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Abstract

Introduction Comprehensive analyses using clinical sequences subcategorized osteosarcoma (OS) into several groups according to
the activated signaling pathways. Mutually exclusive co-occurrences of gene amplification (PDGFRA/KIT/KDR, VEGFA/CCND3, and
MDM2/CDK4) have been identified in approximately 40% of OS, representing candidate subsets for clinical evaluation of additional
therapeutic options. Thus, it would be desirable to evaluate the specific gene amplification before starting therapy in patients with
OS. Materials and Methods This is a retrospective study. VWe examined |3 cases of clinical OS samples using NanoString-based
copy number variation (CNV) analysis. Decalcification and chemotherapeutic effects on this analysis were also assessed. Results
First, the accuracy of this system was validated by showing that amplification/deletion data obtained from this system using various
types of cancer cell lines almost perfectly matched to that from the Cancer Cell Line Encyclopedia (CCLE). We identified potentially
actionable alterations in CDK4/MDM2 amplification in 10% of samples and potential additional therapeutic targets (PDGFRA/KIT/KDR
and VEGFA/CCND3) in 20% of samples, which is consistent with the reported frequencies. Furthermore, this assay could identify
these potential therapeutic targets regardless of the sample status (frozen vs formalin-fixed paraffin-embedded [FFPE] tissues).
Conclusion We established a NanoString-based rapid and cost-effective method with a short turnaround time (TAT) to examine
gene amplification status in OS. This CNV analysis using FFPE samples is recommended where the histological evaluation of viable
tumor cells is possible, especially for tumors after chemotherapy with higher chemotherapeutic effects.
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Introduction

Osteosarcoma (OS) is the most common primary malignant
bone tumor. OS most commonly arises in the metaphysis of
the long bones near the growth plates, with two-thirds of
tumors emerging around the knee joint in the distal femur, fol-
lowed by the proximal tibia as the second most frequent site.
More than 85% of patients present with localized diseases.
The standard protocol for the treatment of patients with OS
was established more than 30 years ago (chemotherapy and sur-
gical resection), and limited therapeutic progress has been made
since that time. The treatment results of the advanced cases at
the first visit were still extremely poor. It is possible that new
anticancer drugs have not emerged partly due to the limited
number of chemotherapeutic agents. Novel antibody-based
therapies such as HERCEPTIN and immunotherapy with
immune checkpoint inhibitors (ICIs) have also been introduced,
although they have not drastically improved the survival of
patients with OS.

Recently, next-generation sequencing (NGS)-based research
has opened the possibility of new molecular target therapies for
0S."~* Our group and others conducted a comprehensive anal-
ysis using clinical sequences such as MSK-IMPACT and sub-
categorized OS into several groups according to the activated
signaling pathways. Some of the activated pathways/amplified
genes were reproducible across the studies. In addition, mutu-
ally exclusive co-occurrence of gene amplification was identi-
fied in approximately 40% of OS cases, representing
candidate subsets for clinical evaluation of additional therapeu-
tic options.

Therefore, it would be desirable to evaluate specific gene
amplifications before starting therapy in patients with OS.
However, the cost of NGS is generally high, and formalin fix-
ation can cause DNA fragmentation, degradation, cross-linking,
and adduct formation, which can theoretically impact molecular
studies.” In addition, along with the age of the sample, DNA
from bone tumors usually undergoes severe nucleic acid degra-
dation during the decalcification process.” Thus, formalin-fixed
paraffin-embedded (FFPE) samples are generally not suitable
for NGS analysis. We aimed to establish a simple and cost-
effective method to examine gene amplification status in OS
using NanoString.

Materials and Methods

Cell Lines

Nine cell lines (5 OS cell lines, MG63, KHOS, 143 B, U20S,
and G292 and 4other cancer cell lines from different organs,
U251IMG, HCC1569, NCI-H146, and HPAF-II) were main-
tained in a 37 °C incubator with 5% CO, in a humidified atmo-
sphere. These cell lines were grown in DMEM or RPMI with
10% FBS, 100 mg/mL penicillin, and 100 mg/mL streptomy-
cin. The cells were harvested at 80% confluence. Genomic
DNA was extracted from each cell line using a DNA extraction
kit (QIAamp DNA Mini Kit). Furthermore, these cell lines

harvested at the same point were fixed with 10% buffered for-
malin (12 h) and embedded in paraffin to reproduce the FFPE
process during routine histopathological diagnosis. Genomic
DNA was also extracted from these FFPE cell lines using a
DNA extraction kit (QIAamp DNA FFPE Tissue Kit).
Samples were treated with RNase A (Qiagen, Hilden,
Germany) according to the manufacturer’s protocol.

Clinical Samples

Thirteen frozen OS samples were collected at the Department of
Medicine for Orthopaedics and Motor Organ, Juntendo
University Hospital. Genomic DNA was extracted from
tumoral and corresponding nontumoral tissues using the
QIAamp DNA Mini Kit or QIAamp DNA FFPE Tissue Kit
according to the manufacturer’s protocols. Samples were
treated with RNase A, according to the manufacturer’s protocol.
DNA concentration and 260/280 and 260/230 nm ratios were
measured using Nanodrop. Eight cases were osteoblastic OS,
2 were extraskeletal OS, and there was 1 case each of chondro-
blastic OS, periosteal OS, and secondary OS arising from giant
cell tumors of the bone. Frozen samples from 3 patients were
obtained after chemotherapy, whereas the remaining 10 patients
did not receive chemotherapy. The chemotherapeutic effects of
these 3 patients were grades 1, 3, and 4, respectively. Neither of
the patients with extraskeletal OS received chemotherapy.
Tumoral and corresponding nontumoral DNA was extracted
from 10 out of 13 cases of FFPE where available. Three
cases were excluded from this analysis due to the absence of
nonnormal tissues or because the preoperative biopsy samples
were too small to be analyzed. Five out of 13 FFPE samples
(Cases# 1, 2, 6, 9, and 11) were analyzed using TruSight™
Tumorl170 (Illumina), and the copy number variation (CNV)
data were compared to those analyzed by NanoString. The
cut-off for amplification was defined as 2.0.

NanoString-Based CNV Analysis

NanoString-based CNV analysis was performed using
nCounter (NanoString Technologies).>” To elucidate the
co-amplification status of genes previously reported to occur
in a mutually exclusive manner (PDGFRA/KIT/KDR,
VEGFA/CCND3, MDM2/CDK4, MYC, and so on; 24 genes
total) in OS,' we created a custom probe set in the
NanoString assay. The probe list used in this assay is described
in Supplementary Table 1. Three probes were prepared for each
gene. For cell lines, CNV data analysis was performed as
follows: Each data set was normalized by dividing them by
the corresponding U20S scores, which are shown to only
have MYC amplification among genes included in this gene
set. Three normalized scores of each gene were added and the
mean values and standard deviation (SD) were calculated.
Amplification/deletion information of each cell line was
obtained from the Cancer Cell Line Encyclopedia (CCLE).
For clinical samples, each data point was normalized as
follows: each score from the tumoral DNA was divided by
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the score from the corresponding nontumoral DNA, and 3 nor-
malized scores of each gene were added, with the mean values
then calculated. Nine cell lines (prepared as fresh and FFPE
samples), 13 clinical frozen samples of OS, and corresponding
8 decalcified/2 nondecalcified FFPE samples were used as
samples. Three FFPE samples were excluded due to inadequate
sample sizes for analysis. Genomic DNA was extracted from
each sample using the Qiagen kit (QIAamp DNA Mini Kit
and QIAamp DNA FFPE Tissue Kit). According to the
sample status, 150 to 300ng of DNA was processed for the
NanoString nCounter copy number variant analysis according
to the manufacturer’s protocol (NanoString Technologies).
Briefly, 150 to 300ng of genomic DNA was fragmented by
Alul-based fragmentation and hybridized to the probes (a
reporter probe and a capture probe) at 65 °C for 18 to 24 h
using a thermal cycler. Samples were added into the nCounter
Prep Station for 3 h to remove excess probes, purify, and immo-
bilize the sample on the internal surface of the cartridge.
Finally, the sample cartridge was transferred to the nCounter
Digital Analyzer, where color codes were counted and tabulated
for each target molecule. The expression number for the base
sequence of the probe part was analyzed using nSolver
Analysis Software Version 4.0 (https:/www.nanostring.com/
products/analysis-software/nsolver). All experiments were per-
formed in a single run without any replicate, although 3 probes
are designed for each gene and 3 normalized scores of each
gene were added and then mean values and SD were calculated
to compare data in each group. The methodology of this system
is also described in the NanoString HP (nCounter® Gene
Fusion Panels and CNV Assays | NanoString).

Statistical Analysis

Mann—Whitney test was performed using 3 values obtained
from 3 each probe to evaluate the statistical difference
between the 2 groups. P-value < .05 was considered as statisti-
cally significant.

Ethical Standards

This is a retrospective study. This study was reviewed and
approved by the Juntendo University School of Medicine
(Tokyo, Japan) Institutional Review Board (#21-079, approved
on July 6, 2021). This study was a cross-sectional study and
does not contain in vivo data. We have obtained written
informed consent from the patient to analyze tumor specimens
and normal tissue.

Results

Cell Lines

The obtained gene amplification status by NanoString analysis
was concordant with that described in the CCLE cell line data-
base (Table 1, Supplementary Figure S1). The amplification
status of MYC in U20S was not directly assessed; however,
the relative score of MYC in U20S was almost similar to that

in HCC1569 and G292, which were described to have MYC
amplification. These findings confirm the accuracy and
quality of the custom probe set. Next, we assessed the effect
of formalin fixation on this assay system. The same pattern of
gene amplification was obtained between each DNA derived
from the fresh cell line and the corresponding formalin-fixed
cell line in all 9 of the cell lines. Thus, it was confirmed
that sample fixation with formalin did not affect the results of
this assay.

Clinical Samples

We analyzed 13 clinical OS samples (Table 2). Among the 10
cases without chemotherapeutic effects, one case showed
potentially actionable alteration of CDK4/MDM?2 amplification
(10%). Furthermore, PDGFRA/KIT/KDR amplification in 1
case and CCND3/VEGFA amplification in 1 case were identi-
fied as potential additional therapeutic targets (20%).
However, 3 cases with pathological information of chemother-
apeutic effects did not show amplification in these potentially
actionable genes, although mild amplifications were observed
in other genes such as AKTI, AKT2, CCNEI, and NTRKI
(Supplementary Table 2).

Next, we analyzed the effect of decalcification during routine
histopathological evaluation (Table 3 and Supplementary
Table 3). Matched analysis between frozen and FFPE
samples after decalcification was available for 6 cases (Cases
#1, 2, 8, 10, 11, and 13), although the comparison was made
based on the data from postchemotherapeutic samples in 2
cases (Cases #8 and 10). The obtained findings were concordant
throughout the potentially actionable genes between frozen and
FFPE samples in 5 out of 6 cases (83%). In the remaining case
showing a higher chemotherapeutic effect (Case #10: grade 3),
amplifications in CCND3/VEGFA and CDK4/MDM?2 were
observed only in FFPE samples, although these differences
were not statistically significant.

Furthermore, we evaluated the CNV changes affected by
chemotherapy in 2 cases with the same sample status (Cases
#1 and 2). Amplification status was enhanced in these 2 cases
after chemotherapy (CCND3/VEGFA and MYC/CDKN24 in 2
cases), however, these differences were not statistically signifi-
cant. In addition, the amplification status seemed to be different
before and after chemotherapy in 2 cases (Cases #7 and 10),
although the comparisons were made using different sample
statuses (frozen vs FFPE) and the differences were not statisti-
cally significant. These 2 cases histologically showed higher
chemotherapeutic effects, and frozen samples were taken
from areas where the therapeutic effects were unknown, while
the maximum viable tumor areas were selected from FFPE sec-
tions. Thus, the viable tumor content seemed to have influenced
the different findings.

Discussion

The survival rate in OS has not drastically changed during the
past 30 years, although subtle improvements have been noted
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with changes in chemotherapeutic regimens.® This is largely
due to the lack of newly developed anticancer drugs. We
have recently shown that approximately 20% of OS harbored
potentially clinically actionable alterations based on the
genomic sequencing data using MSK-IMPACT. We also
showed that at least 40% of OS had amplifications (defined as
4 or more copies) of either PDGFRA located at 4ql2 or
VEGFA located at 6p12-21." A recent study that analyzed the
mutational profiles of pretreatment primary tumor samples
from 33 OS patients using whole exome sequencing (WES)
also showed that, when these 33 OS patients were divided
into 2 groups according to clinical outcomes, 21 patients in
the good prognosis group had tumor-free survival, whereas
the remaining 12 patients in the poor prognosis group had
lung metastases at initial diagnosis.” Furthermore, they found
significant differences in the number of somatic copy number
alterations, including del (3p), amp (4q), del (7p), and amp
(8q), between the 2 groups.” Another study demonstrated that
6.4% of OS cases were enriched in 4ql2 amplifications
(defined as 6 or more copies) containing PDGFRA/KIT/
KDR.' In addition, it has also been reported that 6p12-21
amplification using NGS-based copy number assessment was
confirmed in more than a fifth of all OS cases (24 of 111,
21.6%).'" Although the frequency of patients with OS for clin-
ical evaluation of these additional therapeutic options differs
according to the criteria, the establishment of a simple screening
system for CNV, especially of specific loci, is required.

NGS is very useful for comprehensively analyzing genetic
alterations such as mutations, fusions, and amplifications/dele-
tions; however, it is usually quite expensive and requires a rel-
atively long turnaround time (TAT). Another method to
evaluate the gene amplification status is fluorescence in situ
hybridization (FISH), for example, HER2 FISH, which is com-
monly used to evaluate therapeutic applications such as trastu-
zumab in breast cancer.'>"'® Although its TAT is short, FISH
targets only one gene status, and we cannot obtain further infor-
mation even if the result is negative. Immunohistochemistry is
an easy and cost-effective method with a short TAT that can be
used to examine protein expression status and to test the appli-
cation of molecular targeted therapies such as trastuzumab in
breast cancer. Elevated HER2 protein levels are shown to be
tightly associated with gene amplification; thus, HER2 protein
levels can be semi-quantitatively assessed by immunohisto-
chemistry (IHC), and the rates of concordance between THC
and FISH range from 80% to 90% in this setting.'*'®
However, these assays have not yet been established to estimate
the gene amplification status of these actionable/potential loci in
Os.

For NGS analysis of bone tumors, in addition to sample
aging, degradation of nucleic acids due to decalcification is a
significant drawback of this analysis." In addition, NGS analy-
sis is very expensive (approximately $4000 in Japan).
Therefore, the establishment of a simple method is necessary.
The findings obtained in this study were highly reproducible
across many cancer cell lines, suggesting the reliability of our
custom probe set. Furthermore, this NanoString-based CNV

assay using frozen samples revealed a mutually exclusive
co-occurrence pattern of gene amplification in 3 of 13 cases
(approximately 23%), which is still consistent with the previ-
ously reported frequency.! A quite recent study demonstrated
a similar NanoString-based method for diagnosis of well-
differentiated liposarcoma and dedifferentiated liposarcoma,'”
however, CNV analysis by NanoString-based method to iden-
tify actionable targets leading to the molecular target therapy
in OS has not been reported. Furthermore, the most notable
point in this study is that almost the same findings were
obtained in FFPE samples after decalcification with EDTA
(83%), suggesting that the decalcification process, which
often hampers NGS analysis, does not affect this analysis.
Notably, this analysis is relatively cheap ($300 per sample:
tumor-derived and the corresponding normal tissue-derived
DNA is required) with a short TAT. Therefore, this analysis
will contribute to the design of a therapeutic strategy based
on the genome profiling of OS.

We obtained several findings from this analysis regarding
chemotherapeutic effects and gene amplification. We found
enhanced amplification of CCND3/VEGFA in 2 cases after che-
motherapy, which has not been previously reported as a
chemotherapy-resistance-associated combination. Angiogenesis
is very important in the progression of OS and there are many
preclinical and developmental research of targeted anti-
angiogenic therapy for OS such as monoclonal antibody to
VEGF (bevacizumab), tyrosine kinase inhibitors (Sorafenib,
Apatinib, Pazopanib, and Regorafenib) and human recombinant
endostatin (Endostar).?® In addition, a most recent study showed
that VEGFA is expressed at high-level in myeloid cells and oste-
oclasts in OS.>' Therefore, the change in VEGFA amplification
status after chemotherapy might come from myeloid cells and
osteoclasts in OS samples, although we selected cellular area
for this FFPE-CNV analysis. In addition, amplification status
does not necessarily correlate with gene expression and protein
expression, thus the confirmation of protein expression by
VEGFA THC would be also necessary. In addition, it has been
shown that CDK4 overexpression is a predictive biomarker for
resistance to conventional chemotherapy in 0S.%? In this study,
among the § cases available for information on chemotherapeutic
effects, 3 cases showed amplification of CDK4/MDM?2 in
samples before and/or after chemotherapy. However, the chemo-
therapeutic effects were grades 1, 2, and 3, respectively, and
there seemed to be no obvious relationship with the chemother-
apeutic effects. Furthermore, we encountered 2 cases (Cases #1
and 2) of OS in which CNV status was concordant between
frozen and FFPE samples, but not between FFPE biopsy
samples before chemotherapy and FFPE samples after chemo-
therapy from the same patient. Both cases showed a lower che-
motherapeutic effect (grade 1). These findings suggest that
chemotherapy might affect CNV status, especially in genes asso-
ciated with chemotherapeutic resistance. This change in the
CNV profiles would be resulting from the population changes
of tumor cells before and after chemotherapy. Furthermore, a
recent single-cell transcriptome study in OS revealed that clinical
OS samples contain many cell types with complexity of the
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tumor microenvironment such as inflammation, cell prolifera-
tion, and cell metabolism.>* These different cell types in OS
showing different expression profiles might show distinctive
responses to chemotherapy and lead to the different CNV pro-
files in OS samples after chemotherapy. Thus, this analysis
would be useful for planning different therapeutic strategies for
the treatment of patients with OS after chemotherapy.

A few limitations are raised in this study. First, the status of
CNVs of cell lines analyzed by the NanoString analysis
was compared to those described in the CCLE database to
confirm whether similar results were obtained (Supplementary
Figure S1). Although this comparison showed almost similar
trends, the fold changes in CNVs were not described in the
CCLE database. Second, we have not examined the subsequent
gene expression and protein expression levels in OS samples
as expected events followed by gene amplification. It would be
better also to evaluate this correlation in order to establish the
future substitution of this system by IHC, a more conveniently
accessible method, although the purpose of this study is to estab-
lish a rapid and accurate screening system compared to NGS.
Finally, this study has lower number of cases and is underpow-
ered to show any statistical significance, thus is preliminary
and needs further validation.

Conclusions

We propose a rapid screening system for molecular target
therapy of OS. This system can overcome the DNA fragmenta-
tion problem caused by the decalcification process by EDTA.
Furthermore, especially for tumors after chemotherapy with
higher chemotherapeutic effects, CNV analysis using FFPE
samples is recommended where the histological evaluation of
viable tumor cells is possible, although our findings suggest
that there was no obvious difference between frozen and
FFPE samples in the CNV analysis using the NanoString
system.
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