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The Hedgehog (HH) pathway governs cell proliferation and patterning during embryonic development and is involved in

regeneration, homeostasis and stem cell maintenance in adult tissues. The activity of this signaling is finely modulated at

multiple levels and its dysregulation contributes to the onset of several human cancers. Ubiquitylation is a coordinated

post-translational modification that controls a wide range of cellular functions and signaling transduction pathways. It is

mediated by a sequential enzymatic network, in which ubiquitin ligase (E3) and deubiquitylase (DUBs) proteins are the

main actors. The dynamic balance of the activity of these enzymes dictates the abundance and the fate of cellular

proteins, thus affecting both physiological and pathological processes. Several E3 ligases regulating the stability and

activity of the key components of the HH pathway have been identified. Further, DUBs have emerged as novel players in

HH signaling transduction, resulting as attractive and promising drug targets.

Keywords: : ubiquitylation ; DUBs ; Hedgehog pathway ; cancer ; targeted therapy

1. The HH Signaling Pathway and Tumorigenesis: An Overview

The HH pathway is a mitogen and morphogen signaling, conserved from Drosophila to mammals. It plays a crucial role in

organogenesis and central nervous system (CNS) development . In post-embryonic stages, HH signaling

regulates tissue homeostasis and repair, modulating the specification of the adult stem cells . Several studies have

highlighted similarities and divergences between Drosophila and mammals HH signal transduction (Figure 1A,1B). Both in

flies and in vertebrates the HH pathway activation is finely orchestrated by two membrane receptors: the multi-pass

transmembrane protein Patched (Ptc/PTCH) and the heptahelical transmembrane co-receptor Smoothened (Smo/SMO).

In Drosophila, in absence of the Hh ligand, Ptc keeps off the signaling by directly affecting Smo activity and preventing its

accumulation on the plasma membrane. In this state, Costal-2 (Cos2; Costa-FlyBase), a kinesin family protein, Fused

(Fu), a serine-threonine kinase and the Suppressor of fused [Su(fu)] inhibit the bifunctional transcription factor Cubitus
interrupts (Ci), endowed of both repressor and activator domains. The full-length Ci protein is proteolytically processed by

the Skp1-Cullin1-Slimb (SCF ) ubiquitin ligase complex, in a truncated form (Ci ) that acts as transcriptional repressor

of Hh target genes when translocated into the nucleus (Figure 1A) .
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Figure 1. The Hedgehog signaling pathway. (A) The Hedgehog signaling pathway in fly. In absence of Hh, Ptc inhibits the

localization of Smo on cell membrane. In the cytoplasm, Cos2, Fu and Sufu assemble in complex with Ci-FL protein,

favoring its phosphorylation by PKA, CK1, and GSK3. This event induces the Ci-FL ubiquitylation by SCF  E3 ligase

thus leading both to proteasome degradation and cleavage into truncated repressor form (Ci ). Ci  blocks the

transcription of Hh target genes. On the contrary, in the presence of Hh ligand, Ptc releases the inhibitory effect exerted

on Smo which is activated by PKA and CK1 phosphorylation on the C-terminal domain, and then bound by Cos2 and Fu.

These processes culminate in the Ci activation, promoting Hh transcription. (B) The Hedgehog signaling pathway in

vertebrates. When the pathway is turned off, PTCH prevents the accumulation of SMO in the primary cilium. SUFU

restrains GLI transcription factors in the cytoplasm where PKA, CK1α, and GSK3β kinases promote their phosphorylation.

This process attracts the SCF  E3 ligase that determines the processing of GLI2 and GLI3 (GLI2/3 ) in their repressor

forms and the proteasome-mediated degradation of GLI1. In presence of HH ligand, PTCH inhibition is relieved. SMO is

accumulated in the primary cilium and activated by GRK2 and CK1α phosphorylation. GLI activator forms (GLIs )

translocate into the nucleus and induce the transcription of HH target genes.

In mammals, three ligands belonging to the HH family are secreted: Desert hedgehog (DHH), Indian hedgehog (IHH) and

Sonic hedgehog (SHH). The proteins, encoded by three paralogous mammalian genes, share high similarity in the affinity

with HH-binding proteins. SHH is mostly expressed in brain cells and implicated in central nervous system (CNS)

development, while IHH modulates chondrogenesis, and DHH regulates spermatogenesis and nerve-Schwann cell

interactions .

A peculiar characteristic of HH signal transduction is the role of the primary cilium. This organelle is a microtubule-based

protrusion of the cell membrane that coordinates protein trafficking events, recruits and stabilizes a regulative dynamic

network among the core of HH components .

The complexity of HH signaling in vertebrates is also provided by the GLI zinc-finger transcription factors, the final

effectors of the pathway (Figure 1B). Three GLI members have been identified, GLI1, GLI2 and GLI3: GLI1 acts

exclusively as activator, instead GLI2 and GLI3, which have an N-terminal repressor domain, can work either as

repressors or activators . The balance between activator and repressor forms is widely ruled by SUFU, an essential

negative regulator that controls HH signaling through its direct interaction with GLI factors .

When the HH pathway is off, phosphorylated GLI1 is recognized by the Skp1-Cullin1-βTrCP (SCF ) ubiquitin ligase

complex and degraded by proteasome system, whereas GLI2 and GLI3 undergo a proteolytic process that converts them

into cleaved transcriptional repressor forms. Otherwise, the binding of mature HH ligand to PTCH receptor releases the

inhibition exerted on SMO, resulting in its activation and translocation into the cilium. These events lead to the nuclear

localization of GLI activator forms where they induce the expression of HH-target genes, which include GLI1 itself, thus

triggering a positive feedback loop that amplifies the signal .

The HH pathway output is tightly regulated at multiple levels by different post-translational modifications, such as

phosphorylation and ubiquitylation . The pattern of GLI phosphorylation triggered by the protein kinase A (PKA),

the casein kinase 1 (CK1α) and the glycogen synthase kinase 3 (GSK3β) establishes multiple states of GLI activity and

ultimately influences the HH transcriptional program . The sequential phosphorylation of GLI proteins leads to the

recruitment of the SCF , thus promoting GLI ubiquitylation and proteasome-mediated processing, as also described

for its homolog Ci in Drosophila .

The ubiquitin-mediated processes of GLI factors are also triggered by other E3 ligases, such as the RING Cullin3-

HIB/Roadkill/SPOP complex, the acetyltransferase/E3 ligase PCAF (P300/CBP-associated factor), and the HECT E3

ligase Itch. Importantly, Itch controls HH signaling by distinct routes: it mediates regulatory events on SUFU and

proteasome degradation of GLI1 and PTCH1 by the interaction with the adaptor proteins β-arrestin2 and Numb,

respectively .

In the last years, post-translational modifications have also been described to control SMO activity. As GLIs, SMO is

regulated, in response to HH stimuli, by PKA/CK1-mediated phosphorylation in Drosophila and GRK2/CK1α in mammals,

and downregulated by ubiquitin-mediated endocytosis and ubiquitin-dependent lysosome or proteasome degradation .

In Drosophila, Smo ubiquitylation and trafficking on cell surface is regulated by the HECT E3 ligases Smurf and Herc4,

and the E3 ligase complex formed by Cullin4 and DNA-damage-binding protein 1 (DDB1), recruited by Smo through the β

subunit of trimeric G protein (Gβ) . Moreover, in mammals HERC4 has been described as tumor suppressor in non-

small cell lung cancer (NSCLC) able to control SMO protein stability .
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Given the essential role of HH signaling for a proper development, mutations in its key players cause congenital

malformations . An uncontrolled and permanent activity of the HH pathway is also associated to various human

cancers such as basal cell carcinoma (BCC), medulloblastoma (MB), gliomas, pancreatic, colorectal, prostate, lung, and

breast cancers (Figure 2) . Indeed, aberrant HH activation involves and triggers pro-tumorigenic events, such as

proliferation, survival, angiogenesis, migration and epithelial-mesenchymal transition (EMT) , thus affecting every step

of carcinogenesis, from early development to metastatic progression .

Hyperactivation of HH signaling can occurs through either ligand-independent or ligand-dependent mechanisms.

Tumorigenesis is ligand-independent when the pathway is constitutively activated in the absence of ligand via mutations in

HH signaling components. Loss-of-function mutations in PTCH or SUFU or gain-of-function mutations in SMO, as well as

GLI1 overexpression or GLI2 amplification have been identified in BCC, a common human skin cancer, and in MB, a

highly malignant pediatric brain tumor . Depending on the type of HH ligand release, two mechanisms of

ligand-dependent pathway hyperactivation have been described in cancers, generating a tumor-stromal crosstalk .

Ligand-dependent autocrine/juxtacrine secretion occurs when the HH ligand is profusely released and caught by the same

tumor cells, thus activating the pathway. Tumors that arise from this condition may display HH ligand overexpression or

high levels of PTCH1 and GLI1 . Alternatively, a paracrine secretion of HH ligand by tumor cells can induce the

activation of the HH pathway in stromal cells of tumor microenvironment. As consequence, the stroma secretes paracrine

growth signals to induce tumor growth . For instance, in prostate cancer specimens, the expression of HH was

detected in the tumor epithelium, while GLI1 expression was found in the tumor stroma cells, suggesting their paracrine

crosstalk . Moreover, this mechanism of HH signaling activation can work in a reverse paracrine manner in which

cancer cells take the HH ligand released by stromal cells. For example, HH ligand released by bone marrow, nodal and

splenic stroma can activate the HH pathway and maintain the survival of B and plasma cells in hematological

malignancies . Interestingly, HH-producing microenvironment is required for GLI activation in gliomas .

Figure 2. Schematic representation of HH-related tumors. The hyperactivation of HH signaling is involved in the

tumorigenesis of several human malignancies here reported.

Of note, HH signaling also regulates the expression of the stemness genes Nanog and Oct4, thus participating in the

formation or maintenance of cancer stem cells (CSCs) responsible of tumor initiation, relapse and drug resistance 

. For all these reasons, the HH pathway is emerged as an attractive druggable target for anti-cancer therapy. A various

number of SMO antagonists, able to block the pathway at upstream level, have been identified and patented. Some of

them, vismodegib and sonidegib, and recently glasdegib, have been approved by the Food and Drug Administration

(FDA) for the treatment of BCC and Acute Myeloid Leukemia (AML), respectively . Many others, such as GANT61 and

GlaB, have been designed targeting GLI1, the downstream effector of HH signaling, and have shown efficacy in preclinical

study . The major issue in employment of HH-inhibitors is the recurrence of drug-resistance mutations or alternative

mechanisms of activation. Consequently, multi-target therapy is emerging as a promising strategy for the treatment of HH-

dependent cancers. The best approach envisioned so far is the development of further inhibitors, or the identification of

additional regulators of the HH pathway that could be targeted in tumorigenesis.
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2. Ubiquitylation Process

Ubiquitylation dictates the fate and function of most cellular proteins increasing the complexity of the proteome. This

modification is a dynamic and tightly regulated post-translational event with many distinct outcomes affecting protein

stability, localization, interactions, and activity.

Ubiquitin (Ub) is a small globular protein consisting of 76 amino acids encoded in mammals by four different genes (UBB,

UBC, RPS27, and UBA52) that ensure high cellular Ub levels . Ubiquitylation is a multi-step process orchestrated by

an enzymatic cascade that relies on Ub and three different enzymes: Ub-activating (E1), Ub-conjugating (E2), and Ub-

ligating (E3) . During the catalytic reactions, Ub is activated in an ATP-dependent way by an E1 enzyme, subsequently

transferred to the active cysteine (Cys) residue of an E2 enzyme via a trans-(thio) esterification reaction, and finally

attached with an isopeptide bond to a substrate by an E3 enzyme (Figure 3A). In humans, two E1s, around 30 E2s and

over 600 E3s have been identified . The latter are the major determinants and provide specificity for substrate

recognition. Based on their functional domains and on the mechanism of catalysis, E3s are divided into three main

families: the Really Interesting New Gene (RING), the Homologous to the E6-associated protein Carboxyl-Terminus

(HECT) types, and RING-between-RING (RBR), which can be considered a RING-HECT hybrid . Each class of E3

ligases can create Ub linkages of different length and architecture. The transfer of the Ub moiety to substrate occurs

through the formation of the covalent bond between α-carboxyl group of the terminal glycine (Gly) residue of Ub and,

commonly, ε-amino group of an internal lysine (Lys) residue of the substrate. Of note, for a subset of substrates the

attachment of Ub may interest their N-terminal residue, a process known as N-terminal ubiquitylation , or serine and

threonine residues, further expanding the complexity and the biological relevance of this process. In this regard, Ub

modifications of a target protein occur in various forms: attachment of a single Ub moiety on a single substrate residue

(monoubiquitylation), a single Ub on multiple residues (multi-ubiquitylation), or additional Ub molecules to initial Ub

yielding an ubiquitin chain (poly-ubiquitylation). Typically, mono- and multiubiquitylation regulate endocytosis, signal

transduction, DNA repair, and often result in changes in the cellular localization and protein activity . By contrast,

polyubiquitylation is the most abundant modification that controls protein homeostasis. Indeed, the polyubiquitylated target

substrates are recognized by the 26S proteasome, a multiprotein complex, that degrades the proteins into small peptides

and releases the Ub for cyclic utilization . Besides regulating protein degradation, polyubiquitylation brings different

functional consequences depending on Ub chain linkage-type . Ub has seven Lys residues (K6, K11, K27, K29, K33,

K48, and K63) that may serve as polyubiquitylation points. Depending upon the Lys used, length of the chains and linkage

type, distinctive forms of Ub chains may be achieved to drive the fate of target proteins . Lys48-linkage targets protein

for proteasome-dependent degradation, whereas Lys63-linkage is associated to regulative processes, including

trafficking, protein localization, protein-protein interaction; the biological significance of other Ub modifications is still

largely unclear . Further complexity is provided by Ub modifications (i.e., phosphorylation, acetylation, sumoylation) and

by the linkage of Ub to other Ub-like proteins (i.e., NEDD8, SUMO), creating a multitude of distinct signals. The

combination of all these parameters has been referred as the “Ub code” . The Ub code governs the fate of the targeted

substrates by modulating their interactions with many other proteins that incorporate Ub-binding domains and determine

their accessibility to deubiquitylating enzymes (DUBs), a family of protease conserved from yeast to humans .
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Figure 3. (A). Ubiquitylation processes. Ubiquitylation is a multi-step process that involves three enzymes: E1 (Ub-

activating enzyme), E2 (Ub-conjugating enzyme) and E3 (Ub-ligase). Initially, Ub is linked to E1 through a high energy

thioester bond. After, Ub activated by E1 is conjugated to a sulfhydryl group on E2 enzyme. Finally, E3 ligase specifically

catalyzes the transfer of Ub from E2 to a Lys residue on a substrate protein. The formation of a poly-ubiquitin (poly-Ub)

chain can lead the substrate toward a degradative or regulative pathway. (B). Deubiquitylation and DUBs function.

Ubiquitylation can be reversed by deubiquitylating enzymes (DUBs) that hydrolyze the isopeptide or peptide bond, leading

to Ub deconjugation from the ubiquitylated protein. DUBs have many functions. 1. Precursor processing: Ub is encoded

by four genes and translated as a linear fusion protein consisting of multiple Ub copies, which require the cleavage by

DUBs in order to generate free single Ub; 2. Rescue from degradation: DUBs can rescue protein from proteasomal or

lysosome degradation; 3. Recycling: DUBs maintain Ub homeostasis preventing its degradation following substrate

proteolysis; 4. Removal of non-degradative events: DUBs can remove Ub chains from substrates that are not committed

to degradation; 5. Editing: DUBs can also affect the fate of ubiquitylated substrates by cleaving inter-Ub chains (switching

from degradative to non-degradative ubiquitylation).

3. Deubiquitylating Enzymes: Functions and Classification

Like other important post-translational modifications, ubiquitylation is a dynamic and reversible process counteracted by

DUBs activity . DUBs are proteases that hydrolyze isopeptide or peptide bond removing Ub conjugates from substrates

and disassembling anchored Ub chains (Figure 3B) . DUBs may remove Ub moieties from the distal end or through

the cleavage within chains in two distinct ways: i) via direct interaction with specific substrates; ii) through selective

recognition for particular Ub chain architecture. Both chain length and linkage type may drive the choice of the target

proteins. Importantly, linkage selectivity may occur within the catalytic domain or through the cooperation with Ub-binding

domains within DUBs or their interaction partners .

Given their crucial role in opposing E3 ligases function, DUBs control protein homeostasis and activities, and are

implicated in the regulation of various physiological and pathological processes, such as development, metabolism,

immune response and tumorigenesis.

Currently, 99 cellular DUBs have been identified and are classified into six main families depending on distinct catalytic

domains: the largest group ubiquitin-specific proteases (USPs), ubiquitin C-terminal hydrolases (UCHs), ovarian tumor

proteases (OTUs), JAD/PAD/MPN-domain containing metalloenzymes (JAMMs), Machado-Joseph disease domain

proteases (MJDs or Josephins) and motif interacting with Ub-containing novel DUB family (MINDYs) . Unlike of the
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JAMM family, classified as a zinc-dependent metalloproteinase, the other DUBs classes are cysteine proteases. Available

data indicate that each family may display linkage or substrate preferences. For instance, OTU family exhibits linkage type

specificity, whereas USP group members show differences in catalytic rate constants . Studies aimed at defining the

abundance of individual DUBs suggest that those with constitutive functions show high copy number, while DUBs with

peculiar roles are the rarer forms [70]Different approaches used to determine the intracellular localization of the DUBs

allowed highlighting that subsets of these proteases show particular association with subcellular compartments. Although

many DUBs are nuclear, several USP members localize to defined structure including plasma membrane, microtubules,

endosome, and endoplasmic reticulum (ER) .

To date, a growing body of evidence indicated that DUBs can act as oncogenes or tumor suppressors emerging as a

promising class of therapeutic targets. For these reasons, many efforts are devoted to the development of highly selective

DUBs inhibitors for anti-cancer therapies.
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