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XBP1 silencing decreases glioma cell viability and glycolysis
possibly by inhibiting HK2 expression
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Abstract Glioma cells rely on glycolysis to obtain energy

and sustain their survival under microenvironmental stress

in vivo. The mechanisms of regulation of glycolysis in

glioma cells are unclear. Signaling pathway mediated by

the transcription factor X box-binding protein 1 (XBP1) is

one of the most important pathways of unfolded protein

response which is comprehensively activated in cancer

cells upon the microenvironmental stress. Here we showed

that XBP1 was significantly activated in glioma tissues

in vivo. XBP1 silencing resulted in decreasing of glioma

cell viability and ATP/lactate production under hypoxia,

which is possibly mediated by inhibition of Hexokinase II

(HK2)’s expression. More importantly, XBP1 silenced

glioma cells showed the decrease of tumor formation

capacity. Our results revealed that XBP1s activation was

involved in glioma glycolysis regulation and might be a

potential molecular target for glioma treatment.

Keywords XBP1 � Glioma � Cancer metabolism � HK2

Introduction

Glioma cells grow in the microenvironment where is

hypoxia and lack of nutrients. To accommodate to the

microenvironmental stress, glioma cells are forced to

obtain enough energy via particular metabolism and gene

expression styles [1, 2]. The shift from oxidative phos-

phorylation (OXPHOX) to glycolysis is the classic glucose

metabolism adaptation [3]. The molecular mechanism of

this shift needs further investigation. Some recent studies

showed that HK2 was the first key enzyme for glycolysis

and abundantly expressed in gliomas, moreover, expression

level of HK2 was negatively correlated with glioma (WHO

grade IV) patients’ prognosis, while inhibition of HK2’s

expression decreased the glioma cell viability [4]. The

report of HK2’s function on glioma provided new per-

spectives for scientists to better understand the special

metabolic characteristics of glioma. However, the molec-

ular mechanism of glioma metabolism regulation is still not

clear.

IRE1a-XBP1 signaling is one of the most important

downstream pathways of unfolded protein response (UPR)

which is comprehensively activated in cancer cells under

microenvironment stress [5]. Under endoplasmic reticulum

(ER) stress conditions, active IRE1a processes the mRNA
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encoding the transcription factor X box-binding protein 1

(XBP1), excising a 26-nucleotide-long intron that shifts the

coding reading frame of this mRNA [6–8]. This results in the

expression of an active and stable transcription factor, which

is termed as splicedXBP1 (XBP1s).XBP1s translocate to the

nucleus to induce the upregulation of a variety of target genes

[9–11]. Hypoxia induces XBP1 at the transcriptional level

and activates the splicing of its mRNA, leading to increased

levels of activated XBP1s protein. After exposure to

hypoxia, Glioma undergoes increased apoptosis and

decreased clonogenic survival in XBP1-deficient cells [12].

Loss of XBP1 significantly inhibited tumor growth due to a

reduced capacity for these transplanted tumor cells to survive

in a hypoxic microenvironment [12, 13].

Several studies demonstrated that UPR pathways played

critical role in cancer cell survival and tumor growth in vivo

by activating adaptive strategies against the microenviron-

ment stress [14, 15]. Blockage of UPR signals including

IRE1-XBP1 arm results in tumor growth arrest and cancer

cell apoptosis in different malignancies, which suggests that

XBP1 is a potential molecular target for cancer therapy [16].

Recently Chen et al.’s study demonstrated that XBP1 par-

ticipated in controlling the HiF1a-mediated hypoxia

response pathway genes including HK2 under hypoxia,

which was verified by gene-set enrichment analysis [14].

Considering the tight cross-relationship among UPR signals,

cancer microenvironmental stress and energy metabolism, it

is reasonable to speculate that UPR molecules may be

involved in cancer cell metabolism regulation.

In our previous study [17], we reported that XBP1 was

highly expressed, more importantly, XBP1s was clearly

activated in glioma tissues. However, the role of XBP1

controlling metabolism in human glioma is not clear. In

this study, we showed that XBP1s was significantly acti-

vated in glioma tissues and glioma cells under hypoxia.

Moreover, XBP1 silencing inhibited glioma cell viability

and tumor growth by inhibiting HK2 expression and gly-

colysis under hypoxia. These data suggested XBP1 could

be a molecular target for glioma treatment.

Methods

Cell culture

C6, U87 and U251 cell lines were obtained from Cell

Resource Center, IBMS, CAMS/PUMC where they were

characterized by mycoplasma detection, short tandem

repeat (STR) and cell vitality detection. These cell lines

were immediately expanded and frozen so that they could

be restarted every 3–4 months from a frozen vial of the

same batch of cells. Cells cultured in DMEM high glucose

medium (Invitrogen, USA) with 10 % fetal bovine serum

(Invitrogen, USA) and 1 % streptomycin/penicillin solu-

tion (Beyotime, China), at 37 �C with 5 % CO2.

Westernblot analysis

Cell and tissue proteins were collected with RIPA lysis

buffer containing protease and phosphatase inhibitors

(Roche, Swiss) according to the manufacturer instructions,

westernblot was achieved as previously described. Mem-

branes were incubated with the following antibodies: anti-

XBP1 (1:1000, GeneTex, USA), anti- XBP1s (1:1000,

Biolegend, USA), anti-HK2 (1:1000, Cell Signaling

Technology, USA) and anti-b-actin (1:1000, Santa Cruz,

USA). Protein expression levels were evaluated by quan-

tified gray density of westernblot bands with Odyssey V1.2

software and normalized to internal controls.

Cell infection and construction of lentiviral vector

XBP1 and negative control (NC) shRNAs were first con-

structed according to effective XBP1’s siRNA (50 CCA-
GUCAUGUUCUUCAAAU 30) and NC sequences (50

UUCUCCGAACGUGUCACGU 30) which were confirmed

in this study (Supplementary Fig. 1). XBP1 and negative

control (NC) shRNAs were used for transient transfection

experiments in this study. For stable transfection, XBP1

and NC shRNAs were embedded into pENTR/U6-GFP

vector with GFP, then recombination reaction was pro-

cessed between pENTR/U6-shRNA-GFP and pLenti6/

Block-it-DEST vector, after that, the combined vector and

package plasmid were co-transfected into HEK 293T cells

and then virus particles were collected after 48 h. U87 cells

were then infected with lenti-Xbp1 shRNA or NC vector.

U87 cells which expressed GFP were chose for further

culture.

Trypan blue staining

12 h or 24 h after treatment the cell suspension was mixed

with 0.4 % trypan blue solution (Beyotime, China) at a 1:1

ratio. After 1–2 min incubation at room temperature, the

mixture was loaded onto one chamber of Neubauer

hemocytometer and squares of the chamber were observed

under a light microscope. The viable/live (clear) and non-

viable/dead (blue) cells were counted and the viability was

calculated using the formula (number of live cells

counted/total number of cells counted) 9 100.

ATP production, lactate production and glucose

uptake assays

Cells were treated by Oligomycin A (OA, 1 mol/L, Cay-

man, USA) or grew in 1 % O2. ATP and Lactate
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production were respectively detected by ATP kit (Bey-

otime, China) and Lactate assay kit (Eton Bioscience,

USA) on the basis of manufacturer’s instructions and

normalized to live glioma cell numbers. For glucose

uptake, 1 million cells were stained with fluorescent D–

glucose analogue 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)

amino]-2-deoxy-D–glucose (2-NBDG; 100 lM; Invitro-

gen, USA) for 30 min, washed with PBS, and analyzed by

flow cytometry.

O2 consumption

106 U87 or U251 cells were resuspended in 1 mL of

fresh medium prewarmed to 37 �C and pregassed with

95 % air and 5 % CO2. The cell suspension was placed

in a sealed respiration chamber equipped with a tem-

perature control, a microstirring device, and a Clark-type

oxygen electrode. Oxygen consumption in the cell sus-

pension was measured using a Mitocell MT200

respirometer and an oxygen electrode (Warner Instru-

ments). The oxygen content was periodically monitored

with an MT200 respirometer, and the oxygen consump-

tion rate was measured over 1 min.

In vivo tumor formation

C6 cell suspensions (containing 5 9 105 cells) were

injected at a depth of 5.0 mm into the caudate nucleus of

three male Wistar Rats weighing 200–250 g (Vital River

Laboratory, Beijing, China). Rats were sacrificed at 21-day

after C6 cell transplantation. At the same time, glioma and

normal adjacent tissues were dissected and immediately

frozen at -80 �C for use.

Ten female BALB/c nude mice used in this study

(4 weeks old) were purchased from Slac Laboratory Ani-

mal Company, Shanghai, China. 2 9 106 lenti-NC or lenti-

XBP1 shRNA stable transfected glioma cells were

respectively injected into right shoulders subcutaneous of

two groups nude mice, in addition, each group contained

five nude mice. The mice were then sacrificed at 28-day.

The glioma tissues were immediately resected and stored at

-80 �C for use. All the procedures were approved by the

Ethical Committee of the First Affiliated Hospital of Har-

bin Medical University.

Statistical analysis

All the experiments were repeated three times at least and

the statistical results were expressed as mean ± SEM. The

significance was evaluated by Student’s t test or one way

ANOVA using GraphPad Prism software.

Results

XBP1 silencing suppressed glioma cell viability

and metabolism under hypoxia condition

XBP1s activation is an important marker of UPR and

protects cancer cells against different kinds of stress such

as hypoxia and nutrients deprivation inside solid tumors

in vivo [18, 19]. However, little is known about its effects

in glioma. To investigate the effect of in vivo microenvi-

ronmental stress on XBP1s activation, we compared the

XBP1s level between C6 glioma cells in vitro and C6

intracranial glioma tissues in vivo. The results showed that

XBP1s was slightly activated in C6 cells cultured in vitro

while strongly activated in C6 intracranial glioma tissue

(Fig. 1a).

In order to clarify the function of XBP1s activation in

glioma cells, we mimicked hypoxia microenvironment in

glioma tissues by culturing glioma cells in 1 % O2. As

shown in Fig. 1b, U87 and U251 cells were cultured in 1 %

O2 for 12 h or 24 h. XBP1s protein levels were strongly

activated in 1 % O2 for 12 or 24 h, while XBP1 protein

levels were not clearly changed. We then used XBP1

shRNA to knock down XBP1 expression in glioma cells. It

was shown that XBP1s activation under hypoxia was

inhibited in XBP1 silenced cells compared with NC

transfection (Fig. 1c). Notably, Trypan blue assay showed

that XBP1 silencing alone had little effect on glioma cell

viability, while effectively inhibited cell viability under

hypoxia condition for 24 h (Fig. 1d, e). To further inves-

tigate the effect of XBP1 silencing on glioma cell meta-

bolism, we detected ATP level, lactate production and

glucose uptake under hypoxia. To eliminate the effect of

cell death on metabolism assays, we selected 12 h treat-

ment under hypoxia as the time point since very minor cell

death happened at this time (Fig. 1d, e). The results showed

that although XBP1 silencing alone had little effect under

normoxia, it significantly blocked the ATP and Lactate

production and glucose uptake of glioma cells under

hypoxia (Fig. 1f–k, Supplementary Fig. 2A-C). These data

suggested that XBP1 silencing inhibited glioma cell gly-

colysis followed by cell death under hypoxia.

Glioma cells glycolysis under hypoxia relies

on XBP1s activation

A classical metabolic adaptation of tumor cells is a shift to

aerobic glycolysis instead of oxidative phosphorylation

(OXPHOS), a phenomenon referred as the Warburg effect

[20, 21]. To investigate the effect of XBP1s on glioma cell

metabolism, we detected the oxygen consumption level in

XBP1 silenced glioma cells. The results showed that XBP1
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shRNA transfected glioma cells had a much higher

oxygen consumption level compared to NC glioma cells

(Fig. 2a, b). Then we treated NC or XBP1 shRNA

glioma cells with a specific OXPHOS inhibitor, oligo-

mycin A (OA) [22], to examine whether the glioma cell

viability and metabolism could be restrained by XBP1

silencing. The Trypan blue assays showed that OA

slightly inhibited cell viability in NC cells and ATP

production was also inhibited in NC cells, while XBP1

silencing significantly augmented OA’s effects (Fig. 2c–

f). Since OA inhibited OXPHOS in glioma cells, it was

possible that glycolysis could be increased by OA

treatment. We then investigated ATP and lactate pro-

duction and glucose uptake after OA treatment for 12 h

since at this time clear cell death happened in neither

NC nor XBP1 shRNA transfected glioma cells. The

results showed that OA clearly elevated ATP and lactate

production and glucose uptake in NC cells but failed in

XBP1 silenced cells (Fig. 2g–j). Interestingly, western

blotting results showed that OA treatment induced

XBP1s expression in glioma cells (Fig. 2k). Taken

together, these data suggested that metabolism of XBP1

silenced cells relied more on OXPHOS, and XBP1s was

activated upon metabolism stress such as hypoxia or

Fig. 1 XBP1 silencing suppressed glioma cell viability and metabo-

lism under hypoxia. a Westernblot analysis was performed to detect

XBP1s and XBP1 protein expression in C6 cells cultured in vitro and

intracerebral glioma tissues formed by C6 cells. b U87 and U251 cells

were cultured in 1 % O2 for 12 or 24 h. Westernblot analyses were

performed to detect XBP1s, XBP1 and actin protein expression.

c U87 and U251 cells were transfected with NC or xbp1 shRNA, and

then 48 h later the cells were cultured in 1 % O2 for 24 h.

Westernblot analyses were performed to detect XBP1s, XBP1 and

actin protein expression. d, e U87 and U251 cells were transfected

with NC or xbp1 shRNA, and then 48 h later the cells were cultured

in 1 % O2 for 12 or 24 h. Cell viability was assessed using trypan blue

exclusion assay. The results were repeated three times and the data

was shown represent mean ± SEM of three independent experiments.

**P\ 0.01; ***P\ 0.001. f, g U87 and U251 cells were transfected

with NC or XBP1 shRNA, and then 48 h later the cells were cultured

in 1 % O2 for 12 h. ATP production was examined by ATP kit. The

results repeated last three times and the data shown represent

mean ± SEM of three independent experiments. *P\ 0.05;

**P\ 0.01. h, i: U87 and U251 cells were transfected with NC or

XBP1 shRNA, and then 48 h later the cells were cultured under 1 %

O2 for 12 h. Lactate production was examined by lactate kit. The

results were repeated three times and the data was shown represent

mean ± SEM of three independent experiments. *P\ 0.05. j, k U87

and U251 cells were transfected with NC or XBP1 shRNA, and then

48 h later the cells were cultured under 1 % O2 for 12 h. Glucose

uptake in cells was measured by incubation with the glucose analogue

2-NBDG followed by flow cytometry. The results were repeated three

times and the data was shown represent mean ± SEM of three

independent experiments. **P\ 0.01
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OXPHOS inhibition and was essential for the shift of

glioma cell metabolism to glycolysis.

XBP1 silencing inhibited HK2 induction

Previous study showed that hypoxia induced HK2 was

essential for glioma cell glycolysis and growth in vivo [4,

21]. Here we investigated the role of XBP1s activation on

HK2 expression. It was revealed that UPR inducer Tuni-

camycin (TM) [23], hypoxia and OA all induced HK2

expression (Fig. 3a, b). Importantly, XBP1 silencing

clearly inhibited HK2 elevation induced by hypoxia or TM

treatment (Fig. 3c–f, Supplementary Fig. 2D). More

interestingly, in Fig. 3c–f, XBP1 silencing slightly inhib-

ited HK2 expression under normoxia. These data suggested

that XBP1 silencing mediated glioma cell glycolysis sup-

pression was possibly due to HK2’s inhibition.

XBP1 silencing suppressed glioma growth in vivo

To investigate the effect of XBP1 silencing on glioma

growth, we performed tumor formation assay in vivo. Our

results indicated that lenti-XBP1 shRNA U87 glioma cells

formed smaller volume of glioma compared to lenti-NC

glioma cells (Fig. 4a, b). Moreover, westernblot results

showed that tumors formed by lenti-XBP1 shRNA glioma

Fig. 2 Glioma cells glycolysis under hypoxia relied on XBP1 s

activation. a, b 106 NC or XBP1 transfected glioma cells including

U87 and U251 cells were resuspended in 1 mL of fresh medium

prewarmed to 37 �C and pregassed with 95 % air and 5 % CO2. O2

consumption were analyzed. Data represent mean ?SEM of 3

independent experiments. *P\ 0.05. c–h U87 and U251 cells were

transfected with NC or xbp1 shRNA, and then 48 h later the cells

were treated by Oligomycin A (OA, 1 mol/L) for 12 h or 24 h. Cell

viability was assessed using trypan blue exclusion assay at 12 h and

24 h (c, d). ATP production was examined by ATP kit at 12 h (e, f).
Lactate production was examined by lactate kit at 12 h (g, h). Glucose
uptake in cells measured by incubation with the glucose analogue

2-NBDG followed by flow cytometry at 12 h(I-J).The results were

repeated three times and the data was shown represent mean ± SEM

of three independent experiments. *P\ 0.05, **P\ 0.01. k U87 and

U251 cells were transfected with NC or XBP1 shRNA, and then 48 h

later, the cells were treated by OA for 24 h. Westernblot analyses

were performed to detect XBP1s, XBP1 and actin protein expression
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cells had much lower HK2 and XBP1s expression levels

than those formed by lenti-NC glioma cells (Fig. 4c). Our

results suggested that XBP1s activation played an impor-

tant role on glioma carcinogenesis possibly by regulation

of HK2 expression.

Disscusion

In this study, we showed that the microenvironmental

stress activated XBP1s in C6 glioma cells, and more

importantly, XBP1 silencing in human glioma cells

Fig. 3 XBP1 silencing

inhibited HK2 induction. a,
b U87 and U251 cells were

respectively treated by TM(2 g/

L) or OA(1 mol/L) for 24 h, in

addition, cultured in 1 % O2 for

24 h. Western-blot analyses

were performed to detect HK2,

XBP1s and actin protein

expression. c, d U87 and U251

cells were transfected with NC

or xbp1 shRNA, then 48 h later

the cells were treated under

hypoxia. Westernblot analyses

were performed to detect HK2

and actin protein expression. e,
f U87 and U251 cells were

transfected with NC or XBP1

shRNA, then 48 h later the cells

were treated by TM.

Westernblot analyses were

performed to detect HK2 and

actin protein expression

Fig. 4 XBP1 silencing suppressed glioma growth in vivo. a, b lenti-

XBP1 shRNA and lenti-NC U87 cells were injected into right

shoulders subcutaneous respectively of BALB/c nude female mice

(n = 5). The typical images of mice bearing glioma were pictured

4 weeks later and the tumor volumes were compared at day 28. The

data was showed represented mean ± SEM of tumor volumes.

*P\ 0.05. c Westernblot analysis was performed to detect HK2,

XBP1s and actin in indicated cells or glioma tissues respectively
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resulted in decrease of cell viability, ATP production and

glycolysis under hypoxia. We for the first time demon-

strated that XBP1 silencing strongly decreased the induc-

tion of HK2 under hypoxia and inhibited glioma

tumorigenesis in vivo, thus suggesting XBP1 activation

was involved in glycolysis regulation in glioma.

Although both HK1 and HK2 express in GBMs and

catalyze glucose phosphorylation, only HK2 is the major

regulator of glycolysis in GBMs since HK2 depletion

clearly induced glioma cell apoptosis and only HK2

depletion, not HK1, significantly reduced lactate produc-

tion [4]. It is revealed that HK2 can be induced under

hypoxia, which is necessary for glioma cells to adapt to the

microenvironmental stress. Our results also showed that

hypoxia induced HK2 expression in glioma cells, while

XBP1 silencing clearly compromised this induction, which

suggested that XBP1 was necessary for HK2’s induction

under hypoxia. Previous studies showed that XBP1 indi-

rectly activated expression of a variety of genes including

HK2 by enhancing HiF1a’s transcriptional activity [14, 24–

26], which suggested a possible mechanism by which

XBP1 regulated HK2’s induction under hypoxia by a

HiF1a dependent manner. Moreover, our results also

demonstrated that TM, a UPR inducer, induced HK2

expression, which implied that XBP1 alone may activate

HK2’s expression independent of HiF1a. The mechanism

of XBP10s role on HK2 induction still needs further

investigation.

Cancer cells utilize glycolysis rather than OXPHOS to

generate energy to survive, which was named as ‘‘Warburg

effect’’ [21]. Our data showed that under normoxia XBP1

silencing resulted in elevation of oxygen consumption,

which implied that XBP1 silencing lead to dependence of

glioma cells on OXPHOS. Moreover, upon exposure to

hypoxia or OA, cells could not utilize OXPHOS for energy

generation, thus XBP1 silenced cells showed decrease of

cell viability, loss of ATP production and reduced tumor

formation capacity due to inhibition of HK2’s induction

and glycolysis.

In summary, this is the first report that XBP1 silencing

decreased glioma cell viability and ATP/lactate production

under hypoxia, more importantly, reduced glioma forma-

tion capacity in vivo via inhibition of HK2’s induction.

Silencing of XBP1 may act as a promising way for glioma

therapy is worthy of further investigation.
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