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Abstract

Introduction—Breast cancer (BrCA) risk stratification using clinico-pathological biomarkers
helps improve disease prognosis prediction. However, disease recurrence rates remain unfavorable
and individualized clinical management strategies are needed. Consequently, we evaluated the
influence of 14 sequence variants detected in /L-10, TGF-B1, VEGF, and their associated
receptors as effective predictors of BrCA clinical outcomes.

Methods—Tumor DNA samples collected from 441 BrCA patients were genotyped using
TagMan-PCR. Most selected targets alter cytokine serum/plasma levels or signaling pathways.
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Relationships between genetic profiles and recurrence as well as disease-related mortality were
evaluated using cumulative incidence curves and competing risk regression models.

Results—The VEGF 2578 C allele was associated with a 1.3-to 1.6-fold increase in BrCA
recurrence (HReng = 1.28; 95% CI = 0.96-1.72) and disease-related mortality (HRreng = 1.56;
95% CI = 0.93-2.56). Although this marker was marginally significant relative to BrCA outcomes,
there were substantial gains in the 5- and 8-year predictive accuracy compared to standard
prognostic indicators. Among ER*/PR™ status patients, there was a significant impact of the
VEGF 2578 CC genotype on disease recurrence and predictive accuracy.

Conclusions—Our findings suggest inheritance of the VEGF 2578 C allele could serve as an
independent prognostic indicator of BrCA prognosis. The VEGF 2578 marker may have clinical
implications among a subset of ER*/ PR* patients with an aggressive phenotype. Because the
VEGF 2578 C allele is linked to high VEGF expression, this cytokine is a potential prognostic and
targeted clinical management tool.
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Introduction

Angiogenesis involves the division and migration of endothelial cells that form
microvasculature. This process facilitates tumor growth by providing oxygenation through a
series of interrelated steps, including endothelial cell proliferation, motility of endothelial
cells through the extracellular matrix toward the angiogenic stimuli, and capillary
differentiation. Tumor cells and their microenvironment mediate angiogenesis by altering the
expression of angiostatic and angiogenic cytokines, which promote and inhibit angiogenesis,
respectively. Recently, investigators reported poor survival among breast cancer (BrCA)
patients exhibiting the interleukin (/L)-207592A allele (linked with low 1L-10 expression)
after bone marrow transplantation [1]. IL-10 suppresses angiogenesis, tumor growth, and
metastasis, presumably by inhibiting macrophage-derived angiogenic factors e.g., vascular
endothelial growth factor (VEGF) [2-5]. In patients with breast- and other cancers, various
cytokines such as IL-10, VEGF, and transforming growth factor (TGF)-g1 are frequently
elevated and correlate with altered susceptibility to invasive disease, progression, metastasis,
and poor clinical outcome [6-11].

Similar to IL-10, TGF-B1 can have divergent roles in cancer development. In normal
epithelial, endothelial, and hematopoietic cells, TGF-B1 suppresses tumor growth by
promoting differentiation and inhibiting proliferation. During later stages of tumorigenesis,
defects in TGF-B1 signaling pathways cause many cancers to become resistant to TGF-p1-
mediated growth inhibition, attributed to somatic mutations in downstream targets.
Mechanisms supporting acquired resistance to inhibitory effects of TGF-B1 may involve
reduced expression of TGF-B1 receptors, modulation of TGF-B1 binding partners, and loss
or reduction of downstream mediators of cell survival and growth inhibition [6]. Once TGF-
B1 cell signaling pathways are disrupted, TGF-p1 over-expression mediates tumor
promotion through enhanced angiogenesis and immunosuppression, improving tumor
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invasion and metastatic potential. TGF-B1 may provide tumors with a growth advantage
through immune suppression, promotion of angiogenesis, and extracellular matrix formation
[12, 13]. Intriguingly, two TGF-B1 low-expressing alleles (2°C and ~°%°T) may be
independently associated with lymph node metastases, advanced stage of BrCA, disease
recurrence, and reduced disease-free survival (DFS) [14]. One report describes inhibiting
somatic mutations in 7GF-BRI1(2)in recurrent and metastatic breast tumors [15].

VEGF, a potent angiogenic cytokine, serves a pivotal function during angiogenesis,
promoting tumor growth and metastasis by binding to two major receptors, VEGF-R1 and
VEGF-R2. Although VEGF-R1 has a greater affinity for VEGF, VEGF-R2 is tyrosine-
phosphorylated more efficiently upon ligand binding, leading to mitogenesis, chemotaxis,
and changes in cell morphology in endothelial cells. Once bound to its receptors, VEGF
initiates a signal transduction pathway enhancing endothelial cell invasion, migration, and
vascular permeability. Tumor cells, infiltrating T cells, and macrophages stimulate VEGF
production mediated by various hormones, growth factors, and cytokines (e.g., IL-10).
Elevated VEGF during early stages of BrCA associates with numerous dynamics, including
increased tumor microvessel density, advanced stage of disease, poor responsiveness to
therapy (e.g., tamoxifen and chemotherapy), and poor DFS [9, 10, 16-20]. Individuals
inheriting the high-expressing VEGF alleles (e.g., ~834C, ~1154G, =2578¢, 936C) are linked
with increased risk of developing BrCA, tumor size[20 mm, tumor grade =2, and poor
prognosis in some studies [21-23]. To our knowledge, no reports exist on the influence of
functional single nucleotide polymorphisms (SNPs) detected in the vascular endothelial
receptor gene on BrCA disease recurrence or survival.

Over the past decade, numerous observational studies suggest that functional variants
associated with differential cytokine gene/protein expressions influence susceptibility to
various cancers and poor disease prognosis. However, reports on genomic predictors of
BrCA recurrence are limited in scope. There are no published reports on the impact of these
six highly variant angiogenesis-related genes relative to BrCA disease-free (DFS) and
overall survival (OS). This study (1) evaluated whether variations within regulatory or
coding regions of selected angiogenesis biomarkers influence BrCA recurrence or OS,
presumably from alterations in mMRNA/protein expression critical to tumor vasculature-
formation capacity; (2) assessed whether these markers add predictive value toward
determining disease prognosis beyond standard demographic and clinico-pathological
attributes; and (3) established a foundation for clinical studies to identify and validate
markers as effective predictors of disease prognosis.

Materials & methods

Population

The study utilized de-identified information and specimens collected between 1989 and
1998 from 441 Caucasian women selected from the Hormone Receptor Laboratory (HRL)
Biorepository and Tumor Marker Database (TMD). Human tissue specimens were collected
from 235 node-negative and 206 node-positive patients having undergone mastectomy to
remove primary infiltrating ductal or lobular BrCA. Tissue specimens were processed within
an hour following surgery using stringent protocols to ensure specimen integrity for genomic
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and proteomic analyses. Specimens for this study were de-identified, with protected health
information and linkers transferred to a third party. Study approval was obtained from the
University of Louisville IRB.

Patient follow-up

The HRL Biorepository and the Microsoft, access-based TMD contain de-identified
specimens of breast carcinoma with associated tumor marker/clinical outcome with up to 15
years of follow-up. Available clinico-pathological data include tumor-based properties (e.g.,
pathology, grade, stage, size, tumor marker status), patient-related characteristics (e.g., age,
race, menopausal status, family history, nodal status), and clinical follow-up (e.g., treatment
regimen, DFS, OS). Furthermore, the TMD has biochemical data for tissue specimens on
select markers, including estrogen/progesterone receptor (ER/PR), epidermal growth factor
receptor (EGFR), and human epidermal growth factor receptor (HER)-2/neu status.

DNA Extraction & quality assessment

DNA was extracted from tissue sections using the AllPrep DNA/RNA/Protein Mini Kit
(Qiagen, Valencia, CA) or QlAamp DNA Mini Kit (Qiagen). DNA concentration was
determined via NanoDrop® (Wilmington, DE) ND-1000 Spectrophotometer. Samples were
diluted to 60 ng/ul and stored at —20°C until further analysis.

Selection of angiogenesis-related polymorphisms

We selected 14 angiogenesis-related SNPs spanning each gene with a minor allele frequency
>0.05 and a location within the coding and non-coding [i.e., promoter, 3" untranslated
region (UTR), 5"UTR, and intronic] regions for further genomic and bioinformatic analysis.

TagMan allelic discrimination of angiogenesis sequence variants

Polymorphisms in six angiogenesis-related genes were ascertained using TagMan
Polymerase Chain Reaction (PCR) allelic discrimination assays [24]. Fourteen alleles were
detected: (1) /L-10(G™1082A, C~819T, C592A): (2) /L-10R (Exon 7 A241G, Exon 7
G™109); (3) VEGF (G™11%A, C™2578A, G™834C); (4) VEGFR2 (IVS6 A%G, GF9A,
THI6T |VS25 G9A), (5) TGF-B1(T8%C); and (6) TGF-BRI (Exon 9 Al%G).
Discrimination assays contained approximately 60 ng of germ-line DNA, 1X Universal
Master Mix [Applied Biosystems (ABI), Foster City, CA], 300 nM of each primer (forward
and reverse), and 100 nM of each probe (FAM and VIC) to comprise a 10 pl reaction. The
assay for the allelic discrimination of /-10(G™1982A) was obtained via custom-designed kit
from ABI (C__1747360_10). Sequences for primers and probes for [/L-10R Exon 7
(G™109A), VEGF (G%34C), and TGF-BR1 (C915G)] were found in the NCI SNP500
database. These primers and probes were designed using PrimerExpress 3.0 software (ABI)
to detect the following SNPs: (1) /L-10(C™819T, C™992 A, A241G); (2) /L-10R (G199A); (3)
VEGF (G™1154A); (4) VEGFR (IVS6+A5G, G89A, IVS25G92A, T1416A): and (5) TGF-
B1(C909T, A195G, T89C). Primer and probe concentrations varied per SNP.

PCRs were conducted in an ABI Prism 7900HT Sequence Detection System.
Thermocycling settings consisted of two holds at 50°C for 2 min and 95°C for 10 min,
followed by 40-42 cycles of 15 s at 95°C and 1 min at a specific temperature for each SNP.
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The fluorescent intensity emitted from probes was measured via ABI 7900 sequence
detection system and assigned genotypes by SDS 2.2.1 software (ABI). Laboratory
technicians were blinded to study participant case status to minimize misclassification bias.
Based on 24 non-DNA template controls per batch analysis, percent cross-contamination
during sample handling was minimal (<4.2%). Duplicate genotyping was performed for 72
randomly selected samples for quality control purposes. The genotype call rates ranged
between 83.5 and 97.3% across the fourteen SNPs. In addition, deviations from the Hardy—
Weinberg equilibrium among controls were tested using a significance level of p<0.005.

Statistical analysis

Results

Associations between candidate polymorphic genes and BrCA recurrence and OS, expressed
as hazard ratios (HRs) and corresponding 95% confidence intervals (CIs), were estimated
using proportional hazard (PH) regression models for competing risks. For each SNP, the
most frequent genotype was used as the baseline. Predicted impact for each SNP genotype
on BrCA recurrence is detailed in Table 1. All-cause mortality was treated as a competing
risk when evaluating time to recurrence; whereas, death from other causes was treated as a
competing risk when evaluating disease-related mortality. Subjects with missing SNP values
were excluded from statistical analyses. Cumulative incidence curves stratified by marker
genotypes evaluated whether inheritance of high-expressing angiogenesis-associated alleles
correlated with DFS and OS. Differences between the stratified curves were tested using chi-
square statistics. Haplotypes for VEGF markers were estimated by fastPHASE [24].
Competing risk hazard models estimated effects for inheritance of one or more copies of
each haplotype on patient survival. Predictive accuracy of the fitted hazard models
corresponding to each biomarker were evaluated using time-dependent measures of
sensitivity, specificity, and the associated receiver-operator characteristic (ROC) curve with
estimates and 95% Cls for area underneath the curve (AUC). Gains in predictive ability over
models including standard clinical diagnostic markers were assessed by differences in AUC
values using the bootstrap bias-corrected and accelerated (BCA) method to calculate Cls.
Multivariable hazard regression models evaluated single genes and reconstructed haplotype
effects on the survival times after adjusting for potential confounders [e.g., age, tumor grade
(aggressive vs. non-aggressive), tumor stage (advanced vs. non-advanced), tumor size, nodal
status (+/-), estrogen receptor status (), and progesterone status (+/-)].

All statistical analyses were conducted using R version 2.8.1 supplemented with
survivalROC, cmprsk, and the bootstrap packages for time-dependent ROC curves and AUC
values, calculation of cumulative incidence curves and PHs models, and bootstrap
calculations, respectively. Statistical significance was assessed using an unadjusted p-value
<0.05.

Demographic and clinico-pathological data

The median age of the 441 Caucasian women BrCA patients in this study was 62 years
(range: 26-89.5 years). Total patient follow-up was 2,414.4 person-years, with a median
follow-up time per person of 67 months. There were 201 total deaths (45.6%); 122 (27.7%)
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patients died from disease and 79 (17.9%) died from other causes. There were 156 (35.4%)
total recurrent BrCA cases among participants, with 52 (12%) patients listed as “never
disease-free” and thus excluded from further analysis. The overall 5-year survival rate was
0.76 (0.72-0.80), with a 5-year recurrence-free survival rate of 0.75 (0.70-0.79). All patients
underwent partial or complete (uni- or bilateral) mastectomy. Clinical and tumor
characteristic information and association of these factors with overall patient survival are
detailed in Table 2. As anticipated, tumor size larger than 2.0 cm, poor differentiation (tumor
grade I11, 1V), advanced disease (tumor stage Il1, V), positive nodal status, and negative
hormone receptor (ER™/PR™) status were associated with decreased patient survival, shown
in Table 2. Age did not reveal any significant effect on OS.

Prevalence of Angiogeneis-related SNPs Relative to Patient and Tumor Characteristics

Thirteen of fourteen SNPs were successfully genotyped in 89-99.1% of patients with a
relatively high percent concordance rate (median = 99%; range = 92—-100%) between blind
replicate samples. /L-10R 241 was not included for further analyses, because this marker
had an unacceptable concordance rate between replicate samples (88%). Genotype
frequencies did not deviate from the Hardy—Weinberg Equilibrium (p= 0.01) at the 0.005
significance level. Within our study set, inheritance of at least one minor or “high-risk”
allele (linked with increased mRNA/protein expression) was fairly common at loci
IL-1071082 (72.3%), /L-107819T (32.8%), /L-107992A (31.4%), /L-10R109A (61.5%),
TGF-B178%C (59.5%), TGF-BRI19G (35.2%), VEGF 2578C (78.6%), VEGF 154G
(93.2%), VEGF 934C (59.4%), VEGFR*889A (21.7%), VEGFR1416A (33.3%), VEGFR
IVS25-92A (42.0%), and VEGFR IVS6+24G (65.4%). With the exception of VEGFR*1416,
genotype frequencies were in agreement with the NCBI database or published reports [25,
26].

Genotype frequencies and effects on BrCA clinical outcomes

We observed marginal relationships between BrCA outcomes and angiogenesis-associated
sequence variants summarized in Table 3. Univariate regression analysis revealed a decrease
in BrCA DFS associated with homozygous VEGF 278CC and VEGFR IVS25~92AA
genotypes, with a near significant dosage effect for the VEGFR IVS2592A minor allele
(HRyreng = 1.32; 95% CI = 0.98-1.76; Pyeng = 0.06) and the VEGF2578C allele (HRyyeng =
1.28; 95% CI = 0.96-1.72; Peng = 0.10). After adjusting for age and tumor characteristics
(i.e., tumor stage, nodal status, ER/ PR status), the magnitude of the aforementioned
relationships persisted but the significance level decreased (VEGFR IVS25-92A: HRyeng =
1.28; 95% CI = 0.94-1.75; Pyeng = 0.12; VEGF 2578C: HRyeng = 1.25; 95% Cl = 0.92-1.70;
Prrend = 0.15). For unadjusted OS, we observed a decrease in overall BrCA survival among
those with the 7FGB-R1 195G (HRyeng = 2.45; 95% CI = 1.16-5.17; Pyeng = 0.07) and
VEGF2578C alleles (HRyeng = 1.56; 95% CI = 0.93-2.56; Pyeng = 0.06). Both SNPs
remained borderline significant predictors of reduced OS after adjusting for age and other
significant clinico-pathological characteristics. The TFGS-RI195G allele was also associated
with decreased DFS (HR for trend = 1.21; 95% CI 0.84-1.75; Piend = 0.30); however, many
of the GG genotype patients were never disease-free, which likely contributed to the lack of
statistical significance. Cumulative incidence curves for disease recurrence and mortality
attributed to BrCA for VEGF C~2578A are depicted in Fig. 1a, b. The association between
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VEGFC=258A, VEGR GIVS25-92A, and TFGB-R1 A% G and patient and tumor
characteristics revealed no significant findings, except for an increase in the percentage of
VEGR IVS25792 AA patients receiving chemotherapy (p < 0.01). The remaining nine
angiogenesis-associated SNPs rendered no significant associations with BrCA DFS or OS.

To visually assess whether significant SNPs enhanced predictive ability above standard
diagnostic markers, we plotted cumulative incidence curves stratified by patient ER/PR
status. Stratified cumulative incidence curves for disease recurrence for homozygous
VEGF2578CC patients relative to AA and CA patients (see Fig. 2). For ER*/PR* patients,
VEGF 2578CC patients had higher incidence of recurrence relative to individuals with at
least one A allele (p=0.026; Fig. 2d). For disease-related mortality, patients with the
VEGF-2578CC genotype again had marginally higher incidence relative to the referent group
for ER*/PR™ patients (p = 0.057).

Haplotype effects

Given the association between VEGF C2578A and survival, we further investigated
haplotypes of VEGF SNPs C™2578 A A~1154G and G™834C relative to DFS and OS patients
were assigned their most likely haplotypes and carrier risk associated with individual VEGF
haplotypes, which were evaluated and expressed as HRs for disease recurrence and disease-
related mortality (see Table 4). Among the four most common haplotypes,

the ~2578 ~1154G -634G haplotype offered a protective effect against disease recurrence
(HR = 0.6; 95% CI 0.39-1.00; p = 0.05), whereas the ~2578C, ~1154G, ~634G haplotype was
deleterious (HR = 1.58, 95% CI 1.06-2.35; p=0.03). This result coincides in expectation
with the deleterious risk estimate associated with the VEGF 2578 CC genotype. However,
the VEGF2578C, ~1154G, ~634C haplotype was not associated with increased risk of disease
recurrence, indicating that inheritance of the VEGF2578C allele with this haplotype was not
harmful. We observed no significant relationship between the VEGFAGG and CGG
haplotypes and patient and tumor characteristics, except for a slight increase in advanced
disease (stage 111/IV) among AGG carriers (p=0.02).

We also stratified haplotype cumulative incidence curves by ER/PR status for disease
recurrence and disease-related mortality. Similar to the VEGF 2578CC genotype, the most
detrimental effect of the VEGF CGG haplotype was for ER+/PR+ patients, although only
disease-related mortality was statistically significant (o= 0.028). Conversely, the AGG
haplotype had a protective effect against disease recurrence and disease-related mortality,
although it never achieved statistical significance in any one ER/PR group. Patients with the
CGC haplotype did not have significant differences in recurrence or disease-related
mortality for any of the ER/PR groups.

Predictive accuracy of biomarker models

Predictive accuracy (AUC values) for disease recurrence of the multivariable PH model
including ER, PR, nodal status, age, and disease stage (the ‘base’ model) was 0.717 (95%
Cl: 0.634-0.826) at 5 years and 0.706 (95% CI: 0.607-0.749) at 8 years. The addition of the
VEGF 2578 marker to the base multivariable model (CC genotype vs. AA/AC genotypes)
improved predictive accuracy at both 5 years (AUC = 0.772; 95% CI = 0.697-0.826) and 8
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years (AUC = 0.760; 95% CI = 0.671-0.810). Improvements in AUC values relative to the
base model were statistically significant based on a 95% CI for differences in AUC of
0.031-0.135 and 0.011-0.140 for years 5 and 8, respectively. Relative to a model with
ER/PR status alone, the VEGF 2578 marker improved AUC at 5 years from 0.627 (95% Cl =
0.56-0.682) t0 0.671 (95% CI = 0.586- 0.721; 95% CI for difference = 0.001-0.080) and at
8 years from 0.613 (95% CI = 0.538-0.668) to 0.681 (95% CI = 0.587-0.725; 95% CI for
difference = 0.012- 0.128). For OS, AUC of the base model at 5 years was 0.753 (95% CI
0.681-0.795). Adding the VEGF 2578 marker improved AUC slightly to 0.770 (95% CI =
0.683- 0.813); however, this difference was not statistically significant (95% CI for
difference = -0.018-0.064).

Predictive accuracy for disease recurrence was improved by adding an ER/PR interaction
term (5-year AUC = 0.741; 95% CI 0.665-0.799) to the base model. Inclusion of the
VEGF 2578 marker and an ER/PR interaction term improved the AUC at 5 years to 0.779
(95% CI = 0.771-0.839); however, the difference in AUC compared to the base model
combined with the interaction term was not quite statistically significant (95% CI for
difference = —0.001-0.115). However, we observed significant improvement in predictive
accuracy for 8-year disease recurrence when comparing the base model with the ER/PR
interaction to the base model with ER/PR interaction and VEGF 2578 (AUC = 0.737; 95%
C1 0.662-0.793 vs. 0.801; 95% CI 0.743-0.867; 95% ClI for difference = 0.023—
0.156).Gains in predictive accuracy were also checked for 7FG-BR1 AL9°G and individual
haplotypes of VEGF. However, they were either not significant or less substantial than gains
seen with VEGF2578 and hence not reported.

Discussion

Angiogenesis has a pivotal role in breast tumorigenesis as evidenced by preclinical and
clinical studies. A remarkable piece of evidence supporting this role stems from substantial
improvements in clinical outcome following angiogenesis inhibitor use among women
diagnosed with BrCA [27]. Linderholm et al. (2009) demonstrated that BrCA patients with
higher VEGF levels detected in tumor tissue had higher propensities for increased
susceptibility to BrCA recurrence, metastatic disease, and poor OS/BrCA-corrected survival
[28]. In addition, numerous published reports reveal individuals inheriting low /L-10
(C1082pA —819TT, —592AA) and/or high VEGF (“2578CC, ~11%4GG, ~634CC)—producing
genotypes were significantly associated with BrCA risk, lymph node metastasis, poor DFS,
high tumor grade, and large tumor size [14, 21-23, 29, 30]. For instance, Jin et al. (2005)
demonstrate that carriers of the 634CC genotype and ~2578/=634CC haplotype were linked
with high VEGF expression and significantly associated with high tumor aggressiveness
(large tumor size, high histologic grade, p < 0.01). In contrast, the putative low-

expressing “2°78AA genotype and ~2578/-634AG haplotype corresponded with low histologic
grade tumors (p = 0.04) [22]. Poor disease prognosis may be partially attributed to
inheritance of variant cytokine/cytokine receptors linked to changes in mRNA/protein
expression, MRNA stability, and protein structure/function, which may influence the tumor’s
capacity to form vasculature essential to growth and metastasis. This study assessed the role
of angiogenesis-related polymorphisms and their haplotypes relative to BrCA recurrence and
OS among 441 Caucasian women diagnosed with primary BrCA with a median of 5.6 years
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(range = 0-12.8 years) of clinical follow-up data. We proposed an elevated risk of BrCA
recurrence and poor OS for individuals possessing high-risk alleles.

Commensurate with our a priori hypothesis, we observed modest increases in BrCA
recurrence and poorer OS among patients with the VEGF 2578CC genotype and

VEGF 25781-1154/-634CGG haplotype. Although the VEGF 2578 marker was only
marginally significant when considered singly in the PH model, there were substantial gains
in predictive accuracy for disease recurrence when including this marker with current
prognostic indicators for BrCA patients. This suggests that the VEGF 2578 SNP provides
additional information regarding BrCA clinical outcomes beyond conventional clinico-
pathological factors such as hormone receptor status, nodal status, age, and disease stage. In
addition, upon stratification of recurrence risk by ER/PR status, the marker offered
additional separation of risk curves and improved predictive accuracy relative to ER/PR
alone. Given the relatively high frequency of patients with the VEGF 2578 CC genotype, the
impact on BrCA patient outcomes could be substantial, especially for ER*/PR* patients.

The hypothesis that polymorphisms in the promoter region of VEGF are related to BrCA
recurrence and poor OS partially stems from the notion that functional and commonly
studied SNPs are associated with increased VEGF expression. Higher levels of VEGF may
increase the capacity to form blood vessels enabling BrCA tumorigenesis [31, 32]. Tumor
neovascularization is required by most solid tumors to meet metabolic demand and provide
potential routes for tumor dissemination and metastasis [33]. This phenomenon is partially
supported by a report demonstrating shorter DFS among BrCA patients with high VEGF
expression and microvessel density than those with lower expression of these preclinical
biomarkers [32]. Some epidemiological evidence supports the role of the high-expressing
VEGF2578C allele alone relative to aggressive BrCA [22].

Unfortunately, the VEGF2578C allele was not significantly related to various clinico-
pathological factors such as tumor grade, stage, size, nodal status, hormone receptor status,
and cancer treatment in this study. However, these findings are commensurate with two other
null reports relative to lymph node involvement, metastases, tumor size, and histological
grade. Despite the null relationship between VEGF 2578 and standard clinico-pathological
factors, this marker seemingly serves as an important predictor of BrCA recurrence and OS.
Notably, after adjusting for demographic (age) and clinical parameters [i.e., tumor grade,
disease stage, tumor size, nodal status, hormone receptor status, chemotherapy], the hazard
risk estimates did not vary substantially. Confounders are only considered in Cox regression
models if such factors significantly modify the risk estimates by 20%, which was not the
case in this study.

We considered the durability and shortcomings of this study on the impact of genomic tools
critical to predicting BrCA recurrence risk using high-throughput genomic and statistical
strategies. As these markers were specifically selected for their biological relevance and
inclusion in published reports, we opted not to adjust for multiple comparisons when
reporting the statistical significance of our findings. Given the number of markers evaluated,
falsely significant findings are a possibility. Consequently, our results require further
substantiation and validation in subsequent studies. A positive aspect of this study was

Cancer Causes Control. Author manuscript; available in PMC 2016 October 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kidd et al.

Page 10

access to de-identified clinical follow-up data (e.g., DFS, OS) and tumor/patient
characteristics (e.g., pathology, nodal status, tumor grade, stage).

Numerous quality control measures were maintained to insure accurate and highly
reproducible allelic discrimination assays. For SNP analysis of selected angiogenesis-related
genes, random genotype errors are unlikely to be significant in our study because of the
following factors: (a) a rigorous high-quality control protocol is followed in our laboratory,
including repeat analysis if the percent contamination or genotype failure rate exceeds 5%
among 72 replicate and 24 non-DNA template controls within each 384-well plate; (b) allele
determination is standardized by a computer program guidance; and (c) utilization of
validated allelic discrimination assays. If genotyping errors exist after these steps, this
misclassification is evenly distributed between patients with non-recurrent and recurrent
disease.

There is some concern that DNA extracted from tumors/ lymph nodes with evidence of
metastatic disease may represent germ-line combined with somatic mutations. SNP analysis
in this study was restricted to variations present in cancerous tissue, rather than
biospecimens representative of germ-line mutations, including peripheral blood, uninvolved
lymph node, or non-cancerous adjacent tissue. This limited our ability to assess whether
occurrence of selected angiogenesis-associated SNPs in DNA extracted from cancerous
tissue may serve as a proxy for variations in uninvolved lymph nodes or peripheral blood
samples. However, evidence suggests the occurrence of an angiogenic cytokine genotype
profile present in DNA sequestered from cancerous tissue is synonymous to DNA obtained
from uninvolved lymph nodes. For instance, a recent pilot study observed a 100%
concordance comparing the genotype status of a VEGF 936C>T polymorphism among DNA
samples isolated from primary tumors and uninvolved lymph nodes [34]. Future studies will
allow us to compare the VEGF 2578 SNP profile extracted from whole blood relative to
BrCA biopsies.

We cannot rule out the possibility that other angiogenesis-related markers may influence
vascular growth and ultimately disease prognosis. Although we included several
angiogenesis-related markers known to influence tumorigenesis, the list was not exhaustive.
It is plausible that other genetic markers of tumor neovascualarization may involve other
targets, such as hypoxia inducible factor 1 and VEGF receptor 2/FMS-related tyrosine
kinase 1. In addition, cytokines related to lymph-angiogenesis may also impact BrCA
clinical outcomes, including VEGFC, VEGFD, VEGFR-3, chemokines, chemokine
receptors, integrins, and downstream signaling targets [35-37]. Thus, future studies will
consider whether the aforementioned markers may be used to predict BrCA recurrence and
OS within a large retrospective case series study set.

Another concern is the failure to adjust hazard and predictive models for well-known
clinico-pathological factors of BrCA risk (e.g., menopausal status, number of first degree
relatives with a history of BrCA, age at men-arche, age at first menstruation, number of
biopsies). However, this is the first report that demonstrates VEGF 2578 alone or combined
with ER/PR status may serve as a significant predictor of BrCA clinical outcomes, even after
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adjusting for factors having an important role as significant predictors of disease prognosis
such as age, ER/PR status, and tumor stage.

Prior studies have demonstrated impaired disease-free survival among BrCA patients with
high VEGF protein levels following adjuvant tamoxifen treatment with various degrees of
duration [38-42]. However, prolonged therapy (i.e., 5 years) is associated with a more
favorable prognosis for those patients with high intratumoural VEGF levels when compared
to those on a 2-year adjuvant regimen [42]. Presumably, tamoxifen blocks estrogen-induced
transcription and secretion of VEGF resulting in reduced vascularization, as demonstrated in
MCF-7 BrCA cells [43]. Unfortunately, our database contained limited information on the
actual length of adjuvant endocrine therapy. Nevertheless, in a post hoc exploratory analysis,
we investigated the association of the high-expressing VEGF 2578CC genotype

and ~2578/-1154/-634C GG haplotype with disease-free and overall survival in the subset of
patients who received adjuvant tamoxifen therapy (7= 138). Relative to those with the
VEGF 278 AA genotype, neither the risk estimates for tumor recurrence (HR = 1.30; 95%
Cl = 0.51-3.32, p=0.6) nor mortality (HR = 1.06, 95% CI = 0.42-2.66; p= 0.9) was
elevated among patients on adjuvant tamoxifen who possessed the VEGF 2578CC genotype,
whereas patients who received no adjuvant therapy did have elevated risk associated with
VEGF2578CC (n= 278; HRyecurrence = 1.64, 95% CI = 0.82-3.26, p = 0.16 and HRmortality
=1.81, 95% CI = 0.97-3.39, p=0.06). However, the hazard ratios for disease recurrence
(HR =1.77, 95% CI = 0.90-3.49, p=0.1) and patient mortality (HR = 2.15, 95% CI 1.10-
4.24, p=0.03) were higher among carriers of the VEGF 2578/-1154/-634CGG haplotype who
were treated with tamoxifen, compared to the non-adjuvant group (HRyecurrence = 149, 95%
Cl =0.91-2.44, p=0.11 and HRmortality = 1.52, 95% CI = 0.98-2.35, p = 0.06). These risk
estimates remained unchanged even after adjusting for ER/PR status. Collectively, our
findings indicate the importance of considering the VEGF haplotypes in relation to breast
cancer recurrence and mortality; evaluation of VEGF genotypes in isolation may only tell
part of the story concerning recurrence risk.

Clinically, these results may facilitate future studies to determine whether the VEGF
sequence variant at position —2578 is an important predictor of clinical response to
tamoxifen and angiogenesis inhibitors (e.g., bevacizumab or carboxyamidotriazole) [44, 45].
This locus, along with other angiogenesis-associated markers, may guide dosing regimens of
selective therapies based on the genetic profile of angiogenic targets, resulting in more
appropriate and individualized treatment for BrCA patients. In fact, commercially available
and FDA-approved gene expression profiles consisting of up to 70 genes are in use to help
physicians and patients make informed treatment decisions [46, 47]. Motivated in part by
these prognostic signatures, these study findings establish the foundation for future studies
to identify and validate SNP profiles capable of predicting clinical outcomes and improving
clinical management.

In closing, our findings suggest the inheritance of the VEGF2578C allele may serve as an
effective predictor of BrCA recurrence and OS among women of European descent.
However, these findings must undergo substantiation in larger observational studies. Such
studies will analyze a comprehensive panel of genes involved in angiogenesis. Our findings
combined with ongoing research will help clarify the role of polymorphisms in VEGFand
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other angiogenesis-associated genes as effective prognostic and diagnostic indicators of
BrCA clinical outcomes. These efforts can also support studies to identify SNP signatures
that indicate disease progression and regression within diverse sub-populations.
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Fig. 2.
Cumulative incidence plots for VEGF2578CC versus VEGF 2°/8AA and AC genotypes for

disease recurrence, stratified by ER/PR status
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Patient and tumor characteristics

Table 2

Demographic and tumor characteristics  Patientsn (%) No. of deaths MST (months) p-value?
Age at diagnosis (years) (n = 441)

>40 30 (7) 11 99.7 0.76
40-49 71 (16) 20 113.6

50-59 97 (22) 28 116.9

60-69 103 (23) 29 107.1

270 140 (32) 34 108.1

Missing 0(0) _ _

Family history (n = 253)

No 161 (37) 53 108.0 0.05
Yes 92 (21) 20 117.0

Missing 188 (43) - -

Tumor grade (n = 343)

[ 43 (10) 3 144.3 <0.001
1l 150 (34) 35 116.3

1 145 (33) 54 97.4

v 5 (1) 3 78.8

Missing 98 (22) - -

Tumor stage (n = 429)

[ 122 (28) 10 1435 <0.001
I 232 (53) 67 109.7

I 58 (13) 27 75.8

v 17 (4) 16 24.1

Missing 12 (3) - -

Tumor size (n = 420)

<2.0cm 182 (41) 27 132.7 <0.001
>2.0cm 238 (54) 92 97.7

Missing 21 (5) - -

Nodal status (n = 441)

Negative 235 (53) 33 135.0 <0.001
Positive 206 (47) 89 90.0

Missing 0 (0) - -

ER status (n = 438)

Negative 130 (29) 53 91.6 <0.001
Positive 308 (70) 69 121.8

Missing 3(1) -

PR status (n = 437)

Negative 130 (29) 51 94.3 <0.001
Positive 307 (70) 70 121.0

Missing 4(1) - -
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Demographic and tumor characteristics  Patientsn (%) No. of deaths MST (months) p-valued
Cancer treatment
Hormone therapy
Yes (%) 143 (33) 39 116 0.68
No (%) 295 (67) 83 111
Chemotherapy
Yes (%) 135 (31) 57 93.8
No (%) 306 (69) 65 124.4 <0.001
Radiation therapy
Yes (%) 93 (21) 39 93 <0.001
No (%) 348 (79) 83 120

Categorical entries are counts (%)

MST restricted mean survival time in months; E£R estrogen receptor; PR progesterone receptor

Restricted mean is reported instead of the median, due to >50% survival in the majority of cases

a.. . . . . Lo
Differences in survival tested by the chi-square test for comparing cumulative-incidence curves
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