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The inhibition of alpha-ketoglutarate (o.-KG)-dependent dioxygenases is thought
to contribute to isocitrate dehydrogenase (IDH) mutation-derived malignancy.
Herein, we aim to thoroughly investigate the expression pattern and prognostic
significance of genes encoding o-KG-dependent enzymes for lower-grade
glioma (LGQ) patients. In this retrospective study, a total of 775 LGG patients
were enrolled. The generalized linear model, least absolute shrinkage and
selection operator Cox regression, and nomogram were applied to identify the
enzyme-based signature. With the use of gene set enrichment analysis and Gene
Ontology, the probable molecular abnormalities underlying high-risk patients
were investigated. By comprehensively analyzing mRNA data, we observed that
41 genes were differentially expressed between IDH"YT and IDH"T LGG patients.
A risk signature comprising 10 genes, which could divide samples into high- and
low-risk groups of distinct prognoses, was developed and independently
validated. This enzyme-based signature was indicative of a more malignant
phenotype. The nomogram model incorporating the risk signature, molecular
biomarkers, and clinicopathological parameters proved the incremental utility of
the a.-KG-dependent signature by achieving a more accurate prediction impact.
Our study demonstrates that the a-KG-dependent enzyme-encoding genes
were differentially expressed in relation to the IDH phenotype and may serve as a
promising indicator for clinical outcomes of LGG patients.
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Introduction

Lower-grade gliomas (LGGs; World Health Organization
[WHO] grades 2 and 3) are diffuse brain tumors that are
designated as astrocytoma and oligodendroglioma on the basis
of histopathological and molecular criteria (1). The highly
infiltrative and biologically heterogeneous nature of LGG
frequently results in tumor recurrence or malignant
progression (2). According to the Chinese Glioma Genome
Atlas (CGGA) statistics, the median overall survival (OS) times
are 78.1 months for WHO grade 2 gliomas and only 37.6
months for anaplastic gliomas (WHO grade 3) (3). Notably,
clinical results with LGG range from a few months to more
than 10 years, and some patients exhibit remarkable treatment
sensitivity (4). This variation illustrates the need for integrative
research to explain the molecular processes behind
LGG malignancy.

A genome-wide analysis recently identified mutations of the
isocitrate dehydrogenase (IDH) genes in 70%-90% of LGGs (5).
IDH mutations impart a neomorphic enzyme activity that catalyzes
the reduction of alpha-ketoglutarate (0-KG) into the suspected
oncometabolite 2-hydroxyglutarate (2-HG), resulting in an
accumulation of 2-HG in IDH mutant gliomas (6, 7).
Accumulating investigations have revealed that the IDH
mutations served as critical indicators for glioma diagnosis,
classification, and prognostic prediction (5). Although the
mutations of IDH appear to cause widespread disruptions in
cellular physiology, particularly the epigenome (6), the molecular
mechanisms by which IDH mutations promote gliomagenesis
remain to be clarified.

0-KG is an intermediary in the tricarboxylic acid cycle and a
crucial cosubstrate for over 60 dioxygenases, including JmjC
domain-containing enzymes, DNA/RNA-modifying enzymes,
proline/lysine hydroxylases, and other hydroxylases (8). 2-HG
is structurally identical to o-KG, with the exception that 2-HG
has a C2 hydroxyl group instead of a C2 carbonyl (6). Exogenous
expression of tumor-derived IDH mutants suppresses histone
demethylation and 5-methylcytosine hydroxylation, supporting
the hypothesis that 2-HG may act as a competitive inhibitor of
0.-KG-dependent enzymes that control a variety of physiological
activities (9). Exploration of the roles and prognostic
implications of a-KG-dependent enzymes will thereby increase
our understanding of the genetic abnormalities associated with
IDH mutation. In the present study, transcriptome data from
CGGA were utilized for screening IDH-related o-KG-dependent
genes. These genes were then subjected to the least absolute
shrinkage and selection operator (Lasso) Cox regression model
to select the most useful prognostic features. With the
coefficients generated by Lasso Cox, an enzyme-based risk
evaluating model was identified and independently validated.
The high-risk score was indicative of a worse outcome and a
malignant phenotype for LGG patients. Our findings indicated
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that 0-KG-dependent enzymes may be utilized as a robust tool
for prognostication, which has tremendous promise in glioma-
specific treatment.

Materials and methods
Patients and transcriptome data

Whole transcriptome sequencing data and corresponding
clinical information (histology, gender, age, grade, therapeutic
approaches, and survival information) were downloaded from the
CGGA database (http://www.cgga.org.cn) as the training set. IDH
mutations were detected using pyrosequencing and performed on a
Pyro-Mark Q96 ID System (Qiagen, Valencia, CA, USA) as
previously described (10). Primers used for PCR amplification are
listed as follows: IDH1 5'-GCTTGTGAGTGGATGGGTAAAAC-
3’ and 5'-Biotin-TTGCCAACATGACTTACTTGATC-3'; IDH2
5'-ATCCTGGGGGGGACTGTCTT-3" and 5'-Biotin-
CTCTCCACCCTGGCCTACCT-3". The primer sequences used
for pyrosequencing are 5-TGGATGGGTAAAACCT-3' for
IDHI1 and 5'-AGCCCATCACCATTG-3' for IDH2. The status of
chromosome 1p/19q was calculated as reported (11). A total of 362
LGG patients with clinical characteristics, transcriptome
sequencing, and molecular data (ATRX, 1p/19q, IDH) were
downloaded from The Cancer Genome Atlas (TCGA) as the
validation set (http://cancergenome.nih.gov/). Whole-genome
mRNA expression microarray data and clinical information from
GSE16011 and Repository of Molecular Brain Neoplasia Data
(Rembrandt) were obtained for analyses as well. Moreover, the
Genotype-Tissue Expression (GTEx) transcriptome data from
GEPIA2 was obtained to compare the expression between normal
and tumor tissues.

Integration of genes encoding a-KG-
dependent dioxygenases

The known and putative o-KG-dependent dioxygenases
were obtained as previously reported, including 10 DNA/
RNA-modifying enzymes (TET1, TET2, TET3, ABHI, ABH2,
ABH3, ABH4, ABH5, ABH6, and FTO), 29 JmjC domain-
containing enzymes (KDM2A, KDM2B, KDM3A, KDM3B,
KDM4A, KDM4B, KDM4C, KDM4D, KDM5A, KDM5B,
KDM5C, KDM5D, KDM6A, KDM6B, KDM7A, KDMS8, HR,
JARID2, JHDMI1C, JM]DIC, JM]D4, JM]D6, JM]D7, JM]DS,
MINA, NO66, PHF2, PHF8, and UTY), 15 proline/lysine
hydroxylases (EGLN1, EGLN2, EGLN3, P4HAI1, P4HA2,
P4HA3, P4HB, P4HTM, PLODI, PLOD2, PLOD3, LEPREI,
LEPRELI, LEPREL2, and TMLHE), and 11 other hydroxylases
(ASPH, ASPHDI, ASPHD2, BBOX1, FIH1, HSPBAPI, OGFODI,
OGFOD2, PAHX-API1, PHYH, and PHYHDI) (12).
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Identification of IDH-related genes

To identify differential genes between IDH wild type
(IDHY") and IDH mutant (IDHMY") patients, Student’s ¢-test
was applied, and genes with corresponding p< 0.05 were
considered as candidates. The diagnostic performance of the
IDH-related gene signature was measured using generalized
linear models (GLMs) embedded in Matlab software. The
GLM generalizes linear regression by allowing the linear
model to be linked to the response variable and by allowing
the magnitude of the variance of each measurement to be a
function of its predicted value. A receiver operating
characteristic (ROC) curve with the calculated area under the
curve (AUC) was delineated based on the screened genes.

Construction and validation of the
enzyme-based risk score

According to Harrell’s guideline, the number of samples
should exceed at least 10 times of included variables in a
multivariate analysis. To address this issue, we performed the
Lasso Cox regression model for dimensionality reduction (13).
The selected genes were used in developing a linear combination
weighted by their respective coefficients generated by the Lasso
Cox model. The risk score for the OS time of each individual was
calculated as follows:

Risk score = exproeper X Coenet + €XPToenes X Coenea

+ e +exprgene10 X CgenelO

Next, the patients in the training dataset were classified into
high-risk and low-risk groups using the median risk score as the
cutoff point. The same coefficients for each gene and median risk
score cutoff were applied to TCGA, GSE16011, and Rembrandt
datasets for validation.

Gene ontology and gene set
enrichment analysis

To classify the latent molecular alterations between high-
and low-risk patients, we screened the genes significantly
associated with the evaluation of risk scores. The gene with
Pearson’s correlation coefficient greater than 0.5 and a p-value
less than 0.05 were subjected to Gene Ontology (GO) analysis
using the online Database for Annotation, Visualization and
Integrated Discovery (DAVID; http://david.ncifcrf.gov/) (14).
Heatmaps were constructed using Gene Cluster and Gene Tree
View software. Top significant biological processes or cellular
components were figured with R programming language (http://
cran.r-project.org). Meanwhile, we explored the differences
between risk groups utilizing gene set enrichment analysis
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(GSEA). The annotated gene sets were obtained from the
Molecular Signatures Database v5.1 (MSigDB) (http://www.
broad.mit.edu/gsea/msigdb/).

Pharmacogenomic interaction analysis

To identify therapeutic approaches that can be used to
specifically treat LGG patients with a worse risk score, genetic
and pharmacological profiles were obtained from the Catalogue
of Somatic Mutations in Cancer (COSMIC, http://cancer.sanger.
ac.uk/cell_lines) (15). Pearson’s correlation algorithm was
utilized to identify the correlation between the ICs, value of
anti-cancer drugs and gene expression data.

Statistical analysis

The significant differences between the two groups were
estimated using Student’s ¢-test. The chi-square test and Fisher’s
exact test were used to compare the frequencies between groups.
The Kaplan-Meier survival analysis was implemented to
estimate the survival distributions. Cox regression was used to
determine the prognostic value of each variable with OS in LGG
patients. Nomograms were depicted based on the results of a
backward step-down selection process with the Akaike
information criterion (AIC) by using the package of rms in R
(13, 16). The performance of the nomogram was measured by
the concordance index (C-index), which was indicative of the
accuracy of the prognostic prediction (16). Calibration curves
were drawn for each dataset for predicted 1-, 2-, and 3-year
survival. All differences were considered statistically significant
at the level of two-sided p< 0.05. Statistics were carried out using
the SPSS 13.0 statistical software and GraphPad Prism 6.0.

Results

Identification of IDH-associated
enzyme genes

To evaluate the relationship between IDH mutation and
enzyme-encoding genes in LGG patients, we first screened the
differentially expressed genes between the IDH"" and IDHMY”
groups. A total of 65 known and putative 0-KG-dependent
dioxygenases were utilized for analyses (12). After genes with no
significance were eliminated, an enzyme-related signature of 41
genes was established (Figure 1A). Among which, 26 were
upregulated and 15 were downregulated in IDHMY" LGGs
compared to the IDH™" counterpart. Then, we applied the
GLM algorithm to access the diagnostic value of these genes in
discriminating IDH phenotype. In the CGGA cohort, these 41
genes could distinguish LGG patients as IDH"" and IDHMYT
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The IDH-associated o.-KG-dependent gene signature. (A) The LGG patients were classified into two groups based on relevant IDH status. A total
of 41 genes were differentially expressed between IDH"" and IDHMYT groups. (B) The signature comprising 41 genes could be used to
distinguish IDH phenotypes with an AUC of 0.973 in CGGA dataset. (C) In TCGA cohort, the enzyme-based signature could divide LGG samples
into two groups with an AUC of 0.992. a-KG, alpha-ketoglutarate; LGG, lower-grade glioma; AUC, area under the curve; CGGA, Chinese

Glioma Genome Atlas; TCGA, The Cancer Genome Atlas

with an AUC of 0.973 (Figure 1B), while this signature could
stratify samples with an AUC of 0.992 in TCGA
cohort (Figure 1C).

Construction of a 10-gene-based risk
evaluation formula

Previous studies highlight the importance of IDH mutation
in prognostic prediction for LGG patients. To determine the
prognostic significance of these differential genes, the Lasso Cox
algorithm was used to pick the most potent prognostic
characteristics from the CGGA dataset (Figures 2A, B). The
genes with a non-zero coefficient in the Lasso Cox regression
model were TET1 (-0.418), TMLHE (-0.179), ASPH (-0.142),
EGLN3 (-0.031), EGLNI (~0.013), PLOD3 (0.004), P4HB
(0.006), KDM5A (0.080), LEPREI (0.235), and PHYH (0.559)
(Figure 2C). These 10 genes presented a similar correlation in
both the CGGA and TCGA cohorts (Figure 2D) and were
significantly dysregulated between different IDH phenotypes,
WHO grades, and chromosome 1p/19q status (Figures 2E-G).
EGLNI, KDM5A, P4HB, and PLOD3 were statistically significant
between normal and LGG tissues (Figure S1). Moreover, these
genes could serve as predictors for OS of LGG patients (Figures
S2, S3). To access the general efficiency and effectiveness of the
10 genes comprised signature in prognostic prediction, we
calculated the risk score of each individual based on the gene
expression levels and corresponding regression coefficients.
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Patients were classified into a high-risk group (n = 86) and a
low-risk group (n = 86) based on the median risk value as the
cutoff. Notably, patients with lower risk score survived longer
than those in the high-risk group (hazard ratio [HR] = 0.0983,
95% confidence interval [CI]: 0.055-0.176, p< 0.0001;
Figure 3A). Furthermore, this signature-based risk score could
divide WHO II and III patients into two groups with the distinct
OS using the same cutoff (Figures 3B, C). Similarly, in different
subtypes of LGG, this signature could be used for the prediction
of prognosis (Figures 3D-F). Cox regression analysis revealed
that this risk model was associated with the survival of patients,
independent of the clinical parameters (HR = 2.642, 95% CI:
1.612-4.332, p< 0.001; Table 1).

Validation of the risk signature

The prognostic value of the 0.-KG-dependent enzymes was
validated using TCGA RNA sequencing data. The same formula
was applied to calculate the risk score of each sample in the
validating datasets, and the median risk score was used as a
grouping criterion. In TCGA cohort, the survival curve showed
that LGG patients with high-risk scores had a shorter OS than
low-risk ones (p< 0.0001; Figure S4). Cox regression analysis
revealed that the signature-based risk score could serve as an
independent predictive indicator for LGG patients (p = 0.007;
Table 1). To further confirm the robustness of this risk signature,
microarray data from GSE16011 and Rembrandt datasets were
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analyzed. Consistently, the OS of LGG patients in GSE16011 and
Rembrandt dataset could be stratified distinctly (Figures S4, S5),
while the multivariate Cox model revealed that this risk
signature could serve as an independent indicator for LGG
patients (GSE16011, HR = 1.965, 95% CI: 1.475-2.618, p<
0.001; Rembrandt, HR = 2.890, 95% CI: 1.789-4.672, p< 0.001;
Table S1).

High risk indicated a malignant
phenotype of lower-grade glioma

Considering the significance of the risk score in prognostic
prediction, we attempted to explore the latent molecular

alterations. GO analysis of the high-risk positively related
genes revealed that several malignant biological processes,
including angiogenesis, cell adhesion, inflammatory response,
and extracellular matrix organization, were significantly
enriched (Figures 4A, B). Similarly, the GO results of TCGA,
GSE16011, and Rembrandt suggested that the biological
processes were mainly in relation to cell adhesion,
angiogenesis, inflammatory response, apoptotic process, and
cell proliferation (Figure S6). Afterward, the differences in
clinical and pathological characteristics between high- and
low-risk populations were compared. There are more WHO
grade 3 gliomas, lower IDH mutation frequency, and lower 1p/
19q codeletion ratio in the high-risk group in both the CGGA
and TCGA datasets (Table 2). In GSE16011 sets, the low-risk
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Identification and validation of prognostic significance for the enzyme-based risk signature. (A) LGG patients with high-risk scores survived
shorter than the low-risk patients in CGGA cohort. The enzyme-based risk signature could be used to stratify patients into two populations with
distinct overall survival times regarding WHO grade (B, C) and LGG subgroups (D-F). **p< 0.01, ***p< 0.001 and ****p< 0.0001. LGG, lower-

grade glioma; CGGA, Chinese Glioma Genome Atlas.
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TABLE 1 Univariate and multivariate Cox analyses in CGGA and TCGA LGG samples.

Univariate
HR 95% CI

CGGA datasets
Age 1.049 1.020-1.078
Sex

Male vs. female 1.078 0.608-1.908
WHO grade

2vs.3 0.166 0.090-0.306
IDH status

Mutant vs. wild type 0.252 0.142-0.445
1p/19q status

Codeletion vs. non-codeletion 0.188 0.084-0.420
Radiotherapy

Yes vs. no 0.536 0.276-1.040
Risk score 4.256 3.044-5.951
TCGA datasets

Age 1.067 1.047-1.087

Sex

Female vs. male 0.995 0.628-1.578
WHO grade

2vs.3 0.290 0.172-0.490
IDH status

Mutant vs. wild type 0.172 0.106-0.277
1p/19q status

Codeletion vs. non-codeletion 0.424 0.237-0.758
Risk score 2.336 1.672-0.268

Multivariate
p HR 95% CI p
0.001
0.798
<0.001 0.334 0.161-0.696 0.003
<0.001
<0.001 0.375 0.152-0.925 0.033
0.065
<0.001 2.642 1.612-4.332 <0.001
<0.001 1.066 1.046-1.086 <0.001
0.983
<0.001 0.489 0.281-0.849 0.011
<0.001 0.342 0.189-0.619 <0.001
0.004
<0.001 1.667 1.148-2.415 0.007

HR, hazard ratio; 95% CI, 95% confidence interval; CGGA, Chinese Glioma Genome Atlas; TCGA, The Cancer Genome Atlas; LGG, lower-grade glioma. Bold values have statistically significant.

group showed a higher IDH mutation frequency, while high-risk
patients in Rembrandt sets were diagnosed with more WHO
grade 3 glioma (Figure S7). GSEA identified that significant
hallmarks involved in the high-risk group were inflammatory
response, epithelial-mesenchymal transition, glycolysis, and
angiogenesis (Figure 4C).

Assessment of enzyme-based risk
signature in lower-grade glioma overall
survival performance

The prognostic nomogram that integrated all significant
factors derived from AIC selection was depicted. In the CGGA
cohort, the integrated nomogram with an enzyme-based risk
signature could increase the C-index from 0.803 to 0.856
(Figure 5A). The calibration curves for the probability of
survival at 1, 2, or 3 years showed an optimal agreement
between the estimation and actual observation (Figure 5B).
Moreover, this nomogram was independently validated in
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TCGA cohort. The C-index for validating the nomogram is
0.754, which showed a good calibration as well (Figure 5C).

High-risk lower-grade glioma patients
may benefit from PI3K/Akt
targeted therapy

To explore the therapeutic strategies for the high-risk
population, the pharmacogenomic interaction dates of LGG
cell lines were analyzed. With the exacerbation of risk score,
LGG cell lines presented a higher ICs, value for a spectrum of
anti-cancer drugs, such as tozasertib, paclitaxel, and sorafenib.
On the contrary, PI3K/Akt targeted drugs, including pictilisib
(PI3K), MK-2206 (Aktl, Akt2), NU7441 (DNAPK, PI3K),
AZD6482 (PI3K), and idelalisib (PI3K), effectively inhibited
cell viability in vitro, which is attributed to the hyperactivation
of PI3K/Akt signaling pathway in high-risk tumors (Figure S8).
Interestingly, the ICs, of JQ-1, a BET bromodomain inhibitor,
was negatively correlated with the enzyme-based risk score
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The potential molecular alterations of high-risk LGG patients. (A) Associations between the enzyme-based risk value and the clinicopathological
features and its related genes. (B) Gene Ontology analysis of biological processes and cellular components for high-risk positively associated genes
(C) Gene set enrichment analysis revealed that the hallmark gene sets of cancer, including inflammatory response, epithelial-mesenchymal
transition, glycolysis, and angiogenesis, were significantly enriched in high-risk groups. LGG, lower-grade glioma.

(Figure S8D), suggesting a therapeutic implication for epigenetic
inhibition in the treatment of this population.

Discussion

IDH mutations have altered the molecular categorization
and prognostication of glioma patients through somatic
mutations. The abnormal accumulation of 2-HG in IDH
mutant gliomas and the structural similarities between 2-HG
and o-KG provide evidence for the concept that 2-HG might
serve as an 0i-KG antagonist to influence many cellular processes
by hydroxylating target proteins utilizing o-KG as a cosubstrate
(6, 17). In the present study, we aimed to explore the
transcriptomic alterations and prognostic value of o-KG-
dependent dioxygenases between IDH"' and IDHMY' LGG
samples. By comprehensively analyzing whole-genome mRNA
expression data from training and discovery datasets, we
demonstrated that 41 enzyme-based genes with high
sensitivity and specificity could differentiate between various
IDH phenotypes. Survival analyses further identified a risk
signature comprising 10 genes, which showed powerful
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capability in prognostic prediction and indicated a more
malignant phenotype for LGG patients. Notably, integrating
the enzyme-based risk signature, molecular biomarkers, and
clinicopathological features into a nomogram had a superior
predictive impact, demonstrating the added utility of the o-KG-
dependent prognostic signature for LGG-specific medication.
IDH mutation-derived 2-HG was proved to competitively
inhibit the histone demethylases and TET family of 5-
methylcytosine hydroxylases, leading to increased methylation
of histone H3 and decreased 5-hydroxymethylcytosine (18-20).
Therefore, it is plausible to hypothesize that the changed
expression and activity of o-KG-dependent dioxygenases may
contribute to the IDH mutation-mediated phenotypic alteration.
Their significance to categorization and prognosis, however, has
yet to be demonstrated. Here, we demonstrated that 41 o-KG-
dependent dioxygenase-encoding genes can function as
surrogate indicators for IDH mutation. Among them, EGLN1
and EGLN3, two o-KG-dependent dioxygenases of the EgIN
prolyl-4-hydroxylase family (21), were upregulated in IDH
mutant LGG patients and served as favorable indicators for
LGG prognosis, which is consistent with previous studies
proving that 2-HG specifically increased the activity of EgIN
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TABLE 2 Clinical characteristics of LGG patients in CGGA and TCGA datasets.

CGGA dataset

TCGA dataset

Low risk (n = 86) High risk (n = 86) P Low risk (n = 181)  High risk (n = 181) P
Age (mean) 393 415 0.199° 42.4 44.0 0.236°
Sex
Female 34 33 >0.999" 82 85 0.833"
Male 52 53 99 9
WHO grade
WHO 2 70 35 <0.001° 101 71 0.002°
WHO 3 16 51 80 110
WHO 2016
A, IDHMUT 17 24 <0.001° 62 82 <0.001°
A, IDHWY" 3 22 0 49
0, IDH"?, codeletion 43 11 103 22
0, NOS 8 3 16 28
IDH
Mutant 77 50 <0.001° 181 117 <0.001°
Wild type 9 36 0 64
1p/19q
Codeletion 45 16 <0.001° 103 22 <0.001°
Non-codeletion 41 70 78 159

A, astrocytoma; O, oligodendroglioma; LGG, lower-grade glioma; CGGA, Chinese Glioma Genome Atlas; TCGA, The Cancer Genome Atlas.

*t-Test.
“Fisher’s exact test or chi-square.
Bold values have statistically significant.

enzymes in human astrocytes (22) and that overexpression of
EGLNS3 could suppress tumor progression of glioma models by
normalized glioma capillary architecture and tightly associated
with hypoxic environment (23, 24). As the main component of
the extracellular matrix, collagen can modify tumor cell behavior
and promote tumor development (25). Here, we revealed that
POLD3 and P4HB, two genes involved in collagen metabolism,
were significantly dysregulated according to IDH status, which is
consistent with previous studies (26, 27). TET enzymes are
another family of o-KG-dependent enzymes, which are
thought to play important roles in the epigenetic regulation of
gene expression. Although studies have proved that TET enzyme
activity was decreased by ectopic addition of 2-HG (20), the
expression pattern of TET mRNAs has not been well
investigated. Our results showed that TET1 was upregulated in
IDH mutant samples, and the lower expression of TET1
indicated a worse prognosis for LGG patients. Similar
consequences were observed by former investigations that low
levels of TET1 were associated with reduced survival in
glioblastoma (28). These enzymes appear to have multiple
functions and show great potential as novel therapeutic targets
(12, 29, 30). Further investigations are needed to investigate the
functional relationship between IDH mutation and other
dioxygenase genes, such as KDM5A, a histone demethylase
and a key factor for the resistance to temozolomide in
glioblastoma (31).
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The genetic analyses revealed that the high-risk score was
associated with several malignant biological processes, including
angiogenesis, cell adhesion, and inflammatory response. These
hallmarks constituted a more malignant phenotype of cancer
(32), which effectively deciphered the relationship between high-
risk patients and worse clinical outcomes. Previous studies
demonstrated that IDH mutations are indicative of a favorable
prognosis, whereas patients with equal IDH status always exhibit
distinct outcomes (17, 33). Importantly, our results revealed that
the enzyme-based risk signature was shown to have prognostic
significance for IDH mutant LGG; thereby, we propose that our
signature is a useful supplement for the development of IDHMY”
individual management. We also suggested that the risk
signature was significantly associated with angiogenesis,
hypoxia, proliferation, and several oncogenic pathways,
including JAK/STAT3, PI3K/Akt/mTOR, and TNFo/NFkB
(Figure S7). Recognition of these concepts will increasingly
affect the development of new approaches to treat glioma by
targeting the a-KG-dependent dioxygenases and thus improving
the clinical outcome.

Nomograms are widely used because of their ability to
reduce statistical predictive models into a single numerical
estimate of the probability of an event that is tailored to the
profile of an individual patient (34). The combination of
prognostic molecular signatures and clinical risk factors has
shown enhanced prognostic accuracy. An established
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FIGURE 5

Identification and construction of the nomogram to estimate the overall survival for LGG patients. (A) The constructed nomogram estimated the
risk of patients’ prognosis for 1, 2, 3, and 5 years in CGGA cohort. Calibration curves showed the calibration of each model in terms of the
agreement between the estimated and observed 1-year (blue), 2-year (red), and 3-year (black) outcomes in CGGA (B) and TCGA (C) datasets.
Diagonal line presents a perfect estimation of an ideal model, while colored lines stand for the performance of the nomogram. A closer distance
to the diagonal line represents a better estimation. LGG, lower-grade glioma; CGGA, Chinese Glioma Genome Atlas; TCGA, The Cancer

Genome Atlas.

nomogram integrating multiple risk factors, including age at
diagnosis, gender, resection, Karnofsky Performance Status, and
MGMT promoter methylation, successfully estimated the OS for
patients with resected GBM (C-index: 0.657) (35). Our study, for
the first time, demonstrated that the combined clinical,
pathological, and molecular nomogram achieved better
prognostic performance and calibration with a higher C-index
in LGG patients. Meanwhile, the nomogram model was
externally validated in TCGA cohort, confirming the
incremental value of this enzyme-based risk signature in
individualized estimation. For widespread clinical application,
future assessments in a prospective longitudinal cohort with
more comprehensive prognostic features should be performed.

Conclusion

Collectively, the developed and confirmed enzyme-based
signature, which was predictive of a more malignant
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phenotype for LGG patients, has the potential to act as a
surrogate biomarker and prognostic indicator for IDH
phenotype and clinical outcome. The risk signature-based
nomogram has the potential to help in the formulation of an
effective therapeutic strategy and the direction of postoperative
care for patients with glioma.
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