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Abstract

Noncoding RNAs regulate transcription of gene expression and play an important role in the pathogenesis of glioblastomas.
These tumors are heterogeneous with some glioma stem cells (GSCs) that are highly tumorigenic subpopulations of cells
contributing to recurrence and treatment resistance. In this study, GSCs were established by neurosphere cultures of primary
glioblastoma cells and validated by the expression of GSC marker CD133. The expression of the long noncoding RNA
HOTAIRMI was detected using real-time quantitative reverse transcription PCR (qQRT-PCR). The role of HOTAIRMI1 in the
proliferation, apoptosis, stemness, and tumorigenicity of GSCs was investigated by soft agar colony formation, flow cytometry,
TUNEL analysis, sphere formation, and in vivo xenograft models through silencing of HOTAIRM1. The expression of
HOTAIRMI1 and the neighboring HOX genes were analyzed by qRT-PCR in different grades of gliomas and nontumor tissues.
We found that HOTAIRML1 is significantly elevated in GSCs. The silencing of HOTAIRM1 significantly impairs the prolifer-
ation, apoptosis, self-renewal, tumorigenesis of GSCs. In addition, HOTAIRM1 is significantly upregulated in gliomas and
associated with tumor grade and patient survival. HOTAIRMI neighboring genes, HOXA1, HOXA2, and HOXA3, are also
significantly upregulated in gliomas and correlate with the expression of HOTAIRM 1. Among them, HOXA2 and HOXA3 were
identified as being upregulated in GSCs and contributed to the self-renewal of these stem cells. Taken together, our results
demonstrate that HOTAIRM1 plays a critical role in the self-renewal of GSCs. These data also suggest that overexpression of
HOTAIRMI can be a negative prognostic factor for patient survival in malignant glioma and may be a promising potential
therapeutic target.
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Introduction

Glioma is the most common malignant adult primary brain
tumor type in the central nervous system (CNS). Glioma can
be categorized into 4 grades according to the World Health
Organization (WHO) grading system, including low-grade
glioma (WHO I and II) and high-grade glioma (WHO III
and IV). Glioblastoma is classified as WHO grade IV and is
the most aggressive and deadly form of glioma. There were ~
23,880 brain and other nervous system cancer cases in the
USA in 2018 [1] and 101,600 new brain and other nervous
system cancer cases in China in 2015 [2]. Glioblastoma ac-
counts for ~ 50% of gliomas. The current standard treatment
of glioblastoma is surgery, followed by concurrent chemother-
apy with temozolomide (TMZ) and radiation therapy [3]. The
median overall survival of glioblastoma is ~ 15 months, and
the 5-year survival rate is ~ 5.5% [4]. Therefore, it is critical to
investigate further the potential therapeutic targets for
gliomas.

Glioma stem cells (GSCs) within high-grade gliomas are
considered to contribute to treatment resistance and recurrence
of glioblastoma. Their ability to grow as neurospheres in
serum-free media has been used to enrich glioma GSCs.
CD133 is the most commonly used cell surface marker of
GSCs. CD133 (prominin-1)+ is considered to have higher
rates of self-renewal and proliferation and increased differen-
tiation ability. Injection of a few CD133+ glioma cells can
produce a tumor in the brain of a mouse, which could be
serially transplanted with a phenotype copy of the patient’s
original tumor [5]. GSCs have been considered to play a cru-
cial role in resistance to conventional therapies and the initia-
tion of tumor recurrence [6]. Therefore, the identification and
understanding of GSCs will provide insights into human gli-
oma pathogenesis for developing more effective therapeutic
strategies.

Long noncoding RNAs (LncRNAs) are a class of RNA that
are longer than 200 nt and lack protein-coding capacity.
IncRNAs are emerging as important regulators of gene expres-
sion, and contribute to normal cell and tissue physiology and
disease processes including cancer pathogenesis [7]. Recent
research indicates that the aberrant expression of LncRNAs
also plays an important role in the self-renewal and malignant
transformation of cancer stem cells, including GSCs.
LncRNAs may become novel biomarkers for diagnosis and
therapeutic targets for the treatment of glioma [8, 9]. However,
there is no functional study of HOTAIRMI in glioma, espe-
cially glioma stem cells. Here, we discovered that
HOTAIRMI is elevated in GSCs and plays a critical role in
the self-renewal of GSCs. The upregulation of HOTAIRM1 is
a negative prognostic factor for patient survival in malignant
glioma and may be a potentially promising therapeutic target.

Materials and Methods

See the Supplementary Material for a complete description of
the methods.

Sphere Formation Assay

Established GSC1 and GSC2 cells were infected with
lentiviral shsHOTAIRM1 or shRNA scramble and pLenti-
HOTAIRMI, pLenti-HOXA2/HOXA3, or pLenti-control vi-
rus. Cells were plated onto a 24-well ultralow attachment plate
(Coming Inc., Corning, NY.) in neurosphere culture medium,
which consisted of serum-free sphere condition media con-
taining DMEM/F12, 10 ng/mL basic fibroblast growth factor
(bFGF), 10 ng/mL epidermal growth factor (EGF), 1:50 B27
supplement, and 100 U/mL penicillin/streptomycin (Thermo
Fisher Scientific, Rockford, IL.). After 2 to 3 weeks of culture,
the number of neurospheres (diameter > 40 pm) was manually
counted in 3 randomly selected fields at a magnification of
40x under an inverted microscope. This assay was performed
in triplicate in 3 independent experiments.

Orthotopic Xenograft Models

Animal experiments were conducted according to the reg-
ulations of the Laboratory Animal Research Center at the
institute. To establish the orthotopic xenografts of GBM, 5-
week-old NOD/SCID mice were used. GSC1 and GSC2
cells were infected with lentiviral Luciferase and lentiviral
shHOTAIRM1 or shRNA scramble. Then 2 x 10° stable
infected cells were collected in 10 uL of Hank’s balanced
salt solution for a group of 5 mice and injected into the
brains of anesthetized mice (2 pL/mice) by using a rodent
stereotactic frame. We used X and Y stereotaxic coordi-
nates and positioned the micropipette over the area to be
injected. The tumor growth was monitored by biolumines-
cence imaging at different time points. The animals were
sacrificed using asphyxiation by CO, or via exsanguina-
tion under deep isoflurane anesthesia and the tumor vol-
ume was examined.

Statistics

All data and statistics analysis was performed using ANOVA
and a two-tailed Student’s ¢ test as implemented in SPSS 12.0,
GraphPad Prism 5 software or Partek Genomics Suite soft-
ware. A p value < 0.05 was considered significant, and the
results were adjusted for multiple comparisons.
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Results

HOTAIRM1 is Elevated in GSCs, and the Suppression
of HOTAIRM1 Impairs Self-Renewal

We previously established some GSCs from fresh surgical
samples of GBM patients and found that some microRNAs
and IncRNAs are dysregulated in GSCs and associated with
stemness of glioblastoma. We found that the established GSCs
have a significantly high neurosphere formation capacity
compared to non-GSCs, which were primary-cultured GBM
cells in the normal culture medium with the adherent culture
condition (Fig. 1a). We further examined the expression of
CD133 by qRT-PCR and flow cytometry analysis. The results
also showed that the normalized relative expression of the
GSC marker CD133 (PROMI1 gene) was significantly higher
in GSCs than in non-GSCs (Fig. 1b). The CD133+ GSC sub-
populations were also significantly higher in the neurosphere-
cultured GSCs than in the established primary GBM cells by
flow cytometry analysis (Fig. 1c). Some other GSC stemness
genes (SOX2, OCT4, NANOG) are also higher in GSCs than
non-GSCs (Fig. SI1A—C). Next, we examined a panel of
IncRNAs expression in the GSCs and non-GSCs. We found
that HOTAIRM1 is elevated in GSCs (Fig. 1d). To further
investigate the role of HOTAIRMI1 in GSCs, we designed 3
shRNAs targeting HOTAIRM1. After the transfection of
GSCs, we observed significant silencing of HOTAIRM1 ex-
pression in GSCs by qRT-PCR analysis (Fig. le).
Interestingly, the silencing of HOTAIRMI1 also significantly
inhibits the neurosphere-forming ability of GSCs (Fig. 1f),
suggesting that suppression of HOTAIRM1 impairs the self-
renewal of GSCs.

Silencing of HOTAIRM1 Inhibits the Proliferation
and Tumorigenicity of GSCs

To investigate the critical role of HOTAIRMI1 in GSCs, we
further investigated the effects of HOTAIRM1 silencing on
cell growth, proliferation, and tumorigenic capacity of
GSCs. We found that the silencing of HOTAIRM1 significant-
ly inhibits the cell growth of GSCs by MTS (3-(4,5-dimeth-
ylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium) analysis (Fig. 2a, b). The trypan
blue exclusion viability assay also showed the inhibition ef-
fects of HOTAIRM1 shRNA (Fig. S12E). The MTS assay is a
colorimetric method for the sensitive quantification of viable
cells in cell proliferation assays. Anchorage-independent
growth in soft agar is the ability of transformed cells to grow
independently and is a hallmark of carcinogenesis. To charac-
terize the proliferation and carcinogenesis capability of GSCs
in vitro, we next conducted a soft agar colony formation assay.
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The results showed that the silencing of HOTAIRM1 in GSCs
formed far fewer colonies than in the control group, and the
size of the colonies was also much smaller than that of the
control group (Fig. 2¢, d). Our data also demonstrated that re-
overexpression of HOTAIRM1 could restore most of the
in vitro functions mediated by HOTAIRM1 shRNAT1 (Fig.
S1). Moreover, HOTAIRM1 overexpression in the “naive”/
nonmanipulated GSCs (non-GSC1 and non-GSC2) that ex-
press low HOTAIRM1 also showed that overexpression of
HOTAIRM1 promotes non-GSC cell proliferation (Fig. SIE,
F) and tumor growth (Fig. S1G, H). We also investigated the
sensitivity of GSCs/non-GSCs and GSCs-ShScramble/
ShHOTAIRMI to temozolomide (TMZ). The results showed
that GSCs are more resistant to TMZ. However, knockdown
of HOTAIRMI significantly overcomes the TMZ resistance
of GSCs (Fig. S12A-D). The tumorigenicity assay is consid-
ered the gold standard assay for cancer stem cells. So we next
examined the tumorigenic capacity of GSCs through silencing
HOTAIRM1. We found that the silencing of HOTAIRM1
significantly inhibited the tumorigenic capacity of GSCs
in vivo (Fig. 2E-H), suggesting that HOTAIRM1 is critical
for the proliferation and tumorigenicity of GSCs.

Silencing of HOTAIRM1 Induces Apoptosis of GSC Cells

To understand how HOTAIRMI contributes to the prolifera-
tion and tumorigenicity of GSCs, we investigated the effects
of HOTAIRM1 silencing on the apoptosis of GSCs. An
Annexin/7-AAD staining assay showed that suppression of
HOTAIRMI in both GSC1 and GSC2 cells significantly in-
creased the Annexin+ apoptotic cells (2-3 fold) by flow cy-
tometry analysis (Fig. 3a). Meanwhile, the TUNEL assay re-
sults also showed that suppression of HOTAIRM1 significant-
ly increased the TUNEL+ apoptotic cell number (Fig. 3b).
These data suggest that the silencing of HOTAIRM1 may
inhibit the proliferation and tumorigenicity of GSCs through
inducing apoptosis of GSCs.

HOTAIRM1 is Overexpressed in Gliomas and is
a Negative Prognostic Factor for Patients

To evaluate the critical role of HOTAIRMI as a potential
biomarker of GBM, we next examined the expression of
HOTAIRMI in glioma tissues from glioma patients of dif-
ferent grades by qRT-PCR analysis. We observed that the
expression of HOTAIRM1 was significantly higher in gli-
omas than in nontumor brain tissues (Fig. 4a). Moreover,
the expression level of HOTAIRMI correlated with the
grades of gliomas. The expression of HOTAIRM1 was
significantly higher in grade 4 glioma (GBM) than in grade
2 and grade 3 gliomas (Fig. 4b). There was also a
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Fig.1 HOTAIRMI1 is elevated in GSCs and suppression of HOTAIRM 1
impairs self-renewal. (a) The representative images of neurosphere-
cultured GSCs and 2 established GSC cells. (b) The normalized relative
expression of the GSC marker CD133 was significantly higher in GSCs
than in non-GSCs by qRT-PCR analysis. (¢) The CD133+ GSC subpop-
ulations were significantly higher in the neurosphere-cultured GSCs than
in the established primary glioblastoma cells by flow cytometry analysis.
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(d) The normalized relative expression of HORTAIRM1 was significant-
ly higher in the GSCs than in the non-GSCs by qRT-PCR analysis. (e)
The knockdown effects of 3 different HOTAIRM1 shRNA-infected
GSCs were validated by qRT-PCR analysis. (f) The representative images
of the sphere formation in GSCs infected with ShScramble and
HOTAIRM1 shRNA. An asterisk (*) denotes p < 0.05, whereas a double
asterisk (**) denotes p < 0.01)

and noncodeletion (Fig. 4c, d). The median relative expres-
sion value of grade 4 or grade 2/3 glioma tissue samples
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Fig. 2 Silencing of HOTAIRM1 a
inhibits the proliferation and

tumorigenicity of GSCs. (a, b)
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was chosen as the cutoff point. Fisher’s exact test and
Kaplan—Meier analysis showed that a high level of
HOTAIRMI1 expression was significantly associated with
poor overall survival of both grade 4 glioma (Fig. 4e) and
grade 2/3 glioma (Fig. 4f). The expression of HOTAIRM 1
was further shown to be elevated with advanced stages of
gliomas in the Chinese Glioma Genome Atlas (CGGA)
data set (Fig. 4g). The high expression of HOTAIRM1
was also significantly associated with the overall survival
of gliomas in the CGGA data set (Fig. 4h). The GSE4290
data set also showed that HOTAIRMI is overexpressed in
gliomas compared to nontumor tissues (Fig. S2A). The
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TCGA data set showed that the expression level of
HOTAIRMI1 was higher in GBM than in low-grade glio-
mas (LGGs) (Fig. S2B). However, the expression of
HOTAIRMI1 in 4 molecular subtypes of glioma (classical,
mesenchymal, neural, and proneural) was not significantly
different in the CGGA and TCGA data sets (Fig. S3). High
expression of HOTAIRM1 was also significantly associat-
ed with poor survival of both GBM and LGG patients in
the TCGA and CGGA data sets (Figs. S4 and S5).
Multivariable analyses of the clinico-pathological parame-
ters (age, gender, preoperative KPS, treatment, IDH1 mu-
tation, MGMT methylation, and HOTAIRM1) of overall
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Fig. 3 Silencing of HOTAIRM1-
induced apoptosis of GSC cells.
(a) The Annexin/7-AAD staining
assay showed that the knockdown
of HOTAIRMI significantly in-
creased the Annexin+ apoptotic
cells by flow cytometry analysis.
(b) The representative images of
the TUNEL assay showed that the
knockdown of HOTAIRM1 sig-
nificantly increased the TUNEL+
apoptotic cell number
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survival in patients with GBM and LGG have been done to
establish HOTAIRM1 as an independent prognostic bio-
marker (Table S1). Overall, these data suggest that
HOTAIRMI is elevated in gliomas and is a negative prog-

nostic factor for patients.

The Neighboring Genes of HOTAIRM1 are
Upregulated in GBM and Correlate with HOTAIRM1

Emerging evidence suggested that many IncRNAs act locally
to regulate the expression of nearby genes [10]. We observed 3
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neighboring genes (HOXA1, HOXA2, and HOXA3) of
HOTAIRM!1 by bioinformatics analysis (Fig. S6). Next, we
examined the expression of neighboring genes in our samples
by qRT-PCR analysis. We found that the expression of
HOXA1, HOXA2, and HOXA3 was significantly increased
in gliomas and correlated with the expression of HOTAIRM1
(Fig. 5). Pan-cancer analysis of HOXA1, HOXA2, and
HOXAZ3 in the TCGA data set also showed that HOXAT1,
HOXA?2, and HOXA3 had a low expression in the normal
brain but significantly overexpressed in both GBM and
LGGs (Fig. S7). The correlations of HOTAIRMI1 and
HOXA genes in the TCGA are shown in Fig. S8. There was
also a significant difference in HOXA1, HOXA2, and
HOXA3 expression between the IDHI mutation and wild-
type or thelp/19q codeletion and noncodeletion (Fig. S9).
Although HOXA9 and HOXA10 have been established as

@ Springer

critical oncogenes in GBM, we did not observe a difference
in the expression of HOXA9 and HOXA10 in our GSCs and
non-GSCs by RT-qPCR analysis (Fig. S11D, E). We next
performed a knockdown assay of HOXA1, HOXA2, or
HOXA3. The results showed that the knockdown of
HOXAT1, HOXA2, or HOXA3 inhibited colony formation in
soft agar of GSCs independent of HOTAIRM knockdown,
which suggests the effects of HOXA gene-silencing on GSC
tumorigenicity (Fig. S10).

HOXA2 and HOXA3 are Upregulated in GSCs
and Contribute to the Self-Renewal of GSCs

To further investigate the role of neighboring genes of
HOTAIRMI in the self-renewal of GSCs, we firstly ex-
amined the expression of HOXA1l, HOXA2, and
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knockdown of HOTAIRMI1 by qRT-PCR analysis. The
normalized relative expression of HOXA1, HOXA2, and
HOXA3 was downregulated in GSCs with the suppres-
sion of HOTAIRM1 (Fig. 6a). However, the expression
of HOXA2 and HOXA3, but not HOXAI, was signifi-
cantly higher in GSCs than in non-GSCs (Fig. 6b). To
further understand the role of HOXA2 and HOXA3 in
the self-renewal of GSCs, we next force-expressed the
expression of HOXA2 and HOXA3 in GSCs with the
silencing of HOTAIRMI1. The quantification of the
neurospheres showed that overexpression of HOXA2
and HOXA3 significantly increased the neurosphere-
forming ability of GSCs when HOTAIRMI1 was si-
lenced (Fig. 6¢, d), suggesting that HOXA2 and
HOXA3 were upregulated in GSCs and contribute to
the self-renewal of GSCs induced by HOTAIRMI.

HOTAIRMI1, HOXA transcript antisense RNA myeloid-
specific 1, is anovel long noncoding RNA that has been found
to play a role in myelopoiesis through modulation of gene
expression of the HOXA cluster [11]. The following study
showed that HOTAIRM1 provides a regulatory link during
myeloid maturation in NB4 human promyelocytic leukemia
cells [12] by modulating integrin-controlled cell cycle pro-
gression at the gene expression level. Recently, HOTAIRM1
has been found to play a role in some cancers, including breast
cancer [13], acute myeloid leukemia [14], pancreatic ductal
adenocarcinoma [15], ovarian cancer [16], lung adenocarcino-
ma [16], head and neck tumors [17], and colorectal cancer
(CRCO) [18]. In breast cancer, HOTAIRMI1 was found to be
significantly overexpressed in the basal-like subgroup where-
as HOTAIR was significantly overexpressed in the HER2-
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Fig. 6 HOXA2 and HOXA3
were upregulated in GSCs and
contributed to the self-renewal of
GSCs. (a) The normalized rela-
tive expression of HOXA1,
HOXA2, and HOXA3 in GSC1
cells with knockdown of
HOTAIRM1 by qRT-PCR analy-
sis. (b) The normalized relative
expression of HOXA1, HOXA2,
and HOXA3 in GSCs and non-
GSCs by qRT-PCR analysis. (c)
The normalized relative expres-
sion of HOXA2 and HOXA3
showed overexpression of
HOXA2 and A3 by qRT-PCR
analysis. (d, e) The representative
images and quantification of
neurospheres showed that over-
expression of HOXA2 and
HOXAS3 significantly increased
the neurosphere formation ability
of GSCs with the silencing of
HOTAIRMI. An asterisk (*) de-
notes p < 0.05
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enriched subgroup [13]. In intermediate-risk acute myeloid
leukemia patients, high HOTAIRMI1 expression was indepen-
dently associated with shorter overall survival, shorter
leukemia-free survival, and a higher cumulative incidence of
relapse [14]. HOTAIRM1 has also been shown to regulate
autophagy and the degradation of the PML-RARA
oncoprotein during myeloid cell differentiation [19]. The
expression level of HOTAIRM1 was upregulated in pan-
creatic ductal adenocarcinoma tissue samples compared
with matched adjacent nontumor samples [15]. In different
types of lung cancer, HOTAIRMI1 was found to be mainly
expressed in lung adenocarcinoma. However, HOTAIRM1
was decreased in the peripheral blood cells of lung cancer
patients compared with those of healthy controls [20]. The
expression of HOTAIRM1 was also found to be reduced in
CRC tissues compared with matched normal tissues, and
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plasma HOTAIRMI levels in CRC patients were also low-
er than those of controls, suggesting that HOTAIRM1
plays the role of a tumor suppressor in CRC [18].
Previously, differential IncRNA expression profiles in re-
current gliomas compared with primary gliomas also indicat-
ed that some IncRNAs, such as H19, CRNDE, and
HOTAIRMI, may play important roles in glioma recurrence
[9, 21]. GSCs are considered a source of tumor formation and
recurrence of glioma. However, the critical role of
HOTAIRMI in the pathogenesis and stemness of glioma has
not been clarified. Here, we discovered that HOTAIRMI is
significantly elevated in GSCs. The silencing of HOTAIRM1
significantly impairs the proliferation, apoptosis, self-renewal,
and tumorigenesis of GSCs, suggesting the critical role of
HOTAIRMLI in the stemness of GSCs. HOTAIRM!1 was sig-
nificantly overexpressed in glioma tissue samples and was
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associated with the grading of the tumors and patients’ surviv-
al. The TCGA data indicated that the high expression level of
HOTAIRM1 was a negative prognostic factor for both GBM
and LGGs. It is expected to be a negative prognostic factor for
all glioma patients irrespective of tumor grade. The overex-
pression of HOTAIRM1 was a negative prognostic factor for
patient survival in malignant glioma and may be a potentially
promising therapeutic target.

Emerging evidence suggested that many IncRNAs act
locally to regulate the expression of nearby genes [10].
For a further understanding of the regulatory mechanism
of HOTAIRMI1 in the pathogenesis of glioma, we further
investigated the expression and function of 3 neighboring
genes (HOXA1, HOXA2, and HOXA3) of HOTAIRMI.
The expression of HOXA1, HOXA2, and HOXA3 was
significantly increased in gliomas and correlated with the
expression of HOTAIRMI. A previous study showed that
chromosome 7 and DNA hypermethylation is associated
with the expression of a stem cell-related HOX signature
in GBM. HOX genes are a family of developmental genes
that are not expressed in the developing forebrain and nor-
mal adult brain. The aberrant expression of a HOX gene-
dominated stem cell signature in GBM has been linked
with increased resistance to chemoradiotherapy and
sustained proliferation of GSCs [22]. HOXAT1 has been
identified as a putative driver of early mammary cancer
progression in transgenic mice. Silencing of HOXA1 by
intraductal injection of siRNA lipidomic nanoparticles
has been shown to prevent mammary tumor progression
in mice [23]. HOXA2 has been shown to select barrelette
neuron identity and connectivity in the mouse somatosen-
sory brainstem [24]. HOXA3 has been shown to promote
tumor growth of colon cancer through activation of the
EGFR/Ras/Raf/MEK/ERK signaling pathway [25]. Our
data indicated that HOXA2 and HOXA3 were further
shown to be upregulated in GSCs and contribute to the
self-renewal of GSCs induced by HOTAIRM1. Therefore,
our data demonstrated that HOTAIRM1 maintains the tu-
morigenicity of GSCs through regulation of the HOX gene
expression.
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