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Abstract

Mammographic density (MD), after accounting for age and body mass index (BMI), is a strong
heritable risk factor for breast cancer. Genome-wide association studies (GWAS) have identified
64 SNPs in 55 independent loci associated with MD in women of European ancestry. Their
associations with MD in Asian women, however, are largely unknown.

Using linear regression adjusting for age, BMI, and ancestry-informative principal components,
we evaluated the associations of previously reported MD-associated SNPs with MD in a multi-
ethnic cohort of Asian ancestry. Area and volumetric mammographic densities were determined
using STRATUS (N=2,450) and Volpara™ (N=2,257). We also assessed the associations of these
SNPs with breast cancer risk in an Asian population of 14,570 cases and 80,870 controls.

Of the 61 SNPs available in our data, 21 were associated with MD at a nominal threshold of P
value < 0.05, all in consistent directions with those reported in European ancestry populations.

Of the remaining 40 variants with a P-value of association > 0.05, 29 variants showed consistent
directions of association as those previously reported. We found that nine of the 21 MD-associated
SNPs in this study were also associated with breast cancer risk in Asian women (P < 0.05), seven
of which showed a direction of associations that was consistent with that reported for MD.

Our study confirms the associations of 21 SNPs (19/55 or 34.5% out of all known MD loci
identified in women of European ancestry) with area and/or volumetric densities in Asian women,
and further supports the evidence of a shared genetic basis through common genetic variants for
MD and breast cancer risk.
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INTRODUCTION

Mammographic Density (MD) refers to the radiologically dense or “white” parts of a
mammogram and consists of stroma and glandular tissue. There are population-specific
differences in MD. Pre-menopausal Asian women are reported to have higher MD compared
to pre-menopausal European women, whereas among post-menopausal women, the converse
has been observed (1). MD phenotypes have high heritability, and twin studies have
suggested that 60-70% of the variability is genetic, with age, body mass index (BMI),
hormone replacement therapy use, menopausal status, parity, and other lifestyle and
reproductive factors accounting for the remaining variation (2-4). Recently, two large-scale
MD genome-wide association studies (GWAS) identified more than 40 SNPs associated
with MD phenotypes, including the absolute dense, percentage dense and non-dense regions
on a mammogram, increasing the number of known SNPs by more than four-fold, from 15
to 64 (5-10). Together, the known common genetic variants associated with MD currently
account for at least 12% of SNP-based heritability for MD (5).

Breast Cancer Res Treat. Author manuscript; available in PMC 2024 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mariapun et al.

Page 3

Mammographic density is a strong risk factor for breast cancer. After accounting for age and
BMI, women in the highest quintile of MD are four to five times more likely to develop
breast cancer compared to women in the lowest quintile (11-13). Notably, there is shared
heritability between MD and breast cancer risk - in women of European descent, at least
40% of the reported MD-associated loci are also known to be associated with breast cancer
risk (5), and conversely, 18% of the variants associated with breast cancer risk are also
associated with MD (14).

To date, the majority of MD GWAS have involved only women of European ancestry
(5-10). Differences in the genetic architecture of MD might contribute the differences in
MD distributions among populations. In this study, using a cross-sectional study of healthy
women of Asian ancestry, we evaluated the association of MD-associated genetic variants
previously identified in women of European descent for their association with MD in Asian
women.

METHODS

Study Participants and Data Collection

This study included women recruited into the Malaysian Mammography Study
(MyMammo) from Subang Jaya Medical Centre (SJMC) and University Malaya Medical
Centre (UMMC) between October 2011 and December 2016. MyMammo, described
previously in (15), is a subsidized opportunistic screening mammography programme for
Malaysian women aged between 40 and 74 years old without prior history of breast
cancer. Women enrolled in the programme donated blood and completed a questionnaire
on anthropometric, lifestyle, and reproductive factors, and family history of cancers.
MyMammo was approved by the Independent Ethics Committee Ramsay Sime Darby
Health Care (reference number: 21109.4) and the Medical Ethics Committee University
Malaya Medical Centre (reference number: 1030.8) and all participants provided written
informed consent.

Mammographic Density (MD) Assessments

All mammographic images were full-field digital mammograms (FFDM) performed on
Hologic (87.5%), GE (7.6%), or Siemens (4.9%) systems. MD measurements were derived
using two algorithms: STRATUS (16) derives area-based estimates of total dense area
(DA), non-dense area (NDA) and percent density (PDA: dense area/total breast area) from
processed images; and Volpara™ (version 1.5.4) (17) derives volumetric measures of dense
volume (DV), non-dense volume (NDV) and percent density (PDV: dense volume/total
breast volume) from raw images. There were no significant differences between left and
right breast side measurements (data not shown) and for this study, we used measurements
from the left Cranio-caudal (CC) view mammograms.

Genotyping and Imputation

Genotype calling and quality control procedure and imputation have been described
previously by (18). In brief, genotyping was done using one of the two arrays: OncoArray
(19) and Illumina HumanOmniExpress v1.1 (20). All data were imputed using the 1000
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Genomes Project (Phase 3) data as the reference panel (21), except BioBank Japan, for
which the HapMap Phase 1 (release 22) (22) was used. SNPs with an overall minor allele
frequency > 1% and imputation r2 > 0.3 for the studies genotyped on the OncoArray and
imputation r2 > 0.7 for the Biobank Japan study were included in this analysis.

of SNPs with Mammographic Density (MD) Phenotypes

MD measurements were transformed using Box-Cox transformations, deriving the
transformations that gave close approximation to a normal distribution. Cube-root, square-
root, and 6™ root transformations were used on STRATUS DA, PDA, and NDA,
respectively. Natural log transformations were used for Volpara™ DV and PDV, and 4t
root transformation for NDV measurements.

A literature search was conducted in April 2022 to identify genetic loci associated at
genome-wide significance level (P< 5 x 1078) with absolute density, absolute non-density,
and percent density in previous studies. Linear regression, adjusting for age, BMI, and the
first 10 ancestry-informative principal components, was used to determine the associations
of the 61 SNPs with the transformed MD phenotypes. The principal components analysis
for this study was performed by the OncoArray Consortium and the methods used to
compute the ancestry-informative principal components have been described (23). Briefly,
ancestry analysis was performed using ancestry informative markers and samples from
1000 Genomes Project, and the contribution of European, Asian, and African ancestry to
each individual was derived. In the second stage, a separate principal components analysis
was conducted on dataset used in this study to define the Chinese, Malay and Indian
subpopulations.

The MyMammo study was genotyped in two batches, hence analyses were conducted by
batch and the results were meta-analyzed using the fixed effect inverse variance weighted
method with the METAL software (24). For comparability across different MD phenotypes,
effect estimates were standardised by dividing the estimated betas and standard errors by
the standard deviation of age and BMI adjusted transformed MD phenotypes. SNPs were
considered significant if at least one of the following, the corresponding reported MD
phenotype, or the equivalent area or volumetric MD phenotype i.e., absolute density (DA/
DV), percent density (PDA/PDV) or non-density (NDA/NDV), was significant at £< 0.05
and consistent in direction with those previously reported.

To assess if the lead variant in our study is different from that previously reported in
women of European descent, regional association plots were generated using LocusZoom
(25) and the LD pattern, as measured by correlation coefficient r2, was estimated using the
1000 Genomes Project ASN dataset (Nov2014, hg19). When no usable LD information was
available from LocusZoom, patterns of LD were investigated using LDlink (26), where LD
was calculated using the 1000 Genomes Project Asian datasets.

To estimate the proportion of the variance in MD phenotypes explained by significant
MD-associated SNPs, we computed the adjusted R-squared for a linear regression model
with covariates including age, BMI, and ancestry informative principal components, and
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subtracted this value from the adjusted R-squared for a model which included all significant
MD SNPs and the above co-variates.

Association with Breast Cancer Risk

For association analyses of SNPs and breast cancer risk, the data included (a) 8,245
invasive cases and 7,645 controls of Asian ancestry participating in 2 multi-ethnic case-
control studies: the Malaysian Breast Cancer Genetics study (MyBrCa) (15) and the
Singapore Breast Cancer Cohort study (SGBCC) (27); and (b) 6,325 invasive cases and
73,225 controls of Asian ancestry from the BioBank Japan (28). The MyBrCa study is a
study of sequentially recruited incident and prevalent breast cancer cases recruited from
University Malaya Medical Centre and Sime Darby Medical Centre starting from October
2002. MyBrCa was approved by the Medical Ethics Committee of University Malaya
Medical Centre (application number: 842.9) and the Independent Ethics Committee of Sime
Darby Medical Centre (application numbers: 201109.4 and 201208.1). The SGBCC is a
breast cancer cohort with both retrospective and prospective components, recruited from
six tertiary hospitals, starting from April 2010. SGBCC was approved by the National
Healthcare Group Domain Specific Review Board (reference number: 2009/00501) and
the SingHealth Centralised Institutional Review Board (reference number: 2019/2246
[2010/632/B]). The BioBank Japan (BBJ) is a multi-institutional hospital-based registry of
incident and prevalent patients identified with any of 47 target diseases. Participants were
recruited between June 2003 and March 2008 from 66 hospitals located throughout Japan.
Study participants from all the above studies provided written informed consent. We meta-
analyzed the GWAS summary statistics using fixed effects inverse variance meta-analysis
(METAL). SNPs with minor allelic frequencies (MAFs) < 1% were excluded.

Sensitivity Analyses

RESULTS

Since the Indian population is genetically distinct from the East Asian population, we
repeated the association analyses stratified by these two ancestry groups and combined the
results using meta-analysis. Indian population was defined as those with = 80% Indian
ancestry (N=511 and 505 for the STRATUS and Volpara datasets, respectively), and East
Asian population was defined as those with < 20% Indian ancestry (N=1,908 and 1,707
for STRATUS and Volpara datasets, respectively). Heterogeneity between populations was
assessed using Cochran’s Q test computed by METAL.

We also performed the regression analyses in the subset of women that were included in
both the area-based (STRATUS) and volumetric density (Volpara) studies (N=1,757) and
compared with results from the STRATUS (N=2,450) and Volpara (N=2,257) analyses.

Validation of Mammographic Density (MD) Associated Common Genetic Variants

After excluding women who were diagnosed with breast cancer following mammography,
had breast implants, had missing raw or processed CC views mammograms, had missing
data for age at mammaography, BMI, ethnicity, or genotype data, 2,951 women were
included in subsequent analyses [Table 1]. The majority of participants were Chinese
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(57%), postmenopausal (59%), and parous (83%) [Table 1]. We found high correlations
between measurements of dense area and dense volume, percent dense area and percent
dense volume, and non-dense area and non-dense volume, with correlation coefficients, rof
0.73,0.70, and 0.91, respectively. Figure S1 shows the distribution of untransformed and
transformed area and volumetric mammographic densities.

Sixty-four SNPs from 55 independent MD-associated loci were selected for assessment
(5-10). Of the 64 SNPs, 24, 2, 17, 1 and 14 SNPs were previously reported to be associated
with DA, DV, PDA, PDV and NDA, respectively, whereas 5 were previously reported to

be associated with both DA and PDA and one was reported to be associated with both
NDA and PDA. Of these, one SNP (rs150249911) was excluded as the MAF was < 1%,
and two SNPs (rs492602 and rs1704773) were excluded as the MAFs were < 1% from

the first genotyping batch, and the genotype frequencies deviated from Hardy-Weinberg
equilibrium (HWE) (P< 5x1077) in the second genotyping batch, with departures from
HWE observed in Indian women but not East Asian women when tested separately, leaving
61 SNPs from 53 independent loci available for association analyses. The list of SNPs and
the corresponding reported MD-phenotype are shown in Table S1(a).

The associations of these SNPs with area (N=2,450) and volumetric densities (N=2,257),
adjusting for age, BMI, and ancestry-informative principal components are reported in
Figure 1, Table S1(a) and S1(b). Of the 24 testable SNPs that were reported to be associated
with absolute density (DA/DV), eight SNPs [33%] were significantly associated with
DA/DV in this study [Figure 1(a)]. Of the 17 and 14 testable SNPs that were reported to be
associated with percent density (PDA/PDV) or non-density (NDA), respectively, six [35%]
and two SNPs [14%], respectively, were significantly associated with the corresponding MD
phenotypes [Figures 1(b) and (c)]. Out of the five testable SNPs reported to be associated
with both DA and PDA, three were significantly associated with both DA and PDA [60%)]
while one SNP was significantly associated with PDA but not DA in this study. One

testable SNP that was reported to be associated with NDA and PDA, was associated with
NDA, NDV and PDV, but not PDA in our study. Of the 61 SNPs evaluated, the strongest
associations with MD were observed for variants at CCDC170/ESR1 with DA/PDA/DV,
ZNF365 with PDV, SV2AISF384 with DA/PDA/DV/PDV, KCNUI with NDV, ARNTL with
PDV, and SGSM3with DA/PDA, and the associations were consistent in direction with
those previously reported [Table S1(a), Figure S3]. All of the 21 validated SNPs and 29
[72.5%] of the remaining 40 SNPs with P value > 0.05 showed associations in the same
direction as those reported in European women. Together, significant MD SNPs explained
3.5% of the variance in DA, 2.3% of DV, 2.1% of PDA, 1.4% of PDV, 0.3% of NDA, and
0.5% of NDV for women in this study.

We inspected the regional associations for all 21 validated MD-associated SNPs and
observed that for 20 of these, the lead variant that was significantly associated with MD

in our study is different from that previously reported in women of European descent (Table
S4(c)). For associations at seven loci (8 SNPs) , the lead SNP for at least one validated MD
phenotype in our study is in LD with the published SNP [4913.3 (AREG), 5035.1 (DOCKZ2/
FOXI1), 6025.1 (CCDC/ESRI), 8p11.23 (KCNUI), 2 SNPs at 10921.2 (ZNF365), 20913.13
(SMIM25) and 22q13.1 (SGSM3) , r2 > 0.2 at < 200kb] [Figure S2]. In regions where 11 of
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the remaining SNPs are located, the lead SNP was not in LD or weakly correlated with the
reported SNP in European women (r2 < 0.2), and where 1 of the remaining SNPs is located,
the LD information of the lead SNP in Asians was not available.

Association with Breast Cancer Risk

We assessed the associations of 20 out of the 21 validated MD SNPs with breast cancer risk
in Asian women, adjusting for age and ancestry-informative principal components [Figure
2 and Table S2]. Nine (45%) out of the 20 SNPs evaluable MD SNPs were also associated
with breast cancer risk in Asians (rs11684853 at 2p24.1, rs10034692 at 4¢q13.3, rs1949355
at 10921.2 and rs2138555 at 10q21.2 at £< 0.05; rs12665607 at 6¢25.1 at A= 2 x 1073L;
rs9485370 at 6025.1 at =2 x 107/; rs7816345 at 8p11.23 at P=5 x 1077; rs11646715

at 16012.2 at P=4 x 1074; rs703556 at 12¢23.2 at =5 x 1074), seven of which were in
directions that were consistent with those for MD [Table S2]. Of these seven, six are within
known breast cancer susceptibility loci (29, 30).

Sensitivity Analyses

As our analyses included women of Indian and East Asian ancestry, we conducted a
separate analysis by ancestry followed by a meta-analysis, and found that all of the 21
SNPs validated in our original analysis were in consistent directions of association in the
meta-analysis. Twenty out of 21 SNPs were significant at < 0.05 and one had a P value of
0.056 [Table S3(b)]. We also found that in addition to the 21 SNPs, two SNPs, rs1892368
(PRKGI) and rs3817198 (LSPI), were associated with MD in both Indian and East Asian
women in the meta-analysis but not in the stratified analyses. Both SNPs did not show
significant heterogeneity across the two ancestry groups. In the Indian only subgroup, three
additional SNPs were significant at £< 0.05, rs10155920 (ELDR), rs11040963 (MRPL17/
OR2AG2), 154132228 (ADAMTS9), and in the East Asian subgroup one additional SNP
was significant at £< 0.05, rs6715731 (7TET3/BOLAS). All four SNPs showed considerable
heterogeneity across the two ancestry groups (P < 0.10).

Finally, as STRATUS and Volpara measures were available for an overlapping cohort of
women, we repeated the meta-analyses in 1,757 women where both the area and volumetric
density measures were available. Twenty of the 21 validated SNPs were associated with MD
in the same direction as in the all women analysis, 17 of which were at £< 0.05 [Table
S4(a), Table S4(b)].

DISCUSSION

MD is a strong and highly heritable risk factor for breast cancer (2-4). In this study, we
evaluated the association of 61 common genetic variants previously reported to be associated
with MD in women of European ancestry in Asian women. We found that 34.4% (21/61)

of the variants tested were associated with MD in consistent directions with the reported
associations (P < 0.05). Furthermore, we found that 9 variants associated with MD in this
study were also associated with breast cancer risk in Asian women.

The strongest associations with MD for women in this study were observed for variants
at CCDC170/ESR1, ZNF365, SV2AISF384, KCNU1, ARNTL, and SGSM3, and the
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associations were consistent in direction with those previously reported [Figure S3]. We
have previously showed the association of the 6925.1 (CCDC170/ESRI) locus with area-
based density measured using ImageJ in 865 women of Chinese ancestry and our current
results show that, in addition to DA and PDA, variants in the 6g25.1 (ESR1/CCDC170)
region are also associated with DV. We also validated the association of one of the
strongest signals for DA/PDA MD reported in European women, rs10995190 at ZVF365
with DA/PDA/NDA in our study. Notably, the MAFs for this SNP in Chinese and Malay
women were lower than that observed for Indian women in our cohort (1.8% and 1.7%
compared to 8.6%). The evaluation of this variant in Asian populations has not previously
been performed: the minor allele was absent in the smaller all-Chinese study (31). The
variant at the SV2A/5F384 locus has been reported to be associated with breast cancer risk,
adult height, birth length and PDA in previous studies (32-34), and in this study, we showed
that it is associated with four MD phenotypes, namely DA, DV, PDA and PDV. The variant
at 8q11.23 (KNCUI) was previously reported to be associated with breast size, breast cancer
risk, PDA and NDA in women of European ancestry (35), and in this study, we showed that
it is associated with PDV, NDA and NDV. The variant at SGSM3was previously showed

to be associated with breast cancer risk in European and Chinese women, and with DA in
European women (36, 37), and in this study, we showed that it is associated with DA and
PDA.

The findings from our study support previous evidence of a shared genetic basis for MD and
breast cancer risk (5, 7, 8, 10, 38). We found nearly half (9/20) of the SNPs associated with
MD in our study were also associated, with breast cancer risk in Asian women (< 0.05).
For 7/9 variants, the association is in the direction predicted from the overall association of
MD phenotypes and breast cancer risk. In particular, the directions of association for the
6025.1 and 10g21.2 variants were consistent for MD and breast cancer risk, supporting the
findings of previous studies that the associations of these two loci with breast cancer risk
could be mediated through MD (14, 39). Notably, fine mapping of the £SRI locus shows
that there are multiple independent signals for breast cancer risk, only some of which are
associated with MD (40).

Surprisingly, the association for the variant at 8q11.23 is in the opposite direction as might
be expected for MD and breast cancer risk, with the effect allele of the 8q11.23 variant being
associated with lower non-dense volume but reduced breast cancer risk. The same pattern

of association has been observed in women of European descent. Further investigations
exploring the functional impact of SNPs at this locus may help us understand the conflicting
associations observed.

The findings from this study demonstrate the relevance of conducting studies in diverse
populations. At seven loci, namely AREG, DOCKZ/FOXI1, ESR1/CCDC170, KCNUJ,
ZINF365, SMIMZ25and SGSM3, we found that the lead SNPs in our study were different,
albeit correlated to that of the previously reported lead SNPs in Europeans, while in 11
regions, the lead SNPs are weakly or not correlated with the reported SNPs. As the LD
pattern may be different between Asians and European populations, fine-mapping and
functional studies, utilising data from populations of different ancestries, help to determine
the causal variants at these loci.
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We could not evaluate three MD-associated SNPs reported at 5q11.2 (/7GAZ) and 19913.33
(FUTZ/MAMSTR). The variant at 5911.2 had very low MAF in our population (0.2%),
similar to MAFs reported in East Asians (0.1%) and South Asians (0%) in the 1000
Genomes Project, and variants at 19913.33 showed deviations from HWE in one genotyping
batch which had a multi-ethnic set of samples, and low MAFs in another genotyping batch
which comprised of only samples from Chinese women. However, variants correlated with
the reported SNPs in these regions did not show significant associations with MD in this
study and none of these three SNPs are known to be associated with breast cancer risk (data
not shown). These observations suggest that the two abovementioned loci may not play an
important role in MD and its associated disease risk in the Asian population.

A potential limitation of this study is that our analyses were based on two fully automated
methods for measuring density, STRATUS and Volpara™, whereas the previous analyses

in European ancestry women were largely based the semi-automated Cumulus method.
However, Cumulus, STRATUS and Volpara™ scores are strongly correlated, and both
STRATUS and Volpara™ have been shown to be associated with breast cancer risk with
effect sizes that are comparable to those from Cumulus (16, 39, 41-43). Another limitation
of this study is the considerably smaller sample size in comparison to the GWASs conducted
in women of European ancestry. This may have resulted in insufficient power to validate a
larger number of SNPs (44). Notably, there was a small number of women of Indian ancestry
in our study (N=505 and N=511 in the STRATUS and Volpara studies, respectively) to
enable us to reliably validate the MD SNPs in this population exclusively. The results from
our sensitivity analysis suggest that there may be ethnic differences in at least a proportion
of the MD-associated SNPs.

Although previous studies in both Western and Asian populations have confirmed a strong
inherited component for MD (2, 4, 45, 46), the proportion of variation explained by reported
MD-associated SNPs in this study was low, ranging from 0.3-3.5%, depending on the MD
phenotype. Breast cancer risk GWAS have benefited from collaborative efforts resulting in
very large sample sizes. Further research involving larger studies with good representation of
diverse populations is warranted to uncover additional inherited factors influencing MD.

CONCLUSIONS

This Asian study confirmed the associations of 34.5% (19/55) of known MD loci

at consistent directions of associations with those reported in European women and
furthermore found that nearly half of the evaluable variants were also associated with
breast cancer risk in Asian women. However, collectively, these variants account for a small
proportion of the heritable component of MD in Asian women and future studies could
focus on genome-wide approaches in large studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Association of SNPs associated with mammographic density in women of European
ancestry with MD and breast cancer risk in Asian women.

Associations for SNPs reported to be associated with a) Dense area or volume, b) Percent
dense area or volume, c) Non-dense area, in women of European ancestry with area

and volumetric densities, and breast cancer risk in Asian women. Associations for SNPs
excluded from the breast cancer risk analysis are not available and marked “n7a.” in the forest

plots.

Note: SNPs in each section a), b) and c), are ordered by Beta values of the respective
reported association phenotype. For example, forest plots in a) are ordered according to Beta
values for dense area in this study. SNPs associated with volumetric densities are annotated
for reference. Area measurements were performed using STRATUS and volumetric density
measurements using Volpara™.
* SNP reported to be associated with both dense area or percent dense area; T SNP is
associated with dense volume; 3 SNP is associated with non-dense area and percent dense
area; 8 SNP is associated with percent dense volume; Direction of association with MD in
this study is not consistent with reported association in women of European ancestry.
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