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Cancer Diagnostics

Analytical Validation of a Novel 6-Gene Signature for
Prediction of Distant Recurrence in Estrogen Receptor-
Positive, HER2-Negative, Early-Stage Breast Cancer
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BACKGROUND: OncoMasTR is a recently developed
multigene prognostic test for early-stage breast cancer.
The test has been developed in a kit-based format for
decentralized deployment in molecular pathology labo-
ratories. The analytical performance characteristics of
the OncoMasTR test are described in this study.

METHODS: Expression levels of 6 genes were measured
by 1-step reverse transcription-quantitative PCR on
RNA samples prepared from formalin-fixed, paraffin-
embedded (FFPE) breast tumor specimens. Assay preci-
sion, reproducibility, input range, and interference were
determined using FFPE-derived RNA samples represen-
tative of low and high prognostic risk scores. A pooled
RNA sample derived from 6 FFPE breast tumor speci-
mens was used to establish the linear range, limit of de-
tection, and amplification efficiency of the individual
gene expression assays.

RESULTS: The overall precision of the OncoMasTR test
was high with an SD of 0.16, which represents less than
2% of the 10-unit risk score range. Test results were re-
producible across 4 testing sites, with correlation coefhi-
cients of 0.94 to 0.96 for the continuous risk score and
concordance of 86% to 96% in low-/high-risk sample
classification. Consistent risk scores were obtained across
a > 100-fold RNA input range. Individual gene expres-
sion assays were linear up to quantification cycle values
of 36.0 to 36.9, with amplification efficiencies of 80%

to 102%. Test results were not influenced by agents
used during RNA isolation, by low levels of copurified
genomic DNA, or by moderate levels of copurified adja-
cent nontumor tissue.

coNCLUSION: The OncoMasTR prognostic test displays
robust analytical performance that is suitable for deploy-
ment by local pathology laboratories for decentralized
use.

Introduction

Adjuvant endocrine therapy is the standard treatment
regime in patients diagnosed with estrogen receptor
(ER)-positive, HER2-negative primary breast cancer.
However, the cumulative 20-year estimated risk of dis-
tant recurrence after 5 years of endocrine therapy is
22% for lymph node-negative patients and 31% for
patients with 1 to 3 positive lymph nodes (1).
Multigene prognostic signatures can be used to estimate
the risk of distant recurrence in patients with ER-
positive, HER2-negative breast cancer, and they provide
prognostic information independent of traditional clini-
copathological factors such as tumor size, tumor grade,
and lymph node status (2). Identification of patients
with low risk of recurrence when treated exclusively
with endocrine therapy can potentially spare unneces-
sary additional adjunct treatments and the associated
side effects in a substantial number of women.
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The OncoMasTR gene panel was derived using a
novel bioinformatic approach (ARACNe: Algorithm
for the Reconstruction of Accurate Cellular Networks),
where common master transcriptional regulators
(MTR) were identified that regulate downstream genes
present in other existing prognostic breast cancer signa-
tures (3). The MTR gene panel was further refined in
a reverse transcription quantitative PCR (RT-qPCR)
data set of 225 patients with outcome data, and the
most prognostic gene combination was identified (4).
The OncoMasTR signature comprises 3 prognostic
genes (FOXM1, PTTGI, and ZNF367), which have
been demonstrated to have key roles in cell prolifera-
tion and in other aspects of cancer biology (5-8).
Three reference genes (GAPDH, GUSB, TFRC) are
used for normalization of RT-qPCR data. Relative
prognostic gene expression measurements are com-
bined with tumor size and nodal status to calculate the
OncoMasTR risk score.

Prognostic performance of the OncoMasTR risk
score was first demonstrated in the Translational Study
of Anastrazole or Tamoxifen Alone or Combined
(TransATAC) patient cohort (4). Subsequent blinded
studies in a subset of Irish patients enrolled in the
TAILORx study (9) and in the Austrian Breast and
Colorectal Cancer Study Group (ABCSG) Trial 8 (10)
have confirmed that the signature is significantly prog-
nostic for distant recurrence and that it adds significant
prognostic information to that provided by standard
clinical variables alone.

The OncoMasTR signature has been developed as
a RT-gqPCR test kit for decentralized use in the local pa-
thology laboratory setting. The analytical performance
characteristics of the test are described herein.

Materials and Methods

TEST SAMPLES

Archival formalin-fixed, paraffin-embedded (FFPE)
specimens with pathologist-confirmed invasive breast
carcinoma were used to determine the performance
characteristics of the OncoMasTR test. Resected
breast tumor specimens were fixed in neutral 10%
buffered formalin and embedded in paraffin using
standard protocols. Invasive tumor content was con-
firmed using 5 pm-hematoxylin and eosin (H&E)-
stained tissue sections. Sections adjacent to the H&E
section were processed for use in this study. All FFPE
specimens were anonymized with an alphanumeric
identifier code, and no patient data were available.
The studies were conducted in accordance with the
Declaration of Helsinki and ethical approval was
obtained from the regional ethical review board of
Lund University, Sweden.
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RNA AND DNA PURIFICATION

Total RNA was purified from FFPE tissue sections
(5 pm) manually using the silica membrane spin column
RNeasy FFPE kit (Qiagen) in accordance with the manu-
facturer’s instructions incorporating DNase I treatment
to yield DNA-free RNA. Genomic DNA was manually
purified from FFPE tissue sections (5 um) using the silica
membrane spin column QIAamp DNA FFPE tissue kit
(Qiagen) in accordance with the manufacturer’s instruc-
tions incorporating RNase A treatment to yield RNA-free
genomic DNA. Nucleic acid concentrations were deter-
mined by spectrophotometry at 260 nm.

GENE EXPRESSION ANALYSIS

The expression of the OncoMasTR gene panel was mea-
sured using 1-step RT-qPCR. Hydrolysis probe gene ex-
pression assays targeting the 6 genes of interest (FOXM1,
PTTGI, ZNF367, GAPDH, GUSB, TFRC) were dried
onto MicroAmp™ Fast Optical 96-well reaction plates
(Applied Biosystems) with 900 nmol/L forward and re-
verse primers and 250 nmol/L FAM-MGB-labeled probe
per well. Primer sequences are provided in online
Supplemental Table 1. PCR reaction mixes were pre-
pared using TaqPath'™ 1-Step RT-qPCR Master Mix
(Applied Biosystems) in accordance with the manufac-
turer’s instructions. PCR reactions were performed in a
final volume of 20 pL per assay well with 10 ng RNA per
reaction unless otherwise stated. Thermal cycling was per-
formed on a 7500 Fast Dx real-time PCR instrument
(Applied Biosystems) with SDS software v1.4.1 using the
fast-cycling mode and the following parameters: 25°C
for 2 min, 50°C for 15 min, and 95°C for 2 min, fol-
lowed by 40 cycles of 95°C for 3sec and 60°C for
30sec. Data acquisition was performed during the
annealing and extension step at 60 °C. The threshold was
set at 0.1 and automatic baseline enabled for quantifica-
tion cycle (Cq) determination. RNA samples were tested
in triplicate per expression assay in each run. A positive
control human total reference RNA  (Agilent
Technologies) was tested at 10 ng per well for each ex-
pression assay and RT-PCR grade water (Life
Technologies) was used as a negative control with 1 reac-
tion per expression assay per PCR plate.

ONCOMASTR RISK SCORE CALCULATION

A model was developed based on a data set of >1500
clinical samples processed at OncoMark during develop-
ment of the assay (4, 9) to identify outliers in technical
replicates; identified outlier Cq measurements were
masked in downstream calculations. The arithmetic
mean Cq value was calculated for each expression assay;
at least 2 Cq values per expression assay were required.
For the reference genes (GAPDH, GUSB, TFRC), the

geometric mean of the 3 mean Cq values was calculated;
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this is referred to as the normalization factor. Test sam-
ples where the normalization factor was >31 Cq units
were considered invalid with respect to sample quality
and input. Relative expression levels (ACq) of the 3
MTRs (FOXMI, PTTGI1, ZNF367) were calculated as
the normalization factor Cq minus the mean MTR Cq.
For clinical use, relative gene expression levels are com-
bined in a linear model with clinical variables to calcu-
late a continuous OncoMasTR risk score, which ranges
from 0 to 10 with a threshold of 5 delineating the high-
and low-risk categories. The threshold was established
in the RT-qPCR data set used to develop the
OncoMasTR multigene signature by dichotomizing the
underlying unscaled continuous risk score into low- and
high-risk categories, which had sensitivity and specificity
for distant recurrence >0.7, and then linearly trans-
forming the risk score so that the threshold value was set
at 5 on a 0- to 10-unit scale (4).

The analytical studies described here were con-
ducted without access to clinical variables, and the con-
vention used for risk score calculation across all samples
was to assign each sample as lymph node-positive and
tumor size of <10 mm.

DETECTION LIMITS, LINEAR DYNAMIC RANGE, AND PCR
EFFICIENCY

Establishment of expression assay detection limits, linear
ranges, and amplification efficiencies was performed using
a pooled RNA specimen derived from 6 different FFPE
breast tumor specimens. The linear dynamic range was
established using a series of 18 x 2-fold dilutions of the
RNA pool with concentrations ranging from 40 ng/puL to
0.31 pg/pL. Each RNA dilution was tested across 3 dif-
ferent reagent lots with triplicate measurements per lot
resulting in at least 9 Cq measurements per expression as-
say and RNA concentration. Additional replicates of low
RNA concentrations yielding hit-rates of >50% up to
the lowest RNA concentration generating a 100% hit-
rate were tested to establish the limit of detection (LoD)
for each expression assay, with at least 88 replicates per as-
say used to define the pooled SD of the low concentra-
tion samples for LoD calculation. This meets the
minimum recommended number of 60 low-concentra-
tion replicates for LoD establishment in CLSI guideline
EP17-A2 (11). The hit-rate is the proportion of replicates
yielding Cq values relative to the total number of repli-
cates tested at a given RNA input. A total of 977 negative
control PCR reactions for each expression assay were
compiled to establish the limit of blank (LoB).

LoB was calculated as per CLSI EP17-A2 (11) with
ot = 5% based on a nonparametric data distribution due to
truncation of data at Cq 40, which is the real-time PCR
instrument measuring limit. LoD was calculated based on
the pooled SD of low-concentration samples for each gene

with B= 5% as follows: LoD = LoB — (C, x SDp),
where SDy is the pooled SD of the low RNA concentra-
tion samples for the gene of interest and Cp is calculated as
1.645 + [1 — (1 + [4 X (number of Cq replicates +
number of RNA test levels)])]. As absolute quantification
of individual gene transcripts in the pooled RNA sample
was not possible due to lack of available recognized calibra-
tion standards, LoD was reported as the Cq value for each
gene as a surrogate of the transcript level.

The linear dynamic range for each gene was deter-
mined as per CLSI EP06-A (12) using all available Cq
measurements up to and including the estimated LoD
from the serial dilution testing and detection limit estab-
lishment experiments, recognizing the inverse relation-
ship between RNA input and Cq. Any outlier Cq values
in a dilution step were identified using Grubbs test (13)
and removed from analysis. Linear, quadratic, and cubic
regression models were fitted to the Cq values and corre-
sponding log, RNA input concentrations for each gene.
Nonlinear coefficients for the best fit higher order (sec-
ond or third order) regression models were tested to de-
termine whether they were different from 0 at the 5%
significance level. Genes were considered linear where
the difference between the linear and best-fit higher or-
der regression model at each RNA input concentration
was +£0.5 Cq units. The linear dynamic range for each
gene is reported in Cq units corresponding to the mean
Cq of the highest and lowest RNA input levels where
linearity criteria were met.

Amplification efficiencies for each expression assay
were determined from the slope of the linear regression
model as follows: % Efficiency = (27151 % 100%.

WITHIN-SITE ASSAY PRECISION

A sufficient amount of RNA to conduct the precision
study was prepared from multiple RNA extractions per-
formed on different FFPE breast tumor specimens to
generate sample pools (>20 pg RNA per pool) represent-
ing low, borderline, and high risk scores. The precision
study design was balanced (Fig. 1, A) and based on an ad-
vanced multifactorial model as per CLSI EP05-A3 (14).
RNA samples were tested across multiple potential sour-
ces of variation: PCR instruments (n = 3), assay operators
(n=3), reagent lots (n = 3), and loading positions on the
PCR plate (n =2). The study was conducted across a 28-
calendar day period. All assay runs included positive and
negative controls for each expression assay.

The contribution of each source of variation to the
total assay imprecision was calculated by 4-way analysis
of variance using R statistical software version 3.4.1
(2017-06-30) “Single Candle.” Analysis was performed
using OncoMasTR risk scores, normalized ACq meas-
urements for the 3 prognostic genes, and absolute Cq
values for the 6 prognostic and reference genes.
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Fig. 1. Within-site precision study. (A), The study design; (B), A scatter plot of OncoMasTR risk scores by sample type, 54 meas-
urements per sample. The horizontal dashed line at OncoMasTR risk score of 5 denotes the low-risk/high-risk threshold.

BETWEEN-SITE TUMOR SAMPLE REPRODUCIBILITY yielding 0.1 to 40 ng RNA input per PCR reaction. Each
A panel of 30 FFPE breast tumor blocks was sectioned =~ RNA sample and concentration was tested twice on dif-
at 5 pm and mounted on glass slides. Slides were distrib- ferent reagent lots. The mean and SD in OncoMasTR
uted across 4 test sites for pathology review, H&E stain-  risk scores at each RNA input level were calculated, and

ing, RNA extraction, and RT-qPCR. Assay results for 2 the risk score result at 10 ng RNA per PCR was used as
of the 30 FFPE blocks did not meet prespecified assay ~ the reference. Results were considered equivalent to the

quality control criteria from at least 1 test site and were  reference value if the SD of the replicate results at the ref-
excluded from the analysis. Twenty-eight FFPE speci-  erence and test input levels was <0.46, which is 3x the
mens yielded passing results at all sites where prespeci-  total SD observed in the within-site assay precision study.
fied quality control criteria were met. The between-site

tumor sample reproducibility study was completed ~ INTERFERENCE STUDIES

within each test site in <28 calendar days, and the total ~ Five RNA pools used in the previously described studies
duration of the study from initiation at site 1 to comple- ~ were selected for the RNA interference study. RNA

tion at site 4 was approximately 14 months. A single  samples were spiked with ethanol (up to 1.5% v/v), xy-
OncoMasTR reagent lot was used within each site, and lene (up to 0.5% v/v), or a human genomic DNA

2 lots of reagents were used in total. (gDNA) pool (up to 5 ng/pL) and tested using 1 reagent
lot. The gDNA sample was a pool of 10 separate prepa-
RNA INPUT RANGE rations, each extracted from a different FFPE breast tu-

Five FFPE breast tumor blocks with different  mor sample. Risk score results for each RNA plus
OncoMasTR gene expression profiles were selected, and ~ interferent test condition were compared to the relevant
RNA was extracted from multiple sections. Eight differ-  control RNA sample lacking added interferent and the
ent RNA dilutions were prepared for each sample  SD of the paired risk scores calculated. Results were
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Table 1. Linear range, detection limits, and amplification efficiencies.

95% Cls are indicated in parenthesis.

Linear dynamic
range, log, ng RNA

Gene LoB, Cq LoD,? Cq per well range, Cq Amplification efficiency,® %
FOXM1 40.0 38.4(37.2-39.5) —2.7t0+6.3 26.4-36.5 80.2(77.9-82.7)
PTTG1 40.0 38.8(38.0-39.6) —4.7to0 +6.3 24.5-36.6 84.6 (82.8-86.6)
ZNF367 40.0 38.6(37.6-39.6) —2.7t0 +6.3 25.7-36.0 80.3(78.7-81.9)
GAPDH 40.0 38.0(36.7-39.4) -9.7t0 +6.3 21.3-36.3 101.5(99.6-103.6)
GUSB 40.0 38.0(36.8-39.2) —8.7t0 +6.3 20.0-36.5 87.5(85.7-89.4)
TFRC 40.0 38.6(37.6-39.5) —5.7t0 +6.3 24.1-36.9 85.9(83.4-88.6)

Linear dynamic

considered equivalent, and the test was not subject to
interference with the substance and test concentration if
the SD of the replicate risk score results was <0.46 for
all 5 test samples.

Fifty-four FFPE breast tumor blocks were selected
to assess the impact of increasing amounts of adjacent
nontumor tissue cells on risk score results. H&E sec-
tions were reviewed by 2 board-certified pathologists,
and the area of invasive tumor marked on the slides and
the invasive tumor content (as a percentage of the total
tissue area) was estimated. RNA was extracted from sec-
tions adjacent to the H&E section either with macrodis-
section to enrich for invasive tumor or by sampling the
entire tissue section where the resultant sample con-
tained varying amounts of RNA derived from adjacent
noninvasive/nontumor cells in addition to the target
RNA from the invasive tumor area. Paired RNA samples
from each FFPE sample were tested by OncoMasTR,
and the equivalence between risk score results due to
copurified noninvasive material was determined as pre-
viously described for the spiked interferent study.

Results

DETECTION LIMITS, LINEAR DYNAMIC RANGE, AND PCR
EFFICIENCY

The linear dynamic range of the individual expression
assays was determined as described in CLSI guideline
EP06-A (12). All 6 expression assays were linear from
the maximum tested concentration of 80 ng RNA per
well over at least a 500-fold RNA input range, with
lower limits of the linear range falling between 36.0 and
36.9 Cq units (Table 1). Amplification efficiencies
ranged from 80% to 102% based on the slope of the
gene-specific linear regression models. LoB for all assays
was Cq 40, and the LoD ranged from Cq 38.0 to 38.8
(Table 1) for the 6 expression assays.

WITHIN-SITE ONCOMASTR ASSAY PRECISION

Precision of the OncoMasTR test was assessed using
pooled breast tumor RNA samples with low, borderline,
and high risk scores. Each RNA sample was tested
54 times across different qPCR instruments, reagent
lots, loading positions, and assay operators (Fig. 1, A).
The overall SD in the risk score across all samples was
0.155, equivalent to approximately 1.5% of the 10-unit
risk score range (Table 2). The majority of the impreci-
sion in the risk score was associated with within-run
replicate-to-replicate variability in the PCR assays,
which was responsible for 66% to 85% of the total ob-
served variance. The test was robust to different operat-
ing conditions, which collectively contributed 15% to
35% of the total observed variance. A distribution plot
of risk scores is presented in Fig. 1, B. Variance compo-
nents analysis for Cq and ACq measurements is pro-
vided in online Supplemental Tables 2 and 3.

BETWEEN-SITE ONCOMASTR TEST REPRODUCIBILITY

Twenty-eight FFPE breast tumor cases were included in
the analysis, which yielded valid test results in 4 differ-
ent laboratories. The study design is depicted in Fig. 2,
A. The samples were distributed evenly between risk
categories, with a 13 (46%) to 15 (54%) low-risk/high-
risk splic (Fig. 2, B). OncoMasTR risk scores were
highly correlated, with an overall Pearson r of 0.95 for
all available paired scores and a concordance of 88.7%
in categorization of samples as OncoMasTR low or high
risk. Site-to-site continuous risk score correlation ranged
from 0.94 to 0.96 (Pearson r), and concordance in sam-
ple classification ranged from 85.7% to 96.4%. The
overall risk score SD across all 4 sites was 0.237. This
larger SD in comparison to that observed in the within-
site precision study likely reflects the additional variabil-
ity introduced in FFPE tissue processing and RNA

extraction.
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Table 2. Variance components for the OncoMasTR within-site precision study.

Variance component®

Mean OncoMasTR

RNA sample risk score Instrument Operator Reagentlot Loading position ~ Within-run  Total SD
Low risk RNA 3.03 0.0000(0) 0.0034(11) 0.0012 (4) 0.0000 (0) 0.0266(85) 0.176
Borderline risk RNA 4.64 0.0005(2) 0.0004(1) 0.0018(7) 0.0063 (24) 0.0173(66) 0.162
High risk RNA 6.87 0.0000 (0) 0.0000(0) 0.0023(15) 0.0000 (0) 0.0125(85) 0.122

“The percentage of the total variance is shown in parentheses beside the estimated variance.

RNA INPUT RANGE

Consistency in risk score results as a function of RNA
input was examined using a panel of 5 FFPE RNA
breast tumor samples each tested at 40ng down to
<0.25 ng RNA per PCR reaction. These samples were a
mix of archival specimens (>25 years old) or contempo-
rary surgical resections (<2 years old). Test results were
considered equivalent when the SD of paired risk scores
at a variable input level and the nominal input level
(10 ng/well) was <0.46 units. Risk scores were stable at
all RNA input levels where the normalization factor Cq
was <31 (Fig. 3, A). This corresponded to RNA input
levels of >2.5ng/well for archival samples and
>0.25 ng/well for contemporary samples. The normali-
zation factor cutoff has been implemented in all clinical
performance evaluations of the OncoMasTR test con-
ducted to date (4, 9, 10).

Absolute RNA input levels were highly correlated
with the normalization factor (r > 0.99). Reference gene
amplification in archival specimens was delayed relative
to contemporary samples at equivalent absolute RNA
input concentrations (Fig. 3, B), which is consistent
with other studies (15) and likely reflects a greater de-
gree of RNA fragmentation in archival samples (16).

ANALYTICAL INTERFERENCE

The sensitivity of the OncoMasTR test to various po-
tential interfering substances was assessed by determin-
ing the SD in paired risk score results for control and
interferent-spiked test samples. Agents used during
RNA purification (xylene and ethanol) did not adversely
influence the test results when spiked into a panel of 5
FFPE RNA breast tumor samples at up to 0.5% (w/v)
and 1.5% (w/v), respectively (Fig. 4, A). Risk scores
were impacted in the presence of 5ng/pL human
gDNA (Fig. 4, A), with underestimation of the risk
score by up to 2 units. A similar magnitude of gDNA-
mediated risk score bias was replicated by omission of
the DNase I treatment step during RNA isolation in a
panel of 20 test samples (data not shown). Risk scores in
RNA samples containing a lower concentration of

842 Clinical Chemistry 68:6 (2022)

human gDNA (0.5 ng/pL) were comparable to control
samples (Fig. 4, A) indicating a tolerance of the test to
low levels of copurified genomic DNA in RNA test sam-
ples. Moderate amounts of nontumor tissue coprocessed
with invasive carcinoma tissue did not impact the risk
score, and only samples where the invasive tumor con-
tent was <30% of the total tissue content yielded results
indicative of interference (Fig. 4, B).

Discussion

This study describes the analytical performance charac-
teristics of the OncoMasTR RT-qPCR-based multigene
test for estimating the risk of distant recurrence in ER-
positive, HER2-negative primary breast cancer. Itis 1 of
several described multigene signatures for predicting
breast cancer outcome, and the analytical performance
characteristics of some of these signatures have been de-
scribed (17-19). First-generation multigene signatures
for breast cancer prognosis, such as Oncotype DX recur-
rence score (20) and MammaPrint (21), were developed
as centralized reference laboratory tests due to their high
complexity. Further developments in this field resulted
in the commercialization of decentralized breast cancer
prognostic tests such as EndoPredict (22) and Prosigna
(19) for deployment in local pathology laboratories.
Analytical reproducibility is an essential require-
ment for diagnostic tests, particularly for tests that are
intended to be used in a decentralized environment
where additional variability may be introduced across
laboratory personnel, equipment, and instrumentation.
The within-site precision study demonstrated that the
OncoMasTR test is robust across different qPCR instru-
ments, reagent lots, and technical operators. The total
variation in OncoMasTR results observed in the
between-site reproducibility study is consistent with
that reported for other decentralized multigene breast
cancer tests (19, 22). Although there was good agree-
ment in the continuous risk score (r=0.94-0.96),
some discordance in risk classification was observed be-
tween test sites in this study for samples with risk scores
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Fig. 2. Between-site tumor sample reproducibility study. (A), The study design; (B), A scatter plot of OncoMasTR risk scores, with
the risk score at each test site represented on the y-axis plotted against the mean OncoMasTR risk score across all sites on the x-
axis. The vertical and horizontal dashed lines at OncoMasTR risk score of 5 denote the low-risk/high-risk threshold; (C) The risk
score difference between each site test result and the overall mean result across the 4 sites for the 28 FFPE specimens analyzed.
The upper and lower 95% Cls are denoted by the dashed horizontal lines. Individual sites in (B) and (C) are denoted by the dif-
ferent symbols and colors. Color figure available online at clinchem.org.
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Fig. 3. RNA input study. (A), The relationship between OncoMasTR risk scores (y-axis) and amount of test sample used (x-axis).
The normalization factor is a surrogate for the RNA input level and sample quality, with increasing Cq values reflecting decreas-
ing test RNA concentrations in PCR reactions; (B) The relationship between absolute RNA input level and normalization factor
and highlights the sample age-related differences shift in absolute Cq measurements. Contemporary <2-year old FFPE speci-
mens are denoted by solid filled symbols, archival approximately 25-year old FFPE specimens are denoted by empty symbols in
both graphs.

near the threshold delineating low- and high-risk
groups. The OncoMasTR test result is reported not
only as a binary classification; the continuous risk score
and associated absolute 10-year risk of recurrence are
also provided. All information provided by the test, in
conjunction with other clinicopathological factors,
should be considered in guiding treatment decisions.
The individual OncoMasTR gene expression assays
were demonstrated to be linear over a wide range of
sample input level with comparable PCR efficiencies in

844 Clinical Chemistry 68:6 (2022)

a pooled FFPE breast tumor RNA sample. This ensures
robust test results are obtained for individual FFPE
specimens that are not critically dependent on absolute
RNA input once a minimum threshold for reference
gene amplification is met. This analytical validation study
was performed using both archival and contemporary
FFPE breast tumor samples, and test results were stable
for both sample categories in the RNA input range study.

The OncoMasTR multigene signature was rela-
tively robust to admixture of nontumor cells down to
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Fig. 4. Interference studies. (A), The impact on risk score in a panel of 5 FFPE RNA specimens spiked with various potential ex-
ogenous interfering substances as indicated. The SD in OncoMasTR risk scores for each interferent test condition and the rele-
vant paired control sample was determined; (B), The consistency in OncoMasTR risk score measurement as a function of
increasing nontumor content in whole FFPE tissue sections. The SD in OncoMasTR risk scores between macrodissected FFPE tis-
sue and whole FFPE tissue section samples was determined. The dashed horizontal lines in each plot represent the cutoff above
which OncoMasTR risk scores were considered adversely impacted by interferents.

a tumor percentage of 30%, which indicates that in
clinical practice macrodissection from slides will al-
most always suffice without the need for laser
microdissection.

The OncoMasTR multigene signature has been
clinically validated in 2 large cohorts (4, 10) using a
prospective-retrospective study design and therefore

meets the criteria for level 1B evidence for tumor bio-
markers (23). The analytical validity of the test, dem-
onstrated in this study, supports the findings from
clinical validation studies and provides a reference
point for laboratories adopting the test and verifying
the analytical performance characteristics in a decen-
tralized setting.
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verse transcription quantitative PCR; FFPE, formalin-fixed, paraffin-
embedded; H&E, hematoxylin and eosin; Cq, quantification cycle;
LoD, limit of detection; LoB, limit of blank; gDNA, genomic DNA.

Author Contributions: A/l authors confirmed they have contributed to
the intellectual content of this paper and have met the following 4 require-
ments: (a) significant contributions to the conception and design, acquisi-
tion of data, or analysis and interpretation of data; (b) drafting or revising
the article for intellectual content; (c) final approval of the published arti-
cle; and (d) agreement to be accountable for all aspects of the article thus
ensuring that questions related to the accuracy or integrity of any part of
the article are appropriately investigated and resolved.

Authors’ Disclosures or Potential Conflicts of Interest: Upon manu-
script submission, all authors completed the author disclosure form.

Disclosures andor potential conflicts of interest:

Employment or Leadership: D. O’Leary and W.M. Gallagher, T.
Loughman, S. Barron, C.-J.A. Wang, P. Dynoodt, B. Fender, C.
Lopez-Ruiz, S. Stapleton, and J. Crown report being past employees of
OncoMark Ltd. OncoMark Ltd was acquired in March 2021 by a
third party after the data described in this manuscript were collected.
Some data analyses and the manuscript drafting occurred after the ac-
quisition. A.-M. Baird, President, Lung Cancer Europe (LuCE),
Chair, TASLC Communications Committee; J. Crown, Director of
The Cancer Clinical Research Trust Lid.; W.M. Gallagher,
Chairperson of Boards of OncoMark and OncoAssure.

Consultant or Advisory Role: ]. Crown, Cepheid, Eisai, Astrazeneca,
Pfizer, G1 Therapeutics, Novarti; W.M. Gallagher, Carrick
Therapeutics.

Stock Ownership: W.M. Gallagher, OncoAssure Ltd.; C.-J.A. Wang,
OncoAssure Ltd.; D. O’Leary, OncoAssure Ltd.; J. Crown,
OncoAssure Ltd.

Honoraria: C. Quinn, Exact Sciences (previously known as Genomic
Health); A.-M. Baird, Roche (Ireland); J. Crown, Pfizer, Bochringer
Ingelheim, Roche, MSD Ireland, Novartis; A. Fabre, Pfizer,
Bochringer Ingelheim, Roche, MSD Ireland, Novartis.

Research Funding: This work was supported by funding provided to
OncoMark Ltd. under the European Union 2020 research and inno-
vation program grant agreement number 698630 and Enterprise
Ireland Innovation Partnership program grant agreement number IP/
2018/0725. W.M. Gallagher was also supported by the Irish Cancer
Society Collaborative Cancer Research Centre BREAST-PREDICT
(grant number CCRC13GAL), as well as Science Foundation Ireland
(SFI) under the Investigator Programme OPTi-PREDICT (grant
number 15/IA/3104) and the Strategic Research Programme Precision
Oncology Ireland (grant number 18/SPP/3522), with the specific sup-
port of the Irish Cancer Society.

Expert Testimony: None declared.

Patents: A.P. Bracken and W.M. Gallagher report a patent issued and
licensed to OncoMark Ltd jointly by Trinity College, Dublin and
University College Dublin (European patent number 3194621, patent
granted); J. Crown, patent application: WO2020011770A1—A
method of predicting response to treatment in cancer patients.

Other Remuneration: J. Crown, Oncomark Ltd., OncoAssure Ltd.,
support for attending meetings and/or travel from Pfizer, Abbvie,
Novartis, MSD, Daiichi Sankyo, Roche; W.M. Gallagher, licence
from UCD to OncoMark (no payment to date); A. Fabre, support for
attending meetings and/or travel from Pfizer, MSD Ireland, Roche.

Role of Sponsor: The funding organizations played no role in the de-
sign of study, choice of enrolled patients, review and interpretation of
data, preparation of manuscript, or final approval of manuscript.

. Pan H, Gray R, Braybrooke J, Davies C, Taylor C, McGale
P, et al.; EBCTCG. 20-year risks of breast-cancer recur-
rence after stopping endocrine therapy at 5 years. N
EnglJ Med 2017;377:1836-46.

. Duffy MJ, Harbeck N, Nap M, Molina R, Nicolini A,
Senkus E, et al. Clinical use of biomarkers in breast can-
cer: updated guidelines from the European Group on
Tumor Markers (EGTM). Eur J Cancer 2017,75:284-98.

. Lanigan F, Brien GL, Fan Y, Madden SF, Jerman E,
Maratha A, et al. Delineating transcriptional networks of
prognostic gene signatures refines treatment recom-
mendations for lymph node-negative breast cancer
patients. FEBS J 2015;282:3455-73.

. Buus R, Sestak I, Barron S, Loughman T, Fender B, Lopez
Ruiz C, et al. Validation of the OncoMasTR risk score in
estrogen  receptor-positive/HER2-negative patients: a
TransATAC study. Clin Cancer Res 2020;26:623-31.

. Bergamaschi A, Madak-Erdogan Z, Kim YJ, Choi Y, Lu H,
Katzenellenbogen BS. The forkhead transcription factor
FOXM1 promotes endocrine resistance and invasiveness
in estrogen receptor-positive breast cancer by expansion of
stem-like cancer cells. Breast Cancer Res 2014;16:436.

. Liao YC, Ruan JW, Lua I, Li MH, Chen WL, Wang JRY, et
al. Overexpressed hPTTG1 promotes breast cancer cell in-
vasion and metastasis by requlating GEF-H1/RhoA sig-
naling. Oncogene 2012;31:3086-97.

. Talvinen K, Tuikkala J, Nevalainen O, Rantanen A,
Hirsimaki P, Sundstrém J, et al. Proliferation marker

846 Clinical Chemistry 68:6 (2022)

10.

1.

12.

13.

References

securing identifies favourable outcome in invasive ductal
breast cancer. Br J Cancer 2008;99:335-40.

. Jain M, Zhang L, Boufragech M, Liu-Chittenden Y,

Bussey K, Demeure MJ, et al. ZNF367 inhibits cancer
progression and is targeted by miR-195. PloS One
2014;9:¢101423.

. Lynch SM, Russell NM, Barron S, Wang CA, Loughman T,

Dynoodt P, et al. Prognostic value of the é-gene
OncoMasTR test in hormone receptor-positive, HER2-
negative early-stage breast cancer: comparative analysis
with standard clinicopathological factors. Eur J Cancer
2021;152:78-89.

Filipits M, Rudas M, Kainz V, Singer CF, Fitzal F, Bago-
Horvath Z, et al. The OncoMasTR test predicts distant re-
currence in estrogen receptor-positive, HER2-negative
early-stage breast cancer: a validation study in ABCSG
Trial 8. Clin Cancer Res 2021;27:5931-8.

CLSI. Evaluation of detection capability for clinical labora-
tory measurement procedures; approved guideline. 2nd
ed. CLSI document EP17-A2. Clinical and Laboratory
Standards Institute; 2012.

CLSI. Evaluation of the linearity of quantitative measure-
ment procedures: a statistical approach; approved guide-
line. CLSI document EPO6-A. Clinical and Laboratory
Standards Institute; 2003.

Grubbs F. Procedures for detecting outlying observations
in samples. Technometrics 1969;11:1-21.

14.

15.

16.

17.

18.

19.

CLSI. Evaluation of precision of quantitative measure-
ment procedures; approved guideline. 3rd ed. CLSI doc-
ument EP05-A3. Clinical and Laboratory Standards
Institute, 2014.

Miiller BM, Kronenwett R, Hennig G, Euting H, Weber K,
Bohmann K, et al. Quantitative determination of estro-
gen receptor, progesterone receptor, and HER2 mRNA in
formalin-fixed paraffin-embedded tissue-a new option
for predictive biomarker assessment in breast cancer.
Diagn Mol Pathol 2011;20:1-10.

Antonov J, Goldstein DR, Oberli A, Baltzer A, Pirotta M,
Fleischmann A, et al. Reliable gene expression measure-
ments from degraded RNA by quantitative real-time PCR
depend on short amplicons and a proper normalization.
Lab Invest 2005;85:1040-50.

Cronin M, Sangli C, Liu ML, Pho M, Dutta D, Nguyen A,
et al. Analytical validation of the Oncotype DX genomic
diagnostic test for recurrence prognosis and therapeutic
response prediction in node-negative, estrogen-receptor
positive breast cancer. Clin Chem 2007;53:1084-91.
Kronenwett R, Bohmann K, Prinzler J, Sinn BV, Haufe F,
Roth C, et al. Decentral gene expression analysis: analyti-
cal validation of the Endopredict genomic multianalyte
breast cancer prognosis test. BMC Cancer 2012;12:456.
Nielsen T, Wallden B, Schaper C, Ferree S, Liu S, Gao D,
et al. Analytical validation of the PAM50-hased Prosigna
breast cancer prognostic gene signature assay and
nCounter analysis system using formalin-fixed paraffin-

220z AINr Gz uo Jasn Ajs1aAlun 14oaaN Aq GE91.GG9//£8/9/89/310HE/WLBLOUIO 0D dNO"OILSPEDE//:SARY WO PEPEOUMOQ


https://academic.oup.com/clinchem/article-lookup/doi/10.1093/clinchem/hvac028#supplementary-data

Analytical Validation of OncoMasTR assay

embedded breast tumor specimens. BMC Cancer 2014; ~ 21. van de Vijver MJ, He YD, van 't Veer L, Dai H, Hart AAM, proficiency testing program for the EndoPredict assay.
14:177. Voskuil DW, et al. A gene-expression signature as a pre- Virchows Arch 2012;460:251-9.

20. Paik S, Shak S, Tang G, Kim C, Baker J, Cronin M, etal. A dictor of survival in breast cancer. N Engl J Med 2002; ~ 23. Simon RM, Paik S, Hayes DF. Use of archived specimens
multigene assay to predict recurrence of tamoxifen- 347:1999-2009. in evaluation of prognostic and predictive biomarkers. J
treated, node-negative breast cancer. N Engl J Med 22, Denkert C, Kronenwett R, Schlake W, Bohmann K, Natl Cancer Inst 2009;101:1446-52.
2004;351:2817-26. Penzel R, Weber KE, et al. Decentral gene expression

analysis for ER++/Her2- breast cancer: results of a

Clinical Chemistry 68:6 (2022) 847

220z AINr Gz uo Jasn Ajs1aAlun 14oaaN Aq GE91.GG9//£8/9/89/310HE/WLBLOUIO 0D dNO"OILSPEDE//:SARY WO PEPEOUMOQ



	tblfn1
	tblfn2



