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Abstract 

Background Gene expression (GEX) signatures in breast cancer provide prognostic information, but little is known 
about their predictive value for tamoxifen treatment. We examined the tamoxifen‑predictive value and prognostic 
effects of different GEX signatures in premenopausal women with early breast cancer.

Methods RNA from formalin‑fixed paraffin‑embedded tumor tissue from premenopausal women randomized 
between two years of tamoxifen treatment and no systemic treatment was extracted and successfully subjected 
to GEX profiling (n = 437, NanoString Breast Cancer 360™ panel). The median follow‑up periods for a recurrence‑
free interval (RFi) and overall survival (OS) were 28 and 33 years, respectively. Associations between GEX signatures 
and tamoxifen effect were assessed in patients with estrogen receptor‑positive/human epidermal growth fac‑
tor receptor 2‑negative (ER+ /HER2−) tumors using Kaplan–Meier estimates and Cox regression. The prognostic 
effects of GEX signatures were studied in the entire cohort. False discovery rate adjustments (q‑values) were applied 
to account for multiple hypothesis testing.

Results In patients with ER+/HER2− tumors, FOXA1 expression below the median was associated with an improved 
effect of tamoxifen after 10 years with regard to RFi (hazard ratio  [HR]FOXA1(high) = 1.04, 95% CI = 0.61–1.76, 
 HRFOXA1(low) = 0.30, 95% CI = 0.14–0.67, qinteraction = 0.0013), and a resembling trend was observed for AR  (HRAR(high) = 1.15, 
95% CI = 0.60–2.20,  HRAR(low) = 0.42, 95% CI = 0.24–0.75, qinteraction = 0.87). Similar patterns were observed for OS. 
Tamoxifen was in the same subgroup most beneficial for RFi in patients with low ESR1 expression  (HRRFi ESR1(high) = 0.76, 
95% CI = 0.43–1.35,  HRRFi, ESR1(low) = 0.56, 95% CI = 0.29–1.06, qinteraction = 0.37). Irrespective of molecular subtype, higher 
levels of ESR1, Mast cells, and PGR on a continuous scale were correlated with improved 10 years RFi  (HRESR1 = 0.80, 
95% CI = 0.69–0.92, q = 0.005;  HRMast cells = 0.74, 95% CI = 0.65–0.85, q < 0.0001; and  HRPGR = 0.78, 95% CI = 0.68–0.89, 
q = 0.002). For BC proliferation and Hypoxia, higher scores associated with worse outcomes  (HRBCproliferation = 1.54, 95% 
CI = 1.33–1.79, q < 0.0001;  HRHypoxia = 1.38, 95% CI = 1.20–1.58, q < 0.0001). The results were similar for OS.

Conclusions Expression of FOXA1 is a promising predictive biomarker for tamoxifen effect in ER+/HER2− premeno‑
pausal breast cancer. In addition, each of the signatures BC proliferation, Hypoxia, Mast cells, and the GEX of AR, ESR1, 
and PGR had prognostic value, also after adjusting for established prognostic factors.
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Trial registration This trial was retrospectively registered in the ISRCTN database the 6th of December 2019, trial ID: 
https:// clini caltr ials. gov/ ct2/ show/ ISRCT N1247 4687.
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Background
Although endocrine therapy with tamoxifen significantly 
reduces the risk of recurrence in patients with estrogen 
receptor-positive (ER+) breast cancer, breast cancer 
recurrence 20 years after diagnosis is not uncommon [1]. 
Moreover, some patients with ER+ tumors do not benefit 
from this treatment [2, 3]. Despite this, ER status is the 
only clinically established predictive marker for tamox-
ifen response [4], highlighting the need for new predic-
tive tools. In patients treated with five years of adjuvant 
endocrine therapy, the risk of recurrence is strongly cor-
related with tumor size, nodal status, and histological 
grade [1]. Furthermore, the progesterone receptor (PR) 
has been observed to be prognostic [5], but its independ-
ent predictive effect on the response to endocrine ther-
apy has not been established [6]. In recent decades, the 
clinical use of gene expression (GEX) analysis for prog-
nostication has increased. In addition to providing infor-
mation on intrinsic subtypes, GEX signatures have been 
observed to add putative predictive value [7–11], even for 
late recurrences [12]. However, the use of risk scores in 
premenopausal patients is not widely implemented [11, 
13].

In addition to routine markers, GEX may provide addi-
tional information for predicting the effects of breast 
cancer drugs [14–16]. This was exemplified in the FinXX 
trial using the NanoString Breast Cancer (BC) 360™ 
panel (BC360 panel), where cytotoxic, endothelial, and 
Mast cell GEX signatures predicted improved recur-
rence-free survival, favoring the addition of capecitabine 
to adjuvant chemotherapy in patients with triple-negative 
breast cancer (TNBC) [15]. Previously, we demonstrated 
that PAM50 luminal subtypes are associated with the 
efficacy of adjuvant tamoxifen in premenopausal patients 
[9]; however, other gene signatures are currently not used 
in clinical practice to guide the use of endocrine therapy. 
The ESR1 gene encodes ER alpha (ERα, denoted as ER 
in this manuscript), and the GEX of ESR1 and protein 
expression of ER are strongly correlated [17]. Therefore, 
high ESR1 GEX levels could indicate responsiveness to 
tamoxifen therapy, as demonstrated by Chungyeul et al.; 
however, the same effect was not observed for PGR GEX 
[16]. Although GEX levels of the androgen receptor (AR) 
seem to be associated with better outcome [18], and AR 
overexpression has been reported to induce tamoxifen 
resistance in a preclinical setting [19], no clear endo-
crine-predictive effect has been observed [20].

Despite comprehensive studies on GEX signatures 
in relation to prognosis and prediction of treatment 
response in primary breast cancer, only a few have 
been used in the clinical setting. High proliferation 
scores including Oncotype DX, Prosigna gene assay, 
and hypoxic GEX signature have been associated with a 
worse prognosis [21–24]. In contrast, high expression of 
the FOXA1 gene seems to be associated with better out-
comes in patients with ER+ breast tumors [25, 26].

Previously, we reported the long-term effects of tamox-
ifen and prognostic value of PAM50 subtypes and the risk 
of recurrence (ROR) score based on the BC360 panel for 
premenopausal patients who were randomized between 
two years of adjuvant tamoxifen and no systemic treat-
ment in the SBII:2pre trial [9]. The primary aim of the 
present study was to determine the tamoxifen-predic-
tive value of GEX signatures from the BC360 Panel with 
respect to recurrence-free interval (RFi) and overall sur-
vival (OS) in patients with ER+/human epidermal growth 
factor receptor 2-negative (ER+/HER2 −) tumors. The 
secondary aim was to decipher the prognostic value of 
the signatures regardless of molecular subtype.

Methods
Study population
A flowchart of the study cohort is shown in Fig. 1. In the 
SBII:2pre trial, 564 premenopausal women were ran-
domized to receive 2  years of adjuvant tamoxifen or no 
systemic treatment [9, 27–30]. The translated, abbrevi-
ated study protocol is available in Additional file 1, which 
provides information on the inclusion and exclusion cri-
teria. In this study, treatment-predictive analyses were 
performed in patients with ER+/HER2− tumors only 
(n = 236), whereas all patients with GEX data (n = 437) 
were included in the prognostic analyses.

Study endpoints and follow‑up data
The endpoints were RFi (including any of the following 
first events: invasive ipsilateral breast cancer recurrence 
and ductal cancer in situ; local, regional, or distant recur-
rence; or breast cancer-related death) and OS. The data 
cutoff for RFi was November 30, 2016. OS data were 
retrieved from the Swedish Causes of Death Register 
(data cutoff for events was December 10, 2020). End-
points were defined according to DATECAN recom-
mendations [31]. Results were reported for the maximum 
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follow-up and, because of non-proportional hazards, also 
for the time interval of 0–10 years.

Tumor characteristics and GEX signatures
Archived formalin-fixed paraffin-embedded (FFPE) 
breast tumor tissues from n = 520 of the study partici-
pants were collected. Methods for RNA extraction and 
assessment of ER, Ki67, PR, histological grade (Not-
tingham histological grade [NHG]), HER2, and stromal 
tumor-infiltrating lymphocytes (sTILs, here denoted 
TILs) have been published [9]. GEX analysis was per-
formed according to the manufacturer’s instructions 
using a NanoString BC360™ panel [32]. This panel 
included 776 genes and the calculated scores of a panel 
of GEX signatures in breast cancer (Additional file  2). 
The BC360 panel included 48 GEX signatures, of which 
18 were single genes (Additional file  2). Raw data were 
normalized on a log2 scale using housekeeping genes 
and BC360 panel standards. In total, 91% (437) of the 479 
samples with sufficient amount of invasive tumor tissue 
and extracted RNA passed the quality control check.

Selection of gene signatures
The prognostic and predictive effects were analyzed for 
41 GEX signatures selected from the BC360 panel. For 
the detailed predictive analyses, we selected the ESR1, 
which is known to be of importance for endocrine 

resistance [16, 17] and PGR, which is closely related to 
ESR1. Furthermore, we selected BC360 panel signatures 
based on their relationships with the outcomes used in 
this study, as visualized in the forest plots. We excluded 
the subtype signatures of PAM50 (Luminal A, Luminal B, 
HER2-enriched (HER2-E), and basal-like) and ROR from 
the prognostic and predictive screening, as these data 
have been previously reported for this trial [9]. Addition-
ally, we excluded the genomic risk signature, as this is 
ROR without accounting for tumor size, and the TNBC 
subtype signatures as TNBC comprised only a minority 
of the samples, and luminal tumors were the focus of the 
study. However, the PAM50 subtypes were included in 
the multivariable analyses. Only the abbreviated names 
of the GEX signatures are used in this report; the abbre-
viations can be found in the abbreviation list.

Statistical analyses
RStudio using R version 4.2.2 was used for all the statisti-
cal analyses and all the tests were two-sided. To account 
for multiple hypothesis testing, each set of analyses was 
adjusted for false discovery rate (FDR) [33]. FDR-adjusted 
p-values are denoted q-values, while crude p-values are 
denoted p-values, and values < 0.05 were generally con-
sidered statistically significant. Unless otherwise stated, 
the expression of single genes and GEX signatures were 
normalized using the sample mean and standard devia-
tion (SD) and analyzed as continuous variables [34]. 

Fig. 1 Flowchart of included patients. ER estrogen receptor, GEX gene expression, HER2 human epidermal growth factor receptor 2, n number 
of patients, RNA ribonucleic acid, Tam tamoxifen
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Table 1 Patient and tumor characteristics

Characteristics Patients with gene signatures (n = 437) Patients without gene signatures (n = 123)

Control group n (%) Tam‑treated group n (%) Control group n (%) Tam‑treated 
group n (%)

Age (years)

 Median 45 45 45 47

 Range 27–54 26–57 29–58 31–55

Tumor size (mm)

 ≤ 20 86 (39) 69 (32) 35 (55) 17 (29)

 > 20 134 (61) 148 (68) 29 (45) 41 (71)

 Missing 0 0 0 1

Nodal status

 Node‑negative 57 (26) 62 (29) 18 (28) 21 (36)

 Node‑positive 162 (74) 154 (71) 46 (72) 38 (64)

 N1 105 (48) 108 (50) 34 (53) 28 (48)

 N2 57 (26) 46 (21) 12 (19) 10 (17)

 Missing 1 1 0 0

NHG

 1 24 (11) 22 (11) 1 (15) 5 (11)

 2 88 (42) 87 (43) 27 (52) 18 (38)

 3 99 (47) 93 (46) 17 (33) 24 (51)

 Missing 9 15 12 12

ER

 Positive 154 (70) 139 (66) 37 (64) 32 (63)

 Negative 63 (29) 72 (34) 21 (36) 19 (37)

 Missing 3 6 6 8

PR

 Positive 148 (68) 132 (61) 37 (64) 31 (62)

 Negative 71 (32) 84 (39) 21 (36) 19 (38)

 Missing 1 1 6 9

HER2

 Negative 166 (82) 167 (87) 37 (95) 30 (88)

 Positive 36 (18) 26 (12) 2 (5) 4 (12)

 Missing 18 24 25 25

Ki67 (%)

 Median 34 32 27 28

 Range 2–89 3–88 7–53 9–51

 Missing 16 14 41 43

Histopathological type

 Ductal/NST 177 (86) 167 (82) 32 (74) 33 (85)

 Lobular 16 (8) 18 (9) 6 (14) 3 (8)

 Medullary 10 (5) 10 (5) 4 (9) 1 (3)

 Other 4 (2) 8 (4) 1 (2) 2 (5)

 Missing 13 14 21 20

TILs (%)

 < 10 111 (51) 116 (54) 18 (58) 7 (35)

 10–49 79 (36) 67 (31) 7 (23) 8 (40)

 50–100 28 (13) 34 (16) 6 (19) 5 (25)

Missing 2 0 33 39

PAM50 subtype

 Luminal A 101 (46) 90 (42) – –
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When grouping the cohort based on the GEX data was 
necessary, this was based on gene signature medians or 
quartiles.

Associations between the GEX signatures and clin-
icopathological variables were assessed using Pearson’s 
correlation and visualized using the R package corrplot 
[35]. To further visualize GEX signature expression 
across the cohort, a heatmap was constructed using the 
R package ComplexHeatmap [36]. Dendrograms were 
generated using complete Euclidean hierarchical cluster-
ing. K-means clustering was used to detect four clusters 
among the tumor samples and GEX signatures (20 initial-
izations and random centroids). The number of clusters 
was selected based on the visual patterns and to optimize 
the stability of the results.

Cox proportional hazards regression with standardized 
GEX signatures modeled as continuous variables was 
used to calculate hazard ratios (HRs). Multivariable Cox 
models were adjusted for PAM50 subtype, nodal category 
(positive vs. negative), age (continuous), NHG, tumor 
size (> 20 mm vs. ≤ 20 mm), and treatment arm (the lat-
ter not included in predictive analyses). The results from 
the Cox models were visualized in forest plots. The rela-
tionship between GEX signatures, tamoxifen treatment, 
and outcomes was graphically assessed further using 
Kaplan–Meier curves. Proportional hazard assumptions 
were graphically verified using Schoenfeld residuals (data 
not shown) [37]. The proportional hazard assumptions 
were generally not met. Hazard ratios should therefore 
be carefully interpreted as average effects over the follow-
up period. The tamoxifen-predictive effect of the selected 
signatures was evaluated using Cox regression with the 
main effects for treatment, signature, and an interaction 
term. The interaction term was defined as the product of 
the continuous GEX signature score and the binary treat-
ment variable.

The results are, where applicable, presented follow-
ing the Reporting Recommendations for Tumor Marker 
Prognostic Studies (REMARK) [38, 39].

Results
Study cohort characteristics
Tumor blocks from patients in the control and tamoxifen 
treatment arms were analyzed using the BC360 panel 
(Fig.  1). Patient and tumor characteristics for the full 
study cohort with (n = 437) and without (n = 123) avail-
able GEX data by treatment arm are presented in Table 1, 
and for the ER+/HER2− cohort in Table 2. The median 
follow-up period for patients without events was 28 years 
(range; 8–32) and 33 years (range; 11–37) in the prognos-
tic analyses of RFi and OS, respectively.

GEX patterns and correlation analysis
As depicted in the correlation plot (Fig.  2), ESR1 was 
strongly correlated with the GEX signatures Mast cells 
and ER signaling as well as the protein levels of ER and 
PR. Furthermore, BC proliferation and Hypoxic GEX 
signatures were strongly correlated with Ki67 and NHG, 
and TILs were clearly associated with immune signa-
tures. Additional file  3 illustrates that most ER-positive 
tumors also had higher levels of ESR1 GEX.

The expression levels of BC360 GEX signatures for all 
437 samples are presented in a heatmap (Fig.  3). Hori-
zontally, four clusters with different characteristics were 
identified. Clusters 1 and 2 represent a hormone-recep-
tive expression pattern similar to that of Luminal A and 
B tumors, where cluster 1 appears more immunoac-
tive. In addition, the third and fourth clusters represent 
tumors with immunoactive GEX signatures, but cluster 
3 presents lower genomic instability and high expres-
sion of ERBB2, similar to the HER2-E subtype, and the 
fourth cluster, which mainly includes basal-like tumors, is 
related to genomic instability.

Predictive effect of GEX signatures for tamoxifen benefit 
in the ER+/HER2− cohort
Most patients in the ER+/HER2− cohort were lymph 
node-positive (N1), classified as Luminal A, of ductal his-
topathological type, PR-positive, and had low TILs levels 

Patient and tumor characteristics for the whole study cohort with (n = 437) and without (n = 123) available gene expression, respectively, stratified by study arm

ER estrogen receptor, HER2 human epidermal growth factor receptor 2, NHG Nottingham histological grade, NST no special type, PR progesterone receptor, TAM 
tamoxifen, TILs tumor-infiltrating lymphocytes

Table 1 (continued)

Characteristics Patients with gene signatures (n = 437) Patients without gene signatures (n = 123)

Control group n (%) Tam‑treated group n (%) Control group n (%) Tam‑treated 
group n (%)

 Luminal B 41 (19) 42 (19) – –

 HER2‑enriched 39 (18) 35 (16) – –

 Basal‑like 39 (18) 50 (23) – –

 Missing 0 0 59 59
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(Table  2). The forest plots in Figs.  4 and 5 illustrate the 
effect of treatment (tamoxifen vs. control) for all GEX 
signatures (high and low values based on the median) for 
RFi (Fig. 4) and OS (Fig. 5) after 10 years and at full fol-
low-up. The HRs were generally below 1.0, indicating that 
most patients with ER+/HER2− tumors did benefit from 
tamoxifen, which is in line with previous study results for 
this trial [29]. Kaplan–Meier estimates stratified by treat-
ment for the GEX quartiles of AR, ESR1, FOXA1, Mast 
cells, and PGR are presented for RFi and OS in Figs. 6 and 
7. Potential interactions are also illustrated in Additional 
files 4 and 5: Figs. S4 and S5, where the relationships 
between the GEX quartiles and outcome are presented in 
Kaplan–Meier curves for the whole ER+/HER2− part of 
the cohort, as well as for each treatment arm separately.

With respect to RFi, high AR expression was associ-
ated with worse outcomes following tamoxifen treat-
ment after 10  years of follow-up  (HRAR(high) = 1.15, 95% 
CI = 0.60–2.20, q = 0.77;  HRAR(low) = 0.42, 95% CI = 0.24–
0.75, q = 0.10) (Fig.  4), corresponding to a significant 
interaction effect between dichotomized AR expression 
and tamoxifen treatment (pinteraction = 0.02). However, 
the evidence for an interaction was much weaker (pin-

teraction = 0.52, Tables  3, 4) when AR was analyzed as a 
continuous variable, indicating no clear dose–response 
relationship. Similar results were observed for full-time 
follow-up (Fig. 4) and OS (Fig. 5). This pattern can also 
be observed in Figs.  6 and 7a–d, in which the effect of 
tamoxifen was assessed in the quartiles of AR expression.

There was a trend toward a better tamoxifen effect 
for those defined as ESR1 low compared to high  (HRRFi 

ESR1(high) = 0.76, 95% CI = 0.43–1.35, q = 0.51;  HRRFi 

ESR1(low) = 0.56, 95% CI = 0.29–1.06, q = 0.22), which was 
more pronounced with full-time follow-up (Fig. 4). Simi-
lar results were observed for OS (Fig.  5). The strongest 
evidence for ESR1 × treatment interaction was observed 
in OS after full-time follow-up (pinteraction = 0.02, Tables 3, 
4). As shown in Figs. 6 and 7e–h, the results were similar 
for the GEX quartiles of ESR1.

A similar trend was observed for FOXA1, indi-
cating that low expression was associated with an 
improved tamoxifen benefit for 10 years RFi  (HRRFi 

FOXA1(high) = 1.04, 95% CI = 0.61–1.76, q = 0.93;  HRRFi 

FOXA1(low) = 0.30, 95% CI = 0.14–0.67, q = 0.10, Figs.  4 
and 6i–l) and after full-time follow-up and OS (Figs. 5 
and 7i–l). The interaction between FOXA1 GEX and 
tamoxifen treatment was significant for RFi after 
10  years of follow-up in univariable (p < 0.001) and 
multivariable analyses adjusted for other clinicopatho-
logical factors (p = 0.003). Similar results were obtained 
for the full-time follow-up and OS (Tables 3, 4). After 
adjusting for FDR, all FOXA1 × treatment interactions 

remained statistically significant, except for the multi-
variable regression for RFi after full follow-up (Tables 3, 
4).

Table 2 Patient and tumor characteristics for the ER+/HER2− 
subgroup (n = 236) by treatment arm

ER estrogen receptor, HER2 human epidermal growth factor receptor 2, NHG 
Nottingham histological grade, NST no special type, PR progesterone receptor, 
Tam tamoxifen, TILs tumor-infiltrating lymphocytes

Characteristics ER+/HER2– cohort (n = 236)

Control group n (%) Tam‑treated 
group n (%)

Age (years)

 Median 46 45

 Range 27–54 33–57

Tumor size (mm)

 ≤ 20 56 (45) 43 (38)

 > 20 68 (55) 69 (62)

Nodal status

 Node‑negative 29 (23) 31 (28)

 Node‑positive 95 (77) 81 (72)

 N1 65 (52) 58 (52)

 N2 30 (24) 23 (21)

NHG

 1 20 (16) 19 (17)

 2 72 (59) 61 (56)

 3 31 (25) 30 (27)

 Missing 1 2

PR

 Positive 117 (94) 100 (89)

 Negative 7 (6) 12 (11)

Ki67 (%)

 Median 27 26

 Range 2–68 5–56

 Missing 8 5

Histopathological type

 Ductal/NST 105 (85) 94 (84)

 Lobular 13 (11) 12 (11)

 Medullary 2 (2) 1 (1)

 Other 3 (2) 5 (5)

 Missing 1 0

TILs (%)

 < 10 80 (65) 83 (74)

 10–49 34 (27) 26 (23)

 50–100 10 (8) 3 (3)

PAM50 subtype

 Luminal A 82 (66) 66 (59)

 Luminal B 33 (27) 36 (32)

 HER2‑enriched 8 (7) 4 (4)

 Basal‑like 1 (1) 6 (5)
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Another way of illustrating potential interactions 
between tamoxifen treatment and FOXA1, AR, ESR1, and 
PGR expression is shown in Additional files 4 and 5: Figs. 
S4 and S5, where Kaplan–Meier estimates are presented 
in the tamoxifen and control arms separately in relation 
to RFi (Additional file  4: Fig. S4) and OS (Additional 
file  5: Fig. S5). In line with the above-presented predic-
tive analyses, increasing FOXA1 quartiles show a strong 
association to worse prognosis in relation to both end-
points in patients with ER+/HER2− tumors allocated to 
adjuvant tamoxifen, but not in the ER+/HER2− control 
group (Additional files 4 and 5: Figs. S4 and S5, g–i). For 

AR, a trend is observed that lower expression is related 
to worse outcome for both endpoints in the untreated 
group, but not in the tamoxifen group (Additional files 4 
and 5: Figs. S4 and S5, a–c). For ESR1, the highest expres-
sion quartile appears to be related to poor outcome only 
in the tamoxifen treated group for both endpoints (Addi-
tional files 4 and 5: Figs. S4 and S5, d–f).

No clear difference in the effect of tamoxifen was dem-
onstrated in relation to the Mast cell signature or PGR, 
indicating a similar tamoxifen benefit regardless of the 
GEX level of these signatures (Figs.  4, 5 and 6, 7m–t, 
and Tables 3, 4). For RFi, there were trends of improved 

Fig. 2 Correlation plot. Correlation between the GEX signatures and clinicopathological variables. The clinicopathological variables are indicated 
in bold. The labels on the diagonal contain a variable descriptor where the variables are described as continuous (c), binary (b), or ordinal (o). 
Significance levels represent crude p values. Only abbreviated GEX signature names are shown. Complete names are found in the abbreviation list. 
ER estrogen receptor, GEX gene expression, HER2 human epidermal growth factor receptor 2, NHG Nottingham histological grade, PR progesterone 
receptor, TILs tumor‑infiltrating lymphocytes, T1 tumor size ≤ 20 mm, T2 tumor size > 20 mm
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tamoxifen effects in relation to several GEX signatures, 
including the low GEX of the tumor mutational response 
signatures, BC p53, BRCAness, and HRD. Similar results 
were noted for the tumor regulation signatures differen-
tiation and RB1, high GEX of CDK6, and PTEN, and sig-
natures related to tumor immune activity and inhibitory 
immune signaling.

Prognostic effect of GEX signatures in the whole cohort, 
regardless of IHC subtype
The associations between the BC360 assay GEX signa-
tures as continuous scores and outcomes (RFi and OS), 
analyzed in the full cohort, are presented in Fig.  8a–d. 
Kaplan–Meier curves for these outcomes are illustrated 
in Fig. 9 for the quartiles of the selected GEX signatures: 

Fig. 3 Heatmap illustrating expression levels of the GEX signatures. Heatmap of GEX signatures for all patients (n = 437); tumors in rows, 
and GEX signatures in columns. Expression levels are presented as z‑scores from low (green) to high (red) expression. The panels on the right 
show the intrinsic subtype, tumor size, node status, and TILs score for each tumor. 1–4 illustrate the four GEX signature clusters generated using 
k‑means clustering. The bottom panels present the relationships between PAM50 subtypes and GEX signatures, both as continuous variables 
and color‑coded according to Pearson correlation coefficients. GEX gene expression, HER2-E human epidermal growth factor receptor 2‑enriched, 
Lum luminal, TILs tumor‑infiltrating lymphocytes, T1 tumor size ≤ 20 mm, T2 tumor size > 20 mm
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Table 3 Interaction terms for tamoxifen effect (ER+/HER2− cohort) for 10 years of follow‑up

The HR:s presented are for the multiplicative interaction term between each gene signature (unit 1 SD) and treatment (binary) in models including also the main 
effects for gene signature and treatment. Hence, an interaction HR of 1.00 corresponds to an effect of treatment which does not vary with expression of the gene 
signature, while interaction HR ≠ 1.00 suggests that an increase in the gene signature score associates with tamoxifen treatment being less effective or more effective 
in preventing the event of interest, for interaction HR > 1.00 and HR < 1.00 respectively

Interaction terms for the ER+/HER2− cohort of tamoxifen treatment and selected gene signatures as continuous scores, estimated by Cox proportional hazards 
regression
a Adjusted for PAM50 subtype, node status, NHG, age, and tumor size

CI confidence interval, ER estrogen receptor, HER2 human epidermal growth factor receptor 2, HR hazard ratio, OS overall survival, RFi recurrence-free interval, SD 
standard deviation

Gene 
signature

RFi OS

Univariable Multivariablea Univariable Multivariablea

HR (95% CI) p (q) HR (95% CI) p (q) HR (95% CI) p (q) HR (95% CI) p (q)

AR 1.14 (0.76–1.72) 0.52 (0.87) 1.20 (0.80–1.81) 0.37 (0.62) 1.38 (0.88–2.16) 0.16 (0.20) 1.48 (0.95–2.30) 0.082 (0.10)

ESR1 1.38 (0.90–2.11) 0.15 (0.37) 1.27 (0.80–2.00) 0.31 (0.62) 1.57 (0.98–2.53) 0.062 (0.16) 1.61 (0.97–2.66) 0.066 (0.10)

FOXA1 2.24 (1.45–3.45) 0.00027 
(0.0013)

2.00 (1.27–3.14) 0.0027 (0.014) 2.25 (1.42–3.56) 0.00058 
(0.0029)

2.16 (1.32–3.52) 0.0021 (0.011)

Mast cells 0.97 (0.64–1.47) 0.89 (0.89) 1.03 (0.68–1.56) 0.88 (0.92) 1.00 (0.64–1.55) 0.98 (0.98) 1.04 (0.66–1.62) 0.88 (0.88)

PGR 0.97 (0.65–1.44) 0.88 (0.89) 1.02 (0.68–1.55) 0.92 (0.92) 1.40 (0.92–2.12) 0.12 (0.19) 1.54 (0.99–2.39) 0.054 (0.10)

Table 4 Interaction terms for tamoxifen effect (ER+/HER2− cohort) for full follow‑up

The HR:s presented are for the multiplicative interaction term between each gene signature (unit 1 SD) and treatment (binary) in models including also the main 
effects for gene signature and treatment. Hence, an interaction HR of 1.00 corresponds to an effect of treatment which does not vary with expression of the gene 
signature, while interaction HR ≠ 1.00 suggests that an increase in the gene signature score associates with tamoxifen treatment being less effective or more effective 
in preventing the event of interest, for interaction HR > 1.00 and HR < 1.00 respectively

Interaction terms for the ER+/HER2− cohort of tamoxifen treatment and selected gene signatures as continuous scores, estimated by Cox proportional hazards 
regression

CI confidence interval, ER estrogen receptor; HER2, human epidermal growth factor receptor 2; HR, hazard ratio; OS, overall survival; RFi, recurrence-free interval; SD, 
standard deviation
a Adjusted for PAM50 subtype, node status, NHG, age, and tumor size

Gene 
signature

RFi OS

Univariable Multivariablea Univariable Multivariablea

HR (95% CI) p (q) HR (95% CI) p (q) HR (95% CI) p (q) HR (95% CI) p (q)

AR 1.11 (0.77–1.58) 0.59 (0.78) 1.14 (0.80–1.64) 0.47 (0.67) 1.26 (0.91–1.76) 0.17 (0.28) 1.33 (0.96–1.86) 0.090 (0.15)

ESR1 1.36 (0.93–1.98) 0.12 (0.30) 1.26 (0.85–1.89) 0.25 (0.63) 1.50 (1.07–2.11) 0.020 (0.050) 1.40 (0.98–1.99) 0.063 (0.15)

FOXA1 1.87 (1.28–2.75) 0.0013 (0.0064) 1.61 (1.08–2.38) 0.018 (0.091) 1.89 (1.34–2.67) 0.00032 
(0.0016)

1.72 (1.21–2.46) 0.0027 (0.014)

Mast cells 1.09 (0.76–1.56) 0.66 (0.78) 1.12 (0.78–1.60) 0.54 (0.67) 1.00 (0.74–1.37) 0.98 (0.98) 1.04 (0.76–1.41) 0.83 (0.83)

PGR 0.95 (0.66–1.36) 0.78 (0.78) 1.00 (0.68–1.45) 0.98 (0.98) 1.18 (0.85–1.62) 0.32 (0.40) 1.22 (0.88–1.69) 0.24 (0.30)

Fig. 4 a, b Tamoxifen effect in relation to GEX signatures and RFi. Forest plots illustrating the effect of tamoxifen on RFi in patients with ER+/
HER2− tumors. Plots represent results from univariable Cox regression, with HR plotted with 95% CI, and the color corresponds to the significance 
level. The results from the univariable Cox regression analysis are presented as HR and the corresponding q (FDR‑adjusted p‑value). * Results 
from multivariable Cox regression analyses adjusted for PAM50 subtype, node category, age, NHG, and tumor size calculated only for signatures 
where the univariable Cox regression p was < 0.05. adj. adjusted, CI confidence interval, ER estrogen receptor, FDR false discovery rate, FU 
follow‑up, GEX gene expression, HER2 human epidermal growth factor receptor 2, n number of patients, NHG Nottingham histological grade, RFi 
recurrence‑free interval

(See figure on next page.)
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Fig. 4 (See legend on previous page.)
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Fig. 5 a, b Tamoxifen effect in relation to GEX signatures and OS. Forest plots illustrating the effect of tamoxifen on OS in patients with ER+/
HER2− tumors. Plots represent results from univariable Cox regression analyses, with HR plotted with 95% CI, and the color corresponds 
to the significance level. The results from univariable Cox regression analysis are presented as HR with corresponding q (FDR‑adjusted p value). * 
Results from multivariable Cox regressions adjusted for PAM50 subtype, node category, age, NHG, and tumor size, calculated only for signatures 
where the univariable Cox regression p was < 0.05. adj. adjusted, CI confidence interval, ER estrogen receptor, FDR false discovery rate, FU follow‑up, 
GEX gene expression, HER2 human epidermal growth factor receptor 2, n number of patients, NHG Nottingham histological grade, OS overall 
survival
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Fig. 6 a–t Recurrence‑free interval (RFi) and benefits of tamoxifen in GEX signature quartiles (Q1–Q4). Kaplan–Meier plots for each quartile 
of selected GEX signatures stratified by treatment (Tam vs. control) in patients with ER+/HER2− tumors; a–d AR, e–h ESR1, i–l FOXA1, m–p Mast cells 
and q–t PGR. Hazard ratios (HRs) with 95% confidence intervals are shown for the full‑time follow‑up and the first 10 years. ER estrogen receptor, 
GEX gene expression, HER2 human epidermal growth factor receptor 2, HR hazard ratio, Q quartile, RFi recurrence‑free interval, Tam tamoxifen
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Fig. 7 a–t Overall survival (OS) and benefit of tamoxifen in quartiles of GEX signatures (Q1–Q4). Kaplan–Meier plots for each quartile of selected 
GEX signatures stratified by treatment (Tam vs. control) in patients with ER+/HER2− tumors; a–d AR, e–h ESR1, i–l FOXA1, m–p Mast cells and q–t 
PGR. HRs with 95% CI are shown for the full‑time follow‑up and the first 10 years. CI confidence interval, ER estrogen receptor, GEX gene expression, 
HER2 human epidermal growth factor receptor 2, HR hazard ratio, OS overall survival, Q quartile, Tam tamoxifen
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BC proliferation, ESR1, FOXA1, Hypoxia, Mast cells, and 
PGR.

After 10  years of follow-up, higher expression of AR, 
ESR1, PGR and the Mast cells signature was associ-
ated with better outcomes in terms of RFi (Fig.  8a–b, 
 HRAR = 0.87, 95% CI = 0.76–0.99, q = 0.086,  HRESR1 = 0.80, 
95% CI = 0.69–0.92, q = 0.005,  HRMast cells = 0.74, 95% 
CI = 0.65–0.85, q < 0.0001, and  HRPGR = 0.78, 95% 
CI = 0.68–0.89, q = 0.002). This was also true for OS 
(Fig. 8c–d). As illustrated in Fig. 9, the prognostic effects 
of these signatures were more prominent with increased 
expression level. A decreased RFi was also noted for high 
FOXA1 GEX levels  (HRFOXA1 = 0.86, 95% CI = 0.76–0.99, 
q = 0.075); however, no clear dose–response relationship 
was observed (Fig. 9). In contrast to the above results, an 
increased RFi after the same follow-up period was linked 
to higher expression of the BC proliferation  (HRBC prolif-

eration = 1.54, 95% CI = 1.33–1.79, q < 0.0001) and Hypoxia 
 (HRHypoxia = 1.38, 95% CI = 1.20–1.58, q < 0.0001) signa-
tures. The results were also significant after adjusting for 
other clinicopathological factors (all q < 0.05).

Another signature worth noting is B7-H3, which 
seemed to be an independent unfavorable prognos-
tic marker in relation to RFi after 10  years of follow-up 
 (HRB7-H3 = 1.27, 95% CI = 1.12–1.45, q = 0.002) as well as 
OS  (HRB7-H3 = 1.27, 95% CI = 1.12–1.44, q = 0.0008). In 
contrast, within the first 10 years of follow-up, the Clau-
din-low signature was associated with better outcomes 
in terms of both RFi  (HRClaudin low = 0.78, 95% CI = 0.67–
0.90, q = 0.005) and OS  (HRClaudin low = 0.80, 95% 
CI = 0.68–0.94, q = 0.02). Other signatures of prognostic 
value, even after adjusting for other clinicopathological 
factors, encompassed prognostically favorable and unfa-
vorable signatures related to cytotoxic cells and signa-
tures related to genetic tumor mutational responses (p53, 
BRCAness, and HRD), as well as PTEN, respectively. The 
four GEX clusters generated by the k-means clustering 
(Fig.  3) had prognostic value both after 10  years and at 
full follow-up (Additional file 6, a–b). However, PAM50 
provided a higher prognostic value than these clusters 
(Additional file 6, c–b).

Discussion
In the present study, the predictive value of GEX signa-
tures for tamoxifen effect in premenopausal breast can-
cer patients with early ER+/HER2− tumors was explored. 
We observed associations between low expression of AR, 
FOXA1, and surprisingly, ESR1 and improved benefit of 
tamoxifen. Moreover, in the whole cohort, we found a 
prognostic effect for each of the GEX signatures BC pro-
liferation, Hypoxia, Mast cells, and the GEX of AR, ESR1, 
and PGR, even after adjustment for established prognos-
tic factors.

We have previously demonstrated that two years of 
adjuvant tamoxifen is effective for long-term breast can-
cer-related survival for patients with ER+ tumors from 
this trial [29], and that the effect of adjuvant tamoxifen 
therapy only seemed beneficial in patients with Luminal 
A tumors, as assessed by PAM50 [9]. ESR1 GEX posi-
tively correlated with ER and PR protein levels and the 
Luminal A subtype. Furthermore, high expression of 
the BC proliferation and Hypoxia GEX signatures was 
strongly correlated with high Ki67, high NHG and a 
Basal-like subtype. This was also reflected in the prog-
nostic analyses, in which these signatures were associated 
with poor outcomes.

All selected 41 GEX signatures were included in 
exploratory predictive analyses. The GEX of AR is known 
to be associated with luminal subtypes and better out-
comes [18, 40], and a similar prognostic effect of AR was 
noted in our study. Interestingly, our results indicate that 
a high AR GEX level is associated with a negative effect 
of tamoxifen after ten years, for both RFi and OS. How-
ever, no significant AR-by-treatment interactions were 
observed. Previous preclinical data suggest that AR over-
expression might induce tamoxifen resistance; therefore, 
additional treatments such as AR inhibition may benefit 
these patients [19, 41]. However, data from clinical tri-
als including patients with ER+ tumors that support the 
use of AR inhibitors are sparse. Additionally, the results 
of the study are expected to be influenced by the selec-
tion of patients with ER+ and HER2− tumors. However, 
the selection of patients with a defined phenotype makes 

Fig. 8 a–d Forest plot of GEX signatures and association to outcomes. Outcomes of GEX signatures as continuous variables in all patients for a 
RFi at 10 years of follow‑up, b RFi at full follow‑up, c OS at 10 years, and d OS at full follow‑up. All plots a–d represent data from the entire cohort 
for which GEX data were available (n = 437). Plots represent data from univariable Cox regression, with HR plotted with 95% CI, and the color 
corresponds to the significance level. Data from univariable Cox regressions are presented as HR with the corresponding q (FDR‑adjusted p‑value). 
*Data from multivariable Cox regressions adjusted for PAM50 subtype, node category, age, NHG, tumor size, and tamoxifen arm, calculated 
only for signatures where the univariable Cox regression p was < 0.05. adj adjusted, CI confidence interval, ER estrogen receptor, FDR false discovery 
rate, FU follow‑up, GEX gene expression, HR hazard ratio, HER2 human epidermal growth factor receptor 2, n number of patients, NHG Nottingham 
histological grade, OS overall survival, RFi recurrence‑free interval

(See figure on next page.)
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Fig. 8 (See legend on previous page.)
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Fig. 9 a–l Outcomes (for RFi and OS) of GEX signatures. Kaplan–Meier plots representing the relationship between RFi or OS and GEX levels 
in terms of quartiles (Q1–Q4) for the whole cohort (n = 437) for a–b BC proliferation, c–d ESR1, e–f FOXA1, g–h hypoxia, i–j Mast cells, and k–l PGR. 
HRs with 95% CI are shown for the full‑time follow‑up and the first 10 years. CI confidence interval, ER estrogen receptor, GEX gene expression, HER2 
human epidermal growth factor receptor 2, HR hazard ratio, OS overall survival, Q quartile, RFi recurrence‑free interval, Tam tamoxifen
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clinical interpretation more relevant by reducing tumor 
heterogeneity in the cohort in which GEX signatures are 
evaluated.

In line with previous studies, we found that patients 
with high ESR1 GEX had better outcome [17]. Since ER 
protein expression is associated with a better response 
to endocrine therapy, and ESR1 GEX is positively corre-
lated with ER status, an expression-dependent relation-
ship between ESR1 expression and tamoxifen benefits 
[42] may be anticipated. In contrast to our results, a high 
ESR1 expression was a strong predictor of tamoxifen 
benefits in ER+ breast cancer in the National Surgical 
Adjuvant Breast and Bowel Project (NSABP) B-14 trial 
[16]. Kuske et al. stated that endocrine resistance to aro-
matase inhibitors can be linked to high ER expression and 
reduced ER phosphorylation [43], and other mechanisms 
of ER resistance have been proposed based on results in 
the metastatic setting, including mutations in ESR1 [44]. 
Although we observed PGR as strong prognostic fac-
tor in this cohort, no predictive effect of tamoxifen was 
found, as reported in the NSABP B-14 study [16].

FOXA1 plays a critical role in the regulation of ER 
function and may contribute to endocrine resistance in 
breast cancer [45–47]. Clinically, FOXA1 protein expres-
sion has been associated with a luminal phenotype, 
including increased hormone receptor expression and 
improved outcomes [25, 26, 48, 49]. One study indicated 
that FOXA1 IHC staining decreased after neoadjuvant 
endocrine treatment, but the staining intensity (%) was 
not linked to treatment benefits [50]. To the best of our 
knowledge, no clear clinical evidence has been provided 
regarding the predictive effect of FOXA1 GEX in breast 
cancer. In this study, we showed that the benefit of tamox-
ifen decreased with increasing GEX of FOXA1, revealing 
a group of patients with ER+/HER2− tumors and low 
expression of FOXA1 who had an excellent response to 
tamoxifen treatment. In line with our results, previous 
studies have suggested that overexpression and muta-
tion of FOXA1 could be underlying factors in endocrine 
resistance [46, 51]. In contrast to the observation that 
high FOXA1 reduces the benefit of tamoxifen in the ER+/
HER2− subgroup, we observed high FOXA1 GEX to be 
prognostically favorable in the whole cohort, although no 
clear dose–response relationship was observed. A possi-
ble explanation for this may be the association between 
FOXA1 expression and luminal traits. In a subgroup 
analysis including only ER+/HER2− tumors, to mitigate 
this possible confounder, high FOXA1 GEX was a nega-
tive prognostic factor for both RFi (Additional file  4  g) 
and OS (Additional file  5  g). Interestingly, high FOXA1 
was strongly associated with inferior outcome in the 
ER+/HER2− subgroup of patients allocated to tamox-
ifen, which was not true for the corresponding patients in 

the control arm. Together, these results strongly support 
that FOXA1 is a putative tamoxifen-predictive factor in 
patients with ER+/HER2− tumors.

Previously, we reported PAM50 subtypes to have 
prognostic relevance in this premenopausal cohort 
[9]. Although we identified four GEX clusters with 
prognostic effects in this cohort, these did not out-
perform PAM50 (Additional file  6). Focusing on the 
respective GEX signatures of BC360, those related 
to proliferation, hypoxia, immunology, and hormone 
receptors were associated with long-term prognosis in 
this cohort. High expression of BC proliferation and 
hypoxia gene signatures was associated with worse RFi 
and OS outcomes. An association between BC pro-
liferation and poor outcome was expected, because 
MKI67, which encodes Ki67, is included in this signa-
ture. Ingebriktsen et  al. demonstrated that a 6 Gene 
Proliferation Score (6GPS) incorporating proliferation 
in young breast cancer patients (< 40 years) is of prog-
nostic significance [21]. Oncotype DX includes 5 of the 
16 genes of the BC proliferation GEX signature, further 
illustrating how proliferation markers at the RNA level 
can be of clinical interest [22]. Several research groups 
have also shown that hypoxia-related GEX profiles have 
prognostic value in breast cancer, which supports our 
results [23, 52, 53].

We have previously shown that TILs are independently 
associated with prognosis in premenopausal patients 
[27]. Mast cells are a part of the innate immune system 
and are more frequent in hormone receptor-positive 
breast cancers [54]. The Mast cell GEX signature incor-
porated multiple genes (Additional file 2), and we dem-
onstrated a possible association between high expression 
of this signature and better prognosis. Another Mast cell 
gene signature (MCS) has been shown to be prognostic 
and suggested as a potential indicator of immunotherapy 
response for patients with head and neck squamous cell 
carcinoma [55]. In early TNBC, the benefit from capecit-
abine has been demonstrated to be linked to the Mast 
cell signature used in our study [15]. Data on the endo-
crine therapy-predictive effects of this signature in early 
breast cancer are lacking, and predictive effects were not 
observed in our cohort.

The strengths of this study include its pure premeno-
pausal cohort, long-term follow-up, and randomized 
design. Furthermore, the tumor material in this cohort 
was treatment-naïve, making the GEX readings repre-
sentative of newly diagnosed tumors. We illustrated the 
predictive results in terms of quartiles to visualize any 
dose–response relationship with tamoxifen. However, 
the cutoffs of GEX signatures have not been settled for 
clinical use, and more data are needed to further explore 
this. The limitations of this study are the limited cohort 
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size and, hence, low power, especially for the detection of 
interaction effects. Moreover, the treatment of this cohort 
today would differ in terms of systemic therapy from the 
guidelines of that time. A data-driven selection of sig-
natures was used for some analyses, which increased 
the risk of false positives. However, we prespecified the 
evaluation of biologically important signatures such as 
ESR1 and PGR, and the analyses were adjusted for multi-
ple testing. Regarding the endpoints, we chose RFi rather 
than the breast cancer-free interval (BCFi). The differ-
ence lies in the inclusion of contralateral breast cancer 
(CBC; invasive and/or in situ) in the latter definition. The 
inclusion of the CBC would have resulted in more events; 
however, as in other randomized studies, including those 
evaluating the clinical utility of GEX assays, the CBC 
is often considered a censoring event. In addition, we 
focused on the potential effect of tamoxifen in reducing 
breast cancer recurrence, not as chemoprevention.

Conclusions
In summary, this study showed an association between 
low gene expression of FOXA1 and tamoxifen benefit in 
premenopausal patients with ER+/HER2− tumors. In 
addition, the findings confirmed that BC proliferation 
and Hypoxia gene expression signatures identify patients 
with a dismal prognosis. The gene expression of ESR1, 
PGR, and the Mast cells gene expression signature were 
observed to be associated with improved outcomes. The 
results warrant future validation in independent cohort 
studies.
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