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Single-cell transcriptome analysis of multigrade glioma
heterogeneity and immune microenvironment revealed
potential prognostic biomarkers

LIU Jie*, XU Kailong”, MA Lixin, WANG Yang

State Key Laboratory of Biocatalysis and Enzyme Engineering, School of Life Sciences, Hubei University, Wuhan
430062, Hubei, China

Abstract: Glioma, the most common intrinsic tumor of the central nervous system, is characterized by
its high incidence and poor prognosis. The aim of this study was to identify differentially expressed genes
(DEGs) between glioblastoma multiforme (GBM) and low-grade glioma (LGG) to explore prognostic
factors of different grades of gliomas. Single-cell transcriptome sequencing data of gliomas were
collected from the NCBI Gene Expression Omnibus (GEO), which included a total of 29 097 cell samples
from three datasets. For the analysis of human gliomas of different grades, 21 071 cells were obtained by
filtering, and 70 genes were screened from differentially expressed genes by gene ontology (GO)
analysis, Kyoto encyclopedia of genes and genomes (KEGG) pathway analysis, from which the gene
DLL3 was focused by reviewing the literature. The TCGA-based gene expression profiling interactive
analysis (GEPIA) database was used to explore the survival curves of genes in LGG and GBM, and the
gene expression profiling interactive analysis and tumor immune estimation resource (TIMER) database
was used to study the expression of key genes in gliomas of different grades, predicting biomarkers that
were closely related to immunotherapy. The cBioPortal database was used to explore the relationship
between DLL3 expression and 25 immune checkpoints. Gene set enrichment analysis (GSEA) further
identified pathways associated with central genes. Finally, the efficacy of biomarkers in prognosis and
prediction was validated in the Chinese glioma genome atlas (CGGA). These results demonstrated that
prognostic genes are associated with tumor proliferation and progression. Analysis of biological
information and survival suggested that these genes might serve as a promising prognostic biomarker and
as new targets for selecting therapeutic strategies.

B: 010-64807509 X: cjb@im.ac.cn



3792 ISSN 1000-3061 CN 11-1998/Q =4 T #2*43 Chin J Biotech

Keywords: human glioma;
microenvironment

2 5 e 2 A ki R T R L A i P e
W, BRI . AN E Y AR L
BN HAE T IR A NG PR R . 2007 4F,
B T4 2 40 (World Health Organization,
WHO) Xf i i i 28 R GE Rl 4T 1 0 28, ¥
HA5r 2 WHO T #IVix 4425010, H, 5%
PR v, AR A A e T — i TR R 220
JEE BBk A0 MR, RIS BBk 20 R (glioblastoma
multiforme, GBM), B {# Uik 3t id & 3697,
BENPMNAEFAHETRARY 15 4MH, XF
T i G Y RS R L bR T RIR T O X T
RS A GE VI BR MR, RS T A B e i
(temozolomide, TMZ) B &by Ay &P, 1
AR 28 ) 52 T 9 D e 528 A [ ey £ 530 T o 9 ok
AR

AR, BEE S M PR R B AR,
22 1) i 5 T TR S TR B A i e R B, B L
A BVERIRRBTFE R . HZH ] DNA Fl RNA
ST B ECH IR LA i A AR T 4 g
T G b A5 B g 40 e [ ) S R kA R, R
ST GRS TR A - TR . BRI Z AN, ERAH L
D] 2 38 BiF 5% 340 16T 41 i 8 240 7 440 Y 21 28 A AR ik 75
BN 3000 A S, TFAREE TR AL 40 A 2K S ) 2
FEU AT BT 5 FRATTR 15 B RN AR G A B
AR, IEA & T R R ik

AR S X B L B i 2 RS R AT 40
G AN 7] 23 G5 19 i JC 5 96 44 1] 1) = S
JOHAHSCIHEIR A BB Oy ki J¢ 090 RS T VR T 4
BB SR %

| ARG
1.1 #RE

15 A s 72 A0 45 NCBI (https:/www.ncbi.

http://journals.im.ac.cn/cjben

single cell transcriptome;

functional annotation; DLL3; immune

KEGG #¥i& (https://www.kegg.
ipH®'. GEPIA $#i%E (http://gepia.cancer-pku.cn/
index.html)!'"” | TIMER %{#& /% (https://cistrome.
shinyapps.io/timer/)''!, PrognoScan /% (http://
dna00.bio.kyutech.ac.jp/PrognoScan/index.html)!"* |
cBioPortal % &
org/)'"¥ | LinkedOmics % ¥ JE  (http://www.
1inked0mics.0rg/)[14]\ CGGA %I #F (http://
www.cgga.org.cn/)[ls]o

1.2 7%

1.2.1 B RARIIREL

GSE103224" | GSE138794"") GSE70630""*
HAEEN GEO $u¥E )% (https://www.ncbi.nlm.
nih.gov/geo/) T #IK1T .

GSE103224 %l 8 A 45 )5k 1 i o B 4 i
(V) ZRMEIR R E (V) DLk
ZIC LU B A (I114%). GSE138794 %
PG TRiE v EIE AR (L) . &
BRI AME (1190 A A58 6 o 40 f I
(I14%). GSE70630 £t (1 5 1 22 I i
(190 BB EN A PIFEARANAE B R
HFE Lo FraEdEReA, 329 097 S4il .
1.2.2 S

fdi Ff Seurat 4.1.3 fRAS(FE )", SeHU A
T S AR IR EEAE B . BOE i IES 4, IR
2 2R AL TR L 51> 50% A 200 i DA HE Bk S IR
S, JFugEWAEREHE<1 000 >
4 000 AR, LAHERR DN FP BT i AN A K AR A
20 1 0 S

G I N =i N T 1 B OO i
(markers) JE P, JFoF 5 W4 40 2z a2 b
0.25 5225 CHEUNE) 285 m KRB LA,
LA P<0.05 Ny 235 22 S bR i

nlm.nih.gov/)"*!|

(https://www.cbioportal.



U %/EFRARERANS BB RS RN RSO HR AR T R ENRE £ MRSy

Fz1 BEEER

Table 1 Sample information

GEO No. Sample Diagnosis Gender Age

GSE103224 GSM2758472 Glioblastoma, WHO grade [V Male 62
GSM2758473 Glioblastoma, WHO grade 1V Male 65
GSM2758474 Glioblastoma, WHO grade IV Male 74
GSM2758475 Anaplastic Astrocytoma, WHO grade II1 Female 56
GSM2758476 Glioblastoma, recurrent Female 63
GSM2758477 Glioblastoma, recurrent Male 50

GSE138794 GSM4119535 Diffuse astrocytoma G2 Male 34
GSM4119536 Primary astrocytoma G2 Male 44
GSM4119539 Recurrent oligodendroglioma Male 67

GSE70630 GSM1812084 Oligodendroglioma NA NA

x2 HENSHRHY

Table 2 Computer analysis software

Software Version
R 4.1.1
Seurat 4.13
ggplot2 3.3.2
dplyr 1.0.2
tidyverse 1.3.0
devtools 2.4.3
patchwork 1.1.1
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Figure 1 Cell quality map. (A) Violin plot of cell mass after data filtering. (B) Effect of removing batch
effects.

http://journals.im.ac.cn/cjben



U SET SRR ANS R R RRS RN R BRI E SR T B ENRE SRSy

2.2 BYHAEAEREIEHRL

fdi 1] Seurat H1 A ERIN S BON it 47 T &
Rz (K 2A), ¥ Seurat, CellMarker, SingleR
5B P R D S SR rh A B A 2 AR e — i
TMERAFER (B 2B), S5 T XX Leqi
AR MR RS R, B 2C AT, 3
PO T 7R, e 1) DR
T fAH AR (oligodendrocyte progenitors );
2) /DRAM (oligodendrocyte); 3) 2 IE I
Y0 Mg (astrocyte); 4) N EZ 4 B (endothelial
cell); 5) /NP AHME (microglia); 6) [H]
M40 4 (mesenchymal) ; 7) =K 44k i 41 fifg

(undifferentiated).

A Seurat_clusters

eecceese
N WN—O

Cell-types

Identity

ML A= EEE (B 2D) ATLLF i, AR
SR, AR 02RO ), e T
RGN 1 i B (IR iR P RE A . 2k
P /D 5 ¢ Jo 240 g A0/ 58 e B Al g ) b, b
2 J ot 4 MO AEL 200 B o LA, T A v R A
JCR PR O DN, X A A AT 4 SR PO
FEGr, Tl 4 20 i 2 B 1) 722 Ak 7 1 g e Ak ik
rhEE EEAEN.

Ry Y R 20 B X A0 ) TR R A
BEaX 7 A AT ) marker B RPEAT AT AL, LA
MEMIE TR, 2R E 2B, A
(K 2F) wha] DL B4 ML R marker JE R R 52
RORAEH ..

90:000- +00. QB0 00 9 -+
Pro@ o 00 - 0 0c 0 GOOQIPIOe O - o Percent expressed
Y
Y X - o
® 75
@0 0009 ugnecges - “®* " Average expression
2
Doede- - o . . . T 1
0
° o ° ° ) s

Features

-10

UMAP_1

B: 010-64807509

P<: cjb@im.ac.cn



ISSN 1000-3061 CN 11-1998/Q ¥ T.#224 Chin J Biotech

1.00

AAl
31.9% CHI3L2
pet.exp
0.75

b=
=
>
W
-+ Qo090

-0
.25
Cell type ITM2A - - - - - o e50
CLDN5 £ = 2 X 5 x ®75

B Oligodendrocyte progenitors CD24 + - - CHEC

I Astrocyte SOX11 = -
= Undifferentiated SHD ¢
Microglia VEGFA
1 Endothelial cell CDC42EP2
I Oligodendrocyte LINCO1549
I Mesenchymal CNDPI
MOG

APOE @ ©
L ]

=

Q

=

o]
000

. . | Average expression
e - 2
1
0

0000 -
.

025}

23.0% CD99

19.9% CHCHD2P2 + «
CHCHD2P3 + =

CHCHD2P5 - =
NOS2  «

0.00 +
APA 3 DFA_G2 GBM 4 GBM re ODO ODO re PMA G2

Identity

* Undifferentiated

+ Astrocyte

« Oligodendrocyte

* Oligodendrocyte progenitors
* Encothelial cell

* Mesenchymal

* Microglia

Exp

o —1t

-1
=2

) () W | N S LR 00 L o e |

B2 XMEAEITIRGETERNMAMEER

Figure 2 Annotation of the cells yielded different cell types. (A) Unsupervised clustering of the data
after QC, a total of 7 cellular taxa were obtained. (B) Markers of different cells were identified by
reviewing the literature, and for the unsupervised clustering the taxa were divided into dot plots. (C)
Different cell types were identified by annotating cells with the identified markers. (D) Different cell
abundance plots were displayed. (E) Marker genes of different cell types were displayed. (F) Heat map of
cellular marker genes.
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Figure 3 Enrichment analysis for GO and KEGG. (A) KEGG enrichment of up-regulated genes. (B) KEGG
enrichment of down-regulated genes. (C) GO enrichment analysis.
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Table 3  Partially overexpressed genes for each cell subset

Gene Avg log,FC pct.1  pct.2 p_val adj Custer Description
DLL3 3.410238239 0.350 0.122 0 Oligodendrocyte Delta like canonical Notch ligand 3
progenitors
SHD 2.845875744 0309 0.082 0 Oligodendrocyte  Src homology 2 domain containing transforming
progenitors protein D
SOX8 2.615222345 0458 0.153 0 Oligodendrocyte SRY-box transcription factor 8
progenitors
CHCHD2P8 3.426176487 0.536 0.064 0 Undifferentiated  Coiled-coil-helix-coiled-coil-helix domain
containing 2 pseudogene 8
CCT6P2 3.294 988474 0.460 0.057 0 Undifferentiated  Chaperonin containing TCP1 subunit 6
pseudogene 2
CCT6P4 3.062 597090 0.188 0.013 0 Undifferentiated Chaperonin containing TCP1 subunit 6
pseudogene 4
ETNPPL 4391277020 0.171 0.019 0 Astrocyte Ethanolamine-phosphate phospho-lyase
NMB 3.940 812892 0.508 0.213 0 Astrocyte Neuromedin B
AQP4 3.849400 218 0.551 0.162 0 Astrocyte Aquaporin 4
APOC2 8.906 366 847  0.130 0.002 0 Microglia Apolipoprotein C2
CIQOB 7.813 605993 0922 0.109 0 Microglia Complement Clq B chain
HAMP 7.541 877947 0.152 0.004 0 Microglia Hepcidin antimicrobial peptide
CLDNS5 8.522 981467 0.529 0.042 0 Endothelial cell ~ Claudin 5
ITM24 8.290 803 182  0.521 0.021 0 Endothelial cell  Integral membrane protein 2A
HIGDIB 8.084 732437 0.396 0.014 0 Endothelial cell ~ HIG1 hypoxia inducible domain family member
1B
CNDP1 5.140 824 549  0.686 0.046 0 Oligodendrocyte Carnosine dipeptidase 1
GPR62 4.937 039264 0.382 0.016 O Oligodendrocyte G protein-coupled receptor 62
LINC01549  4.570673 933 0.325 0.024 0 Oligodendrocyte Long intergenic non-protein coding RNA 1 549
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Figure 4 Differential expression of DLL3 gene in different grades of glioma. (A) Expression of DLL3
gene in different cell types. (B) Differential expression of DLL3 gene in GBM and LGG in the GEPIA
database in focus. (C) DLL3 expression in the GEPIA database. (D) DLL3 expression in the TIMER
database. For Figure 4B, 4D, statistical significance was tested using Wilcoxon test. ***: P<0.001; **:

P<0.01; *: P<0.05.
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Figure 5 The biological significance of the differential expression of DLL3 gene in different brain gliomas.
(A) Different prognosis of two groups of samples with different expression of DLL3 gene in PrognoScan in
LGG and GBM. (B) Co-expressed genes of DLL3 in LinkFinder. (C) GESA enrichment of DLL3

co-expressed genes.

RS i i o8 e I A7 R = (K] 7B).
T 1ol 0 2 SR S v, DLL3 eI R] gL
LT ERRIPEE .

3 WwE5E#R

B4 M R SR 4 W F B R (single-cell
RNA-seq, scRNA-seq) HE#% P M %2 £ DL 7
T B B 20 B4 R R 3 R Rk AR U fR 4t
(55 AP H R (bulk RNA-seq) &3 F
RERA N, BAREAGE R T EJTA-40,

B: 010-64807509

JIT LA S 26 I W 1) 2 B DR A R R A0 i b 1) o
P)FRAROK -, MHE S T A [R] 20 f =2 6] /Y
FE IR 5 M T B AN M SR 2E N ) R R T
FE HL A0 i K - 4 g 4 3k TR AL L T A S
Y A6 0L, 3R A AT #F 55 48 J 18] 79
PRI 5 o

AR SR FH B4 B 7 s P R R, X T
SR P v i A e R AR R AT T AR B
Br, WEIZHE T DLL3 B 1E LGG fil GBM 1Y
AN TR TR Ol S e i I R s A T

P<: cjb@im.ac.cn



ISSN 1000-3061

CN 11-1998/Q

W) T AE2#HL Chin J Biotech

A
s
&
S 12.5 Purity | B Cell CD8+T Cell CD4+T Cell Neutrophil | Dendritic Cell
o . ‘ cor=0.261 pam al.cor=—0. lO() pmml cor=—0.353 partial.cor=0.008| parml cor=—0.226| pmml cor=-0.127
\_d_')’ 10.0 9 I p=1.67e-15|| 4¢ ‘;;:8.956-0]‘ ad 6.42e- 0 4e-03
> o 2|
5 &
£ 5o ;
2 9 R ey
g 25 . AT
5 00 o[ IESFIES eI et
3 0.25 0.50 0.751.000.0 0.1 02 03 0.1020304050.6 0.102030405000.1 02 03 04 01 02 03
< .
Infiltration level
B
2
[:GS 12 Purity B Cell CD8+T Cell CD4+T Cell Marcrophage Neutrophil Dendritic Cell
= cor=0.302 = :: partial.cor=0.097 Lhmal cqr=0.111(|8  partial.cor=0.141||* partial.cor=0.029|| « *partial cor=0.235|| ¢ partial.cor=—0.237
;.; L p=2+02e- 10 208", il 4.71e-02] 3 ;” 2.37e-02 r.,‘. & p:? ‘)4e 03| (3 ae p=5.49¢-01 : /7:1.226-0(} p=9.45e-07
3 '. -, ';‘ et -: 2
= E [ o g, | ey o
2 Gk . >
£ 3¢
]
E 025 0.50 0.751.000.0 05 1.0 1.5 00 05 10 1.5 0.00 025 0.50 0.75 0.000.250.500.751.000.0 0.3 0.6 09 120 1 2
Q
Infiltration level
C
gLL34 (l) Z"f) RO OO
TLA: i 11
TNFSF4 0.2%
TNFSF18  0.1% I
CD80 0.6% I
ICOSLG 0.5% 111K
LILRBI1 4% I (1T RNV TRORORROORORDIR 80
CD200 0.7% i AN 11
NECTIN2 2% W I T M
LILRB2 4% | (1111111 00 RRRRRCRARRRTAR R LT
CD86 0.7% i I
PVR 1.8% I T I 1l
CD274 1.5% | Il AN
PDCDIL02 1.1% I I R
HAVCR2 0.8% il | Il | I 1T
HHLA2 0.8% ] 1 NI
VSIR 0.1% |
CD276 0.6% O RO OSSO RO SOOI
TNFRSF14 1.1% i | Il ! QT
CD47 0.7% il [ I
CD48 0.5% i | I I}
TNFRSF9  1.5% i ] I TN
LGALs9 0.4% (| Il
VTCNI1 0.7% Ml I ] | L
CD70 1.6% TR RRRRRTOOR
TNFSF9 1.5% TTRERTRTRRERRIR

Bl 6 DLL3 ZERMGZREADHFRBIEERBEXEDH

Figure 6

Immunoinfiltration analysis of DLL3 gene and correlation analysis of immune checkpoints. (A)

Immune infiltration of DLL3 gene in LGG cells in the TIMER database. (B) Immune infiltration of DLL3
gene in GBM cells in the TIMER database. (C) Correlation of DLL3 gene and 25 immune checkpoint
alterations in cBioPortal.
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Table 4 Analysis of mutual exclusivity between DLL3 and multiple immune checkpoints in gliomas

A B Neither AnotB BnotA Both Log,oddsratio P-value QO-value Tendency
DLL3 NECTIN2 1480 12 16 13 >3 <0.001 <0.001 Co-occurrence
DLL3 PVR 1480 14 16 11 >3 <0.001 <0.001 Co-occurrence
DLL3 LILRB2 1456 12 40 13 >3 <0.001 <0.001 Co-occurrence
DLL3 LILRBI1 1455 13 41 12 >3 <0.001 <0.001 Co-occurrence
DLL3 TNFRSF14 1488 22 8 3 >3 <0.001 0.005 Co-occurrence
DLL3 VTCNI1 1488 22 8 3 >3 <0.001 0.005 Co-occurrence
DLL3 TNFRSF9 1480 22 16 3 >3 0.003 0.025 Co-occurrence
DLL3 CTLA4 1492 23 4 2 >3 0.004 0.027 Co-occurrence
DLL3 LGALS9 1492 23 4 2 >3 0.004 0.027 Co-occurrence
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Figure 7 Differences in DLL3 expression as well as the verified prognosis in CGGA. (A) Differential
expression of DLL3 in different grades of glioma cells in CGGA database. Statistical significance was
tested using two-sided Student’s ¢ test. **P<0.01; *** P<0.001. (B) Differential prognosis of DLL3 in
CGGA database.
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