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oestrogen receptor (ER), progesterone receptor (PR), 
and human epidermal growth factor 2 (HER2) status. 
Although these molecular subtypes have been associated 
with differences in clinical outcomes [2], their aetiologi-
cal relevance remains unclear.

Studies of the aetiology of breast cancer subtypes can 
provide insights into the biological mechanisms under-
lying their development and may also provide a means 
of identifying women at greatest risk of particular sub-
types, who may benefit from targeted prevention or 
screening interventions. In particular, there is increas-
ing interest in models which predict the risk of basal-like 

Introduction
Breast cancer is known to be a heterogeneous disease and 
early genomic studies have identified a number of molec-
ular subtypes including luminal A, luminal B, HER2-
enriched, and basal-like cancers [1], which are closely 
related to key immunohistochemical markers such as 
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Abstract
Background  Evidence regarding the aetiology of specific breast cancer subtypes may provide insights into the 
mechanisms underlying their development, and improve prevention of rarer but more aggressive subtypes. We 
investigated risk factor associations with surrogate molecular subtypes of breast cancer in a large cohort of UK 
women.

Methods  In 1.2 million postmenopausal women aged 50–64 recruited into the Million Women Study in 1996–2001, 
we estimated risks of breast cancer subtypes (defined by oestrogen receptor [ER], progesterone receptor [PR], and 
human epidermal growth factor receptor 2 [HER2] status) in relation to established risk factors for breast cancer.

Results  Among 1,228,671 eligible women, followed on average for 19.8 (SD 6.5) years, there were 58,134 incident 
breast cancers with known ER status and 40,627 with known surrogate molecular subtype (based on ER, PR, and HER2 
status). Most established risk factors were primarily either positively (age at first birth, age at menopause, BMI, height, 
alcohol intake, and menopausal hormone therapy use) or inversely (parity) associated with ER+ cancer (p-value for 
heterogeneity by ER status < = 0.002 in each case). Only prior oral contraceptive (OC) use showed a greater association 
with ER than with ER+ cancer (p = 0.002). Some additional differences were observed by surrogate molecular subtype 
including a modest positive association of parity, and inverse association of breastfeeding, with the risk of basal-like 
cancer.

Conclusions  Most established risk factors for breast cancer are almost exclusively associated with hormone-sensitive 
cancers but some have definite associations with ER- cancers (prior OC use), or more specifically, with basal-like 
cancer (parity, breastfeeding).
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and HER2-enriched cancers, which are less likely to be 
detected at screening, and have a relatively poor progno-
sis [3]. 

The vast majority (>80%) of breast cancers diagnosed 
each year among UK women aged 50 or above are lumi-
nal hormone-sensitive cancers [4], and so associations 
of factors with overall breast cancer risk in this popula-
tion largely reflect their relationship with such cancers. 
For this reason, reliable evidence regarding risk factors 
for rarer, more aggressive, subtypes including HER2-
enriched and basal-like cancers can only be obtained 
from extremely large studies of the general popula-
tion, or from relatively large studies of populations with 
a greater risk of such cancers (for example, younger 
women or those of African ancestry). Although gene-
expression analysis of tumour tissue is not feasible on a 
very large scale, immunohistochemistry markers (ER, PR, 
and HER2 status) can be used to derive broad surrogate 
molecular subtypes for the purposes of epidemiological 
studies [5]. 

We report here on associations between established 
risk factors and breast cancer subtypes defined by ER, PR 
and HER2 status, in a large prospective study of 1.2 mil-
lion postmenopausal UK women.

Methods
Data collection and definitions
In 1996–2001, 1.3 million women aged 50–64 were 
recruited into the Million Women Study (MWS) through 
the NHS breast screening programme. At recruitment, 
participants provided information about sociodemo-
graphic factors, reproductive history, and other personal 
characteristics, and have since been re-surveyed at 3–5 
year intervals (full details are given elsewhere [6] and 
at ​h​t​t​p​​:​/​/​​w​w​w​.​​m​i​​l​l​i​​o​n​w​​o​m​e​n​​s​t​​u​d​y​.​o​r​g). Women have 
been followed up for cancers and deaths via linkage to 
routinely collected healthcare records. All study partici-
pants gave written informed consent to take part in the 
study. Ethical approval for the MWS was provided by the 
Oxford and Anglia Multi-Centre Research Ethics Com-
mittee (MREC ref: 9/57/001).

Classification of tumours by molecular subtype
Cancers were classified according to the International 
Classification of Diseases, 10th Revision (ICD-10), with 
invasive breast cancer defined as C50. Information on 
ER, PR and HER2 status was primarily obtained from 
routinely collected cancer registration data but where 
such information was missing, relevant information 
from breast cancer audit data, medical records or ques-
tionnaire data was used, where available. Cancers were 
grouped by ER status, by PR status within ER+ cancers, 
and by combinations of ER, PR, and HER2 status [(ER+/
PR+, HER2-), (ER+/PR+, HER2+), (ER-, PR-, HER2+), 

(ER-, PR-, HER2-)], which were taken to represent the 
four main molecular subtypes (luminal A, luminal B, 
HER2-enriched, and basal-like cancers). In sensitivity 
analyses aimed at assessing the impact of alternative clas-
sifications, luminal cancers were further differentiated on 
the basis of grade with luminal A cancers defined as ER+/
PR+, HER2-, grade 1/2 and luminal B cancers defined as 
ER+/PR+, HER2-, grade 3 or ER+/PR+, HER2+.

Statistical analysis
Cox regression models were used to obtain estimated 
hazard ratios (henceforth referred to as relative risks) for 
each of the breast cancer subtypes considered. Women 
were excluded if they had a previous registration of inva-
sive cancer (excluding non-melanoma skin cancer, ICD-
10 code C44), or of in situ breast cancer (ICD-10 code 
D05). Women contributed person-years from recruit-
ment to the earliest of: registration with any cancer 
(except non-melanoma skin cancer C44), death, or end 
of follow-up (31st December 2022). Women who were 
not known to be postmenopausal at recruitment were 
entered into analyses from the first survey at which they 
reported being postmenopausal or their 55th birthday, 
whichever was earliest.

Analyses were routinely stratified by geographical 
region (10 cancer registry areas in the UK) and adjusted 
for age at recruitment and quintiles of area-based depri-
vation index [7], and were mutually adjusted, as appropri-
ate, for height, body mass index (BMI), smoking status, 
frequency of strenuous exercise, alcohol consumption, 
age at menarche, parity, age at first birth, duration of 
oral contraceptive (OC) use, age at menopause, meno-
pausal hormone therapy (MHT) use, and first-degree 
family history of breast cancer. MHT use was included 
as a time dependent variable, and set to unknown from 
4 years after a woman last reported information on her 
use. Time since last OC use was also treated as a time 
dependent variable. Women with missing values for any 
adjustment variable were assigned to a separate category 
for that variable. Because the effects of BMI and age at 
menopause on breast cancer risk are altered in users of 
MHT[8], analyses of these factors were restricted to 
never MHT users.

In plots comparing risks across more than two catego-
ries, variances were estimated using the floating absolute 
risks approach [9] and results presented in the form of 
relative risks (RRs) and “group-specific” confidence inter-
vals (g-s CIs). In the text, standard 95% CIs are given.

The main analyses were based on molecular sub-
types defined by ER, PR and HER2 status only, but sen-
sitivity analyses were also conducted in which luminal 
A and B cancers were defined using tumour grade in 
addition to ER, PR and HER2 status. There is likely to 
be some degree of misclassification of ER and other 

http://www.millionwomenstudy.org
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immunohistochemical markers [10], although assay per-
formance is likely to have improved over time. There-
fore, where a risk factor was found to have a significant 
but much lesser association with ER- than ER+ cancer, 
consideration was given to whether the observed asso-
ciation with ER- cancer could plausibly be due to misclas-
sification of ER status. In addition, sensitivity analyses 
were conducted in which follow-up was restricted to 
the period after 2010. All analyses were done using Stata 
(version.18.5).

Results
Analyses included 1,228,671 women aged 55 (IQR 52–60) 
years on average at baseline. During a mean follow-up 
period of 19.8 (SD 6.5) years, there were 58,134 incident 
breast cancers with known ER status, of which 31,844 
(55%) had information on PR status, and 41,867 (72%) 
had information on HER2 status. Table  1 summarises 
the distribution of included cases by ER, PR and HER2 
status, and the average age at diagnosis for each subtype. 
The average age at diagnosis was broadly similar across 
all cancer subtypes. This is likely to reflect improve-
ments in completeness of registry information on ER, 
PR and HER2 over time, with cancer registrations after 
2010 being considerably more likely to have information 
on all three markers than those diagnosed prior to 2010. 

The vast majority of cancers (87%) were ER+, and among 
cancers with known surrogate molecular subtype (based 
on ER, PR and HER2 status), 81%, 9%, 3%, and 7%, were 
classified as luminal A, luminal B, HER2-enriched, and 
basal-like, respectively.

Almost all reproductive factors had substantial asso-
ciations with ER+ breast cancer (Fig. 1). Earlier menarche 
and later menopause were associated with a higher risk of 
ER+ cancer (RR per 1 year earlier age at menarche = 1.03, 
1.02–1.04; RR per 5 year later age at menopause = 1.25, 
1.21–1.28); higher parity was associated with a lower risk 
of ER+ disease (RR per birth = 0.91, 0.91–0.92); and later 
age at first birth was associated with a higher risk (RR 
per 5 year increase in age first birth = 1.11, 1.09–1.12). 
Most of these factors had a much lesser, or no, associa-
tion with ER- disease [p-value for heterogeneity by ER 
status: <0.0001 (age at first birth, parity); p = 0.002 (age at 
menopause)]. There was little association of ever breast-
feeding or duration of breastfeeding with ER+ cancer (RR 
per 6 months duration = 1.03, 1.02–1.04) or ER- cancer 
(RR = 0.99, 0.96–1.03).

Three other risk factors showed substantial associa-
tions with ER+ cancer and much lesser, or null, associa-
tions with ER- cancer (Fig. 2). Current use of combined 
and oestrogen-only MHT was associated with RRs of 
2.45 (2.34–2.57) and 1.34 (1.26–1.43), respectively, for 
ER+ cancer, and 1.28 (1.13–1.46) and 1.20 (1.03–1.39), 
for ER- cancer (p-value for heterogeneity < 0.0001); for 
BMI, the relative risk per 5 unit increment was 1.21 
(1.19–1.23) for ER+ cancer and 1.03 (0.98–1.08) for ER- 
cancer (p < 0.0001); and for alcohol intake, the RR per 
additional daily drink in drinkers was 1.14 (1.12–1.16) 
for ER+ cancer and 1.05 (1.00–1.10) for ER- cancer 
(p = 0.003). There was less difference between associa-
tions of height with ER+ (RR per 5 cm increment = 1.08, 
1.07–1.09) and ER- cancer (1.04, 1.02–1.07) (p-value 
for heterogeneity = 0.002) and between associations 
of family history of breast cancer with ER+ (RR = 1.63, 
1.59–1.67) and ER- cancer (1.44, 1.34–1.54) (p-value for 
heterogeneity = 0.001). In contrast, duration of past OC 
use was associated with ER- disease (RR per 5 years past 
use = 1.07, 1.03–1.10) but not ER+ disease (RR = 1.00, 
0.98–1.01) (p-value for heterogeneity = 0.002).

In analyses by ER and PR status, associations of age at 
menarche and BMI with ER+ disease were largely con-
fined to ER+ PR+ cancers (p-values for heterogeneity 
by PR status = 0.07 and < 0.0001, respectively), and the 
association of combined MHT use with ER+ cancers was 
notably greater for ER+ PR+ than for ER+ PR- cancers 
(p-value for heterogeneity = 0.0003) (eFigures 1 and 2).

There was significant variation in associations of all 
reproductive factors, except age at menarche, by molecu-
lar subtype (Fig. 3). This was generally largely accounted 
for by differences between luminal versus non-luminal 

Table 1  Distribution of breast cancer cases by ER, PR and HER2 
status, among those with known ER status
Tumour characteristic Number of cancers Mean 

(SD) age 
at diag-
nosis

ER status
ER- 7676 (13%) 68.7 (7.7)
ER+ 50,458 (87%) 68.8 (7.3)
PR status
PR- 9095 (29%) 70.2 (7.2)
PR+ 22,749 (71%) 70.0 (7.0)
Not known 26,290
HER2 status
HER2- 36,639 (88%) 70.7 (6.4)
HER2+ 5228 (12%) 70.1 (6.8)
Not known 16,267
ER, PR status (ER+ cancers)
ER+, PR- 4289 (16%) 70.0 (7.2)
ER+, PR+ 22,455 (84%) 70.0 (7.0)
Not known 23,714
ER, PR and HER2 status
ER+ or PR+, HER2- * 32,865 (81%) 70.7 (6.3)
ER+ or PR+, HER2+ 3703 (9%) 70.0 (6.7)
ER-, PR-, HER2 1143 (3%) 70.5 (7.0)
ER-, PR-, HER2 2916 (7%) 71.2 (6.7)
Not known 17,507
*26,873 grade 1 or 2, 5518 grade 3
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subtypes, but in the case of parity and breastfeeding there 
appeared to be additional qualitative differences by finer 
molecular subtypes. In particular, parity was positively 
associated with basal-like cancers (RR per birth = 1.04, 
1.00–1.09) and breastfeeding showed a distinct inverse 
association with basal-like cancers in parous women (RR 
for ever breastfeeding = 0.88, 0.80–0.96; RR per 6 months 
duration of breastfeeding = 0.93, 0.88–0.98), which 
appeared to be evident at each level of parity (eFigure 
3). There were also a number of statistically significant 
but relatively minor quantitative differences in associa-
tions by molecular subtype including a slightly greater 
inverse association of parity with luminal B (RR per 
birth = 0.89, 0.86–0.92) than with luminal A (RR = 0.93, 
0.92–0.94) cancers (p-value for heterogeneity = 0.007), 
and a slightly greater association of age at menopause 
with luminal B than with luminal A cancers (RR per 5 
year increase: 1.54, 1.38–1.73 vs. 1.21, 1.17–1.25; p-value 
for heterogeneity < 0.0001).

Differences in associations of non-reproductive factors 
by molecular subtype also mainly reflected differences in 
luminal versus non-luminal cancers (Fig.  4), with a few 
exceptions. Combined MHT use, BMI, and alcohol intake 
showed slightly greater associations with luminal A than 
luminal B cancers (p-values for heterogeneity = 0.03, 0.02, 

and 0.08, respectively). Family history had broadly simi-
lar positive associations with all subtypes, although there 
was some evidence of a lesser association with HER2-
enriched cancers [RRs: luminal A (1.63, 1.58–1.68), 
luminal B (1.50, 1.36–1.66), basal-like (1.48, 1.33–1.66), 
HER2-enriched (1.16, 0.95–1.40); p-value for hetero-
geneity = 0.002]. Furthermore, duration of past OC use 
appeared to have a positive association with all subtypes 
apart from luminal A cancers [RRs per 5 years past use: 
luminal A (1.00, 0.98–1.01), luminal B (1.07, 1.02–1.13), 
HER2-enriched (1.05, 0.96–1.15), basal-like (1.10, 1.04–
1.17); p-value for heterogeneity = 0.0006].

Sensitivity analyses in which the classification of lumi-
nal cancers was based on grade as well as ER, PR and 
HER2 status (eFigures 4–5), and in which follow-up was 
restricted to the period 2010 or later (eFigures 6–9), 
yielded broadly similar results.

Discussion
In this large prospective study of 1.2 million women and 
over 50,000 breast cancers, we found substantial, and in 
some cases qualitative, differences in the effects of estab-
lished risk factors for breast cancer by tumour subtype. 
The majority of risk factors considered, including those 
relating to childbirth, age at menarche/menopause, 

Fig. 1  Associations of reproductive factors with breast cancer risk by ER status. Tests for heterogeneity are by cancer subtype. g-s CI = group-specific 
confidence interval
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adiposity, height, alcohol intake and MHT use, appeared 
to be predominantly associated with ER+ or ER+ PR+ 
cancers. In contrast, family history and past OC use had 
definite associations with ER- cancers. Parity and breast-
feeding were somewhat unusual in that they showed 
qualitatively different associations with basal-like cancers 
as compared with other subtypes. While some of these 
differences have been previously noted, a recent scop-
ing review [11] concluded that, among White women at 
least, the only risk factor for which there was convinc-
ing evidence of heterogeneity in associations by ER+ and 
ER- subtypes was parity. Our findings therefore add con-
siderably to our knowledge of the aetiology of specific 
subtypes among this group of women, providing novel 
and definitive evidence, in particular, for a qualitatively 
different effect of alcohol, OC use and breastfeeding on 
certain ER+ and ER- subtypes.

Reproductive factors
Childbearing is known to have a greater effect on hor-
mone sensitive than on other breast cancers [12] but 
there is limited data comparing its effects on specific 
subtypes. Two systematic reviews [13, 14] and a pooled 
re-analysis of prospective studies [15] found varia-
tion in associations of parity and/or age at first birth by 

molecular subtype which were largely driven by differ-
ences by ER+ status, but also in some cases by a distinct 
positive association of parity with basal-like cancers [13, 
15]. In addition, two previous studies have examined the 
joint association of breastfeeding and parity on breast 
cancer subtypes [16, 17], one of which found a signifi-
cantly lesser adverse association of parity with basal-like 
cancers in Black women who breastfed [17]. Our findings 
confirm the substantial protective effect of childbearing 
on luminal, hormone-sensitive cancers but also provide 
new evidence of a modest positive association of parity 
with basal-like cancers.

A large collaborative reanalysis reliably demonstrated 
that breastfeeding is associated with a reduction in over-
all risk of breast cancer [18]. Three systematic reviews 
and/or meta-analyses have since reported that breast-
feeding is associated with a reduced risk of ER- PR-[19] 
and/or triple-negative cancers [13, 14, 19] but its asso-
ciation with ER+ subtypes remains unclear, with most 
evidence for an inverse association with luminal cancers 
or ER+ PR+ cancers coming from retrospective studies 
[19]. The findings presented here provide important new 
evidence that in the long-term at least, breastfeeding is 
not associated with ER+ subtypes but may mitigate an 
adverse effect of parity on basal-like cancer.

Fig. 2  Associations of non-reproductive factors with breast cancer risk by ER status. Tests for heterogeneity are by cancer subtype. g-s CI = group-specific 
confidence interval
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It is not entirely clear as to why childbearing might 
reduce the risk of ER+ cancers but increase the risk of 
triple-negative/basal-like cancers in the long-term. This 
differential pattern of risk is, however, consistent with 
previous findings indicating that although childbirth 
leads to an immediate increase in risk of both ER+ and 
ER- cancers, the increased risk of ER+ cancer subse-
quently declines, resulting in a decreased risk by around 
25 years, but the increased risk of ER- cancer appears to 
persist [20]. Basal-like cancers are thought to arise from 
undifferentiated luminal progenitor cells [21], and the 
apparent mitigation of the increased risk of ER- cancer 
following childbirth afforded by breastfeeding may reflect 
the promotion of progenitor cell maturation caused by 
lactation [22]. Alternatively, it has been suggested that 
long-term breastfeeding may reduce the risk of breast 
cancer because it results in a more gradual and controlled 
involution process [23]. It has been hypothesised that the 
long-term protection of childbearing against ER+ cancer 
is due to high levels of sex hormones during pregnancy 
bringing about terminal differentiation of the breast epi-
thelium, leading to reduced responsiveness to oestrogens 
and/or progesterone [24]. 

Age at menarche and menopause
Pooled reanalyses of epidemiological studies have dem-
onstrated that age at menopause, but not necessarily age 
at menarche, has a greater association with ER+ than ER- 
cancers [25], and that later age at menopause is associ-
ated with a greater increase in risk of luminal subtypes 
than with other molecular subtypes [15], although some 
systematic reviews have failed to find evidence of varia-
tion in associations by molecular subtype [13, 14]. Our 
findings confirm the greater effect of delayed menopause 
on ER+ subtypes, but also show that the effects of age at 
menarche are largely confined to ER+ PR+ cancers which 
represent a subset of ER+ cancers that are particularly 
hormone-sensitive [26]. These findings therefore pro-
vide further support for the idea that earlier menarche 
and later menopause increase risk through prolonging a 
woman’s exposure to endogenous sex hormones.

Anthropometric factors
The positive association of adiposity with postmeno-
pausal breast cancers, particularly ER+/PR+ cancers 
[27, 28], is well established, and a pooled analysis of pro-
spective data has also shown that adiposity is predomi-
nantly associated with luminal molecular subtypes [15]. 
This is likely due to the fact that, after the menopause, 
greater adiposity leads to increased oestrogen synthesis 

Fig. 3  Associations of reproductive factors with breast cancer risk by molecular subtype. Tests for heterogeneity are by cancer subtype. g-s CI = group-
specific confidence interval
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and reduced circulating sex-hormone binding globulin, 
leading to higher levels of bioavailable oestradiol, which 
increases breast cancer risk [29]. Our finding that BMI-
associated risk was confined to highly hormone-sensitive 
ER+ PR+ cancers supports this mechanism.

Height has previously been associated with a greater 
risk of ER+/PR+ than other breast cancers [28], which 
is in line with our findings. The mechanisms underlying 
this association are unclear but insulin like growth fac-
tors (IGFs) may have a role, as they are major regulators 
of growth during childhood and adolescence and IGF-I 
associated increases in ER+ breast cancer risk have been 
demonstrated in both observational and Mendelian ran-
domization analyses [30]. Misclassification of ER status 
may have contributed to the modest association of height 
with ER- cancer since this effect was no longer evident 
for cancers diagnosed after 2010.

Alcohol
Evidence regarding the effects of alcohol on breast can-
cer by ER status, or molecular subtype, is inconclusive. 
Pooled analyses of prospective studies have shown simi-
lar positive associations with ER+ and ER- cancer [31] 
and no significant variation in alcohol-associated risks 
by molecular subtype [15], but an earlier meta-analysis of 
case-control and prospective studies reported a slightly 

greater effect of alcohol in all ER+ versus ER- PR- can-
cers [32], and two cohort studies, not included in any 
of the above mentioned re-analyses, reported alcohol-
associated risks that were largely confined to ER+ can-
cers [33, 34]. Our findings provide clear evidence that, in 
this group of middle-aged women, the adverse effects of 
moderate alcohol intake are largely confined to ER+ can-
cers, and are greatest for luminal A cancers.

Some intervention studies have shown that alcohol 
consumption is associated with acute increases in serum/
plasma concentrations of oestrogens and/or androgens in 
pre- and/or post-menopausal women [35–39] although 
others found no significant effect [40–42]. Recent obser-
vational and Mendelian randomisation studies also found 
alcohol intake to be positively associated with higher 
serum levels of certain sex hormones, and lower levels of 
sex steroid hormone binding globulin, in pre- and post-
menopausal women [43–45]. These findings, together 
with our observation that greater alcohol intake is pre-
dominantly associated with ER+ subtypes, suggest that 
alcohol acts mainly through increasing levels of bioavail-
able sex hormones, although it may also influence risk 
through other mechanisms, especially at higher intakes 
than were typical in this cohort.

Fig. 4  Associations of non-reproductive factors with breast cancer risk by molecular subtype. Tests for heterogeneity are by cancer subtype. g-s CI = 
group-specific confidence interval
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Exogenous hormone use
Use of oestrogen-only, and oestrogen-progestogen, MHT 
has been shown to have a greater positive association 
with ER+ breast cancers [8, 46]. Previous studies have, 
however, had limited power to examine MHT-associated 
risks by molecular subtype, and a pooled analysis of pro-
spective studies found no evidence of differences in the 
association of ever MHT-use across the four main molec-
ular subtypes [15]. Our findings confirm the substantial 
effect of current MHT use, particularly combined prep-
arations, on risk of ER+ cancers but also provide clear 
evidence of a greater association of combined MHT use 
with luminal A than luminal B cancers, and little or no 
association with other molecular subtypes. The much 
smaller, albeit significant, association of recent MHT use 
with all ER- cancers observed here may be due, at least 
in part, to misclassification of ER status since there was 
no association with HER2-enriched or basal-like cancers, 
and information on recent MHT use in relation to all 
ER- cancers was almost exclusively from cases diagnosed 
before 2010, when ER measurement may have been less 
reliable.

Given the established relationship between endog-
enous hormones and hormone sensitive breast cancer, 
and the reduction in risk observed in users of anti-oes-
trogenic therapies such as tamoxifen [47], MHT is likely 
to increase risk through increasing circulating oestrogen 
levels. Why use of MHT containing a progestogen as well 
as an oestrogen should lead to a greater increase in risk 
than oestrogen-only MHT is less clear but is consistent 
with the higher breast epithelial cell proliferation seen 
in the luteal phase of the menstrual cycle when levels of 
both oestradiol and progesterone are high [48]. 

A large pooled re-analysis of 45 studies found convinc-
ing evidence that OC use is associated with a small tran-
sient increase in the overall risk of breast cancer [49] but 
did not report risks by breast cancer subtypes. A number 
of subsequent studies have examined associations of OC 
use with risk by ER/PR status [50–56] or by molecular 
subtype [13–15, 50, 56–58]. Some of these studies have 
demonstrated greater associations of OC use with risk of 
ER- than ER+ cancers[53, 55, 56], but there has been little 
clear evidence of variation in associations according to 
molecular subtype [13–15]. Given the age profile of our 
study, we were able to reliably investigate the long-term 
risks of OC use (i.e. 20 + years after stopping) and to 
demonstrate that prior OC use in this cohort of women 
is associated with an increased long-term risk of all 
molecular subtypes except luminal A cancer. The MWS 
did not collect information on the specific type of oral 
contraceptive used but the median year of stopping use 
was 1975 (IQR 1971–1979) and so they are likely to have 
predominantly used older generations of oral contracep-
tives containing potentially different progestins to those 

in use today. Further studies will be needed to investigate 
whether long duration use of other contemporary formu-
lations show a similar persistent effect on risk.

It is unclear as to why OC use should increase the long-
term risk of ER- but not ER+ disease, although there 
may be parallels with the differential effect of childbirth 
on risk by ER status [20]. Given the high prevalence of 
OC use, any effect on cancer risk which persists into 
older age is potentially of public health importance and 
further investigation is needed to ascertain whether this 
effect varies by type of OC, or by a woman’s personal 
characteristics.

Family history
A family history of breast cancer has been shown to 
increase the risk of both ER+ and ER- breast cancer 
[59]. A systematic review [13], and a pooled analysis of 
prospective studies [15], both found that family his-
tory was positively associated with all four molecular 
subtypes, although the latter reported some variation 
in risk by molecular subtype, with the greatest associa-
tions observed with luminal B and triple-negative can-
cers. Our findings broadly concur with these findings in 
that we found family history to be associated with similar 
increases in the risk of ER+ and ER- cancers. However, 
our finding of a lower association of family history with 
HER2-enriched compared with all other molecular sub-
types is novel and needs to be confirmed in other large 
studies. Self-reported family history of breast cancer is 
likely to reflect contributions from many inherited fac-
tors, each of which may impact on one or more sub-
types, so it is perhaps not surprising that it is associated 
with an increased risk of most molecular subtypes. It is 
unclear why it might have less impact on HER2-enriched 
tumours but may suggest a lesser role of inherited factors 
in the development of such tumours.

Strengths and limitations
The main strengths of this study were the availability of 
prospectively collected data on a wide range of risk fac-
tors, and the extremely large sample size, including more 
than 40,000 breast cancers with information on surro-
gate molecular subtype based on ER, PR and HER2 sta-
tus, providing more power to detect modest differences 
in associations by subtype than is typically available in 
an individual study. The categorisation of cancers by 
surrogate molecular subtype used in the main analy-
ses was based solely on ER, PR and HER2 status, in line 
with many other large epidemiological studies. This cat-
egorisation results in a somewhat greater proportion of 
luminal A relative to luminal B cancers than is typically 
observed based on alternative categorisations which 
include grade. However, sensitivity analyses based on the 
latter approach to categorisation yielded similar results. 
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Although we were able to demonstrate clear associations 
of many risk factors with specific surrogate molecular 
subtypes, more data are needed to fully elucidate the 
role of certain risk factors in the development of HER2-
enriched and basal-like cancers. Since the vast majority 
of MWS participants were of White European ancestry, 
and postmenopausal at recruitment, we were unable 
to assess risk factors for breast cancer subtypes in pre-
menopausal women or in women of different ancestries.

Conclusions
Most established risk factors for breast cancer are almost 
exclusively associated with hormone sensitive can-
cer subtypes. In contrast, family history, OC use, parity 
and breastfeeding appear to have definite associations 
with some or all ER- subtypes, which in some cases 
are qualitatively different from their associations with 
ER+ cancers.

Supplementary Information
The online version contains supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​1​1​8​6​​/​s​​1​3​0​5​8​-​0​2​5​-​0​2​1​9​7​-​1.

Supplementary Material 1

Acknowledgements
The authors thank the women who have participated in the Million Women 
Study, and NHS breast screening centre staff. We also thank NHS England and 
the National Health Service Central Register (NHSCR) - National Records of 
Scotland, for data on cancers and deaths, and NHS England for data based on 
information collected and quality assured by the National Disease Registration 
Service, for which access was facilitated by the Office for Data Release. Data 
for this study include information collected and provided by the Office for 
National Statistics. Those who carried out the original collection and analysis 
of the data bear no responsibility for their further analysis or interpretation. 
The authors also thank the Million Women Study Collaborators, and would 
particularly like to acknowledge the significant contribution of Professor 
Dame Valerie Beral for the initiation of the Million Women Study and for her 
expertise and guidance in this research. She was Chief Investigator of the 
Study until 2020 and her research on the aetiology of breast cancer helped 
inform this work.

Million Women Study Co-ordinating Centre staff
Simon Abbott, Rupert Alison, Sarah Atkinson, Krys Baker, Isobel Barnes, Judith 
Black, Anna Brown, Andrew Chadwick, Dave Ewart, Sarah Floud, Kezia Gaitskell, 
Toral Gathani, Adrian Goodill, Carol Hermon, Sau Wan Kan, Lina Jarutyte, Nicky 
Langston, Kirstin Pirie, Gillian Reeves, Keith Shaw, Emma Sherman, Helena 
Strange, Sian Sweetland, Ruth Travis, Owen Yang, Heather Young.

Million Women Study Advisory Committee
Emily Banks (Chair), Andy Boyd, Sarah Floud, Lesley Laxton, Delyth Morgan, 
Julietta Patnick, Richard Peto, Gillian Reeves, Cathie Sudlow, Magdalen Wind 
Mozley.

The NHS Breast Screening Centres which took part in the recruitment of 
participants were
Avon, Aylesbury, Barnsley, Basingstoke, Bedfordshire and Hertfordshire, 
Cambridge and Huntingdon, Chelmsford and Colchester, Chester, Cornwall, 
Crewe, Cumbria, Doncaster, Dorset, East Berkshire, East Cheshire, East Devon, 
East of Scotland, East Suffolk, East Sussex, Gateshead, Gloucestershire, 
Great Yarmouth, Hereford and Worcester, Kent, Kings Lynn, Leicestershire, 
Liverpool, Manchester, Milton Keynes, Newcastle, North Birmingham, North 
East Scotland, North Lancashire, North Middlesex, North Nottingham, North 
of Scotland, North Tees, North Yorkshire, Nottingham, Oxford, Portsmouth, 

Rotherham, Sheffield, Shropshire, Somerset, South Birmingham, South East 
Scotland, South East Staffordshire, South Derbyshire, South Essex, South 
Lancashire, South West Scotland, Surrey, Warrington Halton St Helens and 
Knowsley, Warwickshire Solihull and Coventry, West Berkshire, West Devon, 
West London, West Suffolk, West Sussex, Wiltshire, Winchester, Wirral, 
Wycombe.

Author contributions
GR and SF are the co-principal investigators of the Million Women Study, 
and both were involved in the design of the study. KB and JB were involved 
in obtaining data for the study. KP analysed the data and prepared the 
tables and figures. GR drafted the original manuscript, and GR, SF, TG and KP 
contributed towards subsequent versions.

Funding
The Million Women Study is funded by Cancer Research UK (grant number 
C16077/A29186). For the purpose of Open Access, the author has applied a 
CC BY public copyright licence to any Author Accepted Manuscript version 
arising from this submission. The funders had no role in the design of the 
study; the collection, analysis, and interpretation of the data; the writing of the 
manuscript; and the decision to submit the manuscript for publication.

Data availability
Data from the Million Women Study are available to bona fide researchers in 
accordance with the Million Women Study Data Access Policy ​(​h​t​​​​t​p​​s​​:​​/​​/​​w​​w​w​
.​​​c​e​​u​​.​o​​x​​.​a​​​c​.​​​u​k​​/​​r​e​​s​​e​​​a​r​c​​h​/​​t​h​e​​-​m​i​l​l​i​o​n​-​w​o​m​e​n​-​s​t​u​d​y​/​d​a​t​a​-​a​c​c​e​s​s​-​a​n​d​-​s​h​a​r​i​n​g​/​
d​a​t​a​-​a​c​c​e​s​s​-​p​o​l​i​c​y​)​. Further information is available from the corresponding 
author upon request.

Declarations

Ethical approval and consent to participate
All study participants gave written informed consent to take part in the study. 
Ethical approval for the Million Women Study was provided by the Oxford and 
Anglia Multi-Centre Research Ethics Committee (MREC ref: 9/57/001; date of 
approval: 30/10/1997).

Consent for publication
All authors provided consent for publication.

Competing interests
The authors declare no competing interests.

Received: 18 August 2025 / Accepted: 4 December 2025

References
1.	 Perou CM, Sørlie T, Eisen MB, et al. Molecular portraits of human breast 

tumours. Nature. 2000;406(6797):747–52.
2.	 Blows FM, Driver KE, Schmidt MK, et al. Subtyping of breast cancer by immu-

nohistochemistry to investigate a relationship between subtype and short 
and long term survival: a collaborative analysis of data for 10,159 cases from 
12 studies. PLoS Med. 2010;7(5):e1000279.

3.	 DeSantis CE, Ma J, Gaudet MM, et al. Breast cancer statistics, 2019. CA Cancer 
J Clin. 2019;69(6):438–51.

4.	 Gathani T, Reeves G, Broggio J, Barnes I. Ethnicity and the tumour characteris-
tics of invasive breast cancer in over 116,500 women in England. Br J Cancer. 
2021;125(4):611–7.

5.	 Goldhirsch A, Wood WC, Coates AS, Gelber RD, Thürlimann B, Senn HJ. Strate-
gies for subtypes-dealing with the diversity of breast cancer: highlights of 
the St. Gallen international expert consensus on the primary therapy of early 
breast cancer 2011. Ann Oncol. 2011;22(8):1736–47.

6.	 Green J, Reeves GK, Floud S, et al. Cohort profile: the Million Women Study. 
Int J Epidemiol. 2019;48(1):28–9e.

7.	 Townsend P, Phillimore P, Beattie A. A Beattie health and deprivation pub-
lished by Croom helm 212pp £19.95 0-7099-4351-2 [Formula: see text]. Nurs 
Stand. 1988;2(17):34.

https://doi.org/10.1186/s13058-025-02197-1
https://doi.org/10.1186/s13058-025-02197-1
https://www.ceu.ox.ac.uk/research/the-million-women-study/data-access-and-sharing/data-access-policy
https://www.ceu.ox.ac.uk/research/the-million-women-study/data-access-and-sharing/data-access-policy
https://www.ceu.ox.ac.uk/research/the-million-women-study/data-access-and-sharing/data-access-policy


Page 10 of 11Reeves et al. Breast Cancer Research           (2026) 28:30 

8.	 Type and timing of menopausal hormone therapy and breast cancer risk: 
individual participant meta-analysis of the worldwide epidemiological 
evidence. Lancet. 2019;394(10204):1159–68.

9.	 Easton DF, Peto J, Babiker AG. Floating absolute risk: an alternative to relative 
risk in survival and case-control analysis avoiding an arbitrary reference 
group. Stat Med. 1991;10(7):1025–35.

10.	 Li Q, Eklund AC, Juul N, et al. Minimising immunohistochemical false negative 
ER classification using a complementary 23 gene expression signature of ER 
status. PLoS ONE. 2010;5(12):e15031.

11.	 Hurson AN, Ahearn TU, Koka H, et al. Risk factors for breast cancer 
subtypes by race and ethnicity: a scoping review. J Natl Cancer Inst. 
2024;116(12):1992–2002.

12.	 Ma H, Bernstein L, Pike MC, Ursin G. Reproductive factors and breast cancer 
risk according to joint estrogen and progesterone receptor status: a meta-
analysis of epidemiological studies. Breast Cancer Res. 2006;8(4):R43.

13.	 Barnard ME, Boeke CE, Tamimi RM. Established breast cancer risk factors and 
risk of intrinsic tumor subtypes. Biochim Et Biophys Acta (BBA) - Reviews 
Cancer. 2015;1856(1):73–85.

14.	 Mao X, Omeogu C, Karanth S, et al. Association of reproductive risk factors 
and breast cancer molecular subtypes: a systematic review and meta-analy-
sis. BMC Cancer. 2023;23(1):644.

15.	 Gaudet MM, Gierach GL, Carter BD, et al. Pooled analysis of nine cohorts 
reveals breast cancer risk factors by tumor molecular subtype. Cancer Res. 
2018;78(20):6011–21.

16.	 Fortner RT, Sisti J, Chai B, et al. Parity, breastfeeding, and breast cancer risk by 
hormone receptor status and molecular phenotype: results from the nurses’ 
health studies. Breast Cancer Res. 2019;21(1):40.

17.	 Benefield HC, Zirpoli GR, Allott EH, et al. Epidemiology of basal-like and lumi-
nal breast cancers among Black women in the AMBER Consortium. Cancer 
Epidemiol Biomarkers Prev. 2021;30(1):71–9.

18.	 Breast cancer and. Breastfeeding: collaborative reanalysis of individual 
data from 47 epidemiological studies in 30 countries, including 50302 
women with breast cancer and 96973 women without the disease. Lancet. 
2002;360(9328):187–95.

19.	 Islami F, Liu Y, Jemal A, et al. Breastfeeding and breast cancer risk by 
receptor status–a systematic review and meta-analysis. Ann Oncol. 
2015;26(12):2398–407.

20.	 Nichols HB, Schoemaker MJ, Cai J, et al. Breast cancer risk after recent 
childbirth: a pooled analysis of 15 prospective studies. Ann Intern Med. 
2019;170(1):22–30.

21.	 Liu S, Ginestier C, Charafe-Jauffret E, et al. BRCA1 regulates human mammary 
stem/progenitor cell fate. Proc Natl Acad Sci U S A. 2008;105(5):1680–5.

22.	 Jernström H, Lubinski J, Lynch HT, et al. Breast-feeding and the risk of 
breast cancer in BRCA1 and BRCA2 mutation carriers. J Natl Cancer Inst. 
2004;96(14):1094–8.

23.	 Borges VF, Lyons TR, Germain D, Schedin P. Postpartum involution and cancer: 
an opportunity for targeted breast cancer prevention and treatments? Can-
cer Res. 2020;80(9):1790–8.

24.	 Potter JD, Cerhan JR, Sellers TA, et al. Progesterone and Estrogen receptors 
and mammary neoplasia in the Iowa women’s health study: How many kinds 
of breast cancer are there? Cancer Epidemiol Biomark Prev. 1995;4(4):319–26.

25.	 Menarche, menopause, and breast cancer risk: individual participant meta-
analysis, including 118 964 women with breast cancer from 117 epidemio-
logical studies. Lancet Oncol. 2012;13(11):1141–51.

26.	 Horwitz KB, McGuire WL. Studies on mechanisms of estrogen and 
antiestrogen action in human breast cancer. Recent Results Cancer Res. 
1980;71:45–58.

27.	 Chan DSM, Abar L, Cariolou M, et al. World cancer research fund international: 
continuous update project-systematic literature review and meta-analysis 
of observational cohort studies on physical activity, sedentary behavior, 
adiposity, and weight change and breast cancer risk. Cancer Causes Control. 
2019;30(11):1183–200.

28.	 van den Brandt PA, Ziegler RG, Wang M, et al. Body size and weight change 
over adulthood and risk of breast cancer by menopausal and hormone 
receptor status: a pooled analysis of 20 prospective cohort studies. Eur J 
Epidemiol. 2021;36(1):37–55.

29.	 Key TJ, Appleby PN, Reeves GK, et al. Body mass index, serum sex hormones, 
and breast cancer risk in postmenopausal women. J Natl Cancer Inst. 
2003;95(16):1218–26.

30.	 Key TJ, Appleby PN, Reeves GK, Roddam AW. Insulin-like growth factor 1 
(IGF1), IGF binding protein 3 (IGFBP3), and breast cancer risk: pooled individ-
ual data analysis of 17 prospective studies. Lancet Oncol. 2010;11(6):530–42.

31.	 Jung S, Wang M, Anderson K, et al. Alcohol consumption and breast cancer 
risk by estrogen receptor status: in a pooled analysis of 20 studies. Int J Epide-
miol. 2016;45(3):916–28.

32.	 Suzuki R, Orsini N, Mignone L, Saji S, Wolk A. Alcohol intake and risk of breast 
cancer defined by Estrogen and progesterone receptor status–a meta-analy-
sis of epidemiological studies. Int J Cancer. 2008;122(8):1832–41.

33.	 Li CI, Chlebowski RT, Freiberg M, et al. Alcohol consumption and risk of 
postmenopausal breast cancer by subtype: the women’s health initiative 
observational study. J Natl Cancer Inst. 2010;102(18):1422–31.

34.	 Li Y, Baer D, Friedman GD, Udaltsova N, Shim V, Klatsky AL. Wine, liquor, 
beer and risk of breast cancer in a large population. Eur J Cancer. 
2009;45(5):843–50.

35.	 Mendelson JH, Lukas SE, Mello NK, Amass L, Ellingboe J, Skupny A. Acute 
alcohol effects on plasma estradiol levels in women. Psychopharmacology. 
1988;94(4):464–7.

36.	 Eriksson CJ, Fukunaga T, Lindman R. Sex hormone response to alcohol. 
Nature. 1994;369(6483):711.

37.	 Ginsburg ES, Mello NK, Mendelson JH, et al. Effects of alcohol ingestion on 
estrogens in postmenopausal women. JAMA. 1996;276(21):1747–51.

38.	 Sarkola T, Fukunaga T, Mäkisalo H, Peter Eriksson CJ. Acute effect of alcohol on 
androgens in premenopausal women. Alcohol Alcohol. 2000;35(1):84–90.

39.	 Sarkola T, Mäkisalo H, Fukunaga T, Eriksson CJ. Acute effect of alcohol on 
estradiol, estrone, progesterone, prolactin, cortisol, and luteinizing hormone 
in premenopausal women. Alcohol Clin Exp Res. 1999;23(6):976–82.

40.	 McNamee B, Grant J, Ratcliffe J, Ratcliffe W, Oliver J. Lack of effect of alcohol 
on pituitary-gonadal hormones in women. Br J Addict. 1979;74(3):316–7.

41.	 Välimäki M, Härkönen M, Ylikahri R. Acute effects of alcohol on female sex 
hormones. Alcohol Clin Exp Res. 1983;7(3):289–93.

42.	 Becker U, Gluud C, Bennett P, et al. Effect of alcohol and glucose infusion 
on pituitary-gonadal hormones in normal females. Drug Alcohol Depend. 
1988;22(1–2):141–9.

43.	 Key TJ, Appleby PN, Reeves GK, et al. Circulating sex hormones and breast 
cancer risk factors in postmenopausal women: reanalysis of 13 studies. Br J 
Cancer. 2011;105(5):709–22.

44.	 Tin Tin S, Key TJ, Reeves GK. Alcohol intake and endogenous hormones in 
pre- and postmenopausal women: findings from the UK biobank. Cancer 
Epidemiol Biomarkers Prev. 2021;30(12):2294–301.

45.	 Tin Tin S, Smith-Byrne K, Ferrari P, et al. Alcohol intake and endogenous 
sex hormones in women: meta-analysis of cohort studies and Mendelian 
randomization. Cancer. 2024;130(19):3375–86.

46.	 Munsell MF, Sprague BL, Berry DA, Chisholm G, Trentham-Dietz A. Body mass 
index and breast cancer risk according to postmenopausal estrogen-proges-
tin use and hormone receptor status. Epidemiol Rev. 2014;36(1):114–36.

47.	 Cuzick J, Sestak I, Bonanni B, et al. Selective oestrogen receptor modulators 
in prevention of breast cancer: an updated meta-analysis of individual partici-
pant data. Lancet. 2013;381(9880):1827–34.

48.	 Key TJ, Pike MC. The role of oestrogens and progestagens in the epi-
demiology and prevention of breast cancer. Eur J Cancer Clin Oncol. 
1988;24(1):29–43.

49.	 Breast cancer and hormonal contraceptives: collaborative reanalysis 
of individual data on 53,297 women with breast cancer and 100,239 
women without breast cancer from 54 epidemiological studies. Lancet. 
1996;347(9017):1713–27.

50.	 Beaber EF, Malone KE, Tang M-TC, et al. Oral contraceptives and breast cancer 
risk overall and by molecular subtype among young women. Cancer Epide-
miol Biomarkers Prev. 2014;23(5):755–64.

51.	 Sweeney C, Giuliano AR, Baumgartner KB, et al. Oral, injected and implanted 
contraceptives and breast cancer risk among U.S. Hispanic and non-Hispanic 
white women. Int J Cancer. 2007;121(11):2517–23.

52.	 Rosenberg L, Zhang Y, Coogan PF, Strom BL, Palmer JR. A case-control 
study of oral contraceptive use and incident breast cancer. Am J Epidemiol. 
2009;169(4):473–9.

53.	 Rosenberg L, Boggs DA, Wise LA, Adams-Campbell LL, Palmer JR. Oral 
contraceptive use and estrogen/progesterone receptor-negative breast 
cancer among African American women. Cancer Epidemiol Biomarkers Prev. 
2010;19(8):2073–9.

54.	 Ritte R, Tikk K, Lukanova A, et al. Reproductive factors and risk of hormone 
receptor positive and negative breast cancer: a cohort study. BMC Cancer. 
2013;13:584.

55.	 Busund M, Bugge NS, Braaten T, Waaseth M, Rylander C, Lund E. Pro-
gestin-only and combined oral contraceptives and receptor-defined 



Page 11 of 11Reeves et al. Breast Cancer Research           (2026) 28:30 

premenopausal breast cancer risk: the Norwegian women and cancer study. 
Int J Cancer. 2018;142(11):2293–302.

56.	 Dolle JM, Daling JR, White E, et al. Risk factors for triple-negative breast cancer 
in women under the age of 45 years. Cancer Epidemiol Biomarkers Prev. 
2009;18(4):1157–66.

57.	 Gaudet MM, Press MF, Haile RW, et al. Risk factors by molecular subtypes 
of breast cancer across a population-based study of women 56 years or 
younger. Breast Cancer Res Treat. 2011;130(2):587–97.

58.	 Phipps AI, Chlebowski RT, Prentice R, et al. Reproductive history and oral 
contraceptive use in relation to risk of triple-negative breast cancer. J Natl 
Cancer Inst. 2011;103(6):470–7.

59.	 Althuis MD, Fergenbaum JH, Garcia-Closas M, Brinton LA, Madigan MP, Sher-
man ME. Etiology of hormone receptor-defined breast cancer: a systematic 
review of the literature. Cancer Epidemiol Biomark Prev. 2004;13(10):1558–68.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿The aetiology of breast cancer subtypes: results from the Million Women Study
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Data collection and definitions
	﻿Classification of tumours by molecular subtype
	﻿Statistical analysis

	﻿Results
	﻿Discussion
	﻿Reproductive factors
	﻿Age at menarche and menopause
	﻿Anthropometric factors
	﻿Alcohol
	﻿Exogenous hormone use
	﻿Family history
	﻿Strengths and limitations

	﻿Conclusions
	﻿References


