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Abstract

The POU Class Homeobox 2 (POU2F2) is a member of POU transcription factors family, which involves in cell immune
response by regulating B cell proliferation and differentiation genes. Recent studies have shown that POU2F2 acts as
tumor-promoting roles in some cancers, but the underlying mechanism remains little known. Here, we identified that
the highly expressed POU2F2 significantly correlated with poor prognosis of glioblastoma (GBM) patients. POU2F2
promoted cell proliferation and regulated glycolytic reprogramming. Mechanistically, the AKT/mTOR signaling
pathway played important roles in the regulation of POU2F2-mediated aerobic glycolysis and cell growth.
Furthermore, we demonstrated that POU2F2 activated the transcription of PDPK1 by directly binding to its promoter.
Reconstituted the expression of PDPK1 in POU2F2-knockdown GBM cells reactivated AKT/mTOR pathway and
recovered cell glycolysis and proliferation, whereas this effect was abolished by the PDPK1/AKT interaction inhibitor. In
addition, we showed that POU2F2-PDPK1 axis promoted tumorigenesis by regulating glycolysis in vivo. In conclusion,
our findings indicate that POU2F2 leads a metabolic shift towards aerobic glycolysis and promotes GBM progression in

PDPK1-dependent activation of PI3K/AKT/mTOR pathway.

Introduction

The POU Class Homeobox 2 (POU2F2) belongs to POU
transcription factors family that employ POU-specific
domain to binding to DNA and activating transcription™?.
POU2F2 is originally considered as a B-cell-specific tran-
scription factor, which regulates B cell proliferation and
differentiation by binding to immunoglobulin gene pro-
moters>®, Recent studies have shown that POU2F2 also
expressed in some solid tumors and provided the prognosis
of cancer patients, including clear cell renal cell carcinoma,
gastric cancer, and pancreatic cancer”~’. POU2F2 functions
as a bond to linking NF-«xB and SLIT2/ROBOL1 interaction
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network and promoting gastric cancer metastasis®. POU2F2
activates the transcription of NAMPT to promoting triple-
negative breast cancer metastasis and growth’. Previous
studies focused on the functions of POU2F2 in cell pro-
liferation and metastasis, but the roles of POU2F2 in bio-
logical processes remains unknown. To confirm the
possibility of POU2F2 as a therapeutic target for cancer, the
role of POU2F2 in different cancers and mechanism of
action of POU2F2 in biological processes in cancer cell
needs further investigation. In this study, we explored the
role of POU2F2 in GBM progression.

GBM is the most common and lethal form of gliomas,
with about 90% primary tumor'®. GBM is difficult to treat
and prone to recurrence due to their ability to tolerate a
complex stress environment. Therefore, the prognosis of
GBM patients is very poor, with a median overall survival
of ~14.6 months, and only about 6.8% of GBM patients
survive 5 years'"'%. Metabolic reprograming is one of
the main reasons that GBM cells adapt to stressful
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environments and maintain malignant proliferation'?,
Particularly, abnormal glycolytic activity is the most
common way of metabolism reprogramming in GBM
cells, as opposed to oxidative phosphorylation in normal
cells'*. This shift provides carbon and nitrogen sources
for lipid and DNA synthesis for GBM cells and maintains
cellular redox homeostasis'”. In addition, the metabolite
of aerobic glycolysis can inhibit immune cell infiltration
and suppresses the antitumor ability of immune cells®.
The glycolytic reprogramming exists in multiple geno-
types of GBM. Therefore, targeted therapy for glycolytic
abnormalities is more successful in highly heterogeneous
tumors, such as GBM, than targeted therapy for
abnormal genes.

In our study, we characterized the roles of POU2F2 in
patients’ prognosis and biological progression of GBM.
POU2F2 expressed extremely high in GBM, and the
highly expressed POU2F2 significantly correlated with
poor prognosis of GBM patients. POU2F2 depletion
suppressed cell proliferation and induced cell cycle
arrest in GBM cells, and it acted as a key regulator of
glycolytic reprogramming that shifted oxidative phos-
phorylation towards aerobic glycolysis. Mechanistically,
POU2F2 activated PI3K/AKT/mTOR pathway to lead-
ing a metabolic shift towards aerobic glycolysis and
promoting GBM progression in a PDPKI-dependent
manner. Taken together, our results provided new
insights into the biological roles of POU2F2 in patho-
logical conditions to better understanding the under-
lying mechanism of glycolytic reprogramming in GBM,
and identified that POU2F2 might be potential ther-
apeutic target for GBM.

Materials and methods
Clinical samples

Paraffin-embedded GBM tissue microarrays (TMA)
were purchased from Chaoying Biotechnology Co., Ltd.
(Xian, China) and they were originally obtained from
Tongxu County People’s Hospital of Henan Province.
The GBM and normal tissues were collected for exam-
ination of mRNA levels of POU2F2 from Liaocheng
People’s Hospital (Liaocheng, China), with written
informed consent provided by the patients. This project
was approved by the Institute Research Ethics Committee
of Jining Medical University and Liaocheng People’s
Hospital.

Cell lines and cell culture

The human GBM cell lines (LN229, U87-MG, U-118,
and U251), normal glial cell SVGP12, and human
embryonic kidney (HEK) 293FT cells were obtained from
ATCC. All of the cell lines were authenticated and con-
firmed to be mycoplasma-free before use. All cells were
cultured as previously described”.
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Cell proliferation
MTT assay was employed to determining the ability of
cell proliferation as described previously'”.

Plasmids, transfection, and infection

The hairpin oligonucleotides were synthesized in Beij-
ing Genomics Institute (BGI, Beijing, China) and cloned
into the pLKO.1 lentivirus vector. Primer sequences are
listed in Supplementary Table S1. The full-length cDNA
of human POU2F2 and PDPK1 gene were generated by
PCR and constructed to pCDH-CMV-MCS-EF1-puro
vector. PDPK1 promoter fragment and mutations of the
consensus POU2F2-binding site were synthetic and con-
structed to pGL3-Basic. The plasmids transfection and
lentiviruses infection were carried out as previously
described"”.

BrdU staining
BrdU immunofluorescent staining was performed
according to our previous study'’.

Flow cytometry analysis of cell cycle

For cell cycle assay, cells were stained with propidium
iodide (PI) according to the manufacturer’s instructions
(Roche, Basel, Switzerland).

Western Blot

Cells were lysed with radioimmunoprecipitation buffer
(Beyotime, Shanghai, China) to obtain total protein
extraction. Protein concentrations were determined by
bicinchoninic acid protein assay kit (Beyotime, Shanghai,
China). Protein were separated on 10% gels by SDS-PAGE
buffer and transferred to a polyvinylidene difluoride
membrane (Millipore, Burlington, MA, USA). The
membrane was incubated with a diluted primary antibody
overnight at 4°C. Then, the polyvinylidene fluoride
membrane was incubated with the secondary antibody at
room temperature for 2 h. Finally, the results were ana-
lysed with the ECL Prime Western blotting (WB) detec-
tion system (GE Healthcare). Each experiment was
repeated at least three times. The primary antibodies are
listed in Supplementary Table S2.

Gene set enrichment assay (GSEA)

The transcriptome data (GSE79292) was downloaded
from NCBI GEO. Data were normalized, significance
determined by ANOVA, and fold change calculated with
the Partek Genomics Suite. GSEA was performed with
GSEA v4.1.0 for all differentially expressed genes.

Glucose uptake and consumption

For glucose uptake assay, 2000 GBM cells were seeded
in 96-well plates with glucose-free medium overnight,
wash cell three times in PBS. Cells were preincubated with
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100 uL. KRPH buffer for 10 min. Added 2-DG to cells and
incubate for 20 min at 37 °C. 2-DG6P levels were deter-
mined with microplate reader in kinetic mode at 37 °C
according to the manufacturer’s instructions (Abcam,
Cambridge, UK). For glucose consumption assay, cells
were seeded in plates at 37 °C for 48 h, the glucose content
was detected by using a Glucose Assay kit (Sigma, Bur-
lington, MA, USA). Data were analyzed according to
standard curve line and OD value. All experiments were
performed at three times.

Lactate and lactate dehydrogenase (LDH) assays

The lactate and LDH assays were performed according
to the manufacturer’s instructions (Sigma, Burlington,
MA, USA). Samples were treated as manufacturer’s
instructions, OD value was analyzed by using a SYNERGY
HTX multimode reader. All experiments were performed
in triplicate.

Extracellular acidification rate (ECAR) assay

For ECAR assay, 4 x 10* cells were seeded into XF-96
cell culture well plates and cultured for 24 h. The medium
was replaced by Seahorse DMEM containing 2 uM glu-
tamine. Cells were cultured in a non-CO, incubator at
37 °C for 60 min. The data were analyzed to cell numbers
and plotted as ECAR (mpH/min) as a function of time by
using XF-96p analyzer.

Chromatin immunoprecipitation (ChIP) assay

Chromatin was isolated from 20 x 10° GBM cells with
or without POU2F2 knockdown. Chromatin was dis-
rupted and immunoprecipitated with magnetic protein G
dynabeads (Thermo Fisher Scientific, Inc.) using 2 ug of
the specific antibody POU2F2 as described previously'®.
The quantitative PCR was employed to amounting the
immunoprecipitated DNA for specific antibody. Each
experiment was repeated three independent times. Primer
sequences are listed in Supplementary Table S1.

Luciferase assay

For luciferase assay, LN229 cells with or without
POU2F2 knockdown were transfected with PDPK1
reporter or pGL3-basic luciferase reporter and Renilla
luciferase plasmid for 24 h. Cells were lysed and assayed
with Dual Luciferase Assay according to the manu-
facturer’s instructions (Promega, Madison, W1, USA). All
the experiments were performed in triplicate.

Xenograft models

The 5-week-old female nude mice (BALA/c, Beijing
Laboratory Animal Research Center, Beijing, China) were
used to establish intracranial and subcuticular xenograft
tumor model. For intracranial implantation of GBM Cells
in Mice, these mice were randomly divided into three
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groups (six/group), we injected 2 x 10> LN229 cells (in
5 pL of DMEM per mouse), with or without regulation of
POU2F2 knockdown or PDPK1 expression, intracranially
into 5-week-old nude mice. The animals were killed
14 days after GBM cell injection. Tumor formation and
phenotype were determined by histological analysis of
hematoxylin and eosin (H&E) stained sections. Signs of
disease progression were followed until the last mouse
had died. Subcuticular xenograft tumor models were
established as previously described'”. Animal welfare and
experimental procedures were carried out in accordance
with the Guide for the Care and Use of Laboratory Ani-
mals (Ministry of Science and Technology of
China, 2006).

H&E and immunohistochemistry staining

The brains and tumor tissues were harvested, fixed in
4% (vol/vol) formaldehyde, and embedded in paraffin.
Paraffin embedded tumor tissues were sectioned at 4 pm,
deparaffinized, and rehydrated. H&E and immunohis-
tochemistry staining were performed according to stan-
dard protocols. The antibodies were listed in
Supplementary Table S2.

Statistical analysis

All the statistical analyses were performed by GraphPad
Prism version 7. Clinical patient and gene expression data
were downloaded from R2: Genomics Analysis and
Visualization Platform (https://hgserverl.amc.nl) and
Chinese Glioma Genome Atlas (CGGA). The significance
of different groups was estimated with two-tailed
unpaired student’s t-test. For overall survival analysis,
Kaplan—Meier with log-rank test was conducted. Quan-
titative data are expressed as the mean + standard devia-
tion. P <0.05 was considered statistically significant. All
observations were confirmed by at least three indepen-
dent experiments.

Results
POU2F2 serves as a promising marker for prognosis of
GBM patients

To understand the role of POU2F2 in GBM, we first
demonstrated that POU2F2 expression levels correlate
with GBM by performing immunohistochemical staining
(IHC) using primary tissue microarray samples from
GBM patients. POU2F2 expression was significantly
increased in tumor samples from patients compared with
normal tissues from individuals with no cancer (Fig. 1A,
B). Besides this, different brain studies in Oncomine
dataset showed that POU2F2 was significantly upregu-
lated in GBM compared with normal tissues in Bredel and
Lee dataset (Fig. S1A, B), but not in Rickman and Sun
database (data not shown). We found that POU2F2 was
higher expressed in GBM than it in low grade gliomas,
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Fig. 1 POU2F2 expression is upregulated and correlated with poor outcomes in GBM. A Immunohistochemical staining analysis of POU2F2 in
normal brain tissues and 12 paired GBM tissue samples. B Immunohistochemistry analyses of POU2F2 expression levels in eight normal brain samples
and 12 GBM samples. C Kaplan—-Meier analysis of overall survival from the R2 database with the log rank test P value indicated. D Quantitative RT-PCR
analysis of POU2F2 mRNA levels in 13 paired GBM and peritumoral normal tissues. E, F Quantitative RT-PCR and western blot analysis of POU2F2
expression in normal astrocytes (SVGP12) and GBM cell lines. All data were shown as the mean + SD, *p < 0.05, **p < 0.01. All p values were based on
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including astrocytoma and oligodendroglioma (Fig. S1C,
D). The analysis of CGGA patients’ data shown that
POU2F?2 expression was not correlated with age, gender,
and IDH1 status (Fig. S1IE). We evaluated the prognostic
implication of POU2F2 expression in GBM patients based
on the online data. The analysis of kawaguichi dataset
demonstrated that GBM patients with high POU2F2
expression survived for a shorter time than those with low
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POU2F2 (Fig. 1C). We further examined the expression of
POU2F2 in GBM based on our local patient cohort. We
found that POU2F2 was significantly upregulated in GBM
tissues compared with the paired peritumoral tissues (10/
13) (Fig. 1D). We also detected the expression of POU2F2
in normal and GBM cells; POU2F2 was frequently higher
expressed in GBM cells than those in normal glial cells
(Fig. 1E, F). All these results suggested that POU2F2
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Fig. 2 POU2F2 promotes cell proliferation by regulating cell cycle procession. A Western blot analyses of POU2F2 expressions in LN229 and U-
118 cells transduced with POU2F2 shRNA clones or shRNA scramble. B The effect of POU2F2 on the proliferation of GBM cells was detected by MTT
assays. C Image and quantification of GBM cells positive for BrdU staining. D The cell cycle analyses were performed in cells with shCtrl and
shPOU2F2. The percentage of cells in the different phases were indicated. E, F Immunoblotting of POU2F2, CCND1, CCNE2, CDK2, CDK4, and CDK6 in
GBM cells with or without POU2F2 silence. All data were shown as the mean =+ SD, **p < 0.01.

expressed highly in GBM and served as a prognostic
marker for GBM.

POU2F2 is essential for cell growth in GBM

We constructed POU2F2 knockdown cells to further
investigating biological effects of POU2F2 in GBM
(Fig. 2A). MTT assay was performed to examine cell
viability, the results showed that POU2F2 silence
obviously suppressed the proliferation ability of GBM
cells (Fig. 2B), which was recovered by the reconstituted
expression of POU2F2 (Fig. S2A). BrdU staining also
demonstrated that POU2F2 knockdown induced a sig-
nificant reduction in DNA synthesis (Fig. 2C). Soft-agar
assay revealed that the ability of colony formation was
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inhibited in POU2F2 depletion cells compared with the
control cells; this result further confirmed that POU2F2 is
essential for GBM cell growth (Fig. S2B, C). The abnormal
activity of cell proliferation is usually accompanied by
changes in cell cycle progression, we next detected cell
cycle of POU2F2 knockdown cells by using flow cyto-
metry. Indeed, downregulation of POU2F2 induced cell
cycle arrest at G1 phase (Fig. 2D). G1 phase-related pro-
teins were detected to further verify above results. We
found that the expressions of CCND1, CDK4, and CDK®,
but not CCNE2 and CDK2, were significantly decreased
after POU2F2 silence (Fig. 2E, F). These results demon-
strated that POU2F2 regulated cell cycle progression and
proliferation of GBM cells.
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POU2F2 plays important roles in regulation of glycolytic
reprogramming

To explore the underlying mechanism of promoted-
proliferation induced by POU2F2, we analyzed the
microarray data GSE79292* Based on GSEA, we found
that POU2F2 depletion led to lower expression of amount
of glucose import genes in B Cell lymphoma cells
(Fig. 3A). Then we detected glucose uptake of GBM cells
with different POU2F2 condition. As shown in Fig. 3B,
POU2EF?2 silencing remarkably inhibited glucose uptake of
GBM cells, which was rescued by the reconstituted
expression of POU2F2. We further explored the effects of
POU2F2 in glucose metabolism of GBM cells. GO assays
were performed to examine glucose consumption, the
results showed that POU2F2 depletion significantly
reduced glucose consumption of GBM cells (Fig. 3C). In
lines with these results, lactate production and LDH
activity were also decreased after POU2F2 knockdown
(Fig. 3D, E).

Tumor cells preferentially initiate glycolysis to gen-
erating energy even when oxygen is sufficient, which is
known as Warburg effect. Thus, we further detected
whether POU2F2 affected glycolysis in GBM cells by
assessing glycolytic flux using Seahorse XF analyzer. The
results showed that glycolysis was attenuated in POU2F2
knockdown cells and was retrieved after POU2F2
restoration (Fig. 3F). To further determine whether
POU2F2 lead GBM cells switch from oxidative phos-
phorylation to glycolysis, we treated cells with or without
ATP synthase inhibitor oligomycin. ATP assays showed
that POU2F2 silencing attenuated the production and
inhibition rate of ATP (Fig. S3A, B). Next, we detected the
expressions of key glycolysis-associated enzymes in
POU2F2 depletion cells with or without restoration. We
found that POU2F2 regulated glycolysis by modulating
GLUT1, HK2, and PKM2 expression, but not GLUTS3,
HK1, GAPDH, and PFK levels (Figs. 3G and S3C). All
these results demonstrated that POU2F2 remodeled glu-
cose metabolism that lead a metabolic shift towards
aerobic glycolysis.

POU2F2 activates AKT/mTOR pathway to regulating
glucose metabolism and cell growth

The GSEA of GSE7929 microarray data also showed
that POU2F2-regulated genes were enriched in PI3K/
AKT/mTOR pathway in B-lymphocyte cells (Fig. 4A, B).
The activation of AKT/mTOR pathway is the central
factor that remolds glycolysis by regulating some key
glycolysis-associated enzymes, including GLUT1, HK2,
and PKM2. In LN229 and U-118 cells, we found that
downregulation of POU2F2 significantly inhibited the
activation of AKT/mTOR pathway and its downstream
GLUT1, HK2, and PKM2 (Fig. 4C). Thus, we hypothe-
sized that POU2F2 might regulate glycolytic
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reprogramming through activating PI3K/AKT/mTOR
pathway. We overexpressed POU2F2 in GBM cells and
treated them with or without AKT inhibitor XIV, which
could inhibit the phosphorylation of AKT". According
to the metabolite analysis, we found that overexpression
of POU2F2 significantly promoted glucose uptake,
consumption, and lactate production, and the effects
were abrogated by inhibition of AKT signaling (Figs. 4D
and S4A). In line with the results, ECAR assay showed
that AKT inhibition blocked the metabolic shift towards
aerobic glycolysis induced by POU2F2 overexpression
(Figs. 4E and S4B). Meanwhile, AKT inhibitor XIV
obviously reduced the increased levels of GLUT1, HK2,
and PKM2 induced by POU2F2 (Fig. 4@G). In addition,
inhibition of AKT pathway abolished the increased
proliferation of GBM cells induced by POU2F2 over-
expression (Fig. 4F and S4C). These results indicated
that POU2F2 promoted aerobic glycolysis and cell
proliferation by regulating the activation of AKT/mTOR
pathway.

POU2F2 regulates AKT/mTOR pathway by directly
activating the transcription of PDPK1

To better understand the molecular mechanism of
activation of AKT/mTOR pathway induced by POU2F2,
we further analyzed the transcriptome data. We found
that PDPK1 (also known as PDK1) was downregulated
after POU2F2 knockdown in B Cell lymphoma cells
(Fig. 4B), that could interact with AKT and phos-
phorylated it at T308. Our results confirmed that
POU2F2 could regulate PDPK1 expression in GBM
cells (Fig. 5A). Furthermore, analysis of the ChIP-seq
dataset GSE32465 from ENCODE?*® showed specific
association of POU2F2 with the PDPK1 promoter,
suggesting that it is a direct target gene of POU2F2
(Fig. S5A). We identified four potential binding sites of
POU2F2 on PDPK1 promoter according to JASPAR
dataset (Fig. 5B). ChIP-qPCR assay was performed to
determine whether POU2F2 binds to PDPK1 promoter
in GBM cells. Consistent with the ChIP-seq data,
POU2F2 was highly enriched in the promoter region
(—808 to —796) of PDPK1 (Figs. 5C and S5B). Besides
this, knockdown of POU2F2 significantly decreased the
enrichment of POU2F2 protein in PDPK1 promoter
(Fig. 5D). We further verified whether POU2F2 directly
regulated the transcription of PDPK1 by performing
dual luciferase experiment. The different luciferase
reporter vectors containing PDPK1 promoter with wild
and mutant POU2F2 motif were transfected with
shPOU2F2 or shCtrl in 293FT cells, and then the
luciferase activities of these constructs were detected.
The  results showed that knockdown  of
POU2EF?2 significantly decreased the activity of PDPK1
promoter, whereas POU2F2 depletion failed to this
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effect on PDPK1 promoter with POU2F2 motif mutant
(Fig. 5E). Then, we reconstituted the expression of
PDPK1 in POU2F2-knockdown GBM cells. We found
that the inhibited AKT/mTOR signaling pathway was

Official journal of the Cell Death Differentiation Association

PDPKI.

reactivated by PDPK1 restoration (Fig. 5F). All these
results suggested that POU2F2 activated AKT/mTOR
pathway by directly promoting the transcription of
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Fig. 5 POU2F2 activates AKT/mTOR pathway by directly promoting the transcription of PDPK1. A Immunoblotting of POU2F2 and PDPK1 in
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restoration of POU2F2. All data were shown as the mean + SD, **p < 0.01, ***p < 0.001.

POU2F?2 silence cells that reconstituted the expression of
PDPK1 with NSC156529 and found that the recovered

POU2F2 promotes aerobic glycolysis and cell proliferation
in a PDPK1-dependent activation of PI3K/AKT/mTOR

pathway

To further verify whether PDPK1 mediated activation of
AKT/mTOR pathway was involved in the promotion of
aerobic glycolysis and cell proliferation induced by
POU2F2, we used a PDPK1 inhibitor NSC156529 to
inhibiting activation of AKT by abolishing the interaction
between PDPK1 and AKT>'. Here, we treated
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activation of AKT/mTOR pathway induced by recon-
stituted expression of PDPK1 was attenuated after
NSC156529 treatment in POU2F2 depletion cells
(Fig. 6A). Metabolite analyses showed that PDPK1 inhi-
bitor NSC156529 obviously decreased glucose uptake and
consumption of POU2F2 knockdown cells with restora-
tion of PDPK1. The glycolytic stress flux tests were
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examined by ECAR assay, the results revealed that
retrieved abilities of glycolysis induced by restored
expression of PDPK1 were blocked after NSC156529
treatment in POU2F2 knockdown cells (Fig. 6D). In line
with these results, lactate production and LDH activities
were rescued by reconstituted expression of PDPK1 in
POU2E?2 silence cells, but these effects were abolished by
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NSC156529 treatment (Fig. 6E, F). Similarly, restoration
of PDPK1 also increased the expression of key glycolysis-
associated enzymes in POU2F2 knockdown cells,
including GLUT1, HK2, and PKM2, the effect was abol-
ished by NSC156529 treatment (Fig. 6G). In addition, the
abilities of cell proliferation were rescued by reconstituted
expression of PDPKI1, and PDPKI1-AKT interaction
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inhibitor NSC156529 abrogated this effect (Fig. S6A, B).
All these results suggested that POU2F2 leaded metabolic
shift towards aerobic glycolysis and promoted cell pro-
liferation in PDPK1-dependent activation of PI3K/AKT/
mTOR pathway.

POU2F2 promotes GBM progression by regulating PDPK1/
AKT/mTOR pathway

To investigate the role of POU2F2-PDPK1 axis in GBM
tumorigenesis, we injected LN229 shCtrl,
LN229 shPOU2F2, and LN229 shPOU2F2 cells with
reconstituted expression of PDPKI intracranially into
nude mice. Knockdown of POU2F2 significantly sup-
pressed the growth of brain tumors and increased the
survival time of mice, and these effects were reversed by
the recovered expression of PDPK1 (Fig. 7A). The sub-
cutaneous xenograft models further confirmed that
POU2F2 promoted tumor growth in a PDPK1 dependent
manner (Fig. 7B). These results highlight the significance
of POU2F2-PDPK1 axis in GBM development. The key
glycolysis-associated enzymes in tumor tissues were
detected by IHC. We found that the expressions of
GLUT1, HK2, and PKM2 were obviously reduced in
tumors formed by POU2F2 depletion cells, and these
effects were rescued in tumors formed by shPOU2F2/
PDPK1 cells (Fig. 7C). These results suggested that
POU2F2-PDPK1 axis might promote GBM tumorigenesis
by regulating aerobic glycolysis. In addition, we evaluated
the correlation of POU2F2-PDPK1 axis and the key
glycolysis-associated enzymes in GBM patients. The
TCGA data showed that POU2F2 level was positively
correlated with the expression of PDPK1, GLUT1 and
HK2 in GBM patients (Fig. 7D). This clinical significant of
correlation was further confirmed in our local patient
specimens (Fig. 7E). Taken together, all of our results
demonstrated that POU2F2 directly promoted the tran-
scription of PDPK1, and then POU2F2 interacted with
AKT, activated PI3BK/AKT/mTOR pathway to increase
the expression of GLUT1, HK2, and PKM2, leaded
metabolic shift towards aerobic glycolysis, and promoted
GBM progression (Fig. 8).

Discussion

GBM is the most common tumor of the central nervous
system with a poor prognosis'. It is difficult to treat and
prone to recurrence due to their ability to tolerate a
complex environment'®. Glycolytic reprogramming is an
important factor of GBM adaptation to stressful and
various environments. GBM cells take up more glucose
than normal glia cells to sustain proliferation®*. Glucose
enters into glycolysis rather than oxidative phosphoryla-
tion to provide carbon and nitrogen sources for lipid and
DNA synthesis for GBM cells and maintains cellular
redox homeostasis, which is known as the Warburg
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effect®. In addition, the metabolite of aerobic glycolysis
can inhibit immune cell infiltration and suppresses the
antitumor ability of immune cells'®**, Thus, targeted
therapy for glycolytic abnormalities seems as a successful
method in GBM. The activation of PI3K/AKT signaling is
a main reason that GBM cells initiate glycolysis. Inhibition
of AKT-driven glycolysis reduces proliferation and indu-
ces apoptosis in GBM cells*®. In this study, we identified
that POU2F2 might be an important activator of AKT
pathway and promoted glycolysis in GBM.

POU2F2 is highly expressed in some solid tumors and
provides the prognosis of cancer patients® . However, the
role of POU2F2 in regulating tumor progression remains
controversial. Here, we identified that POU2F2 was
expressed highly in GBM and served as a prognostic
marker for GBM. Then, by applying “gain and loss”
strategy, we found that POU2F2 promoted GBM cell
proliferation by regulating G1-S transit. GSEA of previous
microarray data GSE7929 showed POU2F2 might be
involved in glycolytic reprogramming in lymphoma cells.
Depletion of POU2F2 significantly reduced glucose
uptake, consumption, and lactate production in GBM.
Besides this, POUF2 deficiency caused attenuated glyco-
lysis and increased ATP production, suggesting that
POU2F2 leaded metabolic shift towards aerobic glycolysis.
We also investigated the effects of POU2F2 depletion on
the key glycolytic enzymes. The expression levels of
GLUT1, HK2, and PKM2 were significantly decreased in
POU2F2 knockdown cells and GBM xenografts. The key
glycolytic enzymes, including GLUT1, HK2, and PKM2
are highly expressed in GBM and play important roles in
cell growth and tumor development®*2%, We demon-
strated that POU2F2 level was positively correlated with
the expression of GLUT1 and HK2 in GBM patients. Our
results suggested that POU2F2 promoted GBM progres-
sion by remodeling glucose metabolism.

Previous studies have demonstrated that POU2F2 might
been involved in the activation of PI3K/AKT/mTOR
signaling pathway”’. We also confirmed that POU2F2
could activate PI3K/AKT/mTOR pathway in GBM cells.
GBM is frequently accompanied with overexpression of
EGER and the activation of its downstream PI3K/AKT/
mTOR pathway®. The PI3K/AKT signaling and their
mammalian target of mTOR are key regulators of glyco-
lytic reprogramming and cancer cell proliferation. Studies
show that PI3K/AKT signaling is able to increase glucose
transporter expression (GLUT1), enhance glucose
uptake®'. HIF-la protein is stabilized by PI3K/AKT/
mTOR pathway, and HIF-1a increases the transcription
of some key glycolytic enzymes, including GLUT1, HK2,
and PKM2°%2%, Herein, we suppressed the PI3K/AKT/
mTOR pathway in POU2F2-overexpresison cells by
treating them with the AKT inhibitor XIV, which inhibits
the phosphorylation of AKT at Ser 473'°. The enhanced
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Fig. 7 POU2F2-PDPK1 axis promotes brain tumorigenesis by regulating glycolysis. A Orthotopic tumorigenesis abilities of LN229 cells with
depletion of POU2F2 and restoration of PDPK1 (top) and survival rates of mice (below). B Subcutaneous tumorigenesis abilities of LN229 cells
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**p < 0.01. All p values were based on analysis control versus treatment.

glycolysis and proliferation induced by POU2F2 over-
expression were abrogated by inhibition of PI3K/AKT
pathway. Our results indicated that POU2F2 likely pro-
moted aerobic glycolysis and cell proliferation by reg-
ulating the activation of AKT/mTOR pathway.

The protein kinase-3-phosphoinositide-dependent kinase 1
(PDPK1) is essential for the activation of PI3K/AKT/mTOR

Official journal of the Cell Death Differentiation Association

pathway. PDPK1 interacts with AKT and phosphorylates it at
Thr-308 dependent on PH domain. With the aid of PDPK2,
the hydrophobic terminal of AKT is phosphorylated®. The
double-phosphorylated Akt separates from the membrane,
thus resulting in the activation of mTOR, and the activated
mTOR in turn phosphorylates AKT at Ser-473%. Here, we
demonstrated that POU2F2 promoted the transcription of
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PDPK1 by directly binding to its promoter site
(ATTTGCCT). We also verified that POU2F2 activated the
PIBK/AKT/mTOR pathway by promoting the expression of
PDPK1 in GBM cells. Furthermore, reconstituted the
expression of PDPK1 in POU2F2-knockdown GBM cells
reactivated AKT/mTOR pathway and recovered cell glyco-
lysis and proliferation, whereas this effect was abolished by
the PDPK1/AKT interaction inhibitor. PDPK1 is highly
expressed in GBM and play important roles in cell growth
and tumor development®. We demonstrated that POU2F2
level was positively correlated with the expression of PDPK1
in GBM patients, suggesting the important roles of POU2F2-
PDPK1 axis in the regulation of glycolytic reprogramming
and GBM development.

In summary, we identify that POU2F2 is highly
expressed in GBM and promotes GBM development.
POU2F2 directly promotes the transcription of PDPK1,
and then POU2F2 interacts with AKT and activates PI3K/
AKT/mTOR pathway to increase the expression of
GLUT1, HK2 and PKM2, leads metabolic shift towards
aerobic glycolysis and promotes GBM progression. Our
study provide new insights into the biological roles of
POU2F2 in pathological conditions to better under-
standing the underlying mechanism of glycolytic repro-
gramming in GBM, and identify that POU2F2 is a
potential therapeutic target for GBM.

Acknowledgements
We thank the patients and the donors who have agreed to participate in
this study.

Official journal of the Cell Death Differentiation Association

Author details

'Key Laboratory of Precision Oncology of Shandong Higher Education,
Institute of Precision Medicine, Jining Medical University, Jining, China. *State
Key Laboratory of Silkworm Genome Biology, Southwest University,
Chongging, China. *Key Laboratory of Basic Pharmacology of Ministry of
Education and Joint International Research Laboratory of Ethnomedicine of
Ministry of Education, Zunyi Medical University, Zunyi, China. “Cancer center,
Medical Research Institute, Southwest University, Chongqing, China. *Key
Laboratory of Molecular Pharmacology, Liaocheng People’s Hospital,
Liaocheng, China

Author contributions

Conception and design: R.Y. and H.C. Acquisition of data: RY., MW, GZ, YL,
and LW. Analysis and interpretation: R.Y,, MW, and H.C. Original manuscript
drafting and figure construction: RY. Manuscript editing and completion: R.Y.
and HC.

Funding

This work was supported by National Nature Science Foundation of China (No.
82002639 to R.Y.), Shandong Provincial Natural Science Foundation, China (No.
ZR2020QH235 to R.Y.), and Faculty Start-up Funds from Jining Medical
University (to RY.).

Data availability

The transcriptome sequencing of POU2F2 in knockdown and restoration cells
are deposited at the Gene Expression Omnibus database with the accession
number GSE79292. The ChIP-seq of POU2F2 in GM12891 cells are deposited at
the Gene Expression Omnibus database with the accession number GSE32465.
The authors declare that all data supporting the findings of this study are
available within the paper and its supplementary information files.

Ethical statement

This project was approved by the Institute Research Ethics Committee of Jining
Medical University and Liaocheng People’s Hospital. Animal experiments were
approved by the Animal Care and Use Committee of Jining Medical University.

Conflict of interest
The authors declare no competing interests.



Yang et al. Cell Death and Disease (2021)12:433

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41419-021-03719-3.

Received: 4 January 2021 Revised: 13 April 2021 Accepted: 15 April 2021
Published online: 30 April 2021

References

1.

Staudt, L. M. et al. Cloning of a lymphoid-specific cDNA encoding a
protein binding the regulatory octamer DNA motif. Sci. 241, 577-580
(1988).

Sauter, P. & Matthias, P. Coactivator OBF-1 makes selective contacts with both
the POU-specific domain and the POU homeodomain and acts as a mole-
cular clamp on DNA. Mol. Cell. Biol. 18, 73977409 (1998).

Clerc, R. G, Corcoran, L. M, LeBowitz, J. H, Baltimore, D. & Sharp, P. A. The B-
cell-specific Oct-2 protein contains POU box- and homeo box-type domains.
Genes Dev. 2, 1570-1581 (1988).

Hodson, D. J. et al. Regulation of normal B-cell differentiation and
malignant B-cell survival by OCT2. Proc. Natl Acad. Sci. USA 113,
E2039-E2046 (2016).

Qin S, Shi X, Wang C, Jin P, Ma F. Transcription factor and miRNA interplays
can manifest the survival of ccRCC patients. Cancers 11, 1668 (2019).

Katoh, M. & Katoh, M. Integrative genomic analyses of ZEB2: transcriptional
regulation of ZEB2 based on SMADs, ETS1, HIF1alpha, POU/OCT, and NF-
kappaB. Int. J. Oncol. 34, 1737-1742 (2009).

Marin-Muller, C. et al. A tumorigenic factor interactome connected through
tumor suppressor microRNA-198 in human pancreatic cancer. Clin. Cancer Res.
19, 5901-5913 (2013).

Wang, S. M. et al. POU2F2-oriented network promotes human gastric cancer
metastasis. Gut 65, 1427-1438 (2016).

Zhang, H. et al. Epigenetic regulation of NAMPT by NAMPT-AS drives meta-
static progression in triple-negative breast cancer. Cancer Res. 79, 3347-3359
(2019).

Siegel, R, Ma, J, Zou, Z. & Jemal, A. Cancer statistics, 2014. CA Cancer J. Clin. 64,
9-29 (2014).

Van Meir, E. G. et al. Exciting new advances in neuro-oncology: the avenue to
a cure for malignant glioma. CA Cancer J. Clin. 60, 166-193 (2010).

Stupp, R. et al. Radiotherapy plus concomitant and adjuvant temozolomide
for glioblastoma. N. Engl. J. Med. 352, 987-996 (2005).

Agnihotri, S. & Zadeh, G. Metabolic reprogramming in glioblastoma: the
influence of cancer metabolism on epigenetics and unanswered questions.
Neuro. Oncol. 18, 160-172 (2016).

Marin-Valencia, |. et al. Analysis of tumor metabolism reveals mitochondrial
glucose oxidation in genetically diverse human glioblastomas in the mouse
brain in vivo. Cell Metab. 15, 827-837 (2012).

Zhou, W. & Wahl, D. R. Metabolic abnormalities in glioblastoma and
metabolic strategies to overcome treatment resistance. Cancers 11, 1231
(2019).

Official journal of the Cell Death Differentiation Association

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

3.

32.

33.

34.

35.

36.

Page 14 of 14

Li, X. et al. Navigating metabolic pathways to enhance antitumour immunity
and immunotherapy. Nat. Rev. Clin. Oncol. 16, 425-441 (2019).

Yang, R. et al. E2F7-EZH2 axis regulates PTEN/AKT/mTOR signalling and glio-
blastoma progression. Br. J. cancer 123, 1445-1455 (2020).

Yang, R. et al. EGFR activates GDH1 transcription to promote glutamine
metabolism through MEK/ERK/ELKT pathway in glioblastoma. Oncogene 39,
2975-2986 (2020).

Moses, S. A. et al. In vitro and in vivo activity of novel small-molecule inhibitors
targeting the pleckstrin homology domain of protein kinase B/AKT. Cancer Res.
69, 5073-5081 (2009).

Gertz, J. et al. Distinct properties of cell-type-specific and shared transcription
factor binding sites. Mol. Cell 52, 25-36 (2013).

Méemets-Allas, K, Viil, J. & Jaks, V. A novel inhibitor of AKT1-PDPK1 interaction
efficiently suppresses the activity of AKT pathway and restricts tumor growth
in vivo. Mol. Cancer Ther. 14, 2486-2496 (2015).

Tateishi, K. et al. Myc-driven glycolysis is a therapeutic target in glioblastoma.
Clin. Cancer Res. 22, 4452-4465 (2016).

Vander Heiden, M. G, Cantley, L. C. & Thompson, C. B. Understanding the
Warburg effect: the metabolic requirements of cell proliferation. Science 324,
1029-1033 (2009).

Kesarwani, P, Kant, S, Prabhu, A. & Chinnaiyan, P. The interplay between
metabolic remodeling and immune regulation in glioblastoma. Neuro. Oncol.
19, 1308-1315 (2017).

Ishida, C. T. et al. Metabolic reprogramming by dual AKT/ERK inhibition
through imipridones elicits unique vulnerabilities in glioblastoma. Clin. Cancer
Res. 24, 5392-5406 (2018).

Guda, M. R. et al. GLUT1 and TUBB4 in Glioblastoma Could be Efficacious
Targets. Cancers 11, 1308 (2019).

Agnihotri, S. et al. Ketoconazole and posaconazole selectively target HK2-
expressing glioblastoma cells. Clin. Cancer Res. 25, 844-855 (2019).

Sizemore, S. T. et al. Pyruvate kinase M2 regulates homologous
recombination-mediated DNA double-strand break repair. Cell Res. 28,
1090-1102 (2018).

Kin, N. W. & Sanders, V. M. CD86 stimulation on a B cell activates the phos-
phatidylinositol 3-kinase/Akt and phospholipase C gamma 2/protein kinase C
alpha beta signaling pathways. J. Immunol. 176, 6727-6735 (2006).

Parsons, D. W. et al. An integrated genomic analysis of human glioblastoma
multiforme. Science 321, 1807-1812 (2008).

Morani, F. et al. PTEN regulates plasma membrane expression of glucose
transporter 1 and glucose uptake in thyroid cancer cells. J. Mol. Endocrinol. 53,
247-258 (2014).

Agani, F. & Jiang, B. H. Oxygen-independent regulation of HIF-1: novel
involvement of PI3K/AKT/mTOR pathway in cancer. Curr. Cancer Drug Targets
13, 245-251 (2013).

Zhou, L. et al. HOXA9 inhibits HIF-1a-mediated glycolysis through interacting
with CRIP2 to repress cutaneous squamous cell carcinoma development. Nat.
Commun. 9, 1480 (2018).

Fresno Vara, J. A. et al. PI3K/Akt signalling pathway and cancer. Cancer Treat.
Rev. 30, 193-204 (2004).

Hresko, R. C. & Mueckler, M. mTORRICTOR is the Ser473 kinase for Akt/protein
kinase B in 3T3-L1 adipocytes. J. Biol. Chem. 280, 40406-40416 (2005).

Luo, D. et al. The PDK1/c-Jun pathway activated by TGF-f induces EMT and
promotes proliferation and invasion in human glioblastoma. Int. J. Oncol. 53,
2067-2080 (2018).


https://doi.org/10.1038/s41419-021-03719-3

	POU2F2 regulates glycolytic reprogramming and glioblastoma progression via PDPK1-dependent activation of PI3K/AKT/mTOR pathway
	Introduction
	Materials and methods
	Clinical samples
	Cell lines and cell culture
	Cell proliferation
	Plasmids, transfection, and infection
	BrdU staining
	Flow cytometry analysis of cell cycle
	Western Blot
	Gene set enrichment assay (GSEA)
	Glucose uptake and consumption
	Lactate and lactate dehydrogenase (LDH) assays
	Extracellular acidification rate (ECAR) assay
	Chromatin immunoprecipitation (ChIP) assay
	Luciferase assay
	Xenograft models
	H&#x00026;E and immunohistochemistry staining
	Statistical analysis

	Results
	POU2F2�serves as a promising marker for prognosis of GBM patients
	POU2F2 is essential for cell growth in GBM
	POU2F2 plays important roles in regulation of glycolytic reprogramming
	POU2F2 activates AKT/mTOR pathway to regulating glucose metabolism and cell growth
	POU2F2 regulates AKT/mTOR pathway by directly activating the transcription of PDPK1
	POU2F2 promotes aerobic glycolysis and cell proliferation in a PDPK1-dependent activation of PI3K/AKT/mTOR pathway
	POU2F2 promotes GBM progression by regulating PDPK1/AKT/mTOR pathway

	Discussion
	Acknowledgements




