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ABSTRACT
◥

Purpose: Multigene assays provide useful prognostic infor-
mation regarding hormone receptor (HR)-positive breast
cancer. Next-generation sequencing (NGS)-based platforms
have numerous advantages including reproducibility and adapt-
ability in local laboratories. This study aimed to develop and
validate an NGS-based multigene assay to predict the distant
recurrence risk.

Experimental Design: In total, 179 genes including 30 refer-
ence genes highly correlated with the 21-gene recurrence score
(RS) algorithm were selected from public databases. Targeted
RNA-sequencing was performed using 250 and 93 archived
breast cancer samples with a known RS in the training and
verification sets, respectively, to develop the algorithm and NGS–
Prognostic Score (NGS-PS). The assay was validated in 413
independent samples with long-term follow-up data on distant
metastasis.

Results: In the verification set, the NGS-PS and 21-gene RS
displayed 91.4% concurrence (85/93 samples). In the validation
cohort of 413 samples, area under the receiver operating charac-
teristic curve plotted using NGS-PS values classified for distant
recurrence was 0.76. The best NGS-PS cut-off value predicting
distant metastasis was 20. Furthermore, 269 and 144 patients were
classified as low- and high-risk patients in accordance with the
cut-off. Five- and 10-year estimates of distant metastasis–free
survival (DMFS) for low- versus high-risk groups were 97.0% versus
77.8% and 93.2% versus 64.4%, respectively. The age-related HR for
distant recurrence without chemotherapy was 9.73 (95% CI, 3.59–
26.40) and 3.19 (95% CI, 1.40–7.29) for patients aged ≤50 and
>50 years, respectively.

Conclusions: The newly developed and validated NGS-based
multigene assay can predict the distant recurrence risk in ER-
positive, HER2-negative breast cancer.

Introduction
Breast cancer is a heterogeneous disease with different biological

and clinical characteristics among individual tumors. Along with
standard clinicopathologic variables including patient age, tumor size,
grade, and number ofmetastatic lymph nodes (LN), surrogatemarkers
including estrogen receptor (ER), progesterone receptor (PR), and
HER2 status to determine molecular subtypes of breast cancer are
considered as prognostic and predictive biomarkers (1–5). In partic-
ular, for ER-positive andHER2-negative breast cancers, variousmulti-
gene expression assays have been developed and validated to have
prognostic and/or predictive value (6–14). Such assays are considered
to elucidate prognostic factors per the American Joint Committee on
Cancer (AJCC) Cancer Staging Manual, 8th Edition (15), and are
widely used clinically per the treatment guidelines for early-stage
breast cancer (16–18).

However, these genomic tests have been developed in the United
States or Europe and may not completely reflect the characteristics of
breast cancers in young women. The peak age in Western countries is
much older and only about 15%–30% of patients are premenopausal,
whereas approximately half of the patients in Asia are premenopaus-
al (19, 20). This is potentially important, considering that the increased
relapse andmortality rates are associated with young age among breast
cancers with the Luminal subtype (21, 22). A comparative genomic
analysis between predominantly premenopausal versus postmeno-
pausal populations revealed higher proportions of Luminal B subtypes
and ER downregulation in ER-positive subtypes among younger
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women (23). To better delineate the relapse risk in these populations, it
is necessary to develop a multigene assay and validate it in a cohort
comprising a higher proportion of young patients.

In the era of high-throughput next-generation sequencing (NGS)
technologies, RNA-sequencing (RNA-seq)-based gene expression
analysis would be suitable in developing a new assay. RNA-seq has
advantages including higher flexibility, sensitivity, and accuracy for
gene expression analysis than those of quantitative reverse tran-
scription PCR (qRT-PCR) and microarray used in previously
developed assays (24). RNA-seq helps analyze the transcriptome
in an unbiased manner with a very low background signal, encom-
passing a large dynamic range of expression levels through which
transcripts can be detected (25, 26). Furthermore, RNA-seq analysis
is highly reproducible and currently easier to implement than
microarray in individual laboratories, allowing the decentralization
of this assay (27–29).

This study aimed to develop and validate an NGS-based multigene
assay to predict the distant recurrence risk in ER-positive, HER2-
negative early breast cancer.

Materials and Methods
Ethical approval

All procedures performed in this study were in accordance with the
1964 Helsinki Declaration and its later amendments or comparable
ethical standards, and with the ethical standards approved by the
Institutional Review Board of Seoul National University Hospital
(SNUH; H1401–150–623), Asan Medical Center (AMC; S2014–
1828–0011), and Korea University Guro Hospital (16010–001). The
investigators obtained written consent from patients included in this
study according to requirements judged by the Institutional Review
Board of each institution.

Selection of genes included in the multigene assay
The newly developed assay required a unique composition of genes

potentially reflecting the gene expression profiles of the individual
tumors and those that are stable in terms of RNA-seq data generation.
In total, 179 genes were selected in this multigene assay (Supplemen-
tary Appendix). In brief, gene expression data frommicroarray data of
1,754 ER-positive and LN-negative breast cancer samples in seven

Gene Expression Omnibus (GEO) datasets (30) and RNA-seq data of
1,025 ER-positive breast cancer samples in The Cancer Genome Atlas
(TCGA; ref. 31) and a previous study performed at SNUH (32) were
used herein. The 21-gene recurrence score (RS) was determined from
these data, as reported previously (7). In total, 149 genes including
those with a Pearson correlation coefficient of >0.5 with the calculated
RS in individual samples and 16 non-reference genes in the 21-gene
assay (33) were selected. Furthermore, 30 reference genes including
10 most upregulated, intermediately expressed, and downregulated
genes with low variation, selected from RNA-seq data in TCGA, were
included herein to constitute the final panel of 179 genes.

Segregation of patients in training and verification cohorts
Formalin-fixed paraffin-embedded (FFPE) samples from 377

patients with available 21-gene RSs were harvested at SNUH and
AMC. The patients had ER-positive and HER2-negative early-stage
breast cancer and underwent surgery between March 2010 and June
2016. After RNA extraction, targeted RNA-seq was successfully per-
formed on 343 (91.0%) patients. The interval between time of surgery
to RNA extraction and RNA-seq ranged from 3 to 78 months. These
patients were divided into independent training and verification sets of
250 and 93 patients, respectively, to be used for model development
and verification. The two cohorts had an equal RS distribution, as
determined through the Wilcoxon rank sum test with a significance
level of 0.05. Clinicopathologic characteristics including age, tumor
size, nuclear and histologic grade, PR status, chemotherapy adminis-
tration, and type of endocrine therapy usedwere reviewed. Clinical risk
was categorized based on the Adjuvant! Algorithm as used in the
MINDACT (Microarray in Node-Negative Disease May Avoid Che-
motherapy) trial (13). Integrated RS and clinical risk was categorized
on the basis of an analysis performed with the TAILORx (Trial
Assigning Individualized Options for Treatment) trial data (34).
Women aged ≤ 50 years having RS 0–10 with any clinical risk and
RS 11–20 with low clinical risk are categorized as low integrated risk,
whereas those having RS 16–20 with high clinical risk and RS 21–100
with any clinical risk are categorized as high integrated risk. Women
aged > 50 years are categorized according to RS 0–25 (low risk) versus
RS 26–100 (high risk) regardless of clinical risk.

Sample preparation and targeted RNA-seq
Detailed protocols for RNA extraction, ribosomal RNA depletion,

cDNA library construction, hybridization capture, amplification of
target-captured libraries, andNGS are described in the Supplementary
Appendix. In brief, total RNA from 10 (10-mm thick) FFPE tissue
sections with a minimum 30% tumor fraction was extracted using the
RNeasy FFPE Kit (QIAGEN GmbH) in accordance with the manu-
facturer’s instructions. After quantitative and qualitative analysis of
extracted RNA, using the Qubit 4 Fluorometer (Thermo Fisher
Scientific) and 4200 TapeStation (Agilent Technologies), rRNA was
depleted and cDNA libraries were constructed using the KAPA
Stranded RNA-Seq Kit with RiboErase (HMR; Kapa Biosystems) in
accordance with the manufacturer’s instructions. DNA fragments in
the library were then hybridized with 179 gene probes, and target
capture and amplification of the captured library were carried out with
the Target Capture Solution Box #1, #2, and #3 (Celemics Inc.) and
target capture probes synthesized by Celemics Inc. Each captured
library was then validated prior to pooling. On accurate calculation
accounting for the target size and the amount of data needed and the
concentration of each sample, pooled libraries were denatured and
diluted in accordance with the Illumina sequencing instrument’s User
Guide. Paired-end targeted RNA-seq was carried out on Illumina

Translational Relevance

Multigene assays provide useful prognostic information regard-
ing hormone receptor–positive breast cancer. Currently available
genomic tests use data derived from reverse transcription PCR- or
microarray-based gene expression analyses, and some studies have
reported inconsistent results among young patients. Herein, we
developed a multigene assay using a next-generation sequencing
(NGS) platform and validated its potential to assess the risk of
distant recurrence using samples obtained through long-term
follow-up data. Specific pipelines were generated to normalize
RNA-sequencing data to reflect the gene expression profiles of
individual tumors. This multigene assay has independent prog-
nostic potential to categorize patients into groups of low or high
distant recurrence risk, especially among patients aged ≤50 years.
The NGS technology used herein has advantages including repro-
ducibility and adaptability in local laboratories, thus potentially
revolutionizing clinically used genomic testing platforms.
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NextSeq 500 platform (Illumina). After the sequencing run, raw
FASTQ files were analyzed.

Normalization of expressiondata and the conserved-exonpanel
A well-known transcriptome analysis tool edgeR-v3.26.8 (35) was

used to process the RNA-seq samples generated herein. This step was
carried out to quantify the expression levels of 179 genes and to
normalize them across samples. A computational framework was
developed using (i) the Trimmed Mean of M values (TMM) meth-
od (36) and (ii) the conserved-exon panel (CEP) approach to generate
a more robust gene expression profile. TMM is one of the most
effective normalization methods (37) implemented in edgeR, which
was used herein. Furthermore, we devised a read selection method
namedCEP, which aimed to focus the conserved exons among splicing
isoforms of each gene. The detailed protocol for the development of the
computational framework is described in the Supplementary
Appendix.

Training and verification of the RS prediction model
The RS prediction model was developed using normalized gene

expression values of the 179 genes derived from 250 samples in the
training set. The least absolute shrinkage and selection operator
(LASSO) regression analysis method was used for selecting variables
(genes) and determining the coefficients in the model to derive a value
that best matches the RS of each sample (38, 39). Twenty-one genes
significantly influenced the prediction of the RS and are incorporated
in the algorithm to obtain an NGS–Prognostic Score (NGS-PS) of
range 0 to 100.

NGS-PS¼ 0.62�KIF23þ 0.60� SLC7A5þ 0.59�KPNA2þ 0.53
�AURKAþ 0.34� E2F8þ 0.34�MMP11þ 0.24� SHCBP1þ 0.20
�CTSL2þ 0.16�CENPEþ 0.16�TFRCþ 0.15�KIF18Aþ 0.14�
CCNE2þ 0.04� KIF14þ 0.04� RRM2� 0.04� CX3CR1� 0.05�
JMJD5� 0.33�CACNA1D� 0.36� ESR1� 0.48�GSTM1� 1.45�
PGR � 2.04 � SCUBE2 þ 41.16

The remaining 158 genes served as reference genes. Verification
analyses were carried out using 93 independent samples. During
classification analysis, the accuracy of high- and low-risk categoriza-
tion was compared between RS and NGS-PS values of ≤ 25 (low risk)
versus > 25 (high risk) for each sample. Pearson correlation coefficient
was determined using the RS and NGS-PS values.

Model validation with clinical samples and long-term follow-up
To validate the prognostic potential of theNGS-PS, FFPE samples of

patients with ER-positive and HER2-negative invasive breast cancer
with at least 60months of follow-up at SNUHandAMCwere obtained
for analysis. These patients underwent surgery between 1998 and 2012
for LN-negative breast cancer with a tumor size of >0.5 cm. Patients
who did not receive hormonal therapy or displayed only locoregional
recurrence were excluded. Patients who did not receive adjuvant
chemotherapy were included primarily. However, patients with dis-
tant metastasis despite adjuvant chemotherapy were included for the
purpose of analyzing high-risk samples. Clinicopathologic character-
istics including distant metastasis–free survival (DMFS), age, tumor
size, nuclear and histologic grade, PR status, chemotherapy adminis-
tration, and type of endocrine therapy usedwere reviewed. Clinical risk
was categorized according to the MINDACT trial criteria (13).

Feasibility study of the NGS-based multigene assay
To assess the feasibility of the NGS-based multigene assay for

clinical application, 100 FFPE samples of patients with ER-positive
and HER2-negative invasive breast cancer who had breast surgery

within 2 months were obtained from SNUH for testing. RNA was
extracted from 10-mm–thick FFPE tissue sections and the targeted
RNA-seq data was used to generate NGS-PS. Clinicopathologic char-
acteristics including age, tumor size, number of tissue sections used,
and NGS-PS were analyzed.

Statistical analyses
Statistical analysis was performed at the Medical Research Collab-

orating Center of SNUH Biomedical Research Institute. The receiver
operating characteristic (ROC) curve was plotted usingNGS-PS values
classified as distant recurrence versus no recurrence. To designate a
cut-off NGS-PS value that best differentiated patients into low- and
high-risk groups, unbiased recursive partitioning (40) and the Contal
& O’Quigley minimum P-value approach were used (41). The value
with the highest HR was selected as the cut-off value. The validity of
the optimal cut-off value was verified using the 2-fold cross-validation
approach (Supplementary Appendix).

DMFS rates were estimated using the Kaplan–Meier method and
the log-rank test was performed to assess differences in DMFS rates in
each risk group. C-Statistic analysis to derive Harrell C-indices based
on NGS-PS, age, tumor size, histologic grade, PR status, and clinical
risk was used herein to assess the classification performance (42). A
P value of <0.05 (two-sided) was considered statistically significant.
DMFS rates were plotted as a continuous indicator as a function of
NGS-PS using Cox regression estimates. All statistical analyses were
conducted using SAS 9.4 Version (SAS Institute Inc.).

Results
Verification of the model to determine NGS-PSs to predict the
21-gene RS

The clinicopathologic characteristics of individuals in the training
and verification cohorts are summarized in Table 1. The character-
istics of these two groups were similar. The proportion of patients aged
≤50 yearswas lower in the verification set than in the training set. In the
verification set comprising 93 samples, the mean NGS-PS and RS was
18.2 (range, 1.9–47.0) and 18.0 (range, 2–69), respectively. On setting
the dichotomization cut-off as >25 (high) versus ≤25 (low) for both
NGS-PS and RS, the two test categories displayed concurrence in
91.4% (85/93) of samples. The NGS-PS was high in 7.1% (6/84) of
low-RS samples, and NGS-PS was low in 22.2% (2/9) of high-RS
samples. On regression analysis, Pearson correlation coefficient was
0.84 between the two sets (Supplementary Fig. S1).

Characteristics of the patients in the independent validation
cohort

FFPE tissues of 542 patients undergoing long-term follow-up
evaluation met our inclusion criteria, of which, 76.2% (413/542)
were subjected to successful RNA-seq and data analysis with
adequate RNA quality and quantity. The clinicopathologic char-
acteristics and NGS-PS of 413 samples are summarized in Table 2.
The median follow-up duration was 141 months and patients aged
≤50 years constituted 63.0% (260/413) of the cohort. Among 82
patients with distant recurrence, 36 had received adjuvant chemo-
therapy after surgery.

Prognostic ability of NGS-PS and role as a continuous indicator
of distant recurrence

The median NGS-PS was 17.69 (range 0–55.4) and the area under
the ROC curve was 0.760 (Fig. 1). The probability of 5- and 10-year
distant recurrence increased continuously with an increase in the
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NGS-PS (Fig. 2). The data from patients who did not receive adjuvant
chemotherapy were included for analysis in the probability plot.

Determination of the NGS-PS cut-off value
The optimal cut-off value for distant metastasis on unbiased

recursive partitioning was 20.295. On using the Contal & O’Quigley
minimum P-value approach, the P value was <0.0001 in PS 13–31 and
the HR was the highest at an NGS-PS cut-off of 20. Accordingly, we
classified samples with anNGS-PS of≤ 20 as low risk and those with an
NGS-PS of >20 as high risk in subsequent analyses.

Risk of distant recurrence in the low– and high–NGS-PS
groups

The 413 samples obtained herein were classified into 269 low- and
144high-risk groups in accordancewith anNGS-PS cut-off value of 20.
The Kaplan–Meier curve of all samples is shown in Fig. 3A. Five- and
10-year DMFS estimates for low- versus high-risk groups were 97.0%
(95% CI, 94.1%–98.5%) versus 77.8% (95% CI, 70.1%–83.7%) and
93.2% (95% CI, 89.4%–95.6%) versus 64.4% (95% CI, 56.0%–71.7%),
respectively. Kaplan–Meier subgroup analysis of patients aged ≤50
and >50 years are shown in Fig. 3B and C, respectively.

Further analysis excluded patients who received adjuvant chemo-
therapy, all presenting with distant recurrence (Fig. 3D–F). In total,
377 samples were classified into 260 low- and 117 high-risk groups.
Five- and 10-year DMFS estimates for low- versus high-risk groups
were 98.5% (95% CI, 96.0%–99.4%) versus 89.7% (95% CI, 82.7%–
94.0%) and 96.1% (95% CI, 92.8%–97.9%) versus 77.7% (95% CI,
69.0%–84.2%), respectively. Only 5.4% (14/260) of patients in the low-
risk group developed distant recurrence, whereas 27.3% (32/117) of
high-risk patients developed distant recurrence. The age-based HR for
distant recurrence was 9.73 (95% CI, 3.59–26.40) and 3.19 (95% CI,
1.40–7.29) for patients aged ≤50 and >50 years, respectively.

C-Statistic analysis and multivariate Cox proportional hazards
model

Harrell C-indices were derived for NGS-PS, age, tumor size, his-
tologic grade, PR status, and clinical risk (Table 3). The corrected
optimism C-index of NGS-PS in the validation cohort was 0.7497
and 0.7196 for all patients and those without chemotherapy, respec-
tively, suggesting the model being good for risk categorization. A
multivariate Cox proportional hazards model was also developed and
is described in the Supplementary Appendix.

Table 1. Clinicopathologic characteristics of the training and verification sets.

Training set
(N ¼ 250)

Verification set
(N ¼ 93)

n (%) n (%) P

Age (years) Mean � SD 46.53 � 7.79 49.04 � 9.20 0.021
Median (range) 46 (29–73) 46 (28–72)
≤50 182 (72.8) 57 (61.3) 0.039
>50 68 (27.2) 36 (38.7)

RS Mean � SD 17.93 � 9.03 17.98 � 10.30 0.965
Low risk (RS ≤ 25) 217 (86.8) 84 (90.3) 0.376
High risk (RS > 25) 33 (13.2) 9 (9.7)

Clinical risk Low 118 (47.2) 37 (39.8) 0.220
High 132 (52.8) 56 (60.2)

Integrated RS & CR Low 135 (65.5) 51 (68.9) 0.597
High 71 (34.5) 23 (31.1)

Tumor size (cm) Mean 2.04 1.97 0.475
T Stage T1 150 (60.0) 51 (54.8) 0.350

T2 97 (38.8) 42 (45.2)
T3 3 (1.2) 0 (0)

N Stage N0 206 (82.4) 74 (79.6) 0.818
N1mi 29 (11.6) 13 (14.0)
N1 (except N1mi) 15 (6.0) 6 (6.5)

Nuclear grade 1 or 2 212 (85.1) 77 (82.8) 0.594
3 37 (14.9) 16 (17.2)
Unknown 1 (0.0) 0 (0.0)

Histologic grade 1 or 2 211 (84.7) 81 (87.1) 0.583
3 38 (15.3) 12 (12.9)
Unknown 1 (0.0) 0 (0.0)

PR status Positive 235 (94.0) 86 (92.5) 0.608
Negative 15 (6.0) 7 (7.5)

Chemotherapy No 197 (78.8) 76 (81.7) 0.551
Yes 53 (21.2) 17 (18.3)

Endocrine therapy SERMa 210 (84.0) 63 (67.7) 0.003
AIb 36 (14.4) 28 (30.1)
None 4 (1.6) 2 (2.2)
SERMþOFS (% of SERM) 38 (15.2) 12 (12.9) 0.592

Abbreviations: CR, clinical risk; OFS, ovarian function suppression; PR, progesterone receptor; RS, recurrence score; SERM, selective estrogen receptor modulator.
a272 patients received tamoxifen and 1 patient received toremifene.
b53 patients received letrozole and 11 patients received anastrozole.
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Risk of late distant recurrence in the low and high NGS-PS
groups

Among 361 patients who did not receive adjuvant chemotherapy,
30 developed distant recurrence after 5 years since primary surgery.
10-year DMFS estimates for the low–NGS-PS versus high–NGS-PS
groups in this cohort were 97.6% (95% CI, 95.95–99.42) versus
88.89% (95% CI, 81.64–93.39), respectively (P < 0.0001; Supple-
mentary Fig. S2).

Feasibility of the NGS-based multigene assay for clinical
application

NGS-PS was successfully generated in 100% of the 100 FFPE
samples from 98 patients. The median patient age and tumor size of
the samples were 50.5 years (range 26–78) and 1.9 cm (range 0.8–4.6),
respectively. A median three (range 2–9) 10-mm FFPE tissue sections
were used for the assay to derive NGS-PS ranging from 4 to 40, with a
median 16.8. The 100 samples were categorized into 71 low– and 29
high–NGS-PS groups.

Discussion
In this study, we developed an NGS-based multigene assay that

derives an NGS-PS that presents distant recurrence risk in ER-positive

and HER2-negative breast cancers. A cut-off NGS-PS value of 20 was
able to differentiate tumors into low- andhigh-risk categories.Weused
RNA-seq data from samples with known 21-gene RS values to initially
construct a model best correlated with the 21-gene RS. We subse-
quently evaluated the model using samples with actual long-term
clinical follow-up data.

To our knowledge, this study is the first to report a multigene assay
for early breast cancer, originally developed using the NGS platform.
Mittempergher and colleagues (27) reported an NGS version of
MammaPrint and BluePrint, which are equivalent to their original
counterparts; however, their indices are determined from the same
gene composition and algorithm used in microarray-based tests. The
assay developed herein contains several distinct components unique to
an NGS-based test, including rRNA depletion during RNA extraction
and using only the conserved exons of the splice variants during
normalization to quantify gene expression. Thewhole process of RNA-
seq and normalization is highly reproducible and robust, permitting
decentralization of the assay for use in individual laboratories. Fur-
thermore, RNA-seq facilitates high-throughput sequencing in a cost-
effective manner to generate more data for this algorithm. The
majority of the panel of 179 genes markedly contributed as reference
genes in the normalization of gene expression values, which otherwise
would have yielded too wide a range to be effectively used in the

Table 2. Clinicopathologic characteristics of the validation set.

NGS-PS ≤20
(n ¼ 269)

NGS-PS >20
(n ¼ 144)

Total (n ¼ 413) n (%) n (%) P

Age (years) Mean � SD 49.13 � 9.60 49.15 � 9.22 49.08 � 10.30 0.946
Median (range) 47 (26–82) 47 (29–82) 48 (26–77)
≤50 (%) 260 (63.0) 176 (65.4) 84 (58.3) 0.155
>50 (%) 153 (37.0) 93 (34.6) 60 (41.7)

NGS-PS Mean � SD 18.87 � 7.53 14.52 � 3.63 27.00 � 6.03
≤20 (%) 269 (65.1)
>20 (%) 144 (34.9)

Clinical risk Low 293 (70.9) 216 (73.7) 77 (53.5) <0.001
High 114 (27.6) 48 (17.8) 66 (45.8)
Unknown 6 (1.5) 5 (1.9) 1 (0.7)

Tumor size (cm) Mean 1.78 � 0.95 1.68 � 0.92 1.97 � 0.96 0.003
T Stage T1 321 (77.7) 223 (82.9) 98 (68.1) 0.001

T2 85 (20.6) 41 (15.2) 44 (30.6)
T3 7 (1.7) 5 (1.9) 2 (1.4)

Nuclear grade 1 or 2 324 (78.5) 227 (84.4) 97 (67.4) <0.001
3 58 (14.0) 23 (8.6) 35 (24.3)
Unknown 31 (7.5) 19 (7.1) 12 (8.3)

Histologic grade 1 or 2 329 (79.7) 230 (85.5) 99 (68.8) <0.001
3 56 (13.6) 16 (5.9) 40 (27.8)
Unknown 28 (6.8) 23 (8.6) 5 (3.5)

PR status Positive 369 (89.3) 256 (95.2) 113 (78.5) <0.001
Negative 44 (10.7) 13 (4.8) 31 (21.5)

Chemotherapy No 377 (91.3) 260 (96.7) 117 (81.3)
Yes 36 (8.7) 9 (3.3) 27 (18.8)

Endocrine therapy SERMa 367 (88.9) 236 (87.8) 131 (91.0) 0.319
AIb 46 (11.1) 33 (12.3) 13 (9.0)
SERMþOFS (% of SERM) 196 (53.4) 129 (54.7) 67 (51.1) 0.782

Distant recurrence No 331 (80.1) 246 (91.4) 85 (59.0) <0.001
Yes 82 (19.9) 23 (8.6) 59 (41.0)

DMFS (months) Median 141 144 132

Abbreviations: CR, clinical risk; DMFS, distant metastasis–free survival; OFS, ovarian function suppression; PR, progesterone receptor; RS, recurrence score; SERM,
selective estrogen receptor modulator.
a343 patients received tamoxifen and 24 patients received toremifene.
b13 patients received letrozole and 33 patients received anastrozole.
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algorithm. This new NGS-based gene expression assay can potentially
revolutionize clinically used genomic testing platforms.

We demonstrated the independent prognostic ability of theNGS-PS
in predicting distant recurrence, especially among patients aged
≤50 years, wherein an NGS-PS of >20 indicated a 9.7-fold risk of
distant recurrence compared to an NGS-PS of ≤20, owing to the high
proportion of breast cancer samples obtained from young women
herein. The most widely used genomic test 21-gene assay has been
developed using samples predominantly comprising older patients
and has been clinically validated in trials conducted in the United
States and Europe, where over 70% of the women were postmeno-
pausal (19). Consequently, younger women were underrepresented in
these trials and treatment decisions were based on data obtained from
older women. This is reflected in the TAILORx trial, which reported
conflicting results that women aged ≤50 years somewhat benefited
from chemotherapy in an RS of 16 to 25, as opposed to no benefits
among the entire population including older women (12, 14). For
patients aged ≤50 years, a clinical-risk stratification has been suggested
in addition to the 21-gene RS (34), which ironically was originally
developed to provide prognostic information without clinicopatho-
logic variables. A similar trend was also observed in the MINDACT
trial of the 70-gene assay during an analysis based on age groups,
suggesting that chemotherapy benefits women aged 40–50 years (43).
The assay developed herein can potentially play an important role in
guiding treatment decisions, particularly among patients in the Asia-
Pacific region, where the peak age is younger and breast cancer
incidence is increasing rapidly.

Among patients who had not received chemotherapy, the 5-year
and 10-yearDMFS of the low-risk group (NGS-PS≤20) was 98.5% and
96.1%, respectively, being similar to that reported in the TAILORx
trial, wherein an RS of 11–25 without chemotherapy yielded an
estimated 5- and 9-year DMFS of 98.0% and 94.5%, respectively.
Regarding the high-risk group (NGS-PS, >20) not receiving chemo-
therapy, the 5-year and 10-year DMFS was 88.9% and 75.7%, respec-
tively, which are comparable with those in the TAILORx trial, wherein

those with an RS of ≥26 and receiving chemotherapy were estimated to
have a higher 5-year and 9-year DMFS of 93.0% and 86.8%, respec-
tively, suggesting the effect of chemotherapy in the high-risk group.
Further prospective clinical trials are required to investigate the
predictive value of our assay regarding the benefits of chemotherapy.

Several studies have compared the prognostic potentials of various
commercially availablemultigene assays. Compared to the 21-gene RS,
other genomic tests have provided additional prognostic information
in different analyses such as those for late distant recurrence or LN-
positive disease (8, 10, 44–46). Late distant recurrence is especially
important in ER-positive breast cancers, where the recurrence risk
remains high beyond 5 years of treatment (3, 47). Herein, NGS-PS
differentiated between low- and high-risk patients in a patient cohort
free of distant metastasis at 5 years of surgery, suggesting its ability to
also stratify the late recurrence risk. In general, while prognostic
information provided by current risk stratification tools are broadly
equivalent for all ER-positive breast cancers, risk categorization may
differ at the level of individual tumors (44).

Currently, use of multigene assays is recommended in interna-
tional clinical practice guidelines including the National Compre-
hensive Cancer Network (NCCN) Guidelines for Breast Cancer.
The 21-gene assay (Oncotype Dx) for pN0 and the 70-gene assay
(MammaPrint) for negative and 1–3 positive nodes are classified
under evidence category 1, and the 21-gene assay for pNþ, 50-gene
assay (PAM50), 12-gene assay (EndoPredict), and Breast Cancer
Index are classified under evidence category 2A (48). However, not
all of these assays are available for worldwide use. Experimental and
analytical procedures in most of these assays were carried out at the
central laboratory of each company providing these services. High
prices of the assays compared with low medical costs and a long
turnaround time are the most important barriers for the general use
of these assays, especially in developing countries. The cost of NGS
has markedly decreased, such that the present NGS-based assay is
more economically viable than other current commercial assays.
Furthermore, the present assay can be performed in individual
laboratories with a standard protocol and with NGS capture probes
in the future.

RNA-seq was unsuccessful in 9.0% and 23.8% of FFPE tissues
selected for training/verification and validation analyses, respectively.
It is well known from previous studies that tissue storage time and
conditions, in addition to fixation time and specimen size, affect the
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Figure 2.

Probability of distant recurrence at 5 and 10 years based on NGS–Prognostic
Scores. DMFS, distant metastasis–free survival.
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Receiver operating characteristic curve of NGS–Prognostic Score classified for
distant recurrence.
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integrity and usability of RNA obtained from FFPE samples (49). In
this study, the archival times of 3–78 months and 5–19 years for
training/verification and validation samples, respectively, is suggested
to be the reason for the high failure rate. However, FFPE samples with
less than 2 months of storage time are typically used for application of
multigene assays in the clinic. We were able to demonstrate feasibility
of the assay for clinical application by observing a 100% RNA-seq
success rate when using recent samples, while using only a median
three 10-mm FFPE tissue sections.

The limitation of this study is that FFPE samples used for RNA-seq
were retrospectively obtained from a prospectively maintained data-
base. Ideally, samples collected in prospective clinical trials including
patients receiving only hormonal therapy would have minimized the
potential bias. However, owing to the low prevalence of distant
recurrence in the luminal subtype and the small number of patients
with long-term follow-up data, it was even more difficult to have an
adequate number of patients that had not received adjuvant chemo-
therapy in addition to hormonal therapy. To compensate, we had to

No chemotherapyAll patients

269 266 262 260 254 245 224
144 138 120 112 106 97 85

Number at risk

176 176 173 172 170 168 159
84 81 70 67 65 60 50

Number at risk

93 90 89 89 84 78 66
60 58 50 45 41 38 36

Number at risk

Number at risk

Number at risk

Number at risk

HR 5.86 (95% CI, 3.62–9.49)
P < 0.0001

NGS-PS ≤ 20
NGS-PS > 20

260 257 256 256 250 243 223
117 116 108 105 101 95 84

169 169 168 168 167 166 157
68 67 63 61 60 57 48

91 88 88 88 83 77 66
49 49 45 44 41 38 36

HR 5.64 (95% CI, 3.01–10.58)
P < 0.0001

NGS-PS ≤ 20
NGS-PS > 20

HR 7.25 (95% CI, 3.74–14.06)
P < 0.0001

NGS-PS ≤ 20
NGS-PS > 20

HR 9.73 (95% CI, 3.59–26.40)
P < 0.0001

NGS-PS ≤ 20
NGS-PS > 20

HR 4.28 (95% CI, 2.11–8.67)
P < 0.0001

NGS-PS ≤ 20
NGS-PS > 20

HR 3.19 (95% CI, 1.40–7.29)
P = 0.004

NGS-PS ≤ 20
NGS-PS > 20

All patients (n = 413)

Age ≤ 50 (n = 260)

Age > 50 (n = 153)

No chemotherapy (n = 377)

No chemotherapy, age ≤ 50 (n = 237)

No chemotherapy, age > 50 (n = 140)

Time since surgery (months)

Time since surgery (months)
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Figure 3.

Association between risk category and DMFS. Kaplan–Meier estimates of survival rates of low- versus high-risk groups based on NGS–Prognostic Score are
shown for all patients (A–C) and those who did not receive chemotherapy (D–F). Separate curves are shown for patients aged ≤50 years (B and E) and
>50 years (C and F). HRs are for high-risk group versus low-risk group.
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deliberately add patients who had received adjuvant chemotherapy
and developed distant recurrence to the validation set to constitute
approximately 20% that represents high-risk patients. This resulted
in an unbalance in the proportion of low- and high-risk patients
aged ≤50 and >50 years. The relatively lower HRs among patients
aged >50 years is suggesting that additional analyses with further
cases may lead to a different cut-off PS value for this age group.
Furthermore, the risk categories segregated by the cut-off value of
NGS-PS 20 determined with the validation cohort in this study
could be supplemented with an additional analysis using a different
cohort, such as those from a large prospective trial.

In summary, this study described a newNGS-basedmultigene assay
that derives an NGS-PS that presents distant recurrence risk in ER-
positive and HER2-negative breast cancers and differentiates patients
into low- and high-risk groups for developing distant recurrence. This
assay uses NGS technology, which has emerged as an essential tool for
clinically applicable genomic analysis. Korean (Asian) samples used in
the development and validation sets reflected the exceptional prog-
nostic value of this assay among patients aged ≤50 years, better
reflecting the characteristics of Asian patients. Further validation
studies are required to develop yield supporting evidence for the
prognostic and predictive value of this assay.
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Table 3. C-Statistic analysis of NGS-PS, age, tumor size, histologic
grade, PR status, and clinical risk in predicting distant recurrence in
the validation cohort.

Clinical variables C-index (95% CI)
Corrected optimism
C-index (95% CI)

All patients (n ¼ 413)
NGS-PS 0.7493 (0.69–0.80) 0.7497 (0.70–0.80)
Age 0.5132 (0.44–0.58)
Tumor size 0.6994 (0.65–0.75)
Histologic grade 0.6086 (0.55–0.66)
PR status 0.5341 (0.49–0.57)
Clinical risk 0.7048 (0.65–0.76)
No chemotherapy (n ¼ 377)
NGS-PS 0.7171 (0.64–0.80) 0.7196 (0.64–0.80)
Age 0.598 (0.51–0.69)
T stage 0.6256 (0.55–0.70)
Histologic grade 0.5600 (0.49–0.63)
PR status 0.5319 (0.48–0.58)
Clinical risk 0.6170 (0.54–0.69)

Abbreviation: NGS-PS, NGS–Prognostic Score.
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