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MAD2g, a novel MAD2 isoform, reduces mitotic arrest and is associated with
resistance in testicular germ cell tumors
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ABSTRACT
Background: Prolonged mitotic arrest in response to anti-cancer chemotherapeutics, such as DNA-
damaging agents, induces apoptosis, mitotic catastrophe, and senescence. Disruptions in mitotic
checkpoints contribute resistance to DNA-damaging agents in cancer. MAD2 has been associated with
checkpoint failure and chemotherapy response. In this study, a novel splice variant of MAD2, designated
MAD2g , was identified, and its association with the DNA damage response was investigated.
Methods: Endogenous expression of MAD2g and full-length MAD2 (MAD2a) was measured using RT-PCR
in cancer cell lines, normal foreskin fibroblasts, and tumor samples collected from patients with testicular
germ cell tumors (TGCTs). A plasmid expressing MAD2g was transfected into HCT116 cells, and its
intracellular localization and checkpoint function were evaluated according to immunofluorescence and
mitotic index.
Results: MAD2g was expressed in several cancer cell lines and non-cancerous fibroblasts. Ectopically
expressed MAD2g localized to the nucleus and reduced the mitotic index, suggesting checkpoint
impairment. In patients with TGCTs, the overexpression of endogenous MAD2g , but not MAD2a, was
associated with resistance to cisplatin-based chemotherapy. Likewise, cisplatin induced the
overexpression of endogenous MAD2g , but not MAD2a, in HCT116 cells.
Conclusions: Overexpression of MAD2g may play a role in checkpoint disruption and is associated with
resistance to cisplatin-based chemotherapy in TGCTs.
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Introduction

MAD2 is an important activator of the mitotic spindle assem-
bly checkpoint (SAC), which delays the onset of anaphase in
response to microtubule disruption or misaligned or unat-
tached kinetochores during mitosis.1 SAC impairment causes
cells to prematurely enter anaphase, resulting in chromosome
missegregation, aneuploidy or chromosome instability. Aber-
rant MAD2 expression has been demonstrated to play a role in
these chromosomal abnormalities in different types of cancer-
ous cells, including those derived from testicular cancer,2

esophageal adenocarcinoma,3 ovarian cancer,4 colorectal can-
cer,5 cervical cancer,6 breast cancer,7 and gastric cancer,8

among others.
The SAC has emerged as a promising target for cancer ther-

apy. Targeting the SAC ultimately targets mitosis, offering a
greater possibility to kill cancer cells than simply inhibiting the
cell cycle.9 Physically or chemically damaged DNA causes
problems in kinetochore attachment, triggering the SAC and

causing prolonged mitotic arrest,10 which in turn induces apo-
ptosis, mitotic catastrophe, mitotic slippage or senescence.11

Consequently, if the SAC is impaired or disrupted in human
cancer cells, it may contribute resistance both to spindle inhibi-
tors and DNA-damaging agents.12,13 MAD2 plays an important
role in the SAC-mediated mitotic delay that occurs in response
to DNA-damaging agents. In fact, several studies have demon-
strated an association between aberrant MAD2 expression and
resistance or sensitivity to DNA damage both in vitro and in
vivo.6,14-19

In addition to MAD2, the aberrant expression of the tran-
scriptional variant MAD2b has been implicated in the response
to DNA damage, as reported by Yin et al.20 MAD2b expression
has only been detected in gastric cancer cell lines showing resis-
tance to adriamycin and vincristine and not in adriamycin- and
vincristine-sensitive cells. MAD2b expression has also been
correlated with a decrease in mitotic index and an increase in
the number of multinucleated cells, suggesting a perturbation
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in the SAC. Therefore, MAD2b expression has been associated
with resistance to chemotherapeutic agents that induce DNA
damage or inhibit spindle formation, and this resistance is
attributed to a failure in SAC signaling.

In this study, we report the discovery of a new isoform
of MAD2, which we have named MAD2g. In making this
discovery, we have renamed full-length MAD2 as MAD2a
for clarity. MAD2g is derived from the alternative splicing
of MAD2 pre-mRNA; this splicing excludes exons 2 and 3
and generates a transcript that is smaller than MAD2a and
MAD2b. MAD2g is ubiquitously expressed in several can-
cer cell lines and in normal primary foreskin fibroblasts.
The ectopic expression of MAD2g in the SAC-competent
colorectal cancer cell line HCT116 reduced the mitotic
index, suggesting an impairment of the SAC. In contrast,
the endogenous expression of MAD2g in HCT116 cells sig-
nificantly increased in response to treatment with the
DNA-damaging agent cisplatin, and this expression was sig-
nificantly augmented in patients with testicular germ cell
tumors (TGCTs) who exhibited resistance to cisplatin-based
chemotherapy. This finding suggests that there is an associ-
ation between MAD2g expression and resistance to cisplatin
and that the resistance phenotype may be related to the
SAC dysfunction that can be observed in HCT116 cells.
These results highlight the importance of exploring the
splice variants of different SAC components, which may
compromise SAC signaling and the response to cancer
chemotherapy.

Results

MAD2g expression in different cell lines

MAD2 mRNA expression was analyzed in several distinct
cancer cell lines and normal foreskin fibroblasts (passage 4
and 9) by semiquantitative RT-PCR using a pair of primers
flanking exon 1 and exon 5 of MAD2. In addition to the
expected MAD2 band of approximately 620 bp, 2 additional
bands were observed (Fig. 1). DNA sequencing revealed

that the upper band corresponded to the human MAD2L1
gene described by Li et al.,21 which is designated MAD2a
(Fig. 2A-B) in this work. The middle band of approximately
500 bp corresponded to MAD2 mRNA without the third
exon, which was likely a result of alternative splicing. In
fact, the sequence of this band corresponded to MAD2b, a
spliced isoform of MAD2 that Yin et al.20 reported previ-
ously (Figs. 1 and 2B). Finally, the third band of approxi-
mately 350 bp was determined to be a MAD2 transcript
without exons 2 and 3 (Fig. 2C). Through the UCSC
Genome Browser and GenBank, this transcript was found
to correspond to an expressed sequence tag (EST) generated
by alternative splicing of the MAD2 mRNA [GenBank:
BP368492]. Therefore, based on this sequence analysis, a
third MAD2 isoform is reported in this work; this isoform
was designated MAD2g. The MAD2b and MAD2g isoforms
were differentially expressed in the different cell lines tested.
Specifically, MAD2g expression was higher in HCT116,
SiHa, T24, 1A6, U373, and T47D cells. In contrast, MAD2g
was expressed at lower levels in the following cell lines:
SW48, HT29, SW480, HeLa, C33, and NT2-D1. MAD2g
expression was also low in normal primary foreskin fibro-
blasts, including the Fib-P4 and Fib-P9 cell lines (Fig. 1).

MAD2g overexpression reduces mitotic arrest in a SAC-
competent cancer cell line

As indicated previously, aberrant levels of MAD2a or MAD2b
correlate with SAC impairment and chromosome missegrega-
tion.20,23 To test whether MAD2g plays a role in SAC regulation,
mitotic index was evaluated in the HCT116 cell line, which has
no chromosome instability and contains a near-diploid karyotype
and an intact, fully functional SAC.24,25 To accomplish this,
HCT116 cells were transfected with the pcDNA-MAD2g con-
struct, andMAD2g expression levels were confirmed by RT-PCR
and Western blot (Fig. 3A and B). The cells were then treated
with 100 nM Taxol, which disrupts microtubule dynamics and
activates the SAC.MAD2g overexpression significantly decreased

Figure 1. Expression of MAD2 isoforms in multiple cancer cell lines and primary non-cancerous foreskin fibroblasts. The three MAD2 isoforms were simultaneously ampli-
fied by pairing forward and reverse oligonucleotides to exons 1 and 5, respectively (Fig. 2). b-actin was used as an internal control. The three isoforms were differentially
expressed in different cancer cell lines and in non-cancerous primary foreskin fibroblasts (Fib-P4 and Fib-P9).
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the number of cells in mitotic arrest compared to non-transfected
control cells and cells transfected with a control vector (Fig. 3C).
This result suggests that SAC activation is less efficient in cells
overexpressing MAD2g compared to cells expressing normal lev-
els ofMAD2g andMAD2a.

In silico identification of a MAD2-interacting motif in the
C-terminal domain of MAD2g

The fact that MAD2g overexpression might be related to less
efficient SAC activation is quite remarkable. Similar results
were previously obtained when examining MAD2b overexpres-
sion in gastric cancer cell lines.20 This prompted us to investi-
gate whether a possible structural interaction exists between
MAD2 isoforms and other SAC components that might explain
the inefficient SAC activation. To accomplish this, we utilized
in silico analysis of MAD2 isoforms to predict the tertiary struc-
tures of MAD2g and MAD2b using homology modeling. We
found that both proteins lack a-helix C and b-strand 6 from
MAD2a (Fig. 4A). These regions mediate interactions with key
proteins involved in SAC signaling.26-31 Therefore, it is likely
that the MAD2 isoforms do not interact with other SAC com-
ponents in the same manner as MAD2a. However, we identi-
fied a MAD2-interacting motif-like (MIM) in the C-terminal
domains of the MAD2 isoforms. A frameshift and a premature
stop codon in both MAD2 isoforms generates a new C-terminal
of 17 amino acids length that is not present in MAD2a
(Fig. 4B). Sequence alignment results revealed that this motif is
similar to a motif present in CDC20 (Fig. 4C), which is also
present in MAD1 and SGO2 and only mediates interactions
with the active conformer of MAD2a (C-MAD2a).27,32,33 This
finding suggests that a possible interaction exists between
MAD2g and MAD2b with C-MAD2a. Ryan et al. demon-
strated that MAD1 overexpression weakened mitotic check-
points by modulating MAD2.34 Therefore, we propose a model
whereby overexpression of MAD2 isoforms disrupts SAC sig-
naling (Fig. 4D; see Discussion for details).

Subcellular localization of MAD2g in HCT116 cells

Western blotting revealed that MAD2g was localized exclu-
sively in the nucleus when it was ectopically overexpressed in
HCT116 cells, whereas MAD2a was present in both the
nucleus and the cytoplasm (Fig. 3B). Several studies have
reported that MAD2 localizes to the nucleus, the cytoplasm, or
both, depending on the cell line, tumor sample, and histological
subtype.2,4,35,36 MAD2, along with MAD1, has also been
observed to localize to the nuclear envelope because it interacts
with the nuclear pore complex (NPC).37-39 To confirm the sub-
cellular localization of MAD2g, HCT116 cells were transiently
transfected with the Flag-MAD2g construct. As shown in
Figure 5, immunofluorescence staining for Flag confirmed the
nuclear localization of MAD2g.

Expression of MAD2g is associated with cisplatin
resistance in patients with testicular germ cell tumors

In addition to regulating the SAC, MAD2a has been associ-
ated with the DNA damage response.10,14,18 Additionally,

Figure 2. The sequences of the 3 MAD2 isoforms. (A) The coding sequence for
MAD2L1 contains a 618-bp open reading frame (pale pink bar) consisting of 5
exons22 that are translated into a 205-amino acid protein. (B) MAD2b, first
described by Yin et al.,20 does not contain exon 3 of MAD2. The transcript contains
a 273-bp open reading frame that is translated into a 90-amino acid protein. (C) In
MAD2g, exons 2 and 3 are also removed by alternative splicing. MAD2g contains a
126-bp open reading frame, which is predicted to encode a 41-amino acid peptide.
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disruption of the SAC itself has been associated with resis-
tance to DNA-damaging chemotherapeutic agents.13,14 In
particular, MAD2a expression has been implicated in resis-
tance or sensitivity to cisplatin both in vivo and in vitro.6,15

The N-terminal domain of MAD2a has been proposed to be
important for this relationship because it interacts with pro-
teins involved in the DNA damage response.17 Therefore,
because MAD2g retains the N-terminal domain of MAD2a
and because its overexpression disrupts SAC function, as
observed by the reduced mitotic index in HCT116 cells
(Fig. 3C), MAD2g expression could also be related to cellular
response to cisplatin. To test this hypothesis, primary tumor
samples from patients with TCGTs were evaluated because
this type of tumor is well known for its sensitivity to cis-
platin-based chemotherapy. Indeed, over 80% of patients
with TCGTs can be cured using this treatment regimen.40

However, 20–30% of patients are chemoresistant to the ther-
apy and thus do not respond to it.41 The tumor samples
were subdivided into 2 groups (cisplatin-resistant and cis-
platin-sensitive) based on previously reported clinical crite-
ria.41 The clinical characteristics of patients is summarised in
Table 1. MAD2g and MAD2a expression levels were mea-
sured in both groups of patients by quantitative real-time
RT-PCR. The cut-off value used to distinguish overexpres-
sion or underexpression of both isoforms was not arbitrarily
defined. Rather, to establish this value, ROC analysis was
employed. To accomplish this, we calculated the area under
the curve (AUC) and determined the maximum Youden

index (J). The best cut-off point for the relative expression of
MAD2g was 3.091
(AUC D 0.6962, 95% CI [0.569, 0.822], J D 0.3923)
(Fig. 6A). Above this cut-off point, the expression of
MAD2g was significantly higher in the group of patients
who were resistant to cisplatin. Approximately 70% of these
resistant patients overexpressed MAD2g, whereas only
approximately 30% of the sensitive patients overexpressed
this isoform (P D 0.003) (Fig. 6B). The patients who overex-
pressed MAD2g were more likely to exhibit resistance to
chemotherapy (OR D 5.25, 95% CI [1.623783, 16.97425], P
D 0.006), and when considering all other clinical characteris-
tics of patients, overexpression of MAD2g also correlates
with the clinical response (OR D 3.73, 95% CI [0.99830,
13.94025], P D 0.05). The best cut-off point for the relative
expression of MAD2a was 1.33 (AUC D 0.4032, 95% CI
[0.269, 0.538], J D 0.1315). Based on this value, there was no
significant difference in the expression of MAD2a between
the 2 patient groups (P D 0.98) (Fig. 6C). Therefore,
MAD2g overexpression in patients with TGCTs is associated
with resistance to cisplatin-based chemotherapy.

MAD2g expression increases in response to treatment with
cisplatin

To test whether MAD2g overexpression can be induced by cis-
platin and is associated with chemoresistance in vitro, the
SAC-competent colorectal cancer cell line HCT116 was

Figure 3. Ectopic expression of MAD2g in the SAC-competent colorectal cancer cell line HCT116. (A) MAD2g mRNA expression was determined by semiquantitative RT-
PCR using specific primers pairing exon 1 (forward) and the spliced region between exon 1 and exon 4 (reverse). (B) Protein levels were detected by Western blotting
using the MAD2 polyclonal antibody N-19, which recognizes the N-terminus of MAD2. (C) When cells were treated with 100 nM Taxol for 12 h, MAD2g overexpression sig-
nificantly decreased the mitotic index compared to non-transfected cells (HCT116-Tx, P D 0.03) and cells transfected with empty vector (HCT116/pcDNA-Tx, P D 0.0001).
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exposed to different concentrations of cisplatin for 24 h. After-
wards, RNA was extracted, and MAD2g and MAD2a expres-
sion levels were measured by quantitative real-time RT-PCR. A
statistically significant dose-dependent increase in MAD2g
expression was observed, especially above the IC50 value at 24 h
(IC50 D 29 mM). In contrast, MAD2a expression only slightly
increased, and this effect was not significant (Fig. 7). Therefore,
resistant cells responded to cisplatin treatment by upregulating
only the MAD2g isoform. This result is consistent with our
previous results in which MAD2g, but not MAD2a, was

overexpressed in patients who were resistant to cisplatin-based
chemotherapy.

Discussion

In the current study, we identified a novel spliced isoform of
MAD2, designated MAD2g. MAD2g was expressed at distinct
levels in several cancer cell lines as well as in non-cancerous
primary foreskin fibroblasts (Fig. 1). MAD2b, another spliced
variant of MAD2,20 was also expressed in all of these cancer
cell lines, including the normal fibroblasts. Therefore, beyond
any association with chemotherapeutic responses in cancer

Figure 4. In silico identification of a MAD2-interacting motif present in the C-terminal domains of MAD2 isoforms. (A) Ribbon diagram of the crystal structure of the active
conformation of MAD2a (C-MAD2a) (PDB ID 1GO4) and a homology model of the isoforms MAD2b and MAD2g . (B) Exon arrangements (above) and secondary structures
of the MAD2a and MAD2 isoforms (below). Alternative splicing produces 2 MAD2 isoforms: MAD2b and MAD2g , from which exon 3 and exon 2 and 3 are excluded,
respectively. A frameshift occurs in exon 4 causing a premature stop codon and the creation of a distinct C-terminus peptide (shown in dark blue). (C) Sequence alignment
of the C-terminal peptides of MAD2 isoforms with the MAD2-interacting motifs (MIMs) of CDC20 proteins from various organisms (Hs, Homo sapiens; Mm, Mus musculus;
Bt, Bos taurus; Xl, Xenopus laevis). (D) Schematic drawing of SAC inhibition by MAD2 isoforms. Upon SAC activation, MAD1/C-MAD2a catalyzes the conversion of the cyto-
solic conformation of MAD2a (O-MAD2a) to C-MAD2a. We propose that MAD2 isoforms could compete with CDC20 for C-MAD2a binding. Because the MAD2(b/g)/C-
MAD2 complex cannot bind to CDC20, free CDC20 can activate APC/C and induce the onset of anaphase.

Figure 5. Subcellular localization of MAD2g . HCT116 cells were transiently trans-
fected with the Flag-MAD2g construct. After 48 h, the cells were fixed, and
MAD2g was immunostained with a FITC-coupled-anti-DDDK tag (ab1259, Abcam,
Biotech Co., Cambridge, UK). MAD2g localized to the nucleus.

Table 1. Clinical and histopathological characteristics of patients with TGCT

Characteristic Sensitive Resistant P

Patients 36 23
Age 26 (24–36) 25 (22–35) 0.0435��

Histology (%)
sTGCT 19 (52.8) 1 (4.4) < 0.001���

nsTGCT 17 (47.2) 22 (95.6)
IGCCCG Classification (%)
Good prognosis 22 (61.1) 3 (13.1) < 0.001���

Intermediate prognosis 11 (30.6) 5 (21.7)
Poor prognosis 3 (8.3) 15 (65.2)

Overexpression of MAD2g (%)
No 27 (75) 6 (26.1) < 0.001���

Yes 9 (25) 17 (73.9)

Abbreviations: TGCT: testicular germ cell tumors; sTGCT: seminomatous testicular
germ cell tumors; nsTGCT: non-seminomatous testicular germ cell tumors;
IGCCCG: International Germ Cell Cancer Collaborating Group.

�Median (P25-P75);
��Mann Whitney U Test; ���Chi square Test
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Figure 6. MAD2g and MAD2a expression in patients with TGCTs. (A) ROC curve analysis and the Youden index were used to determine the optimal cut-off point for dis-
tinguishing overexpression and underexpression of MAD2g and MAD2a between cisplatin-sensitive and cisplatin-resistant patients. The cut-off value for MAD2g was
3.091, and for MAD2a it was 1.33. (B) and (C) Relative quantification of MAD2g and MAD2a expression levels between both groups of patients as measured by quantita-
tive real-time RT-PCR. MAD2g was overexpressed in 70% of the cisplatin-resistant patients, whereas only 30% of the cisplatin-sensitive patients overexpressed MAD2g.
There was no significant difference in MAD2a expression between the groups of patients.
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cells, MAD2b and MAD2g may also have a function in normal
cells. In several cell lines, an inverse correlation between levels
of MAD2b and MAD2g was observed (except for the SW48,
HeLa, C33A and NT2-D1 cell lines), although the reason for
this relationship is unknown. Yin et al.20 suggested that alterna-
tive splicing not only changes the structures of transcripts and
their encoded proteins but also can regulate transcript quantity.
This is consistent with other proteins, such as the SR protein
SC35 and the SR-like protein HTRA2-Beta1, both of which can
regulate alternative splice site selection in a concentration-
dependent manner.42,43 Although an inverse relationship
between MAD2a and MAD2g levels was not observed,
MAD2b expression was not assessed in our study. It would be
interesting to investigate whether there is mechanistic interplay
between MAD2b and MAD2g expression.

Because MAD2a is an important regulator of the SAC and
MAD2b has been shown to disturb the SAC,20 we investigated
the role of MAD2g in a SAC-competent cell line, namely, the
HCT116 cell line. A significantly lower mitotic index was
observed in HCT116 cells stably transfected with MAD2g com-
pared to non-transfected cells (Fig. 3C), indicating that
MAD2g overexpression led to SAC incompetence. Interest-
ingly, other spliced variants that compromise SAC activation
have been reported, such as the MAD1 isoform MAD1b,
reported by Sze et al.44 MAD1b was shown to induce SAC
impairment, chromosome bridge formation, and aberrant
chromosome numbers in hepatoma cell lines treated with spin-
dle inhibitors. It was suggested that MAD1b may play an
opposing role to MAD1a in the SAC in hepatocarcinogenesis.
In contrast, the overexpression of MAD2b reduced the mitotic
index and decreased apoptosis in gastric cancer cell lines resis-
tant to adriamycin and vincristine, as reported by Yin et al.20

The fact that MAD2g and MAD2b overexpression interferes
with SAC activation prompted us to investigate whether these
isoforms could interact with other components involved in
SAC signaling. As we propose in Figure 4, the overexpression
of MAD2g interfered with SAC activation through interactions
formed with C-MAD2a through a MIM motif in the MAD2g

peptide sequence. This motif is formed by a frameshift caused
by alternative splicing. Upon SAC activation, as has been
reported elsewhere, the MAD1-MAD2a core complex is
recruited to unattached kinetochores, where it helps convert
the latent, open conformer of MAD2a (O-MAD2a) into a
closed conformer (C-MAD2a). This conversion generates a dif-
fusible signal that inhibits APC/CDC20. If MAD2g could bind
to C-MAD2a through the MIM in MAD2g, the overexpression
of this isoform could saturate the existing pool of C-MAD2a. If
C-MAD2a is not available to bind to CDC20, then CDC20
becomes activated along with APC, leading to a premature
onset of anaphase (Fig. 4D). Although pull-down experiments
should be performed to prove our model, the model is consis-
tent with another study that found that overexpression of
MAD1, another MIM-containing protein, weakened SAC sig-
naling by modulating C-MAD2a.34

Triggering the SAC and prolonging mitotic arrest are effec-
tive approaches for cancer therapy.9,13 The cellular response to
prolonged mitotic arrest includes apoptosis, mitotic catastro-
phe, mitotic slippage and senescence, depending on the cell line
and inhibitor used.11 Thus, disruptions to the SAC in human
cancers may contribute to resistance to both spindle inhibitors
and DNA-damaging agents.12,20,45 In the current study, overex-
pression of MAD2g disrupted SAC activation in HCT116 cells,
a cell line with no chromosome instability that contains a near-
diploid karyotype and an intact, fully functional SAC. Interest-
ingly, MAD2g overexpression was also associated with resis-
tance to cisplatin in patients with TGCTs (Fig. 6B). Similarly,
treatment of HCT116 cells with cisplatin induced the overex-
pression of MAD2g to above the IC50 value in resistant cells
(Fig. 7). These results suggest that cancer cells might resist SAC
disruption-mediated DNA damage by altering the splicing of
MAD2 to favor the expression of MAD2g rather than MAD2a.
It would be interesting to overexpress MAD2g and investigate
the subsequent effects on SAC signaling and cisplatin response
in the testicular cancer cell line NT2-D1, which is sensitive to
cisplatin41 and shows low expression of MAD2g (Fig. 1).

MAD2g localized to the nucleus when it was ectopically
overexpressed in HCT116 cells. MAD2 has been reported to
localize either to the nucleus, the cytoplasm, or both, depending
on the cell line, tumor sample, and histological subtype.2,4,6,35,36

MAD2 also localizes to the nuclear envelope because it interacts
with the NPC (Quimby et al, 2005; Schweizer et al, 2013; Rodri-
guez-Bravo et al, 2014).37,39,46 Lee et al.38 reported that the C-
terminal domain of MAD2 is necessary for its interaction with
TPR, a component of the NPC. Depletion of TPR shifted the
localization of MAD2 from the NPC to the nucleus, which
resulted in decreased binding of MAD2 to MAD1 and CDC20,
premature induction of anaphase, and chromosome missegre-
gation. Because MAD2g lacks the C-terminal domain of
MAD2a, it was expected to localize to the nucleus. It would be
interesting to determine whether this localization pattern dis-
turbs the normal function of MAD2a. Furthermore, the locali-
zation of MAD2g to the nucleus could be associated with its
overexpression in tumor tissues. Therefore, it would be inter-
esting to use antibodies to correlate MAD2g expression and
intracellular localization between tumor samples from patients
sensitive and resistant to DNA-damaging agents such as
cisplatin.

Figure 7. MAD2g and MAD2a expression levels change in response to treatment
with cisplatin. The colorectal cancer cell line HCT116 was exposed to different con-
centrations of cisplatin for 24 h. MAD2g and MAD2a expression levels were then
measured by quantitative real-time RT-PCR. The cells exhibited a significant
increase in MAD2g expression, especially when treated with concentrations close
to the IC50 value (IC50 D 29 mM). In contrast, the expression of MAD2a did not sig-
nificantly change.
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Whether the alternative splicing of SAC components is an
adaptive mechanism employed by tumor cells to survive persis-
tent chemotherapy remains to be investigated. It has been pro-
posed that alternative splicing may be involved in the cellular
response to DNA damage. Filippov et al.47 demonstrated that
osteosarcoma cells treated with mitomycin C modulated their
response to DNA damage and survived by upregulating the
splicing factor SRp55, which in turn shifted the splicing pattern
of the FAS receptor gene (CD95) to favor expression of the sol-
uble, pro-survival isoform (sFAS) over the membrane-bound,
pro-apoptotic isoform (FAS). Therefore, cells can respond to
external stressors by regulating the expression of splicing fac-
tors and changing the splicing profiles of target genes. It would
be interesting to determine whether any of the components of
the SAC are splicing targets. Remarkable results concerning the
induction of mitotic catastrophe in cancer cells were reported
by Mu et al.48 The inhibition of the splicing factor CDC5L,
which modulates the splicing of a set of genes involved in mito-
sis and DNA damage response, induced dramatic mitotic arrest
and sustained activation of the SAC, eventually leading to
mitotic catastrophe. Therefore, it would be quite interesting to
correlate the expression of SRp55 and CDC5L, the splicing of
MAD1 and MAD2, the regulation of the SAC, the intracellular
localization of MAD2g, and the resistance or sensitivity to
DNA-damaging agents in different cancer cell lines and tumor
samples.

Overall, our data suggest that MAD2g, a novel splicing vari-
ant of MAD2, may play a role in SAC impairment when it is
overexpressed. Furthermore, inefficient mitotic arrest may be
associated with resistance to DNA-damaging agents, such as
cisplatin, which was observed in patients with TGCTs and in
the SAC-competent colorectal cancer cell line HCT116. Our
results highlight the importance of identifying alternative splic-
ing events that may compromise both SAC function and the
response to cancer therapy.

Material and methods

Cell lines and cell culture

The following cancer cell lines were maintained in DMEM (Life
Technologies, Inc., Massachusetts, USA): HeLa, SiHa, and C33A
(cervical cancer); T24 and 1A6 (bladder cancer); NT2-D1 (tes-
ticular cancer); T47D (breast cancer); SW48 and SW480 (colon
cancer); and U373 (glioblastoma). The HCT116 and HT29
(colon cancer) cell lines were maintained in McCoy’s 5A (Life
Technologies, Inc., Massachusetts, USA). In addition, normal
foreskin fibroblasts (passage 4) were maintained until passage 9
in DMEM-F12 (Life Technologies, Inc., Massachusetts, USA).
All media were supplemented with 10% FBS and 1% antibiotic/
antimycotic (Life Technologies, Inc., Massachusetts, USA). All
cells were incubated at 37�C in a 5% CO2 atmosphere.

Primary tumor samples from patients with testicular germ
cell tumors

Our recruitment of patients with TGCTs from the National
Cancer Institute of Mexico and the clinical criteria used to deter-
mine their sensitivity and resistance to cisplatin-based

chemotherapy were described previously.41 Briefly, all patients
were required to have undergone 3 to 4 cycles of a bleomycin-
etoposide-cisplatin (BEP) regimen. After the third or fourth
BEP cycle, each patient’s response was determined by an oncolo-
gist based on tumor markers (a-fetoprotein, b-human chorionic
gonadotropin, and lactic dehydrogenase) and computed tomog-
raphy of the thorax and abdomen. Patients were classified as
sensitive if they presented a complete radiological response with
no evidence of residual lesions, negativisation of TM to BEP,
complete surgical resection of residual lesions, and histopathol-
ogy showing necrosis, fibrosis, or mature teratoma. In contrast,
patients were classified as resistant if they presented a persis-
tence of TM after BEP, unresectable residual disease, or radio-
logically and biochemically determined disease progression. The
project was submitted to and approved by the local IRB, and
informed consent was obtained from all patients. A total of 59
tumor samples were used in this study, corresponding to 36 cis-
platin-sensitive tumors and 23 cisplatin-resistant tumors.

Plasmid construction and stable transfection

cDNA for MAD2g was first cloned into a pcDNA3.0 expres-
sion vector and then subcloned into a VL3-Flag-MAD2 vector
from which the MAD2a insert had been previously removed.
The original VL3-Flag-MAD2 plasmid was a gift from Robert
Benezra (Addgene plasmid #16047, Massachusetts, USA).49

The HCT116 cell line was transfected with VL3-Flag-MAD2g,
pcDNA-MAD2g, and empty vector (pcDNA3.0) constructs
using Lipofectamine LTX with PLUS reagent (Life Technolo-
gies, Inc., Massachusetts, USA) according to the manufacturer’s
instructions. Stably transfected cells were designated HCT116/
MAD2g and HCT116/pcDNA and selected with 800 mg/ml
G418 (Promega Corp. Wisconsin, USA) for 3 weeks. Thereaf-
ter, they were maintained in growth medium containing
100 mg/ml G418.

Determining the mitotic index

A total of 300,000 stably transfected HCT116 cells and non-
transfected control cells were seeded in 6-well plates in tripli-
cate and allowed to grow for 24 h. The cells were synchronized
using a double block of 2 mM thymidine (Sigma-Aldrich Co.,
Missouri, USA). The cells were washed twice with PBS and
then incubated in medium containing 100 nM Taxol for 12 h
to activate the SAC. Afterwards, the cells were incubated in a
hypotonic solution (HEPES 10 mM, EGTA 260 nM, and KCl
40 mM) at 37�C for 30 min, collected in conical tubes and fixed
with a cold mixture of methanol / acetic acid (3:1) at 20�C for
30 min. The fixed cells were washed 3 times with the fixation
mixture and mounted on cold slides. Once dried, the cells were
stained with eosin and methylene blue. All of the cells on each
slide were counted using a Metafer-4 slide-scanning platform
(Metasystems GmbH, Altlussheim, Germany) mounted onto a
motorized vertical Axio-Imager Z2 microscope (Carl Zeiss AG,
Jena, Germany). Mitotic indices were determined by evaluating
the percentages of mitotic cells per total number of counted
cells.
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Cytotoxicity assays and cisplatin treatment

The IC50 of cisplatin for HCT116 cells was determined using a
sulforhodamine B (SRB) cell viability assay.50 Briefly, 3,000 cells
per well were seeded into 96-well plates and allowed to grow for
24 h. The plates were incubated with a range of cisplatin (Tech-
noplatin, Columbia Lab, Mexico) concentrations for 24 h. The
cells were then fixed with cold 10% trichloroacetic acid at 4�C
for 1 h, washed, air-dried, and stained with SRB for 30 min.
The excess dye was removed by washing with 1% acetic acid.
Once dried, the protein-bound dye was dissolved in 10 mM
Tris-base solution for OD determination at 510 nm using a
microplate reader. The analysis was performed independently
in triplicate 3 times, and the IC50 values were calculated using
linear regression analysis of dose-response data. To determine
the relative expression levels of MAD2g and MAD2a in
HCT116 cells following treatment with cisplatin, 300,000 cells
per well were seeded in triplicate into 6-well plates and allowed
to grow for 24 h. The cells were then treated with increasing
concentrations of cisplatin (10, 20, 25, 30 and 35 mM) and
incubated for 24 h before RNA extraction. The experiment was
performed 3 times.

RNA extraction and RT-PCR

Total RNA was isolated from the cancer cell lines and non-
cancerous primary foreskin fibroblasts using an RNeasy Mini
Kit (QIAGEN Co., Limburg, Netherlands). Total RNA was also
isolated from the primary tumor samples using TRIzol (Life
Technologies, Inc. Massachusetts, USA). The expression levels
of all of the MAD2 isoforms were assessed by semiquantitative
RT-PCR using a forward primer flanking exon 1 (50 (HindIII)
TAAGCTTAA-GCCATGGCGCTGCAGCTC 30) and a reverse
primer flanking exon 5 (50 (BamHI) CGGATCC-TCAGT-
CATTGACAGGAATTTTGTAGG 30). The PCR conditions
were as follows: 94�C/ 2 min; 30 cycles of 94�C/ 30 s, 74�C/ 30 s,
72�C/ 30 s; and 72�C/ 5 min. b-Actin was used as a reference.
MAD2g was specifically amplified using a forward primer com-
plementary to exon 1 (50 GGGAGCAGGGAATCACC 30) and a
reverse primer complementary to the spliced region between
exon 1 and exon 4 (50 CTCTGGGTGCAAGAAGAACTC 30).
The PCR conditions were as follows: 94�C/ 2 min; 30 cycles of
94�C/ 30 s, 64�C/ 30 s, 72�C/ 30 s; and 72�C/ 5 min. The expres-
sion of MAD2g andMADa in tumor samples and HCT116 cells
was quantitatively measured using Taqman probes and primers
designed with Primer Express 3.0 software (Life Technologies,
Inc. Massachusetts, USA). For MAD2g, the probe sequence was
VIC-CGAGTTCTTCTTGCACCCA, the forward primer was 50
GGGAGCGCCGAAATCG 30, and the reverse primer was 50
CCTGGATAGCTTTCTGAGACTTTTCT 30. For MAD2a, the
probe sequence was NED-ATTGAGTGTGACAAGACT, the
forward primer was 50 CCTGGAAAGATGGCAGTTTGA 30,
and the reverse primer was 50 TGGGTGCACTGTCATCT
TTTG 30. The PCR conditions were as follows: 50�C/ 2 min;
95�C/ 10 min; and 40 cycles of 95�C/ 30 s and 60�C/ 1 min.
HPRT was used as a reference (Hs99999909_m1, Cat. 4331182
from Life Technologies, Inc. Massachusetts, USA.). The data
were analyzed using the 2¡DDCT method.

Protein extraction and western blotting

Total protein was extracted using lysis buffer (50 mM HEPES,
250 mMNaCl, 5 mM EDTA, and 0.1% NP40) containing prote-
ase and phosphatase inhibitors (EZBlockTM, AMS, Biotechnol-
ogy, Abingdon, UK). In addition, proteins were extracted from
nuclear and cytoplasmic fractions using a Chemicon Nuclear
Extraction Kit (Millipore Corp, Cat 2900, Darmstadt, Germany)
according to the manufacturer’s instructions. Protein concentra-
tions were measured using a DC Protein Assay kit (Bio-Rad Inc.,
California, USA). Equal amounts of protein were loaded onto an
18% SDS-polyacrylamide gel for electrophoresis and then trans-
ferred onto PVDF membranes (Immobilon-P, Millipore Corp.
Darmstadt, Germany). The membranes were then incubated
overnight with MAD2-N19 or b-actin primary antibodies
(Santa Cruz Biotechnology, CA, USA). After incubation with
the corresponding secondary antibodies, the resultant signals
were visualized using Novex Chemiluminescent HRP substrate
(Life Technologies, Inc., Massachusetts, USA.).

In silico analysis of MAD2 isoforms

The tertiary structures of the MAD2 isoforms were pre-
dicted by homology modeling using SwissModel (http://
swissmodel.expasy.org/). Ribbon diagrams were generated
using the program CCP4MG (http://www.ccp4.ac.uk/MG/).51

Protein sequences were obtained from http://www.uniprot.org/
,52 and sequence alignment was performed using MUSCLE
(http://www.ebi.ac.uk/Tools/msa/muscle/).53

Statistical analysis

Differences in mitotic indices were analyzed by both the Krus-
kal-Wallis test and Student’s t-test. Differences in endogenous
levels of MAD2g and MAD2a in HCT116 cells in response to
treatment with cisplatin were analyzed using a 2-way ANOVA
test. A Mann-Whitney test was performed to compare the
expression levels of endogenous MAD2g or MAD2a between
patients with cisplatin-sensitive and cisplatin-resistant tumors;
a P value of � 0.05 was considered statistically significant. The
cut-off point used to distinguish between overexpression or
underexpression of MAD2g and MADa between the 2 groups
of patients was not arbitrarily defined. Instead, it was based on
an analysis of the receiver operating characteristic (ROC) curve,
which is frequently used in biomedical research to evaluate the
effectiveness of biomarkers for distinguishing individuals with
certain medical conditions from individuals without that condi-
tion, e.g., resistance to cisplatin.54 The effectiveness is deter-
mined by calculating the area under the curve (AUC), where
0.5 is random discrimination and 1.0 is perfect discrimination.
The Youden index (J) is the maximum vertical distance or dif-
ference between the ROC curve and the diagonal or random
variation line and is commonly used to establish the optimal
cut-off point.55,56 The association between MAD2g expression
and cisplatin resistance was analyzed using a logistic regression
model, and the odds ratio and 95% confidence interval were
determined to quantify the association. Data analysis was con-
ducted using Stata V.12 (Texas, USA) and GraphPad-Prism
V.6 (California, USA).
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