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ABSTRACT

Multiple components of the SUMOylation machinery are deregulated in various 

can-cers and could represent potential therapeutic targets. Understanding the 

role of SUMOylation in tumor progression and aggressiveness would increase 

our insight in the role of SUMO in cancer and clarify its potential as a therapeutic 

target. Here we investigate SUMO in relation to conven-tional chondrosarcomas, 

which are malignant cartilage forming tumors of the bone. Aggressive-ness of 

chondrosarcoma increases with increasing histological grade, and a multistep 

progres-sion model is assumed. High-grade chondrosarcomas have acquired 

an increased number of ge-netic alterations. Using immunohistochemistry on 

tissue microarrays (TMA) containing 137 chondrosarcomas, we showed that higher 

expression of SUMO1 and SUMO2/3 correlates with increased histological grade. In 

addition, high SUMO2/3 expression was associated with de-creased overall survival 

chances (p = 0. 0312) in chondrosarcoma patients as determined by log-rank analysis 

and Cox regression. Various chondrosarcoma cell lines (n = 7), especially those de-

rived from dedifferentiated chondrosarcoma, were sensitive to SUMO inhibition in 

vitro. Mecha-nistically, we found that SUMO E1 inhibition interferes with cell division 

and as a consequence DNA bridges are frequently formed between daughter cells. 

In conclusion, SUMO expression could potentially serve as a prognostic biomarker.

Keywords: SUMO; chondrosarcoma; cell cycle; ML792; survival
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INTRODUCTION

Post-translational modifications (PTMs) regulate virtually all cellular processes. PTMs 

include small chemical modifications, such as phosphorylation and modifications by 

small proteins belonging to the ubiquitin family, including SUMO (Small Ubiquitin-

like modifier) [1,2]. SUMO can be covalently attached to target proteins and alter their 

activity, localization, interactions with other proteins, and/or half-life. SUMOylation 

is the enzymatic cascade that enables conjugation of SUMO to a target protein via 

an activating enzyme (E1; SAE1/UBA2), a conjugating enzyme (E2; UBC9 also known 

as UBE2I) and a ligase (E3). SUMOylation is reversible; SUMOs can be removed from 

substrates by SUMO specific proteases (SENPs) (Figure 1A). Mammals express at 

least three different SUMO family members, SUMO1–3. SUMO2 is the most abundant 

SUMO family member and is essential for embryonic development [3]. SUMO is 

predominantly regulating nuclear processes, including protein trafficking [4], gene 

expression, genome stability [5,6], and cell cycle control. SUMO signaling has been 

implicated in cancer. Many different types of cancer show deregulation of one or 

more components of the SUMO machinery, which predominantly results in an 

increase in SUMOylation [7,8].

Mice deficient for the SUMO conjugating enzyme UBC9 die at the early post-

implantation stage due to major chromosome condensation and segregation defects 

[9]. Cell cycle progression defects were also observed in mutants of UBC9, SUMO 

E3 ligase GEI-17, and SUMO protease ULP-4, leading to severe defects, including 

embryonic arrest in C. elegans, potentially caused by chromosome segregation 

defects [10]. In addition, it was shown that SUMO specific proteases are also essential 

for proper cell cycle progression [11]. Knockdown of SUMO specific proteases SENP5 

or SENP6 caused inhibition of cell proliferation. Interestingly, SENP6 regulates 

kinetochore assembly and consequently proper chromosomal segregation [12–14]. 

Combined, these studies define major roles for the SUMOylation pathway in cell 

cycle progression.

Mechanistically, a number of SUMO targets have been identified as key substrates 

that mediate the roles of SUMOylation in the cell cycle [15]. FOXM1, essential for 

G2/M cell cycle phase transition and mitotic progression is a SUMO target and 

requires SUMOylation for full transcriptional activity [16]. Contrary to this activating 

role of SUMOylation on FOXM1, it was also proposed that SUMOylation of FOXM1 

can inhibit its activity via the anaphase promoting complex cyclosome with Cdh1 

as co-factor (APC/C-Cdh1) mediated ubiquitination and degradation, consequently 

2
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causing mitotic delay [17]. Another SUMO target involved in cell cycle progression is 

DNA Topoisomerase IIα (TopoIIα). TopoIIα is a major regulator of faithful chromosome 

segregation, through resolving entangled DNA and via controlling checkpoint 

activation during cell cycle progression. SUMOylation of TopoIIα is needed for proper 

decatenation of centromeric DNA. SUMOylated TopoIIα regulates the localization 

of the Chromosomal Passenger Complex (CPC) via recruiting Haspin at the mitotic 

centromeres. Localization of the CPC to the mitotic centromeres is crucial for error-

free chromosome segregation [18–20].

Furthermore, crosstalk of SUMO with other PTMs is important for progression through 

the cell cycle [21]. The regulation of the ubiquitin E3 ligase APC/C by SUMOylation 

is an intriguing example of crosstalk between SUMO and ubiquitin. SUMO can 

regulate the ubiquitination activity of the APC/C, which is critical for metaphase 

to anaphase transition during cell cycle progression [22,23]. SUMO modification of 

APC4 structurally alters the APC/C, reducing inhibition by the mitotic checkpoint 

complex [24].

These examples illustrate SUMOs roles in cell cycle progression and suggest 

potential for SUMOylation inhibition to block cancer cell proliferation.

Conventional chondrosarcomas are a group of malignant bone tumors in which the 

tumor cells form cartilage. Most chondrosarcomas are located in the medulla of 

the bone called central chondrosarcoma, a small subset of which arises secondary 

to benign enchondromas. Less often, chondrosarcomas arise at the surface 

of bone (peripheral chondrosarcoma) within the cartilaginous cap of benign 

osteochondromas [25]. Histological grading is used to predict biological behavior 

and outcome. Atypical cartilaginous tumor/chondrosarcoma grade I (ACT/CS1) has 

a 10-year survival of 88%, while grade II chondrosarcomas have a 10-year survival 

of 62%, and grade III chondrosarcomas have a 10-year survival of only 26% [26]. A 

subset of tumors (~10%) contains areas of dedifferentiation, which is associated 

with a very poor disease outcome. Thus, aggressiveness increases with increasing 

histological grade. A multistep progression model is assumed, in which tumors 

acquire an increased number of genetic alterations upon progression towards 

higher histological grade [27]. Isocitrate dehydrogenase (IDH1/2) mutations were 

found in 50% of central chondrosarcomas and are considered an early event [28–30]. 

IDH1/2 play a role in the Krebs cycle, and mutations lead to an accumulation of the 

oncometabolite D-2-hydroxyglutarate (D2-HG), which causes epigenetic changes 

and metabolic alterations [31,32]. In high-grade chondrosarcoma, the p53 and Rb 
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pathways are deregulated and complex genomic alterations are frequently found, 

which includes, amongst many others, amplification of MYC [33].

Here we aimed to understand the role of SUMOylation in tumor progression 

and aggressiveness. We employed chondrosarcoma as a model to investigate if 

SUMOylation contributes to its aggressiveness. A single specific SUMO E1 inhibitor 

was used to investigate the druggability of the SUMO pathway in this model [34].

MATERIAL & METHODS

Compound

ML792 [34] was obtained from Millennium Pharmaceuticals, Inc. (Cambridge, 

Massachusetts, USA), a wholly owned subsidiary of Takeda Pharmaceutical Company 

Limited (Tokio, Japan), and was dissolved in DMSO for in vitro usage.

Tissue Microarray (TMA) and Clinicopathological Data

Previously constructed tissue micro arrays (TMAs) containing 137 conventional 

chondrosarcomas (92 central of which 42 ACT/grade I, 36 grade II, 14 grade III, and 

45 peripheral including 31 ACT/grade I, 11 grade II, 3 grade III) [35] were stained for 

SUMO1 (4930P, Cell Signaling Technology, Leiden, The Netherlands) and SUMO2/3 

(2277 rabbit, Eurogentec, Seraing, Belgium) [36]). Details on the construction of the 

TMA and clinicopathological data for this patient series were reported previously [35]. 

A waiver of consent was obtained from the medical ethical evaluation committee 

(protocol number: B17.020 v2). All specimens in this study were handled according 

to the ethical guidelines described in ‘Code for Proper Secondary Use of Human 

Tissue in The Netherlands’ of the Dutch Federation of Medical Scientific Societies.

Immunohistochemistry

Immunohistochemistry was performed on the TMAs. TMAs were deparaffinized 

and rehydrated and endogenous peroxidase was blocked. Antigen retrieval was 

performed with citrate pH 6.0 and treated for 10 min in the microwave. Subsequently 

the slides were stained with anti-SUMO2/3 (2277 rabbit, Eurogentec, 1:16,000). Poly‐

HRP‐GAM/R IgG (DVPO110HRP, ImmunoLogic, Duiven, The Netherlands) was used 

as secondary antibody and liquid DAB+ substrate Chromogen System (K3468, 

DAKO; Carpinteria, USA) was used for visualization. Slides were counter stained with 

haematoxylin [37].

2
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Slides were scored independently by two pathologists (JVMGB and RO). The 

immunohistochemistry score was calculated as the sum of staining intensity (0–3, no 

staining—strong intensity) and percentage of positive tumor cells (0–4, 0–(75–100)%) 

as published previously [35]. Discrepancies in scoring were re-evaluated by both 

investigators together to reach consensus.

Analysis of Chondrosarcoma TMA Data Set

To conduct survival analysis, patient data from the TMA data set was dichotomized 

into high and low SUMO1 or SUMO2/3 expression groups, according to the 

immunohistochemistry scoring. The median was chosen as the cut-off. Differences in 

overall survival, disease related survival, metastasis-free survival, and recurrence-free 

survival were estimated using Kaplan–Meier curves and log-rank analysis using the 

Prism 6 GraphPad software version 9.0.1, San Diego, California, USA). Univariate and 

multivariate Cox regression analysis was used to investigate independent variable 

grading using IBM SPSS statistics 25. Grading was used as categorical variable. 

Analysis displayed hazard ratio (B) for SUMO expression, hazard ratio (B) for grading 

in which risk of ACT/CS1 and 2 was compared to grade 3, and SUMO expression 

hazard per grade. p-value significance corresponds to p < 0.05.

Analysis of Chondrosarcoma mRNA Expression Data Set

Survival analysis on the mRNA expression from chondrosarcoma tumor sample data 

set containing 102 patient samples from Nicolle et al. 2019 [38] were conducted in 

samples of which clinical outcome was reported (n = 90), containing 8 benign, 16 

dedifferentiated, 17 grade 1, 39 grade 2, and 17 grade 3 patient samples. mRNA gene 

expression for SUMO1, SUMO2, SAE1, UBA2, and UBE2I was dichotomized into high 

and low expression groups using the median of the data as cut-off. Differences in 

overall survival were calculated using Kaplan–Meier curves and log-rank analysis 

in Prism 6 GraphPad software. Univariate Cox regression analysis was used to 

investigate hazard for gene expression displayed as dichotomized data-set as used 

in the Kaplan–Meier analysis and gene expression as a continuous value calculating 

hazard according to increasing values per sample. IBM SPSS statistics 25 was used 

to conduct Cox regression analysis. p-value significance corresponds to p < 0.05.

Analysis of Soft Tissue Sarcoma Data from the TCGA Repository

The TCGA-SARC data set from The Cancer Genome Atlas (TCGA, National Cancer 

Institute, Bethesda, Maryland, USA) repository contains a heterogeneous group 

168916_Kroonen_BNW-def.indd   44168916_Kroonen_BNW-def.indd   44 28-09-2023   08:5028-09-2023   08:50



45

SUMOylation Is Associated with Aggressive Behavior in Chondrosarcoma of Bone

of soft tissue sarcoma samples (n = 259). Correlations between mRNA expression 

and survival were calculated using Cox proportional hazard regression and to draw 

Kaplan–Meier plots. Cut-offs were computed as best-cut offs out of the data set by 

the kmplot.com algorithm [39]. p-value significance corresponds to p < 0.05.

Cell Culture

A panel of chondrosarcoma cell lines was used, including CH2879 obtained from 

Professor A Llombart-Bosch (University of Valencia, Valencia, Spain) [29,40], SW1353 

obtained from ATCC [29], L2975 [29,41], JJ012 obtained from Dr. JA Block (Rush 

University Medical Centre, Chicago, IL, USA) [29,42], HT1080 [30,43], and NDCS1 

obtained from Dr. T Ariizumi (Niigata University Graduate School of Medical and 

Dental Sciences, Niigata, Japan) [29,44]. Cells were cultured in RPMI 1640 medium 

(Life Technologies) with 10% Fetal Bovine Serum (FBS, South America Origin, Biowest, 

Amsterdam, The Netherlands) and 5% Penicillin–Streptomycin (P/S, Life Technologies, 

Carlsbad, California, USA). CH3573 was obtained from Professor A Llombart Bosch 

(University of Valencia, Valencia, Spain) [45] and was cultured in RPMI 1640 medium 

with 20% FBS and 5% P/S. The hTERT RPE-1 (retina pigment epithelial) cell line was 

purchased from ATCC, VH10 cells (human foreskin fibroblasts) were a kind gift from 

AG Jochemsen (Leiden University Medical Center, Leiden, the Netherlands). Cells 

were cultured in a humidified incubator at 37 °C and 5% CO2. Mycoplasma tests were 

performed on a regular basis and cell identities were confirmed using STR profiling 

(GenePrint 10 System, Promega, Madison, WI, USA).

Cell Viability Assay

Chondrosarcoma cells were seeded in a 96-well plate (1500–5000/well). After 

overnight adherence, cells were treated with increasing concentrations (0, 50, 150, 

250, 500, 1000 nM) of ML792 for 72 h using DMSO as control. To correct for differences 

in doubling times of the different cell lines, three extra wells were seeded per cell 

line at day 0 and measured at the start of the treatment, correcting for the growth 

difference between seeding and start of treatment. [46] Presto blue viability reagent 

(A13261, Thermo Fisher Scientific; (Waltham, Massachusetts, USA) was added to 

the cells in a 1:10 dilution in culture medium, old medium was removed. After 60 

minutes of incubation at 37 °C and 5% CO2 fluorescence was measured using a plate 

reader (Victor X3, Perkin Elmer, Waltham, Massachusetts, USA) at 544/591 nm. All 

experiments were independently performed three times, using three technical 

2
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triplicates per sample. Cell count is assumed to be following a similar pattern and 

not differentially affected and was therefore not evaluated [47].

Colony Formation Assay

Cells were seeded at a low density (3000–6000 cells/well) in a 6-well plate. After 

overnight adherence, cells were treated once or on day 1, 4, 7, and 10 after seeding 

with the indicated concentrations (0, 50, 150, 250, 500, 1000 nM) of ML792 using 

DMSO as control. Colonies were grown for 10 to 14 days, medium was removed from 

the wells, and wells were washed with PBS. Cells were fixed with ice-cold methanol 

for 20 minutes at −20 °C and stained with crystal violet (0.05 mg/mL) for 30 minutes. 

Excess crystal violet was removed, plates were washed with water and left to dry 

overnight. Quantification of crystal violet staining was carried out by dissolving 

crystal violet retained by the colonies in methanol for 30 minutes. Absorbance of 

crystal violet was measured at 595 nm on a plate reader (Victor X3, Perkin Elmer).

Western Blot

Conjugation of SUMO2/3 (1:500, mouse monoclonal AB_2198421, University of Iowa, 

Iowa City, Iowa, USA) and ubiquitin (1:1000, mouse sc8017, Santa Cruz, Dallas, Texas, 

USA) and expression of UBA2 (1:1000, rabbit monoclonal, D15C11, Cell Signaling 

Technology), UBC9 (1:1000, mouse, 610748, BD Biosciences, San Jose, California, 

USA), c-MYC (1:1000, rabbit monoclonal, Y69, Abcam, Cambridge, Unicted Kingkom), 

and Ƴ-tubulin (1:1000, mouse monoclonal, clone GTU-88, T6557, Sigma, Saint Louis, 

Missouri, USA) were determined by immunoblotting of lysates from cells of our 

chondrosarcoma panel (see cell culture). Lysates were prepared using SNTBS buffer 

(2% SDS, 1% NP40, 50 mM Tris pH 7.5, 150 mM NaCl) and boiled at 100 °C for 10 minutes, 

before snap freezing. Proteins were separated on 4–12% Bolt™ Bis–Tris gradient gels 

(Thermo Fisher Scientific, Waltham, Massachusetts, USA). Proteins were transferred 

to Amersham Protran Premium nitrocellulose membranes (Sigma Aldrich). Ponceau 

S staining was performed to confirm equal loading of samples. Membranes were 

blocked in PBS-T (0.05% Tween, Merck Millipore, Burlington, Massachusetts, USA) 

containing 5% milk powder for 60 minutes. Primary antibodies were diluted in PBS-T 

(0.05% Tween) and incubated with the membrane at 4 °C overnight. Donkey anti-

rabbit IgG-HRP and goat anti-mouse IgG-HRP secondary antibodies were diluted 

1:2500 in PBS-T (0.05% Tween) containing 5% milk and detected using chemo 

luminescence with Pierce ECL Plus Western Blotting substrate (catalog number. 

32132, Thermo Fisher Scientific).
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Cell Cycle Analysis by Flow Cytometry

CH2879, JJ012, and NDCS1 cells were seeded in 10 cm dishes (0.5–1 × 106 cells/dish). 

Cells were allowed to adhere overnight. The following day cells were treated with 1 µM 

ML792 for 24 h. Cells were harvested and washed with ice cold PBS, next cells were 

fixed in 70% ethanol at −20 °C overnight. Cells were stained with propidium iodide 

in PBS/1% Bovine serum albumin (BSA)/0.05% Tween at 4 degrees Celsius overnight. 

Analysis was performed with BD LSRII in BD FACSDiva software (BD biosciences, San 

Jose, California, USA). Within each analysis we measured 10,000 events. Data were 

processed with FlowJow_V10.7.1, visualizing distribution of DNA content.

Microscopy

CH2879 cells (a-synchronous) were seeded on glass coverslips at 50,000 cells per 

well in a 6-well plate containing one glass coverslip. Following overnight adherence, 

cells were treated for 24 and 48 hours with 250, 500, and 1000 nM of ML792 or with 

a DMSO 0.1% control. Cells were fixed on the coverslips with 4% PFA for 20 minutes, 

followed by 5 PBS washes. Samples were permeabilized using 0.1% Triton for 15 minutes 

and washed two times with PBS and two times with PBS-T (0.05% Tween). Next 

samples were blocked using TNB buffer (0.1 M Tris-HCl, pH 7.5, 0.15 M NaCl, 0.5% (w/v) 

blocking reagent (PerkinElmer FP1020, Waltham, Massachusetts, USA ). Samples were 

dehydrated using 70, 90, and 100% ethanol followed by mounting of the slides with 

ProLong™ Gold Antifade Mountant (Fisher Scientific) with DAPI. Cells were imaged 

using an upright microscope DM6B (Leica Microsystems, Wetzlar Germany). Three 

replicates were performed for each condition; for each replicate 15 fields with 20 to 25 

cells per field on average were imaged. CH2879, NDCS1, and JJ012 cells were treated 

with DMSO or 1000 nM ML792 for 24 h, processed as described above, stained with 

Hoechst and imaged on SP8 confocal microscopy (Leica Microsystems).

Statistical Analysis

For the difference in IHC scores of TMAs upon SUMO expression and for the difference 

in mRNA expression, a p value was calculated using one-way ANOVA followed by 

Tukey’s multiple comparison using the Prism 6 GraphPad software.

Dose response curves and IC50 values were determined using Prism 6 GraphPad 

software (Figure 3BD). Differences between samples (Figure 3E) were calculated using 

two-tailed t-tests, also employing Prism 6 GraphPad software. Differences between 

protein expression levels of cell lines (Figure 4D) were calculated using one-way ANOVA 

followed by Tukey’s multiple comparison, using Prism 6 GraphPad software.

2
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RESULTS

High expression levels of SUMO1-3 correlate with aggressiveness in 

chondrosarcoma

In order to understand the relation between SUMO expression and tumor 

aggressiveness, the expression levels of different SUMO family members were 

evaluated in a series of primary tumor tissue of chondrosarcoma patients. Tissue 

microarrays (TMAs) were used containing 137 tumors of various histological grades 

and stained with antibodies against SUMO1 or SUMO2/3. Chondrosarcomas grade 2 

and 3 expressed significantly more SUMO compared to ACT/CS1 (SUMO1 expression: 

ACT/CS1 vs. grade 2 p = 0.0004, ACT/CS1 vs. grade 3 p < 0.0001, SUMO2/3 expression: 

ACT/CS1 vs. grade 2 p < 0.0001, ACT/CS1 vs. grade 3 p < 0.0001) (Figure 1B). SUMO1 and 

SUMO2/3 were similarly expressed within samples (Figure 1C). Furthermore, a similar 

difference in expression was shown for SUMOylation pathway components SAE1, 

UBA2, and UBC9 between low and high grade chondrosarcoma, upon analyzing 

mRNA expression data published in Nicolle et al. 2019 [38] (Figure S2A). Expression in 

the aggressive subset of dedifferentiated chondrosarcoma was separately visualized 

and showed also increased expression of SUMOylation pathway components 

comparable to grade 2 and 3 chondrosarcoma. We conclude that SUMO expression 

levels correlate with increasing histological grade of chondrosarcoma and thus 

aggressiveness.

High SUMO Expression Correlates with Poorer Survival

The chondrosarcoma TMAs in combination with clinical outcome data were used 

to investigate the relation between SUMO expression and disease outcome in 

chondrosarcoma patients (Figure 1D, S1). Increased SUMO2/3 expression levels 

significantly decreased overall survival chances (log-rank p = 0.0312, Cox regression 

0.026), a similar trend is shown for SUMO1. Furthermore, a similar pattern is shown 

for risk of death of disease, metastases and recurrence. (Figure 1D, Table 1). Analyzing 

different tumor subsets, central chondrosarcoma and peripheral chondrosarcoma, 

separately showed that high SUMO2/3 expression significantly decreased overall 

survival in peripheral chondrosarcoma (p = 0.0298) (Figure S1). To investigate 

correlation of SUMO expression with grading and clinical outcome, we performed 

a multivariable Cox regression analysis. SUMO expression decreased risk within 

the grade subsets for patients dying of the disease and recurrence of the disease 

significantly (Table 1).
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Figure 1. SUMO expression levels correlate with increasing histological grade of chondrosarcoma 
tumors and, thus, tumor aggressiveness, and poorer disease outcome. (A) Cartoon of the SUMOy-
lation cycle. The SUMO precursor proteins are cleaved by SENPs to produce mature SUMO proteins. 
Subsequent SUMOylation of a target occurs via an enzymatic cascade involving an E1 (activating), 
E2 (conjugating), and E3 (ligase) enzyme. (B) Expression levels of SUMO1 and SUMO2/3 in chondro-
sarcoma primary tumors; atypical cartilage tumor/chondrosarcoma grade 1 (ACT/CS1) and grade 2 
and grade 3 (high grade). Scale bars represent 50 µm. Dot-plots represent IHC scoring for SUMO1 
and SUMO2/3 on tissue microarrays presented as mean with standard deviation. ***: p < 0.001, ****: p 
< 0.0001. Each dot represents the average of three cores per tumor. p values were calculated using 
one-way ANOVA followed by Tukey’s multiple comparison. (C) The correlation between SUMO1 and 
SUMO2/3 levels is shown for every tumor sample separately. Correlation calculation of SUMO1 vs. 
SUMO2/3 results in an R of 0.8584 and p < 0.0001. (D) Survival curves showing overall survival, death 
of disease, metastasis free survival and recurrence free survival, displaying high expression of SUMO1  
or SUMO2/3 versus low expression of SUMO1 or SUMO2/3. SUMO expression was determined based

2
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Figure 1. (continued)
on the scores of the TMAs from B. Log-rank (Wilson–Cox) analysis was used to calculate significance. 
*: p < 0.05 Cox regression analysis for the survival data shown in D is depicted in Table 1.

Table 1. Univariate* and multivariate# Cox regression analysis results of variates influencing survival.

Clinical Association Variable	 Hazard Ratio 
(B)

CI	(95%)
(exp(B))

p Value

10-year survival

SUMO1 expression * 0.312 0.614-0.3042 0.444

ACT/CS1 (compared to grade 3) # -2.488 0.026-0.267 0.000

Grade 2 (compared to grade 3) # -1.198 0.122-0.744 0.009

SUMO2/3exp (grade dependent) # -0.538 0.245-0.1392 0.225

SUMO2/3 expression * 0.95 1.117-5.979 0.026

ACT/CS1 (compared to grade 3) # -2.692 0.014-0.338 0.001

Grade 2 (compared to grade 3) # -1.155 0.109-0.914 0.034

SUMO1exp (grade dependent) # -0.262 0.254-2.331 0.644

10-year survival (death of disease)

SUMO1 expression * 0.527 0.517-5.552 0.384

ACT/CS1 (compared to grade 3) # -3.773 0.003-0.205 0.001

Grade 2 (compared to grade 3) # -2.047 0.032-0.517 0.004

SUMO2/3exp (grade dependent) # -0.685 0.144-1.766 0.284

SUMO2/3 expression * 0.892 0.687-8.654 0.168

ACT/CS1 (compared to grade 3) # -15.087 0.00-8.075E136 0.929

Grade 2 (compared to grade 3) # -3.075 0.007-0.319 0.002

SUMO1exp (grade dependent) # -1.933 0.23-0.896 0.038

Metastasis-free survival (10-year)

SUMO1 expression * 0.523 0.515-5.528 0.388

ACT/CS1 (compared to grade 3) # 10.145 0.00–1.112E+120 0.940

Grade 2 (compared to grade 3) # 10.991 0.00 – 2.586E+120 0.936

SUMO2/3exp (grade dependent) # 0.407 0.398-5.676 0.548

SUMO2/3 expression * 0.606 0.590-5.694 0.295

ACT/CS1 (compared to grade 3) # -3.941 0.002-0.186 0.001

Grade 2 (compared to grade 3) # -2.064 0.033-0.492 0.003

SUMO1exp (grade dependent) # -0.894 0.112-1.491 0.175

Recurrence-free survival (10 year)

SUMO1 expression * 0.171 0.552-2.553 0.661

ACT/CS1 (compared to grade 3) # -3.063 0.16-0.140 0.000

Grade 2 (compared to grade 3) # -1.623 0.083-0.468 0.000

SUMO2/3exp (grade dependent) # -0.897 0.177-0.950 0.038

SUMO2/3 expression * -0.026 0.434-2.037 0.875

ACT/CS1 (compared to grade 3) # -3.076 0.015-0.146 0.000

Grade 2 (compared to grade 3) # -1.53 0.092-0.511 0.000

SUMO1exp (grade dependent) # -1.015 0.157-0.939 0.018
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Our results stimulated us to investigate another set of chondrosarcoma samples 

published by Nicolle et al. 2019 [38]. This data set contains mRNA expression analysis 

of chondrosarcoma tumor samples (n = 102), and provides information on tumor 

histology and clinical outcome for 90 patients. We found a significant risk for poorer 

disease outcome with over expression of SUMO2 (log-rank p = 0.0569, Cox regression 

p = 0.003), both SUMO E1 enzyme subunits (SAE1 log-rank p = 0.0025, Cox regression 

p = 0.000, UBA2 log-rank p = 0.0002, Cox regression p = 0.002) and SUMO E2 enzyme 

(log-rank p = 0.0073, Cox regression 0.000) (Figure S2B and Table S1). A similar 

pattern of results was found upon analyzing a heterogeneous soft tissue sarcoma 

RNAseq and survival data set (n = 259) from the TCGA repository. A significant risk for 

poorer disease outcome was linked to overexpression of SUMO2, SUMO3 and both 

SUMO E1 subunits (Figure S3). We conclude that increased levels of SUMO pathway 

components are associated with poorer disease outcome in chondrosarcoma 

patients and can potentially be extended to more sarcoma subtypes.

SUMO E1 Inhibition Decreases SUMO-Conjugation in Chondrosarcoma Cell Lines

Subsequently, we investigated whether SUMOylation is important for the 

proliferation of chondrosarcoma cells in vitro. For this purpose, we employed the 

SUMO E1 inhibitor ML792 [34] (Figure 2A). ML792 forms a covalent adduct with SUMO 

via its C-terminus. The SUMO-ML792 adduct directly binds to and blocks the SUMO 

E1 enzyme to prevent SUMO conjugation [48]. We verified that ML792 inhibits SUMO 

conjugation in a dose-dependent manner in three different chondrosarcoma cell 

lines, CH2879, JJ012, and NDCS1 (Figure 2B,C). ML792 did not affect the related post-

translational modification ubiquitination, demonstrating its specificity.

SUMO E1 Inhibition Reduces Cell Proliferation and Viability In Vitro

Next, we tested whether SUMO E1 inhibition blocked chondrosarcoma cell 

proliferation. For this purpose, we conducted colony formation assays. Cells were 

seeded at low density and treated with SUMO E1 inhibitor or DMSO to verify the 

effect of SUMO inhibition on cell proliferation. Inhibition of the SUMO E1 enzyme 

by ML792 led to a decrease in colony formation in all three tested chondrosarcoma 

cell lines, in a dose-dependent manner (Figure 3A). ML792 repetitive treatment was 

shown to be more effective over single treatment. Using the PrestoBlue cell viability 

assay, we confirmed that chondrosarcoma cell viability was affected by ML792, in a 

dose dependent manner, in a panel of several chondrosarcoma cell lines (n = 7). The 

NDCS1 cell line (derived from a dedifferentiated chondrosarcoma, IDH wild type) 

2
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Figure 2. The SUMO E1 inhibitor ML792 blocks SUMO conjugation. (A) Cartoon of the function of the 
SUMO E1 inhibitor ML792. (B) Western blot analysis of SUMO2/3 and ubiquitin levels of the chondro-
sarcoma cell lines CH2879, JJ012, and NDCS1 treated with the indicated concentrations of the SUMO 
E1 inhibitor ML792 for 4h compared to solvent control (DMSO 0.1%). Ponceau S staining was used as 
loading control. (C) Quantitative analysis of SUMO2/3 and ubiquitin conjugation of the corresponding 
western blots shown in B. Data represent mean with standard deviation (n = 3).
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was most sensitive to SUMO inhibition with an IC50 of 9.4 nM ML792 and the CH2879 

cell line (grade 3 chondrosarcoma, IDH wild type) was the least sensitive, IC50 283 

nM ML792 (Figure 3B,D). In addition, we found that non-malignant cells were less 

sensitive to ML792 treatment. RPE-1 cells had an IC50 of 377.5 nM ML792 and VH10 

cells had an IC50 >1µM ML792 (Figure S4A). We conclude that SUMO E1 inhibition 

decreased chondrosarcoma cell proliferation and cell viability in a dose- and cell line 

dependent manner. Concerning subtype and mutational status of the cell lines in 

our panel, cell lines originating from dedifferentiated chondrosarcoma were most 

sensitive towards SUMO E1 inhibition (Figure 3B,D), IC50 values of dedifferentiated 

chondrosarcoma were significantly (p = 0.0221) lower compared to grade 2 or 3 

chondrosarcoma cell lines (Figure 3E). No relation between sensitivity and IDH 

mutation or p53 mutation status was found (Figure S4B).

High expression of c-MYC in B-cell lymphoma was previously shown to correlate with 

sensitivity towards SUMO E1 inhibition [49]; therefore, we studied c-MYC expression 

in our panel of chondrosarcoma cell lines. NDCS1 and CH3573 expressed significantly 

higher c-MYC levels compared to CH2879, SW1353, JJ012, and HT1080 (Figure 3C, 

S4C, S5). The NDCS1 cell line is most sensitive towards ML792 and the CH3573 cell 

line is among the least sensitive cell lines in our panel, indicating a lack of correlation 

between c-MYC levels and sensitivity towards SUMO E1 inhibition in chondrosarcoma. 

Expression levels of UBC9 and UBA2 were similar between the cell lines in our panel, 

whereas SUMO conjugation is consistently high in two of the most sensitive cell lines, 

NDCS1 and L2975, indicating that SUMO conjugation levels could potentially be used 

as biomarker to predict ML792 sensitivity.

To investigate the effect of ML792 on cell proliferation in more detail, we performed 

DNA content analysis using flow cytometry. NDCS1 and JJ012 cells showed a striking 

increase in the G2/M pool of cells after 24 hours of ML792 treatment and a little 

increase in the G2/M pool upon ML792 treatment was noted for CH2879 (Figure 

4A,B). Furthermore, an increase was also shown for cells with a more than 4N DNA 

content. Subsequently, microscopy analysis revealed that chromosome bridges 

between daughter cells and micronuclei were formed upon SUMO E1 inhibition in 

CH2879, NDCS1, and JJ-012 cells (Figure 4C). Increasing concentrations of ML792 

correlated with an increase in chromosome bridges and micronuclei in CH2879 cells 

over 24- and 48-hour periods (Figure 4D,E). Our results shown here are consistent 

with results obtained with ML792 in other types of tumor cell lines [34].

2
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Figure 3. Inhibition of SUMO E1 via ML792 results in decreased proliferative capacity and cell viabil-
ity. (A) Two-dimensional (2D) colony-formation assay (crystal violet). CH2879, JJ012, and NDCS1 cells 
were treated with ML792 cells using single treatment or repetitive treatment on day 1, 4, 7, and 10 
after seeding. Colony-formation was quantified via measuring crystal violet staining. Data represent 
mean with standard deviation (n = 3). (B) Viability assay using PrestoBlue. Chondrosarcoma cell lines 
were treated with ML792 and incubated for 3 days. Relative cell viability is represented as mean with 
standard deviation (n = 3). (C) Expression levels of c-MYC, UBA2, UBC9 and conjugation of SUMO2/3 
in lysates of untreated chondrosarcoma cell lines from Figure 3C. Ƴ-tubulin was used as loading con-
trol. Single representative images are shown (n = 3). Whole blots including intensity readings can be 
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Figure 3. (continued)
found in Figure S5 (D) Table displaying specifics of the cell lines from B including IC50 (nM) values. 
(E) Boxplots to compare IC50 values of dedifferentiated (n = 3) and grade 2/3 (n = 4) chondrosarcoma 
cell lines. Significance was calculated with a two-tailed t-test *: p < 0.05.

DISCUSSION

We investigated the contribution of SUMO expression to tumor progression, 

aggressiveness, and relation to clinical outcome in chondrosarcomas. We 

demonstrated increased expression of SUMO1 and SUMO2/3 in high-grade 

chondrosarcomas, associating SUMO expression with tumor progression and 

increased aggressiveness. Subsequently, we showed that high SUMO2/3 expression 

correlates with poorer survival. In addition, using an mRNA expression dataset 

containing chondrosarcoma tissue samples and the TCGA mRNA expression data 

set containing a heterogeneous set of soft tissue sarcomas, focusing on SUMOylation 

cascade components, showed comparable results, correlating high SUMO2/3 protein 

and high SUMO E1 and high E2 enzyme expression to poorer disease outcome. 

Strikingly SUMO1 expression did not correlate with poorer disease outcome in all 

datasets. Combined, the data show that high SUMO cascade components potentially 

predict poorer disease outcome in chondrosarcoma patients and even in a more 

diverse set of sarcoma patients, indicating that SUMO pathway expression levels 

may serve as a prognostic biomarker.

In vitro, a panel of chondrosarcoma cell lines were found to be sensitive to the SUMO 

E1 inhibitor ML792 and dedifferentiated chondrosarcoma cell lines were particularly 

sensitive to loss of SUMO conjugation. Increasing the number of cell lines of the 

panel would strengthen this claim in future research. SUMO E1 inhibition resulted 

in an increase in G2/M cells and > 4N cells, frequent occurrence of chromosome 

bridges between daughter cells, and a reduction in chondrosarcoma cell viability 

and reduced colony formation [23,34,50]. The block in chondrosarcoma cell 

proliferation and increase of G2/M cells and > 4N cells in response to SUMO E1 

inhibition that we observed in vitro can potentially be explained by the formation 

of DNA bridges between daughter cells. The formation of these bridges is expected 

to result in damaged DNA and will ultimately prevent cell cycle progression. Critical 

roles for SUMO to maintain chromosome integrity have previously been found [51]. 

Interestingly, SUMOylation of TopoII is needed for proper centromeric cohesion. In 

yeast, SMT3/SUMO protease SMT4 prevents precocious sister chromatid separation 

2
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Figure 4. SUMO E1 inhibition leads to G2/M arrest and chromosome bridge formation. (A) Cell cycle 
analysis by flow cytometry of chondrosarcoma cell lines treated with ML792 for 24 h. Western blot  
analysis confirmed the inhibition of SUMO conjugation by the SUMO E1 inhibitor ML792. (B) Data 
representation of A in bar-graphs indicating G1, S, and G2/M pool of the cell lines for 0 or 24 hours of 
treatment as mean with standard deviation (n = 3). (C) Immunofluorescence images of a-synchronous 
CH2879, NDCS1, and JJ012 cells treated with ML792 for 24 h. Cells were stained with Hoechst  to visu-
alize DNA. Green arrows indicate the location of chromosome bridges. Insert: magnification of a chro-
mosome bridge. Scale bars represent 10 µm. (D) Quantification of chromosome bridges in CH2879 
cells upon treatment with the indicated concentration of the SUMO E1 inhibitor (ML792) for24 and 48 h.
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Figure 4. (continued)
For each replicate 15 images (approximately 200 cells total) per condition were analyzed. Data rep-
resent mean with standard deviation (n = 3). (E) Quantification of micronuclei present in CH2879 
cells upon treatment with the indicated concentration of the SUMO E1 inhibitor (ML792) for 24 and 
48 h. For each replicate 15 images (approximately 200 cells total) per condition were analyzed. Data 
represents mean with standard deviation (n = 3).

via deSUMOylating TopoII and Pds5P. DeSUMOylation of TopoII and Pds5P is needed 

to prevent precocious sister chromatid separation [52,53]. As mentioned in the 

introduction, TopoIIα needs to be SUMOylated to recruit the CPC to the centromere 

and facilitate proper decatenation of the sister chromatids and start chromosome 

segregation [18–20]. Thus, correct timing of TopoII and Pds5P SUMOylation as well as 

deSUMOylation might be required for proper mitosis. DNA bridges observed upon 

SUMO E1 inhibition could be the result of decreased SUMO conjugation of TopoII and 

Pds5P resulting in decatenation defects.

In addition, two SUMO E3 ligases, RanBP2 and MMS21, are linked to chromosome 

resolution [54,55]. Mutant mice with low levels of RanBP2 and knockdown of MMS21 

show delayed cell cycle progression and aneuploidy. RanBP2 is responsible for the 

SUMOylation of TopoIIα, which is critical for centromeric cohesion as described above. 

Consequently, insufficient SUMOylation of TopoIIα via RanBP2 results in impaired 

chromosome segregation [54]. MMS21 dependent SUMOylation is suggested to be 

important for chromosome cohesion [56] and knockdown of MMS21 results in broken 

chromosomes [55]. Overall, decreased SUMO conjugation, by SUMO E1 inhibition or 

due to low SUMO E3 ligase activity, or increased SUMOylation due to the absence of 

a SUMO protease, leads to defects in cohesion and decatenation of sister chromatids. 

If sister chromatids are still connected and the cell continues through mitosis, this 

can result in DNA bridges between daughter cells as shown in our experiments.

Furthermore, we showed that dedifferentiated chondrosarcoma cell lines were 

particularly sensitive for SUMO E1 inhibition and tumor samples from dedifferentiated 

chondrosarcoma show increased expression of the SUMOylation cascade enzymes. 

As mentioned previously, metastatic and inoperable chondrosarcoma is difficult 

to treat since they are highly resistant towards conventional chemotherapy and 

radiotherapy. Dedifferentiated chondrosarcoma is the most aggressive subtype 

with approximately 18% overall survival rate after 5 years [57–59]. Several potential 

therapeutic targets in dedifferentiated chondrosarcoma have been identified, 

including IDH1/2 mutations in approximately half of the cases [60]. IDH1/2 mutations 

lead to an accumulation of the oncometabolite D-2-hydroxyglutarate (D2-HG) [31,32]. 

2
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Targeting glutaminolysis, which generates α-ketoglutarate as part of the Krebs 

cycle, and the precursor for D-2-HG is an interesting therapeutic route [61]. One 

more target in the metabolic process recently explored in chondrosarcoma therapy 

is m-TOR, showing in vitro and in vivo efficacy of m-TOR inhibition [62,63]. m-TOR 

inhibition is currently in a phase II clinical trial for conventional, mesenchymal, and 

dedifferentiated chondrosarcomas (NCT02821507).

Another therapeutic approach could be to reactivate apoptotic pathways via 

inhibiting anti-apoptotic proteins Bcl-2 and Bcl-xL, which supposedly play an 

important role in chondrosarcoma chemoresistance, because inhibition of anti-

apoptotic proteins increased sensitivity towards cisplatin and doxorubicin [64]. 

Inhibition of one single target may not be sufficient as resistance mechanisms may 

develop, and multi-target/combination therapy is needed [65]. Therefore, it would be 

of interest to investigate potential combination treatments that include SUMOylation 

inhibition as potential novel therapeutic strategies for chondrosarcoma. Furthermore, 

our results suggest that the dedifferentiated subtype may be particularly sensitive 

to the SUMO E1 inhibitor.

Several studies have shown that intervening with the SUMOylation pathway in 

different types of cancer leads to a decrease in cancer cell growth [50,66,67]. In 

addition to ML792, other small molecule SUMO E1 inhibitors COH000, ML93, and 

TAK981, an analogue of ML792, have shown to inhibit tumor growth in vitro and in 

vivo [68–70]. TAK981 has entered clinical trials in combination with pembrolizumab 

for metastatic solid tumors and in combination with rituximab for non-Hodgkin’s 

lymphoma (NCT03648372, NCT04074330, and NCT04381650). Broadening our 

perspective to other ubiquitin pathway inhibitors shows that the Neddylation E1 

inhibitor MLN4924 (Pevonedistat) is already in phase III clinical trials (NCT03268954, 

NCT04090736) and results have been published for phase I clinical studies [71,72]. 

In addition, inhibitors for the ubiquitin E1 enzyme also show promising anti-tumor 

effects in preclinical models [73]. Together these inhibitors highlight the increasing 

therapeutic potential to target tumors via blocking ubiquitin and ubiquitin-like post 

translational modifications.
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CONCLUSIONS

We found that SUMO2/3 expression correlates with high histological grade in 

chondrosarcoma and predicts poor clinical outcome. Therefore, SUMO2/3 expression 

could potentially serve as a biomarker for disease outcome. Since dedifferentiated 

chondrosarcoma cell lines are particularly sensitive towards SUMO E1 inhibition in 

vitro, future research could address if this highly aggressive chondrosarcoma subtype 

can be treated with SUMO E1 inhibitors in vivo. Furthermore, novel therapeutic 

combination strategies could be explored. From our work, we conclude that 

SUMO2/3 expression could potentially serve as a prognostic biomarker. It remains 

to be investigated if SUMO2/3 expression can also be used as a predictive biomarker 

for SUMO E1 inhibitor treatment.

Institutional Review Board Statement: Ethical review and approval were waived for this 

study; a waiver of consent was obtained from the medical ethical evaluation committee 

(protocol number: B17.020 v2). All specimens in this study were handled according to 

the ethical guidelines described in ‘Code for Proper Secondary Use of Human Tissue in 

The Netherlands’ of the Dutch Federation of Medical Scientific Societies.

Informed Consent Statement: Patient consent was waived according to ‘Code for 

Proper Secondary Use of Human Tissue in The Netherlands’

Acknowledgments: We are grateful to Millennium Pharmaceuticals, Inc., a wholly 

owned subsidiary of Takeda Pharmaceutical Company Limited for providing the 

SUMO E1 inhibitor ML792. We are grateful to Dr. J.A. Block (Rush University Medical 

Centre, Chicago, IL, USA), who provided us with the JJ012 cell line and Professor A. 

Llombart Bosch (University of Valencia, Spain) for the CH2879 and CH3573 cell lines. 

We would like to thank Dr. T. Ariizumi (Niigata University Graduate School of Medical 

and Dental Sciences, Niigata, Japan) for the cell line NDCS-1. We thank Mrs. J. van 

Oosterwijk and Mrs. D. van der Geest for construction of tissue microarrays, and Mrs. 

Y. de Jong for analysis of the immunohistochemistry scores. We thank Mr. H. Baelde 

for technical support. We are thankful to Dr. Tsonaka for the help and support with 

the statistics. We thank Dr. R. Slieker for his help in extracting the mRNA expression 

data from the database. We are thankful to Dr. A.G. Jochemsen for providing the 

VH10 cell line. We are very thankful to M. Verlaan for the help with experiments for 

the revision of the manuscript.

2

168916_Kroonen_BNW-def.indd   59168916_Kroonen_BNW-def.indd   59 28-09-2023   08:5028-09-2023   08:50



60

Chapter 2

REFERENCES

1.	 Cappadocia, L.; Lima, C.D. Ubiquitin-like Pro-
tein Conjugation: Structures, Chemistry, and 
Mechanism. Chem. Rev. 2018, 118, 889–918, 
doi:10.1021/acs.chemrev.6b00737.

2.	 Flotho, A.; Melchior, F. Sumoylation: A regu-
latory protein modification in health and dis-
ease. Annu. Rev. Biochem. 2013, 82, 357–385, 
doi:10.1146/annurev-biochem-061909-093311.

3.	 Wang, L.; Wansleeben, C.; Zhao, S.; Miao, P.; 
Paschen, W.; Yang, W. SUMO2 is essential 
while SUMO3 is dispensable for mouse em-
bryonic development. EMBO Rep. 2014, 15, 
878–885, doi:10.15252/embr.201438534.

4.	 Melchior, F.; Schergaut, M.; Pichler, A. SUMO: 
Ligases, isopeptidases and nuclear pores. 
Trends Biochem. Sci. 2003, 28, 612–618, 
doi:10.1016/j.tibs.2003.09.002.

5.	 Muller, S.; Ledl, A.; Schmidt, D. SUMO: A 
regulator of gene expression and genome 
integrity. Oncogene 2004, 23, 1998–2008, 
doi:10.1038/sj.onc.1207415.

6.	 Jackson, S.P.; Durocher, D. Regulation of DNA 
damage responses by ubiquitin and SUMO. 
Mol. Cell 2013, 49, 795–807, doi:10.1016/j.
molcel.2013.01.017.

7.	 Eifler, K.; Vertegaal, A.C.O. SUMOylation-Me-
diated Regulation of Cell Cycle Progression 
and Cancer. Trends Biochem. Sci. 2015, 40, 
779–793, doi:10.1016/j.tibs.2015.09.006.

8.	 Seeler, J.S.; Dejean, A. SUMO and the ro-
bustness of cancer. Nat. Rev. Cancer 2017, 
17, 184–197, doi:10.1038/nrc.2016.143.

9.	 Nacerddine, K.; Lehembre, F.; Bhaumik, M.; 
Artus, J.; Cohen-Tannoudji, M.; Babinet, C.; 
Pandolfi, P.P.; Dejean, A. The SUMO pathway 
is essential for nuclear integrity and chromo-
some segregation in mice. Dev. Cell 2005, 9, 
769–779, doi:10.1016/j.devcel.2005.10.007.

10.	 Pelisch, F.; Sonneville, R.; Pourkarimi, E.; 
Agostinho, A.; Blow, J.J.; Gartner, A.; Hay, R.T. 
Dynamic SUMO modification regulates mi-
totic chromosome assembly and cell cycle 
progression in Caenorhabditis elegans. 
Nat. Commun. 2014, 5, 5485, doi:10.1038/
ncomms6485.

11.	 Li, S.J.; Hochstrasser, M. A new protease re-
quired for cell-cycle progression in yeast. 
Nature 1999, 398, 246–251, doi:10.1038/18457.

12.	 Mukhopadhyay, D.; Arnaoutov, A.; Dasso, M. 
The SUMO protease SENP6 is essential for 
inner kinetochore assembly. J. Cell Biol. 2010, 
188, 681–6692, doi:10.1083/jcb.200909008.

13.	 Di Bacco, A.; Ouyang, J.; Lee, H.Y.; Catic, A.; 
Ploegh, H.; Gill, G. The SUMO-specific prote-
ase SENP5 is required for cell division. Mol. 
Cell. Biol. 2006, 26, 4489–4498, doi:10.1128/
mcb.02301-05.

14.	 Liebelt, F.; Jansen, N.S.; Kumar, S.; Gracheva, 
E.; Claessens, L.A.; Verlaan-de Vries, M.; Wil-
lemstein, E.; Vertegaal, A.C.O. The poly-SU-
MO2/3 protease SENP6 enables assembly 
of the constitutive centromere-associated 
network by group deSUMOylation. Nat. 
Commun. 2019, 10, 3987, doi:10.1038/s41467-
019-11773-x.

15.	 Hendriks, I.A.; Vertegaal, A.C. A compre-
hensive compilation of SUMO proteomics. 
Nat. Rev. Mol. Cell Biol. 2016, 17, 581–595, 
doi:10.1038/nrm.2016.81.

16.	 Schimmel, J.; Eifler, K.; Sigurethsson, J.O.; 
Cuijpers, S.A.; Hendriks, I.A.; Verlaan-de Vries, 
M.; Kelstrup, C.D.; Francavilla, C.; Medema, 
R.H.; Olsen, J.V.; et al. Uncovering SUMOy-
lation dynamics during cell-cycle progres-
sion reveals FoxM1 as a key mitotic SUMO 
target protein. Mol. Cell 2014, 53, 1053–1066, 
doi:10.1016/j.molcel.2014.02.001.

17.	 Myatt, S.S.; Kongsema, M.; Man, C.W.Y.; Kelly, 
D.J.; Gomes, A.R.; Khongkow, P.; Karunarath-
na, U.; Zona, S.; Langer, J.K.; Dunsby, C.W.; et 
al. SUMOylation inhibits FOXM1 activity and 
delays mitotic transition. Oncogene 2014, 33, 
4316–4326, doi:10.1038/onc.2013.546.

18.	 Agostinho, M.; Santos, V.; Ferreira, F.; Costa, 
R.; Cardoso, J.; Pinheiro, I.; Rino, J.; Jaffray, E.; 
Hay, R.T.; Ferreira, J. Conjugation of human 
topoisomerase 2 alpha with small ubiq-
uitin-like modifiers 2/3 in response to to-
poisomerase inhibitors: Cell cycle stage and 
chromosome domain specificity. Cancer 
Res. 2008, 68, 2409–2418, doi:10.1158/0008-
5472.Can-07-2092.

168916_Kroonen_BNW-def.indd   60168916_Kroonen_BNW-def.indd   60 28-09-2023   08:5028-09-2023   08:50



61

SUMOylation Is Associated with Aggressive Behavior in Chondrosarcoma of Bone

19.	 Azuma, Y.; Arnaoutov, A.; Dasso, M. SUMO-
2/3 regulates topoisomerase II in mitosis. J. 
Cell Biol. 2003, 163, 477–4487, doi:10.1083/
jcb.200304088.

20.	 Yoshida, M.M.; Ting, L.; Gygi, S.P.; Azuma, Y. 
SUMOylation of DNA topoisomerase IIalpha 
regulates histone H3 kinase Haspin and H3 
phosphorylation in mitosis. J. Cell Biol. 2016, 
213, 665–678, doi:10.1083/jcb.201511079.

21.	 Cuijpers, S.A.G.; Vertegaal, A.C.O. Guiding 
Mitotic Progression by Crosstalk between 
Post-translational Modifications. Trends 
Biochem. Sci. 2018, 43, 251–268, doi:10.1016/j.
tibs.2018.02.004.

22.	 Lee, C.C.; Li, B.; Yu, H.; Matunis, M.J. Sumoy-
lation promotes optimal APC/C Activation 
and Timely Anaphase. eLife 2018, 7, e29539, 
doi:10.7554/eLife.29539.

23.	 Eifler, K.; Cuijpers, S.A.G.; Willemstein, E.; 
Raaijmakers, J.A.; El Atmioui, D.; Ovaa, H.; 
Medema, R.H.; Vertegaal, A.C.O. SUMO tar-
gets the APC/C to regulate transition from 
metaphase to anaphase. Nat. Commun. 
2018, 9, 1119, doi:10.1038/s41467-018-03486-4.

24.	 Yatskevich, S.; Kroonen, J.S.; Alfieri, C.; 
Tischer, T.; Howes, A.C.; Clijsters, L.; Yang, J.; 
Zhang, Z.; Yan, K.; Vertegaal, A.C.O.; et al. Mo-
lecular mechanisms of APC/C release from 
spindle assembly checkpoint inhibition 
by APC/C SUMOylation. Cell Rep. 2021, 34, 
doi:10.1016/j.celrep.2021.108929.

25.	 WCoTE, B. Soft Tissue and Bone Tumours: 
WHO Classification of Tumours; IARC: Lyon, 
France, 2020; Volume 3.

26.	 van Praag, V.M.; Rueten-Budde, A.J.; Ho, V.; 
Dijkstra, P.D.S.; van der Geest, I.C.; Bramer, 
J.A.; Schaap, G.R.; Jutte, P.C.; Schreuder, 
H.W.B.; Ploegmakers, J.J.W.; et al. Incidence, 
outcomes and prognostic factors during 
25 years of treatment of chondrosarcomas. 
Surg. Oncol. 2018, 27, 402–408, doi:10.1016/j.
suronc.2018.05.009.

27.	 Bovee, J.V.; Hogendoorn, P.C.; Wunder, J.S.; 
Alman, B.A. Cartilage tumours and bone 
development: Molecular pathology and pos-
sible therapeutic targets. Nat. Rev. Cancer 
2010, 10, 481–488, doi:10.1038/nrc2869.

28.	 Amary, M.F.; Bacsi, K.; Maggiani, F.; Damato, 
S.; Halai, D.; Berisha, F.; Pollock, R.; O’Donnell, 
P.; Grigoriadis, A.; Diss, T.; et al. IDH1 and IDH2 
mutations are frequent events in central 
chondrosarcoma and central and periosteal 
chondromas but not in other mesenchy-
mal tumours. J. Pathol. 2011, 224, 334–343, 
doi:10.1002/path.2913.

29.	 Pansuriya, T.C.; van Eijk, R.; d’Adamo, P.; 
van Ruler, M.A.J.H.; Kuijjer, M.L.; Oosting, 
J.; Cleton-Jansen, A.-M.; van Oosterwijk, 
J.G.; Verbeke, S.L.J.; Meijer, D.; et al. Somatic 
mosaic IDH1 and IDH2 mutations are asso-
ciated with enchondroma and spindle cell 
hemangioma in Ollier disease and Maffucci 
syndrome. Nat. Genet. 2011, 43, 1256–1261, 
doi:10.1038/ng.1004.

30.	 Suijker, J.; Oosting, J.; Koornneef, A.; Struys, 
E.A.; Salomons, G.S.; Schaap, F.G.; Waaijer, 
C.J.; Wijers-Koster, P.M.; Briaire-de Bruijn, 
I.H.; Haazen, L. Inhibition of mutant IDH1 
decreases D-2-HG levels without affecting 
tumorigenic properties of chondrosarcoma 
cell lines. Oncotarget 2015, 6, 12505–12519.

31.	 Dang, L.; White, D.W.; Gross, S.; Bennett, 
B.D.; Bittinger, M.A.; Driggers, E.M.; Fantin, 
V.R.; Jang, H.G.; Jin, S.; Keenan, M.C.; et al. 
Cancer-associated IDH1 mutations produce 
2-hydroxyglutarate. Nature 2009, 462, 739–
744, doi:10.1038/nature08617.

32.	 Losman, J.-A.; Kaelin, W.G.J.G.; development. 
What a difference a hydroxyl makes: Mutant 
IDH,(R)-2-hydroxyglutarate, and cancer. 
Genes Dev. 2013, 27, 836–852.

33.	 Morrison, C.; Radmacher, M.; Mohammed, N.; 
Suster, D.; Auer, H.; Jones, S.; Riggenbach, J.; 
Kelbick, N.; Bos, G.; Mayerson, J. MYC ampli-
fication and polysomy 8 in chondrosarcoma: 
Array comparative genomic hybridization, 
fluorescent in situ hybridization, and associ-
ation with outcome. J. Clin. Oncol. 2005, 23, 
9369–9376, doi:10.1200/jco.2005.03.7127.

34.	 He, X.; Riceberg, J.; Soucy, T.; Koenig, E.; Minis-
sale, J.; Gallery, M.; Bernard, H.; Yang, X.; Liao, 
H.; Rabino, C.; et al. Probing the roles of SU-
MOylation in cancer cell biology by using a 
selective SAE inhibitor. Nat. Chem. Biol. 2017, 
13, 1164–1171, doi:10.1038/nchembio.2463.

2

168916_Kroonen_BNW-def.indd   61168916_Kroonen_BNW-def.indd   61 28-09-2023   08:5028-09-2023   08:50



62

Chapter 2

35.	 van Oosterwijk, J.G.; van Ruler, M.A.; Bri-
aire-de Bruijn, I.H.; Herpers, B.; Gelderblom, 
H.; van de Water, B.; Bovée, J.V. Src kinases in 
chondrosarcoma chemoresistance and mi-
gration: Dasatinib sensitises to doxorubicin 
in TP53 mutant cells. Br. J. Cancer 2013, 109, 
1214–1222, doi:10.1038/bjc.2013.451.

36.	 Vertegaal, A.C.; Ogg, S.C.; Jaffray, E.; Rodri-
guez, M.S.; Hay, R.T.; Andersen, J.S.; Mann, M.; 
Lamond, A.I. A proteomic study of SUMO-2 
target proteins. J. Biol. Chem. 2004, 279, 
33791–33798, doi:10.1074/jbc.M404201200.

37.	 Baranski, Z.; Booij, T.H.; Cleton-Jansen, A.-M.; 
Price, L.S.; van de Water, B.; Bovée, J.V.; Ho-
gendoorn, P.C.; Danen, E.H. Aven-mediated 
checkpoint kinase control regulates prolif-
eration and resistance to chemotherapy in 
conventional osteosarcoma. J. Pathol. 2015, 
236, 348–359, doi:10.1002/path.4528.

38.	 Nicolle, R.; Ayadi, M.; Gomez-Brouchet, A.; 
Armenoult, L.; Banneau, G.; Elarouci, N.; 
Tallegas, M.; Decouvelaere, A.-V.; Aubert, S.; 
Rédini, F.; et al. Integrated molecular charac-
terization of chondrosarcoma reveals critical 
determinants of disease progression. Nat. 
Commun. 2019, 10, 4622, doi:10.1038/s41467-
019-12525-7.

39.	 Nagy, Á.; Munkácsy, G.; Győrffy, B. Pancancer 
survival analysis of cancer hallmark genes. 
Sci. Rep. 2021, 11, 6047, doi:10.1038/s41598-
021-84787-5.

40.	 Gil-Benso, R.; Lopez-Gines, C.; López-Guer-
rero, J.A.; Carda, C.; Callaghan, R.C.; Navarro, 
S.; Ferrer, J.; Pellín, A.; Llombart-Bosch, A. Es-
tablishment and characterization of a con-
tinuous human chondrosarcoma cell line, 
ch-2879: Comparative histologic and genetic 
studies with its tumor of origin. Lab. Investig. 
2003, 83, 877–887.

41.	 van Oosterwijk, J.G.; de Jong, D.; van Ruler, 
M.A.; Hogendoorn, P.C.; Dijkstra, P.S.; van 
Rijswijk, C.S.; Machado, I.; Llombart-Bosch, 
A.; Szuhai, K.; Bovée, J.V. Three new chondro-
sarcoma cell lines: One grade III conventional 
central chondrosarcoma and two dediffer-
entiated chondrosarcomas of bone. BMC 
Cancer 2012, 12, 375–375.

42.	 Scully, S.P.; Berend, K.R.; Toth, A.; Qi, W.N.; Qi, 
Z.; Block, J.A. Marshall Urist Award. Intersti-
tial collagenase gene expression correlates 
with in vitro invasion in human chondrosar-
coma. Clin. Orthop. Relat. Res. 2000, 291-303, 
doi:10.1097/00003086-200007000-00038.

43.	 Rasheed, S.; Nelson-Rees, W.A.; Toth, E.M.; 
Arnstein, P.; Gardner, M.B. Characterization 
of a newly derived human sarcoma cell 
line (HT-1080). Cancer 1974, 33, 1027–1033, 
doi:10.1002/1097-0142(197404)33:4<1027::Aid-
cncr2820330419>3.0.Co;2-z.

44.	 Kudo, N.; Ogose, A.; Hotta, T.; Kawashima, H.; 
Gu, W.; Umezu, H.; Toyama, T.; Endo, N.J.V.A. 
Establishment of novel human dedifferentiat-
ed chondrosarcoma cell line with osteoblas-
tic differentiation. Virchows Arch. 2007, 451, 
691–699, doi:10.1007/s00428-007-0426-3.

45.	 Calabuig-Fariñas, S.; Benso, R.G.; Szuhai, K.; 
Machado, I.; López-Guerrero, J.A.; de Jong, D.; 
Peydró, A.; Miguel, T.S.; Navarro, L.; Pellín, A.; 
et al. Characterization of a New Human Cell 
Line (CH-3573) Derived from a Grade II Chon-
drosarcoma with Matrix Production. Pathol. 
Oncol. Res. 2012, 18, 793–802, doi:10.1007/
s12253-012-9505-0.

46.	 Hafner, M.; Niepel, M.; Chung, M.; Sorger, 
P.K. Growth rate inhibition metrics correct 
for confounders in measuring sensitivity to 
cancer drugs. Nat. Methods 2016, 13, 521–527, 
doi:10.1038/nmeth.3853.

47.	 Venneker, S.; Kruisselbrink, A.B.; Briaire-de 
Bruijn, I.H.; de Jong, Y.; van Wijnen, A.J.; 
Danen, E.H.J.; Bovée, J. Inhibition of PARP 
Sensitizes Chondrosarcoma Cell Lines to 
Chemo- and Radiotherapy Irrespective of 
the IDH1 or IDH2 Mutation Status. Cancers 
2019, 11, doi:10.3390/cancers11121918.

48.	 Schneekloth, J.S., Jr. Drug discovery: Con-
trolling protein SUMOylation. Nat. Chem. 
Biol. 2017, 13, 1141–1142, doi:10.1038/nchem-
bio.2496.

49.	 Hoellein, A.; Fallahi, M.; Schoeffmann, S.; 
Steidle, S.; Schaub, F.X.; Rudelius, M.; Laitin-
en, I.; Nilsson, L.; Goga, A.; Peschel, C.; et al. 
Myc-induced SUMOylation is a therapeutic 
vulnerability for B-cell lymphoma. Blood 
2014, 124, 2081–2090, doi:10.1182/blood-2014-
06-584524.

168916_Kroonen_BNW-def.indd   62168916_Kroonen_BNW-def.indd   62 28-09-2023   08:5028-09-2023   08:50



63

SUMOylation Is Associated with Aggressive Behavior in Chondrosarcoma of Bone

50.	 He, X.; Riceberg, J.; Pulukuri, S.M.; Grossman, 
S.; Shinde, V.; Shah, P.; Brownell, J.E.; Dick, L.; 
Newcomb, J.; Bence, N. Characterization 
of the loss of SUMO pathway function on 
cancer cells and tumor proliferation. PLoS 
ONE 2015, 10, e0123882, doi:10.1371/journal.
pone.0123882.

51.	 Seeler, J.S.; Bischof, O.; Nacerddine, K.; 
Dejean, A. SUMO, the three Rs and cancer. 
In Acute Promyelocytic Leukemia: Molecu-
lar Genetics, Mouse Models and Targeted 
Therapy; Current Topics in Microbiology and 
Immunology; Springer: Berlin/Heidelberg, 
Germany, 2007; Volume 313, pp. 49–71.

52.	 Stead, K.; Aguilar, C.; Hartman, T.; Drexel, M.; 
Meluh, P.; Guacci, V.J.T.J.o.c.b. Pds5p regu-
lates the maintenance of sister chromatid 
cohesion and is sumoylated to promote the 
dissolution of cohesion. J. Cell Biol. 2003, 163, 
729–741.

53.	 Bachant, J.; Alcasabas, A.; Blat, Y.; Kleckner, 
N.; Elledge, S.J.J.M.c. The SUMO-1 isopepti-
dase Smt4 is linked to centromeric cohe-
sion through SUMO-1 modification of DNA 
topoisomerase II. Mol. Cell 2002, 9, 1169–1182.

54.	 Dawlaty, M.M.; Malureanu, L.; Jeganathan, 
K.B.; Kao, E.; Sustmann, C.; Tahk, S.; Shuai, 
K.; Grosschedl, R.; van Deursen, J.M.J.C. 
Resolution of sister centromeres requires 
RanBP2-mediated SUMOylation of to-
poisomerase IIα. Cell 2008, 133, 103–115.

55.	 Rai, R.; Varma, S.P.; Shinde, N.; Ghosh, S.; Ku-
maran, S.P.; Skariah, G.; Laloraya, S.J.J.o.B.C. 
Small ubiquitin-related modifier ligase ac-
tivity of Mms21 is required for maintenance 
of chromosome integrity during the unper-
turbed mitotic cell division cycle in Saccha-
romyces cerevisiae. J. Biol. Chem. 2011, 286, 
14516–14530.

56.	 Behlke-Steinert, S.; Touat-Todeschini, L.; Sk-
oufias, D.A.; Margolis, R.L. SMC5 and MMS21 
are required for chromosome cohesion and 
mitotic progression. Cell Cycle 2009, 8, 2211–
2218, doi:10.4161/cc.8.14.8979.

57.	 Strotman, P.K.; Reif, T.J.; Kliethermes, S.A.; 
Sandhu, J.K.; Nystrom, L.M. Dedifferentiated 
chondrosarcoma: A survival analysis of 159 
cases from the SEER database (2001‐2011). J. 
Surg. Oncol. 2017, 116, 252–257.

58.	 Bakker, S.H.; Jacobs, W.C.H.; Pondaag, W.; 
Gelderblom, H.; Nout, R.A.; Dijkstra, P.D.S.; 
Peul, W.C.; Vleggeert-Lankamp, C.L.A. Chor-
doma: A systematic review of the epidemiol-
ogy and clinical prognostic factors predict-
ing progression-free and overall survival. 
Eur. Spine J. 2018, 27, 3043–3058, doi:10.1007/
s00586-018-5764-0.

59.	 Grimer, R.J.; Gosheger, G.; Taminiau, A.; Biau, 
D.; Matejovsky, Z.; Kollender, Y.; San-Julian, 
M.; Gherlinzoni, F.; Ferrari, C. Dedifferenti-
ated chondrosarcoma: Prognostic factors 
and outcome from a European group. Eur. 
J. Cancer 2007, 43, 2060–2065, doi:10.1016/j.
ejca.2007.06.016.

60.	 Meijer, D.; de Jong, D.; Pansuriya, T.C.; van 
den Akker, B.E.; Picci, P.; Szuhai, K.; Bovée, 
J.V. Genetic characterization of mesenchy-
mal, clear cell, and dedifferentiated chondro-
sarcoma. Genes Chromosomes Cancer 2012, 
51, 899–909.

61.	 Peterse, E.F.; Niessen, B.; Addie, R.D.; de Jong, 
Y.; Cleven, A.H.; Kruisselbrink, A.B.; van den 
Akker, B.E.; Molenaar, R.J.; Cleton-Jansen, 
A.-M.; Bovée, J.V. Targeting glutaminolysis 
in chondrosarcoma in context of the IDH1/2 
mutation. Br. J. Cancer 2018, 118, 1074–1083.

62.	 Addie, R.D.; de Jong, Y.; Alberti, G.; Kruissel-
brink, A.B.; Que, I.; Baelde, H.; Bovee, J. Explo-
ration of the chondrosarcoma metabolome; 
the mTOR pathway as an important pro-sur-
vival pathway. J. Bone Oncol. 2019, 15, 100222, 
doi:10.1016/j.jbo.2019.100222.

63.	 Song, J.; Wang, X.; Zhu, J.; Liu, J. Rapamycin 
causes growth arrest and inhibition of in-
vasion in human chondrosarcoma cells. J. 
BUON 2016, 21, 244–251.

64.	 van Oosterwijk, J.G.; Meijer, D.; van Ruler, 
M.A.J.H.; van den Akker, B.E.W.M.; Oosting, 
J.; Krenács, T.; Picci, P.; Flanagan, A.M.; Liegl-
Atzwanger, B.; Leithner, A.; et al. Screening 
for Potential Targets for Therapy in Mes-
enchymal, Clear Cell, and Dedifferentiated 
Chondrosarcoma Reveals Bcl-2 Family Mem-
bers and TGFβ as Potential Targets. Am. J. 
Pathol. 2013, 182, 1347–1356, doi:10.1016/j.
ajpath.2012.12.036.

2

168916_Kroonen_BNW-def.indd   63168916_Kroonen_BNW-def.indd   63 28-09-2023   08:5028-09-2023   08:50



64

Chapter 2

65.	 Scotlandi, K.; Hattinger, C.M.; Pellegrini, E.; 
Gambarotti, M.; Serra, M. Genomics and 
Therapeutic Vulnerabilities of Primary Bone 
Tumors. Cells 2020, 9, 968.

66.	 Du, L.; Li, Y.J.; Fakih, M.; Wiatrek, R.L.; Duldu-
lao, M.; Chen, Z.B.; Chu, P.G.; Garcia-Aguilar, 
J.; Chen, Y. Role of SUMO activating enzyme 
in cancer stem cell maintenance and 
self-renewal. Nat. Commun. 2016, 7, 12326, 
doi:10.1038/ncomms12326.

67.	 Kroonen, J.S.; Vertegaal, A.C.O. Targeting 
SUMO Signaling to Wrestle Cancer. Trends 
Cancer 2020, 7, 496–510, doi:10.1016/j.
trecan.2020.11.009.

68.	 Biederstädt, A.; Hassan, Z.; Schneeweis, C.; 
Schick, M.; Schneider, L.; Muckenhuber, A.; 
Hong, Y.; Siegers, G.; Nilsson, L.; Wirth, M.; 
et al. SUMO pathway inhibition targets an 
aggressive pancreatic cancer subtype. Gut 
2020, 69, 1472–1482, doi:10.1136/gutjnl-2018-
317856.

69.	 Li, Y.J.; Du, L.; Wang, J.; Vega, R.; Lee, T.D.; 
Miao, Y.; Aldana-Masangkay, G.; Samuels, 
E.R.; Li, B.; Ouyang, S.X.; et al. Allosteric In-
hibition of Ubiquitin-like Modifications by 
a Class of Inhibitor of SUMO-Activating 
Enzyme. Cell Chem. Biol. 2019, 26, 278–288, 
doi:10.1016/j.chembiol.2018.10.026.

70.	 Langston, S.P.; Grossman, S.; England, D.; 
Afroze, R.; Bence, N.; Bowman, D.; Bump, 
N.; Chau, R.; Chuang, B.C.; Claiborne, C.; et 
al. Discovery of TAK-981, a First-in-Class 
Inhibitor of SUMO-Activating Enzyme for 
the Treatment of Cancer. J. Med. Chem. 
2021, 64, 2501–2520, doi:10.1021/acs.jmed-
chem.0c01491.

71.	 Shah, J.J.; Jakubowiak, A.J.; O’Connor, O.A.; 
Orlowski, R.Z.; Harvey, R.D.; Smith, M.R.; 
Lebovic, D.; Diefenbach, C.; Kelly, K.; Hua, Z.; 
et al. Phase I Study of the Novel Investiga-
tional NEDD8-Activating Enzyme Inhibitor 
Pevonedistat (MLN4924) in Patients with 
Relapsed/Refractory Multiple Myeloma 
or Lymphoma. Clin. Cancer Res. 2016, 22, 
34–43, doi:10.1158/1078-0432.CCR-15-1237.

72.	 Malhab, L.J.B.; Descamps, S.; Delaval, B.; 
Xirodimas, D.P. The use of the NEDD8 inhib-
itor MLN4924 (Pevonedistat) in a cyclother-
apy approach to protect wild-type p53 cells 
from MLN4924 induced toxicity. Sci. Rep. 
2016, 6, 37775, doi:10.1038/srep37775.

73.	 Hyer, M.L.; Milhollen, M.A.; Ciavarri, J.; Flem-
ing, P.; Traore, T.; Sappal, D.; Huck, J.; Shi, J.; 
Gavin, J.; Brownell, J.; et al. A small-molecule 
inhibitor of the ubiquitin activating enzyme 
for cancer treatment. Nat. Med. 2018, 24, 
186–193, doi:10.1038/nm.4474.

168916_Kroonen_BNW-def.indd   64168916_Kroonen_BNW-def.indd   64 28-09-2023   08:5028-09-2023   08:50



65

SUMOylation Is Associated with Aggressive Behavior in Chondrosarcoma of Bone

SUMO1 expression SUMO23 expression
Ce

nt
ra

l c
ho

nd
ro

sa
rc

om
a

Pe
rip

he
ra

l c
ho

nd
ro

sa
rc

om
a

Overall survival Death of disease

Metastasis free survival Recurrence free survival

Overall survival Death of disease

Metastasis free survival Recurrence free survival

Overall survival Death of disease

Metastasis free survival Recurrence free survival

Overall survival Death of disease

Metastasis free survival Recurrence free survival

0 50 100 150
0

50

100

Months

Pr
ob

ab
ili

ty
 o

f S
ur

vi
va

l

0 50 100 150
0

50

100

Months

Pr
ob

ab
ili

ty
 o

f S
ur

vi
va

l

0 50 100 150
0

50

100

Months

Pr
ob

ab
ili

ty
 o

f S
ur

vi
va

l

0 50 100 150
0

50

100

Months

Pr
ob

ab
ili

ty
 o

f S
ur

vi
va

l

0 50 100 150
0

50

100

Months

Pr
ob

ab
ili

ty
 o

f S
ur

vi
va

l

0 50 100 150
0

50

100

Months

Pr
ob

ab
ili

ty
 o

f S
ur

vi
va

l

0 50 100 150
0

50

100

Months

Pr
ob

ab
ili

ty
 o

f S
ur

vi
va

l

0 50 100 150
0

50

100

Months

Pr
ob

ab
ili

ty
 o

f S
ur

vi
va

l

High SUMO1 expression
Low SUMO1 expression

High SUMO2/3 expression
Low SUMO2/3 expression

0 50 100 150
0

50

100

Months

Pr
ob

ab
ili

ty
 o

f S
ur

vi
va

l

0 50 100 150
0

50

100

Months

Pr
ob

ab
ili

ty
 o

f S
ur

vi
va

l

0 50 100 150
0

50

100

Months

Pr
ob

ab
ili

ty
 o

f S
ur

vi
va

l

0 50 100 150
0

50

100

Months

Pr
ob

ab
ili

ty
 o

f S
ur

vi
va

l

0 50 100 150
0

50

100

Months

Pr
ob

ab
ili

ty
 o

f S
ur

vi
va

l

0 50 100 150
0

50

100

Months

Pr
ob

ab
ili

ty
 o

f S
ur

vi
va

l
0 50 100 150

0

50

100

Months
Pr

ob
ab

ili
ty

 o
f S

ur
vi

va
l

0 50 100 150
0

50

100

Months

Pr
ob

ab
ili

ty
 o

f S
ur

vi
va

l

P: 0.6701 P: 0.7214

P: 0.9817 P: 0.4566

P: 0.2232 P: 0.8316

P: 0.5327 P: 0.5708

P: 0.2005 P: 0.2348

P: 0.3689 P: 0.4752 P: 0.5805 

P: 0.0298

*

P: 0.1151

P: 0.5805

Figure S1: SUMO2/3 expression increases risk for poorer disease outcome in peripheral chondrosarco-
ma. Survival curves showing overall survival, death of disease, metastasis free survival and recurrence 
free survival separate for central chondrosarcoma and peripheral chondrosarcoma, displaying high 
expression of SUMO1 or SUMO2/3 versus low expression of SUMO1 or SUMO2/3. SUMO expression 
was determined based on the scores of the TMAs from Figure 1B. Log-rank (Wilson-Cox) analysis 
was used to calculate significance. *: p < 0.05.
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Figure S2: High expression of SUMOylation cascade proteins correlates with tumor aggressiveness 
and poorer disease outcome in a chondrosarcoma mRNA expression data set. Chondrosarcoma 
mRNA expression (n=90) from Nicolle et al. 2019 [38] were used to investigate correlations between 
SUMO pathway (SUMO1-2, SAE1, UBA2 and UBC9) gene expression per histological tumor group (A) 
and survival (B). Dot-plots represent mRNA expression presented as mean with standard deviation. * 
P: < 0.05, **: P < 0.01, ***: P < 0.001, ****: P < 0.0001. Each dot represents mRNA gene expression for one 
sample. P values were calculated using one-way ANOVA followed by Tukeys multiple comparison. 
Correlations between mRNA expression and survival were drawn in Kaplan-Meier plots and Log-
rank analysis was shown in the graphs. The median per gene was used as cut-off between high and 
low expression. Log-rank (Wilson-Cox) analysis was used to calculate significance. Cox-regression 
analysis for the survival data shown in B is depicted in Table S1.
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Figure S3: A heterogeneous group of soft tissue sarcomas show poorer disease outcome with high 
SUMOylation cascade protein expression. Sarcoma RNAseq and survival data (n=259) from the TCGA 
repository were used to investigate correlations between SUMO pathway (SUMO1-3, SAE1, UBA2 
and UBE2) gene expression and survival. Correlations between mRNA expression and survival were 
calculated using Cox proportional hazard regression and to draw Kaplan-Meier plots. Cut-offs were 

computed as best-cut offs out of the data set by the kmplot.com algorithm.[2].
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Figure S4. 
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Figure S4. (continued)
Effect of SUMOylation cascade components and oncogenes (c-MYC, IDH and p53) on sensitivity 
towards SUMOylation inhibition. (A) Cell viability assay. RPE-1 and VH10 cells were treated with ML792 
and incubated for 3 days. Relative cell viability was studied using Presto-Blue and is represented as 
mean with standard deviation (n = 3). (B) Boxplot to compare ML792 IC50 values of chondrosarcoma 
cell lines with IDH mutations as shown in Figure 3C (n = 4) and wildtype chondrosarcoma (n = 3) cell 
lines and a boxplot to compare ML792 IC50 values of chondrosarcoma cell lines with P53 mutation 
as shown in Figure 3C (n = 4) and wildtype chondrosarcoma (n = 3). (C) Expression quantification. 
Relative expression is displayed per protein from C, corrected for Ƴ-tubulin (n = 3). Differences were 
calculated using one-way ANOVA followed by Tukeys multiple comparison (*: p < 0.05).

Figure S5: Whole blots with intensity readings and ratio to ƴ-Tubulin from the western blots of 
Figure 3C.
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Table S1. Univariate Cox regression analysis results of variates influencing survival.

Variable Hazard Ratio {B) Cl {95%) {exp{B)) p value

Dichometized dataset

SUM01 expression -0.305 0.330-l.647 0.457

SUM02 expression 0.556 0.762-3.998 0.ll8

SAE1 expression l.289 l.437-9.l68 0.006

UBA2 expression l.l07 l.292-7.092 0.0ll

UBE2/ expression l.68l l.99l-l4.485 0.00l

Continuous representation of mRNA expression

SUM01 expression -l.588 0.028-l.487 0.ll7

SUM02 expression l.204 l.507-7.380 0.003

SAE1 expression 2.0ll 2.57l-2l.708 0.000

UBA2 expression l.672 l.807-l5.683 0.002

UBE2/ expression 5.l24 l6.70l-l689.l59 0.000
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