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ARL3 is downregulated and acts
as a prognostic biomarker in glioma
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Abstract

Background: Glioma is the most common primary malignant brain tumor in adults with a poor prognosis. ARL3 is a
member of the ARF family, and plays a key role in ciliary function and lipid-modified protein trafficking. ARL3 has been
reported to be involved in ciliary diseases, in which it affects kidney and photoreceptor development. However, the
functional role of ARL3 in cancer remains unknown. In this study, we aimed to explore ARL3 expression and its roles in
glioma prognosis.

Methods: RT-PCR and immunohistochemistry were performed to examine the expression level of ARL3 in glioma
samples. Data from The Cancer Genome Atlas (TCGA), Chinese Glioma Genome Atlas (CGGA) and Repository for
Molecular Brain Neoplasia Data (REMBRANDT) databases were employed to investigate ARL3 expression and its roles
in glioma prognosis. A nomogram for predicting 3- or 5-year survival was established using Cox proportional hazards
regression. Finally, gene ontology (GO) analysis, gene set enrichment analysis (GSEA), and gene set variation analysis
(GSVA) were performed to explore the biological function.

Results: ARL3 expression was downregulated in glioma, and associated with poor prognosis in glioma patients. The
C-indexes, areas under the ROC curve and calibration plots of the nomogram indicated an effective predictive perfor-
mance for glioma patients. In addition, GO and pathway analyses suggested the involvement of ARL3 in angiogenesis
and immune cell infiltration in the microenvironment.

Conclusions: Low ARL3 expression predicted poor prognosis and contributed to antiangiogenesis and the propor-
tion of infiltrating immune cells in the GBM microenvironment. Thus, ARL3 may be a prognostic marker and therapeu-

tic target for glioma.
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Introduction

Glioma is the most common primary intracranial
tumor in adults and is notorious for its malignancy and
unfavorable prognosis [1]. Despite standard treatment
regimens, including surgery followed by radiation and
chemotherapy, the prognosis of glioma patients is still
dismal [2, 3]. Glioblastoma multiforme (GBM) is the
most aggressive type, with a median survival between 14
and 18 months after diagnosis and an estimated 5-year
survival rate of 5.1% [4]. Intratumoral heterogeneity
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of GBM is a key factor for the unsatisfactory therapeu-
tic effect [5]. Heterogeneity in glioma could be affected
by the tumor microenvironment, which provides a par-
ticular niche for glioma stem cells (GSCs) to promote
glioma initiation, invasion, and therapeutic resistance
[6]. Recently, several new therapeutic strategies, includ-
ing oncogenic signal transduction inhibition/targeted
therapy, antiangiogenesis, and immunotherapy, have
attracted substantial attention and shed new light on the
treatment of glioma [7-9].

ADP-ribosylation factor-like 3 (ARL3) is a kind of small
GTP-binding protein in the ADP-ribosylation factor
(ARF) family belonging to the RAS superfamily, which is
involved in multiple biological processes and tumor
occurrence and progression [10-12]. ARF members
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regulate several essential cellular functions, such as
membrane trafficking, cytoskeleton organization, and
cell adhesion and migration, which are significantly rel-
evant to tumor invasion and metastasis [13—16]. Current
evidence has indicated that ARF proteins are involved in
cancer progression through three different mechanisms:
cell—cell adhesion, integrin trafficking and actin cytoskel-
eton rearrangement [14]. As a member of the ARF fam-
ily, ARL3 has been reported to regulate cell morphology
and cytokinesis through microtubule-based processes
[17]. ARL3 interacts with dynactin and dynein to regulate
microtubule mediated retrograde transport [18]. ARL3
can act as an allosteric release factor for farnesylated
cargo and a regulator of trafficking of lipid-modified
proteins [19, 20]. In addition, ARL3 influences ciliogen-
esis and is involved in ciliary function affecting kidney
and photoreceptor development in mice [21, 22]. How-
ever, the specific functions of ARL3 in tumors remain
unknown.

In this study, we investigated ARL3 expression and its
roles in glioma prognosis using clinical samples and data
from The Cancer Genome Atlas (TCGA), Chinese Gli-
oma Genome Atlas (CGGA) and Repository for Molec-
ular Brain Neoplasia Data (REMBRANDT) databases.
Furthermore, a nomogram was constructed by applying
the identified factors to predict 3- or 5-year survival for
glioma patients. In addition, we explored the biological
functions and pathways affected by ARL3 in glioblas-
toma, which may provide novel insights into glioma
treatment.

Materials and methods

Patients and samples

Patient samples for PCR were collected at the First Hos-
pital of China Medical University from February 2016
to June 2017. Nine glioma tissues (3 cases each of grade
II, III and IV glioma) and 3 nontumor brain tissues
from cranial injury internal decompression for control
were included. The glioma and nontumor samples for
immunohistochemistry staining and survival analysis
(8 nontumor cases, 5 grade II cases, 17 grade III cases,
and 24 grade IV cases) were collected at the First Hos-
pital of China Medical University from January 2009
to June 2012. Histological diagnosis of the samples was
confirmed by two neuropathologists according to the
2010 World Health Organization (WHO) classification
guidelines. This study was approved by the Institutional
Review Board of the First Hospital of China Medical
University.

Gene expression and glioma patient survival data in the
TCGA, REMBRANDT and Gravendeel databases were
downloaded from GlioVis (http://gliovis.bioinfo.cnio.
es/), and the CGGA date were obtained from http://
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www.cgga.org.cn/. RNA-seq data of 301 glioma patients
with clinicopathologic characteristics from the CGGA
were selected as the primary cohort to establish the pre-
dictive model and to construct the nomogram and risk
classification system. A total of 211 cases from Grav-
endeel and 598 cases from TCGA were chosen as two
independent validation cohorts. The inclusion criteria
for data extraction in the predictive model were patients
diagnosed with WHO grade II-1V glioma. The exclusion
criteria included patients with missing or incomplete
data such as survival status and time, age, sex, grade, and
IDH status. Samples and immune infiltration data were
downloaded from The Cancer Immunome Atlas (TCIA,
https://tcia.at/home) and Tumor IMmune Estimation
Resource (TIMER, https://cistrome.shinyapps.io/timer/)
for immunogenomic analyses [23-25].

RNA isolation and quantitative RT-PCR

Total RNA was isolated from clinical samples using TRI-
zol reagent (Invitrogen) according to the manufacturer’s
protocol. Total RNA was reverse transcribed into cDNA
and used for PCR amplification. Quantitative PCR was
performed in a thermal cycler (Roche LightCycler 480)
using TransStart® Top Green qPCR SuperMix Assay
(Transgen Biotech, AQ131). The following condictions
were used for PCR: 1 cycle of 95 °C for 30 s, followed by
40 cycles of a two-step cycling program (95 °C for 5 s;
60 °C for 30 s). The mRNA expression was normalized to
the expression of GAPDH mRNA and calculated by the
2724 method. Specific primers for ARL3 and GAPDH
were as follows: ARL3 forward 5-GGACAGAGGAAA
ATCAGACCATACT-3' and reverse 5-GTCGCGGAT
GGTATGCAGGT-3' [26] and GAPDH forward GAA
GGTGAAGGTCGGAGTCA and reverse TTGAGGTCA
ATGAAGG GGTC [27].

Immunohistochemistry (IHC)

Immunohistochemical procedures were performed as
described previously [28]. In brief, after deparaffiniza-
tion, antigen retrieval and endogenous peroxidase activ-
ity blocking, sections were blocked with normal goat
serum for 15 min and incubated with anti-ARL3 primary
antibody (Proteintech, 10961-AP, 1:250) at 4 °C overnight
in a humidified chamber. After washing with PBS three
times, the sections were incubated with biotinylated goat
anti-rabbit IgG (ZSGB-BIO, SP-9001) for 15 min at room
temperature. DAB was applied for staining after washing
with PBS. The nuclei were counterstained with hema-
toxylin and the sections were mounted with coverslips
after dehydration. Immunohistochemical staining was
evaluated with a German immunohistochemical score
(GIS) [29], which further classified the patients into low
(GIS <4) and high (GIS >4) ARL3 expression groups.
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(See figure on next page.)

neural, n=44; proneural, n =39) (****P<0.0001, with one-way ANOVA)

Fig. 1 Expression of ARL3 was decreased in GBM. a Data from the Gravendeel database showed the differential expression of nineteen ARL family
members between nontumor tissues and GBM samples. b gRT-PCR analyses of ARL3 mRNA in glioma (WHO grade II-IV) and nontumor brain
tissues (nontumor, n=3; grade I, n=3; grade lll, n=3; grade IV, n =3) (*P < 0.05, with one-way ANOVA). ¢ Immunohistochemical staining of ARL3
in glioma (WHO grade II-IV) and nontumor tissues (nontumor, n=8; grade Il, n=5; grade lll, n=17; grade IV, n =24) (**P<0.01, ****P<0.0001,
with one-way ANOVA). Scale bar, 50 um. d Data from TCGA (RNA-seq; grade Il, n=226; grade Ill, n =244; grade IV, n =150) revealed that ARL3
expression decreased in GBM compared with that in grade Il and Il glioma (****P<0.0001, with one-way ANOVA). e Data from the CGGA (RNA-seq;
grade Il, n=109; grade lll, n=72; grade IV, n = 144) showed that ARL3 was downregulated in GBM compared with that in grade Il and Ill glioma
(****P<0.0001, with one-way ANOVA). f Data from REMBRANDT (Microarray; grade Il, n=98; grade Ill, n =85; grade IV, n =130) revealed that ARL3
expression in GBM was lower than that in grade Il and Ill glioma (**P<0.01, ****P <0.0001, with one-way ANOVA). g Data from TCGA showed

that ARL3 was downregulated in the mesenchymal subtype compared with that in neural and proneural subtypes (RNA-seq; classical, n =145;
mesenchymal, n=157; neural, n=88; proneural, n=138) (****P <0.0001, with one-way ANOVA). h The level of ARL3 expression was significantly
decreased in the mesenchymal subtype of glioma compared with that in the other three subtypes (CGGA, RNA-seq; classical, n =74; mesenchymal,
n=68; neural, n=281; proneural, n=102) (*P<0.05, ****P <0.0001, with one-way ANOVA). i Data from Rembrandt showed ARL3 expression was
decreased in the mesenchymal subtype compared with that in neural and proneural subtypes (RNA-seq; classical, n=99; mesenchymal, n=37;

Bioinformatics analysis

Genes related to ARL3 expression were extracted using
Pearson’s correlation analysis (|r| >0.3). Gene ontology
(GO) analysis was performed to analyze the related genes
via AmiGO 2 (http://amigo.geneontology.org/amigo/
landing) [30, 31] and DAVID website (https://david.ncifc
rf.gov/) [32]. The gene set variation analysis (GSVA)
package in R was used to explore biological processes and
KEGG pathways between low and high ARL3 expression
groups [33]. Gene terms with |logFC|>0.2 and P<0.05
were considered statistically significant. Venn diagrams,
bar charts and heatmaps were mapped using R version
3.5.1. Gene set enrichment analysis (GSEA, http://softw
are.broadinstitute.org/gsea/index.jsp) was employed to
verify the biological processes in the two groups stratified
as described above [34]. Normalized enrichment score
(NES) and false discovery rate (FDR) were calculated
to verify the significant difference for GSEA. Cytoscape
3.5.1 version with ClueGO was used to search and visu-
alize signal pathways in KEGG and Reactome for the
related gene sets. The pathways with P <0.01 were visual-
ized in Cytoscape. The locations of ARL3 in glioblastoma
anatomic structures were analyzed by the Ivy Glioblas-
toma Atlas Project (IVY GAP, http://glioblastoma.allen
institute.org/static/home) [35, 36].

Statistical analysis

Quantitative data are presented as the mean =+ standard
derivation. Statistical differences between and among
groups were examined by two-tailed t-tests and one-way
analysis of variance (ANOVA) followed by Dunnett’s
posttest, respectively. The survival data were analyzed
with Kaplan—Meier curves and log-rank tests. The statis-
tical analysis of ARL3 expression and survival data were
performed using GraphPad Prism 7.0 and Excel 2013.
Univariate and multivariate Cox proportional hazards
models were established using R version 3.5.1. P<0.05

was considered statistically significant. The nomogram
and risk classification system were constructed using the
rms package and predict function respectively in R and
validated by two independent cohorts from TCGA and
Gravendeel databases. The performance of the nomo-
gram was measured by concordance index (C-index),
ROC curve and calibration curve established in R.

Results

ARL3 is expressed at low levels in glioma

Although a previous study has shown that ARL2 inhibits
glioma proliferation and tumorigenicity by downregulat-
ing AXL [28], the functions of other ARL members in
glioma remained unknown. We collected expression and
survival data of 19 members of the ARL subfamily from
the Gravendeel database and confirmed 12 differentially
expressed genes between nontumor and GBM samples
(Fig. 1a). Univariate Cox analyses were performed, and
4 genes (ARL3, ARL4A, ARL4C and ARL11) were found
to be associated with the prognosis of patients with GBM
(Additional file 1: Table S1). It has been reported that
human ARL3 and ARL2 share 53% similarity in primary
sequence and interact with the same set of effectors, such
as BART and PDE66S [17, 20]. Therefore, ARL3 was cho-
sen for further exploration in glioma.

Twelve human clinical samples, including 9 glioma
tissues (3 cases each of grade II-IV) and 3 nontumor
brain tissues, were collected. Quantitative PCR was per-
formed on these specimens. The results revealed that
ARL3 mRNA levels decreased in both grade IV (GBM)
and grade II samples in comparison with those in non-
tumor tissues (Fig. 1b). Then, 46 clinical glioma sam-
ples were used to examine ARL3 expression in glioma
by IHC. The results confirmed that ARL3 expression
was downregulated in grade IV and grade III glioma
samples (Fig. 1c). Moreover, we investigated the level
of ARL3 expression in multiple datasets to confirm the
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above results. As expected, the data for ARL3 expres-
sion in TCGA was consistent with previous results and
reduced ARL3 mRNA expression was detected in GBM
tissues compared with that in grade II and III tissues

(Fig. 1d). ARL3 expression data in the CGGA and REM-
BRANDT databases also confirmed lower levels of ARL3
expression in GBM samples than those in grades II and
III samples (Fig. 1e, f). To extend these observations, we
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examined ARL3 expression in different subtypes of gli-
oma in the TCGA, CGGA and REMBRANDT datasets.
The data showed that mesenchymal subtype had the low-
est expression level of ARL3 among the four subtypes
(Fig. 1g—i). Collectively, ARL3 is downregulated in GBM.

Low expression of ARL3 indicates poor prognosis of glioma
patients

To explore the prognostic value of ARL3, we collected
survival data from 46 patients with different grades of
glioma (shown in Additional file 2: Table S2) and inves-
tigated the relationship between ARL3 expression level
and prognosis. The results demonstrated that low ARL3
expression was negatively correlated with glioma patient
outcome (Fig. 2a). To further confirm this result, we
downloaded survival data from the TCGA, CGGA and
REMBRANDT databases and performed survival analy-
sis to investigate the clinical relevance of ARL3 expres-
sion in patient survival. The results demonstrated that
elevated ARL3 expression was clinically correlated with
favorable outcomes of glioma patients (Fig. 2b—d). Simi-
lar results were also obtained from the patients with
GBM, showing that lower ARL3 expression resulted in
a poorer patient prognosis than higher ARL3 expres-
sion (Fig. 2e—g). Taken together, these results suggest the
potential value of ARL3 as a marker in the outcome pre-
diction of glioma patients.

ARL3 expression suggests differential responses

to radiation and chemotherapy

Since the application of standard radio- and chemo-ther-
apy in the treatment of malignant glioma has been well
established, we further analyzed the association between
ARL3 expression and the response to standard radio-
and chemo-therapy according to the CGGA and TCGA
datasets. Samples were divided into low and high expres-
sion groups based on the mean level of ARL3 mRNA
expression. The results in the CGGA revealed that the
glioma patients receiving radiotherapy in the high ARL3
expression group had a better prognosis than patients
in the low ARL3 expression group (Fig. 2i). In patients
with GBM with high ARL3 expression, a better cura-
tive effect of radiotherapy was observed than in patients
with low ARL3 expression (Fig. 2j). In terms of chemo-
therapy, the survival time in the high ARL3 expression
group was longer than that in the low ARL3 expression
group among glioma patients as well as in primary GBM
patients (Fig. 2k, 1). The observations were verified by
data in TCGA, indicating that GBM patients receiving
radiation or chemotherapy in the low ARL3 expression
group had a poorer prognosis than patients in the high
expression group (Additional file 3: Fig. Sla, b). These
findings further confirmed that ARL3 may function as
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a biomarker for predicting the response to radio- and
chemo-therapy in glioma patients.

ARL3-related prognostic nomogram

In view of the prognostic value of ARL3 in glioma, we
constructed a nomogram and risk classification system
for predicting 3- and 5-year survival. In the primary
cohort, 301 glioma cases from the CGGA were included.
A total of 211 cases from the Gravendeel and 598 cases
from the TCGA were chosen as two independent vali-
dation cohorts. The demographic and clinicopathologic
characteristics of patients in the primary and validation
cohorts are listed in Table 1. A Cox proportional haz-
ards model was employed in the primary cohort to assess
the value of each variable in predicting the prognosis of
glioma patients. Univariate and multivariate analyses
indicated that factors such as ARL3 expression level and
WHO grade were significantly correlated with patient
prognosis (Table 2). The criteria for selecting variables
conformed to clinical relevance and multivariate Cox
analysis [37]. It has been reported that age, IDH status
and sex are associated with the incidence rate or progno-
sis of glioma [1, 38—40]. Considering the clinical factors
of glioma, these parameters (ARL3 expression level, age,
sex, WHO grade and IDH status) were included in the
predictive model.

The predictive model was presented as a nomogram
and is shown in Fig. 3. The C-index of the nomogram
was 0.764 in the primary cohort, 0.729 in the Gravendeel
cohort and 0.859 in the TCGA cohort. A receiver operat-
ing characteristic (ROC) curve was used to evaluate the
accuracy of prediction of 3- and 5-year survival in the
primary and validation sets. The area under the curve
(AUC) of the nomogram for 3-year survival was 0.932 in
the primary cohort, 0.941 in the TCGA cohort and 0.882
in the Gravendeel cohort, and the AUC of 5-year survival
in the nomogram were 0.898 in the primary cohort, 0.878
in the TCGA cohort and 0.852 in the Gravendeel cohort
(Additional file 3: Fig. S2a and Fig. 4a, d). The calibration
plot for the probability of survival at 3 or 5 years showed
an optimal agreement between the prediction and obser-
vation in the primary cohort (Additional file 3: Fig. S2b,
c), as well as in the validation cohort (Fig. 4b, ¢, e, f).
These nomogram-based results demonstrated a good
accuracy for predicting the 3- or 5-year survival of glioma
patients.

In addition, a risk classification system for predicting
the prognosis of glioma patients was developed. Patients
in each cohort were divided into low-risk and high-risk
groups according to the median cutoff value of the risk
scores. The Kaplan—Meier curves showed that the high-
risk group exhibited poorer prognosis than the low-risk
group in both the primary cohort and the validation
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Fig. 2 ARL3 expression level was associated with the prognosis of glioma patients and the response to chemo- and radio-therapy. a Kaplan-Meier
analyses to evaluate the correlation between ARL3 expression and the survival of glioma patients (low, n=29; high, n=17;P=0.0171, with the
log-rank test). Data from the TCGA (b, RNA-seq; low, n = 262; high, n =405; P<0.0001, with the log-rank test), CGGA (¢, RNA-seq; low, n=161; high,
n=149; P<0.0001, with the log-rank test) and REMBRANDT (d, microarray; low, n=214; high, n=183; P<0.0001, with the log-rank test) datasets
indicated that lower ARL3 expression was correlated to poorer prognosis of glioma patients. e-g Data from the TCGA (b, RNA-seq; low, n=297;
high, n=228; P=0.0299, with the log-rank test), CGGA (¢, RNA-seq; low, n=55; high, n=29; P=0.0086, with the log-rank test) and REMBRANDT
(d, microarray; low, n=109; high, n=72; P=0.0198, with the log-rank test) datasets indicated that reduced ARL3 expression was associated with
unfavorable prognosis in GBM patients. h Kaplan-Meier analysis of survival of glioma patients treated with radiotherapy from CGGA (RNA-seq, low,
n=102; high, n=105; P<0.0001, with log-rank test). i Kaplan-Meier analysis of the survival of GBM patients treated with radiotherapy from the
CGGA according to ARL3 expression (RNA-seq, low, n=52; high, n =28; P=0.0064, with the log-rank test). j Kaplan—Meier analysis of the survival of
glioma patients treated with chemotherapy from the CGGA according to ARL3 expression (RNA-seq, low, n=_82; high, n=105; P<0.0001, with the
log-rank test). k Kaplan-Meier analysis of the survival of primary GBM patients treated with chemotherapy from the CGGA (RNA-seq, low, n=34;
high, n=18; P=0.0121, with the log-rank test)

cohorts (Fig. 4e—g). These data suggested that ARL3 is an
independent prognostic factor that can be used to com-
petently predict the survival of patients with glioma.

ARL3-related biological signatures in GBM

To elucidate the function of ARL3 in GBM, we first
searched for genes correlated with ARL3 expression in
GBM through Pearson’s correlation analysis (|r|>0.3)

in the TCGA, CGGA and REMBRANDT datasets. A
total of 516 genes were found in the intersection of the
three datasets (Fig. 5a, Additional file 4: Table S3). Gene
ontology analysis was performed to evaluate the related
516 genes via AmiGO2 and DAVID. We discovered that
ARL3 was functionally associated with multiple bio-
logical processes including biological adhesion, immune
regulation, extracellular matrix and angiogenesis (Fig. 5b,
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Table 1 Demographics and clinicopathologic characteristics of patients with glioma
Characteristic Primary cohort Validation cohort
CGGA (n=310) Gravendeel (n=211) TCGA (n=598)
No. of patients % No. of patients % No. of patients %

ARL3 level

Median 13.402 6.658 10.623

Range 2.762-28.522 5.591-8.921 8.787-13.299
Gender

Male 195 62.903 146 69.194 350 58528

Female 115 37.097 65 30.806 248 41472
Age, years

Median 43 50 47

Range 8-81 14-81 14-89
WHO grade

Grade Il 105 33.871 21 9.953 211 35284

Grade lll 67 21613 66 31.280 239 39.967

Grade IV 138 44516 124 58.768 148 24.749
IDH status

Wild type 146 47.097 131 62.085 222 37124

Mutant 164 52.903 80 37915 376 62.876
Table 2 Univariate analysis and multivariate analysis of overall survival in the primary cohort (CGGA)
Variables Univariate analysis Multivariate analysis

P value HR 95% ClI P value HR 95% ClI

ARL3 level <0.0001 0.873 0.845-0.901 0.0095 0.949 0.913-0.987
Gender

Male Reference Reference

Female 0.345 0.847 0.60-1.195 0.7251 0.951 0.717-1.261
Age <0.0001 1.038 1.023-1.054 0.7727 1.002 0.987-1.018
WHO grade

Grade |l Reference Reference

Grade lll <0.0001 5.862 3.185-10.79 <0.0001 4.508 2.395-8486

Grade IV <0.0001 14.707 8.276-26.13 <0.0001 8.658 4.578-16.377
IDH status

Wild type Reference Reference

Mutant <0.0001 0.244 0.17-0.35 0.1475 0.705 0439-1.132

¢). Similar conclusions were also obtained from GSVA
(Additional file 5: Table S4), and several representative
terms are listed in Fig. 5d. In addition, GSEA was per-
formed, and the results confirmed the gene signatures,
including extracellular matrix organization, immune
response and angiogenesis phenotype (Fig. 5e). Tumor
microenvironment consists of tumor cells, infiltrated
immune cells, stromal cells, extracellular matrix (ECM)
and chemical factors, and is recognized as a key fac-
tor in tumor progression [41, 42]. Likewise, glioma cells

attach and remodel the microenvironment by releasing
extracellular signal molecules that promote angiogenesis,
ECM remodeling, and immune escape [43]. In view of
the biological processes of ARL3 in GBM, we concluded
that ARL3 plays an important role in the glioma immune
microenvironment and angiogenesis.

ARL3-related signaling pathways in GBM
To better understand the function role of ARL3 in GBM,
we conducted KEGG pathway analysis for the 516 related
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Fig. 3 Nomogram for predicting 3 or 5-year survival in glioma patients. The top row shows the point value for each variable. Rows 2-6 indicate the
variables included in the nomogram. Each variable corresponds to a point value based on glioma characteristics. The sum of these values is located
on the Total Points axis, and the line drawn downward to the survival axes is used to determine the likelihood of 3- or 5-year survival. ARL3 was
represented as the mRNA expression level in RNA-seq with log2 transformation

genes via DAVID and GSVA. The results from DAVID
showed that ARL3 was involved in pathways in cancer,
focal adhesion, ECM receptor interaction and leukocyte
transendothelial migration (Fig. 6a). Similar conclusions
were confirmed by GSVA, and 5 GO terms that were
positively correlated with low ARL3 expression (Fig. 6b).
Cytoscape was also employed to analyze ARL3-related
genes and display the interaction among pathways. The
Cytoscape-based results illustrated enriched terms cen-
trally attached to extracellular matrix-related pathways
(Fig. 6c). Collectively, these data indicated that ARL3
is closely correlated with extracellular matrix-related
pathways.

ARL3 negatively regulates angiogenesis in GBM

To validate the conclusion that ARL3 is involved in angi-
ogenesis in GBM, we analyzed the expression of ARL3
in the RNA-seq database of the Ivy Glioblastoma Atlas
Project. The RNA-seq profiles contain GBM samples
from different laser-microdissected structures, including
cellular tumor, perinecrotic zone, pseudopalisading cells
around necrosis, hyperplastic blood vessels in cellular

tumor and proliferating microvasculature. As shown in
Fig. 7a, ARL3 was highly expressed in the proliferating
microvascular area of GBM. In addition, we determined
the correlation between ARL3 and several proangiogenic
genes (COL4A1, ANXA2, VEGFA, MMP14) [44-46]
via Pearson’s correlation analysis. The data showed that
ARL3 was negatively correlated with these proangiogenic
genes (Fig. 7b). These results indicated that ARL3 nega-
tively regulates angiogenesis in GBM.

ARL3 influences the proportion of infiltrating immune cells
in GBM

Tumor-infiltrating immune cells are a part of a com-
plex microenvironment that regulates tumor develop-
ment and progression [47]. Since GO analysis revealed
that ARL3 was related to the immune response, we
further explored the infiltration of immune cells in
GBM. Data were downloaded from TIMER and TICA,
and subdivided into low and high groups according to
the expression level of ARL3. The data from TIMER
showed that the samples with low ARL3 expression had
a relatively higher abundance of infiltrating dendritic
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cells, CD4 T cells and macrophages, but a lower abun-  expression (Fig. 7d). Taken together, these results indi-
dance of CD8 T cells (Fig. 7c). In TCIA, samples with  cated that ARL3 influences the infiltration of immune
low ARL3 expression contained a relatively higher cells into the glioblastoma microenvironment.

percentage of dendritic cells and NK cells and a lower
percentage of monocytes than samples with high ARL3
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Discussion

Presently, treatment of glioblastoma is still an enor-
mous challenge due to its aggressiveness and high
rate of recurrence [48]. Although biotechnology and
several innovative approaches have been adopted, no
progress has been made in progression-free survival
(PFS) and overall survival (OS) in GBM patients [49].
Intratumor heterogeneity is one of the most impor-
tant hallmarks of GBM, which gives rise to therapeutic
resistance and tumor recurrence [50]. It is thus urgent
to precisely evaluate the prognosis of GBM patients
and apply personalized treatment strategies.

For a more accurate prognostic prediction, nomo-
grams have been developed, and these nomograms
show better performance than conventional stag-
ing systems in some cancers [51, 52]. In this study, we

identified ARL3 as a prognostic marker for glioma, and
constructed a nomogram and risk classification sys-
tem. The nomogram included five parameters that are
readily available from clinical records and tissue speci-
mens. As reported previously, age is an independent
prognostic factor, and older ages are associated with
poorer prognosis [53]. For sex, males have a higher
incidence of GBM than females [54]. IDH mutation
is an early event in gliomagenesis and is implicated in
glioma progression [55]. Wild-type IDH and higher
WHO grade (III or IV) have been proven to be asso-
ciated with adverse outcomes [56]. These results are
consistent with our findings. In the validation cohorts,
the C-indexes, areas under the ROC curve (all above
0.85) and highly fitted calibration plots demonstrated
that the nomogram performed well in predicting 3- or
5-year survival for patients with glioma. However, there
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are some limitations: first, the sample size used in the
nomogram was small; second, the primary and valida-
tion cohorts were collected from datasets, and they
did not contain details of intervention, such as extent
of glioma resection, radiotherapy and chemotherapy.
In future studies, we may incorporate detailed clinical
records and apply the nomogram into clinical practice.

Another novel finding of this study is that ARL3 is
involved in the glioma immune microenvironment and
angiogenesis. Angiogenesis has been reported to con-
tribute to glioma growth, invasion and metastasis, and
increased tumor microvascular density (MVD) indi-
cates poor prognosis [57]. Several proangiogenic factors
secreted by tumor cells, stromal cells and inflammatory
cells in the tumor microenvironment promote angiogen-
esis [45, 58]. The proangiogenic factors include VEGF
family proteins (including VEGFA, VEGEFB, VEGFC
and VEGFD) and placental growth factors, and serve as
treatment targets [57]. Although bevacizumab, an anti-
VEGFA antibody, has shown efficacy by prolonging PFS
in clinical trials for glioblastoma, it fails to affect overall
survival [59]. The reason for the lack of benefits on OS is
ascribed to the use of the drug for an unselected patient
population; thus, it is necessary to identify biomarkers
to predict the response of antiangiogenic agents [59, 60].
Using bioinformatics analyses, our study revealed that
ARL3 was closely correlated with angiogenesis. More
importantly, we found that ARL3 was highly expressed in
proliferating microvascular area of GBM and negatively
correlated with proangiogenic genes, such as VEGFA.
Overall, these results suggested that ARL3 negatively reg-
ulates angiogenesis and represents a potential target for
antiangiogenic therapy in GBM.

In addition, angiogenesis plays an important role in the
immune composition of the tumor microenvironment
[61]. A recent study revealed that antiangiogenesis ther-
apy increases the abundance of mature DCs and enhances
CD8 T cell immunity against glioma [9]. Here, we also
observed that ARL3 influences the infiltration of immune
cells in the glioblastoma microenvironment. Samples with
low ARL3 expression tended to harbor a higher propor-
tion of dendritic cells (DCs), macrophages, NK cells, CD4
T cells and a lower proportion of CD8 T cells. Infiltrat-
ing immune cells are important components of the tumor
microenvironment and are associated with tumor behav-
ior and patient outcomes. Glioma cells release multiple
cytokines, interleukins and growth factors that promote
the infiltration of various cells, including astrocytes, peri-
cytes, endothelial cells, circulating progenitor cells, and
immune cells such as microglia, peripheral macrophages,
myeloid-derived suppressor cells, leukocytes, CD4 T
cells, and Tregs into the tumor [62]. Glioma not only
recruits immune cells, but also modifies them to evade
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immune surveillance. In a mouse glioma model, it has
been found that DCs downregulate costimulatory mol-
ecules (CD40, B7.1, B7.2) and are unable to stimulate T
cells [47]. Another study observed that glioma cells induce
abnormal Nrf2 expression in DCs to suppress their mat-
uration and T cell activation, in turn leading to immune
escape [63]. Moreover, glioma cells actively recruit gli-
oma-associated microglia/macrophages (GAMs) and
induce M2 polarization [64]. M2-type GAMs produce
numerous cytokines, interleukins, and growth factors
that generate an immunosuppressive microenvironment
and promote glioma cell growth, invasion and angiogen-
esis [62, 65]. Furthermore, infiltration by M2-polarized
macrophages indicates an unfavorable prognosis in high-
grade gliomas and confers an aggressive glioma subtype
[66]. These changes give rise to a supportive environment,
enrich for extracellular substrates, and maintain glioma
growth or progression [62]. Since it is well established that
tumor-infiltrating immune cells play a key role in tumor
development, the mechanism by which ARL3 influences
infiltrating immune cells in the glioma microenvironment
should be investigated in future studies.

As a member of the ARF family, ARL3 is involved in
regulating ciliary functions and lipid-modified proteins
transport [20, 67]. Notably, ARL3 is a newly identified
binding partner of STAT3 and enhances the phosphoryla-
tion and nuclear accumulation of STAT3 [26]. According
to a recent study, ARL3 induces autophagy in HEK293T
cells [68]. In the present study, we discovered that ARL3
expression was decreased in glioma samples and was
associated with tumor grade. Furthermore, low expres-
sion of ARL3 was related to adverse outcomes and radia-
tion and chemotherapy resistance in glioma. A nomogram
with ARL3 was constructed and proven to accurately pre-
dict 3- or 5-year survival for glioma patients. Regarding
biological function, we proved that ARL3 negatively regu-
lates angiogenesis and influences immune cell infiltration
into the glioma microenvironment. These findings com-
plement the biological functions of ARL3 and may pro-
vide new options for the management of glioma.

Conclusions

In conclusion, our study demonstrated that ARL3 expres-
sion was decreased in glioma samples and was associated
with tumor grade. Furthermore, low ARL3 expression was
related to adverse outcomes and radiation and chemo-
therapy resistance in glioma. We also constructed a nom-
ogram with ARL3 to predict 3- or 5-survival for glioma
patients. Regarding biological functions, we demonstrated
that ARL3 was involved in angiogenesis and immune cell
infiltration in the GBM immune microenvironment. Taken
together, these results suggest a potential role of ARL3 as a
prognostic marker and therapeutic target for glioma.
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