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ABSTRACT:
The far-upstream element-binding protein-interacting repressor (FIR) is a c-myc
transcriptional suppressor. FIR is alternatively spliced to lack the transcriptional
repression domain within exon 2 (FIRΔexon2) in colorectal cancers. FIR and
FIRΔexon2 form homo- or heterodimers that complex with SAP155. SAP155, a subunit
of the essential splicing factor 3b subcomplex in the spliceosome, is required for
proper P27Kip1 pre-mRNA splicing, and P27Kip1 arrests cells at G1. In contrast,
FIR was co-immunoprecipitated with Ku86 and DNA-PKcs. siRNA against Ku86/Ku70
decreased FIR and P27Kip1 expression, whereas siRNA against FIR decreased Ku86/
XRCC5 and P27Kip1 expression. Thus the mechanical interaction of FIR/FIRΔexon2/
SAP155 bridges c-myc and P27Kip1 expression, potentially integrates cell-cycle
progression and c-myc transcription in cell.
Bleomycin (BLM) is an anticancer agent that introduces DNA breaks. Because
DNA breaks generate the recruitment of Ku86/Ku70 to bind to the broken DNA ends,
the possible involvement of FIR and Ku86/Ku70 interaction in the BLM-induced DNA
damage repair response was investigated in this study. First, BLM treatment reduced
SAP155 expression and increased FIR and FIRΔexon2 mRNA expression as well as
the ratio of FIRΔexon2:FIR in hepatoblastoma cells (HLE and HLF). Second, FIR or
FIRΔexon2 adenovirus vectors (Ad-FIR or Ad-FIRΔexon2) increased Ku86/Ku70
and P27Kip1 expression in vitro. Third, BLM decreased P27Kip1 protein expression,
whereas increased P27Kip1 and γH2AX expression with Ad-FIRΔexon2. Together, the
interaction of FIR/SAP155 modulates FIR splicing and involves in cell-cycle control
or cell fate via P27Kip1 and c-myc in BLM-induced DNA damage pathway. This novel
function of FIR splicing will contribute to clinical studies of cancer management
through elucidating the mechanical interaction of FIR/FIRΔexon2/SAP155 as a
potential target for cancer treatment.
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INTRODUCTION

The purpose of this study was to reveal FIR’s novel
potential role in DNA damage repair pathway by studying
how FIR coordinates, integrates or orchestrates BLMinduced DNA-damage responses. The results we obtained
indicated that FIR and Ku86/Ku70 potentially form
complexes and participate in BLM-induced DNA-damage
repair machinery. The possible interactions of FIR/
FIRΔexon2/SAP155 and Ku86/Ku70/DNA-PKcs may
provide new insight into DNA damage response pathway
of cells. The importance of the FIR/FIRΔexon2/SAP155
interaction is discussed as a novel modulator of c-myc/
cell-cycle checkpoint regulator in cancer development or
future clinical applications [25].

The far-upstream element (FUSE) is a sequence
required for proper transcriptional regulation of the human
c-myc gene [1,2]. FUSE is located 1.5-kb upstream of
the c-myc promoter P1 and is recognized by the FUSEbinding protein (FBP). FBP is a transcription factor that
stimulates c-myc expression through FUSE [2,3]. FBP and
the FUSE-binding protein-interacting repressor (FIR) have
been reported to be a sensor of DNA melting of c-myc
promoter, and regulate c-myc transcription through the
general transcription factor TFIIH [2,4-8]. Yeast twohybrid analysis has demonstrated that FBP binds to FIR,
and FIR represses c-myc transcription by suppressing
the TFIIH/P89/XPB helicase (P89)[4,8]. Cells from
Type B and Type D xeroderma pigmentosum patients
are defective in FIR repression, which suggests that P89
mutations impair c-myc transcriptional regulation by FIR
and contribute to tumor development [5]. Expression of
FIRΔexon2, an FIR splice variant that lacks exon 2, may
promote tumor development by disabling FIR repression
of c-myc [9].
Splicing factor 3b (SF3b) is a subcomplex of the
U2 small nuclear ribonucleoprotein in the spliceosome
[10]. SAP155 (subunit of SF3b) is required for proper
FIR expression and vice versa, and SAP155 knockdown
or SF3b inhibition disrupts alternative splicing of FIR
pre-mRNA and generates FIRΔexon2 [11]. Therefore,
a complex formation of SAP155 with FIR/FIRΔexon2
disturbs well-established functions of SAP155 and FIR,
serving as a molecular switch for c-myc gene expression
[11]. In cancers, cell-cycle arrest for complete DNA
damage repair is highly inefficient because expression
of the Cip/Kip family is decreased; thus, cell-cycle
progression is accelerated [12,13]. Together, interaction
between FIR/FIRΔexon2 and SAP155 bridges c-myc/
c-Myc expression and cell cycling. Because FIR/
FIRΔexon2/SAP155 interaction connects c-myc and cellcycle regulation by integrating the expression of P89/FIR/
FIRΔexon2 or P27/cdk2/cyclinE [14], FIR potentially
plays some role in DNA-damage responses [14,15].
Bleomycin (BLM) produces much higher levels of DNA
double strand breaks (DSBs) with relatively uniform and
simple DNA ends [16,17]. Single-strand DNA breaks
(SSDs) lead to DSBs that occur in close proximity and
are produced with higher concentrations of BLM [18-20].
DSBs are one of the most severe types of DNA damage
and they promote genomic instability that is lethal to the
cell if left unrepaired [21,22]. Several different DNA repair
pathways combat DSBs, with nonhomologous end joining
(NHEJ) being one of the major pathways in mammalian
cells [21,23]. The core components of mammalian NHEJ
are the catalytic subunit of DNA protein kinase (DNAPKcs), Ku70/Ku80, Artemis, XRCC4, and DNA ligase
IV [21]. End bridging occurs via interactions between
the DNA-PKcs molecules, leading to DSB repair [24].
www.impactjournals.com/oncotarget

RESULTS
FIR/FIRΔexon2/SAP155, Ku86/XRCC5, and
DNA-PKcs potentially form a complex.
If FIR plays some role in the DNA-damage
response, FIR potentially forms a complex with DNAdamage repair proteins such as DNA-PKcs or Ku86/
Ku70. Under this hypothesis, we prepared FIR–FLAG,
FIRΔexon2–FLAG or PUF60–FLAG stably expressing
HeLa cells (cancer cells) or 293T cells (non-cancer cells),
and pull-down assays were performed to examine whether
FIR, DNA-PKcs and Ku86 interacted. Consequently,
DNA-PKcs was co-immunoprecipitated in stably
expressing FIR–FLAG, but not in those expressing
FIRΔexon2–FLAG (Figure 1A). Ku86 has been reported
to form a complex with DNA-PKcs/PARP1 to participate
in NHEJ of DNA DSB repair [26]. Indeed, Ku86 was coimmunoprecipitated with FIR from HeLa cells but not
from 293T cells (Figure 1B). Therefore, pull-down assays
indicated that FIR possibly interacts with DNA-PKcs and
Ku86 in Hela cells (Supplementary Table 1; Figure 1C).
Because SAP155 was co-immunoprecipitated with FIR
(Figure 1B) and SAP155 affects proper FIR pre-mRNA
splicing [11], the interaction between SAP155 and DNAPKcs was further investigated. SiRNA against SAP155
significantly suppressed DNA-PKcs and activated c-myc
(Figure 1C). Together, these results indicate that FIR/
SAP155 potentially interacts with Ku86/Ku70/DNA-PKcs
or forms complex at least in HeLa cells.

Total FIRs, SAP155 and Ku86 were upregulated
in human hepatocellular carcinoma (HCC)
tissues.
Given FIR/SAP155 forms a complex with Ku86,
their expression levels should be coordinately regulated in
the same direction. Expectedly, FIR, SAP155 (Figure 2A),
and Ku86 (Figure 2B) were significantly upregulated in
2405
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BLM suppressed SAP155 and increased FIR/
FIRΔexon2 mRNA expression as well as the ratio
of FIRΔexon2:FIR in HCC cells.

excised human HCC tissues compared with adjacent noncancer tissues (Figure 2C). Notably, Ku86 was upregulated
at protein level in HCC [27]. FIR has been reported to
be engaged in cell-cycle regulation through P27Kip1
expression by affecting SAP155 function [14]. These
results indicate that FIR, SAP155, and Ku86 also form
a complex in vivo (in tissues) and disturb DNA-damage
repair in HCC. Therefore, we examined whether altered
FIR expression potentially influenced the expression
levels of DNA repair proteins and BLM-induced DNAdamage repair.

Given that FIR engages in DNA-damage repair,
BLM treatment should affect FIR expression at their
mRNA or protein levels. This study showed that the
expression levels of SAP155 and P27Kip1 decreased
whereas that of γH2AX drastically increased after BLM
treatment in dose-dependent manner (Figures 5A, arrows).
More importantly, dose-dependent BLM treatment
drastically increased FIR and FIRΔexon2 mRNA
expression, as well as the ratio of FIRΔexon2:FIR mRNAs
in HLE and HLF (Figures 5B). These results strongly
suggest that BLM inhibited SAP155 or FIR function or

Altered FIR/FIRΔexon2 expression changes DNAdamage repair protein Ku86 and vice versa.
siRNA against Ku86/Ku70 decreased FIR
expression in HCT116 cells (Figure 3A, arrows).
Additionally, total FIR expression was significantly
suppressed by siRNA against Ku86 in HCT116, HepG2,
and HLE cell lines (Figure 3B, arrows). Further, P27Kip1
was significantly suppressed by siRNA against Ku86
(Figure 3C, arrows). Moreover, both Ku86 and P27Kip1
were significantly suppressed by siRNA against FIR, and
P27Kip1 was significantly suppressed by BLM-treatment
alone (Figure 3D, arrows). Together, siRNA against Ku86
decreased FIR and P27Kip1, whereas siRNA against FIR
decreased Ku86 and P27Kip1 protein expression. Note
that P27* is an alternative splicing variant of authentic
P27Kip1 [28], and P27* was also observed with siFIR
(Figure 3D, arrowheads). These results indicated that
FIR potentially interacts with Ku86, directly or indirectly,
hence modifies P27Kip1 expression in cell-cycle control.
BLM induced apoptosis in HeLa, HLE, and HLF cells at a
concentration of 30μg/ml (Figures 4A, B). BLM treatment
decreased Ku86/Ku70 and P27Kip1 proteins, whereas it
increased γH2AX and cyclinE proteins (Figure 4C, Figure
5A, Figure 6D). Total FIR expression was suppressed by
Ku86 siRNA in a dose-dependent manner (Figure 4D,
arrows). These results indicated that sustained Ku86/Ku70
expression requires at least partly for FIR expression,
accordingly FIR potentially has direct or indirect roles in
DNA-damage repair. Furthermore, SAP155 expression
was not significantly affected by siRNA against Ku86
(Figure 3A, Figure 4D). Thus, the effects on P27Kip1
and FIR expression were not directly related to Ku86
expression level, indicating that the mechanical or physical
interaction of the SAP155/FIR/FIRΔexon2 complex may
be essential for sustained expression of both Ku86 and
P27Kip1.

www.impactjournals.com/oncotarget

Figure 1: FIR/SAP155 and Ku86/DNA-PKcs
potentially form a complex in vitro. (A) DNA-PKcs and

SAP155 were examined by pull-down assays in HeLa cells
stably expressing FIR–FLAG or FIRΔexon2–FLAG. Typical
immunohistochemical stainings with FIR and DNA-PKcs
antibodies are shown. (B) Pull-down assays were performed for
Ku86 and SAP155 in HeLa and 293T cells transiently expressing
FIR–FLAG, FIRΔexon2–FLAG, or PUF60–FLAG. Mock is the
negative control with the empty vector. (C) HeLa cells were
treated for 24, 48, and 72 h with 5-nM or 20-nM siRNA against
SAP155. SAP155, DNA-PKcs, and c-Myc were examined by
Western blotting. The negative control was siRNA against GL2.
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Figure 2: FIR, SAP155, and Ku86 were upregulated in human hepatocellular carcinoma (HCC) tissues. (A) Expression

of FIR and related proteins was examined by Western blotting in six paired tumor (T) and adjacent non-tumor (N) tissue samples from HCC
tissues. A typical IHC staining of HCC tissues against anti-Ku86 antibody in lower magnification (B) and high power fields of anti-Ku86
and anti-SAP155 (C) were shown.

Figure 3: Knockdown of Ku86 with siRNA decreased FIR and vice versa. FIR and Ku86 expression was examined after

treatment of HCT116, HepG2, and HLE cell lines with the respective siRNAs. GL2 siRNA was transfected as the negative control. After
48 h of incubation, whole-cell extracts were analyzed by Western blotting. (A) Two types of Ku86 and Ku70 siRNAs were transfected
into HCT116 cells. Lanes 1 and 6 are GL2 siRNA control transfections, lanes 2–5 are Ku70 siRNA transfections, and lanes 7–10 are Ku86
siRNA transfections. Lanes 2 and 7 were with 40 pmol of type 1 siRNA (Ku70 siRNA-1 or Ku86 siRNA-1), lanes 3 and 8 were with 80
pmol of type 1 siRNA (Ku70 siRNA-1 or Ku86 siRNA-1), lanes 4 and 9 were with 40 pmol of type 2 siRNA (Ku70 siRNA-2 or Ku86
siRNA-2), and lanes 5 and 10 were with 80 pmol of type 2 siRNA (Ku70 siRNA-2 or Ku86 siRNA-2). (B) HCT116, HepG2, and HLE
cells were transfected with 50 pmol of type 1 Ku86 siRNA (Ku86 siRNA-1). (C) Ku86 type 1 siRNA (Ku86 siRNA-1) was transfected into
four cell lines at different concentrations: 50 pmol for HCT116 and HepG2 cells and 10 pmol for HLE and HLF cells. (D) HeLa cells were
treated with 50 pmol of FIR siRNA (SiFIR) and/or 100 μg/ml BLM. BLM was added to cells 24 h after FIR siRNA transfection. After a
total of 48 h of incubation, cell lysates were extracted and analyzed for protein expression of Ku86, FIR, P27Kip1, and γH2AX. Lane1 is
the GL2 siRNA control. P27*, a splicing variant of P27, is indicated by arrowheads.
www.impactjournals.com/oncotarget
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Figure 4: Apoptotic effect of BLM in HLE, HLF,
and HeLa cells. To examine the apoptotic effect of
BLM, apoptosis (A) and MTS assays (B) were performed.
(C) HLE cells were treated with BLM and subjected to
western blotting (lanes1–3: 10, 100, 200 μg/ml for 48 hr,
respectively). Mock is untreated cell lysate as negative
control. (D) Type1 Ku86 siRNA was transfected into
HCT116 and HepG2 cells, and western blotting was
performed; lanes 1, untreated cell lysates; lanes 2, GL2
siRNA control transfections; lanes 3–5, 10, 50, and 100
pmol of Ku86 siRNA, respectively.

Figure 6: Ad-FIRΔexon2 increased Ku86/Ku70,
P27Kip1, and c-Myc but not SAP155 in human HCC
or HeLa cells. Ad-FIRΔexon2 was transfected into HepG2,
HLE, HeLa, and HLF cell lines. GFP adenovirus (Ad-GFP) was
transfected as negative control. Whole-cell lysates were extracted
48 h after transfection and analyzed by Western blotting. (A)
Ku70, P27Kip1, and related protein expression was examined
in HepG2 and HeLa cell lines after transfection with 1.88 ×
109 VP/ml (50 MOI) of Ad-GFP or Ad-FIRΔexon2. (B) c-Myc
and SAP155 expression was examined using HLE (lanes 1–3)
and HLF (lanes 4–6) cell lines. Lanes 1 and 4 were transfected
with 1.88 × 109 VP/ml (50 MOI) of Ad-GFP, lanes 2 and 5 were
transfected with 1.88 × 108 VP/ml (5 MOI) of Ad-FIRΔexon2,
and lanes 3 and 6 were transfected with 1.88 × 109 VP/ml (50
MOI) of AD-FIRΔexon2. (C) Ku86 and SAP155 expression was
examined in HepG2 and HeLa cell lines transfected with 1.88
× 109 VP/ml (50 MOI) of the adenovirus vectors. (D) 100 µg/
mL of BLM was treated with/without 20MOI (7.52 × 108 VP/
ml) of Ad-GFP, Ad-FIR or Ad-FIRΔexon2 transfection in HLF
cells (hepatoblastoma cell line). Ku86/XRCC5, FIR (polyclonal
antibody), cyclinE, P27/Kip1, γH2AX and β-actin (internal
control) were examined.

Figure 5: BLM treatment decreased SAP155 and
significantly increased FIR and FIRΔexon2 mRNA
expression as well as the FIRΔexon2:FIR ratio in
hepatoblastoma (HLE and HLF) cells. (A) HLE and
HLF cells were treated for 48 h with 10 and 100 μg/ml of
BLM. whole-cell extracts were analyzed by Western blotting.
Mock is untreated cells as negative control. (B) HLE and HLF
cells were treated for 48 h with 1, 10, 100 μg/ml of BLM. Total
RNAs extracted from the cells were converted to cDNAs and
quantitative RT-PCR was performed for FIR and FIRΔexon2
mRNA expression. Mock is untreated cells as negative control.
www.impactjournals.com/oncotarget
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FIRΔexon2 adenovirus vector (Ad-FIRΔexon2)
increases Ku86/Ku70, c-myc, and P27Kip1
expression in HCC cells.

mechanical interaction of FIR/SAP155 that is important
for both P27Kip1 and FIR pre-mRNA splicing [11]. Since
the extent of DNA damage is critical to cell fate, FIR,
Ku86 and P27Kip1 should be coordinately regulated in
response to the DNA damage pathway.

If BLM inhibited SAP155 or FIR function or
mechanical interaction of FIR/SAP155, that disturbs
alternative splicing of FIR, FIRΔexon2 should have
some effect to Ku86, Ku70 and P27Kip1 expression
in DNA damage responses. Under this hypothesis,
FIRΔexon2 adenovirus vector (Ad-FIRΔexon2) was
prepared and treated to some cancer cells. Expectedly, AdFIRΔexon2 increased Ku70, P27Kip1, Ku86 in HepG2
and HeLa cells (Figure 6A, C, arrows), c-myc in HLE
and HLF cells (Figure 6B, arrows). Thus, the alteration
of the FIR:FIRΔexon2 ratio was influenced as DNAdamage repair response. Note Ad-FIRΔexon2 did not
significantly alter the SAP155 expression (Figures 6B,

Figure 7: Ad-FIRΔexon2, rather than Ad-FIR,
increased BLM-induced DNA damage as indicated by
γH2AX in HLE and HLF cells. (A) After 48h of bleomycin

(BLM), Ad-FIR (FIR), Ad-FIRΔexon2 (Δ2) single treatment or
co-treatment, whole-cell lysates of HLE cells were extracted
and analyzed by Western blotting. For the co-treatment, BLM
and Ad-FIR or Ad-FIRΔexon2 were co-treated at starting point
and incubated for 48h (lanes 4 and 5). Ad-FIR (FIR) or AdFIRΔexon2 (Δ2) was added after 24h of BLM treatment, then
incubated for another 24 h (lanes 8 and 9). After 24 h of Ad-FIR
or Ad-FIRΔexon2 treatment, BLM was added, then incubated
for another 24 h (lanes 10 and 11). BLM was added at a
concentration of 30 μg/ml. Ad-GFP, Ad-FIR and Ad-FIRΔexon2
were added at a concentration of 3.76 × 108 VP/ml (10 MOI).
Lane 1, mock (untreated cell lysate); lane 2, Ad-GFP (GFP) as
negative control; lane 3, BLM; lanes 4, 8 and 10, BLM and AdFIR; lanes 5, 9 and 11, BLM and Ad-FIRΔexon2. (B) HLE cells
were treated with BLM (30 μg/ml) and/or Ad-GFP (3.76 × 108
VP/ml; 10 MOI), Ad-FIR (3.76 × 108 VP/ml; 10 MOI) or AdFIRΔexon2 (7.52 × 108 VP/ml; 20 MOI) for 48 h, and whole-cell
lysates were extracted and subjected to Western blotting. Lane
1, Ad-GFP (GFP); lane 2, BLM; lane 3, BLM with Ad-FIR;
lane 4, BLM with Ad-FIRΔexon2; lane 5, Ad-FIR alone; lane
6, Ad-FIRΔexon2 alone. (C) P27Kip1 and γH2AX expression
was examined in HLE and HLF cells by immunocytochemistry
staining following BLM (100 μg/ml) treatment alone or with
Ad-FIRΔexon2 (7.52 × 108 VP/ml; 20 MOI).
www.impactjournals.com/oncotarget

Figure 8: BLM induced DNA damage in MEFs. (A)

MEFs from wild-type C57BL/6 mice (W3) and from FIR-hetero
knockout C57BL/6 mice (H1) were prepared (refer to materials
and methods). MEF cells (W3 and H1 cells) were treated with or
without 50μg/ml of BLM. HLE cells were also treated with same
dosage of BLM as comparison. After 48 hours of incubation,
whole cell lysates were extracted, then FIR, P27(kip1),
SAP155 and γH2AX expressions were analyzed by western
blotting. (B) HLE cells were treated with or without 100μg/
ml of BLM. After 48 hours of incubation, cells were treated to
immunocytochemistry for total FIRs and γH2AX expressions.
(C) HeLa cells were treated with or without 100μg/ml of BLM.
After 48 hours of incubation, FIR and ΗP1α expressions of cells
were examined by immunocytochemistry. Expression levels
were quantified by histogram. (D) HLE cells were treated with
100μg/ml of BLM alone or co-treated with 100μg/ml of BLM
and Ad-FIRΔexon2 7.52x108VP/ml (20 MOI). After 48 hours
of incubation, immunocytochemistry was performed for γH2AX
and P27 expressions. Expression levels were quantified by
histogram.
2409
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C). Prominently, co-treated with BLM, Ad-FIRΔexon2
drastically suppressed Ku86/XRCC5 but increased
P27Kip1 expression, and thus enhanced BLM-induced
γH2AX expression (Figure 6D, arrows). These results
also supported that altered P27Kip1 and Ku86 expression
by FIRΔexon2 was related to mechanistic interaction
among FIR/FIRΔexon2/SAP155 rather than simply an
ectopic effect of FIRΔexon2 overexpression. Because
FIR sustained Ku86 and vice versa, our results strongly
suggest that alteration of the ratio FIR:FIRΔexon2 engages
in DNA damage repair response.

damage. Actually, Ad-FIR or Ad-FIRΔexon2 enhanced
BLM-induced DNA damage by potentially interfering
with Ku86/Ku70 (Figure 7A, compare lanes 4 and 5 to
3; Figure 7B, compare lanes 3 and 4 to 2, arrows). BLMinduced DNA damage affects the mechanical interaction
of FIR/FIRΔexon2/SAP155 and monitors P27Kip1
expression for the evaluation of the extent of DNA damage
(Figure 7C).

BLM induces FIR in Mouse embryonic fibroblasts
(MEFs) cells from wild-type control mice but not
from FIR-hetero knockout mice.

FIR/FIRΔexon2 engages in BLM-induced DNA
damage repair by interfering with Ku86/Ku70
and P27Kip1 expression.

If FIR is important for DNA-damage repair pathway,
bleomycin-treatment should affect FIR expression. To
examine this hypothesis, MEFs were prepared from FIR
hetero-knockout mice (Supplementary Figure 1) and
littermate control mice and treated with BLM. BLM
increased FIR in the MEFs from wild-type C57BL/6
mice (W3) but not in those from FIR-hetero knockout
C57BL/6 mice (H1) (Figure 8A, arrows). These results
support that BLM activates transcription of FIR as well as
its alternative splicing (Figure 5B). BLM-treatment (100
µg/mL for 48h) apparently increased γH2AX, a marker of
DNA damage (Figure 8B) and increased the expression
of FIR and HP1α (Figure 8C). Moreover Ad-FIRΔexon2
significantly enhanced BLM-induced DNA damage
indicated by γH2AX and P27Kip1 expression (Figure 8D),
coincide with the result stated above (Figure 6D).

Conversely, we examined whether Ad-FIRΔexon2
affects the ratio of FIRΔexon2:FIR, Ku86/Ku70, or
P27Kip1 expression altered by BLM-induced DNA
damage in HLE and HLF cells. P27Kip1 was significantly
suppressed by BLM treatment (Figures 7A, B), and this
suppression was rescued by Ad-FIRΔexon2 (Figure 7A,
lanes 4, lanes 10 and 11; Figure 7B, lanes 3 and 4). BLM
increased expression of γH2AX, a DNA-damage marker,
and this expression was significantly increased further
by Ad-FIRΔexon2 rather than by Ad-FIR (Figure 7A,
B compare arrows). Ku86 and P27Kip1 were sustained
their expression by Ad-FIR or Ad-FIRΔexon2 (Figure 7A,
lanes 6 and 7). Together, these results indicate that FIR and
FIRΔexon2 monitors or act as a molecular sensor of DNA-

Figure 9: Expression of DNA-repair proteins in
chromosomal instability (CIN) and microsatellite
instability (MIN) cell lines. (A) HeLa, HT29, CaCO2,

SW480, SW837 cell lines were characterized as CIN cells and
RKO, SW48, HCT116, DLD1 cell lines were characterized as
MIN cells. (A) Expression of the DNA-repair proteins including
PARP-1, Ku86/Ku70, DNA-PKcs, as well as proteins FIR,
FBP and SAP155 was examined in those CIN and MIN cells
by Western blotting. (B) Bands’ intensities were quantified
using TotalLab TL12 imaging analysis software (Shimadzu Co.,
Ltd. Kyoto, Japan) and the average band intensity of proteins
normalized to the corresponding β-actin were shown. FBP
indicated Far-upstream element binding protein.
www.impactjournals.com/oncotarget

Figure 10: A model of alternatively splicing of FIR as a
sensor for BLM-induced DNA-damage repair pathway
by modulating c-Myc and P27Kip1 expression. FIR

potentially forms a complex with Ku86/Ku70 or DNA-PKcs.
When DNA damage occurs, c-myc is transcriptionally regulated
by FIR/FIRΔexon2, and P27Kip1 pre-mRNA splicing is
modified through SAP155 expression. Thus, the mechanical
interaction of FIR/FIRΔexon2/SAP155 potentially regulate
c-Myc and P27Kip1 expression.
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c-Myc is a key molecule that integrates the
hypothetical network of nuclear proteins that
expressed in both HLE and HLF cells.

Table 1: Clinical features of HCC patients
examined in this study.
No. Age Sex

Virus

Size
(mm)

Adjacent
Tissue

AJCC
Stage

1

HCV

69

Male

25x22

LC

I

2

79

not
Female
22x15
detected

LC

II

3

77

Female HCV

18x16

LC

I

4

76

Female HCV

14x8

LC

II

5

81

Male

CH

I

6

69

Male

Normal

III

7

65

Male

HCV

60x45

LC

III

8

76

Male

not
55x45
detected

CH

III

9

80

Male

HCV

30x38

LC

II

10

58

Female

not
45x40
detected

LC

II

11

61

Male

HCV

35x32

CH

II

12

65

Male

HCV

25x16

LC

II

13

75

Male

HCV

25x23

CH

I

14

75

Male

HCV

25x20

LC

II

15

79

Male

HCV

110x90 CH

not
48x45
detected
not
70x70
detected

If mechanical or physical interaction between
SAP155 and FIR is critical for cell survival against DNA
damage, SAP155/FIR should interact with DNA-damage
repair proteins. To examine the hypothetical network
of nuclear protein pathways activated in DNA damage
respose, nuclear proteins were extracted from HLE and
HLF cells. The immunoprecipitates were analyzed and
identified by in-gel tryptic digestion followed by liquid
chromatography- tandem mass spectrometry (GeLC–MS)
[35]. A total of 199 (53+146) and 419 (273+146) proteins
were identified in HLE and HLF cell. 146 proteins were
identified in both cells. 75 (19+56) and 148 (92+56)
proteins were identified in HLE and HLF cell respectively,
in the case of the restricting localization to nucleus. 56
proteins which were identified in both HLE and HLF cell
nucleus (Supplementary Figure2A) were further analyzed
for potential protein interaction network with transcription
factors, including c-myc, HNF4-alpha, p53, and FKHR.
Ku86/Ku70 forms a putative protein network controlled by
c-myc (Supplementary Figure 2B). Proteins marked with
red circles in Supplementary Figure 2B were identified
in this study. These results indicated that DDX17, c-myc,
and Ku70/86 were hypothetical SAP155/FIR-interacting
proteins (Supplementary Table1).

III

Note: HCV, hepatitis C virus; LC, liver cirrhosis; CH,
chronic hepatitis; AJCC, American Joint Committee
on Cancer.

DISCUSSION
The present study indicated that the nuclear signaling
of BLM-induced DNA-damage repair was transferred
to the FIR/FIRΔexon2/SAP155 complex formation to
regulate c-myc and p27Kip1 expression (Figure 10):
(1) FIR/FIRΔexon2 potentially formed a complex with
Ku86/Ku70, and both FIR/FIRΔexon2 and Ku86 were
upregulated in human HCC tissues; (2) knockdown of
FIR/FIRΔexon2 by siRNA decreased Ku86/Ku70 and
vice versa; (3) BLM treatment significantly increased
the expression of FIR and FIRΔexon2 mRNA, and AdFIRΔexon2 increased c-myc, Ku86, and P27Kip1 in HCC
cells; (4) Ad-FIR/Ad-FIRΔexon2 delayed or increased
BLM-induced DNA-damage repair by interfering with
Ku86/Ku70 and, thus, increased P27Kip1 arrest of the
cell cycle in HCC cells; and (5) FIR/FIRΔexon2/SAP155
formed a complex and disturbed c-myc regulation and P27
pre-mRNA splicing. In addition, BLM decreased P27Kip1;
however, BLM and Ad-FIRΔexon2 co-treatment increased
P27Kip1 protein expression. Co-treatment also increased
γH2AX expression compared with BLM treatment alone,
indicating that FIR/FIRΔexon2 adenovirus infection
delayed BLM-induced DNA-damage repair by, at least in
part, disturbing P27Kip1 pre-mRNA splicing (Figure 10).
The physical association of FIR, FIRΔexon2, and

Ku86/Ku70, FIR, and PARP-1 protein
expression is significantly decreased in cells with
chromosomal instability (CIN) compared to those
with microsatellite instability (MIN).
Eight human colorectal cancer cell lines and a
human cervical cancer cell line (HeLa) were characterized
for CIN, MIN status according to previous publications
[29-34]. The expression of Ku86/Ku70, FIR, and PARP-1
was significantly decreased in CIN (HeLa, HT29, CaCO2,
SW480, and SW837) cells compared with MIN (RKO,
SW48, HCT116, and DLD1) cells (Figure 9). This result
strongly supports the hypothesis that FIR expression is
related to chromosomal instability due to its DNA-repair
function. In summary, FIR/SAP155 complex accumulates
at the break ends of BLM-induced DNA-damage sites,
then alters c-myc and p27Kip1 expression (Figure 10).
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SAP155; the antagonized effects of FIR and FIRΔexon2
on c-myc transcription because FIRΔexon2 compete with
FIR for FUSE binding site at c-myc promoter [11]. Further,
the effects of SAP155/FIR/ FIRΔexon2 on the expression
of P27, cdk2/cyclinE, and P89 provided novel information
on a regulatory circuit that is important for cell growth and
cancer progression [14]. Accordingly, FIR/FIRΔexon2/
SAP155 complex formation potently disturbs alternative
splicing of FIR pre-mRNA, and thus is a novel, bona
fide molecular switch for c-myc gene expression [14]. In
BLM-treatment, the increase of FIR/FIRΔexon2 mRNA
and the ratio of FIRΔexon2:FIR was not correspond with
that of total FIR protein in HLE and HLF cells (Figure 5).
How should we explain this phenomenon? One possible
reason is the time-lag of stability between FIR/FIRΔexon2
mRNA and total FIR protein. The other reason is due to
the unveiled degradation pathway of total FIR protein.
FIR potentially interacts with poly-ubiquitin ligase FBW7
(F-box and WD repeat domain-containing 7) (unpublished
data). FBW7 has been characterized as an onco-suppressor
protein in human cancers [36]. Further study is required
to reveal the stability and degradation pathway of total
FIR proteins. Ku86, the 86-kDa subunit of Ku encoded
by human XRCC5, is a critical factor in the NHEJ DNA
repair pathway [37]. Ku86 is overexpressed in HCC tissues
and anti-Ku86/Ku70 autoantibodies in patient serum are a
candidate biomarker for detecting early-stage hepatitis C
virus-related HCC [27,38]. Previous studies also suggested
that Ku86 variants may play a role in determining HCC
susceptibility [39]. Ku86/Ku70 coimmunoprecipitated
with PARP-1 [40] whereas PARP-1 and DNA-PKcs were
identified by GeLC-MS as potent FIR-binding proteins
(Supplementary Table 1). These results suggest that FIR
has some direct or indirect roles in DNA-damage repair
with Ku86. FIR/FIRΔexon2 adenovirus vectors increased
expression of the DNA repair proteins Ku86/Ku70 and the
cell-cycle regulator protein P27Kip1 (Figures 6 and 7).
Genetic instability include two major categories,
one is microsatellite instability (MIN) which involves
subtle changes in DNA sequences (faulty DNA repair),
and the other is chromosomal instability (CIN) which is
characterized by gains and losses of whole or parts of
chromosomes and CIN is considered a driving force for
tumorigenesis [30,41]. Single-stranded or double-stranded
DNA breaks increase the susceptibility of chromosomal
gross structural alterations which lead to CIN [30]. CIN
is closely associated with intrinsic multidrug resistance of
cancers [31]. In our study, FIR, Ku86/Ku70 and PARP1 were significantly decreased in CIN cells compared
with MIN cells (Figure 9). This result strongly supports
the notion that FIR expression is closely related to
chromosomal instability through engaging in DNA-repair
mechanism.
SAP155 is associated with cyclinE and is efficiently
phosphorylated in vitro by cyclinE–cdk2, a critical
regulator of cell-cycle progression from G1 to S phases,
www.impactjournals.com/oncotarget

suggesting a possible link between pre-mRNA splicing
and cell-cycle progression in mammalian cells [42]. It
has been demonstrated that SAP155 serves as a substrate
for cyclinE–cdk2 in vitro and that its phosphorylation in
the cyclinE complex can be inhibited by the cdk-specific
inhibitor p21 [43,44]. Overexpression of p21 inhibits
proliferation in mammalian cells and has been found to
inhibit all cyclin–CDK complexes. Similar to p21, p27
inhibits cyclin–CDK complexes in G0/G1 [45].
This study indicated that the FIR/FIRΔexon2/
SAP155 complex or mechanical interaction of these
proteins is involved in DNA-damage repair pathway.
The interactions of FIR/FIRΔexon2 and Ku86/Ku70
may provide new insight into the potential function of
FIR/FIRΔexon2 in BLM-induced DNA-damage repair.
This novel function of alternative splicing of FIR will
contribute to further clinical studies for cancer treatment
[46].
In summary, FIR/SAP155 complex accumulates
at the break ends of BLM-induced DNA-damage sites,
then alters c-myc and p27Kip1 expression (Figure 10).
Altogether, our study indicated that the alternative splicing
of FIR coordinates c-myc, P27Kip1/cyclinE and Ku86/
XRCC5 expression and thus FIR is a novel bona fide
molecular sensor for DNA damage.

MATERIALS AND METHODS
Human tissues and cancer cell lines
Human hepatocellular carcinoma (HCC) tissues
from 15 patients were obtained at the occasions of tumor
resection in the Department of General Surgery, Chiba
University Hospital, Chiba, Japan. The clinical features
of these 15 cases are summarized in Table 1. Written
informed consent was obtained from each patient before
surgery. All excised tissues were immediately placed in
liquid nitrogen and stored at −80°C until analysis. Human
hepatoblastoma cell lines (HLE, HLF, HepG2), human
cervical cancer cell line HeLa, human colorectal cancer
cell lines (HCT116, HT29, Caco2, SW480, SW837,
RKO, SW48, DLD1) and human kidney embryonic
cell line 293T cells were purchased from the American
Type Culture Collection (ATCC) and stored in liquid
nitrogen until use. Mouse embryonic fibroblasts (MEFs)
cell lines were prepared from FIR hetero-knockout
C57BL/6 mice (H1) and littermate control wild-type
C57BL/6 mice (W3) (Supplementary Figure 1), then were
cultured in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal calf serum (FBS; Invitrogen,
Tokyo, Japan) and 1% penicillin–streptomycin. HLE
and HLF cells were cultured in DMEM supplemented
with 10% FBS. HepG2 cells were cultured in Iscove’s
Modified Dulbecco’s Medium (IMDM) supplemented
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FIR and FIRΔexon2
preparation

with 10% FBS. Remaining cell lines were cultured in
IMDM supplemented with 10% FBS and 1% penicillin–
streptomycin. Cells were grown at 37°C in a 5%-CO2
incubator.

adenovirus

vector

Recombinant adenoviral vectors expressing fulllength FIR proteins were constructed by homologous
recombination in Escherichia coli using the AdEasy
XL system (Stratagene). Preparation of the FIR and
FIRΔexon2 adenovirus vectors were as previously
described [11].

Western blotting and antibodies
Culture medium was removed, and the cells were
washed twice with cold (4°C) PBS, lysed with 1:20
β-mercaptoethanol and 2X sample buffer, and incubated
at 100°C for 5 min. Whole-cell lysates were assayed for
protein content (Bio-Rad, Hercules, CA, USA), and 10
μg of proteins were separated by SDS-PAGE on 7.5%
or 10%–20% XV PANTERA gels and transferred onto
polyvinylidene fluoride membranes using a tank transfer
apparatus. The membranes were blocked with 0.5% skim
milk in PBS overnight at 4°C. Antigens on the membranes
were detected with enhanced chemiluminescence detection
reagents (GE Healthcare UK Ltd., Buckinghamshire, UK).
Membranes were incubated with primary antibodies for 1
h at room temperature, followed by three 10-min washes
with 1XPBS/0.01% Tween 20. Membranes were then
incubated with commercial secondary antibodies, followed
by three 15-min washes with 1XPBS/0.01% Tween 20.
The primary mouse monoclonal antibody against FIR
C-terminus (Total FIRs 6B4) was prepared by Dr Nozaki
[47] and preparation detail was described previously [11].
Details of other antibodies used in this study are listed in
Supplementary Table 2.

Bleomycin (BLM) treatment
The DNA-damaging agent, bleomycin sulfate
powder from Streptomyces verticillus, was purchased
from Sigma–Aldrich (Tokyo, Japan; Lot no.BCBG6499V;
PCode, 101203713), dissolved in distilled H2O at a
concentration of 5 mg/ml, and stored at −20°C. HLE,
HLF, HeLa, MEFs (H1 and W3) cells were seeded in
6-well plates at a density of 1–4 × 106 cells/well in 2 ml of
culture medium. The cells were incubated at 37°C/5% CO2
until confluence (approximately 24h). Immediately before
drug treatment, the incubation medium was removed and
replaced with fresh culture medium. Cells were treated
with 1, 10, 30, 100 and 200μg/ml of BLM and/or 5 MOI
(1.88 × 108 VP/ml), 10 MOI (3.761 × 109 VP/ml), 20 MOI
(7.52 × 109 VP/ml), 50 MOI (1.88 × 109 VP/ml) of AdGFP, Ad-FIR, Ad-FIRΔexon2.

Reverse transcription (RT)-PCR

Stable transfection
Total RNA was extracted from cancer cells, organs
and peripheral blood of sacrificed MEF wild-type or
FIR hetero-knockout mice using QIAgene Miniprep
Kit or PAXgene Blood RNA Kit (Qiagene, Tokyo,
Japan). cDNA was synthesized from total RNA using a
First Strand cDNA Synthesis Kit for RT-PCR (Roche,
Mannheim, Germany). FIR cDNA was amplified using
the cDNA as a template and the following forward and
reverse primer pair: ATGGGCTTTGGAGATCCTCT
and GTCCAATGTTGCTGGGTCTT, respectively.
LightCyclerTM software version 3.3 (Roche) was used for
real-time RT-PCR analysis. Reagents and PCR conditions
were according to the manufacturer’s instructions and as
described previously [25].

Cells were transfected with plasmids using
Lipofectamine 2000 reagents (Gibco BRL, MA, USA).
For stable transfection, 5 × 104 cells were transfected
with FIR–FLAG or pcDNA3.1–FIRΔexon2 plasmids [11]
and transferred to 10-cm dishes 48 h after transfection.
The complete medium contained 400 µg/ml geneticin,
10% FBS, and 1% penicillin–streptomycin in IMDM.
The complete medium was replaced every 4 days until
geneticin-resistant colonies appeared. At least 30 clones
were screened by immunoblotting and immunostaining
with anti-FLAG and anti-FIR(6B4) antibodies to identify
clones stably expressing FIR–FLAG or with anti-c-myc
antibody to identify c-myc expression in cells stably
expressing FIRΔexon2.

MTS assay (Cell proliferation assay)

Immunocytochemistry
Cancer
cells
were
prepared
immunocytochemistry as described previously [9].
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Cells were cultured at a density of 5 × 104 cells
per well in flat-bottomed, 96-well plates. After a 24-h
incubation at 37°C/5% CO2, cells were treated with BLM
and/or FIR/FIRΔexon2 adenovirus vectors. The same
volume of distilled H2O was used as a negative control.
After a 48-h incubation at 37°C, CellTiter 96® AQueous
One Solution Reagent (Promega, Madison, WI, USA)

for
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was added to each well according to the manufacturer’s
instructions. Cell viability was determined by measuring
the absorbance at 490 nm using a 550 Bio-Rad plate
reader.

was solubilized in 10 volumes of RIPA buffer (50 mM
Tris, 150 mM NaCl, 0.1% SDS, 0.5% deoxycholic acid
sodium salt, 1% NP-40, and protease inhibitor cocktail)
and sonicated twice for 10 s. The nuclear fraction (400
μl) was immunoreacted with anti-Ku86 antibody and antimouse IgG antibody (Supplementary Table 2) conjugated
to Dynabeads (100 μl) at 4°C overnight. The Dynabeads
were then washed five times with RIPA buffer (500 μl)
and eluted with 100 mM glycine (40 μl; pH 2.0; WAKO
Pure Chemical Industries Ltd., Osaka, Japan) at 4°C for
10 min. The immunoprecipitates were analyzed by GeLCMS [29]. Fifty-six proteins were identified as potential
Ku86-binding nuclear proteins in both HLE and HLF
cells (NCBI annotation) (Supplementary Figure 2A).
The highest probability protein network was analyzed
with the protein pathway software MetacoreTM by adding
transcription factors such as c-myc, HNF4-alpha, p53, and
FKHR (Supplementary Figure 2B).

Apoptosis assay
HLE, HLF, and HeLa cells were cultured at a
density of 2 to 5 × 104 cells per well in flat-bottomed, 96well plates for approximately 24 h before drug treatment.
BLM or Ad-FIR/Ad-FIRΔexon2 was added to each
well separately. After 48 h of culture, cell viability was
determined using an APOPercentage Apoptosis AssayTM
Kit (Funakoshi Co., Ltd., Tokyo, Japan) according to
the manufacturer’s instructions. Briefly, 100 μl of 0.4%
gelatin was added to each well and allowed to settle for
at least 10 min. Wells were seeded with 2–5 × 104 cells
in 200 μl of culture medium. The cells were incubated at
37°C/5% CO2 until confluence (approximately 24 h). The
incubation medium and gelatin were removed, the cells
were rinsed with fresh medium, 100 μl of fresh culture
medium containing 5 μl of APOPercentage Dye and the
apoptotic inducer/inhibitor was added to the center of each
well, and the incubation was continued for 30 min. The
culture medium/dye mixture was removed with a syringe,
and the cells were gently washed twice with 200 μl of
PBS/well. The cells were immediately observed under an
inverted microscope, and at least three photomicrographs
of a representative area of each well were obtained.

MEFs of FIR hetero-knockout mice
FIR hetero-knockout [FBP interacting repressor
(Puf60) floxed] mice were established, registered, and
made available at the National Institute of Biomedical
Innovation (http://animal.nibio.go.jp/j_fir.html) and the
experimental animal division of the RIKEN Bioresource
Center, Japan (RBRC No. RBRC05542; http://www2.brc.
riken.jp/lab/animal/search.php). Briefly, two loxP sites
were inserted upstream of FIR exon 3 and downstream
of exon 5, and a PGK-neo cassette and loxP site were
inserted downstream of exon 5. Conditional FIR-deficient
mice could be generated by crossing with tissue-specific
Cre mice to give Mus musculus C57BL/6-Puf60<tm1>/
CU(Supplementary Figure 1).

siRNAs against FIR, SAP155, Ku86, and Ku70
FIR, SAP155, Ku86, and Ku70 siRNA duplexes
were purchased from Sigma–Aldrich. Transient
transfection of siRNAs was performed using
Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions. The transfected cells were
cultured for 48 h at 37°C in a CO2 incubator. The target
sequences for the siRNAs are listed in Supplementary
Table 3.

Statistical analysis
Statistical significance of the differences in
numerical data were assessed by the the Student’s t-test
and the Wilcoxon test.

Pull-down assays with anti-Ku86 antibodyconjugated beads and protein pathway analysis
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inhibitor cocktail (Roche Diagnostics)]. The homogenate
was centrifuged at 600×g at 4°C for 10 min. After the
pellet was washed twice with the same cold buffer, it
www.impactjournals.com/oncotarget

2414

Oncotarget

CONFLICT OF INTEREST

promoter melting in naive lymphocytes. Cell. 2013; 153(5):
988-99.
9.

We have no potential conflict of interest to disclose.

GRANT SUPPORT
This study was supported in part by Grant-in-Aid
23591891 for priority areas in cancer research from the
Ministry of Education, Science, Sports and Culture of
Japan and the “A-STEP program AS242Z00017P” and
“Mini-Feasibility Study Project” of the JST (Japan Science
and Technology) Agency to K.M.

Matsushita K, Tomonaga T, Shimada H, Shioya A, Higashi
M, Matsubara H, Harigaya K, Nomura F, Libutti D, Levens
D, Ochiai T. An essential role of alternative splicing of
c-myc suppressor FIR in carcinogenesis. Cancer Res. 2006;
66: 1409-17.

10. Will CL, Urlaub H, Achsel T, Gentzel M, Wilm M,
Luhrmann R. Characterization of novel SF3b and 17S U2
snRNP proteins, including a human Prp5p homologue and
an SF3b DEAD-box protein. EMBO J. 2002; 21: 4978-88.
11. Matsushita K, Kajiwara T, Tamura M, Satoh M, Tanaka
N, Tomonaga T, Matsubara H, Shimada H, Yoshimoto R,
Ito A, Kubo S, Natsume T, Levens D, Yoshida M, Nomura
F. SAP155-mediated splicing of FUSE-binding proteininteracting repressor serves as a molecular switch for c-myc
gene expression. Mol Cancer Res. 2012; 10: 787-99.

Editorial note:
This paper acceptance was based in part on peerreview conduced by another journal, revisions and further
internal peer-review by Oncotarget

12. Matsushita K, Kobayashi S, Kato M, Itoh Y, Okuyama K,
Sakiyama S, Isono K. Reduced messenger RNA expression
level of p21 CIP1 in human colorectal carcinoma tissues
and its association with p53 gene mutation. Int J Cancer.
1996; 69: 259-64.

REFERENCES
1.

Avigan MI, Strober B, Levens D. A far upstream element
stimulates c-myc expression in undifferentiated leukemia
cells. J Biol Chem. 1990; 265: 18538-45.

13. Starostina NG, Kipreos ET. Multiple degradation pathways
regulate versatile CIP/KIP CDK inhibitors. Trends Cell
Biol. 2012; 22: 33-41.

2.

Duncan R, Bazar L, Michelotti G, Tomonaga T, Krutzsch
H, Avigan M, Levens D. A sequence-specific, single-strand
binding protein activates the far upstream element of c-myc
and defines a new DNA-binding motif. Genes Dev. 1994;
8: 465-80.

14. Matsushita K, Tamura M, Tanaka N, Tomonaga T,
Matsubara H, Shimada H, Levens D, He L, Liu J, Yoshida
M, Nomura F. Interactions between SAP155 and FUSEbinding protein-interacting repressor bridges c-myc and
P27Kip1 expression. Mol Cancer Res. 2013; 11(7): 689-98.

3.

Bazar L, Meighen D, Harris V, Duncan R, Levens D,
Avigan M. Targeted melting and binding of a DNA
regulatory element by a transactivator of c-myc. J Biol
Chem. 1995; 270: 8241-8.

15. Zhang J, Chen QM. Far upstream element binding protein
1: a commander of transcription, translation and beyond.
Oncogene. 2012; e-pub ahead of print 27 Aug 2012;
doi:10.1038/onc. 2012.350.

4.

Liu J, He L, Collins I, Ge H, Libutti D, Li J, Egly JM,
Levens D. The FBP interacting repressor targets TFIIH to
inhibit activated transcription. Mol Cell. 2000; 5: 331-41.

16. Dong F, Soubeyrand S, Haché RJ. Activation of PARP-1
in response to bleomycin depends on the Ku antigen and
protein phosphatase 5. Oncogene. 2010; 29(14: 2093-103.

5.

Liu J, Akoulitchev S, Weber A, Ge H, Chuikov S, Libutti
D, Wang XW, Conaway JW, Harris CC, Conaway RC,
Reinberg D, Levens D. Defective interplay of activators
and repressors with TFIH in xeroderma pigmentosum. Cell.
2001; 104: 353-63.

17. Povirk LF. DNA damage and mutagenesis by radiomimetic
DNA-cleaving agents: bleomycin, neocarzinostatin and
other enediynes. Mutat Res. 1996; 355(1-2): 71-89.

6.

7.

8.

18. Benítez-Bribiesca L, Sánchez-Suárez P. Oxidative damage,
bleomycin, and gamma radiation induce different types of
DNA strand breaks in normal lymphocytes and thymocytes.
A comet assay study. Ann N Y Acad Sci. 1999; 887: 13349.

Liu J, Kouzine F, Nie Z, Chung HJ, Elisha-Feil Z, Weber
A, Zhao K, Levens D. The FUSE/FBP/FIR/TFIIH system
is a molecular machine programming a pulse of c-myc
expression. EMBO J. 2006; 25(10): 2119-30.

19. De Vita V.T., S. Hellman, S.A. Rosenberg. Cancer
Principles and Practice of Oncology. Lippincott-Raven Pub.
Philadelphia-New York. 1997; pp.495–497.

Kouzine F, Gupta A, Baranello L, Wojtowicz D, Ben-Aissa
K, Liu J, Przytycka TM, Levens D. Transcription-dependent
dynamic supercoiling is a short-range genomic force. Nat
Struct Mol Biol. 2013; 20(3): 396-403.

20. Hoeijmakers JH. Genome maintenance mechanisms for
preventing cancer. Nature. 2001; 411(6835): 366-74.
21. Collis SJ, DeWeese TL, Jeggo PA, Parker AR. The life and
death of DNA-PK. Oncogene. 2005; 24(6): 949-61.

Kouzine F, Wojtowicz D, Yamane A, Resch W, KiefferKwon KR, Bandle R, Nelson S, Nakahashi H, Awasthi P,
Feigenbaum L, Menoni H, Hoeijmakers J, Vermeulen W,
Ge H, Przytycka TM, Levens D et al. Global regulation of

www.impactjournals.com/oncotarget

22. Metcalf JL, Bradshaw PS, Komosa M, Greer SN, Stephen
Meyn M, Ohh M. K63-Ubiquitylation of VHL by SOCS1
2415

Oncotarget

mediates DNA double-strand break repair. Oncogene.
2013; e-pub ahead of print 4 Mar 2013; doi: 10.1038/onc.
2013.22.

Sheer D, Bicknell D, Bodmer WF, Arends MJ, Wyllie
AH, Edwards PA. Spectral karyotyping suggests additional
subsets of colorectal cancers characterized by pattern of
chromosome rearrangement. Proc Natl Acad Sci USA.
2001; 98(5): 2538-43.

23. Vilenchik MM, Knudson AG. Endogenous DNA doublestrand breaks: Production, fidelity of repair, and induction
of cancer. Proc Natl Acad Sci U S A. 2003; 100(22): 128716.

34. Gille JJ, Joenje H. Chromosomal instability and progressive
loss of chromosomes in HeLa cells during adaptation to
hyperoxic growth conditions. Mutat Res. 1989; 219(4):
225-30.

24. Grob P, Zhang TT, Hannah R, Yang H, Hefferin ML,
Tomkinson AE, Nogales E. Electron microscopy
visualization of DNA-protein complexes formed by Ku and
DNA ligase IV. DNA Repair. (Amst) 2012; 11(1): 74-81.

35. Kristjansdottir K, Wolfgeher D, Lucius N, Angulo DS,
Kron SJ. Phosphoprotein profiling by PA-GeLC-MS/MS.
J Proteome Res. 2008; 7: 2812-24.

25. Kajiwara T, Matsushita K, Itoga S, Tamura M, Tanaka N,
Tomonaga T, Matsubara H, Shimada H, Habara Y, Matsuo
M, Nomura F. SAP155-mediated c-myc suppressor farupstream element-binding protein-interacting repressor
splicing variants are activated in colon cancer tissues.
Cancer Sci. 2013; 104(2): 149-56.

36. Wang Z, Inuzuka H, Zhong J, Wan L, Fukushima H,
Sarkar FH, Wei W. Tumor suppressor functions of FBW7
in cancer development and progression. FEBS Lett. 2012;
586(10): 1409-18.
37. Li R, Yang Y, An Y, Zhou Y, Liu Y, Yu Q, Lu D, Wang H,
Jin L, Zhou W, Qian J, Shugart YY. Genetic polymorphism
in DNA double-strand break repair genes XRCC5,
XRCC6 and susceptibility to hepatocellular carcinoma.
Carcinogenesis. 2011; 32(4): 530-6.

26. Spagnolo L, Barbeau J, Curtin NJ, Morris EP, Pearl LH.
Visualization of a DNA-PK/PARP1 complex. Nucleic
Acids Res. 2012; 40(9): 4168-77.
27. Seimiya M, Tomonaga T, Matsushita K, Sunaga M, Oh-Ishi
M, Kodera Y, Maeda T, Takano S, Togawa A, Yoshitomi H,
Otsuka M, Yamamoto M, Nakano M, Miyazaki M, Nomura
F. Identification of novel immunohistochemical tumor
markers for primary hepatocellular carcinoma; clathrin
heavy chain and formiminotransferase cyclodeaminase.
Hepatology. 2008; 48(2): 519-30.

38. Nomura F, Sogawa K, Noda K, Seimiya M, Matsushita K,
Miura T, Tomonaga T, Yoshitomi H, Imazeki F, Takizawa
H, Mogushi K, Miyazaki M, Yokosuka O. Serum anti-Ku86
is a potential biomarker for early detection of hepatitis C
virus-related hepatocellular carcinoma. Biochem Biophys
Res Commun. 2012; 421(4): 837-43.

28. Kaida D, Motoyoshi H, Tashiro E, Nojima T, Hagiwara M,
Ishigami K, Watanabe H, Kitahara T, Yoshida T, Nakajima
H, Tani T, Horinouchi S, Yoshida M. Spliceostatin A
targets SF3b and inhibits both splicing and nuclear retention
of pre-mRNA. Nat Chem Biol. 2007; 3: 576-83.

39. Wei S, Xiong M, Zhan DQ, Liang BY, Wang YY, Gutmann
DH, Huang ZY, Chen XP. Ku80 functions as a tumor
suppressor in hepatocellular carcinoma by inducing S-phase
arrest through a p53-dependent pathway. Carcinogenesis.
2012; 33(3): 538-47.

29. Lengauer C, Kinzler KW, Vogelstein B. Genetic instabilities
in human cancers. Nature. 1998; 396(6712): 643-9.

40. Idogawa M, Masutani M, Shitashige M, Honda K, Tokino
T, Shinomura Y, Imai K, Hirohashi S, Yamada T. Ku70
and poly(ADP-ribose) polymerase-1 competitively
regulate beta-catenin and T-cell factor-4-mediated
gene transactivation: possible linkage of DNA damage
recognition and Wnt signaling. Cancer Res. 2007; 67(3):
911-8.

30. Lee AJ, Endesfelder D, Rowan AJ, Walther A, Birkbak NJ,
Futreal PA, Downward J, Szallasi Z, Tomlinson IP, Howell
M, Kschischo M, Swanton C. Chromosomal instability
confers intrinsic multidrug resistance. Cancer Res. 2011;
71(5): 1858-70.

41. Lentini L, Amato A, Schillaci T, Di Leonardo A.
Simultaneous Aurora-A/STK15 overexpression and
centrosome amplification induce chromosomal instability
in tumour cells with a MIN phenotype. BMC Cancer. 2007;
7:212.

31. Woodford-Richens KL, Rowan AJ, Gorman P, Halford
S, Bicknell DC, Wasan HS, Roylance RR, Bodmer WF,
Tomlinson IP. SMAD4 mutations in colorectal cancer
probably occur before chromosomal instability, but after
divergence of the microsatellite instability pathway. Proc
Natl Acad Sci USA. 2001; 98(17): 9719-23.

42. Seghezzi W, Chua K, Shanahan F, Gozani O, Reed R, Lees
E. Cyclin E associates with components of the pre-mRNA
splicing machinery in mammalian cells. Mol Cell Biol.
1998; 18(8): 4526-36.

32. Gaasenbeek M, Howarth K, Rowan AJ, Gorman PA, Jones
A, Chaplin T, Liu Y, Bicknell D, Davison EJ, Fiegler H,
Carter NP, Roylance RR, Tomlinson IP. Combined arraycomparative genomic hybridization and single-nucleotide
polymorphism-loss of heterozygosity analysis reveals
complex changes and multiple forms of chromosomal
instability in colorectal cancers. Cancer Res. 2006; 66(7):
3471-9.

43. Habara Y, Urushiyama S, Tani T, Ohshima Y. The fission
yeast prp10(+) gene involved in pre-mRNA splicing
encodes a homologue of highly conserved splicing factor,
SAP155. Nucleic Acids Res. 1998; 26(24): 5662-9.
44. Habara Y, Urushiyama S, Shibuya T, Ohshima Y, Tani
T. Mutation in the prp12+ gene encoding a homolog of

33. Abdel-Rahman WM, Katsura K, Rens W, Gorman PA,
www.impactjournals.com/oncotarget

2416

Oncotarget

SAP130/SF3b130 causes differential inhibition of premRNA splicing and arrest of cell-cycle progression in
Schizosaccharomyces pombe. RNA. 2001; 7(5): 671-81.
45. Abukhdeir AM, Park BH. P21 and p27: roles in
carcinogenesis and drug resistance. Expert Rev Mol Med.
2008; 10: e19.
46. Matsushita K, Tomonaga T, Kajiwara T, Shimada H, Itoga
S, Hiwasa T, Kubo S, Ochiai T, Matsubara H, Nomura
F. c-myc suppressor FBP-interacting repressor for cancer
diagnosis and therapy. Front Biosci. 2009; 14: 3401-8.
47. Kimura K, Nozaki N, Enomoto T, Tanaka M, Kikuchi A.
Analysis of M phase-specific phosphorylation of DNA
topoisomerase II. J Biol Chem. 1996; 271: 21439–45.

www.impactjournals.com/oncotarget

2417

Oncotarget

