VOLUME 23

NUMBER 9

MARCH 20 2005

JOURNAL OF CLINICAL ONCOLOGY [ENeNSNoN iAol I NI =So N N NY.-NE - V.

From the Duke University Medical
Center, Departments of Medicine and
Pharmacology and Cancer Biology,
Durham, NC.

Submitted February 4, 2004; accepted
October 5, 2004.

Supported by the National Institutes of
Health/National Cancer Institute (grant
Nos. CA91816, CA100065 and

CA105255), the American Heart Associ-

ation, the American Cancer Society, the
Elsa U. Pardee Foundation, and a V
Scholar Award from The V Foundation
for Cancer Research (to G.C.B.). R.L.E.
is supported by the Medical Scientist
Training Program.

Authors’ disclosures of potential con-
flicts of interest are found at the end of
this article.

Address reprint requests to e-mail:
Gerard C. Blobe, MD, PhD, Depart-
ments of Medicine and Pharmacology
and Cancer Biology, Duke University
Medical Center, 221 BMSRB Research
Drive, Box 2631 DUMC, Durham, NC
27710; e-mail: blobe001@mc.duke.edu.

© 2005 by American Society of Clinical
Oncology

0732-183X/05/2309-2078/$20.00
DOI: 10.1200/JC0.2005.02.047

2078

Role of Transforming Growth Factor Beta in

Human Cancer
Rebecca L. Elliott and Gerard C. Blobe

A B S T R A C T

Transforming growth factor beta (TGF-B) is a ubiquitous and essential regulator of cellular and
physiologic processes including proliferation, differentiation, migration, cell survival, angiogene-
sis, and immunosurveillance. Alterations in the TGF-B signaling pathway, including mutation or
deletion of members of the signaling pathway and resistance to TGF-B-mediated inhibition of
proliferation are frequently observed in human cancers. Although these alterations define a
tumor suppressor role for the TGF-B pathway in human cancer, TGF-B also mediates tumor-
promoting effects, either through differential effects on tumor and stromal cells or through a
fundamental alteration in the TGF-B responsiveness of the tumor cells themselves. TGF-8 and
members of the TGF-B signaling pathway are being evaluated as prognostic or predictive
markers for cancer patients. Ongoing advances in understanding the TGF-8 signaling pathway
will enable targeting of this pathway for the chemoprevention and treatment of human cancers.

J Clin Oncol 23:2078-2093. © 2005 by American Society of Clinical Oncology

The complex process of tumor formation in
humans has been distilled to a series of sto-
chastic events that occur in virtually all hu-
man cancers." These hallmarks include
seven functions that cancer cells acquire: the
ability to become resistant to growth inhib-
itory factors, proliferate in the absence of
exogenous growth factors, invade and me-
tastasize, achieve limitless replication poten-
tial, evade apoptosis, recruit a blood supply
through angiogenesis, and evade destruc-
tion by the immune system. Acquisition of
these functions is facilitated by a general
property of human cancer cells: their
genomic instability. Each of these functions
is regulated through signal transduction
pathways that normally control cellular ho-
meostasis. Thus, human tumorigenesis can
be viewed as a disruption of these pathways,
through genetic, epigenetic, or somatic alter-
ations. One of these signal transduction path-
ways, the transforming growth factor beta
(TGF-PB) pathway, has a defined yet complex

role in mediating or regulating each of these
hallmarks (Table 1). Despite the prominent
role of this pathway in tumorigenesis, target-
ing of the TGF- 3 pathway has been hampered
by insufficient understanding of the mecha-
nisms regulating the pathway in vivo and by
the heterogeneity of alterations that occur in
the pathway in human cancers. This review
highlights the role of the TGF-B pathway in
these hallmarks of human cancer and the spe-
cific role of the pathway in the four most com-
mon human cancers (cancers of the breast,
colon, lung, and prostate). The review con-
cludes with a discussion of the utility of assess-
ing the pathway for diagnostic, prognostic, or
predictive purposes, and potential strategies
for targeting the pathway for the chemopre-
vention or treatment of human cancers.

The TGF-f signaling pathway has been the
focus of several recent reviews.”'' Three
TGF-B isoforms are expressed in mammals
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Table 1. TGF-B and the Hallmarks of Cancer

Hallmark Effect of TGF-B

Example

Resistance to growth-inhibitory
factors inhibition

Proliferation in absence of
exogenous growth
factors

of some cancer cells

Invasion and metastasis
and metastasis

Limitless replicative
potential

Evasion of apoptosis

Loss of TGF-B-induced
repression of hTERT
Loss of TGF-B-mediated

apoptosis

Induction of angiogenesis TGF-B induces angiogenesis

Immune system evasion TGF-B is a potent

immunosuppressent

Loss of TGF-B-induced growth

TGF-B stimulates proliferation

TGF-B promotes invasiveness

About half of human pancreatic cancers are not growth
inhibited by TGF-B because of mutation of the Smad4
gene?

In colon carcinoma cells, TGF-B stimulates proliferation
through a Ras-dependent mechanism®

In prostate cancer cells, exogenous TGF-B increases
secretion of plasminogen activator, the expression of
which promotes extracellular matrix degradation and
is correlated with a more invasive phenotype®

TGF-B induces telomere shortening followed by
senescence in lung cancer cells®

Blocking TGF-B signaling inhibits tamoxifen-induced
apoptosis in human breast cancer cells®

Neutralizing TGF-B antibody decreases the angiogenesis
and tumorigenesis of TGF-B-insensitive renal cell
carcinoma cells in an animal model”

In animal models increased TGF-B expression allows
highly immunogenic cancer cells to escape immune
surveillance and form tumors®

Abbreviation: TGF-B, transforming growth factor B.

(TGF-B1, TGF-B2, and TGF-B3) and each is encoded by a
unique gene and expressed in both a tissue-specific and
developmentally regulated fashion. TGF-B1 is the most
abundant and universally expressed isoform; most studies
have either examined or been performed with exogenous
TGF-B1. TGF-Bis secreted into the extracellular matrix as a
latent protein complex bound to a latency-associated pro-
tein and one of the four isoforms of latent TGF-8 binding
protein. Activation of TGF- 8, which is required for biologic
activity, occurs through poorly understood mechanisms
likely involving proteolytic processing of the associated
proteins and release of the TGF-f ligand. Once activated,
the TGF-p ligands regulate cellular processes by binding to
three high-affinity cell surface receptors: the type I TGF-f3
receptor (TBRI), type II TGF- receptor (TBRII), and type
1T TGE-B receptor (TBRIIL, also referred to as betaglycan).
Where expressed, TBRIII is the most abundant TGF-f3 re-
ceptor and classically functions by binding the TGF-f li-
gand and transferring it to its signaling receptors, TBRI and
TBRIL'> TBRI and TPRII contain serine/threonine pro-
tein kinases in their intracellular domains. TBRI initiates
intracellular signaling by phosphorylating a family of tran-
scription factors, the Smads. Smad2 and Smad3 are the
receptor-activated Smads for TGF- 3 because they are phos-
phorylated by TBRI. Smad4 is a common partner for all of
the receptor-activated Smads. Smad6 and Smad7 are inhib-
itory Smads that block the phosphorylation of Smad2 or
Smad3, thus inhibiting TGF- signaling.

A general mechanism for TGF-B signaling has been
elucidated (Fig 1).'>'* The TGF-B ligand either binds to
TBRIIL, which presents TGF-f to TBRIIL, or binds to TRII
directly. Once bound to TGF-3, TBRII recruits, binds, and
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transphosphorylates TR, thereby stimulating its protein
kinase activity. The activated TBRI phosphorylates Smad2
or Smad3, which binds to Smad4. The resulting Smad com-
plex translocates into the nucleus and interacts in a cell-
specific manner with transcription factors to regulate
specifically the transcription of a multitude of TGF--re-
sponsive genes. TGF- signaling is regulated by the level
and duration of TGF-f receptor activation, with continu-
ous nucleocytoplasmic shuttling of Smads permitting them
to monitor the levels of activated receptors continuously.'”
In addition, TGF-f signaling may be regulated by internal-
ization of the receptors, with some studies suggesting that
receptor internalization is required for signaling,'®'® and
others suggesting a role for internalization in downregula-
tion of signaling.'®"

Although TBRI, TBRII, Smad2, Smad3, and Smad4
comprise the core Smad-dependent TGF-f signaling
pathway, Smad-independent signaling through mitogen-
activated protein kinase (MAPK) signaling pathways,*%*>
Rho guanosine triphosphatases,”> PI-3 kinase/Akt,** and
protein phosphatase 2A** has been reported; precise molec-
ular mechanisms by which the TGF-f signaling pathway
signals to these pathways have not been established.

Resistance to Antiproliferative Signals and
Independence From Exogenous Growth Signals
Cellular proliferation is normally regulated by the con-
certed action of both mitogenic growth signals and antipro-
liferative signals that converge on regulators of the cell cycle.
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Fig 1. The transforming growth factor
beta (TGF-B) signaling pathway. TGF-B
binds type Il TGF-B receptor (TBRII), di-
rectly or through TBRIII, inducing associa-
tion of TBRII with TBRI. TBRIl then
phosphorylates and activates TBRI, which
then phosphorylates Smad2 or Smad3.
Phosphorylated Smad2 or Smad3 associ-
ates with Smad4 and they translocate into
the nucleus, where they activate transcrip-
tion of target genes. Smad7 inhibits TGF-B
signaling by preventing the activation of
Smad2 or Smad3 by TBRI.

To proliferate in a dysregulated manner, cancer cells be-
come resistant to these antiproliferative signals and prolif-
erate in the absence of exogenous mitogenic growth signals.
TGEF- is an important regulator of cellular proliferation.
Although first identified and named for its ability to stimu-
late the proliferation and transformation of mesenchymal
cells,*® TGF- potently inhibits epithelial, endothelial, and
hematopoietic cell proliferation. Although the precise
mechanism for this growth-inhibitory effect remains elu-
sive, TGF-P is able to prevent progression through the cell
cycle first by inducing expression of the cyclin kinase inhib-
itors p15™K4P 27 p2 1171 28 and p275"P1,2 which block cy-
clin and cyclin-dependent kinases from phosphorylating
the retinoblastoma protein (Rb), thus allowing the hypo-
phosphorylated form of Rb to bind and sequester the E2F
transcription factor, and second by directly suppressing
c-myc expression.”® Although the growth-inhibitory effect
of TGF-B is believed to be mediated by the Smad-
dependent TGF-f3 signaling pathway, there have been re-
ports of TGF-B-mediated inhibition of proliferation in
Smad4 null cells.** Furthermore, the growth-inhibitory ef-
fect of TGF-f3 can be mediated by Smad-independent path-
ways, including the MAPK pathways®' and the PP2A/p70S6
kinase pathway.*

Virtually all epithelial-derived tumors (> 85% of all
human cancers) become resistant to the growth-inhibitory
effects of TGF-B. In some cancers, including colon and
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pancreatic cancers, mechanisms for resistance are well de-
fined,*>** with defects in the Smad proteins (predominately
Smad4, originally cloned as deleted in pancreatic cancer 4
[DPC4]) or in TGF-f receptors, (predominately TBRII,
which is a target for mismatch repair errors in hereditary
nonpolyposis colon cancer). However, in most human can-
cers, including cancers of the breast, lung, and prostate,
mechanisms for resistance to TGF-B-mediated inhibition
of proliferation remain poorly defined. Proposed alterna-
tive mechanisms for resistance to TGF- include decreased
expression of TBRI>* TBRIL> or TRRII*® on the cell
surface; increased expression of the inhibitory Smad,
Smad7°’; repression of TGF-B signaling by a variety of
oncoproteins including p53,® Myc,” E1A,* Ras,*' Ski/
SnoN,**** and Evi-1**; reduced expression or inactivation
of tumor suppressors that directly regulate the TGF- sig-
naling pathway including Menin,*> Disabled-2,*® and
RUNX3*; and activation of other signaling pathways in-
cluding protein kinase C (PKC).**

Cancer cells become independent of exogenous mito-
genic growth signals either through overexpression of the
mitogenic growth factors themselves or constitutive activa-
tion of the signaling pathway downstream of these growth
factors. Similar to its effect on mesenchymal cells, TGF-f3 is
able to stimulate the proliferation of a number of epithelial-
derived cancer cell lines, including colon, pancreatic, and
prostate cancer cells.”**>° Although the precise mechanism
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by which this is accomplished has not been defined, TGF-f3
is able to increase the production of mitogenic growth
factors, including platelet-derived growth factor,”® fibro-
blast growth factor,”® TGF-o,> and connective tissue
growth factor,”* and to increase expression of the platelet-
derived growth factor receptor,” and the epithelial growth
factor receptor.”® In addition, TGF- can activate Smad-
independent pathways, including the Ras/Raf/MAPK
pathway,?’2>°7>% which often mediates the proliferative
signal of growth factors. Indeed, it is in conjunction with
oncogenic forms of Ras (Ha-Ras or Ki-Ras), that TGF-
drives Smad-independent proliferation of human colon
and prostate cancer cells.>*’

Tissue Invasion and Metastasis

Solid tumors exhibit their lethal effects by invading
into surrounding tissues and metastasizing to distant sites
in the body. The process by which cancer cells invade and
metastasize involves complex interactions between the can-
cer cells and their extracellular environment. TGF-f3 is a
potent regulator of cellular adhesion, motility, and the ex-
tracellular matrix. TGF- regulates the adhesive properties
of cells by decreasing the expression of E-cadherin® to
decrease cell adhesion, by increasing the expression of
invasion-associated integrins including o3, integrin,®
and by increasing the expression of integrin-binding pro-
teins including fibulin-5.°" TGE-B also directly increases
the motility of epithelial cells®* and breast cancer cells.®’

TGF-B normally stimulates the production of the ex-
tracellular matrix by directly increasing the production of
extracellular matrix proteins, including collagen and fi-
bronectin; decreasing the production of enzymes that de-
grade the extracellular matrix, including collagenase,
heparinase, and stromelysin; and increasing the production
of proteins that inhibit enzymes that degrade the extracel-
lular matrix, including plasminogen activator inhibitor-1
and tissue inhibitor of metalloprotease.®* However, during
tumorigenesis, TGF- frequently stimulates the proteolytic
activity of cancer cells by increasing the expression of
matrix-degrading enzymes.*

Taken together, by decreasing the adhesiveness and
increasing the motility and proteolytic activity of cancer
cells, increased levels of TGF-B result in more invasive
cancer cells, which may represent one of the tumor-
promoting activities of TGF-B.°° Indeed, exogenous
TGF-B1 increases the invasiveness and metastatic behavior
of breast cancer cells in vivo, even while inhibiting their
proliferation in vitro.*°

Limitless Replication Potential

Human somatic cells have a finite replicative potential;
after a limited number of cell divisions, they become senes-
cent and cease dividing. Inactivation of p53 or other tumor
suppressors can overcome this obstacle for a limited num-
ber of cell divisions, after which the cells enter crisis, char-
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acterized by chromosomal abnormalities and cell death. In
contrast, cancer cells do not undergo senescence or crisis,
but are instead immortalized. This immortalization is
achieved through two mechanisms that maintain the ends
of chromosomes (telomeres) as they are replicated through
successive cell divisions: either upregulation of the enzyme
telomerase (approximately 90%), which adds repeats of
nucleotides to maintain telomere length, or by alternative
lengthening of telomeres (approximately 10%), which main-
tains telomeres through a recombination-based system.'

Cancer cells upregulate telomerase through activating
transcription of the catalytic component of human telom-
erase, h'TERT.®” Somatic cells have numerous mechanisms
to suppress telomerase expression and mechanisms that
relieve this suppression during tumorigenesis are not fully
understood. Both autocrine and exogenous TGF-B po-
tently suppress hTERT expression at the transcriptional
level.” A recent screen for negative regulators of telomerase
identified three genes in known tumor suppressor/onco-
gene pathways: Madl, Menin, and SIP1/ZEB-2.°® Madl,
Menin, and Sip1 are all direct transcriptional targets of the
TGF- signaling pathway.*>**”® Mad1 and Menin are both
transcriptional repressors and function by directly binding
the hTERT promoter, whereas Sip1 is necessary for TGF-f3—
induced hTERT repression.®® Thus, the TGF-B signaling
pathway downregulates h'TERT expression through at least
three distinct mechanisms, suggesting that TGF- may me-
diate its tumor suppressor effects, in part, through sup-
pressing telomerase expression. h'TERT expression has also
been demonstrated to directly induce resistance to the
growth inhibitory effects of TGF-B in human mammary
epithelial cells lacking p16™**, suggesting that there is sig-
nificant coregulation between the TGF-f signaling pathway
and the pathways regulating telomerase function.”"

Evasion of Apoptosis

In addition to regulation of cellular proliferation, cell
number is also controlled by regulated apoptosis, or pro-
grammed cell death. Cancer cells become refractory to this
regulatory signal and thus do not undergo apoptosis under
appropriate conditions (ie, DNA damage). Although
TGF-B has been shown to promote, suppress, or have no
effect on apoptosis,72 in most cases, the TGF-f signaling
pathway is proapoptotic. For example, TGF-f induces
apoptosis in epithelial cells,”” endothelial cells,”* hemato-
poietic stem cells,”” lymphocytes,”® hepatocytes,”” and neu-
rons,”® as well as in breast cancer,® gastric cancer,*’ hepatic
cancer,”’ lymphoma,80 ovarian cancer,®! and prostate can-
cer cells.®?

The mechanisms by which TGF-B induces and
regulates apoptosis are cell and context specific. TGF-B—
induced apoptosis is frequently mediated by the Smad-
dependent pathway.®*** However, the inhibitor Smad,
Smad7, has been shown to promote TGF-B-induced
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apoptosis in prostate carcinoma cells and lung epithelial
cells,®*® and Smad-independent pathways, including
Daxx-mediated JNK activation,® may also be involved.

TGF-B-induced apoptosis may occur through both
p53-dependent®” and p53-independent mechanisms,”” and
involves caspase activation,* upregulation of proapoptotic
factors (ie, Bax), and/or downregulation of antiapoptotic
factors (ie, Bcl-2 and Bel-x; ).*” The TGF-g signaling path-
way also interacts with other pathways that regulate apopto-
sis. For example, TGF-f is able to enhance Fas-induced
apoptosis under conditions in which TGF- alone does not
induce apoptosis,®” whereas activation of the PI-3 kinase/
Akt pathway is able to inhibit TGF-B-mediated apopto-
sis.”® Recent studies have identified a direct interaction of
Akt with Smad3 that prevents Smad3 phosphorylation and
Smad3 nuclear translocation, and inhibits both Smad3-
mediated transcriptional events and apoptosis.”"** Fur-
thermore, the ratio of Smad3 to Akt correlates with the
sensitivity of cells to TGF- B—mediated apoptosis, providing
a potential explanation for the variable apoptotic response
of cells to TGF-B.”"%2

Resistance to TGF-B-induced apoptosis may be an
essential component of tumorigenesis, particularly for can-
cers arising from tissues in which TGF-f is a prominent
regulator of apoptosis, including hepatocellular carci-
noma and prostate cancer. In addition, the ability of
TGF-B to induce apoptosis in lymphocytes may be a
critical component for the immunosuppressive effect of
TGF-fB during tumorigenesis.

Induction of Angiogenesis

Limited by the diffusion of nutrients and oxygen, solid
tumors require a blood supply to grow beyond 1 to 2 mm in
diameter. Solid tumors obtain this blood supply through
the formation of new blood vessels (ie, angiogenesis).
TGEF- is one of several cytokines that coordinate to regu-
late angiogenesis. TGF- 3 can function either as a proangio-
genic or antiangiogenic factor in vitro; however, the
preponderance of evidence supports a proangiogenic role
for TGF-B in vivo.”” Several lines of evidence support a
prominent role for the TGF-f signaling pathway in stimu-
lating angiogenesis. First, targeted deletion of members of
this pathway in mice, including TGF-B1, TBRI, and TBRII,
all result in aberrant angiogenesis.”*”® Second, two
endothelial-specific TGF- receptors, endoglin (a type III
receptor in the TGF-B family) and ALK-1 (a type I receptor
in the TGF- family), are essential for angiogenesis as dem-
onstrated by their mutation in the human vascular disorder
hereditary hemorrhagic telangiectasia®”*® and by the embry-
onic lethal phenotype due to defects in angiogenesis exhibited
by mice in which their expression has been abolished.”'*
Third, expression of endoglin on endothelial cells is dramati-
cally increased during tumor-induced angiogenesis.'®! Finally,
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TGF-p induces the expression of vascular endothelial growth
factor, which then directly promotes angiogenesis.'**

TGF-p signaling in endothelial cells is unique in that
TGF-B can activate two distinct pathways: the classical
Smad-dependent pathway through TBRII and TSBRI (also
known as ALK-5) to activate Smads 2 and 3, and the path-
way through TBRII and ALK-1 to activate Smads 1, 5, and 8,
which are usually activated by the TGF-f superfamily
members, the bone morphogenetic proteins.'®* These two
pathways have opposing effects on endothelial cell prolifer-
ation and migration. The balance of signaling between these
pathways regulates endothelial cell biology through the
activation (increased endothelial cell proliferation and mi-
gration) and maturation (decreased endothelial cell prolif-
eration and migration) phases of angiogenesis.'**'%* These
opposing pathways likely explain the ability of TGF-f to
mediate proangiogenic or antiangiogenic effects in vitro.
Endoglin is a likely candidate to regulate the balance of
TGEF-B signaling through these pathways in endothelial
cells, inhibiting the ALK-5 pathway'% while activating the
ALK-1 pathway.'%

Evasion of the Immune System

Cancer cells express tumor-specific antigens that nor-
mally would be recognized by the immune system and lead
to destruction of the cancer cell; during tumorigenesis,
most cancer cells acquire the ability to evade this immuno-
surveillance. Although there are multiple mechanisms by
which cancer cells evade an immune response, a major
mechanism is active cancer cell-mediated immunosup-
pression via secretion of TGF-f3, which is a potent immu-
nosuppressive cytokine.'”” A role for TGF- in cancer cell—
mediated immunosuppression is supported by the
following observations: cancer cells are able to produce and
secrete TGF-f3,'"® which is able to immunosuppress cancer
patients in the absence of cytotoxic treatment'®’; elevated
levels of TGF- have been found in a number of experimen-
tal models and in specimens from patients with cancer''’;
increasing expression of TGF-1 in animal models allows im-
munogenic cell lines to escape immunosurveillance and form
tumors®; and anticancer cell immune responses can be aug-
mented by blocking the TGF- signaling pathway in T cells.' "'

The immunosuppressive effects of TGF-B have been
demonstrated both in vitro and in vivo,''? and are mediated
predominantly through effects on T cells and antigen pre-
senting cells (APCs). TGF-B is produced by T cells and
blocks production of interleukin 2 (IL-2) to inhibit IL-2—
dependent proliferation of T cells.""” TGF-f also inhibits
the differentiation of T cells, and prevents naive T cells from
acquiring effector (cytotoxic or helper) functions.''*
TGEF- may also mediate some of its immunosuppressive
effects on T cells through CD4"CD25" regulatory T cells,
which both secrete TGF-B1 and express cell surface—bound
TGF-B1.'"” These in vitro effects of TGF-B on T cells have
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been validated in murine models. TGF-B1-deficient mice
develop a severe autoimmune phenotype leading to death
by 3 weeks, in part, from overactive T cells,"'® and T-cell-
specific abrogation of TGF-f signaling in mice results in
spontaneous T-cell activation and the development of
an autoimmune disease of the lung and colon.""” TGF-B
also has potent effects on APCs. Macrophages secrete
TGEF-B, which inhibits tissue macrophage activation.''®
TGEF- also is required for differentiation of dendritic cells
from precursors, primarily by protecting their viability.""
In vivo, TGF-B1-deficient mice have a complete absence
of Langerhans cells in the epidermis, although they express
functional precursors, suggesting that TGF-f is required
for normal Langerhans cell development and/or migration
to the epidermis.'?’

Genome Instability

There are a number of DNA monitoring and repair
systems that are caretakers of the genome,'*! including
mitotic checkpoints, the p53 system, and mismatch repair;
cancer cells frequently bypass these systems. Thus, a single
alteration in one or more of these pathways creates an
environment in which other mutations can occur at in-
creased frequency, allowing cancers to form at a more ap-
preciable rate. The TGF-f3 signaling pathway has prominent
effects on a number of these caretaker systems. For example,
TGF-B1 decreases the expression of Rad51 and decreases
Rad51-mediated DNA repair efficiency to promote DNA
instability.'** TGF- has also been shown to regulate the
function of p53, with decreased TGF-f3 signaling resulting
in decreased radiation-induced activation of p53.'** TGF-8
may also directly regulate genome stability through less-
defined pathways. Keratinocytes from TgfbI-null animals
undergo more N-phosphonoacetyl-L-aspartate—induced
gene amplification, and when transduced with Ha-Ras,
have more aneuploidy and accumulation of chromosomal
aberrations than keratinocytes from wild-type littermates.
Importantly, exogenous TGF-B1 suppresses gene amplifi-
cation, aneuploidy, and chromosome breaks in the Tgfb1-
null keratinocytes and in human tumor cell lines, independent
of p53 and Rb status, suggesting that the TGF- signaling
pathway directly mediates genomic stability.'**

In addition to the role the TGF-f3 signaling pathway has in
directly mediating and regulating these hallmarks of cancer,
the TGF-f signaling pathway and other prominent signal-
ing pathways cross-talk to regulate tumor biology. For ex-
ample, the Wnt and TGF- pathways cooperate to suppress
colon'?® and pancreatic'*® tumorigenesis through several
direct interactions between these pathways: Axin, a negative
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regulator of the Wnt pathway, activates TGF-f3 signaling
through binding Smad3,'*” whereas the HMG box tran-
scription factor, lymphoid enhancer binding factor 1/T-
cell-specific factor (LEF1/TCF), a mediator of Wnt effects,
interacts directly with Smad3 to coordinately regulate
LEF1/TCF target genes,'”® and B-catenin and LEF1/TCF
both interact directly with Smad4 to regulate target genes
during development.'*’

The PKC pathway has also been shown to interact with
the TGF-B pathway to regulate tumorigenesis. In murine
colon cancer models, elevated expression of PKCPII ele-
vates cyclooxygenase-2 expression and represses TSRII ex-
pression to increase susceptibility to colon cancer.'*°

TGF-P has the potential to function as a tumor suppressor
(via its effects on proliferation, replication potential, and
apoptosis) and as a tumor promoter (via its effects on
migration, invasion, angiogenesis, and the immune system;
Fig 2). Indeed, in animal models, evidence for TGF-$ in
mediating each of these roles has been established. The
tumor suppressor role is evident in that hemizygous Tgfb1-
null animals, which express 10% to 30% of wild-type
TGE-B1 levels, develop an increased number of chemically
induced tumors,'*' and hemizygous Smad4-null animals
when mated with hemizygous adenomatous polyposis coli—
null animals develop more invasive colonic tumors.'* The
tumor-promoting effects of TGF-B have been demon-
strated by the ability of agents that block TGF-f signaling
(dominant negative TRII or neutralizing TGF- antibod-
ies) to inhibit the invasiveness of cancer cell lines in vitro
and their metastatic ability in vivo,'* and by the ability of
TGF-p to directly stimulate the motility of cancer cells.®’

TGF- has also been demonstrated to have this dichot-
omous function in humans cancers. The tumor suppressor
role is supported by the loss or mutation of members of the
TGEF-f signaling pathway in human cancers, particularly
colon and pancreatic cancers,”>”” with resulting resistance
to TGF-B-mediated effects correlating to malignant pro-
gression.'?” The tumor-promoting effect is supported by
the elevated levels of TGF-f found in patients in the latter
stages of cancers, with this increased production associated
with increased invasiveness and a poorer prognosis for
these patients.®>!?*1%°

How can this dichotomy of function be resolved? The
prevailing theory suggests that during tumorigenesis
TGF- functions as both a tumor suppressor and as a tumor
promoter, mediating tumor suppressor functions early on,
and tumor promoting functions later in the course of dis-
ease (Fig 2). Several studies using animal models support
both a tumor-suppressor and a tumor-promoter role for
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Fig 2. Transforming growth factor beta (TGF-B) as a tumor suppressor and
tumor promoter. In one model TGF-B accomplishes this by continuing to act
as a tumor promoter through effects on stromal cells even after the
epithelial-derived cancer cells have become resistant to the tumor suppres-
sor effects of TGF-B. In another model, TGF-B switches from a tumor
suppressor to a tumor promoter because of a fundamental change in the
response of the epithelial-derived cancer cells to TGF-B. EMT, epithelial to
mesenchymal transition.

TGF-B during tumorigenesis. When TGF-B1 overexpres-
sion is targeted to the keratinocytes of mice and their skin is
exposed to chemical carcinogens, TGF- initially inhibits
the formation of benign skin tumors, consistent with its
tumor-suppressor action. However, in the benign tumors
that form, progression to invasive spindle carcinomas is
increased, consistent with its tumor-promoting action.'®
In addition, introduction of a dominant negative TBRII (to
block TGF-f signaling) into a series of human breast-
derived cell lines representing different stages in breast can-
cer progression cooperates with other oncogenic stimuli to
make premalignant cells tumorigenic and low-grade tu-
morigenic cells more aggressive, while decreasing the met-
astatic potential of high-grade tumorigenic cells."”” Finally,
transgenic mice expressing activated TSRI under control of
the mouse mammary tumor virus promoter crossed with
mice expressing activated Neu receptor have an increased
primary tumor latency but enhanced frequency of lung
metastases, whereas transgenic mice expressing dominant
negative TBRII crossed with mice expressing activated Neu
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receptor have decreased primary tumor latency, but signif-
icantly fewer lung metastases.'*®

The precise mechanism for the dichotomous function
of TGF- B in human cancers remains poorly defined. In one
proposed scenario, TGF-B mediates tumor suppressor
functions on precancerous epithelial cells by inhibiting pro-
liferation and telomerase, and stimulating differentiation
and apoptosis as appropriate (Fig 2). During carcinogene-
sis, the epithelial-derived cancer cells, through mechanisms
defined here and others yet to be discerned, become resis-
tant to these tumor-suppressor effects of TGF-B. The can-
cer cells then increase their production of TGF-B, which
promotes tumorigenesis, predominately through effects on
the stroma (altering the extracellular matrix and adhesion
molecules to increase metastasis; increasing angiogenesis;
and inducing immunosuppression).

However, another potential scenario is that the tumor-
suppressor and tumor-promotor effects are both mediated
by effects on the epithelial-derived cancer cells themselves,
which undergo a fundamental alteration in their TGF-f3
responsiveness whereby they become resistant to the
tumor-suppressor effects of TGF- 3 (growth inhibition, dif-
ferentiation, antiapoptotic, suppression of telomerase) but
remain responsive to the tumor-promotor effects (en-
hanced motility, migration, and invasion; Fig 2).13%139 This
fundamental alteration in TGF- 8 responsiveness may occur
as the cancer cells undergo an epithelial to mesenchymal
transition (EMT). During EMT, epithelial cells lose their
epithelial phenotype (strong cell-cell contact, nonmotility)
and adopt a mesenchymal cell phenotype (reduced cell-cell
contact, increased motility, and invasion of surrounding
tissues).'* EMT is a well-established process during devel-
opment and, when examined, has been documented to
occur in 24% to 45% of human breast cancers,'*? 39% to
60% of gastric cancers,'*' and 74% of renal cell cancers.'*?
TGEF-Bis able to induce EMT in a number of cancer models
either by itself or in cooperation with oncogenic Ras (Ha-
Ras), and an intact TGF-S signaling pathway is necessary
for cancer cell invasion and metastasis in at least one model
of breast EMT."**> EMT is an attractive model for the fun-
damental alteration in TGF-f responsiveness because
TGF-B is known to have strikingly disparate effects on
epithelial cells and mesenchymal cells. The mechanism by
which TGF-B induces EMT in vivo has been not been
established, but studies in vitro have indicated that this
proceeds through both Smad-dependent and Smad-
independent pathways.**'*

Recent studies have implicated TBRIIl in EMT and as a
potential mediator of the differential effects of TGF-f on
epithelial and mesenchymal cells. Specifically, TBRIII has
been shown to have an essential nonredundant role in
TGF- B signaling, mediating the effects of TGF-3 on EMT in
chick embryonic heart development,"*® and TBRIII is
downregulated during EMT in a human breast epithelial
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cell model.'** In addition, TBRIII has been demonstrated to
enhance TGF- signaling in mesenchymal cells,"** but to
inhibit TGF-B signaling in epithelial cells."*® TBRIII also
has an emerging role in regulating tumorigenesis, with de-
creased expression of TPBRIII reported in human breast
cancer cell lines'*” and renal cell cancer cell lines.'"*® In
concordance with this, re-expression of TBRIII in breast
cancer cell lines and renal cell cancer cell lines that lack
TBRIII expression suppresses their tumorigenicity in
vivo.'*”!*® Taken together with recent reports supporting a
substantial role for TBRIII in regulating TGF- signaling,'®
these observations suggest an emerging role for TBRIII in
mediating and/or regulating the effects of TGF-f3, including
the dichotomous effects during tumorigenesis.

Because TGF- 3 has a prominent role in epithelial cell func-
tion and epithelial-derived tumors represent the vast ma-
jority of human cancers, we focus on the four most
prevalent human cancers: cancers of the breast, colon, lung,
and prostate, which together comprise more than 50% of
the new occurrences and cancer deaths in the United States
each year (Table 2).

Breast Cancer

TGF-B has an important role in normal mammary
biology as a potent regulator of mammary epithelial prolif-
eration, mammary ductal and alveolar development, and
postlactation involution of the mammary gland."*® The
TGEF-B signaling pathway also has an important role in
human mammary carcinogenesis. Data to support this in-
clude: evidence that TGF-S can act directly on breast epi-
thelial cells to potently inhibit their growth'®’; mutation in
or loss of expression of members of the TGF-f signaling
pathway including TBRII and TBRI in some human breast
cancers'*’; demonstration that most human breast cancers

develop resistance to the antiproliferative effects of TGF-f3
despite expression of Smad3, Smad4, TBRI, and TBRII"*%
decreased breast cancer formation in human patients with
elevated levels of TGF-B'®'; evidence that the chemopre-
ventive and therapeutics effects of the antiestrogen agent,
tamoxifen, may be mediated through potent induction of
TGF-B1'°%; demonstration of increased TGF-f levels in
human breast cancers, with production increasing with ad-
vancing stages of tumor progression,'®® decreasing after
surgical resection,'®* and persistently elevated levels after
surgical resection correlating with lymph node metastasis
or residual tumor'®; and elevated TGF- 3 levels conferring
a poorer prognosis for human breast cancer patients.'®
These results suggest that although resistance to the growth-
inhibitory effects of TGF-f is a key cellular event during
mammary carcinogenesis, mechanisms for this resistance
remain to be defined. In addition, TGF-f clearly has a
dichotomous function in human breast cancer, and this
dichotomous function has been demonstrated in animal
models as discussed previously.

Colon Cancer

TGF-B inhibits the proliferation of normal intestinal
epithelial cells'®® and regulates the proliferation and differ-
entiation of normal colonic epithelium.'®” Although co-
lonic cells from normal epithelia or well-differentiated
adenomas are TGF-B sensitive, cells lines derived from
poorly differentiated, invasive colon carcinomas are not.'®®
In colon cancers, loss of TGF-f3 sensitivity is frequently
accounted for by loss or mutation of known components of
the TGF-f3 signaling pathway, notably TBRII and Smad4.
Colorectal carcinomas are either replication error (RER)
—positive tumors, characterized by microsatellite instability
due to defects in mismatch repair (12%); or RER-negative
tumors, with no defects in mismatch repair (88%).'* RER-
positive colon cancers are a prominent characteristic of the
familial colon cancer syndrome, hereditary nonpolyposis

Table 2. Mutation of Components of the TGF-B Signaling Pathway in Cancer
Cancer TBRII Gene Smad2 Gene Smad4 Gene

Breast Frequently downregulated, rarely No mutations detected in No mutations detected in approximately
mutated'® approximately 100% '°° 100%'%°

Colon Mutated in 58%-82% of RER- Mutated in 6%'%° Mutated in 20% invasive tumors and 5%
positive tumors and 15% of noninvasive tumors'%?
RER-negative tumors®31°1

Lung Frequently downregulated, Mutated in 2% NSCLC; normal Mutated in 7% NSCLC; normal in almost all
particularly in SCLC, but rarely in almost all SCLC'®® SCLC"%*
mutated®

Pancreatic Mutated in 4% 1'% No mutations detected in Mutated in 50%?2

~100%°3?

Prostate TBRII protein not detected in No mutations detected in No mutations detected in approximately
249135 ~100% 57 100%'%8

Abbreviations: TGF-B, transforming growth factor B; TBRII, TGF-B type Il receptor; RER, replication error; SCLC, small-cell lung cancer; NSCLC,

non-small-cell lung cancer.
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colorectal cancer; however, the majority of RER-positive
colon cancers are sporadic. A polyadenine tract in the
coding sequence of the TBRII gene makes it a target for
mismatch repair defect frameshift mutations. These TBRII
mutations, which result in a nonfunctional receptor, have
been detected in 58% to 82% of RER-positive colorectal
carcinomas.'”" Tumors with these TBRII mutations also
have loss of heterozygosity at the TBRII locus, supporting a
tumor-suppressor role of TBRII. TBRII is rendered non-
functional by homozygous mutations at other sites in 15%
of RER-negative colorectal carcinomas” and re-expression
of wild-type TBRII decreases tumorigenicity of TBRII-
mutant colon cancer cells,'”® supporting a causal role for
this mutation in colon carcinogenesis.

The Smad4 gene is mutated or deleted in 20% of inva-
sive colorectal carcinomas, whereas it is altered in only 5%
of adenomas and noninvasive carcinomas,'>* consistent
with loss of TGF- 8 sensitivity occurring in the later stages of
colorectal carcinogenesis. Inactivating mutations in the
Smad2 gene are less common, but have been detected in 6%
of colorectal carcinomas.'®® A critical role for the TGF-
signaling pathway in colon cancer is further supported by
the finding of Smad4 mutations in a subset of patients with
familial juvenile polyposis, an autosomal dominant disease
characterized by a predisposition to hamartomatous polyps
and cancers of the GI tract.'”!

Although these mutations in colon cancers and colon
cancer syndromes define a tumor-suppressor role for the
TGE- 3 signaling pathway, there is evidence that TGF-f3 can
also have a tumor-promoting role in colon cancer. In some
colon cancer models, TGF-f increases tumor invasion and
metastasis to increase tumorigenicity.'”* In addition, the
fact that RER-positive tumors (the majority of which have
TBRII mutations) are less aggressive clinically despite being
more poorly differentiated'”* is consistent with the impor-
tance of TGF- sensitivity for invasiveness and metastatic
potential of colon cancers.

Lung Cancer

TGF- inhibits the proliferation and induces the dif-
ferentiation of normal bronchial epithelial cells.'”> Most
non—-small-cell lung carcinomas (NSCLCs) become resis-
tant to the growth-inhibitory effects of TGF- 3, sometimes
as a result of decreased expression of T[SRII,35 or from
mutation of the Smad4 (7%">*) or Smad2 (2%'°°) genes. In
some cases, decreased expression of TBRII has been linked
to aberrant histone deacetylation.”4 However, in the ma-
jority of NSCLC patients, mechanisms for resistance to
TGF-B are poorly defined. In contrast, although the major-
ity of small-cell lung carcinomas (SCLCs) are also resistant
to the growth-inhibitory effects of TGF-f, in SCLCs this is
nearly all accounted for by their decreased or absent T3RII
expression.'”> Although rare mutations of the TBRII gene
in SCLC have been defined, in most cases this decreased
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expression occurs through poorly understood mecha-
nisms.'”” In both SCLC and NSCLC tumors, TGF-8 ex-
pression is frequently upregulated,” with elevated plasma
levels of TGF-B conferring a poorer prognosis for patients
with lung cancer.'”®

Prostate Cancer

TGEF- B mediates inhibition of proliferation, differenti-
ation, and apoptosis (both androgen-deprivation induced
and androgen independent) of normal prostate epithelial
cells to potently inhibit prostate growth.'”” During tumor-
igenesis, prostate cancer cells become resistant to the anti-
proliferative effects of TGF-S, while still exhibiting some
TGF-p responses, including TGF--mediated stimulation
of motility.'”® Although decreased or absent TBRI or TBRII
expression has been noted in approximately 30% of pros-
tate cancer specimens,' the vast majority of prostate can-
cers become resistant to the antiproliferative effects of
TGF-B without defined mutations or deletions of members
of the classical Smad-dependent signaling pathway.

Consistent with an essential role in prostate cancer
tumorigenesis, loss of TGF- 3 receptor expression correlates
with advanced Gleason score and tumor stage, and thus
predicts a poor prognosis for these patients.'”” In addition,
elevated urinary or plasma TGF-f levels have been consis-
tently associated with a worse prognosis for patients with
prostate cancer.'”® Because bone is a rich source of TGF-,
TGF-B may also regulate the blastic bone metastases char-
acteristic of prostate cancer by mediating the ability of
prostate cancer cells to migrate and invade into the bone.'®

Given that TGF-B has important roles in tumor suppres-
sion and tumor progression, measurements of TGF-f3 li-
gand (in serum, urine, and tissue), TGF-B mRNA (in
tissue), or TGF-B receptor levels may serve as diagnostic,
prognostic, or predictive tools. Although increased TGF-£1
protein levels are found in the serum of patients with inva-
sive breast cancer,'®® colorectal cancer,'®! hepatocellular
carcinoma,'®* lung cancer,'® metastatic melanoma,'®* and
prostate cancer,'® and urinary excretion of TGF-B1 is in-
creased in patients with hepatocellular carcinoma,'® a di-
agnostic role for elevated TGF-f levels has not yet been
established. However, a recent study demonstrated that
elevated serum levels of TGF-B1 were a more sensitive
indicator of small hepatocellular carcinomas than alpha-
fetoprotein levels, suggesting that measuring serum
TGF-B1 levels may be clinically useful for diagnosing these
tumors.'®? In addition, elevated expression of the
endothelial-specific TGF-f3 receptor endoglin on tumor-
associated vasculature does have the potential to enhance
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detection of solid tumors that may not be identified by
other means.'®’

Several studies have revealed the potential clinical
prognostic or predictive utility of TGF-8 or TGE- receptor
levels. For example, increased TGF-f1 serum protein levels
are predictive of liver metastasis after surgery for colon
cancer,'® prostate cancer progression after radical prosta-
tectomy,'®® bladder cancer recurrence after radical cystec-
tomy,'®® and lymph node metastases and peritoneal
recurrence after gastric cancer surgery.'”’ High serum
TGF-B1 concentrations also correlate with the develop-
ment of fibrosis in postradiation therapy breast cancer
patients,'””> and with the development of chronic graft-
versus-host disease, idiopathic interstitial pneumonitis, and
veno-occlusive disease in hematopoietic stem-cell trans-
plantation patients.'**'** Early increases in serum TGF-32
concentrations also predict a clinical response to tamoxifen
in breast cancer patients.'®" In non—small-cell lung cancer
patients, plasma TGF-1 levels may be useful to select pa-
tients for radiation therapy dose escalation, thus increasing
response rates without increasing toxicity.'*> TBRII muta-
tions in colon cancers with microsatellite instability'*® and
SMAD4 diploidy'” are predictive of a significantly better
prognosis after adjuvant chemotherapy, whereas loss of
TBRII expression in renal cell cancers'®® and tumor mi-
crovessel density of breast,'®® colon,?*® and lung201 cancer
specimens quantified using a antibody to endoglin predicts a
worse prognosis. Finally, a TGF-f1 polymorphism (T29-C),
has been associated with a higher level of serum TGF-1 and
with a decreased risk of breast cancer.>*

In human cancers, TGF-f3 promotes tumorigenesis through
both decreased TGF-f signaling during early tumorigenesis
and increased TGF-B signaling in advanced, progressive
disease. In addition, TGF-B has complex and often oppos-
ing context-specific effects on its cellular targets, mediating
these cellular effects through several TGF-B—specific path-
ways and through cross-talk with other signaling pathways.
Finally, the TGF-f3 signaling pathway has a complex role in
other human diseases including cardiovascular disease and
fibrotic disease.®* Although each of these factors represents
a fundamental challenge to targeting the TGF-3 pathway,
numerous preclinical strategies have been tried with an
encouraging degree of success.

In clinical scenarios involving decreased TGF-f3 activ-
ity, attempts to restore or increase TGEF- 3 signaling could be
used as a chemoprevention strategy, as a postsurgical adju-
vant therapy, or as a therapy for early-stage disease. Indeed,
the effects of the chemopreventive agents tamoxifen and
retinoids may be mediated through their ability to increase
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serum TGF-f concentrations.”*>*** Increased understand-
ing of TGF-B ligand activation and the generation of agents
that could increase activation may also lead to potential
chemoprevention agents.

Many human cancers become resistant to the antipro-
liferative effects of TGF-B through decreased receptor ex-
pression (as opposed to mutation or deletion of the receptor).
In these cases, increasing expression of the receptors may be a
reasonable therapeutic target. Indeed, increasing expression of
TBRII through use of the histone deacetylase inhibitor MS-
275,2% the angiotensin-converting enzyme inhibitor capto-
pril,206 the farnesyltransferase inhibitor FT1-277,**7 and
indirectly, through induction of Spl by DNA methyl trans-
ferase inhibitor 5-aza-2'-deoxycytidine,**® are all able to re-
store sensitivity to TGF-B. Given that the ubiquitin/
proteasome pathway has a role in regulating TGF-f receptor
expression,”*® the use of proteasome inhibitors such as bort-
ezomib (Velcade; Millennium Pharmaceuticals, Cambridge,
MA), could also have a potential role in increasing TGF-f
receptor expression. These agents potentially could be used
in conjunction with standard adjuvant therapy for colon
cancer and SCLCs, both of which frequently have decreased
TRBRII levels.

In clinical scenarios involving increased TGF- activ-
ity, attempts to decrease or abrogate TGF- signaling could
be used as a therapy for advanced or metastatic disease.
Attempts to block the effects of excessive TGF-f3 activity
have involved agents that inhibit TGF-S binding to its
receptors including natural TGF-B inhibitors (eg,
decorin),”"* neutralizing TGF-B antibodies,” and soluble
extracellular domains of TBRII (sTBRII)*'" or TBRIII
(sTBRIII).*'* Several neutralizing TGF-B antibodies are
currently being developed, including humanized monoclo-
nal TGF-B1- and TGF-B2-specific antibodies,*'* as well as
antibodies that recognize all three isoforms of TGF-8 (pan—
TGEF-B antibodies).” Although isoform-specific antibodies
may be better tolerated, the contribution of the individual
isoforms to the effects of TGF-3 on tumorigenesis in vivo
has not been firmly established, making selection of a spe-
cificisoform target difficult. With regard to agents using the
soluble extracellular domains of receptors, sTBRIII has sev-
eral advantages over sTBRIL. First, sTBRIII is a naturally
occurring protein generated by ectodomain shedding of
TBRIIL*"* and as such, an immune response should not be
generated. Second, sTBRIII binds to all three TGE-f iso-
forms with high affinity, whereas sTBRII binds to only
TGF-B1 and TGF-B3. Third, sTBRIII has two TGF- 3 bind-
ing sites as opposed to one TGF-f3 binding site in sTSRIL.

Attempts to block the effects of excessive TGF-f3 activity
for the treatment of cancer have also included agents that
directly inhibit TGF- signaling, including overexpression of
the inhibitory Smad or Smad7,** or of dominant-negative
TPRII (truncation mutant lacking the kinase domain),'*’
and most recently, small molecule inhibitors of TRI kinase
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activity.*'>?'® These small molecule inhibitors of TBRI exhibit
a significant degree of specificity for type I TGF-f3 superfamily
receptors over other cellular serine and threonine kinases (ie,
PKC, ERK, JNK, or p38 MAPK).*'>*' However, the inhibitor
for TBRI (ALK-5) also inhibits other type | TGF- superfamily
receptors including ALK-4 (a type I receptor for the TGF-f
superfamily member, activin) and ALK-7,>"” increasing the
likelihood of nonspecific adverse effects.

Although global blockade of TGF- signaling might be
expected to have an undesirable adverse effect profile, ex-
pression of a soluble chimeric protein of the extracellular
domain of TPBRII and the Fc portion of the murine or
human immunoglobulin G1 heavy chain (Fc: TBRII) has
been shown to inhibit mammary tumor viability and block
metastasis in murine models, without significant adverse
effects such as autoimmune disease or tumor promotion,
even with lifelong exposure.?!”*!8

Application of targeted therapies to block elevated
TGEF-f signaling in advanced and metastatic cancers may
initially be used in humans to block specific tumor-
promoting effects of TGF- including proangiogenic and
immunosuppressive functions in vivo. With regard to the
proangiogenic effects of TGF-f3, because the expression of
the endothelial-specific TGF-B receptor endoglin is up-
regulated during tumor-induced angiogenesis, antiendog-
lin antibodies coupled to toxins and radionuclides have
been used to selectively target the tumor vasculature in
animal models with marked success.*"

Given that the TGF- signaling pathway has a defined
role in tumor-induced immunosuppression,'®” inhibitors
of this pathway may be used to improve natural immuno-
surveillance of tumor cells or to enhance the effectiveness of
active or passive immunotherapy strategies. Indeed, many
of the aforementioned strategies to block the TGE-f signal-
ing pathway have been demonstrated to improve the ability
of the immune system to destroy tumors in animal models.
For example, neutralizing antibodies to TGF-8 combined
with IL-2 therapy to stimulate the immune system were able
to decrease the number of metastases in a murine B16
melanoma model,”*® whereas vaccinating with resected
cancer cells containing antisense to TGF-S1 ligand (to de-
crease TGF-B1 production) successfully increased the abil-
ity of these vaccines to eradicate cancer cells.”?! More
recently, blockade of the TGF-f signaling pathway specifi-
cally in CD4" and CD8" T cells through expression of
dominant negative TBRII has been shown to increase the
ability of these T cells to produce specific anticancer cell
(thymoma and melanoma) cytotoxic responses and to
eradicate these cancer cells in vivo.**? Taken together, these
studies provide proof of principle that targeting the TGF-f
signaling pathway represents a viable method for improv-
ing immunotherapy strategies for human cancers.

Another potential strategy for blocking the TGF-f3 sig-
naling pathway would be to specifically target defined path-
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ways mediating the immunosuppressive effects of TGF-f3
using RNA-mediated interference (RNAi) technology.
RNAI is an evolutionarily conserved process that produces
small (21 to 23 nucleotide) interfering RNA molecules,
which then result in specific degradation of homologous
RNA, downregulating the mRNA and subsequently the re-
sulting protein expression. RNAi is able to specifically and
potently abrogate expression of targeted proteins in mam-
malian cells.”*® Such an approach could be used to engineer
T cells for use in immunotherapy that are specifically resis-
tant to the immunosuppressive effects of TGF- through
stable expression of RNAi constructs. This approach could
initially be used to target members of the TGF-3 pathway
known to be necessary for T-cell function—TBRII and
Smad3. This approach has the advantages that it could be
applied to any component of the TGF-f3 signaling pathway
or other pathways involved in immunosuppression, it
could target specific arms of these pathways (ie, the immu-
nosuppressive arm), it could be used to target more than
one pathway simultaneously, and it could be expressed in
various components of the immune system (T cells and
APC) to modulate the TGF- signaling pathway in numer-
ous immunotherapy or vaccine approaches.

Given that TGF- has numerous and often opposing cellu-
lar effects, as a tumor promoter and a tumor suppressor,
and as an inhibitor and stimulator of cellular proliferation,
apoptosis, and angiogenesis, a major challenge remains in
more precisely defining TGF- 3 signaling pathways, includ-
ing specific pathways involved in mediating the specific and
context-dependent effects of TGF-B. Although Smad-
mediated signaling is well established as the predominant
TGF-p signaling pathway, the significance of contributions
by other signaling pathways (ie, MAP kinase, Rho, and PI-3
kinase/Akt pathways) and mechanisms for this signaling
remain to be established. Once these pathways and other
potential signaling pathways downstream of TGF-f are
defined, and the contributions of these pathways to the
specific cellular and context-dependent effects of TGF- are
established, more specific targeting of this pathway will be
possible. Concurrently, the ability to define the alter-
ations occurring in the TGF-S signaling pathways at a
molecular level in an individual’s tumor will allow the
matching of targeted therapies developed with these al-
terations to make individualized cancer treatment a less
toxic and more effective reality.
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