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Abstract: The Y-box Binding Protein-1 (YB-1) is a highly conserved oncogenic transcription/translation factor that is expressed
in cancers affecting adults and children. It is now believed that YB-1 plays a causal role in the development of cancer given
recent work showing that its expression drives the tumorigenesis in the mammary gland. In human breast cancers, YB-1 is
associated with rapidly proliferating tumors that are highly aggressive. Moreover, expression of YB-1 promotes the growth of
breast cancer cell lines both in monolayer and anchorage independent conditions. The involvement of YB-1 in breast cancer
pathogenesis has made it a putative therapeutic target; however, the mechanism(s) that regulate YB-1 are poorly understood.
This review first describes the oncogenic properties of YB-1 in cancer. It also highlights the importance of YB-1 in hardwiring
signal transduction pathways to the regulation of genes involved in the development of cancer.
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General Background of YB-1

YB-1 is an oncogenic transcription/translation factor that leads to the development of cancer. It controls
the oncogenome by shuttling between the cytoplasm and the nucleus. In the cytoplasm, YB-1 acts as a
translation factor that regulates the expression of oncogenes by transporting mRNA to polysomes (Soop et al.
2003). It is also intimately involved in the translational machinery (Ashizuka et al. 2002) where YB-1
governs whether or not oncogenic mRNA'’s will ultimately be translated (Evdokimova et al. 2006). Upon
nuclear translocation, YB-1 regulates transcription by binding directly to genes involved in tumor growth
and drug resistance. YB-1 also associates with other transcription factors, such as p53 (Okamoto T et al.
2000), AP-1 (Lasham et al. 2000), Smad 3 (Higashi et al. 2003) and p300 (Higashi et al. 2003) to indirectly
regulate gene expression. The nuclear functions of YB-1 also include a role in DNA replication (En-Nia
et al. 2004), repair (Marenstein et al. 2001) and mRNA transport into the cytoplasm (Soop et al. 2003).
Thus, YB-1 is involved in many aspects of gene expression control that lead to tumor cell growth and
drug resistance (Figure 1). YB-1 was first isolated as a transcription factor that bound to the promoter of
the major histocompatibility complex class II (MHC Class II) suggesting that it could theoretically obscure
immune cells from destroying cancer cells. At the same time, another group identified a DNA binding
protein that interacted with the epidermal growth factor (EGFR) enhancer and Her-2 promoter (Sakura et
al. 1988). Soon after, YB-1/DbpB was reported to bind to CT-rich elements in the C-myc promoter (Kolluri
and Kinniburgh, 1991). From the early studies on YB-1, one can envisage that this transcription factor
could facilitate the development of cancer in part by escaping immunosurveillance and at the same time
inducing pro-survival pathways such as EGFR, Her-2 and c-Myc.

At the protein level, YB-1 consists of three domains; a non-conserved variable N-terminal domain, a
highly conserved cold-shock domain (CSD), and a C-terminal domain (CTD) (Kohno et al. 2003) (Figure 1).
The N-terminal domain, which is rich in alanine and proline residues, is thought to be involved in transac-
tivation (Kohno et al. 2003). The CSD binds oligonucleotides including RNA, double stranded DNA, and
single stranded DNA (Didier et al. 1988; Hasegawa et al. 1991; Kolluri et al. 1992; Bouvet et al. 1995;
MacDonald etal. 1995). It also contains two conserved RNP (ribonucleoprotein particles) motifs (Graumann
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and Marahuel, 1996) thought to be important in the
transport and translational control of mRNA. The
CTD of YB-1 contains alternating regions of basic
and acidic residues, termed charged zipper or B/A
repeats, and is suggested to mediate protein-protein
interactions (Tafuri and Wolffe, 1992; Bouvet et al.
1995; Swamynathan et al. 1998; Nambiar et al.
1998). Proteins shown to interact with YB-1 include
proliferating cell nuclear antigen (PCNA), MutS
homologue 2 (MSH2), and DNA polymerase 6 (Ise
et al. 1999; Gaudreault et al. 2004). The alternating

blocks of basic and acidic residues are also common
features of proteins that bind to ribonucleoprotein
complexes to shuttle between the cytoplasm and the
nucleus (Ranjan et al. 1993). Indeed, noncanonical
nuclear localization signals (NLS) and a cytoplasmic
retention site (CRS) were identified in the CTD to
control YB-1 cellular localization (Bader et al. 2005).
Reportedly the CSD also co-operates with the CTD
to facilitate nuclear trafficking (Jurchott et al. 2003).
These studies contribute to our overall understanding
of how the structure of YB-1 dictates the function.
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Figure 1. The Structure and Functions of YB-1. YB-1 is made up of the N-terminal, cold shock (CSD) and C-terminal domains (CTD).
These domains have unique functions. The N-terminal is necessary for transactivation whereas the CSD is important for RNA/DNA binding.
Most of the characterized protein:protein interactions occur on the CTD. The CSD and CTD also work together to facilitate nuclear trafficking.
Cellular trafficking is furthermore regulated by the nuclear localization signal in the C-terminal domain as well as the cytoplasmic retention
signal also located in this region of the protein.
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It is now known that RNA/DNA binding (Klokz
et al. 2002) and protein:protein interactions are
controlled by specific YB-1 domains (Figure 1;
Kohno et al. 2003; Raffetseder et al. 2003; Shnyreva
et al. 2000).

How does YB-1 play a role in cancer?
YB-1 has been shown to be associated with many
malignancies including colorectal carcinomas
(Shibao et al. 1999), prostate cancer (Gimenez-
Bonafe et al. 2004), osteosarcoma (Oda et al. 1998),
ovarian serous adenocarcinoma (Kamura et al.
1999; Yahata et al. 2002), lung cancer (Shibahara
etal. 2001; Guetal. 2001), synovial sarcoma (Oda
et al. 2003) and breast cancer (Bargou et al. 1997;
Janz et al. 2002; Rubinstein et al. 2002; Huang et al.
2005; Wu et al. 2006). Much less is known about
the role of YB-1 in childhood cancers. The first
study of'its kind will be published this year showing
that YB-1 is a feature of pediatric glioblastoma
multiforme (GBM) (Faury et al. 2007). This was
discovered initially by comparing gene expression
profiles from pediatric and adult GBM. In this study,
we determined that YB-1 is highly expressed in
pediatric GBM whereas the frequency of this in
adult GBM was far less. Our laboratory has also
gone on to study a pediatric tumor tissue microarray
that includes multiple solid tumors types from
children. We have further identified very high levels
of YB-1 in 44% of Ewings sarcomas (n = 12/21
cases, unpublished). Interestingly YB-1 is exclu-
sively expressed in the nucleus (unpublished).
Given the expression of YB-1 in so many tumor
types it seems obvious that it must play an important
role in the development of cancer. It has been shown
in a transgenic mouse model that YB-1 induces
mammary tumor formation with 100% genetic
penetrance (Bergmann et al. 2005). Close examina-
tion of the mouse mammary tumors revealed a high
content of binucleate cells, most of which were
tetraploid. There was also a high degree of chro-
mosomal instability. It was speculated that YB-1
may promote breast tumor formation and/or growth
by accelerating cell cycle progression and escaping
DNA damage check points (Bergmann et al. 2005).
Whether or not YB-1 plays a causative role in the
development of other types of cancer is unknown
at this time.

Independent of whether YB-1 is instrumental
in the development of cancer it certainly plays an
important role in mediating the growth of malig-

nant cells. The first direct evidence for a role of
YB-1 in cell proliferation came from gene knock
down experiments where the loss of one allele in
the chicken lymphocytic cells inhibited growth by
>70% (Swamynathan et al. 2002). The growth and
survival of cancer cells are also dependent upon
YB-1. For example, melanoma, adenocarcinoma,
hepatoma, fibrosarcoma and colon cancer cells die
when YB-1 is knocked out with antisense
(Swamynathan et al. 2002). Recently, we used
siRNAs to inhibit the expression of YB-1, resulting
in a 48% reduction in breast cell growth in mono-
layer (Wu et al. 2006) and under anchorage inde-
pendent conditions (unpublished). Furthermore,
our lab demonstrated that YB-1, but not the mutant
YB-1 in which S102 is changed to alanine
(YB-1A102), enhances the growth of breast cancer
cells both in monolayer and anchorage-indepen-
dent conditions (Sutherland et al. 2005). It was
further revealed that YB-1 co-expresses with two
epidermal growth factor receptors, EGFR and
Her-2, and that YB-1, but not YB-1A102, up-
regulates the expression of these receptors. Since
EGFR and Her-2 are two important markers for
breast carcinoma, it was proposed that YB-1
promotes breast cancer growth by stimulating the
expression of EGFR and Her-2 (Wu et al. 2006).
In further support of this observation, the expres-
sion of YB-1 in immortalized breast epithelial cells
causes enhanced cell growth, which correlates
with the induction of EGFR (Berquin et al. 2005).
It can therefore be generally stated that YB-1 is
essential for the growth of breast cancer cells. In
further support of this, it was discovered by several
groups that YB-1 is over-expressed in breast carci-
noma and it is associated with tumor aggressive-
ness, relapse and poor survival (Bargou et al. 1997;
Rubinstein et al. 2002; Janz et al. 2002, Wu et al.
2000).

Much of the work on YB-1 in cancer is centered
around its role as a transcription factor while less
is known about how this factor affects translation.
As a transcription factor, YB-1 binds to the inverted
CCAAT element in the Y-box (Didier et al. 1988;
Goldsmith et al. 1993; Norman et al. 2001; Jiirchott
etal. 2003). YB-1 is also able to recognize Y-boxes
without the consensus inverted CCAAT box
(Mertens et al. 1997; Higashi et al. 2003; Lasham
etal. 2003), and sequences flanking the Y-box have
been suggested to contribute to YB-1:DNA
interactions (Didier et al. 1988; Norman et al.
2001). YB-1 up-regulates the transcription of
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CYCLIN A (Jirchott et al. 2003), CYCLIN Bl
(Juirchott et al. 2003), TOPOISOMERASE II o
(Shibao et al. 1999), and DNA POLYMERASE o
(En-Nia et al. 2005), implying that YB-1 enhances
cell growth possibly by promoting both cell cycle
progression and DNA replication. It was further
demonstrated by Swamynathan et al. that cells with
targeted disruption of one allele of YB-1 displayed
defects in cell cycle and reduction in cell growth
(Swamynathan et al. 2002). A role for YB-1 in
DNA replication, on the other hand, is not as clear.
Although it has been suggested that YB-1 interacts
with the proliferating cell nuclear antigen (PCNA;
Ise et al. 1999) and DNA polymerase & (Gaudreault
et al. 2004), whether YB-1 is part of the DNA
replication holoenzyme needs further investi-
gation.

Due to its role in cell growth, YB-1 is implicated
in cancer pathogenesis. In addition to inducing the
growth-promoting genes described above, YB-1
was shown to control the expression of phosphatase
PTPIB (Fukada et al. 2003), matrix metal-
loproteinase-2 (MMP-2) (Mertens et al. 1997;
Mertens et al. 2002), matrix metalloproteinase-12
(MMP-12) (Samuel et al. 2005), collagen o 1(I)
(Norman et al. 2001), and collagen o 2(I) (Higashi
et al. 2003; Dooley et al. 2006), all of which are
involved in cell adhesion, motility, invasion and
thus metastasis. The transcriptional activity of
YB-1 on MMP-2 was demonstrated to be depen
dent on the interaction with two other transcription
factors, namely the activating protein-2 (AP-2) and
p53 (Mertens et al. 2002). Furthermore, YB-1
promotes the expression of several players in drug
resistance, including p-glycoprotein encoded by
the multi-drug resistance gene (MDR1) (Goldsmith
etal. 1993; Stein et al. 2001), multi-drug resistance-
related protein-1 (MRP 1) (Stein et al. 2001), as
well as the major vault protein (MVP) (Stein et al.
2005). The ability to regulate genes related to
metastasis and drug resistance suggests that YB-1
may be a marker for tumor aggressiveness and may
predict poor response to chemotherapies.

Does the expression of YB-1
change the way cancer cells
respond to therapy?

Overcoming drug resistance is key in treatment of
many chronic diseases including malignancies. The
ATP-binding cassette (ABC) transporters are a
family of membrane proteins that are responsible

for efflux of a variety of compounds out of the cell
in an energy dependent manner. Although this
mechanism is protective in terms of reducing toxins
within cells, it also causes drug resistance by
eliminating clinically useful drugs. Multidrug
resistance-1 (MDR-1) gene codes for p-glycopro-
tein (an ABC transporter) believed to be respon-
sible for multidrug resistance in cells (Choudhuri
et al. 2006). The MDR-1 gene is often over-
expressed after chemotherapy, either via gene
activation or gene amplification, in various human
tumors. The MDR-1 gene over-expression is
observed in various malignancies including breast
cancer, ovarian cancer, osteosarcoma, and synovial
sarcoma. YB-1 is involved in MDR-1 gene activa-
tion in response to genotoxic stress (Ohga et al.
1998). Antisense to YB-1 sensitizes cells to cispl-
atin, mitomycin C and UV radiation, but not to
vincristine, doxorubicin, campothecin, or etopo-
side (Ohga et al. 1996). Moreover, mouse embry-
onic stem cells expressing heterozygous YB-1 are
hypersensitive to cisplatin and mitomycin C,
suggesting that YB-1 has a protective capacity
against cytotoxic effects of DNA damaging agents,
demonstrating the involvement of YB-1 in drug
resistance (Shibahara et al. 2004). Furthermore,
YB-1 binds to cisplatin-damaged DNA and inter-
acts with PCNA, a protein involved in DNA repair.
Thus YB-1 may be important in DNA repair or in
directing the response of the cells to DNA damage.
It has also been proposed that cisplatin may acti-
vate MDR1 gene expression by stimulating YB-1
to gain access to the MDR-1 promoter (Ise et al.
1999). YB-1 is therefore considered to be important
in mediating drug resistance.

Several studies demonstrate that the expression
of YB-1 is particularly prevalent in hormone-depen-
dent cancers such as those arising in the breast, ovary
and prostate. A common theme between these
studies is that YB-1 is notably found in the nuclear
compartment and that it promotes drug resistance
presumably by inducing genes that render cancer
cells resistant to therapy. YB-1 positively regulates
transcription of MDR-1, and in a number of malig-
nancies YB-1 levels are closely associated with the
expression of p-glycoprotein. In breast cancer,
nuclear localization of YB-1 is associated with
MDR-1 gene expression and drug resistance, while
cytoplasmic localization of YB-1 is associated with
drug sensitivity (Bargou et al.1997). The chemo-
therapy failure in breast cancer patients is associated
with resistance, either acquired or intrinsic (primary
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resistance), of tumor cells. Furthermore, high levels
of YB-1 protein expression are significantly associ-
ated with poor patient outcome. Breast cancer
patients receiving post-operative chemotherapy with
a high YB-1 expression had a 66% relapse rate after
5 years, compared to 0% relapse rate in those with
low YB-1 expression (Janz et al. 2002). Therefore,
early identification of patients at high risk for relapse
1s important and it would be of great clinical signif-
icance to have markers to predict which patients
would respond to chemotherapy (i.e. chemosensi-
tivity markers). In addition, aggressive breast cancer
tumors that are both ER negative and lymph node
positive are associated with high YB-1 expression.
Breast cancer patients that were on a chemotherapy
regimen containing anthracycline, a p-glycoprotein
substrate, developed recurrence and had higher
YB-1 levels compared to those treated with regi-
mens containing non- p-glycoprotein substrate
regimens (cyclophosphamide/methotrexate/5-Fluo-
rouracil). Therefore YB-1 expression aside from
being a marker of chemoresistance, may be clini-
cally significant in aiding selection of the appro-
priate chemotherapy regimen (Huang et al. 2005).
In serous ovarian carcinomas, the expression of
YB-1 in the nucleus is a useful prognostic marker
as the five-year survival curve for patients with
positive nuclear YB-1 tumors was significantly
worse than those with YB-1 negative tumors
(Kamura et al. 1999). Co-expression of YB-1 and
p-glycoprotein may reflect the resistance of ovarian
cancer to chemotherapy and account for its unfavor-
able prognosis (Huang et al. 2004). Cisplatin resis-
tant ovarian cancer cells have much higher YB-1
nuclear expression compared to drug sensitive
parental cells. Therefore the expression of nuclear
YB-1 is associated with acquired cisplatin resistance
and might be used as a predictive marker for deter-
mining which patients with recurrent or persistent
ovarian cancers will benefit from cisplatin based
chemotherapy (Yahata et al. 2002). Finally, in the
prostate, YB-1 over-expression, as well as, increased
in p-glycoprotein levels is observed during malig-
nant transformation. In addition to drug resistance,
increased p-glycoprotein activity leads to lower
androgen levels in the tumor cells leading to an
adaptive response and androgen independence
(Gimenez-Bonafe et al. 2004). YB-1 may therefore
be of prognostic value in prostate cancer.

Similar to the examples cited in hormone-
dependent malignancies, YB-1 has also been linked
to drug resistance in colon, lung, muscle and

thyroid cancers. Nuclear YB-1 expression in non-
small cell lung cancer and squamous cell carci-
noma correlated significantly with tumor size,
lymph node metastasis, stage of disease, and poor
prognosis compared to those with cytoplasmic
YB-1 expression. This correlation was not observed
in adenocarcinomas of the lung (Shibahara et al.
2001). YB-1 has been shown to be clevated in
colorectal carcinomas, but there is no correlation
with MDR-1 expression (Shibao et al. 1999). In
synovial sarcoma, nuclear expression of YB-1
protein is associated with p-glycoprotein expres-
sion, and is an independent prognostic factor (Oda
et al. 2003). Also, YB-1 may be a prognostic
marker for multidrug resistance in osteosarcoma
as its nuclear localization is associated with the
expression of p-glycoprotein (Oda et al. 1998). In
contrast to the abovementioned carcinomas with
predominantly nuclear YB-1 over-expression, it is
mainly located in the cytoplasm of anaplastic
thyroid carcinoma. This suggests a role in trans-
formation by regulating translation as well as
transcription (Ito et al. 2003). Interestingly,
anaplastic carcinomas also more frequently express
the p-glycoprotein compared to differentiated
carcinomas of the thyroid and benign adenomas,
once again signifying the association between
YB-land MDR-1 expression (Sugawara 1994;
Sugawara 1995). Collectively these studies indi-
cate that YB-1 is likely to be very important in
promoting the expression of a milieu of genes
involved in drug resistance which could explain
why its expression is so firmly associated with
relapse and poor overall survival rates.

Why is YB-1 over-expressed

in cancer?

From the onset it should be stated that little is
known about the mechanism(s) behind the over-
expression of YB-1 in cancer. One could postulate
that this occurs due to gene amplification. YB-1
resides on chromosome 1p34, and genetic altera-
tions in 1p are found in lung, colon and breast
(Henderson et al. 2005). Upon closer inspection,
fine mapping of 1p34 from lung cancer cell lines
reveals that the region commonly amplified is at
1p34.2, the loci for myc (Kim et al. 2006) whereas
YB-1 resides at 1p34.1. Similarly, amplifications
are reported in lung cancer at 1p34.3 to 1p34.4
(Henderson et al. 2005) but again not at the YB-1
loci. Likewise, we find that YB-1 is not amplified
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in breast cancers using comparative genomic
hybridization (submitted). Furthermore, there is
no evidence for gene amplification at 1p34 (Shadeo
et al. 2005) from breast cancer cell lines that are
known to express YB-1. Thus, while YB-1 is highly
expressed in breast cancer it does not appear to be
due to a gain in copy number. Alternatively, it could
be due to transcriptional activation.

To date, very few studies have addressed the
transcriptional regulation of the YB-1 promoter.
In one report, multiple E-boxes and GF-boxes on
the YB-1 gene promoter are bound by c-Myc, which
interacts with p73 to regulate YB-1 expression
(Uramoto et al. 2002). To further explore potential
regulatory elements on the YB-1 promoter we
retrieved the first -2kB from the UCSC genome
browser (http://genome.ucsc.edu/; YBX1 RefSeq
NM 004559) and analyzed it by CONSITE (http://
mordor.cgb.ki.se/cgi-bin/CONSITE/consite). A
particular strength of using CONSITE to predict
regulatory elements is that it integrates promoters
across species to generate the most plausible candi-
dates (Sandelin et al. 2004). Because YB-1 is so
highly conserved across species, we felt this was
a good approach. When the YB-1 promoter (-2kB
region) is compared across species, with a 90%
stringency cut-off, multiple binding sites are
revealed such as AML-1, rel and hunchback. If
only the human YB-1 promoter is taken into
consideration, it appears that there are several
candidates worthy of mention including MAX,
ARNT, and FOS using 90% as the cut-off. When
the stringency is increased to 100% only N-Myc
and Snail are predicted regulatory sites on the YB-1/
promoter (Figure 2B). All three members of the
Myc family, C, N and L-Myc, play important roles
in the regulation of cell growth through their action
as transcriptional activators when dimerized with
MAX. The Myc:MAX complex binds to E-boxes
(CA(T/C)GTG) in the promoter of many genes
(Claassen et al. 1999; Watson et al. 2002). It is
thought that N-Myc and C-Myc are redundant
proteins differing only in the pattern of expression.
C-myc is expressed in both embryonic and adult
tissues whereas N-myc expression is predominantly
restricted to embryonic tissues that do not express
c-myc (Hurlin, 2005). Following this, a wide range
of cancers such as Burkitt’s lymphoma (Dave
et al. 2006), prostate cancer (Fleming et al. 1986)
and breast cancer (Rodriguez-Pinilla et al. 2007)
involve c-myc dysregulation whether this is
through constitutive expression following

chromosomal translocation, amplification or over-
expression. In contrast, N-Myc is predominantly
associated with neuroblastoma and other tumors
of embryonal origin (Schuldiner et al. 2001; Hurlin,
2005) with approximately 25% of the former
presenting with over-expressed or amplified
N-myc. Increased copy number is particularly
associated with poor prognosis and rapid tumor
progression (Brodeur et al. 1989; Brodeur, 2003).
In addition to Myc, Snail may also regulate the
expression of YB-1 based on our analyses. Snail
belongs to a superfamily of zinc-finger transcrip-
tional repressors that bind to a six base sequence,
CAGGTG, known as the E-box (Batlle et al. 2000).
It is involved in cell movement during embryogen-
esis but more importantly when discussing cancer
Snail has been implicated in promoting epithelial-
mesenchymal transition. It is thought that this
phenotype arises from the suppression of E-cadherin
by Snail resulting in the loss of contact between
neighbouring cells (Batlle et al. 2000; Cano et al.
2000). Work by Moody et al. has demonstrated that
Snail over-expression can promote recurrence of
primary breast tumors in mice and is associated
with decreased patient disease free survival time
in all patient groups (Moody et al. 2005). While
N-Myc and Snail are potential leads to explain how
YB-1 is regulated in cancer they are still at this
time speculative. Not withstanding, mechanisms
that control YB-1 expression remain largely
unknown.

Once YB-1 is induced in cancer, it opens the
question as to how it is post-translationally
regulated. Many transcription factors are indeed
regulated by signal transduction. Thus, does
YB-1 then take the marching orders RTK's to
promote tumor growth and/or resistance to
therapy?

How does signal transduction

hardwire YB-1 to the genome?

There is no doubt that deregulation of YB-1 results
in breast tumor pathogenesis; however, the under-
lying mechanisms remain unclear. In order to gain
more insight into the post-translational regulation
of YB-1, our lab took a bioinformatic approach
using Motif Scanner to examine putative proteins
that may phosphorylate and thus affect the activity
of YB-1 (Table 1). As shown in Table 1, many of
the proteins that may phosphorylate YB-1 are
players in the cancer growth and survival signaling
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Figure 2. Putative YB-1 regulatory sites were predicted using CONSITE. (A) The YB-1 promoter (-2kB) was evaluated for potential
regulatory elements using CONSITE against all conserved species where the stringency was set at 90%. (B) Alternatively, if only the human
database was used, at a 90% cut-off, additional regulatory elements were identified. Finally, evaluating the human database with 100%
stringency revealed that N-Myc and Snail binding sites were present.
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Table 1. Putative proteins that may phosphorylate YB-1 at Ser, Thr, and Tyr suggested by the Motif Scanning

Prediction Tool.

YB-1 Domain Residue Pitative Regulatory Protein Percentile!
AP-rich N-Term Ser 3 Casein Kinase 2 3.764
Thr7 DNA PK 0.846
ATM kinase 4.202
Ser 21 GSK3 Kinase? 3.336
Thr 29 PKC & 0.806
Ser 32 Casein Kinase 1 4.315
Ser 36 Erk 1 Kinase 2 3.248
cold shock domain Thr 62 PKC & 2.773
PKC o/ply 4.452
PKC 0 4.964
Thr 80 DNA PK 2.965
Thr 89 Calmodulin dependent kinase2 2.786
PKC 6 4.964
Ser 102 Akt kinase® 2.703
Ser 102 PKC ¢ 3.527
Glu 107 PDZ (nNOS)class 3 1.003
Thr 108 DNAPK 3.529
Casein kinase 2 3.764
c-term Tyr 162 Grb2 SH2 2.274
Ser 167 ATM kinase 4.812
Ser 176 14-3-3 1.029
Casein kinase 2 2.023
Tyr 197 Shc PTB 3.945
p85 SH2 4.884
Tyr 208 Abl SH2 0.292
Crk SH2 1.209
Itk SH2 2.124
Nck SH2 2.092
Grb2 SH2 2.983
Thr 271 DNA PK 1.761
ATM kinase 2.342
Tyr 287 Shc PTB 3.170
Ser 314 Casein kinase 2 2.775

'Given by the Motif scanning prediction tool, the percentile tells how the protein ranks by comparing with all vertebrate proteins in Swiss-
Prot, the sequence surrounding that site, and the solvent accessibility at that position.

2Phosphorylation of YB-1 by GSK® and ERK? has been demonstrated by Coles et al. 2005.
3Phosphorylation of YB-1 by Akt has been shown by Sutherland et al. 2005 and Evdokimova et al. 2006.

pathways. To focus on how YB-1 may be activated
in cancer cells, we will discuss proteins or kinases
that are in 1) PI3K/Akt, 2) RassMAPK and 3) PKC
signaling cascades as these pathways are impli-
cated in the pathogenesis and/or growth regulation
of cancer.

PI3K/Akt and YB-1

Several components of the PI3K/Akt signaling
pathway may be responsible for YB-1 phos-
phorylation as shown in Table 1. In the first case,
we observed that YB-1 could potentially be phos-
phorylated by Akt at S102. This became of great
interest to us given that the PI3K/Akt pathway is

frequently deregulated or constitutively activated
in cancer. Activated Akt is often expressed in
breast cancer but not normal breast epithelial cells
(Kucab et al. 2004). It is also able to transform
breast epithelial cells into malignant phenotypes
(Zhao et al. 2003; Zhang et al. 2003). Co-expres-
sion of constitutively active Aktl and mutant
polyomavirus T antigen resulted in mammary
tumor formation in nude mice (Hutchinson et al.
2001). Exogenous expression of Aktl enhanced
breast cancer cell growth both in monolayer and
soft agar assays (Ahmad et al. 1999), illustrating
the ability of Akt to promote tumor progression.
Moreover, clinical studies have demonstrated a
relationship between Akt and relapse, distant
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metastasis (Perez-Tenorio et al. 2002; Schmitz et
al. 2004), and poor prognosis (Bellacosa et al.
1995). By screening primary tumor tissue micro-
arrays, we found that activated or phosphorylated
Akt (p-Akt) was associated with YB-1 in breast
cancer (Sutherland et al. 2005). We then demon-
strated that Akt phosphorylates YB-1 at S102 in
the CSD, by in vitro GST pull-down experiments
and kinase assays (Sutherland et al. 2005). It was
subsequently shown that IGF-1 stimulation led
to YB-1(S102) phosphorylation in NIH3T3 cells.
Wortmannin, which is a PI3K inhibitor, fully
blocked phosphorylation of YB-1 (Evdokimova
et al. 2006). More recently, studies in ovarian
cancer demonstrate that inhibiting the PI3K/Akt
pathways with LY294002 suppresses nuclear
translocation in vitro and in mice (Baski et al.
2006). This is in contrast to the study in which
YB-1 suppresses Akt-mediated oncogenic trans-
formation of chicken embryo fibroblasts by
inhibiting protein synthesis (Bader et al. 2003;
Bader et al. 2005). The interpretation of this study
would indicate that YB-1 serves as a tumor
suppressor gene, which is contrary to the amassed
studies indicating that it is rather an oncogene.
We suspect that the Akt/YB-1 relationship in
avian mesenchymal cells may be different from
how this complex works in epithelial cancer
cells.

Phosphorylation of YB-1 by Akt could affect this
transcription factor by altering nuclear trafficking,
DNA binding and/or translation. Inhibition of
YB-1(S102) phosphorylation by site directed
mutagenesis leads to an attenuation of nuclear
translocation (Sutherland et al. 2005). This could
explain why treating ovarian cancer cells with
wortmannin or an integrin-linked kinase inhibitor,
both of which inhibit activation of Akt, suppressed
the nuclear trafficking of YB-1 (Baski et al. 2000).
Therefore, nuclear translocation of YB-1 may be
controlled by S102 phosphorylation via the PI3K/
Akt pathway. YB-1 was shown to have a
noncanonical NLS as well as a cytoplasmic retention
site (CRS) in the C-terminal domain (Bader et al.
2005). It has been suggested by Jiirchott et al. that
both the C-terminus and the CSD are involved in
YB-1 nuclear shuttling (Jiirchott et al. 2003). It seems
reasonable to postulate that S102 in the CSD
cooperates with NLS and/or CRS in YB-1 nuclear
trafficking. For example, phosphorylation of S102
may induce YB-1 conformational change, which
masks the CRS and/or reveals the NLS. A second

possibility is that phosphoryation affects DNA
binding. Our lab found that while YB-1 bound to the
first -2 kB of the EGFR promoter, YB-1(A102) was
not able to interact with the first -1 kB promoter
region (Wu et al. 2006). One may argue that
disruption of S102 blocked nuclear translocation of
YB-1 thus prevented the binding of YB-1 to the
EGFR promoter. However upon careful inspection,
mutation of S102 to alanine did not completely block
nuclear shuttling of YB-1 (Sutherland et al. 2005).
In fact, there was still approximately 50% of
YB-1(A102) detected in the nucleus. Abolishment
of S102 almost fully prevented Flag:YB-1(A102)
from binding to the -1 kb of EGFR promoter (Wu et
al. 2006). Therefore, we suggest that in addition to
nuclear translocation, S102 is also important for
enabling YB-1 to bind to DNA. A third possibility
is that phosphorylation promotes translation of the
oncogenome. It was recently demonstrated that
phosphorylation of YB-1 at S102 by Akt prevented
YB-1 from binding to the capped 5’ terminus of
mRNA thereby promoting the translation of
oncogenes such as IGF-1, VEGF and FOS
(Evdokimova et al. 2006). It has also been shown
that release of YB-1 from mRNA results in nuclear
localization (Stenina et al. 2001). Thus, YB-1
phosphorylation by Akt allows latent oncogenic
transcripts to enter into the translational machinery
(Evdokimova et al. 2006). This further disputes the
idea that YB-1 is somehow working as a tumor
suppressor gene (Bader et al. 2003). Thus, Akt is the
first kinase to be shown to regulate YB-1 post-
translationally and its consequences have broad
implications in the regulation of gene expression in
cancer cells.

The motif scanner also predicted that the p85
subunit of PI3K may be able to phosphorylate
YB-1 at Tyr197 of the C-terminal domain,
possibly to alter the interaction between YB-1
and other proteins. Curiously, Tyr197 is located
within the NLS (residue 183-202) (Bader et al.
2005) of YB-1, which raises the question whether
YB-1 subcellular localization is affected by
phosphorylation at Tyr197 by PI3K. This could
explain why the PI3K inhibitor wortmannin
completely abolished YB-1 phosphorylation
induced by IGF-1 stimulation, whereas mutation
of S102 to alanine was not able to fully prevent
YB-1 phosphorylation (Evdokimova et al. 2006).
The glycogen synthase kinase 3 (GSK3), which
is negatively regulated by Akt (Diehl et al. 1998),
could also potentially phosphorylate YB-1 at
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Ser21 in the N-terminal domain and affect the
transcriptional activity of YB-1 (Table 1). It has
been demonstrated by Coles et al. that GSK3f3
phosphorylated the N-terminus of YB-1, enhancing
the ability of YB-1 to repress the vascular
endothelial growth factor (VEGF) promoter
(Coles et al. 2005). This study also implies the
involvement of Akt/GSK3B/YB-1 in tumor
angiogenesis. Taken together, it is expected that
YB-1 phosphorylation via PI3K/Akt signaling
would exert a profound effect on tumor
progression.

Ras/MAPK and YB-1

Since MAPK/ERK signaling is often elevated in
malignancies including breast cancer (Sivaraman
et al. 1997; El-Ashry et al. 1997; Coutts and
Murphy 1998; Donovan et al. 2001), it is moti-
vating to examine whether components of this
pathway also regulate YB-1 phosphorylation.
Based on the data generated from the Motif
Scanner, Shc and Grb2 may phosphorylate YB-1
at several tyrosine residues in the C-terminal
domain. These are both adaptor proteins that trans-
duce signals from receptor tyrosine kinases to
MAPK. Moreover, the Ser36 residue located in the
transactivating N-terminal domain of YB-1 may
be a target for the extracellular-signal-regulated
kinase 1 (ERK1), which is activated by MAPK in
response to growth factor stimulation resulting in
cell proliferation and survival (Chang and Karin
2001, Sebolt-Leopold et al. 2004). In a study
conducted by Coles et al. it was demonstrated that
ERK?2 phosphorylated YB-1 in the N-terminal
domain, promoting the binding of YB-1 to the
VEGF promoter and VEGF expression (Coles
et al. 2005). The discovery that ERK?2 phosphory-
lates YB-1 leading to VEGF expression again
implies that YB-1 also plays a role in angiogenesis
to enhance the micro-environment for tumor
growth. Since a recent report overrode the conven-
tional idea that ERK1 and ERK2 play similar
functions (Vantaggiato et al. 2006), one should
validate whether ERK1 also phosphorylates YB-1,
leading to VEGF expression.

PKC and YB-1

Many isoforms of protein kinase C (PKC) are
predicted by Motif Scanner to regulate YB-1. For
example, the classical PKCs (a, B, and y), whose
activation is dependent on Ca*" and diacylglycerol
(DAG) (Nishizuka et al. 1992; Nishizuka et al.

1995; Zugaza et al. 1996; Paolucci et al. 1999),
may phosphorylate Thr62 in the CSD of YB-1.
The novel PKCs (9, €, 0), which are activated by
DAG (Nishizuka et al. 1992; Nishizuka et al.
1995; Zugaza et al. 1996; Paolucci et al. 1999),
could potentially phosphorylate both the N-
terminal domain and the CSD of YB-1. In clinical
studies, PKC activities have been shown to be
elevated in breast tumor tissues (O'Brian et al.
1989; Gordge et al. 1996). Cell-model based and
in vitro studies also demonstrated the relationship
between different PKC isoforms and cancers. It
has been shown by several studies that increased
PKCa is associated with increased motility and
invasion of cancer cells while inhibition of PKCa
reverses the phenotype (Engers et al. 2000; Masur
etal. 2001; Parsons et al. 2002; Podar et al. 2002;
Koivunen et al. 2004). PKCp is suggested to have
similar functions as PKCa in cancer cells and is
thought to enhance invasion and proliferation of
cancer cells (Schwartz et al. 1993; Sauma et al.
1996; Xia et al. 1996; Murray et al. 1999; Yoshiji
et al. 1999; Jiang et al. 2004; Zhang et al. 2004).
PKCe also seems to stimulate tumor development
and metastasis (Akita, 2002). PKC9, on the other
hand, is thought to promote apoptosis and is thus
suggested to be a tumor suppressor (Majumder et
al. 2000; Sun et al. 2000; Basu et al. 2001; Blass
et al. 2002; Johnson et al. 2002; Ren et al. 2002;
Abbas et al. 2004; Jiang et al. 2004). Although
PKC5 is considered a tumor suppressor, it was
reported that PKC9 is increased in highly meta-
static mammary tumor cell lines (Kiley et al.
1999). Interestingly, PKC has been suggested to
play arole in the development of estrogen receptor
negative (ER(-)) breast cancers. For instance,
studies have illustrated that ER(-) breast cancer
cell lines such as MDA-MB-231 and MDA-MB-
435 express high level of PKCa (Borner et al.
1987; Platet et al. 1998). Moreover, ectopic
expression of PKCa caused MCF-7 cells to
become ER(-). Importantly, expression of PKCa
has been associated with tamoxifen resistance in
breast cancer patients (Tonetti et al. 2003). It
should be pointed out that the expression of YB-
1 is also associated with ER(-) breast cancers (Wu
et al. 2006). Although there is currently no data
demonstrating a functional link between PKC and
YB-1, it would be intriguing to investigate
whether this potential pathway cooperates to alter
the ER status and thus increase breast cancer
aggressiveness.
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In light of the possible phosphoryation sites on
YB-1, which could be mediated by the PI3K and
MAP kinase pathways, we turn now to the question
of how this could impact its function (Figure 3).
Our initial analysis using Motif Scanner revealed
that YB-1 could be potentially phosphorylated by
Akt at S102, which we went on to show impacted
nuclear trafficking (Sutherland et al. 2005) and
more profoundly DNA binding (Wu et al. 2006).

It was subsequently reported that S102 phosphor-
ylation also decreases YB-1's ability to act as a
transcriptional repressor (Evdokimova et al. 2006).
It should be pointed out that PKC and RSK also
have the potential to phosphorylate S102 given that
they also recognize the RxRxxS/T binding site on
proteins. Additionally, we suggest that GSK and
ERK1 have the potential to phosphorylate the
transactivating domain at S21 and S36 respectively.
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Figure 3. Summary of where signaling pathways potentially phosphorylate YB-1 and how these post-translational changes could
impact its function. In this review, we have highlighted the fact that YB-1 is phosphorylated by Akt at S102 which occurs in the CSD. The
consequence of S102 phosphorylation is a change in DNA binding. It also impact YB-1's ability to regulate translation. Because PKC and
RSK also have the potential to phosphorylate S102 it is conceivable that they too could alter YB-1's transcriptional and translational capacities.
GSK and ERK1 have the potential to phosphorylate YB-1 at S21 and S36 respectively, which could alter YB-1's ability to transactivate.
Alternatively the p85 subunit of PI3K could regulate YB-1 by phosphorylating Y197, which resides within the nuclear localization sequence.
It is therefore possible that Pi3K could phosphorylate YB-1 and thereby stimulate nuclear trafficking.
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Finally, the p85 subunit of PI3K could phosphory-
late YB-1 at Y197, which is located in the nuclear
localization signal therefore cellular trafficking
may be affected (Figure 3).

Is YB-1 a molecular target

for cancer therapy?

The expression of YB-1 in aggressive types
of cancer and the evidence for a role in cell
proliferation calls into question its potential
as therapeutic target for treatment. There are
numerous signal transduction inhibitors (STI's)
that could inhibit YB-1 indirectly by blocking the
activity of upstream components of, for example,
the PI3K pathway (Granville et al. 2006). Akt
inhibitors could potentially be used to inhibit YB-
1 activity by suppressing S102 phosphorylation.
Likewise, preventing Akt activation through
phosphoinositide-dependent kinase-1 inhibition
(PDK-1) (Kubab et al. 2005; Crowder et al. 2005)
is also a possible way of ultimately suppressing
YB-1's function. The PDK-1 inhibitor OSU03012
is an excellent candidate because it inhibits Akt
activation (Kucab et al. 2004), does not result in
overt toxicity in mice and it can be given orally.
Rapamycin, a clinically approved immunosuppres-
sant that inhibits the mammalian target of rapa-
mycin (mTOR) pathway, has recently been shown
to reduce the level of phosphorylated YB-1 (Evdo-
kimova et al. 2006) and could therefore suppress
the growth promoting effects. Alternatively, direct
inhibition of molecules such as YB-1 is now
possible either by designing small molecule
inhibitors or developing molecular techniques so
that they can be used in the clinic. By knocking
down YB-1 using siRNA we previously reported
that the growth of breast cancer cells is inhibited
by 48% (Wu et al., 2006). This is a promising result
that could translate into the clinic by silencing
YB-1 using either antisense or small interfering
RNA's. Clinical trials are underway using antisense
to inhibit BCL-2 (Chi et al. 2001; Tolcher et al.
2005) and clusterin (OGX-011) (Miyake et al.
2000; Chi et al. 2005; So et al. 2005). There are
now many examples of how small interfering
RNA's can be used to slow the growth of cancer
cells although the clinical development of this
technology is still emerging. Recently, (ShRNA)
short hairpin RNA's targeting survivin were
expressed in a lentiviral vector (Jiang et al. 2006)
and tested in a model of oral squamous cell carci-

noma where this target is highly expressed. The
loss of survivin using siRNA sensitized the cells
to chemotherapy in vitro and inhibited tumor
growth in mice (Jiang et al. 2006). The first clinical
trials using siRNA have begun, however they are
not yet being applied in the field of oncology, rather
to silence the vascular endothelial growth factor
(VEGF) in age-related macular degeneration
(Grunweller et al. 2005). It is therefore within reach
that shRNA could be used to treat other diseases
such as cancer. We propose therefore that tumor
growth could be inhibited by disrupting YB-1
either directly or indirectly using STI's.

Taking a completely different approach, one
might consider using the expression of YB-1 to
drive the replication of oncolytic viruses as a way
of treating cancer. It has been known for some
time that YB-1 facilitates the replication of adeno-
viruses (Holm et al. 2002), which then can be used
to kill tumor cells (Holm et al. 2004; Glockzin et
al. 2006). A recent study has shown that infecting
drug resistant cells with a YB-1 associated adeno-
virus can resensitize the cancer cells to chemo-
therapeutic agents therefore providing opportuni-
ties to use combination therapy or “Mutually
Synergistic Therapy” (Mantwill et al. 2006) and
prolong the period of time in which some patients
may be treated. The expression of YB-1 in basal-
like and Her-2 over-expressing breast cancers
(submitted data) also provides an excellent oppor-
tunity for using oncolytic viruses for therapy.
While these gene-based approaches are promising
they are still limited by bioavailability, formula-
tions, safety and the expense of making the prod-
ucts. As it is unlikely a single agent will provide
us with the most effective treatment it may also
be beneficial to assess rational combination
therapies like the one described above. As we have
discussed here there are multiple opportunities to
inhibit the function of YB-1 or even use YB-1
activity to treat cancer.

Concluding Remark

While the role(s) of YB-1 have been extensively
studied in cancer, the upstream signaling that regu-
lates this fascinating oncoprotein remains unclear.
The Motif Scanner serves as a useful preliminary
tool to select putative kinases that may phosphory-
late YB-1. To date only the relationship between
YB-1 and PI3K/Akt pathway in breast cancer has
been established (Sutherland et al. 2005;
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Figure 4. Schematic of the multiple functions of YB-1 in cancer cells. Signal transduction is initiated by growth factor such as IGF-1
and cytokines leading to the activation of kinases that could potentially phosphorylate YB-1. It is generally thought that YB-1 is phosphory-
lated by kinases such as AKT in the cytoplasm leading to nuclear trafficking and DNA binding. The phosphorylation of YB-1 can also alter
its role in translation initiation, mMRNA splicing and/or transport. In the nucleus, YB-1 binds to multiple genes involved in tumor cell growth by
directly binding to inverted CAAT boxes. It also indirectly induces the expression of oncogenes by coupling to other transcription factors
such as AP-1 and p53. YB-1 can thus induce the expression of oncogenes through transcriptional as well as translational control.

Evdokimova et al. 2006). Inhibiting the PI3K/Akt
and thus YB-1 has been suggested to be a novel
way to treat breast cancer (Wu 2006 et al.) as well
as many other types of malignancies where this
pathway is known to be activated. The evidence
presented herein suggested that YB-1 may be regu-
lated by multiple signaling cascades, many of which
are hyper-activated in cancer. We therefore envisage
that YB-1 hardwires aberrant signaling pathways
to induce expression of the oncogenome through
transcriptional and well as translational control
(overview, Figure 4). It is now known that YB-1 is
expressed in such a wide range of cancers affecting
adults and children. Moreover, tumor cells depend
upon YB-1 for growth; therefore it could be an
excellent molecular target for cancer therapy.
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