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undetectable in these normal and leukemic B-cell lines. Moreover,
the LMO2 gene expression level was markedly down-regulated
during the transition from CD19-negative to CD19-positive popula-
tion in the cord blood CD34"MNCs. These data are in agreement
with the down-regulation of LMO2 gene expression during the
early phase in the normal progression of B-cell development.!® Of
note, gene silencing of LMO2 by the introduction of ShRNA using
lentivirus vector induced specific cell death. Interestingly, a recent
analysis by Natkunam et al'> demonstrated that the majority of
CD10-positive germinal center B cells coexpressed LMO2 while
CD79a™ plasma cells lacked LMO2 expression, suggesting the
association of LMO2 down-regulation with normal B-cell develop-
ment. These observations seem to be in agreement with the
assumption that aberrant expression of LMO2 is involved in the
maturation arrest of t(17;19)-ALL cells at the immature B-
precursor stage. Taken together, LMO2 expression is down-
regulated during the normal development of both T cells and
B cells, and its aberrant expression promotes cell survival of
immature lymphocytes, which subsequently contributes to leukemo-
genesis of both T-ALL and B-precursor ALL. In this context, it
should be noted that approximately one-fourth of non-t(17;19)
B-precursor ALL cell lines expressed LMO2 at an equivalent level
to that in t(17;19)-ALL cell lines, suggesting that LMO2 might also
play a role, at least in part, in the leukemogenesis of other types of
B-precursor ALL. Finally, considering the dismal outcome of
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conventional chemotherapy for t(17;19)-ALL cases,* the develop-
ment of new therapeutic modalities is urgently needed. Here we
demonstrated that gene silencing of LMO2 using shRNA specifi-
cally induced cell death of t(17;19)-ALL cells. Thus, there is a
possibility that aberrantly expressed LMO2 in t(17;19)-ALL might
become a possible target for therapy.
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The Dynactin Complex Maintains the Integrity of Metaphasic
Centrosomes to Ensure Transition to Anaphase™
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The dynactin complex is required for activation of the dy-
nein motor complex, which plays a critical role in various cell
functions including mitosis. During metaphase, the dynein-
dynactin complex removes spindle checkpoint proteins from
kinetochores to facilitate the transition to anaphase. Three
components (p1506"°4, dynamitin, and p24) compose a key
portion of the dynactin complex, termed the projecting arm.
To investigate the roles of the dynactin complex in mitosis, we
used RNA interference to down-regulate p24 and p150%"¢ in
human cells. In response to p24 down-regulation, we observed
cells with delayed metaphase in which chromosomes fre-
quently align abnormally to resemble a “figure eight,” result-
ing in cell death. We attribute the figure eight chromosome
alignment to impaired metaphasic centrosomes that lack spin-
dle tension. Like p24, RNA interference of p150%'**? also in-
duces prometaphase and metaphase delays; however, most of
these cells eventually enter anaphase and complete mitosis.
Our findings suggest that although both p24 and p1505™4
components of the dynactin complex contribute to mitotic
progression, p24 also appears to play a role in metaphase cen-
trosome integrity, helping to ensure the transition to
anaphase.

The dynein-dynactin complex, a minus end-directed mi-
crotubule-based motor, carries out diverse transport activities
indispensable for various cell functions and behaviors (Ref. 1
and references therein). For instance, the dynein-dynactin
complex transports giant centrosomal scaffold proteins such
as CG-NAP/AKAP450 and NuMA and induces smooth pro-
gression through mitosis. This motor complex also contrib-
utes to the transition from metaphase to anaphase: To ensure
that each daughter cell receives only one chromosome set, the
spindle assembly checkpoint blocks entry into anaphase until
kinetochores on sister chromatids are attached to opposite
spindle poles. Once this condition is achieved, the dynein-
dynactin motor induces passage through the spindle check-
point by removing critical checkpoint proteins (such as
BubR1 or Mad2) from kinetochores.

* This work was supported by grants-in-aid for scientific research from the
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Dynactin is composed of 10 subunit proteins that are re-
quired for dynein activation (2) and references therein). Three
proteins among them, p150%"? (dynactin 1), dynamitin (p50
and dynactin 2), and p24 (dynactin 3) (3, 4), constitute a flexi-
ble and extendable structure (the projecting arm) that associ-
ates directly with microtubules and the dynein complex.

Each dynactin molecule contains two copies of p150% ¢
and p24 and four copies of dynamitin. All three proteins are
evolutionarily conserved from yeast to mammalian cells (5, 6),
suggesting that these components are essential for the forma-
tion of a functional projecting arm. Within this substructure,
p150™d is sufficient for binding to dynein and for traversing
the microtubule lattice, whereas dynamitin also plays a critical
role in association with the dynein complex and in promotion
of dynein-based movement. It is noteworthy that overexpres-
sion of dynamitin disrupts dynactin structure (7). Although
the mechanism underlying this disruption is yet to be eluci-
dated, dynamitin overexpression has been the major tool in
molecular biology for down-regulation of dynactin function
(2). Indeed, dynamitin overexpression was used to verify in-
volvement of the dynactin complex in the spindle checkpoint
silencing that induces metaphase arrest/delay (8).

In contrast to p150%™°? or dynamitin, little is known about
the role of the p24 subunit in mitosis. Although Ldb18 (a Sac-
charomyces cerevisiae homolog of p24) is essential for attach-
ment of p150¥"*? to dynamitin and to the remainder of the
dynactin complex (6), low amino acid identity between Ldb18
and human p24 (16.9%) does not favor speculation on the
roles of mammalian p24.

RNAI is currently the most useful method for down-regu-
lating the expression of a specific gene. Although several au-
thors report successful suppression of p150%™< using siRNA
or shRNA (8 -10), their papers did not describe any mitotic
abnormalities in cells expressing reduced levels of p150%™<?,
Moreover, there have been no reports of p24 down-regulation
using the RNAi method. In this report, we use RNAi to down-
regulate p24 and p150%"™*“ proteins in human cells. Our re-
sults demonstrate that cells expressing reduced levels of either
p24 or p150%"¢9 both show severe metaphase delay but that
other mitotic disturbances differ between the two suppressed
genes.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection of siRNA—HeLa, U20S, and
HEK 293 cell lines and their derivative cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10%
FBS. siRNA oligonucleotides for p1505™¢? (siRNA-p150, 5'-
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GACTTCACCCCTTGATTAA-3'; siRNA-p150b, 5'-CCAC-
CACCAAAGGUUAAGU-3') (10) or p24 (siRNA-p24, 5'-CCG-
CATTGCCATACCTGAT-3; siRNA-p24b, 5'-GCUACUUU-
GCCAGCUAGAG-3') were transfected at a concentration of
100 nM into HeLa(tc), a HeLa subline (11) or U20S cells using
Oligofectamine (Invitrogen), otherwise indicated in text and
figure legends. Dead cells were identified using the trypan
blue dye exclusion test. p24 and H2B-GFP were expressed
using the pcDNA3 expression vector (Invitrogen).

Rescue Experiments—An siRNA-p24-resistant p24 cDNA
was created by changing six nucleotides in the target se-
quence of siRNA-p24 that have no effect on amino acid se-
quence (CCGAATAGCAATCCCAGAGC; underlined letters
indicate replaced nucleotides). Because the target sequence
for siRNA-p150 is in the 3'-UTR, we used a p150 cDNA 3'-
UTR truncation (a gift of Dr. M. Katsuno and G. Sobue (12))
to generate a siRNA-p150-resistant p150 cDNA. To generate
a pantropic retrovirus, HEK 293 cells were co-transfected
with three plasmids: pHIT60 expressing murine leukemia
virus gag pol (a gift of Dr. A. J. Kingsman (13)), pHCMV-G for
vesicular stomatitis virus enveloped pseudotypes (a gift of Dr.
T. Friedmann (14)), and pMSCV (Clontech) driving expres-
sion of siRNA-resistant p24 or p150 cDNA and IRES-EGFP?
(15).

Analysis of mRNA and Protein Expression—Real-time
quantitative RT-PCR was performed as described previously
(16) using primer sets (p24 (forward, 5'-GAGTACATCGAC-
CGCATTGCCATAC-3' and reverse, 5'-TGATGTGAGCAC-
TGTCCAGCATGG-3') and p150%™ (forward, 5'-TGCAG-
GCCACGCTACACCGCTATG-3' and reverse, 5'-GCAAT-
ATCTGTAGCCTCCTGCCCAC-3")). Immunostaining and
image analyses were performed as described (11, 17). Signal
specificity was tested by adding antigen for each antibody into
the blocking solution. Relative fluorescence intensity was
measured using Image] software. Inmunoprecipitation and
immunoblot analyses were performed according to standard
procedures (18).

TUNEL—TUNEL assays were performed using the Fluoro-
metric TUNEL assay kit (Promega, Madison, W1I). Briefly,
cells fixed with paraformaldehyde and ethanol were incubated
with fluorescein-dUTP and terminal deoxynucleotidyl trans-
ferase for one hour at 37 °C. Cells were propidium iodide-
stained immediately prior to flow cytometry analysis (FACS-
Calibur, BD Biosciences).

Fluorescence in Situ Hybridization (FISH)—HeLa cells cul-
tured on coverglass slips were fixed with 3.7% formaldehyde,
denatured on a heat block, and used directly for FISH analysis
using a Myc probe complementary to chromosome band 8q24
(Dako, Glostrup, Denmark) according to the manufacturer’s
protocol.

Reagents—Rabbit anti-p24 polyclonal antibodies were
raised against a GST-p24(N) (amino acids 5-36) or a GST-
p24(C) polypeptide (amino acids 145-186) and then affinity
purified according to standard procedures (18). Commercial
antibodies were purchased from the following suppliers:

2 The abbreviations used are: EGFP, enhanced GFP; FISH, fluorescence in
situ hybridization; IRES, internal ribosomal entry site.
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p150%d from BD Biosciences; actin (product no. 1378 996)
from Roche Diagnostics; and a-tubulin (product no. T9026)
and y-tubulin (product no. T6557) from Sigma. Hoechst
33342 was purchased from Invitrogen.

RESULTS

Down-regulation of p24 and p150°"“** Using siRNA—We
initially used HeLa(tc) cells, a HeLa subline that allows high
efficiency siRNA transfection (typically >90%) (11), for
siRNA transfections. HeLa(tc) cells treated with siRNA (100
nm for 24 h) specific for p24 (siRNA-p24) or p150©1ued
(siRNA-p150) showed a 5-fold approximate decrease in
mRNA expression levels relative to cells treated with scram-
bled control siRNA (control siRNA) (Fig. 1A4).

We used rabbits to generate two polyclonal antibodies,
p24(N) and p24(C), against different portions of p24 (see “Ex-
perimental Procedures”). Both antibodies recognized an en-
dogenous p24 protein (Fig. 1B, lane I) that migrated to the
same position in SDS-polyacrylamide gels as exogenous p24
protein expressed from a eukaryote plasmid expression vector
(lane 4). As previously reported, the apparent mass of p24 is
~21 kDa, slightly smaller than the mass predicted from the
amino acid sequence (4). Cells treated with siRNA-p24 (100
nm) for 48 h expressed 10-fold lower levels of p24 protein rel-
ative to untreated cells or cells treated with control siRNA
(lane 3). Immunoblot analysis using p150%™<? antibody re-
vealed a 20-fold reduction in p150%™ protein levels in cells
treated with siRNA-p150 for 72 h (Fig. 1C).

Similar to previous reports (4), immunostaining of mitotic
cells with p24(C) antibody showed p24 localized to kineto-
chores and centrosomes in prometaphase and metaphase cells
with considerable signal remaining in early anaphase (Fig.
1D). Although the general localization of p150%™¢ (Fig. 1E)
overlaps with p24, some specific differences were distin-
guished in cells doubly stained with p24 and p150%™¢? anti-
bodies (Fig. 1F). First, staining of mitotic spindles with anti-
p150 was strong, whereas only weak fluorescence was
detected with anti-p24. Second, although both p24 and p150
signals were detected at prometaphase kinetochores, p150 sig-
nal intensity diminished rapidly in metaphase, whereas p24
signals were remained until anaphase. The contrast between
the intense p24 immunofluorescence maintained in anaphase
centrosomes with diminished p150%™*¢ immunofluorescence
that is barely detectable in early anaphase suggests a rapid
efflux of p150%"™°? from centrosomes during metaphase.

When cells were transfected with Cy3-labeled siRNA-p24,
the intensity of p24 immunofluorescence in Cy3 staining-
positive cells was reduced (Fig. 1G, left panels). p1505™? sig-
nals were also reduced in response to treatment with
siRNA-p150 (100 nm) for 72 h (right panels).

SiIRNA-p24 or -p150 Induces Mitotic Disturbances—Al-
though we observed no obvious morphological differences in
phase-contrast microscopy images of interphasic HeLa(tc)
cells treated for up to 72 h with control siRNA, siRNA-p24, or
siRNA-p150 (100 nm) (data not shown), we did observe a sig-
nificant increase in the mitotic index of cells 48 h after trans-
fection with siRNA-p24 relative to control siRNA (11.1% rela-
tive to 4%) (p < 0.01, Chi-square test, Fig. 2A). In addition,
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FIGURE 1. Down-regulation of p24 and p150 by siRNA. A, p24 (black bars) and p1 50%"=9 (open bars) mRNA expression levels in HelLa(tc) cells treated with
control siRNA, siRNA-p24, or siRNA-p150 (100 nm) for 24 h. Real-time quantitative PCR data were normalized against hypoxanthine phosphoribosyl transfer-
ase (HPRT), and the mean and S.D. for three independent experiments is represented. B, immunoblot analysis using p24(N), p24(C), or B-actin antibody.
Lane 1, untreated Hela(tc) cells; lane 2, cells treated with control siRNA (100 nw) for 48 h; lane 3, cells treated with siRNA-p24 (100 nm) for 48 h; lane 4, HEK
293 cells transfected with pcDNA3-p24, a eukaryotic expression vector. Ratios of relative intensity (p24/actin) measured by densitometry are indicated be-
low each lane. Asterisks indicate cross-reactive bands appearing in HelLa but not HEK 293 cells. C,immunoblot analysis using p1 506ued or B-actin antibody.
Lane 1, untreated Hela(tc) cells; lane 2, cells treated with control siRNA (100 nm) for 72 h; lane 3, cells treated with siRNA-p150 (100 nm) for 72 h. Ratios of
relative intensity (p150/actin) measured by densitometry are shown below. D-G, immunostaining of mitotic Hela cells treated with siRNA indicated above
with antibodies indicated on the left. DNA was stained with Hoechst 33342, and the mitotic phase of cells are labeled above. Bars, 10 um (D, E, and G) and 5
wm (F). Meta, metaphase; Ana, anaphase; Prometa, prometaphase.

there was also a significant increase (p < 0.01) in the number  siRNA-p150 for 72 h (8.0%, 16/202) relative to untreated cells

of dead cells (determined by trypan blue dye exclusion) (2.0%, 8/401).

among the cells treated with siRNA-p24 for 48 and 72 h Flow cytometric analyses of HeLa cells treated with

(7.2%, 15/207 and 17.1% 36/211, respectively) and siRNA-p24 for 48 h and stained with propidium iodide dem-
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FIGURE 2. Down-regulation of p24 and p150 induces mitotic abnormalities in HeLa(tc) cells. A, cells were treated with each siRNA for periods indicated
on the left. From a total of 300 cells counted/treatment, the relative percentages of mitotic, interphase, and dead cells determined by separation of floating
cells (mitotic and dead versus interphase) and by trypan blue dye exclusion (live versus dead) are indicated by shading. Asterisks indicate a statistically signif-
icant (p < 0.01) increase relative to the no treatment control using Chi-square test. B, cells treated with siRNA-p24 for indicated periods were stained with
propidium iodide (P/) just prior to flow cytometry and TUNEL analysis. FL1 values on the horizontal axis indicate the amount of dUTP polymerized by DNA
free 3’ ends, whereas FL2 values on the vertical axis show the DNA content. C, from a total of 300 cells counted/treatment, the percentages of mitotic cells
with normal-looking chromosome alignment (100% total) or abnormal mitosis were determined from observations of Hoechst 33342-stained nuclei. Aster-
isks indicate statistically significant changes in a particular mitotic phase (p < 0.01) relative to the no treatment control by Chi-square test. D, representative
images of Hoescht 33342-stained chromosomes in a figure eight alignment. Bar, 5 um. Pro, prophase; Prometa, prometaphase; Meta, metaphase; Ang, an-

aphase; Telo, telophase.

onstrate that siRNA-p24 induces mitotic delay/arrest, in that
the G,/M-phase ratio (Fig. 2B, vertical axis) was significantly
higher in treated cells (32.2%) than in cells without treatment
(19.2%) However, the cell death induced by siRNA-p24 does
not appear apoptotic because TUNEL assays showed only a
small increase in DNA free 3' ends (Fig. 2B, horizontal axis;
see DNase-treated HeLa cell panel as a positive control) in
siRNA-p24-treated cells.

To determine the effects of down-regulation of p24 and
p150™¢d on mitosis, we analyzed chromosome alignment in
Hoechst 33342-stained mitotic cells. Although treatment of
cells with control siRNA (100 nm) for up to 72 h did not affect
their distribution (Fig. 2C), we observed that treatment with
siRNA-p24 for 48 h specifically induced one of two distinct
patterns of abnormal chromosome alignment in 39.8% (133/

5592 JOURNAL OF BIOLOGICAL CHEMISTRY

334) of mitotic cells (Fig. 2C). First, chromosomes in 120 mi-
totic cells treated with siRNA-p24 for 48 h aligned abnormally
to resemble a figure eight pattern (Fig. 2D), whereas the same
pattern almost never appeared (<1/200) in mitotic cells with-
out siRNA treatment or those treated with control siRNA.
Second, 3.9% (13/334) of mitotic cells treated with siRNA-p24
for 48 h demonstrated multipolar mitoses. Among the re-
maining 201 mitotic cells with normal-looking chromosome
alignment, the distribution of cells in each mitotic phase was
not altered. Relative to cells treated for 48 h, cells treated with
siRNA-p24 for 24 or 72 h showed the same abnormal pattern
of chromosome alignment but at a lower frequency (Fig. 2C).
In contrast to siRNA-p24-treated cells, cells treated with
siRNA-p150 for 48 h showed no significant change in distri-
bution among mitotic phases, and only a few cells demon-
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FIGURE 3. A, immunoblot analysis using p24(N), p150, or B-actin antibody. HelLa(tc) cells were treated with the siRNA (100 nw) indicated above for 48 (lanes
1-3) or 72 h (lanes 4 - 6). Ratios of signal intensity relative to actin (measured using densitometry) are indicated below each lane. B, D, and F, the percentages
of mitotic cells with normal-looking chromosome alignment (100% total) or abnormal mitosis were determined from observations of Hoechst 33342-
stained nuclei in a total of 300 cells/treatment. Asterisks indicate statistically significant changes in a particular mitotic phase (p < 0.01) relative to the no
treatment control using the Chi-square test. C,immunoblot analyses using p24(N) or B-actin antibody. Lanes 1 and 2, uninfected Hela(tc) cells; lanes 3 and
4, cells infected with empty virus; lanes 5 and 6, cells infected with virus containing wild type p24 cDNA; lanes 7 and 8, cells infected with virus containing
siRNA-resistant p24 cDNA. Lanes 1, 3, 5, and 7, cells were treated with control siRNA; lanes 2, 4, 6, and 8, cells were treated with siRNA-p24 (100 nm) for 48 h.
Ratios of relative signal intensity (p24/actin) are indicated below each lane. E, immunoblot analysis using p150 or B-actin antibody. Lanes 1 and 2, uninfected
Hela(tc) cells; lanes 3 and 4, cells infected with empty virus; lanes 5 and 6, cells infected with virus containing siRNA-resistant p150 cDNA. Lanes 1, 3,and 5,
cells were treated with control siRNA; lanes 2, 4, and 6, cells were treated with siRNA-p150 (100 nm) for 72 h. Ratios of relative intensity (p150/actin) are indi-
cated below each lane. Pro, prophase; Prometa, prometaphase; Meta, metaphase; Ana, anaphase; Telo, telophase.

strated the figure eight chromosome alignment seen with levels ~3-fold (Fig. 34), few mitotic cells showed the figure
siRNA-p24 (Fig. 2C). After an additional 24 h of treatment eight chromosome alignment (Fig. 3B), suggesting that
with siRNA-p150, however, we observed a significant increase  greater reductions in p24 protein levels are required to induce
in the ratio of prometaphase cells and a corresponding de- the figure eight alignment. In contrast, cells treated with
crease in anaphase and telophase cells. In addition, small per-  siRNA-p150b reduced p150 to levels similar to siRNA-p150
centages of mitotic cells showed the figure eight chromo- (Fig. 3A) and showed similar mitotic disturbances, including
somal alignment (11.9%, 28/236) or multipolar mitoses (3.0%,  an increased ratio of prometaphase cells, a decreased ratio of
7/236). anaphase/telophase cells, and a few cells with figure eight

We also treated cells with secondary siRNAs that target chromosome alignment.
alternative sequences in the p24 or p150"“? genes. When To exclude the possibility that the figure eight chromosome

cells were treated with siRNA-p24b, which only reduced p24  alignment is an off-target effect of siRNA-p24, we performed
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rescue experiments by expressing a siRNA-p24-resistant p24
mRNA from a pantropic retrovirus containing EGFP as a se-
lection marker (see “Experimental Procedures”). EGEP-posi-
tive cells were sorted using flow cytometry and then treated
with siRNA-p24.

Immunoblot analyses revealed similar levels of p24 in
cells infected with retrovirus containing p24 cDNA or
siRNA-resistant p24 cDNA (Fig. 3C, lanes 5 and 7). Following
treatment with siRNA-p24 (100 num for 48 h), uninfected cells,
as well as those infected with empty virus or virus containing
wild-type cDNA (Fig. 3C, lanes 2, 4, and 6) showed down-
regulation of p24 protein. In contrast, there was no significant
reduction in p24 levels in cells expressing the siRNA-resistant
p24 cDNA (Fig. 3C, lane 8). Mitotic cells with the figure eight
chromosome alignment were observed in cells infected with
empty virus (73%) or virus containing wild type cDNA (68.5%)
at virtually the same frequency as uninfected cells (77.3%)
(Fig. 3D). Only cells infected with virus containing the
siRNA-resistant cDNA showed a significant reduction in the
frequency figure eight mitoses (34.5%, p < 0.01), suggesting
that p24 is indeed effective in preventing chromosomes from
the figure eight alignment.

We also expressed a siRNA-resistant p150 cDNA in HeLa
cells using the same pantropic retrovirus system (Fig. 3E).
Unlike uninfected cells or those infected with the empty virus,
cells expressing siRNA-resistant cDNA showed little decrease
in p150 levels following siRNA treatment. Similarly, there was
no significant increase in prometaphase or decrease in ana/
telophase ratios in cells treated with siRNA-p150 (Fig. 3F),
and the ratio of cells with the figure eight chromosome align-
ment decreased.

Chromosomes Align into a Figure Eight after Metaphase
Arrest—To further analyze the mitotic disturbances induced
by p24 or p150"? down-regulation, we established a U20S
cell line expressing a histone H2B-GFP fusion protein consti-
tutively (19), transfected these cells with control, p24, or
p150%™ed 5iRNAs (efficiency typically 70%) and then collected
time-lapse images of the transfected cells. In these cells, the
magnitude in reduction of p24 or p150%™**? protein expres-
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sion levels by siRNA-p24 or siRNA-p150, respectively, were
similar to those achieved in HeLa cells (Fig. 44).

More than 95% of mitotic cells without siRNA treatment or
treated with control siRNA completed mitosis (Fig. 4B, also
see supplemental Movie 1). Cells treated with control siRNA
demonstrated a significant elongation of metaphase (46 min
in control siRNA-treated cells to compare with 29 min in un-
treated cells, p < 0.05), whereas the durations of prophase,
prometaphase, and anaphase and telophase combined (ana/
telophase) were not affected (Fig. 4C). These data suggest that
U20S cells treated with scrambled siRNA and/or cationic
liposome experience a delayed progression through met-
aphase. Only one of 180 (0.55%) untreated cells and zero of
156 cells treated with control siRNA died while in mitosis.

When cells were treated with siRNA-p24 (100 nMm) for >24
h, we observed a significant delay in metaphase (average of 66
min) relative to control siRNA-treated cells (average of 46
min, p < 0.05, Fig. 4C). There was no elongation in the dura-
tion of prometaphase or ana/telophase. We also observed cell
death more frequently in siRNA-p24-treated cells: 3% (10/
333) or 6.5% (22/333) of mitotic cells underwent cell death
during prometaphase or metaphase, respectively (Fig. 4B).
Intriguingly, in 21.5% (72/333) of siRNA-p24-treated mitotic
cells, chromosomes aligned at the metaphase plate during
prolonged metaphase broke up into a figure eight pattern
(supplemental Movie 2). This similarity to the abnormal chro-
mosome alignment observed in siRNA-p24-treated HeLa cells
(Fig. 2D) indicates that these are not prometaphase cells but
rather post-metaphasic cells that fail to enter anaphase. All 72
cells with figure eight chromosome alignment underwent cell
death eventually (an average of 164 min after breakup of chro-
mosome alignment at the metaphase plate) (supplemental
Movie 2). Overall, 31% (104/333) of siRNA-p24-treated mi-
totic cells underwent cell death, whereas these cells in inter-
phase rarely underwent apoptosis (< 0.1%).

In contrast to control siRNA- or siRNA-p24-treated cells,
cells treated with siRNA-p150 for >48 h demonstrated de-
layed prometaphase (average of 23 min to compare with 12
min in control siRNA-treated cells, p < 0.05, Fig. 4C), during
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which 2.4% (4/163) underwent cell death. Moreover, the met-
aphase delay induced by siRNA-p150 (average 85 min, Fig.
4C, see Video 3) was more severe than in cells treated with
siRNA-p24 and 6.7% (11/163) of siRNA-p150-treated mitotic
cells underwent cell death during metaphase. These findings
are consistent with previous experiments in which HeLa cells
treated with siRNA-p150 showed increased ratios of cells in
prometaphase and metaphase relative to cells in anaphase and
telophase (Fig. 2C). Unlike cells treated with siRNA-p24, none
of these mitotic cells showed chromosomes aligned in a figure
eight pattern, and all cells that survived through promet-
aphase and metaphase entered anaphase.

Cells with Figure Eight Chromosome Alignment Share Fea-
tures with Prometaphase—Our findings demonstrate that
down-regulation of either p24 or p150%"** induces severe
metaphasic delays. This phenotype is analogous to a previous
report about cells that undergo metaphase arrest/delay when
dynactin is depleted by dynamitin overexpression (8). In that
case, the delay is most likely due to a defect in the function of
the dynein-dynactin complex, which removes spindle check-

ACEVEN
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point proteins such as BubR1 from kinetochores during met-
aphase (reviewed in Ref. 20). Indeed, when cells were treated
with control siRNA, BubR1 signals localized to kinetochores
in prometaphase (Fig. 54, panel 1), after which the signal de-
creased rapidly during metaphase and anaphase (panels 1 and
2). In contrast, cells treated with siRNA-p24 showed the same
intensity of BubR1 immunofluorescence at the kinetochores
of metaphase chromosomes as that in prometaphase cells,
including those cells with a figure eight chromosome align-
ment (panel 3).

Despite their similarities in appearance to prometaphase
(rather than anaphase) cells, the figure eight chromosome
alignment is only seen in cells that have progressed through
metaphase (supplemental Movie 2). To further characterize
the timing of this unique chromosomal alignment, we looked
at expression of cyclin B1, a molecule that is present during
metaphase (Fig. 5B, Meta) and then degraded rapidly in an-
aphase (Ana). We observed positive cyclin B1 immunofluo-
rescence in all mitotic cells with a figure eight chromosome
alignment. Moreover, FISH images of the c-myc gene on
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chromosome band 8q24 indicate that sister chromatids in
cells with figure eight alignment have yet to segregate because
four pairs of dots are visible on chromosomes in figure eight
cells (Fig. 5C, arrows; FISH with chromosome 8-specific cen-
tromeric probes revealed that HeLa(tc) cells have four chro-
mosome 8 (data not shown)). These data suggest that cells
with figure eight chromosome alignment are most like pro-
metaphase cells.

Because the alignment of chromosomes on the metaphase
plate is mediated by tension between the spindle poles, rever-
sal of the mitotic process by siRNA-p24 interference may be
due to reductions in spindle tension. Using a-tubulin immu-
nostaining, we compared the density and morphology of spin-
dles in cells at different stages of mitosis. In cells displaying a
figure eight configuration (Fig. 5D, panel 3), the robust fluo-
rescence characteristic of metaphase mitotic spindles (panel
2) reverted to a shape and intensity more characteristic of
mitotic spindles in prometaphase (panel 1). Moreover, the
marked decrease in immunostaining signal intensity for y-tu-
bulin and CG-NAP (pivotal components of the y-tubulin ring
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complex that provides microtubule nucleation sites) in figure
eight-stage cells relative to metaphase cells (Fig. 5E) suggests
that p24 is required to maintain the integrity of metaphase
centrosomes.

p24 Levels Relate to Figure Eight Chromosome Alignment—
In parallel experiments conducted in two different cell lines
(HeLa or U20S), metaphase arrest/delay was induced simi-
larly following treatment with either siRNA-p24 or
siRNA-p150; however, siRNA-p24 was significantly more ef-
fective than siRNA-p150 in inducing the figure eight chromo-
some alignment during metaphase (Figs. 2C and 4, B and C).
We did not observe any change in expression of p150¥"*? and
p24 mRNAs following treatment with siRNA-p24 or
siRNA-p150, respectively (Fig. 14). However, both of these
siRNAs did reduce protein expression levels of p24, p1505<d,
and dynamitin in HeLa(tc) cells (Fig. 64). Similar results
were obtained in U20S cells (data not shown). Similar to
previous reports demonstrating that overexpression of dy-
namitin disrupts dynactin structure (2), our results with
p24 and p150%™° suggest that balanced availability of all
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components is required to maintain the stability of the dy-
nactin complex.

To test whether changes in p24 expression levels are suffi-
cient to induce the figure eight chromosome alignment, we
treated cells with siRNAs and then measured the expression
levels of dynactin components and observed alterations in
chromosome alignment. When cells were treated with
siRNA-p150 for 24 or 48 h, expression levels of p24, dyna-
mitin, and p150¥™°9 relative to control cells were ~25% or
higher (Fig. 6B), but no mitotic abnormalities were observed
(Fig. 2, A and C). Treatment with siRNA-p150 for 72 h re-
duced the expression levels of dynamitin and p150%™< to
<10% and p24 to ~20%, and this treatment induced met-
aphase arrest/delay and a few cells with the figure eight chro-
mosome alignment (Fig. 2C). In contrast, treatment of cells
with siRNA-p24 for 24 or 48 h reduced the expression levels
of p24 to less than 15%, while maintaining relatively high
(>25%) levels of dynamitin and p150¥™<. In this case, more
mitotic cells showed a figure eight chromosome alignment
(Fig. 2C).

We also treated HeLa(tc) cells with a combination of both
siRNA-p24 and siRNA-p150 (50 or 100 nm each) for 72 h.
Although this procedure reduced both p24 and p150 expres-
sion levels to ~10% of those in control cells (Fig. 6C, lanes 2
and 3), the ratio of cells in the figure eight alignment (42—
45%) was virtually the same as cells treated with siRNA-p24
alone (43%, Fig. 6D), in which p24 and p150 expression are
reduced to ~10 and 25% of control cells, respectively (Fig. 6C,
lane 4). Once again, cells treated with siRNA-p150 alone that
expressed p24 at 25% and p150 at 10% of control cells (lane 5)
showed only a small number (~10%) of mitotic cells with the
figure eight configuration (Fig. 6D). These data demonstrate
that among all components of the dynactin complex, manipu-
lation of p24 expression levels is most likely to result in cells
assuming the figure eight configuration.

Further evidence in support of this correlation was ob-
served when treated cells were immunostained simulta-
neously for p24 and p150%™°?. p24 immunofluorescence at
centrosomes of mitotic HeLa(tc) cells treated with siRNA-p24
was markedly less intense in cells with the figure eight chro-
mosome alignment relative to metaphasic cells in the same
microscopic field (Fig. 6E, panel 3). Intriguingly, p150 immu-
nofluorescence at centrosomes in most (23/25) of these figure
eight cells was as bright as the signal in metaphasic cells (Fig.
6E, panel 5). In contrast, in cells treated with siRNA-p150,
both p24 and p150 immunofluorescence signals in figure
eight cells were markedly reduced (Fig. 6E, panels 4 and 6) in
all cells observed (25/25). These results suggest that failure of
p24 to accumulate in mitotic centrosomes induces figure
eight chromosome alignment.

DISCUSSION

In this report, we treated HeLa and U20S cells with
siRNAs specific for p24 or p150%™°4, two components of the
projecting arm of the dynactin complex. Time-lapse observa-
tions reveal that treatment of siRNA-p24 induces severe met-
aphase delay. In >40% of metaphase cells struggling to enter
anaphase, chromosomes aligned on the metaphase plate
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break away and assume a configuration resembling a figure
eight. In time, all cells with the figure eight alignment die
without completing mitosis. In contrast with p24, cells treated
with siRNA-p150 demonstrate severe delays in metaphase,
but most cells do not assume the figure eight alignment and
ultimately progress to anaphase. Neither p24 nor p150%'*¢
appears to be involved in the progression of anaphase and
telophase.

Reductions in p24 or p15 protein levels induce met-
aphase arrest/delay (Fig. 4C and supplemental Movies 1-3).
This is consistent with a previous report in which cells over-
express dynamitin, which down-regulates dynactin function,
also undergo metaphase arrest/delay (8). Failure to remove
spindle checkpoint proteins such as BubR1 from kinetochores
(Fig. 5A) results in metaphase delay because checkpoint pro-
teins inhibit cdc20, a specific activator of the anaphase-pro-
moting complex/cyclosome (reviewed in Ref. 20). Because
anaphase-promoting complex/cyclosome functions as an E3
ubiquitin ligase, mitotic checkpoint proteins that are remain
on kinetochores delay ubiquitin-dependent degradation of
cyclin B1 (Fig. 5B) or securin, which then inhibits cohesin
hydrolysis and blocks chromosome segregation (Fig. 5C).

Nonetheless, the transition of chromosomes from a met-
aphase to a figure eight configuration does not appear to be a
direct result of spindle checkpoint protein retention at kineto-
chores. Because there is a marked reduction of y-tubulin and
CG-NAP signals at mitotic centrosomes in cells with the fig-
ure eight chromosome alignment (Fig. 5E), insufficient
amounts of y-TuRC in metaphase centrosomes appear to be
one of the major factors driving the phenotype. Thus, we hy-
pothesize that loss of spindle microtubule tension (Fig. 5D) is
the defect that induces chromosomes to break away from
alignment at the metaphase plate.

The two functions of the dynactin complex are to remove
spindle checkpoint proteins from kinetochores and to main-
tain centrosome integrity until entry into anaphase. Although
we have observed that neither of these functions are disturbed
when expression levels of p24, dynamitin, or p150%"*? remain
at least 25% of control levels (siRNA-p150 for 48 h, see Figs.
2C and 6A4), we did note that a 10-fold reduction in the ex-
pression of either p24 or p150%"** impaired the removal of
checkpoint proteins, resulting in metaphase delay. In contrast,
chromosome integrity and the resulting formation of figure
eight cells was only induced with a 10-fold reduction in p24
levels but not with a reduction in p1505'**%, Immunofluores-
cence experiments also emphasized a correlation between
accumulation of p24 (but not p150%™?) in centrosomes and
figure eight chromosome alignment (Fig. 6E). These data sug-
gest that p24 acts independently of p150%™**? in metaphase
centrosomes, where it helps maintain chromosome integrity
and prevents breakaway until entry into anaphase.

Although it is generally accepted that p24, dynamitin, and
p150©™=d function together in the dynactin projecting arm
(2), we and others (4, 21) have observed that the localization
of different dynactin components during mitosis varies con-
siderably. For example, p24 immunofluorescence is strong at
centrosomes relative to mitotic spindles or kinetochores. This
is particularly evident during early anaphase (Fig. 1, E and F)
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when p150"¢? immunofluorescence is barely detectable. In
conclusion, our results suggest that p24 operates indepen-
dently from the dynactin complex in binding to metaphase
centrosomes and maintaining their integrity. To explore this
hypothesis further, we are currently investigating the function
of p24 in metaphase centrosomes in greater detail.
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We performed methylation specific PCR analysis on the RIZI promoter in MDS and AML. Methylation was
detected in 17 of 34 MDS (50%) and 22 of 72 AML (31%) (p = 0.053). Methylation was detected in eleven of
17 secondary AML from MDS (65%), and eleven of 55 de novo AML (20%) (p =0.0005). Bisulfite sequence
revealed methylation at many CpG sites in the promoter. Decreased RIZ1 expression was accompanied by
methylation in six of nine samples examined, while it was also observed in seven of 13 without methy-
lation. Treatment of AML cells, that have RIZ1 methylation, with 5-Aza-dC, induced growth suppression
with RIZ1 restoration. Our results suggest that the RIZ1 gene is inactivated in MDS and AML in part by
methylation, whereas another mechanism should be involved in others.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Several lines of evidence have shown that inactivation of tumor
suppressor genes is closely associated with tumorigenesis in a wide
variety of human tumors [1]. Loss of heterozygosity (LOH) has
been reported to occur in various chromosomal regions in diverse
tumor types. Moreover, tumor suppressor genes have been identi-
fied in some of these regions where frequent LOH has been found
in tumors. The two-mutation hypothesis suggests that both alleles
of a tumor suppressor gene are inactivated in tumors [2]. Inacti-
vation of a tumor suppressor gene is often caused by a mutation,
small deletion of one allele accompanied by loss of the second allele.
Furthermore, methylation in a promoter CpG of several tumor sup-
pressor genes has recently been reported and has been associated
with loss or decreased expression in many tumors.

Myelodysplastic syndrome (MDS) comprises a heterogeneous
group of hematological disorders [3,4]. Patients with MDS often
exhibit increased blast counts in the peripheral blood and bone
marrow, showing a transition to a more advanced MDS subtype,
with eventual development of acute myeloid leukemia (AML). We
have previously reported frequent LOH on the short arm of chro-
mosome 1 (1p) in the progression of MDS to AML as well as blast

* Corresponding author. Tel.: +81 3 3353 8111x31544; fax: +81 3 5269 7329.
E-mail address: mori@dh.twmu.ac.jp (N. Mori).

0145-2126/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.leukres.2010.08.002

crisis of chronic myelocytic leukemia (CML) [5,6]. Common regions
of LOH were subsequently determined in these hematological neo-
plasms [7,8]. Deletion or LOH on 1p has been one of the most
frequent abnormalities observed in a variety of human neoplasms
[9,10]. However the target tumor suppressor gene has not been
clearly identified for these regions in the neoplasms [11].

The retinoblastoma protein-interacting zinc finger gene RIZ was
isolated in a functional screening for Rb-binding proteins [12]. The
RIZ gene maps to 1p36. RIZ contains the canonical Rb-binding motif
LXCXE and the nuclear hormone receptor-binding motif LXXLL. RIZ
also contains a novel protein methyltransferase domain, called the
PR domain or SET domain. The RIZ gene encodes two products: RIZ1
contains the PR domain and RIZ2 lacks the domain [13]. RIZ1 but
not RIZ2 has tumor-suppressive properties. RIZ1 expression, but
not RIZ2 expression, is silenced in many types of tumors, includ-
ing breast cancer, liver cancer, colon cancer, and neuroblastoma
[14]. Moreover, inactivation of the RIZ1 gene by promoter hyperme-
thylation has been reported in breast, liver, and gastric carcinoma
[15]. Mouse gene knockout models show that RIZ1 inactivation can
cause tumor susceptibility [16]. Thus, the RIZ1 gene is one of the
candidate tumor suppressor genes on 1p. Previous study showed
altered expression of the RIZI gene in human leukemia [17]. How-
ever, methylation status of the RIZ gene has not been well studied
in hematological neoplasms. To determine the relevance of the RIZ1
methylation, we performed methylation specific polymerase chain
reaction (MS-PCR) analysis on the RIZ1 gene in 34 patients with
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Table 1
Clinical characteristics and incidence of RIZ1 methylation in MDS and AML.
MDS Secondary AML de novo AML
No. 34 17 55
Age, median (range) 66.5 (18-84) 68 (38-85) 50(21-80)
Sex
Male 22 11 30
Female 12 6 25
Blast%, median (range)  5.85(0-29.1)  58.8(20-95) 77.2(18-98.4)

No. of methylation No. of patient

MDS
RA 7 13
RARS 0 1
RAEB 4 10
RAEB-t 4 6
CMML 2 4
Total 17 34
AML
Secondary AML 1 17
De novo AML
MO 1 1
M1 2 12
M2 1 17
M3 3 7
M4 2 8
M5 1 7
M6 0 1
M7 1] 2
Total 11 55
Frequency of methylation
MDS
IPSS score p=0.419
Low 1/4 (25%)
Intermediate-1 5/10 (50%)
Intermediate-2 6/11 (55%)
High 5/9(56%)
Karyotype (IPSS) p=0439
Good 7/12 (58%)
Intermediate 4/8 (50%)
Poor 6/14 (43%)
AML (secondary AML and de novo AML)
Karyotype (MRC) p=0.282
Favorable 5/16 (31%)
Intermediate 7/33(21%)
Adverse 9/21 (43%)
Low risk MDS vs. high risk MDS 50%vs.50% p=1
MDS vs. AML (secondary AML and de novo AML) 50% vs.31% p=0.053
MDS vs. secondary AML 50% vs. 65% p=0.320
MDS vs. de novo AML 50%vs.20%  p=0.003
Secondary AML vs. de novo AML 65%vs.20%  p=0.0005
Methylation(+) vs.
methylation(-)
MDS
Overall survival (3 years) 41% vs. 42% p=0.659
Progression to AML 24% vs. 12% p=0.328
AML
Overall survival (3 years) 19% vs. 35% p=0.192
Refractoriness to chemotherapy 47% vs. 19% p=0.992

MDS and 17 with AML evolved from MDS (secondary AML) as well
as 55 patients with de novo AML.

2. Materials and methods
2.1. Samples

Bone marrow or peripheral blood samples were obtained from 34 patients with
MDS, 17 patients with secondary AML from MDS, and 55 patients with de novo AML

(Table 1). Mononuclear cells were isolated from bone marrow or peripheral blood by
Ficoll-Conray gradient centrifugation. The 34 MDS samples consisted of 13 refrac-

177

tory anemia (RA), 1 RA with ringed sideroblasts (RARS), 10 RA with excess of blasts
(RAEB), 6 RAEB in transformation (RAEB-t), 4 chronic myelomonocytic leukemia
(CMML). MDS was classified according to the French-American-British (FAB) clas-
sification [18]. The 55 AML consisted of 1 M0, 12 M1, 17 M2, 7 M3, 8 M4, 7 M5, 1
MS6, and 2 M7 according to the FAB classification. Written informed consent was
obtained from the patients. This study was approved by ethics committee of our
institute. Clinical information is shown in Table 1. The median percentage of blasts
was 5.85% (range, 0-29.1) in MDS. The median percentage of blasts in secondary
AML was 58.8% (range, 20-95) and that in de novo AML was 77.2% (range, 18-98.4).

2.2. Cytogenetic analysis

Cytogenetic analysis was performed according to standard methods. Chromo-
some preparations were Q-banded, and karyotypes were described according to
the International System for Human Cytogenetic Nomenclature (ISCN2005). Thirty
metaphases were evaluated in most samples. Patients were categorized in risk
groups according to the International Prognostic Scoring System (IPSS) for MDS,
and the Medical Research Council (MRC) for AML [19,20].

2.3. Cell culture

HL-60 and U-937 myeloid leukemia cells were grown in RPMI 1640 sup-
plemented with 10% fetal calf serum in a 5% CO, environment. Leukemia cells
(2 x 10°/ml) were cultivated for 3 days in the presence of various concentrations of
5-Aza-dC (Wako, Osaka, Japan). Cell culture and 5-Aza-dC treatment were repeated
three times.

2.4. Extraction of DNA

Genomic DNA was prepared by proteinase K digestion and phenol/chloroform
extraction or using QlAamp DNA Blood Mini Kit (Qiagen, Valencia, CA, USA).

2.5. MS-PCR analysis on the RIZ1 gene

Genomic DNA was treated with bisulfite using CpGenome DNA Modification
Kit (Serologicals Corporation, Norcross, GA, USA). Treated DNA was subject to
PCR-amplification with HotStarTaq Master Mix Kit (Qiagen). The sequences of the
primers for the RIZ1 gene were previously published [15]. To amplify methylated
DNA, we used primer set RP291MF (GTG GTG GTT ATT GGG CGA CGG C) and
RP291MR (GCT ATT TCG CCG ACC CCG ACG). To amplify unmethylated DNA, we
used RP291UF (TGG TGG TTA TTG GGT GAT GGT) and RP291UR (ACT ATT TCA CCA
ACC CCA ACA). After 15min at 95°C, 38 cycles of amplification using 30s at 95°C,
30sat68°Cand 60s at 72°C were performed, with a subsequent 10 min extension
at 72°C. Forunmethylated DNA, 35 cycles of amplification at annealing temperature
60°C were performed. PCR products were subject to 2% agarose gel electrophore-
sis. In each sample electrophoresis was repeated using independent PCR products.
CpGenome Universal Methylated DNA (Serologicals Corporation) was used as a pos-
itive control. Normal lymphocyte was used as a negative control. Primers RP291MF
and RP291MR amplify 176-base pairs (bp) products, while the size of products using
the primers RP291UF and RP291UR is 175-bp.

2.6. Sequence analysis within promoter of the RIZ1 gene

Bisulfite sequence was performed in both directions on MegaBase sequence
system (Amersham, Buckingham, UK). Bisulfite treated DNA was amplified with
primers RP294F (GGT TGG GTG GTG GTT ATT GGG) and RP295R (CAA AAA CCG CCC
TGC GCC ACT CCT TAC C) as described above. PCR products of 260-bp were purified
using the QIAQuick PCR Purification Kit (Qiagen) and ligated into pGEM-T vector
(Promega, Madison, W1, USA). As a template, one of the plasmid clones containing
appropriate PCR products was used for the sequencing reaction. In each case, at least
three of the plasmid clones were sequenced.

2.7. Quantitative real time reverse transcriptase-PCR (RT-PCR) analysis on the
RIZ1 gene

Total RNA was extracted with TRIZOL (Invitrogen, Carlsbad, CA, USA). Mea-
surement of mRNA levels of RIZI mRNA was based on the TagMan probe method
using ABI PRISM 7700 sequence detector system (Applied Biosystems, Foster
City, CA, USA). Real time amplification reaction was performed in a total vol-
ume of 25 pl with a concentration of 300nM for primers and 200 nM for probes.
After adding 2.5 ul of cDNA and 12.5 pl of TagMan Universal PCR Master Mix
(Applied Biosystems), samples were amplified in duplicates in each experiment.
Serially diluted DNA prepared from Raji cell line was used as a standard curve
for RIZ1, and internal control gene GAPDH (TagMan Endogeneous Control Kit,
Applied Biosystems). All final measurements were normalized with RIZ1/GAPDH
average value for each sample. RIZ1 and GAPDH primers and probes were
obtained from Applied Biosystems. To amplify RIZI mRNA the following sequences
were used for primers PRTF (5'-ATTGATGCCACTGATCCAGAGA-3') and PRTR (5'-
GCTCTGTTGATTTCCAGTGGGA-3'), The following sequences were used for PR probe:
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Fig. 1. Methylation of the RIZ1 gene in MDS and AML. Ten of 25 pl of PCR products were separated by electrophoresis through 2% agarose gel, stained with ethidium bromide
and visualized by ultraviolet illumination. M, methylated; U, unmethylated; L, 100-bp ladder; P, positive control; N, negative control; W, water. (A) Methylation was detected
in secondary AML (M12, M43, M16), and MDS (M26). Unmethylated band was observed in M12, M43, M16, and M26. (B) Methylation was detected in de novo AML (A9, A16,
A25, and A30). Unmethylated band was observed in A9, A16, A25, and A30. (C) Methylation was detected in MDS (M23, M36), HL-60, and U-937. Unmethylated band was

observed in M23, M36, and KG-1.

5'-AAACTGGCTGCGATATGTGAATTGGGC-3' [17]. After 2min at 50°C and 10 min at
95°C, 45 cycles of amplification using 15s at 95°C and 60 s at 60 °C were performed.

2.8. Statistical analysis

The correlation between the frequency of RIZ1 methylation and type of disease
or clinical characteristics was analyzed using the chi-square test or Fisher’s exact
probability test. The correlation between the frequency of RIZ1 methylation and IPSS
or cytogenetic risk groups was analyzed using the Mann-Whitney’s U-test. Statis-
tical analysis for RIZ1 expression and methylation was performed with Student’s
t-test or Welch’s t-test. Analysis was performed using SPSS Software, p-Value of less
than 0.05 was considered statistically significant.

3. Results
3.1. MS-PCR analysis on the RIZ1 gene in MDS and secondary AML

We first screened 34 samples of MDS and 17 of secondary AML
for promoter methylation. Cytogenetic data were available from
all the 34 MDS and 15 of the 17 AML patients. Deletions on 1p
or monosomy of chromosome 1 was absent in the patients. MS-

10 20 30 40 %0 60
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PCR analysis showed methylation of the RIZI gene in 17 of the
34 samples of MDS (50%) and eleven of 17 secondary AML (65%).
Fig. 1A shows examples of methylation. Methylation of the RIZ1
gene was detected in seven of 14 low risk MDS (50%), 10 of 20 high
risk MDS (50%) (p=1, Table 1). Patients with MDS were classified
using the IPSS score. Frequency of methylation was not statistically
different among IPSS subgroups (p=0.419, Table 1). Frequency of
methylation was not statistically different among cytogenetic risk
groups (p=0.439, Table 1). No statistical differences were observed
between methylation and overall survival (3 years) or progression
to AML (Table 1).

3.2. Bisulfite sequence

To define the methylation status of the CpG in the promoter
region, we performed bisulfite sequence in several samples with
methylation. Bisulfite sequence analysis revealed that methylation
was present at many CpG sites in the RIZ1 promoter region in sec-
ondary AML (Fig. 2, M17). Several samples without methylation
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Fig. 2. Methylation was present at many CpG sites in the RIZ1 gene in secondary AML. Bisulfite sequence analysis was performed at multiple CpG sites in the RIZ1 promoter

region in secondary AML (M17). Arrow indicates methylated cytosine.
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by MS-PCR, were also sequenced and no methylated cytosine was
observed within the promoter region.

3.3. MS-PCR analysis on the RIZ1 gene in de novo AML

We next analyzed methylation of the RIZ1 gene in the 55 cases
of de novo AML. Cytogenetic data were available from the 55 AML
patients. Monosomy 1 accompanied with marker chromosome was
observed in one patient without methylation. Methylation was
detected in eleven of the 55 de novo AML (20%). Fig. 1B shows exam-
ples of methylation in de novo AML. Methylation of the RIZ1 gene
was observed in 1 of the 1 MO, 2 of the 12 M1, 1 of the 17 M2, 3 of
the 7 M3, 2 of the 8 M4, 1 of the 7 M5, 0 of the 1 M6, and 1 of the 2
M7 (Table 1). Frequency of methylation was not statistically differ-
ent among cytogenetic risk groups (p=0.282, Table 1). Methylation
was more frequent in MDS than in de novo AML (p=0.003), and in
de novo AML and secondary AML (p=0.053), respectively. Methy-
lation was more frequent in secondary AML than in de novo AML
(p=0.0005).

3.4. Quantitative real time RT-PCR analysis on the RIZ1 gene in
MDS and AML

RNA was available from 27 samples of MDS, secondary AML and
de novo AML. Expression of the RIZ1 gene was examined by quanti-
tative real time RT-PCR analysis in 22 of the 27 samples because of
the high quality of RNA. Amplification of the PR region represents
expression of the RIZ1 mRNA.

RIZ1 expression (mean) was not statistically different in sec-
ondary AML and de novo AML (2.026 vs. 1.900, p=0.815). RIZ1
expression (mean) was not statistically different in methylation-
positive group and methylation-negative group (1.996 vs. 1.810,
p=0.728).

In comparison with expression of normal bone marrow cells,
decreased RIZ1 expression was accompanied by methylation in six
of nine samples examined (one of one MDS, three of five secondary
AML, and two of three de novo AML) (Fig. 3A and B). Decreased RIZ1
expression was also observed in seven of 13 without methylation
(one of two MDS, one of one secondary AML, and five of 10 de novo
AML) (Fig. 3A and B).

3.5. 5-Aza-dC treatment of AML cells

To determine the effect of demethylating agent, HL-60 leukemic
cells that have RIZ1 promoter methylation (Fig. 1C), were cultivated
in RPMI. Treatment of HL-60 leukemic cells with 5-Aza-dC resulted
in growth suppression and restored RIZ1expression (Fig. 4A and B).
We also test the effect of 5-Aza-dC with U-937 leukemic cells and
similar results were observed.

4. Discussion

Although the molecular genetic changes of MDS have long
been studied, the mechanisms responsible for transformation to
AML have not been well understood. We have previously reported
frequent LOH on 1p in the progression of MDS to AML [5]. Fre-
quent LOH has been reported on 1p in several types of tumors,
including neuroblastomas, colorectal, breast and hepatocellular
carcinomas, parathyroid adenomas, melanomas, and pheochromo-
cytomas [9,10]. Allelic loss of 1p was associated with unfavorable
outcome in neuroblastomas [21]. Our previous study revealed that
the consensus regions of allelic loss in MDS resided distal to D15253
(1p36), and possibly proximal to D15496 (1p32-) [7]. Several can-
didate genes on 1p have been proposed to be possible targets
associated with cancer including CDC2L1, p73, TNFR2, RIZ1, DAN,
ID3, FGR, and CHD5 [10-12,22].
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Fig. 3. Quantitative real time RT-PCR analysis of the RIZ1 gene in MDS and AML.
NBM, normal bone marrow. (A) Decreased expression of the RIZ1 gene was observed
in MDS (M46) and secondary AML (M12, M16, and M43) with methylation (M+).
Expression of the RIZ1 gene was also decreased in MDS (M7) and secondary AML
(M18), which did not have methylation (M-). (B) Decreased expression of the RIZ1
gene was observed in de novo AML with methylation (M+) (A9 and A30). Expression
of the RIZ1 gene was also decreased in de novo AML without methylation (M—) (A23,
A7, A55, A19, and A20).
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Fig. 4. Treatment of 5-Aza-dC in AML cells. (A) HL-60 cells that have RIZ1 pro-
moter methylation were treated with 5-Aza-dC. Number of cells (mean) is indicated
according to treatment; Bar, SD. (B) Quantitative real time RT-PCR analysis of the
RIZ1 gene. Expression of PR was restored by 5-Aza-dC treatment in HL-60.
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DNA methylation in CpG islands represents an important epi-
genetic modification in neoplasms. Methylation is associated with
transcription silencing of genes that function in cell differentiation,
apoptosis, growth regulation, cell signaling, conferring selective
advantage to the malignant cells. Tumor suppressor genes reported
to be methylated in MDS, include the P15, P16, E-cadherin, and SOCS-
1 genes [4]. Although clinical efficacies of hypomethylating agents
have been reported in MDS, the basis for the effectiveness has not
been well known [4]. Recent study showed methylation in several

other genes in MDS [23]. The FZD9 gene was found to be a fre-

quent target of methylation on chromosome 7 [23]. To elucidate
the epigenetic alterations that may inactivate the possible target
gene on 1p, we performed MS-PCR of the promoter region of the
RIZ1 gene. The present study revealed frequent methylation of the
RIZ1 promoter region in MDS and secondary AML. Since the inci-
dence of methylation was not statistically different in low risk MDS
and high risk MDS, and also in secondary AML, it is suggested that
RIZ1 methylation is a relatively early event. RIZI methylation was
found in 62% of liver cancer and 44% of breast cancer cases [15].
Our study demonstrated that RIZ1 methylation was also frequent
in MDS and secondary AML.

The genetic alterations involved in de novo AML have been
largely different from those of MDS. Although methylation of the
P15, P16, E-cadherin, and SOCS-1 genes was also reported in de
novo AML, recent study revealed methylation in other genes in
AML [24]. Thus, we next analyzed methylation of the RIZ1 gene
in de novo AML. In comparison with MDS and secondary AML,
relatively lower incidence of the RIZ1 methylation was found in
de novo AML (20%). Frequency of methylation was not statisti-
cally different among IPSS subgroups or cytogenetic risk groups
in MDS, and it was not significant among cytogenetic risk groups
in AML.

Irrespective of frequent methylation in MDS and secondary
AML, RIZ1 expression (mean) was not statistically different in
secondary AML and de novo AML. In addition, RIZ1 expression
(mean) was not statistically different in methylation-positive and
methylation-negative MDS and AML. Previous study reported that
the RIZ1 expression was decreased or absent in AML [17]. In the
current study, quantitative real time RT-PCR analysis revealed
decreased expression of the RIZ1 in many of MDS and AML with
methylation. In contrast, several samples with methylation did not
show the decreased RIZ1 expression. A similar observation was
found in gastric carcinoma [25]. These differences may be related to
the high sensitivity of MS-PCR. Alternatively, possible contamina-
tion of normal cells in the samples may account for the expression.
Another explanation is that methylation may be partially involved
in malignant cells, since some of these samples were supposed
to contain more than 90% blast cells after mononuclear cell isola-
tion. On the other hand, some other samples without methylation
showed decreased RIZ1 expression. Another mechanism inactivat-
ing RIZ1, such as deletions, defect in certain transcription factor,
histone methylation or miRNA may be involved in MDS and AML
without promoter methylation.

5-Aza-dC treatment of HL-60 and U-937 cells showed sup-
pression of cell proliferation together with restoration of the
RIZ1 expression. Since the restoration was not prominent, pro-
moter methylation may not be well correlated with the decreased
expression in these cells. However, as mentioned earlier, RIZ1 inac-
tivation can cause tumor susceptibility [16]. Moreover, recent study
revealed that forced expression of RIZ1 in CML blast crisis cell
line decreased proliferation, increased apoptosis and enhanced dif-
ferentiation [26]. Therefore, although another gene(s) restored by
5-Aza-dC may also play a role in the suppressive effect, our results
suggest that the RIZ1 gene is one of the target tumor suppressor
genes on 1p inactivated in MDS and AML. Further study revealing
the mechanism of RIZ1 inactivation without promoter methylation

will help understand the genesis of disease progressionand develop
a new therapeutic strategy in MDS and AML.
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Abstract Although imatinib has become the current
standard treatment for chronic myeloid leukemia (CML),
there is limited information regarding its efficacy and
safety among Japanese patients. We therefore conducted a
prospective multi-center open-label study of imatinib for
Japanese patients with newly diagnosed chronic-phase
CML (CP-CML). A total of 107 patients were enrolled and
treated with imatinib at an initial daily dose of 400 mg.
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Eighty-three patients completed 3 years of study treatment.
The cumulative rates of major cytogenetic response and
complete cytogenetic response (CCyR) were 90.9 and
90.2% at 3 years, respectively. The safety profile was not
very different from that reported in the IRIS study,
although grade >3 neutropenia occurred relatively fre-
quently (31.8 vs. 14.3%). Only seven patients discontinued
the study due to adverse events, as did four patients due to
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insufficient efficacy. The 3-year probabilities of overall
survival and progression-free survival were 93.2 and
91.4%, respectively. Higher average daily doses (i.e.,
>350 mg) were significantly associated not only with
higher rates of achieving CCyR, but also with longer
duration of CCyR. These findings confirm the clinical
utility of imatinib in Japanese patients with newly diag-
nosed CP-CML, and suggest detrimental effect of low
average daily dose on treatment results.

Keywords Chronic myeloid leukemia - Chronic phase -
Newly diagnosed - Imatinib

1 Introduction

Imatinib is a molecule-targeting drug that inhibits BCR-
ABL tyrosine kinase and exerts a selective proliferation-
inhibitory effect in chronic myeloid leukemia (CML) [1, 2].
Several international trials have documented excellent
clinical efficacy of imatinib in patients with chronic-phase
CML (CP-CML) [3-5], as well as in patients in accelerated
phase (AP) [6] and blast crisis (BC) [7]. Based on those
studies along with Japanese phase I and phase II studies
[8], imatinib was approved in Japan in November 2001,
and has been available in clinical practice since December
2001. However, there is very limited information regarding
efficacy and safety of imatinib among Japanese patients.
We therefore conducted a post-marketing study to confirm
clinical utility of imatinib in Japanese patients with newly
diagnosed CP-CML.

2 Patients and methods
2.1 Study design

This was a prospective, multi-center, non-controlled study
to evaluate efficacy and safety of imatinib in Japanese
patients 15-74 years of age with Philadelphia chromosome
positive (Ph+4) CP-CML. Eligible patients were those with
Eastern Cooperative Oncology Group performance status
0-3 who had been previously untreated with interferon
(IFN) or imatinib. Patients were excluded if serum bilirubin
or serum creatinine levels were >3 times the upper limit of
the normal range, if serum aspartate aminotransferase
(AST) or alanine aminotransferase (ALT) levels were >5
times the upper limit of the normal range, if they received
hydroxycarbamide within a week prior to enrollment or
any other antileukemic drug within 2 weeks, or if there was
any evidence of AP or BC in association with any of the
following conditions: >15% blasts in the peripheral blood
or bone marrow; >30% blasts plus promyelocytes in the
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peripheral blood or bone marrow; >20% basophils in the
peripheral blood; or extramedullary leukemic infiltrates
with the exception of spleen or liver. Women who were
pregnant or possibly pregnant were also excluded.
Patients were treated with imatinib at a daily dose of
400 mg. Dose escalation to 600 mg was implemented if they
had failed to achieve complete hematologic response (CHR)
at 3 months or major cytogenetic response (MCyR) at
6 months. If the patient had failed to achieve MCyR at
9 months, IFN was started at a daily dose of 300 million unit
per body two or three times a week while on imatinib. Dose
modification of imatinib was generally based on the fol-
lowing guidelines. For grade >3 liver dysfunction (elevated
bilirubin, AST, or ALT), administration was interrupted
until recovery to grade <2, and then resumed at 300 mg/day.
For grade >3 neutropenia or thrombocytopenia, adminis-
tration was interrupted until recovery to grade <2, and then
resumed at 400 mg/day. If grade >3 toxicity recurred after
resuming, dose reduction to 300 mg/day was implemented.
The study was discontinued in the event of failure to achieve
CHR at 6 months, intolerance to imatinib, disease progres-
sion to AP or BC, death, patient request, and lost to follow-
up, or at the discretion of the investigator. Patients were
followed up to 3 years from the day of starting imatinib.

2.2 Endpoints

The primary endpoints were overall survival (OS) and
progression-free survival (PFS). OS was defined as the time
from the day of first dose of imatinib to death or last fol-
low-up, and PFS was defined as the time from the day of
first dose of imatinib to progression to AP or BC, death or
last follow-up. Secondary endpoints were hematologic,
cytogenetic and molecular response, and adverse events.
Cytogenetic response was assessed by using bone marrow
cells every 3 months until 12 months and every 6 months
thereafter until 36 months. Complete cytogenetic response
(CCyR) was defined as complete disappearance of the
Philadelphia chromosome. MCyR was defined as decrease
in Philadelphia chromosome to 35% or lower. Adverse
events were assessed according to the National Cancer
Institute Common Toxicity Criteria version 2.0.

Cumulative rates of hematologic and cytogenetic
response, PFS, event-free survival (EFS), and OS were
evaluated in accordance with the IRIS study reports [3, 9].
EFS was defined as the time from the day of first dose of
imatinib to death, progression to AP or BC, loss of CHR, loss
of MCyR, increase in white blood cell count to 20000/uL, or
last follow-up.

This study was conducted in compliance with the Dec-
laration of Helsinki and was approved by local Institutional
Review Boards. All patients provided written informed
consent prior to initiation of study medication.



