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KEYWORDS Abstract Osteosarcoma is a differentiation-deficient disease, and despite the unique advan-
Cancer metabolism; tages and great potential of differentiation therapy, there are only a few known differentia-
Differentiation; tion inducers, and little research has been done on their targets. Cell differentiation is
LETM1; associated with an increase in mitochondrial content and activity. The metabolism of some tu-
Osteosarcoma; mor cells is characterized by impaired oxidative phosphorylation, as well as up-regulation of
Stemness aerobic glycolysis and pentose phosphate pathways. Leucine-containing zipper and EF-hand

transmembrane protein 1 (LETM1) is involved in the maintenance of mitochondrial morphology
and is closely associated with tumorigenesis and progression, as well as cancer cell stemness.
We found that MG63 and 143B osteosarcoma cells overexpress LETM1 and exhibit abnormalities
in mitochondrial structure and function. Knockdown of LETM1 partially restored the mitochon-
drial structure and function, inhibited the pentose phosphate pathway, promoted oxidative
phosphorylation, and led to osteogenic differentiation. It also inhibited spheroid cell forma-
tion, proliferation, migration, and invasion in an in vitro model. When LETM1 was knocked
down in vivo, there was reduced tumor formation and lung metastasis. These data suggest that
mitochondria are aberrant in LETM1-overexpressing osteosarcoma cells, and knockdown of
LETM1 partially restores the mitochondrial structure and function, inhibits the pentose
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phosphate pathway, promotes oxidative phosphorylation, and increases osteogenic differenti-
ation, thereby reducing malignant biological behavior of the cells.

© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).

Introduction

Osteosarcoma (0OS) is a common non-hematological bone
malignancy in both children and adults. There is increasing
evidence that OS may be a differentiation-associated dis-
ease.”? Osteogenic differentiation is a precisely regulated
process that may manifest as OS when the process is disturbed
or deregulated.?* Therapies that promote differentiation or
circumvent differentiation defects may be attractive new
strategies for chemotherapy or chemoprevention.?

Otto Warburg’s theory on the origin of cancer postulates
that tumor cells are defective in mitochondrial oxidative
phosphorylation and rely on high levels of aerobic glycolysis
as a significant source of ATP during cell proliferation.>™’
An attractive model for tumor cell metabolism is that
oncogene-induced transformation depends on elevated
glycolysis for ATP synthesis and the transfer of glycolytic
intermediates to the pentose phosphate pathway (PPP).%°
In support of this, recent studies have shown that in cancer
cells, oncogenic mutations typically increase glycolysis and
PPP flux to support cell biogenesis and the production of
macromolecules required for rapid growth and division.®°
Mitochondrial disorders have been identified in OS cells and
have demonstrated the importance of the “Warburg effect”
in 0S, in which various mitochondrial proteins are thought
to play a role."

Cell differentiation is associated with increased mito-
chondrial content and activity, as well as growth and a shift
toward oxidative phosphorylation in metabolism.'>'3
Mesenchymal stem cells (MSCs) depend more on glycolysis,
whereas differentiated cells are more dependent on
oxidative phosphorylation.'®"> Mitochondria maintain low
activity in MSCs, and mitochondrial function is up-regulated
after the induction of osteogenesis. Similarly, inhibition of
mitochondrial oxidative phosphorylation (OXPHOS) leads to
defective differentiation and instead supports the mainte-
nance of pluripotency.’?'®'” Therefore, we speculate that
disruption of the normal osteogenic differentiation process
during OS formation is related to metabolic reprogramming.

Leucine-containing zipper and EF-hand transmembrane
protein 1 (LETM1) is a mitochondrial inner membrane pro-
tein.'® The LETM1 protein is required to maintain the
tubular shape of mitochondria, mitochondrial cristae, for
the assembly of respiratory chain supercomplexes, and
helps regulate cell viability.'®'” Recent studies have shown
that the formation of a LETM1/GRP75/GRP78 complex
regulates mitochondrial quality control in lung cancer.?’
High LETM1 expression has been detected in multiple
human malignancies and is associated with a poor prog-
nosis, poor survival, up-regulation of cancer stemness
genes, and enhanced angiogenesis.”’ 2 In the current
study, we demonstrate that LETM1 is highly expressed in OS

and is associated with changes in the mitochondrial struc-
ture and mitochondrial dysfunction in OS cells. Restoring
the mitochondrial structure and function can promote the
osteogenic differentiation of OS cells.

Materials and methods

The use of TNMplot, Kaplan—Meier plotter, and
GEPIA 2 databases

The TNMplot database utilizes gene array data from the
NCBI-GEO, RNA-seq data from The Cancer Genome Atlas
(TCGA), the TARGET database for pediatric tumors, and the
Genotype-Tissue Expression (GTEx) repository.” In brief,
we logged on to “https://tnmplot.com/analysis/”,
selected “TN: compare Tumor and Normal”, then selected”
RNA-Seq data”, and entered the gene “LETM1" to analyze
the differences in gene expression between normal (no
malignancy) (n = 564) and OS (n = 88) samples. To
generate Kaplan—Meier curves, we logged in to “http://
kmplot.com/analysis/index.php?p =service”, selected
“mRNA RNA-seq” in “Pan-Cancer”, entered the gene
“LETM1”, selected "Auto select best cutoff”, chose the
tumor type “Sarcoma”, and clicked on “Draw Kaplan—Meier
Plot” to plot the overall survival curve. We logged in to
“http://gepia2.cancer-pku.cn”, entered the gene
“LETM1”, selected “SARC”, and clicked on "Plot” to plot
the disease-free survival curve. The HR represents the risk
factor for the high-expression group relative to the low-
expression group, and an HR > 1 means that the gene is a
risk factor (the higher the expression, the worse the
prognosis).

Cell culture

The TE85, MG63, and 143B human OS cell lines, and normal
human bone marrow mesenchymal stem cells (BMSCs) were
stored in our laboratory. The normal human osteoblast cell
line, hFOB1.19, was obtained from the American Type
Culture Collection (Manassas, VA, USA). All cell lines were
cultured in Dulbecco’s modified Eagle’s medium with 10%
fetal bovine serum and 1% penicillin-streptomycin in a 37 °C
incubator with 5% CO,.

Adenovirus infection

Three recombinant adenoviruses expressing target shRNA
(sh-LETM1-1: 5'-GCAGCAAATGATCGGGCAGAT-3’, sh-LETM1-
2: 5-CCAGAGATTGTGGCAAAGGAA-3, sh-LETM1-3: 5-GC
TATGGATCGACACCAAGAT-3') and negative control virus
(expressing 5-TTCTCCGAACGTGTCACGT-3’) were designed
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and synthesized by GeneChem, and all expressed green
fluorescent protein. The infection of cells was performed
for 48—72 h. Fluorescence expression was observed under a
microscope and the fluorescence rate reached nearly 90%.
The cells were therefore considered to be in good growth
condition for subsequent experiments. The knockdown ef-
ficiency was verified by quantitative real-time PCR (qPCR)
and western blotting.

RNA isolation and qPCR analysis

Total RNA was extracted using a Simply P Total RNA Extraction
Kit (BSC5251, BioFlux, Beijing, China). The PrimeScript RT
Reagent kit (TaKaRa, Japan) was used to reverse-transcribe
one microgram of total RNA into single-stranded comple-
mentary DNA (cDNA). Then, the cDNA samples, gene-specific
primers, and SYBR Green Master Mix kit (MCE, USA) were used
for amplification in a CFX-96 real-time system (Bio-Rad).
Results were calculated using the 2724°T method. The primer
sequences are shown in Table S1.

Western blot

Total proteins were extracted according to the manufac-
turer’s instructions (P0033, Beyotime). The total protein
concentration was determined using a BCA kit (P0010,
Beyotime). The proteins were then dissolved in 5 x SDS-PAGE
sample buffer (P0015, Beyotime) and heated to 99 °C for
10 min. Equal amounts of proteins were loaded into each well
of polyacrylamide gels (6%—15%, Epizyme Biotechnology) for
electrophoresis, and then transblotted onto a 0.2-um poly-
vinylidene fluoride (PVDF) membrane (ISEQ00010, Merck-
Millipore). After being washed three times, the membranes
were blocked with QuickBlockTM blocking buffer for Western
blotting (P0252, Beyotime) at room temperature for 30 min.
The blots were then incubated with anti-LETM1 (1:4000,
Proteintech), anti-G6PD (1:1000, PTM BIO), anti-PKM2
(1:2000, PTM BIO), anti-OPN (1:2000, ZEN BIO), anti-Osteo-
calcin (1:500, Biorbyt) or anti-B-actin (1:4000, ZSGB BIO)
antibodies at 4 °C overnight, and then with horseradish
peroxidase-linked anti-mouse or anti-rabbit secondary an-
tibodies (1:10,000, ZEN BIO) at room temperature for 2 h.
The bands were detected with a chemiluminescent horse-
radish peroxidase substrate (NCM Biotech). The expression
of B-actin was used as a loading control.

Transmission electron microscopy

Cells were washed with phosphate-buffered saline solution
(PBS) twice and then digested with 0.25% trypsin—EDTA
solution (C0201, Beyotime). Cells were loaded into 1.5-mL
centrifuge tubes and centrifuged at 1200 rpm for 10 min; 4%
glutaraldehyde solution was added along the walls of the
tubes. The cell samples were subsequently rinsed with
distilled water, dehydrated with a gradient of ethanol and
methanol, and then soaked and embedded in epoxy resin.
Finally, the ultrathin sections were randomly observed
using a transmission electron microscope (H-7500).

Mitochondrial staining

The MitoTracker® red CMXRos (40741ES50, Yeasen
Biotechnology) intracellular dye was used for mitochondrial
imaging. The cells were incubated with 20 nM MitoTracker
red for 25 min and then the nuclei were stained with
Hoechst 33,342 (C1028, Beyotime) for 10 min. After being
washed twice with PBS, the cells were imaged using a
confocal microscope (Nikon, Japan).

Detection of mitochondrial membrane potential
(MMP)

MMP was measured using the MMP assay kit with JC-1
(C2006, Beyotime) or tetramethylrhodamine ethyl ester
perchlorate (TMRE) (HY-D0985A, MedChemExpress). Cells
were inoculated into confocal dishes. After being washed
twice with PBS, the cells were incubated at 37 °C in a 5%
CO, incubator for 30 min following the addition of the JC-1
working solution or TMRE working solution. Photographs
were taken under a confocal microscope (Nikon). The ratio
between the monomeric (Em = 590 nm) and aggregate
(Em = 525 nm) forms of JC-1 represents the MMP. A high
ratio indicates a high MMP. For the TMRE method, the AWm
of cells was immediately analyzed by confocal microscopy
or flow cytometry (BD FACSCanto Il). The NIS-Elements
Viewer software was used to analyze the average fluores-
cence intensity.

ATP assay

The total intracellular ATP levels were determined by
applying the ATP assay kit (Beyotime, S0026) according to
the manufacturer’s protocol.?® Briefly, after the cells were
lysed with ATP lysate, the supernatant was removed by
centrifugation at 4 °C, and 100 uL of ATP assay working
solution was added to each well of a black 96-well plate.
After 5 min at room temperature, 20 ulL of cell supernatant
was added to the wells, and chemiluminescence was
detected by a multifunctional enzyme marker. Protein
concentration was determined as before. The ATP con-
centration was calculated from the standard curve and
converted to nmol/mg protein.

Correlation score

The RNA-sequencing expression (level 3) profiles and cor-
responding clinical information for sarcoma were down-
loaded from the TCGA dataset (https://portal.gdc.com).
The R software GSVA package and the ssGSEA method were
used to analyze the data. We focused on groups of genes
included in related pathways.?® The correlation between
genes and pathway scores was analyzed by Spearman’s
correlation. A one-class logistic regression algorithm was
used to calculate mRNAsi which was constructed by
Malta.?” Based on the mRNA expression signature, the gene
expression profile contained 11,774 genes. The minimum
value was subtracted, and the result was divided by the
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maximum maps of the dryness index to the range [0, 1]. All
the analysis methods and R packages were implemented in
R version 4.0.3. A P-value <0.05 was considered statisti-
cally significant.

Detection of o«-KGDH and ICDHm activities

Seventy-two hours after adenovirus infection, the activity
levels of o-ketoglutarate dehydrogenase (o-KGDH) and
mitochondrial isocitrate dehydrogenase (ICDHm) were
measured and calculated using the «-KGDH assay kit and
the ICDHm assay kit (Solebro, Beijing), respectively, ac-
cording to the manufacturer’s instructions.”® Three sepa-
rate independent replicate experiments were performed.

Detection of the lactic acid content

Cells were collected, and lactate levels were measured and
calculated using the Lactic Acid Assay Kit (Nanjing Jian-
cheng Bioengineering Institute) according to the manufac-
turer’s instructions.?®

Measurement of cellular glucose content and
uptake

The culture medium was collected from cells in the loga-
rithmic growth phase. The cells were then washed twice
with PBS, then the cell lysate for the glucose assay was
added, and cells were scraped off with a cell scraper. The
collected cell lysates were centrifuged at 12,000 g for
5 min, then the supernatants were collected, and the
absorbance at 630 nm was measured according to the
manufacturer’s instructions for the glucose assay Kkit
(50201S, Beyotime). The glucose concentration in the
sample was calculated from the standard curve, and the
protein concentration was measured to calculate the
glucose content in the sample per unit of protein. The
amount of glucose in the old media and cell lysates was
determined, and the amount of glucose in the lysates was
subtracted from the amount in the old medium and divided
by the protein concentration to calculate the glucose
uptake.

Alkaline phosphatase (ALP) staining and activity
assay and alizarin red S (ARS) staining

Cells were induced to differentiate by an osteogenic in-
duction medium. Early osteogenic differentiation was
detected using the ALP assay and late osteogenic differ-
entiation was detected based on ARS staining. When the
cells were induced for two weeks, ALP staining was per-
formed with a BCIP/NBT ALP color development kit (C3206,
Beyotime) according to the manufacturer’s instructions.?’
The supernatant from cell lysis was used to determine the
ALP activity using the ALP assay kit (P0321S, Beyotime).*°
When the cells were induced for three weeks, intracellular
calcium salt nodules were visualized by 0.2% ARS (G1450,
Solarbio) staining after the cells were fixed with 4%
paraformaldehyde.>'

Colony-formation assay

After 48-h adenovirus infection, cells were inoculated into
six-well plates. MG63 cells (2000 cells/well) and 143B cells
(1000 cells/well) were cultured for 12 days. After 12 days,
the medium in the well plates was discarded, cells were
washed three times with PBS, and then fixed in 4% para-
formaldehyde for 10 min. Subsequently, the plates were
stained with crystal violet staining solution (Beyotime,
C0121) for 10 min and photographed. Colonies that were
more prominent than 50 cells were counted under a
microscope.

EdU with Alexa Fluor 555 proliferation assay

The proliferation of MG63 and 143B cells was determined
using the BeyoClick™ Edu-555 kit (C0075S, Beyotime) ac-
cording to the manufacturer’s protocol. Both cell lines were
seeded at 10,000 cells per well into 24-well plate cell slides
after 72-h adenovirus infection. An anti-fluorescence
quencher was used to seal the slices, which were then
photographed during laser confocal microscopy.

Wound healing assay

Cells were inoculated into six-well plates and infected with
adenovirus for 72 h. After the cells reached 100% con-
fluency in the monolayer, a linear wound was created by
scraping on the cell surface using a 200-uL pipette tip. Cells
were cultured in a serum-free medium. Photographs of the
exact locations were taken at 0 and 24 h to calculate the
wound healing rate.

Transwell assay for cell migration and invasion

Cell migration and invasion were assayed using Transwell
chambers with and without Matrigel (Corning). After 72-h
adenovirus infection, cells from each group were resus-
pended with serum-free Dulbecco’s modified Eagle’s me-
dium, then 100 uL of cell suspension (1 x 10* per well of
143B cells or 5 x 10* per well of MG63 cells for migration,
and 2 x 10* per well of 143B cells and 1 x 10° per well of
MG63 cells for invasion) was added to the upper chambers,
and Dulbecco’s modified Eagle’s medium containing 10%
fetal bovine serum was added to the lower chambers. After
36-h incubation, the chambers were carefully removed.
The lower cells were fixed, and the upper cells were wiped
off and stained with crystal violet (Beyotime) for 20 min.
Images of the cells were obtained using a microscope
(Nikon).

Cell cycle analysis

Cells were fixed with 70% cold ethanol at 4 °C for 24 h. After
the fixative was washed off with PBS, 500 uL of PI/RNase A
staining solution (keygentec) was added and cells were
incubated in the dark at room temperature for 60 min. The
cells were then read by a machine that recorded red fluo-
rescence at an excitation wavelength of 488 nm.
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Figure 1

Overexpression of LETM1 in OS tissue and cells and abnormal mitochondrial structures in MG63 and 143B cells. (A) The

expression of LETM1 in OS tissue, normal samples from patients without malignancy, and other (non-malignant) pediatric tissues
was assessed using the TNMplot database. (B) The relationship between the expression level of LETM1 in sarcomas and overall
survival. (C) The relationship between the expression level of LETM1 in sarcomas and disease-free survival. (D) Analysis of the
mRNA expression of the LETM1 gene in normal osteoblasts (hFOB1.19) and OS cells (TE85, MG63, and 143B) by real-time PCR. (E, F)
The expression level of the LETM1 protein was analyzed by Western blotting. (G) The structures of cellular mitochondria were
observed under a laser confocal microscope by staining with MitoTracker red probe. (H) The mitochondria were also measured by
transmission electron microscopy. *P < 0.05, **P < 0.01, ***P < 0.001.

In vivo tumorigenesis and metastasis model

All procedures for animal experiments were approved by
the Ethics Committee of the Children’s Hospital of
Chongging Medical University. Female BALB/c nude mice (6
weeks old, n = 10) were purchased from Chongging Teng-
xin Biotechnology Co., Ltd. and housed at 25 °C under
specific pathogen-free conditions with a 12-h/12-h light/

dark cycle, with free access to food and water. A total of
2 x 10° 143B cells transfected with sh-LETM1 or ADCON
were injected into the tibial periosteum via the knee joint
while nude mice were anesthetized. Each group contains
five mice. Animals were monitored daily for health and
behavior, and mice exhibiting tibial were photographed
weekly using IVIS Spectrum Imaging, and the results were
analyzed by the Living Image software. Mice were
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euthanized if the maximum length of any tumor reached
15 mm or when there was a significant decrease in body
weight. The remaining animals were sacrificed after 4
weeks. Lungs were harvested, fixed, sectioned, and sub-
jected to HE staining (4-um thickness).

Statistical analysis

All data were expressed as mean + standard deviation and
were analyzed using GraphPad Prism 9.0 software (Graph-
Pad Software, Inc., USA). Statistical analyses were per-
formed using a two-tailed Student’s t-test to determine the
significance of differences between two groups. The one-
way ANOVA was used to measure the significance of dif-
ferences among more than two groups. A P-value < 0.05
was considered statistically significant.

Results

LETM1 was overexpressed and associated with an
abnormal mitochondrial structure in MG63 and
143B cells

The TNMplot database was used to analyze the expression
levels of LETM1 in OS tissues compared to tissues from adult
patients without malignancy and normal pediatric tissues.
The results showed that the expression levels of LETM1
were significantly higher in OS tissues compared to normal
tissues (Fig. 1A). The impact of LETM1 expression on the
prognosis of sarcoma patients was assessed using the
Kaplan—Meier plotter and GEPIA 2 database, and the results
showed that the overall survival and the disease-free sur-
vival of patients in the high LETM1 expression group was
shorter than that of the patients in the low LETM1 expres-
sion group (Fig. 1B, C).

We next investigated the expression of LETM1 in OS cell
lines. LETM1 expression was increased in MG63 and 143B OS
cells compared to normal osteoblasts (hFOB1.19;
Fig. 1D—F). The LETM1 expression was also increased in
TE85, MG63, and 143B OS cells compared to normal BMSCs
(Fig. 1E, F).

LETM1 is an anchoring protein that forms complexes with
mitochondrial ribosomes and regulates mitochondrial
biogenesis.*? Studies have reported mitochondrial
dysfunction and an abnormal permeability transition in OS
cells showing the Warburg effect.>* Therefore, we evalu-
ated the mitochondrial morphology of OS cells in vitro. We
used laser confocal microscopy for live cell imaging after
staining with the mitochondrial red fluorescent probe and
Hoechst 33,342. The mitochondria of hFOB1.19 and
TE85 cells were mallet-shaped and had a network of highly
connected filamentous mitochondria, while the mitochon-
dria of MG63 and 143B cells were round and had limited
branching, and the mitochondria of BMSCs were a mixture
of punctate and longer tubular mitochondria (Fig. 1G). To
further examine the mitochondrial structure of MG63 and
143B OS cells, we used transmission electron microscopy to
observe the organelles. Compared with the less malignant
TE85 cells, the MG63 and 143B cells had enlarged

mitochondria with a lower electron density matrix, an
indication of swollen mitochondria, and the swelling was
more pronounced in 143B cells than in MG63 cells (Fig. 1H).
Thus, the expression of LETM1 was increased in OS cells,
and the mitochondrial structure appeared to correspond to
the LETM1 expression.

Mitochondrial dysfunction was present in MG63 and
143B cells

The MMP plays a critical role in mitochondrial functions,
and its dissipation signifies mitochondrial dysfunction.
Since we observed abnormal mitochondrial structures in
MG63 and 143B OS cells (Fig. 1G, H), we assessed the
mitochondrial function by monitoring changes in the MMP.
MG63 and 143B cells had lower red-green fluorescence ra-
tios than TE85 cells, and the ratio for 143B cells was lower
than that for MG63 cells (Fig. 2A, B). Mitochondria are
known for their role in the production of ATP through aer-
obic respiration. A decrease in ATP levels usually indicates
impaired or decreased mitochondrial function. An analysis
of the total cellular ATP content revealed that
hFOB1.19 cells had a higher ATP content than BMSCs, and
the ATP content of the three OS cell lines was between that
of the BMSCs and hFOB1.19 cells. The MG63 and 143B cells
had a lower ATP content than TE85 cells, and 143B cells had
a lower ATP content than MG63 cells (Fig. 2C). These
findings suggested the presence of mitochondrial dysfunc-
tion in MG63 and 143B cells.

To better understand how LETM1 protein plays a role in
OS progression, its expression was disrupted using targeted
LETM1 shRNA. Three potential LETM1-targeting shRNAs
were used, and the results showed that sh-LETM1-3 had the
most substantial inhibitory effect on LETM1 expression
compared with the ADCON group (Fig. 2D—G). Therefore,
sh-LETM1-3 was used for further experiments.

Correlation analysis

Based on the Spearman correlation analysis of 260 sarcoma
cases included in the TCGA database, we predicted that
LETM1 plays a role in tumor development, metabolism, and
cancer stemness. It was noted that the expression of LETM1
was positively correlated with DNA repair, DNA replication,
epithelial-to-mesenchymal transition makers, MYC targets,
the G2M checkpoint, and the tumor proliferation signature
(Fig. 3A—F). The expression of LETM1 was also positively
correlated with the PPP (Fig. 3G). The OXPHOS and
glycolysis-gluconeogenesis were not strongly correlated
with the expression of LETMT (Fig. 3H, I). However, the
expression of LETM1 was positively correlated with the
mRNA expression-based stemness index (si; Fig. 3J).

Knockdown of LETM1 partially restored the
structure of mitochondria

LETM1 is a mitochondrial inner membrane protein involved
in regulating mitochondrial ion channels, maintaining
mitochondrial morphology, and respiratory chain
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Figure 2  Mitochondrial dysfunction in MG63 and 143B cells. (A, B) Cells were stained with the JC-1 fluorescent probe and

photographed under a laser confocal microscope, and the ratio of red fluorescence to green fluorescence was determined. (C) The
total cellular ATP levels were detected by an ATP assay kit. (D, E) Cells were infected with adenovirus for 48 h, and then RNA was
extracted and the mRNA expression levels of the LETM1 gene were detected by real-time PCR. (F, G) Cells were infected with
adenovirus for 72 h, and then the total protein was extracted and the expression levels of the LETM1 protein were detected by

Western blotting. *P < 0.05, **P < 0.01, ***P < 0.001.

formation,'®*>3* so we examined the changes in mito-

chondrial structure in cells with LETM1 knockdown. We
observed by MitoTracker red staining that both MG63 and
143B sh-LETM1 groups had longer rod-shaped mitochondria
and more mitochondrial branches compared to the ADCON
group (Fig. 4A). Subsequent transmission electron micro-
scopy showed that mitochondria in both the MG63 and 143B
sh-LETM1 groups had increased electron-dense substrates,
clearer cristae structures, and varying degrees of
improvement in the mitochondrial swelling compared to
the ADCON group (Fig. 4B). Taken together, these findings
suggest that the knockdown of LETM1 can partially restore
the structure of mitochondria.

Knocking down LETM1 improved the function of
mitochondria

It has been reported in the literature that LETM1 reduces

mitochondrial biogenesis and ATP production,®®> so we

examined the changes in mitochondrial function following
LETM1 knockdown in our cells. Because our virus carried
green fluorescent protein, the MMP was detected by TMRE.
TMRE fluorescent probe staining and an analysis of the
average fluorescence intensity of individual cells revealed
an increased MMP in the sh-LETM1 group compared to the
ADCON group in both the MG63 and 143B cells (Fig. 4C, D). A
TMRE flow assay showed that the MG63 sh-LETM1 group and
143B sh-LETM1 group had increased MMP compared to the
ADCON groups (Fig. 4E). Both «-KGDH and ICDHm are crit-
ical enzymes of the tricarboxylic acid cycle. The sh-LETM1
groups had increased o-KGDH and ICDHm activities
compared to the ADCON group in both the MG63 and 143B
cells (Fig. 5A, B). The ATP content assay revealed that the
sh-LETM1 group had increased ATP content compared to the
ADCON group for both the MG63 and 143B cell lines
(Fig. 5C). Together, these observations indicate that
knockdown of LETM1 can improve the mitochondrial
function.
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Figure 4 Knocking down LETM1 partially restored the structure of mitochondria and increased the MMP. (A) The structure of the
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Figure 5 Knockdown of LETM1 improved the function of mitochondria, inhibited the PPP, and promoted the OXPHOS in MG63 and
143B cells. Cells were infected with adenovirus for 72 h, and then (A) the o-KGDH activity assay kit was used to detect and compare
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was determined after cell lysis. (F) The lactic acid levels were measured and calculated using a lactic acid assay kit. (G, H, J) The
mRNA expression levels of IDH1, IDH2, HK1, PFKM, PKM2, and LDHA were analyzed by real-time PCR. (I, K) The expression levels of
the G6PD and PKM2 proteins were detected by Western blotting. *P < 0.05, **P < 0.01, **P < 0.001.
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LETM1 knockdown inhibited the PPP and promoted
the OXPHOS

The sh-LETM1 MG63 and 143B cells showed significant in-
creases in the cellular glucose content and glucose uptake
compared to the ADCON groups (Fig. 5D, E). No significant
differences were noted in the lactic acid content (Fig. 5F).
After LETM1 knockdown, the isocitrate dehydrogenase 1
(IDH1) gene expression was increased, and the isocitrate
dehydrogenase 2 (IDH2) gene expression was decreased in
MG63 cells (Fig. 5G, H). Knockdown of LETM1 also reduced
the expression of G6PD, the first rate-limiting enzyme of
the PPP (Fig. 5l). No differences were detected in the
expression of the HK1, PFKM, PKM2, and LDHA genes
related to glycolysis (Fig. 5J, K). These findings suggested
that the knockdown of LETM1 inhibited the PPP, promoted
the OXPHOS, and had no significant effect on glycolysis.

Knockdown of LETM1 promoted osteogenic
differentiation

Cell differentiation is associated with increased mitochon-
drial content and activity and a metabolic shift toward
increased OXPHOS. Osteogenic differentiation is a precisely
regulated process that may manifest as OS if disturbed or
uncontrolled.”3*¢ As shown in Figure 6A and B, the sh-
LETM1 group had darker ALP staining than the ADCON group
in both the MG63 and 143B cells. The ALP activity assay also
found increased ALP activity in the sh-LETM1 group
compared to the ADCON group in both OS cell lines
(Fig. 6E).

We detected mineralized nodules by alizarin red stain-
ing, and we found increased calcium salt nodules in the sh-
LETM1 group compared to the ADCON group in both the
MG63 and 143B cell lines (Fig. 6D). We then measured the
expression of genes related to osteogenic differentiation.
Knocking down LETM1 increased the expression of ALP,
COL1, RUNX2, and BMP2 in both the MG63 and 143B cells
(Fig. 6G). As shown in Figure 6C, LETM1 knockdown led to
increased expression of OPN. We repeated the above ex-
periments in normal osteoblasts (hFOB1.19 cells). The sh-
LETM1 group had darker ALP staining and increased cal-
cium salt nodules than the ADCON group in the
hFOB1.19 cells (Fig. S1A, B, D). Knocking down LETM1
increased the expression of ALP and OPN in the
hFOB1.19 cells (Fig. S1C). As shown in Figure S1E and F,
LETM1 knockdown led to increased expression of osteo-
calcin. We found that inhibiting the expression of LETM1
also promoted the osteogenic differentiation of these
osteoblast cells. We also found that LETM1 knockdown
decreased the expression of Nanog, SOX2, and SOX9,
stemness-related genes, in the OS cell lines (Fig. 6F). In
summary, LETM1 knockdown reduced the stemness and
promoted the osteogenic differentiation of MG63 and 143B
cells.

LETM1 knockdown inhibited the malignant
biological behavior of MG63 and 143B cells

Cellular metabolic shifts and cell differentiation affect
biological behavior. Impaired mitochondrial function in OS

is associated with a more aggressive phenotype.'' The
clone formation assay and EDU-555 cell proliferation assay
revealed that knocking down LETM1 inhibited the clone
formation and proliferation of the MG63 and 143B cells
(Fig. 7A, B, G, H). The MG63 and 143B cells with LETM1
knockdown also exhibited reduced horizontal and vertical
migration and invasion in scratch and Transwell assays
(Fig. 7C—E). Studies of the cell cycle distribution showed
that the proportion of cells in the S phase was significantly
increased in the sh-LETM1 group compared to the ADCON
group in both MG63 and 143B cells (Fig. 7F). The data
collectively suggest that knocking down LETM1 inhibited
the proliferation, migration, and invasion of MG63 and 143B
OS cells, and affected the cell cycle distribution.

Knocking down LETM1 reduced the distant
metastasis of OS in vivo

To evaluate the in vivo effects of LETM1, a clinically rele-
vant intra-tibial injection model of OS was established using
143B cells. This model leads to the formation of lung me-
tastases in nude mice. The results of imaging studies
showed that mice numbered ¢, d, and e in the ADCON group
had pulmonary metastases (Fig. 8A). HE staining of the
lungs revealed that there were more lung metastases in the
ADCON group than in the sh-LETM1 group (Fig. 8B). More-
over, knocking down LETM1 reduced the ability of 143B
cells to form tumors in nude mice (Fig. 8C). Thus, LETM1
knockdown reduced the tumorigenic capacity and lung
metastasis of 143B OS cells in vivo.

Discussion

Warburg initially observed increased aerobic glycolysis and
reduced mitochondrial function in cancer cells.”*” The
Warburg effect is a natural phenomenon that has been
observed both in vitro and in vivo in several mouse models of
cancer and in human cancer patients.***' Previous studies
indicated that LM7 and 143B OS cells exhibit the Warburg
effect and have many swollen mitochondria.'"* Dysfunc-
tional mitochondria not only contribute to the metabolic
reprogramming of cancer cells but also regulate several
cellular processes involved in tumorigenesis.*>~** In this
study, we also found that MG63 and 143B OS cells overexpress
LETM1 compared to normal osteoblasts (hFOB1.19), and
these OS cells also had fragmented mitochondria, whereas
the less malignant TE85 cells had typical mitochondrial
structures. Fragmented mitochondria were also found in
lung cancer cells with LETM1 overexpression.?’

LETM1 has been shown to play an essential role in
maintaining mitochondrial ion homeostasis, volume, and
morphology, as well as the respiratory electron transport
chain,'®194% geveral studies have shown that LETM1
depletion leads to punctate mitochondrial fragmentation,
cristae swelling, and the absence of tubular mitochondrial
networks.*”**® Other studies have found that LETM1 over-
expression inhibits mitochondrial biogenesis, leading to a
significant reduction in the total cellular mitochondrial
mass and ATP production, and that prolonged over-
expression of LETM1 leads to a shift in cellular metabolism
toward glycolysis.?®>>*° Our study found that knocking
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Figure 6 LETM1 knockdown promoted the osteogenic differentiation of MG63 and 143B cells. (A, B) After adenovirus infection for
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expression level of the OPN protein was detected by Western blotting. (D) After adenovirus infection for 48 h, the cells were
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down LETM1 improved mitochondrial quality and function
and increased the ATP levels in MG63 and 143B cells. The
knockdown of LETM1 also reduced the mitochondrial
membrane permeability transition pores, as indicated by
TMRE staining. Inhibition of the mitochondrial membrane
permeability transition has been shown to improve mito-
chondrial function and reverse metabolic reprogramming
and the Warburg effect in OS cells.>> LETM1 is known to

play an essential role in maintaining mitochondrial ion ho-
meostasis, but the mechanism of action of LETM1 regarding
the mitochondrial membrane permeability transition needs
to be investigated in further studies.

Warburg hypothesized that a metabolic shift from
OXPHOS to glycolysis converts differentiated cells into un-
differentiated cells.’®>" Although high levels of aerobic
glycolysis have been confirmed in tumor cells, the role of
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mitochondria in tumor cells has been controversial. Recent
studies have shown that the PPP works with glycolysis to
coordinate glucose flux and support the cellular biogenesis of
macromolecules and energy production.® The PPP plays a key
role in helping glycolytic cancer cells meet their anabolic
demands and counteract oxidative stress.’?>* G6PD is the
rate-limiting enzyme for the oxidation of the PPP and de-
termines the flux of G6P directly into the pathway. The
mitochondria in MSCs are maintained at relatively low levels
of activity, and after induction of differentiation, the mtDNA
copy number, respiratory enzyme protein levels, and intra-
cellular ATP content all increase. '%%5¢

0OS is a clinically and molecularly heterogeneous group of
malignancies characterized by varying degrees of mesen-
chymal differentiation. Bone formation is a carefully
regulated process in which pluripotent MSCs undergo suc-
cessive stages of differentiation requiring the activation of
many osteogenic transcription factors (including Runx2,
Osterix, and B-linked proteins) and repression of adipogenic
transcription factors (PPARy and CEBP«), which results in a
reduced propensity to proliferate.®” Disruption or deregu-
lation of this process may manifest as the development of
0S, and the earlier stage at which this deregulation occurs,
the less differentiated, more aggressive, and more malig-
nant the OS that develops.>*®7®° In our study, we used
TE85, MG63, and 143B cells, three types of OS cells with
different degrees of malignancy, with 143B being the most
malignant and MG63 the second most malignant. We
observed that 143B cells had the most severely disordered
mitochondrial structures and functions, followed by
MG63 cells, while the TE85 cells were relatively normal.
This may suggest that the three cell lines became abnormal
at different stages of differentiation during the process of
bone formation. If this is the case, it may then be possible
to change the metabolism of cells to allow them to
continue to differentiate towards osteogenesis and thus
reduce their malignancy characteristics.

Our study found that knocking down LETM1 partially
restored the mitochondrial structure and function,
inhibited the PPP, promoted OXPHOS and osteogenic dif-
ferentiation, and reduced malignant biological behavior.
LETM1 knockdown also promoted osteogenic differentia-
tion in normal osteoblasts (hFOB1.19). A previous study
found that silencing LETM1 inhibited preadipocyte differ-
entiation and reduced the potential of these cells for
adipogenesis.®’ This suggests that inhibition of LETM1
expression may favor osteogenic differentiation by inhib-
iting lipogenic differentiation.

It is also necessary to know whether mitochondrial in-
hibitors can reverse these alterations. Osteogenic differ-
entiation is a dynamic process, and the changes that occur
in the mitochondria may both underlie and result from this
process. LETM1 has been considered a cancer stemness-
related gene based on previous cancer studies.?* %> |t was
also found to be associated with cancer stemness-related
genes in our study. Hypoxia affects the differentiation of
MSCs, and the environment in which OS grows is hypoxic.
Our study was performed under normoxia, so further
studies should be performed under hypoxia. Our study also
found that the cells tended to become larger after LETM1
was knocked down. The genes controlling cell size are also
involved in controlling mitochondrial respiration and

mitochondrial mass,® so the mechanism responsible for the
observed cell enlargement needs further investigation.

In summary, we demonstrated that OS cells and tumors
overexpressing LETM1 had mitochondrial structural abnor-
malities and mitochondrial dysfunction. Knocking down
LETM1 in these cells improved the mitochondrial quality,
increased mitochondrial OXPHOS, decreased the PPP, and
promoted the differentiation of MG63 and 143B cells toward
osteogenesis, thus inhibiting cell proliferation, migration,
and invasion. This implies that LETM1 may play a role in the
development and/or progression of OS. Our study identified
a relationship between metabolic reprogramming and OS
differentiation, which provides new opportunities for drug
development for OS-inducing differentiation therapy.
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