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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

cancer (parity, breastfeeding).

cancers but some have definite associations with ER- cancers (prior OC use), or more specifically, with 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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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
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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 HER?2 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 HER? 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 http://www.millionwomenstudy.org). 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 HER?2 status [(ER+/
PR+, HER2-), (ER+/PR+, HER2+), (ER-, PR-, HER2+),
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(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
DO05). 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% Cls are given.

The main analyses were based on molecular sub-
types defined by ER, PR and HER?2 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 HER?2 status. There is likely to
be some degree of misclassification of ER and other
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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 HER?2 over time, with cancer registrations after
2010 being considerably more likely to have information
on all three markers than those diagnosed prior to 2010.

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%) 702 (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 HER? 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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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
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ER positive

Cases Relative risk (95% CI or 95% g-s Cl)
Age at menarche (years)
<12 10,576 1.03 (1.01, 1.05)
12-13 21,443 1.00 (0.99, 1.01)
14+ 17,426 0.94 (0.93, 0.95)
Trend, per year 49,445 0.97 (0.96, 0.98)
Parity
Nulliparous 6,114 -] 1.19 (1.16, 1.22)
1 6,583 1.08 (1.05, 1.10)
2 22,097 1.00(0.99, 1.01)
3+ 15,486 L} 0.90 (0.89, 0.92)
Trend, per birth 50,280 0.91(0.91,0.92)
Age at first birth (years), in parous
<20 5,392 0.96 (0.93, 0.98)
20-24 19,787 1.00 (0.99, 1.01)
25-29 12,943 ] 1.11(1.09, 1.13)
30+ 5,011 -] 1.25(1.21,1.29)
Trend, per 5 years 43133 1.11(1.09, 1.12)
Ever breast fed, in parous
Yes vs no 23,631 vs 11,374 -] 1.02 (0.99, 1.04)
Breast feeding duration, in parous
Never 11,374 1.00 (0.98, 1.02)
<3 months 7,494 0.98 (0.96, 1.01)
3-8 months 7,955 1.01(0.99, 1.04)
9+ months 8,182 1.06 (1.04, 1.08)
Trend, per 6 months 35,005 1.03 (1.02, 1.04)
Age at menopause (years), never MHT
<48 2,714 =2 0.79(0.76, 0.82)
48-51 6,416 -] 1.00 (0.98, 1.02)
52+ 6,183 = 1.13(1.10, 1.16)
Trend, per 5 years 15,313 1.25(1.21,1.28)

I
0.5 1 2

Relative risk (95% Cl or 95% g-s Cl)

ER negative
Cases Relative risk (95% CI or 95% g-s Cl) P heterogeneity
1,635 1.00 (0.95, 1.05)
3,250 1.00 (0.97, 1.03)
2,736 0.95 (0.92, 0.99)
7,521 0.99 (0.96, 1.01) 0.2
775 1.02 (0.95, 1.10)
932 1.00 (0.94, 1.07)
3,341 1.00 (0.97, 1.03)
2,601 1.02 (0.98, 1.06)
7,649 1.00 (0.98, 1.03) <0.0001
979 1.06 (1.00, 1.14)
3,173 1.00 (0.97,1.03)
1,911 1.04 (0.99, 1.09)
640 1.02 (0.94,1.11)
6,703 1.00 (0.96, 1.03) <0.0001
3,614 vs 1,812 L] 0.97 (0.91, 1.03) 0.6
1,812 E 1.00 (0.95, 1.05)
1,181 5 0.97 (0.92, 1.03)
1,210 0.96 (0.90, 1.01)
1,223 ; 0.98 (0.92, 1.04)
5426 0.99 (0.96, 1.03) 02
477 = 0.88 (0.80, 0.96)
988 1.00 (0.94, 1.06)
850 1.03 (0.96, 1.10)
2,315 1.10 (1.03, 1.19) 0.002
0.5 1 2

Relative risk (95% Cl or 95% g-s Cl)

Fig. 1 Associations of reproductive factors with breast cancer risk by ER status. Tests for heterogeneity are by cancer subtype. g-s Cl = group-specific

confidence interval

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
HER? 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,
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ER positive
Cases Relative risk (95% CI or 95% g-s Cl)
Menopausal hormone therapy (MHT) é
Never 10,756 1.00 (0.98, 1.02)
Past 10,732 2 1.11(1.09, 1.14)
Current, oestrogen only 1,307 = 1.34 (1.27,1.42)
Current, oestrogen-progestogen 2,896 2.45(2.35, 2.55)
Body mass index (kg/m’), never MHT
<25 8,382 -] 1.00 (0.98, 1.02)
25-29 7,809 a 1.25(1.22,1.28)
30+ 4,656 a 1.46 (1.42, 1.50)
Trend, per 5 kg/m” 20,847 1.21(1.19,1.23)
Height, cm
<160 14,844 s 1.00 (0.98, 1.02)
160-164 14,946 a 1.12(1.10, 1.13)
165+ 19,935 a 1.22(1.20, 1.24)
Trend, per 5 cm 49,725 1.08 (1.07, 1.09)
Alcohol, drinks per week
None 10,496 0.94 (0.92, 0.96)
<3 17,512 1.00(0.99, 1.01)
3-6 8,812 1.06 (1.04, 1.08)
7+ 13,300 -] 1.17 (1.15,1.19)
Trend, per daily drink, in drinkers 39,624 1.14 (1.12,1.16)
Family history of breast cancer
Yes vs no 6,817 vs 40,549 1.63 (1.59, 1.67)
Past oral contraceptive use
Never 19,320 1.00 (0.98, 1.02)
<5 years use 11,898 1.00 (0.98, 1.02)
5-9 years use 8,072 0.99 (0.97, 1.02)
10+ years use 7,334 0.99 (0.97, 1.02)
Trend, per 5 years, in users 27,304 1.00(0.98, 1.01)
0.5 1 2

Relative risk (95% Cl or 95% g-s Cl)

ER negative
Cases Relative risk (95% Cl or 95% g-s Cl) P heterogeneity
1,697 é 1.00 (0.95, 1.05)
1,720 = 1.15(1.10, 1.22)
240 - 1.20 (1.05, 1.37)
327 -+ 1.28 (1.14, 1.45) <0.0001
1,402 1.00 (0.95, 1.06)
1,128 1.04 (0.99, 1.11)
601 1.06 (0.98, 1.15)
3,131 1.03 (0.98, 1.08) <0.0001
2,377 1.00 (0.96, 1.04)
2,284 1.07 (1.03, 1.11)
2,889 = 1.11(1.07, 1.16)
7,550 1.04 (1.02, 1.07) 0.002
1,750 1.03 (0.98, 1.08)
2,680 1.00 (0.96, 1.04)
1,319 1.02 (0.96, 1.07)
1,879 1.06 (1.01, 1.11)
5878 1.05(1.00, 1.10) 0.003
928 vs 6,235 = 1.44 (1.34, 1.54) 0.001
2,720 1 1.00 (0.96, 1.04)
1,797 1.08 (1.03, 1.13)
1,361 = 1.21(1.15,1.28)
1,222 = 1.21 (1.15, 1.29)
4,380 1.07 (1.03, 1.10) 0.002
JEFE I

0.5 1 2
Relative risk (95% Cl or 95% g-s Cl)

Fig. 2 Associations of non-reproductive factors with breast cancer risk by ER status. Tests for heterogeneity are by cancer subtype. g-s Cl = group-specific

confidence interval

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.
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ER+/PR+ HER2-

("Luminal A") ("Luminal B")
Age at menarche (years)
<12 1.04 (1.02, 1.07)
12-13 1.00 (0.98, 1.02)
14+ 0.94 (0.92, 0.96)
Trend, per year 0.97 (0.96, 0.98)
Heterogeneity -,«§ =36p=03
Parity
Nulliparous = 1.12(1.09, 1.16) =
1 1.05 (1.02, 1.08)
2 1.00 (0.98, 1.02)
3+ 0.91(0.90, 0.93) =
Trend, per birth 0.93 (0.92, 0.94)
Heterogeneity /j = 41.1, p <0.0001
Age at first birth (years), in parous
<20 0.96 (0.92, 0.99)
20-24 1.00 (0.98, 1.02)
25-29 = 1.09 (1.06, 1.11) L
30+ =2 1.22(1.18,1.27)
Trend, per 5 years 1.10(1.08, 1.12)
Heterogeneity ,«j = 20.3, p =0.0001
Ever breast fed, in parous
Yes vs no 1.02 (0.99, 1.05)
Heterogeneity ,«j =106, p=0.01
Breast feeding duration, in parous
Never 1.00 (0.98, 1.02)
<3 months 0.99 (0.96, 1.02)
3-8 months 1.01(0.98, 1.04)
9+ months 1.07 (1.04, 1.10)
Trend, per 6 months 1.03 (1.01, 1.05)
Heterogeneity ,j =16.2, p=0.001
Age at menopause (years), never MHT
<48 0.83 (0.80, 0.87) -+
48-51 1.00 (0.97, 1.03)
52+ = 1.13(1.09, 1.16) =

Trend, per 5 years

1.21 (117, 1.25)
Heterogeneity y3 = 19.5, p = 0.0002
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ER- PR- HER2+
("HER2-enriched")

ER- PR- HER2-
("Basal-like")

100 (0.93, 1.08) 1.01(0.88, 1.15) 1.00 (0.92, 1.09)
00 (0.95, 1.05) 1.00 (0.91, 1.09) 1.00 (0.95, 1.06)
95 (0.90. 1.00) 1.05 (0.96, 1.16) 0.94 (0.88, 1.00)
98 (0.95, 1.01) 1.01(0.96, 1.07) 0.98 (0.95, 1.01)
33(1.22,1.46) 1.00 (0.83,1.21) 0.93(0.82, 1.05)
00(0.91,1.10) 0.97 (0.82, 1.14) 0.98 (0.88, 1.09)
00 (0.95, 1.05) 1.00 (0.92, 1.09) 1.00 (0.95, 1.06)
89 (0.83, 0.94) 0.99 (0.89, 1.09) 1.06 (1.00, 1.13)
89 (0.86, 0.92) 1.00 (0.94, 1.07) 1.04 (1.00, 1.09)
00 (0.91,1.11) 1.03 (0.86, 1.23) - 1.16 (1.05, 1.28)
00 (0.95, 1.05) 1.00 (0.91, 1.09) 1.00 (0.95, 1.06)
13(1.06, 1.21) 1.14 (1.02, 1.29) 0.98 (0.90, 1.06)
09 (0.97,1.23) 1.01(0.81, 1.25) 1.04 (0.91, 1.19)
06 (1.00, 1.11) 1.03 (0.94, 1.13) 0.96 (0.91, 1.02)
97 (0.89, 1.06) 1.09 (0.93, 1.28) - 0.88 (0.80, 0.96)
00 (0.93, 1.07) 1.00 (0.88, 1.14) 1.00 (0.93, 1.08)
94 (0.86, 1.02) 1.02(0.88, 1.19) 0.92(0.84, 1.01)
00 (0.93, 1.09) 1.08 (0.94, 1.25) - 0.88 (0.80, 0.96)
99 (0.90, 1.08) 1.19 (1.02, 1.38) - 0.82(0.74, 0.91)
00 (0.96, 1.05) 1.08 (0.99, 1.17) 0.93(0.88, 0.98)
65 (0.55, 0.76) 0.86 (0.66, 1.11) 0.90 (0.77, 1.04)
00 (0.91,1.10) 1.00 (0.84, 1.19) 1.00 (0.90, 1.11)
30 (1.18, 1.42) 1.05 (0.87, 1.27) 1.06 (0.95, 1.19)
54 (1.38,1.73) 1.13 (0.93, 1.38) 1.11(0.99, 1.25)
05 1 2 05 1 2

Relative risk (95% Cl or 95% g-s Cl) Relative risk (95% Cl or 95% g-s Cl)

Fig. 3 Associations of reproductive factors with breast cancer risk by molecular subtype. Tests for heterogeneity are by cancer subtype. g-s Cl = group-

specific confidence interval

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
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ER+/PR+ HER2-
("Luminal A")

Menopausal hormone therapy (MHT)

("Luminal B")

Never 1.00 (0.97, 1.03)

Past 1.10(1.08, 1.13) =

Current, oestrogen only 1.13(1.00, 1.27)

Current, oestrogen-progestogen & 223(2.03,2.45) ——
Heterogeneity yo = 46.3, p <0.0001

Body mass index (kglmz), never MHT

<25 1.00 (0.97, 1.03)

25-29 1.29 (1.26, 1.33)

30+ 1.49 (1.43, 1.54) -

Trend, per 5 kg/m’2 1.22 (1.19, 1.25)
Heterogeneity y5 = 32.5, p < 0.0001

Height, cm

<160 1.00 (0.98, 1.02) -

160-164 1.12(1.10, 1.14) =

165+ 1.22(1.20, 1.24) =

Trend, per 5cm 1.08 (1.07, 1.09)
He!emgenelryzg =64,p=009

Alcohol, drinks per week

None 0.93(0.90, 0.95) L

<3 1.00 (0.98, 1.02) =

3-6 1.04 (1.01,1.07) -

7+ 1.17 (1.15, 1.20) ]

Trend, per daily drink, in drinkers 1.14 (1.11,1.17)
Heterogeneity zg =69 p=0.08

Family history of breast cancer

Yes vs no 1.63 (1.58, 1.68) -
Heterogeneity 2 = 15.1, p = 0.002

Past oral contraceptive use

Never 1.00 (0.98, 1.02) =

<5 years use 0.99 (0.97, 1.02) L ]

5-9 years use 0.99 (0.96, 1.01) L 4

10+ years use 0.99 (0.96, 1.01) -

Trend, per 5 years, in users 1.00 (0.98, 1.01)
Heterogensltyzg = 17.3, p = 0.0006

JEE—
0.5 1

0.5 1
Relative risk (95% Cl or 95% g-s Cl)

2 2

ER+/PR+ HER2+
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ER- PR- HER2+ ER- PR- HER2-
("HER2-enriched") ("Basal-like")
1.00 (0.93, 1.08) - 1.00 (0.87, 1.15) - 1.00 (0.92, 1.09)
1.16 (1.08, 1.25) - 1.23(1.08, 1.39) = 1.16 (1.07, 1.25)
1.25(0.94, 1.66) — = —  1.21(0.71,2.06) —a— 0.80 (0.52, 1.24)
1.66 (1.30,2.11) R 0.88 (0.48, 1.60) —a 0.76 (0.49, 1.18)
1.00 (0.92, 1.08) - 1.00 (0.86, 1.16) - 1.00 (0.91, 1.09)
1.08 (0.9, 1.17) - 1.01(0.87, 1.18) - 0.99 (0.90, 1.09)
1.27 (1.14,1.42) . 1.16 (0.94, 1.43) - 0.96 (0.83, 1.10)
1.13 (1.05, 1.20) 1.07 (0.94, 1.22) 0.98 (0.90, 1.06)
1.00 (0.94, 1.06) - 1.00 (0.90, 1.11) E 1.00 (0.94, 1.07)
1.13(1.06, 1.19) - 1.02 (0.91, 1.13) = 1.12(1.05, 1.19)
119 (1.12, 1.25) m 1.11(1.01,1.23) = 1.09 (1.03, 1.16)
1.07 (1.04, 1.10) 1.04 (0.98, 1.10) 1.04 (1.00, 1.07)
0.91(0.84, 0.98) - 1.05 (0.93, 1.20) - 1.09 (1.00, 1.17)
1.00 (0.95, 1.06) - 1.00 (0.91, 1.10) = 1.00 (0.94, 1.06)
1.04 (0.97, 1.13) - 1.09 (0.96, 1.25) = 0.94 (0.86, 1.03)
1.07 (1.00, 1.15) - 1.06 (0.94, 1.20) = 1.08 (1.00, 1.17)
1.06 (0.99, 1.14) 1.05(0.92, 1.19) 1.07 (0.98, 1.16)
1.50 (1.36, 1.66) H— 1.16 (0.95, 1.40) - 1.48 (1.33, 1.66)
1.00 (0.94, 1.06) - 1.00 (0.90, 1.12) [ 1.00 (0.93, 1.07)
1.01(0.94, 1.08) - 1.09 (0.96, 1.22) ] 1.08 (1.00, 1.16)
1.02 (0.94, 1.11) - 1.36 (1.19, 1.55) - 1.23(1.13,1.34)
1.16 (1.07, 1.25) - 1.18 (1.02, 1.36) ] 1.31(1.20, 1.42)
1.07 (1.02, 1.13) 1.05 (0.96, 1.15) 1.10 (1.04, 1.17)

Relative risk (95% ClI or 95% g-s Cl)

JrE—
0.5 1 2

Relative risk (95% Cl or 95% g-s Cl)

Jr—
0.5 1 2

Relative risk (95% Cl or 95% g-s Cl)

Fig. 4 Associations of non-reproductive factors with breast cancer risk by molecular subtype. Tests for heterogeneity are by cancer subtype. g-s Cl =

group-specific confidence interval

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.
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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
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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 HER?2 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.
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