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Abstract: In children and young adults, primary malignant bone tumours are mainly composed of
osteosarcoma and Ewing's sarcoma. Despite advances in treatments, nearly 40% of patients succumb
to these diseases. In particular, the clinical outcome of metastatic osteosarcoma or Ewing's sarcoma
remains poor, with less than 30% of patients who develop metastases surviving five years after initial
diagnosis. Over the last decade, the cancer research community has shown considerable interest in
the processes of protein ubiquitination and deubiquitination. In particular, a growing number of studies
show the relevance to target the ubiquitin-specific protease (USP) family in various cancers. This
review provides an update on the current knowledge regarding the implication of these USPs in the

progression of bone sarcoma: osteosarcoma and Ewing's sarcoma.
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1. Introduction

Although Gideon Goldstein discovered ubiquitin-in 1975 by Gideon Goldstein [1], research on
protein ubiquitination gained ground in the 1980s [2,3]. Various studies have highlighted the crucial
role of protein ubiquitination in the regulation of numerous cellular functions by regulating their cellular
localization, activity, interaction with other proteins, or degradation by the proteasome, for example [4—
6]. This ubiquitination process is a reversible reaction due to the action of enzymes, the
deubiquitinases (DUBs), which hydrolyse the bonds between ubiquitin molecules within polyubiquitin
chains or between ubiquitin and the target protein [7—10]. The crucial role of DUBs in the control of
various cellular processes, including cellular homeostasis, suggests that aberrant expression or

activity of these enzymes may be involved in the development of pathologies such as cancers.

2. Ubiquitination

Ubiquitination is a post-translational modification that allows the binding of ubiquitin moieties to a
target protein. Ubiquitin consists of 26 amino acid polypeptides with a C-terminal tail signature
consisting of a di-glycine (GG) sequence and seven lysine amino acids (K6, K11, K27, K29, K33, K48,
and K63) [11]. Ubiquitin is ubiquitously present in eukaryotic organisms and is highly conserved with
only three amino acid differences between yeast and human proteins. Four genes in the human
genome encode for linear chains of ubiquitin: PS27A, UBB, UBC, and UBA52 [12].

More than 80% of proteins undergo this ubiquitination process [13], which occurs in three steps:
the initial ATP-dependent activation step catalysed by an E1 activating enzyme, the second step in
which the ubiquitin molecule is linked to an E2 conjugating enzyme, and the final step in which the
ubiquitin moiety is covalently attached to its target protein by an E3 ligase (Figure 1A) [4,14].

The first step activates the C-terminus of ubiquitin by inducing a 3D conformational change. This
process is ATP-dependent and involves two steps: the formation of a ubiquitin/adenylate intermediate
complex followed by the interaction of this complex with an E1 cysteine residue to form an
E1/Ubiquitin complex. Two E1 enzymes have been described in humans: the UBE1 or UBA1 enzyme
and the UBE1L2 or UBA6 enzyme. The second step allows the transfer of the activated ubiquitin to

the thiol group of the active cysteine of the conjugating enzyme E2. Approximately 40 E2 enzymes



have been identified in mammals. In the third step, the E3 ligase enzyme allows the transfer of
ubiquitin molecules to the target protein via a covalent isopeptide bond between the C-terminal glycine
residue (G76) of the ubiquitin molecule and a lysine residue of the target protein. Nearly 700 E3
enzymes have been identified in mammals, and E3 enzymes are schematically classified into two
main categories: E3 ligases that form a thioester bond with ubiquitin molecule and participate directly
in the transfer of ubiquitin to the substrate (HECT family), and those that act as an adaptor between
the E2s and the substrates in order to promote the transfer of ubiquitin (E3 RING (Really Interesting
New Gene) and the U-BOX) [15—17].

The diversity of enzymes illustrates the complexity of ubiquitination mechanisms. Ubiquitin contains
seven lysine residues (K6, K11, K27, K29, K33, K48, and K63) and a methionine (M1) at its N-
terminus, which lead to the formation of many types of ubiquitination. Thus, mono-ubiquitination
occurs when a single ubiquitin molecule binds the target protein, multi-ubiquitination occurs when
multiple ubiquitin molecules bind the protein at different lysine residues, and poly-ubiquitination occurs
when a poly-ubiquitin chain binds one lysine residue of the target protein (Figure 1B) [6,18—20]. The
fate of a protein modified by ubiquitin molecules depends, in part, on the nature of the ubiquitination or
the length and type of ubiquitin chains formed. For example, mono-ubiquitination appears to be
involved in various cellular processes, including endocytosis, histone regulation, DNA repair, and
protein transport. The best-characterized ubiquitin polymers to date are the K48 and K63 type chains
in which the ubiquitin molecules are linked via their lysine 48 or 63, respectively. The K48 chains
induce the degradation of the targeted protein by the proteasome. On the other hand, the attachment
of K63 chains has a role in the activation of proteins involved in different cellular processes such as
DNA repair, endocytosis, or intracellular signalling. K63 chains also play a particularly important role in
the regulation of the activation of proteins involved in NF-kB (nuclear factor-kappa B) signalling
pathways (Figure 1C) [21-26]. This type of ubiquitin chain exerts its regulatory function in particular in

the assembly and stability of kinase complexes of NF-kB cascade [27].

3. Deubiquitination

3.1. Deubiquitinases (DUBs)



About 100 DUBs encoded by the human genome have been identified. According to the structure
of their catalytic domain, DUBs are classified into six families: ubiquitin-specific proteases (USP),
ubiquitin C-terminal hydrolases (UCH), ovarian tumour domain proteases (OTU), Machado-Joseph
domain proteases (MJD), JAB1/MPN/Mov37 metalloproteases (JAMM), and a recently identified
family of DUBs: the motif interacting with ubiquitin (MIU)-containing novel DUB family (MINDY) (Figure
2A) [28].

The DUB families can be classified into two classes according to their catalytic mechanism: USPs,
UCHSs, OTUs, MJDs, and MCPIPs are cysteine proteases, whose enzymatic activity depends on the

thiol group of cysteine in their active site, and zinc metalloproteases JAMM (Figure 2B) [28—-30].

3.2. Ubiquitin-Specific Proteases

The USP family (UBP in yeast) is the largest family of DUBs (Table 1). Yeast has 16 USP/UBP
family members, while humans are thought to have more than 50 [28,29]. USPs belong to the family of
cysteine proteases whose enzymatic activity resides on the thiol group of a central cysteine. One of
the main characteristics of these enzymes is the presence of two short and conserved motifs, the
"histidine box" and the "cysteine box" containing the residues involved in ubiquitin proteolysis [31].
Hydrolysis is a three-step mechanism combining enzyme/substrate binding, acylation, and deacylation
steps (Figure 2C).

Despite a strong homology between USPs at the cysteine and histidine boxes, the 3D structures of
USPs show distinct differences in the accessibility of the catalytic pocket. The first X-ray structure of a
USP protein was that of USP7 [32,33]. Experiments indicate that the hydrolysis of bound substrates by
USP7 is controlled by three domains: the finger, the palm, and the thumb, with the active site located
in a deep catalytic cleft between the palm and the thumb while the ubiquitin moiety is coordinated by

the finger [34].

4. USPs and cancer



This section focuses on the role of USPs in cancer development by examining some key functions
in primary tumour development such as cell proliferation or death, and the modulation of signalling

pathways involved in the tumour metastatic process, such as the TGF-p signalling cascade.

4.1. USPs and cell proliferation

The control of cell proliferation is a major event in the development of cancers, in particular, by
controlling the growth of the primary tumour. In this context, several USPs have been identified as
participating in the control of cell proliferation through various mechanisms of action. For example,
USP1, by interacting with the ribosomal protein RPS16 (ribosomal protein 16), participates in the
control of liver cancer cell proliferation and USP1 knockdown reduces hepatic tumour growth in vivo
[35]. In breast cancer, USP1 appears to be involved in controlling cell proliferation via ERa (oestrogen
receptor a) activity [36] or regulation of the Hippo/TAZ (Hippo/transcriptional coactivator PDZ-binding
motif) pathway [37]. USP10 has also been identified as being able to regulate the cell cycle via the
Hippo/YAP/TAZ (Hippo/yes-associated protein/TAZ) cascade as, for example, in hepatocellular
carcinoma cells [38]. Early work involving USP2 in cell proliferation showed that USP2 regulates the
p53 pathway by interacting with MDM2 (murine double minute 2) [39]. Gu and Coll also showed that
USP2 specifically targets cyclin D1 [40]. In this regard, the use of a small molecule inhibitor of USP2,
ML364, results in the cell cycle arrest of colorectal cancer cells [41]. In addition, cisplatin treatment of
testicular embryonal carcinoma cells results in decreased USP2 expression and induction of the cell
cycle inhibitor p21 [42]. USP3 has recently been shown to promote cell proliferation by targeting
RBM4 (RNA binding motif 4) [43] or KLF5 (Krippel-like factor 5) [44] in non-small cell lung and breast
cancer cells, respectively. USP5 stimulates ovarian cancer cell proliferation via the deubiquitination of
HDAC2 (histone deacetylase 2) [45] or the modulation of cycle regulators in pancreatic cancer cells
[46]. It has been shown that USP7 promotes the proliferation of many cancer cells such as
hepatoblastoma cells [47], renal cancer cells [48], or papillary thyroid carcinoma cells [49], for
example. USP7 seems to act on cell proliferation via various mechanisms, such as via the stabilization
of KI67 in non-small cell lung cancer cells [50], the PIBK/AKT (phosphatidylinositol 3-kinase/protein
kinase B) signalling pathway in hepatoblastoma [47], ARMC5 (armadillo repeat containing 5)

stabilization in renal cancer cells [48], or p57(KIP2) repression [49]. Other USPs-besides USP7 seem



to regulate cell proliferation via AKT or MAPK (microtubule-associated protein kinase) signalling

pathways such as USP10 or USP12 in hepatocellular carcinoma [51-53], USP13 in lung cancer [54],

USP18 in cervical cancer [55], USP21 in hepatocellular carcinoma [56], or USP46 in lung cancer [57].

Another major mechanism of action of USPs in cell cycle regulation appears to be the ability of some
to regulate the expression of c-Myc, an oncogene involved in cell cycle control. For example, USP2,
USP22, USP28, and USP37 stabilize c-Myc expression and, thus, stimulate the proliferation of many
tumour cells [58—61].

Interestingly, it has been shown that some USPs are able to target some oncogenes produced as a
result of chromosomal rearrangements leading to the expression of fusion genes. For example, BCR-
ABL known to be a major oncogene in chronic myelogenous leukaemia is the target of USP25 and
USP7. It has been shown that USP25 or USP7 silencing leads to increased levels of ubiquitinated
BCR-ABL, stimulates BCR-ABL degradation and thus reduces leukaemia cells proliferation or death
by apoptosis [62,63]. Off note, the role of USPs in the stability of the EWS-FLI1 fusion protein is

discussed in the chapter on paediatric bone tumours.

4.2. USPs and apoptosis

USPs regulate various factors related to apoptosis. In particular, it has been shown in recent years
that different USPs are closely associated with the p53/MDM2 signalling pathway.

The p53 protein regulates cell death by apoptosis [64,65] schematically through its ability to
interact with different members of the Bcl-2 (B-cell lymphoma 2) family or by regulating the expression
of genes encoding anti- or pro-apoptotic proteins involved in the main apoptosis signalling pathways
as well as the intrinsic or extrinsic pathways.

In this context, several USPs have been shown to regulate p53 degradation and, thus, apoptosis
[66]. For example, USP2 and USP7 stabilize MDM2 to degrade p53, resulting in an anti-apoptotic
phenotype. USP7, one of the most studied USPs in this context, has been shown to play a key role in
preventing the ubiquitination of MDM2 and MDM4 (murine double minute 4) and, thus, prevents their
degradation by the proteasome. In many cancers, inhibition of USP7 leads to cell cycle arrest and cell
death by apoptosis [67—69]. Thus, USP7 has been identified as a potential anti-cancer target in

various tumours. For example, the compound XL188, a potent and selective USP7 inhibitor, induces



p53-dependent growth suppression in Ewing’s sarcoma cell lines [70]. Other USPs participate in the
regulation of apoptosis via the p53 axis. For example, USP10 can interact with G3BP2 (Ras GTPase-
activating protein-binding protein 2) to block p53-signalling and, thus, contributes to a poor prognosis
in prostate cancer [71]. Furthermore, Beclin1 controls p53 levels by regulating the activity of USP10
[72]. USP15 stabilizes MDM2 to mediate cancer cell survival and inhibit antitumor T-cell responses
[73]. USP22 promotes non-small cell lung cancer and retinoblastoma tumorigenesis via p53 inhibition
[74,75]. As another example, knocking down USP39 inhibits non-small cell lung cancer cell

proliferation by activating the p53 pathway [76].

4.3. USPs and metastatic development

One of the key events in metastatic development is the epithelial-mesenchymal transition (EMT).
This process, which promotes cancer cell invasiveness and contributes to the development of CTCs
(circulating tumour cells) [77,78], involves molecular and cellular changes, including a loss of
intercellular interactions associated with a loss or decrease in the expression of intercellular junction
components such as E-cadherin, claudins, occludins, and desmosomes. In parallel, an increase in the
expression of mesenchymal markers, such as N-cadherin, fibronectin, and vimentin, is observed.
These gene expression changes are regulated by different transcription factors, such as Snail-1,
Snail-2 (Slug), ZEB-1 (zinc finger E-box binding homeobox 1), and ZEB-2 (zinc finger E-box binding
homeobox 2), or Twist [78,79].

Several USPs have been described as participating in the control of EMT. For example, USP3,
USP11, and USP29 stimulate EMT in glioblastoma cells, as well as in ovarian or gastric cancer cells,
respectively, by stabilizing Snail [80—82]. USP22 regulates the ability of colon cancer cells to migrate
via EMT stimulation [83]. USP34 and USP37 stimulate EMT in mammary epithelial cells [84,85].
USP17 and USP39 stimulate EMT in ovarian cancer cells and, thus, their ability to migrate [86,87].

One of the main mechanisms by which USPs stimulate metastatic development is their ability to
modulate various pro-metastatic signalling pathways, such as the TGF-§ (transforming growth factor
beta) pathway. Schematically, activated TGF-B binds to two membrane receptors: type | (TBRI) and
type Il (TBRII). This binding induces a-signalling cascade via Smads proteins. The activated TBRI

receptor phosphorylates the receptor-regulated Smads (R-Smads), including Smad2 and Smad3,



which then associate with Smad4. This protein complex is translocated into the nucleus and regulates
the expression of target genes. TGF-3 signalling can be controlled by various inhibitory mechanisms.
Among them, Smad7 is able to recruit E3-ubiquitin ligases to the activated TBRI, leading to receptor
degradation [88,89]. Historically, the two USPs identified as able to modulate the TGF-3 pathway are
USP4 and USP15 [90-92]. For example, USP4 drives breast cancer cell invasion via Relaxin/TGF-
B1/Smad2/MMP-9 (matrix metallopeptidase 9) signalling [93] and promotes hepatocellular carcinoma
metastasis by enhancing TGF-B signalling-induced EMT [94]. Schematically, these two USPs directly
deubiquitinylate TBRI and drive TGF-3 responsiveness (Figure 3) [95,96]. It may be noted that USP4
modulates the pathways of various TGF- family members, such as BMPs (Bone morphogenetic
proteins) and activin, by directly ubiquitinating Smad4 and, thus, preventing its degradation [97]. Other
USPs besides USP4 and USP15 have been identified as able to modulate the TGF-B response. For

example, USP47 stimulates TGF-B-induced EMT in mammary epithelial cells [98].

5. Paediatric primary bone tumours: Osteosarcoma and Ewing’s sarcoma

Paediatric bone sarcomas belong to a family of very heterogeneous tumours of bone mesenchymal
origin. These tumours represent less than 0.2% of the malignant tumours registered in the
EUROCARE database and are considered rare cancers and orphan tumours [99]. These tumours are

mainly represented by osteosarcoma (OS) and Ewing's sarcoma (ES) (Table 2).

5.1. Osteosarcoma

OS is the most common primary bone tumour in children, adolescents, and young adults and is the
third most common in adults [100,101]. The overall incidence is 3.4 per million per year worldwide
[102]. OS primarily affects children and young adults between 10 and 30 years. Specifically, OS is
characterized by a two-peak age distribution with the first peak at 15-19 years (8 cases/million/year)
and the second at 75-79 years (6 cases/million/year) [103]. The first peak of OS incidence
corresponds to the period of growth during puberty, suggesting a close relationship between rapid
growth and disease development. Different degrees of differentiation of OS cells can be found in this

pathology. In general, there seems to be an inverse correlation between the degree of differentiation



and the aggressiveness of the tumours. Among paediatric cancers, OS ranks eighth after lymphomas
and brain tumours.

This malignant bone tumour is characterized by the formation of an osteoid matrix or immature
bone most commonly at the metaphysis and diaphysis of long bones such as the femur, tibia, and
humerus [104]. Three major histological subtypes of OS have been identified: osteoblastic (50%),
chondroblastic (25%), and fibroblastic (25%). OS presents with a wide variety of lesions that are
distinct in their clinical and radiographic presentation, microscopic appearance, and evolution, leading
to the definition of this pathology as a highly heterogeneous tumour. Areas of osteoformation may be
accompanied by significant areas of osteolysis, highlighting a very heterogeneous tumour [105].

Although the cell of OS origin is not clearly defined, many studies suggest that OS arises from
mesenchymal stem cells (MSC) differentiated or not into osteoblasts. The expression of osteoblastic
markers such as RUNX2 (Runt-related transcription factor 2), ALP (alkaline phosphatase), OCN
(osteocalcin), and BSP (bone sialoprotein) by OS cells suggests that this tumour originates from the
deregulation of the MSC differentiation program [106—108]. Regardless of the cellular origin, OS cells
are genetically unstable cells characterized by a complex karyotype and a high frequency of genetic
alterations with copy number variations or multiple fusion sequences in chromosomes [109]. For
example, whole-genome sequencing analyses have shown that p53 and Rb1 (retinoblastoma 1) have
recurrent somatic alterations in concordant studies, suggesting that they may be key players in the
oncogenesis of these tumours [110—-114]. Another factor in genomic instability is alternative telomere
lengthening (ALT), which prevents telomere shortening and induces senescence [115].

Although the exact origin of OS remains unknown, various pathologies may be involved in the
origin and development of OS [116]. Among these predispositions, we can mention the Li-Fraumeni
syndrome that leads to the development of multiple tumours, like—such as OS [117,118].
Retinoblastoma linked to a mutation of both alleles of the Rb gene is also predisposing for OS,
occurring 100 times more frequently than in the general population [119]. Rothmund-Thomson
syndrome, linked to a mutation on chromosome 8, is characterized by an increased risk of OS [120].
Paget's disease, which combines abnormalities of bone architecture and marrow fibrosis, also
increases the risk of developing OS as a result of pathological changes in bone remodelling [121].

One of the major problems is that OS is an aggressive tumour, with up to 20% of patients

developing metastases at diagnosis, most often to the lungs. Bone and lymph node metastases may



also develop. In addition, it has been estimated that undetectable metastases at diagnosis are present
in 80% of cases, particularly in the lungs.

The current curative treatment combines surgical resection with preoperative and postoperative
treatment using, classically, four chemotherapy agents: cisplatin, doxorubicin, methotrexate, and
ifosfamide [122]. Although this conventional treatment has led to a significant increase in patient
survival in the 1980s, no effective treatment option is yet available for metastatic or chemotherapy-
refractory OS [123]. While the five-year survival rate is greater than 78% in the absence of metastases
at diagnosis or for good responders, this survival rate drops to 25% for metastatic or recurrent OS
[124-127]. For isolated lung metastases, surgery is the standard treatment and should involve

complete resection of all metastases [122,128].

5.2. Ewing’s sarcoma

ES was first described by James Ewing in a 14-year-old girl as a new bone tumour entity called
"diffuse endothelioma of bone" [129].

ES is the second most common primary malignant bone tumour after OS with an incidence of 1.5
cases per million, which has remained unchanged for decades [130]. This tumour primarily affects
children, adolescents, and young adults. The median age of patients with ES is 15 years [131], with
approximately 30% of cases occurring in children younger than 10 years, and 30% in adults older than
20 years [132]. A few cases of ES have been described in newborn children [133,134]. Men appear to
be more affected than women, with a sex ratio of 3:2 [130]. Although a few rare familial cases have
been noted [135], this disease is not associated with a strong hereditary predisposition. To date, no
environmental exposures have been linked to the oncogenesis of ES [131,136]. Nevertheless, ES is
much more common in Caucasians and is almost absent in the African population [130,137,138].

Approximately 85% of ES are located in the bones, mainly in the diaphysis of long bones such as
femur, tibia, fibula, or humerus. They can also be located in pelvic bones and the chest cavity with
variable frequency [139]. In about 20% of cases, extra-osseous tumours may occur in many organs.
These extra-osseous SE are more common in adults than in children [140].

ES development is associated with a chromosomal translocation between a member of the RNA-

binding protein family FET and a member of the ETS transcription factor family. The first translocation,



t(11;22)(q24;912), was identified in 1983 [141,142]. In 85% of cases, this translocation gives rise to
the transcription factor EWS-FLI1 [141-143]. In about 10% of cases, a translocation between EWS
and ERG, t(21;22)(g22;q12), is observed [144—149]. EWS-FLI1 binds to DNA through the DNA-
binding domain of FLI1. FLI1 and EWS-FLI1 bind to the same canonical ETS binding motif consisting
of a GGAA site [150-152]. Thus, EWS-FLI1 can bind to GGAA sequences located on GGAA
microsatellites [151-153]. The binding of EWS-FLI1 to DNA modulates the expression of target genes
involved in cell proliferation and metastatic dissemination [131,136].

ES cellular origin is not established and remains contested, with two hypotheses suggesting an
origin of primary cells from either the neural crest or MSCs. ES cells have thus been shown to express
neural crest stem cell markers such as CD57, ENO2 (Enolase 2), and various Notch pathway genes
[154-156]. Furthermore, expression of EWS-FLI1 induces a neural crest-like phenotype and
abrogates the existing cell differentiation program [157,158]. Furthermore, expression of EWS-FLI1 in
MSCs blocks their differentiation, demonstrating the role of EWS-FLI1 on the highly undifferentiated
status of ES cells [159]. Ectopic expression of EWS-FLI1 in murine MSCs led to cell transformation
and development of tumours with ES-like properties, such as CD99 expression [160,161]. In addition,
comparison of transcriptomic profiles of ES cells depleted for EWS-FLI1 possess MSC properties
capable of differentiating into adipocytes or osteoblasts [162].

Like OS, ES is a very aggressive tumour. Approximately 25% of patients develop metastases at
the time of diagnosis. The presence of metastases is one of the major factors associated with a very
poor survival rate. Only 20% of patients with metastases at diagnosis survive after five years,
compared to 70% for patients with localized tumours [163—165]. Patient survival rates depend on other
factors such as response to chemotherapy, tumour site and volume, patient age, and extent and
severity of disease [166—168].

Treatment for ES includes neoadjuvant chemotherapy, surgery, and/or radiation therapy.
Chemotherapy is given before surgery to reduce the overall size of the tumour and target potential
micro-metastases. Conventional chemotherapy in Europe combines ifosfamide, doxorubicin, and
etoposide [169,170]. To date, studies using immunotherapy have been disappointing. Indeed, ES is
considered a "cold tumour" due to a very small fraction of tumours showing immune infiltration [171].
Furthermore, ES cells do not express the PDL1 (programmed cell death 1 ligand 1) molecule

[172,173].



6. USPs and paediatric primary bone tumours

Regarding OS, the most studied USP is USP1. Following immunohistochemistry on thirty biopsies
from patients with OS, Liu and Coll showed that this USP is overexpressed in tumour tissues
compared to its expression in healthy tissues. By silencing USP1, the authors showed a decrease in
the proliferation of U20S OS cells and a decrease in their ability to form colonies in the absence of
anchoring (soft agar). The authors associated these results with a decrease in the protein level of
different actors able to directly or indirectly modulate cell proliferation, such as SIK2 (salt inducible
kinase 2), MMP-2 (matrix metallopeptidase 2), GSK3B (glycogen synthase kinase 3 beta), Bcl-2 (B-cell
lymphoma 2), Stat3 (signal transducer and activator of transcription 3), cyclin E1 or A1, Notch1, and
Whnt-1 [174]. In a more recent study, Zhou and Coll showed that miR-192-5p, whose expression was
significantly decreased in 25 biopsies from OS patients and in the OS cell lines U20S and 143B,
directly target USP1. Taken together, the authors showed that miR-192-5p could suppress OS cell
proliferation and migration by targeting USP1 and, therefore, that the miR-192-5p/USP1 axis may
function as a novel therapeutic target in OS. Interestingly, it appears that USP1 is also involved in the
response of OS cells to cisplatin [175]. Apart from an action on the proliferation and migration of OS
cells, it seems that USP1 is able to stimulate the maintenance of the undifferentiated state of OS cells.
Indeed, Williams and Coll showed that USP1, by binding to DNA binding inhibitors (IDs), promotes
their stability and, thus, stem cell-like characteristics in OS. Therefore, USP1 silencing in OS cells
leads to the decreased stability of IDs proteins and increased osteoblastic differentiation. Conversely,
ectopic expression of USP1 in MSCs stabilizes IDs proteins and inhibits osteoblastic differentiation.
The authors concluded that the involvement of USP1 in the preservation of the stem cell state of OS
identifies USP1 as a target for potential therapy [176]. It seems that USP1, by acting on the
proliferation, migration, or differentiation of OS cells, could constitute a target for the definition of a
new treatment. In this context, Liang and Coll showed in an earlier study that ML323, a USP1 inhibitor,
potentiates cisplatin cytotoxicity in OS cells [177]. In addition to USP1, the role of other USPs has
been studied in OS. For example, Zeng and Coll demonstrated that USP7 expression is increased in
OS tumour tissues compared to the expression measured in surrounding healthy tissues. Moreover,

this expression is correlated with the stage of the disease and the presence of metastasis.



Furthermore, USP7 silencing results in the decreased ability of OS cells to migrate and invade. The
authors linked these properties of USP7 to modulate the response of cells to the Wnt/B-catenin
pathway and to the ability of this signalling cascade to modulate EMT [178]. Chen and Coll showed
that USP9x knockdown inhibits OS cell proliferation and colony formation. The authors associated this
effect with the ability of USP9 to control SOX2 (SRY-box transcription factor 2) stability [179]. Zhang
and Coll demonstrated that USP22 greatly increased expression in OS tissues and cell lines. USP22
silencing inhibits the proliferation, invasion, and EMT of OS cells in vitro. In addition, USP22 silencing
blocks OS tumour growth and metastasis in vivo. The authors linked these properties to the ability of
USP22 to modulate the PI3K/Akt signalling pathway [180]. As for USP1, it seems that USP22 is the
target of miRNA. Thus, in 65 OS samples, Liu and Coll showed an increase in USP22 expression
associated with a decrease in miR-140 expression. In addition, overexpression of miR-140 inhibits the
proliferation, migration, and invasion of OS cells by directly targeting USP22, suggesting that the miR-
140/USP22 axis may represent a novel therapeutic target in OS [181] (Figure 4). Finally, Gan and Coll
showed that deletion of USP39 in U20S cells reduces cell proliferation and blocks their ability to form
colonies. The authors associated the effects of USP39 silencing with the arrest of OS cells in the
G2/M phase and the induction of apoptosis of U20S cells by cleavage of PARP [182]. Very recently,
Lavaud and Coll identified four new USPs, USP6, USP27x, USP41, and USP43, whose expression is
increased in HOS, U20S, and MG63 cell lines. Interestingly, Kaplan-Meyer analysis shows that the
expression of USP6 and USP41 is correlated with patient survival. Finally, in vivo experiments using a
preclinical OS model demonstrate that PR619, a pan USP inhibitor, reduces primary OS tumour
growth and the development of lung metastases [183].

Concerning ES, the literature is very limited. Two studies mention the role of USPs in the
development of ES. Henrich and Coll showed that USP6 modulates the IFN (interferon) response in
ES cells by potentiating the activation of STAT1 and STAT3 [184]. Interestingly, Gierisch and Coll
showed that USP19 regulates the stability of EWS-FLI1. Indeed, the extinction of USP19 leads to a
decrease of EWS-FLI1 protein levels and a reduction of the activity of the protein. In addition, USP19
silencing leads to a decrease in cell growth and colony-forming ability in vitro and delays tumour

growth in vivo [185].

7. Conclusion and perspectives



Accumulating evidence has thus demonstrated the relevance of targeting USPs in ES and OS.
Depending on the protein targeted, targeting this family of ubiquitin proteases could inhibit not only
primary tumour growth but also metastatic development. Indeed, it appears that some USPs, whose
expression is increased in the OS, participate in the control of OS cells proliferation and their
migration, and invasion capacities. Some mechanisms of action of these USPs have been identified,
such as the ability to modulate some signalling pathways involved in OS development such as the Wnt
pathway [186] or the TGF-B pathway [88,89]. In addition to metastatic development, one of the major
problems in the treatment of OS and ES is a resistance to chemotherapy that prevents complete
remission in some patients. In this context, it is interesting to note that the silencing of certain USPs

potentiates the response of OS to chemotherapies such as cisplatin.
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Legends of figures

Fig. 1: Schematic representation of the ubiquitination process. A) Enzymatic mechanisms of ubiquitin
(Ub) transfer to a target. The initial ATP-dependent activation step catalysed by E1 (activating
enzymes) is followed by the second step in which the ubiquitin is covalently linked to an E2
(conjugating enzyme), and the final step in which the ubiquitin is covalently attached to its target
protein amino group facilitated by an E3 ligase enzyme. B) Different types of ubiquitination:
Monoubiquitination, multiubiquitination, and polyubiquitination. C) Main physiological roles associated

with protein ubiquitination.

Fig. 2: The DUBs family. A) Different members of the DUB family: ubiquitin-specific proteases (USP),
ubiquitin C-terminal hydrolases (UCH), ovarian tumour domain proteases (OTU), Machado-Joseph
domain proteases (MJD), the motif interacting with ubiquitin (MIU)-containing novel DUB family
(MINDY), and JAB1/MPN/Mov37 metalloproteases (JAMM). B) Protease mechanisms: cysteine
protease (left panel) and metalloprotease (right panel) (adapted from Erez et al., Nature, 2009). C)
Schematic representation of the mechanism of action of USPs in three steps: After binding of USP to
its substrate, the catalytic cysteine, deprotonated by a histidine residue, undergoes a nucleophilic
attack on the carbonyl carbon atom of glycine 76 of ubiquitin to generate an acyl-enzyme intermediate.
The hydrolysis of this intermediate allows the release of ubiquitin (adapted from Daviet and Colland,
Biochemistry, 2008).

Fig. 3: Schematic representation of the action of USP4 and USP15 on the metastatic process via
activation of the TGF-f3 pathway. TGF-B binds to two membrane receptors, type | (TBRI) and type |l
(TBRII). The activated TBRI receptor phosphorylates Smad3, which then associate with Smad4. The
Smad3/4 complex is translocated into the nucleus and regulates the expression of target genes.
Smad7 recruits E3-ubiquitin ligases (Smurf2) to the activated TRI, leading to receptor degradation.
USP4 and USP15 directly deubiquitinate TBRI and, thus, drive TGF-3 responsiveness.

Fig. 4: Schematic representation of USPs action on key functions in osteosarcoma progression.
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Protein Gene Length (AA) Chromosomal location
Ubiquitin carboxyl-terminal hydrolase 1 USP1 785 1p31.3
Ubiquitin carboxyl-terminal hydrolase 2 USsP2 605 11923.3
Ubiquitin carboxyl-terminal hydrolase 3 USP3 520 15g22.31
Ubiquitin carboxyl-terminal hydrolase 4 USP4 963 3p21.31
Ubiquitin carboxyl-terminal hydrolase 5 USP5 858 12p13
Ubiquitin carboxyl-terminal hydrolase 6 USP6 1406 17p13.2
USP6 N-terminal-like protein USP6NL 828 10p14
Ubiquitin carboxyl-terminal hydrolase 7 USP7 1102 16p13.2
Ubiquitin carboxyl-terminal hydrolase 8 USP8 1118 15021.2
Probable ubiquitin carboxyl-terminal hydrolase FAF-X USP9X 2554 Xp11.4
Ubiquitin carboxyl-terminal hydrolase 10 USP10 798 16qg24.1
Ubiquitin carboxyl-terminal hydrolase 11 USP11 963 Xp11.3
Ubiquitin carboxyl-terminal hydrolase 12 USP12 370 13912.13
Ubiquitin carboxyl-terminal hydrolase 13 USP13 863 Xp11.3
Ubiquitin carboxyl-terminal hydrolase 14 USP14 494 18p11.32
Ubiquitin carboxyl-terminal hydrolase 15 USP15 981 12q14.1
Ubiquitin carboxyl-terminal hydrolase 16 USP16 823 21921
Ubiquitin carboxyl-terminal hydrolase 17 USP17L2 530 8p23.1
Ubl carboxyl-terminal hydrolase 18 USP18 372 22q11.2
Ubiquitin carboxyl-terminal hydrolase 19 USP19 1318 3p21.31
Ubiquitin carboxyl-terminal hydrolase 20 USP20 914 9qg34.2
Ubiquitin carboxyl-terminal hydrolase 21 USsP21 565 1923.3
Ubiquitin carboxyl-terminal hydrolase 22 usp22 525 17p11.2
Ubiquitin carboxyl-terminal hydrolase 24 USP24 2620 1p32.3
Ubiquitin carboxyl-terminal hydrolase 25 USP25 1055 21921.1
Ubiquitin carboxyl-terminal hydrolase 26 USP26 913 Xg26.2
Ubiquitin carboxyl-terminal hydrolase 27 USP27X 438 Xp11.23
Ubiquitin carboxyl-terminal hydrolase 28 USP28 1077 11923.2
Ubiquitin carboxyl-terminal hydrolase 29 USP29 922 19913.43
Ubiquitin carboxyl-terminal hydrolase 30 USP30 517 12024.11
Ubiquitin carboxyl-terminal hydrolase 31 USP31 1352 16p12.2
Ubiquitin carboxyl-terminal hydrolase 32 USP32 1604 17923.3
Ubiquitin carboxyl-terminal hydrolase 33 USP33 942 1p31.1
Ubiquitin carboxyl-terminal hydrolase 34 USP34 3546 2p15
Ubiquitin carboxyl-terminal hydrolase 35 USP35 1018 11q14.1
Ubiquitin carboxyl-terminal hydrolase 36 USP36 1123 17925.3
Ubiquitin carboxyl-terminal hydrolase 37 USP37 979 2935
Ubiquitin carboxyl-terminal hydrolase 38 USP38 1042 4g31.21
U4/U6.U5 tri-snRNP-associated protein 2 USP39 565 2pi11.2
Ubiquitin carboxyl-terminal hydrolase 40 USP40 1235 2937.1
Putative ubiquitin carboxyl-terminal hydrolase 41 USP41 358 22qg11.21
Ubiquitin carboxyl-terminal hydrolase 42 USP42 1324 7p22.1
Ubiquitin carboxyl-terminal hydrolase 43 USP43 1123 17p13.1
Ubiquitin carboxyl-terminal hydrolase 44 USP44 712 12922
Ubiquitin carboxyl-terminal hydrolase 45 USP45 814 6q16.2
Ubiquitin carboxyl-terminal hydrolase 46 USP46 366 4q12
Ubiquitin carboxyl-terminal hydrolase 47 USP47 1375 11p15.3
Ubiquitin carboxyl-terminal hydrolase 48 USP48 1035 1p36.12
Ubiquitin carboxyl-terminal hydrolase 49 USP49 688 6p21.1
Inactive ubiquitin carboxyl-terminal hydrolase 50 USP50 339 15g21.1
Ubiquitin carboxyl-terminal hydrolase 51 USP51 711 Xp11.21
Inactive ubiquitin carboxyl-terminal hydrolase 53 USP53 1073 4026
Inactive ubiquitin carboxyl-terminal hydrolase 54 USP54 1684 10922.2

Table 1 : List of human USPs adaptated from Uniprot (https://www.uniprot.org/) et GeneCards
(https://www.genecards.org/Search/Keyword?queryString=USP53)



Osteosarcoma

Ewing’s sarcoma

Primary bone

paediatric tumor 15t 2nd
ranking
Incidence (worldwide) 3.4 / million / year 1.5/ million / year
Age 15-19 & 75-79 years old 15 years old
Localization Long bones Long bones & extra-osseous

Cellular origin

Mesenchymal stem cells

Mesenchymal stem cells & primary cells
from neural crest

Genetic origin

Complex karyotype

EWS-FLI1 fusion gene (85%)
EWS-ERG fusion gene (10%)

Osteoblastic / Chondroblastic /

Histological aspects Fibroblastic Osteoblastic
Radiographic aspects Osteoformation / Osteolysis Osteolysis
Main metastases
localization Lungs Lungs
Treatment Chemotherapy -> Surgery -> Chemotherapy -> Surgery ->

Chemotherapy

Chemotherapy and/or radiotherapy

5 years survival rates
after diagnosis

78% localized tumor ;
25% metastases

70% localized tumor ;
20% metastases

Table 2 : Main clinical characteristics of osteosarcoma and Ewing's sarcoma
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Graphical abstract : Roles of USPs in the regulation of key functions in osteosarcoma
development (primary tumour growth and metastatic development).





