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The Y-box binding protein 1 (YB-1) is a DNA/RNA-binding nucleocytoplasmic shuttling protein whose regulatory
effect on many DNA and RNA-dependent events is determined by its localization in the cell. We have shown previously
that YB-1is cleaved by 20S proteasome between E219 and G220, and the truncated N-terminal YB-1 fragment accumulates
in the nuclei of cells treated with DNA damaging drugs. We proposed that appearance of truncated YB-1 in the nucleus
may predict multiple drug resistance. Here, we compared functional activities of the full-length and truncated YB-1
proteins and showed that the truncated form was more efficient in protecting cells against doxorubicin treatment. Both
forms of YB-1 induced changes in expression of various genes without affecting those responsible for drug resistance.
Interestingly, although YB-1 cleavage did not significantly affect its DNA binding properties, truncated YB-1 was detected
in complexes with Mre11 and Rad50 under genotoxic stress conditions. We conclude that both full-length and truncated
YB-1 are capable of protecting cells against DNA damaging agents, and the truncated form may have an additional

function in DNA repair.

Introduction

Y-box binding protein 1 (YB-1) is a member of the family of
DNA/RNA-binding proteins with an evolutionarily conserved
cold-shock domain (CSD). Y-box binding proteins were first
described as major protein components of cytoplasmic mRNPs.!
Independently, YB-1, also known as dbpB or NSEP-1, was
cloned as a transcription factor that specifically recognizes the
Y-box promoter element.? The diverse biological functions of
YB-1 appear to arise from its capability of binding to nucleic
acids without apparent specificity and from its multiple protein—
protein interactions. It is also known as a nucleocytoplasmic
shuttling protein, capable of changing localization in response
to growth and stress-induced signaling.>> In the majority of
human tissues and cell lines, YB-1 is predominantly localized to
the cytoplasm, where it acts as a growth suppressor inhibiting
cap-dependent translation of many growth-related mRNAs.%7
When in the cytoplasm,YB-1 additionally contributes to mRNA
stabilization and storage.®

Subsequent studies revealed involvement of YB-1 in
transcriptional regulation of numerous genes, including those
lacking the Y-box element. In fact, recent paper has demonstrated
that YB-1 does not recognize the Y-box promoter in vivo.

YB-1 is believed to bind to promoter elements with purine—
pyrimidine asymmetry and to stabilize the single-stranded
DNA conformation.!”™ Nuclear levels of YB-1 are predictive
of multidrug resistance and worse patient outcome in various
human cancers, potentially due to its suggested ability to activate
transcription of many growth- and stress-associated genes, such
as thymidine kinase, proliferating cell nuclear antigen (PCNA),
DNA topoisomerase II o, MDRI, epidermal growth factor
receptor (EGFR), cyclin Bl, etc.”? In addition to transcriptional
regulation, YB-1 is likely to play a role in DNA repair, based on
its ability to unwind DNA duplexes and to bind to drug-modified
and apurinic DNA"®" and DNA repair proteins.”>'

Nuclear translocation of YB-1 was observed in response to
various stimuli, including UV irradiation or treatment with
mitomycin C, cisplatin or doxorubicin, heat-shock, growth
factors, and cytokines stimuli as well as during cell cycle
progression.>>72% YB-1 has been shown to contain 2 types of
signaling sequences, such as nuclear localization signal (NLS) and
the cytoplasmic retention site (CRS).*' The CRS was suggested
to dominate over NLS in normal cellular conditions, thereby
promoting predominantly cytoplasmic localization of YB-1.
Apparently, CRS dominance over NLS can be overpowered
under certain conditions, as YB-1 could also be observed in
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cell nuclei. So far, only a few molecular mechanisms have been
proposed to explain nuclear translocation of YB-1. One of them
involves YB-1 phosphorylation by Akt or other kinases at $102
with subsequent relocation of full-length YB-1 to the nucleus.>*
Another mechanism implicates proteasome-mediated cleavage
of YB-1 between NLS and CRS and accumulation of truncated
YB-1 lacking the CRS in nuclei of DNA damaged cells.? In
addition to cell lines, accumulation of truncated YB-1 was also
observed in primary cancer cells taken from pleural fluids of
patients with various types of carcinomas, including breast, lung,
and ovarian cancers, and correlated with enhanced resistance of
these cells to DNA damaging drugs, suggesting that generation of
truncated YB-1 may be an important element of the cell defense
system activated in response to genotoxic damage.? In this study,
we performed detailed analysis of the 20S proteasome-mediated
cleavage mechanism and investigated the role of truncated YB-1
in DNA damage stress response. We established that protective
effect of YB-1 against genotoxic stress mostly results from its
more efficient nuclear import and involvement in DNA repair
and not from activation of genes responsible for multiple drug
resistance.

Results

Truncated YB-1 does not affect NIH3T3 cell proliferation
but enhances survival of doxorubicin-treated cells

To compare effects of full-length and truncated YB-1 proteins
on cell proliferation and survival during DNA damaging stress,
we generated NIH3T3 fibroblasts stably expressing HA-YB-1
(WT) or HA-YB-1 (I-219) under the doxycycline-inducible
promoter. In subsequent experiments, we used clones with
equal protein expression levels. The maximal expression of full-
length and truncated YB-1 was observed 24 h after induction
with doxycycline and remained unchanged during subsequent
cell passaging in the presence of doxycycline over a 7-d period
(Fig. 1A). As expected, analysis of nuclear and cytoplasmic
fractions showed that ~60% of full-length of YB-1 was localized
to the cytoplasm (Fig. 1B, lanes 3 and 4), while truncated
YB-1 was accumulated mainly in the nucleus (Fig. 1B, lanes 5
and 6). These results were supported by immunofluorescence
microscopy (IF) (Fig. 1C). Since elevated levels of nuclear
YB-1 were reported to be associated with increased or reduced
proliferation, depending on the cell type, as well as with drug
202426 we tested whether full-length or truncated YB-1
proteins may exhibit similar effects in our experimental system.
As seen in Figure 1D and E, neither full-length nor truncated

resistance,

YB-1 affected cell proliferation and cell cycle distribution,
indicating that the effect of YB-1 on cell growth could be
cell type-specific, and that in contrast to cancer cells, growth
of immortalized NIH3T3 cells is not significantly affected
by YB-1. The effects of YB-1 might also be influenced by its
expression levels, and our experimental system did not produce
artificially high YB-1 overexpression, which may be required to
affect proliferation.

Despite the lack of pro-proliferative effects, both YB-1
proteins endowed cells with higher resistance to doxorubicin.
Noteworthy, at lower doses of the drug both YB-1 proteins were
almost equally effective (Fig. S1A and S1B), while YB-1 (1-219)
was more efficient at higher doses (Fig. 1F and G; Fig. S1B).
Moreover, pre-treatment with the proteasome inhibitor MG132
dramatically abolished the effect of full-length YB-1 while
not affecting protective abilities of truncated YB-1 (Fig. 1F).
Therefore, protective capacity of full-length YB-1 may depend
on its proteasomal cleavage, and the truncated but not the full-
length YB-1 could be required for enhanced survival during
doxorubicin treatment.

An early marker of DNA damage is phosphorylated histone
H2A.X (yH2A.X), as its phosphorylation occurs at double-
stranded breaks a few minutes after the damage.””*® Notably,
cells expressing truncated YB-1 were less likely to have large
amounts of YH2A.X foci in the nuclei after treatment with
doxorubicin or etoposide compared with control cells, and those
with higher YB-1 levels tended to have less YH2A X foci in the
nuclei (Fig. 1H and I), in agreement with its potential function
in DNA repair. Taken together, these data indicate that YB-1,
especially the truncated one, promotes cell survival upon DNA
damaging stress.

Generation of 208 proteasome-resistant YB-1 mutants

To further study the effect of the YB-1 processing on cellular
responsiveness to DNA damage, we sought to generate YB-1 forms
resistant to proteasomal cleavage. We have shown previously that
YB-1 is cleaved by 20S proteasome after the negatively charged
glutamic acid residue E219, indicating a possible involvement of
caspase-like proteasomal activity in processing.”’ As expected,
substitution of E219 by similarly charged aspartic acid (E219D)
produced no change in YB-1 sensitivity to 20S proteasome in
vitro (Fig. 2A, lanes 10-11), while its replacement with positively
charged arginine (E219R) made YB-1 almost completely resistant
to 208 proteasome-mediated cleavage (Fig. 2A, lane 12). Neutral
amino acid residues asparagine and alanine used to substitute for
E219 (E219N and E219A) produced only partial resistance to
YB-1 cleavage by 20S proteasome.

Figure 1 (See opposite page). Effects of full-length and truncated YB-1 proteins on proliferation and survival during DNA damaging stress. (A)
Expression of HA-tagged full-length and truncated YB-1 proteins in stably transfected NIH3T3 cells was induced by doxycycline. Whole-cell extracts
were analyzed by WB using YB-1 antibodies. B-tubulin was used as loading control. (B) Nucleocytoplasmic distribution of HA-YB-1 (WT) and HA-YB-1
(1-219) was analyzed in cytoplasmic (C) and nuclear (N) fractions by WB using HA antibodies. Equal loading and fraction purity were controlled using
Histone 3 and B-tubulin antibodies. (C) Subcellular localization of full-length and truncated YB-1 in NIH3T3 cells was examined by IF using HA antibod-
ies. DAPI was used to visualize nuclei. (D) Growth curves of NIH3T3 cells expressing full-length or truncated YB-1. (E) Effect of YB-1 (WT) and YB-1 (1-219)
expression in NIH3T3 cells on cell cycle progression. (F) Cells expressing full-length or truncated YB-1 were treated with 5 WM doxorubicin in the absence
or presence of 10 wM MG132 for 14 h. Cell viability was determined by trypan blue staining (t test, P value [***] < 0.001). (G) Survival of YB-1 expressing
NIH3T3 cells treated with 5 .M doxorubicin was monitored by FACS using Pl staining. (H-1) NIH3T3 cells were transiently transfected with HA-YB-1 (1-219)
and treated with 100 M etoposide or 5 wM doxorubicin for 14 h and analyzed by IF using HA and yH2A.X antibodies, as indicated. DAPI was used to
visualize nuclei (H). Percentage of cells containing more than 50 yH2A X foci per section was determined by counting of >100 cells per field in 5 fields (I).
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Importantly, the larger (N-terminal) cleavage products
of YB-1 (WT) and (E219D) were represented by a single
polypeptide (Fig. 2B, lanes 1-2), while cleavage products of YB-1

(E219R), (E219N) and (E219A) were heterogeneous (Fig. 2B,
lanes 3-5), suggesting appearance of alternative cleavage sites,
potentially due to changes in YB-1 secondary structure. Indeed,

A B HA-YB-1
HA-YB-1 Vector  WT _ 1-219
Vector WT 1-219 C N C N C N
Doxycycl: 0 1 7 0 1 7 o0 1 7
(days) -
66+ o - —— rHA-YB-1 (WT)
FHA-YB-1 (WT) 45
15— T TR s e [ 51
35 S HA-YB-1 (1-219)
35- - HA-YB-1 (1-219)
25
25+
18 — e dHS
45_}.--------|B-tubulin ‘I
1 2 3 4 5 6 7 8 9 45_I-. — p— |B-tubu||n
1. 2 3 4 5 6
C Vector HA-YB-1 (WT) HA-YB-1 (1-219) E Vactor
A 70 —— HA-YB-1 (WT)

T—e—vector
60 {—°—HA-YB-1(WT)
—w— HA-YB-1 (1-219)

300

200

Counts

100

0 2 4 6 8 10 12 10
Time (days)

—— HA-YB-1 (219)

G1/G0
s

G2/M

" M}%Mﬂ“\{iw

T
500,000

Pl intensity (DNA content)

Doxorub.

Doxorub.

- Doxorububicin

+ Doxorububicin

F G 2 2 —— Vector
100 1 w PMGISZ o SubG1 ||| — HAYB-1 (WT)
i fl —— HA-YB-1 (219)
804 . & HA-YB-1 (WT) _ - |
*% 24 24
s A = I HA-YB-1 (1-219) g= 5 |
< !
3 0] § J l'l %{l I‘
2z i) 2 _swbet o7l ff 21 ATk 7asu i
g 9.2% § " 54.3% [0
» 1 ) 9.5% j %Y 35.7%
20 1 ) ‘Mﬁm o 'ﬁrﬁmwm
. ol P 3 o wd w W53 ol o o wd W W53
0 Pl intensity (DNA content)
H YyH2A.X |
E
5
o E 100 ] [ vector
% _ 80 - M HA-YB-1 (1-219)
() ﬁ E\: o
=] p
o
s 28 40
i g £? J
23 - 3 2 20 -
E -
o

£
S
o
=
i
o
x
[<]
(=]
L

Figure 1. For figure legend, see page 3792.
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mass spectrometry analysis revealed that apart from the peptides
2-219 and 220-324, additional fragments 2-216 and 217-324
were detected among the cleavage products of YB-1 (E219A)

(Fig. 2C), indicating that a peptide bond between the amino acid
residues 216 and 217 serves as an alternative cleavage site for 20S
proteasome. Of further note, both alternative cleavage sites, E216
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Figure 2. For figure legend, see page 3795.
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and E219, are represented by glutamic acid, pointing to a possible
involvement of the same caspase-like proteasome activity in
YB-1 cleavage (Fig. 2D). Interestingly, both YB-1 (E216A) and
(E219A), appear to be only partially resistant to 20S proteasome,
and mutation of both sites YB-1 (E216/219A) was required for
complete protection against 20S proteasomal cleavage (Fig. 2A,
lanes 14-16 and Fig. 2B, lanes 5-7). Importantly, none of the
introduced mutations affected YB-1 binding to 20S proteasome
(Fig. 2E), indicating that there are 2 distinct sites on YB-1 thatare
required for 20S proteasome binding and cleavage, respectively.
We thus identified E216 and E219 as 2 alternative cleavage sites
on YB-1, and the corresponding mutant proteins resistant to 20S
proteasome were utilized in the functional studies below.

Modeling YB-1 cleavage by 20S proteasome

We have shown previously that YB-1 is cleaved by 20S
proteasome in an ubiquitin-independent manner.”® Short
proteasome-recognition motifs targeting proteins for degradation
in the absence of polyubiquitination are known to be enriched
with proline (P), glutamic (E) or aspartic acid (D), serine (S),
and threonine (T), and thus defined as PEST motifs.*” Many
PEST-containing proteins are known to be polyubiquitinated
and degraded by the 26S proteasome, and therefore must be
recognized by the E2/E3 ligase system to become substrates
for proteolysis.® However, some PEST sequences appear to
be constitutively active proteolytic signals, for example, the
C terminus of mouse ornithine decarboxylase.* Using the
PESTFind algorithm  (http://emboss.bioinformatics.nl/cgi-
bin/emboss/epestfind), we found the highly conserved PEST
regions within YB-1, including residues 1-26, 26-52, 118-137,
170-185, 205-231, 264-279, and 304—324. Since the YB-1
(1-219) mutant was resistant to proteasome, we concluded
that the first 4 PEST-like regions on YB-1 were not involved in
recognition by 20S proteasome (Fig. 2A, compare lanes 9 and
18). By contrast, deletion of the YB-1 PEST-like region 205-231
(APEST) containing both alternative cleavage sites (E216 and
E219; Fig. 2D) resulted in complete blockade of 20S proteasomal
cleavage (Fig. 2A, compare lines 8 and 17).

Using a panel of YB-1 deletion mutants (Fig. 2F), we next
performed co-immunoprecipitation (co-IP) experiments in the
presence of the proteasome inhibitor MG132 to map a region on
YB-1 required for binding to 20S proteasome. This identified
YB-1 (WT), (1-219) and (APEST) but not (1-128) as those
interacting with 20S proteasome (Fig. 2G). Therefore, the

C-terminal YB-1 domain appears to be responsible for binding
to 20S proteasome.

In our previous study, we suggested a “hairpin loop” model for
YB-1 cleavage by 20S proteasome, implying that the unstructured
C-terminal YB-1 domain consisting of positively and negatively
charged amino acids may form a hairpin loop that could be
recognized and cleaved by 20S proteasome.” To further verify
this hypothesis, and to exclude an alternative possibility that
the C-terminal part may spontaneously go through the catalytic
cavity of 20S proteasome, thereby dragging the YB-1 cleavage
site to a 20S proteasome active center, we generated a YB-1-CSD
mutant protein containing an additional cold shock domain
(CSD) proximal to the C-terminal domain (Fig. 2F). The CSD,
which could not enter the 20S annulus due to its large size and
highly globular structure was expected to prevent the C-terminal
domain from freely entering the 20S proteasome cavity. Using
this construct, we showed that cleavage of YB-1-CSD by 20S
proteasome generated 2 fragments (Fig. 2H). Most importantly,
identical sizes of the N-terminal fragments (-32 kDa) generated
from both the WT and mutant proteins ascertained that the
additional CSD was not able to block proteasomal cleavage.
Therefore, although 20S proteasome binds to YB-1 via its
C-terminal domain, YB-1 cleavage does not involve processive
digestion of the C-terminal part and occurs endoproteolytically,
in agreement with the proposed “hairpin loop” model (Fig. 2I).

208 proteasome-non-cleavable YB-1 mutants do not increase
doxorubicin resistance

Next, we tested whether the YB-1 mutants that could not
be cleaved by 20S proteasome may protect cells against DNA
damaging agents, similar to WT YB-1. To this end, we generated
the HA-tagged N-terminal YB-1 mutants using the pcDNA3
vector suitable for protein expression in eukaryotic cells (Fig. 3A).
We first examined whether point mutations at the cleavage
sites produced any effect on YB-1 stability in cells treated with
doxorubicin. Similar to in vitro results, YB-1 (E219D) was
degraded to the extent comparable to that of the WT protein,
while levels of (E219R), (E219A) and (E216/219A) and (APEST)
mutant proteins were unchanged (Fig. 3B). The observed
cleavage is likely to be unique for YB-1, since PABP, another
major mRNA-binding protein, was not affected (Fig. 3B).

To test whether expression of the 20S proteasome cleavage-
resistant YB-1 mutants may protect cells against DNA damaging
agents, NIH3T3 cells transiently transfected with the appropriate

Figure 2 (See opposite page). Mechanism of YB-1 cleavage by 20S proteasome. (A) YB-1 proteins were incubated in the absence (left panel) or presence
(right panel) of 20S proteasome and analyzed by 12.5% SDS/PAGE and Coomassie Blue staining. (B) Magnified view of the large 35-kDa fragments from
(A). (C) Mass spectrometry analysis of YB-1(WT) (upper panel) and E219A mutant (bottom panel) cleavage products. Arrows mark peaks corresponding
to full-length protein and its major cleavage products. Asterisks in (B and C) indicate matching cleavage products. (D) Schematic representation of
alternative cleavage sites and the PEST motif on YB-1. (E) YB-1 point mutants were incubated with 20S proteasome in the presence of MG132 and YB-1-
20S proteasome complexes were precipitated using preimmune or YB-1 antibody. Co-IP was confirmed by WB using antibodies against YB-1 and a5
proteasomal subunit. (F) Schematic representation of YB-1 and its derivatives with indicated alanine/proline rich (AP), cold shock (CSD) and C-terminal
(CTD) domains. (G) Co-IP of 20S proteasome and YB-1 mutants with YB-1 antibodies was performed as in (E). (H) Cleavage of YB-1 and its derivatives by
20S proteasome and Coomassie Blue staining was performed as in (A). N-terminal (N) and C-terminal (C) cleavage products of YB-1 (WT) are indicated.
C* indicates the C-terminal cleavage product of YB-1-CSD. (I) The hairpin model for 20S proteasome-mediated YB-1 cleavage. The model depicts the
YB-1-CSD fusion protein where the additional CSD (shown in gray) was attached to the C-terminal part of YB-1, thereby placing the supposedly unstruc-
tured proline-enriched CTD between 2 globular stable CSDs. As shown in (H), this did not prevent YB-1 cleavage, thereby excluding a possibility of
processive digestion of CTD by 20S proteasome. This also indicates that the CTD may form a hairpin loop recognized by 20S proteasome, potentially
through the interaction between positively and negatively charged amino acid clusters in this domain.
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construct were treated with doxorubicin and analyzed for
cell viability. Strikingly, only cleavable YB-1 proteins, (WT)
and (E219D), exhibited significantly enhanced cell survival
(Fig. 3C), confirming a notion that YB-1 cleavage is important
for its protective activities during DNA damaging stress.
Proteasomal cleavage of YB-1 alleviates its nuclear import
The C-truncated YB-1 is known to be localized to the
nucleus?™? (see also Fig. 1C). Here, we investigated whether
proteasomal processing might be sufficient to trigger nuclear
import of YB-1 using an in vitro transport system prepared

from nuclear and cytosolic fractions of HeLa cells grown under
ambient conditions. To distinguish from endogenous YB-1 and
to avoid potential implications of posttranslational modifications
on nuclear import, we utilized the HA-tagged YB-1 proteins
synthesized in E. coli. We first tested this system using model
substrates, GST (glutathione S-transferase), which is normally
localized to the cytoplasm, and its derivate GST-NLS (GST
fusion with NLS from SV40 large T antigen). As expected,
GST-NLS was readily detectable in nuclei, while GST remained
in the cytosol and was washed away (Fig. 4A). We then tested
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Figure 3. Expression, stability, and pro-survival effects of proteasome-resistant
YB-1 mutants in cells treated with doxorubicin. (A) NIH3T3 cells were transfected
with plasmids encoding YB-1 mutants, as indicated, and 24 h later analyzed by WB
using YB-1 and B-tubulin antibodies. (B) Cells were transfected as in (A) and then left
untreated or treated with 5 .M doxorubicin for additional 14 h. Whole-cell extracts
were analyzed by WB. YB-1 was detected using HA antibodies. The numbers at the
bottom indicate averaged percentage of the remaining protein as measured from
3 independent experiments by densitometry. B-tubulin was used as a loading con-
trol, and PABP was monitored as an additional control for protein stability. (C) Effect
of YB-1 mutants on NIH3T3 cell survival after treatment with 5 wM doxorubicin for
14 h was monitored by trypan blue staining (t test, P value [**] <0.01).
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the efficacy of nuclear import of WT and 1-219 YB-1
proteins in this system. As shown in Figure 4B, only
truncated YB-1 was found in the nuclear fractions.
Considering the lack of posttranslational modifications
in these recombinant proteins produced in E. colz, these
results demonstrate that the truncation itself represents
a modification sufficient for nuclear import of YB-1,
making it readily available during DNA damaging
stress.

WT and truncated YB-1 proteins differentially
affect gene expression

According to previous reports, YB-1 may protect
cells indirectly, by inducing transcription of drug
resistance-related genes, such as MDRI, or directly,
by participating in the DNA repair process.'? We thus
investigated whether cleavage may alter DNA binding
properties of YB-1 or affect gene expression. Using
EMSA and DNA binding assay we found that binding
of truncated YB-1 to nonspecific 660-bp double-
stranded (ds) DNA was reduced by ~2-fold (Fig. 5A),
potentially due to the lack of a large portion of the
C-terminal domain required for nonspecific nucleic
acid binding. In contrast, binding of truncated YB-1
to a short Y-box-containing single-stranded (ss) DNA
was comparable to that of the WT protein (Fig. 5B),
suggesting that the truncated protein may retain similar
sequence selectivity.

Using mouse WG-6 gene expression array (Illumina),
we compared mRNA profiles derived from the cells
expressing WT or truncated YB-1 (1-219) proteins.
For analysis, we selected RNA subsets based upon their
statistical significance (P value < 0.01) and changes in
their expression levels (>1.75-fold). Based upon these
criteria, we selected 18 common genes whose expression
was changed in both cell lines (Fig. 5C; Table S1).
Interestingly, the expression changes were unidirectional
for 14 of the selected genes, whereas 4 genes exhibited
differential expression (Table S1). We also identified
56 and 21 genes in WT and truncated YB-1 expressing
cell lines, respectively, whose expression was induced
or reduced compared with control cells (Tables S2
and S3). Surprisingly, we have not identified MDRI
among the affected genes in our cell lines (Tables S4
and S5). Using DAVID Bioinformatics Database
(htep://david.abcce.ncifcrf.gov), we established that WT

YB-1 mostly affects genes associated with cytoskeleton
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and DNA metabolism, whereas truncated YB-1 influenced
genes responsible for extracellular matrix formation, signal
transduction, and apoptosis inhibition (Fig. 5D). Together, these
data indicate that YB-1 cleavage by 20S proteasome may produce
protein with altered biological activity, which may differentially
affect expression of specific subsets of genes.

Truncated YB-1 interacts and co-localizes with DNA repair
complexes

We next sought to determine whether the truncated YB-1
protein may be directly involved in DNA repair after DNA
damage. To test if truncated YB-1 may bind to doxorubicin-
modified dsDNA and mismatched DNA duplexes, we performed
EMSA using the corresponding probes. We found that both
WT and truncated YB-1 proteins exhibited similar affinity
to doxorubicin-modified dsDNA and unmodified dsDNA
(Fig. 6A). Notably, however, the truncated form was slightly more
efficient in case of DNA with mismatches compared with perfect
dsDNA (Fig. 6B, compare lanes 4 and 9), suggesting its potential
involvement in recognition and binding to damaged DNA.

We also tested a possibility that, similar to yYH2A.X, YB-1
might be mostly involved in DNA repair as a component of
DNA repair protein complexes. These complexes are known to
comprise ATM, MDC1, 53BP1, BRCAI, and MRN complex
(Mrel1-Rad50-Nbsl) among others.*** Indeed, using Flag-
tagged YB-1 (1-219), we were able to co-immunoprecipitate it
with Mrell and Rad50 from cells treated with doxorubicin or
etoposide but not from those grown under ambient conditions
(Fig. 6C). This was also confirmed by IF showing that truncated
YB-1 was co-localized with YH2H.X and Mrell in etoposide-
treated cells (Fig. 6D). These results are consistent with a notion
that truncated YB-1 functions in large DNA repair protein
complexes, which are assembled in response to DNA damage.

Discussion

Involvement of YB-1 in tumor development and progression
has long been a subject for debate. There are numerous reports
stating that ¥B-/ mRNA and protein levels are significantly
elevated in tumors of different origin.'®**% YB-1 was also
shown to be involved in improved survival of cancer cells treated
with various chemotherapeutic agents and development of
multiple drug resistance.**#** Of particular importance, YB-1
was reported to protect tumor stem cells during chemotherapy,
which may contribute to tumor recurrence.“* We showed earlier
that treatment of various cancer cells with DNA damaging agents
results in 20S proteasome-mediated cleavage of YB-1, and its
truncated form is accumulated in the nucleus. We proposed that
the truncated and not the full-length YB-1 protein may play a
major role in enhanced cancer cell survival and drug resistance.”
Here, we elucidated its role in cell defense mechanisms activated
in response to DNA damaging stress.

In earlier studies, we and others employed shorter forms
of YB-1, including (1-202), (1-204), and (1-205).2"2>%5°
Curiously, addition of only 2 amino acids to the YB-1 (1-205)
fragment was shown to diminish its transcriptional activity,
suggesting an importance of this region in regulating YB-1
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‘

GST-NLS

‘

Figure 4. YB-1 cleavage activates its nuclear import. (A and B) GST and
GST-NLS model substrates (A) or HA-YB-1 (WT) and HA-YB-1 (1-219) pro-
teins (B) were used in the in vitro nuclear transport system, as described
in “Materials and Methods". IF of nuclear and cytosolic fractions using
corresponding antibodies is shown. DAPI was used to visualize nuclei.
Note that truncated YB-1 (1-219) was mostly localized to the nuclear frac-
tion, in contrast to the WT YB-1 protein.

Control @

HA-YB-1 (WT) HA-YB-1 (1-219)

functions.” In our previous work,” we identified E219 as a
proteasomal cleavage site on YB-1. Here, using the full-length
and truncated YB-1 (1-219) proteins, we further investigated
mechanisms of 20S-mediated YB-1 processing and its functional
significance.

We found that both full-length and truncated YB-1 forms
were capable of increasing survival of cells treated with low doses
of doxorubicin. However, the truncated form was more efficient
in protecting cells treated with higher doses of doxorubicin. This
is consistent with an earlier report showing that truncated YB-1
(1-205) increased cisplatin resistance above the levels conferred
by wild-type YB-1.' Given that in contrast to the full-length
YB-1 its truncated CSD-containing derivatives are localized
exclusively to the nucleus,”>* we concluded that YB-1 cleavage
and generation of its truncated (1-219) form in response to DNA
damage could allow for its rapid nuclear translocation, where it
fulfills its functions. Supporting this notion, 20S proteasome-
resistant YB-1 mutants were not able to enhance cell survival,
and pre-treatment with proteasomal inhibitor MG132 abolished
protective activity of full-length YB-1, while not affecting pro-
survival activity of the truncated form.
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To gain further insights into potential mechanisms
underlying YB-1 activities in cell defense, we performed genome-
wide microarray analysis of gene expression in NIH3T3 cells
expressing full-length or truncated YB-1 proteins. This revealed
subsets of mMRNAs whose expression was similarly or differentially
affected by full-length and truncated YB-1, highlighting the fact
that, directly or indirectly, YB-1 cleavage may alter expression of
many genes. We believe that full-length YB-1 may exhibit rather

indirect effects on gene expression, including at the levels of
mRNA splicing, stability, and protein synthesis regulation, which
may, in turn, affect transcription. Direct involvement of YB-1
in regulating expression of some genes, including MDRI, has
recently been questioned,”? and we have not identified MDRI
among the affected genes in our cell lines (Tables S4 and S5).
The results of our study implicate truncated YB-1 in DNA
repair pathways. This is based upon our findings that enhanced
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Figure 5. Effect of YB-1 cleavage on its DNA binding properties and gene expression regulation. (A and B) YB-1 binding to nonspecific [**P]-labeled
660-nt DNA duplex (A) or 18-nt Y-box-containing ssDNA (B) was analyzed by EMSA (left panels) and filter binding assay (right panels), as described in
“Materials and Methods". (C) Venn diagram showing common and differentially expressed RNA subsets identified by microarray analysis in NIH3T3 cells
expressing WT or truncated YB-1 proteins. (D) Functional categories of genes whose expression was changed in NIH3T3 cells expressing WT or truncated
YB-1 proteins, as compared with vector alone cells. Analysis was done using DAVID Bioinformatics Resources (http://david.abcc.ncifcrf.gov).
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resistance to DNA damaging drugs in cells expressing truncated
YB-1 was also associated with reduced abundance of YH2A.X, a
marker for double-stranded DNA breaks. Moreover, in response
to doxorubicin or etoposide treatment, truncated YB-1 appears
to interact and to co-localize with key components of DNA
repair machinery, such as histone YH2A.X, Mrell, and Rad50,
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characterizing it as a functional component of multiprotein
DNA repair complexes. It should also be noted that full-length
YB-1 is known to be involved in genotoxic stress response and
to interact with many DNA repair proteins, including MSH2,
DNA polymerase delta, Ku80, and Werner syndrome (WRN)

15,16

proteins.™® It is therefore conceivable that truncated YB-1
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Figure 6. Both full-length and truncated YB-1 proteins interact with damaged DNA and DNA repair protein complexes. (A and B) Binding of YB-1 (WT)
and YB-1 (1-219) with nonspecific [**P]-labeled 660-nt dsDNA, control or modified with doxorubicin, as indicated (A), or 23-nt perfect or mismatched
DNA duplexes (B), was examined by EMSA. (C) NIH3T3 cells were transiently transfected with plasmids encoding SFB-tagged YB-1 (1-219) and 24 h
later were treated with 5 wM doxorubicin or 100 wM etoposide for 14 h. Whole-cell extracts were used for IP with streptavidin conjugated beads, and
immunoprecipitated proteins were examined by WB. (D) NIH3T3 cells transiently expressing HA-tagged YB-1 (1-219) for 24 h were treated with 100 .M
etoposide for 14 h and analyzed by IF using the indicated antibodies. Note that in response to treatment, truncated YB-1 was localized to the nuclear

speckles, together with other DNA repair proteins, such as yH2A.X and Mre11.
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preserves many activities of the full-length protein, and the main
purpose of the 20S-mediated YB-1 cleavage is to allow for its
rapid delivery into the nucleus. This could be especially important
under severe stress conditions, such as higher doses of genotoxic
agents. Blockade of YB-1 cleavage may thus be advantageous as
an adjuvant treatment during chemotherapy to enhance action of
genotoxic drugs. This possibility remains to be elucidated.

Materials and Methods

Expression constructs and recombinant proteins

YB-1 encoding plasmid pET-3-1-YB-1 (WT) was described
previously.® To generate constructs coding YB-1 mutant
proteins, deletions or point mutations were introduced by PCR,
and mutated YB-1 cDNAs were subcloned into the appropriate
vectors. Resulting constructs were verified by sequensing.
Recombinant YB-1 proteins were expressed in Escherichia coli
and purified as described previously.®>

Cell cultures, subcellular fractionation, and western blotting
(WB)

NIH3T3 cells were purchased from American Type Culture
Collection (ATCC) and maintained in Dulbecco modified Eagle
medium supplemented with 10% fetal bovine serumat 37 °Cin 5%
CO, (v/v). Transient transfection of NIH3T3 cells was performed
using Lipofectamin 2000 reagent (Invitrogen). Cell lines stably
expressing HA-YB-1 (WT) or HA-YB-1 (1-219) were generated
by sequential retroviral transduction of NIH3T3 cells with
pRevIet-On vector (Clontech) and pRevIRE-HA-YB-1 (WT)
or pRevIRE-HA-YB-1 (1-219), respectively. Overexpression of
HA-YB-1 (WT) and HA-YB-1 (1-219) was induced by addition
of 1 wg/ml of doxycycline (Sigma). Subcellular fractionation and
WB were performed as described earlier.* HA, GST, B-tubulin,
and Rad50 antibodies were purchased from Sigma. Histone 3,
vYH2A.X, Mre 11 antibodies were from Abcam, o5 from Biomol;
YB-1 antibodies were custom-made and described previously,*
and PABP antibodies were obtained from Dr N Sonenberg.

In vitro cleavage assay

Cleavage reaction was performed using 1.5 g of YB-1 proteins
and 0.1 g of 20S proteasome (BioMol) in 20 pl reaction mixture
containing 30 mM Tris-HCI (pH 7.6), 100 mM NaCl, 10 mM
CaCl,, 2 mM MgCl,, 50 uM ATP, 1 mM DTT, 10% (v/v)
glycerol. After 1 h incubation at 30 °C the reaction was stopped
by addition of 5x Laemmli sample buffer, reaction products were
resolved by SDS/PAGE and stained with Coomassie brilliant
blue R-250.

Mass spectrometry

YB-1 (WT) and YB-1 (E219A) cleaved with 20S proteasome,
as described in the previous section, were precipitated with 10%
TCA and dissolved in deionized water. Mass spectrometry was
performed using a MALDI-TOF mass spectrometer (Reflex
[I model; Bruker Analytic GmbH) with 337 nm UV laser.
YB-1 peptides were searched for among resulting peaks using
MASCOT software (Matrix Sciences).

Co-immunoprecipitation (Co-IP)

YB-1 (WT) or YB-1 fragments (100 ng each) and 20S
proteasome (100 ng) were incubated at 30 °C for 30 min in a
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total volume of 100 pl of binding buffer containing 20 mM
HEPES-KOH (pH 7.6), 100 mM KCI, 5 mM MgC1, 2 mM
DTT, 20 pM MGI132, 0.25% (v/v) Nonidet P-40. YB-1/20S
proteasome complexes were precipitated with YB-1 antibody
coupled to protein G Sepharose beads at 4 °C for 12 h. After
extensive washes, samples were eluted with 2x Laemmli buffer,
boiled, resolved by SDS/PAGE, and analyzed by WB using
antibodies against YB-1 and the a5-subunit of 20S proteasome
(BioMol). Co-IP of a C-terminal triple-epitope SFB (S protein,
Flag, and streptavidin-binding peptide)-tagged YB-1 (1-219)
with Mrell and Rad50 was performed as previously described.”
Briefly, NIH3T3 cells were transiently transfected with a plasmid
encoding SFB-YB-1 (1-219) and, 24 h later, were treated with
5 wM doxorubicin or 100 wM etoposide for 14 h. Whole-cell
extracts were subjected to IP using streptavidin conjugated beads,
and precipitated proteins were then subjected to WB.

Immunofluorescence microscopy (IF)

NIH3T3 cells overexpressing HA-YB-1 (WT) or HA-YB-I1
(I-219) were grown on coverslips up to ~50% confluency,
treated with 5 wM doxorubicin (Sigma) or 100 WM etoposide
(Sigma), fixed in 3.7% paraformaldehyde-PBS for 20 min, and
permeabilized in PBS-0.5% Triton X-100 for 20 min. For foci
visualization, cells were permeabilized with PBS-0.5% Triton
X-100 for 5 min before fixation in 3.7% paraformaldehyde-PBS
and then permeabilized for the second time with PBS-0.5%
Triton X-100 for 20 min. Coverslips were blocked with 5% goat
serum in PBS for 30 min and incubated in 0.5% goat serum-
PBS with primary antibodies for 1 h, followed by fluorophore-
conjugated secondary antibodies (Invitrogen). Slides were
assembled using Pro Long Gold antifade reagent with DAPI
(Molecular Probes) and analyzed using Leica TCS SPE confocal
microscope.

Cell counting and flow cytometry

Cells were stained with 0.4% trypan blue (Gibco) and counted
using a Countess® Automated Cell Counter (Invitrogen). For
flow cytometry (FACS) analysis, cells were collected, washed
with 1.5 ml of cold PBS (4 °C), and fixed in 1.5 ml of cold
70% ethanol (20 °C) at 4 °C for 14 h. Then cells were washed
twice with PBS and stained in 1 ml of PBS containing 50 pg/ml
propidium iodide (PI) (Sigma), 0.1% Triton X-100 (Sigma), and
1 mg/ml RNase A (Sigma) at 37 °C for 1 h and analized using a
BD Accuri C6 flow cytometer (BD Biosciences).

Clonogenic assay

Cells (1000/10 cm plate) were seeded in triplicate and treated
with increasing concentrations of doxorubicin (0-90 nM) for
14 h. Colonies were allowed to form for 8 d, then fixed in 3.7%
paraformaldehyde-PBS for 30 min at room temperature, stained
with crystal violet (0.05% w/v in water), and counted.

Electrophoretic mobility shift assay (EMSA) and filter
binding assay

A 660-nt DNA duplex was generated by PCR amplification
of the pET-3-1-YB-1(WT) fragment encoding the first 220
amino acids of YB-1 and 5’ end-labeled with [**P]-ATP using T4
polynucleotide kinase (Fermentas). Synthetic AAACTGATTG
GCCAAAAA ssDNA and 23 nt oligonucleotides were
[**P]-labeled at the 5" end by T4 polynucleotide kinase.
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Twenty-three nt ssDNA molecules were annealed to generate a
perfect duplex (5" TGTCAGCACC TGCCATCACT TCT-3’
and 5-AGAAGTGATG GCAGGTGCTG ACA-3') or a duplex
with mismatches (5-AGAAGTGATG GCAGGTGCTG ACA-
3" and 5 TGTCAGCACC CGGCATCACT TCT-3'). To
generate modified DNA, DNA duplexes were incubated with
1 M doxorubicin in 10 mM sodium phosphate buffer (pH 7.0)
at 37 °C for 14 h. The %P-labeled DNA duplexes modified or
unmodified with doxorubicin were incubated with increasing
amounts of YB-1 proteins in a final volume of 10 pl in a buffer
A containing 150 mM NaCl, 10 mM Tris-HCI, pH 7.6 at
30 °C for 10 min. DNA protein complexes were analyzed by
3.8% PAGE in 44.5 mM Tris, 44.5 mM boric acid, 10 mM
EDTA, followed by autoradiography. For filter binding assay, the
same amounts of DNA and protein were incubated in a final
volume of 50 pl of buffer A at 30 °C for 10 min. The mixture
was filtrated through a nylon/nitrocellulose membrane sandwich
(Hybond, GE Healthcare), followed by autoradiography.

Transcriptome microarray analysis

~70%-confluent cells stably expressing HA-YB-1 (WT),
HA-YB-1 (1-219), or empty vector were grown in 10-cm
plates, rinsed 3 times with PBS, and harvested in TRIzol (Life
Technologies). RNA was quantified using Nanodrop and
200 ng of total RNA was amplified by Illumina® TotalPrep™
RNA Amplification Kit (Ambion). Amplified RNA was
hybridized with Mouse WG-6 gene expression array (Illumina)
in duplicates according to Illumina protocol. Data aquisition
and analisys was done by BeadStudio software (Illumina)
using gene expression module. Average signals with detection
P values (based on Illumina replicate gene probes) >0.01 were
removed from analyses. Functional categorization of affected
genes was made using DAVID Bioinformatics Resources

(htep://david.abce.ncifcrf.gov).

In vitro transport assay

In vitro transport assay was assembled as described previously.”®
Briefly, HeLa cells were seeded onto 18 x 18 mm coverslips to
reach ~70% confluence the next day. The cells were permeabilized
with 50 pg/ml digitonin (Sigma), and soluble cytoplasm proteins
were washed off with import buffer containing 20 mM HEPES-
KOH pH 7.3, 0.11 M CH,COOK, 2 mM (CH,COO), Mg.
The coverslips were inverted over drops (10 wl) containing 5
mM creatine phosphate, 0.1 pg/l creatine phosphokinase, 0.5
mM ATP and 0.5 mM GTP, 1 ng RNase A, 0.5x HeLa cytosol
and 50 pg/ml of target protein. The reaction mixture was
incubated at 30 °C for 30 min and washed with import buffer
to remove all remaining cytosolic proteins. Cell were fixed with
4% formaldehyde and stained for GST or HA-tags. GST and
GST-NLS (SV40 large T antigen NLS) synthesized in E. coli and
purified using Glutathione Sepharose were used as controls.

Statistical analysis

Statistical significance of data was determined using 2-tailed
£ test.
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