Received: 30 June 2020

Revised: 20 August 2020

Accepted: 26 September 2020

DOI: 10.1111/cns.13464

ORIGINAL ARTICLE

CNS Neuroscience & Therapeutics

WILEY

A novel DNA repair-related nomogram predicts survival in

low-grade gliomas

Guanzhang Li* | FanWu' | FanZeng! | You Zhai' | YuemeiFeng® |

Yuanhao Chang?

'Department of Molecular Neuropathology,
Beijing Neurosurgical Institute, Capital
Medical University, Beijing, China

2Department of Neurosurgery, Beijing
Tiantan Hospital, Capital Medical University,
Beijing, China

3Center of Brain Tumor, Beijing Institute for
Brain Disorders, Beijing, China

“China National Clinical Research Center for
Neurological Diseases, Beijing, China

SChinese Glioma Genome Atlas Network
(CGGA), Asian Glioma Genome Atlas
Network (AGGA)

Correspondence

Wei Zhang, Department of Neurosurgery,
Beijing Tiantan Hospital, Capital Medical
University, No. 119 South Fourth Ring Road
West, Fengtai District, Beijing, China.
Email: zhangwei_vincent@126.com

Tao Jiang, Department of Molecular
Neuropathology, Beijing Neurosurgical
Institute, Capital Medical University. No.
119 South Fourth Ring Road West, Fengtai
District, Beijing, China.

Email: taojiang1964@163.com.

Funding information

National Natural Science Foundation of
China, Grant/Award Number: 81672479
and 81802994; Construction of the
Genomics Platform for Chinese People's
Brain Diseases, Grant/Award Number:
PXM2019_026280_000002; National
Natural Science Foundation of China
(NSFC)/Research Grants Council (RGC)
Joint Research Scheme, Grant/Award
Number: 81761168038; Beijing Municipal
Administration of Hospitals’' Mission Plan,
Grant/Award Number: SML20180501

| DiWang? | Tao Jiang' %345

| Wei Zhang?*?

Abstract

Aims: We aimed to create a tumor recurrent-based prediction model to predict recur-
rence and survival in patients with low-grade glioma.

Methods: This study enrolled 291 patients (188 in the training group and 103 in the
validation group) with clinicopathological information and transcriptome sequencing
data. LASSO-COX algorithm was applied to shrink predictive factor size and build a
predictive recurrent signature. GO, KEGG, and GSVA analyses were performed for
function annotations of the recurrent signature. The calibration curves and C-Index
were assessed to evaluate the nomogram's performance.

Results: This study found that DNA repair functions of tumor cells were significantly
enriched in recurrent low-grade gliomas. A predictive recurrent signature, built by
the LASSO-COX algorithm, was significantly associated with overall survival and pro-
gression-free survival in low-grade gliomas. Moreover, function annotations analysis
of the predictive recurrent signature exhibited that the signature was associated with
DNA repair functions. The nomogram, combining the predictive recurrent signature
and clinical prognostic predictors, showed powerful prognostic ability in the training
and validation groups.

Conclusion: An individualized prediction model was created to predict 1-, 2-, 3-, 5-,
and 10-year survival and recurrent rate of patients with low-grade glioma, which may

serve as a potential tool to guide postoperative individualized care.
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1 | INTRODUCTION

Diffuse low-grade gliomas (LGGs) are infiltrative, incurable lesions
characterized by a continuous slow-growth and an almost unavoid-
able anaplastic transformation.’®> Median overall survival for pa-
tients with LGGs ranges from 5.6 to 13.3 years depending on tumor
histopathologic feature, molecular phenotype, and growth rate.>*°
Unlike their high-grade glioma counterparts, low-grade glioma with
a more favorable prognosis pose unique challenges for both clini-
cians and patients for time-consuming monitoring of tumor recur-
rence.® An individualized plan of postoperative imaging assessment
will facilitate the efficient use of medical resources and reduce med-
ical costs.

Postoperative individualized care plan based on the highly accu-
rate individualized recurrence prediction model. Nomograms, pre-
senting the results of predictive models in a printed format, could be
widely used in clinical practice.” Numerous nomograms for Overall
(OS) and Progression-Free Survival (PFS) prediction have been built

8 renal cell carcinoma,’ na-

in patients with neuroendocrine tumors,
sopharyngeal carcinoma,’® and oropharyngeal cancer.!! However,
the relative rarity of LGG combined with long overall survival has
hindered the construction of a high-accuracy predictive model. The
Chinese Glioma Genome Atlas (CGGA) project includes the clinical,
sequencing, and long-term follow-up data of primary and recurrent
low-grade gliomas with the largest sample size, providing the possi-
bility for genetic analysis and prediction model construction of re-
current LGGs.

Incomplete tumor resection and treatment resistance are im-
portant reasons for LGGs recurrence.'?'® The proliferation ca-
pacity of the remaining tumor cells determines the time of tumor
recurrence. DNA repair ability of tumor cells determines the sen-
sitivity of patients to postoperative adjuvant therapy. Since DNA
repair processes and cell cycle processes have some similarities
in biological functions, we believed that both of them play an im-
portant role in tumor recurrence. Therefore, the prediction model
based on the above functions can be applied to the PFS prediction
of LGGs.

The objective of this study was to explore the biological features
of recurrent LGGs and create a prognostic model, which incorpo-
rates genome features and clinical risk factors that can accurately
predict the recurrence probability as different time points. This
study provided a treatment-guidance tool for individualized postop-
erative care of LGGs.

2 | METHODS
2.1 | Material and Methods

In total, 188 patients with primary or recurrent LGG were enrolled
in the training group and 103 patients in the validation group.
Resected tumor samples were immediately placed in liquid nitro-

gen and only samples with more than 80% tumor cells, judged by
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HE staining of adjacent tissues, were selected for further sequenc-
ing. Transcriptome data of LGG samples were generated by the
Agilent platform. Molecular testing was performed at the Molecular
Pathology Testing Center of Beijing Neurosurgical Institute. All pa-
tients were followed up trimonthly by telephone or clinic for an aver-
age of 1813 days. 15 of 188 patients (7.98%) lost to follow-up in the
training group and 5 of 103 patients (4.85%) lost to follow-up in the
validation group. Clinical information of patients was summarized in
Table S1.

The sequencing data, clinical, and follow-up information of
primary and recurrent LGG patients were uploaded to the CGGA
portal (http://cgga.org.cn/). All datasets used and/or analyzed in
this study are available from the corresponding author on reason-
able request.

2.2 | Biological functional enrichment scores

The biological functional enrichment score of each patient was
generated by Gene Set Variation Analysis (GSVA) analysis based
on tumor transcriptome sequencing data. GSVA analysis was per-
formed using the default parameters by the gsva package in R as de-
scribed in the previous study.** Gene list for each biological function
was downloaded from AmiGO 2 Web portals (http://amigo.geneo
ntology.org) most recently.

2.3 | LASSO-COX dimension reduction analysis

LASSO-COX dimension reduction analysis was performed by gimnet
and survival packages in R. The A value corresponding to the minimum
partial likelihood deviance was selected as the optimal A in our study.
Finally, 4 candidate genes and corresponding lambda values (CBX8:
0.136440456719623, EYA1l: -0.0196495722505206, FOXM1:
0.0258928486777096, and H2AFX: 0.00175903850740734) were
obtained based on PFS of LGG patients in the training group. The
recurrent score of each patient was calculated as follows:

Recurrent score = expregyg X Acgxg + €XPreyas X Agyar + €Xpr-

Foxm1 X Mroxmi + €XPTzapx X Myoarx:

where EXPryene Was the expression level of the gene and Agene

was the corresponding lambda value.

2.4 | Nomogram construction

Nomogram analysis was constructed in the training group by rms
package in R. The upper part is the scoring system and the lower
part is the prediction system. The 1-, 2-, 3-, 5-, and 10-year survival
and recurrent rate of LGG patients could exactly be predicted by
total points, sum points of every factor. Verification of the prediction
accuracy of OS and PFS was performed in patients of the validation
group. Calibrate curves and C-Index values were used to show the

accuracy of the survival prediction.
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2.5 | Statistical analysis

Statistical analyses were executed using R (https://www.r-project.org/,
v3.5.0), SPSS software (IBM, v25.0, Chicago, IL), and GraphPad Prism
(v8.0, La Jolla, CA). The prognostic value was evaluated by Kaplan-
Meier analysis and COX analysis. GSEA analyses were implemented
with GSEA package in java software (http://software.broadinstitute.
org/gsea/index.jsp) and gene ontology (GO) was performed in the
DAVID portal website (https://david.ncifcrf.gov/summary.jsp). For all
statistical methods, P < 0.05 was considered as significant difference.

3 | RESULTS
3.1 | DNA repair functions significantly enriched in
recurrent low-grade gliomas

A 5917 biological functional enrichment scores for 138 primary and
50 recurrent low-grade glioma patients were calculated by the GSVA
algorithm. We found that 2596 biological functions were signifi-
cantly increased in recurrent tumors, while 108 biological functions
were significantly decreased (Figure 1A). Classification of signifi-
cantly elevated biological functions in recurrent tumors found that
proliferation and cell cycle (24%), transcription and translation (15%),
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metabolic process (12%), and response to stimulus (11%) account for
the highest proportion (Figure 1B). The biological functions related
to tumor progression-free survival (PFS) in low-grade glioma were
screened out by multivariate COX analysis. The biological functions
most related to PFS in each classification were shown in Figure 1C-F.
As expected, the results suggested that faster cell cycle, increased
DNA repair and biosynthesis, and cellular response to radiation were

significantly elevated in recurrent tumors.

3.2 | Development of a recurrent signature for low-
grade gliomas

The biological functions related to PFS were included in multivariate
COX analysis to screen independent prognostic functions. Positive regu-
lation of response to DNA damage stimulus was screened out as a func-
tion that was significantly elevated in recurrent gliomas and had the most
independent prognostic value for PFS (Figure 2A). Subsequently, a recur-
rent signature based on positive regulation of response to DNA damage
stimulus-related genes was constructed by LASSO-COX dimension re-
duction analysis (Figure 2B). Finally, four candidate genes (CBX8, EYA1,
FOXM1, and H2AFX) and their corresponding lambda values were used
to calculate the recurrence score for each patient. The median recur-
rence score (0.566) of the training database was set as the cutoff value.

(©)
Prognostic value of Biological process
in proliferation and cell cycle

modification
2%

Regulation of cell cycle process

Positive regulation of cell cycle process
Regulation of cell cycle

Negative regulation of cell cycle
Regulation of mitotic cell cycle

Negative regulation of glial cell proliferation
Regulation of cell cycle phase transition
Positive regulation of cell cycle arrest
Mitotic recombination

Cell cycle phase transition

proliferation and cell cycle
24%

transcription and
translation
15%

SIEAERNRRY

005115
Hazard Ratio and 95% CI (Log10)

metaboli process

F
( ) Prognostic value of Biological process
in response to stimulus

Response to ionizing radiation

Response to radiation

Cellular response to radiation

Positive regulation of response to DNA damage stimulus
Response to hydrogen peroxide

DNA damage response signal transduction resulting in transcription
Signal transduction in response to DNA damage

Cellular response to DNA damage stimulus

Response to UV

Cellular response to ionizing radiation

SRRy
SN

115
Hazard Ratio and 95% CI (Log10)

FIGURE 1 The landscape of highly activated biological processes in recurrent low-grade gliomas. A, Highly activated biological processes
in recurrent LGGs compared to primary tumors. Red dots were significantly elevated BPs. Gray dots represented the non-significant
changed BPs. B, Classification of the recurrent LGGs enriched BPs. Number of BPs in a certain group divided by the total number of
significantly changed BPs to get the percentage of each group. C, BPs with the most prognostic value in proliferation and cell cycle group. D,
BPs with the most prognostic value in the transcription group. E, BPs with the most prognostic value in the metabolic process group. F, BPs

with the most prognostic value in response to the stimulus group
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FIGURE 2 Building a recurrent signature by LASSO-COX analysis. A, BPs with independent prognostic value in LGGs. Red dots were BPs

independent prognostic value. BPs stained gray was not an independent prognostic factor. B, Screening the most representative 4 genes in
response to DNA damage stimulus-related genes by LASSO-COX analysis
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FIGURE 3 The relationship between the recurrent score and clinical characteristics and survival in patients with LGGs. (A and B) The
heatmap showed the clinical-pathologic factors and 4 representative genes for each LGG in ascending order of the recurrence score in
training and validation groups. C, The Kaplan-Meier curves indicated that patients in high-risk group have shorter OS and PFS than patients
in the low-risk group. The line chart showed the P values of survival analysis between patients with lower and higher recurrence scores
with various cutoff. D, The recurrence score showed good predictive accuracy in the validation group

Survival analysis of Recurrent Score
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FIGURE 5 Biological functions associated with the recurrent scores. (A and B) The recurrent score related biological process and
pathways revealed by Gene ontology analysis and KEGG analysis in the training group. (C and D) The recurrent score related biological
process and pathways revealed by Gene ontology analysis and KEGG analysis in the validation group. (E and F) GSEA analysis showed that
the recurrent score was closely related to DNA damage repair functions. G, The recurrent score was significantly positively correlated with
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scores were showed in the inner circle. The strength of the correlation was represented by the shade of red

3.3 | Therecurrent signature can stably predict the
prognosis of patients with low-grade glioma

Patients in different recurrence risk groups showed distinct pat-

terns of clinical-pathologic character

istics. In the training database,

tumor recurrent status and IDH mutation status showed asymmet-

ric distribution characteristics with t

he increase of recurrent score

(Figure 3A). In the validation database, tumor recurrent status, IDH

mutation status, and 1p/19q codeletion status showed distinct pat-

terns in different recurrent risk groups (Figure 3B). The recurrent

signature showed superior predictive values for overall survival
and PFS in both training and validation databases (Figure 3C,D).

Importantly, the recurrent signature showed prognostic signifi-

cance in low-grade gliomas even with different arbitrary risk value
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cutoffs. Univariate and multivariate COX analysis revealed that the
recurrent score was an independent prognostic factor in the train-
ing and validation database (Table $2-S5). The ROC curve was per-
formed to verify the accuracy of the recurrent score in prognostic
prediction (Figure S1A-D). Also, the predictive role of the recurrent
score was further verified in other LGG databases (Figure S1E,F).

3.4 | Relationship between recurrent
scores of the recurrent signature and clinical-
pathologic characteristics

The relationship between recurrent scores and clinical-pathologic
factors was further tested. The recurrent score significantly in-
creased in recurrent tumors and moderately slightly increased in
patients with postoperative radiotherapy in the training database
(Figure 4A). The recurrent score significantly increased in 1p/19q
non-codeletion tumors in the validation database (Figure 4B).
However, the recurrent score showed no correlation with histology,
gender, age, postoperative chemotherapy, and IDH mutation status

in both training and validation databases.

3.5 | Therecurrent score is closely related to cell
division and DNA metabolism

To explore the biological functions and pathways associated
with the recurrent score, the Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) functional enrich-

ment analysis and Gene Set Enrichment Analysis (GSEA) were
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Points 0 10 20 30 40 50 60 70 80 90 100
Recurrent Score
0 05 1 15 2 25 3 35

PRS type Recurrent
Y Primary

Histology ——

o A
Age
10 20 30 40 5 60 70
: Perf
Radiotherapy prieimed
Unperformed
Total Points

20 40 60 80 100 120 140 160 180
80%  60% 40% 20%

1 year survival
90% 70% 50% 30% 10%

80% 60% 40% 20%

2 year survival
90% 70% 50% 30% 10%

80% 60% 40% 20%

3 year survival . od O0h 4k ik
90% 70% 50% 30% 10%

i o % Vo
5 year survival 8% 60% 40% 20%
90% 70% 50% 30% 10%

10 year survival B
0.9 0.8 0.7 0.60.50.40.30.2 0.1

performed. After screening the genes most related to the recur-
rent score, GO and KEGG analyses were performed based on
these genes. GO analysis showed that the recurrent score was
closely related to G2/M transition of mitotic cell cycle and DNA
repair in training and validation databases (Figure 5A,C). KEGG
analysis showed that the recurrent score was closely related to
the p53 signaling pathway and mismatch repair in both databases
(Figure 5B,D). The close relationship between the recurrent score
and DNA repair-related functions was further verified by GSEA

analysis in training and validation databases (Figure 5E,F).

3.6 | Therecurrent score is closely related to the
DNA repair function

The relationship between the recurrent score and DNA repair func-
tion was further explored. Functional enrichment scores of DNA re-
pair functions of each patient were calculated. Correlation analysis
found that the recurrent score was significantly positively correlated
with most DNA repair functions. The recurrent score was significantly
positively correlated with 16 DNA repair functions in the training da-
tabase. In the validation database, the recurrent score was significantly
positively correlated with 14 kinds of DNA repair functions (Figure 5G).

3.7 | Theindividualized prediction model showed
robust predictive accuracy

To facilitate the clinical application of the prognostic prediction

model, an individualized prediction model was constructed. The
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FIGURE 6 Theindividualized prediction models for PFS in LGGs. A, The 1-, 2- 3-, 5-, and 10-year recurrent rate of LGG patients after
tumor resection could exactly be predicted by the nomogram. B, The Calibration plots showed the comparison between predicted and
actual PFS for 1-, 2- 3-, 5-, and 10-year survival probabilities in training and validation groups. C, The predictive effect of the individualized
prediction model, recurrent score, prediction model without the recurrent score, and clinical prognostic factors of LGGs on PFS was

evaluated by C-Index
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individualized prediction model for PFS prediction was constructed
based on the independent predictive factors, including recurrent
score, primary/recurrent status, histology, age, and postoperative
radiotherapy. Figure 6A showed that the (1-,2-, 3-,5- and 10-year)
tumor recurrence probability of low-grade glioma patients could be
estimated by the individualized prediction model. The nomogram
and actual observations in the calibration curve showed a satisfac-
tory overlap in training and validation databases, indicating an opti-
mal predictive accuracy (Figure 6B). The C-index of this nomogram
model was 0.78, which is higher than any other prediction model
(Figure 6C). To further expand the application range of our predic-
tion model, the individualized prediction model for OS prediction
based on predictive factors, including recurrent score, primary/
recurrent status, histology, age, postoperative radiotherapy, and
IDH mutation status was also established for (1-,2-, 3-,5- and 10-
year) survival probability prediction of low-grade glioma patients
(Figure S2A). The OS prediction model also showed robust predic-
tive accuracy (Figure S2B,C).

4 | DISCUSSION

Monitoring of early recurrence in postoperative low-grade glioma
patientsisimportant for clinical practice. Although some recurrence-
predicting studies in glioma have been performed, few reports have
been able to predict the recurrence or prognosis of low-grade glioma
patients accurately due to insufficient samples with long-term fol-

low-up. 121519

If an individualized prediction model predicting early
recurrence could be achieved with high accuracy, it would be possi-
ble to make better clinical decisions, which might improve a patients’
prognosis.

Taking the advantages of the CGGA database, prediction
models for the recurrence or prognosis prediction were devel-
oped and validated based on low-grade glioma patients with
long-term follow-up (Training: up to 4374 days and Validation:
up to 4163 days). Importantly, transcriptome sequencing data of
tumor tissue from these patients were also available for analysis.
Among 5917 biological functions, positive regulation of response
to DNA damage stimulus was screened out as a significantly ele-
vated function in recurrent tumors. The LASSO-COX dimension
reduction analysis was used to select an optimal prognostic sig-
nature with the most representative gene markers for the identi-
fication of the 4-gene signature in recurrent low-grade gliomas.
Then, a novel recurrent score based nomogram was constructed
to predict early recurrence in patients with LGG following cu-
rative resection. The nomogram, incorporating the Recurrent
score, P/R status, Histology, Age, IDH1 Status, and Radiotherapy
Status, successfully identify patients at high risk of early recur-
rence. Some studies have reported that the extent of tumor re-
section and tumor location are important prognostic factors for
LGG.*32921 We further explored the relationship between recur-
rent score and tumor location. As shown in Figure S3, there is no

significant correlation between the recurrent score and tumor

CWILEY-®

location in both training and validation databases. Furthermore,
the nomogram provided better predictive accuracy than the
clinical factor-based model or recurrent signature alone, demon-
strating the incremental value of the nomogram to the current
early diagnosis of recurrent LGG. Moreover, our nomogram is
easy to use, and it could serve as a quick and efficient tool for
individualized prediction of prognosis and for guiding treatment
in recurrent LGG patients.

As a standard adjuvant treatment for low-grade gliomas, postop-
erative radiotherapy and chemotherapy kill tumor cells by inducing
DNA damage.*® The unrepaired DNA damage is also a major source
of potentially mutagenic lesions that promotes malignant progression
of tumor.?>% Therefore, response to DNA damage is a key factor in
tumor progression and recurrence of LGG. Our study found that re-
sponse to DNA damage is a key factor in the recurrence of LGGs,
and that DNA damage response-based signature is independent of
the clinicopathological state of patients, such as histology, gender,
WHO risk status, and postoperative treatment.>?* Further analysis
confirmed that the recurrent score, as an accurate reflector of the
DNA repair function, was constructed as a robust predictor of re-
currence of LGG. This study suggested that DNA repair function tar-
geted therapy may prevent the progression and recurrence of LGG.
The recurrent score can also be used as a predictor of the sensitivity
of targeted therapy.

As a clinical application tool, our nomogram included only
routine clinical examination items for glioma and did not use
factors that may require statistical software or trained analysts
such as tumor volume, the extent of resection, and epilepsy
seizure types.?>2% Although not perfect, this represents an en-
couraging level of predictive accuracy. Calibration shows how
closely the predicted probabilities agree numerically with the ac-
tual outcomes. Of note, easily acquired factors and user-friendly
operation methods make this prediction model more widely
applicable. An online individualized prediction model is being
developed. Clinicians without special training, or even patients
themselves, will be able to predict tumor survival and recurrence
through online operations in the near future.

The present study contains several limitations. A limited sample
size may affect the model training. With the widespread application
of the individualized prediction model, the parameters and predic-
tive factors of the model may need to be updated to achieve higher
prediction accuracy. The limited sample size also leads to the de-
viation of results in the relationship between the recurrence score
and clinicopathological characteristics. Besides, the calculation of
recurrent score requires a test kit, which increases the workload of
pathologists as well as the cost of patients. Therefore, the test kits
need to be more convenient and cheaper or replaced by other meth-
ods, such as radiomics. But it is worth noting that convenience and
cost are contradicted, and we need to constantly explore the best
balance in clinical applications.

In conclusion, the current research not only provides a tool for
the objective assessment of the recurrence probability and survival

rate of postoperative LGG, but also provides a theoretical basis for
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the targeted therapy of recurrent LGG. The individualized predic-
tion model is simple and accurate enough to be widely applied to a

broad clinical setting.

ACKNOWLEDGEMENTS

We thank Ms Shuging Sunand Hua Huang for tissue sample collection
and clinical data retrieval. This work was supported by grants from
National Natural Science Foundation of China (WZ: No. 81672479,
FZ: 81802994), Construction of the Genomics Platform for Chinese
People's Brain Diseases (WZ: No. PXM2019_026280_000002),
National Natural Science Foundation of China (NSFC)/Research
Grants Council (RGC) Joint Research Scheme (TJ: 81761168038),
Beijing Municipal Administration of Hospitals' Mission Plan (TJ:
SML20180501).

CONFLICT OF INTEREST

The authors declare no potential conflicts of interest.

ETHICAL APPROVAL
This study was approved by Capital Medical University Institutional
Review Board (IRB). Written informed consents were obtained from

the patients (or their families) for the CGGA project.

DATA AVAILABILITY STATEMENT

The sequencing data, clinical, and follow-up information of pri-
mary and recurrent LGG patients were uploaded to the CGGA
portal (http://cgga.org.cn/). All datasets used and/or analyzed in
this study are available from the corresponding author on reason-

able request.

ORCID

Yuanhao Chang https://orcid.org/0000-0002-8560-5468

https://orcid.org/0000-0002-7008-6351
https://orcid.org/0000-0001-7800-3189

Tao Jiang
Wei Zhang

REFERENCES

1. Jiang T, Mao Y, Ma W, et al. CGCG clinical practice guide-
lines for the management of adult diffuse gliomas. Cancer Lett.
2016;375(2):263-273.

2. Capelle L, Fontaine D, Mandonnet E, et al. Spontaneous and ther-
apeutic prognostic factors in adult hemispheric World Health
Organization Grade Il gliomas: a series of 1097 cases: clinical arti-
cle. J Neurosurg. 2013;118(6):1157-1168.

3. Mandonnet E, Delattre JY, Tanguy ML, et al. Continuous growth of
mean tumor diameter in a subset of grade Il gliomas. Ann Neurol.
2003;53(4):524-528.

4. Buckner JC, Shaw EG, Pugh SL, et al. Radiation plus procarba-
zine, CCNU, and vincristine in low-grade glioma. N Engl J Med.
2016;374(14):1344-1355.

5. Cancer Genome Atlas Research Network, Brat DJ, Verhaak RG,
et al. Comprehensive, integrative genomic analysis of diffuse low-
er-grade gliomas. N Engl J Med. 2015;372(26):2481-2498.

6. Shaw E, Arusell R, Scheithauer B, et al. Prospective random-
ized trial of low- versus high-dose radiation therapy in adults
with supratentorial low-grade glioma: initial report of a North
Central Cancer Treatment Group/Radiation Therapy Oncology

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Group/Eastern Cooperative Oncology Group study. J Clin Oncol.
2002;20(9):2267-2276.

lasonos A, Schrag D, Raj GV, Panageas KS. How to build and interpret a
nomogram for cancer prognosis. J Clin Oncol. 2008;26(8):1364-1370.
Carmona-Bayonas A, Jimenez-Fonseca P, Lamarca A, et al.
Prediction of progression-free survival in patients with advanced,
well-differentiated, neuroendocrine tumors being treated with
a somatostatin analog: the GETNE-TRASGU Study. J Clin Oncol.
2019;37(28):2571-2580.

Wei JH, Feng ZH, Cao Y, et al. Predictive value of single-nucleotide
polymorphism signature for recurrence in localised renal cell car-
cinoma: a retrospective analysis and multicentre validation study.
Lancet Oncol. 2019;20(4):591-600.

Tang XR, Li YQ, Liang SB, et al. Development and validation of a
gene expression-based signature to predict distant metastasis in lo-
coregionally advanced nasopharyngeal carcinoma: a retrospective,
multicentre, cohort study. Lancet Oncol. 2018;19(3):382-393.
Fakhry C, Zhang Q, Nguyen-Tan PF, et al. Development and val-
idation of nomograms predictive of overall and progression-free
survival in patients with oropharyngeal cancer. J Clin Oncol.
2017;35(36):4057-4065.

Huang R, Li G, Zhao Z, et al. RGS16 promotes glioma progression and
serves as a prognostic factor. CNS Neurosci Ther. 2020;26(8):791-803.
Pignatti F, van den Bent M, Curran D, et al. Prognostic factors for
survival in adult patients with cerebral low-grade glioma. J Clin
Oncol. 2002;20(8):2076-2084.

Li G, Wang Z, Zhang C, et al. Molecular and clinical characteriza-
tion of TIM-3 in glioma through 1,024 samples. Oncoimmunology.
2017;6(8):€1328339.

Goyal P, Tenenbaum M, Gupta S, et al. Survival prediction based on
qualitative MRI diffusion signature in patients with recurrent high
grade glioma treated with bevacizumab. Quant Imaging Med Surg.
2018;8(3):268-279.

George E, Kijewski MF, Dubey S, et al. Voxel-wise analysis of flu-
oroethyltyrosine PET and MRI in the assessment of recurrent
glioblastoma during antiangiogenic therapy. AJR Am J Roentgenol.
2018;211(6):1342-1347.

Tan Y, Mu W, Wang XC, Yang GQ, Gillies RJ, Zhang H. Improving
survival prediction of high-grade glioma via machine learning tech-
niques based on MRI radiomic, genetic and clinical risk factors. Eur
J Radiol. 2019;120:108609.

Gittleman H, Sloan AE, Barnholtz-Sloan JS. An independently val-
idated survival nomogram for lower-grade glioma. Neuro Oncol.
2020;22(5):665-674.

Wang KY, Huang RY, Tong XZ, et al. Molecular and clinical char-
acterization of TMEM71 expression at the transcriptional level in
glioma. CNS Neurosci Ther. 2019;25(9):965-975.

Brown TJ, Bota DA, van Den Bent MJ, et al. Management of low-
grade glioma: a systematic review and meta-analysis. Neurooncol
Pract. 2019;6(4):249-258.

Aghi MK, Nahed BV, Sloan AE, Ryken TC, Kalkanis SN, Olson JJ.
The role of surgery in the management of patients with diffuse low
grade glioma: a systematic review and evidence-based clinical prac-
tice guideline. J Neurooncol. 2015;125(3):503-530.

Abbotts R, Thompson N, Madhusudan S. DNA repair in cancer: emerg-
ing targets for personalized therapy. Cancer Manag Res. 2014;6:77-92.
Abbas T, Keaton MA, Dutta A. Genomic instability in cancer. Cold
Spring Harb Perspect Biol. 2013;5(3):a012914.

Eckel-Passow JE, Lachance DH, Molinaro AM, et al. Glioma groups
based on 1p/19q, IDH, and TERT promoter mutations in tumors. N
Engl J Med. 2015;372(26):2499-2508.

Qian Z, Li Y, Sun Z, et al. Radiogenomics of lower-grade gliomas: a
radiomic signature as a biological surrogate for survival prediction.
Aging (Albany NY). 2018;10(10):2884-2899.


http://cgga.org.cn/
https://orcid.org/0000-0002-8560-5468
https://orcid.org/0000-0002-8560-5468
https://orcid.org/0000-0002-7008-6351
https://orcid.org/0000-0002-7008-6351
https://orcid.org/0000-0001-7800-3189
https://orcid.org/0000-0001-7800-3189

LI ET AL

CN'S Neuroscience & Therapeutics _Wl L EYJﬁ

26. Liu X, LiY, Qian Z, et al. A radiomic signature as a non-invasive pre-
dictor of progression-free survival in patients with lower-grade gli-
omas. Neuroimage Clin. 2018;20:1070-1077.

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Li G, Wu F, Zeng F, et al. A novel DNA
repair-related nomogram predicts survival in low-grade
gliomas. CNS Neurosci Ther. 2021;27:186-195. https://doi.
org/10.1111/cns.13464



https://doi.org/10.1111/cns.13464
https://doi.org/10.1111/cns.13464

