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Abstract

There has been controversy regarding folate- and vitamin B12-deficient diet (FVD)-induced
hyperhomocysteinemia (HHcy) associated with breast cancer risk in most published epidemiological
studies. Thus, the present study designed experiments to assess the causal association between FVD-
induced HHcy and mammary tumor risk, as well as to identify the relative underlying mechanism. In this
study, mammary tumor development was examined in mouse mammary tumor virus (MMTV)-erb-b2
receptor tyrosine kinase 2 (ErbB2) mice fed with a control AIN-93G diet or a FVD diet. MMTV-ErbB2 mice
fed with the FVD diet displayed elevated blood levels of the amino acid homocysteine, a shorter tumor
latency and an increased tumor multiplicity compared with the controls. The expression levels of key
markers in the receptor tyrosine kinase and estrogen receptor (ER) signaling pathways, including
phosphorylated (p)-Akt, p-Erk, p-ERa and Cyclin D1, were elevated in mammary tissues from MMTV-ErbB2
mice fed the FVD diet compared with mice fed with control diet. These data suggested that FVD-induced
HHcy may promote mammary tumor development and decrease tumor latency, possibly by activating the
epidermal growth factor receptor/ErbB2 and ERa signaling pathways. Therefore, examining the signaling
mechanisms and identifying the relative metabolic pathways underlying mammary tumor promotion
following FVD-induced HHcy may provide a novel strategy for breast cancer prevention and treatment.

Introduction

Breast cancer is the most common malignancy in women worldwide. In China, breast cancer remains the
leading cause of female cancer-related mortality!’ =3l ErbB2 is amplified and pathologically upregulated

in 25-30% of breast cancer cases, and is associated with poor prognosis["']. Thus, ErbB2-positive breast
cancer is a significant public health concern.

Hyperhomocysteinemia (HHcy), which is a term used to describe elevated blood levels of the amino acid
homocysteine (Hcy), usually indicates a deficiency of vitamin B-12 and folate in the diet 51 HHcy is
observed in ~ 5% of the general population!® 7] and is associated with an increased risk for numerous
disorders, including diabetes, renal disease, osteoporosis and different types of cancer®=20] Recently,
accumulating evidence has identified higher prevalence of HHcy in breast cancer patientsl”- 2122
Moreover, HHcy has been shown to be associated with tumor suppressor epigenetic modulation in breast
cancer patientslzﬂ. Based on these results, it was hypothesized that folate- and vitamin B12-deficient
(FVD) diet-induced HHcy (FVD-induced HHcy) may increase breast cancer risk. At present, the relationship

between FVD-induced HHcy and breast cancer remains controversiall”- 217231 For instance, whether
elevated Hcy levels are pathological consequences or a cause of breast cancer has not yet been clarified.
This dilemma prompted us to examine the influence of FVD-induced HHcy on breast cancer initiation.
Furthermore, understanding the mechanism responsible for the association between FVD-induced HHcy
and breast cancer development may provide practical means to prevent or reduce the risk of breast
cancer initiation.
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Over the past decade, the mouse mammary tumor virus (MMTV)-erb-b2 receptor tyrosine kinase 2
(ErbB2)-overexpressing transgenic breast cancer mouse model has been well-established24-28] MMTV-
ErbB2 mice are ideal for testing the impact of various factors on ErbB2-induced mammary
tumorigenesisi2’=29 as these mice can spontaneously develop nodular mammary tumors at ~ 25 weeks
of agel?”-28l. The long tumor latency of this animal model has significant advantages for mechanistic
studies involving breast cancer etiology. Besides its use in genetically engineered models for breast
cancer, FVD has long been used to induce moderate HHey in mice and establish a HHcy mouse modell'2,
As FVD-induced HHcy is observed in MMTV-ErbB2 mice, the present study examined whether FVD-
induced HHcy affects mammary tumor development in MMTV-ErbB2 mice. The underlying mechanisms
were also examined in the mammary tissues prior to malignant transformation. It was found that FVD
induced moderate HHcy and promoted ErbB2-mediated carcinogenesis via the enhanced activation of
epidermal growth factor receptor (EGFR) and estrogen receptor (ER) signaling. The present data could
provide novel insights into the impact of FVD-induced HHcy in promoting breast cancer initiation, and it
was suggested that a cancer-protective diet that is rich in folate, vitamin B6, and other nutrients may
reduce breast cancer risk.

Materials And Methods

Reagents and antibodies.

As described in our previous study!?8.30-32] ErbB2 (cat. no. ab2165), phosphorylated (p)-ErbB2 (cat. no.
Aab2241), estrogen receptor (ER)a (E115; cat. no ab32063) and Ki67 (cat. no. ab16667) primary
antibodies were purchased from Abcam. Akt (cat. no. 4691), p-ERa (Ser118; cat. no. 2511) and p-Akt
(Serd73; cat. no. 4060) primary antibodies were purchased from Cell Signaling Technology. Inc. cyclin D1
(cat. no. sc-8396), p-ERK (cat. no. sc-7383), Erk2 (cat. no. sc-1647), and B-actin (cat. no. sc-81178)
primary antibodies were obtained from Santa Cruz Biotechnology, Inc. goat anti-rabbit IgG (cat. no. G-
21234) and Horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (cat. no. G-21040) secondary
antibodies were obtained from Thermo Fisher Scientific, Inc.

Animal treatment and sample collection.

FVB/N-Tg (MMTV-ErbB2) transgenic mice (6 weeks of ageweight, 15-20 g) were obtained from Jackson
Laboratory (Bar Harbor, ME, USA). Mice were housed in an environment with an ambient temperature of
22 + 2°C, relative humidity of 50 + 10% and a 12 h light/dark cycle with food and water available ad
libitum in the institutional animal facility. Animal care and experiments were approved by the Institutional
Animal Care and Use Committee of Henan University of Science and Technology. All procedures were
conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory
Animals, 8th edition, 2011. The study was carried out in compliance with the ARRIVE guidelines. An AIN-
93G diet (LAD3001 diet; Trophic, NanJing, China) and a folate (< 0.2mg/kg)- and vitamin B12 (< 0.001
mg/kg)-deficient diet (FVD diet; Trophic, NanJing, China), identical to the AIN-93G diet except for the
depletion of folate and vitamin B12, were used in the following experimental diets.
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A total of 26 female MMTV-ErbB2 mice were randomized at 6 weeks of age and placed into control group
and FVD diet group (n = 13 mice per group). Beginning at 6 weeks of age, 13 MMTV-ErbB2 transgenic
mice in the control group were fed the AIN-93G diet. The other 13 MMTV-ErbB2 transgenic mice in the
FVD group were fed the FVD diet. After 10 weeks of FVD diet administration (at 16 weeks of age), three
mice from each group were euthanized using CO,, with a CO, fill rate of 30% of the chamber volume per
minutes for 5 minutes, followed by cervical dislocation. Next, mammary tissues from mice at 16 weeks of
age were collected for mammary gland whole mount, FACS and protein and DNA/RNA analyses.

As described in our previous study!?’ 28] The remaining mice in MMTV-ErbB2 control and FVD group were
monitored for tumor development with a twice-a-week examination beginning at 16 weeks of age. The
dates of the first palpable mammary tumors, while was defined as the latency of tumor development, in
each mouse were recorded. Mammary tumor development was observed twice a week from 18 weeks of
age for all female mice. The end point of the experiments was defined as when the tumors reached 1.5
cm in diameter or mice had >20% weight loss. tumor sizes were measured with calipers twice a week
after palpable tumors were detected. Tumor latency and the percentages of tumor-free mice were also
calculated. At the endpoint, mice were euthanized using CO,, with a CO, fill rate of 30% of the chamber
volume per minutes for 5 minutes, followed by cervical dislocation. Upon sacrifice, breast tumor tissue
and mammary tissue were harvested for molecular and histological analyses.

Tumor volumes were calculated based on the formula: Tumor volume = longest diameter x shortest
diameter 2 x 0.5. The tumor-free interval was presented with a Kaplan-Meier survival curve. Food intake
was measured by weighing uneaten pellets. Tumor latency and tumor multiplicity were calculated at the
endpoint of the experiment (when all mice had developed tumors).

Hematoxylin and eosin staining.

For histopathological analysis, the collected tissues were fixed overnight (~ 18 h) in 10% neutral formalin
at room temperature and paraffin-embedded. Mammary or tumor tissue sections (5 um thickness) were
deparaffinized, and the slide was heated on a burner and placed in xylene. The tissue section was
hydrated by passing through decreasing concentrations (100%, 90%, 80%, 70%) of alcohol baths and
water. Sections were stained at room temperature in hematoxylin for 3—5 minutes, and washed under
running tap water until sections were “blue” for 5 minutes or less. Sections were differentiated in 1% acid
alcohol (1% HCI in 70% alcohol) for 5 minutes, and then washed under running tap water until the
sections were blue again by dipping in an alkaline solution (ammonia water). Tissues were washed again
with tap water and stained in 1% eosin Y at room temperature for 10 minutes. After washing in tap water
for 1-5 minutes, sections were dehydrated in increasing concentrations of alcohol and cleared in xylene.
Sections were mounted in mounting media and observed under a light Nikon ECLIPSE E100 microscope
at a magnification of x10, x40 or x100.

Mammary whole mount preparation.
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The mammary gland was dissected and placed on a glass slide. Then, the tissue was fixed with O/N in
Carnoy's fixative (6:3:1 ratio of 100% ethanol:chloroform:glacial acetic acid) at room temperature
overnight. The following day, the tissues were dehydrated and the glands were stained. After washing in
70% EtOH twice for 15 minutes, 50% EtOH twice for 10 minutes, 30% EtOH twice for 10 minutes, 10%
EtOH twice for 10 minutes and distilled H,0 once for 5 minutes, tissues were stained using O/N in
carmine alum stain (1 g carmine; cat. no. C1022; Sigma-Aldrich; Merck KGaA) and 2.5 g aluminum
potassium sulfate (cat. no. A7167; Sigma-Aldrich; Merck KGaA) in 500 mL dH,0 and boiled for 20
minutes. The final volume was adjusted to 500 mL with H,0. The tissues were filtered and thymol crystal
was added as the preservative. The following day, the cleared and mounted glands washed in 70% EtOH
twice for 15 minutes, 95% EtOH twice for 15 minutes, 100% EtOH twice for 15 minutes and cleared in
xylene for ~ 30 minutes (or until fat was sufficiently cleared from the glands). Sections were mounted
with ~ 1 mL SecureMount and placed on a glass cover slip. The ductal architecture of whole mounts was
examined under a light Nikon Eclipse 80i microscope and images were captured using the Nikon
Elements Imaging System (Nikon Instruments, Inc.).

Immunohistochemical staining.

As described in our previous study!®3] tumor specimens were derived from formalin-fixed, paraffin-
embedded tissue samples. Following antigen retrieval and blocking with 10% goat serum at room
temperature for 1h, tumor tissues were incubated with Ki67 (diluted 1:100) antibody overnight at 4°C. The
slides were then incubated with biotinylated anti-rabbit IgG secondary antibody (cat. no. PK-7200; 1:1,000
dilution; Vectastain Elite ABC-HRP kit; Vector Laboratories, Inc.) for 30 minutes at room temperature,
followed by incubation in Vectastain Elite ABC Reagent for 30 minutes at room temperature. For all slides,
a diaminobenzidine detection kit (Vector Laboratories, Inc.) was used according to the manufacturer's
protocol. The sections were then counterstained with Meyer’'s hematoxylin for 8 minutes at 37°C,
dehydrated and mounted. Slides were observed and imaged using a light Nikon ECLIPSE E100
microscope at a magnification of x40 or x100.

Real time quantitative PCR (RT-qPCR).

For qPCR, total RNA was extracted using TRIzol® reagent (cat. no. 15596026; Thermo Fisher Scientific,
Inc.), and 1 ug RNA was used for the RT reaction with random primer (cat. no. 48190011; Thermo Fisher
Scientific, Inc.), NTP mix (cat. n0.18427013; Thermo Fisher Scientific, Inc.) and M-MuLV Reverse
Transcriptase (cat. no. M0253L; New England Biolabs). mRNA quantification was performed using a
SYBRGreen supermix (cat. no. 1708880; Bio-Rad Laboratories, Inc.). The PCR conditions were as follows:
Initial denaturation at 94°C for 2 min, followed by 40 cycles of 94°C for 30 sec, 56°C for 30 sec, 72°C for
30 sec and 20-60 sec at 72°C. The triplicate samples were amplified in 20 pl reactions with gene-specific
primers. The mRNA abundance for each gene of interest was normalized to that of GAPDH. The PCR
primers used were as follows: ERBB2 forward, 5-CAGCCCCAGAGGATTACAGA-3' and reverse, 5-
TCAGTCCTAGTGGGGTGTCC-3’; ERa forward, 5-TCTCTGGAAGAGAAGGACCACATC-3' and reverse, 5™-
TGCAGAGTCAGGCCAGCTTT-3’; Cyclin D1 forward, 5-GGGCACCTGGATTGTTCT-3' and reverse, 5-
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CACCGGAGACTCAGAGCA-3’; GAPDH forward, 5-GAACATCATCCCTGCCTCTACT-3' and reverse, 5-
CGCCTGCTTCACCACCTT-3.

Western blot analysis.

The protocol was described in our previous study!33], equal amounts of protein (30 pg) were separated by
10% SDS-PAGE, and transferred onto nitrocellulose membranes. After blocking in 5% milk in TBST, the
membranes were incubated in diluted primary antibodies (1:1,000) overnight at 4°C. Then the membranes
were washed and incubated in horseradish peroxidase (HRP) labeled secondary antibodies (1:3,000) for
1.5 hours at room temperature. SuperSignal West Pico ECL solution (Thermo Fisher Scientific) was added
to the membranes to enhance the chemiluminescent signal. Proteins bands were imaged using a
FluorChemE imager.

Determination of the plasma Hcy levels.

The total plasma Hcy levels were measured using a Hcy ELISA Kit (cat. no. EU0197I; Fine Biotech Co.,
Ltd.) according to manufacturer’s instruction. The antibody was diluted to 1:1,000 in CBS and coated a
96-well microplate with 100 pL per well of the diluted capture antibody. A total of 100 pL sample or
standards were added in sample dilution buffer per well, and the plate was sealed and incubated for 2 h
at room temperature. Then, 100 pL detection antibody was added to each well, and the plate was sealed
and incubated for 1 h at room temperature. A total of 200 pL substrate solution was added to each well
and incubated for 20 minutes at room temperature. Then, 50 pL stop solution was added to each well,
and the plate was taped to ensure thorough mixing. The optical density of each well was determined
immediately using a microplate reader set to 450 nm. The concentration of the sample was measured
using ELISA Analysis Software.

Statistical analysis.

Kaplan-Meier curves were generated and used to compare the tumor onset between the control and FVD
diet groups. A log-rank (Mantel-Cox) test was used to determine whether the Kaplan-Meier curves were
significantly different. A Fisher's Exact test was used to compare the number of mice that developed
mammary tumors between the two diets. A Student’s t-test was used when comparing gene expression
between the two diets. Data are presented as the mean + SD. P <0.05 was considered to indicate a
statistically significant difference.

Results

Administration of FVD diet induces HHcy in MMTV-ErbB2 mice.

It is known that a FVD diet effectively elevated homocysteine levels and resulted in HHcy in different
mouse models. In the current study, a total of 26 MMTV-ErbB2 mice (6-week-old) were fed with a FVD diet
(diet group) or Vehicle diet (control group) for 16 weeks. During the dietary intervention, no significant
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difference in the body-weight and daily intake between these two groups was found. The FVD dietary
intervention increased the Hey levels from below the limit of detection (5 pmol/L) to 14.3 + 0.8 pmol/L
after 4 weeks. After 8 weeks of intervention, the Hcy levels of the diet group were significantly higher
compared with those of the control group, and remained at ~ 18.3 + 2.8 pmol/L (Fig. 1). At the end of the
diet treatment, body weight and plasma total cholesterol and triglycerides levels were not significantly
different between control and FVD groups. No weight loss, loss of appetite and fatigue were observed.
These data demonstrated that administration of FVD diet for >4 weeks can significantly induced HHcy in
MMTV-ErbB2 mice.

FVD-induced HHcy promotes mammary tumorigenesis in MMTV-ErbB2 transgenic mice.

Since HHcy was induced in MMTV-ErbB2 mice after 4 weeks of FVD dietary intervention, the effects of
FVD-induced HHcy on ErbB2-mediated mammary tumorigenesis were examined. In the present study, the
MMTV-ErbB2 mice were administered with FVD diet from week 6 to 22 (16 weeks). The tumor latency and
the average number of palpable tumors per mouse was examined. In the FVD group, mice developed
palpable tumors between 20 and 41 weeks of age with an average latency of 30 weeks. In the control
group, mice developed palpable tumors between 28 and 52 weeks of age with an average latency of 39.7
weeks. The total number of tumors in control or FVD mice group was 11 and 18, respectively (Fig. 2).
These results suggested that FVD induced HHcy decreased the latency and increased the incidence of
mammary tumors in MMTV-ErbB2 Transgenic Mice.

FVD-induced HHcy causes proliferative mammary morphogenesis in MMTV-ErbB2 mice.

It is known that an increased breast cancer risk is associated with advanced mammary gland
development and increased ductal and epithelial density!24=26. In order to evaluate the effect of FVD
induced HHcy on the premalignant mammary morphology in the MMTV-ErbB2 mice, the elongation of the
mammary ductal and number of terminal end bud (TEB)-like structures were examined in the
premalignant mammary gland. FVD-induced HHcy promoted mammary ductal elongation and increased
the number of TEB-like structures in the 16-week-old MMTV-ErbB2 mice. Mammary glands from FVD
mice also displayed increased nuclear staining of the proliferation marker BrdU (Fig. 3). These results
indicated that FVD-induced HHcy promoted mammary gland developmental changes in premalignant
mammary gland tissues.

FVD-induced HHcy promotes ErbB2/mitogen-activated protein kinase (MAPK)/phosphatidylinositol 3-
kinase (PI3K)/Akt signaling in MMTV-ErbB2 Mice.

It has been reported that ErbB2/MAPK/PI3K/Akt signaling is the driving force of ErbB2-mediated
carcinogenesisl2% 29.34-36]_gjnce mammary gland development was promoted in premalignant
mammary gland tissues of MMTV-ErbB2 mice, the protein and mRNA expression levels of ErbB2, Akt, and
Erk of the premalignant mammary tissues were examined. It was found that the protein and mRNA
expression levels of ErbB2, Akt, and Erk were significantly increased by FVD dietary intervention (Fig. 4).
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These results suggested that ErbB2/MAPK/PI3K/Akt signaling may be involved in FVD dietary
intervention-induced mammary gland developmental changes in MMTV-ErbB2 mice.

FVD-induced HHcy promotes ER signaling in MMTV-ErbB2 Mice.

Since HHcy has been reported to exert an estrogen-like effect!!9712.37.38] the activation of ERa and its

target genes were examined in premalignant mammary gland tissues of MMTV-ErbB2 mice. The protein
and mRNA expression levels of ERa and Cyclin D1 in the premalignant mammary were investigated. The
western blotting and RT-PCR results demonstrated that FVD dietary intervention significantly increased
the protein and mRNA expression levels of ERa and Cyclin D1 (Fig. 4). Moreover, in the present pre-
experiment, six parental FVB/N mice were randomly assigned to fed with either control or FVD diet (n =3
mice per group). After 1 month, mammary gland tissues displayed elevated p-ERa and p-Akt protein
expression levels (data not shown). These results suggested that ERa signaling was involved in the FVD
dietary intervention-induced mammary gland developmental changes in MMTV-ErbB2 mice.

Discussion

Breast cancer is the most commonly occurring malignancy in women, impacting 2.1 million women each
year, and also causes the greatest number of cancer-related mortalities among women!" 24, |dentifying
possible risk factors is a vital part of breast cancer prevention. It has been reported that elevated plasma
Hcy may induce oxidative damage and metabolic disorders, and subsequently lead to cancer
carcinogenesis!5 6 10.13,14,38-40] High Hcy levels may indicate deficiencies in vitamins B-12 and folate.
The primary cause of FVD is low intake of sources rich in the vitamin, such as legumes, green leafy
vegetables and animal-source foods, as well as malabsorptionl”: 18.39.41.42] Ag folate and vitamin B12
have been reported to promote the conversion of Hcy to methionine by acting as a cofactor of the
enzymes methionine synthase, deficiencies of vitamin B12 and folate can result in HHcy!"2l. Previous
studies have revealed that the prevalence of subclinical FVD was >10% and HHcy was >30% in the
Spanish vegetarian population!#3l. Moreover, > 50% of vegetarian Indian subjects present with deficient
levels of serum vitamin B12 and HHcy [2'). Epidemiological data regarding folate and vitamin B12 among
the women in Shaanxi Provence, China also revealed that ~ 14.7% of the women were deficient in folate
and 45.5% of the women were deficient in vitamin B12[7:44l. It is estimated that = 10% of the United
States population has low folate stores, while the prevalence of vitamin B12 deficiency has been
estimated to be ~ 16%5.. These data indicate folate and B12 deficiencies represent public health
problems worldwide. More worryingly, it has been documented that individuals with low serum folate and
B12 levels and elevated serum Hcy levels are prone to various pathologies, including atherosclerosis,

cardiovascular disease, birth defects, ischemic stroke, venous thromboembolism and cancer!® 8 10-18,20-
22.37,38, 43-51]

Investigations into the effects of FVD-induced HHcy on breast cancer risk have yielded conflicting results.
For example, a prospective case-control study of 812 patients with invasive breast cancer and 812

Page 8/17



matched controls followed up for 10 years between 1992 and 2004 found that plasma levels of Hcy were
not associated with overall breast cancer risk[52. However, recent epidemiological and clinical studies
examining China and Mexican populations found an increased incidence of HHcy and elevated plasma
Hyc levels in patients with breast cancer”- 22l. Furthermore, Hey levels were found to be positively
associated with the proliferation rates of breast tumorl?2l. Methylenetetrahydrofolate reductase
haplotypes also significantly affect breast cancer occurrencel?'l. These data suggest that HHcy in certain
high-risk individuals may increase breast cancer risk.

Although numerous previous studies have reported positive associations between Hcy levels and breast
cancer risk, it cannot be verified whether the elevated Hcy levels are pathological consequences or a
cause of breast cancer. In order to clarify this issue, the present study induced HHcy using FVD dietary
intervention in MMTV-ErbB2 overexpressing transgenic breast cancer mice, and examined the impact of
FVD-induced HHcy on mammary tumorigenesis.

The ErbB2 gene belongs to the EGFR family of receptor tyrosine kinases [2935. 361 Activation of ErbB2
receptor signaling pathways can promote various human malignancies including medulloblastoma, lung,
prostate and breast cancer®3l. The ErbB2 gene is amplified and/or upregulated in approximately one-third
of human breast carcinomas, and has been widely reported to promote breast tumorigenesis via the
activation of multiple ErbB2 downstream signals, such as Shc/growth factor receptor-bound protein 2-
Ras,PI3K-Akt, MEK-ERK, JNK, p38 mitogen-activated protein kinase, protein kinase C and phospholipase
C, amongst othersl29 35.36.53] MMTV long terminal repeat has most frequently been used to express a
gene of interest in the mammary epithelium, and overexpression of ErbB2 via the MMTV promoter leads
to the onset of multiple mammary tumors at a median age of 6—10 months in transgenic mice, with the
frequent potential to metastasize to the lung[24-26 28] Thus, MMTV-neu/ErbB2 transgenic mice have
been created and are recognized as excellent models for breast cancer. In the present study, FVD-induced
HHcy caused distinct mammary morphogenic changes and promoted mammary tumor development in
MMTV-ErbB2 mice. To the best of our knowledge, these data provide the first direct in vivo evidence that
FVD-induced HHcy can promote mammary tumorigenesis.

Despite the progress in confirming the role of FVD-induced HHcy in promoting mammary tumorigenesis,
the molecular signaling mechanisms that are responsible for HHcy-mediated mammary tumorigenesis
are largely unknown. It has been reported that activation of ErbB2/MAPK/PI3K/Akt signaling is the
driving force of ErbB2-mediated carcinogenesis[?%: 3% 361 Moreover, previous reports have revealed that
HHcy causes S-adenosylhomocysteine intracellular accumulation, and induces the oxidative metabolites
of estrogens (catechol estrogens)2'l. Catechol estrogens further promote breast tumor formation via
estrogen signaling!'%-38.54. 53] previous reports also suggested that high levels of catechol estrogens are
associated with increased breast cancer riskl22 23], Based on these data, the present study examined the
effects of FVD-induced HHcy on activation of ErbB2/MAPK/PI3K/Akt and ERa signaling in premalignant
mammary glands. The current data indicated that FVD-induced HHcy significantly activated
ErbB2/MAPK/PI3K/Akt and ERa pathways. Since ErbB2-ER signaling crosstalk has widely reported to
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promote mammary tumor developmentl?7- 361 it was suggested that ErbB2-ER signaling crosstalk may
participate in FVD-induced HHcy mediated tumor development in MMTV-ErbB2 mice. These results
suggested the ErbB2-ER signaling activation was due to FVD administration, and was not specific to
MMTV-ErbB2 activation in MMTV-ErbB2 mice.

In conclusion, the present study demonstrated that a FVD diet induced HHcy in the MMTV-ErbB2 mouse
breast cancer model, and that FVD-induced HHcy accelerated mammary tumor development. Since
ErbB2/MAPK/PI3K/Akt and ERa signaling serves a central role in breast cancer pathogenesis, the present
results further support the concept that dietary FVD was associated with HHcy, and may contribute to
mammary tumorigenesis via the ErbB2/MAPK/PI3K/Akt and ERa signaling pathways.
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Figure 1

FVD diet induces HHcy and reduces tumor latency in MMTV-ErbB2 mice. (A) MMTV-ErbB2 mice fed for 4
weeks with a FVD diet had higher level of plasma homocysteine compared with mice fed with vehicle
diet. No significant differences were observed in (B) body weight and (C) food consumption between
MMTV-ErbB2 mice fed with a FVD diet or control. (D) The FVD diet increases mammary tumor latency in
MMTV-ErbB2 mice. Values are presented the mean + SD. *P<0.05. FVD, Folate and vitamin B12 deficient;
MMTYV, mouse mammary tumor virus; ErbB2, erb-b2 receptor tyrosine kinase 2; HHcy,
hyperhomocysteinemia.

Page 15/17



iu- B
Control i
5 1[
Ak
. i
Diet- o
deficiency L-
i,
Figure 2

Mammary tissues were collected from 18-week-old control and FVD diet-fed MMTV-ErbB2 mice for whole
mount analyses. Representative images of mammary whole mounts from MMTV-ErbB2 mice fed with a
FVD diet or control are shown at increasing magnifications (7.5x, and 30x magnifications). The FVD diet
alters mammary morphogenesis in MMTV-ErbB2 mice. The FVD diet increased ductal extension beyond
the lymph node and side branches in the mammary whole mounts. FVD, Folate and vitamin B12 deficient;
MMTYV, mouse mammary tumor virus; ErbB2, erb-b2 receptor tyrosine kinase.
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Figure 3

Hematoxylin and eosin-stained tumor sections and Ki67 positive cells in mammary glands of FVD or
control diet-fed MMTV-ErbB2 mice. The FVD diet promoted mammary morphogenesis and increased Ki67
positive cells in MMTV-ErbB2 mice. Data are presented as the mean + SEM. **P<0.01 vs. control. FVD,
Folate and vitamin B12 deficient; MMTV, mouse mammary tumor virus; ErbB2, erb-b2 receptor tyrosine
kinase 2.
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Figure 4

FVD diet enhances the activation of RTK and ERa signaling in premalignant mammary tissues from
MMTV-ErbB2 mice. Protein and RNA lysates were collected from the mammary glands of 18-week-old
control and FVD-treated mice (n=3 mice/group). (A and B) Expression levels of total and phosphorylated
protein markers of RTK and ERa pathways were detected using western blotting. (C) The relative mRNA
levels for the indicated genes were measured using reverse transcription-quantitative PCR. Data are
presented as the mean + SEM. **P<0.01 vs. control. FVD, Folate and vitamin B12 deficient; MMTV, mouse
mammary tumor virus; ErbB2, erb-b2 receptor tyrosine kinase 2; ER, estrogen receptor; RTK, receptor
tyrosine kinase.
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