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ABSTRACT. HSarcomas comprise over 70 subtypes of mesenchymal
cancers. However, driving mutation remains still unclear for most of sarcoma
types. Therefore, it is very important to secure data on driving mutations,
it is necessary to incorporate Next-generation sequencing technology that
analyzes multiple genes simultaneously.

In this article, we attempted to acheive an NGS panel that could capture
genes in which sarcoma DNA mutations are frequently found. By using
designed sarcoma NGS panel, we confirmed the applicability of clinical
samples, confirmed the detection sensitivity of mutation frequency, and
confirmed applicable sample types.
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The result of testing samples with self-produced low frequency mutations
using this panel, the limit of detection was found to be 0.2%. By applying
to clinical samples, the performance of the panel was 60% on-target and the
inter-probe capture variance value were average 0.34, confirming excellent
balance between the sequenced regions.

Based on these results, our designed NGS panel is expected that the driving
mutation can be detected from germline mutation to criculating tumor DNA
level for the various sample type of sarcoma specimen, and it was found to
be suitable for application to clinical specimens.

The spectrum of driving mutations is very important information in
determining the direction of treatment for sarcoma patients, activities
to accumulate data on the mutation spectrum are very necessary. As the
spectrum of specific DNA driving mutations may differ between races
depending on the cancer type, our selected genes targeting NGS panel will
be useful in studying the spectrum of mutations specific to Koreans in cost-
effective way.

INTRODUCTION

The Next-generation sequencing (NGS) technique has enabled to sequence the gene in various
species. Discoveries of the genetic information, especially from coding regions, had a significant
impact on the understanding of areas such as the onset of diseases, and have further contributed to
various fields such as the development of treatments (Qin, 2019).

By taking advantage of these aspects, we have been able to build a database for diseases
that are a priority of interest in the medical field, which are highly related to human life (Barker,
2022). In the case of cancer, NGS is used for customized treatment (Morganti et al., 2019), such
as identifying the spectrum of driving mutations in most cancer types and customizing treatments
for each main driving mutation, etc., thereby contributing greatly to extending the life of cancer
patients. For this reason, clinical institutions are building customized NGS panels for various cancer
type and using them clinically for diagnostic purposes (Chevrier et al., 2022; Dorwal et al., 2023;
Kaderbhai et al., 2016; Suh et al., 2022; Surrey et al., 2019).

However, some of cancer types are difficult to construct an NGS panel for several reasons,
such as difficulty in identifying clear driving gene or insufficient populational databases of some
cancer types. Although regarded as rare carcinomas, they are reported to account for about 20% of
all carcinomas (Keat et al., 2013), occupy a fairly high portion and are clinically important. Sarcomas
are mesenchymal originated tumors, arising in connective tissue with rare incidence of less than
1% of all new cancer diagnoses (Kang, 2015). And approximately patients diagnosed as sarcoma
annually in America is 3600 (Siegel, 2020), 4000 in Europe (Gatta et al., 2017), and 800 in Japan
(Ogura, 2017). In Korea, Sarcoma is a representative rare type of cancer with a poor prognosis(Kang,
2015), with no clear genetic cause and therefore no clear treatment method and annual incidence is
known as 760—-1175/year (Kim et al., 2019). Sarcoma is known to have more than 70 subtypes, and
these various subtypes contribute to a poor prognosis. For this reason, customizing a NGS panel that
can be applied to sarcoma cancer patients and expand the capability of designed NGS panel test to
clinical samples have great clinical and technical significance.
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In this study, we collected information on genes related to the development of sarcoma and
developed an NGS panel related to DNA mutations. We designed a hybridization capture-based
NGS panel focused on SNV/indel variants of 129 genes in sarcoma, and evaluated the performance
using the Illumina NGS sequencer platform.

MATERIALS AND METHODS

Selection of sarcoma panel genes and design of panel probes

Genes were selected by referring to the list of sarcoma genes (Supplementary Table S1) were
found in the clinical database portal (TCGA; The Cancer Gene Atlas, Clinvar), sarcoma associated
syndromes (Li-Fraumeni Syndrome, Retinoblastoma, Rothmund Thomson Syndrome, Werner
Syndrome, Bloom Syndrome, Diamond Blackfan Anemia) and driving gene research papers (Boddu
et al., 2018; Carmagnani Pestana, 2019; Helman, 2003; Savage, 2011; Taylor et al., 2011; Wu et al.,
2020; Zhou et al., 2020) related to sarcoma, and the composition of the sarcoma cancer panel being
used in clinical institutions in other countries.

Among the selected genes, we initially designed probe sequence consisted of 100-bp target
regions with 50 bp of overlap (2x tiling density). We removed candidate probes meeting the exclusion
criteria: includes redundancy region of the genome, homopolymers (more than eight consecutive
identical bases), or extreme GC content (<10% or >90%).

For PCR amplification and transcription during the production process of the sarcoma panel
as a RNA probes, pair of 20bp sequence were selected by the computational analysis. This pair of
sequence were expected not to cause interference with the probes as similarity with probes sequence
were very low, and added to each flanking site of probe design for universal probe amplification and
transcription.

Synthesis of sarcoma panel probes from microchip oligo pool

Using a microchip oligo pool synthesis, oligonucleotides covering 534,469 bp were
synthesized (Supplementary Table S2), and the chip pool contained 8.12 pg of single stranded
oligonucleotide in 80 ul (GeneScript. USA). A total of 0.5 pl of chip pool, 10 ul of KAPA HiFi
polymerase (KAPA BIOSYSTEMS, USA), 8 ul of dH,O with 1 pul of each forward and reverse
primer were used for probe amplification with the following PCR conditions: 98°C for 3 min; 12
cycles of 30 sec at 98°C, 30 sec at 60°C, and 30 sec at 72°C; and 10 min at 72°C. PCR amplified
samples were purified with magnetic beads (Celemics Inc, Korea). Amplified probes were then
transcribed into RNA probe pool by using AmpliScribe T7-Flash Transcription Kits (Biosearch
Technologies, USA). Quantification were performend by TapeStation4200 (Agilent, USA) along
with RNA ScreenTape reagents (Agilent, USA) and diluted into working concentration.

Target capture sequencing performance analysis using sarcoma panel

HapMap samples (NA12878, NA12891 and NA12892; Coriell, USA) and OncoSpan FFPE
DNA (HD832; Horizon, USA) were used as reference samples. Sarcoma panel performance tests
were conducted depending on the amount of sample, from 25ng to 50ng, 75ng, and 100ng.
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In the process of adjusting the allele frequency of the mutation to test sensitivity, test samples
with various allele frequencies were produced by mixing NA12892 among the FFPE reference
sample and HapMap sample at a certain ratio. The allele frequency analysis section was selected
according to the frequency at which each mutation type (germline, somatic, ctDNA) typically occurs.
The allele frequency analysis section was divided into a germline analysis section of more than 10%,
a somatic mutation allele frequency section from 10% to 1%, and finally, a cfDNA mutation allele
frequency section of less than 1%, and tests were conducted down to a minimum of 0.1%.

DNA from reference sample were fragmented, adapter ligated with the Illumina adapter,
amplified with [llumina unique dual index primer pair using Celemics EP-Kit (Celemics Inc, Korea).
Sarcoma panel (Celemics Inc, Korea) were used to hybridize 500ng of Illumina index-tagged library
according to Celemics target capture protocol. Target capture libraries were sequenced with the
[llumina NextSeq550 platform (Illumina, USA) with 2x150-bp paired-end runs.

Target capture and NGS sequencing of samples

To confirm performance in actual clinical samples, we prospectively collected clinical tumor
samples in patients with sarcoma. This study was approved by the Institutional Review Board of
National Cancer Center of Korea (IRB No. NCC2021-0184), and all patients provided informed
consent for tissue banking and genetic testing. Since collected bone sarcoma samples were attached
to the bone, it was shredded using a TissueRuptor II (Qiagen ,USA) to ease the DNA extraction step.
DNA were extracted by the DNeasy Blood & Tissue Kit (Qiagen, USA) and extracted gDNA were
quantified and qualified using TapeStation4200 with Genomic DNA ScreenTape reagents (Agilent,
USA). Target gene capture using the sarcoma panel was carried out through the same process as the
performance test using the reference sample, and 100ng of input DNA was used.

Bioinformatics and data analysis for target captured NGS date

Raw FASTQ file was filtered and trimmed using Adaptor removal 2.3.3. Burrows-Wheeler
aligner (BWA; version 0.7.17) mem with default option was used to align reads to human reference
genome sequence GRCh37. Sequence alignment map (SAM) file was converted to BAM format using
samtools (version 1.15.1). Picard tool (version 2.27.2) was used to sort and remove duplications.
GATK (version 4.2.6.1) was used to perform Base quality score re-calibration and variant calling.
GATK HaplotypeCaller was used to call variants following with the parameters -stand call conf
50 -stand_emit conf 30. Format converting, sorting, and indexing were performed by Samtools.
Detected variants were annotated with ANNOVAR. False positive indels were removed by manually
reviewing each indel with the Intergrated Genome Viewer (IGV version 1.8.0.).

RESULTS

Characteristics of sarcoma gene screening panel

In the present study, we developed gene screening panel for sarcoma (here on, referred
as sarcoma panel) using next-generation sequencing (NGS) along with in-house program for
bioinformatic linking for each variants. Sarcoma panel was designed to detects single nucleotide
variants (SNVs) and small insertions/deletions (Indel; up to 25bp) located in the DNA coding
sequences of 129 genes (Figure 1), nearby flanking regions (20 bp flanking of each exon) and known
splice regions in the targeted genes.
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Figure 1. Overall depth status with designed target region from 128 genes of sarcoma panel.
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The sarcoma panel was generated based on RNA probes, which can be mass-produced using
transcription from sarcoma panel probes composed of DNA, which can reduce the cost burden of
clinical testing when used for clinical purposes in the future and the strong RNA:DNA complex
which have advantage in high recovery rate of the target gene region using binding affinity.

Sarcoma panel performance and variant detection with reference materials

The basic target gene coverage and capture uniformity between probes were analyzed by
obtaining data from the HapMap reference sample. On-target reads ratio were average 62.8% and
internal uniformity among probes (standard deviation of probes) were 0.34. Based on this data we
have moved to next-step using reference DNA from FFPE materials. Overall exonic region of the
target genes were confirmed uniform depth was achieved (Figure 1) with average un-covered region
0.79% (Supplementary Table S3).

Next, first we compared the impact of different starting amount of DNA on sarcoma panel
performance. And we confirmed that there was no difference in detection sensitivity and sarcoma
panel capture performance for known variants in all conditions, from the lowest input DNA
condition tested, 25ng, to the highest input DNA condition, 100ng (average on-target reads ratio %,
probe uniformity).

Second, we tested the difference in panel performance depending on the presence or absence
of interfering factors that may be introduced during the process of securing sarcoma DNA samples.
In this process, DNA damage caused by heat generated during the bone grinding process to extract
DNA from bone samples, deparaffinization solution that can be included when extracting DNA
from the FFPE block, ethanol that can be included in the DNA purification process, and hemoglobin
that can be contained from the blood sample were included. Overall, no deterioration in sarcoma
panel performance was observed due to these external factor (average on-target reads ratio %, probe
uniformity).
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Gene Position Mutation Mutl Mut2 Mut3 4 MutS Muté Mut? Mutd Mut9 Mutl0 Mutll Mutl2
MTOR | chri:11174511 7165-1G>T 3104 | 1604 | 858 X 1 G5 o 0w 010 009 100% >
MTOR | chri:11181327 Leu2303Leu 1555 | 869 5.00 | 06 oo 0.06 0.03 20% >
MTOR | chri:11190646 Ser18515er 107 [ 820 [ am . 1 055 [CYE 027 027 5% >
Jaki | chri:65310489 Pro733Pro 3873 | 2089 | 1159 g f 0.09 0.06 I 1% >
Jak1 | chr1:65312342 Arg659Arg 2902 | 1611 | 888 ¥ 1 [ 0.19 07 ; 0.5% »
JAKT | chr1:65332696 Tyr281Tyr 140 [ am 296 3 0.12 010 .08 0.2% >
MsHE | chr2:48018236 seridalle 3007 [ 1568 | 8as . | os 018 o1
MSH6 | chr2:48027921 Phea3sphe 292 | 1306 | 738 E I l 012 (13
RAFT | chr3:12645007 Ala288Ala 2730 [ 1529 [ 815 z 052 | 019 011
PIK3CA | chr3:178936091 P.ES4SK ENEEEEE ; Y NA NA
PIKZCA | chr3:178047865 Glya14Arg 3157 | 1621 8.68 . 0.06
PIK3CA | chr3:178952085 His1047Arg 1695 | ao7 474 063 | 0.06
PDGFRA | chra:55127413 Sergaser 972 | ass | 285
PDGFRA | chr4:55138600 Gly451Asp 32.26 | 1491 [ 912
KIT chr4:53509321 Asp817val 1140 | 491 284
KIT chr4:55604693 Seroegser 3044 | 1307 | 806
KDR | chra:55972974 Gln472His 1810 | 866 | 441
KDR | chr4:55879558 Val287lle 3926 | 1990 | 1088
TeT2 | chr4:106182946 Leu1320Met 3267 | 1479 | 89
FBXW7 | chr4:153332500 Leu152Leu 3020 | 1450 | 838
APC chr5:112090586 -2G>T 11.63 5.15 335
apc | chrs:112179431 Arg2732Cys 3179 [ 14 [ es0
ROS1 | chr6:117686840 GIUS53GIu 4003 | 1938 [ 1175
ROST | chr6:117718110 GIn249GIn 3154 | 1517 | 860
CARD11 | chr7:2946461 Arg1092Arg 99.80 | 5524 | 3163
CARD11 | chr7:2953038 AlagsaThr 45.08 | 2590 | 1500
CARD11 | chr7:2956912 2703+12C>T 2234 | 1475 | 810
CARD11 | chr7:2957005 Pro&74Pro 2041 | 1267 | e
MET | chr7:116436022 p-A1357A 637 382 1.59
BRAF chr7:140449150 Gly683Gly 19.23 11.08 6.66
BRAF | chr7:140494209 Arg347”) 1906 | 1139 [ 706
WRN | chr8:30938704 Met387lle 4229 | 1946 | 1130
WRN | chrs:30973957 Leu7s7Leu 2075 | 1570 [ as9
WRN | chrg:30999122 3138+6CT 5392 | zne | 1404
WRN | chr8:30999123 3138+7G>A 4572 | 2174 | 1289
WRN chrg:30999230 Leut1074Phe 4246 21.55 11.92
WRN | chr8:31012190 Leu1246leu 1515 | 7 459
WRN | chr3:31024638 Ser13615er 5416 | 2660 | 1492
WRN | chra:31024654 Cys1367Arg 1549 | 832 [ ame
RECQL4 [ chr8:145738410 | Cys857_Thresadel | 923 | 471 279
RECOL4 | chr8:145738087 Threg05er 2508 | 1392 | 818
RECQL4 [ chrg:145739917 1621-8A>G 268 | 1473 [ 106
ABL1 | chrg:133747613 964+13G>A 2880 | 1497 | 1:
TsCt | chr9:135802659 AspdTAsn 2006 | 1531 | 9.8
HRAS chr11:533328 Gly161Arg 37.63 15.22 9.07
HRAS [ chr11:534242 His27His 57.95 | 2834 | 1576
KRAS | chr12:25362777 Aspi73Asp 2355 | 1154 | 528
KRAS chr12:25398281 Gly13Asp 13.64 7.20 4.98
KRAS | chr12:25398284 p.G12D 626 | 324 175
FLT3 | chri328578214 Pro9gsfs 1005 | 429 | 262
FLT3 chr13:28624294 Thr227Met 28.00 1539 843
FLT3 | chri3:28636084 AspIBAsp 2609 | 1344 | 748
RB1 | chr13:40050826 2521-11G>A 2828 | 1334 | 769
BLM | chr15:91312823 255547T>C 945 | 2416 | 134
BLM | chri5:91337479 Thri034Thr 3341 | 1585 | 7.9
8LM | chr15:91346923 Ala1177Ala 2916 | 1509 | 841
BLM | chr15:91354505 Leu1315Leu 2943 | 1570 | 865
TSC2 | chri6:2120544 Tyr602His 984 | 453 | 268
TsC2 | chr16:2134450 Arg1408Arg 3269 | 1411 | 924
CREBBP | chr16:3820558 2880+13G>A 3073 | 1628 | 787
FANCA | chr16:89805914 Thr1328Ala 3048 | 1442 | an
FANCA | chr16:89807233 Leu1263Leu B2 | 1293 [ s0s
FANCA | chr16:89809319 Pro1218Pro 3035 [ 1511 [ 906
FANCA | chr16:89815152 Ser1088Phe 28.08 | 1516 | 859
FANCA | chr16:89816314 3067-4T>C 2538 | 1259 [ 193
FANCA | chr16:89825085 Serd67ser 7793 | 1368 | 1m
FANCA | chr16:39828437 2779-TT>C 2668 | 1412 | 833
FANCA | chr16:89839766 Pro643Ala 24.83 1314 L&
FANCA | chr16:89849480 Glys01Ser 35.03 | 2154 | 1238
FANCA | chr16:39857935 Alad12val 2616 | 1431 | 851
FANCA | chr16:39858417 Thr3g1Thr 29.24 1450 9.36
FANCA | chr16:89862434 894-8A>G 2548 | 1357 | 825
FANCA | chr16:39860761 710-12A>G 2567 | 1645 | 812
TP53 | chr17:7578561 376-7C>T 2443 | 1206 | 105
NF1 | chr17:29508775 Leu234leu 6015 | 3061 | 19.02
NF1 | chr17:20553485 Pro678Pro 5392 | 3084 | 1671
BRCA1 | chri7:41234451 Argi443* 2161 | 1354 | a0
eTva | chri7:41622740 61-5C>A 3350 | 1843 [ 107
EP300 | chr22:41536164 Thr3gdMet 3023 | 1487 | 947
EP300 | chra2:41537234 2053+8G>T 037 | s 3.00

Figure 2. Detection sensitivity test result in 80 mutations from reference sample. The value in box is the
detected frequency percentage (%) of the mutation.
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Lastly, the detection sensitivity was compared according to the allele frequency of the mutation
in 100ng input of DNA. In the sensitivity test, considering the field situation such as the rarity of
sarcoma samples, the input DNA conditions that seemed to have the highest possibility of actual
use were set and analysis was performed with 100ng. The detection sensitivity was confirmed to be
possible down to 0.2% or less, and the detection sensitivity was confirmed through a repeatability
test (Figure 1). Through this process, it was confirmed that all mutations contained in the sample
were detected in all repeated experiments for conditions higher than 0.1%. Based on this data, the
limit of detection of the test panel was set to 0.2% (Figure 2). We found that the concordance
between replicates of the intra and inter-run replicates was >99.9%. Through this process, it was
determined that the usability of the sarcoma panel was worth applying to clinical samples, so we
attempted to confirm its performance by applying it to clinical samples.

Sarcoma panel performance on clinical sarcoma specimens

We have analyzed sequencing data from 88 clinical samples to compare performance with
reference sample. Sequencing data generated mean of 27 million reads per sample (range 12~37
million) to achieve average of 1000X depth or more for condition to detect variants of less than 1%.
After PCR duplicate reads removal, on-target reads on target genomic regions were 60.4% ~80.4%
(average 65.1%) with probe uniformity 0.43. All samples had more than 99% mapping rate and
average 1,000X depth over covered region were obtained. Less than 4% of targeted regions were not
covered, average 99.1% of region were covered with 100X depth. Assessing the exonic coverage in
the targeted region, average of coverage of uncovered region of ovear all 2,359 exons were 0.62%
(Supplementary Table S4).

DISCUSSION

As with TCGA, the overall gene mutation frequency can be confirmed by collecting a large
number of samples for each cancer type, and the causative genes and corresponding treatments are
known for most cancer types.

However, in the case of some rare carcinomas, including sarcoma, genetic statistics are
still unclear due to the rarity of specimen collection, major driving mutations are not identified,
and mutations in suppressor genes are mostly identified. These kind of huddle make difficulties in
discovering the exact pathogenesis mechanism or treatment in Sarcoma. In particular, in the case
of Korea, databases for rare cancer type like sarcoma are not yet well established. Even if there
are some genetic similarities between races, there are significant statistical differences in detailed
data between races, so it is important to build a country-specific race disease database for accurate
research.

For this purpose, although the cost of sequencing has become cheaper than NGS were first
introduced, in order to use it clinically or actively for research purposes, a gene panel consisting of
only selected genes is needed to lower the entry barrier for research on rare cancers and improves
data acquisition for large scale.

To address these challenges, we have developed and validated a 129-gene sarcoma panel using
Illumina’s NGS platform. This panel is designed to sequence and analyze the protein-coding regions
of the targeted genes for the identification of sarcoma-causing mutations. The aim of study was to
assess the analytical performances of the panel. No false positive was identified in the analytical
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validation study. Also, it was designed and verified to be able to detect mutations at various levels,
including germline mutations, somatic mutations, and ctDNA mutations, as explained in the results
section. Although research on ctDNA in the sarcoma field is not yet active, this is an area that can
be usefully applied when research in the sarcoma field expands in the future.

Currently, because sarcoma samples are rare compared to other cancer types and sample
collection is difficult, the genes with statistical significance for each detailed subtype are not clear,
making it difficult to build a Sarcoma panel for each detailed subtype. As data accumulates and
genetic significance becomes clear in subtypes of sarcoma, it is expected that organizing a panel by
detailed subtype through updating the panel will be effective in the clinical field. Through multi-
institutional joint research such as the Biobank Innovation Consortium for Sarcoma Research
(BICSWAN) could accelerate accumulation of clinical genetic data by subtype more quickly.

However, as described above, due to the fact that the spectrum of genes related to the
development of sarcoma is mainly observed in tumor suppressor genes such as TP53, rather than
designing a more focused panel, a panel with expanded versatility was produced. In the future,
sarcoma panel gene condensing process may be necessary based on accumulated sequence data
on sarcoma. In particular, with 60% on-target and optimized probe distribution configuration, it is
expected that efficient sequencing will be possible with a depth difference between probes of 0.34,
and it is expected to contribute to the study of sarcoma in Koreans.

In summary, we developed a NGS panel with a focus on clinically actionable mutations
and validated the performance in library construction, sequencing and variant calling. Our results
illustrate the feasibility for sarcoma panel, suitable for clinical application, improving diagnosis,
prognosis and personalized therapeutic decisions.

CONCLUSION

Through this study, we developed an NGS panel consisting of 129 genes which is designed
to detect clinically relevant DNA mutations associated with Sarcoma cancer types. The performance
of the test is assessed across a board range of variants in the 129 genes to support clinical use.
Developed sarcoma panel was also applied to clinical specimens to confirm that it can be sufficiently
utilized for accurate detection of mutations, and it was confirmed that it has the ability to detect
mutations at the germline, somatic, and even ctDNA levels.
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