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ABSTRACT

The transforming growth factor-beta (TGF-beta) superfamily consists of multifunctional peptides that control
many aspects of cell growth and differentiation. Because of the multifunctional nature of the TGF-betas, an
understanding of the mechanism of TGF-beta action should provide significant information regarding the patho-
genesis cf many diseases. This review will focus on the role and mechanisms of TGF-beta signaling in the mam-
mary gland, skin, lung, and skeleton and will discuss how alterations in TGF-beta signaling may result in disease.
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RESUMEN

El factor de proliferacién y transformacién beta en el desarrollo y la enfermedad. La superfamilia del
factor de proliferaciéon y transformacion beta (TGF-beta) consiste de péptidos multifuncionales que controlan
muchos aspectos del crecimiento y la diferenciacion celulares. Dada la naturaleza multifuncional de los TGF-
beta, la comprensién de su mecanismo de accién debe brindar informacién de importancia sobre la patogénesis
de muchas enfermedades. Esta revisién estd enfocada hacia el papel y los mecanismos de la sefalizacién del
TGF-beta en la glandula mamaria, la piel, pulmones y el esqueleto. Se discute ademas, cémo alteraciones de esta
sefalizacién pueden resultar en enfermedades.

Palabras claves: BMP, diferenciacién, mecanismo de accién, seializacién, Smad, TGF

Introduction

General information

Transforming growth factor beta (TGF-beta) is the pro-
totype for a family of multifunctional peptides that con-
trol development, growth, and differentiation ina cell type
specific manner [1-8]. The TGF-beta superfamily in-
cludes three isoforms of TGF-beta, TGF-betas 1-3, the
activins and inhibins, the growth and differentiation fac-
tors (GDF), and bone morphogenetic proteins (BMP;
Figure 1). TGF-beta-like proteins have been identified
in almost all multicellular animal species [9, 10].
Decapentaplegic, Dpp, is a TGF-beta like protein found
in the fruit fly Drosophila melanogaster and Daf-7
has been identified as a TGF-beta-like molecule in the
worm Caenorhabditis elegans. TGF-beta was first
identified by its ability to induce anchorage indepen-
dent growth in normal rat kidney fibroblasts and was
therefore given the name Transforming Growth Factor
[11, 12]. Subsequently, it was shown that TGF-beta pri-
marily inhibited epithelial cell growth [13, 14]. Unfortu-
nately, the name Transforming Growth Factor persisted
even though the main functions of TGF-beta include
inhibition of growth and regulation of differentiation and
embryonic development.

The TGF-betas are first synthesized as large precur-
sor proteins with a signal sequence and a large pro-do-
main [15]. The pro-domain of each TGF-beta member is
poorly conserved. The larger precursor protein is pro-
teolytically cleaved to release the mature peptide. The
mature TGF-beta is a 25 kDa molecular weight dimer.
The three isoforms of TGF-beta have a high degree of
homology in the mature peptide (60-70% amino acid iden-
tity) and there is a high degree of homology across spe-
cies (more than 90% amino acid identity). The mature
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region contains seven cysteine residues which are the
hallmark of TGF-beta family proteins and are nearly in-
variant in members of the superfamily. The fourth cys-
teine residue in the mature domain participates in
intermolecular bonds that form the TGF-beta dimer, Crys-
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Figure 1. Representative members of the TGF-beta super-
family are presented in a_cluster analysis according to se-
quence homology. Unless otherwise noted, proteins char-
acterized in mammalian cells are listed. BMP, bone
morphogenetic protein; GDF, growth and differentiation fac-
tor; CDMP, cartilage derived matrix protein; Op, osteopontin;
Vg, vegetal; Dpp, decapentalplegic; GDNF, glial derived
neurotrophic factor.
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tallography studies of the structure of TGF-beta 2 have
demonstrated a rigid structure within the protein called
a cysteine knot formed by intramolecular cysteine bonds
[16, 17]. This knot probably accounts for the resistance
of TGF-beta to heat, denaturants, and extreme pH.
TGF-betas are secreted in an inactive, latent form con-
sisting of the 25 kDa mature peptide in a non-covalent
association with the N-terminal prodomain of the TGF-
beta precursor protein [ 18]. Activation of the latent form
of TGF-beta may be a major regulatory step in control-
ling TGF-beta activity in vivo. It has been shown that
proteases such as plasmin and cathepsin D can activate
latent TGF-beta [19] and it is possible that these pro-
teases act as the physiological regulators of TGF-beta
activation. Mutations in cysteines 223 and 225 in the pro-
domain of the TGF-beta precursor protein generate a
form of TGF-beta that is active when secreted [20]. The
mutations most likely act to prevent stable association of
the pro-domain with the mature peptide domain.

Receptors

TGF-betas signal through heteromeric serine/threonine
kinase receptors [21-24]. A family of TGF-beta type |
and type 1l receptors have been cloned (Table). Specific
combinations of type I and type Il receptors bind to and
mediate signaling by specific members of the TGF-beta
superfamily, Both type I and type Il receptors are com-
posed of a cysteine rich extracellular domain, a single
transmembrane region, and an intracellular kinase do-
main. The type I receptor contains a juxtamembrane
domain that is rich in glycines and serines (the GS do-
main). Both type I and type II receptors are required to
generate a response to TGF-beta. Chemically mutated
mink lung epithelial cells (MvILu) which are resistant to
TGF-beta lack both type I and type II receptors on the
cell surface. After the full length type II receptor is trans-
fected into the cells they become responsive to TGF-
beta and a functional type I receptor is detected on the
cell surface [25, 26]. In contrast, cells with a mutation
in the type I receptor are able to bind to TGF-beta via
the type II receptor but do not respond to TGF-beta
[25, 26]. Genetic evidence from Drosophila also indi-
cate that both the type 11 receptor (punt) and a type |
receptor (thickveins or saxophone) are required for
TGF- beta-like signaling [27]. The current model is that
TGF-beta ligand binds to the TGF-beta type Il receptor
on the cell surface (Figure 2, [28]). The type Il receptor

Table. TGF-beta receptor family.

Type Il receptors Ligands
Act R-IIA Activin
Act R- 1IB Activin
TBRI TGF-B
T-ALK, BMPRII BMP
Punt (Drosophila) Dpp
Daf-4 (C. elegans)

Type | receptors

ALK-5, TBR-I TGF-B
ALK-4, ActR-1B Activin
ALK-3, BMPR-IA, BRK-1 BMP
ALK-6, BMPR-1B BMP
ALK-2, ActR-1A Activin
Saxophone (Drosophila) Dpp
Thickvein (Drosophila) Dpp

Daf-1 (C. elegans)
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Figure 2. Model for TGF-beta receptor signaling. TGF-beta ligand first binds to the type Il receptor
which is a consfitutively active serine/threanine kinase. The type Il receptor is then able to form a
heteromeric complex with the type | receptor. The type Il receptor phophorylates the GS domain of
the type | receptor, activating the serine/threonine kinase activity of the type | receptor. The type |

receptor then phosphorylates downstream signaling molecules.

is then able to recruit the type I receptor to form a het-
erotetrameric complex composed of two type I and two
type Il receptors. The type Il receptor, which is a consti-
tutively active kinase, phosphorylates the GS domain of
the type I receptor, activating the type I serine/threonine
kinase. Downstream targets of the type I receptor then
transduce the signal to the nucleus.

Signaling
Due to the potential importance of TGF-beta in devel-
opmental, physiological and pathological processes,
there has been intense interest in determining how
TGF-beta signals. Since TGF-beta inhibits growth of
epithelial cells, the earliest experiments were designed
to see if TGF-beta acted directly on the cell cycle ma-
chinery [29]. Early studies on the mechanism of
TGF-beta action suggested that the retinoblastoma gene
product (pRb), a tumor suppressor protein, was involved
in TGF-beta signal transduction [4]. pRb is phosphory-
lated in a cell cycle dependent manner by cyclin depen-
dent kinases. pRb normally functions to prevent DNA
synthesis but piiosphorylation of pRb inactivates this
functions and allows cells to progress through the DNA
synthesis phase of the cell cycle. T antigen from the
SV40 DNA tumor virus [30-32], Adenovirus Ela pro-
tein [33], and E7 from the human papilloma virus [34]
form complexes with pRb, inactivating its growth in-
hibitory activity and allowing unregulated progression
through the cell cycle. Treatment with TGF-beta 1 was
shown to inhibit cell cycle dependent phosphorylation
of pRb and DNA synthesis in MvILu cells [35]. TGF-
beta 1 was not able to inhibit growth in cells expressing
the viral proteins [36] suggesting pRb was required for
TGF-beta-mediated inhibition of growth. In contrast,
stimulation of Jun family, integrin, and extracellular
matrix genes was not affected by the presence of
T antigen and these responses are presumably inde-
pendent of pRb function [37, 38] suggesting that
TGF-beta acts through multiple pathways, both pRb-
independent and pRb-dependent pathways.
Suppression of myc family genes may also contrib-
ute to TGF-beta-mediated growth inhibition. Proteins
of the MYC proto-oncogene family are transcription
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factors that control of cell proliferation and differentia-
tion [39, 40]. Treatment with TGF-beta 1 rapidly inhib-
its c-myc transcription in many epithelial cell types [41,
42], but, is unable to suppress c-myc mRNA in cells
expressing DNA tumor virus proteins [36]. Mutants
of the DNA tumor virus proteins that were unable to
bind to and inactivate pRb failed to block TGF-beta 1-
mediated inhibition of c-myc mRNA suggesting pRb
acted in the growth inhibitory pathway upstream from
suppression of myc expression. In addition, overex-
pression of c-myc blocks the growth inhibitory re-
sponse of TGF-beta in mouse keratinocyte cell lines
[43]. In contrast, TGF-beta 1 inhibits branching mor-
phogenesis and N-myc expression in embryonic lungs
grown in organ culture [44]. Suppression on N-myc is
dependent on pRb function but branching morphogen-
esis is still inhibited in lungs from mice with targeted
deletion of the pRb gene. These data demonstrate that
while pRb is necessary for regulation of N-myc ex-
pression it is not necessary for inhibition of lung branch-
ing morphogenesis [45].

The identity and function of cyclins and cyclin de-
pendent kinases that regulate G1 progression have
beén well characterized [46, 47]. D- and E-type cyclins
regulate progression through the G1 phase of the cell
cycle. The D type cyclins associate with cyclin de-
pendent kinases (cdk). D-type cyclins can bind to and
phosphorylate the pRb protein and thereby promote DNA
synthesis. Since TGF-beta was thought to act directly
to inhibit the cell cycle machinery many researchers
have asked if TGF-beta inhibits any of the cyclins or
cyclin dependent kinases that phosphorylate the pRb
protein [48, 49]. TGF-beta was shown to inhibit ex-
pression of cdk4 and constitutive expression of cdk4
prevented inhibition of DNA synthesis suggesting inhi-
bition of cdk activity contributes to growth suppression
by TGF-beta [50]. More recently, mammalian cdk in-
hibitors, including p21, p27, and p15, have been identi-
fied [51-53]. When overexpressed, these proteins were
shown to inhibit the activity of several cyclin depen-
dent kinases and cause cells to arrest in the G1 phase
of the cell cycle. It has been suggested that TGF-beta
causes cell cycle arrest through the cooperative action
oficdk inhibitors. Treatment with TGF-beta resulted in
increased expression of p15 and/or p21 and an increase
in-the amount of p27 protein associated with cdk4 in
Mv1 Luand HaCaT epithelial cell lines [54].

Much work has been done to identify molecules that
act directly downstream of the TGF-beta receptor. Sev-
eral proteins that interact with the type I or type II
receptors, including the immunophillin FKBP12 [55, 56],
farmesyl transferase alpha [57, 58], and TRIP-1 [59], have
been identified using the yeast two-hybrid screen. At
this time, the importance of these proteins to TGF-beta
signaling remains unclear. Potentially important signal-
ling molecules have also been identified using geneti-
cally tractable systems such as yeast, Drosophila, and
C. elegans. A member of the Map kinase family, TAK,
was identified by genetic selection in yeast. Later TAK
activity was shown to be stimulated by TGF-beta and
participate in regulation of a TGF-beta responsive pro-
moter [60]. The Map kinase leads to activation of the
AP-| transcription complex which is composed of mem-
bers of the fos and jun protein family [61]. TGF-beta
induces fos and jun in many cell types through an pRb-
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independent pathway [37, 38, 62-64). TGF-beta-medi-
ated transcriptional regulation of several genes (PAI-1,
TGF-beta 1, TIMP, pro alpha2(I) collagen, and artifi-
cial promoters) requires the AP-1 DNA regulatory el-
ement [64-69]. Genetic studies in Drosophila have
been especially useful in outlining evolutionarily con-
served pathways for TGF-beta signaling. The Droso-
phila gene shortsighted (shs) is required for the
effects of DPP on photoreceptor cell differentiation
and is homologous to the mammalian gene 7SC-22, a
cytoplasmic leucine zipper protein [70]. The Droso-
phila schnurri gene which also mediates DPP sig-
naling is homologous to the mammalian transcription
factor PRDII-DF-1 [71, 72]. The function of the these
genes in TGF-beta signaling in mammals remains to
be elucidated.

Signaling through the Smad family of proteins has re-
cently become an area of intense research [24, 73-75].
Members of the Smad gene family were identified using
genetic epistasis analysis in Drosophila and C.elegans
as potentially important mediators of TGF-beta signaling
[76, 77]. The gene was originally isolated in a screen
designed to identify mutations that would modify the dpp
mutant phenotype in Drosephila and was named Moth-
ers against Dpp (Mad). Early studies in Drosophila
showed that overexpression of Mad resulted in a partial
rescue of the Dpp null phenotype [78]. Furthermore, the
phenotype of constitutively active thick veins, a Droso-
phila type 1 receptor homologue, was blocked in the
absence of Mad [78, 79] suggesting that it acted down-
stream of the TGF-beta receptor. Three C.elegans pro-
teins (sma-2, sma-3, and sma-4) with homology to the
Drosophila Mad protein were also identified in a ge-
netic screen as components of a TGF-beta like signaling
pathway in worms. Subsequently, this family of conserved
TGF-beta signaling molecules were named Smads, a
combination of the Drosophila and C. elegans nomen-
clature. Members of the Smad family of signaling pro-
teins interact with the type I receptor and can act as
substrates for the receptor kinase.

Studies using Xenopus embryos demonstrated that
Smads have functional specificity where Smad2 and 3
have been associated with signaling by TGF-beta and
activin and Smad] and 5 have been associated with
BMP signaling [80-83]. Smad4 is thought to be a co-
factor for both TGF- beta and BMP pathways [84,
85]. The current model (Figure 3) is that Smads are
phosphorylated by the type I receptor, translocate to
the nucleus, and act as transcription factors [24, 73—
75]. Phosphorylation on serines in the carboxyl termi-
nus of Smads 1, 2, 3, and 5 are required for activation.
Mutations of these serines prevent association with
Smad4, accumulation in the nucleus, and transcriptional
activity [83, 86]. Smad proteins that contain point mu-
tations in critical serine residues or a deletion of the C-
terminal transcriptional activation domain act dominant
to the wild type protein to block TGF-beta signaling
and are known as dominant-negative mutations
[83, 86—88]. Smad4 lacks these conserved serines and
1s not phosphorylated in response to ligand [84]. Trun-
cated versions of Smads 3 and 4 which lack the car-
boxyl terminus have also been generated. Expression
of these deletion constructs interferes with both
TGF-beta-mediated growth inhibition and transcription
from the PAI-1 promoter [87].
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Smads have been shown to bind DNA directly [89,
90] or in cooperation with the other transcription factors
[91]. Smads 2 and 4 were found to be components of an
activin response factor which binds to the promoter of
mix.2, an immediate early gene which is activated in Xe-
nopus in response to activin [91]. Fast-1, a member of
the winged helix family of transcription factors, isalso a
part of this complex [91]. Other evidence for a role for
Smads in transcription has come from Drosophila stud-
ies. Whereas most Smad effector functions have been
thought to reside in the C-terminus, there is data to sug-
gest that the N-terminus of Smad can bind directly to
enhancer elements of Dpp responsive genes [84, 89]. Itis
currently unknown whether Smads can directly mediate
transcription in mammalian systems. They may act as
cofactors or modifiers of other transcription factors [90].

Mutations in Smad genes have been identified in hu-
man tumors, suggesting a role for TGF-beta signaling in
preventing neoplastic disease [92]. Smad4 was identi-
fied based on its location on chromosome 18g21.1, which
is frequently deleted in pancreatic cancer and was des-
ignated DPC4 (deleted in pancreatic carcinoma, locus4)
[93]. Smad4/DPC4 is also deleted in some breast can-
cer cell lines [94], and mutations in Smad2 have been
identified in human colorectal tumors [93, 95].

Mammary gland development
and carcinogenesis

Development of the mammary gland begins in the em-
bryo but occurs primarily in the adult animal [96]. Dur-
ing puberty the mammary gland undergoes a period of
rapid proliferation in response to endocrine hormones.
During this time epithelial end buds drive growth and
branching of the mammary epithelium, resulting in a
highly branched ductal system that extends to the edge
of'the fat pad by the end of puberty. During pregnancy,
the mammary gland undergoes alveolar development
in which there is rapid growth, morphogenesis, and ter-
minal differentiation of mammary epithelial cells. The
interductal spaces are filled by the developing lobuloal-
veoli, which are the sites of milk production during lac-
tation. Upon weaning, the secretory epithelium is
reabsorbed in a process called involution [97] and the
mammary ghand returns to its original ductal pattern.
The multiple stages of mammary gland development
provide an interesting model for the study of cellular
and molecular events involved in tissue growth, differ-
entiation, and remodeling. Postnatal development makes
the mammary gland an attractive model for studying
normal developmental processes as well as pathologi-
cal conditions such as cancer.

The mRNAs of the three mammalian isoforms of
TGF-beta (TGF-betas 1-3) have been localized to the
mouse mammary gland at the different functional stages
[97-99]. During puberty, mRNA for each TGF-beta
isoform is expressed within the epithelium of quiescent
mammary ducts and actively growing end buds. TGF-
beta 3 is expressed in the myoepithelium and in precur-
sor cells in the end bud. TGF-beta 1 protein accumulates
in the extracellular matrix (ECM) surrounding mature
ducts, while the ECM surrounding actively growing end
buds has less TGF-beta 1 protein as determined by
immunostaining [98]. TGF-betas 2 and 3 levels increase
during pregnancy but the levels of all three TGF-beta
isoforms is greatly reduced in the lactating mammary

Cell membrane

Cytoplasm

Winged helix .
transcription
factor

Figure 3. Model for Smad signaling. Class | Smads {Smads 1, 2, 3, and 5) are directly phosphory-
lated by the type | receptor. Smads 1 and 5 mediate BMP signaling and Smads 2 and 3 mediate
TGF-beta and activin signaling. The class | Smads then form a heteromeric complex with Smad4
{a class Il Smad) and the complex is translocated to the nucleus. Smads are thought to act os
transcription factors and can either bind to DNA directly or bind in combination with other transcrip-
tion factors including members of the winged helix family (FAST- 1). Inhibitory Smads have been
identified {Smads 6 and 7) which compete with the class | Smads for binding to the type | receptor,
blocking signal propagation.

gland [99]. TGF-beta 1 is expressed in the involuting
gland between days 1 and 10 postweaning, with the
highest levels seen at day 6 [97].

Exogenous TGF-betas have been shown to inhibit
growth and differentiation of mammary epithelial cells
in cell culture [100], organ culture [101], and in vivo
[102-104]. When administered via slow-release pellets
implanted near the epithelial end buds, TGF-betas 1-3
reversibly inhibited ductal growth in mouse mammary
glands [99, 102]. In contrast, TGF-beta 1 was unable to
inhibit lobuloalveolar growth when the TGF-beta 1 pel-
lets were implanted into pregnant mice or mice hormon-
ally stimulated to undergo lobuloalveolar development
[105]. Transgenic mice that express a constitutively ac-
tive TGF-beta 1 directed to the mammary epithelium
under the control of the mouse mammary tumor virus
(MMTV) promoter/enhancer demonstrated a hypoplas-
tic mammary ductal tree that was evident in 13 week
old virgin animals [104]. There was no effect on alveo-
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lar development and the mice were able to lactate. It
was proposed that TGF-betas normally act to maintain
ductal spacing during active branching at puberty but
TGF-beta 1 may also act to regulate lactogenesis. Mice
expressing the active TGF-beta 1 under the control of
the whey acidic protein { WAP) promoter, which targets
expression to the pregnant and lactating mammary gland,
did not develop alveoli and were unable to lactate [103].
The different effect observed with overexpression of
TGF-beta | under control of the MMTYV and WAP pro-
mioters is likely due differences in temporal and spatial
expression of the TGF-beta | transgene. In support of a
role for TGF-beta in regulation of lactation, TGF-beta 1
inhibited expression of beta-casein, a differentiation
marker for mammary epithelium, in HC11 mouse mam-
mary epithelial cells [100] and synthesis and secretion
of .caseins in mammary explant cultures was also sup-
pressed by TGF-beta 1 [101]. These results suggest that
TGF-beta 1 regulates the development and function of
ductal and alveolar structures in the mammary gland.
Kinase-deficient type Il receptors are unable Lo ac-
tivate type I receptors, but are able to bind ligand and
interact with type I receptors [106]. When overex-
pressed in MvILu cells, a cytoplasmically truncated,
kinase-deficient type Il receptor can act in a dominant-
negative manner to block TGF-beta 1 induced G1 ar-
rest [106, 107], and induction of PAl-1 and fibronectin
[106]. Transgenic mice that express a dominant-nega-
tive TGF-beta type II receptor under the control of a
zinc-inducible metallothionein-like promoter (MT-DNIIR)
or under the control of the MMTYV promoter/enhancer
(MMTV-DNIIR) have been generated to study the
requirement of TGF-beta signaling in the mammary
gland. MT-DNIIR mice given zinc sulfate in the drink-
ing water express the mutant receptor in the mammary
stroma (H. Joseph and R. Serra, submitted) while the
MMTYV promoter/enhancer directs expression to the
mammary gland epithelium [108]. Loss of TGF-beta
signaling in the mammary gland stroma resulted in in-
creased lateral branching of the mammary ductal tree,
suggesting that TGF-beta mediates stromal epithelial

ing to mammary carcinomas [109]. Expression of the
activated TGF-beta 1 in mammary epithelium of trans-
genic mice results in a hypoplastic ductal tree and sup-
presses tumor formation in mice expressing the
MMTV-TGF-alpha transgene [110]. In addition,
MMTV-TGF-beta | transgenic mice do not get tumors
when treated with DMBA, a known mammary car-
cinogen [110]. Tamoxifen is a drug that has been shown
to have tumor suppressor activity. Tamoxifen was shown
to induce expression of TGF-beta in mammary carci-
noma cells and it has been suggested that the tumor
suppressor activity of this drug could be mediated by
TGF-beta 1. Although TGF-beta has been shown to
suppress the early stages of mammary tumor forma-
tion, the growth of most tumor cells is not inhibited by
TGF-beta. Loss of responsiveness to TGF-beta is most
likely an important event in the progression of human
tumors. Recently, evidence has accumulated to indi-
cate that proteins involved in TGF-beta signaling act as
tumor suppressor proteins. Inactivation of the type I1
receptor has been detected in some tumor types and
restoration of a functional type II receptor by stable
transfection suppresses tumorigenicity of receptor nega-
tive cells [111, 112]. The strategy of overexpressing a
truncated TGF-beta type I receptor which acts in a domi-
nant-negative manner in transgenic mice will now allow
the examination of the roles of endogenous TGF-betas
in mammary carcinogenesis.

Skin development and disease

Mammalian skin is composed of several layers of strati-
fied squamous epithelium which make up the epidermis
(Figure 4, [113, 114]). The epidermis is separated from
the underlying connective tissue, the dermis, by the
basement membrane. The basal cell layer of the epi-
dermis, which lies directly on the basement membrane,
contains proliferating, undifferentiated keratinocytes.
Keratinocytes produce large amounts of keratin which
is a type of intermediate filament. These proteins form
large interconnected networks that are important for

interactions that are involved in regulating the mainte-

. sl T ats : tum neum
nance of ductal spacing by inhibiting the formation of Stra i

lateral branches in the virgin mammary gland (H. Jo- Granular layer
seph and R. S_erra. submitted). Exgrcsgion of the mu- Spinous layer
tant receptor in mammary gland epithelium resulted in TGE-R2
varying degrees of alveolar hyperplasia and differen- BMP-6
tiation in virgin female mice, so that mammary glands

! ; Basal layer
from virgin mice resembled glands from pregnant mice

: R : TGF-81

[108]. Impaired responsiveness to TGF-beta also re- BMP-7

sulted in expression of beta-casein supporting a role
for endogenous TGF-beta in preventing inappropriate
expression of the differentiated phenotype. The data
suggest that a functional TGF-beta type Il receptor is
required for maintenance of a quiescent mammary duc-
tal structure in virgin mice.

When it was first discovered that TGF-beta acted
as an inhibitor of cell proliferation and differentiation, it
was anticipated that an understanding of the mecha-
nism of TGF-beta action would provide some informa-
tion about the events leading to cancer. There are data
that indicate that TGF-beta 1 can suppress tumor pro-
gression in vive. Transgenic mice that express
TGF-alpha, a stimulator of cell growth, in the mam-
mary epithelium demonstrate epithelial hyperplasia lead-

Dermis

Whisker

Follicle
TGF-R1,2,3
BMP-2,3,4,7

Figure 4. TGF-beta expression in embryonic mouse skin. Skin was taken from the upper lip of
mouse embryos at 13.5 days gestation. The skin was grown in organ culture for 5 days until all
the layers of the epidermis were clearly demarcated and whisker follicles were visible. TGF-beta 1
and BMP-7 are expressed in the basal cell layer, while TGF-beta 2 and BMP-6 are localized to the
suprabasal layers. Several BMPs and TGF-betas are localized to specific portions of the follicle
(see text for details).
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maintaining the structural integrity of the skin and pro-
vide protection against mechanical stress. Different
keratins are expressed in distinct layers of the epider-
mis. These proteins therefore provide useful markers
for determining the differentiation status of keratinocytes
[114]. Cells in the basal layer express keratins 5 and 14
(designated K5 and K 14). As cells begin to differenti-
ate they move from the basal layer toward the skin
surface. The spinous cell layers are frequently several
cell layers thick and'are characterized by spinous pro-
cesses which are cell-cell connections made by des-
mosomes. These cells do not produce K5 and K14, but
instead begin to make K1 and 10. The granular layer is
so named because the cells contain keratohyalin gran-
ules. These contain profilaggrin, which is phosphory-
lated and cleaved to form filaggrin. This protein acts as
amatrix forming keratin-intermediate filaments into mi-
crofibrils. These granules also contain loricrin, which is
a precursor of the cell envelope. The surface most layer
of the epidermis is the stratum corneum. The cells in this
layer have lost their nucleus and other organelles. Ulti-
mately, the cells are filled with a network of keratin fila-
ments which make up the cornified cell envelope. On
the outer surface, cells are coated with glycolipid which
contributes to the skin’s barrier function. Some factors
which contribute to skin differentiation include cell shape,
adherence, calcium levels, and growth factors.

Among the growth factors expressed in the skin are
members of the TGF-beta superfamily. TGF-beta 1 is
normally expressed in the basal layer of the epidermis,
the site of proliferating cells [115-117]. In contrast, TGF-
beta 2, which is 74% identical to TGF-beta 1 on the
amino acid level, is found in the suprabasal layer of the
epidermis [117, 118]. It has been shown that TGF-beta
will inhibit growth of keratinocytes in culture [119] and
it was proposed that TGF-beta | may play arole in the
growth arrest of keratinocytes prior to the onset of dif-
ferentiation. Experiments with transgenic mice have
demonstrated the importance of TGF-beta in regulat-
ing proliferation in the epidermis. Mice expressing an
activated TGF-beta 1 from the K1 promoter died within
24h of birth with shiny, taut skin presumably the ef-
fects of reduced growth in the skin [120]. Although
these mice exhibited orthohyperkeratosis and 70% fewer
hair follicles than wild type mice, there were no distur-
bances in K1, K6, K5, K14, fillagrin, or loricrin expres-
sion [120]. In contrast, transgenic mice that constitutively
express TGF-betal in the suprabasal layer under the
control of the K10 promoter exhibited a 2-3 fold in-
crease in proliferation as compared to wild type mice
[121]. Although expression of the K10-TGF-beta 1
transgene led to an increase in overall keratinocyte pro-
liferation, growth stimulated by the tumor promoter,
TPA, was inhibited in mice expressing the TGF-beta 1
transgene, again, indicating that TGF-beta 1 can inhibit
cell growth invivo [121]. In another study, expression
of a dominant-negative mutation of the TGF-beta type
Il receptor in the suprabasal layer of mouse skin re-
sulted in thickened, wrinkled skin which was hyper-
plastic and hyperkeratotic [122]. The keratinocytes of
these transgenic mice demonstrated an increased pro-
liferative rate and replicating cells extended into the
suprabasal cell layer, suggesting that TGF-beta normally
limits the amount of keratinocyte growth. K1 induction
was slightly delayed, presumably as a result of the in-
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creased proliferative capacity of cells in the suprabasal
layer. Expression of loricrin and fillagrin were unaf-
fected [122]. More support for the growth inhibitory
role of TGF-beta 1 in skin comes from mice with tar-
geted deletion of the TGF-beta 1 gene. While approxi-
mately 50% of TGF-beta 1-null mice die in utero due to
defects in hematopoiesis and yolk sac vasculature [123],
30% of these mice live to 3—4 weeks of age before
death due to inflammation of the heart and lungs [124,
125]. The epidermis of the TGF-beta 1-null mice dem-
onstrated a 2-3 fold higher labeling index than that of
wild type mice [117], and primary keratinocytes from
these mice had a 1.5-2 fold faster doubling time rela-
tive to control cells [117].

The inhibitory effects of TGF-beta 1 on keratinocyte
growth lead to the hypothesis that TGF-beta 1 could act
as a tumor suppressor in the epidermis. In mouse skin
treated with carcinogens, papillomas with a high risk for
malignant conversion had also lost expression of TGF-
betas 1 and 2 [117]. When keratinocytes from wild type
or TGF-beta 1- null mice were infected with a retrovirus
carrying v-ras' to initiate tumor formation, the absence
of TGF-beta 1 accelerated progression to squamous car-
cinomas [126] supporting a role for TGF-beta 1 in inhibi-
tion of early tumor formation. Additional studies have
shown that TGF-beta 1 has biphasic effects on tumori-
genesis. The skin of K1- or K6-TGF-betal transgenic
mice treated with chemical carcinogens had a fewer
number of tumors; however, the tumors that did arise in
the transgenic mice showed a much higher conversion
from benign papillomas to spindle carcinomas [127].

TGF-beta is likely to play an important role in wound
healing. TGF-beta 1 is produced by platelets and mac-
rophages at wound sites, and TGF-betas 1 and 3 are
expressed at the tip of migrating keratinocytes 1-3 days
after wounding [128]. Treatment of primary kerati-
nocytes in culture with TGF-betal results in increased
expression of integrins, heteromeric receptors for ex-
tracellular matrix proteins, normally associated with
wound healing; increased levels of alpha5 beta 1, al-
pha2 beta 1, and alphav beta 6 integrins and down-
regulated alpha3 beta 1 integrin [129]. Furthermore,
treatment with TGF-beta 1 stimulates migration
toward fibronectin and vitronectin [129]. During the
wound healing response a provisional matrix made up
of fibrin, fibronectin, and vitronectin is formed. Kera-
tinocytes migrate over this matrix during reepithelial-
ization of the wound. Cells on the migrating tongue of
the wound do not proliferate. Therefore, TGF-beta
expression could be both inhibiting cell proliferation
and increasing the migratory ability of these kerati-
nocytes during reepithelialization.

Another group of TGF-beta-related proteins, the
BMPs, are also detected in the skin. BMP-7 is local-
ized to the basal cell layer and hair follicles of the
developing epidermis [130]. BMP-3 is found in the
inner root sheath the mesenchymal condensation un-
der the hair follicles [130]. BMP-4 is expressed in the
dermal papilla and BMP-2 is expressed in the bulb
region and lower portion or the outer root sheath of
the hair follicle [131, 132]. Transgenic mice which
express BMP-4 under the control of the bovine
cytokeratin Iv promoter (orthologous to the human K6)
have been generated [133, 134]. Cytokeratin IV is
normally expressed in the outer root sheath of the hair
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follicle and in the interfollicular epidermis in response
to stress. Cytokeratin IV-BMP-4 transgenic mice dis-
played defects in proliferation in cells in the bulb re-
gion and outer root sheath of the hair follicles leading
to a failure of the mice to initiate a second hair growth
cycle [133]. These mice are either lacking vibrissae
or have short stubby whiskers. Decreased prolifera-
tion of cells in the pelage hair follicles lead to progres-
sive baldness with age. Although transgenic mice have
the same number of hair follicles as control animals
they are much smaller and display degeneration of
the layers of the outer root sheath. The cytokeratinlV
promoter is stimulated in the interfollicular epidermis
by TPA treatment and expression of BMP-4 in the
epidermis blocked proliferation normally induced by
TPA [134]. In addition, after 9 months of treatment
with TPA none of the transgenic mice developed pap-
illomas or carcinomas, suggesting that BMP-4 expres-
sion can inhibit proliferation and prevent tumor
formation in keratinocytes [134].

BMP-6 is also expressed in the skin [131, 135]. In
situ hybridization was used to detect BMP-6 RNA in
stratified squamous epithelia in the developing epider-
mis, adult cervix, vagina, esophagus, and forestomach
[131]. BMP-6 is first detected in the suprabasal lay-
ers of the skin at 16.5 days of gestation in the mouse
and continues until postnatal day 6 [131, 135]. BMP-
6 is localized to the suprabasal layers of the epidermis
and seems to be correlated with the level of keratini-
zation. High levels of BMP-6 are expressed in the
dorsal epidermis of the upper snout, whereas the lip
epithelium which consists of a thin stratum corneum
and a thicker layer of nucleated suprabasal cells shows
much lower levels of BMP-6. BMP-6 was not de-
tected in the dermis or hair follicles. BMP-6 is ex-
pressed later at very low levels and can be detected
in adult skin only by reverse transcriptase-polymerase
chain reaction. In vitro studies of primary keratinocyte
cultures demonstrated that BMP-6 was present only
in cells detaching from the culture dish when grown in
low concentrations of calcium. Additionally, when cells
were induced to differentiate in a suspension culture
expression of BMP-6 mRNA precluded the increase
in differentiation markers K1 and K10 [136]. Trans-
genic mice have been generated in which BMP-6 is
downstream from the K10 promoter thereby localiz-
ing expression to the suprabasal layers [137]. The phe-
notype of these mice differed dramatically depending
on the levels of expression of the transgene. Mice
displaying strong uniform expression of the transgene
throughout the suprabasal layers had a greatly reduced
level of proliferation although markers of differentia-
tion were localized in a manner indistinguishable from
wild type mice. Mice exhibiting weak patchy expres-
sion of the transgene in the suprabasal layer showed
increased proliferation extending into the suprabasal
layers. In addition the normal patterns of markers of
differentiation were also disturbed. There was focal
repression of K1 and 10, while K14 expression ex-
tended into the stratum corneum. There was also ex-
pression of K6, a marker of hyperproliferation, in the
interfollicular epidermis. The K10-BMP-6 transgenic
mice also demonstrated alterations in integrin expres-
sion. In wild type mice alpha6 integrin is primarily lo-
calized to the basal layer and in particular to the basal

211

lamina. In BMP-6 transgenic mice exhibiting differ-
entiation defects there was higher levels of alpha6
integrin immunostaining in the basal layer as well as
expression in the suprabasal layers. After birth, trans-
genic mice developed inflammatory lesions which
worsened with age. In addition, these mice experi-
enced progressive hair loss, flaky skin, and nail ab-
normalities. Overexpression of the BMP-6 gene in
transgenic mice results in symptoms which are simi-
lar to the human disease psoriasis [137]. In summary,
the data strongly suggest an important role for TGF-
beta- related proteins in several physiological and
pathological processes in the skin, including develop-
ment, wound healing, psoriasis, and cancer.

Lung branching morphogenesis

TGF-beta-related proteins are also involved in verte-
brate lung development. Formation of the mammalian
lung is a complex process, in which epithelial branch-
ing is regulated by interactions with surrounding mes-
enchyme [138]. During the earliest stages of mammalian
lung development, a portion of the embryonic foregut
endoderm invaginates into surrounding splanchnic me-
soderm and forms two epithelial buds. These initial buds,
which will eventually form the conducting and respira-
tory epithelium of the lung, branch dichotomously and
invade the mesodermally-derived stroma. At this point,
communication between the epithelium and mesenchyme
is critical, as the mesenchyme secretes various factors
which in turn regulate epithelial branching. Branching
morphogenesis constitutes the pseudoglandular stage of
lung development and is followed by the canalicular, sac-
cular, and alveolar stages, during which acinar tubules
are transformed into organized structures such as ducts
and sacs. Therefore, it is during the pseudoglandular stage
that the basic morphology of the lung is generated.

In mice, lung organogenesis begins at approximately
9.5 days gestation, but expression of TGF-betal is
not seen until around 11 days gestation, where the pro-
tein is detected in the mesenchyme along the proxi-
mal airways [139]. As development proceeds,
TGF-beta 1 protein expression increases but remains
stromal, accumulating at epithelial cleft points and
colocalizing with fibronectin and type I and III col-
lagen. Around day 15 of gestation, this mesenchymal
expression of TGF-beta protein begins to diminish but
remains at low levels throughout lung development,
TGF-betas 2 and 3 proteins also localize to stroma
underlying proximal epithelium and are seen in the
smooth muscle cells lining the walls of large blood
vessels in the developing lung [140]. TGF-beta 2 RNA
expression has also been reported in terminal cuboi-
dal epithelium [141].

Expression of members of the TGF-beta receptor
family has been studied in both rat and mouse embry-
onic lung. TGF-beta type I1 receptor RNA is detected
throughout the rat embryonic lung at 16 days gestation,
with expression increasing along a proximal-to-distal
gradient. TGF-beta type II receptor RNA is also seen
at this time in the smooth muscle cells surrounding the
lung endothelium [142]. In the mouse, TBRII and TBRI
(ALK-5) are highly expressed in the cuboidal epithe-
lium of the lung around 13-15 days gestation [143].
Receptors for the TGF-beta-related ligand activin have
also been detected in mouse embryonic lung [144].
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Transcripts for the activin receptor IA (ALK-2) are
seen at 12.5 days gestation throughout lung mesen-
chyme, whereas the activin receptor IB (ALK-4) is
expressed in lung epithelium, The activin receptor [IB
is weakly expressed in mouse lung epithelium during
midgestation development. Transcripts for the activin/
TGF-beta receptor (ALK-1) have been detected
throughout lung mesenchyme at 12.5 days gestation
[145]. Lastly, transcripts for the BMP receptors are
also present in the developing mouse lung. The type I
receptors (ALK-3 and ALK-6) are expressed from
about 11.5 days gestation onward; ALK-3 expression
is detected at low levels throughout the lung epithelium
and also in distal tip mesenchyme [146], whereas ALK-6
is restricted to epithelial tissue [144].

Several members of the BMP subfamily are present
in the mouse embryonic lung. Transcripts for BMP-5
are expressed from 10.5 days gestation onward throughout
the distal mesenchyme [147]. At 11.5 days gestation,
BMP-4 transcripts are expressed at high levels in the
distal epithelial tips and to some extent in the underlying
mesenchyme [146]. Continuing through 12.5 and 15.5
days, this pattern of BMP-4 expression declines by 18.5
days gestation BMP-7 message is expressed at this stage
as well, throughout the lung epithelium [146]. In the em-
bryonic rat, BMP-3 expression is seen at 15 days gesta-
tion throughout the lung but by 18 days gestation becomes
restricted to bronchial epithelium [130].

Not surprisingly, members of the Smad family are
also expressed in the mouse embryonic lung. At 11.5
days gestation, the Smad1-3 proteins are found pri-
marily in distal epithelium, and Smad2 and 3 are espe-
cially localized in terminal bronchial epithelium
undergoing branching. Smad4 protein, however, has
been observed in both lung distal epithelial and stromal
cells [148].

TGF-beta 1, as may be predicted by its expression
pattern, appears to exert an inhibitory influence on
branching morphogenesis. Several lines of evidence
support this theory. The first indication that TGF-betal
is a negative regulator of branching came with organ
culture studies [44]. Mouse embryonic lung rudiments
can be dissected out of midgestation embryos and cul-
tured in chemically-defined media for several days. In
this culture system, the lungs will undergo extensive
branching morphogenesis but will not sacculate. When
added to the culture medium, TGF-beta 1 inhibits
branching morphogenesis in a reversible and concen-
tration-dependent manner [44]. This results in a down-
regulation of N-myec, which was later shown to be
Rb-dependent but not necessary for the morphological
inhibition of branching [45]. TGF-betas 2 and3 have
been shown to inhibit branching morphogenesis as well
in this system (R. Serra, unpublished data). Transgenic
mice have been generated in which TGF-beta expres-
sion is directed to distal respiratory epithelial cells by
the surfactant protein-C gene (SPC) promoter [149].
This misexpression leads to an inhibition of epithelial
cell differentiation, from 16 days gestation onward, and
blocks sacculation of the distal respiratory tract. Lung
development in these mice fails to progress beyond the
late pseudoglandular or early canalicular stages, and
the transgene is generally perinatally lethal. A role for
TGF-beta in regulating lung development is supported
by experiments in which an antibody to the TGF-beta
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type Il receptor was shown to increase branching by
70% in cultured lung explants, apparently by releasing
TGF-beta-mediated inhibition of epithelial growth [150].
In this study, the authors also used antisense
oligodeoxynucleotide strategies to disrupt TBRII func-
tion; again, this treatment resulted in an increase in the
number of terminal branches [150]. Recently, abroga-
tion of Smad expression in lung explant cultures was
also achieved using Smad antisense RNA. In this study,
endogenous Smad2 and 3 levels were attenuated by 97
and 91%, resulting in a concentration-dependent increase
in [ung branching. Abrogation of Smad4 expression also
resulted in an increase in the number of terminal buds
[148]. Therefore, TGF-beta appears to negatively regu-
late lung branching morphogenesis.

The role of BMPs in lung development is yet to be
determined. There is evidence that BMP-4 appears to
stimulate branching in 11.5 days gestation lungs in or-
gan culture (A. Bragg and R. Serra, unpublished data).
When added directly to culture medium, BMP-4 pro-
tein results in an concentration-dependent increase in
the number of terminal buds. However, transgenic stud-
ies indicate that BMP-4, when overexpressed in the
distal epithelium using the SPC promoter, can inhibit
epithelial proliferation, resulting in abnormally small
lungs with distended terminal buds [146]. Expression
of the transgene is only detected from about 15.5 days
gestation onward, however, branching morphogenesis
has usually occurred before this point in development.
The differences observed between the transgenic and
organ culture studies may be a result of the differ-
ences In timing and location of BMP exposure. In trans-
genic experiments BMP is directed to the distal lung
epithelium, but high levels of expression are not de-
tected until 15.5 days gestation. In organ culture ex-
periments, all of the cells are exposed to BMP, starting
at 11.5 days gestation.

TGF-beta ligands have also been hypothesized to play
arole in the development of the lung vasculature. Ex-
pression of ALK-] has been shown to correlate with
sites of vasculogenesis and angiogenesis; for instance,
in the mouse embryonic lung, ALK-l RNA is detected
in the pulmonary blood vessels [145]. However, there
is little mechanistic evidence implicating TGF-beta-re-
lated ligands in lung vessel formation. In terms of lung
disease, TGF-beta protein levels are increased in the
lungs of pulmonary fibrosis patients [151]. In addition,
adenovirally-mediated gene transfer of active
TGF-betal induces severe fibrosis in rat lung. This is
not surprising since TGF-beta has been shown to in-
duce matrix components in stromal cells in vitro [152].
Since the TGF-beta superfamily members have distinct
roles in lung development, it is likely that these ligands
are critical players in various pulmonary disorders. Fur-
ther research into the nature of TGF-beta-related sig-
naling in the developing lung will hopefully elucidate
the complex role these genes are playing during lung
organogenesis and disease.

Skeletal development,
chondrodysplasia, and osteoarthritis
Most of the bones in the body develop by a process
called endochondral bone formation whereby a carti-
lage model is replaced with bone [153, 154]. In the
embryo, undifferentiated mesenchymal cells condense

Biotecnologia Aplicada 1999; Vol.16, No.4



Rosa A Serra et al.

Transforming Growth Factor-beta in Development and Disease

and differentiate into chondroblasts which form the ini-
tial shape of the future bone. Chondroblasts undergoa
complex program of proliferation, maturation, and hy-
pertrophy which is controlled by factors synthesized in
the perichondrium, the layer of mesenchymal cells sur-
rounding the cartilage rudiment. Hypertrophic chon-
drocytes represent the terminally differentiated state.
The matrix of the hypertrophic cells becomes calcified
and vascularized, hypertrophic cells undergo apoptosis,
and the matrix is replaced with osteocytes. This pro-
gram of proliferation and differentiation is recapitu-
lated in the growth plate to allow longitudinal growth
of bones after birth. The rate of cartilage differentia-
tion must be strictly regulated so that the proper length
and shape of the bone is maintained. Defects in the
regulation of chondrocyte differentiation result in
chondrodysplasias, a heterogeneous group of disorders
that affect skeletal morphogenesis [155, 156]. Although
most of the cartilage model will be replaced with bone,
there are several sites where mature cartilage persists,
most importantly on the joint surfaces. Mature cartilage
on the joint surface is called articular cartilage, and its
maintenance is required for proper joint function. Os-
teoarthritis is characterized by degeneration of articu-
lar cartilage [157]. Osteoarthritis in humans and
transgenic mice has been associated with mild forms
of chondrodysplasia suggesting some similarities in the
differentiation of growth plate and articular chondro-
cytes [158-161]. Little is known about factors that
regulate differentiation and maintenance of cartilage
on the joint surface.

An important role for TGF-beta in the skeleton is
not surprising. In addition to their initial purification
based on the ability to transform fibroblast in culture,
TGF-betas | and 2 were purified based on their ability
to induce cartilage and were named cartilage-induc-
ing factor-A and-B. BMPs, as the name implies, were
first identified by their ability to induce ectopic bone
formation when injected into intramuscular sites. Mem-
bers of the TGF-beta superfamily are expressed in
embryonic and adult skeletal tissue. TGF-betas |-3
mRNA are synthesized in the mouse perichondrium
and periosteum from 13.5 days post coitum until after
birth [141, 162-164]. Although TGF-beta mRNA was
not detected in hypertrophic cartilage, TGF-betas 2
and 3 protein have been immunolocalized to the ma-
trix surrounding hypertrophic chondrocytes [115, 165].
Protein and mRNA for TGF-beta 1 and 2 were also
detected in adult articular cartilage [ 166, 167]. BMP-5
mRNA is expressed in early condensing mesenchyme
[168] while BMPs-2, -4, and -7 are expressed in the
perichondrium of the developing cartilage rudiment
[132,169-171]. GDF-5 is also expressed in the peri-
chondrium and in developing joints [172, 173]. BMP-
6 is expressed by prehypertrophic and hypertrophic
chondrocytes [131,174]. TGF-beta alters chondrocyte
differentiation invitro and has varying effects depend-
ing on the status of the cells [7]. TGF-beta promotes
chondrogenesis in cultures of early undifferentiated
mesenchyme [175-177] but inhibits terminal chondro-
cyte differentiation in high density chondrocyte pellet
cultures or organ cultures [178-181]. The role of mem-
bers of the TGF-beta superfamily in specific aspects
of skeletal development is most clearly illustrated in
mice and humans with mutations or targeted deletions
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in TGF-beta related genes [168, 173, 182, 183]. Targeted
deletion of the TGF-beta2 gene results in several skel-
etal abnormalities including alterations in size and shape
of limb rudiments and bifurcation of the sternum [ 183].
While, the mechanistic basis of this phenotype is not
known, TGF-beta2 was identified as a factor present
in cells isolated from the caudal part of chick sternum
that inhibited terminal chondrocyte differentiation in
vitro [181]. Mice with mutations in the BMP-5 gene
demonstrate a short ear phenotype [168]. This is due
to a defect in mesodermal condensation at the begin-
ning of bone formation [168, 184]. Mutations in the
mouse GDF-5 gene result in brachypodism and short-
ening of the bone rudiments [173]. Embryos homozy-
gous for null mutations in both Bmp3 and GdfS5 result
in disruption of sternebrae within the sternum and ab-
normal formation of fibrocartilage joints between the
sternebrae and ribs [184]. Recently, mutations in the
CDMP-1 gene, the human homologue of GDF-5, were
found in patients with Hunter-Thompson and Grebe
type chondrodysplasias [182, 185]. The CDMP-1 mu-
tations resulted in premature closure of distal growth
plates leading to short-limbed dwarfism. This result
indicates the importance of TGF-beta-related genes
in human skeletal disease.

To study the role of TGF-beta signaling in vivo,
transgenic mice that express a truncated, kinase-de-
fective TGF-beta type II receptor under the control
of a minimal metallothionein-like promoter have been
generated [186]. This promoter allowed for constitu-
tive expression of the dominant-negative receptor in
skeletal tissue from two transgenic mouse lines (MT
DNIIR-4, MT-DNIIR-27) [186]. Transgene expres-
sion was localized by in situ hybridization to the peri-
osteum, perichondrium, articular cartilage, synovium,
and the lower hypertrophic zone of the growth plate
from mice at 8 weeks of age [186]. Hemizygous trans-
genic mice started to develop signs of progressive
skeletal disease [186]. Mice demonstrated kyphoscolio-
sis and stiffness in the joints. Histological analysis of
hind limb joints from transgenic mice demonstrated
several pathological features of osteoarthritis: fibrilla-
tion of the articular cartilage, clustering of articular
chondrocytes, endochondral ossification of the joint
surface (osteophytes), cartilage and bone growth in
the joint space, and hyperplasia of the synovium.
TypeX collagen was detected in fibrillated cartilage
and osteophytes from affected joints. Loss of pro-
teoglycan in the cartilage matrix is one of the first
signs of osteoarthritis [157]. In addition, increased
typeX collagen immunostaining within the growth plate
of transgenic versus wild type mice confirmed hyper-
trophic differentiation of the cartilage. When compared
to wild type, age matched controls, Safranine 0 pro-
teoglycan staining was reduced and patchy in the ar-
ticular and growth plate matrix of transgenic mice at
8 weeks of age, before the onset of obvious skeletal
disease. TGF-beta 1 has been shown to inhibit arthri-
tis in some experimental animal models but others have
proposed that TGF-beta is pathogenic for osteoarthri-
tis [187-191]. Intra-articular injection of TGF-beta 1
into murine knee joints stimulated proteoglycan syn-
thesis but also resulted in disorganization of articular
cartilage and formation of osteophytes [189, 190]. In
contrast, injection of TGF-beta 2 into rabbit joints re-

Biotecnologia Aplicada 1999; Vol.16, No.4



Rosa A Serra et al.

Transforming Growth Factor-beta in Development and Disease

sulted in decreased proteoglycan levels in the carti-
lage [191]. Unfortunately, both models are complicated
by the fact that TGF-beta also induces inflammation
in the joint, and inflammatory cytokines are known to
stimulate destruction of articular cartilage. Thus, the
relevance of these findings and the role of TGF-betas
in the pathogenesis of osteoarthritis is unclear. Data
using transgenic mice that have lost responsiveness
to TGF-beta, suggest that endogenous TGF-betas act
to maintain cartilage homeostasis and prevent osteoar-
thritis [186]. To support this conclusion, it was recently
shown that injection of TGF-beta into osteoarthritic
mouse joints resulted in the stimulation of articular

cartilage repair [192].
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