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Abstract

Background: Glioblastoma multiforme (GBM) is a deadly brain tumour with minimal survival rates due to the
ever-expanding heterogeneity, chemo and radioresistance. Kinases are known to crucially drive GBM pathology;
however, a rationale therapeutic combination that can simultaneously inhibit multiple kinases has not yet emerged
successfully.

Results: Here, we analyzed the GBM patient data from several publicly available repositories and deduced hub GBM
kinases, most of which were identified to be SUMOylated by SUMO2/3 isoforms. Not only the hub kinases but a sig-
nificant proportion of GBM upregulated genes involved in proliferation, metastasis, invasion, epithelial-mesenchymal
transition, stemness, DNA repair, stromal and macrophages maintenance were also identified to be the targets of
SUMQO2 isoform. Correlatively, high expression of SUMO?2 isoform was found to be significantly associated with poor
patient survival.

Conclusions: Although many natural products and drugs are evidenced to target general SUMOylation, however,
our meta-analysis strongly calls for the need to design SUMO2/3 or even better SUMO?2 specific inhibitors and also
explore the SUMO?2 transcription inhibitors for universally potential, physiologically non-toxic anti-GBM drug therapy.

Highlights
The major highlights of this study are as follows:

+ Key upregulated hub kinases and coding genes in GBM are found to be targets of SUMO?2 conjugation.

+ SUMO?2 is significantly expressed in adult primary and recurrent GBMs as well as in pediatric GBM tumours.

«+ Orthotropic xenografts from adult and pediatric GBMs confirm high expression of SUMO2 in GBM tumour
samples.

+ SUMO?2 is significantly associated with patient survival plot and pan-cancer cell fitness.
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+ Rationale design of SUMO?2 inhibitors or search for its transcriptional inhibitors is urgently required through
industry-academia collaboration for an anti-GBM and potentially pan-cancer therapeutics.
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SUMO?2 is a master regulator of glioblastoma multiforme(GBM) pathology
and a promising anti-GBM drug target
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Background

Glioblastoma multiforme (GBM) is an astrocyte-derived
brain tumour with minimal survival rates. It is the dead-
liest of all cancers thwarted with dismal hopes of any
rationale therapeutics due to the scale and complexity of
pathology across ages, genders, ethnicities and intracellu-
lar plasticity [1]. While basic laboratory research through
the “in vitro” cell culture studies and “in vivo” animal
model screening of candidate drugs can lead to anti-
GBM drug target discovery, such endeavours are most
often not translatable in the clinical settings. The excava-
tion of cancer cell-specific vulnerabilities and their pro-
gression into clinical utility is thus essentially required for
GBM management. In this direction, kinases are identi-
fied as central players in the formation, maintenance and
recurrence of aggressive GBM tumours [1]. Both recep-
tor kinases and non-receptor kinases are expressed in
GBMs such as EGFR/mutant EGFRVIII, IGFR, PDGER,
VEGFR, FGFR, TGFPR, mutant PTEN, PI3K, AKT,
MAPK, mTOR, Fyn, Src kinases (c-Src, Yes, Lyn and
Lck), GSK3, Serum glucocorticoid kinases (SGK), ATM,
casein kinase 2 (CK2), focal adhesion kinases (FAKs),
sphingosine kinases (SPHK), Ephrins, polo-like kinases
(PLK1), Aurora kinases (AURKA). Cyclin-dependent
kinases (CDKs), LIMK1/2, ROCK1/2, PKD1/2, PAKs, to
name a few [1-3].

Post-translational modifications in kinases crucially
regulate their activity. Since several kinases are activated
by phosphorylation, the attempts are on to target phos-
phorylation sites. However, multiple phosphorylation
sites (identified via phosphoproteomics) and de novo
mutations in phosphorylation sites are posing enormous

difficulties in identifying druggable site-specific inhibi-
tors [4]. Besides, the rapid emergence of various somatic
variants of these kinases brings forth another level of
complexity in drug target site identification [5].

Moreover, multiple kinases need to be targeted simul-
taneously because there is a redundancy in their func-
tions. For example, the PI3K/AKT/mTOR (PAM)
pathway contributes significantly to oncogenesis and
tumour progression. Multiple receptor tyrosine kinases
such as EGFR/ EGFRVIII/IGFR/PDGEFR generate redun-
dant activation of phosphoinositide-3’-kinase (PI3K)
signalling [6]. Similarly, inhibition of mTOR signaling
transactivates MAPK, which is linked to PI3K activation
and can produce redundant functions [7, 8].

Other than multisite-phosphorylations, SUMOylation
of kinases is crucially observed in various pathologies,
especially in cancers. SUMO-conjugation of proteins
has been evidenced to help cancer cells cope with micro-
environment and metabolic stresses, thereby enabling
survival [9, 10]. GBMs are evidenced to have promi-
nent SUMOylation of both receptor and non-receptor
kinases and other protumourigenic coding genes [11-
13]. SUMOylation of CDKS6, various cyclins, PI3K, AKT,
ERK5 drive cell cycle progression and proliferation in
GBMs [13]. SUMOylation of several cytoskeletal pro-
teins such as vimentin and collapsin response mediator
protein 2 (CRMP2) are also reported to promote over-
proliferation [14, 15]. SUMOylation of ERK5, IGFR and
EGER allows their trafficking to the nucleus, where they
upregulate pro-proliferative cyclin D1 and beta-catenin
transcription factors [16—18]. Many G2/M checkpoint
kinases such as BUB1B/BubR1l, MPS1/TTK, Aurora-B,
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polo-like kinase 1 (PLK) are modified by SUMOylation,
only upon which they serve to promote mitotic progres-
sion and cell division [10]. SUMOylation of Latsl and
AMPK antagonizes their tumour-suppressor functions
[19, 20], whereas SUMO modification of NPM-ALK
and Erythropoietin-producing hepatocellular carcinoma
(Eph) family of kinases promote anchorage-independent
growth [10].

However, since SUMOylation is also essential for
maintaining cell homeostasis, a general inhibition of
SUMOylation is not desirable. We, therefore, wanted to
explore, in a clinical setting, the relevance of targeting
a single SUMO isoform in suppressing multiple protu-
mourigenic kinases and other genes vs global SUMOyla-
tion. This is required because general SUMOylation
inhibitors like ginkgolic and anacardic acid fail to
decrease global SUMOylation in GBM cell lines [10].

Meta-analysis and research weaving of clinical cancer
data available in different public repositories and publica-
tions enables connecting the dots and bringing together
an innovative description of cancer cell druggable vul-
nerabilities than is usually possible in a single study
[21]. Hence, these computational approaches can allow
unique opportunities to prioritise “go versus no-go” deci-
sions in developing bench-to-bedside approaches to con-
quer cancer cells. Therefore, we were motivated to utilize
these bioinformatics approaches to explore if any SUMO
isoform post-translation modifications can be targeted,
in place of phosphorylation, to suppress the pro-tumor-
igenic functions of multiple GBM kinases.

Materials and methods

The Additional Tables/Additional files section provides
detailed information on additional methods, individual
data points, analyzed datasets, and website links associ-
ated with bioinformatics data analysis.

Data preparation

In this study, a non-redundant list of 723 kinases was cre-
ated from various literature sources [22, 23]. The level
3 gene transcriptome profile data (RNAseq-HTSeq-
Count) of 173 clinical samples of GDC TCGA Glioblas-
toma and associated metadata files were downloaded
from the UCSC XENA browser (https://xenabrowser.
net/datapages/?dataset=TCGA-GBM.htseq_counts.
tsv&host=https%3A%2F%2Fgdc.xenahubs.net&remov
eHub=https%3A%2F%2Fxena.treehouse.gi.ucsc.edu%
3A443) 07-19-2019 version [24]. UCSC XENA has
mRNA HTSeq counts normalized across the samples and
is log2(Count + 1) transformed. Samples of solid normal
tissue, primary tumour, and recurrent tumour were cho-
sen for analysis (https://gdc-hub.s3.us-east-1.amazonaws.
com/download/ TCGA-GBM.GDC_phenotype.tsv.gz;
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https://docs.gdc.cancer.gov/Data_Dictionary/viewer/#?
view=table-entity-listanchor=clinical). Please see Addi-
tional file 1: Table S1 for clinical data, and Additional
file 2: Table S1 for mRNA HTSeq counts data of patient
samples. Raw count matrix was obtained by back trans-
forming the log2(Count+ 1) data using R code for dif-
ferential expression analysis (Additional file 3: Table S1).
R code for back conversion is provided in the additional
methods.

Identifying differentially expressed genes (DEGs)
Differential expression analysis was carried out with the
DESeq2 package (version 1.24.0) in R Studio. Due to
the high sensitivity and precision offered by the DESeq2
method, it is used for comparative analysis of transcrip-
tomics data between test and control samples to obtain
differentially expressed genes [25]. Rows with low count
genes (counts<10) were pre-filtered to reduce the
memory size and to increase the speed of transforma-
tion and testing functions within DESeq2. Genes with
Padj<0.05 and FC> =2 were considered to be statisti-
cally significant DEGs. Differential expression analysis
was performed for 3 sample types and three conditions,
including primary tumour vs solid tissue normal, recur-
rent tumour vs solid tissue normal, and primary tumour
vs recurrent tumour. From the kinases genes list, differ-
entially expressed genes in all three conditions were man-
ually curated.

Visualizing DEG’s with Heatmap and Volcano plot
Significantly expressed kinases in the three conditions
(primary GBM vs adjacent normal samples, recur-
rent GBM vs adjacent normal samples and primary
GBM vs recurrent GBM samples) were categorized
into up-regulated (log2FC> =1) and down-regulated
(log2FC< =—1) genes. Heatmap visualization of the
high and low expressed kinases in all three conditions
and the volcano plots were created using the Morpheus
tool from Broad Institute (https://software.broadinsti
tute.org/morpheus/) and Graphpad Prism (version6.01),
respectively.

Protein—protein interaction (PPI) network construction

and hub genes selection

The Search Tool for the Retrieval of Interacting Genes
(STRING version 11.0, https://string-db.org/) database is
used to construct a PPI network with the predicted asso-
ciation for a group of genes [26]. String predicts protein—
protein association, which includes both physical and
functional interactions. It provides the protein functional
association ranked by a confidence score. Cytoscape
software (version3.7.1) was used for PPI graphical net-
work visualization. In the network, each node represents
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a gene/protein and edges represent the connection
between them. Cytoscape is a freely available software
package, majorly used for visualizing and analysing
molecular & genetic interaction networks [27].Cytoscape
support many algorithms for the network layout repre-
sentation and many plugins for further network analysis.
We used an Edge-weighted Spring Embedded layout for
our network and Network Analyzer to efficiently com-
pute the topological network parameters like degree and
betweenness centrality [28].

Identifying hub genes from the PPl network

Cytohubba (version 0.1) plugin was used to get the top
30 hubs genes and sub-networks from the PPI network
[29]. Cytohubba uses different algorithms to identify the
sub-network of the hub genes from a more extensive net-
work, which includes Density of Maximum Neighbour-
hood Component (DMNC), Maximum Neighbourhood
Component (MNC), Maximal Clique Centrality (MCC)
and degree. These methods are local based methods that
consider the neighborhood of a node. The result from
DMNC methods, however, did not show consistency
when compared to the other three methods. So the top
30 genes obtained from three methods MNC, MCC and
degree, were overlapped, and the overlapping set of genes
were considered as major hubs.

Gene set enrichment analysis

Gene set enrichment analysis was performed using GSEA
software from Broad institute (version 4.0.3) [https://
www.gsea-msigdb.org/gsea/index.jsp] [30]. GSEA Pre
ranked method was used to understand the enriched
pathways and functional annotation of ranked differen-
tially expressed genes. Upregulated and downregulated
pre-ranked kinase genes from DESeq2 analysis was used
for GSEA analysis. Curated geneset databases “c2.all.
v7.1.symbols.gmt’and  “Human_Symbol with Remap-
ping MSigDB.v7.1.chip” were set as chip platform for
pathway enrichment analysis, also “c8.all.v7.2.symbols”
[Cell type signature gene sets] was used to retrieve
curated cluster markers for cell types identified in single-
cell sequencing studies of human tissues using GSEA
software (version 4.0.3). After 1000 permutations, Nor-
malized enrichment score (NES) was calculated and gene
set with p-value<0.05, FDR<0.25 were considered sig-
nificant. Functional enrichment analysis was performed
using DAVID [version 6.8, https://david.ncifcrf.gov/]
[31]], and gene ontology over-representation analysis was
performed with clusterProfiler [version 3.18] [32].

Survival analysis
Survival analysis was performed using the PrognoScan
database [http://www.prognoscan.org/;  http://dna00.
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bio.kyutech.ac.jp/PrognoScan/] [33]. The correlation
between SUMO isoforms expression and survival in brain
cancer patients were analysed, using PrognoScan and the
Kaplan—Meier plot. The survival curves were plotted for
high expression (red) and low expression (blue) groups
dichotomized at the optimal cut-point. The significant
corrected p-value threshold was adjusted at <0.05.

Cell fitness analysis

Pan-cancer SUMO isoforms associated with cell fitness
data were collected from the Cancer Dependency Map
Dataset [https://depmap.org/portal/depmap/] [34]. It
comprises data of genome-wide CRISPR and shRNA
screens to identify essential genes across hundreds of
cancer cell lines.

Protein expression analysis from the human protein atlas
(HPA)

The human protein atlas (https://www.proteinatlas.org/)
provides a complete resource of proteomics and tran-
scriptomics data generated from antibody-based micro-
array profiling and RNA sequencing. It can be majorly
used to study protein co-localization and expression in
human tissues and cells. HPAnalyze version 3.12, a freely
available R package, was used to retrieve and visualize the
data from the human protein atlas. hpaVisPatho() func-
tion from HPAnalyze was used to visualize the expres-
sion of the protein of interest in each cancer [35].

Other data download web links and data reference IDs
used in the study

(i) UCSC Xena browser to compare TCGA tumour sam-
ples to GTEx normal samples to see if our gene or tran-
script is up- or down-regulated in one or more cancer
types [https://xena.ucsc.edu/compare-tissue/]; (ii) Can-
cer Cell Line Encyclopedia (CCLE) [https://portals.broad
institute.org/ccle]; (iii) RNA Seq data on subtype-specific
differences in molecular and cellular composition at the
margins of glioblastoma [Ref id: GEO-GSE59612, https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE59
612, PMID-25114226]; (iv) microarray data from GBM
samples of patients showing radioresistance and chem-
oresistance [Ref id: GEO-GSE7696, https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE7696, = PMID-
18565887, 21642372]; (iv) microarray data from the
human glioblastoma cell culture resource (HGCC) [Ref
id: GEO-GSE72217, https://www.hgcc.se/,PMID-26629
530]; (vi) microarray data from patient-derived cell line
and xenograft models of proneural, classical and mesen-
chymal glioblastoma [Ref id: GEO-GSE118793, https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE11
8793; Ref id:, SRA-PRJNA508446, https://www.ncbi.nlm.
nih.gov/bioproject/PRINA508446/]; (vii) pediatric high
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and low grade glioma; [CBTTC,https://xenabrowser.
net/datapages/?cohort=Pediatric%20Brain%20Tum
our%20Atlas%3A%20CBTTC&removeHub=https%3A%
2F% 2Fxena.treehouse.gi.ucsc.edu%3A443]; (viii) adult
high and low grade glioma [UCSC Xena, High grade
glioma:https://gdc-hub.s3.us-east-1.amazonaws.com/
download/TCGA-GBM.htseq_counts.tsv.gz; Low grade
glioma:https://gdc-hub.s3.us-east-1.amazonaws.com/
download/TCGA-LGG.htseq_counts.tsv.gz]; (ix) micro-
array data for gene expression in immune cells [https://
joycelab.shinyapps.io/braintime/]; (x) GBM RNA Seq
data on cancer stem cells from IVYGAP [https://gliob
lastoma.alleninstitute.org/, https://glioblastoma.alleninsti
tute.org/api/v2/well_known_file_download/305873915];
(xi) protein mass spectrometry data from PDC com-
mons [https://proteomic.datacommons.cancer.gov/pdc/
https://proteomic.datacommons.cancer.gov/pdc/study/
PDC000204]; (xii) RNA Seq data of developing/prenatal
human brain [https://portal.brain-map.org/http://www.
brainspan.org/static/download.html]; (xiii) microarray
data from patient-derived pediatric brain tumour cell
lines and tumour animal models [Ref id: GEO-GSE99961,
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE99961].

Results

SUMO2 putatively modify upregulated kinases and coding
genes to enable glioblastoma multiforme (GBM) pathology
Towards the inception of the multi-kinase targeting strat-
egy for GBM, we first compiled a non-redundant list of
723 human kinases from various literature sources (Addi-
tional file 4: Table S1).

Next, to identify the expression of these kinases in
GBM patients’ tissue, the RNA-Seq samples from 168
GBM tumours (primary GBM n=155, recurrent GBM
n=13) and 5 normal brain samples were downloaded
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from the UCSC XENA browser. The clinical data dem-
onstrating the heterogeneity of the GBM samples is pro-
vided in the Additional file 1: Table S1.

Samples of solid normal tissues (non tumour adjacent
reference sample), primary GBM tumours, and recur-
rent GBM tumours were chosen for differential tran-
scriptomics analysis of GBM (Additional file 4: Table S2).
Fold change FC>2, i.e., up-regulated (log2FC> =1) and
down-regulated (log2FC< =—1) genes were considered
to be statistically significant to the reference samples
for all genes and kinases expression analysis (Additional
file 4: Table S2-S4, Additional file 5: Figures S1, S2).

A total of 114 kinases were identified to be upregulated
in primary tumours and 125 in recurrent tumours in
comparison to the adjacent normal tissues (Fig. 1A and
Additional file 4: Table S5). A comparison of upregulated
kinases in primary GBMs and recurrent GBMs showed
102 commonly upregulated kinases (Fig. 1A, Additional
file 4: Table S5). Functional gene set enrichment analysis
(GSEA) of the upregulated kinases in primary and recur-
rent GBM samples were intriguingly associated with cell
cycle and mitosis promoting processes (Fig. 1B and Addi-
tional file 4: Table S6). The top 30 differentially upregu-
lated hub kinases were then screened in primary and
recurrent samples (vs normal adjacent samples) by com-
bining the three local-based methods (MNC, MCC and
degree) in the Cytoscape plugin cytoHubba (Additional
file 4: Table S7). From the results obtained, 25 hub upreg-
ulated kinases were common in primary and recurrent
GBM samples amongst the top 30 hubs obtained by indi-
vidual methods (Fig. 1C and Additional file 4: Table S7).

RNA-Seq analysis showed high SUMOI, 2 and 3 iso-
forms in both primary and recurrent GBM tissue samples
compared to unmatched normal brain control samples
and tumour adjacent normal samples (Fig. 1D, Additional
file 4: Table S8). We found that 88 percent [22 out of 25]

(See figure on next page.)

Fig. 1 Glioblastoma upregulated kinases and coding genes are targets of SUMO2/3 isoforms. A Heatmap of RNA-Seq transcriptome analysis shows
comparable upregulation of kinases in primary and recurrent glioblastoma tissue from 168 patients vs normal adjacent control tissues. The colour
bar corresponds to per-gene log2 fold change values in compared groups. B Enrichment score plot/Gene set enrichment analysis (GSEA) identifies
that upregulated kinases are predominantly involved in promoting the cell cycle. FDR = False Discovery Rate; FDR g value < 0.25, NES = Normalized
Enrichment score. Gene sets are ranked according to their normalized enrichment score (NES). NOM p value < 0.05 was considered to be significant
in sorting enriched terms. C CytoHubba network analysis of upregulated kinases in primary and recurrent GBMs unveils 25 common hub kinases
amongst the top 30 hubs identified in individual networks. Mass spectrometry data from Hendriks et al. (2017 and 2018) identified 19 and 16 hub
kinases as targets of SUMO2/3 (marked as an orange square) and SUMO2 (marked as a magenta polygon), respectively. Combined literature search
(blue oval) and mass spectrometry data on SUMO2/3 targets amongst the top 25 common hub kinases in primary and recurrent GBMs identified 22
kinases to be targets of SUMO2/3. D A comparison of SUMO isoforms expression in normal whole brain and cerebral cortex alone [RNA Seq dataset
from normal tissue (GTEx) gene expression dataset] with primary and recurrent GBM (RNA Seq dataset from TCGA) unveils significant expression

of SUMO 1,2 and 3 isoforms. All datasets are reported as mean = SD. *p < 0.05, **p < 0.01, ***p <0.001 and ****p <0.0001; Mean is derived from a
statistically significant number of samples, and Student t-test function was used to drive significance. E, F Analysis of Hendriks et al,, 2017 mass
spectrometry-based proteomics data revealed that a substantial percentage of GBM upregulated kinases and coding genes are targets of SUMO2
isoform (represented as an orange colour fraction in the pie chart). G GSEA analysis of upregulated genes in primary and recurrent GBMs that are
identified as targets of SUMO2/3 (via Hendriks LC-MS/MS data) showed enrichment in all hallmarks of cancers-proliferation, metastasis, invasion,
EMT, hypoxia, drug resistance, pro-tumourigenic immune cell activation etc. For in-depth details on individual data points and dataset sample size
in each graph, please refer to corresponding Additional tables mentioned in the main manuscript text
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of common hub kinases between primary and recurrent
GBMs bear a capacity to be SUMOylated predominantly
by SUMO2/3 isoforms (combined inferences from litera-
ture survey and mass-spectrometry studies) [Fig. 1C and
Additional file 4: Table S9-11] [36].

Mass spectrometry data extraction confirmed 76%
(19 out of 25) kinases as the targets of SUMO?2 isoforms
[Fig. 1C, Additional file 4: Table S12] [9]. Not only hubs
but overall, approximately more than 30% percent of
upregulated kinases in primary and recurrent GBM sam-
ples showed potential to be modified by SUMO2/3 via
mass-spectrometry based analysis (Additional file 5: Fig-
ure S3A and Additional file 4: Table S13).

Not just kinases, approximately 19% of all upregu-
lated coding genes were identified to bear a potential to
be modified by SUMO2/3 isoforms (Additional file 4:
Table S14 and Additional file 5: Figure S3B). SUMO2
directed mass spectrometry data showed 36% of all
upregulated kinases and 25% of all upregulated coding
genes to be the targets of SUMO2 conjugation (Fig. 1E
and F, Additional file 4: Table S15 and S16).

The GSEA analysis of all upregulated GBM (primary
and recurrent) genes putatively modified by SUMO2/3,
showed enrichment for major pro-tumourigenic pro-
cesses such as invasion, metastasis, proliferation,
stemness, EMT, drug resistance, hypoxia, plasticity,
downregulation of senescence, adipogenesis, upregula-
tion of protumourigenic genes associated with HOX,
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Myc, MLL, HNFIA, NPM1, KRT19 and RhoA and
enrichment of inflammatory stromal and microglial cells
(Fig. 1G and Additional file 4: Table S17).

Besides, supplementary platforms for identification of
gene enrichment processes such as DAVID GO Clus-
ters and Over-representation tests showed an increase in
DNA repair, protumourigenic sonic hedgehog, src kinase,
Hox9, cyclophilin, oxidative stress response and folic
acid metabolism pathways (Additional file 4: Table S18,
19, Additional file 5: Figures S4 and S5). Hence, broadly
putative SUMO2/3 modification of kinases and other
upregulated genes could be strongly associated with pri-
mary and recurrent GBM maintenance and progression.

Indeed, even the proteomics data showed high upreg-
ulation of SUMO2 and SUMO2/3 as analyzed through
Protein Data Commons and Human protein Atlas
respectively (Additional file 4: Tables S20, 21, Additional
file 5: Figure S6).

SUMO?2 is significantly expressed in heterogenous cell
types of GBM and is associated with poor prognosis
Analysis of RNA-Seq data by Gill et al. [37] [GSE59612]
further showed that SUMO2 isoform was maximally
upregulated in GBM core tissue and was also observed
in tumour margins (Fig. 2A and Additional file 4:
Table S22). Besides, pro-tumourigenic cancer stem cells
(Fig. 2B, Additional file 4: Table S23), the tumour-pro-
moting aberrant immune cells such as microglia and

(See figure on next page.)

Fig. 2 SUMO?2 isoform is highly expressed across glioblastoma heterogeneity: A RNA Seq data (GEO-GSE59612) analysis from glioblastoma
patients tumour samples revealed that the whole glioblastoma tumour, that is, both core and margin (including residual tumour cells left behind
after surgical resection) expresses significant levels of SUMO?2 isoforms vs normal controls and other SUMO isoforms. B Glioblastoma cancer

stem cells (CSCs) RNA Seq data analysis from the Allen Brain Atlas repository (IVY-GAP) reveals that CSCs are significantly enriched in SUMO2
isoforms vs other isoforms. C RNA Seq data analysis of human glioblastomas that were in contact with neural stem cell zones of the ventricular
sub-ventricular regions (VSVZ 4) in the brain as well as glioblastomas that were not in VSVZ contact (VSVZ-, non-contact) showed high SUMO2/3
expression vs other isoforms. VSVZ refers to the Ventricular Subventricular zone neural stem cell niche. Plus sign refers to glioblastomas in contact
with ventricular-subventricular neural stem cell regions. VSVZ contact by GBMs has been noted for negatively impacting patient survival. Minus
sign refers to glioblastoma bulk populations that did not contact ventricular neural stem cell lining, hence are in a different microenvironment.

D Microarray data (GEO-GSE7696) analysis from human primary and recurrent glioblastoma tumour samples, where patients were subjected to
either radiotherapy or chemo-radiotherapy (Temozolomide-chemo), showed that surviving tumour cells were enriched in SUMO2 isoform; hence
SUMO2 must be directly or indirectly involved in enabling GBM cells survival and resistance against Temozolomide chemo-radio therapeutic
regimes. Probe 1 and Probe 2 refers to distinct cONA probes used in microarray studies. E Kaplan Meier Survival plot from astrocytoma/GBM
dataset (GSE-4271-GPL96) showed a significant association of high SUMO2 expression with reduced patient survival vs highly homologous
isoform SUMO3. p value was derived from the log-rank test. High expression is indicated in red and low expression is indicated by blue-coloured
curves. The numbers of patients in each group are indicated in the figure panel. F Top sub-panel: Microarray data (GEO-GSE72217) analysis of
glioblastoma patients’ tumour-derived cells from Human Glioma Cell Culture Repository, HGCC, showed significantly high expression of SUMO2
isoform vs other SUMO isoforms, Middle sub panel: RNA Seq data analysis (SRA-PRINA508446) of glioblastoma tumour cells that were freshly isolated
from glioblastoma patients’ tumour tissues (primary cells), also showed significant expression of SUMO?2 isoform, Bottom sub-panel: RNA Seq

data (available at Cancer Cell Line Encyclopaedia, CCLE platform) showed that classically and often used glioblastoma cell lines had a significant
expression of SUMO?2 isoforms vs other isoforms. G RNA Seq data analysis from TCGA platform revealed that glioblastoma tissue sub-types (classical,
mesenchymal, neural, proneural; based on the molecularly distinct transcriptome, hence plasticity) have significant expression of SUMO2 in all
sub-type categories. Note that GBM molecular subtype signature information is used in clinical practice to determine GBM therapy’s nature. H
Microarray analysis on glioblastoma sub-types derived tumours cells (classical, mesenchymal, neural, proneural), from data available on HGCC
platform confirms significant expression of SUMO2 in all GBM subtypes. All datasets are reported as mean & SD. *p < 0.05, **p <0.01, ***p < 0.001

and ****p <0.0001; Mean is derived from a statistically significant number of samples, and Student t-test function was used to drive significance. For
in-depth details on individual data points and dataset sample size in each graph, please refer to corresponding Additional tables mentioned in the
main manuscript text
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monocyte-derived macrophages [38], were also identified
to express high levels of SUMO?2 (Additional file 5: Figure
S7 and Additional file 4: Table S24). Hence, SUMO2 was
expressed throughout tumour heterogeneity.

Since the most aggressive GBMs arise from or con-
tact the neural stem cell enriched lateral ventricu-
lar zones; analysis of the RNA-Seq data submitted by
Mistry et al. [39] showed high expression of SUMO
isoforms (except the SUMO4) in GBMs of both ven-
tricular-sub ventricular neural stem cell regions
(VSVZ +) and those that did not contact the ventric-
ular stem cell linings (VSVZ-)(Fig. 2C and Additional
file 4: Table S25).

SUMO2/3 high expression was also found to be
predominantly associated with both chemo and radi-
oresistant GBM samples, as per the analysis of micro-
array data submitted by Murat et al. [GSE7696] [40]
(Fig. 2D and Additional file 4: Table S26), but amongst
the two isoforms only SUMO2 was found to be signifi-
cantly associated with the GBM patient reduced sur-
vival (Fig. 2E and Additional file 4: Table S27). This
information suggests that identification of SUMO?2
inhibitors and inhibition processes, which can target
multiple GBM kinases/other upregulated pro-tumour-
igenic genes and render them non-functional or even
degrade them, needs to be urgently initiated.

So at this juncture, we found it essential to consider
whether a background toolbox is available for SUMO2
directed drug discovery against GBM. In order to
facilitate the drug screening research, we found that
both freshly derived patient GBM cell lines from
HGCC (GEO-GSE72217, https://www.hgcc.se/, avail-
able for research) and other sources [Stringer et al.,
SRA-PRJNA508446] [41] as well as classically used
GBM tumour cell lines (https://portals.broadinsti
tute.org/ccle), consistently upregulated transcriptome
of SUMO?2 (Fig. 2F and Additional file 4: Table S28),
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hence can be alternately used for anti-SUMO2 drug
discovery.

The transcriptome of GBM patient tissue (TCGA) as
well as patient derived cell lines (HGCC) under vari-
ous molecularly distinct subtypes (classical, mesenchy-
mal, neural and proneural) showed enhanced SUMO2
expression (Fig. 2G, H and Additional file 4: Table S29,
30).

SUMO?2 isoform is significantly expressed in both adult

and pediatric GBMs and is essential for cancer cell fitness

It is also worth noting that microarray-based tran-
scriptomics analysis of GBM subtype tumours, freshly
derived tumour cells from these cells and the respec-
tive orthotropic xenografts obtained from the freshly
derived tumour cells, all showed similar high expres-
sion of SUMO2 [Stringer et al., GEO-GSE118793] [41]
(Fig. 3A—C and Additional file 4: Table S31).

Although pediatric GBM landscape is considered to be
very different from the adult GBMs and the research is
focused on finding different drugs for the two GBM types,
we found that both pediatric low and high-grade gliomas
expressed high levels of SUMO?2 (Pediatric Brain Tumour
Atlas: CBTTC from UCSC Xena) (Fig. 3D and Addi-
tional file 4: Table S32). Moreover, this was consistent
with observed profiles in the adult primary and recurrent
low and high gliomas (TCGA and CBTTC) (Additional
file 5: Figure S8 and Additional file 4: Table S33). Besides,
freshly derived cells from pediatric GBM tumours
and orthotropic xenografts generated from them also
showed consistently high SUMO2 expression [Fig. 3
E—G, cell lines are available for research; Additional file 4:
Table S34] [42].

SUMOylation of cell cycle promoting EGFR kinase and
SUMO2/3 involvement in astrocytic tumours have been
documented; however, these were never considered or
escalated seriously on translational platforms to become
a part of GBM clinical management practice[12, 43].

(See figure on next page.)

Fig. 3 SUMO?2 is a promising drug target for both adult and pediatric glioblastomas: A, B, C Microarray data from molecularly sub-typed
(GEO-GSE118793) glioblastoma tumour tissues, the freshly isolated tumour cells from these sub-typed tumours and the orthotropic xenografts
generated from the isolated tumours cells showed fidelity in high SUMO2 expression across classical, mesenchymal and proneural GBMs. D

Pediatric Brain Atlas-CBTTC platform microarray data analysis from pediatric low and high-grade glioma tissues confirms high SUMO2 expression vs
other SUMO isoforms. E, F, G Microarray data from pediatric glioblastoma (GBM, astrocytoma Grade IV; GEO-GSE99961) and astrocytomas (Grade II-
Ill) tumour tissues, the freshly isolated tumour cells from these pediatric tumour grades, and the orthotropic xenografts generated from the isolated
tumours cells showed fidelity in high SUMO2 expression. PDOX refers to Pediatric Orthotropic Xenografts; PBT refers to Pediatric Brian Tumours or
astrocytomas between grades lll-Il. GBM is Grade IV astrocytoma. H CRISPR/CAS gene knockout based pan-cancer dependency test for SUMO2

in cancer cell survival fitness was extracted from DepMAP portal (https://depmap.org/portal/). The values in the table shows that 789 cancer cell
lines were included in the study, wherein only SUMO2 isoform showed up as a common essential gene for the overall survival of cancer cells. 1 The
schematic representation sums up the findings in this study which suggest that SUMO?2 isoform by itself may be a key player in GBM development
and progression via exercising its control on the genes involved in the hallmarks of cancer. Hence, SUMO2 is a promising target for anti-GBM
therapeutics in all GBM subtypes. All datasets are reported as mean £ SD. *p <0.05, **p <0.01, ***p <0.001 and ****p <0.0001; Mean is derived from
a statistically significant number of samples except in panels E, F, G and Student t-test function was used to drive significance. For in-depth details
on individual data points and dataset sample size in each graph, please refer to corresponding additional tables mentioned in the main manuscript
text
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There are some FDA-approved drugs (kerriamycin B,
Spectinomycin B, topotecan) and plant-derived com-
pounds (ginkgolic acid, tannic acid, anacardic acid)
that target the SUMOylation process in general. Sev-
eral other small molecule inhibitors are under develop-
ment (GSK145A, 2- D08; SUMO deconjugating SENP1
inhibitors such as triptolide, momordine, compound J5,
compound 4, compound 3, and compound 13 m) [10].
The use of these compounds in the clinical management
of GBM has not materialized as general inhibition of
SUMOylation over an extended period of administration
can have several overt effects on the physiology and func-
tioning of other organs [11].

GBMs are evidenced to recapitulate developmen-
tal processes, and indeed, even though SUMO-2 and
SUMO-3 display~95% sequence homology, SUMO-2
expression was significantly higher than SUMO-3 dur-
ing development as in GBMs [Additional file 5: Figure
S9A] [11]. Correlatively, it is also well documented that
SUMO-2 knockout mice are embryonically lethal while
SUMO-3 knockout mice are phenotypically normal [11].

As far as SUMOL1 isoform is concerned, it has~50%
homology with SUMO-2/3 but has a lower expression
than SUMO2 in developing mouse and human brain
(Additional file 5: Figure S9A, Additional file 5: Figure
S9B and Additional file 4: Table S35). Developmentally,
SUMO2/3 can compensate for the loss of SUMO1; hence
SUMOL1 knockout mice are also viable[11]. This suggests
that even in GBMs, where the microenvironment reca-
pitulates early brain development, SUMO1 may be over-
all less significant than SUMO2.

Indeed, although both SUMO1 and SUMO?2 have been
identified to be expressed in glioma stem cells (Fig. 2B)
[44, 45], and since human glioblastoma cells reflect a
return to a foetal/embryonic developmental cell state
[46], SUMO?2 being indispensable to the development
but not in adult physiology is plausibly a more potential
target in anti-GBM therapeutics than SUMOL in target-
ing glioblastoma stem cells.

In glioma/glioblastomas, even at protein levels,
SUMO?2 is found to be significantly highly expressed
than SUMOL1 (Additional file 5: Figure S6). This further
indicates that SUMO2 alone targeting via intelligent
structural design or by better understanding its tran-
scriptional process, or even exploring the possibility of
genetic manipulation of the SUMO?2 translation pathway
via microRNAs must be explored. There is also a pos-
sibility that even with very high sequence homology of
SUMO2 with SUMO3, their conformational folding and
transcriptional stimuli may vary, assigning them under
distinct spatio-temporal regulatory controls, which may
further attribute these isoforms with different functional
roles.
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SUMO?2 has also been confirmed to be majorly upregu-
lated in various other cancer cell lines (Additional file 5:
Figure S10). Interestingly, CRISPR/CAS9 high through-
put screening databases (Fig. 3H, www.depMap.org) that
allow gene-specific cancer cell fitness assessment have
shown SUMO?2 to be a pan-cancer fitness gene vs other
isoforms. Hence, the use of SUMO2 inhibition strate-
gies merits investigation in both high and low-grade
astrocytomas/gliomas. In addition, SUMO2 may be a
crucial drug target in other tumours too, as indicated by
patients’ survival plots (Additional file 5: Figure S11, S12,
Additional file 4: Table S36).

Discussion:

We took proteo-transcriptomics approach to identify
unique and promising drug target in GBM pathology and
uncovered that (1) Key upregulated hub kinases and cod-
ing genes in GBM pathology controlling over-prolifera-
tion, hypoxia, stemness, ECM stiffening, inflammation,
EMT, invasion, immune escape, chemo and radioresist-
ance, are putative targets of SUMO2 conjugation, (2)
SUMO?2 is significantly expressed in adult primary and
recurrent GBMs as well as in pediatric GBM tumours, (3)
Orthotropic xenografts from adult and pediatric GBMs
confirm high expression of SUMO2 in GBM tumour
samples, (4) SUMO?2 is significantly associated with
patient survival plot and pan-cancer cell fitness, (5) Inhi-
bition of SUMO?2 isoform can potentially impair multiple
oncogenic kinases as well as other key protumourigenic
genes across GBM subtypes, in adult and pediatric
patients alike, therefore, (6) Rationale design of SUMO2
inhibitors or search for its transcriptional inhibitors is
urgently required for anti-GBM and potentially pan-can-
cer therapeutics.

Although we had set out on our exploration to target
multiple pro-proliferation associated GBM kinases via
inhibition of SUMOylation, we were intrigued to find
that all key upregulated coding genes, involved in the
generation and maintenance of the hallmarks of aggres-
sive cancer, were SUMOylated. These observations jives
with the fact that other than kinases; transcription factors
(e.g. MITE, Myc, TFAP2A, FOXM1, FOXA2, RUNXs,
HIF-1a, C/EBPbetal, Ikaros, pRB, NDRG1, PCNA, IRF-
1, NF-kB, ZEB1, p53, GATA3, VHL, SIRT1, BRCA1), sig-
nalling molecules (e.g. IQGAPI, Slug, RanGAP1,Racl,
MMPs), deubiquitinating enzyme (e.g. CYLD, Pontin,
HDAC3), receptor proteins (e.g. TGFbR1, androgen
receptor, estrogen receptors, progesterone receptor, glu-
cocorticoid receptor, peroxisome proliferator activated
receptor, retinoic acid receptor), DDR proteins (e.g. PML,
DAXX, PRC1, MDC1, HERC2, RNF168, MRN complex,
the homologous recombination proteins- Mrell, Rad50,
Rad52 and Rad59, and the DNA damage checkpoint
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proteins Rad9 and Mrcl, Rad51, ATM, CHK1, DNA-PK
and KU70/KU80), metabolic enzymes (e.g. Fatty-acid
synthase, HMGS-1, PKM2), cell cycle regulators (e.g.
CENP-A, CENP-E, BubR1, condensins, BLM helicase,
and cohesin, Cyclin-E, Topoisomerase Ila, CHK1, Ki-67
and P53) are known substrates of SUMO isoforms [10,
47-55].

The novelty in our findings is that a significant pro-
portion of the upregulated genes in GBM, involved in
tumourigenesis, are found to be the targets of SUMO2/3
isoforms. However, since high expression of SUMO2
alone was found to be significantly associated with poor
patient survival, this SUMO isoform could putatively
regulate all GBM protumourigenic processes. The can-
cer community had almost lost hopes that such a ‘one
size fits all’ kind of tumour target therapy may be possible
with an exception to the CAR-T therapy (https://www.
news-medical.net/news/20200214/Universal-One-Size-
Fits-All-Cancer-Treatment.aspx). This is mainly due to
the challenges posed by the heterogeneity of clinical and
molecular data comprising of differences in age, gender,
ethnicities, co-morbidities and mutations. In the context
of GBMs, the primary tumours were held to be of a dif-
ferent molecular landscape than recurrent ones as the
latter is evidenced to arise from more cancer stem cell-
like populations [56, 57]. Therefore, a notion is held that
primary and recurrent tumours will require different
therapeutic regimes. Besides, the pediatric tumours are
genetically and epigenetically identified to be different
from that adult GBMs, again conforming to the opinion
that exclusive treatment protocols needs to be developed
for childhood GBMs [58]. Our analysis suggests that
SUMO?2 therapeutic inhibition will be beneficial to GBM
patients irrespective of age, tissue differentiation and
the type (primary or recurrent).

SUMOylation of proteins is clearly evidenced in cel-
lular stress such as hypoxia, wherein a positive cor-
relation is derived between SUMOylation and cancer
growth, angiogenesis, glucose metabolism and stemness.
Besides, SUMOylation of ATR and NF«B is identified as
a critical component in DNA damage repair that ena-
bles resistance to chemo and radiotherapy, respectively
[10]. DDX39B, a DExD/H-box RNA helicase involved in
the downregulation of factors associated with the extra-
cellular matrix, cellular migration, and angiogenesis, is
degraded upon SUMOylation which in turn promotes
resistance to alkylating chemotherapy in GBM [59].
Hence, several researches have demonstrated that phar-
macological inhibition of the SUMO pathway may be a
practical approach in overcoming cancer cell resistance
to treatments. However, general inhibition of SUMOyla-
tion can be highly deleterious to health as it is a cytopro-
tective process [60, 61]. Our results indicate that mere
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suppression of SUMO?2 isoform may be sufficient in drug
sensitization vs global SUMOylation targeting.

Glioblastoma tumour-initiating cells are identified to
be major culprits in GBM aggressiveness and relapse
[62]. SUMOylation of Promyelocytic leukaemia pro-
tein (PML) facilitates its interaction with c-Myc, stabi-
lising the protumourigenic c-Myc in glioma stem cells
[10]. SUMOylation modification is reported in different
stemness marker proteins like Oct-4, Oct-1, Nestin etc.
[63-66]. Also, SUMOylation of retinoid acid receptors
in stem cells induces resistance to RA-mediated cancer
stem cells differentiation [67]. Since SUMO?2 expression
is found to be high in glioblastoma tumour-initiating
stem cells, SUMO2 targeting is expected to greatly ben-
efit in controlling tumour recurrence.

SUMO modified proteins such as Transducin f-like
protein (TBL1) and Transducin B-like 1X-linked receptor
1 (TBLR1, coactivator for NF-kB-mediated transcription)
are associated with inflammation-mediated promotion
of tumourigenesis [10]. SUMOylation also contributes to
the negative regulation of NKG2D and DNAM-1, reduc-
ing NK cell-mediated surveillance against tumours [68].
Since inflammation-driven immune escape and fibrosis
(ECM stiffening) are key processes that drive glioblas-
toma pathogenesis, the high expression of SUMO2 in
inflammation-promoting macrophages and stromal cells
indicates that it may be crucial in their maintenance
[69, 70]. Therefore, SUMO?2 targeting may be helpful in
reducing the numbers of such aberrant immune cells,
which will invariably subside inflammatory secretions
and cytokine storms.

Metastasis, migration and invasion associated can-
cer genes such as RanGAP1 (Ran-GTPase activating
enzyme 1), Rho-like GTPase- Racl, MMPs like MMP-9,
MMP-14 and slug [10, 71] are found to be profoundly
SUMOylated. Although metastasis is rare outside the
central nervous system in GBMs, we find that SUMO?2 is
crucially associated with EMT genes, putatively support-
ing migration and invasion processes.

One of the major reasons for the extremely poor prog-
nosis of GBMs is its asymptomatic nature in early stages,
routine exosome profiling from blood serum can enable
early diagnosis and thereby early staging of GBMs or
precancerous lesions. Since our analysis suggests that
SUMO?2 specific conjugation of certain proteins puta-
tively occurs in GBM, pull-down assays in combination
with mass spectrometry may enable the identification
of such SUMOylated tumour-specific biomarkers in
exosomes. Given the reports that SUMO2 and SUMO2
conjugated proteins are identified in exosomes [72],
SUMO?2 and its target proteins can serve as a circulating
biomarkers for determining cancer risk and for evaluat-
ing the chemotherapy response.


https://www.news-medical.net/news/20200214/Universal-One-Size-Fits-All-Cancer-Treatment.aspx
https://www.news-medical.net/news/20200214/Universal-One-Size-Fits-All-Cancer-Treatment.aspx
https://www.news-medical.net/news/20200214/Universal-One-Size-Fits-All-Cancer-Treatment.aspx

Krishna et al. Cancer Cell Int (2021) 21:575

Further, most of the currently available anti-cancer
drugs are weakly basic in nature, and the predominant
acidic microenvironment of GBMs induces protonation
of these drugs, inhibiting their entry into the tumour cells
and the sites of action [73, 74]. Therefore, while using
HTS library screening technologies to identify inhibitors
of SUMO?2 or its transcriptional inhibitors, due consider-
ation should be laid on its cellular accessibility in the low
pH GBM microenvironment. Additionally, combining
SUMO?2 inhibitors with FDA approved drugs and other
anti-cancer phyto-compounds may efficiently target
GBMs through drug synergism and may combat treat-
ment resistance.

Conclusions

We found that SUMO?2 isoform was significantly over-
expressed in both primary and recurrent GBM tumour
tissues. Cellularly, both bulk and glioblastoma cancer
stem cell-like population and as well as pro-tumouri-
genic macrophages/stromal cells over-expressed SUMO2
isoform. Molecularly, all major kinases and other genes
involved in GBM formation and maintenance were found
to be targets of SUMO?2 conjugation. Clinically, SUMO2
isoform over-expression was significantly correlated with
the shorter survival rates in the GBM patients. The over-
expression was found in the GBMs of both adult and
pediatric origins and also in the low-grade gliomas. In
summary, SUMO2 is identified as the master regulator
of the processes involved in generating cancer hallmarks;
hence it is a promising anti-GBM drug target (Fig. 3I).
Thus, our study calls for an urgent industry-academia
collaborations to develop and validate SUMO?2 isoform-
specific inhibition strategies, which can target multiple
hub pro-tumorigenic genes in glioblastoma pathology,
irrespective of patient age and other clinicopathological
parameters.
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