Z0006), Sailing Project of Science and Technol-
ogy Commission of Shanghai Municipality (22YF1409000), Eyas Project of 
Shanghai Anticancer Association (SACA-CY21C11), Shanghai Municipal 
Science and Technology Major Project (21JC1401500), Scientific Innovation 
Project of Shanghai Education Committee (2019–01-07–00-07-E00057), and 
Clinical Research Plan of Shanghai Hospital Development Center (SHDC-
2020CR1006A). The funding sources had no role in the design and conduct of 
the current study.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Yes, all the authors consent of publication.

Competing interests
All the authors have no conflicts of interest or financial ties to disclose.

Received: 6 December 2022   Accepted: 30 May 2023

References
	1.	 Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer Statistics, 2021. CA 

Cancer J Clin. 2021;71:7–33.
	2.	 Cabasag CJ, Ferlay J, Laversanne M, et al. Pancreatic cancer: an increas-

ing global public health concern. Gut. 2022;71:1686–7.
	3.	 Carioli G, Malvezzi M, Bertuccio P, et al. European cancer mortality 

predictions for the year 2021 with focus on pancreatic and female lung 
cancer. Ann Oncol. 2021;32:478–87.

	4.	 Tsai S, Evans DB. Therapeutic Advances in Localized Pancreatic Cancer. 
JAMA Surg. 2016;151:862–8.

	5.	 Sun D, Cao M, Li H, et al. Cancer burden and trends in China: a review 
and comparison with Japan and South Korea. Chin J Cancer Res. 
2020;32:129–39.

	6.	 Cocco E, Scaltriti M, Drilon A. NTRK fusion-positive cancers and TRK 
inhibitor therapy. Nat Rev Clin Oncol. 2018;15:731–47.

	7.	 Schultheis B, Reuter D, Ebert MP, et al. Gemcitabine combined with the 
monoclonal antibody nimotuzumab is an active first-line regimen in 
KRAS wildtype patients with locally advanced or metastatic pancre-
atic cancer: a multicenter, randomized phase IIb study. Ann Oncol. 
2017;28:2429–35.

	8.	 Bockorny B, Semenisty V, Macarulla T, et al. BL-8040, a CXCR4 antagonist, 
in combination with pembrolizumab and chemotherapy for pancreatic 
cancer: the COMBAT trial. Nat Med. 2020;26:878–85.



Page 10 of 11Li et al. Holistic Integrative Oncology            (2023) 2:16 

	9.	 O’Hara MH, O’Reilly EM, Varadhachary G, et al. CD40 agonistic mono-
clonal antibody APX005M (sotigalimab) and chemotherapy, with or 
without nivolumab, for the treatment of metastatic pancreatic adeno-
carcinoma: an open-label, multicentre, phase 1b study. Lancet Oncol. 
2021;22:118–31.

	10.	 Padrón LJ, Maurer DM, O’Hara MH, et al. Sotigalimab and/or nivolumab 
with chemotherapy in first-line metastatic pancreatic cancer: clinical and 
immunologic analyses from the randomized phase 2 PRINCE trial. Nat 
Med. 2022;28:1167–77.

	11.	 Zhu X, Cao Y, Liu W, et al. Stereotactic body radiotherapy plus pem-
brolizumab and trametinib versus stereotactic body radiotherapy plus 
gemcitabine for locally recurrent pancreatic cancer after surgical resec-
tion: an open-label, randomised, controlled, phase 2 trial. Lancet Oncol. 
2021;22:1093–102.

	12.	 Binenbaum Y, Na’ara S, Gil Z. Gemcitabine resistance in pancreatic ductal 
adenocarcinoma. Drug Resist Updat. 2015;23:55–68.

	13.	 Didier DK, Schiffenbauer J, Woulfe SL, et al. Characterization of the cDNA 
encoding a protein binding to the major histocompatibility complex 
class II Y box. Proc Natl Acad Sci U S A. 1988;85:7322–6.

	14.	 Wolffe AP, Tafuri S, Ranjan M, Familari M. The Y-box factors: a family of 
nucleic acid binding proteins conserved from Escherichia coli to man. 
New Biol. 1992;4:290–8.

	15.	 Lyons SM, Achorn C, Kedersha NL, et al. YB-1 regulates tiRNA-induced 
Stress Granule formation but not translational repression. Nucleic Acids 
Res. 2016;44:6949–60.

	16.	 Dutta A, Yang C, Sengupta S, et al. New paradigms in the repair of 
oxidative damage in human genome: mechanisms ensuring repair of 
mutagenic base lesions during replication and involvement of accessory 
proteins. Cell Mol Life Sci. 2015;72:1679–98.

	17.	 Kim ER, Selyutina AA, Buldakov IA, et al. The proteolytic YB-1 fragment 
interacts with DNA repair machinery and enhances survival during DNA 
damaging stress. Cell Cycle. 2013;12:3791–803.

	18.	 Wei WJ, Mu SR, Heiner M, et al. YB-1 binds to CAUC motifs and stimulates 
exon inclusion by enhancing the recruitment of U2AF to weak polypy-
rimidine tracts. Nucleic Acids Res. 2012;40:8622–36.

	19.	 Lyabin DN, Eliseeva IA, Ovchinnikov LP. YB-1 protein: functions and regu-
lation. Wiley Interdiscip Rev RNA. 2014;5:95–110.

	20.	 Suresh PS, Tsutsumi R, Venkatesh T. YBX1 at the crossroads of non-coding 
transcriptome, exosomal, and cytoplasmic granular signaling. Eur J Cell 
Biol. 2018;97:163–7.

	21.	 Lasham A, Print CG, Woolley AG, et al. YB-1: oncoprotein, prognostic 
marker and therapeutic target? Biochem J. 2013;449:11–23.

	22.	 Yin Q, Zheng M, Luo Q et al. YB-1 as an Oncoprotein: Functions, Regula-
tion, Post-Translational Modifications, and Targeted Therapy. Cells 
2022;11:1217.

	23.	 To K, Fotovati A, Reipas KM, et al. Y-box binding protein-1 induces the 
expression of CD44 and CD49f leading to enhanced self-renewal, mam-
mosphere growth, and drug resistance. Cancer Res. 2010;70:2840–51.

	24.	 Cohen SB, Ma W, Valova VA, et al. Genotoxic stress-induced nuclear 
localization of oncoprotein YB-1 in the absence of proteolytic processing. 
Oncogene. 2010;29:403–10.

	25.	 Raffetseder U, Frye B, Rauen T, et al. Splicing factor SRp30c interaction 
with Y-box protein-1 confers nuclear YB-1 shuttling and alternative splice 
site selection. J Biol Chem. 2003;278:18241–8.

	26.	 Stein U, Jürchott K, Walther W, et al. Hyperthermia-induced nuclear 
translocation of transcription factor YB-1 leads to enhanced expres-
sion of multidrug resistance-related ABC transporters. J Biol Chem. 
2001;276:28562–9.

	27.	 Roßner F, Gieseler C, Morkel M, et al. Uncoupling of EGFR-RAS signal-
ing and nuclear localization of YBX1 in colorectal cancer. Oncogenesis. 
2016;5: e187.

	28.	 Shinkai K, Nakano K, Cui L, et al. Nuclear expression of Y-box binding 
protein-1 is associated with poor prognosis in patients with pancreatic 
cancer and its knockdown inhibits tumor growth and metastasis in mice 
tumor models. Int J Cancer. 2016;139:433–45.

	29.	 Liu Z, Li Y, Li X, et al. Overexpression of YBX1 Promotes Pancreatic Ductal 
Adenocarcinoma Growth via the GSK3B/Cyclin D1/Cyclin E1 Pathway. 
Mol Ther Oncolytics. 2020;17:21–30.

	30.	 Zhang H, Yu H, Ren D, et al. CBX3 Regulated By YBX1 Promotes Smoking-
induced Pancreatic Cancer Progression via Inhibiting SMURF2 Expression. 
Int J Biol Sci. 2022;18:3484–97.

	31.	 Lu J, Li X, Wang F, et al. YB-1 expression promotes pancreatic can-
cer metastasis that is inhibited by microRNA-216a. Exp Cell Res. 
2017;359:319–26.

	32.	 Inoue I, Matsumoto K, Yu Y, Bay BH. Surmounting chemoresist-
ance by targeting the Y-box binding protein-1. Anat Rec (Hoboken). 
2012;295:215–22.

	33.	 Kuwano M, Shibata T, Watari K, Ono M. Oncogenic Y-box binding pro-
tein-1 as an effective therapeutic target in drug-resistant cancer. Cancer 
Sci. 2019;110:1536–43.

	34.	 Shiota M, Yokomizo A, Itsumi M, et al. Twist1 and Y-box-binding 
protein-1 promote malignant potential in bladder cancer cells. BJU Int. 
2011;108:E142-149.

	35.	 Tsofack SP, Garand C, Sereduk C, et al. NONO and RALY proteins are 
required for YB-1 oxaliplatin induced resistance in colon adenocarcinoma 
cell lines. Mol Cancer. 2011;10:145.

	36.	 Wang H, Sun R, Chi Z, et al. Silencing of Y-box binding protein-1 by RNA 
interference inhibits proliferation, invasion, and metastasis, and enhances 
sensitivity to cisplatin through NF-κB signaling pathway in human neuro-
blastoma SH-SY5Y cells. Mol Cell Biochem. 2017;433:1–12.

	37.	 Hong X, Li Q, Li J, et al. CircIPO7 Promotes Nasopharyngeal Carcinoma 
Metastasis and Cisplatin Chemoresistance by Facilitating YBX1 Nuclear 
Localization. Clin Cancer Res. 2022;28:4521–35.

	38.	 Stein U, Bergmann S, Scheffer GL, et al. YB-1 facilitates basal and 5-fluoro-
uracil-inducible expression of the human major vault protein (MVP) gene. 
Oncogene. 2005;24:3606–18.

	39.	 Yamashita T, Higashi M, Momose S, et al. Nuclear expression of Y box 
binding-1 is important for resistance to chemotherapy including gemcit-
abine in TP53-mutated bladder cancer. Int J Oncol. 2017;51:579–86.

	40.	 Fujita T, Ito K, Izumi H, et al. Increased nuclear localization of transcrip-
tion factor Y-box binding protein 1 accompanied by up-regulation of 
P-glycoprotein in breast cancer pretreated with paclitaxel. Clin Cancer 
Res. 2005;11:8837–44.

	41.	 Shiota M, Itsumi M, Yokomizo A, et al. Targeting ribosomal S6 kinases/Y-
box binding protein-1 signaling improves cellular sensitivity to taxane in 
prostate cancer. Prostate. 2014;74:829–38.

	42.	 Bargou RC, Jürchott K, Wagener C, et al. Nuclear localization and 
increased levels of transcription factor YB-1 in primary human breast 
cancers are associated with intrinsic MDR1 gene expression. Nat Med. 
1997;3:447–50.

	43.	 Miao X, Wu Y, Wang Y, et al. Y-box-binding protein-1 (YB-1) promotes 
cell proliferation, adhesion and drug resistance in diffuse large B-cell 
lymphoma. Exp Cell Res. 2016;346:157–66.

	44.	 Shibata T, Watari K, Izumi H, et al. Breast Cancer Resistance to Antiestro-
gens Is Enhanced by Increased ER Degradation and ERBB2 Expression. 
Cancer Res. 2017;77:545–56.

	45.	 Shiota M, Fujimoto N, Imada K et al. Potential Role for YB-1 in Castration-
Resistant Prostate Cancer and Resistance to Enzalutamide Through the 
Androgen Receptor V7. J Natl Cancer Inst. 2016;108.

	46.	 Dhillon J, Astanehe A, Lee C, et al. The expression of activated Y-box 
binding protein-1 serine 102 mediates trastuzumab resistance in breast 
cancer cells by increasing CD44+ cells. Oncogene. 2010;29:6294–300.

	47.	 Shibata T, Kan H, Murakami Y, et al. Y-box binding protein-1 contributes 
to both HER2/ErbB2 expression and lapatinib sensitivity in human gastric 
cancer cells. Mol Cancer Ther. 2013;12:737–46.

	48.	 Kosnopfel C, Sinnberg T, Sauer B, et al. Human melanoma cells resistant 
to MAPK inhibitors can be effectively targeted by inhibition of the p90 
ribosomal S6 kinase. Oncotarget. 2017;8:35761–75.

	49.	 D’Costa NM, Lowerison MR, Raven PA, et al. Y-box binding protein-1 is 
crucial in acquired drug resistance development in metastatic clear-cell 
renal cell carcinoma. J Exp Clin Cancer Res. 2020;39:33.

	50.	 Xu J, Ji L, Liang Y, et al. CircRNA-SORE mediates sorafenib resistance in 
hepatocellular carcinoma by stabilizing YBX1. Signal Transduct Target 
Ther. 2020;5:298.

	51.	 Lou L, Wang J, Lv F, et al. Y-box binding protein 1 (YB-1) promotes gefi-
tinib resistance in lung adenocarcinoma cells by activating AKT signaling 
and epithelial-mesenchymal transition through targeting major vault 
protein (MVP). Cell Oncol (Dordr). 2021;44:109–33.

	52.	 Tao Z, Ruan H, Sun L, et al. Targeting the YB-1/PD-L1 Axis to Enhance 
Chemotherapy and Antitumor Immunity. Cancer Immunol Res. 
2019;7:1135–47.



Page 11 of 11Li et al. Holistic Integrative Oncology            (2023) 2:16 	

	53.	 Ohga T, Koike K, Ono M, et al. Role of the human Y box-binding protein 
YB-1 in cellular sensitivity to the DNA-damaging agents cisplatin, mito-
mycin C, and ultraviolet light. Cancer Res. 1996;56:4224–8.

	54.	 Ise T, Nagatani G, Imamura T, et al. Transcription factor Y-box binding 
protein 1 binds preferentially to cisplatin-modified DNA and interacts 
with proliferating cell nuclear antigen. Cancer Res. 1999;59:342–6.

	55.	 Yahata H, Kobayashi H, Kamura T, et al. Increased nuclear localization of 
transcription factor YB-1 in acquired cisplatin-resistant ovarian cancer. J 
Cancer Res Clin Oncol. 2002;128:621–6.

	56.	 Guay D, Evoy AA, Paquet E, et al. The strand separation and nuclease 
activities associated with YB-1 are dispensable for cisplatin resistance 
but overexpression of YB-1 in MCF7 and MDA-MB-231 breast tumor cells 
generates several chemoresistance signatures. Int J Biochem Cell Biol. 
2008;40:2492–507.

	57.	 Guay D, Garand C, Reddy S, et al. The human endonuclease III enzyme 
is a relevant target to potentiate cisplatin cytotoxicity in Y-box-binding 
protein-1 overexpressing tumor cells. Cancer Sci. 2008;99:762–9.

	58.	 Quertermous EE, Hidai H, Blanar MA, Quertermous T. Cloning and charac-
terization of a basic helix-loop-helix protein expressed in early mesoderm 
and the developing somites. Proc Natl Acad Sci U S A. 1994;91:7066–70.

	59.	 Wang H, Sun R, Gu M, et al. shRNA-Mediated Silencing of Y-Box Binding 
Protein-1 (YB-1) Suppresses Growth of Neuroblastoma Cell SH-SY5Y 
In Vitro and In Vivo. PLoS One. 2015;10:e0127224.

	60.	 Scheper RJ, Broxterman HJ, Scheffer GL, et al. Overexpression of a M(r) 
110,000 vesicular protein in non-P-glycoprotein-mediated multidrug 
resistance. Cancer Res. 1993;53:1475–9.

	61.	 Scheffer GL, Wijngaard PL, Flens MJ, et al. The drug resistance-related 
protein LRP is the human major vault protein. Nat Med. 1995;1:578–82.

	62.	 Scheffer GL, Schroeijers AB, Izquierdo MA, et al. Lung resistance-related 
protein/major vault protein and vaults in multidrug-resistant cancer. Curr 
Opin Oncol. 2000;12:550–6.

	63.	 von der Maase H, Hansen SW, Roberts JT, et al. Gemcitabine and cisplatin 
versus methotrexate, vinblastine, doxorubicin, and cisplatin in advanced 
or metastatic bladder cancer: results of a large, randomized, multina-
tional, multicenter, phase III study. J Clin Oncol. 2000;18:3068–77.

	64.	 Holmes FA, Walters RS, Theriault RL, et al. Phase II trial of taxol, an active 
drug in the treatment of metastatic breast cancer. J Natl Cancer Inst. 
1991;83:1797–805.

	65.	 Murphy WK, Fossella FV, Winn RJ, et al. Phase II study of taxol in patients 
with untreated advanced non-small-cell lung cancer. J Natl Cancer Inst. 
1993;85:384–8.

	66.	 McGuire WP, Hoskins WJ, Brady MF, et al. Cyclophosphamide and cisplatin 
compared with paclitaxel and cisplatin in patients with stage III and stage 
IV ovarian cancer. N Engl J Med. 1996;334:1–6.

	67.	 Forastiere AA, Shank D, Neuberg D, et al. Final report of a phase II evalua-
tion of paclitaxel in patients with advanced squamous cell carcinoma of 
the head and neck: an Eastern Cooperative Oncology Group trial (PA390). 
Cancer. 1998;82:2270–4.

	68.	 Abrams JS, Vena DA, Baltz J, et al. Paclitaxel activity in heavily pretreated 
breast cancer: a National Cancer Institute Treatment Referral Center trial. J 
Clin Oncol. 1995;13:2056–65.

	69.	 Ling V. Charles F. Kettering Prize. P-glycoprotein and resistance to antican-
cer drugs. Cancer. 1992;69:2603–9.

	70.	 Tannock IF, de Wit R, Berry WR, et al. Docetaxel plus prednisone or mitox-
antrone plus prednisone for advanced prostate cancer. N Engl J Med. 
2004;351:1502–12.

	71.	 de Bono JS, Oudard S, Ozguroglu M, et al. Prednisone plus cabazitaxel or 
mitoxantrone for metastatic castration-resistant prostate cancer progress-
ing after docetaxel treatment: a randomised open-label trial. Lancet. 
2010;376:1147–54.

	72.	 Shiota M, Kashiwagi E, Yokomizo A, et al. Interaction between docetaxel 
resistance and castration resistance in prostate cancer: implications of 
Twist1, YB-1, and androgen receptor. Prostate. 2013;73:1336–44.

	73.	 Clarke CA, Keegan TH, Yang J, et al. Age-specific incidence of breast 
cancer subtypes: understanding the black-white crossover. J Natl Cancer 
Inst. 2012;104:1094–101.

	74.	 Ma CX, Reinert T, Chmielewska I, Ellis MJ. Mechanisms of aromatase 
inhibitor resistance. Nat Rev Cancer. 2015;15:261–75.

	75.	 Wu J, Lee C, Yokom D, et al. Disruption of the Y-box binding protein-1 
results in suppression of the epidermal growth factor receptor and HER-2. 
Cancer Res. 2006;66:4872–9.

	76.	 Fujii T, Kawahara A, Basaki Y, et al. Expression of HER2 and estrogen recep-
tor alpha depends upon nuclear localization of Y-box binding protein-1 
in human breast cancers. Cancer Res. 2008;68:1504–12.

	77.	 Basaki Y, Taguchi K, Izumi H, et al. Y-box binding protein-1 (YB-1) 
promotes cell cycle progression through CDC6-dependent pathway in 
human cancer cells. Eur J Cancer. 2010;46:954–65.

	78.	 Campbell TM, Castro MAA, de Oliveira KG, et al. ERα Binding by Tran-
scription Factors NFIB and YBX1 Enables FGFR2 Signaling to Modulate 
Estrogen Responsiveness in Breast Cancer. Cancer Res. 2018;78:410–21.

	79.	 Slamon DJ, Leyland-Jones B, Shak S, et al. Use of chemotherapy plus a 
monoclonal antibody against HER2 for metastatic breast cancer that 
overexpresses HER2. N Engl J Med. 2001;344:783–92.

	80.	 Vogel CL, Cobleigh MA, Tripathy D, et al. Efficacy and safety of trastu-
zumab as a single agent in first-line treatment of HER2-overexpressing 
metastatic breast cancer. J Clin Oncol. 2002;20:719–26.

	81.	 Chapman PB, Hauschild A, Robert C, et al. Improved survival with 
vemurafenib in melanoma with BRAF V600E mutation. N Engl J Med. 
2011;364:2507–16.

	82.	 Hauschild A, Grob JJ, Demidov LV, et al. Dabrafenib in BRAF-mutated 
metastatic melanoma: a multicentre, open-label, phase 3 randomised 
controlled trial. Lancet. 2012;380:358–65.

	83.	 Wagle N, Emery C, Berger MF, et al. Dissecting therapeutic resistance to 
RAF inhibition in melanoma by tumor genomic profiling. J Clin Oncol. 
2011;29:3085–96.

	84.	 Lv Z, Xue C, Zhang L, et al. Elevated mRNA Level of Y-Box Binding Protein 
1 Indicates Unfavorable Prognosis Correlated with Macrophage Infiltra-
tion and T Cell Exhaustion in Luminal Breast Cancer. Cancer Manag Res. 
2021;13:6411–28.

	85.	 Ruan H, Bao L, Tao Z, Chen K. Flightless I Homolog Reverses Enzalutamide 
Resistance through PD-L1-Mediated Immune Evasion in Prostate Cancer. 
Cancer Immunol Res. 2021;9:838–52.

	86.	 Xu F, Huang M, Chen Q, et al. LncRNA HIF1A-AS1 Promotes Gemcitabine 
Resistance of Pancreatic Cancer by Enhancing Glycolysis through Modu-
lating the AKT/YB1/HIF1α Pathway. Cancer Res. 2021;81:5678–91.

	87.	 Ji H, Lu HW, Li YM, et al. Twist promotes invasion and cisplatin resistance 
in pancreatic cancer cells through growth differentiation factor 15. Mol 
Med Rep. 2015;12:3841–8.

	88.	 Ohga T, Uchiumi T, Makino Y, et al. Direct involvement of the Y-box bind-
ing protein YB-1 in genotoxic stress-induced activation of the human 
multidrug resistance 1 gene. J Biol Chem. 1998;273:5997–6000.

	89.	 Tailor D, Resendez A, Garcia-Marques FJ, et al. Y box binding protein 
1 inhibition as a targeted therapy for ovarian cancer. Cell Chem Biol. 
2021;28:1206-1220.e1206.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Holistic anti-tumor resistance mechanism of YBX1 and its potential as a chemoresistance target in pancreatic ductal adenocarcinoma
	Abstract 
	1 The dilemma of pancreatic ductal adenocarcinoma treatment
	2 Y-Box binding protein 1: a neglected multifunctional oncoprotein in PDAC
	3 Holistic analysis of anti-tumor resistance mechanism of YBX1
	3.1 YBX1 in platinum chemotherapy resistance
	3.2 YBX1 in antimetabolic chemotherapy resistance
	3.3 YBX1 in alkaloid chemotherapy resistance
	3.4 YBX1 in anthracyclines chemotherapy resistance
	3.5 YBX1 in endocrine therapy resistance
	3.6 YBX1 in targeted treatment resistance
	3.7 YBX1 in immunotherapy resistance

	4 Potential of YBX1 as a target of anti-chemoresistance in PDAC
	5 Conclusion and perspectives
	Acknowledgements
	References


