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ovarian cancer-specific EMT signatures were derived using a similar procedure (apart from
Steps 1 and 2 depicted in Figure 1A) and were published elsewhere (Akalay er al, 2013;
Miow et al, 2014); these were derived from comparing the profile of immunofluorescence
staining of CDHI and CDH2 (Materials and Methods). Since the cancer-specific EMT
signatures were derived using the same procedure and have good correlation with the
generic EMT signature (Table E1C), we performed additional analyses to verify only the
validity of bladder cancer-specific EMT signature. The result is added in Fig. E1, Results

section, and Expanded View of the revised manuscript.

Comment 2

Figure 3 and E2. It is claimed by the authors that EMT status does not necessarily correlate with

poorer survival. Did the authors try performing the analyses after stratifying patients based on

different subtypes of the same cancer? For example, will performing Kaplan-Meier analysis by

subtypes of tumors (e.g. luminal, basal, ERBB2+, triple-negative subtypes of breast cancer) give a

different result?

Response: We focused our analysis on correlating EMT status and survival only in
molecular subtypes of breast cancer, as the molecular subtypes of breast cancer is more
established (Prat ef a/, 2012). When stratified by molecular subtype, we observed a better
disease-free survival (DFS) in patients with Basal and Claudin-Low breast cancers of a low
EMT score than in those with a high EMT score (hazard ratio=0.6549, p=0.0089). There
was 1no signiﬁcant difference in other breast cancer subtypes when correlating EMT and
DEFS or overall survival. However, the correlation of EMT and DFS in Basal and Claudin-
Low subtypes was not coherent in all breast cancer cohorts, probably due to the smaller
sample sizes. Therefore, we did not report this finding initially. As pointed out by
Referee#3, it might be of great interest to the reader, and we have added these results to

Fig. E7, as well as the Results and Discussion sections.

Comment 3:

Figure 3 and E2. Given the critical roles of EMT in tumor cell dissemination and cancer metastasis,

it is suggested that the authors also check metastasis-free survival, not only OS and DFS.

© EMBO

Response: We thank the Referee for pointing this out, as this made us aware that we were
not clear in the definition of disease-free survival (DFS). The definition of DFS we adopted
in the manuscript broadly encompassed (local) recurrence-free survival, progression-free
survival, and distant metastasis-free survival (DMFS). The majority of the data were in fact
distant metastasis-free survival. We have indicated in Fig. 3B which cohort data are DMFS,

and inserted the definition of DFS in the text.
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Comment 4: ’
There is growing evidence suggesting that the reversal of EMT, the mesenchymal-epithelial
transition (MET), may be necessary for efficient metastatic colonization. The authors should discuss

this point and the potential complications in the interpretation of their results.

Response: We thank the reviewer for raising this important point. Tsai et al. is a landmark
paper and we fully agree with Tsai ct al. as well as with Referces#2 and #3 that reversing
EMT may promote metastatic colonization. This paradigm, to an extent, fits our previously
proposed model where mesenchymal micro-metastases must re-acquire an cpithelial
phenotype to proliferate at the metastatic site (Thiery, 2002). The original text in the
manuscript was not accurale (“the EMT reversion therapy as a means to reduce the
metastatic potential”) in that we are not postulating that EMT reversal therapy could cure
metastasis, but instead we meant that EMT reversal therapy may sensitize cancer cells to
specific drugs. Furthermore, our intent was not to achieve a full reversal of EMT—which,
as pointed out by Referces#2, #3 and Tsai et al. could be detrimental—rather, we were
referring to modifying the EMT status along the spectrum to improve paticnt‘ responses to
treatment. In our experience, the use of a single agent does not fully reverse EMT but it is
sufficient to reduce invasion (unpublished), anoikis resistance, spheroidogenesis and
clonogenicity in vitro (Huang et al, 2013), and in vivo using orthotopic grafting of a human
cancer line (Sim & Thiery, 2014; manuscript in preparation). The main challenge, however,
is that we do not know exactly at which intermediate states and under what conditions or
context cancer cells in the primary—or at the distant sites—can exit dormancy and resume
growth or develop chemo-resistance. This is a very complex problem requiring further
investigations which are beyond the scope of the current study. We have amended the
sentence to better reflect what we meant in the Discussion section of the revised

manuscript.
Minor concerns:

1. What are the values of the y axis in Figure 1C (top panel)?
Response: We have put in the y-axis values on the top panel of Figure 1C.
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2nd Editorial Decision 04 August 2014

Thank you for the submission of your revised manuscript to EMBO Molecular Medicine.

We have now received the enclosed reports from the Reviewers that were asked to re-assess it.
As you will see the Reviewers 2 and 3 are now globally supportive. Reviewer 1 was not available
and I therefore asked Reviewer 2 to evaluate your response and action to his/her comments.

Reviewer 2 considered your reply to Reviewer 1 satisfactory. However, concerning the availability
of the easy-to-use algorithm to calculate the EMT signature, while your explanation is deemed

© EMBO
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satisfactory, s/he would like you to make the availability of the Matlab script clear in the revised
manuscript. | have checked the manuscript and feel that you have clearly stated this availability in
the Materials and Methods section. Therefore no further action is required on your part regarding
this issue.

[ am thus pleased to inform you that we will be able to accept your manuscript.

© EMBO
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Centrosome size varies considerably during the cell cycle; it is greatest during metaphase, partly because of pericen-
triolar matrix recruitment and an increase in microtubule-organizing activity. However, the mechanism of centrosome
maturation during M phase is poorly defined. In the present study, we identified and quantified centrosomal proteins
during S and M phases using stable isotope labeling by amino acids in cell culture (SILAC) coupled with liquid chro-
matography-tandem mass spectrometry (LC-MS/MS). We identified 991 proteins, of which 310 and 325 proteins were
upregulated during S and M phases, respectively. Ubiquitinated proteins containing K48- and K63-linked polyubiquitin
chains accumulated in the centrosomes during M phase, although 26S proteasome activity in the centrosomes did not
markedly differ between S and M phases. Conversely, cytoplasmic dynein, which transports ubiquitinated proteins to the
centrosomes, increased 2-fold in the centrosomes during M phase relative to S phase. Furthermore, PYR-41, a ubiquitin
E1 inhibitor, reduced centrosome size during metaphase, causing increased aneuploidy. RNA interference suppression
of Ecm29, which inhibits proteasome activity, decreased the accumulation of ubiquitinated proteins in the centrosomes.
These results show that accumulation of ubiquitinated proteins promotes centrosome maturation during M phase and
further suggest a novel function of centrosomes as a scaffold temporarily gathering intracellular ubiquitinated proteins.

Introduction

The centrosome is the main microtubule-organizing center.
It comprises a pair of centrioles surrounded by amorphous peri-
centriolar material (PCM), and its size is tightly regulated dur-
ing the cell cycle.! Centrosome maturation occurs at the onset of
M phase and is accompanied by an increase in the size of PCM
and its microtubule-nucleating capacity.? The centrosome is rep-
licated between late G, and early S phases, whereupon it localizes
to the spindle pole and participates in chromosome segregation
during mitosis.>*

Polo-like kinase 1 (Plk1) and Aurora A are reportedly involved
in centrosome maturation.>® Plkl phosphorylates pericentrin
(PCNT), and phosphorylated PCNT recruits centrosomal pro-
teins, such as CEP192, GCP-WD, Aurora A, and <y-tubulin,
into centrosomes.”” CEP192 and nucleophosmin/B23 activates
Aurora A, followed by phosphorylation of nudE neurodevelop-
ment protein 1-like 1 (NDEL1) by Aurora A, thus leading to acti-
vation of centrosomal separation and centrosomal maturation.®'?

In addition, ADP-ribosylated Miki and protein phosphatase 4

*Correspondence to: Yoshio Miki; Email: mikimgen@mritmd.acjp

reportedly contribute to centrosome maturation."? Although
the detailed mechanism underlying centrosome maturation
remains unclear, its progression is important: inhibition of this
process during mitosis causes chromosome missegregation and
aneuploidy.'*" ~

Centrosomes contain an active 26S proteasome that degrades
ubiquitinated proteins, and centrosomes become enlarged in
response to proteasome activity inhibition and the resulting
increase in misfolded proteins.'®'® The 26S proteasome com-
prises 2 subcomplexes: the 20S catalytic core particle (CP) and
the 19S regulatory particle (RP). Ecm29, a proteasome-associ-
ated protein, mainly associates with RP~CP complexes.”” Ecm29
reportedly inhibits proteasome activity.?**'

Ubiquitinated proteins are transported to the centrosome by
cytoplasmic dynein through HDACG6.?2 Ubiquitin is a 76-amino
acid polypeptide, and 7 types of polyubiquitin chains have been
identified in cells.”? Ubiquitination with chains linked through
lysine 48 leads to the degradation of substrate proteins at the
26S proteasome, whereas those linked via lysine 63 modulate
protein—protein interactions during DNA repair,”? signal
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transduction,®® and receptor endocytosis.** For example, K63-

ubiquitinylated Tax, which maintains permanent NF-kB activa-
tion, localizes to the centrosome; however, little is known about
the centrosome localization of K63-linked polyubiquitinated
proteins.” The roles of polyubiquitin chains linked through K6,
K11, K27, K29, or K33 are poorly understood.”

In this study, we investigated the mechanism of centrosome
maturation. We showed that centrosome maturation during
M phase is dependent on an increase in ubiquitinated proteins
and occurs independently of proteasome activity. Furthermore,
we verified that accumulated ubiquitinated proteins play an
important role in centrosome function during mitosis.

Results

Centrosome maturation during M phase

We stained fixed HeLa S3 cells at specific stages of the cell
cycle using an antibody specific for y-tubulin. The centrosome
cycle is synchronized to the cell cycle and consists of 4 phases,
comprising centrosome duplication during S phase, centrosome
maturation during the early mitotic phase, centrosome separa-
tion during metaphase, and centrosome disorientation during
the late-mitotic G, phase (Fig. 1A). The intensity of centrosomal
y-tubulin immunofluorescence peaked at prometaphase and
metaphase and then decreased significantly during anaphase
(Fig. 1A; Fig. S1A). We measured centrosome size as indicated
by y-tubulin immunofluorescence staining during S phase and
mitosis (Fig. 1B; Fig. S1B). The S phase centrosomes had a
mean diameter of 0.57 + 0.11 pm (n = 235). During mitosis,
the diameter of each centrosome (1.32 + 0.27 pm; n = 241) was
approximately 2-fold greater than that during S phase (2 < 0.01).
We estimated the area of the centrosomes by quantifying the
intensity of <y-tubulin immunofluorescence using Operetta™
(PerkinElmer Japan Co, Ltd; Fig. S1C). Compared with S phase,
the size and intensity of the centrosomes significantly increased
during M phase. PCM1, known to be necessary for the assem-
bly of centrosome constituents such as centrioles was enriched
around the centrosomes during G, and S phases; however, it had
dispersed by prophase and largely disappeared by metaphase
(Fig. 1C). This suggests that centrosome maturation during
mitosis is independent of centrosome assembly by PCM1. Next,
to investigate whether centrioles were more efficiently assembled
in metaphase vs. S-phase centrosomes, we performed immuno-
fluorescence microscopy on fixed HeLa S3 cells using an antibody
against centrinl/2, a component of the centriole. We observed no
significant change in the intensity of the centrin signal from G,
phase to metaphase (Fig. 1C).

Components of the centrosome during S and M phases

We hypothesized that the centrosomal proteome differs
between S and M phases. To test this hypothesis, we used the
stable isotope labeling with amino acids in cell culture (SILAC)
method (Fig. 2A). Hela S3 cells were synchronized at M phase
in “heavy” culture medium containing lysine labeled with a
stable carbon-13 isotope (C-lysine) prior to centrosome isola-
tion. In contrast, cells synchronized at S phase were cultured

www.landesbioscience.com

in “light” medium (containing '*C-lysine) prior to centrosome
isolation. We isolated centrosomes from HeLa S3 cells synchro-
nized at S and M phases using a thymidine block, released them
into mitosis 10 h later, and then determined the synchronicity
of the cells using flow cytometry (Fig. S2). Two sets of cen-
trosomes, prepared from a similar number of cells, were mixed
and electrophoresed through 7.5% and 12.5% polyacrylamide
gels stained with Coomassie brilliant blue (CBB) (Fig. 2A). The
separated polypeptides were excised and identified using nano-
liquid chromatography—tandem mass spectrometry (nano-LC~
MS/MS). We identified 991 proteins, and the efficiency of
peptide labeling was 97% (Table S1). We defined a protein as
specifically present in the S- or M-phase centrosomes when the
ionic strength ratio of the precursor ion of a peptide identified
in both the heavy and light culture media was 21.5 and <0.67.
A similar number of proteins was identified in the S-(310) and
M-(325) phase centrosomes (Fig. 2B). This suggests that cen-
trosome maturation during M phase is dependent upon cell
cycle-dependent changes in the composition of the centrosomal
proteome. The proteins identified in the 3 groups (S > M,
S =M, and S < M) were classified according to their molecular
functions using Gene Ontology (GO) database (Fig. $3). ATP-
binding proteins were most frequently identified in all 3 groups.
Although many RNA-binding proteins were identified in the
groups S = M and S < M, it remains unclear why such proteins
are present in the centrosome. Thirty-two centrosomal proteins
identified by this proteomics analysis can be integrated with the
cellular components (CC) documented in the Gene Ontology
(GO) database. Other proteins, such as chaperones and RNA-
binding proteins, are mostly congruent with those identified by
analyses of other group.*®® Moreover, ubiquitinated proteins
were 3-fold more abundant during M phase than during S phase
(Table S2). However, the number of ubiquitinated proteins (37)
was low relative to the number of proteins identified (991). To
efficiently detect ubiquitinated proteins, they must be concen-
trated during the preparation of peptides for analysis by MS, and
the original aim of this study was not to identify these ubiquiti-
nated proteins.

Accumulation of ubiquitinated proteins in the centrosome
during M phase

We hypothesized that centrosome maturation during M phase
is dependent on the amount of ubiquitinated proteins. To test
this hypothesis, we compared S- and M-phase centrosomes by
immunoblot analysis using a multi-ubiquitin antibody (Fig. 3A,
right panel). During M phase, the amount of ubiquitinated pro-
teins in the centrosomes increased relative to that during S phase.
Quantification of the signal showed an approximately 2-fold
increase at M phase (Fig. 3A, lower panel). There was no dif-
ference in the amount of ubiquitinated proteins in whole-cell
lysates (Fig. 3A, left panel). As a control, we confirmed that there
was no difference in B-actin expression in whole-cell lysates and
y-tubulin in centrosome lysates (fractions 11 and 12) between M
and S phases (Fig. 3A, left panel; Fig. S4A). Furthermore, we per-
formed immunofluorescence microscopy of HeLa S3 cells using
a multi-ubiquitin antibody (Fig. 3B, right panel). We observed
an increase in the amount of ubiquitinated proteins in the

Cell Cycle 1929

©2014 Landes Bioscience. Do not distribute.



Downloaded by [Tokyo Ika Shika University] at 10:47 13 March 2015

centrosomes during metaphase relative to that during interphase
(Fig. 3B, 2 and 4 vs. 1 and 3). Furthermore, K63- (Fig. 3C, left
panel) and K48- (Fig. 3C, right panel) linked protein—ubiquitin
conjugates increased at M phase relative to S phase. There was
no difference in the amount of y-tubulin in centrosome lysates
(fraction 11) between M and S phases (Fig. S4B).

Proteasome activity of the centrosome during S and M
phases

Furthermore, we hypothesized that proteasome activity in
centrosomes is higher during S phase than during M phase. To
test this hypothesis, we added Z-LLE-AMC, a specific substrate
of the proteasome, to the isolated centrosomes and measured the
fluorescence intensity of its degradation products (Fig. 4A). A
centrosome-enriched fraction (number 13) exhibited elevated

A G1 phase

S phase

-tubulin

Metaphase

Anaphase

~tubulin

C

PCM1
tubulin

Hoechst

Centrin1/2
v-tubulin
Hoechst

Prophase

Telophase

proteasome activity. However, this activity decreased signifi-
cantly when the proteasome inhibitor MG-132 was added to the
assay system. Proteasome activity of the other fractions was simi-
lar to that of the centrosome-free preparation both in the pres-
ence and absence of MG-132. Unexpectedly, proteasome activity
in the centrosomes was similar during M and S phases (Fig. 4B).
There was a significant correlation between proteasome activity
of the S- and M-phase centrosomes (Fig. 4C). This suggests that
proteasome activity in centrosomes remains constant between
phases and does not contribute to centrosome maturation.
Ubiquitinated proteins are reportedly transported by cyto-
plasmic dynein.?** Levels of cytoplasmic dynein light chain 1
and dynein heavy chain 1, which are major components of cyto-
plasmic dynein, were found to be greater during M phase than
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Figure 1. Centrosome size throughout the cell cycle. (A) Centrosomes in Hela S3 cells were observed by immunofluorescence using the anti-y-tubulin
antibody as a marker (red, y-tubulin). Inset: enlarged views. Arrow indicates location of centrosomes. Scale bars: 10 um. (B) Estimation of centrosomal
diameter following y-tubulin immunofiuorescence. The digital images were read using the ruler function in Photoshop CS5 (Adobe Systems Inc). The
diameter of centrosomes at S (n = 235) and M (n = 241) phase is shown as a box plot that denotes the upper and lower quartiles, Boxes show the first and
third quartiles, and whiskers mark minimum and maximum values unless they exceeded 1.5X the interquartile range. Statistical significance was deter-
mined using the Mann-Whitney U test (P < 0.01). Bold lines show medians. (C) Centrosomal pericentriolar material 1 (PCM1; top panel} and centrin1/2
{bottom panel) were visualized by immunofluorescence staining (red, y-tubulin; green, PCM1 or centrin1/2). Arrow is localized at the centrosome and
the inset shows enlarged views. DNA was stained with Hoechst {blue). Scale bars: 10 um.
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during S phase in centrosomes using SILAC-based proteomic
analysis (Table S1). We measured dynein protein levels in the
centrosomes during M and S phases by immunoblot analysis.
The levels were 2.2-fold higher during M phase than during S
phase (Fig. 3A, right panel). However, there was no difference
in the levels of dynein in whole-cell lysates (Fig. 3A, left panel).
Next, we investigated whether dynein depletion affects centro-
some maturation. For this, we analyzed the effects of dynein
knockdown using siRNA on the y-tubulin staining of the cen-
trosomes in metaphase cells (Fig. $4C). Compared with siRNA-
treated control cells, centrosome size was diminished in dynein
knockdown cells (P < 0.01). This demonstrates that centrosome
maturation during M phase is dependent on dynein.

Ubiquitinated proteins are required for centrosome
maturation

To prove that ubiquitinated proteins are involved in centro-
some maturation during M phase, we evaluated HeLa S3 cells
treated with the ubiquitin El1 inhibitor PYR-41 or DMSO
(control) using antibodies against y-tubulin and PCNA (an
S phase marker; Fig. 5A). During metaphase, centrosome size
decreased in PYR-41-treated cells compared with the control
cells (P < 0.01; Fig. 5B). However, there was no significant

difference in centrosome size during S phase. In addition, to
confirm the importance of ubiquitinated centrosomal pro-
teins during mitosis, we visualized chromosome segregation in
PYR-41-treated Hela S3 cells stably expressing green fluores-
cent protein (GFP)-HIST2H2B using time-lapse fluorescence
microscopy (Fig. 5C). This revealed that 25% (22/86; Fig. 5C;
type A) of metaphase cells progressed to anaphase with lagging
chromosomes, and that 60% (51/86; Fig. 5C; type B) did not
progress to anaphase, resulting in chromosome missegregation.
The degradation of cyclin B1 is prerequisite for metaphase—ana-
phase transition. We demonstrated the decrease in cyclin Bl
degradation at 30 min after the PYR41 treatment compared
with the beginning (0 min) of the time-lapse observation by
flow cytometry analysis using cyclin Bland phospho-Histone
H3 (Serl0) antibodies (Fig. S5). This result suggests that the
delay in the anaphase onset contribute to the attenuation of
degradation of cyclin Bl by PYR-41 treatment. In contrast,
the incidence of lagging chromosomes in the control cells was
low (4% [4/93]; Fig. 5C; DMSO). Next, we examined micro-
tubule nucleation during metaphase in HeLa S3 cells treated
with PYR-41 or DMSQO for 0, 5, 10, and 15 min. PYR-41 was
washed out repeatedly to release the block, the cells were fixed,
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Figure 2. Analysis of centrosomal proteins in S and M phases by mass spectrometry. (A) Schematic outline of the stable isotope labeling by amino
acids in cell culture (SILAC) method used to distinguish centrosomal proteins in § and M phases. Centrosomes were isolated from isotope-labeled and
unlabeled cells by sucrose density gradient centrifugation. The centrosome-containing fractions were analyzed by immunoblotting using the anti-y-
tubulin antibody. The centrosome-containing fractions (10 and 11) were collected, fractionated by SDS-PAGE, mixed, digested, and analyzed by liquid
chromatography-tandem mass spectrometry (LC-MS/MS). (B) The distribution of protein ratios. A total of 991 proteins were identified by SILAC: protein
expression in S phase was 1.5-fold greater than that in M phase for 310 proteins {red bar); protein expression in M and 5 phase differed by less than 1.5-

fold for 356 proteins (black bar); protein expression in M phase was 1.5-fold greater than thatin S phase for 325 proteins (blue bar).
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and metaphase cells were categorized according to the mitotic
phase. The spindle fiber was assessed in metaphase cells by
a-tubulin immunofluorescence (Fig. 5D, upper panel). In most
PYR-41-treated cells, the spindle fiber was not evident (approx-
imately 90% of cells over 15 min), and this effect was time-

dependent (Fig. 5D, lower panel). Missegregation of
chromosomes is known to cause anecuploidy; thus,
we analyzed DNA index (DI) using flow cytometry
to determine whether PYR-41-treated cells developed
DNA aneuploidy (Fig. 5E). DI was represented by the
ratio of the peak channel values of G /G, of Hela S3
cells and PYR-41-treated HeLa S3 cells compared with
that of normal human dermal fibroblasts (NHDFs,
normal diploid cells). PYR-41-trcated cells exhibited
hyperdiploidy (DI = 1.57), whereas DI of control cells
was 1.06. This suggests that inhibition of ubiquitin
modification during M phase causes missegregation of
chromosomes, leading to aneuploidy.

Ecm29 is associated with RP—CP complexes in the

26S proteasome and inhibits proteasome activity.?**!

We isolated centrosomes from Hela S3 cells treated
with an siRNA against Ecm29 (Fig. S6A). Suppression
of Ecm29 protein expression was confirmed by immu-
noblot analysis using an antibody against Ecm29 (Fig.
S6B). Furthermore, we verified that the amount of
ubiquitinated proteins in.the centrosomes of Ecm29
siRNA-treated cells decreased compared with that in the
centrosomes of control cells (Fig. S6C). As a control, we
confirmed that the amount of B-actin was unaffected.
We also isolated centrosomes from Hela S3 cells treated
with the proteasomal inhibitor MG-132 (Fig. S6D).
Immunoblot analysis using a multi-ubiquitin antibody
showed that the centrosomes of MG-132-treated cells
contained an increased amount of ubiquitinated protein
compared with those of control cells (DMSO-treated
cells; Fig. SGE). We performed immunofluorescence
microscopy on Hela S3 cells treated with MG-132 or

Figure 3. The augmentation of ubiquitinated proteins
and cytoplasmic dynein at centrosomes in M phase.
(A) Immunoblot analysis of ubiquitinated proteins and dynein
in whole-cell (left panel) or centrosomal (right panel) lysates
prepared from Hela S3 cells synchronized at either S or M
phase using antibodies against multi-ubiquitin or cytoplas-
mic dynein. Equivalent loading was determined by immu-
noblot analysis using an antibody against 3-actin. Line scans
measuring a broad band (15-300 kDa) of ubiquitin-associated
relative fluorescence intensity are displayed, with the red and
blue lines representing M phase- and S phase-specific ubig-
uitinated proteins, respectively. (B) Hela S3 cells were fixed
and subjected to co-immunofluorescence microscopy using
ubiquitin {green) and y-tubulin (red) antibodies. DNA was
stained with Hoechst (blue). The boxed regions (the centro-
some} are magnified. (C) Immunoblot analysis of ubiquiti-
nated proteins in whole-cell or centrosomal lysates prepared
from Hela S3 cells synchronized at either S or M phase using
antibodies against K63- (left panel) or K48- (right panel) linked
polyubiquitin chains. Equivalent loading was determined by
immunoblot analysis using an antibody against $-actin.
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Discussion

We demonstrated that centrosome maturation proceeds by
the accumulation of ubiquitinated proteins during M phase.
This was deduced on the basis of the following 6 findings: (1)
We identified and compared the relative abundance of proteins
comprising the centrosome at M and S phases using the SILAC
method and LC-MS/MS. Thirty-seven ubiquitinated proteins
were identified, and many of these were detected in the centro-
some during M phase (Table S2; M phase, 17 proteins; S phase,
5 proteins); (2) Immunoblot analysis using a multi-ubiquitin
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antibody revealed greater amounts of ubiquitinated proteins in
the centrosome during M phase than during S phase (Fig. 3A,
right panel); (3) Proteasome activity in the centrosome was
similar during M and S phases (Fig. 4B and C); (4) The level
of cytoplasmic dynein in the centrosome was greater during
M phase than during S phase (Fig. 3A; Fig. S4C; Table S1);
(5) The size of the centrosome during M phase was markedly
decreased by inhibition of ubiquitination using PYR-41 (Fig. 5A
and B); (6) Suppression of Ecm29, which inhibits proteasome
activity, decreased the accumulation of ubiquitinated proteins
in the centrosomes (Fig. S6C). Despite the similar amounts of
ubiquitinated proteins in whole-cell lysates at M and S phases,
increased amounts of ubiquitinated proteins were evident in the
centrosome during M phase (Fig. 3A). These results suggest that
the increase in the amount of ubiquitinated proteins in the cen-
trosome is derived from the transport by cytoplasmic dynein,
because there was no difference in proteasome activity between
M and S phases.

Inhibition of ubiquitination prevents centrosome maturation
and leads to abnormal spindle fiber formation, defective chro-
mosome segregation, and chromosome aneuploidy (Fig. 5C-E).
This suggests that ubiquitinated proteins participate in both
maturation of the central body and chromosome separation. We
identified 37 ubiquitinated proteins using SILAC and LC-MS/
MS (Table S2). Of them, only Hsp90 reportedly localizes to the
centrosomes. However, exactly which of its isoforms (Hsp90a
or Hsp90B) localizes to the centrosome remains unclear.
Using immunofluorescence microscopy with specific antibod-
fes, we confirmed that Hsp90a, but not Hsp908, localizes to
the centrosome (data not shown). Furthermore, in most Hel.a
S3 cells subjected to siRNA-mediated knockdown of Hsp90a,
the spindle fiber was not evident (data not shown). Hsp90 is a
chaperone protein that combines with client proteins and partici-
pates in cell cycle progression, DNA repair,”** and chromosome
separation in response to heat shock or oxidative stress.”® One
such client protein is Plkl that regulates centrosome function

Figure 4. Proteasome activity of the centrosome between M and
S phases. {A} Centrosomes were isolated by sucrose density gradient
centrifugation. The centrosome-enriched fraction (13) was analyzed by
immunoblotting using a y-tubulin antibody. Proteolysis of the protea-
some-specific fluorogenic substrate Z-LLE-AMC {fractions 1-14) was per-
formed in the absence (red circles) or presence {black circles) of MG-132.
The arrows show florescence intensity in each reaction without cen-
trosomes. (B} Lysates from synchronized Hela 53 cells at M or S phase
fractionated by sucrose density gradient centrifugation and probed
with a y-tubulin antibody. The arrows indicate centrosome-enriched
fractions used for proteasome activity {upper). Proteolysis of the prote-
asome-specific fluorogenic substrate Z-LLE-AMC, which was added to
S- or M-phase centrosomes, and then analyzed by fluorescence spec-
troscopy of the liberated AMC on a microtiter plate reader (down). F,
was calculated from the fluorescence intensity of proteasome activity of
S-phase centrosomes against that without the centrosome (blue circle).
Fot phase Was calculated from the fluorescence intensity of proteasome
activity of M-phase centrosomes against that without the centrosome
(red circle). {C) Pearson’s correlation coefficients were used to show the
relationships between the proteasome activity of S-phase and that of
M-phase centrosomes. Each spot (black circle) shows the fluorescence
intensity of S- and M-phase centrosomes with substrate (50, 100, 200,
and 400 pM).
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in a complex with Hsp90.%
Inhibition of Hsp90 inacti-
vates Plk1 activity and prevents

nucleation,*3¢

microtubule
Hsp90 is reportedly modified
by K48-, K63-, K6-, and K11-
linked ubiquitin chains.”” We
showed that K63-linked ubig-
uitinated proteins are present
in the centrosome (Fig. 3C).
Furthermore, we determined
that K632 of Hsp90a is modi-
fied by ubiquitin in Hela S3
cells (data not shown).
results suggest that K63-linked
Hsp90-ubiquitin
participate  in

These

conjugates
centrosome
maturation. In future studies,
we hope to confirm whether
K63-linked Hsp90-ubiquitin
conjugates are present in the
centrosome and cooperate with
Plkl to regulate centrosome
maturation.

Inhibition of proteasome
activity leads to the formation
of the aggresome, believed to
be an important structure for
processing abnormal proteins
in the cell. Cytoplasmic pro-
tein aggregates are transported
to the centrosome.’® In this
study, we showed that many
ubiquitinated  proteins  are
transported to the centrosome
during M phase, and that cen-
trosomal proteasome activity
remains constant during S and
M phases. These findings sug-
gest that the centrosome may
act as a scaffold temporarily,
not only functionally impor-
tant ubiquitinated proteins but
also integrating misfolded or
damaged proteins produced
during G, and M phases.

Materials and Methods
Antibodies and siRNA

The following antibod-
ies were used in this study:

anti-Ecm29 (mouse, Sigma-Aldrich; rabbit, GeneTex); anti-f3-
actin (mouse, AC-74, Sigma-Aldrich); anti-y-tubulin (mouse,
Santa Cruz Biotechnology; rabbit, C-11,
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Figure 5. For figure legend, see page 1935.

Sigma-Aldrich);

Cell Cycle

e

anti-a-tubulin (rabbit, Abcam); anti-centrinl/2 (rabbit, H-40,
Santa Cruz Biotechnology); anti-PCM1 (rabbit, G2000, Cell
Signaling Technology); anti-dynein HC1 (rabbit, Santa Cruz
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Figure 5 {See previous page). Centrosome maturation is associated with the presence of ubiquitinated proteins. (A) Hela S3 cells treated with PYR-41
{a ubiquitin E1 inhibitor) or DMSQ (control) for 1 d were subjected to immunofluorescence with antibodies againsty-tubulin {red) or PCNA (green). PCNA
is an S-phase marker. inset: higher magnification images of the region indicated by the arrows. (B) Size of centrosomes in cells treated with 50 g/m! PYR-
41 or DMSQ (control). Median centrosome diameter in cells in S (PYR-41: n = 152; DMSO: n = 157) or M (PYR-41: n = 133; DMSO: n = 135} phase is presented
in a box plot denoting the upper and lower quartiles. Boxes show the first and third quartiles, and whiskers mark minimum and maximum values unless
these exceed 1.5 the interquartile range. Statistical significance was determined using the Mann-Whitney U test. (C) Time-lapse series of HeLa S3 cells
stably expressing a green fluorescent protein {(GFP) fusion with histone H2B (left). The cells were treated with 50 g/ml PYR-41 (n = 86) or DMSO {n = 93}
and imaged immediately. Time is shown in minutes. Quantification of chromosome segregation in HelLa S3 cells treated as described above and scores
for normal segregation or abnormal morphologies (right). (D) Immunofiuorescence microscopy of Hela 53 cells treated with 50 g/ml PYR-41 or DMSO
{control) for 0, 5, 10, and 15 min using an antibody against a-tubulin {green; bottom panel). Quantification of spindle phenotypes in HeLa S3 cells treated
as described above and scored for normal morphology (upper panel). Data represent the average of 3 independent experiments s.e.m,, each including
at least 40 mitotic cells. DNA was stained with Hoechst (blue). Scale bars: 5 m. (E) DNA histograms by flow cytometry of normal diploid primary normal

human dermal fibroblasts (NHDFs) (DNA index [DI] = 1.00), and Hela S3 cells treated with PYR-41 (DI = 1.57) or DMSQ (Dl = 1.06).

Biotechnology); anti-ubiquitin (mouse, FK2, MBL, 6C1, Sigma-
Aldrich; rabbit, serum, Thermo Scientific); anti-K48-linkage
specific polyubiquitin (rabbit, Cell Signaling Technology);
anti-K63-linkage specific polyubiquitin (rabbit, Cell Signaling
Technology); and anti-PCNA (rabbit, Abcam). The siRNA oli-
gonucleotides used for human Ecm?29, cytoplasmic dynein 1
heavy chain 1 (dynein), and a nonspecific negative control were
purchased from Dharmacon.

Cell culture, synchronization, and transfection

Hela S3 cells derived from cervical cancer were cul-
tured in Dulbecco modified Eagle medium (DMEM; Nissui
Pharmaceutical) supplemented with 100 mM L-glutamine and
10% fetal bovine serum (GIBCO) in 10% CO, at 37 °C. Primary
NHDFs (DS Pharma Biomedical) were cultured in CSC com-
plete recombinant medium (DS Pharma Biomedical) containing
cell boost (DS Pharma Biomedical) in 10% CO, at 37 °C.

Hela S3 cells were synchronized at S phase using a double
thymidine block. The cells were incubated for 18 h in 2.5 mM
thymidine, washed in PBS, released for 9 h, and then blocked for
another 15 h in 2.5 mM thymidine. M-phase cells were synchro-
nized at S phase using a thymidine block and then released for 10
h. Both phases were examined using flow cytometry.

The cells were transfected with siRNAs using Lipofectamine
RNAIMAX reagent (Invitrogen) at approximately 40% conflu-
ence in Opti-MEM 1 (Invitrogen) according to the manufac-
turer’s instructions. MG-132 and PYR-41 were purchased from
Merck. Thymidine was purchased from Wako.

Plasmid constructs and generation of stably expressing
cells )

Hela S3 cells stably expressing GFP-HIST2H2B or GFP-
a-tubulin were generated as follows. HIST2H2B was ampli-
fied by PCR using the forward primer 5-TGTCTCGAGC
CATGCCTGAA CCGGCAAAAT-3" and the reverse primer
5-GGCGAATTCT CACTTGGAGC TGGTGTAC-3' and
then inserted into pEGFP-C1 (pEGFP-CI1-HIST2H2B vector;
Clontech). All plasmids were verified by DNA sequencing.

Hela S3 cells were transfected with the pEGFP-Cl-
HIST2H2B or pAcGFPl-tubulin plasmid vector (Clontech)
using Lipofectamine LTX with Plus reagent (Life Technologies).
GFP-expressing clones were initially isolated by G418 resistance
selection (4 mg/ml). The selected clones were isolated by limited
dilution cloning. All clones appeared to be stable and continued
to express GFP-HIST2H2B or GFP-a-tubulin after >10 passages
in the absence of G418.
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DNA aneuploidy analysis by flow cytometry

The cells were harvested using trypsin, fixed in 70% etha-
nol, washed twice in PBS, resuspended in PBS containing 0.2%
Triton X-100, and incubated with 100 pg/ml RNase A. The cells
were then incubated with 10 pg/ml propidium iodide (Sigma-
Aldrich). The DNA content of the cells was analyzed using
FACSCalibur HG (BD Biosciences) and CellQuest Pro software.

Immunoblot analysis

HeLa S3 cells were harvested and washed twice in PBS. The
cell pellet was suspended in lysis buffer (150 mM NaCl, 1%
Nonidet P-40, 0.5% deoxycholate, 2% SDS, 50 mM Tris—=HCI,
and protease inhibitor). The cells were lysed on ice for 20 min and
then centrifuged at 20400 x g for 30 min at 4 °C. The retrieved
proteins were resolved by SDS-PAGE and transferred onto a
PVDF membrane (Millipore). This membrane was incubated
with a primary antibody for 1 h and then with a secondary anti-
body coupled to horseradish peroxidase (Amersham Biosciences)
for 1 h. The blots were developed using the enhanced chemilumi-
nescent reagent SuperSignal (Thermo Scientific Pierce).

Immunofluorescence

The cells were washed in PBS and fixed with 3.4% formalde-
hyde in PBS for 10 min. They were permeabilized using 50%,
75%), and 95% ethanol on ice for 5 min each, blocked in donkey
serum for 30 min at room temperature, and then incubated with
a primary antibody for 1 h. The cells were then incubated with
Alexa-488- and Alexa-594-conjugated secondary antibodies for
30 min at 37 °C. DNA was stained with 1 jLg/ml Hoechst 33258.
The samples were observed using an Olympus Power BX51 fluo-
rescence microscope (Olympus).

Centrosome isolation

Purified centrosomes were isolated from Hel.a S3 cells accord-
ing to the method described by Moudjou and Bornens.?” The cells
were harvested by centrifugation at 280 x g, washed once with a
buffer containing 10 mM Tris—HCI (pH 7.4) and 150 mM NaCl,
and once with the same buffer containing 8% (w/v) sucrose.
The cells were lysed in the lysis buffer (1 mM HEPES [pH 7.2],
0.5% Nonidet P-40, 0.5 mM MgClz, 0.1% 2-mercaptoethanol,
and protease inhibitor) until chromatin aggregates were visible
and then centrifuged at 2500 x g for 10 min to remove nuclei
and chromatin aggregates. The supernatant was adjusted to 10
mM HEPES and digested with 2 units/m] DNase I for 30 min
on ice. The lysate was then overlaid onto 60% sucrose solution
(60% w/w sucrose prepared in 10 mM PIPES [pH 7.2], 0.1%
Triton X-100, and 0.1% 2-mercaptoethanol) and centrifuged at
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10000 x g for 30 min. Centrosomes sedimented onto the cushion
were resuspended and loaded onto a discontinuous gradient con-
sisting of 70% sucrose at the bottom, followed by 50% and 40%
layers, and centrifuged at 40000 x g for 1 h. Fractions were col-
lected starting from the top of the gradient and diluted in 1 ml of
10 mM PIPES buffer (pH 7.2). The centrosomes were obtained
by centrifugation at 16000 x g for 10 min. The centrosome-
enriched fraction was identified by immunoblot analysis using
anti-y-tubulin, a centrosome marker.

Relative quantitative analysis by MS

HeLa S3 cells were grown asynchronously in custom-syn-
thesized DMEM with normal L-lysine or isotope-labeled “C,
L-lysine (Thermo Scientific Pierce) in 5% CO, at 37 °C. The
medium was supplemented with 10% dialyzed fetal bovine
serum. The cells were cultured for at least 5 doublings to fully
incorporate the SILAC amino acids and then synchronized at
S phase (normal L-lysine) and M phase (isotope-labeled C,
L-lysine). Centrosome-containing fractions from unlabeled cells
(S phase) were added to fractions containing centrosomes from
SILAC-labeled cells (M phase). Centrosomes from the resulting
samples were pelleted by centrifugation at 16000 x g for 10 min.
The centrosomal proteins were separated by SDS-PAGE (7.5%
and 12.5% polyacrylamide gels) and in-gel-digested with tryp-
sin. The resulting peptides were extracted and desalted. These
were analyzed by QTRAP 5500 LC-MS/MS (AB SCIEX). All
data were analyzed using ProteinPilot™ (AB SCIEX) to identify
and quantify proteins. Proteins were classified according to their
biological functions using gene ontology.

Chromosome segregation in PYR-41-treated HeLa S3 cells

HeLa S3 cells stably expressing pEGFP-C1-HIST2H2B in
glass-bottomed dishes (Matsunami) were treated with 50 pg/ml

PYR-41 and subjected to time-lapse immunofluorescence micros-
copy every 3 min for 30 min.

Proteasome activity assay

[solated centrosomes were incubated with 200 puM Z-LLE-
AMC (Boston Biochem) in reaction buffer (250 mM HEPES, 5
mM ATP, 50 mM MgCl,, 500 mM NaCl, and 5 mg/ml BSA)
at 37 °C for 30 min. Proteasome activity was analyzed by fluo-
rescence spectroscopy of the liberated AMC at 380/440 nm
excitation/emission on a microtiter plate reader (PerkinElmer).
Centrosomes treated with 50 pM MG-132, a specific proteasome
inhibitor, were also subjected to the same analysis.

Statistical analysis

Statistical significance was evaluated using a 2-tailed Mann—
Whitney U test. Pearson correlation coefficients were used for
pairwise correlations between variables (proteasome activity of S
phase and M phase centrosomes).
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Abstract

Background: Fusion genes have been recognizéd to play key roles in oncogenesis. Though, many techniques have
been developed for genome-wide analysis of fusion genes, a more efficient method is desired.

Results: We introduced a new method of detecting the novel fusion gene by using GeneChip Exon Array that
enables exon expression analysis on a whole-genome scale and TAIL-PCR. To screen genes with abnormal exon
expression profiles, we developed computational program, and confirmed that the program was able to search the
fusion partner gene using Exon Array data of T-cell acute lymphocytic leukemia (T-ALL) cell lines. It was reported
that the T-ALL cell lines, ALL-SIL, BE13 and LOUCY, harbored the fusion gene NUP214-ABL1, NUP214-ABL1 and
SET-NUP214, respectively. The program extracted the candidate genes with abnormal exon expression profiles: 1
gene in ALL-SIL, 1 gene in BE13, and 2 genes in LOUCY. The known fusion partner gene NUP214 was included in
the genes in ALL-SIL and LOUCY. Thus, we applied the proposed program to the detection of fusion partner genes
in other tumors. To discover novel fusion genes, we examined 24 breast cancer cell lines and 20 pancreatic cancer
cell lines by using the program. As a result, 20 and 23 candidate genes were obtained for the breast and pancreatic
cancer cell lines respectively, and seven genes were selected as the final candidate gene based on information of
the EST data base, comparison with normal cell samples and visual inspection of Exon expression profile. Finding of
fusion partners for the final candidate genes was tried by TAIL-PCR, and three novel fusion genes were identified.

thought that fusion genes can be identified.

Conclusions: The usefulness of our detection method was confirmed. Using this method for more samples, it is

Keywords: Exon array, Fusion gene, Chromosome rearrangement

¥,

Background

It is well known that cancer is caused by gene abnormal-
ities. There are many types of abnormalities in the genome
of cancer cells, including gene fusion because of chromo-
some rearrangement. The discovery of a characteristic small
chromosome, called Philadelphia chromosome, in chronic
myeloid leukemia, is the first recurrent chromosome re-
arrangement to be seen in a human cancer [1]. This re-
arrangement was eventually identified as a translocation
between chromosome 9 and 22 [2], resulting in the fusion
of the BCR gene on chromosome 22 with the ABLI gene
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on chromosome 9, BCR-ABLI [3]. Because many chromo-
somal abnormalities and fusion genes have been discovered
by the development of experimental techniques, it has been
shown that such fusion genes and chromosomal abnormal-
ities are causes of cancer. Thus, the importance of chromo-
somal abnormalities and fusion genes in cancer has been
recognized.

It is also known that fusion genes have a key role in onco-
genesis in hematological tumors and sarcomas. Since fusion
genes are closely related to the clinical and pathological fea-
tures of tumors, they provide important clues for diagnosis.
In addition, fusion genes are regarded as attractive targets
of molecular targeted treatments because of their high spe-
cificity to tumors.

So far, fusion genes have been found less frequently in
common solid cancers, but some reports on prostate [4]
and lung carcinomas [5] show that fusion genes contribute

© 2014 Wada et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (httpy/creativecommons.org/licenses/hy/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited.
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significantly to the development of these malignancies.
It is predicted that fusion genes have important roles in
many other kinds of epithelial tumors [6]. In late years,
various fusion genes came to be discovered by many kinds
of cancers [7].

Although many technologies are used for the genome-
wide screening of fusion genes, there are not yet any versa-
tile methods. Karyotyping requires the availability of fresh,
vital cells for short-term culturing to obtain metaphase
chromosomes, and it has low resolution. Array comparative
genomic hybridization (array CGH) cannot detect fusion
genes without genomic copy number change [8]. Recent
developments of high-throughput sequencing technologies
provide a powerful tool [9-12]. But these technologies are
as yet limited by the number of samples that can be ana-
lyzed at acceptable cost.

Affymetrix GeneChip Human Exon 1.0 ST Array (Exon
Array) is a whole-genome exon expression analysis tool.
About 5.5 million probes are being designed on the array,
and they compose about 1.4 million probe sets (in principle,
the probe set is composed of four probes, and one expres-
sion intensity is calculated from one probe set). The expres-
sion of almost all exons can be analyzed using the Exon
Array, and it enables genome-wide alternative splicing
analysis. Each probe set has an ID, and belongs to a tran-
script cluster that corresponds to a gene. Annotations are
given to the probe sets, and are available to the public at
Affymetrix NetAffx (http://www.affymetrix.com/analysis/
index.affx). The probe sets are classified into three evidence
levels according to the quality of evidence supporting the
transcription of the target genomic sequence. The three
evidence levels are presented in decreasing order of confi-
dence: “core” (RefSeq and full-length mRNAs), “extended”
(ESTs, syntenic rat and mouse mRNAs) and “full” (ab-initio
computational predictions). Simultaneously, the probe sets
are annotated with hybridization targets that describe
cross-hybridization potential. The hybridization targets
are shown in decreasing order of uniqueness: “unique”,
“mixed”, and “similar”.

In this report, a method to detect abnormal gene struc-
tures, including gene fusion, was developed using Exon
Array. Using this methodology and TAIL-PCR, novel fusion
genes were discovered in breast and pancreatic cancer cell
lines. Breast cancer is a heterogeneous disease encompass-
ing a wide variety of pathological features and a range of
clinical behavior [13]. These are underpinned at the mo-
lecular level by complex components of genetic alterations
that affect cellular processes [14]. Therefore, it is possible to
contribute for understanding of the heterogeneity and diag-
nosis with high accuracy by discovering novel fusion genes.
Pancreatic cancer is a highly aggressive tumor with no
proven curative chemotherapy or radiation therapy, having
extremely poor prognosis [15]. The discovery of a fusion
gene in pancreatic cancer can lead to molecular target
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therapy, with the possibility of offering an effective treat-
ment method for pancreatic cancer.

Methods
Samples
Twenty-four breast cancer cell lines (AU565, BT474,
DU4475, HCC38, HCC70, HCC202, HCC1143, HCC1187,
HCC1419, HCC1428, HCC1569, HCC1806, HCC1954,
MCF7, MDA-MB-157, MDA-MB-231, MDA-MB-330,
MDA-MB-361, MDA-MB-435S, MDAMB-468, SK-BR-3,
UACC812, UACCR93, ZR-75-1) were obtained from
American Type Culture Collection (ATCC), and main-
tained in under the conditions recommended by the sup-
plier. Twenty pancreatic cancer cell lines (MA005, MA0O6,
PAO18, PA022, PA028, PA043, PAO51, PA055, PA086,
PA090, PA103, PA107, PA109, PA167, PA173, PA182,
PA195, PA199, PA202, PA215) were established at Genome
Center, Japanese Foundation for Cancer Research (JECR).
Two vials of normal mammary epithelial cells (HMEC),
which were donated from different subjects, were obtained
from Takara Bio Inc. A non-tumorigenic human breast epi-
thelial cell line (MCF10A) was obtained from ATCC. These
were maintained using TaKaRa MEGM BulletKit (Takara
Bio Inc, Otsu, Japan) according to the manufacturer’s in-
structions. A clear cell sarcoma cell line “SarcomaA” was
provided by Dr. Nakamura at Cancer Institute, JECR.
Samples of tumor tissues were obtained from a series
of patients with breast or pancreatic cancer who under-
went surgery at the JFCR Hospital. All samples were
snap-frozen in liquid nitrogen within 1 h after surgery
and stored at —-80°C. Before RNA was prepared, laser-
captured microdissection (LCM) using a Leica Microsys-
tems AS LMD 600 (Leica Microsystems, Wetzlar,
Germany) was performed to ensure that only tumor cells
were dissected. LCM was conducted in all tumor
samples.

Open access exon array data

Exon Array CEL files of 17 T-cell acute lymphocytic
leukemia (T-ALL) cell lines (ALL-SIL, BE13, CEM, DND41,
DU528, JURKAT, KOPTK1, LOUCY, MOLT13, MOLT16,
MOLT4, PF382, RPMI8402, SUPT11, SUPT13, SUPT7,
TALL1) were obtained from NCBI Gene Expression
Omnibus database (Series GSE9342, http://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE9342). It was re-
ported that ALL-SIL, BE13 and LOUCY harbored fusion
genes NUP214-ABL1, NUP214-ABL1, and SET-NUP214,
respectively [16,17].

Total RNA extraction and cDNA synthesis

Total RNA was extracted from the cells or the tissues by
RNeasy Mini Kit according to the manufacturer’s in-
structions (Qiagen, Valencia, CA). 1 ug of total RNA was
reverse transcribed to synthesize template cDNA by a
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random primer using the Invitrogen SuperScriptIII First-
Strand Synthesis System(Life Technologies, Carlsbad,
California), and 20 pl synthesized ¢cDNA was diluted 500
times with Tris/HCI buffer.

Exon array experiment

Exon Array data was generated according to the manufac-
turer’s instructions. Ribosomal RNA was removed from
1 pg of total RNA using Invitrogen RiboMinu Transcrip-
tome Isolation Kit, and amplified ¢cDNA was synthesized
using GeneChip WT cDNA Synthesis and Amplification
Kit. To make hybridization probes, amplified ¢cDNA was
fragmented and biotin-labeled using GeneChip WT Ter-
minal Labeling Kit. The hybridization probes were hybrid-
ized to GeneChip Human Exon 1.0 ST Array at 45°C in a
hybridization oven at 60 rpm for 16 h, and washed in Fluid-
ics Station 450 using GeneChip Hybridization Wash, and
Stain Kit. The array was scanned on GeneChip Scanner
3000 7G. To implement signal summarization, expression
intensities for the “core” ProbeSet were calculated using lin-
ear normalization and the average-difference method from
Affymetrix Power Tools. The median intensity of all arrays
was adjusted linearly to 100.

Fusion gene screening program

The program was developed to detect fusion genes with
an exon expression profile similar to that of EWSRI and
ATFI in a clear cell sarcoma cell line, SarcomaA. Details
of the program are shown in 1-8

1. To exclude the influence of non-specific
hybridization, only probe sets with Hybridization
Target “unique” were used.

2. To exclude probe sets that showed extremely low
signal intensities in all samples, only probe sets with 30
or higher signal intensity in at least one sample were
used.

3. To use probe sets corresponding to known exon
sequence, only probe sets with Evidence Level
“Core” were used.

4. To avoid the influence of alternative splicing and non-
specific hybridization, 5~8 were performed for probe
sets of the Transcript Cluster with 8 or more probe sets
for which conditions 1-3 were met.

5. To compare expression levels among probe sets in
each sample, the rank of each probe set of the
sample was decided based on the signal intensity.

6. One transcript cluster with probe sets for which
conditions 1-3 were met were separated into 5’
and 3’ terminal groups at all possible cut off
points so that each terminal group contains 4 or
more probe set. (“cut off point” is only used in
our algorithm to divide genome region into 5’ or
3’ terminal groups) For each sample, the average
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rank of probe sets in 5 and 3’ terminal groups
were calculated, respectively.

7. To detect genes with a clear expression level change
before and behind the cut off points, it is confirmed
that the difference in the average ranks of 5" and 3’
terminal groups was 70% or more of the number of
samples.

8. To reduce the possibility of false positives by
measurement errors, the cut off points were
identified as breakpoints only when at least one of
the standard deviations of probe set ranks in 5" or 3’
terminal groups was 2.0 or lower. Transcript
clusters with candidate breakpoints were identified
as candidate genes.

Our program for detecting fusion genes was written in
Fortran95. One more program for drawing exon expres-
sion pattern of samples and location of exon in the gen-
ome database, as shown in the figures in this paper, was
written in statistical language of R. We used Windows
PC for both programs as a platform, Any machines in-
stalled with the Fortran95 and R would be able to be
used for our purpose. Our source program will be avail-
able on direct request to the corresponding author.

Evaluation of candidate genes

To take transcript isoforms of candidate genes into con-
sideration, the transcript isoform information registered
in UCSC Genome Browser (http://genome.ucsc.edu/cgi-
bin/hgGateway) “UCSC Gene” and “Ensembl Gene Pre-
diction” was used. When the exon/intron structure of
the aberrant transcript predicted from the exon expres-
sion profile of the candidate gene was similar to the reg-
istered transcript isoform, the gene was excluded from
candidate genes. When the candidate gene (Transcript
Cluster) corresponds to two or more RefSeq genes in
UCSC Genome Browser, the gene was also excluded
from candidate genes. When the exon expression profile
of the screened sample in candidate genes was similar to
the profile of the reference sample, the gene was ex-
cluded from candidate genes. Moreover, exon expression
profiles of the candidate genes were evaluated by visual
inspection in detail.

TAIL-PCR, RT-PCR and one step RT-PCR

TAIL-PCR (thermal asymmetric interlaced-PCR) was
performed with a slight modification of the original
Yao-Guang Liu and Yuanling Chen’s high-efficiency TAIL-
PCR protocol [18] for the identification of fusion counter-
part. The primers and thermal cycling condition are
shown in Tables 1, 2, and 3. For RT-PCR, TaKaRa Ex Taq
Hot Start Version and 2 pl synthesized cDNA as template
were used. Thermal cycling was carried out under the fol-
lowing conditions: 1 min at 95°C followed by 35 cycles of



