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Abstract

Background: Early life adiposity and changes in adiposity over the life course are
associated with mammographic breast density among postmenopausal women.
However, the underlying mechanisms are unknown; therefore, we comprehen-
sively examined the associations of early life body mass index (BMI) and changes
in BMI from ages 10, 18 to age at mammogram with growth factor, RANK path-
way, and sex hormone gene expression in 372 postmenopausal women.
Methods: We estimated early life BMI at age 10 using the validated 9-level
Stunkard pictogram. We calculated BMI at other ages (18, 30, and current age at
mammogram) by dividing weight in kilograms at these ages with height in meters
squared. Sequencing for gene expression was performed using the NanoString
nCounter system. After adjusting for confounders, we estimated associations
using multivariable linear regressions.

Results: A 10 kg/m? increase in early life BMI at age 10 was associated with a
17.2% decrease in RANKL gene expression (95% confidence interval [CI| = —30.8,
—0.9) but was not associated with changes in other markers. BMI changes from
ages 10, 18 to age at mammogram were associated with an increase in BMP2
and decreases in RANK, RANKL, and TNFRSF13B gene expression but were not
associated with gene expression of other markers. A 10 kg/m? increase in early
life BMI from age 10 to current age was associated with a 7.8% increase in BMP2
(95% CI = —1.4,17.8), an 8.5% decrease in RANK (95% CI = —13.9, —2.8), a 10.4%
decrease in RANKL (95% CI = —16.9, —3.3), and an 8.5% decrease in TNFRSF13B
gene expression (95% CI = —13.8, —2.8).

Conclusion: The results provide new insights into the biological mechanisms
underlying the associations of adiposity changes from early life to adulthood
and early life adiposity with mammographic breast density in postmenopausal

women.
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1 | INTRODUCTION

Obesity is a global public health problem. From 1999-
2000 to 2017-2018, US obesity prevalence increased from
30.5% to 42.4%." Excess adiposity tends to accrue during
early and middle adulthood.” Among US adults, the mean
weight gain is 0.5-1.0 kg/year during early and middle
adulthood.® Although modest, this yearly accumulation of
weight eventually leads to obesity over time.? Excess adi-
posity is a well-established risk factor for major chronic
diseases, certain types of cancer such as postmenopausal
breast cancer,*> and premature death.® Furthermore, we
and others have demonstrated that early life adiposity and
long-term adiposity gains from ages 10 and 18 are associ-
ated with breast cancer and mammographic breast density
among postmenopausal women.”'! However, the under-
lying biological mechanisms driving the associations of
early life adiposity with mammographic breast density
and breast cancer are largely unknown.

Growth factors regulate several physiological functions
related to growth, development, and glucose homeosta-
sis.'* Insulin-like growth factors (IGFs) and their bind-
ing proteins, insulin-like growth factor-binding proteins
(IGFBPs), are critical modulators of metabolism and data
suggest that IGF-1 and IGFBP-3 may be associated with
mammographic breast density."*'7 Early life adiposity is
inversely associated with the circulating levels of IGF-
1,2 thus, changes in IGF-1 levels over time may rep-
resent a potential link between early life adiposity and
mammographic breast density later in life. Other bio-
markers such as sex hormones and the receptor activa-
tor of nuclear factor-kappa (RANK) are associated with
mammographic breast density and breast cancer.*'”?’
Thus, changes in adiposity over time may be associated
with changes in these markers. To the best of our knowl-
edge, there are no data on how changes in adiposity over
time may be associated with these biomarkers. We, thus,
investigated the associations of early life body mass index
(BMI) at ages 10 and 18 as well as subsequent changes in
BMI from ages 10, 18 to adulthood with growth factor, sex
hormone, and RANK pathway gene expression in post-
menopausal women. Unraveling these associations will
help further expand our knowledge of how early life ad-
iposity and adiposity changes over the life course impact
mammographic breast density and breast cancer risk.

2 | METHODS

2.1 | Study design and participants

We recruited 400 postmenopausal women who were
scheduled for annual screening mammograms at

Washington University School of Medicine (Joanne
Knight Breast Health Center, Siteman Cancer Center)
from October 2017 to September 2018. A detailed descrip-
tion of the study participants has been presented in our
previous paper.” In brief, the inclusion criteria were (a)
women aged 50-64 years, (b) postmenopausal women,
(c) able to comply with requirements according to all pro-
cedures and schedules, including the collection of blood
samples at enrollment.” The exclusion criteria were (a)
any cancer history, including breast cancer; (b) history of
breast implants, augmentation, or reduction; and (c) use
of selective estrogen receptor modulators (SERM) or den-
osumab in the previous 6 months.’

For 2-4 weeks before the scheduled mammograms,
research coordinators mailed research flyers to eligible
participants. On the day of the appointment, each study
participant completed a blood draw by trained phleboto-
mists and filled in breast cancer risk factor questionnaires.’
We excluded 16 women with missing gene expression
data and 12 women with missing BMI or body shape at
age 10; thus, we had 372 postmenopausal women in our
final analysis. This study obtained institutional review
board (IRB) approval from Washington University School
of Medicine, and documented consent was obtained from
all participants.

2.2 | BMI measures and BMI change

Body shape at age 10 was measured with the 9-level figure
somatotype pictogram, which was developed by Stunkard
and colleagues.?® Then, we estimated BMI at age 10 using
the Growing Up Today Study.” Since the 9-level figure
somatotype pictogram for girls in the Growing Up Today
Study ranged from 1 to 7, we did not compute BMI at age
10 for women whose body shape at age 10 was larger than
7. We calculated BMI at ages 18, 30, and at the time of
mammogram by dividing weight in kilograms at each
age with height in meters squared. Height was measured
using a fixed stadiometer. Weights at ages 18 and 30 were
obtained from questionnaires provided by study par-
ticipants. Weight at mammogram was measured in light
clothing without shoes using the full-body sensing, com-
prehensive body composition monitor (OMRON, model
HBF-514C).

We defined three initial ages (ages 10, 18, and 30) for
BMI change. We derived the following BMI change tra-
jectories for three time periods: (a) from age 10 to age at
mammogram, (b) from age 18 to age at mammogram, and
(c) from age 30 to age at mammogram.” We defined the
categories of BMI change as follows: (a) BMI loss, (b) BMI
gain of 0.1-5 kg/m? (c) BMI gain of 5.1-10 kg/m?, (d) BMI
gain of 10.1-15 kg/m?, and (e) BMI gain of >15 kg/m>.
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2.3 | Gene expression

We quantified gene expression of growth factors,
RANK pathway markers, and sex hormones from par-
ticipants’ plasma samples. We sequenced the following
genes based on a priori hypothesis that these markers
may be associated with mammary epithelial and/or
stromal proliferation, hence, may be associated with
mammographic breast density and breast cancer devel-
opment. These genes include (I) growth factors: bone
morphogenetic protein 2 (BMP2), IGF-1, IGFBP-3, fi-
broblast growth factor 1 (FGF1), fibroblast growth fac-
tor 12 (FGF12), and transforming growth factor-beta
1 (TGFB1); (II) RANK pathway: RANK, RANK ligand
(RANKL), tumor necrosis factor receptor superfam-
ily member 13B (TNFRSF13B), tumor necrosis fac-
tor receptor superfamily member 18 (TNFRSF18), and
osteoprotegerin (OPG); (III) sex hormones: prolactin
(PRL), progesterone receptor (PGR), estrogen receptor
1 (ESR1), signal transducer and activator of transcrip-
tion 1 (STAT1), and signal transducer and activator of
transcription 5 (STATS).

Sequencing for gene expression was performed at the
McDonnell Genome Institute, Washington University
School of Medicine (WUSM) in Saint Louis. Gene expres-
sion was measured in RNA isolated from plasma, using
the NanoString nCounter XT Codeset Gene Expression
Assays protocol (NanoString Technologies). Samples were
processed according to the manufacturer’s recommenda-
tions. Hybridization of the RNA to the custom XT Codeset
was performed with the inputs of 100 ng (18 samples),
180 ng (1 sample), and 200 ng (384 samples). Following
hybridization, samples were processed on the NanoString
Prep Station, where they were purified and immobilized
on a sample cartridge for data collection. The output for
each sample was imported into nSolver Analysis Software
for Quality Control and analysis. Binding densities
ranged from 0.09 to 0.34. Digital transcript counts from
the NanoString nCounter assay were normalized using
several housekeeping genes including ACTB, RPLPO, and
SF3A1.

2.4 | Statistical analysis

We calculated means with standard deviations (SD) for
continuous variables and percentages (%) for categori-
cal variables. The analysis of variance and Chi-squared
tests were used to compare baseline continuous and cat-
egorical variables by BMI change from age 10 to current
age at mammogram. We used multivariable-adjusted
linear regressions to evaluate the associations between
BMI measures and gene expression, adjusting for age at
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mammogram, race, family history of breast cancer, and
menopausal hormone therapy. First, we analyzed the
association between early life BMI (ages 10 and 18) and
gene expression. We used BMI per 10 kg/m” to show the
magnitude of association for BMI at age 10 as a continu-
ous variable. Next, we analyzed the associations between
BMI changes (continuous and categorical) for three time
intervals and gene expression. The multivariable-adjusted
models were adjusted for confounders mentioned above,
as well as BMI at age 10, to remove any residual confound-
ing variables that may arise from the participants’ starting
BMI. For BMI change as a continuous variable, we used
BMI change per 10 kg/m? to report the magnitude of as-
sociation. For BMI change as a categorical variable, we
additionally report p values for linear trends. Due to the
open-ended categories, we calculated the median values
of every category and used appropriate orthogonal poly-
nomial coefficients for trend analyses.*® Gene expression
levels were all log,-transformed to ensure the normality of
the residuals in statistical models. We back-transformed
the beta coefficients (f) and 95% confidence intervals (CIs)
from the regression models to make interpretation easier.
The back-transformed  was presented as percentage dif-
ferences (Diff); estimated as Diff% = (exp,(#)—1)*100 and
interpreted as the one-unit change in an adiposity meas-
ure associated with percent change in gene expression. We
further assessed the interactions between variables (race
and family history of breast cancer) and BMI change over
the life course (continuous) by including cross-product
terms (i.e., BMI change X race, BMI change X family his-
tory of breast cancer) in multivariable-adjusted models.
We performed the analyses through SAS statistical soft-
ware (version 9.4). p values of <0.05 were considered sta-
tistically significant, and all p values were two-sided.

3 | RESULTS

3.1 | Participant characteristics

The mean age at the time of mammogram was 58 years
(range, 50-65 years, Table 1). More than half (61.0%) of
the participants were non-Hispanic Whites and 36.3%
were African Americans. The majority (50.3%) had body
shape 1-2 at age 10. Nineteen women (5.1%) had a BMI
gain of 0.1-5 kg/m?* from age 10 to age at mammogram,
102 (27.4%) had a BMI gain of 5.1-10 kg/m?, 109 (29.3%)
had a BMI gain of 10.1-15 kg/m?, and 141 (37.9%) had a
BMI gain of >15 kg/m?, whereas only one participant had
a BMI loss. Women who had a BMI gain of >15 kg/m*
from age 10 to age at mammogram were more likely to be
African Americans (44.7%) and less likely to use meno-
pausal hormone therapy (28.4%) (Table 1).
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3.2 | Early life BMI and gene expression
BMI at age 10 was inversely associated with RANKL gene
expression after controlling for age at mammogram, race,
family history of breast cancer, and menopausal hormone
therapy use (Table 2). A 10 kg/m? increase in BMI at age
10 was associated with a 17.2% decrease in RANKL gene
expression (95% CI = —30.8, —0.9). BMI at age 10 was not
associated with gene expression of other RANK pathway
markers, growth factors, and sex hormones evaluated
in this analysis. BMI at age 18 was not associated with
changes in profiled gene expression (Table S1).

TABLE 2 Multivariable-adjusted associations between BMI at
age 10 and plasma gene expression profile in 372 postmenopausal

women®
Per 10 kg/m” BMI increase
at age 10
Genes” Diff%"* 95% CI
Growth factor-related genes
BMP2 -1.3 —20.0, 21.6
IGF-1 -9.6 —29.9, 16.6
IGFBP-3 -2.3 -17.2,15.4
FGF1 2.5 -5.5,11.1
FGF12 -0.1 -8.0,8.5
TGFB1 0.4 -7.8,9.4
RANK pathway-related genes
RANK -7.5 —19.9, 6.7
RANKL -17.2" -30.8, —0.9
TNFRSF13B —11.1 —22.8,2.4
TNFRSF18 1.5 —7.1,10.8
OPG —4.2 —15.8,9.1
Sex hormone-related genes
PRL —-4.3 —11.5,3.4
PGR 0.3 —11.5,13.7
ESR1 -39 —-12.9,6.1
STAT1 10.3 —3.8,26.6
STATS 3.7 —-5.2,13.3

Abbreviations: BMI, body mass index; CI, confidence interval.
*Multivariable-adjusted models were adjusted for age at mammogram
(continuous, years), race (non-Hispanic white/African American/others),
family history of breast cancer (yes/no/unknown), and menopausal
hormone therapy (yes/no).

Gene expression was presented as the mean and standard deviation of log,-
transformed values.

“Diff% represents the one-unit change in an adiposity measure associated
with a % change in gene expression.

*p value = 0.04.

Bold indicates P-values less than 0.05 were considered statistically
significant, and all P-values were two-sided.
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3.3 | BMI change and growth factor
gene expression

After controlling for BMI at age 10 and above confound-
ers, increases in BMI from ages 10 and 18 to current age
were associated with an increase in BMP2 gene expres-
sion, but there were no associations with other growth
factors (Table 3). A 10 kg/m? increase in BMI from age 10
was associated with a 7.8% increase in BMP2 gene expres-
sion (95% CI = —1.4, 17.8). Compared with women who
had a BMI gain of 0.1-5 kg/m? from age 10, a 5.1-10 kg/
m” BMI gain was associated with a 39.3% increase (95%
CI = 2.7-89.1); a 10.1-15 kg/m? gain was associated with
a 38.5% increase (95%CI = 2.4-87.4); and a >15 kg/m2
gain was associated with a 50.0% increase (95% CI = 11.2-
102.2) in BMP2 gene expression (p trend = 0.01) (Table 3).

3.4 | BMI change and RANK pathway
gene expression

Increases in BMI from ages 10 and 18 to current age
were associated with decreases in RANK, RANKL, and
TNFRSF13B gene expression but not TNFRSF18 and
OPG gene expression (Table 4). A 10 kg/m? increase in
BMI from age 10 was associated with an 8.5% decrease
in RANK (95% CI = —13.9 to —2.8), a 10.4% decrease in
RANKL (95% CI = —16.9 to —3.3), and an 8.5% decrease
in TNFRSF13B gene expression (95%CI = —13.8 to —2.8).
Compared with women who had a BMI gain of 0.1-5 kg/
m?” from age 10, a 5.1-10 kg/m* BMI gain was associated
with a 13.5% decrease (95% CI = —29.8 to 6.6); a 10.1-
15 kg/m® gain was associated with an 18.5% decrease (95%
CI = —33.7 t0 0.2); and a >15 kg/m” gain was associated
with a 22.5% decrease (95% CI = —36.9 to —5.0) in RANK
gene expression (p trend = 0.01). Similar associations
were observed for RANKL and TNFRSF13B gene expres-
sion (Table 4).

3.5 | BMI change and sex hormone
gene expression

We observed no associations between BMI increase (per
10 kg/m* BMI increase) from ages 10 and 18 to the current
age and sex hormone gene expressions (Table 5).

3.6 | Tests for interaction

We evaluated interactions of BMI change over the life
course with race and family history of breast cancer.
We observed interactions of TGFB1 and IGFBP-3 gene
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expression with a family history of breast cancer (data not
shown). When stratified by family history of breast can-
cer, we observed that a 10 kg/m” increase in BMI from
age 10 was associated with a 6.6% increase in TGFB1
gene expression among women with a positive family his-
tory of breast cancer and a 0.8% decrease among women
with no family history of breast cancer (P, eraction = 0-03)-
A 10 kg/m? increase in BMI from age 18 was associated
with a 13.4% increase in IGFBP-3 gene expression among
women with a positive family history of breast cancer and
a 7.0% decrease among women with no family history of
breast cancer (Pinteraction = 0-02).

Additionally, we reported the results for multivariable-
adjusted associations between BMI change from age
30 years to age at mammogram and gene expression in
Table S2.

4 | DISCUSSION

To the best of our knowledge, this is the first study to in-
vestigate the associations of early life BMI and changes in
BMI over the life course with gene expression of growth
factors, RANK pathway markers, and sex hormones
among postmenopausal women. BMI at age 10 was in-
versely associated with RANKL gene expression, but not
with other markers profiled. Increases in BMI from ages
10 and 18 to age at mammogram were associated with in-
creases in BMP2 gene expression but decreases in RANK,
RANKL, and TNFRSF13B gene expression. Changes in
BMI from ages 10 and 18 were not associated with sex
hormone gene expression (ESR1, PGR, PRL, STAT1, and
STATS).

Intriguingly, BMI gain over the life course was posi-
tively associated with BMP2 gene expression in postmeno-
pausal women. BMPs are highly conserved functional
proteins belonging to the transformation growth TGF-f
superfamily. BMPs were initially identified as inducers
of bone and cartilage formation*** but are now known
to signal in adipose tissue and adipogenic differentiation
beyond the bone.*> BMP2 is expressed at higher levels in
visceral than subcutaneous adipose tissue.** A recent ge-
nomewide association study (GWAS) meta-analysis iden-
tified a genetic locus annotated to BMP2 (rs979012) that is
associated with body fat distribution in women,* further
suggesting that BMP2 influences adipose tissue biology.
In addition, BMP2 was reported to facilitate epithelial-to-
mesenchymal transition®® and promote the invasiveness
of breast cancer cells in vitro and mouse xenograft mod-
els.*”*® Our findings suggest that BMP2 could be a novel
biomarker worth evaluating when investigating the asso-
ciations of early life adiposity with mammographic breast
density in postmenopausal women.
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We observed no associations of BMI change over the
life course with gene expression of other growth factors
(IGF-1, IGFBP-3, FGF1, FGF12, and TGFB1). Obese adi-
pose tissue creates a pro-oncogenic environment that may
be associated with increased levels of circulating insulin
and IGF-1.*° However, early life adiposity has been shown
to be inversely associated with circulating IGF-1 levels in
adults."®* Our findings suggest that the effect of IGF-1 on
mammographic breast density in postmenopausal women
is unlikely to be due to the effect of adiposity change over
the life course.

BMI gains from ages 10 and 18 to the age at mammo-
gram were inversely associated with RANK, RANKL, and
TNFRSF13B gene expression. Obesity may increase bone
resorption by upregulating pro-inflammatory cytokines
(IL-6 and TNF-a), which can stimulate osteoclast activity
through the RANK pathway.*”*' RANK and RANKL are
members of the TNF superfamily of proteins. The RANK
pathway is important in bone homeostasis**** and im-
mune responses.***> The RANK pathway also plays an
essential role in breast development and hormone-driven
mammary epithelial proliferation.**™** We have previously
shown that circulating RANK*' and RANKL gene expres-
sion** were positively associated with mammographic
breast density in premenopausal women. Long-term adi-
posity gains from ages 10 and 18 were inversely associated
with mammographic breast density in postmenopausal
women.” Our findings suggest that changes in RANK
pathway expression, caused by long-term adiposity gains,
may contribute to the decreased mammographic breast
density in postmenopausal women.

Adiposity is positively associated with circulating es-
trone, estradiol, and testosterone levels and negatively
associated with sex hormone-binding globulin (SHBG)
levels, leading to an increase in total bioavailable estrogen
in postmenopausal women.** Estrogen biosynthesis is
catalyzed largely in obese adipose tissue after menopause,
through the conversion of adrenal androgens into estro-
gens by aromatase.”” Prepubertal girls (8-10 years old)
who were heavy had higher levels of dehydroepiandros-
terone sulfate and lower levels of SHBG during puberty
compared with those who were lean,” but no study has
examined whether adiposity change from childhood and
adolescence is associated with sex hormone gene expres-
sion. Although we observed no associations between adi-
posity change over the life course and sex hormone gene
expression, larger studies that include other hormones
such as SHBG and evaluate potential crosstalk between
the hormones are needed.

Epigenetic dysregulation during early development
may increase the risk of obesity.”> More than 2000 differ-
entially methylated regions in adipose tissue of individuals
with unhealthy overweight/obesity versus normal-weight
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individuals or individuals with metabolically healthy
overweight/obesity have been identified.”> However, the
epigenetic evidence for long-term change of obesity from
age 10 to postmenopause is lacking. Future studies can in-
tegrate genetic and epigenetic data to elucidate the under-
lying mechanisms driving early life adiposity.

Our study has several strengths. First, we investigated
the associations of change in adiposity with gene expres-
sion, rather than circulating proteins since protein quanti-
fication still lags behind the high-throughput experimental
techniques used to determine mRNA expression levels.*
Compared with circulating protein biomarkers, gene ex-
pression does not require the generation of antibodies
and the development of enzyme-linked immunosorbent
assays, which decrease the protein stability.”> Second,
our study participants were recruited among women at-
tending annual screening mammogram, which enhances
generalizability.

Our study has several limitations. First, this is a cross-
sectional study and early life BMI (age 18, 30) and body
shape at age 10 were self-reported. However, recalled
childhood adiposity at age 10 using Stunkard 9-level figure
somatotype pictogram and recalled early life BMI mea-
surements (weight and height) have been validated.’®>’
Also, this study excluded participants whose pictograms
were categorized as 8 and 9 since these were not derived
in the Growing Up Today Study.”*

In conclusion, BMI changes from early life were as-
sociated with BMP2, RANK, RANKL, and TNFRSF13B
gene expression in postmenopausal women. These find-
ings offer new insights into potential mechanisms un-
derlying the associations of adiposity and changes in
adiposity during the life course with mammographic
breast density in postmenopausal women and can be
evaluated further within the context of breast cancer
prevention.

CONFLICT OF INTEREST
All authors declare no conflict of interest.

AUTHOR CONTRIBUTIONS

Concept and design: Toriola. Acquisition, analysis, or
interpretation of data: All authors. Drafting of the manu-
script: Han. Critical revision of the manuscript for impor-
tant intellectual content: All authors. Statistical analysis:
Han. Obtained funding: Toriola. Administrative, techni-
cal, or material support: Toriola. Supervision: Colditz,
Toriola.

ETHICAL APPROVAL STATEMENT

This project was approved by the Ethical Committee of
the Washington University School of Medicine, Saint
Louis, Missouri, USA.

DATA AVAILABILITY STATEMENT
The data are available upon request from the correspond-
ing author.

ORCID

Yunan Han © https://orcid.org/0000-0002-6378-7715
Adetunji T. Toriola ® https://orcid.
org/0000-0003-1079-2606

REFERENCES

1. Hales CMCM, Fryar CD, Ogden CL. Prevalence of Obesity and
Severe Obesity among Adults: United States, 2017-2018. NCHS
Data Brief, no 360 Hyattsville. National Center for Health
Statistics; 2020.

2. Zheng Y, Manson JE, Yuan C, et al. Associations of weight
gain from early to middle adulthood with major health out-
comes later in life. JAMA. 2017;318(3):255-269. d0i:10.1001/
jama.2017.7092

3. Hutfless S, Maruthur NM, Wilson RF, et al. AHRQ Comparative
Effectiveness Reviews. Strategies to Prevent Weight Gain Among
Adults. Agency for Healthcare Research and Quality (US);
2013.

4. Calle EE, Rodriguez C, Walker-Thurmond K, Thun MIJ.
Overweight, obesity, and mortality from cancer in a pro-
spectively studied cohort of U.S. adults. N Engl J Med.
2003;348(17):1625-1638.

5. Picon-Ruiz M, Morata-Tarifa C, Valle-Goffin JJ, Friedman ER,
Slingerland JM. Obesity and adverse breast cancer risk and
outcome: mechanistic insights and strategies for intervention.
CA Cancer J Clin. 2017;67(5):378-397. doi:10.3322/caac.21405

6. Hruby A, Manson JE, Qi L, et al. Determinants and conse-
quences of obesity. Am J Public Health. 2016;106(9):1656-1662.
doi:10.2105/ajph.2016.303326

7. Han 'Y, Berkey CS, Herman CR, et al. Adiposity change over
the life course and mammographic breast density in post-
menopausal women. Cancer Prev Res. 2020;13(5):475-482.
doi:10.1158/1940-6207.CAPR-19-0549

8. Samimi G, Colditz GA, Baer HJ, Tamimi RM. Measures of
energy balance and mammographic density in the Nurses'
health study. Breast Cancer Res Treat. 2008;109(1):113-122.
doi:10.1007/s10549-007-9631-7

9. Rosner B, Eliassen AH, Toriola AT, et al. Weight and weight
changes in early adulthood and later breast cancer risk. Int J
Cancer. 2017;140(9):2003-2014. doi:10.1002/ijc.30627

10. Richardson TG, Sanderson E, Elsworth B, Tilling K, Davey SG.
Use of genetic variation to separate the effects of early and later
life adiposity on disease risk: Mendelian randomisation study.
BMJ. 2020;369:m1203. d0i:10.1136/bmj.m1203

11. Gao C, Patel CJ, Michailidou K, et al. Mendelian randomization
study of adiposity-related traits and risk of breast, ovarian, pros-
tate, lung and colorectal cancer. Int J Epidemiol. 2016;45(3):896-
908. d0i:10.1093/ije/dyw129

12. Haywood NJ, Slater TA, Matthews CJ, Wheatcroft SB. The insu-
lin like growth factor and binding protein family: novel thera-
peutic targets in obesity & diabetes. Mol Metab. 2019;19:86-96.
doi:10.1016/j.molmet.2018.10.008

13. Byrne C, Colditz GA, Willett WC, Speizer FE, Pollak M,
Hankinson SE. Plasma insulin-like growth factor (IGF) I,


https://orcid.org/0000-0002-6378-7715
https://orcid.org/0000-0002-6378-7715
https://orcid.org/0000-0003-1079-2606
https://orcid.org/0000-0003-1079-2606
https://orcid.org/0000-0003-1079-2606
https://doi.org/10.1001/jama.2017.7092
https://doi.org/10.1001/jama.2017.7092
https://doi.org/10.3322/caac.21405
https://doi.org/10.2105/ajph.2016.303326
https://doi.org/10.1002/ijc.30627
https://doi.org/10.1136/bmj.m1203
https://doi.org/10.1093/ije
https://doi.org/10.1016/j.molmet.2018.10.008

HAN ET AL.

.. 2709
Cancer Medicine ___-WI LEYJ—

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

IGF-binding protein 3, and mammographic density. Cancer
Res. 2000;60(14):3744-3748.

Diorio C, Pollak M, Byrne C, et al. Insulin-like growth fac-
tor-I, IGF-binding protein-3, and mammographic breast den-
sity. Cancer Epidemiol Biomarkers Prev. 2005;14(5):1065-1073.
doi:10.1158/1055-9965.Epi-04-0706

Boyd NF, Stone J, Martin LJ, et al. The association of breast
mitogens with mammographic densities.
2002;87(8):876-882. doi:10.1038/sj.bjc.6600537
Maskarinec G, Takata Y, Chen Z, et al. IGF-I and mam-
mographic density in four geographic locations: a pooled
analysis. Int J Cancer. 2007;121(8):1786-1792. d0i:10.1002/
ijc.22834

Hada M, Oh H, Pfeiffer RM, et al. Relationship of circulating
insulin-like growth factor-I and binding proteins 1-7 with mam-
mographic density among women undergoing image-guided
diagnostic breast biopsy. Breast Cancer Res. 2019;21(1):81.
doi:10.1186/513058-019-1162-8

Rogers I, Metcalfe C, Gunnell D, Emmett P, Dunger D, Holly J.
Insulin-like growth factor-I and growth in height, leg length,
and trunk length between ages 5 and 10 years. J Clin Endocrinol
Metab. 2006;91(7):2514-2519. doi:10.1210/jc.2006-0388
Schernhammer ES, Tworoger SS, Eliassen AH, et al. Body shape
throughout life and correlations with IGFs and GH. Endocr
Relat Cancer. 2007;14(3):721-732. d0i:10.1677/erc-06-0080
Poole EM, Tworoger SS, Hankinson SE, Schernhammer ES,
Pollak MN, Baer HIJ. Body size in early life and adult levels
of insulin-like growth factor 1 and insulin-like growth fac-
tor binding protein 3. Am J Epidemiol. 2011;174(6):642-651.
doi:10.1093/aje/kwr123

Toriola AT, Appleton CM, Zong X, et al. Circulating receptor
activator of nuclear factor-kB (RANK), RANK ligand (RANKL),
and mammographic density in premenopausal women.
Cancer Prev Res. 2018;11(12):789-796. do0i:10.1158/1940-6207.
Capr-18-0199

Toriola AT, Dang HX, Hagemann IS, et al. Increased breast
tissue receptor activator of nuclear factor-kB ligand (RANKL)
gene expression is associated with higher mammographic den-
sity in premenopausal women. Oncotarget. 2017;8(43):73787-
73792. doi:10.18632/oncotarget.17909

Kiechl S, Schramek D, Widschwendter M, et al. Aberrant reg-
ulation of RANKL/OPG in women at high risk of developing
breast cancer. Oncotarget. 2017;8(3):3811-3825. d0i:10.18632/
oncotarget.14013

Sarink D, Schock H, Johnson T, et al. Circulating RANKL and
RANKL/OPG and breast cancer risk by ER and PR subtype:
results from the EPIC cohort. Cancer Prev Res. 2017;10(9):525-
534. doi:10.1158/1940-6207.Capr-17-0125

Greendale GA, Reboussin BA, Slone S, Wasilauskas C, Pike
MC, Ursin G. Postmenopausal hormone therapy and change
in mammographic density. J Natl Cancer Inst. 2003;95(1):30-37.
doi:10.1093/jnci/95.1.30

Persson I, Thurfjell E, Holmberg L. Effect of estrogen and
estrogen-progestin replacement regimens on mammographic
breast parenchymal density. J Clin Oncol. 1997;15(10):3201-
3207. doi:10.1200/jc0.1997.15.10.3201

Key T, Appleby P, Barnes I, Reeves G. Endogenous sex hor-
mones and breast cancer in postmenopausal women: reanalysis
of nine prospective studies. J Natl Cancer Inst. 2002;94(8):606-
616. doi:10.1093/jnci/94.8.606

Br J Cancer.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Stunkard AJ, Serensen T, Schulsinger F. Use of the Danish
adoption register for the study of obesity and thinness. Res Publ
Assoc Res Nerv Ment Dis. 1983;60:115-120.

Alimujiang A, Imm KR, Appleton CM, Colditz GA, Berkey
CS, Toriola AT. Adiposity at age 10 and mammographic
density among premenopausal women. Cancer Prev Res.
2018;11(5):287-294. doi:10.1158/1940-6207.Capr-17-0309
Coulombe D. Orthogonal polynomial coefficients and trend
analysis for unequal intervals and unequal ns: a micro-
computer application. Behav Res Methods Instrum Comput.
1985;17(3):441-442. d0i:10.3758/BF03200967

Wozney JM, Rosen V, Celeste AJ, et al. Novel regulators of
bone formation: molecular clones and activities. Science.
1988;242(4885):1528-1534. doi:10.1126/science.3201241

Urist MR, Strates BS. Bone morphogenetic protein. J Dent Res.
1971;50(6):1392-1406. d0i:10.1177/00220345710500060601
Blazquez-Medela AM, Jumabay M, Bostrom KI. Beyond the
bone: bone morphogenetic protein signaling in adipose tissue.
Obes Rev. 2019;20(5):648-658. d0i:10.1111/0br.12822
Guiu-Jurado E, Unthan M, Bohler N, et al. Bone morphogenetic
protein 2 (BMP2) may contribute to partition of energy stor-
age into visceral and subcutaneous fat depots. Obesity (Silver
Spring). 2016;24(10):2092-2100. doi:10.1002/0by.21571
Shungin D, Winkler TW, Croteau-Chonka DC, et al. New ge-
netic loci link adipose and insulin biology to body fat distribu-
tion. Nature. 2015;518(7538):187-196. doi:10.1038/nature14132
Kang MH, Kang HN, Kim JL, Kim JS, Oh SC, Yoo YA. Inhibition
of PI3 kinase/Akt pathway is required for BMP2-induced EMT
and invasion. Oncol Rep. 2009;22(3):525-534. d0i:10.3892/
or_00000467

Jin H, PiJ, HuangX, et al. BMP2 promotes migration and invasion
of breast cancer cells via cytoskeletal reorganization and adhe-
sion decrease: an AFM investigation. Appl Microbiol Biotechnol.
2012;93(4):1715-1723. doi:10.1007/s00253-011-3865-3

Katsuno Y, Hanyu A, Kanda H, et al. Bone morphogenetic
protein signaling enhances invasion and bone metasta-
sis of breast cancer cells through Smad pathway. Oncogene.
2008;27(49):6322-6333. doi:10.1038/0nc.2008.232

Belardi V, Gallagher EJ, Novosyadlyy R, LeRoith D. Insulin
and IGFs in obesity-related breast cancer. J Mammary
Gland Biol Neoplasia. 2013;18(3-4):277-289. do0i:10.1007/
$10911-013-9303-7

Pfeilschifter J, Koditz R, Pfohl M, Schatz H. Changes in proin-
flammatory cytokine activity after menopause. Endocr Rev.
2002;23(1):90-119. doi:10.1210/edrv.23.1.0456

Khosla S. Minireview: the OPG/RANKL/RANK sys-
tem. Endocrinology. 2001;142(12):5050-5055. doi:10.1210/
endo.142.12.8536

Lacey DL, Timms E, Tan HL, et al. Osteoprotegerin ligand is a
cytokine that regulates osteoclast differentiation and activation.
Cell. 1998;93(2):165-176. doi:10.1016/s0092-8674(00)81569-x
Yasuda H, Shima N, Nakagawa N, et al. Osteoclast differenti-
ation factor is a ligand for osteoprotegerin/osteoclastogenesis-
inhibitory factor and is identical to TRANCE/RANKL.
Proc Natl Acad Sci USA. 1998;95(7):3597-3602. doi:10.1073/
pnas.95.7.3597

Anderson DM, Maraskovsky E, Billingsley WL, et al. A homo-
logue of the TNF receptor and its ligand enhance T-cell growth
and dendritic-cell function. Nature. 1997;390(6656):175-179.
doi:10.1038/36593


https://doi.org/10.1038/sj.bjc.6600537
https://doi.org/10.1002/ijc.22834
https://doi.org/10.1002/ijc.22834
https://doi.org/10.1093/aje
https://doi.org/10.18632/oncotarget.17909
https://doi.org/10.18632/oncotarget.14013
https://doi.org/10.18632/oncotarget.14013
https://doi.org/10.1093/jnci
https://doi.org/10.1200/jco.1997.15.10.3201
https://doi.org/10.1093/jnci
https://doi.org/10.3758/BF03200967
https://doi.org/10.1126/science.3201241
https://doi.org/10.1177/00220345710500060601
https://doi.org/10.1111/obr.12822
https://doi.org/10.1002/oby.21571
https://doi.org/10.1038/nature14132
https://doi.org/10.3892/or_00000467
https://doi.org/10.3892/or_00000467
https://doi.org/10.1038/onc.2008.232
https://doi.org/10.1210/edrv.23.1.0456
https://doi.org/10.1210/endo.142.12.8536
https://doi.org/10.1210/endo.142.12.8536
https://doi.org/10.1073/pnas.95.7.3597
https://doi.org/10.1073/pnas.95.7.3597
https://doi.org/10.1038/36593

2710 .
—I—Wl LEY_Cancer Medicine _

45.
46.
47.
48.
49.

50.

51.
52.

53.

HAN ET AL.

Wong BR, Josien R, Lee SY, et al. TRANCE (tumor necrosis
factor [TNF]-related activation-induced cytokine), a new TNF
family member predominantly expressed in T cells, is a den-
dritic cell-specific survival factor. J Exp Med. 1997;186(12):2075-
2080. doi:10.1084/jem.186.12.2075

Koch L. Cancer: RANKL inhibition—a new weapon against
breast cancer? Nat Rev Endocrinol. 2011;7(1):2. doi:10.1038/
nrendo.2010.202

Schramek D, Leibbrandt A, Sigl V, et al. Osteoclast differentia-
tion factor RANKL controls development of progestin-driven
mammary cancer. Nature. 2010;468(7320):98-102. doi:10.1038/
nature09387

Gonzalez-Suarez E, Jacob AP, Jones J, et al. RANK ligand me-
diates progestin-induced mammary epithelial proliferation and
carcinogenesis. Nature. 2010;468(7320):103-107. doi:10.1038/
nature09495

Liedtke S, Schmidt ME, Vrieling A, et al. Postmenopausal sex
hormones in relation to body fat distribution. Obesity (Silver
Spring). 2012;20(5):1088-1095. doi:10.1038/0by.2011.383

Key TJ, Appleby PN, Reeves GK, et al. Steroid hormone mea-
surements from different types of assays in relation to body
mass index and breast cancer risk in postmenopausal women:
reanalysis of eighteen prospective studies. Steroids. 2015;99(Pt
A):49-55. doi:10.1016/j.steroids.2014.09.001

Baer HJ, Colditz GA, Willett WC, Dorgan JF. Adiposity and
sex hormones in girls. Cancer Epidemiol Biomarkers Prev.
2007;16(9):1880-1888. doi:10.1158/1055-9965.Epi-07-0313
Herrera BM, Keildson S, Lindgren CM. Genetics and epi-
genetics of obesity. Maturitas. 2011;69(1):41-49. doi:10.1016/].
maturitas.2011.02.018

Andrade S, Morais T, Sandovici I, Seabra AL, Constincia
M, Monteiro MP. Adipose tissue epigenetic profile in

obesity-related Dysglycemia - a systematic review. Front
Endocrinol (Lausanne). 2021;12(704):681649. do0i:10.3389/
fendo.2021.681649.

54. Greenbaum D, Colangelo C, Williams K, Gerstein M.
Comparing protein abundance and mRNA expression levels
on a genomic scale. Genome Biol. 2003;4(9):117. doi:10.1186/
gb-2003-4-9-117

55. Vogel C, Marcotte EM. Insights into the regulation of protein
abundance from proteomic and transcriptomic analyses. Nat
Rev Genet. 2012;13(4):227-232. doi:10.1038/nrg3185

56. Troy LM, Hunter DJ, Manson JE, Colditz GA, Stampfer MJ,
Willett WC. The validity of recalled weight among younger
women. Int J Obes Relat Metab Disord. 1995;19(8):570-572.

57. Must A, Willett WC, Dietz WH. Remote recall of childhood
height, weight, and body build by elderly subjects. Am J
Epidemiol. 1993;138(1):56-64. doi:10.1093/oxfordjournals.aje.
all6777

SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

How to cite this article: Han Y, Colditz GA, Toriola
AT. Changes in adiposity over the life course and
gene expression in postmenopausal women. Cancer
Med. 2022;11:2699-2710. doi: 10.1002/cam4.4649



https://doi.org/10.1084/jem.186.12.2075
https://doi.org/10.1038/nrendo.2010.202
https://doi.org/10.1038/nrendo.2010.202
https://doi.org/10.1038/nature09387
https://doi.org/10.1038/nature09387
https://doi.org/10.1038/nature09495
https://doi.org/10.1038/nature09495
https://doi.org/10.1038/oby.2011.383
https://doi.org/10.1016/j.steroids.2014.09.001
https://doi.org/10.1016/j.maturitas.2011.02.018
https://doi.org/10.1016/j.maturitas.2011.02.018
https://doi.org/10.3389/fendo.2021.681649
https://doi.org/10.3389/fendo.2021.681649
https://doi.org/10.1038/nrg3185
https://doi.org/10.1093/oxfordjournals.aje.a116777
https://doi.org/10.1093/oxfordjournals.aje.a116777
https://doi.org/10.1002/cam4.4649

	Changes in adiposity over the life course and gene expression in postmenopausal women
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Study design and participants
	2.2|BMI measures and BMI change
	2.3|Gene expression
	2.4|Statistical analysis

	3|RESULTS
	3.1|Participant characteristics
	3.2|Early life BMI and gene expression
	3.3|BMI change and growth factor gene expression
	3.4|BMI change and RANK pathway gene expression
	3.5|BMI change and sex hormone gene expression
	3.6|Tests for interaction

	4|DISCUSSION
	CONFLICT OF INTEREST
	AUTHOR CONTRIBUTIONS
	ETHICAL APPROVAL STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


