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ABSTRACT

Acquired interstitial or complete losses of chromosome 5 are recurring
anomalies associated with preleukemic myelodysplasia and acute myelog
enous leukemia with a poor prognosis. Previous studies have delineated a
potential myeloid tumor suppressor locus to a <2.4-Mb interval between

the genes for 1L9 and EGRI on 5q31. In this report, we have localized the
SMADS gene, a homologue of the tumor suppressor genes SMAD4IDPC-4

andSMAD2/JV18.1,to the minimalmyeloidtumorsuppressorlocusand
characterized its open reading frame and genomic organization. SMAD5
transcripts are readily detectable in hematolymphoid tissues and leukemic
blasts. Absence of intragenic mutations in the remaining SMADS allele of
leukemic patients and multiple solid tumor cell lines prescreened for loss
of heterozygosity suggests that SMADS may not be a common target of
somatic inactivation in malignancy.

INTRODUCTION

Acquired loss of all or part of the long arm of human chromosome
5 (â€”5,Sqâ€”)is associated with a wide range of myeloid anomalies
(reviewed in Refs. 1 and 2). Identification of a commonly deleted

segment at 5q31 has led to the suggestion that loss of gene(s) required
for normal myeloid growth and differentiation from the 5qâ€”chro
mosome unmasks mutations on the remaining allele. This mechanism,
originally postulated by Knudson, has been proven in recent years
through the biology of many tumor suppressor genes (3).

Invariant LOH3 for several of the polymorphic markers in a 5q3l

locus flanked by the genes for 1L9 and EGRI suggests that a critical
myeloid tumor suppressor gene may reside in this region (4â€”6).These
findings are consistent with cytogenetic studies that demonstrated that
the 1L9 gene and the anonymous locus D5S166 flank the smallest
region of overlap (7). We have isolated and characterized several

single-copy sequences and polymorphic markers from this region and
placed these loci with respect to the second-generation genetic map of
the human genome (8).

Recent studies have localized the gene for SMAD5 (JV5.l), a
homologue of the pancreatic tumor suppressor gene DPC4, to YAC
y759D5, which spansthe microsatellitemarkersD5S393 andD5S399
within the 1L9-EGRJ interval (9). Members of the SMAD family
transduce differentiation and growth arrest signals mediated by the
TGF-@ family of ligands; loss of function mutations in SMAD genes
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may confer resistance to the TGF-@ family. The amino-terminal
DHI/MH1 and carboxyl-terminal DH2IMH2 domains ofSMAD genes
are highly homologous among the members and across the species.
However, the linker region between these two domains is unique to
each SMAD and is conserved in evolution (10). Over seven SMAD
homologues have been identified to date; a recent nomenclature4

allows us to distinguish some of the mammalian SMAD genes (1 1).
The genomic localization of SMAD5, coupled with the commonly
observed lack of sensitivity of myeloid leukemic cells to TGF-@3,

makes it an attractive candidate tumor suppressor gene. In this report,
we have localized the SMAD5 gene within the physical map of the
critical 5q3 1 locus and evaluated it as a candidate tumor suppressor;

a search for intragenic mutations in the remaining allele of leukemic
patients and in a panel of malignant cell lines suggests that this gene
is unaltered.

MATERIALS AND METHODS

YAC. All of the YACs were obtainedfromthe HumanGenomeCenterat
Baylor College of Medicine (Houston, Texas). Coordinates of YACs spanning
specific dinucleotide polymorphic loci were obtained from the Whitehead

Institute database. The Centre d'Etude du Polymorphisme Humain (CEPH)
Mark II library was screened with unique STS markers to isolate additional
YACs. Five-mi cultures of colony-purified Saccharomyces cerevisiae cells
were grown overnight in yeast peptone dextrose medium. YAC DNA was
isolated by the small-scale procedure in which the yeast spheroplasts generated

by f3-l,3-glucanase treatment were lysed in 0.9% SDS, and the DNA was
precipitated by ethanol.

BACScreens.Oligonucleotidesweresynthesizedfor515 withinthemm
imal tiling path. PCR amplification of the STS was performed against the

human genomic BAC library ( 12) from Genome Sciences Inc. (St. Louis, MO).
The ends of individual BACs thus isolated were sequenced to develop addi
tional STS for further screening of the BAC library.

cDNAs. The dbEST was searched for cDNAs containing SMAD5 se
quences, and the eDNA clones 262686, 206657, 291982, and 2 14636 thus

identified were obtained from the IMAGE consortium (13). Double-stranded
sequencing was performed on the largest clone 262686 with multiple oligo

nucleotide primers. Homology searches were performed by blast analysis of
the full-length sequence. Conserved domains were identified with the PILEUP
program of the GCG sequence analysis package.

Genomic Sequencing. DNA from BAC clone b37i16 was sequenced with
multiple primers derived from the full-length eDNA sequence ofclone 262686.
Exon-intron boundaries were identified by consensus splice donor and accep
tor sites. The SMAD5 cDNA and genomic sequences reported here can be
obtained from GenBank (accession numbers AFOI6OI through AFO 1607).

Cases and Cytogenetics. Routine cytogenetic analyses were done on all of

the MDS/AML patients seen at the Department of Hematology, M. D. Ander
son Cancer Center, as detailed elsewhere (4). Samples described in this study
were from patients who had either the 5qâ€” chromosome or monosomy for
chromosome 5.

Blood Separation, DNA Isolation for Mutation Screens, and LOH
Analysis. Peripheral blood specimens collected from MDS and AML patients

were separated on Ficoll-Hypaque gradients to yield pelleted granulocyte and
buoyant mononuclear leukemic populations. Whenever the sample size per

4 Smad I-JV4. 1, Dwarfin-A: Smad2-JV I8. 1, Madr2: Smad4-DPC4; Smad5-JV5. 1.
Dwarfin-C.
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Table 1 Search for intragenic mutations in leukemicpatients and malignant celllines@ith
allele loss for 5q31lociPrimer

pairs for the SMAD5gene are shown. A set of outer primers and one ormoresets
of nested primers were designed for each exon. One set of nested primerswassynthesized

for each of exons 2, 3. 4. and 5. Two sets were synthesized for each ofexons1
and 6 to divide these two large exons into smaller amplicons to facilitatesequencing.Primer

designations are: FA. outer forward; RP, outer reverse; FB, nested forward;andRQ,
nested reverse. When an additional nested set was designed, these weredesignatedFC

(forward) and RR (reverse). Ml3 sequencing primers tagged onto the 5' ends ofthenested
primers to facilitate sequencing areunderlined.Primer

SequenceExon

IExI
.FAAGGAATCGAGTGGTCACAGAACExI
.RPATGGAAACACAAAGCTAATACAACEx

I.FBGTTTTCCCAGTCACGACGATATGCCTTTCGATTATATTAATTTEx
I .RQAGGAAACAGCTATGACCATAGGCTTTCTCCAGTTCCTCCATEx
1.FCGTTTTCCCAGTCACGACGGAGAAATGGGCAGAAAAGGCAGEx
1.RPAGGAAACAGCTATGACCATCCTTTTCATTACTAAATCTAGTTACExon

2Ex2.FA
TCTCATAGAACAGGAGTGGTATCEx2.RP
AAAAGCCACACAGTAAAGGTGEx2.FB
GTTTTCCCAGTCACGACGATGAATCCTTTCTACCAACCCEx2.RQ

AGGAAACAGCTATGACCATAATAAAGTCTTACCTGGGAGC

Exon3Ex3.FA
TAGTAGGTTTTCAATTGCCATTAGEx3.RP
ACTGTGGTGCAAAACTTGGTGTAEx3.FB
GTTTTCCCAGTCACGACGGTGTGTGATGTTCAGTAATGAAGCEx3.RQ

AGGAAACAGCTATGACCATTACCAAAATCTTTGAATCATACACT

Exon4Ex4.FA
ATTCACAGCTAGGAAGGACAGTGEx4.RP
ATACATTCTTCAATATCGGCAACTEx4.FB
GTTTTCCCAGTCACGACGTTCATGTAATACTTGGGTTGGGTTEx4.RQ

AGGAAACAGCTATGACCATATGTTTCTAGCACCTTTCACkTG

Exon5Ex5.FA
GATTATCTTTGGCAGCAGAAGGEx5.RP
CCTGTTAAATCAGGCCAAAAGCAEx5.FB
GTTTTCCCAGTCACGACGTTCTGTCTAAAGACTGCTGGAAGEx5.RQ

AGGAAACAGCTATGACCATATAACCTAAAGTCATAATATACACAT

Exon6Ex6.FA
TGAACTATAACTGGCTCTAAGGGEx6.RP
CCAAAAGCAGCAAACATAGTTGEx6.FB
GTTTTCCCAGTCACGACGGACTGGTTTTGTGATAGTTATTCTCEx6.RQ
AGGAAACAGCTATGACCATTGTAATATCTGTTTTCAATGTAAGCEx6.FC
GTTTTCCCAGTCACGACGTCTTCAGTGGCTGGATAAAGTCEx6.RR

AGGAAACAGCTATGACCATTGAACACTACCAGTTACAGCAG

L@ALIZAT1ON AND EVALUATION OF SMAD5

mitted, short-term T-cell cultures were grown from the mononuclear fraction.
The cells were lysed, and DNA was isolated with Qiagen columns. Microsat
ellite analysis was performed as reported previously (5). LOH was determined
by the presence of a single allele in the leukemic blast or granulocytic
compartment, whereas the lymphoid population revealed two alleles.

RNA Isolation and Northern Blotting Analysis. TotalRNA was prepared
from exponentially growing cells or peripheral blood samples, separated on
agarose gels, blotted onto Zeta probe membrane (Bio-Rad), and hybridized
with cDNAs labeled with [cs-32PIdCTP by random priming. A Northern blot
containing polyadenylated RNA for hematopoietic tissues was purchased from

Clonetech Laboratories and probed with both cDNA clones 262686 and
2 14636 according to the recommended conditions.

Mutation Screens. Leukemic,dysplasticsamplesandsolid tumorcell lines
that were hemizygous for 5q3 1 loci were searched for intragenic alterations.
Mutation screening was done by PCR cycle sequencing. Outer and nested

oligonucleotides were synthesized in the intronic sequences flanking each

exon. Because exons I and 6 are rather large, additional nested primers were
designed within the exon to divide each of these exons into two amplicons.

Automated DNA sequencing was facilitated by primer sequences added onto
the 5 â€˜end of each nested primer. The sequences of these primers are shown in
Table I.

An initial round of PCR amplification was carried out with the outer primers
using either Taq plus long or Taq Gold. PCR amplification was done for 20â€”25
cycles at 96Â°C for 15 s, 57Â°C for 20 s, and 72Â°C for 1.0 mm. The products

were diluted and subjected to a second round of amplification with the

nested primers. The resulting products were sequenced by ABI automated
sequencing.

Databases. A database from Whitehead Institute, a dbEST (IMAGE con

sortium clones), Genbank/European Molecular Biology Laboratory DNA and
protein databases, and a database from Lawrence Berkeley National Labora

tories were used in the present study.

RESULTS

Physical Linkage between the D5S393 Locus and SMAD5 Gene.
We have previously described a YAC contig spanning the myeloid
tumor suppressor locus at 5q3 1. The contig connects the 1L9 and
EGRJ genes and spans the markers D5S393, D5S89, and D5S399 (8).
Localization of the SMAD5 gene to the YAC y759D5 containing the

loci D5S399 and D55393 prompted us to fine-map this gene within
the minimal tiling path (9). As shown in Fig. 1, YAC y745F8 with an
insert size of 1.3 Mb tested positive for the 1L9, D5S816, SMAD5,
D5S393, D5589, and D5S399 loci, establishing a physical linkage
between the 1L9 and SMAD5 genes. The presence of the 1L9 and
D5S816 loci in the YAC yl I 8E8 and D5S816, SMAD5, D5S393,
D5589, and D55399 in the YAC y880G9 suggests that the SMAD5
gene is telomeric of the 1L9 gene. Absence of SMAD5 and D5S399
loci in yB5GlO suggests two possible orders: !L9-D55816-SMAD5-
D55393-D5S89-D5S399 or 1L9-D5S816-D5S393/D5S89-D5S399/
SMAD5.

Generation of a BAC contig from this locus allowed further order
ing of the loci and revealed that the D5S89 locus resides between the

D5S393andD5S399loci(Fig.1B).AscreenoftheBACswithunique
STS derived from the 5' end and the 3' untranslated region of the
SMAD5 ORF demonstrated that the SMAD5 gene is entirely contained
on BAC b37i16. Taken together, the BAC and YAC screening data
are consistent with the order centromere-1L9-D5S816-SMADS
D55393-telomere.

Homology between SMADS and Related Proteins. Beginning
with a partial sequence of SMAD5 (JV5.1) reported by Riggins et aL
(9), recursivesearchingof thedbESTyieldedfourIMAGEconsor
tium cDNA clones: I .1-kb 214636, 1.3-kb 291982, 1.6-kb 206675,
and 2.1-kb 262686. Sequence analyses of these four cDNA clones
revealed that 262686 encompassed all three shorter clones and that its
deduced ORF encoded a 465-amino acid protein. The DH1IMH1 and
DH2IMH2 domains, hallmarks of the SMAD family of proteins, are
contained within the amino-terminal 151 residues and the carboxyl

terminal 204 residues, respectively.

As shown in Fig. 2, a search of the GenBank/European Molecular
Biology Laboratory protein and DNA databases revealed highest
identity (99%) in the deduced ORF to the recently isolated murine
Dwa,fin C (14). The identity in the DH1IMH1 and DH2/MH2 do
mains is 100%, and only four conservative differences are seen in the
linker region. The most similar Drosophila melanogaster and Cae
norhabditis elegans homologues were MAD (80.3% overall identity)
and SMA-2 (66.1% overall identity), respectively. Once again, these
three genes shared considerable sequence identity in the DH1IMH1
and DH2IMH2 domains (15, 16).

In contrast, homology with other tumor suppressor genes of the
SMAD family such as SMAD4/DPC-4 and SMAD2/JVJ8. I is seen
only in the modular DH1IMH1 (<75% identity to SMAD4 and <70%
identity to SMAD2) and DH2IMH2 (<70% identity to SMAD4 and
<80% identity to SMAD2) domains. Thus, the SMADS gene seems to
be the human homologue of murine Dwarfin C.

SMAD5 Is Ubiquitously Expressed. The pattern of SMAD5 ex
pression in the hematopoietic system was examined by Northern blot
analysis. As shown in Fig. 3A, we detected two species of RNA (a
major 8.7-kb and a minor 4.2-kb species). The expression is high in
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A.@

Fig. 1. Localization of the SMADS gene within the 5q31
myeloid tumor suppressor locus. A, a YAC tiling path
across the SMAD5 gene. The position of the polymorphic
markers (D5S) are indicated. The precise overlaps between
the YAC pairs yl l8E8, y88OG9and y88009, yB5GIO are
unknown. B, BAC contig spanning the SMAD5 gene. Lo
calization of SMAD5 to the b37il6 sequences is depicted.
Arrowheads, the 17 arm of the BAC vector.

yB5G1O:

B.

b37116@

spleen, lymph node, thymus, and fetal liver (Fig. 3A, Lanes 1â€”3and
7). There may be an apparent tissue specificity in the expression of the
two mRNAs; although low levels are observed in the bone marrow
(Fig. 3A, Lane 6) and peripheral blood leukocytes (Fig. 3A, Lane 5),
the former has detectable levels of the 4.2-kb transcript, whereas the
latter seems to express only the 8.7-kb mRNA. As seen in Fig. 3A,
Lane 4, the appendix, isolated from a case of appendicitis and hence
heavily contaminated with the hematopoietic cells involved in inflam
matory response, transcribes two other novel species of mRNAs (3.2-
and 1.9-kb species). An identical pattern is observed when the North
em blot is hybridized with either the full-length cDNA clone 262686
or the 3' clone 214636. The two major transcripts are likely to result
from alternate polyadenylation signals in exon 6; furthermore, the 8.7-
and 4.2-kb species of mRNA were detected with both probes in
multiple tissue Northern blots containing polyadenylated RNA from
heart, brain, placenta, lung, liver, skeletal muscle, kidney, and
pancreas.5

The possibility of alternate polyadenylation signal is further sup
ported by identification of similar-size transcripts with murine Dwar
fin C as opposed to a single species of mRNA detected with SMADJI
Dwarfin A (14).

The expression of SMAD5 was next investigated in two AML
patients who were hemizygous for this gene. A limited amount of
material from these cases restricted our search for expression of the

not-so-abundant SMAD5 transcript in total RNA. Nonetheless, the
results suggest that, analogous to the normal peripheral blood leuko
cytes (Fig. 3A, Lane 5), leukemic blasts from patients 12 and 13
express only the 8.7-kb SMAD5 transcript (Fig. 3B, Lanes 1 and 2).

Search for Somatic Mutations in AML and MDS Patients and
Tumor Cell Lines. Genomic sequencing of the BAC b37i16 led to

the identification of six exons and five introns encoding the entire
SMADS ORF. The DH1IMH1 domain is encoded by exon 1 (138
amino acids) and the first few residues of exon 2. The rest of exon 2
and exon 3 code for the proline/serine-rich linker region. Exons 4â€”6

code for the 204-amino acid DH2IMH2 domain, and the polyadenyl
ation site has not yet been identified.

The SMADS genomic locus was searched for intragenic mutations
in a panel of 27 patients with LOH for 5q31 loci. The results of the

mutation screening are summarized in Table 2. No intragenic muta
tions were detected, although polymorphic single-base alterations
could be readily identified under the screening conditions used. To
determine whether SMAD5 mutations were associated with malignant
transformation of solid tumors, a panel of 45 tumor cell lines pre

screened for LOH in the 5q3 1 region was examined for intragenic

mutations. No gross deletions or inactivating mutations were identi
fled in cell lines derived from malignancies of the pancreas, colon,
lung, skin, breast, ovary, and brain (Table 2). Thus, the SMAD5 gene
does not seem to be a common target of somatic inactivation in either
hematopoietic malignancies or solid tumors.

DISCUSSION

Localization of the SMAD5 gene to a consistent region of loss seen
in AML and MDS suggests that it is a candidate myeloid tumor
suppressor. Whereas the YAC and BAC contigs presented here are in

overall agreement with those in the Whitehead Institute and Lawrence
Berkeley National Laboratory databases, our results have further
localized the SMAD5 gene between the D5S816 and D55393 loci
within the minimal tiling path.

Chromosome 5 anomalies signify poor prognosis in myeloid ma
lignancies (17). The consistent loss of chromosome 5q3l loci in AML
and MDS has suggested the existence of a tumor suppressor gene
whose loss confers chemorefractoriness. The DPC-4/SMAD4 gene
was originally isolated due to its inactivation in pancreatic tumors, a
form of malignancy with poor prognosis (1 8). Thus, the common

clinical outcome between these two states of neoplasia raises the
possibility of similar genetic alterations.

The SMAD family genes encode cytoplasmic proteins that are
phosphorylated on ligand stimulation to initiate TGF-@3-induced
growth arrest. The ligand that regulates SMAD5 phosphorylation is5 H. Liang and L. Nagarajan, unpublished observations.
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Fig. 2. Homology between the predicted ORFs
of SMADSand other SMADhomologues. The ORF
was deduced from the sequence of eDNA clone
263686. The homology between SMAD5 and other
MAD proteins is shown. n, DH1/MHI, a, SMAD
homology domain I ; n , DH2/MH2; a , SMAD ho
mology domain 2; Â§.. . Â§.linker region. The pro
teins are DWF-C, Dwarfin C/murine smad5 from
mouse; MAD, Drosophila MAD (Mothers against
DPP); and SMA-2, SMA-2 from C. elegans. Total
sequence identity to SMAD5 is 98.9% for DWF-C,
80.3% for MAD, and 66. 1% for SMA-2. Homology
with the tumor suppressors SMAD4/DPC-4 and
SMAD2JJVI8. 1 is seen only in the DH 1IMH1
(<75% identity to SMAD4 and <70% identity to
SMAD2) and DH2IMH2 (<70% identity to
SMAD4 and <80% identity to SMAD2) domains.
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unknown at present, although the murine homologue DWF-C seems
to be phosphorylated in response to TGF-@3(14). Furthermore, over
expression of murine SMAD5 results in growth inhibition of L6

munne cells upon transient transfections (14). The high level of
identity (99%) between the murine and human homologues implies a

highly conserved functional role for SMADS.

An examination of the evolutionary relationship between the struc
ture of the SMA2 gene of C. elegans and SMADS reveals extensive
divergence, despite significant sequence similarity between the two

proteins (Fig. 3). In contrast, detection of two mRNA species of

similar sizes in the human and mouse distinguishes SMAD5/Dwatfin
C homologue from other closely related SMAD family members such
as Dwarfin A/SMADJ (this report and Ref. 14). Thus, the results
presented here serve as a first step toward the characterization of other
SMAD family members to elucidate evolutionary mechanisms respon
sible for the emergence of the multiple SMAD genes in mammals.

Two of the SMAD family genes reported to date harbor inactivating
mutations in malignant cells; the SMAI)4/DPC4 gene is mutated in 50%
of pancreatic tumors with allele loss for 18q, whereas the SMAD2/J Vi 8.1
gene is inactivated at a much lower frequency in colon cancer (19). There
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Table 2 Summary of mutation screeningresultsAutomated
sequencing was performed on both the strands, and the resultsobtainedwith

the malignant samples are shown. The commonly observed polymorphismswereAâ€”.G
at nucleotide 38 3' of exon 1, deletion of T at nucleotide â€”95' of exon 3,Aâ€”*Gat

nucleotide 37 3' of exon 4, Tâ€”sAat nucleotide â€”325' of exon 5, and a single caseofCâ€”sT
at nucleotide14of exon5. Themalignantcell linescomprisedleukemia(n =4),pancreas

(n = 6), colon (n = 10), ovaries (n 3), lung (n = 10), melanoma (n =4),breast
(n = 5), astrocytoma (n = 2), and neuroblastoma (n =1).Tumor

No. of samples tested MutationsPolymorphismsAMIJMDS

27 None12/27Cell
lines 45 None 12/45

LOCALIZATION AND EVALUATION OF SMAD5

A. B. C.
2

â€”28$

â€”18$

Fig. 3. Expression of SMAD5. The major tran
scripts are denoted by arrows. Molecular weight
markers (in kb) of 28 and 18 5 RNA are indicated
on the right. A, 2 ,xg of polyadenylated RNA
from multiple hematopoietic tissues were re
solved on a 1.2% formaldehyde agarose gel,
transferred to nylon membrane, and probed with
clone 214636, as described in â€œMaterialsand
Methods.â€•Lane 1, spleen; Lane 2, lymph node;
Lane 3, thymus; Lane 4, appendix; Lane 5, pe
ripheral blood leukocytes; Lane 6, bone marrow;
and Lane 7, fetal liver. B, approximately 10 @gof
total RNA from the leukemic blasts were re
solved on a 1.0% formaldehyde agarose gel,
transferred to nylon membrane, and probed with
clone 214636 as described in â€œMaterialsand
Methods.â€•C, ethidium bromide-stained agarose
gel of the blot used in B.
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Mammalian dwarfins are phosphorylated in response to transforming growth factor (3
and are implicated in control of cell growth. Proc. NatI. Acad. Sci. USA, 93:
8940â€”8944, 1996.

15. Sekelsky, J. J., Newfeld, S. J., Raftery, L. A., Chartoff, E. H., and Gelbart, W. M.
Genetic characterization and cloning of Mothers against dpp. a gene required for
decapentaplegic function in Drosophila melanogaster. Genetics, 139: 1347â€”I358,
1995.

16. Savage, C., Das, P., Finelli, A., Townsend, S., Sun, C., Baird. S., and Padgett, R. The
C. elegans sma-2, sma-3, and sma.4 genes define a novel conserved family of TGF-f3
pathway components. Proc. NatI. Acad. Sci. USA. 93: 790â€”794. 1996.

17. Estey, E. H., Keating, M. J., Dixon, D. 0., Trujillo. J. M., McCredie, K. B., and
Freireich, E. J. Karyotype is prognostically more important than the FAB system's
distinction between myelodysplastic syndrome and acute myelogenous leukemia.
Hematol. Pathol., I: 203â€”208,1987.

18. Hahn, S. A., Schutte, M., Shamsul Hoque, A. T. M.. Moskaluk, C. A., de Costa, L. T.,
Rozenblum, E., Weinstein, C. L., Fischer, A., Yeo, C. J., Hruban, R. H., and Kern,
S. E. DPC4, a candidate tumor suppressor gene at human chromosome 18q21.1.
Science (Washington DC), 27!: 350â€”353, 1996.

19. Thiagalingam, S., Lengauer, C., Leach, F. S., Schutte, M., Hahn, S. A., Overhauser,
J., Wilson, J. K. V., Hamilton, S. R., Kern, S. E., Kinzler, K. W., and Vogelstein, B.
Evaluation of candidate tumour suppressor genes on chromosome I8 in colorectal
cancers. Nat. Genet., 13: 343â€”346,1996.

20. Fidanza, V., Melotti, P., Yano, T., Nakamura, T., Bradley, A., Canaani, E., Calabretta,
B., and Croce, C. M. Double knockout of the ALL-I gene blocks hematopoietic
differentiation in vitro. Cancer Res., 56: I I79â€”1183, 1996.

are a number of possible explanations for a lack of SMADS mutations in
leukemic samples: (a) there is a critical myeloid tumor suppressor else
where within 5q31; (b) haploinsufficiency may result in a phenotypic
alteration; and, (c) there are regulatory mutations that could not be
detected under our assay conditions. We favor the first two possibilities
because we have not encountered homozygous deletions6 or inactivating
mutations for the SMAD5 gene. The possibility of regulatory mutations
elsewhere is highly unlikely but cannot be excluded. As for the second

possibility, hemizygosity of the D. melanogaster MAD gene results in a
phenotype that is halfway between the wild type and the null mutation
(15). In addition, hemizygosity of the murine thx gene, whose D. mela
nogaster homologue shows a dosage effect, results in expansion of

undifferentiated precursors as detected by enhanced expression of CD34,
c-kit, RAG-i, and Ikaros genes in embryonic stem cells induced to
differentiate along the hematopoietic lineage (20). Future SMAD5 gene

knockouts in murine models or mammalian cell lines should reveal the

consequences of haploinsufficiency or complete loss of SMAD5 function.
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