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Abstract
Background. Gliomas, especially the high-grade glioblastomas (GBM), are highly aggressive tumors in the 
central nervous system (CNS) with dismal clinical outcomes. Effective biomarkers, which are not currently 
available, may improve clinical outcomes through early detection. We sought to develop a noninvasive 
diagnostic approach for gliomas based on 5-hydroxymethylcytosines (5hmC) in circulating cell-free DNA 
(cfDNA).
Methods. We obtained genome-wide 5hmC profiles using the 5hmC-Seal technique in cfDNA samples from 111 
prospectively enrolled patients with gliomas and 111 age-, gender-matched healthy individuals, which were split 
into a training set and a validation set. Integrated models comprised 5hmC levels summarized for gene bodies, 
long noncoding RNAs (lncRNAs), cis-regulatory elements, and repetitive elements were developed using the 
elastic net regularization under a case–control design.
Results. The integrated 5hmC-based models differentiated healthy individuals from gliomas (area under the curve 
[AUC] = 84%; 95% confidence interval [CI], 74–93%), GBM patients (AUC = 84%; 95% CI, 74–94%), WHO II-III glioma 
patients (AUC = 86%; 95% CI, 76–96%), regardless of IDH1 (encoding isocitrate dehydrogenase) mutation status 
or other glioma-related pathological features such as TERT, TP53 in the validation set. Furthermore, the 5hmC bio-
markers in cfDNA showed the potential as an independent indicator from IDH1 mutation status and worked in 
synergy with IDH1 mutation to distinguish GBM from WHO II-III gliomas. Exploration of the 5hmC biomarkers for 
gliomas revealed relevance to glioma biology.
Conclusions. The 5hmC-Seal in cfDNA offers the promise as a noninvasive approach for effective detection of 
gliomas in a screening program.

An integrative analysis of genome-wide 
5-hydroxymethylcytosines in circulating cell-free DNA 
detects noninvasive diagnostic markers for gliomas
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Key Points

• Genome-wide 5hmC features demonstrated gene regulatory relevance and tissue 
origin.

• Integrated 5hmC-based models can distinguish gliomas from healthy individuals.

• The 5hmC biomarkers can independently separate GBM from WHO grade II-III 
gliomas.

Glioma is a common primary intracranial tumor with 
dismal prognosis. The 5-year survival rate for glioblas-
toma (GBM, WHO grade IV) is only ~5%, and ~25% for 
grade III glioma.1 Although there have been advances in 
diagnosis and personalized medicine, malignant gliomas 
(i.e., WHO grade III-IV) are still characterized by high de-
gree of anaplasia, aggressiveness, and poor clinical 
outcomes.2,3 Therefore, effective biomarkers for early 
detection of asymptomatic gliomas among healthy in-
dividuals are urgently needed for improving clinical 
outcomes.4

High-tech imaging approaches such as MR spec-
troscopy (MRS) and Positron Emission Tomography-
Computed Tomography (PET-CT) have enabled the 
detection and diagnosis of a wide range of diseases in 
the brain and the spine. Radiomics or deep learning tech-
nique might predict some molecular information, such 
as IDH (encoding isocitrate dehydrogenase) mutations,5 
chromosome 1p/19q co-deletion,5,6 and MGMT (encoding 
O-6-methylguanine-DNA methyltransferase) promoter 
methylation5 that may stratify patients for treatments, 
but these modalities still have limited clinical utility.5,7 
Liquid biopsies, such as the blood, CSF (cerebrospinal 
fluid) have been exploited to determine IDH mutations 
and other circulating biomarkers such as microRNAs in 
gliomas.4,8–11 Despite the promising results, the clinical 
utility of these studies might be compromised by lim-
ited sample size, unsatisfactory reproducibility across 
different profiling platforms and lack of proper study 
design.8,12

Because the epigenome is inherently more stable com-
pared to mRNA, it is feasible to assess epigenetic pat-
terns in a variety of clinical specimens, from genomic 
DNA to circulating cell-free DNA (cfDNA). The latter may 
be released from gliomas through apoptosis and ne-
crosis into the peripheral blood or CSF, thus providing 
genetic and epigenetic information of the tumor.13–15 As 
a noninvasive approach, an epigenetics-based test in 
cfDNA would be a convenient and practical tool for the 
clinical workup of brain tumors, such as in a screening 
program targeting general population and outpatient 
diagnosis of asymptomatic patients among healthy 
individuals.

The 5-hydroxymethylcytosines (5hmC) are emerging 
epigenetic markers with distinct gene regulatory func-
tions and genomic distributions from the more abundant 
5-methylcytosines (5mC). In the cell, 5mC can be oxidized 
into 5hmC catalyzed by the TET (ten-eleven translocation) 
family of enzymes in an active demethylation process.16 
Unlike 5mC that represses not only protein-coding genes 
but also a vast amount of transposons in the human ge-
nome, 5hmC, a stable modification generated in an active 
demethylation process, could better reflect specific gene 
activation changes.17 A recent study on a 5hmC map of 
human tissues also showed that the distribution of 5hmC 
is particularly enriched in tissue-specific enhancers, dis-
tinct from 5mC.18 In addition, reduced global levels of 
5hmC were found in various cancers including gliomas, 
indicating its relevance in cancer pathobiology. Notably, 
epigenetic dysregulation of TET2 was shown to repress 

Importance of the Study

The clinical outcomes of malignant gliomas 
especially glioblastoma (GBM) remain dismal. 
For example, only ~5% of GBM patients survive 
5 years after diagnosis. However, early detec-
tion of gliomas and GBM has been challenging. 
Because of the blood–brain barrier, protein bio-
markers in serum that are diagnostic in other 
human cancers are not reliable for gliomas. 
The 5hmC (5-hydroxymethylcytosine), an 
emerging cytosine modification with gene reg-
ulatory roles and tissue specificity, has been 

recognized as a potential cancer biomarker. 
Importantly, recent technical advancement has 
allowed robust profiling of 5hmC in convenient 
liquid biopsies, such as the circulating cell-free 
DNA (cfDNA) from plasma. In this study, the 
5hmC in cfDNA was used to develop integrated 
diagnostic models for gliomas. The 5hmC-Seal 
technique in cfDNA offers a clinically feasible 
approach for effective diagnosis of gliomas 
and GBM, providing an attractive alternative 
for early detection of this deadly cancer.
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the mRNA expression of TET2, which further affected 
tumor growth in GBM.19 The levels of 5hmC in tumor tis-
sues were also found to be associated with survival in 
a study of 30 GBM patients.20 Specifically, the cluster 
of patients with lower 5hmC levels are associated with 
older age at diagnosis and shorter median survival.19 
Importantly, unlike conventional bisulfite conversion-
based approaches, which is unable to differentiate 5hmC 
from 5mC, recent technical advancement has enabled ro-
bust and direct profiling of 5hmC in clinical specimens 
including cfDNA from peripheral blood, demonstrating 
the promise of exploiting 5hmC in cfDNA as noninvasive 
biomarkers for cancer diagnosis.

In this study, we aimed to develop integrated diag-
nostic models based on the 5hmC profiles in cfDNA for 
distinguishing patients with gliomas from healthy in-
dividuals, as well as GBM from WHO II-III gliomas. The 
5hmC-Seal technique,21 a highly sensitive chemical la-
beling technique was employed to profile 5hmC in 
cfDNA.22 The genome-wide 5hmC profiles allowed us to 
explore the diagnostic biomarkers not only at gene level, 
but also the possibility to evaluate their synergy with a 
variety of genomic feature types, such as long noncoding 
RNAs (lncRNAs), histone marks, and repetitive elements. 
Moreover, we explored functional relevance of the 5hmC 
biomarkers for gliomas. Our innovative findings lay the 
foundation for further development of a robust liquid 
biopsy-based tool that can be utilized for early detection 
of gliomas.

Materials and Methods

Study Participants

A total of 111 adult patients (≥18 years) with newly diag-
nosed primary gliomas (WHO II, n = 32; WHO III, n = 15; 
WHO IV, n = 64) were prospectively enrolled at Huashan 
Hospital of Fudan University in Shanghai, China between 
February 2017 and February 2018 (Table 1). Patient di-
agnosis and tumor grading were confirmed by a study 
neuropathologist, following the WHO classification and 
grading system for CNS tumors.3,23 Lower grade glioma 
was defined as WHO grade II-III tumors.13,24 Peripheral 
blood was collected before any radical treatment (i.e., 
surgical resection, chemotherapy, or radiation therapy) 
or steroid treatment. We obtained baseline clinical, path-
ological, and treatment data from medical records, as 
well as IDH1, TERT, TP53, and ATRX mutation status 
and 1p/19q co-deletion, which were determined using 
immunohistochemistry or the next-generation sequencing 
(NGS) (Table 1, Supplementary Methods). In addition, 111 
age-, gender-matched healthy participants were recruited 
from individuals who underwent regular physical exam-
inations at Zhongshan Hospital of Fudan University in 
Shanghai, China (GSE112679).25 An additional set of 27 
patients with gliomas were recruited at Huashan Hospital 
in 2019 for independent validation. This study was re-
viewed and approved by the Ethics Committee at Huashan 
Hospital. Written informed consent was obtained from 
each participant.

Sample Preparation, 5hmC-Seal Profiling, and 
Data Processing

For each study participant, approximately 5 mL of frozen 
plasma was collected from peripheral blood, followed 
by cfDNA extraction and the 5hmC-Seal profiling. Details 
about the 5hmC-Seal library construction, the NGS, and the 
data processing pipelines are described in Supplementary 
Methods.21,22 The raw and processed 5hmC-Seal data have 
been deposited into the NIH Gene Expression Omnibus 
(GEO): GSE132118.

Developing Diagnostic Models for Gliomas

The 111 WHO II-IV glioma patients and the 111 age-, gender-
matched healthy individuals were randomly grouped into a 
training set (WHO II-III, n = 33; GBM, n = 40; healthy individ-
uals, n = 75) and an internal validation set (WHO II-III, n = 14; 
GBM, n = 24; healthy individuals, n = 36) with a balanced 
distribution of age, gender, and IDH1 mutation status and 
other pathological features (Figure 1, Table 1). The brain-
derived H3K4me1 and H3K27ac loci (hg19) were obtained 
from the Roadmap Epigenomics Project.26 For each ge-
nomic feature type, a separate 5hmC-based diagnostic 
model for gliomas was developed using a 2-step proce-
dure as described in Supplementary Methods. Integrative 
models were further evaluated by incorporating different 
combinations of genomic feature types (Supplementary 
Methods).

Functional Exploration and Co-localization with 
Gene Regulatory Elements

We explored the underlying biological connections of 
the detected 5hmC biomarkers that were differentially 
modified between healthy individuals and patients with 
gliomas, based on Gene Ontology (GO) and the Kyoto 
Encyclopedia of Genes and Genomes (KEGG)27,28 as de-
scribed in Supplementary Methods.

Results

Demographics and Clinical Characteristics of the 
Study Participants

As given in Table 1, the median age of the 111 patients 
with newly diagnosed gliomas (WHO II-IV) was 49.0 years 
(range, 20–72 years) and 66.7% (n = 74) were males, com-
parable to the healthy individuals. Among the 64 GBM pa-
tients, 90% patients (n  = 58) were IDH1 wild type, 26.6% 
patients (n = 17) were TERT wild type, and among the 40 
patients with available 1p/19q co-deletion information, all 
patients had no chromosome 1p/19q co-deletion. Among 
the 47 WHO II-III patients, 46.8% (n = 22) were astrocytic 
gliomas, and 40.4% (n  =  19) were oligodendrogliomas. 
Of note, there were no significant differences in terms 
of gender, age, and IDH1, TERT, TP53, and ATRX muta-
tion status between the training set and the validation 
set. Regarding location, 25.0% (n = 16) had tumors in the 

https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab049#supplementary-data
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https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab049#supplementary-data
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temporal lobes, 37.5% (n  =  24) in the frontal lobes, and 
29.7% (n  =  19) in the right hemispheres. The majority of 
the patients (91.0%) ultimately received standardized 
treatments after blood collection, including surgery and 
adjuvant radiochemotherapy. In addition, the additional 
27 independent glioma patients (WHO II-III, n = 10; GBM, 
n = 17) had a median age of 48.0 years and 70.4% were 
males.

Concentration of cfDNA and Genomic 
Distributions of 5hmC in cfDNA

Compared with the age- and gender-matched healthy 
individuals, those patients with gliomas showed higher 
levels of extracted cfDNA (Wilcoxon text P < .0001; 
Supplementary Figure 1A). Principal components anal-
ysis indicated no systemic bias and batch effect in the 
overall 5hmC-Seal profiling data (Supplementary Figure 
1B). Similar to our previous findings in gastrointestinal 
cancers,22,25 the detected 5hmC modifications in cfDNA 
were more abundant in gene bodies and exonic regions 
relative to the flanking genic regions and depleted at 
the promoter regions (Figure 2A). Notably, the distri-
bution of 5hmC profiles in cfDNA from patients with 
gliomas reflected their putative roles in gene activa-
tion, significantly co-localized with enhancers markers: 
H3K4me1 and H3K27ac derived from brain tissues in the 
Roadmap Epigenomics Project (Figure 2A).26 Differential 
analyses identified 653 gene bodies, 146 Alu elements, 
255 LINE-1 elements, 918 lncRNAs, 1585 H3K4me1 loci 
and 907 H3K27ac loci between glioma patients and 
healthy individuals at a false discovery rate (FDR) < 0.05 
and fold change > 20% (Supplementary Figure 1C–G, 
Supplementary Table S1). The majority of these differen-
tial 5hmC features (91–99%) showed higher modification 
levels in glioma patients compared to healthy individ-
uals (Figure 2B). Hierarchical clustering suggested dis-
tinct discriminating capacities in detecting gliomas 
across different genomic feature types (Figure 2C). For 
example, differential 5hmC in lncRNAs alone could sep-
arate 77.5% healthy individuals and 74.8% into 2 major 
clusters (Figure 2C), similar to Alu elements, appar-
ently outperforming other features. We then compared 
the differentially hydroxymethylated (5hmC) genes 
(FDR < 0.05) in cfDNA with those differentially methyl-
ated (5mC) genes between glioma tumors and normal 
tissue controls from The Cancer Genome Atlas (TCGA), 
which used the Illumina Infinium 27K microarray.29 Of 
the 1270 genes that were differentially methylated from 
TCGA (FDR < 0.05 and Δβ > 0.2),29 440 genes showed 
differential hydroxymethylation in our cfDNA samples 
(Supplementary Figure 1H).

Tissue Specificity of 5hmC Biomarkers in cfDNA

We evaluated whether the 5hmC modifications in cfDNA 
between glioma patients and healthy individuals were 
more likely to be brain relevant. When comparing the 
5hmC modifications between brain- and other tissue-
derived histone modification marks, the proportion of 
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differentially hydroxymethylated H3K27ac and H3K4me1 
marks between glioma patients and healthy individ-
uals were found to be enriched with brain-derived mod-
ification loci (pair-wise 1-tailed 2-proportions z-test P < 
.01; Figure 2D). Of note, the enrichment of H3K27ac, a 

histone mark associated with active enhancers, is more 
prominent in the brain as compared to that of poised en-
hancer marker H3K4me1. We therefore primarily focus 
on H3K27ac loci for our future analysis. Furthermore, 
we took advantage of a dataset comprised of RNA-seq 

  

Circulating cfDNA from plasma
GBM (WHO IV) : n = 64; 
WHO II-III (WHO II : n = 32; WHO III : n = 15);
Healthy : n = 111 

5hmC pull-down, library construction, and NGS

Diagnostic model for each genomic feature type

Biotin-5hmC

C 5mC 5hmC C 5mC 5hmC

Internal Validation
GBM (WHO IV) : n = 24
WHO II-III (WHO II : n = 12
          WHO III : n = 3)
Healthy : n = 36

2/3 1/3

Independent Validation
GBM (WHO IV) : n = 17
WHO II-III (WHO II : n = 9 
          WHO III : n = 1)

Gene body lncRNA Alu L1 Histone Markers

Train GLM models

Training 
GBM (WHO IV) : n = 40 
WHO II-III (WHO II : n = 21
          WHO III : n = 12)
Healthy : n = 75

Stratified 5-fold cross validation 

TestingTraining

Feature Selection 
    Elastic Net 

100 Iterations

Bloodstream

Tumor cells

cfDNA

Age, Gender and IDH1 balanced between 
training and internal validation

Predict and compute AUC
for combinations of weighted 
diagnositc scores derived from
each genomic feature type

Predict and compute AUC
and weighted diagnostic score
for each genomic feature type

Figure 1. Study design. Study subjects with WHO II-IV gliomas and age- and gender-matched healthy individuals are randomly divided into the 
training set (2/3) and the internal validation set (1/3) with a balanced distribution of age, gender, and IDH1 mutation status, followed by modeling. 
The models are evaluated in an independent validation set. NGS, next-generation sequencing; GBM, WHO IV glioma; lncRNA, long noncoding RNA; 
GLM, generalized linear model.
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Figure 2. Genomic distributions of 5hmC in cfDNA. The 5hmC-Seal data from the 111 glioma patients (WHO II-IV) and 111 healthy individuals 
are used to characterize genomic distributions. (A) The 5hmC profiles are distinctly distributed across various genomic feature types. The read 
counts are normalized to per million counts. (B) Genomic distributions of differentially hydroxymethylated features (FDR < 0.05 and fold change 
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in the brain. TSS: transcription start site; TES: transcription end site; D: splice donor site; A: splice acceptor site; FDR: false discovery rate.
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and 5hmC-Seal data profiled in normal adult tissues, 
including brain, colon, liver, lung, pancreas, prostate, 
skin, and stomach,18 to evaluate tissue relevance of the 
glioma-associated gene bodies in cfDNA. Interestingly, 
these glioma-associated gene bodies were more likely 
to be ranked as brain-derived in terms of probability for 
both 5hmC profiles and mRNA expression across var-
ious tissues, further supporting their tumor relevance 
(Figure 2E).

Integrative Diagnostic Models for Gliomas

In the training set, following feature selection using 
the elastic net, we identified a total of 4 gene bodies, 
8 lncRNAs, 3 Alu elements, 9 LINE-1 elements, and 
18 H3K27ac histone marks (Figure 3A, Table 2) to dis-
tinguish gliomas from healthy individuals as well as 
GBM from WHO II-III gliomas (Figure 1). Initially, the 
diagnostic models based on individual genomic fea-
ture types were evaluated separately. The wd-scores 
computed based on the 8 lncRNAs showed the highest 
overall capacity over other genomic feature types for 
distinguishing healthy individuals from patients with 
gliomas (training: area under the curve [AUC] = 0.87, 95% 
confidence interval [CI], 0.81–0.93; testing: AUC  =  0.83, 
95% CI, 0.73–0.92), GBM (training AUC  =  0.90, 95% CI, 
0.84–0.96; testing: AUC = 0.84, 95% CI, 0.73–0.94), WHO 
II-III (training: AUC  =  0.83, 95% CI, 0.75–0.91; testing: 
AUC = 0.83, 95% CI, 0.71–0.94), as well as from IDH1 wild-
type gliomas (training: AUC  =  0.87, 95% CI, 0.80–0.93; 
testing: AUC = 0.83, 95% CI, 0.72–0.94), and IDH1 mutant 
gliomas (training: AUC = 0.89, 95% CI, 0.83–0.95; testing: 
AUC  =  0.84, 95% CI, 0.73–0.95). In more challenging 
scenarios, the lncRNA-based model achieved the AUC of 
0.66 (95% CI, 0.48–0.83) in distinguishing GBM from WHO 
II-III gliomas and the AUC of 0.74 (95% CI, 0.57–0.91) in 
distinguishing IDH1 wild-type and IDH1 mutant patients 
in the testing set of samples (Supplementary Table S2).

Before building an integrative model, we evaluated the 
concordance of models based on different genomic fea-
ture types with the Lin’s concordance correlation coeffi-
cient (CCC) (Supplementary Figure 2A–J).30 The highest 
concordance was between the gene body-based and 
lncRNA-based models (CCC: 0.68, 95% CI, 0.61–0.74) 
(Supplementary Figure 2E) and the lowest concordance 
was between the lncRNA-based and Alu-based models 
(CCC: 0.32, 95% CI, 0.21–0.42; Supplementary Figure 2H), 
thus suggesting the relative independence of these models 
and the feasibility of integrating these features to improve 
performance. Specifically, an integrated model of 3 Alu 
elements and 8 lncRNAs achieved the highest predictive 
accuracy for distinguishing gliomas from healthy individ-
uals in the validation set (AUC = 0.84, 95% CI, 0.74–0.93), 
regardless of their pathological features. For example, 
85.7%, 85.7%, 80.0%, and 82.1% glioma patients with IDH1, 
TERT, TP53, and ATRX mutations were accurately identi-
fied using this integrated model in the validation set. In 
contrast, an integrated model of 4 gene bodies, 3 Alu elem-
ents, and 8 lncRNAs showed the highest distinguishing ca-
pacity for GBM from healthy individuals in the validation 

set (AUC = 0.84, 95% CI, 0.74–0.94). In comparison, an in-
tegrated model of 9 LINE-1 elements, 18 H3K27ac loci, and 
8 lncRNAs outperformed individual genomic feature types 
regarding distinguishing WHO II-III gliomas from healthy 
individuals (Figure 3B–G, Supplementary Table S2).

Interestingly, the integrated model of 3 Alu elements 
and 4 gene bodies showed improved capacity for distin-
guishing GBM from WHO II-III gliomas with an AUC of 0.76 
(95% CI, 0.60–0.93) in the validation set, compared with 
any other combinations or individual genomic feature type 
alone (Figure 3H, Supplementary Table S2). Furthermore, 
a multivariable analysis suggested that when combined 
with IDH1 mutation, the integrated model of 3 Alu elem-
ents and gene bodies demonstrated improved discrimi-
natory capability for GBM and WHO II-III (AUC = 0.88; 95% 
CI, 0.77–1.00), outperforming IDH1 mutation status or the 
5hmC model alone in the validation set (Figure 3I).

We then evaluated the predictive performance of the 
5hmC models in the 27 independent glioma samples. 
Using the integrated model for gliomas (ie, 3 Alu elem-
ents and 8 lncRNAs) (Figure 3B and Supplementary Table 
S2), we detected 20 glioma patients with a slightly higher 
accuracy for WHO II-III (80%) compared to 70% for GBM 
(Figure 3J).

Diagnostic Scores and Clinical Characteristics

We next examined the wd-scores based on each genomic 
feature type by the WHO grading system and IDH1 muta-
tion status (Figure 3K). In general, the wd-scores based 
on different genomic feature types (eg, gene bodies, 
lncRNAs) showed a similar trend of increasing scores as 
the WHO grades advanced. As shown in Figure 3K, the 
gene body-based wd-scores increased in a linear trend 
as the WHO grades advanced in all glioma patients with 
available grade information (n  =  111), dramatically dif-
ferent from healthy controls (p-trend P-value < .001). 
Specifically, GBM patients showed a distinct wd-score dis-
tribution from that of healthy individuals (Wilcoxon rank 
sum test P-value < .01; Figure 3K). Glioma patients regard-
less of IDH1 mutation status also exhibited significantly 
higher wd-scores than healthy individuals. Furthermore, 
glioma patients with TP53 mutations had significantly 
higher (Wilcoxon rank sum test P-value = .011) gene body-
based wd-scores than patients without TP53 mutations 
(Supplementary Figure 2K). In comparison, there were no 
significant score differences observed between WHO II-III 
and GBM, or IDH1 wild-type and IDH1 mutant, or astro-
cytic and oligodendroglial gliomas or across different lo-
cations of the tumors (eg, left vs right hemispheres, frontal 
vs temporal lobes). However, distinct 5hmC modification 
patterns were observed between oligodendroglial and 
astrocytic gliomas from differential analysis, therefore 
suggesting the potential association between 5hmC and 
morphological features (Supplementary Figure 2M). In ad-
dition, applying the gene body-based diagnostic model in 
a set of 1036 patients with hepatocellular carcinoma (HCC) 
from our previous publication showed distinguishing 
capability of the wd-scores for glioma and HCC (Student’s 
t-test P-value < .05; Supplementary Figure 2L).25

https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab049#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab049#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab049#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab049#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab049#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab049#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab049#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab049#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab049#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab049#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab049#supplementary-data


9Cai et al. 5hmC markers for gliomas
N

eu
ro-O

n
colog

y 
A

d
van

ces

  
H

3K
27

ac
 n

 =
 1

8
Training

G
en

e 
bo

dy
 n

 =
 4

Validation

ln
cR

N
A

 n
 =

 8
A

lu
 n

 =
 3

L1
 n

 =
 9

Diagnosis HEA WHO II−IV

Predicted HEA WHO II−IV

A

J

0.00

0.25

0.50

0.75

1.00

0.000.250.500.751.00
Specificity

S
en

si
tiv

ity

T:0.88(0.83−0.94)

V:0.84(0.74−0.93)

Alu−lncRNA
Glioma/HEA

0.00

0.25

0.50

0.75

1.00

0.000.250.500.751.00
Specificity

S
en

si
tiv

ity

T:0.92(0.87−0.98)

V:0.84(0.74−0.94)

Alu−Gene body−lncRNA
GBM/HEA

0.00

0.25

0.50

0.75

1.00

0.000.250.500.751.00
Specificity

S
en

si
tiv

ity

T:0.85(0.77−0.92)

V:0.86(0.76−0.96)

L1−H3K27ac−lncRNA
WHO II-III/HEA

0.00

0.25

0.50

0.75

1.00

0.000.250.500.751.00
Specificity

S
en

si
tiv

ity

T:0.87(0.80−0.94)

V:0.83(0.72−0.94)

Alu−Gene body−lncRNA
IDH1−wt/HEA

0.00

0.25

0.50

0.75

1.00

0.000.250.500.751.00
Specificity

S
en

si
tiv

ity

T:0.90(0.84−0.96)

V:0.88(0.78−0.97)

H3K27ac−Gene body−lncRNA
IDH1−mut/HEA

0.00

0.25

0.50

0.75

1.00

0.000.250.500.751.00
Specificity

S
en

si
tiv

ity

T:0.73(0.61−0.84)

V:0.75(0.59−0.92)

Alu−L1−lncRNA
IDH1−mut/IDH1−wt

0.00

0.25

0.50

0.75

1.00

0.000.250.500.751.00

Specificity

S
en

si
tiv

ity

T:0.79(0.69−0.90)

V:0.76(0.60−0.93)

Alu−Gene body
GBM/WHO II-III

0.00

0.25

0.50

0.75

1.00

0.000.250.500.751.00

Specificity

S
en

si
tiv

ity

IDH1:0.81(0.74−0.89)

T:0.93(0.88−0.99)

V:0.88(0.77−1.00)

Alu−Gene body−IDH
GBM/WHO II-III

B C

D E

F G

H I

0.00

0.25

0.50

0.75

1.00

GBM Glioma

P
re

di
ct

io
n 

A
cc

ur
ac

y

External Validation

K

WHO II-III

–2 –1 0 1 2

HEA GBM IDH1−wt IDH1−mut HEA GBM IDH1−wt IDH1−mut
0.0

0.5

1.0

1.5

Training Gene body Validation

W
ei

gh
te

d 
D

ia
gn

os
tic

 S
co

re

WHO II-IIIWHO II-III WHO II-IIIWHO II-III
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Functional Exploration

Because 5hmC modifications were observed at gene 
regulatory elements (eg, lncRNAs and histone modi-
fication marks; Figure 2A), we further investigated the 
co-localization patterns between these regulatory fea-
tures and their host genes. Specifically, genomic features 
including 146 Alu elements, 255 LINE-1 elements, 918 
lncRNAs, and 907 H3K27ac loci with differential 5hmC 
between gliomas and healthy individuals were scanned 
for genes within ±2Kb of these regulatory features 
(Supplementary Table S1). The Venn diagram showed that 
the host genes of these regulatory features were generally 
unique and distinct from each other (Figure 4A).

GO enrichment analysis of these host genes together 
with the 653 differential gene bodies (FDR < 0.05 and fold 
change > 20%) identified 6, 0, 6, 21, and 6 GO biological 
processes (gene count ≥ 5 and empirical P < .01) for gene 
bodies, lncRNA-, Alu-, LINE-1-, and H3K27ac- derived 
host genes, respectively. In comparison, one GO biolog-
ical process “localization” was shared between Alu- and 
H3K27ac-derived host genes (Figure 4B, Supplementary 
Table S3). Several GO biological processes are involved in 
glioma development such as the “Wnt signaling pathway” 
and “neuron development and axonogenesis ” (Figure 4B, 
Supplementary Table S3).31 Interestingly, among the 653 
differential gene bodies for gliomas were enriched with 
KEGG pathways such as “retrograde endocannabinoid 
signaling” and “ECM-receptor interaction,” all of which 
have been implicated in glioma malignancy or pathogen-
esis (Figure 4C).32,33 Additional KEGG enrichment analyses 
of Alu-, LINE-1-, and lncRNA-derived host genes also high-
lighted several glioma- or cancer- relevant pathways such 
as “neurotrophin signaling pathway,” 34 “Rap1 signaling 
pathway,” 35 “cAMP signaling pathway,” 36 “Ras signaling 
pathway,” 37 and “Proteoglycans in cancer” (Figure 4D–F, 
Supplementary Table S3).

Discussion

In this study, we developed a cfDNA-based, noninvasive 
epigenetic approach that would provide an alternative 
solution to the early detection of gliomas in a screening 
context. Specifically, through a systematic and integra-
tive analysis of the genome-wide 5hmC profiles provided 
by the 5hmC-Seal approach in cfDNA, we identified inte-
grated 5hmC diagnostic models and wd-scores derived 
from a variety of genomic feature types. The 5hmC models 
demonstrated robust performance for distinguishing 
gliomas (or GBM, WHO II-III) from healthy controls. For ex-
ample, the CSF-derived ctDNA analysis published by Miller 
et  al. identified 42/85 (sensitivity: 49.4%) glioma patients 

with tumor-derived genetic alteration and 7/7 (specificity: 
100%) controls with nonmalignant neurological conditions 
without the alteration. The integrated model comprised 
of gene bodies and lncRNAs in our study can achieve a 
specificity of 94.7% when sensitivity is fixed at 50.0% in 
the validation set. When adopting the optimal threshold 
determined by Youden index, the abovementioned model 
can achieve a sensitivity of 78.9% and specificity of 80.6% 
in the validation set. However, this comparison needs to 
be interpreted with caution because of the limited number 
of controls and lack of validation in the CSF analysis. The 
5hmC models also showed excellent capacity for dis-
tinguishing GBM from WHO II-III gliomas. Although IDH 
mutation frequencies differ significantly among glioma 
grades, providing diagnostic values for differentiating 
WHO II-III gliomas from GBM, it is not always readily avail-
able because of the inconvenience of tumor biopsy,38 or in 
a general screening program. The 5hmC biomarkers were 
relatively independent from IDH1 mutation status, thus 
offering the possibility of improving differentiating GBM 
from WHO II-III by combining with IDH1 mutation.

Although our primary goal was to develop a cfDNA-
based diagnostic model, we also explored some basic bi-
ology questions regarding tissue origins of cfDNA and 
comparison of epigenetic and genetic patterns of both 
tissue and blood samples in glioma patients. Our data 
suggested that the glioma-associated 5hmC biomarkers 
showed a genomic distribution that revealed their tumor 
origin and potential gene regulation relevance. In addi-
tion, 34.6% genes that were differentially methylated in 
TCGA glioma tissue samples were observed to differ in 
5hmC levels in our cfDNA data, suggesting the correla-
tion between 5hmC and 5mC. Distinctive sets of genes 
with differential methylation and hydroxymethylation were 
also observed. However, these observations should be in-
terpreted with caution because of the different profiling 
platforms and the fact that the methylation array cannot 
distinguish 5hmC from 5mC, as well as differences due to 
sample types (tissue vs blood) and populations.

Furthermore, we evaluated the relevance of the de-
tected 5hmC markers and their host genes with glioma 
pathobiology. A  closer look at the genomic features 
utilized to develop diagnostic models also shed some 
light into to the crosstalk between hydroxymethylation 
and pathobiology in gliomas. For example, Rap1 
signaling, a canonical pathway enriched among 
glioma-associated genomic features, including 
RAP1A/B, which are key components of neurotrophin 
signaling as well, plays critical roles in mediating cell 
proliferation in GBM.39 Among the 4 genes comprising 
the gene body-based diagnostic model for gliomas are 
RGS4 and NR2F2. RGS4 (the regulator of G-protein 
signaling 4), is a key driver of glioma invasiveness.40 
NR2F2 (also known as Chicken ovalbumin upstream 

wd-scores and IDH1 mutation status. (J) Performance of the final diagnostic model for gliomas (Panel B) in an independent set of 27 patients. 
(K) The boxplots show the distributions of wd-score derived from 4 gene bodies in all samples: HEA (n = 111), WHO II-III (n = 47), GBM (n = 64), 
patients with wild-type IDH1 (n = 71), and patients with mutant IDH1 (n = 40). AUC, area under the curve. HEA: healthy controls; T: training set; V: 
internal validation set; IDH1-wt: IDH1 wild-type; IDH1-mut: IDH1 mutant.
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promoter transcription factor II), a member of the nu-
clear receptor superfamily, is known to play a role in 
promoting angiogenesis in the tumor environment, 
and it has also been found to be a prognostic marker 
in WHO II-III patients with IDH mutation and 1p/19q 
co-deletion.41 P-Rex1, a core element of the chemokine 
signaling pathway, is known to regulate dependent re-
sponses in neutrophiles. It is also a protein primarily 
expressed in the immune system and the brain,42 sug-
gesting the contribution of immune system to glioma 
pathobiology as well.

Technically, the 5hmC-Seal approach in cfDNA has 
showed value for cancer biomarker discovery in var-
ious human cancers, such as colorectal cancer and liver 
cancer.22,25 Our findings in gliomas further established the 
potential of this novel approach to be developed into a 
multi-cancer detection and screening tool in the future, for 
example using only a few milliliters of plasmas. However, 
there are several limitations that could be addressed in fu-
ture studies. Firstly, although tissue or tumor relevance 
of blood-derived 5hmC biomarkers can be partially sup-
ported in the current study, comparison between 5hmC 
profiles in cfDNA and paired tissue samples from glioma 
patients would provide direct support for the connection. 
Secondly, although major clinical variables (eg, gender, 
age) were well-balanced between the training and valida-
tion sets, future independent validation studies with larger 
sample size in different grades of gliomas and healthy in-
dividuals with various epidemiological characteristics (eg, 
lifestyle) and more comprehensive pathological informa-
tion will help address problems such as the potential se-
lection bias or suboptimal classification for our samples. 
Thirdly, this study was conducted in a Chinese patient 
population. It would be necessary to evaluate the gener-
alizability of the results in other geographical populations. 
What is more, in the current study, we used a case–con-
trol design. Future development phases, including retro-
spective longitudinal studies, and prospective screening 
studies, will help validate and establish the ultimate clin-
ical utilities of this approach.43 Finally, future development 
needs to consider the distinguishing capacity of the 5hmC 
models between gliomas and other non-glioma condi-
tions. Nonetheless, our findings from the current study 
warrant further investigations using this novel approach in 
brain cancer.

In conclusion, we have developed noninvasive and 
multi-feature diagnostic models for gliomas through an in-
tegrative analysis of genome-wide 5hmC profiled using the 
highly sensitive 5hmC-Seal technique in cfDNA samples. 
The 5hmC-based diagnostic approach using cfDNA can be 
a highly sensitive and specific tool for early detection of 
gliomas in population screening, especially for those pa-
tients with aggressive tumors. Therefore, as a general tool 
that can be applied in limited amount of specimens (eg, 
< 5 mL of plasma) that will be ideal for regular screening 
or disease monitoring, the 5hmC-Seal in cfDNA offers a 
clinically feasible solution to address the issue of lacking 
effective biomarkers for gliomas. Given its flexibility, tech-
nical robustness, and noninvasiveness, the 5hmC-Seal 
approach has the potential to be an integrated part of pre-
cision medicine tools to improve clinical outcomes of this 
deadly disease.
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