Am J Transl Res 2023;15(3):2140-2155
www.ajtr.org /ISSN:1943-8141/AJTR0147269

Original Article

A bioinformatic study of IGFBPs

in glioma regarding their diagnostic,
prognostic, and therapeutic prediction value

Hengrui Liu?, Tao Tang?!

1Department of Molecular Diagnostics, Sun Yat-Sen University Cancer Center, State Key Laboratory of Oncology in
South China, Collaborative Innovation Center for Cancer Medicine, 651 Dongfeng Road East, Guangzhou 510000,
Guangdong, China; 2Tianjin Yinuo Biomedical Co., Ltd, 1-1204, Shuchang Park, Wanxin Street, Dongli District,
Tianjin 061102, China

Received October 26, 2022; Accepted March 3, 2023; Epub March 15, 2023; Published March 30, 2023

Abstract: Background: It is essential to develop better biomarkers for diagnosis, prediction, and treating glioma
patients to ensure successful clinical outcomes. The clinical application of Insulin-Like Growth Factor Binding
Proteins (IGFBPs) for glioma is yet to be investigated. Methods: Cohorts were obtained from TCGA, GTEx, CGGA,
HPA, Oncomine, CancerSEA, TISCH, etc. The expressions, methylation, and survival association of IGFBPs were ana-
lyzed. The Least Absolute Shrinkage and Selection Operator (LASSO) regression was used to construct a prognostic
model. The correlation of IGFBPs and immune cells or immune molecules was analyzed. The effect of IGFBPs on
immune therapy and chemotherapy was analyzed. The top 500 correlated genes of IGFBPs were enriched in GO
terms. Correlations between IGFBPs and functional states in glioma single-cells and correlations between IGFBPs
and chemokines in samples were analyzed. Results: IGFBPs were overexpressed in glioma. Malignant cells were
the major cell types that expressed IGFBPs. Higher-grade glioma had a higher expression of IGFBPs, which were as-
sociated with worse survival. A survival model of IGFBPs for glioma patients was trained and validated. A nomogram
was generated. Generally, IGFBPs mRNA expression was negatively correlated with B cells and T cells. IGFBPs were
associated with multiple immune molecules and drug sensitivity. Conclusion: IGFBPs were powerful diagnostic,
prognostic, and therapeutic prediction biomarkers for glioma.
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Introduction

The incidence of glioma, one of the most com-
mon forms of malignant brain tumor, is on the
rise globally [1, 2]. It is categorized into four dis-
tinct grades based on histologic and clinical
data; Grade 1, Grade 2, Grade 3, and Grade 4
[3]. Grade 1 glioma is typically benign, and is
most commonly seen in children, with success-
ful outcomes from surgical resection. Grade 2
and 3 gliomas are commonly referred to as low-
grade gliomas (LGG) while Grade 4 glioma is
known as the highest-grade glioma, and is also
referred to as glioblastoma or glioblastoma
multiforme (GBM) [4]. Glioma, especially grade
4 glioma, remains a fatal condition despite the
evolution of treatments, with most cases hav-
ing a very bad survival [4]. So far, the lack of

effective diagnostic and prognostic strategies
and the low response rate of glioma therapy
prevent the improvement of glioma survival. As
such, it is of critical importance to develop reli-
able biomarkers to improve the diagnosis, prog-
nosis, and therapeutic prediction of gliomas.

Insulin-Like Growth Factor Binding Proteins
(IGFBPs, gene symbols are IGFBP1-7, we also
referred to as IGFBPs in this study), known as
insulin-like growth factor (IGF) carrier proteins,
are circulating bioactive molecules that play a
role in the modulation of IGF [5]. There are
seven IGFBPs (IGFBP1-7) that bind IGFs [6].
Recent studies revealed that IGFBPs were
closely associated with cancer development. In
lung cancer, IGFBPs have been suggested to
be a biomarker for patients [7]. Reduction in
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IGFBP1 suppressed beta-element-inhibited cell
proliferation of lung cancer cells [8]. IGFBP1
was found overexpressed in colorectal cancer
and regulated tumor and metastasis [9].
IGFBP2 mediated many tumor functions in
breast cancer [10].

The prognostic value of IGFBPs for many types
of cancer has been reported [11-13]. A previous
study investigated the immune association and
clinical association of IGFBP2 in glioma [14].
Yet, so far, the clinical value of IGFBPs in glioma
has not been studied comprehensively.

Methods
Data acquisition

Cohorts of glioma were obtained from The
Cancer Genome Atlas (TCGA) [15], Genotype-
Tissue Expression (GTEX) [16], and the Chinese
Glioma Genome Atlas (CGGA) [17]. Immunohis-
tochemistry images were accessed from the
Human Protein Atlas (HPA) [18]. Data of ex-
pression comparison across analyses were
accessed using Oncomine [19]. The chemo-
therapy response and expression data (n=454)
were accessed from the ROC Plotter [20].
Single-cell sequencing cohorts were access-
ed from the Tumor Immune Single-cell Hub
(TISCH) [21] and Cancer single-cell states atlas
(CancerSEA) [22]. Data used in this study
included TCGA [15], GETx [16], CGGA [17],
GSE131928 [23], SRA PRINA482620 [24],
GSE84465 [25], and GSE31095 [26].

Data analysis and plotting

All the analyses of TCGA, GTEx, and CGGA
cohorts were conducted by R v4.0.3 and
ggplot2 v3.3.2. Principal component analysis
(PCA) dimensionality reduction on samples was
conducted using the GEPIA2 [27]. Functional
prediction of genes and gene interaction net-
works was conducted using GeneMANIA [28].
The Estimating the Proportions of Immune and
Cancer cells (EPIC) algorithms was used to
estimate the immune cell infiltration level [29].
Potential immune checkpoint blockade (ICB)
response was calculated using the Tumor
Immune Dysfunction and Exclusion (TIDE) algo-
rithm [30]. The GSCALite [31] was used to eval-
uate the area under the dose-response curve
(AUC) values for drug association of IGFBPs in
cancer cell lines. GDSC and CTRP data were
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integrated for investigation. Single-cell sequ-
encing data were analyzed and plotted by the
TISCH. The gene-miRNA-transcriptional factor
coregulation network was constructed using
RegNetwork [32]. T-test or One-way ANOVA with
Tukey test was used to analyze the difference
between groups. Spearman correlation was
used to analyze correlations between two vari-
ates. Gene expression differences were com-
pared using Wilcoxon or Kruskal-Wallis tests.
Survival analysis was conducted using Kaplan-
Meier analysis, log-rank tests and Cox regres-
sion tests, while Pearson’s correlation tests
were used to evaluate the correlation of two
variables except for drug sensitivity analysis.
Statistical significance was set at P<0.05.

Results
Diagnostic value of IGFBPs for glioma

TCGA data suggested that the gene mutation
rate of IGFBPs in glioma was low. Among 403
GBM samples, only 2% of GBM had IGFBP7 and
IGFBP3 mutation and 1% of GBM had IGFBP1
mutation and less than 1% of GBM had muta-
tions in IGFBP5 with no mutation in the other
IGFBPs. Among 526 LGG samples, only 1% of
LGG had IGFBP5 and IGFBP2 mutations with
no mutation in the other IGFBPs (Figure 1A).
Hence, we suggested that IGFBP mutations
were not critical for glioma.

To determine whether the expression of IGF-
BPs distinguished between glioma and normal
brain, we conducted PCA dimensionality reduc-
tion on samples from glioma and brain based
on the IGFBPs mRNA levels. The PCA plotting
showed that the clusters of glioma samples,
including GBM (grade 4 glioma) and LGG (gr-
ade 2-3 glioma) samples, considerably distin-
guished from the cluster of normal brain tis-
sues (Figure 1B). This indicated that the ex-
pressions of IGFBPs were different between
glioma and brain tissues. To further specify
the difference, the expressions of IGFBPs in
glioma and normal brain tissues were plotted.
Statistical analysis showed that, compared to
normal brain tissues, glioma expressed signifi-
cantly higher IGFBPs except for IGFBP6 (Figure
1C). To validate the up-regulation of IGFBPs in
glioma, the Oncomine was queried for the over-
expression or copy number gain of IGFBPs in
glioma. 14, 16, 20, 10, 15, 6, and 13 analyses
of glioma were gathered for IGFBP1, IGFBP2,
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Figure 1. Diagnostic value of IGFBPs for glioma. A. Single-nucleotide variant percentage heatmap of glioma. TCGA
(LGG+GBM) cohort was analyzed. B. PCA dimensionality reduction on the mRNA expression of IGFBPs from glioma
and normal brain cortex tissues based on their expression of IGFBPs. TCGA (LGG+GBM) and GETx cohorts were com-
pared. C. The mRNA expressions of IGFBPs in glioma (n=1157) and normal brain (n=689) tissues. TCGA (LGG+GBM)
and GETx cohorts were compared. D. Diagnostic ROC curve of IGFBPs in glioma (LGG and GBM). TCGA (LGG+GBM)
and GETx cohorts were analyzed. E. Representative immunohistochemical images of IGFBP protein in glioma and
normal brain tissues (100X). Antibody staining of IGFBP7 protein in normal brain and glioma tissues were down-
loaded from the Human Protein Atlas and shown as representative images. "P<0.05, ""P<0.01,""P<0.001. GBM:
glioblastoma; LGG: low grade glioma; TPM: transcripts per million; ID: identity number; TPR: True Positive Rate; FPR:

False Positive Rate; AUC: Area under the ROC Curve; ROC: Receiver operating characteristic.
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IGFBP3, IGFBP4, IGFBP5, IGFBP6, and IGFBP7
respectively (Supplementary Figure 1). All
seven IGFBPs were significantly overexpressed
or overcopied in glioma compared with normal
brain tissues. IGFBP6 had fewer data sets sup-
porting the overexpression in glioma, which
was consistent with the TCGA data. In addition,
correlation analysis of IGFBP mRNA expression
revealed that IGFBPs were correlated with each

other (Supplementary Figure 2).

To estimate the detection biomarker potential
of IGFBPs for glioma, diagnostic ROC curves of
IGFBPs in glioma were plotted. Results showed
that the AUCs of IGFBPs were over 0.8 except
for IGFBP6 (0.64) (Figure 1D). IGFBP6 had the
lowest AUC, which was consistent with the
expression plot. Therefore, IGFBPs showed
very good diagnostic values, except for IGFBP6.
The IGFBP7 had the highest AUC of 0.953,
thus, we downloaded representative staining
images of IGFBP7 protein to show the potential
diagnostic use of this biomarker for cancer
detection. The image data suggested glioma
expressed higher IGFBP7 at the protein level
(Figure 1E). These data revealed that IGFBPs
may be diagnostic biomarkers for glioma. Thus
we believe that IGFBPs have value in the diag-
nosis of glioma. It would be helpful to check
whether the level of IGFBPs in more accessible
tissues such as blood is consistent with the
expression in tumor tissue. Thus, we analyzed
the mRNA expression of IGFBPs in platelets
from glioma patients and healthy donors.
However, only IGFBP3 was significantly up-
regulated in platelets from glioma patients
(Supplementary Figure 3). Yet, the analysis was
rather preliminary since only 20 samples were
included, thus the significance might be sub-
jected to a low sample number. More studies
will be required to confirm the results or distin-
guish the any differences.

IGFBP expression in glioma cell sublines

This study also analyzed single-cell mRNA data
to specify the glioma cell sub-types that
expressed IGFBP genes. In this study, single-
cell data analysis revealed that IGFBP1,
IGFBP4, and IGFBP6 had very low expression in
all glioma cell subtypes, which was consistent
with the above expression analysis showing
that IGFBP2, IGFBP3, IGFBP5, and IGFBP7 had
the four highest expressions of IGFBP genes
(Figure 1B). Among all cell subtypes in glioma,
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malignant cells were the major cell subtype
that expressed IGFBP genes. Malignant glioma
cells had been classified into four sub-lines
based on single cell expression profiles, includ-
ing 1) neural-progenitor-like (NPC-like), 2) oligo-
dendrocyte-progenitor-like (OPC-like), 3) astro-
cyte-like (AC-like), and 4) mesenchymal-like
(MES-like) [23]. IGFBP2 was relatively evenly
expressed in OPC-like, AC-like, MES-like, and
NPC-like malignant cells. IGFBP3 was only high-
ly found in MES-likecells. IGFBP5 and IGFBP7
were highly expressed in AC-like cells and
slightly expressed in MES-like and OPC-like
malignant cells (Figure 2).

Clinical association of IGFBPs

Next, we compared IGFBPs in different clinical
subgroups, including WHO grades of glioma,
IDH gene mutation status, the 1p/19q codele-
tion, primary therapy outcome, gender, age,
race, and histology. Results showed that high-
er-grade glioma, which is more severe, ex-
pressed significantly higher IGFBPs than lower-
grade glioma (Figure 3A). IDH mutated glioma
usually has a better prognosis. Our analysis
revealed that mutated IDH glioma expressed
lower IGFBPs than IDH wild type glioma (Figure
3B). Another protective factor for glioma,
1p/19q co-deletion, was also associated with
better survival in glioma. Data suggested that
glioma with 1p/19q co-deletion reduced all
IGFBP levels except for IGFBP1 (Figure 3C). As
for the primary therapy outcome group, data
suggested that, generally, the PD (progressive
disease) group expressed higher IGFBPs, while
the CR (complete response) group expressed
relatively lower IGFBPs (Figure 3D). In addition,
gender and race made no difference in IGFBPs
(Figure 3E and 3G) but patients older than 60
expressed significantly higher IGFBPs (Figure
3F). Among the histologic groups, glioblastoma
expressed a higher level of IGFBPs than astro-
cytoma, oligoastrocytoma, or oligodendroglio-
ma (Figure 3H). Glioblastoma is the most
aggressive glioma type compared to astrocyto-
ma, oligoastrocytoma, and oligodendroglioma.
These clinical association analysis results sug-
gested that IGFBP might associate with a worse
prognostic phenotype of glioma.

Regulation of IGFBP expression in glioma

This study concerned how IGFBP expression
was regulated. First, epigenetic data analysis
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Figure 2. Identification of IGFBPs expressing cell sub-types in glioma. Single-cell mRNA expression cohort
GSE131928 (Glioma_GSE131928_10X) was accessed and analyzed using the TISCH. Abbreviation: neural-pro-
genitor-like (NPC-like), oligodendrocyte-progenitor-like (OPC-like), astrocyte-like (AC-like), and mesenchymal-like
(MES-like), CD8Tex (exhausted CD8+T cells). A. Cell-subtype annotation. The gene expression level was displayed
using UMAP (Dimensionality reduction by Uniform Manifold Approximation and Projection). The cell clustering was
conducted and the cell-type annotation at the single-cell level was provided by the TISCH. B. Expressions of IGFBPs
mRNA in cells of glioma samples, log2 (TPM+1). C. Violin plots of IGFBPs mRNA expressions in different subtypes

of glioma cells, log2 (TPM+1).

revealed that the methylation of IGFBPs in glio-
ma might regulate their mRNA expression.
Results showed that higher-grade glioma had
significantly lower methylation of all seven
IGFBP genes (Supplementary Figure 4A). Data
also suggested that the methylation of IGFBPs
in glioma was mostly negatively correlated with

2144

gene expression, especially for LGG data

(Supplementary Figure 4B). The methylation
level was also associated with overall survival,

except for IGFBP3 (Supplementary Figure 4C).
In addition, to identify possible miRNAs and
transcriptional factors that might regulate
IGFBP expression, a gene-miRNA-transcription-
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Figure 3. Clinical association of IGFBPs. TCGA (LGG+GBM) and GETx cohorts were analyzed for mRNA expression
comparisons. A. WHO grades of glioma: Grade 2 (n=224), Grade 3 (n=243), and Grade 4 (n=168). B. IDH gene
mutation status: wildtype (n=246) and mutated (n=440). C. The 1p/19q codeletion: non-co-deleted (n=518) and
co-deleted (n=171). D. Primary therapy outcomes: PD (progressive disease) (n=112), SD (stable disease) (n=147),
PR (partial response) (n=64), and CR (complete response) (n=139). E. Gender: male (n=398) and female (n=298).
F. Age: <60 (n=553) and >60 (n=143). G. Race: White (n=637), Asian (n=13), and Black (n=33). H. Histology: as-

trocytoma (n=195), glioblastoma (n=168), oligoastrocytoma (n=134), and oligodendroglioma (n=199). “P<0.05,
“P<0.01, *"P<0.001. Ns: not significant; WT: wild-type; mut: mutant; WHO: World Health Organization.

al factor coregulation network of IGFBPs was
constructed (Supplementary Figure 5A). Data
also revealed that most of the transcription fac-
tors and some of the miRNAs identified in the
coregulation network were correlated with the
expression of IGFBPs (Supplementary Figure
5B and 5C). This study further identified 32
transcriptional factors associated with glioma
prognosis (Supplementary Figure 5D). Most of
these transcriptional factors were expressed
differentially in glioma compared to normal
brains (Supplementary Figure 6A) or differently
expressed depending on the grade of glioma
(Supplementary Figure 6B), inferring that they
may be associated with the development of
glioma.

Survival prediction value of IGFBPs

Since we have demonstrated that IGFBPs may
associate with a worse glioma phenotype,
IGFBP expression may also associate with
survival. To investigate the prognostic value of
IGFBPs for glioma, this study conducted
Kaplan-Meier (KM) plots and log-rank analysis
using the TCGA (LGG+GBM) mRNA expression
cohort. The analysis revealed that all of the
IGFBPs were survival-associated (Supplement-
ary Figure 7A). External validation log-rank anal-
ysis was conducted using CGGA mRNA expres-
sion data, which further confirmed that IGFBPs
were significantly associated with worse sur-

vival (Supplementary Figure 7B). To estimate
the survival prediction performance of IGFBPs
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for glioma, time-dependent receiver operat-
ing characteristic (ROC) curves were plotted.
IGFBP2, IGFBP3, IGFBP4, IGFBP5, and IGFBP7
had AUCs of over 0.7, which indicated their con-
siderably good value for prognosis. IGFBP1 had
AUCs of 0.54-0.6 and IGFBP6 had AUCs of
0.62-0.74, which also had a possible prognos-

tic value (Supplementary Figure 7C).

Univariate Cox analysis confirmed that each of
the IGFBP genes was associated with survival
(Figure 4A left panel). Multivariate Cox analysis
revealed that the HR of IGFBP2 and IGFBP6
were still larger than 1and the HR of IGFBP1
was lower than 1 while the other IGFBPs had
no significance (Figure 4A right panel). In uni-
variate Cox regression, IGFBP1 was a risk fac-
tor, but after being adjusted for the other
IGFBPs, multivariate Cox regression showed
that IGFBP1 was a protective factor. This means
that IGFBP1 can be used as a risk factor alone,
but when IGFBP1 was used with the other
IGFBPs, it can only be used as a protective fac-
tor. The multivariate Cox regression analysis of
IGFBPs suggested that IGFBPs were not inde-
pendent of each other in their survival associa-
tion except for IGFBP1, IGFBP2, and IGFBP6.
Therefore, to further optimize the prognostic
application of IGFBPs, a gene signature model
is required.

Hence, we constructed a machine-learning
prognostic model based on IGFBPs (Figure 4B).
The Least Absolute Shrinkage and Selection
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Figure 4. Construction of a machine-learning prognostic model. TCGA (LGG+GBM) mRNA expression cohorts were
used to train the model with the LASSO algorithm, while CGGA mRNA-array_301, mRNAseq_325, and mRNAs-
eg_693 mRNA expression cohorts were used to validate the model. A. Overall survival Cox regression analysis of
IGFBPs for glioma patients. B. left panel: Coefficients of IGFBPs shown by lambda parameter. Right panel: Partial
likelihood deviance versus log (A) drawn using LASSO (Least Absolute Shrinkage and Selection Operator) regression
model. Bottom panel: The equation of the LASSO regression model. C. Prognostic analysis of the LASSO regression
model. Top panel: The distribution of risk score. The dots represent the risk scores and were divided into low-risk
and high-risk groups by median. Middle panel: Survival status of the patients. Bottom panel: Heatmap of the ex-
pression profiles of the prognostic genes in the LASSO regression model. D. Overall survival KM plots and log-rank
analysis of risk score in glioma. HR was calculated using cox regression. Median survival times are shown. E. Overall
survival time-dependent receiver operating characteristic (ROC) curves of the risk score for glioma patients in the
training cohort. F-H. Overall survival time-dependent ROC curves of the risk score for glioma patients in three valida-

tion cohorts.

Operator (LASSO) was used to perform variable
selection. The tuning parameter lambda was
chosen by cross-validation. When lambda was
small, the result is essentially the least-squares
estimates and the model will have high accu-
racy without overfitting (Figure 4C). Results
showed that this model had very high prognos-
tic confidence for glioma patients in the training
cohort (Figure 4D, 4E). Three external indepen-
dent glioma cohorts were used for the valida-
tion of this model. The AUCs of ROC were all
between 0.72-0.89 (Figure 4F-H). Consequ-
ently, based on this model, we constructed
another prognostic nomogram for glioma
patients (Supplementary Figure 8). These sur-
vival analyses suggested that IGFBPs had a
very high prognostic value for glioma patients.

The predictive value of IGFBPs for glioma im-
munotherapy

This study also investigated the predictive
value of IGFBPs for glioma immunotherapy. The
analysis revealed that IGFBPs were positively
correlated with endothelial cells, macrophages,
and NK cells. IGFBPs were negatively correlat-
ed with B cells, T cell CD4+, and T cell CD8+,
except for B cell/IGFBP6, T cell CD4+/IGFBP6,
T cell CD8+/IGFBP1, and T cell CD8+/IGFBP6.
T cell CD8+ was positively correlated with
IGFBP6 (Figure 5A). This study also analyzed
the correlation between IGFBPs and immune
inhibitors or stimulators, which were immune
checkpoint blockade targets for immunothera-
py. Results showed that, in brief, most of the
immune inhibitors were positively correlated
with the expression of IGFBPs (Figure 5B), while
a majority of the immune stimulators analyzed
were negatively correlated with IGFBPs (Figure
5C). These results indicated that IGFBPs might
decrease B cell and T cell infiltration level, pro-
mote immune inhibition, and reduce immune
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stimulation. In addition, this study also revealed
that IGFBP expression was positively correlat-
ed with most of the MHC molecules (Supple-
mentary Figure 9), which might result from neg-
ative feedback of the low infiltration level of T
cells.

In order to further evaluate the predictive value
of IGFBPs for glioma immune therapy, TIDE
algorithms [30] were used to predict the im-
mune checkpoint blockade (ICB) response of
IGFBP-high (75-100%) glioma and IGFBP-low
glioma (0-25%). Results showed that IGFBP-
high gliomas had higher TIDE scores and
were more likely to respond to ICB therapy
(Supplementary Figure 10). Therefore, IGFBPs
genes were signs of the immune microenviron-
ment and predictive biomarkers for immune
therapies in glioma. To compare the predictive
value of IGFBPs with the current popular immu-
notherapy biomarkers/signals, we analyzed
a PD1 blockade immunotherapy cohort. We
compared the AUC of anti-PD1 immunothe-
rapy response ROC of IGFBPs with 8 comment-
ly-used immunotherapy biomarkers/signals,
including TIDE, microsatellite instability (MSI.
score), CD274, CDS8, interferon-gamma (IFNG),
T cell clonality (T.Clonality), B cell clonality
(B.Clonality), and Merck18 signature. Results
revealed that IGFBP3 had the best perfor-
mance for the prediction of anti-PD1 immuno-
therapy response with an AUC of 0.6964, which
was higher than all of the immunotherapy bio-
markers/signals. IGFBP6 was the second high-
est IGFBP, with an AUC of 0.68 which was high-
er than all of the commonly-used immunothera-
py biomarkers/signals except for B.Clonality.
The AUC of the other IGFBPs were all lower
than 0.6 (Figure 5D). Thus, IGFBP3 and IGFBP6
had great predictive power in anti-PD1 immu-
notherapy response.
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Figure 5. Immunity association of IGFBPs in glioma. A. Correlations of immune cell infiltration levels and expression
of IGFBPs. The EPIC (Estimating the Proportions of Immune and Cancer cells) algorithms were used to estimate the
immune cell infiltration levels. TCGA (LGG+GBM) mRNA expression cohort was analyzed. B. Correlations of expres-
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SRA PRINA482620 data were accessed and analyzed using the TIDE.
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Predictive value of IGFBPs for glioma drug
therapy

On the other hand, we studied drug therapy
response. Results revealed that, in the
GDSC database, IGFBP6, IGFBP4, IGFBP3, and
IGFBP1 were positively correlated with the IC,
of most of the top 30 correlated drugs (Figure
6A). In the CTRP database, IGFBPs were posi-
tively correlated with the IC_ of most of the top
30 correlated drugs except for IGFBP2 (Figure
6B). The complete correlation results of all cor-
related drugs were shown in Supplementary
Figures 11 and 12. These data suggested that
IGFBPs were signs that cancer cells were insen-
sitive to these drugs. However, these results
were not based on glioma cell lines but based
on all cancer cell lines in the database. Whether
the drug-sensitive prediction value was specific
to glioma cells requires further analysis.

Possible functions of IGFBPs in glioma

The GeneMANIA predicted the functions of
IGFBPs. The predictions suggested that IGFBPs
might have foundations in growth factor bind-
ing, glycosaminoglycan binding, sulfur com-
pound binding, etc (Supplementary Figure 13).
We also analyzed single-cell data to investigate
the role of IGFBPs in glioma. Seven IGFBP
genes were queried as a gene list. The single-
cell data revealed that IGFBPs showed strong
correlations to glioma cell metastasis, epitheli-
al-mesenchymal transition (EMT), hypoxia, and
angiogenesis (R>0.5). IGFBPs also had moder-
ate correlations to glioma cell inflammation,
invasion, apoptosis, quiescence, and differen-
tiation (0.2<R<0.5) (Supplementary Figure 14).
EMT was associated with cancer migration. The
analysis revealed that IGFBP genes were posi-
tively associated with multiple chemokines
and most of the chemokine receptors (Supple-
mentary Figure 15). As chemokine signals are
critical for cell migration, these results suggest-
ed that IGFBPs might be associated with glio-
ma cell migration, which might be related to the
correlation of IGFBPs and EMT. Surprisingly, as
growth factor binding proteins, IGFBPs were
significantly negatively correlated with glioma
cell stemness (Supplementary Figure 14). To
confirm a possible correlation of IGFBPs and
glioma cell stemness, the one-class logistic
regression (OCLR) algorithms [33] were used to
estimate the stemness of TCGA samples.
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Results showed that all seven IGFBP genes
were negatively associated with glioma stem-

ness (Supplementary Figure 16).

Discussion

This study used bioinformatic analysis to sup-
port the clinical values of IGFBPs for glioma
treatment. This study indicated that IGFBPs
might be used for the diagnosis of glioma
because they were overexpressed in glioma tis-
sues. On the other hand, IGFBPs can be used
for glioma prognosis as they were associated
with patients’ survival. The prognostic use of
IGFBPs has been reported often in other can-
cer types, such as ovarian cancer [12] and
breast cancer [11, 34]. IGFBP-4 expression
was suggested to be adversely associated with
lung cancer prognosis [13]. IGFBP5 was report-
ed as a poor prognostic factor in patients with
urothelial carcinomas of the upper urinary
tracts and urinary bladder [35]. In addition,
IGFBPs as biomarkers were also used for many
other diseases besides cancer. For instance,
circulating IGFBP3 was used for the prognosis
of liver cirrhosis [36]. IGFBP7 was identified as
a clinical biomarker for patients with dyspnea
[37].

For glioma, IGFBP2 has been proposed as one
of the critical preoperative diagnostic and prog-
nostic biomarkers for GBM [38]. Patients with
GBM who had higher levels of IGFBP2 expres-
sion had worse survival outcomes [14]. These
previous papers were consistent with this study
that IGFBP2 was one of the most striking bio-
markers among all IGFBPs in general glioma.
However, most of the previous studies on
IGFBPs in cancer reported the use of one cer-
tain IGFBP separately. In this study, results
revealed that IGFBPs were coexpressed with
each other at different levels. Therefore, their
diagnostic and prognostic indications might
not be independent. To figure out this issue,
this study applied a comprehensive prognostic
model that considered their independent
impacts and coexpressions. LASSO regression
is widely applied to establish prognostic mod-
els for cancer. For example, a study used it to
train a prognostic model of ferroptosis-related
gene signatures for patients with hepatocellu-
lar carcinoma [39]. This method can reduce the
estimation variance while providing an interpre-
table final model [40]. In the present study, the
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Figure 6. The predictive value of IGFBPs for drug therapy in cancers. A. Genomics of Drug Sensitivity in Cancer
(GDSC) drugs. B. The Cancer Therapeutics Response Portal (CTRP) drugs. The GSCALite was used to evaluate the
area under the dose-response curve (AUC) values for drugs and gene expression profiles of IGFBPs in different
cancer cell lines. Drug sensitivity and gene expression profiling data of cancer cell lines in GDSC and CTRP are
integrated for investigation. The expression of each gene in the gene set was performed by Spearman correlation
analysis with the small molecule/drug sensitivity (IC,,). Data of the top 30 drugs are shown.

survival prediction models of IGFBPs for glioma using three independent validation cohorts.
patients were constructed with TCGA data as a Since the training and validation include a sub-
training cohort and subsequently validated stantial number of clinical glioma patients and
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the models showed very high levels of
confidence, this study concluded that using
IGFBPs for glioma prognosis was reliable and
practicable.

As for the regulation of IGFBPs expression in
glioma, this study did studies or predictions in
methylation, miRNA, and transcriptional fac-
tors. The methylation levels of IGFBPs in glioma
were found negatively associated with the
expression of IGFBPs. This indicated that meth-
ylation might be the major regulation of IGFBP
expression. For the miRNA and transcriptional
factors, this study only predicted candidates for
future studies. But, these predictions were lim-
ited as they were mostly based on all tissues
not specific for cancer or glioma.

The identification of glioma cell subtypes ex-
pressing IGFBPs sheds light on the regulation
of IGFBPs. The four glioma cell sublines are
differentially expressed during five different
phases of malignant glioma development. A
previous study has divided malignant glioma
development into 4 phases, including TO, T4,
T2, End phase, and EndSVZ phase according
to single-cell molecular characteristics [41].
Their data suggested that glioma at the TO
phase highly expressed MES-like cells; glioma
at the T1 phase highly expressed NPC-like
cells; glioma at the T2 phase highly expressed
AC-like cells; glioma at the End phase and the
EndSVZ phase highly expressed OPC-like cells
[41]. IGFBP2 was relatively evenly expressed
in OPC-like, AC-like, MES-like, and NPC-like
malignant cells, indicating that IGFBP2 might
function widely in glioma. IGFBP3 was only
highly expressed in MES-like malignant cells,
indicating that it might function in the early
stage of glioma. IGFBP5 and IGFBP7 were high-
ly expressed in AC-like malignant cells, inferring
that IGFBP5 and IGFBP7 might be involved in
the regulation of later stages of glioma
development.

IGFBPs have been suggested to regulate
immune cells associated with cancer. IGFBP2
has been found to drive tumor growth in pan-
creatic ductal adenocarcinoma by shifting the
polarization of macrophages. [42]. This study
indicated that IGFBPs could serve as an indica-
tor of glioma immunity. Results indicated that
all the IGFBPs were highly associated with the
infiltration of immune cells and the expression
of immune molecules. Recently, immunothera-
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py has been developed as a form of cancer
treatment and has been met with favorable
results [43]. Immunotherapy, such as the block-
ade of programmed cell death protein 1 (PD-1),
is an effective way of treating multiple cancer
types by immune checkpoint blockade (ICB)
[44-47]. The results of ICB therapy can differ
depending on the individual patient [47]. The
identification of differences in the response of
different genomic subtypes to ICB treatment is
a crucial challenge that needs to be address-
ed. Research has shown that IGFBP2, one of
the IGFBPs, can regulate PD-L1 expression by
activating the epidermal growth factor recep-
tor-signal transducer and activator of the tran-
scription 3 signaling pathway in malignant mel-
anoma [48]. This study showed that IGFBPs
could be used as an indicator of the glioma
immune microenvironment, which is in line with
previous research. The results of the ICB analy-
sis indicated that gliomas with high levels of
IGFBPs were more likely to be responsive to
ICB therapy. In addition, IGFBP3, IGFBP5, and
IGFBP7 might also be predictive biomarkers for
chemotherapy. In fact, the effects of IGFBPs
on cancer therapy were reported in previous lit-
erature. The Erk pathway was said to be acti-
vated by IGFBP-1 expression, leading to Tamo-
xifen resistance in breast cancer cells [49].
Another study reported that the overexpression
of IGFBP5 promoted radiosensitivity in prostate
cancer through the PI3BK-AKT pathway [50].

The most surprising finding in this study was
that IGFBPs were negatively correlated with gli-
oma stemness. Individual IGFBPs have been
shown to have IGF-independent actions [5].
The explanation of the negative correlation of
IGFBPs and glioma stemness might be that, as
growth factor binding proteins, IGFBPs bind to
growth factors and thereby inhibit cancer
stem cell proliferation. A prior study had dem-
onstrated that eliminating IGFBP7 could foster
the development of hepatocellular carcinoma,
which is in agreement with our result [51].
Further studies are needed to determine the
functional role of IGFBPs in glioma, as the func-
tional predictions in this study were only
speculative.

Conclusion

IGFBPs are diagnostic, prognostic, and thera-
peutic biomarkers for glioma.
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Supplementary Figure 1. The IGFBP mRNA overexpression/gene copy humber gain in glioma compared to normal brain tissues across analyses. All the data were
accessed and analyzed using Oncomine.
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Supplementary Figure 2. mRNA expression correlations of IGFBPs in glioma. TCGA (LGG+GBM) mRNA expression
cohorts were analyzed.
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Supplementary Figure 3. Expression of IGFBPs in platelets from glioma patients or healthy donors. GSE31095
cohort was analyzed.
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Supplementary Figure 4. Methylation of IGFBPs in glioma. CGGA Methyl_159 cohort was analyzed. A. Methylation
levels of IGFBPs in different grades of glioma (grade 2-4). B. Correlation of methylation and IGFBP mRNA expression.
C. Overall survival KM plots and log-rank analysis of glioma with different methylation of IGFBPs.
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Supplementary Figure 5. Regulation of IGFBP expression. TCGA (LGG+GBM) RNA expression cohort was analyzed. A. Gene-miRNA-transcriptional factor coregu-
lation network of IGFBPs constructed by RegNetwork. B. Correlation of IGFBPs and transcriptional factor mRNA expression. C. Correlation of IGFBPs and miRNA
expression. Genes that were not detected in the cohort were excluded. D. Transcriptional factors for IGFBP associated with the survival of glioma patients.
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Supplementary Figure 6. Expression of transcription factors of IGFBP associated with the survival of glioma pa-
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brain tissues. B. Expression of transcription factors of IGFBPs associated with survival of glioma patients in grade
2-4 glioma (G2-4).
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Supplementary Figure 7. Prognostic value of IGFBPs for glioma. A. Overall survival K-M plots and log-rank analysis of IGFBPs in glioma. TCGA (LGG+GBM) mRNA
expression cohort was analyzed. B. Overall survival K-M plots and log-rank validation of IGFBPs in glioma. CGGA mRNAseq_325_primary mRNA expression cohort
was analyzed to validate the prognostic value of IGFBPs for glioma. C. Overall survival time-dependent ROC curve of IGFBPs for glioma patients. TCGA (LGG+GBM)
mRNA expression cohort was analyzed.
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Supplementary Figure 8. Prognostic nomogram and calibration curves based on the LASSO regression model. TCGA
(LGG+GBM) mRNA expression cohort was used to calibrate the model.
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Supplementary Figure 9. Correlations of expression of MHC molecule and expression of IGFBPs. TCGA (LGG+GBM)
mMRNA expression cohort was analyzed.
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Supplementary Figure 10. Predictive value of IGFBPs for immune therapy. TCGA (LGG+GBM) mRNA expression
cohort was analyzed. IGFBP high (G1, 75-100%) and low (G2, 0-25%) groups were compared. The Immune check-
point blockade (ICB) response was predicted using the Tumor Immune Dysfunction and Exclusion (TIDE) algorithm.
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Supplementary Figure 11. Predictive value of IGFBPs for GDSC drug therapy in cancers. The GSCALite was used
to evaluate the area under the dose-response curve (AUC) values for drugs and gene expression profiles of IGFBPs
in different cancer cell lines. Drug sensitivity and gene expression profiling data of cancer cell lines in GDSC are
integrated for investigation. The expression of each gene in the gene set was assessed by Spearman correlation
analysis with the small molecule/drug sensitivity (IC50).
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Supplementary Figure 12. Predictive value of IGFBPs for CTRP drug therapy in cancers. The GSCALite was used to
evaluate the area under the dose-response curve (AUC) values for drugs and gene expression profiles of IGFBPs
in different cancer cell lines. Drug sensitivity and gene expression profiling data of cancer cell lines in CTRP are
integrated for investigation. The expression of each gene in the gene set was assessed by Spearman correlation
analysis with the small molecule/drug sensitivity (IC50).
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Supplementary Figure 13. Functional prediction of IGFBP mRNA expression and gene interaction network by the
GeneMANIA.
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Supplementary Figure 14. Correlations between IGFBP expression and functional states in a glioma single-cell
dataset. The GSE84465 cohort (n=991) was accessed and analyzed using the CancerSEA. IGFBP1-7 genes were
analyzed as a single signature. A. Significant correlations with an |R|>0.2. B. Representative scatter plot of the cor-
relations. Grey points were not considered to compute the correlations. **P<0.001.
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Supplementary Figure 15. Chemokine association of IGFBPs in glioma. TCGA (LGG+GBM) mRNA expression cohort
was analyzed. A. Correlations of chemokine expressions and expressions of IGFBPs. B. Correlations of chemokine
receptor expressions and expressions of IGFBPs.
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Supplementary Figure 16. Correlations of stemness (MRNAsi score) and mRNA expression of IGFBPs. TCGA
(LGG+GBM) mRNA expression cohort was analyzed. The OCLR algorithms were used to estimate the stemness.
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