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Plasma prolactin and postmenopausal D
breast cancer risk: a pooled analysis of four
prospective cohort studies
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Sabina Rinaldi'®, Bernard Rosner'", Minouk J. Schoemaker*'?, Christopher Scott'®, Anthony J. Swerdlow*'*, Roger
L. Milne"'%!7 Shelley S. Tworoger''® Celine M. Vachon® and Susan E. Hankinson®

Abstract

Background Prolactin, a hormone produced by the pituitary gland, regulates breast development and may
contribute to breast cancer etiology. However, most epidemiologic studies of prolactin and breast cancer have been
restricted to single, often small, study samples with limited exploration of effect modification.

Methods The Biomarkers in Breast Cancer Risk Prediction consortium includes 8,279 postmenopausal women
sampled from four prospective cohort studies, of whom 3,441 were diagnosed with invasive breast cancer after
enrollment. Prolactin concentrations were measured for all study participants on plasma samples collected when
all women were postmenopausal and before any breast cancer diagnosis using ELISA assays. Pooled, unconditional
logistic regression models, adjusted for confounders, estimated odd ratios (OR) for associations of prolactin and
postmenopausal breast cancer risk overall and stratified by breast cancer risk factors.

Results Higher plasma prolactin concentrations were positively associated with postmenopausal breast cancer risk
(>13.2ng/mlL vs.<7.9 ng/mL, OR: 1.20, 95% Cl: 1.06, 1.36; P-trend < 0.001). Although associations did not appear to
vary by time since blood draw or most breast cancer risk factors, associations were primarily observed in current users
of postmenopausal hormones at blood draw (> 13.2 ng/mL vs.<7.9 ng/mL, current users, OR: 1.58, 95% Cl: 1.27, 1.96,
P-trend < 0.001; non-current users, OR: 1.08, 95% Cl: 0.93, 1.27, P-trend=0.11; P-heterogeneity =0.06).

Conclusion Prolactin may be a risk factor for postmenopausal breast cancer, particularly in the context of
postmenopausal hormone use. Investigations of prolactin interactions with other hormonal factors may further
inform breast cancer etiology.
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Introduction

Prolactin, a hormone produced by the pituitary gland,
regulates breast development and has been proposed to
contribute to breast cancer etiology [1, 2]. Experimental
studies of breast cancer cell lines demonstrate that pro-
lactin promotes cellular differentiation [3] and prolifera-
tion [4—10] while inhibiting apoptosis [9-11]. In human
studies, circulating prolactin levels are associated with
traditional breast cancer risk factors, including meno-
pause status, parity, and breast density [12-16].

Several prospective epidemiologic studies have
reported a positive association between blood prolac-
tin concentrations and breast cancer risk [17-25]. Spe-
cifically, women with the highest blood prolactin levels
were at a 5-30% greater risk of breast cancer compared
to those with lower levels [20-22]. However, most epi-
demiologic studies have been restricted to single, often
small, study samples with limited information on breast
cancer risk factors that might influence these associa-
tions. To improve our understanding of prolactin as a risk
factor for breast cancer, well-powered studies are needed
to investigate how various participant characteristics
might modify this association. Identifying the groups of
women for whom prolactin is most strongly associated
with breast cancer risk will advance our understanding
of breast cancer etiology and clarify how prolactin might
be used to improve clinical breast cancer risk assessment
models.

Here, we conduct the largest and most comprehen-
sive study to date on prolactin and breast cancer risk in
postmenopausal women. To accomplish this, we uti-
lized the resources of the Biomarkers in Breast Cancer
Risk Prediction (B2Risk) consortium. This international
consortium includes 8,279 postmenopausal women, of
whom 3,441 were diagnosed with invasive breast can-
cer after study enrollment, from the Breast Cancer Now
Generations Study (BGS), Mayo Mammography Health
Study (MMHS), Melbourne Collaborative Cohort Study
(MCCS), and Nurses’ Health Study (NHS). These stud-
ies provided plasma prolactin measurements on samples
collected from all women when they were postmeno-
pausal and breast cancer-free, along with extensive data
on participant characteristics and tumor features.

Methods

Parent cohorts and study design

A detailed description of each study cohort is provided in
the supplementary methods. Briefly, data for this analy-
sis came from four prospective cohort studies: BGS,
MMHS, MCCS, and NHS. Each cohort collected partici-
pant information via study questionnaires and medical

records. For a subset of participants, blood samples (col-
lected once or twice over time) and screening mammo-
grams were also collected. Female participants have been
followed since study enrollment for incident invasive
breast cancer diagnoses. In each cohort, a nested-case
control study (all four cohorts) or a case-cohort study
(for the second MCCS blood collection) was created for
women who were postmenopausal at enrollment with
an available plasma sample. Participants provided writ-
ten informed consent upon enrollment into their parent
cohort, and all research was performed in accordance
with the Declaration of Helsinki. Institutional review
board approval for this project was obtained at each
cohort’s institution and at the coordinating center, the
University of Massachusetts—Ambherst.

Data collection and harmonization

Each cohort provided participant-level data that were
harmonized centrally to ensure uniform variable defini-
tions for those selected for prolactin assessment. Ques-
tionnaire-reported covariates included date of birth, past
and current weight, adult height, fasting status at blood
collection, family history of breast cancer, alcohol use,
body mass index (BMI), parity, and breastfeeding his-
tory; young adult weight was not collected in MMHS,
and fasting status at blood draw was not collected in BGS
and MMHS. Mammographic density data were obtained
from women who had consented to have their screening
mammograms made available to their respective study
centers and where mammograms could be traced. Each
cohort measured breast density using CUMULUS soft-
ware, and the percent mammographic density was stan-
dardized across cohorts [26, 27]. DNA was extracted
from the collected blood sample and genotyped, and a
313-single nucleotide polymorphism polygenic risk score
(313-SNP PRS) for breast cancer was calculated [28].

In the nested case-control study samples, matching
factors varied slightly between cohorts (detailed in the
supplement) and included age, postmenopausal hormone
use, fasting status, and blood collection timing (time of
day and calendar year). MCCS and NHS each conducted
two blood collections approximately 10 years apart. In
MCCS, one blood sample per participant was assayed for
prolactin; the baseline blood draw was used for partici-
pants selected into the nested case-control sample, and
the second blood draw was used for those selected into
the case-cohort sample. To investigate the stability of
prolactin concentrations over time, a subset of women
from MCCS (n=98) had prolactin measured at both
time points. In NHS, women diagnosed with breast can-
cer after their second blood draw (and their matched
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controls) had both their first and second blood draws
assayed simultaneously for prolactin (n=786).

Prolactin assays

Plasma prolactin concentrations were measured using
validated, commercially available enzyme-linked immu-
nosorbent assay (ELISA) kits in four processing labora-
tories across 17 batches. All laboratories were blinded to
the case status of the samples. For the nested case-con-
trol samples, plasma samples from matched case-control
sets were assayed together, with the case-control order
randomized within the set. For the case-cohort sample,
the plasma samples were randomized between labora-
tory batches, with an equal number of cases distributed
in each batch. 10% masked quality control samples were
randomly included in all batches.

All NHS prolactin levels from 1990 to 2010 were pre-
viously assayed, and their association with breast cancer
was published [21]. Nine batches were assayed at Mas-
sachusetts General Hospital using the ARCHITECT
chemiluminescence system (Abbot Diagnostics), and
four batches at the University of Massachusetts Medical
Center using the IMx system (Abbot Laboratory). The
lower limit of quantification for both assays is 0.6 ng/
mL, the correlation between the two laboratories was
0.91, and the average coefficient of variation (CV) was
7.8% [21]. Prolactin in the other three cohorts was newly
assayed using ELISA kits from ALPCO (Salem, NH). BGS
and MMHS samples were assayed at McGill University,
while MCCS samples were assayed at the International
Agency for Research on Cancer (IARC; Lyon, France).
The lower limit of quantification was 0.35 ng/mL. For
BGS, the within-plate and between-plate CVs of 1.5% and
2.0%, respectively and for MCCS, the within-plate and
between-plate CVs were 3.5% and 14.5% (case-cohort)
and 4.1% and 12.1% (case-control). Four sets of fifteen
quality control samples previously assayed in the NHS
datasets, selected to represent the range of postmeno-
pausal prolactin levels, were reassayed at both the McGill
and IARC laboratories; the overall between laboratory
CV was 28.2%. To account for this variation, prolactin
levels were adjusted for batch as previously described
[29]. Briefly, linear regression was used to apply a correc-
tion factor to recalibrate prolactin measurements across
batches to a consistent overall average. The regression
accounted for characteristics that may cause true varia-
tion in prolactin levels, such as case status, age, PMH use
at blood draw;, parity, family history of breast cancer, fast-
ing status, and time of blood collection. NHS data were
treated as 13 batches; BGS, MMHS, and MCCS case-
cohort and MCCS case-control samples were treated as
one batch each.

The within-person intraclass correlation coefficient
for the subset of women with repeated blood samples

Page 3 of 11

approximately 10 years apart (n=884, from NHS and
MCCS) was 0.45 (95% confidence interval: 0.43, 0.47).

Disease outcome and classification

Cases were defined as women diagnosed with incident
invasive breast cancer after study enrollment, which
was then confirmed by medical record review. Tumor
estrogen receptor (ER), progesterone receptor (PR), and
human epidermal growth factor-2 (HER2) receptor sta-
tus were abstracted from medical records or determined
by fluorescence assay using archival formalin-fixed par-
affin-embedded breast tumor tissue blocks. Using these
data, incident breast cancers were categorized by ER
status (ER-positive vs. ER-negative) and molecular sub-
types (luminal A vs. luminal B vs. triple negative). Further
details on cohort-specific case and tumor subtype ascer-
tainment methods are provided in the supplementary
methods.

Statistical analysis

After correcting for laboratory and batch effects, pro-
lactin outliers (n=16) were detected using a generalized
extreme studentized deviation procedure [30]. Missing
covariate data was imputed using the ‘mice’ R package
and the MIANALYZE procedure in SAS [31]. Nearly all
covariates had less than 5% missing data. The supple-
mental methods report additional details of the multiple
imputation.

Univariate associations between breast cancer risk fac-
tors and plasma prolactin concentrations in women who
remained breast cancer-free were estimated by calcu-
lating median prolactin levels by characteristic catego-
ries and performing Kruskal-Wallis analysis of variance
tests. Odds ratios (ORs) and 95% confidence intervals
(CIs) were used to estimate multivariate associations
between prolactin concentrations and postmenopausal
breast cancer risk. In the nested case-control stud-
ies, results from conditional and unconditional logistic
regression analyses were similar. We, therefore, applied
unconditional logistic regression models to allow pool-
ing across the different sample designs (nested case-
control, case-cohort) and inclusion of cases or controls
where, for practical reasons, the prolactin measurement
for the matched participant was missing (e.g., inade-
quate sample volume). Study-specific analyses were per-
formed, and a test for heterogeneity across cohorts was
conducted using the SAS macro %METAANAL(https:/
/ysph.yale.edu/cmips/research/software/meta-analysis
/metaanal/). Although the total combined data set pro-
vides the most reliable results, because the NHS nested
case-control data were previously published [21], we
performed a sensitivity analysis excluding NHS women
from this sample. In all analyses, prolactin concentrations
were investigated as continuous (scaled per 1-standard
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deviation [SD] increase, SD=6.5 ng/mL), and categorized
into quartiles, with cut-points defined by the control/
non-case distribution in the pooled sample (<7.91 ng/
mL, 7.91-10.08 ng/mL, 10.09-12.15 ng/mL, and >13.15
ng/mL). To account for potential confounding, models
were adjusted for a priori covariates used in previous
studies of prolactin and breast cancer and included age
(years), fasting status (fasting, non-fasting, not reported),
current postmenopausal hormone (PMH) (yes/no), adult
height (<162.5 ¢cm, 162.5-172.5 cm, >127.5 cm), young
adult weight (continuous, kg), and first-degree family his-
tory of breast cancer (yes/no). Subsequent analyses were
performed, additionally adjusting for parity (nulliparous,
1-2 births, 3+births), breastfeeding (ever/never), alcohol
use (grams/week), current BMI (kg/m?), and circulat-
ing estradiol (in non-PMH users only; pg/mL). Tests for
trend across quartiles were performed by modeling the
medians of the pooled quartiles as a continuous variable
and calculating the Wald statistic. Given the large sample
size of this study, breast cancer associations were further
evaluated across prolactin deciles to better examine the
shape of the association.

To examine the influence of blood collection tim-
ing, stratified associations were estimated by the time
between blood draw and index dates (<10 years vs.
10-+years), where index dates were defined as the date of
cancer diagnosis for cases and their matched controls in
the nested case-control samples and censoring date for
non-cases in the case-cohort sample. In the NHS nested
case-control sample, which had two prolactin measure-
ments available for a subset of women, we used the
plasma sample that was taken closest in time and before
the index date in the primary analysis. A secondary
analysis was performed using only the baseline plasma
samples.

Effect modification of prolactin and breast cancer
associations by participant characteristics was evaluated
through stratified analyses. Modifiers of interest were:
PMH use at blood draw (yes/no), BMI at blood draw
(<25, 25-30, 30+kg/m?), germline breast cancer risk as
measured by the 313-SNP PRS (tertile), first-degree fam-
ily history of breast cancer (yes/no), circulating estradiol
levels (tertile), percent mammographic density (tertile),
breastfeeding history (among parous, yes/no), and parity
(nulliparous, 1-2 births, 3+births). Tests for heteroge-
neity were performed by calculating likelihood ratio test
statistics and corresponding p-values comparing the full
(including the interaction term of continuous prolactin
and the modifier of interest) and reduced (no interaction
term) models. Given suggested non-linearity and a pos-
sible threshold in the association, Wald tests were used
to examine differences in top quartile point estimates
across modifier strata. Analyses were additionally strati-
fied by tumor characteristics (ER status and molecular
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subtype). Tests for heterogeneity by tumor characteris-
tics were conducted using polytomous logistic regression
and conducting a likelihood ratio test. In the primary
analyses, two-sided P-values for main effects and statis-
tical interaction were considered statistically significant
if<0.05. Analyses were conducted using SAS version 9.4
(SAS Institute Inc., Cary, North Carolina) and R software
version 4.1.0 (R Foundation for Statistical Computing,
Vienna, Austria).

Results

Sample characteristics

The B2Risk consortium includes 8,279 postmenopausal
women from four parent cohort studies: NHS (1,205
cases, 2,006 controls), BGS (992 cases, 998 controls),
MMHS (257 cases, 257 controls), and MCCS (nested
case-control study: 432 cases, 429 controls; case-cohort
study: 555 cases, 1,148 subcohort). Participant charac-
teristics after imputation, overall and by study sample,
are detailed in Table 1. Mean ages at blood draw ranged
between 60 and 67 years and, by design, were similar for
the cases and controls in the nested case-control samples.
There was variability in the timing of the blood draws and
index dates across the samples, with NHS and BGS hav-
ing the largest proportions of participants (>78%) with
blood collected within ten years of the index event. Most
blood samples in NHS and MCCS were collected while
fasting, whereas fasting status was unavailable for BGS
and MMHS. In the combined dataset, 19% of cases and
13% of controls had a first-degree relative with breast
cancer. In addition, breast cancer cases had higher BMI
at enrollment, breast cancer PRSs, and mammographic
density compared to controls. Imputation of missing
covariate information did not appreciably alter the dis-
tributions of participant characteristics across any of the
study samples (Supplemental Table 1).

Prolactin distributions and associations with participant
characteristics

The distributions of plasma prolactin concentrations
after batch correction were similar across all five samples
(Fig. 1). In the participants who remained breast cancer-
free, prolactin concentrations were associated with PMH
use (median concentrations, non-users: 9.96 ng/mL,
users: 10.47 ng/mL; P<0.001), parity (median concen-
tration, nulliparous: 10.86 ng/mL, 1-2 births: 10.07 ng/
mL, 3+births: 9.96 ng/mL; P<0.001), breastfeeding his-
tory (median concentration, yes: 10.05 ng/mL, no: 10.19
ng/mL; P=0.04), and breast density (median concentra-
tions, < 9.23%: 9.68 ng/mL, 9.23-19.51%: 10.05 ng/mL,
> 19.51%: 10.56 ng/mL; P=0.01) (Fig. 2). There were also
notable differences in prolactin concentrations by fast-
ing status (median concentration, fasting: 10.25 ng/mL,
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Fig. 1 Plasma prolactin distributions by study sample. Density plots displaying the distributions of plasma prolactin (ng/mL) by study sample. Dotted
vertical lines denote the prolactin concentration cut-points for quartile analyses (defined by the distribution of prolactin among all non-cases)

non-fasting: 9.37 ng/mL, not reported: 10.11 ng/mL;
P<0.001).

Prolactin associations with breast cancer risk overall and
stratified by time since blood draw

In the pooled sample, compared to women with prolactin
concentrations below 7.91 ng/mL, women with plasma
prolactin concentrations greater than 13.15 ng/mL
showed higher breast cancer risk (quartile 4 vs. quartile
1; OR: 1.20, 95% CI: 1.06, 1.36; P-trend <0.001) (Fig. 3).
Lower prolactin concentrations were not statistically
associated with breast cancer risk (compared to quartile
1; quartile 3, OR: 1.07, 95% CI: 0.94, 1.21; quartile 2, OR:
0.95, 95% CI: 0.84, 1.08). In a pooled sample excluding the
NHS, associations were somewhat attenuated (quartile 4
vs. quartile 1, OR: 1.11, 95% CI: 0.94, 1.30; P-trend=0.10)
(Supplemental Fig. 1). Cohort-specific associations
appeared to vary modestly (Supplemental Fig. 1). How-
ever, there was limited statistical evidence for hetero-
geneity across study samples (P-heterogeneity=0.15).
Associations were also unchanged after additional model
adjustments for parity, breastfeeding, alcohol use, current
BMI, and circulating estradiol in non-PMH users (data

not shown). In an analysis of prolactin deciles, associa-
tions were primarily observed among the top two deciles
(compared to decile 1; decile 9, OR: 1.21, 95% CI: 1.00,
1.47; decile 10, OR: 1.22, 95% CI: 1.00, 1.48) and a test for
non-linearity was significant (P-non-linearity=0.01), sug-
gesting a threshold effect (Supplemental Fig. 2).

In an analysis stratified by timing of blood collection
relative to the index date, the magnitude of the asso-
ciation appeared stronger in those with blood collected
within ten years of the index date (quartile 4 vs. quartile
1; < 10 years, OR: 1.24, 95% CI: 1.08, 1.43, P-trend <0.001;
10+years, OR: 1.11, 95% CI: 0.86, 1.43, P-trend=0.42)
(Fig. 3). However, there was limited evidence of statisti-
cal heterogeneity (P=heterogeneity=0.44). In sensitivity
analyses using only the baseline blood samples from the
NHS, the time-dependent differences again appeared dif-
ferent, but the test for heterogeneity was not statistically
significant (quartile 4 vs. quartile 1; < 10 years, OR: 1.17,
95% CI: 1.00, 1.36, P-trend=0.01; 10+years, OR: 0.96,
95% CI: 0.77, 1.19, P-trend=0.80; P-heterogeneity=0.58)
(Supplemental Fig. 3).
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Median prolactin Anova

Characteristic n (ng/mL) Bodlie
PMH use at blood

no PMH use 3551 t { 9.96

PMH use 1290 I { 10.47 <0.001
Age at blood draw (years)

<55 418 k - { 10.44

55-60 1266 | { 10.08

60-65 1325 k { 10.07

65-70 1062 I i 9.91

70+ 767 k { 10.22 0.1
Time between blood and index date (years)

<10 3020 k i 10.15

10+ 1821 I i 9.95 0.57
Adult height (cm)

<1625 2225 | i 9.98

162.5-172.5 2259 k i 10.15

>172.5 355 k ! 10.34 0.59
BMI at blood (kg/m)

<25 2200 I { 10.32

25-30 1668 I i 9.95

>30 940 I { 9.79 0.47
Young adult weight (kg)

<55 2149 k { 10.19

55+ 2281 I i 10.05 0.85
Parity

nulliparous 472 t i 10.86

1-2 births 1902 k { 10.07

3+ births 2443 I i 9.96 <0.001
History of breastfeeding

Some 3444 | i 10.05

None 1335 t ! 10.19 0.04
Plasma E2 concentration (pg/mL)

<3.28 1069 I { 10.19

3.28-5.31 1034 t { 9.62

>5.31 1103 | i 9.75 0.59
Fasting status at blood 1335

Not reported 1255 ; - i 10.11

Fasting 2808 I i 10.25

Non-fasting 777 t i 9.37 <0.001
Percent Mammographic Density

<9.23% 1144 I i 9.68

9.23-19.51% 1111 I i 10.05

>19.51% 1100 I { 10.56 0.01
First degree family history of breast cancer

No family history 4015 k - { 10.08

With family history 826 I i 10.15 0.45
Standardized PRS

<-045 1307 k { 9.99

-0.45-0.41 1273 I { 10.32

>0.41 1246 I i 10.08 0.85

é 1|0 115
Prolactin (ng/mL)

Fig.2 Non-case distribution of prolactin by participant characteristics. Tests for differences were performed using Kruskal-Wallis analysis of variance tests.
Abbreviations: IQR, interquartile range; PMH, postmenopausal hormone; BMI, body mass index; E2, estradiol; PRS, polygenic risk score

Effect modification by participant characteristics and
tumor features

The association of prolactin and postmenopausal breast
cancer risk appeared stronger in PMH users than
non-users. PMH users with the highest plasma pro-
lactin levels had over 50% higher risk of breast cancer

compared to PMH users with the lowest levels (quar-
tile 4 vs. quartile 1, PMH users, OR: 1.58, 95% CI: 1.27,
1.96, P-trend<0.001), with weaker differences observed
in non-users (quartile 4 vs. quartile 1, OR: 1.08, 95% CI:
0.93, 1.27, P-trend=0.11) (P-heterogeneity=0.06) (Fig. 4).
A Wald test for differences in the top quartile point
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Subset case control Odds Ratio (95% CI) p trend p het
Total population i
<7.91 814 1210 . 1.00 (ref)
7.91-10.08 757 1206 e 0.95(0.84 - 1.08)
10.09-13.15 870 1210 H—* 1.07 (0.94 - 1.21)
>13.15 1000 1211 »—-—4 1.20 (1.06 - 1.36) <0.001
Time between blood draw and index date 0.44
< 10 years |
<7.91 639 1016 ' 1.00 (ref)
7.91-10.08 578 1005 —-— 0.96 (0.83 - 1.11)
10.09-13.15 702 1022 —— 1.12(0.97 - 1.29)
>13:15 816 1024 —a— 1.24 (1.08 - 1.43) <0.001
10+ years
<7.91 175 456 i 1.00 (ref)
7.91-10.08 179 480 —t— 0.99 (0.77 - 1.27)
10.09-13.15 168 452 v—l—* 0.96 (0.75 - 1.25)
>13.15 184 431 H—-—« 1.11(0.86 - 1.43) 042
0.66 1 15

Fig. 3 Multivariate-adjusted associations between plasma prolactin (ng/ml) and invasive breast cancer in the pooled sample overall and stratified by
time since blood draw. Models adjusted for age, fasting status, PMH use at blood draw, young adult weight, and family history of breast cancer. Abbrevia-
tions: Cl, confidence interval; SD, standard deviation; p het, p heterogeneity; PMH, postmenopausal hormone

Subset case control Odds Ratio (95% CI) p trend p het
PMH use at blood draw ‘ 0.06
Not using PMH
<7.91 584 879 . 1.00 (ref)
7.91-10.08 546 944 -—-—ﬂ 0.90 (0.77 - 1.05)
10.09-13.15 616 918 —— 1.03 (0.89 - 1.20)
>13.15 551 800 '—-—' 1.08 (0.93 - 1.27) 0.11
Using PMH i
<7.91 230 331 . 1.00 (ref)
7.91-10.08 211 262 r—:—-—« 1.15 (0.90 - 1.48)
10.09-13.15 254 292 —e—  1.24(0.97 - 1.57)
>13.15 449 411 —=— 1.58(1.27 - 1.96) <0.001
BMI at blood draw (kg/m?) 0.06
BMI <25
<7.91 318 510 L] 1.00 (ref)
7.91-10.08 309 567 Coe 0.90 (0.74 - 1.11)
10.09-13.15 413 569 b 1.20 (0.99 - 1.46)
>13.15 487 608 —a— 1.24 (1.03 - 1.50) <0.001
BMI 25-30 5
<7.91 280 443 . 1.00 (ref)
7.91-10.08 268 405 —-— 1.09 (0.88 - 1.36)
10.09-13.15 298 432 ——— 1.07 (0.87 - 1.33)
>13.15 324 393 n—-—« 1.29 (1.04 - 1.60) 0.02
BMI >30 :
<7.91 216 257 -,- 1.00 (ref)
7.91-10.08 180 234 ——— 0.90 (0.68 - 1.18)
10.09-13.15 159 209 —a— 0.92 (0.70 - 1.22)
>13.15 189 210 — 1.08 (0.82 - 1.42) 0.53
0.;56 ; 1?5

Fig. 4 Multivariable-adjusted associations between plasma prolactin (ng/ml) and invasive breast cancer, stratified by PMH use and BMI at blood draw.
Models adjusted for age, fasting status, and PMH use at blood draw (BMI-stratified models only), young adult weight, and family history of breast cancer.
Abbreviations: PMH, postmenopausal hormone; BMI, body mass index; Cl, confidence interval; p het, p heterogeneity; SD, standard deviation
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estimates comparing PMH users and non-users was sta-
tistically significant (P=0.017). Associations were simi-
lar in magnitude among never and former PMH users
(data not shown), and there was insufficient sample size
to examine associations by PMH composition. BMI also
appeared to modify the association, with stronger asso-
ciations observed in those with lower BMIs at blood
draw (quartile 4 vs. quartile 1, BMI<25 kg/m? OR: 1.24,
95% CI: 1.03, 1.50, P-trend=<0.001; BMI 25-30 kg/m?,
OR: 1.29, 95% CI: 1.04, 1.60, P-trend=0.02; BMI>30 kg/
m?, OR: 1.08, 95% CI: 0.82, 1.42, P-trend=0.53; P-het-
erogeneity=0.06) (Fig. 4). However, compared to those
with BMI<25, there was limited statistical evidence for
differences in point estimates across the two other BMI
strata (BMI 25-30, P=0.97; BMI>30, P=0.33). Pro-
lactin associations also appeared to vary by polygenic
breast cancer risk, with associations primarily observed
in those with the highest polygenic risk (quartile 4 vs.
quartile 1; lowest PRS tertile, OR: 1.11, 95% CI: 0.85, 1.44,
P-trend=0.25; middle PRS tertile, OR: 0.99, 95% CI: 0.79,
1.24, P-trend=0.90; highest PRS tertile, OR: 1.35, 95% CI:
1.10, 1.65, P-trend<0.001; P-heterogeneity=0.08) (Sup-
plemental Fig. 4). There was a significant difference in
the top quartile point estimates comparing women with
PRS values in the middle tertile with those in the high-
est tertile (P=0.03). The prolactin association with breast
cancer did not vary across categories of other breast can-
cer risk factors, including family history of breast can-
cer (P-heterogeneity=0.74), circulating estradiol level
tertiles(P-heterogeneity=0.18), mammographic density
tertiles (P-heterogeneity=0.38), breastfeeding history
(P-heterogeneity=0.45), or parity (P-heterogeneity=0.14)
(Supplemental Figs. 4—6).

Prolactin and breast cancer associations did not vary
for ER-positive and ER-negative tumors (P-heterogene-
ity=0.58) (Supplemental Fig. 7). In the analysis of molec-
ular subtypes, although the association appeared stronger
for the subset of women diagnosed with triple-negative
breast cancer, the test for heterogeneity did not reach sta-
tistical significance (quartile 4 vs. quartile 1, Luminal A
OR: 1.15, 95% CI: 0.97, 1.36, P-trend=0.04; Luminal B,
OR: 1.11, 95% CI: 0.80, 1.54, P-trend=0.39; Triple-Nega-
tive OR: 1.54, 95% CI: 1.04, 2.27, P-trend =0.04; P-hetero-
geneity=0.38) (Supplemental Fig. 7).

Discussion

In an international consortium of four prospective stud-
ies of 8,279 postmenopausal women, of whom 3,441 were
diagnosed with invasive breast cancer after enrollment,
we found that plasma prolactin concentrations were
positively associated with postmenopausal breast can-
cer risk. Associations appeared strongest in women with
the highest circulating levels of prolactin, such that those
with prolactin levels above 13 ng/mL had a 20% higher
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risk of breast cancer compared with those with the lowest
levels. Notably, the association was primarily observed in
current PMH users. These findings support prolactin as a
risk factor for postmenopausal breast cancer, particularly
among PMH users.

Considerable research has examined the relationship
between prolactin and breast cancer risk [17-25, 32-35].
Multiple early studies suggested a positive relationship,
but the associations did not reach statistical significance,
likely due to small sample sizes [32—35]. In a study of
1,738 invasive postmenopausal breast cancer cases and
matched controls from the European Prospective Investi-
gation into Cancer and Nutrition cohort, prolactin levels
in the top (vs. bottom) quartile were significantly asso-
ciated with a 29% higher risk of postmenopausal breast
cancer [20]. A similar positive association was found in
a nested case-control study of 1,992 cases from the NHS
and NHSII cohorts (NHS data were included in this
study) [21]. The current analysis, which included nearly
twice the number of postmenopausal cases compared
to any previous study, provides further clarity that post-
menopausal women with higher plasma prolactin con-
centrations are at modestly increased breast cancer risk.

Despite the fairly consistent findings from previous
studies demonstrating a positive association between
prolactin and breast cancer risk in postmenopausal
women [19-21], associations by PMH use have been
inconsistent. In the European Prospective Investiga-
tion into Cancer and Nutrition cohort, the prolactin and
breast cancer association appeared stronger in PMH
users [20]. However, there was no evidence of heteroge-
neity in the NHS and NHSII cohorts [21]. In this much
larger study, we found the association between prolactin
and postmenopausal breast cancer risk to be primarily
observed in current PMH users, with limited evidence
of association in non-PMH users. Interestingly, we also
found potential modification by BMI, a factor that corre-
lates with sex hormone levels in postmenopausal women
[36], further suggesting that prolactin may interact with
other hormones to influence breast cancer risk [2, 37].
For instance, prolactin and progesterone both regulate
several signaling pathways implicated in breast carci-
nogenesis (e.g., JAK/STAT) [37, 38]. In addition, studies
have linked adipocyte prolactin production with cir-
culating levels of adiponectin, interleukin-6, and leptin
[39], proteins that have previously been associated with
PMH use and BMI [40]. Notably, in our study, the asso-
ciation between prolactin and breast cancer was simi-
lar by tumor ER status and across tertiles of circulating
estradiol levels, suggesting that hormones beyond estro-
gen may play a key role. Additional studies investigating
prolactin and breast cancer interactions by PMH compo-
sition and other circulating proteins may provide addi-
tional insights into breast cancer etiology.
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This study is not without limitations. The study popu-
lation was comprised of women of European ancestry.
Future studies should include more racially and ethni-
cally diverse samples to improve generalizability. Simi-
larly, the study sample was restricted to postmenopausal
women. Although these design features limit the gener-
alizability of the study, they play a key role in reducing
potential confounding and providing valid association
estimates. We additionally had only one blood measure-
ment of prolactin for most study participants. Our data
from over 800 participants from two cohorts with pro-
lactin assessed longitudinally over 10 years showed an
ICC of 0.45, indicating that a single measure reasonably
reflects longer-term levels. Of note, this ICC is lower
than those reported for sex steroids such as estradiol and
testosterone over the same time period [41, 42]. Despite
these limitations, this study is strengthened by its large
prospective sample population, precise prolactin assays
and comprehensive harmonization techniques, and
detailed investigation of effect modifiers, several for the
first time.

In summary, we found that women with the high-
est plasma prolactin concentrations had approximately
20% higher breast cancer risk, with associations primar-
ily observed in women reporting current PMH use. This
study contributes to the substantial body of evidence
linking prolactin to postmenopausal breast cancer risk
and helps identify specific groups of women for whom
this association is particularly relevant. Identifying these
groups improves our understanding of breast cancer eti-
ology and can help inform how prolactin might be used
to enhance clinical breast cancer risk assessment models.
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