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Abstract

Introduction: Expression of Y-box binding protein-1 (YB-1) is associated with tumor pro-
gression and drug resistance. Phosphorylation of YB-1 at serine residue 102 (S102) in re-
sponse to growth factors is required for its transcriptional activity and is thought to be regu-
lated by cytoplasmic signaling PI3K/Akt and MAPK/ERK pathways. These pathways can be
activated by growth factors and by exposure to ionizing radiation (IR). So far, however, no

studies have been conducted on IR-induced YB-1 phosphorylation.

Methods: IR-induced YB-1 phosphorylation in K-RAS wild type (K-RASy,) and K-RAS
mutated (K-RAS,,) breast cancer cell lines was investigated. Using pharmacological inhibi-
tors, small interfering RNA (siRNA) and plasmid-based overexpression approaches, we ana-
lyzed pathways involved in YB-1 phosphorylation by IR. Using y-H2AX foci and standard
colony formation assays the function of YB-1 in repair of IR-induced DNA double-strand

breaks (DNA-DSB) and post-irradiation survival was investigated.

Results: The average level of phosphorylation of YB-1 in breast cancer cell lines SKBr3,
MCF7, HBL100 and MDA-MB-231 was significantly higher than in normal cells. Exposure
to IR and stimulation with erbB1 ligands resulted in phosphorylation of YB-1 in K-RAS,,
SKBr3, MCF7 and HBL100 cells, which was shown to be K-Ras-independent. In contrast, a
lack of YB-1 phosphorylation after stimulation with either IR or erbB1 ligands was observed
in K-RAS,, MDA-MB-231 cells. Similar to MDA-MB-231 cells, YB-1 became constitutively
phosphorylated in K-RASy, cells following the overexpression of mutated K-RAS, and its
phosphorylation was not further enhanced by IR. Phosphorylation of YB-1 due to irradiation
or due to K-RAS mutation was dependent on erbB1 and its downstream pathways, PI3K and
MAPK/ERK. In K-RAS, cells K-RAS-siRNA as well as YB-1-siRNA blocked repair of
DNA-DSB. Likewise, YB-1-siRNA increased radiation sensitivity.

Conclusions: IR induces YB-1 phosphorylation. YB-1 phosphorylation induced by oncogenic
K-RAS or IR enhances repair of DNA-DSB and post-irradiation survival via erbB1 down-
stream PI3K/Akt and MAPK/ERK signaling pathways.



Introduction

The Y-box binding protein-1 (YB-1), which is a member of a family of DNA-binding pro-
teins, is an oncogenic transcription factor that is highly expressed in breast cancers [1, 2], co-
lorectal cancer and cancers of the lung, prostate, ovary and bone. Recently, it was shown that
YB-1 induces the expression of CD44 and CDA49f, leading to enhanced self-renewal and
mammosphere growth [3] and resulting in drug resistance [3, 4]. In breast cancer, YB-1 was
demonstrated to have prognostic and predictive significance through the identification of
high-risk patients in the presence or absence of postoperative chemotherapy. Furthermore, the
prognostic and predictive significance of YB-1 was found to be independent of tumor-
biologic factors currently available for clinical decision making [5]. Thus, YB-1 has been
proposed as a potent prognostic biomarker for tumor aggressiveness and clinical outcome [6].
The expression of many proto-oncogenes, such as erbB1 [7] and erbB2 [8-10], has been de-
scribed to be regulated by YB-1. Phosphorylation of YB-1 at serine residue 102 (S102) is
required for its function as a transcription factor of erbB1 [7]. As described for basal-like
breast cancer cells, the phosphorylation of YB-1 at S102 is carried out by p90 ribosomal S6
kinase [11]. It has been demonstrated that Akt phosphorylates YB-1 at S102 and affects the
anchorage-independent growth of breast cancer cells [12]. In line with this effect, it has been
shown that YB-1 knockdown induces apoptosis and also decreases phosphorylation of
STAT3, ERK1/2, mTOR as well as total mTOR expression [9]. Finally, it has been reported
that YB-1 plays pivotal roles in the acquisition of tumor drug resistance through the transcrip-
tional activation of drug resistance genes and genes for growth factor receptors [13, 14].

In addition to surgery, radiotherapy is an effective curative approach for many types of can-
cer, including breast cancer. However, the efficacy of radiotherapy is often challenged by the
radioresistance of solid tumors. One of the mechanisms by which tumor cells acquire radiore-

sistance is overexpression or mutational activation of the proteins that regulate survival sig-



naling pathways. In this context, the mutation and overexpression of erbB family members
have been well described [15-19]

The erbB family of receptor tyrosine kinases consists of erbB1 (EGFR), erbB2 (Neu), erbB3
and erbB4. In particular, erbB1 is over-expressed or mutated in many tumors and is associated
with a poor outcome of chemo- as well as radiotherapy [18, 20-22]. The binding of ligands to
the extracellular domain of the receptor induces dimerization, which is necessary for activa-
tion of the intracellular receptor tyrosine kinase (RTK) [23]. Moreover, exposure to IR, as it
occurs during radiotherapy, stimulates RTK activity in a ligand-independent manner [24, 25].
Both ligand-induced and IR-induced activation of erbB1 mediates the activation of multiple
downstream signaling pathways, e.g., PI3K/Akt, MAPK/ERK and JAK/STAT3 [26, 27].
These intracellular signaling cascades play pivotal roles in regulating growth, proliferation
and survival [28]. Most interestingly, the mutation of K-RAS has been described to be a cru-
cial factor for enhanced activity of erbB1-dependent PI3K/Akt and MAPK/ERK pathways
[25, 29, 30]. Stimulated Akt has been described to be an upstream mediator involved in acti-
vation of YB-1 through phosphorylation at S102 [12]. Because IR is a strong activator of the
PI3K/Akt and MAPK/ERK pathways, in the present study, we investigated whether IR can
induce YB-1 phosphorylation in a panel of breast cancer cell lines. Likewise, the role of YB-1
in repair of DNA-DSB and post-irradiation survival after exposure to IR was investigated.
Evidence is presented indicating that IR is only a strong mediator of YB-1 phosphorylation in
tumor cells with wild-type K-RAS; in tumor cells with mutated K-RAS, YB-1 is constitu-
tively phosphorylated, and this phosphorylation cannot be further enhanced by exposure to
IR. Finally, we found that YB-1 is an important mediator of DNA-DSB repair and post-

irradiation survival.



Materials and methods

Cell lines and reagents

The breast cancer cell lines SKBr3, MCF7, HBL100 and MDA-MB-231 were used. Addi-
tionally, normal human fetal lung fibroblast (HFL), human skin fibroblast cell strains, HSF1
and HSF7 and mammary epithelial cell line MCF-10A cells were used. Cancer cell lines and
fibroblast cells were cultured in RPMI-1640 and Dulbecco's Modified Eagle's Medium
(DMEM), respectively. Media were routinely supplemented with 10% fetal calf serum (FCS)
and 1% penicillin-streptomycin. MCF-10A cells were cultured in endothelial cell basal me-
dium with the addition of medium supplements provided by PromoCell (Heldelberg, Ger-

many) plus 100 ng/ml choleratoxin.

Cells were incubated in a humidified atmosphere of 93% air and 7% CO, at 37°C. All ex-
periments were performed in confluent cultures maintained in 10% serum.

Antibodies against phospho-YB-1 (S102) and YB1, phospho-Akt (S473), phospho-ERK1/2
(T202/Y204) and ERK1/2 were purchased from Cell Signaling Technology (Frankfurt, Ger-
many). Inhibitors against PI3K (LY294002), MEK (PD98059) and anti-K-Ras antibody were
purchased from Merck Biosciences (Darmstadt-Germany). Anti-Aktl antibody was purchased
from BD Biosciences (Heidelberg, Germany). EGF, transforming growth factor a (TGFa),
amphiregulin (AREG) and anti-actin antibody were purchased from Sigma-Aldrich (Taufkir-
chen, Germany). Small interfering RNA (siRNA) against ERK1 and K-RAS as well as a non-
targeting siRNA were purchased from Thermo Scientific (Karlsruhe, Germany).YB-1-siRNA
(siRNA-I/IT) was purchased from Cell Signaling Technology (Frankfurt, Germany). Lipofec-
tamine 2000 and Opti-MEM were purchased from Invitrogen (Darmstadt, Germany). Antibo-
dy against lamin A/C was purchased from Abcam (Cambridge, UK). The expression plasmids

p-EGFP-C1 and p-EGFP/K-RAS(V12) were described previously [31]. The ErbB1-RTK in-



RTK inhibitors Erlotinib and BIBX1382BS, as well as the Akt inhibitor (API-59CJ-OH) were

described previously [32, 33].

Ligand stimulation, drug treatment and irradiation

For ligand stimulation, cells were treated with EGF, TGFa or and AREG, each at 100 ng/ml,
for the indicated time points in each experiment.

The ErbB1 inhibitor Erlotinib, the PI3K inhibitor LY294002, and the AKT pathway inhibitor
API were diluted in DMSO, and 10 mM stock solutions were stored at -70°C. The MEK in-
hibitor PD98059 was prepared as 20 mM stock solutions. For treatment, stock solutions were
diluted in culture medium, and cells were treated with these solutions to achieve the final con-
centrations (5 uM Erlotinib, 10 uM Y294002, 20 uM PD98059 and 2.5 uM API-59CJ-OH).
Control cultures received medium containing the appropriate concentrations of DMSO. Cells
were treated with Erlotinib, LY294002, and PD98059 for 2 h, whereas treatment with API
was performed for 72 h.

Irradiation of cells was performed at 37°C. Confluent cells cultured in 10% serum were X-
ray-irradiated (100 kVp, 15 mA, 0.3 mm Al additional filtering). The dose rate was 1.7

Gy/min.

Protein extraction and western blotting

After the indicated treatments, cells were washed twice with phosphate-buffered saline and
lysed by lysis buffer [SO mmol/L Tris-HCI (pH 7.5), 50 mmol/L. B-glycerophosphate, 150
mmol/L. NaCl, 10% glycerol, 1% Tween 20, 1 mmol/L NaF, 1 mmol/L DTT, protease and
phosphatase inhibitors]. Following protein quantification using the Bio-RAD DC protein as-
say, samples were subjected to SDS-PAGE, and analysis of specific proteins in each experi-

ment was performed by western blotting using specific antibodies. After detecting phosphory-



lated proteins, the blots were stripped and incubated with an antibody against total protein.
Densitometry was performed where appropriate using Scion Image software

Subcellular fractions

Cytoplasmic and nuclear extracts were prepared according to the instructions of the NE-

PER® nuclear and cytoplasmic extraction kit (Pierce, Rockford, IL, USA).

siRNA transfection

Cells were transfected with 50 nM of non-targeting-siRNA or specific siRNAs using Lipofec-
tamine 2000 according to the protocol of the manufacturer. Twenty-four hours after transfec-
tion, the media were changed. Cells were used for experiments 4 days after transfection. For
knocked down of YB-1 cells were transfected with YB-1-siRNAI/II (Cell signaling) and for

knocked down of K-Ras a K-RAS specific pool siRNA (Dharmacon) was used.

Sequencing of KRAS

Total RNA was isolated from frozen cell pellets with the RNeasy mini kit (Qiagen, Hilden,
Germany) and reverse transcribed with the Reverse-iT 1% strand synthesis kit (ABgene, Sur-
rey, UK) using anchored oligo-dT primers. Exons 1 to 3 of KRAS were amplified from the
cDNA using ReddyMix PCR Master Mix (ABGene) with specific primers (sense, GA-
GAGGCCTGCTGAAAATGA; antisense, TGGTGAATATCTTCAAATGATTTAGT). Am-
plicons were isolated with QIAquick columns (Qiagen, Hilden, Germany), and both strands

were sequenced by a commercial subcontractor (SeqLab, Goettingen, Germany).

K-RAS(V12) overexpression
Subconfluent K-RAS,; cells (SKBr3, MCF7) were trypsinized, and 2 x 10° cells were tran-

siently transfected with 5 ug of p-EGFP-C1 control vector or p-EGFP/K-RAS(V12) by means



of electroporation. After 24 h, the efficiency of transfection was tested by fluorescent micros-
copy of GFP, and thereafter, the media were changed. After an additional 24 h, cells were
used for experiments.

v-H2AX foci formation assay

The y-H2AX foci formation assay was used to evaluate residual DNA-DSBs as described
previously [34]. Briefly, the cells were cultured on glass slides and transfected with 50 nM
non-targeting-siRNA or specific siRNAs against YB-1 and K-RAS. After 24 h, the medium
was exchanged with fresh medium. Forty-eight hours later, the cells were exposed to single
doses of irradiation of 2, 4, and 6 Gy and incubated at 37°C for additional 24 h. Thereafter,
the slides were stained with phospho-H2AX (S139) as described previously. The y-H2AX

foci were counted (70 to 250 cells per treatment condition) and graphed.

Clonogenic assay

Clonogenic cell survival following radiation exposure was analyzed by means of colony for-
mation assay. Cells were pre-plated in 6 well plates and 24 h later were mock-irradiated or
irradiated with single doses of 1, 1.5, 2, 3, and 4 Gy. Irradiation was performed at 37°C using
Gulmay-RS225 X-rays machine with a dose rate of 1.7 Gy/min and the exposure factors of
150 kVp, 15 mA and 0.3 mm Al additional filtering. To investigate effect of YB-1 expression
on post-irradiation survival cells were transfected with non-targeting-siRNA or YB-1 specific
siRNA. Three days after transfection cells were pre-plated in 6 well plates and 24 h later were
mock-irradiated or irradiated with single doses of 1, 1.5, 2, 3, and 4 Gy. In either of the ex-
periments cultures were incubated for 10 days to allow for colony growth. Colonies of more
than 50 cells were scored as survivors. Clonogenic fraction of irradiated cells was normalized

to the plating efficiency of un-irradiated controls.



Results

Stimulation of YB1 phosphorylation in breast cancer cells by IR and exposure to erbB1
ligands

The level of basal YB-1 phosphorylation at S102 in a panel of breast cancer cells (MDA-MB-
231, MCF7, HBL100, SKBr3) was compared to the level of YB-1 phosphorylation in normal
cells, i.e. human skin and lung fibroblasts (HSF1, HSF7, HFL) as well as normal mammary
epithelial cells (MCF-10A) (Figure 1A & 1B). As shown in Figure 1C, the ratio of P-
YB1/YB-1 is significantly higher in tumor cells than in fibroblasts. The comparisons of the
ratio of P-YB-1/YB-1 in tumor cells and normal mammary epithelial cells indicated an even
stronger significant difference as tested for MDA-MB-231 and MCF-10A cells (Figure 1B &
10).

YB-1 has been identified as a direct substrate of Akt [12, 35]. As previously reported, IR can
activate the Akt ligand independently [30, 36]. Therefore, we asked whether IR can induce
YB-1 phosphorylation as well. As shown in Figure 1D, IR induces YB-1 phosphorylation
differentially. A strong phosphorylation signal was observed in SKBr3, whereas HBL100
showed moderate phosphorylation of YB-1, and phosphorylation in MCF7 was weak. How-
ever, in MDA-MB-231 cells, a lack of IR-induced YB-1 phosphorylation was observed. In
this cell line, stimulation with the erbB1 ligand EGF, AREG or TGFa did not induce YB-1
phosphorylation, whereas a strong phosphorylation at the indicated times after stimulation
was observed in cell lines SKBr3, HBL100 and MCF7 (Figure 1D). Although MCF7 and
HBL100 cell lines have K-RAS, status, these cells presented high basal YB-1 phosphoryla-
tion. To proof whether the high basal phosphorylation status of YB-1 was due to stimulation
by growth factors in the culture medium, P-YB-1 was compared under serum supplementa-

tion and serum depletion in MCF7 cells. As shown in Figure 1F, P-YB-1 was markedly re-



duced when cells were incubated in serum-free medium for 24 h. In contrast, serum depletion

did not reduce basal YB-1 phosphorylation in K-RAS; MDA-MB-231 cells (Figure 1F).

Constitutive phosphorylation of YB-1 in MDA-MB-231 cells is K-Ras dependent

MDA-MB-231 cells are characterized by a point mutation at codon 13 in the K-RAS gene
[37]. This mutation is responsible for the constitutive phosphorylation of ERK1/2 [30]. In
addition to ERK1/2 phosphorylation, these cells also present a constitutive phosphorylation of
YB-1, which is not further modified after exposure to IR or stimulation with erbB1 ligands
(Figure 1D-1E). Thus, we investigated whether the constitutive phosphorylation of YB-1 in
MDA-MB-231 cells is due to the described endogenous expression of mutated K-RAS [37].
Therefore, K-Ras expression was downregulated by siRNA, and the level of P-YB1 was in-
vestigated. Using a similar approach, we analyzed the effect of ERK1 on YB-1 phosphoryla-
tion downstream of mutated K-Ras. As shown in Figure 2A, K-RAS-siRNA led to a strong
reduction in P-ERK1/2 and P-YBI1 (Figure 2A). Yet, ERK1/2 and YB-1 protein levels were
not affected. Likewise, a marked reduction of P-YB-1 was observed when ERK1 was targeted
with siRNA. The role of stimulated ERK1/2 phosphorylation on YB-1 phosphorylation was
further supported by the results achieved when a MEK inhibitor was used. As shown in Fig-
ure 2B, pretreatment of MDA-MB-231 cells with the MEK inhibitor PD98059 markedly
blocked YB-1 phosphorylation. Similar to the data shown in Figure 1D, exposure to IR did
not induce YB-1 phosphorylation. These results indicates that the constitutive YB-1 phos-
phorylation in MDA-MB-231 cells is a consequence of mutated K-Ras-mediated ERK1/2

phosphorylation.

Overexpression of mutated K-RAS(V12) enhances basal YB-1 phosphorylation
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To investigate the role of K-Ras in the constitutive phosphorylation of YB-1, we further ana-
lyzed the status of K-RAS in SKBr3, MCF7 and HBL100 cells. Sequencing of the K-RAS
gene revealed that none of these cell lines presents a K-RAS point mutation in codon 12,
codon 13 or 61. To investigate whether mutated K-RAS(V12) can upregulate YB-1
phosphorylation, we introduced mutated K-RAS into K-RAS,,;, SKBr3 and MCF7 cells. Cells
were transiently transfected with either a control pEGFP-C1 vector (indicated as con.-vector)
or a vector expressing mutated K-RAS, pEGFP-C1/K-RAS(V12) [indicated as K-RAS(V12)].
Fluorescence images of living cells transfected with con.-vector and K-RAS(V12) revealed
that GFP in K-RAS(V12) vector transfected cells was localized to the plasma membrane but
con.-vector transfected cells was not (Figure 3A). This is due to post-translational modifica-
tion and membrane association of K-Ras (Figure 3A). In con.-vector transfected cells, GFP
expression was not accumulated at the cell membrane, but rather it was equally distributed
throughout the cytoplasm. The efficiency of transfection was verified by immunoblotting as
well (Figure 3B). In cells transfected with K-RAS(V12) vector, the expression of K-Ras (21
kDa) resulted in a shift of GFP from 27 kDa to 48 kDa (Figure 3B). The expression of GFP-
tagged K-Ras with a molecular weight of 48 kDa was further confirmed by stripping the anti-

GFP antibody from the membrane and re-incubating the blots with a K-Ras antibody.

In line with our observations of MDA-MB-231 cells, exogenous expression of K-RAS(V12)
in K-RAS; SKBr3 and MCF7 cells resulted in a markedly enhanced basal phosphorylation of
YB-1 at S102 (Figure 3B), which prevents further enhancement of phosphorylation by IR
(Figure 3C). Thus, these data support the hypothesis that in cells expressing mutated K-RAS,
the basal phosphorylation of YB-1 is constitutively enhanced and cannot be further stimulated

by IR.
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IR-induced YB-1 phosphorylation is mediated by erbBl-dependent PI3K/Akt and
MAPK/ERK pathways

The phosphorylation of YB-1 at S102 in response to stimulation with EGF has been described
to be dependent on p90 ribosomal S6 kinase [11]. In this study [11], Stratford et al. showed
that the stimulation of SUM149 breast cancer cells with serum, EGF and phorbol 12-myristate
13-acetate (PMA) leads to phosphorylation of YB-1 at S102, which is dependent on the MAP
kinase pathway [11]. Because we and others have shown that IR induces activation of erbB1
in a ligand-independent manner [24, 25], we tested whether the IR-induced YB-1 phosphory-
lation shown in Figure 1D can be blocked by erbB1 tyrosine kinase inhibitors. To test this, the
effect of the erbB1-RTK inhibitor Erlotinib on YB-1 phosphorylation was analyzed in whole
cell extracts as well as in cytoplasmic and nuclear fractions. Pre-treatment of SKBr3 cells
with Erlotinib resulted in a complete inhibition of YB-1 phosphorylation in whole cell extract
(Figure 4A) as well as in cytoplasmic and nuclear fractions (Figure 4B). As expected, Er-
lotinib also blocked basal and radiation-induced P-Akt and P-ERK1/2 in these cells (Figure
4A). To rule out off-target effects of Erlotinib, the efficacy of the highly specific erbB1-RTK
inhibitor BIBX1382BS [38] on radiation-induced YB-1 phosphorylation was tested in
cytoplasmic and nuclear fractions. EGF was included as positive control. As shown in the
lower panel of Figure 4B, in both cytoplasmic and nuclear protein fractions treatment with
BIBX1382BS resulted in a marked reduction of YB-1 phosphorylation stimulated by ionizing
radiation as well as EGF treatment. These data indicate that erbB1-RTK activity is necessary
for radiation-induced YB-1 phosphorylation, and this is most likely due to activation of the
PI3K/Akt and MAPK/ERK pathways. To test the function of PI3K/Akt and MAPK/ERK
pathways in YB-1 phosphorylation, we further investigated whether the inhibitors of PI3K,
Akt and MAPK affect YB-1 phosphorylation in irradiated cells. The data shown in Figure 4C

and Figure 4D indicate that treatment with either of the inhibitors markedly reduced the phos-
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phorylation of YB-1 at S102. However, an optimal inhibition was observed when cells were

treated with a combination of PI3K and MEK inhibitors.

Constitutive YB-1 phosphorylation due to K-RAS mutation depends on erbBl1 and
downstream PI3K/Akt and MAPK/ERK pathways

As IR-induced YB-phosphorylation was shown to be dependent on erbB1, PI3K/Akt and
MAPK/ERK, we further investigated whether K-RAS,,.-dependent constitutive phosphoryla-
tion of YB-1 is sensitive to the inhibition of erbB1, PI3K and MEK. To this end, K-RAS,:
MCF7 cells were transiently transfected with con.-vector or K-RAS(V12) vecor, and 48 h
after transfection, the cells were treated with the erbB1 inhibitor Erlotinib, the PI3K inhibitor
LY294002 or the MEK inhibitor PD98059 for 2 h. Similar to the results shown in Figure 3,
overexpression of K-RAS(V12) resulted in an about 2.5-fold stimulation of YB-1 phosphory-
lation. Erlotinib reduced mutated K-RAS(V12)-induced YB-1 phosphorylation by about 50%
while the PI3K inhibitor and the MEK inhibitor reduced K-RAS(V12)-induced YB-1 phos-
phorylation to the control level. However, the combination of PD98059 and LY294002
(PD/LY) blocked basal and K-RAS(V12)-induced YB-1 phosphorylation completely (Figure
5A). These data indicate that phosphorylation of YB-1 due to mutation of K-RAS in part de-
pends on activation of erbB1. This is most likely mediated by autocrine production of ligands
and is in part independent of erbB1, but it is dependent on activation of the PI3K/Akt and
MAPK/ERK pathways.

Because K-Ras strongly induces YB-1 phosphorylation when it is mutated (Figure 3, Figure
5A), we next analyzed whether phosphorylation of YB-1 in K-RASy; cells after irradiation or
stimulation with EGF depends on K-Ras expression. Therefore, following downregulation of

K-Ras by siRNA, SKBr3 cells were irradiated or stimulated with EGF. As shown in Figure

13



5B, downregulation of K-Ras did not affect either IR- or EGF-induced YB-1 phosphorylation.

A lack of effect of K-RAS-siRNA on P-ERK1/2 was observed as well (Figure 5B).

YB-1 regulates repair of IR-induced DNA-DSB and post-irradiation survival

In addition to its function as a transcription factor, YB-1 is also involved in DNA repair i.e.,
base excision repair and mismatch repair [39]. In line with this function, it has been demon-
strated that YB-1 binds to double stranded, single-stranded, and DNA containing abasic sites
[40]. So far, however, no data demonstrating the function of YB-1 in repair of IR-induced
DNA-DSB and post-irradiation survival exist. The function of erbB1 and its downstream
pathways and the impact of mutated K-RAS on repair of DNA-DSB have been demonstrated
previously [15, 34, 41, 42]. Therefore, we next asked whether the cells presenting a differen-
tial pattern of basal- and radiation-induced YB-1 phosphorylation additionally exert a differ-
ential sensitivity to ionizing radiation. The results obtained by clonogenic assay indicate a
differential response in terms of post-irradiation survival of the cell lines analyzed. The radia-
tion dose, D37 which is required to reduce cell survival to 37% is 1.95 Gy for SKBr3 ,1.65 Gy
for MDA-MB-23, 1.35 Gy for MCF7 and 1.10 Gy for HBL100 cells. We further investigated
whether YB-1 activity is involved in the process of DNA-DSB repair and post-irradiation
survival. For this purpose, an siRNA approach was used. As shown in Figure 6, downregula-
tion of YB-1 by siRNA, either in K-RAS,,; MDA-MB-231 or in K-RAS,,; SKBr3 cells re-
sulted in an impaired repair of DNA-DSB, shown by enhanced residual y-H2AX foci 24 h
post-irradiation. Interestingly, downregulating K-Ras resulted in an enhanced frequency of
residual DSB to the level observed by YB-1-siRNA. Likewise, siRNA targeting of YB-1 in-

creased radiation sensitivity tested in MDA-MB-231 cells.

14



Discussion

This study presents the first evidence that phosphorylation of YB-1 at S102 is induced in tu-
mor cells exposed to ionizing radiation (IR). Moreover, we provide evidence that oncogenic
K-RAS due to a mutation in codon 12 or codon 13 leads to constitutive phosphorylation of

YB-1.

IR stimulates activation of many cytoplasmic signaling cascades, mostly downstream of
membrane-bound receptors [24, 43]. ErbB1 is one of the first membrane receptors described
that, when overexpressed or mutated, leads to radio- and chemoresistance in a variety of hu-
man solid tumors. The expression of erbB1, erbB2, and erbB3 has been reported to be regu-
lated by the transcription factor YB-1 [10, 44]. For the nuclear accumulation and induction of
transcriptional activity, YB-1 must be phosphorylated at S102 [7]. Phosphorylation of YB-1
at this site under in vitro conditions has been described to be dependent on Akt [12, 35]. In
response to serum, EGF and PMA, the ribosomal S6 kinase (RS6K) has been described as the
major enzyme that is responsible for phosphorylation of YB-1 at S102 [11]. Thus, it can be
concluded that YB-1 and erbB1 are functionally linked because, on the one hand, YB-1 regu-
lates erbB1 expression, and, on the other hand, erbB1 signaling through Akt as well as RS6K

stimulates the transcriptional activity of YB1 through S102 phosphorylation.

It is well described that IR induces activation of erbB1 and its downstream pathways, mainly
PI3K/Akt and MAPK/ERK, in a ligand-independent manner [24, 25]. In the present study,
we showed that, as it is the case with exposure to erbB1 ligands, IR can induce YB-1 phos-
phorylation through the activation of erbB1 and the downstream PI3K/Akt and MAPK/ERK
signaling cascades. Based on these data and the known function of YB-1 in regulating of

erbB1 and erbB2 expression [7, 8], it can be assumed that exposure of tumor cells to IR as it
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occurs during conventional radiotherapy may lead to an enhanced expression of erbB1 and
erbB2. Because overexpression of these receptors is associated with radioresistance, YB-1
can thus be proposed as a new candidate to increase the efficacy of molecular targeting strate-

gies in cancer as it was recently reported [45].

The mutation of K-RAS is one of the most common genetic alterations in human tumors [46,
47]. Oncogenic activation of K-Ras plays a central role in tumor progression and has been
associated with resistance to therapy and reduced overall patient survival [48, 49]. It has been
demonstrated in many cell lines, either with endogenous or exogenously introduced K-RAS
mutation, the production of erbB1 ligands, mainly TGFa and AREG, is upregulated [50-54].
Furthermore, K-Ras mediated autocrine erbB1 signaling through TGFa and AREG contrib-
utes to radioresistance [30, 55, 56]. Here, we showed that endogenously mutated K-RAS or
overexpression of mutated K-RAS in K-RAS,, cells results in a marked increase in basal
phosphorylation of YB-1. Mutated K-Ras due to permanent activation of ERK1/2 results in
enhanced autocrine production of erbB1 ligands, such as TGFa and AREG [29, 30], which
constitutively induce YB-1 phosphorylation (see Figure 1D). In contrast to K-RASmt cells,
basal phopshorylation of YB-1 in K-RAS,; cells is sensitive to serum depletion of the culture
medium (see Figure 1F), and basal YB-1 phosphorylation in K-RASy; cells can further be
enhanced by ionizing radiation or the erbB1 ligands EGF, AREG and TGFa. (see Figure 1D-
1E). Thus, our data indicate that YB-1 phosphorylation mediated by K-RAS mutation is in
part dependent on erbB1 signaling through the PI3K/Akt and MAPK/ERK pathways (see
Figure 5). However, downstream pathways of erbB1 like PI3K/Akt and MAPK/ERK can also
be activated in K-RAS mutated cells independently of erbB1. In this context, mutated K-Ras
directly activates the MAPK/ERK pathway [30] through interaction with Raf/MEK and can

indirectly activate PI3K/Akt through activating H-RAS [29]. Thus, as summarized in Figure
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7, in K-RAS-mutated cells, the function of the PI3K/Akt and MAPK/ERK pathways in YB-1

phosphorylation is in part erbB1-independent and directly linked to the activity by K-Ras.

Although growing evidence exists for the function of K-Ras in chemo- and radioresistance,
the exact underlying mechanism is not clear. Based on recent results, one of the potential me-
chanisms could be the enhanced repair of DNA-DSB mediated through mutated K-RAS [30,
42, 57]. The data presented in the present study reveal a novel function of mutated K-Ras in
regulating YB-1 phosphorylation. Because YB-1 is a multi-functional protein, which is also
involved in the regulation of DNA repair as described by Gaudreault et al. [39] and Hasegava
et al. [40], phosphorylation of YB-1, either due to K-RAS mutation or following irradiation of
K-RAS,; cells, may be necessary for efficient repair of DNA-DSB. The results of the v-
H2AX foci support this assumption (see Figure 6). The involvement of YB-1 in DNA-DSB
repair is also demonstrated by the fact that YB-1-siRNA like K-RAS-siRNA leads to an en-
hanced frequency of residual DNA-DSB and affects post-irradiation cell survival. The role of
YB-1 in the cellular radiation response is further supported by the differential radiation sensi-
tivity of the cell lines tested in the present study. SKBr3 cells which present a marked radia-
tion-induced YB-1 phosphorylation are the most radioresistant cells whereas HBL-100 cells,
which present the lowest radiation-inducible YB-1 phosphorylation, were the most radiosensi-
tive cells. The radiation sensitivity profile of the four cell lines tested is also in good agree-
ment to the radiation-induced stimulation of YB-1 phosphorylation in these cell lines which

seems to be influenced by the basal phosphorylation status of YB-1 protein.

Conclusions

Based on the data presented here, it can be concluded that in cells mutated in K-RAS YB-1 is

constitutively phosphorylated, and this phosphorylation cannot be further enhanced by expo-
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sure to IR. However, in K-RASy; cells exposure to IR does induce erbB1 signaling, which
mediates YB-1 phosphorylation. As shown (summarized in Figure 7), IR-induced YB-1
phosphorylation in K-RAS,,; or constitutive phosphorylation of YB-1 in K-RAS, cells de-
pends most likely on the erbB1 downstream pathways, PI3K/Akt and MAPK/ERK which
seem to be responsible for YB-1 phosphorylation and, thus, the YB-1 mediated repair of
DNA-DSB as well as post-irradiation survival. Therefore, YB-1 can be discussed as a poten-
tial candidate involved in radioresistance of solid tumors, for which targeting of YB-1 could

thus be an effective strategy to overcome resistance to radiotherapy.
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Figure legends

Figure 1: Basal phosphorylation of YB1 and its stimulation by IR and erbB1 ligands in
breast cancer cell lines. (A&B) Confluent cells (breast cancer cells MDA-MB-231, MCF7,
HBL100, SKBr3; normal fibroblasts HSF1, HSF7, HFL; normal mammary epithelial cells
MCF-10A) were cultured in 10% serum. Protein samples were isolated from biologically in-
dependent cultures and a sample of 100 ug protein from each culture was subjected to SDS-
PAGE. P-YBI, YBI, K-Ras, and actin were detected by western blotting. (C) From the densi-
tometry values of P-YB1 and YB-1, the ratios of P-YB1/YB-1 were calculated for tumor cells
vs. fibroblasts as well as normal mammary epithelial cells and graphed. Statistical analyses
were performed using a Student’s t-test. Error bars: SD. Confluent cells were irradiated with 4
Gy of IR (D) or treated with 100 ng/ml of erbB1 ligands (E). At the indicated time points af-
ter stimulation, protein samples were isolated and subjected to SDS-PAGE. The levels of P-
YB-1 and YB-1 were analyzed by western blotting. The densitometry values represent the
ratio of P-YB-1/YB-1 normalized to 1 in non-irradiated controls. Phosphorylation of YB-1
after irradiation (D) was tested at least in 3 independent experiments. ErbB1 ligands-induced
YB-1 phosphorylatuion (E) has been tested at least in 2 independent experiments. (F) Cells
(confluent status) were kept in serum-free or serum containing (10% FCS) medium. 24 h after
serum depletion samples were isolated and level of P-YB-1 was analyzed by western blot-

ting. Blots were stripped and incubated with antibody against total YB-1.

Figure 2: Constitutive phosphorylation of YB-1 in MDA-MB-231 cells is K-Ras depend-
ent. (A) Sub-confluent cells were transfected with non-targeting-siRNA or siRNAs against K-
RAS and ERKI1 as described in Methods section. Protein samples were isolated, and the lev-
els of K-Ras, actin, P-ERK1/2 and P-YB-1 were detected. The blots were stripped and re-
incubated with ERK1/2 or YB-1. (B) Confluent MDA-MB-231 cells were treated with the
MEK inhibitor PD98059 or DMSO and mock irradiated or irradiated with 4 Gy of IR. At the
indicated time points after irradiation, protein samples were isolated, and P-YB-1 and P-
ERK1/2 were detected. The blots were stripped and re-incubated with ERK1/2 or YB-1. Fig-

ure 2A and 2B show representative western blots of 3 independent experiments.

Figure 3: Overexpression of mutated K-RAS(V12) enhances basal YB-1 phosphoryla-
tion. The indicated cell lines were transiently transfected with pEGFP-C1 control vector (con.

vector) or pEGFP/K-RAS(V12) [K-RAS(V12)] as described in the Methods section. Forty-
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eight hours after transfection, GFP expression was analyzed by fluorescent microscopy (A)
and protein samples were isolated (B). The expression levels of GFP and K-Ras were ana-
lyzed by western blotting. P-YB1 was detected using the same blots. After stripping the
membranes, each blot was incubated with an antibody against total YB-1. Actin was detected
as an additional loading control. Function of K-RAS(V12) on YB-1 phosphorylation was
tested in at least 3 independent experiments and a representative western blot is shown (C)
Forty-eight hours after transfecting SKBr3 cells with the pEGFP-C1 control vector or
pEGFP/K-RAS(V12) (K-RAS), cells were mock irradiated or irradiated with 4 Gy of IR. Ten
minutes after irradiation, protein samples were isolated. Following SDS-PAGE, the expres-
sion levels of GFP and K-Ras, as well as the phosphorylation status of ERK1/2 and YBI,
were analyzed by western blotting. The blots were stripped and incubated with YB1 and

ERK1/2 antibodies. A representative western blot of 3 independent experiments shown.

Figure 4: IR-induced YB-1 phosphorylation is mediated by erbB1-dependent PI3K/Akt
and MAPK/ERK pathways. (A) SKBr3 cells were treated with DMSO or Erlotinib (5 uM)
for 2 h and mock-irradiated or irradiated with 4 Gy of IR. At the indicated time points after
irradiation, protein samples were isolated, and P-YB1, P-Akt and P-ERK1/2 were detected.
The blots were stripped and incubated with antibodies against YB-1, ERK1/2 or Aktl. The
effect of Erlotinib on IR-induced YB-1 phosphorylation in whole cell extract has been tested
in 2 independent experiments. (B) SKBr3 cells were treated with DMSO or Erlotinib and ir-
radiated as described above. Thereafter, 100 pug of isolated cytoplasmic and nuclear fractions
were subjected to SDS-PAGE. Blots from both fractions were incubated with P-YB1, fol-
lowed by stripping and detection of total YB-1. Actin in the cytoplasmic fraction was used as
a loading control. The experiment was repeated using the most specific erbB1-tyrosine kinase
inhibitor BIBX1382BS. As positive control, the 30 min time-point post-EGF stimulation was
included. (C, D) SKBr3 cells were treated with 20 uM PD98059 (PD), 10 uM LY294002
(LY), 2.5 uM API5S9CJ-OH (API), 5 uM Erlotinib (Erl.), or combination of PD98059 and
LY294002 (PD/LY) for 2 h. Control cells received DMSO. Thereafter, cells were irradiated
with 4 Gy of IR. At the indicated time points (C) and 10 min after irradiation (D), protein
samples were isolated, and the levels of P-YB1 were analyzed in whole lysate (C) and in cy-
toplasmic and nuclear fractions (D). Blots were stripped and re-incubated with YB-1 anti-
body. Actin and lamin A/C were detected as loading controls. Experiments shown in Figure

4C and 4D have been repeated at least 2 times and representative western blots are shown.
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Figure 5: Constitutive YB-1 phosphorylation due to K-RAS mutation depends on erbB1,
and its downstream pathways, PI3K/Akt and MAPK/ERK. (A) Cells were transiently
transfecting with the pEGFP-C1 control vector (con. vector) or pEGFP/K-RAS(V12) [K-
RAS(V12)] as described in the Methods section. Forty-eight hours after transfection, cells
were treated with 5 uM Erlotinib (Erl.), 10 uM LY294002 (LY), 20 uM PD98059 (PD) or a
combination of PD98059 and L.Y294002 (PD/LY) for 2 h. Control cells received DMSO.
Protein samples were isolated, and expression levels of GFP and K-RAS, as well as the phos-
phorylation status of Akt, ERK1/2 and YB-1, were analyzed by western blotting. The blots
were stripped and incubated with antibodies against K-Ras, Akt, ERK1/2 and YB1. The den-
sitometry values represent the ratios of P-YB-1/YB-1 and P-YB1/actin normalized to 1 in
control vector transfected cells. The effect of indicated inhibitors on K-RAS(V12)-induced
YB-1 phosphorylation has been investigated in at least two independent experiments and rep-
resentative western blots are shown. (B) SKBr3 cells were transfected with non-targeting-
siRNA or siRNA against K-RAS as described in the Methods section. Four days after trans-
fection, the cells were irradiated with 4 Gy of IR or treated with EGF (100 ng/ml). At the in-
dicated time points after irradiation and 30 min after EGF treatment, protein samples were
isolated and subjected to SDS-PAGE. The levels of K-Ras, P-YB-1 and P-ERK1/2 were de-
tected by western blotting. The blots were stripped and incubated with ERK1/2 and YB-1
antibodies. Actin was used as a loading control. A representative western blot of two inde-

pendent experiment is shown.

Figure 6: YB-1 regulates repair of IR-induced DNA-DSB and post-irradiation survival.
(A) Colony forming assay was performed as described in Method section. Preplated cells
were irradiated with the single doses of 1, 1.5, 2, 3, and 4 Gy. Ten days later cultures were
stained and colonies with more than 50 cells were counted. Surviving fraction (SF) of irradi-
ated cells was normalized to the plating efficiency of un-irradiated controls. Data represents
the average surviving fraction + standard deviation of at least 3 biologically independent ex-
periments, each experiment containing 6 parallel data sets (N = 18). (B) Indicated cells were
transfected with non-targeting-siRNA or siRNAs against YB-1 and K-RAS. Three days after
transfection cells were mock-irradiated or irradiated with 2, 4 or 6 Gy. After 24 h the y-H2AX
focus assay was performed. Using a fluorescence microscope, the number of y-H2AX foci
was counted in 70 to 250 nuclei for each individual condition and graphed. As tested by Stu-
dent’s t-test YB-1-siRNA as well as K-RAS-siRNA transfection resulted in significantly en-
hanced numbers of residual y-H2AX foci (* p<0.01; **p < 2.13 x 10™). Bar histograms repre-
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sent data for residual y-H2AX foci observed in two independent experiments after irradiation
of cells with 4 Gy. (C) Three (3) days after transfecting MDA-MB-231 cells with indicated
siRNAs cells were seeded in 6-well plates for clonogenic assay. Twenty-four (24) h later cul-
tures were irradiated with indicated doses if IR and incubated at 37°C. Ten (10) days later
cultures were stained and colonies with more than 50 cells were counted. Surviving fraction
(SF) of irradiated cells was normalized to the plating efficiency of un-irradiated controls. Data
represent the average surviving fraction + standard deviation of 6 parallel experiments. Sig-
nificance of the effects YB-1-siRNA on post-irradiation survival was tested by Student’s t-
test. Except for the radiation dose 1 Gy (p = 0.089) the effects of YB-1-siRNA at the radiation
doses of 1.5, 2, 3, and 4 Gy proved to be statistically significant with the following p-values:
P15 Gy) = 0.006; pe2 gy = 0.003; p3 Gy) = 0.001; pu Gy) = 0.015. From the cultures used for
clonogenic assay protein samples were isolated and levels of P-YB-1, YB-1 and actin were

detected by western blotting.

Figure 7: A model illustrating the signaling pathways involved in YB-1 phosphorylation
and its function in cell survival after exposure to IR and treatment with erbB1 ligands

or due to expression of oncogenic K-RAS.
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