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Abstract

Limited epidemiological evidence suggests that the etiology of hormone receptor positive (HR+) 

breast cancer may differ by levels of histologic grade and proliferation. We pooled risk factor and 

pathology data on 5,905 HR+ breast cancer cases and 26,281 controls from 11 epidemiological 

studies. Proliferation was determined by centralized automated measures of KI67 in tissue 

microarrays. Odds ratios (OR), 95% confidence intervals (CI) and p-values for case-case and case-

control comparisons for risk factors in relation to levels of grade and quartiles (Q1-Q4) of KI67 

were estimated using polytomous logistic regression models. Case-case comparisons showed 

associations between nulliparity and high KI67 [OR (95% CI) for Q4 vs Q1 = 1.54 (1.22, 1.95)]; 

obesity and high grade [grade 3 vs 1 = 1.68 (1.31, 2.16)]; and current use of combined hormone 

therapy (HT) and low grade [grade 3 vs 1 = 0.27 (0.16, 0.44)] tumors. In case-control 

comparisons, nulliparity was associated with elevated risk of tumors with high but not low levels 

of proliferation [1.43 (1.14, 1.81) for KI67 Q4 vs 0.83 (0.60, 1.14) for KI67 Q1]; obesity among 

women ≥50 years with high but not low grade tumors [1.55 (1.17, 2.06) for grade 3 vs 0.88 (0.66, 

1.16) for grade 1]; and HT with low but not high grade tumors [3.07 (2.22, 4.23) for grade 1 vs 

0.85 (0.55, 1.30) for grade 3]. Menarcheal age and family history were similarly associated with 

HR+ tumors of different grade or KI67 levels. These findings provide insights into the etiologic 

heterogeneity of HR+ tumors.
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Introduction

Breast cancer is a heterogeneous disease at the morphological, molecular and genomic level, 

defining subtypes with distinct biological and clinical behavior (1–3). Expression of 

hormone receptors (HR; i.e. estrogen receptor (ER) or progesterone receptor (PR)) 

distinguishes two classes of tumors thought to derive from different cells of origin: HR+ 

tumors deriving from luminal epithelial cells and HR– from basal/myoepithelial cells (1). In 

Western populations, HR+ tumors occur more commonly (~70% of tumors) and have a later 

age at onset and better short-term prognosis than HR- tumors (4, 5). While epidemiological 

studies have shown that these two subtypes may have distinct risk factor associations (6–9), 

little is known about etiologic heterogeneity within HR+ tumors (10, 11).

Histologic grade is an important indicator of tumor aggressiveness that reflects three features 

including tubule formation, nuclear pleomorphism, and mitotic count, which is directly 

related to proliferation (12). Due to the latter feature, it is highly correlated with KI67 (a 

marker of proliferation) and both have been used to identify surrogates for two HR+ tumors 

identified by expression tumor profiling studies, i.e. luminal A and luminal B subtypes (13–

15). Epidemiological studies suggest that these two subtypes could have differential 

associations with risk factors (10, 16). However, although correlated, histologic grade and 

KI67 reflect different biological features of tumors that could be of etiological relevance. 

Unlike grade which encompasses both differentiation and proliferation, KI67 is expressed 

only during the proliferative phases of the cell-cycle and is one of the most commonly used 

markers of proliferation (17–19). Its function is not fully understood but it is thought to 

mediate assembly of the peri-chromosomal compartment in human cells (20).

Accumulating epidemiological data suggest that breast cancer risk factors may be distinctly 

associated with grade and KI67 (21–23). Three previous studies found associations between 

high BMI and high levels of histologic grade but not KI67 (21–23) whilst younger age at 

onset of breast cancer and being of African-American ethnicity were reportedly associated 

with high levels of KI67 but not histologic grade (23). These studies were case-series with 

limited sample sizes (346 to 668 cases), and were based on semi-quantitative visual scores 

for KI67. This scoring approach is characterized by poor inter-observer reproducibility (24, 

25) and offers limited opportunities for evaluating dose response relationships. Thus, studies 

with larger sample sizes and standardized quantitative measures of KI67 across studies are 

needed to evaluate the relationship between breast cancer risk factors and HR+ tumors 

defined by their levels of proliferation and histologic grade.

In this report, we pooled risk factor data from a consortium of breast cancer studies to 

examine the relationship of breast cancer risk factors with subtypes of HR+ tumors defined 

by levels of histologic grade and KI67 expression, determined by centralized automated 

scoring of tissue microarrays (TMAs) as previously described (26).

Abubakar et al. Page 3

Int J Cancer. Author manuscript; available in PMC 2019 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Methods

Study population

A total of 5,905 HR+ invasive breast cancer cases and 26,281 controls were pooled from 11 

epidemiological case-control studies with TMAs and risk factor information in the Breast 

Cancer Association Consortium (BCAC). Study populations were from Europe, Australia 

and North America. Details of the contributing studies including designs, country of 

location, method of recruitment, age range, sources and eligibility of cases and controls are 

provided in Supplementary Table 1. In brief, this analysis comprised 11 case-control studies 

(one of them (UKBGS) nested within a prospective cohort study). Six studies (CNIO, 

MCBCS, ORIGO, RBCS, SEARCH and kConFab) were of hospital-based or mixed study 

designs (considered ‘non-population-based’ studies), whilst five studies (ESTHER, KBCP, 

MARIE, PBCS and UKBGS) were population-based. All participants in each of the study 

groups provided written informed consent and all studies gained approval from local ethics 

committees.

Risk factors

Data on risk factors were derived from questionnaires that were administered to participants 

at recruitment in each of the participating BCAC studies. Harmonization, central querying 

and quality checks on these data were performed by investigators at the German Cancer 

Research Institute, Heidelberg. The current analysis included risk factors for which there is 

evidence in the literature to suggest a heterogeneous relationship with clinicopathological 

characteristics and for which we had data. In this regard, five risk factors were identified - 

age at menarche, parity, body mass index (BMI), use of combined hormone therapy (HT) 

and family history of breast cancer. Supplementary Table 2 shows the number of cases and 

controls from each study with risk factor information.

Pathological characteristics

Data on hormone receptor status were obtained from clinical records. Levels of histologic 

grade were assigned by local study pathologists in the respective study groups. Tumors were 

graded as 1 (low grade or well-differentiated), 2 (intermediate grade or moderately 

differentiated) and 3 (high grade or poorly differentiated). The extent of proliferation in 

breast cancer tissues was determined using measures of KI67. Scores were centrally 

generated at the Institute of Cancer Research (ICR) in London by using a digital image 

analysis protocol that was developed for the quantification of KI67 in breast cancer TMAs as 

previously described (26). In brief, a total of 166 TMAs were collected for evaluation from 

the participating BCAC studies. These were stained using a standard protocol of (Dako) 

MIB-1 antibody diluted 1/50 and visualized using the Dako REAL kit (K5001). Automated 

scoring was performed using the Ariol machine (Leica Biosystems), which has functionality 

that allows for the discrimination of malignant and non-malignant nuclei using shape and 

size characteristics as well as the automatic detection of KI67 positive and negative 

malignant nuclei using color deconvolution. The algorithm was used to generate quantitative 

(0-100% positive cells) KI67 scores. As previously reported (26), Ariol scores showed good 

agreement with standardized pathologist’s scores. Subsequently, automated KI67 scores 

were merged with other risk factor and pathological characteristics. The majority of the 
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5,905 cases had complete data on KI67 (83%) or grade (76%) and at least one risk factor 

(see Supplementary Table 3 for details). All pathology data were harmonized and quality 

checked by investigators at the Netherlands Cancer Institute, Amsterdam.

Statistical analysis

Participant ages at diagnosis/ages at interview were categorized into five classes (<40, 

40-49, 50-59, 60-69 and ≥ 70). Age at menarche was categorized into four classes (≤ 12, 13, 

14, ≥ 15). Parity was defined as nulliparous or parous for case-case and case-control 

comparisons. For BMI, three well-defined categories were used (normal <25 kg/m2; 

overweight 25-30 kg/m2 and obese >30 kg/m2) and the case-control analysis was conducted 

for groups of women stratified according to age (<50 years and ≥50 years) as a surrogate for 

menopausal status. This was done to account for previously reported differences in the 

association between BMI and breast cancer risk by menopausal status. For the case-case 

comparisons, BMI was not differentially related to tumor grade/KI67 levels by age 

categories (proxy for menopausal status); as a result, case-case analysis was not stratified 

according to age. HT use was categorized into those who never used HT, former users and 

current users. Due to very small numbers of those who reported using estrogen only 

formulations, our analysis involved only those women who took combined estrogen and 

progesterone formulations. Family history of breast cancer in a first-degree relative was 

categorized as yes (if present) or no (if not present). Frequency tables were used to assess 

the distribution of the risk factors among cases and controls stratified by study design. To 

test for differences in the distribution of risk factors for cases and controls by study design, 

we created a dummy variable for design and modelled this as the outcome with the different 

risk factors as predictors. Box plots and nonparametric Kruskal-Wallis equality of median 

test were used to assess the distribution of KI67 across categories of histologic grade, overall 

and by study.

We constructed a polytomous unconditional logistic regression model for each risk factor 

variable, and performed case-case and case-control comparisons within the same model. For 

case-case comparisons, odds ratios (OR), 95% confidence intervals and p-values for the 

associations between breast cancer risk factors [menarche (≤ 12 vs ≥ 15 years); parity 

(nulliparous vs parous); BMI (25–30 kg/m2 and >30 kg/m2 vs <25kg/m2, respectively); HT 

(former and current vs never, respectively); family history (yes vs no)] and quartiles of KI67 

[Q1 (base category), <25th percentile (0-1.49%); Q2, 25-50th percentile (1.50-4.29%); Q3, 

>50th–75th percentile (4.30-10.40%); Q4, >75th percentile (>10.40%)] and histologic grade 

[grade 1 (base category), 2, 3] were estimated. For case-control comparisons, an interaction 

term between study design (population-based versus non-population based) and the risk 

factor of interest was included to obtain estimates of association by study design. Because of 

previously reported biases in case-control ORs estimated from non-population based studies 

(9), only case-control ORs from population-based studies are presented in tables. However, 

ORs for case-case comparisons and corresponding tests are based on data from all cases (i.e. 

both from population-based and non-population based studies). Meta-analyses of study-

specific case-case and case-control ORs were performed to test for between-study 

heterogeneity in the OR estimates.
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We examined dose-response relationships between risk factors and levels of KI67, by using 

the median % positive cells in each quartile of KI67 as constraints in an ordered polytomous 

logistic regression model (27). To determine if the relationships between nulliparity, obesity 

and current use of combined HT are distinct, we applied a 2-stage meta-regression model 

(28). In the first stage of the 2-stage meta-regression model, we performed a polytomous 

logistic regression analyses for subtypes of HR+ breast cancer defined by cross-

classification of levels (Q1-Q4) of KI67 and histologic grade (low (grade1) and high (grades 

2 & 3)). In the second stage, we modelled the subtype-specific log odds ratios and standard 

errors using KI67 and grade. This approach allowed us to evaluate if the risk factor-subtype 

associations are different across subtypes defined by KI67 whilst controlling for grade, and 

vice-versa. Also, by including an interaction term between KI67 and grade we were able to 

examine if the relationship between risk factors and subtypes defined by levels of KI67 were 

modified by grade or vice versa.

Analysis on each risk factor was limited to studies that provided information on that risk 

factor. Missing values were addressed by creating indicators for missing values in our 

models. As sensitivity analysis, all risk factors were mutually adjusted for in a multivariate 

model comprising data from three studies with information on the five risk factors that were 

evaluated. All analyses, including case-case and case-control comparisons, were adjusted for 

age and study. All statistical tests were two-sided and performed using Stata statistical 

software version 13.1.

Results

Table 1 shows a description of the characteristics of the study participants based on 

population-based (N = 5 studies) and non-population-based (N = 6 studies) designs. While 

the distribution of most risk factors in cases was similar by study design, most risk factors 

showed different distributions in population and non-population based studies.

Overall, the median and mean positive cells stained for KI67 was 4.2% and 8.2%, 

respectively. Most tumors were of intermediate grade (52%), followed by low grade (26%) 

and high grade (22%) tumors. As expected, grade 1 tumors had lower KI67 scores compared 

with grades 2 and 3 tumors [median and mean = 3% and 6.3%; 4.3% and 8%; 7% and 11% 

for grades 1, 2 and 3 tumors, respectively]. A similar pattern of association between KI67 

and histologic grade was seen across studies (Supplementary Figure 1).

Case-case comparisons for the associations between breast cancer risk factors and HR+ 
tumors defined by levels of histologic grade and KI67

As shown in Table 2, we observed that compared with their normal weight counterparts, 

tumors occurring amongst overweight and obese women were more likely to be of higher 

(grades 2 and 3) than lower (grade 1) grade. Specifically, we observed overweight women to 

have 33% (95% CI = 1.13, 1.58) and 23% (95% CI = 1.00, 1.52) increased odds of 

developing grades 2 and 3 than grade 1 tumors, respectively. Similarly, high grade tumors 

were more likely to occur amongst obese than normal weight women [vs grade 1, OR (95% 

CI) = 1.67 (1.13, 2.05); p-value = 0.001 for grade 2 and 1.68 (1.31, 2.16); p-value = <0.001 
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for grade 3 tumors]. As shown in Supplementary Table 4, these associations were similar 

following stratification by tumor size (p-value for interaction (P_interaction) = 0.52).

Compared with women who never took HT, tumors occurring amongst current users of 

combined HT were less likely to be high than low grade [vs grade 1: OR (95% CI) = 0.45 

(0.32, 0.63); p-value = <0.001 for grade 2 and 0.27 (0.16, 0.44); p-value = <0.001 for grade 

3 tumors]. When we tested the associations between tumor grade, KI67 and morphology 

(ductal vs lobular) in relation to HT use, all three tumor features were associated with HT 

use in univariate models at p-value <0.05. However, following mutual adjustment for all 

three features in a multivariable model, only histologic grade remained associated with HT 

use (OR (95% CI) = 0.45 (0.27, 0.76); p-value = 0.003 for grade 2 vs 1 and 0.25 (0.11, 

0.57); p-value = 0.001 for grade 3 vs 1). Furthermore, as shown in Supplementary Table 4, 

HT use remained associated with low grade tumors regardless of tumor size (P_interaction = 

0.78). Age at menarche, nulliparity, and family history of breast cancer in a first-degree 

relative were not differentially related to HR+ tumors defined by levels of histologic grade.

As shown in Table 3, compared with tumors occurring among parous women, those 

occurring among nulliparous women were more likely to have higher KI67 expression and a 

statistically significant gradient was observed in this relationship [OR (95% CI) vs. KI67 Q1 

= 1.14 (1.06, 1.23) for KI67 Q2; 1.22 (1.09, 1.37) for KI67 Q3 and 1.50 (1.20, 1.88) for 

KI67 Q4; p-value for trend 0.001)]. There was weaker or no evidence for associations with 

KI67 levels for age at menarche, BMI, HT, and family history of breast cancer in a first-

degree relative.

Case-control comparisons for the associations between nulliparity, BMI, HT use and HR+ 
tumors defined by levels of KI67 and histologic grade

Case-control comparisons in population-based studies showed an elevated risk of HR+ 

tumors with high levels of tumor proliferation among nulliparous women (Figure 1 and in 

Supplementary Table 5; p-value for between-study heterogeneity = 0.78). Furthermore, as 

shown in Figure 1 and in Supplementary Table 6, obesity amongst women older than 50 

years of age was associated with elevated risks of high but not low grade tumors (p-value for 

between-study heterogeneity = 0.76). Among women younger than 50 years of age 

(Supplementary Table 8), we observed obesity to be associated with reduced risk of breast 

cancer across all levels of histologic grade, this association was however weaker for grades 2 

and 3 than grade 1 tumors (p-value for between-study heterogeneity = 0.72). Current use of 

combined HT was associated with an elevated risk of low but not high grade tumors (Figure 

1 and in Supplementary Table 8; p-value for between-study heterogeneity = 0.15). In 

multivariate analyses with mutual adjustment for the five risk factors that were evaluated in 

addition to age and study group, nulliparity remained significantly associated with high but 

not low KI67 expressing tumors [OR (95% CI) = 1.33 (1.02, 1.74); p-value = 0.03 for KI67 

Q4 and 0.85 (0.57, 1.25); p-value = 0.40 for KI67 Q1]. Obesity among women ≥ 50 years of 

age remained significantly associated with high but not low grade tumors [OR (95% CI) = 

1.50 (1.04, 2.18); p-value = 0.03 for grade 3 and 0.82 (0.58, 1.15); p-value = 0.26 for grade 

1]. Current use of combined HT remained significantly associated with low but not high 
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grade tumors [3.04 (2.19, 4.21); p-value <0.001 for grade 1 and 0.89 (0.58, 1.38); p-value = 

0.61 for grade 3].

When we examined the associations between nulliparity, obesity, HT use and subtypes of 

HR+ tumors defined by cross-classification of levels of KI67 and histologic grade (Table 4), 

we observed nulliparity to be more strongly associated with tumors expressing higher levels 

of KI67 and this association remained significant after accounting for grade (p-value = 0.04) 

and was not modified by grade (P_interaction = 0.37). Grade was determined to be the primary 

tumor characteristic associated with obesity (p-value = 0.03) and this was regardless of KI67 

levels (P_interaction = 0.59). Furthermore, HT use was more strongly associated with subtypes 

characterized by being low grade. We observed grade, not KI67, to be the primary tumor 

characteristic associated with HT use (p-value = 0.008) and there was no evidence to suggest 

that this association is dependent on levels of KI67 in the tumor (P_interaction = 0.48).

Discussion

Findings from analyses including almost 6000 cases with HR+ tumors provide evidence for 

heterogeneity within these tumors by histologic grade and level of proliferation. Nulliparity 

was primarily associated with risk of HR+ tumors with high levels of proliferation defined 

by KI67; whilst BMI and HT were associated with risk of high and low grade HR+ tumors, 

respectively.

Epidemiological studies have shown that nulliparity is more consistently associated with 

increased risk for HR+ than HR- breast cancer (7, 9, 29, 30). Our analyses indicate that 

nulliparity is primarily associated with an elevated risk of HR+ tumors with high levels of 

proliferation, which is consistent with findings from a previous prospective study (31). 

These findings could reflect parity-related mechanisms influencing the proliferative potential 

of mammary epithelial cells via the induction of terminal differentiation (32). This is in 

keeping with animal studies that show pregnancy-mediated persistent increase in the 

differentiated state of the mammary gland, in addition to reduction in epithelial cell 

proliferation mediated, at least in part, by the down-regulation of growth factors and the up-

regulation of growth-inhibitory molecules (33).

Postmenopausal obesity is associated with an elevated risk of breast cancer that is more 

consistent for the HR+ subtype (34). Consistent with our findings, previous studies have 

reported a higher frequency of high grade (21–23) and large (35) tumors amongst obese 

women; however, it is unclear whether these reported observations are driven by grade, 

tumor size or proliferation since these features are correlated but seldom studied 

simultaneously. Our analyses indicate that grade is the primary tumor characteristics related 

to obesity. Several biological pathways involving estrogen metabolism (36, 37), insulin 

resistance, inflammation and altered adipokine and cytokine production, have been proposed 

to mediate the obesity-cancer link (38). It is plausible that obesity-induced systemic and/or 

intra-tumoral inflammation may contribute to the emergence, via cancer immunoediting (39) 

and/or noncellular mechanisms (40), of aggressive forms of breast tumors. Further studies 

will be required to unravel the mechanisms underpinning the relationship between BMI and 

breast cancer histopathological characteristics.
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Use of combined HT has been shown in epidemiological studies to be consistently 

associated with tumors with favorable biological profile including HR+, lobular or tubular 

morphology, small and low grade tumors (35, 41–44). In line with these reports, we found 

an association between HT and HR+ low grade tumors, that is independent of KI67. The 

current analysis includes data from a previously published study (PBCS) where we reported 

an association with low grade but did not measure KI67 (35). HT use is known to be more 

strongly associated with the invasive lobular cancers, typically low grade and low 

proliferating (45, 46), than with no-special-type (NST) invasive ductal carcinomas, which 

represent 50-70% of all invasive cancers. However, our analyses indicated that HT use 

predisposes similarly to low grade tumors, independently of morphology. More active 

screening among HT users may lead to detection of tumors with more favorable features 

including being low grade. Due to lack of information on screening history and mode of 

detection, we were unable to directly examine the impact of screening on our findings. We 

did this indirectly, by using tumor size as proxy for mode of detection and observed HT to 

be associated with low grade tumors regardless of tumor size (p-value for heterogeneity = 

0.78). Thus, our findings could reflect a biological role for HT in influencing tumor 

behavior; however, further studies directly accounting for screening history and mode of 

detection will be needed to clarify relationships. Postmenopausal obesity has been shown to 

increase the risk of breast cancer only among women who do not take HT (47, 48). We 

stratified our case-case analyses by HT use and our results remained essentially the same 

even though numbers of cases were small.

An important strength of this analysis is that we centrally generated continuous measures of 

tumor proliferation using automated digital-pathology algorithms to score KI67. As we 

previously showed, this provides standardized, highly reproducible measures of KI67 with 

good agreements with pathologists’ quantitative and semi-quantitative scores (26). This 

allowed us to evaluate dose-response relationships using quartiles, rather than arbitrary 

dichotomous categories of tumor proliferation. Additionally, data on other pathology 

markers enabled us to evaluate breast cancer risk factors in relation to both KI67 and grade 

in the context of tumor size and morphology.

KI67 scores were obtained from TMAs that are generally lower than those obtained on 

whole sections (49). Additionally, we used an automated system to generate KI67 scores that 

are usually lower than visual scores, regardless of whether measurement was made on 

TMAs or whole sections (26, 50). Thus, our scores for proliferation were lower than what is 

typically obtained for whole sections or following visual scoring on TMAs. Nonetheless, 

measurements from different sources are generally well correlated and unlikely to 

substantially affect the ranking of cases in relation to levels of KI67 used in our analyses. 

Measurement error is a notable limitation for KI67 but automated methods are highly 

reproducible and show adequate accuracy in relation to standardized pathologists’ scores 

(26, 51). Furthermore, measurement error is unlikely to be differential with respect to risk 

factors, and therefore it would tend to under- rather than over-estimate odds ratios. 

Histologic grade tends to have low reproducibility within and between pathologists (52), 

however, this error is also likely to be non-differential with respect to risk factors. Moreover, 

the consistency of our results with those of others who have assessed breast cancer risk 
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factors in relation to KI67 and grade together (21–23, 31), suggest that measurement error is 

unlikely to explain our findings.

Our analyses comprised multiple studies with different study designs, including population 

and non-population-based studies: non-population-based studies are particularly prone to 

biases in case-control measures of association since the distribution of exposures amongst 

controls often does not reflect that in the source population for the cases. To address this, we 

limited case-control comparisons to population-based studies only. Tests of heterogeneity of 

associations by study revealed no evidence of heterogeneity of effect estimates for both 

case-control and case-case comparisons. Missing data on risk factors was another limitation 

in this study, particularly for case-control comparisons. To address this, we limited the 

analysis for each risk factor to studies with data on that risk factor in both cases and controls 

and used the conventional approach of creating indicators for missing values on each risk 

factor in our regression models. As sensitivity analyses, we performed multivariate analyses 

with mutual adjustment for all five risk factors in three studies with complete information on 

all covariates and our results remained essentially the same.

In conclusion, our findings indicate that the associations between parity, BMI, use of 

combined HT and risk of HR+ tumors are heterogeneous depending on the levels of 

histologic grade and proliferation, indicated by KI67. Although correlated, histologic grade 

and KI67 appear to be distinctly related to breast cancer risk factors. These results provide 

insights into heterogeneity of HR+ tumors that may be reflective of differences in etiological 

pathways; however, other factors not evaluated in this manuscript, such as screening, could 

play a role. Given that grade and proliferation are important prognostic factors in HR+ 

breast cancer, these findings could have implications for risk prediction of aggressive forms 

of HR+ tumors. Further studies accounting for multiple correlated tumor characteristics and 

screening are needed to enable better understanding of these relationships.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

Funding

The ESTHER study was supported by a grant from the Baden Württemberg Ministry of Science, Research and Arts. 
Additional cases were recruited in the context of the VERDI study, which was supported by a grant from the 
German Cancer Aid (Deutsche Krebshilfe).

The KBCP was financially supported by the special Government Funding (EVO) of Kuopio University Hospital 
grants, Cancer Fund of North Savo, the Finnish Cancer Organizations, the Academy of Finland and by the strategic 
funding of the University of Eastern Finland.

The MARIE study was supported by the Deutsche Krebshilfe e.V. [70-2892-BR I, 106332, 108253, 108419], the 
Hamburg Cancer Society, the German Cancer Research Center (DKFZ) and the Federal Ministry of Education and 
Research (BMBF) Germany [01KH0402].

The MCBCS was supported by a National Institutes of Health Specialized Program of Research Excellence 
(SPORE) in Breast Cancer [CA116201], the Breast Cancer Research Foundation, the Mayo Clinic Breast Cancer 
Registry and a generous gift from the David F. and Margaret T. Grohne Family Foundation and the Ting Tsung and 
Wei Fong Chao Foundation.

Abubakar et al. Page 10

Int J Cancer. Author manuscript; available in PMC 2019 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ORIGO authors thank E. Krol-Warmerdam, and J. Blom; The contributing studies were funded by grants from the 
Dutch Cancer Society (UL1997-1505) and the Biobanking and Biomolecular Resources Research Infrastructure 
(BBMRI-NL CP16).

The PBCS was funded by Intramural Research Funds of the National Cancer Institute at the National Institutes of 
Health, Department of Health and Human Services, USA.

The RBCS was funded by the Dutch Cancer Society (DDHK 2004-3124, DDHK 2009-4318).

The SEARCH study is funded by program grant from Cancer Research UK [C490/A10124. C490/A16561] and 
supported by the UK National Institute for Health Research Biomedical Research Centre at the University of 
Cambridge. Part of this work was supported by the European Community’s Seventh Framework Programme under 
grant agreement number 223175 (grant number HEALTH-F2-2009223175) (COGS).

The UKBGS study is funded by Breakthrough Breast Cancer (Breast Cancer Now) and The Institute of Cancer 
Research, London.

We acknowledge funds from Breakthrough Breast Cancer (Breast Cancer Now), UK, in support of MGC at the time 
part of this work was carried out and funds from the Cancer Research, UK (CRUK), in support of MA at the 
Division of Genetics and Epidemiology, Institute of Cancer Research, London at the time part of this work was 
carried out.

We wish to thank Heather Thorne, Eveline Niedermayr, all the kConFab research nurses and staff, the heads and 
staff of the Family Cancer Clinics, and the Clinical Follow Up Study (which has received funding from the 
NHMRC, the National Breast Cancer Foundation, Cancer Australia, and the National Institute of Health (USA)) for 
their contributions to this resource, and the many families who contribute to kConFab. kConFab is supported by a 
grant from the National Breast Cancer Foundation, and previously by the National Health and Medical Research 
Council (NHMRC), the Queensland Cancer Fund, the Cancer Councils of New South Wales, Victoria, Tasmania 
and South Australia, and the Cancer Foundation of Western Australia.

Abbreviations

BCAC Breast Cancer Association Consortium

BMI body mass index

ER estrogen receptor

HR+ hormone receptor positive

HT hormone therapy

ICR Institute of Cancer Research, London

NGS Nottingham grading system

OR odds ratio

PR progesterone receptor

TMA tissue microarray

References

1. Perou CM, Sørlie T, Eisen MB, van de Rijn M, Jeffrey SS, Rees CA, et al. Molecular portraits of 
human breast tumours. Nature. 2000; 406(6797):747–52. [PubMed: 10963602] 

2. Spitale A, Mazzola P, Soldini D, Mazzucchelli L, Bordoni A. Breast cancer classification according 
to immunohistochemical markers: clinicopathologic features and short-term survival analysis in a 
population-based study from the South of Switzerland. Annals of Oncology. 2009; 20(4):628–35. 
[PubMed: 19074747] 

Abubakar et al. Page 11

Int J Cancer. Author manuscript; available in PMC 2019 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3. Russnes HG, Navin N, Hicks J, Borresen-Dale A-L. Insight into the heterogeneity of breast cancer 
through next-generation sequencing. The Journal of Clinical Investigation. 2011; 121(10):3810–8. 
[PubMed: 21965338] 

4. Howlader N, Altekruse SF, Li CI, Chen VW, Clarke CA, Ries LAG, et al. US Incidence of Breast 
Cancer Subtypes Defined by Joint Hormone Receptor and HER2 Status. Journal of the National 
Cancer Institute. 2014; 106(5)

5. Carey LA, Perou CM, Livasy CA, et al. RAce, breast cancer subtypes, and survival in the carolina 
breast cancer study. JAMA. 2006; 295(21):2492–502. [PubMed: 16757721] 

6. Althuis MD, Fergenbaum JH, Garcia-Closas M, Brinton LA, Madigan MP, Sherman ME. Etiology 
of Hormone Receptor–Defined Breast Cancer: A Systematic Review of the Literature. Cancer 
Epidemiology Biomarkers & Prevention. 2004; 13(10):1558–68.

7. Ma H, Bernstein L, Pike MC, Ursin G. Reproductive factors and breast cancer risk according to joint 
estrogen and progesterone receptor status: a meta-analysis of epidemiological studies. Breast Cancer 
Research. 2006; 8(4):1–11.

8. Yang XR, Sherman ME, Rimm DL, Lissowska J, Brinton LA, Peplonska B, et al. Differences in 
Risk Factors for Breast Cancer Molecular Subtypes in a Population-Based Study. Cancer 
Epidemiology Biomarkers & Prevention. 2007; 16(3):439–43.

9. Yang XR, Chang-Claude J, Goode EL, Couch FJ, Nevanlinna H, Milne RL, et al. Associations of 
breast cancer risk factors with tumor subtypes: a pooled analysis from the Breast Cancer 
Association Consortium studies. Journal of the National Cancer Institute. 2011; 103(3):250–63. 
[PubMed: 21191117] 

10. Tamimi RM, Colditz GA, Hazra A, Baer HJ, Hankinson SE, Rosner B, et al. Traditional breast 
cancer risk factors in relation to molecular subtypes of breast cancer. Breast Cancer Res Treat. 
2012; 131(1):159–67. [PubMed: 21830014] 

11. Barnard ME, Boeke CE, Tamimi RM. Established breast cancer risk factors and risk of intrinsic 
tumor subtypes. Biochimica et Biophysica Acta (BBA) - Reviews on Cancer. 2015; 1856(1):73–
85. [PubMed: 26071880] 

12. Elston CW, Ellis IO. Pathological prognostic factors in breast cancer. I. The value of histological 
grade in breast cancer: experience from a large study with long-term follow-up. Histopathology. 
1991; 19(5):403–10. [PubMed: 1757079] 

13. Sørlie T, Perou CM, Tibshirani R, Aas T, Geisler S, Johnsen H, et al. Gene expression patterns of 
breast carcinomas distinguish tumor subclasses with clinical implications. Proceedings of the 
National Academy of Sciences. 2001; 98(19):10869–74.

14. Parker JS, Mullins M, Cheang MC, Leung S, Voduc D, Vickery T, et al. Supervised risk predictor 
of breast cancer based on intrinsic subtypes. Journal of clinical oncology. 2009; 27(8):1160–7. 
[PubMed: 19204204] 

15. Cheang MC, Chia SK, Voduc D, Gao D, Leung S, Snider J, et al. Ki67 index, HER2 status, and 
prognosis of patients with luminal B breast cancer. Journal of the National Cancer Institute. 2009; 
101(10):736–50. [PubMed: 19436038] 

16. Rauh C, Gass P, Heusinger K, Haeberle L, Jud SM, Hein A, et al. Association of molecular 
subtypes with breast cancer risk factors: a case-only analysis. European Journal of Cancer 
Prevention. 2015; 24(6):484–90. [PubMed: 25494290] 

17. Gerdes J, Li L, Schlueter C, Duchrow M, Wohlenberg C, Gerlach C, et al. Immunobiochemical and 
molecular biologic characterization of the cell proliferation-associated nuclear antigen that is 
defined by monoclonal antibody Ki-67. The American journal of pathology. 1991; 138(4):867. 
[PubMed: 2012175] 

18. Urruticoechea A, Smith IE, Dowsett M. Proliferation marker Ki-67 in early breast cancer. Journal 
of Clinical Oncology. 2005; 23(28):7212–20. [PubMed: 16192605] 

19. Juríková M, Danihel Ľ, Polák Š, Varga I. Ki67, PCNA, and MCM proteins: Markers of 
proliferation in the diagnosis of breast cancer. Acta Histochemica. 2016; 118(5):544–52. [PubMed: 
27246286] 

20. Booth DG, Takagi M, Sanchez-Pulido L, Petfalski E, Vargiu G, Samejima K, et al. Ki-67 is a PP1-
interacting protein that organises the mitotic chromosome periphery. eLife. 2014; 3:e01641. 
[PubMed: 24867636] 

Abubakar et al. Page 12

Int J Cancer. Author manuscript; available in PMC 2019 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



21. Borgquist S, Wirfält E, Jirström K, Anagnostaki L, Gullberg B, Berglund G, et al. Diet and body 
constitution in relation to subgroups of breast cancer defined by tumour grade, proliferation and 
key cell cycle regulators. Breast Cancer Research. 2007; 9(1):R11–R. [PubMed: 17254341] 

22. Yanai A, Miyagawa Y, Murase K, Imamura M, Yagi T, Ichii S, et al. Influence of body mass index 
on clinicopathological factors including estrogen receptor, progesterone receptor, and Ki67 
expression levels in breast cancers. International Journal of Clinical Oncology. 2014; 19(3):467–
72. [PubMed: 23821234] 

23. Santa-Maria CA, Yan J, Xie X-J, Euhus DM. Aggressive estrogen-receptor-positive breast cancer 
arising in patients with elevated body mass index. International journal of clinical oncology. 2015; 
20(2):317–23. [PubMed: 24913910] 

24. Mikami Y, Ueno T, Yoshimura K, Tsuda H, Kurosumi M, Masuda S, et al. Interobserver 
concordance of Ki67 labeling index in breast cancer: Japan Breast Cancer Research Group Ki67 
Ring Study. Cancer Science. 2013; 104(11):1539–43. [PubMed: 23905924] 

25. Polley M-YC, Leung SCY, McShane LM, Gao D, Hugh JC, Mastropasqua MG, et al. An 
International Ki67 Reproducibility Study. Journal of the National Cancer Institute. 2013; 105(24):
1897–906. [PubMed: 24203987] 

26. Abubakar M, Howat WJ, Daley F, Zabaglo L, McDuffus LA, Blows F, et al. High‐throughput 
automated scoring of Ki67 in breast cancer tissue microarrays from the Breast Cancer Association 
Consortium. The Journal of Pathology: Clinical Research. 2016; 2(3):138–53. [PubMed: 
27499923] 

27. Chatterjee N. A Two-Stage Regression Model for Epidemiological Studies with Multivariate 
Disease Classification Data. Journal of the American Statistical Association. 2004; 99(465):127–
38.

28. Wang M, Kuchiba A, Ogino S. A Meta-Regression Method for Studying Etiological Heterogeneity 
Across Disease Subtypes Classified by Multiple Biomarkers. American Journal of Epidemiology. 
2015; 182(3):263–70. [PubMed: 26116215] 

29. Huang W-Y, Newman B, Millikan RC, Schell MJ, Hulka BS, Moorman PG. Hormone-related 
Factors and Risk of Breast Cancer in Relation to Estrogen Receptor and Progesterone Receptor 
Status. American Journal of Epidemiology. 2000; 151(7):703–14. [PubMed: 10752798] 

30. Cotterchio M, Kreiger N, Theis B, Sloan M, Bahl S. Hormonal Factors and the Risk of Breast 
Cancer According to Estrogen- and Progesterone-Receptor Subgroup. Cancer Epidemiology 
Biomarkers & Prevention. 2003; 12(10):1053–60.

31. Butt S, Borgquist S, Anagnostaki L, Landberg G, Manjer J. Parity and age at first childbirth in 
relation to the risk of different breast cancer subgroups. International Journal of Cancer. 2009; 
125(8):1926–34. [PubMed: 19569233] 

32. Russo J, Balogh GA, Russo IH. Full-term Pregnancy Induces a Specific Genomic Signature in the 
Human Breast. Cancer Epidemiology Biomarkers & Prevention. 2008; 17(1):51–66.

33. D’Cruz CM, Moody SE, Master SR, Hartman JL, Keiper EA, Imielinski MB, et al. Persistent 
Parity-Induced Changes in Growth Factors, TGF-β3, and Differentiation in the Rodent Mammary 
Gland. Molecular Endocrinology. 2002; 16(9):2034–51. [PubMed: 12198241] 

34. Suzuki R, Rylander-Rudqvist T, Ye W, Saji S, Wolk A. Body weight and postmenopausal breast 
cancer risk defined by estrogen and progesterone receptor status among Swedish women: A 
prospective cohort study. International Journal of Cancer. 2006; 119(7):1683–9. [PubMed: 
16646051] 

35. Garcia-Closas M, Brinton L, Lissowska J, Chatterjee N, Peplonska B, WF Anderson N. 
Established breast cancer risk factors by clinically important tumour characteristics. British journal 
of cancer. 2006; 95(1):123–9. [PubMed: 16755295] 

36. Group EHBCC. Body Mass Index, Serum Sex Hormones, and Breast Cancer Risk in 
Postmenopausal Women. Journal of the National Cancer Institute. 2003; 95(16):1218–26. 
[PubMed: 12928347] 

37. Dowsett M, Folkerd E. Reduced progesterone levels explain the reduced risk of breast cancer in 
obese premenopausal women: a new hypothesis. Breast Cancer Res Treat. 2015; 149(1):1–4. 
[PubMed: 25414027] 

Abubakar et al. Page 13

Int J Cancer. Author manuscript; available in PMC 2019 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



38. Iyengar NM, Hudis CA, Dannenberg AJ. Obesity and Inflammation: New Insights into Breast 
Cancer Development and Progression. American Society of Clinical Oncology educational book / 
ASCO American Society of Clinical Oncology Meeting. 2013; 33:46–51.

39. Dunn GP, Bruce AT, Ikeda H, Old LJ, Schreiber RD. Cancer immunoediting: from 
immunosurveillance to tumor escape. Nat Immunol. 2002; 3(11):991–8. [PubMed: 12407406] 

40. Wernicke M, Pineiro LC, Caramutti D, Dorn VG, Raffo MML, Guixa HG, et al. Breast Cancer 
Stromal Myxoid Changes Are Associated with Tumor Invasion and Metastasis: A Central Role for 
Hyaluronan. Mod Pathol. 2003; 16(2):99–107. [PubMed: 12591961] 

41. Li CI, Malone KE, Porter PL, Weiss NS, Tang M-TC, Cushing-Haugen KL, et al. Relationship 
between long durations and different regimens of hormone therapy and risk of breast cancer. Jama. 
2003; 289(24):3254–63. [PubMed: 12824206] 

42. Newcomb PA, Titus-Ernstoff L, Egan KM, Trentham-Dietz A, Baron JA, Storer BE, et al. 
Postmenopausal Estrogen and Progestin Use in Relation to Breast Cancer Risk. Cancer 
Epidemiology Biomarkers & Prevention. 2002; 11(7):593–600.

43. Reeves GK, Beral V, Green J, Gathani T, Bull D. Hormonal therapy for menopause and breast-
cancer risk by histological type: a cohort study and meta-analysis. The Lancet Oncology. 2006; 
7(11):910–8. [PubMed: 17081916] 

44. Flesch-Janys D, Slanger T, Mutschelknauss E, Kropp S, Obi N, Vettorazzi E, et al. Risk of different 
histological types of postmenopausal breast cancer by type and regimen of menopausal hormone 
therapy. International Journal of Cancer. 2008; 123(4):933–41. [PubMed: 18506692] 

45. Arpino G, Bardou V, Clark G, Elledge R. Infiltrating lobular carcinoma of the breast: tumor 
characteristics and clinical outcome. Breast Cancer Res. 2004; 6(3):R149–R56. [PubMed: 
15084238] 

46. Reed A, Kutasovic J, Lakhani S, Simpson P. Invasive lobular carcinoma of the breast: morphology, 
biomarkers and 'omics. Breast Cancer Research. 2015; 17(1):12. [PubMed: 25849106] 

47. Morimoto LM, White E, Chen Z, Chlebowski RT, Hays J, Kuller L, et al. Obesity, body size, and 
risk of postmenopausal breast cancer: the Women’s Health Initiative (United States). Cancer 
Causes & Control. 2002; 13(8):741–51. [PubMed: 12420953] 

48. Lahmann PH, Hoffmann K, Allen N, van Gils CH, Khaw K-T, Tehard B, et al. Body size and 
breast cancer risk: Findings from the European prospective investigation into cancer and nutrition 
(EPIC). International Journal of Cancer. 2004; 111(5):762–71. [PubMed: 15252848] 

49. Muftah AA, Aleskandarany MA, Al-kaabi MM, Sonbul SN, Diez-Rodriguez M, Nolan CC, et al. 
Ki67 expression in invasive breast cancer: the use of tissue microarrays compared with whole 
tissue sections. Breast Cancer Res Treat. 2017; 164(2):341–8. [PubMed: 28478613] 

50. Barton S, Zabaglo L, A’Hern R, Turner N, Ferguson T, O’Neill S, et al. Assessment of the 
contribution of the IHC4+C score to decision making in clinical practice in early breast cancer. Br 
J Cancer. 2012; 106(11):1760–5. [PubMed: 22531639] 

51. Fasanella S, Leonardi E, Cantaloni C, Eccher C, Bazzanella I, Aldovini D, et al. Proliferative 
activity in human breast cancer: Ki-67 automated evaluation and the influence of different Ki-67 
equivalent antibodies. Diagnostic Pathology. 2011; 6(Suppl 1):S7–S. [PubMed: 21489202] 

52. Ellis IO, Coleman D, Wells C, Kodikara S, Paish EM, Moss S, et al. Impact of a national external 
quality assessment scheme for breast pathology in the UK. Journal of Clinical Pathology. 2006; 
59(2):138–45. [PubMed: 16443727] 

Abubakar et al. Page 14

Int J Cancer. Author manuscript; available in PMC 2019 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Ethical approval and consent to participate
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MCBCS study was approved by the Ethics Committee of the Mayo Clinic College of 

Medicine. The Medical Ethical Review Boards of the Rotterdam Cancer Centre and 
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University Hospital Rotterdam, Erasmus University Rotterdam and Leiden University 
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Novelty and Impact

We evaluated the associations between breast cancer risk factors and levels of histologic 

grade and proliferation among 5,905 hormone receptor positive (HR+) invasive breast 

tumors and 26,281 controls. We found associations between nulliparity and highly 

proliferative tumors; obesity and high grade tumors; and current use of combined 

hormone therapy and low grade tumors. These findings provide insights into etiologic 

heterogeneity, and could have implications for risk prediction of aggressive subtypes, of 

HR+ tumors.
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Figure 1. 
Case-control odds ratios (OR) and 95% confidence intervals (CI) for the associations 

between parity, BMI, use of combined HT and risk of HR+ tumors defined by levels of 

histologic grade and tumor proliferation, indicated by KI67

Levels of KI67 defined by quartiles of expression (Q1, <25th percentile (0-1.49%); Q2, 25th 

– 50th percentile (1.50-4.29%); Q3, 50th – 75th percentile (4.30-10.40%); Q4, >75th 

percentile (>10.40%)). Histologic grade defined as: 1 = well-differentiated; 2 = moderately 

differentiated; and 3 = poorly differentiated. All models were adjusted for age and study. No 
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evidence was observed of between-study heterogeneity in study-specific OR estimates (p-

value > 0.05). For more details see Supplementary Tables 5, 6 and 8.
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