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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/m2 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/m2 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%.1 Excess adiposity tends to accrue during 
early and middle adulthood.2 Among US adults, the mean 
weight gain is 0.5– 1.0  kg/year during early and middle 
adulthood.3 Although modest, this yearly accumulation of 
weight eventually leads to obesity over time.2 Excess adi-
posity is a well- established risk factor for major chronic 
diseases, certain types of cancer such as postmenopausal 
breast cancer,4,5 and premature death.6 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.7– 11 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.12 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.13– 17 Early life adiposity is 
inversely associated with the circulating levels of IGF- 
1,18– 20 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.21– 27 
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.7 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.7 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.7

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.7 
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.28 Then, we estimated BMI at age 10 using 
the Growing Up Today Study.7,29 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.7 We defined the 
categories of BMI change as follows: (a) BMI loss, (b) BMI 
gain of 0.1– 5 kg/m2, (c) BMI gain of 5.1– 10 kg/m2, (d) BMI 
gain of 10.1– 15 kg/m2, and (e) BMI gain of >15 kg/m2.
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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 (STAT5).

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, RPLP0, 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 

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/m2 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/m2 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.30 Gene expression 
levels were all log2- transformed to ensure the normality of 
the residuals in statistical models. We back- transformed 
the beta coefficients (β) and 95% confidence intervals (CIs) 
from the regression models to make interpretation easier. 
The back- transformed β was presented as percentage dif-
ferences (Diff); estimated as Diff% = (exp2(β)−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 × race, BMI change × 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/m2 from age 10 to age at mammogram, 
102 (27.4%) had a BMI gain of 5.1– 10 kg/m2, 109 (29.3%) 
had a BMI gain of 10.1– 15 kg/m2, and 141 (37.9%) had a 
BMI gain of >15 kg/m2, whereas only one participant had 
a BMI loss. Women who had a BMI gain of >15  kg/m2 
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/m2 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).

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/m2 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/m2 from age 10, a 5.1– 10 kg/
m2 BMI gain was associated with a 39.3% increase (95% 
CI = 2.7– 89.1); a 10.1– 15 kg/m2 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/m2 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/
m2 from age 10, a 5.1– 10 kg/m2 BMI gain was associated 
with a 13.5% decrease (95% CI  =  −29.8 to 6.6); a 10.1– 
15 kg/m2 gain was associated with an 18.5% decrease (95% 
CI = −33.7 to 0.2); and a >15 kg/m2 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/m2 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 

T A B L E  2  Multivariable- adjusted associations between BMI at 
age 10 and plasma gene expression profile in 372 postmenopausal 
womena

Genesb

Per 10 kg/m2 BMI increase 
at age 10

Diff%c 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 −3.9 −12.9, 6.1

STAT1 10.3 −3.8, 26.6

STAT5 3.7 −5.2, 13.3

Abbreviations: BMI, body mass index; CI, confidence interval.
aMultivariable- 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).
bGene expression was presented as the mean and standard deviation of log2- 
transformed values.
cDiff% 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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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/m2 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 (pinteraction = 0.03). 
A 10 kg/m2 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 
STAT5).

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- β 
superfamily. BMPs were initially identified as inducers 
of bone and cartilage formation31,32 but are now known 
to signal in adipose tissue and adipogenic differentiation 
beyond the bone.33 BMP2 is expressed at higher levels in 
visceral than subcutaneous adipose tissue.34 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,35 further 
suggesting that BMP2 influences adipose tissue biology. 
In addition, BMP2 was reported to facilitate epithelial- to- 
mesenchymal transition36 and promote the invasiveness 
of breast cancer cells in vitro and mouse xenograft mod-
els.37,38 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.

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- 1.39 However, early life adiposity has been shown 
to be inversely associated with circulating IGF- 1 levels in 
adults.18– 20 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- α), which can stimulate osteoclast activity 
through the RANK pathway.40,41 RANK and RANKL are 
members of the TNF superfamily of proteins. The RANK 
pathway is important in bone homeostasis42,43 and im-
mune responses.44,45 The RANK pathway also plays an 
essential role in breast development and hormone- driven 
mammary epithelial proliferation.46– 48 We have previously 
shown that circulating RANK21 and RANKL gene expres-
sion22 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.7 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.49,50 Estrogen biosynthesis is 
catalyzed largely in obese adipose tissue after menopause, 
through the conversion of adrenal androgens into estro-
gens by aromatase.49 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,51 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.52 More than 2000 differ-
entially methylated regions in adipose tissue of individuals 
with unhealthy overweight/obesity versus normal- weight 



2708 |   HAN et al.

individuals or individuals with metabolically healthy 
overweight/obesity have been identified.53 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.54 
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.55 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.56,57 
Also, this study excluded participants whose pictograms 
were categorized as 8 and 9 since these were not derived 
in the Growing Up Today Study.7,29

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.
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