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Abstract: Numerous reports indicate that enhanced expression of Y-box binding protein-1 (YB-1) in tumor cells is
strongly associated with tumorigenesis, aggressiveness, drug resistance, as well as poor prognosis in several types
of cancers, and YB-1 is considered to be an oncogene. The molecular mechanism contributing to the regulation of
the biological activities of YB-1 remains obscure. Sumoylation, a post-translational modification involving the cova-
lent conjugation of small ubiquitin-like modifier (SUMO) proteins to a target protein, plays key roles in the modulation
of protein functions. In this study, our results revealed that YB-1 is sumoylated and that Lys?® is a critical residue for
YB-1 sumoylation. Moreover, YB-1 was found to directly interact with SUMO proteins, and disruption of the SUMO-
interacting motif (SIM) of YB-1 not only interfered with this interaction but also diminished YB-1 sumoylation. The
subcellular localization, protein stability, and transcriptional regulatory activity of YB-1 were not significantly affected
by sumoylation. However, decreased sumoylation disrupted the interaction between YB-1 and PCNA as well as YB-
1-mediated inhibition of the MutSa/PCNA interaction and MutSa mismatch binding activity, indicating a functional
role of YB-1 sumoylation in inducing DNA mismatch repair (MMR) deficiency and spontaneous mutations. The MMR
machinery also recognizes alkylator-modified DNA adducts to signal for cell death. We further demonstrated that
YB-1 sumoylation is crucial for the inhibition of S 1-type alkylator MNNG-induced cytotoxicity, G2/M-phase arrest,
apoptosis, and the MMR-dependent DNA damage response. Collectively, these results provide molecular explana-
tions for the impact of YB-1 sumoylation on MMR deficiency and alkylator tolerance, which may provide insight for
designing therapeutic strategies for malignancies and alkylator-resistant cancers associated with YB-1 overexpres-
sion.
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Introduction

Y-box binding protein-1 (YB-1) interacts with
DNA/RNA and numerous other cellular part-
ners, and is thereby involved in the regulation
of a wide spectrum of cellular processes [1-4].
Evidences provided by extensive studies str-
ongly indicate that enhanced expression or
nuclear accumulation of YB-1 closely correlates
with tumorigenesis, tumor growth, epithelial-
mesenchymal transition (EMT), invasion, meta-

stasis, angiogenesis, chemotherapeutic resis-
tance, and cancer stemness, which contribute
to all of “the Hallmarks of Cancer” and to poor
prognosis in patients with diverse cancer [1,
5-11]. Thus, YB-1 functions as an oncogene and
is considered a potential biomarker for and
therapeutic target for various types of cancers
[5-7, 11, 12].

Various post-translational modifications (PTMs)
occur on YB-1, including ubiquitination, phos-
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phorylation, acetylation, methylation, poly(ADP-
ribosyl)ation, and O-GlcNAcylation, which mod-
ulate its biological properties and participate in
the regulation of different cellular processes [3,
11-15]. Among these modifications, phosphory-
lation of YB-1 at Ser°2, which induces its nucle-
ar translocation, regulates the transcription of
growth-related genes, causes EMT, activates
the translation of stress- and growth-related
mRNAs, and promotes drug resistance as well
as cancer stemness, is currently the most
extensively studied [2, 3, 10, 12, 13]. Notably, a
previous study indicated that zebrafish YB-1
(zfYB-1) participates in circadian control and
implicates sumoylation of zfYB-1 in the regula-
tion of this function [16]. However, whether
human YB-1is modified through the sumoylation
pathway remains unclear.

Sumoylation affects the biological properties of
target proteins and plays important roles in
diverse biological processes and diseases [17-
21]. Sumoylation involves the covalent conjuga-
tion of small ubiquitin-like modifier (SUMO) pro-
teins to specific lysine residues of a target pro-
tein through an enzymatic cascade comprising
the SUMO-activating enzyme SAE1/SAE2 (E1),
the SUMO-conjugating enzyme Ubc9 (E2), and
a SUMO E3 ligase [19, 20, 22, 23]. In human
cells, three SUMO paralogs, SUMO-1, SUMO-2,
and SUMO-3, are responsible for sumoylation
[21, 22, 24]. SUMO-2 and SUMO-3 share 97%
amino acid sequence identity [19, 21, 22], and
each contains a sumoylation site in its
N-terminal region for the formation of a poly-
SUMO chain [21, 25]. Sumoylation sometimes
occurs at a lysine residue within a consensus
Ubc9-binding motif WKxD/E (W: an aliphatic
branched amino acid; x: any residue) [19, 22];
however, the majority of sumoylated proteins
do not possess such a motif [26, 27]. In addi-
tion, the SUMO-interacting motif (SIM), with a
short hydrophobic core, mediates non-covalent
binding of SIM-containing proteins to SUMO
proteins or sumoylated factors [19, 22, 28, 29].
Many SUMO targets, such as Daxx and ubiqui-
tin-specific protease 25 (USP25), also contain a
SIM, which is essential for sumoylation of these
proteins [30, 31].

DNA mismatch repair (MMR) protects genome
integrity by correcting base mismatches and
insertion/deletion loops (IDLs) during DNA rep-
lication and other biological processes [32-35].
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MMR deficiency often leads to the accumula-
tion of spontaneous mutations and correlates
with several types of cancers [32, 36-40]. In
eukaryotic cells, MMR is initiated when MutSa
(the MSH2/MSHG6 heterodimer) recognizes sin-
gle-base mismatches or IDLs with 1-2 extraheli-
cal nucleotides, whereas MutSf (the MSH2/
MSH3 heterodimer) recognizes larger IDLs [41-
43]. Then, MMR-related factors are recruited
sequentially to eliminate error-containing DNA
and resynthesize error-free DNA [41, 42, 44-
46]. In this process, proliferating cell nuclear
antigen (PCNA) interacts with several PCNA-
interacting protein (PIP)-box-containing MMR
proteins, such as MutSa and MutSpB, which
greatly enhances MMR activity [34, 43, 44,
47]. Our previous study indicated that YB-1
interacts with PCNA and inhibits the MutSa/
PCNA interaction, thereby preventing MutSa
from recognizing mismatches and resulting in
MMR deficiency [48]. Thus, YB-1 serves as a
negative regulator of MMR and predisposes
cells to genomic instability with an increased
frequency of spontaneous mutation.

MMR is also responsible for recognizing alkyl-
ator-modified DNA and sensitizes cells to treat-
ment with alkylators, such as the S 1-type
mono-functional alkylators Temozolomide and
N-methyl-N"-nitro-N-nitrosoguanidine (MNNG)
[32, 49-51]. Among the several methylated
base adducts, O%-methylguanine (0%-meQG) is
the most mutagenic and cytotoxic lesion [49,
52] and is repaired by 0%-meG-DNA methyl-
transferase (MGMT). However, transferring the
methyl group of 0°-meG to the active site of
MGMT results in the inactivation of this enzyme
[52]. Unrepaired 0%-meG can pair with thymine
(T) bases during DNA replication to form
08-meG:T mismatches, which are recognized by
MutSa to initiate MMR and activate the DNA
damage response [32, 49-51, 53]. The “futile
repair cycle” and “direct sighaling” models have
been proposed to explain the molecular mech-
anism of the MMR-dependent DNA damage
response. Upon alkylator insult, several compo-
nents of DNA damage response signaling, such
as ataxia telangiectasia mutated (ATM), ATM-
and Rad3-related (ATR), checkpoint kinase 1
(Chk1), and Chk2, are activated, which ulti-
mately induces cell cycle arrest and cell death
[32, 49-51]. Hence, MMR-deficient tumors
exhibit alkylator tolerance with increased cell
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viability after alkylator-based chemotherapy
[49, 51, 54].

In this study, we found that YB-1 is modified by
the sumoylation pathway, possibly through its
direct interaction with SUMO proteins. The
important SUMO acceptor lysine residues and
a putative SIM in YB-1 were identified, and the
integrity of the SIM was found to be crucial for
YB-1 sumoylation. Interestingly, our results indi-
cated that the sumoylation level of YB-1 is posi-
tively correlated with its PCNA binding affinity,
suggesting a regulatory role of YB-1 sumoylation
in YB-1-mediated MMR deficiency. Our observa-
tions supported this hypothesis. Sumoylation
of YB-1 is important for its inhibition of the
MutSa/PCNA interaction and the mismatch
binding activity of MutSa, which plays a func-
tional role in increasing the spontaneous muta-
tion frequency. In addition, YB-1 and its sumo-
ylation reduce cell susceptibility to MNNG treat-
ment, which induces early escape from G2/M-
phase arrest, inhibits apoptosis, and suppress-
es the MMR-dependent DNA damage response.
These findings may provide mechanistic expla-
nations for YB-l-induced tumorigenesis and
alkylator tolerance.

Materials and methods
Plasmids

The plasmids pcDNA3/HA-YB-1, pGST-YB-1,
and pCMV2/FLAG-YB-1 have been described
previously [48, 55]. Lysine-to-arginine (K/R) or
valine-to-alanine (V/A) substitution of specific
amino acid residues in the YB-1 coding sequ-
ence in pcDNA3/HA-YB-1, pGST-YB-1, or pCM-
V2/FLAG-YB-1 was carried out by using a
QuikChange Lightning Site-Directed Mutagene-
sis Kit (Stratagene, La Jolla, CA, USA) with prop-
er plasmid templates and primers according to
the manufacturer’s instructions. The sequenc-
es of the primers used for oligonucleotide-
directed mutagenesis are listed in Table S1.
The pcDNA3/His-SUMO-1 plasmid was kindly
provided by Dr. Tzu-Hao Cheng (Institute of
Biochemistry and Molecular Biology, National
Yang Ming Chiao Tung University, Taipei, Tai-
wan). The pcDNA3/His-SUMO-2 and pcDNA3/
His-SUMO-3 plasmids were constructed by
replacing the SUMO-1 complementary DNA
(cDNA) fragment in pcDNA3/His-SUMO-1 with
the BamHl/Xhol-digested full-length SUMO-2
or SUMO-3 cDNA fragment, respectively. The
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pcDNA-SRo/FLAG-Ubc9 plasmid was generat-
ed by insertion of the full-length Ubc9 cDNA
fragment into the EcoRI/Apal-digested pcDNA-
SRa/FLAG vector [56]. The GST-YB-1 deleti-
on constructs pGST-YB-1/1-60, pGST-YB-1/61-
125, pGST-YB-1/61-130, pGST-YB-1/126-324,
pGST-YB-1/130-230, and pGST-YB-1/231-324
were generated by insertion of a PCR-amplified
BamHI/Xhol-digested fragment of the indicat-
ed YB-1 coding region into the BamHIl/Xhol-
digested pGEX-5X-1 vector (GE Healthcare,
Chicago, IL, USA). To generate the bacterial His-
tagged SUMO paralog expression constructs,
the plasmids pET28a/His-SUMO-1 and pET-
28a/His-SUMO-3 were constructed by insert-
ing a cDNA fragment of full-length SUMO-1 and
SUMO-3, respectively, into the BamHI/Xhol-
digested pET28a vector (Novagen, Madison,
WI, USA). The reporter plasmid pMDRP1.5-Luc
was constructed by insertion of a Xhol/Hindlll-
digested fragment of the human multidrug re-
sistance-1 (MDR-1) upstream promoter (nucle-
otide positions -1500 to +1 relative to the tran-
scription initiation site) into the Xhol/Hindlll-
digested pGL2-Basic vector (Promega, Madi-
son, WI, USA). The promoter region of MDR-1
was PCR amplified from pMDRP1.7-CAT [57].

Antibodies

The following antibodies were used in this
study: anti-hemagglutinin (HA) tag (MMS-101R,
Covance, Emeryville, CA, USA), anti-HA-peroxi-
dase (#12013819001, Roche Applied Science,
Indianapolis, IN, USA), anti-FLAG tag (ab1257,
Abcam, Cambridge, UK), anti-His tag (#70796-
4, Novagen, Madison, WI, USA), anti-YB-1
(@b76149, Abcam), anti-SUMO-1 (ab32058,
Abcam), anti-SUMO-3 (ab34661, Abcam), anti-
PCNA (sc-56, Santa Cruz Biotechnology, Dallas,
TX, USA), anti-MSH6 (#610919, BD Biosciences,
Lexington, KY, USA), anti-MSH2 (Ab-2, Calbio-
chem, Darmstadt, Germany), anti-ATR (A300-
138A, Bethyl Laboratories, Montgomery, TX,
USA), anti-ATM (A300-299A, Bethyl Laborato-
ries), anti-Chk1 (sc-8408, Santa Cruz Biotech-
nology), anti-Chk2 (#6334, Cell Signaling Tech-
nology, Danvers, MA, USA), anti-H2A.X (#2595,
Cell Signaling Technology), anti-phospho-ATR
(Ser*?®, #2853, Cell Signaling Technology), an-
ti-phospho-ATM (Ser®8t, #5883, Cell Signal-
ing Technology), anti-phospho-Chk1l (Ser3*°,
#2348, Cell Signaling Technology), anti-phos-
pho-Chk2 (Thr®8, #2197, Cell Signaling Techno-
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logy), anti-phospho-H2A.X (Ser3®, #9718, Cell
Signaling Technology), anti-MGMT (sc-166491,
Santa Cruz Biotechnology), and anti-B-actin
(AC-15, Sigma-Aldrich, St. Louis, MO, USA). The
production of anti-GST-YB-1 antibodies has
been described previously [48]. Purified full-
length His-SUMO-1 and His-SUMO-3 were also
used for the generation of rabbit polyclonal
anti-SUMO-1 and anti-SUMO-3 antibodies,
respectively (LTK BioLaboratories, New Taipei
City, Taiwan).

Cell culture, plasmid transfection, and estab-
lishment of permanent cell lines

Human embryonic kidney HEK293T and human
cervical adenocarcinoma Hela cells were cul-
tured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% inactivated
fetal bovine serum (#10437-028, Gibco, Grand
Island, NY, USA), 1% non-essential amino acids,
100 units/ml penicillin, and 100 pg/ml strepto-
mycin. Cells were incubated in a humidified
incubator (Forma 301, Thermo Fisher Scientific,
Marietta, OH, USA) at 37°C with 5% CO,.
Plasmids were transfected into HEK293T or
HelLa cells by the calcium phosphate copre-
cipitation method as previously described [58].
Cells were washed twice with phosphate-buff-
ered saline (PBS) 16-20 h after transfection.
HelLa cells were also transfected with Lipo-
fectamine 2000 transfection reagent accord-
ing to the manufacturer’s instructions (Invi-
trogen, Karlsruhe, Germany), and the cells were
washed once with PBS 6 h after transfection.
To establish the cells lines with stable wild-type
or mutant YB-1 overexpression and the corre-
sponding vector control cell lines, plasmids
expressing wild-type or mutant HA-YB-1 and the
HA vector were transfected into Hela cells with
Lipofectamine 2000 transfection reagent.
Twenty-four hours post transfection, cells (10°
cells/10-cm dish) were reseeded and selected
using 450 pg/ml G418 (#11811, Gibco) for 14
days. Single colonies of G418-resistant cells
were picked and amplified, and the expression
levels of wild-type and mutant YB-1 were exam-
ined by western blotting.

In vivo sumoylation assay

The in vivo sumoylation assay was perform-
ed as previously described [59]. Forty-eight
hours post transfection, HEK293T cells were
harvested with PBS in the presence of 10 mM
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N-ethylmaleimide (Sigma-Aldrich) and separat-
ed into two aliquots. One aliquot was used to
analyze the expression of transfected proteins
by western blotting with the appropriate anti-
bodies. The other aliquot of the cell pellet was
resuspended in buffer A (6 M guanidinium-HClI,
0.1 M Na,HPO,/NaH,PO,, 0.01 M Tris-Cl [pH
8.0], 10 mM N-ethylmaleimide, 5 mM imidaz-
ole, 0.1% NP-40, and 0.1% 2-mercaptoethanol),
and cell lysates (500-800 pg) were incubated
with 20 pl of Ni-NTA beads (Novagen) for 4 h at
room temperature. The beads were then
washed twice with buffer A, buffer B (8 M urea,
0.1 M Na,HPO,/NaH,PO,, 0.01 M Tris-Cl [pH
8.0], 0.1% NP-40, and 0.1% 2-mercaptoetha-
nol), and buffer C (8 M urea, 0.1 M Na,HPO,/
NaH,PO,, 0.01 M Tris-CI [pH 6.3], 0.1% NP-40,
and 0.1% 2-mercaptoethanol). The proteins
bound to the beads were eluted with buffer D
(200 mM imidazole, 0.15 M Tris-Cl [pH 6.7], 0.2
M dithiothreitol, 5% sodium dodecyl sulfate,
and 30% glycerol) and analyzed by western
blotting with anti-HA-peroxidase antibodies.

Purification of recombinant protein, in vitro
sumoylation assay, and in vitro binding assay

The steps for purification of recombinant wild-
type and mutant GST-YB-1 fusion proteins as
well as His-tagged SUMO-1 and SUMO-3 in E.
coli BL21 (DE3) were described previously [58].
The in vitro sumoylation assay was conducted
with the GST-YB-1 variants by using the
SUMOIink SUMO-1 Kit (#40120, Active Motif,
Carlsbad, CA, USA) and SUMOIlink SUMO-2/3
Kit (#40220, Active Motif) according to the
manufacturer’s instructions. For the in vitro
binding assay, 20 ul of glutathione-Sepharose
4B beads (GE Healthcare) containing GST or
the GST-YB-1 variants was incubated with His-
tagged SUMO-1 or SUMO-3 protein in PBS con-
taining 0.5% NP-40 and 100 mM imidazole at
4°C for 3 h. The beads were washed and treat-
ed with sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) sample buffer,
and the eluted proteins were analyzed by west-
ern blotting with an anti-SUMO-1 or anti-
SUMO-3 antibody. Alternatively, an in vitro bind-
ing assay was carried out by incubating purified
GST-YB-1 variants and His-SUMO-3 in PBS con-
taining 0.5% NP-40 and 100 mM imidazole at
4°C for 3 h. Then, 20 pl of Ni-NTA beads
(Novagen) was added and incubated at 4°C for
30 min. The beads were washed and treated
with SDS-PAGE sample buffer, and the eluted
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proteins were analyzed by western blotting with
anti-GST-YB-1 antibodies.

Immunofluorescence staining and confocal
microscopy

HelLa cells were transfected with plasmids
expressing HA-YB-1 variants by Lipofectamine
2000 transfection reagent. Forty-eight hours
post transfection, the cells were reseeded on
coverslips and incubated overnight. Cells were
fixed with precooled (-20°C) methanol:acetone
(1:1), incubated with 5% BSA/PBS at 4°C for 1
h, and subsequently incubated first with an
anti-HA tag primary antibody at 4°C overnight
and then with Alexa Fluor 488-conjugated goat
anti-mouse 1gG as the secondary antibody
(A-11001, Invitrogen) at room temperature for
1 h. The primary and secondary antibodies
were diluted in PBS containing 1% BSA. Then,
nuclei were stained with 4’,6-diamidino-2-phe-
nylindole (DAPI), and the coverslips were
mounted with Dako fluorescence mounting
medium (S3023, Agilent Technologies, Santa
Clara, CA, USA). Images were acquired with a
multiphoton confocal microscope system (TCS-
SP5-X AOBS, Leica, Germany).

Protein half-life assay and reporter activity as-
say

A protein half-life assay similar to that previ-
ously described was performed [55]. Briefly,
HelLa cells were transfected with plasmids
expressing the HA-YB-1 variants by the calcium
phosphate coprecipitation method. Forty-eight
hours post transfection, the cells were treated
with 100 pg/ml cycloheximide (Sigma-Aldrich)
and then harvested at the indicated time
points. The protein levels of the HA-YB-1 vari-
ants were analyzed by western blotting with an
anti-HA tag antibody. For analysis of luciferase
activity, HelLa cells (2 x 10° cells/well of a
6-well plate) were transfected with pMDRP1.5-
Luc alone or together with different amounts of
plasmid expressing HA-YB-1 or HA-YB-1/K26R
by the calcium phosphate coprecipitation me-
thod. Forty-eight hours post transfection, a
luciferase assay was carried out as previously
described [60].

Subcellular fractionation and biotinylated DNA
pull-down assay

Nuclear extracts were prepared according to
the method described previously [60]. A bioti-

5466

nylated DNA pull-down assay was performed as
described previously [48], except that nuclear
extracts of cells with stable overexpression of
wild-type or mutant HA-YB-1 and the corre-
sponding vector control cells were used.

Co-immunoprecipitation

To examine the interactions between PCNA and
YB-1 variants, HEK293T cells were transfected
with the FLAG vector or plasmids expressing
the FLAG-YB-1 variants. Forty-eight hours post
transfection, the cells were resuspended in
lysis buffer (0.5% NP-40, 10 mM N-ethylma-
leimide, and 1 x protease inhibitor cocktail in
PBS), and cell extracts (500 pg) were immuno-
precipitated with 20 ul of anti-FLAG M2 mag-
netic beads (Sigma-Aldrich) at 4°C overnight.
The beads were washed three times with lysis
buffer and treated with SDS-PAGE sample buf-
fer. Proteins bound to the beads were analyzed
by western blotting with anti-FLAG tag and anti-
PCNA antibodies. To investigate complex for-
mation among PCNA, MutSa, and YB-1 vari-
ants, nuclear extracts (250 pg) of cells with
stable overexpression of wild-type or mutant
HA-YB-1 and the corresponding vector control
cells were incubated with 2 pg of an anti-PCNA
antibody in co-immunoprecipitation buffer (5
mM HEPES-KOH (pH 7.9), 80 mM NaCl, 0.25%
NP-40, 0.25 mM MgCl,, 0.1 mM EDTA, 0.1 mM
EGTA, 10 mM N-ethylmaleimide, and 1 x prote-
ase inhibitor cocktail) at 4°C overnight. Then
20 ul of Protein G-Sepharose beads (GE
Healthcare) was added and incubated at 4°C
for 3 h. After washing three times with co-
immunoprecipitation buffer, the bound frac-
tions were eluted in SDS-PAGE sample buffer
and subjected to western blotting with anti-
MSHG, anti-MSH2, anti-HA tag, and anti-PCNA
antibodies.

QOuabain resistance assay and colony forma-
tion assay

To evaluate the spontaneous mutation fre-
quency, mutations in the Na*/K* ATPase ol
subunit resulting in ouabain-resistant cells
were analyzed by an ouabain resistance assay
as previously described [48], except that cells
with stable overexpression of wild-type or
mutant HA-YB-1 and the corresponding vector
control cells were used. For the colony forma-
tion assay, cells were incubated overnight in
complete medium with or without 25 uM
08-benzylguanine. Before 3 h of MNNG treat-
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ment, another dose of 0%-benzylguanine was
added to the 0°%-benzylguanine-treated cells.
Then, the cells were treated with 0.05 uM
MNNG for 3 h. The cells treated with MNNG
only were reseeded at a density of ~300 cells
per 10-cm dish in complete medium, while the
08-benzylguanine/MNNG-treated cells were re-
seeded at ~1200 cells per 10-cm dish in com-
plete medium containing 25 uM 08%-benzylgu-
anine. During the subsequent 14 days of incu-
bation, the culture medium was replaced every
2 or 3 days, and medium containing 25 uM
08-benzylguanine was used for 0%-benzylgua-
nine/MNNG-treated cells. Colonies were fixed
with 1:1 acetone:methanol and stained with
0.05% crystal violet.

Flow cytometric analyses of DNA content and
apoptosis

For analysis of MNNG-induced G2/M-phase
arrest, cells with stable overexpression of wild-
type or mutant HA-YB-1 and the corresponding
vector control cells were treated with 25 yM
08-benzylguanine and 0.05 yM MNNG as de-
scribed above. At the indicated time points
after MNNG treatment, cells were collected by
trypsinization, resuspended in PBS, fixed with
absolute ethanol by dropwise application to a
final concentration of ~70%, and incubated at
-20°C overnight. Cells were stained with PBS
containing 50 pg/ml propidium iodide, 0.1%
Triton X-100, and 200 pg/ml DNase-free RNase
A at room temperature for 30 min. Stained cells
were analyzed by using a FACSCalibur flow
cytometer (BD Biosciences). Analysis of the cell
population in each cell cycle phase was per-
formed by ModFit LT 5.0 software (Verity
Software House, Topsham, ME, USA). For analy-
sis of MNNG-induced apoptosis, cells were
treated with 25 yM 08-benzylguanine and 0.05
UM MNNG as described above and collected at
96 h post MNNG treatment. Cells were stained
by using an Annexin V-FITC Apoptosis Detection
Kit (Strong Biotech, Taipei, Taiwan) according to
the manufacturer’s instructions. Analysis of
apoptotic cells was carried out by using a
FACSCalibur flow cytometer (BD Biosciences).

Results
YB-1 is sumoylated by three SUMO paralogs

An in vivo sumoylation assay, as previously
described [59], was established in our labora-
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tory. In this method, His-tagged SUMOs and
HA-tagged target protein were exogenously
expressed in cells. Then, the cells were lysed
under denaturing conditions in the presence of
the isopeptidase inhibitor N-ethylmaleimide,
and sumoylated proteins were captured on
Ni-NTA beads and analyzed by immunoblotting
with an anti-HA tag antibody. To assess wheth-
er YB-1 can be modified by SUMO proteins,
plasmids expressing HA-YB-1, His-SUMO-3,
and FLAG-Ubc9 were co-transfected in differ-
ent combinations into HEK-293T cells, and the
cell lysates were then used for the in vivo
sumoylation assay. An HA-tagged protein spe-
cies that exhibited an increased molecular
weight of ~20 kDa, similar to that of SUMO-
modified HA-YB-1, was observed (Figure 1A,
lane 3), implying that SUMO-3 can be conjugat-
ed to YB-1. The amount of this HA-tagged pro-
tein species was increased by overexpression
of the E2 SUMO-conjugating enzyme Ubc9
(Figure 1A, compare lane 4 to lane 3) and was
also detected by an anti-YB-1 antibody when
the same western blot membrane was rep-
robed with this antibody. These findings indi-
cate that YB-1 is a target of the sumoylation
pathway.

Next, we investigated whether other SUMO par-
alogs can be conjugated to YB-1. To this end, a
similar in vivo sumoylation assay was carried
out, and plasmids expressing His-SUMO-1 and
His-SUMO-2 were also used in this experiment.
As shown in Figure 1B, higher-molecular-weight
HA-YB-1 species were detected when cells were
co-transfected with plasmids expressing HA-YB-
1 and His-SUMOs (lanes 3, 5, and 7), and the
abundances of these species were increased
by overexpression of Ubc9 (compare lanes 4, 6,
and 8 to lanes 3, 5, and 7, respectively). These
results revealed that SUMO-1, SUMO-2, or
SUMO-3 can be conjugated to YB-1.

Lys?® plays an important role in YB-1 su-
moylation

To address the possible roles of YB-1 sumoyla-
tion in cellular processes, we identified SUMO
acceptor lysine residue(s) in YB-1. YB-1 does
not contain the typical WKxD/E motif for SUMO
conjugation, but it possesses two non-canoni-
cal (TK®'ED and EK'°NE) sumoylation sites and
one inverted (ETK3%4A) sumoylation site (Figure
2A), as predicted by GPS-SUMO 1.0 software
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Figure 1. YB-1 can be sumoylated in vivo. (A) Plasmids expressing HA-YB-1,
His-SUMO-3, and FLAG-Ubc9 were co-transfected into HEK293T cells as in-
dicated. To isolate His-SUMO-conjugated proteins, cells were harvested 48
h post transfection and subjected to an in vivo sumoylation assay in the
presence of N-ethylmaleimide. Proteins bound to the beads were analyzed
by western blotting with an anti-HA-peroxidase antibody (lanes 1-4), and
the same blot was then stripped and reprobed with an anti-YB-1 antibody
(lanes 5-8). To confirm the expression of transfected proteins, whole-cell ly-
sates were analyzed by immunoblotting using antibodies against the HA tag,
SUMO-3, the FLAG tag, and B-actin. (B) An in vivo sumoylation assay simi-
lar to that described in (A) was performed, except that plasmids expressing
His-SUMO-1 and His-SUMO-2 were also used (lanes 1-8). Whole-cell lysates
were subjected to western blotting using antibodies against the HA tag, the
His tag, the FLAG tag, and B-actin (lanes 9-16). B-Actin was used as a load-

by using an in vivo sumoylation
assay. Among these mutants,
YB-1/K26.301.304R exhibit-
ed the lowest sumoylation
level (Figure S1B, lane 18;
Figure 2B, lane 7; Figure 2C,
lane 7). Notably, the su-
moylation status of both
YB-1/K26.301R and YB-1/
K26.304R was similar to that
of YB-1/K26R (compare lanes
5 and 6 with lane 3 in Figu-
re 2B and 2C), and YB-1/
K301.304R was modified by
SUMOs to levels similar to
those of wild-type YB-1 (com-
pare lane 4 with lane 2 in
Figure 2B and 2C). These
observations suggested that
Lys?® is important for YB-1
sumoylation and that simulta-
neous mutations in Lys?,
Lys®%t, and Lys3% of YB-1 have
the most significant effect on
its sumoylation.

The sumoylation status of
YB-1 was further confirmed by

ing control.

(http://sumosp.biocuckoo.org/). By using an in
vivo sumoylation assay with plasmids express-
ing HA-YB-1/K81R, HA-YB-1/K170R, HA-YB-1/
K301.304R, and HA-YB-1/K81.170R, we found
that the sumoylation status of these YB-1
mutants was not altered when these lysine (K)
residues were substituted with arginine (R)
(Figure S1A, lanes 7, 14, 17, and 18). However,
the sumoylation level of YB-1/K26R was signifi-
cantly reduced in cells overexpressing either
His-SUMO-1 (Figure 2B, lane 3 and Figure S1A,
lane 3) or His-SUMO-3 (Figure 2C, lane 3), indi-
catingthat Lys?®is important for the sumoylation
of YB-1. As YB-1 sumoylation was not complete-
ly disrupted by the K26R mutation, there might
be additional sumoylation sites in YB-1. To fur-
ther clarify the roles of sumoylation in the bio-
logical functions of YB-1, the SUMO acceptor
lysine residue(s) other than Lys?® in YB-1 were
explored. Thus, multiple K/R mutants of HA-YB-
1, in addition to the K26R mutation, were
expressed, and the sumoylation status of these
multiple K/R HA-YB-1 variants was evaluated
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using an in vitro sumoylation
assay with purified GST-YB-1
and its variants (Figure 2D).
As shown in Figure 2E, GST-YB-1 was sumoylat-
ed by the three SUMO paralogs in vitro, and two
major higher-molecular-weight species repre-
senting sumoylated GST-YB-1 were observed
(lanes 2-4). In the sumoylation reactions with
GST-YB-1/K26R and SUMO-2 or SUMO-3, the
abundance of the upper higher-molecular-
weight species was reduced (lanes 7-8) com-
pared to that of GST-YB-1 (lanes 3-4), while this
upper species was not detected in the reaction
with GST-YB-1/K26R and SUMO-1 (lane 6). As
SUMO-1 does not contain a WKxD/E motif and
is unable to form poly-SUMO chain like SUMO-
2/3 can [61], this finding indicated that there
are additional SUMO acceptor lysine residues
other than Lys?® in YB-1. In line with this obser-
vation, the higher-molecular-weight species
were absent in the reaction with GST-YB-1/
K26.301.304R (Figure 2F, lanes 5-7), strength-
ening the conclusion that simultaneous muta-
tions in Lys?®, Lys3°1, and Lys3%* greatly affect
YB-1 sumoylation.
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Figure 2. Lys?® is an important SUMO acceptor lysine residue in YB-1. (A) Schematic diagram of the protein structure
of YB-1, which consists of an N-terminal alanine/proline-rich domain (A/P domain), a central cold shock domain
(CSD), and a C-terminal domain (CTD). The open circles represent the positions of 16 lysine residues in YB-1. The po-
tential sumoylation sites predicted by GPS-SUMO 1.0 software are shown. The positions and amino acid sequences
of the PCNA-interacting protein-box (PIP-box) and the putative SUMO-interacting motif (SIM) are also indicated.
(B, C) An in vivo sumoylation assay similar to that described in Figure 1 was carried out with plasmids expressing
wild-type HA-YB-1 and its lysine (K)-to-arginine (R) mutants as well as a construct expressing His-SUMO-1 (A) or His-
SUMO-3 (B). The expression of transfected proteins in the whole-cell lysates was analyzed by immunoblotting using
antibodies against the HA tag, SUMO-1, SUMO-3, and B-actin. 3-Actin was used as a loading control. (D) Purified
GST, GST-YB-1, GST-YB-1/K26R, and GST-YB-1/K26.301.304R were analyzed by SDS-PAGE and Coomassie brilliant
blue (C.B.) staining. (E, F) In vitro sumoylation of purified GST-YB-1, GST-YB-1/K26R, and GST-YB-1/K26.301.304R
(1 pg/reaction) was carried out with SUMOlink SUMO-1 and SUMO-2/3 Kits. The reaction mixture was resolved by
SDS-PAGE and analyzed by western blotting using an anti-GST-YB-1 (E) or anti-YB-1 (F) antibody. Sumoylated GST-
YB-1 and its variants are indicated by arrows and arrowheads.

The YB-1/SUMO interaction is important for pates in YB-1 sumoylation. To this end, an in
YB-1 sumoylation vitro binding assay was performed using re-
combinant GST and GST-YB-1 along with His-
As a typical Ubc9-binding WKxD/E motif for SUMO-1 or His-SUMO-3, and direct interactions
SUMO conjugation was not found in YB-1 and between GST-YB-1 and His-SUMO-1 or SUMO-3
the interaction between YB-1 and Ubc9 was were observed (Figure 3A, lane 5). This finding
not observed in this study (Figure S2), YB-1 demonstrated that YB-1 directly interacts with
might be sumoylated by molecular mechanisms SUMO paralogs, implying that YB-1 might pos-
other than direct interaction with Ubc9 [22]. sess a SUMO-interacting motif (SIM).
Therefore, we investigated the possibility that
YB-1 interacts with SUMO proteins and sought Because no consensus SIM was identified,
to determine whether this interaction partici- YB-1 might contain a SIM variant. To delineate
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Figure 3. Direct interactions between YB-1 and SUMO proteins contribute to the sumoylation of YB-1. (A) Purified
His-SUMO-1, His-SUMO-3, GST, and GST-YB-1 were analyzed by SDS-PAGE and Coomassie brilliant blue (C.B.) stain-
ing. An in vitro binding assay was performed with glutathione-Sepharose 4B beads-bound GST or GST-YB-1 with His-
SUMO-1 or His-SUMO-3. Proteins bound to the beads were analyzed by western blotting using an antibody against
SUMO-1 or SUMO-3. (B) An in vitro binding assay was carried out with purified GST-YB-1 truncation mutants and His-
SUMO-3. Ni-NTA beads were added to isolate GST-YB-1/His-SUMO-3 complexes, and proteins retained on the beads
were analyzed by western blotting using an anti-GST-YB-1 antibody. The lower panel shows Coomassie brilliant blue
(C.B.) staining of purified proteins. (C) An in vitro binding assay similar to that described in (A) was conducted, except
purified GST-YB-1/V113.114A, and GST-YB-1/V131.133A were also included. The lower panel shows Coomassie
brilliant blue (C.B.) staining of purified proteins. (D) HEK293T cells transfected with plasmids expressing HA-YB-1,
HA-YB-1/V113.114A, and HA-YB-1/V131.133A, as well as His-SUMO-1 or His-SUMO-3, were subjected to an in vivo
sumoylation assay (lanes 1-8). Whole-cell lysates were analyzed by western blotting using antibodies against the HA
tag, SUMO-1, SUMO-3, and B-actin to confirm the expression of transfected proteins (lanes 9-16). B-Actin was used
as a loading control.

the SUMO-binding region in YB-1, several GST- subjected to an in vitro binding assay. As shown
YB-1 truncation mutants were generated and in Figure 3B, in addition to interacting with full-
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length GST-YB-1 (lane 3), His-SUMO-3 interact-
ed with GST-YB-1/126-324 and GST-YB-1/
130-230 (lanes 7 and 8), but not with GST (lane
2) or the other GST-YB-1 truncation variants
(lanes 4-6 and 9). This result revealed that
SUMO-3 associates with YB-1 in the region con-
taining amino acid residues 130-230. Within
this YB-1 coding region, a small motif with two
valine residues (GV'3'PV'33QG) was observed.
To explore the importance of this motif in the
YB-1/SUMO interaction, the two valine residues
in this motif were substituted with alanine to
generate the GST-YB-1/V131.133A mutant.
Because another motif (DV**3V**EG) contain-
ing two valine residues was located outside this
region, the GST-YB-1/V113.114A mutant was
also generated as a control in the in vitro bind-
ing assay. As shown in Figure 3C, the binding
affinity of GST-YB-1/V131.133A for both His-
SUMO-1 and His-SUMO-3 was reduced relative
to that of GST-YB-1 (compare lane 5 with lane
3), while that for GST-YB-1/V113.114A was not
significantly affected. Thus, the motif contain-
ing Val*3* and Val'®*® is crucial for the YB-1/
SUMO interaction.

Next, we examined whether the integrity of the
motif containing Val*3! and Val**? is crucial for
YB-1 sumoylation by using an in vivo sumoylation
assay with plasmids expressing HA-YB-1 with
the V113.114A and V131.133A mutations. As
shown in Figure 3D, YB-1/V131.133A was
modified by both SUMO-1 and SUMO-3 to a
lesser extent than YB-1 (compare lane 4 with
lane 2 and lane 8 with lane 6), but this was not
the case for YB-1/V113.114A (lanes 3 and 7).
These results indicated that the integrity of the
Val**t/Val***-containing motif of YB-1 is impor-
tant for its sumoylation.

The subcellular localization, protein stability,
and transcriptional regulatory activity of YB-1
are not significantly affected by sumoylation

Post-translational modification provides an
efficient and rapid way to change the proper-
ties or activity of a target protein, such as alter-
ation in its subcellular localization, protein
stability, or function [62, 63]. To determine
whether YB-1 sumoylation affects its subce-
llular localization, plasmids expressing HA-YB-
1, HA-YB-1/K26R, HA-YB-1/K301.304R, and
HA-YB-1/K26.301.304R were transfected into
Hela cells, which were then subjected to an
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indirect immunofluorescence assay with an
anti-HA antibody. The distribution patterns of
these wild-type and mutant YB-1 proteins were
similar, as determined by confocal microscopy,
and these proteins were localized mainly in the
cytoplasm (Figure 4A). To investigate whether
the protein stability of YB-1 is altered by
sumoylation, HelLa cells transfected with the
same set of plasmids expressing the wild-type
and mutant HA-YB-1 proteins described above
were treated with the translation inhibitor cyclo-
heximide for different periods of time. We found
that the half-lives of YB-1, YB-1/K26R, and
YB-1/K301.304R were similar, ranging from
9.53 to 9.66 h, whereas a slight reduction
in the half-life of YB-1/K26.301.304R was
observed (8.31 h, Figure 4B). In addition, the
expression of YB-1 has been reported to be cor-
related with the expression of MDR-1 in several
cell types [1, 2, 10]. To examine the effect of
YB-1 sumoylation on its transcriptional regula-
tory activity, HelLa cells were co-transfected
with a reporter construct containing the MDR-1
promoter and a plasmid expressing HA-YB-1 or
HA-YB-1/K26R. We found that YB-1 and YB-1/
K26R exhibited a similar ability to up-regulate
MDR-1 promoter activity (Figure 4C). Together,
these observations suggested that the reduc-
tion in the sumoylation level does not have a
significant impact on the subcellular localiza-
tion, protein stability, and transcriptional regu-
latory activity of YB-1.

YB-1 sumoylation enhances PCNA binding but
inhibits MutSa mismatch binding activity

The protein-protein interaction activity of a tar-
get protein might be affected by its sumoylation
[62]. Our previous study indicated that YB-1
competes with MutSa for binding to PCNA
and inhibits MutSa mismatch binding activity,
which leads to MMR deficiency [48]. Next, we
examined the possibility that sumoylation of
YB-1 plays a role in the regulation of its PCNA
binding affinity by using a co-immunoprecipi-
tation assay with cells transiently express-
ing FLAG-YB-1, FLAG-YB-1/K26R, FLAG-YB-1/
K301.304R, and FLAG-YB-1/K26.301.304R
(Figure 5A). The PCNA-binding activity of YB-1/
K301.304R was similar to that of YB-1 (com-
pare lane 4 to lane 2). However, YB-1/K26R
showed a lower affinity for PCNA than did YB-1
(lane 3), and a larger reduction in the PCNA
binding affinity was further observed for YB-1/
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Figure 4. The subcellular localization, protein stability, and transcriptional regulatory activity of YB-1 are not sig-
nificantly affected by sumoylation. (A) Plasmids expressing HA-YB-1, HA-YB-1/K26R, HA-YB-1/K301.304R, or HA-
YB-1/K26.301.304R were transfected into Hela cells. Forty-eight hours post transfection, the cells were fixed and
subjected to an indirect immunofluorescence assay with a mouse anti-HA tag antibody and Alexa Fluor 488-con-
jugated goat anti-mouse I1gG (green). Nuclei were stained with DAPI (blue). Cells were observed under a confocal
microscope. The scale bar represents 20 um. (B) Hela cells were transfected with plasmids as described in (A) and
treated with 100 ug/ml cycloheximide 48 h post transfection. Cells were harvested at the indicated time points after
cycloheximide addition, and cellular proteins were analyzed by western blotting with antibodies against the HA tag
and B-actin. The protein levels of HA-YB-1 variants were quantified by ImageJ software (National Institutes of Health,
Bethesda, MD, USA) and normalized to that of B-actin, and the half-lives of these proteins were determined by re-
gression analysis. The protein levels of HA-YB-1 variants without cycloheximide treatment (O h) were arbitrarily set
as 1. Statistical analyses were carried out using two-way ANOVA (n.s., not significant, P > 0.05). (C) pMDRP1.5-Luc
was transfected into HelLa cells alone or in combination with different amounts of plasmid expressing HA-YB-1 or
HA-YB-1/K26R as indicated. Forty-eight hours post transfection, a luciferase reporter activity assay was performed.
The data are presented as the relative fold changes and are derived from at least three independent experiments.
The error bars indicate +1 s.d. of the mean. The same lysates used in the luciferase assay were also subjected to
western blotting using antibodies against the HA tag and B-actin. B-Actin was used as a loading control. Statistical
analyses were carried out using one-way ANOVA and Tukey’s post hoc test (n.s., not significant, P > 0.05; ***, P <
0.001).

K26.301.304R (lane 5). The PCNA-binding ac- by a different set of co-immunoprecipitation
tivities of these YB-1 mutants were correlated assays using cell lines with stable overexpres-
with their sumoylation levels (Figure 2), imply- sion of YB-1 and its mutants. Nuclear extracts
ing that sumoylation may modulate the interac- of vector control cells (HO2) and several Hela
tion between YB-1 and PCNA. cell lines with stable overexpression of HA-YB-1

(YW86 and YW89), HA-YB-1/K26R (YS53 and
The regulatory role of YB-1 sumoylation in its YS69), HA-YB-1/K301.304R (YD21 and YD24),
PCNA-binding activity was further confirmed and HA-YB-1/K26.301.304R (YT37 and YT38)
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Figure 5. Sumoylation of YB-1 enhances its PCNA-binding activity but in-
hibits the mismatch binding activity of MutSa. (A) Plasmids expressing
FLAG, FLAG-YB-1, FLAG-YB-1/K26R, FLAG-YB-1/K301.304R, or FLAG-YB-1/
K26.301.304R were transfected into HEK293T cells. Whole-cell lysates were
prepared 48 h post transfection and subjected to a co-immunoprecipitation
assay with anti-FLAG M2 magnetic beads. Proteins bound to the beads were
analyzed by western blotting using antibodies against the FLAG tag and
PCNA (lanes 1-5). Co-immunoprecipitated PCNA is indicated by an arrow.
The arrowhead indicates the position of the IgG light chain. Protein expres-
sion in cells was determined by western blotting with anti-FLAG, anti-PCNA,
and anti-B-actin antibodies (lanes 6-10). B-Actin was used as a loading con-
trol. (B) Nuclear extracts of vector control cells (HO2) and several cell lines
with stable overexpression of HA-YB-1 (YW86 and YW89), HA-YB-1/K26R
(YS53 and YS69), HA-YB-1/K301.304R (YD21 and YD24), or HA-YB-1/
K26.301.304R (YT37 and YT38) were prepared and subjected to the follow-
ing experiments. For the co-immunoprecipitation assay, nuclear extracts of
these cells were incubated with an anti-PCNA antibody and protein G-Sepha-
rose beads (lanes 1-9). For the biotinylated DNA pull-down assay (lanes 10-
18), nuclear extracts of these cells were incubated with streptavidin beads-
bound biotinylated G/T heteroduplexes (50 pmol). Proteins retained on the
beads were analyzed by western blotting with antibodies against MSHG,
MSH2, the HA tag, and PCNA. Protein expression in nuclear extracts was
evaluated with antibodies against MSH6, MSH2, the HA tag, YB-1, and PCNA
(lanes 19-27).

also compromised the YB-1-
mediated interference with
the formation of the MutSa
(MSH2/MSH6 heterodimer)/
PCNA complex, as the binding
of MSH2 and MSH6 to PCNA
was significantly stronger in
the presence of the K26R or
K26.301.304R mutant than
in the presence of wild-type
YB-1 (Figure 5B, compare
lanes 4-5 and lanes 8-9 with
lanes 2-3). Considering that
the mismatch recognition ac-
tivity of MutSa can be en-
hanced by its interaction wi-
th PCNA, our results implied
that YB-1 sumoylation may
potentiate YB-1-mediated in-
hibition of the binding of
MutSa to mismatches. This
idea was further supported
by the results from the bioti-
nylated DNA pull-down as-
say (Figure 5B, lanes 10-18).
MutSa/PCNA complex forma-
tion on the biotinylated G/T
heteroduplex was suppressed
in YB-1-overexpressing cells
compared to control cells
(compare lanes 11-12 with
lane 10), but this inhibitory
effect was counteracted in
cells overexpressing YB-1/
K26R (lanes 13-14) or YB-1/
K26.301.304R (lanes 17-18).
These results indicated that
sumoylation of YB-1 is impor-
tant for its interaction with
PCNA and its inhibition of the
mismatch binding activity of
MutSc.

were subjected to a co-immunoprecipitation
assay with an anti-PCNA antibody. Consistent
with our observation described above (Figure
5A), YB-1/K26R and YB-1/K26.301.304R
exhibited lower affinities for PCNA than did
YB-1 (Figure 5B, compare lanes 4-5 and
lanes 8-9 with lanes 2-3), suggesting that a
decreased level of YB-1 sumoylation dimin-
ished its interaction with PCNA. Moreover,
abolishing YB-1 sumoylation not only inhibited
the interaction between PCNA and YB-1 but
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Sumoylation of YB-1 increases the spontane-
ous mutation frequency

MMR is coupled with DNA replication to reduce
the occurrence of mutations and protect cells
from acquiring the mutator phenotype, where-
as defects in MMR activity result in genomic
instability with a signature of enhanced sponta-
neous mutation [33, 36, 37]. In our previous
study, YB-1 was found to interact with PCNA to
reduce the mismatch binding activity of MutSc,
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which led to MMR deficiency with the pheno-
type of an increased spontaneous mutation fre-
quency [48]. As decreased YB-1 sumoylation
impaired its PCNA binding affinity and compro-
mised YB-1-mediated disruption of MutSo/PC-
NA complex formation (Figure 5), sumoylation
of YB-1 may be involved in the regulation of
YB-1-mediated genomic instability. To test this
hypothesis, the spontaneous mutation fre-
quency was analyzed by an ouabain resistance
assay as previously described [48]. Mutations
in the gene encoding the Na*/K" ATPase ol
subunit lead to amino acid substitutions, which
protect cells from killing by the Na*/K* ATPase
inhibitor ouabain and facilitate colony forma-
tion under ouabain selection [64, 65]. In this
study, vector control and several HelLa cell lines
with stable overexpression of HA-YB-1, HA-YB-
1/K26R, HA-YB-1/K301.304R, and HA-YB-1/
K26.301.304R were used in the ouabain resis-
tance assay (Figure 6A). We found that the per-
centages of ouabain-resistant colonies formed
by YB-1-overexpressing cells (YW86 and YW89)
were ~21-to 24.7-fold higher than those formed
by vector control cells (HO2), consistent with
the results of our previous study [48]. Moreover,
the enhancement of ouabain resistance in
YB-1/K301.304R-overexpressing cells (YD21
and YD24, ~21.3-to 23-fold increase) was simi-
lar to that in YB-1-overexpressing cells. How-
ever, the number of ouabain-resistant colonies
formed by cells overexpressing YB-1/K26R
(YS53 and YS69, ~10- to 11-fold increase) or
YB-1/K26.301.304R (YT37 and YT38, ~4- to
4.7-fold increase) was much lower than that
formed by wild-type YB-1-overexpressing cells,
suggesting that sumoylation plays a positive
role in YB-1-mediated accumulation of sponta-
neous mutations and genomic instability.

YB-1 sumoylation enhances alkylator tolerance
upon MNNG treatment

As discussed in the Introduction section, treat-
ing MMR-proficient, low-MGMT cells with the
S, 1-type mono-functional alkylator MNNG acti-
vates the MMR-dependent DNA damage res-
ponse via two proposed mechanisms described
by the “futile repair cycle” and “direct signaling”
models, thereby inducing cell cycle arrest,
apoptosis, and cell death [49-51]. YB-1 pre-
vents MutSa from binding to mismatches [48],
and YB-1 sumoylation may play a functional
role in MMR deficiency (Figures 5 and 6A), rais-
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ing the possibility that MNNG-induced cytotox-
icity might be affected by YB-1 and its
sumoylation. A previous report indicates that
treating cells with a high concentration of
MNNG induces MMR-independent DNA dam-
age [66]. Thus, in this study, MMR-proficient
Hela cells were treated with the MGMT inhibi-
tor O%-benzylguanine (25 uM) and a low con-
centration (0.05 uM) of MNNG. In the presence
of 08-benzylguanine, the level of MGMT was
significantly decreased and MNNG-induced
cytotoxicity was enhanced in Hela cells (Figure
S3). To investigate the impact of YB-1 and its
sumoylation on regulating MNNG-induced cyto-
toxicity, the vector control and several HelLa cell
lines with stable overexpression of wild-type
and mutant HA-YB-1, as described above, were
treated with MNNG and 08-benzylguanine and
subjected to a colony formation assay (Figure
6B and 6C). Upon MNNG treatment, cells over-
expressing YB-1 (YW86 and YW89) and YB-1/
K301.304R (YD21 and YD24) exhibited ~8.8-
to 9.5-fold higher alkylator tolerance than vec-
tor control cells, while cells overexpressing
YB-1/K26R (YS53 and YS69, ~3.7- to 4.2-fold
increase) and YB-1/K26.301.304R (YT37 and
YT38, ~2.5- to 2.8-fold increase) showed high-
er susceptibility to MNNG-induced cytotoxicity
than wild-type YB-1-overexpressing cells. These
results indicated that YB-1 can promote the
development of alkylator tolerance in cancer
cells and that sumoylation is critical for YB-1 to
inhibit cell susceptibility to alkylator insult.

YB-1 and its sumoylation inhibit MNNG-
induced cell cycle arrest and apoptosis

Next, we elucidated the role of YB-1 and its
sumoylation in MNNG-induced G2/M-phase
arrest and apoptosis. To this end, the unsyn-
chronized vector control cells (HO2) and HelLa
cells with stable overexpression of HA-YB-1
(YW89) and YB-1/K26R (YS53) were treated
with MNNG and 08-benzylguanine. After MNNG
treatment, cells were harvested every 12 h
until the 84 h time point and the DNA content
was then measured by flow cytometry to ana-
lyze the cell cycle phase distribution (Figure 7).
We found that the cell cycle profiles of these
cells within the first 24 h were similar and that
the cells exhibited normal cell cycle phase dis-
tributions. After 36 h of MNNG treatment, the
population of cells with G2/M-phase was in-
creased. Interestingly, overexpression of YB-1
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Figure 6. YB-1 sumoylation increases spontaneous mutations in the Na*/K* ATPase a1 subunit and protects cells against MNNG-induced cytotoxicity. (A) Vector
control cells (HO2) and several cell lines with stable overexpression of HA-YB-1 (YW86 and YW89), HA-YB-1/K26R (YS53 and YS69), HA-YB-1/K301.304R (YD21
and YD24), or HA-YB-1/K26.301.304R (YT37 and YT38) (~3 x 107 cells each) were subjected to an ouabain resistance assay. Cells were seeded (10° cells/10-cm
dish) and selected with complete medium containing 7.5 x 102 uM ouabain. In addition, the relative clonogenic frequency of these cells was examined by seeding
~300 cells per 10-cm dish in nonselective medium. After incubation for 10-14 days, the number and percentage of ouabain-resistant colonies were determined
and calculated, respectively. The results were derived from three independent experiments, and the error bars indicate +1 s.d. of the mean. Statistical analyses
were carried out using one-way ANOVA and Tukey’s post hoc test (n.s., not significant, P > 0.05; ***, P < 0.001). (B) Vector control cells and cells with stable over-
expression of wild-type or mutant HA-YB-1 described in (A) were incubated in complete medium with or without 25 uM 08-benzylguanine (05-BG), treated with 0.05
UM MNNG, reseeded in 10-cm dishes, and subjected to a colony formation assay. For cells treated only with MNNG, ~300 cells per 10-cm dish were reseeded, and
for MNNG/0°%-benzylguanine-treated cells, ~1200 cells per 10-cm dish were reseeded. (C) The surviving colonies shown in (B) were counted, and the numbers of
MNNG/0°®benzylguanine-treated cell colonies were normalized to those of MNNG-treated cells. The survival rates of cells with stable overexpression of wild-type or
mutant HA-YB-1 were normalized to that of HO2 cells. The results were derived from three independent experiments, and the error bars indicate +1 s.d. of the mean.
Statistical analyses were carried out using one-way ANOVA and Tukey’s post hoc test (n.s., not significant, P > 0.05; *, P < 0.05; ***, P < 0.001).
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Figure 7. YB-1 and its sumoylation are involved in early escape from G2/M-phase arrest upon MNNG treatment. (A)
Vector control cells (HO2) as well as cells with stable overexpression of HA-YB-1 (YW89) or HA-YB-1/K26R (YS53)
were treated with 0.05 uM MNNG for 3 h in the presence of 25 uM 0%-benzylguanine. Cells were harvested at the
indicated time points, fixed with ethanol, stained with propidium iodide, and subjected to flow cytometric analysis of
the DNA content by using a FACSCalibur flow cytometer (BD Biosciences). (B) Histogram of the cell cycle (G1, S, and
G2/M) phase distribution in HO2, YW89, and YS53 cells at different time points.

(YW89) promoted the early escape of cells from
MNNG-induced G2/M-phase arrest, and this
effect was compromised by disruption of Lys?®
sumoylation (YS53). In addition, the effects of
YB-1 and its sumoylation on MNNG-induced
apoptosis in HO2, YW89, and YS53 cells at 96
h after MNNG and 0®-benzylguanine treatment
were investigated by using Annexin V staining
(Figure 8A). Apoptosis (15.24%) was observed
in vector control cells (H02) after 96 h of MNNG
treatment. However, overexpression of YB-1
(YW89) decreased MNNG-induced apoptosis
(6.25%), whereas loss of Lys?® sumoylation of
YB-1 (YS53) impaired this protection (11.7%
apoptosis rate). These findings suggested that
YB-1 and its sumoylation play critical roles in
protecting cells from MNNG-induced cell cycle
arrest and apoptosis, which may contribute to
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the development of an alkylator-tolerant pheno-
type in YB-1-overexpressing cells.

YB-1 and its sumoylation suppress MMR-
dependent DNA damage signaling

As described above, sumoylation of YB-1 is
involved in the inhibition of MNNG-induced
G2/M-phase arrest (Figure 7), implying that
YB-1 sumoylation may suppress MMR-depen-
dent DNA damage response signaling after
alkylator insult. To verify this hypothesis, vector
control cells (HO2) and Hela cell lines with sta-
ble overexpression of HA-YB-1 (YW89) and
HA-YB-1/K26R (YS53) were treated with MNNG
in the presence of 0O%-benzylguanine, and the
cells were harvested 24, 48, and 72 h after
MNNG treatment (Figure 8B). The protein levels
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Figure 8. YB-1 and its sumoylation play important roles in YB-1-mediated
inhibition of apoptosis and MMR-dependent DNA damage response signal-
ing upon MNNG treatment. (A) Vector control cells (HO2) as well as cells
with stable overexpression of HA-YB-1 (YW89) or HA-YB-1/K26R (YS53)
were treated with 0.05 uM MNNG for 3 h in the presence of 25 yM 0°-
benzylguanine. The cells were harvested 96 h after MNNG treatment and
stained with propidium iodide and Annexin V-FITC to quantitatively analyze
the apoptotic population by using a FACSCalibur flow cytometer (BD Biosci-
ences). The apoptotic population is localized in the upper right and lower
right quadrants, and the percentage of cells in each quadrant is summarized
in each panel. (B) Vector control cells (HO2) as well as cells with stable over-
expression of HA-YB-1 (YW89) or HA-YB-1/K26R (YS53) were treated with
0.05 uM MNNG for 3 h in the presence of 25 uM 08-benzylguanine (05-BG).
Whole-cell extracts were prepared at the indicated time points after MNNG
treatment and analyzed by western blotting using antibodies against phos-
pho-ATRS28 " phospho-ATMSe™%1  phospho-Chk15¢345, phospho-Chk2T¢8,
phospho-H2A.X%¢1%9 ' ATR, ATM, Chk1, Chk2, H2A.X, YB-1, PCNA, and B-actin.
-Actin was used as a loading control.

Discussion

In this study, our results indi-
cated that YB-1 is a target pro-
tein of the sumoylation path-
way (Figure 1) and that Lys?® is
an important SUMO acceptor
lysine residue in YB-1 (Figure
2). We found that YB-1 directly
interacts with SUMO proteins
and that amino acid substitu-
tions of Val*3* and Val'®3 in the
putative SIM of YB-1 reduced
its sumoylation level (Figure
3). Although the subcellular
localization, protein stability,
and transcriptional regulatory
activity of YB-1 were not sig-
nificantly affected (Figure 4),
the PCNA binding affinity of
YB-1 was enhanced by sumo-
ylation (Figure 5A). Sumoylat-
ed YB-1 more efficiently com-
peted with MutSa for binding
to PCNA and inhibited the
mismatch binding activity of
MutSa (Figure 5B). Disruption
of the MutSa/PCNA interac-
tion by YB-1 and its sumoyla-
tion resulted in the enhance-
ment of spontaneous muta-
tion and resistance to MNNG-
induced cell death (Figure 6).
In addition, sumoylation of
YB-1 reduced MNNG-mediat-
ed cytotoxicity by inducing ea-
rly escape from G2/M-phase
arrest, inhibiting apoptosis,
and suppressing the MMR-

of ATR, ATM, Chk1, Chk2, y-H2A.X, YB-1, and
PCNA were analyzed by western blotting. The
phosphorylation status of ATR, ATM, Chki,
Chk2, and y-H2A.X was also evaluated. We
found that the phosphorylation of ATR, ATM,
Chk1, Chk2, and y-H2A.X was decreased in
HA-YB-1-overexpressing cells (YW89, lanes
4-6) compared to vector control cells (HO2,
lanes 1-3) after MNNG treatment, although this
suppressive effect was not as significant as
that in HA-YB-1/K26R-overexpressing cells
(YS53, lanes 7-9). This observation suggested
that sumoylation may play an important role
in potentiating the inhibitory activity of YB-1
toward the MMR-dependent DNA damage
response.
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dependent DNA damage response (Figures
6-8). Taken together, these findings indicate
that YB-1 sumoylation plays functional roles in
the induction of MMR deficiency, which contrib-
utes to YB-1-mediated tumorigenesis and alkyl-
ator tolerance (Figure 9).

To explain the molecular process of sumoylation
at a SUMO acceptor lysine residue in a target
protein, three mechanisms have been delineat-
ed [22]. First, target proteins possess a con-
sensus WKxD/E motif for direct binding to the
SUMO-conjugating enzyme Ubc9 (E2); second,
target proteins contain a SIM for direct interac-
tion with SUMO proteins; third, for proteins
without a WKxD/E motif and SIM, a direct inter-
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Figure 9. A proposed model showing that sumoylation is involved in the modulation of YB-1-induced MMR deficiency
and alkylator tolerance. YB-1 is sumoylated through its direct interaction with SUMO proteins at the SIM in YB-1.
The intramolecular interaction between a SUMO protein and the SIM may result in a conformational change in YB-1,
which facilitates the YB-1/PCNA interaction, results in competition with MutSa for PCNA binding, prevents MutSa
from binding to mismatches, and induces MMR deficiency. Thus, sumoylation plays functional roles in the YB-
1-mediated enhancement of spontaneous mutation and inhibition of the MMR-dependent DNA damage response,
which is associated with tumorigenesis and alkylator tolerance in YB-1-overexpressing cells.

action between the target protein and a specif-
ic SUMO E3 ligase is important. These models
for sumoylation on specific target proteins are
not mutually exclusive [22]. In this study,
instead of a consensus WKxD/E motif, a small
motif with two valine residues (GV'3*PV*33QQG)
was found in YB-1, and this motif was found to
play an important role in the direct interaction
of YB-1/SUMO proteins and YB-1 sumoylation
(Figure 3). Therefore, YB-1 might be modified by
SUMO proteins through a molecular mecha-
nism, as described above in the second model.
However, when the sumoylation status of YB-1
was examined with a relatively simple in vitro
assay system containing purified GST-YB-1, E1,
E2, and SUMO proteins, we found that the level
of YB-1 sumoylation was non-significant. This
finding is consistent with the conclusion that
the interaction between the SIM and SUMO
proteins is weak [28, 29]. Thus, one or more
SUMO E3 ligases must be involved in the pro-
cess of YB-1 sumoylation in vivo.
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YB-1 is a highly conserved protein and consists
of three major domains: the N-terminal alanine/
proline-rich domain (A/P domain), central evo-
lutionarily conserved cold shock domain (CSD),
and C-terminal domain (CTD) (Figure 2A) [1].
Evidence implies that zebrafish YB-1 (zfYB-1) is
a target of the sumoylation pathway [16], but
the important lysine residue(s) for SUMO conju-
gation of zfYB-1 remain unclear. The zfYB-1
and human YB-1 share ~67% amino acid
sequence similarity [1]; however, the central
CSD of these two species is 100% conserved,
and the homology of the A/P domain and the
CTD is relatively low [16]. Using GPS-SUMO 1.0
software, two atypical (TK®ED in the CSD and
EK'2RE in the CTD) sumoylation sites and one
inverted (DSK28°A in the CTD) sumoylation site
were predicted in zfYB-1 [16]. In this study, the
potential sumoylation site in human YB-1 was
analyzed by the same software, and two non-
canonical (TK®ED and EK'°NE) sumoylation
sites and one inverted (ETK3°*A) sumoyla-
tion site were found, very similar to zfYB-1.
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Nonetheless, we found that the sumoylation
levels of human YB-1 mutants with lysine-to-
arginine substitutions at these predicted su-
moylation sites were not diminished (Figure
S1A). Our results indicated that Lys?® plays a
major role in human YB-1 sumoylation (Figures
2 and S1A). As the A/P domain of zfYB-1 is
shorter than that of human YB-1 and this
region contains no lysine residues, the SUMO
acceptor lysine residue(s) in zfYB-1 remain to
be identified. In addition, the putative SIM
(GV*IPV133QG) in human YB-1 is conserved in
zfYB-1 (GVAIPV3QG), implying that zfYB-1
sumoylation might be partially mediated by a
molecular mechanism involving a direct inter-
action of zfYB-1 with a SUMO protein.

Several SIM-containing proteins preferentially
interact with specific SUMO paralog, thereby
resulting in paralog-specific sumoylation of
these proteins [19, 28, 29]. For example, as the
SIM of USP25 binds more strongly to SUM02/3,
it is more efficiently conjugated by SUMO-2/3
[31]. A more complicated illustration demon-
strates that phosphorylation in the SIM of Daxx
enhances its specific binding to SUMO-1 but
has a lesser effect on its binding to SUM0-2/3,
thereby resulting in selective sumoylation of
Daxx by SUMO-1 and enhancing the interaction
of Daxx with SUMO-1-modified cellular factors
[67]. In this study, the binding affinity of YB-1
for SUMO-1 and SUMO-3 was similar (Figure
3A and 3C), suggesting that the paralog speci-
ficity of the YB-1 SIM is non-significant. The dif-
ferential levels of YB-1 sumoylation by different
SUMO paralogs observed in the in vivo
sumoylation assay (Figure 1B) might partially
result from distinct exogenous expression pat-
terns of these SUMO paralogs. Moreover,
although there are many YB-1 interaction part-
ners, the SIM of YB-1 may increase the number
by interacting with sumoylated proteins, which
may play specific roles in the pleiotropic func-
tion of YB-1.

The consequences of sumoylation are diverse.
Substantial evidences indicate that sumoylation
or the presence of a SIM changes the biological
properties of proteins, including their stability,
subcellular localization, and interactions with
cellular factors [22, 23, 28, 29]. In addition to
the intermolecular associations of SIM-con-
taining proteins with SUMO or sumoylated
factors, intramolecular SUMO-SIM interactions
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have also been reported. Thymidine DNA glyco-
sylase (TDG) in base excision repair (BER) is
the most notable example. Sumoylation induc-
es an intramolecular interaction of SUMO with
the SIM of TDG, resulting in a conformational
change in TDG and the release of TDG from
abasic site to sustain BER process [68-70]. Our
previous study demonstrated that YB-1 inter-
acts with PCNA through two PIP-boxes (Q***NM-
YRGYR?*?2and Q?"® RRYRRNF?28%)in the C-terminal
region of YB-1 [48]. In the present study, we
found that the putative SIM of YB-1 is important
for its sumoylation (Figure 3), which plays a cru-
cial role in the interaction between YB-1 and
PCNA (Figure 5A). Therefore, in addition to the
PIP-boxes, the SIM of YB-1 also contributes to
the YB-1/PCNA interaction. We proposed that,
similar to the intramolecular interaction of
SUMO with the SIM in TDG, sumoylated YB-1
may undergo structural rearrangement through
an intramolecular SUMO-SIM interaction, which
may act cooperatively with the PIP-boxes in
YB-1 to enhance PCNA binding (Figure 9). Thus,
the SIM and sumoylation of YB-1 are crucial for
disruption of the MutSa,/PCNA interaction, the
inhibition of MutSa mismatch binding activity,
and the increase in the spontaneous mutation
frequency.

S, L-type mono-functional alkylators, including
dacarbazine, temozolomide, and MNNG, mainly
modify guanine at the N” and O° positions, ade-
nine at N* and N2 positions, and cytosine at N3
position [49, 52]. The dominant adducts,
N-methylated adenine and guanine, are effi-
ciently repaired by BER or nucleotide excision
repair [49]. Although accounting for less than
8% of total methylation modifications, 05-meG
is the most mutagenic and cytotoxic DNA
adduct, as MGMT is a suicide enzyme that lim-
its its detoxification capacity [49, 50, 52].
During DNA replication, recognition of 08-meG:T
(thymine) by MutSa initiates MMR, but the
mispairing nature of 0%-meG results in the
re-incorporation of thymine. These iterative
rounds of MMR lead to single-stranded gaps
causing replication fork collapses and DNA
double-strand breaks during the next DNA rep-
lication cycle. In this so-called “futile repair
cycle” model, both MMR and DNA replication
are required to trigger DNA damage response
signaling and to induce cell cycle arrest as well
as cell death. An alternative “direct signaling”
model, in which the recognition of 0®-meG:T by
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MutSa activates ATR-Chk1 signaling to induce
cell death, has also been proposed. These two
models are not mutually exclusive [32, 49-51,
53]. Given that MutSa recognition of 0%-meG:T
is essential for triggering the DNA damage
response in these models, MMR acts as a dam-
age sensor to induce cell death upon alkylator
insult [32, 49, 51-54]. Our previous study
revealed that YB-1 competes with MutSa for
binding to PCNA and inhibits MMR activity [48].
In the current study, we found that sumoylation
of YB-1 is important for its interaction with
PCNA and participates in YB-1-mediated MMR
deficiency (Figures 5, 6A). Thus, YB-1 and its
sumoylation might play functional roles in the
regulation of MNNG-induced cytotoxicity. Our
observations in this study support this idea.
Overexpression of YB-1 induces the develop-
ment of alkylator tolerance in cancer cells, and
YB-1 sumoylation is important for suppressing
cell susceptibility to alkylator insult (Figure 6B,
6C). Moreover, YB-1 and its sumoylation play
functional roles in protecting cells from cell
cycle arrest, inhibiting apoptosis, and suppress-
ing MMR-dependent DNA damage signaling
induced by MNNG (Figures 7, 8), all of which
may contribute to the development of an alkyl-
ator-tolerant phenotype in YB-1-overexpressing
cells.

The enhanced expression of YB-1 has been
observed in several kinds of cancers, including
breast, ovarian, lung, liver, brain, and colorectal
cancers [1, 6, 9-11]. MMR-deficient tumors
exhibit alkylator tolerance with increased cell
viability and accumulation of mutations after
alkylator-based chemotherapy, which results in
the poor prognosis of patients with these
tumors [49, 51-54]. In this study, we found that
YB-1 sumoylation enhances its PCNA binding
affinity, which in turn leads to more effective
inhibition of the MutSa/PCNA interaction and
the mismatch binding activity of MutSa (Figure
5). Therefore, YB-1 sumoylation participates in
the induction of MMR deficiency and alkylator
tolerance (Figures 6-8). These results will be
informative for future research on YB-1-me-
diated tumorigenesis and the development of a
therapeutic strategy for alkylator-tolerant can-
cers with YB-1 overexpression.
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Table S1. Primers used for site-directed mutagenesis to generate YB-1 mutant-expressing constructs

Primer Sequence”
YB-1/K26R-F GCCGCCGACACCAGGCCCGGCACTAC
YB-1/K26R-R GTAGTGCCGGGCCTGGTGTCGGCGGC

YB-1/K52.53R-F
YB-1/K52.53R-R
YB-1/K58R-F
YB-1/K58R-R
YB-1/K64R-F
YB-1/K64R-R
YB-1/K81R-F
YB-1/K81R-R
YB-1/K92.93R-F
YB-1/K92.93R-R
YB-1/K98R-F
YB-1/K98R-R
YB-1/K118R-F
YB-1/K118R-R
YB-1/K137R-F
YB-1/K137R-R
YB-1/K170R-F
YB-1/K170R-R
YB-1/K264R-F
YB-1/K264R-R
YB-1/K296R-F
YB-1/K296R-R
YB-1/K301.304R-F
YB-1/K301.304R-R
YB-1/V113.114AF
YB-1/V113.114AR
YB-1/V131.133A-F
YB-1/V131.133A-R

CCTGCCGGCGGGGACAGGAGGGTCATCGCAACGAAGG
CCTTCGTTGCGATGACCCTCCTGTCCCCGCCGGCAGG
CAAGAAGGTCATCGCAACGAGGGTTTTGGGAACAGTAAAATGG
CCATTTTACTGTTCCCAAAACCCTCGTTGCGATGACCTTCTTG
CGAAGGTTTTGGGAACAGTAAGATGGTTCAATGTAAGGAACGG
CCGTTCCTTACATTGAACCATCTTACTGTTCCCAAAACCTTCG
CATCAACAGGCCTGACACCAGGGAAGATGTATTTGTACACC
GGTGTACAAATACATCTTCCCTGGTGTCATTCCTGTTGATG
GTACACCAGACTGCCATAAGGAGGAATAACCCCAGGAAGTACC
GGTACTTCCTGGGGTTATTCCTCCTTATGGCAGTCTGGTGTAC
GAATAACCCCAGGAGGTACCTTCGCAGTGTAGG
CCTACACTGCGAAGGTACCTCCTGGGGTTATTC
GTTGTTGAAGGAGAAAGGGGTGCGGAGGCAGC
GCTGCCTCCGCACCCCTTTCTCCTTCAACAAC
GGTGGTGTTCCAGTTCAAGGCAGTAGATATGCAGCAGAC
GTCTGCTGCATATCTACTGCCTTGAACTGGAACACCACC
GAATAGTGAGAGTGGGGAAAGGAACGAGGGATCGGAGAGTGC
GCACTCTCCGATCCCTCGTTCCTTTCCCCACTCTCACTATTC
GGACGGCAATGAAGAAGATAGAGAAAATCAAGGAGATGAG
CTCATCTCCTTGATTTTCTCTATCTTCTTCATTGCCGTCC
GACGCCCAGAAAACCCTAGACCACAAGATGGC
GCCATCTTGTGGTCTAGGGTTTTCTGGGCGTC
CCACAAGATGGCAGAGAGACAAGAGCAGCCGATCCACC
GGTGGATCGGCTGCTCTTGTCTCTCTGCCATCTTGTGG
GGAGAGACTGTGGAGTTTGATGCTGCTGAAGGAGAAAAGGG
CCCTTTTCTCCTTCAGCAGCATCAAACTCCACAGTCTCTCC
GGTCCTGGTGGTGCTCCAGCTCAAGGCAGTAAATATGC
GCATATTTACTGCCTTGAGCTGGAGCACCACCAGGACC

“The underlined letters in the sequences of the mutagenic primers indicate the nucleotide substitutions that generated the

desired mutations.
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Figure S1. In vivo sumoylation assay with various lysine-to-arginine HA-YB-1 mutants. (A) Plasmids expressing wild-
type HA-YB-1 or its mutants, His-SUMO-1, and Flag-Ubc9 were co-transfected into HEK-293T cells as indicated at the
top of each panel. Cells were harvested 48 h post transfection and subjected to an in vivo sumoylation assay in the
presence of N-ethylmaleimide. Proteins bound to Ni-NTA agarose were analyzed by western blotting with an anti-HA
tag antibody (lanes 1-18). Cellular expression of individual construct was confirmed by immunoblotting using the
appropriate antibodies (lanes 19-36). 3-Actin was used as a loading control. (B) An in vivo sumoylation assay similar
to that described in (A) was performed, except that plasmids expressing different HA-YB-1 mutants were used as
indicated (lanes 1-18). To confirm the cellular expression of individual construct in cells, lysates were also subjected
to immunoblotting using the appropriate antibodies (lanes 19-36). 3-Actin was used as a loading control.
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Figure S2. YB-1 does not interact with Ubc9. (A) The plasmid expressing FLAG-Ubc9 was transfected into HEK293T
cells. Whole-cell lysates were prepared 48 h post transfection and were subjected to an in vitro binding assay with
glutathione-Sepharose 4B beads-bound GST or GST-YB-1. Whole-cell lysates (25 ug, lane 1) and proteins bound to
the beads (lanes 2-3) were analyzed by western blotting using antibodies against the FLAG tag or PCNA. Purified
GST and GST-YB-1 were analyzed by SDS-PAGE and stained with Coomassie brilliant blue (C.B., lanes 4-5). PCNA
served as a positive control for YB-1-interacting protein, as demonstrated in our previous study [1]. (B) The plasmid
expressing FLAG-Ubc9 or the corresponding empty vector (FLAG) was transfected into HEK293T cells. Whole-cell
lysates were prepared 48 h post transfection and were subjected to a co-immunoprecipitation assay with anti-FLAG
M2 magnetic beads. Whole-cell lysates (25 ug each, lanes 1-2) and proteins bound to the beads (lanes 3-4) were
analyzed by western blotting using antibodies against the FLAG tag (#2368, Cell Signaling Technology), YB-1, and
p53 (#9282, Cell Signaling Technology). p53 served as a positive control for Ubc9-interacting protein, as reported
in a previous study [2].
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Figure S3. The MGMT inhibitor O%-benzylguanine sensitizes Hela cells to MNNG-induced cytotoxicity. (A) Vector con-
trol cells (HO2) as well as cells with stable overexpression of HA-YB-1 (YW89) or HA-YB-1/K26R (YS53) were treated
with 25 yM 08-benzylguanine (0%-BG) for 24 h, and cell lysates were then analyzed by western blotting with anti-
YB-1, anti-MGMT, and anti-B-actin antibodies. B-Actin was used as a loading control. (B) Prior to MNNG treatment,
HelLa cells were cultured in complete medium with or without 25 uM 08-BG. After treatment with 0.05 uM MNNG
for 3 h, the cells were reseeded at a density of ~400 cells per 10-cm dish and incubated for 14 days. Colonies were
fixed with 1:1 acetone:ethanol and stained with 0.05% crystal violet. Surviving colonies were counted, and the num-
bers of colonies were normalized to that the number of colonies formed by untreated cells. The results were derived
from three independent experiments, and the error bars indicate +1 s.d. of the mean. Statistical analyses were car-
ried out using one-way ANOVA and Tukey’s post hoc test (n.s., not significant, P > 0.05; *, P < 0.05; ***, P < 0.001).
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