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Abstract: Y box binding protein 1 (YB-1) is a protein with a highly conserved cold shock domain
(CSD) that also belongs to the family of DNA- and RNA-binding proteins. YB-1 is present in both the
nucleus and cytoplasm and plays versatile roles in gene transcription, RNA splicing, DNA damage
repair, cell cycle progression, and immunity. Cumulative evidence suggests that YB-1 promotes the
progression of multiple tumor types and serves as a potential tumor biomarker and therapeutic target.
This review comprehensively summarizes the emerging functions, mechanisms, and regulation of
YB-1 in cancers, and further discusses targeted strategies.
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1. Introduction

Y-box binding proteins (YB proteins) belong to the cold shock domain-containing
protein family [1]. YB proteins include three members, YB-1, YB-2, and YB-3 [2,3]. They are
highly conserved with respect to their cold shock domain (CSD) but contain very different
C-terminal domain (CTD) sequences. Among the three members of the family, the protein
sequences of CSDs share more than 90% identity, especially between YB-1 and YB-3, which
were highly conserved and their CTDs are close in amino acid composition (Arg, Pro, Glu,
Gln, and Gly amount to approximately 60% of all residues) and contain a large number of
charged residues. In contrast, the N-terminal domains of the three YB proteins are the least
homologous, although all are rich in alanine and proline residues [4].

The expression of YB proteins can be divided into somatic and germ cell-specific
expression [5]. YB-1 is believed to play an important role in basic cellular functions,
especially during the early stages of ontogenesis [6]. Germ-cell-specific YB-2 is abundant
in growing oocytes and is essentially degraded during the late 2-cell stage [7]. YB-3 is
highly expressed in mammalian embryos, and they are expressed in several tissues after
birth, such as the heart, skeletal muscles, testicles, and blood vessels [6,8,9]. In the nucleus,
YB proteins bind DNA sequences called Y-boxes (5'-CTGATTGGC/TC/TAA-3') located
in the promoter regions of target genes, thus regulating their transcription. Among the
YB proteins, YB-1 is the most widely studied one which plays important roles in DNA
repair, cell proliferation, and differentiation. YB-1 is an oncoprotein and is overexpressed
in different types of cancers, including breast cancer [10]. A number of studies have shown
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that in response to stress, YB-1 translocates from the cytoplasm to the nucleus and binds to
the promoter of its target genes, which regulates stemness [11], multidrug resistance [12],
cell cycle [13], etc. Additionally, YB-1 was mainly reported as RNA binding proteins,
especially as new RNA 5-methylcytosine reader, to regulate mRNA transcription, splicing,
packaging, stabilization, and translation [14,15]. Therefore, the expression levels of the
YB-1 protein are closely correlated with multidrug resistance, recurrence, metastasis, and
poor prognosis in cancer patients.

Several review articles have recently summarized the function of YB-1 in various
cancers [16,17]. In this review, we focus on newly described functions of YB-1 in cancer,
encompassing its functions in the immune system and autophagy, its upstream regulation,
post-translational modifications, and potential targeted strategies.

2. Protein Structure of YB-1

YB-1 is a 324-amino acid protein with a predicted molecular weight of 35.9 KDa.
YB-1 is a transcription and translation factor with multiple functions in the expression
of various proteins. It consists of a highly conserved nucleic acid binding motif called
CSD, an alanine/proline-rich N-terminal, and a C-terminal charged zipper characterized
by alternating stretches of positively and negatively charged amino acids [18]. The protein
domain structure of human YB-1 is shown in Figure 1.
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Figure 1. YB-1 protein structure and function domains. The YB-1 protein consists of 324 amino
acid residues. YB-1 has an alanine and proline-rich A/P structural domain at the N-terminus, a
cold-shock structural domain in the middle segment, and a C-terminal structural domain. The nuclear
localization signal (NLS), S20 proteasome cleavage site, and cytoplasmic retention site (CRS) located
at the C-terminus are also labeled.

Previous studies reported the solution structure of YB-1, where CSD is responsible
for binding to nucleic acids [19]. A DNA binding domain consisting of positively charged
and aromatic residues is present on the (3-barrel surface of YB-1; however, the CSD binds
weakly and without specificity to DNA [19]. The CSD consists of a closed five-stranded
anti-parallel beta-barrel capped by a long flexible loop [14]. The latest study reported a
high-resolution (1.7°) crystal structure of YB-1 CSD and different RNA oligomers, revealing
the molecular basis of the interaction between YB-1 and RNA. These results show that CSD
primarily interacts with RNA through 7—m stacking interactions assembled by four highly
conserved aromatic residues [20]. In addition, scientists adopted UV spectrophotometry,
differential scanning calorimetry, and one-dimensional nuclear magnetic resonance hydro-
gen spectroscopy to study the properties of the YB-1 structure in depth and showed that
CSD within the entire YB-1 chain has a well-packed tertiary structure [19].
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3. The Functions and Mechanisms of YB-1
3.1. The Function of YB-1 in Cancers

As a multifunctional oncoprotein, YB-1 has been shown to be overexpressed and
is often associated with poor prognoses in human cancers, such as breast cancer [21],
ovarian cancer [22], liver cancer [23], lung cancer [24], colorectal cancer [25], prostate
cancer [26], multiple myeloma [27], melanoma [28], osteosarcoma [29], glioblastoma [30],
mesothelioma [31], and urothelial carcinoma of the bladder [32]. Cumulative evidence
suggests that YB-1 regulates cancer cell behaviors, such as cell proliferation and cell cycle
progression, stemness, migration and invasion, DNA damage repair (DDR), autophagy,
tumor immunity, and multidrug resistance.

3.2. Cell Proliferation and Cell Cycle Progression

YB-1 promotes cell proliferation and cell cycle progression in multiple cancer cells.
A reduction in YB-1 expression led to growth inhibition or apoptosis by downregulating
downstream growth-promoting oncogenes [33]. YB-1 has been shown to activate multiple
pro-proliferation genes, such as E2F transcription factor 1 (E2F1) [34], Cyclin A and Cyclin
B1 [35], proliferating cell nuclear antigen (PCNA) [36], thymidine kinase 1 (TK1) [37], and
epidermal growth factor receptor (EGFR) [38]. We recently reported that in basal-like breast
cancer (BLBC) cells, YB-1 promotes KLF5 expression and cancer cell proliferation [39]. In
addition, YB-1 transgenic mice develop different types of invasive breast cancer through
genetic instability caused by mitotic failure and centrosome amplification [40]. YB-1 pro-
motes the growth of other types of cancer cells, such as melanoma, adenocarcinoma, liver
cancer, fibrosarcoma, colon cancer [41], lung cancer [42], prostate cancer [43], myeloma [44],
acute myeloid leukemia [45], and spinal chordoma [46].

3.3. Cancer Stem-like Properties

Cancer stem cells (CSCs) comprise a small subpopulation of neoplastic cells within
a tumor. CSCs possess the properties of self-renewal [47], differentiation, and indefinite
proliferation, and they might be the primary cause of tumor initiation, progression, and
recurrence in many cancers. In human breast cancer cell lines, YB-1 promotes cancer
cell growth and drug resistance by binding the promoters of stem cell-related genes,
including CD44 and CD49f (integrin «6) [11]. Additionally, Mylona et al. reported the first
clinicopathological study showing that YB-1 is an aggressive and “stem cell-like” tumor
phenotypic trait [CD44*/ CD24~/1oW] [48]. In breast cancer, the inhibition of P90 ribosomal
56 kinase (RSK), a key kinase involved in the phosphorylation of YB-1, eradicates the
population of breast CSCs and overcomes drug resistance [49]. In addition, the inhibition
of WAVE3 (WASF3), a protein involved in the nuclear translocation of YB-1, inhibits
the expression of several CSC-related transcription factors, such as NANOG, SOX2, and
OCT4 [50]. In estrogen receptor (ER)-positive breast cancer, the activated ERx protein
directly binds to the YB-1 promoter, promoting the expression of YB-1 and the formation of
stem cells. YB-1 directly promotes Nanog transcription and the CSC properties of non-small
cell lung cancer (NSCLC) cells [51]. In addition, in hepatocellular carcinoma (HCC) cells,
YB-1 promotes Wnt/ 3-catenin signaling and induces stemness-related gene expression,
maintaining the HCC-initiating cell population [52].

3.4. Invasion and Metastasis

Metastasis is a multistep process that mediates the distant spread of cancer cells from
the primary tumor. The increased expression of YB-1 promotes migration and invasion in
breast cancer [53]. YB-1 is highly expressed in approximately 70% of BLBC [54]. Another
study found that the stable knockdown of YB-1 in the triple-negative breast cancer (TNBC)
cell line MDA-MB-231 led to a reduction in cell invasion. YB-1 promotes the expression of
MMP1 and B-catenin, which are known to increase cell adhesion and cell-matrix interac-
tions, respectively [55]. Likewise, YB-1 binds to the promoter of CTPS1 and activates its
transcription, promoting the migration and proliferation of TNBC cells [56]. In lung cancer,
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YB-1 activates the transcription of Nanog, ultimately leading to an increase in the number
of metastatic cells and the formation of metastatic colonization in a new location [51].
In malignant pleural mesothelioma (MPM), YB-1 knockdown significantly reduces the
migration and invasion of MPM cells, and miR-31 exhibits a tumor suppressive function
in MPM by directly targeting YB-1 [57]. In gastric cancer, YB-1 is highly expressed in
more invasive gastric cancer cell lines and promotes gastric cancer cell migration but not
invasion [58]. In nasopharyngeal carcinoma (NPC) CNE1 cells, in response to TGF-31
treatment, along with the upregulation of YB-1, increased the expression of N-cadherin and
Vimentin, while significantly downregulating the expression of E-cadherin and promoting
epithelial-to-mesenchymal transition (EMT) in NPC cells [59]. In melanoma, YB-1 promotes
a highly invasive phenotype [60]. Additionally, YB-1 promotes the metastasis of liver
cancer [61], gastric cancer [58], skin squamous cell carcinoma [62], spinal chordoma [46],
ovarian cancer [63], prostate cancer [64], and lung adenocarcinoma [65]. Interestingly, one
study showed that human YB-1 inhibited AKT-dependent oncogenic transformation in
NIH3T3 [66].

3.5. DNA Damage Repair (DDR)

During cancer treatment, radiotherapy and chemotherapeutic drugs work by directly
or indirectly, inducing DNA damage. Severe DNA damage can activate programmed
cell death to eliminate cells with catastrophic mutations [67]. In mammals, several DNA
repair pathways are responsible for removing DNA damage, ensuring the stability of
the genome [68]. In nonmalignant cells, YB-1 is primarily localized in the cytoplasm
and YB-1 is translocated from the cytoplasm to the nucleus in response to genotoxic
stress [69]. YB-1 has a high affinity for damaged DNA in response to cisplatin [36,70].
YB-1 also exhibits endonucleolytic and exonucleolytic activities in vitro. In addition, YB-
1 binds to the DNA repair proteins MSH2, DNA polymerase 5, Ku80, and WRN75. A
recent study demonstrated that human endonuclease III (hNTH1) is a DNA repair protein
and bifunctional DNA glycosylase that binds to YB-1 in the nucleus, and the hNTH1-
YB-1 interface plays a role in the response to cisplatin in MCF7 cells [71]. YB-1 can be
PARylated (Poly(ADP-ribosylation)) by PARP1 during the process of interacting with
damaged DNA [72]. This post-translational modification of YB-1 likely contributes to the
regulation of DNA repair.

3.6. Autophagy

Autophagy is a highly conserved catabolic process of the intracellular degradation
and recycling of biomacromolecules, subcellular structures and damaged organelles. A
large number of studies have shown a strong relationship between autophagy and tu-
mors. Autophagy can inhibit tumor growth in cancer, but paradoxically, the survival of
some tumors depends on autophagy [73,74]. The overexpression of YB-1 promotes the
P1103/Vps34/Beclinl pathway to induce autophagy in NSCLC and decreases the sensi-
tivity of NSCLC cells to cisplatin [75]. LINC00857 binds to the YB-1 protein, preventing
its proteasome degradation and increasing its nuclear translocation. Subsequently, YB-1
binds to the promoter of MET to promote its transcription, promoting the anti-apoptotic
and anti-autophagic properties of lung cancer cells [76]. In hepatic progenitor cells (HPCs)
and liver fibrogenesis, TGF-3 induces the nuclear translocation of YB-1 and promotes the
transcription of Atg7 which is involved in HPC expansion and liver fibrosis [77].

3.7. Tumor Immunity

The immune system functions in immune surveillance. When tumor cells invade, the
immune system recognizes and eliminates them based on the tumor antigens expressed on
their surface. However, in some cases, tumor cells evade the body’s immune surveillance
through various mechanisms, proliferate malignantly, and form tumors. Studies have
shown that the upregulation of YB-1 drives immune escape. For example, in chemotherapy-
resistant HCC cells, YB-1 binds to the PD-L1 promoter to upregulate its expression and



Cells 2022, 11,1217

50f23

decreases the secretion of the chemokines IL1f3, IL10, and TGF-f in vitro. YB-1 knockdown
blocks PD-L1 expression via T-cell activation in the tumor microenvironment, reversing
resistance to chemotherapy [78]. The function of YB-1 in regulating tumor immunity has
cut a conspicuous figure, so the combination therapy targeting YB-1 and immunotherapy
is promising.

3.8. Multidrug Resistance

Chemotherapy is a universal and effective treatment for cancer. However, chemother-
apy resistance inevitably occurs, and this phenotype is primarily due to the overexpression
of the multidrug transporter P-glycoprotein [79], which is encoded by the multidrug re-
sistance (MDR1) gene. YB-1 has been shown to induce MDR1 expression [80]. YB-1 is
primarily localized in the cytoplasm, but when exposed to UV irradiation or anticancer
agents, it translocates into the nucleus [81]. Nuclear YB-1 increases the expression of MDR1
in breast cancer cells, which provides a molecular mechanism of intrinsic multidrug resis-
tance in breast cancer [21]. Feng et al. found that the long noncoding RNA MIR200CHG
directly binds YB-1 and inhibits the degradation of the YB-1 protein through the ubiquitin—
proteasome pathway [82]. In addition, MIR200CHG promotes YB-1 phosphorylation at
serine 102 and nuclear translocation, promoting the proliferation, metastasis, and resistance
to cisplatin of breast cancer. A subsequent series of studies further confirmed the association
between YB-1 and drug resistance in different breast cancer cell lines and poor prognosis
in patients [83-85]. Moreover, YB-1 increases the protein levels of EphA2 by inhibiting
its proteasomal degradation, promoting RTK inhibitor sunitinib resistance in clear cell
renal cell carcinoma [86]. YB-1 has also been implicated in the multidrug resistance of
other cancers, such as osteosarcoma [29], synovial sarcoma [87], prostate cancer [26], and
myeloma [27].

3.9. YB-1 as an RNA 5-Methylcytosine (m5C)-Binding Protein

YB-1 is newly defined as an RNA m5C binding protein (reader) [32]. Base modifi-
cation is highly enriched in RNAs, and methylation is the most abundant form of RNA
modification. 5-Methylcytosine (m5C) is one of the most predominant RNA methylation
modifications and has been observed in RNAs since the 1970s. Recent studies have shown
that YB-1 preferentially binds to m5C RNA through interaction with two tryptophan
residues (Trp45 and Trp65) in the CSD of YB-119 [32]. Compared to normal tissues, the
overexpression of the m5C methyltransferase NSUN2 and the m5C binding protein YB-1
in bladder cancer promotes the stability of hepatoma-derived growth factor (HDGF) mRNA
in an m5C-dependent manner and ultimately promotes the proliferation and metastasis
of bladder cancer [32]. We recently reported in BLBC cells that YB-1 also recognizes and
stabilizes m5C-modified KLF5 mRNA to promote cancer cell proliferation [39].

Consistently, YB-1 preferentially recognizes m5C-modified mRNAs which play essen-
tial roles in maternal mRNA stability and early embryogenesis in zebrafish together with
the mRNA stabilizer poly(A)-binding protein cytoplasmic 1a (Pabpcla) [88]. It has also
been found that m5C-modified maternal mRNAs display higher stability than nonm5C-
modified mRNAs during the maternal-to-zygotic transition (MZT) [88]. Recent studies
have shown that m5C RNA modification plays an important role in the development of
adult stem cells. Ypsilon Schachter (YPS), a homolog of human YB-1, was demonstrated
to promote germline stem cell (GSC) maintenance, proliferation, and progeny differentia-
tion in Drosophila ovary by preferentially binding to m5C-containing RNAs. Furthermore,
human YB-1 can functionally replace YPS to support normal GSC development [89]. In
addition, as an RNA-binding protein (RBP), YB-1 directly activates the cap-independent
translation of mRNA encoding Snaill and other transcription factors, which are involved in
the downregulation of epithelial and activation of mesenchymal genes [90]. Similarly, YB-1
enhances HIF1«x protein expression by directly binding to HIF1a mRNA to activate HIF1o
translation in sarcoma cells [91]. There are potential YB-1 binding sites in both the 5'- and
3'-untranslated regions (UTRs) of AURKA mRNA, and YB-1 promotes the expression of
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the AURKA protein by directly and specifically binding to AURKA mRNA, thereby pro-
moting the proliferation and migration of NPC cells [92]. Whether YB-1-mediated protein
translation and RNA stability fully depend on its RNA m5C binding function requires
further investigation.

3.10. Phase Separation

Liquid-liquid phase separation (LLPS) in cells refers to the compartmentalization
and concentration of biomacromolecules such as proteins, nucleic acids, and lipids into
different condensates. Liquid-like condensates may undergo changes in the state of matter
for example to gel and solid states, which are essential to achieve their function [93].
LLPS is involved in a variety of biological processes, including gene transcription, DNA
damage repair, tumorigenesis, and autophagy [94-96]. The intrinsically disordered regions
(IDRs) are recognized as important for the formation of membraneless condensates. It
is noticed that the CTD of YB-1 has typical IDRs (Figure 1) and the deletion of the CTD
blocks the formation of YB-1 puncta. In addition, the deletion of the CTD from YB-1
impairs the binding of YB-1 protein to biomolecular condensates formed in cells. Finally,
when all tyrosine residues in the YB-1 C-terminal disordered region were replaced with
serine/alanine residues or replaced all arginine and lysine residues with glycine residue,
the formation of YB-1 condensates were inhibited in cells. These results suggest that the
YB-1 phase separation requires interactions between tyrosine- and arginine-rich motifs [97].
YB-1 is a component of the G3BPs-mediated phase separation particles and its roles in LLPS
regulation could be regulated by physiological and pathological conditions.

3.11. YB-1 as a Secreted Protein

A number of proteins can be extracellularly secreted and stimulating tumor cell
proliferation and metastasis [98]. Growing evidence suggests that YB-1 can be secreted. In
thylakoid cells and monocytes, YB-1 is secreted in response to inflammatory stimuli via a
non-classical pattern similar to a macrophage migration inhibitory factor [99]. The addition
of the purified YB-1 protein to various cells promoted cell proliferation and migration [99].
Macrophages can also actively secrete YB-1. When macrophages are stimulated with LPS,
YB-1 can interact with IL-6 mRNA and transport it outside the cell via YB-1-enriched
vesicles, thereby maintaining intracellular IL-6 mRNA levels [100]. In contrast, it has
been shown that oxidative stress promotes the secretion of YB-1 and that the addition
of purified YB-1 protein to cells has an anti-proliferative effect [101]. Melanoma cells
can also actively secrete YB-1 via a calcium- and ATP-dependent non-classical secretory
pathway, and extracellular YB-1 can stimulate the migration and invasion of melanoma
cells [102]. In addition, it has been shown that YB-1 is secreted as a component of exosomes.
Exosomes containing YB-1 can promote angiogenesis in gastric cancer cells by promoting
the proliferation and migration of vascular endothelial cells [103]. Given the important role
of YB-1 as a secreted protein, the role of YB-1 in the tumor microenvironment should be
further explored.

4. Upstream Regulation of YB-1

It is well known that activation mutations of the notorious signaling pathways
PIBK/AKT/mTOR and Ras/MEK/ERK drive cell proliferation, migration, survival and
drug resistance in a variety of cancers. The regulation of YB-1 involving these pathways is
widely reported (Figure 2).
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Figure 2. YB-1 is involved in multiple oncogenic signaling pathways. These pathways include
PI3K/AKT, Ras/MEK, and TGF-f. YB-1 is phosphorylated by AKT, ERK, and RSK-2 into the nucleus
to regulate the expression of target genes.

4.1. Upstream Regulators of YB-1

Previous studies have shown that both AKT and ERK promote YB-1's phosphorylation
and nuclear translocation [104,105]. Both AKT and ERK function via their downstream
RSK, which in turn directly phosphorylates YB-1 [106]. In addition, YB-1 protein translation
is controlled by mTOR, a downstream factor of PI3K/AKT [107]. Interestingly, PIK3CA
transcription can be induced by YB-1 [108]. In the TGF-f3 signaling pathway;, it has been
suggested that TGF- induces expression of YB-1 and its nuclear translocation, leading to
EMT [109]. Consistently, YB-1 has been confirmed as a downstream target gene of Twist [43].
p73 stimulates the transcription of the YB-1 promoter by enhancing the recruitment of the
c-Myc-Max complex to the E-box [110].

Accumulating evidence suggests that ANp63c interacts with YB-1, reduces YB-1
protein degradation, and promotes its nuclear accumulation, ultimately promoting keratin-
forming cell proliferation [111]. The antimicrobial peptide LL-37 promotes the viability,
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migration, and invasion of skin squamous cell carcinoma [62] and malignant melanoma
cells [112] by upregulating YB-1. The protein expression of YB-1 is negatively correlated
with C1QBP expression in human renal cell carcinoma (RCC) clinical tissues, as shown by
immunohistochemical staining. C1QBP interacts with YB-1, inhibits the phosphorylation
of YB-1, and finally inhibits the invasion of RCC [113]. BRD?7 is a tumor-suppressor gene
that inhibits breast cancer cell migration and invasion. BRD?7 can interact with YB-1,
reducing the phosphorylation of YB-1 at S102, promoting its proteasomal degradation,
and inhibiting breast tumor growth by suppressing EMT [114]. The distal-free homology
cassette 4 (DLX4) is highly expressed in NPC cells, and DLX4 promotes NPC progression
through the upregulation of YB-1 [115].

4.2. Multiple Non-Coding RNAs Regulate YB-1 in Cancer

YB-1 is a well-known RBP. Recently, a number of noncoding RNAs, particularly
IncRNAs and miRNAs, were reported to regulate YB-1 and tumorigenesis (Figure 3).
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Figure 3. Multiple types of RNA regulate YB-1 expression or function. RNAs, including IncRNA,
tRNA, microRNA, circular RNA, and satellite RNA, can regulate YB-1 expression at the pro-
tein/mRNA level, or influence YB-1 subcellular localization or phosphorylation. Picture resources
are partly from https://www.figdraw.com/, accessed on 17 March 2022.

4.2.1. LncRNAs Regulate YB-1 in Cancer

LncRNAs are functionally defined as transcripts > 200 nt in length with no protein-
coding potential and are uniquely expressed in differentiated tissues or specific cancer
types [116]. Several IncRNAs have been reported to exhibit functions dependent on inter-
acting with YB-1 in lung cancer. LncRNA CAR10 binds to and stabilizes YB-1 to upregulate
the expression of EGFR and promotes lung cancer cell proliferation [117]. Linc00472 was
also demonstrated to interact with YB-1 to regulate the EMT, inhibit cell stiffness and
adhesion and ultimately suppress lung adenocarcinoma migration and invasion [118,119].
Linc00665 directly interacts with the YB-1 protein to promote its stabilization, leading to
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the nuclear accumulation of YB-1, acting as a transcription factor to activate the expression
of angiopoietin-like protein 3/4 (ANGPTL3/4) to promote angiogenesis in lung adenocar-
cinoma [119]. In addition, Linc00312 promotes the migration of lung adenocarcinoma by
directly binding to YB-1 to promote the formation of vasculogenic mimicry [120]. In breast
cancer, the IncRNA HUMT forms a transcriptional complex with YB-1 and activates FOXK1
transcription, which in turn increases the expression of VEGFC and ultimately promotes
the progression of TNBC [121]. Similarly, IncRNA DSCAM-ASI interacts with YB-1 and
affects the recruitment of YB-1 into the FOXAT and ERa promoter regions, regulating their
expression to promote breast cancer progression [122]. LncRNA AC073352.1 binds to and
stabilizes YB-1 protein in breast cancer cells. Interestingly, exosomal IncRNA AC073352.1
also promote angiogenesis in HUVECs by binding to YB-1 [123]. LncRNA AATBC acti-
vates the YAP1/Hippo signaling pathway through the AATBC-YB-1-MST1 axis, promoting
breast cancer migration and invasion [124]. LncRNA HOXC-AS3 promotes the transcrip-
tional activation of TK1 by binding to YB-1 to participate in breast carcinogenesis [125].
LncRNA MIR200CHG directly binds to YB-1 to inhibit its ubiquitination and degradation,
simultaneously increasing YB-1 pS102 expression in the nucleus and cytoplasm to promote
proliferation, invasion and drug resistance in breast cancer [82]. In addition, IncRNA HULC
promotes the phosphorylation of YB-1 through the ERK pathway, which in turn regulates
the interaction of YB-1 with certain oncogenic mRNAs and accelerates the translation of
these mRNAs to promote liver cancer [126]. Interestingly, IncRNA HOXC-AS3 binds to
YB-1 but has no effect on YB-1 expression. However, their interaction mediates gastric
carcinogenesis through the transcriptional regulation of a large number of genes associated
with cell proliferation and migration [127]. In pancreatic cancer, the IncRNA HIF1A-AS1
promotes the interaction of AKT with YB-1, inducing YB-1 phosphorylation. Additionally,
HIF1A-AS] recruits pYB-1 to the mRNA of HIF1&, promoting its translation, facilitating gly-
colysis and enhancing the resistance of pancreatic cancer cells to gemcitabine (a nucleoside
antimetabolite) [128]. Likewise, IncRNAs that interact with YB-1 have been successively
identified in liver cancer [129], gastric cancer [130], lymphoma [131], nasopharyngeal can-
cer [132], esophageal squamous cell carcinoma [133], melanoma [134], and clear cell renal
cell carcinoma [135]. In addition, IncRNA PVT1 indirectly promotes YB-1 expression by
sponging miR-216a-5p in colorectal cancer [136]. Similarly, IncRNA PRKCQ-AS1 indirectly
upregulates the expression of YB-1 by competing with miR-1287-5p, leading to cell pro-
liferation and migration in colorectal cancer [137]. Recently, our study identified a novel
IncRNA KPRT4 that is directly transcriptionally regulated by KLF5, which promotes BLBC
cell proliferation. Mechanistically, KPRT4 recruits the YB-1 transcription factor to the KLF5
promoter by interacting with YB-1, thereby enhancing KLF5 transcription and ultimately
establishing a feedforward circuit [138].

4.2.2. MicroRNAs (miRNAs) Target YB-1 in Cancer

MiRNAs are a class of endogenous noncoding RNAs in eukaryotes that function to
regulate gene expression and are approximately 20-25 nt in length. Their mechanism of
action occurs primarily through binding to mRNA, leading to the degradation of mRNA
and thus exerts gene silencing or translation inhibition [139]. MiR-375 directly binds
to the 3’-UTR of YB-1 mRNA to reduce its expression in breast cancer MCF-7 cells [140].
Likewise, miR-S8 and miR-216a inhibit YB-1 expression in human melanoma and pancreatic
cancer [136,141]. Similarly, YB-1 was also identified as a direct target of miR-379-5p in NPC
cells and miR-137 in MPM [57,142]. In NSCLC, miR-148a-3p targets YB-1, and miR-148a-3p
knockdown significantly enhances YB-1 expression and promotes cancer cell growth [143].

4.2.3. CircRNAs Regulate YB-1 in Cancer

Circular RNA (circRNA) is another type of noncoding RNA [144]. Compared to
linear ncRNAs, circRNAs are more stable due to their closed-loop structure and are not
easily degraded. CircRNA-SORE binds to the YB-1 protein in the cytoplasm, blocks E3
ubiquitin ligase precursor mRNA processing factor 19 (PRP19)-mediated YB-1 ubiquiti-
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nation and degradation, and ultimately promotes sorafenib resistance in hepatocellular
carcinoma [145]. Circ_100984 indirectly promotes YB-1 expression and EMT by binding
to miR-432-3p, promoting breast cancer progression [146]. Similarly, circ-SAR1A upregu-
lates the expression of YB-1 by acting as a sponge of miR-382 to promote the growth and
invasion of renal cell carcinoma cells [147]. Interestingly, a novel circFAT1(e2) interacts
with YB-1 protein in the nucleus and inhibits gastric cancer progression [148]. Likewise, in
intrahepatic cholangiocarcinoma, circACTN4 also interacts with YB-1 and co-initiates the
transcription of the downstream target FZD7, promoting the progression of intrahepatic
cholangiocarcinoma [149].

4.2.4. Other RNAs Regulate YB-1 in Cancer

Satellite DNA is primarily located in the chromosome’s mitotic and perisomal regions
and consists of large monomeric arrays of highly repetitive noncoding sequences. Previ-
ous evidence has shown that satellite DNA is silent [150]. However, recent studies have
demonstrated that these regions are indeed actively transcribed [151]. Surprisingly, both
endogenous tRNAs and satellite RNAs are associated with YB-1. It has been shown that un-
der stress, tRINAs are cleaved to produce different classes of tRNA-derived fragments (tRFs)
that replace the 30 UTRs of YB-1’s mRNA to repress the expression of YB-1 mRNA [152]. In
response to stress, satellite RNA prevents the nuclear translocation of YB-1 by interacting
with YB-1 to reduce DNA damage repair function [153].

4.3. Post-Translational Modification of YB-1

The YB-1 protein undergoes multiple types of post-translational modification, includ-
ing phosphorylation, ubiquitination, and acetylation. These modifications regulate the
activity of the YB-1 protein and play important roles in tumorigenesis, metastasis, and
multidrug resistance (Figure 4).

e

* * #
YB-1 ssols34 K81 swzl K118 lme R205 $209

* acyltransferases unknown

# # #

i )
|
o=y

# kinases unknown

? modified site/sites unknowy

Figure 4. Post-translational modifications of the YB-1 protein. YB-1 is regulated by a variety of
post-translational modifications, including phosphorylation (P), methylation (Me), acetylation (Ac),
ubiquitination (Ub), O-glycosylation (OGT) and PARyation (PAR). The enzymes and sites modifying
YB-1 are labeled.

4.3.1. Phosphorylation

Protein phosphorylation is catalyzed by protein kinases that transfer phosphate groups
of ATP to serine, threonine, and tyrosine residues of target proteins. Phosphorylation at 5102
in the CSD region is the most widely reported post-translational modification of YB-1 [104].
In addition, YB-1 phosphorylation sites contain S30/34 [154], S176 [155,156], S165 [157],
Y162 [158-160], S209 [161], and Y188 [162]. First, AKT [161], ERK [163], and RSK1/2 [106]
were identified as kinases that directly phosphorylate YB-1. Similarly, a number of factors
that indirectly promote YB-1 phosphorylation were identified. LncRNA HULC and follicle-
stimulating hormone (FSH) promote phosphorylation of YB-1 at 5102 [163]. Additionally,
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integrin 38 promotes the phosphorylation of YB-1, leading to the activation of the NF-
kB/BCL2 signaling pathway [164]. In JAK2-mutated myeloproliferative neoplasm cells,
JAK2-dependent phosphorylation of YB-1 at S30/34 maintains its nuclear proportion and
splicing function [154]. However, the tumor suppressor BRD7 promotes YB-1 protein
degradation by negatively regulating YB-1 phosphorylation at 5102 [114]. Meanwhile,
PDCD4 also reduces the protein levels of pYB-1 and blocks the nuclear translocation of
YB-1, resulting in the inability of YB-1 to bind to the promoter of MDR1 and reducing the
resistance of cervical cancer to cisplatin [165].

4.3.2. Acetylation

Protein acetylation is the process of adding acetyl groups to lysine residues (K) under
the action of acetyltransferases. Limited studies reported that YB-1 can also be acetylated
in pathological states or in cancers. In dialysis patients, the YB-1 K301/304 acetylation level
is associated with systemic inflammation and vascular damage [166]. In cancer, the class I
HDAC inhibitor MS-275 enhances YB-1 acetylation primarily on K81; in contrast, the YB-1
K81A mutant was MS-275-resistant and promoted the translational activation of NRF2,
HIF1x, and G3BP1, promoting sarcoma metastasis [167].

4.3.3. Methylation

Protein methylation sites primarily occur at two amino acid residues, arginine and
lysine, where protein arginine methyltransferases catalyzes the transfer of methyl groups
from S-adenosylmethionine to the guanidine nitrogen atom of arginine. PRMTS5 is the major
type II arginine methyltransferase, catalyzing the symmetric transfer of two methyl groups
to arginine residues [168,169]. PRMT5 was reported to catalyze the methylation of YB-1 at
R205, which is crucial for NF-«B activation and downstream target gene expression [170].
Interestingly, PRMT4 interacts with YB-1 to activate VEGF transcription to accelerate
angiogenesis; however, no actual methylation of YB-1 was identified in the study [171].

4.3.4. Ubiquitination and de-Ubiquitination

Ubiquitination is the process in which ubiquitin molecules are catalyzed by ubiqui-
tin activating enzymes (E1), ubiquitin conjugation enzymes (E2), and ubiquitin ligases
(E3) [172]. Five YB-1 E3 ubiquitin ligases, PRP19, retinoblastoma binding protein 6 (RBBP6),
HECT domain and ankyrin repeat-containing ubiquitin ligase (HACE1), F-Box protein 33
(FBX33) and seven in absentia homolog 1 (SIAH1) were identified. First, circRNA-SORE
binds to YB-1 protein in the cytoplasm and blocks YB-1 ubiquitination and degradation.
PRP19 was identified as the first E3 that acts upon YB-1 by mass spectrometry [145]. An
earlier study identified FBX33 as a component of the SCF E3 ubiquitin ligase, targeting
YB-1 through its N-terminus for proteasome-dependent degradation [173]. RBBP6, an E3
ubiquitin ligase with a RING-finger structural domain, interacts with and ubiquitinates YB-
1, leading to its proteasomal degradation [174]. Similarly, recent studies have shown that
SIAH1 can ubiquitinate YB-1 at K304 and target it for proteasomal degradation, thereby re-
ducing the resistance of epithelial ovarian cancer cells to cisplatin [175]. In contrast, HACE1
ubiquitinates YB-1 with noncanonical K27-linked polyubiquitin chains, which is required
for the interaction of YB-1 with tumor susceptibility gene 101 (TSG101), a key component
of the ESCRT1 complex in the polycystic pathway; thus, TSG101 promotes YB-1 secretion
to inhibit TGF--mediated EMT [176]. In addition, OTU domain-containing ubiquitin
aldehyde-binding proteins Otubainl (OTUB1) can interact with YB-1 as a deubiquitinat-
ing enzyme to reduce k48-linked YB-1 ubiquitination and thus stabilize YB-1. Activated
protein C can reduce the damage caused by renal ischemia-reperfusion depending on the
OTUB1/YB-1 interaction [177].

4.3.5. O-glycosylation

O-glycosylation, a post-translational modification of serine and threonine groups on
nuclear and cytoplasmic proteins with O-linked B-linked N-acetylglucosamine, is thought
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to modulate the function and activity of various intracellular proteins [178]. O-GlcNAc
and phosphorylation were confirmed to coregulate YB-1's function in promoting HCC
proliferation. YB-1 and O-GlcNAc transferase (OGT) are highly expressed in HCC tissues,
and four specific O-GlcNAc sites for YB-1, 532, T126, S209 and S313, were identified, in
which T126 was the predominant site [179].

4.3.6. PARylation

Poly(ADP-ribosylation) is primarily synthesized by poly(ADP-ribose) polymerases
(PARPs). This post-translational modification is mainly related to DNA damage repair.
We mentioned that YB-1 undergoes PARylation by PARP1. YB-1 PARylation reduces its
affinity to DNA [72]. It has been shown that the CTDs of YB-1 can stimulate the activity of
PARP1. YB-1 is highly expressed in chemotherapy-resistant tumors. The formation of a
PARP1-YB-1-DNA ternary complex activates PARP1. The combination of DNA-damaging
agents and PARP1 inhibitors may achieve better effects in tumor cells with high YB-1
expression [180,181].

4.4. Nuclear-Cytoplasmic Transport of YB-1

YB-1 exerts its functions in both the nucleus and cytoplasm, so its intracellular distribu-
tion must be strictly regulated. YB-1 has three nuclear localization signals (NLS) (149-156,
185-194, 276-292) [162] and a cytoplasmic retention signal (CRS) (247-267) [182] (Figure 1).
It has been shown that the NLS sites of YB-1 are recognized by transportin-1 [183] and
WAVES3 [50]. In nonmalignant cells, YB-1 is primarily located in the cytoplasm, but it accu-
mulates in the nucleus in response to certain stimuli, such as UV radiation [81], hyperther-
mia [184], hypoxia [185], treatment with mitomycin C, cisplatin or doxorubicin [186,187],
growth factors [188,189], and the cell cycle [35]. Under certain stress conditions, YB-1 un-
dergoes specific proteolytic cleavage by the 20S proteasome, removing the CRS-containing
portion of the YB-1 CTD, while the remaining NLS contains N-terminal fragments that
accumulate in the nucleus [187,190]. In addition to proteasomal cleavage, YB-1 phospho-
rylation at 5102 promotes its nuclear translocation [104]. It has also been reported that
the nuclear accumulation of YB-1 requires a reduction in cytoplasmic mRNAs and YB-1
pS102 [191]. The conformational change caused by the dephosphorylation of YB-1 at 5102,
5165, and S176 facilitates the nuclear entry of YB-1 during late G2/M [192]. However,
our research found that the RSK inhibitor-induced loss of YB-1 pS102 did not affect YB-1
subcellular localization in two BLBC cell lines [39]. Furthermore, it was reported that
irradiation, TNF-«, EGEF, or chemotherapeutics increased the YB-1 pS102 levels mediated
by RSKs both in the cytoplasm and nucleus separately [193]. Instead, in hematopoietic cells,
JAK2-mediated YB-1 pS30/534 primarily determines its nuclear localization [154]. AKT
5209 phosphorylation inhibits YB-1 nuclear translocation and prevents pS102-mediated
YB-1 nuclear import. However, at present, little is known regarding the mechanism of YB-1
nuclear export. It has also been reported that the nuclear localization of YB-1 is hindered
by elevated cytoplasmic mRNA levels [194], consistent with the loss of the DNA/RNA
binding region disturbing its subcellular location. Whether the aforementioned protein
modifications are also involved should be studied further. Collectively, YB-1 translocation
could be highly pathophysiologically context- and cell type-dependent and remains to be
further studied in the future.

5. Targeting YB-1 for Cancer Therapy

YB-1 is highly expressed in a variety of tumors, so it may serve as a diagnostic
biomarker. A previous description of the upstream regulation and function of YB-1 suggests
that YB-1 phosphorylation and nuclear accumulation typically indicate poor prognosis.
A number of indirect inhibitors against YB-1 function have been developed and tested
for cancer treatment in recent years (Table 1). Luteolin, an RSK inhibitor that inhibits
Notch4 signaling by blocking YB-1 activation, thereby inhibits the growth of human-
derived primary TNBC cells and induces apoptosis [195]. The sesquiterpene lactone 6-O-
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angeloylplenolin inhibits the nuclear translocation of YB-1 in colon cancer cells, leading to
the downregulation of MDR1 and ultimately reducing the resistance of colon cancer cells
to vincristine [196]. Similarly, 2,4-dihydroxy-5-pyrimidinyl imidothiocarbamate (DPI) also
inhibits the nuclear translocation of YB-1, suppressing breast cancer cell proliferation and
metastasis and increasing the efficacy of Adriamycin [197]. Additionally, anthraquinones
aloe-emodin (AE) inhibits the expression of YB-1 by downregulating its ILK/Akt/mTOR
signaling pathway, leading to the downregulation of the HER-2 expression and ultimately
suppressing breast tumor metastasis and stemness [198]. The class I HDAC inhibitor
MS-275 enhances the acetylation of YB-1 at K81, increasing the translation and synthesis
of NRF2 by increasing its binding to the 3’-UTRs of NRF2 and leading to a decrease in
reactive oxygen species (ROS) in cells [167]. In HCC, 7-hydroxyisatin effectively inhibits
actinomycin D-induced YB-1 nuclear translocation and inhibits expression of the YB-1 target
genes MDRI1 and EGFR, thereby increasing the sensitivity of HepG2 cells to actinomycin
D [199]. Recently, the first direct YB-1 inhibitor, an azopodophyllotoxin small molecule
called SU056, was reported to biophysically bind to YB-1 and inhibit its expression, leading
to cell cycle arrest and apoptosis in ovarian cancer cells [63]. Interestingly, HSc025, a small
molecule compound that inhibits type I collagen production in fibroblasts, was identified
to promote YB-1 entry into the nucleus, thereby regulating antagonistic TGF-3 /Smad3
signaling in collagen gene expression, which could ultimately reduce fibrosis in the liver
and kidney [200,201]. Meanwhile, RSK2 acts as an upstream factor and kinase of YB-1, and
its inhibition decreases the phosphorylation and nucleation of YB-1. Currently reported
inhibitors of RSKs include LJH685, L]J1308, SL.0101, BI-D1870, BIX 02565, and FMK [202].

Table 1. Inhibitors of YB-1 pathway.
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6. Conclusions and Perspectives

As reviewed above, YB-1 is a critical transcription factor and RBP that promotes the
transcription of target genes and regulates the stability and translation of mRNA. Function-
ally, YB-1 promotes the progression of a variety of tumors by regulating cell proliferation,
autophagy, drug resistance, stemness, the tumor microenvironment, EMT, and metastasis.
A variety of protein modifications of YB-1, such as phosphorylation, methylation, and ubig-
uitination also participate in its functional regulation. Mechanistically, YB-1 is regulated
by a variety of signaling pathways, including PI3K/AKT/mTOR, Ras/MEK/ERK, and
TGF-f. In addition, ncRNAs regulate YB-1 expression or function. A number of inhibitors
have been discovered to block YB-1 nuclear translocation and suppress YB-1-mediated
tumor progression.

Accumulating evidence has heralded YB-1 as a potential therapeutic target for cancers;
however, few studies have been conducted to develop small molecule inhibitors precisely
targeting YB-1. Although recent studies have identified several small molecular compounds
that inhibit the phosphorylation and nuclear translocation of YB-1, the exact mechanism re-
mains unclear. Small molecule inhibitors and siRNA drugs that both directly and indirectly
target YB-1 should be developed for cancer therapy. Given that YB-1 can regulate a large
number of oncogenes, it is promising to target YB-1 in combination with other therapeutic
modalities, such as immune checkpoint inhibitors EGFR inhibitors and anti-angiogenic
drugs. Finally, the simultaneous targeting of YB-1 and its upstream regulators such as
kinases or epigenetic modifiers is also an option. There is also great potential for the study
of YB-1 as a secreted protein. Together, the upstream regulators, downstream target genes,
interacting proteins, and signaling pathways involved in YB-1 regulation and its function
require further investigation and could be helpful to explore new anti-cancer therapeutics.

Although the cellular functions of YB-1 have been well characterized, its physiological
and pathological functions, especially those regulating tumor immunity, microenvironment
and metabolism, have not been explored. Therefore, there is an urgent need to develop
tissue-specific YB-1 knockout and transgenic mouse models to study these functions. In
conclusion, YB-1 is a potential target for cancer therapy, and further studies of its function
and mechanism are warranted. Additional targeted therapies against YB-1 should be
developed for preclinical and clinical studies.
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