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ABSTRACT

Background. Incorporation of next-generation sequencing
(NGS) technology into clinical utility in targeted and immu-
notherapies requires stringent validation, including the
assessment of tumor mutational burden (TMB) and micro-
satellite instability (MSI) status by NGS as important bio-
markers for response to immune checkpoint inhibitors.
Materials and Methods. We designed an NGS assay, Cancer
Sequencing YS panel (CSYS), and applied algorithms to
detect five classes of genomic alterations and two genomic
features of TMB and MSI.
Results. By stringent validation, CSYS exhibited high sensi-
tivity and predictive positive value of 99.7% and 99.9%,
respectively, for single nucleotide variation; 100% and
99.9%, respectively, for short insertion and deletion (indel);
and 95.5% and 100%, respectively, for copy number alter-
ation (CNA). Moreover, CSYS achieved 100% specificity for
both long indel (50–3,000 bp insertion and deletion) and
gene rearrangement. Overall, we used 33 cell lines and

208 clinical samples to validate CSYS’s NGS performance,
and genomic alterations in clinical samples were also
confirmed by fluorescence in situ hybridization, immunohis-
tochemistry, and polymerase chain reaction (PCR). Impor-
tantly, the landscape of TMB across different cancers of
Chinese patients (n = 3,309) was studied. TMB by CSYS
exhibited a high correlation (Pearson correlation coefficient
r = 0.98) with TMB by whole exome sequencing (WES). MSI
measurement showed 98% accuracy and was confirmed by
PCR. Application of CSYS in a clinical setting showed an
unexpectedly high occurrence of long indel (6.3%) in a
cohort of tumors from Chinese patients with cancer
(n = 3,309), including TP53, RB1, FLT3, BRCA2, and other
cancer driver genes with clinical impact.
Conclusion. CSYS proves to be clinically applicable and use-
ful in disclosing genomic alterations relevant to cancer tar-
get therapies and revealing biomarkers for immune
checkpoint inhibitors. The Oncologist 2019;24:e1294–e1302

Implications for Practice: The study describes a specially designed sequencing panel assay to detect genomic alterations
and features of 450 cancer genes, including its overall workflow and rigorous clinical and analytical validations. The distribu-
tion of pan-cancer tumor mutational burden, microsatellite instability, gene rearrangement, and long insertion and deletion
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mutations was assessed for the first time by this assay in a broad array of Chinese patients with cancer. The Cancer Sequenc-
ing YS panel and its validation study could serve as a blueprint for developing next-generation sequencing-based assays, par-
ticularly for the purpose of clinical application.

INTRODUCTION

Targeted therapies and immunotherapies as new hallmarks of
cancer treatments have been used increasingly in recent
years [1–4]. However, given the wide heterogeneity of geno-
mic abnormalities across and within tumor types, precisely
matching a patient to an appropriate treatment turns out to
be a pressing need and crucial to the success of the develop-
ment of targeted and immunotherapies [5, 6]. Accordingly,
next-generation sequencing (NGS)-based panel sequencing
assays, both academic and commercial, have been specially
designed and implemented for routine clinical use, including
Foundation-One [1] and Memorial Sloan Kettering-Integrated
Mutation Profiling of Actionable Cancer Targets (MSK-
IMPACT) [7], as well as others [8, 9].

Panel NGS sequencing provides genetic information
with higher sensitivity and precision [1], as opposed to rou-
tine assays such as polymerase chain reaction (PCR), Sanger
sequencing, or fluorescence in situ hybridization (FISH).
Immunohistochemistry (IHC) has utility for analyzing protein
expression but does not replace sequencing, which can
characterize all types of mutations, including single nucleo-
tide variant (SNV), insertion and deletion (indel), copy num-
ber alteration (CNA), and gene rearrangement, as well as
potential immune checkpoint inhibitor biomarkers such as
tumor mutational burden (TMB) or microsatellite instability
(MSI). Moreover, with ultradeep coverage, panel sequenc-
ing achieves exceptionally high sensitivity and reliability and
enables detection of those mutations that are presented in
very low prevalence but are potentially important because
of their association with drug resistance and disease pro-
gression [10].

In recent years, immunotherapy has brought durable
benefit for patients with cancer. For PD1 blockade, MSI is
an established biomarker for response and TMB has
promise for predicting response to the same therapy [11,
12]. Foundation-One [13] and MSK-IMPACT [14] assays
have reported the landscape of TMB across different can-
cer types in Western patients; the profiling of TMB for
tumors from a large pan-cancer cohort of Chinese
patients is still unavailable. Moreover, MSI derived from
panel sequencing also needs to be systematically evalu-
ated against the commonly used gold standard of PCR
assays before it can be used as a biomarker for immune
checkpoint inhibitors.

Herein we describe an NGS-based clinical sequencing
assay, Cancer Sequencing YS panel (CSYS), with exception-
ally high sensitivity, positive predictive value (PPV), and reli-
ability to assess TMB and MSI. Notably, CSYS can detect
indels, including long indels (L-indels) not assessed by other
assays. We highlight the actual and potential clinical utilities
of CSYS, especially emphasizing our findings of long indels
and gene rearrangements in tumors from a large cohort of
Chinese patients with cancer.

MATERIALS AND METHODS

Workflow of CSYS Assay
Tumor samples from formalin-fixed, paraffin-embedded
(FFPE) tissue sections and matched blood specimens from the
same patient were collected and extracted to yield 50–250 ng
DNA separately, and a library was constructed. Targeted
genomic regions were hybrid-captured, and sequence reads
were generated using Illumina (San Diego, CA) instruments.
These procedures followed the steps described in [1]. Data
quality was inspected and controlled by examining sequenc-
ing coverage and uniformity, and a suite of customized bioin-
formatics pipelines was applied for discovery of SNVs, short
and long indels, CNA, gene rearrangement, TMB, and MSI.
Finally, all of the detected mutations were compared with our
in-house database of genomic changes specific to clinical
annotation. A manual review process was performed to
ensure no false positives or mistakes in clinical annotations,
including complex variant curation and clinical relevance
inference based on our in-house database. Based on the
annotated mutations, a succinct report with relevant refer-
ences to literature and clinical trials was generated.

Bioinformatics Analysis
The raw sequencing data underwent stringent quality con-
trol of read depth and ratio of target capture. All types of
genetic alterations, including SNV, short and long indels,
CNA and gene rearrangement, were called using a suite of
bioinformatics pipelines described in the supplemental
online Methods. Moreover, the calculations of TMB and
MSI from CSYS data were defined as below.

TMB score was calculated from CSYS data for each sample
by counting the number of somatic mutations, including cod-
ing SNVs and indels, per megabase (Mb) of the sequence
examined. Known somatic mutations in the Catalog of Somatic
Mutations in Cancer (COSMIC) and known germline polymor-
phisms in the U.S. National Center for Biotechnology Informa-
tion’s Single Nucleotide Polymorphism Database (dbSNP) were
not counted [13]. The selection and quantification of microsat-
ellite loci (MSLs) was done as previously described [15, 16].

There were 572 MSLs identified in the CSYS-targeted
region as candidate MSI markers. MSI was assessed by three
cohorts with an initial cohort of 15 FFPE samples, 6 MMR-
deficient samples, and 9 MMR-proficient samples, in which
23 selected MSLs were covered by reads with a minimum
length of 35 bp and a minimum read quality of 25. In addition,
31 samples (8 MMR-deficient samples +23 MMR-proficient
samples) were added into the first cohort as a training cohort
(n = 15 + 31 = 46), and the resulting predictive model was ana-
lyzed by a random forest algorithm in R software and then
validated on a third cohort of an additional 56 samples. For
further validation, a Microsatellite Analysis for Normal Tumor
Instability (MANTIS) algorithm [17] with recommended
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parameters (mrq = 25, mlq = 30, mlc = 30, mrr = 5) was com-
pared with our method on the same 56 testing samples,
using an orthogonal validation of PCR or IHC method as the
gold standard to assess the performance of both algorithms.
PCR products were analyzed by Sanger sequencing using an
ABI 3730 Genetic Analyzer (Thermo Fisher Scientific, Wal-
tham, MA).

RESULTS

Workflow of CSYS Assay and Quality Control
To detect genomic variants and relevant biomarkers from
solid tumors, CSYS consisted of a set of specially designed
DNA probes (n = 23,660), which targeted all the exons
(n = 7,029) of 450 genes (supplemental online Table 1) as
well as selected introns (n = 244) from 39 genes. The
450 genes were known to harbor variants that are consid-
ered clinically relevant, whereas the 39 genes were fre-
quently identified in gene rearrangements. The typical
workflow is summarized in Figure 1 and described in the
Materials and Methods section.

As two key measurements for quality control, the depth
and uniformity of coverage by the CSYS assay were examined.
Nineteen FFPE samples (supplemental online Table 2A) were
randomly selected as representative of routine clinical sam-
ples. Non-PCR duplicate reads (i.e., deduplication reads) were
examined for their distributions and used for calculation of
coverage uniformity and depth (supplemental online Fig. 1).
The overall sequenced positions (n = 2,602,638), COSMIC
(version 77, n = 186,802), and hotspot positions (n = 7,568,
defined as a subset of COSMIC positions having reported clini-
cal implications) within the targeted regions were found to
reach a mean depth of ×1,326, ×1,516, and ×1,139 reads,
respectively, with a high uniformity (supplemental online
Fig. 1). The other quality control metrics were shown in sup-
plemental online Table 2B. Although mappability scores

(defined as 1 � number of matches found in the genome)
[18] and guanine-cytosine content influenced read depth, less
than 1% of genes had a read depth less than ×500 in the
CSYS assay (i.e., only two genes had ×398 and ×443; supple-
mental online Fig. 2). Therefore, good uniformity and ×1,000
sequencing coverage on detection of variants with different
variant allele frequencies (VAFs) confirmed the good quality
control characteristics of CSYS.

Detection and Validation of Variants by CSYS Assay
To test the robustness of CSYS, five classes of genomic alter-
ations and two genomic features of TMB and MSI were vali-
dated based on a large number of cell lines and clinical
samples. Because of the uncertainty of VAFs on clinical FFPE
samples, we used mixed cancer cell lines to build
“expected” mutation VAF data sets to test sensitivity and
PPV at various levels of VAF. Additionally, 208 clinical FFPE
samples were performed to assess the concordant results
between NGS and Sanger sequencing, IHC, FISH, or PCR. In
terms of performance, here we mainly used sensitivity and
PPVs for SNV or indel, and for long indel, CNA and gene
rearrangement between NGS and other detection methods
including PCR, FISH, and IHC. The performance of validation
results was summarized (supplemental online Table 3), and
the detailed validation data were described as below.

SNVs and Short Indels
A pair of replicates were constructed from pooling DNA
derived from 15 cell lines used in the 1000 Genomes project
(supplemental online Table 4A) [19]. The pooled DNA con-
tained 2,501 variants in total, with expected VAFs ranged
approximately from 3% to 97% in each pool (supplemental
online Table 4B). The expected VAFs were calculated based on
known allele frequencies of single nucleotide polymorphisms
in each cell line and the mixed samples. The SNVs identified by
CSYS were compared with the expected ones with respect to

Figure 1. Workflow of the CSYS.
Abbreviations: CSYS, Cancer Sequencing YS panel; FFPE, formalin-fixed, paraffin embedded tissue sample.

© AlphaMed Press 2019

Sequencing Assay for Targeted and Immunotherapiese1296



their VAFs. The overall sensitivity and PPV of SNVs were 99.7%
and 99.9%, respectively. As shown in Figure 2A, the sensitivity
was affected mainly by their VAFs and read depths, with
decreasing sensitivity for those with low VAFs (<5%). Calling
SNVs with VAFs ≤5% arrived at ≥99.3% sensitivity (1014/1021)
when they had at least a median read depth of ×400. Strik-
ingly, sensitivity reached 100% with a minimum read depth of

×400 at varied VAFs (PPV remained as high as 99.9%). Mean-
while, a strong correlation was observed between the expected
and measured VAFs (Pearson correlation coefficient r = 0.996;
Fig. 2B). There was a high correlation (r = 0.999) for VAFs
between the two replicate pools (Fig. 2C).

The performance of CSYS for calling short indels was
assessed in a similar way (supplemental online Fig. 3A, 3B, 3C).

A B C

Figure 2. The performance of calling single nucleotide variants (SNVs). (A): Sensitivity of calling SNVs versus read depths and VAFs.
(B): The comparison between measured allele frequencies and expected allele frequencies as calculated from pooling the standard
cell lines. (C): Reproducibility evaluated by two replicates from pooled samples.
Abbreviation: VAF, variant allele frequency.

A B

DC

Figure 3. Long indels (L-indels) assessed by Cancer Sequencing YS panel. (A): The occurrence distribution of L-indels for different
types of tested cancers (n = 3,309). (B): The distribution of the genes that have been identified with L-indels. (C): Length distribu-
tion for L-indels calculated from their genomic loci. (D): One example of a long deletion in MLH1 viewed by the bioinformatics tool
of Integrated Genomic Viewer (IGV).
Abbreviations: FFPE, formalin-fixed, paraffin-embedded; indel, insertion and deletion.
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Seventeen samples derived from pooling DNA from another
set of 15 cell lines (supplemental online Methods) with
known indels (supplemental online Table 4C and 4D) provided
219 indels of varying lengths (1–36 bp), and the indel VAFs
ranged from 2.3% to 50.0% (supplemental online Table 4E).
With the read depth of over ×1,000, the overall sensitivity of
calling short indel was 100%, whereas the overall PPV was
99.998% across the examined read depths at all ranges of
VAFs. The reproducibility of calling indels was also evaluated
by creating two replicates for each of the 17 pools (supple-
mental online Methods). The correlation between the repli-
cates of all 17 pools had a mean r � SD of 0.90 � 0.07, and
the overall correlation between the two replicates was as
high as r = 0.98 (supplemental online Fig. 3C).

In summary, 1,480 out of 1,480 SNVs with VAFs over 5%
were successfully detected by CSYS with read depths of over
×400 (sensitivity = 100%) and for indels (n = 173) with the
same VAFs range (VAF >5%), the sensitivity reached 100%
with a minimum read depths of ×400. False positive calls
were rare (less than 0.1%) for SNVs or indels, with PPV of
99.9% and 99.9%, respectively. In practice, for SNVs or indels
that had good quality reads and exceptionally high coverage
(>×500), we could truly detect those with VAFs as low as 1%.
Taken together, with stringent quality control and assurance
as well as a rigorous validation process, we can conclude that
the CSYS assay reliably calls SNVs and indels.

L-Indel
As described in the supplemental online Methods, CSYS was
able to detect large structural variants including L-indel and
gene rearrangement. For L-indel, CSYS currently targeted
deletions between 50 and 3,000 bp in length as well as inser-
tions between 50 and 3,000 bp in length spanning the exon
regions in autosomes. Its performance was evaluated with
six known L-indels from the NA12878 data set (supplemental
online Table 5A) [20]. There were three long deletions

detected, but all three insertions were missed. These missed
insertions were further confirmed by PCR detection. Of note,
an additional 15 (12 deletions and 3 insertions) previously
unreported L-indels were detected (supplemental online
Table 5B) and successfully confirmed by PCR and Sanger
sequencing. Furthermore, the assay detected 29 L-indels
from clinical samples, from either blood or FFPE specimens,
and these were confirmed by experimental methods, using
capillary electrophoresis or Sanger sequencing with 100%
specificity. These L-indels were detected in exons on the fol-
lowing genes: TP53, FLT3, CDKN2A, PTEN, BRCA2, and
SMARCA4 (supplemental online Table 5C). The lengths of
these L-indels varied from 77 to 2,969 bp.

Remarkably, L-indels occurred with a frequency of 6.3%
of tumors from Chinese patients with cancer (n = 3,309), and
the frequencies varied among different types of cancers
being present, most prominently in lung squamous cell carci-
noma, breast invasive ductal carcinoma, and ovarian serous
carcinomas (Fig. 3A). L-indels have been overlooked in most
prior genomic studies of human cancers. For example, no
L-indels were reported in results from The Cancer Genome
Atlas results, and less than 1% of specimens contained
L-indels in the COSMIC database; these were identified and
reported mainly by non-NGS methods. The distributions of
L-indel in different genes and their lengths, as detected by
CSYS, are presented in Figure 3B and 3C, the highest frequen-
cies being found in TP53, CDKN2A, and CTNNB1.

Here we present a clinical case relevant to immunother-
apy to validate the clinical implication of L-indels. One long
deletion variant (c.885-82_1038 + 103del) of the MLH1 gene
was identified by the CSYS assay in a 40-year-old woman with
stage IV hepatic portal cholangiocarcinoma. The length of the
deletion was more than 300 bp (Fig. 3D), altering its MutS
homologs interaction domain [21]. This patient was deter-
mined to be microsatellite instability high by IHC, suggesting
potential sensitivity to immune checkpoint inhibitors.

BA

Figure 4. The pan-cancer landscape of TMB and the correlation between WES TMB and Cancer Sequencing YS panel (CSYS) TMB.
(A): Violin plots show the distribution of the somatic TMB. The width of each plot indicates the frequency of samples with a given
TMB. The red line indicates the threshold for samples with a high mutation burden (top 10%, corresponding to 14.7 mutations per
Mb). (B): The correlation between WES TMB (median coverage � × 500) and CSYS TMB on the same DNA library (n = 42).
Abbreviations: mut/Mb, mutations per megabase; TMB, tumor mutational burden; WES, whole exome sequencing.
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A B

C D

Figure 5. The comparisons of EGFR and TP53 with TMB. The mutation of EGFR compared with tumor mutational burden (TMB) in
non-small cell lung cancer (A) and with pan-cancer TMB (B). The mutation of TP53 compared with TMB in non-small cell lung can-
cer (C) and with pan-cancer TMB (D).
Abbreviations: Mut, mutant; NSCLC, non-small cell lung cancer; Wt, wild type.

A CB

Figure 6. The performance of MSI detection and the correlation of MSI with TMB. (A): The performance of MSI detection algorithm.
Each dot stands for a sample; a orange colored dot was validated as MSI-H, and a blue colored dot was validated as MSS by MSI-
polymerase chain reaction or MMR-immunohistochemistry. (B): The correlation of MSI status with pan-cancer TMB. (C): The corre-
lation of MSI status with colorectal cancer TMB.
Abbreviations: MANTIS, Microsatellite Analysis for Normal Tumor Instability; MSI, microsatellite instability; MSI-H, MSI high; MSS,
microsatellite stable; TMB, tumor mutational burden.

© AlphaMed Press 2019www.TheOncologist.com

Cao, Chen, Li et al. e1299



Gene Rearrangement
Another large genomic event is created by gene
rearrangement (translocation and inversion). For its detec-
tion and validation, 38 FFPE and 2 cell line samples carrying
known rearrangements were collected, as shown in supple-
mental online Table 5D. From these samples, the CSYS assay
detected all of the known 38 rearrangement events,
encompassing eight cancer driver genes, including ALK
fusions (n = 24), NTRK3 fusions (n = 4), RET fusions (n = 3),
ROS1 fusions (n = 2), BRAF fusions (n = 2), FGFR2 fusion
(n = 1), FGFR3 fusion (n = 1), and NTRK1 fusion (n = 1).
Rearrangements were confirmed by FISH or IHC (i.e., 100%
specificity). The high performance in detecting gene
rearrangement by CSYS was confirmed by the identification
of different forms of gene rearrangements, including
EML4-ALK genes, in tumors from a total of 1,300 Chinese
patients with lung cancer. CSYS successfully detected 56 dif-
ferent ALK translocations designated as E13-A20, E6-A20,
and E20-A20, which are commonly seen in clinical practice.

CNA
The CSYS assay was further assessed for CNA profiling of FFPE
samples. We collected 39 FFPE samples that were previously
tested by either FISH or IHC, using these results as the gold
standard, and found 62 of 65 positive CNAs (including 61 ampli-
fications and 4 deletions). The minimum copy number for call-
ing amplifications was six. We also tested and confirmed
11 negative background samples, covering 11 genes (supple-
mental online Table 5E). The bioinformatics analyses of CNAs
revealed clinical sensitivity of 95.4% (62/65) and PPV of 100%
(62/62). For example, the CSYS assay found 6-fold ERBB2
amplification in a colorectal cancer sample (supplemental
online Fig. 4A). Importantly, the reproducibility was examined
with two replicates each for 27 additional FFPE samples, which
contained 49 amplifications and 3 deletions; the resulting CNAs
were found consistent across all of the replicates, and the over-
all concordance was 0.99 measured by the Pearson correlation
coefficient (supplemental online Fig. 4B).

TMB and MSI
We assayed tumor samples from more than 5,000 Chinese
patients, including 24 cancer types, for all types of genetic
alterations and further calculated TMB for these samples
(Materials and Methods section). For significance, we sum-
marized the TMB for 13 common cancer types with large
sample sizes, each with more than 100 specimens. These
samples were derived from a total of 3,309 cases (Fig. 4A).
The median TMB ranged widely, from 2.3 mutations per Mb
in soft tissue sarcoma to 9.3 mutations per Mb in small cell
lung cancer. Notable differences between rates of TMB from
tumors from Chinese patients with cancer and reported rates
from European patients were found in small cell lung cancer
(n = 110), which showed the highest median TMB. The quar-
tiles of TMB within each cancer type (supplemental online
Table 6) suggest that some proportion of Chinese patients in
each tumor type with very high TMB might have a better
opportunity to respond to checkpoint immunotherapy [22].
Moreover, the correlation of the CSYS TMB results with the
ones from WES, both sequenced on the same physical DNA

samples of the same cohort of 42 patients, was shown to be
0.978 (Pearson correlation coefficient r; Fig. 4B). Compared
with the previous MSK-IMPACT report results (r = 0.872,
n = 106 in [14]), this high correlation of CSYS and WES results
validates the results of TMB based on the CSYS assay.

To investigate the impact of gene mutation status on
TMB values, we compared the TMB with EGFR and TP53
mutation status. In non-small cell lung cancer (NSCLC),
patients with an EGFR (epidermal growth factor receptor)
mutation had significantly lower TMB than those with wild-
type EGFR (p = 2.2e−16; Fig. 5A). Interestingly, this compar-
ison was also true for EGFR mutation versus TMB in all
3,309 pan-cancer cases (p = 7.4e−9; Fig. 5B). On the con-
trary, the mutation of TP53 tended to accompany higher
TMB in both NSCLC and all pan-cancer cases (Fig. 5C, 5D).

For detection of MSI status, CSYS screened 572 MSLs for
their instability status, and a predictive method was devel-
oped using a training cohort (n = 46). Its performance in
predicting MSI status was evaluated by a validation cohort
(n = 56). All validated samples underwent MSI-PCR or
MMR-IHC testing as the gold standard. As shown in
Figure 6A, CSYS achieved 98% accuracy with 95% sensitivity
and 100% specificity, compared with 95% accuracy, 89%
sensitivity, and 97% specificity using the MANTIS method
[17] on the same validation cohort. The MANTIS method
was used because it was shown to have relatively better
performance than mSINGS and MSISensor in previous
research [17]. In the overall cohort (n = 3,309), patients
with high MSI had a significantly higher TMB than those
with MSS, as expected (Fig. 6B), and this observation was
particularly true for colorectal cancers (Fig. 6C).

DISCUSSION

In this study, we have shown the overall workflow and elab-
orated new functionalities of CSYS, an NGS-based assay. It is
an accurate and comprehensive platform of potential value
for clinical use. In comparison with the Foundation-One
panel assay targeting more than ×500 coverage [1], the
mean depth of the CSYS assay reaches more than ×1,000
while maintaining relatively good uniformity across multiple
genes. The efficient performance of CSYS was confirmed by
comparison with standard assays. Using cell line DNA for
analytical experiments, we have assessed the sensitivity
and PPV to be 99.7% and 99.9%, respectively, for SNV, as
well as 100% and >99.9%, respectively, for short indels.
Moreover, the reproducibility for SNV and short indels was
also as high as >0.99 and 0.999, respectively, as measured
by Pearson correlation coefficients of VAFs. These perfor-
mance specifications for SNV and short indels were also
comparable to those of the Foundation-One assay. For CNA,
by using FISH and/or IHC on the same clinical specimen as
orthogonal validation, we have assessed the clinical sensi-
tivity and PPV to be 95.5% and 100%, respectively, with
minimum tumor purity of 20%. The reproducibility of CNA
detection is nearly 1. Of note, for gene rearrangement and
L-indel detection, we have achieved 100% specificity for
both. Overall, the outstanding performance specifications,
including high sensitivity and specificity as well as high
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reproducibility for detection of the variants above, thus
guarantee the accuracy and reliability of this assay.

It is noteworthy that the CSYS assay can accurately
interrogate L-indels, which are otherwise neglected by
other assays in clinical practice. In fact, L-indel occurs with
an unexpected frequency (6.3%) in a larger cohort of
tumors from Chinese patients with cancer (n = 3,309) and
may have clinical implication for cancer treatment. For
instance, patients harboring a long insertion in the FLT3
gene were found to have decreased overall survival [23,
24]. Several small-molecule FLT3 tyrosine kinase inhibitors
are being evaluated for this mutation [5, 25]. Patients with
MET exon 14 skipping (a form of long deletion) can poten-
tially benefit from MET inhibitor treatment [26, 27], and
thus its successful detection becomes a critical step in clini-
cal practice. Among our tested cohort, a patient with an
L-indel in the MLH1 gene was identified as MSI high and
thus potentially sensitive to immune checkpoint inhibitors.
We anticipate that L-indel detection could inform therapy
decisions among patients with such alterations.

Both TMB and MSI are promising biomarkers for sensitivity
to checkpoint inhibitor immunotherapies [28, 29]. Our cohort
used for assaying TMB for tumors from Chinese patients with
cancer proves to be the largest one reported to date. The
result from CSYS showed that different tumor types from Chi-
nese patients exhibit mutational landscapes with a distribution
similar to, but with some minor differences from, the previ-
ously reported ones from Foundation-One and MSK-IMPACT
assays. Notably, small cell lung cancers had the highest median
TMB in Chinese patients, highlighting a potential responsive-
ness to checkpoint therapy. A large percentage of Chinese
patients with NSCLC and colorectal adenocarcinoma tend to
have much higher TMB than previously reported. Because
only tumor types with a sample size of more than 100 cases
are listed in Figure 4A, cutaneous cancers, which reportedly
have high TMB, are not included in our data. Importantly, we

found a stronger correlation of CSYS TMB with WES TMB than
previously observed with other sequencing assays [14].

CONCLUSION

As a highly accurate and comprehensive cancer panel
sequencing assay, CSYS may be useful for routine clinical
application in determining potential treatment options. It is
expected that patients with cancer would increasingly bene-
fit from genomic testing and that all the valuable informa-
tion could be provided from a single assay.
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