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Abstract Gliomas are the most commonly occurring

tumors of the central nervous system. Glioblastoma

multiforme (GBM) is the most malignant and aggressive

brain cancer in adults. Further understanding of the

mechanisms underlying the aggressive nature of GBM is

urgently needed. Here we identified homeobox B8

(HOXB8), a member of the homeobox family, as a crucial

contributor to the aggressiveness of GBM. Data mining of

publicly accessible RNA sequence datasets and our patient

cohorts confirmed a higher expression of HOXB8 in the

tumor tissue of GBM patients, and a strong positive

correlation between the expression level and pathological

grading of tumors and a negative correlation between the

expression level and the overall survival rate. We next

showed that HOXB8 promotes the proliferation and

migration of glioblastoma cells and is crucial for the

activation of the PI3K/AKT pathway and expression of

epithelial–mesenchymal transition-related genes, possibly

through direct binding to the promoter of SAMD9 (Sterile

Alpha Motif Domain-Containing Protein 9) and activating

its transcription. Collectively, we identified HOXB8 as a

critical contributor to the aggressiveness of GBM, which

provides insights into a potential therapeutic target for

GBM and opens new avenues for improving its treatment

outcome.
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Introduction

Glioma is a set of primary brain tumors which account for

almost 80% of all malignant primary tumors of the brain

[1]. They are classified according to their presumed cell of

origin and include astrocytic tumors, oligodendrogliomas,

ependymomas, and mixed gliomas [2–5]. The World

Health Organization classifies gliomas pathologically as

grades I to IV based on the level of malignancy as

determined by histopathological criteria [6, 7]. Glioblas-

toma multiforme (GBM) is the most aggressive type of

tumor and has been designated Grade IV [8]. The global

incidence of GBM is\ 10 per 100,000 people. However,

the poor prognosis and survival rate after diagnosis makes

it a crucial public health issue [9–11]. Currently, the

etiology of gliomas remains poorly understood and the

aggressiveness of GBM needs urgent investigation in order

to develop more effective treatment strategies to improve

the poor prognosis of patients with this high-grade glioma.

Hox genes are a group of related genes, each of which

contains a well-conserved DNA sequence known as the

homeobox [12]. The protein product of each Hox gene is a

transcription factor. In mammals, 39 Hox genes have been

identified that are clustered in four genomic loci, the HoxA,

HoxB, HoxC and HoxD complexes, which control the body

plan of the embryo along the head-tail axis [13, 14]. In

addition, Hox proteins regulate numerous other processes

including apoptosis, receptor signaling, differentiation,

motility, and angiogenesis [15, 16]. Aberrations in Hox

gene expression have been reported in malignancy, indi-

cating that altered expression of Hox genes could be

important for both oncogenesis and tumor suppression,

depending on context [17, 18].

HOXB8 is located at 17q21.32, is composed of 5 exons,

and encodes 243 amino-acids. In addition to its critical role

in the development of the central nervous system, accu-

mulating evidence suggests a significant role of HOXB8 in

colorectal cancer [19], liver cancer [20], gastric cancer

[21], and ovarian cancer [22]. However, its role in the

development and progression of glioma is unclear.

Therefore, in this study, we set out to determine the role

of HOXB8 in the development of glioma.

Materials and Methods

Ethics Statement

Human brain tissue microarrays were provided by Shang-

hai Outdo Biotech Co. Ltd., comprising 3 from normal

brain tissue and 87 from glioma patients (3 with grade I, 16

with grade II, 26 with grade III, and 42 with grade IV) (Cat

No. HBraG090PG01, Lot No. XT16-017).

Tissues from 26 glioma cases (13 with grade III and 13

with grade IV) were provided by Beijing Tiantan Hospital

and individual informed consent was given by all patients.

Normal brain tissues were acquired from patients who

underwent brain surgery for unrelated causes. We confirm

that the procedures involving experiments on human

subjects met the ethical standards of the Helsinki Decla-

ration in 1975. This study was approved by the Ethics

Committee of Peking University Health Science Center.

Bioinformatics Analysis of HOXB8 Expression

HOXB8 mRNA expression data from gliomas were

downloaded and extracted from three datasets [European

Bioinformatics Institute (EBI) ArrayExpress data, Chinese

Glioma Genome Atlas (CGGA) data, and Gene Expression

Omnibus (GEO) data]. The Kruskal-Wallis rank sum test

was performed to assess the difference in HOXB8 expres-

sion between non-tumor brain tissue and gliomas, and

between low-grade and high-grade gliomas. Gene Set

Enrichment Analysis (GSEA) was also used to find

significantly enriched gene sets and pathways. The rela-

tionship between HOXB8 mRNA expression levels and

tumor patient survival was analyzed online using Oncolnc

(http://www.oncolnc.org/), which linked the survival data

to mRNAs, miRNAs, and lncRNAs from The Cancer

Genome Atlas.

Cell Culture

Human glioma cell lines U251 (Sigma-Aldrich, 0906301,

Porton Down, UK), U87 (American Type Culture Collec-

tion, HTB-14, Manassas, VA), A172 (American Type

Culture Collection, CRL-1620), GOS-3 (German Collec-

tion of Microorganisms and Cell Cultures, ACC 408,

Braunschweig, Germany), and rat C6 glioma cells (Amer-

ican Type Culture Collection, CCL-107) were cultured in

RPMI 1640 medium (pH 7.4) supplemented with 10% fetal

bovine serum (FBS) and 100 IU/mL penicillin and

streptomycin (all from Gibco, Thermo Scientific, NY,

USA) in a humidified atmosphere of 5% CO2 at 37�C.

Plasmids and Antibodies

Full-length HOXB8 was cloned into the pcDNA3.1 vector.

Anti-HOXB8 antibody (Abcam, ab125727, WB 1:1000,

ICC 1:200) and anti-SAMD9 antibody (Abcam, ab13603,

WB 1:1000, ICC 1:100) were from Abcam. MMP2

(#13132, D8N9Y), MMP3 (#14351, D7F5B), MMP-9

(#13667, D6O3H), Slug (#9585, C19G7), Snail (#3879,

C15D3), PI3K kinase p85 (#4942), phospho-PI3 kinase p85

(#4228,1:1000,Tyr458)/p55 (Tyr199), E-cadherin (#3195,

24E10), N-cadherin (#13116,D4R1H), p44/42 MAPK
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(#4695, Erk1/2) (137F5), phospho-p44/42 MAPK (#9101,

Erk1/2) (Thr202/Tyr204), Akt (#4691, pan) (C67E7),

phospho-Akt (#4060, Ser473) (D9E), vimentin (#5741,

D21H3), b-actin (#3700, 8H10D10), and GAPDH (#8884,

D16H11) were from Cell Signaling Technology (Mas-

sachusetts, USA). Mouse anti-rabbit IgG-HRP (BE0107-

100, Shenzhen, China) was from EASYBIO and KI67

rabbit polyclonal antibody was from Proteintech (27309-1-

AP, Rosemont, USA).

si-RNA Sequences

The small interfering (si)-RNA sequences were designed and

synthesized by GenePharma (Shanghai, China). U251 and

U87 cells were transfected with Smart pool siRNAs against

HOXB8 or SAMD9 (20 nmol/L) using Lipofectamine

3000 (Thermo Fisher Scientific Transfection, Waltham,

MA). The sequences were as follows: siRNA HOXB8 1, 50-
CCUAUUUAAUCCCUAUCUGTT-30; siRNA HOXB8 2,

50-UCAACUCACUGUUCUCCAATT-30; siRNA SAMD9,

50-GUGCAUUCGAGAGCCAAGAUU-30; siNC, 50-GUG-
CAUUCAAGAGCCAAGAUU-30.

Lentivirus Infection

Lentiviruses carrying short hairpin (sh)-RNA targeting

human HOXB8 were constructed by GeneChem

(GIDL0158539, Shanghai, China). Cells were infected by

the viruses for 48 h, then they were cultured in medium

containing puromycin for selecting stable HOXB8-knock-

down cells. The knockdown efficiency was verified by

Western blotting. The shRNA sequences were as follows:

HOXB8 50-GCAAATCCAGGAGTTCTAC-30, non-target-
ing control: 50-TTCTCCGAACGTGTCACGT -30.

Cell Survival Assay

Cells were assayed using Cell Counting Kit-8 (CCK-8)

(Beijing Solarbio Science & Technology Co., Ltd,

CA1210). The cells were plated in 96-well plates (100

lL cell suspensions, 3 9 103 cells), 10 lL of CCK8 per

well was added at 0, 12, 24, 36, 48, and 72 h, incubated for

2–4 h in a 37�C cell incubator, then the absorbance (OD) at

450 nm was measured using a microplate reader (Thermo,

Waltham, MA).

Colony Formation

Approximately 200 stably-transfected cells were plated

into a 12-well plate. Two weeks later, visible colonies were

fixed in 4% paraformaldehyde and stained with 0.1%

crystal violet (Selleck Chemicals, S1917, Houston, TX).

All experiments were performed in triplicate wells.

Cell Migration Assays

Migration assays were conducted by seeding 1 9 104 U251

or U87 glioma cells in the upper chamber of a Transwell

plate (Corning, NY, USA). The glioma cells were cultured

without serum for 12 h before each experiment; a single

cell suspension (300 lL) in serum-free medium was added

to the upper chamber, then 700 lL of complete medium

containing 10% FBS was added to the lower level. After

incubation at 37�C for 24 h, the cells in the lower chamber

were fixed in 4% formalin and stained with 0.1% crystal

violet. The migrated cells were counted in three randomly-

selected fields from each membrane and each experiment

was performed three times.

Cell Invasion Assay

Invasion assays were performed by seeding 19104 U251 or

U87 glioma cells in the upper chamber of a Transwell plate

(Corning). Matrigel (0.5%) in a coating buffer solution (BD

Biosciences, NJ, USA) was added to the upper chamber

prior to seeding the cells. The glioma cells were cultured

without serum for 12 h before each experiment and an

appropriate amount (300 lL) of a single-cell suspension in

serum-free medium was added to the upper chamber, and

complete medium containing 10% FBS (700 lL) was then
added to the lower layer. After incubation at 37�C for 24 h,

the cells in the lower chamber were fixed in 4% formalin

and stained with 0.1% crystal violet. The migrated cells

were counted in three randomly-selected fields from each

membrane; each experiment was performed three times.

Western Blotting

Glioma cells were harvested and lysed in RIPA buffer

(Beyotime, P0013C, Beijing, China), containing complete

mini protease inhibitor cocktail (Roche, 04693124001,

Basel, Switzerland). Proteins were separated by SDS-

PAGE and transferred to polyvinylidene fluoride mem-

branes (GE, PVDF 0.45 lmol/L, 10600023). Non-specific

binding was blocked using 5% non-fat milk and the

primary antibody was incubated at 4�C overnight; then the

secondary antibody was incubated at room temperature for

1 h. Signals were visualized by chemiluminescence

(Millipore Corp., Billerica, MA).

RNA Sequencing and Target Gene Search by qPCR

U251 cells were treated with HOXB8 siRNA and siRNA

NC for 48 h, each with 3 technical replicates. RNA was

extracted using TRIzol (Invitrogen, 15596-026, Grand

Island, NY) according to the manufacturer’s protocol.

Total RNA was reverse transcribed using an RT-PCR kit
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(Tiangen, KR103-03, Beijing, China) according to the

manufacturer’s protocol. The sequencing reads were gen-

erated using the BGISEQ-500 platform following the

manufacturer’s recommendations. The paired-end clean

reads were aligned to the reference human genome (UCSC

version hg19) using TopHat v2.0.12. HTSeq v0.6.1 was

used to count the read numbers mapped to each gene and

the gene expression levels were calculated with RSEM

version v1.2.31. Fragments per kilobase of transcript per

million mapped reads for each gene were calculated based

on the length of the gene and the read-count mapped to that

gene, all these were provided by the Beijing Genomics

Institute (Beijing, China). We used MA, volcano, scatter,

and heatmap plots to show the distributions of differen-

tially-expressed genes. A Holm’s corrected P-value of

0.005 and log2 (fold-change) of 1 were set as the threshold

for significant differential expression. Then functional

enrichment analysis was performed on Gene Ontology

and Kyoto Encyclopedia of Genes and Genomes pathways.

Subsequently, qPCR was performed using Go Taq qPCR

Master Mix (Cat No. A6001, Promega Corp., Madison,

WI). Cycling conditions were as follows: 5 min at 95�C
followed by 45 cycles each consisting of 10 s at 95�C, 20 s

at 60�C, and 30 s at 72�C. The relative concentrations of

genes were normalized to b-actin. Fold-change was

calculated using the 2-DDCt method. The primers are listed

in Table S1.

Semi-quantitative Immunohistochemistry

Paraffin sections were made as previously described

[23–25]. After deparaffinization, sections were immersed

in 100% ethanol (29), 96% ethanol (29), and 70% ethanol

(29) followed by heat-induced antigen retrieval at 120�C
for 10 min in citrate buffer (pH 6), then allowed to cool to

room temperature. After blocking endogenous enzyme

activity and non-specific protein binding sites, each slide

was incubated overnight at 4�C with the primary antibody

followed by incubation with the secondary antibody for 1 h.

Color development was produced using 3, 3-diaminoben-

zidine tetrahydrochloride (Beijing Solarbio Science &

Technology Co., Ltd, DA1010-10) for 5 min, and counter-

stained with hematoxylin (Selleck Chemicals, S2384).

HOXB8 expression was evaluated independently by two

experienced pathologists using the following method. A:

Cell staining intensity (at 10920 magnification, 5 different

fields of view were selected randomly and observed under

the microscope; the average of the combined counts of 5

fields was calculated): negative staining, 0 point; weakly

positive staining, 1 point; positive staining but with light

brown background, 2 points; positive staining without

background, 3 points. B: Area staining intensity (at 10 9 4

magnification the total positive area was observed and

evaluated): positive area = 0%, 0 point; positive area =

1%–25%, 1 point; positive area = 26%–50%, 2 points;

positive area = 51%–75%, 3 points; positive area[ 75%, 4

points. C: The degree of positive staining for each section

was determined by multiplication of the values for A and

B: 1–3 was classified as weakly positive (?); 4–6 as

positive (??); and 7–12 as strongly positive (???).

Nuclear Protein Extraction and Electrophoretic

Mobility Shift Assay (EMSA)

Nuclear extracts were isolated from shNC U251 and

shHOXB8 U251 cells with Nuclear and Cytoplasmic

Extraction Reagents (Pierce, Cat: 78833, NY, USA) accord-

ing to the manufacturer’s instructions. Protein concentra-

tions were determined with a BCA protein assay kit (Pierce,

Cat: 23227). Nuclear extracts were stored at - 80�C until

use. We predicted HOXB8 binding sites in the SAMD9

promoter and designed three biotin end-labeled probes

(probe 1 sequence, AAGAGTAATTAAGTTA, location

- 778 to - 794 bp; probe 2 sequence, CTCTGCAA-

TAAATGAA, location - 488 to - 478 bp; probe 3

sequence, ACCCTTAAAGGCCAGT, - 370 to - 386

bp), synthesized by Sangon Biotech (Shanghai, China).

EMSA was carried out using the LightShift� Chemilumi-

nescent EMSAKit (Pierce, Cat: 89880, NY,USA) according

to the manufacturer’s instructions. DNA binding reactions

were detected in 20-lL volumes containing biotin-labeled

oligonucleotides and nuclear extracts. Unlabeled oligonu-

cleotides were added as competition controls. The reaction

products were incubated at 4�C for 20 min, then the reaction

mixtures were separated by electrophoresis, transferred to a

nylon membrane (Roche) and detected by chemilumines-

cence (Millipore Corp.).

Statistical Analysis

Quantitative data are presented as the mean ± SD. Differ-

ences in the mean of two samples were analyzed using

Student’s t-test. Correlation between HOXB8 and SAMD9

expression levels was analyzed using the Spearman rank

correlation test. Correlations between HOXB8 expression

and various clinical pathological variables were analyzed

using the Kruskal-Wallis test. Overall survival rates were

determined using the Kaplan-Meier method. All statistical

tests were two-tailed exact tests with a P\ 0.05 considered

significant. All statistical analyses were performed using

SPSS software (version 15.0)/R version 3.4.4 (http://www.

cran.r-project.org).
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Results

HOXB8 is Involved in the Pathogenesis of Gliomas

We first turned to publicly-accessible databases for evi-

dence of involvement of HOXB8 in the pathogenesis of

gliomas. We found that the expression level of HOXB8

was significantly higher in gliomas than in non-tumor

tissue (Fig. 1A). To further explore the clinical significance

of HOXB8 in glioma progression, we took advantage of

data from the CGGA database and found a strong positive

correlation between the expression level of HOXB8 and

the pathological grading of tumors (Fig. 1B). These

findings were supported by data from a cohort of glioma

patients from the GEO database (Table S2). A strong

negative correlation was found between the expression

Fig. 1 HOXB8 expression in gliomas in relation to their grades.

A HOXB8 expression in gliomas and non-tumor brain tissue from

EBI ArrayExpress data (17 non-tumor brain tissues and 75 gliomas).

***P \ 0.001. B HOXB8 expression in low-grade and high-grade

gliomas from CGGA data (122 low-grade and 179 high-grade).

***P\ 0.001. C Overall survival of glioma patients with high and

low expression of HOXB8. Data from OncoLnc (http://www.oncolnc.

org/). *P\0.05. D Overall survival of glioma patients with high and

low expression of HOXB8. Data from our cohort of patients. *P\
0.05. E Expression of HOX family members including HOXB8 in

gliomas from the GSEA database (17 non-tumor controls and 75

gliomas). F Immunohistochemical analysis of HOXB8 expression in

gliomas of different pathological grades. Data are presented as the

mean ± SD. Scale bars, 50 lm.
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level of HOXB8 and patients’ overall survival rate

(Fig. 1C), which was confirmed in our cohort of glioma

patients (23 low grade and 22 high grade) (Fig. 1D). It is

noteworthy that, according to data derived from the GSEA

database (75 gliomas and 17 non-tumor controls), many

HOX family members were strongly expressed in gliomas,

including HOXB8 (Fig. 1E). We confirmed the stronger

expression of HOXB8 in gliomas in our cohort of patients

by immunohistochemistry staining (IHC) (Fig. 1F). Con-

sistent with the above data-mining results, HOXB8 expres-

sion in our cohort was also correlated with pathological

grading (Table 1).

HOXB8 Promotes Proliferation of Glioma Cells

We screened several glioma cell lines with grade IV glioma

tissue as a positive control. Consequently, we selected

U251 and U87 glioma cells for subsequent experiments

based on the abundant expression of HOXB8 in these

two cell lines (Fig. 2A). After transient knockdown of

HOXB8 in the glioma cells, proliferation experiments

showed that the knockdown of HOXB8 reduced their

ability to proliferate (Fig. S1A, B). The knockdown

efficiency in these cells was verified by western blotting

(Fig. S2A). Stable silencing of HOXB8 in U251 and

U87 glioma cells was achieved using a lentivirus-mediated

knockdown system. Silencing HOXB8 significantly

reduced the proliferative capacity (Fig. 2B). Consistently,

over-expression of HOXB8 promoted the proliferation

of glioma cells (Fig. 2C). Silencing HOXB8 also signifi-

cantly reduced the colony-forming ability (Fig. 2D, E).

To explore the mechanism underlying the decreased

proliferation of glioma cells following knockdown of

HOXB8, we investigated the activation of the AKT

pathway and found that it was significantly decreased

(Fig. 2F). Conversely, overexpression of HOXB8 increased

the activation of the PI3K/AKT pathway (Fig. 2G). We

also examined the ERK pathway and found no notable dif-

ference (Fig. S2C).

HOXB8 Promotes Migration of Glioma Cells

Transient silencing of HOXB8 in glioma cells reduced

their migration and invasion ability (Fig. S1C, D). Consis-

tently, stable silencing of HOXB8 produced the same

results (Fig. 3A, B). Epithelial-mesenchymal transition

(EMT)-related proteins were examined to reveal the

relationship between HOXB8 and the EMT process. We

detected upregulation of an epithelial cell marker (E-

cadherin) and downregulation of mesenchymal cell mark-

ers (N-cadherin and vimentin) after transient knockdown of

HOXB8 (Fig. S2A, B). Similar results were obtained in

stably-transfected cells (Fig. 3E). Consistently, overex-

pression of HOXB8 significantly decreased the epithelial

cell markers and increased the mesenchymal cell markers

(Fig. 3C, D, F). These results indicated that HOXB8 is

involved in the process of epithelial-to-mesenchymal

transition.

SAMD9 is a Potential Target of HOXB8 and Induces

Proliferation, Migration, and Invasion of Glioma

Cells

To gain better insight into the molecular mechanisms

involving HOXB8 during the proliferation, migration, and

invasion of glioma cells, we performed whole genome

RNA sequencing in U251 cells transfected with control

siRNA and siRNA against HOXB8. We found down-

regulation of 62 genes and up-regulation of 18 genes

among the differentially-expressed genes (Fig. 4A). We

analyzed numerous differentially-expressed genes, includ-

ing HOXB8, SAMD9, OSA3, IFI44L, RSAD2, IFIT1,

HERC6, PPFIA4, KRT15, KRT13, SEMA7A, NME1-

NME2, MX1, and MX2 (Fig. 4B). Based on the role of

HOXB8 in promoting the proliferation, migration, and

invasion of tumor cells, 14 genes associated with metas-

tasis were identified from the top genes with a 20-fold

change (Table S3). Three out of 14 genes were down-

regulated in siRNA HOXB8-treated U251 cells by qPCR

analysis (Fig. 4C). Among these genes, SAMD9 is closely

associated with tumorigenesis. To test if HOXB8 binds

directly to the promoter of SAMD9, we designed three

probes in the SAMD9 promotor region and analyzed the

possible protein motif for HOXB8 (Fig. 4D). We per-

formed EMSA experiments and showed that HOXB8

directly binds to the promoter of SAMD9 and transacti-

vates SAMD9 (Fig. 4E). More importantly, SAMD9 was

also elevated in gliomas compared to non-tumor brain

tissue (Fig. 5A). Similar to HOXB8, we found that the

expression level of SAMD9 had a positive correlation with

the glioma clinical pathology data (Fig. 5B) and a negative

correlation with the overall survival rate in the CGGA

database (Fig. 5C). These findings were further supported

Table 1 HOXB8-related factor analysis in grade I–IV gliomas

Variable Total (-) (?) (??) (???) P value

Age (years)

[ 50 26 6 4 7 9 0.432788

B 50 50 18 10 7 15

Gender

Male 38 9 8 8 16 0.146729

Female 38 15 6 9 8

Glioma grade

I–II 19 11 4 3 1 0.005443

III–IV 57 13 10 11 23
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by data from a cohort of glioma patients from the GEO

database (Table S4). Using semi-quantitative IHC analysis

of 1 normal brain and 9 gliomas (Fig. 5D), we found that

HOXB8 expression correlated with SAMD9 expression

(Fig. 5E) and p-AKT expression (Fig. 5F); we also found

that SAMD9 expression correlated with p-AKT expression

(Fig. 5G). Transient knockdown of SAMD9 in glioma cells

reduced their ability to proliferate (Fig. 6A, B) and

decreased the activation of the AKT pathway (Fig. 6C).

Silencing of SAMD9 in glioma cells reduced their

Fig. 2 HOXB8 promotes proliferation of glioma cells and affects

activation of the AKT/PI3K pathway. A Expression of HOXB8

assessed by western blot in glioma samples. Upper panel, blots of

U251, U87, C6, A172, GOS-3 cells; lower panel, statistical analysis

of grayscale values. B Proliferation assays in U251 cells (upper) and

U87 (lower) with stable expression of shHOXB8. C Proliferation

assays in U251 (upper) and U87 (lower) cells with overexpression of

HOXB8. D Colony formation assays in U251 cells (left) with

stable expression of shHOXB8 and statistical results (right; 3

independent experiments). E Colony formation assays in U87 cells

(left) with stable expression of shHOXB8, and statistical results

(right: 3 independent experiments). F, G Western blots of PI3K and

AKT, and phosphorylation of these proteins in U251 and U87 cells

with stable expression of shHOXB8 (F) and overexpression of

HOXB8 (G). Data are shown as the mean ± SD and were pooled

from 3 independent experiments. *P\ 0.05, **P\ 0.01.
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migration and invasion ability (Fig. 6D, E). We revealed

upregulation of an epithelial cell marker (E-cadherin) and

downregulation of mesenchymal cell markers (N-cadherin

and vimentin) after transient knockdown of SAMD9

(Fig. 6F). Taken together, these data suggest the working

model that HOXB8/SAMD9 drives the development of

glioma cells through the PI3K/AKT signaling pathway

(Fig. 7).

Discussion

Increased expression of HOXB8 is associated with a wide

variety of cancers. Higher expression of HOXB8 promotes

gastric cancer cell migration, invasion, and the EMT,

possibly through interacting with ZEB2 [21]. HOXB8

knockdown inhibits the proliferation and invasion of colon

cancer cells in vitro as well as carcinogenesis and

Fig. 3 HOXB8 promotes migration of glioma cells and upregulates

EMT-related genes. A, B Migration (A) and invasion (B) assays in

U251 (upper) and U87 (lower) cells with stable expression of

shHOXB8. C, D Migration (C) and invasion (D) assays in U251

(upper) and U87 (lower) cells with overexpressed HOXB8. EWestern

blots of EMT-related proteins (E-cadherin, N-cadherin, vimentin,

MMP2, MMP3, MMP9, Slug, and Snail) in U251 and U87 cells with

stable expression of shHOXB8. F Western blots of EMT-related

proteins E-cadherin, N-cadherin and vimentin in U251 cells with

HOXB8 overexpression. Data are shown as the mean ± SD and were

pooled from three independent experiments. Scale bars, 100 lm.

*P\ 0.05, **P\ 0.01, ***P\ 0.001.
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metastasis in vivo. HOXB8 also induces the EMT in colon

cancer cells, and this is characterized by the down-

regulation of AKT phosphorylation [26]. Higher HOXB8

expression in effusions is associated with shorter overall

and progression-free survival in serous ovarian carcinoma

[22]. Consistent with these findings, we found higher

expression of HOXB8 in human gliomas than in non-tumor

tissue (Fig. 1A). Furthermore, we found that the expression

level of HOXB8 was strongly correlated with tumor

pathological grading (Fig. 1B) and negatively correlated

with the overall survival rate (Fig. 1C, D). We also

demonstrated that strong expression of HOXB8 was critical

for the proliferation (Fig. 2B), migration, and invasion

(Fig. 3A, B) of glioblastoma cells and that HOXB8 might

also induce the EMT in glioblastoma cells. The EMT of

tumor cells is a major step towards invasion and metastasis.

After knockdown of HOXB8, the epithelial marker E-cad-

herin was up-regulated, while Snail was down-regulated

(Fig. 3E). Snail plays an important role in tumor metastasis

by transcriptionally regulating a variety of factors involved

in the EMT process. Vimentin was also down-regulated

(Fig. 3E). Vimentin is an intermediate microfilament

protein specifically expressed in mesenchymal cells and

its presence indicates that cancer cells have changed from

an epithelial phenotype to a mesenchymal phenotype.

Nevertheless, whether the dysregulation of EMT-related

proteins is directly responsible for the increased prolifer-

ation, migration, and invasion of glioma cells by HOXB8

overexpression needs further investigation.

Activation of the PI3K-AKT pathway plays an impor-

tant role in the malignant proliferation of tumor cells. This

pathway is considered to be one of the most basic survival

signaling pathways in tumors. It is abnormally activated in

many tumor types including glioma and is closely associ-

ated with the aggressiveness of glial tumors. PI3K/AKT

further activates its downstream target mTOR through the

TSC1/2 complex. In head and neck tumors, PI3K/AKT

activation up-regulates the expression of MMP9, which

degrades E-cadherin on the cell surface and promotes cell

invasion and migration. We identified SAMD9 as a

downstream target gene of HOXB8 in glioma cells

(Fig. 4E). SAMD9 is involved in the control of cell

proliferation and functions as a tumor suppressor in some

cancers. Deleterious mutations in the SAMD9 gene are

known to cause normophosphatemic familial tumoral

carcinosis, a rare autosomal recessive disease [27]. In

malignant glioma, SAMD9 is involved in death signaling

in response to inactivated Sendai virus particles (HVJ-E) or

Fig. 4 SAMD9 is one of the mediators of HOXB8 in glioma cells.

A Volcano plot depicting a log transformation plot of the fold-change

of different genes by whole genome RNA sequencing in U251 cells

transfected with control siRNA and HOXB8 siRNA. B Top differ-

entially-expressed genes in RNA-seq results. C Top differentially-

expressed genes in RNA sequencing confirmed in U251 cells by

qPCR. *P\ 0.05, **P\ 0.01. D De novo motifs recovered by the

MD module from the HOXB8 binding sites with a RefSeq gene

within 2 kb. E EMSA of biotinylated SMAD9 promoter probes in

nuclear extracts from siNC-treated and HOXB8 siRNA-treated U251

cells. Biotinylated probes were detected with HRP-streptavidin. ‘‘ck’’

and ‘‘cold’’ indicate competitor and unlabeled probe negative

controls, respectively. Data are shown as the mean ± SD and were

pooled from three independent experiments.
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Fig. 5 SAMD9 expression in glioma cells and its correlation with

HOXB8. A SAMD9 expression in gliomas from GEO data (23 non-

tumor brain tissue samples and 157 gliomas). ***P \ 0.001.

B SAMD9 expression levels in higher and lower grade gliomas from

CGGA data (122 low-grade and 179 high-grade). ***P \ 0.001.

C Overall survival of glioma patients with high and low expression of

SAMD9. Data from OncoLnc (http://www.oncolnc.org/). ***P \
0.001. D One normal brain sample and 9 gliomas stained with

hematoxylin and eosin (H&E) and for HOXB8, SAMD9, and p-AKT.

The arrows show the positive protein expression. E Correlation

analysis of HOXB8 and SAMD9 immunohistochemical scores.

X-axis, HOXB8 staining score; y-axis, SAMD9 staining score; cor-

relation coefficient r = 0.96; ***P\0.001. F Correlation analysis of

HOXB8 and p-AKT immunohistochemical scores. X-axis, HOXB8

staining score; y-axis, p-AKT staining score; correlation coefficient

r = 0.91; ***P \ 0.001. G Correlation analysis of SAMD9 and

p-AKT immunohistochemical scores. X-axis, SAMD9 staining score;

y-axis, p-AKT staining score; correlation coefficient r = 0.96; ***P\
0.001. Data are shown as the mean ± SD. Scale bars, 50 lm.
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type I interferon treatment. When SAMD9 expression is

knocked down by RNA interference, the apoptotic cell

death induced by HVJ-E is blocked in U251 cells

[28]. Studies have shown that SAMD9 is closely associated

with invasive fibromatosis [29]. Overexpression of

SAMD9 inhibits the proliferation and invasion of non-

Fig. 6 SAMD9 mediates the proliferation, migration, and invasion of

glioma cells and affects the activation of the AKT/PI3K pathway and

expression of EMT-related genes. A, B Transient silencing of

SAMD9 in U251 cells (A) and U87 cells (B) decreased the rate of

proliferation. C Western blots of phosphorylation of PI3K and AKT

in U251 and U87 cells with transiently silenced SAMD9. D Transient

silencing of HOXB8 in U251 (upper) and U87 (lower) cells decreased

the rate of migration. E Transient silencing of SAMD9 in U251

(upper) and U87 (lower) cells decreased the rate of invasion.

F Western blots of EMT-related proteins (E-cadherin, N-cadherin,

vimentin, MMP2, MMP3, MMP9, Slug, and Snail) in U251 and U87

cells with transiently silenced SAMD9. Data are shown as the mean ±

SD and were pooled from three independent experiments. Scale bars,

100 lm. *P\ 0.05, **P\ 0.01.
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small-cell lung carcinoma cells [30]. SAMD9 is signifi-

cantly up-regulated in highly metastatic esophageal carci-

noma, suggesting that it plays an important role in tumor

metastasis [31]. Bioinformatics analysis found that

SAMD9 was higher in gliomas than normal brain tissue

(Fig. 5A), and its expression was positively correlated with

glioma pathological grading (Fig. 5B). SAMD9 was highly

expressed in gliomas and positively correlated with patho-

logical grades from the GEO database (Table S4). Subse-

quent overexpression and knockdown assays showed a

similar phenotype for HOXB8. However, whether dysreg-

ulated PI3K/AKT activation plays a direct role downstream

of both HOXB8 and SAMD9 in the proliferation, migra-

tion, and invasion of glioma cells is not clear. In addition,

further investigation is needed to fully establish SAMD9 is

a direct effector gene for the HOXB8-mediated prolifer-

ation, migration, and invasion of glioma cells. Neverthe-

less, similar to other neural disorders [32], there is a critical

need for biomarkers for diagnosis and prognosis in glioma

treatment. Currently, one clinical trial is recruiting patients

to evaluate and identify effective prognostic biomarkers for

malignant glioma [33, 34]. HOXB8 expression evaluation

in initial diagnostic biopsy sections could provide a

valuable indicator in terms of prognosis.

In conclusion, our study identified HOXB8 as a crucial

contributor to the aggressiveness of GBM. With further

detailed mechanistic investigation, HOXB8 may prove to

be an interesting prognostic biomarker and therapeutic

target, blockade of which increases the sensitivity of

glioma cells to current treatment.
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