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Abstract

Mesenchymal stem cell- or osteoblast-derived osteosarcoma is the most common
malignant bone tumor. Its highly metastatic malignant phenotypes, which are often
associated with a poor prognosis, have been correlated with the modulation of TP53-
and cell-cycle-related pathways. MYC, which regulates the transcription of cell-cycle
modulating genes, is used as a representative prognostic marker for osteosarcoma.
Another member of the MYC oncoprotein family, MYCN, is highly expressed in a sub-
set of osteosarcoma, however its roles in osteosarcoma have not been fully elucidated.
Here, we attempted to create an in vitro tumorigenesis model using hiPSC-derived
neural crest cells, which are precursors of mesenchymal stem cells, by overexpress-
ing MYCN on a heterozygous TP53 hotspot mutation (c.733G>A; p.G245S) back-
ground. MYCN-expressing TP53 mutated transformed clones were isolated by soft
agar colony formation, and administered subcutaneously into the periadrenal adipose
tissue of immunodeficient mice, resulting in the development of chondroblastic os-
teosarcoma. MYCN suppression decreased the proliferation of MYCN-induced os-
teosarcoma cells, suggesting MYCN as a potential target for a subset of osteosarcoma
treatment. Further, comprehensive analysis of gene expression and exome sequenc-
ing of MYCN-induced clones indicated osteosarcoma-specific molecular features,
such as the activation of TGF-f signaling and DNA copy number amplification of GLI1.
The model of MYCN-expressing chondroblastic osteosarcoma was developed from
hiPSC-derived neural crest cells, providing a useful tool for the development of new
tumor models using hiPSC-derived progenitor cells with gene modifications and in

vitro transformation.

Abbreviations: cNCCs, cranial NCCs; CNVs, copy number variants; DAVID, Database for Annotation, Visualization, and Integrated Discovery; GSEA, gene set enrichment analysis;
hiPSCs, human induced pluripotent stem cells; InDels, insertions/deletions; KEGG, Kyoto Encyclopedia of Genes and Genomes; LF, Li-Fraumeni; MSCs, mesenchymal stem cells; MYC,
MYC proto-oncogene bHLH transcription factor; MYCN, MYCN proto-oncogene, bHLH transcription factor; NCCs, neural crest cells; RP, replacement; SNVs, single nucleotide variants;

TF, transformed; tNCCs, trunk NCCs.
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1 | INTRODUCTION

Many cancer studies have investigated the genetic and pharmaco-
logical actions on the mechanisms of tumor growth and cell death in
tumor cells by comparing gene expression profiles between tumor
and nontumor cells. However, conventional methods make it diffi-
cult to provide a complete understanding of the physiological mech-
anisms of tumorigenesis. Recent studies have shown the generation
of sarcoma and neuroblastoma from hiPSCs. For instance, induction
of EWS-FLI1 oncogenic fusion transcript in sarcoma hiPSCs-derived
osteogenic cells led to the generation of a sarcoma.! In addition,
the administration of human hiPSCs-derived NCCs introducing
neuroblastoma-specific alternations into early mouse embryos re-
sulted in the successful generation of a neuroblastoma.? The use of
hiPSC-derived tumor cells allows the tracking of temporal changes
and facilitates animal tumorigenic experiments, thus making them
useful for examining the efficacy of therapeutic drugs. In this study,
we aimed to spontaneously induce tumorigenesis due to the intro-
duction of an oncogene and genetic changes in genetically trans-
formed differentiated cells.

Neural crest cells, progenitor cells of MSCs, have been effi-
ciently differentiated from hiPSCs.> Moreover, NCCs are multipo-
tent cells that are mainly divided into two subgroups, cNCCs and
tNCCs. cNCCs differentiate into bone and cartilage, whereas tNCCs
differentiate into sympathetic ganglia and melanocytes.* NCCs are
of particular interest in cancer research as they constitute the origin
of various tumors, including small-cell lung cancer, osteosarcoma,
neuroblastoma, and glioblastoma.’ MYC is involved in the process of
differentiation of NCCs into osteoblasts, while MYCN is involved in
the process of differentiation of NCCs into sympathetic ganglia; con-
sistently, hyperregulation of these processes is considered to lead to
tumorigenesis.""7 The MYC family members, MYC and MYCN, are
representative oncogenes and have been widely used to generate
mouse models of cancer, such as breast cancer and neuroblastoma.®?

Using an established cNCC differentiation protocol, we induced
the generation of cNCCs from WT hiPSCs and LF syndrome patient-
derived hiPSCs, and subsequently introduced MYCN into these
cNCCs using lentiviral transfection to study the MYCN-related on-
cogenic mechanism in the hiPSC-derived cNCCs.? Transfected NCCs
were cultured in soft agar medium and TF clones were isolated. We
administered these LF-derived/MYCN-transduced TF clones both
subcutaneously and into the periadrenal adipose tissue of immuno-
deficient mice, resulting in the generation of high-grade chondro-
blastic osteosarcoma. Here, we investigated the molecular features
of tumorigenesis of this high-grade osteosarcoma using comprehen-
sive gene expression and whole-exome analyses compared with pre-

vious reports on osteosarcoma.
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2 | METHODS AND MATERIALS

Expanded methods can be found in Appendix S1.

2.1 | Pluripotent stem cell maintenance

The 414C2 and LF human iPSC lines were provided by Dr. Kenji
Osafune (Kyoto University, Kyoto, Japan). LF hiPSCs carry a het-
erozygous TP53 hotspot mutation (c.733G>A; p.G245S). Both cell
lines were maintained on a feeder layer of mitomycin C-treated
embryonic mouse fibroblasts in primate embryonic stem (ES) cell
medium (REPROCELL, Tokyo, Japan) supplemented with 4 ng/mL re-
combinant human FGF2 (FUJIFILM, Tokyo, Japan). The 414C2 hiPSC
cell line was generated from a healthy person.10 The LF hiPSC cell
line was generated by transducing episomal vectors (OCT3/4, SOX2,
KLF4, L-MYC, LIN28, and p53shRNA) in dermal fibroblasts from a
patient with LF syndrome.

3 | RESULTS

3.1 | Differentiation of 414C2 and LF hiPSCs into
cNCCs and preparation of MYCN-overexpressing cells

We subjected 414C2 and LF hiPSCs to differentiation into cNCCs ac-
cording to the reported protocol.3 Using the neurotrophin receptor
(p75, a cell surface marker of NCCs), we collected the p75-positive
cells by cell sorting (Figure S1). We then subjected the sorted cNCCs
to gene expression analysis of stem cell and NCC markers (Figure 1A).
We found that the sorted cNCCs expressed representative mark-
ers of NCCs, such as PAX3, p75, SOX10, and ETS1.% In contrast, we
detected that the expression of OCT4 was clearly downregulated
in cNCCs compared with that in hiPSCs. We infected these cNCCs
with either control (mock) or MYCN-expressing (MYCN) lentiviruses.
Subsequently, we analyzed the infected ctNCCs by RT-PCR and
western blotting to confirm the induction of the gene and protein
expression of MYCN. Notably, we observed that the expression of
MYCN was increased in LF-derived cNCCs compared with that in
414C2-derived cNCCs (Figure 1B,C).

3.2 | Transformation using the soft agar colony
formation assay

We performed the soft agar colony formation assay using mock- or
MYCN-expressing 414C2- and LF cNCCs. We found that for 414C2
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FIGURE 1 Expression profiles of cNCCs differentiated from hiPSCs and preparation of MYCN-overexpressing cNCCs. (A)
Semiquantitative RT-PCR analysis of the expression of pluripotency (OCT4) and neural crest (PAX3, p75, SOX10, and ETS1) markers in 414C2,
LF hiPSCs, and cNCCs. Primers used were specific for transcripts from the respective endogenous locus. ACTIN was used as a loading
control. (B, C) 414C2 and LF ctNCCs were infected with control (mock) or MYCN-expressing (MYCN) lentivirus. Infected cells were analyzed

for expression of the gene and protein of MYCN.

cNCCs, MYCN-expressing cells formed more colonies than mock-
transduced cells. However, LF cNCCs formed many colonies regardless
of MYCN transduction, suggesting that the elevated levels of MYCN in
LF NCCs caused anchorage-independent proliferation (Figures 1C and
2A). We isolated the clones from four 414C2 mock, 20 414C2 MYCN,
17 LF mock, and 23 LF MYCN colonies (Figure 2B). We cultured these
clones in complete CDMi medium-containing culture plates, and suc-
cessfully established 20 414C2 MYCN, 11 LF mock, and 14 LF MYCN
clones. We confirmed the level of expression of MYCN in the se-
lected clones by western blotting and RT-PCR, and found that MYCN-
transduced clones had higher levels of expression of MYCN compared
with that in mock cNCCs (Figure 2C: upper panel). Additionally, the
selected clones showed a higher capacity for colony formation than
either mock- or MYCN-transduced cNCC (Figure 2C: lower panel).

3.3 | Tumorigenesis experiments by subcutaneous
administration

We selected the well-grown clones (Figure 2C: upper panel) and sub-
cutaneously administered 414C2 (MYCN TF-1 to TF-3) and LF (mock
TF-1 to TF-3 and MYCN TF-1 to TF-4) cNCC clones to BALB/c Ajcl nu/
nu mice. We observed that 414C2 MYCN TF clones did not generate any
tumor masses (three out of three). However, we detected the genera-
tion of tumor masses in two out of four LF mock TF-3, one out of four
LF MYCN TF-1, and two out of four LF MYCN TF-4 clones (Figure 3A).
In contrast, LF mock TF-1, and -2, as well as LF MYCN TF-2 and -3 did
not generate any tumor masses. We found the apparent development
of bone and cartilage with atypical spindle cells in all masses and identi-
fied all generated tumors as chondroblastic osteosarcoma according to

H&E staining (Figure 3B). PCNA (proliferation marker) immunostaining
showed cell proliferation in all masses (Figure 3B). We also detected a
high PCNA labeling index (98.3%) in the tumor derived from LF MYCN
TF-4 (Figure 3C). According to the percentage of PCNA, we defined
more than 70% as high grade (LF MYCN TF-4), between 30% and 70% as
intermediate, and less than 30% as low grade. In addition, to examine the
effects of tumorigenesis in TP53 and MYCN, lentivirus-infected mock-
or MYCN-expressing 414C2- and LF cNCCs were administered subcuta-
neously to SCID/Beige mice, which are more severely immunodeficient
than BALB/c Ajcl nu/nu mice. We found that LF mock- and LF MYCN-
expressing cNCCs generated masses that were larger than the 414C2
mock- and 414C2 MYCN-expressing cNCC masses, respectively, sug-
gesting a positive effect of the TP53 mutation on osteosarcoma tumori-
genesis (Figures S3 and S4). H&E staining showed that all tumor sections
contained bone tissues, which were assumed to be due to differentia-
tion into ctNCCs (Figure 3D). Also, the mutation of TP53 and expression
of MYCN induced the formation of nuclear atypia (H&E; Figure 3B,D)
and increased the PCNA expression in LF MYCN-expressing clones
(PCNA, Figure 3B,D). These results indicated that the co-occurrence
of overexpression of MYCN with TP53 mutation and transformation by

anchorage-independent proliferation induced high-grade tumorigenesis.

3.4 | Tumorigenesis experiments by
administration of transformed clones into the
periadrenal adipose tissue of mice

NCCs are embryonic precursor cells that are involved in the de-
velopment of multiple pediatric malignancies, including neuro-
blastoma, peripheral primitive neuroectodermal tumors, and
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FIGURE 2 Isolation of transformed cells using the soft agar colony formation assay. (A) Anchorage-independent growth ability was
evaluated by soft agar colony formation assay. Colonies were counted using the Clono-Counter software. Results were represented as

the mean+SD of triplicate samples. (B) Protocol for the isolation of colonies from soft agar dishes. A single colony was isolated ina 1.5mL
tube containing 50 uL accutase and pipetted with CDMi medium. Pipetted clones were cultured in 24-well plates. (C) Western blotting and
semiquantitative RT-PCR analysis (upper panel) of the expression of MYCN in isolated 414C2 MYCN TF 1-3, LF mock TF 1-4, and LF MYCN
TF 1-4 clones. ACTIN was used as loading control. The lower panel shows anchorage-independent growth ability evaluated by soft agar
colony formation assay. Results are represented as the mean +SD of four replicates.

osteosarcoma.!**? To investigate the tumorigenic ability of the
tumor-generated TF clones (Figure 3) when implanted into mice
that are more immunodeficient compared with BALB/c Ajcl nu/nu
mice, we implanted LF mock and MYCN-expressing cNCCs, and
TF clones into the periadrenal adipose tissue of SCID/Beige mice.
We observed that all generated masses contained bone tissues.
Although only one out of five LF mock TF-3 led to the generation
of tumors, we detected 100% tumor generation by LF MYCN TF-1,

TF-4 clones, and LF MYCN-expressing cNCCs (Tables 1 and 2). We
specifically identified these generated tumors as chondroblastic
osteosarcoma and designated them: LF MYCN CO-1 (generated
by LF MYCN cNCCs), LF MYCN CO-2 (generated by LF MYCN TF-
1), and LF MYCN CO-3 (generated by LF MYCN TF-4) (Figure 4A).
The H&E staining showed a higher tumor cell density, more promi-
nent cell division, and higher necrosis in LF MYCN CO-3 compared
with LF MYCN CO-2 (Figure 4A). We further observed that all
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FIGURE 3 Subcutaneous administration with mock and MYCN cNCCs/TF clones of 414C2 and LF into BALB/c AJcl-nu/nu mice. (A)
BALB/c Alcl-nu/nu mice were subjected to subcutaneous xenografts using 414C2 MYCN, LF mock, or LF MYCN TF clones. Respective TF
clones were administered to four independent parts, as described in Methods. Proliferating TF clones are shown. Mice whose tumor mass
volume did not reach 50 mm? after 3months were not included. (B) H&E staining from regions with bone and chondroblastic osteosarcoma
of generated masses in LF mock TF-3 (1), LF MYCN TF-1 (1), and LF MYCN TF-4 (1). Scale bars: 200 um. Tissue samples were analyzed
immunohistochemically for PCNA-positive cells. Scale bars: 200 pm. (C) Quantitation of PCNA-positive cells in LF mock TF-3 (1), LF MYCN
TF-1 (1), and LF MYCN TF-4 (1) by counting >1000 tumor cells. (D) H&E staining from regions with bone and chondroblastic osteosarcoma
of generated masses in lentiviral-infected mock and MYCN cNCCs of 414C2 and LF cells. Scale bars: 200 um. Tissue samples were analyzed
immunohistochemically for PCNA- and SATB2-positive cells. Scale bars: 200 pm.
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TABLE 1 Incidence of tumorigenesis in mice administered with
cNCCs or transformed clones into the periadrenal adipose tissue.

Number of tumor
Clone name mass/injected mice
414C2 MYCN TF-1 0/2
LF mock NCCs 0/4
LF mock TF-3 1/5
LF MYCN NCCs 3/3
LF MYCN TF-1 3/3
LF MYCN TF-4 2/2

TABLE 2 Tumor sizes and the periods of tumorigenesis related
to Table.

Line Size (mm®) Period (days)
LF Mock TF-3 (LF Mock CO) 84.91 259
LF MYCN (LF MYCN CO-1) 564.93 235
LF MYCN 84.79 291
LF MYCN ND 117
LF MYCN TF-1 (LF MYCN CO-2) 158.16 120
LF MYCN TF-1 77.58 228
LF MYCN TF-1 ND 359
LF MYCN TF-4 8.38 118
LF MYCN TF-4 (LF MYCN CO-3) 4203.00 198

Abbreviation: ND, not detected due to post-freezing.

histologically assessed tumors were positive for PCNA and SATB2 (a
marker for osteoblastic differentiation), with LF MYCN CO-1 being
intermediate;CO-3 tumors were high grade, and LF MYCN CO-2
tumor were low grade. Interestingly, the LF mock CO tumor was an
intermediate tumor of chondroblastic osteosarcoma generated by
LF mock TF-3 (Figure 4A,B). We analyzed the osteosarcoma-related
gene (BMI1, GAL-1, EZR, and RUNX2) expression in LF mock- and
LF MYCN-expressing cNCCs, LF mock TF-3, LF MYCN TF-1, and
LF MYCN TF-4 clones, as well as in LF mock CO/LF MYCN CO-1,
-2, and -3 tumors (Figure 4C). In particular, we detected that tu-
morigenesis further increased the expression of MYCN compared
with that in the administered clones. We found that the levels of
osteosarcoma-related genes were upregulated in LF MYCN CO-1,
-2, and -3, and in LF mock CO tumors, indicating that all generated
tissues had genetic features of osteoblasts or osteosarcoma, includ-
ing chondroblastic osteosarcoma. In addition, we detected that
RUNX2 and its downstream genes (FGFR2, FGFR3, SP7, and SMOC2)
were downregulated in the highly aggressive LF MYCN CO-3 clone
(Figure 4C). RUNX2 is reported to regulate osteoblast differentia-
tion*®'* and suppress osteosarcoma cell proliferation.’> We also
found that LF MYCN CO-3 had the same PCNA rate as LF MYCN
CO-1, but exhibited higher grade features in terms of H&E staining
and lower expression of RUNX2, suggesting the tumor suppressor

function of RUNX2 in cNCC-derived chondroblastic osteosarcomas.

= 1903
Cancer Science A uinan

3.5 | Genetic changes during the transition from
cNCCs to tumorigenic clones

To uncover the mechanisms underlying tumorigenesis, we performed
gene expression profiling using microarray analyses of LF mock cNCCs,
LF MYCN cNCCs, LF MYCN TF-4 clones, and LF MYCN CO-3 tumors.
Our principal component analysis separated distinctly the four differ-
ent groups of samples (Figure 5A). Previous studies have reported the
activation of pathways such as TGF-p, NF-kappa B, and WNT signal-
ing in osteosarcoma.®” Therefore, we analyzed the upregulated genes
(moderated t-test of <0.01 and fold changes of >2) using the KEGG
pathway analysis program from DAVID v6.8. Functional annotation of
upregulated genes suggested that the NF-kappa B signaling pathway,
basal cell carcinoma, TGF-§ signaling pathway, and cytokine-cytokine
receptor interaction were significantly enriched in the process of tumo-
rigenesis (Figure 5B). Subsequently, among these pathways, we focused
on the genes in the TGF- signaling pathway and basal cell carcinoma,
including bone morphogenetic proteins, and compared the expression
of representative genes among cells, clones, and tumors using RT-PCR
(Figure 5C). We found that LF MYCN CO-3 showed significantly higher
expression of genes involved in the TGF- signaling pathway affecting
osteosarcoma tumor growth and basal cell carcinoma, suggesting the
increased expression of cell proliferation-related genes during the pro-
cess of transition to becoming a high-grade tumor (Figure 5C; Table S1).
In addition, GSEA suggested that LF MYCN CO-3 displayed tumor
characteristics that were more associated with MSC-derived sarcomas
obtained from soft tissue and bone compared with LF mock cNCCs
(Figure 5D).*3722 These results indicated that LF MYCN CO-3 exhibited
features characteristic of osteosarcoma, as indicated in Figures 4 and 5.

3.6 | Suppression of MYCN in osteosarcoma
cell lines

Although the malignant phenotypes of osteosarcoma are known to be
related to the high expression of c-MYC, little has been reported on
the relationship between MYCN and osteosarcoma.?® Interestingly,
the expression of MYCN has been shown to be higher in osteosar-
coma than that in MSC and this higher expression has been related to
a lower overall survival probability in osteosarcoma (Figure S2). To in-
vestigate the level of expression of MYCN in osteosarcoma cell lines,
we analyzed the expression of both MYC and MYCN in Saos-2, SJSA-
1, NY, and G-292 cells. As SJSA-1 and NY expressed low levels of
MYCN (Figure 6A,B), we knocked down MYCN in these two osteosar-
coma cell lines using two types of shRNA (shMYCN2 and shMYCNZ3).
After infection, we assessed the expression of MYCN using RT-PCR
and western blotting, and found that the levels of both MYCN mRNA
(Figure 6C,D: upper panel) and protein were decreased by either of
the shMYCNs (Figure 6C,D: middle panel). We further performed a vi-
ability assay of the infected cell lines and found that shMYCNs clearly
suppressed the proliferation of SJSA-1 and NY (Figure 6C,D: lower
panel).
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FIGURE 4 Tumorigenesis experiments by administration of transformed clones into the periadrenal adipose tissue of SCID/Beige mice.
(A) Indicated cell lines in Matrigel® were administered into the periadrenal adipose tissue of mice. H&E staining of bone and chondroblastic
osteosarcoma developed from LF mock CO (LF mock TF-3), LF MYCN CO-1 (LF MYCN cNCCs), LF MYCN CO-2 (LF MYCN TF-1), and LF
MYCN CO-3 (LF MYCN TF-4) are shown. Scale bars: 200 um. Tissue samples were analyzed immunohistochemically for PCNA- and SATB2-
positive cells. Scale bars: 200 um. (B) Quantitation of PCNA-positive cells in LF mock CO, LF MYCN CO-1, CO-2, and CO-3 by counting
>1000 tumor cells. (C) Semiquantitative RT-PCR analyses of the expression of MYCN, BMI1, GAL-1, EZR, and RUNX2 among LF-infected
cNCCs, TF clones, and COs samples. ACTIN was used as loading control.

3.7 | Analysis of genomic changes using whole-
exome sequencing

Although both LF MYCN CO-2 and CO-3 tumors had a molecular
background of TP53 mutation and overexpression of MYCN, com-
pared with LF MYCN CO-2, LF MYCN CO-3 showed a higher grade
tumor phenotype, as revealed from pathological analysis (Figures 3B
and 4A). To address this difference, we performed whole-exome

sequencing of LF hiPSC, LF MYCN CO-2, and CO-3. Whole-exome
sequencing of LF MYCN CO-2 and CO-3 revealed the presence of
SNVs, RP, and InDels on LF hiPSCs as the reference, and mutations
that were only found in LF MYCN CO-3, as shown in Table S2. Among
the 29 extracted mutations collated using dbSNP and ClinVar, we
detected three mutations in AQP7, DYX1C1, and NOL12, which mu-
tations are reported as benign or unknown (Table S2). Annotation
was performed for the pathogenicity of all extracted mutations using
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specific prediction tools (FATHMM CScape for SNVs and PredCID for predictions for oncogenic mutations in USP2, POTEM, and DYX1C1.
RP and indels) to analyze the mutations in LF MYCN CO-3 related to PredCID predicted driver mutations in MAP3K1 and AR, specifically
high-grade phenotypes. FATHMM CScape showed high-confidence stop-gain mutations (Figures S5 and Sé).
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FIGURE 5 Microarray analysis of the process of tumorigenesis. (A) 3D principal component analysis showed variations in gene expression
among LF mock cNCCs (n = 3), LF MYCN cNCCs (n = 3), LF MYCN TF-4 (n = 3), and LF MYCN CO-3 (n = 3). (B) Pathway analysis using the
KEGG pathway (DAVID Bioinformatics Resources 6.8) for genes upregulated more than two-fold (p <0.01) in LF MYCN CO-3 compared
with LF mock cNCCs, in LF MYCN TF-4 compared with LF MYCN-cNCC, and in LF MYCN CO-3 compared with LF MYCN TF-4. (C)
Semiquantitative RT-PCR analyses of the expression of genes related to basal cell carcinoma (HHIP, GLI1, WNT10b, FZD1, and FZD10) and
TGF-p signaling (BMPR2, BMP4, SMAD?9, and ID1) pathways in LF-infected cNCCs, LF MYCN TF-4, and LF MYCN CO-3. ACTIN was used as
loading control. (D) Genes differentially expressed between LF MYCN CO-3 and LF mock cNCCs share molecular signatures as determined
by gene set enrichment analysis (GSEA) with gene sets downstream of “NAKAYAMA_SOFT_TISSUE_TUMORS_PCA1_DN."
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FIGURE 6 MYCN depletion in MYCN-expressing osteosarcoma cells. Semiquantitative RT-PCR (A) and western blotting (B) analyses

of the expression of MYCN (MYCN) and c-MYC (MYC) in osteosarcoma (Saos-2, SJISA-1, NY, and G-292) and neuroblastoma (SK-N-SH and
IMR32) cell lines. SK-N-SH was used as a negative control, whereas IMR32 was used as a positive control for the expression of MYCN. ACTIN
(ACTIN) was used as a loading control. (C) SJSA-1 and (D) NY were infected with control (mock) or shMYCN-expressing lentivirus. Infected
cells were analyzed for the expression of the gene (upper panel) and protein (middle panel) of MYCN. SJSA-1 and NY cells (mock, shMYCN2,
and shMYCNB3) were seeded on a 96-well plate at a concentration of 700 cells/well in 100 uL culture medium. Cell proliferation was studied
at the indicated time points (1, 3, 6, and 9 days) (lower panel). Bars indicate standard deviation from four replicates.

We analyzed all sequencing data for LF MYCN CO-2 and LF amplifications and 74 deletions of CNVs in LF MYCN CO-2 versus
MYCN CO-3 with LF hiPSCs as the reference, utilizing a custom LF hiPSCs, CNVs in LF MYCN CO-3 included 143 amplifications and
workflow in CLC Genomics Workbench version 20.0 to identify CNVs 1855 deletions of genes versus LF hiPSCs (p <0.01, fold change FC:
of genes detected only in LF MYCN CO-3. We found that despite no 1.8). Homozygous deletions were not detected. Interestingly, among
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FIGURE 7 Expression profiles of Row Z-score
downregulated and upregulated genes -:'
in LF MYCN CO-3. Clustering analyses

using average linkage and Pearson's 2 0 2

correlation distance were performed for
downregulated genes in focal deletions
(FC <0.5) and upregulated genes in focal
amplifications (FC >2) in LF MYCN CO-3
compared with those in LF mock or LF
MYCN cNCCs.

I

LF mock

the LF MYCN CO-3 unique genetic changes, we analyzed specific
osteosarcoma-associated CNVs using previous reports?*?> and data-
bases for osteosarcoma (osteosarcoma markers in the MY CANCER
GENOME database), and detected 15 amplifications and 50 deletions
(Table S3). Additionally, these identified genes were examined for fold
changes in their downregulated (FC <0.5, for a candidate tumor sup-
pressor gene, TSG) or upregulated (FC >2, for a candidate oncogene)
expression in LF MYCN CO-3 compared with that in either LF mock
or LF MYCN cNCCs in our microarray data (Figure 7). We accordingly
identified 13 candidate TSGs and six candidate oncogenes, and espe-
cially found that GLI1 was highly upregulated in the LF MYCN CO-3
tumor (Figure 5C; Table S3).

4 | DISCUSSION

In recent years, there has been an increased interest in exploring
the transformation of stem and progenitor cells in the research
of tumorigenic mechanisms. Sato et al. demonstrated that in
vitro transformation of human lung epithelial cells, as defined by
anchorage-independent growth in soft agar, led to tumorigenesis.?
Also in our study, the transformation of cNCCs by soft agar colony
formation generated high-grade tumors. These previous reports and

finding suggested that high-grade in vivo tumorigenicity requires

LF mock

Cancer Science RI0 3 am

LF mock
LF MYCN
LF MYCN
LF MYCN

LF MYCN TF-4
LF MYCN TF-4
LF MYCN TF-4
LF MYCN CO-3
LF MYCN CO-3
LF MYCN CO-3

anchorage-independent transformation, accompanied by genetic
mutations and epigenetic modifications. In fact, in our microarray
analysis, we observed that the introduction of the MYCN alone did
not result in extensive alternations in pathways, but the activation of
pathways related to the generation of osteosarcoma was achieved
due to transformation and tumorigenesis. These findings revealed
that the introduction of a single oncogene to stem and progenitor
cells seems to not be enough for the induction of tumorigenesis. In
addition to oncogene transduction, additional genetic and epigenetic
modifications induced by cellular stress mediated by anchorage-
independent colony formation appear to be required. Previous
studies of models using differentiated cells from hiPSCs achieved ef-
fective tumorigenesis following the transplantation of differentiated
cells in which two or more genes had been manipulated, and show-

22728 gimilar to our results

ing the potential for clinical application,
in immunodeficient mice. Furthermore, in this study, the soft agar
colony formation assay had the potential to promote tumorigenesis
of chondroblastic osteosarcoma from cNCCs. Therefore, our study
suggested that soft agar colony formation would be useful for induc-
ing spontaneously oncogenic events in hiPSC-originated progenitor
cells, thereby enabling the acquisition of the desired cancer type
through the simple operation of transplantation.

It has been previously suggested that p53 dysfunction leads
to osteosarcoma tumorigenesis, which has been shown in vitro
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using LF hiPS cell-derived osteoblasts.?’” MSCs and osteoblasts
are predicted as the origin of osteosarcoma,®® and in this study,
osteosarcoma was generated from NCCs, which is a further undif-
ferentiated state. Amplification of MYC is frequently observed in
osteosarcoma, and thus c-MYCis used as a prognostic biomarker.*
The MYC family also includes MYCN and MYCL. A previous study
showed the relationship between the expression of MYCN and
osteosarcoma, although it was considerably less than that of C-
MYC.%! In our study, all generated tumors were pathologically di-
agnosed as chondroblastic osteosarcoma. Microarray analysis of
the molecular profile revealed the activation of pathways such as
cytokine-cytokine receptor interaction, NF-kappa B signaling, and
TGF-B signaling, which are known to be frequently activated in
osteosarcoma (Figure SB).16 BMI1 is known to function as an on-
cogene in osteosarcoma, promoting tumorigenesis. Interestingly,
tumorigenesis has been shown to upregulate BMI1,%2 which is the
same finding in the expression of MYCN in our study. In addition,
the expression of GAL-1%% and EZR,** which have been reported as
chondroblastic osteosarcoma markers, was increased during tum-
origenesis (Figure 4C). RUNX2 is the earliest determinant of os-
teoblast differentiation, and its forced expression has been shown
to suppress the proliferation of osteosarcoma cell lines, suggest-
ing that LF MYCN CO-3 is high grade compared with LF MYCN
CO-1.2° Although the relationship between chondroblastic osteo-
sarcoma and TP53 mutation is known, its relationship to MYCN
status has not been reported.>®%> Our study showed that MYCN
appears to be an indispensable molecule for the proliferation of
MYCN-expressing osteosarcoma cells and is the first to identify
the oncogenic roles and mutagenic effects of MYCN transduc-
tion into hiPSCs-derived cNCCs. These findings will be helpful
for the functional study of mutated or modified genes in osteo-
sarcoma. Osteosarcomas include fibroblastic, osteoblastic, and
chondroblastic subtypes; the unique changes in gene expression
in chondroblastic osteosarcoma include the upregulation of ACAN,
a cartilage-specific proteoglycan core protein, and MATN4, a major
component of the extracellular matrix of cartilage.36 It hence
might be possible to induce chondroblastic osteosarcoma by intro-
ducing ACAN or MATN4 using TP53-deficient cNCCs. Additionally,
it might be possible to generate fibroblastic or osteoblastic osteo-
sarcoma by introducing specific genes in osteosarcoma cells.
When we compared LF MYCN CO-2 (low-grade) and LF MYCN
CO-3 (high-grade) tumors, we found that the CNV alterations were
more frequent in LF MYCN CO-3. This finding indicated that CNVs
in LF MYCN CO-3 might have an important role in osteosarcoma
aggressiveness. Interestingly, a previous study on CNVs in osteo-
sarcoma showed both gain and loss on multiple chromosomes in
chondroblastic types.®” In particular, loss of chromosome 3q, loss
of chromosome 17q, and gain of chromosome 12q were also found
in this study, suggesting that CNVs in these regions might be unique
to chondroblastic osteosarcoma and might thus serve as diagnos-
tic markers. In addition, we focused on six genes showing a gain on

chromosome 12 and upregulation of transcription as chondroblastic

osteosarcoma oncogene candidates: GLI1, DDIT3, CCND2, AGAP2,
METTL21B, and LRIG3 (Figure 7; Table S3). As many studies have
previously demonstrated, 12q gains and several genes on 12q have
been strongly correlated with osteosarcoma malignancies. Apart
from DDIT3 and LRIG3, oncogenic roles have been reported for GLI1,
CCND2, AGAP2, and METTL21B in several tumors.®®~*! For instance,
GLI1 has been reported to be amplified in osteosarcoma; GLI1 copy
number was similarly amplified in LF MYCN CO-3 (Tables S3 and
54).%2 In addition, GLI1 inhibition by shRNA decreased colony and
sphere formation in cultured osteosarcoma cells, whereas upregu-
lation of GLI1 has been shown in other tumor types,®*? consistent
with the observed upregulation of GLI1 in LF MYCN CO-3 in our
study. Hence, the CNVs of these genes might be involved in a com-
plex manner in the development of high-grade phenotypes of LF
MYCN CO-3.

Based on SNVs and CNVs studies, 11 genes were identified
as candidates mediating chondroblastic osteosarcoma tumorigen-
esis and aggressiveness (Figure 7; Tables S2 and S3). Among them,
driver gene candidates, for which inhibitors exist, were MAP3K1,
AR, USP2, and GLI1. Several stop-gain mutations, such as the R183X
mutationin MAP3K1 (genomic mutation ID: COSV68128873), have
been registered in the COSMIC and dbSNP databases (Figure S5).
This MAP3K1 (R183X) mutation was registered as pathogenic in
the COSMIC database. Likewise, the Q59X mutation in AR has also
been registered in the COSMIC and dbSNP databases as a stop-
gain mutation (genomic mutation ID: COSV65954985) (Figure S6),
while it has also been registered as pathogenic in the ClinVar da-
tabase (ClinVar accession: VCV000643319.1). These driver gene
candidates, shorter MAP3K1, and AR in chondroblastic osteosar-
coma, might not be functional, and therefore tumor progression
is expected to be blocked by inhibitors of their downstream JNK
(such as tanzisertib) for MAP3K1 or Src (such as dasatinib) for AR.
In addition, there are USP2 [ML364 (#56748)] and GLI1 [GANT61
(#58075)] inhibitors. Although these inhibitors are now only for
research use, the USP2 and GLI1 inhibitors have been reported
to be effective against breast cancer and chondrosarcoma cells,
respectively.**** In addition, although CCND2 is not a druggable
target, there are CDK4/CDK&é inhibitors, such as palbociclib, that
form a complex with CCND2. Adding these to the treatment op-
tions for chondroblastic osteosarcoma might lead to an improved
prognosis.*®

In conclusion, we developed a model of chondroblastic osteo-
sarcoma with high expression of MYCN using LF hiPSCs-derived
cNCCs. Genetic analysis of the acquired mutations in the MYCN-
transduced cNCCs, as well as transformation by soft agar colony
formation and xenograft chondroblastic osteosarcoma assays,
clarified the process of stepwise genetic mutations during osteo-
sarcoma tumorigenesis (Figure 8). Although the number of clones
examined in this study was limited, the pathological and genetic
analyses of these clones confirmed the previous reports from
osteosarcoma studies. A wide variety of tumorigenesis models

can be developed by differentiating optimal progenitor cells from
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Induction into MYCN overexpression Transformation by |Xenograft formatlon
cNCCs soft agar culture
—
LF-iPSCs LF-cNCCs MYCN-overexpressed Transformed Chondroblastic
LF-cNCCs LF-cNCCs osteosarcoma
OCT4 + p75 + P75+ p75 + p75 -
TP53 mut TP53 mut MYCN + MYCN + MYCN ++
TP53 mut GLIT + GLIT ++
TP53 mut TP53 mut
BMI1 +
GAL-1+
BMPR2 +
BMP4 +
SMADS +
ID1 +

FIGURE 8 Development of a chondroblastic osteosarcoma model from iPSC-based NCCs. Transformed LF cNCCs by MYCN
overexpression and soft agar culture generate chondroblastic osteosarcoma with the upregulation of genes involved in osteosarcoma
tumorigenesis (BMI1 and GAL-1) and the TGF-f signaling pathway (BMPR2, BMP4, SMAD9, and 1D1).

hiPSCs and introducing specific gene modifications of oncogenes/
TSGs when applying this system. In vitro tumorigenesis models
using hiPSCs-derived differentiated cells are an invaluable tool for
assessing the contribution of specific genes to the pathogenesis of
tumors and screening therapeutic compounds for tumorigenesis

models derived from individual patients.
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