Hedgehog Signaling Pathway | Encyclopedia.pub

Hedgehog Signaling Pathway

Subjects: Allergy
Contributor: Wiwin Effendi

The hedgehog (Hh) pathway is a sophisticated conserved cell signaling pathway that plays an essential role in
controlling cell specification and proliferation, survival factors, and tissue patterning formation during embryonic

development.

cell signaling signal transduction hedgehog pathway

| 1. Introduction

Cell signaling is a multifactorial system that represents the knot-like schematics of the signaling cascades that are
used to transfer messages from the first messenger to the receptor and decoded through the signaling
intermediates of the second messengers W[, Signal transduction, as an aspect of cell signaling, describes how
cells interpret and react to external events . Hh is one of the major signal transduction networks for intercellular
communication during embryonic development and organogenesis 4 and it regulates mitogenic and morphogenic
functions during organ development 2. Nevertheless, many disease processes arise from defects or through the

aberrant activation of these developmental pathways.

The dysregulation of the Hh signaling network in controlled cell growth and division induces autocrine and
paracrine function distortions, leading to the development of tumorigenesis and cancer progression B,
Myofibroblast-associated Hh signaling is involved in accelerated tumor growth in various cancers BIEI10]
Moreover, Hh signaling is also responsible for the development of numerous lung diseases 1. Recent gene
expression studies and animal disease models have demonstrated that Hh signaling can induce the fibroblast to

myofibroblast transition (myofibroblast differentiation) in IPF (121,

| 2. Hh Signal Transduction

Vertebrate genome duplication categorized Hh genes into three different types of hedgehog proteins: the Desert
Hedgehog (Dhh), Indian Hedgehog (lhh), and Sonic Hedgehog (Shh) proteins 131,

2.1. Element of Hh Signal Transduction

Hh proteins undergo multiple processing steps that are required for the generation and release of the active ligand

from the producing cell. The core components that mediate the Hh signal response in vertebrae are two patched

https://encyclopedia.pub/entry/17916 1/11



Hedgehog Signaling Pathway | Encyclopedia.pub

receptors (Ptchl, Ptch2), a key signal transducer smoothened receptor (Smo), three glioma-associated oncogene

(Gli) transcription factors (Gli1, Gli2, Gli3), the suppressed fusion homolog (Sufu), and kinesine protein 7 (Kif7) 141,

2.1.1. Hh Ligand

Hh genes are automatically cleaved into a 20 kDa N-terminal protein (Hh-N) and a 25 kDa C-terminal protein (Hh-
C) 151, After translation, the Hh protein is then transported to the endoplasmic reticulum for dual lipid modification.
The first modification removes the C-terminal domain and attaches cholesterol to the C-terminal (the C-terminally
cholesterol-modified N-terminal Hh signaling domain (HhN)), leading to the association of Hh with membranes 1€,
Next, a palmitate molecule is attached to the N-terminal by Hh acyltransferase (Hhat), resulting in a fully active dual

lipid-modified HhNp 7. The dual lipid-modified HhNp is then transported to the cell surface.

2.1.2. Ptch

Hh ligands start to trigger signaling in the target cells by binding a 12-pass integral membrane, the Ptch protein
(complex Hh-Ptch). Vertebrates have two Ptch genes, Ptchl and Ptch2, but Ptchl is the primary signaling regulator
(18] ptch1 is essential for Hh signaling and for generating stable signaling gradients due to negative feedback, the
inhibition of Hh ligands and Smo, and involvement in a double-negative circuit (in which Hh inhibits Ptch and also
blocks Smo). [22l. The Ptchl protein has a sterol-sensing domain (SSD), two large extracellular loops, and a C-

terminal cytoplasmic tail 29, SSD mediates the vesicular trafficking of Ptch1 to regulate Smo activity 211,

2.1.3. Smo

The G protein-coupled receptor (GPCR), the Smo protein, which is predominantly located in the membrane of
intracellular endosomes, functions as a co-receptor and a positive regulator of the Hh signaling pathway. Smo
consists of an amino-terminal cysteine-rich domain (CRD), three extracellular and three intracellular loops (ECL
and ICL), seven transmembrane domains (TM), and an intracellular carboxyl-terminal tail that is able to undergo a

range of post-translational modifications 22,

2.1.4. Gli

The Gli family of latent zinc-finger proteins function as transcriptional mediators and are implicated in the activation
and repression of the Hh target genes 23], In detail, Gli1 only acts as a transcriptional activator (GliA), Gli2 is the
principal Hh-regulated transcriptional activator, and Gli3 is the strongest Hh-regulated repressor (GliR) 24, The
differential activity of Gli is regulated on the level of ubiquitin-mediated proteolytic processing 22 and the

subcellular localization of a nuclear localization signal (NLS) and a nuclear export signal (NES) 28],

2.1.5. Sufu

Sufu is an essential intracellular negative regulator of Hh signaling and acts by binding and modulating the Gli

transcription factors [ZZ. In the absence of signaling, Sufu inhibits the Gli transcription factors by binding Gli through
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a C-terminal Sufu-interacting site (SIC) that is responsible for the Sufu-mediated cytoplasmic retention of Glil via

the N-terminal Sufu-interacting (SIN) pathway 28],
2.1.6. Kif7

Kif7 is a cilia-associated protein that regulates signaling from the Smo to the Gli 22, However, Kif7 regulates the
activity of Gli through both Sufu-dependent and -independent mechanisms %, Additionally, Kif7 can act as both a

positive and negative regulator of the Gli activity 3],
2.2. Hh Signaling Pathway

The Hh activates canonical (either through ligand-dependent interaction or receptor-induced signaling) and non-

canonical (ligand-independent interaction) signaling pathways (Figure 1).

Canonical
h

edgehog
signaling

genes on
Mon-canonical hedgehog signaling type Il

-Apopiosis

Figure 1. Hh pathway. (1) Canonical signaling. A. The production and secretion of Hh ligands/proteins. After
translation, the precursor of the Hh protein is transported to the endoplasmic reticulum (ER) for autoclaved and
dual-lipid modification. The first modification replaces the C-terminal domain from Hh-N with cholesterol at the C
terminus; then, a palmitate molecule is attached to the N-terminal Hh-N by the Hh acyltransferase (Hhat). Displ on
the cell surface and Scube?2 regulates Hh-N secretion and distribution into the extracellular space of the producing
cells. B. In the absence of the Hh ligands, Ptch functions to suppress any inactive Smo that is inside the cell and
inhibits the migration of Smo to the membrane. Sufu restrains the GIiFL protein in the cytoplasm, and GIiFL is then
phosphorylated at multiple sites in the C-terminal region by PKA, GSK3, and CK1. Next, the truncated GIiR (Gli3)
translocates to the nucleus and binds to the Hh target gene (target gene off). C. Ptchl binds to the Hh ligand and

releases the Smo that has been inhibited by Ptch. Active Smo induces the release of GliFL from cytoplasmic
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retention. The Hh—Ptchl complex is then internalized and is degraded in the lysosomes. In the end, GIiFL is
converted to its active form GIiA (Glil and Gli2) and migrates to the nucleus to activate several target genes (target
gene on). Coreceptors for the Hh ligand pathway activate positive regulators (Gasl), negative regulators (Hhip),
and dual functions (Glypican). (2) Non-canonical signaling. Type |, in the absence of Hh ligand, Ptch recruits
complex proteins Dral, Tucan-1, and caspase-9 that followed by caspase-3 activation, which further amplifies cell
apoptosis. The binding of Hh ligand to Ptch disorganizes the interaction of Cyclin B1 and the proapoptotic complex,
leading to increased proliferation and survival. Type Il, activation of Smo leads to dissociation of Gi, activation of

PI3K and RhoA and Racl, which then modulate the actin cytoskeleton and induce elevation of intracellular calcium.

2.2.1. Canonical Pathway

The canonical signaling pathways focus on the mechanism by which Hh regulates the Gli 2. This pathway can be

operated in both the presence and absence of Hh ligands.

In the absence of Hh ligands, Ptchl functions to suppress any inactive Smo that is inside the cell and inhibits the
migration of Smo to the membrane B3, The mechanism through which Ptchl inhibits Smo is not precise. It is
supposed that Ptchl is transported out of the cell as an endogenous intracellular small molecule that acts as an
agonist for Smo and that does not bind to Smo 24l Ptch1 requires extracellular Na* and membrane cholesterol to
regulate Smo [2l. Furthermore, Ptch1 might inhibit Smo through an indirect mechanism, possibly through changes

in the distribution or concentration of a small molecule 26,

The inhibition of Smo activity is an essential step for activating this pathway in mammals B4, The full-length Gli
(GIiFL) is then phosphorylated at multiple sites in the C-terminal region by protein kinase A (PKA), glycogen
synthase kinase-3 (GSK3), and casein kinase 1 (CK1) 28l Kif7 acts as a scaffolding protein for PKA, GSK3, and
CK1 during the Gli phosphorylation 2. Without Hh, Sufu restrains the GIiFL protein in the cytoplasm, whereas
ligand binding will proteolytically cleave Gli from Sufu B2, The truncated GIiR (Gli3) then translocates to the

nucleus and binds to the Hh target gene 49,

The Ptchl protein stops inhibiting Smo after binding the Hh ligand and limits the half-life of the ligand 1. Smo
activation induces the stabilization and release of Gli, the transducer of the significant cellular effects of canonical
Hh signaling, from cytoplasmic retention 42, The Hh—Ptchl complex is then internalized and degraded in the
lysosomes 48], Hh signaling is subsequently activated and transmitted via a protein complex that includes Kif7 and
Sufu ¥4l Finally, GIiFL is converted to its active form GliA (Glil and Gli2) and migrates to the nucleus to activate
several target genes 42!, Canonical Hh signaling leads to Gli code regulation, which covers the sum of all of the

positive and negative functions of all of the Gli proteins 22,

2.2.2. Non-Canonical Pathway

Contrary to canonical complex signaling network resulting in activation of the Gli family of transcription factors,

some Hh signaling proceeds through Gli independent activation. In detail, non-canonical Hh delivers signals via (1)
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Ptchl in the presence of Hh ligand, (2) Ptchl in the absence of Hh ligand, and (3) Smo-dependent and Gi protein
modulating Ca?* and actin skeleton [32146[47](48]

After embryogenesis, the Hh pathway continues to signal to discrete populations of stem and progenitor cells within
various organs in order to maintain tissue homeostasis and repair 49, In the lungs, the Hh pathway never entirely
disappears from development to adulthood, but the activation domain shifts dramatically and repurposes itself in
order to maintain cellular homeostasis and organ function B, |t seems that the Hh pathway is silenced until it is

reactivated by tissue injury in order to mediate cellular regeneration and repair.

| 3. Hh Signaling in Lung Development

It is already known that the Hh signaling pathway plays a critical role as the principal regulator in the normal
development of many tissues such as those in the lung. Lung morphogenesis relies on intricate interactions and
the coordinated development of the endoderm layer-derived epithelial cells into the surrounding mesoderm-derived

mesenchyme B,

Embryonic lung development follows the principle of branching morphogenesis into five phases; the first four
phases (embryonic, pseudo glandular, canalicular, and saccular) result in a typical branching structure that ends
with alveolar sacs with a surrounding stromal scaffold and vascular structures where during the final (postnatal)
alveolar phase, the terminal sacs give rise to mature alveolar ducts and alveoli 1. The first two development
stages regulate the establishment of the conducting airways, and the last three stages are responsible for vascular
development, alveolar development, and reducing mesenchymal tissue, which is crucial for the formation of the
thin air-blood interface that is indispensable for gas exchange 2. Hh signaling is a crucial aspect that can be used
to orchestrate a network of growth factors, transcription factors, and extracellular matrix molecules during lung

embryogenesis 21,

During embryogenesis, the Shh that is secreted by the epithelial cells during the early steps of embryogenesis, act
as a spatial regulator of bronchial bud formation and are essential for the mesenchymal—epithelial cross-talk that
guides branching and epithelial tube elongation, as well as smooth muscle cell/myofibroblast differentiation 52,
Other elements of Hh signaling, such as Ptchl, Smo, and Gli1-3, are mainly expressed in the epithelium but are
expressed weakly in the mesenchyme of the developing human lung B4l Inhibition of the Shh pathway in mouse
models causes severe lung malformations, resulting in hypoplasia and tracheal malformations and non-viable
phenotypes B2, He et al. demonstrated that Shh signaling controlled multiple morphogen signaling pathways, such

as Fgf10 expression, in lung morphogenesis via heparan sulfate (HS) glycosaminoglycans 28,

In contrast with its crucial roles during embryonic development, Hh signaling has more restricted roles after birth.
Postnatally, mature lung development begins with the formation of the alveolar septum (alveolarization) followed by
secondary septa and microvascular maturation B2, The Hh pathway also regulates mesenchymal proliferation and
myofibroblast function during the septum alveolarization and maturation phase 28, Overall, Hh signaling plays a

vital role in lung embryogenesis, homeostasis, and regeneration via the fine cellular distribution of the Hh pathway
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components, which orchestrate complex cross-talk between lung cell populations, leading to proper lung

development 59,

Recent studies indicate that the growth signaling pathways may be reactivated in tissue remodeling and cancer
development. IPF and lung cancer share similar cellular and molecular pathological processes, including aberrant
embryological pathways 9. Hh signaling is one of the pathways that is responsible for the activation and

proliferation of both the myofibroblasts in IPF and cancer-associated fibroblasts (CAF) (1],

Several studies showed the involvement of the Hh pathway during fibroblast activation and during myofibroblast
transformation in biliary and liver fibrosis 62631641651 55 well as in kidney fibrosis B8IE7. Froidure et al. proposed
that minimal aberrance in Hh signaling could induce the development and progression of pulmonary fibrosis rather
than repair in a chronically injured lung 8. However, a recent study declared that overexpression of Hh signaling
in diabetic myocardial ischemia reduces cardiac fibrosis via suppressed myocardial apoptosis and improved

myocardial angiogenesis 2.
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