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Abstract
Autophagy is a highly conserved lysosomal degradation process essential in tumorigenesis. However, the involvement of autophagy-related lncRNA in low-
grade gliomas (LGG) remains a pending question. Efforts were made to establish an autophagy-related lncRNA signature prognostic in LGG patients, and to
explore the behind potential function. We used Univariate Cox, Least Absolute Shrinkage and Selection Operator (Lasso), and Multivariate Cox regression
models were designed to establish an autophagy-related lncRNA prognostic signature. Kaplan-Meier survival analysis, receiver operating characteristic (ROC)
curve, nomogram, C-index, calibration curve and clinical decision-making curve were adopted to assess the predictive capability of the identi�ed signature.A
signature comprising 9 autophagy-related lncRNAs (AL136964.1, ARHGEF26-AS1, PCED1B-AS1, AS104072.1, PRKCQ-AS1, LINC00957, AS125616.1, PSMB8-
AS1, and AC087741.1) was identi�ed as a prognostic model. LGG patients were allocated into high- and low-risk cohorts depending on the median model-
based Riskscore. The survival analysis showed a 10-year survival rate of 9.3% (95% CI: 1.91-45.3%) in high-risk LGG patients and 48.4% (95% CI: 24.7-95.0%)
in low-risk individuals in the training set. While those of patients in the validation set were 13.48% (95% CI: 4.52-40.2%) for high-risk LGG patients and 48.4%
(95% CI: 28.04-83.4%) for low-risk LGG patients, respectively. This suggested a relatively low survival in high-risk cases compared to low-risk individuals. In
addition, LncRNA signature was independently prognostic and potentially associated with the progression of LGG. Taken together, our constructed 9
autophagy-related lncRNA signature may play a crucial part in the diagnosis and treatment for LGG, which may guide to open up a new avenues for tumor
targeted therapy.

1. Introduction
Low-grade glioma (LGG) is one of the most prevailing and invasive malignancies in adult brain, and the incidence is increasing globally[1]. It is reported that
the median survival for LGG patients is 5 to 10 years, compared with 14 months for those with glioblastoma[2], which allows patients to survive for up to 20
years[3]. However, around 50–75% of LGG patients have a disease progressed generally to a high-grade level, leading to neurological disability and death[4, 5].
According to the statistics of Central Brain Tumor Registry of the United States (CBTRUS), approximate 70% of primary malignant brain tumors are diagnosed
as gliomas[6], and more than 14,000 new cases occur every year with the annual incidence rate of about 5/100,000, of which LGG accounts for more than
15%[7]. Although maximum surgical resection, radiotherapy and chemotherapy are considered as the main strategies combating LGG, tumor metastasis,
recurrence and patient death cannot be completely prevented[8]. Therefore, there is a need to further explore additional tools for the diagnosis treatment and
prognosis of LGG and to develop new risk factors and molecular markers for early strati�cation of low- and high-risk patients with preventive treatment[9]. In
this context, identifying high-risk LGG individuals with unsatisfying outcome turns out an essential work that needs to be concerned. Clinicopathological
characteristics, such as type, age, extent of resection (postoperative MRI), tumor size, KPS score, tumor grade, chromosome 1p/19q codeletion and IDH1/2
mutation status, can be factors involved in prognosis of LGG[10]. Recently, some molecular characteristics have been proposed as predictors of LGG outcome,
such as models associated with immunity[11], DNA methylation[12], m6A-related gene[13], and alternative splicing event[14]. Nevertheless, the involvement of
autophagy-related long non-coding RNA (lncRNA) in LGG prognosis is unclear.

Autophagy is a series of structural evolution processes of autophagosomes that are �nely regulated by autophagy-related genes (ATG)[15]. Under the action
of drugs, starvation, hypoxia or other factors, a double-layer partitive membrane can be seen around a cell component to be degraded, and then gradually
extends to make the cytoplasmic component to be degraded completely sealed, the product of which is called autophagosome[16, 17]. Assisted by
cytoskeleton microtubule system, the autophagosome formed is delivered to a lysosome, by which the two are fused and an autolysosome is correspondingly
generated. The content inside the autolysosome is degraded and utilized by cells under the action of lysosomal enzymes[18]. It is reported that autophagy
involves a variety of signaling pathways, while mainly fall into AMPK and mTOR signaling pathways[19], with the former being a promoter of autophagy and
the latter reversely a suppressor[20]. In addition, there are many classical apoptotic signaling pathways or proteins reported having complex associations with
autophagy regulation[21]. For example, p53 induces autophagy with mTOR suppression through transcriptional activation of AMPK and TSC1/TSC2[22, 23].
Intranuclear p53 can transcriptionally activate damage regulated autophagy modulator (DRAM) to improve autophagy[24]. Cytoplasmic p53 mediates
autophagy in a complex combining HMGB1, by which targeted knock out of cytoplasmic p53 gene can improve HMGB1 expression to induce autophagy, while
knock out of HMGB1 can reversely improve cytoplasmic p53 content leading to autophagy suppression[25]. Besides, the involvement of integrin-mediated
signaling pathways in the mechanism behind tumor metastasis by autophagy is also identi�ed[26].

LncRNAs are a group of RNA molecules incapable of encoding proteins and characterized by 200 to 100,000 nt in length[27]. In addition to modulating gene
expression at the epigenetic, transcriptional and post-transcriptional levels, they can also intervene in processes such as X chromosome silencing,
chromosome and genomic modi�cations, transcriptional interference, transcriptional activation, and nuclear translocation.[28]. Increasing scholars have paid
more attention to the role of lncRNAs in gliomas, which has been proven in the dynamic process of autophagy and even the progress of most tumors via
modulating ATGs in transcriptional or post-transcriptional level. Recent evidence suggests that lncRNA H19 mediates the proliferative activity and autophagy
of glioma cells through the mTOR/ULK1 pathway, where H19 over expression suppresses autophagy of U87 cells while H19 silence makes the autophagy
enhanced[29]. Knocking down lncRNA DLEU1 inhibits glioma progression and promotes chemosensitivity of temozolomide by regulating autophagy[30].
LINCRA1 stabilizes H2B K120 monoubiquitination (H2Bub1) by binding H2B and impeding H2Bub1 and ubiquitin-speci�c protease 44 (USP44) interaction,
resulting in autophagy suppression and development of radio-resistance of gliomas[31]. LncRNA MALAT1 knockout leads to the inhibition of cell migratory
and invasive abilities with the autophagy of miR-384/GOLM1 axis in glioma blocked[32]. Additionally, LINC00470 mediates the epigenetic regulation of ELFN2
to disperse autophagy of glioblastoma cells[33]. In this context, there exists an association between lncRNAs and autophagy, which may be involved in the
pathogenesis of LGG.

In the research, an autophagy-related signature composed of 9 prognostic lncRNAs was identi�ed to potentially assist in predicting the survival outcome of
LGG patients, which may facilitate to customize individualized targeted therapy. Besides, our constructed signature was also proven to be prognostic via a
series of regression models. By our research, a new view on prognostic biomarkers and a deep insights into autophagy-related lncRNA in LGG may be offered.
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2. Materials And Methods

2.1. Data acquisition and processing
RNAseq data along with matched clinical information for LGG tissue samples were extracted from The Cancer Genome Atlas (TCGA) database
(https://cancergenome.nih.gov/), including RPKM data from 529 LGG samples. Annotations and classi�cation of lncRNAs and protein-coding genes were
completed on the Ensembl human genome Browser GRCh38.p13 (http://asia.ensembl.org/index.html). Normalization of gene expression was down by limma
package. Samples having a survival time no more than 30 days or with incomplete clinical data were excluded to eliminate non-cancer related deaths. Finally,
476 samples of LGG were included and grouped at random into training set (n = 240) and a validation set (n = 236). The training set was taken to construct a
prognostic signature, while the validation set and TCGA set (n = 476) worked for validation. Two independent validation sets were collected for external
validation, including the GSE16011 microarray from Gene Expression Omnibus (GEO) analyzed on the GPL8542 platform Affymetrix GeneChip Human
Genome U133 Plus 2.0 Array [CDF: Hs133P_Hs_ENTREZG.cdf] (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE16011) and the mRNA-seq-693
dataset (http://www.cgga.org.cn/download.jsp) from Chinese Glioma Genome Atlas (CGGA). Approval by the Ethics Committee or written informed consent of
the patient is waived since our data were all from public databases. Clinical characteristics of including LGG patients are depicted in Table 1.
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Table 1
Clinical information for three LGG patients sets in this study.

Covariates   training cohort (n = 
240)

internal validation cohort (n = 
236)

TCGA cohort

(n = 476)

P-value

Age < 40 years 114(47.5%) 106(44.92%) 220(46.22%) 0.6358a

  >=40 years 126(52.5%) 130(55.08%) 256(53.78%)  

Gender female 101(42.08%) 115(48.73%) 216(45.38%) 0.1726a

  male 139(57.92%) 121(51.27%) 260(54.62%)  

Grade G2 118(49.17%) 113(47.88%) 231(48.53%) 0.8502a

  G3 122(50.83%) 123(52.12%) 245(51.47%)  

Diagnoses Astrocytoma, anaplastic 60(25%) 61(25.85%) 121(25.42%) 0.8495b

  Astrocytoma, NOS 32(13.33%) 26(11.02%) 58(12.18%)  

  Mixed glioma 66(27.5%) 59(25%) 125(26.26%)  

  Oligodendroglioma,
anaplastic

34(14.17%) 38(16.1%) 72(15.13%)  

  Oligodendroglioma, NOS 48(20%) 52(22.03%) 100(21.01%)  

First presenting symptom Headaches 50(20.83%) 43(18.22%) 93(19.54%) 0.3481b

  Mental Status Changes 24(10%) 14(5.93%) 38(7.98%)  

  Motor/Movement Changes 17(7.08%) 18(7.63%) 35(7.35%)  

  Sensory Changes 9(3.75%) 7(2.97%) 16(3.36%)  

  Visual Changes 3(1.25%) 8(3.39%) 11(2.31%)  

  Seizures 114(47.5%) 118(50%) 232(48.74%)  

  Unknown 23(9.58%) 28(11.86%) 51(10.71%)  

First presenting symptom longest
duration

0–30 Days 106(44.17%) 96(40.68%) 202(42.44%) 0.6829b

  31–90 Days 33(13.75%) 39(16.53%) 72(15.13%)  

  91–180 Days 16(6.67%) 18(7.63%) 34(7.14%)  

  > 181 Days 55(22.92%) 47(19.92%) 102(21.43%)  

  Unknown 30(12.5%) 36(15.25%) 66(13.87%)  

Seizure history YES 140(58.33%) 142(60.17%) 282(59.24%) 0.824a

  NO 84(35%) 80(33.9%) 164(34.45%)  

  Unknown 16(6.67%) 14(5.93%) 30(6.3%)  

Sample type Primary Tumor 234(97.5%) 226(95.76%) 460(96.64%) 0.4254a

  Recurrent Tumor 6(2.5%) 10(4.24%) 16(3.36%)  

radiation_therapy YES 141(58.75%) 130(55.08%) 271(56.93%) 0.3466a

  NO 73(30.42%) 83(35.17%) 156(32.77%)  

  Unknown 26(10.83%) 23(9.75%) 49(10.29%)  

IDH1 mutation status Mutant 42(17.5%) 48(20.34%) 90(18.91%) 0.7295a

  Wildtype 14(5.83%) 20(8.47%) 34(7.14%)  

  Unknown 184(76.67%) 168(71.19%) 352(73.95%)  

aChi square test

bWilcoxon rank sum test

2.2. Screening for autophagy-related lncRNAs
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Human Autophagy Database (HADb; http://www.autophagy.lu/index.html) was consulted to obtain 232 ATGs, the Pearson correlation coe�cient of which
with the expression of lncRNAs was calculated to give autophagy-related lncRNAs. LncRNAs of an absolute correlation coe�cient > 0.7 (|R| > 0.7) and p < 
0.001 were selected.

2.3 Establishment of a prognostic autophagy-related lncRNA signature
Univariate Cox regression analysis was done to �lter lncRNAs associated with overall survival (OS) of LGG patients (P < 0.05). The least absolute shrinkage
and selection operator (Lasso) penalty-based logistic model involving the lncRNAs �ltered in univariate analysis was established for data dimensionality
reduction, with 1000 cross-validation performed to prevent over-�tting, and candidate prognostic lncRNAs were identi�ed. Finally, a series of multivariate Cox
regression models were constructed, which showed several sets of lncRNAs associated with autophagy as a prognostic signature involving a linear
combination of lncRNA expression level and the corresponding regression coe�cient. The optimal gene set was identi�ed using the Akaike information
criterion (AIC). Riskscore based on the �nal signature was calculated following the formula as:

where ARlncRNA Riskscore is the prognostic Riskscore of patients with LGG, coef is the multivariate Cox regression coe�cient, ARlncRNAi is the i-th
autophagy-related lncRNA and Exp ARlncRNAi is the corresponding expression level.

Univariate and multivariate analyses were further taken to evaluate whether the identi�ed lncRNA signature was prognostic for LGG independently of
clinicopathological characteristics involving age, gender, �rst_presenting_symptom, �rst_presenting_symptom_longest_duration, grade, radiation_therapy,
seizure_history, diagnoses, type, and IDH1_mutation_status.

2.4 Evaluation of the lncRNA-based prognostic signature
LGG samples from the training set were assigned a Riskscore based on which two cohorts were generated as high-risk and low-risk. Kaplan-Meier (KM) curves
were plotted to show the OS of the two populations, along with bilateral log-rank sum test run to calculate hazard ratio (HRs) and 95% con�dence interval (CIs)
to analyze whether the between-group difference is statistically signi�cant. Receiver operating characteristic (ROC) curves were drawn to evaluate the
sensitivity and speci�city of the prognostic signature. Finally, further validation was done in the validation sets.

2.5 Construction and validation of nomogram
With clinicopathological variables, such as age, gender, diagnoses, grade, radiation_therapy, seizure_history, type, IDH1_mutation_status, and the signature-
based Riskscore both considered, a nomogram was constructed in the training set to predict OS at 1 year, 3 years, and 5 years, with concordance index (C-
index) and corresponding 95% CI calculated to assess the distinguishing and predictive ability. The C-index ranged between 0.5-1.0, and the higher C-index
represents the stronger distinguishing ability of the predictive model. In addition, calibration curves and decision curve analysis (DCA) of the nomogram were
generated to identify the consistency between the bias-corrected predicted survival rate and the actual observed survival rate. Finally, the above results were
veri�ed in the validation sets.

2.6 Relationship of autophagy-related lncRNAs with immune in�ltrates
ESTIMATE and CIBERSORT deconvolution algorithms were applied to analyze immune in�ltration and stromal score in the training set, to assess and
calculate the abundance of 22 immune in�ltrates in LGG, and �nally to investigate the relationship between immune cell in�ltration and the signature-based
Riskscore. The above results was further validated in a validation set.

2.7. Validation of the autophagy-related lncRNA model
CGGA mRNAseq-693 and GEO GSE16011 data were extracted to validate the prognostic performance for the lncRNA signature. The Riskscore of samples was
obtained in the same formula, and the gene expression in patients under different age, grade, IDH mutation status, 1p19q codeletion status, radiation_status,
chemotherapy, tumor type (primary and recurrent) and MGMTp codeletion status was compared by boxplots. KM curves for each signature gene were plotted
to display survival difference in groups divided by median expression.

2.8. Gene set enrichment analysis (GSEA)
Gene Set Enrichment Analysis (GSEA) is a calculation method used to determine whether a pre-de�ned gene set can show signi�cant consistency differences
in two biological states. The prede�ned gene set is a gene set, which can contain genes of interest, such as a certain pathway, a certain GO term, or a hall
marker gene set. Two biological states: a high risk group and a low risk group. It is different from conventional functional enrichment analysis. Routine
enrichment analysis must �rst perform differential screening, and use the screened genes for functional enrichment. This method may miss some key
information due to unreasonable screening parameters. And GSEA does not need to do a different analysis, just take the expression of all genes to �nd the
consistent and different pathways between the high risk group and the low risk group. Here, we selected the ‘c5.all.v7.2.symbols.gmt’ and
‘c2.cp.kegg.v7.2.symbols.gmt’ from MSigDB database to perform GSEA enrichment analysis. The biological pathways with |NES| > 1, NOM p-val < 0.05 and
FDR q-val < 0.25 were selected.

2.9. Statistics
Statistical analyses were performed by R software (version 4.0.3, https://www.r-project.org/). Perl programming language (version 5.32.1, http://www.perl.org)
was used. A difference of P < 0.05 was considered statistically signi�cant.
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3. Results

3.1. Screening for autophagy-related lncRNAs of prognostic value
RNA-seq data of LGG patients in TCGA database screened 13,868 lncRNAs, HADb analysis obtained 232 ATGs, and Pearson analysis identi�ed 80 autophagy-
related lncRNAs (|R| > 0.7, P < 0.001). Univariate Cox regression analysis obtained 14 out of the 80 lncRNAs closely associated with the OS of LGG cases in the
training set. Subsequently, 14 lncRNAs were processed on a Lasso regression model to obtain 13 candidate autophagy-related lncRNAs (Fig. 1A), with the
optimal penalty parameter determined through 1000 rounds of cross-validation (Fig. 1B). A stepwise multivariate Cox regression analysis was then done to
�nally give a 9-lncRNA signature as a prognostic factor for LGG cases (Table 2), comprising lncRNAs AL136964.1, ARHGEF26-AS1, PCED1B-AS1, AC104072.1,
PRKCQ-AS1, LINC00957, AC125616.1, PSMB8-AS1, and AC087741.1. A Riskscore indicting LGG prognosis was then established based on the signature using
the coe�cients in multivariate Cox analysis and the expression levels of 9 signature lncRNAs. The formula is as follows: ARlncRNA Riskscore =
[AL136964.1*-1.630] + [ARHGEF26-AS1*-0.329] + [PCED1B-AS1*-0.794] + [AC104072.1*0.142] + [PRKCQ-AS1*-0.488] + [LINC00957*0.457] +
[AC125616.1*-1.143] + [PSMB8-AS1*0.457] + [AC087741.1*-0.705]. In addition, a Sankey map was generated to visualize the associations between
autophagy-related genes, autophagy-related lncRNAs, and lncRNA risk types (Supplementary Fig. 1).

 

Table 2
Multivariate Cox regression analyses of 9-autophagy related lncRNAs

in Lower-grade glioma with OS.
ARlncRNAs coef HR HR.95L HR.95H pvalue

AL136964.1 -1.630 0.196 0.095 0.406 < 0.001

ARHGEF26-AS1 -0.329 0.720 0.566 0.915 0.007

PCED1B-AS1 -0.794 0.452 0.325 0.630 < 0.001

AC104072.1 0.142 1.153 0.994 1.336 0.059

PRKCQ-AS1 -0.488 0.614 0.391 0.962 0.033

LINC00957 0.457 1.579 1.128 2.211 0.008

AC125616.1 -1.143 0.319 0.170 0.597 < 0.001

PSMB8-AS1 0.457 1.580 1.208 2.066 < 0.001

AC087741.1 -0.705 0.494 0.259 0.942 0.032

LGG samples in the training cohort were scored and de�ned as high-risk when the score was greater than the median sore and as low-risk when a lower score
was shown. KM curves revealed a signi�cantly poorer OS in high-risk individuals, relative to low-risk cases (P < 0.001) (Fig. 1C), indicating that the Riskscore
was prognostic. Besides, the survival rates at 3, 5 and 10 years of the high-risk population were about 59.7%, 42.3% and 9.3%, respectively (95% CI: 49.6%
-71.9%, 30.45% -58.7% and 1.91% -45.3%), and those of low-risk patients were about 94.4%, 75.4% and 48.4%, respectively (95% CI: 88.4%-100%, 61.5%-92.3%
and 24.7%-95.0%). Time-dependent ROC curves for OS to 1, 2 and 3 years showed AUC of 0.926, 0.898 and 0.903, respectively (Fig. 1D). Then, Riskscore
distribution map, survival scatter plot and expression heatmap were plotted in the training set, which revealed a consistency between the death of LGG
patients and the signature-based Riskscore (Fig. 1E). Finally, we also compared the expression of VMP1 gene (a newly discovered autophagy-related gene) in
the two risk cohorts, and a signi�cantly lower expression was seen in the low-risk cohort (P < 0.001) (Fig. 1F).

3.2. Validation of the lncRNA signature in the validation set and TCGA set
We then validated the prognostic power of the lncRNA signature in a validation set of 236 LGG patients and calculated Riskscores which assigned patients
into high-risk (n = 114) and low-risk (n = 122) groups. Similar to the training set, KM analysis demonstrated that the OS of high-risk cases was evidently lower,
compared to low-risk cases (P < 0.001) (Fig. 2A). The 3-year, 5-year and 10-year OS rates of high-risk patients were about 54.52%, 37.93% and 13.48%
respectively (95% CI: 43.62%-68.1%, 26.13%-55.0% and 4.52%-40.2%), while those of low-risk patients were about 92.8%, 79.0% and 48.4%, respectively (95%
CI: 86.54%-99.6%, 66.09%-94.4% and 28.04%-83.4%). ROC curves showed AUC values in 1-year, 2-year and 3-year OS separately of 0.832, 0.860 and 0.879
(Fig. 2B). Riskscore distribution plot, patient survival status and time, and expression heatmap of the high- and low-risk populations in the validation set were
revealed in Fig. 2C. VMP1 gene expression was also noted to increase in high-risk cases higher than that of low-risk individuals (P < 0.001) (Fig. 2D). To
identify the robustness of the lncRNA signature, the total TCGA set was taken for validation with the same classi�cation method. As analyzed, the OS of high-
risk patients was poorer relative to that of low-risk patients (P < 0.001) (Fig. 2E), and the AUC values at 1, 2 and 3 years of OS separately were 0.876, 0.876 and
0.894 (Fig. 2F). The Riskscore distribution plot, patient survival status and time, and expression heatmap in the TCGA set, as well as VMP1 expression (P < 
0.001) (Fig. 2H), showed consistent results with the training and validation sets (Fig. 2G). Overall, the Riskscore based on 9-lncRNA signature could
signi�cantly help predict the survival of LGG individuals, whether in the training or the validation and the TCGA sets.

 

3.3. Veri�cation of the 9 signature genes and construction of a nomogram
To identify whether 9 autophagy-related signature lncRNAs is prognostic, KM curves were established in the training set. LINC00957, PCED1B-AS1, and
PSMB8-AS1 were negatively correlated with OS, suggesting their potential role as a risk factor since their high expression indicates an adverse outcome.
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AC087741.1, AC104072.1, AC125616.1, AL136964.1, ARHGEF26-AS1, and PRKCQ-AS1 were seen positively correlated with OS (P < 0.001), indicating that they
may be protective against the development of LGG (Fig. 3A). Furthermore, a nomogram was constructed in the training set that included age, gender,
diagnoses, grade, radiation_therapy, seizure_history, type, IDH1_mutation_status, and the lncRNA signature-based Riskscore (Fig. 3B). The nomogram
functioned with each variable assigned a score by multivariate Cox analysis, and then an estimated survival rates at 1, 3, and 5 years were calculated by
drawing a vertical line between the total points axis and each prognosis axis. The C-index showed a value of 0.834 (95% CI: 0.780–0.888). The calibration
curves (Fig. 3C) and the DCA curves (Fig. 3D) showed that the nomogram had a good predictive performance. Consistent �ndings were seen in the validation
set (Fig. 4A-D). We also made proportional hazards (PH) assumption in the nomogram model (Supplementary Fig. 2).

 

 

3.4. Association of the lncRNA signature with immune in�ltrates
TIMER database was consulted to investigate the relationship between the lncRNA signature and immune in�ltrates in LGG. As re�ected in Fig. 5A, correlation
coe�cients of the signature with T cells CD4 memory resting, Macrophages M1 and Macrophages M0 were 0.25, 0.32 and 0.27, respectively (P < 0.05), which
indicated a positive correlation. A negative association of Mast cells activated and Monocytes with the signature-based Riskscore was identi�ed (P < 0.05),
suggesting that the lncRNA signature was relevant to the high in�ltration of immune cell subtypes. In addition, consistent results were observed in the
validation set (Fig. 5B). We also used the single-sample gene-set enrichment analysis (ssGSEA) to quantify the abundance of 28 immune cell in�ltration based
on the gene set Charoentong’s study. [34]The results also indicated the autophagy-related lncRNA signature did not present a signi�cant correlation with
immune in�ltration (Fig. 5C-D).

 

3.5. Veri�cation of the lncRNA model in external datasets
To identify whether the lncRNA signature is independently prognostic in LGG, univariate and multivariate Cox analyses that included age, gender,
�rst_presenting_symptom, �rst_presenting_symptom_longest_duration, grade, radiation_therapy, seizure_history, diagnoses, type, IDH1_mutation_status, and
the signature-based Riskscore. Multivariate analysis showed that the Riskscore was of signi�cant prognostic value in the training, validation and TCGA sets
(P < 0.05), while age as a clinical factor also showed a signi�cant association with survival of LGG patients (P < 0.05) (Fig. 6A-F & Table 3).
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Table 3
Univariate and Multivariate Cox regression analysis of the Autophagy-related lncRNAs Riskscore in LGG patient cohorts.

Variables   Univariable model Multivariable model

    HR 95%CI P-value HR 95%CI P-value

Training cohort (n = 240)              

Age   1.068 1.046–1.089 < 0.001 1.072 1.046–1.099 < 0.001

Gender Female/Male 1.614 0.942–2.768 0.081 - - -

Grade G2/G3 4.360 2.408–7.894 < 0.001 1.555 0.790–3.062 0.201

First presenting symptom

First presenting symptom longest duration

  0.934

0.832

0.835–1.043

0.701–0.987

0.225

0.035

-

0.832

-

0.688–1.006

-

0.057

Radiation therapy

Seizure history

  0.790

1.243

0.516–1.210

0.803–1.923

0.279

0.329

-

-

-

-

-

-

Diagnoses   0.695 0.573–0.843 < 0.001 0.703 0.572–0.865 < 0.001

Type Primary/ Recurrent 1.401 0.436–4.497 0.571 - - -

IDH1 mutation status

RiskScore

  0.959

1.086

0.650–1.417

1.063–1.110

0.835

< 0.001

-

1.050

-

1.024–1.077

-

< 0.001

Validation cohort (n = 236)              

Age   1.047 1.025–1.069 < 0.001 1.051 1.028–1.074 < 0.001

Gender Female/Male 0.747 0.452–1.234 0.254 - - -

Grade G2/G3 2.799 1.613–4.857 < 0.001 2.279 1.216–4.273 0.010

First presenting symptom

First presenting symptom longest duration

  0.948

0.884

0.849–1.059

0.749–1.045

0.348

0.148

-

-

-

-

-

-

Radiation therapy

Seizure history

  1.043

1.325

0.695–1.565

0.851–2.064

0.839

0.213

-

-

-

-

-

-

Diagnoses

Type

IDH1 mutation status

RiskScore

TCGA cohort (n = 476)

Primary/ Recurrent 0.778

1.183

1.528

1.027

0.658–0.920

0.528–2.651

0.924–2.528

1.016–1.038

0.003

0.683

0.099

< 0.001

0.859

-

-

1.016

0.707–1.044

-

-

1.004–1.029

0.127

-

-

0.011

Age   1.057 1.042–1.073 < 0.001 1.061 1.044–1.078 < 0.001

Gender Female/Male 1.066 0.746–1.524 0.726 - - -

Grade G2/G3 3.338 2.254–4.944 < 0.001 1.898 1.216–2.960 0.005

First presenting symptom

First presenting symptom longest duration

  0.944

0.858

0.873–1.020

0.762–0.966

0.144

0.011

-

0.908

-

0.802–1.028

-

0.129

Radiation therapy

Seizure history

Diagnoses

Type

IDH1 mutation status

RiskScore

Primary/ Recurrent 0.923

1.282

0.745

1.233

1.190

1.033

0.688–1.237

0.940–1.749

0.658–0.844

0.642–2.368

0.875–1.618

1.025–1.041

0.590

0.117

< 0.001

0.529

0.268

< 0.001

-

-

0.799

-

-

1.019

-

-

0.694–0.919

-

-

1.010–1.029

-

-

0.002

-

-

< 0.001

Next, expression levels of some lncRNAs (ARHGEF26-AS1, PCED1B-AS1, PRKCQ-AS1, LINC00957) in the autophagy-related lncRNA signature were analyzed in
a CGGA dataset. ARHGEF26-AS1 was found to be signi�cantly associated with age (< 40 years and > = 40 years), tumor grade, IDH1 mutation and 1p19q
codeletion status, chemotherapy status, radiotherapy status and PRS type (P < 0.05) (Fig. 7A). PCED1B-AS1 was evidently associated with tumor grade (Grade
III vs. IV), IDH1 mutation and 1p19q codeletion status (P < 0.05) (Fig. 7B). PRKCQ-AS1 was signi�cantly associated with tumor grade (Grade III vs. IV), IDH1
mutation and MGMTp codeletion status (P < 0.05) (Fig. 7C). LINC00957 was signi�cantly correlated to IDH1 mutation and chromosome 1p19q codeletion
status (P < 0.05) (Fig. 7D). Similar �ndings were also noted in a GEO microarray, GSE16011. As showed in Fig. 7E, a signi�cant association was noticed
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between PRKCQ-AS1 expression and age or IDH1 (R132) mutation status (p < 0.001) (Fig. 7E). In addition, KM curves in CGGA dataset identi�ed a higher OS of
patients highly expressing ARHGEF26-AS1 and PRKCQ-AS1 (P < 0.05), while a lower OS of patients highly expressing PCED1B-AS1 (P < 0.05), compared to
corresponding control groups. In GSE16011, patients highly expressing PRKCQ-AS1 possessed a considerably higher OS relative to patients lowly expressing
PRKCQ-AS1 (P < 0.001) (Supplementary Fig. 3A-E).

 

3.6. GSEA
To probe into the underlying biological behavior of autophagy-related lncRNAs in LGG, an analysis for autophagy biological processes, negative regulation of
autophagy, GO and KEGG analysis in GSEA was implemented, and the most signi�cantly enriched biological functions (|NES|>1, NOM P-value < 0.05 and FDR
q-value < 0.25) were selected. Results showed that pathways related to cancer and autophagy were highly different in high- and low-risk cohorts. Besides, the
high-risk group was profoundly related to reactome autophagy, negative regulation of autophagy, negative regulation of mitotic cell cycle, apoptotic process
involved in morphogenesis, negative regulation of cell cycle process, DNA damage response signal transduction by p53 class mediator, integrin-mediated
signaling pathway, apoptosis, antigen processing and presentation, pathways in cancer, JAK/STAT signaling pathway, p53 signaling pathway, small cell lung
cancer and pancreatic cancer, while the low-risk group was closely related to ionotropic glutamate receptor signaling pathway and GABA receptor binding
(Fig. 8A, Table 4). It was suggestive that these autophagy-related lncRNAs were involved in the pathways related to carcinogenic activation and autophagy in
LGG, providing clues for targeted therapy of LGG. We also revealed 492 differential target mRNAs regulated by the identi�ed lncRNAs between low and high
risk groups.( Supplementary Table 1)

 



Page 10/21

Table 4
Gene Set Enrichment Analysis of 9-autophagy related lncRNAs in Low-grade glioma.

MSigDB collection Gene set name Size ES NES NOM
P-val

FDRq-
val

FW
va

REACTOME_AUTOPHAGY.gmt REACTOME_AUTOPHAGY 149 -0.290 -1.380 0.037 0.037 0

GO_NEGATIVE_
REGULATION_OF_AUTOPHAGY.gmt

GO_NEGATIVE_REGULATI ON_OF_AUTOPHAGY 84 0.390 1.510 0.025 0.025 0

c5.all.v7.1.symbols.gmt GO_NEGATIVE_REGULATION_OF_MITOTIC_CELL_CYCLE 324 0.556 2.204 0 0.003 0

  GO_APOPTOTIC_PROCESS_INVOLVED_IN_MORPHOGENESIS 25 0.781 2.116 0 0.005 0

  GO_NEGATIVE_REGULATION_OF_CELL_CYCLE_PROCESS 339 0.525 2.096 0 0.006 0

  GO_DNA_DAMAGE_
RESPONSE_SIGNAL_TRANSDUCTION_BY_P53_CLASS_MEDIATOR

106 0.626 2.175 0 0.003 0

  GO_INTEGRIN_MEDIATED_SIGNALING_PATHWAY 104 0.657 2.099 0 0.006 0

  GO_IONOTROPIC_
GLUTAMATE_RECEPTOR_SIGNALING_PATHWAY

26 -0.771 -2.094 0 0.089 0

  GO_GABA_RECEPTOR_BINDING 17 -0.755 -1.762 0.008 0.249 0

c2.cp.kegg.v7.1.symbols.gmt KEGG_APOPTOSIS 87 0.508 1.811 0.006 0.022 0

  KEGG_ANTIGEN_PROCESSING_AND_PRESENTATION 81 0.635 1.928 0 0.009 0

ES: enrichment score; NES: normalized enrichment score; NOM: nominal; FDR: false discovery rate; FWER: familywise-error rate;Gene sets with NOM P-value < 
0.25 were considered as signi�cantly enriched.
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MSigDB collection Gene set name Size ES NES NOM
P-val

FDRq-
val

FW
va

  KEGG_PATHWAYS_IN_CANCER 324 0.449 1.867 0 0.016 0

  KEGG_JAK_STAT_SIGNALING_PATHWAY 155 0.533 1.918 0.002 0.009 0

  KEGG_P53_SIGNALING_PATHWAY 68 0.588 1.958 0 0.008 0

  KEGG_SMALL_CELL_LUNG_CANCER 84 0.557 1.969 0 0.007 0

  KEGG_PANCREATIC_CANCER 69 0.503 1.853 0.004 0.017 0

ES: enrichment score; NES: normalized enrichment score; NOM: nominal; FDR: false discovery rate; FWER: familywise-error rate;Gene sets with NOM P-value < 
0.25 were considered as signi�cantly enriched.

4. Discussion
Autophagy involves in the evolution process of eukaryotic cells which are highly conservative, and functions in the degradation almost in all cells from yeast
to mammals[35]. Autophagy disorders are associated with many diseases. LncRNA as a novel autophagy-regulating molecule acts on gene expression at
transcriptional and post-transcriptional levels[36]. It acts as a scaffold for recruitment of chromatin modi�ers in transcriptional regulation, which induces
epigenetic silencing and participates in regulating histone modi�cation, DNA methylation and chromosome remodeling, enhancing gene transcription, and
regulating gene transcription by altering the subcellular localization of transcription factors[37]. For example, lncRNA 2810403D21Rik/Mirf as a regulator of
autophagy functions via the miR-26a-USP15 axis, to inhibit autophagy and induce myocardial injury by reducing intrinsic cardioprotective activity. While
silencing lncRNA 2810403D21Rik/Mirf can reduce the H2O2-induced myocardial injury, which can be reversed under miR-26a or 3-MA knockout by AMO-26a
to inhibit autophagy in NMCM[38]. In the post-transcriptional level, lncRNA as a precursor of small RNA assists in mRNA stabilizing or degrading in a form of
small RNA regulating mRNA processing and stability[39]. As previous studies shown, lncRNA HOTAIRM1 functions on autophagy and tumor protein PML-
RARA degradation during bone marrow cell differentiation arrest, and down-regulated HOTAIRM1 can inhibit the PML-RARA degradation induced by all-trans
retinoic acid in acute promyelocytic leukemia (APL) cells and then block the differentiation from early promyelocytes to granulocytes[40].

Most studies on lncRNA focus on speci�c genes involved in autophagy, while autophagy-related lncRNA prognostic in LGG patients is a less studied �eld. We
here established an autophagy-related lncRNA signature in LGG which was prognostic. In our research, co-expression of ATGs and lncRNAs was �rstly
analyzed to screen autophagy-related lncRNAs, followed by univariate, Lasso, and multivariate Cox analyses to identify 9 prognostic autophagy-related
lncRNAs, including AL136964.1, ARHGEF26-AS1, PCED1B-AS1, AC104072.1, PRKCQ-AS1, LINC00957, AC125616.1, PSMB8-AS1, and AC087741.1. These 9
lncRNAs may be prognostic markers and therapeutic targets for LGG patients. Among the 9 genes, 5 of them (ARHGEF26-AS1, PCED1B-AS1, PRKCQ-AS1,
LINC00957, and PSMB8-AS1) have been proven of cancer relevant. (1) ARHGEF26-AS1 (ARHGEF26 antisense RNA 1) as the antisense RNA of ARHGEF26 is
reported to show a signi�cant correlation with OS of colon cancer (P < 0.05)[41]. In addition, ARHGEF26-AS1 acts as a central gene in the ceRNA network to
indicate the prognosis of intrahepatic cholangiocarcinoma and colon cancer[42]. (2) PCED1B-AS1 presents profoundly up-regulated expression in clear cell
renal cell carcinoma (ccRCC) tissues and cell lines, which indicates poor prognosis of patients. Besides, it can mediate ccRCC cell proliferative and migratory
abilities as well as epithelial-mesenchymal transition (EMT) process, and promote the expression of ZEB1 by inhibiting miR-484[43]. Recent studies have
shown that PCED1B-AS1 induces immunosuppression and increases the expression and function of PD-Ls in liver cancer as a sponge for miR-194-5p. It also
promotes the proliferation of transplanted tumor cell in nude mice, along with increased colony formation and tumor formation in vivo, and inhibited cell
apoptosis[44]. PCED1B-AS1 can bind HIF-1α mRNA 5'-UTR in a direct way and to enhance HIF-1α translation, resulting in the increase of HIF-1α proteins, thus
advancing the Warburg effect and tumorigenesis of glioblastoma[45]. In addition, PCED1B-AS1 can activate glioma cells to proliferate while inhibiting
apoptosis with miR-194-5p/PCED1B axis[46]. Other studies found that PCED1B-AS1 modulates macrophage apoptosis and autophagy in active tuberculosis
via targeting miR-155[47]. (3) LncRNA PRKCQ-AS1 is proven prognostic in colorectal cancer (CRC) patients as a risk factor[48]. It is concentrated in the
cytoplasm of CRC cells and reversely regulates miR-1287-5p expression, which indicates adverse outcomes[49]. Recent studies have also shown that PRKCQ-
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AS1, as an immune-related lncRNA, provides a reliable prognostic indicator for glioblastoma patients[50]. (4) LINC00957 is signi�cantly related to poor OS of
CRC patients upon increased expression (P < 0.05), and inhibiting LINC00957 expression can reverse 5-FU resistance via P-gP down regulation[51]. (5) PSMB8-
AS1 is involved in pancreatic cancer progression with miR-382-3p/STAT1/PD-L1 axis, while knockout of PSMB8-AS1 leads to weakened cell proliferation,
migration, invasion and EMT, while increased cell apoptosis[52]. In addition, PSMB8-AS1 as a ceRNA for miR-22-3p regulates DDIT4 in glioblastoma.
Contrarily, over expression of DDIT4 could antagonize the effects of PSMB8-AS1 on proliferation, apoptosis and radioresistance of glioblastoma cells[53].
Other studies showed that the activation of PSMB8-AS1 by transcription factor ELK1 advances cell proliferation of glioma by regulating miR-574-5p/RAB10,
while silencing PSMB8-AS1 inhibits the proliferation[54]. For the other 4 autophagy-related lncRNAs (AL136964.1, AC104072.1, AC125616.1 and AC087741.1),
there is no report on their prognostic role in cancer. It is necessary to conduct more research to identify the mechanism behind the effect of these lncRNAs on
the prognosis of LGG individuals via autophagy.

The lncRNA signature we identi�ed could be used to effectively predict the survival of patients suffering from LGG. According to the expression of the 9
signature lncRNAs, each LGG patient was conferred a Riskscore, based on which two risk cohorts were generated (cutoff: median Riskscore). As analyzed,
LGG samples with high Riskscores had poorer survival compared to those with low Riskscores (P < 0.05). ROC analysis veri�ed the prognostic accuracy of the
lncRNA signature in LGG patients. Besides, the signature-based Riskscore was identi�ed independently prognostic in multivariate analysis (P < 0.05), and
presented more reliable prognostic performance relative to other traditional clinical indicators. Nomogram, C-index, calibration curve and DCA curve are
effective and reliable clinical tools for survival prediction of cancer patients. Here, we established a robust nomogram involving multiple clinical variables (age,
gender, diagnoses, grade, radiation_therapy, seizure_history, type, IDH1_mutation_status) and the signature-based Riskscore which helps improve the
prognosis prediction of LGG patients. Patients of a higher age ( > = 40 years) or higher tumor grade generally show poor cancer prognosis, which is consistent
with our results. Moreover, the calibration curve displayed a similar result between the actual and predicted 3-year and 5-year survival rates based on the
nomogram. GSEA results suggested that the 9 autophagy-related lncRNAs may negatively regulate autophagy and cancer-related signaling pathways, and
play a vital part in the pathogenesis of LGG.

However, there remain some limitations that need to be concerned. Firstly, data analyzed here were from TCGA, GEO, and CGGA databases, which requires a
further validation in other prospective cohorts to ensure the robustness of the signature we identi�ed. Secondly, the potential molecular correlation between
autophagy-related lncRNAs and autophagy need further study. Finally, the role and mechanism behind these autophagy-related lncRNAs in LGG call for a
further investigation.

In conculsion, the prognostic signature involving autophagy-related lncRNAs we identi�ed here was accurate in survival prediction of LGG sufferers, which
show great clinical application potential in individualized prognosis and treatment. Remarkable associations were revealed of the 9 signature lncRNAs with
survival of LGG cases, and a high performance of the signature-based Riskscore in distinguishing patients at different risks was uncovered, suggesting the
independent role of the signature. The autophagy-related lncRNAs and their signature, therefore, are potential molecular biomarkers and therapeutic targets of
LGG.
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Figures

Figure 1

Identi�cation of prognostic autophagy-related lncRNA signature in the training set. A. Lasso-Cox analysis showed 13 autophagy-related lncRNAs highly
prognostic. B. The optimal penalty parameter determined by 1000 repeated cross-validation. C. Kaplan-Meier survival estimates of OS in low-risk and high-risk
patients in the training set based on the autophagy-related lncRNA signature. D. ROC curves for 1, 2, 3 years of OS in the training set. E. Riskscore distribution,
patient survival status and time, and heat map of the 9 autophagy-related lncRNAs in low-risk and high-risk patients in the training set. F. Box plot of VMP1
gene expression in low-risk and high-risk groups of LGG patients.
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Figure 2

Validation of autophagy-related lncRNA signature in the validation and TCGA sets. A. Kaplan-Meier survival estimates of autophagy-related lncRNAs in
predicting OS in low-risk or high-risk patients in the validation set. B. ROC curves for 1, 2 and 3 years in the validation set. C. Riskscore distribution, survival
status and time of patients, and heat map of the 9 autophagy-related lncRNAs in low-risk and high-risk patients in the validation group. D. Box plot of VMP1
expression distribution in high-risk and low-risk populations in the validation group. E-H. TCGA validation.
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Figure 3

A. Kaplan-Meier survival analysis was performed for OS of LGG patients in the training set based on 9 autophagy-related lncRNAs. B-D. The nomogram
constructed based on clinicopathological factors and the lncRNA signature-based Riskscore for prediction of 1-year, 3-year, and 5-year survival of patients in
the training set. The nomogram was evaluated using the calibration curve and the DCA curve.
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Figure 4

A. Kaplan-Meier survival analysis was performed for OS of LGG patients in the validation set based on 9 autophagy-related lncRNAs. B-D. The nomogram
constructed based on clinicopathological factors and the lncRNA signature-based Riskscore for prediction of 1-year, 3-year, and 5-year survival of patients in
the validation set. The nomogram was evaluated using the calibration curve and the DCA curve.
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Figure 5

Correlation of the lncRNA-based Riskscore with immune in�ltrates. A. The correlation coe�cients of the Riskscore with Macrophages M0, Macrophages M1
and T cells CD4 memory resting were 0.27, 0.32, 0.25 (P <0.05), respectively. The correlation coe�cients were R=-0.24 (P <0.05) for Mast cells activated and
R=-0.38 (P <0.05) for Monocytes, respectively. B. The correlation coe�cients between the Riskscores of Macrophages M1, Plasma cells, and T cells follicular
helper were 0.23, 0.25, and-0.27, respectively (P <0.05). The correlation between ARlncRNA riskscore and 28 immune cell in�ltration using single-sample gene-
set enrichment analysis (ssGSEA) to training set (C) and validation set (D).

Figure 6

Veri�cation of the lncRNA signature-based Riskscore as an independent prognostic factor. A,C,E. Univariate Cox regression analysis showed that age, grade,
diagnoses and lncRNA signature-based Riskscore were signi�cant factors of prognostic value. B, D, F. In multivariate Cox regression model, only age and
lncRNA signature-based Riskscore were associated with OS, suggesting that the autophagy-related lncRNA signature is an independent prognostic biomarker
for survival in LGG patients.
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Figure 7

Assessment of ARlncRNA partial gene performance using two external independent datasets. A. Box plots of ARHGEF26-AS1 gene expression levels in
patients with different age (<40 and >=40 years), tumor grade, IDH1 mutation status, 1p19q co-deletion status, chemotherapy status, radiotherapy status and
PRS type. B. Box plots of PCED1B-AS1 expression in CGGA mRNA-seq693 dataset in patients with different tumor grades, IDH1 mutation status and 1p19q co-
deletion status status. C. Box plots of PRKCQ-AS1 expression in CGGA mRNA-seq693 dataset in patients with different tumor grades, IDH1 mutation status
and MGMTp co-deletion status. D. Box plots of LINC00957 gene expression levels in patients with IDH1 mutation status and 1p19q co-deletion status in the
CGGA mRNA-seq693 dataset. E. Box plots of PRKCQ-AS1 gene expression levels in patients of different ages and IDH1 (R132) mutation status.
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Figure 8

A. GSEA analysis demonstrates that autophagy-related phenotypes are heavily enriched in both high- and low-risk patients.
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