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Abstract

Introduction: Glioma is the most common primary tumor in the central nervous sys-
tem, and prognostic biomarkers are still lacking. HIC ZBTB transcriptional repressor
2 (HIC2) is a hypermethylated gene that plays an important functional role in cardiac
development. However, the actual role of HIC2 in glioma progression remains unclear.
This study aimed to investigate the function of HIC2 and whether it could be a prog-
nostic biomarker in glioma.

Methods: The DNA methylation and mRNA expression profiles of HIC2 were down-
loaded from public databases. The prognostic prediction ability and mechanism re-
search of HIC2 were evaluated.

Results: We found that HIC2 was hypermethylated and expressed at low levels in
glioma samples. Hypermethylation and low expression of HIC2 predicted poor prog-
nosis. Multivariate Cox regression analysis suggested that HIC2 was an independent
prognostic factor for gliomas. Co-IP assays demonstrated that HIC2 interacts with
RNF44, and dual-luciferase reporter assays and ChlIP assays revealed that HIC2 tran-
scriptionally inhibits PTPRN2 expression.

Conclusions: Our findings suggest that HIC2 represents a tumor suppressor gene and
prognostic biomarker for glioma progression and that overexpression of HIC2 inhibits

the proliferation of glioma in vitro and in vivo by interacting with RNF44 and PTPRN2.
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1 | INTRODUCTION

Glioma is the most common primary malignant brain tumor in adults,
representing approximately 81% of malignant brain tumors.>?
Glioblastoma has the poorest overall survival, with only 0.05% to
4.7% of patients surviving 5years past their diagnosis.3'4 Currently,
conventional treatment for gliomas includes surgical resection fol-
lowed by a combination of radiotherapy or chemotherapy comprised
of temozolomide (TMZ). However, due to inherent or acquired re-
sistance to traditional combination therapy, inevitable relapse or
malignant progression eventually leads to an unfavorable prognosis
in glioma patients, especially GBM patients.>® Identification of new
biomarkers of glioma may lead to new evidence regarding risk and
prognosis.

HIC ZBTB transcriptional repressor 2 (HIC2) is also known
as HRG22, ZBTB30, ZNF907 or hypermethylated in cancer 2.
HIC2 located in the nucleoplasm and enables protein C terminal
binding activity, which was predicted to be involved in the regu-
lation of transcription by RNA polymerase II. Specifically, HIC2
belongs to the Krueppel C2H2-type zinc-finger protein family,
HIC subfamily and POK family, meaning its protein isoforms con-
tain the BTB/POZ domain for interacting with other proteins at
its N-terminus and the C2H2 zinc finger domain that recognize
and bind specific DNA sequences (GGCA) at its C-terminus.””’
In 2001, Deltour S et al.’? first reported that HIC2 shares high
sequence homology with HIC1 and is located on chromosome
22q11.2. Epigenetic silencing and downregulation of the HIC1
gene have been frequently observed in different types of human
malignancies, including gastric and liver cancers, esophageal
cancers, and breast cancers.'®!! To date, some studies have re-
ported that HIC2 plays a role in embryogenesis by suppressing
fetal genes for normal development of the heart and circulatory
system.lz’13 Despite this knowledge, the structural and biochemi-
cal characteristics and functions of HIC2 as a transcription factor
remain unknown. In particular, the role of HIC2 in tumorigenesis
remains unclear.

In this study, after a comprehensive bioinformatics and experi-
mental analysis of the role of HIC2 in glioma, we found that HIC2
was epigenetically silenced by hypermethylation in its promoter and

low expression of HIC2 indicated an unfavorable prognosis.

2 | METHODS

2.1 | Data acquisition and processing

RNA-sequence data, microarray data, and their corresponding clini-
cal information were downloaded from three databases: TCGA and
GTEx (http://xena.ucsc.edu/), CGGA (www.cgga.org.cn) and GEO
(https://www.ncbi.nlm.nih.gov/gds), including 1819 samples from
TCGA and GTEx (662 normal samples and 1157 glioma samples),
1218 samples from CGGA (20 normal samples and 1018 glioma

samples), 118 samples from GEO GSE147352 (15 normal samples
and 103 glioma samples), and 85 glioma samples from GSE4412.
Clinical information in the datasets included age, sex, overall sur-
vival, WHO grade, IDH1 status, MGMT promoter methylation sta-
tus, and 1p/19q status. Some samples with unavailable or unclear
clinical information were removed. In addition, DNA methylation

data for TCGA samples were downloaded.

2.2 | Survival data analysis

Glioma samples were divided into high HIC2 expression and low
HIC2 expression groups based on the median HIC2 expression
level. Kaplan-Meier survival analysis was used to evaluate the dif-
ference in overall survival time between the two groups using the

log-rank test.

2.3 | Coxregression analysis and risk score
heatmap construction

The prognostic prediction ability of HIC2 expression, age, grade,
IDH1 mutation, and 1p/19q status were examined using univariate
and multivariate Cox regression based on samples from the TCGA
and CGGA databases. Hazard ratios (HRs) and 95% confidence inter-

vals (Cls) were calculated accordingly.

2.4 | Construction of the
prognostic nomogram and ROC curve

A nomogram based on HIC2 expression, survival status, and clinical
characteristics was constructed using the R software package rms
and was used to predict glioma patient prognosis. The deviation be-
tween the predicted probability and the actual outcome was visual-
ized by constructing the calibration curves. A concordance index (C
index) was used to measure the accuracy of nomogram prediction.
The time-dependent receiver operating characteristic (ROC) curve
and area under the curve (AUC) were constructed using the R soft-

ware package pROC.

2.5 | Immune cell infiltration analysis

The correlation between HIC2 expression and immune cell infil-
tration in LGG and GBM was analyzed using the Tumor Immune
Estimation Resource (TIMER 2.0) database. The R package EpiDISH
was used to analyze the correlation between HIC2 methylation sites
cg13558199, cg20944928, and cg22869804 and immune cell infil-
tration. The degree of immune cell infiltration was calculated using
the ESTIMATE (https://bioinformatics.mdanderson.org/estimate)
database based on the expression data.
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2.6 | Enrichment analysis

Potential HIC2-associated functions were predicted with GO and
KEGG analyses using the R software cluster profiler package (ver-
sion 3.14.3). The TISIDB database (http://cis.hku.hk/TISIDB) was
used to evaluate the correlation between HIC2 and immunomodula-
tors. The protein-protein interaction network was predicted using
the STRING database (www.string-db.org/) and was visualized using
Cytoscape software. The detection of the top 100 similar genes was
performed by the GEPIA2 database (http://gepia2.cancer-pku.cn/),
and the intersection between the HIC2 top 100 similar genes and
HIC2-interacting genes was visualized using a Venn diagram in the R

software Venn Diagram package.

2.7 | Invitro and in vivo functional assays

Cell proliferation assays were used to evaluate the biological func-
tion of HIC2 in glioma cells. Briefly, 3000 cells were seeded into
each well of 96-well plates, and cell viability was assessed every
24 h for four consecutive days using a Cell Counting Kit-8 (Dojindo,
Kumamoto, Japan). Xenograft growth of glioma cells in mice was
used to evaluate the role of HIC2 expression in glioma cell prolifera-
tion in vivo. Briefly, five-week-old female C57BL/6 mice (Nanjing,
Jiangsu, China) were randomly divided into two groups (five per
group). GL261 glioma cells with or without stable overexpression of
HIC2 were implanted intracranial at a density of 1x10° cells to es-
tablish orthotopic xenografts monitored by bioluminescence imag-
ing (BLI) every 7days. The survival time of mice-bearing orthotopic
xenografts was observed. This animal experiments were approved
by the institutional ethics committee of Guangdong Provincial
People's Hospital (Ethical approval number: KY-X-2022-018-02).

2.8 | Western blot analysis

Western blot analysis was performed according to a standard proto-
col. Briefly, equal concentrations of protein (30ug) were separated
and transferred onto polyvinylidene difluoride membranes (EMD
Millipore). The membranes were then probed with the appropri-
ate primary antibody. All antibodies were as follows: anti-HIC2
(ab167257, Abcam), anti-HIC2 (PA5-37293, Invitrogen), anti-Flag
(ab205606, Abcam), anti-HA (ab236632, Abcam), anti-Akt (#4691,
CST), anti-p-Akt (#4060, CST), anti-mTOR (#2983, CST), anti-p-
mTOR (#5536, CST), anti-p70S6K (#2708, CST), anti-p-p70S6K
(#9234, CST), and anti-GAPDH (60,004, Proteintech, IL, USA).

2.9 | Lentivirus production, transduction, and
plasmid construction

The H149 vector containing full-length HIC2 was stably trans-
fected into LN229 and U251 glioma cells using a Lenti-Pac HIV Kit

(GeneCopoeia, LT002) according to the manufacturer's instructions.
pSLenti-HIC2-EGFP-3xFLAG-WPRE containing full-length mouse
HIC2 were purchased from Obio Technology (Shanghai) and sta-
bly transfected into GL261 mouse glioma cell. Stably transfected
cells were further selected by culturing with media supplemented
with 2 pg/ml puromycin (MCE, Monmouth Junction, NJ, USA).
Expression of HIC2 in stably transfected glioma cells was detected
by gRT-PCR using a Bio-Rad CFX96 Real-Time PCR System (Bio-Rad
Laboratories, Inc.) and western blot analysis. For plasmid construc-
tion, the Flag-tagged RNF44 constructs and HA-tagged HIC2 were
cloned into the pcDNAS3.1 vector. For intracranial glioma models im-
aging, GL261 glioma cells were transfected with lentivirus H113 to
overexpress luciferase (pLenti CMV EGFP linker Luc PKG puro; Obio
Technology, Shanghai).

2.10 | Dual-luciferase reporter assay and
chromatin immunoprecipitation (ChIP) assay

The promoter region and the mutant (MT) forms (E1 and E2) of
PTPRN2 were subcloned into a pGL4-luc vector that contained
the firefly luciferase gene (OBIO) to establish three constructs,
PTPRN2 WT, Mut-E1, and Mut-E2. The pRL-CMV vector containing
the Renilla luciferase gene served as the internal control. Each con-
struct was cotransfected with HIC2 or pcDNAS3.1 vector into LN229
glioma cells. The dual-luciferase reporter assay was performed ac-
cording to the manufacturer's instructions (Promega, Madison, WI,
USA). For the ChIP assay, an antibody against HIC2 (NBP3-13891,
Novus Biological) was used to pull down the DNA that interacted
with HIC2. The precipitated DNA samples were further assessed by
gRT-PCR. The primers were shown in Appendix S1.

2.11 | Methylation-specific PCR (MSP) and bisulfite
sequencing PCR (BSP)

Purified gDNA was extracted from six glioma cell lines and one nor-
mal immortalized astrocyte using the TIANamp Genomic DNA Kit
(TIANGEN Biotech (Beijing) Co., Ltd., Cat. No. 4992199). DNA bi-
sulfite conversion was performed for DNA methylation assessment.
After bisulfite treatment, unmethylated “C” was converted into “U”.
Using the Methylation-specific PCR (MSP) Kit (TIANGEN Biotech
(Beijing) Co., Ltd., Cat. No. 4992759) and bisulfite-treated genomic
DNA as the template, 400-bp fragments were amplified in a reac-
tion system of 20pul. Afterward, PCR cycles were set up for MSP.
The sequences of the two primer pairs are shown in Appendix S1.
After PCR amplification was complete, 10 pl of reaction products
was loaded onto an agarose gel for detection. The bisulfite-treated
DNA was amplified using the methylation-specific primer set found
at http://www.urogene.org/cgi-bin/methprimer2/MethPrimer.cgi.
MSP primers were tested previously to ensure they did not amply
DNA that was not bisulfited, and the MSP products of several cell
lines were confirmed by direct sequencing, indicating that our MSP
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system was specific. For BGS, bisulfite-treated DNA was ampli-
fied, and the PCR products were cloned into the pCR4-Topo vec-
tor (Invitrogen). In total, 8-10 colonies were randomly chosen and

sequenced.

2.12 | Statistical analysis

GraphPad Prism 8 software (Version 8.0.0) and R software (Version
4.1.0) were used for statistical analysis and to generate figures. Data
distributions were tested using frequency distribution histogram.
Differences were analyzed using Student's t test for two groups and
one-way ANOVA for multiple groups, while data that do not exhibit
a normal distribution were analyzed via a non-parametric equiva-
lent. p<0.05 was considered statistically significant. *p<0.05;
**p<0.01; ***p<0.001.

3 | RESULTS

3.1 | HIC2is hypermethylated in glioma

DNA methylation status is an important regulator of gene ex-
pression levels. We first assessed the DNA methylation status of
the HIC2 promoter, since HIC2 is abnormally expressed in glioma
samples. As shown in Figure 1A, the promoter of HIC2 was highly
methylated at three CpG sites, including cg13558199 (p<0.05),
cg20944928 (p<0.05), and cg22869804 (p<0.05), in glioma sam-
ples. The results of correlation analysis revealed a negative cor-
relation between HIC2 expression and DNA methylation at CpG
sites cg13558199 (r = -0.444, p<0.001), cg20944928 (r = -0.621,
p<0.001), and cg22869804 (r = -0.554, p<0.001) (Figure 1B). We
further investigated the association between HIC2 DNA methyla-
tion and clinicopathologic features of glioma. The results showed
that DNA methylation of HIC2 at three CpG sites was significantly
increased with increasing glioma grade from grade Il to grade IV
(Figure 1C). In addition, DNA methylation levels of HIC2 were higher
in IDH1 wild-type glioma patients than in IDH1 mutation glioma
patients (Figure 1D, p<0.0001). We also analyzed the relationship
between 1p/19q codeletion or MGMT promoter methylation and
DNA methylation levels of HIC2 at three CpG sites. Results showed
that the difference of DNA methylation levels of HIC2 at three
CpG sites (cg13558199, cg20944028, and cg22869804) between
1p/19q codel group and 1p/19q non-codel group was not signifi-
cance (Figure S1A for TCGA database; Figure S1B for CGGA data-
base). DNA methylation levels of HIC2 at three CpG sites were not

different between MGMT promoter methylation group and MGMT
promoter un-methylated group (Figure S1C). Moreover, to inves-
tigate the prognostic significance of DNA methylation of HIC2 in
glioma patients, survival analysis was performed, and we found that
high DNA methylation levels of HIC2 at three CpG sites predicted
poor prognosis in glioma patients, implying a tumor suppressor role
of HIC2 (Figure 1E). The gene location and primer sites for bisulfite
genomic sequencing (BGS) sequence of HIC2 were visualized using
the UCSC database and Methprimer database (Figure S2A,B). MSP
assay result showed that expression of HIC2 in glioma cells was lower
compared to normal immortalized astrocyte, while methylation level
of HIC2 in glioma cells was reverse (Figure S2C). We further per-
formed BGS to detect the methylation of individual CpG sites on the
HIC2 promoter of four glioma cell lines, and the results showed that
HIC2 was highly methylated in four glioma cell lines (Figure S2D).
Collectively, our results demonstrated that HIC2 is highly methyl-
ated in glioma and that high DNA methylation levels of HIC2 at three
CpG sites are associated with poor prognosis.

3.2 | HIC2is downregulated in glioma and
associated with poor prognosis

To investigate expression levels of HIC2 in glioma samples, we first
downloaded the expression profile of different grades of glioma
from four databases: TCGA, GTEx, CGGA, and GEO. A total of
1819 samples in TCGA and GTEx, 118 samples in GSE147352, and
1218 samples in CGGA were included and analyzed in our study.
Expression levels of HIC2 were significantly downregulated in gli-
oma samples compared to control samples, as confirmed by TCGA
and GTEx (p<0.001), GEO (p<0.001), and CGGA (p<0.01) data-
bases (Figure 2A). Next, expression levels of HIC2 and clinicopatho-
logic features of glioma were analyzed. The results showed that
expression levels of HIC2 were gradually decreased with increas-
ing tumor grade from normal to grade IV in the TCGA, GTEx, and
CGGA databases (Figure 2B). As a 1p/19q codeletion, MGMT pro-
moter methylation and IDH1 mutation is an important marker for
the prognostic evaluation of glioma patients, and we investigated
expression of HIC2 and this clinicopathologic feature. HIC2 expres-
sion levels were lower in 1p/19q codeletion patients than in 1p/19q
noncodeletion patients (Figure 2C). In addition, HIC2 expression lev-
els were lower in IDH1 wild-type patients than in IDH1 mutation pa-
tients (Figure 2D). HIC2 expression is not different between MGMT
promoter methylation group and MGMT promoter un-methylation
groups (Figure S3) and as shown in Figure 2E, HIC2 expression did
not change after glioma patients were treated with temozolomide.

FIGURE 1 HIC2is hypermethylated in glioma. (A) HIC2 is highly methylated at CpG sites of the methylation probes cg13558199,
€g20944928, and cg22869804 in glioma samples. (B) Methylation of cg13558199, cg20944928, and cg22869804 CpG sites is negatively
correlated with HIC2 expression. (C) The methylation level of cg13558199, cg20944928, and cg22869804 CpG sites increases with
increasing glioma grade. (D) Methylation of cg13558199, cg20944928, and cg22869804 CpG sites was higher in IDH1 wild-type samples
than in IDH1 mutant samples. (E) High methylation levels of cg13558199, cg20944928, and cg22869804 CpG sites predict poor prognosis in
glioma patients (*: p<0.05; **: p<0.01; ***: p<0.001 and ****: p<0.0001; N.S.: not significant).
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Furthermore, low expression of HIC2 was closely associated with
poor OS of glioma patients in TCGA database, in accordance with
the data from GSE4412 and CGGA (Figure 2F). Therefore, these re-
sults confirmed the low expression of HIC2 in glioma patients, which
predicted poor prognosis.

3.3 | HIC2is an independent prognostic factor for
glioma patients

Because glioma patients with low HIC2 expression have poor prog-
nosis, we next performed univariate and multivariate Cox regression
analyses using data from TCGA and CGGA to explore whether HIC2
is an independent prognostic factor in glioma patients. The results
of univariate and multivariate Cox regression analyses showed that
IDH1 mutation (univariate HR: 0.39, p = 5.1e-30; multivariate HR:
0.79, p = 0.02) and HIC2 (univariate HR: 0.24, p = 8.5e-26; multi-
variate HR: 0.36, p = 7.4e-13) were independent protective factors
for glioma, while age (univariate HR: 1.7, p = 1.6e-09; multivari-
ate HR: 1.26, p = 0.01) and grade (univariate HR: 2.6, p = 6.4e-63;
multivariate HR: 2.17, p = 1.53e-34) were risk factors for glioma
(Figure S4A). Similar results were also obtained from data based on
TCGA (Figure S4B). Furthermore, we analyzed the relationship be-
tween the risk score and patient follow-up time, gene expression
and clinicopathologic features. As shown in Figure S4C, with the in-
crease in risk score, the survival rate of glioma patients significantly
decreased, consistent with the results that HIC2 and IDH1 mutations
were protective factors, while age and grade were risk factors in
glioma. Next, a nomogram based on these independent prognostic
factors was constructed to predict 1-, 3-, and 5-year survival in glioma
patients (Figure 3A). The calibrated plot of survival probability shows
a high consistency of probability of nomogram survival prediction
and the ideal reference line for the CGGA and TCGA databases, and
the C-index of the model was 0.77 (95% Cl: 0.75-0.79, p = 1.55e-190)
in the CGGA dataset and 0.87 (95% Cl: 0.85-0.89, p = 1.83-257) in
the TCGA dataset (Figure 3B). To investigate the prognostic ability of
HIC2 expression in predicting the survival of glioma patients, a ROC
curve was constructed. The results showed that HIC2 had high pre-
diction ability for glioma patient overall survival (AUC: 0.79, in 1-year
survival; AUC: 0.84, in 3-year survival; AUC: 0.85, in 5-year survival)
based on the CGGA dataset, while in TCGA dataset, the AUC of the
ROC curve was 0.87 in 1-year survival, 0.94 in 3-year survival, and
0.92 in 5-year survival. Because age, grade, and IDH mutation were
enrolled in our Cox regression model as independent prognostic fac-
tors, we further constructed the ROC curve by combining HIC2 ex-

pression and these parameters. The results showed that the AUC of

the ROC curve was 0.74 for 1-year survival, 0.81 for 3-year survival,
and 0.842 for 5-year survival based on the CGGA dataset and 0.84
for 1-year survival, 0.87 for 3-year survival, and 0.84 for 5-year sur-
vival in the TCGA dataset (Figure 3C,D). Collectively, these findings
indicate that HIC2 is an independent prognostic factor in glioma pa-
tients and has high prognostic prediction ability.

3.4 | Enrichment analysis of HIC2 in gliomas

A recent study reported that HIC2 is a transcriptional suppressor,
and we suspected that HIC2 could bind to proteins as part of a tran-
scriptional complex. We first performed protein-protein interaction
(PPI) analysis of HIC2 using the STRING database, and the interac-
tion network containing 11 nodes was visualized using Cytoscape
software (Figure 4A). Then, the top 100 genes correlated with HIC2
expression were identified using the GEPIA2 database, and the in-
tersection of the two gene sets was visualized in a Venn diagram.
The results revealed that RNF44 was the only member that occurred
in both gene sets, indicating an important function of HIC2 interact-
ing with RNF44 (Figure 4B). Because HIC2 was expressed at low lev-
els in glioma samples, we further investigated the biological function
of HIC2 in glioma based on HIC2 expression using GO and KEGG
enrichment analyses. The results of GO analysis revealed that a va-
riety of biological functions were associated with HIC2 expression,
such as cell growth and immune system development, (Figure 4C).
Meanwhile, enrichment analysis of HIC2 expression suggested that
the mTOR signaling pathway was potential HIC2-mediated pathways
in glioma cells (Figure 4D). Furthermore, we performed GSEA en-
richment analysis based on the expression of HIC2 or RNF44 and
found that some immune-related biological processes were enriched
in HIC2-mediated and RNF44-mediated processes (Figure 4E,F).
The relationship between HIC2 and RNF44 was analyzed by expres-
sion level, and the results showed that the expression of HIC2 was
positively correlated with RNF44 expression in the LGG (r = 0.52,
p = 6.3e-38) and GBM datasets (r = 0.72, p = 3.0e-25) (Figure 4G).
Collectively, our results indicate that HIC2 binds to RNF44 and
might act as a transcriptional suppressor in mediating cell growth,
immune-related biological processes, and function through the

mTOR signaling pathway.

3.5 | HIC2inhibits glioma cell proliferation

To further investigate the function of HIC2 in glioma cells, we first

assessed the expression of HIC2 in six glioma cell lines and one

FIGURE 2 HIC2is downregulated in glioma and is associated with poor prognosis. (A) Expression of HIC2 is lower in glioma samples
than in normal samples based on four databases (left: TCGA and GTEx; middle: GSE147352; right: CGGA). (B) Expression of HIC2 decreases
gradually with increasing glioma grade. (C) HIC2 expression is higher in 1p/19q noncodeletion samples than in 1p/19q codeletion samples.
(D) HIC2 expression is higher in IDH1 mutant samples than in IDH1 wild-type samples. (E) HIC2 expression is not different between

the TMZ treatment and the non-TMZ treatment groups. (F) Low expression of HIC2 predicts poor prognosis (*: p<0.05; **: p<0.01; ***:

p<0.001 and ****: p<0.0001; N.S.: not significant).
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FIGURE 3 HIC2is anindependent
predictive factor for poor prognosis

in glioma patients. (A) A nomogram

was constructed by integrating HIC2
expression, age, sex, grade, and IDH
mutation status based on the CGGA
(left) and TCGA (right) datasets. (B) The
calibration plot of the nomogram for
overall survival prediction at 1-year (red),
3-years (blue) and 5-years (green) in the
CGGA (left) and TCGA (right) databases.
(C, D) Time-dependent ROC curve
analysis for overall survival prediction at
1-year (red), 3-years (blue), and 5-years
(green) in the CGGA (C) and TCGA (D)
databases.
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FIGURE 4 Enrichment analysis of HIC2 in gliomas. (A) Protein-protein interaction network of HIC2 based on predictions from the
STRING database. (B) Venn diagram of HIC2-correlated genes and HIC2-binding genes. RNF44 was the only gene that was present in both
gene sets. (C) GO analysis based on HIC2 expression in glioma. (D) KEGG analysis based on HIC2 expression in glioma. (E) GSEA based

on HIC2 expression in glioma. (F) GSEA based on RNF44 expression in glioma. (G) HIC2 expression is positively correlated with RNF44

expression in LGG (left) and GBM (right).



1162 LUO ET AL.
Wl LEY_ CN'S Neuroscience & Therapeutics
HIC2-correlation HIC2-binding
cacp4c PNPO
(A) (B
CCDCG']
EIF2AK1 100 1 9
\ FNDC4
_ HICZ
MBDé
CTBP1
FOXD4L4 RNF44
DUSPS
| RNF44
C D Lysine degradation
( ) Immune_system_development 4 ( ) ysme degradation °
mRNA surveillance pathway 4 o
Myeloid_cell_differentiation ()
Herpes simplex virus 1 infection 4 ]
Bone_marrow_development Y
Spliceosome 4
Positive_regulation_of | yte_dif
mTOR signaling pathway ]
Somatic_diversification_of_immune_
receptors_via_somatic_mutation FOR Fanconi anemia pathway 4 o FDR
T_cell_differentiation 0.020 Longevity regulating pathway . 0.05
0.025 0.10
Covalent_chromatin_modification 0030 Thyroid hormone signaling pathway 4 ® 0.15
0.035 0.20
Cell_cycle_process Signali Dl ag‘l‘é’}? yytegulatine | )
Cell_growth 4 Y Hippo signaling pathway 4 )
02 03 04 0.5 06 07 00 02 O s 08
GeneRatio enetatio
(E) HIC2 enrichment (F) RNF44 enrichment
= COMPLEMENT_AND_COAGULATION_CASCADES(NES=-1.8570,NP=0.0116) = PATHWAYS_IN_CANCER(NES=-1.3184,NP=0.0774)
= INTESTINAL_IMMUNE_NETWORK_FOR_IGA_PRODUCTION(NES=-1.6369,NP=0.0397) = INTESTINAL_IMMUNE_NETWORK_FOR_IGA_PRODUCTION(NES=-1.2263 NP=0.2937
= HEMATOPOIETIC_CELL_LINEAGE(NES=-1.7512,NP=0.0304) = COMPLEMENT_AND_COAGULATION_CASCADES(NES=-1.1220,NP=0.3665)
= LEUKOCYTE_TRANSENDOTHELIAL_MIGRATION(NES=-1.6932,NP=0.0248) =FC_GAMMA_R_MEDIATED_PHAGOCYTOSIS(NES=-1.2098 NP=0.2301)
NATURAL KILLER CELL MEDIATED CYTOTOXICITY(NES=-1.2605,NP=0.2199) AUTOIMMUNE THYROID DISEASE(NES=-1.3765,NP=0.1443)
- 2 0.1
S €
[} 1 0.0+
ES E2 01
58 §8 -02 ’
c c
w w

-0.3 \
0.4 —

3 104 H 5 O1H
=) 5e 054
2 i 2
35 08 35 -
< E 00+ S g 0
® 053 L = 053 L
T T T T T T T T T T T T T T
0 2000 4000 6000 8000 10,000 12,000 0 2000 4000 6000 8000 10,000 12,000
Rank in Ordered DataSet Rank in Ordered DataSet
(G) LGG GBM
- p=6.3e-38 r=0.52 - p=3.0e-25r=0.72
100
§
< 20 2
e [l
2 s
1] X 804
5 )
x o
© 15 o
N T
% 60
10 40
5 20
e o
.
T T T T T T T
1 2 3 5 10 15 20

RNF44 expression RNF44 expression



LUO ET AL.

—Wl LEYJE

CN S Neuroscience & Therapeutics

(A) (B) () 3 Vector
Q15 [ HIC2 OE
£) 15
T & £ 100
o = Aeodok
= 1.0 C.)% NP ek
z S o5 =
. S8 :
5 05 ¥V ONNTITOKR T
= HIC? gipemmemm o - = _66kDa =
—EE 0.0 <
‘ GAPDH s e @ e a» @ @ -36kDa %
__\&0 - LN229 U251 GL261
R
Non-tumor cell Glioma cells
(D) (E) LN229 (F) sl
159 == Vector
Q) E ~ 159 =e= Vector
Qo o N3 8 -+ HIC20E a
é@ x@} @C}o& x@, & (:\’O z S =~ HIC2OE
&S & o g
HIC? o we o 66kD2  wmem @B -72kDa 2 - z ”
g g
GAPDH s e e emp -30kDa —— s -36kDa § 05 ‘é 0.5
LN229 U251 GL261 £ £
) T r T r 0.0 r r r r
’ 24h 48h 72h 96h 24h 48h 72h 96h
(G) 21 Days
(H)
-~ 2 1.0 —— Vector
g 2 —— HIC2 OE
o O 0.8
S 3 _
& 'E 0.6
E
2.0 £ 047
8 1.0 , Radiance "0z P<0.01
8 ' (p/sec/cm?2/sr)
= 0.0 T T |
< 05 08 0 10 20 30
Survival time(days)

GL261

FIGURE 5 HIC2 impairs glioma cell proliferation. (A, B) mRNA levels of HIC2 in six glioma cells and one human immortalized astrocyte
cell, detected using qRT-PCR and western-blot. (C, D) HIC2 is overexpressed in LN229, U251 and GL261 glioma cells. (E, F) Overexpression
of HIC2 impairs cell growth in LN229 and U251 glioma cells. (G) Representative bioluminescence imaging (BLI) images of GL261 models
detect on day 7, 14 and 21, respectively. (H) Overall-survival time of GL261-bearing C57BL/6 mice in control groups and HIC2 OE group. (*:
p<0.05; **: p<0.01; ***: p<0.001 and ****: p<0.0001; N.S.: not significant).

nontumor immortalized astrocyte cell line. As shown in Figure 5A,B,
we found that HIC2 was expressed at lower levels in glioma cells
than that in the immortalized astrocyte cells, consistent with the re-
sults that HIC2 is expressed at low levels in glioma samples. Based on
the expression levels of HIC2 in glioma cells, HIC2 was stably over-
expressed in LN229, U251, and GL261 glioma cells (Figure 5C,D).
The results of the proliferation assay showed that upregulating
HIC2 impaired cell growth in both LN229 and U251 glioma cells
(Figure 5E,F). We further investigated the growth inhibition role of
HIC2 in an orthotopic glioblastoma-bearing mice by using GL261
cell line in C57BL/6 mice. The results showed that overexpression
of HIC2 significantly impaired growth of GL261 glioma cells in vivo
(Figure 5G,H). Therefore, our findings confirmed the tumor suppres-
sor role of HIC2 in glioma.

3.6 | HIC2interacts with RNF44 and
downregulates PTPRN2 expression by binding to the
PTPRN2 promoter

Since the KEGG analysis suggested that HIC2 might regulate the
Akt/mTOR signaling pathway, we assessed phosphorylation levels
of key proteins in the Akt/mTOR signaling pathway. As shown in
Figure 6A, overexpression of HIC2 decreased the phosphorylation
levels of mTOR, AKT and 70Sé6k in LN229 and U251 glioma cells.
HIC2 was suggested to bind to RNF44 in our study by bioinfor-
matics analysis. Therefore, we further performed a Co-IP assay
by cotransfecting a plasmid containing RNF44 with a Flag tag or
HIC2 with an HA tag into glioma cells to evaluate the interaction
between HIC2 and RNF44. We found that HIC2 physically bound
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FIGURE 6 HIC2 interacts with RNF44 and downregulates PTPRN2 expression by binding to the PTPRN2 promoter. (A) Overexpression
of HIC2 decreases the phosphorylation of Akt, mTOR, and p70Dék. (B, C) Co-IP assay show that the HIC2 protein interacts with RNF44
(left: U251; right: LN229). (D) Overexpression of HIC2 decreases mRNA level of PTPRN2. (E) The DNA binding motif of HIC2 and a model
describing the binding sites between HIC2 and the promoter of PTPRN2 and the establishment of the mutant E (Mut-E)-PTPRN2 promoter
constructs. (F) A dual-luciferase reporter assay showing the relative luciferase activities in LN229 and U251 glioma cells after cotransfection
of vector or HIC2 with the Mut-E1-PTPRN2 promoter, Mut-E2-PTPRN2 promoter, WT-PTPRN2 promoter or empty construct pGL4-luc. (G)
CHIP assay showing that HIC2 binds to the E1 region of the PTPRN2 promoter.

TABLE 1 Target genes of HIC2 predicted by cistrome database

Gene Score Coordinate

PTPRN2 0.599 chr7:157539055-158,587,822
LOC105378947 0.482 chr1:586286-611,296
ARHGEF18 0.462 chr19:7439687-7,472,477
PEX11G 0.071 chr19:7476874-7,489,034
OR4F16 0.046 chr1:685715-686,653

TEX45 0.039 chr19:7497547-7,508,449
FRG2B 0.013 chr10:133623894-133,626,794
ZNF358 0.011 chr19:7515285-7,521,024
MCOLN1 0.007 chr19:7522623-7,534,008
NCAPG2 0.007 chr7:158631308-158,667,237
PNPLA6 0.003 chr19:7534163-7,561,763
BAGE2 0.002 chr21:10413531-10,491,614
EFHC2 0.002 chrX:44147871-44,343,671
DEFB115 0.001 chr20:31257663-31,259,631
LOC107984841 0.001 chr1:733139-744,656

to RNF44 (Figure 6B,C). In addition, we predicted the DNA bind-
ing motif and target genes of HIC2 using JASPER (https://jaspar.
genereg.net/) and the cistrome database (http://cistrome.org/db/),

the target genes of HIC2 were shown in Table 1, which showed
that Protein tyrosine phosphatase receptor type N2 (PTPRN2)
was the most likely target gene (markered in Bold). The results of
the qRT-PCR assay revealed that overexpression of HIC2 down-
regulated PTPRN2 mRNA levels (Figure 6D). To further verify
whether PTPRN2 is a direct target of HIC2, we generated three
constructs: the wild-type (WT)-PTPRN2 promoter, mutant E1 (Mut-
E1)-PTPRN2 promoter, and mutant E2 (Mut-E2)-PTPRN2 promoter
constructs. A model describing the interaction between HIC2 and
the promoter region (E1 and E2) of PTPRN2 and the establishment
of the Mut-E1-PTPRN2 promoter, Mut-E2-PTPRN2 promoter, and
WT-PTPRN2 promoter is shown in Figure 6E. The empty luciferase
reporter construct (pGL4-luc) served as a control. The relative lucif-
erase activity in LN229 glioma cells was markedly decreased after
cotransfection of HIC2 and WT-PTPRN2-luc or HIC2 and Mut-E2-
luc, while luciferase activity was not affected after cotransfection
of HIC2 and Mut-E1-luc (Figure 6F). Furthermore, a ChIP assay was
performed to verify the binding of HIC2 to the PTPRN2 promoter.
The gRT-PCR results showed that in the chromatin fraction pulled
down by the anti-HIC2 antibody, only the E1 region of the PTPRN2
promoter was detected (Figure 6G). Collectively, our findings sug-
gest that HIC2 interacts with RNF44 and downregulates PTPRN2
expression by binding to its promoter.
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3.7 | HIC2 correlated with immune cell infiltration
in glioma

Because HIC2 is involved in immunomodulatory signaling pathways
in gliomas, we further investigated the correlation between HIC2
expression and immune cell infiltration. Firstly, we analyze HIC2
expression and six types of immune cell infiltration in the LGG and
GBM datasets. The results revealed that HIC2 was significantly
negatively correlated with the infiltration of M2 macrophages but
positively correlated with neutrophils and NK cells in both LGG and
GBM (Figure S5A). We found that HIC2 expression was significantly
negatively correlated with M2 macrophages and CD8" T cells but
positively correlated with memory B cells, M1 macrophages, neu-
trophils, and NK cells based on the data from CGGA and TCGA
(Figure S5B). In addition, DNA methylation of the HIC2 gene at
cg13558199, cg20944928 and cg22869804 sites was positively cor-
related with M2 macrophages and CD8+ T cells but negatively cor-
related with M1 macrophages, neutrophils and NK cells (Figure S5C).
High expression of HIC2 was accompanied by low immune scores
(p<0.0001, Figure S5D). Furthermore, we found that 5 immune in-
hibitors (KDR, TIGIT, VTCN1, LAG3 and ADORA2A) and 2 immune
stimulators (ICOS and TNFRSF25) were significantly associated with
HIC2 in gliomas (Figure S5E). The correlations between HIC2 ex-
pression and immune checkpoints and classical phenotypes of mac-
rophages and neutrophils were also analyzed. We found that HIC2
was positively associated with immune checkpoints, such as PDL1,
PDL2, LAG3, and CTLA4. In addition, HIC2 was negatively corre-
lated with M2 markers of tumor-associated macrophages (TAMs)
and N2 phenotype markers of tumor-associated neutrophils (TANs)
but positively correlated with M1 markers of TAMs and NI1 markers
of TANs (Figure S5F-H). Collectively, our results suggest that HIC2

expression might be involved in the immune response.

4 | DISCUSSION

Gliomas are a heterogeneous group of intracranial neoplasms
of glial origin. They are the most common type of primary tumor
(40%) in the central nervous system. A growing number of epige-
netic prognostic markers, such as ARF, CDKN2B, RB1, APC, CDH1,
ESR1, GSTP1, MYOD1, and HIC1, are frequently being discovered in
gliomas.’!> In gliomas, the methylation status of the promoter for
MGMT has been verified to be associated with glioma progression
and has been identified as a biomarker to predict whether glioma

.1 HIC1 is a novel tumor

patients will benefit from TMZ treatmen
suppressor gene that acts as a negative transcriptional regulator and
growth suppressor and is commonly found to be methylated in many
human cancers, including glioma.*”*® HIC2 is a human homolog of
the putative tumor suppressor gene HIC1.” The structural and bio-
chemical characteristics and functions of HIC2 in tumorigenesis a
transcription factor remain unknown.

We were curious whether HIC2 plays the same role as HIC1 in gli-

oma. In fact, we found that HIC2 is downregulated in glioma cell lines

compared to nontumor immortalized astrocyte cells, and mRNA ex-
pression levels of HIC2 were negatively correlated with DNA hyper-
methylation in its promoter, which may explain why, at least in part,
the low expression of HIC2 in glioma tissues was due to epigenetic
silencing. Moreover, further analysis showed that high DNA methyla-
tion levels or lower mRNA expression levels of HIC2 were correlated
with worse overall survival and more malignant clinicopathological
phenotypes. Previous studies reported that 1p/19q codeletion always
means better prognosis. In this study, we found that expression of
HIC2 was lower in 1p/19q codeletion group than that in 1p/19q non-
codeletion group, which seem to be a controversial result. However,
we also found that the difference of DNA methylation levels of HIC2
at three CpG sites (cg13558199, cg20944028 and cg22869804) be-
tween 1p/19q codel group and 1p/19q non-codel group was not sig-
nificance, which suggested that downregulation of HIC2 in 1p/19q
codeletion group might not result from DNA methylation. In our opin-
ion, maybe some complex factors resulted in the controversial result,
which need further investigation. ROC analysis further verified that
HIC2 represents a sensitive indicator to predict 1-year, 3-year, and 5-
year survival rates of patients, indicating the value of HIC2 as a prog-
nostic biomarker for gliomas. Taken together, HIC2 could be used as a
potentially independent prognostic biomarker for gliomas.

HIC2 was found to be a pivotal transcriptional activator of SIRT1
and consequently upregulates SIRT1 in the heart and potentially
many other SIRT-regulated physiological processes, which might
protect the heart from I/R injury.? However, further experimental
data found that HIC2 acts as a tumor suppressor gene and tran-
scription repressor in glioma cells. When expression of HIC2 was
upregulated, the proliferation of glioma cells was significantly inhib-
ited both in vitro and in vivo. Glioma microenvironment and tumor
metabolism are important factors in tumor progression. However,
we only focused on the changes in tumor proliferation ability in vivo
experiments. Exploring the changes in glioma microenvironment and
tumor metabolism using strengthened MRI experiments may help
us better understand the process of tumor microenvironment and
guide the clinical treatment of glioma.?°-22

When KEGG and GO enrichment analyses were performed, the
major biological functions of HIC2 were clustered into cell growth
and mTOR/AKT pathways. Then, we verified that the mTOR/AKT
pathway was inactivated after overexpression of HIC2 in immuno-
blotting experiments.

It has been reported that RNF44 is upregulated in melanoma
cells due to hyperactivation of the ERK/AKT pathway.?® We found
that HIC2 interacts with the RNF44 protein through PPI analysis,
and we further verified that the two proteins physically bound using
a Co-IP assay. Further bioinformatics analysis showed that HIC2 and
RNF44 might be involved in mTOR/AKT pathways. However, we do
not yet know how these two proteins function in the AKT pathway
after physical binding, which requires further investigation.

PTPRN2 was identified as a new regulator in the progression of
glioma by comprehensive protein tyrosine phosphatase mRNA pro-
ﬁling.24 As a transcription factor, numerous target genes were found
to be transcriptionally regulated by HIC2 through bioinformatics
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analysis, and the PTPRN2 gene ranked as the top of these target
gene sets. Then, we verified that PTPRN2 was indeed transcription-
ally inhibited by direct binding of HIC2 to promotor element 1 (lo-
cated 1173 bp upstream of the transcription start site). Although we
did not further examine the function of the target gene PTPRN2,
limited and contradictory literature is currently reported regard-
ing PTPRN2's involvement in cancer. Downregulation of PTPRN2
in metastatic breast cancer cells inhibited migratory potential and
proliferation of xenograft tumors in vivo.?® However, another study
found that PTPRN2 did not correlate with glioma patient survival.?
Hypermethylation of the PTPRN2 promoter region in glioblastomas
suggests tumor suppressor roles.?® The biological impact of PTPRN2
on tumors may thus be context dependent, and the role of PTPRN2
in glioma biology needs further investigation.

The tumor microenvironment consists of stromal cell (fibro-
blasts), immune cells (infiltrating lymphocytes, Macrophages), and
tumor cells and interaction among these cells contributes to the
tumor malignant progression.?”?® Previous studies suggested neu-
trophils and macrophages are the main tumor infiltrating cells, which
correlated with clinical prognosis of gliomas.?>*° In our study, GO
and KEGG enrichment analysis implied an immune-mediated role
of HIC2 on glioma progression. We investigated the relationship
between HIC2 expression and immune cell infiltration by using
ESTIMATE, CIBERSORT, and TIMER algorithms. We found that
HIC2 expression correlated with macrophage and neutrophil infil-
tration, which implied that HIC2 played a potential role in the tumor
microenvironment. Furthermore, expression of HIC2 negatively cor-
related to the markers of M2-type TAMs and N2 type TANs, implying
an anti-tumor function of HIC2 on glioma progression by mediating
macrophage and neutrophil infiltration. However, the detailed mo-
lecular mechanisms by which HIC2 plays its role is still unclear.

Previous study reported a 7-gene panel of promoter methyla-
tion which could be helpful in brain tumor diagnosis or characteriza-
tion.3! However, our study only evaluated single gene methylation,
which has limited value. In summary, our study revealed that HIC2
is hypermethylated in glioma and that HIC2 is an independent pro-
tective factor in glioma, suggesting that HIC2 represents a novel
biomarker for the prognosis prediction of gliomas. In addition, mech-
anistic analysis implied that HIC2 might bind to RNF44 and inhibit
PTPRN2 expression.
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