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Depleting HIF-1a attenuates the progression of osteosarcoma, but
tumorigenicity is sustained through HIF-independent pathways
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Abstract. Poor survival of patients with osteosarcoma
means that novel therapeutic targets are needed. A previ-
ously developed osteosarcoma mouse model revealed that
HIF-1 target genes are upregulated under anchorage-inde-
pendent growth conditions. HIF-1a is highly expressed at
the hypoxic invasion front in vivo. Knockout of HIF-1a
attenuates cell growth under hypoxic and non-adherent
conditions in vitro, as well as growth of primary and meta-
static osteosarcoma in C57BL/6 mice, suggesting key roles
for HIF-1a in osteosarcoma progression. However, tumors
with a rich vasculature develop in the absence of HIF-1a.
Thus, the HIF-independent survival pathways on which
HIF-KO clones depend needs to be identified. The present
study revealed that expression of glycolysis-related genes,
which are targets of HIF, decreased in HIF-KO clones, but
the sensitivity of each clone to inhibitors varied: Some were
less sensitive than HIF wild-type cells under hypoxic condi-
tions. Compound screening revealed that the pathways upon
which KO clones depend for survival differ. Indeed, inhib-
iting the mitochondrial electron transport chain, PI3K or
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mTOR further reduced growth of KO clones under hypoxic
conditions, although one clone was less sensitive to these
treatments and retained high proliferation capacity under
hypoxic conditions. This clone was extremely sensitive to
inhibition of the mevalonate synthesis pathway, suggesting
that this might be the mechanism underlying resistance to
HIF-targeted therapies. Thus, although HIF-1 is an attrac-
tive therapeutic target for osteosarcoma, it is necessary to
identify and inhibit heterogenous HIF-independent pathways
upon which individual tumor cells rely.

Introduction

Osteosarcoma is the most common type of primary tumor
of the bone in childhood and adolescence (1). Adoption of
neoadjuvant treatment regimens that combine surgery and
chemotherapy have improved prognosis; however, survival
rates for patients with metastatic osteosarcoma remain at
~30% (2,3). Therefore, identification of novel therapeutic
targets and development of alternative options are required.

Our previous study described development of a mouse
model of osteosarcoma by overexpressing c-MYC in bone
marrow stromal cells derived from Ink4a/Arf-null mice (4).
When inoculated into C57BL/6 syngeneic mice, these highly
tumorigenic cells, designated accelerated bone and tumor
formation (AXT) cells, rapidly formed osteoid-rich primary
tumors and metastatic lesions that pathologically mimic
human osteosarcoma (5,6).

Anoikis is a type of cell death induced by detachment
from the extracellular matrix (ECM) (7,8). Highly malignant
tumor cells can escape anoikis, enabling them to grow without
the ECM and develop into metastatic lesions. Consistent with
their high metastatic capacity in vivo, AXT cells also prolif-
erate in non-adherent cultures, and under these conditions, the
expression levels of downstream target molecules of hypoxia
inducible factor-1 (HIF-1) are considerably upregulated.
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The HIF-1 complex, which comprises HIF-1a and HIF-1p
subunits, is a key regulator that enables malignant cells to
survive and continue to grow under hypoxic microenviron-
mental conditions (9-11). HIF-1a transcriptionally activates
multiple target genes and interacts with several molecules to
promote progression, metastasis and therapeutic resistance
of various types of malignancy, including osteosarcoma.
Analysis of human osteosarcoma specimens suggests that the
rate of positive staining for HIF-1a in human osteosarcoma
specimens is 34-88% (12), and high expression of HIF-1a is
associated with clinical stage (12,13), metastasis (12), overall
survival (12,14) and resistance to treatment (14,15), making
it a potential prognostic predictor of poor prognosis. Several
in vivo experimental studies demonstrate that HIF-1o promotes
osteosarcoma progression and metastasis directly (16-19).
Thus, HIF-1a and its associated pathways may be promising
therapeutic targets for osteosarcoma. However, the stage of
osteosarcoma development at which HIF-1a is expressed, and
the role it plays, is unclear. In particular, experimental verifi-
cation of the validity and problems of HIF-targeting therapy
for osteosarcoma remains unsolved. Using a syngeneic mouse
model of osteosarcoma to conduct depletion of HIF-1a and
subsequent in vitro and in vivo analyses may provide clues to
resolving these issues.

In the present study to clarify the role of HIF-la in the
progression of osteosarcoma, HIF-1a was knocked out in
AXT cells using CRISPR-Cas9 with two different target
sequences to produce three HIF-1a-knockout (KO) clones.
Using HIF-KO cells, cell growth and cell cycle status was
evaluated in vitro and the effects of HIF-1a depletion in vivo
on primary tumor formation, metastasis, tumor angiogenesis
and gene expression changes was assessed.

Materials and methods

Reagents. Roxadustat (25 yM; 27 h), buparlisib (1 uM; 2 days)
(MedChemExpress), antimycin A (1 #M; 2 days), oligomycin
(1 uM; 2 days) (Abcam), rotenone (1 xM; 2 days), meval-
onate (200 uM; 17 h or 2 days) (MilliporeSigma), BAY-876
(3.3-30.0 pM), everolimus (1 or 5 M, 19.5 h or 2 days), temsi-
rolimus (1 or 5 xM; 19.5 h or 2 days), shikonin (1 zM; 2 days),
PT2385 (10 uM; 19.5 h), TC-S7009 (10 xM; 19.5 h) (Selleck
Chemicals), simvastatin (0.5-3.0 uM; 4.5, 6, 14,17,21.5,25 h or
2 days), atorvastatin (1-3 xM; 2 days) and metformin (1-5 mM,;
17 h or 2 days) (Tokyo Kasei Kogyo) were reconstituted in
dimethyl sulfoxide (DMSO; FUJIFILM Wako Pure Chemical
Corporation). 2-deoxy-D-glucose (3.3-30.0 mM; 2 days; Tokyo
Chemical Industry Co., Ltd.), Farnesyl Diphosphate (FPP;
50 uM; 2 days) and Geranylgeranyl Diphosphate (GGPP;
50 uM; 2 days; Echelon) were dissolved in water. Reagents
were applied to AXT, control (Mock), or HIF-KO cells at
the final concentrations for the desired duration shown in
parentheses at 5% CO, at 37°C.

Establishment of HIF-1a-KO (HIF-KO) cells using
CRISPR-Cas9. Mouse osteosarcoma AXT cells were immor-
talized cells previously established by overexpressing c-MYC
in bone marrow stromal cells derived from Ink4a/Arf-null
mice (4). The gRNA sequences targeting the HIF-1a exon 3
(bHLH domain) and exon 5 (Oxygen-Dependent Degradation

Domain; ODDD) were searched using CHOPCHOP
(version 3; http://chopchop.cbu.uib.no/; SCR_015723) (20) and
two sequences were used: #1, 5'- AGATGTGAGCTCACA
TTGTGGGG-3' for KOI-1 and 1-2; and #2, 5-GCTAACAGA
TGACGGCGACATGG-3' for KO2 (the protospacer adjacent
motif (PAM) is underlined). The oligos were annealed and
ligated into the lentiCRISPRv2-puro vector (Addgene_98290;
Addgene, Inc.), and digested with BsmBI according to the
protocol provided by the Zhang lab (https:/www.addgene.
org/crispr/zhang/). The Cas9 is integrated in the lenti-
CRISPRv2-puro vector. After confirmation of the inserted
sequence, the lentiCRISPRv2-puro vectors were co-transfected
along with the psPAX2 (cat. no. 12260; Addgene, Inc.) and
pCMV-VSV-G (Addgene_8454; Addgene, Inc.) vectors into
Lenti-X 293T cells (CVCL_4401; Takara Bio) using FUGENE
HD (Promega Corporation) to generate infectious lentivirus.
The empty lentiCRISPRv2-puro vector was used to establish
control (Mock) cells. The virus-containing medium was added
to AXT cells, and infected cells were selected with puromycin.
To obtain knockout cells, puromycin-resistant cells were
subjected to single-cell cloning.

Cell culture. Human osteosarcoma U20S (cat. no. HTB-96)
and SaOS-2 (cat. no. HTB-85) cell lines were purchased from
American Type Culture Collection. These cells were authen-
ticated by examination of in vitro growth characteristics
and morphological properties provided evidence of correct
cell identity. AXT cells, HIF-1a-knockout AXT cells or
human SaOS-2 and U20S cells were cultured under 5% CO,
at 37°C in Iscove's Modified Dulbecco's Medium (IMDM;
Nacalai Tesque, Inc.) or McCoy's 5A medium (Thermo
Fischer Scientific, Inc.), respectively, supplemented with 10%
FBS (MilliporeSigma). For non-adherent cell culture, 6 cm
ultra-low-attachment surface dishes (Corning, Inc.) were
used.

Cell proliferation assay. AXT cells, including
HIF-la-knockout AXT cells were treated with trypsin
at 37°C for 2 min, collected and washed with serum-free
medium, and then transferred to 96-well cell culture plates
(1x10° cells per well in 50 ul of IMDM supplemented with
10% FBS). Ultra-low-attachment surface plates (Corning
Inc.) were used for non-adherent culture. Cells were incubated
for 1 h at 37°C before addition of 50 ul of the corresponding
medium supplemented with agents at twice the desired final
concentrations: Buparlisib (1 M), antimycin A (1 M),
oligomycin (1 yM), rotenone (1 M), mevalonate (200 uM),
BAY-876 (3.3-30.0 uM), everolimus (1 xM), temsirolimus
(1 uM), shikonin (1 M), simvastatin (0.5-3.0 puM), atorv-
astatin (1-3 M), metformin (1-5 mM), 2-deoxy-D-glucose
(3.3-30.0 mM), FPP (50 uM) and GGPP (50 xM). Hypoxic
conditions were created by placing oxygen absorbers in an
airtight bag, and adjusting ventilation to maintain a constant
2% oxygen concentration using an oxygen monitor. (Bionix
culture kit; Sugiyamagen Co., Ltd.). After incubation for
2 days, cell viability was measured using a Cell Titer Glo
assay kit (Promega Corporation). Assays were performed in
at least triplicate, and data are expressed as the mean+SD
relative (fold-change) to the corresponding control value for
cells incubated in the absence of the indicated agents.
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Reverse transcription-quantitative PCR (RT-qPCR).
Extraction of total RNA from cultured cells, RT and gPCR
were performed using the NucleoSpin RNA kit, PrimeScript
reverse transcriptase (Takara Bio, Inc.) and Thunderbird
SYBR qPCR mix (Toyobo Co., Ltd.). The sequences of the
PCR primers are listed in Table SI. To prepare samples from
the mouse tissue, the left lung was suspended in lysis buffer
(NucleoSpin RNA kit) and disrupted using a BioMasher
(Nippi, Inc.). To evaluate circulating tumor cells (CTCs), total
RNA was extracted from 200 ul blood obtained from mice by
cardiac blood sampling after euthanasia using a NucleoSpin
RNA blood kit (Takara Bio, Inc.). Since GFP is expressed by
AXT cells, tumor cells were quantitated based on the level of
Gfp mRNA expression relative to Actb mRNA expression.
Thermal cycler StepOne (Thermo Fisher Scientific, Inc.)
was used for qPCR analysis with the 2step protocol; 60 sec
at 95°C, then 40 cycles of 15 sec at 95°C and 60 sec at 60°C
with the melting and dissociation curve process. The fold
change of gene expression was determined using the relative
quantification 2444 method (21).

Western blot analysis.Cell lysates from Mock and HIF-KO cells
were prepared with 2x Laemmli sample buffer (Bio-Rad
Laboratories, Inc.) supplemented with 5% [3-mercaptoethanol
or radioimmunoprecipitation assay (RIPA) buffer (Nacalai
Tesque, Inc.) supplemented with protease and phosphatase
inhibitor cocktails (Nacalai Tesque, Inc.). Protein concentra-
tions were determined using a BCA assay kit (Thermo Fisher
Scientific, Inc.). Equal amounts of protein (30 g per lane) were
used, and western blot analyses were conducted according to
standard semidry transfer procedures using 5-20% gradient
precast polyacrylamide gels (ATTO Corporation) and PVDF
membranes (ATTO Corporation). Membranes were blocked
with 5% skim milk (Nacalai Tesque, Inc.) for 1 h at room
temperature and subsequently incubated overnight at 4°C
with the primary antibodies listed in Table SII. After washing
4 times, the membranes were incubated with HRP-conjugated
secondary antibodies (1:3,000; listed in Table SII) for 1 h at
room temperature. Detection procedures were performed using
a Clarity Western ECL substrate (Bio-Rad Laboratories, Inc.)
and Amersham Hyperfilm ECL (Cytiva). Signal intensities of
bands were quantitated with ImageJ software (version 1.49;
National Institutes of Health) (22).

GTP-RhoA assay. Mock and HIF-KO cells were treated with
or without 1 uM simvastatin for 4.5 h at 37°C. Cells were lysed
with a magnesium-containing buffer (Rho activation assay kit;
cat. no. 17-294 MilliporeSigma) and GTP-RhoA was isolated
from each lysate containing 1,183 ug of protein with beads
conjugated with a GST fusion protein containing the Rho
binding domain of Rhotekin. A part of the same lysate was
used for evaluation of total RhoA.

Cell cycle analysis. Cells were trypsinized, washed with PBS
and fixed with 70% ethanol for =48 h at -20°C. Subsequently,
the cells were washed twice with ice-cold PBS, and stained
with PBS containing 10 yg/ml propidium iodide and 20 ug/ml
RNase A (MilliporeSigma). The DNA content of at least 10,000
singlet cells was analyzed by flow cytometry (FACSVerse;
BD Biosciences).
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Cholesterol measurement. Total cholesterol was extracted from
1x10° Mock and HIF-KO cells treated with or without 1 uM
simvastatin for 10 h at 37°C (n=3) by the traditional Bligh-Dyer
method using acetate, methanol and chloroform (23). In the
final step, the dried chloroform layer was dissolved in 50 pl of
isopropanol and quantified using a cholesterol measurement
kit (LabAssay Cholesterol; FUIIFILM Wako Pure Chemical
Corporation).

Animal care. All animal care and procedures were conducted
in accordance with the Guiding Principles for the Care and
Use of Laboratory Animals at Hoshi University, as adopted
by the Institutional Animal Care and Use Committee on
Animal Research of Hoshi University (approved no. P24-091).
A total of 81 mice were used in this study; 7-week-old female
syngeneic C57BL/6J mice (Sankyo Labo Service Corporation)
(total number, 39; weight ~18 g) or 42 12-week-old C57BL/6
SCID mice (strain no. 001913; The Jackson Laboratory; 29
female mice; weight ~21 g and 13 male mice; weight ~25 g).
Mice were housed under specific pathogen-free conditions in
ventilated cages (floor area 501 cm?; five mice per cage) with
ALPHA-dri bedding (Shepherd Specialty Papers) and fed a
standard chow diet with access to water ad libitum. Animals
were inspected daily to ensure that they were not distressed
during the experiments. Rooms were temperature controlled at
22°C and kept on a 12-h light/dark cycle. All procedures were
performed under inhalational anesthesia using Narcobit-E
(Natsume Seisakusho Co., Ltd.) with isoflurane (FUJIFILM
Wako Pure Chemical Corporation) at a concentration of 4% for
induction and 2% for maintenance. Before analysis, the mice
were euthanized by intraperitoneal injection of a lethal dose
(100 mg/kg) of pentobarbital sodium (Tokyo Kasei Kogyo
Co., Ltd.). After administering pentobarbital, mortality was
confirmed by both respiratory arrest (arrest of the chest wall
movement) and no response to a toe pinch. The chest cavity
was then opened to confirm cardiac arrest and death.

Tumor xenograft model. To establish tumor xenografts,
AXT cells (including Mock and HIF-KO cells) suspended
in 50 ul of IMDM or 50 pl of Matrigel (Corning, Inc.) were
injected subcutaneously into the flanks of 39 7-week-old
female syngeneic C57BL/6J mice (Sankyo Labo Service
Corporation) or 42 12-week-old C57BL/6 SCID mice (strain
no. 001913; The Jackson Laboratory), respectively. Unless
otherwise specified, 1x10° cells were transplanted per site.
Mice were assigned randomly into experimental groups. For
blinding purposes, researchers performing the cell inoculation
were aware of group assignments, while outcome assessment
was conducted by other, blinded researchers. No exclusion
criteria were set and data from all mice were presented. The
criteria for endpoints were as follows: i) The mean tumor
diameter was not >20 mm; ii) the combined tumor burden
was <15% of body weight (10-week-old mice had a body
weight of ~20 g); iii) there was no ulceration, infection or
necrosis of the tumor; iv) body weight loss was >20% of the
baseline weight. No mice reached the endpoint criteria in the
present study. Daily inspection confirmed that growing tumors
did not meet the endpoint criteria. The major and minor axes
of the tumors were measured, and the estimated tumor weight
was calculated from the following formula, with reference to
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the guidelines of Washington State University (https://iacuc.
wsu.edu/documents/2017/12/tumor-burden-guidelines.pdf/):
estimated tumor weight (mg)=tumor volume (mm?*=d?* x D/2,
where d and D are the shortest and longest diameters in mm,
respectively. The volume of tumors with the maximum diam-
eter in each mouse was listed in Table SIII. After euthanasia,
tumors were collected, imaged and weighed for data collection.
None of the mice unexpectedly died during the study.

Gene set enrichment analysis (GSEA) of adherent vs.
non-adherent cells. Total RNA was collected from AXT cells
cultured under adherent or non-adherent conditions for 21 h
at 37°C. Comparison of these cells was performed using a
microarray (Takara Bio, Inc.). GSEA (24,25) was performed
using the fgsea package (26) in R software (version 4.3.1) (27),
based on gene expression data obtained from microarray
analysis. Genes were ranked according to the log,-fold-change
in expression between non-adherent cells and adherent cells
(n=1 each) and this ranked list was used for GSEA. Gene sets
were obtained from the Molecular Signatures Database (28).
An enrichment plot for the ‘QI_HYPOXIA’ gene set (29) was
generated using the plotEnrichment function in fgsea.

GSEA and visualization of significantly associated genes.
Using total RNA collected from mice inoculated with
Matrigel embedded Mock and HIF-KO cells, RNA-seq was
performed by Rhelixa, Inc. Reads obtained from next genera-
tion sequencing were mapped to the mouse reference genome
(GRCm38) using HISAT? (version 2.1.0) (30). Transcript-level
read counts were quantified using featureCounts (SCR_012919;
version 1.6.3) (31). Transcripts with low expression were also
included in the analyses. GSEA was performed using the fgsea
package (26), with genes ranked by log,-fold-change in expres-
sion between HIF-1a knockout samples (n=3; KOI-1, KO1-2
and KO2) and Mock controls (n=1). Enrichment results with
a false discovery rate (FDR) <0.2 were visualized using the
plotGseaTable function in fgsea. To examine the expression
patterns of genes identified as enriched by GSEA, a heatmap
was generated using the pheatmap package (SCR_016418) (32),
annotated with their corresponding gene sets. RNA-seq
datasets in this paper are available on the Gene expression
omnibus site (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE307480). The accession number is GSE307480.

Immunohistochemistry. Tumors were collected, fixed with
4% paraformaldehyde at room temperature for 2 days and
embedded in paraffin. Deparaffinized and hydrophilized
tissue sections (5-um thickness) were put into citrate
buffer (0.01 mol/l, pH 6.0) and heated in an oven at 90°C
for 1 h for antigen retrieval. After a brief wash with PBS,
tissue sections were put into 3% H,0O,-methanol at room
temperature for 8 min for inactivation of intrinsic peroxidase
activity. After a brief wash with PBS, tissue sections were
blocked with 3% bovine serum albumin (BSA; FUJIFILM
Wako Pure Chemical Corporation)-PBS at room temperature
for 1 h and subsequently incubated with the primary anti-
bodies listed in Table SII diluted with 1.5% BSA-PBS at 4°C
overnight. After washing with PBS 3 times, samples were
treated with a horseradish peroxidase (HRP)-conjugated
Histofine simple stain kit (1:1 dilution, listed in Table SII;

Nichirei Biosciences, Inc.) as the secondary antibody at room
temperature for 1 h. After washing with PBS, staining was
developed using the 3,3'diaminobenzidine substrate (Impact
DAB; Vector Laboratories, Inc). Then Mayer's hematoxylin
solution (FUJIFILM Wako Pure Chemical Corporation) was
used for nuclear staining at room temperature for 1 min. For
H&E staining, deparaffinized and hydrophilized sections
were stained with hematoxylin solution for 4 min at room
temperature, washed with water and stained with 1% eosin Y
solution (FUJIFILM Wako Pure Chemical Corperation) for
2 min at room temperature.

Hypoxic regions were evaluated using a rabbit IgG
polyclonal anti-pimonidazole antibody (cat. no. PAb2627,
NPI Inc.); mice were injected intraperitoneally with pimoni-
dazole hydrochloride (60 mg/kg; NPI Inc.) 1 h before tumor
collection. For quantitative analysis of blood vessels, CD31
immunostaining was observed under a BZ-X800 multifunc-
tional microscope (Keyence Corporation). Microvessel density
was quantified as the CD31-positive area normalized to the
total solid tumor area using BZ-X800 Analyzer exe 1.1.2.4
software (Keyence Corporation).

Statistical analysis. Unless indicated otherwise, quantita-
tive data are expressed as the mean + SD relative to the
control value and data were analyzed by one-way analysis
of variance (ANOVA) with the Dunnet's post hoc test. For
the angiogenesis analysis (Fig. 5D), the data did not meet
the assumption of normality using the Shapiro-Wilk test,
therefore, differences among groups were evaluated using the
Kruskal-Wallis test followed by Dunn's multiple comparison
test. Shapiro-Wilk test to assess normality was applied only
for angiogenesis quantitation. All analyses were performed
using GraphPad Prism 9 (Dotmatics). P<0.05 was considered
to indicate a statistically significant difference ("P<0.05,
“P<0.01, ""P<0.005 and NS, not significant). All assays were
performed at least in triplicate. To evaluate the magnitude
of differences in tumor weight between groups, effect sizes
were calculated for each comparison between the control
(Mock) and knockout groups (KO1-1, KO1-2 and KO2) using
Hedges'g (33), a bias-corrected standardized mean difference.
Effect sizes and their 95% confidence intervals (not shown)
were estimated with the cohen.d function in the effsize
R package (34), with missing values removed listwise. Group
means and standard deviations were calculated from the
available numeric observations.

Results

Osteosarcoma cells upregulate downstream targets of HIF-1a.
under non-adherent conditions. The ability of adherent
cells to grow under non-adherent anchorage-independent
conditions is one of the hallmarks of malignancy (7,8). Our
previous study developed mouse osteosarcoma AXT cells that
proliferate both under adherent and non-adherent conditions
(Fig. 1A) (35). Analysis of metabolite levels suggested that
non-adherent conditions mimic the in vivo environment more
closely when compared with adherent normal culture condi-
tions (35). Therefore, therapeutic approaches that inhibit the
mechanisms or molecules enabling non-adherent cell growth
might exert an anti-tumor effects on osteosarcoma in vivo.
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Figure 1. Expression of HIF-1a in osteosarcoma. (A) Bright-field microscopy of AXT cells cultured under adherent or non-adherent conditions. (B) The gene
set ‘QI_HYPOXIA’ was enriched significantly among the upregulated genes in non-adherent cells. (C) Reverse transcription-quantitative PCR analysis of
Car9 and Adm mRNA in AXT under adherent or non-adherent conditions. Data are normalized to the corresponding levels of Actb mRNA, and are shown as
the mean + SD of triplicate values. Immunohistochemical staining of GFP, HIF-1a and reductively activated pimonidazole in serial sections of osteosarcoma
derived from AXT cells in C57BL/6J mice (n=1 each) at (D) Day 6 and (E) Day 13 post-inoculation. Scale bar, 100 xm. HIF, hypoxia inducible factor. AXT,

Accelerated bone and tumor formation. ““P<0.005.

GSEA was used to analyze changes (log,-fold) in expres-
sion of genes by adherent and non-adherent AXT cells. Only
‘QI_HYPOXIA’, which comprises genes upregulated under
hypoxic conditions in prostate cancer cells (29), was enriched
significantly in non-adherent cells (normalized enrichment
score=2.05, FDR <0.001; Fig. 1B). These results suggest that
hypoxia-related transcriptional programs may be more acti-
vated in non-adherent cells than in adherent cells. Expression
of carbonic anhydrase 9 (Car9) and adrenomedullin (Adm),
both transcriptional targets of HIF-1a, in AXT cells was
higher under non-adherent conditions when compared with
adherent conditions (Fig. 1C). Similarly, expression of HIF-1a
transcriptional target genes NDRGI and ADM by human
osteosarcoma cell lines Saos2 and U20S was higher under
non-adherent conditions compared with adherent conditions
(Fig. S1A and B).

In vivo expression of HIF-la in osteosarcoma was
analyzed by examining serial sections of tumors derived from
AXT cells. AXT cells express GFP, which allows direct detec-
tion of tumor areas (Fig. 1D and E). In small tumors on Day 6
post-inoculation, the nucleus of the majority of tumor cells was
positive for HIF-1a. Hypoxic areas in tissues were visualized
by administering pimonidazole, which is reductively acti-
vated in hypoxic cells and forms stable covalent adducts with
thiol (sulphydryl) groups within amino acids (36). On Day 6

post-implantation, the majority of tumor cells were positive for
reductively activated pimonidazole, which was detectable by a
specific antibody, indicating that the entire tumor was hypoxic
at Day 6 (Fig. 1D). At 13 days post-implantation, HIF-1a
was highly expressed in peripheral tumor areas in which
osteosarcoma cells proliferate and infiltrate the surrounding
tissue. Importantly, areas with high expression of HIF-1a were
hypoxic (Fig. 1E). These results suggest that hypoxic regions
emerge during growth and progression of osteosarcoma
in vivo, and that HIF-1a may play an important role.

Knocking out HIF-1a attenuates cell growth under hypoxic
and non-adherent conditions. AXT cells, in which HIF-1a
was knocked out using CRISPR-Cas9 with two different
target sequences, were used to evaluate the role of HIF-1a in
growth of osteosarcoma. Two KO clones (KOI1-1 and KO1-2)
and one clone (KO2) were obtained using target sequences #1
and #2, respectively (Fig. 2A). Each cell type had a different
morphology. KOI-1 cells were similar to control (Mock) cells,
whereas KO1-2 cells were round and KO2 cells were larger
when compared with the Mock, KO1-1 and KO1-2 cells. In
Mock cells, HIF-1a protein was detectable under normoxic
conditions, and addition of the HIF-PH inhibitor roxadu-
stat (37) led to accumulation of HIF-la. By contrast, no
HIF-1a protein was detected in KO cells (Fig. 2B). Expression
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Figure 2. Attenuation of cell growth in HIF-1a-knockout cells in vitro. (A) Morphology of control (Mock) and HIF-1a-knockout AXT (HIF-KO, KOI-1, 1-2
and KO2) cells. (B) Western blot analysis of HIF-1a expression in Mock and HIF-KO cells in the presence/absence of 25 ¢M roxadustat for 27 h. The relative
(fold) values of HIF-1a against the corresponding control value normalized to the intensities a-tubulin bands are shown. HIF-1a bands of HIF-KO cells were
not detected. (C) Reverse transcription-quantitative PCR analysis of Car9 in Mock and HIF-KO cells under normoxic or hypoxic (2% O,) conditions for 20 h.
Data are normalized to the corresponding levels of Actb mRNA, and are shown as the mean+SD of triplicate values. Growth of Mock and HIF-KO cells under
(D) normoxia and adherent conditions, (E) hypoxia and adherent conditions, (F) normoxia and non-adherent conditions and (G) hypoxia and non-adherent
conditions. The ratio relative to the value for Day 0 was calculated for each data point (n=4; D-G). Flow cytometry analysis of DNA content in Mock and
HIF-KO cells under (H) normoxia and non-adherent conditions and (I) hypoxia and non-adherent conditions for 31 h. (J) The population of each cell fraction

in (H) are shown (n=3). (K) The population of each cell fraction in (I) are shown

(n=3). (L) Reverse transcription-quantitative PCR analysis of Ccndl in Mock

and HIF-KO cells under non-adherent or hypoxic (2% O,) conditions for 21 h (n=3). HIF, hypoxia inducible factor; KO, knockout. ‘P<0.05, “P<0.01, ““P<0.005

and NS, not significant.

of Car9, a transcriptional target of HIF-1a, was upregulated
significantly in Mock cells under hypoxic (2% O,) conditions
compared with normoxic conditions (Fig. 2C). By contrast, no
increase in Car9 was observed in HIF-KO cells under hypoxic
conditions. The effects of HIF-1a depletion on cell prolifera-
tion were evaluated under adherent and non-adherent culture
conditions, as well as under normoxic and hypoxic conditions.
Under adherent and normoxic conditions, KO cells tended to
proliferate slightly more slowly when compared with Mock
cells (Fig. 2D). Under hypoxic conditions, the difference was
more pronounced, although the growth rate of KO cells still
remained high (Fig. 2E). Notably, the proliferation rate of
KO1-2 was almost equivalent with that of Mock cells. Under
non-adherent conditions, proliferation of KO1-1 and KO2 cells
was suppressed significantly, while proliferation of KO1-2 cells
was similar to that of Mock cells (Fig. 2F). There were differ-
ences between the tumor cell clones, suggesting that the
intracellular mechanism in KOI1-2 cells allowed proliferation
even in the absence of HIF-1a. Under non-adherent hypoxic
conditions, proliferation of all knockout cells was lower

when compared with that of Mock cells (Fig. 2G). Cell cycle
analysis showed that under normoxic and adherent conditions,
there was no reduction in the number of S-phase KO cells
compared with Mock cells, and no significant induction of
apoptosis (Fig. S2A-D). As non-adherent cells were fragile and
the majority of cells were physically damaged during sample
preparation, only live cells were gated and analyzed (Figs. S2E,
2H and I). Consistent with cell growth under non-adherent
normoxic conditions, the S-phase population of KO1-1 and
KO2 cells, but not KO1-2 cells, was lower when compared with
that of Mock cells (Fig. 2H and J). The S-phase population
of Mock cells was lower under non-adherent hypoxic condi-
tions when compared with under normoxic conditions (Fig. 2J
and K). The S-phase population of KO1-1 and KO2 cells was
smaller when compared with that of Mock cells, whereas the
S-phase population of KO1-2 was the same as that of Mock
cells, while the number of cells in G2/M was lower when
compared with that of Mock cells (Fig. 21 and K). Consistent
with these results, expression of mRNA encoding Cyclin D1
in KOI-1 and KO2 under non-adherent hypoxic culture was



2| SPANDIDOS

PUBLICATIONS

ONCOLOGY REPORTS 55:

94, 2026

B o C D
= . Mouse number * £ o . T = . —
= 10| - o#4 83 0.0006 Mouse number {45 2805 Mouse number £ 42
= = 0 °u4 [ © 44
-% EE xS * K K * KK gg ‘390-4
= e B S £0.0004 S 203
= 05 il sokck kokk Kok o 0 * * *
g . . 22 90002 £R02
= i E ﬁg £ g=2.28 g=2.18 g=2.28 mé:’01 g=1.17 g=117 g=1.17
[ - = [SENG
0 3x 0 e # - 3% o - - -
g=313 g=226 g=271 £% %
Mock KOI-1 KO12 Koz = Mock KO1-1 KO1-2 KO2 ~  Mock KO1-1 KO1-2 KO2
Micrometastasis 8 Metastasis (<100 pm) 10 Metastasis (>100 pm)
% 150 % ® o
g ol® g 2 8 8
1] 36 8
© 100 5 £
€ £ * % j=
‘5 5 4 * % % % 5
g 50 2 N !
Qo
E o sk TFF ok E2 E 2 e 0 e
z ’ Z [} =z
0 T ) U g T T 4 ;V‘ 0 T Y =g r = Il
Mock KO1-1 KO1-2 KO2 Mock KO1-1 KO1-2 KO2 Mock KO1-1 KO1-2  KO2
G Mock primary tumor H KO1-2 primary tumor

100

0 p

100 um

Figure 3. Depletion of HIF-1a decreases tumorigenicity of osteosarcoma cells. (A) A macroscopic image of primary tumors excised 21 days after subcutaneous
and bilateral inoculation of 1x10° cells per site into C57BL/6J mice (n=4 each). (B) Jittered scatter plots show tumor weight distributions for individual mice.
Colors correspond to animal ID and point shapes indicate group identity. Black points and vertical bars represent the group mean and standard deviation,
respectively. Effect sizes (Hedges' g) are annotated for each knockout group. Reverse transcription-quantitative PCR analysis of GFP mRNA in (C) whole
blood and (D) the left lung from all mice in the group inoculated with the indicated cells. Effect sizes (Hedges' g) are annotated for each knockout group.
(E) Representative images of lung metastatic lesions stained with GFP. The arrows indicate lung metastases classified according to whether the major axis is
>100 pm or whether they represent tiny metastases consisting of a few cells. (F) The number of metastases present throughout a randomly sliced section was
counted. Data represent the mean value from the right lungs of all four mice. (G, H) H&E staining of representative primary tumors from mice inoculated with
the (G) Mock or (H) KO cells. HIF, hypoxia inducible factor; KO, knockout. "P<0.05, “P<0.01 and ““P<0.005.

significantly lower when compared with that in Mock cells,
while that in KO1-2 tended to be lower when compared with
that in Mock cells, although the difference was not significant
(Fig. 2L).

These results suggest that HIF-1a supports proliferation
under non-adherent hypoxic conditions in vitro; however,
the mechanism used by KOI-2 cells might maintain high
proliferation even in the absence of HIF-1a.

Depleting HIF-1a decreases tumorigenic activity in vivo.
AXT cells form osteoid-rich tumors, a characteristic essen-
tial for the definitive diagnosis of osteosarcoma, as well
as lung metastasis in C57BL/6 mice (4-6). In the present
study, HIF-KO cells were transplanted into mice to evaluate
tumorigenicity. The weight of the primary KO cell tumors
21 days after subcutaneous implantation of 1x10° cells was
significantly lower when compared with that of Mock tumors
(Fig. 3A and B). No tumors developed at the transplantation
site in one mouse inoculated with KO1-1, suggesting that the
suppression of tumorigenic activity in vivo is stronger when
compared with that of cell growth in vitro.

After forming primary tumors, AXT cells spontaneously
develop hematogenous metastatic lesions. Because AXT cells
express GFP, the amount of lung metastases and CTCs in the
blood can be quantified by measuring the expression level of
GFP (4,5,35). Such measurements revealed that the number

of lung metastases and CTCs was reduced significantly after
KO of HIF-1a (Fig. 3C and D). Further evaluation of lung
metastases by immunohistochemical staining for GFP also
showed a significant reduction of lung metastasis; in particular,
there were no lesions with a diameter >100 ym in HIF-KO
cell-inoculated mice (Fig. 3E and F). Importantly, tumors
derived from HIF-KO cells also contained osteoids, and there
were no histological changes suggestive of osteosarcoma after
knockout of HIF-1a (Figs. 3G and H, S3A and B).

Altering inoculation conditions does not rescue the reduced
tumorigenicity induced by HIF-la KO. Accumulating
evidence indicates that hypoxic environments affect tumor
immunity (38,39), and that suppression of HIF-la in tumor
cells activates tumor immunity (40,41). Therefore, tumor
cells were transplanted into SCID mice to examine whether
tumor immunity is involved in the regression of HIF-1o. KO
tumors. Similar to transplantation into C57BL/6 mice, trans-
plantation into SCID mice did not restore tumorigenic and
metastatic activity completely (Fig. 4A-D). Thus, it seems that
tumor immunity mediated by T cells and B cells is not the
main suppressor of tumor formation by HIF-KO cells. Next,
whether further improvements in the transplant environment
increased tumor cell engraftment was tested. For this purpose,
Matrigel was used to provide a basement membrane to prepare
the microenvironment from the time of transplantation (42).
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Figure 4. Tumorigenicity of HIF-KO cells under different transplantation conditions. (A) Macroscopic image of excised primary tumors 20 days after subcu-
taneous and bilateral inoculation of 1 x 10° cells per site into C57BL/6 SCID mice (Mock, n=5; HIF-KO, n=4). (B) Weight of primary tumors. Reverse
transcription-quantitative PCR analysis of GFP mRNA in (C) whole blood specimens and in (D) the left lungs from all mice in the group. (E) Macroscopic
image of primary tumors excised 21 days after subcutaneous and bilateral inoculation of Matrigel embedded cells (1x10° per site) into C57BL/6J mice (n=3
each). (F) Weight of primary tumors shown. Reverse transcription-quantitative PCR analysis of GFP mRNA in (G) whole blood specimens and in (H) the left
lungs from all mice in the group. HIF, hypoxia inducible factor; KO, knockout. “P<0.05, “P<0.01, ““P<0.005 and NS, not significant.

Studies show that co-injection with Matrigel increases tumor
formation by cancer cell lines and enhances engraftment of
primary human epithelial cancer cells in immunocompro-
mised mice (43,44); however, in the present study, KO cells
failed to form tumors and metastases as efficiently as Mock
cells (Fig. 4E-H).

The small group sizes of in vivo experiments is a limita-
tion in the present study. However, the knockout groups
demonstrated reduced tumor growth compared with the
Mock controls. The effect size estimates consistently indicate
reduced tumor growth in all knockout groups relative to the
Mock control, suggesting that HIF-1a plays an important role
in tumorigenesis and progression of osteosarcoma in vivo.

Osteosarcoma develops a rich vasculature even in the absence
of HIF-1a. To clarify the functions of HIF-1a, its expression in
tumors immunohistochemically was evaluated over time. At
2 days after subcutaneous implantation of Mock-derived tumors,
high nuclear expression of HIF-1la. was observed throughout
areas of dense viable cells (except the interior, which harbored
GFP-negative dead cells), whereas KO tumors did not express
HIF-1a (Fig. 5A). At 21 days post-implantation, the interior of
the tumor was filled with viable cells, with notable bone forma-
tion and HIF-1a was highly expressed in the peripheral areas
in which cells were proliferating rapidly (Fig. 5B). Again, no
expression of HIF-1a was observed in KO cell tumors. Analysis
with pimonidazole suggested that areas with high HIF-1a expres-
sion were hypoxic (Fig. 1D and E). The pattern of hypoxic areas
appearing mainly around the tumor periphery was the same in
Mock- and HIF-KO-derived tumors (Fig. S4A), suggesting that
oxygen supply inside the tumor was not disrupted by HIF-1a loss.
Therefore, tumor angiogenesis was evaluated. Staining for CD31,
a marker of vascular endothelial cells, suggested that the inside
of the tumor was vascularized (Figs. 5C and S4A). Quantification
of CD31 positive areas indicated that the KO1-2 cell-derived
tumors had abundant blood vessels at a level comparable to that
of the mock-derived tumors, while tumors derived from KO2

are less vascularized when compared with those from Mock
cells (Figs. 5D and S4B). Consistent with the emerging pattern
of hypoxic areas, vascularization tended to be more prevalent
within the tumor when compared with its periphery. These
findings suggest that global tumor oxygen supply is not severely
disrupted by HIF-1a deletion. Expression of vascular endothelial
growth factor A (VEGF-A), a transcriptional target of HIF-1a,
increased in Mock cells under hypoxic conditions in vitro, but not
in KO cells (Fig. SE); however, unlike Car9 (Fig. 2C), expression
of Vegfa was not negligible in KO cells (Fig. 5E). To analyze gene
expression in tumor cells in vivo, each cell type (embedded in
Matrigel) was implanted subcutaneously into mice, harvested on
the next day and total RNA was extracted (Fig. 5F). Expression
of Vegfa in Mock cells was ~2-fold higher when compared with
in KO cells, but robust expression was still detected in KO cells
(as observed in vitro; Fig. 5G). Regarding an alternative driver of
VEGF-A regulation, HIF-2a was expressed at significantly lower
levels when compared with HIF-1a in Mock and HIF-KO cells
as assessed by RT-qPCR analysis (Fig. SSA). Furthermore, under
hypoxic conditions, the addition of HIF-2a inhibitors, PT2385
or TC-S7009, had little effect on Vegfa expression (Fig. S5B).
STAT3 activation differed between HIF-KO clones, making it
unlikely to be a common molecular mechanism for increasing
Vegfa in HIF-KO cells (Fig. S5C). Notably, treatment of mTOR
inhibitors, temsirolimus or everolimus, under hypoxia reduced
the expression level of Vegfa in all HIF-KO cells, although
temsirolimus did not significantly affect that in KO1-2 cells
(Fig. S5D). Therefore, mTOR pathway is partially responsible
for maintaining the basal Vegfa expression in the absence of
HIF-1la. Importantly, it was suggested that non-tumor cells
may be involved in angiogenesis in vivo. Immunostaining of
a-smooth muscle actin (aSMA), a useful marker for a part of
fibroblasts including cancer-associated fibroblasts (45), revealed
aSMA-positive cells comprising various cells including tumor
cells, fibroblastic cells and CD31-positive cells, likely repre-
senting mature vascular endothelial cells (Fig. S5E). In addition,
F4/80-positive macrophages were abundantly accumulated at the
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Figure 5. HIF-1a is highly expressed at the hypoxic invasion front. Immunohistochemical staining of GFP and HIF-1a in serial sections of osteosarcoma
derived from Mock and HIF-KO cells at day (A) 2 and (B) 21. Scale bar, 100 ym. (C) Immunohistochemical staining of CD31 in osteosarcoma derived from
Mock and HIF-KO cells. (D) Vascularization was quantified based on immunohistochemistry as CD31-positive area in peripheral (40x) and interior (20x)
solid tumor regions. One tumor derived from KO2 was too small to evaluate. Statistically significance was evaluated using the Kruskal-Wallis test followed
by Dunn's multiple comparison test. (E) Reverse transcription-quantitative PCR analysis of Vegfa in Mock and HIF-KO cells under non-adherent normoxic
or hypoxic (2% O,) conditions for 21 h (n=3 each). (F) Scheme for RNA extraction. Cells were harvested 1 day after subcutaneous implantation of each clone
(2x10° cells per site) into 3 locations per mouse. (G) Reverse transcription-quantitative PCR analysis of Vegfa mRNA in Mock and HIF-KO cells collected as
in (F) (n=3 each). HIF-KO, hypoxia inducible factor knockout. "P<0.05, “P<0.01 and ““P<0.005.

tumor periphery and within the tumor (Fig. S5F). These stromal
cells may support the angiogenesis of HIF-KO-derived tumors
in vivo.

These results indicate that HIF-1a-independent expression
of VEGF-A in osteosarcoma cells may be sufficient to form
vasculature to support tumor growth, even though the HIF-KO
tumors are smaller than those formed by Mock cells.

HIF-KO cells show differing dependence on glycolysis for
growth. To explore changes in gene expression upon depletion
of HIF-1a in vivo, RNA-seq analysis was carried out. GSEA
revealed that genes included in the QI_HYPOXIA gene

set were enriched among those downregulated in HIF-KO
samples relative to Mock (Fig. S6) which is consistent with the
GSEA findings from the comparison between non-adherent
and adherent cells (Fig. 1B). In addition to hypoxia-related
genes, several gene sets associated with muscle function or
anion transport and carbohydrate catabolism were downregu-
lated in HIF-1a KO samples compared with the Mock control
(Figs. 6A and S6). By contrast, few gene sets contained genes
with high upregulation ratios in KO cells, and no gene set with
significantly increased expression was extracted. In addition,
there were no common genes whose expression levels in
KO cells were >2 fold when compared with those in Mock
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Figure 6. Changes in glycolysis-related molecules by depletion of HIF-1a. (A) Gene set enrichment heatmap of genes in the QI_HYPOXIA, REACTOME_
STRIATED_MUSCLE_CONTRACTION and GOBP_CARBOHYDRATE_CATABOLIC_PROCESS sets shows reduced expression of these genes in
HIF-KO samples when compared with that in the Mock control (n=1 each). Reverse transcription-quantitative PCR analysis of (B) Slc2al and (C) Hk2 mRNA
in Mock and HIF-KO cells under adherent in normoxic or hypoxic (2% O,) conditions for 20 h (n=3). Reverse transcription-quantitative PCR analysis of
(D) Sic2al and (E) Hk2 mRNA collected as in Fig. SF (n=3). (F) Scheme showing how BAY-876 and 2-Deoxy-D-glucose (2-DG) affect Glutl and Hexokinase
function. Viability of Mock and HIF-KO cells treated for 2 days with the indicated concentrations of (G) BAY-876 or (H) 2-DG. Assays were performed
in quadruplicate, and data are expressed as mean + SD relative (-fold) to the corresponding control value for cells incubated in the absence of these agents.

HIF-KO, hypoxia inducible factor knockout. ‘P<0.05 and “P<0.01.

cells. Although depleting HIF-1a suppressed tumor formation
significantly in vivo, it failed to eliminate tumors completely
(Figs. 3 and 4). Thus, treatments in addition to HIF-la
depletion would be required to overcome osteosarcoma, and
elucidation of the survival pathways on which KO cells depend
in the absence of HIF-1a was attempted.

Expression of glucose transporter 1 (Glutl coded by Sic2al),
which is involved in glucose uptake and hexokinase 2 (Hk2),
an enzyme involved in the early stage of glycolysis, increased
significantly in Mock cells under hypoxic culture, but not in
KO cells (Fig. 6B and C). In addition, in vivo expression levels
of these genes in cells collected as described in Fig. 5F, was
significantly increased in Mock cells when compared with that
in KO cells (Fig. 6D and E). Therefore, the functions of these
molecules were inhibited and the effects on proliferation under
normoxia and hypoxia were analyzed (Fig. 6F). The sensitivity
of all cells to BAY-876, a specific inhibitor of Glutl, was higher
under hypoxic conditions, and proliferation was suppressed in
a dose-dependent manner, suggesting that hypoxic cells are
more dependent on glycolysis when compared with normoxic
cells (Fig. 6G). KO cells tended to be more sensitive when
compared with Mock cells to low concentrations of BAY-876.
KOI1-1 cells were the most sensitive, suggesting a dependency
on glycolysis. 2-Deoxy-D-glucose (2-DG) is taken up into

cells (as is glucose) and phosphorylated by hexokinase 2;
however, the subsequent reactions do not proceed, resulting in
accumulation within the cell and inhibition of glycolysis (46).
Dose-dependent inhibition of proliferation was observed
for all cells under both normoxic and hypoxic conditions
(Fig. 6H). Notably, KO1-1 cells tended to be more sensitive
to 2-DG compared with Mock, KO1-2 and KO2 cells while
KO2 cells were less sensitive (as in the case of BAY-876).
These results indicate that Glutl and HK?2 function during
proliferation of HIF-KO cells, and that sensitivity to inhibition
varies among clones, suggesting that the clones have differing
levels of dependence on glycolysis for survival.

The pathways upon which osteosarcoma cells rely to survive
in the absence of HIF-1a are heterogeneous. To clarify the
pathways upon which HIF-1a KO cells depend for survival, the
effects of various compounds on proliferation was analyzed.
The sensitivity of KO cells to mitochondrial electron trans-
port inhibitors antimycin A, rotenone and oligomycin was
higher under normoxic conditions when compared with under
hypoxic conditions (Fig. 7A), indicating that the cells were
more dependent on mitochondria for survival under normoxia.
Growth inhibition induced by these inhibitors was weaker
in Mock cells and KO1-2 cells when compared with that in
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Figure 7. Different survival pathways on which osteosarcoma cells rely in the absence of HIF-1a. Viability of Mock and HIF-KO cells treated for 2 days with
1 uM of (A) the indicated reagents or (B) metformin. Assays were performed in quadruplicate, and data are expressed as the mean + SD relative (-fold) to
the corresponding control value for cells incubated in the absence of these reagents. (C) Viability of Mock and HIF-KO cells treated for 2 days with 1 yuM
of the indicated reagents. Assays were performed in quadruplicate. (D) Viability of Mock and HIF-KO cells treated for 2 days with simvastatin. Cells were
also co-treated with mevalonate (200 M) and simvastatin. Assays were performed in quadruplicate. (E) Viability of Mock and HIF-KO cells treated for
2 days with 0.5 M simvastatin or 2 mM metformin. Cells were also co-treated with metformin plus simvastatin. Assays were performed in quadruplicate.
(F) Western blot analysis to detect expression of the indicated molecules in Mock and HIF-KO cells cultured for 17 h in the presence/absence of 0.5 yuM
simvastatin, 200 M mevalonate and 2 mM metformin under adherent normoxic conditions. Arrows indicate the cleaved active form of Caspase 3. The
relative (fold) values of p-p38 or cleaved-Caspase3 against the corresponding control value normalized to the intensities of p38 or Caspase3 bands are shown.
(G) Reverse transcription-quantitative PCR analysis of Hmgcr mRNA levels in Mock and HIF-KO cells cultured for 20 h under adherent normoxic or hypoxic
conditions (n=3). (H) Viability of Mock and HIF-KO cells treated for 2 days with 1 M simvastatin alone or co-treated with 200 M mevalonate, 50 uM FPP
or 50 uM GGPP under adherent normoxic conditions. Assays were performed in quadruplicate. (I) Western blot analysis of GTP-RhoA and RhoA in Mock
and HIF-KO cells treated with 1 M simvastatin for 4.5 h. GTP-RhoA was isolated with beads conjugated with a GST fusion protein containing the Rho
binding domain of Rhotekin that specifically binds to GTP-RhoA. A part of the same lysate was used for evaluation of total RhoA. The relative (fold) values
of GTP-RhoA against the corresponding control value normalized to the intensities of a-Tubulin bands are shown. (J) Proposed model for the heterogeneity of
pathways relied on by osteosarcoma cells after HIF-1a depletion. HIF-KO, hypoxia inducible factor knockout. “P<0.05 and ““P<0.01.

KOI1-1 and KO2 cells. A similar trend was observed when and temsirolimus, when compared with Mock, KO1-1 and
metformin was added. Under hypoxic conditions, treatment  KO2 cells (Fig. 7C). In addition, the sensitivity of KOI-2 to
with up to 5 mM metformin did not inhibit growth of Mock  shikonin, which inhibits Pkm2 (47), was lower when compared
or KO1-2 cells, but did inhibit that of KOI-1 and KO2 cells  with that of Mock, KO1-1 and KO2 cells (Fig. S7A), suggesting
(Fig. 7B). These findings suggest that Mock and KO1-2 cells  that survival of KO1-2 cells depends on a different mechanism.
are less dependent on the mitochondrial electron transport Inhibition of the mevalonate synthesis pathway mark-
chain for survival under hypoxia when compared with KO1-1  edly and dose-dependently suppressed the proliferation of
and KO2 cells. KO1-2 cells were less sensitive to the PI3K  KOI1-2 cells under both normoxic and hypoxic conditions
inhibitor buparlisib and the mTOR inhibitors everolimus (Figs. 7D and S7B). Growth inhibition by simvastatin or
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atorvastatin was prevented by addition of mevalonate,
indicating that this inhibition is specific to the mevalonate
synthesis pathway. Treatment with statins suppressed growth
of all cells, but the sensitivity of KOI-1 and KO2 was rela-
tively low. Our previous study demonstrated that combined
administration of a statin and metformin inhibited growth
and induced apoptosis of osteosarcoma cells (6). Therefore,
the present study analyzed the sensitivity of each cell clone to
co-treatment with simvastatin and metformin under hypoxic
conditions (Fig. 7E). Co-treatment of Mock and KO1-2 cells,
whose proliferation was not suppressed by metformin alone,
with simvastatin decreased proliferation. By contrast, KOI1-1
and KO2 cells, which were less sensitive to simvastatin than
Mock and KO1-2 cells, showed synergistic growth suppression
when co-treated with metformin. Similar synergistic inhibi-
tion was observed upon combined treatment with atorvastatin
and metformin (Fig. S7C). Our previous study suggests that
simvastatin induces apoptosis in osteosarcoma cells via activa-
tion of p38MAPK and AMPK (6). The present study found
that simvastatin increased phosphorylation of p38MAPK in
Mock and KOI-2 cells, which was abolished by addition of
mevalonate, indicating that this phosphorylation is meval-
onate-dependent (Fig. 7F). Activation of AMPK became more
pronounced with higher concentrations and longer treatment
of simvastatin, and the intensity of activation was stronger
in KO1-2 and Mock cells (Fig. S7D and E). In KO1-2 cells
treated with 0.5 uM of simvastatin alone for 17 h, expression of
cleaved Caspase 3 was detected (Fig. 7F), suggesting induction
of apoptosis. Co-treatment with simvastatin and metformin
increased phosphorylation of p38MAPK in all cells. Notably,
cleaved Caspase 3 was detected in Mock and KO1-2 cells
after treatment with simvastatin and metformin, which is
consistent with the high sensitivity of both cells to simvastatin
(Fig. 7E and F).

Expression levels of HMG-CoA reductase (Hmgcr) and
synthase (Hmgcs) enzymes, which are key components to
the mevalonate synthesis pathway, did not vary significantly
between cells under normoxic and hypoxic conditions. The
protein level of HMGCR did not change with simvastatin
treatment (Figs. 7G and S7F and G). Furthermore, the present
study found no significant differences in expression between
cells after transplantation (Fig. STH and I; samples prepared
as in Fig. 5F). Sensitivity to statins may change with forced
expression of HMGCR. The present study attempted to estab-
lish HMGCR-highly expressing KO1-2 cells using lentivirus
but this could not be achieved (data not shown). Subsequently,
the present study analyzed the other molecular changes in
each cell type following the treatment of simvastatin. The
amount of cholesterol in the cells tended to be slightly lower
in Mock and KO1-2 cells and decreased similarly in all cells
with the addition of simvastatin (Fig. S7J). Growth inhibition
by simvastatin was significantly prevented by co-treatment
of FPP or GGPP, although the rescue was not as complete as
with mevalonate (Fig. 7H). FPP and GGPP are required for
post-translational prenylation of small GTPases of the Ras and
Rho families (48,49). The highly sensitive KO1-2 cells showed
markedly increased intracellular accumulation of GTP-RhoA
when compared with the Mock, KO1-1 and KO2 cells with
4.5 h of simvastatin treatment (Fig. 7I). This finding was
consistent with the changes observed in the parent AXT cell

line when simvastatin caused apoptosis (6). Thus, abnor-
malities in signals involved in the prenylation pathway such as
differences in intracellular GTP-RhoA accumulation, might
be more strongly associated with simvastatin sensitivity than
differences in cholesterol synthesis. To clarify the mechanisms
underlying the emergence of cells with different sensitivity to
simvastatin, the parental AXT cells were subjected to limiting
dilution, single cell cloning was performed and the sensitivity
to simvastatin was evaluated (Fig. S7K). The results showed
that the sensitivity to simvastatin differed between clones,
indicating that heterogeneity pre-existed in the parental
AXT cells.

Collectively, these data suggest that HIF-1a-independent
survival pathways differ among KO clones and that the
mevalonate synthesis pathway may support cell growth under
hypoxic conditions in the absence of HIF-1a (Fig. 7J).

Discussion

The findings of the present study suggest that HIF-1a plays a
key role in rapid progression of osteosarcoma in vivo. The effect
of HIF-1a depletion was more pronounced in vivo than in vitro
culture, suggesting that the in vivo environment is more hostile
to cancer cells in terms of oxygen and nutritional conditions
when compared with in vitro, and that the function of HIF-1a.
is important in vivo. Reduction of tumorigenicity persisted
even after changing the transplantation conditions. When
transplanted into immune-competent mice, tumorigenesis of
KOI1-1 cells was particularly poor, with one mouse showing no
tumor formation after inoculation. By contrast, when inocu-
lated into SCID mice, KOI1-1 cells formed tumors readily,
showing a tendency toward increased tumorigenicity. Reduced
growth in vivo after HIF-1a depletion may be advantageous
in that it allows anti-tumor immune responses to eliminate
tumor cells; thus, HIF-1a. may be a potential therapeutic target
for osteosarcoma. However, eradication of tumors that form
even in the absence of HIF-1a is necessary for treatment to be
completely successful. Notably, even after HIF-1a depletion,
rich vascularization can occur and the non-negligible basal
expression of Vegfa was observed in the present study. The
findings suggest that HIF-1-independent mechanisms, such as
activation of cell intrinsic signals in cancer cells (for example,
activation of the mTOR pathway) and the tumor microenviron-
ment, are involved in the regulation of Vegfa expression and
vascular formation. Therefore, although HIF-targeted therapy
is expected to suppress tumor vasculature formation, this
strategy may be ineffective in some cell types.

Previously, drugs that target HIF specifically are being
used clinically to treat cancer types that depend on HIF for
survival (50). In 2023, the HIF-2a-targeting drug belzutifan
was approved by the US Food and Drug Administration for use
in patients with advanced renal cell carcinoma (51). Notably, a
mutation that interferes with drug binding and precludes HIF-2
complex dissociation has been identified as the cause of resis-
tance to the HIF-2 inhibitor PT2385 (52). Moreover, even when
HIF inhibitors suppress the function of HIF, tumor progression
can still occur, as shown in the present study in the osteosarcoma
model. Analysis of HIF-1a knockout clones revealed that indi-
vidual cells have different properties. The results of compound
screening revealed that each of the three clones depended on
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a different pathway for survival. The difficulty is that in the
absence of HIF-1a, the pathway on which survival depends
cannot be easily identified. Furthermore, in clinical settings,
these clones may be mixed within osteosarcoma tumors.

The reasons why such heterogeneity exists, and its
emerging mechanisms are important issues. To adapt to the
environment and survive various stimuli, malignant tumor cells
plastically change their phenotype through the acquisition of
genetic mutations and epigenetic modifications (for example,
drug-tolerant persister cells) (53). Single-cell RNA-seq is a
definitive method providing useful information for solving this
problem. However, due to several constraints, it was difficult
to perform this for the present study. In addition, the present
study acknowledges other limitations including that the group
sizes of in vivo experiments were small owing to the ethical
and feasibility constraints. The transcriptome analysis was
conducted on only one sample (n=1), and statistical analysis
was not possible. Therefore, the graph shows the fold change
using lenient thresholds for the purpose of screening to identify
variable genes. The assessment of metabolic flux using labeled
precursors is also required as a future direction to elucidate the
mechanism of differential mevalonate dependence between
HIF-KO clones.

Finally, the data suggested that although targeting HIF-1
is a potentially attractive therapy for osteosarcoma, to achieve
a complete cure, it may be necessary to identify and inhibit
pathways that tumor cells rely on for survival in the absence
of HIF-1.
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