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ABSTRACT

Purpose: Triple-negative breast cancer (TNBC) does not have defined therapeutic targets
and is currently treated with chemotherapy only. Kinase dysregulation triggers cancer cell
proliferation and metastasis and is a crucial therapeutic target for cancer. In this study,
targeted kinome sequencing of TNBC tumors was performed to assess the association
between kinome gene alterations and disease outcomes in TNBC.

Methods: A kinome gene panel consisting of 612 genes was used for the targeted sequencing
0f166 TNBC samples and matched normal tissues. Analyses of the significantly mutated
genes were performed. Genomic differences between Asian and non-Asian patients with
TNBC were evaluated using two Asian TNBC datasets (from Seoul National University
Hospital [SNUH] and Fudan University Shanghai Cancer Center [FUSCC]) and three non-
Asian TNBC datasets (The Cancer Genome Atlas [TCGA], METABRIC, and Gustave Roussy).
The prognostic value of kinome gene mutations was evaluated using tumor mutational
burden (TMB) and oncogenic pathway analyses. Mutational profiles from the TCGA were
used for validation.

Results: The significantly mutated genes included TP53 (60% of patients), PIK3CA (21%),
BRCA2 (8%), and ATM (8%). Compared with data from non-Asian public databases, the
mutation rates of PIK3CA p.H1047R/Q were significantly higher in the SNUH cohort (p
=0.003, 0.048, and 0.032, respectively). This was verified using the FUSCC dataset (p =
0.003, 0.078, and 0.05, respectively). The TMB-high group showed a trend toward longer
progression-free survival in our cohort and the TCGA TNBC cohort (p = 0.041 and 0.195,
respectively). Kinome gene alterations in the Wnt pathway in patients with TNBC were
associated with poor survival in both datasets (p = 0.002 and 0.003, respectively).
Conclusion: Comprehensive analyses of kinome gene alterations in TNBC revealed genomic
alterations that offer therapeutic targets and should help identify high-risk patients more
precisely in future studies.
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INTRODUCTION

Triple-negative breast cancer (TNBC) is a breast cancer subtype characterized by a lack of
estrogen and progesterone receptors and the absence of human epidermal growth factor
receptor 2 (HER2) gene overexpression. TNBC accounts for 15%—20% of all breast cancers and
is characterized by its aggressiveness, earlier age of onset, and poor clinical outcomes compared
to other subtypes [1,2]. Many clinical trials investigating therapeutic targets in TNBC have
shown disappointing results, so chemotherapy remains the only standard treatment option [3].
Only recently have immunotherapies achieved a modest increase in the pathological complete
response rate when added to neoadjuvant chemotherapy for the treatment of early TNBC [4,5].
However, immunotherapies for TNBC still lack predictive biomarkers.

Kinome refers to a single superfamily of 518 protein kinases encoded in the human genome,
constituting approximately 1.7% of all human genes [6]. Kinases play critical regulatory roles in
cell growth, differentiation, migration, and survival. Dysregulation of kinase activity is a major
mechanism underlying cancer progression and is an attractive therapeutic target [7]. Currently,
approximately one-third of all protein targets being studied in the context of cancer treatment
are kinase-based [8]. The development of HER2-targeted therapies has significantly improved
the survival of patients with HER2-overexpressing breast cancer. Recently, a phosphoinositide
3-kinase (PI3K) inhibitor was also shown to be effective in PIK3CA-mutated hormone receptor-
positive advanced breast cancer [9]. However, no targeted therapy using kinase inhibitors has
been successful in patients with TNBC. Thus, there is an urgent need to identify kinase targets
and predictors of kinase inhibitor sensitivity in these patients.

In this study, a comprehensive somatic genetic profiling of patients with TNBC was
conducted using a target kinome sequencing panel. The genetic profile of the TNBC cohort
was compared to that of The Cancer Genome Atlas (TCGA) TNBC cohort, and the prognostic
value of kinome gene alterations was analyzed to identify potential therapeutic targets.

METHODS

Patients and samples

A total of 166 TNBC tissues, each with matched normal breast tissue or peripheral blood
samples, were collected at Seoul National University Hospital (SNUH). Fresh frozen tissues and
peripheral blood samples were obtained prospectively at the time of surgery between 1995 and
2010 and were retrieved from the SNUH Laboratory of Breast Cancer Biology Biorepository.
Formalin-fixed paraffin-embedded (FFPE) tumor samples were collected from surgical
specimens obtained between 2003 and 2013 and stored at the SNUH Tumor Bank. There were
41 fresh frozen tumor samples and 129 FFPE tumor samples collected. Clinicopathological data
were acquired from the prospectively maintained online database of SNUH Breast Care Center.
This study was approved by the Institutional Review Board of SNUH (No. 1210-072-434), and
the requirement for informed consent was waived by the committee.

Kinome sequencing

Genomic DNA was extracted from the samples, and 1 ug of the genomic DNA extract was
fragmented via nebulization. The fragmented DNA was repaired by ligating an ‘A’ to their 3'
ends, then Illumina adapters were ligated to the fragments. Each sample was size-selected,
where products 350—400 base pairs long were preferred. The size-selected products were
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polymerase chain reaction-amplified, and the final products were validated using an Agilent
Bioanalyzer (2100 Bioanalyzer Instrument; Agilent Technologies, Santa Clara, USA). Target
enrichment was performed using an Agilent SureSelect Human Kinome panel, which targets
a large set of kinases and kinase-related genes for enrichment (612 genes, including more than
500 kinases). Paired-end libraries were sequenced using an Illumina HiSeq 2000 instrument.

Sequence data processing and discovery of somatic variants
The paired-end reads of the tumor and normal matched FASTA files obtained from
sequencing were mapped to the human genome reference 19 using BWA-MEM [10].

The aligned reads were sorted using SAM tools [11]. After duplicate reads of the aligned
BAM files were marked and removed using Picard, the base quality of reads in the BAM
files was recalibrated using the Genome Analysis Tool Kit (version 4.1.0.0) [12]. The
Mutect2 best practice pipeline for somatic variants was used to identify candidate somatic
mutations. Sequencing artifacts were removed by filtering out exome variants labeled as

” “chimeric_original_alignment,” “base_quality,” “duplicate_evidence,”
“fragment_length,” “low_avg_alt_quality,” “mapping_quality,” “multiallelic,

” ” « ” «

“bad_haplotype,

” « ” «

n_ratio,”

“read_orientation_artifact,” “read_position,” “str_contraction,” “strand_artifact,” or “strict_

strand_bias” in the variant call format files.

Only loss-of-function variants (missense, nonsense, splice site variants, in-frame, frame
insertion, and deletions) in the target regions of the Agilent SureSelect Human Kinome
panel were chosen. Normal population database-based filtering was used to remove
germline variants. If the population allele frequency of the variants was more than 1% in any
subpopulation among the 1000 Genomes Project, Exome Aggregation Consortium, Korean
Variant Archive, Genome Aggregation Database, and Korean Genome Project data, the
variants were excluded as germline mutations [13-17]. The Korean 1,000 depression exome
data was also used as a normal population panel, and the variants were filtered [18]. All
quality-passed variants were annotated with Sorting Intolerant from Tolerant, Polylphen2,
and Combined Annotation Dependent Depletion algorithms using ANNOVAR software to
evaluate the pathogenicity of each variant [19-22].

Validation cohorts

The TCGAmc3 data of patients with TNBC were classified by TNBCtype and used to compare
Asian and non-Asian TNBC patients [23,24]. These results were validated using whole-exome
sequencing (WES) data of Chinese TNBC patients from the Fudan University Shanghai
Cancer Center (FUSCC), French TNBC patients from Gustave Roussy, and METABRIC data
[25-27]. The same bioinformatics pipeline for SNUH was applied to the Gustave Roussy
dataset. However, Mutect2 without matched normal sample pipelines was used to generate
somatic variant candidates for the FUSCC TNBC cohort because of the unavailability of
matched normal samples. The sample germline variant filtering step used in this study
cohort was also applied to the FUSCC somatic variant data. Somatic mutations in patients
with TNBC from the METABRIC database were downloaded from cBioPortal [28]. These data
also intersected with the same regions of the kinome panel.

Recurrent somatic mutations were selected from the COSMIC (v88) coding mutation
database and were defined as somatic mutations that occur in breast cancer more than 100
times compared to the normal population (Supplementary Table 1). These recurrent somatic
mutations were generated using the original tumor-normal matched pipeline and Mutect2
without normal sample pipelines in the TCGA and SNUH datasets to assess the confidence
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of Mutect2 without normal sample pipelines. Both datasets showed high agreement (Cohen’s
kappa value 0.91 in TCGA and 0.96 in the SNUH dataset) for recurrent somatic mutations in
breast cancer (Supplementary Figure 1A and B).

Analyses of significantly mutated genes

Significantly mutated genes were identified using two algorithms, MutSigCV and
OncodriveCLUST [29,30]. MutSigCV identifies significantly mutated genes in cancer
genomes using a model with mutational covariates. It identifies significantly mutated cancer
genes by considering the sample-specific mutation frequencies, gene-specific mutation rates,
expression levels, and replication times. In MutSigCV, a gene is considered a statistically
significant mutated gene if its p-value is < 0.05 using GenePattern [31]. OncodriveCLUST
was used to identify genes with a significant mutation bias within the protein sequence. If
the Q-value obtained from OncodriveCLUST using maftools was < 0.05, it was considered
statistically significant [32].

Tumor mutational burden

The tumor mutational burden (TMB) was calculated as the ratio of the number of somatic
mutations to the total coding region within the kinome panel target region. UCSC RefSeq
genes were used as the source of gene-coding region information. All coding sequences
comprised multiple 3-mer sequences that began with the start codon (ATG) and ended with
stop codons (TAA, TAG, or TGA) with unique mRNA (NM) IDs. The total number of coding
regions in the target region was 1,528,857 bases. The mutation counts of each sample were
divided by the total coding region, multiplied by megabases, and rounded up to the nearest
integer for downstream analysis. The TMB-low and TMB-high groups were divided according
to the median TMB of each cohort.

Oncogenic cell pathway analyses

Exploratory analyses of oncogenic cell pathways were performed for mutations in each
kinome gene previously reported as gain-of-function or loss-of-function mutations [33]. The
following ten canonical signaling pathways with frequent genetic alterations were analyzed:
cell cycle, Hippo, myc, Notch, oxidative stress response/nuclear factor erythroid 2-related
factor 2, PI3K, receptor tyrosine kinase/RAS/mitogen-activated protein kinase, transforming
growth factor-beta, p53, and f3-catenin (encoded by CTNNB1)/Wnt signaling. Detailed gene
lists are provided in Supplementary Table 2.

Statistical analyses

Variant- and gene-wise comparisons were performed using Fisher’s exact test to compare
mutation frequencies between the Asian and non-Asian TNBC cohorts. Progression-free
survival was defined as the time from the date of diagnosis to the date of local recurrence,
distant metastasis, diagnosis of a new primary tumor, death from any cause, or the last
outpatient follow-up. Survival curves were drawn using the Kaplan—-Meier method, and the
log-rank test was used to assess survival differences. Cox proportional hazards regression
models were used for multivariate survival analyses, adjusted for age at diagnosis and tumor
stage. All statistical tests were performed using R software (R Foundation for Statistical
Computing, Vienna, Austria) [32].
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RESULTS

Patient characteristics

The baseline characteristics of the TNBC SNUH cohort are shown in Table 1. The median
patient age was 50 years (range, 28-83 years), and most patients had stage I or II disease
(88%). All patients were Asian, compared to only 10 (5.9%) Asian patients included in the
TCGA cohort. The median follow-up duration was 73.9 months (range, 3-257 months) in the
SNUH cohort.

Somatic genetic alteration profiling

The median target region sequencing depth and median on-target rate of the preprocessed
BAM files were 388.21x and 98.72%, respectively. Sequencing coverage and quality statistics

are provided in the supplementary data. A total of 5,378 somatic single-nucleotide variants and
54 insertions or deletions were identified in the kinome sequencing data of the SNUH TNBC
cohort (n =166). At least one genetic alteration was identified in 163 (98.2%) cases, with a
median of five (range: 0-63) alterations detected per case. The most frequently altered genes
were TP53 (60% of patients), followed by TTN (36%), PIK3CA (21%), OBSCN (15%), BRCA2 (8%),
PRKDC (8%), and ATM (8%) (Figure 1). Among these genes, TP53, PIK3CA, BRCA2, and ATM
were significantly mutated in the MutSigCV analysis (Supplementary Figure 2). PIK3CA was the
only significant gene in the OncodriveCLUST analysis (g = 0.006). The differences in genomic
features between the SNUH and TCGA non-Asian TNBC cohorts were also analyzed. The SNUH
cohort had a significantly higher PIK3CA mutation rate than the TCGA cohort (21.7% vs. 11.2%;
p=0.01). Notably, the PIK3CA p.H1047R and p.H1047Q mutation rates were significantly higher
in the SNUH cohort than in the TCGA cohort, according to Fisher’s exact test (13.3% vs. 3.3%; p
=0.003). To verify these results, the same analyses were performed on other Asian (FUSCC) and
non-Asian (Gustave Roussy, METABRIC) TNBC datasets. The trends were consistent among all
analyses (Supplementary Table 3 and Supplementary Figure 1C).

Table 1. Baseline characteristics of the SNUH and TCGA TNBC cohorts

Variable SNUH TNBC (n = 166) TCGA TNBC (n = 169)
Age at diagnosis (yr)

Mean 49.4 55.13

Median (range) 50.0 (28-83) 54 (29-90)
Race, No. (%)

Asian 166 (100.0) 10 (5.9)

Black - 47 (27.8)

White - 106 (62.7)

NA - 6 (3.6)
Stage, No. (%)

1-2 147 (88.6) 140 (82.8)

3-4 19 (11.4) 95 (14.8)

NA - 4(2.4)
Progression free interval, No. (%)

Event 34 (20.4) 28 (16.6)

Censored 132 (79.5) 141 (83.4)
Follow-up (days)

Mean 2,401 1,221

Median (range) 2,218 (92-7,707) 858 (0-7,777)

SNUH = Seoul National University Hospital; TNBC = triple-negative breast cancer; TCGA = The Cancer Genome
Atlas; NA = not applicable.
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Figure 1. Mutational landscape of the SNUH and TCGA TNBC cohorts.
SNUH = Seoul National University Hospital; TCGA = The Cancer Genome Atlas; TNBC = triple-negative breast cancer.

TMB analysis

The TCGA TNBC dataset was analyzed to compare TMB values from the kinome target
panel and whole-exome regions to determine whether the kinome TMB value could be used
to accurately assess the whole-exome TMB. The TMB values calculated using these two
methods were highly correlated (R = 0.91; Supplementary Figure 3). The median TMB was
four mutations/Mb in both cohorts (Supplementary Figure 4). The SNUH and TCGA TNBC
cohorts were then divided into two groups based on the median split of TMB values. In the
TCGA cohort, the TMB-high group had a significantly better survival rate than the TMB-low
group (p = 0.041; Figure 2). Similar results were found in the SNUH cohort, in which the
TMB-high group showed a trend toward improved survival (p = 0.195). The median TMB was
three mutations/Mb in the TCGA WES data, and a non-significant trend favoring improved
survival in the TMB-high group was also demonstrated (p = 0.182, Supplementary Figure 5).
The on-target rate and average depth on-target were both higher in the kinome sequencing
dataset compared to the WES dataset resulting in lower median TMB in the TCGA WES data
(Supplementary Figure 6).

Survival analyses of kinome genes in oncogenic pathways

Survival analysis of kinome genes in oncogenic pathways was performed to determine
whether specific genetic alterations in TNBC confer a survival advantage. Gene mutations
were grouped according to curated oncogenic pathways, as previously described [33].
Among the ten oncogenic pathways, patients with TNBC in the SNUH and TCGA cohorts
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with alterations in the B-catenin/Wnt signaling pathways had poor survival (Figure 3). This
association remained after correcting for age and stage according to the Cox proportional
hazards model (Supplementary Figure 7). The kinome genes included in the Wnt pathway
were CTNNBI, APC, and GSK3/; less than 10% of the TNBC cohorts had alterations in these
genes (Supplementary Figure 8).

DISCUSSION

This study aimed to identify prognostic factors for TNBC that may serve as potential
therapeutic targets. Here, we analyzed target kinome sequencing data from 166 TNBC cases
and the TCGA TNBC dataset. Kinome sequencing was used to this end, considering the
important regulatory role of kinomes in cancer initiation and progression and their potential
therapeutic role.

The SNUH TNBC cohort had a higher PIK3CA mutation rate than several non-Asian TNBC
cohorts in this study. This difference was also observed when comparing the FUSCC Chinese
TNBC cohort with publicly available data from non-Asian TNBC cohorts. This observation
was consistent with a recent report by Xiao et al. [34] on another Chinese breast cancer
cohort, indicating that Asian patients with TNBC have a higher PIK3CA mutation rate than
non-Asian patients with TNBC. A distinct characteristic of our study was the high rate of
PIK3CA p.H1047R and p.H1047Q mutations in Asian patients with TNBC, which has not been
reported in previous TNBC studies. Recently, alpelisib, a PI3K inhibitor, was approved by the
United States Food and Drug Administration to treat patients with PIK3CA-mutated, hormone
receptor-positive advanced breast cancers. Although the role of PI3K inhibitors in TNBC with
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PIK3CA mutations is unknown, many clinical trials are ongoing to unravel this association
[35]. The relatively high rate of PIK3CA mutations in the Asian population suggests that PI3K
inhibitors may play an essential role in treating Asian patients with TNBC.

The current gold standard for TMB measurements is the application of WES data. In this
study, a kinome panel consisting of 612 genes was used for TMB evaluation. The TCGA
cohort was used to compare TMB values between the subset of genes in the kinome panel
and the original whole-exome region showing strong correlation. Although WES data are the
gold standard for TMB measurements, they are not widely utilized in routine clinical practice
because of their high cost, time consumption, and labor-intensive processing. Currently,
precision oncology platforms are primarily based on targeted gene panels. Similar to this
study, analyses of several commercialized gene panels have revealed strong correlations
between WES- and panel-based TMB quantification using TCGA datasets [36,37].
Additionally, the relationship between recurrence and TMB value was clearer for kinome-
based TMB values which could be related to a significantly higher on-target rate and average
depth on-target in the kinome sequencing dataset. The predictive value of panel-based TMB
value for immunotherapy response is demonstrated in other studies also [38].

This study suggests that TNBC patients with high TMB have a better likelihood of survival
compared to patients with low TMB. TMB-low and TMB-high were defined in relation to
the median TMB value (four mutations per Mb). Although the commonly used definition of
high TMB is > 10 mutations/Mb, this is a predictive value for immune checkpoint inhibitors
originating from the KEYNOTE-158 trial [39]. In this study, we investigated the prognostic
value of TMB unrelated to immunotherapy. The number of mutations that define TMB-high
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varies across cancer types, and previous studies have demonstrated that 10 mutations/Mb
cannot be a universal definition for a prognostic/predictive factor in all cancer types [40,41].

TMB is closely related to neoantigen burden and T-cell infiltration, and is a marker of tumor
antigenicity [38]. A high TMB is associated with high response rates to immunotherapy and is
recognized as a predictive factor for immune checkpoint inhibitor efficacy in various cancers
[38]. However, the prognostic role of TMB in TNBC has not been established. Garrido-Castro
et al. [42] reported that a high TMB is significantly associated with improved overall survival
in patients with de novo metastatic TNBC. In the GeparNuevo trial, patients who underwent
neoadjuvant chemotherapy for early TNBC tumors had a significantly higher TMB value when
pathologic complete response was achieved [43]. In contrast, the survival rate did not differ
according to TMB values among patients with early breast cancer in the USO01062 study
[44]. In general, cancers with a high TMB also have a higher tumor-infiltrating lymphocyte
(TIL) count, and because of the prognostic role of TIL in TNBC, we can also assume that TMB
has a prognostic role in breast cancer. However, this warrants further investigation.

Survival analyses of cancer signaling pathways revealed that Wnt pathway alterations were
related to poor prognosis in TNBC. The kinome genes altered in the Wnt pathway include
CTNNBI, APC, and GSK3p. Inactivating mutations in APC and GSK3/ and activating mutations

in B-catenin lead to the mutational inactivation of the B-catenin destruction complex, the
archetypal mode of Wnt pathway activation in cancer. Several reports have demonstrated that
Whnt pathway activation is associated with extensive metastasis and poor prognosis for TNBC
[45-47]. Geyer and colleagues [47] suggested that f-catenin/Wnt pathway activation is not
related to CTNNBI mutations, as no exon 3 CTNNBI mutations were observed in 19 invasive
breast carcinoma samples with B-catenin nuclear expression. Alternatively, the B-catenin/

Wnt pathway may be activated by other exons of the CTNNBI gene or other genes in the Wnt
pathway, which could be the underlying mechanism of the Wnt pathway alteration observed

in this study. Further investigation is needed using RNA or immunohistochemistry expression
data to determine whether Wnt pathway alterations correlate with Wnt pathway activation. The
poor outcomes of TNBC patients with Wnt pathway alterations in this study suggest that the
Wnt pathway might be a valuable therapeutic target for TNBC. However, despite identifying
numerous Wnt pathway inhibitors, no drugs have been approved to target this pathway. A major
challenge when targeting the Wnt pathway is avoiding toxicity in healthy tissues, considering its
role in maintaining stem cells and the regeneration of tissues and organs [48].

Targeted sequencing is more practical for clinical applications than whole-exome and
genome sequencing. Screening a limited but clinically important gene set reduces the
turnaround time and provides high-depth sequencing. It also helps reduce costs and
minimize the complexity of data interpretation and reporting. However, targeted panels may
not be suitable for research purposes because of their narrow coverage since only a small part
of the human genome is covered.

Here, we only focused on small mutations using targeted sequencing. A limitation

of this study was the absence of any analysis of copy number alterations, the tumor
microenvironment, and the presence of fusion genes. We could not consider TNBC subtype
classifications based on gene expression data because of a lack of RNA expression data in
the SNUH cohort. In addition, the definition of high TMB is still not optimized and varies
widely by tumor type and the number or type of selected genes [49]. Lastly, the low number
of patients with altered Wnt pathway in the two cohorts limit the clinical significance of our
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results and additional studies are needed to determine the prognostic value of Wnt pathway
alterations in patients with TNBC.

Targeted Kinome Sequencing of Triple-Negative Breast Cancer

In conclusion, we characterized the somatic mutation landscape in patients with early TNBC
using a targeted kinome sequencing approach. We found a higher PIK3CA mutation rate in
Asian patients than in non-Asian patients with TNBC, especially mutations in PIK3CA p.H1047R
and p.H1047Q. In this study, TNBC patients with high TMB showed a trend toward better
clinical outcomes, whereas Wnt pathway alterations were related to a poor survival rate. These
genomic traits are associated with disease recurrence and can be considered therapeutic
targets. Furthermore, they may also help identify high-risk patients in future studies.

ACKNOWLEDGMENTS

We thank SK Telecom for financial support and Taegyun Yun, Jungsun Park and Dongyoon
Park of Al Transformation CO., T3K, SK Telecom, Seongnam-si, Gyeonggi-do, Republic of
Korea for help in analyzing sequencing data in this study.

SUPPLEMENTARY MATERIALS

Supplementary Table 1
Recurrent somatic mutations in breast cancer from the COSMIC (v88) coding mutation
database

Click here to view

Supplementary Table 2
Log-rank test results of the SNUH cohort according to kinome gene alterations in the
oncogenic pathways

Click here to view

Supplementary Table 3
Fisher’s exact test results for the PIK3CA p.H1047Q/R mutation between Asian and non-
Asian datasets

Click here to view

Supplementary Figure 1

Contingency table of the number of mutations and normal DNA sequences generated for
recurrent somatic mutations using a tumor-normal matched and Mutect2 without normal
sample pipelines in the TCGA (A) and SNUH (B) datasets. Fisher’s exact test results of
PIK3CA p.H1047Q/R mutations between Asian and non-Asian populations without a normal
sample pipeline are shown in (C).

Click here to view

https://ejbc.kr https://doi.org/10.4048/jbc.2022.25.e15 173


https://e-jcvi.org/DownloadSupplMaterial.php?id=10.4048/jbc.2022.25.e15&fn=jbc-25-164-s001.xls
https://e-jcvi.org/DownloadSupplMaterial.php?id=10.4048/jbc.2022.25.e15&fn=jbc-25-164-s002.xls
https://e-jcvi.org/DownloadSupplMaterial.php?id=10.4048/jbc.2022.25.e15&fn=jbc-25-164-s003.xls
https://e-jcvi.org/DownloadSupplMaterial.php?id=10.4048/jbc.2022.25.e15&fn=jbc-25-164-s004.ppt

Targeted Kinome Sequencing of Triple-Negative Breast Cancer

JBC

https://ejbc.kr

Supplementary Figure 2
MutsigCV result of the SNUH cohort. The genes that have a g-value < 0.05 are labeled.

Click here to view

Supplementary Figure 3
Scatter plot of the TMB and mutation count in the kinome sequencing and WES data.

Click here to view

Supplementary Figure 4
Distribution of TMB with the kinome data in the SNUH and TCGA cohorts. Outlier samples
with a TMB value > 50 (60 and 189) in the SNUH cohort were excluded from the plot.

Click here to view

Supplementary Figure 5
Kaplan-Meier curves of the TMB-low and TMB-high groups in the TCGA WES data.

Click here to view

Supplementary Figure 6
A comparison of the on-target rate (A) and average depth on-target (B) between WES and
kinome sequencing in the TCGA dataset.

Click here to view

Supplementary Figure 7
Forest plot of the Cox proportional hazard models.

Click here to view

Supplementary Figure 8
Kinome genes (green highlighted) in the Wnt B-catenin pathway.

Click here to view

REFERENCES

1. DentR, Trudeau M, Pritchard KI, Hanna WM, Kahn HK, Sawka CA, et al. Triple-negative breast cancer:
clinical features and patterns of recurrence. Clin Cancer Res 2007;13:4429-34.
PUBMED | CROSSREF

2. LeeJA, Kim KI, Bae JW, Jung YH, An H, Lee ES, et al. Triple negative breast cancer in Korea-distinct
biology with different impact of prognostic factors on survival. Breast Cancer Res Treat 2010;123:177-87.
PUBMED | CROSSREF

3. Bianchini G, Balko JM, Mayer IA, Sanders ME, Gianni L. Triple-negative breast cancer: challenges and
opportunities of a heterogeneous disease. Nat Rev Clin Oncol 2016;13:674-90.
PUBMED | CROSSREF

https://doi.org/10.4048/jbc.2022.25.e15 174


https://e-jcvi.org/DownloadSupplMaterial.php?id=10.4048/jbc.2022.25.e15&fn=jbc-25-164-s005.ppt
https://e-jcvi.org/DownloadSupplMaterial.php?id=10.4048/jbc.2022.25.e15&fn=jbc-25-164-s006.ppt
https://e-jcvi.org/DownloadSupplMaterial.php?id=10.4048/jbc.2022.25.e15&fn=jbc-25-164-s007.ppt
https://e-jcvi.org/DownloadSupplMaterial.php?id=10.4048/jbc.2022.25.e15&fn=jbc-25-164-s008.ppt
https://e-jcvi.org/DownloadSupplMaterial.php?id=10.4048/jbc.2022.25.e15&fn=jbc-25-164-s009.ppt
https://e-jcvi.org/DownloadSupplMaterial.php?id=10.4048/jbc.2022.25.e15&fn=jbc-25-164-s010.ppt
https://e-jcvi.org/DownloadSupplMaterial.php?id=10.4048/jbc.2022.25.e15&fn=jbc-25-164-s011.ppt
http://www.ncbi.nlm.nih.gov/pubmed/17671126
https://doi.org/10.1158/1078-0432.CCR-06-3045
http://www.ncbi.nlm.nih.gov/pubmed/20574671
https://doi.org/10.1007/s10549-010-0998-5
http://www.ncbi.nlm.nih.gov/pubmed/27184417
https://doi.org/10.1038/nrclinonc.2016.66

Targeted Kinome Sequencing of Triple-Negative Breast Cancer

JBC

https://ejbc.kr

4. Schmid P, Cortes J, Pusztai L, McArthur H, Kiimmel S, Bergh J, et al. Pembrolizumab for early triple-
negative breast cancer. N Engl ] Med 2020;382:810-21.
PUBMED | CROSSREF
5. Mittendorf EA, Zhang H, Barrios CH, Saji S, Jung KH, Hegg R, et al. Neoadjuvant atezolizumab in
combination with sequential nab-paclitaxel and anthracycline-based chemotherapy versus placebo and
chemotherapy in patients with early-stage triple-negative breast cancer (IMpassion031): a randomised,
double-blind, phase 3 trial. Lancet 2020;396:1090-100.
PUBMED | CROSSREF
6. Manning G, Whyte DB, Martinez R, Hunter T, Sudarsanam S. The protein kinase complement of the
human genome. Science 2002;298:1912-34.
PUBMED | CROSSREF
7. Zhang], Yang PL, Gray NS. Targeting cancer with small molecule kinase inhibitors. Nat Rev Cancer
2009;9:28-39.
PUBMED | CROSSREF
8. Bhullar KS, Lagarén NO, McGowan EM, Parmar I, Jha A, Hubbard BP, et al. Kinase-targeted cancer
therapies: progress, challenges and future directions. Mol Cancer 2018;17:48.
PUBMED | CROSSREF
9. AndréF, Ciruelos E, Rubovszky G, Campone M, Loibl S, Rugo HS, et al. Alpelisib for PIK3CA-mutated,
hormone receptor-positive advanced breast cancer. N Engl ] Med 2019;380:1929-40.
PUBMED | CROSSREF
10. LiH. Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM. arXiv Epub 2013
May 26.
11. LiH, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The Sequence Alignment/Map format
and SAMtools. Bioinformatics 2009;25:2078-9.
PUBMED | CROSSREF
12. ShenY, Wan Z, Coarfa C, Drabek R, Chen L, Ostrowski EA, et al. A SNP discovery method to assess
variant allele probability from next-generation resequencing data. Genome Res 2010;20:273-80.
PUBMED | CROSSREF
13. Siva N. 1000 Genomes project. Nat Biotechnol 2008;26:256.
PUBMED | CROSSREF
14. Lek M, Karczewski KJ, Minikel EV, Samocha KE, Banks E, Fennell T, et al. Analysis of protein-coding
genetic variation in 60,706 humans. Nature 2016;536:285-91.
PUBMED | CROSSREF
15. LeeS, Seo]J, Park ], NamJY, Choi A, Ignatius JS, et al. Korean Variant Archive (KOVA): a reference database
of genetic variations in the Korean population. Sci Rep 2017;7:4287.
PUBMED | CROSSREF
16. Wang Q, Pierce-Hoffman E, Cummings BB, Alf6ldiJ, Francioli LC, Gauthier LD, et al. Landscape of multi-
nucleotide variants in 125,748 human exomes and 15,708 genomes. Nat Commun 2020;11:2539.
PUBMED | CROSSREF
17. Jeon S, Bhak Y, Choi Y, Jeon Y, Kim S, JangJ, et al. Korean Genome Project: 1094 Korean personal
genomes with clinical information. Sci Adv 2020;6:eaaz7835.
PUBMED | CROSSREF
18. Kang HJ, Kim KT, Yoo KH, Park Y, Kim JW, Kim SW, et al. Genetic markers for later remission in response
to early improvement of antidepressants. Int ] Mol Sci 2020;21:4884.
PUBMED | CROSSREF
19. NgPC, Henikoff S. SIFT: Predicting amino acid changes that affect protein function. Nucleic Acids Res
2003;31:3812-4.
PUBMED | CROSSREF
20. Adzhubei I, Jordan DM, Sunyaev SR. Predicting functional effect of human missense mutations using
PolyPhen-2. Curr Protoc Hum Genet 2013;Chapter 7:20.
PUBMED | CROSSREF
21. Rentzsch P, Witten D, Cooper GM, Shendure J, Kircher M. CADD: predicting the deleteriousness of
variants throughout the human genome. Nucleic Acids Res 2019;47:D886-94.
PUBMED | CROSSREF
22. WangK, Li M, Hakonarson H. ANNOVAR: functional annotation of genetic variants from high-
throughput sequencing data. Nucleic Acids Res 2010;38:€164.
PUBMED | CROSSREF
23. Ellrott K, Bailey MH, Saksena G, Covington KR, Kandoth C, Stewart C, et al. Scalable open science approach
for mutation calling of tumor exomes using multiple genomic pipelines. Cell Syst 2018;6:271-281.e7.
PUBMED | CROSSREF
https://doi.org/10.4048/jbc.2022.25.e15 175


http://www.ncbi.nlm.nih.gov/pubmed/32101663
https://doi.org/10.1056/NEJMoa1910549
http://www.ncbi.nlm.nih.gov/pubmed/32966830
https://doi.org/10.1016/S0140-6736(20)31953-X
http://www.ncbi.nlm.nih.gov/pubmed/12471243
https://doi.org/10.1126/science.1075762
http://www.ncbi.nlm.nih.gov/pubmed/19104514
https://doi.org/10.1038/nrc2559
http://www.ncbi.nlm.nih.gov/pubmed/29455673
https://doi.org/10.1186/s12943-018-0804-2
http://www.ncbi.nlm.nih.gov/pubmed/31091374
https://doi.org/10.1056/NEJMoa1813904
http://www.ncbi.nlm.nih.gov/pubmed/19505943
https://doi.org/10.1093/bioinformatics/btp352
http://www.ncbi.nlm.nih.gov/pubmed/20019143
https://doi.org/10.1101/gr.096388.109
http://www.ncbi.nlm.nih.gov/pubmed/18327223
https://doi.org/10.1038/nbt0308-256b
http://www.ncbi.nlm.nih.gov/pubmed/27535533
https://doi.org/10.1038/nature19057
http://www.ncbi.nlm.nih.gov/pubmed/28655895
https://doi.org/10.1038/s41598-017-04642-4
http://www.ncbi.nlm.nih.gov/pubmed/32461613
https://doi.org/10.1038/s41467-019-12438-5
http://www.ncbi.nlm.nih.gov/pubmed/32766443
https://doi.org/10.1126/sciadv.aaz7835
http://www.ncbi.nlm.nih.gov/pubmed/32664413
https://doi.org/10.3390/ijms21144884
http://www.ncbi.nlm.nih.gov/pubmed/12824425
https://doi.org/10.1093/nar/gkg509
http://www.ncbi.nlm.nih.gov/pubmed/23315928
https://doi.org/10.1002/0471142905.hg0720s76
http://www.ncbi.nlm.nih.gov/pubmed/30371827
https://doi.org/10.1093/nar/gky1016
http://www.ncbi.nlm.nih.gov/pubmed/20601685
https://doi.org/10.1093/nar/gkq603
http://www.ncbi.nlm.nih.gov/pubmed/29596782
https://doi.org/10.1016/j.cels.2018.03.002

Targeted Kinome Sequencing of Triple-Negative Breast Cancer

JBC

https://ejbc.kr

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

Lehmann BD, Jovanovi¢ B, Chen X, Estrada MV, Johnson KN, Shyr Y, et al. Refinement of triple-negative
breast cancer molecular subtypes: implications for neoadjuvant chemotherapy selection. PLoS One
2016;11:e0157368.

PUBMED | CROSSREF

Jiang YZ, Ma D, Suo C, ShiJ, Xue M, Hu X, et al. Genomic and transcriptomic landscape of triple-negative
breast cancers: subtypes and treatment strategies. Cancer Cell 2019;35:428-440.e5.

PUBMED | CROSSREF

Bertucci F, Ng CK, Patsouris A, Droin N, Piscuoglio S, Carbuccia N, et al. Genomic characterization of
metastatic breast cancers. Nature 2019;569:560-4.

PUBMED | CROSSREF

Curtis C, Shah SP, Chin SF, Turashvili G, Rueda OM, Dunning MJ, et al. The genomic and transcriptomic
architecture of 2,000 breast tumours reveals novel subgroups. Nature 2012;486:346-52.
PUBMED | CROSSREF

GaoJ, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, Sumer SO, et al. Integrative analysis of complex
cancer genomics and clinical profiles using the cBioPortal. Sci Signal 2013;6:pl1.

PUBMED | CROSSREF

Lawrence MS, Stojanov P, Polak P, Kryukov GV, Cibulskis K, Sivachenko A, et al. Mutational heterogeneity
in cancer and the search for new cancer-associated genes. Nature 2013;499:214-8.

PUBMED | CROSSREF

Tamborero D, Gonzalez-Perez A, Lopez-Bigas N. OncodriveCLUST: exploiting the positional clustering of
somatic mutations to identify cancer genes. Bioinformatics 2013;29:2238-44.

PUBMED | CROSSREF

Reich M, Liefeld T, Gould J, Lerner J, Tamayo P, Mesirov JP. GenePattern 2.0. Nat Genet 2006;38:500-1.
PUBMED | CROSSREF

Mayakonda A, Lin DC, Assenov Y, Plass C, Koeffler HP. Maftools: efficient and comprehensive analysis of
somatic variants in cancer. Genome Res 2018;28:1747-56.

PUBMED | CROSSREF

Sanchez-Vega F, Mina M, Armenia J, Chatila WK, Luna A, La KC, et al. Oncogenic signaling pathways in
The Cancer Genome Atlas. Cell 2018;173:321-337.€10.

PUBMED | CROSSREF

Xiao W, Zhang G, Chen B, Chen X, Wen L, LaiJ, et al. Characterization of frequently mutated cancer
genes and tumor mutation burden in Chinese breast cancer. Front Oncol 2021;11:618767.

PUBMED | CROSSREF

Pascual J, Turner NC. Targeting the PI3-kinase pathway in triple-negative breast cancer. Ann Oncol
2019;30:1051-60.

PUBMED | CROSSREF

Chalmers ZR, Connelly CF, Fabrizio D, Gay L, Ali SM, Ennis R, et al. Analysis of 100,000 human cancer
genomes reveals the landscape of tumor mutational burden. Genome Med 2017;9:34.

PUBMED | CROSSREF

Wang Z, Duan J, Cai S, Han M, Dong H, Zhao J, et al. Assessment of blood tumor mutational burden as
a potential biomarker for immunotherapy in patients with non-small cell lung cancer with use of a next-
generation sequencing cancer gene panel. JAMA Oncol 2019;5:696-702.

PUBMED | CROSSREF

Fancello L, Gandini S, Pelicci PG, Mazzarella L. Tumor mutational burden quantification from targeted
gene panels: major advancements and challenges. ] Immunother Cancer 2019;7:183.

PUBMED | CROSSREF

Marabelle A, Fakih M, Lopez J, Shah M, Shapira-Frommer R, Nakagawa K, et al. Association of tumour
mutational burden with outcomes in patients with advanced solid tumours treated with pembrolizumab:
prospective biomarker analysis of the multicohort, open-label, phase 2 KEYNOTE-158 study. Lancet Oncol
2020;21:1353-65.

PUBMED | CROSSREF

Shao C, Li G, Huang L, Pruitt S, Castellanos E, Frampton G, et al. Prevalence of high tumor mutational
burden and association with survival in patients with less common solid tumors. JAMA Netw Open
202053:€2025109.

PUBMED | CROSSREF

Samstein RM, Lee CH, Shoushtari AN, Hellmann MD, Shen R, Janjigian YY, et al. Tumor mutational load
predicts survival after immunotherapy across multiple cancer types. Nat Genet 2019;51:202-6.

PUBMED | CROSSREF

https://doi.org/10.4048/jbc.2022.25.e15 176


http://www.ncbi.nlm.nih.gov/pubmed/27310713
https://doi.org/10.1371/journal.pone.0157368
http://www.ncbi.nlm.nih.gov/pubmed/30853353
https://doi.org/10.1016/j.ccell.2019.02.001
http://www.ncbi.nlm.nih.gov/pubmed/31118521
https://doi.org/10.1038/s41586-019-1056-z
http://www.ncbi.nlm.nih.gov/pubmed/22522925
https://doi.org/10.1038/nature10983
http://www.ncbi.nlm.nih.gov/pubmed/23550210
https://doi.org/10.1126/scisignal.2004088
http://www.ncbi.nlm.nih.gov/pubmed/23770567
https://doi.org/10.1038/nature12213
http://www.ncbi.nlm.nih.gov/pubmed/23884480
https://doi.org/10.1093/bioinformatics/btt395
http://www.ncbi.nlm.nih.gov/pubmed/16642009
https://doi.org/10.1038/ng0506-500
http://www.ncbi.nlm.nih.gov/pubmed/30341162
https://doi.org/10.1101/gr.239244.118
http://www.ncbi.nlm.nih.gov/pubmed/29625050
https://doi.org/10.1016/j.cell.2018.03.035
http://www.ncbi.nlm.nih.gov/pubmed/33968723
https://doi.org/10.3389/fonc.2021.618767
http://www.ncbi.nlm.nih.gov/pubmed/31050709
https://doi.org/10.1093/annonc/mdz133
http://www.ncbi.nlm.nih.gov/pubmed/28420421
https://doi.org/10.1186/s13073-017-0424-2
http://www.ncbi.nlm.nih.gov/pubmed/30816954
https://doi.org/10.1001/jamaoncol.2018.7098
http://www.ncbi.nlm.nih.gov/pubmed/31307554
https://doi.org/10.1186/s40425-019-0647-4
http://www.ncbi.nlm.nih.gov/pubmed/32919526
https://doi.org/10.1016/S1470-2045(20)30445-9
http://www.ncbi.nlm.nih.gov/pubmed/33119110
https://doi.org/10.1001/jamanetworkopen.2020.25109
http://www.ncbi.nlm.nih.gov/pubmed/30643254
https://doi.org/10.1038/s41588-018-0312-8

BC

Targeted Kinome Sequencing of Triple-Negative Breast Cancer

https://ejbc.kr

42. Garrido-Castro AC, Spurr LF, Hughes ME, Li YY, Cherniack AD, Kumari P, et al. Genomic characterization
of de novo metastatic breast cancer. Clin Cancer Res 2021;27:1105-18.
PUBMED | CROSSREF

43. Karn T, Denkert C, Weber KE, Holtrich U, Hanusch C, Sinn BV, et al. Tumor mutational burden and
immune infiltration as independent predictors of response to neoadjuvant immune checkpoint inhibition
in early TNBC in GeparNuevo. Ann Oncol 2020;31:1216-22.
PUBMED | CROSSREF

44. Wilson TR, Udyavar AR, Chang CW, Spoerke JM, Aimi J, Savage HM, et al. Genomic alterations associated
with recurrence and TNBC subtype in high-risk early breast cancers. Mol Cancer Res 2019;17:97-108.
PUBMED | CROSSREF

45. Khramtsov Al, Khramtsova GF, Tretiakova M, Huo D, Olopade OI, Goss KH. Wnt/beta-catenin pathway
activation is enriched in basal-like breast cancers and predicts poor outcome. Am J Pathol 2010;176:2911-20.
PUBMED | CROSSREF

46. Dey N, Barwick BG, Moreno CS, Ordanic-Kodani M, Chen Z, Oprea-Ilies G, et al. Wnt signaling in triple
negative breast cancer is associated with metastasis. BMC Cancer 2013;13:537.
PUBMED | CROSSREF

47.  Geyer FC, Lacroix-Triki M, Savage K, Arnedos M, Lambros MB, MacKay A, et al. B-Catenin pathway
activation in breast cancer is associated with triple-negative phenotype but not with CTNNB1 mutation.
Mod Pathol 2011;24:209-31.
PUBMED | CROSSREF

48. Bugter JM, Fenderico N, Maurice MM. Mutations and mechanisms of WNT pathway tumour suppressors
in cancer. Nat Rev Cancer 2021;21:5-21.
PUBMED | CROSSREF

49. O’Meara TA, Tolaney SM. Tumor mutational burden as a predictor of immunotherapy response in breast
cancer. Oncotarget 2021;12:394-400.
PUBMED | CROSSREF

https://doi.org/10.4048/jbc.2022.25.e15 177


http://www.ncbi.nlm.nih.gov/pubmed/33293374
https://doi.org/10.1158/1078-0432.CCR-20-1720
http://www.ncbi.nlm.nih.gov/pubmed/32461104
https://doi.org/10.1016/j.annonc.2020.05.015
http://www.ncbi.nlm.nih.gov/pubmed/30171174
https://doi.org/10.1158/1541-7786.MCR-18-0619
http://www.ncbi.nlm.nih.gov/pubmed/20395444
https://doi.org/10.2353/ajpath.2010.091125
http://www.ncbi.nlm.nih.gov/pubmed/24209998
https://doi.org/10.1186/1471-2407-13-537
http://www.ncbi.nlm.nih.gov/pubmed/21076461
https://doi.org/10.1038/modpathol.2010.205
http://www.ncbi.nlm.nih.gov/pubmed/33097916
https://doi.org/10.1038/s41568-020-00307-z
http://www.ncbi.nlm.nih.gov/pubmed/33747355
https://doi.org/10.18632/oncotarget.27877

	Mutational Analysis of Triple-Negative Breast Cancer Using Targeted Kinome Sequencing
	INTRODUCTION
	METHODS
	Kinome sequencing
	Sequence data processing and discovery of somatic variants
	Validation cohorts
	Analyses of significantly mutated genes
	Tumor mutational burden
	Oncogenic cell pathway analyses
	Statistical analyses

	RESULTS
	Somatic genetic alteration profiling
	TMB analysis
	Survival analyses of kinome genes in oncogenic pathways

	DISCUSSION
	SUPPLEMENTARY MATERIALS
	Supplementary Table 1
	Supplementary Table 2
	Supplementary Table 3
	Supplementary Figure 1
	Supplementary Figure 2
	Supplementary Figure 3
	Supplementary Figure 4
	Supplementary Figure 5
	Supplementary Figure 6
	Supplementary Figure 7
	Supplementary Figure 8

	REFERENCES


