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Roles of TGFf in metastasis
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The TGFp signaling pathway is conserved from flies to humans and has been shown to regulate such diverse pro-
cesses as cell proliferation, differentiation, motility, adhesion, organization, and programmed cell death. Both in vitro
and in vivo experiments suggest that TGFp can utilize these varied programs to promote cancer metastasis through
its effects on the tumor microenvironment, enhanced invasive properties, and inhibition of immune cell function.
Recent clinical evidence demonstrating a link between TGFf signaling and cancer progression is fostering interest in
this signaling pathway as a therapeutic target. Anti-TGFp therapies are currently being developed and tested in pre-
clinical studies. However, targeting TGFp carries a substantial risk as this pathway is implicated in multiple homeo-
static processes and is also known to have tumor-suppressor functions. Additionally, clinical and experimental results
show that TGFp has diverse and often conflicting roles in tumor progression even within the same tumor types. The
development of TGFp inhibitors for clinical use will require a deeper understanding of TGFf signaling, its conse-

quences, and the contexts in which it acts.
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Introduction

Metastasis is the final stage in tumor progression and
is thought to be responsible for up to 90% of deaths as-
sociated with solid tumors [1]. This multifaceted process
consists of a series of steps whereby cancer cells enter
the circulation, disseminate to distal capillary beds, enter
a parenchyma by extravasation, adapt to the new host
microenvironment, and eventually grow into lethal tumor
colonies in distal organs. Adding to the complexity of
this process, metastasis often follows characteristic or-
gan distribution patterns that reflect inherent differences
within the disseminating cells of distinct tumors [2, 3].
Breast cancer, for example, preferentially spreads to the
bones, lungs, liver, and brain, whereas prostate cancer al-
most exclusively colonizes the bones [4]. Much has been
learned about the processes that initiate and sustain gen-
eral tumor growth; however, the mechanisms that enable
metastasis, particularly tissue-tropic metastasis, remain
largely unknown. Despite the complexity of the problem,
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researchers have begun to dissect many aspects of this
metastatic cascade. Indeed, recent work has identified the
key mediators of extravasation, microenvironment re-
modeling, homing, invasion, migration, and survival [3].
Interestingly, the TGF( pathway has been implicated in
many of these metastatic processes and has been shown
to dramatically impact the ability of tumor cells to spread
throughout the body [5-8].

Although TGF has been implicated in tumor progres-
sion, studies have uncovered a complicated and context-
dependent picture regarding the function and utility
of this cytokine. Analysis from clinical tumor samples
reveals that TGFB-mediated signaling is indeed strongly
implicated in the regulation of cancer. Retrospective
studies have shown that in various human tumor types,
components of the TGFp signaling pathway, namely
TGFBR2, TGFBRI, and SMAD4, are commonly inacti-
vated either through mutation or through allelic loss of
heterozygosity (LOH) [9]. Indeed, TGFBR2-inactivating
mutations are frequently found in cancers associated with
microsatellite instability (MSI) [10]. MSI arises from de-
fects in the mismatch repair system. The TGFBR2 gene
contains a 10-base pair poly-adenine repeat, which is
prone to replication errors specifically in MSI+ cancers.
Poly(A) tract TGFBR2 mutations accumulate in a vari-



@ TGFp and metastasis

90

ety of tumors, including MSI+ gastrointestinal cancers,
biliary cancers, lung adenocarcinomas, gliomas, and uni-
versally in colon cancer patients with inherited mutations
in mismatch repair genes. In addition to the mutations
of the TGFp receptors, the downstream transducers of
the TGFp pathway, the Smads, have also been altered in
cancer tissues. Smad2 and Smad4 are located on chro-
mosome 18q, which is often mutated or completely lost
in pancreatic and colon cancers [11, 12]. For pancreatic
tumors, the minimal lost region has been mapped to
18921, which contains three candidate tumor suppres-
sors, DCC (deleted in colorectal carcinomas), SMAD4/
DPC4 (deleted in pancreatic carcinomas, locus 4, which
encodes Smad4), and MADR2/JV18-1 (MAD-related
gene 2, which encodes Smad2). Of these three genes, the
SMAD4 gene has been identified as a genetic target of
this 18q LOH in about 50% of pancreatic tumors. These
results provide evidence that many core components of
the TGFB pathway function as tumor suppressors that
cancers must bypass by selective mutations.

However, the TGFp pathway is also thought to act as
a tumor promoter. Consistent with this notion, increased
TGFpB1 expression by tumor cells correlated with tumor
progression in non-small cell lung carcinoma (NSCLC),
colorectal cancer, prostate cancer, and gastric carcinoma
[13-16]. Additionally, intense TGFf staining has also
been positively correlated with metastasis in breast carci-
noma, prostate cancer, and colorectal cancer. TGF[ stain-
ing is shown to be stronger in the invading local lymph
node metastases compared with the paired primary tumor
site in both colorectal and breast cancer [Ref. [9] and ref-
erences therein].

These retrospective clinical studies highlight the di-
chotomous role of the TGFf pathway in human cancers.
The clinical evidence suggests that pancreatic, colon,
and gastric tumors selectively eliminate the core compo-
nents of the TGFp signaling pathway, eftectively shut-
ting down all signaling. However, tumors such as breast
cancer, skin cancer, and gliomas exhibit much lower
levels of mutations in these core factors and may in fact
derive a selective advantage from the TGF3 pathway. As
seen in the clinical data, expression of TGFf ligands has
been associated with tumor progression markers. From
these observations, TGFf’s role in human cancers ap-
pears as both complex and context-dependent. Depend-
ing on the tumor type and the stage of tumor progression,
TGFB may provide either potent tumor-suppressive or
tumor-promoting functions. Studying the effects and
consequences of TGF( signaling will enable a deeper
understanding of the significant morbidity and mortality
associated with cancer, particularly in regard to metasta-
sis.

TGFp signaling

In humans, the TGFp superfamily represents a diverse
set of growth factors, including bone morphogenic pro-
teins (BMPs), growth and differentiation factors (GDFs),
activins, TGFB’s, nodal, and anti-mullerian hormone
(AMH). Most members of this family exist in variant
forms, with the TGFf3 cytokine consisting of three iso-
forms: TGFB1, TGFB2, and TGFB3. The TGFf ligands
are synthesized within the cell as dimeric pro-hormones
[17]. Latent dimeric forms are secreted into the extracel-
lular matrix, where they are cleaved by furins and other
convertases to form active signaling molecules [18, 19].
Activated TGFf cytokines can then signal by bringing
together two pairs of receptor serine/threonine kinases,
the type I and type II receptors, forming a heteromeric
complex. The human genome encodes seven type I re-
ceptors (ALKs 1-7) and five type II receptors (ActR-Ila,
ActR-11B, BMPRII, AMHRII, and TBRII) that are paired
in different combinations as receptor complexes for vari-
ous members of the TGFB family. The TGFB1 ligand
preferentially signals through the TBR-II type II receptor
and the ALKS type I receptor. In addition to these two
classes of receptors, type III receptors such as betaglycan
aid the TGFp ligands to more efficiently bind to their
cognate TGF receptors [20].

On binding the ligands, the constitutively active type
IT receptor comes in close contact with the type I recep-
tor and phosphorylates a 30-amino-acid regulatory seg-
ment called the GS region, located immediately upstream
of the kinase domain [21]. Phosphorylation of the type
I receptor disrupts the interaction between the kinase
domain and a TGFp signaling inhibitor, FKBP12. With
the release of FKBP12 from the active site, the Smads
transcription factors are then able to form a complex
with the receptor [22, 23]. Activated receptor complexes
propagate canonical TGFp signaling through phosphory-
lation of the receptor-associated Smads at their carboxy-
terminal. In the absence of phosphorylation, the Smads
are transcriptionally inactive.

Humans express eight Smad proteins. Five Smads act
as substrates for the TGFB-family receptors (Smadl, 2,
3, 5, and 8) and are known as the receptor-associated
Smads (R-Smads). Of these, Smad2 and 3 mediate the
TGFp branch of signaling, whereas the BMP branch ex-
clusively utilizes Smadl, 5, and 8. Smad4 is referred to
as the Co-Smad and serves as a common partner for the
R-Smads. Finally, Smad6 and 7 are inhibitory Smads that
serve as decoys interfering with the Smad-receptor and
Smad-Smad interactions. Structurally, the R-Smads and
Smad4 share two homologous protein domains, MH]1
and MH2. The MH1 domain is located at the amino-ter-
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minal and is responsible for DNA binding. The carboxy-
terminal MH2 domain mediates Smad-receptor, Smad-
Smad, and Smad-transcription factor interactions [24].
These domains are separated by a less conserved linker
region, which can be phosphorylated by multiple inputs
and is thought to serve as an integrating center for inputs
from other signaling pathways [25-27]. For example,
phosphorylation of the Smad1 linker region by MAPK
leads to the recruitment of the HECT-domain ubiquitin
ligase Smurfl. Recruitment of this ligase results in deg-
radation of the Smad, thereby terminating TGF{3-mediat-
ed signaling events [27].

Once phosphorylated at the carboxy-terminal, the
R-Smads lose their affinity to cytoplasmic retention pro-
teins such as SARA (Smad anchor for receptor activa-
tion), thereby exposing their nuclear import signal [28].
Through interactions with nucleoporins, the Smads are
shuttled into the nucleus and associate with Smad4 to
regulate expression of potentially hundreds of genes [29,
30]. As the Smad MH1 domains bind weakly to DNA,
R-Smads and Smad4 must collaborate with additional
DNA-binding co-factors in order to achieve high DNA
affinity and selectivity for specific target genes. The
Smad binding partners include the forkhead, homeobox,
zinc-finger, bHLH, and AP1 family of transcription fac-
tors [24, 31]. Each of these Smad4-R-Smad-transcription
factor complexes recruits co-activators, repressors, and
chromatin remodeling factors to specific sequence ele-
ments in the regulatory regions of the target genes. Cells
from different lineages or under distinct influences ex-
press a varying set of Smad-interacting transcription
factors. The cellular context in which the TGF( signal
is occurring will therefore determine the specific genes
that are induced within particular cells. This context-de-
pendent TGF signaling explains how a relatively simple
signal transduction pathway can elicit such a diverse set
of biological responses (Figure 1) [32-34].

TGFp tumor-suppressive functions

One of the primary functions of TGFp is to limit epi-
thelial proliferation and halt pre-malignant growth. How-
ever, experiments in mice reveal that TGFf is not a uni-
versal proliferation regulator; rather TGFf elicits its anti-
proliferative effects in specific contexts. For example,
tissue-specific inactivation of TGFBR2 in mouse models
rarely leads to spontaneous tumor formation with little to
no pathology in mouse mammary epithelium, oral cav-
ity esophagus, forestomach, pancreas, intestine, and skin
[35-39]. Instead, TGF’s potent anti-proliferative effects
only become apparent under conditions of tissue injury
or oncogenic stress. Injured skin that lacks either SMAD3
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or TGFBR2 expression is shown to heal faster with a
rapid rate of keratinocyte proliferation and migration
[36, 40]. In cases of oncogenic stress, multiple examples
demonstrate that deletions of 7TGFBR2 and SMAD4
strongly accelerate the malignant progression of cancer-
ous lesions. Indeed, TGFBR2 deletion favors carcinoma-
formation in intestinal polyps initiated by APC inactiva-
tion or chemical mutagenesis [39, 41], mammary tumors
initiated by polyoma middle T (PyMT) expression [35],
and pancreatic lesions initiated by KRAS [37]. Converse-
ly, the expression of a constitutively activated TGFBRI
in the context of ErB2/HER2-driven mammary tumors
results in delayed tumor formation and smaller tumor
size [42, 43]. These results demonstrate that active TGF[
signal is able to constrain cancerous growths driven by
distinct sets of stimuli. These findings are in line with the
previously described clinical observations that TGFBR?2
and SMAD4 mutations emerge during the adenoma to
carcinoma transition [44, 45].

The cytostatic response

TGFp’s effects on tumor proliferation are largely
driven by the induction of a cytostatic program. Through
genome-wide analysis, a coherent picture has emerged
detailing the gene responses used to organize the TGFp
cytostatic program in multiple epithelial cell lines. At the
core of this mechanism are the TGFpB-mediated induc-
tions of the CDK inhibitors p21Cipl and p15Ink4b [46,
47]. Equally important are the TGFf-mediated repres-
sions of c-Myec, a transcription factor that promotes cell
growth and proliferation, and ID1, 2 and 3, which are nu-
clear factors that prevent cell differentiation [29]. Thus,
TGFp mediates a dual effect on the cell cycle by simul-
taneously inhibiting the CDK functions and eliminating
proliferative drivers. This mechanism has been observed
not only in epithelial cells but also in hematopoietic pro-
genitor cells, indicating that this mechanism is widely
used by cells in our bodies [48].

TGFp regulates the expression of these cell cycle
regulators, p I SINK4b, p21CIP1, c-MYC, and ID, through
the canonical Smad-signaling pathway [29, 32, 49].
Recent research has identified many of the transcrip-
tional complexes that mediate these specific responses.
In the case of the CDK inhibitors, an activated Smad-
FoxO transcriptional complex mediates p2/CIP!I induc-
tion, whereas induction of p/5INK4b requires a Smad-
FoxO-C/EBPJ transcriptional complex [32, 50]. TGFf
also mediates repression of c-MYC and ID family mem-
bers through the Smad-E2F4/5-C/EBPf and Smad-ATF3
complexes, respectively [51]. Besides stimulating prolif-
eration, c-Myc is involved in the regulation of the CDK
inhibitors. In collaboration with the zinc-finger protein
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Figure 1 Signaling arms of the TGFB pathway. The TGFp signaling begins with the binding of the TGF ligand to the type |
and type Il TGFp receptors at the surface of the cell. The formation of this heteromeric complex initiates a phosphorylation
event wherein the type Il receptor phosphorylates the type | receptor, thereby activating the complex. TGFB can then
signal through the Smad pathway or other pathways. The canonical Smad pathway is activated by receptor-mediated
phosphorylation of Smad transcriptional factors. This arm of the pathway can elicit a broad range of traditional TGFf
responses such as cytostasis, apoptosis, EMT induction, and protease activation. Additionally, TGFf can signal through JNK/
p38 MAP kinases, Cdc42/Rho small G-proteins, and the cell-junctional complex regulator Par6. These mediators have been
shown to elicit stress responses, enhance migration, and alter cell-cell contacts.

Mizl, c-Myc binds to the promoters of both p21CIP1
and pl5INK4b and interferes with their TGFp-induced
transcriptional activation. The TGFB-mediated c-Myc
downregulation relieves this interference, thereby render-
ing p21CIPI and pl5INK4b available for activation [50,
52].

Pro-apoptotic functions

In addition to its role in regulating the cell cycle,
TGFp can limit cancer formation and maintain tissue
homeostasis through its influence on apoptotic pathways.
Depending on unknown cell-autonomous and environ-
mental factors, TGF[ has been shown to paradoxically
induce or suppress apoptosis [53]. Unlike the coherent
mechanisms that regulate TGFB-induced cell cycle ar-
rest, no uniform program has been elucidated for the
activation of the apoptotic program in epithelial tissues.
However, there have been several Smad-dependent and

-independent mechanisms described for a variety of cell
lines. Examples include the expression of the death-
associated protein kinase (DAPK), which is increased
during TGFpB-induced apoptosis in hepatoma cells [54].
In hematopoietic cells, TGFB-induced apoptosis relies
on Smad-dependent upregulation of SHIP (SH2-domain-
containing inositol-5-phosphatase) expression, which
inhibits signaling by the survival protein kinase AKT
[55]. Recent work has also uncovered additional com-
ponents of the TGFp cell-death network. The adaptor
protein DAXX has been shown to be required for TGF(3-
induced apoptosis and is thought to physically associ-
ate with TGFBR2, providing an example of a Smad-
independent mechanism [56]. The various components of
the TGF( apoptotic program link the TGFf signal to the
core components of the cell-death machinery. This signal
ultimately results in activation of pro-apopotic caspases
as well as changes in the expression, localization and

Cell Research | Vol 19 No 1 | January 2009



activation of both pro- and anti-apoptotic members of the
BCL2 family [57].

Evading the tumor-suppressive mechanisms

Cancer progression requires tumors to evade the
body’s natural defenses against unchecked cell growth.
Given TGF’s cytostatic and apoptotic functions, it is not
surprising to find multiple tumors with inactivating mu-
tations in the TGF pathway. As previously mentioned,
large subsets of pancreatic, colorectal, gastric, and head
and neck cancers decapitate the pathway by mutational
inactivation of its core constituents: the receptors and the
Smad transcription factors (Figure 2A). However, breast
cancers, melanomas, and prostate cancers prefer to re-
tain the core signaling aspects and instead amputate the
tumor-suppressive arm of TGFf signaling (Figure 2B).
Indeed, mutations in the core components are rarely seen
in these cancers. Although these mutations may occur in
breast and prostate cancers, the cancer cells that retain

A. Tumor suppression disabled by
mutation of pathway core components
TGFBRI: ovary, esophagus, head & neck
BMPBRIA: gastrointestinal

TGFBRII: colon, stomach, biliary, lung,
ovary

SMADA4: pancreas, colon, esophagus
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the aspects of TGFp signaling gain advantages that en-
able them to dominate the tumor.

Cancer cells can lose this tumor-suppressive arm
through alterations in the Smad transcriptional com-
plexes that mediate the cytostatic gene responses. These
responses, however, must be altered in combination. Due
to functional redundancies, TGFB remains a powerful
growth inhibitor in cells that lack either p15Ink4b or the
c-Myc response alone [49, 58]. However, the combined
loss of these two gene responses results in an effective
evasion of cytostasis [59]. Using breast cancer as a mod-
el system, the mechanisms that result in deficient TGFf
cytostatic gene responses have been recently worked
out. Work done in both breast cancer cell lines and clini-
cal samples derived from breast cancer patients shows a
functional core signaling pathway and proper regulation
of certain canonical gene targets. However, these cells
have a partial to complete loss of TGFB-induced cytosta-
sis. These samples fail to initiate inductions of p15INK4b
or repression of c-MYC expression in response to TGFp.

B. Tumor suppression disabled by selective
Inhibition of the tumor suppressor arm
p15INK4b deletion: glioma

FOXO inhibition by AKT: glioma

C/EBPg inhibition by LIP: breast

ID1 switched response: breast

S 6

/O
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independent
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/
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—# Smad independent responses

No tumor suppressor responses

Normal TGFf3 gene responses co-opted for
tumor progression and metastasis
Phenotypic plasticity: HMGA2, SNAIL, ID1
Environment: ANGPTL4, CTGF, IL1, PTHrP,
PDGF, VEGF

Figure 2 Evading TGFp tumor-suppressive action. TGF signaling can elicit potent tumor-suppressive responses in normal
and pre-malignant cells. Tumor progression requires a loss of such suppressive responses, and this is accomplished by
either of two general mechanisms: (A) Tumors of the colon, ovaries, esophagus, and pancreas “decapitate” the pathway
by mutational inactivation of its core constituents: the receptors and the Smad transcription factors. This strategy effectively
eliminates most or all of TGFp signaling and, consequently, eliminates its tumor-suppressive activity. (B) Alternatively,
breast cancers, melanomas, and prostate cancers frequently retain functional TGFp signal transduction components but
selectively “amputate” the tumor suppressor arm downstream of these components. In so doing, these tumors can use to
their advantage some of the remaining TGFp responses, including activation of ID7 and ANGPTL4 in breast cancers, and of

PDGF in gliomas.
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As mentioned earlier, TGF regulates these genes
through a Smad transcriptional complex that contains
the Smad-transcription partner C/EBPB. C/EBPJ exists
as two isoforms, LIP and LAP, which function as tran-
scriptional inhibitors and activators, respectively. In the
breast cancer samples that selectively lost the cytostatic
response, the predominant form of C/EBPP was the in-
hibitory isoform, LIP [32]. Without the LAP co-activator,
TGFp fails to induce the key cytostatic genes and there-
fore cannot limit cell growth. Independent studies have
established an association between the expression of the
inhibitory isoform of C/EBPf and tumor aggressive-
ness in breast cancer [60]. An alternative mechanism has
recently been identified for gastric cancer cells. Recent
work has shown that E2F1 can enhance the expression of
the microRNA cluster miR-106b-25. Expression of this
microRNA cluster inhibits p2/CIP] and the pro-apoptot-
ic mediator BIM, thus blocking both the cell cycle arrest
and apoptotic responses initiated by TGFf [61]. These
results illustrate the multiple mechanisms that tumors uti-
lize to selectively turn off the distinct arms of the TGFp
pathway. This capacity to evade the cytostatic program
enables the corrupt use of the TGFp pathway in tumor
progression.

Tumor-promoting functions

Cancers that can selectively shut down the tumor-
suppressive arm of the TGFp signaling pathway are free
to take advantage of its many pro-tumorigenic proper-
ties. Recent research using mouse models and cell cul-
ture systems has begun to investigate the dual nature of
TGFp’s influence on tumor progression. Indeed, overex-
pression of TGFB1 in the skin of mice initially yielded
fewer benign skin papillomas in response to carcinogen
treatment, consistent with the tumor-suppressive func-
tions of TGFf. However, the skin tumors that eventually
emerged were found to be more locally invasive and ag-
gressive when compared with the control mice [62]. In
addition to the skin carcinogenesis models, the dual role
of TGFp signaling has been observed in various other tu-
mor models, including metastatic colon cancer, prostate
cancer, and breast cancer [53]. Recent research has made
significant progress in defining the cellular and molecular
events that mediate the pro-tumorigenic effects on both
the microenvironment and the tumors cells. Among the
various functions that TGF[3 can provide, it prominently
enhances cell invasion, migration, and evasion of im-
munity. Each of these functions plays a prominent role
in the ability of TGFf to enhance tumor progression and
eventually aid in the metastatic process.

Immune suppression/evasion

One of the key components of the anti-tumor defense
is the immune system. As tumors emerge, the body
uses T lymphocytes and natural killer cells to recognize
the rogue cancer cells and specifically eliminate them.
Cancer cells that have bypassed the tumor-suppressive
functions of TGFf can take advantage of its potent im-
munosuppressive functions to dampen this surveillance
system. In studies using transgenic mice, expression of
the dominant-negative TGFBR2 in either CD4" or CD8"
T cells eliminated both thymoma- and melanoma-cell
line-derived tumors more effectively than non-transgenic
controls. These results implicate these T lymphocyte
subsets as critical targets for negative regulation by
TGEFp [63]. Recent work has identified the molecular
mechanisms that mediate TGFB’s anti-immune effects in
CDS8' T cells. Acting through the Smad pathway, TGFB
represses production of cytolytic factors, including the
pore-forming protein perforin, the caspase-activating se-
creted factors granzyme A and B, and the pro-apoptotic
cytokines Fas-ligand and IFNy [64]. TGFf can also
impair T-cell activation by inhibiting the function of
antigen-presenting cells (APCs) such as dendritic cells.
During an immune response, dendritic cells mature and
acquire the ability to effectively stimulate T cells. This
activation process, however, is blocked by TGFp [65].
Additional targets of TGFB-mediated immune evasion
include natural killer cells and neutrophils [66-68]. Col-
lectively, evidence from both xenograft and transgenic
models demonstrates a critical role for TGFp in enabling
cancer progression through the suppression of the host
immune system.

Angiogenesis

Tumor angiogenesis is critical for the growth and dis-
semination of tumor cells. The recruitment of endothelial
cells and vessels enables a fast-growing tumor to receive
the nutrients and oxygen needed for growth. More-
over, these vessels can also serve as access points for
the hematogenous spread of tumor cells throughout the
body. Through its effects on local angiogenic cytokine
networks, TGFf can induce a pro-angiogenic environ-
ment and stimulate angiogenesis. Indeed, in vitro studies
reveal that several key angiogenic mediators such as vas-
cular endothelial growth factor (VEGF) and connective-
tissue growth factor (CTGF) are direct targets of the
TGFp signaling pathway [69, 70]. Hypoxic conditions
present at the core of a tumor in conjunction with TGFj
signaling can induce robust levels of VEGF mRNA
through the activation of hypoxia-inducible factor 1
(HIF1) and Smad proteins. These transcription factors
have been shown to interact and induce expression of the
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VEGF [70]. Additionally, TGFf can regulate the expres-
sion, secretion, and activity of matrix metalloproteases
MMP-2 and MMP-9, and downregulate the expression of
the protease inhibitor TIMP in the tumor and endothelial
cells [71, 72]. Through these metalloprotease activities,
TGFpB can enhance the migratory and invasive properties
of endothelial cells required for angiogenesis.

Mouse models defective in TGFf signaling com-
ponents further demonstrate the importance of TGFf
signaling in normal vasculature development. Targeted
inactivation of TGF pathway components such as
TGFp1, TRRIL, and TRRIJALKS showed clear defects in
angiogenesis leading to the death of these animals [73-
75]. Additionally, mouse models have also revealed a
role for tumor cell-secreted TGFp in tumor angiogenesis.
Increased expression of TGFp in either prostate carci-
noma cells or Chinese hamster ovary cells resulted in
robust angiogenic responses, which could be blocked by
TGFp neutralizing antibodies [76]. These results indicate
that TGFpB’s effect on both the tumor cells and the sur-
rounding environment can stimulate tumor angiogenesis
in a variety of settings [71].

Epithelial-mesenchymal transdifferentiation

TGFp can also enhance the migratory and invasive
properties of cancer. Epithelial cell migration requires the
loss of cell-cell contacts and acquisition of fibroblastic
characteristics. This process is known as the epithelial-
mesenchymal transition (EMT) and is important for em-
bryonic development [77]. TGFf has long been known
to be a major inducer of EMT particularly in heart forma-
tion and palate fusion in mice as well as in some mam-
mary cell lines, and in mouse models of skin carcino-
genesis [77, 78]. In human cancers, pathology sections
contain areas with characteristics of EMT particularly at
the invasion front, a location that is rich in stromal TGFf
and other cytokines that may cooperate in the induction
of EMT.

TGFp promotes EMT by a combination of Smad-
dependent transcriptional events and Smad-independent
effects on cell-junction complexes. One of the key tar-
gets for repression during EMT is the cell-cell adhesion
receptor, E-cadherin. E-cadherin is commonly downreg-
ulated in many cancers, and its overexpression can sup-
press invasion by tumor cells. TGFB-induced EMT often
coincides with loss of E-cadherin expression [79, 80].
Recent work has identified that TGFf signaling through
Smad-mediated expression of HMGA?2 (high mobility
group A2) is important for the induction of Snail and
Slug, which are zinc-finger transcription factors known
to repress the E-cadherin gene [53]. Independently, TGF-
BR2-mediated phosphorylation of Par6 promotes the
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dissolution of cell-junction complexes [81]. Therefore,
TGFB-dependent EMT in cancer cells is mediated, in
part, by the ability of TGFp to induce the expression of
E-cadherin gene repressors as well as its ability to alter
the cell junctions.

However, in addition to its role in enhancing invasion
and migration, recent evidence suggests a surprising new
function for EMT in breast cancer progression. EMT-
inducing factors such as Twist, Snail, and even TGFf
may also promote the expression of cell surface markers
of presumptive tumor-propagating cells, also referred
to as “cancer stem cells” [82]. Indeed, earlier work has
shown that putative breast cancer stem cells identified by
the CD44hi/CD24lo marker overexpress components of
the TGFB pathway. Furthermore, treatment with a TBRI-
kinase inhibitor induced these putative stem cells to take
on a more epithelial phenotype and shed their mesenchy-
mal traits [83]. These data suggest that CD44hi/CD24lo
cells may utilize the TGFP pathway to maintain its tu-
mor-propagating phenotype and by extension may repre-
sent a tumor cell population that has undergone EMT. In
the most recent studies, immortalized human mammary
epithelial cells were forced to undergo an EMT induc-
tion resulting in the expression of both mesenchymal and
stem cell markers. The treatment resulted in an increased
ability to form mammospheres, a function that is thought
to be associated with stem cell phenotype, as well as in-
creases in the tumorigenicity of the cells in experimental
mouse models. The authors argue that, during the process
of tumor metastasis, disseminated cancer cells would
need to acquire self-renewal capacities similar to those
exhibited by normal stem cells in order to initiate and
propagate macroscopic metastases. This notion raises
the possibility that the EMT process, which is thought to
enable cancer cell dissemination, may also impart a self-
renewal capability to disseminating cancer cells [82].
Evidence presented in these studies points at this possible
connection; however, future studies will be required to
further investigate this connection both in experimental
systems and, importantly, in human diseases.

A role for TGFp in metastasis

In addition to the tumor-promoting functions de-
scribed above, there is growing experimental evidence
that TGF( can influence the metastatic process (Figure
3). However, the extent of TGFf’s influence on metasta-
sis and its mechanisms of action remain largely unclear.
Evidence from clinical studies and experimental systems
paints a complicated context-dependent role for TGF in
metastasis.
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TGFEp and bone colonization

In the most vivid example of TGFp’s role in metasta-
sis, recent research has uncovered a prominent role for
TGEFp in bone metastases, a common site of dissemi-
nation for both breast and prostate cancers. The bone
microenvironment consists of a rich store of multiple
growth factors including TGFB. Metastatic cells that
reach this tissue release pro-metastatic cytokines that in
turn activate osteoclast differentiation. Once activated,
osteoclasts function to degrade the bone matrix and
release the stored TGF. Histological analysis dem-
onstrates that 75% of human bone metastasis biopsies
show nuclear phosphorylated-Smad2 in the metastatic
cells. These observations indicate functional and active
TGFp signaling in human breast cancer samples [84]. In
experimental metastasis assays, bone-tropic MDA-231
cells were transduced with a retroviral vector expressing
a reporter gene under the control of a TGFpB-sensitive
promoter. Using this reporter, the researchers were able
to see active TGFB-Smad signaling specifically in the
bone [84]. To test the requirement of the TGFp pathway,

TGFB promotes tumor progression:
® Evasion of immune surveillance

® Autocrine mitogen production

B Epithelial-mesenchymal transition
® Myofibroblast mobilization

B Cancer cell priming for metastasis

-

Immune
response @

___ Primary tumor

TGFB promotes metastatic
dissemination and colonization
m Extravasation

m Osteoclast mobilization
m Pro-metastatic cytokines

Bone metastasis

tumor cells were generated with a knockdown of Smad4,
expression of inhibitory Smad?7, or expression of domi-
nant-negative TGFBR2. These perturbations block TGFf3
signaling and dramatically decrease bone metastases in
both breast cancer and melanoma models, further impli-
cating TGFp in the bone metastatic process [84-86].
TGFp is able to promote these aggressive bone metas-
tases through specific gene inductions. The TGFB-Smad-
signaling pathway induces the production of pro-oste-
olytic factors, such as parathyroid hormone-related pro-
tein (PTHrP) [86, 87]. TGFB-induced PTHrP stimulates
production of RANK ligand, enabling osteoclast differ-
entiation and promoting bone metastases [88]. Additional
factors that may enable TGFB-mediated bone metastasis
include members of a previously described Bone Metas-
tasis Signature [69]. Among these genes, IL// and CTGF
are osteolytic genes that are induced by TGFB-Smad
signaling. CTGF is an extracellular mediator of invasion
and angiogenesis, whereas IL11 stimulates the expres-
sion of osteoclastogenic factors RANK ligand (RANKL)
and GM-CSF in osteoblasts. By promoting osteoclast

Lung metastasis|

Ost(e_oclasts

R RANKLX

Figure 3 Multiple roles for TGFp in breast cancer metastasis. TGFf in tumors may be produced by cancer cells or by stromal
components such as myofibroblasts and infiltrating myeloid progenitor cells. TGFB may support tumor progression through the
evasion of immune surveillance, enhanced production of mitogens, or the mobilization of myofibroblasts. Additionally, TGFf
can prime departing tumor cells for metastasis. In ER- breast tumors, TGFf can induce the expression of genes including
Angiopoietin-like 4 (ANGPTL4; primary breast tumor inset). The tumor cells subsequently enter the circulation, with enhanced
Angptl4 production. This event primes cancer cells for seeding of lung metastasis, as Angptl4 disrupts vascular endothelial
junctions when the cancer cells lodge in lung capillaries (lung metastasis inset). Once inside the pulmonary parenchyma,
ER- breast cancer cells may utilize local TGFp to induce other genes such as Inhibitor of Differentiation/lDNA binding 1
(ID1), which enhances tumor reinitiation. Entry of circulating tumor cells into the bone marrow does not benefit from Angptl4
because the marrow capillaries are naturally fenestrated (bone metastasis inset). Osteoclast activity releases TGFp stored in
the bone matrix, which can then act on the growing cancer cells to stimulate the production of parathyroid hormone-related
protein (PTHrP), interleukin-11, and connective tissue growth factor (CTGF). These factors act on osteoblasts to stimulate the
release of RANK ligand (RANKL), which mediates osteoclast mobilization, perpetuating an osteolytic metastasis cycle.
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functions and further bone degradations, bone metastases
set up a vicious cycle wherein TGFp from the stroma
stimulates metastatic cells to activate osteoclasts, which
go on to further release TGFp, thereby perpetuating the
bone metastatic lesions. TGFp can therefore exert a pro-
metastatic function and facilitate the establishment of
metastatic lesions once tumors have reached a secondary
site like the bone.

Mouse models of TGFf and metastasis

In further investigating the role of TGFf3 in metastasis,
mouse models of metastasis have revealed that systemic
inhibition of the TGFp signaling pathway negatively
affects metastasis formation. Pathway inhibition was
achieved using a variety of modalities, including small-
molecule inhibitors, soluble-TGFp receptors and anti-
bodies against the TGFf ligands. In the first example, a
small-molecule inhibitor of the type I TGF[ receptor was
administered to immunocompromised mice implanted
with a human breast cancer cell line. Intraperitoneal in-
jections of the inhibitor effectively reduced the number
and size of the lung and bone metastases in both ortho-
topic and experimental metastasis models [89]. Using an
alternative method of pathway inhibition, soluble TGFf
receptors were either administered to tumor-bearing ani-
mals or co-expressed as transgenes in a transgenic model
of metastatic breast cancer. In each of these cases, the
soluble TGF type II receptor served to trap the TGFp
ligand and decrease the cancer’s metastatic capacity [42,
90]. Lastly, pan-TGFp neutralizing antibodies have been
used in a variety of tumor models and show concordant
results of diminishing breast cancer spread in mouse
models. In one example, anti-TGF( antibodies were ad-
ministered to tumor-bearing mice undergoing radiation
treatment. Irradiation of the tumors resulted in increased
incidence of lung metastases, a process that is blocked
by the neutralizing TGFB-antibody [91]. Additionally,
other groups have shown that the spread of a transplant-
able model of metastatic breast cancer, 4T1 breast cancer
cells, can be efficiently suppressed by administering
an antibody that targets all three isoforms of the TGFf
ligand. This work went on to show that TGFf neutral-
izing antibodies can have multiple cooperative effects
on angiogenesis, immune cell function, and tumor cell
viability, eventually leading to effective tumor control
and reductions in metastasis [92]. These results illustrate
the capacity to target the TGF[ pathway in order to ef-
fectively inhibit metastatic events. Additionally, this re-
search highlights the possible use of anti-TGFf} therapies
in metastatic breast cancer patients. One concern with
these types of therapies is the potential for detrimental
side effects. Given the importance of TGFf in normal
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tissue homeostasis, broad inhibition is predicted to affect
a wide array of normal cell functions. However, long-
term treatments with TGF inhibitors like the soluble
TGFp receptor traps do not seem to significantly alter
animal morbidity [90].

Systemic inhibition of TGFp, however, affects the
entire tumor microenvironment from the cancerous epi-
thelium to the stromal cells. To directly test the role of
TGFp signaling in each of these compartments, several
groups have sought to target the TGFJ3 pathway within
the tumor cells as well as stromal fibroblasts. However,
depending on the tumor models used, conflicting results
have emerged regarding the role of TGF[ signaling in
cancer and metastasis. Consistent with the previous anti-
TGFp therapy experiments, several independent groups
have found that expression of activated type I receptors
or dominant-negative Smad transcription factors in the
carcinoma cells affects a primary tumor’s capacity to
initiate and establish metastasis [42, 43, 93, 94]. In one
of the first examples, transgenic mice were generated
expressing an activated TGF type I receptor or a domi-
nant-negative TGFp type II receptor under the control of
the mouse mammary tumor virus promoter (MMTV), a
promoter that directs expression specifically in the mam-
mary glands. When crossed with mice expressing an acti-
vated form of the Neu receptor, an epidermal growth fac-
tor receptor family tyrosine kinase found to be amplified
in >30% of human breast cancers [95], activated TGF[
type I receptor increased the latency of mammary tumor
formation as well as enhanced the frequency of extravas-
cular lung metastasis. Intriguingly, this work suggests
that TGFf3 can enhance the extravasation of breast cancer
cells from pulmonary vessels in order to facilitate the
metastatic process [43]. Conversely, expression of the
dominant-negative type II receptor decreased the latency
of Neu-induced mammary tumor formation, while sig-
nificantly reducing the incidence of extravascular lung
metastases. These observations along with the drug stud-
ies suggest that TGFp can promote the formation of lung
metastases.

However, given the clinical and experimental evidence
that TGF[ acts as a tumor suppressor, other groups have
argued that TGF[ functions as an inhibitor of epithelial
tumor growth and metastasis. Researchers generated a
conditional knockout of TGFBR2 in both the mammary
epithelium and the tumor-associated fibroblasts. In their
studies, loss of TGFBR?2 in either mammary epithelial
cells or fibroblasts increased tumor formation and en-
hanced many markers of tumor progression. Indeed,
knockout of TGFBR? in the fibroblasts of the tumor mi-
croenvironment resulted in upregulation of HGF, MSP,
TGF-a, and other secreted factors that significantly en-
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hanced the adjacent epithelial cells to proliferate [5, 96].
Surprisingly, these studies show that TGFBR2 knockout
animals developed significantly more pulmonary metas-
tases compared with control mice [35, 97-99]. In a recent
report, researchers have shown that targeted deletion of
TGFBR2 in mouse mammary epithelium initiates the
recruitment of myeloid immune suppressor cells through
the CXCL5 axis. Results from in vitro coculture and in
vivo coinjection of tumor cells with these myeloid cells
suggest a role of these myeloid cells in tumor invasion
and in enhancing lung metastases through the expression
of metalloproteases that facilitate tumor cell invasion. In-
terestingly, they also show that these TGFBR2 knockout
tumors have high levels of TGFB1 most likely secreted
by myeloid suppressor cells located at the invasive edge
of the tumors. These authors argue that the TGF may
provide an additional boost to tumor progression by
dampening the immune response to the tumors [99]. Cor-
roborating these mouse model results, other researchers
demonstrated that expression of a dominant-negative
TGFBR2 in tumor cells enhanced metastasis in a mouse
prostate tumor model [100]. These results conflict with
the previously described research and suggest that the
role of TGFp in metastasis depends on multiple factors,
including the tumor-initiating mutation, method of TGFf
inactivation, and the timing of the TGFf signal. Whereas
certain tumor mouse models show an active role of
TGFp in metastasis promotion, others have shown that
TGF may in fact inhibit tumor metastasis through its ef-
fects on both the epithelial and stromal compartments.

Clinical correlates of TGFp and distal relapse

The controversy regarding the role of TGF in breast
cancer metastasis has led to a variety of interpretations,
each yielding different answers. It should be noted, how-
ever, that the eventual goal of this type of research is to
try to understand how TGFp affects human disease. To
this end, researchers have turned to clinical samples to
see whether there are correlations between TGF sig-
naling and metastasis. As mentioned earlier, the TGF[
receptors and the Smad transcription factors are tumor
suppressors that frequently suffer inactivation in gastro-
intestinal, pancreatic, ovarian, and hepatocellular carci-
nomas and subsets of gliomas and lung adenocarcinomas
[9, 101]. However, in breast carcinoma, glioblastoma,
melanoma, and other types of cancer, selective losses of
TGFB-mediated growth inhibitory responses often ac-
crue through alterations downstream of Smad, leaving
the rest of the TGF pathway operational and open to co-
option for the advantage of tumor progression [51]. In-
deed, clinical correlations between pre- or post-operative
plasma levels of TGFP and metastatic disease have been

reported in many studies on colorectal, prostate, bladder,
breast, pancreatic, or renal cancers, and on myeloma and
lymphoma [102]. Additionally, low-level expression of
TGFp receptors in the estrogen receptor-negative (ER—)
breast tumors is associated with better overall outcome
[103], whereas overexpression of TGFp1 is associated
with a high incidence of distant metastasis [104].
However, many of these studies rely on examining
the expression of TGFf signaling components in clinical
samples. One caveat with immunohistochemical analysis
of components of the TGFf signaling pathway is that it
does not take into account the eventual outcome of TGFf3
signaling, the gene expression changes. Indeed, muta-
tions or alterations downstream of the signaling com-
ponents may very well prevent an appropriate response
to TGFp signals. To circumvent this caveat, researchers
looked at the TGFp response status of various clinical
samples by using a bioinformatics tool termed the TGF[
response signature (TBRS) [105]. This signature was
identified in epithelial cell lines and defined as the set of
genes whose expression collectively changes upon TGFf
treatment. By interrogating large clinical cohorts, it was
found that approximately 40% of human breast tumors
could be designated as TBRS positive or seen as actively
responding to TGFp signals. Indeed, this status corre-
lated with high expression of many activators and me-
diators of the TGFp signaling pathway, namely TGF1,
TGFp2, LTBP1, SMAD3, and SMADA4. Surprisingly, the
TBRS status in human breast cancer samples was found
to be associated with lung relapse but not bone relapse,
specifically in the ER— but not in ER+ primary tumors.

TGFEp primes for metastasis to the lung

The above results imply that active TGF signaling
in the primary tumor selectively enhances lung metasta-
ses, but only in the specific context of ER— tumors. To
test the requirement of TGFP signaling in the metastasis
of ER— breast cancer, a derivative of the MDA-MB-
231 ER— breast cancer cell line was used in a xenograft
mouse model of metastasis. Abrogating the TGF[ signal-
ing pathway either through expression of a dominant-
negative TGFf receptor or through reductions in ex-
pression of the SMAD4 transcription factor blunted the
cancer cell’s ability to metastasize to the lung from an
established primary tumor. In understanding how this
signaling event at the primary tumor enhanced distant
metastases, a novel metastatic mechanism was pro-
posed, wherein departing cells are primed by the TGFf3
signal to efficiently and specifically colonize the lung.
Central to this process is the vascular remodeling gene,
angiopoietin-like 4 (ANGPTL4), which was identified as
a canonical target of TGFp signaling in multiple breast
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cancer samples. Interestingly, this gene can enact a dis-
ruption of vascular cell-cell junctions and induce lung
vasculature permeability. ANGPTL4’s vascular remodel-
ing function was shown to aid cancer cells as they travel
through a well-organized vascular barrier like that in the
lung [105]. The bone microenvironment, on the other
hand, is designed to enable hematopoietic cells to easily
shuttle back and forth. Unlike the lung environment, the
bone vasculature is organized in sinusoids that contain
fenestrated capillary beds [106]. Therefore, tumor cells
that exhibit enhanced skills at breaching tight vascular
barriers would gain a significant advantage in colonizing
lung while gaining little advantage in colonizing bone.
With this mechanism, a new paradigm for TGFf action
in metastasis is set up. Whereas initial reports suggested
that TGFp actions are restricted to the bone microenvi-
ronment, for example, through initiating angiogenesis,
this new model suggests that TGF( can act at a distance.
The cytokine relay between TGFp and ANGPTL4 en-
ables the actions of TGFf to project throughout the body,
enhancing the reach and impact of TGFf signaling and
metastasis.

Conclusions

During the course of tumor progression, the acquisi-
tion of metastatic characteristics often bodes the onset of
significant cancer-associated morbidity and mortality. Al-
though powerful treatments are being developed to fight
the growth of primary tumors, new therapies are required
to tackle the ever-emerging problem of metastasis. Given
the clinical and experimental evidence showing TGFf’s
role in the metastatic process, TGF3 has become an at-
tractive candidate for anti-metastasis therapies. In fact,
the pharmaceutical industry is investing in therapies that
can effectively target the TGF( pathway. Small-molecule
inhibitors targeting the receptor kinases, large-molecule
neutralizing antibodies, as well as nucleic acid-based
therapies are being developed to inhibit the TGFp path-
way with the eventual goal of using these therapies on
cancer patients [107]. However, as noted above, TGF[
has a complex role in tumor progression. Depending on
the tumor type and the stage in tumor progression, TGFf3
can act as a tumor suppressor or tumor promoter. This
extensive body of work highlights the need to faithfully
identify patient subpopulations that may benefit from
the otherwise potentially harmful anti-TGFp therapies.
As with any medication, there is a small inherent risk of
developing deadly complications from the novel TGFf3-
based therapies. However, the potential of developing
these complications may be outweighed by the enormous
benefits gained by using these powerful new therapies.
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Through better stratification tools, future physicians will
be able to discern which patients would actually ben-
efit from the potentially life-saving therapies, while at
the same time sparing those whose tumors would never
respond to these targeted therapies because of the risks
and morbidity associated with the therapies. To properly
stratify these patient subpopulations, new and robust di-
agnostic tools must be developed. The TBRS described
above is one example of such a tool that can be expanded
and further developed to meet this need. The TBRS in
combination with the Lung Metastasis Signature is able
to identify patients who are at high risk of developing
lung metastasis [105, 108]. However, further work is re-
quired to better classify the TGF( response using similar
microarray tools and to test the effectiveness and the pre-
dictive power of such bioinformatics tools.

Much of the work presented above has focused on the
role of TGFf in breast cancer. However, TGFf’s role
in metastasis need not be limited to this disease; indeed
a variety of other cancers may take advantage of very
similar mechanisms and as a result these diseases may
also benefit from modulating the TGF( pathway. Cancers
such as bladder cancer, endometrial cancer, sarcomas,
and melanomas should also be tested to determine the
extent and the role of TGFp signaling. The new me-
tastasis mechanisms identified in breast cancer and the
tools developed to investigate their role could be easily
employed to study the participation of TGFp in disease
progression of a variety of other cancers.

References

1 Hanahan D, Weinberg RA. The hallmarks of cancer. Cell
2000; 100:57-70.

2 Fidler 1J. The pathogenesis of cancer metastasis: the ‘seed and
soil” hypothesis revisited. Nat Rev Cancer 2003; 3:453-458.

3 Gupta GP, Massagué J. Cancer metastasis: building a frame-
work. Cell 2006; 127:679-695.

4 Nguyen DX, Massagué J. Genetic determinants of cancer me-
tastasis. Nat Rev Genet 2007, 8:341-352.

5 Bhowmick NA, Neilson EG, Moses HL. Stromal fibroblasts
in cancer initiation and progression. Nature 2004; 432:332-
337.

6  Kalluri R, Zeisberg M. Fibroblasts in cancer. Nat Rev Cancer
2006; 6:392-401.

7  Pollard JW. Tumour-educated macrophages promote tumour
progression and metastasis. Nat Rev Cancer 2004; 4:71-78.

8  Wels J, Kaplan RN, Rafii S, Lyden D. Migratory neighbors
and distant invaders: tumor-associated niche cells. Genes Dev
2008; 22:559-574.

9 Levy L, Hill CS. Alterations in components of the TGF-beta
superfamily signaling pathways in human cancer. Cyfokine
Growth Factor Rev 2006; 17:41-58.

10 Markowitz S, Wang J, Myeroff L, et al. Inactivation of the
type II TGF-beta receptor in colon cancer cells with microsat-

99



@ TGFp and metastasis

100

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

ellite instability. Science 1995; 268:1336-1338.

Hahn SA, Seymour AB, Hoque AT, et al. Allelotype of pan-
creatic adenocarcinoma using xenograft enrichment. Cancer
Res 1995; 55:4670-4675.

Thiagalingam S, Lengauer C, Leach FS, et al. Evaluation of
candidate tumour suppressor genes on chromosome 18 in col-
orectal cancers. Nat Genet 1996; 13:343-346.

Hasegawa Y, Takanashi S, Kanehira Y, Tsushima T, Imai T,
Okumura K. Transforming growth factor-betal level cor-
relates with angiogenesis, tumor progression, and prognosis
in patients with nonsmall cell lung carcinoma. Cancer 2001,
91:964-971.

Saito H, Tsujitani S, Oka S, et al. The expression of trans-
forming growth factor-betal is significantly correlated with
the expression of vascular endothelial growth factor and poor
prognosis of patients with advanced gastric carcinoma. Can-
cer 1999; 86:1455-1462.

Tsushima H, Kawata S, Tamura S, et al. High levels of trans-
forming growth factor beta 1 in patients with colorectal can-
cer: association with disease progression. Gastroenterology
1996; 110:375-382.

Wikstrom P, Stattin P, Franck-Lissbrant I, Damber JE, Bergh
A. Transforming growth factor betal is associated with an-
giogenesis, metastasis, and poor clinical outcome in prostate
cancer. Prostate 1998; 37:19-29.

Gray AM, Mason AJ. Requirement for activin A and trans-
forming growth factor--beta 1 pro-regions in homodimer as-
sembly. Science 1990; 247:1328-1330.

Constam DB, Robertson EJ. Regulation of bone morpho-
genetic protein activity by pro domains and proprotein con-
vertases. J Cell Biol 1999; 144:139-149.

Dubois CM, Laprise MH, Blanchette F, Gentry LE, Leduc
R. Processing of transforming growth factor beta 1 precursor
by human furin convertase. J Biol Chem 1995; 270:10618-
10624.

Shi Y, Massagué J. Mechanisms of TGF-beta signaling from
cell membrane to the nucleus. Cel/ 2003; 113:685-700.
Wrana JL, Attisano L, Wieser R, Ventura F, Massagué J.
Mechanism of activation of the TGF-beta receptor. Nature
1994; 370:341-347.

Huse M, Chen YG, Massagué J, Kuriyan J. Crystal structure
of the cytoplasmic domain of the type I TGF beta receptor in
complex with FKBP12. Cell 1999; 96:425-436.

Huse M, Muir TW, Xu L, Chen YG, Kuriyan J, Massagué
J. The TGF beta receptor activation process: an inhibitor- to
substrate-binding switch. Mol Cell 2001; 8:671-682.
Massagué J, Seoane J, Wotton D. Smad transcription factors.
Genes Dev 2005; 19:2783-2810.

Fuentealba LC, Eivers E, Ikeda A, et al. Integrating patterning
signals: Wnt/GSK3 regulates the duration of the BMP/Smad1
signal. Cell 2007; 131:980-993.

Kretzschmar M, Doody J, Massagué J. Opposing BMP and
EGF signalling pathways converge on the TGF-beta family
mediator Smadl. Nature 1997; 389:618-622.

Sapkota G, Alarcon C, Spagnoli FM, Brivanlou AH, Mas-
sagué J. Balancing BMP signaling through integrated inputs
into the Smad1 linker. Mol Cell 2007, 25:441-454.

Tsukazaki T, Chiang TA, Davison AF, Attisano L, Wrana JL.
SARA, a FYVE domain protein that recruits Smad2 to the

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

TGFbeta receptor. Cell 1998; 95:779-791.

Kang Y, Chen CR, Massagué J. A self-enabling TGFbeta
response coupled to stress signaling: Smad engages stress re-
sponse factor ATF3 for Id1 repression in epithelial cells. Mol
Cell 2003; 11:915-926.

Xu L, Massagué J. Nucleocytoplasmic shuttling of signal
transducers. Nat Rev Mol Cell Biol 2004; 5:209-219.

Feng XH, Derynck R. Specificity and versatility in tgf-beta
signaling through Smads. Annu Rev Cell Dev Biol 2005,
21:659-693.

Gomis RR, Alarcon C, Nadal C, Van Poznak C, Massagué
J. C/EBPbeta at the core of the TGFbeta cytostatic response
and its evasion in metastatic breast cancer cells. Cancer Cell
2006; 10:203-214.

Niehrs C, Pollet N. Synexpression groups in eukaryotes. Na-
ture 1999; 402:483-487.

Silvestri C, Narimatsu M, von Both I, et al. Genome-wide
identification of Smad/Foxhl targets reveals a role for Foxhl
in retinoic acid regulation and forebrain development. Dev
Cell 2008; 14:411-423.

Forrester E, Chytil A, Bierie B, et al. Effect of conditional
knockout of the type II TGF-beta receptor gene in mammary
epithelia on mammary gland development and polyomavirus
middle T antigen induced tumor formation and metastasis.
Cancer Res 2005; 65:2296-2302.

Guasch G, Schober M, Pasolli HA, Conn EB, Polak L, Fuchs
E. Loss of TGFbeta signaling destabilizes homeostasis and
promotes squamous cell carcinomas in stratified epithelia.
Cancer Cell 2007; 12:313-327.

Ijichi H, Chytil A, Gorska AE, et al. Aggressive pancreatic
ductal adenocarcinoma in mice caused by pancreas-specific
blockade of transforming growth factor-beta signaling in
cooperation with active Kras expression. Genes Dev 2006;
20:3147-3160.

Lu SL, Herrington H, Reh D, ef al. Loss of transforming
growth factor-beta type Il receptor promotes metastatic
head-and-neck squamous cell carcinoma. Genes Dev 2006;
20:1331-1342.

Munoz NM, Upton M, Rojas A, et al. Transforming growth
factor beta receptor type II inactivation induces the malignant
transformation of intestinal neoplasms initiated by Apc muta-
tion. Cancer Res 2006; 66:9837-9844.

Ashcroft GS, Yang X, Glick AB, et al. Mice lacking Smad3
show accelerated wound healing and an impaired local in-
flammatory response. Nat Cell Biol 1999; 1:260-266.

Biswas S, Chytil A, Washington K, ef al. Transforming
growth factor beta receptor type Il inactivation promotes the
establishment and progression of colon cancer. Cancer Res
2004; 64:4687-4692.

Muraoka RS, Koh Y, Roebuck LR, et al. Increased malig-
nancy of Neu-induced mammary tumors overexpressing ac-
tive transforming growth factor betal. Mol Cell Biol 2003;
23:8691-8703.

Siegel PM, Shu W, Cardiff RD, Muller WJ, Massagué J.
Transforming growth factor beta signaling impairs Neu-
induced mammary tumorigenesis while promoting pulmonary
metastasis. Proc Natl Acad Sci USA 2003; 100:8430-8435.
Jaftee EM, Hruban RH, Canto M, Kern SE. Focus on pan-
creas cancer. Cancer Cell 2002; 2:25-28.

Cell Research | Vol 19 No 1 | January 2009



45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

Jones S, Chen WD, Parmigiani G, et al. Comparative lesion
sequencing provides insights into tumor evolution. Proc Nat!
Acad Sci USA 2008; 105:4283-4288.

Datto MB, Li Y, Panus JF, Howe DJ, Xiong Y, Wang XF.
Transforming growth factor beta induces the cyclin-dependent
kinase inhibitor p21 through a p53-independent mechanism.
Proc Natl Acad Sci USA 1995; 92:5545-5549.

Hannon GJ, Beach D. pl15INK4B is a potential effector of
TGF-beta-induced cell cycle arrest. Nature 1994; 371:257-
261.

Scandura JM, Boccuni P, Massagué J, Nimer SD. Transform-
ing growth factor beta-induced cell cycle arrest of human he-
matopoietic cells requires pS7KIP2 up-regulation. Proc Natl
Acad Sci USA 2004; 101:15231-15236.

Chen CR, Kang Y, Siegel PM, Massagu¢ J. E2F4/5 and p107
as Smad cofactors linking the TGFbeta receptor to c-myc re-
pression. Cell 2002; 110:19-32.

Seoane J, Le HV, Shen L, Anderson SA, Massagué J. In-
tegration of Smad and forkhead pathways in the control of
neuroepithelial and glioblastoma cell proliferation. Cell 2004;
117:211-223.

Massagué J, Gomis RR. The logic of TGFbeta signaling.
FEBS Lett 2006; 580:2811-2820.

Seoane J, Le HV, Massagué J. Myc suppression of the
p21(Cipl) Cdk inhibitor influences the outcome of the p53
response to DNA damage. Nature 2002; 419:729-734.

Siegel PM, Massagué J. Cytostatic and apoptotic actions of
TGF-beta in homeostasis and cancer. Nat Rev Cancer 2003;
3:807-821.

Jang CW, Chen CH, Chen CC, Chen JY, Su YH, Chen RH.
TGF-beta induces apoptosis through Smad-mediated expres-
sion of DAP-kinase. Nat Cell Biol 2002; 4:51-58.
Valderrama-Carvajal H, Cocolakis E, Lacerte A, et al. Ac-
tivin/TGF-beta induce apoptosis through Smad-dependent
expression of the lipid phosphatase SHIP. Nar Cell Biol 2002;
4:963-969.

Perlman R, Schiemann WP, Brooks MW, Lodish HF, Wein-
berg RA. TGF-beta-induced apoptosis is mediated by the
adapter protein Daxx that facilitates JNK activation. Nat Cell
Biol 2001; 3:708-714.

Schuster N, Krieglstein K. Mechanisms of TGF-beta-mediat-
ed apoptosis. Cell Tissue Res 2002; 307:1-14.

Latres E, Malumbres M, Sotillo R, ef al. Limited overlapping
roles of P15(INK4b) and P18(INK4c) cell cycle inhibitors
in proliferation and tumorigenesis. EMBO J 2000; 19:3496-
3506.

Chen CR, Kang Y, Massagué J. Defective repression of c-myc
in breast cancer cells: a loss at the core of the transforming
growth factor beta growth arrest program. Proc Natl Acad Sci
USA 2001; 98:992-999.

Zahnow CA, Younes P, Laucirica R, Rosen JM. Overexpres-
sion of C/EBPbeta-LIP, a naturally occurring, dominant-
negative transcription factor, in human breast cancer. J Nat/
Cancer Inst 1997; 89:1887-1891.

Petrocca F, Visone R, Onelli MR, et al. E2F1-regulated mi-
croRNAs impair TGFbeta-dependent cell-cycle arrest and
apoptosis in gastric cancer. Cancer Cell 2008; 13:272-286.
Cui W, Fowlis DJ, Bryson S, ef al. TGFbetal inhibits the
formation of benign skin tumors, but enhances progression

www.cell-research.com | Cell Research

David Padua and Joan Massague @

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

to invasive spindle carcinomas in transgenic mice. Cell 1996;
86:531-542.

Gorelik L, Flavell RA. Immune-mediated eradication of tu-
mors through the blockade of transforming growth factor-beta
signaling in T cells. Nat Med 2001; 7:1118-1122.

Thomas DA, Massagué J. TGF-beta directly targets cytotoxic
T cell functions during tumor evasion of immune surveil-
lance. Cancer Cell 2005; 8:369-380.

Geissmann F, Revy P, Regnault A, et al. TGF-beta 1 prevents
the noncognate maturation of human dendritic Langerhans
cells. J Immunol 1999; 162:4567-4575.

Arteaga CL, Hurd SD, Winnier AR, Johnson MD, Fendly
BM, Forbes JT. Anti-transforming growth factor (TGF)-beta
antibodies inhibit breast cancer cell tumorigenicity and in-
crease mouse spleen natural killer cell activity. Implications
for a possible role of tumor cell/host TGF-beta interactions
in human breast cancer progression. J Clin Invest 1993;
92:2569-2576.

Chen JJ, Sun Y, Nabel GJ. Regulation of the proinflammatory
effects of Fas ligand (CD95L). Science 1998; 282:1714-1717.
Wallick SC, Figari IS, Morris RE, Levinson AD, Palladino
MA. Immunoregulatory role of transforming growth factor
beta (TGF-beta) in development of killer cells: comparison
of active and latent TGF-beta 1. J Exp Med 1990; 172:1777-
1784.

Kang Y, Siegel PM, Shu W, ef al. A multigenic program me-
diating breast cancer metastasis to bone. Cancer Cell 2003;
3:537-549.

Sanchez-Elsner T, Botella LM, Velasco B, Corbi A, Attisano
L, Bernabeu C. Synergistic cooperation between hypoxia and
transforming growth factor-beta pathways on human vascular
endothelial growth factor gene expression. J Biol Chem 2001;
276:38527-38535.

Derynck R, Akhurst RJ, Balmain A. TGF-beta signaling in
tumor suppression and cancer progression. Nat Genet 2001;
29:117-129.

Hagedorn HG, Bachmeier BE, Nerlich AG. Synthesis and
degradation of basement membranes and extracellular matrix
and their regulation by TGF-beta in invasive carcinomas. Int
J Oncol 2001; 18:669-681.

Dickson MC, Martin JS, Cousins FM, Kulkarni AB, Karlsson
S, Akhurst RJ. Defective haematopoiesis and vasculogenesis
in transforming growth factor-beta 1 knock out mice. Devel-
opment 1995; 121:1845-1854.

Larsson J, Goumans MJ, Sjostrand LJ, et al. Abnormal angio-
genesis but intact hematopoietic potential in TGF-beta type I
receptor-deficient mice. EMBO J 2001; 20:1663-1673.
Oshima M, Oshima H, Taketo MM. TGF-beta receptor type
II deficiency results in defects of yolk sac hematopoiesis and
vasculogenesis. Dev Biol 1996; 179:297-302.

Stearns ME, Garcia FU, Fudge K, Rhim J, Wang M. Role of
interleukin 10 and transforming growth factor betal in the
angiogenesis and metastasis of human prostate primary tumor
lines from orthotopic implants in severe combined immuno-
deficiency mice. Clin Cancer Res 1999; 5:711-720.

Thiery JP. Epithelial-mesenchymal transitions in tumour pro-
gression. Nat Rev Cancer 2002; 2:442-454.

Derynck R, Akhurst RJ. Differentiation plasticity regulated
by TGF-beta family proteins in development and disease. Nat

101



@ TGFp and metastasis

102

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

Cell Biol 2007; 9:1000-1004.

Miettinen PJ, Ebner R, Lopez AR, Derynck R. TGF-beta
induced transdifferentiation of mammary epithelial cells to
mesenchymal cells: involvement of type I receptors. J Cell
Biol 1994; 127:2021-2036.

Oft M, Peli J, Rudaz C, Schwarz H, Beug H, Reichmann E.
TGF-betal and Ha-Ras collaborate in modulating the phe-
notypic plasticity and invasiveness of epithelial tumor cells.
Genes Dev 1996; 10:2462-24717.

Ozdamar B, Bose R, Barrios-Rodiles M, Wang HR, Zhang Y,
Wrana JL. Regulation of the polarity protein Par6 by TGF-
beta receptors controls epithelial cell plasticity. Science 2005;
307:1603-1609.

Mani SA, Guo W, Liao MJ, et al. The epithelial-mesenchymal
transition generates cells with properties of stem cells. Cel/
2008; 133:704-715.

Shipitsin M, Campbell LL, Argani P, et al. Molecular defini-
tion of breast tumor heterogeneity. Cancer Cell 2007; 11:259-
273.

Kang Y, He W, Tulley S, et al. Breast cancer bone metastasis
mediated by the Smad tumor suppressor pathway. Proc Nat!
Acad Sci USA 2005; 102:13909-13914.

Javelaud D, Mohammad KS, McKenna CR, ef al. Stable over-
expression of Smad7 in human melanoma cells impairs bone
metastasis. Cancer Res 2007; 67:2317-2324.

Yin JJ, Selander K, Chirgwin JM, et al. TGF-beta signaling
blockade inhibits PTHrP secretion by breast cancer cells and
bone metastases development. J Clin Invest 1999; 103:197-
206.

Guise TA, Yin JJ, Taylor SD, et al. Evidence for a causal role
of parathyroid hormone-related protein in the pathogenesis of
human breast cancer-mediated osteolysis. J Clin Invest 1996;
98:1544-1549.

Kingsley LA, Fournier PG, Chirgwin JM, Guise TA. Mo-
lecular biology of bone metastasis. Mol Cancer Ther 2007,
6:2609-2617.

Bandyopadhyay A, Agyin JK, Wang L, et al. Inhibition of
pulmonary and skeletal metastasis by a transforming growth
factor-beta type I receptor kinase inhibitor. Cancer Res 2006;
66:6714-6721.

Yang YA, Dukhanina O, Tang B, et al. Lifetime exposure to a
soluble TGF-beta antagonist protects mice against metastasis
without adverse side effects. J Clin Invest 2002; 109:1607-
1615.

Biswas S, Guix M, Rinehart C, et al. Inhibition of TGF-beta
with neutralizing antibodies prevents radiation-induced accel-
eration of metastatic cancer progression. J Clin Invest 2007;
117:1305-1313.

Nam JS, Terabe M, Mamura M, et al. An anti-transforming
growth factor beta antibody suppresses metastasis via coop-
erative effects on multiple cell compartments. Cancer Res
2008; 68:3835-3843.

Tian F, Byfield SD, Parks WT, ef al. Smad-binding defective
mutant of transforming growth factor beta type I receptor

enhances tumorigenesis but suppresses metastasis of breast
cancer cell lines. Cancer Res 2004; 64:4523-4530.

94 Tian F, DaCosta Byfield S, Parks WT, et al. Reduction in
Smad?2/3 signaling enhances tumorigenesis but suppresses
metastasis of breast cancer cell lines. Cancer Res 2003;
63:8284-8292.

95 Slamon DJ, Clark GM, Wong SG, Levin WJ, Ullrich A,
McGuire WL. Human breast cancer: correlation of relapse
and survival with amplification of the HER-2/neu oncogene.
Science 1987; 235:177-182.

96 Cheng N, Bhowmick NA, Chytil A, ef al. Loss of TGF-beta
type II receptor in fibroblasts promotes mammary carcinoma
growth and invasion through upregulation of TGF-alpha-,
MSP- and HGF-mediated signaling networks. Oncogene
2005; 24:5053-5068.

97 Bierie B, Stover DG, Abel TW, et al. Transforming growth
factor-beta regulates mammary carcinoma cell survival and
interaction with the adjacent microenvironment. Cancer Res
2008; 68:1809-1819.

98 Cheng N, Chytil A, Shyr Y, Joly A, Moses HL. Enhanced
hepatocyte growth factor signaling by type II transforming
growth factor-beta receptor knockout fibroblasts promotes
mammary tumorigenesis. Cancer Res 2007; 67:4869-4877.

99 Yang L, Huang J, Ren X, et al. Abrogation of TGF beta sig-
naling in mammary carcinomas recruits Gr-1+CD11b+ my-
eloid cells that promote metastasis. Cancer Cell 2008; 13:23-
35.

100 Tu WH, Thomas TZ, Masumori N, et al. The loss of TGF-
beta signaling promotes prostate cancer metastasis. Neoplasia
2003; 5:267-277.

101 Bierie B, Moses HL. Tumour microenvironment: TGFbeta:
the molecular Jekyll and Hyde of cancer. Nat Rev Cancer
2006; 6:506-520.

102 Massagué J. TGFbeta in cancer. Cell 2008; 134:215-230.

103 Buck MB, Fritz P, Dippon J, Zugmaier G, Knabbe C. Prog-
nostic significance of transforming growth factor beta recep-
tor II in estrogen receptor-negative breast cancer patients.
Clin Cancer Res 2004; 10:491-498.

104 Dalal BI, Keown PA, Greenberg AH. Immunocytochemical
localization of secreted transforming growth factor-beta 1 to
the advancing edges of primary tumors and to lymph node
metastases of human mammary carcinoma. Am J Pathol
1993; 143:381-389.

105 Padua D, Zhang XH, Wang Q, et al. TGFbeta primes breast
tumors for lung metastasis seeding through angiopoietin-like 4.
Cell 2008; 133:66-77.

106 Oghiso Y, Matsuoka O. Distribution of colloidal carbon in
lymph nodes of mice injected by different routes. Jpn J Exp
Med 1979; 49:223-234.

107 Yingling JM, Blanchard KL, Sawyer JS. Development of
TGF-beta signalling inhibitors for cancer therapy. Nat Rev
Drug Discov 2004; 3:1011-1022.

108 Minn AJ, Gupta GP, Siegel PM, et al. Genes that mediate
breast cancer metastasis to lung. Nature 2005; 436:518-524.

Cell Research | Vol 19 No 1 | January 2009



	Roles of TGFβ in metastasis
	Introduction
	TGFβ signaling
	TGFβ tumor-suppressive functions
	The cytostatic response
	Pro-apoptotic functions

	Evading the tumor-suppressive mechanisms
	Tumor-promoting functions
	Immune suppression/evasion
	Angiogenesis
	Epithelial-mesenchymal transdifferentiation

	A role for TGFβ in metastasis
	TGFβ and bone colonization
	Mouse models of TGFβ and metastasis
	Clinical correlates of TGFβ and distal relapse
	TGFβ primes for metastasis to the lung

	Conclusions
	References


