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Abstract

Transforming growth factor (TGF)-beta is a central stimulus of the events leading to chronic
progressive kidney disease, having been implicated in the regulation of cell proliferation,
hypertrophy, apoptosis and fibrogenesis. The fact that it mediates these varied events suggests that
multiple mechanisms play a role in determining the outcome of TGF-beta signaling. Regulation
begins with the availability and activation of TGF-beta and continues through receptor expression
and localization, control of the TGF-beta family-specific Smad signaling proteins, and interaction
of the Smads with multiple signaling pathways extending into the nucleus. Studies of these
mechanisms in kidney cells and in whole-animal experimental models, reviewed here, are
beginning to provide insight into the role of TGF-beta in the pathogenesis of renal dysfunction and
its potential treatment.
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2. INTRODUCTION

Transforming growth factor (TGF)-beta is critical for normal kidney development and
function. TGF-beta expression occurs in the mammalian metanephros during tubular
development. Thompson et al identified TGF-beta protein within the cytoplasm of a subset
of distal tubular epithelial cells and at the plasma membranes of cells in the
corticomedullary junction in the embryonic murine kidney (1). In disease, TGF-beta affects
multiple systems. It limits glomerular damage following acute injury by inhibiting
macrophage function (2). Conversely, knockout of the TGF-betal gene causes mice to
succumb to wasting and overwhelming inflammatory infiltration of abdominal viscera (3).
In vitro, TGF-beta downregulates beta2 integrin (CR3), a receptor required by macrophages
to adhere to areas of injury (4). In cultured mesangial and tubular epithelial cells, TGF-beta
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prevents mitosis through cyclin kinase inhibition (5), suppressing macrophage-derived IL-1
secretion.

Notwithstanding the importance of this growth factor for tissue homeostasis, TGF-beta is
notorious for its role as a mediator of progressive kidney disease. Since TGF-beta has
pleiotrophic effects, stimuli that normally would maintain homeostasis instead, when
applied excessively or at the wrong time or location, may trigger a harmful response.
Adverse effects of TGF-beta such as renal fibrosis occur under conditions of excessive or
uncontrolled activation of all renal cell types. Following an insult, cells native to the kidney
secrete chemotactic cytokines to summon monocytes and lymphocytes to the area of injury.
TGF-beta stimulation also can activate a number of functions in the native cells that,
unopposed, lead to apoptosis, extracellular matrix (ECM) accumulation or loss of function
via cell dedifferentiation. As a result, the finely orchestrated structural and functional
balance among the cells is disrupted.

3. TGF-BETA AND THE PATHOGENESIS OF CHRONIC KIDNEY DISEASE

Renal function is accomplished by a filtration apparatus, the glomerulus, that is comprised
mainly of a vascular endothelium, a visceral epithelium, and a support structure provided by
the mesenchymal-phenotype mesangial cells; and by a reabsorptive apparatus comprised of
the renal tubular epithelium. In chronic kidney disease, damage to these structures impairs
the ability of the kidney to purify the plasma; causes scarring and collapse of normal
structures; and disrupts blood perfusion causing the structures to atrophy. These phenomena
are characteristic of chronic, progressive kidney disease.

TGF-beta has been increasingly recognized as a central participant contributing to these
events. Increased urinary TGF-beta is detected in patients with some forms of nephrotic
syndrome (6), IgA nephropathy (7), and focal segmental glomerulosclerosis (FSGS) (7, 8).
Interestingly, while detection of TGF-beta in the urine can differentiate between FSGS and
the non-fibrotic process of minimal change disease (8), TGF-beta levels cannot be used
predict response to corticosteroid therapy, despite the fact that some anti-fibrotic treatments
may reduce these levels (9). In human FSGS (10) and in experimental models of renal
fibrosis (11), TGF-beta is closely associated with ECM accumulation. Infusion of an
expression plasmid encoding TGF-beta stimulates renal fibrosis (12), and mice transgenic
for TGF-beta under the control of an albumin promoter (to stimulate hepatic synthesis of
TGF-beta) develop glomerulosclerosis (13). In contrast, infusion of an oligonucleotide
antisense to TGF-beta inhibits fibrosis in anti-Thy-1 nephritis (14) and repeated injection of
an antibody against TGF-beta decreases renal scarring in a subtotal nephrectomy model
(15). Administration of decorin, an ECM protein that binds TGF-beta (16), or infusion of a
competing, soluble form of TGF-beta receptor (ThetaR) (17), also inhibits renal scarring.

Thus, understanding the role of TGF-beta in regulating cellular function will provide data
that can address the molecular pathogenesis and treatment of progressive kidney failure.
Here, we will present an overview of TGF-beta signaling and its relevance to progressive
kidney disease. TGF-beta may affect four critical aspects of cell function in a manner that
could mediate the development of renal failure. Proliferative changes may distort structures
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and render them nonfunctional; conversely, apoptosis or similar events may cause cytopenia
that either directly or indirectly leads to atrophy and loss of structural or functional integrity.
These events often are associated with phenotypic changes that alter the way the cell
responds to various stimuli. Usually, these changes involve a relative de-differentiation of
the cell in a process called epithelial-to-mesenchymal transition (EMT). Finally, ECM
accumulation results in the typical scar that denotes a non-functional organ. This scar may
be comprised of increased amounts of the basement membrane matrix proteins that are the
usual substrate for the cells, such as certain laminins or type IV collagen; or the accumulated
ECM may include alternative proteins such as different laminins or type | collagen.

It is important to remember that, in vivo, TGF-beta signaling mechanisms interact with a
large number of additional hormones, mediators, ECM proteins and physical factors that
influence the outcome of the TGF-beta signal. These interacting factors affect the four
critical aspects of cell function mentioned above, in multiple ways. Here, we will address
various levels of regulation of TGF-beta signaling, from outside the cell to the
transcriptional complex. Some of the topics that we address will be considered in more
detail elsewhere in this issue of Frontiersin Bioscience.

4. THE CANONICAL TGF-BETA SIGNALING PATHWAY

The TGF-beta superfamily consists of TGF-betal, -beta2, and -beta3; activins; and bone
morphogenic proteins (BMP). These proteins are expressed in virtually all mammalian cell
types, as are their downstream signaling mediators, the Smad proteins. TGF-beta signaling is
initiated when ligand-bound, type Il TGF-beta receptor (ThetaRIl) binds to, and
phosphorylates, the type | TGF-beta receptor (ThetaRI) (18-20) at the TbetaRI cytoplasmic
GS region. The resulting kinase activity phosphorylates serines at the carboxy-termini of the
receptor-regulated Smads (R-Smads): Smad2 and Smad3 in the case of TGF-betas, and
Smad1 and Smad5 with BMPs. The phosphorylated R-Smads form a multimeric complex
with the common mediator (Co)-Smad (Smad4) and accumulate in the nucleus to regulate
transcriptional responses. The inhibitory Smads, Smad6 and Smad7, compete with the R-
Smads for binding to the activated receptors (20). R-Smads and Smad4 contain a MAD
homology (MH)-1 domain (Figure 1) that interacts with DNA and with other transcriptional
regulators; a hydrophilic linker region; and a cysteine-rich hydrophobic MH2 domain
involved in protein-protein interactions with the ThetaR, transcriptional cofactors and other
Smads. The MH2 domain also has transactivational activity (19, 20), and nuclear transport
of the activated R-Smad depends at least in part on the MH2 region (21). The Smad pathway
is present and active in kidney cells (22, 23), but its apparent simplicity raises an important
question. Given the many cell functions that are regulated by TGF-beta, how can such a
straightforward pathway determine which events occur upon TGF-beta stimulation? The
answer lies in the interaction of Smad proteins with numerous other signaling molecules and
pathways in the cell (Figure 2). The balance among these modifying inputs, addressed in this
review, likely determines the signaling outcome.
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5. REGULATION OF TGF-BETA EXPRESSION AND ACTIVITY

TGF-beta synthesis is increased in several models of kidney disease. In addition to the
increased urinary excretion cited above, increased renal immunostaining for TGF-beta has
been noted in fibrotic kidney diseases (6). TGF-beta production may be a self-sustaining,
autocrine event in injured renal cells (24), but it also is increased in these cells by a variety
of events that initiate beyond the kidney such as diabetic nephropathy (25), where increased
systemic glucose levels increase renal TGF-beta expression, probably mediated by enhanced
protein kinase C (PKC)beta,; activity and subsequently increased diacylglycerol (26). TGF-
beta expression, or that of its receptor, may be mediated by activation of the AP-1
transcription factor, since AP-1 antagonists block an autocrine loop for TGF-beta expression
in rat renal fibroblasts (27).

TGF-beta usually is present in latent form. It can be activated by interaction with integrins
(28) and the renal cell response to TGF-beta may be enhanced by high ambient glucose
levels (29) or integrin-ECM binding (30). Two ECM pre-receptor regulators of TGF-beta
activity, thrombospondin-1 (Tsp-1) and hyaluronan (HA), are particularly noteworthy. Tsp-1
appears to enhance TGF-beta activity in several ways. It binds to TGF-beta, concentrating
the effects of the growth factor at areas where cells are binding to the ECM. Tsp-1
expression is increased in diabetes (31), possibly through increased activity of the ERK and
p38 MAP kinases (32). Both high glucose concentrations and elevated angiotensin Il activity
in diabetes increase Tsp-1 expression, amplifying TGF-beta signaling even in the absence of
increased TGF-beta synthesis (33). In addition to diabetic nephropathy (34), Tsp-1
expression and activity are increased in complement-mediated nephritis (35) and mesangial
proliferative glomerulonephritis (36). In the latter model, infusion of a soluble Tsp-blocking
peptide ameliorated the extent of the disease, concomitant with a reduction in renal TGF-
betal expression, further supporting a role for Tsp-1 in TGF-beta expression.

Another pre-receptor molecule that modifies TGF-beta activity, HA, is an extracellular
polysaccharide that interacts with its cognate receptor, CD44, and prevents the ThetaR from
moving to early endosomes, instead driving it to caveolae (37). This altered ThetaR
compartmentalization may promote its degradation (38). HA itself does not alter collagen
synthesis, but it blocks TGF-beta-stimulated increased expression of type Il and type IV
collagen in cultured proximal tubular epithelial (PTE) cells (37).

6. REGULATION OF TGF-BETA SIGNALING

The TGF-beta/Smad signal transduction pathway is modulated by ThetaR expression and
phosphorylation. The role of the Smads is critical, and many additional proteins have been
found to promote Smad expression, stability, activation and assembly into transcription-
regulatory complexes (23). In addition, the Smads engage in cross-talk with other signaling
pathways, some activated by TGF-beta and others activated by additional cues present in the
cellular microenvironment. Finally, TGF-beta may act through pathways that are not directly
linked to Smad activation. Many of these moderating influences have been observed in the
kidney.
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6.1 Regulation at the level of the receptor

ThetaRI kinase activity usually results from interaction of ThetaRIl with ThetaRl.
Therefore, changes in cell surface expression of each ThetaR will alter the stoichiometry of
this activity. In classical profibrotic TGF-beta signaling, the TbetaRI that is involved is the
activin-linked kinase, ALK5. ALKS5 and ALK4 typically activate Smad2 and Smad3 (39). In
contrast, ALK1 (40) and ALK2 (41) primarily activate Smadl and Smad5, and are usually
associated with BMP signaling. A third receptor subgroup, ThetaRlIIl, lacks kinase activity
but may participate in ligand binding, particularly in response to TGF-beta2, and in
assembly of the signaling complex (42, 43). Glomerular expression of ThetaRIlI varies with
the nature, location and severity of disease (44, 45). Smad1 also is activated by endoglin, an
auxiliary ThetaR protein that can participate in the receptor complex (46) and has anti-
fibrotic effects in kidney cells (47). Endoglin may serve to recruit Smad1 to the Alk2
ThetaRlI, enhancing BMP-7-related signaling (48). Although Smad1 typically is activated by
BMPs, it can be activated by TGF-beta through endoglin, particularly in endothelial cells
(49).

Since ThetaRI phosphorylation is important for transducing the ligand-induced signal to
Smads, the level and duration of this phosphorylation is important. A complex of GADD34
and the phosphatase PP1c dephosphorylates the type | receptor (50). Another phosphatase,
PPlalpha, dephosphorylates ALK1 (51). Both of these phosphatases are recruited to the
activated ThetaRI by Smad7, suggesting a cascade of inhibitory actions induced by the
involvement of Smad?7 in the ThetaR complex.

Finally, signal propagation may depend on trafficking of the receptor. The ThetaR signaling
complex is internalized by clathrin-mediated endocytosis to the early endosome (52-54).
However, whether endocytosis is always required in TGF-beta signaling is unknown ((55—
57) and references therein). As described above, the receptor may be internalized
alternatively through a caveolin-1-lipid raft where it is degraded as part of a ThetaR/Smad7
complex with the ubiquitin E3 ligase, Smurf2 (38).

6.2. Regulation of Smad expression

Although Smads do not appear to be highly abundant molecules, they are present to some
degree in most cells. Downregulation of Smads occurs by two mechanisms. They can be
degraded through a ubiquitin/proteasome-mediated mechanism; phosphorylated Smads are
particularly sensitive to this form of regulation. The E3 ubiquitin ligase Smurf family
appears to play a role in regulating Smad expression (58), and these family members show
increased activity in UUO (59) although the ultimate effect on progressive kidney disease is
not entirely clear. Alternatively, TGF-beta specifically inhibits transcription of Smad3 by an
as-yet unknown mechanism (60). It is noteworthy that in several systems, although total
Smad3 expression is downregulated, renal levels of phosphorylated Smad3 may be
maintained, at least for the duration of the studies that have been performed (30, 60). Thus,
the intermediate and long-term implications of changes in Smad expression remain to be
elucidated. An important consideration is not only the absolute expression of Smads, but
their expression relative to each other, since the balance among Smad-mediated signals may
have different effects on specific proteins. For example, Smad2 and Smad3 may play
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different roles in determining TGF-betal signaling outcome in fibrogenesis, with
disproportionate Smad3 activity potentially being a critical factor in ECM accumulation
(61-64) or epithelial-mesenchymal transition (EMT) (65) (see more extensive discussion of
cell phenotypic changes, below). Cells with a mesenchymal phenotype have roughly equal
amounts of Smad2 and Smad3, whereas epithelial cells express more Smad2 than Smad3
(unpublished observation). Interestingly, as renal tubular epithelial cells undergo EMT in
response to TGF-beta, their levels of Smad3 decrease, a phenomenon also observed in the
mouse kidney subjected to unilateral ureteral obstruction (UUO) (60), suggesting that EMT
itself is conducive to Smad3 downregulation.

6.3. Post-translational modification of Smads

A critical event in the propagation of Smad activity is its phosphorylation at C-terminal
serines in the MH2 domain, an event common to all R-Smads (20). This action is almost
always dependent upon the kinase activity of the ThetaRI. A role for C-terminal Smad
phosphorylation in renal cell fibrogenesis is well established (22). Subsequently, attention
has focused on additional potential serine and threonine phosphorylation sites, mostly in the
linker region but also at Thr8 in the MH1 region (Figure 1). These sites may be
phosphorylated by the action of cyclin-dependent kinases, ERK, p38 MAP kinase and c-Jun-
N-terminal kinase (summarized in (66)). Although it has been posited that linker region
phosphorylation always inhibits Smad3 activity (67—70), subsequent work from a number of
investigators has suggested that the effects of different Smad phosphorylation events are cell
context-specific (71, 72); they could reflect tissue or cell phenotype, the cellular
microenvironment, the activation of--and interaction with--other signaling molecules (73,
74), or the readout by which stimulation or inhibition is evaluated. It is generally accepted
that some of the effects of linker region phosphorylation on cancer invasion and metastasis
are inhibitory (70) but the effects of such phosphorylation on determination of non-
neoplastic cell phenotype or on fibrogenic activity are less clear. In studies of human
glomerular mesangial cells, events that promote linker region phosphorylation also promote
TGF-betal-stimulated collagen expression (30, 75, 76), although a causal connection
between the two has not been established.

Smad phosphorylation also is regulated by a number of phosphatases that have preferential
specificity for either the C-terminal or linker-region phosphorylations (66, 77, 78). These
may have a significant impact on determining the outcome of TGF-beta signaling for
different Smad-mediated events.

Another form of post-translational modification is acetylation. Trichostatin A (TSA), a
histone deacetylase (HDAC) inhibitor, decreases the TGF-beta-stimulated collagen response
or EMT in rat skin fibroblasts (79). It also decreases fibronectin and collagen expression, as
well as Smad nuclear translocation, in fibroblasts from patients with scleroderma (80). Since
histone deacetylation tends to generally decrease gene expression, it is intriguing that TSA,
an HDAC inhibitor, decreases (rather than increases) collagen expression. One potential
explanation is that the histone acetyl transferases (HATS) promote acetylation of critical
lysines of Smad7, rendering it resistant to ubiquitination and thus stabilizing its potential
inhibitory effects (81). These findings suggest that the balance between acetylation and
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deacetylation of Smads may be an important consideration in their stability and subsequent
function, and that multiple, competing effects result from experimental maneuvers that alter
this balance. The role of acetylation will be considered further below in the discussion of
transcriptional regulation.

6.4. Adaptor molecules

One determinant of ThetaR function is the expression and activity of several adaptor
molecules that appear to facilitate Smad interaction with the ThetaR (82). Because the
adaptor molecules may have differential affinity for different Smads or respond under
different conditions in the cell, Smad activation in response to TGF-beta may be modulated
by the relative presence and activity of each of these proteins. One of these, Smad anchor for
receptor activation (SARA), was initially described as a molecule that recruits R-Smads to
the ThetaR (83). SARA contains both a Smad-binding domain (SBD) (84) and a ThetaR-
interacting region. A third sequence, the FYVE domain, mediates interaction of SARA with
the cell membrane or vesicles through its affinity for PI3P (83). Although the SBD of SARA
appears capable of binding both Smad2 and Smad3, in activated kidney cells it appears to
interact preferentially with Smad2 (54). Another adaptor molecule, disabled protein (Dab)2,
binds with both Smad2 and Smad3. TGF-betal stimulates a transient increase in association
of the phosphotyrosine-binding domain of Dab2 with the MH2 domains of either Smad.
Ectopic expression of Dab2 restores Smad? activity in a TGF-beta signaling-deficient cell
line (85). In addition to its effects on Smad signaling, Dab2 appears to play a significant role
in transport functions related to other proteins. It binds to megalin (86) and may have
important functions related to protein reabsorption by the renal tubule (87); and in its
signaling through MAP kinases (88) it could influence albumin-stimulated TGF-betal
production (89). Axin and its functional homolog, Axil, are limiting components of Wnt
signaling through interaction with beta-catenin, the adenomatous polyposis coli gene
product (APC), and glycogen synthase kinase 3beta (GSK-3beta) (90-92). Axin binds to
Smad3 (93) and with GSK3beta may regulate Smad3 stability (94). Two other adaptor
molecules suggested to interact with the ThetaR are Hrs (hepatocyte growth factor-regulated
tyrosine kinase substrate--also called Hgs) (95) and cPML (96) (cytoplasmic promyleocytic
leukemia protein), both proposed to facilitate the functions of SARA. While few studies
have examined the role of these adaptor molecules in chronic kidney disease, their ability to
modulate or direct TGF-beta/Smad signaling suggests that they could play an important role
in determining cell phenotype and function in renal disorders.

6.5. Regulation of transcriptional activity

6.5.1. Enhancers—Smads participate in extensive transcription-regulatory complexes in
the nucleus. These complexes have been characterized best in relation to fibrogenesis. A
number of HATS, including p300, TCF/Lef and pCAF, interact with Smads in a manner that
could involve the Smad linker region (97-100). TFE3 and the gut Kruppel-like factor
(GKLF/KLF4) participate in TGF-beta-stimulated expression of the laminin gammal chain
(101, 102), orchestrated in part by the human nuclear RNP K (103). The COL1A2 promoter
contains binding sites for both Sp1 and Sp3 (104) and the Sp1 sites are essential for TGF-
beta/Smad-mediated collagen expression in mesangial cells (105). Protein inhibitor of
activated STAT3 (PIAS) interacts with Smad3 and p300 to stimulate Smad3-based
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responses (106). Additional regulators that enhance Smad-mediated transcription include
members of the Forkhead/winged-helix transcription factor family, Fast-1 (FoxH1a) and
Fast-3 (FoxH1b) (107). The inhibitor of growth (ING)2 interacts with Smads to promote
TGF-beta-dependent activation of specific reporter constructs (108). Some of these
molecules may have intranuclear effects. Smicl (Smad-interacting, CPSF-like factor, nuclear
localized) regulates transcription but also could be part of an RNA-processing unit (109).
Runx2 positively affects Smad signaling by regulating intranuclear targeting. It is
phosphorylated by the ERK MAP kinase to promote its interaction with Smads (110).

6.5.2. Inhibitors—Interestingly, the HDAC antagonist TSA decreases Sp1l expression, and
overexpression of Spl overcomes the TSA inhibition of TGF-beta-stimulated activation of
the type I collagen gene in fibroblasts (111). This observation further supports the notion
that, although TSA may affect HDACS, its inhibitory effects on Smad activity may occur
through effects on the expression and function of other proteins, rather than directly through
Smad/HDAC effects on transcription. Indeed, many of the known transcriptional repressors
of TGF-beta signaling are HDACs or act by recruiting HDACs to the Smad signaling
complex. For example, TGIF is a homeodomain protein that serves as a transcriptional co-
repressor by recruiting HDACS to a target DNA (112, 113). Ski (also referred to as c-Ski) is
a nuclear oncoprotein that interacts directly with Smads to recruit the nuclear co-repressor,
N-CoR, and possibly its associated HDAC complex (114). In binding to Smad2 and Smad3,
Ski interferes with binding of the HAT, p300, to the Smads (115). In comparison, Ski
interacts only weakly with Smad1 and Smad5, and does not recruit HDACs to a Smad1/5
complex, suggesting that it is relatively specific for TGF-beta, as opposed to BMP, signaling
(116). One report describes Ski inhibition of Smad2 or Smad3 phosphorylation, suggesting
additional, non-transcriptional effect of Ski (117). A related protein, SnoN (118),
participates in the same HDAC complex as Ski (119). SnoN is rapidly downregulated after
cells are treated with TGF-beta (120), suggesting that such downregulation contributes to the
ability of the Smad transcriptional complex to mediate target gene activation. Another
oncoprotein that works through HDAC activity is Evi-1, a zinc finger protein that, when
overexpressed in lymphocytes, may cause leukemia by blocking the anti-proliferative effects
of Smad3 (121).

Several of these molecules have been found to play a role in kidney cells. TGIF appears to
serve as a transcriptional repressor in mesangial cells (122), whereas SnoN appears to play a
more significant role in renal tubular epithelial cells (123). Further, the I-Smad, Smad7, has
been described as having direct inhibitory effects on transcription, and to block
inflammatory signaling through increased IkappaB expression (124). In a complex pathway,
TGF-beta increases the expression of connective tissue growth factor (CTGF/CCN2), which
enhances the expression of a transcriptional repressor, TIEG-1, that in turn represses Smad7
expression; this process ultimately promotes collagen synthesis (125).

6.6. Cross-talk with other signaling pathways

Given the myriad effects of TGF-beta on the cell, and the marked differences with which
cells respond to this ligand, it is likely that the cellular milieu is a significant determinant of
the response. Structural and functional antecedents determine that milieu. These conditions
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are specific to each cell and tissue type and reflect the net effect of various signaling events
that are occurring in the cell at any given time. In addition to these preconditioned states,
other pathways may be activated by external stimuli, such as cell injury, to affect TGF-beta
signaling. Thus, it is generally accepted that events both activated by, and independent of,
TGF-beta may influence the outcome of TGF-beta signaling (126). For example, the stress-
activated protein kinases p38 and JNK (69, 127), have been shown to play roles in TGF-beta
signaling in a variety of systems. In renal cells, TGF-beta stimulates rapid phosphorylation
of the TGF-beta-activated kinase (TAK)1 and TAK1-binding protein (128), in turn
activating MKK3, which appears to function upstream of p38 (129). In murine PTE cells
this series of events leads to fibronectin production by a ThetaR-dependent, Smad-
independent mechanism, since it is blocked by p38 and ALKS5 antagonists but not by Smad3
knockdown (130). The p38 MAP kinase also mediates vascular endothelial growth factor
production by murine mesangial cells in response to TGF-beta (131).

As with the p38 MAP kinase, the ERK MAP kinase also requires the activation of a cascade,
in this case from Ras through Raf-1 to MEK and finally to ERK. Expression of the Ras
GTPases is increased in podocytes with various forms of injury (132). We have found that
the ERK MAP kinase plays a critical role in TGF-beta-stimulated type | collagen expression
by human mesangial cells and in collagen promoter activation in human PTE cells (75). As
noted above, ERK may phosphorylate phosphoacceptor sites in the linker region of Smad3.
This phosphorylation may be enhanced by glucose-stimulated PKCdelta activity (29), and
also can result from the activation of cyclin-dependent kinases, p38, or INK (summarized in
(66)). PKCdelta may have additional positive effects on Smad3 transcriptional activity,
independent of effects on ERK (133). Other molecules that may affect Smad signaling
include phosphatidylinositol-3-kinase (PI3K) (134), calcium-calmodulin-dependent kinase
(Cam kinase) Il (135) and mTOR, which may act through effects on either inflammation or
PI3K/Akt signaling (136).

Another form of crosstalk that may influence the outcome of TGF-beta signaling involves
interaction of the cell with its microenvironment. Binding of mesangial and PTE cells to the
ECM activates focal adhesion kinase (FAK) through adhesion-dependent pathways in a
manner that activates ERK and could contribute to Smad3 linker-region phosphorylation.
This integrin-mediated signaling appears to be essential for the collagen I response to TGF-
beta (30). Attachment of mesangial cells to interstitial (type I) collagen, as opposed to
basement membrane (type V) collagen, promotes TGF-beta production and further collagen
expression (137). Thus, as a cell makes more inappropriate or abnormal ECM, the resulting
changes in cell-matrix interaction will stimulate further irregularities in cell function, and
then more abnormal ECM, in a vicious cycle that is a negative example of what has been
termed “dynamic reciprocity” (138), the means by which cells and the surrounding ECM
exert mutual regulatory influences upon each other. These effects are likely mediated by the
integrins. For example, the alphaVbeta6 integrin appears to play an important role in the
renal ECM accumulation of mice with Alport disease (139).
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7. INTERACTION OF TGF-BETA SIGNALING WITH OTHER GROWTH
FACTORS/HORMONAL MEDIATORS

7.1. Bone morphogenetic protein (BMP)-7

An important delineator of Smad signaling pathways is the difference between outcomes
after TGF-beta stimulation of Smad2 and Smad3 versus BMP-7 stimulation of Smad1 and
Smad5. Whereas TGF-beta signaling favors fibrosis, BMP-7 signaling opposes fibrogenesis
(140). Renal tubular expression of BMP-7, high-affinity BMP type Il receptor and the Alk2
and Alk3 type | receptors is decreased in streptozotocin-induced diabetes (141), and
overexpression of BMP-7 is protective against experimental diabetic nephropathy (142).
TGF-beta-stimulated fibrogenesis is blocked by BMP-7 in mesangial cells (143),
accompanied by a decrease in nuclear accumulation of Smad3 that is Smad5-dependent
(144). Interestingly, while much attention has focused on competition between the two
Smad signaling pathways, BMP-7 also likely mitigates events such as inflammation that
engender fibrogenesis but occur prior to actual ECM expression. In addition, BMP-7 also
may decrease inflammatory stimulation of PTE-cell TGF-betal promoter activity, further
decreasing the TGF-beta signal (145).

7.2. Hepatocyte growth factor (HGF)

HGF ameliorates experimental fibrotic kidney disease by suppressing EMT, reducing ECM
accumulation and decreasing expression of TGF-beta and ThetaR1 (146). Prevention of
fibrogenic changes is achieved by blocking Smad signal transduction through various means
that are cell type-dependent (123). Most notably, HGF stabilizes the Smad transcriptional
co-repressors TGIF (122) and SnoN (147).

7.3. Mechanical stress, glucose and angiotensin I

Elevated levels of glucose and the effects of angiotensin 11 can synergize to enhance
fibrogenic signaling. Since angiotensin Il leads to contraction by many cells of the kidney, it
is worth considering how tensile forces may interact with TGF-beta signaling to affect
cellular events in chronic kidney disease. Repeated stretching of cultured mesangial cells
induces TGF-beta production and collagen accumulation (148). Cyclic stretch activates
Raf-1 (149) and Akt-mediated collagen expression is stimulated by stretch (150). Both of
these molecules are important for TGF-beta-stimulated collagen expression. Given the long-
standing observation that renal hypertension is associated with progressive renal disease,
these results raise the notion that at least part of the enhancing effect of hypertension on
chronic kidney disease results from its amplification of the cross-talk mechanisms that we
have described here.

High glucose in mesangial cells (151), stretch in podocytes (152), and angiotensin Il in
tubular cells (153) all stimulate TGF-beta expression and activity. Given that angiotensin 1l
activates multiple signaling pathways in the cell (154), it may be impossible to distinguish
the effects of strain/tension on the cells from hypertrophic stimuli that have been attributed
to angiotensin 11 (155). Further synergy is achieved by interaction of glucose and
angiotensin pathways with Tsp-1 (33). While most studies in renal cells have suggested that
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angiotensin-stimulated fibrogenic responses result from increased expression of TGF-beta,
in vascular smooth muscle cells angiotensin Il stimulates C-terminal Smad3 phosphorylation
within 15 to 30 minutes in an ERK-dependent, TGF-beta-independent manner (156).

7.4. Connective tissue growth factor (CTGF/CCNZ2)

7.5. Nuclear

CTGF is a cytokine that promotes the expression of ECM proteins and is temporally and
spatially associated with scarring in the kidney (157). Downstream from TGF-beta, it has
been proposed to be an essential mediator of fibrogenic signaling (158, 159), in part by
decreasing Smad7 expression as mentioned previously. However, Smads may directly
stimulate collagen promoter activity independently of CTGF (22) and studies have
suggested that blocking CTGF only partially blocks TGF-beta-stimulated ECM production
by PTE cells (160). TGF-beta-stimulated CTGF expression requires both Smad and ERK
activity (161), further supporting synergy between Smads and ERK.

receptor-associated hormones

Several nuclear receptors have been associated with TGF-beta-stimulated kidney injury.
Activation of the peroxisome proliferator-activated receptor (PPAR)gamma is protective
against chronic renal injury, possibly through stimulation of HGF production (162). 9-cis
retinoic acid suppresses TGF-beta-stimulated induction of smooth muscle alpha-actin
(aSMA), fibronectin and the plasminogen activator inhibitor, PAI-1, but does not affect cell
proliferation or survival. It also enhances HGF expression and subsequent TGIF expression.
Because the retinoid receptors interact with the vitamin D receptor and the PPARS, these
results suggest the possibility of crosstalk among the Smads and nuclear hormone receptors
(163). Another nuclear-receptor hormone, 17 beta-estradiol, ameliorates renal injury in
albumin/TGF-beta transgenic mice (164). The pathway(s) involved in this renoprotection
may include MAP kinase activity (165) or inhibition of the protein kinase, casein kinase 11
(166).

8. REGULATION OF TISSUE FUNCTIONS IN THE KIDNEY

While all of the signaling actions described here have implications for the cellular response
to injury in the kidney, it is worth considering how these pathways interact with specific
structural and functional events that are observed in progressive kidney disease.

8.1. The podocyte and the glomerular filtration barrier

Diseases of glomerular scarring appear to initiate primarily with podocyte injury (167, 168).
Although TGF-beta has been associated with proteinuria, the preponderance of the data
suggest that this association represents the effects of chronic nephron injury, not an acute
effect of TGF-beta on glomerular permselectivity. However, TGF-beta may indirectly affect
permeability properties through apoptosis (169). Because podocytes are usually terminally
differentiated, apoptosis results in podocytopenia and hypertrophy of the remaining cells,
leading via a common pathway to glomerular dysfunction, hyperfiltration and scarring

(170). Potential mechanisms are suggested by studies in other cell types. An immediate early
gene that is activated by TGF-beta through Smads, GADDA45b, has been identified as an
effector of apoptosis in hepatocytes (171). In mesangial cells, glucose-stimulated apoptosis
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is blocked by an anti-TGF-beta antibody (171, 172). The mechanism attributed to TGF-beta
in this case is an alteration in the Bcl-2:Bax ratio.

8.2. Hyperplasia and hypertrophy

Increases in cell number may result from either decreased apoptosis or increased
proliferation (173). An anti-apoptotic pathway activated by CTGF could promote mesangial
cell hypertrophy (174). CTGF-stimulated cell hypertrophy results from cell entry into the
cell cycle but then subsequent arrest at G1, associated with increases in expression of the
cyclin-dependent kinase inhibitors p15 (ink4), p21 (cipl) and p37 (kipl), with concomitant
inactivation of cyclin D and cyclin-dependent kinases 4 and 6 (175). Knockout of p21
prevents podocytes from undergoing apoptosis when they are stimulated with TGF-beta
(176). Deletion of the gene for p27-Kip ameliorated proteinuria and increased glomerular
volume in experimental diabetes mellitus (177).

8.3. Epithelial-to-mesenchymal transition (EMT)

In response to tissue injury, renal cells de-differentiate into a more primordial form
characterized by less anchorage, more migratory activity, altered intermediate filament and
actin isoforms, loss of apical-basal polarity that is critical for epithelial membrane transport
function, and increased ECM production. These events have been termed “epithelial-to-
mesenchymal transition,” although all cells that are injured, regardless of whether they are
epithelial in nature, appear to undergo some elements of this process. TGF-beta stimulates
renal tubular epithelial cells to lose tight junctions, express less adherens junction proteins
such as E-cadherin and ZO-1 (178), increase migratory activity (65) and express increased
amounts of aSMA (179) and of the ECM proteases, MMP-2 and MMP-9 (180).
Accompanying these changes is increased expression of a fibroblast marker, Fspl (181).
There are many effectors of TGF-beta-stimulated EMT. Smad2 and Smad3 may mediate
distinct events that contribute to EMT (65). Further, Dab2 is required for EMT to occur
(182), and CTGF production may play a role in connection with the integrin-linked kinase,
ILK (183), which has been shown to play a role in EMT. In a complex series of interactions
illustrating the importance of crosstalk among pathways, TGF-beta stimulates Jagged1 and
Hey1 to effect EMT in a series of events that are Smad3-dependent early in the response but
Jaggedl/Notch-dependent subsequently. Interfering with Jagged1, Heyl or Notch
expression prevents EMT in this model (184). In addition to the majority of studies that have
been performed in PTE cells, recent reports describe TGF-beta-stimulated EMT in cortical
collecting duct cells (185) and podocytes (186). Parallel changes in marker expression
(aSMA expression, cell proliferation) also occur in mesangial cells, even though they
already are mesenchymal in nature (187).

Several proteins that bind to Smads play roles in EMT. Smad-interacting protein (SIP)-1 is a
transcriptional co-repressor encoded by the ZFHX1B gene (188) that inhibits Wnt signaling
downstream of TGF-beta-family-stimulated signaling by increasing the expression of the
Whnt antagonist, Sfrp1 (189). SIP-1 decreases E-cadherin expression and promotes cell
migration/invasiveness (190), indicating that it simulates both changes in marker expression
and enhanced cell functions associated with EMT. Of note, whereas under physiological
conditions pancreatic cancer cells are adherent to collagen 1V, these cells cultured on type |
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collagen show a SIP-1-dependent decrease in E-cadherin expression without TGF-beta
treatment (191). Thus, SIP-1 may participate in the progressive changes of cell-matrix
interactions that characterize EMT. SIP-1 effects are regulated by sumoylation (192),
indicating that TGF-beta/Smad signaling can be inhibited by ubiquitin-mediated degradation
at the level of transcription factors as well as Smad expression. SIP-1 is important in
development, as its mutation results in Mowat-Wilson syndrome, a complex disorder
characterized by a typical facies, epilepsy, mental retardation, Hirschsprung disease and
agenesis of the corpus callosum (193). A related protein, deltaEF-1, is expressed by TGF-
beta-treated, murine breast epithelial cells (194), but downregulated by TGF-beta in
mesangial cells (195). It appears to synergize with SIP-1 to mediate a number of phenotypic
changes stimulated by TGF-beta (194). It is noteworthy that a recent publication describes a
micro-RNA, miR-192, that targets SIP-1 and is found in increased quantities in glomeruli of
mice with diabetic nephropathy (195). This finding suggests that downregulation of SIP-1
could play a role in the pathogenesis of diabetic nephropathy.

Another EMT-associated protein, Snail, is induced by TGF-beta. Snail overexpression and
activation is sufficient to induce EMT and kidney fibrosis in adult transgenic mice, and has
been observed in kidney disease (196). Snail expression is enhanced in unilateral ureteral
expression in vivo, and in renal tubular epithelial cells treated with TGF-beta in vitro.
GSK-3beta, which degrades Snaill, is inactivated by phosphorylation either in UUO or after
TGF-beta treatment, causing Snail to accumulate (197). Snail disrupts E-cadherin
localization in cultured collecting duct epithelial cells (185) and P-cadherin and nephrin
localization in podocytes (186). Expression of another cell-cell adhesion molecule,
connexind3, has been reported to suppressed by Snail in non-kidney culture models of EMT
(198).

BMP-7 ameliorates chronic renal injury at least in part by suppressing EMT (140). One
mechanism by which this may occur is through induction of the inhibitors of differentiation
(1d) family of molecules. Smadl mediates Id1 and 1d3 expression in vascular smooth muscle
cells by a mechanism that also requires the participation of MAP kinases (199). Conversely,
the expression of 1d2 and 1d3 in epithelial cells, although increased by BMPs, is antagonized
by TGF-beta (200, 201).

Thus, EMT involves multiple steps, each of which may be differentially regulated by the
various Smad-interacting molecules described here.

9. PERSPECTIVE

From the foregoing discussion, it is apparent that a significant amount of data has been
generated relating various basic signaling mechanisms that are activated by TGF-beta.
Together, the observations describe pleiotrophic effects of TGF-beta on cell function that
can contribute to all the elements of the response to injury that characterize chronic kidney
disease: excessive cell proliferation, apoptosis and loss of functional tissue, transition of the
cells to a less differentiated phenotype, and ECM accumulation (Figure 3). However,
significant issues remain. First, the data have been generated in different cell types from
different species, and conclusions regarding pathways and effector mechanisms in one tissue
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or species cannot necessarily be extrapolated to others. Second, while we have gained
insight into the mechanisms underlying pathophysiology, the hierarchy of events is not
clear. Some investigators have taken reductionist approaches to signaling mechanisms.
These studies cannot account for the complexity of actions among various hormones and
signals, as illustrated by the crosstalk among pathways. Other investigators have pursued
whole-animal experimental models, which better illustrate the disease state but are unlikely
to permit analysis of the impact and timing of specific signaling events. The essential task is
to find ways to relate in vitro and in vivo discoveries. Finally, because these signaling
mechanisms largely exist inside the cell, and affect many biological functions, we have yet
to determine how to focus the delivery and biochemical specificity of pathway inhibitors in
order to safely and effectively prevent, or even reverse the course of, disease. Addressing the
issue of therapy will be the ultimate challenge for investigators in the field.
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Figure 1.
Domain structure of Smad3. Potential phosphoacceptor residues are indicated by the

symbols; the corresponding numbers indicate the amino acid positions in the sequence.
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Figure2.
Signal transduction pathways from the cell membrane to the nucleus discussed in this

article. Solid lines with arrows indicate positive effects; broken lines indicate inhibitory
effects. Tsp, thrombospondin; HA, hyaluronan; 1, TGF-beta receptor (ThetaR) I; 2, TbetaR
I1; PI3K, Phosphatidylinositol-3-kinase; SARA, Smad anchor for receptor activation; Dab2,
disabled-2; TAK, TGF-beta-activated kinase; FAK, focal adhesion kinase; PKC, protein
kinase C; UBQ, ubiquitin; Smad3-cP, Smad3 phosphorylated on the C-terminus; Smad3-LP-
cP, Smad3 phosphorylated at the linker region and at the C-terminus; CTGF, connective
tissue growth factor; ECM, extracellular matrix. Three inhibitory pathways, involving
(respectively) bone morphogenetic protein-7, hepatocyte growth factor and the nuclear
receptor-associated hormones, are not shown because they act at multiple sites in the
Smad2/Smad3-mediated pathway. The inclusion of arrows depicting both enhancing and
inhibiting effects for Smad linker region phosphorylation indicate that the implications of
these phosphorylation events remain poorly defined.
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Figure 3.
Mechanisms by which TGF-beta induces chronic kidney disease.
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