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Abstract

African Americans (AA) have higher death rates due to prostate and breast cancer as com-

pared to Caucasian Americans (CA), and few biomarkers have been associated with this

disparity. In our study we investigated whether epithelial-mesenchymal transition (EMT)

with a focus on Snail and Cathepsin L (Cat L), could potentially be two markers associated

with prostate and breast health disparities. We have previously shown that Snail can

increase Cat L protein and activity in prostate and breast cancer. Western blot and real-time

PCR analyses showed that mesenchymal protein expression (Snail, vimentin, Cat L) and

Cat L activity (shown by zymography) was higher in AA prostate cancer cells as compared

to CA normal transformed RWPE-1 prostate epithelial cells, and androgen-dependent cells,

and comparable to metastatic CA cell lines. With respect to breast cancer, mesenchymal

markers were higher in TNBC compared to non-TNBC cells. The higher mesenchymal

marker expression was functionally associated with higher proliferative and migratory rates.

Immunohistochemistry showed that both nuclear Snail and Cat L expression was signifi-

cantly higher in cancer compared to normal for CA and Bahamas prostate patient tissue.

Interestingly, AA normal tissue stained higher for nuclear Snail and Cat L that was not signif-

icantly different to cancer tissue for both prostate and breast tissue, but was significantly

higher than CA normal tissue. AA TNBC tissue also displayed significantly higher nuclear

Snail expression compared to CA TNBC, while no significant differences were observed

with Luminal A cancer tissue. Therefore, increased EMT in AA compared to CA that may

contribute to the more aggressive disease.
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Introduction

Prostate cancer is the most common non-cutaneous cancer in men and is considered the sec-

ond most frequent cause of death in men in the United States [1]. Moreover, African American

men (AA) have a higher incidence rate and two-fold increased mortality due to prostate cancer

as compared to Caucasian American men (CA) [2]. Among the Caribbean population, pros-

tate cancer is the leading cause of cancer death in men, followed by lung cancer [3]. Although

most studies in health disparity focus on genomics, some have suggested that this health dis-

parity could also be due to biological factors. Triple-negative breast cancers (TNBCs) are

defined as tumors lacking the expression of estrogen receptor-alpha (ER-α), progesterone

receptor (PR) and human epidermal growth factor receptor-2 (HER-2), which accounts for

approximately 15% of total breast cancer patients, and is more prevalent among young Afri-

can, African-American and Latino women patients [4]. The mortality due to TNBC is higher

in African-American and Latino patients, compared to other ethnic groups [5]. TNBCs are

considered to be among the most drug resistant, virulent and difficult to treat subtype of breast

cancer and often associated with the Epithelial Mesenchymal Transition (EMT) and a high

propensity for early metastasis [6]. The primary cause of breast cancer death is metastasis,

which is regulated by several factors and signaling pathways such as EMT, a dynamic process

that promotes cell motility with decreased adhesive ability between cells to their neighbors [7].

Epithelial Mesenchymal Transition (EMT) plays a key role in cancer progression and

metastasis. Epithelial cells undergo morphological and biochemical changes to form a new

mesenchymal phenotype, and can be induced by various signaling molecules such as Trans-

forming Growth Factor-β (TGF-β) and Wnt/β-catenin [8] [9]. EMT can be regulated also by

Snail transcription factor, a downstream effector of TGF-β, which leads to down-regulation of

epithelial markers such as E-cadherin (tight junction protein), and increase in mesenchymal

markers as vimentin and fibronectin [10]. Snail, a zinc finger protein, can induce EMT by

binding to E-box elements of E-cadherin promoter to decrease its transcription [11]. Increased

Snail expression has been shown to present a high risk for cancer progression [12, 13].

Cathepsin proteins are proteolytic enzymes. There are around 11 human cathepsins

expressed at different levels within the human genome. The three major subgroups are based

on the amino acid present at the active site; cysteine cathepsins (B,C,H,F,K,L,O,V,W), aspas-

tate cathepsins (D and E), and serine cathepsins (G) [14]. It has been proposed the cathepsins

proteins activated in the acidic environments [15]. Cathepsin L (Cat L) is responsible for the

degradation of the extracellular matrix and basement membranes [16]. Cat L can also regulate

the cell cycle through regulating the nuclear transcription factors [17]. Cat L is reported to be

up-regulated in various malignant carcinoma; breast [18], colon [19], prostate [20], head and

neck, and lung [21].

We have shown previously that Snail overexpression can upregulate Cat L expression and

activity via the signal transducer and activator of transcription 3 (STAT3) signaling pathway

[22]. We also showed that Snail promotes nuclear translocation of Cat L which subsequently

degrades its substrate, Cux1, leading to Cux1 repression of E-cadherin and induction of Snail

transcription to further promote EMT [23].

There is scarcity of data on EMT in health disparities, and it has not been studied in the

Caribbean population. It was previously published that Kaiso, an EMT inducer, is higher in

AA prostate and breast cancer patients as compared to CA [24–27]. Moreover, it was recently

published that AA prostate cancer patients displayed higher serum levels of TGF-β3 protein

compared to CA patients [28]. However, Snail and Cat L have not been extensively studied

with regards to health disparities in prostate and breast cancer.

EMT in health disparities
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In this study, we investigated the association of EMT with health disparities, focusing on

Snail and Cat L as potential biomarkers. We compared the expression of Snail and Cat L

expression AA and CA cells lines as well as patient tissue samples from AA, Caribbean and CA

men, as well as biological activity looking at cell proliferation and migration. We observed

higher EMT in AA compared to CA along with increased proliferation and/or migration.

Material and methods

Reagents and antibodies

Anti-mouse α-tubulin antibody was from Sigma-Aldrich, Inc., St Louis, MO. Rat monoclonal

anti-Snail and HRP-conjugated goat anti-rat antibodies were from Cell Signaling Technology,

Inc., Danvers, MA. Goat monoclonal anti-Cat L and goat monoclonal anti-vimentin antibod-

ies were purchased from R&D Systems (Minneapolis, MN). The HRP conjugated donkey anti-

goat, anti-mouse Twist, and anti-mouse E-cadherin were purchased from Santa Cruz Biotech-

nology (Santa Cruz, CA). HRP-conjugated sheep anti-mouse and sheep anti-goat were pur-

chased from Amersham Biosciences, Buckinghamshire, UK. Luminata Forte The anti-mouse

Occludin antibody was purchased from Invitrogen (Carlsbad, CA). HRP chemiluminescence

detection reagent was purchased from EMD Millipore (Billerica, MA). The protease inhibitor

cocktail was from Roche Molecular Biochemicals, Indianapolis, IN.

Cell lines and cell culture

Prostate cells obtained from ATCC, Manassas, VA included RWPE-1 (CA; normal trans-

formed prostate epithelial), LNCaP (derived from lymph node metastasis in CA prostate can-

cer patient; it is tumorigenic but not metastatic in mice), 22Rv1 (CA; derived after castration-

induced regression and relapse of the parental androgen-dependent CWR22, it is tumorigenic

but not metastatic in mice), DU145 (derived from brain metastasis in CA male; it is tumori-

genic and metastatic in mice), C4-2 (CA; tumorigenic and osseous metastatic subline of

LNCaP), PC3 (derived from bone metastasis of CA patient with grade IV PCa; tumorigenic

and osseous metastasis in mice), MDA-PCa-2b (derived from bone metastatic site in AA;

tumorigenic but not metastatic in mice). E006AA (derived from AA with gleason 6 organ-con-

fined PCa; low tumorigenicity and not metastatic in mice) and E006AA-hT (AA, highly

tumorigenic subline of E006AA, not metastatic in mice) were provided as a kind gift from Dr.

Shahriar Koochekpour, Roswell Park Cancer Institute, New York, NY. Although E006AA-hT

was originally reported as an AA prostate cancer cell line, ATCC ran an STR profile for the

original starting material, and found that the results match the original characterization data,

however the STR profile was also was found to match the STR profile (86% match) of another

renal cell carcinoma cell line even though the originating laboratory did not use the renal car-

cinoma cell line. ARCaP-epithelial (ARCaP-E, CA, metastatic) and ARCaP-mesenchymal

(ARCaP-M, CA, highly metastatic) human prostate cancer cells were a kind gift from Dr.

Leland Chung, Cedars-Sinai Medical Center, Los Angeles, CA. The human breast cancer cells

lines were obtained from ATCC, Manassas, VA. MCF-7 and T47-D are ER+PR+HER2- (lumi-

nal A); MDA-MB-361 and BT-474 are ER+PR+HER2+ (luminal B); MDA-MB-231, HS-578T,

BT-549, MDA-MB-468 and HCC-1806 are TNBC models. MCF-7 cells stably transfected with

empty Neo vector (MCF-7 Neo) or constitutively active Snail (MCF-7 Snail) were generated

previously [29]. All cells except MDA-PCa-2b were grown in RPMI or DMEM (Lonza, Alpha-

retta, GA) supplemented with 10% fetal bovine serum (FBS) (Atlanta biological, Flowery

Branch, GA) and 1X penicillin-streptomycin (Mediatech, Herndon, VA). MDA-PCa-2b cells

were grown in HPC1 media with 20% FBS. All cells were maintained at 37˚C with 5% CO2 in

a humidified incubator.

EMT in health disparities
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Western blot analysis

Cells were lysed in a modified RIPA buffer as described previously [29]. Supernatants were col-

lected and quantified using a micro BCA assay (Promega, Madison, WI). 30 μg of cell lysate

was resolved using 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis, followed

by trans-blotting onto nitrocellulose membrane (Bio-Rad Laboratories, Hercules, CA). Mem-

branes were incubated with appropriate primary and secondary antibody, followed by visuali-

zation using Luminata Forte ECL reagent. The membranes were stripped using Restore

western blot stripping buffer (Pierce Biotechnology, Rockford, IL) prior to reprobing with a

different antibody.

Real-time PCR (RT-PCR)

Total RNA was isolated by using an RNeasy Mini Kit (Qiagen, Valencia, CA). Gene expression

was defined as the threshold cycle number (CT). Mean fold change in expression of the target

genes were calculated using the comparative CT method (RU; 2-ΔCt). All data were normalized to

the quantity of RNA input by Glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The follow-

ing primers were used Snail (Forward 5’-CACTATGCCGCGCTCTTTC-3’; Reverse 5’-GCT
GGAAGGTAAACTCTGCTGGATTAGA-3’, Cat L (Forward 5’-AATACAGCAACGGGCAGC
A-3’; Reverse 5’-AGCGGTTCCTGAAAAAGCCR-3’), E-cadherin (Forward 5’-GAAGGTGA
CEAGAGCCTCTGGAT-3’;Reverse 5’-GATCGGTTACCGTGATCAAAATC-3’), Vimentin

(Forward 5’-GCAAAGATTCCACTTTGCGT-3’; Reverse 5’-GAAATTGCAGGAGGAGA-3’)

Zymography

We utilized the cathepsin zymograpy technique as described previously [30]. Briefly, 1 ml of

conditioned media containing 0.1 mM leupeptin was concentrated utilizing vivaspin tube (GE

Health Care, Piscataway, NJ). The concentrated conditioned media was diluted 10-fold in 1X

RIPA buffer followed by determination of the protein concentration, electrophoresis using

0.2% gelatin substrate (Scholar Chemistry, Rochester, NY), incubation in cathepsin-renaturing

buffer (65 mM Tris buffer, pH 7.4 with 20% glycerol) and overnight incubation in pH 6

sodium phosphate assay buffer (0.1 M sodium phosphate buffer, 1 mM ethylenediaminetetra-

acetic acid, 2 mM dithiothreitol) at 37˚C. The gel was stained with Coomassie blue stain (10%

acetic acid, 25% isopropanol, 4.5% Coomassie Blue), destained (10% isopropanol and 10% ace-

tic acid) and proteolytic activity visualized as cleared bands. The pH conditions used will show

both Cat L and cathepsin S (Cat S) activity.

Cell migration

We utilized Costar 24-well plates containing a polycarbonate filter insert with an 8- μm pore

size, to coat with 4.46 μg/ μl rat tail collagen I (BD Bioscience, Bedford, MA) on the outside for

24 h at 4˚C. 5×104 cells were plated in the upper chamber containing RPMI supplemented

with 0.1% fetal bovine serum (FBS), whereas the lower chamber contained RPMI supple-

mented with 10% FBS. After 5 h, cells that migrated to the bottom of the insert were fixed,

stained with 0.05% crystal violet, and counted to obtain the relative migration. Each experi-

ment was done in triplicate, and the graphs represent an average of the 3 wells. All the experi-

ments were repeated at least three times.

Cell viability assay

LNCaP, C4-2, ARCaP-E, ARCaP-M, E006AA, E006AA-hT, MDA-PCa-2b cells were plated at

a density of 2,000 cells per well in 96-well plates and allowed to attach overnight. Viability was
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assessed daily using the CellTiter 961 Aqueous One Solution Cell Proliferation Assay accord-

ing to the supplier’s protocol.

Ethics statement

This study was approved by the Clark Atlanta University Institutional Review Board, and

approved it as of exempt since we used archival samples in which the patients could not be

identified.

Prostate patient samples

AA (36 normal, 38 cancer cases) and CA (33 normal, 45 cancer cases) prostate cancer tissues

(formalin-fixed) were purchased from Fox Chase Cancer Center Biosample Repository Facility

that provides well-annotated, fully-consented diseased and normal samples collected under an

IRB-approved protocol to industry and academic investigators for research purposes. For AA

men, the age range was 44–70, with an average age of 57, while for CA, the age range was 47–

79, with an average age of 59. We also acquired formalin-fixed patient tissue from the Bahamas

(35 normal, 25 cancer cases that was similarly collected under an IRB-approved protocol. For

Bahamas tissue, the age range was 47–88, with an average age of 69. The cancer cases ranged

from Stage 1 to 4.

Breast patient samples

Breast patient tissues (formalin-fixed) were purchased from Fox Chase Cancer Center Biosam-

ple Repository Facility. The following is the breakdown of the tissue obtained: For AA: normal

(n = 24), luminal A (n = 7), TNBC (n = 15). For CA: normal (n = 10), luminal A (n = 14),

TNBC (n = 13). The luminal A subtype represents ER+PR+HER2+; TNBC subtype represents

ER-PR-HER2-. The ages of CA patient tissue obtained ranged from 36–82, with an average age

of 55. The ages of AA patient tissue obtained ranged from 26–82, with an average age of 54.

Immunhistochemistry

Examination of the expression and distribution of Snail and Cat L was performed by immuno-

histochemistry (IHC) using prostate tissue (AA and CA normal and cancer varying from Stage

1 to 4) purchased from the Fox Chase Cancer Center, as well as Bahamian patient tissue. IHC

was performed using the Avidin-biotin immunohistochemical method. The slides were depar-

affinised in xylene and rehydrated using alcohol. Endogenous peroxidase activity was blocked

by 3% hydrogen peroxide. After antigen retrieval, sections were incubated with 10% serum to

avoid the non-specific binding. Sections were incubated with 1:200 primary antibody against

Cat L or Snail at 4˚C overnight followed by biotinylated secondary antibody, and incubation

with avidin-biotin complex (Vector, Burlingame, CA). Immunoreactivity was visualized using

diaminobenzidine (Sigma-Aldrich, St. Louis, MO, USA). The slide was subsequently counter-

stained with hematoxylin and mounted with xylene solution. Images were acquired using the

Axiovision Rel 4.8. Tissue was analyzed and digitally scored using the Leica biosystem software

(Digital Histology Shared Resource, Vanderbilt University, Nashville TN), confirmed using

our own Aperio Versa Image Scanner and scoring verified by a pathologist.

Immunofluorescence

5×103 cells were plated into 16 well chamber slides (Bio-Tek, Nunc, Winooski, VT). For treat-

ments, cells were either untreated, treated with 5 or 20 μm Z-FY-CHO for 3 days. Fixation was

performed with methanol/ethanol 1:1 volume for 5 min, followed by washes with 1× PBS and

EMT in health disparities
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blocking with protein blocking solution without serum (Dako, Camarillo, CA) for 10 min at

room temp. Subsequently, slides were incubated with primary antibody at 1 1:100 dilution in

Dako antibody diluent solution for 1 hr. at room temp. Slides were washed with 1× TBS-T

(Dako, Camarillo, CA), then incubated with secondary antibody in the dark for 1 hr. at room

temp. Secondary antibodies used were anti-rabbit Oregon green 488 or anti-mouse Alexa red

594 (Invitrogen, Carlsbad, CA). Slides were washed with 1× TBS-T and double deionized

water, prior to counterstaining with DAPI (1 μg/ml, Santa Cruz Biotechnology, Santa Cruz,

CA). Slides were mounted using Fluorogel mounting medium (Electron Microscopy Sciences,

Hatfield, PA). Fluorescence microscopy was performed using Zeiss microscope and Axiovi-

sion Rel 4.8 software.

Statistical analysis

Data were analyzed by a paired student’s t-test or ANOVA using GraphPad Prism software.

For all experiments � means 0.05> p value> 0.01, �� means 0.01 > p value > 0.001, and ���

means p value< 0.001. For IHC, we utilized Welch Two Sample t-test with Wilcoxon rank

sum test with continuity correction and 95 percent confidence interval.

Results

EMT marker expression in CA and AA cell lines

We examined the expression of EMT markers in a panel of prostate cancer cells lines of

increasing aggressiveness, and of CA and AA origin, by western blot analysis, as well as Cat L

activity by zymography. Epithelial markers examined included E-cadherin and Occludin,

while mesenchymal markers included Snail, Cat L, vimentin, and Twist. The morphology of

the cell lines is shown in Fig 1A. The normal transformed prostate epithelial cell line (RWPE-

1) and the CA tumorigenic but non-metastatic cell lines (LNCaP and 22rV1) expressed low

levels of Snail, vimentin, Cat L mesenchymal markers and high levels of E-cadherin (Fig 1B).

The metastatic CA prostate cancer cell lines (DU145, PC3, ARCaP-E, ARCaP-M) as well as the

tumorigenic but non-metastatic AA cell lines (E006AA, E006AA-hT, MDA-PCa -2b)

expressed higher levels of Snail, vimentin, Cat L, Twist and lower levels of E-cadherin (with

the exception of C4-2 and MDA-PCa-2b which still expressed high E-cadherin) (Fig 1B).

Occludin levels did not appear significantly different between the cell lines (Fig 1B). RWPE-1,

22RV1, LNCaP, PC-3 and ARCaP-M had a low amount of mature Cat L activity compared to

ARCaP-E, C4-2, DU145, and the AA cell lines, which displayed the highest amount of mature

Cat L activity (Fig 1C and 1D). Real time PCR analysis largely supported the western blot data

with some differences including ARCaP-E and E006AA displaying low levels of Snail and Cat

L mRNA (Fig 2) despite the protein being more abundant (Fig 1B) which may suggest some

post-translational regulations. Therefore, the data suggests that there is more EMT in CA met-

astatic cell lines as compared to non-metastatic cell lines, and that non-metastatic AA cell lines

also display EMT at levels similar to aggressive CA cell lines.

AA cell lines have increased migration and cell viability comparable to

metastatic CA cell lines

To further examine EMT biological functions in vitro, we looked at cell viability and migration

in the different cell lines. As compared to LNCaP, AA non-metastatic cell lines displayed

higher cell viability and migration, comparable or even higher than some of the metastatic CA

cell lines (Fig 3A and 3B). MDA-PCa-2b showed the highest proliferative and migratory rates

(Fig 3A and 3B).

EMT in health disparities
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Fig 1. Expression of EMT markers in prostate cell lines. (A) Morphology of Prostate Cancer cell lines. (B)The expression of EMT

markers (E-cadherin, vimentin, Snail, Cat L, Twist, and Occludin) were examined by western blot analysis. Alpha tubulin was used as

the loading control. (C) Zymogram of Cat L activity in various prostate cell lines. (D) Cat L activity was quantified by densitometry for

each band on the gel using NIH image J. (n = 3, ��� p< 0.001, ��p< 0.01, � p< 0.05). Values were normalized to untreated controls and

the mean± SEM of data were obtained from three independent replicate experiments. Statistical analysis was done with Student t test.

https://doi.org/10.1371/journal.pone.0203855.g001

Fig 2. mRNA analysis of EMT markers in CA and AA cell lines. Prostate cell lines were probed for mRNA levels by

real-time PCR analysis using primers specific for E-cadherin, Snail, vimentin and Cat L. Results are representative of at

least two independent experiments performed in triplicate.

https://doi.org/10.1371/journal.pone.0203855.g002
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TNBC cell lines display more EMT and cell migration compared to non-

TNBC cells

Since mortality due to TNBC is higher in African-American and Latino patients, compared to

other ethnic groups [5], and is associated with EMT, we wanted to confirm this using a panel

of breast cancer cell lines whose morphology is shown in Fig 4A. Western blot analysis showed

higher Snail and vimentin expression in TNBC cell lines (MDA-MB-231, HS-578T, BT-549,

MDA-MB-468 and HCC-1806) compared to Luminal cell lines (MCF-7, T47-D, MDA-MB-

361 and BT-474) (Fig 4B) which was associated with higher cell migration (Fig 4C), suggestive

of EMT. Mature Cat L was also higher in TNBC cells as compared to non-TNBC cells (Fig 4B).

E-cadherin was also generally lower in TNBC cells except for MDA-MB-468 and HCC-1806

cells which still expressed E-cadherin in addition to high Snail and vimentin (Fig 4B). Addi-

tionally, overexpression of Snail in MCF-7 cells promoted EMT and increased Cat L expres-

sion (Fig 4B and 4C).

Snail and Cat L expression in prostate patient tissue of AA, Bahamas and

CA origin

We sought to perform in vivo studies using patient tissue, and Snail and Cat L as representative

EMT markers. We previously reported that the expression of Cat L in prostate cancer tissue

from US Biomax increased with tumor grade and changed its localization from the cytoplasm

to the nucleus with increased tumor grade, but in normal tissue levels were low [31]. We also

have shown that an increase in Snail expression is correlated with an increase in Cat L activity

and expression [22, 23]. We utilized normal/tumor matched AA, CA of varying grades, and

included prostate patient tissue from the Bahamas (BAH) to stain for Snail and Cat L. We

observed that Snail and Cat L localization was nuclear/cytoplasmic in early stages of prostate

cancer (Stage 2) in AA samples compared to CA where these proteins were predominantly

cytoplasmic and nuclear localization was observed in Stage 3 (Fig 5A). Representative tissue

from the Bahamas showed that Snail and Cat L increased between normal and cancer (Fig 5B).

We digitally scored nuclear staining for Snail and Cat L in these tissues and verified staining

scores with a Pathologist. Data for nuclear staining was plotted and since we did not have

Fig 3. AA cell lines are highly proliferative and migratory. CA (LNCaP, C4-2, ARCaP-E, ARCaP-M) and AA

(E006AA, E006AA-hT, MDA-PCa-2b) cells were analysed for (A) cell viability using MTS and (B) transwell migration

across a collagen-coated boyden chamber. (��� p< 0.001, � p< 0.05). Mean± SEM of data were obtained from three

independent replicate experiments. Statistical analysis was done with Student t test.

https://doi.org/10.1371/journal.pone.0203855.g003
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enough tissue in different Stages for statistical significance, we plotted normal vs cancer (all

Stages from 1 to 4). This revealed that nuclear Snail and Cat L which have been implicated in

EMT were low in CA normal tissue but significantly increased in CA prostate cancer tissue

(p = 3.615e-07 for Snail; p = 2.674e-07 for Cat L) (Fig 5C, S1 Table). Interestingly Snail and

Cat L were already high in AA normal tissue, higher than normal CA and not significantly dif-

ferent from AA cancer tissue (p = 0.3236 for AA cancer vs normal for Snail and p = 0.08747

for AA cancer vs normal for Cat L) (Fig 5C, S1 Table). When compared to normal CA, normal

AA prostate tissue stained significantly higher for both nuclear Snail and Cat L (p = 2.2e-16; S2

and S3 Tables). This may contribute to the aggressive nature of prostate cancer in AA, in that

the proteins may already be expressed in normal tissue and at early stages the localization of

Cat L and Snail may be key to changes in EMT. The Bahamas tissue staining was intermediate

between CA and AA in both normal and cancer tissue, however, there was not statistical differ-

ence in Snail expression between Bahamian normal and cancer (p = 0.05622), but Cat L was

significantly higher in cancer vs normal (p = 0.0002003) (Fig 5C, S1 Table). Therefore, nuclear

Snail and Cat L is increased in cancer regardless of race, and interesting significant differences

were observed in normal tissue where nuclear Snail and Cat L was higher in normal AA and

Bahamas tissue compared to normal CA tissue.

Snail and Cat L expression is higher in AA and TNBC cells compared to CA

and non-TNBC cells

We investigated the expression of Snail and Cat L in breast patient tissue by IHC. Data indi-

cated that normal AA breast epithelial tissue adjacent to luminal A cancer expressed high levels

Fig 4. TNBC cell lines are more mesenchymal, proliferative and migratory as compared to non-TNBC cell lines. (A) The

morphology of estrogen-receptor (ER)-positive or non-TNBC cell lines (MCF-7, T47-D, MDA-MB-361 and BT-474) and TNBC cell

lines (MDA-MB-231, HS-578T, BT-549, MDA-MB-468 and HCC-1806) are shown. (B) TNBC and non-TNBC cells were analyzed for

EMT marker expression by western blot analysis. Alpha tubulin was used as the loading control. (C) transwell migration across a

collagen-coated boyden chamber was performed. (��� p< 0.001, ���� p< 0.0001). Mean± SEM of data were obtained from three

independent replicate experiments. Statistical analysis was done with Student t test.

https://doi.org/10.1371/journal.pone.0203855.g004
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of cytoplasmic Snail and Cat L compared to normal CA (which was mostly low to negative)

and comparable to adjacent cancer, while normal AA breast epithelial tissue adjacent to TNBC

expressed high levels of nuclear Snail and Cat L similar to TNBC tissue (Fig 6A and 6B). When

nuclear staining was scored and plotted, it revealed that AA normal and TNBC tissue displayed

significantly higher nuclear Snail (p = 0.0161 for normal and p = 01921 for TNBC) as com-

pared to CA, while no significant differences were observed between races for Luminal A

patient tissue (Fig 6C, S4 Table). Although Cat L staining seemed higher in normal AA vs nor-

mal CA breast tissue (Fig 6B and 6D), it was not statistically significant (p = 0.1141, S5 Table).

Therefore, the most significant racial difference in staining was observed in Snail expression

being higher in AA normal and TNBC breast tissue compared to CA tissue.

Discussion

African American men (AA) have the higher incidence and mortality rate due to prostate can-

cer compared to Caucasian American men (CA) [2]. Several epidemiological studies have

Fig 5. Snail and Cat L expression in prostate patient tissue. (A) Immunohistochemical (IHC) analysis was performed using normal and tumor matched

prostate adenocarcinoma tissue from Caucasian American (CA) African American (AA) men. For AA: n = 36 normal, n = 38 cancer and for CA: n = 33

normal, n = 45 cancer. Representative images are shown at 20X. (B) IHC for Snail and Cat L was similarly performed for Bahamian (BAH) men normal and

tumor-matched tissue (n = 34 normal, n = 22 cancer) and representative images shown at 20X. Inset, 40X mag. Nuclear staining for (C) Snail and (D) Cat L

was digitally scored using Image Scanner and verified by a Pathologist and graphed. Points represent nuclear Snail staining intensity of individual CA and

AA patients; bars represent the median value for the sample set.

https://doi.org/10.1371/journal.pone.0203855.g005
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suggested that different factors may contribute to increased prostate cancer risk for AA, but

the direct risk factors remain to be elucidated. Few biomarkers have been associated with pros-

tate cancer health disparity. Notably, the epidermal growth factor receptor signaling was found

to be more commonly expressed in tumors from AA when compared with European-Ameri-

can patients (EA) [32]. Additionally, several known metastasis-promoting genes, including

AMFR, CXCR4 and MMP9, were more highly expressed in tumors from AA than EA [33, 34].

In research by Rose et al., their data pointed to significant differences in tumor immunobiol-

ogy and inflammation pathways between AA and EA [35]. Triple-negative breast cancers

(TNBCs) that lack expression of estrogen receptor-alpha (ER-α), progesterone receptor (PR)

and human epidermal growth factor receptor-2 (HER-2), is more prevalent among women of

African descent and Latino women patients [4]. The mortality due to TNBC is higher in Afri-

can-American and Latino patients, compared to other ethnic groups [5]. This study sought to

find novel biological markers associated with health disparities that fall within a similar signal-

ing pathway.

Epithelial Mesenchymal Transition (EMT) is the early step where carcinoma cells become

more invasive and metastatic [12]. Snail, transcription factor is well known to play an impor-

tant role in promoting EMT [36]. In our current study, we show that generally AA cell lines

(E006AA, E006AA-hT, MDA-PCa-2b) display EMT markers Snail, vimentin, Twist, Cat L to

levels similar to metastatic CA cell lines (DU145, PC3, C4-2, ARCaP), as well as lower E-cad-

herin as compared to normal (though immortalized) prostate epithelial RWPE-1, and non-

metastatic LNCaP and 22Rv1 cell lines. The exception was C4-2 and MDA-PCa-2b that still

Fig 6. Snail and Cat L expression in breast patient tissue. Immunohistochemical (IHC) analysis was performed using normal, ER-positive or luminal A and

TNBC breast tissue from Caucasian American (CA), and African American (AA) women with antibody against (A) Snail or (B) Cat L. For AA: normal

(n = 24), luminal A (n = 7), TNBC (n = 15). For CA: normal (n = 10), luminal A (n = 14), TNBC (n = 13). Representative images are shown at 10X. Inset, 20X

mag. Nuclear staining for (C) Snail and (D) Cat L was digitally scored using Image Scanner and verified by a Pathologist and graphed. Bars represent the

median value for the sample set.

https://doi.org/10.1371/journal.pone.0203855.g006
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expressed large amounts of E-cadherin as well as mesenchymal markers suggesting that this

cell line represents an intermediate EMT cell; however, these cell lines were still highly prolifer-

ative and migratory, as was E006AA and E006AA-hT, as compared to LNCaP cells. Generally,

the AA cell lines displayed high cell viability and migration comparable to metastatic CA cell

lines, and higher than non-metastatic CA cell lines. For simplicity of comparison, we were

comparing AA to CA cell lines based on their tumorigenic/metastatic potential in mice, and

not their site of origin. We could have also compared based on site of origin and still we would

have concluded that even organ-confined E006AA cells displayed EMT similar to CA cell lines

derived from metastatic sites, and higher than RWPE-1 or 22Rv1, although technically, 22Rv1

are a castrate-resistant derivative of parental androgen-dependent CWR22. Additionally,

although ARCaP-M has a low protein expression and secreted activity of Cat L compared with

ARCaP-E, our previous research has shown that nuclear localization of Cat L is higher in

ARCaP-M compared to ARCaP-E and this contributes to more EMT seen in ARCaP-M [23].

Therefore, when looking at Cat L, nuclear expression may be more indicative of EMT than

secreted protein activity. It is interesting to note that although E006AA is derived from organ-

confined prostate cancer, it still displays EMT similar to metastatic cell lines. The caveat to

these studies is the lack of sufficient AA cell lines for studies in prostate cancer, as well as lack

of a normal epithelial AA prostate cell line for comparison. Another caveat is the recent char-

acterization by ATCC of E006AA-hT cell line which shows they not only have AA characteris-

tics, but also renal cell carcinoma characteristics, so the results we have obtained with this cell

line may pertain to renal cell carcinoma, which are also known to undergo EMT [37]. How-

ever, since we also had E006AA and MDA-PCa-2b that are confirmed AA cell lines, from

these studies we were still able to glean some useful comparative information which may guide

future researchers trying to study EMT, and which cell model may be most suitable. There is

one previously published study that compared some EMT markers in various prostate cells,

namely LNCaP, C4-2, E006AA and MDA-PCa-2b which similarly suggested that E006AA bio-

markers expression is similar to metastatic CA cell lines [38]. This supports our finding that

utilized a larger panel of prostate cell lines. A discrepancy with this previous study and ours, is

that MDA-PCa-2b was characterized as a low aggressive cell line due to the fact that E-cad-

herin was high and vimentin was low which was explained in part by the possibility that rever-

sal of EMT known as mesenchymal epithelial transition or MET can occur at bone metastatic

site [38], however, although we similarly saw high levels of E-cadherin, we also observed high

vimentin expression. The discrepancy may be in part due to differences in culturing or passage

number between the two studies. Additionally, our study includes functional cell viability and

migration studies that were not performed in the previous study [38]. This shows that although

MDA-PCa-2b expresses high E-cadherin, it displays very high proliferative and migratory

potential suggesting that it is an aggressive AA cell line.

With regards to breast cancer cells, we took a slightly different approach and compared

TNBC to non-TNBC since TNBC is higher in AA and is associated with worse prognostic out-

come. Our studies showed that TNBC cell lines (MDA-MB-231, HS-578T, BT-549,

MDA-MB-468 and HCC-1806) displayed more EMT and Cat L expression compared to lumi-

nal cell lines (MCF-7, T47-D, MDA-MB-361 and BT-474), which was associated with higher

cell migration. However, similar to what was observed with MDA-PCa-2b, E-cadherin was

still expressed in MDA-MB-468 and HCC-1806 cells suggesting intermediate EMT despite

higher cell migration compared to non-TNBC cells. Additionally, overexpression of Snail in

MCF-7 cells promoted EMT and increased Cat L expression.

In order to look at some of the EMT markers in vivo, we focused on Snail and Cat L. We

previously demonstrated that overexpression of Snail in prostate cancer leads to increase the

Cat L expression and activity [22]. To induce EMT, Snail transcription factor must localize to
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the nucleus [39, 40]. Research has also shown that Cat L is localized to the nucleus in different

cancers [31, 41–44], which has been associated with decrease survival [19]. We have also previ-

ously shown that Snail can promote Cat L translocation into the nucleus where it promotes

EMT via proteolysis of its nuclear substrate Cux1, leading to further Snail transcription and

decreased E-cadherin transcription [23]. In patient tissue, it was interesting to note that

although Snail and Cat L expression was high in prostate cancer tissue from AA, Bahamian,

and CA origin, when all the different stages were grouped together, normal tissue from AA

also expressed high levels of Snail and Cat L while it was intermediate in Bahamian prostate

cancer tissue when compared to normal CA prostate tissue. This may contribute to the aggres-

sive nature of prostate cancer in AA, in that the proteins may already be expressed in normal

tissue and at early stages, the localization of Cat L and Snail may contribute to EMT early.

Indeed, IHC did show that in some Stage 2 prostate cancer patient tissue, Snail and Cat L was

already nuclear in AA, while cytoplasmic in CA, but by Stage 3 both proteins were nuclear.

Unfortunately, we did not have large enough patient numbers to graph nuclear expression by

grade and get statistical significance, but it would be interesting to also quantify nuclear

expression of Snail and Cat L by grade. A previous study looked at Snail, N-cadherin and

MMP2 in 15 AA and 15 European American men (EA) and found that these EMT markers

were higher in AA compared to EA [38], this differs slightly from our data which showed that

nuclear Snail expression was comparably high in CA and AA; this may be explained in part by

the fact that we focused only on nuclear Snail while the previous study looked at overall Snail

levels that includes cytoplasmic Snail. Our study also included data on normal prostate from

CA and AA that was not part of the previous study. With the breast patient tissue, it was simi-

larly interesting to note that overall, AA normal displayed higher levels of nuclear Snail and

Cat L compared to normal CA breast epithelial tissue. However, we were not able to recapitu-

late data that showed that TNBC had higher levels of nuclear Snail and Cat L compared to

non-TNBC, probably due to the small sample sizes. We may need larger sample sizes to get sig-

nificant data for the breast study, though we do observe a trend towards higher nuclear Snail

and Cat L in AA compared to CA tissue overall. Although nuclear Cat L has been associated

with TNBC [37], this is the first report comparing both nuclear Snail and Cat L in different

races.

In conclusion, our study showed that high expression of EMT markers in AA prostate can-

cer cells lines and TNBC cell lines, as well as high nuclear Snail and Cat L expression in normal

AA prostate and breast tissue; this may possibly mediate the EMT transition earlier in AA

compared to CA. This correlated with high cell viability and/or migration in AA prostate can-

cer and TNBC cell lines, comparable to more aggressive CA prostate cancer and non-TNBC

cell lines, respectively. As prostate and breast cancer disproportionately affects AA, the discov-

ery of true risk alleles and genes could have important implications for early detection of can-

cer in this high-risk population.
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