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Transforming growth factor-f3 (TGF-[3) belongs to a group of pleiotropic cytokines that are involved in a variety
of biological processes, such as inflammation and immune reactions, cellular phenotype transition, extracellular
matrix (ECM) deposition, and epithelial-mesenchymal transition. TGF- is widely distributed throughout the
body, including the nervous system. Following injury to the nervous system, TGF-f regulates the behavior of neu-
rons and glial cells and thus mediates the regenerative process. In the current article, we reviewed the production,
activation, as well as the signaling pathway of TGF-f. We also described altered expression patterns of TGF-3
in the nervous system after nerve injury and the regulatory effects of TGF-f on nerve repair and regeneration
in many aspects, including inflammation and immune response, phenotypic modulation of neural cells, neurite
outgrowth, scar formation, and modulation of neurotrophic factors. The diverse biological actions of TGF-$3
suggest that it may become a potential therapeutic target for the treatment of nerve injury and regeneration.
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INTRODUCTION

The transforming growth factor-B (TGF-B) family is a
large and still growing group of structurally related cyto-
kines. The members of the TGF-B superfamily are highly
conserved through evolution and are present in nearly
all multicellular organisms'. More than 30 pleiotropic
ligands that belong to the TGF- superfamily have been
identified in mammalian genomes, including TGF-fs,
bone morphogenetic proteins (BMPs), growth and differ-
entiation factors (GDFs), activins, inhibins, nodal, dorsa-
lin, and the Miillerian inhibiting substance/anti-Miillerian
hormone (MIS/AMH)*.

A member of the TGF-P subfamily was first discovered
as a polypeptide growth factor in the medium of murine
sarcoma virus-transformed mouse fibroblasts by de Larco
and Todaro in 1978°. The sarcoma growth factor secreted
and released by mouse fibroblasts was able to convert cells
to anchorage-independent growth in soft agar and thus
was named TGF-B because of its transforming activity.
Other members of the TGF-f§ subfamily were discovered
later on. Until now, five isoforms of the TGF-3 subfamily,

TGF-B1 to TGF-B5, have been identified. Among these
five isoforms, TGF-B1, TGF-f32, and TGF-3 are present
in mammals, TGF-P4 is present in birds, and TGF-5 is
present in amphibians. TGF-f1, TGF-B2, and TGF-B3 are
the primary three isoforms of the TGF-3 subfamily, and
TGF-B1 is the most abundant isoform.

Members of the TGF- subfamily regulate a variety of
cellular functions, such as cell fate, growth, proliferation,
apoptosis, differentiation, polarity, movement, invasion,
and adhesion. Normally expressed TGF-f plays critical
roles in numerous biological behaviors, such as inflam-
mation and immune response, embryonic development,
wound healing, extracellular matrix (ECM) formation
and remodeling, and epithelial-mesenchymal transition
(EMT)*’. Excessive production and/or activation of TGF-3
may modulate cellular survival, growth, migration, inva-
sion, and other phenotypes. Therefore, the expression
levels of TGF-B are often upregulated in a wide spec-
trum of pathological conditions, including autoimmune
diseases, cancer, myelodysplastic syndrome, Marfan syn-
drome, scleroderma, postoperative scarring in ocular
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conditions, fibrotic disorders, and restenosis following
coronary artery bypass and angioplasty. Emerging stud-
ies have suggested that TGF-J is also critical for tissue
regeneration. In the current review, we describe the pro-
duction, activation, expression, and signaling pathways
of TGF- and then specifically discuss the involvement
of TGF-f in nerve repair and regeneration.

THE PRODUCTION OF TGF-8

TGF-B1, TGF-B2, and TGF-B3 are highly similar in
their structures and their biological activities in vitro. The
peptide sequences of TGF-B1, TGF-32, and TGF-33 share
70%—-80% homology. They are all encoded as large pre-
cursor proteins called pre-pro-TGF-Bs. The precursor
protein of TGF-B1 contains 390 amino acids, while the
precursor proteins of TGF-B2 and TGF-B3 each contain
412 amino acids. The precursor proteins of TGF-BI,
TGF-B2, and TGF-B3 are all monomers with three con-
served components: an N-terminal signal peptide, an
intermediate latency-associated peptide (LAP), and a
C-terminal mature TGF-f peptide.

The pre-pro-TGF-3 undergoes several processing steps
and then transforms into its mature form. First, the sig-
nal peptide guides the translocation of pre-pro-TGF-3
and is cleaved off in the endoplasmic reticulum. After
the removal of the signal peptide, two monomers of the
TGF-B precursor interact with each other by disulfide
bonds in the LAP region to form a homodimer called pro-
TGF-B. Subsequently, downstream of a basic amino acid
target sequence [Arg-X-(Arg/Lys)-Arg], the pro-TGF-f3
is cleaved by protease furin, a pro-protein convertase,
in the Golgi apparatus. Cleaved pro-TGF- is called the
small latent complex (SLC). It has a molecular weight of
~100 kDa and contains a noncovalent association of the
dimer of LAP and the dimer of mature TGF-B. Last, the
LAP dimer of SLC covalently binds to the latent TGF-
B-binding protein (LTBP) through disulfide linkage and
then forms a large, latent complex. The formed complex
has a molecular weight of ~220 kDa and is called the
large latent complex (LLC)®’. LTBP belongs to a group
of extracellular multidomain proteins. It associates with
TGF- and promotes the folding, assembly, and secretion
of the latent TGF-B*. Additionally, LTBP directly inter-
acts with other ECM components, such as fibronectin and
fibrillin microfibrils, and thus localizes LLC to the spe-
cific site in the ECM for the storage of TGF-B*'°.

THE ACTIVATION OF TGF-B

Under certain circumstances, latent TGF-J is cleaved
and activated into the biologically active mature TGF-3
dimer with a molecular weight of ~25 kDa. Mature
TGF-B binds to its receptors and elicits a series of biologi-
cal activities. Two steps are needed for the activation of
latent TGF-P. First, LTBP is cleaved from the LLC, which
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releases the LLC from the ECM, leaving the SLC. Second,
in the SLC, the dimer of LAP undergoes proteolysis or a
conformational change. The noncovalent linkage between
the dimer of LAP and the dimer of mature TGF- is dis-
rupted, and the dimer of mature TGF-B is then released"'.

The activation of latent TGF-B into mature TGF-f3
can be mediated by several factors, such as the cellular
microenvironment, reactive oxygen species (ROS), pro-
tease, metalloprotease, thrombospondin-1 (TSP-1), and
o, -containing integrins.

Numerous microenviroment factors, including pH,
temperature, and chaotropic agents, can break the link-
age between the dimer of LAP and the dimer of mature
TGF-B. Therefore, extreme acidification or alkalinization,
heating, and chaotropic agent treatment (e.g., urea) can
be used to activate TGF-B. Extreme acidic or basic condi-
tions (a pH of 1.5 or 12) could significantly activate latent
TGF-, while mild acidic conditions (a pH of 4.5) could
activate latent TGF-P to a lesser extent'”. Detailed stud-
ies of the activation of three different isoforms of TGF-[3
suggest that acidification treatment with a pH between
4.1 and 3.1 as well as alkalinization treatment with a pH
between 11.0 and 11.9 could transit human recombinant
latent TGF-B1 and TGF-B2 and that slightly shifted pH
conditions, acidification treatment with a pH between 3.1
and 2.5, and alkalinization treatment with a pH between
10.0 and 12.3 could activate chicken recombinant latent
TGF-B3". Thermal energy could also induce the activation
of latent TGF-B. A temperature between 65°C and 100°C
could activate recombinant latent TGF-B1, TGF-f2, and
TGF-B3, while a temperature between 75°C and 100°C
could activate native latent TGF-B1". Besides acidification,
alkalinization, and heating to 100°C for 3 min, exposure
to urea could also promote the transition of spontaneously
released latent TGF-P in serum-free medium by chicken
embryo fibroblasts into its active, mature form',

Besides microenviroment factors, ROS, through
hydroxyl radicals, could also modify and disturb the
interaction between the dimer of LAP and the dimer of
mature TGF-f and thus activate TGF-B. For example, the
exposure to 100-Gray radiation or metal-catalyzed ascor-
bate oxidation-generated ROS could induce the activa-
tion of recombinant human TGF-B".

The activation of latent TGF-f3 can also be induced by
enzymes, such as plasmin and matrix metalloproteinase
(MMP). Plasmin is a serine protease that dissolves fibrin
blood clots and promotes the degradation of the ECM.
In the activation of latent TGF-B, plasmin advances the
proteolytic cleavage of LTBP from ECM, accelerates
the degradation of LAP, and thus promotes the release
of active mature TGF-P. In both rat kidney fibroblastic
cell-conditioned medium and Chinese hamster ovary
(CHO) cells transfected with the pre-pro-TGF-31 cDNA-
conditioned medium, plasma treatment led to TGF-B



TGF-f REGULATES NERVE REGENERATION

activation to an extent, and the result was similar to acid
treatment with a pH of 4.5"'°. Meanwhile, treatment of
plasmin inhibitors, such as aprotinin, €-amino-n-caproic
acid, and «, plasmin inhibitor, suppressed the inhibi-
tory effect of TGF-3 on cell movement in cocultures of
bovine aortic endothelial cells and pericytes, suggesting
that plasmin mediates TGF-B activation'’. MMPs are a
large family of zinc-containing endopeptidases that regu-
late tissue remodeling and dynamic changes of the ECM.
Some members of the MMP family, such as MMP-9 and
MMP-2, could also regulate TGF-J activation'®,

TSP-1, a multidomain adhesive matrix glycoprotein
that mediates cell-to-cell and cell-to-matrix interactions,
can also mediate TGF-f activation. TSP-1 interacts with
both the dimer of LAP and the dimer of mature TGF-3,
forms a trimolecular complex, induces a structural change
of SLC, and is thus responsible for a large proportion of
TGF-P activation. Compared with wild-type mice, TSP-1
null mice showed histological abnormalities in most
organs (e.g., lung, bronchial tube, stomach, liver, and pan-
creas), and the abnormalities were extremely similar to
those observed in young TGF-B1 null mice". Moreover,
continuous intravenous infusion of blocking peptides,
which could specifically interfere with TSP-1-induced
activation of TGF-B, did not alter the amount of total
TGF-B but significantly reduced the expression of active
TGF-B and decreased the accumulation of glomerular
ECM accumulation™.

Besides the above-mentioned factors, o -containing
integrins, such as o 3 integrin, are also able to activate
latent TGF-f3. Integrins are transmembrane factors that
mediate the cell-cell and cell-ECM attachment, interac-
tion, and signal transduction. o -containing integrins may
exhibit their activating ability through two possible mech-
anisms. The first mechanism is the initiation of conforma-
tion change. Through the hinge region, integrins bind to
the arginyl-glycyl-aspartic acid (RGD) motif of the dimer
of LAP, pull LAP from the dimer of mature TGF-f, and
thus promote the functional release of active TGF-B*'. The
second mechanism is the protease-dependent activation.
Integrins create a close connection between the latent
TGF-B and proteinases such as MMPs and then stimu-
late the activation of the latent TGF-f} through proteolytic
degradation. Although the specific mechanism has not
been determined, the effect of integrin-induced TGF-f3
activation has been identified. The spatial activation of
TGF-B could be induced by o, integrin-expressing
cells and could also be blocked by antibodies against
active o, 3, integrin®. Additionally, mice with a nonfunc-
tional mutation of the RGD-binding sequence of o 3,and
o, B, integrins in the LAP domain of latent TGF-B3 devel-
oped vasculogenesis defects, multiorgan inflammation,
and lack of Langerhans cells, exhibiting major features of
TGF-B null mice, despite their normal production of the
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latent TGF-B. This suggests that RGD-binding integrins
are essential for the activation of latent TGF-B*.

TGF- SIGNALING PATHWAYS

Activated TGF-f regulates multiple cellular processes
through a general mechanism. First, members of the
TGF-f family bind to TGF-B type I and type II receptors.
Ligand binding induces the formation of heteromeric
complexes of type I and type II receptors and activates
serine/threonine kinase type I and type II receptors.
Activated TGF-P receptors regulate intracellular signal-
ing pathways, including the canonical Smad signaling
pathway and numerous noncanonical signaling pathways,
and thus contribute to diverse biological effects (Fig. 1).

The Ligand Interaction and Activation
of TGF-J3 Receptors

The signal transduction of TGF- is via a heteromeric
complex of two related transmembrane kinase recep-
tors: TGF-B type I and type II receptors. TGF-J type I
and type II receptors are glycoproteins with molecular
weights of ~55 and ~70 kDa, respectively. Both of them
contain a cysteine-rich extracellular region that is rela-
tively short in length (~150 amino acids), a transmem-
brane region, and a cytoplasmic juxtamembrane region
that contains a serine/threonine protein kinase domain.
The serine/threonine protein kinase domain is critical
for receptor and substrate phosphorylation. The TGF-3
type I receptor, via the protein kinase domain, is able to
phosphorylate intracellular signal cascades (e.g., Smad
proteins) on serine residues. The TGF- type II receptor,
via the protein kinase domain, could phosphorylate itself
as well as TGF-B type I receptor on serine and threonine
residues, but not tyrosine residues’. The TGF-B type I
receptor also contains a unique glycine- and serine-rich
(GS) domain in its intracellular region, preceding the
protein kinase domain. The GS domain is a highly con-
served region with ~30 amino acids and is rich in gly-
cine and serine. The GS domain is important for TGF-3
signaling pathways because it is the presence of the GS
domain that enables TGF- type II receptor to phospho-
rylate TGF-J type I receptor, thus mediating subsequent
signal activation®.

Besides the TGF-B type I and type II receptors, there
exist accessory receptors of TGF-3, namely, TGF-f type
III receptors. The accessory receptors mainly consist of
two membrane glycoproteins: betaglycan and endoglin®.
Betaglycan can bind to all three isoforms of TGF-
B—TGF-B1, TGF-B2, and TGF-f3—with high affinity.
Endoglin can only bind to TGF-1 and TGF-33, but not
TGF-B2. Betaglycan and endoglin do not have an intrinsic
signaling function by themselves but are able to interact
with TGF- type I and type Il receptors and then facilitate
the binding of TGF-J to its receptors.
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Figure 1. Schematic representation of TGF signaling pathways. Transforming growth factor-B (TGF-B) binds to the TGF-J type II
receptor, phosphorylates the type I and II complex, and then activates the canonical and noncanonical Smad signaling pathways,
including extracellular signal-related kinase (Erk), Jun N-terminal kinase (JNK)/p38, small GTPase, and phosphoinositide 3-kinase
(PI3K)/Akt signaling pathways. RAF, rapidly accelerated fibrosarcoma; TAB1/2, TGF-B-activated kinase 1/2; TAK1, TGF-B-activated
kinase 1; TRAF6, TNF receptor-associated factor 6; MKK, mitogen-activated protein kinase; mTOR, mechanistic target of rapamy-
cin; S6K, ribosomal protein S6 kinase; RhoA, Ras homolog gene family, member A; PAK, p21-activated kinase; EMT, epithelial—

mesenchymal transition.

Prior to ligand-receptor binding, mature TGF-f,
TGF-P type I receptor, and TGF-f type II receptor all
exist as homodimers. Activated mature TGF-B dimers
can directly bind to the TGF-B type II receptor but are
not able to directly bind to isolated type I receptor®. In
cell mutants lacking the TGF-3 type I receptor, TGF-f3
can still associate with the type II receptor. On the con-
trary, in cell mutants lacking the TGF-B type II recep-
tor, TGF-} cannot successfully associate with the type I
receptor. Additionally, the transfection of cDNA coding
for the TGF-f type II receptor in the TGF- type Il recep-
tor mutant cells can recover the binding of TGF-J to the

type I receptor, suggesting that the TGF- type II receptor
is required for the binding to the type I receptor”. The
association of TGF-f to the type I and type II receptors
is sequential. Upon the binding of TGF-J to the extracel-
lular domains of the TGF-f type II receptor dimer, the
TGF-P type I receptor dimer is recruited to form a stable
heterotetrameric receptor complex. The TGF-$ type II
receptor is a constitutively active kinase and is phospho-
rylated on serine residues in its protein kinase domain
even in the basal state. The formed receptor complex
induces a close structural proximity. Therefore, the phos-
phorylated TGF-J type II receptor is able to transactivate
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the recruited type I receptor by phosphorylation at serine
and threonine residues in the GS domain’. The activated
TGF-B type I receptor then mediates downstream signal
propagation by the canonical Smad signaling pathway
and/or the noncanonical signaling pathways.

The Canonical Smad Signaling Pathway

Smad proteins are the first identified downstream
signaling transducers of TGF-f3. Therefore, the TGF-f3-
induced Smad signaling pathway is called the canoni-
cal Smad signaling pathway. The proteins of the Smad
family are the vertebrate homologs of the Drosophila
protein mothers against decapentaplegic (MAD) and the
Caenorhabditis elegans protein small body size (SMA).
Until now, eight members of the Smad family have been
identified in mammals. They have been subdivided into
three distinct groups based on their different functions:
(1) the receptor-regulated Smads (R-Smads) including
Smads 1, 2, 3, 5, and 8; (2) the common-partner Smad
(Co-Smad) including Smad4; and (3) the inhibitory Smads
(I-Smads or anti-Smads) including Smads 6 and 7. These
Smads have highly similar structures and are all composed
of three domains: an N-terminal Mad homology (MH1)
domain with ~130 amino acids, an intervening linker
region with variable size and sequence, and a C-terminal
MH?2 domain with ~200 amino acids. The MH1 and MH2
domains have an affinity for each other. Therefore, in the
basal state, the MH1 and MH2 domains of SMADs inter-
act with each other to form inactivated homo-oligomers.
The eight members of the Smad family are mediators of
different signaling pathways induced by different mem-
bers of the TGF-P superfamily. For instance, Smads 1, 5,
and 8 are involved in BMP signaling, while Smads 2 and
3 are involved in TGF-P signaling.

In the canonical TGF-B/Smad signaling pathway,
following TGF-B binding, receptor complex formation,
and the consequent phosphorylation of the TGF-J type I
receptor, Smad2 and Smad3 were recruited to the receptor
complex. The association of Smad2/3 with TGF-[ recep-
tor complex is facilitated by the Smad anchor for recep-
tor activation (SARA), an anchoring protein that binds to
both the MH2 domains of R-Smads and the TGF-f type
I receptor. After the association with the TGF-B recep-
tor complex, Smad2/3 are directly activated by type I
receptor-mediated phosphorylation at the C-terminal
SS(V/M)S motif in the MH2 domain. Upon phosphoryla-
tion, Smad2/3 is released from the receptor complex and
SARA and then initiate the canonical Smad signaling path-
way. Activated Smad2/3 binds to partner protein Smad4
through the MH2 domain to form an R-Smad/Co-Smad
complex with the assistance of scaffolding proteins, such
as heat shock protein TGF-B type I receptor-associated
protein-1 (TRAP-1). The R-Smad/Co-Smad complex then
translocates to the nucleus; binds to the Smad-binding
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elements (SBEs) in promoters of target genes in a
sequence-specific manner; interacts with some additional
transcriptional coregulators, such as activator protein-1
(AP-1), forkhead box protein H1 (FOXHI), and CBP/
p300; and then regulates transcriptional responses>*?.

The canonical Smad signaling pathway is antagonis-
tically regulated by I-Smads. I-Smads do not contain a
C-terminal SSXS phosphorylation motif. Therefore, they
can bind to the TGF-B receptor complex and competi-
tively inhibit the phosphorylation of R-Smads. The major
I-Smad that blocks TGF-B-mediated canonical Smad sig-
naling pathway is Smad7. Specifically, Smad7 competes
with Smad2/3 for association with the TGF-3 receptor
complex, interferes with the phosphorylation and activa-
tion of Smad2/3, and thus antagonizes Smad signaling®.
Another I-Smad, Smad6, mainly inhibits BMP signaling.
When it is overexpressed, however, Smad6 is also able to
partially inhibit TGF-p signaling™.

Besides the Co-Smad-facilitated nucleus transloca-
tion, recent studies have suggested that R-Smads can also
mediate the biosynthesis of several microRNAs (miRNAs),
such as miR-21 and miR-84. R-Smads facilitate the pro-
cessing of primary miRNAs into precursor miRNAs in
the nucleus, regulate the miRNA expression, and affect
the expression of a variety of target genes at the transcrip-
tional and posttranscriptional levels™'.

It is worth mentioning that besides directly modulat-
ing the expressions of target genes, Smad proteins can
also activate other signaling pathways, for example, the
protein kinase A (PKA) signaling pathway, to propagate
the physiological and pathological activities of TGF-p.
The typical biological effect of PKA on cellular growth,
differentiation, and apoptosis is normally initiated by the
elevated level of cellular cyclic adenosine monophosphate
(cAMP). Smad proteins regulate PKA signaling through
a mechanism independent of cAMP. The activated com-
plex of Smad3 and Smad4 interacts with the regulatory
subunit of PKA, promotes the release of the catalytic
subunit of PKA, and increases the activity of PKA and
the PKA-dependent transcription factor cAMP-response
element-binding protein (CREB)*™*.

The Noncanonical Signaling Pathways

In addition to the canonical Smad signaling path-
way, many noncanonical signaling pathways, including
the extracellular signal-regulated kinase (Erk) signaling
pathway, the phosphoinositide 3-kinase (PI3K) and the
Akt signaling pathway, the small GTPase signaling path-
way, and the c-Jun N-terminal kinase (JNK) and the p38
mitogen-activated protein kinase (p38 MAPK) signaling
pathway, are also affected by active TGF-B*.

The TGF-f type II receptor, as previously mentioned,
undergoes autophosphorylation on serine residues in its
protein kinase domain. The tyrosine residues of the
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TGF-B type 1I receptor can also be phosphorylated by
receptor tyrosine kinase (RTK) and/or non-RTK protein
proto-oncogene tyrosine—protein kinase Src. These phos-
phorylated tyrosine residues serve as docking sites for
growth factor receptor-binding protein 2 (Grb2). Grb2
then interacts with son of sevenless (Sos), which further
catalyzes the Ras exchange of GDP binding for GTP
binding. GTP-bound Ras sequentially activates c-Raf,
followed by the activation of Erk and a mitogen-activated
protein (MAP) kinase kinase (MEK, MKK, MAPKK, or
MAP2K). Activated Erk affects downstream transcrip-
tion factors, such as zinc finger protein Snail, a repressor
of E-cadherin transcription and an inducer of the EMT;
regulates the transcription of target genes; and eventu-
ally mediates TGF-B-induced biological functions, such
as EMT™™. In addition, activated Erk signaling pathway
can also activate AP-1, a transcriptional coregulator of
the Smad signaling pathway, and participates in the regu-
lation of the canonical Smad signaling pathway™.
Besides the Erk signaling pathway, the PI3K/Akt sig-
naling pathway is also involved in TGF-B-induced EMT.
Upon TGF-J activation and the subsequent formation of
the TGF-P receptor complex, the TGF-B type II recep-
tor constitutively associates with p85, the regulatory
subunit of PI3K, activates PI3K and phosphorylates its
downstream effector, Akt”. Activated Akt, independent
of Smad proteins, activates mechanistic target of rapamy-
cin (mTOR) and phosphorylates S6 kinase (S6K), regu-
lates protein synthesis, and contributes to TGF-B-induced
cell migration, actin filament reorganization, and EMT®.
Activated Akt can also phosphorylate and inhibit the activ-
ity of glycogen synthase kinase 3 (GSK3p), an inactivat-
ing agent of glycogen synthase, stimulate the transcription
of Snail, and then promote EMT***'. On the other hand,
Akt may have a negative effect on the canonical Smad
signaling pathway. Akt binds to Smad3 directly, prevents
the interaction of TGF-P receptor complex with Smad3,
inhibits the subsequent activation and nuclear localization
of Smad3, and antagonizes Smad-mediated cellular func-
tions, such as apoptosis and growth inhibition®.
Members of the Ras homolog (Rho)-like GTPase fam-
ily, such as RhoA and Cdc42/Rac, also contribute to sev-
eral TGF-B-induced biological processes during EMT,
such as actin stress fiber formation and tight junction dis-
solution. The TGF-P type I receptor associates with parti-
tioning defective 6 (Par6), a scaffold protein that mediates
cell polarization at tight junctions. Following TGF-f acti-
vation and receptor phosphorylation, Par6 is phospho-
rylated by the TGF-B type II receptor at serine residue
345. Phosphorylated Par6 recruits E3 ubiquitin—protein
ligase Smurfl to activate the TGF-J receptor complex
and to form a complex with Smurfl. The Par6-Smurf1
complex induces the ubiquitination and degradation of
RhoA and leads to the dissociation of tight junction, the
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modulation of cell adhesion and membrane ruffling, and
the rearrangement of the actin cytoskeleton®. In addition
to RhoA, TGF-f also affects Cdc42/Rac. The activated
TGF-P receptor complex induces a physical interaction
with Cdc42 GTPase, activates Cdc42/Rac and its down-
stream cascade p2l-activated kinase (PAK), forms a
Cdc42 and PAK network containing tight junction pro-
tein occludin, and thus participates in the tight junction
dissolution during EMT**.

Moreover, the p38 MAPK- and JNK-activated cas-
cades are also activated by TGF-B and tumor necro-
sis factor (TNF) receptor-associated factor 6 (TRAF6),
a ubiquitin ligase that is able to ubiquitinate itself and
other molecules upon binding. TGF-f type I receptor has
a physical association with TRAF6 both in the basal and
activated states. The phosphorylated TGF-B type I recep-
tor induces the lysine 63 residue-linked autopolyubiquit-
ination of TRAF6, which then recruits TGF-B-activated
kinase 1 (TAK1) and its binding proteins TAB1 and
TAB2, and promotes the linkage among TRAF6, TAKI,
TABI, and TAB2***. TRAF6 then triggers the polyu-
biquitination and activation of TAK1. Activated TAK1
further phosphorylates MAP kinase kinase 4 (MKK4)
and MAP kinase kinase 3/6 (MKK3/6), as well as their
downstream cascades JNK and p38 MAPK. Activated
JNK and p38 MAPK, either by themselves or in conjunc-
tion with the Smad proteins, modulate their target genes
and thus contribute to various biological functions, such
as cellular apoptosis and EMT®.

Besides the above-mentioned noncanonical signaling
pathways, TGF-B signaling can also be modulated by
other signaling pathways, such as Wnt, hedgehog, notch,
interferon (IFN), and TNF signaling pathways®. Taken
together, the full spectrum of cellular functions and
biological activities of TGF-B depends on the dynamic
combination of the canonical Smad signaling pathway,
numerous noncanonical signaling pathways, and other
signaling pathways.

EXPRESSIONS OF TGF-f FOLLOWING
NERVE INJURY

TGF-B is ubiquitously expressed in most tissue micro-
environments. In adult mice, there exists an abundance
of TGF-B1 in the adrenal gland, bone marrow, kidneys,
ovaries, and placenta, and there exists widespread expres-
sion of TGF-B1 in the cartilage, heart, pancreas, skin, and
uterus™. Besides its ubiquitous expression in tissues and
organs, TGF-B1 is also present at measurable levels in
body fluids and secretions, such as plasma, urine, syn-
ovial effusion, cerebrospinal fluid (CSF), bronchoal-
veolar lavage fluid, and seminal plasma, suggesting an
endocrine or lumicrine function of TGF-B1°".

Emerging evidence suggests that TGF-B exhibits dif-
ferential expression patterns in the central nervous system
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(CNS) after neural injury. The prompt and sustained change
in TGF-B expression after brain injury leads to an assump-
tion that TGF-B3 may serve as a biomarker for brain injury.
For example, following a localized cerebral injury, the
mRNA and protein expressions of TGF-B1 in the rat brain,
mainly at regions corresponding to astrocytes and mac-
rophages, were increased”. After a penetrating brain injury,
the mRNA expression levels of TGF-B1 were increased in
the rat cerebral cortex™. After hypoxia—ischemia in the rat
brains, the expressions of TGF-B1 in cortical layer 3 and
the hippocampus of the ligated hemisphere were markedly
increased from 72 to 120 h after exposure to hypoxia™. In
the injured rat spinal cord, the mRNA expressions of TGF-f3
as well as TGF-B receptors were also altered. TGF-B and
its receptors were significantly upregulated at the epicen-
ter, rostral, and caudal to the injury, especially in regions
known to contain activated microglia and degenerating
axon profiles, suggesting that microglia and macrophages
might be a major source of TGF-B1 production after spinal
cord injury (SCI)*. The temporal and spatial expressions
of TGF-B1 and TGF-B2 were reported not only in the rat
spinal cord but also in the human spinal cord”’. Transection
of rat facial nerves would also lead to a biphasic increase
of TGF-B1 mRNA expression. However, it failed to affect
the expression of TGF-B3 mRNA in activated microglia
around regenerating motoneurons and astrocytes™. It was
also reported that the protein expressions of TGF-f type II
receptor and Smad3 were rapidly upregulated in neurons of
the ipsilateral cortex and CAl region of the hippocampus
after stab wound injury™.

Similar to the findings following central nerve injury,
an elevated expression of TGF-3 was also observed fol-
lowing peripheral nerve injury. After sciatic nerve crush,
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the mRNA expression of TGF-B1 was upregulated in both
the crushed segment and the distal segment. Upregulated
TGF-B1 was localized in the regions containing infil-
trating macrophages®. Besides mRNA expressions, the
protein expressions of TGF-B1 were also elevated in the
distal nerve stump after sciatic nerve injury®"*. A bipha-
sic expression of TGF-f3 protein was also observed at the
lumbar segment of the spinal cord following peripheral
nerve injury®.

Following nerve injury, functional TGF-f was ele-
vated in addition to total TGF-B. Recruited and prolif-
erating macrophages and glial cells could produce TSP,
which then activated the latent TGF-B*. Furthermore,
TGF-B itself could increase the amount of TSP-1 and thus
enhance its own activation, suggesting the existence of a
possible positive feedback loop after nerve injury®®.

EFFECTS OF TGF-f ON NERVE
REGENERATION

TGF-B plays critical roles in many physiological
processes, including the immune response, cellular dif-
ferentiation, cellular proliferation and apoptosis, cellular
adhesion and migration, ECM production, EMT, and
wound healing. The increased expression of TGF-B
also modulates nerve regeneration by suppressing the
immune response, affecting cellular behavior, regulating
neurite outgrowth, and promoting glial scar formation.
Moreover, TGF-§ also modulates the expressions and/
or activities of several biochemical cues that are impor-
tant for nerve regeneration, thus indirectly affecting the
regenerative process. The specific effects of TGF-B on
nerve regeneration are illustrated in Figure 2 and are
reviewed as follows.

TGF-
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Figure 2. The specific effect of TGF-3 on nerve regeneration. TGF-f regulates the immune response, cellular behavior, neurite out-
growth, and scar formation, playing regulatory roles in nerve regeneration.
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Inflammation and Immune Response

TGF-B is an “anti-inflammatory” cytokine that regu-
lates the proliferation, differentiation, and survival of
lymphocytes; reduces the synthesis of proinflammatory
cytokines; and inhibits the functions of other immune
cells, such as natural killer cells (NKCs), dendritic cells,
and macrophages”. Following injury, TGF-p may be
secreted by immune cells surrounding the injury site and
then function as an immunosuppressant®.

The protective effect of TGF-B against many auto-
immune diseases has been well documented. In the ner-
vous system, TGF-B is also associated with immune
cells to mediate nerve injury-induced inflammation and
the immune response. Compared with wild-type mice,
mice with homozygous deletion of TGF-P1 in uninjured
brain parenchyma exhibited an extensive inflammatory
response. Those TGF-B1 null mice exhibited increased
neuronal cell death, decreased central axonal sprouting,
and delayed functional recovery following facial axot-
omy®. It was also reported that the TGF-B signaling
pathway was activated in astrocytes following toxoplasma
infection. Inhibiting TGF-f signaling could largely aug-
ment toxoplasma infection-induced immune cell infiltra-
tion and neuronal damage”. Outcomes from an in vivo
study further suggested that TGF-f1 coordinated with
adipose-derived mesenchymal stem cells (ADSCs) to
enhance nerve regeneration by reducing inflammation
and impairing the host’s immune response’.

Cellular Behavior

The effects of TGF-B1 on the nervous system, just
like those on many other tissues and organs, are embod-
ied in phenotypic modulation of neurons and glial cells,
including cellular survival, differentiation, proliferation,
and activation.

Some studies showed that TGF-B1 inhibited the
growth and proliferation of primary cultured cortical
astrocytes, C6 astrocytoma cells, as well as primary cul-
tured cortical neurons’™”. In primary neurons, TGF-B1
stimulated the expression of cell adhesion proteins to
promote the movement and outgrowth of postmitotic
neurons’”. However, other studies suggested that TGF-J3
benefits neuron survival and proliferation. For example,
TGF-B2 perfusion attenuated the injury-induced death of
mature motoneurons, inducing a more potent effect than
glial cell-derived neurotrophic factor (GDNF) or brain-
derived neurotrophic factor (BDNF)™. In contrast, facial
nerve avulsion treatment with an adenovirus encoding
TGF-B2 prevented the loss of lesioned facial motoneu-
rons”. In RGC-5, a retinal ganglion cell line, TGF-B1
treatment increased the expression of neural cell markers
neurofilament-M (NF-160) and PGP9.5 (UCH-L1) and
decreased cellular apoptosis in serum-free medium, sug-
gesting that TGF-B1 was critical for the differentiation
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and survival of retinal ganglion cells”. Smad3 null
mice also exhibited a more pronounced loss of neuronal
viability to cortical stab wound injury compared with
wild-type mice, suggesting that TGF-B, via the Smad3
signaling pathway, protects neurons in the cortex and
hippocampus at early time points against injury™. The
neuronal differentiation mechanism of deferoxamine,
a G,/S phase cell cycle blocker, was also found to be
mediated by TGF-B17.

TGF-P not only affects the survival of neuronal cells
but also regulates the phenotype of glial cells. For exam-
ple, TGF-B1 could suppress the mitotic effects of fibro-
blast growth factor (FGF) and epithelial growth factor
(EGF) on astrocytes and inhibit astrocyte proliferation™.
TGF-B1 could also inhibit the proliferative response of
astrocyte cultures to serum and growth factors™”. It
was also demonstrated that TGF-B1 was a chemotactic
factor for astrocytes in a dose-dependent fashion”. In
the peripheral nerve system, TGF-B3 regulates Schwann
cells. The treatment of purified Schwann cells with exog-
enous TGF-B1 increased Schwann cell proliferation and
differentiation and promoted a pre- or nonmyelinating
Schwann cell phenotype. Addition of TGF-B1 to cocul-
tures of Schwann cells and neurons inhibited the effects
of axons on Schwann cells while blocking Schwann cell
myelination®’. TGF-B1 could also reduce the expressions
of the myelin-related molecules, including galactocer-
ebroside, PO, myelin-associated glycoprotein, and myelin
basic protein, and block Schwann cell myelination®'.
Taken together, these results suggested that TGF-B1 pro-
moted the transition of Schwann cells to a nonmyelinat-
ing phenotype with high proliferation and differentiation
capabilities, and therefore significantly enhanced the
regenerative abilities after nerve injury.

In addition, TGF-B plays beneficial roles in prevent-
ing cytotoxicity and protecting neurons and glial cells.
In vitro treatment with TGF-B1 reduced the excitotoxic
neuronal damage, and in vivo pretreatment with TGF-B1
prior to vessel occlusion reduced the area of ischemia,
suggesting that TGF-B1 played neuroprotective roles™.
In another study, the same research group induced different
types of excitotoxic injury on cultured hippocampal neu-
rons and noted that TGF-B1 could protect neurons against
rapidly triggered, Ca**-mediated excitotoxic injury, but
induced an opposite effect on slowly triggered excitotoxic
injury®’. TGF-B1 was also capable of protecting motor
neurons against excitotoxic degeneration and inhibiting
natural, IFN-y-, or phorbol myristate acetate (PMA)-
induced cytotoxicity of oligoendrocytes by microglia®"®.

Neurite Outgrowth

The effect of TGF-B on neurite outgrowth is contro-
versial. It was shown that TGF-B1 could increase neurite
outgrowth in dopaminergic cells after scratch lesion®.



TGF-f REGULATES NERVE REGENERATION

The promoting effect of secreted protein acidic and rich
in cysteine (SPARC), a matricellular protein derived
from olfactory ensheathing cells, on dorsal root ganglion
outgrowth was through a TGF-B-dependent signaling
pathway®*’. Moreover, TGF-B1 could also significantly
increase the length of neurites extended from differenti-
ated RGC-5 cells’”®. On the other hand, some studies sug-
gested that only TGF-B2 could increase neurite length
and branching pattern in cultured myenteric neurons,
while TGF-B1 and TGF-B3 had no significant effect’”***,
There have also been several studies suggesting that
TGF-B inhibited neurite outgrowth. For example, the
application of TGF-B1 to primary culture of cerebellar
granule neurons could suppress neurite outgrowth, while
further treatment with LY364947, a blocker of TGF-B1
type I receptor, abrogated the inhibitory effects™.

Of note, the promoting or inhibiting effect of TGF-f3
on neurite outgrowth might be influenced by the micro-
environment. For example, if astrocyte culture was pre-
treated with basic FGF plus interleukin-1 (IL-1), the
promoting effects of TGF-§ on neurite outgrowth were
dramatically attenuated”.

Glial Scar Formation

TGF-B stimulates the production of the ECM and
accelerates wound healing and repair. In the nervous
system, TGF-B is involved in glial scar formation. In
cultured astrocytes, TGF-B increased the expression of
neurocan, a chondroitin sulfate proteoglycan that medi-
ates glial scar formation and inhibits axon growth’.
Similarly, latent TGF-B was brought to the injury sites
through the binding effect of fibrinogen and was then
activated by astrocytes. Activated TGF- serves as a
molecular linkage between vascular permeability and
scar formation”. The injection of TGF-B1 caused a severe
scarring response, while administration of an antibody
against TGF-B1 successfully attenuated the deposition
of fibrous scar tissue and the formation of glial-limiting
membranes that border the lesion”. The treatment of
cerebral wounds with an antibody against TGF-f2 could
also attenuate matrix deposition, diminish the formation
of glial-limiting membranes, lessen inflammation and
angiogenesis, and, finally, robustly reduce the scarring
of the CNS™. Antibodies against TGF-B1 and TGF-B2
attenuated the response of glial fibrillary acidic protein
(GFAP)-immunoreactive astrocytes and oligodendrocyte
progenitor (NG2-glia) cells and reduced the scar forma-
tion. However, antibodies against TGF-1 and TGF-B2
failed to attenuate the response of CR3-immunoreactive
microglia and macrophages”. Intrathecal administration
of an antibody against TGF-B1 after thoracic spinal cord
contusion suppressed glial scar formation, upregulated
microglia/macrophage activation, and enhanced the loco-
motor recovery”.
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Numerous studies have also been conducted to identify
the involvement of the TGF-B-activated Smad signaling
pathway in glial scar formation. It was shown that Smad3
null mice had fewer neutrophils, macrophages/microglia,
NG2* cells, and GFAP" cells, and the animals exhibited
altered glial scar formation and immune response and
more rapid healing of cerebral cortex wounds”’. To inves-
tigate the scarring mechanisms of TGF-B1, the addition
of TGF-B1 to cocultured cerebral astrocytes and menin-
geal fibroblasts was noted to enhance the fibroblast pro-
liferation and promote the formation of cell clusters, thus
remarkably inhibiting the neurite outgrowth of cerebellar
neurons™. Given the central critical role of TGF-B/Smad
signaling in scar formation, blocking TGF-f has been
suggested as an effective antifibrotic therapy in treating
CNS injuries. For example, dampening the TGF-3/Smad
signaling pathway is enough to decrease scar formation
and facilitate intrinsic axonal growth and regeneration”.

Modulation of Neurotrophic Factors

TGF-f affects the amounts and/or activities of other
nerve regeneration-related cytokines. For instance, TGF-$1
markedly increased its own expression as well as the
mRNA expressions of nerve growth factor (NGF) in
cultured rat astrocytes, and intraventricular injection
TGF-B1 increased the mRNA expressions of NGF in
the rat hippocampus'®. TGF-B1 regulated the mRNA
and protein expressions of NGF in rat and mouse glia'”".
It was also found that although treatment with TGF-B1
did not change the amount of NGF in the cultures or in
the medium, treatment with TGF-B1 increased neuronal
survival and levels of peptide neurotransmitter sub-
stance P (SP) through mediation by exogenous NGF.
Additionally, treatment with an antibody against NGF
eliminated the effect of TGF-B1, which further suggested
that the neurotrophic action of TGF-B1 was synergistic
with NGF'”,

Another neurotrophic factor, GDNF, was shown to
have a rescue effect on target-deprived sympathetic spi-
nal cord neurons, and this effect was dependent on the
concomitant expression of TGF-B'”. A similar regulatory
effect of TGF-3 on GDNF was observed in Krieglstein
et al.’s study, which demonstrated that GDNF alone was
unable to promote neuron survival, but GDNF could
act as a neurotrophic factor when it was supplemented
together with TGF-B'*.

APPLICATIONS OF TGF- FOR
REPAIRING NERVE INJURY

As the above-mentioned reviewed studies have sug-
gested, TGF-B is involved in a variety of biological
activities, such as suppressing the immune response,
regulating phenotypic modulation of neuronal and glial
cells, and affecting glial scar formation following nerve
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injury. However, whether TGF-f3 promotes nerve regen-
eration has not been determined. Some studies showed
that TGF-f3 has a negative role on neuronal growth and
proliferation, while other studies indicated that TGF-3
plays a positive role’>”>’, Similarly, TGF-B either pro-
motes or restrains neurite outgrowth, as revealed by dif-
ferent studies*®®. The diverse effects of TGF-B on the
immune response, cellular behavior, and modulation of
growth factors and cytokines suggest that TGF- may
be beneficial for nerve repair and regeneration. On the
other hand, TGF-f increases the formation of fibrotic
scars at the lesion site, which is normally considered as
an inhibitory factor for nerve regeneration and prevents
subsequent growth, plasticity, and recovery of damaged
neurons. A recent breakthrough study, however, indi-
cated that a glial scar may not be totally harmful, and,
on the contrary, astrocytes at lesions of the spinal cord
may express multiple axon growth-supporting molecules
and may aid rather than prevent axon regeneration in the
CNS'”. On the basis of the obscure effect of astrocytic
scars, the effect of TGF-f on nerve regeneration may be
even more complex.

A number of attempts have been made to directly
deliver TGF-J to injured sites. The results may provide
some cues for the particular roles of TGF-f on nerve
regeneration. For instance, treatment with TGF- plus
forskolin for 6 weeks resulted in a robust increased num-
ber of regenerating axons in rats that underwent tibial
nerve injury, probably via upregulating growth-associated
proteins and reactivation of Schwann cells'”. The direct
effect of TGF-3 on facial nerve regeneration was also
observed. In rabbits with facial nerve injuries, treatment
with TGF-B3 significantly increased the total number
and diameter of the regenerated nerve fibers and pro-
moted morphological repair and functional recovery to a
certain degree'”. Despite these initial attempts that sug-
gest the therapeutic roles of TGF-B in nerve regenera-
tion, more numerous and intensive studies are required to
further investigate the details of the clinical application
of TGF-f, including treatment time, safe dose levels, and
possible side effects, etc.

CONCLUDING REMARKS

In the current review article, we provide a concise
summary of the biological aspects of TGF-f, mainly
focusing on its production, activation, and related sig-
naling pathways. We particularly focused on recent
progress in research, which has elucidated the involve-
ment of TGF-B in nerve repair and regeneration. It has
been widely observed that following nerve injury, dif-
ferentially expressed TGF-3 modulates cellular survival,
growth, proliferation, differentiation, and migration of
neurons and glial cells. These observations suggest that
TGF-f is critical for other biological events during nerve
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injury and regeneration, including the immune response,
neurite outgrowth, scar formation, and regulation of neu-
rotrophic factors. Importantly, several promising pre-
clinical studies suggest that direct application of TGF-3
to animals with nerve injury promotes nerve repair and
regeneration. Obviously, treatments with exogenous
TGE-P are designed on the basis of the understanding of
TGEF-B as a potential therapeutic target. Current preclini-
cal studies of TGF-B for nerve regeneration, however,
are still limited in number and limited to small animals.
Considering the complex and even controversial biologi-
cal effects of TGF-B on the nervous system, it is assumed
that just like its dual effects on carcinogenesis, TGF-f3
may also play dual roles in nerve repair and regenera-
tion. It has been reported that TGF-3 exhibits a biphasic
expression pattern in the regenerating nerve of infant
rats over a period of 1 month after sciatic nerve injury'®.
This interesting finding may suggest that the in vivo
effects of TGF-B on nerve regeneration are likely to be
dependent on many potentially unknown factors both at
the conceptual and technical levels. Accordingly, prior to
clinical translation, insightful studies on the mechanistic
aspects of TGF-[3 are warranted to optimize its therapeu-
tic outcomes.
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