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Background There are conflicting reports on the impact of soy on breast carcinogenesis.This study examines the effects of soy

supplementation on breast cancer-related genes and pathways.

Methods Women (n = 140) with early-stage breast cancer were randomly assigned to soy protein supplementation (n = 70)
or placebo (n = 70) for 7 to 30 days, from diagnosis until surgery. Adherence was determined by plasma isofla-
vones: genistein and daidzein. Gene expression changes were evaluated by NanoString in pre- and posttreatment
tumor tissue. Genome-wide expression analysis was performed on posttreatment tissue. Proliferation (Ki67) and

apoptosis (Cas3) were assessed by immunohistochemistry.

Results Plasma isoflavones rose in the soy group (two-sided Wilcoxon rank-sum test, P < .001) and did not change in
the placebo group. In paired analysis of pre- and posttreatment samples, 21 genes (out of 202) showed altered
expression (two-sided Student’s t-test, P < .05). Several genes including FANCC and UGT2A1 revealed different
magnitude and direction of expression changes between the two groups (two-sided Student’s t-test, P < .05).
A high-genistein signature consisting of 126 differentially expressed genes was identified from microarray analy-
sis of tumors. This signature was characterized by overexpression (>2-fold) of cell cycle transcripts, including
those that promote cell proliferation, such as FGFR2, E2F5, BUB1, CCNB2, MYBL2, CDK1, and CDC20 (P<.01). Soy

intake did not result in statistically significant changes in Ki67 or Cas3.

Conclusions Gene expression associated with soy intake and high plasma genistein defines a signature characterized by over-
expression of FGFR2 and genes that drive cell cycle and proliferation pathways. These findings raise the concerns

that in a subset of women soy could adversely affect gene expression in breast cancer.
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Many women consume soy in the belief that it prevents breast can-
cer, or treats the disease. This practice is based primarily on results
of epidemiological studies, yet the impact of soy on breast cancer
(BC) is not clearly understood. Soy can exert either pro- or anties-
trogenic effects and may have other effects on cellular events. It is
not clear if soy is protective or harmful in some circumstances (1,2).
The effect of soy intake on critical signaling molecules, cellular
markers, and gene products associated with BC remains unknown.
In prospective observational studies in Asian populations, soy intake
was associated with reduced risk of BC incidence and recurrence
(3-5). When stratified by amount of soy consumed, a dose-response
relationship has been reported with a statistically significant trend
of decreasing risk with increasing soy food intake, translating to a
16% risk reduction per 10mg of daily isoflavone consumed (4). Yet
soy intake was unrelated to BC risk in multiple prospective stud-
ies in western populations, and patients with BC are frequently
advised to avoid soy foods (4,6). The tumorigenic properties of soy
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isoflavones are well documented in BC cell lines, and animal models
and are largely associated with their estrogenic properties (1,2,7).

Soybeans contain the isoflavones genistein and daidzein.
Genistein stimulates growth of estrogen-sensitive BC cells through
transactivation of the estrogen receptor (ER), and can block the
inhibitory effects of tamoxifen (7-9). However, isoflavones have also
been reported to decrease BC cell growth through ER-independent
inhibition of tyrosine kinases and DNA topoisomerases (10-15).
Additionally, genistein exerts anti-inflammatory and anti-angi-
ogenic effects through the regulation of VEGF and VEGFR-2
expression (16-18).

Human intervention studies have not led to conclusive results
regarding soy effects on biomarkers of mammary tumorigenesis.
Gene expression profiling using microarray technologies has
provided critical insights into the molecular classification of BC,
improved our understanding of BC biology, and generated clini-
cally useful information about prognosis and response to therapy
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(19). Given the presumed importance of soy in modulating BC risk,
we aimed to identify its effects on the expression of genes and path-
ways in BC.

Methods

Study Design

The objective of this randomized, placebo-controlled study was to
investigate the effects of soy supplementation on the molecular fea-
tures of BC, including gene expression profiles and markers of BC
risk (Clinicaltrials.gov identifier: NCT00597532; http://clinicaltrials.
gov/show/NCT00597532). The primary endpoint of the study was
comparison of changes in proliferation (Ki67) and apoptosis (Cas3)
between the two groups. Secondary outcomes were changes in gene
expression by NanoString and expression by microarrays and gPCR.
Women with invasive BC scheduled for resection were randomly
assigned to receive supplements of soy protein (intervention) or milk
protein (placebo). Supplementation lasted from the initial surgical
consultation to the day before surgery (minimum 7 days, maximum
30 days). Tissue from the diagnostic core biopsy was analyzed for gene
expression by NanoString and for markers of cell proliferation and
apoptosis by immunohistochemistry (IHC). Results were compared
with those in the posttreatment tissue obtained at the time of surgery.
Expression analysis by oligonucleotide microarray and qPCR were
performed using total RNA isolated from frozen tissue. Microarray;,
gPCR, and NanoString gene expression studies were performed
whenever tissue was available for research purposes. For inclusion and
exclusion criteria, see the Supplementary Methods (available online).
The study was approved by MSKCC’s Institutional Review Board,
and all patients signed informed consent. All patients completed a
modified dietary intake questionnaire including soy foods (20,21).

Soy/Placebo

Soy and placebo were dispensed by the hospital pharmacist in iden-
tically appearing packets containing 25.8 g soy protein powder or
25.8¢g milk protein. All patients were counseled to consume two
packets/day, mixed with water or juice from the day of consent
through the day before surgery. Research staff and participants
were blinded to group assignments. Full contents of soy and pla-
cebo are listed in the Supplementary Methods (available online).

Plasma Isoflavones

Blood samples were obtained at time of consent and day of surgery
to measure plasma genistein and daidzein by high performance liq-
uid chromatography (HPLC) (22,23).

NanoString and qPCR
NanoString and qPCR analyses are described in the Supplementary
Methods (available online).

Immunohistochemistry and Pathology

Routine pathologic assessment of the initial diagnostic and subse-
quent surgical specimen was performed on all specimens. Tissues
were fixed in 10% buffered formalin for 6 to 48 hours, routinely
processed and embedded in paraffin. Formalin-fixed, paraffin-
embedded (FFPE) tissue sections were used for the study when
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available, following completion of routine clinical histopathologic
examination and sign out.

Immunohistochemical detection was performed using strepta-
vidin-biotin-peroxidase and microwave antigen retrieval method-
ology (24). Human epidermal growth factor receptor 2 (HER?2)
positivity was defined as 3+ by IHC, or 2+ by IHC with gene ampli-
fication of 2.0 or greater. Amplification was measured by fluores-
cence in situ hybridization (FISH) (25). ER status was determined
by IHC, and samples were considered positive if greater than 1%
of cell nuclei were immunoreactive.

IHC for Ki67 and Cas3 was performed on representative FFPE
tissue sections identified by the study pathologist in the Research
Immunohistochemistry Core Laboratory of MSKCC on a Discovery
XT instrument (Ventana). The Cas-3 (Asp175) antibody was from
Cell Signaling (catalog #9661, rabbit polyclonal), and the dilution
was 1:400 for 60 minutes. The Ki-67 antibody was clone MIB-1
(Dako Cytomation, Catalog# M7240, mouse monoclonal) and dilu-
tion was 1:400 for 60 minutes. Cell lines and tissue samples known
to express the antigen under study were used as positive controls.

IHC scoring was performed using deidentified samples, without
any information on clinical characteristics or study group assign-
ment. Cells with positive Cas3 and Ki67 staining were counted in
10 high-power (40x objective) fields selected to represent the spec-
trum of staining seen on review of the whole section (26). IHC
score was expressed as the percentage of positively staining tumor
cells among the total number of tumor cells counted. At least 1000
malignant cells were evaluated for each specimen, and only nuclear
staining was considered positive.

Statistical Analysis

The clinicopathological and demographic characteristics were com-
pared between soy and placebo groups using the Fisher’s exact test
for categorical variables and the Wilcoxon rank-sum test for con-
tinuous variables. Plasma isoflavones, and Ki-67 and Cas3 indices
(% of positive cells) were assessed within groups (patient matched
post/pre) using the Wilcoxon matched-pairs, signed-rank test, and
between groups (soy-treated difference vs placebo-treated differ-
ence) using the Wilcoxon rank-sum test. The effect of treatment
on NanoString gene expression was evaluated within groups using
the paired t test. To compare NanoString gene expression between
groups, the fold change (post/preratio) for each sample was com-
pared using the Student’s t-test. For qPCR data, the average nor-
malized qPCR value for a gene was used to compare gene expression
between groups, and statistical significance was determined by
unpaired t test with Welch’s correction (assume unequal variance).
Correlation between genistein and daidzen and association between
paired values were computed using the Pearson method.

All statistical tests were two sided, and P values of less than .05 for
NanosString and less than .01 for microarrays were considered sta-
tistically significant. Analyses and data visualization were performed
using GraphPad Prism for Mac OSX v. 6.0b (GraphPad Software,
www.graphpad.com), Partek Genomics Suite 6.6, R version 3.0.1
(http://www.r-project.org), and Bioconductor version 2.13 (27).

Microarray and Bioinformatics Analysis

Affymetrix Human U133 Plus 2.0 microarray gene expression was
analyzed using tools in Partek Genomic Suite 6.6 software (Partek
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Incorporated, www.partek.com). The Robust Multiarray Analysis
(RMA) algorithm was used for global normalization and probeset
summarization. Differentially expressed (DE) genes were deter-
mined using Student’s t test (unpaired equal variance) at a statisti-
cal significance level 0.01 and absolute fold-change of 2 or greater.
Hierarchical clustering was performed by Euclidian distance and
average linkage method in Partek Genomics Suite 6.64. Ingenuity
Pathways Analysis (www.ingenuity.com) was performed with
default settings. DAVID Functional Gene Classification Tool with
default settings was used for pathway analysis with FDR = 0.01.

Gene Set Analysis (GSA) was performed using the Bioconductor
package piano (www.bioconductor.org) in R statistical language
(www.r-project.org) (28). The main function runGSA was applied
with default parameters using fold changes as gene-level statistics
and gene-set collections from the Broad Molecular signatures
database (MSigDB: www.broadinstitute.org/gsea/msigdb/collec-
tions.jsp). Only gene-sets with adjusted P values less than .01 were
reported. An Additional filtering step was applied that limited gene
sets to those in which at least half of the genes in the gene set
showed fold changes of at least 50%.

To predict molecular subtype of samples measured by micro-
arrays, we obtained an independent set of 204 BCs with known
molecular class assignments (data set GSE12276) (29). PAMS0
genes were mapped to 139 probe sets according to gene symbol
using the online NetAfxx portal (www.affymetrix.com). Molecular
class was predicted for each BC sample of the training and test
sets using a nearest centroid model based on the expression of the
PAMS50 genes and using the Partek Genomic Suite 6.6 software
(30,31). A leave-one-out cross validation was used to estimate pre-
diction accuracy in the training set.

Results

Patients

A total of 140 women with invasive breast adenocarcinoma (stage
T1, T2, or T3) were randomized to participate in this study from
2003 to 2007 (32). Eight women dropped out (three elected to
have surgery elsewhere, two withdrew, and three refused surgery).
When available, blood and tumor tissues were analyzed form 132
remaining women (Figure 1). Median durations of soy or placebo
supplementation were 14 and 15 days, respectively (P =.70). There
were no side effects or complications related to the intervention or
placebo. Measurements consisted of: plasma isoflavones (n = 125),
tumor IHC (n = 104), NanoString (n = 14), gene expression profil-
ing (n = 51), and qPCR (n = 46) (Figure 1).

Demographics and clinicopathological characteristics including
age, race, menopausal status, TINM stage, tumor estrogen receptor
(ER) status, HER? status (by IHC and FISH) showed no differ-
ences between the two groups (Table 1). There were no statistically
significant differences in baseline weight, BMI, dietary compo-
nents, or alcohol consumption (Supplementary Table 1, available
online).

Plasma Isoflavones

To assess adherence to soy consumption, paired plasma samples
were compared before and after treatment for all participants
(n = 125). The soy group had a seven-fold increase in plasma
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genistein (from median 1.6 [range = 0.4 to 64.6] to 11.6 [0.3 to
387.9] ng/mL, P < .001) and a four-fold increase in plasma daidzein
(from median 1.5, [range = 0.1 to 55.9] to 6.7 [range = 0.5 to 291.5]
ng/ml, P < .001). No statistically significant changes in isoflavone
levels were observed in the placebo group (Figure 2). A strong posi-
tive correlation was observed between genistein and daidzein lev-
els in the soy group (r = 0.94, P < .001). These results indicated a
strong adherence to the assigned treatment.

The dispersion in posttreatment isoflavone levels in the soy
group was large. While in most patients there was a marked
increase, in a few levels changed minimally (Figure 2). This may
be explained by differences in adherence to treatment, absorption,
metabolism, and clearance of soy and its metabolites (22,32).

NanoString Analysis of Gene Expression Before and

After Soy or Placebo

We measured expression of 202 BC-related genes by NanoString
analysis in matched tumor samples obtained before and after
intervention from 14 BCs. The availability of pretreatment core
biopsy tissue limited the sample size to eight patients in the soy,
and six in the placebo group. There were no statistically signifi-
cant between-group differences in patient or tumor characteristics,
including ER status (Supplementary Table 2, available online). We
identified genes that were statistically significantly changed post-
intervention and compared the magnitude and direction of gene
expression changes between the two groups (Table 2). Fourteen
genes changed in the soy group: 10 increased, and four decreased
expression. In the placebo group, 10 genes changed, five increased,
and five decreased. Three of these 10 genes were among those that
changed in the soy group in the same direction. Thus a total of
21 (out of 202) genes in both groups demonstrated changes. The
expression of these genes in pre- and posttreatment tumor samples
from both groups is represented in Supplementary Figure 1 (avail-
able online).

To determine gene expression changes, we focused on fold
change (posttreatment/pretreatment ratio) for each of the 21 genes,
and compared this value between treatment groups. Expression of
FANCC and UGT2ALI increased in 87.5% of tumors following soy
intake (mean FC = 1.27 and 1.57, P < .05) and decreased (mean
FC=-1.26 and -1.33, P value not statistically significant) in the pla-
cebo group (Figure 3, A-D). While these fold changes were modest,
they were consistent and in opposing direction in the two groups (P
<.05). Genes with altered expression in the soy group also included
SERPINEI (mean FC = 2.7, P = .006) (Figure 3E). However, this
increase was not statistically significant between soy and placebo
groups (P = .26) (Figure 3F).

To evaluate the patterns of gene expression changes in the
matched tumors, we performed hierarchical clustering of the
paired samples using the pre/postexpression fold change of the
21 differentially expressed (DE) genes (Figure 3G). Clustering
showed a tendency to organize samples by soy or placebo group,
and the heat map showed groups of genes correlated by expression
fold change in response to soy or placebo. Genes related to cell
cycle functions, including CCNA2, CCNE2, and CDKN1B, were
closely grouped by cluster analysis, and demonstrated a pattern of
expression with increases in soy and decreases in placebo group
samples. These data suggest an effect of soy intake characterized by
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Figure 1. CONSORT diagram for study design and availability of samples for analysis.

subtle yet consistent and statistically significant alterations in BC
gene expression.

Genome-Wide Expression Analysis in Posttreatment
Specimens
We performed genome-wide expression analysis of 51 specimens (39
ER+and 12 ER-) from surgically resected tumors, 28 from soy group,
and 23 from placebo. There were no statistically significant between-
group differences in demographics or clinicopathological criteria
(Supplementary Tables 3 and 4, available online). We identified 131
differently expressed (DE) genes between the two groups (absolute
fold change >2 and P < .01). Of these, 11 were overexpressed and 120
were underexpressed in tumors of the soy relative to the placebo group.
We next considered the possibility that genistein plasma levels,
rather than assignment to the soy group per se, may be a more rele-
vant marker of genistein effects on BC gene expression. Therefore,
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we examined differential gene expression as a function of plasma
genistein. Median genistein concentration in the soy group was
6.3ng/mL, and 25% demonstrated very low levels (<0.5 ng/mL).
We therefore limited tumors of the soy group to those from
patients with serum genistein greater than 16 ng/mL, which corre-
sponded to the 95 percentile concentration of the placebo group.
The resulting analysis consisted of posttreatment expression pro-
files of 11 tumors of the soy group with elevated plasma genistein,
and 23 tumors from the placebo group with low plasma genistein,
referred to as high and low-genistein subsets, respectively. Tumor
characteristics, including ER status, were similar in high- and low-
genistein subsets (Supplementary Figure 3, available online).

One hundred and twenty-six genes were differentially expressed
in the high-genistein vs low-genistein subsets and defined a high-
genistein expression signature (P < .01, FC 22; 47 overexpressed
and 79 underexpressed) (Supplementary Table 5, available online).
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Table 1. Baseline patient and tumor characteristics

Characteristic Soy (n =54) Placebo (n =50) Total (n = 104) P*
Age, y 91
Mean (SD) 56.3 (11.3) 56.1 (12.6) 56.2 (11.9)
Weight, kg
Median (range) 66 (43-123) 68 (46-121) 68 (43-123) 43
BMI, kg/m?
Median (range) 25.5 (18.0-45.0) 25.7 (17.7-44.4) 25.7 (17.7-44.9) A1
Race, No. (%)
White, non-Hispanic 46 (85.2) 42 (84) 88 (84.6) 92
Black, non-Hispanic 4(74) 5 (10) 9(8.7)
White, Hispanic 4 (74) 3(6) 7 (6.7)
Menopausal status, No. (%)
Postmenopausal 5 (64.8) 28 (56) 63 (60.6) 44
Premenopausal 19 (35.2) 22 (44) 41 (39.4)
Estrogen receptor status, No. (%)
Positive 43 (80) 42 (84) 85 (82) .62
Negative 11 (20) 8(16) 19 (18)
HER2 status, No. (%)
Positive 7 (13) 4(8) 11 (10.6) .53
Negative 47 (87) 46 (92) 93 (89.4)
Tumor stage, No. (%)
T1 37 (68.5) 36 (72) 73 (70.2) .94
T2 15 (27.8) 12 (24) 27 (27)
T3 2(4.7) 2 (4) 4 (3.8)
Nodal status, No. (%)
0 29 (53.7) 31 (62) 60 (57.7) .53
1-3 24 (44.4) 17 (34) 41 (39.4)
>3 1(1.9) 2 (4) 3(2.9)

* Fisher's exact test was used for categorical variables and the Wilcoxon two-sided test for continuous variables. BMI = body mass index; Nodal status = number of

metastatic axillary lymph nodes.

Hierarchical clustering of the DE genes was performed to investi-
gate patterns of relative expression among tumor subsets (Figure 4).
Tumors clustered in the sample dendogram according to plasma
genistein levels as expected, reflecting the selection of DE genes
by genistein subset.

Pathway analysis of the high-genistein signature revealed over-
representation of pathways that regulate cell growth and prolif-
eration in tumors of the high-genistein group (P < .001). DAVID
analysis of overexpressed genes in the high-genistein group revealed
that 18 of 23 categories represented cell cycle functions (Bonferroni
P < .001, FDR < 0.01) (Supplementary Table 6, available online)
(33). Similarly, IPA revealed that the Top Biological Functions and
Network Modules of the 126 DE genes were cellular growth and
proliferation, cell cycle, cell death and survival, cell development, and
nucleic acid metabolism (P < .001) (Supplementary Figure 2, A and
B, and Supplementary Table 7, available online). Results of a “down-
stream effect analysis,” which focuses on a gene’s function, were con-
cordant with the network analysis, indicating enrichment of genes
that regulate cell proliferation (Supplementary Table 8, available
online). Specifically, genes in the top-ranked IPA network that were
overexpressed in the high-genistein tumors included those which
coordinately regulate G1/S and G2/M cell cycle processes, such as
E2F5, BUB1, CCNB2 (Cyclin B2), MYBL2, CDKI, and CDC20
(Supplementary Figure 2B and Supplementary Table 8, available
online). The receptor tyrosine kinase FGFR2, a known regulator
of the cell cycle, was found to be overexpressed in the downstream
effect analysis (Supplementary Table 8, available online).
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Gene Set Analysis performed on fold changes of all genes
between high- and low-genistein groups revealed a higher level
of expression of numerous cell cycle gene sets, including RB1 cell
cycle targets and E2F-family target genes (Supplementary Table 9,
available online). Similar results were obtained when ER(-) samples
were excluded from the analysis (Supplementary Table 10, available
online).

To assess whether increased expression of cell cycle-related
genes in the soy group was associated with BC molecular subtypes,
we evaluated the distribution of the PAMS50 subtypes in soy and
placebo groups (34,35). We implemented a nearest centroid molec-
ular classification model based on the expression of the PAMS0
genes to predict a breast cancer’s intrinsic subtype as luminal A,
luminal B, HER2-enriched, or Basal (35). Although all intrinsic
subtypes were represented in the high and low-genistein groups,
there was a trend for luminal A in the low-genistein group and
luminal B in the high-genistein group (P = .06) (Supplementary
Figure 3, available online). These data demonstrate enrichment for
luminal A BCs in the placebo group and for luminal B tumors in
the soy group. Although this may constitute a selection bias despite
randomization, we cannot exclude the possibility that soy might
increase expression of genes associated with luminal B, including
proliferation and cell cycle-related genes.

Expression of the protumorigenic growth factor receptor
FGFR2 was elevated in the high- compared with the low-gen-
istein group (FC = 2.4, P = .006) (Figure 5A; Supplementary
Table 5, available online), with much higher expression in
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Figure 2. Plasma genistein and daidzein following soy intake. Post-treatment
isoflavone levels increased compared with pretreatment levels following
intake of soy (P < .001) but not placebo. The changes (post-pre) in plasma
isoflavones were statistically significantly greater for women receiving soy

three out of 12 tumors with very high genistein (46.9, 84.5,
155ng/ml). To confirm overexpression of FGFR2, we per-
formed quantitative real-time PCR (qPCR) in 27 tumors of
the soy and 19 of the placebo group, revealing its overexpres-
sion by 2.3-fold in tumors of the soy vs placebo group (P = .03)
(Figure 5B). The three cases with FGFR2 overexpression by
microarray also demonstrated an increase by qPCR. Two of
the three samples with FGFR2 overexpression were included
in the NanoString paired analysis; one tumor demonstrated a
three-fold, and the second a 7.7-fold increase in FGFR2 fol-
lowing soy treatment (Figure 5C). Taken together, these data
raise the concern that FGFR2 expression was increased by soy
in a subset of BCs.

Soy Effects on Tumor Proliferation (Ki67) and

Apoptosis (Cas3)

Markers of apoptosis (Cas3) and proliferation (Ki67) were
examined in paired pre- and posttreatment tumor samples from
54 patients from the soy and 50 from the placebo group, and
the percentage of positive staining tumor cells was assessed
(Table 3). A comparison of changes (between pre- and post-
treatment) in the placebo and soy groups showed no statisti-
cally significant differences (P = .2 for Ki67 and P = .3 for Cas3)
(Table 3).
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compared with those receiving placebo (P < .001). * Indicates within-group
statistical significance by the Wilcoxon matched-pairs signed rank test, P <
.001. T Indicates statistical significance for the comparison of the fold-change
between treatment groups by the Wilcoxon rank-sum test (P < .001).

NanoString Analysis of Gene Expression Before and

After Soy or Placebo

We measured expression of 202 BC-related genes by NanoString
analysis in matched tumor samples obtained before and after inter-
vention from 14 BCs. The availability of pretreatment core biopsy
tissue limited the sample size to eight patients in the soy, and six in
the placebo group. There were no statistically significant between-
group differences in patient or tumor characteristics, including
ER status (Supplementary Table 2, available online). We identi-
fied genes that were changed postintervention, and compared the
magnitude and direction of gene expression changes between the
two groups (Table 2). Fourteen genes changed in the soy group: 10
increased, and four decreased expression. In the placebo group, 10
genes changed, five increased, and five decreased. Three of these 10
genes were among those that changed in the soy group in the same
direction. Thus a total of 21 genes in both groups demonstrated
changes. The expression of these genes in pre- and posttreatment
tumor samples from both groups is represented in Supplementary
Figure 1 (available online).

To determine gene expression changes, we focused on fold
change (posttreatment/pretreatment ratio) for each of the 21 genes,
and compared this value between treatment groups. Expression
of FANCC and UGT2AL increased in 87.5% of tumors follow-
ing soy intake (mean FC = 1.27 and 1.57, P < .05), and decreased
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Table 2. Differentially expressed genes in pre- and posttreatment tumor samples as assessed by NanoString analysis*

Paired analysis

Between-group analysis

Posttreatment / pretreatment

n = 14 patients

Soy FC vs
Placebo paired Soy paired placebo FC
Gene refseq FC P FC P P
CCNA2 NM_0012372 -1.61 .03 1.05 .87 -
CCNE2 NM_057735.1 -2.33 .05 1.49 .35 -
CDKN1TA NM_000389.2 1.51 .02 1.57 .01 -
CDKN1B NM_004064.2 1.07 .83 1.59 .00 -
DLC1 NM_006094.3 1.40 25 1.58 .05 -
EGFR NM_005228.3 2.57 24 1.62 .03 -
FANCC NM_000136.2 -1.27 18 1.27 .04 .04
HDAC1 NM_004964.2 -1.01 .96 1.20 .05 -
HIST2H3C NM_021059.2 -1.05 .85 172 .03 -
JUN NM_002228.3 3.96 .04 2.58 .09 -
LCMT2 NM_014793.3 -1.25 15 -1.43 .03 -
NFYB NM_006166.3 1.04 .83 -1.64 .04 -
PRMT6 NM_0181371 1.21 .02 1.13 .39 -
RAD1 NM_133377.2 -1.43 .04 1.01 .87 -
RPL27 NM_000988.3 1.25 .03 1.30 .03 -
SERPINE1 NM_000602.2 1.35 .65 2.72 .01 -
TBP NM_003194.3 -1.30 .04 -1.37 .02 -
TGFA NM_001099691.1 1.68 .02 1.45 A7 -
TP53 NM_000546.2 -1.19 .02 1.00 1.00 -
UGT1A4 NM_007120.2 1.69 .45 0.43 .01 -
UGT2A1 NM_006798.2 -1.33 .26 1.57 .01 .03

* Fold change (FC) and two-sided P value from paired t test (P < .05) is shown for paired analysis within each group, and two-sided P value from unpaired t test (P <

.05) is shown for the comparison of FC between groups.

(mean FC =-1.26 and -1.33, P value not statistically significant) in
the placebo group (Figure 3, A-D). While these fold changes were
modest, they were consistent and in opposing direction in the two
groups (P < .05). Genes with altered expression in the soy group
also included SERPINE1 (mean FC = 2.7, P = .006) (Figure 3E).
However, this increase was not significant between soy and placebo
groups (P = .26) (Figure 3F).

To evaluate the patterns of gene expression changes in the
matched tumors, we performed hierarchical clustering of the
paired samples using the pre/postexpression fold change of the 21
differentially expressed genes (Figure 3G). Clustering showed a
tendency to organize samples by soy or placebo group, and the heat
map showed groups of genes correlated by expression fold change
in response to soy or placebo. Genes related to cell cycle functions,
including CCNA2, CCNE2, and CDKNI1B, were closely grouped
by cluster analysis, and demonstrated a pattern of expression with
increases in soy and decreases in placebo group samples. These
data suggest an effect of soy intake characterized by subtle, yet con-
sistent alterations in BC gene expression.

Genome-Wide Expression Analysis in Posttreatment
Specimens

We performed genome-wide expression analysis of 51 specimens
(39 ER+ and 12 ER-) from surgically resected tumors, 28 from soy
group and 23 from placebo. There were no statistically significant
differences between group demographics or clinicopathologi-
cal criteria (Supplementary Tables 3 and 4, available online). We
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identified 131 differently expressed (DE) genes between the two
groups (absolute fold change >2, P < .01) (Supplementary Table 5,
available online). Of these, 11 were overexpressed, and 120 were
underexpressed in tumors of the soy relative to the placebo group.

We next considered the possibility that genistein plasma levels,
rather than assignment to the soy group per se, may be a more
relevant marker of genistein effects on BC genes expression.
Therefore, we examined differential gene expression as a func-
tion of plasma genistein. Median genistein concentration in the
soy group was 6.3ng/mL, and 25% demonstrated very low lev-
els (<0.5ng/mL). We therefore limited tumors of the soy group
to those from patients with serum genistein greater than 16ng/
mL, which corresponded to the 95" percentile concentration of the
placebo group. The resulting analysis consisted of posttreatment
expression profiles of 11 tumors of soy group with elevated plasma
genistein, and 23 tumors from the placebo group with low plasma
genistein, referred to as high- and low-genistein subsets, respec-
tively. Tumor characteristics including ER status were similar in
high- and low-genistein subsets.

One hundred and twenty-six genes were differentially expressed
in the high-genistein vs low-genistein subsets and defined a high-
genistein expression signature (FC >2, P < .01; 47 overexpressed
and 79 underexpressed). Hierarchical clustering of the DE genes
was performed to investigate patterns of relative expression among
tumor subsets (Figure 4). Tumors clustered in the sample den-
dogram according to plasma genistein levels as expected, reflecting
the selection of DE genes by genistein subset.
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Figure 3. Expression of FANCC and UGT2A1. Gene expression was
measured in paired samples (pre/post) using NanoString. Expression
levels of FANCC (A), UGT2A1 (C), and SERPINE1 (E) were increased
following consumption of soy (P < .05), but not placebo.The expres-
sion fold changes (FC) were statistically significantly greater in
tumors exposed to soy compared with placebo for FANCC (B) and
UGT2A1 (D) (P < .05), but not SERPINE1 (P =.26) (F). A heat map and

Pathway analysis of the high-genistein signature revealed over-
representation of pathways that regulate cell growth and prolif-
eration in tumors of the high-genistein group (P < .001). DAVID
analysis of overexpressed genes in the high-genistein group revealed
that 18 of 23 categories represented cell cycle functions (Bonferroni
FDR < 0.01, P < .001) (Supplementary Table 6, available online)
(33). Similarly, IPA revealed that the Top Biological Functions and
Network Modules of the 126 DE genes were cellular growth and
proliferation, cell cycle, cell death and survival, cell development,
and nucleic acid metabolism (P < .001) (Supplementary Figure 2,
A and B, and Supplementary Table 7, available online). Results of
a “downstream effect analysis,” which focuses on a gene’s function,
were concordant with the network analysis, indicating enrichment
of genes that regulate cell proliferation (Supplementary Table 8,
available online). Specifically, genes in the top-ranked IPA network
that were overexpressed in the high-genistein tumors included
those which coordinately regulate G1/S and G2/M cell cycle pro-
cesses, such as E2F5, BUB1, CCNB2 (Cyclin B2), MYBL2, CDKI,
and CDC20 (Supplementary Figure 2B and Supplementary

80of 12 Article | JNCI

hierarchical clustering of the post/pre FC of the 21 genes DE between
paired samples (P < .05) (G). Positive FC are colored red, negative FC
are colored blue, and treatment group is indicated below the sam-
ple dendogram. *Indicates within-group statistical significance by
paired t test P < .05, tIndicates statistical significance for the com-
parison of fold change between treatment groups by unpaired t test
(P < .05).

Table 8, available online). The receptor tyrosine kinase FGFR2, a
known regulator of the cell cycle, was found to be overexpressed in
the downstream effect analysis (Supplementary Table 8, available
online).

Gene Set Analysis performed on fold changes of all genes
between high- and low-genistein groups revealed higher level of
expression of numerous cell cycle gene-sets, including RB1 cell
cycle targets and E2F-family target genes (Supplementary Table 9,
available online). Similar results were obtained when ER(-) samples
were excluded from the analysis (Supplementary Table 10, available
online).

To assess whether increased expression of cell cycle-related
genes in the soy group was associated with BC molecular subtypes,
we evaluated the distribution of the PAMS50 subtypes in soy and
placebo groups (34,35). We implemented a nearest centroid molec-
ular classification model based on the expression of the PAMS50
genes to predict a breast cancer’s intrinsic subtype as luminal A,
luminal B, HER2-enriched, or Basal (35). Although all intrinsic
subtypes were represented in the high- and low-genistein groups,
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Figure 4. Hierarchical clustering of DE genes in high versus low-
genistein subsets. Clustering of samples and 126 DE genes between
high- and low-genistein samples (fold change > 2 and t-test P <
.1) as identified by microarrays. Clustering was performed using
Euclidian distance. Gene expression values are log2 transformed and
standardized. ER status, menopausal status, and genistein plasma
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concentrations for each sample are indicated. Twelve tumors of the
soy group with high (>16ng/mL) plasma genistein defined the high-
genistein subset, and 22 tumors of the placebo group with low
(<6.8ng/mL) genistein defined the low-genistein subset. FGFR2 was
overexpressed in three of 12 tumors of the high-genistein group
(arrow, P < .01).
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Figure 5. Differential expression of FGFR2. FGFR2 expression was
increased 2.4 fold in the high-genistein subset of the soy group by
microarray (P =.006) (A). FGFR2 overexpression by qPCR in soy vs pla-
cebo (P = .03) (B). Nanostring analysis of pre/post samples. Although

there were no statistically significant differences for the group as a
whole, in two samples from the soy group there was a marked increase
in FGFR2 expression (C). *Indicates statistically significant overexpres-
sion (P < .05).

Table 3. Measurements (median and range) of proliferation (Ki67) and apoptosis (Cas3) indices as determined by immunohistochemical
analysis of pre- and posttreatment tumors in the soy and placebo groups*

Median (range) Changes
Soy vs
Soy (n =54) Placebo (n =50) placebo
Index Pre Post P Pre Post P P
Kie7 15.5 (1.6-80) 21 (4.0-80) .087 16.5 (0-80) 20 (1-72) 71 21
Cas3 1(0-25) 1.55 (0-31) .007 1(0-10) 1.25 (0-31) .53 .35

* P-values are from the two-sided Wilcoxon matched-pairs signed rank test. Two-sided Wilcoxon rank-sum test was used to calculate the P values for the changes

(post—pre) in the soy group.

there was a trend for luminal A in the low-genistein group and
luminal B in the high-genistein group (P = .06) (Supplementary
Figure 3, available online). These data demonstrate enrichment for
luminal A BCs in the placebo group and for luminal B tumors in
the soy group. Although this may constitute a selection bias despite
randomization, we cannot exclude the possibility that soy might
increase expression of genes associated with luminal B, including
proliferation and cell cycle-related genes.

Protumorigenic growth factor receptor FGFR2 expression
was elevated in the high- compared with the low-genistein group
(FC = 2.4, P =.006) (Figure 5A; Supplementary Table 5, available
online), with much higher expression in three out of 12 tumors with
very high genistein (46.9, 84.5, 155 ng/mL). To confirm overexpres-
sion of FGFR2, we performed quantitative real-time PCR (qPCR)
in 27 tumors of the soy and 19 of the placebo group, revealing its
overexpression by 2.3-fold in tumors of the soy vs placebo group
(P = .03) (Figure 5B). The three cases with FGFR2 overexpression
by microarray also demonstrated an increase by qPCR. Two of the
three samples with FGFR2 overexpression were included in the
NanoString paired analysis; one tumor demonstrated a three-fold,
and the second a 7.7-fold increase in FGFR2 following soy treat-
ment (Figure 5C). Taken together, these data raise the concern that
FGFR?2 expression was increased by soy in a subset of BCs.

10 of 12 Article | JNCI

Soy Effects on Tumor Proliferation (Ki67) and

Apoptosis (Cas3)

Markers of apoptosis (Cas3) and proliferation (Ki67) were exam-
ined in paired pre- and posttreatment tumor samples from 54
patients from the soy and 50 from the placebo group, and the
percentage of positive staining tumor cells was assessed (Table 3).
A comparison of changes (between pre- and posttreatment) in the
placebo and soy groups showed no statistically significant differ-
ences (P = .21 for Ki67 and P = .35 for Cas3) (Table 3).

Discussion

This study demonstrates that soy supplementation alters
BC-related gene expression. Using multiple molecular approaches
and bioinformatics techniques, we identified a large number of cell-
cycle and proliferation-associated genes that were overexpressed in
BCs from the soy group in patients with elevated plasma genistein.
Expression of 21 genes measured by NanoString was altered from
pretreatment levels as a consequence of treatment with soy or pla-
cebo. Two of these genes, UGT2A1 and FANCC, were upregu-
lated in the soy group, suggesting a treatment effect. DE genes that
increased in the soy group included the protumorigenic growth
factor receptor FGFR2. To our knowledge, this is the first report
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to analyze gene expression in patient-matched tumors before and
after soy intake.

We found FANCC and UGT2A1 to be altered by soy con-
sumption. While the consequences of their increased expression in
human BC are unknown, both genes have the potential to influence
BC biology. FANCC encodes a DNA repair protein, and muta-
tions are responsible for the autosomal recessive disorder Fanconi
Anemia and may be implicated in BC development (36). UGT2A1
functions in metabolism, including 17f-estradiol and its enanti-
omers, and has been implicated in tobacco-related carcinogenesis
(37,38).

Computational analysis of genome-wide microarray data from
the patients with high and low levels of genistein (subsets of the
soy and placebo groups) revealed overrepresentation of several
cell cycle gene categories in the high-genistein gene signature and
higher levels of expression of cell cycle gene sets, including tar-
gets of E2F-family transcription factors. Gene Set Analysis lim-
ited to ER(+) samples yielded similar results as above, suggesting
that enrichment of gene sets in tumors of the high-genistein subset
could not be explained solely on the basis of differences associated
with ER status (Supplementary Table 10, available online). Analysis
of publically available gene expression data in MCF-7 BC cells
exposed to genistein (GSE5705) revealed upregulation of many of
the same top-ranked gene sets, as identified in our data (cell cycle
categories, targets of E2F and RBI; unpublished observations),
which supports our findings (39).

A subset of tumors from the soy group was notable for increased
FGFR?2 expression as demonstrated by multiple gene expression
techniques. There is extensive evidence that FGFR2 drives can-
cer growth through its role as a potent oncogene, and increased
FGFR2 expression is a marker of poor prognosis in BC (40-42).
We found statistically significant overexpression of FGFR2 by
microarray and gPCR in tumors of patients taking soy compared
with placebo and increased expression in two paired tumor samples
before and after soy supplementation. In one sample, expression
was increased from already elevated pretreatment levels, and one
could speculate that the initial molecular alteration was reinforced
by soy.

Soy intake did not result in statistically significant changes in
cell proliferation and apoptosis indices compared with the pla-
cebo group. A similar observation was made in healthy breast
tissue (43). In BCs from patients with elevated serum genistein,
we observed increased expression of genes and gene sets associ-
ated with increased cell proliferation and cell cycle progression.
A potential explanation for the discrepancy between Ki67 and
gene expression results is that a nutritional intervention such as
soy intake may take longer periods of time to influence a pheno-
type measured by immunohistochemical analysis. A second pos-
sibility is related to limitations of the Ki67 IHC. As a consequence
of tissue heterogeneity and small amounts of available tissue, the
Ki67 assessments in pretreatment core biopsies may not have rep-
resented the whole tumor.

Identifying gene expression effects associated with a nutri-
tional intervention such as soy presents numerous challenges.
Expression changes from diet intervention are expected to be
subtle, and detection of alterations is complicated by the molecu-
lar heterogeneity of BCs and the need for large data sets. One
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solution, as implemented in this study, was to take an explora-
tory approach in which false discovery rate and corrections for
multiple hypothesis testing are often withheld in favor of limiting
type-11I errors, but with the possibility of increasing type-I errors.
Additionally, Gene Set Analysis provides an analytical strategy to
detect modest but coordinated changes in the expression of bio-
logical pathways and sets of functionally related genes. A second
possible solution is analysis of paired samples before and after soy
intake. Until recently, gene expression analysis required use of
snap-frozen tissue, rarely available from diagnostic core biopsies.
NanoString technology allows measurement of gene expression
from limited FFPE tissue samples, such as those obtained from
diagnostic core biopsies. This technology allowed measurement
of gene expression from the same tumor before and after soy con-
sumption. Despite the small sample size, this approach identified
consistent yet subtle patterns of altered gene expression associ-
ated with soy consumption.

This study has a number of limitations. This was a short-term
study utilizing a large daily supplement of soy. The implications
of our findings in patients consuming smaller amounts of soy over
prolonged periods are unclear. Also, the clinical impact of the subtle
changes in gene expression has not been examined. Nevertheless,
these data raise concern that soy may exert a stimulating effect on
BC in a subset of women.
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