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Abstract: Women-specific cancers are a major health issue, particularly those associated with the 
BRCA1 germline mutation carrier state, which include triple-negative basal breast carcinomas and 
high-grade serous ovarian carcinomas (referred to as extra-uterine Müllerian carcinomas). Whereas 
many chronic diseases can currently be prevented (e.g., cardiovascular diseases), no recent tangible 
progress was made in cancer prevention of BRCA1 mutation carriers apart from surgical resections 
of at-risk organs. This lack of progress is largely due to (1) poor understanding of the initiating 
events triggered by known risk factors in the development of these cancers, (2) the fact that current 
preventive measures rely on evidence obtained from adjuvant breast cancer treatment that fail to 
protect against poor prognostic cancers, and (3) problems with using cancer incidence in high-risk 
women as an ethically justifiable endpoint in cancer prevention trials. Here, we propose that cancer 
predisposition in BRCA1 mutation carriers is driven, at least in part, by cell-nonautonomous 
mechanisms (i.e., driven by consequences of this carrier state on hormonal and other systemic 
factors controlled in organs other than those that are cancer-prone) and that biomarkers of 
epigenomic reprogramming, hypothesized to be a direct consequence of such cell-nonautonomous 
mechanisms, are attractive as intermediate surrogate endpoints to assess the efficacy of cancer risk-
reducing strategies targeting these mechanisms. 
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1. Introduction 

Surgical resection of ovaries, fallopian tubes, and breasts is currently the most effective means 
of cancer risk reduction in individuals with germline BRCA1 mutations. Emotional, physiological, 
and reproductive consequences of these procedures lead a significant proportion of mutation carriers 
to either delay or refuse these potentially life-saving interventions, hence a need for effective non-
surgical means of risk reduction. There are currently no prospectively validated non-surgical 
measures to prevent cancers of the reproductive tract in BRCA1 mutation carriers. Current non-
surgical measures of breast cancer prevention using tamoxifen or aromatase inhibitors rely on 
evidence gained from adjuvant treatment and offer poor protection against the triple-negative 
subtype typically associated with the BRCA1 mutation carrier state [1,2]. 

Effective non-surgical approaches for cancer risk-reduction in BRCA1 mutation carriers will 
likely come from thorough understanding of the mechanisms responsible for cancer predisposition 
in this population. BRCA1 is widely regarded as a classical tumor suppressor, implying that loss of 
its function in a given cell directly leads to increased risk of malignant transformation in that 
particular cell. Progress in understanding the consequences of BRCA1 mutations on DNA repair 
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pathways evolved from this concept and had a significant impact on the treatment of cancers 
associated with the BRCA1 mutation carrier state [3]. It was suggested that targeting poly (ADP 
ribose) polymerase (PARP) might have merit as a risk reduction measure [4]. Here, we seek to bring 
attention to the existence of multi-systemic consequences of the BRCA1 mutation carrier state that do 
not directly target tissues that are at elevated cancer risk in carriers of such mutations, but alter 
homeostasis in tissues that influence Müllerian and mammary epithelia from a distance (cell-
nonautonomously) through hormones or cytokines released in the blood circulation (Figure 1).  

 

 
Figure 1. Cell-nonautonomous mechanisms of breast and ovarian cancer predisposition in BRCA1 
mutation carriers. The diagram on the left illustrates various organs or systems other than those 
carrying an elevated cancer risk that are influenced by the BRCA1 mutation carrier state. These multi-
systemic effects lead to alterations in levels of hormones and cytokines such as those referred to as 
“mediators” in the figure. Such alterations interplay with cell-autonomous effects of the BRCA1 
mutation carrier state resulting in increased cancer risk in the organs shown on the right. 

Strong support for the idea that events originating outside the tissues that are at elevated cancer 
risk in BRCA1 mutation carriers are important drivers of such risk comes from the well-established 
association between menstrual cycle activity and incidence of serous carcinomas of the Müllerian 
tract. Indeed, interruption of the menstrual cycle by either pregnancy or oral contraceptive use has a 
profound effect on the life-time risk of these cancers not only in the general population, but also in 
BRCA1 mutation carriers [5–8]. Additional evidence comes from work with genetically modified 
experimental animals. Introducing a conditional Brca1 mutation specifically targeting mouse ovarian 
granulosa cells, the main site of sex steroid hormone biosynthesis during reproductive years, leads 
to benign tumors resembling serous cystadenomas in the para-ovarian and para-tubal areas [9]. The 
incidence of these tumors correlates with the magnitude of consequences of such mutations on 
estrous cycle homeostasis, which include prolongation of the estrogen-dominant pre-ovulatory phase 
and increased circulating levels of estradiol [10]. The physiological significance of these observations 
is underscored by evidence of increased estrogen stimulation in organs targeted by this hormone in 
mice harboring Brca1-deficient ovaries including increased proliferative index in the endometrium 
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during the pre-ovulatory phase of the estrous cycle and increased length of long bones [10,11]. Such 
multi-systemic effects, although more severe in mice that carry a homozygous Brca1 mutation in their 
ovarian granulosa cells, are also significant in animals that carry a heterozygous mutation such as 
present in human BRCA1 mutation carriers [11,12]. The relevance of these observations in 
experimental animals to human BRCA1 mutation carriers is supported by findings of increased 
endometrial thickness during the proliferative phase of the menstrual cycle in such carriers, as well 
as of higher levels of circulating sex steroid hormones [12]. These observations are intriguing given 
the well-established consequences of menstrual cycle activity on extra-uterine Müllerian and breast 
carcinomas in the general population [5–8].  

Alterations in menstrual cycle homeostasis in BRCA1 mutation carriers may account for the 
increased activity of the RANKL/RANK/OPG signaling pathway previously reported in such 
mutation carriers [13]. RANKL (Receptor activator of nuclear factor kappa-Β ligand), the molecular 
trigger of this pathway, is induced by progesterone [14], a menstrual hormone that is elevated in the 
blood of BRCA1 mutation carriers compared to non-carriers [12]. Activation of this pathway not only 
results in increased proliferation of basal cells in mammary ductal epithelium, but also leads to 
mammary cancer predisposition in a rodent model [13–15], underscoring a potentially important cell-
nonautonomous scenario contributing to breast cancer predisposition in BRCA1 mutation carriers. 
Specific molecular events similarly driving cell-nonautonomous mechanisms of cancer 
predisposition to Müllerian cancers of the reproductive tract remain to be identified and are likely 
different than those underlying breast cancer predisposition because of differences in the nature of 
the sex steroid hormones that drive these cancers. Indeed, Müllerian carcinomas are estrogen-driven 
while mammary carcinomas are progesterone-driven. This may account for the fact that, although 
parity and oral contraceptive use are strongly protective against extra-uterine Müllerian carcinomas 
even in BRCA1 mutation carriers [5,16–19], oral contraceptives appear to increase risk of at least 
certain subtypes of breast cancer in at least certain segments of the general population, while their 
effect on breast cancer risk in BRCA1 mutation carriers is unclear [7,8,20,21]. Nevertheless, we 
propose that, similarly to the mammary gland, hormonal characteristics associated with menstrual 
cycle progression in BRCA1 mutation carriers lead to increased proliferative activity in specific 
components of the Müllerian tract of such carriers including but not limited to the fallopian tube 
fimbriae [22]. 

Cancers associated with the BRCA1 mutation carrier state invariably harbor TP53 mutations that 
are present not only in mature tumors, but also in their precursor lesions [23]. Reduction of 
intracellular BRCA1 to levels similar to those present in BRCA1 mutation carriers in an in vitro cell 
culture model, when accompanied by loss of TP53 function, leads to mitotic errors resulting in 
polyploidy/aneuploidy [4,24]. These changes are only significant in cells that reach a high replicative 
age (i.e., age based on number of prior cell divisions instead of chronological age) [4,24]. Thus, 
consequences of the BRCA1 mutation carrier state on menstrual cycle homeostasis leads, via cell-
nonautonomous mechanisms, to accelerated replicative aging (a consequence of increased 
proliferative activity) in specific segments of the reproductive tract. We hypothesize that the resulting 
high replicative age triggers cell-autonomous effects of this carrier state on mitotic homeostasis, 
resulting in aneuploidy and malignant transformation. Work with experimental animals suggests 
that accelerated replicative aging in the fallopian tubes of BRCA1 mutation carriers may be driven 
not only by increased proliferation rate, but also by prolongation of the pre-ovulatory phase of the 
menstrual cycle, which is clearly associated with increased proliferation in this epithelium [10].  

The elements of our hypothesis are shown in Figure 1, which also illustrates the possibility that 
systemic consequences of the BRCA1 mutation carrier state may not be limited to menstrual cycle 
homeostasis. Other physiological processes or systems such as the immune system [25], fat 
metabolism [26], etc., all of which could potentially contribute to cancer risk, may also be influenced 
by this carrier state. Indeed, variations in immune function during the menstrual cycle, especially in 
sexually active women, are well documented [27–29] while a DNA methylation signature in blood 
cells, but not in buccal cells, is associated with cancer risk [25]. Moreover, lipid and metabolite 
deregulation was reported in breasts of BRCA1/2 mutation carriers [26]. The proportion of women 
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with a non-lactobacillus-dominated vaginal microbiome is significantly higher in women with extra-
uterine Müllerian carcinomas and in yet unaffected BRCA1 mutation carriers than in unaffected non-
carriers [30]. This attests to the potential complexity and multi-systemic involvement of cancer 
predisposition in these carriers. Effects of a conditional Brca1 mutation confined to ovarian granulosa 
cells on olfaction, an important driver of reproductive functions, further underscore this complexity 
[31]. 

Targeting cell-nonautonomous effects of the BRCA1 mutation carrier state such as those 
illustrated in Figure 1 could become the basis of non-surgical means of risk reduction. This idea is 
attractive because, by definition, such mechanisms are mediated by factors present in the blood 
circulation and are, thus, more easily targetable than intra-cellular pathways. A better understanding 
of the circulating factors mediating cell-nonautonomous effects of the BRCA1 mutation carrier state 
should also lead to the identification of novel biomarkers of cancer risk predisposition, facilitating 
evaluation of cancer risk in germline mutation carriers. This would be especially useful in the 
management of individuals with germline mutations of unknown significance. Such insights should 
also lead to the identification of novel biomarkers that may be useful as intermediate surrogates of 
responsiveness to treatment and intermediate endpoints in cancer prevention trials. Using cancer 
incidence as an endpoint for cancer prevention trials targeting BRCA1 mutation carriers may raise 
ethical concerns due to unrealistically long study periods or prohibitive costs. The availability of 
intermediate endpoint biomarkers would alleviate this concern. Using biomarkers associated with 
systemic consequences of the BRCA1 mutation carrier state would also raise the possibility of 
measuring such biomarkers not only in risk-prone tissues, but also perhaps in more readily accessible 
tissues such as, for example, cervical epithelium, buccal cells, or blood, further facilitating the design 
and execution of cancer prevention trials [32]. A thorough understanding of the multi-systemic 
consequences of the BRCA1 mutation carrier state, including how these consequences are altered as 
a consequence of age or menopausal status, and of their cell-nonautonomous effects on the tissues at 
elevated cancer risk in such carriers would accelerate progress toward these goals. 

Epigenetic reprogramming of the fallopian tube fimbrial epithelium may be a direct 
consequence of cell-nonautonomous effects of the BRCA1 mutation carrier state on fimbrial 
epithelium [33]. The merit of using this epigenetic signature as surrogate intermediate endpoints is 
supported by a study of more than 1000 healthy female volunteers where aspirin, a drug known to 
reduce ovarian cancer risk [34], led to a substantial reduction of DNA methylation in genetic loci 
encoding mediators of the cancer-associated stem-cell phenotype [35]. This effect of aspirin was also 
detectable in readily accessible normal surrogate tissues [36]. A different panel of epigenetic 
biomarkers called epiTOC, which is specifically associated with replicative (as opposed to 
chronological) age, was also characterized [37]. Given that accelerated mitotic aging is hypothesized 
to be a direct consequence of the cell-nonautonomous effects of the BRCA1 mutation carrier state on 
extra-uterine Müllerian epithelium, this panel might also represent an attractive biomarker of 
response to non-surgical means of cancer prevention. 

2. Conclusions  

We propose that targeting systemic effects of the BRCA1 mutation carrier state that indirectly 
contribute to breast and Müllerian cancer risk elevation in such carriers is a potentially attractive 
approach toward the important goal of developing effective non-surgical means of cancer risk 
reduction in this population. Mediators of such cell-nonautonomous mechanism of cancer 
predisposition could also represent useful biomarkers to facilitate overall evaluation and clinical 
management of BRCA1 mutation carriers. These biomarkers could even facilitate evaluation of cancer 
risk in the general population because menstrual cycle homeostasis, which is an important driver of 
cell-nonautonomous mechanisms of cancer predisposition in BRCA1 mutation carriers, is the greatest 
known risk factor for the main histological subtypes of sporadic (non-familial) Müllerian carcinomas.  

Author Contributions: M.W. and L.D. contributed equally to this manuscript. All authors have read and agreed 
to the published version of the manuscript. 



Cancers 2020, 12, 547 5 of 7 

 

Funding: This research was funded by the European Research Council BRCA-ERC Program (742432), by the 
European Union’s Horizon 2020 Program (H2020/2014-2020) under grant agreement number 634570 (Project 
FORECEE: www.forecee.eu/), and by The Eve Appeal (www.eveappeal.org.uk/). The APC was funded by the 
European Union’s Horizon 2020 Program (H2020/2014-2020) under grant agreement number 634570. 

Conflicts of Interest: The authors declare no conflicts of interest. 

References  

1. Cuzick, J.; Sestak, I.; Cawthorn, S.; Hamed, H.; Holli, K.; Howell, A.; Forbes, J.F. Tamoxifen for prevention 
of breast cancer: Extended long-term follow-up of the IBIS-I breast cancer prevention trial. Lancet Oncol. 
2015, 16, 67–75. 

2. Cuzick, J.; Sestak, I.; Forbes, J.F.; Dowsett, M.; Knox, J.; Cawthorn, S.; Saunders, C.; Roche, N.; Mansel, R.E.; 
Von, M.G.; et al. Anastrozole for prevention of breast cancer in high-risk postmenopausal women (IBIS-II): 
An international, double-blind, randomised placebo-controlled trial. Lancet 2014, 383, 1041–1048. 

3. Scott, C.L.; Swisher, E.M.; Kaufmann, S.H. Poly(ADP-ribose) polymerase inhibitors: Recent advances and 
future development. J. Clin. Oncol. 2015, 33, 1397–1406. 

4. Austria, T.; Marion, C.; Yu, V.; Widschwendter, M.; Hinton, D.R.; Dubeau, L. Mechanism of cytokinesis 
failure in ovarian cystadenomas with defective BRCA1 and P53 pathways. Int. J. Cancer 2018, 143, 2932–
2942. 

5. Narod, S.A.; Risch, H.; Moslehi, R.; Dorum, A.; Neuhausen, S.; Olsson, H.; Provencher, D.; Radice, P.; Evans, 
G.; Bishop, S.; et al. Oral contraceptives and the risk of hereditary ovarian cancer. Hereditary Ovarian 
Cancer Clinical Study Group. N. Engl. J. Med. 1998, 339, 424–428. 

6. Antoniou, A.C.; Rookus, M.; Andrieu, N.; Brohet, R.; Chang-Claude, J.; Peock, S.; Cook, M.; Evans, D.G.; 
Eeles Embrace, R.; Nogues, C.; et al. Reproductive and hormonal factors, and ovarian cancer risk for BRCA1 
and BRCA2 mutation carriers: Results from the International BRCA1/2 Carrier Cohort Study. Cancer 
Epidemiol. Biomark. Prev. 2009, 18, 601–610. 

7. Pike, M.C.; Henderson, B.E.; Casagrande, J.T.; Rosario, I.; Gray, G.E. Oral contraceptive use and early 
abortion as risk factors for breast cancer in young women. Br. J. Cancer 1981, 43, 72–76. 

8. Beaber, E.F.; Malone, K.E.; Tang, M.T.; Barlow, W.E.; Porter, P.L.; Daling, J.R.; Li, C.I. Oral contraceptives 
and breast cancer risk overall and by molecular subtype among young women. Cancer Epidemiol. Biomark. 
Prev. 2014, 23, 755–764. 

9. Chodankar, R.; Kwang, S.; Sangiorgi, F.; Hong, H.; Yen, H.Y.; Deng, C.; Pike, M.C.; Shuler, C.F.; Maxson, 
R.; Dubeau, L. Cell-nonautonomous induction of ovarian and uterine serous cystadenomas in mice lacking 
a functional Brca1 in ovarian granulosa cells. Curr. Biol. 2005, 15, 561–565. 

10. Hong, H.; Yen, H.Y.; Brockmeyer, A.; Liu, Y.; Chodankar, R.; Pike, M.C.; Stanczyk, F.Z.; Maxson, R.; 
Dubeau, L. Changes in the mouse estrus cycle in response to BRCA1 inactivation suggest a potential link 
between risk factors for familial and sporadic ovarian cancer. Cancer Res. 2010, 70, 221–228. 

11. Yen, H.Y.; Gabet, Y.; Liu, Y.; Martin, A.; Wu, N.L.; Pike, M.C.; Frenkel, B.; Maxson, R.; Dubeau, L. 
Alterations in Brca1 expression in mouse ovarian granulosa cells have short-term and long-term 
consequences on estrogen-responsive organs. Lab. Investig. 2012, 92, 802–811. 

12. Widschwendter, M.; Rosenthal, A.N.; Philpott, S.; Rizzuto, I.; Fraser, L.; Hayward, J.; Intermaggio, M.P.; 
Edlund, C.K.; Ramus, S.J.; Gayther, S.A.; et al. The sex hormone system in carriers of BRCA1/2 mutations: 
A case-control study. Lancet Oncol. 2013, 14, 1226–1232. 

13. Widschwendter, M.; Burnell, M.; Fraser, L.; Rosenthal, A.N.; Philpott, S.; Reisel, D.; Dubeau, L.; Cline, M.; 
Pan, Y.; Yi, P.C.; et al. Osteoprotegerin (OPG), The Endogenous Inhibitor of Receptor Activator of NF-
kappaB Ligand (RANKL), is Dysregulated in BRCA Mutation Carriers. eBioMedicine 2015, 2, 1331–1339. 

14. Schramek, D.; Leibbrandt, A.; Sigl, V.; Kenner, L.; Pospisilik, J.A.; Lee, H.J.; Hanada, R.; Joshi, P.A.; 
Aliprantis, A.; Glimcher, L.; et al. Osteoclast differentiation factor RANKL controls development of 
progestin-driven mammary cancer. Nature 2010, 468, 98–102. 

15. Nolan, E.; Vaillant, F.; Branstetter, D.; Pal, B.; Giner, G.; Whitehead, L.; Lok, S.W.; Mann, G.B.; Kathleen, C.; 
Soriano, R.; et al. RANK ligand as a potential target for breast cancer prevention in BRCA1-mutation 
carriers. Nat. Med. 2016, 22, 933–939. 

16. Phelan, C.M.; Kuchenbaecker, K.B.; Tyrer, J.P.; Kar, S.P.; Lawrenson, K.; Winham, S.J.; Dennis, J.; Pirie, A.; 
Riggan, M.J.; Chornokur, G.; et al. Pharoah, Identification of 12 new susceptibility loci for different 
histotypes of epithelial ovarian cancer. Nat. Genet. 2017, 49, 680–691. 



Cancers 2020, 12, 547 6 of 7 

 

17. Pike, M.C. Age-related factors in cancers of the breast, ovary, and endometrium. J. Chronic Dis. 1987, 40 
(Suppl. 2), 59S-69S. 

18. Pike, M.C.; Pearce, C.L.; Peters, R.; Cozen, W.; Wan, P.; Wu, A.H. Hormonal factors and the risk of invasive 
ovarian cancer: A population-based case-control study. Fertil. Steril. 2004, 82, 186–195. 

19. Whittemore, A.S.; Harris, R.; Itnyre, J. Characteristics relating to ovarian cancer risk: Collaborative analysis 
of 12 US case-control studies. II. Invasive epithelial ovarian cancers in white women. Collaborative Ovarian 
Cancer Group. Am. J. Epidemiol. 1992, 136, 1184–1203. 

20. Nur, U.; El Reda, D.; Hashim, D.; Weiderpass, E. A prospective investigation of oral contraceptive use and 
breast cancer mortality: Findings from the Swedish women’s lifestyle and health cohort. BMC Cancer 2019, 
19, 807. 

21. Schrijver, L.H.; Olsson, H.; Phillips, K.A.; Terry, M.B.; Goldgar, D.E.; Kast, K.; Engel, C.; Mooij, T.M.; 
Adlard, J.; Barrowdale, D.; et al. Ibccs, Oral Contraceptive Use and Breast Cancer Risk: Retrospective and 
Prospective Analyses From a BRCA1 and BRCA2 Mutation Carrier Cohort Study. JNCI Cancer Spectr. 2018, 
2, pky023. 

22. Dubeau, L. The cell of origin of ovarian epithelial tumours. Lancet Oncol. 2008, 9, 1191–1197. 
23. Lee, Y.; Miron, A.; Drapkin, R.; Nucci, M.R.; Medeiros, F.; Saleemuddin, A.; Garber, J.; Birch, C.; Mou, H.; 

Gordon, R.W.; et al. A candidate precursor to serous carcinoma that originates in the distal fallopian tube. 
J. Pathol. 2007, 211, 26–35. 

24. Yu, V.M.; Marion, C.M.; Austria, T.M.; Yeh, J.; Schonthal, A.H.; Dubeau, L. Role of BRCA1 in controlling 
mitotic arrest in ovarian cystadenoma cells. Int. J. Cancer 2012, 130, 2495–2504. 

25. Anjum, S.; Fourkala, E.O.; Zikan, M.; Wong, A.; Gentry-Maharaj, A.; Jones, A.; Hardy, R.; Cibula, D.; Kuh, 
D.; Jacobs, I.J.; et al. A BRCA1-mutation associated DNA methylation signature in blood cells predicts 
sporadic breast cancer incidence and survival. Genome Med. 2014, 6, 47. 

26. Ramadan, S.; Arm, J.; Silcock, J.; Santamaria, G.; Buck, J.; Roy, M.; Leong, K.M.; Lau, P.; Clark, D.; Malycha, 
P.; et al. Lipid and Metabolite Deregulation in the Breast Tissue of Women Carrying BRCA1 and BRCA2 
Genetic Mutations. Radiology 2015, 275, 675–682. 

27. Smirnova, T.G.; Savochkina Dolgushin, A.Y., II; Nikushkina, K.V.; Samuseva, I.V. Changes in Functional 
Activity of Neutrophils and Monocytes Isolated from the Peripheral Blood of Women at Different Phases 
of the Menstrual Cycle. Bull. Exp. Biol. Med. 2018, 166, 222–224. 

28. Makinde, J.; Jones, C.; Bartolf, A.; Sibeko, S.; Baden, S.; Cosgrove, C.; Shattock, R.J. Localized cyclical 
variations in immunoproteins in the female genital tract and the implications on the design and assessment 
of mucosal infection and therapies. Am. J. Reprod. Immunol. 2018, 79, e12801. 

29. Lorenz, T.K.; Heiman, J.R.; Demas, G.E. Interactions Among Sexual Activity, Menstrual Cycle Phase, and 
Immune Function in Healthy Women. J. Sex Res. 2018, 55, 1087–1095. 

30. Nene, N.R.; Reisel, D.; Leimbach, A.; Franchi, D.; Jones, A.; Evans, I.; Knapp, S.; Ryan, A.; Ghazali, S.; 
Timms, J.F.; et al. Association between the cervicovaginal microbiome, BRCA1 mutation status, and risk of 
ovarian cancer: A case-control study. Lancet Oncol. 2019, 20, 1171–1182. 

31. Liu, Y.; Pike, M.C.; Wu, N.; Lin, Y.G.; Mucowski, S.; Punj, V.; Tang, Y.; Yen, H.Y.; Stanczyk, F.Z.; Enbom, 
E.; et al. Brca1 Mutations Enhance Mouse Reproductive Functions by Increasing Responsiveness to Male-
Derived Scent. PLoS ONE 2015, 10, e0139013. 

32. Widschwendter, M.; Jones, A.; Evans, I.; Reisel, D.; Dillner, J.; Sundstrom, K.; Steyerberg, E.W.; Vergouwe, 
Y.; Wegwarth, O.; Rebitschek, F.G.; et al. Epigenome-based cancer risk prediction: Rationale, opportunities 
and challenges. Nat. Rev. Clin. Oncol. 2018, 15, 292–309. 

33. Bartlett, T.E.; Chindera, K.; McDermott, J.; Breeze, C.E.; Cooke, W.R.; Jones, A.; Reisel, D.; Karegodar, S.T.; 
Arora, R.; Beck, S.; et al. Epigenetic reprogramming of fallopian tube fimbriae in BRCA mutation carriers 
defines early ovarian cancer evolution. Nat. Commun. 2016, 7, 11620. 

34. Trabert, B.; Ness, R.B.; Lo-Ciganic, W.H.; Murphy, M.A.; Goode, E.L.; Poole, E.M.; Brinton, L.A.; Webb, 
P.M.; Nagle, C.M.; Jordan, S.J.; et al. Aspirin, nonaspirin nonsteroidal anti-inflammatory drug, and 
acetaminophen use and risk of invasive epithelial ovarian cancer: A pooled analysis in the Ovarian Cancer 
Association Consortium. J. Natl. Cancer Inst. 2014, 106, djt431. 

35. Widschwendter, M.; Fiegl, H.; Egle, D.; Mueller-Holzner, E.; Spizzo, G.; Marth, C.; Weisenberger, D.J.; 
Campan, M.; Young, J.; Jacobs, I.; et al. Epigenetic stem cell signature in cancer. Nat. Genet. 2007, 39, 157–
158. 



Cancers 2020, 12, 547 7 of 7 

 

36. Noreen, F.; Roosli, M.; Gaj, P.; Pietrzak, J.; Weis, S.; Urfer, P.; Regula, J.; Schar, P.; Truninger, K. Modulation 
of age- and cancer-associated DNA methylation change in the healthy colon by aspirin and lifestyle. J. Natl. 
Cancer Inst. 2014, 106, doi:10.1093/jnci/dju161. 

37. Yang, Z.; Wong, A.; Kuh, D.; Paul, D.S.; Rakyan, V.K.; Leslie, R.D.; Zheng, S.C.; Widschwendter, M.; Beck, 
S.; Teschendorff, A.E. Correlation of an epigenetic mitotic clock with cancer risk. Genome Biol. 2016, 17, 205. 

 

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open 
access article distributed under the terms and conditions of the Creative 
Commons Attribution (CC BY) license 
(http://creativecommons.org/licenses/by/4.0/). 

 


