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Background: We proposed that a test for sensitivity to the adjuvant endocrine therapy component of treatment for
patients with stage II-III breast cancer (SET2,3) should measure transcription related to estrogen and progesterone
receptors (SETER/PR index) adjusted for a baseline prognostic index (BPI) combining clinical tumor and nodal stage
with molecular subtype by RNA4 (ESR1, PGR, ERBB2, and AURKA).
Patients and methods: Patients with clinically high-risk, hormone receptor-positive (HRþ), human epidermal growth
factor receptor 2 (HER2)-negative (HRþ/HER2�) breast cancer received neoadjuvant taxaneeanthracycline
chemotherapy, surgery with measurement of residual cancer burden (RCB), and then adjuvant endocrine therapy.
SET2,3 was measured from pre-treatment tumor biopsies, evaluated first in an MD Anderson Cancer Center
(MDACC) cohort (n ¼ 307, 11 years’ follow-up, U133A microarrays), cut point was determined, and then
independent, blinded evaluation was carried out in the I-SPY2 trial (n ¼ 268, high-risk MammaPrint result, 3.8
years’ follow-up, Agilent-44K microarrays, NCI Clinical Trials ID: NCT01042379). Primary outcome measure was
distant relapse-free survival. Multivariate Cox regression models tested prognostic independence of SET2,3 relative
to RCB and other molecular prognostic signatures, and whether other prognostic signatures could substitute for
SETER/PR or RNA4 components of SET2,3.
Results: SET2,3 added independent prognostic information to RCB in the MDACC cohort: SET2,3 [hazard ratio (HR) 0.23,
P ¼ 0.004] and RCB (HR 1.77, P < 0.001); and the I-SPY2 trial: SET2,3 (HR 0.27, P ¼ 0.031) and RCB (HR 1.68,
P ¼ 0.008). SET2,3 provided similar prognostic information irrespective of whether RCB-II or RCB-III after
chemotherapy, and in both luminal subtypes. Conversely, RCB was most strongly prognostic in cancers with low
SET2,3 status (MDACC P < 0.001, I-SPY2 P < 0.001). Other molecular signatures were not independently
prognostic; they could effectively substitute for RNA4 subtype within the BPI component of SET2,3, but they could
not effectively substitute for SETER/PR index.
Conclusions: SET2,3 added independent prognostic information to chemotherapy response (RCB) and baseline
prognostic score or subtype. Approximately 40% of patients with clinically high-risk HRþ/HER2� disease had high
SET2,3 and could be considered for clinical trials of neoadjuvant endocrine-based treatment.
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INTRODUCTION METHODS
Accurate estimation of residual risk of recurrence after
adjuvant treatments depends theoretically on a calculus
of sequential probabilities that micro-metastatic disease
would be present, survive the combination and sequence of
all systemic treatments administered, and progress to clin-
ical recurrence during the period of follow-up. These
probabilities can be estimated from the burden of cancer at
presentation (stage) and its biological phenotype (molecular
subtype), predictions of sensitivity or measures of response
to each class of adjuvant treatment administered, and the
expected pattern of risk over time.

Overall, patients who present with a clinical stage II-III
breast cancer that expresses hormone receptors and does
not overexpress human epidermal growth factor receptor 2
(HER2) (HRþ/HER2�) have significant long-term residual
risk. Disease-free survival (DFS) at 12-15 years following
standard chemotherapy and then endocrine therapy is
w70%.1-3 Even molecularly low-risk stage II-III disease
typically has 80%-85% DFS at 10 years, irrespective of the
type of adjuvant treatment.2,4 So, we considered how to
predict sensitivity to adjuvant endocrine therapy within the
context of disease burden, molecular prognosis, and sensi-
tivity or response to other treatments administered.5-7

This work builds on the concepts learned from our
research-based, 165-gene signature of estrogen receptor
(ER)-related transcription that is not related to proliferation
to predict sensitivity to endocrine therapy.8 This was refined
into the 28-gene SETER/PR index of hormone receptor-
related transcription.9 However, predicted sensitivity to
endocrine therapy for stage II-III disease should take base-
line prognostic risk into account. In this article, we describe
SET2,3 as a genomic algorithm that adjusts the measure-
ment of endocrine-related transcriptional activity (SETER/PR)
for baseline prognosis from clinical stage and molecular
subtype based on four genes (Figure 1).10,11 SET2,3 and its
component signatures are measured accurately from
routine pathology samples using a customized assay.12 We
have evaluated the prognostic contribution of SET2,3 and
its components to other contemporary prognostic gene
expression signatures measured from microarrays, and to
residual cancer burden (RCB) as a prognostic surrogate for
chemotherapy response.6,7,11
SETER/PR genes

SET2,3 = 0.75 × SETER

SETER/PR

ABAT, ADCY1, AZGP1, CA12, CD2, CD3D, DNAJC12, ESR1, KCNE4, MAPT,
MRPS30, NAT1, NPY1R, PDZK1, QDPR, SCUBE2, SLC39A6, STC2

Figure 1. Description of SET2,3 algorithm.
Genes measured to calculate SET2,3 as a weighted sum of SETER/PR index of hormone
prognostic index (BPI) that combines clinical T stage (cT), clinical nodal stage (cN), an
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Development of the baseline prognostic index

We interpreted prognostic risk votes from pT stage and pN
stage in the published results of the Oxford overview, and
refined this using subject-level clinical data from the control
arms of the Breast Cancer International Research Group
BCIRG-001 and BCIRG-005 adjuvant trials of chemotherapy
in stage II-III HRþ/HER2� breast cancer (permission ob-
tained from Project Datasphere)13-15 Clinical nodal (cN) and
tumor (cT) stages were assigned integer risk votes from 0 to
3 corresponding to cN0, cN1, cN2, and cN3; and cT0-1, cT2,
cT3, and cT4, respectively.3

RNA4 subtype classification (ESR1, PGR, ERBB2, AURKA)
represents a convergence of a three-gene classifier by
Haibe-Kains et al. (ESR1, ERBB2, AURKA) and the IHC4
classifier by Cusick et al. (genes ESR1, PGR, ERBB2, MKI67)
because AURKA provides technically reproducible gene
expression measurements, and PGR status helps to identify
molecular subtypes.11,16,17 We evaluated the public data-
sets of Affymetrix (Santa Clara, CA) microarrays from 1489
breast cancers, of which 990 were HRþ/HER2�, and 399 of
those were untreated node-negative with high ESR1, low
ERBB2, and known outcomes for distant relapse-free sur-
vival (DRFS) at 5 years (Supplementary Table S1, available at
https://doi.org/10.1016/j.annonc.2021.02.011). The indi-
vidual transcripts (ESR1, ERBB2, PGR, and AURKA) had their
log2 expression value (X) normalized to the mean of the 10
reference genes: X e mean þ 2.9 Three of four RNA4 genes
(ESR1, PGR, ERBB2) have bimodal distribution of expression
in breast cancers (Supplementary Figure S1A, available
at https://doi.org/10.1016/j.annonc.2021.02.011).18 There-
fore, we defined positive ESR1 and PGR expression status as
expression exceeding a cut-point two standard deviations
(2s) below the mean gene expression value in the higher
expression peak: ESR1 ¼ 8.93, PGR ¼ 5.10. Similarly, we
defined the cut point for ERBB2 gene expression status
(11.97) as 2s above the mean value of gene expression in
the lower expression peak. The expression level of AURKA
was more prognostic when evaluated separately within PGR
low and PGR high subsets. Therefore, we optimized a cut
point for AURKA expression based on 5-year prognosis in
untreated node-negative HRþ/HER2� cancers as the 67th
percentile in 103 cancers with low PGR expression and the
Reference genes

ESR1, ERBB2,
PGR, AURKA cT cN

RNA4

Baseline prognostic index (BPI)

/PR + 0.51 × BPI

AK2, APPBP2, ATP5J2, DARS, LDHA,
TRIM2, UBE2Z, UGP2, VDAC2, WIPF2

receptor-related transcription not associated with proliferation and the baseline
d molecular risk subtype from four genes (RNA4).
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Table 1. Clinical and pathological characteristics of the patient cohorts
with HRD/HER2L cancer

Characteristic Category MDACC n (%) I-SPY2 n (%)

Neoadjuvant
chemotherapy

T/ACa 307 (100) 63 (24)

T þ Exp Rx/AC 205 (76)
Age >50 145 (47) 106 (40)
cT stage 0 3 (1) 0 (0)

1 21 (7) 12 (4)
2 160 (52) 163 (61)
3 79 (26) 83 (31)
4 44 (15) 10 (4)

cN status Negative 106 (35) 129 (48)
Positive 201 (66) 139 (52)

Grade High 110 (36) 101 (55)
NA d 85

Histologic type Ductal 247 (81) 226 (84)
Lobular 24 (8) 13 (5)
Ductal/lobular 29 (10) 20 (7)
Other 7 (2) 3 (1)
NA d 6 (2)

Molecular
prognostic test

Mamma
Print

No testing done Required high
risk (100%)

Response pCR 36 (12) 50 (19)
RCB-I 25 (8) 36 (13)
RCB-II 138 (45) 130 (49)
RCB-III 62 (20) 52 (19)
PD (RCB-III) 4 (1) d
NA 42 (14) d

Progression During NAC 0 0
Pathologists Review MDACC Local sites
Local event Yes 3 18
Distant event Yes 104 38
Deceased Yes 86 29
Follow-up for survivors Median (years) 11.0 3.8

RCB classes used published cut points for RCB index score.
cN, clinical nodal; cT, clinical tumor; MDACC, MD Anderson Cancer Center; NAC,
neoadjuvant chemotherapy; pCR, pathologic complete response; PD, progressive
disease or inoperability during neoadjuvant chemotherapy has no RCB index score
but is assigned RCB-III class; RCB, residual cancer burden; NA, not applicable or not
available for assessment of RCB result.
a Patients with low-risk result from MammaPrint test were excluded from the I-SPY2
trial.

L. Du et al. Annals of Oncology
75th percentile in 296 cancers with high PGR expression
(Supplementary Figure S2, available at https://doi.org/10.
1016/j.annonc.2021.02.011).

The RNA4 classifier assigns low risk (0 votes) if
ESR1-positive and ERBB2-low status, and AURKA expression
value below the PGR-dependent cut point; and high risk
(2 risk votes) if ESR1-negative, ERBB2-positive, or AURKA
expression value above the PGR-dependent cut point.
However, samples with AURKA expression level within 3%
of the PGR-dependent cut point were classified as border-
line status for RNA4 (1 risk vote). The baseline prognostic
index (BPI) was defined as the total of risk votes (cT, cN,
RNA4), subtracted from eight, and divided by two.

Clinical cohorts: chemo-endocrine therapy

Hormone receptor status was defined as positive if the
percent of cancer cell nuclei staining for ER or progesterone
receptor (PR) was at least 1% in the MD Anderson Cancer
Center (MDACC) cohort or 5% in the I-SPY2 trial. HER2
status was defined as negative in both cohorts if not
overexpressed (score � 2) and not amplified (ERBB2 � 6
copies per nucleus and/or ERBB2/CEP17 ratio < 2.0), and
also in the I-SPY2 trial only, if ERBB2 gene expression was
not elevated (TargetPrint, Agendia, Irvine, CA). Clinical
nodal status was determined before treatment from phys-
ical examination, ultrasound, and needle biopsy of suspi-
cious nodes.

The MDACC cohort received neoadjuvant taxanee
anthracycline chemotherapy, as previously reported.7 The
prospective I-SPY2 trial evaluates investigational treatments
in HRþ/HER2� breast cancers that are high risk according
to the MammaPrint test (Agendia; using customized Agilent
[Santa Clara, CA] 44K microarrays), combining the treat-
ment with weekly paclitaxel in a neoadjuvant chemotherapy
regimen of weekly paclitaxel followed by doxorubicin and
cyclophosphamide (T/AC) every 2-3 weeks. This analysis
includes 205 patients who received an investigational
treatment and 63 controls who received chemotherapy
(Table 1), representing the first six investigational treat-
ments that were evaluated in HRþ/HER2� cancers [ner-
atinib, veliparib þ carboplatin, trebananib (AMG-386),
ganitumab (MK-2206), and ganetespib].19-25

In both the MDACC and I-SPY2 studies, response to
neoadjuvant chemotherapy was evaluated using the RCB
method.5,6 Patients completed definitive local (surgical and
radiation) treatments and were recommended standard
adjuvant hormonal therapy of aromatase inhibitor or
tamoxifen for at least 5 years.

Gene expression assays and signatures

Patients in the MDACC and I-SPY2 clinical cohorts provided
consent (Institutional Review Board approved) for gene
expression profiling of pre-treatment research biopsies of
tumor and comparisons of genomic signatures to treatment
response and DRFS. Pre-treatment tumor biopsies (fresh
frozen in RNAlater [Qiagen, Valencia, CA] or optimal cutting
temperature compound) underwent microarray-based gene
Volume xxx - Issue xxx - 2021
expression profiling using Affymetrix U133A arrays in the
MDACC cohort and Agilent 44K arrays in the I-SPY2 trial
(customized for Agendia). Published R-scripts were applied to
Affymetrix U133A data to estimate the 21-gene recurrence
score (RS), 11-gene EndoPredict (EP), 70-gene MammaPrint
(MP) signatures, and the PAM50 subtype using data from the
U133A microarray platform.11 We did not evaluate the H/I
signature (HOXB13/IL17BR) because it is not reliably
measured from microarray data.8,26 Each transcript probe
was calibrated in silico between Affymetrix U133A and Agi-
lent 44K microarray platforms, including the cut points,
before blinded validation analysis of data from the I-SPY2 trial
(Supplementary Figure S3, available at https://doi.org/10.
1016/j.annonc.2021.02.011). Corresponding MammaPrint
scores and BluePrint subtype results for each I-SPY2 sample
were provided by Agendia to the I-SPY2 statisticians (CY, DB).

Statistical methods

DRFS was defined from the date of diagnosis using pub-
lished standardized criteria.27 Survival probability within
biomarker class was determined using the KaplaneMeier
https://doi.org/10.1016/j.annonc.2021.02.011 3
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A B

Follow-up information available (N = 307)

Residual cancer burden class (N = 265)

Residual cancer burden index (N = 256) 

Missing follow-up (N = 2) 

Missing RCB class (N = 42)
•  adjuvant chemotherapy (9)
•  neoadjuvant chemotherapy but 
   RCB not evaluated (33) 

Progressive disease = RCB-III (N = 9)
•  inoperable or surgery deferred

Missing cTcN data (N = 99) 

SET2,3 index (N = 283)

Missing follow-up as of
February 2019 (N = 13)

Follow-up information available (N = 270) 

Residual cancer burden index (N = 268) 

Missing RCB data (N = 2) 

MDACC cohort (N = 309)
HR+/HER2– cancer

Taxane-anthracycline chemotherapy
Adjuvant endocrine therapy

Microarray data evaluable (U133A)

Evaluable I-SPY 2 TRIAL population
enrolled before November 2016 (N = 382)

HR+/HER2– cancer
Fully enrolled experimental or control arm

Microarray data available (Agilent 44K)

Figure 2. Consort diagrams of samples used to evaluate the clinical cohorts.
(A) The MD Anderson Cancer Center (MDACC) cohort and (B) The I-SPY2 trial. cN, clinical nodal stage; cT, Clinical T stage; RCB, residual cancer burden.
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estimator, with 95% confidence intervals (CIs) estimated
using the Greenwood formula with logelog transformation.
KaplaneMeier curves were truncated when the smallest
subgroup had fewer than 10% of subjects remaining at
risk.28 Survival times were compared among RCB classes
using the log-rank test. We used the R package ‘survival’
and ‘survminer’ for survival analysis. Hazard function for
DRFS event was plotted for SET2,3 values in each group
relative to the hazard for the lowest SET2,3 value in the
group, and was plotted for RCB values relative to the hazard
for all patients with pathologic complete response (pCR)
(RCB ¼ 0). Chi-square statistics for contingency table was
used to compare the proportions of excellent response to
neoadjuvant chemotherapy (pCR/RCB-I) between SET2,3
low and SET2,3 high subgroups in both MDACC and I-SPY2
cohorts.

Association between SET2,3 and DRFS was evaluated in
each cohort using multivariate Cox regression models based
on the likelihood ratio test. One model was adjusted for RCB
after neoadjuvant chemotherapy and its interaction with
SET2,3, also including the treatment arm (experimental
versus control) in the I-SPY 2 trial. Another model was
adjusted for each gene expression signature (RS, MP, and
EP) and PAM50 subtype in the MDACC cohort, and actual
MP signature results from the I-SPY2 trial. A third model
was adjusted for RCB and tested the ability of prognostic
gene expression signatures to substitute for RNA4 subtype
(part of BPI) or SETER/PR index as components of SET2,3. All
statistical analyses were carried out in R version 3.4.3
(https://cran.r-project.org) using and Bioconductor (www.
bioconductor.org).
RESULTS

Characteristics of the clinical cohorts

The characteristics of the MDACC and I-SPY2 trial cohorts of
HRþ/HER2� cancers are summarized in Table 1 and
Figure 2 (Consort diagrams). The main differences between
4 https://doi.org/10.1016/j.annonc.2021.02.011
cohorts were that 76% of I-SPY2 subjects received an
experimental treatment with neoadjuvant chemotherapy,
and all patients in I-SPY2 had a high-risk MammaPrint
result. The MDACC cohort had a lower rate of clinical node
positivity (52% versus 66%), lower rate of pCR or RCB-I (20%
versus 32%), and longer duration of follow-up (11 versus 4
years). The I-SPY2 cohort did not include patients for whom
RCB results were not recorded due to clinical progressive
disease (PD), or not available due to incomplete pathologic
review or primary surgical management. The cT and cN
information was not available from 99 patients in I-SPY2 at
the time of analysis.

Development of the composite SET2,3

The BPI and the SETER/PR index have similar ranges, with
higher values predicting a better outcome. SET2,3 was
defined as the weighted sum of the BPI and the SETER/PR
index, using coefficients from their multivariate Cox
regression model (from the MDACC cohort), as follows:
SET2,3 ¼ 0.51 � BPI þ 0.75 � SETER/PR (Figure 1). The rate
of DRFS events at 10 years decreased linearly with
increasing SET2,3 in the MDACC cohort, and from this we
defined SET2,3 >1.77 as high SET2,3 status in the context of
chemo-endocrine treatments (Supplementary Figure S1B,
available at https://doi.org/10.1016/j.annonc.2021.02.011).

Prognostic performance of SET2,3 in the clinical cohorts

The rate of 3-year DRFS events decreased linearly with
increasing SET2,3 in the test cohort from MDACC and the
blinded validation cohort from the I-SPY2 trial
(Supplementary Figure S4A and B, available at https://doi.
org/10.1016/j.annonc.2021.02.011). A multivariate analysis
of the MDACC cohort demonstrated that RCB, BPI, and
SETER/PR index all provided independently significant, long-
term prognostic information (Table 2). SETER/PR index and
RCB were independently prognostic, but BPI was not
independently prognostic in the I-SPY2 trial population with
molecularly high-risk cancer (Table 2). SET2,3 and RCB did
Volume xxx - Issue xxx - 2021

https://cran.r-project.org
http://www.bioconductor.org
http://www.bioconductor.org
https://doi.org/10.1016/j.annonc.2021.02.011
https://doi.org/10.1016/j.annonc.2021.02.011
https://doi.org/10.1016/j.annonc.2021.02.011
https://doi.org/10.1016/j.annonc.2021.02.011
https://doi.org/10.1016/j.annonc.2021.02.011
https://doi.org/10.1016/j.annonc.2021.02.011
https://doi.org/10.1016/j.annonc.2021.02.011
https://doi.org/10.1016/j.annonc.2021.02.011
https://doi.org/10.1016/j.annonc.2021.02.011
https://doi.org/10.1016/j.annonc.2021.02.011
https://doi.org/10.1016/j.annonc.2021.02.011
https://doi.org/10.1016/j.annonc.2021.02.011


L. Du et al. Annals of Oncology
not have significant interaction term, indicating an additive
effect (Table 2). Treatment in the I-SPY2 trial (experimental
versus control) was not prognostic [hazard ratio (HR) 1.02,
95% CI 0.50-2.07] when adjusted for SET2,3 (HR 0.43, 95%
CI 0.28-0.65, P < 0.001) and RCB (HR 1.91, 95% CI 1.50-
2.43, P < 0.001).
Prognostic performance of SET2,3 in patients with
significant residual disease (RCB-II/III)

Moderate or extensive residual disease after neoadjuvant
chemotherapy (RCB-II/III) was less likely if the pre-
treatment tumor biopsy had low SET2,3 status: in the
MDACC cohort (69% versus 86%, P ¼ 0.0005) and the
I-SPY2 trial (60% versus 82%, P ¼ 0.0007). If patients had
RCB-II or RCB-III after neoadjuvant chemotherapy, higher
SET2,3 value in the pre-treatment biopsy was associated
with lower relative risk of DRFS event, and this was
observed in both clinical cohorts (Figure 3A and B).
Contribution of SET2,3 to molecular subtype and
contemporary prognostic signatures

All three other prognostic gene expression signatures were
prognostic in univariate analyses of the MDACC cohort,
although MammaPrint test score was not prognostic in the
I-SPY2 cohort that excluded the low-risk subset (Table 3).
However, when SET2,3 was added to each signature in
bivariate Cox models, SET2,3 was the only independently
prognostic biomarker in every comparison (Table 3).

When evaluated specifically in patients with significant
residual disease after neoadjuvant chemotherapy (i.e. RCB-
II/III), SET2,3 added independent prognostic information to
luminal molecular subtypes, whether described by PAM50
as luminal A versus luminal B in the MDACC cohort
(Figure 3C), or using the pre-defined cut point to define
high-risk (MP1) MammaPrint score, but not the ultra-high-
risk (MP2) subset (Figure 3D). Corresponding results from
the entire cohorts (including those with pCR or RCB-I) are
shown in Supplementary Figure S5, available at https://doi.
org/10.1016/j.annonc.2021.02.011.

The two cohorts of HRþ/HER2� cancers had similar
frequency of non-luminal subtype: 31% in MDACC and 28%
in I-SPY2 (Supplementary Table S2, available at https://doi.
org/10.1016/j.annonc.2021.02.011), with strong overlap of
Table 2. Multivariate Cox models for components of residual prognostic risk (D

Multivariate: components of residual risk MDACC cohort (N

HR (95% CI)

Baseline prognostic index (BPI) 0.55 (0.40-0.76)
Predicted endocrine sensitivity (SETER/PR index) 0.56 (0.41-0.75)
Residual cancer burden after NAC (RCB) 2.03 (1.61-2.54)

Multivariate: SET2,3 versus RCB HR (95% CI)

SET2,3 0.23 (0.09-0.62)
RCB 1.77 (1.25-2.50)
Interaction term (SET2,3 � RCB) 1.19 (0.87-1.62)

CI, confidence interval; DRFS, distant relapse-free survival; HR, hazard ratio; MDACC, MD A

Volume xxx - Issue xxx - 2021
MP2 and basal-like subtypes (Supplementary Tables S3 and
S4, available at https://doi.org/10.1016/j.annonc.2021.02.
011). SET2,3 was low (�1.77) in almost all PAM50
basal-like (39/40), MammaPrint MP2 (69/72), or BluePrint
basal-like (75/76) cancers. Indeed, SET2,3 was zero in 3/40
PAM50 basal-like and most MammaPrint MP2 (55/72) or
BluePrint basal-like (61/76) cancers. Although luminal can-
cers had more RCB after chemotherapy than non-luminal
cancers (Supplementary Table S2, available at https://doi.
org/10.1016/j.annonc.2021.02.011), the frequency of high
SET2,3 status was 81% in luminal A and 42%-51% in luminal
B or MP1 cancers, with similar frequency observed across
the RCB response classes (Supplementary Tables S3 and S4,
available at https://doi.org/10.1016/j.annonc.2021.02.011).
Substitution of other prognostic signatures for components
of SET2,3

We tested in the MDACC cohort whether other prognostic
signatures could substitute for individual components of
SET2,3. First, we recalculated BPI (cT, cN, prognostic signa-
ture), replacing RNA4 with each prognostic signature
(PAM50, RS, EP, MP) scaled to the same range as RNA4.
These recalculated BPIs retained independent prognostic
significance, as did SETER/PR index and RCB (Table 4). Next,
we substituted SETER/PR index with each prognostic signa-
ture (PAM50, RS, EP, MP) scaled to the same range as the
SETER/PR index. However, in those multivariate models, only
BPI (cT, cN, RNA4) and RCB were independently prognostic
(Table 4). So, other prognostic signatures could substitute
for RNA4, but not for SETER/PR index as a component of
SET2,3.
Interpretation of RCB within subsets of high and low
SET2,3

RCB was independently prognostic when compared to
SET2,3 and its component signatures, or to other molecular
prognostic signatures (Tables 2 and 3). Furthermore, SET2,3
contributed additive (rather than interactive) prognostic
information to RCB (Table 2). Patients with more RCB after
chemotherapy had a higher risk of DRFS event, relative to
all the patients who had achieved pCR, irrespective of
whether SET2,3 status was high or low (Figure 4A and B).
RFS)

¼ 307) I-SPY2 trial (N ¼ 268)

P HR (95% CI) P

<0.001 1.02 (0.64-1.63) 0.929
<0.001 0.41 (0.27-0.62) <0.001
<0.001 2.02 (1.57-2.59) <0.001

P HR (95% CI) P

0.004 0.27 (0.08-0.89) 0.031
<0.001 1.68 (1.14-2.45) 0.008
0.257 1.17 (0.81-1.68) 0.401

nderson Cancer Center; NAC, neoadjuvant chemotherapy.
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Table 3. Performance of each prognostic signatures alone or in multivariate Cox model with SET2,3 (DRFS)

Prognostic signatures (continuous scores) Univariate Multivariate with SET2,3

Signature Signature SET2,3

HR (95% CI) P HR (95% CI) P HR (95% CI) P

MDACC cohort study (N ¼ 307)
21-Gene recurrence score (RS) 1.01 (1.00-1.02) 0.030 0.99 (0.99-1.00) 0.242 0.49 (0.35-0.68) <0.001
11-Gene EndoPredict (EP) 1.07 (1.02-1.14) 0.012 0.94 (0.86-1.01) 0.104 0.45 (0.32-0.64) <0.001
70-Gene MammaPrint (MP) 10.27 (2.65-39.91) 0.001 1.34 (0.23-7.68) 0.741 0.57 (0.42-0.78) <0.001

I-SPY2 trial (N ¼ 268)
MammaPrint test (MP) 0.54 (0.17-1.72) 0.299 2.82 (0.65-12.74) 0.178 0.39 (0.22-0.71) 0.002

CI, confidence interval; DRFS, distant relapse-free survival; HR, hazard ratio; MDACC, MD Anderson Cancer Center.
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Figure 3. Prognostic performance of SET2,3 relative to extent of residual cancer burden (RCB) and molecular subtype.
The distant relapse-free survival (DRFS) hazard function for SET2,3 in the patients with significant residual disease after neoadjuvant chemotherapy (RCB-II/III). Risk of
DRFS event for each SET2,3 value relative to lowest SET2,3 value in each group, according to RCB-II or RCB-III in (A) the MD Anderson Cancer Center (MDACC) cohort
and (B) the I-SPY2 trial; and, in the patients with RCB-II/III, according to genomic subtype defined by: (C) PAM50 classifier as luminal A or luminal B in the MDACC cohort
and (D) MammaPrint test as high-risk (MP1) or ultra-high-risk (MP2) subtype in the I-SPY2 trial. Note: Dashed lines represent 95% confidence interval bounds. RCB-III
includes progressive disease. The MP1 and MP2 groups are equivalent to luminal B and basal subtypes, respectively.
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Table 4. Substitution analyses using other prognostic signatures for components of SET2,3: RNA4 (within BPI) and SET2,3 (DRFS)

Multivariate: components of residual risk PAM50 subtype 21-Gene recurrence score 11-Gene EndoPredict 70-Gene MammaPrint

HR (95% CI) P HR (95% CI) P HR (95% CI) P HR (95% CI) P

Signatures substituted in place of RNA4
BPI: cT, cN, substitute signature 0.75 (0.64-0.86) <0.001 0.75 (0.64-0.88) <0.001 0.76 (0.65-0.90) 0.001 0.74 (0.63-0.87) <0.001
SETER/PR index 0.56 (0.41-0.75) <0.001 0.54 (0.40-0.73) <0.001 0.57 (0.41-0.78) 0.001 0.55 (0.40-0.74) <0.001
RCB 1.95 (1.55-2.46) <0.001 1.96 (1.56-2.47) <0.001 1.98 (1.57-2.49) <0.001 1.95 (1.55-2.45) <0.001

Signatures substituted in place of SETER/PR index
BPI: cT, cN, RNA4 0.75 (0.64-0.88) <0.001 0.72 (0.62-0.85) <0.001 0.74 (0.64-0.87) <0.001 0.73 (0.64-0.85) <0.001
Substitute signature 1.16 (0.99-1.36) 0.069 1.09 (0.89-1.33) 0.419 1.14 (0.96-1.36) 0.139 1.22 (1.00-1.48) 0.051
RCB 1.82 (1.45-2.27) <0.001 1.79 (1.43-2.25) <0.001 1.84 (1.46-2.31) <0.001 1.84 (1.47-2.30) <0.001

BPI, baseline prognostic index; CI, confidence interval; cN, clinical nodal; cT, clinical tumor; DRFS, distant relapse-free survival; HR, hazard ratio; RCB, residual cancer burden.
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RCB classes were strongly prognostic in the 55% of pa-
tients in the MDACC cohort whose cancer had low SET2,3
status (Figure 4C). On the other hand, RCB class was not
significantly prognostic in the 45% of patients who had high
SET2,3 status (predicted endocrine sensitive) (Figure 4D).

The results were similar in the I-SPY2 trial. RCB classes
were strongly prognostic in 63% of patients whose cancer
had low SET2,3 status (Figure 4E). Similarly, RCB class was
not prognostic in the 37% of patients in I-SPY2 whose
cancer had high SET2,3 status, although we did observe
some DRFS events in the RCB-II group (Figure 4F).
DISCUSSION

Our findings underscore a concept that residual risk after
adjuvant chemo-endocrine treatments is a function of sto-
chastic risks from the original burden and biological nature
of disease, chemosensitivity, endocrine sensitivity, and time.
We have demonstrated their independently additive effects
on risk using BPI from cT, cN, and RNA4 (or other contem-
porary signatures) for original burden and nature of disease,
RCB for observed chemotherapy effect, and SETER/PR
index to measure hormone receptor-related transcriptional
activity to predict endocrine sensitivity. The SET2,3 combines
two of these three components, measuring endocrine-
related transcription (SETER/PR) adjusted for BPI (Figure 1).
We believe this is important for stage II-III disease because
reliance on endocrine-based therapy should balance the
baseline prognostic risk of the cancer with its predicted
sensitivity to endocrine therapy. Indeed, the SETER/PR index
was independently prognostic in the I-SPY2 trial that pre-
selected patients with high-risk cancer defined by the
MammaPrint prognostic test (Tables 2 and 3). Furthermore,
SET2,3 added prognostic information when residual disease
was class RCB-II or RCB-III (Figure 3A and B) and whether
luminal A or luminal B (or MP1) subtype in the patients with
RCB-II/III (Figure 3C and D) and overall (Supplementary
Figure S5, available at https://doi.org/10.1016/j.annonc.
2021.02.011). Validation of longer-term prognostic perfor-
mance will also be important.

Neoadjuvant endocrine-based therapy is an appealing
way to de-escalate treatment for selected patients with
clinical stage II-III HRþ/HER2� breast cancer yet retain the
ability to give chemotherapy in the adjuvant setting if there
Volume xxx - Issue xxx - 2021
is insufficient response. Currently, there is no validated
biomarker to identify suitable patients at the time of
diagnosis, but SET2,3 is a promising biomarker for this
purpose. Indeed, the SETER/PR index within SET2,3 is a direct
measure of endocrine transcriptional activity, and added
unique information to contemporary prognostic signatures
(Tables 3 and 4). Chemotherapy response (RCB classes) was
less prognostic when SET2,3 was high (Figure 4D and F), and
was statistically under-powered to observe a difference.
However, we should not infer that standard endocrine
therapy alone would be sufficient for every patient with
high SET2,3, but we might consider these patients for
clinical trials with neoadjuvant combining endocrine and
other targeted treatments. Hence, we think it will be
important to evaluate SET2,3 in samples from the relevant
phase III adjuvant trials of contemporary endocrine-based
regimens (augmented by combined targeted therapy) for
stage II-III disease.29,30

Pathological response to chemotherapy (RCB) was
strongly prognostic when SET2,3 was low (Figure 4C and E).
Although 31% achieved pCR or RCB-I (with excellent prog-
nosis), the residual prognostic risk of patients with RCB-II or
RCB-III after neoadjuvant chemotherapy resembled that of
hormone receptor-negative disease, despite their receiving
adjuvant endocrine therapy.6 These tumors include almost
all basal-like cancers (BluePrint or PAM50) and many of the
luminal cancers in each cohort. They are unlikely to respond
to endocrine therapy alone, and patients’ residual prog-
nostic risk depended mostly on their tumor’s sensitivity to
chemotherapy.

Although our study demonstrates proof of concept,
including blinded independent validation, there are relevant
caveats. It is important to emphasize that the measure-
ments of 21-gene RS Oncotype-DX, 11-gene EP, 70-gene
MammaPrint, and PAM50 subtype from U133A micro-
arrays represent approximations of these tests, so we
avoided categorical assignments where possible, since cut
points could be unreliable. However, the MammaPrint
scores from the I-SPY2 trial were the clinical test results. On
the other hand, measurements of SET2,3 in the I-SPY2 trial
cohort were approximations from the adapted Agilent
microarrays (Agendia), and we should assume less accurate
categorical assignment (Figure 4E and F). Nevertheless,
SET2,3 was independently additive to contemporary
https://doi.org/10.1016/j.annonc.2021.02.011 7
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Figure 4. Prognosis of residual cancer burden (RCB) according to SET2,3 status.
RCB was evaluated within high and low SET2,3 classes, first as the hazard function for RCB values in the patients with residual disease (RD) by SET2,3 status (low SET2,3;
high SET2,3), relative to all the patients with pathologic complete response (pCR) in (A) the MD Anderson Cancer Center (MDACC) cohort and (B) the I-SPY2 trial; and
then as RCB classes (pCR or RCB-I, RCB-II, or RCB-III) in the MDACC cohort in cancers with low SET2,3 (C) or high SET2,3 (D), and in the I-SPY2 trial in cancers with low
SET2,3 (E) or high SET2,3 (F). Note: Dashed lines represent 95% confidence interval bounds. In the MDACC cohort, there were 225 patients with RD and 36 with pCR (6
of 36 had high SET2,3). In the I-SPY2 trial, there were 215 patients with RD and 50 with pCR (8 of 50 had high SET2,3).
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prognostic signatures in both cohorts. We also recognize
that additional validation studies will be necessary to
demonstrate generalizability and longer-term prognosis.
Median follow-up was for shorter duration for the I-SPY2
trial (3.8 years), so we carried out sensitivity analysis of
the MDACC cohort censored at 4 years of follow-up
(Supplementary Tables S5-S7, available at https://doi.
org/10.1016/j.annonc.2021.02.011), demonstrating consis-
tent findings to the results at 11 years of median follow-up
and to the I-SPY2 trial results (Tables 2-4). Also, investiga-
tional treatments were included with neoadjuvant chemo-
therapy in the I-SPY2 trial but did not alter the prognostic
performance of SET2,3 or meaning of RCB (unpublished
results). Finally, we note that SET2,3 is accurately measured
from formalin-fixed paraffin-embedded (FFPE) tissues
within and between laboratories.12,31 So, it will be possible
to evaluate SET2,3 in FFPE tumor samples from other
clinical trial cohorts.

Overall, our study demonstrates that the SET2,3 index
of sensitivity to endocrine therapy for stage II-III cancers
adds meaningful and independent prognostic information
to neoadjuvant chemotherapy response and molecular
prognostic subtypes. These results were independently
validated in the I-SPY2 clinical trial, notwithstanding the
methodological differences. Our study also highlights the
importance of neoadjuvant chemotherapy benefit when
cancer has low SET2,3, and suggests a future opportunity
to test within clinical trials whether patients with high
SET2,3 benefit from a treatment plan that begins with
neoadjuvant endocrine-based treatment (perhaps with
additional targeted therapy), rather than chemotherapy.
The potential utility of this assay deserves to be evalu-
ated further.
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