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Abstract: Phospholysine phosphohistidine inorganic pyrophosphate phosphatase (LHPP) is a new-found tumor sup-
pressor in a variety of tumors. While, it is still unknown about its role in glioma. In this study, we found that LHPP is
abnormally decreasing or absent in glioblastoma, and the low expression of LHPP is associated with poor median
survival in glioma patients. Functional assay revealed that LHPP-overexpression significantly inhibited US87MG and
U118MG growth in vitro and in vivo. As to the mechanism, mass-spectrometric analysis indicated that the LHPP in-
teracting proteins were mainly enriched in regulation of energy metabolism, including Carbon metabolism, Oxidative
phosphorylation, and Glycolysis. Seahorse assay and metabolites detection confirmed that LHPP-overexpression
obviously impeded glycolysis and respiration in US7MG and U118MG cells. For the further study, western blot assay
showed that the protein level of PKM2 at dimeric, tetrameric, and total protein, were all decreased significantly, and
its enzymatic activity was decreased as well. ChIP and RNAseq integrated analysis indicated that the decreased
protein level of PKM2 was independent of PKM2 transcription, and LHPP did not reprogram transcription level of
metabolic genome. Co-IP and immunofluorescence assay manifested that LHPP interacted with PKM2, and this
interaction interfered the protein stability, then induced ubiquitin-mediated degradation of PKM2. Rescue assay
confirmed that restoring the expression of PKM2 effectively reversed the restrained energy metabolism and the
inhibited cancer cell growth caused by LHPP-overexpression in US7MG and U118MG cells. Taking together, we dem-
onstrated that LHPP impedes the glycolysis and respiration during energy metabolic process via inducing ubiquitin-
mediated degradation of PKM2, thus inhibits the growth of glioblastoma.
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Introduction vanced immunotherapy and molecularly target-
ed approaches, we still unable to effectively
prolong the overall survival of GBM patients [7,
8]. Discovering new biomarkers is beneficial for
improving the diagnostic accuracy and individu-

alized treatments, which encourages us to find

Glioma is the most common primary brain tu-
mor in human central nervous system, among
which glioblastoma multiforme (GBM) is the
most malignant pathological type [1, 2]. At

present, the therapeutic methods for GBM
include maximal safe surgical resection, fol-
lowed by high-dose radiation and standard che-
motherapy [3]. Unfortunately, due to the com-
plicated and hierarchical internal cellular or-
ganization of tumor entities, GBM often exhib-
its refractory to conventional therapies, and
caused an extremely poor clinical prognosis
[4-6]. Although there were some newly and ad-

much more novel glioma-specific or glioma-
related biomarkers [9].

Phospholysine phosphohistidine inorganic pyro-
phosphate phosphatase (LHPP), is initially dis-
covered in swine brain tissue [10], and it is evo-
lutionarily conserved from worm to human [11].
LHPP is a multifunctional gene which impact
on the structural of gray matter, regional brain
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activity, and pathophysiological progression in
major depressive disorder [12-14]. Sravanth
KH firstly reported that LHPP is a tumor sup-
pressor in hepatocellular carcinoma [15]. Sub-
sequently, studies indicated that LHPP also
exhibited inhibitory effect on papillary thyroid
cancer, bladder cancer, melanoma, cervical
cancer, and colorectal cancer [16-20]. While, it
is still unclear the role of LHPP in glioma.

In this study, we found that LHPP is abnormally
decreased or not expressed in glioblastoma,
and the lower LHPP level predicted a shorter
median survival in glioma patients. LHPP-
overexpression in glioblastoma cells exhibits
an obviously inhibitory effect on cancer growth
in vitro and in vivo. The mechanism studies
revealed that LHPP interfered the protein sta-
bility of PKM2, and then induced ubiquitin-
mediated degradation of PKM2, which further
impedes glycolysis and respiration during ener-
gy metabolic process in glioblastoma cells.
Meanwhile, restoring the expression of PKM2
effectively reversed restrained energy metabo-
lism and the inhibited cancer cell growth ca-
used by LHPP-overexpression in glioblastoma
cells. This study provides scientific clues for
the biological role and molecular mechanism
of LHPP in glioblastoma, which may help with
the future diagnosis and treatment of glio-
blastoma.

Materials and methods
Databases

The Human Protein Atlas (https://www.protein-
atlas.org/) was used to analyze expression pro-
file of LHPP in human tissue and cancer cell
lines. Transcriptomics datasets, TCGA-GBM
and TCGA-GBMLGG, in The Cancer Genome
Atlas (TCGA, https://www.cancer.gov/about-
nci/organization/ccg/research/structural-geno-
mics/tcga), and mRNAseq datasets, batch 1
and batch 2, in Chinese Glioma Genome Atlas
(CGGA, http://www.cgga.org.cn/) were down-
loaded and used for evaluating the clinical rel-
evance of LHPP expression in glioma.

Cells and cell culture

Human GBM cell lines, U87MG, U251MG,
T98G, and LN229 were purchased from the
Chinese Academy of Sciences cell bank (Sh-
anghai, China), U118MG and A172 were pur-
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chased from Obio Technology Co., LTD (Shang-
hai, China). The normal human astrocyte (HA,
ScienCell) was donated by Tao-Liang Chen
(Zhujiang Hospital, Southern Medical Univer-
sity). GBM cell lines were culture in DMEM/
F12 (12100-046, Gibco, USA) which containing
10% Fetal Bovine Serum (10099141C, Gibco,
USA), HAs were cultured in astrocyte medium
(#1801, ScienCell, USA) at 37°C in a humidifi-
ed incubator with 5% CO,,.

Glioma tissues microarray and immunohisto-
chemistry analysis (IHC)

A glioma tissue microarray slide (Wuhan Ser-
vicebio Technology CO., LTD, Wuhan, China),
which containing 94 cases was used for LHPP
immunohistochemistry (IHC) staining. The slide
was dried at 60°C for 1 hour. Then, the slide
was deparaffinized with xylene, and rehydrated
with gradient alcohol. Afterwards, Tris-EDTA
buffer was used to conduct antigen retrieval,
and 3% H,O, solution was used to eliminate
endogenous peroxidase activity. After that, the
slide was then incubated with LHPP antibody
(1:400, PA5-52658, Invitrogen, USA) at 4°C
overnight. After that, the antibody was detect-
ed with Polink-2 plus polymer HRP detection
system (ZSGB Bio, China). Images were taken
under Pannoramic 250 (3D HISTECH, Hungary).
The staining score of LHPP was evaluated with
Image-Pro Plus software (Media Cybernetics,
USA). Cases which complete negative staining
were defined as LHPP score O, cases which
containing less than 10% positive cells (rare)
were defined as LHPP score 1, cases which
containing 10%~70% positive cells (not rare)
were defined as LHPP score 2, cases which
containing more than 70% positive cells (str-
ong) were defined as LHPP score 3. Cases with
score O and 1 were defined as LHPP IHC low
score, cases with score 2 and 3 were defined
as LHPP IHC high score.

Plasmids, lentivirus and transfection process

The LHPP plasmids, PKM2 plasmids, empty
vector plasmids, lentiviral particles with LHPP,
lentiviral particles with PKM2, and lentiviral
particles with empty vector were all purchased
from IGeneBio (Guangzhou, China). Lipofecta-
mine 3000 Transfection Reagent (L3000008,
Thermo Fisher, USA) was used for plasmids
transfection according to the manufacture’s
protocol. For lentiviral transfection, cells were
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incubated with lentivirus particles for 8-12
hours in serum-free medium, and then replaced
with new medium. Puromycin (Solarbio, China)
was added at a final concentration of 2 ug/mL
for selecting the stable expression cells. The
overexpression efficiency was confirmed by
Western blotting.

Cell proliferation test

CCK-8 assay, EdU assay were performed for
studying the effect of LHPP on cell prolifera-
tion in vitro. For CCK-8 assay, Enhanced Cell
Counting Kit (CCK)-8 (C0041, Beyotime, China)
was used. 2000 cells were seeded in 96-well
plate per well for 8~12 hours. At the subse-
quent five days, OD450 was measured after
cells were incubated with CCK-8 reagent for 1
hour at 37°C. For EdU assay, BeyoClick EdU
Cell Proliferation Kit with Alexa Fluor 555
(COO75L, Beyotime, China) was used. Cells
were culture in 12-well plate overnight, then
treated with 20 yM EdU solution for two hours
at 37°C. 4% PFA solution was used to fix cells
for 10 minutes. Then, 0.5% Triton X-100 solu-
tion was used to permeabilize cells for 15 min-
utes. Following, wash the cells with PBS for
thrice. After that, cells were incubated with
Click Reaction Solution avoiding light for 30
minutes at room temperature. Finally, cells
were rinsed, and stained with DAPI. The results
were analyzed under Leica DMI300OB fluores-
cence microscope (Leica, Germany).

Cloning formation assay

For cell clone formation assay, 2000 cells were
seeded in 6-cm dish for 12 hours. Then, lentivi-
ral particles with LHPP, LHPP plus PKM2, or
empty Vector were added for transfection pro-
cess. After that, cells were allowed to growth
until 14 days. Then, remove the medium and
the cells were stained with crystal violet solu-
tion for 30 mins at room temperature. After
that, remove the solution and wash the cells
with PBS softly, remove the PBS solution and
the cell clone were taken picture.

Intracranial glioma xenograft model

U87MG-Luc cells were transfected with lentivi-
ral particles with LHPP, LHPP plus PKM2, or
lentiviral particles with empty vector, to con-
struct U87MG-Luc LHPP-overexpression cells,
U87MG-Luc LHPP plus PKM2-overexpression
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cells, and corresponding control cells. 3x10°
cells were stereotactically injected into the
4~6 weeks old male BALB/cA nude mice (HFK
BIOSCIENCE, China). Then, the cells were allow-
ed to grow in vivo for 14 days. After that, the
status of tumor growth in vivo was measured
with an IVIS (IVIS Lumina Il, USA). 3 mice each
group were used to take the hole brain tissue
for paraffin sections, and the rest 6 tumor-bur-
dened mice each group were used for survival
assay.

Mass-spectrometric (MS) analysis for LHPP
complexes

LHPP-overexpression U87MG and U118MG
cells were used to perform mass-spectrometric
analysis. Anti-Flag antibody was used to pre-
cipitate Flag-LHPP-interacting proteins com-
plex, and used for SDS-PAGE procedure. Then,
the protein bands were excised from SDS-PAGE
gel, Milli-Q water was used to rinse the bands,
and then destained bands with 25 mM
NH,HCO, and 50% acetonitrile. After that, pro-
teins were following reduce, alkylate, and digest
by 10 mM dithiothreitol, 55 mM iodoacetamide,
and 10 ng/ul trypsin, respectively. Then, the
digested peptides were desalted via ReproSil-
Pur C18-AQ column (Thermo Scientific, USA).
2% acetonitrile (in 0.1% formic acid solution)
and 80% acetonitrile (in 0.1% formic acid solu-
tion) were used for a gradient process. MS
analysis was conducted with Q Exactive plus
mass spectrometer (Thermo Scientific, USA).

Identification of LHPP-interacting proteins and
bioinformation analysis

The raw data from MS analysis were converted
to MGF data by Proteome Discoverer. Peptide
masses identification was performed by Ma-
scot software (Matrix Science, USA) based on
SwissProt human database. The Kyoto Ency-
clopedia of Genes and Genomes (KEGG) path-
ways analysis, and Protein-Protein Interactions
(PPIs) was analyzed using the coincident Flag-
LHPP interacting proteins in LHPP-overexpres-
sion US7MG and U118MG cells.

Glucose uptake assay

Glucose Uptake Assay Kit (#KA4086, Abnova,
Taiwan) was used for the measurement of glu-
cose uptake in UB7MG and U118MG cells. 36
hours after plasmids transfected, 50000 cells/
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well/100 uL/96-well were plated in growth
medium for 4-6 hours before experiments.
Then, treat the cells as desired, and add 10 uL/
well 2-DG and incubate at 37°C for 30 minut-
es. Wash and lyse cells, 50 uL/well 2-DG
Uptake Assay working solution was added in,
then incubate cells at RT for 90 minutes. After
that, the OD ratio at 570/610 nm was mea-
sured under spectrophotometer (1510, Thermo
Fisher, USA).

Pyruvate assay, lactate assay, and ATP assay

Pyruvate Assay Kit (BC2205, Solarbio, China),
Lactate Assay Kit (BC2235, Solarbio, China),
and ATP Assay Kit (BCO300, Solarbio, China)
were used to measure the concentration of
pyruvate, lactate, and ATP level, respectively.
After plasmids were transfected, cells were
cultured for 48 hours, and then used for su-
bsequent procedure according to the product
manual. Relative absorbance was measured
under spectrophotometer (1510, Thermo Fis-
her, USA). The content of pyruvate, lactate, and
ATP were calculated according to the product
manual.

Oxygen consumption rate (OCR) and extracel-
lular acidification rate (ECAR) assay

Seahorse XF96 Extracellular Flux Analyzer was
used for measuring cell oxygen consumption
rate (OCR) and extracellular acidification rate
(ECAR). After plasmids were transfected, cells
were cultured for another 24 h. Then, cells were
plated in XFO6 cell culture plates (Seahorse
Bioscience, USA), and incubated for 8 h at nor-
mal cell incubator. After that, cells were equili-
brated with bicarbonate-free buffered DMEM
for 1 h without CO, immediately before XF
assay. The glycolytic rate assay was performed
in XF Base Media without phenol red containing
5 mM HEPES, 10 mM glucose, 1 mM sodium
pyruvate, and 2 mM L-glutamine, and the fol-
lowing inhibitors were added at the final con-
centrations: rotenone/antimycin A (0.5 uM
each) and 2-deoxy-glycose (50 mM). The mito-
chondrial stress test was performed in XF Base
Media containing 10 mM glucose, 1 mM sodi-
um pyruvate, and 2 mM L-glutamine, and the
following inhibitors were added at the final con-
centrations: oligomycin (1 uM), carbonyl cya-
nide 4-(trifluoromethoxy) phenylhydrazone (1
puM), and rotenone/antimycin A (0.5 uM each).
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PKM?2 enzymatic activity assay

Pyruvate Kinase Assay Kit (BC0540, Solarbio,
China) was used to determine PKM2 enzymatic
activity. After plasmids were transfected, cells
were cultured for 48 hours. Then, cells were
collected into the centrifuge tube and the
supernatant was discarded after centrifuga-
tion. Then, 5x10° cells were added with 1 mL
extracting solution and the cells were destroyed
by ultrasound (ice bath, 200 W, ultrasound 3 s
per time, 10 s interval, repeat 30 times). After
centrifugation at 8000 g at 4°C for 10 min, the
supernatant was taken and placed on ice for
measurement. Working solution was real-time
prepared according to manufactures’ protocol.
An aliquot of 10 L cell lysate was used for the
assay. Absorbance at 340 nm on a microplate
reader was recorded at O min (A1) and at 2 min
20 s (A2). PK (U/10* cell)=5.226%(A1-A2).

Integrated RNA sequencing (RNAseq) and ChIP
sequencing (ChlPseq) analysis

For RNAseq, US87MG cells were transfected
with LHPP plasmids or empty vector, and then
cultured for 48 hours. After that, the total RNA
was extracted, and measured with quality by
Bioanalyzer (Agilent, USA) and RNA-seq librar-
ies. Then, RNA samples were enriched for
stranded poly (A) mRNA, and sequenced on
Illumina HiSeq Novaseq 6000. The raw trimm-
ed reads were aligned to the reference geno-
me (GRCh38).

For ChlPseq, US87MG cells were transfected
with LHPP plasmids, and cultured for 48 hours.
Then, fix the cells with 1% formaldehyde solu-
tion, and sonicated the cells for obtaining solu-
ble chromatin. Flag-LHPP-DNA complexes were
separated from 20 yg chromatin by adding 5 ug
anti-Flag antibody (#14793, CST, USA). ChIP-
seq reads were trimmed and aligned to the
hg38 genome by trim-galore and bwa. Flag-
LHPP binding regions were identified by using
MACS2. Peaks overlapping a 3 kb window
around a ENSEMBL v99 transcription start site
(2.5 kb upstream, 0.5 kb downstream) were
tagged as promotors. Flag-LHPP binding sites
were determined using bedtools. Alignment
data of Flag ChlPseq and RNAseq were per-
formed to check the consensus between Flag-
LHPP bound peaks and target gene transcrip-
tion status.
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Quantitative real-time PCR (qRT-PCR) assay

PKM2 mRNA level were measured by Quan-
titative-PCR assay. After plasmids were trans-
fected, cells were cultured for 48 hours. Then,
total RNA was extracted by TRIzol Plus RNA
Purification Kit (12183555, Invitrogen, USA)
according to the instructions. PrimeScript RT
Reagent Kit (RRO37B, TaKaRa, Japan) was us-
ed to construct cDNA. gRT-PCR analysis was
performed by Platinum SYBR Green qPCR
SuperMix-UDG w/ROX kit (11744100, Thermo,
USA) according to the manufacturer’s protocol.
Quantitative PCR reactions were repeated at
least three times. The expression level was nor-
malized to GAPDH. The primer sequence infor-
mation used in this part as follows: PKM2: for-
wards primer is 5-ATCGTCCTCACCAAGTCTGG-
3’, and the reverse primer is 5-GAAGATCCAC-
GGTACAGGT-3’; GAPDH: forwards primer is 5'-
CTCATGACCACAGTCCATGCC-3’, and the reverse
primer is 5-TTCCCGTTCAGCTCAGGGAT-3".

Formaldehyde cross-linking [21]

Formaldehyde Cross-linking was performed for
studying the PKM2 dynamic populations. After
plasmids were transfected, cells were cultured
for 48 hours. Then, cells were incubated with
0.4% paraformaldehyde (PFA) solution for 30
mins at 37°C. After that, 1.25 M glycine was
added (final concentration of 125 mM) to ter-
minate the cross-linking reaction. Cells were
washed with PBS, and resuspended in lysis
buffer (50 mM Tris, 150 mM NaCl, 10% glycer-
ol, 1% NP-40, and 5 mM EDTA) of which con-
taining protease inhibitor (P1011, Beyotime,
China). Finally, cells lysates were centrifuged at
15000 rpm for 15 mins, and the supernatants
were collected for western blot analysis.

Western blot

Total protein in cells was extracted with RIPA
Lysis Buffer (PO013B, Beyotime, China) of whi-
ch containing protease inhibitor (P1011, Beyo-
time, China). Protein concentration was mea-
sured with BCA protein assay kit (PCO020,
Solarbio, China). Proteins were separated by
SDS-PAGE electrophoresis, and transferring to
PVDF membrane. After antigen blocking with
5% BSA solution (ST023, Beyotime, China), the
membranes were incubated with primary an-
tibodies overnight at 4°C. Then, membranes
were rinsed thrice with cooled TBST solution for
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three times, then incubate the membranes
with HRP-conjugated secondary antibody at
room temperature for 1 h. Membranes were
washed cooled TBST solution for three time,
and then reacted with Immobilon Western
Chemiluminescent HRP Substrate (P90719, Mi-
llipore, USA) for 10-15 s. Then the proteins in
membranes were detected with chemilumines-
cence imaging system (Bio-Rad, USA).

The antibodies used in this part: LHPP (sc-
376648, Santa Cruz, USA; PA5-52658, Inv-
itrogen, USA), PKM2 (#4053, CST, USA), GAPDH
(@b8245, Abcam, USA), beta Tubulin (ab6046,
Abcam, USA), beta Actin (ab8226, Abcam,
USA).

Co-immunoprecipitation (Co-IP)

Cells were collected and lysed using RIPA Lysis
Buffer (PO0O13B, Beyotime, China) of which
containing protease inhibitor (P1011, Beyotime,
China). 2 ug antibody was added into the lysate
and incubated overnight at 4°C, then, 20 uL
Protein A/G PLUS-Agarose beads (sc-2003,
Santa Cruz, USA) was added into the lysate and
rotated for 2~4 hours at 4°C. The beads-anti-
body-protein complexes were washed with pre-
cooled PBS solution for three times, and then
boiled for subsequent western blot analysis.

The antibodies used in this part: LHPP (sc-
376648, Santa Cruz, USA), PKM2 (#4053, CST,
USA), Flag (#8146 and #14793, CST, USA),
Ubiquitin (#3936, CST, USA).

Immunofluorescence (IF) staining

U87MG, U118MG, LHPP-overexpression U87-
MG, LHPP-overexpression U118MG, and HA
cells were used for immunofluorescence stain-
ing. Cells were cultured in Millicell EZ slide
(ROEB54201, Millipore, USA), and fixed with 4%
Paraformaldehyde (PFA) solution for 15 mins at
room temperature. Then, wash the cells with
PBS thrice, and 0.3% Triton X-100 solution was
used for permeabilization for 15 mins at room
temperature. After that, 10% BSA (ST025,
Beyotime, China) was used for antigen blocking
for 2 hours at room temperature. Following,
cells were incubated with primary antibodies
for 16 hours at 4°C. Then, cells were rinsed by
PBS solution thrice, and then incubated with
secondary antibodies at room temperature for
2 hours. Lastly, cells were rinsed by PBS solu-
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tion thrice again, and mounting medium with
DAPI was added for nuclear staining. Images
were taken under fluorescence microscope
(DM 3000B DFC425C, Leica, Germany.

The antibodies and agent used in this part:
LHPP (sc-376648, Santa Cruz, USA), Flag
(#8146, CST, USA), PKM2 (#4053, CST, USA),
Goat polyclonal Secondary Antibody to Mouse/
Rabbit 1gG-H&L (488/555/647, Abcam, USA).
Mounting Medium with DAPI (ab104139,
Abcam, USA).

Statistical analysis

GraphPad Prism 8 (GraphPad Software Inc.,
USA) was used to perform the statistical analy-
sis and statistical chart making. Quantitative
data was analyzed by unpaired t test, the sur-
vival rate and prognosis were estimated using
Kaplan-Meier method. Each group of experi-
ments was repeated at least three times, SME
was calculated to indicate the variation within
each experiment and data, and the values rep-
resent mean + SME. P<0.05 is considered to
be statistically significant.

Results

Abnormal decreased expression of LHPP in
human glioblastoma, and is correlated with a
poor prognosis

We accessed The Human Protein Atlas data-
base, the LHPP protein expression overview
and mRNA consensus expression overview
both indicate that LHPP is high expression in
normal brain tissue, and the mRNA expression
level of LHPP is relatively low in glioma cell lines
(U251MG, USTMG, and U138MG) among a to-
tal of 64 cancer cell lines (Figure S1A-C). These
results suggested LHPP is highly expressed in
normal brain tissue, and low expressed in glio-
ma. This abnormal decrease expression level of
LHPP may be related to the incidence of
glioma.

Then, we explored the expression profile of
LHPP in glioma based on two open databases,
The Cancer Genome Atlas database (TCGA)
and Chinese Glioma Genome Atlas (CGGA).
TCGA_GBMLGG and CGGA_mRNAseq data-
base show that mRNA level of LHPP was signifi-
cantly lower in WHO grade IV glioma (GBM) than
WHO grade Il and grade Ill glioma (Figure 1A
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and 1B). TCGA-GBM database show that mRNA
level of LHPP was significantly lower in GBM,
compared with normal brain tissue (Figure 1C).
Furthermore, Kaplan-Meier survival analysis of
TCGA_GBMLGG and CGGA_mRNAseq data-
base manifested that glioma patients with
abnormal low mRNA level of LHPP exhibited a
conspicuous poor overall survival than those
patients with high mRNA level of LHPP (Figure
1D and 1E).

Next, we conducted immunohistochemistry
(IHC) staining with a glioma tissue microarray
slide, which containing 94 cases of glioma
samples. We identified 20 cases classified
score 0, 39 cases classified score 1, 29 cases
classified score 2, and 6 cases classified score
3. The cases of score O and score 1 were
defined as IHC low score, and cases of score 2
and score 3 were defined as IHC high score.
The IHC staining scoring standard and sche-
matic diagrams were shown (Figure 1F). We
analyzed the IHC staining score and proportion
of samples at different WHO grade, and we
found that there was a tendency of low LHPP
staining score in grade IV glioma (GBM), com-
paring with grade Il and grade lll gliomas (Figure
1G). In addition, Kaplan-Meier analysis showed
significant correlation of LHPP expression with
patient survival, the median survival of high
LHPP IHC score was significantly higher than
that of low LHPP IHC score (Figure 1H).

We also assessed LHPP protein expression dif-
ference between 10 glioblastoma tumor tissue
(T) and corresponding adjacent brain tissue (N)
by western blot. The result showed that the pro-
tein level of LHPP in six out of ten glioblastoma
tissues were remarkably decreasing comparing
with the corresponding adjacent brain tissues
(Figure 4l). Furthermore, protein expression
level of LHPP in 6 frequently-used glioblastoma
cell lines (US7MG, U118MG, U251MG, T98G,
A172, and LN229) and human astrocytes were
also detected by western blot. The result
showed that LHPP protein expression level was
distinctly less in US7TMG, U251, T98G, A172
than human astrocytes. While, LHPP protein
expression level is approximate between
U118MG and human astrocytes, and obviously
higher in LN229 than human astrocytes (Figure
1J).

In sum, there was a tendency of decreasing
expression level of LHPP in glioblastoma, and
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Figure 1. Expression profile of LHPP in glioma and the clinical relevance. A. mRNA level of LHPP in different WHO grade based on TCGA_GBMLGG database. B. RNA
level of LHPP in different WHO grade based on CGGA_mRNAseq database. C. mRNA level of LHPP between GBM and normal brain tissue (NBT) based on TCGA_GBM
database. D. Kaplan-Meier curves of survival rate of glioma patients with high LHPP mRNA level and low LHPP mRNA level based on TCGA_GBMLGG database. E.
Kaplan-Meier curves of survival rate of glioma patients with high LHPP mRNA level and low LHPP mRNA level based on CGGA_mRNAseq database. F. Representative
immunohistochemistry staining of LHPP on glioma tissues microarrays (x400). G. Composition bar chart of LHPP immunohistochemistry staining score in different
WHO grade. H. Kaplan-Meier curves of survival rate of glioma patients with high LHPP immunohistochemistry staining score and low LHPP immunohistochemistry
staining score. Score 0 and 1 were grouped and considered as low expression, score 2 and 3 were grouped and considered as high expression. I. Western blot
detection of LHPP in 10 paired glioblastoma tissue (T) and adjacent brain tissue (N). J. Western blot detection of LHPP in GBM cell lines and HA. The data were
expressed as the mean + SEM (***P<0.0001).
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this tendency is correlated with a poor progno-
sis in glioma.

LHPP inhibits the growth of glioblastoma in
vitro and in vivo

To explore the effect of LHPP on glioblastoma,
we selected US7MG, which show significantly
lower protein expression level of LHPP than
human astrocytes, and U118MG, which show
approximate protein expression level of LHPP
with human astrocytes, to conduct the follow-
ing experiments. Protein expression level of
LHPP in negative cells, cells transfected with
empty vector plasmids, and cells transfected
with LHPP plasmids were detected by western
blot, the result indicated a satisfactory overex-
pression efficiency in US7TMG and U118MG
cells (Figure S2A and S2B).

Firstly, we evaluated the effect of LHPP on
U87MG and U118MG cells’ growth in vitro.
CCK-8 assay was performed and the cell grow-
th curve was drawn, the result indicated that
LHPP-overexpression in US7MG and U118MG
significantly inhibited the increase of cell num-
ber in vitro (Figure 2A and 2B). Then, EdU was
used to label the proliferating cells (Figure 2C),
the quantitative analysis revealed that LHPP-
overexpression significantly decreased the ra-
tio of EdU-positive cells in US7MG and U118-
MG cells (Figure 2D). In addition, cell clone for-
mation assay was also performed, colonies
were stained by crystal violet (Figure 2E). The
statistical analysis showed that LHPP-overex-
pression obviously reduced the number of
clones in U87MG and U118MG (Figure 2F).
These results suggested that LHPP-overexpre-
ssion inhibits the growth of glioblastoma in
vitro.

Then, in vivo study was performed by Intra-
cranial glioma xenograft model. U87MG-Luc
LHPP-overexpression, and U87MG-Luc Vector
cells were transplanted into the skull of nude
mice and allowed to develop for 14 days.
Representative in vivo IVIS Luc fluorescence
images at 14" day and the quantitative analy-
sis of xenografts in mice suggested that the
intracerebral tumor average size was signifi-
cant smaller in nude mice which were trans-
planted with US7MG-Luc LHPP-overexpression
cells (Figure 2G and 2H). The Kaplan-Meier
analysis showed that the median survival time
were significant longer in the nude mice which
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were transplanted with U87MG-Luc LHPP-over-
expression cells (Figure 2I). These results sug-
gested that LHPP-overexpression inhibits the
growth of glioblastoma in vivo.

In sum, LHPP significantly inhibits the growth of
glioblastoma in vitro and in vivo.

LHPP impedes the energy metabolism by
restraining the glycolysis and respiration in
glioblastoma

Metabolic reprogramming is a prominent fea-
ture of cancer cells, which mainly represented
as enhanced aerobic glycolysis cooperating
with tricarboxylic acid cycle, for providing effi-
cient energy for the rapid growth of cancer cells
in different tumor microenvironments [22, 23].

Under normoxic conditions, cancer cells would
increase their glucose uptake, and preferen-
tially utilize glucose through aerobic glycolysis,
which allowing cancer cells to produce the
energy more quickly and efficiently, and it is
critical for cancer cells self-progression [24]. In
this study, we analyzed whether LHPP affects
the aerobic glycolysis. The level of glucose
uptake was tested, and we found that the level
of glucose uptake was significantly decreas-
ed after LHPP-overexpression in US7MG and
U118MG cells (Figure 3A and 3C). Then, we
tested the level of related metabolites in gly-
colysis and the production of ATP. The results
revealed that the level of pyruvate, lactate, and
the production of ATP were all significantly
decreased in LHPP-overexpression US7MG and
U118MG cells (Figure 3B and 3D). After that,
we performed an extracellular acidification rate
(ECAR) assay, which reflect the cancer cell's
state of overall glycolytic flux in vitro. The re-
sults suggested that LHPP-overexpression con-
spicuously reduced the extracellular acidifica-
tion rate during the stage of glycolysis after glu-
cose feeding and oligomycin feeding in US7MG
and U118MG cells (Figure 3E and 3l). The
quantitative analysis revealed that the level of
glycolysis and glycolytic capacity were both sig-
nificantly decreased in LHPP-overexpression
U87MG and U118MG cells (Figure 3F and 3J).
These results indicated that LHPP could im-
pedes that aerobic glycolysis in glioblastoma
cells.

Although aerobic glycolysis is enhanced in can-
cer cells, emerging studies suggested that can-
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Figure 2. Overexpression of LHPP inhibits glioblastoma progression in vitro and in vivo. A and B. Cell growth curve of US7MG and U118MG cells after transfected
with LHPP plasmids or empty vector, detected by the CCK-8 assay (n=4). C. EdU-labeled proliferating cells in US7MG and U118MG cells after transfected with LHPP
plasmids or empty vector (x400). D. Statistical result of the EdU-Positive cells ratio in UB7MG and U118MG cells after transfected with LHPP plasmids or empty vec-
tor (n=12, 3 transfection batches, each batch with 4 replicates). E. Cell clone formation of US7MG and U118MG cells after transfected with LHPP plasmids or empty
vector, colonies were stained by crystal violet. F. Statistical result of the number of colonies in U87MG and U118MG cells after transfected with LHPP plasmids or
empty vector (n=3). G. Representative in vivo IVIS Luc fluorescence image of xenografts mice at 14" day. H. Statistical result of photon flux in xenografts mice at 14"
day (n=9). I. Kaplan-Meier curves of survival rate of xenografts mice (n=6). The data were expressed as the mean + SEM (*P<0.05, **P<0.001, ***P<0.0001).
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Figure 3. LHPP impedes energy metabolism in glioblastoma cells. A. Glucose uptake level was detected, LHPP significantly reduced the Glucose uptake in UB7TMG
cells (n=4). B. Pyruvate, lactate, and ATP level in UB7MG cells were measured, LHPP significantly reduced these metabolites in U87MG cells (n=4). C. Glucose up-
take level was detected, LHPP significantly reduced the Glucose uptake in U118MG cells (n=4). D. Pyruvate, lactate, and ATP level in U118MG cells were measured,
LHPP significantly reduced these metabolites in U87MG cells (n=4). E. Extracellular acidification rate (ECAR) assay by Seahorse XF96 Extracellular Flux Analyzer
in UB7MG cells. F. Statistical analysis of Glycolysis and Glycolytic capacity in US7MG cells after transfection with LHPP plasmids or empty vector (n=4). G. Oxygen
consumption rate (OCR) assay by Seahorse XF96 Extracellular Flux Analyzer in US87MG cells. H. Statistical analysis of Basal respiration and Maximal respiration
in US7MG cells after transfection with LHPP plasmids or empty vector (n=4). |. Extracellular acidification rate (ECAR) assay by Seahorse XF96 Extracellular Flux
Analyzer in U118MG cells. J. Statistical analysis of Glycolysis and Glycolytic capacity in U118MG cells after transfection with LHPP plasmids or empty vector (n=4).
K. Oxygen consumption rate (OCR) assay by Seahorse XF96 Extracellular Flux Analyzer in U118MG cells. L. Statistical analysis of Basal respiration and Maximal
respiration in U118MG cells after transfection with LHPP plasmids or empty vector (n=4). The data were expressed as the mean + SEM (*P<0.05, **P<0.001,

*%%P<(0.0001).
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cer cells still dependent on TCA cycle for en-
ergy production under uncontrolled expression
of oncogenes and tumor suppressor genes [25,
26]. To explore whether LHPP interferes the
TCA cycle, the oxygen consumption rate (OCR)
assay was performed to explore effect of LHPP
on the mitochondrial oxidative respiration. The
results showed that LHPP-overexpression sig-
nificantly decreased the oxygen consumption
rate during mitochondrial oxidative respiration
stage in USTMG and U118MG cells (Figure 3G
and 3K). The quantitative analysis revealed
that the level of basal respiration and maximal
respiration were both dramatically decreased
in LHPP-overexpression US7MG and U118MG
cells (Figure 3H and 3L). These results indicat-
ed that LHPP-overexpression could impedes
the respiration in glioblastoma cells.

In sum, LHPP impedes the energy metabolism
by restraining the glycolysis and respiration in
glioblastoma cells.

LHPP down-regulates the protein level and
enzymatic activity of pyruvate kinase isoform
M2 (PKM2) in glioblastoma

To investigate the underlying mechanism how
LHPP restrained the energy metabolism, we
performed mass-spectrometric assay to study
the LHPP interacting proteins in glioblastoma
cells. Anti-Flag antibody was used to precipi-
tate Flag-LHPP. We detected 536 and 623 Flag-
LHPP interacting proteins in LHPP-overexpr-
ession US7MG and U118MG cells respectively,
and 286 proteins were coincident Flag-LHPP
interacting proteins (Figure 4A). KEGG pathway
analysis of these coincident proteins showed
that 3/10 among the top 10 pathways were
related with energy metabolic process, includ-
ing Carbon metabolism, Oxidative phosphory-
lation, and Glycolysis (Figure 4B). Then protein-
protein interaction network assay was per-
formed, we found the proteins which involving
in both glycolysis and carbon metabolism were
PGAM1, PGK1, LDH, GAPDH, TPI1, and PKM2,
respectively (Figure 4C). Among these six pro-
teins, the PKM2 is the only Flag-LHPP interact-
ing protein which ranked top 10 either in
U87MG, or U118MG cells (Figure 4D). Then, we
analyzed the expression level of PKM2 by west-
ern blot, and we found that the protein level of
PKM2 was significant down-regulated in LHPP-
overexpression U87MG and U118MG cells
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(Figure 4E). These results suggested that the
PKM2 may be the potential target for LHPP-
overexpression inhibiting energy metabolism
glioblastoma cells.

PKM2 plays a role of converting phosphoenol-
pyruvate (PEP) to pyruvate at the final step of
glycolysis [27]. There are three dynamic popu-
lations of PKM2 existing in mammalian cell,
including monomer, dimer and tetramer, but
only dimeric and tetrameric PKM2 exert pyru-
vate kinase activity [28]. The monomeric PKM2
is an inactive state. The dimeric PKM2 prompts
the glucose-derived carbon to the direction of
glycolysis. While, the tetrameric PKM2 prompts
glucose-derived carbon to the direction of
respiratory chain [29]. The previous results
revealed that the glycolysis and respiratory
were both inhibited after LHPP overexpression,
which also suggested that PKM2 may be the
crucial target. Subsequently, we analyzed the
effect of LHPP on the dynamic populations of
PKM2 in glioblastoma cells. Intracellular dy-
namic populations of PKM2 were preserved via
formaldehyde cross-linking treatment. Then,
we detected the protein level of different PKM2
dynamic populations by western blot (Figure
4F). Quantitative analysis revealed that dimeric
and tetrameric PKM2 were both significant
down-regulated in LHPP-overexpression U87-
MG and U118MG cells (Figure 4G). In addition,
IHC staining of PKM2 in paraffin sections of
intracranial glioma xenograft model was per-
formed, and the result also suggested that
LHPP-overexpression down-regulated the pro-
tein level of PKM2 (Figure 4H). Finally, we mea-
sured the pyruvate kinase activity (PK), the
result showed that the PK value was evident-
ly decreasing in LHPP-overexpression US7MG
and U118MG cells (Figure 41).

In sum, LHPP down-regulates the protein level
and enzymatic activity of PKM2 in glioblastoma
cells.

LHPP does not regulate the transcription level
of PKM2, nor dose obviously reprogram energy
metabolic genome transcription

The previous studies have demonstrated that
LHPP down-regulated the protein level of PK-
M2. Since COG function classification result of
mass-spectrometric analysis showed that LH-
PP interacting proteins were involved in Trans-
cription, Chromatin structure and dynamics
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Figure 4. LHPP down-regulated the protein level and enzymatic activity of PKM2. A. Venn diagram of Flag-LHPP interacting proteins in LHPP-overexpression US7MG
and U118MG cells, and the coincident proteins anti-Flag antibody was used to pull down the Flag-LHPP complex. B. Top 10 KEGG pathways of coincident Flag-LHPP
interacting proteins in LHPP-overexpression U87MG and U118MG cells. C. Protein-protein interaction network of coincident Flag-LHPP interacting proteins in LHPP-
overexpression U87MG and U118MG cells. D. Top 10 Flag-LHPP interacting proteins in U87MG and U118MG cells. E. Western blot assay for protein expression
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level of PKM2 in U87MG and U118MG cells after LHPP plasmids or empty vector were transfected. F. Western blot
detect the protein expression level of monomeric, dimeric, and tetrameric PKM2 in US7MG and U118MG cells after
LHPP plasmids or empty vector were transfected. G. Statistical analysis of relative protein expression level of dimeric
and tetrameric PKM2 in US7MG and U118MG cells after LHPP plasmids or empty vector were transfected (n=3).
H. Immunohistochemical staining of LHPP and PKM2 in paraffin sections of the brain of the tumor-burdened mice
(x400). I. Pyruvate kinase activity (PK) was detected in UB7MG and U118MG cells after LHPP plasmids or empty
vector were transfected, and the statistical analysis of relative PK (n=4). The data were expressed as the mean +

SEM (*P<0.05, **P<0.001, ***P<0.0001).

(Figure 5A). This result prompted us to investi-
gate whether the reduced protein level of PKM2
was depend on declining gene transcription
level, and whether LHPP directly reprogram the
energy metabolic genome transcription.

To clarify above questions, we performed a
ChIPseq and RNAseq integrated analysis. Anti-
Flag antibody was used to precipitate Flag-
LHPP in LHPP-overexpression US87MG cells,
and we identified 455 regions of which bound
by Flag-LHPP, that corresponded to mostly pro-
moter regions (63.78%), follow by intergenic
regions (18.22%), intron regions (10.67%), ex-
on regions (4.89%), and TTS regions (2.44%)
(Figure 5B). However, enrichment results of
Flag-LHPP bound regions indicated that LHPP
does not directly participate in energy meta-
bolic genome reprogramming, and there were
not LHPP-dependent co-factors which regulate
PKM2 activation. As to RNAseq, there were
534 differentially expressed genes (DEGs),
include 124 up-regulated genes and 410
down-regulated genes in LHPP-overexpression
U87MG cells, comparing to control cells (Figure
5C). Visualization result of ChIPseq and RNAseq
reads at the located locus of LHPP and PKM2
showed that LHPP do not obviously located the
locus of PKM2 (Figure 5D). In addition, qRT-
PCR identified that LHPP-overexpression in-
deed did not obviously regulate LHPP mRNA
level in US7MG and U118MG cells (Figure 5E).

In sum, LHPP does not regulate the transcrip-
tion level of PKM2, nor does obviously repro-
gram the energy metabolic genome transcrip-
tion. The reduced protein level of PKM2 caus-
ed by LHPP-overexpression in U87MG and
U118MG cells is independent of transcription
level.

LHPP interacts with PKM2 and induces ubiqui-
tin-mediated degradation of PKM2

Due to LHPP does not regulate the transcrip-
tion level of PKM2, we speculated that the
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reduced protein level of PKM2 caused by LHPP-
overexpression may be related with post-tran-
scriptional modification. The mass-spectromet-
ric analysis indicated that LHPP could interacts
with PKM2 (Figure 4C). We performed Co-IP
assay to verify the interaction between LHPP
and PKM2, exogenous LHPP was precipitated
with anti-Flag antibody in LHPP-overexpression
U87MG and U118MG cells, and we detected
PKM2 (Figure 6A); Meanwhile, endogenous
LHPP was precipitated with anti-LHPP antibody
in UB7MG and U118MG cells, we also detected
PKM2 (Figure 6B). In addition, we performed
immunofluorescence assay for analyzing the
interaction between LHPP and PKM2 based on
protein spatial position. We found that LHPP is
low expression and PKM2 is relatively high ex-
pression in cytoplasm of US7MG and U118MG
cells. However, LHPP is high expression and
PKM2 is relatively low expression in cytoplasm
of HA cells. LHPP and PKM2 had colocalization
in cytoplasm, especially in cytoplasm of HA
cells (Figure 6C). Furthermore, immunofluores-
cence assay for Flag-LHPP and PKM2 was also
performed by using LHPP-overexpression U87-
MG and U118MG cells, and we found that Flag-
LHPP and PKM2 also had obvious colocaliza-
tion in cytoplasm (Figure S3). Thus, these re-
sults confirmed that LHPP can interact with
PKM2.

To explored whether LHPP interacts with PKM2
interfered protein stability of PKM2, we used a
de novo protein synthesis inhibitor, CHX, to
treat the cells, and the protein level of PKM2
was detected by western blot (Figure 6D).
Statistical analysis indicated that the protein
half-life of PKM2 in cells of which transfected
with LHPP and CHX (4.0 hours in US87MG, and
4.5 hours in U118MG) was significant shorted
than that in the cells of which treated with
empty vector and CHX (7.5 hours in US7TMG,
and 7.2 hours in U118MG) (Figure 6E and 6F).
This result suggested that LHPP interfered the
protein stability of PKM2 and promoted degra-
dation of PKM2 in US7MG and U118MG cells.

Am J Cancer Res 2021;11(4):1369-1390



LHPP regulates PKM2

A ‘COG function classification B C

”J = Distribution of Mapped Genes o I

[ Tendaton. ibosomal svuckes andiiogenesis
I oA pocessing snd moctesson

31 . =
- o)
. - - 3 g5 g
g g 13 53
5 - H g aé
2 - ® @ £
20 w «Q g
‘s “ annotation » g2
| s % g
o ¢ n . Exon o 2
2 6 6 7 - . . Intron &
H ) 4 ) 2 ) 4 , I R Gerers uncson prcicion onty o . Intergenic
o .I | ﬁ I I. LI e . Promoter
ot
D E US7TMG U118MG
72.19mb 7221 mb 72.23 mb r225 mb 1.64 1.44
23 mb 7225 mb T22% mb 5 ns B 12 ns
] — .24
ChIP_LHPP  *] 3 1.2- H o
e 5.
ChIP_INPUT 1 o o 0.8
o] £ 0.8 £
RNAseq_LHPP =] q>; q>, 067
eq_| 6000 1] = = n
= i | “|| [ I 5 0.4- 504
10000 [ 3 0.2
RNAseq_Vector ;::E x x
200 ] 1 0.0+ 0.0~
] e —r
SYMBOL: PKM2 P | ] L L
o & o &
vV @ v

Figure 5. LHPP binding regions on chromosome are independent of PKM2 transcription and metabolic genome reprogramming. A. COG function classification of
coincident Flag-LHPP interacting proteins in Figure 4A. B. Pie chart display the genomic distribution of Flag-LHPP binding sites compared to background. C. Volcano
plot of differentially expressed genes (DEGs) based on the result of RNAseq. D. Alignment data of LHPP ChIPseq and RNAseq of US7MG OE LHPP cells near the
LHPP and PKM2 locus. E. mRNA level of PKM2 was detected by qRT-PCR in U87MG and U118MG cells after LHPP plasmids or empty vector were transfected, the
statistical analysis show there were no significant difference (n=4). The data were expressed as the mean + SEM ("P>0.05).

1383 Am J Cancer Res 2021;11(4):1369-1390



LHPP regulates PKM2

A UBTMG U118MG B USTMG U118MG C US7MG U118MG HA
P P
Input IP: Flag Input IP: Flag — ng — .z?Q
f R & R & R o R » ~ N &
L PR W e o & o &
A FF R EE & ¢ ¢ & ¢ ¢ z
- - LHPP «iil - g 29 kDa
Flag-LHPP -— -8 29 kDa
pemz @D - @ 60 kDa
PKM2 > e = Smen = 50 kDa g
&
— 1.00+ - ector
D E 2 = ot
Vector LHPP 5 %] traVestor 7.6 b
-é 0.50+4 " }
CHX(th) 0 4 8 12 0 4 8 12 s
2 0.264 o
Q| Prm2 - e — = — 60 kDa éo <
g 0 ——
-] -— [\] 2 4 6 8 10 12 14
3 [caroH b PR IR IR WP = D CHX troating time(h)
Q - _ 1.00+ =5 .
g ez ([ - 60kDa [ 5 = Ur1emO Vet
= 0.75- 12 Vestor 7. o
5 [caron (D EDEED I o o 5 riay &
= 0.504 =
e
£ 0.25-
©
= 0.004
2 4 6 8 10 12 14
CHX treating time(h)
G us7TMG H U118MG | J
s P US7TMG U118MG
LY L L L3 T
FEEL £ £ &L wots2 + wors2 ¥
RN S | v N Y Vector + - Vector +

vz D 0. v DA <o 0 beer = LHPe
LHPP - B 202 LHep TR g S BB 29kDa 180 kDa — 180 kDa —

75 kDa — 75 kDa —

an-zZWxd

Q

[3]

(9]

o
IP: PKM2
IP: PKM2

anN-zZIAMd

PKM: Qe me G s P2 DESEIDEE < 0.
e L Ty ——
CAPDN S 702 GAPDH (N : - S0KDa — WU MR PKM2  60KDa— [ U PKM2

Figure 6. LHPP interacts with PKM2 and induces ubiquitin-mediated degradation of PKM2. A. Co-immunoprecipitation of exogenous LHPP and PKM2 in LHPP
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detected. C. Immunofluorescence colocalization assay of LHPP and PKM2 in US7MG, U118MG and HA cells. Green
fluorescence stands for LHPP, red fluorescence stands for PKM2, and blue fluorescence stands for nucleus (x400).
D. Time course analysis of PKM2 degradation in U87MG or U118MG cells after LHPP plasmids or empty vector
transfected and CHX (100 pg/mL) treated in was detected by western blot. E and F. Protein level curve for PKM2
based on time course analysis in U87MG and U118MG cells (n=3). G and H. Protein expression level of PKM2 in
U87MG or U118MG cells after LHPP plasmids or empty vector transfected and incubated with MG132 (5 uM) or CQ
(20 pM) for 6 hours was detected by western blot. I and J. US7MG or U118MG cells transfected with LHPP plasmids
or empty vector were treated with MG132 (10 uM) for 6 hours. Ubiquitination level of PKM2 were detected by im-

munoprecipitation assay.

Previous studies demonstrated that PKM2
could be degraded via ubiquitin-mediated pro-
teolytic pathway [30] or autophagy-lysosome
proteolytic pathway [31]. In this study, we used
MG132 (a proteasome blocker), and CQ (a ly-
sosome inhibitor) to block the ubiquitin-mediat-
ed proteolytic pathway and autophagy-lyso-
some proteolytic pathway, respectively. We
found that MG132, but not CQ, reversed the
decreasing protein level of PKM2 in LHPP-over-
expression US7MG and U118MG cells (Figure
6G and 6H). After that, in vitro ubiquitination
activity assay was performed to explore role
of ubiquitin in LHPP-overexpression mediated
protein degradation of PKM2 in U87MG and
U118MG cells. Cells were preincubated with
MG132, and transfected with empty vector or
LHPP plasmids. Then, the cell lysates were
incubated with anti-PKM2 antibody, and immu-
noprecipitated proteins were assessed by
using an anti-ubiquitin antibody. The results
revealed that the ubiquitination of PKM2 was
augmented in LHPP-overexpression U87MG
and U118MG cells (Figure 6l and 6J). Taken
together, these results suggested that the pro-
tein degradation of PKM2 caused by LHPP-
overexpression was through ubiquitin-mediat-
ed proteolytic pathway.

In sum, LHPP interacts with PKM2 and induces
ubiquitin-mediated degradation of PKM2.

Restoration of PKM2 reversed the inhibition of
energy metabolism and glioblastoma growth
induced by LHPP

We performed experiments in vitro and in vivo
to explore whether restoring the PKM2 protein
expression could reverse the inhibited cancer
growth and restrained energy metabolism in
LHPP-overexpression US7MG and U118MG ce-
lls. Glucose uptake assay showed that the level
of glucose uptake was return to normal even
slightly higher after restoration of PKM2 in
LHPP-overexpression US7MG and U118MG ce-
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lls (Figure 7A). The ECAR and OCR assay were
performed, the curve showed that the restora-
tion of PKM2 could resist LHPP-overexpression
caused decreasing ECAR and OCR level in
U87MG and U118MG cells (Figure 7B and 7C).
The production of pyruvate, lactate, and ATP
were all recovered after restoration of PKM2
expression in LHPP-overexpression U87MG
and U118MG cells (Figure S4A and S4B). In
addition, statistical analysis of ECAR and OCR
both revealed that restoration of PKM2 re-
gained the normal, even slightly increasing le-
vel of aerobic glycolysis and respiration in
LHPP-overexpression U87MG and U118MG
cells (Figure S4C-F). These results indicated
that restoration of PKM2 expression could
reverse the LHPP-overexpression caused inhi-
bition of glycolysis and respiration in glioblas-
toma cells. As to cancer growth, cell clone for-
mation assay was performed (Figure 7D), the
quantitative analysis showed that after restora-
tion of PKM2 expression, the clone number in
LHPP-overexpression U87MG and U118MG
cells were not significantly different from those
cells transfected with empty vector (Figure 7E).
In vivo, intracranial glioma xenograft model
was performed, the representative images in
vivo IVIS Luc fluorescence image at 14™ day of
mice in vector group, LHPP group, and LHPP
plus PKM2 group were shown (Figure 7F). The
quantitative analysis of photon flux in mice sug-
gested the cancer cell growth in vivo was recov-
ered after restoration of PKM2 expression in
LHPP-overexpression U87MG-Luc cells (Figure
7G).

In sum, restoration of PKM2 could effectively
reverse the inhibition of energy metabolism
and cancer cell growth caused by LHPP-
overexpression in glioblastoma.

Discussion

In this study, we focused on LHPP, which had
been proved to be a novel tumor suppressor in

Am J Cancer Res 2021;11(4):1369-1390
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Figure 7. Restoration of PKM2 reversed restrained energy metabolism and glioblastoma growth inhibition caused by LHPP-overexpression. A. Glucose uptake was
detected in glioblastoma cells transfected with empty vector, LHPP plasmids, and LHPP plus PKM2 plasmids, and the statistical analysis showed that restoration
of PKM2 reversed the decreasing level of glucose uptake caused by LHPP in UB7MG or U118MG cells (n=4). B. Extracellular acidification rate (ECAR) assay by Sea-
horse XF96 Extracellular Flux Analyzer in UB7MG and U118MG cells after transfected with empty vector, LHPP plasmids, and LHPP plus PKM2 plasmids. C. Oxygen
consumption rate (OCR) assay by Seahorse XF96 Extracellular Flux Analyzer in UB7MG and U118MG cells after transfected with empty vector, LHPP plasmids, and
LHPP plus PKM2 plasmids. D. Cell clone formation assay in US7MG and U118MG cells after transfected with empty vector, LHPP plasmids, and LHPP plus PKM2
plasmids. E. Statistical result of the number of colonies in UB7MG and U118MG cells after transfected with empty vector, LHPP plasmids, and LHPP plus PKM2
plasmids (n=4). F. Representative in vivo IVIS Luc fluorescence image of xenografts mice at 14" day. G. Statistical result of photon flux in xenografts mice at 14" day

(n=8). The data were expressed as the mean + SEM (*P<0.05, **P<0.001, ***P<0.0001, "P>0.05).
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hepatocellular carcinoma by Hindupur SK [15],
and subsequent researches indicated that
LHPP maybe a tumor suppressor in multisys-
tem tumors [16-20]. While, the role of LHPP in
glioma is still unclear. Base on the TCGA and
CGGA databases, and preliminary experimen-
tal study, we demonstrated that that LHPP is
trend to high expression in normal brain tissue,
but decreasing or absent in glioblastoma, and
the expression level of LHPP was correlated
with the median survival of glioma patients.
The laboratory studies identified that LHPP-
overexpression significantly inhibited the gr-
owth of glioblastoma cells in vitro and in vivo.
Based on these results, we speculated that
LHPP maybe a tumor suppressor in glioblasto-
ma as well.

Cancer cells demand a high-efficiency energy
supplying for maintaining rapidly proliferation
and tumor growth. Energy metabolism repro-
gramming is a hallmark of cancer, mainly for
enhanced aerobic glycolysis, in coordination
with respiration under different oxygen condi-
tions, and both are important for rapid cancer
cell growth [23, 32]. Our study revealed that
glycolysis was suppressed in LHPP-overexpre-
ssion US7MG and U118MG cells, which is man-
ifested that the extracellular acidification rate
was slowing, and the production of pyruvate,
lactate, and ATP were decreasing, as well as
glucose uptake level was restrained significant-
ly. Meanwhile, the respiration level was also
depressed in LHPP-overexpression U87MG
and U118MG cells, which is manifested that
the basal respiration and maximal respiration
were reduced significantly. These results indi-
cated that LHPP impedes energy metabolism in
glioblastoma.

For the underlying mechanism of LHPP impedes
glycolysis and respiration in glioblastoma, the
mass-spectrometric analysis revealed that top
10 enriched pathways of LHPP interacting pro-
teins were involved in energy metabolic pro-
cess, including carbon metabolism, oxidative
phosphorylation, and glycolysis. This result su-
ggested that LHPP impedes energy metabo-
lism in glioblastoma may via regulating these
interacting proteins. Western blot assay identi-
fied that PKM2, one of LHPP interacting pro-
teins which is the top ranked among the coin-
cident LHPP interacting proteins in US87MG
and U118MG cells, was significantly decreased
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after LHPP-overexpression in U87MG and
U118MG cells. PKM2 is a rate-limiting enzyme
which converts the phosphoenolpyruvate (PEP)
to pyruvate in glycolysis, and it is a key check-
point for energy metabolism [27, 28]. Interes-
tingly, the function of PKM2 on glycolysis and
respiration is complicated. Y Shang reported
that down-regulated PKM2 caused by CHIP/
Stubl lead to decreased glycolysis, but in-
creased respiration [30]. While, Tong Li report-
ed that knockdown of PKM2 in the lung cancer
cells would both inhibit glycolysis and respira-
tion [33]. PKM2 has three dynamic populations
in mammalian cells, respectively are monomer,
dimer, and tetramer, and they exhibit different
functions [34]. Monomeric PKM2 is an inactive
state. Dimeric PKM2 has low catalytic activity,
which prefer to prompt glucose-derived carbon
to the direction of glycolysis. While, tetrameric
PKM2 has high catalytic activity, which prefer
to prompt glucose-derived carbon to the direc-
tion of respiratory chain [29, 35]. The variation
difference between dimeric and tetrameric
PKM2 may help to explain the above-mentioned
discrepancy. Hence, protein level of dimeric
and tetrameric PKM2 was detected using form-
aldehyde Cross-linking protein samples, and
we found that dimeric and tetrameric PKM2
were both down-regulated in LHPP-overexpre-
ssion U87MG and U118MG cells. These re-
sults just explained why LHPP-overexpression
induced codirectional inhibition of glycolysis
and respiration.

The underlying mechanism by which LHPP re-
gulates PKM2 is unclear. Previous studies have
demonstrated that the network of PI3K-AKT-
mTOR, hypoxia-inducible factor 1 (HIF-1), c-Myc
are momentous factors in regulating the tran-
scription of PKM2 [36-38]. In our study, the
Co-IP assay and immunofluorescence assay
confirmed that LHPP could interact with PKM2,
and the COG function classification indicated
that LHPP interacting proteins were involved in
Transcription, Chromatin structure and dynam-
ics. These results led us to wonder whether
LHPP could cause changes in PKM2 through
direct gene transcription regulation or direct
action. We explored the function of LHPP on
metabolic genome programming and the tran-
scription of PKM2 by ChIPseq and RNAseq inte-
grated analysis. However, LHPP do not signifi-
cantly bound to the elements which could re-
gulate the transcription of PKM2, and LHPP do
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not obviously change the metabolic genome
transcription of which regulate glycolysis and
respiration.

Since the reduced protein level of PKM2 is
independent on gene transcription, we guessed
that post-transcriptional modification might be
responsible for the decreased protein level of
PKM2. Previous studies demonstrated that
PKM2 could be degraded via ubiquitin-mediat-
ed proteolytic pathway or autophagy-lysosome
proteolytic pathway [30]. We treated the cells
with CHX, a protein synthesis inhibitor, the re-
sult showed that the degradation half-life of
PKM2 in LHPP-overexpressed U87MG and
U118MG cells were both shortened significant-
ly, which means the degradation rate of PKM2
was accelerated by LHPP-overexpression. Th-
en, MG132, a proteasome inhibitor, and CQ, a
lysosome inhibitor, were used to block the ubig-
uitin-mediated proteolytic pathway and autoph-
agy-lysosome proteolytic pathway, respectively.
We found that only MG132 could apparently
rescued the protein level of PKM2 in LHPP-
overexpression US7MG and U118MG cells. Fur-
thermore, ubiquitination activity assay revealed
that LHPP-overexpression augmented ubiquiti-
nation of PKM2. Taken together, LHPP induced
ubiquitin-mediated degradation of PKM2. We
performed rescue assay for PKM2 in vitro and
in vivo. The results indicated that restoration of
PKM2 expression could effectively reverse the
restrained energy metabolic process, include
glycolysis and respiration. Meanwhile, the glio-
blastoma growth in vitro and in vivo were all
regained after restoration of PKM2 expression
in LHPP-overexpression glioblastoma cells.

In summary, we uncovered that LHPP induces
ubiquitin-mediated degradation of PKM2, and
then impedes the energy metabolic process,
including glycolysis and respiration, which final-
ly leads to significant growth inhibition of glio-
blastoma in vitro and in vivo. This is the first
work to uncover the function and metabolic
correlation mechanism of LHPP in glioblasto-
ma, and lays a foundation for the future diagno-
sis and treatment of glioblastoma.
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Figure S1. LHPP expression profile in The Human Protein Atlas database. A. LHPP protein expression overview by
organ category in the Human Protein Atlas database. B. LHPP RNA expression overview by organ category in the

consensus dataset of The Human Protein Atlas database. C. LHPP RNA expression overview in cancer cell lines of

The Human Protein Atlas database. The dates shown here were obtained from The Human Protein Atlas database,
and the visualization images are available at: https://www.proteinatlas.org/ENSGO0000107902-LHPP.
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Figure S2. LHPP-overexpression efficiency identification. A and B. Western blot was used to analyse the protein level

of PKM2 in negative cells, cells transfected with empty vector, and cells transfected with LHPP plasmids. The protein
level of LHPP was significantly increased in US7MG and U118MG cells after transfected with LHPP plasmids.
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Figure S3. Immunofluorescence assay of Flag-LHPP and PKM2 in LHPP-overexpression U87MG and U118MG cells.
Colocalization assay of Flag-LHPP and PKM2 in LHPP-overexpression U87MG and U118MG cells. Red fluorescence
stands for Flag-LHPP, yellow fluorescence stands for PKM2, and blue fluorescence stands for nucleus (x400).
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Figure S4. Restoration of PKM2 reversed the aerobic glycolysis and respiration in LHPP-overexpression US7MG
and U118MG cells. A and B. Intracellular pyruvate, lactate, and ATP were detected in U87MG and U118MG cells
after transfected with empty vector, LHPP plasmids, and LHPP plus PKM2 plasmids, the statistical analysis show
restoration of PKM2 reversed the production inhibition of pyruvate, lactate, and ATP in LHPP-overexpression US7MG
and U118MG cells (n=4). C and D. Statistical analysis of glycolysis and glycolytic capacity in U87MG and U118MG
cells after transfected with empty vector, LHPP plasmids, and LHPP plus PKM2 plasmids (n=4). E and F. Statistical
analysis of basal respiration and maximal respiration in US7MG and U118MG cells after transfected with empty vec-
tor, LHPP plasmids, and LHPP plus PKM2 plasmids (n=4). The data were expressed as the mean + SEM ("P>0.05,
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001).



