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Osteosarcoma is a highly aggressive type of bone cancer with a high rate of metastasis. The molecular mecha-
nisms underlying osteosarcoma metastasis are not yet completely understood, representing an ongoing challenge
for therapy. A possible therapeutic target is the hypoxia-inducible factor HIF-1a which is upregulated in meta-
static osteosarcoma. Indeed, HIF-1la promotes proliferation, resistance to apoptosis and metabolic reprogram-
ming towards glycolysis, whereas its downregulation increases apoptosis. The molecular mechanism mediated by
the mitochondrial E3 ubiquitin ligase MUL1 could be exploited to target HIF-1a since low MUL1 protein levels
result in HIF-1a accumulation and activity even under normoxic conditions, while high levels of MUL1 promote
HIF-1a degradation. Here, we show that MUL1 protein levels inversely correlate with the aggressiveness of
osteosarcoma cell lines. Induction of MUL1 in aggressive cells reduces HIF-1a levels, paired with a decrease in
proliferation, migration and glycolysis and increase in apoptosis, whereas MUL1 inactivation in low-aggressive
cells has opposite results. Therefore, the modulation of MUL1 protein levels affects cell proliferation, migration,
apoptosis, and metabolism. This is the first report that reveals a tumor suppressor role for MUL1 in osteosarcoma,
and suggests MUL1 induction as a potential therapeutic strategy to reduce HIF-1la activity in the metastatic
progression of this cancer.

1. Introduction

around 19 % [4]. In addition, chemoresistance remains an unresolved
complication, which often requires a higher drug dosage that can cause

Osteosarcoma is a highly aggressive bone tumor that frequently oc-
curs in pediatric patients [1]. Although relatively rare, it represents the
most common primary bone cancer and predominantly targets skeletal
sites with high turnover, such as the distal femur and proximal tibia.
Metastasis, particularly to the lung, is a frequent complication in oste-
osarcoma patients [2]. Currently, therapeutic strategies rely on surgical
resection combined with neoadjuvant or adjuvant chemotherapy [3].
Although in non-metastatic disease these approaches have improved
patient survival rates by approximately 65 %, patients diagnosed with
metastases still face the poorest prognosis, with 5-year survival rates of

severe side-effects [4].

For these reasons, the identification of novel targets is necessary to
develop new therapeutic approaches for osteosarcoma. Unfortunately,
the mechanisms and signaling pathways driving osteosarcoma pro-
gression, and most importantly metastasis, have not been fully eluci-
dated yet [5]. Several potential mechanisms of metastasis in
osteosarcoma have been identified, including genomic instability [6] or
the activation of the PI3K/AKT/mTOR [7] and Transforming Growth
Factor-p (TGF-B) signaling pathways [8]. These pathways are known to
promote epithelial-to-mesenchymal transition (EMT), a process of
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cellular plasticity in which epithelial cells acquire mesenchymal fea-
tures, leading to enhanced motility and invasiveness [9].

Moreover, great interest has been attracted by the study of cancer
metabolic reprogramming, whereby tumor cells rewire their meta-
bolism, most notably by upregulating aerobic glycolysis to sustain the
increased energy demands. Depending on cancer type, several metabolic
pathways may be altered, leading to increased tumor proliferation. In
osteosarcoma, several metabolism-related genes are dysregulated; in the
context of metastasis, osteosarcoma cells preferentially switch to aerobic
glycolysis [10]. This process is largely mediated by hypoxia-inducible
factor HIF-1a, a transcription factor that normally regulates cell adap-
tation to hypoxia [11]. Under normoxia, HIF-1a is rapidly degraded;
under hypoxia, HIF-1a translocates to the nucleus and stimulates the
expression of more than 100 genes containing the Hypoxia-Responsive
Element (HRE) in the promoter or enhancer regions [11]. These genes
regulate cell survival, proliferation, angiogenesis, and aerobic glycolysis
at the expense of oxidative phosphorylation (OXPHOS) [11]. Cancer
cells could increase their proliferation rate and survival by HIF-1a
hyperactivation through alterations of the Cullin Ring Ligase 2/Von
Hippel Lindau (CRL2"M™) complex, which is normally responsible for
HIF-1a ubiquitination and degradation by the proteasome [12]. In os-
teosarcoma, HIF-1a is upregulated and its expression positively corre-
lates with metastatic potential, making it a marker of poor prognosis
[13]. In vitro experiments have demonstrated that HIF-1a silencing by
siRNA reduces proliferation and induces apoptosis in osteosarcoma
cells, highlighting its potential as a therapeutic target [14].

Our previous studies have identified a novel pathway, mediated by
the activity of the mitochondrial E3 ubiquitin ligase MUL1, that regu-
lates the protein levels of HIF-1a. MUL1 (also known as Mulan, MAPL,
GIDE, and HADES) is one of three mitochondrial E3 ligases. Although
located in the outer mitochondrial membrane, its catalytic RING domain
faces the cytoplasm [15], enabling MULLI to act as an E3 ubiquitin or a
Small Ubiquitin-Like Modification (SUMO) ligase on cytosolic targets.
By mediating K-63 or K-48 linked ubiquitination, as well as SUMOyla-
tion, of several substrates, MUL1 has been implicated in apoptosis,
mitophagy, innate immune response, and, as we have recently demon-
strated, cellular metabolism [16-20].

MULLI indirectly regulates HIF-1a via K-48 linked ubiquitination and
degradation of UBX Domain Protein 7 (UBXN7), a scaffold protein and
cofactor of the CRL2VH" complex [17]. The complex is responsible for
the ubiquitination of HIF-1a, followed by its degradation through the
proteasome. Controlled UBXN? levels are essential for proper CRL2VH"
assembly and efficient HIF-1a degradation [17]. Inactivation of MUL1,
by mutation or by excessive activity of the mitochondrial serine protease
High Temperature Requirement Serine Peptidase 2 (HTRA2) [21], leads
to UBXN7 accumulation, impaired CRL2VF™" activity and functional in-
crease of HIF-1a, even under normoxia. This, in turn, drives a metabolic
switch towards glycolysis. Conversely, high MUL1 activity promotes
UBXN7 degradation, resulting in HIF-1la downregulation and a meta-
bolic phenotype mainly reliant on OXPHOS [18].

The MUL1-UBXN7-HIF-1a axis could be relevant in cancer, where
MUL1 is known to play a context-dependent role as either an oncogene
or a tumor suppressor, depending on its substrates and cancer type [22].
However, the function of MUL1 in osteosarcoma has never been inves-
tigated, despite evidence implicating dysregulation of ubiquitination in
this tumor [23].

Here, we provide the first evidence supporting a tumor suppressor
role for MULL1 in osteosarcoma. We show that the MUL1-UBXN7-HIF-1a
pathway is dysregulated in osteosarcoma cell lines with different de-
grees of aggressiveness, and that MUL1 modulation affects HIF-1a pro-
tein levels, proliferation, migration, apoptosis, and glycolytic activities.
Based on these findings, we propose that restoring MUL1 expression in
osteosarcoma could represent a promising strategy for novel therapies
for this cancer.
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2. Materials and methods
2.1. Patients data and survival curves

Osteosarcoma patient datasets and survival rates were obtained
using the software “R2: Genomics Analysis and Visualization Platform”
(http://r2.ame.nl http://r2platform.com). Kaplan-Meier curves were
generated with the same software. A dataset consisting of genome-wide
gene expression profiles from high-grade osteosarcoma samples [24]
was used for the analyses. Overall and Metastasis-free survival were
analyzed in patients with a known anatomical site of the primary tumor
(axial, femur, humerus, ilium, pelvis, tibia/fibula). Patients were then
stratified according to MUL1/HTRAZ2 expression.

2.2. Cell culture and chemicals

Human osteosarcoma cell lines Saos-2 (RRID:CVCL_0548), HOS
(RRID:CVCL_0312), and 143B (RRID:CVCL_2270) were purchased from
American Type Culture Collection (ATCC, VA, USA), and cultured in
Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10 %
Fetal Bovine Serum (FBS), 2 mM r-glutamine, 50 pg/ml streptomycin,
50 U/ml penicillin (all from Euroclone, Milano, Italy). Cells were
maintained at 37 °C in a humidified atmosphere containing 5 % COa. For
treatments, 3 x 10° cells were plated and treated with either 20 uM Ucf-
101 (provided by the University of Central Florida) for 48 h, 50 nM
Chetomin for 24 h, 20 nM Echinomycin for 24 h, 2 pM Cisplatin for 24 h,
100 nM Methotrexate for 5 days (all from ChemCruz, SantaCruz
Biotechnology, TX, USA), 100 pM Cobalt Chloride for 6 h (Sigma-Merck,
Milano, Italy), 25 or 50 nM Carfilzomib for 4 h (Thermo Fisher Scien-
tific, MA, USA), 20 uM PX-478 for 24 h (SelleckChem, Cologne, NA).
Control cells were treated with an equal volume of DMSO (Sigma-
Aldrich, MO, USA) as vehicle (Veh). All experiments were carried out
using mycoplasma-free cells.

2.3. Expression vectors and siRNA transfection

For overexpression experiments, 3 x 10° osteosarcoma cells/well
were seeded in 6-well plates and cultured for 24 h; cells were then
transfected with 1 pg of pEGFP (empty vector), pMUL1 (to overexpress
MULL), or pMUL1 C/A (encoding a catalytically inactive MUL1 mutant
lacking E3 ligase activity, generated by replacing cysteine 339 with
alanine) using Lipofectamine 3000 reagent (Thermo Fisher Scientific,
MA, USA), according to the manufacturer's instructions. Each construct
contained a green fluorescent protein (GFP) tag and was generated as
previously described [17]. For siRNA experiments, cells were trans-
fected with 50 nM of negative control siRNA (Silencer™ Negative
Control No. 1) or siRNA against HIF1A (both from Thermo Fisher Sci-
entific, MA, USA) using Lipofectamine RNAiMAX (Thermo Fisher Sci-
entificc, MA, USA). After 48 h, protein expression was evaluated by
Western Blot analysis.

2.4. Generation of Saos-2 MUL1 —/— cell line using CRISPR/Cas9

To generate a MUL1 KO (knock-out) cell line, a MUL1-specific target
sequence (5-GCCGCCGTCATGGAGAGCGG-3"), located in exon 1, was
cloned into the pSpCas9(BB)-2A-Puro vector (Addgene plasmid PX459),
as previously described [20]. The resulting construct (PX459-Mull-
target) and the empty PX459 control vector were transfected into Saos-2
cells; transfected cells were selected by puromycin treatment, and single
clones were expanded. MUL1 protein expression was monitored by
Western Blot analysis. Two independent KO clones (Saos-2 MUL1 —/—)
and control clones (Saos-2 MUL1 +/+) were selected for the subsequent
experiments.


http://r2.amc.nl
http://r2platform.com
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2.5. SDS-PAGE and Western Blot analysis

Cells were lysed using radioimmunoprecipitation assay buffer (RIPA,
Sigma-Aldrich, MO, USA) supplemented with a protease inhibitor mix
(Protease Inhibitor Cocktail, Sigma-Aldrich, MO, USA) and incubated
for 30 min on ice. Forty pg of the protein lysates were resolved by SDS-
Polyacrylamide gel electrophoresis (PAGE), transferred into PVDF
membranes (Biorad, CA, USA), and placed in 4 % nonfat dry milk in
TBST buffer (25 mM Tris-HCI pH 8.0, 125 mM NaCl, 0.1 % Tween 20) to
block nonspecific binding of the membrane. The membranes were then
incubated with the indicated primary antibodies: MUL1, UBXN7, and
HTRAZ2 (rabbit polyclonal antibodies, homegrown, 1:5000) [17], HIF-1a
(Bioss Antibodies, 1:2000), p-Actin (SantaCruz, 1:2000), PARP/Cleaved
PARP (Cell Signaling, 1:1000), and Caspase 3/Cleaved Caspase 3 (Cell
Signaling, 1:1000). Secondary peroxidase-conjugated goat anti-rabbit or
goat anti-mouse antibodies (BioRad Laboratories, CA, USA) were used at
1:5000 dilution. Protein bands were detected by enhanced chem-
iluminescence (ECL) (BioRad Laboratories, CA, USA) using the Image-
Quant LAS 4000 biomolecular imager. Densitometric analysis was
performed using the ImageJ software (ImageJ, U. S. National Institutes
of Health, MD, USA, https://imagej.net/ij/).

2.6. Apoptosis assay

After transfection and drug treatment, cells were resuspended in
Binding Buffer, stained with Annexin V and propidium iodide using the
Tali apoptosis kit (Thermo Fisher Scientific, Milano, Italy), and analyzed
using the Tali-image assisted cytometer (Thermo Fisher Scientific,
Milano, Italy) according to the manufacturer's instructions [25].

2.7. Proliferation assay

Cell proliferation was assessed using the CCK8-Cell Counting Kit
(Dojindo Lab, Munich, Germany), following the manufacturer's in-
structions. After incubation at 37 °C for 2 h, Optical Density (O.D.) was
measured at 450 nm using a microplate reader (BMG Labtech, Orten-
berg, Germany).

2.8. Migration assay

143B and Saos-2 cells were cultured in 12-well plates until full
confluence was reached. Then, a scratch was made at time 0. Detached
cells and cellular debris were removed by washing with PBS (Phosphate
Buffered Solution); images were captured at time O and after 8 h for
143B, at time 0 and after 24 h for Saos-2 cells. The distance between the
two wound edges was measured by ImageJ software. Wound closure was
calculated as the difference between the wound width at time 0 and at
the end of the experiments.

2.9. Metabolic analyses

All metabolic analyses were performed using the SeaHorse XFe96
Extracellular Flux Analyzer (Agilent Technologies, Milano, Italy). Cells
were seeded in quintuplicate at a density of 10.000 per well and cultured
for 24 h. Medium was then exchanged with assay medium (XF DMEM
medium pH 7.4 supplemented with 10 mM glucose, 2 mM glutamine, 1
mM pyruvate, all from Agilent Technologies, Milano, Italy), followed by
incubation at 37 °C in a non-CO» incubator for 60 min. Then Oxygen
Consumption Rate (OCR) and Extracellular Acidification Rate (ECAR)
were measured. For Glycolysis measurement, the Seahorse XF Glycolytic
Rate Assay kit was used (Agilent Technologies, Milano, Italy). ECAR was
measured in basal conditions and after sequential injections of mito-
chondrial electron transport chain inhibitors Rotenone/Antimycin (5
pM) and glycolysis inhibitor 2-deoxyglucose (2-DG) (300 mM). Basal
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glycolysis was evaluated as ECAR before the addition of inhibitors,
whereas compensatory glycolysis was measured as ECAR after the
addition of mitochondrial inhibitors. To analyze ATP production, the XF
Real Time ATP Rate Assay was used. ECAR and OCR were measured
under basal conditions, and after the injections of 1.5 pM oligomycin
and 0.5 pM rotenone/antimycin. Finally, to assess mitochondrial stress,
the SeaHorse XF MitoStress Test was performed (Agilent Technologies,
Milano, Italy). Oxygen consumption rate (OCR) was measured under
basal conditions and before the injection of the following compounds:
1.5 uM of oligomycin, 1.0 pM of FCCP, and 0.5 M rotenone/antimycin.
All kits and tests were used following the manufacturer's instructions.
Data analysis was performed using the specific Report Generator soft-
ware (Agilent Technologies, Milano, Italy).

2.10. Statistics

All data were expressed as mean + SD of at least three independent
experiments. Values were compared by Student's t-test with Welch's
correction. For multiple comparisons, values were compared by one-
way ANOVA, followed by Tukey's multiple comparison test. A p value
<0.05 was considered statistically significant. Analyses were performed
through GraphPad Prism 10.2.

3. Results

3.1. Low levels of MULI1 are associated with decreased survival in
osteosarcoma

To investigate the role of MULL in osteosarcoma, we analyzed os-
teosarcoma patient datasets and assessed MUL1 expression. Kaplan-
Meier analysis showed that patients with higher MUL1 expression had
better overall survival probability (Fig. 1A) as well as improved
metastasis-free survival (Fig. 1B). Conversely, high expression of
HTRAZ2, the upstream negative regulator of MUL1, was correlated with
reduced overall and metastasis-free survival rate (Fig. 1C-D). Addi-
tionally, HTRA2 was expressed at an overall higher level compared to
MUL1 across the dataset (Fig. 1E), suggesting a further negative regu-
lation of MUL1. Together, these findings suggest that MUL1 may act as a
tumor suppressor in osteosarcoma.

3.2. MULI protein levels inversely correlate with tumor aggressiveness in
osteosarcoma cell lines

Since the reduction of MUL1 could be responsible for the increased
levels of HIF-1a observed in metastatic osteosarcoma, we evaluated the
MUL1-UBXN7-HIF-1a pathway in osteosarcoma cell lines with different
aggressiveness: low aggressive Saos-2, more aggressive HOS and highly
aggressive and metastatic 143B cells [26]. We observed that MUL1 was
expressed in Saos-2, while its protein levels were reduced in HOS and
143B cells (Fig. 2A-B). This protein modulation could depend on post-
transcriptional regulation and/or post-translational modification, as it
was not due to a decrease of mRNA expression in HOS and 143B cells,
which instead showed the opposite trend (Fig. S1). According to the
MULLI protein expression, UBXN7 and HIF-1a protein levels were higher
in HOS and 143B when compared to Saos-2 cells (Fig. 2A-B). HTRA2
expression had a trend of increase in 143B cells, suggesting enhanced
protease activity. These data indicate that the downregulation of MUL1
protein in aggressive osteosarcoma cells contributes to increased HIF-1a
levels through modulation of the MUL1-UBXN7-HIF-la pathways;
indeed, as we previously reported [17,18] and shown in Fig. S2, MUL1 is
not able to bind HIF-1a. For the following experiments, we therefore
used the 143B and Saos-2 cells, which express the lowest and the highest
protein levels of MUL1, respectively.


https://imagej.net/ij/
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Fig. 1. MUL1 and HTRA2 in osteosarcoma patients. A-B) Kaplan-Meier curves, performed on a dataset of 87 osteosarcoma patients, highlighting A) the overall
survival and B) metastasis-free survival probability of patients in conditions of high (red) and low (blue) expression of MUL1. The expression graph shows the cut-off
values for high and low expression. The number of patients at risk at each time point was also reported according to MUL1 expression. C-D) Kaplan-Meier curves,
performed on a dataset of 87 osteosarcoma patients, highlighting C) the overall survival and D) metastasis-free survival probability of patients in conditions of high
(red) and low (blue) expression of HTRA2. The expression graph shows the cut-off values for high and low expression. The number of patients at risk at each time
point was also reported according to HTRA2 expression. E) Overall expression of MUL1 and HTRA2 in the sample dataset. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Expression of MUL1/HIF-1a pathway in osteosarcoma cell lines and effects of HTRA2 inhibitor Ucf-101. A) Western blot analysis showing the protein levels of
MUL1, UBXN7, HIF-1a and HTRA2 in Saos-2 (non-aggressive cells), HOS (aggressive, non-metastatic) and 143B (highly aggressive, highly metastatic) osteosarcoma
cell lines. B) Densitometric analysis of the protein bands normalized against $-Actin and compared to Saos-2 cells. Results are expressed as means + S.D. of three
independent experiments.*p < 0.05 and **p < 0.01 vs Saos-2. C) Effects of Ucf-101 on osteosarcoma cell lines. 143B and Saos-2 cell lines were treated with Ucf-101
(20 pM) or DMSO as Vehicle (Veh) for 48 h. Western Blot analysis showing the protein levels of MUL1, UBXN7 and HIF-1a in 143B and Saos-2 cell lines. D-E)
Densitometric analysis of the protein bands of D) 143B cells and E) of Saos-2 cells normalized against p-Actin. F) Representative pictures of Annexin V staining,
obtained by Tali Apoptosis Kit. G) Quantification of Annexin V+ cells. H) Western Blot analysis showing the protein levels of PARP and Caspase 3, as well as their
cleaved forms. I-J) Densitometric analysis of the protein levels from (H) of I) 143B cells and J) Saos-2 cells, normalized against p-Actin. K) Cellular proliferation rate
evaluated by CCK8 Cell Counting Kit. In D-E, G, I-K) results are presented as mean + S.D. of three independent experiments. *p < 0.05 and **p < 0.01 vs respective

cells treated with vehicle (Veh).

3.3. MULI induction by HTRAZ inhibition downregulates UBXN7 and
HIF-1a, increasing apoptosis and reducing proliferation in aggressive
osteosarcoma cells

To evaluate how MUL1 modulation influences HIF-1la and tumor
features, we treated 143B and Saos-2 cells with the selective HTRA2
inhibitor Ucf-101 [27]. In 143B cells, Ucf-101 treatment significantly
increased MUL1 protein levels and concomitantly reduced UBXN7 and
HIF-1a expression (Fig. 2C-D). This modulation of the components of
the MUL1-HIF-1a pathway by Ucf-101 in 143B cells was coupled with
apoptosis induction, as shown by Annexin V stainings (Fig. 2F-G) and
cleavage of the apoptotic proteins PARP and Caspase 3 (Fig. 2H-I), and
reduced cell proliferation (Fig. 2K). In contrast, Ucf-101 treatment had
no effect on MUL1, UBXN?7, or HIF-1a in Saos-2 cells (Fig. 2C, E), likely
due to already high levels of MUL1 expression in this cell line.
Furthermore, Ucf-101 treatment did not induce apoptosis, nor reduce
proliferation, in Saos-2 cells (Fig. 2F-H, J-K). These data support a
tumor suppressive role for MUL1 specifically in aggressive osteosarcoma
cells.

3.4. MUL1 E3 ligase activity induces apoptosis and reduces proliferation
and migration in 143B cells

In order to understand whether the effects on cell proliferation and
apoptosis in 143B cells directly rely on MUL1 upregulation, as well as on
its E3 ligase activity, we transfected 143B cells with a MUL1-
overexpressing GFP-MUL1 vector (pMUL1), a GFP vector carrying an
E3 ligase-deficient mutant (pMUL1 C/A), or an empty control EGFP
vector (pEGFP). Overexpression of wild-type MUL1 significantly
reduced UBXN7 and HIF-la protein levels compared to the results
observed in pEGFP-transfected cells (Fig. 3A-B); this was accompanied
by increased Annexin V positivity (Fig. 3C-D), cleavage of PARP and
Caspase 3 (Fig. 3E-F), as well as reduced cell proliferation rate (Fig. 3G)
and migration (Fig. 3H-I). These modulations were absent in cells
overexpressing the inactive ligase (MUL1 C/A) (Fig. 3), suggesting that
MUL1 E3 ubiquitin ligase activity, and the resulting downregulation of
UBXN?7 and HIF-1a, are required to exert tumor suppressive function.

3.5. Induction of cell death in MUL1-overexpressing osteosarcoma cells is
dependent on HIF-1a reduction

We next assessed whether MUL1-induced cell death depends on HIF-
la inhibition. We treated the transfected 143B cells with HIF-1a in-
hibitors Chetomin and Echinomycin. In pEGFP and pMUL1 C/A trans-
fected cells, Chetomin reduced HIF-la to levels observed in pMUL1-
cells, inducing apoptosis and reducing cell proliferation (Fig. 4A-B,
E-F left panels); Echinomycin did not affect HIF-1a protein levels,
consistent with its mechanism of action targeting HIF-1a DNA-binding
activity [28]; however, it still induced apoptosis and reduced prolifer-
ation (Fig. 4C-D, E-F right panels). In contrast, neither inhibitor exerted
additional effects in 143B overexpressing wild-type MUL1, as HIF-1a
was already suppressed (Fig. 4A-B, E-F left panels for Chetomin;
Fig. 4C-D, E-F right panels for Echinomycin). These results indicate that
the tumor-suppressive effects of MUL1 could be mediated by HIF-1a
downregulation.

3.6. MULI deficiency causes an increased tumor phenotype and drug
resistance in low aggressive osteosarcoma cells

Our data highlights a tumor suppressor role for MUL1 in osteosar-
coma, raising the possibility that MUL1 loss contributes to the pro-
gression of osteosarcoma to a metastatic phenotype. To test this, we
generated MUL1 knock-out (KO) Saos-2 cells using the CRISPR-Cas9
system, as previously described [20]. As expected from our previous
studies in HEK293 cells [17,18], Saos-2 cells depleted of MUL1 (MUL1
—/—) are characterized by high levels of UBXN7 and HIF-1a expression,
with no detectable modulation of HTRA2 levels (Fig. 5A-B). MUL1 loss
also enhanced proliferation rate (Fig. 5C) and migration (Fig. 5D-E).

Depletion of MUL1 also conferred resistance to cisplatin: in fact, it
was not able to induce apoptosis (Fig. 6A-C), nor reduce the prolifera-
tion rate (Fig. 6D), at the standard concentration. Methotrexate had also
reduced effects in the absence of MUL1 (Fig. 6E-H). Taken together, our
data demonstrate that MUL1 loss in osteosarcoma promotes tumor
growth, resistance to anti-proliferative stimuli, and most importantly
resistance to chemotherapy, likely through the activation of HIF-1a-
related pathways.

3.7. MULI is required for the canonical mechanisms of regulation of HIF-
la

To investigate how different levels of MUL1 in osteosarcoma influ-
ence the canonical regulatory mechanisms of HIF-la (hypoxia and
ubiquitination), we treated both MUL1-overexpressing 143B cells and
MUL1 KO Saos-2 cells with cobalt chloride to mimic the hypoxia con-
ditions or with the proteasome inhibitor carfilzomib (CFZ). Initially, we
performed concentration-response experiments to determine the
optimal drug concentrations required to increase HIF-1a levels (Fig. S3).
Treatment with 100 pM cobalt chloride caused only a slight accumula-
tion of HIF-1a protein levels in pEGFP and pMUL1 C/A 143B cells that
express lower levels of MUL1 (Fig. 7A-B). In contrast, in pMUL1 143B
cells bearing lower levels of HIF-1a, hypoxia-mimicking conditions led
to a greater increase in HIF-1a (Fig. 7A-B). This effect was also observed
in Saos-2 MUL1(+/+) cells but, interestingly, not in MUL1(—/—) cells
(Fig. 7C-D). These data are consistent with our previous observations in
HEK293 cells under hypoxia [17,18], and suggest that MUL1 protein
levels are required for hypoxia-mediated HIF-lo degradation. This
process appears to depend on HIF-1a ubiquitination: treatment with 50
nM of CFZ slightly increased HIF-1a protein levels in pEGFP and pMUL1
C/A 143B cells (Fig. 7E-F). However, when MUL1 was overexpressed,
CFZ treatment strongly enhanced the protein expression of HIF-la
(Fig. 7E-F). Even at a lower concentration (25 nM), which had no effect
on pEGFP and pMUL1 C/A cells, CFZ was able to significantly increase
HIF-1a levels in pMUL1-transfected cells (Fig. S4A-B). UBXN7 protein
levels were similarly affected by CFZ (Fig. 7E-F), suggesting that HIF-1a
regulation occurs through the MUL1/UBXN7/HIF-1la axis. In Saos-2
cells, CFZ treatment increased HIF-1a only in MUL1(+/+) cells, with
no effects observed in MUL1(—/—) cells (Fig. 7G-H). Once again,
UBXN7 protein levels mirrored those of HIF-1a, supporting a direct
regulation (Fig. 7G-H). Our data indicate that functional MUL1
expression is required for HIF-la ubiquitination and proteasomal
degradation, highlighting the role of MUL1 and its modulation of
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Fig. 3. Effects of MUL1 overexpression in 143B cells. Protein expression of the components of the MUL1/HIF-1a pathway in 143B cells transfected with empty vector
(pEGFP), GFP-MUL1 (pMUL1) vector and inactive GFP-MUL1 (pMUL1 C/A) vector. A) Western Blot analysis showing the protein levels of GFP-MUL1, UBXN7 and
HIF-1o. B) Densitometric analysis of the protein bands normalized against p-Actin. Results are expressed as means + S.D. of four independent experiments. C)
Annexin V staining measured by Tali Apoptosis Kit. D) Quantification of Annexin V+ cells. E) Western Blot analysis showing the protein levels of PARP and Caspase
3, as well as their cleaved forms. F) Densitometric analysis of the protein levels from (E) normalized against p-Actin. G) Cellular proliferation was measured using the
CCK8 kit. H) Cell migration was assessed by scratch assay. Representative pictures and I) quantification of wound closure of pEGFP, pMUL1, pMUL1 C/A 143B cells.
In D, F-G, I) results are presented as mean + S.D. of three independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.0001 vs pEGFP transfected cells.

UBXN?7 levels, as a critical component of the canonical HIF-1a degra-
dation pathway.

3.8. MULI levels regulate metabolism in osteosarcoma cells

Since our previous studies identified a key function for MUL1 as a
regulator of metabolism, and considering that metastatic osteosarcoma

cells exhibit a classical Warburg effect [29], we evaluated the metabolic
activity of the MUL1-overexpressing or the MUL1-KO osteosarcoma cell
lines, to determine whether different MUL1 levels influence cell meta-
bolism. Consistent with our previous studies in HEK293 cells [17-19]
and the reduction of HIF-1a detected in osteosarcoma cells expressing
high levels of MUL1, Seahorse analyses showed that MUL1 over-
expression in 143B significantly decreased both glycolytic and
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Fig. 4. Effects of HIF-1a inhibitors on transfected 143B cells. pEGFP-, pMUL1- and pMUL1 C/A-transfected cells were treated with the Chetomin (50 nM) and
Echinomycin (20 nM) or DMSO as vehicle (Veh) for 24 h. A) Western Blot analysis showing the protein levels of PARP and Caspase 3, as well as their cleaved forms, of
the Chetomin-treated cells. B) Densitometric analysis of the protein levels from (B) normalized against f-Actin. C) Western Blot analysis showing the protein levels of
PARP and Caspase 3, as well as their cleaved forms, of the Echinomycin-treated cells. D) Densitometric analysis of the protein levels from (C) normalized against
B-Actin. E) Quantification of Annexin V+ cells, obtained with the Tali Apoptosis Kit, of both treatments. F) Cellular proliferation was measured using the CCK8 kit. All
results are presented as mean + S.D. of three independent experiments. *p < 0.05 and **p < 0.01 vs respective cells treated with vehicle (Veh).
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Fig. 5. Effects of MUL1 CRISPR-KO in Saos-2 osteosarcoma cell line. A) Western Blot analysis showing the protein levels of MUL1, UBXN7, HIF-1a and HTRA2 in
control Saos-2 cells [MUL1(+/+)] and MUL1 CRISPR-KO Saos-2 cells [MUL1(—/—)]. B) Densitometric analysis of the protein levels from (A) normalized against
B-Actin. C) Cellular proliferation evaluated by the CCK8 kit. D) Cell migration was assessed by scratch assay. Representative picture and E) Quantification of wound
closure of MUL1(+/+) and MUL1(—/-) cells. All results are presented as mean + S.D. of three independent experiments. *p < 0.05 and ***p < 0.0001 vs

MUL1(+/+).

compensatory glycolysis capacities (Fig. 8A-B). This shift may explain
the reduced cell proliferation and increased apoptosis observed with
MUL1 expression.

Furthermore, MUL1 overexpression enhanced mitochondrial meta-
bolism (Fig. 8C-D) and OXPHOS became the main source of ATP,
compared to pEGFP and pMUL1 C/A transfected cells (Fig. 8D). Despite
observing a strong reduction of the overall ATP production, we report a
trend of increase in mitochondrial respiration and mitochondrial ATP
generation (Fig. 8C-D), consistent with the increased levels of MUL1.
MUL1-overexpressing 143B cells displayed a less aggressive metabolic
profile, characterized by attenuation of the Warburg effect. Conversely,
MUL1 knock out in Saos-2 cells induced the opposite phenotype. MUL1
(—/—) cells showed enhanced glycolytic capacity at both basal and
compensatory level (Fig. 8E-F), the hallmark of more aggressive oste-
osarcomas. These cells became more reliant on glycolysis for their ATP
needs, with reduced OXPHOS-dependent ATP generation (Fig. 8G),
mitochondrial respiration, and mitochondrial ATP production (Fig. 8H).
The overall metabolic phenotype of MUL1(—/—) Saos-2 cells resembled
that of highly aggressive osteosarcoma cell lines, such as 143B [29].

3.9. HIF1-a inactivation partially rescues the phenotype induced by
MULI1-KO

In order to further verify whether increased aggressiveness and
glycolysis observed in osteosarcoma are dependent on the MUL1/HIF-1a
pathway, we inhibited HIF-1a in MUL1-overexpressing or in MUL1-KO
osteosarcoma cell lines. HIF-1a downregulation by siRNA in pEGFP-,
PMUL1- and pMUL1 C/A-143B cells reduced the expression of HIF-1a by
roughly 50 % (Fig. 9A-B); this reduction of HIF-1a was coupled with the

decrease of both proliferation (Fig. 9C) as well as basal and compensa-
tory glycolysis (Fig. 9D) in pEGFP- and pMUL1 C/A-cells; in pMUL1
cells, siRNA treatment led to a trend of further reduction of proliferation
and glycolysis (Fig. 9A-D). In Saos-2, HIF-1a silencing in MUL1(—/—)
cells reduced the protein levels of HIF-1a to control values (Fig. 9E-F).
This reduction was also accompanied by a significant decrease of cell
proliferation (Fig. 9G) as well as in basal and compensatory glycolysis
(Fig. 9H). Nonetheless, the levels of proliferation and metabolism
remained higher compared with control MUL1(+/+) cells (Fig. 9G-H),
indicating a partial rescue of the phenotype induced by MUL1 inacti-
vation. These data were partially confirmed when HIF-1a was inhibited
using the small molecule PX-478. Indeed, in 143B pEGFP and pMUL1 C/
A cells, PX-478 reduced the protein levels of HIF-1a, with a consequent
reduction in proliferation and glycolysis (Fig. SS5A-D). As shown in
Fig. 4, using other HIF-1a inhibitors, the effects were not observed in
PMULLI cells, where HIF-1a was not further reduced. Instead, in Saos-2
cells, PX-478 treatment mirrored the results obtained with siRNA
(Fig. SS5E-H), where HIF-1a inhibition in MUL1(—/—) cells partially
rescued their phenotype in terms of proliferation and glycolysis. Alto-
gether, our data support the role of HIF-1a and its expression in the
effects of MUL1 inactivation.

4. Discussion

The metastatic process ultimately determines the clinical outcome of
osteosarcoma. However, the molecular mechanisms driving metastasis
in osteosarcoma are not yet fully clarified [5,30]. Given the intrinsic
radioresistance of osteosarcoma and the limited benefit of surgical
resection once metastasis occurs, chemotherapy represents a valid
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Fig. 6. Effects of cisplatin and methotrexate on MUL1 CRISPR-KO Saos-2 cells. A) Western Blot analysis showing the protein levels of PARP and Caspase 3, as well as
their cleaved (C.) forms, upon treatment with 2 pM cisplatin (CCDP) or DMSO as Vehicle (Veh) for 24 h. B) Densitometric analysis of the protein levels from (A)
normalized against p-Actin. C) Quantification of Annexin V+ cells, obtained with the Tali Apoptosis Kit. D) Cellular proliferation measured using the CCK8 kit. E)
Western Blot analysis showing the protein levels of PARP and Caspase 3, as well as their cleaved (C.) forms, upon treatment with 100 nM methotrexate (MTX) or
DMSO as Vehicle (Veh) for 5 days. F) Densitometric analysis of the protein levels from (E) normalized against p-Actin. G) Quantification of Annexin V+ cells,
obtained with the Tali Apoptosis Kit. H) Cellular proliferation measured using the CCK8 kit. All results are presented as mean + S.D. of three independent exper-
iments. *p < 0.05, **p < 0.001 and ***p < 0.0001 vs respective cells treated with vehicle (Veh).

treatment option [31]. Nevertheless, metastasis in osteosarcoma is often
associated with resistance to the current chemotherapeutic regimen,
cisplatin, doxorubicin, methotrexate, and ifosfamide [31]. In this work,
our data highlights a potential therapeutic approach based on MUL1
induction and consequent HIF-1a downregulation. HIF-1a is known to
enhance the metastatic potential in several cancers, including breast,
lung, liver metastasis of colorectal cancer, and clear renal cell carcinoma
[32-36]. In osteosarcoma, HIF-1a-regulated genes containing Hypoxia-
Responsive Elements (HRE) promote metastasis by inhibiting apoptosis,
inducing angiogenesis via Vascular Endothelial Growth Factor (VEGF)
expression, enhancing glycolysis through metabolic reprogramming,
and activating EMT [37-41]. Thus, HIF-1a plays a key role in osteo-
sarcoma metastasis by increasing invasiveness, bolstering the survival
potential, stimulating vascular remodeling, and reducing cell adhesion
through EMT [13,42]. On these bases, HIF-1a downregulation not only
triggers apoptosis, as previously shown in vitro, but can also impair
metastatic progression [14,43]. Unfortunately, direct targeting of HIF-
la in osteosarcoma has been challenging. Agents such as Echinomycin
have shown limited efficacy in clinical trials, and small-molecule in-
hibitors still need to be tested in this context [44,45]. We previously
demonstrated in HEK293 cells that MUL1 regulates HIF-la via a
pathway downstream of the CRL2V™" complex and by hypoxia, with
direct effects on cell metabolism [17,18]. To date, this pathway has not
been studied in osteosarcoma. Indeed, although the role of HIF-la
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signaling and its regulation in osteosarcoma are well-documented [13],
and despite MUL1 having been investigated in other cancers, both as an
E3 ubiquitin ligase [22] and as a SUMO E3 ligase [46], the interactions
between MUL1, UBXN7 and HIF-1a have never been explored or eval-
uated. A recent study reported a direct interaction between MUL1 and
HIF-2a, which was disrupted in clear renal cell carcinoma and resulted
in a similar metabolic phenotype [47]. However, that mechanism was
distinct and did not depend on the regulation mediated by the MUL1-
UBXN7 axis. Here, we show for the first time that the MUL1/UBXN7/
HIF-1a pathway is disrupted in metastatic osteosarcoma: metastatic cell
lines display reduced MUL1 expression, which correlates with increased
UBXN7 and HIF-1a levels and with glycolysis-dependent metabolism
[29]. The regulation of MUL1 protein expression involves a finely
regulated mechanism, as in 143B cells reduced MUL1 protein levels does
not depend on decreased RNA expression, but may instead be related to
post-transcriptional regulation (for instance due to the intervention of
miRNAs) or post-translational modifications. In fact, the mechanism of
MUL1 inactivation in 143B cells may also involve HTRA2 hyper-
activation, since its inhibition is able to increase MUL1 levels in 143B
cells, but not in Saos-2. These data are consistent with our observations
in the patient datasets, and with previous reports identifying HTRA2 as
an oncogene in several cancers and as a marker of poor prognosis in
lymphoma, breast, ovarian, germ cell, and prostate cancers [48]. Thus,
high HTRA2 and low MUL1 expression, associated with reduced survival
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Fig. 7. Effects of cobalt chloride and carfilzomib on osteosarcoma cell lines. 143B and Saos-2 cells were treated with cobalt chloride (CoCI2) at 100 uM for 6 h or
with carfilzomib (CFZ) at 50 nM for 4 h. A) Western Blot and B) densitometrical analysis normalized against p-Actin of the protein levels of HIF-1a in pEGFP, pMUL1
and pMUL1 C/A 143B cells treated with CoCl2 or DMSO as vehicle (Veh). C) Western Blot and D) densitometrical analysis normalized against p-Actin of the protein
levels of HIF-1a in MUL1(+/+) and MUL1(—/—) Saos-2 cells treated with CoCl2 or DMSO as vehicle (Veh). E) Western Blot and F) densitometrical analysis
normalized against p-Actin of the protein levels of HIF-1a and UBXN7 in pEGFP, pMUL1 and pMUL1 C/A 143B cells treated with CFZ at 50 nM, or DMSO as vehicle
(Veh). G) Western Blot and H) densitometrical analysis normalized against f-Actin of the protein levels of HIF-1a and UBXN7 in MUL1(+/+) and MUL1(—/—) Saos-2
cells treated with CFZ at 50 nM or DMSO as vehicle (Veh). All results are presented as mean + S.D. of three independent experiments. *p < 0.05 and **p < 0.001 vs

respective cells treated with vehicle (Veh).

in osteosarcoma patients, may reflect this regulatory interaction
[49-52]. Importantly, our data suggest that MUL1 loss is a key event in
osteosarcoma progression and metastasis. The increase of proliferation
rate, migration and the resistance to cisplatin and methotrexate caused
by MUL1 downregulation could be dependent on the increased levels of
HIF-1a (through the accumulation of UBXN7), potentially reflected in
increased survival, resistance to apoptosis and EMT activation [11]. This
metastatic shift also involved an increase in glycolytic capacity, at the
expense of OXPHOS, observed in the absence of MUL1. This classical
Warburg effect is responsible for increasing the metastatic capacity of
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osteosarcoma cells, as well as increasing the proliferation capacity and
drug resistance, as seen both in vivo and in vitro [10,53]. Therefore,
downregulating MUL1 could be a key molecular event that leads to
metabolic reprogramming in osteosarcoma. Conversely, restoring MUL1
expression in aggressive osteosarcoma cells reduced glycolytic capacity
and enhanced apoptosis, consistently with previous findings [10]. These
effects appear to directly depend on HIF-1a inhibition, as no synergistic
effects were observed when MUL1 overexpression was combined with
pharmacological HIF-la inhibitors. In this regard, MUL1 induction
could represent a starting point for the development of a new
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Fig. 8. Effects of MUL1 overexpression and knockout in osteosarcoma cell lines on cell metabolism. A) Glycolytic capacity of the 143B cells was assessed using the
glycolytic rate assay. Extracellular acidification rate (ECAR) and glycolysis' Proton Efflux Rate (glycoPER) was measured using the Seahorse extracellular flux
analyzer. 143B cells were transfected with pEGFP empty vector, pGFP-MUL1 vector or pMUL1 C/A vector. B) Quantification of basal and compensatory glycolysis of
the transfected 143B cells. C) ATP production rate measured using the real-time ATP Rate Assay. Mitochondrial and glycolytic ATP production in the cells was
determined. D) Mitochondrial respiration was monitored using the Mitochondrial Stress Test kit. Basal respiration, maximal respiration, ATP production and spare
respiratory capacity were quantified. In B-D) results are presented as mean =+ S.D. of three independent experiments. *p < 0.05, **p < 0.001, ***p < 0.0001 and
*#*kp < 00001 vs pEGFP-transfected cells. E) ECAR and glycoPER, F) Quantification of basal and compensatory glycolysis, G) ATP production rate, H) mitochondrial
respiration of MUL1(+/+) Saos-2 cells and MUL1(—/—) Saos-2 cells. In F-H) results are presented as mean + S.D. of three independent experiments. *p < 0.05 and

**p < 0.001 vs MUL1(+/+).

therapeutic strategy aimed at metabolic reprogramming in metastatic
osteosarcoma. Nevertheless, important questions remain to be
addressed. The precise molecular mechanisms regulating MUL1 inacti-
vation and the potential involvement of other MUL1 targets in the
metastasis of osteosarcoma still need to be investigated: in this regard,
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the partial rescue of the phenotype caused by MUL1 inactivation by HIF-
la silencing suggests that other MUL1 substrates, that may act as on-
cogenes in osteosarcoma, appear to be involved in the increase of
glycolysis and proliferation caused by MUL1 loss. Moreover, while
MUL1 functions as a tumor suppressor in osteosarcoma, it may act as an
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Fig. 9. Rescue experiments with HIF-1a siRNA. A) Western Blot and B) densitometrical analysis normalized against f-Actin of the protein levels of HIF-1a in pEGFP,
pMUL1 and pMUL1 C/A 143B cells transfected with negative control siRNA (siNC) or siRNA directed against HIF1A (siHIF1A). C) Cellular proliferation measured
using the CCK8 kit. D) Quantification of Basal and Compensatory glycolysis of the transfected 143B cells, obtained by Seahorse Glycolytic Rate assay. In B-D) results
are presented as mean + S.D. of three independent experiments. *p < 0.05, **p < 0.001 and ***p < 0.0001 vs pEGFP-siNC transfected cells; “p < 0.05, **p < 0.001
and ###p < 0.0001 vs respective siNC-treated cells. E) Western Blot and F) densitometrical analysis normalized against $-Actin of the protein levels of HIF-1a in
MUL1(+/+) Saos-2 cells and MUL1(—/—) Saos-2 cells transfected with negative siNC or siHIF1A. G) Cellular proliferation measured using the CCK8 kit. H)
Quantification of basal and compensatory glycolysis of the transfected Saos-2 cells, obtained by Seahorse Glycolytic Rate assay. In F-H) results are presented as mean
+ S.D. of three independent experiments. *p < 0.05, **p < 0.001 and ***p < 0.0001 vs MUL1(+/+) siNC cells; *p < 0.05, **p < 0.001, and **#p < 0.0001 vs MUL1

(—/—) siNC cells.

oncogene in other cancers [22]. This context-dependent role likely re-
flects differential regulation and expression of its substrates, thus sug-
gesting that targeting multiple components of the MUL1-UBXN7-HIF-1a
pathway may be a more effective therapeutic approach.

In summary, we describe for the first time a tumor-suppressive role
for MUL1 in osteosarcoma. MUL1 induction reduces HIF-1a levels, re-
programs metabolism, and enhances apoptosis in aggressive osteosar-
coma cells. However, in vivo studies and an in-depth analysis of the
molecular mechanisms of MUL1 inactivation in aggressive osteosar-
coma, as well as studies focusing on the involvement of other MUL1
substrates, will be necessary in order to strengthen the role of MUL1 as a
therapeutic target in this type of cancer.
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