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Epithelial cells contribute to the development of various vital organs by generating tubular
and/or glandular architectures. The fully developed forms of ductal organs depend on pro-
cesses of branching morphogenesis, whereby frequency, total number, and complexityof the
branching tissue define the final architecture in the organ. Some ductal tissues, like the
mammary gland during pregnancy and lactation, disintegrate and regenerate through peri-
odic cycles. Differentiation of branched epithelia is driven by antagonistic actions of parallel
growth factor systems that mediate epithelial–mesenchymal communication. Transforming
growth factor-b (TGF-b) family members and their extracellular antagonists are prominently
involved in both normal and disease-associated (e.g., malignant or fibrotic) ductal tissue
patterning. Here, we discuss collective knowledge that permeates the roles of TGF-b family
members in the control of the ductal tissues in the vertebrate body.

TGF-b FAMILY MEMBERS IN DUCTAL
MORPHOGENESIS AND EPITHELIAL–
MESENCHYMAL INTERACTIONS

The epithelial morphogenetic potential of the
animal body is extensive and leads to the gen-

eration of tissues that line the body surface, such
as skin, and to the generation of diverse epithelia
that line thesecretory lumenofvariousglandular
organs. Epithelia in such organs have dedicated
functions, suchasdigestionof food(gastrointes-
tinal tract), deposition of nutrients and detoxi-
fication (liver), respiration (lung), filtering of
the blood and excretion (kidney and bladder),
and other specialized functions, such as secre-
tion (e.g., by mammary and prostate glands).

A general developmental principle in epi-
thelial organs is their origin from primordial
epithelial buds, whose cells proliferate and in-
vade the surrounding mesenchyme, generating
tubular projections away from the bud and into
the mesenchyme (Hogan 1996; Ball and Ris-
bridger 2001). These tubular extensions then
receive inductive signals, including transform-
ing growth factor-b (TGF-b) family signals,
provided by the interacting mesenchymal cells.
The tubular branches often generate complex
tree-like patterns that characterize many glan-
dular organs, as is the case for, for example,
lung, prostate, and kidney organogenesis under
the control of activin signaling (Ball and Ris-
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bridger 2001). Associated with the epithelial–
mesenchymal interactions that provide signals
for epithelial differentiation, epithelial cells
show plasticity in their differentiation and are
able to transdifferentiate into other cell types,
such as mesenchymal cells through epithelial–
mesenchymal transition (EMT) (Hay 1995; Lim
and Thiery 2012). The inverse process of mes-
enchymal–epithelial transition (MET) is also
relevant in this context, and attests to the plastic
nature of the differentiation programs that gov-
ern epithelial and mesenchymal cells (Nieto
2013).

Additional general principles that govern
the actions of the TGF-b family members dur-
ing specification of epithelial tissues include (1)
the generation of activity gradients by extracel-
lular antagonists and proteases that cleave and
activate ligands from their proligand precur-
sors, or cleave and inactivate ligand antagonists
(De Robertis 2009); (2) the availability of sig-
naling receptors on target cells and proximity of
these cells to adjacent cells and tissue that main-
tain inductive potential (Oshimori and Fuchs
2012); and (3) the competence of target cells
and tissue to respond to TGF-b family ligands,
defined by the expression pattern of transcrip-
tion factors and chromatin modifiers that poise
target genes to be rapidly or sustainably regulat-
ed by incoming TGF-b family signals, such as
Smads (Massagué 2012). On completion of
organogenesis, TGF-b family members con-
tribute to the homeostatic maintenance of the
epithelial tissues. Additionally, during homeo-
static perturbance in response to pathological
damage, such as in fibrosis or cancer, the TGF-
b family ligands continue playing critical roles
(Massagué 2012). In this review, we will mainly
focus onnormal processes of differentiation and
organogenesis.

THE TGF-b FAMILY IN GLANDULAR ORGAN
DEVELOPMENT AND EMT

Mammary Gland

The mammary gland is an exocrine organ that
develops as a skin appendage and is patterned
morphogenetically through mechanisms that

are common to other exocrine glands, such
as prostate, salivary, and sebaceous glands
(McNairn et al. 2013). Its development in the
embryo is initiated by the formation of a mam-
mary line, thickening of ectodermplacodes, and
local epithelial cellmovement, leading to forma-
tionof themammarybud (McNairn et al. 2013).
Regulated by epithelial–mesenchymal interac-
tions, the placodes descend into the underly-
ing mesenchyme and produce the rudimentary
ductal structure of the gland that is present
at birth (McNairn et al. 2013). Subsequent
development occurs in response to hormonal
regulation during pubertal growth, pregnancy,
lactation, and involution (Fig. 1) (Wakefield
et al. 2001). Puberty initiates branching mor-
phogenesis, which requires growth hormone
(GH) and estrogen, as well as insulin-like
growth factor 1 (IGF-1), to create a ductal tree
that fills the fat pad (Fig. 1). Upon pregnancy,
the combined actions of progesterone and pro-
lactin generate alveoli, which secrete milk dur-
ing lactation (Macias and Hinck 2012). Lack of
demand formilk at weaning initiates the process
of involution, whereby the gland is remodeled
back to its prepregnancy state (Macias and
Hinck 2012). These processes require numerous
signaling pathways with distinct regulatory
functions at different stages of gland develop-
ment. Signaling pathways also regulate a sub-
population of mammary stem cells that fuel
the dramatic changes in the gland occurring
with each pregnancy (Macias and Hinck
2012). Diverse are also the functions of the
TGF-b family in mammary gland development
and associated disease, such as breast cancer
(Wakefield et al. 2001).We therefore summarize
only key observations and highlight avenues for
future investigation and deeper understanding.

Within the TGF-b family, bone morphoge-
neticproteins (BMPs)promote themorphogen-
esis of themammary gland, whereas TGF-bs act
as negative regulators (Fig. 1). In mice, BMP-4
acts on the mammary mesenchyme to promote
expression of the transcription factorMsx2 (Fig.
1) (Hens et al. 2007).Msx2 thenhelpspatterning
the adjacent epidermis so that hair follicles are
excluded from the perimammary space where
the nipples will form (Hens et al. 2007). The
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abilityof themammarymesenchyme to respond
to BMP-4 is regulated by the parathyroid hor-
mone-related protein (PTHrP), which induces
expression of the BMP type I receptor BMPRIA
by mesenchymal cells (Fig. 1). In the absence of
BMP-4, the mammary buds fail to develop fully

and their branching morphogenesis is per-
turbed (Hens et al. 2007). BMPs also promote
mammary ductal morphogenesis at later stages,
as is apparent bystudies of the extracellularBMP
ligand accessory protein, twisted gastrulation
(Twsg) (Forsman et al. 2013). Twsg is expressed
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only inmyoepithelial cells and inafewcellsof the
developing bud (Forsman et al. 2013). Inactiva-
tion of the Twsg gene in mice causes a dramatic
block inbranchingmorphogenesis and terminal
alveolar lumen differentiation (Forsman et al.
2013). This correlates with reduced BMPsignal-
ing, including low Smad activity in the gland,
suggesting that Twsg contributes to BMP ligand
presentation to its receptors (Forsman et al.
2013). In three-dimensional polarizedmamma-
ry epithelial cultures, cells lose their polarity and
start growingabnormalbrancheswithin thecen-
tral lumen of the organoids when exposed to
exogenous BMP-4 (Montesano 2007). This is
in contrast to the more commonly seen proepi-
thelial action of BMPs, such as BMP-7, which
maintains epithelial differentiation by antago-
nizing TGF-b-induced pro-EMT responses of
mammarycells (Kowanetz et al. 2004).The latter
is also compatible with the prodifferentiating
effects of BMP signaling during late stages of
mammary duct differentiation (Fig. 1). Alveolar
epithelial cells in culture respond to BMPs
through activation of the BMPRIA receptor
and BMP receptor–activated Smads (R-Smads)
that promote terminal alveolar differentiation
and expression of milk genes, such as the gene
encodingb-casein (Perotti et al. 2012). In polar-
ized epithelial cells, the BMP receptors segregate
onto the basolateral plasma membrane, where
they control the expression of epithelial differ-
entiation genes, including genes for tight junc-
tion proteins (Saitoh et al. 2013). The role of
BMP ligands in the morphogenesis and differ-
entiation of the mammary gland is established,
but requires further analyses, especially at the
mechanistic level andwith the help of transgenic
mouse models.

TGF-b acts as a suppressor of growth and
morphogenesis in the mammary gland (Fig. 1).
Its potent inhibitory effect was first shown in
vivo using beads that slowly release TGF-b1,
resulting in arrested development of histologi-
cally normal but rudimentary tissue (Silberstein
and Daniel 1987). This protocol also showed
that the effects of exogenous TGF-b1 were re-
versible on removal of the beads (Silberstein and
Daniel 1987) and underscored the developmen-
tal plasticity of the mammary gland. Upon

weaning, the mammary gland undergoes the
highly coordinated tissue remodeling process
of involution and returns to a state similar to
that of the virgin gland (Macias and Hinck
2012). Using milk-secreting mammary explants
frompregnantmice, exogenous TGF-bprevents
glandular cell differentiation and milk secretion
(Robinson et al. 1993). In addition, TGF-b2 and
TGF-b3 expression increases during weaning,
but their expression stops and the TGF-b levels
decline during lactation, suggesting that the
TGF-bs control the number of lactating mam-
mary cells within the gland (Robinson et al.
1993). The antiproliferative effects of TGF-b
on mammary epithelial cells have been con-
firmed in transgenic mice that express activated
TGF-b1 in the mammary epithelium from a
mouse mammary tumor virus (MMTV) pro-
moter (Pierce et al. 1993). These mice show
overall reduction in ductal growth, but form,
upon pregnancy, hypoplastic but functional
alveoli that secrete sufficient milk to feed the
newborns (Pierce et al. 1993). However, over-
expression of TGF-b1 from the Wap promoter
(which controls the gene encoding whey acidic
protein) during the lactation period when its
expression normally declines results in inhibi-
tory effects on mammary glandmaturation and
lactation (Jhappan et al. 1993). Expressing TGF-
b3 from the Blg promoter (which controls the
gene encoding b-lactoglobulin) showed that
TGF-b3 locally represses mammary differentia-
tion during involution, by inducing apoptotic
loss of the lactating alveoli that must regress
upon completion of lactation (Nguyen and Pol-
lard 2000). Intriguingly, the overall pattern of
ductal differentiation and outgrowth of mam-
mary gland is normal in Tgfb1-deficient mice,
whereas the number of mammary end buds that
are fully differentiated decreases (Ingman and
Robertson 2008). In addition, transplantation
of ductal epithelium from Tgfb12/2 mutant
mice into normal mammary fat pads showed
that themutant epithelium is invasive, revealing
a function of TGF-b1 in restricting themorpho-
genetic outgrowth of the gland (Ingman and
Robertson 2008).During involution,mammary
cells undergoing apoptosis can be cleared
through an unusual phagocytic process mediat-
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ed by neighboring nondying mammary epithe-
lial cells; TGF-b3 can induce such phagocytic
activity inmammary epithelial cells, which con-
tributes to the elimination of the ductal trees
(Fornetti et al. 2016). Mammary epithelial
phagocytosis coincides with EMT induced by
TGF-b3 and involves cleavage of E-cadherin
from the plasma membrane by intramembra-
nous g-secretase and subsequent translocation
of b-catenin from the disassembled adherens
junctions into the nucleus (Fornetti et al. 2016).

The antiproliferative actions of the TGF-bs
in the mammary gland are mediated by the
TGF-b type II receptor (TbRII), and transgenic
mice that express a kinase deletionmutant of the
TbRII receptor in the mammary epithelial cells
of developing ducts and alveolar buds, show in-
creasedmammary cell proliferation, manifested
as tissue hyperplasia, and abnormal milk secre-
tion in virgin females (Gorska et al. 1998). Ex-
pression of the truncated TbRII in stromal cells
of the developing mammary gland results in
excessive branching of the ductal epithelium,
attesting that TGF-bs also limit the morphoge-
netic potential within the gland (Joseph et al.
1999). These findings have been corroborated
by studies of normal orTgfb1þ/2 mice (Nguyen
et al. 2011). In the Tgfb1þ/2 Balb/c mouse
strain, mature TGF-b1 production is signifi-
cantly reduced in the mammary glands, and
morphogenesis of the glandular epithelium is
acceleratedwithout any signs of abnormal tissue
architecture during all stages of the mammary
gland cycle (Nguyen et al. 2011). These findings
are again consistent with the role of TGF-b as a
growth inhibitor. Transplantation experiments
using Tgfb1þ/2 mammary epithelium grafted
into the mammary fat pads of wild-type recipi-
ents recapitulates the enhanced ductal out-
growth (Nguyen et al. 2011). However, the in-
verse transplantation of wild-type mammary
explants into the fat pads ofTgfb1þ/2 recipients
does not accelerate branching outgrowth, indi-
cating an autonomous regulation of epithelial
cell proliferation by TGF-b (Nguyen et al.
2011). These experiments confirm that, in the
context of themammary gland, the antiprolifer-
ative actions of TGF-b are limited to the epithe-
lial cells. A complementary way to characterize

the function of TbRII in the mammary gland
has been through specific inactivation of the
Tgfbr2 gene encoding the TbRII receptor in
mammary epithelium, which results in hyper-
plastic alveoli, thus confirming the antipro-
liferative function of the TbRII in mammary
development (Forrester et al. 2005). Interesting-
ly, crossing this mouse with the “oncomouse”
that expresses the polyoma virus middle Tanti-
gen from theMMTV promoter results in an en-
hanced and faster breast cancermetastasis to the
lung (Forrester et al. 2005). Immortalizedmam-
mary epithelial cell lines have been derived from
mice generated by crossing the “immorto-
mouse” that expresses a temperature-sensitive
mutant simian virus-40 large Tantigen to mice
lacking specific Smad genes (Kohn et al. 2010).
In these mammary epithelial cells, TGF-b in-
duces cell-cycle arrest, apoptosis and EMT
through Smad3, but not Smad2, whereas inva-
sive and migratory responses require both
Smad2 and Smad3 (Kohn et al. 2010). These
findings illustrate the importance of regulating
TGF-b actions during pregnancy and lactation.

TGF-b signaling cross talks with other path-
ways that drive mammary gland differentiation
and lactation, such as prolactin signaling by the
Janus kinase (JAK) and the signal transducer
and activator of transcription 5 (STAT5) tran-
scriptional regulator (Cocolakis et al. 2008).
Prolactin–STAT5 signaling promotes mamma-
ry ductal morphogenesis and epithelial prolif-
eration, whereas TGF-b signaling has opposite
effects (Fig. 1). In addition to TGF-b, activin A
(dimer of the activin-bA chain, also known as
the inhibin-bA chain) (Namwanje and Brown
2016) can activate Smad2, Smad3, and Smad4
signaling complexes, which interfere with
the association of STAT5 and its coactivator
CREB-binding protein (CBP) or p300, as
Smad proteins form more robust complexes
with the same coactivators (Cocolakis et al.
2008). In thismanner, activin- andTGF-b-driv-
en Smad complexes compete for transcriptional
activationwith STAT5, resulting in inhibition of
transcription of STAT5 target genes, including
the genes encoding b-casein and cyclin D1 (Fig.
1). A second mechanism operating during this
differentiation process is mediated by the Smad
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corepressor SnoN (Jahchan et al. 2012). SnoN
represses the transcriptional activity of Smad
complexes, and TGF-b signaling induces the
expression of SnoN (Fig. 1). In addition, pro-
lactin induces SnoN expression during late
pregnancy in mice, and SnoN promotes STAT5
signaling by stabilizing STAT5 and possibly by
neutralizing the antagonistic action of Smads
(Jahchan et al. 2012). In agreement with this
molecular mechanism, increased STAT5 expres-
sion can rescue the defects in alveolar bud dif-
ferentiation and lactation in SnoN-deficient
mice (Jahchan et al. 2012). Another transcrip-
tional cofactor of the nuclear Smad complex is
the chromatin-associated protein tripartite mo-
tif containing 33 (TRIM33, also known as
TIF1g), which regulates subsets of TGF-b-re-
sponsive genes (Massagué 2012).Mammary ep-
ithelial cell–specific ablation of theTrim33 gene
results in normalmammary gland development
with a clear lactation defect owing to perturba-
tion in the terminal differentiation of the alve-
olar epithelium (Hesling et al. 2013). In this
model, TRIM33 inhibits the Smad and STAT5
transactivation potential and represses the ex-
pression of the prolactin receptor in mammary
alveolar cells (Hesling et al. 2013). Thus, the
negative effects of TGF-bs during the late phase
of alveolar differentiation and the onset of lac-
tation involve intimate cross talk with the pro-
lactin–STAT5 pathway, whereas several nuclear
coregulators take part in the antagonistic cross
talk between these two pathways.

In mammary cancer, EMT has been shown
and molecularly analyzed in numerous studies
(reviewed in Moustakas and Heldin 2013). Key
molecular regulators of the EMT process, such
as transcription factors and specific microRNAs
(miRNAs) remain to be analyzed in deeper de-
tail in terms of their physiological contributions
to mammary gland development outside the
context of cancer progression. Mammary EMT
is regulated by microenvironmental cues. For
example, chronic exposure ofmammary epithe-
lial cells to TGF-b bypasses the cytostatic and
proapoptotic response of these cells, and main-
tains a long-term mesenchymal (EMT) pheno-
typewith enhanced features of cell invasion (Gal
et al. 2008). In addition, the rigidity of the ex-

tracellular microenvironment controls the sig-
naling output of TGF-b, so that low rigidity or
stiffness allows cytostatic and proapoptotic re-
sponses, whereas high stiffness promotes the
EMT responses (Leight et al. 2012). The tran-
scription factor ovo-like zinc finger 2 (OVOL2)
is necessary for proper mammary ductal mor-
phogenesis and maintenance of adult stem cells
in the mammary gland (Watanabe et al. 2014).
OVOL2 represses expression of major EMT
transcription factors and thus the potential of
TGF-b to induce mammary epithelial cell EMT
(Watanabe et al. 2014). Depleting OVOL2 from
the mammary epithelium inhibits mammary
duct development, causes loss of stem cells,
and enhances TGF-b-dependent EMT that per-
turbs normal differentiation of the gland (Wa-
tanabe et al. 2014). The process of MET is often
driven by BMPs and has been proposed to pre-
serve mammary epithelial cells from EMT, thus
contributing to mammary epithelial differenti-
ation (Moustakas and Heldin 2013).

Prostate Gland

Androgenic hormones define development of
this exocrine organ (Thomson and Marker
2006). The progression of prostatic differentia-
tion depends on paracrine signaling between
epithelia and aligned mesenchymal cells in
which TGF-b family members instruct prostate
morphogenesis (Thomson and Marker 2006).
The three TGF-bs, activin A, BMP-4, and BMP-
7, inhibit prostatic development, whereas
growth and differentiation factor (GDF)-7 pro-
motes growth and branching morphogenesis
(Thomson and Marker 2006).

TGF-b1 localizes at epithelial–mesenchy-
mal contacts in the prostatic gland of mouse
embryos and newborns (Timme et al. 1996).
Overexpression of TGF-b1 in prostatic epitheli-
al cells results in a hyperplastic response that
resembles cancer progression in the gland
(Timme et al. 1996). On the other hand, TGF-
bs block prostate gland differentiation by pro-
moting cell-cycle arrest through induction of
cyclin-dependent kinase inhibitor p21Cip1 ex-
pression, and perturbation of this process by
estrogens early after birth results in delayed
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completion of prostate development in rats
(Chang et al. 1999). Such variable effects of the
TGF-bs, like in other epithelial organs, are con-
text-dependent. The growth inhibitory effects
may involve immature progenitor cells in the
developing buds, whereas TGF-b may even
stimulate proliferation of differentiated epithe-
lia (Tomlinson et al. 2004), which may explain
its protumorigenic action (Timme et al. 1996).
The prostate shows morphogenetic gradients of
TGF-b so that the proximal region that is en-
riched in stem cells responds with a growth in-
hibitory response (Salm et al. 2005). The actions
of TGF-bs on prostatic stem cells leading to
their slow proliferation are also maintained by
Notch1 signaling that renders the stem cells re-
sponsive toTGF-bby inducing expressionof the
TGF-b type I receptor (TbRI) (Valdez et al.
2012). The TGF-b gradient is maintained by
regulatory actions of androgens, and changes
in androgen abundance can even switch the gra-
dient in an opposite direction (Salm et al. 2005).
In agreement with the important roles of epi-
thelial–mesenchymal contacts in prostate epi-
thelial differentiation and morphogenesis, co-
culture of mouse bladder urothelial tissue with
mesenchymal cells of the prostatic primordium
(urogenital sinus), induces the generation of
prostatic epithelial cells (Li et al. 2009). Howev-
er, bladder cells lacking TbRII owing to tissue-
specific gene inactivation remain urothelial and
cannot transdifferentiate (Li et al. 2009). The
mesenchymal cells that express TGF-b also ac-
tivate epithelial Wnt signaling leading to the
generation of prostatic epithelial stem cells (Li
et al. 2009).

Similarly, ex vivo cultures of rat prostatic
explants with activin A show a strong block in
branching morphogenesis of their developing
ducts, whereas the antagonist follistatin pro-
motes branching of the ducts (Cancilla et al.
2001). Normal developing rat prostate glands
express activin-bA (activin-bB appears mainly
during puberty), follistatin, and the activin type
I and type II receptors (Cancilla et al. 2001).

In addition to TGF-b, BMP-4 is highly ex-
pressed at epithelial–mesenchymal borders in
the developing prostatic gland. BMP-4 may
control branching morphogenesis, because

mice with only one Bmp4 gene copy show en-
hanced branching (Lamm et al. 2001). Cultures
of prostate epithelial cells in the presence of
BMP-4 show inhibition of proliferation and a
block in budding capacity (Lamm et al. 2001).
BMP-7may act similarly as BMP-4, and prostate
glands from Bmp72/2 mice are enlarged with
extensive branching (Grishina et al. 2005). In ex
vivo prostate organ cultures BMP-7 induces re-
gression of branching buds, which may involve
local restriction of Notch1 paracrine signaling
(Grishina et al. 2005). The action of BMP li-
gands can be limited during prostatic gland de-
velopment by histone deacetylases that repress
the expression of the Bmp2 and Bmp4 genes
(Keil et al. 2015). As in other epithelia, the ex-
tracellular actions of BMPs in the developing
prostate are balanced by antagonists, such as
noggin. In Nog2/2 mice, lacking noggin ex-
pression, the ventral region of the prostatic
gland regresses by the proapoptotic actions of
the BMPs that signal excessively in the absence
of the negative regulation exerted by noggin
(Cooket al. 2007). BMPsignaling in the prostate
epithelium is mediated by BMPRIA. Condi-
tional deletion of this receptor in the urogenital
sinus epithelial cells blocks cell differentiation,
and the prostatic cells lose expression of the
transcription factor Nkx3.1, which may pro-
mote prostatic epithelial differentiation by
BMPs (Omori et al. 2014).

In contrast to the other members of the
family, GDF-7 (also known as CDMP-3 or
BMP-12) promotes prostate epithelial differen-
tiation (Settle et al. 2001). Further molecular
analyses of the mechanism of action of GDF-7
in the prostate remain to be performed.

Pancreatic Organogenesis

The pancreas is an endoderm-derived organ
that consists of three main cell lineages, the exo-
crine, ductal, and endocrine cells (Kim and He-
brok 2001). These cell lineages originate from
the pancreatic bud that is an outgrowth from
the foregut, similar to the liver bud (see below)
(Kim and Hebrok 2001). The primordial pan-
creatic cells undergo cycles of EMT and MET
during proliferation and morphogenesis, so
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that primordial epithelial cells generate mesen-
chymal cells that eventually generate differenti-
ated epithelial and secretory cells (Thomson
and Marker 2006). TGF-b inhibits epithelial
differentiation in the pancreas like inmost other
glandular organs. Epithelial overexpression of a
dominant-negative mutant TbRII in transgenic
mice results in overt proliferation and abnormal
differentiation of pancreatic acini (Böttinger
et al. 1997). Thus, TGF-b inhibits exocrine pan-
creatic cell differentiation, whereas enhanced
TGF-b1 expression leads to organ fibrosis and
excessive angiogenesis (Böttinger et al. 1997).
Ex vivo cultures ofmouse embryonic pancreatic
tissue allow one to follow the differentiation of
the various cell types and their architectural or-
ganization within the developing organoid. Us-
ing this methodology, TGF-b1 was shown to
inhibit differentiation of the acinar compart-
ment of the organoid (Sanvito et al. 1994). Al-
though TGF-b1 acts as an inhibitor of differen-
tiation of exocrine pancreatic epithelial cells, it
promotes endocrine b-islet cell differentiation
within the organoids cultured ex vivo (Sanvito
et al. 1994), which is compatible with the action
of TGF-b during pancreatic development.
However, expression of the dominant-negative
TbRII in the pancreatic epithelium suggests that
TGF-b signaling inhibits endocrine pancreatic
differentiation in vivo (Tulachan et al. 2007). A
similar inhibition by TGF-b signaling is also
apparent during aging of the endocrine pancre-
atic gland (Dhawan et al. 2016). By activating
Smad3, TGF-b promotes the expression of the
cell-cycle regulator p16Ink4a, which controls the
self-renewal of the adult endocrine stem cells in
the pancreas (Dhawan et al. 2016). Under the
action of TGF-b, p16Ink4a accumulates, prohib-
iting tissue regeneration as the animals age
(Dhawan et al. 2016). Based on thismechanism,
pharmacological inhibitors of the TbRI kinase
help maintain a pool of endocrine b-cells that
can regenerate in older animals (Dhawan et al.
2016).

TGF-b1 inhibits ductal epithelial morpho-
genesis in human pancreatic islet explant cul-
tures embedded in three-dimensional collagen
matrices; inversely, anti-TGF-b antibody pro-
motes ductal morphogenesis, by neutralizing

TGF-b secreted by the pancreatic rudiments
(Hanley and Rosenberg 2007). Stimulation of
pancreatic duct cells isolated from human
donors with TGF-b1 induces EMT and tran-
scriptionally represses the expression of b-cell
specific transcription factors, which is compat-
ible with an inhibitory role of TGF-b in endo-
crine cell differentiation and its ability to pro-
mote transdifferentiation (Shin et al. 2011). In
agreement with the latter observation, human
exocrine pancreatic cells undergo EMT when
cultured in vitro (Lima et al. 2013). These mes-
enchymal derivatives can be reprogrammed
towarda-islet cells following adenoviral expres-
sion of endocrine pancreatic transcription fac-
tors (Shin et al. 2011). In contrast, b-islet cells
can be generated without transcriptional repro-
gramming, by using a Rho-associated kinase
and a TGF-b receptor kinase inhibitor (Lima
et al. 2013). Thus, TGF-b-induced EMTof pan-
creatic epithelial cells may help generate human
pancreatic cells that can then be transplanted to
diabetic patients.

Similar to TGF-b, activin A blocks branch-
ing morphogenesis inmouse pancreas explants,
while follistatin blocks activin, and thus pro-
motes pancreatic acinar cell differentiation
with decreased endocrine b-cell numbers (Rit-
vos et al. 1995; Zhang et al. 2004). However,
other, yet similar, experiments with pancreatic
explants showed that activin A or activin B (ac-
tivin-bB dimer) did not affect pancreatic cell
differentiation; instead, activin A caused a
transdifferentiation of the embryonic pancreat-
ic tissue to intestinal tissue (van Eyll et al. 2004).
Independent transdifferentiation and signaling
experiments confirmed that activin A or activin
B suppress exocrine a-cell differentiation and
promote endocrine b-cell differentiation, en-
abling insulin secretion (Andrzejewski et al.
2015). The activins repress the expression of
a-cell transcription factors and induce b-cell
transcription factor expression, and their ac-
tions explain the phenotype of mice with a de-
letion of the Fstl3 gene, encoding follistatin-like
3, which show hyperplasia of their b-islets
(Andrzejewski et al. 2015). Despite these obser-
vations, normal pancreatic tissue expresses acti-
vin-bA and activin-bB in the epithelium, and
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follistatin and activin receptors in the mesen-
chyme (Ritvos et al. 1995; Maldonado et al.
2000). Activin also regulates endocrine b-islet
differentiation, as transgenic mice overexpress-
ing either a dominant-negative or an activated
activin type IB receptor (ActRIB) mutant in
their islets show a smaller number of pancreatic
islets and a decrease in insulin secretion (Ya-
maoka et al. 1998). The same approach using
a dominant-negative (truncated) activin type II
receptor (ActRII) generates abnormal pancreat-
ic tissue with severely altered architecture, small
islets and ectopic a and b endocrine cells at a
distance from the islets, and abnormal exocrine
epithelium with atypical acinar morphology
(Shiozaki et al. 1999). These observations are
supported by ex vivo pancreatic rudiment cul-
tures, in which follistatin controls the relative
sizes of differentiated exocrine and endocrine
pancreatic tissue (Miralles et al. 1998).

BMP-4 inhibits endocrine pancreatic differ-
entiation and promotes cellular proliferation by
inducing the expression of the inhibitor of dif-
ferentiation 2 (Id2) transcription factor, which
binds and inactivates the basic helix-loop-helix
transcription factor Neuro-D that drives endo-
crine islet differentiation (Hua et al. 2006).
However, overexpression through electropora-
tion of noggin or dominant-negative BMPRIA
in embryonic chicken and mouse pancreas,
blocks branching morphogenesis and reduces
overall organ size, suggesting a positive role of
BMP signaling during pancreatic development
(Ahnfelt-Ronne et al. 2010). Similar to the effec-
tiveness of TGF-b inhibitors in the generation of
b-islet endocrine cells using human organoid
cultures, BMP-7 stimulates the conversion of
a-exocrine cells toward endocrineb-cells (Klein
et al. 2015). Thisdevelopmental reprogramming
may provide a promising approach in regenera-
tivemedicine, because suchprotocols bypass the
need of reprogramming byectopically expressed
transcription factors.

Despite the role of TGF-b family members
in pancreatic tissue differentiation, conditional
ablation of Smad4, which encodes the common
Smad4 mediator of TGF-b/activin- and BMP-
activated Smad pathways, in pancreatic epithe-
lial cells did not perturb the normal develop-

ment and exocrine or endocrine functions of
the pancreas in mice (Bardeesy et al. 2006).
Thus, abundant evidence exists forphysiological
roles of TGF-b family members during pancre-
atic epithelial differentiation, even though con-
tradictory reports generate some ambiguity
about the exact role of these ligands and their
signaling pathways.

Salivary Gland Formation

Like in many other glandular organs, ex vivo
studies of rudiments have been insightful
in studying branching morphogenesis of the
salivary gland and have been coupled to devel-
opmental studies in mice with targeted gene
ablation for defined TGF-b family members
(Patel et al. 2006).

Immunohistochemical analyses of the pa-
rotid and submandibular salivary glands have
been performed using human or other mam-
malian specimens. In human glands, TGF-b1
can only be detected at early developmental
stages in association with mesenchymal cells,
whereas intercalated ductal epithelial cells ex-
press TGF-b2, and mucous and myoepithelial
cells express TGF-b3 (Kusafuka et al. 2001; Lou-
renco et al. 2008). In human fetal and adult
salivary glands, the expression of BMP-6 has
been immunolocalized only in acinar epithelial
cells but not in ductal epithelial cells or mesen-
chymal stromal cells (Heikinheimo et al. 1999).
Similar studies show epithelial localization of
BMP-3 in the end buds of developing rat sali-
vary glands with progressive reduction of BMP-
3 levels as a function of age (Hardy and Kramer
2000).

Similar to its effects in pancreas, activin A
blocks salivary morphogenesis, and follistatin
blocks the effects of exogenous activin A in sali-
vary gland tissue explants (Ritvos et al. 1995).
Conditional overexpression of TGF-b1 in sali-
vary epithelial cells of mice results in inhibition
of acinar epithelial differentiation and, conse-
quently, lower salivation levels (Hall et al.
2010). The increased TGF-b1 expression causes
accumulation of extracellularmatrix that results
in local fibrosis and replacement of normal ep-
ithelium with pathogenic stromal tissue (Hall
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et al. 2010). These findings can be reproduced in
explanted rudiment cultures impregnated with
exogenous TGF-b1, which blocks acinar epithe-
lial differentiation and enhances mesenchymal
differentiation (Janebodin et al. 2013). Con-
versely, a low-molecular-weight TbRI kinase
inhibitor has opposite effects and promotes en-
larged growth of the differentiated acinar epi-
thelium (Janebodin et al. 2013).

Thus, TGF-b family members are linked to
inhibition of epithelial differentiation during
salivary gland development; however, more de-
tailed studies are needed to define the pathways
and mechanisms that the TGF-bs use to guide
salivary epithelial morphogenesis.

Thyroid Gland Development

In cultured thyroid epithelial cells, TGF-b1
induces cell-cycle arrest and represses thyroid-
specific protein expression and cell differentia-
tion (Colletta et al. 1989). TGF-b1 also induces
extracellular matrix protein synthesis, as illus-
trated by its effects on the expression of throm-
bospondin-1, a phenotype that associates with
thyroid epithelial cell migration and morpho-
logical adaptation (Claisse et al. 1999). In addi-
tion, thyroid epithelial cells undergo EMTwhen
cultured in the presence of epidermal growth
factor (EGF) and TGF-b1 (Grände et al.
2002). The generation of thyroid cells from em-
bryonic stem cells (ESCs) requires activin A,
which promotes differentiation toward the en-
dodermal lineage and initiates the expression of
thyroid-specific genes, a process that eventually
requires thyroid stimulatory hormone for com-
pletion of the differentiation program in culture
(Ma et al. 2009).

Conditional expression of TGF-b1 in thyro-
cytes of transgenic NODmice promotes the de-
velopment of thyroid hyperplasia, and inhibits
autoimmune thyroiditis that is presumably be-
cause of enhanced recruitment of regulatory T
cells into the thyroid glands (Yu et al. 2010).
BMP signaling promotes thyroid epithelial de-
velopment, as evidenced from the effects of con-
ditional inactivation of both Smad1 and Smad5
in thyrocytes (Villacorte et al. 2016). The final
growth and completion of morphogenesis into

organized follicles in the thyroid glands of these
mice are defective, resembling the loss-of-func-
tion phenotype of the proangiogenic vascular
endothelial growth factor-A (Villacorte et al.
2016). Thyroid glands with defective BMP sig-
naling show defective basementmembrane, and
extracellular matrix proteins like laminins can
rescue the developmental defect (Villacorte et
al. 2016). Thus, BMP signaling assists in the
architectural organization of the epithelium-
to-basement membrane barrier (Villacorte et
al. 2016). The potential role of TGF-b family
members in thyroid gland development re-
mains to be better clarified in vivo.

Pituitary Gland Differentiation

The biology of activins and their major extracel-
lular antagonist follistatin has been historically
linked to the function of the pituitary gland and
the regulation of gonadotrophin secretion (Bi-
lezikjian et al. 2012). The pituitary gland pro-
duces activins and follistatin, and the gonado-
tropic cells in the gland respond to activin
(Bilezikjian et al. 2012). Mice with deletion of
the Acvr2 gene encoding ActRII show deficient
function of their pituitary gland (Matzuk et al.
1995). The physiological consequence of the
loss of ActRII in mice is decreased follicle-stim-
ulating hormone secretion and consequently
inefficient maturation of the reproductive cycle
(Matzuk et al. 1995). In addition to activin,
TGF-b2 signaling plays important roles in pat-
terning the pituitary gland, especially its ante-
rior lobe (Tsukada et al. 2016). A special cell
type in the gland is the folliculostellate cell,
which secretes TGF-b2, activating TGF-b sig-
naling on adjacent pericytes of the tightly
packed pituitary vasculature (Tsukada et al.
2016). This paracrine signaling activates Smads
in pericytes and induces the synthesis of normal
levels of type I a1 and type III a1 collagens,
which are required for adhesion of the endo-
crine cells in this gland and maturation of the
gland (Tsukada et al. 2016). Like in many other
instances already discussed, this effect raises the
need to define the roles of individual TGF-b
family proteins (e.g., TGF-b2) in the normal
patterning of the pituitary organ.
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THE TGF-b FAMILY IN GASTROINTESTINAL
TRACT DEVELOPMENT AND EMT

Esophageal, Stomach, and Intestinal
Differentiation

Although BMP signaling plays critical roles in
gastrointestinal tract development, the TGF-bs
probably play only homeostatic roles during the
continuous shedding and formationof the adult
intestinal epithelium (Fig. 2). Early studies of
established and primary rat intestinal epithelial
cells in culture indicated that the more differen-
tiated intestinal cells at the tip of the villus ex-
press high levels of TGF-b1, whereas less differ-
entiated cells in the crypt express lower TGF-b1
levels (Barnard et al. 1989). The differentiated
enterocytes respond potently to TGF-b1 and
show robust arrest of their cell cycle, suggesting

an autocrine role of TGF-b1 and a homeostatic
function that is important for the balance be-
tween proliferating and differentiating cells in
the intestinal villus (Barnard et al. 1989). The
normal gastric epithelium also undergoes peri-
odic apoptosis in response to TGF-b (Ohgushi
et al. 2005). TGF-b signaling through Smads
induces expression of the proapoptotic factor
Bim, which acts in the mitochondrial mem-
brane proapoptotic pathway, leading to the re-
lease of cytochrome c and the activation of cas-
pase-9 (Fig. 2) (Ohgushi et al. 2005). TGF-b
induces hypoxia-inducible factor 1 (HIF-1) ex-
pression and represses the expression of Id2dur-
ing intestinal epithelial apoptosis (Cao et al.
2009). Because Id2 suppresses HIF-1, this activ-
ity potentiates the proapoptotic action of HIF-1
(Fig. 2). This TGF-b-dependent proapoptotic
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Figure 2. Role of the TGF-b family in intestinal development. (A) TGF-bs and activins inhibit intestinal
epithelial cell proliferation and differentiation, whereas bone morphogenetic proteins (BMPs) promote prolif-
eration and differentiation. (B) TGF-b induces intestinal epithelial cell apoptosis by activating Smads, which
induce expression of the proapoptotic protein Bim, leading to cytochrome c release from mitochondria and
caspase-9 proteolytic activity. TGF-b-activated Smad signaling can also promote expression of the hypoxia-
inducible factor 1 (HIF-1) and repress expression of the HIF-1 inhibitor Id2, resulting in apoptotic signaling in
the intestinal cells. (C) BMPs activate BMPRIA, which promotes differentiation of intestinal stem cells through
Smad1 activation and transcriptional induction of the cyclin-dependent kinase inhibitor p21Cip1. Smad1 and
p21Cip1 inhibit stem cell proliferation, whereas Wnt signaling promotes stem cell proliferation in the intestinal
epithelium.
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pathway may be induced in the intestine by di-
etary fibers, which can thus act in a protective
manner against the generation of hyperplasia in
the gut (Cao et al. 2009). These cell culture stud-
ies have been recapitulated in vivo with TGF-b1
administration to the gastrointestinal tract of
fasting rats (de Andrade Sa et al. 2008). The gas-
tric epithelial cells show enhanced cell-cycle ar-
rest and apoptosis in response to the exogenous
TGF-b. This experiment relates to the physio-
logical exposure of the newborn mammalian
gastrointestinal tract to TGF-b that is enriched
in and delivered though the milk of the mother
(de Andrade Sa et al. 2008).

The activins also play a prominent role in
regulating proliferation and maintenance of
stem cells of the gastric epithelium.Normal gas-
tric epithelial morphogenesis is not perturbed
when the genes encoding activin-bA, activin-
bB, or ActRII are inactivated in mice (Li et al.
1998). However, activin signaling through Ac-
tRII represses the differentiation of specific sub-
populations of gastric cells, such as the parietal
cells that control the acidity of the stomach dur-
ing digestion, zymogenic cells that produce pep-
sinogen and pit cells that secrete mucus (Li et al.
1998). Cell culture studies also show complex
roles of activin signaling in intestinal epithelial
cells. Depending on the cellular origin, activin A
induces cytostasis in primary embryonic rat ep-
ithelial cells of the stomach, whereas it induces
proliferation of primary colonic epithelial cells
(Fukamachi et al. 2013). The in vivo relevance of
this difference remains to be examined.

On the other hand, BMPs produced by the
underlying mesenchyme promote gastric epi-
thelial differentiation, for example, in chicken
embryos (Narita et al. 2000). Increased BMP-2
activity promotes formation of large numbers
of glands, whereas delivery of noggin to the
developing gut blocks glandular formation
(Narita et al. 2000). BMPs also define the dif-
ferentiation of the epithelium that forms the
pyloric sphincter, which separates the gastric
mill (gizzard) from the duodenum (Moniot
et al. 2004). In the sphincter, BMPs act on me-
sodermal cells and induce the expression of
the homeobox transcription factors Sox9 and
Nkx2.5 (Moniot et al. 2004). Sox9 induces ex-

pression of Gremlin, which neutralizes the ac-
tion of BMPs in the adjacent endoderm, leading
to epithelial differentiation and formation of
the sphincter epithelium (Moniot et al. 2004).

The gastrointestinal tract is innervated by
nerve cells derived from progenitors of the neu-
ral crest; ablation of these progenitors causes
mesenchymal cells to increase the secretion of
BMPs and to express the Notch receptor, co-
ordinately contributing to the generation of
smooth muscle cells (Faure et al. 2015). This
defect is also accompanied by transdifferentia-
tion of the adjacent stomach epithelium into a
gastrointestinal epithelium of mixed identity
(gastric and colonic) (Faure et al. 2015). Thus,
proper compartmentalization of the gastroin-
testinal tract is controlled by the action of en-
teric neural crest cells, whose ultimate role is to
generate the intestinal nervous system.

In agreement with chicken gastrointestinal
development, mice lacking noggin show major
defects in esophageal formation because exces-
sive BMPsignaling disrupts the communication
of the endodermwith the notochord (Que et al.
2006). Accordingly, hemizygosity for Bmp4 can
partially rescue the defects of Nog2/2 mice
(Que et al. 2006). Differentiation of esophageal
epithelial cells from the adjacent endodermal
progenitor cells also requires BMP signaling
through generation of reactive oxygen species,
which block the ubiquitin-mediated degra-
dation of nuclear factor-erythroid-2-related fac-
tor 2 (Nrf2), causing Nrf2 stabilization (Jiang
et al. 2015). Stabilized Nrf2 then transcription-
ally controls the differentiation of the squamous
esophageal epithelium (Jiang et al. 2015). BMP-
regulated Nrf2 controls a homeostatic balance,
which, when perturbed by inflammatory con-
ditions, leads to epithelial hyperplasia and
esophagitis (Jiang et al. 2015). In contrast to
the negative effects of activins on parietal cell
differentiation in the stomach,parietal cell–spe-
cific overexpression of noggin leads to elimina-
tion of these cells, suggesting that physiological
BMP signaling is required for parietal cell differ-
entiation (Shinohara et al. 2010). Thus, activins
andBMPsmayantagonize eachotherduring the
specificationof this specific epithelial cell type in
the stomach (Fig. 2). Furthermore, the effect of
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noggin overexpression in the gastric cell–specif-
ic transgenic mouse is significantly compro-
mised or reverted after subsequent ablation of
the gene encoding gastrin (Todisco et al. 2015).
This result indicates that increased noggin ex-
pression in the parietal cells leads to gastrin se-
cretion, which then drives proliferation of the
gastric epithelial cells and loss of the parietal
cells. A similar effect of noggin overexpression
is apparent when the Bmpr1a gene is inactivated
in the endoderm during early gut development
(Maloum et al. 2011). These mice do not show
defects in differentiation or proliferationof their
gastric gland cells, but the pattern of develop-
ment is abnormal and specific differentiated cell
types, like parietal cells, are lost in the absence of
BMP signaling in the foregut endoderm (Ma-
loum et al. 2011). In addition, gastric endocrine
cells increase in numbers, suggesting that
BMPRIA limits their proliferation (Maloum
et al. 2011). The overall role of BMP signaling
in the differentiation of the gastric epithelium is
also emphasized by the use of noggin as one of
the essential ingredients in the growth factor
cocktail that drives the in vitro generation and
differentiation ofmini-stomach organoids from
mouse ESCs (Noguchi et al. 2015). Similarly,
BMPs in this cocktail induce differentiation of
humanpluripotent stem cells into three-dimen-
sional mini-stomachs (McCracken et al. 2014).

A different view of the role of BMPs in the
intestinal epithelium has been derived from
transgenic mouse studies. Similar to the gastric
tract of the chick, BMP-4 is highly expressed in
the mesenchyme of the intestinal villi and re-
stricts the proliferation of intestinal epithelial
cells (Fig. 2) (Haramis et al. 2004). Thus, trans-
genic mice with a villus-specific expression of
noggin develop increased numbers of ectopic
crypts (Haramis et al. 2004). This phenotype
is in agreement with the effects of loss-of-func-
tion mutations of the BMPRIA or the SMAD4
genes in patients with juvenile polyposis, who
also develop benign hyperplastic villi known as
hamartomas (Fig. 2). In agreement with these
findings, inactivation of Bmpr1a in intestinal
stem cells causes polyposis because of increased
proliferation of the stem and progenitor cell
compartment of the intestinal crypt (He et al.

2004). As Wnt signaling controls the prolifera-
tion and maintenance of the intestinal crypt
stem cells, BMP signaling counteracts the Wnt
pathway and thus limits the proliferative poten-
tial of these stem and progenitor cells (Fig. 2).
An independent study of intestinal epithelial
cell–specific Bmpr1a inactivation shows that
BMP signaling is required for the terminal dif-
ferentiation of intestinal secretory cells (Auclair
et al. 2007). However, the apparent absence of
polyposis and effects on intestinal crypt stem
cells, observed in this model, suggest that the
impact of BMP signaling on the intestinal crypt
depends on the abundance of BMP receptors in
the mesenchyme associated with the villi (Au-
clair et al. 2007).

The characteristic clustering of intestinal
epithelial cells in villi that mediate nutrient ab-
sorption is regulated by the balance of extracel-
lular BMPantagonists secreted bymesenchymal
cells and BMP receptor signaling in both mes-
enchymal and intestinal epithelial cells (Walton
et al. 2016). Perturbation of this balance, as
achieved by the deletion of the Bmpr1a gene,
leads to longitudinal stripes of villified epithe-
lium (Walton et al. 2016). Tissue patterning
simulations show that the normal pattern of
villified intestinal epithelium requires balanced
BMP signaling along the entire surface of the
mouse intestine, which generates a system that
is able to self-regulate or self-sustain in a pattern
of so-called Turing fields (Walton et al. 2016). In
three-dimensional cultures of human colonic
epithelium, the maintenance of stem cells and
progenitor cells depends on Wnt signaling,
whereas TGF-b (possibly activin) and BMP sig-
naling limit stem cell maintenance in the orga-
noids (Walton et al. 2016). Such studies using
human tissue–derived models will be impor-
tant to evaluate the detailed roles of TGF-b fam-
ily signaling in the homeostasis and differenti-
ation of the gastrointestinal tract.

THE TGF-b FAMILY IN LIVER AND BILE
DUCT ORGANOGENESIS AND EMT

The liver bud, which gives rise to the adult liver,
is derived from a ventral appendix of the fore-
gut—that is, the diverticulum (Tremblay 2011).
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Hepatoblasts in the liver bud are of epithelial
origin and the bud is surrounded by an extra-
cellular basement membrane that contacts the
basal plasma membrane of the hepatoblasts.
Hepatoblast proliferation generates a pseudo-
stratified epithelium at the tip of the liver bud,
whose front cells breach through the basement
membrane and locally delaminate from the low-
er bud epithelium through an EMT process
(Nieto 2009). These mesenchymal hepatoblasts
then aggregate around the portal vein and dif-
ferentiate into biliary epithelial cells and hepa-
tocytes through processes that resemble MET.

Early studies of rat liver epithelial cell differ-
entiation revealed TGF-b1 expression in non-
parenchymal cells and early progenitor stages

of the oval cells before terminal differentiation
(Nagyet al. 1989). In culture, the rat liver epithe-
lial cells show signs of early stages of dif-
ferentiation toward hepatocytes in response to
TGF-b1 (Nagy et al. 1989). On the other
hand, hepatocytes often respond to TGF-b1 by
undergoing apoptosis, which requires Smad ac-
tivationand theactivatingprotein1(AP-1) tran-
scriptional complex (Fig. 3) (Schuster and
Krieglstein 2002). In embryonic hepatocytes,
the apoptotic response to TGF-b1 depends on
their stage of differentiation (Sanchez et al.
1999). Thus, hepatocytes that express differenti-
ation genes, such as the transcription factors he-
patocyte nuclear factor 1a (HNF1a) andHNF4,
show a robust apoptotic response to TGF-b1,
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Figure 3. Role of the TGF-b family in liver organogenesis. (A) TGF-b inhibits self-renewal of hepatoblasts and
differentiation of hepatoblasts to hepatocytes. Activins induce hepatoblast differentiation into hepatocytes
through transcription factor hepatocyte nuclear factor 1a (HNF1a). BMP-4, along with FGF signaling, induces
hepatoblast differentiation into bile duct cells. (B) In differentiated hepatocytes, TGF-b acts as a proapoptotic
factor through activation of Smad3 and protein 1 (AP-1), Smad3 and protein kinase A (PKA), and STAT3
signaling. TGF-b also induces epithelial–mesenchymal transition (EMT) through transcriptional induction of
Snail. Both Smad3 and STAT3 promote Snail expression, and Akt signaling contributes to Snail stabilization.
EMT correlates with liver cell migration for which focal adhesion kinase (FAK) activation downstream from
TGF-b is important.
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whereas those that do not express liver-specific
genes lack an apoptotic response and transition
through EMT (Fig. 3) (Sanchez et al. 1999). The
resistance to apoptosis is mediated by the tran-
scription factor Snail, which is induced by Smad
proteins and correlates with high levels of Akt
kinase, a hallmark of EMT (Fig. 3) (Valdés et al.
2002; Kaimori et al. 2007). Thus, misexpres-
sion of Snail in the liver can modulate respon-
siveness to TGF-b by blocking apoptotic and
promoting EMTresponses (Franco et al. 2010).
The TGF-b–Akt signaling pathway involves the
membrane protein caveolin-1, which partitions
in cholesterol-enriched plasma membrane do-
mains (Meyer et al. 2013). Silencing of caveolin-
1 expressionusingRNAi in culturedhepatocytes
results in enhanced apoptotic response to TGF-
b (Meyer et al. 2013).

Analyzingmechanismsthatmediatehepato-
cyte apoptosis versusEMTin response toTGF-b
revealed the requirement of a common pathway
for these two responses involving protein kinase
A (PKA) and its transcriptional mediator STAT3
(Yang et al. 2006). TGF-b-activated Smad3
directly binds and regulates the activity of
PKA, and STAT3 activation promotes induction
of proapoptotic and pro-EMT genes (Fig. 3)
(Yang et al. 2006). This mechanism suggests
that during EMT, mediators such as Snail, sec-
ondarily impose a prosurvival state in hepato-
cytes. In addition to EMT-like responses, chron-
ic exposure of rat fetal hepatocytes to TGF-b
causes a stem cell-like phenotype characterized
by repression of hepatic differentiation factors
(e.g., HNF1b, HNF4), maintenance of HNF3b
expression and expression of liver detoxifying
enzymes (del Castillo et al. 2008; Caja et al.
2011). In culture, these stem-like hepatic cells
can differentiate into hepatoblasts and biliary
cells or hepatocytes, using defined differentia-
tion cocktails (del Castillo et al. 2008; Caja
et al. 2011). In agreement with these studies,
primary mouse liver precursor cultures in
three-dimensional organoids reveal bipotential
differentiation whereby the progenitor-like cells
can differentiate into cholangiocytes or hepato-
cytes, and TGF-b stimulation blocks differenti-
ation to maintain the more progenitor-like fea-
turesof theorganoid culture (Akkari et al. 2010).

Hepatocyte EMTalso depends on activation of
the tyrosine kinase Src and its effector, focal ad-
hesion kinase (FAK), whose action is mainly di-
rected toward the regulation of proinvasive
genes that drive themotilityof hepatocytes (Cic-
chini et al. 2008). Immortalized differentiated
hepatocytes show biphasic motility patterns
that are characterized by hepatocyte adhesion
to matrix fibronectin through integrins, thus
promoting collective cell migration, followed
by waves of cell detachment from the fibronec-
tin-enriched extracellular matrix, resulting in
random migration (Biname et al. 2008). It will
be important to understandwhy continuous ex-
posure to TGF-b causes oscillatory patterns of
protein expression and cell behavior.

Hepatocyte-specific Tgfbr2 deletion medi-
ated by the Cre recombinase expressed from
the Alb promoter explains the role of TGF-bs
in liver regeneration after partial hepatectomy
(Romero-Gallo et al. 2005). Although normal
liver regenerates to its original size after hepatec-
tomy, Tgfbr2-deficient mice show overgrowth
of the regenerating liver, which is compatible
with the antiproliferative and proapoptotic ac-
tions of TGF-b (Romero-Gallo et al. 2005). The
Tgfbr22/2 hepatocytes that are resistant to
TGF-b show increased phosphorylation of the
p130-E2F4 transcription complexes, resulting in
enhanced cyclin E expression, thus causing ex-
cessive hepatocyte proliferation (Romero-Gallo
et al. 2005). Similar Alb-Cre-driven inactivation
of Smad2 or Smad3 in the liver illustrates the
differential roles of these two Smad proteins
that are activated by TGF-b family members
(Ju et al. 2006). The liver-specific deletion of
Smad2, Smad3, or bothdoesnot perturbnormal
liver development (Ju et al. 2006). However,
when the mice are challenged with carbon tet-
rachloride that causes liver damage and fibrosis,
the hepatocytes that lack Smad2 show a dramat-
ically enhanced rate of proliferation, unlike the
Smad3-deficient hepatocytes that show a wild-
type response (Ju et al. 2006). Inversely, primary
hepatocytes derived from these mice in culture
show that liver cytostasis and EMT require
Smad3, whereas Smad2 is dispensable for
these responses (Ju et al. 2006). In fact, the
Smad2-deficient hepatocytes show “spontane-
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ous” EMT, compatible with hypersensitivity to
autocrine or serum-derived TGF-b (Ju et al.
2006). Overall, this study established that
Smad3mediates the antiproliferative, apoptotic,
and EMTresponses in liver cells, whereas Smad2
provides a balancing signal that may even coun-
teract some Smad3 activities.

Activin A signaling in early Xenopus laevis
embryos induces expression of the transcription
factorHNF1a (Fig. 3), which promotes progen-
itor cell differentiation to liver, gut, kidney and
gall bladder (Weber et al. 1996). This transcrip-
tional induction may be mediated by Smad
complexes in cooperation with HNF4, another
transcription factor with which the Smads in-
teract directly (Chou et al. 2003); however, the
exact transcriptional mechanism remains to be
elucidated. Overexpression of activin C (acti-
vin-bC dimer) in transgenic mice affects the
function of several organs including the liver,
which develops larger than normal because of
excessive hepatocyte proliferation and suppres-
sion of apoptosis (Gold et al. 2009). Activin C
has been proposed to antagonize activin A, but
its function may also counteract the effects of
TGF-b during liver development. The inhibito-
ry Smad7 is known to repress signaling by TGF-
b and activin receptors, although it can also
block BMP signaling (Miyazawa and Miyazono
2016). Hepatocyte-specific ablation of Smad7
using the Alb-Cre system mimics enhanced
TGF-b/activin-induced Smad activation (Zhu
et al. 2011). Furthermore, although many
Smad72/2 mice are viable and develop a nor-
mal liver, a small proportion of animals show
liver disease coupled to loss of total body weight
and signs of hepatic damage characterized by
increased plasma levels of amino-transferases
(Zhu et al. 2011). The observed liver damage
may be explained by enhanced hepatocyte apo-
ptosis, which is compatible with enhanced
TGF-b signaling, whereas pathological injury
of the liver after alcohol consumption is exacer-
bated in the Smad72/2 mice (Zhu et al. 2011).
The variation in extent of the liver-specific phe-
notypes in these mice depends on the efficiency
of deletion of the Smad7 gene, which apparently
fails to be inactivated in a large proportion of
animals (Zhu et al. 2011), suggesting that the

genetic deletion may be counterbalanced by the
action of unknown “modifier” genes. This ex-
periment suggests that limiting the activity of
activin and TGF-b signaling in the liver may be
required for normal liver development, a con-
clusion that awaits amore robust inactivation of
hepatic Smad7 gene expression in mice.

In addition to hepatocytes, liver progenitor
cells, such as hepatoblasts, can differentiate into
bile duct cells, which are also of epithelial char-
acter. Using explanted hepatic bud cultures,
BMP-4 was found to potentiate bile duct epi-
thelial differentiation promoted by fibroblast
growth factor 2 (FGF2, also known as basic
FGF) (Fig. 3) (Yanai et al. 2008). The liver also
expresses and secretes BMP-9, which regulates
endothelial cell proliferation and monolayer in-
tegrity (Suzuki et al. 2010; Bidart et al. 2012;
Long et al. 2015). The liver secretes both an
inactive and an active form of BMP-9 that enter
the circulation and act in a hormonal manner
on the endothelial cells of the vasculature (Su-
zuki et al. 2010; Bidart et al. 2012; Long et al.
2015). This observation suggests that the health
of the liver during adult life regulates the ho-
meostasis of the vasculature. In addition, BMP
signaling, mediated by GPI-anchored corecep-
tors of the repulsive guidance molecule (RGM)
family, regulates normal iron homeostasis in the
liver (Babitt et al. 2006). The RGM protein
RGMc, also known as hemojuvelin, assists
BMP-6 in binding to its receptors and transla-
tionally enhances the expression of hepcidin, a
homeostatic regulatorof intracellular iron stores
(Babitt et al. 2006). Activin B also binds to
RGMc in the liver, mediating signaling through
ActRII and ActRIIB and the type I receptors
BMPRIA and ActRI, which activate Smad5
and enhance hepcidin expression (Canali et al.
2016). Chemical inhibitors of the BMPRIA ki-
nase can control liver regeneration after injury,
providing a promising development toward
therapy of organ failure (Tsugawa et al. 2014).

THE TGF-b FAMILY IN KIDNEY AND
BLADDER ORGANOGENESIS AND EMT

Kidney is a mesoderm-derived organ. The ure-
teric bud is formed from the intermediate me-
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soderm through anMET process early in devel-
opment and forms the differentiated epithelial
tissue (Reidy and Rosenblum 2009). The ureter-
ic bud at the posterior part of the nephric duct
grows into the surrounding metanephric mes-
enchyme and completes branching morpho-
genesis (Reidy and Rosenblum 2009). The
metanephric mesenchyme cells organize them-
selves around branching ureteric buds, collapse
into aggregates, and epithelialize to form renal
vesicles through MET (Reidy and Rosenblum
2009). These vesicles are surrounded by a base-
ment membrane, have an apical lumen and un-
dergo further tubular morphogenesis to give
rise to renal tubules and the nonvascular part
of the renal glomeruli (Reidy and Rosenblum
2009).

The BMPs play key roles in patterning the
kidney and guiding morphogenesis from the
mesenchyme toward glomerular epithelial dif-
ferentiation (Fig. 4) (Godin et al. 1999).
Bmp72/2 mice show loss of the kidney glomer-
ulus, placing BMP-7 as an important differenti-
ation factor in kidney organogenesis (Fig. 4A,E)
(Karsenty et al. 1996). Bmp4þ/2 mice show re-
ducedkidney size andabnormal development of
the urinary tract (Miyazaki et al. 2000). This
happens because BMP-4 limits the extent of
nephric budding along the Wolffian tube and
promotes branching morphogenesis of the de-
veloping ureter (Miyazaki et al. 2000). BMP-4
that is produced by the ectodermal cells induces
further BMP-4 expression and secretion by me-
sodermal cells, which drives nephric mesoderm
morphogenesis and subsequent differentiation
of the nephric duct (Fig. 4D) (Obara-Ishihara
et al. 1999). Delivery of recombinant BMP-4-
coated beads to embryonic explants can fully
replace the experimentally removed ectodermal
tissue, confirming that BMPs are critical for the
interaction between the ectoderm and meso-
derm, so that nephric bud morphogenesis can
be initiated (Obara-Ishihara et al. 1999). In em-
bryonic kidney explants, BMP-2 and, unexpect-
edly, BMP-4 inhibit tubular growth and branch-
ing morphogenesis, whereas BMP-7 has the
same effect only at high local doses, at low doses
promoting branching morphogenesis (Piscione
et al. 1997; Raatikainen-Ahokas et al. 2000).

Additionally, inactivation of expression of
the BMP antagonist Gremlin, encoded by the
Grem1 gene, leads to abnormal kidney develop-
ment at early stages before branching morpho-
genesis, with the nuclei of the mesenchyme of
these Grem12/2 mice showing enhanced
Smad1 activation (Michos et al. 2007). The
Grem12/2 phenotype could be rescued by ex-
posure of explanted ureteric buds to recombi-
nant Gremlin or by genetic reduction of the
Bmp4 gene copy number in a compound trans-
genic animal (Michos et al. 2007). The compen-
sation from reducing endogenous BMP-4 ex-
pression suggests that BMP signaling is tightly
controlled during the initiation of nephric bud
outgrowth and morphogenesis, and that Grem-
lin titers down the BMPactivity to allow proper
developmental potential in the kidney (Fig. 4D).
Similar experiments in which the Grem1 dele-
tion was coupled to Bmp7 inactivation showed
that loss of one Bmp7 allele was not sufficient to
rescue abnormal kidney development, whereas
inactivation of both Bmp7 copies could restore
the ureteric bud morphogenetic pattern (Fig.
4E) (Goncalves and Zeller 2011). However,
this rescue in branching morphogenesis does
not result in normal kidneys, and organ dyspla-
sia still prevails to an extent that resembles the
Bmp72/2 phenotype (Karsenty et al. 1996).
Thus, the effect of Gremlin as a BMPantagonist
is more global, in the sense that it antagonizes
BMP-7, BMP-4, and possibly other BMP activ-
ities during kidney development.

Increased expression or ablation of the ex-
tracellular BMP antagonist Cerberus-1 in the
ureteric bud of mice leads to a phenotype of
enlarged kidneys (Chi et al. 2011). This defect
results from altered branching morphogene-
sis that correlates with increased levels of glial
cell–derived neurotrophic factor (GDNF) and
Wnt11, which are known to mediate the
branching process in the ureteric buds (Fig.
4D) (Chi et al. 2011). Transcriptomic studies
in kidney epithelial cells treated with TGF-b1
identified Wnt11 as a target gene, promoting
signaling through a noncanonical Wnt pathway
that involves activation of the c-Jun amino-ter-
minal kinase (JNK) and activation of expression
of the EMT transcription factors Snail and
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Figure 4. Role of the TGF-b family in kidney organogenesis. (A) Overall logic of bone morphogenetic protein
(BMP) and TGF-b signaling effects in the kidney. A metanephric mesenchymal cell (Mes) is shown to differ-
entiate into an epithelial cell (Ep) of the branching ureteric bud. BMP-7 promotes differentiation and causes
MET. Mesenchymal cells proliferate (self-targeting arrow). Under pathologic conditions TGF-b1 induces EMT,
promotes the mesenchymal phenotype, and tissue fibrosis. (B) A snapshot of early steps during branching
morphogenesis in the kidney. A developed kidney on the left and a primitive ureteric bud with its developing
branches and the surrounding metanephric mesenchyme. Localization of BMP ligands is shown in the mes-
enchyme (orange) or lumen of the developing ureteric epithelium (green). Three BMPs, BMP-2 (yellow cup),
BMP-4 (blue dots), and BMP-7 (purple stars), are highlighted because they are extensively discussed in this
review. BMP-3, -5, and -6 are also expressed either in the mesenchyme or the epithelium (dotted arrows) but
they are not discussed in this review because of the lack of substantial functional analyses in the kidney. (C)
BMP-2 signaling inhibits branching morphogenesis and promotes mesenchymal proliferation. The coreceptor
glypican-3 assists BMP-2 signaling through BMPRII and BMPRIA, which activate Smad1, b-catenin, and p38
mitogen activated protein kinase (MAPK) in the epithelial cells. (D) BMP-4 signaling promotes branching
morphogenesis. BMP-4 is expressed through epithelial ectodermal cells and acts on mesenchymal cells, which
then secrete their own BMP-4 (shown as the Bmp4 gene in the cell nucleus) that acts on the epithelial cells and
promotes branching of the growing epithelium through transcriptional induction and secretion of Wnt11 and
glial cell-derived neurotrophic factor (GDNF). Wnt4 is an upstream inducer of BMP-4 expression, whereas the
extracellular antagonists Gremlin-4 and Cerberus-1 limit the activity of BMP-4. (E) BMP-7 signaling promotes
branching morphogenesis and mesenchymal proliferation. Wnt signaling transcriptionally induces BMP-7
expression, whereas the extracellular antagonists Gremlin-1 and Decorin limit the activity of BMP-7. Decorin
(underlined), but not Gremlin-1, expression is transcriptionally repressed by FoxD1. BMP-7 signals through
BMPRII, ActRI and BMPRIA, which activate Smad1 and p38 MAPK signaling, to promote branching of the
growing epithelium or mesenchymal proliferation. (F) Activin A inhibits branching morphogenesis and pro-
motes mesenchymal cell proliferation. Activin A signaling through activin type II receptor (ActRII) inhibits
branching of the growing epithelium and promotes mesenchymal proliferation. (G) TGF-b2 inhibits branching
morphogenesis. TGF-b2 signaling by the coreceptor TbRIII/ betaglycan and the receptors TbRII andTbRI (not
shown) inhibits branching of the growing epithelium.
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ZEB1, of a-smooth muscle actin (a-SMA), and
of extracellular plasminogen activator inhibitor
1 (Zhang et al. 2012). These confer a character-
istic EMTresponse of epithelial cells that corre-
lates with a fibrotic phenotype in an in vivo
model of ureteral obstruction (Zhang et al.
2012). Thus, Wnt11 may play important roles
in kidney morphogenesis downstream from
both BMPand TGF-b ligands. The extracellular
proteoglycan decorin can antagonize BMP-7
during the establishment of nephric progenitor
cell competence to signals from the adjacent
epithelium (Fetting et al. 2014). The forkhead
transcription factor FoxD1 represses decorin
expression (Fig. 4E), which is required for the
differentiation of the nephron in the interstitial
space that lines the niche of nephron progeni-
tors (Fetting et al. 2014). Foxd12/2 mice show
abnormal differentiation of their interstitial
cells, because decorin expression is derepressed
and capable of neutralizing BMP-7 signaling
(Fetting et al. 2014).

Studies using Bmp7-LacZ reporter mice, in
which the reporter reflects the Bmp7 expression
pattern, defined Bmp7 expression in the kidney
epithelium, which is controlled by Wnt (Fig.
4E) and associated extracellular matrix proteo-
glycans (Godin et al. 1998). The dose-depen-
dent action of BMP-7 described above may ex-
plain the inhibition of mesenchymal apoptosis
by BMP-7 in the developing nephron, whereas
coordinate signaling by FGF2 and BMP-7 can
promote growth and maintenance of mesen-
chymal progenitor cells (Fig. 4E) that generate
the stromal compartment in the developing
kidney (Dudley et al. 1999). A key proteoglycan
that mediates the FGF2-BMP-7 cross talk in the
developing kidney is glypican-3, whose gene
deletion in the mouse leads to regression of
the collecting ducts (Grisaru et al. 2001). Gly-
pican-3 is required for the control of nephric
branching morphogenesis, as negative regula-
tion of morphogenetic budding by BMP-2 de-
pends on glypican-3 (Fig. 4C), and BMP-7
stimulates morphogenesis in the absence of
glypican-3 (Grisaru et al. 2001). In addition,
Wnt4 can act on the smooth muscle cells in
the kidney medulla, where Wnt4 localization
correlates with induced expression of BMP-4

(Fig. 4D), which then promotes differentiation
of the smooth muscle cells (Itäranta et al.
2006).

The receptors BMPRII, BMPRIA, and
BMPRIB are coexpressed in the developing kid-
ney, primarily at the tips of the developing ure-
ter and the associated mesenchyme, as defined
by in situ hybridization (Martinez et al. 2001).
Mice expressing a constitutively active BMPRIA
show severe abnormalities in kidney develop-
ment, with the most severe case being cystic
dysplasia of the medulla, resembling disease in
children that leads to renal failure (Hu et al.
2003). The active BMPRIA induces nuclear
complexes of Smad1 and b-catenin, causing in-
hibition of branching processes, overgrowth of
the mesenchyme, and generation of cysts in the
place of normal collecting ducts (Hu et al.
2003). Inversely, Bmpr1a gene deletion in the
mouse primitive uretery bud leads to excessive
branching of the buds, which later regress, lead-
ing to an overall decrease in the medulla of the
kidney and severe loss of mature collecting
ducts (Hartwig et al. 2008). In addition to the
activities of Smad1–b-catenin complexes, renal
cell cultures and ex vivo organ cultures show
cooperation of the p38 mitogen activated pro-
tein kinase (MAPK) with Smad1 in some re-
sponses (Fig. 4C,E) (Hu et al. 2004). Reporter
mice that express b-galactosidase from a BMP-
responsive Id1 gene promoter have been used to
address the roles of Smad signaling downstream
fromBMPs in vivo (Blank et al. 2008). Although
the full spectrum of BMP-dependent signaling
activities in vivo may not be captured by the Id1
promoter, strong BMP signaling activity local-
izes to the main ductal tube, but not the tips of
the collecting ducts, and weak activity localizes
to the nephrogenic progenitor cell area of the
developing organ (Blank et al. 2008). This is in
contrast to the localization of BMP receptor ex-
pression using in situ hybridization (Martinez
et al. 2001). In addition, these reporter mice
showed robust Id1-LacZ expression in tip cells
of developing ducts, when those were stimulat-
ed with BMPs in explanted organ cultures,
which is compatible with the reports cited ear-
lier on differences between in vivo studies and
explanted organoid culture studies.

TGF-b Family Signaling in Ductal Biology

Cite this article as Cold Spring Harb Perspect Biol 2018;10:a031997 19

 on January 10, 2025 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


To address the overall roles of TGF-b family
members in kidney development, Smad4 was
inactivated in mice. Inactivation of Smad4 ex-
pression in collecting duct and ureteric buds
using Cre recombinase expressed from the
Hoxb7 promoter results in apparently normal
development, but Cre-mediated Smad4 inacti-
vation in the nephric mesenchyme using the
Bmp7 promoter results in lack of proper con-
tacts of the mesenchyme with the adjacent ure-
teric bud, leading to disorganized tissue devel-
opment (Oxburgh et al. 2004). Another mouse
model of Smad4 inactivation in the ureteral and
bladder mesenchyme showed no effect in the
kidney proper or the urothelium, but resulted
in hydronephrosis and obstruction of the ure-
teropelvic junction (Tripathi et al. 2012). This
model showed a clear quantitative defect in
smooth muscle differentiation and a reduction
in tissue contractility that underlies the obstruc-
tive phenotype; however, the overall kidney
morphogenesis could be completed despite
the absence of Smad4. These Smad42/2 mice
showed less severe phenotypes compared with
the Bmp42/2 mice in the same tissue, illustrat-
ing that Smad4 is not essential for all BMP-4
signaling responses.

Although BMPs clearly are major players of
the TGF-b family in the kidney, activin A inhib-
its and follistatin enhances branching morpho-
genesis in culture (Kojima et al. 2001). Similar
to the BMP receptors, the ActRII receptor is
localized at the tips of ureteric buds and in the
associated mesenchyme, and a dominant-neg-
ative mutant ActRII receptor expressed by an
adenoviral vector blocks the inhibitory effects
of activin A on explanted kidney organ cultures
(Maeshima et al. 2003). Thus, activin signaling
can limit branching morphogenesis and simul-
taneously promote mesenchymal differentia-
tion to nephric epithelium (Fig. 4F).

In renal fibrosis resulting from chronic
kidney injury, TGF-b also antagonizes the
prodifferentiating effects of BMP-7 (Fig. 4A)
(Zeisberg et al. 2003). Injury-mediated inflam-
mation induces TGF-b secretion, enforcing
EMT, followed by excessive extracellular matrix
production in fibrotic scars (Zeisberg et al.
2003). In contrast, BMP-7 acts as a repair and

restoration factor that counteracts EMT, pre-
serves epithelial characteristics or even reverts
mesenchymal cells to epithelial cells (Zeisberg
et al. 2003). Although the chronic kidney injury
model is robust, cell culture studies challenge
the proposed antagonism of TGF-b-induced
EMT by BMP-7, possibly because of the differ-
entiation state of the cell lines used (Dudas et al.
2009). In one report, immortalized human
proximal tubule epithelial HK-2 cells undergo
EMT in response to TGF-b, but BMP-7 fails to
revert the mesenchymal cells to epithelial cells
(Dudas et al. 2009), whereas BMP-7 does in-
duce reversion in another report (Xu et al.
2009).

The mechanism through which BMP-7
antagonizes TGF-b-induced EMT in renal epi-
thelial cells may involve the regulation of Id2
expression, which is repressed by TGF-b and
induced by BMP-7 (Veerasamy et al. 2013);
this regulation is also conserved in breast and
lens epithelial cells (Kowanetz et al. 2004). Pri-
mary porcine urothelial cells undergo EMT in
response to TGF-b and activate their Smad sig-
naling (Islam et al. 2014). Activation of the
Mmp2 gene, encoding matrix metallopro-
teinase 2, by TGF-b depends on Smad2, and
activation of theCtgf gene, encoding connective
tissue growth factor, depends on Smad3, where-
as activation of the Mmp9 gene requires both
Smad2 and Smad3 (Islam et al. 2014). Tran-
scriptomic analyses of human kidney epithelial
cells in culture identified almost 1000 TGF-b1-
responsive genes (Campanaro et al. 2007). This
study highlights an important role of MAPK
signaling in TGF-b-induced EMTof kidney ep-
ithelial cells, whereas a group of genes that is
directly regulated in response to TGF-b1
promotes dedifferentiation of epithelial cells
(Campanaro et al. 2007). A rat model of diabet-
ic nephropathy shows that high glucose leads to
induction of TGF-b1 expression by the tran-
scription factor KLF6, which then induces
EMT and contributes to fibrosis (Holian et al.
2008). A similar study in human HK-2 cells
treated with TGF-b1 in the presence of low or
high glucose shows that high glucose stimulates
the expression of endogenous TGF-b1 and in-
duces p38 MAPK signaling, which is similar to
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the low glucose condition when combined with
added TGF-b1 (Lv et al. 2011). Under either
condition, EMT follows, which is accompanied
by p38 MAPK-mediated activation of the AP-1
transcriptional complex and induction of Snail
expression (Lv et al. 2011).

In cell culture, TGF-b blocks the prolifera-
tion and terminal differentiation of undifferen-
tiated bladder urothelial cells (Fleming et al.
2012). In contrast, more differentiated cells re-
spond to TGF-b only after wounding, and TGF-
b promotes the repair of the wound (Fleming
et al. 2012). Interestingly, urothelial cells in cul-
ture enhance Smad3 expression, and decrease
Smad7 expression and expression of the E3
ubiquitin ligase Smurf2 that targets TbRI and
Smad2 during differentiation, consistent with
an increase in TGF-b signaling capacity (Flem-
ing et al. 2012). TGF-b1 can also induce au-
tophagy and apoptosis in human renal proxi-
mal tubular cells in culture, by activating the
expression of the ATG5, ATG7, and BCN1 genes
that encode key autophagy mediators (Xu et al.
2012). Induction of autophagy correlates with
enhanced production of reactive oxygen species
that eventually cause apoptosis of the epithelial
cells in response to TGF-b (Xu et al. 2012). The
response of the renal cells resembles the re-
sponse of hepatocarcinoma cells to TGF-b
(Kiyono et al. 2009), as the same set of genes
and molecular processes that promote autoph-
agy can be regulated by TGF-b.

Beyond their effects in cell culture, the TGF-
bs play developmental roles in the kidney. Het-
erozygous Tgfb2þ/2 mice show a significant
increase in the number of nephrons (Sims-Lu-
cas et al. 2008). An increase in length and num-
ber of branches generated during morphogene-
sis of the ureteric buds causes this phenotype,
suggesting that TGF-
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represses N-Myc expression in the lung buds
(Serra et al. 1994). Adenoviral expression of an
active form of TGF-b1 in developing lungs of
rats results in inhibition of embryonic lung
morphogenesis and repression of N-Myc ex-
pression (Fig. 5) (Gauldie et al. 2003). In con-
trast, TGF-b1 delivery into the lungs of adult
animals leads to induction of fibrosis and exces-
sive branching in the already developed alveolar
network (Gauldie et al. 2003).

Increased TGF-b1 expression induces syn-
thesis of collagen and other extracellular matrix
proteins, resulting in abnormal alveoli with ex-
tended and dilated morphology as a result of
decreased cell numbers caused by the antipro-
liferative and proapoptotic effects of TGF-b1
(Gauldie et al. 2003). Tgfb32/2 mice die right
after birth because of major defects in comple-
tion of lung morphogenesis and palatogenesis
(Kaartinen et al. 1995), establishing that also
TGF-b3 controls lung morphogenesis (Fig. 5).
Ex vivo experiments with rat lung buds at early
stages of lung morphogenesis, when all three
TGF-bs and all receptor types are expressed,
show that TGF-b2, but not TGF-b1 or TGF-
b3, acting through TbRII and TbRI, promotes
lung bud morphogenesis, because antisense ol-
igonucleotides against TGF-b2 strongly inhibit

morphogenesis (Liu et al. 2000). The effect of
TGF-b2 is concentration-dependent, with low
concentrations promoting lung branchingmor-
phogenesis and higher concentrations inhibit-
ing the morphogenesis (Liu et al. 2000). Similar
studies in mouse and human lungs emphasize a
role of TGF-b activity during late phases of lung
morphogenesis (Alejandre-Alcazar et al. 2008).
A more thorough analysis of the role of the dis-
tinct TGF-bs during the various phases of lung
development is still required.

The developed lung is made of several cell
types at different anatomical locations. Epithe-
lial cells that provide the lining in small bron-
chioles are thought to be adult stem cells and are
called Clara cells. Genetic ablation of TbRI re-
ceptor expression in lung progenitor cells blocks
Clara cell differentiation (Xing et al. 2010). Fur-
thermore, TbRI activates the expression of the
HES1 transcription factor, represses the expres-
sion of PTEN phosphatase, and activates Erk
MAPK and Akt signaling (Xing et al. 2010).
Selective Tgfbr1 inactivation in mesodermal
progenitor cells results in mesodermal hypopla-
sia and maturation of the morphogenetic pro-
cess in the lungs (Li et al. 2016). Conditional
inactivation of TbRII expression in developing
lung epithelial cells causes a delay in the differ-
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entiation of alveoli because of lack of type I
alveolar epithelial cells, a phenotype that is ex-
pressed only after birth of the mice (Chen et al.
2008). In contrast, ablation of the TbRII recep-
tor from the lung mesenchyme affects mildly
the branching pattern, leading to defects in
neighboring tissues such as the diaphragm
(Chen et al. 2008).

Endodermal cells also contribute to the final
morphogenesis of the developing lung. Specific
ablation of TbRII in themouse lung followed by
culture of lung endodermal explants shows that
TGF-b no longer inhibits branching morpho-
genesis (Xing et al. 2008). In the lung endo-
derm, TGF-b inhibits cell proliferation and
the action of transcription factor Nkx2.1, also
known as thyroid transcription factor, TTF-1,
which controls branching of the tissue (Xing
et al. 2008). In agreement with the inhibition
of lung branching morphogenesis by TGF-b,
antisense oligonucleotides that silence the ex-
pression of Smad2 or Smad3 or that of Smad4
enhance lung branching in mouse embryos
(Zhao et al. 1998). The effect of Smad4 ablation
is surprising in view of Smad4’s function in
many TGF-b family pathways (see below). In
addition, TGF-b1 failed to rescue the enhanced
morphogenesis caused by Smad silencing when
added to lung bud explants in vitro (Zhao et al.
1998). Similarly, infection of lung explants in
culture with a Smad7-expressing adenovirus
blocks the inhibition of cell proliferation and
differentiation by TGF-b, whereas Smad6 does
not have a similar impact, which is compatible
with the specificity of the inhibitory Smads
(Zhao et al. 2000). In addition to Smad signal-
ing, p38 MAPK signaling is induced by TGF-b
in airway epithelial cells in culture and pro-
motes apoptosis (Undevia et al. 2004). Howev-
er, more research is needed to better define all
effects of TGF-b in the various cell types of the
developing lung and to link TGF-b signaling
activities to genomic and chromatin-mediated
transcriptomic changes during lung epithelial
differentiation, as revealed by genome-wide
studies (Marconett et al. 2013).

The BMP family has been ascribed a similar
function as TGF-b in lung epithelial differenti-
ation. Transgenic mice that conditionally over-

express BMP-4 in the distal epithelium of the
developing lung tissue, the normal site of BMP-
4 expression, suffer from small size lungs that
lack properly developed airways and are full of
large air sacs (Bellusci et al. 1996). Excess of
BMP-4 inhibits proliferation of progenitor cells
and inhibits terminal differentiation of type II
pneumocytes (Bellusci et al. 1996). The role of
BMP-4 in patterning the proximal–distal polar-
ity of the developing lungs has also been con-
firmed using transgenic mice expressing noggin
or a dominant-negative BMPRIB receptor, both
resulting in loss of BMP signaling, leading to
loss of distal epithelial cells and enrichment in
proximal epithelial cells in the resulting abnor-
mal lungs (Weaver et al. 1999). Peripheral
(distal) BMP-4 is inactivated by extracellular
Gremlin (Fig. 5), which is highly expressed in
buds when branchingmorphogenesis starts and
in more developed airways (Shi et al. 2001).
Silencing of Gremlin expression using antisense
oligonucleotides in lung bud explant cultures
has the same effect as adding BMP-4, both lead-
ing to enhanced branching morphogenesis (Shi
et al. 2001). Conversely, transgenic overexpres-
sion of Gremlin in the distal lung epithelium in
mice disrupts the proximal–distal pattern of
development and promotes proximal epithelial
expansion at the expense of distal epithelial dif-
ferentiation (Lu et al. 2001). Follistatin, best
known for its antagonistic effects against acti-
vins, also binds BMP-4 and blocks its signaling
function (Fig. 5). Accordingly, inactivation of
follistatin expression in mice results in death
from respiratory failure, because of abnormal
development of the trachea and failure in dif-
ferentiation of the distal alveolar epithelial cells
(Geng et al. 2011). Lack of follistatin expression
causes enhanced BMP signaling, which was
shown by administration of noggin that rescues
the lung defects (Geng et al. 2011).

Heparan sulfate glycosaminoglycan chains
in extracellular proteoglycans represent another
important determinant of BMP activity in the
developing lung. Indeed, targeted inactivation
of the Ndst1 gene, which encodes N-deacety-
lase/N-sulfotransferase-1, an enzyme involved
in heparan sulfate synthesis, causes defective
lung epithelial differentiation because of en-
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hanced BMP signaling (Hu et al. 2009). Addi-
tion of heparin in cell culture can rescue over-
active BMP signaling and normalizes BMP
actions on lung epithelial differentiation (Hu
et al. 2009).

The BMPRIA receptor is expressed in the
developing lung epithelium, and conditional
inactivation of its expression in mouse lung ep-
ithelium resulting from Cre recombinase ex-
pression from the Sftpc promoter causes low
epithelial cell proliferation and high cell death,
resulting in loss of differentiated type II pneu-
mocytes (Eblaghie et al. 2006). Inactivation of
the Bmpr1a gene during early lungmorphogen-
esis or after birth results in detrimental lung
function and eventual collapse (Fig. 5) (Sun
et al. 2008). Early gene ablation delays branch-
ingmorphogenesis and differentiation, whereas
late ablation affects the proliferation and phys-
iological secretion of lung epithelial cells, both
leading to severe lung defects (Sun et al. 2008).

BMP-4 signaling through BMPRIA during
lung development involves Smad1 (Fig. 5), be-
cause silencing Smad1 expression using anti-
sense oligonucleotides in ex vivo cultures of
lung buds reduces the branching and epithelial
cell differentiation (Chen et al. 2005). Compar-
ing the effects of lung epithelial cell–specific
inactivation of Smad1 versus Smad5 expression
in lung development using Cre expression from
the Sftpc promoter suggests a major role for
Smad1, as its ablation results in reduced branch-
ing morphogenesis and distal epithelial cell
differentiation (Xu et al. 2011). Accordingly,
adenoviral delivery of the E3 ubiquitin ligase
Smurf1, which targets BMPRIA and Smad1, in
the lung blocks branching and epithelial differ-
entiation while reducing the total Smad1 and
Smad5 levels, but not the Smad8 levels (Shi
et al. 2004). The BMP-4–BMPRIA–Smad1
pathway induces expression of the Wnt inhibi-
tory factor-1 (WIF-1), which limits the action of
Wnt signaling during lung differentiation (Xu
et al. 2011).

Reporter mice have been instrumental to
trace BMP signaling in the lung throughout de-
velopment, adult life and during pathogenesis
(Sountoulidis et al. 2012). Using the Id1 pro-
moter driving GFPexpression, BMP–Smad sig-

naling activity can be traced in progenitor cells
of the proximal developing airway and in alve-
olar epithelial cells, whereas BMP signaling ac-
tivity dissipates in adult lungs, unless tissue
damage and remodeling are activated by injury
(Sountoulidis et al. 2012). These findings agree
with immunocytochemistry results for activat-
ed Smad1 and Smad5 and expression of their
target genes encoding Id1, Id2, and Id3, and
show that the BMP pathway is especially active
during late stages of lung morphogenesis (Ale-
jandre-Alcazar et al. 2007). Additional studies
on the dynamics of BMP signaling after injury
of the mouse trachea indicate activity in basal
stem cells, which contribute to the regeneration
of ciliated and secretory lung epithelium (Tado-
koro et al. 2016). These experiments once again
confirm that BMP signaling limits lung epithe-
lial cell proliferation during periods of genera-
tion of new epithelia from basal cells, and
emphasize the role of secreted extracellular
BMP inhibitors, which limit the signaling pow-
er of the BMPs (Tadokoro et al. 2016).

The anti-Müllerian hormone (AMH), also
known as Müllerian inhibiting substance
(MIS), plays a critical role in the development
of the male reproductive tract, but has also been
implicated in lung morphogenesis. In vivo, de-
veloping lung epithelium expresses both the
AMH ligand and its type II receptor AMHRII
(Catlin et al. 1997). Ex vivo, AMH causes retar-
dation of lung bud growth with strong signs of
localized apoptosis within the budmass (Catlin
et al. 1997).

The pivotal role of BMP signaling in lung
morphogenesis is also illustrated by studies of
ESC differentiation. ESCs can generate differen-
tiated lung epithelial cells through intermediate
stages that are controlled by activin, nodal, and
noggin (Ninomiya et al. 2013). ESCs in culture
can differentiate into definitive endoderm, fol-
lowed by generation of pulmonary endoderm
that contains lung progenitor cells marked by
the expression of Nkx2.1, a stage dependent on
activin A signaling (Li et al. 2013). Activin A
signals through ActRIB and Smad2, which
then induces transcription of the Nkx2-1 gene
(Li et al. 2013). Subsequently, limited BMP-4
signaling, achieved by noggin in the differenti-
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ation cocktail, promotes differentiation of distal
epithelial cells, such as Clara and goblet cells
(Ninomiya et al. 2013). A similar protocol start-
ing from human pluripotent stem cells gener-
ates all differentiated cell types of the mature
lung and thus promises its application to ther-
apy of lung injury (Huang et al. 2014).

Similar to other epithelial cell types, lung
epithelial cells can undergo EMT. For example,
in response to TGF-b signaling through Smad2,
Smad3, and Smad4, A549 adenocarcinoma
cells, which are of alveolar type II epithelial or-
igin, can transition into fusiform mesenchymal
cells with extensive cytoskeletal remodeling, and
type II cells can transdifferentiate into type I
cells (Kasai et al. 2005; Bhaskaran et al. 2007;
Buckley et al. 2012). The nuclear Smads form
complexes with b-catenin and activate the gene
encoding a-SMA that characterizes the myofi-
broblast differentiation on TGF-b stimulation
(Zhou et al. 2012). Similarly, BMP-4 promotes
EMTand excess extracellularmatrix secretion in
epithelial BAES-2B cells (Molloy et al. 2008).
More relevant than EMT is the developmental
induction by epithelial–mesenchymal interac-
tions in the lung bud, as described throughout
this review. Accordingly, TGF-b signaling in the
lungmesoderm controls the differentiation into
a-SMA expressing myofibroblasts versus lipofi-
broblasts. When TGF-b receptor levels are
reduced after Tgfrb1 inactivation, the lipofibro-
blasts take over and the decreased numbers of
myofibroblasts result in a defective induction of
epithelial differentiation and morphogenesis,
consistent with the phenotype of these mutant
mice (Li et al. 2016).

Thus, TGF-b andBMPpathways pattern the
normalmorphogenesis of the alveolar trees dur-
ing lung development, contribute to terminal
epithelial differentiation, and cause mesenchy-
mal transitions at least in cultured lung epithe-
lial cells, consistent with the potent cell-cycle
arrest of these cells. Although epithelial–mes-
enchymal interactions, especially at the distal
alveolar tips of differentiation, depend on con-
tinuous inputs from the neighboring mesen-
chyme or endothelium, a developmental role
of EMT has not yet been uncovered in the
lung, suggesting that the lung engages the

EMT program only during chronic inflamma-
tory conditions that lead to fibrosis or during
cancer progression.

CONCLUSIONS AND PERSPECTIVES

This review discusses mechanisms by which
TGF-b family ligands regulate the morphogen-
esis of ductal tissues leading to the generation of
many vital organs in the vertebrate body. The
rich knowledge that has been generated on this
topic over the years did not allow a full account
of all experimental efforts made by the commu-
nity. An important take-home message is that
transgenicmicewith tissue-specific inactivation
or overexpression of TGF-b family ligands,
receptors or Smads, provide the central frame-
work for our understanding of how ductal mor-
phogenesis proceeds in an epithelial tissue–
specific manner. In addition, tissue-specific
adaptations can also be generated based on
the activity of the TGF-b ligands, which are
controlled by their extracellular antagonists. On
the other hand, important knowledge of signal
transduction mechanisms from culture studies
with primary or established cell models remains
to be translated into the biological context in
vivo. This encompasses the extensive coopera-
tion of the TGF-bs with additional signaling
networks, including the Wnt and FGF path-
ways, so that tissue specificity can be generated
in these epithelial organs. Future analyses of
human ductal development and the contribu-
tions of the TGF-bs during adult homeostasis
or in various pathologies are a fertile area of
research. In development of ductal tissue, new
research may focus on the time-dependent and
sequential signaling events that promote the
building of ductal epithelial tissues with the in-
structive signaling input provided by the adja-
cent mesenchyme. Because not every TGF-b
family member has yet been examined for its
role in ductal morphogenesis, more work re-
mains until this task will be completely fulfilled.
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Massagué J. 2012. TGFb signalling in context. Nat Rev Mol
Cell Biol 13: 616–630.

Masui T, Wakefield LM, Lechner JF, LaVeck MA, SpornMB,
Harris CC. 1986. Type b transforming growth factor is
the primary differentiation-inducing serum factor for
normal human bronchial epithelial cells. Proc Natl Acad
Sci 83: 2438–2442.

Matzuk MM, Kumar TR, Bradley A. 1995. Different pheno-
types for mice deficient in either activins or activin re-
ceptor type II. Nature 374: 356–360.

McCracken KW, Cata EM, Crawford CM, Sinagoga KL,
Schumacher M, Rockich BE, Tsai YH, Mayhew CN,
Spence JR, Zavros Y, et al. 2014. Modelling human devel-
opment and disease in pluripotent stem-cell-derived gas-
tric organoids. Nature 516: 400–404.

McNairn AJ, Brusadelli M, Guasch G. 2013. Signaling mod-
eration: TGF-b in exocrine gland development, mainte-
nance, and regulation. Eur J Dermatol doi: 10.1684/
ejd.2013.1979.

Meyer C, Liu Y, Kaul A, Peipe I, Dooley S. 2013. Caveolin-1
abrogates TGF-b mediated hepatocyte apoptosis. Cell
Death Dis 4: e466.

Michos O, Goncalves A, Lopez-Rios J, Tiecke E, Naillat F,
Beier K, Galli A, Vainio S, Zeller R. 2007. Reduction of
BMP4 activity by gremlin 1 enables ureteric bud out-
growth and GDNF/WNT11 feedback signalling during
kidney branching morphogenesis. Development 134:
2397–2405.

Miralles F, Czernichow P, Scharfmann R. 1998. Follistatin
regulates the relative proportions of endocrine versus
exocrine tissue during pancreatic development. Develop-
ment 125: 1017–1024.

Miyazaki Y, Oshima K, Fogo A, Hogan BL, Ichikawa I. 2000.
Bone morphogenetic protein 4 regulates the budding site
and elongation of the mouse ureter. J Clin Invest 105:
863–873.

� Miyazawa K, Miyazono K. 2016. Regulation of TGF-b fam-
ily signaling by inhibitory Smads. Cold Spring Harb Per-
spect Biol 9: a022095.

Molloy EL, Adams A, Moore JB, Masterson JC, Madrigal-
Estebas L, Mahon BP, O’Dea S. 2008. BMP4 induces an
epithelial–mesenchymal transition-like response in
adult airway epithelial cells. Growth Factors 26: 12–22.

Moniot B, Biau S, Faure S, Nielsen CM, Berta P, Roberts DJ,
de Santa Barbara P. 2004. SOX9 specifies the pyloric
sphincter epithelium through mesenchymal–epithelial
signals. Development 131: 3795–3804.

Montesano R. 2007. Bone morphogenetic protein-4 abro-
gates lumen formation by mammary epithelial cells and
promotes invasive growth. Biochem Biophys Res Commun
353: 817–822.

Moustakas A, Heldin P. 2013. TGFb and matrix-regulated
epithelial to mesenchymal transition. Biochim Biophys
Acta 1840: 2621–2634.

Nagy P, Evarts RP, McMahon JB, Thorgeirsson SS. 1989.
Role of TGF-b in normal differentiation and oncogenesis
in rat liver. Mol Carcinog 2: 345–354.

� Namwanje M, Brown CW. 2016. Activins and inhibins:
Roles in development, physiology, and disease. Cold
Spring Harb Perspect Biol 8: a021881.

K. Kahata et al.

30 Cite this article as Cold Spring Harb Perspect Biol 2018;10:a031997

 on January 10, 2025 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


Narita T, Saitoh K, Kameda T, Kuroiwa A, Mizutani M,
Koike C, Iba H, Yasugi S. 2000. BMPs are necessary for
stomach gland formation in the chicken embryo: A study
using virally induced BMP-2 and Noggin expression.De-
velopment 127: 981–988.

Nguyen AV, Pollard JW. 2000. Transforming growth factor
b3 induces cell death during the first stage of mammary
gland involution. Development 127: 3107–3118.

Nguyen DH, Martinez-Ruiz H, Barcellos-Hoff MH. 2011.
Consequences of epithelial or stromal TGFb1 depletion
in themammary gland. J Mammary Gland Biol Neoplasia
16: 147–155.

Nieto MA. 2009. Epithelial–mesenchymal transitions in
development and disease: Old views and new perspec-
tives. Int J Dev Biol 53: 1541–1547.

Nieto MA. 2013. Epithelial plasticity: A common theme in
embryonic and cancer cells. Science 342: 1234850.

Ninomiya N, Michiue T, Asashima M, Kurisaki A. 2013.
BMP signaling regulates the differentiation ofmouse em-
bryonic stem cells into lung epithelial cell lineages. In
Vitro Cell Dev Biol Anim 49: 230–237.

Noguchi TK, Ninomiya N, Sekine M, Komazaki S, Wang
PC, Asashima M, Kurisaki A. 2015. Generation of stom-
ach tissue frommouse embryonic stem cells.Nat Cell Biol
17: 984–993.

Obara-Ishihara T, Kuhlman J, Niswander L, Herzlinger D.
1999. The surface ectoderm is essential for nephric duct
formation in intermediate mesoderm. Development 126:
1103–1108.

Ohgushi M, Kuroki S, Fukamachi H, O’Reilly LA, Kuida K,
Strasser A, Yonehara S. 2005. Transforming growth factor
b-dependent sequential activation of Smad, Bim, and
caspase-9 mediates physiological apoptosis in gastric ep-
ithelial cells. Mol Cell Biol 25: 10017–10028.

Omori A, Miyagawa S, Ogino Y, Harada M, Ishii K, Sugi-
mura Y, OginoH, Nakagata N, Yamada G. 2014. Essential
roles of epithelial bone morphogenetic protein signaling
during prostatic development. Endocrinology 155: 2534–
2544.

Oshimori N, Fuchs E. 2012. The harmonies played by TGF-
b in stem cell biology. Cell Stem Cell 11: 751–764.

Oxburgh L, ChuGC,Michael SK, Robertson EJ. 2004. TGFb
superfamily signals are required formorphogenesis of the
kidney mesenchyme progenitor population. Develop-
ment 131: 4593–4605.

Patel VN, Rebustini IT, Hoffman MP. 2006. Salivary gland
branching morphogenesis. Differentiation 74: 349–364.

Perotti C, Karayazi O, Moffat S, Shemanko CS. 2012. The
bone morphogenetic protein receptor-1A pathway is re-
quired for lactogenic differentiation of mammary epithe-
lial cells in vitro. In Vitro Cell Dev Biol Anim 48: 377–384.

Pierce DF Jr, JohnsonMD, Matsui Y, Robinson SD, Gold LI,
Purchio AF, Daniel CW, Hogan BL, Moses HL. 1993.
Inhibition of mammary duct development but not alve-
olar outgrowth during pregnancy in transgenic mice ex-
pressing active TGF-b1. Genes Dev 7: 2308–2317.

Piscione TD, Yager TD, Gupta IR, Grinfeld B, Pei Y, Attisano
L, Wrana JL, Rosenblum ND. 1997. BMP-2 and OP-1
exert direct and opposite effects on renal branching mor-
phogenesis. Am J Physiol 273: F961–975.

Que J, Choi M, Ziel JW, Klingensmith J, Hogan BL. 2006.
Morphogenesis of the trachea and esophagus: Current
players and new roles for noggin and Bmps. Differentia-
tion 74: 422–437.

Raatikainen-Ahokas A, Hytonen M, Tenhunen A, Sainio K,
Sariola H. 2000. BMP-4 affects the differentiation of
metanephric mesenchyme and reveals an early anteri-
or–posterior axis of the embryonic kidney. Dev Dyn
217: 146–158.

Reidy KJ, RosenblumND. 2009. Cell and molecular biology
of kidney development. Semin Nephrol 29: 321–337.

Ritvos O, Tuuri T, Eramaa M, Sainio K, Hilden K, Saxen L,
Gilbert SF. 1995. Activin disrupts epithelial branching
morphogenesis in developing glandular organs of the
mouse. Mech Dev 50: 229–245.

Robinson SD, Roberts AB, Daniel CW. 1993. TGFb sup-
presses casein synthesis in mouse mammary explants
and may play a role in controlling milk levels during
pregnancy. J Cell Biol 120: 245–251.

Romero-Gallo J, Sozmen EG, Chytil A, Russell WE, White-
head R, Parks WT, Holdren MS, Her MF, Gautam S,
Magnuson M, et al. 2005. Inactivation of TGF-b signal-
ing in hepatocytes results in an increased proliferative
response after partial hepatectomy. Oncogene 24: 3028–
3041.

Saitoh M, Shirakihara T, Fukasawa A, Horiguchi K, Saka-
moto K, Sugiya H, BeppuH, Fujita Y,Morita I,Miyazono
K, et al. 2013. Basolateral BMP signaling in polarized
epithelial cells. PLoS ONE 8: e62659.

Salm SN, Burger PE, Coetzee S, Goto K, Moscatelli D, Wil-
son EL. 2005. TGF-b maintains dormancy of prostatic
stem cells in the proximal region of ducts. J Cell Biol 170:
81–90.

Sanchez A, Alvarez AM, Lopez Pedrosa JM, Roncero C,
Benito M, Fabregat I. 1999. Apoptotic response to
TGF-b in fetal hepatocytes depends upon their state of
differentiation. Exp Cell Res 252: 281–291.

Sanvito F, Herrera PL, Huarte J, Nichols A, Montesano R,
Orci L, Vassalli JD. 1994. TGF-b1 influences the relative
development of the exocrine and endocrine pancreas in
vitro. Development 120: 3451–3462.

Schuster N, Krieglstein K. 2002.Mechanisms of TGF-b-me-
diated apoptosis. Cell Tissue Res 307: 1–14.

Serra R, Pelton RW, Moses HL. 1994. TGF-b1 inhibits
branching morphogenesis and N-myc expression in
lung bud organ cultures. Development 120: 2153–2161.

Settle S, Marker P, Gurley K, Sinha A, Thacker A, Wang Y,
Higgins K, Cunha G, Kingsley DM. 2001. The BMP fam-
ily member Gdf7 is required for seminal vesicle growth,
branching morphogenesis, and cytodifferentiation. Dev
Biol 234: 138–150.

Shi W, Zhao J, Anderson KD, Warburton D. 2001. Gremlin
negatively modulates BMP-4 induction of embryonic
mouse lung branching morphogenesis. Am J Physiol
Lung Cell Mol Physiol 280: L1030–1039.

Shi W, Chen H, Sun J, Chen C, Zhao J, Wang YL, Anderson
KD, Warburton D. 2004. Overexpression of Smurf1 neg-
atively regulates mouse embryonic lung branching mor-
phogenesis by specifically reducing Smad1 and Smad5
proteins. Am J Physiol Lung Cell Mol Physiol 286:
L293–300.

TGF-b Family Signaling in Ductal Biology

Cite this article as Cold Spring Harb Perspect Biol 2018;10:a031997 31

http://cshperspectives.cshlp.org/


Shin JA, Hong OK, Lee HJ, Jeon SY, Kim JW, Lee SH, Cho
JH, Lee JM, Choi YH, Chang SA, et al. 2011. Transform-
ing growth factor-b induces epithelial to mesenchymal
transition and suppresses the proliferation and transdif-
ferentiation of cultured human pancreatic duct cells. J
Cell Biochem 112: 179–188.

Shinohara M, Mao M, Keeley TM, El-Zaatari M, Lee HJ,
Eaton KA, Samuelson LC, Merchant JL, Goldenring JR,
Todisco A. 2010. Bone morphogenetic protein signaling
regulates gastric epithelial cell development and prolifer-
ation in mice. Gastroenterology 139: 2050–2060.e2.

Shiozaki S, Tajima T, Zhang YQ, Furukawa M, Nakazato Y,
Kojima I. 1999. Impaired differentiation of endocrine
and exocrine cells of the pancreas in transgenic mouse
expressing the truncated type II activin receptor. Biochim
Biophys Acta 1450: 1–11.

Silberstein GB, Daniel CW. 1987. Reversible inhibition of
mammary gland growth by transforming growth fac-
tor-b. Science 237: 291–293.

Sims-Lucas S, Caruana G, Dowling J, Kett MM, Bertram JF.
2008. Augmented and accelerated nephrogenesis in TGF-
b2 heterozygous mutant mice. Pediatr Res 63: 607–612.

Sountoulidis A, Stavropoulos A, Giaglis S, Apostolou E,
Monteiro R, Chuva de Sousa Lopes SM, Chen H, Stripp
BR, Mummery C, Andreakos E, et al. 2012. Activation of
the canonical bone morphogenetic protein (BMP) path-
way during lung morphogenesis and adult lung tissue
repair. PLoS ONE 7: e41460.

Sun J, Chen H, Chen C,Whitsett JA, Mishina Y, Bringas PJr,
Ma JC, Warburton D, Shi W. 2008. Prenatal lung epithe-
lial cell-specific abrogation of Alk3-bone morphogenetic
protein signaling causes neonatal respiratory distress by
disrupting distal airway formation. Am J Pathol 172:
571–582.

Suzuki Y, OhgaN,Morishita Y,HidaK,MiyazonoK,Watabe
T. 2010. BMP-9 induces proliferation of multiple types of
endothelial cells in vitro and in vivo. J Cell Sci 123: 1684–
1692.

Tadokoro T, Gao X, Hong CC, Hotten D, Hogan BL. 2016.
BMP signaling and cellular dynamics during regenera-
tion of airway epithelium from basal progenitors. Devel-
opment 143: 764–773.

Thomson AA, Marker PC. 2006. Branching morphogenesis
in the prostate gland and seminal vesicles. Differentiation
74: 382–392.

Timme TL, Yang G, Rogers E, Kadmon D, Morganstern JP,
Park SH, Thompson TC. 1996. Retroviral transduction of
transforming growth factor-b1 induces pleiotropic be-
nign prostatic growth abnormalities in mouse prostate
reconstitutions. Lab Invest 74: 747–760.

Todisco A, Mao M, Keeley TM, Ye W, Samuelson LC, Eaton
KA. 2015. Regulation of gastric epithelial cell homeostasis
by gastrin and bone morphogenetic protein signaling.
Physiol Rep 3: pii: e12501.

Tomlinson DC, Freestone SH, Grace OC, Thomson AA.
2004. Differential effects of transforming growth factor-
b1 on cellular proliferation in the developing prostate.
Endocrinology 145: 4292–4300.

Tremblay KD. 2011. Inducing the liver: Understanding the
signals that promote murine liver budding. J Cell Physiol
226: 1727–1731.

Tripathi P, Wang Y, Casey AM, Chen F. 2012. Absence of
canonical Smad signaling in ureteral and bladder mesen-
chyme causes ureteropelvic junction obstruction. J Am
Soc Nephrol 23: 618–628.

Tsugawa D, Oya Y, Masuzaki R, Ray K, Engers DW, Dib M,
Do N, Kuramitsu K, Ho K, Frist A, et al. 2014. Specific
activin receptor-like kinase 3 inhibitors enhance liver re-
generation. J Pharmacol Exp Ther 351: 549–558.

Tsukada T, Azuma M, Horiguchi K, Fujiwara K, Kouki T,
Kikuchi M, Yashiro T. 2016. Folliculostellate cell interacts
with pericyte via TGFb2 in rat anterior pituitary. J Endo-
crinol 229: 159–170.

Tucker RF, Shipley GD,Moses HL,Holley RW. 1984. Growth
inhibitor from BSC-1 cells closely related to platelet type
b transforming growth factor. Science 226: 705–707.

Tulachan SS, Tei E, Hembree M, Crisera C, Prasadan K,

http://cshperspectives.cshlp.org/


Watanabe K, Villarreal-Ponce A, Sun P, SalmansML, Fallahi
M, Andersen B, Dai X. 2014. Mammary morphogenesis
and regeneration require the inhibition of EMTat termi-
nal end buds by Ovol2 transcriptional repressor. Dev Cell
29: 59–74.

Weaver M, Yingling JM, Dunn NR, Bellusci S, Hogan BL.
1999. Bmp signaling regulates proximal–distal differen-
tiation of endoderm in mouse lung development. Devel-
opment 126: 4005–4015.

Weber H, Holewa B, Jones EA, Ryffel GU. 1996. Mesoderm
and endoderm differentiation in animal cap explants:
Identification of the HNF4-binding site as an activin A
responsive element in the Xenopus HNF1a promoter.
Development 122: 1975–1984.

Xing Y, Li C, Hu L, Tiozzo C, Li M, Chai Y, Bellusci S,
Anderson S, Minoo P. 2008. Mechanisms of TGFb inhi-
bition of LUNG endodermal morphogenesis: The role of
TbRII, Smads, Nkx2.1 and Pten. Dev Biol 320: 340–350.

Xing Y, Li C, Li A, Sridurongrit S, TiozzoC, Bellusci S, Borok
Z,KaartinenV,MinooP. 2010. Signaling viaAlk5 controls
the ontogeny of lung Clara cells. Development 137: 825–
833.

Xu Y, Wan J, Jiang D, Wu X. 2009. BMP-7 counteracts TGF-
b1-induced epithelial-to-mesenchymal transition in hu-
man renal proximal tubular epithelial cells. J Nephrol 22:
403–410.

Xu B, Chen C, Chen H, Zheng SG, Bringas PJr, XuM, Zhou
X, Chen D, Umans L, Zwijsen A, et al. 2011. Smad1 and
its target gene Wif1

http://cshperspectives.cshlp.org/


March 13, 2017
2018; doi: 10.1101/cshperspect.a031997 originally published onlineCold Spring Harb Perspect Biol 

 
Kaoru Kahata, Varun Maturi and Aristidis Moustakas
 
Morphogenesis

 Family Signaling in Ductal Differentiation and BranchingβTGF-

Subject Collection  The Biology of the TGF-&#946; Family

Development
 Family Signaling in Early VertebrateβTGF-

Joseph Zinski, Benjamin Tajer and Mary C. Mullins
Differentiation

 Family Signaling in MesenchymalβTGF-

Peterson, et al.
Ingo Grafe, Stefanie Alexander, Jonathan R.

Approaches
Based Therapeutic−Bone Morphogenetic Protein

Jonathan W. Lowery and Vicki Rosen

1 Signaling and Tissue FibrosisβTGF-

Chapman
Kevin K. Kim, Dean Sheppard and Harold A.

and Branching Morphogenesis
 Family Signaling in Ductal DifferentiationβTGF-

Moustakas
Kaoru Kahata, Varun Maturi and Aristidis

Homeostasis and Disease
Bone Morphogenetic Proteins in Vascular

et al.
Marie-José Goumans, An Zwijsen, Peter ten Dijke,

Function
 Signaling in Control of CardiovascularβTGF-

Marie-José Goumans and Peter ten Dijke Transition
Mesenchymal−Differentiation and Epithelial

 Family Signaling in Epithelial βTGF-

Moustakas
Kaoru Kahata, Mahsa Shahidi Dadras and Aristidis

and Cancer Progression
 Family Signaling in Tumor SuppressionβTGF-

Joan Seoane and Roger R. Gomis
Skeletal Diseases

 Family Signaling in Connective Tissue andβTGF-

Dietz, et al.
Elena Gallo MacFarlane, Julia Haupt, Harry C.

 Signaling for Therapeutic Gainβ_targeting TGF-
Rosemary J. Akhurst

 Family in the Reproductive TractβThe TGF-

A. Pangas
Diana Monsivais, Martin M. Matzuk and Stephanie

 Family Signaling MoleculesβDisease by TGF-
Regulation of Hematopoiesis and Hematological

Kazuhito Naka and Atsushi Hirao

Drosophila Family Signaling in βTGF-

Kim, et al.
Ambuj Upadhyay, Lindsay Moss-Taylor, Myung-Jun

http://cshperspectives.cshlp.org/cgi/collection/ For additional articles in this collection, see 

Copyright © 2018 Cold Spring Harbor Laboratory Press; all rights reserved

 on January 10, 2025 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/cgi/collection/
http://cshperspectives.cshlp.org/cgi/collection/
http://cshperspectives.cshlp.org/cgi/adclick/?ad=55917&adclick=true&url=http%3A%2F%2Fwww.genelink.com
http://cshperspectives.cshlp.org/


Differentiation, Development, and Function
 Family Signaling in Neural and NeuronalβTGF-

Emily A. Meyers and John A. Kessler
Other Signaling Pathways

/Smad andβSignaling Cross Talk between TGF-

Kunxin Luo

http://cshperspectives.cshlp.org/cgi/collection/ For additional articles in this collection, see 

Copyright © 2018 Cold Spring Harbor Laboratory Press; all rights reserved

 on January 10, 2025 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/cgi/collection/
http://cshperspectives.cshlp.org/cgi/adclick/?ad=55917&adclick=true&url=http%3A%2F%2Fwww.genelink.com
http://cshperspectives.cshlp.org/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


