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background

 

The receptors for transforming growth factor 

 

b

 

 (TGF-

 

b

 

) and their signaling interme-
diates make up an important tumor-suppressor pathway. The role of one of these inter-
mediates — Smad3 — in the pathogenesis of lymphoid neoplasia is unknown.

 

methods

 

We measured Smad3 messenger RNA (mRNA) and protein in leukemia cells obtained
at diagnosis from 19 children with acute leukemia, including 10 with T-cell acute lym-
phoblastic leukemia (ALL), 7 with pre–B-cell ALL, and 2 with acute nonlymphoblastic
leukemia (ANLL). All nine exons of the 

 

SMAD3

 

 gene (

 

MADH3

 

) were sequenced. Mice in
which one or both alleles of 

 

Smad3

 

 were inactivated were used to evaluate the role of
Smad3 in the response of normal T cells to TGF-

 

b

 

 and in the susceptibility to sponta-
neous leukemogenesis in mice in which both alleles of the tumor suppressor 

 

p27

 

Kip

 

1

 

were deleted.

 

results

 

Smad3 protein was absent in T-cell ALL but present in pre–B-cell ALL and ANLL. No
mutations were found in the 

 

MADH3

 

 gene in T-cell ALL, and Smad3 mRNA was present
in T-cell ALL and normal T cells at similar levels. In mice, the loss of one allele for

 

Smad3

 

 impairs the inhibitory effect of TGF-

 

b

 

 on the proliferation of normal T cells and
works in tandem with the homozygous inactivation of 

 

p27

 

Kip

 

1

 

 to promote T-cell leuke-
mogenesis.

 

conclusions

 

Loss of Smad3 protein is a specific feature of pediatric T-cell ALL. A reduction in Smad3
expression and the loss of p27

 

Kip

 

1

 

 work synergistically to promote T-cell leukemogen-
esis in mice.
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mad

 

2 and s

 

mad

 

3 are the principal

 

 

 

cy

 

-
toplasmic intermediates involved in the trans-
duction of signals from receptors for mem-

bers of the transforming growth factor 

 

b

 

 (TGF-

 

b

 

)
superfamily of cytokines. Named for their roles in
invertebrate development, Smad2 and Smad3 are
activated when TGF-

 

b

 

 binds to its cell-surface re-
ceptor and move from the cytoplasm to the nucle-
us, where they regulate gene transcription.

 

1

 

 The
three mammalian TGF-

 

b

 

 isoforms (TGF-

 

b

 

1, 

 

b

 

2,
and 

 

b

 

3) represent a family of cytokines with a vari-
ety of effects, including the suppression of tumor
growth. Little is known, however, about how Smad2
and Smad3 mediate the tumor-suppressive effects
of TGF-

 

b

 

.

 

2

 

 To test the hypothesis that Smad3 is a
tumor-suppressor factor in acute lymphoblastic
leukemia (ALL), we determined the level of Smad3
in specimens obtained at diagnosis from patients
with acute leukemia enrolled in trials at the Pediat-
ric Oncology Branch of the National Cancer Insti-
tute between 1980 and 1992. We studied 10 pa-
tients with T-cell ALL (French–American–British
classification L1 or L2, Tdt+, CD7+, CD2+), 7 pa-
tients with pre–B-cell ALL, and 2 patients with acute
nonlymphocytic leukemia (ANLL). We also exam-
ined Smad3 in specimens from three adults with
the Sézary syndrome and four with T-cell leukemia
related to infection with human T-lymphotropic
virus 1 (HTLV-1). We also examined the effect of
the loss of a single allele of the 

 

Smad3

 

 gene in mice
with spontaneous T-cell leukemia that were ho-
mozygous for a deletion in 

 

p27

 

Kip

 

1

 

,

 

 a gene fre-
quently altered in pediatric ALL.

 

patients and cell collection

 

After obtaining written informed consent from all
patients and before treatment, we used cytopheresis
to collect cells, which we then froze in medium with
10 percent dimethyl sulfoxide. Samples of leukemia
cells used in the study were collected during the pe-
riod between 1980 and 1990. The diagnosis of child-
hood ALL or ANLL was made by means of mor-
phologic assessment and immunohistochemical
staining of the bone marrow.

 

3

 

 The immunologic
subtype of the cells was subsequently determined
by flow cytometry with the use of monoclonal anti-
bodies. Adults with the Sézary syndrome were en-
rolled in clinical trials at the Medicine Branch of the
National Cancer Institute,

 

4

 

 and leukemia-cell spec-
imens were kindly provided by Dr. Susan Bates.

Adults with HTLV-1–associated T-cell leukemia
were enrolled in clinical trials at the Metabolism
Branch of the National Cancer Institute, and leu-
kemia-cell specimens were kindly provided by Dr.
Thomas Waldmann.

 

western blotting

 

Cellular protein lysates were prepared from cryo-
preserved specimens from children with leukemia
and from peripheral-blood cells of two healthy
control subjects. For normal lymphocytes, lympho-
cyte-rich fractions were collected from healthy do-
nors by leukapheresis and countercurrent centrif-
ugal elutriation according to National Institutes of
Health guidelines for human subjects. T cells were
purified from lymphocyte-rich elutriation fractions
by means of T-cell isolation columns (Miltenyi Pan
T-cell purification kit) and were either cultured or
immediately processed for extraction of protein.
Cells were centrifuged and washed twice with cold
phosphate-buffered saline and lysed in radioim-
munoprecipitation assay (RIPA) buffer containing
protease inhibitors, sodium orthovanadate, and so-
dium fluoride. Lysates were clarified by centrifu-
gation, and protein levels determined with the use
of a bicinchoninic acid protein assay (Pierce). Then,
50 µg of total cellular protein was separated on
8 percent TRIS–glycine (sodium dodecyl sulfate)
gels and transferred onto nitrocellulose mem-
branes. Membranes were blocked in TRIS-buffered
saline with the use of 5 percent milk and 2 percent
bovine serum albumin. The membranes were in-
cubated overnight with 1 µg of a rabbit polyclonal
antibody against Smad3 (51-1500, Zymed Labora-
tories) or a mouse monoclonal antibody against
Smad2 (BD Signal Transduction Laboratories),
washed three times, incubated for one hour in the
appropriate peroxidase-conjugated secondary an-
tibody (Amersham Biosciences), and developed
with a Super Signal–enhanced chemiluminescence
kit (Pierce).

 

determination of free and cyclin 
d3–associated 

 

p

 

27

 

K

 

ip

 

1

 

In brief, for the determination of free and cyclin
D3–associated p27

 

Kip

 

1

 

, leukemia cells and purified
peripheral-blood T cells were each lysed in RIPA
buffer containing protease inhibitors (Complete
Mini protease inhibitor cocktail tablets, Roche)
plus 0.1 mM sodium orthovanadate and 1 mM so-
dium fluoride. Then, 50 µg of protein in 500 µl of
lysis buffer was immunoprecipitated overnight

s

methods
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with gentle rocking at 4°C with 25 µl of agarose-
conjugated antibody against cyclin D3 antibody
(sc-6283AC, Santa Cruz Biotech). Supernatants
containing unbound proteins were immunoprecip-
itated with 50 µl of agarose-conjugated antibody

against p27

 

Kip

 

1

 

 (sc-1641AC, Santa Cruz Biotech)
at 4°C for six hours. This latter fraction represented
free p27

 

Kip

 

1

 

, which was not bound to cyclin D3. The
cyclin D3–bound immune complexes were washed
three times with 500 µl of RIPA buffer, and the pel-
let was resuspended in 30 µl of gel-loading buffer
and then heated at 95°C for five minutes to remove
bound proteins from the agarose beads. The p27

 

Kip

 

1

 

immune complexes were treated in a similar man-
ner. Both the cyclin D3–associated and free p27

 

Kip

 

1

 

fractions were resolved by means of sodium dode-
cyl sulfate–polyacrylamide-gel electrophoresis on
a TRIS–Glycine Novex gel (4 to 20 percent), blotted
onto nitrocellulose, and incubated overnight at 4°C
with a rabbit polyclonal antibody against human
p27

 

Kip

 

1

 

 (sc-528, Santa Cruz Biotech) at a dilution
of 1:500 in TRIS-buffered saline containing 4 per-
cent fat-free milk. Donkey antirabbit IgG conjugat-
ed with horseradish peroxidase (Amersham) was
used to detect bound antibody against p27

 

Kip

 

1

 

 by
means of chemiluminescence (Pierce Super Signal
West Pico system).

 

analysis of s

 

mad

 

3 messenger rna

 

RNA was purified from leukemia-cell specimens
and from freshly isolated normal peripheral-blood
T cells with the use of Trizol reagent (Invitrogen),
and any contaminating genomic DNA was removed
by digestion with RQ1 DNase (Promega). The re-
verse-transcription–polymerase-chain-reaction
(RT-PCR) assay was carried out with the use of In-
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Figure 1. Levels of Smad3 in T-Cell and Pre–B-Cell ALL. 

 

Cryopreserved leukemia samples were processed. 
In Panel A, total cell extracts were resolved by sodium 
dodecyl sulfate–polyacrylamide-gel electrophoresis and 
transferred for Western blot analysis of either Smad3 or 
Smad2. Smad3 is present in pre–B-cell specimens but 
is absent or markedly reduced in T-cell ALL specimens. 
Panel B shows the expression of Smad3 and 

 

b

 

-actin 
by a second set of ALL samples, ANLL (a myeloid leuke-
mia), normal peripheral-blood lymphocytes (PBL), and 
normal T cells. Smad3 is present in lysates of PBL, T cells 
purified from PBL, pre–B cell ALL, and ANLL, but not 
T-cell ALL. The investigator running the gels was unaware 
of the immunophenotype of the cells. Panel C shows the 
level of expression of Smad3 and 

 

b

 

-actin mRNA by T-cell 
ALL specimens from eight children, control T cells, and 
one specimen of acute myelogenous leukemia (AML). 
Panel D shows the level of expression of Smad3 and 

 

b

 

-actin by specimens from three adults with the Sézary 
syndrome and four adults with HTLV-1–associated T-cell 
leukemia (ATL).
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vitrogen’s SuperScript III One-Step RT-PCR Sys-
tem with Platinum 

 

Taq

 

 DNA Polymerase according
to the manufacturer’s instructions; 700 ng of RNA
was used. The annealing temperature was 56°C.
PCR was also carried out in the absence of reverse
transcription and involved 700 ng of RNA, Platinum

 

Taq 

 

Supermix (Invitrogen), and Smad3 primers.
The identity of the RT-PCR product was confirmed
as being Smad3 by direct sequencing of the gel-
purified DNA. The following primers were used for
the RT-PCR of the human Smad3 messenger RNA
(mRNA): 5'ACCATCCCCAGGTCCCTGGATGG-
CC3' (forward primer) and 5'AACTCGGCCGGG-
ATCTCTGTGTGGCGT3' (reverse primer); the PCR
product size is 253 bp. The human 

 

b

 

-actin PCR
primers were purchased from R&D Systems (prim-
er pair RDP-38-025); the PCR product is 528 bp.

 

sequencing of the 

 

madh3

 

 gene

 

To prepare genomic DNA, leukemia cells were di-
gested in 300 µl of lysis buffer (200 mM sodium
chloride; 40 mM TRIS, pH 8.0; 20 mM EDTA; 0.5
percent sodium dodecyl sulfate; 0.5 percent 

 

b

 

-mer-
captoethanol; and 2 mg of fresh proteinase K per
milliliter), and DNA was precipitated from lysates
by the addition of 600 µl of ice-cold ethanol, then
rinsed, and dissolved in water. The following prim-
ers were used for PCR amplification and sequencing
of human 

 

MADH3 

 

exons: exon 1, 5'CGAAGTTT-
GGGCGACCGCGG3' (forward) and 5'CTCTCT-
CCCTCTTCCCATCTCCAGC3' (reverse), yielding a
420-bp PCR fragment; exon 2, 5'CAATCACATTT-
CCCTCTCTTTCTG3' (forward) and 5'CAGCATA-
CCTGGTGTCTCTAC3' (reverse), yielding a 246-bp
fragment; exon 3, 5'GTCTTTGCAAAAGGTGTC-
TC3' (forward) and 5'CTGCTAATCAGTTAAG-
AATAAG3' (reverse), yielding a 190-bp product;
exon 4, 5'CAGGCCAAGAATCTTTTGTGAAG3'
(forward) and 5'AAACCTGGCATATGGTTGTCT-
TTC3' (reverse), yielding a 319-bp product; exon 5,
5'GAGATTATAATCCCTCTGAAATGC3' (forward)
and 5'CTGCATTCCTGTTGACATTG3' (reverse),
yielding a 305-bp product; exon 6, 5'CATTGTGTG-
TGAGCAAAG3' (forward) and 5'CACCTCCAGAT-
TGACAACGCAATC3' (reverse), yielding a 315-bp
product; exon 7, 5'CTGTTTCTGTGTTTTTGGC-
AG3' (forward) and CTTGGCCTCTCTCTGATCT-
TTG3' (reverse), yielding a 306-bp product; exon 8,
5'AGATGGGTTCAAGGGGAGGGACTG3' (for-
ward) and 5'TTTCTGCTCTTGACGCTAGGGCTG3'
(reverse), yielding a 467-bp product; and exon 9,

 

Figure 2. Haploinsufficiency of Smad3 in Mediating 
the Inhibitory Effects of TGF-

 

b

 

 on T-Cell Proliferation 
and Interleukin-2 Production.

 

In Panel A, Smad3 expression was determined in lysates 
of T cells from 

 

Smad3

 

+/+

 

, 

 

Smad3

 

+/¡

 

, or 

 

Smad3

 

¡/¡

 

 mice 
by means of Western blotting. The level of Smad3 in 

 

Smad3

 

+/¡

 

 mice is intermediate between that of 

 

Smad3

 

+/+ 

 

and 

 

Smad3

 

¡/¡

 

 mice. In Panel B, loss of a single 

 

Smad3

 

 al-
lele doubles the concentration of TGF-

 

b

 

 required to sup-
press the proliferation of 

 

Smad3

 

+/¡

 

 

 

T cells by 50 percent 
(IC

 

50

 

, indicated by the arrows at the x axis), as measured 
by the incorporation of [

 

3

 

H]thymidine. In Panel C, the 
expression of interleukin-2 is increased in T cells of 

 

Smad3

 

+/¡

 

 and 

 

Smad3

 

¡/¡

 

 mice. Splenocytes from each ge-
notype were activated with anti-CD3

 

e

 

. Basal interleukin-2 
production by all cultured T cells from 

 

Smad3

 

¡/¡

 

 mice is 
twice as great as that by cultured T cells from 

 

Smad3

 

+/+

 

 
mice, with levels of production by T cells from 

 

Smad3

 

+/¡

 

 

 

mice intermediate between the two. The level of suppres-
sion of interleukin-2 by TGF-

 

b

 

 is also correlated with the 

 

Smad3

 

 gene dose.
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5'GGTAGAGGAGTTTGGCCGGGTAGTT3' (for-
ward) and 5'TGGGGCCAAAGGGTAAATGTGTT3'
(reverse), yielding a 521-bp product.

 

proliferation assays and interleukin-2 
measurements

 

Splenocytes from 

 

Smad3

 

+/+

 

, 

 

Smad3

 

+/¡

 

,

 

 

 

and 

 

Smad3

 

¡/¡

 

mice were depleted of red cells with the use of ACK
Lysis Buffer (Quality Biological) and plated at 5¬10

 

4

 

cells per well (round-bottom 96-well plate) in a final
volume of 200 µl of RPMI complete medium (RPMI
supplemented with 10 percent heat-inactivated
fetal-calf serum, 100 U of penicillin G per millili-
ter, 100 U of streptomycin per milliliter, 0.25 µg of
Fungizone per milliliter, and 50 µM 2-mercapto-
ethanol. Cells were stimulated for 60 hours with
plate-bound anti-CD3

 

e

 

 (2 µg per milliliter) in the ab-
sence or presence of recombinant human TGF-

 

b

 

1
(5 ng per milliliter), pulsed with 1 µCi of tritiated
thymidine per well for 12 hours, and harvested with
the use of a Brandel cell harvester. The amount of

incorporated [

 

3H]thymidine was measured by scin-
tillation spectrophotometry (1450 Microbeta liquid
scintillation counter, Perkin Elmer). In a parallel
series of experiments involving the same condi-
tions, cell-culture supernatants were removed af-
ter 48 hours and levels of interleukin-2 were mea-
sured with the use of a Quantikine M sandwich
enzyme-linked immunoassay kit according to the
manufacturer’s instructions (R&D Systems).

immunohistochemistry
Smad proteins were stained on 5-µm sections of
formalin-fixed, paraffin-embedded mouse tissues
(heart, kidney, and lymph nodes) as previously de-
scribed, with the use of the Optimax Plus 2.0 Auto-
mated Cell Staining System with research software

Figure 3. Western Blotting Analysis (Panel A) and Im-
munoprecipitation Studies (Panel B) of the Binding 
of p27Kip1 to Cyclin D3 in T-Cell ALL.

In Panel A, Western blotting analysis of total p27Kip1 
shows a moderate reduction in total p27Kip1 relative to 
that in control peripheral-blood T cells. In Panel B, im-
munoprecipitation studies with an agarose-conjugated 
antibody against cyclin D3 indicate that the majority of 
p27Kip1 exists in an unbound form and is not associated 
with cyclin D3.
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Figure 4 (facing page). Spontaneous T-Cell Leukemia 
in p27Kip1¡/¡,Smad3+/¡ Mice.

In Panel A, survival curves show decreased survival 
for p27Kip1¡/¡,Smad3+/¡ mice, as compared with 
p27Kip1¡/¡,Smad3+/+ mice, p27Kip1+/+,Smad3+/¡ mice, 
and p27Kip27+/+,Smad+/+ mice. There were 50 mice per 
group. Panels B, C, and D show enlarged, leukemia-infil-
trated lymphoid organs and soft tissues obtained at 
gross autopsy. A spleen as large as 5 cm (Panel C) was 
observed. Peripheral-blood smears demonstrate the 
presence of circulating lymphoblasts (Panel E). Staining 
with hematoxylin and eosin shows extensive infiltration 
of leukemia cells (blue) into soft tissues. Panel F shows 
lymphoblasts surrounding a normal glomerulus in the 
kidney, and Panel G lymphoblasts surrounding a blood 
vessel in the liver. Cytometric analysis shows a T-cell phe-
notype, with surface markers positive for CD3 and CD8 
(Panel H). In Panel I, T-cell receptor (TCR) b gene re-
arrangements indicate clonal expansion of malignant 
T cells in p27Kip1¡/¡,Smad3+/¡mice. DNA from thymocytes 
(lane 2) or spleen (lane 3) of affected p27Kip1¡/¡,Smad3+/¡ 
mice was analyzed by Southern blot hybridization to a 
TCR Cb2 probe. Appearance of one or more rearranged 
fragments, distinct from the germ-line configuration (in-
dicated by the arrow in lane 1), suggests a clonal pro-
cess, similar to that observed in leukemic lymphoblasts 
in SCL-LMO1 transgenic mice (lanes 4 and 5).9 Smad3-
positive (brown) leukemic blasts are evident in a thymic 
tumor (Panel J) and infiltrating myocardium (Panel K). 
Western blot analysis shows Smad3 expression in the 
thymus and spleen of affected p27Kip1¡/¡,Smad3+/¡ mice 
(Panel L). Smad3 expression by lymphoblasts is docu-
mented in lymphoid organs (lanes 4 and 7) and in leuke-
mia cells purified by magnetic-bead separation from the 
parenchyma of infiltrated lung and liver (lanes 1 and 2, 
respectively). Specificity of the Smad3 antibody is indi-
cated by the band detected in TGF-b–responsive Mv1Lu 
cells (lane 8), but absent in the spleen and thymus of 
Smad3¡/¡ mice (lanes 5 and 6, respectively).
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(BioGenex).5 Sections were incubated for two hours
with the primary antibodies listed above at a con-
centration of 4 µg of IgG per milliliter in TRIS-buff-
ered saline with 1 percent bovine serum albumin.
Rabbit or goat IgG (4 µg per milliliter) was used as a
negative control. Antigen–antibody complexes were
detected with the use of the Vectastain Elite avidin–
biotin complex peroxidase kit (Vector Laborato-

ries) according to the manufacturer’s instructions.
Carazzi hematoxylin was used as the counterstain.

loss of smad3 in t-cell all
We examined the Smad3 content by means of
Western blotting in leukemia cells obtained from
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children at diagnosis. Smad3 protein was readily
detected in two of two ANLL specimens and in six
of seven specimens of pre–B-cell ALL, with low
levels detected in the remaining specimen of pre–
B-cell ALL (Fig. 1). Smad3 was also present in fresh-
ly isolated peripheral-blood lymphocytes and pu-
rified T cells from control subjects (Fig. 1B), but
absent or barely detectable in all 10 specimens from
patients with T-cell ALL (Fig. 1A and 1B). In con-
trast, Smad2, the other Smad that becomes activat-
ed by the TGF-b receptor, was present at normal
levels in all 20 specimens (shown for 6 samples in
Fig. 1A).

To evaluate the mechanism underlying the loss
of Smad3 protein in T-cell ALL, we used RT-PCR to
measure the level of Smad3 mRNA in specimens
from 8 of 10 children. Smad3 mRNA was present
in all eight specimens, and the identity of these PCR
products was confirmed as Smad3 by means of di-
rect-sequencing analysis of DNA purified from the
gel (Fig. 1C). There was no reduction in the level of
Smad3 mRNA in the specimens of T-cell ALL, as
compared with levels in normal T cells and in ANLL
specimens. To determine whether the loss of Smad3
protein was the consequence of alterations in the
MADH3 gene, which encodes Smad3, we sequenced
all nine exons of the gene, using genomic DNA
from normal T cells as a reference. We found no ev-
idence of deletions, point mutations, or other alter-
ations of MADH3 in any of the T-cell ALL specimens.
We also performed Western blot analysis of Smad3
in specimens from four adults with HTLV-1–asso-
ciated T-cell leukemia and three adults with the
Sézary syndrome. Smad3 protein was readily detect-
ed in five of the seven specimens (Fig. 1D).

levels of smad3 and t-cell responses 
to tgf-b in mice
The above data suggest that the level of Smad3
protein expressed by T cells might be an important
determinant in the suppression of T-cell leukemo-
genesis. We hypothesized that a reduction in Smad3
would also impair the response of normal T cells to
TGF-b. To address this question, we examined the
relation between the level of Smad3 and the sup-
pression of T-cell proliferation and interleukin-2
production by TGF-b in mice in which one or both
alleles of the Smad3 gene were inactivated by homol-
ogous recombination.6 The experiment compared
the ability of TGF-b to suppress the proliferative
response and interleukin-2 production by T cells
from Smad3+/+, Smad3+/¡, and Smad3¡/¡ mice. The

level of Smad3 protein in T cells from such mice
was directly correlated with the gene dose: levels
in Smad3+/¡ mice were approximately half those in
Smad3+/+ mice (Fig. 2A), and the proliferation of
Smad3¡/¡ T cells was not inhibited by TGF-b1 (Fig.
2B).6 The concentration of TGF-b required to sup-
press the proliferation of T cells from Smad3+/¡

mice by 50 percent (IC50) was exactly twice the IC50

required for wild-type T cells (Fig. 2B). As for inter-
leukin-2, basal production in cultured T cells from
Smad3¡/¡ mice was twice that in cultures of T cells
from Smad3+/+ mice, with an intermediate value in
cultures of T cells from Smad3+/¡ mice (Fig. 2C).
Culturing T cells from Smad3+/+ mice with TGF-b
at the IC50 depicted in Figure 2B reduced the level
of interleukin-2 by a factor of 74, as compared with
a factor of 7.4 for T cells from Smad3+/¡ mice and
3 for T cells from Smad3¡/¡ mice.

smad3 and p27Kip1 in the suppression 
of leukemogenesis
Suspension of Smad3 production in Smad3¡/¡ mice
is not associated with T-cell leukemia,6 indicating
that the loss of Smad3 alone is insufficient to initiate
leukemogenesis. The gene-dose effect for Smad3
in the response of normal T cells to TGF-b suggest-
ed that a reduction in Smad3 would increase the
risk of leukemia when associated with alterations
in other factors that control the activation, prolif-
eration, or viability of T cells. We selected p27Kip1

for analysis because the gene encoding p27Kip1

(CDKN1B) is located at chromosomal region 12p12,
a site frequently altered by deletions and transloca-
tions in pediatric ALL.7 We examined the level of
total p27Kip1 protein and the ratio of free to cyclin
D–associated p27Kip1 protein in patients. In speci-
mens from children with T-cell ALL and pre–B-cell
ALL, p27Kip1 was present, but at low levels (Fig. 3A).
Analysis of cyclin D–associated proteins by immu-
noprecipation and Western blotting revealed that
most of the p27Kip1 was not associated with cyclin
D3 (Fig. 3B).

We next developed a mouse model in which the
loss of one allele of Smad3 was combined with a ho-
mozygous deletion of p27Kip1 by crossing Smad3+/¡

female mice with p27Kip1¡/¡ male mice.8 Although
p27Kip1¡/¡ mice have an increased number of nor-
mal T cells and increased cellularity of lymphoid
organs, leukemia does not develop in such mice.8

Only 50 percent of the p27Kip1¡/¡,Smad3+/¡ mice
lived beyond six months of age (Fig. 4A). Histologic
evaluation of these mice showed lymphocytic in-
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filtrates in multiple organs, lymphoid hyperpla-
sia, nephropathy, and cardiomyopathy. T-cell leu-
kemia developed in 10 percent (5 of 50) of these
p27Kip1¡/¡, Smad3+/¡ mice (Fig. 4). The disease was
characterized by diffuse lymphadenopathy and
splenomegaly (Fig. 4B and 4C), massive thymic
enlargement (Fig. 4D), and lymphoblasts (Fig.
4E) in multiple organs (Fig. 4F and 4G). A T-cell
immunophenotype of mouse leukemia cells was
demonstrated by cytometric analysis (Fig. 4H),
and Southern blot analysis of the T-cell–receptor b
chain demonstrated that these tumors were clonal
(Fig. 4I). Smad3 was expressed from the retained
allele, as evidenced by the detection of Smad3 in
thymic tumors (Fig. 4J) and infiltrated organs (Fig.
4K) by immunohistochemistry and in lysates of pu-
rified lymphoblasts by Western blotting (Fig. 4L).
We could not evaluate the effect of a homozygous
deletion of Smad3 in the p27Kip1¡/¡ mice, since there
was a substantial rate of death during embryogen-
esis in mice with this genotype.

We have found direct evidence of a tumor-sup-
pressor function for Smad3 in the T-cell lineage.
Although mutations in genes encoding Smad2
(MADH2) or Smad4 (MADH4) have been found in
human tumors,2 to our knowledge, no inactivating
mutations in the Smad3 gene (MADH3) have been
reported. We also failed to find mutations in MADH3
in our patients with T-cell ALL. Our results show
that a relative reduction in the level of Smad3 can
impair the tumor-suppressor function of the TGF-b

pathway. Thus far we have not been able to deter-
mine the mechanism responsible for the loss of
expression of Smad3 protein.

Our analysis of p27Kip1¡/¡,Smad3+/¡ mice clear-
ly indicates that Smad3 can work in tandem with a
loss of p27Kip1 to promote T-cell leukemogenesis.
The importance of the tumor-suppressor activity
of p27Kip1 in humans is suggested by the associa-
tion of reduced p27Kip1 levels in tumors with a poor
prognosis.10 The inhibitory effect of p27Kip1 on
cell-cycle progression is also abrogated by multiple
mechanisms in lymphoid cancers.11 Point muta-
tions and homozygous deletions of CDKN1B (the
gene encoding p27Kip1) have been found in adult
T-cell leukemia.12 In pediatric ALL, hemizygous de-
letion of CDKN1B has been described as the primary
consequence of 12p chromosomal deletions.7 Al-
though the production of p27Kip1 is associated with
arrest of the cell cycle in G1 in response to TGF-b,
p27Kip1 is not absolutely required for the halting
of the cell cycle, since primary T cells of p27Kip1¡/¡

mice are inhibited by TGF-b.
In summary, our data show that the level of

Smad3 is a determinant of the T-cell response to
TGF-b and that a reduction in Smad3 can work in
tandem with oncogenic events, such as alterations
in the retinoblastoma pathway, to promote T-cell
leukemogenesis. Most important, these data iden-
tify a distinct role for Smad3 in mediating TGF-b
signaling in the activation and leukemogenesis
of T cells.

We are indebted to Dr. Andy Koff, Memorial Sloan-Kettering
Cancer Center, for providing the p27Kip1¡/¡ mouse; and to Dr. Chuxia
Deng, National Institutes of Health, for providing the Smad3Exon8¡/¡

model.
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