
EPIDEMIOLOGY

Association of polymorphisms of angiogenesis genes with breast
cancer

Bryan P. Schneider Æ Milan Radovich Æ George W. Sledge Æ Jason D. Robarge Æ
Lang Li Æ Anna M. Storniolo Æ Suzanne Lemler Æ Anne T. Nguyen Æ
Bradley A. Hancock Æ Michael Stout Æ Todd Skaar Æ David A. Flockhart

Received: 31 August 2007 / Accepted: 6 September 2007 / Published online: 20 September 2007

� Springer Science+Business Media, LLC 2007

Abstract

Background Few studies have systematically explored a

pathway approach: to test the association of multiple

polymorphisms from multiple genes important to angio-

genesis simultaneously with risk of breast cancer. We

report our preliminary data evaluating the association of

polymorphisms from seven genes known to influence

angiogenesis with the likelihood of having breast cancer.

Methods We recruited 715 controls and 520 subjects

with breast cancer. Subjects provided a blood specimen and

completed a questionnaire that included common breast

cancer risk factors and breast cancer status. We evaluated

candidate polymorphisms in the following genes: Hypoxia

Inducible Factor-1 alpha (HIF1a), Vascular Endothelial

Growth Factor (VEGF), VEGF Receptor 1 (VEGFR-1),

VEGFR-2, endothelial Nitric Oxide Synthase (eNOS),

Neuropilin-1 (NRP-1) and Neuropilin-2 (NRP-2). Testing

for associations between each polymorphism and the

presence or absence of breast cancer was performed.

Results VEGF-2578 AA and -1498 CC genotypes were

more common in cancer cases than controls (P = 0.06 and

P = 0.04, respectively). These two genotypes remained

significant predictors of breast cancer status after adjusting

for non-genetic risk factors estimated by the Gail model

(P = 0.03 and P = 0.03, respectively). When comparing

women with invasive versus pre-invasive breast cancer, the

eNOS-786 TT and eNOS 894 GG genotypes were associ-

ated with a greater likelihood of invasive disease and the

eNOS 894 GG genotype was associated with a greater

likelihood of having metastatic disease.

Conclusion There is an association of the VEGF-2578A

and -1498C alleles with increased breast cancer risk. This

association remains significant when adjusted for Gail

score-related risk factors.
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Introduction

Angiogenesis plays a critical role in local growth of solid

tumors and subsequently in the process of distant spread [1–

6]. Extensive preclinical and clinical data in breast cancer

support the important prognostic and therapeutic importance

of angiogenesis [7, 8]. There is heterogeneity in degree of

tumor angiogenesis and breast cancers with more robust

angiogenic profiles having worse outcome. Fibrocystic

lesions with the highest microvessel density (MVD) are

associated with a greater risk of breast cancer [9]. MVD has

been shown to be highest with histologically aggressive

ductal carcinoma in situ (DCIS) lesions [10] and associated
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with increased VEGF expression [11]. High MVD in

pre-malignant lesions has been associated with high risk of

future breast cancer [9]. Also, high MVD in invasive disease

has been correlated with a greater likelihood of metastatic

disease [12] and a shorter relapse free and overall survival in

patients with node-negative breast cancer [13].

As angiogenesis is not only a pathologic but also a normal

physiologic process, it represents a truly host mediated pro-

cess. Thus variability in genes that control this process may

account for some of this heterogeneity and such variability

may be the result of germline variability rather than somatic

mutational events. Our prior work has compared genetic var-

iability in breast tumors with that in germline DNA for several

single nucleotide polymorphisms (SNPs) of genes known to

modulate angiogenesis. In that study there was no difference

detected between tumor and germline polymorphisms sug-

gesting that this variability was an inherited event [14].

Specific SNPs in genes that modulate angiogenesis have

previously been associated with increased risk of developing

malignancy [15–20] and prognosis after developing malig-

nancy [21–26]. The effect of this variability on incidence of

breast cancer has been mixed. A polymorphism in Vascular

Endothelial Growth Factor (VEGF) [17] has been shown to

correlate in a positive fashion with the likelihood of having

breast cancer, however, there are conflicting reports [27–29].

One limitation of many prior studies is that a limited number

of polymorphisms or genes were evaluated. Furthermore, the

combined effect of known, validated, non-genetic and

inherited risk factors have rarely been accounted for.

Furthermore, it appears as if there is a significant dif-

ference in the angiogenic requirements of invasive breast

cancer when compared to pre-invasive breast cancer (i.e.

ductal carcinoma in situ). Thus, some women may be

genetically predisposed to an invasive (versus pre-invasive)

phenotype. A prior study by Jacobs et al. demonstrated an

association between a specific VEGF polymorphism and

invasive breast cancer which was not evident for ductal

carcinoma in situ [27]. Other work has demonstrated that

risk [30], vascular invasion [23], and outcome [31] in

breast cancer may be influenced by genetic variability in

endothelial Nitric Oxide Synthase (eNOS).

The goal of this study is to comprehensively evaluate

the association between polymorphisms in genes that

modulate the angiogenesis pathway with: (1) likelihood of

breast cancer, (2) invasive versus pre-invasive disease, and

(3) metastatic versus local/regional disease.

Materials and methods

Study population

This trial was approved by the IRB at Indiana University and

all subjects consented to have blood collected and to provide

information in the form of a detailed questionnaire. A total of

1,240 subjects were recruited within the ‘‘Friends for Life’’

project. The ‘‘Friends for Life’’ project was a recruitment

effort performed at Indiana University with the goal of

recruiting women with both current/prior breast cancer (both

invasive disease and ductal carcinoma in situ) and healthy

women with no history of breast cancer [32]. The majority of

subjects were recruited in a single day recruitment drive

focused around the ‘‘Susan G. Komen Race for the Cure’’

event in Indianapolis, IN, in April of 2005. The organization

of this day involved the coordination of over 160 volunteers

to carry out consent, phlebotomy and to assist subjects with

the completion of a demographic/disease-specific question-

naire. This study was performed in the Indiana University

Simon Cancer Center.

Five subjects were excluded because of inconsistencies in

questionnaire data. Twenty-three additional patients did not

have samples available for genotyping. This left 1,212 sub-

jects for analysis. To have adequate power to detect genetic

associations with the studied outcomes, analysis was per-

formed in Caucasian subjects. Companion clinical data was

obtained by questionnaire which was filled out by each

subject. The subject demographics are outlined in Table 1.

Subject data

Subjects signed informed consent and donated up to 9 cm3

of whole blood which was subsequently extracted for

genotypic analysis (see below). All pertinent demographic

and medical information was obtained from a 5-page

questionnaire that was completed by the subject. This

included variables that would allow for the completion of

the Gail score (i.e. age, age at first menses, age at first live

birth, number of first degree relatives with breast cancer,

Table 1 Subject demographics

Number of subjects 1,212

Median age Controls—42 years

Current/Prior breast cancer—52 years

Race Caucasian—89%

African American—7%

Asian—1%

Other—2%

No response—1%

Disease status Controls—58%

Current/Prior breast cancer—42%

Invasive Disease—75%

Ductal carcinoma in situ—25%

Menopausal status Premenopausal—45%

Post-menopausal—55%

Sex Female—100%
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and number of prior biopsies) as well as multiple others.

Subjects also provided a thorough, current and complete

medication list. For those who had been diagnosed with

breast cancer, they also provided a description of inter-

ventions that they had incurred.

Non-genetic risk assessment

In order to accurately assess the genetic association

between germline genetic variation and the likelihood of

breast cancer, we chose to control for the degree of risk

normally assessed in the routine clinical setting. The most

well-validated and frequently used breast cancer risk

assessment tool in this context is the Gail score [33, 34].

Six hundred and seventy-five women completed 100% of

the questions that were necessary to complete a Gail score.

Of these, 329 women (49%) indicated a current or prior

disease diagnosis. A Gail score was not calculated for those

who had not answered all of the necessary questions.

Candidate polymorphisms

The polymorphisms we tested for were selected via a bio-

informatics approach with the goal of selecting genes known

to modulate angiogenesis (see Table 2). We used the fol-

lowing criteria to select genes for study: (1) that the gene be

part of a pathway for which there is a credible scientific basis

to support its involvement in the angiogenesis pathway;

(2) that the gene has an established, well-documented

genetic polymorphism; (3) that the frequency of the poly-

morphism is high enough that its impact on cancer risk at a

population level will be meaningful; and/or (4) that the

polymorphism has some degree of likelihood to alter the

function of the gene in a biologically relevant manner.

Genotyping

DNA was extracted from whole blood of study subjects

utilizing Gentra Puregene extraction kit (Gentra Systems;

Minneapolis, MN) per manufacturer’s instructions. Geno-

typing was performed using SYBR Green & Taqman-based

Real Time PCR. Please see Supplement 1 for details.

Statistics

Minor allele frequencies and exact tests for conformity of

genotype counts to Hardy–Weinberg proportions were

calculated using Haploview version 3.32 [35]. Allele fre-

quency differences between Caucasian and African

American populations were compared using Pearson’s v2

test. To control for potential confounding of association

results due to population stratification, analysis was con-

ducted within racial groups.

Association between marker genotypes and outcomes

were tested using Pearson’s v2 test or Fisher’s exact test

where appropriate. Linear effects of marker genotypes on

outcomes were tested with the Mantel–Haenszel (MH) v2

test. Logistic regression models were fitted to assess the

additive effect of marker genotypes in predicting breast

cancer status after adjusting non-genetic risk factors esti-

mated by the Gail model. Model fit between full and nested

models was estimated with a likelihood ratio test.

For all statistical tests, a = 0.05 was defined as the level of

statistical significance. All statistical analyses were con-

ducted with SAS version 9.1 (SAS Institute, Inc., Cary, NC).

Results

Breast cancer risk

All of the selected SNPs were independently evaluated for

their association with breast cancer status, invasive, and

metastatic disease. One-hundred percent of subjects that

had provided a blood specimen were successfully geno-

typed for all candidate SNPs. The allele frequencies are

presented in Table 2. The VEGF-1498 C/T and the -2578

C/A alleles were associated with breast cancer risk in

the Caucasian population (see Table 3). VEGF-2578 and

-1498 are in high linkage disequilibrium in Caucasian

(r2 = 0.968), but less associated in African Americans

(r2 = 0.587) populations. The VEGF-1498 C/T and -2578

C/A genotypes had to be evaluated separately for Cauca-

sian and African American women because there were

significant differences in allele frequency (P = 2.2 · 10–10

and P = 7.3 · 10–5, respectively). The other selected SNPs

from VEGF did not demonstrate an association with dis-

ease status. Also, when evaluating the selected SNPs of

HIF1a, VEGFR-1, VEGFR-2, eNOS, NRP-1, & NRP-2

there were no significant associations identified with the

likelihood of breast cancer.

Breast cancer risk considering Gail score (logistic

regression)

Associations were also calculated with consideration of

Gail score included. Six hundred and seventy-five of the

1,224 women had answered the necessary questions to

successfully calculate a Gail score. 656 women had both

Gail score and genotyping completed. When implementing

the Gail score as a base model, only VEGF-2578 and -1498
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added significantly to the logistic model with Gail score

alone. Women with VEGF-2578 AA genotypes were

observed to have twice the odds of having breast cancer

than with those with AC or CC genotypes (P = 0.03;

OR = 1.99, 95% CI = 1.06–3.74). Similarly, women with

the VEGF-1498 CC genotype had significantly higher odds

of disease than with those with CT or TT genotypes

(P = 0.03; OR = 2.01, 95% CI = 1.08–3.76).

Invasive versus pre-invasive disease

Approximately 75% of the women with breast cancer

reported that their diagnosis was invasive breast cancer

versus 25% who reported DCIS. This fraction was constant

whether the subject population was pre-menopausal or

post-menopausal. eNOS-786T/C and eNOS 894 G/T alleles

were both associated with a significantly higher prevalence

of invasive (versus pre-invasive) disease. eNOS-786 TT

genotype was significantly more common in subjects with

invasive disease than in those with pre-invasive disease

(P = 0.04). Although not significant at a = 5%, the eNOS

894 GG genotype was observed at a higher frequency in

women with invasive disease as compared to pre-invasive

disease (P = 0.08). When evaluating the pre-menopausal

subgroup, the VEGFR-2 1416 AA genotype was more

common in women with invasive breast cancer compared

to DCIS (64% vs. 36%) (P = 0.09 Fisher’s exact test). The

sample size of this latter cohort, however, was quite small

(n = 61) and thus associations here are exploratory.

Local disease versus metastatic disease

Since angiogenesis is a hallmark that promulgates distant

spread of disease, we also evaluated for an association

between genotype and women with distant or local/regio-

nal disease. The eNOS 894 GG genotype was

disproportionately seen in the metastatic setting (versus

local/regional disease), with the proportion of subjects with

metastatic disease changing linearly with genotype in the

Caucasian cohort (P = 0.1 Fisher’s exact test and P = 0.04

Mantel–Haenszel test) and in the post-menopausal sub-

group (P = 0.1 Fisher’s exact test and P = 0.03 Mantel–

Haenszel test).

Recent versus remote date of diagnosis

To test for the possibility of survivor bias in our analysis,

an unplanned analysis was performed comparing women

Table 2 Candidate single nucleotide polymorphisms and allele frequency by race

Single nucleotide polymorphism Minor

allele

Caucasian

frequency

HW P-value African-American

frequency

HW P-value Allele difference

by racea

HIF1a 1744 C/T = P582S T 0.10 0.13 0.02 0.07 \0.001

HIF1a 1762 G/A = A588T A 0.01 0.07 0.00 1.00 0.616

VEGF-2578 C/A A 0.49 0.80 0.24 0.80 \0.001

VEGF-1498 C/T C 0.49 1.00 0.33 1.00 \0.001

VEGF-634 G/C C 0.32 0.52 0.35 1.00 0.448

VEGF-1154 G/A A 0.33 0.95 0.10 1.00 \0.001

VEGF 936 C/T T 0.15 0.05 0.13 0.37 0.736

eNOS-786 T/C C 0.39 0.12 0.16 1.00 \0.001

eNOS 894 G/T = E298D T 0.32 0.89 0.10 1.00 \0.001

VEGFR1-962 C/T T 0.02 0.24 0.02 1.00 1.000

VEGFR2 889 G/A = V297I A 0.09 0.71 0.20 0.64 \0.001

VEGFR2 1416 A/T = Q472H T 0.25 1.00 0.10 0.84 \0.001

NRP1 1683 C/G = F561L G 0.01 1.00 0.00 1.00 0.256

NRP1 2197 G/A = V733I A 0.10 0.68 0.06 0.57 0.114

NRP2 368 A/G = K123R G 0.00 1.00 0.12 1.00 \0.001

HW, Hardy–Weinberg
a Fisher’s exact test; P-value (African American compared with Caucasian)

Table 3 Genotype by breast cancer status

Genotype Frequency

in subjects

with history

of breast cancer

(%)

Frequency

in controls (%)

P-value

VEGF-1498 CC 27 22 0.04

VEGF-2578 AA 26 22 0.06
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with a relatively recent diagnosis (£3 years) versus those

who were diagnosed more remotely ([3 years). There was

no significant difference in genotype frequency distribution

for any marker studied in those women enrolled who were

diagnosed recently versus remotely.

Discussion

Angiogenesis clearly plays a role in the pathogenesis of

breast cancer and this is supported with strong preclinical

and clinical evidence [7]. Perhaps the most convincing

evidence is the improvement in outcome for women with

advanced breast cancer that receive anti-angiogenesis

therapy [8]. A prior study has demonstrated a decreased

risk of breast cancer for those who have the VEGF 936T

allele [17]. Other studies, however, have refuted this find-

ing [27–29]. Preclinical work has demonstrated that

variability in the VEGF promoter does indeed affect

expression [36]. The results here suggest that VEGF pro-

moter polymorphisms do play a role in the risk of breast

cancer, and that risk is present even when known clinical

variables are considered (see Fig. 1 for established SNPs in

VEGF). These data have important mechanistic implica-

tions and suggest that targets within the VEGF pathway are

potentially valuable tools for breast cancer prevention.

Furthermore, previous work has demonstrated that var-

iability in the eNOS gene has been associated with breast

cancer risk [30] and has demonstrated a marginal associ-

ation with the likelihood of having invasive disease

(compared to pre-invasive disease) [23] and also a greater

likelihood of having distant disease (compared with local/

regional disease) [31]. Our data further support an associ-

ation between eNOS genetic variability and likelihood of

tumor invasiveness and spread. In total, these findings

support the hypothesis that genetic variability in the angi-

ogenesis pathway may contribute to heterogeneity in the

pathogenesis of breast cancer.

There are several limitations to this study. First, there is

an inherent survivor bias in the recruitment method used.

While a portion of the subjects that had been recruited were

recently diagnosed, some had been disease free for several

years. Thus, it is possible that the breast cancer cohort was

biased toward a more indolent disease phenotype as

women who would go on to die of disease shortly after

diagnosis would not be captured by this analysis. It is

clearly possible that this more indolent phenotype may also

have a different genetic makeup than a more aggressive

disease type and that this may limit the generalizability of

the results. Because of this concern, we performed an

exploratory analysis of women who were diagnosed

recently (defined as £3 years) versus those diagnosed

remotely (defined as[3 years). Although the time point of

3 years was chosen arbitrarily, the median overall survival

for women with advanced disease was taken into consid-

eration to make this a conservative analysis. While this

analysis is clearly exploratory, the lack of major genetic

differences strongly suggests that there was no overt sur-

vivor bias in this study. Another limitation to this study is

that the health history was self reported. While the likeli-

hood of false reporting is low for certain demographic

questions, the likelihood of false reporting for questions

regarding type of breast cancer is most certainly higher.

One of the major limitations to prior studies has been

that only one gene or one polymorphism has been evalu-

ated in this complex pathway. Although our current study

did not include all possible SNPs, it did encompass a large

number of established candidates. A second major limita-

tion of other prior studies is that few have considered non-

genetic variables. Since there are well-established clinical

variables that predict the likelihood of breast cancer an

unintentional imbalance in these variables could signifi-

cantly alter accurate determination of genotypic

associations. We attempted to avoid this imbalance with

the calculation of the Gail score when possible. This

approach also allowed us to assess the iterative value of

testing for these variants in the current clinical setting

where the Gail model is widely used.

There are several well established and widely used

variables that predict increased risk of breast cancer [37].

The elucidation of these variables has allowed the testing

and FDA approval of a drug which actually decreases the

future risk of disease (i.e. tamoxifen) in women at high risk

[37]. Unfortunately, the reduction in risk to date has been

confined to the ER+ subgroup of tumors. This is not sur-

prising as the majority of agents tested to date have a

primary mechanism of action that involves limiting estro-

gen effect. Thus, understanding non-hormonal pathways

that increase the likelihood of breast cancer is important

and may ultimately lead to therapeutic agents that decrease

Fig. 1 VEGF polymorphisms
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the incidence of either hormone receptor positive, or

endocrine-unresponsive breast cancer.

In conclusion, it appears that associations of germline

inherited variability in genes that control angiogenesis with

the incidence of breast cancer are predominantly derived

from the VEGF gene itself. This effect appears to have

predictive power that adds to the Gail model for breast

cancer risk. Also, the likelihood of having invasive and

metastatic disease may also be due to variability in genes

that modulate angiogenesis. It follows that genes involved

in angiogenesis may be targets of future therapies designed

to prevent breast cancer.
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