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Investigation of the mechanisms leading to aneuploidy and polyploidy is critical to cancer research. Previous studies
have provided strong evidence of the importance of tetraploidization as an early step in tumorigenesis. In cancer cells,
tetraploid cells may contribute to abnormal mitotic progression, which may be associated with cytokinesis failure.
Tetraploidy leads to genomic instability due to centrosome and chromosome over-replication. Until now, the
mechanism by which cells maintain tetraploid status has been unknown. Here, we identified a novel D box-containing
protein, FLJ25439, which displays a dynamic expression profile during mitosis/cytokinesis with the midbody as the
most prominent associated structure. To understand the function of FLJ25439, we established stable cell lines
overexpressing FLJ25439. FLJ25439-overexpression cells grew slower and displayed a tetraploid DNA content in
comparison with diploid parental cells. They also showed aberrant mitosis and dysregulated expression of p53, pRb and
p21, suggesting a defect in cell cycle progression. To explore the molecular mechanisms responsible for FLJ25439-
induced tetraploidization, we conducted a comparative analysis of the global protein expression patterns of wild type
and overexpressors using proteomics and bioinformatics approaches. Protein category profiling indicated that
FLJ25439 is involved in pathways related to anti-apoptosis, protein folding, the cell cycle, and cytoskeleton regulation.
Specifically, genotoxic-stress- and ER stress-related chaperone proteins greatly contributed to the FLJ25439
overexpression phenotypes. The results of this study pave the way to our further understanding of the role of this novel
cytokinesis-related protein in protecting cells from environmental stress and tetraploid formation.

Introduction

Cell division follows an ordered progression of events and is
critical for the development of multicellular organisms. This pro-
cess requires the temporal–spatial coordination of nuclear divi-
sion (mitosis) and cytoplasmic division (cytokinesis) to ensure
that each daughter cell receives a full complement of chromo-
somes and cellular material.1 In animal cells, cytokinesis starts by
assembly of a central spindle during early anaphase, a structure
generated by compaction of the overlapping non-kinetochore
microtubules in the spindle midzone as the chromosomes move

toward the spindle poles.2 The central spindle is required to both
initiate and complete cytokinesis and together with the spindle
asters it serves to stimulate the initiation of the cleavage furrow
and determines the position of the cleavage plane by transmitting
a spatial signal through a pathway involving the small GTPase
RhoA, leading to the assembly of an actomyosin ring at the
equatorial cell cortex.3 Contraction of the actomyosin ring pulls
the overlying plasma membrane toward the center of the cell
where it reaches the central spindle and constricts components of
the central spindle into a transiently focused structure called
the midbody.4
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The final stage of cytokinesis occurs via a process referred to as
abscission, in which midbody cleavage concludes cell division
and 2 daughter cells are formed. The mechanism of regulation of
abscission timing in animal cells is poorly defined, but seminal
work has identified the existence of an abscission checkpoint
(also termed NoCut) that depends on Aurora B functions as a
sensor to control abscission timing in response to unsegregated
chromatin in the cleavage plane and to protect missegregating
cells against tetraploidization by furrow regression.5 The mid-
body provides an anchor for the ingressed cleavage furrow. For
example, midbody-localized centrosome protein 55kDa
(CEP55) serves as a binding platform for the ESCRT complex,
which is essential for abscission.6 Several key mitotic regulators,
such as polo-like kinase and components of the centralspindlin
complex as well as of the chromosome passenger complex have
been shown to redistribute to the central spindle during anaphase
and then become highly organized into the midbody during cyto-
kinesis.7 Disruption of these midzone/midbody components
results in the defective assembly of the midbody and failure of
cytokinesis.

Faithful cytokinesis requires a complex interplay among many
protein components related to the cytoskeleton, chromosome,
cell cycle, and membrane trafficking factors.2,8 Failure to com-
plete cytokinesis can be associated with developmental or patho-
logical cell division programs leading to formation of a persistent
connection between the 2 daughter cells and subsequent tetra-
ploid progenies. In mammals, unlike in organisms such as fish
and amphibians, tetraploidization is poorly tolerated, and most
cell types (with some exceptions such as hepatocytes, syncytiotro-
phoblasts, and megakaryocytes) do not tolerate significant varia-
tions from the diploid status, meaning that tetraploid as well as
higher-order polyploid cells usually activate programmed death
pathways as soon as they are generated9 or elicit immune
responses resulting in their elimination.10 Cells with tetraploid or
polyploid DNA content have been hypothesized to be a geneti-
cally unstable intermediates that often progress to aneuploidy in
the succeeding divisions,11,12 which has been detected in many
cancers as well as in some precancerous lesions such as cervical
metaplasia or Barrett’s esophagus.13 Thus novel molecules identi-
fied to be related to tetraploid formation will likely be of use as
tools in anti-tetraploidization approaches.

Using a yeast 2 hybrid system, we identified a novel destruc-
tion box (D box)-containing protein, FLJ25439, which displays
a dynamic expression profile during mitosis/cytokinesis with the
midbody as the most prominent associated structure. Transient
overexpression of FLJ254309 causes midbody arrest at cytokine-
sis and stable FLJ25439 expression induces tetraploidization and
aberrant mitosis leading to delayed cell cycle progression. During
tetraploidization, genomic instability might result in cellular
stress and subsequent deregulation of biochemical pathways. To
further reveal the biological function of FLJ25439, high-
throughput proteome tools using 2DE and TOF/TOF MS were
used to elucidate the effects caused by FLJ25439 as well as the
associated signaling pathways. MetaCore pathway analysis was
applied to dissect the protein–protein interactions and global cel-
lular mechanisms behind the differences in protein levels.14,15

The characterization of FLJ25439 protein detailed here provides
new insights into control of tetraploidization.

Results

Identification of FLJ25439 as a novel cytokinesis-associated
protein

Previously, we carried out a yeast 2 hybrid screen to identify
pinin interacting proteins from the human kidney cDNA library.
A number of independent clones were isolated16 and among
them, the MC25-1 clone (NCBI Accession: JN799997), encod-
ing a hypothetical protein annotated as tetratricopeptide-repeat
domain 23 like protein (TTC23L) in the Ensembl database,
matched to the EST FLJ25439 cDNA from a testis library in the
DNA database of Japan (DDBJ).17 The human FLJ25439
cDNA was deduced to code for an as yet uncharacterized 361
amino acid protein. As analyzed by the software, the primary
sequence of the FLJ25439 protein comprises 2 tetratricopeptide
repeat (TPR) like motifs (aa 168–201, and aa 261–294), 3 D-
boxes (aa 221–224, aa 228–231, and aa 331–334), and a putative
nuclear export signal (NES, aa 217–226) (Fig. 1A and B). The
D-box is a 4 amino acid RxxL motif identified in some mitotic
proteins, such as pole-like kinase-1 (Plk-1), aurora B kinase, and
cyclin B, and this motif is associated with the APC/C machinery-
dependent regulation.18 Among the 3 D-boxes, the first and the
second are conserved in FLJ25439 protein across the mammalian
species, while the third is only present in human FLJ25439
(Fig. S1A). Sequence alignment of the 2 TPRs of FLJ25439 pro-
tein revealed that its TPRs are not completely compatible with
the consensus of TPR (Fig. S1B).19 Other than the TPR-like and
D-box sequence, the FLJ25439 protein is not homologous to
any known protein. Interestingly, phylogeny analysis with Clus-
talw 2 (http://www.ebi.ac.uk/Tools/msa/clustalws2/) indicates
that human (H. sapiens) FLJ25439 shows a closer relationship in
amino acid sequence with canine (C. familiaris) and ox (B. Tau-
rus) than with mouse (M. musculus) and rat (R. norvegicus)
(Fig. S1C), suggesting an evolutionary adaptation of this protein
toward higher species.

To investigate the localization and expression profile of
FLJ25439 protein at the cellular level, we generated a monoclo-
nal antibody 2A4 by immunization of mice with a synthetic pep-
tide corresponding to amino acid residues 346–361 of FLJ25439
protein (Fig. 1B). The 2A4 antibody is able to recognize an
approximate 42 kDa endogenous protein in U2OS cells and ES2
cells, but not in other cell lines tested (HeLa, PC3 and HepG2
etc., Fig. 2A), suggesting a cell type-dependent expression man-
ner. Based on the predicted size of FLJ25429 protein from
cDNA cloning, the 42 kDa protein recognized by 2A4 antibody
is consistent with the theoretical value of 40.80 kDa of a protein
with 361aa. The specificity of the antibody to recognize
FLJ25439 protein was confirmed at cellular level by imunostain-
ing of U2OS cells in the presence of the peptide used to generate
2A4. Addition of peptide prevents cells from staining with 2A4,
while 2A4 stains positively in cells without peptide treatment
(Fig. S2). To examine cellular distribution of FLJ25439 protein
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Figure 1. Molecular characterization of FLJ25439 protein. (A) Schematic representation of FLJ25439 domain structure. FLJ25439 protein is 361 amino
acids in length. Three domains were recognized based on their sequence structure. (B) Deduced amino acid sequence of FLJ25439 protein. The tetratri-
copepetide repeat (TPR) is highlighted in yellow, 3 destruction boxes (D-box) are highlighted in gray and the putative nuclear export signal is underlined.
The peptide used for generating 2A4 monospecific antibody against FLJ25439 is underlined in red.
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in U2OS cells during mitosis/cytokinesis, we performed immu-
nofluorecsence microscopy with 2A4 antibody (Fig. 2B). In par-
allel, cells were also co-stained with DAPI and anti-a-tubulin

antibodies to verify the position of
chromosomes and the mitotic spindle.
FLJ25439 displayed a highly dynamic
subcellular localization during cell cycle
progression; initially it was detected on
split centrosomes in prophase cells
(arrowheads in Fig. 2B A,E, I, M),
translocated to the mitotic spindles
during metaphase (Fig. 2B B, F, J, M)
as well as in early anaphase (Fig. 2B C,
G, K, O), and finally localized to the
midbody during cytokinesis (arrows in
Fig. 2B D, L, P). In addition to the
mitotic spindle, FLJ25439 can be
observed at the spindle midzone and
the cleavage furrow in anaphase (stars
in Fig. 2B C, K, O), indicating
FLJ25439 behaves like a mitotic pas-
senger protein in U2OS cells. When
using HeLa cells for immunofluores-
cence staining, however, only the mid-
body that stained positive for Cep55
(Fig. S3L), a marker of cytokinesis
midbody, was positive for FLJ25439
(Fig. S3F and X), whereas interphase
cells (Fig. S3A) and the centrosome
(stained positively with g-tubulin,
Fig. S3G) were negative for FLJ25439
staining, indicating FLJ25439 expres-
sion is restricted in certain cell cycle
phase which corresponds well with the
Western data (Fig. 2A) that FLJ25439
are barely detected in interphase HeLa
cells. Given the fact that central spindle
and midbody are considered to be the
essential structures required for the ini-
tiation and completion of cytokinesis,4

we surmise that FLJ 25439, based on
its cellular location, is functionally rele-
vant to cell cycle progression and
cytokinesis.

FLJ25439 overexpression elicits
cytokinetic arrest and retards cell
proliferation

To gain insight into the function of
FLJ25439 protein, we used a gain-of-
function approach to overexpress
FLJ25439 protein in HeLa cells. The
reason that we carried out overexpres-
sion rather than depletion to examine
FLJ25439 protein function is because
FLJ2543l9 protein is expressed at very

low levels in HeLa cells, making overexpression a logical rationale
for experimental manipulation. To thoroughly investigate the
role of FLJ25439 in cell cycle progression, we generated stable

Figure 2. Expression profile and subcellular localization of FLJ25439 protein. (A) Western blot demon-
strating cell type-variation in expression pattern of FLJ25439 protein. FLJ25439 protein was recognized
as a 41 kDa protein by 2A4 antibody protein gel blot. Among cell lines tested, U2OS cells express
enough FLJ25439 protein to be readily detected while other cells express little or no endogenous
FLJ25439. (B) Immunofluorescent micrographs of FLJ25439 protein localization during cell cycle pro-
gression. U2OS cells were fixed and immunostained with antibodies to FLJ25439 (red), ß-tubulin
(green) and nuclei were counter stained with DAPI. FLJ25439 is observed at split centrosomes (arrow-
heads in A, E, I, M) in prophase, localized with the mitotic spindle during mitosis, distributed in the cen-
tral spindle (stars in C, K, O) in anaphase and targeted to the midbody (arrows in D, L, P) in cytokinesis.
The insets are an enlarged version of the region indicated by the arrows. Bar, 5 mm.
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HeLa clones overexpressing HA-tagged FLJ25439 protein by
means of retroviral infection. Among the 4 clones selected, the
1–16 clone, referred to as HeLa(1-16), expressed relatively higher
level exogenous FLJ25439 protein (Fig 3A) and was chosen for
subsequent experiments. HeLa cells were found to pair together
after transient transfection of EGFP-tagged FLJ25439, and exog-
enous FLJ25439, as revealed by GFP, can be observed at the
midbody of transfected cells undergoing cell division (arrow in
Fig. 3B upper panel). Quantitation of EGFP-FLJ25439

expressing cells indicated that more than 40% vs. <5% EGFP
only-transfected cells were arrested in cell division with promi-
nent midbody localization (Fig. 3B lower panel), suggesting that
FLJ25439 overexpression interferes with the cell division cycle
and may arrest cells at cytokinesis. Using immunofluoresence
microscopy analysis, we analyzed distribution of exogenously
expressed FLJ25439 protein during mitosis/cytokinesis in HeLa
(1-16) cells (Fig. S4) and found that its cellular distribution was
strikingly similar to that of endogenous proteins in U2OS cells at

Figure 3. FLJ25439 overexpression
induces midbody arrest and
retards mitosis during cell cycle
progression. (A) Western blot iden-
tification of stable HeLa clones
expressing exogenous HA-
FLJ25439 fusion protein. HeLa cells
were transfected for stable expres-
sion of HA-Flag-FLJ25439 protein,
and stably expressing HA-tagged
FLJ25439 protein was selected
based on immunoblotting of cell
lysate with anti-HA or 2A4 anti-
bodies. Among cell lines tested
HeLa(1-16) expresses relatively
higher level of exogenous
FLJ25439 protein. (B) Representa-
tive image of HeLa cells trans-
fected with EGFP-FLJ25439 fusion
protein (upper panel) and percent-
age of cells with midbody was
scored (lower panel). Note that a
large amount of cells transfected
with EGFP-FLJ25439 display cyto-
kinetic defect with prominent mid-
body (white arrows in D, F)
decorated with EGFP compared to
EGFP vector only-transfected cells.
Data are mean § S.D (n D 4, 100
cells each). **, P < 0.05. Bar, 5 mm.
(C) Sequential images of HeLa
(upper panel) and HeLa(1-16)
(lower panel) synchronized by
release from double thymidine
block were captured by time lapse
microscope. Arrows indicate cells
undergoing mitosis. Red arrows
track HeLa (1-16) that show
increased time in mitosis com-
pared to its normal counterparts
(yellow arrows in HeLa or orange
arrows in HeLa(1-16)). (D) Quanti-
tative analysis of cell cycle phase
of HeLa (1-16) vs HeLa wild type as
a function of time (minutes). Pro-
M, prometaphase; M, metaphase;
A, anaphase; T, telophase. Data are
mean § S.D (n D 11). (E) HeLa(1-
16) is less sensitive (IC50 D
647 mM) to oxidative stress than
HeLa (IC50 D 106 mM). Cell viability
was assayed by MTT assay. Data
are mean § SD (nD 3).
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various cell cycle phases (Fig. 2B). During cell cycle progression,
HA-tagged FLJ25439 proteins co-localized with g-tubulin at
centrosomes in prophase, associated with the microtubule spindle
in the metaphase, co-distributed with the central spindle micro-
tubules in anaphase and telophase, and were present in the mid-
body during cytokinesis (arrows in Fig. S4F). Thus it appears the
relative expression levels of FLJ25439 may determine its cellular
distribution during mitosis/cytokinesis and, at cytokinesis, the
midbody can be considered the most obviously recognizable
organelle with which FLJ25439 associates in our tested cell lines.

Using phase microscopy observa-
tion, we observed that the size and
growth rate of HeLa(1-16) cells as
well as of other stable HeLa clones
expressing exogenous FLJ25439 were
different from those of the parental
cells. When stained with wheat germ
agglutinin (WGA) and DAPI to visu-
alize the cell boundary and nuclei,
respectively, cells were bigger in terms
of nuclear size and cell volume
(Fig. 4A, right panel). To analyze
growth rate, we grew the same number
of HeLa(1-16), HeLa-pOZ (vector-
only transfected HeLa cells) or paren-
tal HeLa cells and compared their
growth after one to 5 days, respec-
tively. Compared with the parental or
HeLa-pOZ cells, which displayed
exponential growth day-by-day, HeLa
(1-16) grew in a linear fashion without
a significant increase in cell number
(Fig. 3E, left panel). In general the
doubling time of HeLa(1-16) and
other stable clones (data not shown)
was 37 hours on average while HeLa-
pOZ, like parental HeLa, divided at a
shorter interval of 25 hours (Fig. 3E
right panel). Subsequent experiments,
therefore, used HeLa only as a com-
parison control for HeLa(1-16).
Taken together, overexpression of
FLJ25439, a novel midbody-associ-
ated protein, perturbs cell cycle pro-
gression and may lead to defects in
cell growth.

FLJ25439 stable expression
induces HeLa tetraploidization

Given that failure in cytokinesis
leads to tetraploidization and
increased cell size is the most obvious
and consistent consequence of an
increase in ploidy, we attempted to
analyze HeLa(1-16) DNA content by
flow cytometry. For cell cycle profile

analysis, cells were fixed and stained with propidium iodide to
measure their DNA content. Based on the fluorescence parameter
used for DNA analysis, parental HeLa had a diploid (2N) com-
plement of chromosomes. Interestingly, HeLa(1-16) did not
exhibit a peak profile consistent with the diploid complement, it
rather displayed a DNA complement equivalent to tetraploid
(4N) cells with some cells displaying an octoploid (8N) DNA
complement (Fig. 4A left panel). In general tetraploid cells are
characterized by 4N DNA content in the G1 phase of the cell
cycle and by an 8N DNA content in G2 and M phase. Based on

Figure 4. FLJ25439 overexpression elicits tetraploidization and aberrant mitoses. (A) Representative
flow cytomerty analysis of DNA content of HeLa compared to HeLa(1-16). The DNA histogram showed
HeLa(1-16) harbored tetraploid DNA complement, while the parental HeLa cells are diploid. Both the
nucleus (stained blue by DAPI) and cell (stained red by WGA) size of HeLa(1-16) cells are larger than
those of the parental HeLa. (B) HeLa(1-16) display multipolar mitosis during cell cycle progression. Cells
were synchronized by release from thymidine block and immunostained (left panel) with b-tubulin
(green), g-tubulin (red) and counter stained with DAPI (blue). Bipolar or multipolar mitoses were scored
for HeLa(1-16) compared to HeLa (right panel). Data are mean § SD (n D 3, each 100 cells). Arrows indi-
cate centrosomes. Bar, 5 mm. ***, P < 0.01.
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our cytometry analysis we conclude that HeLa(1-16) and other
FLJ25439 expressing stable clones (data not shown) exhibit bona
fide tetraploidy traits. As revealed by both flow cytometry analysis
and western blot, the tetraploid DNA contents of HeLa(1-16)
were stable for at least 40 generations.

To examine how tetraploidization might have occurred, we
tracked the onset and process of mitosis in synchronous cell pop-
ulations by time-lapse microscopy (Fig. 3C). The HeLa(1-16)
and parental HeLa cells were synchronized at the G1/S boundary
by double thymidine administration (65% vs 52% efficiency for
HeLa and HeLa(1-16), respectively), and the synchronized cells
were released in fresh medium for 10 hours to observe cells at
mitosis. Cytokinesis failure can result from events during various
stages of this process: specification of the cleavage plane, forma-
tion and then ingression of contractile ring and finally cell abscis-
sion. To investigate which of these events is relevant, we started
by following round-up cells, which represent prometaphase stage,
and monitored their morphological changes along with time
until 2 daughter cells were clearly paired together (telophase).
Using this method, we found that HeLa(1-16) (red arrowheads
in Fig. 3C lower panel and supplement movie 1) took a much
longer time (64.1 § 17.4 min, Fig. 3D) than parental HeLa (yel-
low arrowheads in Fig. 3C upper panel and supplement movie 2)
to reach anaphase (24.5 § 14.0 min, Fig. 3D) but both cell types
spent a similar amount of time, about 6.8»11.4 min, to progress
from anaphase to telophase (Fig. 3D). Although using our cur-
rent cellular model, which is not tagged with fluorescent labeling
in live imaging, we were unable to trace whether there is any
delay in abscission (abscised cells vs. interphase cells), results
from EGFP-FLJ25439 overexpression (Fig. 3B) clearly demon-
strated that FLJ25439 functions in abscission control through its
association with the midbody. Based on the time-lapse imaging
of HeLa(1-16) and transient transfection data, we conclude that
FLJ 25439 overexpression perturbs anaphase onset and arrests/
delays cell division at cytokinesis.

Tetraploidy constitutes a metastable state because tetraploid
cells tend to lose chromosomes progressively during aberrant
dipolar mitoses12 and/or undergo multipolar mitosis during
which chromosomes are distributed among the daughter cells in
a near-random manner.20 To examine the mitotic figures occur-
ring in HeLa(1-16) during cell division, we also observed tetra-
ploid cells in metaphase where the abnormal mitotic spindle
can be identified (Fig. 4B). HeLa(1-16) or parental HeLa were
synchronized by double thymidine block and examined for
mitotic spindles and centrosomes by antibodies against a-tubu-
lin and g-tubulin, respectively (Fig. 4B left panel). Events in
which numbers of mitotic cells with either bipolar (with classical
metaphase plates organized by 2 centrosomes), tripolar or multi-
polar (with more than 3 or 4 centrosomes and abnormal Y- or
X-shaped metaphase figure) spindles were quantified (n D 3,
each 100 cells, Fig. 4B, right panel) and the results showed that
HeLa(1-16) cells contain significantly more multipolar spindles
than their parental counterparts, while, conversely, parental
HeLa cells contain more bipolar spindles than HeLa(1-16) cells.
Interestingly, though bipolar in nature, HeLa(1-16), unlike
parental HeLa cells, contain supernumerary (more than 2)

centrosomes clustered in spindle poles (arrows in Fig. 4B, left
panel, G and H), suggesting aberrant mitosis in HeLa(1-16).
Aberrant mitoses in HeLa(1-16), therefore, may explain why
HeLa(1-16) grew slowly during in vitro imaging (Fig. 3C) and
routine culture (Fig. 3E).

Identification of differential protein profiles of HeLa(1-16)
vs. parental HeLa by proteomic analysis

FLJ25439 stable clones can generate tetraploidy in HeLa cells
and the appearance of polyploidy cells is usually associated with
cellular stress which should result in protein alterations in quality
or quantity.20 Consistent maintenance of a tetraploidy state also
leads to profound changes in cellular physiology. To explore the
global changes in protein profiles between cells transfected with
or without FLJ25439, we conducted a proteomic analysis. As
shown in Fig. 5A, more than 1898 protein spots appeared in the
2-DE reference maps derived from the samples. Among these
spots, 17 proteins with significant and meaningful changes were
further identified by a PMF analysis as indicated by the Arabic
numerals on the silver-stained gels. Results in all 3 repeats were
consistent and reproducible. All the differentially expressed pro-
teins were unambiguously identified by MALDI-TOF/TOF MS
analyses. A typical example is shown in Fig. S5, in which GRP78
was characterized with a maximum of 34 matching peptides rep-
resenting 54% sequence coverage. The results of the spectromet-
ric analyses and protein functions are summarized in Table 1. As
expected, a group of chaperones and the proteins involved in
modulation of ER stress, protein folding and oxidative stress
were revealed, including protein glucose regulated protein (GRP)
75, GRP78, GRP94, HSC7C, TCPB, and PRDX6.

Western blot analysis was performed by using antibodies
against several proteins to confirm the changes in protein expres-
sion levels revealed by proteomic tools. We detected a remarkable
increase in levels of calreticulin (CRT), GRP78 and GRP94,
whereas TCPB and TCTP were noticeably decreased in
FLJ25439 overexpressed HeLa(1-16) as compared with the con-
trol (Fig. 5B). The plasmid pOZ-transfected cells showed no
inducing in GRP78 level, suggesting that the vector would not
markedly affect cell physiology in our cell model (Fig. S6). These
findings are in line with our results of the 2-DE protein expres-
sion profiles on HeLa(1-16) and the control.

Functional network analysis
To further reveal the relationship of the differentially expressed

proteins elucidated by the 2-DE analysis and their significance in
the mechanisms involved in tetraploidization induced by FLJ25439
stable expression, proteins were analyzed by applying the MetaCore
analytical tool. The network was generated using the shortest-path
algorithm to map interactions and a biological process was assigned
to each network. As demonstrated in Fig. 5C, the top 10 enrichment
GO pathways indicated that the differentially expressed proteins
after stable FLJ25439 expression were primarily involved in the fol-
lowing cellular networks; anti-apoptosis (PD 1.868£ 10¡13), regu-
lation of apoptotic process (P D 4.143 £ 10¡13), regulation of
programmed cell death (P D 4.754 £ 10¡13), regulation of cell
death (P D 8.953 £ 10¡13) and protein folding (P D 9.574 £
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10¡11). To further validate the results revealed by the bioinformatic
results, the signal transduction pathways inducing cell apoptosis
were determined via immunoblot analysis. It has been suggested
that the Bcl-2/Bax ratio may be a key indicator of susceptibility of
cells to apoptosis. Therefore, we evaluated the expression level of
Bcl-2 and Bax. As expected, FLJ25439 overexpressing cells had a
higher Bcl-2/Bax ratio, suggesting that FLJ25439 would inhibit apo-
ptosis and enhance cell survival (Fig. 6A). Based on the 2-DE

analysis, FLJ25439 overexpression would upregulate the expression
levels of several proteins associated with modulating oxidative and
ER stress. We next studied whether FLJ25439 stable clones could
protect cells from oxidative stress by exposing HeLa(1-16) or control
cells to various concentrations of H2O2 for 24 h and MTT assays
were performed to evaluate the cell viability (Fig. 6B). The results
indicated that 100 mM of H2O2 obviously reduced control HeLa
cell viability, while FLJ25439 stable clones could survive under

Figure 5. Expression profiling and network analysis of HeLa(1-16) with FLJ25439 overexpression. (A) Comparison of 2-DE protein profiles of samples from
HeLa and HeLa (1-16) groups. The protein spots found to be significantly different in volume are indicated by Arabic numbers. (B) Protein expression lev-
els of proteins with significant changes in volume were validated by western blotting analysis. b-actin was used as an internal control and the relative
expression to b-actin is shown at the bottom. (C) Top-ranked GO processes from GeneGoMetaCore pathway analysis. Pathways were ranked according
to P values; bars represent the inverse log of the P value.
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Table 1. List of significantly different protein spots between mock and FLJ35439 transfected HeLa cells

Spot No. Protein Name
Accession
Number Mw/pI

Coverage
(Score)

Peptide
Match

Fold
Change p-valuea Function

1 Endoplasmin
(Grp94)

P14625 92.69/4.76 242(48%) 42 2.5 § 0.4 0.04 Molecular chaperone that functions in the
processing and transport of secreted proteins.
Functions in endoplasmic reticulum associated
degradation (ERAD).

2 Grp78 P11021 72.40/5.07 292(54%) 34 2.3 § 0.2 0.03 Probably plays a role in facilitating the assembly of
multimeric protein complexes inside the ER.

3 Grp75 P38646 73.92/5.87 205(45%) 26 1.3 § 0.2 0.05 Implicated in the control of cell proliferation and
cellular aging. May also act as a chaperone.

4 HSC7C P11142 71.08/5.37 237(56%) 30 1.6 § 0.2 0.04 Acts as a repressor of transcriptional activation.
Participates in the ER-associated degradation
(ERAD) quality control pathway in conjunction
with J domain-containing co-chaperones and
the E3 ligase CHIP.

5 TCPB P78371 57.79/6.01 165(50%) 19 ¡3.2 § 0.1 0.04 Molecular chaperone; assists the folding of
proteins upon ATP hydrolysis. aggregation of
misfolded proteins. Known to play a role, in
vitro, in the folding of actin and tubulin.

6 NDKA P15531 19.82/5.42 65(74%) ¡2.6 § 0.2 0.03 Major role in the synthesis of nucleoside
triphosphates other than ATP.

7 GSTP1 P09211 23.57/5.49 133(61%) 11 ¡1.7 § 0.4 0.04 Conjugation of reduced glutathione to a wide
number of exogenous and endogenous
hydrophobic electrophiles. Regulates negatively
CDK5 activity via p25/p35 translocation to
prevent neurodegeneration.

8 HSPB1 P04792 22.83/5.98 146(70%) 15 ¡1.6 § 0.3 0.03 Involved in stress resistance and actin organization
9 GDIR1 P52565 23.25/5.02 125(50%) 13 ¡1.5 § 0.2 0.01 Retains Rho proteins such as CDC42, RAC1 and

RHOA in an inactive cytosolic pool, regulating
their stability and protecting them from
degradation.

10 ATPB P06576 56.53/5.26 208(60%) 25 ¡2.0 § 0.1 0.03 Mitochondrial membrane ATP synthase (F(1)F(0)
ATP synthase or Complex V) produces ATP from
ADP in the presence of a proton gradient across
the membrane which is generated by electron
transport complexes of the respiratory chain.

11 K2C7 P08729 51.41/5.40 314(60%) 35 ¡2.4 § 0.4 0.01 Blocks interferon-dependent interphase and
stimulates DNA synthesis in cells. Involved in
the translational regulation of the human
papillomavirus type 16 E7 mRNA.

12 TCPE P48643 60.09/5.45 104(37%) 13 2.5 § 0.1 0.01 Molecular chaperone; assists the folding of
proteins upon ATP hydrolysis.

13 CRT
(Calreticulin)

P18418 48.14/4.33 138(42%) 17 2.7 § 0.2 0.03 Calcium-binding chaperone that promotes folding,
oligomeric assembly and quality control in the
endoplasmic reticulum (ER) via the calreticulin/
calnexin cycle.

14 1433E P62258 29.33/4.63 76(52%) 10 1.5 § 0.2 0.04 Adapter protein implicated in the regulation of a
large spectrum of both general and specialized
signaling pathways. Binds to a large number of
partners, usually by recognition of a
phosphoserine or phosphothreonine motif.
Binding generally results in the modulation of
the activity of the binding partner.

15 PSB6 P28072 25.57/4.80 96(35%) 9 ¡1.5 § 0.4 0.05 The proteasome is a multicatalytic proteinase
complex which is characterized by its ability to
cleave peptides with Arg, Phe, Tyr, Leu, and Glu
adjacent to the leaving group at neutral or
slightly basic pH.

16 TCTP P13693 19.70/4.89 135(61%) 15 ¡2.3 § 0.2 0.04 Involved in calcium binding and microtubule
stabilization.

17 PRDX6 P30041 25.13/6.02 72(41%) 9 ¡1.8 § 0.4 0.04 Involved in redox regulation of the cell.

(a)p-values were generated by analyzing the gel images using Nonlinear Progenesis software. These values are representative of Tan IIA-treated compared to
control samples. Differences were considered significant at *P < 0.05.
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administration of higher concentration of H2O2. Moreover, control
HeLa cells obviously detached from culture dishes and became
round shape while HeLa(1-16) were intact under hydrogen peroxide
treatment (Fig. 6C). Again, the proportion of apoptotic cells (M1)
was promoted in control cells compared to FLJ25439 stable clones
by the flow cytometric analysis (Fig. 6C). These findings suggest
that FLJ25439 overexpression may attenuate sensitivity to cellular
stress.

Tetraploids caused by FLJ25439 modulate cell-cycle gene
expression

Since inactivation of p53 was reported to be permissive for
tetraploidization and facilitate survival of tetraploid cells,9,21 we
further attempted to elucidate the relationship of FLJ25439

expression with regard to p53 axis-associ-
ated cell cycle proteins. Western blot was
performed on extracts from HeLa(1-16)
and control cells cultured for different
periods of time and expression levels of
FLJ25439, determined by 2A4 antibody,
as well as those of p53, p21, pRb and p16
were quantified (Fig. 7). Surprisingly we
found that in HeLa(1-16), exogenously
expressed FLJ25439 was decreased
markedly from day 1 to day 5, while p53,
p21 and pRb expression levels were signifi-
cantly increased to various degrees. In con-
trast with HeLa(1-16), control cells
expressed decreased levels of p53, p21 and
pRb upon continuous culture with little
change in p16 expression. Thus it appears
that FLJ25439 not only affects stress
response chaperone expression but also its
expression inversely correlates with that of
p53-associated signaling pathway proteins.

Discussion

A better understanding of cytokinesis is
fundamentally important for biological
research, and also highly relevant for medi-
cal research because failed cytokinesis gen-
erates tetraploid cells, which are
genomically unstable and can promote
tumorigenesis.12 Here, we report the iden-
tification of FLJ25439, a novel D-box-
containing protein which is a cytokinesis-
associated molecule whose expression lev-
els are extremely low in most of the cell
types tested. FLJ25439 overexpression
renders HeLa arrest at cytokinesis and
delays cell growth/cell cycle progression
through tetraploidization induction. Based
on proteomic analysis, stable FLJ25439-
expressing HeLa cells are less vulnerable to

oxidative stress due to enhanced expression of oxidative and ER
stress proteins.

There are several features of FLJ25439 in terms of sequence
structure and subcellular location that make it an attractive pro-
tein for cell cycle research. First, FLJ25439 contains 3 D-boxes
in sequence near its C-terminal half (Fig. 1A). Destruction box is
a signature motif frequently found in substrates of anaphase-pro-
moting complex/cyclosome (APC/C). The APC/C, RING finger
type ubiquitin ligase, is a key ubiquitin ligase that targets a num-
ber of cytokinesis-relevant substrates for destruction, including
anillin, PLK1, Aurora A/B and controls several transitions in the
cell cycle.18 It will be of interest to investigate whether FLJ25439
is an APC/C substrate and how it might be regulated at different
phases during cell cycle progression. Secondly, 2 TPR-like motifs

Figure 6. FLJ25439 overexpression renders HeLa(1-16) resistant to oxidative stress. (A) The protein
levels of Bcl-2 and Bax were determined by protein gel blotting assays. Density ratio of Bcl2 over
Bax was measured by a densitometer. (B) HeLa(1-16) is less sensitive (IC50= 647 mM) to oxidative
stress than HeLa (IC50 D 106 mM). Cell viability was assayed by MTT assay. Data are mean § SD (n
D 3). (C) Cell images and flow cytometric analysis for HeLa and HeLa(1-16) under hydrogen perox-
ide exposure. M1 represents percentage of apoptotic cells.
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occur in the FLJ25439 sequence which displays minor imperfec-
tion when compared to the TRP consensus (Fig. S1B). The TPR
motif, a repeating 34 amino acid sequence, was originally identi-
fied in yeast cell division cycle (CDC)-associated proteins. TPR is
predicted to be responsible for protein-protein interaction and is
conserved in evolution.22 In addition to cell cycle regulation,
TPR-containing proteins participate in various cellular activities
including mRNA transcription/splicing, protein trafficking and
chaperoning.19,23 It is plausible that FLJ25439 acts in cell-cycle
regulation by interacting with proteins engaging in the above-
mentioned cellular activity via the TPR motif. Third, we found
FLJ25439 protein is located at the midbody at the final stage of
cell division, while it may distribute in centrosomes and/or central
spindles in different phases during cell cycle progression (Fig. 2B
and Figs. S3 and S4). FLJ25439 protein thus exhibits an expres-
sion profile with a dynamic distribution pattern during mitosis/
cytokinesis. Interestingly, however, FLJ25439 was not identified
in a proteomic analysis of isolated intercellular bridges sample in
which more than 100 different protein components were detected
and many of which are essential for completion of cytokinesis.8

The midbody is a transient structure that connects 2 daughter
cells at the end of cytokinesis, with the principal function being
to localize the site of abscission, which phys-ically separates 2
daughter cells.4 The midbody forms from the central spindle—a
bipolar microtubule array that assembles between separating sis-
ter chromatids during anaphase and most central spindle compo-
nents persist on the midbody until abscission.7 Conversion of the
central spindle to midbodies correlates positively with furrow
ingression and the central spindle and midbody are therefore

considered to be the essential structures required for the initiation
and completion of cytokinesis. Thus proteins associated with the
central spindle and/or midbody represent prime candidates for
the regulation of cytokinetic stages. Indeed FLJ52439, when
overexpressed transiently in HeLa cells, elicits midbody arrest at
telophase and impairs cytokinesis (Fig. 3B), while stable expres-
sion renders cellular tetraploidization as well as aberrant mitoses
(Figs. 4A and B), leading to retardation of cell cycle progression
(Fig. 3C and D).

One prominent mechanism of tumorigenesis involves an ini-
tial event of tetraploidization. Several possible mechanisms,
including cytokinesis failure of tumor-relevant tetraploidization
have been proposed. One scenario suggests that tetraploidy may
arise from illicit cell-to-cell fusion among somatic cells triggered
by virally encoded fusogenic proteins. Another scenario involves
failure to complete mitosis (mitotic slippage), resulting from cells
with defects in cytokinesis but that exhibit normal karyokinesis,
such that CHK1-haploinsufficient cells with replicated chromo-
somes proceed directly from G2 to G1-S phase.24 The third pro-
posed pathway to tetraploidy is a scenario in which telomere
damage promotes tetraploidization through endoreplication
(DNA replication without mitosis), leading to incomplete cytoki-
nesis.25 Though similar in effect to generation of tetraploid cells,
the detailed mechanism of tetraploidization induction by
FLJ25439 overexpression remains largely elusive and warrants
careful examination.

It has been shown that tetraploid cells exhibit an enhanced
rate of spontaneous apoptosis that can be inhibited by p53 deple-
tion or by knockdown of proapoptotic p53 target genes, indicat-
ing differential apoptosis regulation in tetraploid cells in a p53-
dependent manner.9 In addition, tetraploid cells were, unexpect-
edly, more resistant to DNA damaging agents than their diploid
counterparts. That said, inactivation of p53 is permissive for tet-
raploidization (because p53-proficient cells usually die from apo-
ptosis as they become tetraploid) and facilitate survival of
tetraploid cells.9,21 In our study, we observed that p53 expression
increases after prolonged culture while exogenously expressed
FLJ25439 decreases over time in the HeLa(1-16) stable tetra-
ploid cell line (Fig. 7). There is also an inverse correlation
between expression of p21, pRb and FLJ25439 during prolonged
culture (Fig. 7). Although the mechanism for suppressing apo-
ptosis in tetraploid/polyploid cells remains unclear, there is some
evidence that genotoxic stress resistance appears to be linked to
the p53-p21-pRb pathway26 in which p21, a cyclin-dependent
kinase inhibitor, can inhibit Chk1, a key component of the
DNA damage response pathway, thereby blocking apoptosis in
response to DNA damage. Based on our analysis of relative
expression of p53-p21-pRb vs. FLJ25439 in HeLa(1-16) culture
compared to parental HeLa (Fig. 7), we conclude that FLJ25439
expression may override the p53 expression-induced apoptosis
occurring in stable tetraploidization and enhanced p21 expres-
sion may therefore confer HeLa(1-16) resistance to oxidative
stress (Fig. 6B). However, we cannot exclude the possibility that
increasing gene copy numbers by FLJ25439-induced tetraploid-
ization could function as a buffer to protect cells against geno-
toxic damage.

Figure 7. Western blot demonstrating elevated expression of p53, pRb
and p21 in HeLa(1-16) compared to HeLa. Cell lysate was collected after
different numbers of days in culture and data were quantified after
GAPDH normalization. Numbers below each lane represent relative
expression ratio.
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Other than tetraploid nuclei, supernumerary centrosomes
have been noted in the early stages of many solid tumors.27 While
the role of supernumerary centrosomes in tumor biology is likely
to be multifaceted, it may impose a fitness cost on the growth of
mature cancers because of the potential for multipolar mitosis.
To circumvent this problem, many cancer cells develop mecha-
nisms that suppress multipolar mitosis, the best studied being
clustering of supernumerary centrosomes into 2 groups at spindle
poles enabling bipolar mitosis.28,29 Consistent with tetraploid
nuclei identified in HeLa(1-16), we observed these cells displayed
supernumerary centrosomes during mitosis with a marked
increase in multipolar mitosis compared to parental HeLa
(Fig. 4B) and prominent centrosome clustering in bipolar mitosis
of HeLa(1-16). Centrosome clustering in tumor cells is incom-
pletely understood; however, it is expected to be dependent, to a
significant degree, on microtubule associated proteins (MAPs)
and motors that organize the spindle poles.29,30 Additional data
also showed multipolar mitoses are more frequent when p53 is
downregulated and the product of the Mos oncogene is upregu-
lated.20 Although HeLa(1-16) is susceptible to increased risk of
genomic instability due to aberrant multipolar mitoses occurring
during cell cycle progression (Fig. 4B), we surmise that
FLJ25439 overexpression may act as a factor, having an effect
similar to MAPs but opposite to Mos oncogene, to promote coa-
lescence of supernumerary centrosomes that allow for normal
bipolar mitoses of tetraploid cells. Further experiments such as
using RNAi against FLJ25439 are needed to demonstrate the
role of FLJ25439 in centrosome clustering.

It has been shown that global transcriptome changes associ-
ated with tetraploidy are subtle and there is a minor (20–40%)
increase in the expression of several p53 target genes.9 Also multi-
ple studies comparing the genome-wide expression patterns
between isolated tetraploid/polyploid and diploid mammalian
cells found very few differentially expressed genes,9,31 suggesting
that tetraploid/polyploidization does not induce specific tran-
scriptional reprogramming events, but rather increases the tran-
scriptional and translational output of the same set of gene
products required for a cell type-specific function. For this rea-
son, we set up experiments to detect the global protein expression
profile of HeLa(1-16) using a proteomic approach with 2-DE
coupled with MALDI-MS. In this study 17 protein spots dis-
played significant changes in HeLa cells after FLJ25439 stable
expression (Table 1). GO network analysis demonstrated that
most of these proteins are involved in anti-apoptosis, protein
folding response and response to oxidative stress (Fig. 5C). Par-
ticularly, there is a marked trend of elevated expression of ER
stress proteins. The most abundant and well-characterized ER
chaperone proteins including GRP 78 and CRT can be readily
recognized in our list. ER stress triggers an evolutionarily con-
served quality control mechanism, the unfolded protein response
(UPR), which restores ER homeostasis by enhancing protein-
folding capacity and degrading the misfolded ER proteins.32

During tumorigenesis, for example, ER chaperones serve a host
of important roles in maintaining ER homeostasis contributing
to cancer cell survival and progression. Recently Senovilla et al.10

reported that tetraploid cancer cells become immunogenic

because of a constitutive ER stress response. Given that
FLJ25439 overexpression causes cytokinesis defect, aberrant
mitoses and subsequent stable tetraploidization followed by ER
stress response and the ER stress response elicited by tetraploid-
ization promotes tetraploid cell survival, we conclude that tetra-
ploidization induced by FLJ25439 overexpression confers HeLa
(1-16) resistance to oxidation and apoptosis through elevated
expression of ER stress proteins.

In conclusion we identified a novel cytokinesis-associated pro-
tein, FLJ25439, whose distribution and expression levels corre-
late intimately with organelle/proteins engaged in cell cycle
progression. Overexpression of FLJ25439 promotes cellular tet-
raploidization and induces subsequent ER stress response which
protects tetraploids from apoptotic assault and maintains their
survival. Further characterization of the role FLJ25439 plays in
cell cycle regulation will provide a new direction for understand-
ing hyperploidy formation and prevention.

Materials and Methods

Cell culture and transfection
HeLa and U2Os cells were cultured in DMEM (Gibco) sup-

plemented with 10% fetal bovine serum (FBS) and antibiotics
(50 U penicillin-streptomycin) at 37�C in a 5% atmosphere
inside a humidified incubator. Transient transfection was per-
formed using calcium-phosphate based on standard protocol.
For G1/S boundary synchronization, the cells were blocked at
G1/S phase by double thymidine administration, and the mitotic
cells were collected after the synchronized cells were released in
fresh medium at 10 h. Unless stated otherwise, cells were treated
with the following reagents at the indicated concentration: taxol
(0–500 nM, Sigma-Aldrich) and H2O2 (0–20 mM, Sigma-
Aldrich). Fresh medium and drugs were replenished every 24 h.

Plasmid construction
The FLJ25439 open reading frame clone was established by

PCR amplification. The forward primer CCGGATCCATG-
CAAGCCAGCCCCATC, and the reverse primer
CCGGATCCCCTTGTCCTGTTTTTCTCCATTTTG were
applied in the PCR amplification. The PCR products were
digested with Bam HI and cloned into pUC18 vector. For
FLJ25439/pEGFPC1 construction, FLJ25439/pUC18 plasmid
was digested with Bam H I and the desired DNA fragment was
introduced to pEGFP C1 vector at BglII sites. For pOZ retroviral
expression vector construction, the open reading frame of
FLJ25439 cDNA with the NotI and XhoI sites from FLJ25439/
pUC18 was ligated to the corresponding sites in pOZ vector.

Antibody generation
The BALB/c mice are immunized by using standard immuni-

zation protocols. Synthetic peptides: EEFCKWLVQN-
GEKQDK corresponding to amino acid residues 346–361 in
FLJ25439 protein, were used in mice immunization. The mice
were intraperitoneally immunized 3 times with 100 mg synthetic
peptides. One month after immunization, the mice were
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sacrificed, and splenocytes were isolated. The PEG is used for the
fusion of splenocytoes and myeloma to generate hybridoma.
After fusion, the hybridoma cells were grown in a selection
medium containing hypoxanthine, aminopterin and thymidine
(HAT) and screened for cells that produce the desired antibody.

Immunofluorescence microscopy
Cells were rinsed in PBS and fixed in chilled methanol for 5

minutes, or 4% paraformaldehyde and permeabilized with 0.5%
triton X-100 for 10 minutes. Immunofluorescence was per-
formed as described21 using the following primary antibodies:
mouse anti-HA, mouse anti-FLAG, mouse anti-g-tubulin GTU-
88 (1:500, Sigam-Aldrich), mouse anti-cep55 clone 11A5, and
rabbit anti-b-tubulin (1:200, Sigam-Aldrich). TRITC or FITC
conjugated goat anti-mouse or rabbit secondary antibodies
(1:200) were from Jackson Laboratory. Cells were mounted in
50% glycerol containing 0.4% n-propylgallate with or without
DAPI. Imagines were captured using an Axioscope 2 microscope
equipped with epifluorescence (Carl Zeiss).

Time-lapse microscopy
Cells were seeded onto 24-well plates and imaged using an

Axiovert 200 M inverted fluorescent microscope (Carl Zeiss)
equipped with a Coolsnap camera and a Chamlide TC tempera-
ture, humidity and CO2 control system. Data acquisition was
performed at 5 min/frame.

Western blot analysis
Cells with various treatments were harvested in a lysis buffer

and measured the concentrations with the Bradford Protein
Assay Kit (AMRESCO). Proteins (30 mg) were separated on
10% SDS–PAGE gels and transferred to PVDF membranes. The
blots were incubated with primary antibodies and then secondary
antibodies conjugated to horseradish peroxidase. The signal was
detected by enhanced chemiluminescence reagent. The density of
western-blot bands was quantified by GeneTools software as pre-
vious reported.33

2-DE and image analysis
Cell lysis was diluted in IPG sample buffer containing 7 M

urea, 2 M thiourea, 4% CHAPS, 65 mM DTT, and 1% IPG
buffer to a volume of 350 mL. After rehydration for 12 h, IEF
was conducted automatically with a total of 90 kVh. Following
IEF separation and equilibration, electrophoresis was carried out
on 10% acrylamide gels (Bio-Rad, Hercules, CA, USA) at
30 mA. Proteins were visualized by silver staining and then
scanned using Imagescanner (GE Healthcare, Taiwan). Protein
spots were quantified using the Prodigy SameSpots software
(Nonlinear Dynamics, Newcastle, UK). The expression levels of
protein spots changed more than 1.5 fold between cells trans-
fected with FLJ25439 and mock control should be considered as
statistical significance (P value <0.05).34 All experiments were
biologically repeated 3 times to confirm the reproducibility.

In-gel enzymatic digestion and MALDI-TOF/ TOF MS
analysis

Silver-stained spots were excised and in gel-digested with tryp-
sin according to procedures described previously.19 The MALDI-
TOF analysis was performed on an Ultraflex mass spectrometer
(Bruker-Daltonik). Monoisotopic peptide masses were assigned
and used for Swiss-Prot sequence database searches (SwissProt
2013_9, 540958 sequences; Taxonomy: Homo sapiens, 20272
sequences) with the BioTools 3.2 software (Bruker-Daltonik)
and the Mascot search engine (http://www.matrixscience.com).
Search parameters were set as follows: a maximum allowed pep-
tide mass error of 50 ppm, and consideration of one incomplete
cleavage per peptide. For the MS/MS, the 3 most intense precur-
sor ions with a signal/noise ratio >25 were selected after exclu-
sion of the common background signal. The MS/MS mode was
operated at 1 keV and products of metastable decomposition at
elevated laser power were detected. MS data were acquired with
external calibration and MS/MS data were using the default
instrument calibration.14

Network analysis using MetaCore
MetaCore software (vers. 5.1 build 16271, GeneGo, St.

Joseph, MI) was used to elucidate the ontological classes and rele-
vant pathways represented among the proteins identified by 2-
DE and the peptide mass fingerprint. Based on the gene ontolog-
ical categorization, we used 2 algorithms for the network analysis:
(a) an analysis network algorithm to deduce scoring processes
regulated by differentially expressed proteins and (b) the shortest
path algorithm to build a network consisting of the smallest pos-
sible number of direct interactions between differentially
expressed proteins. The statistical relevance of the ontological
matches was calculated as the P value, which is the probability of
a match occurring by chance, given the size of the database. The
P value was calculated using the formula:

P¡ valueD [R!n!.N ¡R/!.N ¡ n/!]=N !X


min.n;R/

iDmax.r;RC n¡N/

1=[i!.R¡ i/!.N ¡R¡ nC i/!]

where N is the total number of nodes in the MetaCore database,
R is the number of network objects corresponding to genes and
proteins in the list, n is the total number of nodes in each small
network generated from the list, and r is the number of nodes
with data in each small network generated from the list.14

Statistical analysis
All values are presented as the mean § standard deviation

(SD) of a minimum of 3 replicate tests obtained from 3 individ-
ual experiments. A Kruskal–Wallis (nonparametric ANOVA)
test was carried out using SPSS software (SPSS, Inc., Chicago,
IL, USA) when multiple comparisons were made. Differences
were considered as being significant at P < 0.05.
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