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ABSTRACT

Cisplatin can cause intrastrand and interstrand crosslinks between purine bases
and is a chemotherapeutic drug widely used to treat cancer. However, the major
barrier to the efficacy of the treatment is drug resistance. Homologous recombination
(HR) plays a central role in restoring stalled forks caused by DNA lesions. Here, we
report that chronic treatment with cisplatin induces HR to confer cisplatin resistance
in nasopharyngeal carcinoma (NPC) cells. A high frequency of sister chromatid
exchanges (SCE) occurs in the cisplatin-resistant NPC cells. In addition, several genes
in the Fanconi anemia (FA) and template switching (TS) pathways show elevated
expression. Significantly, depletion of HR gene BRCA1, TS gene UBC13, or FA gene
FANCD2 suppresses SCE and causes cells to accumulate in the S phase, concomitantly
with high yH2AX foci formation in the presence of low-dose cisplatin. Consistent
with this result, depletion of several genes in the HR, TS, or FA pathway sensitizes
the cisplatin-resistant NPC cells to cisplatin. Our results suggest that the enhanced
HR, in coordination with the FA and TS pathways, underlies the cisplatin resistance.
Targeting the HR, TS, or FA pathways could be a potential therapeutic strategy for
treating cisplatin-resistant cancer.

INTRODUCTION cancer; however, the major barrier to the efficacy of these
treatments is drug resistance. Multiple pathways that

Cisplatin ~ and  related compounds  are mediate intrinsic or acquired resistance to drugs have been
chemotherapeutic drugs widely used to treat lung, identified, including increased efflux pumps, increased
ovarian, head and neck, bladder, and testicular cancer [1]. detoxification, and decreased import [2]. Recently, a few
These agents have proven to be quite effective in treating studies have started to show that enhanced DNA damage
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repair may also underlie the mechanism of drug-resistance
[3-6]. However, very few DNA repair genes have been
validated in vivo so far. Cisplatin binds to DNA to form
intrastrand and interstrand crosslinks between purine
bases. When DNA replication machinery encounters the
cisplatin-caused DNA damage, it stalls DNA replication,
and prolonged stalling of replication forks eventually
leads to fork collapse and the generation of replication-
dependent DNA double-strand breaks (DSBs) [7, 8].
To prevent stalling of replication caused by cisplatin,
cells have evolved the Fanconi anemia (FA) pathway
in coordination with post-replication repair (PRR) and
homologous recombination (HR) to resolve the cisplatin-
caused DNA damage [9, 10].

The FA pathway is essential to the repair of
interstrand cross-links caused by cisplatin and related
compounds [9, 10]. This pathway is composed of at least
15 genes, which are named FANCA through FANCP.
FANCA/B/C/E/F/G/L/M form the core ubiquitin E3
ligase, which promotes the monoubiquitination of
FANCD2 and FANCI in response to crosslink-types of
DNA damage during the S phase [11]. Monoubiquitination
of FANCD2 and FANCI is the key regulatory step in
the pathway, which recruits several nucleases including
FANI1, SLX4, MUS81-EMEI1, and XPF-ERCCI1 to the
site of repair to initiate the incision [12-16]. This process
generates DSBs which are subsequently repaired by HR.
Importantly, several HR components are part of the FA
pathway. BRCA2, which is also called FANCDI, is one
of FA subunit. FANCN, also called PALB2, binds and
regulates localization of BRCA2. These proteins facilitate
the loading of RADSI1 to initiate the HR process [8-10,
17, 18].

Post-replication repair (PRR) is known to prevent
prolonged stalling of replication forks [19, 20]. The
unique feature of PRR is that it bypasses DNA lesions to
resolve arrested forks without removing the actual damage
[19]. Recent studies in yeast and higher eukaryotes
have revealed that the regulation of PRR occurs via the
sumolation or ubiquitination of PCNA [21-30]. PRR
can be divided into two sub-pathways, the translesion
synthesis (TLS) and template switching (TS) pathways.
The importance of the TLS pathway has been extensively
studied. TLS utilizes low fidelity DNA polymerases (TLS
polymerases) such as Poln, Poli, Pol{, Polk, and Revl,
and allows cells to replicate over DNA lesions [31].
Indeed, recent studies have demonstrated that these TLS
polymerases are involved in bypassing the unhooked
cross-linked nucleotides, and thus restore the nascent
strand [32, 33]. In addition, deletion of TLS polymerases
sensitizes cells to cisplatin [31, 34, 35]. Suppression
of Rev3, the catalytic subunit of Pol(, sensitizes drug
resistant lung tumors to chemotherapy [4]. Importantly,
TLS polymerase pol( is responsible for the variant form
of xeroderma pigmentosum (XPV), an inherited disorder
associated with high incidence of sunlight-induced skin

cancers [36].

By contrast, the mechanism of the TS pathway is
poorly understood in mammalian cells. It remains elusive
whether the TS pathway is incorporated into the FA
pathway, similar to the TLS pathway. The TS pathway is
mediated by the K63-linked polyubiquitin chain at K164
of PCNA. The K63-linked polyubiquitin is catalyzed by
the E2 ubiquitin-conjugating enzymes UBC13 and MMS?2,
and E3 ubiquitin ligases SHPRH and HLTF [25, 27, 28,
37, 38]. The K63-linked polyubiquitin chain is thought
to function in signal transduction pathways presumably
by recruiting proteins involved in the TS mechanism.
Although the mechanism of the TS pathway is not clear,
one model suggests that a stalled fork caused by the DNA
lesions might undergo the fork regression that allows the
original template strands to anneal, thereby extruding
newly synthesized DNA strands as a short duplex, a
structure similar to a “chicken foot” [38]. However, more
and more recent evidence supports an alternative template
switching model [17, 33]. The nascent strand impeded by
DNA lesions could invade the opposite undamaged sister
chromatid and replicate DNA by using the undamaged
sister strand as a template, thus forming a double Holliday
junction. The resolution of the Holliday junction leads to
the generation of sister chromatid exchanges (SCE) [17,
33, 39]. Indeed, recent discoveries demonstrate that HLTF
is involved in the strand invasion mechanism that can
promote gap filling during replication of damaged DNA
[40]. In addition, several lines of evidence have shown
that HR components, such as RAD51, MREI11, BRCAI,
and BRCA2, are involved in the resolving of stalled forks
[33,41-44].

Therefore, both the FA and TS pathways converge
to the HR components to resolve stalled forks caused by
DNA damage. However, it remains elusive whether the
TS pathway is involved in restoring stalled forks caused
by cisplatin and whether the TS pathway is enhanced in
the drug-resistant phenotype of cancer. Here, we report
that chronic treatment of cisplatin can induce elevated
expression of several genes in the HR, TS, and FA
pathways in nasopharyngeal carcinoma (NPC) cells.
UBCI13, HLTF, and SHPRH in the TS pathway, RADS1
and BRCA1 in the HR pathway, and FANCD2 in the
FA pathway are highly expressed in cisplatin-resistant
nasopharyngeal carcinoma (NPC) cells. Consistent
with these results, these cisplatin resistant cells exhibit
the elevated SCE frequency. Depletion of the HR gene
BRCALI, the TS gene UBC13, or the FA gene FANCD?2,
dramatically reduces SCE frequency. In addition, these
HR-, TS- or FA-deficient cells are sensitive to cisplatin
and arrest in the S phase in chronic low-dose treatment
with cisplatin. Since chronic low-dose treatment with
cisplatin induces DNA damage and cell apoptosis in
these HR-, TS- or FA-deficient cells, our results suggest
the importance of HR in coordination with the TS and
FA pathways in cell survival, as well as the importance
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of damage bypass mechanism during chronic low-dose
treatment with cisplatin. Our results further suggest that
targeting the HR, TS or FA pathways could be a potential
therapeutic strategy for treating cisplatin-resistant cancer.

RESULTS

Cisplatin-resistant HONEG6 cells are resistant to
various DNA damaging agents

To determine whether enhanced DNA damage repair
may underlie the mechanism of cisplatin-resistance, we
chose to use the cisplatin-resistant NPC cell line, HONES®,
derived from a previously described NPC cell line,
HONEI1 [45]. HONEG6 cells were generated by chronic
treatment of HONE]1 cells with low-dose cisplatin [46]. As
shown in Figure 1A, HONE®G cells are resistant to chronic
treatment of 5, 10, and 15 uM cisplatin, whereas HONE1
cells are sensitive to chronic treatment of cisplatin, with
SuM cisplatin being sufficient to kill all HONET cells.

To further explore the cisplatin-resistant phenotype
that is not specific to cisplatin, but a phenomenon specific
to DNA damage, we treated the cisplatin-resistant HONE6
cells with various DNA damaging agents, including
mitomycin C (MMC), methylmethane sulfonate (MMYS),
and 4-nitroquinoline-1-oxide (4NQO). The FA pathway
is involved in repairing the MMC-caused DNA damage,
whereas the TS pathway is involved in repairing MMS-
and 4NQO-caused DNA damage. Cell survival was
determined by the colony formation assay. HONEG6 cells
are also resistant to these DNA damaging agents (Figure
1B), suggesting that the drug-resistant phenotype is
specific to DNA damage. In support of this notion, we
also found that HONE1 and HONE®6 cells are equally
sensitive to paclitaxel (Taxol), a mitotic inhibitor used in
chemotherapy (Figure 1B). This result is also confirmed
by the cytotoxicity assay [3-(4,5-dimethylthiazol-2yl)-
2,5-diphenyltetrazolium bromide (MTT) assay] (Figure
1C). Paclitaxel is known to interfere with microtubule
breakdown during mitosis, thus arresting cells in the G2/M
phase and resulting in cell apoptosis. Therefore, our results
indicate that HONEG cells may acquire an enhanced DNA
repair system related to the S phase progression.

Cisplatin induces DNA damage both in cisplatin
sensitive HONE1 and resistant HONEG6 cells

To determine whether cisplatin treatment induces
DNA damage both in cisplatin-sensitive HONE1 and
cisplatin-resistant HONEG6 cells, we examined the level
of YH2AX by Western blotting and intensity of yYH2AX
foci in cells. HONE1 and HONESG cells were treated with
mock, SuM, or 20uM cisplatin for four hours, followed
by Western blot and fluorescence microscopy analysis.

SuM cisplatin indeed causes DNA damage in HONE1, but
such treatment causes DNA damage to a lesser extent in
HONE®G cells, as judged by YH2AX induction in Western
blot and the intensity of YH2AX foci in cells (Figure 2A,
B, and C). 20uM cisplatin treatment further increases
YyH2AX and the intensity of YH2AX, with HONE1 cells
showing much stronger intensity of yYH2AX than HONEG6
cells (Figure 2A, B, and C). To determine whether DNA
damage response plays a role in the cisplatin-resistant
phenotype of HONESG6 cells, we monitored the kinetics of
YH2AX and the activation of CHK1, CHK2, and TP53
(p53) in response to cisplatin over time between HONEI
and HONEG6 cells (Figure 2D). We found that the basal
level of YH2AX, phospho-CHK1 (S345), phospho-CHK?2
(T68), and phospho-TP53 (S15) are higher in HONEG6
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Figure 1: The cisplatin resistant NPC cells, HONE6
cells, are resistant to DNA damage agents. (A) The
colony formation assay. HONEl and HONEG6 cells were
chronically treated with cisplatin as indicated and incubated for
10 days. The resulting colonies were stained with 1% crystal
violet. Relative viability was determined by colonies arising
from chronically treated cells relative to no treatment control
cells. Each value represents the mean + standard deviation from
at least three experiments. (B) HONE1 and HONEG6 cells were
chronically treated with chemicals as indicated and incubated for
10 days. Relative viability was determined as mentioned above.
(C) Cytotoxicity assay of HONE1 and HONESG cells. Cells were
treated with various concentrations of cisplatin or paclitaxel for
72 hours. Cytotoxicity was determined by the MTT assay.
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than in HONEI1 cells (Figure 2A and D). However, SuM
cisplatin induces much stronger intensity of YH2AX,
phospho-CHK1 (S345), phospho-CHK2 (T68), and
phospho-TP53 (S15) in HONEI cells than in HONEG6
cells. Importantly, the phospho-TP53 (S15) correlates
with apoptosis as judged by the cleavage form of caspase3
(Figure 2D). The intensity of YH2AX, phospho-CHK1
(S345), phospho-CHK?2 (T68), and phospho-TP53 (S15)
is in a time- and dose-dependent manner both in HONE1
and HONESG cells (Figure 2D). Our results indicate that
HONED®G acquires enhanced repair system to resolve stalled
forks caused by cisplatin. By contrast, HONE1 cells
encounter high frequency of stalled forks and collapse of
forks caused by cisplatin, thus resulting in dramatically
high activation of CHKI1, CHK2, and TP53 and cell
apoptosis. However, high dose of cisplatin (20uM) could
also overwhelm the repair system in HONEG6, causing
collapse of forks and cell apoptosis.

The cisplatin-resistant HONEG6 cells can progress
through the S phase in low-dose cisplatin
treatment

We further examined the cell cycle progression
in HONEI and HONES6 cells in the presence of SuM
and 20uM cisplatin treatments (Figure 3). HONEI
cells accumulate in the S phase in the presence of SuM
cisplatin, with 58% of cells arrested in the S phase at 24
hours after treatment (Figure 3A). 20uM cisplatin strongly
arrests HONE1 cells in the G1 phase and 29% of HONE1
cells undergo apoptosis at 24 hours after treatment, as
judged by cells in the sub-G1 phase (Figure 3B). By
contrast, HONES cells can progress through the cell cycle
without arresting in the S phase in the presence of SuM
cisplatin (Figure 3A). However, 20uM cisplatin treatment
arrests HONEG cells in the S phase, with 31% of cells
accumulating in the S phase at 24 hours after treatment
(Figure 3B). Since FA and TS are two major pathways to
resolve stalled forks caused by DNA damage, and since
HR is essential for both of these pathways, it appears
that HONEG6 cells may acquire enhanced HR, TS and FA
pathways. However, 20uM cisplatin treatment could result
in severe DNA lesions that overwhelm the HR, TS, and FA
pathways, resulting in the accumulation of HONEG6 cells
in the S phase.

Genes in the HR, TS, and FA pathways are highly
expressed in HONEG cells

To determine whether HR is induced in HONE6
cells, we examined the expression levels of HR genes
in HONEG cells by the quantitative reverse transcription
polymerase chain reaction (qRT-PCR) and Western
blotting. Indeed, genes in the HR pathway, including
BRCA1, BARDI, and RADS5I, are highly expressed

in HONEG6 cells, as compared with in HONEI1 cells, as
judged either by qRT-PCR or Western blotting (Figure 4).

Given that both the FA and TS pathways utilize HR
components to resolve stalled forks, we also checked the
expression of several genes in the FA and TS pathways.
The TS genes, including SHPRH, HLTF, and UBC13,
and the FA gene, including FANCB, FANCD2, FANCE,
FANCEF, FANCI, FANCJ, FANCL, FANCM, and FANCN
have higher expression level in HONEG6 cells than in
HONEI1 cells (Figure 4A). Previous studies have shown
that monoubiquitination of FANCD2 and FANCI is
the key regulatory step in the FA pathway, and FANCL
and FANCI are sufficient for monoubiquitination of
FANCD?2 in vitro [18, 47]. Our results show that these key
regulators, FANCD2, FANCI, and FANCL, are highly
expressed in HONEG cells, suggesting these key regulators
of the FA pathway could play an important role in the
cisplatin-resistant phenotype of HONEG cells.

Therefore, Consistent with the results of flow
cytometry and the phenotype of resistance to broad types
of DNA damaging agents, HONEG cells may acquire the
enhanced HR in coordination with TS and FA to resolve
stalled forks caused by DNA damage.

Cisplatin-resistant HONEG6 cells show elevated
SCE frequency

To determine whether the enhanced HR in
coordination with TS and FA pathways are responsible
for the cisplatin-resistant phenotype, we performed a
sister chromatid exchange (SCE) analysis to determine
the HR efficiency (Figure 5). Strikingly, HONEG6 cells
show elevated SCE frequency. More than 90% of HONEG6
cells showed more than 10 SCE, whereas 78% of HONE1
cells showed less than 5 SCE (Figure SA and C). These
results suggest that cisplatin-resistant HONEG6 cells indeed
acquired the enhanced HR pathway.

To further verify our hypothesis, we depleted the
expression of the HR gene BRCA1, the TS gene UBC13,
or the FA gene FANCD?2, by shRNA packed lentivirus
(Figure 6A and C). The scramble shRNA, shZ1339, was
used as the control. As shown in Figure 5B and C, SCE
frequency was dramatically reduced in the BRCAI-,
UBC13-, or FANCD2-depleted cells, suggesting that the
HR, TS, and FA pathways collaborate to contribute to
cisplatin resistant-phenotype in HONEG6 cells.

Depletion of HR, TS, or FA genes sensitizes
HONEG cells to cisplatin

Given that the enhanced HR in coordination with
the TS and HR pathways underlies the cisplatin-resistant
phenotype, we reasoned that disruption of the HR, TS,
or FA pathway would sensitize cells to the cisplatin
treatment. Therefore, we depleted the expression of
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Figure 2: Cisplatin induces DNA damage both in HONE1 and HONES® cells. (A) HONE1 and HONES6 cells were chronically
treated with SuM or 20uM of cisplatin for four hours. Cells were harvested and subjected to Western blotting with antibodies as indicated. The
YH2AX/H2AX, p-CHK1/CHK1, and p-CHK2/CHK2 ratios were indicated. (B) HONE1 and HONEG cells were fixed and immunostained
with YH2AX antibody. (C) The intensity of YH2AX in each cell was quantified from image (B) using an OLYMPUS FLUOVIEW: FV10-
ASW software. More than 100 cells of each cell line were quantified. (D) Kinetics of DNA damage response between HONE1 and HONE6
cells. HONE1 and HONEG6 were treated with S5uM or 20uM of cisplatin for 48 hours. Cells were harvested at the indicated time and
subjected to Western blotting with specific antibodies as indicated.
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TS genes, including HLTF, SHPRH, and UBC13, the
HR gene BRCAL, and the FA gene FANCD2, using the
shRNA packed lentivirus, as mentioned previously (Figure
6A, B, and C). These shRNA can efficiently deplete the
expression of HLTF, SHPRH, UBC13, BRCAI, and
FANCD?2 (Figure 6A, B, and C). Interestingly, depletion
of HLTF also results in depletion of SHPRH (Figure 6B).
The control cells have 95% cell survival in 5uM cisplatin
and 90% cell survival in 10uM cisplatin (Figure 6D). By
contrast, the UBC13-, BRCA1-, or FANCD2-deficient
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Figure 3: Cisplatin resistant HONEG cells can progress through the S phase in the low-dose (SuM) cisplatin treatment.
(A) Flow cytometry of HONE1 and HONEG cells in the presence of low-dose (SuM) cisplatin. Cells were chronically treated with cisplatin
for 24 hours. (B) HONEI and HONES6 cells were chronically treated with 20uM cisplatin for 24 hours. The cell cycle progression was

determined by flow cytometry.
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SHPRH and HLTF. However, depletion of HLTF shows
decreasing viability in chronic treatment with 15 uM
of cisplatin (Figure 6D). By checking the expression of
SHPRH and HLTF in the HLTF-depleted cells, we found
that depletion of HLTF can simultaneously deplete the
expression of SHPRH (Figure 6B), resulting in more
sensitive to cisplatin than cells with silencing of SHPRH
only (Figure 6D). Our results thus provide evidence that
SHPRH and HLTF are functional redundant proteins.

Depletion of the HR, TS, or FA pathways
accumulates cells in the S phase and results in
elevated DSBs after chronic treatment with low-
dose (5SuM or 10uM) cisplatin

To further determine whether HR, TS and FA genes
collaborate to resolve stalled forks, we monitored the cell
cycle progression of the HR-, TS- or FA-deficient cells by
flow cytometry. The HLTF-, SHPRH-, UBC13-, BRCAI-,
or FANCD2-depleted cells were chronically treated with
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in terms of expression level and number of cells with
YH2AX foci during treatment with low-dose cisplatin
(Figure 8A, B, and C). Greater than 70% of these UBC13-

B HONE1
HONE6

FANCE
FANCF
FANCG
FANCI
FANCJ
FANCL
FANCM
FANCN

Figure 4: Several genes in the FA, HR, and TS pathway are overexpressed in cisplatin resistant HONEG cells. (A) The
expression level of each gene in HONE1 and HONEG cells was determined by qRT-PCR and normalized by the level in HONE1 cells. The
expression of B-actin (ACTB) was used as an internal control. The expression level of each gene in HONE1 or HONE6 was normalized by
the level of ACTB in each cell. (B) The Western blot was immunostained with specific antibodies as indicated.
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, BRCA1- or FANCD2-deficient cells exhibited strong
YH2AX intensity (>100 a.u.) in 5uM cisplatin and the
level of intensity was further enhanced in 10uM cisplatin
treatment, with more than 40% of cells showing greater
than 1000 a.u. fluorescent intensity of YH2AX (Figure
8B). The phospho-CHK1 and phospho-CHK2 is also
induced, suggesting that stalled forks and DSBs occur in
these cells (Figure 8A).

Consistent with the survival curve, depletion of
SHPRH or HLTF shows very similar YH2AX, phospho-
CHKI1, and phospho-CHK2 induction patterns to control
cells. Functional redundancy of SHPRH and HLTF, or
even the existence of additional E3 ligases might attribute
to the minor phenotypes of the SHPRH- or HLTF-depleted
cells.

DISCUSSION

Drug resistance is the major obstacle for
chemotherapy. Previous studies have identified several
genes in the HR, nucleotide excision repair (NER), and
TLS pathways that play an important role in the drug-
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Figure 5: Cisplatin resistant HONEG6 cells show
elevated frequencies of sister chromatid exchange
(SCE). (A) The SCE analysis of HONE1 and HONES6 cells.
SCE are indicated by arrows. SCE was scored in 50 metaphases
of HONE1 and HONES® cells as indicated in (C). (B) The SCE
analysis of control (shZ1339), BRCA1-(shBRCA1), FANCD2-
(shFANCD?2), and UBC13- (shUBC13) deficient cells. SCE was
scored in 50 metaphases of each cell lines as indicated in (C).
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resistant phenotype of cancer. In this study, we identified
a new DNA repair pathway, the TS pathway, in the
cisplatin-resistant phenotype of cancer. We demonstrated
that chronic treatment with low-dose cisplatin induces the
HR in coordination with the TS and FA pathways to confer
the drug-resistant phenotype of cancer. Most importantly,
the efficiency of resolving stalled forks caused by DNA
damage is essential to the cisplatin resistant phenotype.
In support of this notion, the cisplatin-resistant NPC
cells, HONEG cells, show elevated SCE frequency when
compared to their cisplatin-sensitive precursors, HONE1
cells (Figure 5). Depletion of the HR gene BRCALI, the
TS gene UBC13, or the FA gene FANCD2, suppresses
SCE in HONES cells (Figure 5). In addition, these HR-,
TS- or FA-deficient HONEG cells are sensitive to cisplatin
(Figure 6) and accumulate in the S phase in the presence of
low-dose cisplatin (Figure 7), concomitantly with elevated
YH2AX in cells (Figure 8). Our results suggest that HR,
in coordination with TS and FA components, participates
in fork progression, thus playing an important role in the
cisplatin-resistant phenotype of cancer.

A. HONE6

shBRCAL

B shz1339  shHLTF  shSHPRH

UBC13

H3

o

120%
100% ;
80% - ".‘.".
60% -
40% -

20% A

Colony formation (%)

0%

-20% -

Cisplatin (uM)
—m—shz1339 -0+ shBRCAL
-x--shFANCD2 —O—shUBC13

Figure 6: TS- or HR-deficient HONEG6 cells are
sensitive to cisplatin. (A)(B)(C) HLTF, SHPRH, UBCI13,
BRCAI, and FANCD2 are depleted by the shRNA packed
lentivirus in HONEG6 cells. The scramble shRNA, shLacZ1339
was used as a control. Cell lysates were subjected to Western
blotting with specific antibodies as indicated. (D) Cell viability
was determined by the colony formation assay.
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Previous studies have extensively addressed the
importance of the FA pathway in resolving cisplatin-
caused DNA damage and the cisplatin-resistant phenotype.
However, the information regarding the function and
significance of the TS pathway in the drug-resistant
phenotype remains elusive. In particular, what is the
outcome of chronic treatment with low-dose cisplatin?
Here, we discovered that chronic treatment with low-dose
cisplatin induces the TS pathway in addition to the HR
and FA pathways. Interestingly, a recent discovery also
demonstrated the importance of the TS pathway during
chronic low-dose of UV irradiation (CLUV) in yeast
Saccharomyces cerevisiae [48]. In addition to the TS
gene, the HR proteins RADS1, RADS2, and RAD54 are
critical for recovery from CLUYV irradiation in yeast [48].
We provide several lines of evidence that the TS pathway
is particularly important to survival during chronic
treatment with low-dose cisplatin in human cells and that
HR components are also involved in the TS pathway.
First, chronic treatment with low-dose cisplatin induces
the expression of TS and HR genes to confer cisplatin
resistance. Second, consistent with high expression of TS
and HR genes, these cisplatin-resistant HONEG cells can
progress through the S phase in chronic treatment with
low-dose cisplatin and exhibit elevated SCE frequency.
Third, depletion of TS or HR genes sensitizes HONEG6
cells to cisplatin and accumulates cells in the S phase in the
presence of low-dose cisplatin. Fourth, these TS- or HR-
deficient cells exhibit high levels of DSBs, as judged by
the elevated YH2AX in these cells. Indeed, the TS pathway

A 5 1 M Cisplatin
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2
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2 ++x>++ ShBRCAL
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Figure 7: BRCA1-, FANCD2-, and UBC13-deficient
cells accumulate in the S phase in the presence of
10pM cisplatin treatment. Fractions of the S phase cells
were determined by flow cytometry of HONE1 and HONE6
cells in the presence of 5uM (A) or 10uM (B) of cisplatin. Cells
were chronically treated with cisplatin for 24 hours.

involves the strand invasion of a nascent strand into the
undamaged sister chromatid, a process that generates a
double Holliday junction [17, 33, 39]. Recently, HLTF
has been shown to be involved in the strand invasion
mechanism that can promote gap filling during replication
of damaged DNA [40]. Therefore, HR proteins would
be involved in resolving the Holliday junction and result
in SCE. In support of this notion, we also found that a
high SCE frequency occurs in HONEG cells. Importantly,
depletion of UBC13 or BRCA1 dramatically reduces SCE
in HONESG cells. Recent studies also support this notion.
Several HR proteins, such as RAD51, MRE11, BRCAI,
and BRCA2, are involved in resolving stalled forks [41-
44].

Interestingly, depletion of either SHPRH or HLTF
did not result in severe phenotype as much as depletion of
UBC13. Functional redundancy of SHPRH and HLTF, or
even the existence of additional E3 ligases could account
for the discrepancy. Given the large size of human genome,
functional redundancy might have evolved to ensure the
successful completion of DNA replication in the presence
of low levels of DNA damage. For example, there is only
one E3 ligase, Rad5, in the TS pathway in yeast, whereas
at least two orthologs of Rad5, SHPRH and HLTF, are
evolved in human cells [38]. A recent study even suggests
that additional E3 ligases might exist in the TS pathway
in mammalian cells [24]. In addition, previous studies
have shown that the E3 ligases, RNF8 and RNF168, can
also interact with UBC13. The interaction between RNFS,
RNF168, and UBC13 generates K63-linked polyubiquitin
chains at H2A or yH2AX, which in turn recruit BRCA1
to sites of DNA damage [49-52]. Therefore, silencing
of UBCI13 can affect more biological pathways than
silencing of HLTF and SHPRH, which could account for
the reason why silencing of UBC13 results in more severe
phenotype than silencing of SHPRH and HLTF. As to
whether RNF8 and RNF168 can also ubiquitinate PCNA,
and whether RNF8 and RNF168 could be the missing E3
ligases in the TS pathway, further studies to generate the
triple or quadruple knockout of SHPRH, HLTF, RNFS,
and RNF168 might answer this question.

To determine whether DNA damage checkpoint
plays a role in cisplatin-resistant phenotype of HONE6
cells, we monitored the kinetics of YH2AX, phospho-
CHKI1 (S345), phospho-CHK2 (T68), and phospho-TP53
(S15) in response to cisplatin over time in HONE1 and
HONESG cells (Figure 2D). Our results demonstrate that
both HONEI1 and HONES6 are not checkpoint-defective.
Interestingly, we found that the basal level of YH2AX,
phospho-CHK1 (S345), phospho-CHK2 (T68), and
phospho-TP53 (S15) are higher in HONEG6 than in HONE1
cells (Figure 2A and D). It could be due to the elevated
SCE (because DSBs occur to initiate SCE). However,
cisplatin-sensitive HONE1 cells respond to cisplatin more
vigorously than cisplatin-resistant HONEG6 cells, which
shows much stronger intensity of YH2AX, phospho-CHK1
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Figure 8: YH2AX is increased in the FA-, HR-, and TS-deficient cells in the presence of cisplatin treatment. (A) The
gene-depleted HONEG cells were treated with S5uM or 10uM of cisplatin for 24 hours. Cell lysates were subjected to Western blotting with
specific antibodies as indicated. The yYH2AX/H2AX, pCHK1/CHK1, and pCHK2/CHK2 ratio was indicated. (B) The intensity of YH2AX
in each cell was quantified from image (C) using an OLYMPUS FLUOVIEW: FV10-ASW software. More than 100 cells of each cell line
were quantified. (C) The YH2AX foci formation of the control (shZ1339), UBC13- (shUBC13), HLTF- (shHLTF), SHPRH- (shSHPRH),
BRCAL1- (shBRCAL1), and FANCD2- (shFANCD?2) deficient cells was determined by the fluorescence microscopy with specific anti-
YH2AX antibody.

www.impactjournals.com/oncotarget 6332 Oncotarget



(S345), phospho-CHK?2 (T68), and phospho-TP53 (S15)
in HONEI cells than in HONEG6 cells. Our results support
the notion that cisplatin-sensitive HONE1 cells encounter
high frequency of stalled forks and collapse of forks
caused by cisplatin, thus resulting in dramatically high
activation of CHK1, CHK2, and TP53 and cell apoptosis.
By contrast, HONEG6 acquires enhanced repair system to
resolve stalled forks caused by cisplatin, thus resulting in
less activation of DNA damage response.

As to what is the suspected mechanism for the
induction of these FA, TS, and HR genes in HONES6 cells?
FOXMI1 (forkhead box protein M1) is a transcription
factor and has been shown to associate with cisplatin-
resistance and DNA damage response in breast cancer
[53-58]. We discovered that the expression level of
FOXM1 is slightly increased in HONEG6 cells compared
to HONEI cells, as judged by qRT-PCR and Western
blotting (Figure S3). Therefore, FOXM1 could underlie
the induction mechanism that induces FA, TS, and HR
genes. As several other transcription factors, such as E2F,
NF-kB, TIP60, Nrf2, GCF2, are also indicated in the
cisplatin-resistant phenotype [59]. We cannot rule out the
possibility that these transcription factors are also involved
in the induction mechanism. Further investigation will be
worthy of exploration to determine the mechanism.

In this study, we discovered that HR, in coordination
with the TS and FA pathways, plays a central role in the
cisplatin-resistant phenotype of cancer. Targeting these
three pathways may thus provide a therapeutic strategy
for treating cisplatin-resistant cancer.

MATERIALS AND METHODS

Cell culture

The nasopharyngeal carcinoma HONEI cells
were gifts from the distinguished investigator Jang-
Yang Chang (NHRI, Taiwan) and were cultured in
RPMI1640 supplemented with 5% FBS, 1% glutamine,
and 1% penicillin/streptomycin [45, 46]. HONEG6 cells
were developed through chronic low-dose treatment of
HONEI! using cisplatin containing medium (RPMI11640
supplemented with 5% FBS, 1% glutamine, 1% penicillin/
streptomycin, and increasing dose to SuM cisplatin) [46].

Colony formation assay

Approximately 10* cells were seeded in 100-mm
dishes in duplicate. Subsequently, cells were chronically
treated with cisplatin, MMC, MMS, and 4NQO, and
incubated for 10 days. The resulting colonies were stained
with 1% crystal violet (Sigma). Colonies were counted
using a GeneTools software program (Syngene).

Cytotoxicity assay

Cytotoxicity was determined
3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. 10° cells were grown in culture
plates for 24 hours and then treated with various
concentrations of drugs for another 72 hours. 0.5 mg/ml
MTT was added to each culture, followed by incubation
at 37°C for 4 hours. Dimethyl sulfoxide (DMSO) was
added to dissolve the converted dye of the released MTT.
Absorbance was measured at a wavelength of 490 nm
using a microplate reader. Cytotoxicity induced by each
treatment was calculated as the percentage of viable cells
by dividing the optical density of samples in drug-treated
wells by that of the control wells.

by

qRT-PCR analysis

Total RNA from HONEI1, HONEG6, or gene-
depleted HONEG6 cells was isolated using Trizol reagent
(Invitrogen) and was subjected to reverse transcription
using GoScript™ reverse transcription system (Promega).
The resulting cDNA samples were analyzed using the real-
time PCR analysis (ABI StepOne Plus™ Real-Time PCR
Systems). The real-time PCR was performed in a 40ul
reaction with 0.8ul of 10uM primers, 0.8ul of 50mM
MgCl,, 20ul iQ™SYBR green supermix (BIO-RAD), and
1ul cDNA. The primer sequences are following, BRCA1
: 57-AGC AGA ATG GTC AAC TGA TGA ATA-3’ and
5’-ACT GCT GCT TAT AGG TTC AGC TTT-3’ ; RADS1
:5’-CAG TGA TGT CCT GGA TAA TGT AGC-3’ and 5°-
TTA CCA CTG CTA CAC CAAACT CAT-3’; FANCD?2 :
5’-ATC TGC TAT GAT GAT GAA TGC TGT-3’; UBC13
: 5’-CAA TGG CAG CCC CTA AAG TA-3’ and 5-GTC
TTC CAC TGC TCC GCT AC-3’; HLTF : 5°-GTG CAA
TTT GCC TGG ATT CT-3" and 5’-TAG CAT GTG GCT
GCT CAT TC-3’; SHPRH : 5’-GCC AAA GCA CTC GTT
TTC TC-3’and 5’-TTG ATT TGG GGA TCA CGT TT-3’;
ACTB : 5’-AGG CAT CCT CAC CCT GAA GTA-3’ and
5’-GGG ATA GCA CAG CCT GGA TAG-3’; FANCA:
5’- aaa ata taa tcc tga aag ggc aca-3’ and 5°- aat gat tag
cat agg cct cag aac-3’; FANCB: 5’°- tgg ttg ttg gag tga aaa
cta cat-3” and 5°- aca aag ctt tcc tct tte ttg cta-3’; FANCC:
5’- tta gca tat gat gaa agc caa aaa-3’ and 5°- aga cct tga gtg
aaa aga gca act-3’; FANCE: 5°- aga gtt act gtg ttg cct tgt
gaa-3’ and 5°- ata ctt ggt cat cac tgt cag cat-3’; FANCF:
5’- gct tca atg get ata gag aga acc-3” and 5°- tat cac ctt cag
gaa gtt gtt ctg-3°; FANCG: 5°- cta gag aga gtg ctg gag aca
cag-3’and 5’°- gcc att cag ggt ctc tag taa caa-3’; FANCI:
5’- cag aaa gag tgt ttt gga agg aat-3’ and 5°- tta agt gtt tca
cga gtt ctc tge-37; FANCIJ: 5°- tct cca ctg gaa aag ata aac
tce-3” and 5°- agt aat ctg agc aat ctg ctt gtg-3’; FANCL: 5°-
act atg ctt cct gag tge ttc ttt-3” and 5°- gca taa caa att cca
caa tcc ata-3’; FANCM: 5°- tat gct tat tge cag gtt gta aga-3’
and 5°- cgg aac aat aag ctt ttc aac ttt-3’; FANCN: 5’- aaa
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aac ttt ata cct ggc act tcg-3” and 5°- cca ctg cta cta act agc
ctc ctc-3°; BRCA2: 5’- aaa caa caa tta cga acc aaa cct-3’
and 5’- cat cat ctg ctt gat cca ttt tag-3’; BARDI1: 5’- aaa ttt
gaa tgg gta aaa geca tgt-3” and 5°- taa taa ggt tgt cct ttg gat
ggt-3’; FOXMI1: 5°- gat gtg aat ctt cct aga cca cct-3” and
5’°- aat tct cct ttt cct cca tct ctt-3°. The real-time PCR was
started at 95°C for 3min, followed by 40 cycles at 95°C for
15sec, and 55°C for 45sec.

The expression of B-actin (ACTB) was used as an
internal control. The expression level of each gene in
HONE1 or HONEG6 was normalized by the level of ACTB
in each cell.

shRNA lentiviral gene knockdown

HEK?293T was used as packaging cells to generate
shRNA encoding lentiviruses. Cells infected with
lentiviruses were selected in 2pg/ml puromycin. All
RNAI reagents were obtained from the National RNAi
Core Facility, Academia Sinica. Sequences targeted by
shRNAs were as follows: shZ1339 : CGC GAT CGT AAT
CAC CCG AGT (TRCN0000244984) ; shBRCA1 : GAG
TAT GCA AAC AGC TAT AAT (TRCN0000244984)
; SIFANCD2 : ATC ATG CAG CTG ATC AGT ATT
(TRCN0000417689) ; shUBC13 : AGA CAA GTT GGG
AAG AAT ATG (TRCN0000368937) ; shHLTF : TGT
GGT TGG ACT ACG CTA TTA (TRCN0000272562)
; sSsSHPRH : ACG GAA CCA GAA GCG CTA TAT
(TRCNO0000235922). Depletion of genes was verified by
qRT-PCR and Western blotting.

Flow cytometry

Cells were washed with PBS and fixed in ice-cold
70% ethanol overnight. Fixed cells were then treated
with RNase at 37°C for 30 min. After incubation with
propidium iodide solution (Invitrogen), cells were
analyzed by flow cytometry (Cell Lab Quanta™ SC Flow
Cytometer, Beckman Coulter).

Western Blotting

10 cells were washed and resuspended in lysis
buffer [SOmM Tris (pH7.5), 150 mM NaCl, ImM
EDTA, 0.1% Triton X-100, protease inhibitor cocktail
(MD Biol)]. After sonication, cell lysates were added
with Laemmli sample buffer and boiled for 5 minutes.
Samples were separated on a 10% SDS-PAGE and
transferred to a PVDF membrane. Protein blots were
probed using specific antibodies against YH2AX (05-
636, Millipore), H2AX (ab11175, abcam), phospho-
CHK1(S345) (2348, Cell Signaling Technology), CHK 1
(sc-8408, Santa Cruz Biotechnology), phospho-CHK?2
(T68) (2661, Cell Signaling Technology), CHK2 (sc-

5278, Santa Cruz Biotechnology), Caspase 3 (9662,
Cell Signaling Technology), and FOXM1 (sc-500, Santa
Cruz Biotechnology). All images were acquired by the
GeneGnome 5 (Bio Image, Syngene) and the YH2AX/
H2AX, p-CHK1/CHK1, and p-CHK2/CHK2 ratios were
quantitative by a GeneTools software program (Syngene).
These data were repeated at least three times and similar
trends were observed.

Sister chromatid exchange (SCE)

105 cells were incubated with 9ug/mL
5-bromodeoxyuridine (BrdU) (Sigma) for 48 hours, and
SCE analysis was performed as described previously.
Images were acquired by Nikon eclipse 801 / NIS Elements
D4.20.00. For each cell line, 50 metaphases were analyzed
to determine the SCE frequency.

Immunofluorescence microscopy

Cells plated on two-well chamber slides were
chronically treated with 5 puM, 10uM, or 20uM
cisplatin for 4 or 24 hours and then fixed with 3.5%
paraformaldehyde for 15 min and permeabilized with
1% Triton X-100 for 10 min. Fixed cells were blocked
with 5% FBS and stained with anti-yH2AX and Alexa-
conjugated anti-mouse secondary antibodies. Images were
acquired by confocal microscope OLYMPUS IX81. The
fluorescence intensity of yYH2AX in a cell was quantified
by an OLYMPUS FLUOVIEW: FV10-ASW software. At
least 100 cells from each cell lines were quantified.

Conflict of interest

The authors declare no conflict of interest.

ACKNOWLEDGEMENTS

We wish to thank Su-Ching Chang for helping to
quantify the intensity of fluorescence of confocal images.
Kyungjae Myung, Zarok Ku, Hung-Chi Cheng and Aziz
Sancar for critical reading of the manuscript, as well as
Woei-Jer Chuang, Wen-Ya Huang, Shang-Hsun Yang, Yi-
Min Chen, and Yu-San Han for their generous support.
H.L. is funded by grants (NSC102-2320-B-006-037,
NSC101-2320-B-006-039, NSC100-2320-B-006-016, and
NSC100-2311-B-006-001) from the Ministry of Science
and Technology, the Ministry of Education, Taiwan, and
the Aim for the Top University Project to the National
Cheng Kung University. W.P.S. is funded by grants (NSC-
102-2628-B-006-013-MY3, NSC-101-2314-B-006-070)
from the Ministry of Science and Technology and the
Ministry of Education, Taiwan, and the Aim for the Top
University Project to the National Cheng Kung University.

www.impactjournals.com/oncotarget

6334

Oncotarget



REFERENCES

10.

11.

13.

14.

Muhammad N and Guo Z. Metal-based anticancer
chemotherapeutic agents. Current opinion in chemical
biology. 2014; 19C:144-153.

Gottesman MM. Mechanisms of cancer drug resistance.
Annual review of medicine. 2002; 53:615-627.

Oliver TG, Mercer KL, Sayles LC, Burke JR, Mendus D,
Lovejoy KS, Cheng MH, Subramanian A, Mu D, Powers
S, Crowley D, Bronson RT, Whittaker CA, Bhutkar A,
Lippard SJ, Golub T, et al. Chronic cisplatin treatment
promotes enhanced damage repair and tumor progression
in a mouse model of lung cancer. Genes Dev. 2010;
24(8):837-852.

Doles J, Oliver TG, Cameron ER, Hsu G, Jacks T, Walker
GC and Hemann MT. Suppression of Rev3, the catalytic
subunit of Pol{zeta}, sensitizes drug-resistant lung tumors
to chemotherapy. Proc Natl Acad Sci U S A. 2010;
107(48):20786-20791.

Palagyi A, Neveling K, Plinninger U, Ziesch A, Targosz
BS, Denk GU, Ochs S, Rizzani A, Meier D, Thasler WE,
Hanenberg H, De Toni EN, Bassermann F, Schafer C, Goke
B, Schindler D, et al. Genetic inactivation of the Fanconi
anemia gene FANCC identified in the hepatocellular
carcinoma cell line HuH-7 confers sensitivity towards
DNA-interstrand crosslinking agents. Mol Cancer. 2010;
9:127.

Wang QE, Milum K, Han C, Huang YW, Wani G,
Thomale J and Wani AA. Differential contributory roles of
nucleotide excision and homologous recombination repair
for enhancing cisplatin sensitivity in human ovarian cancer
cells. Mol Cancer. 2011; 10:24.

Branzei D and Foiani M. The DNA damage response during
DNA replication. Curr Opin Cell Biol. 2005; 17(6):568-
575.

Branzei D and Foiani M. Maintaining genome stability
at the replication fork. Nat Rev Mol Cell Biol. 2010;
11(3):208-219.

D’Andrea AD. BRCAI: a missing link in the Fanconi
anemia/BRCA pathway. Cancer discovery. 2013; 3(4):376-
378.

Kee Y and D’Andrea AD. Expanded roles of the Fanconi
anemia pathway in preserving genomic stability. Genes
Dev. 2010; 24(16):1680-1694.

Wang W. Emergence of a DNA-damage response network
consisting of Fanconi anaemia and BRCA proteins. Nat Rev
Genet. 2007; 8(10):735-748.

Huang M and D’Andrea AD. A new nuclease member of
the FAN club. Nat Struct Mol Biol. 2010; 17(8):926-928.
Ciccia A, McDonald N and West SC. Structural and
functional relationships of the XPF/MUSS81 family of
proteins. Annu Rev Biochem. 2008; 77:259-287.

Fekairi S, Scaglione S, Chahwan C, Taylor ER, Tissier A,
Coulon S, Dong MQ, Ruse C, Yates JR, 3rd, Russell P,

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Fuchs RP, McGowan CH and Gaillard PH. Human SLX4
is a Holliday junction resolvase subunit that binds multiple
DNA repair/recombination endonucleases. Cell. 2009;
138(1):78-89.

Svendsen JM, Smogorzewska A, Sowa ME, O’Connell BC,
Gygi SP, Elledge SJ and Harper JW. Mammalian BTBD12/
SLX4 assembles a Holliday junction resolvase and is
required for DNA repair. Cell. 2009; 138(1):63-77.

Hodskinson MR, Silhan J, Crossan GP, Garaycoechea
JI, Mukherjee S, Johnson CM, Scharer OD and Patel KJ.
Mouse SLX4 Is a Tumor Suppressor that Stimulates the
Activity of the Nuclease XPF-ERCC1 in DNA Crosslink
Repair. Mol Cell. 2014.

Petermann E and Helleday T. Pathways of mammalian
replication fork restart. Nat Rev Mol Cell Biol. 2010;
11(10):683-687.

Kim H and D’Andrea AD. Regulation of DNA cross-link
repair by the Fanconi anemia/BRCA pathway. Genes Dev.
2012; 26(13):1393-1408.

Ulrich HD. The RADG6 pathway: control of DNA damage
bypass and mutagenesis by ubiquitin and SUMO.
Chembiochem : a European journal of chemical biology.
2005; 6(10):1735-1743.

Ulrich HD. Regulating post-translational modifications
of the eukaryotic replication clamp PCNA. DNA Repair
(Amst). 2009; 8(4):461-469.

Bergink S and Jentsch S. Principles of ubiquitin and SUMO
modifications in DNA repair. Nature. 2009; 458(7237):461-
467.

Arakawa H, Moldovan GL, Saribasak H, Saribasak
NN, Jentsch S and Buerstedde JM. A role for PCNA
ubiquitination in immunoglobulin hypermutation. PLoS
Biol. 2006; 4(11):e366.

Lin JR, Zeman MK, Chen JY, Yee MC and Cimprich
KA. SHPRH and HLTF act in a damage-specific manner
to coordinate different forms of postreplication repair and
prevent mutagenesis. Mol Cell. 2011; 42(2):237-249.

Krijger PH, Lee KY, Wit N, van den Berk PC, Wu X,
Roest HP, Maas A, Ding H, Hoeijmakers JH, Myung K and
Jacobs H. HLTF and SHPRH are not essential for PCNA
polyubiquitination, survival and somatic hypermutation:
existence of an alternative E3 ligase. DNA Repair (Amst).
2011; 10(4):438-444.

Unk I, Hajdu I, Fatyol K, Hurwitz J, Yoon JH, Prakash
L, Prakash S and Haracska L. Human HLTF functions
as a ubiquitin ligase for proliferating cell nuclear antigen
polyubiquitination. Proc Natl Acad Sci U S A. 2008;
105(10):3768-3773.

Motegi A, Liaw HJ, Lee KY, Roest HP, Maas A, Wu X,
Moinova H, Markowitz SD, Ding H, Hoeijmakers JHJ and
Myung K. Polyubiquitination of proliferating cell nuclear
antigen by HLTF and SHPRH prevents genomic instability
from stalled replication forks. Proceedings of the National
Academy of Sciences. 2008; 105(34):12411-12416.

WWW

.impactjournals.com/oncotarget

6335

Oncotarget



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Unk I, Hajdu I, Fatyol K, Szakal B, Blastyak A, Bermudez
V, Hurwitz J, Prakash L, Prakash S and Haracska L. Human
SHPRH is a ubiquitin ligase for Mms2-Ubc13-dependent
polyubiquitylation of proliferating cell nuclear antigen. Proc
Natl Acad Sci U S A. 2006; 103(48):18107-18112.

Motegi A, Sood R, Moinova H, Markowitz SD, Liu
PP and Myung K. Human SHPRH suppresses genomic
instability through proliferating cell nuclear antigen
polyubiquitination. J Cell Biol. 2006; 175(5):703-708.

Hibbert RG, Huang A, Boelens R and Sixma TK. E3 ligase
Rad18 promotes monoubiquitination rather than ubiquitin
chain formation by E2 enzyme Rad6. Proc Natl Acad Sci U
S A.2011; 108(14):5590-5595.

Hoege C, Pfander B, Moldovan GL, Pyrowolakis G and
Jentsch S. RAD6-dependent DNA repair is linked to
modification of PCNA by ubiquitin and SUMO. Nature.
2002; 419(6903):135-141.

Sale JE. Translesion DNA synthesis and mutagenesis
in eukaryotes. Cold Spring Harb Perspect Biol. 2013;
5(3):a012708.

Saberi A, Hochegger H, Szuts D, Lan L, Yasui A, Sale
JE, Taniguchi Y, Murakawa Y, Zeng W, Yokomori K,
Helleday T, Teraoka H, Arakawa H, Buerstedde JM and
Takeda S. RADI18 and poly(ADP-ribose) polymerase
independently suppress the access of nonhomologous end
joining to double-strand breaks and facilitate homologous
recombination-mediated repair. Mol Cell Biol. 2007,
27(7):2562-2571.

Minca EC and Kowalski D. Multiple Rad5 Activities
Mediate Sister Chromatid Recombination to Bypass DNA
Damage at Stalled Replication Forks. Molecular Cell. 2010;
38(5):649-661.

Sonoda E, Okada T, Zhao GY, Tateishi S, Araki K,
Yamaizumi M, Yagi T, Verkaik NS, van Gent DC, Takata
M and Takeda S. Multiple roles of Rev3, the catalytic
subunit of polzeta in maintaining genome stability in
vertebrates. EMBO J. 2003; 22(12):3188-3197.

Niedzwiedz W, Mosedale G, Johnson M, Ong CY, Pace P
and Patel KJ. The Fanconi anaemia gene FANCC promotes
homologous recombination and error-prone DNA repair.
Mol Cell. 2004; 15(4):607-620.

Masutani C, Kusumoto R, Yamada A, Dohmae N, Yokoi
M, Yuasa M, Araki M, Iwai S, Takio K and Hanaoka F.
The XPV (xeroderma pigmentosum variant) gene encodes
human DNA polymerase eta. Nature. 1999; 399(6737):700-
704.

Motegi A, Liaw HJ, Lee KY, Roest HP, Maas A, Wu X,
Moinova H, Markowitz SD, Ding H, Hoeijmakers JH and
Myung K. Polyubiquitination of proliferating cell nuclear
antigen by HLTF and SHPRH prevents genomic instability
from stalled replication forks. Proc Natl Acad Sci U S A.
2008; 105(34):12411-12416.

Unk I, Hajdu I, Blastyak A and Haracska L. Role of yeast
Rad5 and its human orthologs, HLTF and SHPRH in DNA

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

damage tolerance. DNA Repair (Amst). 2010; 9(3):257-
267.
San Filippo J, Sung P and Klein H. Mechanism of

eukaryotic homologous recombination. Annu Rev Biochem.
2008; 77:229-257.

Burkovics P, Sebesta M, Balogh D, Haracska L and Krejci
L. Strand invasion by HLTF as a mechanism for template
switch in fork rescue. Nucleic Acids Res. 2014; 42(3):1711-
1720.

Petermann E, Orta ML, Issaeva N, Schultz N and
Helleday T. Hydroxyurea-stalled replication forks become
progressively inactivated and require two different RAD51-
mediated pathways for restart and repair. Mol Cell. 2010;
37(4):492-502.

Bryant HE, Petermann E, Schultz N, Jemth AS, Loseva
O, Issaeva N, Johansson F, Fernandez S, McGlynn P and
Helleday T. PARP is activated at stalled forks to mediate
Mrell-dependent replication restart and recombination.
EMBO J. 2009; 28(17):2601-2615.

Pathania S, Nguyen J, Hill SJ, Scully R, Adelmant GO,
Marto JA, Feunteun J and Livingston DM. BRCAL is
required for postreplication repair after UV-induced DNA
damage. Mol Cell. 2011; 44(2):235-251.

Zhao GY, Sonoda E, Barber LJ, Oka H, Murakawa Y,
Yamada K, Tkura T, Wang X, Kobayashi M, Yamamoto K,
Boulton SJ and Takeda S. A critical role for the ubiquitin-
conjugating enzyme Ubcl3 in initiating homologous
recombination. Mol Cell. 2007; 25(5):663-675.

Glaser R, Zhang HY, Yao KT, Zhu HC, Wang FX, Li GY,
Wen DS and Li YP. Two epithelial tumor cell lines (HNE-1
and HONE-1) latently infected with Epstein-Barr virus that
were derived from nasopharyngeal carcinomas. Proc Natl
Acad Sci U S A. 1989; 86(23):9524-9528.

Chang KY, Tsai SY, Wu CM, Yen CJ, Chuang BF and
Chang JY. Novel phosphoinositide 3-kinase/mTOR dual
inhibitor, NVP-BGT226, displays potent growth-inhibitory
activity against human head and neck cancer cells in vitro
and in vivo. Clin Cancer Res. 2011; 17(22):7116-7126.

Cole AR, Lewis LP and Walden H. The structure of the
catalytic subunit FANCL of the Fanconi anemia core
complex. Nat Struct Mol Biol. 2010; 17(3):294-298.

Hishida T, Kubota Y, Carr AM and Iwasaki H. RADG6-
RAD18-RAD5-pathway-dependent tolerance to chronic
low-dose ultraviolet light. Nature. 2009; 457(7229):612-
615.

Huen MS, Grant R, Manke I, Minn K, Yu X, Yaffe MB
and Chen J. RNF8 transduces the DNA-damage signal via
histone ubiquitylation and checkpoint protein assembly.
Cell. 2007; 131(5):901-914.

Doil C, Mailand N, Bekker-Jensen S, Menard P, Larsen
DH, Pepperkok R, Ellenberg J, Panier S, Durocher D,
Bartek J, Lukas J and Lukas C. RNF168 binds and amplifies
ubiquitin conjugates on damaged chromosomes to allow
accumulation of repair proteins. Cell. 2009; 136(3):435-

WWW

.impactjournals.com/oncotarget

6336

Oncotarget



51.

52.

53.

54.

55.

56.

57.

58.

59.

446.

Mailand N, Bekker-Jensen S, Faustrup H, Melander F,
Bartek J, Lukas C and Lukas J. RNF8 ubiquitylates histones
at DNA double-strand breaks and promotes assembly of
repair proteins. Cell. 2007; 131(5):887-900.

Wang B and Elledge SJ. Ubc13/Rnf8 ubiquitin ligases
control foci formation of the Rap80/Abraxas/Brcal/Brec36
complex in response to DNA damage. Proc Natl Acad Sci
U S A.2007; 104(52):20759-20763.

Khongkow P, Karunarathna U, Khongkow M, Gong C,
Gomes AR, Yague E, Monteiro LJ, Kongsema M, Zona
S, Man EP, Tsang JW, Coombes RC, Wu KJ, Khoo US,
Medema RH, Freire R, et al. FOXM1 targets NBS1 to
regulate DNA damage-induced senescence and epirubicin
resistance. Oncogene. 2013.

Gomes AR, Zhao F and Lam EW. Role and regulation of
the forkhead transcription factors FOX0O3a and FOXM1
in carcinogenesis and drug resistance. Chinese journal of
cancer. 2013; 32(7):365-370.

Zhao F and Lam EW. Role of the forkhead transcription
factor FOXO-FOXM1 axis in cancer and drug resistance.
Frontiers of medicine. 2012; 6(4):376-380.

Kwok JM, Peck B, Monteiro LJ, Schwenen HD, Millour
J, Coombes RC, Myatt SS and Lam EW. FOXM1 confers
acquired cisplatin resistance in breast cancer cells. Mol
Cancer Res. 2010; 8(1):24-34.

Tan Y, Raychaudhuri P and Costa RH. Chk2 mediates
stabilization of the FoxM1 transcription factor to stimulate
expression of DNA repair genes. Mol Cell Biol. 2007;
27(3):1007-1016.

Park YY, Jung SY, Jennings NB, Rodriguez-Aguayo
C, Peng G, Lee SR, Kim SB, Kim K, Leem SH, Lin SY,
Lopez-Berestein G, Sood AK and Lee JS. FOXM1 mediates
Dox resistance in breast cancer by enhancing DNA repair.
Carcinogenesis. 2012; 33(10):1843-1853.

Shen DW, Pouliot LM, Hall MD and Gottesman MM.
Cisplatin resistance: a cellular self-defense mechanism
resulting from multiple epigenetic and genetic changes.
Pharmacological reviews. 2012; 64(3):706-721.

www.impactjournals.com/oncotarget

6337

Oncotarget



