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Abstract

Glioblastoma multiforme (GBM) is a highly heterogeneous brain tumor with limited treatment options.
Recent studies revealed cellular heterogeneity and the potential for interconversion between distinct cell
types on the basis of RNA sequencing and single-cell analyses. The ability of different cell types to adapt
to their surrounding environment and undergo transformation significantly complicates the study and
treatment of GBM. In this study, we reveal that HNRNPK-SUMOI expression is predominantly found in
the GBM infiltration area. SUMOylation of the K422 residue of HNRNPK interferes with its DNA binding
ability, thereby disrupting downstream transcription, and ultimately leading to transitions between
different states of glioblastoma stem cells. Although the proneural subtype is considered to have a better
prognosis, transitioning towards this state promotes tumor invasion. These findings serve as a reminder
to exercise caution when considering treatments targeting specific cellular subtypes.
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Introduction

Glioblastoma multiforme (GBM) is the most
common primary malignant tumor in the brain. The
new guidelines define GBM as glioma without
isocitrate dehydrogenase (IDH) mutant [1]. Multiple
studies have described the characteristics of different
tumor cells in glioblastoma. Verhaak’s study, based
on bulk RNA-seq, classified glioblastoma into
proneural (PN), mesenchymal (MES), and classical
(CL) subtypes [2, 3]. Further single-cell-based studies
have classified tumor cells into astrocyte-like
(AC-like), mesenchymal-like (MES-like), neural
progenitor-like (NPC-like), and oligodendrocyte
progenitor-like (OPC-like) types [4]. Soniya Bastola
collected core tumor tissue (located within the T1
enhancement region) and peripheral tumor tissue
(located outside the T1 enhancement region, but
within the Fluid Attenuated Inversion Recovery
(FLAIR) area) and described their characteristics [5].
GBM is believed to be driven by a small population of

glioblastoma stem cells (GSCs). GSCs can not only
self-renew and differentiate into non-stem tumor cells
but can also adapt to the microenvironment and
transition into different states to drive tumor
progression and recurrence. However, how this
transformation is regulated internally within the cells
remains unclear. Studying the characteristics of GS5Cs
will help us gain a deeper understanding of the
mechanisms underlying the development and
progression of GBM and ultimately lead to better
treatments for this disease.

Small Ubiquitin-like Modifier (SUMO)ylation is
a protein modification process that involves the
covalent attachment of SUMO proteins to target
proteins following several enzymatic steps [6]. First,
the SUMO precursor protein is cleaved into its mature
form by SUMO-specific proteases (SENPs). Next, the
activating enzyme (E1) activates SUMO and forms a
thioester bond with it. The activated SUMO is then
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transferred to the conjugating enzyme (E2). UBE2I,
which is also named UBCY, is the only known SUMO
E2. Finally, with the help of the SUMO ligase (E3),
SUMO proteins are bound to their target proteins. E3
ligase is not required for SUMO modification, but its
presence greatly enhances the efficiency of
SUMOylation [7]. SUMO1 molecules are covalently
attached to specific lysine residues on target proteins
under the mediation of E3 ligases. Several families of
E3 ligases have been identified, including the RanBP2,
TRIM, and PIAS families [7, 8]. Different cells and
proteins often have different E3 ligases for
SUMOylation. The dynamics of SUMOylation allow
proteins to be rapidly and reversibly modified,
enabling the fine-tuning of cellular processes in
response to various stimuli and environmental
changes. SUMOylation primarily targets nuclear
proteins and affects transcriptional regulation, DNA
repair, and chromatin structure [7]. Therefore,

understanding the mechanisms and functional
consequences of SUMOylation is crucial for
elucidating cellular processes and developing

potential therapeutic strategies.

In this study, we investigated the expression of
SUMO-modified related molecules in glioblastoma
and the role of HNRNPK in SUMO modification.
Molecules associated with SUMOylation were found
to be highly expressed in areas of tumor
microvascular proliferation and showed a preference
for expression in NPC-like tumor cells. According to
our research, environmental factors such as hypoxia
can regulate intracellular SUMOylation. The
SUMOylation of lysine at the K422 site on the third
KH domain of HNRNPK can disrupt its binding to
DNA, thereby interfering with transcriptional
regulation and altering GBM cell states. The transition
towards the proneural/infiltration subtype improves
survival, but it also leads to increased proliferation of
tumor cells in the edge and infiltration of tumor cells
into brain tissue.

Material and methods

Experimental model and study participant
details

The protocol for this study (DWLL-2021-109)
was approved by the Ethics Committee of Qilu
Hospital, Shandong University. All relevant laws,
regulations and guidelines were followed in this
study. Human GBM tissue samples were obtained
from patients undergoing surgery at Qilu Hospital.
Written informed consent was obtained from all
patients prior to participation. GBM stem cells
(P3#GSC, BG5#GSC, and BG7#GSC) were previously
isolated and characterized [39].

Cell culture and treatment

GSCs were cultured in neurobasal medium
(A2477501,  Gibco/Thermo  Fisher  Scientific)
supplemented with 2% B-27 Neural Mixture
(17504044, Gibco/Thermo Fisher Scientific), 10
ng/mL EGF, and 10 ng/mL bFGF. Cell differentiation
was induced by treating the cells with 10% FBS for 48
h. The low-oxygen treatment (COz 5%, Oz 1%, 37°C)
involved culturing the cells in a hypoxic incubator for
48 h, while the UV treatment (254nm) consisted of
exposing the cells to UV radiation for 8 h.

Immunofluorescence

We collected tissue samples from five GBM
patients (IDH wt). Sodium citrate antigen retrieval
solution (C1032, Solarbio) was added to the slides.
The slides were heated on low heat for 20 min and
then cooled in an ice water bath to room temperature.
The primary antibody was incubated overnight at
4°C, followed by 30 min of re-warming at room
temperature. HRP-conjugated secondary antibody
was incubated at room temperature for 1 h, followed
by rinsing with PBS. FITC-Tyramide (G1222-50UL,
Servicebio) was incubated at room temperature for 10
min, followed by washing with TBST. The same
method was applied to stain other molecules using
CY3-Tyramide (G1223-50UL, Servicebio). The specific
information of the antibody is provided in the Key
resources table.

Xenograft intracranial tumor assay

Four-week-old male BALB/ c-nude mice (Jiangsu
Jicuiyaokang Biotech Co., Ltd., China) were bred
under SPF conditions. All mice (five per group) were
anesthetized using isoflurane gas and fixed in a
stereotaxic frame. The injection site was located 1 mm
anterior and 2 mm to the right of the bregma, with an
injection depth of 2.5 mm. Each mouse was injected
with 3 x 105> P3#GSCs or BG5#GSCs. The tumor
volume was evaluated using a bioluminescence
imaging system (IVIS Spectrum, PerkinElmer;
Waltham, MA, USA). Euthanasia was performed
when mice exhibited weight loss, loss of appetite,
weakness, or were in a moribund state, or when they
showed neurological or behavioral symptomes.

Immunohistochemistry

The paraffin sections were deparaffinized using
xylene, followed by antigen retrieval using EDTA
antigen retrieval solution. The primary antibody was
incubated overnight at 4°C. After re-warming to room
temperature for 30 min, the secondary antibody was
incubated for 1 h, followed by DAB staining. Details
of the antibodies can be found in the Supplementary
Table S2. Whole-slide images were imported into
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Qupath [40] (Version: 0.4.3) for data analysis. The
specific information of the antibody is provided in the
Key resources table.

Surface plasmon resonance (SPR)

HNRNPK (WT), KH3 (WT), and KH3 (K36R)
were cloned into the pet28a vector with C-terminal
fusion of the HIS tag. The bacterial strains were
amplified in LB medium, and protein expression was
induced using isopropyl 8-D-1-thiogalactopyranoside
(16758, Merck). Proteins were purified using His-tag
purification, the efficiency of which was verified
using Coomassie brilliant blue or silver staining. For
the SUMOylation modification of the protein, the

KH3 (WT) protein was subjected to in wvitro
SUMOylation using the SUMOylation kit
(BML-UW8955-0001,  Enzo). Mix  2.0pl  of

SUMOylation buffer, 1pl of Mg-ATP, 1pl of 20x
SUMO E1, 1ul of SUMO E2, 1pl of SUMO-1, and 1uM
of the target protein on ice. Then incubate the mixture
at 37°C for 60 minutes. The effect of SUMO
modification was detected using silver staining. The
SADH (19-0130, Octet® SPR Sensor Chip) chip was
used to bind biotinylated ssDNA
(CTCAGCCTCCCGACTC), and the binding response
units (RUs) between different proteins and ssDNA
were measured using the SPR system. The results
were processed using Qdat software to generate
binding curves and analyze the binding constants.

GBM-brain organoid co-culture invasion assay
analysis

Mouse embryonic brain organotypic cells were
cultured for 21 days as described [41]. GBM cells
expressing GFP were cultured in low-adhesion
96-well plates to generate glioma spheres and then
co-cultured with mature brain organotypic slices for
48 h. GBM cell invasion images were captured using a
confocal microscope (Leica TCS SP8; Wetzlar,
Germany). See Supplementary information for
additional details on data analysis.

Quantification and statistical analysis

The Shapiro-Wilk test was used to assess the
normality distribution of the data, whereas the
Bartlett test was employed to evaluate the
homogeneity of variances. For comparisons among
multiple groups, either ANOVA or the Kruskal-Wallis
test was performed to determine if there were
significant differences. Either the t-test or Wilcoxon
test was used to examine pairwise differences
between groups. Post-hoc tests were performed using
TukeyHSD or kwAllPairsNemenyiTest. All analyses
were performed using R 4.2.3.

See Supplementary information for additional
details on data analysis.

Data and code availability

The sequencing data has been uploaded to the
GEO database, with the accession number GSE262681.
Any additional information required to reanalyze the
data reported in this work paper is available from the
lead contact upon request. This paper does not report
original code.

Results

SUMOI modification is primarily expressed in
NPC-like GBM cells

First, we examined the expression of
SUMO-modified related molecules in glioblastoma
and normal brain tissue. The expression of several
SUMOylation-related molecules was investigated and
found to be highly expressed in GBM compared to
normal brain tissue (Figure 1A). Risk score and
survival analyses revealed that patients with high
expression of SUMOylation-related molecules had
improved progression-free survival (PFS) (Figure 1B
and Supplementary Figure 1). The relationship
between SUMO1 expression and common GBM
mutations, as well as bulk-RNAseq scoring in GBM
samples, was examined (Figure 1C and
Supplementary Figure 2) [9, 10]. No significant
relationships were observed between SUMO1
expression and mutations (Figure 1C). We found no
significant correlation (|R| < 0.3) between SUMOI1
expression and GBM scoring. Querying the IVY
database based on sequencing results from
anatomical locations revealed that SUMO1 was
predominantly expressed at the leading edge and
microvascular proliferation areas (Figure 1D) [11]. To

analyze the cellular distribution of SUMO
modification in GBM, single-cell data were
downloaded and subjected to dimensionality

reduction and annotation based on current research
[4, 12, 13]. The results indicated high expression of
SUMOylation-related molecules in NPC-like GBM
cells (Figure 1E), which are considered to be the main
invasive cells [14]. The results suggest that SUMO
modification primarily occurs in NPC-like cells
located at the tumor periphery and around blood
vessels.

Our previous study examined proteins
SUMOylated in GBM (Supplementary Table S1). The
study employed Anti-K-e-GG antibody beads to
extract proteins SUMOylated, followed by positive
ion detection using a Q-Exactive mass spectrometer.
The raw sample data were processed and searched
using MaxQuant software for data consolidation and
analysis. The protein-protein interaction network of
SUMOylated proteins in GBM was analyzed using the
STRING database (Figure 1F) [15, 16]. Functional
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enrichment analysis and clustering of the proteins
suggested that SUMO1-modified proteins primarily
regulate protein-protein interactions and are
associated with DNA-RNA binding and editing
(Figure 1G). Due to the central role of HNRNPK in

>

both protein interactions and functional clustering,
and HNRNPK is primarily modified by SUMOL1 [17],
we further investigated the SUMOylation function of
HNRNPK in GBM.
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HNRNPK-SUMOI is primarily localized in the
GBM infiltrating region

Previous studies have confirmed the occurrence
of SUMO modification of HNRNPK at residue 422
and HNRNPK is primarily modified by SUMOI, but
the functional significance of this SUMO modification
in GBM remain unclear [18]. A modified peptide,
GASI-(K-e-GGTQ)-IDEP-C, was synthesized to create
an antibody specifically recognizing the SUMOI1
modification at the K422 site of HNRNPK (Figure 2A).
The antibody was validated through
co-immunoprecipitation experiments and western
blotting (Supplementary Figure 3A-B).
Immunofluorescence co-staining was performed to
examine the localization of HNRNPK-SUMO1 with
various cell markers (Figure 2B). We observed that
several markers could detect varying degrees of
colocalization with HNRNPK-SUMOL1. To further
quantify and clarify the distribution of
HNRNPK-SUMO1, QuPath software was used to
divide the tissue into tiles, and the positivity rates of
different markers were calculated in each tile (Figure
2C). We quantified the fluorescence positivity rate of
each marker in more than 2000 tiles from five GBM
samples. We observed a high degree of overlap in the
distribution of SOX2, OLIG2, and PDGFRA with
HNRNPK-SUMOT1 (Figure 2D). Differential analysis
indicated that HNRNPK-SUMO1 showed high
expression in regions where OLIG2 and PDGFRA
were also highly expressed (Figure 2E-G), and
correlation analysis confirmed a high degree of
overlap in the positivity rates of OLIG2 and the
distribution of HNRNPK-SUMO1 (Figure 2H-I).
Fluorescence scatter analysis also demonstrated
significant co-localization between OLIG2 and
HNRNPK-SUMO1 (Figure 2J).

OLIG2 is considered a key molecule involved in
mediating single-cell mode invasion of GBM cells and
is highly expressed at the invasive tumor edge [19]. To
explore the tissue localization of HNRNPK-SUMO1,
P3#GSC, and BG5#GSC were utilized to establish a
patient-derived tumor xenograft (PDX) model. From
the heatmap distribution of HNRNPK-SUMO1, we
observed a higher distribution of HNRNPK-SUMO1
at the tumor periphery compared to the tumor core
(Figure 3A). To further validate this, we performed
quantitative analysis of tissue section staining in
distinct regions. The tumor edge can be divided into
the invasive margin or well-defined margin according
to Alieva's research [20]. The tumor invasion areas
beyond the tumor bulk were classified as infiltration
regions. Based on Scherer's classification of glioma
invasion [21], we annotated the tumor invasion

regions (Figure 3B-C). HNRNPK-SUMO1 was
primarily present at the tumor infiltrating edges,
while the positivity rate of HNRNPK-SUMOL1 in the
tumor core region was significantly lower (Figure
3D-E). However, we found no significant differences
in the expression of HNRNPK in different regions
(Figure 3F-G). Evaluation of cell proliferation (Ki67)
also revealed a significantly higher proliferation rate
at the tumor periphery than at the tumor core (Figure
3H-I).

SUMOI| modification interferes with the
binding ability of HNRNPK to ssDNA

HNRNPK contains three KH domains, and the
modification at position 422 is located on the third KH
domain of this molecule. The KH3 domain adopts a
B-a-a-B-B-a structure and can specifically recognize
the TCCC sequence of ssDNA [22] (Figure 4A).
Initially, attempts were made to construct full-length
HNRNPK using the ENST00000376281.8 transcript.
However, it was found that the transcripts of
HNRNPK cannot all fold into the target size protein in
vitro, making it difficult to purify the desired region
(55-70 kDa) of the protein (Supplementary Figure 4A).
Therefore, the KH3 domain of HNRNPK (387-451 aa)
was constructed to explore the function of SUMO1
modification. The purified KH3 domain protein was
subjected to SUMO1 modification, and the antibody
recognizing the SUMOylation of the specific K422 site
on HNRNPK was used for western blotting to
confirm the in wvitro modification (Figure 4B).
Following SUMOylation, the KD value significantly
increased, suggesting a decrease in affinity for KH3
binding ssDNA (Figure 4C). Given that it is not
feasible to establish a stable SUMO1-modified state of
the target protein in an in vivo environment, current
studies on the function of SUMO1-modified proteins
often involve fusing the SUMO protein to the
N-terminus of the target protein or introducing
specific site mutations to investigate the impact of
SUMOylation on the protein. In this study, relevant
proteins were constructed by mutating the lysine
residue at position 36 (corresponding to HNRNPK's
K422 site) on the KH3 domain, and the effect of the
mutation on binding ability was analyzed. Mutation
of K36 to R resulted in a significant decrease in the
binding rate (k.) with ssDNA, leading to a decrease in
its binding capacity (Figure 4D-E). We also found that
the mutation suppresses the binding affinity of the
KH3 domain of HNRNPK to ssDNA, and its impact
on the function of the KH3 domain is consistent with
SUMOI1 modification.
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Figure 2. Immunofluorescence distribution of HNRNPK-SUMOI. A. Schematic diagram of HNRNPK-SUMOI antibody generation. B. Inmunofluorescence co-staining
images of HNRNPK-SUMOI with CD31, CD44, HIF1A, OLIG2, EGFR, GFAP, PDGFRa, and SOX2. Scale bars: 100 um. C. Immunofluorescence image of the entire tissue output
by Qupath. Scale bars: 2 mm. D. Area plot illustrates the positivity rates of red and green fluorescence in all tiles; the red color represents the positivity rate of the corresponding
molecule in each title, while the green color represents the positivity rate of HNRNPK-SUMOI. E-G. Violin plots are used to display the differences in HNRNPK-SUMOI1
positivity rates between high and low groups of OLIG2, SOX2, and PDGFRA. The minimum p-value between groups was calculated to set the threshold. H-l. Correlation analysis
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Figure 3. Immunohistochemistry location of HNRNPK-SUMOI. A. HE stain and HNRNPK-SUMOI DAB stain of tissue sections. B. Flowchart illustrating the data
processing pipeline. C. Cell detection and annotation of anatomic sections from PDX models. D-E. HNRNPK-SUMOI positive rates in different anatomic regions of GBM. Data
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anatomic regions of GBM. Data are presented as the mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

In this study, wild-type (WT) and K422R mutant
HNRNPK with GFP tags were constructed using the
ENST00000376281.8 transcript to explore the function
of HNRNPK and the impact of disrupting HNRNPK
and DNA binding on GSCs (Figure 4F) [23].
Immunofluorescence analysis revealed that both the
WT and mutant forms were expressed in the nucleus
and cytoplasm of cells, with a slight increase in
nuclear localization observed for the K422R mutation
and HNRNPK-SUMO1 than wild-type HNRNPK
(Supplementary Figure 4B-C). To identify potential
factors that may influence SUMO1 modification of

HNRNPK, we performed functional enrichment
analysis on overexpressed wild-type and mutant
GSCs. Two-dimensional enrichment (2D-enrichment)
analysis revealed differential activation of pathways
in P3#GSCs in response to ultraviolet (UV) and
hypoxic treatment (Figure 4G). Subsequently, the cells
were exposed to UV radiation for 8 h or hypoxic
treatment for 48 h in vitro. Western blotting showed
that hypoxia treatments led to a decrease in the level
of SUMOylation modification of HNRNPK (Figure
4H-I).

https://www.ijbs.com



Int. J. Biol. Sci. 2024, Vol. 20

5722

B

Western blotting

D

Silver Stain

Western blotting

SUMOylated KH3 - + - KH3(WT) - + + = - + + -
«. KH3 mixed with + KH3(K36R) - _ - + = = = +
f VBERIESLMOT UBE2+SUMO1 - - 4+ - - - 4 -

KH3(SUMOylated)
— KH3(mixed with
UBE2I+SUMO1)

75

50

25

72 kDa
55 kDa
43 kDa

37 kDa
25 kDa

17 kDa |

8 kDa

Surface Plasmon Resonance assay

72 kDa
55 kDa
43 kDa
37 kDa

25kDa

17 kDa

8 kDa

Surface Plasmon Resonance assay

— KH3
= KH3

w
(=]

N
[=]

-
j=]

MW Normalized Response(RU)

(=]

(WT)
(K36R)

MW Normalized Response(RU)

500

700

900

1100

0

300

400

Time(s)

200
Time(s)

Name

ky(M-'s™)

ka(s)

KD(M)

Name

k(M)

ky(s™)

KD(M)

KH3(SUMOylated)

4.42+0.01e6

0.54+0.01

123+2nM

KH3{mixed with SUMO1 and UBE2I)

7.1:0.2e6

0.0144+0.0001

2.02+0.06nM

KH3(WT)

2.0+0.1e5

0.123+0.001

610+40nM

1+1e4

0.126+0.001

20+60pM

KH3(K36R)

Mutation

F

HNRNPK(K422R) [350
0

HNRNPK(WT) [35"

chr9:83970258(T-C)

|
i NN

Cdutm et |

G

2D enrichment analysis(HALLMARK)

-~
[

%50
Flag [

=
»

0
ENST00000493362.1
ENST00000492865.1
ENST00000483135.1
ENST00000481820.6
ENST00000472778.5
ENST00000457156.5
ENST00000384871.1
ENST00000376281.8
ENST00000376263.8
ENST00000376256.2
ENST00000360384.9
ENST00000351839.7

—
[~

P3 Flag-K422R log2FC

1
-
o

1
UVIRESPONSE_DN

: HYPOXIA

r
83866000

T
83970000

T
83974000

—
83978000

H

P3#GSC

BG5#GSC

1
83982000

-1.0

-0.5

0.0 0.5 1.0

P3 Flag-WT log2FC

HNRNPK-SUMO1/HNRNPK

HNRNPK-
SUMO1

—100 kDa

—72 kDa
—55 kDa

—43 kDa

Relative expression __

P3#GSC

BG5#GSC

N
N

09

:I'
i

S
[}

I
= =

o
(&)

o
[=)

|
A

-
o

Control Hypoxia UV

Control Hypoxia UV

Figure 4. SUMOylation of HNRNPK inhibits ssDNA binding affinity and is regulated by environmental factors. A. Protein structure of KH3. The structure (1j5k)
was acquired from the PDB database. B. Western blotting of SUMOylated KH3 and KH3 (mixed with UBE2Il and SUMOI). C. ssDNA and KH3 or SUMOylated KH3 affinity
binding curves. D. Protein silver stain and western blotting of KH3 (WT), KH3 (K422R), and SUMOylated KH3. E. ssDNA and KH3 (WT) or KH3 (K422R) affinity binding curves.
F. TrackViewer displays all transcripts of HNRNPK, along with the results of RNA-seq and the mutation positions identified by GATK4. G. Two-dimensional enrichment analysis
revealed differentially activated pathways between the overexpressed HNRNPK (WT) and HNRNPK (K422R) treatments in P3#GSC. H. Western blotting examining the
expression of HNNRPK-SUMO in P3#GSC and BG5#GSC treated with UV or hypoxia. |. Western blotting quantitative results of HNNRPK-SUMOI expression in P3#GSCs
and BG5#GSCs treated with UV or hypoxia. Data are presented as the mean * SD.

https://www.ijbs.com



Int. J. Biol. Sci. 2024, Vol. 20

5723

Protein co-immunoprecipitation experiments
were conducted to detect proteins bound to
HNRNPK. A significant decrease in the abundance of
proteins bound to HNRNPK was observed when the
K422 residue was mutated (Supplementary Figure
5A). Functional clustering analysis of proteins bound
to HNRNPK showed enrichment in DNA and RNA
binding. Specifically, HNRNPK (WT) exhibited more
interactions with proteins associated with translation,
RNA polymerase, and RNA helicase activity,
compared to the mutant form (Supplementary Figure
5B-C).

HNRNPK regulated the transition of the GSC
state

To elucidate the function of HNRNPK, RNA-seq
was performed in three types of GSCs overexpressing
WT or mutant HNRNPK, namely P3#GSC, BG5#GSC,
and BG7#GSC (Figure 5A) [24] [25] [26]. WGCNA was
used to identify key modules in different treatment
groups (Supplementary Figure 6A). In our study, we
found that WGCNA primarily enriched three distinct
modules: one module associated with negative
regulation of gene expression, and the remaining two
modules related to extracellular matrix and cell
migration (Figure 5B). Based on these findings, we
hypothesize that HNRNPK is functionally involved in
transcriptional regulation and cell invasion. The
module-trait analysis in WGCNA further suggests a
strong correlation between these modules and cellular
subtype and tissue localization (Supplementary
Figure 6B). So we investigated the expression changes
of different markers and observed that GSCs
overexpressing HNRNPK (K422R) significantly
increased the expression of markers in the infiltrating
region, whereas GSCs overexpressing HNRNPK (WT)
tended to increase the expression of markers in the
core region (Figure 5C and Supplementary Figure
7)[27]. We compared the differentially activated
pathways  between  P3#GSCs  overexpressing
HNRNPK (WT) and HNRNPK (K422R). These two
treatments exhibited differential activation efficiency
in the epithelial-mesenchymal transition pathway
(Figure 5D). Only HNRNPK (WT) can activate
epithelial-mesenchymal transition pathway. Next,
gene set enrichment analysis (GSEA) was conducted
on bulk RNA-seq data. We found that the differences
primarily lay in the E2F target, G2M checkpoint, RHO
GTPase cycle, and KARS signaling pathways. This
also suggests that HNRNPK perform function in
transcription and the regulation of cell proliferation
and invasion (Supplementary Figure 8).

Based on the 2D-enrichment results of P3#GSC
and BGS#GSC, we identified the protein serine
threonine kinase signaling pathway as being

commonly activated upon overexpression of
HNRNPK (WT) (Figure 5E). Due to the roles of
HNRNPK in cellular phosphorylation, we further
investigated the differences between treatments using
a phosphorylation array (Figure 5F). As a result, we
found differences in the phosphorylation levels of
p-c-JUN, p38, and p-CREB (Figure 5G). Combining
the results from the phosphorylation array and
functional pathway enrichment analysis, we
performed western blotting experiments to examine
commonly activated phosphorylation signaling
pathways in GBM. Compared to cells overexpressing
HNRNPK (K422R), overexpression of HNRNPK (WT)
upregulated proteins such as p-CREB, p38 and P65,
which were highly expressed in the MES#GBM
subtype (Supplementary Figure 9). By overexpressing
SUMO1 and UBE2I, we enhanced the levels of
intracellular SUMOylation modification. Although
there was no statistically significant difference,
overexpression of SUMO1, UBE2I and HNRNPK
(WT) led to a decrease of p-CREB, p38 and P65
comparing to cells only overexpressing HNRNPK
(WT) to varying degrees.

SUMOylation of HNRNPK interferes with
transcriptional inhibition of TSPANI13

Because SUMOI1 modification interferes with the
binding of HNRNPK to DNA, we next conducted
ChIP-seq to detect the sequences bound by HNRNPK
(Figure 6A). We separately selected the molecules
commonly up- and down-regulated in GSCs and
intersected these with the findings from the ChIP-seq
analysis (Figure 6B). The results showed that
wild-type HNRNPK upregulated molecules located in
the CTpnz region (GPNMB, KAT6A, NFIL3, and
UMIC1) while inhibiting markers of infiltration and
those on the leading edge, such as LGI2, MAGI2,
TSPAN13, and VP545 (Figure 6C). Further RT-qPCR
experiments revealed that the expression of TSPAN13
was suppressed by HNRNPK, and that this process
could be reversed by promoting intracellular
SUMOylation modification by overexpressing
SUMOT1 and UBE2I (Figure 6D).

TSPAN13 is a marker of NPC-like cells [4]. Data
analysis suggests that TSPAN13 is predominantly
highly expressed in the PN subtype and primarily
localized at the leading edge and around the
microvascular  proliferation zone of GBM
(Supplementary Figure 10A-D). Therefore, we
speculate that HNRNPK can suppress the expression
of TSPAN13 in cells, thereby inhibiting the transition
of GSCs towards the PN subtype. Two primer sets
were designed in the promoter region of TSPAN13,
and ChIP-qPCR was used to assess the efficiency of
HNRNPK binding to TSPAN13 (Figure 6F-G and
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Supplementary Figure 10E). The results showed that the promotion of intracellular SUMOylation
HNRNPK (WT) could bind to the promoter region of = modification by overexpressing SUMO1 and UBE2I
TSPAN13, while both mutations at the K422 site and  disrupted this process.
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We further performed a luciferase reporter assay
to clarify the impact of HNRNPK on TSPAN13
expression. The results demonstrated that HNRNPK
(WT) significantly interfered with the expression of
exogenous TSPAN13 and that this process could be
disrupted by the overexpression of SUMO1 and
UBE2l in cells (Figure 6H). We further knocked down
TSPAN13 in P3 and BG5S cell lines and observed a
significant increase in the phosphorylation levels of
P38 and CREB within the cells after TSPAN13
knockdown (Supplementary Figure 10F).

HNRNPK regulates cell proliferation and
infiltration in vivo

By overexpressing WT or K422R mutant
HNRNPK in GSCs, PDX models were constructed to
mimic the in vivo situation. In all groups, 3 x 105 GSCs
were intracranially implanted. Significant tumor
formation was observed 7 days after implantation
with overexpressed HNRNPK (WT). The tumorigenic
capacity was significantly reduced in the HNRNPK
(K422R) treatment group (Supplementary Figure
11A-B). Additionally, the survival period of mice in
the K422R group was noticeably improved
(Supplementary Figure 11C-D). Our results are
consistent with the current view that in vivo tumor
formation is more challenging for PN-subtype GSCs
[26].

We observed that GSCs in different treatment
groups exhibited varying proliferation abilities in
different regions of the tissue (Supplementary Figure
11E-F). Tumors overexpressing HNRNPK (WT)
showed a higher Ki67 positivity rate in the core
regions, indicating increased proliferation in these
areas. In contrast, tumors overexpressing the K422R
mutant of HNRNPK exhibited a higher average Ki67
positivity rate at the well-defined tumor margin and
white matter tract, suggesting enhanced proliferation
in the tumor margin and infiltrating region (Figure
7A-B) [19]. Hematoxylin and eosin (HE) staining of
tissue sections were performed to analyze diffused
tumor cells in the PDX model. The tumor boundary
was delineated to differentiate infiltrative tumor cells
at the tumor edge, and their distances from the tumor
boundary were measured (Figure 7C). The number of
infiltrative tumor cells in the different treatment
groups was compared, revealing that the HNRNPK
(K422R) treatment group exhibited a higher number
of infiltrative tumor cells at the tumor edge (Figure
7D-E, Supplementary Figure 11G-H). Through
three-dimensional reconstruction of multi-layer
fluorescence scanning (Figure 7F-G) [28], we studied
the invasive ability of GSCs in GBM-brain co-culture
structures. The invasion into the interior of the

organoid-like structures was found to be primarily by
individual tumor cells, while the quantitative results
also showed that GSCs overexpressing HNRNPK
(K422R) exhibited stronger invasive abilities
compared to GSCs overexpressing HNRNPK (WT)
(Figure 7H-I).

Discussion

Our investigation provides compelling evidence
that cells exhibit a sophisticated response to
environmental stressors by adjusting the levels of
SUMOL1 modification on HNRNPK. This adaptive
mechanism is triggered by factors such as exposure to
hypoxia, ~which are conditions commonly
encountered in the tumor microenvironment. The
modulation of SUMOL1 levels on HNRNPK is a critical
step in the cellular strategy to cope with these
challenges, as it directly influences the protein’s
ability to bind to ssDNA. This binding is essential for
the proper regulation of transcription, and any
disruption in this process can have profound effects
on cellular function. Specifically, our findings indicate
that these changes in HNRNPK-ssDNA interactions
play a crucial role in controlling the fate of GSCs,
guiding their transition into distinct cellular states.
This insight into the cellular response to
environmental cues offers a deeper understanding of
the complex biology of GBM.

Due to the inability to establish stable protein
modifications in vitro, current research on protein
modifications often relies on site mutations as
substitutes. It is commonly accepted that mutations
and modifications have opposite effects on protein
function. However, the SPR assay proved that
mutation and SUMOI1 modification at the K422 site of
HNRNPK have the same effects from the perspective
of its DNA-binding ability. The changes in GSC
subtypes driven by overexpression of HNRNPK (WT
or K422R) were not restricted by GSC mutation
features, which is in line with the results of multiple
studies showing that different cellular states can
undergo transition without being restricted by
mutation status [5, 29-32]. Sequencing of GSCs with
overexpression of the HNRNPK (K422R) mutation
confirmed the upregulation of infiltrating markers
within the cells [32]. The increased expression of
infiltrating markers also aligns with the staining
results of HNRNPK-SUMO1, which exhibits a higher
HNRNPK-SUMOT1 positivity rate in the infiltrating
region of tumors. Therefore, we used the HNRNPK
(K422R) mutation to investigate the effect of inhibiting
the binding of HNRNPK to ssDNA after SUMO1
modification on cells.
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As is currently known, MES-type cells are mostly
located in the core of the tumor, whereas the
infiltrating tumor cells are predominantly PN-type,
indicating a close association between cell subtypes
and anatomical location [33]. It seemed that using
anatomy features to describe the difference between
these two groups is more accurate in our study,
suggesting that the cellular state transition driven by
SUMO1 modification of HNRNPK is associated with
anatomical location. Currently, there is no consensus
regarding the functional characteristics of different
types of GSCs in terms of proliferation and invasion.
Ichiro Nakano's study compared the proliferation
abilities of MES and PN subtypes of GSCs in vitro and
found that the MES subtype exhibited stronger
proliferation, while several studies on the
epithelial-mesenchymal transition suggested that the
MES subtype has stronger invasive ability [34] [35]. In
fact, our in vitro experimental studies also observed
that cells of the MES/core subtype driven by
wild-type HNRNPK exhibit stronger proliferation
and invasive capabilities (results not shown in the
article). However, our observations from animal
experiments contradict the results obtained from in
vitro experiments. Our study found that the invasion
of GSCs into surrounding brain tissue predominantly
occurs through single-cell infiltration and that GSCs
transitioning to the PN/ infiltration phenotype exhibit
stronger invasion. Meanwhile, GSC proliferation is
influenced by cell type and anatomical location. GSCs
transitioning to the MES/core subtype exhibit
increased proliferation in the core region of the tumor,
while GSCs transitioning to the PN/infiltration
subtype show enhanced proliferation around white
matter tracts and well-defined margins. This
discrepancy in the observed proliferation ability
suggests a correlation between cell type and tissue
localization. As we know, Verhaak's single-cell
glioblastoma analysis suggested that NPC/OPC-like
cells have higher proliferative capacity [4].
NPC/OPC-like cells are the main constituent cells of
PN-type GBM. Moreover, Frank Winkler’s study
revealed that NPC-like cells primarily contribute to
invasion in GBM in vivo [14]. Current studies are
exploring the therapeutic potential of targeting
heterogeneity in GBM treatment, and the PN subtype
is believed to have a better prognosis and lower drug
resistance. Some studies have considered promoting
tumor transformation towards the PN subtype to
improve patient outcomes. Jin's study proved
simultaneous treatment of both subtypes are more
effective than any treatment targeting a single
subtype and proposed simultaneous treatment for PN
and MES subtypes [36]. Although our research also
found that GSC-bearing mice undergoing

transformation towards the PN/infiltration state had
significantly better prognoses, this was accompanied
by an increase in tumor cells infiltrating normal brain
tissue, which undoubtedly increased the difficulty of
achieving complete surgical resection. Treatment of
PN-type GBM may require more extensive resection.
As the transformation of GSCs towards the MES
direction enhances their tumorigenicity, transitioning
towards the PN type, although weaker in
tumorigenicity, enhances their invasiveness in vivo.
Therefore, promoting their transformation into the PN
subtype, then suppressing invasiveness by regulating
TSPAN13, might be a potential treatment approach.
Exploring TSPAN13's role in maintaining the
neuronal or neural precursor cell state, as well as its
regulation of glutamatergic or CREB signaling
pathways, may provide deeper insights into its
function in tumor invasion [14] [37]. However, the
research did not delve deeply into the exploration.
Further study is needed in future research.

Although it is recognized that GBM is a
heterogeneous tumor, the current understanding of
how the tumor microenvironment determines cellular
states is limited. In our study, we proved that external
factors such as hypoxia can decrease the level of
SUMO1 modification of HNRNPK, which may
partially explain why cells in different locations have
different states. Anne Dirkse’s study also found that
hypoxia could induce phenotypic adaptation, and
heterogeneity instructed by the microenvironment
provides a growth advantage in vivo [31]. However,
the functions of SUMOylation extend beyond this.
Protein SUMOylation not only affects DNA binding
but can also recruit interacting proteins to exert
additional functions. SUMO proteins can engage in
non-covalent interactions with SUMO-interacting
motifs (SIMs) in other proteins [38]. Through co-IP
experiments, we found that the mutated HNRNPK
had a reduced number of bound proteins, although
further investigation is needed to determine the
specific reasons for this. Moreover, it remains to be
determined whether the decrease is due to reduced
DNA binding capacity leading to decreased protein
binding or whether mutation directly interferes with
HNRNPK'’s interaction with other proteins. Given the
complexity of the in vivo environment, it remains to be
investigated which factors can regulate the level of
cellular SUMO1 modification. The influence of
neighboring cells, such as immune cell infiltration or
neuronal stimulation, exogenous stimuli, such as
radiation and chemotherapy, or the acidity or
alkalinity of the cellular microenvironment may affect
the level of modification and regulate cellular state
transitions. Further research is necessary to explore
these factors in depth.

https://www.ijbs.com



Int. J. Biol. Sci. 2024, Vol. 20

5729

Abbreviations
GBM: Glioblastoma multiforme; GSC:
glioblastoma stem cell; IDH: isocitrate

dehydrogenase; PN: proneural; MES: mesenchymal;
CL: classical; AC-like: astrocyte-like; MES-like:
mesenchymal-like; NPC-like: neural progenitor-like;
OPC-like: oligodendrocyte progenitor-like; PFS:
progression-free survival; PDX: Patient-derived
tumor xenograft; WMT: white matter tract; SPR:
surface  plasmon resonance; WT: wildtype;
2D-enrichment: two-dimensional enrichment; UV:
ultraviolet; HE: Hematoxylin and eosin; GSVA: Gene
Set Variation Analysis; GSEA: Gene Set Enrichment
Analysis; ChIP: Chromatin immunoprecipitation.

Supplementary Material

Supplementary figures, tables, and information.
https:/ /www ijbs.com/v20p5715s1.pdf

Acknowledgments

This work was supported by the National
Natural Science Foundation of China (82472932), the
Special  Foundation  for  Taishan  Scholars
(tsqn201909173 and ts20110814), the Department of
Science & Technology of Shandong Province
(ZR2022ZD36), the Shandong Provincial Laboratory
Project (5Y5202202), and the Research Project of Jinan
Microecological Biomedicine Shandong Laboratory
(JNL2023007C and JNL-2022003A). We would like to
acknowledge BioRender for the illustrations
(Agreement number: PZ26MILEYG).

Author contributions

A. Cand X. L was responsible for designing the
project, writing the report and acquiring fund. A. C
and W. Z was responsible for designing the project
and conducting the experiments. W. Z analyzed the
data and wrote the report. ]. W conducted the search
and visualized the data. F. Z, Y. L and Z. L conducted
the experiments.

Competing Interests

The authors have declared that no competing
interest exists.

References

1. Weller M, van den Bent M, Preusser M, Le Rhun E, Tonn JC, Minniti G, et al.
EANO guidelines on the diagnosis and treatment of diffuse gliomas of
adulthood. Nat Rev Clin Oncol. 2021; 18: 170-86.

2. Verhaak RG, et al. Integrated genomic analysis identifies clinically relevant
subtypes of glioblastoma characterized by abnormalities in PDGFRA, IDH1,
EGFR, and NF1. Cancer Cell. 2010; 17: 98-110.

3. Wang Q, Hu B, Hu X, Kim H, Squatrito M, Scarpace L, et al. Tumor Evolution
of Glioma-Intrinsic Gene Expression Subtypes Associates with Immunological
Changes in the Microenvironment. Cancer cell. 2017; 32: 42-56.e6.

4. Neftel C, Laffy J, Filbin MG, Hara T, Shore ME, Rahme GJ, et al. An Integrative
Model of Cellular States, Plasticity, and Genetics for Glioblastoma. Cell. 2019;
178: 835-49.e21.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

26.

27.

28.

29.

30.

31

32.

Bastola S, Pavlyukov MS, Yamashita D, Ghosh S, Cho H, Kagaya N, et al.
Glioma-initiating cells at tumor edge gain signals from tumor core cells to
promote their malignancy. Nature communications. 2020; 11: 4660.

Hendriks IA, Vertegaal AC. A comprehensive compilation of SUMO
proteomics. Nature reviews Molecular cell biology. 2016; 17: 581-95.

Chang HM, Yeh ETH. SUMO: From Bench to Bedside. Physiol Rev. 2020; 100:
1599-619.

Chu 'Y, Yang X. SUMO E3 ligase activity of TRIM proteins. Oncogene. 2011; 30:
1108-16.

Caicedo HH, Hashimoto DA, Caicedo JC, Pentland A, Pisano GP. Overcoming
barriers to early disease intervention. Nat Biotechnol. 2020; 38: 669-73.
Tomczak K, Czerwinska P, Wiznerowicz M. The Cancer Genome Atlas
(TCGA): an immeasurable source of knowledge. Contemp Oncol (Pozn). 2015;
19: A68-77.

Puchalski RB, Shah N, Miller J, Dalley R, Nomura SR, Yoon ]G, et al. An
anatomic transcriptional atlas of human glioblastoma. Science (New York,
NY). 2018; 360: 660-3.

Behnan J, Stangeland B, Hosainey SA, Joel M, Olsen TK, Micci F, et al.
Differential propagation of stroma and cancer stem cells dictates
tumorigenesis and multipotency. Oncogene. 2017; 36: 570-584.

Wang L, Babikir H, Miiller S, Yagnik G, Shamardani K, Catalan F, et al. The
Phenotypes of Proliferating Glioblastoma Cells Reside on a Single Axis of
Variation. Cancer discovery. 2019; 9: 1708-19.

Venkataramani V, Yang Y, Schubert MC, Reyhan E, Tetzlaff SK, WifSmann N,
et al. Glioblastoma hijacks neuronal mechanisms for brain invasion. Cell. 2022;
185: 2899-917.e31.

Szklarczyk D, Kirsch R, Koutrouli MA-O, Nastou KA-O, Mehryary FA-O,
Hachilif R, et al. The STRING database in 2023: protein-protein association
networks and functional enrichment analyses for any sequenced genome of
interest. Nucleic Acids Res. 2023; 51: D638-D646.

Otasek D, Morris JH, Bougas J, Pico AR, Demchak BA-O. Cytoscape
Automation: empowering workflow-based network analysis. Genome Biol.
2019; 20: 185.

Pelisch F, Pozzi B, Risso G, Mufioz MJ, Srebrow A. DNA damage-induced
heterogeneous nuclear ribonucleoprotein K sumoylation regulates p53
transcriptional activation. The Journal of biological chemistry. 2012; 287:
30789-99.

Lee SW, Lee MH, Park JH, Kang SH, Yoo HM, Ka SH, et al. SUMOylation of
hnRNP-K is required for p53-mediated cell-cycle arrest in response to DNA
damage. EMBO J. 2012; 31: 4441-52.

Griveau A, Seano G, Shelton SJ, Kupp R, Jahangiri A, Obernier K, et al. A Glial
Signature and Wnt7 Signaling Regulate Glioma-Vascular Interactions and
Tumor Microenvironment. Cancer cell. 2018; 33: 874-89.e7.

Alieva M, Leidgens V, Riemenschneider MJ, Klein CA, Hau P, van Rheenen J.
Intravital imaging of glioma border morphology reveals distinctive cellular
dynamics and contribution to tumor cell invasion. Scientific Reports. 2019; 9:
2054.

Cuddapah VA, Robel S, Watkins S, Sontheimer H. A neurocentric perspective
on glioma invasion. Nat Rev Neurosci. 2014; 15: 455-65.

Braddock DT, Baber JL, Levens D, Clore GM. Molecular basis of sequence-
specific single-stranded DNA recognition by KH domains: solution structure
of a complex between hnRNP K KH3 and single-stranded DNA. The EMBO
Journal. 2002; 21: 3476-85-85.

Ou J, Zhu LJ. trackViewer: a Bioconductor package for interactive and
integrative visualization of multi-omics data. Nature Methods. 2019; 16: 453-4.
Garofano L, Migliozzi S, Oh YT, D’Angelo F, Najac RD, Ko A, et al.
Pathway-based classification of glioblastoma uncovers a mitochondrial
subtype with therapeutic vulnerabilities. Nature Cancer. 2021; 2: 141-56.
Richards LM, Whitley OKN, MacLeod G, Cavalli FMG, Coutinho FJ, Jaramillo
JE, et al. Gradient of Developmental and Injury Response transcriptional states
defines functional vulnerabilities underpinning glioblastoma heterogeneity.
Nature Cancer. 2021; 2: 157-73.

Minata M, Audia A, Shi ], Lu S, Bernstock J, Pavlyukov MS, et al. Phenotypic
Plasticity of Invasive Edge Glioma Stem-like Cells in Response to Ionizing
Radiation. Cell reports. 2019; 26: 1893-905.e7.

Garofano L, Migliozzi S, Oh YT, D'Angelo F, Najac RD, Ko A, et al
Pathway-based classification of glioblastoma uncovers a mitochondrial
subtype with therapeutic vulnerabilities. Nat Cancer. 2021; 2: 141-56.

Krieger TG, Tirier SM, Park ], Jechow K, Eisemann T, Peterziel H, et al.
Modeling glioblastoma invasion using human brain organoids and single-cell
transcriptomics. Neuro-oncology. 2020; 22: 1138-49.

Wang Z, Zhang H, Xu S, Liu Z, Cheng Q. The adaptive transition of
glioblastoma stem cells and its implications on treatments. Signal Transduct
Target Ther. 2021; 6: 124.

Fedele M, Cerchia L, Pegoraro S, Sgarra R, Manfioletti G.
Proneural-Mesenchymal Transition: Phenotypic Plasticity to Acquire
Multitherapy Resistance in Glioblastoma. Int ] Mol Sci. 2019; 20: 2746.

Dirkse A, Golebiewska A, Buder T, Nazarov PV, Muller A, Poovathingal S, et
al. Stem cell-associated heterogeneity in Glioblastoma results from intrinsic
tumor plasticity shaped by the microenvironment. Nature communications.
2019; 10: 1787.

Darmanis S, Sloan SA, Croote D, Mignardi M, Chernikova S, Samghababi P, et
al. Single-Cell RNA-Seq Analysis of Infiltrating Neoplastic Cells at the
Migrating Front of Human Glioblastoma. Cell reports. 2017; 21: 1399-410.

https://www.ijbs.com



Int. J. Biol. Sci. 2024, Vol. 20

5730

33.

34.

35.

36.

37.

38.

39.

40.

41.

Mathur R, Wang Q, Schupp PG, Nikolic A, Hilz S, Hong C, et al. Glioblastoma
evolution and heterogeneity from a 3D whole-tumor perspective. Cell. 2024;
187: 446-63 el6.

De Fazio E, Pittarello M, Gans A, Ghosh B, Slika H, Alimonti P, et al. Intrinsic
and Microenvironmental Drivers of Glioblastoma Invasion. Int ] Mol Sci. 2024;
25: 2563.

Mao P, Joshi K, Li J, Kim SH, Li P, Santana-Santos L, et al. Mesenchymal
glioma stem cells are maintained by activated glycolytic metabolism involving
aldehyde dehydrogenase 1A3. Proceedings of the National Academy of
Sciences of the United States of America. 2013; 110: 8644-9.

Jin X, Kim LJY, Wu Q, Wallace LC, Prager BC, Sanvoranart T, et al. Targeting
glioma stem cells through combined BMI1 and EZH2 inhibition. Nature
medicine. 2017; 23: 1352-61.

Huang-Hobbs E, Cheng YT, Ko Y, Luna-Figueroa E, Lozzi B, Taylor KR, et al.
Remote neuronal activity drives glioma progression through SEMAA4F.
Nature. 2023; 619: 844-50.

Lascorz J, Codina-Fabra J, Reverter D, Torres-Rosell ]. SUMO-SIM interactions:
From structure to biological functions. Seminars in cell & developmental
biology. 2022; 132: 193-202.

Fack F, Espedal H, Keunen O, Golebiewska A, Obad N, Harter PN, et al.
Bevacizumab treatment induces metabolic adaptation toward anaerobic
metabolism in glioblastomas. Acta Neuropathol. 2015; 129: 115-31.

Bankhead P, Loughrey MB, Fernandez JA, Dombrowski Y, McArt DG, Dunne
PD, et al. QuPath: Open source software for digital pathology image analysis.
Scientific Reports. 2017; 7: 16878.

Bjerkvig R, Laerum O D, Mella O. Glioma cell interactions with fetal rat brain
aggregates in vitro and with brain tissue in vivo. Cancer Res. 1986; 46: 4071-9.

https://www.ijbs.com



