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A B S T R A C T

Glioblastoma (GBM) is the most aggressive and malignant form of brain tumors. However, its molecular me-
chanisms of tumorigenesis and cancer development remains to elucidate. Here, we reported FKHRL1, also called
as FOXO3a, was an anti-cancer factor that inhibited the Warburg effect in GBM. Clinical data analysis revealed
that FKHRL1 expression was positively correlated with the prognosis of patients with GBM. FKHRL1 silencing
promoted glycolysis and cell growth of HEB gliocytes. Besides, FKHRL1 expression was tightly correlated with
the expression of SIRT6 and a cluster of glycolytic genes that controlling the Warburg effect in glioma samples.
Interestingly, the expression of SIRT6 was reduced after FKHRL1 knockdown, while its expression was upre-
gulated when FKHRL1 was overexpressed in human U251 GBM cell line. In addition, SIRT6 restoration re-
covered the upregulated aerobic glycolysis induced by FKHRL1 knockdown. Meanwhile, SIRT6 knockdown also
rescued the decrease of glucose metabolism induced by FKHRL1 overexpression. Luciferase assay and chromatin
immunoprecipitation (ChIP) assay revealed that FKHRL1 bound to the promoter region of SIRT6 and enhanced
its expression. Both in vitro and in vivo experiments further confirmed that FKHRL1-SIRT6 axis played a pivotal
role in cell metabolism and tumor growth. Our results indicate that FKHRL1-SIRT6 axis regulates cell meta-
bolism and may provide clues for GBM treatment.

1. Introduction

Glioblastoma (GBM) is the most prevalent and malignant form of
brain tumor. Most of patients die within 15 to 18months after diag-
nosis, and only< 5% of patients survive> 5 years [1]. Despite the
researchers are making efforts to determine the nature of GBM, only a
little progress has been made to treat the GBM patients. The use of
temozolomide, an alkylating cytotoxic agent, is a standard therapy for
GBM. However, cancer cells in most patients achieve resistance against
this drug [2,3]. Thus, there is dire need to develop some more effective
drugs for the treatment of GBM.

Recently, reprogrammed cell metabolism has been recognized as a
hallmark of cancer cells [4,5]. The Warburg effect, also named as
aerobic glycolysis, is the most important alteration in cancer cell me-
tabolism, which is characterized by excessive glycolysis and increase in

glycolytic enzymes [6]. Besides, many factors, such as oncogenes (e.g.
p53, c-Myc and K-Ras), essential signaling pathways (e.g. PI3K/Akt,
LKB1/AMPK, HIF-1 signaling pathways) and epigenetic regulators (e.g.
sirtuins) participate into the regulation of the Warburg effect [6–9].
Recently, many other factors have also been reported to involve in the
regulation of the Warburg effect in GBM. For example, miR-143 inhibits
glycolysis by directly targeting hexokinase 2 (HK2), thereby promoting
cell differentiation of glioblastoma stem-like cells [10]. These factors
can be therapeutic targets for GBM treatment. For example, inhibitors
of the NAD(+) salvage enzyme nicotinamide phosphoribosyl-trans-
ferase (NAMPT) represent a novel metabolically targeted therapeutic
strategy for MYC or MYCN-amplified GBM [11].

FKHRL1, also named as FKHR, FOXO3a and AFX, is an important
member of DAF-16-like transcription factors, and plays a key role in the
suppression of tumor by modulating cell cycle [12], DNA damage [13],
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apoptosis [14–16], drug resistance [17] and epithelial-to-mesenchymal
transition (EMT) [18] in cancers including GBM. Recently, it has been
shown that FKHRL1 is an important regulator of cellular metabolism in
cancer. For example, it can inhibit mitochondrial gene expression to
regulate reactive oxygen metabolism in colon cancer [19]. However, its
biological role has not been described previously in cell metabolism of
GBM.

In the present study, we investigated the glycolysis regulatory role
of FKHRL1 in GBM cells and determined its molecular mechanism in
this process. Our study aimed to elucidate the regulatory mechanism of
FKHRL1 in cellular metabolism and to provide clues for GBM treatment.

2. Materials and methods

2.1. Cell lines and reagents

U251 and U87 (ATCC, VA, USA) human GBM cell lines and HEB
gliocytes were maintained in Dulbecco's modified Eagle's medium
(DMEM, Life Technologies, Thermo Fisher, Shanghai, China) supple-
mented with 10% fetal bovine serum (FBS; Invitrogen, Thermo Fisher)
and 1% Penicillin-Streptomycin (P/S, Invitrogen). 293FT cell line
(ATCC) were maintained in DMEM supplemented with 10% FBS, 1% P/
S, 1% MEM Non-Essential Amino Acids Solution (Invitrogen), 2 mM L-
Glutamine (Invitrogen) and 1mM Sodium Pyruvate (Invitrogen). 2-
Deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]-D-glucose (2-
NBDG, N13195) was purchased from BD (BD Pharmingen, San Jose,
CA, USA). LDH activity assay kit (MAK066), Dimethyl sulfoxide
(DMSO, D2650) and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tet-
razolium bromide (MTT, M2128) were purchased from Sigma-Aldrich
(Castle Hill, NSW, Australia).

2.2. Vector construction, transfection and infection

The RNAi target sites were designed and then synthesized by the
Beijing Genomics Institute (BGI, Shenzhen, China) and were cloned into
a lentiviral pLKO.1 vector. The target sequences of these sites were
listed as below:

shFKHRL1#1: AATGTGACATGGAGTCCATTAT; shFKHRL1#2:
GGACAATAGCAACAAGTATACC.

shSIRT6: AAGAATGTGCCAAGTGTAAGA.
Human full-length SIRT6 (GenBank: CR457200.1) cDNA was ob-

tained by using PCR and was cloned into lentiviral pCDH-CMV-MCS-
EF1-copGFP vector. The primers used as below:

SIRT6-F-(EcoRI): CCGGAATTCATGTCGGTGAATTACGCGGCGGC;
SIRT6-R -(BamHI): CGCGGATCCTTAACTGGGGACCGCCTTGG.
Letivirural vector construction, transfection and infection were

employed as described previously [20]. HA-FKHRL1 WT plasmid was
obtained from addgene (1787, Watertown, MA, USA) and FKHRL1 was
constructed into the pCDH-CMV-MCS-EF1-copGFP vector.

2.3. Quantitative RT-PCR

RNA was extracted using Trizol (Takara, Dalian, China) according to
the manufacturer's protocol and real-time quantitative PCR was per-
formed as reported previously [21]. Results were calculated by the
ΔΔCt method with β-actin expression as a control. The primers were
listed as below:

fkhrl1, F: ACGTCTTCAGGTCCTCCTGTT, R: GGGGAAGCACCAAAG
AAGAGAG;

sirt6, F: CTCGAAGTGGAGCTGGACC, R: TCCTCGGGGATCATGGA
GTC;

glut1, F: TGTGTATGCCACCATTGGCT, R: CTAGCGCGATGGTCATG
AGT;

glut4, F: GGACAGCCAGCCTACGCCACCATA, R: GGACAGCCAGCCT
ACGCCACCATA;

hk1, GCACGTTTGCACCATTGTCT, R: TTGTGGAAACGCCGGGA

ATA;
hk2, F: GAATGGGAAGTGGGGTGGAG, R: GAGGAGGATGCTCTCGT

CCA;
hk3, F: TTCCCATGTAGGCAGCTTGG, R: ATGAGGCCTATCTCGCA

ACG,
gapdh, F: CTCTGCTCCTCCTGTTCGAC, R: GCGCCCAATACGACCAA

ATC;
pfk1, F: CTGCCCCTCATGGAATGTGT, R: ATACCGGGGGTCTGACA

TGA,
pkm2, F: AATGCAGTCCTGGATGGAGC, R: ACTGCAGCACTTGAAG

GAGG;
ldh-a1, F: GGTCCTTGGGGAACATGGAG, R: TAGCCCAGGATGTGT

AGCCT;
ldh-a2, F: AGCTGTTCCACTTAAGGCCC, R: AGGAATCGGGAATGCA

CGTC;
β-actin, F: CGTCTTCCCCTCCATCGTG, R: TCGATGGGGTACTTCAG

GGT.

2.4. Flat plate clone formation test

Cell viability was determined by flat plate clone formation test on
HEB cells. Briefly, 1000 scramble or FKHRL1-silenced cells were cul-
tured in 6-well plate for 2 weeks. Then medium was removed and the
cells was stained by 1% crystal violet solution (Beyotime) for 5min and
then washed gently by PBS solution. Afterwards, plates were scanned
by an Epson scanner. Then 1mL ethanol was added into each well of
the plates, and shook for 5min. The absorbance of 595 nm was detected
by using a Thermo Fisher microplate reader.

2.5. Western blot

Western blot was performed as described previously [21]. The an-
tibodies used in this study were listed as below: anti-FKHRL1/FOXO3a
rabbit mAb (2497, Cell Signaling Technology, CST), anti-SIRT6 rabbit
mAb (12486, CST) and anti-α-Tubulin Antibody (2144, CST).

2.6. MTT assay

1000 cells were cultured in the 96-well plates and MTT assay were
described previously [22].

2.7. Glucose uptake assay

Cells were cultured in glucose-free DMEM (Invitrogen) with FBS and
P/S for 2 h, and a fluorescent glucose analogue, 2-NBDG (100uM) dis-
solved in Kerbs-Ringer bicarbonate buffer (KRB buffer, 129mM NaCl,
4.8 mM KCl, 5 mM NaHCO3, 1.2 mM MgSO4, 2mM CaCl2,
10mMHEPES) was added into the medium and incubated for 2 h. Then
the cells were collected and washed with KRB buffer, and the fluores-
cence of 2-NBDG in the cells was detected by using a BD Acurri C6 flow
cytometer.

2.8. GO assay

Cells were cultured for 48 h, and then the glucose content in the
medium was detected by a GO assay kit (GAGO20, Sigma-Aldrich) ac-
cording to the manufacturer's protocol. Glucose consumption rates were
calculated and normalized by cell numbers. For tumor samples, glucose
content was normalized by protein content.

2.9. Lactate assay

Cells were cultured for 48 h, and then the lactate content in the
medium was detected by a lactate assay kit (MAK064, Sigma-Aldrich)
according to the manufacturer's protocol. The rate of lactate production
was calculated and normalized by cell numbers. For tumor samples,
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lactate content was normalized by protein content.

2.10. Lactate dehydrogenase (LDH) assay

Cells were cultured in DMEM for 48 h, and then the lactate dehy-
drogenase activity in cells was detected by a lactate dehydrogenase
assay kit (MAK066, Sigma-Aldrich) according to the manufacturer's
protocol. Relative LDH activities were calculated and normalized by
cell number. For tumor samples, relative LDH activity was normalized
by protein content.

2.11. Glycolytic stress flux test

Cells were plated into XF96 cell culture microplates and cultured for
24 h. Then the medium was changed into Seahorse basic DMEM with
2mM glutamine, and the microplates were maintained in a non-CO2

incubator at 37 °C for 60min. The Seahorse XF glycolysis stress test was
conducted as previously described [23]. 10mM Glucose (Sangon,
Shanghai), 1 μg/mL oligomycin (495455, Sigma-Aldrich) and 50mM 2-
deoxyglucose (2-DG, Sangon) at final concentration were used in this
test.

2.12. Luciferase assay

The sequences of promoter regions were obtained from the genome
DNA of 293FT cells by using PCR. The primers used were listed as
below:

SIRT6-p-0.1k-NheI-F: CCGGCTAGCGCCCGGCTCACTCACTTTTTAG;
SIRT6-p-0.2k-NheI-F: CCGGCTAGCCTGCCTTGGCCTCCCAAAGT;
SIRT6-p-0.6k-NheI-F: CCGGCTAGCCTATCATCACTGGACTGATTTC

AGTTTC;
SIRT6-p-1.2k-NheI-F: CCGGCTAGCGGGTAATAAGACACCCAACAG

AGG;
SIRT6-p-XhoI-R: CCGCTCGAGGTAATGGTGACATGGTGTGGTTG;
SIRT6-p-N0.9k-NheI-F: CCGGCTAGCCTGGTCACATGTTTGTGTC

CAC;
SIRT6-p-N0.9k-XhoI-R: CCGCTCGAGAAAGTTTCCCTTGTTGAGG

CCG.
Wild-type and mutant Primer1 products were sent to Sangon to

synthesize. All the sequences were constructed into pGL3 vector. Then
pGL3 was transfected into 293FT cells and the luciferase assay was
performed as previously described [24].

2.13. Chromatin immunoprecipitation (ChIP) assay

ChIP assays were performed in U251 cells by using the EZ CHIP™ kit
as according to the manufacturer's protocol. Primers used in the present
study were given below: SIRT6-p-F1: AAGACAATCCGTGGGCTTGG;
SIRT6-p-R1: GAGCTACCCAGGTACCCTG. SIRT6-p-F2: TGGCTAGGACT
CAGCACG; SIRT6-p-R2: TAGGGGAGGAAGGAGGTGG. The antibodies
used were as followed: anti-FKHRL1 antibody (ab12162, Abcam,
Cambridge, MA, USA), anti-RNA polymerase II CTD repeat YSPTSPS
(phospho S5) antibody (ab5131, Abcam, Shanghai, China), histone
H3ac (pan-acetyl) antibody (pAb) (39139, Active Motif, Shanghai,
China) and normal rabbit IgG (Beyotime, Jiangsu, China).

2.14. Tumor xenografts

A total of 12 one-month-old female mice (BALA/c-nu, Beijing
Huafukang Bioscience Co. Inc., China) were purchased and housed in
the independent ventilation cages (IVCs) in a specific-pathogen-free
(SPF) room to acclimate for about 10 days. Then U87 cells (1× 106)
with genetic alterations in 100 μl PBS were subcutaneously injected into
both flanks of the mice. Every group contained at least 3 mice. Tumor
growth was measured by caliper measurement every 3 days, and tumor
volume was calculated after tumor plumped with the formula

(volume= tumor length×width2× π/6). At the termination of the
experiment, mice were autopsied and tumors were removed and
weighed. All animal experiments were pre-approved and supervised by
the Institutional Animal Care and Use Committees of the Southwest
University and Experimental Animal Care and Use Committees of the
Institute of Sericulture and Systems Biology.

2.15. Data analysis and statistical methodology

All the clinical data were downloaded from the R2: Genomics
Analysis and Visualization Platform (https://hgserver1.amc.nl). All the
data collected were analyzed by using the Grapgpad Prism 6. Two-
tailed unpaired student's t-test was applied to determine the sig-
nificance between different groups. For survival analysis, log-rank
(Mantel-Cox) test was conducted. For the correlations of two genes,
linear regression analysis in the Grapgpad Prism 6 was used by using
95% confidence interval. For heatmap, the software Heml 1.0 [25] was
used to generate images. P value< .05 was considered as significant.
All the experiments were biologically repeated at least in triple.

3. Results

3.1. FKHRL1/FOXO3a low expression predicts poor prognosis of patients
with glioma

To determine the role of FKHRL1 in GBM, we firstly analyzed the
relationship between FKHRL1 expression and the prognosis of patients
with glioma in a database termed Tumor Glioma Kawaguchi-50-
MAS5.0-u133p2 from the R2 platform. The result showed that FKHRL1
expression determined by three different probes was positively corre-
lated with the overall survival (OS) in this cohort (p=1.3e-4, 1.7e-3
and 6.8e-7, respectively; Fig. 1A, Supplementary Fig. 1A and B). In
addition, we analyzed the expression of FKHRL1 in a database termed
Tumor Glioblastoma from The Cancer Genome Atlas (TCGA). The re-
sults showed that FKHRL1 expression was positively correlated with
both OS and progression-free survival (PFS) in this cohort (p= .0055
and .0379, respectively; Fig. 1B and C). Besides, in a database termed
Tumor Glioma Lee-100-MAS5.0-u133a from the R2 platform, we found
that FKHRL1 expression was lower in WHO grade IV gliomas
(p= .0376), compared with that of WHO grade III gliomas, which were
less malignant (Fig. 1D). Furthermore, in a database termed Tumor
Glioma Sun-153-MAS5.0-u133p2, we found that FKHRL1 expression
determined with three different probes was lower in GBM and astro-
cytroma, compared with that of oligodendrioglioma (Fig. 1E, Supple-
mentary Fig. 1C and D).

In addition, in an experiment termed Exp Glioblastoma (invasion
genes) Tofilon-24-MAS5.0-u133a, we found that FKHRL1 expression
was lower in GBM cells, compared with that in neural cells (p= .0183;
Fig. 1F). Even in GBM spheres with full stem (GSf), the expression of
FKHRL1 was lower than that in GBM spheres with restricted stem (GSr)
in the experiment termed Exp Glioblastoma Sphere Guenter-17-
MAS5.0-u133p2 (p= .0404; Fig. 1G). Actually, FKHRL1 expression was
also lower in GBM stem cells than that in neural stem cells experiment
in the experiment termed Exp Glioblastoma (invasion genes) Tofilon-
24-MAS5.0-u133a (Supplementary Fig. 1E). Besides which, FKHRL1
expression was also lower in recurrent gliomas than that of primary
gliomas in the database termed Tumor Glioma Lee-100-MAS5.0-u133a
(p= .0292; Fig. 1H).

Since the malignancy of glioma was highly associated with some
mutations such as IDH1/2, EGFR, TP53, CIC and H3F3A, we tried to
analyze the correlation of FKHRL1 expression with these mutations.
IDH1 R132 mutations predicted better survival [26], and we found that
FKHRL1 expression was higher in gliomas with IDH1 R132 mutations
than wild-type gliomas in the database termed Tumor Glioma French-
284-MAS5.0-u133p2 (p= .0003; Fig. 1I). CIC mutation predicted poor
outcome of glioma patients [27,28], however, FKHRL1 expression has
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Fig. 1. FKHRL1 low expression predicts poor prognosis of patients with glioma. (A) The relationship between FKHRL1 expression and the overall survival probability
in the database termed Tumor Glioma Kawaguchi-50-MAS5.0-u133p2 from the R2 platform. (B and C) The relationship between FKHRL1 expression and the overall
survival probability or progression-free survival probability in the database termed Tumor Glioblastoma TCGA-540-MAS5.0-u133a. (D) The expression of FKHRL1 in
WHO grade III and IV gliomas in the database termed Tumor Glioma Lee-100-MAS5.0-u133a. (E) The expression of FKHRL1 in different classifications of gliomas
including oligodendriaglioma, astrocytoma and glioblastoma in the database termed Tumor Glioma Sun-153-MAS5.0-u133p2. (F) The expression of FKHRL1 in
normal neural cells and GBM cells in the database termed Exp Glioblastoma (invasion genes) Tofilon-24-MAS5.0-u133a. (G) The expression of FKHRL1 in glio-
blastoma spheres with full stem (GSf) and glioblastoma spheres with restricted stem (GSr) in the database termed Exp Glioblastoma Sphere Guenter-17-MAS5.0-
u133p2. (H) The expression of FKHRL1 in primary or recurrent glioma in the database termed Tumor Glioma Lee-100-MAS5.0-u133a. (I) The expression of FKHRL1
in gliomas with IDH1 R132 mutation or IDH1 wild type (WT) in the database termed Tumor Glioma French-284-MAS5.0-u133p2. (J) The expression of FKHRL1 in
CIC mutant or wild-type gliomas in the database termed Tumor Glioma (CIC mutation status) Gleize-30-MAS5.0-u133p2. (K) The expression of FKHRL1 in gliomas
with EGFR amplification or wild-type gliomas in the database termed Tumor Glioma French-284-MAS5.0-u133p2. (L) The expression of FKHRL1 in gliomas with
H3F3A mutation or wild-type gliomas in the database termed Tumor Glioblastoma Pfister-46-MAS5.0-u133p2. (M) The expression of FKHRL1 in G-CIMP low or high
gilomas in the database termed Tumor Glioma (G-CIMP) Chan-52-MAS5.0-u133a. (N and O) The expression of FKHRL1 in gliomas with MGMT methylation or
unmethylation in the databases termed Tumor Glioblastoma Hegi-84-MAS5.0-u133p2 and Tumor Glioblastoma TCGA-540-MAS5.0-u133a.
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no correlations with CIC mutation in the database termed Tumor
Glioma (CIC mutation status) Gleize-30-MAS5.0-u133p2. (Fig. 1J).
EGFR amplification also predicted poor prognosis of glioma [29],
however, FKHRL1 expression was also not decreased significantly
(p= .0536), compared with that in wild-type gliomas in the database
termed Tumor Glioma French-284-MAS5.0-u133p2 (p= .0536;
Fig. 1K). Epigenetic marker H3F3A K27M and G34R/V mutations were
used as marks for different subgroups of GBMs [30], but in the database
termed Tumor Glioblastoma Pfister-46-MAS5.0-u133p2, we found that
FKHRL1 expression had no correlations with H3F3A K27M mutations,
which predicted a worse prognosis, compared with wild-type groups
(Fig. 1L). However, FKHRL1 expression was higher in H3F3A G34R/V
mutant groups, which had a better prognosis, compared with wild-type
or K27M mutant groups (p= .0041 and 0.0438, respectively; Fig. 1L).
G-CIMP low group usually had a poorer clinical outcome in recurrent
glioma than G-CIMP high group [31], however, we found no correla-
tions of FKHRL1 expression between G-CIMP high group and G-CIMP
low group, in the database termed Tumor Glioma (G-CIMP) Chan-52-
MAS5.0-u133a (Fig. 1M). MGMT methylation often predicted better
prognosis of gliomas during temozolomide treatment [32], however,
we found that FKHRL1 also had no correlations with MGMT methyla-
tion status in the databases termed Tumor Glioblastoma Hegi-84-
MAS5.0-u133p2 and Tumor Glioblastoma TCGA-540-MAS5.0-u133a
(Fig. 1N and O). These results showed that FKHRL1 expression was
correlated with IDH1 R132 mutation and H3F3A G34R/V mutations.

All these evidences showed that FKHRL1 expression was positively
related with the prognosis of patients with gliomas, and its low ex-
pression in gliomas and GBM stem cells and high expression in IDH1
R132 mutant or H3F3A G34R/V mutant gliomas implied that FKHRL1
might be an important suppressor in glioma.

3.2. FKHRL1/FOXO3a silencing promotes the Warburg effect and cell
proliferation of HEB gliocytes

As FKHRL1 might be a tumor suppressor in glioma, we silenced its
expression in HEB gliocytes by using stable lenti-viruses-mediated
knockdown (Fig. 2A). Then we detected glucose uptake by using 2-
NBDG and flow cytometry. FKHRL1 silencing significantly promoted
glucose uptake of HEB cells (Fig. 2B). GO assay was used to detect
glucose consumption and the result showed that FKHRL1 silencing re-
markably upregulated glucose consumption, too (Fig. 2C). Besides this,
lactate production and LDH activities were also increased significantly
in FKHRL1-silenced HEB cells, compared with control groups (Fig. 2D
and E). Importantly, FKHRL1 silencing also promoted cell proliferation
and growth of HEB cells (Fig. 2F–H). These results implied that FKHRL1
is negatively correlated with cell proliferation and glycolysis.

3.3. FKHRL1/FOXO3a expression is tightly correlated with SIRT6 and
glycolytic genes expression in gliomas

Since the Warburg effect was important for tumor progression, we
explored whether FKHRL1 also contributed to cell metabolism in GBM.
SIRT6 was reported as a major regulator of glycolysis [33]. Surpris-
ingly, we found that FKHRL1 expression was positively correlated with
the SIRT6 expression in several different databases including Tumor
Glioma French-284-MAS5.0-u133p2 (r-value= .329, p-value=1.3e-
08), Tumor Glioma Kawaguchi-50-MAS5.0-u133p2 (r-value= .315, p-
value= .03), Tumor Glioma Sun-153-MAS5.0-u133p2 (r-value= .212,
p-value= 8.6e-03; r-value= .201, p-value= .01), Tumor Glioma (G-
CIMP) Chan-52-MAS5.0-u133a (r-value= .329, p-value= .02) and
Tumor Glioblastoma TCGA-395-MAS5.0-u133a (r-value= .111, p-
value= .03) from the R2 platform (Fig. 3A–E and Supplementary
Fig. 2A). In addition, the expression of FKHRL1 was negatively corre-
lated with the expression of several important glycolytic genes in-
cluding GLUT1 (r-value= .167, p-value=4.8e-3), GLUT4 (r-
value= .146, p-value= .01), HK1 (r-value= .201, p-value=6.6e-4),

HK2 (r-value= .367, p-value=1.7e-10), HK3 (r-value= .343, p-
value= 2.9e-9), GAPDH (r-value= .286, p-value=3.4e-4), PFKFB3
(r-value= .233, p-value=7.3e-5), PKM (r-value= .203, p-
value= 2.1e-6) and LDHA (r-value= .213, p-value=6.2e-7) in sev-
eral glioma cohorts (only r-value and p-value of main figures were
shown; Fig. 3F–N and Supplementary Fig. 2B–X). Importantly, we
clustered FKHRL1 expression with the expression of SIRT6 and some
glycolytic genes in the database termed Tumor Glioma French-284-
MAS5.0-u133p2 and generated a heatmap by using Heml 1.0, the result
in Fig. 3O showed that FKHRL1 expression was positive correlated with
SIRT6 expression, while it was negatively correlated with the expres-
sion of a cluster of glycolytic genes, such as SLC2A1 (GLUT1), SLC2A4
(GLUT4), HK1, HK2, GAPDH, PFKFB3, LDHA, GPI, PGK1, ADPGK,
ENO1, SLC16A1 (MCT1) and SLC16A4 (MCT4). These results indicated
that FKHRL1 expression was positively correlated with SIRT6 expres-
sion and negatively correlated with glycolytic genes expression in
glioma.

3.4. SIRT6 overexpression impairs aerobic glycolysis promoted by
FKHRL1/FOXO3a silencing

Based on the results above, we explored the relationship between
FKHRL1 and SIRT6 in established GBM cells. FKHRL1 was knockdown
in U251 GBM cells through lenti-virus transduction. Then qRT-PCR and
Western blot was performed to detect the infection efficiency. The re-
sults showed that SIRT6 expression was downregulated after FKHRL1
silencing (Fig. 4A and B). Afterwards, we restored SIRT6 in the
FKHRL1-silenced cells (Fig. 4I and C). Then we analyzed glucose uptake
by virtue of flow cytometry with the help of a fluorescigenic glucose
analogue 2-NBDG. The result showed that FKHRL1 silencing promoted
glucose uptake in U251 cells, while SIRT6 restoration recovered the
effect of FKHRL1 silencing (Fig. 4D). Furthermore, we confirmed this
result by using a GO assay kit to detect the glucose content in the
medium after cells culture for 48 h, and then glucose consumption was
calculated. The result showed that FKHRL1 silencing promoted glucose
consumption, which was also recovered by SIRT6 overexpression
(Fig. 4E). Similarly, Lactate production and LDH activities were also
promoted by FKHRL1 silencing, and SIRT6 overexpression rescued the
effect of FKHRL1 silencing (Fig. 4F and G). Then the glycolytic stress
flux test was conducted on the Seahorse XF analyzer to assess changes
in glycolytic flux resulting from FKHRL1 silencing and SIRT6 restora-
tion. The result showed that glycolytic flux was increased after FKHRL1
knockdown and was retrieved again via SIRT6 restoration (Fig. 4H).
Then we checked the expression of several known glycolytic genes,
including glut4, glut1, hk1, hk2, hk3, gapdh, pfk1, pkm2, idh-a1 and idh-
a2, that were targeted by SIRT6, and found all of them were sig-
nificantly upregulated, while SIRT6 re-overexpression recovered the
result induced by FKHRL1 silencing (Fig. 4I). These results showed that
FKHRL1 might function as an upstream factor of SIRT6, thereby af-
fecting aerobic glycolysis in GBM cells.

3.5. SIRT6 silencing rescues downregulated aerobic glycolysis induced by
FKHRL1/FOXO3a overexpression

To further confirm our results, we overexpressed FKHRL1 in U251
cells, and the result showed that SIRT6 was upregulated after FKHRL1
overexpression (Fig. 5A and B). As expected, FKHRL1 overexpression
inhibited glucose uptake, glucose consumption, lactate production,
LDH activity, glycolytic flux and the expression of SIRT6-targeted gly-
colytic genes (Fig. 5C–I). Moreover, SIRT6 silencing also rescued
FKHRL1 overexpression-induced decline of glycolysis (Fig. 5C–I). Col-
lectively, these results further confirmed that SIRT6 functioned as a
downstream factor of FKHRL1 in the regulation of the Warburg effect.
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3.6. FKHRL1/FOXO3a transcriptionally promotes the expression of SIRT6

To elucidate the molecular mechanism of FKHRL1 in regulation of
SIRT6 expression, we next tried to explore whether SIRT6 expression
could be transcriptionally regulated by FKHRL1. Previous reports had
shown that FKHRL1 could regulate the expression of SIRT6 by binding
and activating transcriptional factor NRF1 in the mouse [34]. However,
we didn't find any NRF1 binding sites (AGGGCGCATGCGCCCTC) in the
promoter regions (−2500 to 0) of human SIRT6. This implied that
FKHRL1 might have another mechanism to regulate the transcription of

SIRT6. Then we aligned−2500 to 0 bp in the promoter region of mouse
SIRT6 and human SIRT6 by using the online Bl2seq tool in the SilkDB
(http://www.silkdb.org/silkdb/). The results showed that there are
several DNA fragments with the same sequence in both promoters
(Fig. 6A). We hypothesized that some of these fragments might be
important for recognizing and binding for FKHRL1 in the promotor of
SIRT6. Later, we cloned several regions (which were termed 0.1 k,
0.2 k, 0.6 k, 1.2 k and −0.9 k) from the promoter of human SIRT6 and
constructed them into the pGL3 vector. The result of dual luciferase
assay showed that only 1.2 k regions displayed a significant high

Fig. 2. FKHRL1 silencing promotes aerobic glycolysis in normal gliocytes. (A) The relative expression of FKHRL1 was detected by qRT-PCR and protein expression
level of FKHRL1 was detected by Western blot in FKHRL1-silenced HEB cells. (B) Glucose uptake was detected by flow cytometery in the 2-NBDG treated FKHRL1-
silenced HEB cells. (C) Glucose consumption was detected by using a GO assay kit in the 2-NBDG-treated FKHRL1-silenced HEB cells. (D) Lactate production was
detected by using a lactate assay kit in FKHRL1-silenced HEB cells. (E) The lactate dehydrogenase activities were detected by using a lactate dehydrogenase assay kit
in FKHRL1-silenced HEB cells. (F) Growth curve was determined by the MTT assay in FKHRL1-silenced HEB cells. (G and H) Cell viabilities were determined by flat
plate clone formation test in FKHRL1-silenced HEB cells. *p < .05, **p < .01, ***p < .001, n.s., non-sense.
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activity, compared with other regions (Fig. 6B). Besides, FKHRL1
knockdown also impaired the activity of 1.2 k regions in U251 cells
(Fig. 6C). These results implied that there was a binding site for
FKHRL1 in the −2128~−1514 bp region of SIRT6 promoter. Since
there were four candidate FKHRL1 binding sites in this region, we used
the ChIP qRT-PCR to detect the exact binding site. The results revealed
that FKHRL1 has a significant enrichment in the regions containing the
first two candidate binding sites (−2083 to −1859 bp), while has no
enrichment in regions containing the last two candidate binding sites
(−1852 to −1746, Fig. 6D and E). Later, we downloaded the logo of
human FKHRL1 binding profile from the JASPER (http://jaspar.binf.ku.
dk/; Fig. 6F). From the first two candidate binding sites (−2083 to
−1859 bp, the product of Primer1) we found a site that was highly
similar with human FKHRL1 binding profile (Fig. 6G). Then we syn-
thesized a mutant Primer1 product and constructed into pGL3 vector.
Luciferase result indicated that mutant Primer1 product lost promoter
activity, compared with wild-type Primer1 product or the 1.2 k region

(Fig. 6H). These results indicated that FKHRL1 regulated SIRT6 ex-
pression via a transcriptional manner that is different from the reg-
ulatory mode identified in the mouse.

3.7. FKHRL1/FOXO3a - SIRT6 axis regulates GBM growth in vitro and in
vivo

To elucidate FKHRL1-SIRT6 axis in the development of GBM, we
subsequently analyzed its function on cell growth of GBM cells in vitro
and in vivo. We constructed FKHRL1-silenced U251 and U87 cells and
then recovered by FKHRL1 or SIRT6 using lenti-virus-mediated stable
transfection (7A). MTT assay showed that cell proliferation was pro-
moted in U251 and U87 cells after FKHRL1 knockdown, and the effect
of FKHRL1 knockdown was recovered by FKHRL1 restoration or SIRT6
overexpression (Fig. 7B and C).

Later, we confirmed the cell growth of GBM in the xenograft
models. We subcutaneously injected 1× 106 U87 GBM cells with

Fig. 3. FKHRL1 expression is positively correlated with SIRT6 expression. (A to E) The correlation of FKHRL1 expression and SIRT6 expression in 5 different glioma
or GBM cohorts. (F to N) The correlation of FKHRL1 expression and expression of SIRT6 target genes including SLC2A1 (GLUT1), SLC2A4 (GLUT4), HK1, HK2, HK3,
GAPDH,PFKFB3, PKM and LDHA in several glioma cohorts. (O) The heatmap of the expression of FKHRL1, SIRT6 and a cluster of glycolytic genes in gliomas in the
database termed Tumor Glioma French-284-MAS5.0-u133p2.
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Fig. 4. SIRT6 overexpression impairs aerobic glycolysis promoted by FKHRL1 silencing. (A) The relative expression of FKHRL1 was detected by qRT-PCR in U251
GBM cells after FKHRL1 silencing. (B) The expression of FKHRL1 and SIRT6 were detected by Western blot in U251 GBM cells after FKHRL1 silencing. (C) The
expression of FKHRL1 and SIRT6 were detected by Western blot in FKHRL1-silenced U251 GBM cells after SIRT6 restoration. (D) Glucose uptake was detected by
flow cytometery in the 2-NBDG-treated FKHRL1-silenced U251 GBM cells after SIRT6 restoration. (E) Glucose consumption was detected by using a GO assay kit in
the 2-NBDG-treated FKHRL1-silenced U251 GBM cells after SIRT6 restoration. (F) Lactate production was detected by using a lactate assay kit in FKHRL1-silenced
U251 GBM cells after SIRT6 restoration. (G) The lactate dehydrogenase activities were detected by using a lactate dehydrogenase assay kit in FKHRL1-silenced U251
GBM cells after SIRT6 restoration. (H) The glycolytic stress flux test was conducted on the Seahorse XF analyzer to assess changes in glycolytic flux resulting from
FKHRL1 silencing and SIRT6 restoration. ECAR, extracellular acidification rate. (I) The relative expression of SIRT6 target glycolytic genes were detected by qRT-PCR
in FKHRL1-silenced U251 GBM cells after SIRT6 restoration. *p < .05, **p < .01, ***p < .001, n.s., non-sense.
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Fig. 5. SIRT6 silencing rescues downregulated aerobic glycolysis induced by FKHRL1 overexpression. (A) The relative expression of FKHRL1 was detected by qRT-
PCR in U251 GBM cells after FKHRL1 overexpression. (B) The expression of FKHRL1 and SIRT6 were detected by Western blot in U251 GBM cells after FKHRL1
overexpression. (C) The expression of FKHRL1 and SIRT6 were detected by Western blot in FKHRL1-overexpressed U251 GBM cells after SIRT6 silencing. (D) Glucose
uptake was detected by flow cytometery in the 2-NBDG-treated FKHRL1-overexpressed U251 GBM cells after SIRT6 silencing. (E) Glucose consumption was detected
by using a GO assay kit in the 2-NBDG-treated FKHRL1-overexpressed U251 GBM cells after SIRT6 silencing. (F) Lactate production was detected by using a lactate
assay kit in FKHRL1-overexpressed U251 GBM cells after SIRT6 silencing. (G) The lactate dehydrogenase activities were detected by using a lactate dehydrogenase
assay kit in FKHRL1-overexpressed U251 GBM cells after SIRT6 silencing. (H) The glycolytic stress flux test was conducted on the Seahorse XF analyzer to assess
changes in glycolytic flux resulting from FKHRL1 overexpression and SIRT6 knockdown. ECAR, extracellular acidification rate. (I) The relative expression of SIRT6
target glycolytic genes were detected by qRT-PCR in overexpressed-U251 GBM cells after SIRT6 silence. *p < .05, **p < .01, ***p < .001, n.s., non-sense.
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indicated infection, and calculated volumes of the pumped tumors
every 5 days. The results showed that FKHRL1 silencing significantly
promoted cell growth in vivo and the effect was rescued by both
FKHRL1 and SIRT6 overexpression (Fig. 7D and E). After 35 days,
mouse were autopsied and tumors were taken out and weighed, the
result showed that FKHRL1 silencing significantly increased the weight
of tumors, while FKHRL1 and SIRT6 overexpression recovered the ef-
fect of FKHRL1 silencing (Fig. 7F). Besides, we also showed that tumors
formed from FKHRL1-silenced U87 cells uptook more glucose, pro-
duced more lactate and upregulated a cluster of glycolytic genes than
scramble groups, while FKHRL1 or SIRT6 overexpression retrieved the
effect of FKHRL1 silencing (Fig. 7G–I). These results showed that
FKHRL1-SIRT6 axis played an essential role in cell metabolism and
development of GBM cells in vivo.

4. Discussion

Metabolic reprogramming was important malignant adaption for

GBM. Glucose metabolic alterations including metabolic flux involving
mitochondrial dynamics and the Warburg effect were essential for cell
growth, metastasis and stemness of GBM cells. Inhibition of glucose
metabolism in GBM might be a promising efficient method to treat
GBM. For instance, a synthetic small-molecule KHS101 could impair
both mitochondrial bioenergetic capacity and glycolytic activity to in-
hibit GBM growth in mice [35]. Coordinated upregulation of autophagy
followed by its inhibition could disrupt mitochondrial bioenergetics to
make GBM cells sensitive to chemotherapy [36]. In addition to mi-
tochondrial energy modulation, reversing the Warburg effect might be
another promising strategy for GBM treatment [37]. Combination
treatment with 2-deoxyglucose, a glycolysis inhibitor, and metformin
could inhibit GBM tumorspheres [38]. Treatment with dichloroacetate,
a PDK inhibitor, also sensitized GBM cells to irradiation [39]. Silencing
of a glycolytic LDHA gene sensitized GBM cells to radiation and te-
mozolomide [40]. NAMPT inhibition induced glycolysis down-
regulation was selectively toxic for MYC or MYCN-amplified GBM [11].
Besides, glycolytic enzyme localization was also an important reason

Fig. 6. FKHRL1 transcriptionally promotes the expression of SIRT6. (A) Overview of designed CHIP primers and insert fragments in pGL3 vectors used in the dual
luciferase assay in the promoter of human SIRT6 genes. (B) SIRT6 promoter (with different regions) activities were detected by the dual luciferase assay in 293FT
cells. F-luc/R-luc, Firefly luciferase/Renilla luciferase. (C) SIRT6 promoter activities detected by the dual luciferase assay in U251 cells after FKHRL1 silencing. (D
and E) CHIP qRT-PCR assay was performed to detect the enrichment of FKHRL1 in the promoter region of SIRT6 in U251 cells. Ant-Pol II and anti-H3Ac antibodies
were used as positive controls, while IgG was used as a negative control. (F) Logo of human FKHRL1 transcription factor binding profile downloaded from the
JASPAR development server (http://jaspar.binf.ku.dk/). (G) The products of Primer1. The nucleotides similar to FKHRL1 transcription factor binding profile is
marked red. The mutation information is shown blue. (H) SIRT6 promoter with 1.2 k region, wild-type Primer1 product (P1-WT) and mutant Primer1 product (P1-
Mut) activities were detected by the dual luciferase assay in 293FT cells. *p < .05, **p < .01, ***p < .001, n.s., non-sense. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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for tumor malignancy and these enzymes could be considered as ther-
apeutic targets, too. For example, hexokinase II could translocate into
mitochondria to suppress cell death of cancer cells, and 3-bromopyr-
uvate was shown as a promising molecule to target it [41,42]. These
evidences indicated that glycolysis was important for GBM progression
and inhibiting glycolysis might be a novel strategy for GBM treatment.
However, the molecular mechanism of the Warburg effect had not been
fully elucidated.

SIRT6 had been shown to be a major regulator in cell metabolism,
especially in glycolysis [33]. SIRT6 could directly deacetylate histone 3
lysine 9 (H3K9) to control the expression of a cluster of glycolytic
genes, including glut1, pdk4, pdk1, aldoc, pfk1, ldhb, ldha, tpi5 and

gapdh; meanwhile, SIRT6 also functioned as a corepressor of the tran-
scriptional factor Hif1α and c-Myc, critical regulators of glycolysis
[33,43]. The crucial function of SIRT6 in the regulation of glycolysis
had been also confirmed in various types of tumors, including breast
cancer [44], urothelial carcinoma [45] and hepatocellular carcinoma
[46].

However, FKHRL1 also showed to regulate the Warburg effect. For
example, FKHRL1 binds to and transactivates the TSC1 promoter, thus
inhibits glycolysis [47]. FKHRL1 promotes metabolic adaptation to
hypoxia by antagonizing Myc function [48]. Surprisingly, clinical data
analysis revealed that FKHRL1 expression was positively correlated
with SIRT6 expression in several different cohorts. Subsequently, we

Fig. 7. FKHRL1-SIRT6 axis regulates GBM growth in vitro and in vivo. (A) The relative expression of FKHRL1 and SIRT6 were detected by qRT-PCR in FKHRL1/
scramble silenced-U251/U87 GBM cells after FKHRL1 or SIRT6 overexpression. (B and C) Growth curve was determined by the MTT assay in FKHRL1/scramble
silenced-U251/U87 GBM cells after FKHRL1 or SIRT6 overexpression. (D) The tumor growth for 5 weeks of in FKHRL1/scramble silenced-U87 GBM cells after
FKHRL1 or SIRT6 overexpression in the BALB/c-nu mice. (E) The volume of tumors formed from FKHRL1/scramble silenced-U87 GBM cells after FKHRL1 or SIRT6
overexpression in the BALB/c-nu mice was calculated. (F) The weight of tumors formed from FKHRL1/scramble silenced-U87 GBM cells after FKHRL1 or SIRT6
overexpression in the BALB/c-nu mice. (G) Relative glucose content (normalized by protein weight) in tumors formed from FKHRL1/scramble silenced-U87 GBM
cells after FKHRL1 or SIRT6 overexpression in the BALB/c-nu mice. (H) Relative lactate content (normalized by protein weight) in tumors formed from FKHRL1/
scramble silenced-U87 GBM cells after FKHRL1 or SIRT6 overexpression in the BALB/c-nu mice. (I) Relative expression of SIRT6 target glycolytic genes in tumors
formed from FKHRL1/scramble silenced-U87 GBM cells after FKHRL1 or SIRT6 overexpression in the BALB/c-nu mice. *p < .05, **p < .01, ***p < .001, n.s.,
non-sense.
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confirmed that SIRT6 expression was transcriptionally controlled by
FKHRL1. In addition, FKHRL1-controlled glycolysis was also dependent
on the expression of SIRT6. Mechanically, FKHRL1 bound to the spe-
cific regions of SIRT6 promoter and activated its transcriptional ac-
tivity. Previous reports had shown that FKHRL1 could regulate the
expression of SIRT6 by binding and activating transcriptional factor
NRF1 in the mouse [34]. However, there was neither NRF2 binding site
(AGGGCGCATGCGCCCTC) nor FKHRL1 binding sites [GTAAACA(A/T)]
provided by the JASPER (http://jaspar.binf.ku.dk/) in the promoter
region of human SIRT6 promoter. But we found a site (GTAAATAA) in
SIRT6 promoter that is highly similar with FKHRL1 binding site [GTA
AACA(A/T)] downloaded from the JASPER. Then we made sure that
this site was essential for its promoter activity. Our results provided a
novel mechanism that FKHRL1 transcriptionally promote SIRT6 ex-
pression in GBM.

Indeed, SIRT6-controlled glycolysis had never been explored in
GBM. Actually, there were evidences showed that SIRT6 was shown to
block glioma growth through promoting apoptosis, inducing oxidative
stress resistance [49], inhibiting JAK2/STAT3 signaling pathway [50],
suppressing RNA-binding protein PCBP2 [51] and downregulating
NOTCH3 signaling [52]. However, the relationship between SIRT6-in-
duced glycolysis and glioma growth had never been confirmed. Herein,
we found FKHRL1 knockdown promotes cell proliferation and glyco-
lysis in HEB gliocytes. SIRT6 overexpression could retrieve the pro-
moted glycolysis induced by FKHRL1 silencing in GBM cells. SIRT6
silencing also recovered FKHRL1 overexpression-induced decline of
glycolysis in GBM cells. Besides, SIRT6 also retrieved FKHRL1 silencing-
induced GBM cell growth. These results showed that FKHRL1-SIRT6
axis played an essential role in the regulation of cell metabolism in
GBM.

Collectively, our data showed that FKHRL1 low expression was a
promising prognostic marker in GBM. Besides, its expression was sig-
nificantly correlated with WHO grade of glioma. FKHRL1 inhibited
glucose uptake and consumption, thus blocked GBM growth.

Mechanically, FKHRL1 promoted SIRT6 transcription, so that to inhibit
the expression of a cluster of glycolytic genes (Fig. 8). Our result elu-
cidated a regulatory model of FKHRL1-SIRT6 axis in glycolysis of
human GBM, which might provide clues for GBM treatment.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cellsig.2019.04.009.
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