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Role of the hedgehog signaling
pathway in rheumatic diseases:
An overview
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Sciences, Tongji Shanxi Hospital, Taiyuan, Shanxi, China

Hedgehog (Hh) signaling pathway is an evolutionarily conserved signal
transduction pathway that plays an important regulatory role during
embryonic development, cell proliferation, and differentiation of vertebrates,
and it is often inhibited in adult tissues. Recent evidence has shown that Hh
signaling also plays a key role in rheumatic diseases, as alterations in their
number or function have been identified in rheumatoid arthritis, osteoarthritis,
ankylosing spondylitis, systemic sclerosis, and Sjogren’s Syndrome. As a result,
emerging studies have focused on the blockade of this pathogenic axis as a
promising therapeutic target in several autoimmune disorders; nevertheless, a
greater understanding of its contribution still requires further investigation. This
review aims to elucidate the most recent studies and literature data on the
pathogenetic role of Hh signaling in rheumatic diseases.
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Introduction: An overview of the Hh
signhaling pathway

The Hedgehog (Hh) gene was first discovered in Drosophila in 1980 by Nusslein-
Volhard, C. and Wieschaus, E., and was named Hedgehog because its mutation
developed Drosophila larvae into a hedgehog-like morphology, which was also
confirmed in vertebrates lately (1). The Hh signaling pathway in vertebrates mainly
consists of four parts, including Hh ligands, membrane protein receptors, nuclear
transcription factors, and downstream target genes. There are three Hh genes that
have been detected: the Sonic Hedgehog (Shh), Desert Hedgehog (Dhh), and Indian
Hedgehog (Ihh), which encode the corresponding Shh, Dhh, and Thh proteins. These
three proteins are collectively known as Hh ligands. Among them, Shh is the most widely
distributed with a high positive expression rate, which is also the most studied Hh protein
in the literature (2); Dhh is an essential regulator in the development of reproductive
system (3); Thh is mainly produced and secreted by prehypertrophic chondrocytes to
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regulate the growth process of growth plate cartilage (4). Ptched
(Ptch) and Smoothened (Smo) are the receptors for Hh protein,
existing on the target cell membrane. Ptch is a 12-fold
transmembrane protein encoded by the tumor suppressor gene
Ptched, which negatively regulates Hh signaling, and vertebrate
has two forms of Ptchl and Ptch2 (5). Smo is one of the family
members of seven transmembranes G protein-coupled receptors
and is a bioreceptor required for activation of Hh signaling. It is
a highly conserved amino acid sequence in transmembrane
regions with the N terminus located extracellular, and the C
terminus intracellular (5). The nuclear transcription factors are
homologous zinc finger structural transcription factors encoded
by Gli genes. In vertebrates, there are three members of the Gli
gene family: Glil, Gli2, and Gli3. Gli proteins regulate the
expression of target genes by directly binding to their
promoters (6). Hh target genes are involved in cell cycle
regulation, proliferation, apoptosis, and angiogenesis (7).
Furthermore, suppressed fusion protein (Sufu) is a critical
intracellular negative regulator of Hh signaling. Sufu inhibits
Gli protein by preventing its translocation into the nucleus (8). It
plays a crucial role in Gli stabilization and processing.
Activation of Hh signaling includes canonical and non-
canonical pathways, the canonical pathway is the most
extensively studied and clearly understood currently, which is
also known as the ligand-dependent pathway (9). In the absence
of Hh ligands, Ptch suppresses Smo, leaving Sufu free to bind to
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Gli activator (Glia), thus repressing it and keeping Hh target
genes switch off. When the Hh ligand binds to Ptch, resulting in
loss of inhibition of Smo and then inhibits Sufu, thereby
releasing the nuclear translocation of Glia proteins. Activated
Glia is transported from the cytoplasm to the nucleus to promote
the transcription of Hh target genes (10)(Figure 1).

Numerous studies have shown that aberrant expression of
Hh signaling may take part in a wide range of diseases, and
current studies have confirmed the involvement of this pathway
in a variety of tumors. Similarly, scholars have also explored the
engagement of the Hh signaling pathway in the pathogenesis
(Table 1) and targeted therapy (Table 2) of rheumatic diseases.

The role of Hh signaling pathway in
rheumatic diseases

Rheumatoid arthritis

Rheumatoid arthritis (RA) is mainly characterized by
chronic inflammation of the synovium and progressive joint
destruction. Fibroblast-like synoviocytes (FLSs) are the key
effectors that mediate synovitis and joint destruction in RA
(27). Abnormal activation and proliferation of FLSs release a
large number of cytokines, chemokines, and matrix-degrading
enzymes, leading to joint destruction and bone erosion. The
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A simplified display of the canonical Hedgehog signaling pathway and treatment of rheumatic diseases by targeting the pathway. Left panel: In
the absence of Hh ligands, Ptch suppresses any inactive Smo, leaving Sufu free to bind to Gli activator (Glia), thus repressing it and keeps Hh
target genes switch off. Right panel: Binding of Hh ligands to Ptch leading to the dis-inhibition of Smo, which then inhibits Sufu, thereby
releasing the nuclear translocation of Glia proteins. Activated Glia in the cytoplasm then translocate into the nucleus and promote transcription
of Hh target genes. And there are inhibitors of different genes to suppress the activation of this pathway. Hh-Hedgehog; Ptch-Patched; Smo-
Smoothened; Gli-glioma-associated oncogene; Glia-Gli activator; Glir-Gli repressor; Sufu-Suppressed fusion protein; HDND-XI-5-(4-
Chlorophenethyl) imino-7-O-acetyl-4-chlorophenethylamine hesperetin; PUE-Phlomis umbrosa extract; Enppl-Ectonucleotide

pyrophosphatase/phosphodiesterase 1.
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TABLE 1 The expression of Hedgehog signaling in rheumatic diseases.
Disease  Source Result Ref
RA serum Shh is increased compared with SLE, AS and health controls, it correlates with RF and anti-CCP Ab positively (11)
PBMCs Shh and Glil mRNA are increased, and there is no difference in the expression of Ptchl mRNA compared with health controls (12)
synovial Shh, Smo, and Glil protein are higher than health controls (13)
tissue
FLS Shh, Ptch, Smo, and Gli are highly expressed (11)
chondrocyte  Shh, Ptchl, Smo, and Glil proteins are increased in AIA rats cartilage tissue, and the level of these proteins are proportional to the (14)
degree of chondrocyte damage
endothelial ~ Smo expression is significantly elevated (15)
cells
OA chondrocyte  Glil, Ptchl expression are increased (16)
Thh is highly expressed (16—
23)
Shh is expressed (24)
SSc skin Shh, Ptch1, Ptch2, Glil, Gli2 are increased (25)
AS serum Thh is higher than RA patients and healthy controls, and its expression is reduced after TNF-antagonist treatment (26)

relationship between Hh signaling and RA has also been
gradually increasing recently.

Compared with systemic lupus erythematosus (SLE),
ankylosing spondylitis (AS) and healthy controls, the
expression of Shh in serum of RA patients was significantly
increased; the level of Shh in RA patients was correlated with
rheumatoid factor (RF) and anti-cyclic citrullinated peptide
antibodies (anti-CCP Ab) positively, but it had no correlation
with erythrocyte sedimentation rate (ESR) (11). Similarly, Wang
et al. detected the gene expression in PBMCs of 35 RA patients
and found that the relative expression of Shh and Glil mRNA
were higher than the control group, while there was no difference
in the expression of Ptchl mRNA (12). In addition, academics
found the expression of Shh, Smo, and Glil protein in the
synovial tissue of RA patients by immunohistochemistry were
higher than health control (13). Shh is elevated in the plasma of
RA patients with mild cognitive impairment (MCI), suggesting
that it may be a biomarker for differentiating RA patients with
MCI or without MCI (28). Furthermore, Shh signaling is
activated both in the synovium of RA patients, in RA-FLS, and
in rat RA synovial fibroblasts (RA-SF) (11).

In addition to the involvement of FLSs, damage of
chondrocytes is also an important pathophysiological process
in RA pathogenesis. In particular, cartilage damage is associated
with irreversible disability in RA. Therefore, special attention
should be given to the treatment of cartilage damage. The
expression of Shh, Ptchl, Smo, and Glil proteins increased in
ATA rats cartilage tissue, and the level of these proteins were
proportional to the degree of chondrocyte damage (14).
Moreover, angiogenesis is the fundamental cause of persistent
synovial and chronic damage in RA. Apoptosis inhibition of
microvascular endothelial cells may accelerate proliferation of
synovial micro vessels. In the endothelial cells of RA synovial
tissues, Smo expression was significantly elevated. The Shh
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pathway regulates apoptosis of endothelial cells through Smo
protein (15).

There is also cross-linking between the Hh signaling and
other pathways. Smo is associated with the proliferation of RA-
FLSs and participates in the migration of RA-FLSs by activating
the Rho GTPase signaling pathway (29). Shh signaling mediates
proliferation and migration of RA-FLSs via the mitogen-
activated protein kinases/extracellular signal-regulated kinases
(MAPK/ERK) signaling (30). Besides, there is an interaction
between c-Jun N-terminal kinase (JNK) signal and Shh signal in
RA-FLS. Shh activation promotes the phosphorylation of JTNK
and c-jun, on the contrary, blocking Shh inhibits the activation
of JNK signal. In the presence of JNK inhibitor, c-jun
phosphorylation stimulated by Shh agonists was inhibited,
indicating that Shh promoted the proliferation, migration and
invasion of FLSs in a JNK-dependent manner (31).

Osteoarthritis

Osteoarthritis (OA) is a degenerative disease characterized
by pain and loss of joint function and is the most common cause
of chronic disability in adults. Therefore, early diagnosis and
effective treatment are crucial for OA. There is currently no
effective treatment for OA. Therefore, a better understanding of the
pathogenesis of OA will be beneficial to improve our knowledge of
the disease (32). The pathophysiological changes of OA are mainly
manifested in the morphological, biochemical, molecular, and
biomechanical changes of cells and extracellular matrix (ECM),
resulting in the gradual destruction of articular cartilage,
inflammation of the synovium, and changes in the periarticular
bone, and finally the formation of bone hyperplasia and
subchondral bone sclerosis (33). Hypertrophic chondrocyte
differentiation and degradation of the ECM are closely associated
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TABLE 2 Treatment of rheumatic diseases by targeting the Hh signaling pathway.

Disease Inhibitor Target Result Ref
RA Cyclopamine - reduces the proliferation and expression of Shh, Smo, Glil mRNA in RA-FLSs (13)
decreased the expression of Shh, Ptchl, Smo, and Glil in AIA rats, while reducing joint (14)
inflammation and cartilage damage, decreasing the levels of pro-inflammatory factors in serum,
and increasing the levels of COII in articular cartilage.
inhibits apoptosis of chondrocytes (66)
decreases EA.hy926 endothelial cell viability and survival, and promoted apoptosis. (15)
Smo-siRNA Smo inhibites the proliferation of endothelial cells and promotes its apoptosis (15)
GANT61 Gli inhibites proliferation in a dose-dependent manner and increases the apoptosis rate of RA-FLSs (11)
GANT61 Gli reduces the level of Shh protein and inhibited proliferation of FLSs in CIA rats (67,
68)
GDC-0449 Smo suppresses the proliferation of FLSs (69)
MeCP2-siRNA Ptchl inhibites the activation of Hh pathway and decreases the expression of Glil and Shh (70)
5-(4-Chlorophenethyl) imino-7-O- Ptchl attenuates AA-FLSs inflammation by reducing the methylation level of the Ptchl gene (71)
acetyl-4-chlorophenethylamine
hesperetin(HDND- XI)
TNFR2 antagonist TLIA reduces the expression of Thh and its receptor Ptchl, 2 in RA-FLSs (72)
Inhibition of TRPM7 - attenuate chondrocyte apoptosis and articular cartilage damage by modulating Ihh signaling (73)
AMSP-30m HIF-1oo  inhibited SFs proliferation and promoted its apoptosis.it inhibites the activation of Shh pathway (74)
OA Thh knockdown Thh prevents OA progression by inhibiting chondrocyte hypertrophy and collagen type X, MMP-13 (17,
and Runx2 expression 75)
Smo-siRNA Smo reduce the severity of OA (16)
Inhibition of Glil Glil reduces subchondral local immune inflammatory responses and attenuates articular cartilage (76)
degeneration in TMJOA mouse model
LDE223 Smo inhibits chondrocyte differentiation, reduces the expression of type X collagen, and inhibits bone (77)
hyperplasia in mice
Palmatine(Pal) - has a protective effect on cartilage and may inhibit MMPs by inhibiting the Hh signaling (78)
Phlomis umbrosa extract (PUE) - improves joint pathology in animal models of OA by modulating the Shh signaling pathway (79,
80)
Ipriflavone - attenuates the degeneration of cartilage by blocking the Ihh pathway (81)
JT09 kappa reduces cartilage loss and prevented degenerative changes in joints, while reducing the expression  (82)
opioid of Hh signaling components in cartilage
receptor
GANT-61 and indomethacin - reduces cartilage damage and decreases levels of TNF-a, IL-2, and IL-6 in OA (83)
Ectonucleotide pyrophosphatase/ - inhibits ectopic joint calcification and maintains articular chondrocytes by inhibiting Hh signaling ~ (84)
phosphodiesterase 1 (Enppl)
Overexpression of miR-1 - inhibits the development of OA by inhibiting Ihh signaling (85)
SSc Inhibition of Gli Gli reduces the expression of CLIC4 in fibroblasts (86)
HHAT knockdown Shh inhibits TGF-B-induced Hh signaling expression, and suppresses fibroblast activation and tissue (87)
fibrosis
LDE223 Smo lighten bleomycin-induced dermal fibrosis and inhibit the aberrant activation of Hh pathway (88)
Pirfenidone - reduces the Hh signaling expression (89)

with the development and progression of OA. Hypertrophic
chondrocytes upregulate the expression of extracellular matrix
degrading enzymes MMP-13 and ADAMTS-5 (34).

The Hh signaling is activated in OA and thought to influence
chondrocyte differentiation as well as osteoblastogenesis (35).
Olex A et al. identified Hh as the most strongly regulated and
metabolic pathway in OA disease development through genetic
data analysis (36). Furthermore, Smo missense variants may be a
new loci associated with OA. It regulates the transduction of Hh
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signaling by affecting the binding of cholesterol to its
extracellular structure, thereby increasing the risk of hip OA
(37). Ihh signaling protein expression is elevated in both human
and mouse OA and positively correlates with OA severity (16).
At the same time, Thh promotes the hypertrophic chondrocyte
phenotype and modulates the expression of canonical markers
type X collagen and MMP-13 (17). The pathological score of
FJOA is positively related with Thh-related genes and hedgehog
interacting protein (HHIP) (18).
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Temporomandibular joint (TM]) OA is another type of OA that
exhibits degeneration of the articular cartilage and bone of the
mandibular condyle and glenoid fossa/protrusion. In TMJOA rats,
Ihh signal-related protein levels in cartilage were elevated and
showed a time-dependent relationship with the severity of
cartilage degeneration, suggesting that activation of Thh signaling is
associated with cartilage damage (19). Ihh is also associated with
osteophytes and matrix mineralization in TMJOA (20). Shimoyama,
A’s results indicate that Ihh temporally and spatially regulates Runt-
related transcription factor (RUNX)2, an essential transcription
factor for osteoblastogenesis, through Gli2 and consequently
stimulates osteoblast differentiation (21). Thh signaling promotes
collagen X transcription and expression of chondrocytes by binding
Runx2, which subsequently calcifies chondrocytes and participates
in the pathogenesis of OA (22). The Thh-parathyroid hormone-
related protein (PTHrP) axis maintains the stability of articular
chondrocytes. PTHIR may have a protective effect on TMJOA
cartilage after Thh signaling inhibition (23). In addition, Shh
signaling is also involved in cartilage damage in OA (24).

Interleukin-1f (IL-1B) is colocalized with MMP-13 to sites of
cartilage degradation in OA joints and is a key mediator of OA
pathogenesis (38). Inhibition of IL-18 may lead to enhanced
expression of Shh and MMP-13 in OA (39). Interleukin 18 (IL-
18) could be secreted by chondrocytes, which is a member of the
IL-1 cytokine family (40). IL-1f stimulates IL-18 expression in
chondrocytes (41). IL-18 exerts a pro-inflammatory effect on
chondrocytes by affecting their response to matrix degrading
enzymes and matrix components, with the Hh pathway being
involved in this process (42). However, other in vitro studies have
shown that Thh does not cause degradation of ECM in healthy
chondrocytes even in the presence of IL-1B and that IL-1P
downregulated the expression of Thh. Thus, there may be other
factors other than IL-1f involved in the degradation of OA ECM
by Hh. Primary cilia are involved in the development and
maintenance of articular cartilage and regulated Hh signaling
(43). Depletion of primary cilia in articular chondrocytes activates
Hh signaling, resulting in symptoms of early OA with a reduced
ratio of Gli3 repressor to activator (44). Cholesterol is involved in
OA chondrocyte development. Hh signaling is involved in
cholesterol metabolism in human and mouse cartilage. The level
of Gli expression was positively correlated with the intracellular
cholesterol accumulation level and the severity of OA. Blocking
cholesterol may reduce the severity of OA (45). Furthermore,
activation of Smo is dependent on binding to sterols (46). Smo
mutations in humans affect its binding to cholesterol and are
associated with a high risk of hip OA (37).

Systemic sclerosis
Systemic sclerosis (SSc) affects the skin and various internal

organs including the lungs, the gastrointestinal tract and the heart.
The accumulation of extracellular matrix (ECM) components in
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SSc is caused by increased production of ECM by activated
fibroblasts (47). The profibrotic cytokine transforming growth
factor-B (TGE-B) has been identified as a central mediator of
fibroblast activation in SSc (48). The current study recognizes that
TGF-B signaling and Wnt signaling are involved in the
pathogenesis of SSc (49). Aberrant activation of these pathways in
SSc potently stimulate fibroblast activation and collagen release,
which results in tissue fibrosis. In addition, the Hh pathway is also
activated in SSc. Hh is similar to TGF-f in that it induces
myofibroblast differentiation and stimulates collagen release,
which is also sufficient to induce fibrosis in vivo (25). These
findings confirm the involvement of Hh signaling in the aberrant
activation of SSc fibroblasts. However, the relationship between
these intracellular signals that stimulate ECM production is not fully
understood. In skin biopsy tissues of SSc patients, the expression of
Shh, Ptchl, Ptch2, Glil, and Gli2 are all up-regulated, suggesting the
activation of Hh pathway. The activation of it can stimulate collagen
deposition and myofibroblast differentiation, and promote the
development of fibrosis. Meanwhile, TGF- and Wnt signaling
promote the activation of this signaling through interaction in the
animal model of SSc (25). Subsequent studies have shown that both
Hh and TGF-} pathways intersect to Gli2, which promotes tissue
fibrosis by integrating these signals. Moreover, they found that Gli2
is an important downstream agent of the profibrotic effects of TGE-
B (50). HOTAIR regulates Gli2 expression in SSc myofibroblasts,
and Gli2 also mediates the expression of profibrotic markers in
Notch signaling (51). These findings may have translational
implications as non-selective inhibitors of Gli2 are in clinical use
and selective molecules are currently in development.

Ankylosing spondylitis

Ankylosing spondylitis (AS) is characterized by
inflammation and new bone formation (NBF) in the spine and
joint (52). During the development of the vertebrate skeleton,
chondrocytes are gradually replaced by bone. The Hh family is
involved in ossification process (53), and Ihh is the main
controller of endochondral ossification (54). Daoussis, D
reported that the serum level of Thh in AS patients was higher
than RA patients and healthy controls, and its expression was
reduced after TNF-antagonist treatment, suggesting that Thh
may be involved in the onset of AS and is important for the
evaluation of AS prognosis. This finding may have both clinical
and pathogenic implications (26). Relevant mechanistic studies
have shown that Thh is crucial for skeletal development and
morphogenesis in vertebrates. It is mainly present in
prehypertrophic chondrocytes and is involved in the
proliferation and maturation of chondrocytes, but also in the
maturation of osteoblasts in the inner cartilage layer (55). In
addition, HLA-B27 is the most widely known genetic factor in
AS, first reported in the early 1970s (56). HLA-B27 affects serum
levels of key regulators of bone homeostasis. The serum Ihh level

frontiersin.org


https://doi.org/10.3389/fimmu.2022.940455
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Su et al.

was significantly higher in HLA-B27 carriers than negative
controls (57). Besides Thh, after knockdown of Ptchl, the Hh
pathway in chondrocytes is activated, which induces spinal
fusion and spinal deformity. This is caused by massive
proliferation of Ptchl negative chondrocytes and impaired
chondrocyte maturation thus leading to defects in
endochondral ossification (53). In summary, the Hh pathway
is participated in the development of AS disease, but there is a
lack of studies on animal models of AS, and there are no clinical
data from large samples to confirm the effectiveness of targeted
inhibition of this pathway in the treatment of AS.

Sjogren’s syndrome

Sjogren’s Syndrome (SS) is mainly involved in salivary glands
and lacrimal glands. Several studies have demonstrated that Hh
signaling participates in the morphogenesis of salivary glands and it
has the potential to promote salivary glands (58, 59). Shh signaling
is involved in the embryonic SMG branching morphogenesis.
Cyclopamine decreased in branching and epithelial cell
proliferation of SMG in vitro (60). In the developing mouse
submandibular gland, activation of Shh promotes cell polarization
and lumen formation of submandibular gland (61). The expression
of Shh in epithelium of mice embryonic salivary glands is induced
by Edar/NF-xB pathway (62). Hh signaling is activated during
functional regeneration in salivary glands after duct ligation of adult
mice (63). Fiaschi M revealed that Glil has the ability to regulate
salivary gland differentiation and promote ductal epithelial cell
proliferation (64). Finally, the investigators also confirmed that
the expression patterns of Shh pathway are highly similar during SG
development in humans and mice, suggesting that the molecular
mechanism regulating SG morphogenesis may be conserved (65).
Therefore, targeting inhibition of Hh signaling may be a new
direction for the treatment of SS.

Treatment of rheumatic diseases by
targeting the Hh signaling pathway

Rheumatoid arthritis

With the intensive study of the Hh signaling in RA, the
targeted therapy is also gradually increasing. After the
administration of cyclopamine, a specific inhibitor of Shh
pathway, the proliferation and expression of Shh, Smo, Glil
mRNA were both reduced in RA-FLSs (13). Gli-antagonist 61
(GANT®61) is a Gli specific inhibitor, it inhibited proliferation
in a dose-dependent manner and the apoptosis rate of RA-FLSs
was increased as well (11). Likewise, GANT61 reduced the level
of Shh protein and inhibited proliferation of FLSs in CIA rats
(67, 68). GDC-0449 is a Smo antagonist, using it or Smo siRNA
can suppress the proliferation of FLSs, and the cell cycle-related
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proteins changed (69). Indicating that Shh pathway regulates
FLSs in a Smo-dependent manner, and Smo may be a new
target for RA therapy in the future. Ptchl regulates Hh
signaling negatively and the methylation level of it can affect
the proliferation of FLSs. Methyl-CpG-binding protein 2
(MeCP2) overexpression results in an increase in overall
methylation levels (90). The Ptchl gene methylation level
was increased in FLSs of adjuvant arthritis (AA) rats, which
was related to the activation and inflammation of FLSs, and its
methylation level was down-regulated after the administration
of DNA methylation inhibitor. Knockdown of MeCP2 using
siRNA added Ptchl expression in AA FLSs. Increased
expression of Ptchl inhibited the activation of Hh pathway
and decreased the expression of Glil and Shh (70). 5-(4-
Chlorophenethyl) imino-7-O-acetyl-4-chlorophenethylamine
hesperetin, a species of dihydroflavone, attenuates AA-FLSs
inflammation by reducing the methylation level of the Ptchl
gene (71). Given that hypermethylation of the Ptchl gene is
associated with sustained FLSs activation and inflammation in
AA rats, reducing the methylation level of it can not only
regulate the FLSs inflammatory response but also inhibit the
excessive proliferation of FLSs. Tumor necrosis factor (TNF)-
like ligand 1A (TL1A) is a member of the TNF superfamily
(TNEFSF) ligands, which could have an influence on RA-FLSs
through binding to TNFR2. TL1A significantly increased the
expression of Ihh and its receptor Ptchl, 2 in RA-FLSs.
However, TNFR2 antagonists can reduce the above genes
notably. The enhanced migratory property of FLSs after
stimulating with TL1A suggests that TL1A regulates the
migration and Thh signaling of RA-FLSs by TNFR2 (72).
These findings may introduce a potential therapeutic strategy
for targeting Ihh/Ptchl, 2 axes and control RA-FLSs
pathological synovial invasion and suppress their undesired
action. Furthermore, they confirmed the importance of clinical
usage of anti-TNF drugs in patients with RA.

As for chondrocytes, Cyclopamine effectively decreased the
expression of Shh, Ptchl, Smo, and Glil genes in AIA rats (14),
while reducing joint inflammation and cartilage damage,
decreasing the levels of pro-inflammatory factors in serum, and
increasing the levels of COII in articular cartilage. Furthermore,
cyclopamine inhibits apoptosis of chondrocytes, which may be
related to its mechanism of alleviating cartilage damage (66).
Transient receptor potential melastatin-like seven channel
(TRPM?7) has been reported to be associated with apoptosis. Its
expression is elevated in chondrocytes and articular cartilage of
AA rats, and inhibition of it can attenuate chondrocyte apoptosis
and articular cartilage damage by modulating Thh signaling (73).

In the endothelial cells of RA synovial tissues, Cyclopamine
significantly reduced the expression of Shh pathway-related
proteins in EA.hy926 endothelial cells, decreased cell viability
and survival, and promoted apoptosis. Similarly, Smo-siRNA
inhibited the proliferation of endothelial cells and promoted its
apoptosis (15). Scube proteins are associated with endothelial
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cell inflammation and angiogenesis. More importantly, Scube
promotes the activation of Hh signaling, and these features
suggest that Scubes may be involved in inflammatory and
angiogenesis of RA, and may be an ideal target for anti-
angiogenic therapy in RA (91). Hypoxia-inducible factor 1
(HIF-1) o is also associated with RA synovitis and
angiogenesis (92). AMSP-30m, a novel HIF-1 alpha inhibitor,
inhibits angiogenesis in many tumor cells (93). In the AIA
model, it had strong anti-arthritic and anti-inflammatory
effects, inhibited SFs proliferation and promoted its apoptosis.
AMSP-30m exerted its anti-angiogenic effect by reducing the
expression of synovial vascular endothelial growth factor
(VEGF) and the number of blood vessels. In addition, it
inhibited the activation of Shh pathway (74). Collectively, the
HIF-1o. inhibitor AMSP-30m may exert an effective anti-
arthritic effect by promoting synovial apoptosis, reducing
angiogenesis and inhibiting the Shh pathway. Annexin a2
(Axna2) is an important mediator of pannus formation in RA.
The expression of Axna2 and Axna2 receptor (Axna2R) is
elevated in RA patients. In CIA model, overexpression of
Axna2 promotes the development of arthritis, especially the
formation of pannus. Meanwhile, Axna2 activates and amplifies
the expression of Hh pathway and its downstream VEGEF,
angiopoietin-2 (Ang-2), and matrix metalloproteinase-2
(MMP-2) by binding to Axna2R, promoting the proliferation
of HUVEC and ultimately leading to the formation of pannus
(94). Therefore, inhibition of Axna2 may be a new potential
measure for the treatment of RA.

Osteoarthritis

Given the important role of the Hh signaling in the
development of OA, researchers have explored its use as a
therapeutic target. Zhou, J’s study demonstrates that knockdown
of Thh prevents OA progression by inhibiting chondrocyte
hypertrophy and collagen type X, MMP-13 and Runx2
expression (75). The study also found that treatment with an
Ihh inhibitor or Smo-siRNA could inhibit Hh signaling and
reduce the severity of OA (16), consistenting with the results of
Wei, F et al. (17). Activation of Notch signaling inhibits Hh
signaling in OA. Studies have found that when Notch signaling is
inhibited, Hh signaling is activated, thereby promoting
chondrocyte hypertrophy and bone hyperplasia (95). Selective
inhibition of Hh signaling in Glil™ osteoblastic progenitor cells
reduces subchondral local immune inflammatory responses and
attenuates articular cartilage degeneration in TMJOA mouse
model, providing a potential method for TMJOA treatment (76).

There are already Hh inhibitors used in the treatment of
tumors, which provides some basis for the use of Hh inhibitors
in OA. LDE223 is a Smo-specific small molecule inhibitor that
inhibits chondrocyte differentiation, reduces the expression of type
X collagen, and inhibits bone hyperplasia in mice (77). Palmatine
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(Pal), a member of the protoberberine class of isoquinoline
alkaloids, is a structural analog of berberine. It has a protective
effect on cartilage and may inhibit MMPs by inhibiting the Hh
signaling (78). Phlomis umbrosa extract (PUE) has been used in the
treatment of RA (79). PUE also can improve joint pathology in
animal models of OA by modulating the Shh signaling pathway
(80). Ipriflavone also can attenuate the degeneration of cartilage by
blocking the Thh pathway (81). Prochondrocytes express the kappa
opioid receptor (KOR), which prevents the onset of cartilage
degeneration (96). It was found that the selective KOR agonist
JT09 reduced cartilage loss and prevented degenerative changes in
joints, while reducing the expression of Hh signaling components
in cartilage (82). Combined treatment of GANT-61 and
indomethacin reduced cartilage damage and decreased levels of
TNF-o, IL-2, and IL-6 in OA (83). The ectonucleotide
pyrophosphatase/phosphodiesterase 1 (Enppl) is an inhibitor of
pathological calcification that inhibits ectopic joint calcification
and maintains articular chondrocytes by inhibiting Hh signaling,
whereas Enppl expression is diminished in articular cartilage of
human and mouse OA (84). miR-1 is lowly expressed in human
OA joint tissues, and overexpression of it inhibits the development
of OA by inhibiting Thh signaling (85). The activation of Hh
signaling plays an important role in the occurrence and
development of OA, and a large number of studies have proved
that targeting and blocking this pathway can treat OA (97, 98),
laying a certain foundation for its future clinical translation.

Systemic sclerosis

As a driver of fibroblast activation, chloride intracellular
channel 4 (CLIC4) expression is elevated in fibroblasts from SSc
patients. It is associated with increased activation of TGF-f (99).
Investigations revealed the expression of CLIC4 in normal dermal
fibroblasts was driven by TGF-/SMAD?3 together with Wnt3a/f3-
catenin and Smo/Gli signaling, and inhibition of Gli reduced
CLIC4 expression (86). The hedgehog acyltransferase (HHAT)
catalyses the attachment of palmitate onto Shh (100). Knockdown
of HHAT inhibits TGF-B-induced Hh signaling expression, while
suppressing fibroblast activation and tissue fibrosis (87).
Inhibition of Hh signaling by targeting HHAT may become a
new approach for SSc antifibrotic therapy. LDE223 is a selective
small-molecule inhibitor of Smo, which can lighten bleomycin-
induced dermal fibrosis and inhibit the aberrant activation of Hh
pathway (88). In lung tissue of SSc-ILD patients, Hh pathway is
activated, pirfenidone intervention reduces its expression (89). In
all, the Hh signaling contributes to the aberrant activation of SSc
fibroblasts, and antifibrotic therapy targeting it is expected to
improve the prognosis of SSc patients, however, there is still a long
way to go for true clinical translation.

It is not difficult to see that there have been many studies on
the targeting treatment of the pathway. However, it is worth
noting that these studies are all animal or in vitro experiments,
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and there is no relevant clinical research. Moreover, research on
specific inhibitors of this pathway is still missing. Expression of
target genes can be inhibited by si-RNA, thereby inhibiting the
activation of this pathway, but this method is difficult to apply to
patients. GANT61, GDC-0449 and LDE223 are specific small
molecule inhibitors of this pathway, at the moment there is little/
no knowledge on the pharmacokinetics (e.g. solubility,
metabolism, etc.) of these agents and its toxicity. Cyclopamine
is the most studied inhibitor of the Hh pathway, and its clinical
use is limited due to its insolubility in water and organic solvents.
The inhibitory effect of the above drugs on this pathway is not
specific, and there is a lack of research on its adverse reactions
in rheumatism.

Conclusion

With the deepening of the current research on the Hh
signaling, its role in rheumatic diseases has also been verified. In
conclusion, the aberrant activation of it is involved in the
inflammatory proliferation of FLSs, the differentiation and
proliferation of chondrocytes, osteoblasts, and fibroblasts, and
can stimulate the proliferation of endothelial cells and salivary
gland epithelial cells, providing a new perspective for the
treatment of multiple rheumatic diseases (Figure 2). What is
even more exciting is that some inhibitors of the Hh pathway
have been applied in the clinical treatment of certain tumors, and
many drugs have entered the clinical research of various tumor
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treatments, so the application of these drugs in rheumatic diseases
will also be not far. At the same time, it is even more necessary for
us to conduct in-depth research on Hh signaling pathway to
provide new ways for the treatment of rheumatic diseases.

Author contributions

This article is mainly written by YS. HX wrote part of the
manuscript and proofread the manuscript. JK and LB helped us
collect literature information and draw pictures. LZ reviewed the
manuscript and proposed final revisions. All authors contributed
to the article and approved the submitted version.

Funding

This work was supported by the National Natural Science
Foundation of China [grant number 81771768] and by the basic
research project of Shanxi Science and Technology Department
[grant number 202103021224342].

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

frontiersin.org


https://doi.org/10.3389/fimmu.2022.940455
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Su et al.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

1. Nusslein-Volhard C, Wieschaus E. Mutations affecting segment number and
polarity in drosophila. Nature (1980) 287:795-801. doi: 10.1038/287795a0

2. Litingtung Y, Lei L, Westphal H, Chiang C. Sonic hedgehog is essential to
foregut development. Nat Genet (1998) 20:58-61. doi: 10.1038/1717

3. Bitgood MJ, Shen L, McMahon AP. Sertoli cell signaling by desert hedgehog
regulates the male germline. Curr Biol (1996) 6:298-304. doi: 10.1016/s0960-9822
(02)00480-3

4. Vortkamp A, Lee K, Lanske B, Segre GV, Kronenberg HM, Tabin CJ.
Regulation of rate of cartilage differentiation by Indian hedgehog and PTH-
related protein. Science (1996) 273:613-22. doi: 10.1126/science.273.5275.613

5. Rohatgi R, Milenkovic L, Scott MP. Patched] regulates hedgehog signaling at
the primary cilium. Science (2007) 317:372-6. doi: 10.1126/science.1139740

6. Koebernick K, Pieler T. Gli-type zinc finger proteins as bipotential
transducers of hedgehog signaling. Differentiation (2002) 70:69-76. doi: 10.1046/
j.1432-0436.2002.700201.x

7. Bhateja P, Cherian M, Majumder S, Ramaswamy B. The hedgehog signaling
pathway: A viable target in breast cancer? Cancers (Basel) (2019) 11:1126.
doi: 10.3390/cancers11081126

8. Cherry AL, Finta C, Karlstrom M, Jin Q, Schwend T, Astorga-Wells J, et al.
Structural basis of SUFU-GLI interaction in human hedgehog signalling regulation.
Acta Crystallogr D Biol Crystallogr (2013) 69:2563-79. doi: 10.1107/
S0907444913028473

9. Akhshi T, Shannon R, Trimble WS. The complex web of canonical and non-
canonical hedgehog signaling. Bioessays (2022) 44:e2100183. doi: 10.1002/
bies.202100183

10. Gampala S, Yang JY. Hedgehog pathway inhibitors against tumor
microenvironment. Cells-Basel (2021) 10:3135. doi: 10.3390/cells10113135

11. Qin S, Sun D, Li H, Li X, Pan W, Yan C, et al. The effect of SHH-gli signaling
pathway on the synovial fibroblast proliferation in rheumatoid arthritis.
Inflammation (2016) 39:503-12. doi: 10.1007/s10753-015-0273-3

12. Wang MX, Huang JL, Zhu SJ, Peng YX, Xie BZ, ZF L, et al. Preliminary
study of sonic hedgehog signaling pathway in rheumatiod arthritis. Chin ]
Pathophysiol (2012) 28:483-7. doi: 10.3969/j.issn.1000-4718.2012.03.017

13. Wang M, Zhu S, Peng W, Li Q, Li Z, Luo M, et al. Sonic hedgehog signaling
drives proliferation of synoviocytes in rheumatoid arthritis: a possible novel
therapeutic target. J Immunol Res (2014) 2014:401903. doi: 10.1155/2014/401903

14. LiR, Cai L, Hu CM, Wu TN, Li J. Expression of hedgehog signal pathway in
articular cartilage is associated with the severity of cartilage damage in rats with
adjuvant-induced arthritis. J Inflammation (Lond) (2015) 12:24. doi: 10.1186/
$12950-015-0072-5

15. Zhu SL, Luo MQ, Peng WX, Li QX, Feng ZY, Li ZX, et al. Sonic hedgehog
signalling pathway regulates apoptosis through smo protein in human umbilical
vein endothelial cells. Rheumatol (Oxford) (2015) 54:1093-102. doi: 10.1093/
rheumatology/keu421

16. Lin AC, Seeto BL, Bartoszko JM, Khoury MA, Whetstone H, Ho L, et al.
Modulating hedgehog signaling can attenuate the severity of osteoarthritis. Nat
Med (2009) 15:1421-5. doi: 10.1038/nm.2055

17. Wei F, Zhou ], Wei X, Zhang J, Fleming BC, Terek R, et al. Activation of
Indian hedgehog promotes chondrocyte hypertrophy and upregulation of MMP-
13 in human osteoarthritic cartilage. Osteoarthritis Cartilage (2012) 20:755-63.
doi: 10.1016/j.joca.2012.03.010

18. ShuangF, Zhou Y, Hou SX, Zhu JL, Liu Y, Zhang CL, et al. Indian Hedgehog
signaling pathway members are associated with magnetic resonance imaging
manifestations and pathological scores in lumbar facet joint osteoarthritis. Sci
Rep (2015) 5:10290. doi: 10.1038/srep10290

19. Xu T, Xu G, Gu Z, Wu H. Hedgehog signal expression in articular cartilage
of rat temporomandibular joint and association with adjuvant-induced
osteoarthritis. J Oral Pathol Med (2017) 46:284-91. doi: 10.1111/jop.12497

20. Bechtold TE, Saunders C, Decker RS, Um HB, Cottingham N, Salhab I, et al.
Osteophyte formation and matrix mineralization in a TM] osteoarthritis mouse

Frontiers in Immunology

09

10.3389/fimmu.2022.940455

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

model are associated with ectopic hedgehog signaling. Matrix Biol (2016) 52-
54:339-54. doi: 10.1016/j.matbio.2016.03.001

21. Shimoyama A, Wada M, Ikeda F, Hata K, Matsubara T, Nifuji A, et al. Thh/
Gli2 signaling promotes osteoblast differentiation by regulating Runx2 expression
and function. Mol Biol Cell (2007) 18:2411-8. doi: 10.1091/mbc.e06-08-0743

22. Amano K, Densmore M, Nishimura R, Lanske B. Indian Hedgehog
signaling regulates transcription and expression of collagen type X via Runx2/
Smads interactions. | Biol Chem (2014) 289:24898-910. doi: 10.1074/
jbc.M114.570507

23. Yang H, Zhang M, Liu Q, Zhang H, Zhang J, Lu L, et al. Inhibition of ihh
reverses temporomandibular joint osteoarthritis via a PTHIR signaling dependent
mechanism. Int ] Mol Sci (2019) 20:3797. doi: 10.3390/ijms20153797

24. Deng H, Xiao X, Chilufya MM, Qiao L, Lv Y, Guo Z, et al. Altered
expression of the hedgehog pathway proteins BMP2, BMP4, SHH, and IHH
involved in knee cartilage damage of patients with osteoarthritis and kashin-beck
disease. Cartilage (2022) 13:788765222. doi: 10.1177/19476035221087706

25. Horn A, Palumbo K, Cordazzo C, Dees C, Akhmetshina A, Tomcik M, et al.
Hedgehog signaling controls fibroblast activation and tissue fibrosis in systemic
sclerosis. Arthritis Rheum (2012) 64:2724-33. doi: 10.1002/art.34444

26. Daoussis D, Filippopoulou A, Liossis SN, Sirinian C, Klavdianou K, Bouris
P, et al. Anti-TNFalpha treatment decreases the previously increased serum Indian
hedgehog levels in patients with ankylosing spondylitis and affects the expression of
functional hedgehog pathway target genes. Semin Arthritis Rheum (2015) 44:646—
51. doi: 10.1016/j.semarthrit.2015.01.004

27. Wu Z, Ma D, Yang H, Gao J, Zhang G, Xu K, et al. Fibroblast-like
synoviocytes in rheumatoid arthritis: Surface markers and phenotypes. Int
Immunopharmacol (2021) 93:107392. doi: 10.1016/j.intimp.2021.107392

28. Yang L, Zou QH, Zhang Y, Shi Y, Hu CR, Hui CX, et al. Proteomic analysis
of plasma from rheumatoid arthritis patients with mild cognitive impairment. Clin
Rheumatol (2018) 37:1773-82. doi: 10.1007/s10067-017-3974-1

29. Peng WX, Zhu SL, Zhang BY, Shi YM, Feng XX, Liu F, et al. Smoothened
regulates migration of fibroblast-like synoviocytes in rheumatoid arthritis via
activation of rho GTPase signaling. Front Immunol (2017) 8:159. doi: 10.3389/
fimmu.2017.00159

30. LiuF, Feng XX, Zhu SL, Huang HY, Chen YD, Pan YF, et al. Sonic hedgehog
signaling pathway mediates proliferation and migration of fibroblast-like
synoviocytes in rheumatoid arthritis via MAPK/ERK signaling pathway. Front
Immunol (2018) 9:2847. doi: 10.3389/fimmu.2018.02847

31. Zhu S, Ye Y, Shi Y, Dang J, Feng X, Chen Y, et al. Sonic hedgehog regulates
proliferation, migration and invasion of synoviocytes in rheumatoid arthritis via
JNK signaling. Front Immunol (2020) 11:1300. doi: 10.3389/fimmu.2020.01300

32. Wang M, Shen J, Jin H, Im HJ, Sandy J, Chen D. Recent progress in
understanding molecular mechanisms of cartilage degeneration during
osteoarthritis. Ann N Y Acad Sci (2011) 1240:61-9. doi: 10.1111/j.1749-
6632.2011.06258.x

33. Hunter DJ, Bierma-Zeinstra S. Osteoarthritis. Lancet (2019) 393:1745-59.
doi: 10.1016/S0140-6736(19)30417-9

34. Thompson CL, Patel R, Kelly TA, Wann AK, Hung CT, Chapple JP, et al.
Hedgehog signalling does not stimulate cartilage catabolism and is inhibited by
interleukin-1beta. Arthritis Res Ther (2015) 17:373. doi: 10.1186/s13075-015-0891-
z

35. Bonet ML, Granados N, Palou A. Molecular players at the intersection of
obesity and osteoarthritis. Curr Drug Targets (2011) 12:2103-28. doi: 10.2174/
138945011798829393

36. Olex AL, Turkett WH, Fetrow JS, Loeser RF. Integration of gene expression
data with network-based analysis to identify signaling and metabolic pathways
regulated during the development of osteoarthritis. Gene (2014) 542:38-45.
doi: 10.1016/j.gene.2014.03.022

37. Styrkarsdottir U, Lund SH, Thorleifsson G, Zink F, Stefansson OA,
Sigurdsson JK, et al. Meta-analysis of icelandic and UK data sets identifies

frontiersin.org


https://doi.org/10.1038/287795a0
https://doi.org/10.1038/1717
https://doi.org/10.1016/s0960-9822(02)00480-3
https://doi.org/10.1016/s0960-9822(02)00480-3
https://doi.org/10.1126/science.273.5275.613
https://doi.org/10.1126/science.1139740
https://doi.org/10.1046/j.1432-0436.2002.700201.x
https://doi.org/10.1046/j.1432-0436.2002.700201.x
https://doi.org/10.3390/cancers11081126
https://doi.org/10.1107/S0907444913028473
https://doi.org/10.1107/S0907444913028473
https://doi.org/10.1002/bies.202100183
https://doi.org/10.1002/bies.202100183
https://doi.org/10.3390/cells10113135
https://doi.org/10.1007/s10753-015-0273-3
https://doi.org/10.3969/j.issn.1000-4718.2012.03.017
https://doi.org/10.1155/2014/401903
https://doi.org/10.1186/s12950-015-0072-5
https://doi.org/10.1186/s12950-015-0072-5
https://doi.org/10.1093/rheumatology/keu421
https://doi.org/10.1093/rheumatology/keu421
https://doi.org/10.1038/nm.2055
https://doi.org/10.1016/j.joca.2012.03.010
https://doi.org/10.1038/srep10290
https://doi.org/10.1111/jop.12497
https://doi.org/10.1016/j.matbio.2016.03.001
https://doi.org/10.1091/mbc.e06-08-0743
https://doi.org/10.1074/jbc.M114.570507
https://doi.org/10.1074/jbc.M114.570507
https://doi.org/10.3390/ijms20153797
https://doi.org/10.1177/19476035221087706
https://doi.org/10.1002/art.34444
https://doi.org/10.1016/j.semarthrit.2015.01.004
https://doi.org/10.1016/j.intimp.2021.107392
https://doi.org/10.1007/s10067-017-3974-1
https://doi.org/10.3389/fimmu.2017.00159
https://doi.org/10.3389/fimmu.2017.00159
https://doi.org/10.3389/fimmu.2018.02847
https://doi.org/10.3389/fimmu.2020.01300
https://doi.org/10.1111/j.1749-6632.2011.06258.x
https://doi.org/10.1111/j.1749-6632.2011.06258.x
https://doi.org/10.1016/S0140-6736(19)30417-9
https://doi.org/10.1186/s13075-015-0891-z
https://doi.org/10.1186/s13075-015-0891-z
https://doi.org/10.2174/138945011798829393
https://doi.org/10.2174/138945011798829393
https://doi.org/10.1016/j.gene.2014.03.022
https://doi.org/10.3389/fimmu.2022.940455
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Su et al.

missense variants in SMO, IL11, COL11A1 and 13 more new loci associated with
osteoarthritis. Nat Genet (2018) 50:1681-7. doi: 10.1038/s41588-018-0247-0

38. Jenei-Lanzl Z, Meurer A, Zaucke F. Interleukin-1beta signaling in
osteoarthritis - chondrocytes in focus. Cell Signal (2019) 53:212-23. doi: 10.1016/
j.cellsig.2018.10.005

39. Akhtar N, Makki MS, Haqqi TM. MicroRNA-602 and microRNA-608
regulate sonic hedgehog expression via target sites in the coding region in human
chondrocytes. Arthritis Rheumatol (2015) 67:423-34. doi: 10.1002/art.38952

40. Dai SM, Shan ZZ, Nishioka K, Yudoh K. Implication of interleukin 18 in
production of matrix metalloproteinases in articular chondrocytes in arthritis:
direct effect on chondrocytes may not be pivotal. Ann Rheum Dis (2005) 64:735-42.
doi: 10.1136/ard.2004.026088

41. Olee T, Hashimoto S, Quach J, Lotz M. IL-18 is produced by articular
chondrocytes and induces proinflammatory and catabolic responses. J Immunol
(1999) 162:1096-100.

42. Bao J, Ma C, Ran ], Xiong Y, Yan S, Wu L. Wnt/beta-catenin and hedgehog
pathways are involved in the inflammatory effect of interleukin 18 on rat
chondrocytes. Oncotarget (2017) 8:109962-72. doi: 10.18632/oncotarget.20584

43. Rux D, Helbig K, Han B, Cortese C, Koyama E, Han L, et al. Primary cilia
direct murine articular cartilage tidemark patterning through hedgehog signaling
and ambulatory load. J Bone Miner Res (2022) 37:1097-116. doi: 10.1002/
jbmr.4506

44. Chang CF, Ramaswamy G, Serra R. Depletion of primary cilia in articular
chondrocytes results in reduced Gli3 repressor to activator ratio, increased
hedgehog signaling, and symptoms of early osteoarthritis. Osteoarthritis
Cartilage (2012) 20:152-61. doi: 10.1016/j.joca.2011.11.009

45. Ali SA, Al-Jazrawe M, Ma H, Whetstone H, Poon R, Farr S, et al. Regulation
of cholesterol homeostasis by hedgehog signaling in osteoarthritic cartilage.
Arthritis Rheumatol (2016) 68:127-37. doi: 10.1002/art.39337

46. Smith AE, Sigurbjornsdottir ES, Steingrimsson E, Sigurbjornsdottir S.
Hedgehog signalling in bone and osteoarthritis: the role of smoothened and
cholesterol. FEBS ] (2022). doi: 10.1111/febs.16440

47. Wynn TA. Cellular and molecular mechanisms of fibrosis. J Pathol (2008)
214:199-210. doi: 10.1002/path.2277

48. Varga J, Pasche B. Transforming growth factor beta as a therapeutic target in
systemic sclerosis. Nat Rev Rheumatol (2009) 5:200-6. doi: 10.1038/
nrrheum.2009.26

49. Akhmetshina A, Palumbo K, Dees C, Bergmann C, Venalis P, Zerr P, et al.
Activation of canonical wnt signalling is required for TGF-beta-mediated fibrosis.
Nat Commun (2012) 3:735. doi: 10.1038/ncomms1734

50. Liang R, Sumova B, Cordazzo C, Mallano T, Zhang Y, Wohlfahrt T, et al.
The transcription factor GLI2 as a downstream mediator of transforming growth
factor-beta-induced fibroblast activation in SSc. Ann Rheum Dis (2017) 76:756-64.
doi: 10.1136/annrheumdis-2016-209698

51. Wasson CW, Ross RL, Wells R, Corinaldesi C, Georgiou IC, Riobo-Del GN,
et al. Long non-coding RNA HOTAIR induces GLI2 expression through notch
signalling in systemic sclerosis dermal fibroblasts. Arthritis Res Ther (2020) 22:286.
doi: 10.1186/s13075-020-02376-9

52. Kusuda M, Haroon N, Nakamura A. Complexity of enthesitis and new bone
formation in ankylosing spondylitis: current understanding of the
immunopathology and therapeutic approaches. Mod Rheumatol (2021) 32:484-
92. doi: 10.1093/mr/roab057

53. Dittmann K, Wuelling M, Uhmann A, Dullin C, Hahn H, Schweyer S, et al.
Inactivation of patchedl in murine chondrocytes causes spinal fusion without
inflammation. Arthritis Rheumatol (2014) 66:831-40. doi: 10.1002/art.38325

54. Beyer C, Schett G. Pharmacotherapy: concepts of pathogenesis and
emerging treatments. Novel Targets Bone Cartilage Best Pract Res Clin
Rheumatol (2010) 24:489-96. doi: 10.1016/j.berh.2010.03.001

55. St-Jacques B, Hammerschmidt M, McMahon AP. Indian Hedgehog
signaling regulates proliferation and differentiation of chondrocytes and is
essential for bone formation. Genes Dev (1999) 13:2072-86. doi: 10.1101/
gad.13.16.2072

56. Taurog JD, Chhabra A, Colbert RA. Ankylosing spondylitis and axial
spondyloarthritis. N Engl ] Med (2016) 374:2563-74. doi: 10.1056/NEJMral1406182

57. Aschermann S, Englbrecht M, Bergua A, Spriewald BM, Said-Nahal R,
Breban M, et al. Presence of HLA-B27 is associated with changes of serum levels of
mediators of the wnt and hedgehog pathway. Joint Bone Spine (2016) 83:43-6.
doi: 10.1016/j.jbspin.2015.03.019

58. Liu F, Wang S. Molecular cues for development and regeneration of salivary
glands. Histol Histopathol (2014) 29:305-12. doi: 10.14670/HH-29.305

59. Aure MH, Symonds JM, Mays JW, Hoffman MP. Epithelial cell lineage and
signaling in murine salivary glands. J Dent Res (2019) 98:1186-94. doi: 10.1177/
0022034519864592

Frontiers in Immunology

10.3389/fimmu.2022.940455

60. Jaskoll T, Leo T, Witcher D, Ormestad M, Astorga J, Bringas PJ, et al. Sonic
hedgehog signaling plays an essential role during embryonic salivary gland
epithelial branching morphogenesis. Dev Dyn (2004) 229:722-32. doi: 10.1002/
dvdy.10472

61. Hashizume A, Hieda Y. Hedgehog peptide promotes cell polarization and
lumen formation in developing mouse submandibular gland. Biochem Biophys Res
Commun (2006) 339:996-1000. doi: 10.1016/j.bbrc.2005.11.106

62. Melnick M, Phair RD, Lapidot SA, Jaskoll T. Salivary gland branching
morphogenesis: a quantitative systems analysis of the Eda/Edar/NFkappaB
paradigm. BMC Dev Biol (2009) 9:32. doi: 10.1186/1471-213X-9-32

63. Hai B, Yang Z, Millar SE, Choi YS, Taketo MM, Nagy A, et al. Wnt/beta-
catenin signaling regulates postnatal development and regeneration of the salivary
gland. Stem Cells Dev (2010) 19:1793-801. doi: 10.1089/scd.2009.0499

64. Fiaschi M, Kolterud A, Nilsson M, Toftgard R, Rozell B. Targeted expression
of GLI1 in the salivary glands results in an altered differentiation program and
hyperplasia. Am J Pathol (2011) 179:2569-79. doi: 10.1016/j.ajpath.2011.07.033

65. Guan Z, Dong B, Huang C, Hu X, Zhang Y, Lin C. Expression patterns of
genes critical for SHH, BMP, and FGF pathways during the lumen formation of
human salivary glands. ] Mol Histol (2019) 50:217-27. doi: 10.1007/s10735-019-
09819-x

66. LiR, Cai L, Ding J, Hu CM, Wu TN, Hu XY. Inhibition of hedgehog signal
pathway by cyclopamine attenuates inflammation and articular cartilage damage in
rats with adjuvant-induced arthritis. ] Pharm Pharmacol (2015) 67:963-71.
doi: 10.1111/jphp.12379

67. Li H, Qin S, Sun D, Pan W, Li X, Kong F, et al. [Sonic hedgehog (SHH)
promotes the proliferation of synovial fibroblasts of rats with collagen-induced
arthritis]. Xi Bao Yu Fen Zi Mian Yi Xue Za Zhi (2016) 32:630-4. doi: 10.13423/
j.cnki.cjcmi 007755

68. Qin S, Sun D, Li X, Kong F, Yu Q, Hua H, et al. GANT61 alleviates arthritic
symptoms by targeting fibroblast-like synoviocytes in CIA rats. ] Orthop Sci (2019)
24:353-60. doi: 10.1016/j.j0s.2018.09.003

69. Zhu SL, Huang JL, Peng WX, Wu DC, Luo MQ, Li QX, et al. Inhibition of
smoothened decreases proliferation of synoviocytes in rheumatoid arthritis. Cell
Mol Immunol (2017) 14:214-22. doi: 10.1038/cmi.2015.67

70. Sun ZH, Liu YH, Liu JD, Xu DD, Li XF, Meng XM, et al. MeCP2 regulates
PTCHI expression through DNA methylation in rheumatoid arthritis.
Inflammation (2017) 40:1497-508. doi: 10.1007/s10753-017-0591-8

71. Sun Z, Liu YH, Liu JD, Xu DD, Li XF, Zhang YL, et al. Effect of hesperidin
derivative-XIV regulating methylation of PTCHI1gene on FLS inflammation of
adjuvant arthritis rats. Chin Pharmacol Bull (2017) 33:781-7. doi: 10.3969/
j.issn.1001-1978.2017.06.009

72. Al-Azab M, Wei ], Ouyang X, Elkhider A, Walana W, Sun X, et al. TL1A
mediates fibroblast-like synoviocytes migration and Indian hedgehog signaling
pathway via TNFR2 in patients with rheumatoid arthritis. Eur Cytokine Netw
(2018) 29:27-35. doi: 10.1684/ecn.2018.0405

73. Ma G, Yang Y, Chen Y, Wei X, Ding J, Zhou RP, et al. Blockade of TRPM7
alleviates chondrocyte apoptosis and articular cartilage damage in the adjuvant
arthritis rat model through regulation of the Indian hedgehog signaling pathway.
Front Pharmacol (2021) 12:655551. doi: 10.3389/fphar.2021.655551

74. Meng B, Liu FY, Liu MM, Yu LC, Zhang WT, Zhou MY, et al. AMSP-30 m
as a novel HIF-lalpha inhibitor attenuates the development and severity of
adjuvant-induced arthritis in rats: Impacts on synovial apoptosis, synovial
angiogenesis and sonic hedgehog signaling pathway. Int Immunopharmacol
(2022) 103:108467. doi: 10.1016/j.intimp.2021.108467

75. ZhouJ, Chen Q, Lanske B, Fleming BC, Terek R, Wei X, et al. Disrupting the
Indian hedgehog signaling pathway in vivo attenuates surgically induced
osteoarthritis progression in Col2al-CreERT2; ihhfl/fl mice. Arthritis Res Ther
(2014) 16:R11. doi: 10.1186/ar4437

76. LeiJ, Chen S, Jing J, Guo T, Feng J, Ho TV, et al. Inhibiting hh signaling in
Glil(+) osteogenic progenitors alleviates TMJOA. J Dent Res (2022) 101:664-74.
doi: 10.1177/00220345211059079

77. Ruiz-Heiland G, Horn A, Zerr P, Hofstetter W, Baum W, Stock M, et al.
Blockade of the hedgehog pathway inhibits osteophyte formation in arthritis. Ann
Rheum Dis (2012) 71:400-7. doi: 10.1136/ard.2010.148262

78. Zhou X, Lin X, Xiong Y, Jiang L, Li W, Li ], et al. Chondroprotective effects
of palmatine on osteoarthritis in vivo and in vitro: A possible mechanism of
inhibiting the wnt/beta-catenin and hedgehog signaling pathways. Int
Immunopharmacol (2016) 34:129-38. doi: 10.1016/j.intimp.2016.02.029

79. Chun JM, Lee AY, Moon BC, Choi G, Kim JS. Effects of dipsacus asperoides
and phlomis umbrosa extracts in a rat model of osteoarthritis. Plants (Basel) (2021)
10:2030. doi: 10.3390/plants10102030

80. Chun JM, Lee AY, Nam JY, Lee MY, Choe MS, Lim KS, et al. Protective
effects of phlomis umbrosa extract on a monosodium iodoacetate-induced
osteoarthritis model and prediction of molecular mechanisms using

frontiersin.org


https://doi.org/10.1038/s41588-018-0247-0
https://doi.org/10.1016/j.cellsig.2018.10.005
https://doi.org/10.1016/j.cellsig.2018.10.005
https://doi.org/10.1002/art.38952
https://doi.org/10.1136/ard.2004.026088
https://doi.org/10.18632/oncotarget.20584
https://doi.org/10.1002/jbmr.4506
https://doi.org/10.1002/jbmr.4506
https://doi.org/10.1016/j.joca.2011.11.009
https://doi.org/10.1002/art.39337
https://doi.org/10.1111/febs.16440
https://doi.org/10.1002/path.2277
https://doi.org/10.1038/nrrheum.2009.26
https://doi.org/10.1038/nrrheum.2009.26
https://doi.org/10.1038/ncomms1734
https://doi.org/10.1136/annrheumdis-2016-209698
https://doi.org/10.1186/s13075-020-02376-9
https://doi.org/10.1093/mr/roab057
https://doi.org/10.1002/art.38325
https://doi.org/10.1016/j.berh.2010.03.001
https://doi.org/10.1101/gad.13.16.2072
https://doi.org/10.1101/gad.13.16.2072
https://doi.org/10.1056/NEJMra1406182
https://doi.org/10.1016/j.jbspin.2015.03.019
https://doi.org/10.14670/HH-29.305
https://doi.org/10.1177/0022034519864592
https://doi.org/10.1177/0022034519864592
https://doi.org/10.1002/dvdy.10472
https://doi.org/10.1002/dvdy.10472
https://doi.org/10.1016/j.bbrc.2005.11.106
https://doi.org/10.1186/1471-213X-9-32
https://doi.org/10.1089/scd.2009.0499
https://doi.org/10.1016/j.ajpath.2011.07.033
https://doi.org/10.1007/s10735-019-09819-x
https://doi.org/10.1007/s10735-019-09819-x
https://doi.org/10.1111/jphp.12379
https://doi.org/10.13423/j.cnki.cjcmi.007755
https://doi.org/10.13423/j.cnki.cjcmi.007755
https://doi.org/10.1016/j.jos.2018.09.003
https://doi.org/10.1038/cmi.2015.67
https://doi.org/10.1007/s10753-017-0591-8
https://doi.org/10.3969/j.issn.1001-1978.2017.06.009
https://doi.org/10.3969/j.issn.1001-1978.2017.06.009
https://doi.org/10.1684/ecn.2018.0405
https://doi.org/10.3389/fphar.2021.655551
https://doi.org/10.1016/j.intimp.2021.108467
https://doi.org/10.1186/ar4437
https://doi.org/10.1177/00220345211059079
https://doi.org/10.1136/ard.2010.148262
https://doi.org/10.1016/j.intimp.2016.02.029
https://doi.org/10.3390/plants10102030
https://doi.org/10.3389/fimmu.2022.940455
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Su et al.

transcriptomics. Phytomedicine (2021) 81:153429. doi: 10.1016/
j.phymed.2020.153429

81. Lipinski RJ, Bushman W. Identification of hedgehog signaling inhibitors
with relevant human exposure by small molecule screening. Toxicol In Vitro (2010)
24:1404-9. doi: 10.1016/j.tiv.2010.04.011

82. Weber AE, Jalali O, Limfat S, Shkhyan R, van der Horst R, Lee S, et al.
Modulation of hedgehog signaling by kappa opioids to attenuate osteoarthritis.
Arthritis Rheumatol (2020) 72:1278-88. doi: 10.1002/art.41250

83. Liu Q, Wu Z, Hu D, Zhang L, Wang L, Liu G. Low dose of indomethacin and
hedgehog signaling inhibitor administration synergistically attenuates cartilage
damage in osteoarthritis by controlling chondrocytes pyroptosis. Gene (2019)
712:143959. doi: 10.1016/j.gene.2019.143959

84. Jin Y, Cong Q, Gvozdenovic-Jeremic J, Hu J, Zhang Y, Terkeltaub R, et al.
Enppl inhibits ectopic joint calcification and maintains articular chondrocytes by
repressing hedgehog signaling. Development (2018) 145:dev164830. doi: 10.1242/
dev.164830

85. Che X, Chen T, Wei L, GuX, Gao Y, Liang S, et al. MicroRNALI regulates the
development of osteoarthritis in a Col2al CreERT2/GFPfl/fIRFPmiR1 mouse
model of osteoarthritis through the downregulation of Indian hedgehog
expression. Int ] Mol Med (2020) 46:360-70. doi: 10.3892/ijmm.2020.4601

86. Wasson CW, Caballero-Ruiz B, Gillespie J, Derrett-Smith E, Mankouri J,
Denton CP, et al. Induction of pro-fibrotic CLIC4 in dermal fibroblasts by TGEF-
beta/Wnt3a is mediated by GLI2 upregulation. Cells-Basel (2022) 11:530.
doi: 10.3390/cells11030530

87. Liang R, Kagwiria R, Zehender A, Dees C, Bergmann C, Ramming A, et al.
Acyltransferase skinny hedgehog regulates TGFbeta-dependent fibroblast
activation in SSc. Ann Rheum Dis (2019) 78:1269-73. doi: 10.1136/annrheumdis-
2019-215066

88. Horn A, Kireva T, Palumbo-Zerr K, Dees C, Tomcik M, Cordazzo C, et al.
Inhibition of hedgehog signalling prevents experimental fibrosis and induces
regression of established fibrosis. Ann Rheum Dis (2012) 71:785-9. doi: 10.1136/
annrheumdis-2011-200883

89. Xiao H, Zhang GF, Liao XP, Li XJ, Zhang J, Lin H, et al. Anti-fibrotic effects
of pirfenidone by interference with the hedgehog signalling pathway in patients
with systemic sclerosis-associated interstitial lung disease. Int ] Rheum Dis (2018)
21:477-86. doi: 10.1111/1756-185X.13247

Frontiers in Immunology

11

10.3389/fimmu.2022.940455

90. Baubec T, Ivanek R, Lienert F, Schubeler D. Methylation-dependent and
-independent genomic targeting principles of the MBD protein family. Cell (2013)
153:480-92. doi: 10.1016/j.cell.2013.03.011

91. Yang M, Guo M, Hu Y, Jiang Y. Scube regulates synovial angiogenesis-
related signaling. Med Hypotheses (2013) 81:948-53. doi: 10.1016/
j.mehy.2013.09.001

92. Guo X, Chen G. Hypoxia-inducible factor is critical for pathogenesis and
regulation of immune cell functions in rheumatoid arthritis. Front Immunol (2020)
11:1668. doi: 10.3389/fimmu.2020.01668

93. Liu M, Liang Y, Zhu Z, Wang ], Cheng X, Cheng J, et al. Discovery of novel
aryl carboxamide derivatives as hypoxia-inducible factor lalpha signaling
inhibitors with potent activities of anticancer metastasis. ] Med Chem (2019)
62:9299-314. doi: 10.1021/acs.jmedchem.9b01313

94. YiJ, Zhu 'Y, Jia Y, Jiang H, Zheng X, Liu D, et al. The annexin a2 promotes
development in arthritis through neovascularization by amplification hedgehog
pathway. PloS One (2016) 11:e150363. doi: 10.1371/journal.pone.0150363

95. Lin NY, Distler A, Beyer C, Philipi-Schobinger A, Breda S, Dees C, et al.
Inhibition of Notchl promotes hedgehog signalling in a HES1-dependent manner
in chondrocytes and exacerbates experimental osteoarthritis. Ann Rheum Dis
(2016) 75:2037-44. doi: 10.1136/annrheumdis-2015-208420

96. Clarke J. Opioid and hedgehog signalling pathways converge to modulate
OA. Nat Rev Rheumatol (2020) 16:297. doi: 10.1038/s41584-020-0429-x

97. Xiao WF, Li YS, Deng A, Yang YT, He M. Functional role of hedgehog
pathway in osteoarthritis. Cell Biochem Funct (2020) 38:122-9. doi: 10.1002/
cbf.3448

98. Zhou H, Zhang L, Chen Y, Zhu CH, Chen FM, Li A. Research progress on
the hedgehog signalling pathway in regulating bone formation and homeostasis.
Cell Prolif (2022) 55:e13162. doi: 10.1111/cpr.13162

99. Shukla A, Edwards R, Yang Y, Hahn A, Folkers K, Ding J, et al. CLIC4
regulates TGF-beta-dependent myofibroblast differentiation to produce a cancer
stroma. Oncogene (2014) 33:842-50. doi: 10.1038/0nc.2013.18

100. Chamoun Z, Mann RK, Nellen D, von Kessler DP, Bellotto M, Beachy
PA, et al. Skinny hedgehog, an acyltransferase required for palmitoylation and
activity of the hedgehog signal. Science (2001) 293:2080-4. doi: 10.1126/
science.1064437

frontiersin.org


https://doi.org/10.1016/j.phymed.2020.153429
https://doi.org/10.1016/j.phymed.2020.153429
https://doi.org/10.1016/j.tiv.2010.04.011
https://doi.org/10.1002/art.41250
https://doi.org/10.1016/j.gene.2019.143959
https://doi.org/10.1242/dev.164830
https://doi.org/10.1242/dev.164830
https://doi.org/10.3892/ijmm.2020.4601
https://doi.org/10.3390/cells11030530
https://doi.org/10.1136/annrheumdis-2019-215066
https://doi.org/10.1136/annrheumdis-2019-215066
https://doi.org/10.1136/annrheumdis-2011-200883
https://doi.org/10.1136/annrheumdis-2011-200883
https://doi.org/10.1111/1756-185X.13247
https://doi.org/10.1016/j.cell.2013.03.011
https://doi.org/10.1016/j.mehy.2013.09.001
https://doi.org/10.1016/j.mehy.2013.09.001
https://doi.org/10.3389/fimmu.2020.01668
https://doi.org/10.1021/acs.jmedchem.9b01313
https://doi.org/10.1371/journal.pone.0150363
https://doi.org/10.1136/annrheumdis-2015-208420
https://doi.org/10.1038/s41584-020-0429-x
https://doi.org/10.1002/cbf.3448
https://doi.org/10.1002/cbf.3448
https://doi.org/10.1111/cpr.13162
https://doi.org/10.1038/onc.2013.18
https://doi.org/10.1126/science.1064437
https://doi.org/10.1126/science.1064437
https://doi.org/10.3389/fimmu.2022.940455
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Role of the hedgehog signaling pathway in rheumatic diseases: An overview
	Introduction: An overview of the Hh signaling pathway
	The role of Hh signaling pathway in rheumatic diseases 
	Rheumatoid arthritis
	Osteoarthritis
	Systemic sclerosis
	Ankylosing spondylitis
	Sjogren’s syndrome

	Treatment of rheumatic diseases by targeting the Hh signaling pathway
	Rheumatoid arthritis
	Osteoarthritis
	Systemic sclerosis

	Conclusion
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


