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Abstract
Background: High-risk soft tissue sarcomas of the extremities and trunk wall 
(eSTS), as defined by the Sarculator nomogram, are more likely to benefit from (neo)
adjuvant anthracycline-based therapy compared to low/intermediate-risk patients. 
The biology underpinning these differential treatment outcomes remain unknown.
Methods: We analysed proteomic profiles and clinical outcomes of 123 eSTS pa-
tients. A Cox model for overall survival including the Sarculator was fitted to indi-
vidual data to define four risk groups. A DNA replication protein signature-Sarcoma 
Proteomic Module 6 (SPM6) was evaluated for association with clinicopathological 
factors and risk groups. SPM6 was added as a covariate together with Sarculator in 
a multivariable Cox model to assess improvement in prognostic risk stratification.
Results: DNA replication and cell cycle proteins were upregulated in high-risk 
versus very low-risk patients. Evaluation of the functional effects of CRISPR-Cas9 
gene knockdown of proteins enriched in high-risk patients using the cancer cell line 
encyclopaedia database identified candidate drug targets. SPM6 was significantly 
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1   |   INTRODUCTION

Around half of soft tissue sarcomas (STS) arise in the 
extremities or trunk wall and comprise a broad range of 
different histological types with wide variation in clini-
cal outcomes.1 Several prognostic nomograms based on 
baseline clinical and pathological variables have been de-
veloped to predict survival outcomes after surgical resec-
tion of primary localised STS with curative intent, which 
can aid clinical management.2 Of these nomograms, the 
predictive accuracy of the Sarculator tool has been in-
dependently validated in multiple large international 
series.3,4 More recently, retrospective analyses of two ran-
domised trials have shown that patients with high-risk 
STS of the extremities or trunk wall (as defined by the 
Sarculator nomogram) benefitted from peri-operative 
anthracycline-based therapy, while low/intermediate-
risk patients did not.5,6 These findings suggest that the 
nomogram-predicted risk groups may have distinct biol-
ogy which could explain their differential responses to 
treatment. However, the biological features of these risk 
groups have yet to be investigated. Furthermore, there is 
currently a lack of effective targeted agents beyond anth-
racyclines in the (neo)adjuvant setting to improve cure 
rates following surgical resection, and in-depth character-
isation of the molecular pathways in tumours from high-
risk patients may lead to the discovery of new drug targets 
for use in this setting. In this respect, proteomic data may 
be particularly useful as unlike other biomolecules such 
as DNA and RNA, proteins represent the largest drugga-
ble class of oncology targets with direct translational ap-
plicability for drug discovery and repurposing.7,8

The Sarculator nomogram includes the covariates of 
baseline tumour size and malignancy grade, histological 
type and patient age.3 While the predictive accuracy of this 
nomogram is relatively high, there remains an opportunity 
for further improvements by inclusion of other biological 
factors that capture orthogonal information beyond these 

baseline clinicopathological variables. Indeed, recent ef-
forts in integrating an inflammatory biomarker prognostic 
index showed a significant improvement in the discrimi-
native ability of the Sarculator in primary retroperitoneal 
sarcoma patients.9 Along similar lines, two studies have 
recently evaluated the ability of the gene expression-based 
CINSARC signature to enhance the prognostic accuracy 
of Sarculator with contrasting results.10,11 Integrating bi-
ological and molecular signatures with nomograms is an 
emerging field and holds the promise of next generation 
nomograms that capture both biological and clinical fea-
tures for improved prognostication.2,12

Here we investigate the protein networks that are charac-
teristic of nomogram-stratified high-risk and low-risk STS of 
the extremities or trunk wall and evaluate a specific protein 
signature Sarcoma Proteomic Module 6 (SPM6) as a com-
plementary prognostic tool to the Sarculator nomogram.

2   |   METHODS AND MATERIAL

2.1  |  Patient cohort

The cohort is comprised of 123 patients with primary STS 
of the extremities or trunk wall from The Royal Marsden 
Hospital. Retrospective collection and analysis of as-
sociated clinical data was approved as part of the Royal 
Marsden Hospital (RMH) PROgnoStic and PrEdiCTive 
ImmUnoprofiling of Sarcomas (PROSPECTUS) study 
(NHS Research Ethics Committee Reference 16/EE/0213). 
Baseline clinicopathological characteristics and survival data 
were collected by retrospective review of medical records.13

2.2  |  Proteomic data

Proteomic data for this study were downloaded from 
ProteomeXchange (PXD036226) https://​www.​ebi.​ac.​uk/​

associated with tumour malignancy grade (p = 1.6e-06), histology (p = 1.4e-05) and 
risk groups (p = 2.6e-06). Cox model analysis showed that SPM6 substantially con-
tributed to a better calibration of the Sarculator nomogram (Index of Prediction 
Accuracy = 0.109 for Sarculator alone versus 0.165 for Sarculator + SPM6).
Conclusions: Risk stratification of patient with STS is defined by distinct biologi-
cal pathways across a range of cancer hallmarks. Incorporation of SPM6 protein 
signature improves prognostic risk stratification of the Sarculator nomogram. 
This study highlights the utility of integrating protein signatures for the develop-
ment of next-generation nomograms.
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pride/​​archi​ve/​proje​cts/​PXD03​6226.13 Raw mass spec-
tra was processed using the SequestHT search engine 
in Proteome Discoverer 2.2 or 2.3 (Thermo Scientific, 
Waltham, MA, USA) and reviewed against UniProt 
human protein entries (v2018_07 or later). Precursor 
mass tolerance of 20 ppm and a fragment ion mass toler-
ance of 0.02 Da were used to identify tryptic peptides with 
a maximum of 2 missed cleavages. Fixed modifications of 
TMT6plex at N-terminus/lysine and carbamidomethyl at 
cysteine, along with dynamic modifications of oxidation 
of methionine and deamidation of asparagine/glutamine 
were used in the search parameters. For estimating pep-
tide confidence, alongside Percolator node, a Peptide False 
Discovery Rate (FDR) of 0.01 was employed with valida-
tion based on q-value and decoy database search. For pro-
tein quantification, the reporter ion quantifier node was 
applied with an integration window tolerance of 15 ppm. 
Integration method was based on the most confident cen-
troid peak at the MS3 level, and only unique peptides were 
used for quantification, considering protein groups for 
peptide uniqueness. Additionally, peptide quantification 
required an average reporter signal-to-noise ratio greater 
than 3 to ensure the reliability of the quantified proteins. 
Proteins with an FDR <0.01 and at least two identified 
peptides were used for subsequent analysis.

All data were processed using custom R scripts v.4.1.1 
or later. Proteins identified in <75% of the samples were 
removed. Data normalisation and removal of batch effects 
was done by dividing the TMT intensities by the reference 
followed by imputation using k-nearest neighbour algo-
rithm (k-NN).14 Values were log2-transformed followed by 
median centring across the samples and standardisation 
within the samples. To visualise the proteomics dataset, su-
pervised clustering was performed using Pearson correla-
tion distance. SPM6 has previously been reported in Burns 
et al.,13 and is calculated based on the median expression 
levels of 41 DNA replication proteins for each patient.

2.3  |  Proteomics statistical analysis

All statistical tests were two-sided and where required, p 
values were adjusted to false discovery rate (FDR) using 
the Benjamini–Hochberg procedure to account for mul-
tiple comparisons.15 Unless otherwise specified, analysis 
was performed using custom R scripts in R v4.1.1 or later.

To identify upregulated proteins in high-risk group 
and very low-risk group, Wilcoxon–Mann–Whitney 
test was performed. Volcano plot was generated using 
EnhancedVolcano16 in R. Overrepresentation analy-
sis was performed with ClusterProfiler in R17 using 
Hallmark gene sets.18,19 Differentially expressed pro-
teins were ordered by log2-fold change and proteins 

present in the dataset used as the background for over-
representation analysis.

2.4  |  CRISPR-Cas9 functional 
genomic data

Genome-wide CRISPR-Cas9 screening data were down-
loaded from the Cancer Cell Line Encyclopaedia (CCLE) 
portal (https://​sites.​broad​insti​tute.​org/​ccle).20 The 
CRISPRGeneEffect dataset (DepMap Public 22Q2) was 
used for analysis. Essential genes were previously de-
termined in CCLE by calculating gene scores using the 
CHRONOS model,21 which identified gene knockout fit-
ness across the full CCLE dataset of all cell lines (gene score 
of 0 is equivalent to a gene which is not essential, whereas a 
score of ≤ − 1 indicates this as an essential gene). Using the 
model information file (https://​depmap.​org/​portal/​downl​
oad/​all/​), STS cell lines were identified with the following 
histologies excluded, rhabdomyosarcoma, fibrosarcoma 
and undifferentiated pleomorphic sarcoma. For each STS 
cell line, gene scores were evaluated to determine whether 
loss of each gene resulted in cell death (gene score <−1) or 
reduced proliferation (gene score >−1 and <0).

2.5  |  The Cancer Genome Atlas sarcoma 
(TCGA-SARC) cohort

The RNA sequencing raw counts of 3 DDLPS, 6 SS, 15 
LMS and 32 UPS from the extremities or trunk wall along 
with the clinicopathological features, were downloaded 
from the public database Cancer Genome Atlas Program 
(TCGA) at the Genomic Data Commons Portal (https://​
portal.​gdc.​cancer.​gov/​proje​cts/​TCGA-​SARC). The data-
set was analysed using the package ‘DEseq2’ (ver.1.42.0) 
in the R environment (4.2.0) to study the RNA expres-
sion of differentially expressed genes. The datasets were 
normalised using the median of ratios by size factors 
through package ‘DEseq2’ to calculate the accumulated 
gene score.22 The length of expressed transcripts was 
downloaded from Ensembl (https://​www.​ensem​bl.​org) 
as the reference with package ‘biomaRt’ (ver.2.58.0). The 
raw counts were divided by the transcriptomic length (in 
kb) and then normalised with the scale factor, which is 
equal to the total transcript divided by 10,6 to compare 
multiple samples from different subtypes of sarcomas.

2.6  |  Nomogram statistical analysis

Binary association between SPM6 and categorical varia-
bles was analysed using the non-parametric Wilcoxon test 

https://www.ebi.ac.uk/pride/archive/projects/PXD036226
https://sites.broadinstitute.org/ccle
https://depmap.org/portal/download/all/
https://depmap.org/portal/download/all/
https://portal.gdc.cancer.gov/projects/TCGA-SARC
https://portal.gdc.cancer.gov/projects/TCGA-SARC
https://www.ensembl.org
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or Kruskal–Wallis test, as appropriate, and represented 
graphically by stratified boxplots. The study endpoint was 
overall survival (OS). OS time was defined as the inter-
val elapsing from surgery to death from any cause. Time 
was censored at the last follow-up for patients still alive. 
The OS curves were estimated using the Kaplan–Meier 
method and compared using the log-rank test; pairwise 
comparisons were performed adjusting the log-rank p 
value using the Bonferroni's correction.23 The association 
between OS and the Sarculator nomogram or SPM6 was 
investigated by fitting univariable Cox regression models. 
Five-year OS Sarculator nomogram predicted probabili-
ties (pr-OS) were extracted from the Cox model to identify 
four risk groups using quartiles as cut-offs.

We evaluated the prognostic improvement when 
adding SPM6 signature to the Sarculator nomogram in 
a multivariable Cox model. Bivariable Cox models with 
interaction between SPM6 and, respectively, tumour size, 
malignancy grade, histological type and patient's age (co-
variates included in the Sarculator nomogram) and the 
nomogram score were also fitted to determine whether 
the prognostic strength of SPM6 varied according to dif-
ferent covariates or nomogram values.

SPM6 was modelled using three knots restricted cubic 
splines to obtain a flexible fit.24 The discriminative abil-
ity of the Cox models was quantified using the Harrell 
C index,25 while Index of Prediction Accuracy (IPA) al-
lowed to evaluate both the discriminative ability and the 
calibration of the models (the higher the better).26 Model 
performance was also assessed through calibration plots 
comparing the observed Kaplan–Meier 5-year OS prob-
abilities with those predicted by the model. The median 
follow-up was estimated with the reverse Kaplan–Meier 
method.27 The software used for the analysis is R Version 
4.2.1. We considered a statistical test as significant when 
the corresponding p value was less than 5%.

3   |   RESULTS

3.1  |  Patient cohort and Sarculator-based 
risk stratification

Our cohort is comprised of 123 patients with localised 
STS of the extremities or trunk wall across 8 histological 
types; baseline clinicopathological features are summa-
rised in Table 1. There were no grade 1 tumours in this 
cohort. The median follow-up time was 72.5 (interquartile 
range 62.9–106.7) months and the 5-year OS probability 
was 50.3% (95% confidence interval: 41.6%–60.8%). pr-OS 
as defined by Sarculator had a median value of 52% (in-
terquartile range 39%–69%). Applying cut-offs based on 
pr-OS quartiles, we identify four categories corresponding 

to high-risk (pr-OS ≤ 39%), intermediate-risk (39% < pr-
OS ≤ 52%), low-risk (52% < pr-OS ≤ 69%) and very low-
risk (pr-OS > 69%) patients. The Kaplan–Meier survival 
curve according to pr-OS cut-offs showed a statistically 
significant difference between the risk groups (p < 0.001) 
(Figure 1); pairwise comparisons with Bonferroni's correc-
tion for multiple log-rank testing indicated as statistically 

T A B L E  1   Clinicopathological characteristics of the cohort.

(n = 123); n 
(%)

Age (years)

Median 64.78

IQR 50.1–74.7

Sex

Female 68 (55.3%)

Male 55 (44.7%)

Tumour depth

Deep 93 (75.6%)

Superficial 30 (24.4%)

Surgical margin

R0 62 (50.4%)

R1 58 (47.2%)

R2 1 (0.8%)

Rx 2 (1.6%)

Tumour size (mm)

Median 80

IQR 53.5–110

Histological subtype

Angiosarcoma 2 (1.6%)

Alveolar soft part sarcoma 1 (0.8%)

Clear cell sarcoma 3 (2.4%)

Dedifferentiated liposarcoma 4 (3.3%)

Epithelioid sarcoma 8 (6.5%)

Leiomyosarcoma 33 (26.8%)

Synovial sarcoma 28 (22.8%)

Undifferentiated pleomorphic sarcoma 44 (35.8%)

FNCLCC grade

II 46 (37.4%)

III 77 (62.6%)

Chemotherapy

Done 11 (9.0%)

Not done 111 (90.2%)

NA 1 (0.8%)

Radiotherapy

Done 10 (8.1%)

Not done 112 (91.1%)

NA 1 (0.8%)
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significant the difference between the very low-risk group 
and, respectively, low-, intermediate- and high-risk groups 
(p = 0.024, <0.0001, <0.0001).

3.2  |  Proteomic features of nomogram 
predicted risk groups

We have undertaken mass spectrometry-based analysis 
to characterise the tumour proteomic profiles in this co-
hort.13 Supervised clustering of the full proteomic dataset 
(n = 3419 proteins, Table S1) of the 4 nomogram predicted 
risk groups is shown in Figure  2A. Proteins that were 
significantly enriched in the high-risk versus the very 
low-risk groups (n = 62 patients and 3459 proteins) were 
identified by Wilcoxon–Mann–Whitney test with mul-
tiple testing correction (Figure 2B). This analysis identi-
fied 44 proteins that were significantly upregulated in the 
nomogram-predicted high-risk group (adj p < 0.05, fold 
change >2) and 44 proteins that were significantly up-
regulated in the nomogram predicted very low-risk group 
(adj p < 0.05, fold change >2) (Table  S2 and Figure  S1). 
Proteins that were upregulated in the high-risk group 
include components of the minichromosome mainte-
nance (MCM) complex (MCM2, MCM3, MCM5, MCM6 
and MCM7), the cell cycle protein CDK1 and proteins 

involved in collagen crosslinking and proline hydroxyla-
tion (PLOD1, PLOD2 and PLOD3). Further evaluation 
showed that the MCM protein expression levels were also 
significantly upregulated in the high-risk group compared 
to both the intermediate- and low-risk groups (Figure S2). 
Proteins that were enriched in the very low-risk group 
include mitochondrial matrix proteins involved in oxi-
dative phosphorylation (ATP5F1, ATP5C1, SUCLA1 and 
NDUFA9) and proteins regulating fatty acid oxidation 
(ACADVL, ACADS and CRAT). Consistent with these 
results, overrepresentation analysis of Hallmark gene sets 
finds that the high-risk group of patients are enriched in 
E2F targets and G2M checkpoint proteins (Figure  2C) 
while very low-risk patients were enriched in fatty acid 
metabolism.

There is a need for new therapies to improve cure rates 
following surgery in high-risk STS patients. To identify 
candidate drug targets from the list of 44 proteins that were 
significantly upregulated in nomogram predicted high-
risk patients, we evaluated the functional consequence 
of selective CRISPR-Cas9 knockdown of these genes in 
the cancer cell line encyclopaedia (CCLE) database.20 
We focused on 16 cell lines representing four histological 
types that are present in our proteomic dataset (leiomyo-
sarcoma n = 4, liposarcoma n = 5, synovial sarcoma n = 5, 
epithelioid sarcoma n = 2) (Table  S3). Genetic depletion 

F I G U R E  1   Kaplan–Meier curves for overall survival (OS) according to Sarculator predicted risk groups.
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F I G U R E  2   Proteomic analysis of nomogram predicted risk groups. (A) Annotated heatmap showing supervised clustering of the 
nomogram predicted risk groups for 3419 proteins. Top to bottom panels indicate histological subtype, anatomical site, grade, sex and 
nomogram predicted groups. AS, angiosarcoma; DDLPS, dedifferentiated liposarcoma; ES, epithelioid sarcoma; LMS, leiomyosarcoma; 
SS, synovial sarcoma; UPS, undifferentiated pleomorphic sarcoma; CCS, clear cell sarcoma; ASPS, alveolar soft part sarcoma. (B) Volcano 
plot showing significantly upregulated proteins in high risk and very low-risk groups. Significant proteins (FDR <0.05, fold change >2) 
determined by Wilcoxon–Mann–Whitney test followed by Benjamini Hochberg procedure are shown in red. MCM proteins significantly 
upregulated in the high-risk group have been annotated. (C) Dot plot showing hallmark pathways overrepresented in the high-risk group. 
The diameter indicates the number of proteins overlapping with Hallmark gene sets and colour indicates enrichment adjusted p values.
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of 11 genes (25%) caused cell death in at least 50% of the 
cell line panel. All these hits were known essential genes 
including the MCM complex, CDK1, PCNA and SRSF2 
(Figure S3). In another 22 genes (50%), genetic depletion 
resulted in a decrease in cell viability in at least 50% of 
the cell line panel. Many of these genes are non-essential 
and include KPNA2, ENO1 and UAP1, which have previ-
ously been reported as drug targets in other cancer types 
(Figure S3).28–31

3.3  |  Evaluation of SPM6 signature 
in improving the prognostic risk 
stratification of the Sarculator nomogram

We have previously identified 14 SPM protein signatures 
which comprise a broad range of biological functions.13 
SPM6 is a module comprising DNA replication proteins 
including components of the MCM complex (Table  S4) 
which we find to be enriched in nomogram predicted 
high-risk patients. In contrast a subset of the 44 proteins 
that are downregulated in high-risk patients are found in 
SPM8 (extracellular matrix and cell adhesion) and SPM7 
(immune related) modules. Given the enrichment of the 
MCM complex in the high-risk patients, we evaluated if 
the SPM6 signature had prognostic value in STS of the ex-
tremities or trunk wall. Median expression levels of SPM6 
proteins for each patient was obtained13 and assessed for 
association of SPM6 with baseline clinicopathological 
variables of tumour grade and histological type. SPM6 
was significantly associated with grade 3 tumours having 
higher levels of this variable compared to grade 2 cases 
(Wilcoxon p = 1.6e-06) (Figure  3A). In addition, SPM6 
expression levels were associated with histological type 
with dedifferentiated liposarcoma cases having the low-
est expression levels compared to angiosarcoma patients 
(Figure  3B). Furthermore, leiomyosarcoma patients had 
wide variation of SPM6 values indicative of broad het-
erogeneity of DNA replication protein expression levels 
within this histology. The global comparison of SPM6 lev-
els between all histological types was statistically signifi-
cant (Kruskal–Wallis p = 1.4e-05). We further evaluated 
the association of SPM6 protein expression levels with the 
four Sarculator predicted risk groups. There was a direct 
relationship between nomogram predicted risk groups 
and SPM6 with increasing risk being associated with in-
creasing median SPM6 expression levels (Kruskal–Wallis 
p = 2.6e-06) (Figure  3C). In univariate Cox regression 
analysis, the Sarculator nomogram was significantly as-
sociated with patient OS (p < 0.0001) while median SPM6 
levels was not (p = 0.242) (Table S5).

To further evaluate if patients with high SPM6 expres-
sion have worse OS, we undertook an analysis using the 

RNAseq data from an independent cohort of STS patients 
from The Cancer Genome Atlas Consortium (TCGA).32 
Although in both our cohort and in the TCGA cohort 
SPM6 was not statistically significant when analysed as 
a continuous variable in univariable Cox models (Wald 
test p = 0.242 and 0.554, respectively, Table  S5 and S6), 
the same trend of increasing risk at increasing SPM6 was 
shown in the two series (Figure S4 A,B). Moreover, when 
classifying the patients in low- and high-risk using the me-
dian value as cut-off, the Kaplan–Meier overall survival 
(OS) curves were significantly different in both cohorts 
(log-rank test p = 0.035 and 0.11, respectively, Figure  S4 
C,D). This analysis validates our findings that patients 
with high SPM6 expression have worse overall survival.

Cox multivariable analysis showed that SPM6 slightly 
improved the discriminative ability of the Sarculator no-
mogram (Harrell C index = 0.69 (95% confidence interval 
(CI) 0.62–0.759) for Sarculator nomogram alone versus 
0.698 (95% CI 0.631–0.766) for Sarculator nomogram + 
SPM6). As regards to the calibration (Figure 4), while the 
nomogram predictions were quite accurate, despite the 
baseline survival recalibration operated in the present 
series, there was a discrepancy between predictions and 
observed outcomes particularly in the intermediate- and 
very low-risk groups, and addition of SPM6 substantially 
contributed to a better calibration (IPA = 0.109 vs 0.165).

In the additional analyses performed to determine 
whether the prognostic strength of SPM6 varied accord-
ing to the nomogram or clinicopathological factors, we 
found that there was no significant interaction between 
the nomogram and SPM6 (Wald test SPM6 x nomogram 
p = 0.705). Of the clinicopathological factors assessed (tu-
mour malignancy grade, size, patient age and histological 
type), a statistically significant interaction was only de-
tected between SPM6 and tumour size (Wald test SPM6 x 
size p = 0.038) (Table S7) with the hazard ratios for SPM6 
decreasing with increasing tumour size. This suggests that 
the SPM6 signature may provide additional orthogonal bi-
ological information particularly in the context of patients 
with smaller tumours and better OS outcomes.

4   |   DISCUSSION

In this study, we characterised the proteins and biological 
pathways that underpin the prognostic risk stratification 
of extremities or trunk wall STS utilising the prognostic 
nomogram Sarculator. While the nomogram has been ex-
tensively used in clinical practice and evaluated in multi-
ple clinical trial cohorts, the biology underpinning these 
predicted risk groups have hitherto been uncharacterised. 
Utilising high-resolution mass spectrometry, we determine 
that high-risk and very low-risk patients are defined by 



8 of 12  |      CHADHA et al.

F I G U R E  3   Association of sarcoma proteomic module 6 (SPM6) median expression protein levels with (A) tumour grade, (B) histology 
and (C) nomogram predicted risk groups. DDLPS, dedifferentiated liposarcoma; LMS, leiomyosarcoma; UPS, undifferentiated pleomorphic 
sarcoma.



      |  9 of 12CHADHA et al.

distinct biological pathways across a broad range of can-
cer hallmarks including tumour cell proliferation, stromal 
microenvironment and metabolism.33 Furthermore, we 
show that incorporation of a proteomic signature based on 
SPMs can improve the prognostic risk stratification of the 
Sarculator in extremity or trunk wall STS. To our knowl-
edge, this is the first demonstration that inclusion of bio-
logical information in the form of proteomic signatures can 
improve on the prognostic accuracy of nomograms.

One of the main findings of this study is that high-risk 
patients are characterised by enrichment in tumour pro-
liferation and cell cycle regulation proteins belonging to 
the E2F targets and G2M checkpoint hallmark gene sets. 
For instance, high-risk patients harboured an upregula-
tion of the MCM complex which initiates DNA replication 
and is expressed prior to the G1 phase of the cell cycle.34 
An example is MCM3, a member of the MCM complex, 
has been shown to be associated with tumour cell prolif-
eration in multiple cancer types and in functional stud-
ies.35 Proliferation in STS is mainly described by FNCLCC 
tumour malignancy grade which scores different histo-
pathological tumour features, including necrosis, differ-
entiation and mitotic count.36 While Ki-67, a marker of 
disease proliferation in several solid tumours, has previ-
ously been assessed in STS to show a partial association 
between tumour proliferation and malignancy grade,37–41 
the molecular characteristics underpinning tumour ma-
lignancy grade in STS remains largely unknown. The en-
richment of proteins that regulate DNA replication and 
the cell cycle including the MCM complex and CDK1 
identified in this study adds new biological pathway infor-
mation to the definition of high-risk STS.

There is a gap in our current knowledge of the biol-
ogy underlying anthracycline-based chemotherapy re-
sponse in STS. Our results could provide a mechanistic 
explanation for the clinical observation that high-risk STS 
patients are more likely to benefit from peri-operative 
anthracycline-based chemotherapy than low-risk patients. 

The stratification of patient risk with the Sarculator no-
mogram enabled a reanalysis of the EORTC-STBSG 62931 
trial, which failed to show a survival benefit for adjuvant 
anthracycline plus ifosfamide in STS42 and was for a long 
time considered as evidence for the lack of efficacy of che-
motherapy in this setting. However, when patients with 
STS of the extremities or trunk within this study were 
stratified according to their Sarculator-predicted risk of 
death, a benefit of chemotherapy was detected only in the 
high-risk patients.6 This is consistent with anthracycline 
being more effective in tumour cells characterised by high 
levels of proliferation.43–45 The enrichment of E2F targets 
and G2M checkpoint proteins in high-risk patients identi-
fied in our study may explain in part the predictive value of 
the Sarculator in identifying these patients who are likely 
to have a reduced risk of recurrence when peri-operative 
anthracycline therapy is used. Consistent with our find-
ings, similar functional hallmark gene sets have been re-
ported among predictive factors for complete response to 
neoadjuvant anthracycline in other solid tumours, such as 
triple negative breast cancer.46

While there is evidence that peri-operative chemother-
apy may benefit high-risk STS patients, there remains broad 
inter-patient heterogeneity in tumour responses within this 
group. Furthermore, some histologies such as epithelioid 
sarcomas and clear cell sarcomas are known to be resistant 
to conventional chemotherapy.47 Here we leverage on the 
proteomic profile of high-risk STS patients to interrogate 
genome-wide CRISPR-Cas9 functional screens of STS cell 
lines within the CCLE database. This led to the rational 
nomination of additional candidate drug targets beyond 
anthracycline-based therapy. Of the non-essential genes 
identified to have a functional effect in decreasing cell via-
bility in >50% of the cell lines assessed, genetic knockdown 
of KPNA2 displayed one of the strongest effects. KPNA2 is 
a member of the karyopherin family of nuclear export pro-
teins and has been shown to have prognostic value in mul-
tiple cancer types including breast and prostate cancer.48–51 

F I G U R E  4   Calibration plots 
showing observed 5-year overall survival 
(OS) against predicted probabilities for 
Sarculator alone (left) and Sarculator + 
sarcoma proteomic module 6 (SPM6) 
score (right).
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Furthermore, this protein regulates tumour growth and 
migration in preclinical models of several cancer types in-
cluding liver and gallbladder cancer.52,53 While there are 
currently no drugs that directly targets KPNA2, the deu-
biquinating enzyme USP1 has been shown to regulate the 
stabilisation of KPNA2.54 Importantly inhibitors to USP1 
such as pimozide (which has been clinically used for pa-
tients with schizophrenia55) or more selective compounds 
such as ML32356 are able to substantially reduce the expres-
sion of KPNA2 which diminished breast cancer metastasis 
in  vivo.54 While hypothesis generating, our approach of 
integrating proteomic and functional genomics data can 
propose new candidate drug targets which could be used as 
alternatives to or in combination with anthracycline-based 
chemotherapy. These candidates need to be experimen-
tally tested in well characterised patient-derived preclinical 
models of high risk STS to validate their effectiveness.

These results also have implications for improving 
the performance of Sarculator. Calibration of Sarculator, 
that is the correlation between predicted and observed 
survival, was improved by the addition of the prognostic 
information encoded by the SPM6 signature in this series. 
This shows that, although there was a direct correlation 
between nomogram predicted risk groups and SPM6, the 
latter has the potential of refining the prognostic predic-
tion of the nomogram. SPM6 is comprised of proteins that 
are predominantly involved in the regulation of DNA rep-
lication. It is therefore interesting that this protein signa-
ture was correlated with different tumour characteristics 
that describe disease biology, such as tumour malignancy 
grade and histology, but not with tumour size. We further 
find that SPM6 may add orthogonal biological information 
particularly in patients with smaller tumours and better 
OS outcomes. Although the inclusion of proteomic infor-
mation is promising, this needs to be balanced with the 
availability of such molecular information in routine clin-
ical practice. One of the major reasons for the widespread 
utility of Sarculator among clinicians is its use of easy-to-
obtain and reproducible clinicopathological information 
that constitute the backbone of prognostic predictions. In 
contrast, proteomics is currently primarily a research use 
only tool which makes it challenging to implement in rou-
tine clinical management.7,8 Whether the new prognostic 
information based on proteomic signatures such as SPM6 
can be incorporated to the Sarculator in future will require 
independent validation and larger patient numbers.

This study is limited by its retrospective study design. 
Patient selection based on availability of tumour tissue for 
proteomic analysis may have introduced a selection bias. 
In addition, the relatively small number of patients did 
not allow for a deep analysis of the possible differences 
among STS histologies. The absence of grade I tumours 
characterises this cohort as a relatively homogenous 

higher risk group of patients. Interestingly, our proteomic 
analysis showed that the very low-risk patients harboured 
features of metabolic rewiring with an enrichment of pro-
teins involved in oxidative phosphorylation and fatty acid 
oxidation. Future proteomic analysis of grade 1 tumours 
may identify additional pathways that will improve our 
mechanistic understanding of the biology of low-risk STS 
patients. Nevertheless, these findings should be consid-
ered as hypothesis-generating and exploratory in nature 
and future validation of the results in independent cohorts 
as well as functional experiments are required.
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