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Several mechanisms underlying tumor progression have remained elusive, particularly in relation to transforming growth fac-
tor beta (TGF-B). Although TGF-j initially inhibits epithelial growth, it appears to promote the progression of advanced tumors.
Defects in normal TGF-f3 pathways partially explain this paradox, which can lead to a cascade of downstream events that drive
multiple oncogenic pathways, manifesting as several key features of tumorigenesis (uncontrolled proliferation, loss of apoptosis,
epithelial-to-mesenchymal transition, sustained angiogenesis, evasion of immune surveillance, and metastasis). Understanding
the mechanisms of TGF-§ dysregulation will likely reveal novel points of convergence betweenTGF-§§ and other pathways that can

be specifically targeted for therapy.
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Even the most lethal cancers are initially indolent and localized,
yet they acquire the ability to invade both surrounding and distant
tissues. Although several key components of this progression have
been identified, a comprehensive understanding of these events
remains unclear (1-3). Recent data suggest that a potentially vital
step in this mechanism is aberration of transforming growth factor
beta (TGF-p) signaling (4-6). Dysregulation of TGF-f pathways
leads to extensive signal reprogramming, allowing cancer cells to
hijack normal function to ensure their own survival.

TGF-g Cell Biology

TGF-B, comprising three isoforms, is a potent pleiotropic
cytokine that regulates mammalian development, differentiation,
and homeostasis in nearly all cell types and tissues. Knockout stud-
ies have revealed that each of the isoforms is essential for devel-
opment. TGF-B1-null mice are viable for 2 weeks after birth, yet
soon develop severe inflammatory lesions in multiple organs and
a rapid wasting syndrome, culminating in death at 3 to 5 weeks
of age (7). TGF-p2-null mice are predominantly perinatal lethal
with the surviving pups developing cyanosis. These mice present
with severe cardiac dysfunction in addition to defects in several
other organs and are phenotypically distinct from knockouts of
the other TGF-f isoforms (8). Lastly, TGF-f33-null mice present
with severe cleft palates and begin gasping soon after birth. These
mice are unable to suckle, become cyanotic, and die within 24
hours after birth (9).

Each of these three TGF-f3 isoforms is initially synthesized
as a 75-kDa homodimer known as pro-TGF-B. Pro-TGF-f is
then cleaved in the Golgi to form the mature TGF-f§ homodimer
(10). These 25-kDa homodimers interact with latency-associated
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proteins to form the small latent complex (10-12). In the endo-
plasmic reticulum, a single latent TGF-f binding protein forms a
disulfide bond with the TGF-$ homodimer to form the large latent
complex, allowing for targeted export to the extracellular matrix
1.

After export, the large latent complex interacts with fibronec-
tin fibrils and heparin sulfate proteoglycans on the cell membrane.
Eventually, the large latent complex localizes to fibrillin-rich
microfibrils in the extracellular matrix, where it is stored until its
activation (13,14). There, latent TGF-f is stored, where it remains
biologically unavailable until its activation (10). Latent TGF-f is
activated by several factors, including proteases (14,15), thrombos-
pondin 1 (16), reactive oxygen species (17), and integrins (18,19).
These factors release mature TGF-f3 by freeing it from the micro-
fibril-bound large latent complex. This occurs through liberation
from latency-associated proteins, degradation of latent TGF-f3
binding protein, or modification of latent complex conformation.

TGF-g Signaling Pathways

Once the ligand is activated, TGF-f signaling is mediated through
SMAD and non-SMAD pathways to regulate transcription, trans-
lation, microRNA biogenesis, protein synthesis, and post-transla-
tional modifications (20-22). Although the downstream effects of
TGF- are heavily context dependent, its signaling is at least par-
tially conserved in many cell types (23). In the canonical pathway,
the T'GF-f ligand binds to the type 2 TGF-f3 receptor (TGFBR2)
that recruits the type 1 TGF-f receptor (I'GFBRI1). These recep-
tors dimerize and autophosphorylate serine/threonine residues,
allowing for the phosphorylation of SMAD2 and SMAD3 by
TGFBRI. The now activated SMAD proteins dissociate from the
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SMAD anchor for receptor activation (SARA) protein, hetero-oli-
gomerize with SMAD4, and translocate to the nucleus, interacting
with myriad transcriptional coregulators and other factors to medi-
ate target gene expression or repression (23,24) (Figure 1). There
also exists a type 3 T'GF-f receptor (IGFBR3 or betaglycan), a
transmembrane proteoglycan that binds the TGF-f ligand, whose
function is relatively unknown. Although TGFBR3 appears to lack
a cytoplasmic signaling domain, it appears to have important roles
in development, as well as in regulating TGFBR1 and TGFBR2
(25-27).

TGF-B also signals through a number of non-SMAD pathways,
including p38 MAPK, p42/p44 MAPK, c-Src, m-TOR, RhoA,
RAS, PI3K/Akt, protein phosphatase 2A (PP2A)/p70s6K, and JNK
MAPK (22,28-32). Additionally, two studies have linked transla-
tional regulation to the cytostatic program governed by TGF-p.
The first mechanism involves transcriptional activation of the
translation-inhibiting protein eukaryotic translation initiation fac-
tor 4E-binding protein 1 (4E-BP1) mediated by the SMAD signal-
ing pathway (33), whereas the second relies on catalytic inactivation

of the translation initiation factor eEF1A1 (eukaryotic elongation
factor 1A1) by TGFBRI (21).

Both SMAD-dependent signaling and SMAD-independent
signaling play multiple roles in homeostasis, particularly in the
growth and plasticity of epithelial cells. SMAD-dependent TGF-f3
signaling induces growth arrest through a number of mechanisms,
including control over various cyclin-dependent kinase inhibitors
(5,34-37). SMAD-independent mechanisms of TGF-f-induced
apoptosis involve DAXX/HIPK? and transforming growth factor
[ associated kinase (TAK1)/TRAF6-dependent p38/JNK activa-
tion (38,39).

MAPK Regulation of SMAD Signaling

TGF-p signaling is tightly regulated by mitogen-activated pro-
tein kinases (MAPKs). Although extracellular signal-regulated
kinase (ERK) MAPK signaling is more commonly associated with
receptor tyrosine kinases, it has been demonstrated that TGFBR1
also has tyrosine kinase activity. TGFBR1 directly phosphorylates

Figure 1. Canonical transforming growth factor  (TGF-p) signaling. The TGF-§ ligand binds its type 2 transmembrane receptor (TGFBR2), recruit-
ing the type 1 receptor (TGFBR1), leading to the phosphorylation of SMAD2 and SMAD3. This phosphorylation event allows for complexing with
SMAD4 and nuclear translocation, leading to growth arrest in benign epithelial cells. P = phosphorylation.
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tyrosine on ShcA, allowing for interaction with Grb2 and Sos. This
leads to Ras activation and downstream ERK phosphorylation (40).

ERK and other MAPKs regulate the SMAD-dependent arm
of TGF-f signaling through phosphorylation of SMAD2 and
SMAD?3 at specific amino acid residues. Together, these regions
are known as the interdomain SMAD-linker region. ERK phos-
phorylation of the linker region occurs at Ser245/250/255 and
Thr220 residues on SMAD?2 and at Ser204/208 and Thrl7 on
SMAD?3 and reportedly reduces SMAD2/3 signaling. In contrast,
enhancement of SMAD signaling can occur through phospho-
rylation at various SMAD3 residues, including Thr8 by ERK,
Ser204/208/213 by p38 MAPK/ROCK, or Ser208/213 by JNK
MAPK. SMAD?3 phosphorylation at Ser208/213 residues is com-
mon to advanced tumors and may play a role in the aberrant
response to TGF-f in cancer (41).

TGF-g Paradox in Tumor Biology

TGF-f expression has been studied in nearly all epithelial cancers,
including, prostate, breast, lung, colorectal, pancreatic, and skin
cancers (42). Through these studies, it has become clear that TGF-
[ can function as both a tumor suppressor and a tumor promoter
(4,43-45). In benign epithelia and many early-stage tumors, TGF-f3
is a potent inducer of growth arrest. However, in advanced tumors,
TGF-f signaling pathways are severely dysregulated. Rather than
inhibiting carcinogenesis, TGF-f promotes tumor growth and
progression at late stages (4,5,42,43,46-48). This functional switch
is known as the TGF-f paradox (44).

This paradox is reflected in the clinic, where in early stage can-
cers, levels of TGF-B are positively associated with a favorable
prognosis. Yet in advanced tumors, levels of TGF-f in the tumor
microenvironment are positively associated with tumor size, inva-
siveness, and dedifferentiation, making TGF-f a useful prognostic
biomarker and predictor of recurrence after initial or failed therapy
(42,47-49).

TGF-B Homeostatic Feedback

TGF-f is a key regulator of its own expression (50,51), and in some
cancers, tumor progression corresponds to changes in TGF-f3 self-
regulation, which can include downregulation or inactivation of
the TGFBRs (52-54). This receptor repression may correspond
with compensatory induction of the TGF-f ligand, which is fur-
ther complicated by data suggesting that TGF-f can function as
a cell-autonomous tumor promoter through noncanonical mecha-
nisms (55).

Recent data suggest that a potential crux of the TGF-f3 para-
dox in prostate cancer may be the differential activation of MAP
kinases, such as ERK, between benign and malignant cells. This
action is believed to control synthesis of TGF-f in a homeostatic
feedback mechanism. ERK activation through TGF-f signaling
induces synthesis of the TGF-f ligand in prostate cells in vitro.
However, when the level of TGF-f is elevated, benign prostate
cells can repress ERK activation. It appears that this mechanism
becomes perturbed in advanced disease, and the described nega-
tive feedback loop collapses, establishing a feed-forward signaling
mechanism in its place and failing to suppress pathological levels of
active ERK. In many tumor types, ERK is constitutively activated
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independent of the level of TGF-f, and, consequently, TGF-f may
be continuously produced (51).

The effects of ERK activation on TGF-f signaling are not solely
limited to TGF-f3 synthesis. TGF-f is a key regulator of gene meth-
ylation, a process dependent on ERK activation of DNA methyl-
transferase (DNMT). In prostate and ovarian cancer cells, TGF-f3
stimulates DNMT expression (52,56). Overexpression of TGF-f3
and/or DNMTS is associated with an aggressive phenotype and poor
prognosis in prostate cancer (52,57). Among the many genes affected
by DNA hypermethylation are TGFBR1 and TGFBR2 (52,54,56).

Although ERK may function as a key transcriptional inhibi-
tor of TGFBRI expression, TGFBR1 may also be repressed at
the protein level. Also in prostate cancer cells, degradation of the
functional TGFBRI protein is dependent on a cascade involving
tumor necrosis factor receptor associated factor (TRAF6), ADAM
metallopeptidase domain 17 (ADAM17), and protein kinase C zeta
(PKCY). In response to TGF-f3, TRAF6, a ubiquitin ligase, ubiqui-
tinates TGFBRI, leading to its cleavage by ADAM17 and nuclear
translocation of its liberated intracellular domain (ICD) (Figure 2)
(58). Interestingly, ADAM17 targeting of TGFBR1 has been linked
to ERK activation in nonprostate cells, resulting in shedding of the
TGFBR1 ectodomain (59). This suggests ERK may be involved in
both protein and transcriptional repression of the TGFBRs.

TGFBRI1 degradation by ADAMI17 desensitizes cells to the
growth inhibitory effects of TGF-f, and nuclear translocation of
the liberated TGFBRI1-ICD is involved in the upregulation of
other oncogenic factors (58,59). The effects of TRAF6 extend well
beyond TGFBR1 degradation and include JNK and NF-kB activa-
tion, partially explaining the link between these cascades and TGF-
B (60). Mass cleavage coupled with repression of the TGFBRI1
transcripts is a potential explanation of the repression of TGFBRs
seen in some advanced diseases and warrants future study. Together,
these observations provide a partial mechanism through which sen-
sitivity to TGF-p becomes reduced in tumor cells (Figure 2). Yet,
because TAK1/p38 signaling can have proapoptotic effects in the
epithelia (61), the tumor suppressive effects of this cascade must be
carefully weighed against its seemingly tumor-promoting effects to
determine its relevance as a clinical target.

Inhibitory SMAD Signaling

As discussed, the T'GF-f ligand signals through transmembrane
receptors, leading to phosphorylation of the downstream SMAD
proteins. These canonical effectors can be classified as R-SMADs
(SMAD2/3) and the co-SMAD (SMAD4). However, there are
also inhibitor SMADs (I-SMADs; SMADG6/7) that function to
negatively regulate R-SMAD activation and nuclear translocation.
Overexpression of the I-SMADs, particularly SMAD?7, is com-
mon to pathologies in which TGF-f signaling is perturbed (62).
SMAD?7 normally antagonizes TGF-f signaling through a nega-
tive feedback loop, mediating the crosstalk between TGF-3 and
other signaling pathways. In response to TGF-f signaling events,
SMAD?7 is recruited to TGFBRI, blocking SMAD2/3 phospho-
rylation and its downstream signaling (63).

Additionally, SMAD?7 indirectly represses TGF-f signaling
by targeting TGFBR1, TGFBR2, and other SMAD transcription
factors for proteasomal degradation (64,65). A key mechanism of
TGFBR repression by SMAD?7 is the recruitment of the HECT
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Figure 2. Mechanisms of transforming growth factor [ recep-
tor (TGFBR) repression. Repression of TGFBRs occurs at both the
epigenetic and protein levels. It was recently discovered that the
ubiquitination of TGFBR1 by tumor necrosis factor receptor associ-
ated factor 6 (TRAF6) leads to ADAM metallopeptidase domain 17
(ADAM17) mediated cleavage, liberating the TGFBR1 intracellular

type E3 ubiquitin ligases Smurfl and Smurf2, which ubiquitinate
TGFBR1 and TGFBR2 (66). Ubiquitination of the TGFBRs
can lead to either clathrin-dependent internalization into EEAI-
positive endosome recycling or internalization by the caveolar
pathway and receptor proteasome degradation (67-69). It was
recently discovered that receptor internalization was enhanced by
the TGF-f coreceptor, CD109 (67), making CD109 a novel target
for therapies aiming to preserve the effects of TGF-f.

Phosphatase Regulation of TGF-g Signaling
The above data illustrate how some tumors may become less
responsive to the antigrowth signals of TGF-f in the cancer epi-
thelia; however, this model does not explain how TGF-f promotes
tumor progression at later stages of disease. One candidate pro-
tein that may be at least partially responsible for these paradoxical
events in some cancers is protein phosphatase 2a (PP2A). PP2A
is synthesized in the cytoplasm and can be recruited by activated
TGFBRI1 to the cell membrane through a mechanism that is not
completely understood. Once there, it can function as a regulator
of TGF-f3 receptor stability and activity (70), as well as a context-
specific inhibitor to TAK1 and ERK activation (51,71,72).

In prostate cancer cells, it is reported that PP2A can be recruited
by activated TGFBR1 depending on the level of TGF-f available

4 0f 16 Review | JNCI

7 | TGFBR1

’;’w

wqh ,s;‘r,‘){,",w )

ADAM17 TGFBR2 ” | TGFBR1

\

Transcriptional Repression
of TGFBRs

domain (ICD). The TGFBR1-ICD is then free to translocate to the
nucleus and activate factors including Snail and matrix metallopro-
teinase 2 (MMP2). Additionally, epigenetic repression of the TGFBRs
may be dependent on ERK activation of DNA methyltransferase
(DNMT), which hypermethylates the TGFBR promoters, downregu-
lating their expression.

to the target cells. In response to a high dose of TGF-f, a sufficient
quantity of PP2A is recruited by activated TGFBR1, resulting in
inhibition of ERK. Yet at a low dose of TGF-f, because of limited
quantity of activated TGFBR1, the quantity of PP2A available is
restricted, and ERK remains activated. In malignant prostate cells,
downregulation of TGFBRI1 is much more pronounced, limiting
recruitment of PP2A to the membrane. This results in constitutive
ERK activation and induction of the TGF-f ligand (Figure 3). In
other words, PP2A is recruited by TGFBR1 and may serve as a bar-
rier to the SMAD-independent arm of TGF-f3 signaling while also
protecting against the surge of TGF-f secreted by advanced tumors
(51). Thus reduced expression of TGFBR1 may cause downstream
preference of mitogenic pathways in response to TGF-f or desen-
sitization to its antiproliferative effects.

The many interactions between TGF-f and ERK are
extremely complex, and this PP2A-mediated phenomenon has
not been sufficiently explored in other cell types. As mentioned,
it has also been demonstrated that TGFBRI can directly lead to
ERK activation (40) and is a necessary in vivo activator of ERK in
the pancreas (73). This suggests that ERK may also have roles in
TGF-p-induced growth suppression. Further study is needed to
understand the cell-specific contributions of ERK and PP2A to
the TGF-f3 paradox.
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Figure 3. Transforming growth factor 3 (TGF-f3) control over ERK MAPK.
It is hypothesized that in some cells, there is a reciprocal control mech-
anism involving ERK and the transforming growth factor 3 receptors
(TGFBRs). ERK activation leads to DNA methyltransferase (DNMT) and
activator protein (AP1) expression, which is believed to lead to epige-
netic repression of the TGFBRs and upregulation of the TGF-$ ligand.

Roles of TGF-§ in Tumor Progression

The SMAD-independent arm of the TGF-f cascade contextu-
ally activates several oncogenic factors. Additionally, the increased
expression of SMAD7 in some cancers represses the SMAD-
dependent arm of the TGF-f pathway, further silencing a key
growth inhibitory mechanism of TGF-f signaling (74-76). In the
proposed model, nearly all tumor-suppressive functions of TGF-f3
are lost and aberrant TGF-f3 signaling has a multitude of physi-
ological ramifications promoting tumorigenesis and progression,
which will be detailed in subsequent sections of this review.

TGF-§ Control Over Proliferation and Loss of Apoptotic
Response
In benign epithelial cells, TGF-f is generally considered an anti-
proliferative and proapoptotic signal (23). A key step in TGF-f dys-
regulation is the loss of this response. In advanced disease, TGF-f3
can have prosurvival/antiapoptotic effects (5,42,44,46,77). In the
benign context, TGF-f regulates epithelial proliferation and apop-
tosis through a number of mechanisms. Among the most domi-
nant and well known is SMAD control over c-Myc, p21, and cyclin
D (34,36,78), although the effects of TGF-f can also be SMAD
independent (28). Other pathways include PP2A dephosphoryla-
tion of p705K Jeading to cell cycle arrest (79), SMAD-dependent
activation of BIM leading to compromised mitochondrial integrity
(80), and the aforementioned TAK1/TRAF6 and DAXX/HIPK2
pathways leading to JNK-mediated apoptosis.

The SMAD complex has been shown to recognize the p15™K#®
and p21¢™®2! promoters, increasing expression of these genes, and
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In some contexts, TGF-f3 suppresses ERK activation. A key step in this
process appears to be recruitment of protein phosphatase 2A (PP2A) to
the cell membrane by TGFBR1. In the proposed model, once a sufficient
quantity of PP2A is recruited, it serves as a barrier to ERK activation,
where DNMT and AP1 expression are not induced, and the canonical
SMAD arm of the TGF-Bcascade is favored.

stabilizing additional cyclin-dependent kinase inhibitors through
other mechanisms (5,35,36). As TGF-f signaling is usurped in
cancer, the balance between SMAD-dependent and SMAD-
independent signaling likely shifts. In this context, TGF-f fails
to induce the aforementioned cyclin-dependent kinase inhibitors,
and cell proliferation is unchecked. Thus, increased presence of
SMAD-inhibitory factors facilitates this process through blockade
of the SMAD-independent arm of TGF-f3 growth inhibition.

The summation of these events leads to a prosurvival response
to TGF-f by cancer cells. But, in this context, not only does TGF-
[ fail to inhibit growth, it also fails to induce apoptosis. TGF-f3
induction of apoptosis is also regulated by the direct interaction
between SMAD3 and Akt (81). Akt, a target of TGF-f signaling
(77,82,83) commonly overactivated in cancer (84), can actively
repress SMAD3-induced apoptosis (81,85). The apoptotic response
may also be affected by another target of TGF-f signaling, vimen-
tin (86). Vimentin sequesters the tumor suppressor p53 in other
models until its cleavage by caspase 4 (87), although this interaction
has yet to be explored in cancer cells. Repression of p53 function
may allow for the accumulation of mutations and further loss of the
apoptotic response to TGF-f. Vimentin has a more prominent role
in epithelial-to-mesenchymal transition (EMT)/metastasis and will
be discussed below. Additionally, Src is a known regulator of death-
associated protein kinase (DAPK) (88), a protein implicated in
TGF-B-induced apoptosis of benign cells (89). The increased pres-
ence of Src in many cancers may contextually lead to repression
of DAPK, potentially crippling the apoptotic response to TGF-f.

In contrast with its canonical role in regulating epithelial cell
proliferation, TGF-f is considered a progrowth signal with respect
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to the mesenchyme. Classically, in response to injury, the influx
of granulocytes, platelets, leukocytes, and additional parenchymal
cells increases the presence of TGF-f at the site of the wound
(90,91). TGF-B then induces fibroblast proliferation, myofibro-
blast differentiation, and remodeling of the extracellular matrix
(90-94). Therefore, TGF-f is heavily implicated in a variety of
fibrous diseases (91) and may serve as an attractive therapeutic tar-
get in desmoplastic tumors should the tumor epithelia be desen-
sitized to the growth inhibitory effects of TGF-f. Additionally, in
some tumors, TGF-f may even induce proliferation while failing
to elicit an apoptotic response (95). Should the tumor environment
establish a feed-forward loop resulting in uncontrolled expression
of TGF-p, aberrant signaling events may continuously promote
tumor growth at the level of the cancer epithelia.

Induction of EMT, Dedifferentiation, and Migration in
Advanced Disease by TGF-p

In more-advanced disease stages, TGF-f induces EMT in cancer
cells (96,97). EMT is marked by the loss of E-cadherin and the
expression of mesenchymal proteins such as vimentin, fibronectin,
and N-cadherin, facilitating the invasion process and worsening
prognosis (98,99). In cancer cells, the repression of E-cadherin and
the induction of vimentin, matrix-metalloproteinases (MMPs), and
other pro-EMT factors can be driven by TGF-f (44,86,96,97,100).

The loss of E-cadherin has been linked to TGF-f signaling in
cancer cells through both SMAD-dependent and -independent
mechanisms (12,101-103). In pancreatic cancer, TGF-f is suf-
ficient to induce tyrosine phosphorylation of a-catenin and the
downstream Whnt target 3-catenin in a SMAD-independent man-
ner. This action is dependent on PI3K/Akt and destabilizes the
E-cadherin adhesion complex (103). Since E-cadherin represses
the PI3K/Akt pathway [104], the initial loss of E-cadherin may lead
to further destabilizing events, leading to loss of cell-cell adhesion.

Alternatively, in epithelial cell lines, TGF-f can induce expres-
sion of the transcription factor Snail, recruiting the Sin3A/HDAC1/
HDAC2 complex, which leads to deacetylation of the E-cadherin
promoter, thus repressing transcription (101). SMAD-independent
activation of Snail is a result of Ras/ERK activation (12,102) and
the nuclear translocation of the TGFBRI-ICD (58). This suggests
crosstalk between the SMAD-dependent and SMAD-independent
arms of TGF-f repression of E-cadherin in cancer cells. Although
the mechanism remains incomplete and deserves further study, in
the tumor setting of aberrant TGF-f signaling, TGF-f actively
represses E-cadherin and promotes EMT (12,101-103).

TGF- and Wnt pathways also appear to converge at vimentin.
Vimentin is a mesenchymal type III intermediate filament believed
to facilitate the transport of 1 integrin by dynein/kinesis motor
proteins toward the (+) end of microtubules. In vitro, inhibition of
vimentin is sufficient to partially reverse EMT in prostate cancer
cell lines. Cells previously expressing a more mesenchymal pheno-
type were successfully induced to form organized, epithelial-like
structures. Downregulation of vimentin in cancer cells is also suf-
ficient to slow tumor growth in vivo (99,105).

A prior study suggested that TGF-f3 upregulation of vimentin
in prostate cancer is mediated by NF-kB and TAKI1 (86). Both
NF-xB and TAK1 are regulated by PP2A in other models (71,106),
offering one possible explanation of TGF-f induction of EMT and
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metastasis in advanced disease. However, the same evidence sug-
gests the relationship between PP2A and NF-xB is complex and
requires further study. It has also been suggested that (3-catenin
has a role in transactivation of vimentin (107). These two proposed
mechanisms are not mutually exclusive because there is likely sig-
nificant crosstalk between multiple oncogenic pathways contribut-
ing to disease progression.

Evidence also suggests that EMT may also lead to the emer-
gence of cancer cells presenting stemlike characteristics, often
referred to as cancer stem cells (CSCs). Compelling evidence
implicating TGF-pf-induced EMT in the generation and main-
tenance of CSCs is that either TGF-f3 signals or overexpression
of EMT-associated transcription factors (Snail or Twist) in benign
mammary epithelium leads to acquisition of a CD44%/CD24%v
CSC phenotype. Additionally, TGF-p-induced CD441/CD24%v
cells formed 40 times more mammospheres in vitro than their
untreated counterparts, suggesting they have an increased capacity
for self-renewal (108,109).

TGF-p was also demonstrated to regulate expression of the
CSC marker CD133 in hepatic epithelial cells (110). This mecha-
nism appears to be dependent on TGF-f3 inhibition of DNMT5,
although evidence also suggests that the SMAD-dependent arm
of the TGF-f pathway may be involved. TGF-p-induced CD133*
cells induced more aggressive tumors in xenograft models (110),
and these CD133* cells have been demonstrated to have resistance
to chemotherapy and TGF-B-induced apoptosis (111).

In addition to inducing structural changes associated with
EMT and tumorigenic properties generated through acquisition
of a CSC phenotype, TGF-f also upregulates MMPs to promote
invasion through proteolytic degradation and remodeling of the
extracellular matrix (112). In the tumor context, TGF-f3 upregu-
lates expression of MMPs through at least two mechanisms. One
mechanism is dependent on the TGFBR1-ICD, shown in prostate
cancer, and the other is dependent on p38, demonstrated in breast
cancer (58,100). Despite rapid ERK activation by TGF-3, ERK
activation was not required for the expression of MMPs in breast
cancer cells (100).

As discussed, in the tumor microenvironment, TGF-f has a
positive association with both EMT and acquisition of a CSC
phenotype. TGF-f3 may also promote metastasis by interrupt-
ing cell-cell adhesion (12,101,103), upregulating vimentin and
MMPs (58,86,100), and attracting new vasculature. Yet once
the cancer epithelium invades these blood vessels, they require
the means to extravasate and establish secondary tumors. It has
been suggested that after extravasation cells undergo a redif-
ferentiation program known as mesenchymal-to-epithelial
transition (MET) allowing for integration into ectopic tissues
(113,114). Although control of the MET program is not com-
pletely understood, evidence suggests the TGF-p-related fac-
tors of the bone morphogenetic protein (BMP) family may be
involved. Treatment with BMP7 neutralized TGF-f-induced
EMT during development and in human esophageal carcinoma
cells. BMP7 also induced melanoma cells to take a more epithe-
lial morphology (115).

However, as with the effects of the TGF-f ligands, the function
of BMPs are also varied. Blockade of BMP signaling through inser-
tion of a dominant negative form of the BMP receptor 2 (BMPR?2)
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accelerated mammary tumor progression and invasive capability
(116). Similarly, administration of BMP7 induced senescence in
prostate cancer bone CSCs in a BMPR2-dependent manner (117).

Yet BMP9 induced EMT in hepatocellular carcinoma cells,
and nuclear localization of pSMADI, a downstream target of
BMP signaling, was positively associated with expression of Snail
and inversely associated with expression of E-cadherin (118).
Additionally, blockade of BMP2 in metastatic colon cancer cells
induced an MET event (115). These data suggest that, as with the
three TGF-p ligands, the roles of BMPs in tumor progression are
highly varied, and a similar conundrum lies in identifying and tar-
geting only their tumor-promoting aspects.

Contradictory Roles of TGF-§ in Sustained Angiogenesis

Sustained angiogenesis is a crucial step in tumor progression (119).
Newly formed blood vessels allow for bulk nutrient and waste
exchange and provide an entry point for metastatic cancer cells
(119,120). In a number of studies, TGF-f is implicated in this process,
although its exact contributions to angiogenesis are not fully under-
stood. Tumor-derived TGF-f impacts the cancer epithelia as well
as proximate stromal and endothelial cells (ECs), the combination
of which have the potential for proangiogenic consequences (121).
Although the contributions of the stroma to angiogenesis are vital,
they are beyond the scope of this article. For an excellent review of
the roles of TGF-f3 in the reactive stroma, see De Wever et al. (122).

Within many cancer cells, TGF-f is sufficient to upregu-
late the expression of vascular endothelial growth factor
(VEGF), attracting neighboring ECs and promoting angio-
genesis (123,124). A recent study showed TGF-f regulation
of VEGF expression in breast cancer cells to be complex and,
at least in part, SMAD dependent (123). SMAD-dependent
signaling appears to at least initially repress VEGF expression
(121). However, other studies suggest SMAD?3 is overexpressed
in some advanced disease and is associated with angiogenesis
(125). Much remains to be elucidated regarding this mechanism,
although in the clinic, TGF-f} expression is positively and sub-
stantially associated with VEGF expression and angiogenesis in
late-stage tumors (126).

Once secreted, TGF-f regulates the proliferation and migra-
tion of ECs, which has a multifaceted effect on EC function.
TGF-p can bind both type 1 TGF-f superfamily receptors,
activin receptor-like kinase 1 (ACVRL1), and activin receptor-
like kinase 5 (ALKS). These receptors have antagonistic effects on
EC function, and the balance of ALK1 vs ALKS signaling dic-
tates the overall effect of TGF-f on ECs. ECs undergo a bipha-
sic response to T'GF-f in vitro. In low concentrations, TGF-f3
promotes proliferation, migration, and expression of MMPs in
endothelial cells through ALKI1 activation of SMAD1/5, result-
ing in Id1 transcription. Interestingly, in high concentrations, the
canonical SMAD2/3 pathway is activated by ALKS5, inducing the
expression of plasminogen activator inhibitor and fibronectin,
thereby impeding angiogenesis (Figure 4). This suggests that any
antiangiogenic effects of TGF-f are being overridden in advanced
disease (121,127).

Although the mechanism is incomplete, the end physiologi-
cal result is clear: TGF-f levels are positively associated with
angiogenesis in the late-stage tumor microenvironment (126).

jnci.oxfordjournals.org

Tumor-derived TGF-f3 therefore further sustains angiogenesis,
facilitating nutrient exchange and metastasis that results in tumor
progression.

TGF-B Upregulation and Evasion of Inmune Surveillance
Another late-stage obligate step to the cancer cell is selective sup-
pression of the immune system. It is well established that cyto-
toxic lymphocytes, such as natural killer (NK) and T cells, directly
destroy tumor cells. TGF-f plays a crucial role in the repression of
the immune system, as attested by the gross autoimmunity devel-
oped in TGF-B1 null mice (128). Among cells that comprise the
immune system, T cells are regarded as the main target cells of
immunosuppressive activity of TGF-f because the selective and
specific ablation of TGFBR2 in T cells leads to similar autoim-
munity as observed in TGF-B1 null animals (129). TGF-f sign-
aling in T cells represses both their inflammatory and cytotoxic
differentiation programs. In the absence of TGF-f signaling, T
lymphocytes rapidly acquire high levels of Fas-L and granzymeB,
two main functional components for and markers of cytotoxicity
(130,131). In line with the repressor role for TGF-f3 on T lym-
phocytes, T cells expressing a constitutive active form of TGFBRI1
remain refractory to full activation (132).

In addition to impairing T-cell effector function, TGF-f has
been proposed as a potent inducer of regulatory T cells (Tregs).
Tregs are capable of repressing both the cytotoxic and inflamma-
tory function of effector T cells. Both development and function of
regulatory cells are under the control of the forkhead family tran-
scription factor Foxp3 (133). Interestingly, TGF-f signaling in T
cells participates in the expression and the stabilization of Foxp3
(134-136). This may be relevant clinically because enrichment of
CD4+*CD25*Foxp3* Tregs in human tumors is associated with poor
prognosis in breast cancer patients (137,138).

It was previously demonstrated that Foxp3 expression is induced
by TGF-f inactivation of ERK/DNMT (57). Because TGF-f is
secreted by the tumor cell at increasingly high concentrations, it
induces Foxp3 expression in cytotoxic T cells, helper T cells, and
their precursors, rendering them inactive. In other words, TGF-3
provides the tumor with a cloaking mechanism, facilitating evasion
of immune system surveillance (57,132,139-143).

Several studies suggest that TGF-f3 directly represses immune
activity in the tumor setting, confirming the importance of TGF-f3
signaling in T cells in controlling tumor growth. In one such study,
CD8* T cells were rendered TGF-f insensitive by a dominant-neg-
ative TGFBR2. Adoptive transfer of these cells resulted in a fivefold
increase in tumor-killing activity compared with adoptive transfer of
tumor-reactive yet still TGF-f-sensitive CD8* T cells. This result
illustrates the pivotal role of TGF-f in tumor evasion of the immune
system in cancer. TGF-f renders advanced tumors progressively less
recognizable to the surveillance program. Resultant protection of
the cancer cell from cytotoxic cells allows for the autocrine effects
of TGF-f to take effect, leading to further dysregulation both in the
cancer cell and the tumor microenvironment (142,143).

It should be noted that in addition to its role in evasion of
immune surveillance, TGF-f also governs the T helper 17 (Th17)
differentiation program. The mechanism of Th17 fating is com-
plex and not fully understood. For a more thorough explanation of
these events, see Hatton (144).
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Figure 4. Transforming growth factor  (TGF-3) in endothelial cell
function. The effects of TGF-$ on the vascular endothelia are complex
and seemingly biphasic. Low TGF-; concentrations appear to activate
the activin receptor-like kinase 1 (ALK1)/SMAD1/5 pathway, stimulat-
ing endothelial cell (EC) proliferation and migration associated with

Mouse Models of TGF-8

Mouse models have been integral in illustrating and investigating
the dual roles of TGF-f during carcinogenesis. There has been
a marked enhancement of our understanding of how TGF-f3 can
actually facilitate tumor progression and subsequent metastatic dis-
semination, including its tumor-suppressive effect on normal and
hyperplastic tissues (as previously discussed). Particular attention
will be devoted to underlining the tumor promoter role of TGF-f
and its reliance on both cell-autonomous effects (on the epithelia)
and nonautonomous effects in the tumor microenvironment (par-
ticularly on the different cell populations composing the stroma).
One of the first pieces of compelling in vivo evidence support-
ing the dual role of TGF-f during carcinogenesis was provided by
genetically engineered mice presenting impaired TGF-f signaling
targeted to the mammary glands. Several transgenes were used:
a constitutively active TGF-f (T'GF-152%2%), a constitutively
active type 1 TGF-f receptor ('GFBR2¢*), dominant negative
type 2 TGF-p receptor (TGFBR2PY), and type 2 TGF-f knockout
receptor (TGFBR2™"). These genetic alterations were specifically
targeted to mammary gland epithelium using regulatory elements
from the mouse mammary tumor virus (MMTV) or whey acidic
protein (WAP) genes. These transgenes were not independently
sufficient to induce neoplastic lesions in the mammary gland as
reported in many other organs. The only visible defects were an
abnormal development of the branching ducts before puberty and
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higher levels of ID1. Yet, at higher levels, TGF-f} activates its canoni-
cal SMAD2/3 pathway in a transforming growth factor § receptor 1
(TGFBR1; also known as ALK5)-dependent manner to induce antiangi-
ogenic factors plasminiogen activator inhibitor-1 (PAI-1) and fibronec-
tin. P = phosphorylation.

impaired gland involution after lactation. These genetic perturba-
tions of TGF-f3 signaling were later combined with known onco-
genes in mammary gland predisposition cancer models. The most
commonly used oncogenes are Her-2/neu (erbB-2), polyoma virus
middle T antigen (PyVmT), and transforming growth factor alpha
(T'GFa) (145-151).

In each of these models, a decreased incidence and a slow pro-
gression of the primary mammary tumor was observed when TGF-
[ signaling was activated (TGF-$15222% or TGFBR1“4). Opposite
effects on the primary mammary tumor were observed when TGF-
[ signaling was inhibited (TGFBR2PN or TGFBR2™!). Altogether,
these models were a clear example of the tumor-suppressive role
of TGF-p.

Close examination of progressing tumors in these models
revealed that TGF-B has different roles during tumor initiation
(number of primary tumors and latency to onset) and tumor pro-
gression (local invasion and metastasis). For example, a TGFBR2-
neutralizing antibody compromised the formation of metastases
induced by PyVmT, indicating that TGF-p has a prometastatic
effect (146). This was the first observation in favor of a protumoral
effect of TGF-, which was further validated by transgenic mouse
models,as demonstrated by inhibition of TGF-f3, using TGFBR2PN,
reducing the aggressiveness of MMTV-TGFa tumors (148) and
the number of metastases arising from MMTV-Neu tumors (152).
Conversely, activation of TGF-f using TGFBRI* (151,152) or
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TGF-B15223225 (147) resulted in a subtantially increased number
of metastases arising from MMTV-Neu mammary tumors. These
observations represent a clear illustration of the TGF-f paradox in
vivo. The tumor suppressive effect of TGF-$ observed on normal
and hyperplastic tissues is obliterated and even reversed in estab-
lished tumors.

To address the effect of TGF-f3 during late stages of mammary
tumorigenesis, a mouse model was engineered in which expression
of TGF-B1 in mammary tumors is temporally controlled by doxy-
cycline (149). This study showed that doxycycline-mediated induc-
tion of active TGF-f in late mammary tumors could substantially
accelerate metastases, thus confirming that TGF-f3 behaves as a
tumor promoter during metastases.

The skin has also provided very informative mouse mod-
els illustrating the tumor promoter role of TGF-f. As expected
from its tumor suppressor role, it was shown that respective
activation (45,153,154) or inhibition (155,156) of TGF-f can
accelerate or inhibit the formation of 7,12-dimethylbenz(a)anthra-
(DMBA/
TPA)-induced skin squamous cell carcinoma, with this effect being
abrogated in the presence of TGFBR2PN (96). It was observed that
TGF-B152232%5 prevents the onset of benign papillomas induced
after DMBA/TPA treatment but unexpectedly enhances progres-
sion to invasive spindle carcinomas in transgenic mice (45). Human

cene-induced/12-O-tetradecanoylphorbol-13-acetate

skin cancers frequently overexpress TGF-3 but exhibit decreased
expression of the TGFBR2.

Mouse models of pancreatic cancer have also provided cru-
cial information about the role of TGF-f during carcinogenesis.
Recurrent genetic alterations were found in human pancreatic
ductal adenocarcinoma (PDAC). Common alterations include
KRAS-activating mutations in more than 90% of cases and Ink4A/
Arf or TP53-inactivating mutations each in approximately 50% of
cases [for review, see Hansel et al. (157) and Landi (158)]. LSL-
KRASES?P js a conditional allele encoding a constitutively active
KRAS mutant (KRASS?P) in the presence of Cre-recombinase.
Pancreas-specific activation of the LSL-KRAS®"P induces the
development of age-dependent precursor lesions in 100% of mice
and PDAC after 1 year in approximately 10% of mice [159]. The
LSL-KRASG"P allele was combined with genetic modifications
thatinactivated TGF-f3 signaling, such as that of SMAD4 (160-162)
and TGFBR2 (163). These models validate the tumor suppressive
role of TGF-f, reaffirmed clinically by the deletion of SMAD4 in
roughly 50% of human PDAC cases. Yet it was also demonstrated
that Tgfbrl haploinsufficiency inhibited KRAS-induced pancreatic
tumorigenesis in mice (164). This observation strongly suggests
that decreased TGF-f signaling may result in protection against
tumorigenesis, representing new in vivo evidence of the tumor-
promoting effect of TGF-f.

Combining the KRASS!?P allele with inactivation of the tumor
suppressor Ink4A/Arf! led to highly aggressive PDAC with a sar-
comatoid histology (165). Interestingly, whereas SMAD4 deficiency
promoted progression of KRASG?P lesions to PDAC, SMAD4
deficiency converted KRASG?P/Ink4A-Arf™! tumors into tumors
that retain differentiated ductal morphology (160). This effect is
potentially attributed to the abrogation of TGF-p-induced EMT.

Additional evidence suggests that migration and EMT can be
uncoupled, demonstrated by experiments performed in vitro in
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human keratinocytes and pancreatic cancer cells (166) and in vivo in
mouse models of skin tumors. Findings from these works reported
that TGF-p~induced EMT and invasion occur by distinct mecha-
nisms (96). These observations suggest that migration requires
other factors than TGF-f, including hepatocyte growth factors
(167), epithelial growth factor (168,169), and connective tissue
growth factor (170). Indeed, epithelial-stromal interaction during
carcinogenesis is of crucial importance, and TGF-f plays a central
role in the complex dialogue between these two compartments.

The direct effect of TGF-p is not solely responsible for influ-
encing tumor behavior. This was attested by mouse xenograft
models of prostate cancer, in which treatment of primary tumors
with TGF-f promotes the accumulation of reactive stromal cells,
including fibroblasts, enhancing the growth and progression
of these tumors (171-173). Interestingly, it has been shown that
fibroblasts devoid of TGFBR2 result in increased mammary gland
tumor progression (167,174-176). Genetically engineered mice
presenting a conditional pancreatic activation of the KRAS onco-
gene combined with an inactivation of TGFBR2 secrete high levels
of several CXC chemokines, which in turn induces in the pancre-
atic stromal fibroblasts the expression of connective tissue growth
factor, a profibrotic and tumor-promoting factor (170).

Finally, tumor-derived TGF-f inhibits the immune system,
allowing the cancer cells to escape the immune surveillance program.
The most striking in vivo evidence is provided by TGF-B1™! mice
that develop autoimmune disorders, culminating in their death by 3
weeks of age (128,177). Deprivation of TGF-f signaling selectively
in T cells is associated with a phenotype resembling that observed
in TGF-p1™" animals (129,178). Mouse models have shown that
abrogation of TGF- in T cells could result in a potentiation of the
immune system, which becomes more efficient to eradicate mela-
noma cells (179) and prostate cancer cells (142). SMAD4-deficient
intestinal tumors recruit a specific subset of myeloid cells able to
promote invasion mediated by TGF-3 (180). It was demonstrated
that Snail-induced EMT (Snail being a transcriptional target of
TGF-B) accelerates melanoma metastasis through enhanced inva-
sion but also through induction of immunosuppression (181).

The described animal models succeed in underlining the com-
plexity of the cooperative interactions between cancer and sur-
rounding cells to facilitate invasion. This is particularly relevant
when examining the close relationship between matrix remodeling,
EMT, and immune suppression. These models represent valuable
tools to test anti-T'GF-f3 therapeutic approaches aimed at abrogat-
ing positive feedback loops that fuel these different compartments
to facilitate tumor invasion.

Roles of TGFBR1 in Cancer Risk and
Progression

Although in vivo models have done much to uncover the contri-
butions of TGF-f signaling, they fail to determine whether these
phenomena are a cause or consequence of carcinogenesis. The
first clinical TGFBRI mutation, a 9-basepair in-frame deletion
of TGFBRI exon 1 named TGFBRI*6A (182), has been identi-
fied. Molecular characterization of this mutation revealed that the
9-basepair deletion was located in the signal sequence and did not
affect generation of the mature receptor (183). However, functional
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assays showed that TGFBR1*6A was less effective than wild-type
TGFBR1 with respect to TGF-f signaling (184,185). The hypo-
morphic nature of TGFBR1*6A and the discovery that its allelic
frequency was higher among patients with cancer compared with
normal control subjects led us to hypothesize that TGFBRI*6A
may act as a tumor susceptibility allele (185).

It was further hypothesized that constitutively decreased
TGFBRI1-mediated TGF-f signaling might predispose to the
development of cancer (46). Numerous follow-up studies have
assessed the association between TGFBRI*6A and risk for various
forms of cancer, and several recent meta-analyses have demonstrated
that TGFBRI*6A is associated with risk for breast (186), ovarian
(186), and colorectal cancer (187). It was also shown that somati-
cally acquired TGFBRI*6A may switch TGF-f growth inhibitory
signals into growth stimulatory signals (188). Additional evidence
suggests TGFBRI*6A is acquired by both epithelia and stromal cells
in colorectal as well as head and neck tumors (189). Somatic acqui-
sition of TGFBRI*6A appears to be an early genetic event, which
is not accompanied by acquisition of other tumor-specific muta-
tions. Although TGFBRI*6A is not an oncogene, it enhances the
migration and invasion of cancer cells (190). These prometastatic

TGFBR2 |
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Figure 5. Aberrant transforming growth factor § (TGF-B) signaling in
cancer. TGF-f has several tumor suppressive functions in benign cells.
However, these effects are commonly lost in advanced cancers, and
TGF-f begins to actively contribute to disease progression. The figure
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properties were confirmed by the discovery that 30% of colorectal
cancer metastases somatically acquired TGFBRI*6A (188).

It has been demonstrated that constitutively decreased TGFBRI1-
mediated signaling through 7gfbrI haploinsufficiency leads to cancer
development (191), as evident in the two-fold increase in the incidence
of premalignant polyps in wild-type Tgfbrl mice when crossed with
ApcMin*+ mice. Also, adenocarcinoma was only observed in Tgfbr1 hap-
loinsufficient mice (191). These findings were further corroborated
in humans, with constitutively decreased TGFBR1-mediated TGF-f3
signaling substantially more common among patients with a diagnosis
of colorectal cancer than among healthy control subjects (192).

Summary and Clinical Relevance

The traditional terms “oncogene” and “tumor suppressor gene” fail
to describe the role of TGF-f in tumorigenesis and progression.
TGF-B can have potent tumor suppressive properties in early-
stage disease (4,43,44) while harboring a tumor-promoting effect
in more advanced stages. Thus, therapies targeting TGF-f too
early in the disease process may be detrimental, and the timing of
these therapies needs to be carefully considered.
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Liberated
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describes a series of partial mechanisms underlying the uncontrolled
response to TGF- in cancer cells and the dysregulation of several asso-
ciated oncogenic factors leading to enhanced cell proliferation and
migration.
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A number of different approaches have been used to target
TGEF-B signaling. Monoclonal neutralizing antibodies targeting
TGF-B proteins bind to ligand(s) and prevent access to TGF-f
receptors. GC1008 is a neutralizing antibody that targets all three
TGF-B molecules (193) and is being tested in phase I/II clinical
trials for the treatment of metastatic breast cancer and malignant
pleural mesothelioma (http://Clinical Trials.gov). Soluble forms of
TGFBR2 and TGFBR3 have also been used to sequester TGF-f3
from the cellular receptors (194,195). Another approach involves
inhibiting the kinase activity of the TGF-f receptors. For exam-
ple, LY2157299 is a kinase inhibitor that targets the ATP-binding
site of TGFBRI1 (196) and is currently in clinical trials for the
treatment of a variety of cancers, including hepatocellular, glioma,
and pancreatic cancer (http://ClinicalTrials.gov). Other kinase
inhibitors are being developed that inhibit both TGFBRI and
TGFBR2. For example, LY2109761 is a dual TGFBR1/2 inhibi-
tor that is currently undergoing preclinical studies (197). There
are also attempts to decrease expression of TGF-f levels through
the use of antisense technology. Antisense oligonucleotides that
target TGF-B1 (AP 11014) and TGF-p2 (AP 12009) effectively
reduced secretion of TGF-f from tumor cells (198,199). AP
12009 dramatically decreased secretion of TGF-B2 from cancer
cell lines and suppressed tumor growth in vivo. Early-stage clini-
cal trials in patients with advanced melanoma, colorectal carci-
noma, or pancreatic carcinoma demonstrated promising results
(200). A phase III clinical trial with AP12009 is currently under-
way in patients with high-grade gliomas (http://ClinicalTrials.
gov).

Although results from current trials suggest potential promise
for targeting the TGF-f pathway in humans, given the dual nature
of TGF-f signaling, the challenge lies in targeting only the tumor-
promoting aspect of TGF-f and minimizing the effect on the
tumor-suppressive arms of TGF-f signaling. Also, it will be impor-
tant to identify only those patients who will most likely respond to
anti-TGF-f therapies and to exclude those patients who may be
harmed by anti-T'GF-f3 therapies.

Other potential targets are downstream of TGF-f. A novel tar-
get downstream of T'GF-f is vimentin, a relative endpoint for sev-
eral pathways involved in disease progression and that, apart from
its role in the contractile phase of wound healing, is not entirely
necessary for normal cell function (201). As discussed, another
potential target is ADAMI17, also a promising target for rheuma-
tologic and autoimmune disease because of its promotion of TNF
signaling. Some suggest caution regarding ADAM17 inhibition in
cancer because the resultant surplus of SMAD signaling can have
detrimental effects (59). Another example is the use of fibroblast
activation protein-activated promelittin protoxin to target cancer-
associated stromal cells for the treatment of prostate cancer (202).
Additionally, the strategy of adoptive transfer of the tumor-reactive
TGF-B-insensitive CD8* T cells should be pursued with cau-
tion as another potential approach for late-stage cancer treatment
(141-143,203).

Because perturbation of the TGF-f signaling network has a
variety of tumorigenic effects (Figure 5), its mechanisms must be
studied further to identify novel points of convergence with other
pathways and maximize both the clinical efficacy and tumor speci-
ficity of future therapies. Through investigation of the TGF-f3
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pathway and its relationship with other oncogenic factors in the
tumor microenvironment, additional strategic points of conver-
gence can be identified and exploited as a means to prevent or
reverse tumor progression.
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