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Abstract

Background: The overall survival of IDH-wildtype glioblastoma patients is poor
despite best available treatments. There is an urgent need for new biomarkers
to inform more precise disease stratification. Previous studies have identified
insulin-like growth factor binding protein-2 (IGFBP-2) as a potential biomarker
for glioblastoma diagnosis and therapeutic targeting. Other studies have indicated
links between the insulin-like growth factor (IGF) axis and tumorigenic functions
of a molecular chaperone glucose related protein of 78 kDa (GRP78). We aimed to
interrogate the oncogenic effects of IGFBP-2 and GRP78 in our glioma stem cell
(GSC) lines and clinical cohort.

Methods: Immunoblotting, reverse transcription quantitative real-time PCR
were used to quantify protein and mRNA levels derived from GSCs and non-
malignant neural stem cells (NSCs). Microarray analysis was used to compare the
differences in IGFBP-2 (IGFBP-2) and GRP78 (HSPAS) transcript expression be-
tween NSCs, GSCs and adult human cortex samples. Immunohistochemistry was
used to quantify IGFBP-2 and GRP78 expression in IDH-wildtype glioblastoma
tissue sections (n = 92) and clinical implications assessed using survival analysis.
Finally, the relationship between IGFBP-2 and GRP78 was further explored mo-
lecularly using coimmunoprecipitation.

Results: Here, we demonstrate that IGFBP-2 and HSPA5 mRNA is overexpressed
in GSCs and NSCs in comparison to non-malignant brain tissue. We also deter-
mined a relationship in which G144 and G26 GSCs expressed higher IGFBP-2
protein and mRNA than GRP78, and this was reversed in mRNA isolated from
adult human cortex samples. Clinical cohort analysis revealed that Glioblastomas
with high IGFBP-2 protein expression paired with low GRP78 protein expres-
sion were significantly associated with a much shorter survival time (Median =
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1 | INTRODUCTION
Glioblastoma is the most prevalent and aggressive pri-
mary central nervous system (CNS) tumour with an in-
cidence of 0.59-5 per 100,000 individuals.? The median
overall survival is approximately 15 months, with a 5-year
survival rate less than 5%. Survival time is largely depen-
dent upon patient age, treatment modality and the molec-
ular profile of the tumour.*> Consequently, brain tumour
patients face the highest mean average years of life lost
compared with any other cancer.® There is urgent need for
new biomarkers to inform more precise disease stratifica-
tion and to inform novel therapeutic options.’

Glioblastomas are heterogenous diseases, which are
thought to comprise both differentiated tumour bulk
cells and primitive glioma ‘stem-like’ cells (GSCs), the lat-
ter of which represent a ‘moving target’ which may aid
tumour recurrence and resistance to standard cytotoxic
therapies.* > GSCs are therefore an important model for
studying early cellular dysregulation as well as the adap-
tive mechanisms evoked under cellular stress. Molecular
pathways integral to normal cell functioning have been
implicated in driving poor glioblastoma survival and resis-
tance, including the insulin-like growth factor (IGF) axis
and the chaperone glucose-regulated protein of 78kDa
(GRP78).171

IGFBP-2 is the second most abundant IGFBP in the
human serum (after IGFBP-3) and the most abundant
in cerebral spinal fluid (CSF), here synthesised by cho-
roid plexus epithelial cells and astroglia.'®'” Established
actions of IGFBP-2 includes the binding of IGF-I and
IGF-II with high affinity, modulating bioavailability and
ligand-IGF-1R interactions.'® IGFBP-2 expression is high
during foetal and embryonic brain development and is sig-
nificantly reduced after birth."® Elevated levels are reca-
pitulated in high grade glioma tissue biopsies and plasma
samples in which poor clinical outcome potentiates har-
nessing IGFBP-2 as outcome predictor and biomarker.?*"*
IGFBP-2 has also been delineated as part of a robust 9
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4 months, p = 0.019) compared with 12-14 months for any other combination of
high/low protein expression.

Conclusions: Inverse levels of IGFBP-2 and GRP78 may be adverse clinical prog-
nostic markers in IDH-wildtype glioblastoma. Further interrogation of the mech-
anistic link between IGFBP-2 and GRP78 may be important for rationalisation of
their potential as biomarkers and therapeutic targets.

survival, cancer stem cells, prognosis, biomarkers

gene signature associated with worse outcome for high-
grade glioma patients.*

The mechanism by which IGFBPs and molecular
chaperones such as GRP78 influence glioma outcome
is still unclear. However, experimental and clinical data
have linked GRP78 and IGFBPs with carcinogenesis in the
breast.”> GRP78 is a well-established endoplasmic reticu-
lum (ER) molecular chaperone and member five of the
heat shock protein 70 (HSP70) superfamily; also known
as binding immunoglobulin protein (BiP) or heat shock
70kDa protein 5 (HSPA5).** GRP78 is an important regula-
tor of the unfolded protein response (UPR), by responding
to changes in cell status via sequestration and release of
signalling molecules vital for activation of anti-apoptotic
pathways.?* Its overexpression and cancer specific cell sur-
face localisation, which have been described in glioblas-
toma, is believed to drive tumour growth, aggression and
maintenance of the GSC mesenchymal phenotype.'**

In this study, we aimed to explore the expression of
IGFBP-2 and GRP78 protein and mRNA (IGFBP-2 and
HSPAS5) in our GSC and non-malignant neural stem cell
(NSC) lines and investigate potential protein biomarkers
in our glioblastoma clinical biopsy cohorts with patient
covariates and overall survival data.

2 | METHODS
2.1 | Formalin-fixed paraffin-embedded
(FFPE) tissue samples

IDH-wildtype glioblastoma tissue samples diagnosed be-
tween 15 March 2007 and 14 August 2014 were obtained
under BRAIN UK ethical approval. Study Ref: 15/001."
Brain UK REC Ref: 19/SC/0217 Renewal REC Ref: IRAS
ID: 262890. Formalin-fixed paraffin-embedded (FFPE)
tissue and clinical information was obtained for each pa-
tient. In some cases, clinical information was not available
due to loss to clinical follow-up or death.



HARLAND ET AL.

ﬂl_wl LEY_Cancer Medicine

2.2 | Cell culture

Human Glioma stem cells (GSC) G144 and G26 and the
U3 neural stem cell (NSC) were cultured as monolayers in
serum-free basal media. DMEM/F12 (Sigma, D8437) sup-
plemented with N2 (Life Technologies, 17502048), B27
(Life Technologies, 17504-044), mEGF (Preprotech, 315-
09, 10ng/mL), human FGF (Preprotech, 100-18C, 10ng/
mL) and laminin (Sigma, 11243217001, 1pg/mL).*® All
cells were cultured at 37°C with 5% CO,.

2.3 | Protein and RNA extraction
Extraction of total protein from cells in lysis buffer (10 mM
Tris hydrochloride (HCI) (Sigma)), 50 mM sodium chloride
(Nacl, Sigma), 5mM EDTA (Sigma), 1% (v/v) Triton X-
100 (Sigma), 15mM tetrasodium pyrophosphate (Sigma),
50mM sodium fluoride (Sigma), 100 uM sodium orthova-
nadate (Sigma), phosphatase (Sigma, P5726) and protease
(Sigma, P8340) inhibitors (10puL/1mL lysis buffer) was
quantified using a Pierce™ BCA (Bicinchoninic acid) kit
(ThermoFisher Scientific, 23227), the iMark™ Microplate
Reader (Bio-Rad, UK) and accompanying Microplate
Manager® Software.

Total RNA was extracted according to the manufac-
turers protocol for TRIzol (Ambion, 15596018). RNA was
resuspended in 20pL of DEPC-treated water (Ambion,
AM9906), heated at 58°C for 10 min before measuring the
RNA concentration and purity using a nanophotometer
(IMPLEN, P330).

2.4 | Immunoblotting

30 pg of whole cell lysate, determined using a BCA assay
were mixed with an equal volume of 2x Laemmli sample
buffer concentrate and 10% 2-mercaptoethanol (Sigma,
S3041-1VL)and heated at 95°C for 5minin an AccuBlock™
digital dry bath (Labnet International, D1200). Protein
separation was carried out by SDS-PAGE and then trans-
ferred to a nitrocellulose membrane (Bio-rad, 1620094).
Non-specific binding sites were blocked with 5% milk
(Marvel) in tris-buffered saline TWEEN®20 (TBS-T) rock-
ing for 60 min at room temperature. Membranes were in-
cubated with specific primary antibodies diluted in fresh
blocking solution overnight at 4°C: a-tubulin (Millipore,
05-829; 1:5000), IGFBP-2 (Abcam, 109284; 1:1000), GRP78
(BD Transduction Laboratories™, 610979). Membranes
were washed with TBS-T and incubated with secondary
antibodies, (Sigma, A0545 or A4416; 1:2000). Proteins
were visualised exposing with the ChemiDoc MP Imaging
System with Image Lab software (Bio-Rad) once treated

with Clarity Western ECL Substrate (Bio-Rad, 1705061).
Densiometric analysis of protein bands was carried out
using Image J (NIH).

2.5 | Co-immunoprecipitation (Co-IP)

T75 flasks at approximately 80% confluency were lysed
with IP lysis buffer (20mM Tris HCl pH8 (Sigma),
137mM NacCl (Sigma), 10% glycerol (Sigma), 1% Triton-
X-100 (Sigma), 2mM EDTA (ThermoFisher Scientific),
phosphatase (Sigma, P5726) and protease (Sigma, P8340)
inhibitors (10 uL/1mL lysis buffer)). 500 pug of lysate, de-
termined using a BCA assay was incubated with 2pg of
GRP78 primary antibody (610979) and 500 ug was incu-
bated with 2 pg of IgG2a antibody (MAI-10418) as an iso-
type negative control. The tubes were sealed with parafilm
and incubated under rotary agitation overnight at 4°C.
60 pL of G Plus-Agarose beads (Santa Cruz, sc-2002) were
equilibrated with IP lysis buffer. 30pL of equilibrated
beads were added to each sample and incubated under
rotary agitation for 1h at 4°C. After incubation, the beads
were centrifuged at 2000 x g, 4°C and washed three times
with IP lysis buffer. Proteins were eluted by adding 50 pL of
2x Laemmli sample buffer concentrate and boiled at 95°C
for 5min. Samples were assessed using immunoblotting.

2.6 | RT-qPCR (reverse transcription-
quantitative PCR)

Reverse transcription from total RN A was carried out using
the High-Capacity RNA-to-cDNA Kit (ThermoFisher
Scientific, 4387406). Resulting cDNA was loaded on 96
well, transparent, Low Profile, 100 pL plates (Sarstedt Ltd,
72.1981) with SYBR Green jumpstart Taq (-20°C) ready
mix (Sigma, S4438). The StepOne Plus Real-Time PCR sys-
tem (Applied Biosystems, 4376600) and StepOne software
V2.3 was used for absolute quantification and melt curve
analysis. The primer sequences used were as follows:
HSPA5 Forward: 5-GTGGCCACTAATGGAGATAC
TCATC and reverse: 5-GCCCGTTTGGCCTTTTCTAC.
IGFBP-2 Forward: 5-GACAATGGCGATGACCACTCA
and reverse: 5-GCTCCTTCATACCCGACTTGA. GAPDH
Forward: 5'-ACGGGAAGCTTGTCATCAAT and reverse:
5-TGGACTCCACGACGTACTCA.

2.7 | Immunohistochemistry (IHC)

All immunohistochemistry was assessed by a trained
consultant neuropathologist, expert in identifying glioma
cells. To exclude expression in non-neoplastic cells further,
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Haematoxylin and eosin-stained sections were also com-
pared to select sections with majority glioma cells.

IHC was performed on 92 IDH-wildtype sections deter-
mined by immunohistochemistry with the R132HIDH1
antibody. This was followed up by IDH1/2 sequencing
for non-canonical IDH mutations in patients 55years
and younger according to the WHO 2021 guidelines.
Sections were obtained from North Bristol NHS Trust as
part of BRAIN UK. 3-um-thick FFPE sections, collected
on positively charged Apex Superior Adhesive Slides
(Leica) with the primary monoclonal antibodies GRP78
(ab21685) and IGFBP-2 (ab216957). All stages of the IHC
were completed using a Ventana Benchmark ULTRA
(Roche) fully automated IHC staining system. The stain-
ing system deparaffinised the slides and then applied CC2,
pH6 (GRP78) and CC1, pH9 (IGFBP-2) heat induced
epitope retrieval. OptiView inhibitor (3% hydrogen per-
oxide) was used to quench endogenous peroxidases for
8min at room temperature. The sections were incubated
with the primary antibody at 1/200 for 32min and then
stained with the OptiView DAB IHC Detection Kit: HQ
Universal Linker (secondary antibody cocktail contain-
ing HQ, a hapten covalently attached to goat antibodies)
8 min, horseradish peroxidase (HRP) multimer, 8 min, and
3,3’-diaminobenzidine (DAB), 7min. Any DAB staining
was enhanced with OptiView copper sulphate (4 min) be-
fore counterstaining with Harris haematoxylin (Diapath)
1min.

A double-blind, semi-quantitative system was used to
quantify GRP78 and IGFBP-2 immunohistochemical ex-
pression (Table 1). Overall scores were formed from addi-
tion of intensity and coverage scores, in which a score of
>5 was used to indicate high GRP78 or IGFBP-2 protein
expression. Researchers blinded to the clinical data and
independent of each other (K.M.K. and H.R.B.) assessed
the staining. A consensus meeting was carried out to agree
on expression scores in which a discrepant score was ob-
served (a difference in combined score of >3 or a final dif-
ference in high or low outcome).

TABLE 1 The criteria used for IHC scoring.

Section

percentage
Intensity Score (%) Score
No stain 0 No stain 0
Faint 1 1-25 1
Moderate 2 26-50 2
Strong 3 51-75 3

76-100 4
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2.8 | Statistical analyses

Western blots and qPCR experiments were each repeated
on three biological replicates in triplicate. Data are pre-
sented as mean +SEM, except RT-qPCR data (geometric
mean +95% CI). Statistical tests were carried out using
GraphPad (version 9.3.1 for Windows, GraphPad Software,
www.graphpad.com), IBM SPSS Statistics 28.0.0.0 for
Windows, and the Gliovis tool (http://gliovis.bioin
fo.cnio.es/). [HG-U133_Plus_2] Affymetrix Human
Genome U133 Plus 2.0 Array data from Pollard et al. was
sourced from the NIH Gene Expression Omnibus (series
GSE15209), https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE15209. Data analyses were performed in
collaboration with Miss Lily Andrews (Bristol Integrative
Epidemiology Unit, University of Bristol). Data were
downloaded and normalised in R studio (R version 4.0.3)
using the caret package.”’ One-way ANOVA was used to
compare the difference between three or more groups fol-
lowed by the post hoc Tukey test or Dunnett test as ap-
propriate. For comparing two groups, ¢ tests were used.
Kendall's Tau correlation coefficient was used to examine
correlation of proteins in glioblastoma FFPE biopsy sec-
tions. Fisher's exact test was used to evaluate the signifi-
cance of possible associations between GRP78 or IGFBP-2
expression and clinicopathological covariates. OS was de-
fined as the interval between patient diagnosis and death
dates. The Log-rank test was used to compare Kaplan-
Meier survival curves. Univariate and multivariate Cox
proportional hazards regression analysis were used to cal-
culate hazard ratios and associated 95% confidence inter-
vals. All statistical tests were two-tailed. Differences with
p<0.05 were considered statistically significant.

2.9 | IGFBP-2is overexpressed in stem
cells and upregulated in GSCs

To assess the relative basal expression of GRP78 and
IGFBP-2, 3 independent passages of G26 and G144 GSCs
and non-malignant U3 NSCs were analysed using western
blotting and qPCR. The fold-change expression for GRP78
and IGFBP-2 in GSCs was then calculated with respect to
the U3 NSCs. Staining for GRP78 was the strongest in the
non-tumorigenic U3 cells with significantly lower expres-
sion in G26 and G144 cells (p=0.023 and p=0.004 respec-
tively, Figure 1A). IGFBP-2 staining was strongest in the
G144 cells and significantly increased compared to U3
cells (p=0.019). In addition, there was significantly lower
HSPA5 mRNA expression isolated from G26 and G144
cells (p=0.038 and p=0.036 respectively, Figure 1B) com-
pared to U3 when normalised to GAPDH expression. The
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FIGURE 1 Protein and gene expression of GRP78 and IGFBP-2 in G26, G144 GSC cells, U3 control neural stem cells (NSCs) and
normal brain (def). (A) Immunoblot analysis of GRP78 and IGFBP-2 protein expression in three independent passages of the control U3

NSC line and two GSC lines, n=3. Densiometric analysis below the representative immunoblot was used to quantify protein expression

levels for three technical repeats. After normalisation of protein integrated area density values relative to the loading control a-tubulin

values, ratiometric analysis was used to examine the GSC expression values relative to grouped U3 control protein homogenate expression.

Data are presented as mean +SEM, n=3 biological repeats, all samples were analysed in triplicate. Additional technical repeats are shown

in supporting information. (B) HSPA5 and IGFBP-2 mRNA expression for three independent passages of the control U3 NSC line and two

GSC lines. Examined by RT-qPCR and normalised to the reference gene GAPDH. 2~*2% was calculated to represent fold change. Data are

presented as geomean and 95% confidence interval on a logarithmic scale (base 2), n=3 biological repeats, all samples were analysed in
triplicate. (C) Box plots depicting IGFBP-2 and HSPAS5 expression from human foetal NSC lines, GSCs and normal brain. ****p <0.0001;
***p=0.0001-0.001; **p=0.001-0.01; *p=0.001 to 0.05; ns, not significant p>0.05.

expression of IGFBP-2 was significantly higher in G144
than U3 cells (p=0.043).

Expression profiling data were then analysed for dif-
ferences in IGFBP-2 and HSPA5 transcript expression
between NSCs, GSCs and adult human cortex samples
(Gene Expression Omnibus (GEO) accession number
GSE15209). IGFBP-2 transcript expression was signifi-
cantly increased in GSCs and NSCs in comparison to

normal brain (p<0.0001, Figure 1C). Differences in
HSPAS transcript expression did not reach significance.
Pooled expression values in this data revealed a pattern
suggesting that stem cells express higher levels of IGFBP-2
than HSPA5 and this is reversed for differentiated brain
samples. Despite the significant differences in GRP78 and
IGFBP-2 expression observed in this study between the U3
NSCs, G26 and G144 GSCs, microarray data suggest that
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both IGFBP-2 and GRP78 appear to be expressed at higher
levels in GSCs and NSCs. Pooled expression values reveal
a pattern, suggesting that stem cells express higher levels
of IGFBP-2 than HSPAS and this is reversed for differenti-
ated brain samples.

210 | GRP78 and IGFBP-2 protein
expression in glioblastoma patient cohort
biopsy tissue

IHC was performed on 92 glioblastoma (IDH-wildtype)
FFPE biopsy sections to assess levels and association
between GRP78 and IGFBP-2. The double-blind, semi-
quantitative criteria used to score GRP78 and IGFBP-2
staining is detailed in Table 1. Example IHC images in-
dicating weak, moderate and strong GRP78 and IGFBP-2
staining are shown in Figure 2A. We observed that with
increasing GRP78 intensity score, both the IGFBP-2 in-
tensity and section coverage score increased. Moreover,
sections which had a higher score for GRP78 stain-
ing coverage also had a larger IGFBP-2 coverage score
(Figure 2B,C).

2.11 | Patient cohort analysis of GRP78
and IGFBP-2 IHC scores, clinicopathological
features and OS

Further analysis of the IDH-wildtype glioblastoma cohort
(n=92) was carried out. Diagnosis occurred between the
15March 2007 and 14 August 2014. Four patients were lost
to follow-up, censoring occurred on the 1 May 2016. The
clinicopathological features of this cohort are summarised
in Table 2. Using double-blind semi-quantitative criteria,
GRP78 IHC scores were interpreted as ‘high’ in 74 (80.4%)
and ‘low’ in 18 glioblastoma samples (19.6%). IGFBP-2
IHC scores were interpreted as ‘high’ in 75 (81.5%) and
‘low’ in 17 glioblastoma samples (18.5%). The associations
between GRP78 or IGFBP-2 and the clinicopathological
features of this cohort were analysed (Table 2), where the
p value indicates the significance of the association. No
significant associations were reported between GRP78 or
IGFBP-2 IHC scores and patient sex, age, KPS, tumour lo-
cation or MGMT promoter methylation status. (Table 2,
p>0.05 for all covariates).

Patient overall survival (OS) times were then analysed
for associations with clinical covariates, including ex-
tent of surgical resection and adjuvant treatment modal-
ity (Table 3). Patient OS was calculated in months from
diagnosis. In the glioblastoma (IDH-wildtype) clinical
cohort (n=92), the median overall survival (OS) for all
patients was 12months (range: 1-100 months), from the
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date of diagnosis. Univariate Cox's proportional hazards
analysis of clinical covariates demonstrated no signif-
icant correlation between patient sex, age, KPS, tumour
location, MGMT promoter methylation, GRP78, IGFBP-2
glioblastoma tissue abundance and OS (p>0.05, Table 3).
However, patient extent of surgical resection, and treat-
ment modality were significantly correlated with the OS
of glioblastoma patients (p=0.011 and p <0.001 respec-
tively, Table 3, Figure 3).

Patients aged 28-55years (median sur-
vival =14.00 months) survived significantly longer than
for patients aged between 56 and 65years (median
survival=9.00 months HR: 1.68 [95% CI, 0.99, 2.85])
(p=0.042), but not significantly longer than patients aged
between 66 and 83 years (median survival =12.00 months,
HR: 1.25 [95% CI, 0.74, 2.10]), (p<0.001, Table 3). The
survival of patients that underwent complete resection
(median survival =14.00 months) was significantly lon-
ger than that of patients that underwent partial resection
(median survival =9.00 months, HR: 1.78 [95% CI, 1.12,
2.84]), (p=0.011). In addition, patients that underwent
the full Stupp protocol (60Gy total given over 5days/
week for 6weeks with concurrent daily temozolomide
(75mg/m?/day, 7days/week) and 6 cycles of adjuvant te-
mozolomide (150-200 mg/m?*/day for 5days during each
28-daycycle) survived significantly longer (median sur-
vival=20.00months) than those that received partial
Stupp treatment (60Gy total given over 5days/week for
6weeks with concurrent daily temozolomide (75 mg/m?*/
day, 7days/week) but without completing 6 cycles of adju-
vant temozolomide); or 60Gy in 30 fractions without con-
current temozolomide but completing 6 cycles of adjuvant
temozolomide) (median survival =10.00 months, HR: 4.42
[95% CI, 2.19, 7.86]), radiotherapy treatment alone (me-
dian survival =3.00months, HR: 86.56 [95% CI, 18.55,
403.88]) or palliative care (median survival =2.00 months,
HR: 168.61 [95% CI, 34.48, 824.48]) (p<0.001, Table 3).
The significant associations between patient resection sta-
tus, patient treatment and overall survival are displayed as
Kaplan-Meier curves (Figure 3).

2.12 | Patient survival differences with
GRP78 and IGFBP-2 combinations

In our adult IDH-wildtype glioblastoma patient cohort
(n=92), no significant associations were found between
GRP78 or IGFBP-2 and patient OS. We next analysed
the relationship between GRP78 and IGFBP-2 using the
chi-squared test. In this cohort, GRP78 and IGFBP-2 IHC
scores were shown to be significantly associated (p=0.002)
and correlated (gamma =0.705, p=0.016). Moreover, com-
bining GRP78 and IGFBP-2 into four variables based on
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IGFBP-2 and GRP78 immunohistochemistry (IHC) staining in 92 IDH-wildtype glioblastoma biopsy sections. Expression

levels of IGFBP-2 and GRP78 were detected using IHC from a clinical cohort including 92 IDH1-wildtype glioblastoma biopsy sections.

(A) IHC representative images showing GRP78 and IGFBP-2 weak, moderate and strong staining. Images taken at x 40 magnification. (B)
GRP?78 intensity score associated with IGFBP-2 intensity score or section coverage. The stacked bar charts depict increasing IGFBP-2 section
coverage and staining intensity with respect to GRP78 staining intensity. (C) Section coverage percentage of GRP78 associated with section
coverage percentage or intensity score of IGFBP-2. The stacked bar chart depicts increasing IGFBP-2 section coverage and staining intensity

with respect to GRP78 section coverage.
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TABLE 2 Associations between GRP78 or IGFBP-2 IHC protein expression and clinicopathological features of IDHI-wildtype
glioblastoma (n=92). The Fisher's exact test, two-tailed p value was used to evaluate significance.

Clinicopathological CRP78 [GEBP-2

variables Patients High Low p value High Low p value

Sex 0.181 0.401
Male 59 50 9 50 9
Female 33 24 9 25 8

Age (years) 0.846 0.670
28-55 33 27 6 27
56-65 29 24 5 25 4
66-83 30 23 7 23 7

KPS?* 0.721 0.722
>80 60 47 13 48 12
<80 15 13 2 13 2

Tumour location® 0.542 0.336
Frontal 21 18 3 19 2
Non-frontal/diffuse 63 49 14 49 14

MGMT status® 1.0 0.591
Methylated 45 36 9 38 7
Unmethylated 45 36 9 35 10

17 missing data points.
°8 missing data points.
2 missing data points.

Abbreviations: GRP78, 78-kDa Glucose-regulated protein; IGFBP-2, Insulin Like Growth Factor Binding Protein 2; KPS, Karnofsky performance score; MGMT,

0°methylguanine-DNA methyltransferase promoter.

high and low IHC scores (IGFBP-2,4,; GRP78,;5,, IGFBP-
210w GRP78,0y, IGFBP-2p01; GRP78y,i1, and IGFBP-2y0,;
GRP78,,,,), revealed that for patients with high IGFBP-2
and low GRP78 tumour abundances there was a sig-
nificantly shorter median survival time when compared
with to the other groups (Table 4, IGFBP-2y;,,; GRP78,,,
median OS=4months, p=0.019). Kaplan—-Meier curves
show the four different combinations and patient out-
come (Figure 4). Further analysis demonstrated that when
GRP78 is low, survival is dependent on whether IGFBP-2
is high or low (p=0.011, Figure 4D), and when IGFBP-2
is high there is a significant survival difference between
high and low GRP78 (p=10.006, Figure 4C).

The nine patients with high IGFBP-2 and low GRP78
tumour expression were further assessed for similarities
based on patient characteristics and clinical covariates
(Table 5). Four patients were positive for MGMT promoter
methylation and five were negative. Two patients had tu-
mour biopsies, three underwent partial tumour resection,
three underwent complete resection and one patient's
resection status was unavailable. The locations of the tu-
mours also showed differences, with two patients present-
ing with right temporal tumours, one with right parietal,
one with right frontal, one with left frontal, one with left
occipital, one with corpus callosum, one with bilateral

parietal and one location was unavailable. The survival
times of the three females in the group ranged from 1 to
4months, whilst the 6 males ranged from 1 to 13 months.

2.13 | The association between
GRP78 and IGFBP-2 in GSCs

To explore a mechanistic link between GRP78 and
IGFBP-2, we carried out co-immunoprecipitation experi-
ments. A GRP78 antibody was used to immunoprecipitate
G26 cell lysates. The western blot shows the interaction
between GRP78 and IGFBP-2 (Figure 5). A IgG2a isotype
control antibody was used as a comparison.

3 | DISCUSSION

IGFBP-2 appears to play key roles in foetal development
and cognitive development.”*' Studies have shown that
the IGFBP-2 genes promoter also contains binding sites
for transcription factors involved in the maintenance of
a stem cell state." In our in vitro analysis of protein lev-
els, we observed elevated IGFBP-2 expression in G26 and
G144 GSC lines compared to U3 NSC lines, raising the
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TABLE 3 Univariate Kaplan Meier and Cox proportional hazards analysis of associations between OS, clinical covariates and GRP78/
IGFBP-2 IHC protein expression of IDHI-wildtype glioblastoma (n=92). Log rank p and HR values were used to compare groups.

Univariate

Clinicopathological variable n (events) Median OS (months) [95% CI] p value HR [95% CI]
Sex 0.340

Male 59 (55) 13.00 [11.58, 14.42] 1

Female 33(33) 9.00 [5.62, 12.37] 0.815[0.53, 1.26]
Age (years) 0.128

28-55 33(29) 14.00 [11.36, 16.64] 1

56-65 29 (29) 9.00 [3.73, 14.27] 1.68 [0.99, 2.85]

66-83 30 (30) 12.00 [7.97,16.03] 1.25[0.74, 2.10]
KPS?* 0.333

<80 29 (29) 11.00 [5.73, 16.27] 1

81-90 24(22) 13.00 [11.25, 14.76] 1.08 [0.61, 1.93]

91-100 22 (20) 15.00 [12.08, 17.92] 0.71 [0.40, 1.26]
Tumour location” 0.491

Frontal 21 (20) 10.00 [7.09, 12.91] 1

Non-frontal 62 (60) 13.00 [11.71, 14.26] 0.94[0.56, 1.56]

Diffuse 1(1) 7.00 [-] 2.87[0.37, 22.04]
Resection® 0.011

Complete 34 (31) 14.00 [11.69, 16.31] 1

Partial 52(51) 9.00 [4.00, 14.00] 1.78 [1.12, 2.84]
MGMT status’ 0.344

Methylated 45 (42) 10.00 [4.71, 15.29] 1

Unmethylated 45 (44) 12.00 [9.56, 14.44] 1.23[0.79, 1.90]
Treatment® <0.001

RT+TMZ full 34 (31) 20.00 [13.46, 26.54] 1

RT+TMZ partial 20 (20) 10.00 [8.57, 11.43] 4.42[2.19, 7.86]

RT alone 5(5) 3.00[0.85, 5.17] 86.56 [18.55, 403.88]

Palliative 9(9) 2.00 [1.08, 2.92] 168.61 [34.48, 824.48]
GRP78 0.509

High 74 (71) 13.00 [10.27, 15.73] 1

Low 18 (17) 10.00 [1.93, 18.07] 0.84 [0.49, 1.43]
IGFBP-2 0.395

High 75 (71) 10.00 [7.42, 12.58] 1

Low 17 (17) 14.00 [12.01, 15.99] 1.25[0.73, 2.13]

17 missing data points.

°8 missing data points.

6 missing data points.

42 missing data points.

24 missing data points.

Note: RT + TMZ full: 60Gy total given over 5days/ week for 6 weeks with concurrent daily temozolomide (75 mg/m?/day, 7 days/week) and 6 cycles of
adjuvant TMZ (150-200 mg/m?/day for 5days during each 28-daycycle). RT + TMZ Partial: 60Gy total given over 5days/ week for 6 weeks with concurrent
daily temozolomide (75 mg/m?*/day, 7 days/week) without completing 6 cycles of adjuvant TMZ; or 60Gy total given over 5days/ week for 6 weeks without
concurrent temozolomide but completing 6 cycles of adjuvant TMZ (150-200 mg/m?/day for 5days during each 28-daycycle. n, number of people in each group
in Table 3. Events, indicates the number of people that died in each group in Table 3. Bold indicates statistical significance (p <0.05).

Abbreviations: CI confidence interval; GRP78, 78-kDa glucose-regulated protein; HR, hazard ratio; IDH1, Isocitrate dehydrogenase 1; IGFBP-2, insulin
like growth factor binding protein 2; THC, immunohistochemistry; KPS, karnofsky performance score; MGMT, O%-methylguanine-DNA methyltransferase
promoter; OS, overall survival; RT, radiotherapy; TMZ, temozolomide.
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possibility that the developmental pathways mediated by
IGFBP-2 were aberrantly activated in these cells. GRP78 is
critical for cell fate, controlling the survival/apoptotic po-
tential of the cell in response to stress. GRP78 overexpres-
sion has been reported in glioblastoma, correlating with
aggressive and radioresistant phenotypes.'*** Our cell line
work and microarray analysis indicated that IGFBP-2 and
GRP78 appear to be expressed at higher levels in GSCs
and NSCs. Stem cells also showed higher expression levels
of IGFBP-2 than HSPAS and this was reversed for differ-
entiated brain samples. In our individual cell lines, GRP78
protein and mRNA (HSPAS5) expression was lower than
IGFBP-2 in G26 and G144 GSCs. However, the analysis
of more cells including a range of subtypes is required to
determine whether this expression pattern could define a
subset of GSCs. A similar relationship has been reported

(A)
= 1.0 Log rank P =.011 — Complete
'% HR=1.78[1.12,2.84] — Partial
€
2
.TZB 0.5
e
3
7]
0-0 T T T T T T T T
0 12 24 36 48 60 72 84 9
Survival (months)
(B) _
Log rank P <.001 RT + TMZ full
c 1.0 HR =4.42[2.19,7.86] — RT + TMZ Partial
'% 86.56 [18.55,403.88] — RT alone
5 168.61[34.48, 824.48] — Palliative
g 0.5+
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FIGURE 3 Kaplan-Meier analysis showing associations
between patient overall survival (OS) and clinical covariates of

92 primary IDH-wildtype glioblastoma patients. All Log rank
p<0.05 (A) Patient extent of tumour resection analysis. (B) Patient
treatment analysis. CI, confidence interval; CNS, central nervous
system; HR, hazard ratio; KPS, karnofsky performance scale;
MGMT, 0% methylguanine-DNA methyltransferase promoter; RT,
Radiotherapy; TMZ, temozolomide.

TABLE 4 Univariate Kaplan-
Meier and Cox proportional hazards
of associations between OS, and
combinations of IGFBP-2/GRP78 IHC
protein expression of IDHI-wildtype

Variable

glioblastoma (n=92). Log rank p and HR
values were used to compare groups.

IGFBP-2,,,; GRP78y0,
IGFBP-2,,,,; GRP78,,,

IGFBP-2;5,; GRP78y0,
IGFBP-2g1; GRP78;,,,

o e 14435
Cancer Medicine _ “WI LEYJ—

with IGFBP-3 and GRP78, where the combination of low
GRP78 and high IGFBP-3 was clinically significant, indi-
cating poorer overall survival of breast cancer patients.*
Finally, we carried out co-IP experiments in lysates col-
lected from the G26 cell line to confirm the mechanistic
association between GRP78 and IGFBP-2.

We quantified GRP78 and IGFBP-2 protein expression
for 92 IDH-wildtype glioblastoma patient tumour sam-
ples. Survival analysis between the clinical covariates of
these patients demonstrated that patient extent of surgical
resection, and treatment modality were significantly cor-
related with the OS of glioblastoma patients (p=0.011 and
p <0.001 respectively). However, MGMT promoter methyl-
ation status did not reach significance with respect to over-
all survival. MGMT is an important predictive biomarker
and indication of a patient's sensitivity to alkylating chemo-
therapy. In our small cohort study, 26.7% of patients with
known MGMT promoter methylation status (n=90) had
no information on treatment received. Of those patients
in which treatment modality was available, more patients
without MGMT promoter methylation received some kind
of alkylating therapy (whether full or partial), and more
patients with MGMT promoter methylation received pal-
liative care. Further survival analysis using the clinical tu-
mour biopsy samples demonstrated that neither IGFBP-2
nor GRP78 expression were significantly associated with
survival alone (IGFBP-2, p=0.395; GRP78, p=0.509), de-
spite 80.4% (74/92) patients displaying high GRP78 tumour
expression and 81.5% (75/92) patients displaying high
IGFBP-2 tumour expression. However, larger published
studies have linked IGFBP-2 with prognosis in glioma, as
a prognostic biomarker and therapeutic target both in tis-
sue'#!>3373% and plasma.?***7* In our study, tumour tis-
sue with high IGFBP-2 expression paired with low GRP78
expression were significantly associated with, a much
shorter survival time (median=4.0months, p=0.019). In
other studies, higher GRP78 mRNA expression positively
regulated overall and progression free survival in gastric
cancer patients and was reported to be a positive marker
for prognosis and chemotherapy response in breast can-
cer.’** Moreover, drug induced GRP78 degradation in mu-
rine macrophages has been linked to prolonged ER stress
and inflammation mediated by IL-6 release, driving the

95% CI

Median

(o} Standard Lower
n (months) error bound Upper bound
9 13.0 2.24 8.62 17.38
8 14.0 2.12 9.84 18.16
62 12.0 1.75 8.57 15.43
9 4.0 0.75 2.54 5.46
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IGFBP-2 Low
IGFBP-2 High

x2=0.72, df=1, p=0.395

FIGURE 4 Kaplan-Meier analysis
showing associations between patient
overall survival (OS) and combinations
of GRP78high/low and IGFBP-2high/low
expression in 92 primary IDH-wildtype
glioblastoma patient tumours. (A) GRP78
is not related to survival (p=0.509).

(B) IGFBP-2 is not related to survival
(p=0.395). (C) When IGFBP-2 is high
there is a significant survival difference

0 12 24 36 48 60 72 84 96
Time (months)

between high and low GRP78 (p =0.006).
(D) When GRP78 is Low, survival is
dependent on whether IGFBP-2 is High or
Low (p=0.011).
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TABLE 5 Clinicopathological variables and covariates for 9 patients with a high IGFBP-2/low GRP78 THC protein expression in a cohort

of 92 patients with IDHI-wildtype glioblastoma.

Age
ID Sex (yiars) KPS Tumour location
2012/0940 Male 45 70 Left frontal
2013/0636 Female 70 80 Right parietal
2012/0884 Male 48 90 Right frontal
2008/054 Male 69 90 Right temporal
2008/0057 Male 57 90 Right temporal
2012/0311 Female 71 100 Left occipital
12/868 Male 83 100 Corpus callosum
2013/0845 Female 59 NA Bilateral parietal
2013/0306 Male 55 NA NA

MGMT 0S

Resection status Treatment (months)
Partial M RT +TMZ partial 10
Complete M NA 4
Complete U RT +TMZ partial 8
Partial U RT +TMZ partial 13
Partial U RT+TMZ full 13
Complete M RT +TMZ partial 4
Biopsy U RT +TMZ partial 3
Biopsy M NA 1
NA U NA 1

Note: RT + TMZ full: 60Gy total given over 5days/ week for 6weeks with concurrent daily temozolomide (75 mg/m?*/day, 7 days/week) and 6 cycles of
adjuvant TMZ (150-200 mg/m?/day for 5days during each 28-day cycle). RT + TMZ Partial: 60Gy total given over 5days/week for 6 weeks with concurrent
daily temozolomide (75 mg/m?/day, 7 days/week) without completing 6 cycles of adjuvant TMZ; or 60Gy total given over 5days/ week for 6 weeks without
concurrent temozolomide but completing 6 cycles of adjuvant TMZ (150-200 mg/m?/day for 5days during each 28-day cycle.

Abbreviations: ID, patient identifier; KPS, karnofsky performance score; M, methylated; MGMT, O°%-methylguanine-DNA methyltransferase promoter; NA, not
available; OS, Overall survival; RT, radiotherapy; TMZ, temozolomide; U, unmethylated.

tumorigenic microenvironment and cellular adaptation
further exploiting adaptive mechanisms.*

The expression, pleiotropic functions and spatio-
temporal dynamics of IGFBP-2 and GRP78 appear to
intricately shift in response to cellular context and adap-
tation. Redistribution of GRP78 via translocation to the

surface of cells has been recorded in cancer cells in which
a signal transducing role can be adopted.**** The main-
tenance and radio sensitisation of mesenchymal GSCs
have also been shown to be dependent upon cell surface
GRP78 (csGRP78), adding to evidence that expression
and function are context dependent.> The mechanism of



HARLAND ET AL.

FIGURE 5
lysates extracted from G26 GSCs. IGFBP-2 was pulled down using

Immunoblot showing a co-IP assay carried out on

a GRP78 antibody. The IgG2a antibody was used as an isotype
control. Immunoblots from two additional co-IP assays are shown
in supporting information.

translocation is largely unknown but believed to involve
additional binding partners as part of a context-dependent
process.*® There appears to be overlap between signalling
pathways initiated by csGRP78 and IGFBP-2. For example,
csGRP78 binding to a-2-macroglobulin («2M) is believed
to stimulate invasion and metastasis.** However, a2M is
also believed to complex with IGFBP-2 in the circulation
preventing IGFBP-2 proteolysis and modulating IGF sig-
nalling.* Further crossover between the pathways have
revealed that surface GRP78 can mediate IGF-IR phosphor-
ylation and activation of growth and survival pathways.*®
Moreover, a feedback loop denotes that IGF-1R mediated
IGF-I signalling can upregulate GRP78 via transduction
through PI3K/AKT/mTORCI signalling.*’ IGF-I has also
been shown as a direct stimulator of PI3K/Akt and MAPK
mediated expression and GRP78 cell surface redistribution
in hepatoma cell lines.*® In addition, extracellular func-
tions of IGFBP-2 have been linked to the proliferative and
invasive capacity of glioma cells via integrin f1-mediated
activation of ERK phosphorylation and nuclear translo-
cation.* Other downstream signalling cascades mediated
by the integrin p1 involve ILK/NFxB signalling, FAK/ERK
pathway activation and CD144 expression, as well as p-
catenin nuclear and cytoplasmic regulation.*~> Critically,
the negative regulation between IGFBP-2 and PTEN has
been shown to be of clinical importance in triple negative
breast cancer, glioblastoma and prostate cancer.>>>

Other IGFBPs have previously been identified as im-
portant malignancy biomarkers including IGFBP3; the
most abundant IGFBP in the human serum. The ability
of IGFBP-3 to differentially affect cell survival and inva-
sion, depending upon the extracellular environment, is
influenced by the presence of GRP78 in human breast
cancer cell lines.”> Mechanistic intricacies underlying
the relationship between IGFBP-2 and GRP78 remain to
be elucidated. Future investigation will aim to determine
the exogenous actions of IGFBP-2 with and without the
presence of GRP78, as well as the facilitation of IGFBP-2

o o 14437
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trafficking and oncogenic pathway activation via protein
complexing, as suggested by other studies.>®

4 | CONCLUSION

Taken together, our experimental and clinical findings
suggest that inverse levels of IGFBP-2 and GRP78 may be
adverse clinical prognostic markers in IDH-wildtype glio-
blastoma. Further experimental studies into the mecha-
nism of interaction and the potential for therapeutic
manipulation are warranted.

AUTHOR CONTRIBUTIONS

Abigail J Harland: Conceptualization (supporting);
data curation (equal); formal analysis (equal); inves-
tigation (lead); methodology (equal); project adminis-
tration (equal); validation (equal); visualization (lead);
writing — original draft (lead); writing — review and edit-
ing (lead). Claire M. Perks: Conceptualization (equal);
project administration (equal); resources (lead); supervi-
sion (equal); writing — review and editing (equal). Paul
White: Data curation (equal); formal analysis (equal);
investigation (equal); methodology (equal); resources
(equal); software (equal); supervision (supporting); visu-
alization (equal); writing - review and editing (equal).
Kathreena M Kurian: Conceptualization (equal); for-
mal analysis (equal); funding acquisition (lead); investiga-
tion (equal); methodology (equal); project administration
(equal); resources (equal); supervision (equal); validation
(equal); writing — review and editing (equal). Hannah R
Barber: Conceptualization (lead); data curation (equal);
formal analysis (equal); investigation (lead); methodology
(equal); project administration (equal); validation (equal);
writing — review and editing (equal).

ACKNOWLEDGMENTS
AJH is funded by Southmead Hospital Charity, North
Bristol Trust Registered Charity No: 1055900. HRB funded
through University of Bristol Campaigns and Alumnae
(June Henry Memorial Fund).

FUNDING INFORMATION

This work was supported by Cancer Research UK [grant
number C18281/A29019]. Tissue samples were obtained
from North Bristol NHS Trust as part of BRAIN UK,
which has been supported by Brain Tumour Research,
the British Neuropathological Society and the Medical
Research Council.

DATA AVAILABILITY STATEMENT
The results in this paper are in part generated using
Affymetrix Human Genome U133 Plus 2.0 Array data



ﬂl—Wl LEY_Cancer Medicine

HARLAND ET AL.

from Pollard et al. sourced from the NIH Gene Expression
Omnibus (series GSE15209), https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE152009.

ETHICS STATEMENT

Tissue samples were obtained under BRAIN UK ethical
approval. Study Ref: 15/001 (1). Brain UK REC Ref: 19/
SC/0217 Renewal REC Ref: IRAS ID: 262890. Brain UK
IRAS/ Ethics allows use of tissue with a waiver.

ORCID

Abigail J. Harland © https://orcid.
org/0000-0001-7749-1424

Claire M. Perks (© https://orcid.org/0000-0003-1562-891X
Paul White (2 https://orcid.org/0000-0002-7503-9896
Kathreena M. Kurian (© https://orcid.
org/0000-0003-0303-3716

Hannah R. Barber © https://orcid.org/0000-0002-6619-1001

REFERENCES

1. Nicoll JAR, Bloom T, Clarke A, Boche D, Hilton D. BRAIN
UK: accessing NHS tissue archives for neuroscience research.
Neuropathol Appl Neurobiol. 2022;48(2):12766. doi:10.1111/
nan.12766

2. Grech N, Dalli T, Mizzi S, Meilak L, Calleja N, Zrinzo A. Rising
incidence of glioblastoma multiforme in a well-defined popula-
tion. Cureus. 2020;12(5):e8195. doi:10.7759/cureus.8195

3. Ostrom QT, Gittleman H, Farah P, et al. CBTRUS statisti-
cal report: primary brain and central nervous system tumors
diagnosed in the United States in 2006-2010. Neuro Oncol.
2013;15(Suppl 2):ii1-i56. doi:10.1093/neuonc/not151

4. Fabbro-Peray P, Zouaoui S, Darlix A, et al. Association of patterns
of care, prognostic factors, and use of radiotherapy-temozolomide
therapy with survival in patients with newly diagnosed glioblas-
toma: a French national population-based study. J Neurooncol.
2019;142(1):91-101. doi:10.1007/s11060-018-03065-z

5. Chen B, Chen C, Zhang Y, Xu J. Recent incidence trend of el-
derly patients with glioblastoma in the United States, 2000-2017.
BMC Cancer. 2021;21(1):54. d0i:10.1186/s12885-020-07778-1

6. Burnet NG, Jefferies SJ, Benson RJ, Hunt DP, Treasure FP. Years of
life lost (YLL) from cancer is an important measure of population
burden-and should be considered when allocating research funds.
BrJ Cancer. 2005;92(2):241-245. doi:10.1038/sj.bjc.6602321

7. Szopa W, Burley TA, Kramer-Marek G, Kaspera W. Diagnostic
and therapeutic biomarkers in glioblastoma: current status
and future perspectives. Biomed Res Int. 2017;2017:8013575.
doi:10.1155/2017/8013575

8. Chen J, Li Y, Yu TS, et al. A restricted cell population prop-
agates glioblastoma growth after chemotherapy. Nature.
2012;488(7412):522-526. doi:10.1038/nature11287

9. Eramo A, Ricci-Vitiani L, Zeuner A, et al. Chemotherapy resistance
of glioblastoma stem cells. Cell Death Differ. 2006;13:1238-1241.

10. Singh SK, Hawkins C, Clarke ID, et al. Identification of human
brain tumour initiating cells. Nature. 2004;432(7015):396-401.
doi:10.1038/nature03128

11. Dirkse A, Golebiewska A, Buder T, et al. Stem cell-associated
heterogeneity in glioblastoma results from intrinsic tumor

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

plasticity shaped by the microenvironment. Nat Commun.
2019;10(1):1787. doi:10.1038/s41467-019-09853-z

Hu LS, Hawkins-Daarud A, Wang L, Li J, Swanson KR. Imaging
of intratumoral heterogeneity in high-grade glioma. Cancer
Lett. 2020;477:97-106. d0i:10.1016/j.canlet.2020.02.025

Lee HK, Xiang C, Cazacu S, et al. GRP78 is overexpressed in glio-
blastomas and regulates glioma cell growth and apoptosis. Neuro
Oncol. 2008;10(3):236-243. doi:10.1215/15228517-2008-006
Kalya M, Kel A, Wlochowitz D, Wingender E, Beifibarth T.
IGFBP2 is a potential master regulator driving the dysregulated
gene network responsible for short survival in glioblastoma mul-
tiforme. Front Genet. 2021;12. doi:10.3389/fgene.2021.670240
Yuan Q, Cai HQ, Zhong Y, et al. Overexpression of IGFBP2
mRNA predicts poor survival in patients with glioblastoma.
Biosci Rep. 2019;39(6). doi:10.1042/BSR20190045

Ocrant I, Fay CT, Parmelee JT. Characterization of insulin-
like growth factor binding proteins produced in the rat cen-
tral nervous system. Endocrinology. 1990;127(3):1260-1267.
doi:10.1210/endo-127-3-1260

Lee WH, Michels KM, Bondy CA. Localization of insulin-
like growth factor binding protein-2 messenger RNA during
postnatal brain development: correlation with insulin-like
growth factors I and II. Neuroscience. 1993;53(1):251-265.
doi:10.1016/0306-4522(93)90303-w

Allard JB, Duan C. IGF-binding proteins: why do they exist
and why are there so many? Front Endocrinol (Lausanne).
2018;9:117. doi:10.3389/fend0.2018.00117

Yu H, Mistry J, Nicar MJ, et al. Insulin-like growth factors (IGF-
I, free IGF-I and IGF-II) and insulin-like growth factor binding
proteins (IGFBP-2, IGFBP-3, IGFBP-6, and ALS) in blood circu-
lation. J Clin Lab Anal. 1999;13(4):166-172.

Colman H, Zhang L, Sulman EP, et al. A multigene predictor
of outcome in glioblastoma. Neuro Oncol. 2010;12(1):49-57.
doi:10.1093/neuonc/nop007

Lin Y, Jiang T, Zhou K, et al. Plasma IGFBP-2 levels predict
clinical outcomes of patients with high-grade gliomas. Neuro
Oncol. 2009;11(5):468-476. d0i:10.1215/15228517-2008-114
McDonald KL, O'Sullivan MG, Parkinson JF, et al. IQGAP1
and IGFBP2: valuable biomarkers for determining prognosis in
glioma patients. J Neuropathol Exp Neurol. 2007;66(5):405-417.
doi:10.1097/nen.0b013e31804567d7

Zielinska HA, Daly CS, Alghamdi A, et al. Interaction be-
tween GRP78 and IGFBP-3 affects tumourigenesis and prog-
nosis in breast cancer patients. Cancers (Basel). 2020;12(12).
doi:10.3390/cancers12123821

Kleizen B, Braakman I. Protein folding and quality control in
the endoplasmic reticulum. Curr Opin Cell Biol. 2004;16(4):343-
349. doi:10.1016/j.ceb.2004.06.012

Chen Z, Wang H, Zhang Z, et al. Cell surface GRP78 regulates
BACE?2 via lysosome-dependent manner to maintain mesen-
chymal phenotype of glioma stem cells. J Exp Clin Cancer Res.
2021;40(1):20. doi:10.1186/s13046-020-01807-4

Pollard SM, Yoshikawa K, Clarke ID, et al. Glioma stem cell
lines expanded in adherent culture have tumor-specific phe-
notypes and are suitable for chemical and genetic screens. Cell
Stem Cell. 2009;4(6):568-580. d0i:10.1016/j.stem.2009.03.014
Team RC. R: A Language and Environment for Statistical
Computing. 2013.

Brown AL, Chiariotti L, Orlowski CC, et al. Nucleotide se-
quence and expression of a cDNA clone encoding a fetal rat


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE15209
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE15209
https://orcid.org/0000-0001-7749-1424
https://orcid.org/0000-0001-7749-1424
https://orcid.org/0000-0001-7749-1424
https://orcid.org/0000-0003-1562-891X
https://orcid.org/0000-0003-1562-891X
https://orcid.org/0000-0002-7503-9896
https://orcid.org/0000-0002-7503-9896
https://orcid.org/0000-0003-0303-3716
https://orcid.org/0000-0003-0303-3716
https://orcid.org/0000-0003-0303-3716
https://orcid.org/0000-0002-6619-1001
https://orcid.org/0000-0002-6619-1001
https://doi.org//10.1111/nan.12766
https://doi.org//10.1111/nan.12766
https://doi.org//10.7759/cureus.8195
https://doi.org//10.1093/neuonc/not151
https://doi.org//10.1007/s11060-018-03065-z
https://doi.org//10.1186/s12885-020-07778-1
https://doi.org//10.1038/sj.bjc.6602321
https://doi.org//10.1155/2017/8013575
https://doi.org//10.1038/nature11287
https://doi.org//10.1038/nature03128
https://doi.org//10.1038/s41467-019-09853-z
https://doi.org//10.1016/j.canlet.2020.02.025
https://doi.org//10.1215/15228517-2008-006
https://doi.org//10.3389/fgene.2021.670240
https://doi.org//10.1042/BSR20190045
https://doi.org//10.1210/endo-127-3-1260
https://doi.org//10.1016/0306-4522(93)90303-w
https://doi.org//10.3389/fendo.2018.00117
https://doi.org//10.1093/neuonc/nop007
https://doi.org//10.1215/15228517-2008-114
https://doi.org//10.1097/nen.0b013e31804567d7
https://doi.org//10.3390/cancers12123821
https://doi.org//10.1016/j.ceb.2004.06.012
https://doi.org//10.1186/s13046-020-01807-4
https://doi.org//10.1016/j.stem.2009.03.014

HARLAND ET AL.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

binding protein for insulin-like growth factors. J Biol Chem.
1989;264(9):5148-5154.

Wood TL, Brown AL, Rechler MM, Pintar JE. The expression pat-
tern of an insulin-like growth factor (IGF)-binding protein gene
is distinct from IGF-II in the midgestational rat embryo. Mol
Endocrinol. 1990;4(8):1257-1263. doi:10.1210/mend-4-8-1257
Khan S. IGFBP-2 signaling in the brain: from brain devel-
opment to higher order brain functions. Front Endocrinol
(Lausanne). 2019;10:822. doi:10.3389/fendo.2019.00822

Khan S, Lu X, Huang Q, et al. IGFBP2 plays an essential role
in cognitive development during early life. Adv Sci (Weinh).
2019;6(23):1901152. doi:10.1002/advs.201901152

Shen F, Song C, Liu Y, Zhang J, Wei SS. IGFBP2 promotes neural
stem cell maintenance and proliferation differentially associ-
ated with glioblastoma subtypes. Brain Res. 2019;1704:174-186.
doi:10.1016/j.brainres.2018.10.018

Prasad B, Tian Y, Li X. Large-scale analysis reveals gene
signature for survival prediction in primary glioblas-
toma. Mol Neurobiol. 2020;57(12):5235-5246. d0i:10.1007/
$12035-020-02088-w

Yang P, Yan W, Zhang W, You G, Bao ZS, Jiang T. Whole-genome
messenger RNA profiling reveals genes involved in malignant
progression of glioma. Zhonghua Yi Xue Za Zhi. 2013;93(1):5-7.
Zhang B, Hong CQ, Luo YH, et al. Prognostic value of IGFBP2
in various cancers: a systematic review and meta-analysis.
Cancer Med. 2022;11(16):3035-3047. doi:10.1002/cam4.4680
Zhang GH, Zhong QY, Gou XX, et al. Seven genes for the prog-
nostic prediction in patients with glioma. Clin Transl Oncol.
2019;21(10):1327-1335. doi:10.1007/s12094-019-02057-3
Gallego Pérez-Larraya J, Paris S, Idbaih A, et al. Diagnostic and
prognostic value of preoperative combined GFAP, IGFBP-2, and
YKL-40 plasma levels in patients with glioblastoma. Cancer.
2014;120(24):3972-3980. doi:10.1002/cncr.28949

Han S, Meng L, Wang Y, Wu A. Plasma IGFBP-2 levels after
postoperative combined radiotherapy and chemotherapy pre-
dict prognosis in elderly glioblastoma patients. PLoS One.
2014;9(4):¢93791. d0i:10.1371/journal.pone.0093791

Zheng HC, Gong BC, Zhao S. The meta and bioinformatics
analysis of GRP78 expression in gastric cancer. Oncotarget.
2017:8(42):73017-73028. doi:10.18632/oncotarget.20318
Yerushalmi R, Raiter A, Nalbandyan K, Hardy B. Cell surface
GRP78: a potential marker of good prognosis and response to
chemotherapy in breast cancer. Oncol Lett. 2015;10(4):2149-
2155. d0i:10.3892/01.2015.3579

Shi Y, Porter K, Parameswaran N, Bae HK, Pestka JJ. Role of
GRP78/BiP degradation and ER stress in deoxynivalenol-
induced interleukin-6 upregulation in the macrophage. Toxicol
Sci. 2009;109(2):247-255. doi:10.1093/toxsci/kfp060
Gonzalez-Gronow M, Selim MA, Papalas J, Pizzo SV. GRP78:
a multifunctional receptor on the cell surface. Antioxid Redox
Signal. 2009;11(9):2299-2306. doi:10.1089/ARS.2009.2568

Tsai YL, Zhang Y, Tseng CC, Stanciauskas R, Pinaud F, Lee AS.
Characterization and mechanism of stress-induced transloca-
tion of 78-kilodalton glucose-regulated protein (GRP78) to the
cell surface. J Biol Chem. 2015;290(13):8049-8064. d0i:10.1074/
jbc.M114.618736

Zhao S, Li H, Wang Q, et al. The role of c-Src in the invasion and
metastasis of hepatocellular carcinoma cells induced by associ-
ation of cell surface GRP78 with activated «2M. BMC Cancer.
2015;15:389. d0i:10.1186/512885-015-1401-z

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

o e 14439
Cancer Medicine _ “WI LEYJ—

Sunderi¢ M, Milju$ G, Nedi¢ O. Interaction of insulin-like growth
factor-binding protein 2 with a2-macroglobulin in the circulation.
Protein J. 2013;32(2):138-142. doi:10.1007/s10930-013-9471-8

Yin Y, Chen C, Chen J, et al. Cell surface GRP78 facilitates hep-
atoma cells proliferation and migration by activating IGF-IR.
Cell Signal. 2017;35:154-162. doi:10.1016/j.cellsig.2017.04.003
Pfaffenbach KT, Pong M, Morgan TE, et al. GRP78/BiP is a
novel downstream target of IGF-1 receptor mediated signaling.
J Cell Physiol. 2012;227(12):3803-3811. d0i:10.1002/jcp.24090
Han S, Li Z, Master LM, Master ZW, Wu A. Exogenous IGFBP-2
promotes proliferation, invasion, and chemoresistance to temo-
zolomide in glioma cells via the integrin p1-ERK pathway. Br J
Cancer. 2014;111(7):1400-1409. d0i:10.1038/bjc.2014.435

Patil SS, Gokulnath P, Bashir M, et al. Insulin-like growth fac-
tor binding protein-2 regulates $-catenin signaling pathway in
glioma cells and contributes to poor patient prognosis. Neuro
Oncol. 2016;18(11):1487-1497. doi:10.1093/neuonc/now053
Holmes KM, Annala M, Chua CY, et al. Insulin-like growth
factor-binding protein 2-driven glioma progression is pre-
vented by blocking a clinically significant integrin, integrin-
linked kinase, and NF-«B network. Proc Natl Acad Sci U S A.
2012;109(9):3475-3480. doi:10.1073/pnas.1120375109

Verma BK, Kondaiah P. Regulation of p-catenin by IGFBP2 and
its cytoplasmic actions in glioma. J Neurooncol. 2020;149(2):209-
217. doi:10.1007/511060-020-03596-4

Liu Y, Li F, Yang YT, et al. IGFBP2 promotes vasculogenic
mimicry formation via regulating CD144 and MMP2 expres-
sion in glioma. Oncogene. 2019;38(11):1815-1831. doi:10.1038/
$41388-018-0525-4

Mehrian-Shai R, Chen CD, Shi T, et al. Insulin growth factor-
binding protein 2 is a candidate biomarker for PTEN status
and PI3K/Akt pathway activation in glioblastoma and pros-
tate cancer. Proc Natl Acad Sci U S A. 2007;104(13):5563-5568.
doi:10.1073/pnas.0609139104

Zeng L, Perks CM, Holly JM. IGFBP-2/PTEN: a critical interac-
tion for tumours and for general physiology? Growth Horm IGF
Res. 2015;25(3):103-107. doi:10.1016/j.ghir.2015.01.003

Dean SJ, Perks CM, Holly JM, et al. Loss of PTEN expres-
sion is associated with IGFBP2 expression, younger age, and
late stage in triple-negative breast cancer. Am J Clin Pathol.
2014;141(3):323-333. doi:10.1309/AJCPR11DEAYPTUSL

Chua CY, Liu Y, Granberg KJ, et al. IGFBP2 potentiates nu-
clear EGFR-STAT3 signaling. Oncogene. 2016;35(6):738-747.
doi:10.1038/0nc.2015.131

SUPPORTING INFORMATION
Additional supporting information can be found online in
the Supporting Information section at the end of this article.

How to cite this article: Harland AJ, Perks CM,
White P, Kurian KM, Barber HR. Insulin-like growth
factor binding protein-2 and glucose-regulated
protein 78 kDa: Potential biomarkers affect prognosis
in IDH-wildtype glioblastoma patients. Cancer Med.
2023;12:14426-14439. d0i:10.1002/cam4.6071



https://doi.org//10.1210/mend-4-8-1257
https://doi.org//10.3389/fendo.2019.00822
https://doi.org//10.1002/advs.201901152
https://doi.org//10.1016/j.brainres.2018.10.018
https://doi.org//10.1007/s12035-020-02088-w
https://doi.org//10.1007/s12035-020-02088-w
https://doi.org//10.1002/cam4.4680
https://doi.org//10.1007/s12094-019-02057-3
https://doi.org//10.1002/cncr.28949
https://doi.org//10.1371/journal.pone.0093791
https://doi.org//10.18632/oncotarget.20318
https://doi.org//10.3892/ol.2015.3579
https://doi.org//10.1093/toxsci/kfp060
https://doi.org//10.1089/ARS.2009.2568
https://doi.org//10.1074/jbc.M114.618736
https://doi.org//10.1074/jbc.M114.618736
https://doi.org//10.1186/s12885-015-1401-z
https://doi.org//10.1007/s10930-013-9471-8
https://doi.org//10.1016/j.cellsig.2017.04.003
https://doi.org//10.1002/jcp.24090
https://doi.org//10.1038/bjc.2014.435
https://doi.org//10.1093/neuonc/now053
https://doi.org//10.1073/pnas.1120375109
https://doi.org//10.1007/s11060-020-03596-4
https://doi.org//10.1038/s41388-018-0525-4
https://doi.org//10.1038/s41388-018-0525-4
https://doi.org//10.1073/pnas.0609139104
https://doi.org//10.1016/j.ghir.2015.01.003
https://doi.org//10.1309/AJCPR11DEAYPTUSL
https://doi.org//10.1038/onc.2015.131
https://doi.org/10.1002/cam4.6071

	Insulin-­like growth factor binding protein-­2 and glucose-­regulated protein 78 kDa: Potential biomarkers affect prognosis in IDH-­wildtype glioblastoma patients
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Formalin-­fixed paraffin-­embedded (FFPE) tissue samples
	2.2|Cell culture
	2.3|Protein and RNA extraction
	2.4|Immunoblotting
	2.5|Co-­immunoprecipitation (Co-­IP)
	2.6|RT-­qPCR (reverse transcription-­quantitative PCR)
	2.7|Immunohistochemistry (IHC)
	2.8|Statistical analyses
	2.9|IGFBP-­2 is overexpressed in stem cells and upregulated in GSCs
	2.10|GRP78 and IGFBP-­2 protein expression in glioblastoma patient cohort biopsy tissue
	2.11|Patient cohort analysis of GRP78 and IGFBP-­2 IHC scores, clinicopathological features and OS
	2.12|Patient survival differences with GRP78 and IGFBP-­2 combinations
	2.13|The association between GRP78 and IGFBP-­2 in GSCs

	3|DISCUSSION
	4|CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	DATA AVAILABILITY STATEMENT

	ETHICS STATEMENT
	REFERENCES


