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Abstract

Purpose Hypertension in pregnancy has been associated
with decreased future risk of breast cancer in many but not
all studies. In the Marin Women’s Study, pregnancy-in-
duced hypertension was shown to interact with the T allele
of a functional IGFIR gene variant, 1s2016347, to result in
lower breast density, as well as decreased breast cancer
risk. Our objective was to explore these findings in a larger
sample of women from the California Teachers Study
(CTS).

Methods The CTS cohort consists of over 130,000 female
educators. DNA was available from a nested case—control
study, which included 2,030 non-Hispanic white women
who developed breast cancer and 1,552 controls. The
current study included all participants from the case—con-
trol group with a self-reported history of preeclampsia (80
cases/57 controls).

Results Comparing TT to GG genotypes revealed adjusted
odds ratios of 0.38 (CI 0.13, 1.14) for all invasive breast
cancers, 0.26 (CI 0.07, 0.89) for hormone receptor-positive
(HR+) breast cancers, 0.15 (CI 0.04, 0.56) for those with
age at first birth (AFB) < 30, and 0.10 (CI 0.02, 0.49) for
those with AFB < 30 and HR+ breast cancers. Trend
analysis yielded p values of 0.09, 0.03, 0.005, and 0.004
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respectively, suggesting a biological effect for each T
allele.

Conclusion Study findings indicate that the T allele of
IGFIR variant rs2016347 is associated with a significant
reduction in breast cancer risk in women with a history of
preeclampsia, most marked for HR+ breast cancer and in
women with AFB < 30.
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Abbreviations

IGFIR  Insulin-like growth factor 1 receptor
SNP Single nucleotide polymorphism
BMI Body mass index

MWS Marin Women’s Study

CTS California Teachers Study
IGF-1 Insulin-like growth factor 1
3'UTR  Three prime untranslated region
MiRNA MicroRNA

AFB Age at first birth

HR+ Hormone receptor positive

ER+ Estrogen receptor positive
TDLU  Terminal duct lobular unit
Introduction

Pregnancy is known to have a major impact on the
developing breast and results in a transient increase, but a
long-term decrease in the risk of developing breast cancer.
Hypertensive disorders of pregnancy are characterized by
the development of elevated blood pressure after the 20th
week of pregnancy and affect 6-8% of all pregnancies.
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Many but not all epidemiologic studies have demonstrated
a lower future risk of breast cancer in women reporting
such a history, whether it be hypertension alone (gesta-
tional hypertension), or hypertension with proteinuria
(preeclampsia). A pooled meta-analysis of 19 publications
in 2013 reported a hazard ratio of 0.86 for preeclampsia
and 0.83 for gestational hypertension [1]. Most of the lar-
ger cohort studies have reported similar reductions in risk
[2—4]. Although not all published studies have demon-
strated reduced risk, many were limited by small numbers
or short follow-up period and involved women of varying
ethnicities with presumed differences in the frequencies of
inherited gene variants commonly known as single
nucleotide polymorphisms (SNPs) [5].

Both gestational hypertension and preeclampsia are
associated with inadequate invasion of the uterine vascu-
lature by placental cytotrophoblasts, resulting in placental
ischemia and the subsequent release of numerous biologi-
cally active factors such as cytokines, angiogenic factors,
and growth factors/inhibitors that could impact the breast
during this critical developmental period [6]. Many studies
have reported lower serum IGF-1 (insulin-like growth
factor 1) levels in women with preeclampsia as well as
lower placental expression of IGF-1 [7-10]. Increased
placental oxidation of the primary receptor for IGF-1,
IGFIR (insulin-like growth factor 1 receptor), has also
been demonstrated in these women [11].

IGF-1 is an important mediator of mammary terminal
ductal formation during development, and increased
activity of the gland’s IGF-1/IGFIR system has been
shown to play a major promoting role in the development
of breast cancer [12, 13]. A pooled data analysis of 17
studies demonstrated that women with higher circulating
IGF-1 levels have a higher risk of breast cancer, and that
this is especially true for ER+ (estrogen receptor-positive)
breast cancer development [14]. The growth-promoting
effects of IGF-1 are mediated primarily through IGFIR,
and high cytoplasmic expression of IGF1R in terminal duct
lobular units (TDLUs) has been associated with signifi-
cantly increased risk of later-life breast cancer [15].

Prior work in the Marin Women’s Study (MWS)
demonstrated that a history of hypertension in pregnancy is
associated with lower later-life breast density and, fur-
thermore, that this lower breast density is dependent on the
inheritance of at least one T allele of rs2016347, a common
and functional SNP located within the 3'UTR of IGFIR
[16]. The MWS also demonstrated a statistically significant
lower risk of breast cancer in women with a history of
hypertension in pregnancy if they carry the TT genotype of
rs2016347, although these findings were based on only 22
cancer cases [17]. The current study explored these find-
ings in a larger sample of women from the California
Teachers Study (CTS), in which an earlier analysis had
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failed to show any statistically significant breast cancer
protective effect associated with a history of preeclampsia
in either the most recent or any prior pregnancy [18].

Methods

The California Teachers Study (CTS) is an ongoing
prospective cohort study of breast cancer composed of
133,479 active and retired female public school teachers
and administrators recruited in 1995 from the California
State Teachers Retirement System. The baseline ques-
tionnaire (Q1) captured detailed information on height/
weight, physical activity, menstrual/reproductive history,
oral contraceptive use, menopausal hormone therapy use,
and family history of cancer. A question about
preeclampsia was asked on the second CTS questionnaire
(Q2) in 1997. Cancer outcomes in the CTS are identified
through annual linkage with the California Cancer Reg-
istry, a legally mandated statewide population-based cancer
reporting system.

Blood samples were available from a case—control study
established in 2012, which included 2,030 non-Hispanic
white women who developed breast cancer after entry into
the study and 1,552 controls without invasive or in situ
breast cancer. The current study nests within this case—
control study, and all participants with a self-reported
history of preeclampsia were selected (80 cases/57 con-
trols). Hazard ratios for breast cancer in women with
preeclampsia were calculated using Cox proportional haz-
ards models in SAS. Adjusted models included age at
baseline, age at first birth, total number of births, body
mass index (BMI) at baseline, age at menarche, and family
history of breast cancer. Invasive breast cancer cases were
annotated as hormone receptor positive (HR+) if they were
either estrogen receptor positive (ER+) or progesterone
receptor positive (PR-+).

Genotyping was performed at the Beckman Research
Institute of City of Hope using MGB TagMan Probe Assays
from Life Technologies. For these assays, the reaction mix in
a final volume of 5 pl included 5-20 ng genomic DNA,
4.5 pmol of each primer, 1.25 pmol of each probe, and
1x TagMan Genotyping Master Mix from Life Technology.
PCR cycling included 40 cycles of a two-step PCR (95 °C
for 15 sand 60 °C for 1 min) after an initial 10 min at95 °C.
PCR amplification and allelic discrimination were carried
out on an ABI PRISM 7900 HT instrument. For genotyping
the samples, 160x master PCR reaction mix for each SNP
was prepared; after loading the Master Mix to the DNA
samples, 9x of remaining Master Mix was loaded to non-
template DNA wells for negative control. The call rate for
152016347 was 97.1%, and the T allele frequency was 0.51 in
all women tested in the CTS cohort.
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Table 1 Comparison of characteristics of the study participants by
breast cancer case status

Total Case status
n =137
Yes No
n =80 n =157
n % n % n %
Age at baseline (p = 0.63)
<50 43 31 28 35 15 26
50-59 44 32 24 30 20 35
60-69 36 26 19 24 17 30
70+ 14 10 9 11 5 9
Age at first live birth (p = 0.21)
<25 58 42 29 36 29 51
25-29 47 34 31 39 16 28
30+ 30 22 19 24 11 19
Family history breast cancer (p = 0.59)
No 110 80 63 79 47 82
Yes 27 20 17 21 10 18
Body mass index (p = 0.59)
<25 55 40 32 40 23 40
25.0-29.9 40 29 26 33 14 25
30+ obese 36 26 18 23 18 32
Age at menarche (p = 0.55)
<11 years 37 27 18 23 19 33
12-13 years 77 56 47 59 30 53
>14 years 20 15 13 16 7 12
Total number of live births (p = 0.77)
1 22 16 14 18 8 14
2 56 41 35 44 21 37
3 38 28 21 26 17 30
4+ 19 14 9 11 10 18
Results

Our study nested within an existing CTS case—control
study and the distribution of participant covariates for the
cases and controls are presented in Table 1. There were no
statistically significant differences (Chi-square
p value < 0.05) in covariates or covariate subgroups. The
mean age at baseline was 55.4 in cases and 56.5 in controls.

When comparing women with preeclampsia who have
the TT genotype to those with the GG genotype, which
would be expected to demonstrate the maximum effect of
the T allele, the adjusted odds ratio for invasive breast
cancer was 0.38 (CI 0.13, 1.14), p = 0.14, and thus did not
reach statistical significance (see Table 2). When looking
at those 61 cases known to be HR+, which includes ER+
or PR+ cases, the adjusted odds ratio was 0.26 (CI 0.07,
0.89), p = 0.03.

Models were stratified by age at first birth (AFB) under
or over age 30 and by premenopausal or postmenopausal
case status to assess possible variations in the associations
observed. Among women with an AFB under 30, those
with the TT genotype when compared to the GG genotype
demonstrated an adjusted odds ratio of 0.15 (CI 0.04, 0.56),
p = 0.01, when looking at all types of invasive breast
cancer. When looking at just HR+ breast cancer in women
with AFB under 30, the adjusted odds ratio was 0.10 (CI
0.02, 0.49), p = 0.008. Stratification by pre- and post-
menopausal breast cancer case status failed to demonstrate
any statistically significant findings (data not shown).

In an effort to determine the biologic importance of just
one T allele, the GT as well as the TT genotype was
compared to the GG genotype, and the results of this
analysis are provided in Table 3. In the overall as well as
the stratified results, having one T allele has an interme-
diate effect; however, this was not statistically significant
in the overall group with trend analysis demonstrating a
p value of 0.09. Trend analysis was significant in the HR+
only group, p = 0.03, the AFB under 30 group, p = 0.005,
and the group containing both HR+ cases only and AFB
under 30, p = 0.004. This suggests that one T allele likely
exerts a biologic effect.

We also examined the risk for breast cancer in women
with preeclampsia in the full CTS cohort without regard to
12016347 genotype, providing a 7-year update to the
earlier CTS findings and utilizing preeclampsia in any
pregnancy as the exposure of interest [18]. Presently, there
are 58,043 parous, non-Hispanic white women with known
history of preeclampsia status, which includes 3,006
invasive breast cancer cases. In this updated analysis, the
adjusted hazard ratio for invasive cancer in non-Hispanic

Table 2 Adjusted odds ratios for invasive breast cancer in non-Hispanic white women with history of preeclampsia for /GFIR rs2016347 TT

versus GG genotype

Rs2016347
genotype

All cases with
breast cancer
(n=137)

(n=118)

HR + cases only

AFB < 30 AFB < 30
All cases HR + cases only
(n = 106) (n=92)

TT versus GG OR 0.38 (CI 0.13, 1.14)

p=0.14 p = 0.033

OR 0.26 (CI 0.07, 0.89)

OR 0.15 (CI 0.04, 0.56)
p=0013

OR 0.10 (CI 0.02, 0.49)
p = 0.008

Adjusted for age, parity, age first live birth (except in age first birth stratifications), first-degree relative with breast cancer, age menarche, and
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Table 3 Adjusted odds ratios for invasive breast cancer in non-Hispanic white women with history of preeclampsia for one and two T alleles

compared to reference IGFIR rs2016347 GG genotype

Rs2016347
genotype

All cases with breast cancer

(n=137) (n=118)

HR + cases only

AFB < 30 AFB < 30
All cases HR + cases only
(n = 106) (n=92)

GT versus GG OR 0.53 (CI 0.19, 1.46)

OR 0.57 (CI 0.19, 1.74)

OR 0.34 (CI1 0.12, 1.12) OR 0.30 (CI 0.06, 1.17)

p=0.23 p=0.32 p =0.15 p=0.12

TT versus GG OR 0.38 (CI 0.13, 1.14) OR 0.26 (CI 0.07, 0.89) OR 0.15 (CI 0.04, 0.56) OR 0.10 (CI 0.02, 0.49)
p=0.14 p =0.033 p = 0013 p = 0.008

Trend analysis p =20..09 p = 0.030 p = 0.005 p = 0.004

Adjusted for age, parity, age first live birth (except in age first birth stratifications), first-degree relative with breast cancer, age menarche, and

BML

white women with a history of preeclampsia in any preg-
nancy is 0.94 (CI 0.81, 1.08) after adjustment for age, age
at first birth, total number births, BMI at baseline, age of
menarche, and history of first-degree relatives with breast
cancer.

Discussion

The CTS results suggest significant breast cancer protec-
tion in women with preeclampsia who possess the IGFIR
rs2016347 TT genotype, specifically in those with age at
first birth under 30 and for subsequent development of
HR+ breast cancer. These results are consistent with prior
MWS findings, and both studies demonstrate that a lower
risk of breast cancer in women with a hypertensive disorder
of pregnancy is dependent on carrying the same functional
rs2016347 variant. The protective TT genotype of
rs2016347 is presumed to be functional both by its clinical
impact (discussed below) and by its association with a
reduction in IGFIR mRNA expression in multiple normal
human tissues [19].

Our findings suggest a SNP-exposure interaction, as the
152016347 SNP alone has not been shown in multiple
genome-wide studies to be associated with changes in the
risk of either breast cancer or preeclampsia. We speculate
that this functional SNP genotype may interact with one or
more of the numerous alterations in hormones and growth
factors that occur as a result of the placental insufficiency
seen in women with hypertensive disorders of pregnancy.
Documented changes in these women include decreased
estrogen levels and lower IGF-1 levels with higher levels
of IGF-1 binding proteins [20].

Early full-term pregnancy has long been known to have
a protective effect on future breast cancer risk. Animal
models have demonstrated that presumed epigenetic
changes occur in rat mammary glands that persist long after
pregnancy and strongly protect against mammary tumori-
genesis [21]. Humans also have a lasting genomic signature

@ Springer

that results from pregnancy that may explain its long-term
preventive effect [22]. Identified changes include higher
chromatin condensation and increased histone methylation
[23]. Our findings support the possibility of a permanent
risk-reducing change induced in the breast tissue of women
who experience a hypertensive disorder of pregnancy and
who carry the rs2106347 T allele(s). Indeed, Katz et al.
demonstrated in mice that parity results in significant and
persistent hypermethylation of /GFIR and, furthermore,
that this hypermethylation was associated with a reduction
in mammary gland IGFIR mRNA expression [24]. Car-
rying the risk-reducing rs2106347 T allele(s) may further
reduce mammary gland IGFIR mRNA expression by yet
another epigenetic mechanism. MicroRNAs are small
(~22 nucleotides) non-coding transcripts known to epi-
genetically reduce the expression of target transcripts at the
translational level. By computational analysis, the T allele
of rs2016347 appears to create a high-affinity binding site
for miR-432 within the IGFIR 3'UTR, providing a putative
mechanism for the predicted functionality of rs2016347
and the T allele dosage effect observed in both our CTS
analysis and in the GTEx dataset [19].

Animal models have also demonstrated that IGF-1 can
obliterate the pregnancy-associated protection against
breast cancer by increasing ERo activation [25]. With
regard to this pro-tumorigenic mammary gland interaction
between IGFIR and ERa activation, our CTS findings with
respect to HR+ breast cancer development are consistent
with those of Winder et al. who found better outcomes for
women with ER+ breast cancers treated with the antie-
strogen tamoxifen who carry the T allele of rs2016347
[26].

A potential early application of these findings could lie
in risk prediction. Although efforts at adding SNPs to risk
assessment models have resulted in only an incremental
improvement in risk prediction across the general popula-
tion, there may be subgroups of women such as those
identified here who may benefit significantly from the
addition of a specific SNP to their individualized risk
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assessment [27]. According to the US Census, there are
about 90 million parous women in the US, and close to
9 million of these women are expected to have a history of
pregnancy-induced hypertension in at least one of their
pregnancies. These women, with rs2016347 genotyping,
might benefit from a more personalized estimate of their
future breast cancer risk.

This study possesses a number of significant strengths.
First and foremost, it presents data which are consistent
with a previous study, thus the findings have now been
demonstrated in two analyses performed at different times
by separate research teams utilizing distinct cohorts, both
finding statistically significant breast cancer protection in
women with a history of hypertension in pregnancy who
carry the rs2016347 TT genotype. Both analyses have
excellent data on reproductive history and other breast
cancer risk factors. Although the genotyping process was
completed at different labs, the same assay approach and
reagents were utilized in both studies, with resultant high
call rates.

One potential limitation of our comparison between this
study and the MWS study is that the “definition” of
hypertension in pregnancy differed in the two studies. In
the MWS, participants were asked if they had hypertension
in pregnancy, while in the CTS participants were asked if
they had preeclampsia in pregnancy. Thus, the CTS would
not include women with gestational hypertension. How-
ever, these disorders are both associated with similar
decreases in future breast cancer risk as shown in the ref-
erenced meta-analysis [1]. Moreover, the Child Health &
Development Studies reported that women with recorded
increases in blood pressure during pregnancy, even without
reaching the clinical threshold of hypertension, also expe-
rience a significant decrease in future breast cancer risk
[28, 29]. This suggests that the findings of this study could
impact an even larger number of women including those
who have not received a diagnosis of gestational hyper-
tension or preeclampsia. Another potential study limitation
is that the CTS used self-reported data for their determi-
nation of preeclampsia. Although this may introduce recall
bias, a systematic review of maternal recall of all hyper-
tensive disorders in pregnancy found a specificity of >90%,
indicating that misclassification was probably not a sig-
nificant factor in this CTS analysis [30].

In addition, the current study included only non-His-
panic white women. This was designed to make our CTS
analysis more comparable to that of the MWS, but clearly
limits generalizability. The small numbers resulting from
the relatively low incidence rates of both preeclampsia and
breast cancer may have precluded demonstrating statistical
significance of relatively low effect size, as evidenced by
the lack of statistical significance when looking at all cases
of invasive breast cancer by genotype despite an adjusted

OR of 0.38. Thus, our CTS findings warrant replication and
further study in other large cohorts with similar access to
both pregnancy hypertension history and later-life breast
cancer risk.

Conclusion

The results provided from this CTS analysis suggest sig-
nificant breast cancer protection in women with
preeclampsia who inherit the protective TT genotype for the
IGFIR SNP 1s52016347. Stratification of participants
demonstrated that this protection is increased in women with
age at first birth under 30, and for the later-life development
of HR+ breast cancer. The rs2016347 T allele is common in
many ethnicities and is likely functional, as recent studies
have associated this variant with lower normal tissue
expression of IGFIR mRNA and better treatment responses
and patient survival from HR+ breast cancer.

The protective T allele appears to encode a new
microRNA (miR-432) binding site within the IGFIR
3'UTR, offering a potential mechanistic hypothesis for the
functionality of rs2016347 and its ability to interact with
alterations of hormones and/or growth factors characteris-
tic of hypertensive disorders of pregnancy and, thereby, to
imprint the immature gland with a lasting protective effect
from later-life tumorigenesis. Future proof of the mecha-
nistic process may not only help explain why certain
pregnancy events can protect some but not all women from
breast cancer, but could also foster the design of much
needed new breast cancer prevention strategies.
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