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Abstract 

We reported earlier that replacement of casein by soy protein in the diets of rats exposed to the carcinogen, dimethylbenz[a]anthracene (DMBA), not 

only delayed the initiation of breast tumor but also had a protective effect against the development of aggressive tumor. The aim of this study was to 

elucidate the molecular mechanism by which soy protein offers these beneficial effects. Tumor was developed by gavage administration of single 

dose of 80 mg/kg of DMBA into 50-day old female rats, maintained on a standard AIN-76A diet containing either casein or soy protein. After ~120 

days of DMBA administration, we evaluated the role of MAPK phosphorylation and subsequent AP-1 activation on the differential effects of soy 

protein and casein on the development of aggressiveness and progression of DMBA-induced breast tumor and determined if soy protein controls 

MMP-9 and uPAR expression by modifying AP-1 activity. The present study demonstrates that the beneficial effect of soy protein in breast tumor 

development is mediated by control of MAPK/AP-1 signaling. It is concluded that deactivation of MAPK pathway lead to down-regulation of the 

AP-1 activation which in turn down regulates the target gene and may be responsible for controlling breast tumor aggressiveness. Thus, it is suggested 

that MAPKs (ERK, p38 and JNK), MMP-9 and uPAR may be a potential target for anticancer therapy inhibiting tumor vasculature and invasion 

stimulated by tumor-associated stroma, and regulating the target gene and may be responsible for the beneficial effects of soy protein. 
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Introduction 

Breast cancer is the second most common cancer globally and one of the 

leading cancers in women in the world and its incidence gradually 

increases year by year according to the world Health Organization [1, 2]. 

Etiology of breast cancer is composed of many factors including age, 

genetic, reproductive, hormonal, environmental factors and lifestyle such 

as cigarette smoking, alcohol and diet [3-6].  Several recent reports 

indicate that soy proteins either as intact soy protein or functional or 

bioactive peptides derived from soybean processing have a variety of 

physiological functions such as immunomodulatory effects, 

hypolipidemic, anti-inflammatory, antioxidant, anti-hypertensive, 

antiangiogenesis, anti-cancer properties [7-12].   Observational studies 

show that among Asian women higher soy consumption is associated 

with an approximately 30% reduction in risk of the developing breast 

cancer. Furthermore, Clinical trials and epidemiologic studies involving 

over 11,000 women from USA and China show that post-diagnosis soy 

intake statistically significantly reduces recurrence and improves survival 

[13-15].  Recent research also suggested that women who are at increased 

risk of breast cancer due to polymorphisms in genes associated with 

disease may especially benefit from high soy isoflavones intakes [16]. 

Furthermore, soy foods have long been recommended in the diets for 

breast cancer survivors and women at high risk for breast cancers [17]. 

Recent epidemiology evidence on the association of soy intake with breast 

cancer risk is still inconsistent due to different soy intake levels and or 

type of soy food such as whole soy, soy isoflavones, soy protein isolate 

[18-22]. 

Our previous study indicated that replacement of casein by soy 

protein in the diets of rats exposed to the carcinogen, 

dimethylbenz[a]anthracene (DMBA), not only delays the initiation of 

breast tumor development but also has a protective effect on the 

development of aggressive tumor [23].
 While 100% of the breast tumor 

induced in rats fed soy protein was of grade I (non-aggressive) type, 

casein consumption produced more aggressive tumors (20% grade I, 60% 

grade II and 20% grade III). The mechanism by which soy protein 
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regulates the development of aggressiveness and progression of DMBA-

induced breast tumors remains to be elucidated. However, our subsequent 

study also indicated that replacement of casein by soy protein in diet 

suppresses the expression of a tumor-promoting gene, translocator protein 

(TSPO) in breast tumors in rats [24]. 

The mitogen-activated protein kinase (MAPK) cascades are 

multi-functional signaling pathways that transduces signals from the cell 

membrane to the nucleus in response to variety of stimuli and participates 

in various intracellular signaling pathways that control a wide spectrum 

of cellular processes, including proliferation, growth, differentiation, 

development, inflammatory response and stress responses, and is known 

to have a key role in cancer progression.  It is a critical pathway for human 

cancer cell survival, dissemination, and resistance to drug therapy 

[25]. Three MAP kinase (MAPKs) cascades, such as extracellular signal-

regulating kinases (ERKs), c-Jun N-terminal kinases (JNKs), and p38 

MAP kinases have been characterized [26, 27]. MAPKs are proline-

directed serine/threonine kinases that are activated by dual 

phosphorylation on threonine and serine residues in response to a wide 

variety of extracellular stimuli [28, 29]. They mediate signal transduction 

from the cell surface to the nucleus. The ERKs family consist mainly of a 

kinase domain (ERK1 and ERK2) and is activated by mitogenic stimuli 

such as growth factors, cytokines, and phorbol esters and plays a major 

role in regulating cell growth, survival, and differentiation. The JNK and 

p38 MAPK are weakly activated by growth factors but respond strongly 

to stress signals including environmental stress, tumor necrosis factor 

(TNF), interleukin-1, ionizing and ultraviolet radiation, hyperosmotic 

stress, and chemotherapeutic drugs and activation of this pathway is 

strongly associated with inflammation, apoptosis, cell differentiation and 

cell regulation.  A number of studies have reported that the JNK signaling 

pathway acting via c-Jun or the related transcription factor ATF-2 is 

involved in the modulation of DNA repair and/or cell survival in response 

to various forms of genotoxic damage [30-32].  MAPKs regulate AP-1 

both at the transcriptional and post-translational levels, affecting its 

transactivation potential, DNA binding capacity and stability. Several 

studies reported that MAPK signaling pathways were key upstream of 

activator protein-1 (AP-1) and activation of MAPK regulates the 

expression level of AP- through the substrate phosphorylation and by 

influence on the abundance of individual AP-1 components in cells [33]. 

AP-1 is an important regulatory protein involved in various physiological 

and pathological cellular processes including cell proliferation, growth, 

migration, differentiation, transformation, and apoptosis [34]. The AP-1 

complex consists of homo- or hetero- dimers of Fos families (c-Fos, 

Fos B, Fra-1 and Fra-2), activating transcription factor families (ATF-

1,ATF-2 B-ATF, JDP1and JDP2) Jun subfamilies (c-Jun, Jun B and 

Jun D), and MAF (c-Maf, MafB, MafA and MafG/F/K) protein families 

that are characterized by highly conserved dimeric  basic-region leucine-

zipper (bZIP) DNA-binding sequences called 12-O-tetradecanoyl-

phorbol-13 acetate (TPA) responsive elements (TRE, 5’-TGAG/CTCA-

3’ or cAMP response elements, CRE, 5’-TGACGTCA-3’) [35]. The 

activity of this transcription-factor complex is modulated by growth 

factors, cytokines and tumor promoters [36]. The activated AP-1 dimer 

binds to specific DNA sequences in the regulatory regions of mitogen-

responsive genes, several of which are involved in cellular processes such 

as proliferation or tumor invasion [37]. 

In breast cancer cells, the AP-1 proteins have been identified as 

important regulators of growth and invasion. As a member of the AP-1  

transcription factor complex, c-Fos is an essential modulator of cell 

proliferation, differentiation, and transformation [38]. Depending on the 

cell type and environment, c-Fos can function either as a transcriptional 

activator or as a transcriptional repressor. According to Bland et. al 

[39] increased c-Fos expression in breast cancer was associated with poor 

prognosis. Gee et. al [40] have observed a significant association between 

elevated Fos protein expression and increased proliferation. Furthermore, 

Fra-1, Fos family member and an AP-1 transcription factor component is 

known to induce promoter activity of several target genes, such as MMP-

1 and MMP-9 and involved in cell proliferation and invasiveness of breast 

cancer cells [41, 42]. 

Substantial experimental studies indicated that many dietary 

natural products could affect the development and progression of breast 

cancer, such as soy, pomegranate, mangosteen, citrus fruits, apple, grape, 

mango, cruciferous vegetables, ginger, garlic, black cumin, edible macro-

fungi, and cereals [43]. In general, fruits and vegetables contain various 

dietary substances such as vitamin, fiber, phytochemical and phenolic 

compounds like flavonoids and vanilloids, which act as anti-cancer agents 

[43].  Their anti-breast cancer effects involve various mechanisms of 

action, such as downregulating ER-α expression and activity, inhibiting 

proliferation, migration, metastasis and angiogenesis of breast tumor 

cells, inducing apoptosis and cell cycle arrest, and sensitizing breast tumor 

cells to radiotherapy and chemotherapy [43, 44]. 

Soybean is an excellent source of dietary phenolic substances 

in the Asian diet [45, 46]. The two major isoflavones in soybean are 

genistein and daidzein. It has been reported that growth inhibitory effect 

of genistein may be linked to suppression of angiogenesis [47, 48] and 

cell cycle progression as well as stimulation of apoptosis [49]. Genistein 

has been shown to attenuate the transcription of c-Fos mRNA in breast 

cancer cells [50, 51].  

Extracellular matrix metalloproteases such as MMP-1, MMP-

3, MMP-7, and MMP-9 and the fibrinolytic system such as uPA 

(urokinase-type plasminogen activator) are important protease systems 

interacting with each other in charge of remodeling and recycling of 

tissues and they play important role in tumor invasion and metastasis [39, 

51, 52]. A recent study has confirmed the association between MMPs and 

tumor growth, invasion, metastasis and prognosis of breast cancer 
53

. Urokinase plasminogen activator receptor (uPAR), also designated 

CD87, is a glycoprotein surface receptor specific for urokinase 

plasminogen activator (uPA). Active uPA is extracellular matrix-

degrading protease that promotes tumor progression and metastasis.  It 

has been reported that uPAR in serum and in urine of breast cancer 

patients was significantly higher than in healthy control [54, 55].  An 

association between a high expression of MMP-2 and reduced survival in 

breast cancer patients as well as an association of the tumor grade with 

increased levels of MMP-9 in breast cancer tissue was reported 

[56]. However, despite increasing knowledge about the physiological 

functions of AP-1, how upstream signaling pathways, mainly MAPKs, 

regulate the transcriptional activity and how the proteins of the Fos and 

Jun families give rise to AP-1 signaling pathway in DMBA-induced rat 

breast tumors and how differential effects are achieved between soy 

protein treated group and casein treated group on MAPK/AP-1 signaling 

pathway in DMBA-induced rat breast tumors are not fully elucidated.  To 

our knowledge, currently there are no data available on the effect of casein 

and soy proteins on the level of PCNA, cyclin D1, MMP-9 and uPAR in 

DMBA-induced rat breast tumors. Therefore, our specific aim was to 

evaluate the role of MAPK phosphorylation and subsequent AP-1 

activation on the differential effects of soy protein and casein 

on the development of aggressiveness and progression of DMBA-

induced breast tumor and whether soy protein control MMP-9 and uPAR 

expression by modifying AP-1 activity in DMBA-induced breast tumor. 

Materials and Methods 

Development of breast tumor in female rats 

Adult female Sprague Dawley rats were purchased at 22 days of age from 

Harlan Sprague-Dawley, Inc. (Indianapolis, IN). They were housed 

individually in polycarbonate cages. The method was described in detail 

previously [24]. Briefly, animals were divided into three groups. Each 

group contained 10 animals. Animals in groups 1 and 2 were fed a 
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standard AIN-76A diet containing 20% casein as protein source and those 

in group 3 were fed with same diet replacing casein with 20% soy protein 

as protein source. The diets were prepared by Harlan Teklad (Madison, 

WI) [23, 24]. 

The rats were placed on the either casein (group 2) or soy 

protein (group 3) at 25 days of age and remained on the same diet for the 

rest of the study. Rats were allowed to feed and drink ad 

libitum. Mammary tumors were induced in rats of groups 2 and 3 by a 

single intragastric administration 80 mg/kg b.wt. of 

dimethylbenz[a]anthracene (DMBA; Sigma-Aldrich Chemical Co, St. 

Louise) in sesame oil at 50 days of age. Control animals (group 

1) received the vehicle only by gavage. This group served as a control for 

group 2 and 3, which received DMBA. Since our previous study indicated 

that replacement of casein by soy protein had no effect on either 

morphology or biochemical characteristic in breast tissue of rats, which 

did not receive DMBA [23, 24]. Hence, we used casein protein in control 

group. 

Animals were weighed and also palpated triweekly to detect 

tumors beginning four weeks after the administration of carcinogen. At 

almost 120 days post-administration of DMBA, animals were sacrificed 

by CO2 asphyxiation. All tumors were weighed and measured for volume, 

and a section of the tumor was fixed in buffered formalin pH 7.5. Sections 

of the paraffin-embedded tumors were stained with hematoxylin 

(H) and eosin (E) for morphological analysis. The remaining tissues were 

stored at -80oC for biochemical studies. For biochemical studies, we took 

tissues from three different tumors (in case of casein group Grade I, II and 

III) and mixed them and designated them as one sample (n=5) 

Histological grading of mammary gland adenocarcinoma 

The slides were examined and scored as described earlier [23].  The final 

grade was determined by the total scored based on the tubule formation 

within the neoplasm, nuclear pleomorphism and mitotic count per 10 high 

power field (hpf). The tumor was scored 1-3 depending on the number of 

mitotic figures per 10hpf. Using these parameters mammary gland 

adenocarcinomas were graded I, II and III. Grade I was less aggressive 

and had the best prognosis and grade III was the most aggressive and had 

the worst prognosis [23].  

Immunohistochemical staining of Ki-67 for assessment of mitotic 

activity 

Formalin (10%) fixed sections were incubated with 0.3% H2O2 to block 

endogenous peroxide activity. The sections were washed and incubated 

with normal rabbit serum for 30 min to block non-specific binding. 

Afterwards, the sections were incubated with a polyclonal antibody for 

Ki-67 (diluted 1/50 in PBS, DAKO). The sections were washed and then 

incubated with biotinylated secondary antibody for 1 h. The sections were 

washed and incubated with HRP-Streptavidin for 1 h at room temperature 

and reacted with diaminobenzamidine until reddish brown color 

developed. Sections were then counterstained with Gill’s hematoxylin 

solution, and cover slipped. Ki-67 reactivity was evaluated by counting 

the number of positive and negative epithelial cell nuclei in six randomly 

selected fields in each section (n=5) [23]. 

Assay of MAPK (Total/Phospho) multispecies assay by enzyme-

linked immunosorbent assay (ELISA) 

The breast tissues were homogenized with cell extraction buffer 

(Biosource International, Inc., Camarillo, CA) and centrifuged for 10 

minutes at 10,000 rpm. Protein concentration of supernatant was 

measured by Lowry method [57] and stored at -80oC for further analysis. 

The MAPK activity in the breast tissues was measured by ELISA kits 

(Biosource International, Inc., Camarillo, CA) following the protocol 

provided by manufacturer. The absorbency at 450 nm was performed by 

a Benchmark Plus Microplate Spectrophotometer (Bio-Rad, Hercules, 

CA). 

AP-1 activation assay 

The activation of DNA binding activity of individual family member of 

AP-1 was quantified by ELISA using the AP-1 transcription factor family 

assay kit (Active Motif, Carlsbad, CA), according to the manufacturer’s 

protocol. Briefly, the breast tissues were homogenized in a 5 volume of 

ice-cold tissue lysis buffer (Biosource International, Inc, Camarillo, CA) 

containing protease inhibitor cocktail (0.01%, Sigma –

Aldrich Chemicals, St. Louis, MO) with 0.1 mM   PMSF and incubated 

in 96-well plates to which oligonucleotide containing a TPA responsive 

element (TRE) was immobilized. AP-1 binding to the target 

oligonucleotide was detected by incubation with primary antibodies 

specific for c-Fos, Fos-B, Fra-1, Fra-2, p-c-Jun, JunB, JunD and followed 

by subsequent incubation with secondary anti-IgG horseradish peroxidase 

conjugate and visualized with developing solution and quantified at 450 

nm with a reference wavelength of 655 nm by a Benchmark Plus 

Microplate Spectrophotometer (Bio-Rad, Hercules, CA) [58]. 

Western blot Analysis 

Breast tissues were homogenized in a 5 volume of ice cold 210 mM 

mannitol, 70mM sucrose, 10 mM Tris-HCl, 1mM EGTA, 2mM 

CaCl2 buffer, pH 7.2 containing protease inhibitor cocktail (0.01%, 

Sigma –Aldrich Chemicals, St. Louis, MO) by using a Brinkman Polytron 

(setting 6-7, 30 sec). Proteins were measured by Lowry method [57] and 

50g protein was separated by 12% SDS polyacrylamide gel 

electrophoresis (SDS-PAGE). Proteins were transferred 

electrophoretically onto PVDF membranes Immobilon-P (Millipore, 

Bedford, MA). The membrane was immunoblotted with primary 

antibodies of c-Fos, FosB, Fra-1, Fra-2, c-Jun, JunB, JunD, ATF-2, L-

ZIP, cyclin D1 and proliferating cell nuclear antigen (PCNA) (Santa Cruz 

Biotechnology Inc., CA) primary antibodies and horseradish peroxidase 

(HRP)-conjugated secondary antibody. Binding of antibodies to the blots 

was detected with an ECL-detection system (Perkin Elmer, Boston, MA) 

following manufacturer’s instructions. Stripped blots were re-probed 

with -actin specific polyclonal antibodies (Santa Cruz Biotechnology 

Inc., CA) to enable normalization of signals between samples. Band 

intensities were analyzed using Bio-Rad Gel Doc (Bio-Rad, Hercules, 

CA).  For MMP-9 and uPA analysis, we used secondary antibody with 

fluorescent using manufacture’s protocol. Band detection and intensities 

were analyzed using an Odyssey (LI-COR Biosciences, NE) infrared 

fluorescent at 680 and 780nm [59].  

Reverse transcriptase-polymerase chain reaction (RT-PCR) 

Total RNA was extracted from 100 mg of breast tissue using a Qiagen 

RNAEASY kit (Qiagen, CA) according to manufacture protocol.  The 

concentration and purity of RNA were analyzed using a UV 

spectrophotometer [59]. 

RT-PCR of c-Fos and c-Jun and GAPDH was performed using 5µg 

of total RNA from control, casein and soy sample, using one-step RT-

PCR kit (Invitrogen, MD). The primer sequences were: 5’-

GCCCAGTGAGGAATATCTGGA-3’ (forward) and 5-ATCGCAGAT 

GAAGCTCTGGT-3’ (reverse) for c-Fos; 5”-

TCGCAGATGAAGCTCTGGT-3’ (forward) and 5’-

GGCCATCTCTTGCTCGAAGTC-3’ (reverse) for c-Jun and 5’-

GGTATCGTGGAAGGACTCATGACC–3 (Forward) and 5’-

TCGCTGTTGAAGTCACAGGACACA –3’ (Reverse) for GAPDH). 

RT-PCR was performed in a thermal cycler (Biometra, TRIO gradient) as 

follows: 1 cycle for 30 min at 450C, 1 cycle at 940C for 2 min, 39 cycles 

for 1 min at 940C, 1 min at 500C, 2 min at 720C and 1 cycle for 10 min at 

720C. The RT-PCR products were electrophoresed on a 1% agarose gel 

and band intensities were quantified using Bio-Rad Gel Doc (Bio-Rad, 

https://www.sigmaaldrich.com/US/en
https://www.sigmaaldrich.com/US/en
https://www.sigmaaldrich.com/US/en
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Hercules, CA). Then bands are purified using QIA quick PCR 

purification kit (Qiagen, CA).  

Statistical analysis 

Data were expressed as means ± standard error of mean (S.E.M.). 

Statistical significance was determined by the student’s t-test or Dunnett’s 

test after one-way analysis of variance (ANOVA), using GraphPad prism 

Version 9.0 (GraphPad software, SanDiego, CA). Results were 

considered statistically significant at p < 0.05. 

Results 

Representative photograph of light microscopy from breast tissue of 

control animals regardless of whether they were fed casein protein is 

shown in Figure 1A-1C. It reveals scattered normal lobuloalveolar units 

lined by a layer of cuboidal epithelium and a discontinuous layer of 

flattened myoepithelial cells and terminal end buds in an adipose tissue 

stroma (H & E x 40). No tumor was noticed in any control animal. Figure 

1B shows grade III modified Scarff-Bloom-Richardson (SBR) mammary 

duct carcinoma in casein group. This tumor is composed of sheets of 

infiltrating tumor without tubular elements comprising more than 75% of 

the tumor cells arranged in solid structures. The nuclei are crowded, 

enlarged, pleomorphic, with dense finely to coarsely granular chromatin, 

and visible nucleoli. More than 20 mitoses per 10 hpf at x 40 are present 

in this animal. Areas of tumor necrosis with polymorphonuclear 

neutrophil, lymphocyte, and plasma cell infiltrates are present.              

Representative photograph of light microscopy from breast 

tumors found in the DMBA/soy protein group are shown in Figure 1C 

(H & E x 40). It reveals the tumors to be composed of cells arranged in 

isolated small round to oval elongated tubules lined by columnar 

epithelial cells with one or two layers of basal nuclei. The lining epithelial 

cells exhibit enlarged, crowded, uniform, hyperchromatic nuclei with 

evenly disbursed finely granular chromatin and indistinct nucleoli. The 

basal nuclei of the tubular epithelium show an absence of myoepithelial 

cells, indicating infiltrating neoplastic cells. The tubules vary in size and 

shape, are mostly isolated, widely spaced, and surrounded by a copious 

amount of fibrous connective tissue. Occasional tubules show little 

intervening stroma. The solid areas displayed in the lesion are less than 

25% of the lesion. This lesion is comparable to a low-grade tumor, grade 

I modified Scarff-Bloom-Richardson mammary duct carcinoma. 

The miotic activity assessed in grading the tumors was verified by 

immunohistochemical reactions for Ki-67 antibody (Figure 1D -1F). 

Tumors from animals in the DMBA/casein group (Figure 1E) had 

more 3.0-fold of the cells staining positive with Ki-67 antibody than 

control (Figure 1D). However, tumors from the animals of the DMBA/soy 

protein group showed 1.4-fold increase of the cells staining with Ki-67 

antibody (Figure 1F) than control group.  Thus, proliferative index was 

significantly lower (2.8 fold) in the soy protein group than that in the 

casein group (Figure 1G). 

 

Figure 1: Histological section (H and E staining; A-C) and Ki 67 labelling index (D-F) from breast of rats (A, D) fed either casein or soy without 

treatment with DMBA (B, E) fed casein and (C, F) fed soy and treated with DMBA and (G) the percentage of positively stained tumor cells among 

the total number of malignant cells assessed in 20 randomly selected fields in each section (N= 6 section/group; N=5 animals). X 40. 

Tumor had higher activity of ERK1/2, p38 and JNK than control (Figure 2A-2C). However, tumors in the animals fed soy protein had significantly 

lower total levels and activities for all MAPKs than animals fed casein (Figure 2A-2C, Table 1).   
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Tumor Group Normalized with respect to 

ERK 1/2 P38 

Ratio 

(Phospo/Total) 

% 

Change 

Ratio 

(Phospo/Total) 

% 

Change 

Casein 0.72 52.78↓ 7.53 34.5↓ 

Soy protein 0.34 4.93 

Table 1: Effects of casein and soy protein on mitogenic activated kinase (MAPK) activity in brest with or without DMBA treatment 

The activity of ERK1/2 increased 1.4-fold in casein than control, 

whereas it decreased 1.7-fold in soy group than casein (Figure 2A). 

Furthermore, the ratio of PhosphoERK1/2 vs total decreased 2.1-fold in 

tumor from soy group than casein group (Table 1). Figure 2B shows 

the total of p38 MAPK activity. Both total p38MAPK activity and ratio 

of phospho p38MAPK vs total p38 MAPK increased 1.9-fold and 7.5-

fold in casein group than control, whereas it decreased 1.8-fold and 1.5-

fold in soy group than casein respectively (Figure 2B, Table 1).  The total 

JNK1/2 activity increased 14.7-fold and 6.7-fold in both casein and soy 

group than control (Figure 2C, Table 1) whereas both total and ratio of 

phospho JNK1/2 decreased in soy protein group 2.2-fold and 1.6-

fold than casein respectively (Figure 2C, Table 1). Tumors of both casein 

and soy groups had higher phospho ERK 1/2, phospho p38 and phospho 

JNK1/2 activity than corresponding control (Table 1. However, tumors in 

animals fed soy protein had significantly lower level of activities for all 

phospho MAPKs than animals fed casein (Table 1). Since we observed a 

significant increase in the activity of the JNK family in tumors, we 

measured the protein level of individual members of the JNK family 

(JNK-1 (D, F) and JNK-2 (E, G) in Figure 2). While no significant 

change in the protein level of JNK-1 (Figure 2F) was observed, a 

significant increase in JNK-2 (Figure 2G) was observed in the tumors of 

animals fed either casein (3.1 fold) or soy protein (1.9 fold) than 

control (Figure 2G). But this level was much elevated in the casein group 

than soy protein group (1.7 fold decreased than casein, Figure 2D -2G). 

 
Figure 2: The effect of casein and soy protein on mitogen-activated protein kinase (MAPK) activity (A-C) and the level of JNK-1 (D) and JNK-2 

(E) at Breast tissue. (A) ERK 1/2 activity, (B) p38 activity, (C) JNK 1/2 activity. Results are expressed as mean  SEM (N= 5 /group). (F) Histograms 

summarizing western blot analysis data for JNK-1. (G) Histograms summarizing western blot analysis data for JNK-2. Results are expressed as 

Mean ± SEM; (N=5/group). *p < 0.05 for DMBA exposed animals fed casein compared to normal and #p < 0.05 for DMBA-exposed animals fed soy 

protein vs DMBA-exposed animals fed casein. 
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According to Figure 3A, DNA binding activities of members of Fos 

family, such as c-Fos (1.5 fold), FosB (1.3fold), Fra-1 (1.4fold), Fra-2 

(1.1 fold) and members of Jun family such as Jun B (1.2 fold) and (JunD, 

1.7fold)) was significantly higher in tumors of animals fed casein than 

corresponding control (Figure 3A). However, this increased activation of 

c-Fos (1.2 fold), FosB (1.3 fold), Fra-1 (1.3 fold) and JunD (1.2 fold) in 

tumors was downregulated when casein was replaced by soy protein in 

diets, but c-Fos and JunD activity increased in tumor of soy group from 

the control (Figure 3A). 

Since we observed higher activation of AP-1 transcription factor in casein 

group than soy protein group, we determined the protein levels of 

individual members of AP-1 family. We found a significant increase in 

ATF-2 (2.9 fold and 2.0-fold; Figure 3B, 3D) and L-ZIP (5.9 fold 

and 2.4-fold; Figure 3C, 3E) protein expression in the tumors of animals 

fed either casein or soy protein respectively. But this level was much 

elevated in tumors of casein group (1.4 fold and 2.5-fold) than soy protein 

group (Figure 3B-E). 

 
Figure 3: The effect of casein and soy protein on (A) AP-1 activation and level of (B) ATF-2, and (C) L-ZIP in control and DMBA-induced rat breast 

tumors (N = 5 in each group). (D) Histograms summarizing western blot analysis data for ATF-2 and. (E) Histograms summarizing western blot 

analysis data for LZIP. Results are expressed as Mean ± SEM. *p < 0.05 for DMBA exposed animals fed casein compared to normal. 

(D) Histograms summarizing western blot analysis data for LZIP, *p < 0.05 compared to normal, and #p < 0.05 for DMBA-exposed animals fed soy 

protein vs DMBA-exposed animals fed casein. 

We also observed a significant increase in the protein levels of c-Fos 

(1.8 fold; Figure 4A, 4D), Fos-B (1.8 fold; Figure 4B, 4E) and Fra-

1(2.0 fold; Figure 4C, 4F) in tumors of casein group than control breast 

tissues. But this level was significantly decreased (1.8-fold, 1.7-

fold and 2-fold respectively) when casein is replaced by soy protein 

(Figure 4A- 4F). No significant change was observed in Fra-2 protein 

expression between tumors and control breast tissues (data not shown).  A 

significant increase in the protein levels of c-Jun (2.3 fold and 2.9-fold; 

Figure. 4G, 4J), Jun-B (4.9 fold and 4.4-fold; Figure. 4H, 4K) and Jun-D 

(5.9 fold and 4.9-fold; Figure 4I, 4L) was observed in both casein and soy 

group tumors respectively than control breast tissues (Figure 4G -4L). 

However, no significant difference was observed between casein group 

and soy protein group (Figure 4G -4L). 

Since we observed significant variation of c-Fos and c-Jun level in tumor 

of both casein and soy protein groups, we measured the expression of both 

c-Fos and c-Jun in both tumors and control groups. The band densities 

obtained for c-Fos and c-Jun after normalization with that of GAPDH are 

shown in Figure 4M to 4P. We observed a significant increase (1.6 fold) 

increase in c-Fos gene expression in tumor of casein group than 

control (Figure 4M, 4N).  c-Fos expression was decreased 1.5-fold in 

tumor when casein is replaced by soy protein (Figure 4M, 4O), whereas 

c-Jun expression was significantly higher in both casein (1.5 fold) and 

soy protein group (1.8 fold) respectively than control (Figure 4N, 4P). 



J. Cancer Research and Cellular Therapeutics                                                                                                                                                     Copy rights@ Salil K. Das et.al. 

 

 
Auctores Publishing LLC – Volume 6(4)-122 www.auctoresonline.org  
ISSN: 2640-1053   Page 7 of 14 

 

Figure 4: The effect of casein and soy protein on the level of  c-Fos (A), Fos-B (B) Fra-1 (C), c-Jun (G), Jun B (H) and JunD (I) and PCR-analysis 

product of c-Fos (M) and c-Jun (N) in control and DMBA-induced rat breast tumors (N = 5 in each group). Histograms summarizing western blot 

analysis data for c-Fos (D); Fos B (E), Fra-1(F), c-Jun (J), Jun B (K), Jun D (L) and PCR analysis data of c-Fos (O) and c-Jun (P).  Results are 

expressed as Mean ± SEM. *p < 0.05 for DMBA exposed animals fed casein compared to normal and #p < 0.05 for DMBA-exposed animals fed soy 

protein vs DMBA-exposed animals fed casein. 

Emerging evidence suggests that PCNA is at the very heart of many 

essential cellular processes, such as DNA replication, repair of DNA 

damage, chromatin structure maintenance, chromosome segregation and 

cell-cycle progression. Cyclin D1 is an important regulator of the cell 

cycle progression and development of cancer. To further explore the 

involvement of AP-1 in cell proliferation and cell-cycle progression, we 

determined the protein levels of cell cycle proteins, PCNA (Figure 5A, 

5C) and cyclin D1 (Figure 5B and 5D). The data obtained after 

normalization with β-actin revel that the protein levels of both PCNA (2.0 

fold) and cyclin D1 (7.0 fold) were significantly higher in casein tumors 

than control breast tissues (Figure 5A-5D). However, the levels PCNA 

(1.2 fold) and cyclin D1 (1.4 fold) were significantly lower in soy protein 

group than casein group (Figure 5A-5D). 
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Figure 5: The level of PCNA (A), cyclin D1 (B), MMP-9 (E) and uPA (F) in control breast tissue and DMBA-induced breast tumors in rats fed either 

casein or soy as dietary protein (N = 5 in each group). (N = 5 in each group). Histograms summarizing western blot analysis data for PCNA 

(c), cyclin D1 (D), MMP-9 (G) and uPA (H).  Results are expressed as mean  SEM. *p < 0.05 for DMBA exposed animals fed casein compared to 

normal and #p < 0.05 for DMBA-exposed animals fed soy protein vs DMBA-exposed animals fed casein. 

Matrix metalloproteinases (MMPs) have been implicated in diverse roles 

in breast cancer development and progression. While many of the 

different MMPs expressed in breast cancer are produced by stromal cells 

MMP-9 is produced and AP-1 was the crucial transcriptional factor for 

expression of MMP-9 and uPA. Hence, we explore whether there is any 

differential effect between casein and soy protein on the level of MMP-9 

(Figure 5E, 5G) and uPA (Figure 5F, 5H) in DMBA-induced breast 

tumor. Figure 5E-5H show that the level of MMP-9 and uPA 

were increased 2.7-fold and 4.2-fold respectively at casein group than 

control, but it decreased 2.0-fold and 2.4-fold respectively, wen casein 

is replaced by soy protein (Figure 5E-5H). 

Previously, we reported that total replacement of casein protein with soy 

protein causes not only causes delay initiation and progression but 

also decreased the number of breast tumor present in the rat [23]. To 

further explore whether the combination of casein and soy protein has any 

effect on tumor incidence and total number of tumors in DMBA-induced 

rat breast. Our preliminary data indicated that 10% casein with 10% 

soy also causes gradual delay the time course of palpatable tumor 

incidence (Figure 6A) than 20% casein only. Both number of rats with 

tumor (Figure 6B) and the number of tumors per rat (Figure 6C) 

decreased as soy protein replace casein. The initiation of tumor 

development was observed as follow 20% Casein (Group 1) <10% 

casein pulse 10% soy protein (Group 2) < 0% casein and 20% soy (Group 

3, Figure 6A) after post-treatment with DMBA. After 120 days, we 

observed that 100% contain multiple tumors in group I and it decreased 

25% when 10% casein replace with 10% soy in group 2 and 75% group 

3 when we totally replace with soy protein (Figure 6B). Furthermore, we 

also observed significantly number of tumors per rat decreased 1.6-

fold in group 2 and 6.3-fold in group 3 than group 1 (Figure 6C). 
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Figure 6: Effect of diet on breast A. time course of palpatable tumor (initiation), B. number of rats with tumor and C. Total number of tumor/rats. 

Results are expressed as mean ± SEM, N= 5. * p< 0.05: **p < 0.001. 

Discussion 

Breast cancer is the most common cancer among women in both 

developed and less-developed countries. According to GLOBOCAN, 

cancer is a major health problem worldwide. The number 

of cases increases every year and rates in countries with high 

consumption of soybeans and whey are lower than those in the United 

States. Barak and Fridman [60] reported that the people who adhere to the 

Mediterranean Diet have lower incident of cancer. We previously 

reported that both soy protein and α-lactalbumin, which is one of the 

active components of whey, has a beneficial effect on the initiation, 

progression and development of more aggressive breast cancer 23, 61
. The 

aim of this study was to not only validate our previous observation, but 

also elucidate the possible mechanism by which soy protein mediates 

its delay the initiation tumor and protective effect on the development of 

aggressive breast tumors. We observed that 100% of the tumors in 

DMBA/soy protein group was non-aggressive (Grade I) where as DMBA-

casein group higher percentage of aggressive tumors (Grade I > Grade 

II > Grade III) of aggressive tumors as reported previously by us 23
. Based 

on recent a large cohort data analysis of a clinical cancer registry, it was 

demonstrated that Ki-67 is frequently determined in clinical study for the 

prediction of the risk of reoccurrence 62
.  We observed that the number of 

Ki-67 positive staining intensities i.e., the proliferative activity of the 

tumor per field significantly increases in DMBA/casein group where as it 

was significantly reduced in DMBA-soy group than that in casein group 

(Figure 1G). Positive Ki-67 staining correlates with degree of 

differentiation, vascular invasion, lymph node metastasis and 

aggressiveness of the tumors as reported by us and others [23, 61-

63].  Recent studies also indicated that the proliferation biomarker Ki-67 

is also considered as a prognostic factor for breast cancer and level can be 

used as a valuable biomarker in breast cancer patients [64, 65]. Our 

present study also demonstrate that there was a strong correlation between 

grading (Figure 1A-1C) and Ki-67 (Figure 1D-1G) and validate our 

previous observation that the DMBA-soy protein group contained lower 

grade tumor than DMBA-casein group. This result indicates that 

when casein protein was replaced with soy protein not only significantly 

and physiologically delay development of mammary tumor in rats 

exposed to DMBA but also inhibits the aggressiveness of tumor 

progression. 

To identify the signaling pathways that is involved in mediating 

this differential effect of casein and soy protein on mammary gland, we 

measured the signaling cascade of individual members of both total and 

phosphoMAPK family i.e., ERK (Figure 2A), p38 (Figure 2B), and JNK 

(Figure 2C, Table 1) in the breast tissues. According to our results, a 

significant increase was observed both the activity of total and 

phosphoMAPKs (ERK1/2, p38 and JNK1/2) was higher in tumor of both 

DMBA-casein and DMBA-soy than control breast tissues. Soy protein 

showed a significant decrease in the activity of all MAPKs (Figure 2, 

Table 1). Western blot analysis revealed that it was JNK-1 (Figure2D, 

2F) and not JNK-2 (Figure 2E, 2G) was increased in both DMBA-Casein 

and DMBA-soy protein group tumors than control breast tissues 

(Figure 2D-2G), but soy protein decreased significantly the protein level 

of JNK-2 in comparison to the DMBA-casein group (Figure 2E, 

2G). Chen et. al [66] reported that ERK plays a significant role in 

progression of tumor. Recent report indicates that rapidly accelerated 

fibrosarcoma/mitogen-activated protein kinase (MEK)/ERK signaling 

pathway is significantly correlated with the clinicopathological features 

and prognosis for patient’s breast cancer having axillary lymph node 

metastasis [67]. Studies have shown that p38MAPK promotes breast 

carcinoma invasion and metastasis [67]. Multivariate analysis indicates 

that triple negative breast cancer (TNBC) patient with ERK-2 – 

overexpressing tumor had a lower overall survival rate than those with 

low ERK-2-expressing tumors.  ERK-2 and pMAPK are valuable 

prognostic markers in TNBC. Further studies are justified to elucidate 

ERK’s role in TNBC tumorigenicity and metastasis [68]. Current 

evidence clearly shows that MAPK pathways such as JNK and p38 

play important role in the not only enhance the efficacy but also 

development resistance and toxicity of chemotherapeutic drugs 

[69].  P38MAPK signaling in tumor cells promotes breast carcinoma 

growth and metastasis by altering the tumor microenvironment (TME). 

Inactivation of p38MAPK signaling in breast carcinoma cells reduced 

growth and spontaneous metastasis of tumor xenografts [70]. The present 

study indicates that soy protein significantly inhibits all three MAPKs 

activity and can provide new therapeutic options for treatment of breast 

cancer including metastasis disease. 

Distinct MAPK pathways are responsible for the 

phosphorylation and activation of AP-1 proteins [71]. The stress-

responsive p38 and JNK MAPK pathways regulate cell cycle and 

apoptosis [72]. MAPKs have significant roles in mediating signals 

triggered by cytokines, growth factors, and environmental stress; and are 

involved in controlling cell proliferation, cell differentiation, and death 

[73, 74]. Recently, it has been reported that soy sauce induced 

mitochromesis and increased oxidative stress tolerance, which is 

mediated through p38 MAPK pathway [75]. Development and 
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progression of breast tumors involve a complex series of events, including 

oxidative stress, dysregulation of cellular differentiation, excessive 

proliferation and resistance to apoptosis [76]. Moreover, our laboratory 

reported that antioxidant liposome significantly counteracted the half 

mustard gas-induced oxidative stress and activation of AP-1 transcription 

factors by modulating Fos, Jun and ATF family as a result it protects form 

mustard gas induced lung injury [58]. Oxidative stress is a crucial factor 

for cancer progression and therapy. Several studies have shown that 

DMBA can be used to induce experimental breast carcinomas in rats and 

that this process involves disruption of tissue redox balance; in turn, this 

suggests that biochemical and pathophysiological disturbances may result 

from oxidative damage [77, 78]. Soy, phytochemicals and other 

antioxidant intake decreases oxidative stress as well as their ability to 

induce apoptosis in cancer cells [79, 80]. Our result suggests that soy 

protein may have imparted its beneficial effects by controlling the MAPK 

pathway. The precise nature of the effect of oxidative stress on cancer 

development and/or response to treatment with soy protein requires 

further exploration. 

AP-1 is the downstream signal of MAPKs 

signaling pathways and the blocking of MAPKs leads to the inhibition of 

AP-1 transactivation and subsequent cell transformation [34]. AP-1 

activity plays a critical role in the process of tumorigenesis [35]. AP-1 

transcription factors are targeted by many signal transduction pathways 

and regulate a multiple of cellular processes, such as cell proliferation, 

survival, differentiation, invasion and carcinogenesis, depending on their 

dimer composition [80-83]. To elucidate the downstream signal of MAPK 

pathway, we monitored the protein levels of AP-1 family. Since AP-1 is 

a homo or hetero dimers of Fos family, Fos/activating transcription factor 

(ATF) and Jun subfamilies of basic-region leucine-zipper (L-ZIP) 

proteins, we measured the protein levels of individual components. For 

ATF, we studied only ATF-2 since it is the predominant form in 

vertebrate. The protein levels of Fos/activating transcription factor (ATF-

2) and Jun subfamilies of basic-region leucine-zipper (L-ZIP) proteins 

were higher in tumor samples from casein group than corresponding 

controls. The protein level of both ATF-2 (Figure 3B, 3D) and L-

ZIP (Figure 3C, 3E) were decreased if casein was replaced by soy 

protein. It has been reported that pATF2 has been shown to facilitate the 

transcription of MMP2, which increases migration in H-Ras-transformed 

MCF10A human breast epithelial cells indicating that ATF2 may play a 

role in breast cancer metastasis [84]. It has been also reported 

that Knocking ZIP expression down in breast cancer cells leads to 

dysregulated proliferation, indicating its potential role as a tumor 

suppressor [85]. However, whether ATF-2 and ZIP play important role in 

delay initiation and progression of breast tumor by soy protein requires 

further exploration. 

We also measured the protein level of individual family 

members of both Fos (c-Fos, Fra-1, Fra-2 and Fos B) and Jun (c-Jun, Jun 

B and Jun D). The protein levels of certain family members were higher 

in tumor samples than corresponding control (Figure 4). Soy protein 

caused a decrease in the protein levels of c-Fos, Fra-1 and Fos-

B (Figure 4A-4F) and also members of Jun family Jun B and Jun 

D (Figures 4H, 4K and 4I, 4L) except Jun C (Figure 4G, 4J). It has been 

reported that there was significant association between increased Jun B 

expression and reduced tumor size and tumor stage [82]. Jun and Fos 

proteins differ significantly in both their DNA binding and transactivation 

potential as well as their target gene regulation [86]. In vitro studies have 

shown that Jun/Fos heterodimers are more stable and have a stronger 

DNA binding activity than Jun homodimers [87, 88]. Although soy 

protein increased the expression of c-Jun (Figure 4N, 4P) but the c-Fos 

expression in the tumors of the soy protein group was at the basal 

level (Figure 4M.4O). Since c-Fos and c-Jun dimerization is necessary to 

activate AP-1, we conclude that activation of AP-1 is higher in tumors 

from casein group than that in tumors from soy protein group. There is 

no10utationn in c-Fos or c-Jun gene in tumor of both casein and soy group 

than normal. Sundqvist et al [89] reported that the AP-1 component Jun 

B was requires for expression of many late invasion mediating genes, 

creating a feed-forward regulatory network that aggravates breast cancer 

invasion. Recent report also shown that the AP-1 member Fra-1 

expression level is correlated with the expression of genes that have been 

implicated in cancer, influences cell proliferation, in vitro cell 

invasiveness and motility of breast cancer cells as a result it play a pivotal 

role in breast cancer progression and aggressiveness of TNBC [90, 

91].
  The present study indicates that replacement of casein protein by soy 

protein significantly decreased c-Fos, Fos B and Fra-1 (Figure 4A-

4F) level in DMBA-induced rat breast tumor. Hence, this is the 

first report that consumption of soy protein rather than animal protein 

modulates both AP-I and MAPK signaling and as a result it delays the 

initiation and aggressiveness DMBA-induced rat breast tumor. 

Proliferating cell nuclear antigen (PCNA) is a cofactor of DNA 

polymerase delta and is required for DNA synthesis. The PCNA gene 

contains AP-1 sites in the promoter region and its expression is regulated 

by AP-1 activity [91]. Cyclin D1, the regulatory subunit of several cyclin-

dependent kinases, is required for, and capable of shortening, the G1 

phase of the cell cycle. AP-1 proteins bind the cyclin D1-954 region. 

Cyclin D1 promoter activity was stimulated by over expression of 

mitogen-activated protein kinase through the proximal 22 base pairs 

[92]. Several AP-1 proteins are shown to bind these sites and activate 

cyclin D1 expression [93]. Our result shows an up regulation of both 

PCNA and cyclin D1 in DMBA- exposed animal fed casein compared 

with control (Figure 5A -5D). But these increase of PCNA and Cyclin D1 

are down regulated when casein is replaced by soy protein (Figure 5A-

5D). Hence, our results show that replacing casein with soy protein down 

regulate AP-1 dependent cell cycle proteins as well as cell differentiation 

marker animal exposed to DMBA (Figure 5A-5D) as a 

result it inhibits tumor cells proliferation and differentiation. 

The progression, invasion and metastasis are augmented by 

proteolytic enzymes like metalloproteinase and serine protease, because 

they degrade the basement membrane enabling the tumor cells to invade 

the adjacent tissues [94].  In the present study we observed that 

casein significantly increased both MMP-9 and uPA level (Figure 5E-

5H) than control, whereas replacing casein protein with soy protein 

significantly decreased the level of MMP-9 and uPA in DMBA-induced 

rat breast tumor. Recent meta-analysis demonstrated that overexpression 

of both MMP-2 and MMP-9 in tumor was associated with larger tumor 

size, lymph node metastasis and poor prognosis [54, 57].  It has been 

reported that the uPA activates many intracellular signaling and play 

important role in inflammation and tissue remodeling [95] 

and overexpression of uPA enhanced malignant potential in TNBC 

[96].  Moreover, simultaneous knockdown of both uPA and MMP-9 not 

only reduced breast cancer progression but also decreased the epithelial 

cells to mesenchymal transition (ENT) in the tumor micro-environment 

by altering the expression of ENT genes [97].   In the present study, we 

observed that soy protein significantly decreased the level of both MMP-

9 and uPA in DMBA-induced rat tumor (Figure 5E-5H) and 

aggressiveness of tumor (Figure 1).  However, the precise mechanism of 

action of soy protein in modulation of uPA and MMP-9 function on 

regulation of aggressiveness breast cancer and whether deactivation of 

MAPK pathway and /or down-regulation of AP-1 by soy protein requires 

further investigation. 

We previously reported that replacing casein with soy protein not 

only delay tumor initiation and decreased tumor size and number, but 

also inhibited progression of higher clinical stage of tumors. In the 

present study, we observed that feeding 10% casein plus10% soy 

protein delay tumor initiation in rat after DMBA post-treatment (Figure 

6A) than 20% casein group but earlier than 20% soy protein group. 
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Furthermore, we also observed that both numbers of rat with 

tumor and number of tumor present in each rat varies as follow 

20% casein (group 1) > 10% casein plus 10% soy protein (group 2) > 

20% soy (group 3) (Figure 6B and 6C). Furthermore, we also observed 

that both tumor size and clinical grading of rat tumor decreased with 

gradual replacing casein with soy protein as follow 20% casein (group 1) 

< 10% casein plus 10% soy < 20% soy only (group 3) respectively (data 

not shown). Hence, our preliminary data indicates that total replacement 

of casein by soy protein is required for delay initiation, progression and 

aggressiveness of DMBA-induced rat breast tumor, but needs further 

validation. 

Conclusion 

The present study demonstrates that the beneficial effect of soy protein in 

breast cancer prevention may be mediated by control of MAPK/AP-1 

pathway. We conclude that deactivation of MAPK pathway lead to down-

regulation of the AP-1 activation which in turn down regulates the target 

gene and may responsible for the beneficial effects of soy protein. 

Possible mechanism of action by which soy protein modulate MAPK/AP-

1 signaling in DMBA-induced breast cancer are shown in Figure 7.  

 

Figure 7: Schematic presentation of possible mechanism of action of Soy protein. (modified from reference 35). 

Furthermore, our findings suggest that 38MAPK, MMP-9 and uPA may 

be a potential target for anticancer therapy inhibiting tumor vasculature 

and invasion stimulated by tumor-associated stroma. 

Soy protein diets have been associated with lower risk of various diseases, 

including type 2 diabetes, cardiovascular disease, and other 

cardiometabolic risk factors. However, the association between soy 

protein diet quality and breast cancer remains unclear. This study provides 

evidence that adherence to a healthful soy protein diet may reduce the risk 

of breast cancer, especially those that are more likely to be aggressive 

tumors. Moreover, total replacement of animal protein by soy/plant 

protein may provide a new therapeutic option for treatment/management 

of breast cancer, including metastatic disease.  
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