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Activating rhutations of BRAF have been frequently ob-
served in microsatellite unstable (MSI*) colorectal carcino-
mas (CRCs), in which mutations of BRAF and KRAS are mu-
tually exclusive.  Previously, we  reported that
hypermethylation of hWMLH I might play an important role in
the tumorigenesis of right-sided sporadic CRCs with Msl
showing less frequency of KRAS/TP53 alteration. Therefore,
we have assumed that BRAF mutations might be highly asso-
ciated with hMLHI methylation status rather than MSI sta-
tus. In this study, mutations of BRAF and KRAS and their
relationship with MSI and hMLH| methylation status were
examined in 140 resected specimens of CRC. The methyl-
ation status was classified into 3 types: full methylation (FM),
partial methylation (PM) and nonmethylation (NM). Only FM
closely linked to reduced expression of hMLH | protein. BRAF
mutations were found in 16 cases (11%), all leading to the
production of BRAFY>9E, As for MSI status, BRAF mutations
were found in 43% of MSI™ and 4% of MSI™ cases (p < 0.0001).
Among the MSI* individuals, BRAF mutations were more
frequent in cases with hMLHI deficiency (58%) than those
with hMSH?2 deficiency (0%; p = 0.02). Moreover, they were
found in 69% of FM, 4% of PM and 4% of NM, revealing a
striking difference between FM and the other 2 groups (FM
vs. PM or NM; p < 0.0001). These findings suggest that BRAF
activation may participate in the carcinogenesis of sporadic
CRCs with hMLHI hypermethylation in the proximal colon,
independently of KRAS activation.
© 2003 Wiley-Liss, Inc.
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In the development of colorectal cancer (CRC), it is now widely
accepted that some forms of genetic instability lead to the sequen-
tial accumulation of genetic alterations and consequently develop
carcinomas.! RAS activation in the MAP kinase cascade is sup-
posed to constitute a part of the primary events in colorectal
carcinogenesis, and the KRAS gene mutations have been found in
about 30—-40% cases of sporadic CRCs.2-#

Recently, activating BRAF mutations have been found almost
invariably in melanoma cells and sometimes in other types of
carcinoma, including CRCs,5-7 implying a function of BRAF as a
protooncogene. The RAF genes are members of MAPK pathway,
encoding serine/threonine kinases that integrate the upstream input
signals.®® Once recruited at the cell membrane by GTP-loaded
RAS, RAF becomes activated and subsequently phosphorylates
the downstream kinases, MEKs, which eventually induce tran-
scriptional activation of the target genes.®

More recently, frequent BRAF mutations and infrequent KRAS
mutations have been reported in DNA-mismatch repair (MMR)-
deficient CRCs.10 Inactivation of MMR genes incurs instability of
genomic microsatellite sequence (microsatellite instability, or
MSI), which is found in the majority of patients with hereditary
nonpolyposis colorectal cancer syndrome (HNPCC) and in 10—
15% of cases of sporadic CRCs.!1-13 Moreover, it was also re-
ported that 70-90% of sporadic CRCs with MSI (MSI* CRCs) are
associated with hypermethylation of kMLHI, one of DNA-MMR
genes, and have distinct clinical and pathologic characteristics, Le.,

ocecurrence in older females, location in the proximal colon and
histopathology of mucious or poor differentiation.!#-20

We have previously examined the methylation status of hMLHI
gene in sporadic CRCs by use of 5 sets of primer spanning the
whole CpG sites within its promoter region and have classified the
methylation status into 3 subtypes: full methylation, partial meth-
ylation and nonmethylation 222 We reported that an extensive
methiylation, or full methylation, of AMLHI promoter was found in
about 80% of MSI* CRC cases and was highly associated with
loss of expression of its gene product. Interestingly, this type of
CRC cells are rarely associated with KRAS mutations and loss of
heterozygosity (LOH) of TP53 gene.?? It is therefore possible that
extensive methylation of AMLHI promoter region may contribute
to the carcinogenesis of the right-sided sporadic CRCs, indepen-
dently of KRAS/p53 alterations.

From these results, 2 questions may arise. First, does the acti-
vation of BRAF, instead of KRAS, take part in the carcinogenesis
of CRCs with extensive hMLHI methylation? Second, if so, does
the BRAF activation have any relationship with the CRCs with
partial methylation, although most of which are microsatellite
stable (MSI ™), maintain MMR gene expression and show a rela-
tively high incidence of KRAS and p53 alterations??

Additionally, in the melanoma cells, high frequency of muta-
tions of B-catenin and BRAF has been recognized.® Some re-
searchers previously reported that B-catenin mutations were more
common in MSI™ CRCs than in MSI™ ones.19.23-25 However, it
has not been elucidated yet whether there are any relationship
between the mutations of B-catenin and BRAF in the CRCs with
hMLH]1 hypermethylation.

In this study, we have investigated the frequency of BRAF
mutation and its relationship with KRAS and B-catenin mutations
in a large consecutive series of sporadic CRCs in regard to both
MSI status and degrees of hMLHI methylation.
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MATERJIAL AND METHODS
Tumor samples ’

Tumor samples were obtained from 140 sporadic CRC patients
who underwent surgical treatment at the Jichi Medical School
Hospital. None of the patients had first-degree relatives with CRC.
Informed consents were obtained from all patients, and the ethics
committee of the Jichi Medical School approved this study (#02-
01). We selected these cases from approximately 380 consecutive
series of CRCs previously analyzed for MSI status.21:26 All the
MSI™* cases were reconfirmed for the MSI status by pentaplex
PCR method, whereas MSI™ CRCs were selected so that the
gender and tumor site were balanced between the MSI™ and MSI™
groups (MSI™, = 28; MSI™, n = 112). The patients were 69 men
and 71 women, and their age ranged from 19 to 86 years with a
mean of 63 years.

DNA extraction

Genomic DNA was extracted from fresh-frozen samples of
tumor by use of QIAamp DNA Mini Kit (Qiagen, Chatsworth,
CA) according to the manufacturer’s protocol.

BRAF mutation analysis

BRAF mutations were analyzed in exons 11 and 15. These exons
were chosen because all reported BRAF mutations occurred at
these regions. PCR was performed with 2-5 ng of genomic DNA
as a template by using the same PCR primer as reported previous-
ly.> PCR condition was as follows: 94°C for 9 min, followed by 35
cycles of 94°C for 1 min, 60°C for 1 min and 72°C for 2 min. The
PCR products were purified using a QIAquick spin purification kit
(Qiagen), and the purified PCR products were sequenced with
BigDye Terminator Cycle Sequencing Ready Reaction kits (PE
Applied Biosystems, Foster City, CA), all according to the man-
ufacturers’ instructions. Sequencing was performed in both direc-
tions using forward and reverse PCR primers. The purified prod-
ucts were tun on an ABI 310 PRISM Genetic Analyzer (PE
Applied Biosystems). The data were collected and analyzed using
the Applied Biosystems sequencing analysis software.

MSI status analysis

MSI was analyzed by using 9 microsatellite repeat loci (3
markers were dinucleotide repeats and 6 were mononucleotide
repeats) as described previously.?! MSI status was stratified as
follows according to the criteria of the National Cancer Institute
(NCI) workshop.?” High-frequency MSI (MSI-H) was defined as
the alterations of microsatellite repeat were found in more than
40% of examined markers or in 2 or more NCI-recommended
markers. Low-frequency MSI (MSI-L) was defined as the alter-
ations in less than 40% or only one NCI-rtecommended marker. If
no alterations of any examined markers were found, tumors were
defined as microsatellite stable (MSS). In this study, we defined
MSI-H as MSI-positive (MSI*), and both MSI-L and MSS as
MSI-negative (MSI™), because only the MSI-H phenotype in
sporadic CRCs is associated with true MMR defects and distinc-
tive clinicopathologic features.28:29 For the precision of MSI status,
we reexamined all MSI" samples by pentaplex PCR method using
5 quasimonomorphic mononucleotide repeats, because this
method has been reported to be simpler to use and show higher
sensitivity and specificity.30

Analysis of methylation status of hAMLH1 promoter region

Analysis of methylation status of AMLHI gene was performed
by Na-bisulfite treatment and PCR single-strand conformation
polymorphism (SSCP) analysis (BiPS) as described previously.?!
In brief, 5 sets of primers comprising the whole CpG sites within
the AMLHI promoter region were prepared (Fig. 1), and methyl-
ated and unmethylated DNA amplicons were separated through
SSCP analysis. When the bands showed mobility shifts, they were
cut from the gels and subsequently sequenced directly by use of an
ABI 310 PRISM Genetic Analyzer. Primer sequences and PCR
conditions were utilized as reported previously.2! The methylation
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patterns were defined as full methylation if all the CpG sites within
the promoter regions showed methylation; as partial methylation if
some CpG sites in the upstream region showed methylation; and as
nonmethylation if no CpG sites in the region showed methylation.

KRAS mutation analysis

KRAS mutations were analyzed by direct sequencing at codons
12 and 13 of KRAS by using its genomic DNA. First, a flanking
PCR product of 179 bp was amplified (annealing temperature was
58°C) using the primers 5-AGGCCTGCTGAAAATGACT-
GAATA-3' (sense) and 5'-CTGTATCAAAGAATGGTCCTG-
CAC-3' (antisense). The resulting fragment was then used as a
template to amplify a 114 bp fragment, including codons 12 and 13
using the primers 5'-AAAATGACTGAATATAAACTTGTGG-3’
(sense) and 5'-CTCTATTGTTGGATCATATTCGTC-3' (anti-
sense; annealing temperature was 50°C). The PCR product was
sequenced by the same method as in the BRAF mutation analysis.

[B-catenin mutation analysis

Mutations in B-catenin were analyzed by direct sequencing at its
exon 3, in which the majority of mutation hot spots were included.
The PCR primers were 5'-GATTTGATGGAGTTGGA-
CATGG-3" (sense) and 5'-TGTTCTTGAGTGAAGGACT-
GAG-3' (antisense; annealing temperature was 63°C). The direct
sequencing of the PCR product was performed by the same
method as in the BRAF mutation analysis.

Immunohistochemical analysis

Immunohistochemical analysis for both hMLH1 and hMSH?2
expression was performed on all MSI™ tumor samples as described
previously.26
Statistical analysis

Statistical analyses for variable results were performed by Fish-
er’s exact test and Student’s #-test. Probability values below 0.05
were considered to be statistically significant (StatView J 5.0
software, Abacus Concepts, Berkeley, CA).

RESULTS
Clinicopathologic features of patients with BRAF mutations

We identified 16 patients whose CRCs showed BRAF mutations
(Table I). All the mutations resulted in a V599E substitution in the

100bp I"“ b
| —
- 1
Full
Partial [
No [
N 755 574

vegion A = T oy a9
region B 208hp (12)  _yag -188
region C 230 (A6} g 53
region D 234bp (13) g3 +86

region B st
1590p (13)

Ficure 1-Top: Schematic presentation of the MLHI promoter
region. Middle: Full methylation (all CpG sites in regions A-E show
methylation), partial methylation (some CpG sites in upstream region
show methylation) and nonmethylation (no CpG site shows methyl-
ation). Bottom: Design of the PCR primers and the PCR products for
regions A—E. Their positions relative to the adenine residue at the start
codon and the size of the amplifitd DNA fragments are shown.
Numbers in parenthesis indicate the number of CpG sites within each
region.



BRAF MUTATIONS AND hMLH] HYPERMETHYLATION

BRAF protein (Fig. 2). None of the cases had BRAF mutations in
the normal colonic mucosa positioned far away from the cancer
area, implying that the BRAF mutations should be a somatic event.
The mean age of cancer onset in the patients with BRAF mutations
was older than those without BRAF mutations, although the dif-
ference was not statistically significant: 73.1 = 10.5 years com-
pared with 62.5 * 12.5 years (p = 0.06, Student’s #-test; Table II).
Gender distribution was also different between these 2 groups,
with females comprising 75% (12/16) of the BRAF mutation group
and 48% (59/124) of the nonmutation group (p = 0.06, Fisher’s
exact test; Table II). The tumor with BRAF mutation cases was
more frequently located in the proximal colon (94%; 15/16) than
that with nonmutation ones (37%; 46/124; p < 0.0001, Fisher’s
exact test; Table II).

BRAF mutations and MSI status

BRAF mutations were found in 43% (12/28) of MSI™ CRCs and
4% (4/112) of MSI™ CRCs (p < 0.0001, Fisher’s exact test; Table
1I0).
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BRAF mutations and MMR protein expression

BRAF mutations were more comimon in the tumors showing
reduced hMLHI1 protein expression (58%; 11/19) than those show-
ing reduced hMSH2 expression (0%; 0/6; p = 0.02, Fisher’s exact
test; Table IV).

BRAF mutations and hWMLH1 promoter methylation status

BRAF mutations were found in 69% (11/16) of full methylation,
4% (2/45) of partial methylation and 4% (3/79) of nonmethylation
(Table V). The ratio of BRAF mutations was statistically signifi-
cant between full and partial as well as between full and none (p <
0.0001, Fisher’s exact test).

KRAS mutations

KRAS mutations were identified in 38 cases. Two cases with
KRAS mutations were in MSI™ (7%; 2/28) and 36 cases were in
MSI™ (32%; 36/112; p = 0.008, Fisher’s exact test; Table III).
Regarding the methylation status, KRAS mutations were not found

TABLE I-ALL CRC CASES WITH BRAF MUTATIONS

Patient no. Age (yr) Gender Site MSI me’;ﬂﬂfyLlIf;Ililon a n‘g fﬁii d KRAS B-catenin Dukes’ stage Hl;trzléjflc
225 83 F P + Full V599E Wwild Wild C Well
263 86 F P + Full V599E Wild Wild B Moderate
268 85 F P + Full V599E Wwild Wild B Poor
280 83 F P + Full V599E Wild Wild C Well
305 74 M P + Full V599E Wild Wild B Poor
318 76 F P + Full V599E Wild Wild B Well
336 68 M P + Full V599E Wild Wwild B Mucinous
413 69 F P + Full V599E Wild Wild B Well
416 76 F P + Full V599E Wild Wild B Mucinous
479 74 F P + Full V599E Wwild wild B Moderate
507 64 M P + Full V599E Wild Wild A Moderate
274 81 M D - Partial V599E Wild Wild B Moderate
328 52 F P - Partial V599E Wild Wild B Moderate
293 70 F P - Non V599E Wild Wild D Mucinous
384 77 F P + Non V599E Wild Wild A Poor
509 51 F P - Non V599K Wwild Wild C Poor

P, proximal colon; D, distal colon; Full, full methylation; Partial, partial methylation; Non, nonmethylation; Well, well-differentiated
adenocarcinoma; Mod, moderately differentiated adenocarcinoma; Poor, poorly differentiated adenocarcinoma; Muc, mucinous carcinoma.
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Ficure 2 — (a) Representative sequence chromatographs from BRAF exon 15 showing wild type. (b) T1796A transversion resulting in a

V599E substitution.
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TABLE II - CLINICOPATHOLOGIC FEATURES OF BRAF MUTATION CASES

BRAF Non-BRAF
mutation mutation P-value
(n = 16) (%) (n = 124) (%)

Age (yr) 73.1 = 10.5 62.5 = 12.5 0.06

Gender 0.06
Male 4(25) 65 (52)

Female 12 (75) 59 (48)

Tumor site < 0.0001
Proximal 15 (94) 46 (37) ‘
Distal 1 (6) 78 (63)

Dukes’ stage 0.07
A/B 12 (75) 59 (50)

C/D 4 (25) 59 (50)

Histologic grade ) 0.0008
Well/moderate 9 (56) 109 (92)
Poor/mucinous 7 (44) 10 (8)

Well, -well-differentiated adenocarcinoma; moderate, moderately
differentiated adenocarcinoma; Poor, poorly differentiated adenocar-
cinoma; mucinous, mucinous carcinoma. -

TABLE III - MSI STATUS AND MUTATIONS OF BRAF,
KRAS AND B-CATENIN

MSI status BRAF(go;lmtion KRAS(;;\)Jtation B—calen?zor)nutalion
MSI* 429 (1228  7.1(2/28)° 7.1 (2/28)
MSI™ 3.6 (4/112)*  32.1 (36/112)° 2.7 (3/112)
Total 11.4 (16/140)  27.1 (38/140) 3.6 (5/140)

*Fisher’s exact test, p < 0.0001.~"Fisher’s exact test, p = 0.008.

TABLE 1V — BRAF MUTATION AND MMR PROTEIN EXPRESSION

Number BRAF mutation

of cases (%)
hMLH1-deficient 19 57.9 (11/19)%*
hMSH2-deficient 6 0 (0/6)*

*Fisher’s exact test, p = 0.02.

TABLE V - hMLHI METHYLATION STATUS AND MUTATIONS OF BRAF,
KRAS AND B-CATENIN

hMLHI methylation BRAF mutation KRAS mutation B-catenin
status (%) (%) mutation (%)

Full methylation ~ 68.8 (11/16)*° 0 (0/16)*¢  0(0/16)

Partial methylation 4.4 (2/45)" 37.8 (17/45)° 0 (0/45)

Nonmethylation 3.8 (3/79°  26.6 (2179 6.3 (5/79)
Total 11.4 (16/140) 27.1(38/140) 3.6 (5/140)

“Fisher’s exact test, P < 0.0001.~PFisher’s exact test, P < 0.0001.
~CFisher’s exact test, P = 0.003.—9Fisher’s exact test, P = 0.02.

(0%; 0/16) in any of the full methylation cases, but were found in
17 of the partial methylation patients (38%; 17/45) and 21 of the
nonmethylation group (26.6%; 21/79), which was consistent with
our previous results?! (Table V). The ratio of KRAS mutations was
+significantly different between full and partial and between full
“and none cases (p = 0.003 and 0.02, respectively, Fisher’s exact
test). None of the cases with BRAF mutations exhibited KRAS
mutations simultaneously.

[-catenin mutations

B-catenin mutations were found in 5 cases. Two cases were in
MSI™ (7%; 2/28) and 3 cases were in MSI™ (3%; 3/112; p = 0.26,
Fisher’s exact test; Table IIT). However, none of the cases with full
or partial methylation showed f-catenin mutations, and there were
no cases exhibiting both BRAF and B-catenin mutations simulta-
neously (Table V).

KOINUMA ET AL

DISCUSSIONS

The MAPK pathway plays a crucial role in the signal transduc-
tion of many hormones, growth factors and differentiation fac-
tors.31:32 At the level of MAPKKXS, several RAF family members
exist, that is, ARAF, BRAF and RAF1 with divergent tissue
specificity and upstream regulation.3? The 3 proteins are thought to
have uneven ability to activate MEK, and BRAF has been identi-
fied as the major MEK activator.3?

Recently, BRAF activating mutations were observed in some
propoition of Human carcinomas, especially in melanoma, lung
cancer, as well as colon cancer.>”. BRAF gene was therefore
supposed to be a novel protooncogene that might contribute to the
tumorigenesis in these types of transformed cells. Interestingly, the
mutational spots of BRAF gene cluster within the activation seg-
ment (exon 15) and the G-loop (exon 11) of the kinase domain,
which are highly conserved among serine/threonine kinases
throughout evolution.3 Activating mutations in these hot spots are
supposed to increase its kinase activity and subsequently urge to
phosphorylate the downstream kinase, MEK.- V599 is the major
site of point mutations in the BRAF protein and V599E acidic
substitution has been commonly found in melanoma, colon cancer
and ovarian cancer cells.> Intriguingly, - the tumois . with
BRAFY*9°E showed no KRAS mutations simultaneously, although
non-V599E: cases were sometimes coincident with KRAS muta-
tions.5-10.34 It has been hypothesized therefore that V599E might
mimic the phosphorylation of T598 of BRAF that constitutes the
natural activation mechanism of this protein. Because of its potent
kinase activity, BRAF with this type of mutation might have no
need to depend on RAS for the initiation of the MAP kinase
pathway activation.

In our series of sporadic CRCs, 28 cases showed MSI', in
which 19 were with hMLH1 deficiency and 6 were with hMSH2
deficiency. BRAF mutations were more frequent in MSI* CRCs
than in MSI™ CRCs (43%, 12/28 vs. 4%, 4/112; p < 0.0001). This
result was nearly consistent with that in the previous report.!©
Interestingly, BRAF mutations were more frequent in hMLHI-
deficient cases than hMSH2-deficient ones (58%, 11/19 vs. 0%,
0/6, p = 0.02). It has been widely accepted that MSI in sporadic
CRCs commonly results from epigenetic silencing of hMLHI
gene, secondary to its promoter methylation, and 70-90% of
MSI* CRCs indeed show hypermethylation of the AMLHI
gene.1521,35 Moreover, extensive methylation of AMLHI promoter
is closely correlated with hMLH1 inactivation.?! Therefore, we
have examined the frequency of BRAF mutations with regard to
the methylation status of AMLHI promoter region. Amazingly,
BRAF mutations were extremely frequent in the cases with full
methylation compared to those without full methylation (69%,
11/16 vs. 4%, 5/124; p < 0.0001). As generally seen in the cases
with AMLHI methylation, the CRCs with BRAF mutations were
more frequent in older females, commonly located in the proximal
colon, and showed the histopathology of mucinous or poor differ-
entiation. Our data suggest that the activating mutation of BRAF
may be highly associated with an extensive methylation of AMLH1
gene.

In a recent study, we proposed that the shift of methylation
status from partial to full might be critical in the tumorigenesis of
right-sided sporadic CRCs with MSI, because more than half of the
cases with full methylation showed partial methylation in their
normal mucosa far from the tumor.2! However, the cancers with
partial methylation not yet reaching full methylation showed dis-
tinct clinical and biologic features from those with full methyl-
atton, with relatively high frequency in the alterations of KRAS/
p53.22 In this study, BRAF mutations were less frequent in the
cases with partial methylation compared to those with full meth-
ylation (4%, 2/45 vs. 69%, 11/16; p < 0.0001). We state that
partial methylation is not generally the true pathogenic methyl-
ation status of hMLHI gene.

In our study, all the mutations of BRAF resulted in V599E
substitutions (T-to-A transversion at nucleotide 1796). Rajago-
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palan ez al.* reported that all but one of the 15 BRAF mutations in
MMR-deficient cases resulted in V599E. O%-methylguanine DNA
methyltransferase (MGMT) is a DNA repair protein and MGMT
epigenetic inactivation by its promoter hypermethylation is sup-
posed to cause G-to-A transition mutation in KRAS and G:C-to-
AT transition mutation in p53. Indeed, 71% cases with KRAS and
p53 mutations showed hypermethylation of MGMT.3637 There-
fore, it might be possible that inactivation of an anonymous DNA-
repair gene by promoter hypermethylation has an association with
A-to-T transition mutation in BRAF gene.

Yuen et al.3 have reported that there are many similarities
between the phenotypic patterns of CRCs with KRAS and BRAF
mutations. However, they showed that the cases with BRAF mu-
tations differ from those with KRAS mutations in the Dukes’ stage.
Consistent with their results, the cases with BRAF mutations in our
study were more common with Dukes” A/B grades than with
Dukes’ C/D, although the difference was not statistically signifi-
cant (p = 0.07, Fisher’s exact test). Moreover, the patients with
BRAF mutations were approximately 13 years older than those
with KRAS mutations (data not shown). Therefore, we speculate
that the CRCs with BRAF mutations may belong to a clinical entity
distinct from one of CRCs with KRAS mutations.

In melanoma cells as well as MSI* CRC cells, high frequency
of B-catenin and BRAF mutations have been reported.1923-25 In
this study, B-catenin mutations were uncommon in both MSI*
(7% 2/28) and MSI~ (3%; 3/112), as reported previously by Jass
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et al.2% Moreover, none of our cases with full or partial methylation
showed B-catenin mutations. There were no cases harboring BRAF
and B-catenin mutations simultaneously, implying that B-catenin
mutation may have no association with ”AMLHI hypermethylation
with regard to CRC carcinogenesis.

We previously proposed that extensive methylation of hMLHI
promoter might play a crucial role in tumorigenesis in the proximal
colon2! In this study, we additionally demonstrated that the acti-
vating mutations of BRAF might take part in the carcinogenesis of
sporadic CRCs with AMLHI hypermethylation in the proximal
colon, independently of KRAS activation. However, one question
remains to be addressed. At which stage does BRAF activation
contribute to malignant transformation of colon epithelial cells?
Hyperplastic polyps and serrated adenomas in the right-sided
colon show high frequency of AMLHI hypermethylation, and these
lesions have been presumed to be premalignant lesions of right-
sided CRCs with MSL2® It would be interesting to examine
whether the majority of such hyperplastic polyps and serrated
adenomas already have BRAF mutations. If most of the CRCs with
extensive methylation are associated with BRAF'>*°F, such sub-
type would be a good target for novel anticancer drugs acting on
the MAPK pathway.38:3
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Abstract

Dahl salt-sensitive rats are genetically hypersensitive to sodium intake. When fed a high sodium diet, they develop systemic
hypertension, followed by cardiac hypértrophy and finally heart failure within a few months. Therefore, Dahl rats represent a good
model with which to study how heart failure is developed in vivo. By using DNA microarray, we here monitored the transcriptome
of >8000 genes in the left ventricular muscles of Dahl rats during the course of cardiovascular damage. Expression of the atrial
natriuretic peptide gene was, for instance, induced in myocytes by sodium overload and further enhanced even at the heart failure
stage. Interestingly, expression of the gene for the D-binding protein, an apoptotic-related transcriptional factor, became decreased
upon the transition to heart failure. To our best knowledge, this is the first report to describe the transcriptome of cardiac myocytes

during the disease progression of heart failure.
© 2003 Elsevier Inc. All rights reserved.
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A variety of conditions including pressure or volume
overload lead to hypertrophy of cardiac muscles, which
is often accompanied with an increase in systemic blood
pressure (BP). The hypertrophic change is in some cases
the result of a compensatory mechanism and in other
cases due to yet unidentified causes. Regardless of the
etiology, however, sustained hypertrophy of cardiac
myocytes eventually induces a reduction in contractile
ability and/or a decrease in, the number of viable myo-
cytes; the condition referred to as “heart failure” [1].

* Abbreviations: BP, blood pressure; LV, left ventricular; EF,
gjection fraction; RT, reverse transcription; PCR, polymerase chain
reaction; ANP, atrial natriuretic peptide; PAP, pancreatitis-associated
protein; DBP, D-binding protein; ET, endothelin; AT, angiotensin.
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Even today, it is difficult to control the function of failed
heart and this condition remains one of the leading
causes of human death [2]. The possibility of preventing
the progression from cardiac hypertrophy to heart fail-
ure would be greatly increased by characterization of
this process at the molecular level.

Unfortunately, however, little information has been
provided on this issue. Studies with neonatal rat cardiac
myocytes cultured in vitro, for example, have provided
important insight into the mechanism by which these
cells become hypertrophic in response to various con-
ditions [3]. However, the clarification of the next step,
transition to pumping failure, should require the anal-
ysis of in vivo specimens from both hypertrophic and
failed hearts. Sampling of ventricle myocytes from
human patients is very difficult, especially in a large scale
or in a time-course manner.
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To circumvent this hurdle, appropriate model ani-
mals would be required, in which hypertension-hyper-
trophy and heart failure is induced in this order, either
naturally or by some treatments. Dahl et al. isolated a
mutant strain from Sprague-Dawley rats, which exhibits
a genetical hypersensitivity to sodium intake [4]. With a
high sodium diet, this “Dahl salt-sensitive” rat devel-
oped systemic hypertension and cardiac hypertrophy
within a few weeks. Importantly, these changes were
followed by the development of congestive heart failure
and death in a few months. Therefore, by using the Dahl
rats, we could observe how hypertrophy of heart is
transformed in vivo into congestive failure.

DNA microarray has revolutionized our way to an-
alyze the gene expression profile. It enables us to mon-
itor the expression level of thousands of genes
simultaneously and provides us the “transcriptome”
profiles of given cells or tissues [5]. Therefore, DNA
microarray would be one of the most suitable ap-
proaches to address the gene expression alterations that
account for the progression of heart failure. In this pa-
per, we fed Dahl salt-sensitive rats high- or low-sodium
diet and compared the transcriptomes of cardiac myo-
cytes at various stages in the affected and control rats.
We thereby identified various groups of genes whose
expression is dependent on the stage of heart disease.

Materials and methods

Preparation of cardiac myocytes from Dahl salt-sensitive rats. Dahl
salt-sensitive rats (z = 36) were obtained from Japan SLC (Shizuoka,
Japan). They were fed a low-sodium diet (containing 0.3% NaCl) until
the age of 6 weeks. Sixteen rats were then switched to a high-sodium
diet (containing 8% NaCl), whereas the remaining 20 animals were
maintained on the low-sodium diet. Both groups of rats were moni-
tored every week for BP, body weight (BW), thickness of left
ventricular (LV) posterobasal free wall, and LV ejection fraction (EF).
The latter two were measured by echocardiography (7.5-MHz trans-
ducer; Sonos 2000, Hewlett-Packard, Andover, MA) after anesthesia
with an intramuscular injection of pentobarbital sodium (15mgrkg
BW). Four rats from each group were killed at ages of 6, 8, 11, 13, and
15 weeks; two of the animals were subjected to pathological exami-
nation and the other two were used as a source of LV muscle for DNA
microarray analysis.

RNA preparation and DNA microarray analysis. Total RNA was
extracted from the LV specimens with the use of RNAzol B (Tel-Test,
Friendswood, TX), and a portion (20pg) was converted to double-
stranded cDNA by the SuperScript Choice System (Life Technologies,
Gaithersburg, MD) with the T7-dT primer (5-TCTAGTCGA
CGGCCAGTGAATTGTAATACGACTCACTATAGGGCGTTTT
TTTTTTTTTTTTTTITTT-3). Biotin-labeled cRNA was prepared
from the resulting cDNA with the use of ENZO BioArray RNA
labeling kit (ENZO Diagnostics, Farmingdale, NY) and hybridized
with the GeneChip Rat U34A array (Affymetrix, Santa Clara, CA)
harboring the oligonucleotides corresponding to 8799 genes. Washing
of the arrays and detection of the hybridized cRNAs were performed
with the GeneChip instrument system according to the manufacturer’s
protocol.

The fluorescence intensity of each gene was normalized relative to
the median fluorescence value for all genes in each chip hybridization.

Statistical analysis of the digitized data was performed with Gene-
Spring 4.0 software (Silicon Genetics, Redwood, CA).

All array data as well as the information for the genes shown in
Fig. 3 are available through the web site of Biochem. Biophys. Res.
Commun.

“Real-time” reverse transcription-polymerase chain reaction (RT-
PCR) analysis. Portions of the double-stranded cDNAs were subjected
to PCR with SYBR Green PCR Core Reagents (PE Applied Biosys-
tems, Foster City, CA). Incorporation of the SYBR Green dye into the
PCR products was monitored in real time with an ABI PRISM 7700
sequence detection system (PE Applied Biosystems), resulting in the
calculation of threshold cycle, or Cy value, that defines the PCR cycle
number at which an exponential growth of PCR products begins. The
Cr values for glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
gene and for genes of interest were used to calculate the abundance of
the transcripts of these latter genes relative to that of GAPDH mRNA.
The oligonucleotide primers for PCR were 5-ACCACAGTCCAT
GCCATCAC-3 and 5-TCCACCACCCTGTITGCTGTA-3 for
GAPDH c¢DNA, ¥-GGTAGGATTGACAGGATTGGAGCC-3' and
5'-ACATCGATCGTGATAGATGAAGAC-3Y for atrial natriuretic
peptide (ANP) ¢cDNA, 5-TATACCTGGATTGGACTCCATGAC-¥
and 5-CTTGACAGGATGTGCTTCAGGACA-3 for pancreatitis-
associated protein (PAP) ¢cDNA, 5-CATCACCATGTGCATCTTC
ACGTG-3 and 5-AGGAGCCAAACGACATTTATCTGG-¥ for
12-lipoxygenase cDNA, and 5-GCCTCAGCCAATCATGAAGAAG
GC-3 and 5-TAGCGTGAAAGCACAGCACGGTAG-¥ for D-bind-
ing protein (DBP) ¢cDNA. Amplification of the target products with
these primers was verified prior to the real-time PCR analysis.

Results

Development of cardiac hypertrophy and heart failure in
Dahl salt-sensitive rats

Dabhl salt-sensitive rats were fed either a high- or low-
sodium diet and their cardiovascular parameters were
monitored. The initial systolic BP at 6 weeks of age was
108.5+11.4mmHg (mean+SD, n = 36). Animals on
the high-sodium diet, however, exhibited a rapid in-
creasc in BP to 163.8 £9.2 and 227.1 + 19.6 mmHg after
2 and 4 weeks, respectively, whereas the systolic BP of
rats maintained on the low-sodium diet remained within
the normal range (121.9+4.3mmHg after 4 weeks)
(Fig. 1A).

In parallel with the progression of systemic hyper-
tension, LV wall thickness also rapidly increased with
sodium loading (Fig. 1B). Within 2 weeks of high so-
dium intake, LV weight per tibial bone length (LVW/
TL) changed from 118.12+5.0 to 203.9 £ 9.3 mg/cm,
while that of the low-sodium group slowly increased to
142.2 £ 4.9 mg/em during this time interval.

Although the development of systemic hypertension
and cardiac hypertrophy was rapid and almost simul-
taneous, the pumping function of hearts in the high-
sodium group remained normal up to 11 weeks of age
(Fig. 1C). Thereafter, however, the LV EF of these
animals became rapidly impaired; 85.6£2.1%,
71.1+3.5%, and 61.0 £1.0% at 11, 13, and 15 weeks of
age, respectively. In contrast, the EF of rats in the low-
sodium group remained at a high level (87.0+0.9% at
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Fig. 1. Disease progression in Dahl salt-sensitive rats. Changes in
systolic BP (A), LVW/TL (B), LV EF (C), and BW (D) in Dahl salt-
sensitive rats fed a diet containing 8% NaCl (closed circle) or 0.3%
NaCl (open circle) from the age of 6 weeks are shown as mean
values = SD (z = 4 to 36).

15 weeks of age). The appetite of rats decreased upon
the onset of heart failure and the previous steady in-
crease in BW ceased at this stage (Fig. 1D). Most of the
animals with the high-sodium intake died between 15
and 18 weeks of age.

It should be noted that pumping failure developed
after a certain interval of hypertrophic stage, which re-
sembles well the clinical course in human heart diseases.
Patients with a high BP maintain a high LV EF at an
early stage of disease; many of them, however, eventu-
ally undergo heat failure despite clinical treatment.
Therefore, investigation of the transition process from
cardiac hypertrophy to heart failure in Dahl salt-sensi-
tive rats may provide us clues to the molecular events
essential for the progression to heart failure.

Pathological examination of the Dahl salt-sensitive
rats also supported our hypothesis that those with the

high-sodium diet well follow the natural course of heart
failure in humans. In contrast to the LV myocytes of
rats at 6 weeks of age, those from animals subjected to
sodium overload for 2 weeks (8 weeks old) exhibited
marked hypertrophy (Figs. 2A and B). Furthermore,
cross-sections of the sodium-loaded rats at 15 weeks of
age clearly demonstrated the feature characteristic to the
failed heart in humans; a decrease in the number of vi-
able myocytes, an increase in the amount of fibrotic
tissue, and lymphocyte infiltration (Fig. 2C). None of
these changes associated with hypertrophy or heart
failure were observed in the specimens from the rats with
low-sodium intake (data not shown).

Genes induced with the development of hypertension/
hypertrophy

LV tissue samples were prepared from two rats at 6
weeks old (normal stage), and from the ones with the
high-sodium diet at 8 weeks old (early hypertension
stage), 11 weeks old (late hypertension stage), 13 weeks
old (carly heart failure stage), and 15 weeks old (late
heart failure stage). The samples were also obtained
from the age-matched controls with the low-sodium diet
and all of them were subjected to DNA microarray
analysis. The mean expression level for each gene cal-
culated from the GeneChip data of the two rats was
used for statistical analysis.

To visualize the expression levels of the >8000 genes
in LV cells at each stage, we here generated a dendro-
gram, or “gene tree,” in which genes of similar expres-
sion pattern during the disease progression are placed
nearby. The extent of such similarity was measured by
the standard correlation with a separation ratio of 0.5
(Fig. 3A). From this tree, it is apparent that the tran-
scriptomes of LV cells from 6-, 8-, and 11-week-old rats
fed the low-sodium diet are similar to each other. Sta-
tistical “two-way clustering” [6] of the samples also
grouped these three samples within the same branch
(data not shown). In contrast, observed in this figure
were a number of gene clusters that were induced in the
rats with sodium overload at 8 weeks or 11 weeks of age.

A total of four genes (seven independent spot-groups
on the array) were identified by the extraction of genes
whose expression is highly induced in sodium-loaded
rats at 8 weeks of age (early hypertrophic stage) com-
pared with that in the age-matched controls (Fig. 3B). It
may be notable that these genes can be separated into
two sub-groups; one containing only the gene for ANP
and the other containing the genes for B-actin, myosin
heavy chain polypeptide 7, and aldolase A. While the
gene for ANP was induced throughout the entire course,
expression of the genes in the latter group decreased
lately (at 13 or 15 weeks of age).

We next tried to isolate a group of genes whose
expression level in the sodium-loaded rats at 11 weeks of
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Fig. 2. Pathological examination of LV specimens at normal, hypertrophic, and failing stages of heart disease. Dahl salt-sensitive rats at the normal
stage (6 weeks old) (A), hypertrophic stage (8 weeks old) (B), and heart failure stage (15 weeks old) (C) were sacrificed, and the cross-sections of their
left ventricles were stained with hematoxylin and eosin. Scale bars, 50 um.
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Fig. 3. Identification of genes expressed in a disease stage-specific manner. (A) Expression profiles of >8000 rat genes are shown as a dendrogram in
which genes with similar expression pattern across the samples are positioned close to each other. RNA used for the analysis was obtained from rats of
the indicated ages that were fed a diet low (L) or high (H) in sodium from 6 weeks of age. The fluorescence intensity of each gene was normalized
relative to the mean value for all genes in each hybridization and is shown pseudocolored according to the scale on the left. (B) Expression profiles
throughout the observation period for genes whose expression level at 8 weeks of age was markedly increased in rats fed the high-sodium diet (High)
compared with that in animals fed the low-sodium diet (Low). Each curve corresponds to a single gene on the GeneChip and is color-coded according
to the expression level at 8 weeks of age. Curves corresponding to the genes for ANP, myosin heavy chain polypeptide 7 (Myosin), B-actin, and aldolase
A are indicated by arrows. (C) Expression profiles of genes whose expression level at 11 weeks of age was markedly increased in sodium-loaded rats
compared with that in control animals. The curves are color-coded according to the expression level at 11 weeks of age. Curves corresponding to the
genes for ANP, 12-lipoxygenase, and PAP are indicated. (D) Expression profiles of genes whose expression level increased at the hypertrophic stage (8—
11 weeks of age) and decreased thereafter in the rats fed the high-sodium diet. The'curves are color-coded according to the expression level at 13 weeks
of age. Curves corresponding to the genes for aldolase A and B-actin are indicated. (E) Expression profiles of genes whose expression level decreased
with the onset of heart failure in rats fed the high-sodium diet. The curves are color-coded according to the expression level in the sodium-loaded rats at
15 weeks of age. Curves corresponding to the genes for a~tubulin and DBP are indicated. The gene names and accession numbers as well as the
expression intensity data for the genes shown in (B)-(E) are available through the web site of Biochem. Biophys. Res. Commun.

age (late hypertrophic stage) was highly induced com- isolated (Fig. 3C). In addition to the four genes ex-
pared to that in the age-matched controls. Seven genes tracted above, the newly identified genes included those
(12 independent spot-groups on the array) were thus for PAP and 12-lipoxygenase.



S. Ueno et al. | Biochemical and Biophysical Research Communications 307 (2003) 771-777 775

Genes down-regulated along with the reduction in EF

Which genes are activated or down-regulated specif-
ically in the heart failure stage? Our effort to isolate
genes whose expression is only induced at this stage has
resulted in failure. Therefore, we next focused on genes,
expression of which was down-regulated in parallel with
the reduction in EF.

For this purpose we attempted to extract genes with
two distinct expression patterns. In one group, the genes
were silent or expressed at a low level at the normal stage,
became activated at the hypertrophic stage, but whose
expression subsequently decreased at the heart failure
stage. In the next group, the genes were active throughout
the normal and hypertrophic stages, but became inacti-
vated at the onset of heart failure (13 weeks of age).

We identified six genes whose expression profiles
conformed to the first of these two patterns. The ex-
pression of all six genes was thus markedly down-regu-
lated between 11 and 13 weeks of age in rats fed the
high-salt diet (Fig. 3D). The expression of, for example,
the B-actin gene was elevated throughout the hypertro-
phic stage (8-11 weeks of age), but became negligible
once pumping failure began. The aldolase A gene
showed a similar expression profile. Interestingly, nei-
ther of them was highly expressed in the rats on the low-
sodium diet. Therefore, the expression level of these
genes may reflect the contractile ability of LV muscles.

We identified four genes, including those for a-tubulin
and DBP, whose expression profiles conformed to the
second pattern (Fig. 3E). In contrast to the other two
genes in this group, a-tubulin and DBP expressions were
active throughout the normal and hypertrophic stages in
both sodium-loaded and control rats, but declined only
in the sodium-loaded group at the heart failure stage. In
other words, the expression level of the two genes changed
approximately in a parallel manner to the EF level.

Confirmation of expression level by real-time RT-PCR

We then quantified the mRNA level of the above
genes by another method, real-time PCR. The abun-
dance of ANP, 12-lipoxygenase, PAP, and DBP genes
was determined relative to that of GAPDH mRNA in
the LV specimens obtained from the rats with high- or
low-sodium diet. Consistent with the results obtained by
microarray analysis, the expression of ANP was kept
increased throughout the study only in the sodium-
loaded rats (Fig. 4A). Similarly, the real-time PCR
confirmed the expression data for the other genes with
the GeneChip system. The genes for 12-lipoxygenase
(Fig. 4B) and PAP (Fig. 4C) started to increase at 11
weeks of age in the rats with high-sodium diet, but not

with the low-sodium one. As shown in Fig. 4D, the

expression of DBP was down-regulated along with the
progression of heart failure, while it remained at a high
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Fig. 4. Quantification of mRNA level by real-time PCR method. The
c¢DNA prepared from LV tissue of Dahl salt-sensitive rats at the indi-
cated ages after being fed a diet containing 8% NaCl (closed circles) or
0.3% NaCl (open circles) was subjected to real-time PCR analysis with
primers specific for ANP (A), 12-lipoxygenase (LOX) (B), PAP (C),
DBP (D), or GAPDH genes. The ratio of the abundance of the target
transcripts to that of GAPDH mRNA was calculated as 2", where # is
the Cr value for GAPDH ¢cDNA minus the Cr value of the target cDNA.

level during the corresponding period in the rats with
low-sodium diet (the reason for the transient decrease in
the amount of this mRNA at 11 weeks of age in the
control rats is not clear). Thus, overall, the results of the
GeneChip analysis correlated well to those obtained by
real-time RT-PCR method.

Discussion

In this paper, we have investigated the changes in
expression level of a large number of genes in heart
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muscles during the disease progression from normal
state to cardiac hypertrophy, and subsequently to heart
failure in Dahl salt-sensitive rats.

Although the genetic mutation(s) responsible for the
salt-sensitivity of these animals remains to be identified,
renal cross-transplantation experiment indicated that
the primary defect to cause hypertension in the rats
should reside within kidney [7]. Actually, feeding the
rats a high-sodium diet induces marked changes in
kidney morphology, leading to renal dysfunction [8].
Various studies have also implicated the renin-angio-
tensin (AT) system [9], calcinurin [10,11], endothelin
(ET)-system [9,12], and interleukin (IL)-1B [13] in the
development of LV hypertrophy and/or heart failure in
Dahl salt-sensitive rats.

However, in the present screening, no significant
difference was found between the rat LV muscles with
the high-sodium and low-sodium intake for the expres-
sion levels of AT receptor genes, calcinurin-related
genes, ET-related genes, and IL-1B, at least, for the
genes included on the GeneChip U34A array (data not
shown). Although our data do not exclude the possi-
bility that any of the factors above are involved in the
process of hypertrophy or pumping failure, these ob-
servations open the possibility of another primary cause
which is turned on only in the sodium-overloaded state
and evokes the catastrophe of cardiac function.

We could isolate many groups of genes whose ex-
pression behavior is highly dependent on the amount of
sodium in the diet. For instance, expression of the ANP
gene differed most markedly between the sodium-loaded
and control rats; its expression was kept increased to the
final stage in the rats fed the high-sodium diet, but re-
mained negligible in the rats on the low-sodium one
(Figs. 3B and C). ANP is a vasodilator released from
atrium in response to pressure overload, but was also
shown to be expressed in ventricle [14]. The pronounced
increase in ANP gene expression observed in the present
study may therefore result from the systemic hyperten-
sion and congestive heart failure that developed in
sodium-loaded rats.

The increase in B-actin and myosin heavy chain gene
expression observed during the development of hyper-
trophy likely reflects the associated increase in cardiac
muscle mass and contractile ability. Consistent with this
notion, the expression of both of these genes subse-
quently decreased with the progression to heart failure
(Fig. 3B). It would also be possible that the increase of
aldolase A gene is considered in the same context. Al-
dolase A is a ubiquitous protein and functions in the
glycolysis process. Therefore, induction of aldolase A
may reflect the elevated catabolic activity in the hyper-
trophic muscles. Diminution of its expression in the
failure stage is compatible with this hypothesis.

The 12-lipoxygenase protein catalyzes the transfer of
oxygen to the C-12 position of arachidonic acid. Al-

though its in vivo function is not clear yet, it is of in-
terest that the products of this enzyme may have a
growth promoting activity [15,16]. The gene expression
of 12-lipoxygenase is, at least partially, under the con-
trol of angiotensin II stimulation, and the metabolite of
this enzyme can induce hypertrophy of vascular smooth
muscle cells. Furthermore, Gabel et al. [17] indicated the
cardioprotective effect of 12-lipoxygenase. Thus, over-
expression of this gene only in the sodium-loaded rats
may contribute to the development of hypertrophy, and
the transient inactivation of the gene at the age of 13
weeks (Figs. 3C and 4B) may be related to the transition
to the heart failure state.

PAP, also known as HIP [18], is known to be released
from pancreas upon pancreatitis [19] and is related to C-
type lectins. Based on its structural motifs, PAP is
supposed to be involved in the cell-to-cell contact or cell
migration, while its specific role in vivo is totally un-
known. Functional role of sustained expression of PAP
only in the rats with the high-sodium diet also remains
to be elucidated.

From this study, the gene of potential interest may be
that for DBP which belongs to the basic region-leucine
zipper (bZIP) family of transcriptional factors [20].
Close relatives to DBP include thyrotroph embryonic
factor (TEF) [21], hepatic leukemia factor (HLF) [22],
and NFIL3/E4BP4 [23]. These proteins are likely to play
a pivotal role in the determination of cell fate for ap-
optosis [24], and, thus, it was an interesting finding that
DBP was constantly expressed at a high level in the rats
with the low-sodium diet, but that the expression of
DBP became down-regulated along with the progression
of heart failure only in the sodium-loaded rats. It would
be an intriguing question whether DBP functions for
cardioprotective effect.

In conclusion, our study has provided new insight
into the molecular mechanisms of cardiac hypertrophy
and heart failure. Additional screening to identify genes
whose expression is altered specifically at the heart
failure stage should further increase our understanding
of this condition.
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DNA microarray analysis has been applied to identify
molecular markers of human hematological malignancies.
However, the relatively low correlation between the
abundance of a given mRNA and that of the encoded
protein makes it important to characterize the protein
profile directly, or ‘proteome,” of malignant cells in
addition to the ‘transcriptome.” To identify proteins
specifically expressed in leukemias, here we isolated
AC133* hematopoietic stem cell-like fractions from the
bone marrow of 13 individuals with various leukemic
disorders, and compared their protein profiles by two-
dimensional electrophoresis. A total of 11 differentially
expressed protein spots corresponding to 10 independent
proteins were detected, and peptide fingerprinting com-
bined with mass spectrometry of these proteins revealed
them to include NuMA (nuclear protein that associates
with the mitotic apparatus), heat shock proteins, and
redox regulators. The abundance of NuMA in the
leukemic blasts was significantly related to the presence
of complex karyotype anomalies. Conditional expression
of NuMA in a mouse myeloid cell line resulted in the
induction of aneuploidy, cell cycle arrest in G,~M phases,
and apoptosis. These resulis demonstrate the potential of
proteome analysis with background-matched cell fractions
obtained from fresh clinical specimens to provide insight
into the mechanism of human leukemogenesis.
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Introduction

Annotation of the draft sequence of the human genome
has opened up the possibility of applying novel genomic
approaches to the characterization of molecular patho- -
genesis of human disorders (The genome international
sequencing consortium, 2001; Venter et al., 2001).
Among genomic screening methods, DNA microarray
analysis has to date provided the greatest insight into
leukemogenesis. This technology readily allows mea-
surement of the expression levels of thousands of genes
simultaneously (Duggan et al, 1999). Expression
profiling with microarrays has thus made it possible,
for example, to distinguish acute myeloid leukemia
(AML) from acute lymphoid Jleukemia (ALL)
(Golub et al., 1999), to define novel subgroups of
leukemias and lymphomas (Alizadeh et al, 2000;
Armstrong et al., 2002), and to identify candidate genes
for leukemogenesis (Ohmine et al., 2001; Makishima
et al., 2002).

An important concern in the assay of fresh specimens
by microarray analysis, however, is that apparent
changes in gene expression detected at different stages
of carcinogenesis may actually reflect changes in cell
composition rather than changes in gene expression per
se. For example, whereas immature (leukemic) blasts
constitute >20% of bone marrow (BM) mononuclear
cells (MNCs) in individuals with leukemia, BM MNCs
of normal individuals contain -only a few percent
immature blasts. A simple comparison by microarray
analysis between normal and leukemic BM cells would, .
therefore, likely reveal changes in gene expression only
attributable to the expansion of immature blasts in the
latter. Indeed, we observed that one of the genes whose
expression appeared highly specific for leukemic BM
cells, compared with normal BM cells, was that for
CD34, simply reflecting the expansion of CD34+*
leukemic blasts in the leukemic BM specimen (Miyazato
et al., 2001).



To eliminate such population-shift effects, we have
purified and stored AC133+ hematopoietic stem cell
(HSC)-like fractions from the BM of patients with a
wide range of leukemic disorders and deposited them in
our ‘Blast Bank.’ The suitability of such purified
fractions for microarray analysis was confirmed by the
observation that the CD34 gene was expressed at similar
levels in AC133+ cells obtained from normal individuals
and in those isolated from leukemic patients (Miyazato
et al., 2001). Microarray analysis of Blast Bank samples
has also resulted in the identification of new molecular
markers for myelodysplastic syndrome (MDS) (Miya-
zato et al., 2001) and for chronic myeloid leukemia
(CML) (Ohmine et al., 2001).

Despite its potential for identifying genes important in
leukemogenesis, microarray analysis is not able to
provide direct information on the abundance or post-
translational modification of proteins. The transcrip-
tional activity on a given gene is thus not always a major
determinant of the expression level of the encoded
protein. After exclusion of several of the most abundant
proteins, a large-scale study (Gygi et al., 1999) of yeast
cells determined the correlation coefficient between the
amount of an mRNA and the abundance of the
corresponding protein to be only ~0.4. Furthermore,
only four out of 28 proteins identified in a mouse cell
line showed relative levels similar to those of the
corresponding mRNAs (Lian et al., 2001). A thorough
characterization of leukemogenesis thus requires direct
determination of the accompanying changes not only in
the amounts of cellular mRNAs but also in protein
abundance.

In addition to discrepancies between the amounts of
mRNA and protein derived from a given gene, the
activities of many proteins are influenced by post-
translational modifications such as phosphorylation,
cleavage, glycosylation, and redox regulation. Such
concerns have highlighted the importance of proteomic
approaches that are able to assess changes in the
abundance and post-translational modification of pro-
teins on a large scale. One of the main current strategies
in proteomics is the combination of two-dimensional gel
electrophoresis (2DE) and mass spectrometry (MS).
Whereas 2DE allows the screening of hundreds to
thousands of proteins for changes in molecular size,
isoelectric point (pI), or phosphorylation, MS then
allows the identification of protein spots of interest.

- However, as in the case of DNA microarray analysis,
the population-shift effect is also an important con-
sideration in proteomics. Differentiation of cells is thus
accompanied by changes in the expression of a
substantial number of proteins (Lian er al., 2001). A
proteome comparison between two specimens with
different cell compositions would therefore yield pseu-
dopositive data that reflect only the population-shift
effect. A proteomic approach to the characterization of
leukemogenesis would thus ideally require the purifica-
tion of background-matched cell populations from fresh
specimens of leukemic patients.

We have now prepared protein extracts from the
purified AC133* leukemic blasts of 13 individuals with
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acute leukemia or related disorders. Screening of these
protein samples with 2DE and MS resulted in the
identification of 10 proteins that were expressed
differentially among the patients.

Results

2DE of Blast Bank samples

Our goal was to identify proteins whose abundance,
relative molecular mass, or pl differs markedly among
HSC-like fractions isolated from individuals with
leukemia. Preliminary studies with cell lines revealed
that at least 1 x 10° MNCs were required to yield =100
spots reproducibly on 2DE gels. Given that the AC133+
HSC-like fraction usually constitutes a small proportion
of leukemic blasts, it was not always possible to obtain
such a large number of AC133+ cells from fresh patient
specimens. Indeed, our Blast Bank contained only 13
AC133+ fractions that comprised >2 x 10° cells. The
clinical characteristics of the corresponding patients
(five with de novo AML, four with MDS-associated
AML, three with myeloproliferative disorders (MPDs)
in blast crisis (BC), and one with ALL) are summarized
in Table 1. All these patients died within 12 months of
diagnosis.

Our preliminary studies also revealed that abundant
proteins sometimes masked neighboring minor protein
spots on the 2DE gels. To minimize such effects, we
therefore first fractionated the cell samples into different
subcellular components, including nuclear, mitochon-
drial, microsomal, and cytosolic fractions (Watarai et al.,
2000). Each subcellular fraction was then independently
compared by 2DE among the 13 patients. The cytosolic
fractions consistently yielded =100 spots per gel and
were analysed further in the present study. The
comparisons of the other subcellular fractions will be
described separately.

Identification of differentially expressed proteins

A representative image of a silver-stained gel, for which
Melanie III software detected >200 independent spots,
is shown in Figure la. Comparison of these spots among
the gel images for the 13 patients revealed a total of 11
spots that showed a significant difference in abundance
(as judged by the criteria described in Materials and
methods). Peptide fingerprinting by matrix-assisted laser
desorption-ionization time-of-flight (MALDI-TOF) MS
of these 11 spots resulted in the identification of the
corresponding 10 proteins (Table 2). They include
nuclear protein that associates with the mitotic appara-
tus (NuMA), heat shock 70-kDa protein 5 (HSPAY),
heat shock 70-kDa protein 8 (HSPAS), adenosine
deaminase (ADA), aldolase A (ALDOA), triose phos-
phate isomerase 1 (TPIl), glutathione S-transferase pi
(GST-pi), superoxide dismutase 2 (SOD2), peptidyl-
prolyl isomerase A (PPIA), and heat shock 70-kDa
protein 9B (HSPA9B). Two independent spots with
different molecular mass and pl values were revealed to
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Table 1 Clinical characteristics of the patients subjected to proteome analysis
Patient ID Age (years) Sex Disease and subtype Treatment outcome Abnormal chromosomes (=3)
AML #1 65 M AML, MO Failure —
AML #2 71 M AML, MO Failure +
AML #3 65 F AML, M1 CR —
AML #4 31 F AML, M4 Failure -
AML #5 83 F AML, MS5a Failure -
MDS #1 69 M MDS-associated AML, M2 Failure —
MDS #2 67 F MDS-associated AML, M2 Failure +
MDS #3 68 F MDS-associated AML, M4 Failure -
MDS #4 53 M MDS-associated AML, M2 Failure +
MPD #1 60 M MPD, BC Failure +
MPD #2 68 F PV, BC Failure +
MPD #3 33 M CML, BC Failure —
ALL #1 23 F ALL, L1 Failure —
FAB subtypes for the patients are indicated. Abbreviations: M, male; F, female; CR, complete remission; PV, polycythemia vera
be derived from the same gene product, HSPAS Aneuploidy associated with NuMA expression
(Figure 1a).

We then examined whether clinical parameters of the ~ The role of NuMA in mitosis suggested that aberrant
patients were related to the intensity of any of the 11  induction of NuMA expression in leukemic blasts might
protein spots. The expression level of NuMA was  contribute to the chromosomal instability apparent in
significantly related to whether the number of abnormal  such cells. To examine directly the effects of NuMA
chromosomes was >3 or <3 (P=0.017; Student’s -  overexpression, we transfected mouse myeloid 32D cells
test). The images of the NuMA spots for all 13 patients ~ (Greenberger et al., 1983) with a vector that confers
are shown in Figure 1b. NuMA is a nuclear protein that ~ Zn**-dependent expression of human NuMA. Cell
accumulates in the pericentrosomal region of the mitotic ~ clones transfected with this vector (32D-NuMA#1 to
spindle and plays an important role in the assembly of ©  32D-NuMA#7) or the corresponding empty vector
mitotic asters (Compton and Cleveland, 1993; Gaglio (32D-MT#1 to 32D-MT#4) were selected by culture in
et al., 1997; Du et al., 2001). the presence of G418, after which 0.1mMm Zn** was

Since we could obtain only several thousands of  added to the culture medium. Immunoblot analysis with
AC133+ cells from the BM aspirates of healthy  antibodies to NuMA revealed marked expression of
volunteers, it was impossible to assess the protein level ~ p240™™4 in the 32D-NuMA clones, but not in the 32D-
of p240™™MA directly in the AC133+ fractions of normal ~ MT clones (Figure 2a). The electrophoretic mobility of
individuals. Instead, here we have quantified the  NuMA expressed in the 32D-NuMA clones was
abundance of NuMA mRNA by the ‘real-time’ reverse  identical to that of p240™™* detected in human kidney
transcription—polymerase chain reaction (RT-PCR) 293 cells transiently transfected with the pMT-NuMA
method. The abundance of NuMA mRNA relative to  vector.
that of glyceraldehyde-3-phosphate dehydrogenase The Zn*+ dependence of NuMA expression in each
(GAPDH) mRNA was examined among the AC133+ 32D-NuMA clone was verified by incubating cells in the
HSC-like fractions obtained from a healthy volunteer  absence or presence of ZnSO,. Immunoblot analysis
and those with CML in chronic phase (CP), in addition ~ revealed a marked dependence of NuMA expression on
to the specimens subjected to 2DE (Figure Ilc). the presence of Zn?* for all 32D-NuMA clones
Although the mRNA level of NuMA did not precisely ~ (Figure 2b; data not shown). The amount of NuMA
correlate with the corresponding protein level, there was  in 32D-NuMA#1 cells, for example, incubated over-
a tendency that its mRNA was abundant in the samples  night in the absence or presence of Zn>* was 12.8 and
with a high expression of NuMA protein (shown in gray ~ 59.8 times, respectively, that of endogenous p240™¥* in
columns). 32D-MT cells.

The proportion of malignant blasts is below 5% in Examination of the morphology of 32D transfectants
BM MNCs of patients with CML in CP, and, therefore, revealed that the induction of NuMA expression in
such BM aspirates could yield only 1 x 10°~1x 10* of  some cells resulted in a marked increase in cell size and
AC133+ cells, which were not enough for the protein  in the formation of multiple nuclei (Figure 3a); effects
analysis. However, since these patients had only  suggestive of the development of aneuploidy. Flow
one chromosomal anomaly, t(9;22), they were  cytometric analysis of DNA content revealed that
chosen to be included in this RT-PCR analysis. The  incubation of 32D-NuMA transfectants with Zn** for
expression level of the NuMA gene was negligibly low 2 days led to mitotic block (a decrease in the proportion
in the HSC-like fractions of a normal individual  of cells in S phase of the cell cycle, and an increase in the
and most patients with CML in CP, which indirectly =~ proportion of those in G,-M); such an effect was not
supports the low expression of NuMA protein in  observed in 32D-MT cells (Table 3). Furthermore,
these specimens. induction of NuMA expression in transfected cells was
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Figure 1 2DE analysis of Blast Bank samples. (a) The cytosolic
fraction (~ 10 ug of protein) isolated from AC133* leukemic blasts
was subjected to 2DE on a 7.5-15% gradient gel. The scanned
image of the silver-stained gel was then used to detect and compare
protein spots. The positions and identities of proteins expressed
differentially among leukemic patients are indicated by arrows, and
the positions of molecular mass standards (in kilodaltons) are
shown on the right. (b) Images of the NuMA spots for all 13
patients analysed. (¢) Complementary DNAs were prepared from
the AC133+ blasts of a healthy volunteer (normal) and those with
AML, ALL, MDS-associated leukemia (MDS), CML in CP, and
MPD in BC, and were subjected to real-time RT-PCR analysis
with primers specific for the NudA or GAPDH gene. The ratio of
the abundance of NuMA mRNA to that of GAPDH mRNA was
calculated as 27, where 7 is the Cr value for GAPDH c¢DNA minus
the Cy value for NuMA cDNA. The expression levels of NuMA
mRNA for the patients with abundant expression of NuMA
proteins (more than 3.0 U in Table 2) are shown as gray columns
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associated with an increase in the proportion of cells
with an abnormal (4(n)) DNA content (Table 4). These
data thus suggested that overexpression of NuMA
perturbs cell cycle progression by inhibiting mitosis
and thereby results in the development of aneuploidy.

We also noticed that induction of p240™™* expres-
sion was accompanied by the appearance of cells with
apoptotic features (Figure 3a) as well as by marked
decreases in both the rate of cell growth (Figure 3b) and
cell viability (data not shown). The increase in the
prevalence of apoptosis in NuMA-overexpressing cells
was confirmed by the detection of an increased extent of
internucleosomal DNA fragmentation by agarose gel
electrophoresis of genomic DNA (Figure 3c).

In our 2DE analysis, NuMA was identified within the
cytoplasmic fractions, while the protein was originally
reported to be accumulated in the nucleus. To determine
its subcellular localization, p240~™4 fused with en-
hanced green fluorescent protein (EGFP) (NuMA-
EGFP) was expressed in human kidney 293 cells. As
shown in Figure 3d, EGFP was expressed diffusely
within cells. With regard to NuMA-EGFP, it was
localized in the nucleus (but not in the nucleolus) in
the majority of transfected cells (NuMA-EGFP#1).
There was, however, a fraction of cells that had NuMA
exclusively within their cytoplasm (NuMA-EGFP#2-3).
Therefore, NuMA can be localized within the cytoplasm
in living cells. Since such cells with cytoplasmic NuMA
had a round shape, they may be at specific stages of the
cell cycle. It would be an intriguing issue to address
whether subcellular localization of p240™™4 is regulated
in a cell cycle-dependent manner.

Discussion

We have compared the protein profiles of HSC-like
fractions derived from individuals with various leuke-
mia-related disorders. Given that the proteome is
strongly influenced by cell differentiation (Lian et al.,
2002), a simple comparison of BM MNCs from different
patients is likely to result in the identification of proteins
whose apparent change in expression actually reflects a
difference in the cellular composition of the specimens.
To prevent such a complication, we isolated highly
immature BM cells on the basis of their surface
expression of ACI133. Comparison of such back-
ground-matched fractions should eliminate pseudoposi-
tive data that might result from different proportions of
leukemic blasts in BM or from differences in cell lineage
to which the leukemic blasts are committed (Miyazato
et al., 2001).

We identified 10 proteins that were expressed differ-
entially among the leukemic blasts from the 13 patients
examined. Three of these proteins (HSPAS, HSPAS and
HSPA9B) belong to the heat shock protein family of
70 kDa (HSP70), and two of them (GST-pi and SOD2)
function in redox regulation. HSPAS5 (also known as
glucose-regulated protein 78 (GRP78) or immunoglo-
bulin heavy chain-binding protein (BiP)), HSPAR (heat

Oncogene



Proteomic analysis of leukemia

J Otaet al
5724
Table 2 Quantitation of the abundance of proteins expressed differentially among the patients
Patient ID
Protein Accession  AML AML AML AML AML MDS MDS MDS MDS MPD MPD MPD ALL
number #1 #2 #3 #4 # #1 #2 #3 #4 #1 #2 #3 #1
NuMA XP_006005 1.339 8.135 1350 0.324 0.700 0492 10771 4772 0.460 0.780 0.139 0.177  7.100
HSPAS P11021 0.378 0.347 0.801 0391 0.579 0.374 0424 0.063 0.100 0.396 0.827 0.582 0.478
HSPAS (p71) P11142 1.440  0.569 2.554 1442 0.328 1.107 0.677 0.236 0.180 0.673 0324 0.793 1.150
ADA P00813 0.113 0900 1.859 0.530 0.500 1.007 1.104 1.618 1178 2.750 1.688 0.236 0.766
ALDOA P04075 0.264 1336 0.119 0164 0843 0.324 0970  1.723 0.436 0.144 0280 0.218 0.630
HSPAS (p34) P11142 0.150  0.786 0.081 0.158 0.435 0.490 0.108 0.582 0.000 0306 0.553 0.071 0.191
TPI1 P00938 0.743 2,061 0.727 0262 1.254 2.162 0464 2990 0.157 0.602 0.439 0.605 0.903
GST-pi P09211 0.785 0.737 1312 0.841 2.107 0.685 0.302 1.241 0290 0.660 1276 1077 0.868
SOD2 P04179 0.083 0283  0.065 0562 0290 0.325 0.096 0.341 0.000 0.336 0.143 0.594 0.255
PPIA P05092 1.473  1.630 0.924 0.147 1.534 2.008 0905 0.733 1.722 2006 0.175 0.884 0.567
HSPA9B P38646 0.253 0206 0.779 1688 0215 0.550 0.231 0.148 0325 0445 0446 0317 0.175
Normalized spot intensity (arbitrary units) as well as accession numbers for the Entrez protein database (http://www.ncbi.nlm.nih.gov/entrez/) are
shown for the differentially expressed proteins
a have also been shown to possess antiapoptotic activity
293 32D (Jaattela, 1999). An increased expression of HSP70
« MT NUMA f_arnily proteins in leukem_ic blasts might thus be directly
& F linked to leukemogenesis or to the development of
S S 1 #2 #1 42 #3 #4 45 #6 #7 resistance to chemotherapeutic drugs.
T The redox state of cells reflects a precise balance
§| < NuMA between the production of reactive oxygen species and
the activity of reducing agents, the latter of which
include thiol-based buffers and SOD (Davis et al., 2001).
b . . ; ; .
NuMA MT GST functions in cellular detoxification by catalysing
# 45 P 43 4 the conjugation: of ?e.duced gluta‘ghione (GSH) to target
e — 4 - 1 - 4= 5+ - 1 - 3 molecules. In addition, GST-pi has been linked to
: chemoresistance to doxorubicin (Volm et al., 1992) and
N < NuMA to cisplatin (Okuyama et al., 1994), and GST isoforms
: have been shown to be directly regulated by c-Jun NH,-
Figure2 Conditional expression of NuMA in 32D cells. (a) Stable terminal kinase (INK)), also known as Stress'activated
transfectants of 32D cells were isolated for pMT-CB6 (MT) or protein kinase (SAPK) (Adler et al., 1999). SOD2, also
PMT-NuMA (NuMA) vectors. Total cell lysates (10 ug of protein known as manganese-dependent SOD (MnSOD), is a
per lane) prepared from cells incubated.overnight in the presence of mitochondrial enzyme that catalyses dismutation of the
0.lmm ZnSO, were subjected to immunoblot analysis with . L .
antibodies to NuMA. Total cell lysates prepared from human superomde anion into O, and, H>0,. Overexpression of
kidney 293 cells transieritly transfected with pMT-CB6 or pMT- this enzyme has been detected in cancer cells (Panget al.,
NuMA were similarly analysed. The position of p24QMMA ig 1997) as well as in neurons of individuals with
indica_ted on the right. (b) The transfected 32D clones were cultured autosomal recessive parkinsonism (Matsumine et al.,
overnight with (++) or without (~) ZnSO, and then analysed for 1997; Shimoda-Matsubayashi ez al., 1997). It remains to
the induction of NuMA expression as in (a) ’ . . : R
’ be determined whether an increased expression of GST-
' pi or SOD2 contributes to leukemogenesis.
shock cognate protein 70 (HSC70), HSP73, or lipopo- NuMA was one of the most abundant soluble
lysaccharide-associated protein 1 (LAP1)), and HSPA9  proteins in the leukemic blasts from some of the patients
(HSP75, mortalin, or GRP75) all function as molecular  analysed in the present study. Given that NuMA is
chaperones. Their expression is induced by a variety of  essential for the formation of the mitotic spindle, our
cellular stressors and they are thought to facilitate  observation that the abundance of this protein in
protein folding and oligomerization. In addition, how-  leukemic blasts was related to the number of chromo-
ever, whereas forced expression of one of the two  somal abnormalities suggested that aberrant NuMA
isoforms of HSPA9, HSPA9A (MOT1), induces cell activity might result in a failure of cells to complete
senescence (Kaul ez al., 1995), that of HSPA9B (MOT2),  mitosis and lead to the development of chromosomal
which differs from HSPA9A by only two amino acids,  instability. We indeed demonstrated such effects of
promotes cell cycle progression and malignant transfor-  NuMA by inducing its expression in mouse 32D cells.
mation (Kaul e al, 1998). Although it is not known  However, the forced expression of NuMA also resulted
how MOT proteins induce malignant transformation,  in G,—M arrest and apoptosis. The mere overexpression
the stress-induced tyrosine phosphorylation of these  of NuMA does not therefore appear to be sufficient for
proteins suggests that they function downstream of  malignant transformation to leukemic cells. Other
protein tyrosine kinases. Many molecular chaperones  genetic events that promote cell cycle progression or
Onecogene
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Figure 3 Induction of ancuploidy and apoptosis by expression of
p240™MA (2) Mouse 32D cell clones transfected with pMT-CB6
(MT#1) or pMT-NuMA (NuMA#3) were cultured for 4 days in
RPMI 1640 medium supplemented with 10% FBS and IL-3 25U/
ml) either in the absence (—) or presence (+) of 0.1 mm ZnSO,. The
cells were then stained with Wright-Giemsa solution and examined
by light microscopy. Scale bar; 30 um. (b) Mouse 32D cell clones
transfected with pMT-CB6 (MT#4) or pMT-NuMA (NuMA#1)
were cultured as in (a) in the absence (—) or presence (+) of
7nSO,, and total cell number was determined at the indicated
times. (¢) Mouse 32D cell clones transfected with pMT-CB6
(MT#1 and #4) or pMT-NuMA (NuMA#1 and #3) were cultured
as in (a) in the presence of IL-3 and ZnSO, for 0, 2, or 4 days, as
indicated. Genomic DNA was then isolated, subjected to agarose
gel electrophoresis through a 2% gel, and stained with ethidium
bromide. Genomic DNA was also examined for 32D cells in which
apoptosis was induced by an overnight deprivation of IL-3 (right-
most lane). Lane M, DNA size markers (50-bp ladder, Invitrogen).
(d) Human kidney 293 cells transfected with pEGFP (EGFP) or
pEGFP/NuMA (NuMA-EGFP#1-3) were subjected to the analy-
sis with a fluorescent microscope. Scale bar; 20 um

protect cells from apoptosis are likely also required to
overcome the proapoptotic activity of NuMA. Chro-
mosomal instability associated with NuMA expression
may increase the chance of such genetic events, the
occurrence of which may be reflected in changes in the
proteome detected in our study.

Current proteomics techniques are limited in their
sensitivity for protein detection. In our study, no single
2DE image yielded >300 independent protein spots,
which is far fewer than the total number of human
proteins predicted from sequencing of the human
genome (3000040000 proteins without taking into
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Figure 3 Continued

Table 3 Cell cycle analysis of NuMA-expressing cells
Cells (%)

Clone Time with Zn?* (days) G, S G-M

29.5
27.5
31.2
33.1
30.6
319

63.1 7.4
60.5 12.0
61.1 7.7
28.9 38.1
61.0 7.8
352 32.9

MT#1
NuMA#1

NuMA#3

[\ Ra-3 (S R el S R an]

Mouse 32D cells transfected with pMT-NuMA (NuMA#! and #3) or
pMT-CB6 (MT#1): were incubated with 0.1mm ZnSO, for the
indicated times, after which the percentage of cells in Gy, S, or
G,-M phase of the cell cycle was determined by flow cytometry

account the products of alternative RNA splicing).
Further improvements in proteomics tools and their
application to the direct comparison of protein profiles
among background-matched cell fractions prepared
from fresh specimens should provide an insight into
the intracellular events that underlie malignant trans-
formation in human leukemias.
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Table 4 Effect of NuMA induction on the proportion of cells with
aneuploidy

Time with Zn’* (days)

Clone 4(n) fraction (%)

1.98
1.96
1.35
1.86
1.11
1.63
1.47
4.87
3.97
1.65
5.59
4.51

MTi#1

MT#4

NuMA#1

NuMA#3

AN ORANDORARNDNORANO

Mouse 32D cells transfected with pMT-NuMA (NuMA#1 and #3) or
pMT-CB6 (MT#!1 and #4) were incubated for the indicated times with
0.1mm ZnSOy, after which the percentage of cells with an increased
DNA contents (4(n)) was determined flow cytometry

Materials and methods

Cell culture

Mouse myeloid 32D cells were cultured in RPMT 1640 medium
(Invitrogen, Carlsbad, CA, USA) supplemented with 10%
fetal bovine serum (FBS) and mouse interleukin-3 (IL-3; 25U/
ml; Invitrogen). Cells transfected with pMT-CB6-based
vectors were subjected to selection with the same medium
containing G418 (I mg/ml; Invitrogen). Human kidney 293
cells (American Type Culture Collection) were cultured in
DMEM/F12 medium (Invitrogen) supplemented with 10%
FBS and 1 mum L-glutamine.

Isolation of Blast Bank samples

With written informed consent, BM MNCs had been isolated
by Ficoll-Hypaque density gradient centrifugation from the
individuals with various hematopoietic disorders. ACI33+
cells were purified from such MINCs and stored in our Blast
Bank with the use of an immunoaffinity chromatography for
AC133 as described previously (Miyazato et al., 2001). Briefly,
MNCs were labeled with magnetic bead-conjugated antibody
toward AC133 (AC133 MicroBeads; Miltenyi Biotec, Auburn,
CA, USA) in phosphate-buffered saline supplemented with
3% FBS and 2mm EDTA. The cells were then loaded onto
miniMACS magnetic cell separation columns (Miltenyi
Biotec), and ACI133* cells were purified according to the
manufacturer’s instruction. To examine the enrichment of
ACI133* cells, portions of the MNC and ACI33* cell
preparations were stained with Wright-Giemsa solution or
analysed with a FACScan flow cytometer (Becton Dickinson,
Mountain View, CA, USA) for the expression of CD34, CD38,
and ACI133. At the end of March 2003, Blast Bank contained
411 independent ACI133+ fractions, including 141, 95, and 60
specimens derived from individuals with de novo AML, MDS,
or CML, respectively.

2DE of subcellular fractions

A total of 13 AC133+ cell preparations (2 x 10%1 x 107 cells)
were subjected to subcellular fractionation by sequential
centrifugation as described previously (Watarai et al., 2000).
In brief, cells were suspended in 300 ul of a solution containing
20mMm HEPES-NaOH (pH 7.4) and 0.25m sucrose, and
homogenized by 30 strokes in a Dounce homogenizer. The
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resulting homogenate was centrifuged at 1000 g for 10 min, the
resulting pellet was saved as the nuclear fraction, and the
resulting supernatant was further centrifuged at 10000¢g for
10 min. The pellet from this second centrifugation was saved as
the mitochondrial fraction, and the supernatant was centri-
fuged at 100000 g for 60 min to yield the microsomal fraction
(pellet) and cytosolic fraction (supernatant). All subcellular
fractions were independently subjected to isoelectric focusing
on IPG DryStrips (pH 3-10 NL; Amersham Biosciences,
Uppsala, Sweden) with a Multiphor II electrophoresis system
(Amersham Biosciences). The separated proteins were then
subjected to SDS—PAGE through 7.5-15% gradient gels (Bio-
Craft, Tokyo, Japan) and visualized by silver staining
(Shevchenko et al., 1996).

Protein identification

Stained gels were scanned with an LAS1000 image analyser
(Fujifilm, Tokyo, Japan) to generate a digitized image file.
Protein spots in the image were detected with the use of
Melanie III software (GeneBio, Geneva, Switzerland) with
manual adjustment, and were quantified by the same software.
The intensity of each spot on a gel was normalized on the basis
of the total signal intensity for that gel. The total number of
spots detected in one gel image was 168 +59 (mean+s.d.). A
protein spot was classified as differentially expressed if (1) the
intensity of the spot was >0.5 arbitrary units in at least one of
the 13 image files and (2) the spot intensity ratio was =5 for
comparison between any pair of gel images. The 11 spots that
fulfilled these criteria were excised from the gels and subjected
to protease digestion and peptide fingerprinting by MALDI-
TOF MS (Voyager ET STR; Applied Biosystems, Foster City,
CA, USA). The determined molecular masses of peptides were
compared with an in-house nonredundant protein database
maintained by Kirin Brewery Co. Ltd.

Quantitative real-time RT-PCR analysis

Total RNA was extracted from the purified AC133 cells with
the use of RNAzol B (Tel-Test, Inc., Friendswood, TX, USA),
and a portion of the RNA was converted to double-stranded
cDNA by the SuperScript Choice System (Life Technologies,
Gaithersburg, MD, USA). The cDNAs were then subjected to
PCR with a QuantiTect SYBR Green PCR Kit (Qiagen,
Valencia, CA, USA). The amplification protocol comprised
incubations at 94°C for 15s, 60°C for 30s (54°C in the case of
NuMA cDNA), and 72°C for 60 s. Incorporation of the SYBR
Green dye into PCR products was monitored in real time with
an ABI PRISM 7700 sequence detection system (PE Applied
Biosystems, Foster City, CA, USA), thereby allowing deter-
mination of the threshold cycle (Cy) at which exponential
amplification of PCR products begins. The Cr values for
cDNAs corresponding to GAPDH and NuM A genes were used
to calculate the abundance of NuM A mRNA relative to that of
GAPDH mRNA. The oligonucleotide primers for PCR were
5-GTCAGTGGTGGACCTGACCT-3' and 5-TGAGCTT-
GACAAAGTGGTCG-3 for GAPDH cDNA, and 5'-AAAA-
TAGCCTCATCAGCAGCTTGG-3 and 5-CCAGCTTCT-
GGCTCTTCTCTGACT-3 for NuM A4 cDNA.

Conditional expression of NuMA in 32D cells

The full-length cDNA for human NuMA was inserted into the
pMT-CB6 vector (kindly provided by T Inaba, Hiroshima
University, Hiroshima, Japan), which allows Zn?*-dependent
expression of exogenous genes in eucaryotic cells. The resulting
pMT-NuMA vector or the empty vector was then introduced
into 32D cells by electroporation as described previously



