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Introduction in the TGFβ signaling. Transforming
growth factor-β (TGFβ) was first identified as a stimulator
of cell transformation [1]. Extensive studies, which fol-
lowed, revealed an evolutionary conserved family of struc-
turally similar proteins, named after the founding member
TGFβ superfamily. The members of this family have been
found in fly, worms, frogs and mammals, with 28 mem-
bers identified in the human genome [2, 3]. Homodimer-
ization is the important feature of these ligands, as it is the
condition for stimulation of intracellular signaling (reviewed
in [4]). TGFβ is secreted in a non-covalent complex with
proteins which render it inactive. Mechanisms of latent
TGFβ activation in vivo include proteolytic cleavage of the
complex by plasmin or furin, or an interaction of this latent
complex with other proteins, e.g. thrombospondins or in-
tegrin αVβ6. In both cases, TGFβ is released from the
complex as an active dimer. There are also proteins which
can modulate TGFβ activity in the extracellular space, e.g.
biglycan, follistatin, α2-macroglobulin.

TGFβ family members are ligands of the only known
serine/threonine kinase receptors on the surface of
mammalian cells. Serine/threonine kinase activity of the
receptors stands TGFβ signaling out in a separate group,
compared to tyrosine kinase receptor- or G-protein-

coupled receptor-mediated signaling [5]. A number of
TGFβ binding receptors have been identified on the cell
surface, but only for type I (TβR-I), type II (TβR-II) and
type III receptor (betaglycan and endoglin) functions in
the signaling have been described. TβR-I and TβR-II
were shown to be essential for the signal transduction,
while betaglycan and endoglin were found as accesso-
ry receptors. TGFβ binds first to TβR-II, directly or after
interaction with type III receptors. Then, homodimerized
TβR-II recruits TβR-I, and this heterotetrameric com-
plex of two TβR-II and two TβR-I become fully active
(Fig. 1). Activity of receptors in the complex is regulated
in two ways; by phosphorylation and by interaction with
modulator proteins (reviewed in [6-11]).

Down-stream of the receptors, Smad proteins were
identified as direct and specific targets, thus forming the
major pathway in TGFβ signaling [6-10]. Smad proteins
are divided in three groups, depending on their role in sig-
nal transduction. Smads of the first group are directly acti-
vated by the receptor-dependent phosphorylation. These
receptor-regulated Smads, R-Smads, are TGFβ/activin-
specific (Smad2 and Smad3) or bone morphogenetic pro-
teins-specific (Smad1, Smad5 and Smad8). After activa-
tion, these Smads form complexes with another Smad pro-
tein, Smad4, which is the common partner for all R-Smads.
Complex of R-Smads with co-Smad4 is translocated then
to the nucleus. In nucleus, Smads regulate transcription of
different genes. The third group consists of Smad6 and
Smad7, which, despite structural homology, are negative
regulators of the TGFβ signaling. Therefore, they are named
inhibitory Smads (reviewed in [6-10, 12, 13]; Fig. 1).
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Òðàíñôîðìèðóþùèé ôàêòîð ðîñòà βββββ (ÒÔÐβββββ) – ýòî ïîëèïåïòèäíûé ôàêòîð ðîñòà, êîòîðûé ðåãóëèðóåò ïðîëè-
ôåðàöèþ, äèôôåðåíöèðîâêó, ìèãðàöèþ êëåòîê è àïîïòîç. Èññëåäîâàíèÿ ìåõàíèçìîâ àêòèâàöèè ðåöåïòîðà
ÒÔÐβββββ, ïðîâåäåííûå â òå÷åíèå ïîñëåäíèõ 10 ëåò, è îòêðûòèå áåëêîâ Smad ñïîñîáñòâîâàëè çíà÷èòåëüíîìó
ïðîãðåññó â ðàñøèôðîâêå âíóòðèêëåòî÷íîãî êàñêàäà ïåðåäà÷è ñèãíàëà îò ÒÔÐβββββ. Ýòè äîñòèæåíèÿ ïîçâîëÿþò
ïî-íîâîìó îöåíèòü ðîëü ÒÔÐβββββ â çàáîëåâàíèÿõ ÷åëîâåêà. Â äàííîì îáçîðå îáñóæäàþòñÿ ðåçóëüòàòû íåäàâíî
ïðîâåäåííûõ èññëåäîâàíèé, ïîñâÿùåííûõ ÒÔÐβββββ è åãî ðîëè     â âîçíèêíîâåíèè è ðàçâèòèè îïóõîëåé.
Êëþ÷åâûå ñëîâà:     òðàíôîðìèðóþùèé ôàêòîð ðîñòà βββββ, Smad, òóìîðîãåíåç.
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Components of other regulatory pathways are also
involved in the TGFβ signaling, representing a Smad-
independent pathways; e.g., Erk, p38 and JNK kinases
[14]. An outcome of the Smad-independent signaling is
often dependent on experimental conditions, sugges-
ting that this pathway(s) is cell type-specific (see Fig. 1).

The members of TGFβ family are potent regulators of
cell proliferation, differentiation, migration and apoptosis
[15]. This plethora of effects on crucial cell functions is
reflected in the involvement of TGFβ family members in
developmental processes and in virtually all medical con-
ditions, which have been described in human. Cancer is
one of the diseases where the role of TGFβ is of special
interest, as the state of the TGFβ signaling significantly
affects prognosis. On the following pages will be pre-
sented an overview of the recent advancement in the study
of involvement of the TGFβ signaling in tumorigenesis.

TGFβββββ signalling in cancer: two faces of the ligand
in tumorigenesis. Cancer is one of the diseases, in
which involvement of TGFβ is unquestionable, despite
that the complexity of TGFβ effects on tumor growth is
still far from being understood. One of the major fea-
tures of cancer is uncontrolled growth of malignant cells.
Eighty percent of human cancers originate from epithe-
lial cells, and TGFβ, as the potent inhibitor of epithelial
cell proliferation, has been considered as a tumor sup-
pressor. Indeed, TGFβ inhibits proliferation of most of
tumor cells which have been tested in culture [6-11].
Tumor suppressor function of TGFβ was shown in the
study of chemical carcinogenesis in mice with the het-
erozygous deletion of TGFβ1 [16]; haploid insufficiency
of TGFβ1 resulted in enhanced tumorigenesis when
compared with wild-type littermates. On the other side,
an increased expression of TGFβ1 in human ductal car-
cinoma correlated with the longer survival of patients [17].
However, a dual role of TGFβ in tumorigenesis has been
revealed in studies with transgenic expression of TGFβ.
Using inducible TGFβ1 transgene expression in a mod-
el of skin chemical carcinogenesis in mice, Weeks et al.
showed a tumor-suppressive role of TGFβ1 on early
stages of carcinogenesis, but a rapid appearance of
metastasis when TGFβ1 expression was induced in
papillomas. This effect correlated with increased angio-
genesis in transgenic papilomas [18]. Similar conclu-
sions were drawn by Cui et al., who also used a model
of murine skin multistage carcinogenesis with transgenic
expression of TGFβ [19]. At the first stages of tumor for-
mation, when malignant cells were responsive to TGFβ,
it inhibited tumor formation, but at the later stages, when
malignant cells lost their responsiveness to TGFβ, it stim-
ulated tumor growth (Fig. 2) [19].

Numerous studies have shown that in tumor cells
abrogation of the TGFβ signaling by targeted deletion of
TGFβ1 gene or by disabling of the TGFβ receptors or
Smad proteins can stimulate tumorigenesis. Thus,
TGFβ1 null keratinocytes formed rapidly squamous cell
carcinomas [20], and an abrogation of the TGFβ signal-
ing by the introduction of the dominant-negative form of
TβR-II, can promote aggressive and invasive develop-
ment of breast cancer [21]. Another support of the TGFβ

tumor-promoting role was provided by the discovery of
TGFβ-dependent appearance of cyclosporin-induced
metastasis in patients with kindey transplantants [22].

Tumor is not just a group of wildly proliferating cells,
but a complex tissue with intense communication be-
tween malignant cells and surrounding normal cells
(Fig. 3). In addition to uncontrolled proliferation, malig-
nant cells have to acquire infinite life span, evade death-
inducing signals, create stroma, blood vessels, and they
have also to trick immune surveillance [23]. TGFβ-de-
pendent induction of angiogenesis, potent stimulation of
stroma formation, and inhibition of immune and inflam-
matory responses contribute to the tumor-promoting role
of TGFβ [6-12]. The effect of TGFβ on stroma formation
includes an enhancement of fibroblast invasion in a tu-
mor and subsequent induction of formation of extracel-
lular matrix (ECM). TGFβ stimulates expression of com-
ponents of ECM (collagens I, III, V, VI, fibronectin, tena-
scin, thrombospondins) and protease inhibitors (PAI-1,
TIMP-1, cystatin-C), and inhibits proteases (collage-
nase, plasminogen activator, stromelysin) [24]. The po-
tent stroma-inducing effect of TGFβ has a crucial im-
portance for the development of human melanoma [25].

Elevated levels of the TGFβ in plasma of cancer pa-
tients contribute to a systemic immunosuppression,
which can promote tumorigenesis [26]. The inhibitory
effects of TGFβ on natural killer cells [27], on neutrophils
[28], on B-cells [29], T-lymphocytes [30], or macro-
phages [31], are thought to be the mechanism of immu-
nosupression. Tumor cells express high levels of TGFβ,
what can lead to a stronger immunosuppression intra-
tumorally or in a space surrounding tumor. TGFβ can
affect immunosurveillance also locally, by acting directly
on tumor cells and reducing expression of major histo-
compatibility complex class II on tumor cells [32].

Vascularization of a tumor is the crucial step in tum-
origenesis, and TGFβ-dependent induction of angio-
genesis [33] can account for its tumor-promoting action
(see Fig. 3). Indeed, dependence of tumor vasculariza-
tion on TGFβ activity has been observed in several stud-
ies [34-36]. The angiogenic effect of TGFβ is due to the
combination of direct differentiation-stimulatory effect of
TGFβ on endothelial cells [37] and the TGFβ-depen-
dent induction of pro-angiogenic factors, e.g. VEGF [38].

Thus, TGFβ, as a ligand, has two faces in tumori-
genesis (see Fig. 2 and 3); it is a tumor suppressor at
early stages, but it is a tumor promoter at the later stages
of carcinogenesis. This transition in the functional im-

Fig. 2. Two faces of TGFβ in carcinogenesis; TGFβ is a tumor
suppressor at the early stages of tumor growth, but has a tumor
promoter activity at the later stages. Sensitivity and production
of TGFβ refers to malignant cells of a tumor. For explanations
see the text
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pact correlates with the acquiring of resistance to TGFβ
by malignant cells, and with an increase of tumor ag-
gressiveness and metastatic characteristics.

Role of TGFβββββ receptors in tumorigenesis. In the
contrast to TGFβ, components of its intracellular sig-
naling have shown distinct tumor suppressor effects.
Mutations of TGFβ receptors and Smad proteins have
been linked to acquiring of resistance to TGFβ and,
subsequently, to evasion from the TGFβ-dependent
control of cell proliferation and apoptosis. Inactivation
of the TGFβ signaling has been found in most of hu-
man cancers, suggesting that its intactness is an im-
portant hinder which has to be disabled in the progres-
sion of carcinogenesis (Table).

The tumor suppressor function of TβR-II has been
established by studies of an impact of its mutation in
human cancers, and by an analysis of expression of
TβR-II in human tumors. The highest incidence of in-
activation of TβR-II has been found in the human colo-
rectal cancer with microsatellite instability [13, 39, 40].
Frameshift mutations in a polyadenine repeat of TβR-II,
which lead to a truncation of the receptor, have been
observed in 90% [41] to 25.9% [42] of studied cases.

Frameshift mutations in a polyadenine repeat have been
found in sporadic gastric cancers [43], endometrial car-
cinomas [44], in gliomas [45] and in ovarian carcino-
mas [46, 47]. Interestingly, four missense mutations
were found in cases which already carried frameshift
polyadenine mutations in one allele [48], suggesting
that the TβR-II inactivation can be by the two-hit
mechanism, with one mutation in the polyadenine re-
peat of one allele and the second point mutation of an-
other allele. The importance of inactivation of TβR-II in
colon cancer is stressed by the revealing of inactivat-
ing point mutations in 15% of cases of microsatellite
stable cancers. In addition to the receptor inactivation,
the TGFβ signaling is blocked down-stream of TβR-II
in another 55% of cases [49]. Appearance of point
mutations of TβR-II is thought not to be a rare event,

as they have been found in esophageal carcinoma
(E526Q mutation; [50]), in breast cancer (V387M,
N435S, V447A, L452M mutations; [51]), and in ovarian
carcinomas [46]. Deletion/insertion mutations of TβR-II
have been found in human cervical carcinomas [52]
and gastric lymphomas [53]. In hereditary non-poly-
posis colorectal cancer, the germline mutation T315M
of TβR-II was found, supporting for the tumor suppres-
sor role of this receptor in hereditary cancer [54].

Numerous studies of expression pattern of TβR-II
in human cancers have provided strong evidences of a
deregulation of TβR-II expression. Thus, TβR-II ex-
pression, evaluated by the immunohistochemistry tech-
nique, was lost in poorly differentiated adenocarcino-
mas and squamos cell carcinomas in lung cancer [55],
and in invasive tumors of breast cancer [56], compared
with less advanced cases of the same cancers. De-
crease or loss of TβR-II expression has been observed
in prostate cancer [57], lung adenocarcinomas [58], in
laryngeal [59] and oral [60] squamos cell carcinomas,
in follicular thyroid tumors [61], in bladder carcinomas
[62] and in Burkitt�s lymphomas [63].

Functional inactivation of TβR-II, as another way to
disable the receptor, has emerged from an exploration of
transcriptional regulation of TβR-II gene. EWS-FLI1 on-
coprotein, which acts as an aberrant transcription factor,
inhibited the TβR-II promoter activity, and thus blocked
expression of the receptor in Ewing sarcoma [64]. Up-
regulation of expression of Sp3 transcription factor, which
acts as a repressor of TβR-II, by 5-aza cytidine, led to
inhibition of TβR-II expression in cells obtained from hu-
man breast and colon cancers [65]. General changes in
chromatin structure, due to a histone deacetylation, can
lead to loss of TβR-II expression in cells obtained from
human lung cancer [66]. It is possible, that these mecha-
nisms of transcriptional regulation account for cases, in
which the down-regulation of TβR-II was observed.

Use of cell lines in experiments with transfection of
various mutants of TβR-II, has provided data, further
supporting the tumor suppressor role of the TGFβ type II
receptor. Thus, blocking of the TβR-II-dependent sig-
naling by retroviral infection of its dominant-negative ki-
nase-inactive form, strongly inhibited tumor formation
and invasiveness of mammary H-ras-transformed epi-
thelial cells and colon carcinoma cells [67]. Overexpres-
sion of the dominant-negative TβR-II led to the trans-
formation of and tumor formation by nontumorigenic rat
prostate epithelial cells [68]. In the dominant-negative
TβR-II transgenic mice, an enhanced tumorigenesis in
lung and mammary glands was observed [69]. An in-
creased susceptibility to chemical carcinogene-induced
transformation was observed in hepatocytes upon over-
expression of dominant negative TβR-II [70]. On the oth-
er side, the re-introduction of TβR-II in cells of an ag-
gressive murine renal carcinoma, Renca, which do not
express TβR-II, led to the significant reduction of tumor
development [71]. Overexpression of wild-type TβR-II
was found to diminish tumorigenic ability and formation
of metastasis of K-ras-transformed thyroid cells [72],
and suppresses the malignant phenotype of human neu-

Table. TGFβ signaling in cancer 

Component Inactivation Cancer 

TβR-II Frameshift Colorectal, gastric 
 Point mutations Glioma, HNPCC 
 Deletion/insertion Pancreatic, ovarian, cervical, 

gastric, lymphomas 
 Expression Lung, prostate, oral, laryngeal, 

thyroid, bladder, Burkitt's lym-
phoma 

 Functional inactivation Breast, lung, colorectal 
TβR-I Point mutations Ovarian, breast 
 Deletions Pancreatic, T-cell lymphoma 
 Inhibition of expression, 

transcription 
Gastric, bladder, prostate 

Smad4 Deletion Pancreatic, colorectal 
 Frameshift Seminoma 
 Truncation Juvenile polyposis 
 Point mutations Esophageal, head and neck, 

ovarian, pancreatic, lung, 
breast, biliary tract 

Smad2 
Smad3 

Point mutations Colorectal, lung, breast,  
head and neck, esophageal 

 Functional inactivation Cutaneous melanoma, leukemia 
Smad6 
SmadT 

Expression (increase) Pancreatic 

* For references see the text. 
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roblasoma cells [73]. An enhanced tumorigenesis in the
liver of mice heterozygous for the deletion of the TβR-II,
when treated with the chemical carcinogene, diethylnit-
rosamine, has been observed, while no tumors were
found in non-treated animals [74], suggesting a dosage
effect of the TβR-II in tumorigenesis.

Role of other TGFβ receptors, type I and type III, in
tumorigenesis have also been explored. Four different
mutations in TβR-I were identified in head and neck can-
cers, which include 4-base pair deletion and substitu-
tions of A230T and S387Y [75]. The last mutation result-
ed in an inhibition of TGFβ signaling, and was identified
also in breast cancers, where it was associated with lymph
node metastasis [76]. In another study of head and neck
cancers, Knobloch et al. found polymorphism in TβR-I
gene, notably in (GCG)9 microsatellite repeat; a nine-
pair deletion in TβR-I was identified in 23% of samples
[77]. Deletion of three alanine residues in a nine-alanine
stretch was identified also in various cancers, especially
in colorectal [78]. This deletion inhibited TβR-I-depen-
dent signaling. Homozygous deletion of TβR-I was iden-
tified in pancreatic and biliary adenocarcinomas, but the
incidence was rare [79]. Decreased expression of TβR-I
can be due to inhibition of transcription, as was shown for
colon cancer cells with deficiency of Sp1 transcription fac-
tor. Moreover, 5-azaC, which up-regulates Sp1, also
stimulated expression of TβR-I [80]. Inhibition of TβR-I
transcription can be associated with hypermethylation of
5' region of the receptor, as it was identified in 12.5% of
gastric tumors [81]. Potential defect in the receptor traf-
ficking can be the mechanism behind decreased expres-
sion of TβR-I and TβR-II in murine plasmacytoma [82].
Thus, multiple mechanisms are engaged in the inactiva-
tion of TβR-I; deletions and point mutations, transcrip-
tional and post-transcriptional inhibition of expression.

Decreased expression of TβR-I, evaluated by im-
munohistochemistry technique, has been observed in
bladder carcinomas [62] and prostate cancers [57, 83].
Restoration of TβR-I expression in highly malignant
urothelial cells, which do not express the receptor [84],
or in rat bladder carcinoma cells [85], abrogated tumor
formation in athymic nude mice. Taking into account
that TβR-I is a crucial component in the TGFβ signal-
ing, it is not surprising that this receptor is targeted for
inactivation in tumorigenesis.

Type III receptors in the TGFβ signaling, betaglycan
and endoglin, have been considered as accessory re-
ceptors, which modulate signaling, but are not essential
[11]. However, alterations of type III receptors have been
described in cancer. In human neuroblastoma down-
regulation of betaglycan was observed, while TβR-I and
TβR-II expression was not affected [86]. Higher level of
post-translational modification of betaglycan can con-
tribute to increased aggressiveness of human colon can-
cer cells [87]. Overexpression of betaglycan in human
breast cancer cells MDA-MB-231 strongly reduced tu-
mor formation. The mechanism of this tumor suppres-
sor action is probably due to sequestration of the TGFβ
ligand from the extracellular space [88]. The second type
III receptor for TGFβ, endoglin, is expressed predomi-

nantly in endothelial cells, and is associated with regu-
lation of angiogenesis. In the agreement with its role in
angiogenesis, endoglin expression was elevated in en-
dothelial cells of lung tumors [89]. Level of endoglin was
also elevated in plasma of breast cancer patients with
metastasis, compared to disease-free patients or to
patients without metastasis [90]. However, in order to
understand the role of type III receptors in tumorigene-
sis further studies have to be performed.

A role in human tumorigenesis of other receptors of
the TGFβ family, for BMP�s and activins, is explored even
less, than the TGFβ type III receptors. Decreased ex-
pression of BMPR-IA, BMPR-IB and BMPR-II was
found in poorly differentiated prostate cancers, compared
to well-differentiated cancers [91]. Truncations and mis-
sense alterations of the BMPR-IA have been identified
in the 38% of tested cases of juvenile polyposis syn-
drome [92], and ActR-IB mutations were described in
pancreatic cancers [93]. These data are not sufficient to
draw conclusions about the role of BMP�s and activin
receptors in tumorigenesis. On the other side, an im-
portant role of these receptors in the development and
cell differentiation suggests that we may expect disco-
veries of their significance in tumorigenesis as well.

An impressive number of studies have been per-
formed in order to address the role of TGFβ receptors in
tumorigenesis, with more than 1,000 publications. These
results all together show convincingly that an inactiva-
tion of the receptors is often targeted in human cancers.
Re-introduction of a TGFβ receptor in tumor cells, which
lost its expression, by means of gene therapy, can be
the way of restoration of sensitivity of these cells to the
growth-inhibitory and apoptosis-promoting effects of
TGFβ. In the cases with inhibition, but not loss, of ex-
pression of the TGFβ receptors, an understanding of
mechanisms of the functional down-regulation can pro-
vide tools for re-gaining control over tumor growth.

Role of Smads in tumorigenesis. Discovery of Smad
proteins as essential components of the TGFβ signaling,
triggered substantial number of studies exploring a pos-
sible involvement of Smads in cancer. Role of Smads in
the regulation of tumor growth was addressed by a search
for inactivating mutations, by an analysis of expression
pattern of Smads in tumors, and by studies of regulation
of expression and activity of Smads in tumor cells.

Deletion of Smad4 in pancreatic cancers was among
the first identified Smad mutations. Smad4 deletions
have been found in over than 40% to 90% of cases of
pancreatic cancers [94, 95]. Loss of Smad4 in more
than 60% of colorectal cancers was also identified [96].
The high incidence of loss of Smad4 suggests a potent
tumor suppressor role of Smad4 in these two types of
malignancies.

Point mutations of Smad4 were identified in biliary
tract carcinomas [97], pancreatic cancers [94], ovarian
cancers [98], in non-functioning endocrine pancreatic
carcinomas [99], and frameshift mutations were iden-
tified in seminoma germ tumors [100]. Truncation of
Smad4 at the C-terminus was identified in juvenile
polyposis [101]. Most of the identified mutations result
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in impairment of Smad4-dependent activities. Splice
variants of Smad4 were identified in neuroblastomas
[102]. However, a functional importance of these splice
variants has not been explored.

In colorectal cancers, the loss of Smad4 expression
correlated with the appearance of distant metastasis, as
evaluated by immunohistochemistry staining [103]. The
high frequency of Smad4 mutations was also found in
colorectal tumors associated with liver metastasis [104].
Loss of Smad4 detection in colorectal cancer is pre-
sumably associated with the acquiring of an aggressive
character by tumors. Thus, the loss of Smad4 was de-
tected in colorectal tumors in advanced stage [105], while
Smad4 staining was present in cells of non-aggressive
tumors [106]. Immunohistochemistry staining of pancre-
atic intraepithelial neoplasia also showed loss of Smad4
expression in later stages of tumorigenesis [107]. To-
gether, these results suggest that Smad4 inactivation is
the late event in tumorigenesis.

Coordinated loss of APC and Smad4 has been
shown to be promoting for colorectal tumorigenesis.
When Smad4 mutation was introduced to the APC-
null mice, more malignant intestinal polyps develop than
for the APC-null only mice [108]. In another study, for-
mation of radiation-induced intestinal tumors required
loss of both Smad4 and APC [109]. Dosage effect of
Smad4 was demonstrated by a promotion of formation
of gastric polyps and tumors in Smad4 +/- mice [110].

An analysis of three-dimensional structure of
Smad4 protein suggested that different point mutations
inactivate Smad due to their deteriorating effect on the
Smad4 ability to form homo-oligomers [111]. Another
mechanism of Smad4 and Smad2 inactivation is by de-
stabilization of proteins, followed by an enhanced deg-
radation [112]. The third way of inactivation of Smad4
was shown for the C-terminus truncation mutations,
which impaired Smad4-dependent transcriptional ac-
tivation, but did not interfere with DNA binding [113].

The role of Smad4 as a tumor suppressor has been
supported by studies aimed on restoration of its ex-
pression, and therefore TGFβ signaling, in cells which
lack this Smad [114]. In head and neck squamos car-
cinoma cells, the transfer in the cells of the chromo-
some 18 with wild-type Smad4 resulted in a strong sup-
pression of tumor formation [115]. The mechanisms of
tumor suppression by Smad4 are thought to be related
to inhibition of angiogenesis [116].

Smad4 mutations are infrequent in esophageal [117],
head and neck [118] squamos cell carcinomas, esoph-
ageal and gastric cancers [119-121], in breast and ova-
rian carcinomas [122], and in colitis-associated neo-
plasia [123]. Limited number of lung cancers showed
somatic mutations of Smad4 [124]. Selective inactiva-
tion of Smad4 in human cancers is supported by stud-
ies, which showed presence of Smad4 in adrenal carci-
nomas [125]. Selectivity of Smad4 mutations in certain
types of cancer can be explained by different mecha-
nisms of cell transformation. As the example, Wood-
ford-Richens and colleagues identified Smad4 muta-
tions in the colorectal cancers with microsatellite stabil-

ity [126], while mutations of the TGFβ receptors are pre-
dominant in the tumors with microsatellite instability [39].

Mutations of other Smads, involved in the TGFβ sig-
naling, have been found less frequently. Smad2 and
Smad3 have been found mutated in a part of human
colorectal and breast cancers [127, 128]. Infrequent
mutations have been found in head, neck, esophageal
squamos cell carcinomas [129], hepatocellular carci-
nomas [130], sporadic gastric carcinomas [131], hu-
man lung cancers [132], and in tumors of colon, breast,
lung and pancreas [133]. However, in a series of other
studies, no mutations of Smad2 or Smad3 have been
observed [134, 135]. In all reported studies, mutations
of Smad proteins led to an impairment of their function
[111, 112, 136]. The impairment of Smads occurs due
to the autoinhibition of activation [111], inhibition of com-
plex formation with Smad4 [137], or due to destabili-
zation of the proteins, followed by the enhanced ubi-
quitin-dependent degradation [112, 136].

The low incidence of cancer-related mutations of
Smad2 and Smad3 is in a contrast with the important
role of these Smads in the TGFβ signaling. Notably, in-
activation of one of these Smads can severely inhibit
TGFβ-dependent responses [12, 13]. While an effect of
the deletion of Smad2 on tumorigenesis is difficult to
address due to the early embryonic lethality [138], dele-
tion of Smad3 resulted in an enhanced colorectal tum-
origenesis in mice [139]. On the other side, an overex-
pression of the Smad2 D450E or P445H mutants, which
were identified in colorectal and lung cancers, resulted
in the induction of cellular invasion [137]. Thus, the low
frequency of mutations from the one side, and confirmed
tumor-promoting character of the identified mutations
from the other, suggest that at least in a part of cancers,
an inactivation of Smad2 or Smad3 by mutagenesis can
be the crucial event for progression of tumorigenesis.

Mutagenesis is not the only mechanism of Smad
inactivation, as their functions can be corrupted by a
deregulation of the signaling. One mechanism of func-
tional inactivation of Smads can be through an inter-
action with repressor proteins. Ski and SnoN proteins
are Smad-interacting transcriptional regulators that
form both homodimers and heterodimers, and can pro-
mote cell transformation. When recruited by Smads to
a gene promoter, c-Ski and SnoN will repress Smad-
dependent transcriptional activity [140]. In vivo, high
levels of c-Ski expression blocked TGFβ signaling in
human cutaneous melanoma. Down-regulation of
c-Ski expression in melanoma cells resulted in the re-
storation of growth-inhibitory effect of TGFβ [141]. An-
other example of functional inactivation of the Smad-
dependent signaling is an interaction of Smad3 with
Evi-1 protein. Evi-1 is a transcription factor, which, if
aberrantly expressed, can promote leukemic transfor-
mation in hematopoietic cells. Smad3 interaction with
Evi-1 blocks TGFβ-dependent growth inhibition, and
mechanism of this inhibition includes an Evi-1-depen-
dent recruitment of C-terminal binding protein (CtBP)
and histone deacetylase to Smad3-regulated genes
[142]. This results in an inhibition of the signaling and,
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therefore, evasion of cells from the tumor suppressor
action of Smad3/TGFβ.

Transcriptional regulation has been shown to be of
importance for down-regulation of expression of the
TGFβ receptors. However, for Smad proteins there is
no clear evidence of such transcriptional inactivation of
Smad expression [143].

The second way of efficient functional inactivation of
Smad proteins is by post-translational modifications.
Non-reversible ubiquitylation has been proven as the
potent mechanism of elimination of Smads from cells,
and thus abrogation of the Smad-dependent signaling.
Identification of Smad-specific ubiquitin ligases suggests
that the ubiquitylation is the tightly regulated process [12,
13, 112, 136]. However, a tumor-promoting role of the
Smad-specific ubiquitin ligases has not been shown.

Among two reversible modifications, which have
been described in Smads, phosphorylation and acety-
lation, the first affects Smad functions very potently.
Because some Smad kinases, e.g. MAP kinase (MAPK)
and PKC, are often hyperactivated in human cancers,
MAPK- or PKC-dependent phosphorylation can per-
turb the TGFβ signaling. Hyperactivation of Ras, fol-
lowed by activation of MAPK and phosphorylation of
Smads in the linker region, results in the blocking of
nuclear translocation of Smads, followed by a non-se-
lective inhibition of the TGFβ signaling [144]. This phos-
phorylation can explain the cooperative effect on tu-
morigenesis of hyperactive Ras and loss of Smad4
[145]. PKC-dependent phosphorylation of Smad3, in
contrast to the non-selective effect of Ras/MAPK,
specifically blocks direct binding to DNA, but does not
affect other functions of Smads. The PKC-dependent
abrogation of direct DNA binding results in a loss of
contact inhibition by the cells and in a blocking of the
TGFβ-induced apoptosis [146]; two features which are
of crucial importance for tumor progression [23].

Implication of inhibitory Smad6 and Smad7 in tu-
morigenesis has not been explored extensively. Immu-
nohistochemical studies showed increased expression
of Smad7 and Smad6 in pancreatic cancers, but no can-
cer-related mutations have been reported [147, 148].

Significant body of evidence suggests that Smad pro-
teins are targeted in human tumorigenesis. Mutations of
Smads are associated with certain types of cancers, e.g.
pancreatic or colorectal, with rather low incidence of in-
activation in others. Functional inactivation of Smad pro-
teins accounts for an additional set of cancers, resulting
in escaping of cells from the tumor suppressive action of
TGFβ. In combination with the inactivation of TGFβ re-
ceptors and abberation of expression of the ligand, cor-
ruption of the Smad-dependent signaling is one of the
paths to disable the TGFβ signaling in cancer (Fig. 4).

Conclusions and perspectives. The knowledge
of mechanisms of regulation of ligand activity, receptor
activation and intracellular signaling has provided a
strong basis for development of tools for targeted in-
terventions in cure of human diseases. Drugs, based
on the use of TGFβ, as a ligand, are in clinical trials for
treatment of damaged retina and wound healing. How-

ever, use of the ligand as such, is significantly limited
by its short half-life in a body and possible systemic
effects. Development of antagonists and agonists of
the ligand, receptors and signaling pathways promises
to deliver disease-specific drugs without severe side
effects. These studies are only on first stages, with rath-
er general screens of a �black box�-type. An example
is the work by Sohn et al., who found a new inhibitor of
histone deacetylase as the potent agonist of Smad4-
dependent signaling [149]. Development of such so-
called smart drugs, specific for the mechanisms of the
desiase, requires detailed diagnostic survey of every
patient, including an analysis of crucial molecular pa-
rameters reflecting the status of regulatory processes.
Combined together, the molecular diagnostic and in-
dividually selected smart drugs will increase rate of
successful treatments, opening new perspectives for
the individually adapted medicine.

ACKNOWLEDGMENT
I am thankful to members of the Integrated Signal-

ling group for comments. Work in the authors group is
supported in part by grants from the INSERM/MFR/VR
program, the Royal Swedish Academy of Sciences, and
the EU-program on angiogenesis.

REFERENCES
1. de Larco JE, Todaro GJ. Growth factors from mu-

rine sarcoma virus-transformed cells. Proc Natl Acad Sci
USA 1978; 75: 4001–5.

2. Venter JC, Adams MD, Myers EW, et al. The se-
quence of the human genome. Science 2001; 291: 1304–51.

Fig. 4. Impairment of the TGFβ signaling in colorectal cancer. Fre-
quent mutations of TβR-II and TβR-I account for the disabling of
the TGFβ signaling in colorectal cancers with microsatellite insta-
bility. Mutations of Smad4, Smad2 and Smad3 are most frequent
in microsatellite stable cancers. Impairment of the receptors or
Smad proteins results in loss of TGFβ responsiveness of tumor
cells and acquiring an aggressive character of a tumor



Experimental Oncology 24, 3-12, 2002 (March) 9

3. International human genome sequencing consortium.
Initial sequencing and analysis of the human genome. Na-
ture 2001; 409: 860–921.

4. Cui W, Akhurst R. Transforming growth factor βs:
Biochemistry and biological activities in vitro and in vivo.
In: Growth factors and Cytokines in Health and Disease.
JAI press, 1996: 319–56.

5. Varmus H, Weiberg RA. Distortion of growth con-
trol in cancer cells. In: Genes and the biology of cancer.
Scientific American Library, New York, 1993: 121–53.

6. Miyazono K, ten Dijke P, Heldin C-H. TGF-beta
signaling by Smad proteins. Adv Immunol 2000; 75: 115–7.

7. Derynck R, Zhang Y, Feng X-H. Smads: transcrip-
tional activators of TGF-β responses. Cell 1998; 95: 737–40.

8. Massague J. TGF-β signal transduction. Ann Rev
Biochem 1998; 67: 753–91.

9. Itoh S, Itoh F, Goumans MJ, ten Dijke P. Signaling
of transforming growth factor-beta family members through
Smad proteins. Eur J Biochem 2000; 267: 6954–67.

10. Piek E, Heldin C-H, ten Dijke P. Specificity, di-
versity, and regulation in TGFβ superfamily signaling.
FASEB J 1999; 13: 2105–24.

11. Miyazono K, ten Dijke P, Ichijo H, Heldin CH.
Receptors for transforming growh factor-beta. Adv Immu-
nol 1994; 55: 181–220.

12. Moustakas A, Souchelnytskyi S, Heldin C-H.
Smad regulation in TGF-beta signal transduction. J Cell
Sci 2001; 114: 4359–69.

13. de Caestecker MP, Piek E, Roberts A. The role of
TGF-β signaling in cancer. J Natl Cancer Inst 2000; 92:
1388–402.

14. Mulder KM. Role of Ras and Mapks in TGFbeta
signaling. Cytokine Growth Factor Rev 2000; 11: 23–35.

15. Roberts AB, Sporn M. The transforming growth
factor beta’s. In: Peptide Growth Factors and their recep-
tors – handbook of experimental pharmacology. Sporn MB,
Roberts AB, eds. New York, 1990: 419–72.

16. Tang B, Bottinger EP, Jakowlew SB, et al. Trans-
forming growth factor-beta 1 is a new form of tumor sup-
pressor with true haploid insufficiency. Nat Med 1998; 4:
802–7.

17. Coppola D, Lu L, Fruehauf JP, et al. Analysis of
p53, p21WAF1, and TGF-beta 1 in human ductal adenocar-
cinoma of the pancreas: TGF-beta 1 protein expression pre-
dicts longer survival. Am J Clin Pathol 1998; 110: 16–23.

18. Weeks BH, He W, Olson KL, Wang XJ. Inducible
expression of transforming growth factor beta1 in papillomas
causes rapid metastasis. Cancer Res 2001; 61: 7435–43.

19. Cui W, Fowlis DJ, Bryson S, et al. TGFbeta1
inhibits the formation of benign skin tumors, but enhances
progression to invasive spindle carcinomas in transgenic
mice. Cell 1996; 86: 531–42.

20. Glick AB, Lee MM, Darwiche N, et al. Targeted
deletion of the TGF-beta 1 gene causes rapid progression
to squamous cell carcinoma. Genes Dev 1994; 8: 2429–40.

21. Yin JJ, Selander K, Chirgwin JM, et al. TGF-β
signaling blockade inhibits PHrP secretion by breast can-
cer cells and bone metastases development. J Clin Invest
1999; 103: 197–206.

22. Hojo M, Hojo M, Morimoto T, et al. Cyclosporin
induces cancer progression by a cell-autonomous mecha-
nism. Nature 1999; 397: 530–4.

23. Hanahan D, Weinberg R. The hallmarks of can-
cer. Cell 2000; 100: 57–70.

24. Taipale J, Keski-Oja J. Growth factors in the ex-
tracellular matrix. FASEB J 1997; 11: 51–9.

25. Berking C, Takemoto R, Schaider H, et al. Trans-
forming growth factor-β1 increased survival of human mel-
anoma through stroma remodeling. Cancer Res 2001; 61:
8306–16.

26. Torre-Amione G, Beauchamp RD, Koeppen H, et al.
A highly immunogenic tumor transfected with a murine trans-
forming growth factor type β1 cDNA escapes immune sur-
veillance. Proc Natl Acad Sci USA 1990; 87: 1486–90.

27. Arteaga CL, Hurd SD, Winnier AR, et al. Anti-
transforming growth factor (TGF)-β antibodies inhibit
breast cancer cell tumorigenicity and increase mouse spleen
natural killer cell activity. Implication for a possible role
of tumor cell/host TGF-b interactions in human breast
cancer progression. J Clin Invest 1993; 92: 2569–76.

28. Chen JJ, Sun Y, Nabel GI. Regulation of proin-
flammatory effects of Fas ligand (CD95L). Science 1998;
282: 1714–7.

29. Kehrl JH, Roberts AB, Wakefield LM, et al.
Transforming growth factor beta is an important immuno-
modulatory protein for human B lymphocytes. J Immunol
1986; 137: 3855–60.

30. Wrann M, Bodmer S, de Martin R, et al. T cell
suppressor factor from human glioblastoma cells is a 12.5-kD
protein closely related to transforming growth factor-beta.
EMBO J 1987; 6: 1633–6.

31. Tsunawaki S, Sporn M, Ding A, Nathan C. Deac-
tivation of macrophages by transforming growth factor-
beta. Nature 1988; 334: 260–2.

32. Geiser AG, Letterio JJ, Kulkarni AB, et al. Trans-
forming growth factor β1 (TGF-β1) controls expression of
major histocompatibility genes in the postnatal mouse:
aberrant histocompatibility antigen expression in the patho-
genesis of the TGF-β1 null mouse phenotype. Proc Natl
Acad Sci USA 1993; 90: 9944–8.

33. Roberts AB, Sporn MB, Assoian RK, et al. Trans-
forming growth factor type β: rapid induction of fibrosis
and angiogenesis in vivo and stimulation of collagen forma-
tion in vitro. Proc Natl Acad Sci USA 1986; 83: 4167–71.

34. de Jong JS, van Diest PJ, van der Valk P, Baak JP.
Expression of growth factors, growthinhibiting factors, and
their receptors in invasive breast cancer. II: Correlations with
proliferation and angiogenesis. J Pathol 1998, 184: 53–7.

35. Ueki N, Nakazato M, Ohkawa T, et al. Excessive
production of transforming growth factor β1 can play an
important role in the development of tumorigenesis by its
action for angiogenesis: validity of neutralizing antibodies
to block tumor growth. Biochim Biophys Acta 1992; 1137:
189–96.

36. Ito N, Kawata S, Tamura S, et al. Positive corre-
lation of plasma transforming growth factor-β1 levels with
tumor vascularity in hepatocellular carcinoma. Cancer Lett
1995; 89: 45–8.

37. Arciniegas E, Sutton AB, Allen TD, Schor AM.
Transforming growth factor beta 1 promotes the differen-
tiation of endothelial cells into smooth muscle-like cells
in vitro. J Cell Sci 1992; 103: 521–9.

38. Pertovaara L, Kaipainen A, Mustonen T, et al.
Vascular endothelial growth factor is induced in response
to transforming growth factor-β in fibroblastic and epithe-
lial cells. J Biol Chem 1994; 269: 6271–4.

39. Markowitz S. TGF-beta receptors and DNA repair
genes, coupled targets in a pathway of human colon car-
cinogenesis. Biochim Biophys Acta 2000; 1470: M13–20.

40. Derynck R, Akhurst R, Balmain A. TGF-beta sig-
naling in tumor suppression and cancer progression. Na-
ture Gen 2001; 29: 117–29.



10 Ýêñïåðèìåíòàëüíàÿ îíêîëîãèÿ 24, 3-12, 2002 (ìàðò)

41. Parsons R, Myeroff LL, Liu B, et al. Microsatel-
lite instability and mutations of the transforming growth
factor beta type II receptor gene in colorectal cancer. Can-
cer Res 1995; 55: 5548–50.

42. Tomita S, Miyazato H, Tamai O, et al. Analyses
of microsatellite instability and the transforming growth
factor-beta receptor type II gene mutation in sporadic
human gastrointestinal cancer. Cancer Genet Cytogenet
1999; 115: 23–7.

43. Han H-J, Yanagisawa A, Kato Y, et al. Genetic
instability in pancreatic cancer and poorly differentiated
type of gastric cancer. Cancer Res 1993; 53: 5087–9.

44. Ohwada M, Suzuki M, Saga Y, et al. Mutational
analysis of transforming growth factor beta receptor type
II and DNA mismatch repair genes in sporadic endometri-
al carcinomas with microsatellite instability. Oncol Rep
2000; 7: 789–92.

45. Izumoto S, Arita N, Ohnishi T, et al. Microsatellite
instability and mutated type II transforming growth factor-
beta receptor gene in gliomas. Cancer Lett 1997; 112: 251–6.

46. Lynch MA, Nakashima R, Song H, et al. Muta-
tional analysis of the transforming growth factor beta re-
ceptor type II gene in human ovarian carcinoma. Cancer
Res 1998; 58: 4227–32.

47. Wang D, Kanuma T, Mizunuma H, et al. Analy-
sis of specific gene mutations in the transforming growth
factor-beta signal transduction pathway in human ovarian
cancer. Cancer Res 2000; 60: 4507–12.

48. Lu SL, Zhang WC, Akiyama Y, et al. Genomic
structure of the transforming growth factor beta type II
receptor gene and its mutations in hereditary nonpolypo-
sis colorectal cancers. Cancer Res 1996; 56: 4595–8.

49. Grady WM, Myeroff LL, Swinler SE, et al. Mu-
tational inactivation of transforming growth factor beta
receptor type II in microsatellite stable colon cancers.
Cancer Res 1999; 59: 320–4.

50. Tanaka S, Mori M, Mafune K, et al. A dominant
negative mutation of transforming growth factor-beta re-
ceptor type II gene in microsatellite stable oesophageal
carcinoma. Br J Cancer 2000; 82: 1557–60.

51. Lucke CD, Philpott A, Metcalfe JC, et al. Inhi-
biting mutations in the transforming growth factor beta
type 2 receptor in recurrent human breast cancer. Cancer
Res 2001; 61: 482–5.

52. Chen T, de Vries EG, Hollema H, et al. Structural
alterations of transforming growth factor-beta receptor genes
in human cervical carcinoma. Int J Cancer 1999; 82: 43–51.

53. Yasumi K, Guo RJ, Hanai H, et al. Transforming
growth factor beta type II receptor (TGF beta RII) muta-
tion in gastric lymphoma without mutator phenotype.
Pathol Int 1998; 48: 134–7.

54. Lu SL, Kawabata M, Imamura T, et al. HNPCC
associated with germline mutation in the TGF-beta type
II receptor gene. Nat Genet 1998; 19: 17–8.

55. Kang Y, Prentice MA, Mariano JM, et al. Trans-
forming growth factor-beta 1 and its receptors in human
lung cancer and mouse lung carcinogenesis. Exp Lung Res
2000; 26: 685–707.

56. Gobbi H, Arteaga CL, Jensen RA, et al. Loss of
expression of transforming growth factor beta type II recep-
tor correlates with high tumour grade in human breast in situ
and invasive carcinomas. Histopathology 2000; 36: 168–77.

57. Kim IY, Ahn HJ, Zelner DJ, et al. Loss of expres-
sion of transforming growth factor beta type I and type II
receptors correlates with tumor grade in human prostate
cancer tissues. Clin Cancer Res 1996; 2: 1255–61.

58. Kim WS, Park C, Jung YS, et al. Reduced trans-
forming growth factor-beta type II receptor (TGF-beta
RII) expression in adenocarcinoma of the lung. Anticancer
Res 1999; 19: 301–6.

59. Franchi A, Gallo O, Sardi I, Santucci M. Down-
regulation of transforming growth factor beta type II re-
ceptor in laryngeal carcinogenesis. J Clin Pathol 2001; 54:
201–4.

60. Paterson IC, Matthews JB, Huntley S, et al.
Decreased expression of TGF-beta cell surface receptors
during progression of human oral squamous cell carcino-
ma. J Pathol 2001; 193: 458–67.

61. West J, Munoz-Antonia T, Johnson JG, et al.
Transforming growth factor-beta type II receptors and Smad
proteins in follicular thyroid tumors. Laryngoscope 2000;
110: 1323–7.

62. Tokunaga H, Lee DH, Kim IY, et al. Decreased
expression of transforming growth factor beta receptor type
I is associated with poor prognosis in bladder transitional
cell carcinoma patients. Clin Cancer Res 1999; 5: 2520–5.

63. Inman GJ, Allday MJ. Resistance to TGF-beta 1
correlates with a reduction of TGF-beta type II receptor
expression in Burkitt’s lymphoma and Epstein – Barr vi-
rus-transformed B lymphoblastoid cell lines. J Gen Virol
2000; 81: 1567–78.

64. Hahm KB, Cho K, Lee C, et al. Repression of the
gene encoding the TGF-beta type II receptor is a major target
of the EWS-FLI1 oncoprotein. Nat Genet 1999; 23: 222–7.

65. Ammanamanchi S, Brattain MG. 5-azaC treatment
enhances expression of transforming growth factor-beta
receptors through down-regulation of Sp3. J Biol Chem
2001; 276: 32854–9.

66. Osada H, Tatematsu Y, Masuda A, et al. Hetero-
geneous transforming growth factor (TGF)-beta unrespon-
siveness and loss of TGF-beta receptor type II expression
caused by histone deacetylation in lung cancer cell lines.
Cancer Res 2001; 61: 8331–9.

67. Oft M, Heider KH, Beug H. TGFbeta signaling is
necessary for carcinoma cell invasiveness and metastasis.
Curr Biol 1998; 8: 1243–52.

68. Tang B, de Castro K, Barnes HE, et al. Loss of
responsiveness to transforming growth factor beta induces
malignant transformation of nontumorigenic rat prostate
epithelial cells. Cancer Res 1999; 59: 4834–42.

69. Bottinger EP, Jakubczak JL, Haines DC, et al.
Transgenic mice overexpressing a dominant-negative mu-
tant type II transforming growth factor beta receptor show
enhanced tumorigenesis in the mammary gland and lung
in response to the carcinogen 7,12-dimethylbenz-[a]-an-
thracene. Cancer Res 1997; 57: 5564–70.

70. Kanzler S, Meyer E, Lohse AW, et al. Hepatocel-
lular expression of a dominant-negative mutant TGF-beta
type II receptor accelerates chemically induced hepatocar-
cinogenesis. Oncogene 2001; 20: 5015–24.

71. Engel JD, Kundu SD, Yang T, et al. Transform-
ing growth factor-beta type II receptor confers tumor sup-
pressor activity in murine renal carcinoma (Renca) cells.
Urology 1999; 54: 164–70.

72. Turco A, Coppa A, Aloe S, et al. Overexpression
of transforming growth factor beta-type II receptor reduc-
es tumorigenicity and metastastic potential of K-ras-trans-
formed thyroid cells. Int J Cancer 1999; 80: 85–91.

73. Turco A, Scarpa S, Coppa A, et al. Increased TGF
beta type II receptor expression suppresses the malignant
phenotype and induces differentiation of human neuro-
blastoma cells. Exp Cell Res 2000; 255: 77–85.



Experimental Oncology 24, 3-12, 2002 (March) 11

74. Im YH, Kim HT, Kim IY, et al. Heterozygous
mice for the transforming growth factor-beta type II re-
ceptor gene have increased susceptibility to hepatocellular
carcinogenesis. Cancer Res 2001; 61: 6665–8.

75. Chen T, Yan W, Wells RG, et al. Novel inacti-
vating mutations of transforming growth factor-beta type
I receptor gene in head-and-neck cancer metastases. Int J
Cancer 2001; 93: 653–1.

76. Chen T, Carter D, Garrigue-Antar L, Reiss M.
Transforming growth factor beta type I receptor kinase
mutant associated with metastatic breast cancer. Cancer
Res 1998; 58: 4805–10.

77. Knobloch TJ, Lynch MA, Song H, et al. Analysis of
TGF-beta type I receptor for mutations and polymorphisms
in head and neck cancers. Mutat Res 2001; 479: 131–9.

78. Pasche B, Kolachana P, Nafa K, et al. TbetaR-
I(6A) is a candidate tumor susceptibility allele. Cancer
Res 1999; 59: 5678–82.

79. Goggins M, Shekher M, Turnacioglu K, et al.
Genetic alterations of the transforming growth factor beta
receptor genes in pancreatic and biliary adenocarcinomas.
Cancer Res 1998; 58: 5329–32.

80. Periyasamy S, Ammanamanchi S, Tillekerat-
ne MP, Brattain MG. Repression of transforming growth
factor-beta receptor type I promoter expression by Sp1
deficiency. Oncogene 2000; 19: 4660–7.

81. Kang SH, Bang YJ, Im YH, et al. Transcriptional
repression of the transforming growth factor-beta type I
receptor gene by DNA methylation results in the develop-
ment of TGF-beta resistance in human gastric cancer.
Oncogene 1999; 18: 7280–6.

82. Amoroso SR, Huang N, Roberts AB, et al. Con-
sistent loss of functional transforming growth factor beta
receptor expression in murine plasmacytomas. Proc Natl
Acad Sci USA 1998; 95: 189–94.

83. Kim IY, Ahn HJ, Zelner DJ, et al. Loss of expres-
sion of transforming growth factor beta type I and type II
receptors correlates with tumor grade in human prostate
cancer tissues. Clin Cancer Res 1996; 2: 1255–61.

84. Hattori K, Okamoto M, Oyasu R. Transforming
growth factor beta type I receptor acts as a potent tumor
suppressor in rat bladder carcinoma. Carcinogenesis 1997;
18: 1867–70.

85. Okamoto M, Oyasu R. Overexpression of trans-
forming growth factor beta type I receptor abolishes ma-
lignant phenotype of a rat bladder carcinoma cell line. Cell
Growth Differ 1997; 8: 921–6.

86. Iolascon A, Giordani L, Borriello A, et al. Re-
duced expression of transforming growth factor-beta re-
ceptor type III in high stage neuroblastomas. Br J Cancer
2000; 82: 1171–6.

87. Yan Z, Deng X, Friedman E. Oncogenic Ki-ras
confers a more aggressive colon cancer phenotype through
modification of transforming growth factor-beta receptor
III. J Biol Chem 2001; 276: 1555–63.

88. Sun L, Chen C, Lucille P. Expression of transform-
ing growth factor beta type III receptor suppresses tumori-
genicity of human breast cancer MDA-MB-231 cells. J Biol
Chem 1997; 272: 25367–72.

89. Miller DW, Graulich W, Karges B, et al. Elevat-
ed expression of endoglin, a component of the TGF-beta-
receptor complex, correlates with proliferation of tumor
endothelial cells. Int J Cancer 1999; 81: 568–72.

90. Li C, Guo B, Wilson PB, et al. Plasma levels of
soluble CD105 correlate with metastasis in patients with
breast cancer. Int J Cancer 2000; 89: 122–6.

91. Kim IY, Lee DH, Ahn HJ, et al. Expression of
bone morphogenetic protein receptors type-IA, -IB and -II
correlates with tumor grade in human prostate cancer tis-
sues. Cancer Res 2000; 60: 2840–4.

92. Zhou XP, Woodford-Richens K, Lehtonen R,
et al. Germline mutations in BMPR1A/ALK3 cause a sub-
set of cases of juvenile polyposis syndrome and of Cowden
and Bannayan – Riley – Ruvalcaba syndromes. Am J Hum
Genet 2001; 69: 704–11.

93. Su GH, Bansal R, Murphy KM, et al. ACVR1B
(ALK4, activin receptor type 1B) gene mutations in pancre-
atic carcinoma. Proc Natl Acad Sci USA 2001; 98: 3254–7.

94. Hahn SA, Schutte M, Hoque AT, et al. DPC4, a
candidate tumor suppressor gene at human chromosome
18q21.1. Science 1996; 271: 350–3.

95. Hahn SA, Hoque AT, Moskaluk CA, et al. Ho-
mozygous deletion map at 18q21.1 in pancreatic cancer.
Cancer Res 1996; 56: 490–4.

96. Thiagalingam S, Lengauer C, Leach FS, et al. Eval-
uation of candidate tumour suppressor genes on chromo-
some 18 in colorectal cancers. Nat Genet 1996; 13: 343–6.

97. Hahn SA, Bartsch D, Schroers A, et al. Muta-
tions of the DPC4/Smad4 gene in biliary tract carcinoma.
Cancer Res 1998; 58: 1124–6.

98. Takakura S, Okamoto A, Saito M, et al. Allelic
imbalance in chromosome band 18q21 and SMAD4 muta-
tions in ovarian cancers. Genes Chromosomes Cancer 1999;
24: 264–71.

99. Bartsch D, Hahn SA, Danichevski KD, et al.
Mutations of the DPC4/Smad4 gene in neuroendocrine
pancreatic tumors. Oncogene 1999; 18: 2367–71.

100. Bouras M, Tabone E, Bertholon J, et al. A novel
SMAD4 gene mutation in seminoma germ cell tumors.
Cancer Res 2000; 60: 922–8.

101. Howe JR, Roth S, Ringold JC, et al. Mutations
in the SMAD4/DPC4 gene in juvenile polyposis. Science
1998; 280: 1086–8.

102. Kageyama H, Seki N, Yamada S, et al. DPC4 splice
variants in neuroblastoma. Cancer Lett 1998; 122: 187–93.

103. Maitra A, Molberg K, Albores-Saavedra J, Lind-
berg G. Loss of Dpc4 expression in colonic adenocarcino-
mas correlates with the presence of metastatic disease. Am
J Pathol 2000; 157: 1105–11.

104. Ohtaki N, Yamaguchi A, Goi T, et al. Somatic al-
terations of the DPC4 and Madr2 genes in colorectal cancers
and relationship to metastasis. Int J Oncol 2001; 18: 265–70.

105. Salovaara R, Roth S, Loukola A, et al. Frequent
loss of Smad4/DPC protein in colorectal cancers. Gut 2002;
in press.

106. Korchynskyi O, Landstrom M, Stoika R, et al.
Expression of Smad proteins in human colorectal cancer.
Int J Cancer 1999; 82: 197–202.

107. Wilentz RE, Iacobuzio-Donahue CA, Argani P,
et al. Loss of expression of Dpc4 in pancreatic intraepithe-
lial neoplasia: evidence that DPC4 inactivation occurs late
in neoplastic progression. Cancer Res 2000; 60: 2002–6.

108. Takaku K, Oshima M, Miyoshi H, et al. Intesti-
nal tumorigenesis in compound mutant mice of both Dpc4
(Smad4) and Apc genes. Cell 1998; 92: 645–56.

109. Haines J, Dunford R, Moody J, et al. Loss of
heterozygosity in spontaneous and X-ray-induced intesti-
nal tumors arising in F1 hybrid min mice: evidence for
sequential loss of APC(+) and Dpc4 in tumor develop-
ment. Genes Chromosomes Cancer 2000; 28: 387–94.

110. Xu X, Brodie SG, Yang X, et al. Haploid loss of
the tumor suppressor Smad4/Dpc4 initiates gastric poly-
posis and cancer in mice. Oncogene 2000; 19: 1868–74.



12 Ýêñïåðèìåíòàëüíàÿ îíêîëîãèÿ 24, 3-12, 2002 (ìàðò)

111. Hata A, Lo RS, Wotton D, Lagna G, Massague J.
Mutations increasing autoinhibition inactivate tumour
suppressors Smad2 and Smad4. Nature 1997; 388: 82–7.

112. Xu J, Attisano L. Mutations in the tumor suppressors
Smad2 and Smad4 inactivate transforming growth factor beta
signaling by targeting Smads to the ubiquitin-proteasome path-
way. Proc Natl Acad Sci USA 2000; 97: 4820–5.

113. Dai JL, Turnacioglu KK, Schutte M, et al. Dpc4
transcriptional activation and dysfunction in cancer cells.
Cancer Res 1998; 58: 4592–7.

114. de Winter JP, Roelen BAJ, ten Dijke P, et al.
DPC4 (SMAD4) mediates transforming growth factor-
beta1 (TGF-beta1) induced growth inhibition and tran-
scriptional response in breast tumour cells. Oncogene 1997;
14: 1891–9.

115. Reiss M, Santoro V, de Jonge RR, Vellucci VF.
Transfer of chromosome 18 into human head and neck
squamous carcinoma cells: evidence for tumor suppression
by Smad4/DPC4. Cell Growth Differ 1997; 8: 407–15.

116. Schwarte-Waldhoff I, Volpert OV, Bouck NP,
et al. Smad4/DPC4-mediated tumor suppression through
suppression of angiogenesis. Proc Natl Acad Sci USA 2000;
97: 9624–9.

117. Maesawa C, Tamura G, Nishizuka S, et al. MAD-
related genes on 18q21.1, Smad2 and Smad4, are altered
infrequently in esophageal squamous cell carcinoma. Jpn J
Cancer Res 1997; 88: 340–3.

118. Kim SK, Fan Y, Papadimitrakopoulou V, et al.
DPC4, a candidate tumor suppressor gene, is altered infre-
quently in head and neck squamous cell carcinoma. Can-
cer Res 1996; 56: 2519–21.

119. Lei J, Zou TT, Shi YQ, et al. Infrequent DPC4 gene
mutation in esophageal cancer, gastric cancer and ulcerative
colitis-associated neoplasms. Oncogene 1996; 13: 2459–62.

120. Barrett MT, Schutte M, Kern SE, Reid BJ. Al-
lelic loss and mutational analysis of the DPC4 gene in
esophageal adenocarcinoma. Cancer Res 1996; 56: 4351–3.

121. Powell SM, Harper JC, Hamilton SR, et al. In-
activation of Smad4 in gastric carcinomas. Cancer Res 1997;
57: 4221–4.

122. Schutte M, Hruban RH, Hedrick L, et al. DPC4
gene in various tumor types. Cancer Res 1996; 56: 2527–30.

123. Hoque AT, Hahn SA, Schutte M, Kern SE. DPC4
gene mutation in colitis associated neoplasia. Gut 1997;
40: 120–2.

124. Nagatake M, Takagi Y, Osada H, et al. Somatic
in vivo alterations of the DPC4 gene at 18q21 in human
lung cancers. Cancer Res 1996; 56: 2718–20.

125. Arnaldi G, Freddi S, Mancini T, et al. Trans-
forming growth factor beta 1: implications in adrenocorti-
cal tumorigenesis. Endocr Res 2000; 26: 905–10.

126. Woodford-Richens KL, Rowan AJ, Gorman P,
et al. SMAD4 mutations in colorectal cancer probably
occur before chromosomal instability, but after divergence
of the microsatellite instability pathway. Proc Natl Acad
Sci USA 2001; 98: 9719–23.

127. Takagi Y, Koumura H, Futamura M, et al. So-
matic alterations of the SMAD-2 gene in human colorec-
tal cancers. Br J Cancer 1998; 78: 1152–5.

128. Eppert K, Scherer SW, Ozcelik H, et al. MADR2
maps to 18q21 and encodes a TGFbeta-regulated MAD-
related protein that is functionally mutated in colorectal
carcinoma. Cell 1996; 86: 543–52.

129. Maesawa C, Tamura G, Nishizuka S, et al. MAD-
related genes on 18q21.1, Smad2 and Smad4, are altered

infrequently in esophageal squamous cell carcinoma. Jpn J
Cancer Res 1997; 88: 340–3.

130. Yakicier MC, Irmak MB, Romano A., et al.
Smad2 and Smad4 gene mutations in hepatocellular carci-
noma. Oncogene 1999; 18: 4879–83.

131. Shitara Y, Yokozaki H, Yasui W, et al. No mu-
tations of the Smad2 gene in human sporadic gastric carci-
nomas. Jpn J Clin Oncol 1999; 29: 3–7.

132. Uchida K, Hagatake M, Oada H, et al. Somatic
in vivo alterations of the JV18-1 gene at 18q21 in human
lung cancers. Cancer Res 1996; 56: 5583–5.

133. Riggins GJ, Kinzler KW, Vogelstein B, Thia-
galingam S. Frequency of Smad gene mutations in human
cancers. Cancer Res 1997; 57: 2578–80.

134. Arai T, Akiyama Y, Okabe S, et al. Genomic struc-
ture of the human Smad3 and its infrequent alterations in
colorectal cancer. Cancer Lett 1998; 122: 157–163.

135. Wieser R, Gruber B, Rieder H, Fonatsch C. Mu-
tational analysis of the tumor suppressor Smad2 in acute
lymphoid and myeloid leukemia. Leukemia 198; 12: 1114–8.

136. Morén A, Itoh S, Moustakas A, et al. Functional
consequences of tumorigenic missense mutations in the amino-
terminal domain of Smad4. Oncogene 2000; 19: 4396–404.

137. Prunier C, Ferrand N, Frottier B, et al. Mecha-
nism for mutational inactivation of the tumor suppressor
Smad2. Mol Cell Biol 2001; 21: 3302–13.

138. Nomura M, Li E. Smad2 role in mesoderm forma-
tion, left-right pattering and craniofacial development.
Nature 1998; 383: 786–90.

139. Zhu Y, Richardson JA, Parada LF, Graff JM.
Smad3 mutant mice develop metastatic colorectal cancer.
Cell 1998; 94: 703–14.

140. Stroschein SL, Wang W, Zhou S, et al. Nega-
tive feedback regulation of TGF-beta signaling by the SnoN
oncoprotein. Science 1999; 286: 771–4.

141. Reed JA, Bales E, Xu W, et al. Cytoplasmic lo-
calization of the oncogenic protein Ski in human cutaneous
melanomas in vivo: functional implications for transforming
growth factor beta signaling. Cancer Res 2001; 61: 8074–8.

142. Izutsu K, Kurokawa M, Imai Y, et al. The core-
pressor CtBP interacts with Evi-1 to repress transforming
growth factor beta signaling. Blood 2001; 97: 2815–22.

143. Roth S, Laiho P, Salovaara R, et al. No SMAD4
hypermethylation in colorectal cancer. Br J Cancer 2000;
83: 1015–9.

144. Kretzschmar M, Doody J, Timochina I, Mas-
sague J. A mechanism of repression of TGFβ/Smad sig-
naling by oncogenic Ras. Genes Dev 1999; 13: 804–16.

145. Calonge MJ, Massague J. Smad4/DPC4 silenc-
ing and hyperactive Ras jointly disrupt transforming growth
factor-beta antiproliferative responses in colon cancer cells.
J Biol Chem 1999; 274: 33637–43.

146. Yakymovych I, ten Dijke P, Heldin C-H, Sou-
chelnytskyi S. Regulation of Smad signaling by protein
kinase C. FASEB J 2001; 15: 553–6.

147. Kleeff J, Ishiwata T, Maruyama H, et al. The
TGF-beta signaling inhibitor Smad7 enhances tumorige-
nicity in pancreatic cancer. Oncogene 1999; 18: 5363–72.

148. Kleeff J, Maruyama H, Friess H, et al. Smad6 sup-
presses TGF-beta-induced growth inhibition in COLO-357
pancreatic cancer cells and is overexpressed in pancreatic
cancer. Biochem Biophys Res Commun 1999; 255: 268–73.

149. Sohn TA, Su GH, Ryu B, et al. High-throughput
drug screening of the DPC4 tumor-suppressor pathway in
human pancreatic cancer cells. Ann Surg 2001; 233: 696–703.


