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Materials and methods

Cell lines DNA transfection, and cell cloning. Primary Cas =/=
fibroblasts were maintained as described earlier [21] and spontaneous
cell lines were obtained. Cas-re-¢xpressing fibroblasts were obtained by
transfecting pSSRabsr-Cas [21] using Lipofectamine {Gibco), followed
by selection in 10 pg/ml blasticidin hydrochloride (Kaken Seiyaku).
For the Cas mutant stable cell lines, plasmids for HA-tagged Cas
mutants [23] together with pSV2bsr (Kaken Seiyaku) were transfected
to Cas-deficient fibroblasts using Lipofectamine (Gibco), followed by
selection in 10 pg/m! blasticidin hydrochloride (Kaken Seiyaku). Pri-
mary Cas +/+ fibroblasts, Cas —/- and a-Src cells, and Cas+/+ and
a-Src cells were described earlier [21]. Briefly, activated Sre (a-Src) with
Myc-tag was created by replacing aa 527-536 of rat Src, which include
the negative-regulatory tyrosine residues, by c-Myc epitope tag. The
plasmid was introduced to Cas —/— or Cas +/+ cells using Lipofecta-
mine (Gibco) with puromycin-resistance gene.

Microarray analysis. Total RNAs were extracted from Cas-re-
expressing fibroblasts or vector control-transfected Cas -/~ fibroblasts
as described [24]. Poly(A) RNAs were purified using OligoTex
(Roche). One pg poly(A) RNAs was sent to Incyte Genomics, and
MOUSE GEM 1 microarray analysis was performed.

Western blot analysis. Proteins were extracted by lysing cells in 1%
Triton buffer (10mM Tris-HCI, pH 7.4, 5mM EDTA, 150mM NaCl,
1% Triton X-100, 10% glycerol, 10pg/ml aprotinin, and 1mM
Na; VO,). Protein aliquots were separated by SDS-PAGE, blotted to
Immobilon PVDF membranes (MILLIPORE), and probed with
1:2500 diluted anti-Cas2 antibody [2]. Positive signals were visualized
using the ProtoBlot Western AP system (Promega).

Northern blot analysis. Total RNAs or poly(A) RNAs were sepa-
rated on a 1% agarose gel by electrophoresis and transferred to a
Hybond N nylon filter (Amersham). The ¢cDNAs for COL1Al and
TSC-36 are gifts from Dr. Masaki Noda with the permission of
Dr, Barbara E. Kream and from Dr. Kiyoshi Nose, respectively. The
¢DNA for Cas was described previously [2). The other cDNAs were
purchased from Incyte Genomics. For TSC-36 probe, pGEM/TSC-36
[25] was digested with EcoRI and the 550bp fragment was purified
using QIAquick (Qiagen). For COL1AL probe, pBR322-rat COL1A1
was digested with EcoRI and the 1.4kb fragment was purified. For
COL3A1 probe, W89883 was digested with EcoRI and HindIII and the
450 bp fragment was purified. For COL11A1 probe, AI83400 was di-
gested with EcoRI and PstI and the 350 bp fragment was purified. For
elastin probe, AAO48878 was digested with FcoRI and HindIlI and the
450bp fragment was purified. For periostin probe, WE2878 was di-
gested with EcoRI and BseXI and the 330bp fragment was purified.
For MARCKS probe, AI32268 was digested with EcoRI and PstI and
the 400bp fragment was purified. For caveolin-1 probe, AA138963
was digested with EcoRI and BsfXI and the 360bp fragment was
purified. For heme oxygenase 1 probe, AA213167 was digested with
EcoR1 and HindI1 and the 460 bp fragment was purified.

The ¢DNAs were labeled by a Multiprime DNA Labeling System
{(Amersham) and used as probes. Hybridization was carried out at
42°C in a solution containing 50% formamide, 5x SSC, 5x Den-
hardt’s solution, 0.5% SDS, denatured salmon sperm DNA (20 pg/ml),
and a *P-labeled probe. Hybridized filters were washed twice in 2x
88C/0.1% SDS for 20 min at 55°C, followed by exposure to BAS-III
imaging plate (Fuji Film}.

Results
Establishment of Cas-re-expressing fibroblasts

The spontaneous Cas-deficient fibroblast cell line was
transfected with pSSRubsr-Cas or with pSSRabsr. The

transfected cells were subjected to selection with blas-
ticidin and the selected colonies were collected together
and analyzed. Re-expression of Cas was confirmed by
Western blot with anti-Cas2 antibody [2] (Fig. 1B).

Result of microarray analysis and verification by North-
ern blot analysis

Poly(A) RNAs were extracted from Cas-re-expressing
fibroblasts orvector-control-transfected fibroblasts, and
analyzed by Incyte Genomics, using MOUSE GEM 1
microarray system that includes approximately §8900 EST
clones from approximately 5000 genes. Genes that
showed more than 2.5-fold change in expression were
presented in Table 1. All the cDNAs except for the un-
known genes and for the duplicates were prepared for
probes. The poly(A) RNAs used in the microarray anal-
ysis were electrophoresed, transferred to filters, and hy-
bridized with the probes. Many of them (caveolin-1, heme
oxygenase 1, procollagen type 1 o 1 (COL1Al), procol-
lagen type 3 o 1 (COL3Al), procollagen type 11 o 1
(COLI11Al), elastin, periostin, TSC-36, MARCKS,
Sliml, protease nexin 1, and lumican) showed clear
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Fig. 1. (A) Schematic diagram representing the various Cas constructs
used [23]. (B) Western blot for detecting the re-expression of Cas and
Cas mutants. Fifty pg cell lysates extracted from Cas-deficient vector
control-transfected {vec) (lane 1), Cas-re-expressing (Cas} (lane 2),
CasHA-re-cxpressing (CasHA) (lane 3), ASH3-re-expressing (ASH3)
{lane 4), ASD-re-expressing (ASD) (lane 5), ASB-re-expressing (ASB)
{lane 6), vector-control-transfected (vec) (lane 7), and RPLP-
re-expressing (RPLP) (lane 8) fibroblasts was separated by 7.5% SDS-
PAGE, transferred to PVDF membrangs, and probed with anti-Cas2
sntibody [2]. The position of protein markers is shown on the left.
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Table 1

Genes differentially expressed by >2.5-fold, among approximately 8900 ESTs examined

Genes down-regulated in Cas-deficient cells

31 AA260520
31 AA260248
2.6 AA213167
2.5 AA138693

Genes up-regulated in Cas-deficient cells
Extracellular matrix

~4.5 AA242611
-39 AAD48878
=37 AT894006
-34 WE89883
=33 AA26R082
-3.0 AADT3604
-30 WE1878
-26 AA239171
Cytoskeletal and signaling

=38 AT322868
=32 AA175094
=30 AA000799
-26 AA047966
Metabolic

-3.1 Al892192
-28 AA139624
=26 Al322570
=25 AAS521758
Other known genes

-33 AA051654
-3.0 AAS543573
=29 AA068750
-2.7 AAZ18279
=27 AA110791
Unknown

=28 AA119804
-2.7 W14925
-2.6 AA266229
-2.5 AA185701

TEL

GRB10

Heme oxygenase (decycling) 1
Caveolin

TSC-36, FRP

Elastin

Procollagen, type 11, o 1| (COL11Al)
Procollagen, type 3, % | (COL3Al)
Lumican

Procollagen, type 1, o 1 (COL1Al)
Periostin (osteoblast-specific factor 2)
Elastin®

MARCKS

MARCKS*

Similar to synaptopodin
FHL/SLIM1

3-Hydroxy-3-methylglutaryl-coenzyme A synthase 1
CytoC oxidase V1B

CO0Q7, CLK-1

MIPP65

Metallothionein 1

Dactylin, hagoromo

Sdf-1

Spid, PN-1 {protease-nexinl)
Similar to p37NB

ESTs
ESTs
Public domain EST
ESTs

#There are duplicates, because several ESTs were derived from the same genes.

change of expression (Fig. 2 and data now shown).
However, in the comparison between Cas —/— cells and
wild-type Cas +/+ cells (Fig. 4, lanes 1 and 3), we detected
nochange in the expression of slim1, protease nexin 1, and
lumican (data not shown), SDF1f, Dadl, COQ7, Akt,
Hagoromo, cyto C oxidase, synaptopodin, p37NB,
GRB10, and TEL showed only small differences in ex-
pression (data not shown), MIPP65 and metallothionein
had differences of background or cross-reactive bands
{data not shown). We could not detect Hmgces! (3-hy-
droxy-3-methylglutaryl-coenzyme A synthase 1) band.

Based on the above results, we picked up nine genes
(caveolin-1, heme oxygenase 1, COLIAl, COL3Al,
COL11A1, elastin, periostin, TSC-36, and MARCKS)
in the following study. The characteristics of these nine
gene products are summarized below,

Caveolin-1 is an integral membrane protein and is a
major structural component of caveolae but is also
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found in the cytoplasm [26]. In response to integrin
stimulation, caveolin-1 i1s known to recruit Fyn to
phosphorylate She [27,28). Heme oxygenase 1 is an in-
ducible enzyme that catalyzes the converstion of heme to
biliverdin, carbon monoxide and iron [29]. Heme oxy-
genase | is induced by heme products, hydrogen per-
oxide, ultraviolet A radiation, heavy metals, endotoxin,
and oxidant stress. Collagens and clastin are extra-
cellular matrix proteins. ECM iriggers the tyrosine
phosphorylation of Cas through' the stimulation of in-
tegrins [15,16]. Periostin is a secreted factor and is
thought to be a homolog of insect adhesion molecule
fasciclin I [30]. Periostin is reported to support the at-
tachment and spreading of MC3T3-E1 cells [31] and is
expressed in the heart, playing important roles in ECM
deposition following myocardial infarction and heart
valve formation [32,33]. TSC-36 is a TGF-p inducible
extracellular glycoprotein that has a follistatin mod-
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ule [25} and is down-regulated in K-ras-transformed
fibroblasts [34]. Overexpression of TSC-36 is known to
cause growth inhibition of lung cancer cell lines [35] and
inhibits invasion [36). MARCKS (myristoylated ala-
nine-rich C kinase substrate) is a substrate for PKC
(protein kinase C) and is implicated in the regulation of
brain development, cell migration, and adhesion as well
as endo-, exo-, and phago-cytosis [37). MARCKS is
found associated both with plasma membrane and in the
cytosol. Recently, MARCKS is reported to be involved
in the regulation of the actin cytoskeleton and the con-
trol of lipid second messengers [37). Overexpression of
MARCKS in melanoma cells restores focal contacts [38]
and decreases the cell proliferation [39,40].

The substrate domain is necessary for periostin repression
by Cas

To characterize the domain necessary for this tran-
scriptional change, we expressed a series of Cas mutants
[23] (Fig. 1A) in Cas ~/- fibroblasts (Fig. 1B), although
we could not obtain comparable expression of ASH3
mutant of Cas (Fig. 1B, 3]).

Caveolin-1 and heme oxygenase ! showed enhanced
expression with the re-introduction of Cas, ASD, ASB,
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Fig, 2. Northern blots confirming altered expression of target genes.
Poly(A) RNA applied to microarray analysis was used for Northern
blots. Ethidium bromide-stained 285 RNA levels demonstrate similar
loading in each lane. (A} Genes down-regulated in Cas ~/— cells,
caveolin-1 (upper), and heme oxygenase 1 {lower). (B} Genes up-
tegulated in Cas —/— cells, COL1Al, COL3Al, COLI1ALl, elastin,
periostin, TSC-36, and MARCKS.

and RPLP but not with that of ASH3 (Fig. 3A and B).
In contrast, COL3Al, COLI11Al, and elastin showed
reduced expression with the re-introduction of Cas,
ASD, ASB, and RPLP but not with that of ASH3 (Fig.
3D-F). Periostin showed reduced expression with the re-
introduction of Cas, ASH3, ASB, and RPLP but not
with that of ASD (Fig. 3G). COL1A1 showed reduced
expression with the re-expression of Cas, ASB, and
RPLP but not with that of ASH3 nor ASB (Fig. 3C).
TSC-36 and MARCKS showed reduced expression with
all the mutants (Fig. 3H and I). COL3A1, COL11A1l,
periostin, and MARCKS showed significant down-
regulation with the introduction of ASB or RPLP
(Fig. 3C, D, G, and I).

These results indicate that the domains necessary for
transcriptional change are different depending on the
genes regulated, suggesting that multiple signaling
pathways triggered by Cas are involved.
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Fig. 3. Northern blots showing expression of target genes in Cas-mu-
tant-re-expressing cells. Total RNAs harvested from Cas-HA- (lane 1),
ASH3- (lane 2), ASD- (lane 3), ASB- (lane 4), vec- (lane 5), and RPLP
(lane 6} expressing cells were used for Northern blots. Ethidium bro-
mide-stained 288 RNA levels are shown. The probes used are for
caveolin-1 (A), heme oxygenase 1 (B), COLIA1 (C), COL3Al (D),
COLI1ALI (E), elastin (F), periostin (G), TSC-36 (H), MARCKS (1),
and Cas (J).
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Activated Src-mediated reduction of gene expression is
not totally dependent on Cas

Cas was originally cloned as a tyrosine phoshorylated
protein in v-Crk- and v-Src-transformed cells [2] and
Cas is reported to mediate transcriptional activation of
the serum response element by Src [41]. Therefore we
investigated the transcriptional change of these proteins
in v-Sre- or v-Crk-transformed rat 3Y1 cells [2] (Fig. 4,
lanes 1-3). COL1Al, COL3Al, COL11Al, elastin,
TSC-36, MARCKS, and caveolin-1 showed reduced
expression with the transformation by v-Src (Fig. 4,
lanes 1 and 2), but they showed slightly reduced ex-
pression with the transformation by v-Crk (Fig. 4, lanes
1 and 3}. In contrast, the expression of heme oxygenase
1 was enhanced with the transformation by v-Src and
was slightly up-regulated with the transformation by
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Fig. 4. Northern blots showing the regulation of target genes by acti-
vated Src expression. Total RNAs were harvested from. 3Y1-vec
(lane 1), SR-3Y1 (lare 2), 3Y1-vCrk (lanc 3) [2], Cas +/+ cells (lane 4),
Cas +/+ cells expressing a-Src (lane 5). Cas -/~ cells (lzne 6), Cas ~/—
cells expressing a-Src (lane 7} [21]. Cas +/+ cells treated with DMSO as
vehicle (larie 8), Cas +/+ cells treated with PP2, Src inhibitor (lane 93,
Cas +/+ cells expressing a-Src treated with DMSO (lane 10), and
Cas +/+ cells expressing a-Src treated with PP2 (lane 11). Ethidium
bromide-stained 285 RNA levels are shown. The probes used are for
caveolin-1 (A), heme oxygenase 1 (B), COLIAI (C), COL3A1 D).
COL11AL (E), elastin (F), periostin (G), TSC-36 (H), MARCKS (D),
and Cas ().
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v-Crk (Fig. 4B, lanes 1-3). We could not detect the ex-
pression of periostin in these cells (data not shown).

We next checked whether these Src-induced changes
arc dependent on Cas. RNAs were extracted from
Cas —/- fibroblasts, Cas +/+ wild-type sibling-derived
fibroblasts, Cas —/~ fibroblasts transfected with a-Src,
and Cas +/+ fibroblasts transfected with a-Src [21]. Both
in Cas —/- cells and in Cas +/+ cells, the introduction of
a-Src reduced the expression of the seven genes that
were up-regulated in Cas —/~ cells (Fig. 4C-1I, lanes 4-7).
However, COL3Al, elastin, TSC-36, and MARCKS
showed higher expression in Cas —/- and a-Sre cells
than that of Cas +/+ cells (Fig. 4D, F, H, I, lanes 4-7).
Caveolin-1 and heme oxygenase 1 showed reduced ex-
pression by a-Src in Cas +/+ cells, but their expression
was increased by a-Src in Cas —/- cells (Fig. 4A, B, lanes
4-7).

To ascertain that the a-Src-induced change is depen-
dent on tyrosine kinase activities, we treated the cells
with 10 uM Src kinase inhibitor, PP2 (Wako) for 4 h. In
Cas +/+ and a-Src-transformed cells, the expression was
increased by PP2 (Fig. 4, Janes 10-11), confirming that
a-Src-induced reduction of expression is kinase depen-
dent. In contrast, untransformed Cas +/+ cells showed
reduced expression when treated with PP2 (Fig. 4, lanes
8 and 9).

Discussion

In this report, we compared the expression profiles
between Cas —/— fibroblasts and Cas-re-expressing fi-
broblasts. To avoid the clonal differences, we collected
the polyclonal blasticidin-resistant clones. Among the
genes differentially expressed in Cas —/- cells, nine genes
(caveolin-1, heme oxygenase 1, COL1Al, COL3Al,
COL11ALl, elastin, periostin, TSC-36, and MARCKS)
were selected for further analyses. These nine genes
showed clear difference of expression not only between
Cas —/- fibroblasts and Cas-re-expressing fibroblasts
but also between Cas —/- fibroblasts and Cas +/+
fibroblasts,

Among the seven genes that are up-regulated in
Cas —/- fibroblasts, six genes (COL1Al, COL3Al,
COL11Al, elastin, periostin, and TSC-36) encode the
extracellular matrix proteins and the other one,
MARCKS, is known to regulate actin cytoskeleton [37].
Since Cas is known to be a signal transducer from in-
tegrin stimulation by ECM [15,16], the transcriptional
reduction by Cas might be a result of negative feedback.
Caveolin-1, which is up-regulated with expression of
Cas, is also involved in integrin signaling [27,28] and is
reported to reduce the Src kinase activity [42]. Although
heme oxygenase 1 is not reported to be involved in in-
tegrin signaling, the oxidative stress that induces heme
oxygenase 1 is reported to tyrosine phosphorylate Cas
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[43]. These facts suggest that the nine genes are func-
tionally related to Cas signaling.

In the case of caveolin-1, heme oxygenase 1,
COLIAI, COL11Al, and elastin, the ASH3 mutant did
not change the expression of them. This result could be
attributed to the lower expression of the ASH3 mutant
compared to other mutants, or the failure of this mutant
to localize to focal adhesions [23]. However, it is also
possible that signaling through the SH3 domain of Cas
regulates the expression of these genes, Among the SH3
binding partners of Cas, CIZ is reported to regulate type
I collagen [44,45]. The other binding partners such as
C3G, PTP-PEST might play roles in this regulation. On
the other hand, deletion of the substrate domain clearly
abolished the change of expression of periostin (Fig.
3G). The signaling through the substrate domain is
mediated by c-Crk that leads to DOCK180/Racl/INK
pathway [17,18] and the expression of periostin might be
regulated by this pathway. These results of the deletion
study suggest multiple signaling pathways are involved
in the gene regulation by Cas.

Reduction of expression of caveolin-1, COL1A1, and
MARCKS [46-48] and enhancement of heme oxygen-
ase-1 expression [49) by v-Src-induced transformation
are reported. In this report, we added COL3AIL,
COLI11Al, elastin, periostin, and TSC-36 as another
down-regulated genes by v-Sr¢ (Fig. 4). However, TSC-
36 is reported to be unchanged by v-Src transformation
in NIH3T3 cells [34]. The discrepancy might be attrib-
uted to the difference of cell lines (we used 3Y1 cells and
primary MEF) and suggests a limited role of TSC-36 in
a-Src-mediated cell transformation. In addition, with
the transformation by activated Sre, the expression of
heme oxygenase 1 showed reduction of expression in
primary Cas +/+ MEFs (Fig. 4B, lanes 4 and 5) but
enhancement in 3Y1 cells (Fig. 4B, lanes 1 and 2) and in
CEFs [49] by v-Src. This differential regulation of heme
oxygenase 1 by a-Src might suggest the irrelevancy of
this gene in a-Src-mediated cell transformation,

In Cas —/- context, a-Src expression also reduced the
expression of seven genes that were up-regulated in Cas
—~f{— cells (Fig. 4C-J, lanes 6 and 7). Furthermore, the
expression of the other two genes (caveolin-1 and heme
oxygenase 1} that were down-regulated in Cas -/ cells
were down-regulated or differentially regulated by a-Src
expression. These facts indicate at least the existence of
Cas-independent pathway that causes these regulations,
or might suggest the possibility that Cas and a-Src in-
dependently regulate the expression of these genes, al-
though the involvement of Cas in a-Src-mediated gene
regulation was not excluded. In any case, we can at Jeast
say that Cas affects the expression of these genes that are
regulated by a-Src-mediated transformation. The ex-
pression of COL3A1, elastin, TSC-36, and MARCKS in
Cas —/— cells expressing a-Src is still higher than that in
Cas +/+ cell transformed by a-Src and is even higher

than that in Cas +/+ cells (Fig. 4D, F, H, I, lanes 4-7).
Considering the fact that TSC-36 and MARCKS are
reported to inhibit growth of cancer cells [35,39,40], the
impaired transformation of Cas —/— MEF cells by v-Src
[21] can be in part attributed to the overexpression of
TSC-36 and MARCKS in these cells,

Since PP2 inhibition in Cas +/+ transformed by a-Src
up-regulates the expression of caveolin-1, COL3Al,
elastin, periostin, TSC-36, and MARCKS, the down-
regulation by a-Sr¢ would be caused by the kinase ac-
tivity of a-Src (Fig. 4, lanes 10 and 11). In contrast, PP2
reduced the expression in non-transformed Cas +/+ cells
(Fig. 4, lanes 8 and 9). This reduction might be non-
specific down-regulation including the expression of Cas
(Fig. 4], lanes 8 and 9). Otherwise, the role of non-
transforming ¢-Src¢ in the regulation of these genes might
be different from that of a-Src and be related to the
stronger down-regulation by ASB and RPLP mutants
than by wild-type Cas (Fig. 3).

Overexpression of Cas in breast cancer was associated
with tamoxifen resistance and with poor prognosis
{50,51]. The transcriptional changes induced by Cas, es-
pecially those of TSC-36 and MARCKS, might con-
tribute to the progression and invasion of carcinoma
cells. Recently, another Cas family protein, HEF1/CasL,
is reported to induce transcriptional change of matrix
metalloproteinases and MLCK, pl60Rock, which are
believed to enhance cell migration and invasion [52]. On
the other hand, TGF-p is known to regulate ECM pro-
teins, periostin, and TSC-36 [25,31] and is implicated in
fibrotic change in diseases. Considering the report that
Cas is tyrosing phosphorylated by TGF-f stimulation
[53], the results described here might suggest the possi-
bility of the involvement of Cas in the deposition of ECM
by TGF-B. Among the genes that showed differential
expression in response to myocardial infarction included
are collagens, caveolin family proteins, periostin, and
ANP (atrial natriuretic peptide), which is reported to be
mediated by Cas in cardiac cells [32,54). The role of Cas
and Cas-mediated transcriptional change in cancer pro-
gression, myocardial infarction, and other pathological
processes would be a target for future study.
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Abstract

Deletion of the long arm of chromosome 6 has been frequently described in human lymphoid
neoplasms as well as in other solid tumors, implicating the presence of tumor suppressor genes
{T5Gs) within this chrornosomal segment. To isolate the relevant TSGs from the 6q14—-23 region,
we performed deletion analysis for a large panel of hematopoietic tumor samples using fluorescent in
situ hybridization (FISH), employing more than 50 PAC/BAC clones mapped in 6q14-23 as probes.
At least six critical regions (D1 to D6) existed within 6q14—23 that underwent overlapping deletions,
but were discretely separated from each other, indicating multiple tumor suppressor loci might reside
in this region. Deletions were most frequently observed in the D2 region that was flanked by the
genetic markers D6544% and AFMAOQS4ZE9, followed by the D3, the region between D65447 and
WI-5694. Although attempts to identify candidate TSGs from the latter two regions involving
sequencing analysis of both regions failed, we found another locus showing homozygous deletion
telomeric to the D3 region by FISH analysis using additional probes. Of 106 cell lines examined, 3
had homozygous deletion in this locus, and finally, the Blimpl gene was identified as the only gene
that existed within the minimurm overlapping homozygous deletion. Mutation analysis revealed that
Blimpl was mutated in 3 out of 106 primary lymphoid turors. Qur findings indicated that Blimp1
might be one of the target TSGs within 6q that was inactivated in human lymphoid neoplasms.
© 2002 Elsevier Science B.V. All rights reserved.

Keywords.: Tumor suppressor genes; Chromosome 6; Hematopoictic neoplasm

1. Introduction

During the past several decades, there has been a great deal of progress in the field
of cancer research. It has been well established that cancer develops through a number
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of congenital or acquired genetic changes, and one of the most powerful approaches to
identify these genetic changes is to molecularly characterize chromosomal abnormalities
found in cancers, especially for leukemias and lymphomas. Several kinds of chromo-
somal abnormalities have been described in leukemias and lymphomas, including
translocations, deletions, insertions, and duplications [1]. Among these, the chromoso-
mal translocations have been most extensively investigated, and dozens of the target
genes, which are involved in the major recurrent translocations, have been identified
from their breakpoint analysis; and this latter process seems to be facilitated, in this
genomic era, for the remaining, molecularly still undefined translocations which might
be more minor in frequency, but still have potential importance in understandings of
leukemogenesis [2].

Deletion of a chromosomal segment is the other type of chromosomal abnormality,
which is frequently found in hematopoietic neoplasms as well as in other solid tumors.
There are diverging types of chromosomal deletions, which have been described in almost
all kinds of human cancers, and it is presumed that tumor suppressor genes (TSGs) may
reside within these deletions (3], In contrast to translocations, however, the target TSGs for
these deletions have mostly remained to be isolated because exploration of such
chromosomal deletions has been frequently hampered by their large size and due to the
high complexity of the human genome. The situation, however, seems to have improved in
recent years, as the human genome project has progressed rapidly. In addition to the
primary sequences of the human genome, it also provides a well-organized set of ordered
clones that consist of arrays of contigs, a large number of STS markers, EST clone
information, as well as tools for genome informatics {4]. With these progresses in mind,
we approached, in this study, one of the chromosomal deletions recurrently observed in
human hematopoietic tumors.

Deletion of the long arm of human chromosome 6 (6q — ) was first described in acute
lymphoblastic leukemia (ALL), and since then, it has been reported in a wide variety of
human hematopoietic neoplasms including non-Hodgkin’s lymphomas (NHL) and lym-
phoproliferative disorders [5—8). The long arm of chromosome 6 is one of the most
frequently deleted regions in acute lymphoblastic leukemia and in non-Hodgkin’s
lymphoma. Moreover, the 6q deletion has been reported in a wide variety of solid tumors
including breast, ovarian, and prostatic cancers [9—11], indicating that this chromosomal
region is likely to harbor one or more TSGs, inactivation of which contributes to
development of these cancers. In order to identify the candidate gene for the target of
this deletion, we performed deletion-mapping analysis of 6q using classical fluorescent in
situ hybridization (FISH) technique, revealed several critical regions of deletion, and
isolated a candidate for the target genes of the 6q deletion.

2. Materials and methods
2.1. Cell lines and patients

In total, 352 hematopoietic tumor samples were tested, including 137 cell lines
established from leukemia or lymphoma patients and 215 primary tumor samples from
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patients with a variety of hematopoietic neoplasms, after obtaining their informed consent.
Diagnoses of the patients and origins of cell lines include ALL, adult T-cell leukemia
(ATL), chronic myelocytic leukemia (CML), chronic lymphocytic leukemia (CLL),
myelodysplastic syndrome (MDS) with or without acute transformation, multiple mye-
loma (MM), NHL, and acute myelocytic leukemia (AML). Afier briefly cultured in RPMI
1640, samples were treated with colcemnid followed by hypotonic treatment, fixed in
methanol/acetic acid {3:1), and stored at — 20 °C for subsequent FISH analysis. Among
these samples, 54 cell lines were used for Southern blot analysis, and 106 samples of
primary lymphoid malignancies, including 66 NHL, 19 ALL, and 21 ATL, were sclected
for mutation analysis of the Blimpl gene. Samples were bone marrow or peripheral blood
monenuclear cells separated on Ficoll-Hypaque density gradient, lymph node biopsy
specimens, and tumor cells obtained from ascites. Genomic DNA and total RNA were
extracted as described previously [12].

2.2, FISH probes

According to the genetic map that is published from the Whitehead Institute/MIT
(hitp://www-genome. wi.mit.edu/cgi-bin/contig/phys_map), we isolated a number of PAC
or BAC clones corresponding to the STS markers that spans from 6q14 to 6q23 by PCR-
screening of PAC/BAC libraries available from the Incyte Genomics (Palo Alto, CA), and
used as FISH probes. In total, 63 PAC/BAC clones were isolated and used for FISH
analysis. Representative probes are listed in Fig. 1 together with the corresponding STS
makers. We used D6Z1 as a reference probe to identify chromoseme 6.

2.3. Two-color FISH analysis

FISH experiments on metaphase chromosomes were performed according to the
previously described method [13] with the following modifications of post hybridization
washes: in 2 X SSC/50% formamide at 37 °C for 15 min followed by washes in 2 x SSC
and 1 » SSC at room temperature for 15 min each. D6Z1 was labeled with digoxigenin-
11-dUTP and test probes, by which the presence of deletion was examined, were with
biotin-16-dUTP. The biotin- and digoxigenin-labeled probes were detected with avidin-
FITC (Roche, Mannheim, Germany) and anti-digoxigenin-thodamine Fab fragments
{Roche), respectively, Metaphase chromosomes were counter-stained with 4,6-diami-
dino-2-phenylinodole (DAPI). Deletions were judged to be present if the number of
signals from the test probe was less than that from D6Z1.

2.4. Construction of PAC/BAC contigs and genome sequencing

When the deletion mapping analysis predicts the presence of a relatively small
overlapping deletion, we tried to make a contig of PAC and BAC clones that covers the
entire overlapping deletion by end-sequencing of the seeding PAC/BAC clones followed
by PCR-based gene walking. Briefly, PCR-primers were designed from the end sequences
of the prior clone, and the next overlapping clones were isolated by PCR screening of
appropriate PAC/BAC libraries using the primers. Each PAC/BAC clone was shotgun-
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sequenced according to the usual method with the phred/phrap as basecaller/assembler,
which were kindly provided by Gordon et al. [14].

2.5. Southern blot analysis and mutation analysis

Southern blot analysis was performed as described previousty [12]. Briefly, 10 pg of
genomic DNAs extracted from patients’ samples and cell lines were digested with an
appropriate endonuclease to completion, separated on 1% ‘agarose gel, and transferred to
* nylon membranes. The membranes were hybridized with 25 ng of denatured probe DNA
labeled with 32P-dCTP in 5 X SSC, 50% formamide, 1 X Denhardt’s solution, and (.2 mg/
m! of denatured salmon sperm DNA at 42 °C overnight. After high stringency wash with
0.1 x SSC and 0.1% SDS at 65 °C for 30 min, they were subjected to autoradiogram.
Mutations were detected by direct sequencing of PCR-amplified target DNAs with or
without prior screening of PCR products by SSCP analysis {15].

3. Results
3.1, Deletion mapping of 6q14-23 and identification of the critical deletions

Among 352 hematopoietic tumor samples examined, 61 samples had some deletions
within 6q14~-23 (Fig. 1). The deletions are distributed over the entire 6q14-23 segment.
In the current analysis, there existed at least six discrete regions showing isolated
overlapping deletions, designated as D1 to D6: a region from 6q16 to centromere (D1),
and those flanked by D68449 and AFMAOS4ZE? (D2; 6q16.3-6q21), by D6S447 and
WI-5694 (D3; 6q21-22), by WI-4066 and D6S1698 (D4; 6q22), by WI-4964 and WI-
9588 (D35; 6q22-23), and by CHLC.GATA23B17 and WI-4227 (D6; 6q23). Deletions
were most frequently observed in the D2 (50/372, 13.4%), followed by the D3 (49/372,
13.2%).

3.2. Sequencing analysis of the critical deletions

Since the critical deletions thus recognized have been the primary candidate loci for
which putative TSGs are to be explored, we constructed contigs of PAC/BAC clones that
spanned two of these critical regions, D2 and D3, for sequencing. The contig that covers
the D2 deletion consists of five PAC/BAC clones. We determined the sequences of these
five clones by the shotgun method. Within this region is encoded part of the glutamate
kinate receptor 6 gene (GluR6), which is expressed mainly in neural tissues and is known

Fig. 1. A summary of deletion analysis for 61 hematopoietic tumor samples having deletion within 6q14-21
region, The presence or absence of deletion is designated by closed or open circles, respectively. PAC and BAC
probes used for FISH analysis are listed in the right end column with their corresponding STS in the left end
column. Cell lines and patients’ samples are shown at the top of the figure. The regions expected to harbor
deletion are indicated by shadows and the minimum regions showing overlapping deletions (D1 to D6) are
depicted in the rightmost end with their demarcating STSs.
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to mediate neural cell death following ischemic insults. Therefore, it was thought to be a
candidate for TSG, and we examined a panel of tumor samples for possible mutations of
this gene. Unfortunately, however, we could not find any tumor specific mutations of
GluR6. We also examined the D2 region for the presence of small deletions by Southern
blot analysis using a series of probes prepared at about 5-kb intervals within the region, but
we did not find any homozygous deletions. Similarly, we sequenced the contig for the D3
deletion consisting of three PAC clones. In spite of the search for ESTs as well as inquiring
the coding sequences with exon-prediction programs, we failed to identify any definitive
transcriptomes from this region.

3.3. Identification of a candidate target gene Blimpl from the minimum region undergoing
homozygous deletions

Because our attempt to isolate a target gene from sequencing analysis of the D2 and D3
regions failed, we extended our FISH analysis to the outside of the D2 region using
additional probes, and found a novel region showing homozygous deletion in a
lymphoma-derived cell line (SKW4) which could be identified with PR1-101M23, located
far telomeric to the D2 region. According to the published sequence of PR1-101M23 and
its annotation information, it contains the Blimpl gene near its centromeric end. Southern
blot screening with a Blimp1 cDNA probe revealed that the other two cell lines (IZ86 and

319K
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Fig. 2. A deletion map around the Blimp! locus with overlapping PAC or BAC clones mapped to this locus.
Black bars at the bottom indicate the extent of the homozygous deletion for each cell line as designated.
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ATL.-43T) also carried homozygous deletion at this locus. We mapped these homozygous
deletions in more detail using a number of probes around the Blimp1 locus. As shown in
Fig. 2, the homozygous deletions found in these three cell lines are mutually overlapped,
and Blimp! is the only gene that is commonly deleted in these three cell lines, implicating
that Blimp! is a feasible candidate for the TSG at this locus.

3.4. Mutation/deletion analysis of Blimpl gene in primary hematopoietic tumor samples

In order to obtain further evidence that Blimpl is the real target of this newly identified
deletion, we performed mutation analysis of the Blimp1 gene using 106 primary lymphoid
tumor samples in search of tumor-specific mutations. The presence of homozygous
deletion was also examined for these samples by Southern blot analysis. Of the 106
samples, we found three cases carrying a point mutation of Blimp! that accompanied
amino acid conversion, while none of the mutations was identified in 100 samples from
normal volunteers. There were no homozygous deletions of Blimpl in these primary
tumor samples.

4. Discussion

Chromosomal deletion is one of the most commonly observed cytogenetic abnormal-
ities in human cancers [3]. It has long been postulated that it represents a general
mechanism through which one or more TSGs are inactivated. According to this
hypothesis, we have made an attemnpt to isolate TSGs from one of these deletions, the
deletion of the long arm of chromosome 6, and identified the Blimp1 gene as a candidate.
It was homozygously deleted in three lymphoma-derived cell lines, and was the only gene
found in the common deletion among these. Moreover, mutation analysis of 106 primary
hematopoietic tumor samples disclosed three tumor-specific mutations of Blimpl.

Blimpl, also known as PRDM-1 or PRDI-BFII, is a 98 KD zinc finger protein
originally isolated as a master regulator of the terminal differentiation of B-lymphocytes to
immunoglobulin-producing plasma cells [16]. It is ubiquitously expressed in a wide
variety of human tissues, and presumed to function as a transcriptional repressor. Recently,
it has been functionally related to Bcl-6 and ¢-myce proto-oncogenes, which are overex-
pressed in B-cell lymphomas (Fig. 3). Blimp1 potently represses expression of c-myc,

Bcl-6 — Blimp-1 — e-Myc

GCBeoell 4 ; 4 Celldivision
Terminal
Plasma cell * " Differentiation

Fig. 3. Regulation of Blimpl and c-myc expression in normal germinal center (GC) B-cells and plasma cells.
Peregulated overexpression of Bel-6 and c-mye proteing as well as loss of Blimpl expression would lead to
stalled differentiation of B-cells to plasma cells and continued cell divisions.
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which is one of the critical events for terminal differentiation of B-cells [17]. On the other
hand, Bcel6 has been shown to directly repress Blimpl transcription. It is expressed
normally proliferating germinal centers, represses Blimp1, and maintains c-myc expression
that is required for B-cell proliferation. In contrast, down-regulation of Bcl6 results in
Blimpl expression, which shuts off the c-myc expression and leads to terminal differ-
entiation [18,19]. Moreover, recent data suggests that Blimpl is also involved in the
terminal differentiation of myeloid cells [20]. Because overexpression of Bel6 and c-myc,
as a result of chromosomal translocations, is a well-known feature of B-cell lymphomas
[21], it may be postulated that the loss of Blimp1 plays a role in lymphomagenesis. There
is, however, for the time being, no direct evidence that the loss of Blimp1 is involved in
tumorigenesis. Because Blimpl-null mice are known to be fatal during embryogenesis,
construction of conditionally Blimpl-targeted mice is in progress.

We revealed several non-overlapping critical deletions (D1 to D6, and Blimp1 loci)
within 6ql4-23 among 61 hematopoietic tumor samples through extensive deletion
analysis, implicating that multiple tumor suppressor loci might exist within this chromo-
somal region. Some of these deletions were closely overlapped with the regions previously
described, through different approaches, as the targets for 6q-deletion in leukemias and
lymphomas [22-24]. However, a candidate for the target TSG has been successfully
identified from only one of these regions. Since the margins of these critical regions had
been defined based on the deletions in only one or two cell lines, we could not exclude a
possibility that such deletions were merely a chance product, which might impose an
intrinsic limitation of exploring chromosomal deletion through the current approach:
defining a minimally overlapping deletion through deletion mapping among different
samples, and then isolating a target gene from the minimum deletion. It will require many
samples showing relatively small deletion in order to reliably pinpoint the critical regions,
whereas most of the deletions thus far detected by FISH analysis involved a very large
chromosomal segment. This might be partly because the number of probes used for our
deletion mapping was very small relative to the large size of chromoscemal bands to be
investigated. For more reliable mapping, hundreds of genetic markers should be included
in the deletion study by introducing more efficient methods for detecting deletions such as
microarray-based CGH analysis [25].

It is a challenging trial to find out a TSG from a very large segment of chromosomal
deletion. We need to bear in mind that even “haplo-insufficiency” of some genes can
predispose to cancer development. Abnormal hypermethylation of the CpG island of the
promoter has also been propesed as a novel mechanism of gene inactivation. With these
mechanics being at work, the current approach to chromosomal deletion, including ours,
does not seem clear enough to be more effective. A more sophisticated strategy should be
contrived for the future investigations.
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based on the presence of multilineage (2 or 3 myeloid cell lines) or
unilineage (mainly affecting the erythroid series) dysplasia.

Unfortunately the reference quoted? for the WHO classification
did not provide sufficient information on the precise criteria
described in detail in the recently published WHO manual ? and, in
addition, the authors do not reference the Germing et al paper,’
which confirms these new proposals. An additional review of the
new WHO classification was published before the final criteria of
the precise percent of dysplastic cells and the consideration of
merging the dysplastic and proliferative forms of CMML were
agreed upon.®

The major difficulty we have with the Nosslinger et al study is
the adoption of the “50%" criteria for dysplasia in 2 or more cell
lines for refractory cytopenia with multilineage dysplasia (RCMD).
In the WHO proposals the threshold of 50% dysplasia has been
utilized only in identifying AML with multilineage dysplasia’ but
not for the MDS category of RCMD., In fact, in the WHO proposals
RCMD is defined as an MDS subgroup with fewer than 5% blasts
in the bone marrow, and dysplasia in 10% or more of the cells of 2
or more myeloid lineages (erythroid, granulocytic, and/or
megakaryocytic). These criteria were adapted in the study of 1600
patients with MDS by Germing et al,5 although they did elect to use
a 40% threshold for megakaryocytes. Germing et al and others®?
have confirmed the worse prognosis of RCMD compared to RA or
RARS. To accurately evaluate the WHO proposals it will be
necessary to reassess the “unclassified” group in the Nasslinger et
al study utilizing these criteria. It is very likely that the “unclassi-
fied” category (MDS-U) would diminish considerably, impacting
the survival results,

In addition others have demonstrated that the survival of
CMML is dependent on the bone marrow blast percentage!® and
that CMML is much more heterogencous than other subtypes of
MBDS. In order to emphasize the prognostic importance of the blast
percentage in CMML the WHO classification divides CMML into
2 categories, CMML-1 and CMML-2, depending on the blast count
in the peripheral blood and the bone marrow. It does not subdivide
CMML according to the white blood cell count. In Table 1 of the
N&sslinger et al article,' CMML resembles RAEB in the Interna-
tional Prognostic Scoring System!! (IP5S5) distribution. The separa-
tion of RAEB into 2 types (5%-9% blasts and 10%-19% blasts) is
of importance as the authors demonstrate with a significant
difference in IPPS distribution. A similar analysis of their patients
with CMML should be performed, Confirmation of the similarities
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in outcome for RAEB-T and AML in the Nasslinger et al study
provides further evidence in support of allowing such patients
(20%-30% marrow blasts) to enter AML trials where appropriate,

In summary it is our hope that Nésslinger and colleagues will
consider reviewing their data using the recently published WHO
criteria. Such an effort would be important, because, although the
Ndsslinger et al study is interesting, it does not justify any
statement about the validity of the WHO classification. We
anticipate that a new look at the data of Germing et al would
confirm the conclusion that the WHO system does provide
improved and relevant guidelines for the classification of patients
with MDS,

John M, Bennett, Richard D, Brunning, and Jarnes W. Vardiman

Corraspondence: John M. Bennett, James P. Wimot Cancer Centor, University
of Rochester Madlcal Center, 601 Eimwood Ave, Bax 704, Rochestar, NY
14642
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To the editor:

Mutations of Chk2 in primary hematopoietic neoplasms

Chk2 is a novel checkpoint kinase isolated as a human homologue
of yeast Cds1/Rad53.! Recent analyses have revealed that it is among
key molecules signaling DNA damage via the ATM protein kinase to
p33.'? Of great interest is the report that germ line mutations of the Chi2
gene are found in a fraction of Li-Fraumen; syndrome (LFS),? a
hereditary cancer-susceptibility syndrome originally linked with germ
line p53 mutations, suggesting that Ch&? is a tumor $uUppressor gene
whose functional deficit will lead to development of human cancers.
Given that the p53 and ATM genes are inactive in leukemias and
lymphomas, it is intriguing to investigate whether or not somatic
mutations of CAk2 are also responsible for leukemias and lymphomas.

Te address this point, we screened for mutations of Chi2 in a variety of
human hematopoietic neoplasms.

A total of 109 tumor specimens of hematopoietic malignant
disorders were examined for mutations of Chi2 using reverse
transcriptase—polymerase chain reaction/single strand conforma-
tional polymerphism (RT-PCR/SSCP) analysis. Numbers and diag-
noses of these patients are listed in Table 1. Two samples showed
abnormally migrating bands on RT-PCR/SSCP analysis of the
Chk2 transcripts (patient 1375 and patient 154), and the nucleotide
alterations were further confirmed by sequencing analysis in both
cases (Figure 1 and Table 2).
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Table 1. Frequency of Chk2, p53, and p16 alterations in primary
hematopoietic neoplasms

No. of mutations

Nao. of
Diagnosis patients Cchk2 pa3 p18
ALL 14 0 0 5
AML 55 1 5 1
CML 12 0 0 0
CLL 5 0 1 1
PLL 2 Q 1 0
NHL 7 1 ] 1
ATL 4 4] 1} 1
MM 2 1] 0 G
MDS a 0 0 o
Tatal 109 2 7 9

ALL indicates acute ymphocytic leukemia; AML, acute myelocylic leukemia;
CML, chronic myelocytic leukemia; CLL, chronic lymphocvtic leukemia; PLL, prolym-
phocytic leukemia; NHL, non-Hedgkin lymphoma; ATL, adult T-cell lymphoma/
leukemia; MM, muftiple myeloma; MDS, myelodysplastic syndrome.

Patient 1375 was diagnosed with acute myeloid leukemia
(AML), French-American-British subtype M1, and had a 7-bp
insertion at the boundary of exons 10 and 11 of Chk2 (Figure 1A
and Table 2), which caused a frameshift of the coding sequence and
resulted in premature truncation of the protein at codon 424.
Sequencing analysis of the corresponding genomic sequence
revealed an A>G substitution at the splicing acceptor site of the
intron 10, 8 bp before exon 11, suggesting that the mutation created
an alternative splicing acceptor site 7 bp upstream from the original
one and resulted in the 7-bp insertion between exons 10 and 11.
Because a DNA sample from his normal skin showed an A/A
genotype at this position, this is really a somatic mutation (Figure
1A). Because the RT-PCR/SSCP analysis showed exclusively
abnormally migrating bands, function of Chk2 is expected to be
lost in patient 1375.

A Thpinsertion
A
exen 10 exon 11 L axon 11 exon 11
G
TCTGTATTAAGC CTT,  CANTAT TAAGCC T, cAATATTAR GOCTT.
250 260 150 150 150

bl ALY Bt

Leukemia mRNA Leukemia DNA Skin DNA

ATTCCTEAGG AICAAG AAC O TGAGG AGC T
240

220 230

Mutant Type
15-bp deletion

ATTCC GAC CAAGARC CTEAQC ACCA AGAN CTCAGGAGCCT
3040 314q 320 230 349

wild Type

Figure 1. Sequencing analysis of the Chk2 gene. {A) Direct sequencing of the
message of patient 1375's leukemia cells showed a 7-bp insertion between exans 10
and 11 {lefl). Sequencing ofthe Chk2 exon 11-F/R—amplified PCR products of patient
1375's DNAs revealed that a A>G nucleotide change in the consensus splice-
acceptor site of infron 10 was only shown in leukemia DNA {center} but not in
germ-line DNA from patient 1375s skin {right). (B) Patient 154 showed a 15-bp
deletion between codons 75 and 79 of Chk2Z (upper) and wild-type sequence of Chk2
{lower).
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Table 2. Summary of Chk2 alterations in primary hematopoietic neoplasms

Patient  Diagrosis  DNA position Alteration Transcript

154 NHL 223-237 15-bp deletion 5 amino acids’ deletion

1375 AML(M1)  intren 10 A > Gtransition  7-bp insertion between
&by exons 10 and 11
before stop codon at 424
exon 11

The other patient, patient 154, was diagnosed with non-
Hodgkin lymphoma (NHL), with mantle cell morphology. Direct
sequencing of the abnormal bands on the SSCP analysis revealed a
15-bp deletion between codons 75 and 79. The 15-bp deletion
resulted in loss of 5 amino acids as shown in Figure 1B and Table 2.
The deleted 15 nucleotides are a half of the two 15-bp repeats
between codons 75 and 84. Because genomic sequences of both
tumor and normal samples also had the 15-bp deletion, this deletion
was most likely to be a germ-line mutation. In this case, normally
migrated bands were also detected. But because this sample was
apparently contaminated by normal bone marrow cells, we could
not determine whether it represented a residual allele in tumor cells
or it was derived from the contaminated normal cells and the tumor
cells themselves lacked a wild-type allele.

We compared the mutation rate of Chk2 with those of other
well-known tumor-suppressor genes in the same panel of 109
hematopoietic neoplasms, p33 was mutated in 7 samples (6.4%),
while homozygous deletion of pl6 was identified in 9 samples
(8.3%). There appeared to be a tendency that more p53
mutations were found in AML and p/6 deletions occurred
preferentially in acute lymphoid leukemia (ALL). Distributions
of these mutations are summarized in Table 1. There were no
overlapping mutations of Chk2, p53, and pl6, except for in
patient 1375, in whom, in addition to the Chk2 mutation
described above, a missense mutation (TGT>TAT, Cys—Tyr) at
codon 238 in p53 existed. On the other hand, patient 154 also
had an additional genetic alteration that may affect cell-cycle
regulation. Because her lymphoma cells had a t(11;14)(q13;q32)
translocation with rearrangement between the cyclin D1 gene
and the Jy region of immunoglobulin heavy chain causing
overexpression of cyclin D1.

It is noteworthy that both Chk2 mutations were compounded
with other genetic alterations that were presumed to disrupt the G1
checkpoint mechanism. The first patient (patient 1375) had a point
mutation in p53, and the second (patient 154) carried a t{11;14)(q13;
q32) translocation with overexpression of cyclin DI1. In this
context, it may be worth mentioning that the other case of Chk2
mutation thus far reported in a case with small-cell [ung cancer also
carried mutation of p53.* In these cases, both G1 and G2
checkpoint regulations are simultaneously abrogated; p53 mutation
and overexpression of eyclin D1 will affect G1 regulation, and the
Chk2 mutations will be associated with compromised G2 check-
point. The Chk2 mutation associated with mantle cell lymphoma
(MCL) carrying t(11;14)(q13;q32) may be in parallel with a recent
observation that ATM, an upstream regulator of Chk2 kinase, is
frequently inactivated in MCL.* Mice null for both p53 and ATM
genes show accelerated tumor growth as compared with mice null
only for either p53 or ATM alone.® Thus compounded G1 and G2
checkpoint abnormalities might confer more proliferative or anti-
apoptetic advantages upon the tumor cells.

In conclusion, sporadic mutation of Chk2 is rare in hematopoi-
etic neoplasms. Recently Hofinann et al also reported a similar
observation in myelodysplastic syndrome (MDS) and AML, where
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only one MDS case had a Chk2 mutation.” Chk2 is rarely mutated
in sporadic cases of small-cell lung cancers and fumor-derived cell

1.

lines.* While germ-line mutations of Chk2 predispose to several
cancers in LFS, our and others’ observations indicate that Chk2? 2.
belongs to a tumor suppressor gene of a “caretaker” type, just like
hMLHI and BRCAL?® Inactivation of ChE2 itself may not be %

sufficient for tumorigenesis but could induce a kind of genetic

instability, which will facilitate the oncogenic processes in patho-

genesis of sporadic cancers, including hematopoietic neoplasms.

Akira Hangaishi, Seishi Ogawa, Ying Qiao, Lili Wang, Noriko Hosoya,
Koichiro Yuji, Yoichl Imai, Kengo Takeuchi, Shuichi Miyawaki, and
Hisamaru Hirai

Cormespondence: Hisamaru Hirai, Department of Hematology & Oncology,
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The t(3;21) fusion product, AML1/Evi-1 blocks AML1-induced

transactivation by recruiting CtBP

Koji Izutsu', Mineo Kurokawa', Yoichi Imai', Motoshi Ichikawa', Takashi Asai',
Kazuhiro Maki?, Kinuko Mitani? and Hisamaru Hirai*

!Department of Hemartology and Oncology, Graduate School of Medicine, University of Tokyo, Tokyo 113-8655, Japan;
*Department of Hematology, Dokkyo University School of Medicine, Tochigi 321-6293, Japan

AMLI1/Evi-1 is a chimeric protein that is derived from
t(3;21), found in blastic transformation of chronic
myelogenous leukemia, It is composed of the N-terminal
AML1 portion with the DNA-binding Runt domain and
the C-terminal Evi-1 portion. It has been shown to
dominantly repress AMLI-induced transactivation. The
mechanism for it has been mainly attributed to
competition with AML1 for the DNA-binding and for
the interaction with PEBP2j3 (CBFf), a partner protein
which heterodimerizes with AMLI. It was recently found
that Evi-1 interacts with C-terminal binding protein
(CtBP) to repress TGFf-induced transactivation. Here,
we demonstrate that AML1/Evi-1 interacts with CtBP in
SKH1 cells, a leukemic cell line which endogenously
overexpresses AMLI1/Evi-1 and that AML]1/Evi-1
requires the interaction with CtBP to repress AMLI-
induced transactivation. The association with CtBP is
also required when AML1/Evi-1 blocks myeloid differ-
entiation of 32DcI3 cells induced by granulocyte colony-
stimulating factor. Taken together, it is suggested that
one of the mechanisms for AMLI1/Evi-1-associated
leukemogenesis should be an aberrant recruitment of a
corepressor complex by the chimeric protein.

Oncogene (2002) 21, 2695--2703. DOI: 10.1038/sj/
onc/1205356
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Introduction

The AML! gene, which is located in human chromo-
some 21922, was originally identified in the cells of
acute myelogenous lenkemia with $(8;21) (Miyoshi et
al., 1991). The AMLI protein (also called as PEBP24B,
CBFA2, or Runxl) is a member of the AMLI
transcription factor family, which is also called as
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polyomavirus enhancer binding protein 2 (PEBP2),
core binding factor (CBF) or most recently, Runx
(Wheeler et al., 2000). Runx proteins share the Runt
domain, which has homology to a Drosophila protein,
runt. Through this domain, Runx proteins hetero-
dimerize with a § subunit, PEBP28 (CBFp), which is
common to each Runx family member. The hetero-
dimers bind to the cognate sequence of DNA, which is
called the PEBP2-binding site, in the regulatory region
of target genes. This protein-DNA interaction is also
mediated through the Runt domain. Three members of
this family have been identified to date, each of which
is reported to have a unique role in embryogenesis and
development. AMLI1-null mice are not able to establish
adult type hematopoiesis, and succumb to intracranial
hemorrhage around embryonic day 12.5 (Okuda et 4.,
1896). Thus, AML] seems to be essential for establish-
ing the hematopoietic system during embryonic
ontogeny (Westendorf and Hiebert, 1999). It remains
to be elucidated precisely what are the downstream
targets of AMLI1 during induction of adult type
hematopoiesis. Several hematopoietic lineage-specific
genes, however, are shown to be regulated by AMLI.
Among them are the genes for myeloperoxidase
{MPQ), neutrophil elastase, granulocyte-macrophage
colony-stimulating factor (GM-CSF) receptor, macro-
phage colony-stimulating factor (M-CSF) receptor, and
T-cell receptor fi.

On the other hand, alterations in the AMLI gene
closely associate with the development of hematologi-
cal disorders in humans. The AMLI gene is recurrently
involved in leukemia-associated chromosomal translo-
cations (Mitani, 1997). The translocations generate
fusion transcripts and the resulting chimeric proteins
that consist of AMLI and a product from each partner
gene. AMLI/Evi-1, AMLIJETOMTGS), and TEL/
AMLI1 chimeric proteins are generated by t(3;21),
1(8;21), and t(12;21), respectively (Golub e al., 1995;
Mitani et al., 1994; Miyoshi et al, 1993). Germ line
mutations in the AMLI gene are reported in the
pedigrees of familial platelet disorder with predisposi-
tion to acute myelogenous leukemia (FPD/AML)
(Song et al., 1999). Somatic mutations in AMLI have
been repeatedly found in cases of acute myelogenous
leukemia (AML) and myelodysplastic syndrome
(MDS) (Imai ez al, 2000; Osato et al., 1999). These
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