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Abstract
Transforming growth factor-β (TGFβ) plays a critical role in pancreatic development and cell
proliferation. Binding of TGFβ to its membrane receptor kinases activates the Smad signaling
proteins, allowing them to translocate to the nucleus and participate in the transcriptional control
of TGFβ target genes. In addition, there is an increasing number of cellular mechanisms affecting
the final response of a cell to TGFβ. This includes crosstalk with other signaling pathways and the
induction of TGFβ early response genes, such as the TGFβ-inducible early response gene (TIEG)
family of transcription factors. Like the Smads, TIEGs behave as downstream effector proteins in
TGFβ-mediated pancreatic growth control. The discovery of the Smads and TIEGs has provided
new insights into TGFβ-regulated functions. Their significance in pancreatic development and
cancer is discussed in this review.

The transforming growth factor-β (TGFβ) family consists of multifunctional cytokines that
regulate a broad spectrum of biologic functions including wound healing, cellular
differentiation, and deposition of extracellular matrix proteins [1]. Among the most dramatic
effects of TGFβ, however, are those associated with cell differentiation during development
and inhibition of cell proliferation, mediated largely by the induction of cell cycle arrest and
apoptosis [2••,3–5]. TGFβ exerts its biologic function mainly by its effects on regulation of
gene expression. Elucidating its signal transduction pathway has become a subject of intense
investigation in recent years [6]. This has resulted in the identification of a family of
membrane receptor protein kinases, TGFβ receptor kinase I (TβRI) and TGFβ receptor
kinase II (TβRII), and the subsequent discovery of their intracellular mediators, the Smads
[7,8]. Although Smad signaling appears to be involved in most actions of TGFβ, recent
evidence suggests the existence of additional TGFβ downstream mediators. For example,
TGFβ has been shown to rapidly activate the mitogen-activated protein kinases (MAPK)
extracellular regulated kinase (Erk), p38 and JNK, which regulate gene expression by
activating specific downstream transcription factors [9•,10]. In the same line of evidence, we
have previously reported the identification of the TGFβ-inducible early response gene
(TIEG) family of TGFβ-inducible transcription factors, the expression of which is enriched
in the exocrine pancreas. Like the Smads, TIEG proteins are TGFβ-regulated effector
proteins that significantly affect homeostasis of the pancreas. Expression of both TIEG1 and
TIEG2 is rapidly upregulated by TGFβ stimulation, leading to the control of pancreatic cell
growth through inhibition of cell proliferation and induction of apoptosis [11,12].

Deregulation of TGFβ function is a common feature of pancreatic cancer and is frequently
associated with genetic disturbances of either the TGFβ receptor kinases (TβRs) or the
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Smads [13]. During carcinogenesis, many tumor cells harbor mutations in TGFβ signaling,
rendering them unresponsive to TGFβ-stimulated cell growth inhibition.

In this review we focus on the significance of TGFβ and its downstream mediators in
pancreas development, and we particularly emphasize its important functional role in the
early and late stages of pancreatic cancer.

Transforming growth factor-β signaling through the Smad proteins
The TGFβ exhibits its antiproliferative functions by activating a signaling pathway that
mediates cell cycle arrest and induction of apoptosis. Signaling is initiated by binding of
TGFβ to the TβRII cell surface receptor. This, in turn, recruits the TβRI kinase, which
phosphorylates the receptor R-Smads proteins, Smad2 and Smad3 (Fig. 1) [14••]. Activated
R-Smads form a complex with the Co-Smad, Smad4, which shuttles directly to the nucleus.
Here, the complex can either directly bind to DNA, interact with other DNA-binding
proteins, or recruit other transcription factors such as AP1 to regulate the transcription of
target genes involved in cell growth control (eg, p15, p21, c-myc). These partner proteins
are crucial for the selection of Smad-regulated target genes and therefore have an enormous
impact on the biologic outcome of TGFβ stimulation [14••]. TGFβ signaling is further
controlled by a third class of Smads, the inhibitory Smad6 and Smad7 proteins, which
negatively regulate R-Smad activation. Smad7 inhibits signaling from the serine/threonine
kinase receptors by binding the TβRI, thereby preventing the phosphorylation of Smad2 and
Smad3 [15–19]. Evidence demonstrates distinct crosstalk and feedback between the Smads
and other signaling pathways, resulting in either stimulation or inhibition of Smad signaling
[20–25]. The signaling network of the cell at large also modulates the expression and
activity of the Smads' nuclear partner proteins, thereby fine-tuning the final selection of
target genes [26••].

Together, the current data describe a simple TGFβ signal transduction pathway through the
Smad proteins, under the tight control of a complex web of regulator proteins, the ultimate
effect on gene expression being determined by intranuclear coproteins. In addition to this
well-defined pathway, growing evidence suggests the existence of Smad-independent TGFβ
effector pathways.

Transforming growth factor-β-inducible early response genes: new players in
transforming growth factor-β-induced cell growth inhibition in the pancreas

The antiproliferative response of a cell to TGFβ requires the transcriptional regulation of a
set of target genes, including TGFβ signal transduction components, cell cycle regulators
(p15, p21, and p27), and transcription factors (eg, c-myc). The identification and
characterization of TGFβ early response genes involved in growth control of exocrine
pancreatic cell populations is a focus of our laboratory. We recently reported the cloning of
TIEG1 and TIEG2 (TGFβ-inducible early response genes) from a rat pancreas cDNA library
[12,27]. TIEG1 and TIEG2 comprise a novel family of pancreasenriched Sp1-like
transcription factors and are early-response genes for TGFβ that inhibit epithelial cell
proliferation [28•]. TIEG1 and TIEG2 share overall structural homology within both DNA-
binding and transcriptional regulatory domains and, similarly to other Sp1-like proteins,
bind GC-rich promotor sequences found in a large number of genes. Many of these target
genes are involved in the control of cell proliferation, including cell cycle regulators (p15,
p21, p27), MAPK, mitogenic GTPases (H-ras), and DNA synthesis proteins [11]. In contrast
to most Sp1-like proteins, the TIEG proteins behave as transcriptional repressors. The
TIEGs transcriptional-regulatory region contains three domains, R1, R2, and R3 [29],
separated by linker regions, which may be targets for different signaling pathways. In fact,
the most recent data from our laboratory demonstrates that epidermal growth factor (EGF)
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signaling through the proliferative Ras-MEK-ERK-MAPkinase pathway antagonizes the
transcriptional activity of TIEG2 by phosphorylation of sites in the linker region between R1
and R2 (unpublished data). Such inhibition of TIEG2 activity is likely to interfere with its
antiproliferative function. Our data support a model in which TGFβ-induced expression of
TIEGs stimulates binding to GC-rich promotor sequences, where they regulate the
transcription of genes necessary for epithelial cell growth control (Fig. 2). We have shown
that overexpression of TIEGs inhibits the proliferation of TGFβ-sensitive pancreatic cells
and induces apoptosis in a variety of epithelial cell systems following the same mechanistic
pattern as TGFβ, characterized by the formation of reactive oxygen species and loss of
mitochondrial membrane potential [12,27,30]. The significant role TIEGs play in pancreatic
growth control is further supported by data from our laboratory using a transgenic mouse
model. Targeted overexpression of TIEG2 in the acinar cells of the exocrine organ resulted
in increased apoptosis associated with significant weight loss of the pancreas (unpublished
data).

Together, these data strongly suggest that in addition to the Smad proteins, the TIEGs
function as downstream mediators of TGFβ, involved in the regulation of pancreatic growth.
It is not yet clear whether the TIEG proteins work with or independently of the Smads in
TGFβ-mediated pancreatic cell growth control.

Transforming growth factor-β in pancreas development
In recent years, several converging lines of evidence have indicated a crucial role for TGFβ
in regulating pancreatic morphogenesis. Interestingly, TGFβ affects the development of both
the endocrine and the exocrine pancreas and also has an impact on the extracellular
composition of the organ. Evidence suggests that TGFβ plays a significant role in the
balance between the exocrine and endocrine composition of the developing pancreas [31••,
32].

The TGFβ effectively controls cell proliferation of the exocrine organ by imposing a strong
antiproliferative signal on acinar cells. This is strikingly seen on supraphysiologic
stimulation of cultured embryonic pancreatic buds with TGFβ, resulting in increased
apoptosis of acinar cells and reflecting significant regression of the acinar compartment in
the developing pancreas [32]. Also, recent in vivo work by Sanvito et al. [31••] reported
dramatic morphologic alterations in the exocrine pancreas of transgenic mice overexpressing
TGFβ. The architecture and composition of the exocrine portion of the pancreatic gland was
heavily changed in TGFβ overexpressing mice, characterized by loss of acinar cells and
replacement of acini by fibrotic tissue.

Mice overexpressing TGFβ also exhibit severe morphologic changes in the endocrine
pancreas, indicating a significant role of TGFβ in both acinar and islet formation. Multifocal
fibrosis was observed throughout the organ, with centered clusters of endocrine cells and
invading exocrine tissue. Additionally, the morphology of the islets of Langerhans
themselves was affected. Although the islet cells were small and appeared fragmented, the
number and distribution of insulin, glucagon, somatostatin, and pancreatic polypeptide–
positive cells were normal, and the transgenic mice showed neither hyperglycemia nor
changes in viability and overall health [31••]. As shown by Miralles et al. [33], TGFβ
strongly upregulates the expression and activation of matrix metalloproteinases. This crucial
step during the development of pancreatic islets enables activated matrix metalloproteinases
(eg, matrix metalloproteinase-2) to degrade extracellular matrix components and thereby
allows endocrine cells to migrate into the surrounding mesenchyme to form mature islets of
Langerhans. Application of specific TGFβ-neutralizing antibodies abolished the islet
morphogenesis without affecting endocrine cell differentiation.
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The significance of TGFβ in pancreas development is further emphasized by recent reports
describing disorders of the endocrine pancreas related to Smad mutations. For instance,
hypoplasia of the β-cell, hypoinsulinemia, impaired glucose tolerance, and significant
insulin resistance were observed in mice with heterozygous Smad2 mutations [34••].
Although recent studies provide increasing evidence for a critical role of TGFβ in multiple
steps of pancreatic development, many effects of TGFβ in pancreatic development are still
unknown and require further study to better understand the role of TGFβ signaling in this
process.

Transforming growth factor-β in carcinogenesis
The TGFβ plays a dual role in carcinogenesis, acting early as a tumor suppressor but
promoting tumor progression in later stages [35]. Its antiproliferative functions allow TGFβ
to act as a strong tumor suppressor in early phases of tumorigenesis [36]. During tumor
development, however, many tumor cells lose their growth inhibitory responses to TGFβ
[37••]. This results from low expression levels of TGFβ receptors, mutations of Smad
proteins, or the induction of TGFβ resistance by oncogenes. Additionally, genetic alterations
within cellcycle regulators and activating mutations within proliferative crosstalk signaling
pathways have been reported in association with reduced TGFβ cell growth inhibition [37••,
38•].

Alterations of the transforming growth factor-β signaling pathway in pancreatic cancer
A loss of sensitivity to the antiproliferative effects of TGFβ is frequently associated with a
reduced expression or inactivation of TGFβ receptors [39]. TβRII is a frequent locus of
inactivating mutations and is particularly common in colon and gastric carcinomas, along
with microsatellite instability as a result of defects in the DNA mismatch repair system. By
contrast, there are only sporadic reports of mutations or deletions in TβRI in gastrointestinal
tumors. A missense mutation in the kinase domain of TβRI has been identified in breast
cancers [40], and deletions of the TβRI occur at a very low frequency in pancreatic cancer
[41].

Inactivating mutations of the Smad4 tumor suppressor gene, located on 18q 21.1, have been
described in more than 40% of pancreatic cancers. This is usually associated with complete
loss of the remaining Smad4 allele and is strongly correlated with loss of growth inhibition
[42]. Biallelic loss of Smad4 is also common in metastatic colon cancer (30%) and is
occasionally described in other tumors of the gastrointestinal tract. Interestingly,
functionally inactivating germline mutations of Smad4 have been reported in patients with
familial juvenile polyposis, associated with an increased risk of gastrointestinal cancer. Like
Smad4, the Smad2 and Smad7 genes are located on chromosome 18q21.1, the allelic loss of
which is relatively common in gastrointestinal cancers. However, mutational analyses
reveals that unlike Smad4, the remaining allele of Smad2 is rarely mutated in colorectal
tumors and has not been described in pancreatic cancer [26••,37••]. Although increased
expression of the candidate Smad7 oncogene has recently been reported in pancreatic
cancer, no activating mutations or amplifications of the Smad7 gene have been identified in
pancreatic cancers [43]. Nonetheless, increased expression of Smad7 was associated with a
more malignant phenotype in pancreatic cancer, suggesting its role in tumorigenesis.

Finally, there is no evidence that either Smad3 or Smad6 is the locus of homozygous
deletions, functionally inactivating mutations, or amplifications in any given human
malignancy.
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Altered expression of transforming growth factor-β effector proteins by
mutational alterations of crosstalk proteins

Many tumor cells lacking known mutations of the Smad signaling pathway become resistant
to TGFβ-induced growth inhibition during carcinogenesis. Recent data demonstrate that
altered expression of crosstalk signaling proteins or downstream Smad partner proteins may
have a significant impact on TGFβ-induced growth inhibition [44•]. It has been shown that
epithelial cells harboring oncogenic Ras mutations frequently lose TGFβ antimitogenic
responses. Oncogenic Ras and its downstream mediator, ERK-MAPkinase, compromise
TGFβ signaling in mammary epithelial cells by inhibiting TGFβ-induced nuclear
accumulation of Smad2/Smad3, thereby antagonizing TGFβ-mediated growth inhibition
[20]. This suggests a mechanism whereby hyperactive Ras silences antimitogenic TGFβ
functions in cancer cells. Similarly, in the above-described work, we showed that EGF
signaling antagonizes the transcriptional repression activity of TIEG2 in pancreatic cancer
cells. These findings support a model wherein oncogenic Ras mutations antagonize the
antiproliferative effects of TGFβ through inhibiting the Smad and the TIEG families of
TGFβ-effector proteins (Fig. 3). This may be of particular relevance in pancreatic cancer,
because activating k-Ras mutations and loss of TGFβ growth inhibition are both found in
the majority of pancreatic cancer cells, even without inactivating mutations of the TGFβ
pathway.

Transforming growth factor-β in tumor progression
Reduced TGFβ growth inhibition in pancreatic cancer cells is often associated with disease
progression and accompanied by increased expression of TGFβ itself and its type II receptor
[45,46]. In fact, increased TGFβ secretion has been shown to promote tumor progression
both through direct effects on the tumor cells themselves and effects on accessory cells. For
example, TGFβ can stimulate angiogenesis, repress immune surveillance, and induce
desmoplasia—all characteristics of pancreatic cancer [46–48]. Its direct effects on the tumor
cells include reduction of cell-cell contacts, upregulation and activation of matrix-degrading
proteinases, and induction of epithelial-mesenchymal transdifferentiation, leading to
increased tumor cell invasion and metastasis [49–51]. The tumor-promoting effects of TGFβ
on the tumor cells themselves are observed particularly in cells possessing activating Ras
mutations in which the TGFβ signaling pathways remain functional despite loss of growth
control by TGFβ [52••,53].

Future biochemical and functional studies investigating the biologic relevance of crosstalk
between TGFβ and other signaling cascades in normal and neoplastic epithelial cells are
required for a better understanding of the mechanims of TGFβ-induced cell growth
inhibition, the loss of antiproliferation, and the switch to tumor progression in late stages of
pancreatic cancer.

Conclusions
Current information about TGFβ signaling and transcriptional regulation in the developing
and transformed pancreatic cell populations is discussed here. In summary, TGFβ functions
mainly through a relatively simple signal transduction pathway, composed of the Smad
proteins. The Smads transduce the TGFβ signal from the cell membrane to the nucleus to
regulate the transcription of target genes. It is now apparent, however, that this simple
signaling system is tightly controlled by an increasing number of cytoplasmic (eg, Smad7)
and nuclear (eg, coproteins) mechanisms that integrate the TGFβ signal within a regulatory
network of the cell. Furthermore, TGFβ activates a distinct pattern of signaling pathways
(eg, PI3K, JNK) and transcription factors such as the TIEG proteins, which may work
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concurrently or independently of the Smads in TGFβ-mediated pancreatic growth control.
Loss of growth responsiveness to TGFβ is a common feature in advanced stages of
pancreatic cancer and can result from inactivating mutations within the TGFβ pathway or
from genetic alterations of crosstalk pathways (eg, Ras), leading to profound changes in
TGFβ signal transduction.

Thus, we are optimistic that this knowledge will provide the theoretical framework for
future studies aimed at developing effective therapeutic strategies to treat this dismal
disease.
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Abbreviations

TGFβ transforming growth factor-β

TIEG TGFβ-inducible early response gene

MAPK mitogen-activated protein kinase

EGF epidermal growth factor

Erk extracellular regulated kinase

TβRI/II TGFβ receptor kinases I/II
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Figure 1. Schematic diagram of transforming growth factor-β (TGFβ) signaling and regulation
The signaling pathway includes two types of membrane Ser/Thr receptor kinases (TβR-I and
TβR-II), the receptor Smads2/3, the co-Smad4, the inhibitory Smad7 and nuclear partner
proteins (eg, DNA-binding factors). The Smad signaling is negatively regulated by Smad7,
which itself can be induced by several crosstalks, including epidermal growth factor
signaling and NFkB.
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Figure 2. Schematic representation of transforming growth factor-β (TGF-β)-inducible early
response gene (TIEG) structure and function
TIEG1 and TIEG2 share a structural homology of 44% within the proline-rich transcription
domain (N terminus) and a 91% similarity within the three Sp1-like zinc finger motifs of the
C-terminal domain, which is responsible for DNA binding. Biochemical analysis of the
transcription domain revealed the presence of three highly conserved domains that behave as
potent transcriptional repression domains (R1, R2, and R3). TGFβ signaling rapidly induces
TIEG1 and TIEG2 expression in exocrine pancreatic cells. TIEGs then regulate the
transcription of their target genes through recruiting the Sin3A corepressor complex, which
contains histone deacetylase activity.
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Figure 3. Crosstalk between the epidermal growth factor (EGF)-Ras- extracellular regulated
kinase (Erk)-mitogen-activated protein (MAP) kinase pathway and both the transforming
growth factor-β-inducible early response gene TIEG and Smad signaling pathway in cancer
Hypersensitive Ras and its downstream mediator kinase Erk block transforming growth
factor-β (TGFβ) signaling through phosphorylation of the receptor Smads S2/S3 and thereby
inhibit the complex formation with Smad4. In addition, EGF-activated Erk MAPkinase
phosphorylates TIEG2 and thereby antagonizes its transcriptional repression activity through
interfering with the binding of the Sin3A corepressor complex.
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