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Isolated Soy Protein Promotes Mammary Tumor Development Induced by
the Type I Insulin-like Growth Factor Receptor in Transgenic Mice

Katrina L. Watson, Kristen Sauerzopf, and Roger A. Moorehead

Department of Biomnedical Sciences, Ontario Veterinary College, University of Guelph, Guelph, Canada

ABSTRACT
Studies suggest consuming soy may protect women from breast cancer. In this study, life-
time exposure to 20%, 5% and 1% ISP in MTB-IGFIR mice (mammary-specific expression of
IGF-IR) were evaluated to determine whether ISP could protect against mammary tumori-
genesis. MTB-IGFIR mice fed ISP diets displayed increased mammary tumor incidence and
reduced tumor latency compared to mice fed 20% casein. To evaluate whether a diet con-
taining a less refined form of soy could protect against mammary tumor development MTB-
IGFIR mice were fed Teklad 2018 (contains soybean meal). MTB-IGFIR mice fed the Teklad
2018 diet were completely protected against mammary tumor development. To determine
whether dietary ISP was sufficient to induce mammary tumorigenesis, MTB-IGFIR mice were
fed Teklad 2018ISP (soybean meal of Teklad 2018 was replaced with an equivalent amount
of ISP). Only two of 10 MTB-IGFIR mice fed Teklad 2018ISP developed mammary tumors.
This study demonstrates the complex interaction between soy and other dietary compo-
nents in modifying mammary tumor development.
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Introduction

The interest in soy based products for reducing breast
cancer risk stems from epidemiologic studies showing
that women from cultures consuming high levels of
dietary soy have an approximately 3-fold reduced risk
of developing breast cancer compared to women from
cultures that typically consume small amounts of soy
(1–5). Soy products such as soybeans contain naturally
occurring plant chemicals known as isoflavones. The
main isoflavones in soy are genistein, daidzein and
glycitein (6) and these isoflavones are phytoestrogens
and thus can interact with estrogen receptor-a (ERa)
and ERb (7, 8). Most phytoestrogens, including soy
isoflavones, have relatively weak estrogenic activity
compared to endogenous estrogens (9). Therefore, it
is thought that dietary isoflavones compete with estro-
gen for ERs and reduce ER signaling. Since lifetime
estrogen exposure is a breast cancer risk factor (10),
soy isoflavones presumably reduce breast cancer risk
through suppressing ER signaling.

While most of the studies have focused on the iso-
flavone components of soy, soybeans also contain
compounds such as protease inhibitors, phytosterols
and saponins that may also influence breast cancer
risk (11–13). The levels of these components as well
as the levels of isoflavones can be influenced by proc-
essing of soybeans (14–16). Processing and refining of
soybeans into a product known as isolated soy protein
(ISP) or protein soy isolate removes most of the car-
bohydrates and fiber leaving a product that is approxi-
mately 90% protein. Asian cultures typically consume
minimally processed soybeans while ISP is common
in North America and this processing could impact
the protective benefits of dietary soy against breast
cancer development.

Since it is difficult to control for the contributions
of other lifestyle factors to breast cancer risk in
humans and human prevention trials would take dec-
ades to complete, several studies have utilized rodent
models to investigate the impact of soy on mammary
tumor development. Animal models using chemical
carcinogens or oncogenic transgenes have showed
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mixed results (reviewed in (17)) with some studies
showing that soy decreases tumor latency or increases
tumor incidence while other studies demonstrate that
soy protects against mammary tumor development or
had no effect.

Given our previous findings that extremely high
levels of dietary ISP promoted mammary tumor devel-
opment (18) and the inconsistent published results
regarding the protective effects of dietary soy on
mammary tumor development, this study investigated
whether dietary soy could protect against mammary
tumor development using different concentrations and
formulations of soy.

Materials and Methods

Ethics

Animals were housed and cared for following guide-
lines established by the Central Animal Facility at the
University of Guelph and the guidelines established by
the Canadian Council of Animal Care. This study was
approved by the Animal Care Committee at the
University of Guelph (AUP# 3123 and 3994).

Mice and Diets

MTB-IGFIR transgenic mice overexpress the type I
insulin-like growth factor receptor (IGF-IR) in mam-
mary epithelial cells in a doxycycline inducible man-
ner and have been previously described (19). Six
experimental diets were created by Envigo (Madison,
WI). For the 20% casein diet, all the dietary protein
was derived from casein. Similar, for the 20% ISP
diet, all the dietary protein was derived from isolated
soy protein (ISP). The 5% ISP and 1% ISP diets con-
tained 5% ISP or 1% ISP, respectively and the remain-
ing protein was provided by casein. The casein and
soy diets are based on the AIN-93G diet. Dietary
components are listed in Supplementary Tables 1 and
2. The isolated soy protein used by Envigo typically
contains approximately 1980 ppm genisteinþ daidzein
aglycone units. Therefore the 20% ISP diet contains
approximately 400mg/kg of isoflavones while the 5%
ISP and 1% ISP contain approximately 100mg/kg and
20mg/kg, respectively. Our study also included a
standard rodent diet, Teklad 2018 (Envigo, Madison,
WI). Isoflavone levels (daidzein and genistein) of
Teklad 2018 were measured every quarter by Envigo
and this diet was used from January 2013 until
November 2017. Average isoflavone levels in Teklad
2018 during this time frame were 276 ± 11mg/kg. The
final diet was Teklad 2018ISP and in this diet the

soybean meal of Teklad 2018 was replaced with an
equivalent amount of ISP (5.3% ISP). Mice were
exposed to one of the six diets throughout embryonic
and postnatal development by feeding the specified
diet to mating mice and maintaining the offspring on
the appropriate diet following weaning. At either post-
natal day 45 (PND45) or PND100 female MTB-IGFIR
mice were switched to their designated diet þ 100mg
of doxycycline per kilogram of food to induce expres-
sion of the IGF-IR transgene in mammary epithelial
cells (18, 19). Mice were maintained on the doxycyc-
line supplemented diet until the end of the study.

Mammary Tumor Onset and Tissue Collection

Mammary tumor onset was determined by palpation.
Tumor onset was determined as the number of days
after the IGF-IR transgene was induced and tumor
free curves were plotted using GraphPad Prism 8
(GraphPad Software, La Jolla, CA). Statistical differen-
ces in tumor-free curves were determined using a log-
rank test of each comparison and Bonferroni’s method
for multiple comparisons in GraphPad Prism 8.
Mammary tumors were collected once they reached
approximately 10% of the mouse’s body weight.
Mammary tumors were divided with a portion being
fixed in 10% formalin for paraffin sectioning or flash
frozen for RNA and protein analysis. The lungs from
each mouse were collected and all lobes were fixed in
formalin and embedded in paraffin for sectioning.

For the normal mammary glands, mice were fed
20% casein, 20% ISP, 5% ISP, 1% ISP or Teklad 2018
(without doxycycline) throughout embryonic and
postnatal development and mammary glands were col-
lected at PND45, PND55, and PND100. One 4th

mammary gland was wholemounted as described in
(19). The other 4th mammary gland was formalin
fixed and paraffin embedded while the remaining
mammary glands were flash frozen.

Duct Length, Duct Area and Terminal End
Bud Number

Mammary wholemounts were performed as previously
described (19). Wholemounted mammary glands were
captured using a Canon 6D digital camera (Canon
Canada, Mississauga, ON) and the images were
imported into Aperio ImageScope (Leica Biosystems,
Concord, ON). The distance measured from the edge
of the lymph node (closest to the nipple) to the tips
of the three longest ducts were averaged to provide a
measure of duct length. To calculate duct area,
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mammary ducts from wholemount images were
manually traced in Photoshop CS5 (Adobe, San Jose,
CA) using a brush size of 10px and black color using
a Wacom CTE-440 tablet (Wacom Technology
Corporation, Portland, OR). Traced images then had
the lymph node removed in Photoshop and were then
imported into Image J (20). Each image was measured
in Image J using a threshold of 12 and the area occu-
pied by ducts determined. The number of terminal
end buds (TEBs) was determined through manual
counting of the wholemount images.

Staining and Immunohistochemistry

Mammary tumors and mammary glands were stained
with hematoxylin and eosin for histological examin-
ation. Mammary tumors were also stained with
Gomori trichrome (Newcomer Supply, Middleton, WI).
Immunohistochemistry was performed as previously
described (21) using antibodies against Krt5 (ab53121),
Krt14 (ab7800), and p63 (ab124762) obtained from
Abcam, Toronto, ON, Canada. The p63 antibody was
used at a dilution of 1:750 while the antibodies for
Krt5 and Krt14 were used at a dilution of 1:100. The
presence of lung metastases was determined using
hematoxylin and eosin stained lung tissue.

RNA Extraction, RNA Sequencing and Real-
Time PCR

RNA was extracted from mammary tissue using the
mirVana miRNA isolation kit (Life Technologies,
Burlington, ON, Canada) following the manufacturer’s
instructions. For the normal, postnatal day (PND) 55
mammary glands, RNA sequencing was performed at
the Genome Quebec Innovation Center at McGill
University (Montreal, QC) using the Illumina Hiseq
2500 v4 PE125 as previously described (22). For the
mammary tumors, RNA sequencing was performed by
Novogene (Chula Vista, CA) using Illumina Hiseq
4000. Data analysis was performed using Genialis soft-
ware (Genialis Inc, Houston, TX) using their general
RNA sequencing pipeline. Briefly this pipeline uses
BBDuk to remove adapters and trim reads, STAR to
align the reads and featureCounts to provide gene-
level counts. The RNA sequencing data has been
uploaded to GEO under accession num-
ber GSE122316.

Statistics

For the tumor free curves, statistical differences were
determined using a log-rank (Mantel-Cox) test and
Bonferroni’s method for multiple comparisons and
values were considered statistically significant at
p< 0.05. For comparing means of multiple groups, a
one-way ANOVA followed by multiple comparisons
using a Tukey’s test was used and values were consid-
ered statistically significant at p< 0.05. Metastatic fre-
quencies were evaluated using a Fisher’s exact test. All
statistical tests were performed using GraphPad Prism
8 software (GraphPad Software, San Diego, CA).

Results

Determine Whether Different Concentrations of
Dietary ISP Protected against Mammary Tumor
Development

Our original study demonstrated that MTB-IGFIR trans-
genic mice fed a diet containing 20% ISP developed
mammary tumors more frequently and more rapidly
than MTB-IGFIR transgenic mice fed a control, casein
diet (18). Since 20% ISP is an extremely high amount of
dietary soy, this paper also evaluated two lower concen-
trations of dietary soy; 5% ISP and 1% ISP to determine
whether lower concentrations of dietary soy could pro-
tect against mammary tumor development.

MTB-IGFIR transgenic mice were fed matched
diets containing 20% casein, 20% ISP, 5% ISP, or 1%
ISP throughout their lifetime. Mammary tumor devel-
opment was induced at postnatal day 45 (PND45) or
PND100 by switching the MTB-IGFIR females to the
appropriate diet containing 100mg/kg of doxycycline
(doxycycline induces IGF-IR transgene expression in
mammary epithelial cells of MTB-IGFIR mice (19)).
Figure 1 shows the tumor-free curves for mice fed the
different diets. Mice fed the 20% casein diet had sig-
nificantly prolonged tumor latency compared to (i)
mice fed the 20% ISP and 5% ISP diets when the
IGF-IR transgene was induced at PND45 (Figure 1A)
and (ii) mice fed the 5% ISP and 1% ISP diets when
the IGF-IR transgene was induced at PND100
(Figure 1B). Tumor-free curves for mice fed the 20%,
5% and 1% ISP diets were not significantly different
suggesting that the level of ISP in the diet did not
influence tumor development. Tumor incidence
(Table 1) was also significantly higher in mice fed the
20% ISP, 5% ISP or 1% ISP diets compared to mice
fed the 20% casein diet when the IGF-IR transgene
was induced at PND100. Therefore, the presence of
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ISP in the diet shortened mammary tumor latency
and increased mammary tumor incidence.

Histologically, tumors from MTB-IGFIR transgenic
mice fed the 20% casein, 1% ISP, 5% ISP or 20% ISP

diets typically presented as solid sheet of tumor cells
(Supplementary Figure 1A) with little intervening col-
lagen (Supplementary Figure 1B) and variable
amounts of necrosis. However, there were tumors that

Figure 1. Tumor-free curves of MTB-IGFIR transgenic mice with lifetime exposure 20% Casein (�), 20% ISP (�), 5% ISP (�) or 1%
ISP (�) when overexpression of the IGF-IR transgene was initiated at PND45 (A) or PND100 (B). Mice fed the 20% casein diet had
significantly different (p< 0.05) tumor free curves from the 20% ISP and 5% ISP diets when the IGF-IR transgene was induced at
PND45 (A) and the 5% ISP and 1% ISP diets when the IGF-IR transgene was induced at PND100 (B). There were no significant dif-
ferences in tumor onset when comparing the different ISP diets.

Table 1. Tumor characteristics of MTB-IGFIR mice fed the various diets.
IGF-IR Induction Median Tumor Onset (Days) Tumor Incidence Tumor Multiplicity1 Mouse weight (g)2

20% casein PND 45 193.5 15/17 (88%) 1.6 ± 0.2 35.8 ± 1.8
20% ISP PND 45 111 17/17 (100%) 1.9 ± 0.2 35.3 ± 1.3
5% ISP PND 45 135.5 16/16 (100%) 2.4 ± 0.3 38.6 ± 1.9
1% ISP PND 45 129 17/17 (100%) 1.5 ± 0.2 31.6 ± 1.2
20% casein PND 100 344.5 9/16 (56%)b,c,d 1.4 ± 0.2 39.5 ± 3.8
20% ISP PND 100 227 17/19 (89%)a 1.8 ± 0.3 35.8 ± 1.5
5% ISP PND 100 172.5 16/16 (100%)a 2.1 ± 0.2 35.6 ± 1.5
1% ISP PND 100 161 18/18 (100%)a 1.8 ± 0.2 41.5 ± 1.7
1only used tumor-bearing mice for this calculation.
2mouse weight at tissue collection.
asignificantly different from 20% casein.
bsignificantly different from 20%ISP.
csignificantly different from 5% ISP.
dsignificantly different from 1% ISP as determined by a Fisher’s exact test.
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presented with nests of tumor cells separated by colla-
gen (Supplementary Figure 1C,D) that were found in
both casein-fed and ISP-fed mice. Most of the tumors
also presented with regions of squamous differenti-
ation (Supplementary Figure 1E) which
were characterized by altered cell morphology and
cells staining positive for Krt5 (Supplementary
Figure 1F), Krt14 (Supplementary Figure 1G) or p63
(Supplementary Figure 1H). Although the percentage
of tumors with squamous differentiation were
frequently higher in the ISP diets compared to the casein
diet these values were not statistically significant.

To determine whether the casein or ISP diets influ-
enced mammary tumor metastasis, the percentage of
mice with lung metastases was determined. When the
IGF-IR transgene was induced at PND45, mice fed
the 20% casein diet had the highest percentage of
lung metastases, but this difference was not statistic-
ally significant (Supplementary Table 3). When the
IGF-IR transgene was induced at PND100, mice fed
the 5% ISP diet displayed the highest percentage of
mice containing lung metastases and was significantly
different from the 20% ISP mice but not the 20%
casein or 1% ISP mice (Supplementary Table 3).
Therefore, there was no consistent association between
a particular diet and metastatic frequency.

RNA was extracted from mammary tumors of from
mice fed 20% casein, 20% ISP or 1% ISP diets (tumors
from 5% ISP fed mice were not sequenced). RNA
sequencing was performed to determine whether
mammary tumors that developed in mice fed ISP or
casein diets differed in their gene expression.
Hierarchical clustering (Supplementary Figure 2)
revealed that that tumors induced by the different
diets failed to form discrete clusters. When mammary
tumors from mice fed the 20% casein diet were com-
pared to tumors from 20% ISP fed mice, only 10
genes were differentially expressed (log2 fold change
� 1, FDR < 0.01; Supplementary Figure 3). Similarly,
only 40 genes were differentially expressed in mammary
tumors from mice fed 20% casein compared to mam-
mary tumors from mice fed 1% ISP (log2 fold change �
1, FDR < 0.01; Supplementary Figure 3). Only two
genes, Pde6a and Nyx, were shared between the compar-
isons and both genes were elevated in the tumors from
casein fed mice compared to ISP fed mice.

Examine Whether a Diet Containing a Less
Refined Soy Product Protects against Mammary
Tumor Development

Soy can be consumed in a variety of forms, some of
which are more highly processed than others. ISP, as
used in the 20% ISP, 5% ISP and 1% ISP diets, is one
of the most highly processed forms of soy where most
of the carbohydrates and fibers are removed leaving a
product that is approximately 90% protein. In con-
trast, less processed forms of soy such as soybean
meal contain compounds including phytosterols and
saponins that are not typically found in ISP (14). To
investigate whether a diet containing a less refined
form of soy (�5% soybean meal) could inhibit mam-
mary tumor development, MTB-IGFIR mice were
exposed to Teklad 2018 throughout embryonic and
postnatal development. Surprisingly none of the MTB-
IGFIR mice fed Teklad 2018 developed mammary
tumors (mice were followed for 1 year after IGF-IR
transgene induction; Table 2).

Determine Whether Dietary ISP is Sufficient to
Induce Mammary Tumor Development

The observation that diets containing even small
amounts of ISP enhanced mammary tumor develop-
ment compared to diets lacking ISP suggest that ISP
may promote mammary tumorigenesis. To determine
whether ISP is sufficient to induce mammary tumor
development, one additional diet was tested, Teklad
2018ISP. Teklad 2018ISP was essentially identical to
Teklad 2018 except the soybean meal was removed
and replaced with an equivalent amount of ISP. If the
presence of ISP was sufficient to promote mammary
tumor development, then Teklad 2018ISP fed MTB-
IGFIR mice should develop mammary tumors. Ten
MTB-IGFIR mice with lifetime exposure to Teklad
2018ISP and IGF-IR transgene induction at PND45
were monitored for 12mo, and two of the mice
developed mammary tumors between 9 and 12mo,
of age (Table 2).

Determine Whether Diet Influences Mammary
Tumor Susceptibility through Changes in Ductal
Development

Given that mice fed Teklad 2018 failed to develop
mammary tumors while mice fed the ISP diets fre-
quently developed mammary tumors, an earlier time-
point, namely ductal development, was evaluated to
determine whether the ISP diets induced changes in
ductal development that would predict mammary

Table 2. Tumor characteristics of MTB-IGFIR mice fed Teklad
2018 or Teklad 2018ISP.

IGF-IR Induction Tumor Incidence

Teklad 2018 PND 45 0/7 (0%)
Teklad 2018ISP PND 45 2/10 (20%)
Teklad 2018 PND 100 0/10 (0%)
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tumor risk. Mice were fed Teklad 2018, 20% casein, 20%
ISP, 5% ISP or 1% ISP diets (without doxycycline)
throughout embryonic and postnatal development and
mammary wholemount analysis was performed at
PND45, PND55 and PND100. Supplementary Figure 4
shows representative PND55 wholemounts of mice fed
the different diets. Ductal length was determined by
measuring the three longest ducts in each wholemount
(Figure 2A) and then averaging the length of these three
ducts. Quantification of ductal length is presented in
Figure 2B. Mice fed the Teklad 2018 diet showed an
increase in ductal length from PND45 to PND100 as
expected. Mice fed the 20% casein, 1% ISP or 5% ISP
diets had significantly shorter ducts at PND 55 compared
to mice fed Teklad 2018 while mice fed the 20% ISP diet
had ductal development most similar to mice fed Teklad
2018. Mice fed the 20% casein or 1% ISP diet also had
significantly shorter ducts than mice fed the 20% ISP diet
at PND55. By PND 100 there was no significant differ-
ence in ductal length between any of the mice fed ISP
diets or Teklad 2018 while mice fed the 20% casein diet
still had ducts that were significantly shorter than mice
fed Teklad 2018. A similar pattern emerged when evalu-
ating duct area however only mice fed the 1% ISP diet
had significantly less ductal area than mice fed either the
Teklad 2018 diet or 20% ISP diet at PND55 (Figure
2C,D). As a final measure of ductal development, the
number of terminal end buds were counted. The number
of TEBs in each mammary gland was highly variable and
there were no signification differences in TEB number
between mice fed the various diets.

Next, RNA sequencing was performed on PND55
mammary glands from mice fed Teklad 2018, 20% casein,
20% ISP, and 1% ISP diets (mammary glands from 5%
ISP fed mice were not sequenced). Hierarchical clustering
did not reveal any consistent patterns across the samples
however the mammary glands from four of the five mice
fed Teklad 2018 did cluster relatively closely together
(Supplementary Figure 5). Given that mammary glands
from mice fed 1% ISP or 20% ISP diets almost always
developed mammary tumors and mice fed Teklad 2018
never developed mammary tumors, gene expression pro-
files of PND55 mammary glands from mice fed these diets
were compared. A false discover rate (FDR) < 0.01 and a
log2 fold change � 1 was used to identify significant, dif-
ferentially expressed genes. As shown in Figure 3, 140
genes were shared in the mammary glands from mice fed
the 1% or 20% ISP diets compared to mice fed the Teklad
2018 diet. Enrichr (23, 24) was then used to analyze these
140 differentially expressed genes and the top three gene
ontology molecular functions were all related to actin
binding (Figure 3A). As the altered expression in actin

Figure 2. Mammary duct length and area. A representative
wholemount showing how the length of the mammary ducts
was measured (A; white arrow). Quantification of ductal length
is presented in (B). Mice fed the 20% casein, 1% ISP or 5% ISP
diets had significantly shorter ducts at PND 55 compared to
the Teklad 2018 (�) while mice fed the 20% ISP diet had duc-
tal development most similar to mice fed the Teklad 2018
diet. Mice fed the 20% casein or 1% ISP diet also had signifi-
cantly shorter ducts than mice fed the 20% ISP diet (Ɨ ) at
PND55. Panel C show a representative wholemount tracing
and quantification of mammary ductal area is plotted in panel
D. Mice fed the 1% ISP diet had significantly reduced mam-
mary ductal area compared to mice fed Teklad 2018 (�) or
mice fed 20% ISP (Ɨ) at PND55 but significantly higher ductal
area than all the other diets at PND100. � significantly differ-
ent (p< 0.05) than Teklad 2018, Ɨ significantly different than
20% ISP, # significantly different than 5% ISP and @ signifi-
cantly different than 1% ISP.
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binding genes was somewhat surprising, the Mouse Gene
Atlas component of Enrichr was also used to evaluate
these 140 differentially expressed genes and this analysis
confirmed that these genes were frequently expressed in
non-lactating mammary glands (Figure 3A).

Since the enrichment of genes associated with actin
binding in pubertal mammary glands in ISP fed mice
compared to Teklad 2018 fed mice was unanticipated,
PND55 mammary glands of 20% casein fed and ISP
fed mice were also compared. As shown in Figure 3B,
115 genes were shared by the two ISP diets compared
to the casein diet. Pathway analysis of these 115
shared genes revealed alterations in actin binding and
these genes were frequently expressed in non-lactating
mammary glands (Figure 3B)

Discussion

A previously published manuscript from our lab dem-
onstrated that diets containing 20% ISP promoted
mammary tumor development in MTB-IGFIR trans-
genic mice compared to a casein diet (18). This find-
ing was surprising since most epidemiologic studies
suggest that women from cultures consuming high
levels of dietary soy have an approximately 3-fold
reduced risk of developing breast cancer compared to
women from cultures that consume small amounts of
dietary soy (1–5). Since 20% ISP is an extremely high
level of ISP, this study evaluated two additional con-
centrations of ISP, 1% ISP and 5% ISP, to determine
whether more moderate levels of ISP could inhibit
mammary tumorigenesis in MTB-IGFIR mice. Similar
to the 20% ISP diet, diets containing 1% ISP or 5%
ISP promoted mammary tumor development in MTB-
IGFIR mice compared to the 20% casein diet.

In an attempt to understand the mechanisms through
which ISP promoted mammary tumor development,
RNA sequencing was performed on mammary tumors
from mice fed 20% casein, 1% ISP, and 20% ISP diets.
Mammary tumors from casein-fed or ISP-fed mice were
genetically similar indicating that ISP did not produce
mammary tumors with a distinct phenotype compared
mice fed a casein diet. Since the mammary tumors were
highly similar, gene expression of normal mammary
glands from casein-fed and ISP-fed mice were also eval-
uated to determine whether ISP altered mammary devel-
opmental characteristics that might render the mammary

glands more susceptible to tumor development. RNA
sequencing revealed that mice fed ISP diets increased
gene expression associated with actin/actinin binding
compared to mice fed casein diets or a standard rodent
chow, Teklad 2018. One possibility is that the higher
expression of actin binding proteins increases the stiff-
ness of the mammary gland or ducts and mammary stiff-
ness has been associated with increased breast cancer risk
(25–27). However, additional studies would be required
to determine whether dietary ISP alters the stiffness of
the mammary environment.

In addition to the casein and ISP diets, mammary
tumor development in MTB-IGFIR mice was evaluated
following lifetime exposure to a standard rodent diet,
Teklad 2018. None of the 10 MTB-IGFIR mice fed the
Teklad 2018 diet developed mammary tumors. There are
several differences between the casein/ISP diets (which are
based on AIN-93G) and the Teklad 2018 diet including
the type of dietary soy. Teklad 2018 contains soybean meal
which is a less refined form of soy than ISP. As the soy
refinement process can remove compounds such as prote-
ase inhibitors, phytosterols and saponins and some of these
components have been implicated in regulating breast can-
cer risk (11–14, 16), it was possible that the less refined soy
found in Teklad 2018 could protect against mammary
tumorigenesis. To evaluate this possibility a special Teklad
2018 diet was created where the soybean meal was
removed from Teklad 2018 and replaced with an equiva-
lent amount of ISP (5.3% ISP). Two of the 10 MTB-IGFIR
mice fed the 5.3% ISP-substituted Teklad 2018 diet
(Teklad 2018ISP) developed mammary tumors. Thus,
replacing the soybean meal of Tekalad 2018 with an
equivalent amount of ISP induced a small, non-significant
increase in tumor incidence but this 20% tumor incidence
was significantly lower than the 100% mammary tumor
incidence observed in MTB-IGFIR mice fed the 5% ISP
diet. Therefore, it appears that dietary soy interacts with
other dietary components to influence mammary tumor
development. Differences between the AIN-93G-based
diets (casein and ISP diets) and the Teklad 2018-based
diets include the levels of vitamin A, vitamin K, several B
vitamins (B1, B2, B3, B5, B6, B7, and B9) and the complex-
ity of the carbohydrates. Vitamins B2 (riboflavin), B6
(pyridoxine), and B9 (folate) have been implicated in
reducing breast cancer risk (28–30) while higher blood glu-
cose levels associated with simple carbohydrates like those
found in the casein and ISP diets have been associated

3

Figure 3. RNA sequencing data from normal mammary glands. Venn diagrams of the genes significantly, differentially expressed
in the PND55 mammary glands from mice 20% ISP or 1% ISP diets compared to mice fed the Teklad 2018 diet (A) or the 20%
casein diet (B). The tables show the top three gene ontology molecular functions and mouse tissues (Mouse Gene Atlas) associated
with these differentially expressed genes shared by the ISP diets compared to the Teklad 2018 diet (A) and 20% casein diet (B).
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with increased breast cancer risk in humans (31–34) and
rodents (35–37).

While these differences in dietary ISP, vitamins, and
carbohydrates could directly affect mammary epithelial
cells they could also impact the composition of intestinal
and/or colonic bacteria. Soy isoflavones are metabolized
by intestinal bacteria and thus the amount and type of soy
isoflavones entering the circulation are dependent the
abundance of different bacterial species (38). Composition
of the intestinal microbiota can be influenced by the
amount and type of dietary carbohydrate, fiber, fats, pro-
tein, vitamins and minerals (39–41). Therefore, the differ-
ences in the composition of the AIN-93G-based and
Teklad 2018-based diets may influence the metabolism of
the dietary soy and, in turn, affect the composition and
amount of isoflavones absorbed by the mice.

In summary, this study has shown that ISP can promote
mammary tumor development in mice fed AIN-93G-based
diets. However, the ability of ISP to act as a tumor pro-
moter appears to be influenced by other dietary factors
such as the complexity of dietary carbohydrates and the lev-
els of vitamins. This complex interplay between soy isofla-
vones and other dietary components requires careful
consideration when designing future studies. With respect
to dietary guidelines for cancer prevention, maintaining a
healthy diet that provides the recommended levels of all
micronutrients along with complex carbohydrates, will
likely be more beneficial than supplementing the diet with
individual components including soy products.
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