
eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk

Universities of Leeds, Sheffield and York

Deposited via The University of Sheffield.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/204281/

Version: Published Version

Article:

Wichert, K., Hoppe, R., Ickstadt, K. et al. (2023) Polymorphisms in genes of melatonin 
biosynthesis and signaling support the light-at-night hypothesis for breast cancer. 
European Journal of Epidemiology, 38. pp. 1053-1068. ISSN: 0393-2990 

https://doi.org/10.1007/s10654-023-01048-7

Reuse 

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence 
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the 
authors for the original work. More information and the full terms of the licence here: 
https://creativecommons.org/licenses/ 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 

mailto:eprints@whiterose.ac.uk
https://doi.org/10.1007/s10654-023-01048-7
https://eprints.whiterose.ac.uk/id/eprint/204281/
https://eprints.whiterose.ac.uk/


Vol.:(0123456789)1 3

European Journal of Epidemiology (2023) 38:1053–1068 

https://doi.org/10.1007/s10654-023-01048-7

CANCER

Polymorphisms in genes of melatonin biosynthesis and signaling 
support the light‑at‑night hypothesis for breast cancer

Katharina Wichert1  · Reiner Hoppe2,3 · Katja Ickstadt4 · Thomas Behrens1 · Stefan Winter2,3 · Robert Herold5 · 

Claudia Terschüren5 · Wing‑Yee Lo6 · Pascal Guénel7 · Thérèse Truong7 · Manjeet K. Bolla8 · Qin Wang8 · Joe Dennis8 · 

Kyriaki Michailidou9,10,8 · Michael Lush8 · Irene L. Andrulis11,12 · Hermann Brenner13,14,15 · Jenny Chang‑Claude16,17 · 

Angela Cox18 · Simon S. Cross19 · Kamila Czene20 · Mikael Eriksson20 · Jonine D. Figueroa21,22,23 · 

Montserrat García‑Closas23 · Mark S. Goldberg24,25 · Ute Hamann26 · Wei He20 · Bernd Holleczek27 · 

John L. Hopper28 · Anna Jakubowska29,30 · Yon‑Dschun Ko31 · Jan Lubiński29 · Anna Marie Mulligan32,33 · 

Nadia Obi34 · Valerie Rhenius35 · Mitul Shah35 · Xiao‑Ou Shu36 · Jacques Simard37 · Melissa C. Southey38,39,40 · 

Wei Zheng36 · Alison M. Dunning35 · Paul D. P. Pharoah35,8 · Per Hall20,41 · Douglas F. Easton35,8 · Thomas Brüning1 · 

Hiltrud Brauch2,3,42,43 · Volker Harth5 · Sylvia Rabstein1

Received: 23 January 2023 / Accepted: 30 August 2023 / Published online: 3 October 2023 

© The Author(s) 2023

Abstract

Light-at-night triggers the decline of pineal gland melatonin biosynthesis and secretion and is an IARC-classified probable 
breast-cancer risk factor. We applied a large-scale molecular epidemiology approach to shed light on the putative role of 
melatonin in breast cancer. We investigated associations between breast-cancer risk and polymorphisms at genes of melatonin 
biosynthesis/signaling using a study population of 44,405 women from the Breast Cancer Association Consortium (22,992 
cases, 21,413 population-based controls). Genotype data of 97 candidate single nucleotide polymorphisms (SNPs) at 18 
defined gene regions were investigated for breast-cancer risk effects. We calculated adjusted odds ratios (ORs) and 95% 
confidence intervals (CI) by logistic regression for the main-effect analysis as well as stratified analyses by estrogen- and 
progesterone-receptor (ER, PR) status. SNP-SNP interactions were analyzed via a two-step procedure based on logic regres-
sion. The Bayesian false-discovery probability (BFDP) was used for all analyses to account for multiple testing. Noteworthy 
associations (BFDP < 0.8) included 10 linked SNPs in tryptophan hydroxylase 2 (TPH2) (e.g. rs1386492: OR = 1.07, 95% CI 
1.02–1.12), and a SNP in the mitogen-activated protein kinase 8 (MAPK8) (rs10857561: OR = 1.11, 95% CI 1.04–1.18). The 
SNP-SNP interaction analysis revealed noteworthy interaction terms with TPH2- and MAPK-related SNPs (e.g.  rs1386483R 
∧  rs1473473D ∧  rs3729931D: OR = 1.20, 95% CI 1.09–1.32). In line with the light-at-night hypothesis that links shift work 
with elevated breast-cancer risks our results point to SNPs in TPH2 and MAPK-genes that may impact the intricate network 
of circadian regulation.

Keywords TPH2 · MAPK8 · Serotonin biosynthesis · Circadian rhythm · Shift work

Introduction

Breast cancer is the most common cancer and the leading 
cause of cancer death for women worldwide with a higher 
incidence among women in developed countries [1]. Besides 
several reproductive and lifestyle-associated risk factors 

[2], exposure to light-at-night has been suggested to pro-
mote breast cancer [3]. In 2007, the International Agency 
for Research on Cancer (IARC) classified shift work that 
includes circadian disruption as probably carcinogenic to 
humans (group 2A) [4]. In their 2019 re-evaluation the 
IARC confirmed and specified this classification to night-
shift work. Studies on the effects of light in animal bioas-
says were key to this evaluation [5]. Although risk estimates 
between epidemiological studies vary due to different expo-
sure assessments and study populations, a large pooled 
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analysis of case–control studies confirmed the association 
between a high number of night shifts and breast cancer [6].

The circadian system is orchestrated by a multisynaptic 
pathway that is governed by a master clock, the suprachias-
matic nucleus (SCN), located in the hypothalamus. Follow-
ing photic input, the pathway is set into operation via the 
retino-hypothalamic tract by intrinsically photosensitive reti-
nal ganglion cells. The light signal is directly projected into 
the SCN to finally synapse with the pineal gland via complex 
networks including the sympathetic nervous system, supe-
rior cervical ganglions as well as other participating hypo-
thalamic areas (paraventricular nucleus, PVN) [7, 8]. In the 
circadian clock, mitogen-activated protein kinase (MAPK) 
pathways function both as input pathways to maintain or 
reset the oscillator to 24 h environmental cycles, and output 
pathways that connect the timekeeping oscillator through 
control of the expression of a large number of functionally 
related genes [9]. Several variants in circadian genes have 
been linked to general breast-cancer susceptibility [10, 11].

Melatonin (N-acetyl-5-methoxytryptamine) is the key-
player for this synchronization of bodily circadian rhythms. 
Its biosynthesis follows a multistep process starting with the 
hydroxylation of the precursor molecule L-tryptophan cata-
lyzed by tryptophan hydroxylase (TPH). Decarboxylation of 
5-hydroxy-L-tryptophan by L-aromatic amino acid decar-
boxylase (AADC) results in the neurotransmitter serotonin, 
the acetylation of which by aralkylamine N-acetyltransferase 
(AANAT) and methylation by N-acetylserotonin O-methyl-
transferase (ASMT, alias HIOMT) finally yields melatonin 
[12]. During darkness, AANAT activity increases via phos-
phorylation thereby blocking its proteasomal proteolysis, 
and its high affinity to serotonin leads to a strong increase in 
melatonin production [12].

Melatonin is mainly secreted from the pineal gland upon 
photic neural input, but also produced by other ocular tissues 
such as photoreceptors and ciliary body epithelium, albeit 
to a lesser extent, as well as other bodily tissues [13, 14]. 
With its secretion being affected by the light–dark cycle, 
melatonin synchronizes bodily circadian rhythms relevant to 
many endogenous processes including the production of sex 
hormones [15, 16]. The desynchronization of SCN activity 
either by day length or timing/phasing of light exposure con-
sequently affects the production of melatonin by the pineal 
gland and is referred to as circadian disruption [3, 17].

The light-at-night-associated breast-cancer risk has been 
attributed to a reduced nocturnal biosynthesis and lower 
secretion of melatonin [3, 17]. In particular, an increased 
risk for hormone-sensitive breast cancer has been mechanis-
tically accredited to a modified crosstalk between melatonin-
receptor and estrogen-receptor pathways triggered upon 
reduced melatonin and modulated estrogen exposure [18]. 
Here we investigated the putative contribution of genetic 
polymorphisms of key enzymes of melatonin biosynthesis 

and signaling to the risk of developing breast cancer, and 
highlight a cooperative role in favor of this risk based on a 
large international association study of more than 44,000 
breast-cancer cases and controls.

Material and methods

Study population

We screened 106,621 breast-cancer cases and control sub-
jects with available pheno- and genotype data deposited in 
the database of the Breast Cancer Association Consortium 
(BCAC) [19, 20] at the University of Cambridge. Exclu-
sion criteria at the study and individual level are specified 
in Fig. 1. Studies were not included if reference age (age 
at diagnosis for cases, age at interview for controls) was 
missing in > 30% of the study participants, relevant epide-
miological variables were not recorded, or controls were not 
population-based or a case-only design was used. All sub-
jects had to be women as well as of European descent, and 
cases were required to have a diagnosis of primary breast 
cancer. Based on these criteria, 44,405 eligible women 
(22,992 cases and 21,413 controls) from 14 population-
based case–control studies were included in the analysis. 
Individual study descriptions are given in Supplementary 
table S1. All studies were approved by local ethics commit-
tees and all participants gave informed consent.

Polymorphisms and genotype data

We focused on 97 single nucleotide polymorphisms (SNPs) 
at 18 genes including melatonin biosynthesis (e.g. TPH1 
and TPH2), melatonin receptors (MTNR1A and MTNR1B) 
as well as various MAP kinases (e.g. MAP2K1, MAP2K2, 
MAPK1, MAPK8). All 97 SNPs are listed in Supplementary 
table S2 together with their characteristics in the study pop-
ulation. Corresponding genotypes were retrieved from the 
BCAC database Cambridge. They were previously gener-
ated within the framework of the Collaborative Oncological 
Gene-environment Study (COGS) using a custom Illumina 
iSelect array with 211,155 SNPs as described elsewhere 
[19]. For the SNP selection, all available SNPs on the array 
at the aforementioned genes were considered.

Statistical analysis

Quality criteria

We checked for Hardy–Weinberg-Equilibrium (HWE) by 
Χ2-tests and analyzed the heterogeneity between studies by 
calculating Cochran’s Q for the heterozygous and homozy-
gous rare genotypes for each SNP (Suppl. table S2). To 
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consider multiple testing, we used 0.05 divided by the num-
ber of analyzed SNPs as threshold for p values.

Main‑effect analysis and confounder selection

For the main-effect analysis of each SNP, we estimated 
odds ratios (ORs) and 95% confidence intervals (CIs) for 
each SNP assuming different genetic models (dominant, 
recessive, and additive model). All models were adjusted 
for reference age, study, and a set of eight principal com-
ponents to consider a possible population stratification 
effect. Furthermore, we adjusted these models for parity 
(nulliparous/1+ full term pregnancies/unknown), breast-
feeding status (never/ever/unknown), smoking status (never/
ever/unknown), and current use of estrogen-progesterone 
combined menopausal hormone therapy (MHT) (no/yes/
unknown). Regarding menopausal hormone therapy, cur-
rent use was defined as ‘use at reference date or within six 
months prior to the reference date’. Missing values in cat-
egorical covariates were coded as ‘unknown’. In a sensitiv-
ity analysis, we additionally adjusted the models for meno-
pausal status (pre- and peri-menopausal/post-menopausal/
unknown). Post-menopausal was defined as ‘last menstrua-
tion more than 12 months before the reference date’. We 
also calculated ORs separately for estrogen-receptor (ER) 
positive/negative (ER±) and progesterone-receptor (PR) 
positive/negative (PR±) cases.

Interaction analyses with logic regression

To analyze interactions between SNPs, we used a two-staged 
procedure based on logic regression models [21]. In short, 
a logic regression model is a so-called logic tree embed-
ded in a generalized linear model. The logic tree consists of 
binary covariates linked by logic expressions with the AND-
expression (conjunction) representing interactions (notation 
of interactions: A ∧ B (A and B); C ∧ !D (C and not D)). 
An optimization algorithm is used to select interactions for 
the logic tree. Here, we used the logit as link function of 
the framing generalized linear model with the case–control 
status as outcome and the simulated annealing algorithm 
to select interactions for the logic tree as independent vari-
able. To express SNP-SNP interactions in logic regression 
models, SNP coding in the dominant and recessive genetic 
model was required [21].

In the first stage of our procedure, we selected interac-
tions for the logic tree by using the logic Feature Selection 
(logicFS) algorithm to avoid overfitting [21]. Here, we used 
logicFS to fit 100 logic regression models from bootstrap 
samples and to calculate a variable importance measure for 
the multiple tree approach based on the number of correctly 
classified out-of-bag observations for each bootstrap sample 
for every interaction consisting of up to six terms included 
in these models [21]. We ran the algorithm three times with 
a different random seed and selected the 20 most important 

BCAC database: 

N = 106,621 women

55,604 breast-cancer cases and 51,017 controls

with phenotype and genotype data

N = 44,405

women

N = 21,413

controls

N = 22,992

breast-cancer cases

Subjects excluded by individual criteria (total N = 18,473):

N = 677 recurrent cases

N = 15 cases with unknown index tumor

N = 1,535 individuals with unknown sex

N = 16,246 women without European descent

Subjects excluded by study criteria (total N = 43,743):

N = 1,457 cohort studies

N = 958 no epidemiologic variables 

N = 136 case-only studies

N = 5,599 studies with >30% missing values in cases or controls for reference age

N = 35,593 controls not population-based

Fig. 1  Flow chart of BCAC data set for the inclusion of case-control studies in the analysis, detailed information on individual studies is pro-
vided in Suppl. table S1
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interactions each. In the second stage, we fitted individual 
adjusted logistic regression models with the selected terms.

To account for multiple testing and an increased type 
I error rate, we calculated the Bayesian false-discovery 
probability (BFDP) for SNPs/interaction terms with a p 
value < 0.05 in the adjusted models, assuming a four-fold 
cost of a false non-discovery compared to a false discovery 
as suggested by Wakefield [22]. Effects with BFDP < 0.8 are 
termed noteworthy. We calculated the BFDP for three differ-
ent prior probabilities (0.1, 0.05, 0.01) for a true association 
and the OR corresponding to the 97.5% quantile of the prior 
OR was set to 1.2 for positive associations and to 0.83 for 
negative associations. Linkage disequilibrium was checked 
for noteworthy SNPs.

The statistical software R, version 3.4.2, was used for all 
calculations [23]. The R-packages ‘logicFS’ and ‘LogicReg’ 
were used for the interaction analysis [24, 25]. All statisti-
cal models were fitted as complete-case analyses, including 
the category ‘unknown’ for missing values in categorical 
variables, therefore the number of individuals available for 
calculations varied respectively. This also accounts for slight 
differences in ORs between the main-effect analysis and the 
interaction analysis, when an interaction term consists of 
only one SNP.

Results

The study population of 44,405 women was contributed 
by 14 case–control studies (Suppl. table S1) of which the 
smallest study comprised 243 women (NBHS) and the larg-
est 16,746 women (SEARCH). Among the eligible 22,992 
cases and 21,413 controls, the mean reference age was 56 
years for cases and 57 years for controls with a standard 
deviation of 10 and 9 years, respectively. Most women had 
at least one full term pregnancy (76%) and nearly 50% had 
ever breastfed (Table 1).

Most of the 97 analyzed SNPs had very few missing 
values, with a maximum of 4% for rs10217741 (RORB). 
The minor allele frequency (MAF) in controls ranged from 
2–49%. Detailed information for all SNPs is provided in 
Supplementary table S2. HWE was not met for rs10765576 
(MTNR1B) and rs14303 (MAP2K1), and therefore, these 
polymorphisms were not followed up further.

Main‑effect analysis

Noteworthy associations (BFDP < 0.8) between individual 
SNPs and breast-cancer risk have been identified particu-
larly for TPH2 intronic polymorphisms. ORs (95% CIs) 
of individual SNPs with a p value < 0.05 and respective 
BFDPs with different priors (0.1, 0.05, and 0.01) for an 
effect in the adjusted dominant or recessive model are 

given in Table 2. ORs and CIs for all SNPs and mod-
els are given in Supplementary table S3. The largest OR 
(adjusted for study, reference age, parity, breast feeding, 
smoking status, current intake of estrogen-progesterone 
MHT, and principle components) was observed for reces-
sive rs10857561 (MAPK8, OR = 1.11, 95% CI 1.04–1.18, 
BFDP < 0.8 at prior 0.01). Increasing the prior to 0.05 also 
revealed eight linked noteworthy dominant TPH2 SNPs 
(rs7300641, rs1386492, rs1473473, rs4760751, rs1487276, 
rs1386489, rs1487281, rs7299582) with similar adjusted 
ORs around 1.07 (95% CIs 1.02–1.12) in the dominant 
model. At a prior of 0.1, protective effects were revealed 
for two TPH2 SNPs in the recessive model (rs17110627, 
OR = 0.91, 95% CI 0.83–0.99; and rs2129575, OR = 0.91, 
95% CI 0.83–0.99), as well as recessive rs13515 (MAPK1, 
OR = 0.89, 95% CI 0.79–0.99). Recessive rs7075976 
(MAPK8, OR = 1.06, 95% CI 1.01–1.12) was also note-
worthy. The additive model showed similar results (Suppl. 
table S3). A sensitivity analysis with additional adjustment 
for menopausal status did not change the results. When 
we compared our results with those obtained in the meta 
GWAS analysis, none of the noteworthy SNP associations 
reported here were identified at the genome wide associa-
tion level (5E-08) [20, 26, 27].

Analysis by tumor hormone‑receptor status

Tumor hormone-receptor status was ER-positive (ER+) for 
14,724 patients and ER-negative (ER−) for 3516 patients, 
as well as PR-positive (PR+) for 10,016 patients and PR-
negative (PR−) for 4,768 patients (Table 1). Noteworthy 
breast-cancer risk associations (BFDP < 0.8) in the ER+ , 
ER−, PR+ , and PR− subgroups for the dominant and reces-
sive model are listed in Table 3. Results for all SNPs and 
models are given in Supplementary table S4. None of the 
four tumor-hormone-receptor subgroups showed noteworthy 
associations at a prior of 0.01. At a prior of 0.05, six SNPs 
showed noteworthy associations. These comprised MAPK8 
SNP rs10857561 in the ER+ subgroup (OR = 1.10, 95% CI 
1.02–1.18; recessive model) and two tightly linked TPH2 
SNPs rs7300641 and rs1386492 in the PR+ group (both: 
OR = 1.07, 95% CI 1.02–1.13; dominant model). In the 
ER− subgroup the two linked TPH2 SNPs rs1473473 and 
rs1487276 (both: OR = 1.12, 95% CI 1.04–1.22; dominant 
model) and the RORA SNP rs17237290 (OR = 0.85, 95% CI 
0.73–0.97; dominant model) showed noteworthy associa-
tions, while none of the associations in the PR− subgroup 
were noteworthy at prior 0.05. Besides rs17237290, the 
variants mentioned above were also noteworthy in the main 
analysis at prior 0.05 under the identical genetic models. At 
a prior of 0.1, in total 25 noteworthy associations of 19 SNPs 
were observed for all four breast cancer subtypes.
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Table 1  Characteristics of the study population composed of 14 eligible case-control studies from the BCAC data base

Total ABCFS CECILE ESTHER GENICA MARIE MTLGEBCS NBHS OFBCR

Cases Con-
trols

Cases Con-
trols

Cases Con-
trols

Cases Con-
trols

Cases Con-
trols

Cases Con-
trols

Cases Con-
trols

Cases Con-
trols

Cases Controls

N 22,992 21,413 770 492 1,016 994 475 502 465 427 1,816 1,778 408 360 125 118 1,056 495

Reference age [years] 
(mean (SD))

56 (10) 57 (9) 40 
(7)

42 (9) 54 
(11)

55 (11) 61 
(9)

62 (7) 57 
(11)

57 (12) 62 (6) 62 (6) 62 
(6)

61 (6) 53 
(11)

53 (11) 53 
(10)

52 (9)

Parity (n)

  Nulliparous
  1+ full term  

pregnancies
  Unknown

2,962
16,580
3,450

2,094
17,135
2,184

185
585
0

119
373
0

109
907
0

66
928
0

53
421
1

44
451
7

80
385
0

86
341
0

292
1,524
0

268
1,510
0

0
0
408

0
0
360

0
0
125

0
0
118

299
757
0

77
418
0

Ever breastfed (n)

  No
  Yes
  Unknown

5,469
11,536
5,987

4,214
10,320
6,879

278
492
0

169
323
0

410
466
140

349
500
145

53
269
153

50
301
151

215
247
3

184
243
0

661
1,155
0

601
1,177
0

0
0
408

0
0
360

0
0
125

0
0
118

548
508
0

203
292
0

Family history of breast 
cancer (n)

  No
  Yes
  Unknown

16,581
3,920
2,491

14,993
1,864
4,556

631
139
0

455
37
0

782
178
56

837
97
60

351
74
50

371
43
88

404
61
0

397
30
0

1,470
303
43

1,517
213
48

305
103
0

306
54
0

100
25
0

93
25
0

626
429
1

433
54
8

Ever smoking (n)

  No
  Yes
  Unknown

6,279
6,601
10,112

8,202
7,408
5,803

348
421
1

235
257
0

617
399
0

601
393
0

297
175
3

325
166
11

270
195
0

225
202
0

989
827
0

950
827
1

0
0
408

0
0
360

0
0
125

0
0
118

424
479
153

239
256
0

Menopausal status (n)

  Pre-/peri-menopausal
  Post-menopausal
  Unknown

5,851
12,933
4,208

5,526
12,167
3,720

534
139
97

220
129
143

375
577
64

341
593
60

50
412
13

25
454
23

128
331
6

118
304
5

221
1,595
0

176
1,602
0

0
0
408

0
0
360

10
26
89

17
23
78

189
714
153

217
278
0

Current use of  
estrogen-progesterone 
combined therapy (n)

  No
  Yes
  Unknown

10,725
1,168
11,099

10,788
739
9,886

707
0
63

416
0
76

875
76
65

853
63
78

190
0
285

220
0
282

419
45
1

386
41
0

1,306
505
5

1,397
373
8

0
0
408

0
0
360

20
0
105

23
0
95

543
0
513

282
0
213

Tumor: ER status (n)

  Positive (ER+)
  Negative (ER−)
  Unknown

14,724
3,516
4,752

447
254
69

805
141
70

302
98
75

336
119
10

1,347
400
69

353
53
2

0
125
0

595
250
211
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Table 1  (continued)

Total ABCFS CECILE ESTHER GENICA MARIE MTLGEBCS NBHS OFBCR

Cases Con-
trols

Cases Con-
trols

Cases Con-
trols

Cases Con-
trols

Cases Con-
trols

Cases Con-
trols

Cases Con-
trols

Cases Con-
trols

Cases Controls

Tumor: PR status (n)

  Positive (PR+)
  Negative (PR−)
  Unknown

10,016
4,768
8,208

500
201
69

665
271
80

260
135
80

313
142
10

1,141
605
70

303
102
3

0
125
0

504
322
230

PBCS pKARMA SASBAC SBCS SEARCH SZBCS

Cases Controls Cases Controls Cases Controls Cases Controls Cases Controls Cases Controls

N 519 424 5,335 5,226 1,148 1,378 818 840 8,682 8,064 359 315

Reference age [years] (mean (SD)) 56 (10) 56 (10) 58 (10) 53 (10) 63 (6) 63 (6) 59 (12) 57 (6) 54 (9) 58 (9) 56 (11) 57 (10)

Parity (n)

  Nulliparous
  1+ full term pregnancies
  Unknown

85
434
0

42
382
0

817
4,470
48

196
4,553
477

164
984
0

133
1,245
0

123
695
0

99
741
0

755
5,418
2,509

964
6,193
907

0
0
359

0
0
315

Ever breastfed (n)

  No
  Yes
  Unknown

174
345
0

107
317
0

950
4,207
178

556
4,102
568

206
827
115

180
961
237

202
192
424

179
183
478

1,772
2,828
4,082

1,636
1,921
4,507

0
0
359

0
0
315

Family history of breast cancer (n)

  No
  Yes
  Unknown

473
46
0

395
29
0

4,189
979
167

4,196
560
470

0
176
972

0
116
1,262

701
117
0

758
82
0

6,363
1,251
1,068

5,218
524
2,322

186
39
134

17
0
298

Ever smoking (n)

  No
  Yes
  Unknown

222
297
0

203
220
1

2,186
3,095
54

2,401
2,816
9

650
498
0

793
585
0

182
109
527

440
400
0

36
29
8617

1,790
1,286
4,988

58
77
224

0
0
315

Menopausal status (n)

  Pre-/peri-menopausal
  Post-menopausal
  unknown

128
391
0

122
302
0

1,284
3,918
133

2,397
2,645
184

1
1,147
0

5
1,373
0

268
548
2

268
572
0

2,639
3,105
2,938

1,620
3,892
2,552

24
30
305

0
0
315

Current use of estrogen-progesterone 
combined therapy (n)

  No
  Yes
  Unknown

438
54
27

374
25
25

4,639
270
426

4,446
65
715

909
218
21

1,166
172
40

634
0
184

469
0
371

45
0
8,637

756
0
7,308

0
0
359

0
0
315
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Interaction analysis

The 20 most important interaction terms each from three 
different starting seeds for the logicFS algorithm resulted in 
53 unique interactions terms (Suppl. table S5). The adjusted 
logistic regression models for these terms yielded ten inter-
action terms with a p-value < 0.05 (Suppl. table S6), hence 
suitable for BFDP calculation.

With a prior probability for an effect of 0.01, we found 
three noteworthy interaction terms in the adjusted mod-
els (BFDP < 0.8, Table 4):  rs10857561R ∧ !rs1347069D 
(OR = 1.15, 95% CI 1.05–1.25),  rs10857561R, (OR = 1.11, 
95% CI 1.04–1.18), and  rs1386483R ∧  rs1473473D ∧ 
 rs3729931D (OR = 1.20, 95% CI 1.09–1.32). With increased 
priors of 0.05 and 0.1, in total six and eight interaction terms 
reached noteworthiness, respectively. All noteworthy inter-
actions (all priors) included at least one SNP that showed 
noteworthy associations, respectively, in the main effect 
analysis (TPH2: rs1386489, rs1473473, rs7299582; MAPK8: 
rs10857561, rs7075976).

Discussion

This hypothesis-based breast-cancer association study 
focused on the putative role of modulators of the pineal 
gland hormone melatonin and their potential influence on 
breast-cancer risk. In line with the light-at-night hypothesis, 
according to which altered light-induced nocturnal mela-
tonin production and signaling increases the risk of breast 
cancer [3], our findings point to a cooperative role of genetic 
variations that may modulate serotonergic brain networks 
and/or the signaling of melatonin within the context of 
breast-cancer susceptibility.

The strongest observed risk effects were driven by vari-
ous interactions of polymorphisms at TPH2 and MAPK 
genes (MAPK8, MAP2K1, RAF1). The triple interaction of 
TPH2 rs1386483 and rs1473473 as well as RAF1 rs3729931 
increased breast-cancer risk by 20%, a dual interaction of 
MAPK8 rs10857561 and MAP2K1 rs1347069 by 15%, and 
MAPK8 rs10857561 alone by 11% (all observed at a prior 
probability of 0.01). In most instances, risk effects were evi-
dent at the individual SNP level both, in main and stratified 
risk analyses by hormone-receptor status. To the best of our 
knowledge and based on the combined iCOGs/Oncoarray 
meta-analysis of the BCAC cohort [20] as well as the Cata-
logue of Curated Breast Cancer Genes [28], these breast-
cancer risk associations are newly described. Yet, some 
TPH2 polymorphisms have been reported in the literature 
within the context of psychiatric disorder related endpoints 
such as antidepressant response and GABA concentration, 
conditions in which effects of serotonin are underlying bio-
logical mechanisms [29, 30].Ta
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The involvement of TPH2 as a putative breast cancer sus-
ceptibility locus is plausible, as the enzyme is exclusively 
expressed in neuronal cells of the central nervous system 
where it catalyzes the rate limiting step in serotonin (5-HT) 
biosynthesis, the chemical precursor of melatonin [31]. Its 
pertinent role in females has been inferred from expression 
studies of post mortem brain tissues in which female tha-
lamic and hypothalamic brain showed higher TPH2 mRNA 
expression levels compared to male counterparts [32], 

thereby highlighting the critical role of an intact serotonergic 
pathway for female neurohormone/neurotransmitter produc-
tion. In general, TPH2 is present in various brain regions 
with particular abundance in the major central serotonergic 
neuronal networks that localize to median and dorsal raphe 
nuclei in the brainstem known to participate in basal func-
tions such as temperature regulation, feeding and energy 
balance, as well as mood and sleep [33, 34]. The synthesis 
and periodical secretion of serotonin from these brain stem 

Table 2  Breast-cancer risk associations and Bayesian false-discovery probability (BFDP, bold text indicates BFDP < 0.8) of individual SNPs 
with p values < 0.05 in adjusted dominant and recessive logistic regression models*, sorted by  ORb

BFDP Bayesian false-discovery probability, OR Odds ratio, CI Confidence interval

Chromosome and position (GRCh38.p13): For example, chr9:91,426,574: A:G indicates chromosome 9, base pair location 91,426,574, referent 
allele A, variant allele G;
a Adjusted for study, reference age and eight principal components
b Adjusted for study, reference age, parity, breast feeding, smoking status, current intake of estrogen-progesterone MHT, and eight principal com-
ponents

*Supplementary table S3 provides an overview of all models for the main analysis
# , $, §, %, and † mark SNPs that are pairwise linked  (r2 > 0.95) in controls: # rs7300641 and rs1386492; $ rs1473473 and rs1487276; § rs4760751, 
rs1386489, rs1487281, and rs7299582

SNP Nearest gene Chromosome, 
position (GRCh38.
p13), and referent/
variant alleles

ORa (95% CI) p value  ORa ORb (95% CI) p value  ORb BFDP for  ORb  
Prior probability for 
effect (β ≠ 0)

0.1 0.05 0.01

dominant

rs7300641# TPH2 chr12:71,974,791: 
C:A

1.046 (1.005–
1.089)

0.0290 1.071 (1.025–
1.119)

0.0023 0.3113 0.4883 0.8326

rs1386492# TPH2 chr12:71,968,485: 
A:G

1.046 (1.005–
1.089)

0.0282 1.070 (1.024–
1.118)

0.0026 0.3393 0.5202 0.8496

rs1473473$ TPH2 chr12:72,010,598: 
A:G

1.050 (1.009–
1.094)

0.0168 1.066 (1.020–
1.114)

0.0042 0.4562 0.6391 0.9022

rs4760751§ TPH2 chr12:71,984,138: 
G:A

1.040 (0.997–
1.084)

0.0698 1.066 (1.018–
1.116)

0.0064 0.5240 0.6992 0.9237

rs1487276$ TPH2 chr12:72,011,279: 
G:A

1.050 (1.008–
1.093)

0.0184 1.065 (1.019–
1.113)

0.0049 0.4855 0.6658 0.9121

rs1386489§ TPH2 chr12:71,955,510: 
A:G

1.040 (0.998–
1.085)

0.0635 1.065 (1.017–
1.115)

0.0072 0.5509 0.7214 0.9310

rs1487281§ TPH2 chr12:71,986,242: 
A:C

1.036 (0.994–
1.081)

0.0950 1.062 (1.014–
1.112)

0.0101 0.6267 0.7799 0.9486

rs7299582§ TPH2 chr12:71,962,534: 
A:G

1.037 (0.994–
1.081)

0.0915 1.062 (1.014–
1.112)

0.0101 0.6267 0.7799 0.9486

rs17110627 TPH2 chr12:71,996,615: 
G:A

0.967 (0.931–
1.005)

0.0844 0.958 (0.919–
0.998)

0.0412 0.8461 0.9207 0.9837

recessive

rs10857561 MAPK8 chr10:48,400,595: 
G:A

1.118 (1.056–
1.184)

0.0001 1.106 (1.039–
1.177)

0.0016 0.2344 0.3926 0.7710

rs7075976 MAPK8 chr10:48,406,234: 
A:G

1.064 (1.015–
1.116)

0.0097 1.064 (1.010–
1.120)

0.0193 0.7110 0.8385 0.9644

rs2129575 TPH2 chr12:71,946,293: 
C:A

0.932 (0.859–
1.012)

0.0932 0.907 (0.830–
0.991)

0.0314 0.7572 0.8682 0.9717

rs17110627 TPH2 chr12:71,996,615: 
G:A

0.940 (0.868–
1.018)

0.1268 0.905 (0.829–
0.987)

0.0235 0.7246 0.8475 0.9666

rs13515 MAPK1 chr22:21,761,597: 
G:A

0.930 (0.840–
1.031)

0.1678 0.886 (0.792–
0.991)

0.0341 0.7713 0.8769 0.9738
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Table 3  Breast-cancer risk associations and Bayesian false-discovery probability (BFDP, bold text indicates BFDP < 0.8) of individual SNPs with p values < 0.05 in adjusted logistic regression 
models for dominant or recessive models* stratified by tumor hormone-receptor status, each subgroup sorted by  ORb

SNP Nearest gene Chromosome, position (GRCh38.
p13), and referent/variant alleles

ORa (95% CI) p value  ORa ORb (95% CI) p value  ORb BFDP for  ORb  
Prior probability for effect 
(β ≠ 0)

0.1 0.05 0.01

ER+ dominant

rs7300641 TPH2 chr12:71,974,791: C:A 1.032 (0.986–1.081) 0.1704 1.063 (1.012–1.117) 0.0147 0.6935 0.8269 0.9614

rs1386492 TPH2 chr12:71,968,485: A:G 1.033 (0.987–1.081) 0.1685 1.063 (1.011–1.117) 0.0159 0.6934 0.8269 0.9614

rs1473473 TPH2 chr12:72,010,598: A:G 1.034 (0.987–1.082) 0.1564 1.054 (1.003–1.107) 0.0375 0.8156 0.9033 0.9799

rs1487276 TPH2 chr12:72,011,279: G:A 1.033 (0.987–1.081) 0.1617 1.053 (1.002–1.106) 0.0414 0.8268 0.9097 0.9813

recessive

rs7032571 NFIL3 chr9:91,428,391: A:G 1.183 (1.043–1.342) 0.0090 1.150 (1.003–1.317) 0.0446 0.8021 0.8954 0.9781

rs10857561 MAPK8 chr10:48,400,595: G:A 1.107 (1.037–1.181) 0.0021 1.097 (1.023–1.177) 0.0095 0.5810 0.7453 0.9385

rs1470747 DDC chr7:50,559,312: G:A 0.917 (0.838–1.004) 0.0602 0.902 (0.819–0.994) 0.0373 0.7798 0.8820 0.9750

PR+ dominant

rs7300641 TPH2 chr12:71,974,791: C:A 1.053 (1.000–1.110) 0.0520 1.074 (1.016–1.134) 0.0109 0.6005 0.7604 0.9430

rs1386492 TPH2 chr12:71,968,485: A:G 1.053 (1.000–1.110) 0.0518 1.073 (1.016–1.133) 0.0117 0.6205 0.7754 0.9473

rs4760751 TPH2 chr12:71,984,138: G:A 1.047 (0.991–1.106) 0.0993 1.063 (1.004–1.126) 0.0354 0.8070 0.8983 0.9787

rs1386489 TPH2 chr12:71,955,510: A:G 1.047 (0.992–1.106) 0.0970 1.062 (1.003–1.125) 0.0381 0.8167 0.9039 0.9800

rs1473473 TPH2 chr12:72,010,598: A:G 1.052 (0.998–1.108) 0.0596 1.060 (1.002–1.120) 0.0377 0.8126 0.9015 0.9795

rs1487276 TPH2 chr12:72,011,279: G:A 1.052 (0.998–1.108) 0.0592 1.059 (1.003–1.119) 0.0388 0.8225 0.9072 0.9808

rs7299582 TPH2 chr12:71,962,534: A:G 1.043 (0.988–1.102) 0.1272 1.059 (1.001–1.122) 0.0472 0.8424 0.9186 0.9833

recessive

rs7032571 NFIL3 chr9:91,428,391: A:G 1.216 (1.054–1.402) 0.0072 1.190 (1.025–1.381) 0.0224 0.7467 0.8616 0.9701

rs10857561 MAPK8 chr10:48,400,595: G:A 1.090 (1.012–1.175) 0.0238 1.092 (1.010–1.181) 0.0276 0.7466 0.8615 0.9701

ER− dominant

rs1473473 TPH2 chr12:72,010,598: A:G 1.109 (1.025–1.198) 0.0095 1.124 (1.036–1.220) 0.0051 0.4596 0.6423 0.9034

rs1487276 TPH2 chr12:72,011,279: G:A 1.109 (1.026–1.198) 0.0095 1.124 (1.036–1.220) 0.0052 0.4596 0.6423 0.9034

rs4760751 TPH2 chr12:71,984,138: G:A 1.075 (0.991–1.165) 0.0823 1.099 (1.009–1.197) 0.0294 0.7560 0.8674 0.9715

rs1386489 TPH2 chr12:71,955,510: A:G 1.071 (0.988–1.161) 0.0975 1.095 (1.005–1.192) 0.0375 0.7782 0.8810 0.9747

rs7299582 TPH2 chr12:71,962,534: A:G 1.067 (0.984–1.158) 0.1159 1.091 (1.002–1.188) 0.0460 0.8035 0.8962 0.9783

rs17237290 RORA chr15:60,579,671: A:G 0.880 (0.769–1.008) 0.0643 0.845 (0.734–0.972) 0.0187 0.6030 0.7623 0.9435

rs16942767 RORA chr15:60,569,169: G:A 0.873 (0.760–1.002) 0.0533 0.831 (0.720–0.960) 0.0121 0.6749 0.8142 0.9581

rs16942772 RORA chr15:60,574,930: C:A 0.869 (0.757–0.997) 0.0459 0.829 (0.718–0.958) 0.0109 0.6661 0.8081 0.9564

recessive

rs12229394 TPH2 chr12:71,999,134: G:A 0.868 (0.747–1.008) 0.0627 0.836 (0.715–0.978) 0.0251 0.7660 0.8736 0.9730

rs17110627 TPH2 chr12:71,996,615: G:A 0.847 (0.718–0.998) 0.0477 0.814 (0.685–0.967) 0.0191 0.7547 0.8666 0.9713
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BFDP Bayesian false-discovery probability, OR Odds ratio, CI Confidence interval

Chromosome and position (GRCh38.p13): For example, chr9:91,426,574: A:G indicates chromosome 9, base pair location 91,426,574, referent allele A, variant allele G
a Adjusted for study, reference age and eight principal components
b Adjusted for study, reference age, parity, breast feeding, smoking status, current intake of estrogen-progesterone MHT, and eight principal components
* Supplementary table S4 provides an overview of all models for the stratified analysis by breast cancer hormone receptor status

Table 3  (continued)

SNP Nearest gene Chromosome, position (GRCh38.
p13), and referent/variant alleles

ORa (95% CI) p value  ORa ORb (95% CI) p value  ORb BFDP for  ORb  
Prior probability for effect 
(β ≠ 0)

0.1 0.05 0.01

PR− dominant

rs2289858 MAP2K2 chr19:4,102,625: A:G 1.096 (0.999–1.203) 0.0518 1.110 (1.009–1.221) 0.0328 0.7610 0.8705 0.9722

rs1473473 TPH2 chr12:72,010,598: A:G 1.066 (0.995–1.142) 0.0674 1.083 (1.008–1.162) 0.0285 0.7454 0.8608 0.9699

rs1487276 TPH2 chr12:72,011,279: G:A 1.065 (0.994–1.141) 0.0725 1.081 (1.007–1.160) 0.0316 0.7648 0.8729 0.9728

rs1549854 MAP2K1 chr15:66,404,397: C:A 0.915 (0.851–0.985) 0.0176 0.918 (0.851–0.990) 0.0262 0.7413 0.8582 0.9693

rs2289163 RORA chr15:60,590,769: A:C 0.905 (0.812–1.010) 0.0742 0.891 (0.796–0.997) 0.0433 0.7982 0.8930 0.9775

recessive

rs8033552 RORA chr15:60,551,386: G:A 1.195 (1.004–1.422) 0.0452 1.250 (1.044–1.496) 0.0151 0.7403 0.8575 0.9691

rs10857561 MAPK8 chr10:48,400,595: G:A 1.115 (1.011–1.229) 0.0294 1.112 (1.005–1.229) 0.0391 0.7802 0.8822 0.9750

rs13515 MAPK1 chr22:21,761,597: G:A 0.828 (0.687–0.997) 0.0468 0.795 (0.656–0.964) 0.0195 0.7741 0.8786 0.9742
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regions and neuronal terminal fields are regulated at the level 
of TPH2 gene expression that was shown to be under the 
circadian control of melatonin, estrogen, and corticoids in 
rodents and primates [34, 35]. This underscores the vari-
ous feedback mechanisms to the serotonergic system that 
are involved in the entrainment of the hypothalamic SCN 
[7, 36, 37]. To a smaller extent, TPH2 is also rhythmically 
expressed in ocular tissues with rhythmical release of mela-
tonin, the levels of which are highest in darkness and lowest 
in the light [8, 38]. Intrinsic photosensitive retinal ganglion 
cells by virtue of their concurrent rhythmic melatonin-recep-
tor expression may therefore contribute to the output signal 
of the retino-thalamic tract to the SCN [39]. Hence, our find-
ings of an association between TPH2 variants and increased 
breast-cancer risk are well in line with the notion that such 
variants impact on serotonin formation, thereby disrupting 
the SCN pacemaker circuitry feedback. In particular, the 
observed increased breast-cancer risk in TPH2 variant car-
riers may result from modified brain melatonin levels due to 
a dysfunctional SCN (together with reduced melatonin levels 
in the retina) that upon light-at-night periods may reduce 
pineal melatonin secretion.

If the disruption of pineal gland melatonin biosynthe-
sis during extended light-at-night periods affects noc-
turnal serotonin levels and transmission to the hypotha-
lamic nuclei SCN and PVN [7, 40], we need to consider 
further that these nuclei also make up major parts of the 

hypothalamic-pituitary–gonadal (HPG) axis. In the HPG 
axis, serotonin modulates the hypothalamic secretion of 
the gonadotropin releasing hormone (GnRH) as well as the 
pituitary luteinizing and follicle stimulating hormones (LH, 
FSH), and prolactin that stimulate the production of sex 
hormones in peripheral target organs such as the ovaries or 
testes [41]. Similar to melatonin, prolactin secretion may 
be driven by the central circadian pacemaker located in the 
SCN of the hypothalamus [42], and our observed TPH2 var-
iant-associated increased breast-cancer risk may in addition 
relate to local serotonergic effects accountable for increased 
prolactin production in the anterior pituitary gland. Of note, 
circulating prolactin is an established breast-cancer risk fac-
tor that has been confirmed in a series of analyses from the 
prospective Nurses’ Health Study, particularly with respect 
to ER-positive breast cancer [43], and a large analysis from 
the prospective EPIC cohort [44] with emphasis on users of 
hormone replacement therapy. This is underpinned by a vast 
body of evidence from animal and in vitro studies. Together 
with estradiol and progesterone, it exerts effects on normal 
epithelial cell expansion, ductal side branching of the breast 
during puberty, and formation of lobuloalveolar structures 
during pregnancy [45]. As prolactin and progesterone have 
synergic roles to induce cell growth and proliferation dur-
ing adult gland maturation and alveologenesis of the breast 
terminal duct-lobular units, the site of origin for most breast 
cancers, a crosstalk between progesterone, prolactin and 

Table 4  Breast-cancer risk associations and Bayesian false-discovery probability (BFDP, bold text indicates BFDP < 0.8) for interactions/main 
effects with p value < 0.05 in adjusted logistic regression models*, sorted by  ORb

BFDP Bayesian false-discovery probability, OR Odds ratio, CI Confidence interval
† ∧ indicates Boolean "AND" conjunction; ! indicates Boolean "NOT" operator; D and R indicate SNP coding according to the dominant or reces-
sive genetic model, respectively
a Adjusted for study, reference age, and eight principal components
b Adjusted for study, reference age, parity, breast feeding, smoking status, current intake of estrogen-progesterone MHT, and eight principal com-
ponents

*Supplementary tables S5 and S6 provide overviews of the 20 most important interactions and their logistic regression models, respectively

**ORs and 95% CIs differ slightly from Suppl. table S3 results because all observations with missing data for any SNP were removed

Interaction/main  effect† Nearest Genes ORa** (95% CI) ORb** (95% CI) BFDP for  ORb  
Prior probability for 
effect (β ≠ 0)

0.1 0.05 0.01

rs1386483R ∧  rs1473473D ∧  rs3729931D TPH2, TPH2, RAF1 1.163 (1.064–1.270) 1.201 (1.090–1.323) 0.082 0.159 0.495

rs10857561R ∧ !rs1347069D MAPK8, MAP2K1 1.156 (1.070–1.249) 1.147 (1.053–1.248) 0.247 0.409 0.783

rs1386483R ∧  rs1473473D ∧ !rs2269457D TPH2, TPH2, NR1D1 1.095 (1.001–1.197) 1.113 (1.009–1.227) 0.759 0.869 0.972

rs10857561R MAPK8 1.120 (1.056–1.188) 1.109 (1.040–1.183) 0.253 0.417 0.788

rs1386489D ∧ !rs3828057R TPH2, RORC 1.064 (1.015–1.114) 1.084 (1.030–1.141) 0.288 0.461 0.817

rs1473473D TPH2 1.050 (1.007–1.094) 1.067 (1.019–1.116) 0.463 0.645 0.904

rs7075976R MAPK8 1.068 (1.017–1.121) 1.066 (1.010–1.124) 0.710 0.838 0.964

rs7299582D TPH2 1.038 (0.994–1.084) 1.065 (1.015–1.116) 0.580 0.745 0.938

!rs2171363R ∧ !rs7026487D ∧ !rs9610375R TPH2, RORB, MAPK1 1.054 (1.010–1.101) 1.051 (1.002–1.103) 0.840 0.917 0.983

!rs12941497D NR1D1 1.040 (1.000–1.081) 1.044 (1.000–1.089) 0.857 0.927 0.985
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receptor signaling pathways may not only be relevant in 
normal, but also malignant breast cells [46].

MAPK8 (JNK, c-Jun N-terminal kinase) in our study 
has been associated with breast-cancer risk at rs10857561, 
both in the individual main and hormone-receptor positive 
(ER + and PR +) stratified analyses, as well as in the SNP-
SNP interaction analyses. While all three canonical MAPK 
pathways (ERK MAPK, p38 MAPK, and JNK MAPK) serve 
as input to the circadian clock in distinct ways [9], JNK in 
particular has been shown to be essential for the normal 
oscillation of the mammalian circadian clock and its photic 
regulation. The JNK-imparted transmission of light signals 
to the BMAL1-CLOCK complex controls oscillation speed 
and phase response of the master clock [9].

Aside from their role as master clock regulators via SCN 
or peripheral tissue, MAPK genes play a role in cellular 
processes like proliferation and cell death [47]. It is there-
fore not surprising that they were associated with the devel-
opment of cancer at many sites [48]. While rs10857561 in 
MAPK8 showed noteworthy risk estimates for breast cancer 
in general as well as ER-positive and PR-positive subgroups 
in our analyses, this SNP has been previously shown to be 
associated with rectal cancer once more highlighting the role 
in carcinogenesis [49].

A major strength of this study is the large number of study 
participants (22,992 cases and 21,413 controls) retrieved 
from population-based case–control studies with defined 
reference age (age at diagnosis for cases, age at interview 
for controls) and availability of comprehensive epidemio-
logical and tumor immunohistochemistry as well as geno-
type data. This allowed us to calculate precise SNP-specific 
OR main effect and interaction estimates. Our hypothesis-
driven approach of a putative role of polymorphic regulators 
or signaling mediators of melatonin in breast-cancer risk 
limited the number of potentially detectable false-positive 
associations. Moreover, we used the BFDP to measure the 
noteworthiness of our effect estimates and to account for 
false-positive results via multiple testing. Furthermore, our 
interaction analysis based on logic regression models ena-
bled us to model the effects of complex interaction scenarios 
considering the multivariate structure of SNP interplay.

In spite of the large study size, limitations of the study 
include a high number of missing values in included con-
founders. We used the category ‘unknown’ for categorical 
variables in these participants to maintain the remaining 
information. Moreover, the sample size in subgroup analy-
ses was reduced, for example, ER status was missing for 
21% of samples and PR status for 36% of samples. However, 
missingness is likely to be random with respect to genotypes. 
There was also minor heterogeneity in definition of stage, 
grade, and cut-off levels for ER and PR across studies. The 
tumor subtypes were strictly defined by immunohistochemi-
cal markers as other data, such as intrinsic subtypes from 

expression profiles nowadays used for subtype definition, are 
not available in large-scale epidemiological studies. Finally, 
our interpretations strictly rely on functional and physiologi-
cal data reported in the literature and include in vitro, animal 
in vivo as well as post mortem findings.

Our newly identified breast-cancer risk associations jus-
tify continued research into the relationship between breast-
cancer risk and putative modulators of the intricate network 
of rhythmic circadian regulators such as melatonin and 
serotonin upon photic stimulation at night. The observed 
interactions between genetic variants of TPH2 and MAPK8 
highlight their cooperation as putative breast-cancer risk 
modulators and call upon the comprehensive scrutiny of the 
circadian clock system and its input and output effectors in 
large breast-cancer cohorts. This research holds the potential 
to reveal new insights into the breast-cancer risk of women 
exposed to light-at-night which is particularly relevant for 
female night shift workers.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10654- 023- 01048-7.

Acknowledgements We thank all the individuals who took part in 
these studies and all the researchers, clinicians, technicians and admin-
istrative staff who have enabled this work to be carried out. ABCFS 
thank Maggie Angelakos, Judi Maskiell, Gillian Dite. ESTHER thanks 
Hartwig Ziegler, Sonja Wolf, Volker Hermann, Christa Stegmaier, 
Katja Butterbach. GENICA thanks Christian Baisch, Hans-Peter Fis-
cher, Anne Lotz, and Beate Pesch. KARMA and SASBAC thank the 
Swedish Medical Research Counsel. MARIE thanks Petra Seibold, 
Sabine Behrens, Ursula Eilber and Muhabbet Celik. MTLGEBCS 
would like to thank Martine Tranchant (CHU de Québec – Université 
Laval Research Center), Marie-France Valois, Annie Turgeon and Lea 
Heguy (McGill University Health Center, Royal Victoria Hospital; 
McGill University) for DNA extraction, sample management and skil-
ful technical assistance. J.S. is Chair holder of the Canada Research 
Chair in Oncogenetics. NBHS thanks study participants and research 
staff for their contributions and commitment to the study. The OFBCR 
thanks Teresa Selander, Nayana Weerasooriya and Steve Gallinger. 
PBCS thanks Louise Brinton, Mark Sherman, Neonila Szeszenia-Dab-
rowska, Beata Peplonska, Witold Zatonski, Pei Chao, Michael Stagner. 
SBCS thanks Sue Higham, Helen Cramp, Dan Connley, Ian Brock, 
Sabapathy Balasubramanian and Malcolm W.R. Reed. We thank the 
SEARCH team.

Author contributions Conception and design: VH, HB, TB, SR. Provi-
sion of data: RH, WYL, PG, TT, ILA, HB, JCC, AC, SSC, KC, ME, 
JDF, MGC, MSG, UH, WH, BH, JLH, AJ, YDK, JL, AMM, NO, VR, 
MS, XOS, JS, MCS, WZ, PH, HB, TB. Data management: MKB, QW, 
JD, KM, ML, AMD, PDPP, DFE. Statistical analyses: KW, KI, SW, 
RH, CT, SR. Manuscript writing: KW, RH, TB, SW, TB, VH, HB, 
SR. All authors read and approved the final version of the manuscript.

Funding Open Access funding enabled and organized by Projekt 
DEAL. BCAC is funded by Cancer Research UK grant: PPRPGM-
Nov20\100002, the European Union's Horizon 2020 Research and 
Innovation Programme (grant numbers 634935 and 633784 for 
BRIDGES and B-CAST respectively), and the PERSPECTIVE I&I 
project, funded by the Government of Canada through Genome Can-
ada and the Canadian Institutes of Health Research, the Ministère de 
l’Économie et de l'Innovation du Québec through Genome Québec, the 

https://doi.org/10.1007/s10654-023-01048-7


1065Polymorphisms in genes of melatonin biosynthesis and signaling support the light‑at‑night…

1 3

Quebec Breast Cancer Foundation. The EU Horizon 2020 Research and 
Innovation Programme funding source had no role in study design, data 
collection, data analysis, data interpretation or writing of the report. 
Additional funding for BCAC is provided via the Confluence project 
which is funded with intramural funds from the National Cancer Insti-
tute Intramural Research Program, National Institutes of Health. Geno-
typing of the OncoArray was funded by the NIH Grant U19 CA148065, 
and Cancer Research UK Grant C1287/A16563 and the PERSPEC-
TIVE project supported by the Government of Canada through Genome 
Canada and the Canadian Institutes of Health Research (grant GPH-
129344) and, the Ministère de l’Économie, Science et Innovation du 
Québec through Genome Québec and the PSRSIIRI-701 grant, and the 
Quebec Breast Cancer Foundation. Funding for iCOGS came from: the 
European Community's Seventh Framework Programme under grant 
agreement n° 223175 (HEALTH-F2-2009-223175) (COGS), Cancer 
Research UK (C1287/A10118, C1287/A10710, C12292/A11174, 
C1281/A12014, C5047/A8384, C5047/A15007, C5047/A10692, 
C8197/A16565), the National Institutes of Health (CA128978) and 
Post-Cancer GWAS initiative (1U19 CA148537, 1U19 CA148065 
and 1U19 CA148112—the GAME-ON initiative), the Department of 
Defence (W81XWH-10-1-0341), the Canadian Institutes of Health 
Research (CIHR) for the CIHR Team in Familial Risks of Breast Can-
cer, and Komen Foundation for the Cure, the Breast Cancer Research 
Foundation, and the Ovarian Cancer Research Fund. The Australian 
Breast Cancer Family Study (ABCFS) was supported by grant UM1 
CA164920 from the National Cancer Institute (USA). The content of 
this manuscript does not necessarily reflect the views or policies of 
the National Cancer Institute or any of the collaborating centers in the 
Breast Cancer Family Registry (BCFR), nor does mention of trade 
names, commercial products, or organizations imply endorsement by 
the USA Government or the BCFR. The ABCFS was also supported 
by the National Health and Medical Research Council of Australia, 
the New South Wales Cancer Council, the Victorian Health Promotion 
Foundation (Australia) and the Victorian Breast Cancer Research Con-
sortium. John L. Hopper is a National Health and Medical Research 
Council (NHMRC) Senior Principal Research Fellow. Melissa C. 
Southey is a NHMRC Senior Research Fellow. The CECILE study was 
supported by Fondation de France, Institut National du Cancer (INCa), 
Ligue Nationale contre le Cancer, Agence Nationale de Sécurité Sani-
taire, de l'Alimentation, de l'Environnement et du Travail (ANSES), 
Agence Nationale de la Recherche (ANR). The ESTHER study was 
supported by a grant from the Baden Württemberg Ministry of Science, 
Research and Arts. Additional cases were recruited in the context of 
the VERDI study, which was supported by a grant from the German 
Cancer Aid (Deutsche Krebshilfe). The GENICA was funded by the 
Federal Ministry of Education and Research (BMBF) Germany grants 
01KW9975/5, 01KW9976/8, 01KW9977/0 and 01KW0114, the Rob-
ert Bosch Foundation, Stuttgart, Deutsches Krebsforschungszentrum 
(DKFZ), Heidelberg, the Institute for Prevention and Occupational 
Medicine of the German Social Accident Insurance, Institute of the 
Ruhr University Bochum (IPA), Bochum, as well as the Department 
of Internal Medicine, Johanniter GmbH Bonn, Johanniter Kranken-
haus, Bonn, Germany. The KARMA study was supported by Märit 
and Hans Rausings Initiative Against Breast Cancer. The MARIE study 
was supported by the Deutsche Krebshilfe e.V. [70-2892-BR I, 106332, 
108253, 108419, 110826, 110828], the Hamburg Cancer Society, the 
German Cancer Research Center (DKFZ) and the Federal Ministry of 
Education and Research (BMBF) Germany [01KH0402]. The work 
of MTLGEBCS was supported by the Quebec Breast Cancer Founda-
tion, the Canadian Institutes of Health Research for the “CIHR Team 
in Familial Risks of Breast Cancer” program – grant # CRN-87521 
and the Ministry of Economic Development, Innovation and Export 
Trade – grant # PSR-SIIRI-701. The NBHS was supported by NIH 
grant R01CA100374. Biological sample preparation was conducted 
the Survey and Biospecimen Shared Resource, which is supported by 
P30 CA68485. The Ontario Familial Breast Cancer Registry (OFBCR) 

was supported by grant U01CA164920 from the USA National Can-
cer Institute of the National Institutes of Health. The content of this 
manuscript does not necessarily reflect the views or policies of the 
National Cancer Institute or any of the collaborating centers in the 
Breast Cancer Family Registry (BCFR), nor does mention of trade 
names, commercial products, or organizations imply endorsement by 
the USA Government or the BCFR. The PBCS was funded by Intra-
mural Research Funds of the National Cancer Institute, Department of 
Health and Human Services, USA. The SASBAC study was supported 
by funding from the Agency for Science, Technology and Research of 
Singapore (A*STAR), the US National Institute of Health (NIH) and 
the Susan G. Komen Breast Cancer Foundation. The SBCS was sup-
ported by Sheffield Experimental Cancer Medicine Centre and Breast 
Cancer Now Tissue Bank. SEARCH is funded by Cancer Research 
UK [C490/A10124, C490/A16561] and supported by the UK National 
Institute for Health Research Biomedical Research Centre at the Uni-
versity of Cambridge. The University of Cambridge has received salary 
support for Paul D.P. Pharoah from the NHS in the East of England 
through the Clinical Academic Reserve. The SZBCS was supported by 
Grant PBZ_KBN_122/P05/2004 and the program of the Minister of 
Science and Higher Education under the name "Regional Initiative of 
Excellence" in 2019–2022 project number 002/RID/2018/19 amount 
of financing 12 000 000 PLN.

Data availability The datasets analyzed in the current study are avail-
able via the BCAC Data Access Coordinating Committee (bcac@med-
schl.cam.ac.uk) upon reasonable request. Summary-level genotype data 
are available via http:// bcac. ccge. medsc hl. cam. ac. uk and in supplemen-
tary table S2. Individual-level data are available via the BCAC Data 
Access Coordinating Committee (bcac@medschl.cam.ac.uk).

Declarations 

Conflict of interest Hermann Brenner is a member of the Editorial 
Board. Otherwise, the authors report no conflicts of interest.

Ethics approval and consent to participate All studies were approved 
by local ethics committees and all participants gave informed consent.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, 
Jemal A, Bray F. Global cancer statistics 2020: GLOBOCAN esti-
mates of incidence and mortality worldwide for 36 cancers in 185 
countries. CA Cancer J Clin. 2021;71:209–49. https:// doi. org/ 10. 
3322/ caac. 21660.

 2. Momenimovahed Z, Salehiniya H. Epidemiological characteristics 
of and risk factors for breast cancer in the world. Breast Can-
cer (Dove Med Press). 2019;11:151–64. https:// doi. org/ 10. 2147/ 
BCTT. S1760 70.

http://bcac.ccge.medschl.cam.ac.uk
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21660
https://doi.org/10.2147/BCTT.S176070
https://doi.org/10.2147/BCTT.S176070


1066 K. Wichert et al.

1 3

 3. Stevens RG, Brainard GC, Blask DE, Lockley SW, Motta ME. 
Breast cancer and circadian disruption from electric lighting in 
the modern world. CA Cancer J Clin. 2014;64:207–18. https:// doi. 
org/ 10. 3322/ caac. 21218.

 4. Straif K, Baan R, Grosse Y, Secretan B, Ghissassi FE, Bouvard 
V, et al. Carcinogenicity of shift-work, painting, and fire-fighting. 
Lancet Oncol. 2007;8:1065–6. https:// doi. org/ 10. 1016/ S1470- 
2045(07) 70373-X.

 5. Ward EM, Germolec D, Kogevinas M, McCormick D, Vermeu-
len R, Anisimov VN, et al. Carcinogenicity of night shift work. 
Lancet Oncol. 2019;20:1058–9. https:// doi. org/ 10. 1016/ S1470- 
2045(19) 30455-3.

 6. Cordina-Duverger E, Menegaux F, Popa A, Rabstein S, Harth 
V, Pesch B, et al. Night shift work and breast cancer: a pooled 
analysis of population-based case-control studies with complete 
work history. Eur J Epidemiol. 2018;33:369–79. https:// doi. org/ 
10. 1007/ s10654- 018- 0368-x.

 7. Buijs FN, León-Mercado L, Guzmán-Ruiz M, Guerrero-Vargas 
NN, Romo-Nava F, Buijs RM. The circadian system: a regulatory 
feedback network of periphery and brain. Physiology (Bethesda). 
2016;31:170–81. https:// doi. org/ 10. 1152/ physi ol. 00037. 2015.

 8. Ostrin LA. Ocular and systemic melatonin and the influence of 
light exposure. Clin Exp Optom. 2019;102:99–108. https:// doi. 
org/ 10. 1111/ cxo. 12824.

 9. Goldsmith CS, Bell-Pedersen D. Diverse roles for MAPK signal-
ing in circadian clocks. Adv Genet. 2013;84:1–39. https:// doi. org/ 
10. 1016/ B978-0- 12- 407703- 4. 00001-3.

 10. Reszka E, Przybek M, Muurlink O, Pepłonska B. Circadian gene 
variants and breast cancer. Cancer Lett. 2017;390:137–45. https:// 
doi. org/ 10. 1016/j. canlet. 2017. 01. 012.

 11. Rabstein S, Harth V, Justenhoven C, Pesch B, Plöttner S, 
Heinze E, et al. Polymorphisms in circadian genes, night work 
and breast cancer: results from the GENICA study. Chronobiol 
Int. 2014;31:1115–22. https:// doi. org/ 10. 3109/ 07420 528. 2014. 
957301.

 12. Lv Y, Li Y, Li J, Bian C, Qin C, Shi Q. A comparative genomics 
study on the molecular evolution of serotonin/melatonin biosyn-
thesizing enzymes in vertebrates. Front Mol Biosci. 2020;7:11. 
https:// doi. org/ 10. 3389/ fmolb. 2020. 00011.

 13. Claustrat B, Leston J. Melatonin: physiological effects in humans. 
Neurochirurgie. 2015;61:77–84. https:// doi. org/ 10. 1016/j. neuchi. 
2015. 03. 002.

 14. Acuña-Castroviejo D, Escames G, Venegas C, Díaz-Casado 
ME, Lima-Cabello E, López LC, et al. Extrapineal melatonin: 
sources, regulation, and potential functions. Cell Mol Life Sci. 
2014;71:2997–3025. https:// doi. org/ 10. 1007/ s00018- 014- 1579-2.

 15. Lucas RJ, Peirson SN, Berson DM, Brown TM, Cooper HM, 
Czeisler CA, et al. Measuring and using light in the melanopsin 
age. Trends Neurosci. 2014;37:1–9. https:// doi. org/ 10. 1016/j. tins. 
2013. 10. 004.

 16. Cipolla-Neto J, Amaral FG, Soares JM, Gallo CC, Furtado A, 
Cavaco JE, et al. The crosstalk between melatonin and sex ster-
oid hormones. Neuroendocrinology. 2022;112:115–29. https:// doi. 
org/ 10. 1159/ 00051 6148.

 17. Hill SM, Belancio VP, Dauchy RT, Xiang S, Brimer S, Mao L, 
et al. Melatonin: an inhibitor of breast cancer. Endocr Relat Can-
cer. 2015;22:R183-204. https:// doi. org/ 10. 1530/ ERC- 15- 0030.

 18. Cos S, González A, Martínez-Campa C, Mediavilla MD, Alonso-
González C, Sánchez-Barceló EJ. Estrogen-signaling pathway: 
a link between breast cancer and melatonin oncostatic actions. 
Cancer Detect Prev. 2006;30:118–28. https:// doi. org/ 10. 1016/j. 
cdp. 2006. 03. 002.

 19. Michailidou K, Hall P, Gonzalez-Neira A, Ghoussaini M, Dennis 
J, Milne RL, et al. Large-scale genotyping identifies 41 new loci 
associated with breast cancer risk. Nat Genet. 2013;45:353–61. 
https:// doi. org/ 10. 1038/ ng. 2563.

 20. Michailidou K, Lindström S, Dennis J, Beesley J, Hui S, Kar S, 
et al. Association analysis identifies 65 new breast cancer risk loci. 
Nature. 2017;551:92–4. https:// doi. org/ 10. 1038/ natur e24284.

 21. Schwender H, Ickstadt K. Identification of SNP interactions using 
logic regression. Biostatistics. 2008;9:187–98. https:// doi. org/ 10. 
1093/ biost atist ics/ kxm024.

 22. Wakefield J. A Bayesian measure of the probability of false 
discovery in genetic epidemiology studies. Am J Hum Genet. 
2007;81:208–27. https:// doi. org/ 10. 1086/ 519024.

 23. R Core Team. R: A language and environment for statistical comput-
ing. Vienna, Austria: R Foundation for Statistical Computing; 2016.

 24. Schwender H. logicFS: Identification of SNP Interactions. 2013. 
https:// bioco nduct or. org/ packa ges/ relea se/ bioc/ manua ls/ logic FS/ 
man/ logic FS. pdf. Accessed 18 Jan 2023.

 25. Kooperberg C, Ruczinski I. LogicReg: Logic Regression. 2016. 
https:// CRAN.R- proje ct. org/ packa ge= Logic Reg. Accessed 18 Jan 
2023.

 26. Zhang H, Ahearn TU, Lecarpentier J, Barnes D, Beesley J, Qi 
G, et al. Genome-wide association study identifies 32 novel 
breast cancer susceptibility loci from overall and subtype-spe-
cific analyses. Nat Genet. 2020;52:572–81. https:// doi. org/ 10. 
1038/ s41588- 020- 0609-2.

 27. Milne RL, Kuchenbaecker KB, Michailidou K, Beesley J, Kar 
S, Lindström S, et al. Identification of ten variants associated 
with risk of estrogen-receptor-negative breast cancer. Nat Genet. 
2017;49:1767–78. https:// doi. org/ 10. 1038/ ng. 3785.

 28. Bose M, Benada J, Thatte JV, Kinalis S, Ejlertsen B, Nielsen 
FC, et  al. A catalog of curated breast cancer genes. Breast 
Cancer Res Treat. 2022;191:431–41. https:// doi. org/ 10. 1007/ 
s10549- 021- 06441-y.

 29. Peters EJ, Slager SL, McGrath PJ, Knowles JA, Hamilton 
SP. Investigation of serotonin-related genes in antidepressant 
response. Mol Psychiatry. 2004;9:879–89. https:// doi. org/ 10. 
1038/ sj. mp. 40015 02.

 30. Preuss N, Salehi B, van der Veen JW, Shen J, Drevets WC, 
Hodgkinson C, et  al. Associations between prefrontal 
γ-aminobutyric acid concentration and the tryptophan hydroxy-
lase isoform 2 gene, a panic disorder risk allele in women. Int J 
Neuropsychopharmacol. 2013;16:1707–17. https:// doi. org/ 10. 
1017/ S1461 14571 30002 54.

 31. Walther DJ, Peter J-U, Bashammakh S, Hörtnagl H, Voits M, 
Fink H, Bader M. Synthesis of serotonin by a second tryptophan 
hydroxylase isoform. Science. 2003;299:76. https:// doi. org/ 10. 
1126/ scien ce. 10781 97.

 32. Zill P, Büttner A, Eisenmenger W, Bondy B, Ackenheil M. 
Regional mRNA expression of a second tryptophan hydroxy-
lase isoform in postmortem tissue samples of two human brains. 
Eur Neuropsychopharmacol. 2004;14:282–4. https:// doi. org/ 10. 
1016/j. euron euro. 2003. 10. 002.

 33. Zill P, Büttner A, Eisenmenger W, Müller J, Möller H-J, Bondy 
B. Predominant expression of tryptophan hydroxylase 1 mRNA 
in the pituitary: a postmortem study in human brain. Neurosci-
ence. 2009;159:1274–82. https:// doi. org/ 10. 1016/j. neuro scien 
ce. 2009. 01. 006.

 34. Chen G-L, Miller GM. Advances in tryptophan hydroxylase-2 
gene expression regulation: new insights into serotonin-stress 
interaction and clinical implications. Am J Med Genet B Neu-
ropsychiatr Genet. 2012;159B:152–71. https:// doi. org/ 10. 1002/ 
ajmg.b. 32023.

 35. Nagy AD, Iwamoto A, Kawai M, Goda R, Matsuo H, Otsuka T, 
et al. Melatonin adjusts the expression pattern of clock genes 
in the suprachiasmatic nucleus and induces antidepressant-like 
effect in a mouse model of seasonal affective disorder. Chrono-
biol Int. 2015;32:447–57. https:// doi. org/ 10. 3109/ 07420 528. 
2014. 992525.

https://doi.org/10.3322/caac.21218
https://doi.org/10.3322/caac.21218
https://doi.org/10.1016/S1470-2045(07)70373-X
https://doi.org/10.1016/S1470-2045(07)70373-X
https://doi.org/10.1016/S1470-2045(19)30455-3
https://doi.org/10.1016/S1470-2045(19)30455-3
https://doi.org/10.1007/s10654-018-0368-x
https://doi.org/10.1007/s10654-018-0368-x
https://doi.org/10.1152/physiol.00037.2015
https://doi.org/10.1111/cxo.12824
https://doi.org/10.1111/cxo.12824
https://doi.org/10.1016/B978-0-12-407703-4.00001-3
https://doi.org/10.1016/B978-0-12-407703-4.00001-3
https://doi.org/10.1016/j.canlet.2017.01.012
https://doi.org/10.1016/j.canlet.2017.01.012
https://doi.org/10.3109/07420528.2014.957301
https://doi.org/10.3109/07420528.2014.957301
https://doi.org/10.3389/fmolb.2020.00011
https://doi.org/10.1016/j.neuchi.2015.03.002
https://doi.org/10.1016/j.neuchi.2015.03.002
https://doi.org/10.1007/s00018-014-1579-2
https://doi.org/10.1016/j.tins.2013.10.004
https://doi.org/10.1016/j.tins.2013.10.004
https://doi.org/10.1159/000516148
https://doi.org/10.1159/000516148
https://doi.org/10.1530/ERC-15-0030
https://doi.org/10.1016/j.cdp.2006.03.002
https://doi.org/10.1016/j.cdp.2006.03.002
https://doi.org/10.1038/ng.2563
https://doi.org/10.1038/nature24284
https://doi.org/10.1093/biostatistics/kxm024
https://doi.org/10.1093/biostatistics/kxm024
https://doi.org/10.1086/519024
https://bioconductor.org/packages/release/bioc/manuals/logicFS/man/logicFS.pdf
https://bioconductor.org/packages/release/bioc/manuals/logicFS/man/logicFS.pdf
https://CRAN.R-project.org/package=LogicReg
https://doi.org/10.1038/s41588-020-0609-2
https://doi.org/10.1038/s41588-020-0609-2
https://doi.org/10.1038/ng.3785
https://doi.org/10.1007/s10549-021-06441-y
https://doi.org/10.1007/s10549-021-06441-y
https://doi.org/10.1038/sj.mp.4001502
https://doi.org/10.1038/sj.mp.4001502
https://doi.org/10.1017/S1461145713000254
https://doi.org/10.1017/S1461145713000254
https://doi.org/10.1126/science.1078197
https://doi.org/10.1126/science.1078197
https://doi.org/10.1016/j.euroneuro.2003.10.002
https://doi.org/10.1016/j.euroneuro.2003.10.002
https://doi.org/10.1016/j.neuroscience.2009.01.006
https://doi.org/10.1016/j.neuroscience.2009.01.006
https://doi.org/10.1002/ajmg.b.32023
https://doi.org/10.1002/ajmg.b.32023
https://doi.org/10.3109/07420528.2014.992525
https://doi.org/10.3109/07420528.2014.992525


1067Polymorphisms in genes of melatonin biosynthesis and signaling support the light‑at‑night…

1 3

 36. Morin LP. Serotonin and the regulation of mammalian circadian 
rhythmicity. Ann Med. 1999;31:12–33. https:// doi. org/ 10. 3109/ 
07853 89990 90192 59.

 37. Moyer RW, Kennaway DJ. Serotonin depletion decreases light 
induced c-fos in the rat suprachiasmatic nucleus. NeuroReport. 
2000;11:1021–4. https:// doi. org/ 10. 1097/ 00001 756- 20000 
4070- 00025.

 38. Liang J, Wessel JH, Iuvone PM, Tosini G, Fukuhara C. Diurnal 
rhythms of tryptophan hydroxylase 1 and 2 mRNA expression 
in the rat retina. NeuroReport. 2004;15:1497–500. https:// doi. 
org/ 10. 1097/ 01. wnr. 00001 31007. 59315. 66.

 39. Sengupta A, Baba K, Mazzoni F, Pozdeyev NV, Strettoi E, 
Iuvone PM, Tosini G. Localization of melatonin receptor 1 in 
mouse retina and its role in the circadian regulation of the elec-
troretinogram and dopamine levels. PLoS ONE. 2011;6:e24483. 
https:// doi. org/ 10. 1371/ journ al. pone. 00244 83.

 40. Malek ZS, Labban LM. Photoperiod regulates the daily profiles 
of tryptophan hydroxylase-2 gene expression the raphe nuclei 
of rats. Int J Neurosci. 2021;131:1155–61. https:// doi. org/ 10. 
1080/ 00207 454. 2020. 17829 03.

 41. Debeljuk L, Lasaga M. Tachykinins and the control of prolactin 
secretion. Peptides. 2006;27:3007–19. https:// doi. org/ 10. 1016/j. 
pepti des. 2006. 07. 010.

 42. Waldstreicher J, Duffy JF, Brown EN, Rogacz S, Allan JS, 
Czeisler CA. Gender differences in the temporal organization of 
proclactin (PRL) secretion: evidence for a sleep-independent cir-
cadian rhythm of circulating PRL levels- a clinical research center 
study. J Clin Endocrinol Metab. 1996;81:1483–7. https:// doi. org/ 
10. 1210/ jcem. 81.4. 86363 55.

 43. Tworoger SS, Eliassen AH, Sluss P, Hankinson SE. A prospec-
tive study of plasma prolactin concentrations and risk of pre-
menopausal and postmenopausal breast cancer. J Clin Oncol. 
2007;25:1482–8. https:// doi. org/ 10. 1200/ JCO. 2006. 07. 6356.

 44. Tikk K, Sookthai D, Johnson T, Rinaldi S, Romieu I, Tjønne-
land A, et al. Circulating prolactin and breast cancer risk among 
pre- and postmenopausal women in the EPIC cohort. Ann Oncol. 
2014;25:1422–8. https:// doi. org/ 10. 1093/ annonc/ mdu150.

 45. Macias H, Hinck L. Mammary gland development. Wiley Interdis-
cip Rev Dev Biol. 2012;1:533–57. https:// doi. org/ 10. 1002/ wdev. 
35.

 46. Lee W, Bergen AW, Swan GE, Li D, Liu J, Thomas P, et al. Gen-
der-stratified gene and gene-treatment interactions in smoking ces-
sation. Pharmacogenomics J. 2012;12:521–32. https:// doi. org/ 10. 
1038/ tpj. 2011. 30.

 47. Santen RJ, Song RX, McPherson R, Kumar R, Adam L, Jeng 
M-H, Yue W. The role of mitogen-activated protein (MAP) kinase 
in breast cancer. J Steroid Biochem Mol Biol. 2002;80:239–56. 
https:// doi. org/ 10. 1016/ s0960- 0760(01) 00189-3.

 48. Burotto M, Chiou VL, Lee J-M, Kohn EC. The MAPK path-
way across different malignancies: a new perspective. Cancer. 
2014;120:3446–56. https:// doi. org/ 10. 1002/ cncr. 28864.

 49. Slattery ML, Lundgreen A, Wolff RK. MAP kinase genes and 
colon and rectal cancer. Carcinogenesis. 2012;33:2398–408. 
https:// doi. org/ 10. 1093/ carcin/ bgs305.

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

Authors and Affiliations

Katharina Wichert1  · Reiner Hoppe2,3 · Katja Ickstadt4 · Thomas Behrens1 · Stefan Winter2,3 · Robert Herold5 · 

Claudia Terschüren5 · Wing‑Yee Lo6 · Pascal Guénel7 · Thérèse Truong7 · Manjeet K. Bolla8 · Qin Wang8 · Joe Dennis8 · 

Kyriaki Michailidou9,10,8 · Michael Lush8 · Irene L. Andrulis11,12 · Hermann Brenner13,14,15 · Jenny Chang‑Claude16,17 · 

Angela Cox18 · Simon S. Cross19 · Kamila Czene20 · Mikael Eriksson20 · Jonine D. Figueroa21,22,23 · 

Montserrat García‑Closas23 · Mark S. Goldberg24,25 · Ute Hamann26 · Wei He20 · Bernd Holleczek27 · 

John L. Hopper28 · Anna Jakubowska29,30 · Yon‑Dschun Ko31 · Jan Lubiński29 · Anna Marie Mulligan32,33 · 

Nadia Obi34 · Valerie Rhenius35 · Mitul Shah35 · Xiao‑Ou Shu36 · Jacques Simard37 · Melissa C. Southey38,39,40 · 

Wei Zheng36 · Alison M. Dunning35 · Paul D. P. Pharoah35,8 · Per Hall20,41 · Douglas F. Easton35,8 · Thomas Brüning1 · 

Hiltrud Brauch2,3,42,43 · Volker Harth5 · Sylvia Rabstein1

 * Katharina Wichert 
 katharina.wichert@dguv.de

1 Institute for Prevention and Occupational Medicine 
of the German Social Accident Insurance, 
Institute of the Ruhr University Bochum (IPA), 
Bürkle-de-la-Camp-Platz 1, 44789 Bochum, Germany

2 Dr. Margarete Fischer-Bosch-Institute of Clinical 
Pharmacology, Stuttgart, Germany

3 University of Tübingen, Tübingen, Germany
4 Department of Statistics, TU Dortmund University, 

Dortmund, Germany
5 Institute for Occupational and Maritime Medicine Hamburg 

(ZfAM), University Medical Center Hamburg-Eppendorf 
(UKE), Hamburg, Germany

6 Department of Clinical Pathology, University of Melbourne 
Centre for Cancer Research Victorian Comprehensive Cancer 
Centre Melbourne, Melbourne, VIC, Australia

7 Team “Exposome and Heredity”, CESP, Gustave Roussy, 
INSERM, University Paris-Saclay, UVSQ, Villejuif, France

8 Centre for Cancer Genetic Epidemiology, Department 
of Public Health and Primary Care, University of Cambridge, 
Cambridge, UK

9 Biostatistics Unit, The Cyprus Institute of Neurology & 
Genetics, Nicosia, Cyprus

10 Cyprus School of Molecular Medicine, The Cyprus Institute 
of Neurology & Genetics, Nicosia, Cyprus

11 Fred A. Litwin Center for Cancer Genetics, 
Lunenfeld-Tanenbaum Research Institute of Mount Sinai 
Hospital, Toronto, ON, Canada

https://doi.org/10.3109/07853899909019259
https://doi.org/10.3109/07853899909019259
https://doi.org/10.1097/00001756-200004070-00025
https://doi.org/10.1097/00001756-200004070-00025
https://doi.org/10.1097/01.wnr.0000131007.59315.66
https://doi.org/10.1097/01.wnr.0000131007.59315.66
https://doi.org/10.1371/journal.pone.0024483
https://doi.org/10.1080/00207454.2020.1782903
https://doi.org/10.1080/00207454.2020.1782903
https://doi.org/10.1016/j.peptides.2006.07.010
https://doi.org/10.1016/j.peptides.2006.07.010
https://doi.org/10.1210/jcem.81.4.8636355
https://doi.org/10.1210/jcem.81.4.8636355
https://doi.org/10.1200/JCO.2006.07.6356
https://doi.org/10.1093/annonc/mdu150
https://doi.org/10.1002/wdev.35
https://doi.org/10.1002/wdev.35
https://doi.org/10.1038/tpj.2011.30
https://doi.org/10.1038/tpj.2011.30
https://doi.org/10.1016/s0960-0760(01)00189-3
https://doi.org/10.1002/cncr.28864
https://doi.org/10.1093/carcin/bgs305
http://orcid.org/0000-0001-7708-7843


1068 K. Wichert et al.

1 3

12 Department of Molecular Genetics, University of Toronto, 
Toronto, ON, Canada

13 Division of Clinical Epidemiology and Aging Research, 
German Cancer Research Center (DKFZ), Heidelberg, 
Germany

14 Division of Preventive Oncology, German Cancer Research 
Center (DKFZ) and National Center for Tumor Diseases 
(NCT), Heidelberg, Germany

15 German Cancer Consortium (DKTK), German Cancer 
Research Center (DKFZ), Heidelberg, Germany

16 Division of Cancer Epidemiology, German Cancer Research 
Center (DKFZ), Heidelberg, Germany

17 Cancer Epidemiology Group, University Cancer 
Center Hamburg (UCCH), University Medical Center 
Hamburg-Eppendorf, Hamburg, Germany

18 Sheffield Institute for Nucleic Acids (SInFoNiA), Department 
of Oncology and Metabolism, University of Sheffield, 
Sheffield, UK

19 Academic Unit of Pathology, Department of Neuroscience, 
University of Sheffield, Sheffield, UK

20 Department of Medical Epidemiology and Biostatistics, 
Karolinska Institutet, Stockholm, Sweden

21 Usher Institute of Population Health Sciences 
and Informatics, The University of Edinburgh, Edinburgh, 
UK

22 Cancer Research UK Edinburgh Centre, The University 
of Edinburgh, Edinburgh, UK

23 Division of Cancer Epidemiology and Genetics, Department 
of Health and Human Services, National Cancer Institute, 
National Institutes of Health, Bethesda, MD, USA

24 Department of Medicine, McGill University, Montréal, QC, 
Canada

25 Division of Clinical Epidemiology, Royal Victoria Hospital, 
McGill University, Montréal, QC, Canada

26 Molecular Genetics of Breast Cancer, German Cancer 
Research Center (DKFZ), Heidelberg, Germany

27 Saarland Cancer Registry, Saarbrücken, Germany
28 Centre for Epidemiology and Biostatistics, Melbourne 

School of Population and Global Health, The University 
of Melbourne, Melbourne, VIC, Australia

29 Department of Genetics and Pathology, International 
Hereditary Cancer Center, Pomeranian Medical University, 
Szczecin, Poland

30 Independent Laboratory of Molecular Biology and Genetic 
Diagnostics, Pomeranian Medical University, Szczecin, 
Poland

31 Department of Internal Medicine, Johanniter GmbH Bonn, 
Johanniter Krankenhaus, Bonn, Germany

32 Department of Laboratory Medicine and Pathobiology, 
University of Toronto, Toronto, ON, Canada

33 Laboratory Medicine Program, University Health Network, 
Toronto, ON, Canada

34 Institute for Medical Biometry and Epidemiology, University 
Medical Center Hamburg-Eppendorf, Hamburg, Germany

35 Centre for Cancer Genetic Epidemiology, Department 
of Oncology, University of Cambridge, Cambridge, UK

36 Division of Epidemiology, Department of Medicine, 
Vanderbilt Epidemiology Center, Vanderbilt-Ingram Cancer 
Center, Vanderbilt University School of Medicine, Nashville, 
TN, USA

37 Genomics Center, Centre Hospitalier Universitaire de 
Québec – Université Laval Research Center, Québec City, 
QC, Canada

38 Precision Medicine, School of Clinical Sciences at Monash 
Health, Monash University, Clayton, VIC, Australia

39 Department of Clinical Pathology, The University 
of Melbourne, Melbourne, VIC, Australia

40 Cancer Epidemiology Division, Cancer Council Victoria, 
Melbourne, VIC, Australia

41 Department of Oncology, Södersjukhuset, Stockholm, 
Sweden

42 iFIT-Cluster of Excellence, University of Tübingen, 
Tübingen, Germany

43 German Cancer Consortium (DKTK) and German Cancer 
Research Center (DKFZ), Partner Site Tübingen, Tübingen, 
Germany


	Polymorphisms in genes of melatonin biosynthesis and signaling support the light-at-night hypothesis for breast cancer
	Abstract
	Introduction
	Material and methods
	Study population
	Polymorphisms and genotype data
	Statistical analysis
	Quality criteria
	Main-effect analysis and confounder selection
	Interaction analyses with logic regression


	Results
	Main-effect analysis
	Analysis by tumor hormone-receptor status
	Interaction analysis

	Discussion
	Anchor 16
	Acknowledgements 
	References


