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Abstract

Background—Prostate cancer is the most commonly diagnosed non-skin cancer in men. The 

etiology of prostate cancer is unknown, although both animal and epidemiologic data suggest that 

early life exposures to various toxicants, may impact DNA methylation status during 

development, playing an important role.

Methods—We have developed a xenograft model to characterize the growth and differentiation 

of human fetal prostate implants (gestational age 12-24 weeks) that can provide new data on the 

potential role of early life stressors on prostate cancer. The expression of key 

immunohistochemical markers responsible for prostate maturation was evaluated, including p63, 

cytokeratin 18, α-smooth muscle actin, vimentin, caldesmon, Ki-67, prostate specific antigen, 

estrogen receptor-α, and androgen receptor. Xenografts were separated into epithelial and stromal 

compartments using laser capture microdissection (LCM), and the DNA methylation status was 

assessed in >480,000 CpG sites throughout the genome.

Results—Xenografts demonstrated growth and maturation throughout the 200 days of post-

implantation evaluation. DNA methylation profiles of laser capture micro-dissected tissue 

demonstrated tissue-specific markers clustered by their location in either the epithelium or stroma 

of human prostate tissue. Differential methylated promoter region CpG-associated gene analysis 

revealed significantly more stromal than epithelial DNA methylation in the 30 and 90-day 

xenografts. Functional classification analysis identified CpG-related gene clusters in methylated 

epithelial and stromal human xenografts.
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Conclusion—This study of human fetal prostate tissue establishes a xenograft model that 

demonstrates dynamic growth and maturation, allowing for future mechanistic studies of the 

developmental origins of later life proliferative prostate disease.
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Introduction

Prostate cancer is the most commonly diagnosed non-skin cancer in men, with 

approximately 240,000 new cases per year, and is the second leading cause of male cancer-

related deaths in the United States (1,2). Serum prostate-specific antigen (PSA) test has 

aided in screening for potential cases of prostate cancer (3). However the etiology and early 

development of prostate cancer remain obscure despite vast knowledge about its symptoms 

and progression. Development of relevant fetal prostate tissue models can contribute 

mechanistic insight into potential early life origins of prostate carcinogenesis.

Not surprisingly, many researcher look to older cohorts in search of the origins of prostate 

cancer. However, autopsies have shown that prostate cancer-related lesions begin early in 

adulthood, between 20 and 30 years of age, indicating that prostate cancer begins long 

before it is clinically apparent (4). Persistent prostatic abnormalities have been observed 

following early life exposures to diethylstilbestrol (DES), an estrogenic endocrine disrupting 

chemical, in human fetal prostate tissue grown in athymic nude mice (5,6) suggesting that 

early life exposures may play an important role. In addition, elevated maternal endogenous 

estrogen levels during gestation can induce squamous metaplasia from the 24th week of 

gestation that can persist until 1-4 weeks after birth in the human prostate (7). These extra 

layers of basal cells degenerate and the epithelium returns to a typical phenotype once 

estrogen levels return to normal after birth (8-10). This phenotypic transformation in 

prostate epithelium may play a role in the changes that occur within the developing prostate, 

thus providing evidence that the process of prostate carcinogenesis may begin as early as 

fetal life.

Until recently, prostate-related research has been largely restricted to rodent and two-

dimensional in vitro models. However, limitations of in vitro approaches and important 

differences in development and morphology between the rodent and human prostate have 

been recognized. Differences between the rodent and human prostate underscore the 

importance of using a human-specific model for studying prostate carcinogenesis. Rodent 

prostate development is multifaceted and relies heavily on its hormonal environment. Unlike 

humans, rodent prostatic growth is not quiescent after birth but is constantly growing from 

fetal life until adulthood (11). The rodent prostate is also more structurally complex than the 

human, with four lobes (ventral, lateral, dorsal, and anterior) that are surrounded by loose 

connective tissue (12). The adult human prostate, conversely, is separated into three main 

zones with fibro-muscular stroma and nerve bundles throughout. Each zone is affected by 

different disease processes. The central zone (25% of prostate mass) demonstrates the 

greatest resistance to inflammation and prostate cancer, while the peripheral zone (70% of 
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prostate mass) is prone to inflammation and most carcinomas. The smaller transitional zone 

predominates in the periurethral region (about 5% of prostate mass) and is the site of benign 

prostatic hyperplasia (13). These differences between rodent and human pathology present 

challenges in comparing a specific lobe of the rodent to a specific zone of the human (14). 

Importantly, unlike humans, rodents do not idiopathically develop prostate cancer; this 

presents an additional challenge in assessing lesions seen in animal models (15). These 

pronounced species differences have the potential to confound prostate-related research 

based traditionally on rodent models, raising the question of comparability between human 

and rodent prostate research. Variability of the histopathology and disease states of prostate 

cancer adds additional complications to the study of prostate carcinogenesis (14), 

underscoring the value of working directly with human tissue.

To confirm the success of the present human to rodent xenograft model, it was important to 

determine whether the human fetal prostate tissue was capable of differentiation into an 

adult phenotype. Maturation was assessed beginning at the earliest stages of development, 

when communication occurs between the epithelial and mesenchymal components (11). 

Cross-talk between these prostatic cell types is essential for proper development; in humans, 

this begins as early as the 11th and 12th weeks of gestation in the urogenital sinus 

mesenchyme (16,17). Androgens promote the growth and canalization of solid epithelial 

buds to form single ducts that then give rise to a complex ductal network. The mesenchyme 

is particularly important, as it is androgen responsive and expresses paracrine-acting 

proteins that promote proliferation of the epithelium (18). Paracrine interactions between 

mesenchymal and epithelial cell types induce proliferation and differentiation of the stromal 

and smooth muscle phenotype (19). In humans, the prostate continues to develop until birth 

and then enters a phase of quiescence that lasts until a surge of androgens during puberty 

triggers increased prostatic growth into early adulthood. At this point, no significant further 

growth is seen until symptoms of benign prostatic hyperplasia (BPH) develop in older men 

(11).

The present study explores the extent, to which xenografted human fetal prostate tissue can 

recapitulate normal prostate growth and development, with the additional aim of evaluating 

developmental DNA methylation pattern changes in the individual prostatic compartments. 

While xenotransplantation has been used for a number of years, this detailed molecular and 

phenotypic characterization of the growth of human fetal prostate tissue over an extended 

period of time is novel. The current study demonstrates growth and development of 

xenografted human prostate at both early and late life stages using a variety of 

immunohistochemical markers to evaluate maturation of both epithelial and stromal 

compartments. Analysis of early and later-life effects is strengthened by the inclusion of 

data on compartment-specific DNA methylated genes isolated user laser-capture 

microdissection (LCM) from both epithelial and stromal tissues. The present study shows 

that human fetal prostate tissue is capable of growing and maturing normally in a rodent 

xenograft system. The combined use of human tissue in a rodent model, allowing the 

investigation of endpoints such as DNA methylation of targeted tissue types (using LCM) 

makes the presented human prostate xenograft model a powerful tool for elucidating early 

potential mechanisms of prostate cancer.
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Materials and Methods

Chemicals

Corn oil (CAS#: 8001-30-7) was obtained from Sigma Aldrich (St. Louis, MO).

Animals

Adult male Crl: NIH-Foxn1rnu Nude rats (strain code 316) that are T-cell deficient were 

obtained from Charles River Laboratories (Wilmington, MA). Rats were housed in cages 

with access to Purina Rodent Chow 5001 (Farmer's Exchange, Framingham, MA) and water 

ad libitum. Animals were kept in a continuous 12-hour alternating light-dark cycle with 

controlled temperature and humidity in accordance with National Institutes of Health 

regulations. All experimental animal protocols were reviewed and approved by Brown 

University Institutional Animal Care and Use Committee. All animals were acclimated to 

the animal care facilities environment for one week prior to surgery.

Acquisition of Human Prostate Tissue

Human tissue was obtained in compliance with the Institutional Review Board protocols. 

Human fetal prostate from gestational weeks 12-24 were obtained from spontaneous 

pregnancy losses from Women and Infants Hospital (Providence, RI). This gestational age 

represents a critical period of organogenesis for the prostate (16). The protocol regarding the 

collection of the human fetal tissue is described in De Paepe et al. (20). Briefly, full 

informed written consent was obtained post-delivery, followed by a pathologist's 

determination regarding the condition of the tissue. Due to certain medical circumstances, 

some fetuses were excluded. The medical condition and time of latency between the autopsy 

and xenotransplantation was recorded for each sample.

Retroperitoneal Xeno-transplant Surgery

Human fetal prostate tissues were transported to the Xenotransplantation Core Facility at 

Brown University as previously described (20). Tissue was kept in ice-cold Leibovitz L-15 

media supplemented with gentamycin (50 μg/mL), penicillin (100 U/mL), and streptomycin 

(100 μg/mL). Prior to surgery, the prostate was bisected along the midsagittal plane while 

preserving the structure of the prostatic zones. While it is not possible to delineate the fetal 

prostatic zones, tissue was marked to identify the anterior-posterior axis. Tissue was further 

separated into equal pieces identifying its location relative to the urethra. Each prostate piece 

may contain a combination of the transitional, central and peripheral zones.

Renal subcapsular retroperitoneal transplantation is a well-documented and proven method 

for examining development in a variety of different tissues (21-23). The surgical procedure 

used for the present study was reported by Wang et al., and is briefly described here. 

Immunodeficient rat hosts were placed under anesthesia and a 2-cm incision was made. 

Fascia and muscle were spread using scissors to expose the kidney. A small nick was made 

in the kidney capsule and prostate tissue was placed under the capsule. Subsequently, the 

abdominal cavity was closed by suturing the muscle layer and closing the skin with surgical 

staples (22).
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This model of human fetal prostate maturation in rat hosts is being developed, in part, to 

investigate the effects of early life hormonal exposures on later prostate morphology and 

function. The rats were given a subcutaneous injection of corn oil vehicle according to their 

body weight to use as controls to compare for hormone-treated hosts. Rats were housed 

without further treatment for 7 to 200 days post-implantation.

Xenograft Collection and Histological Processing

Prostate xenografts were harvested at 7 (n=1), 30 (n=2), 90 (n=2), and 200 (n=3) days post-

implantation. Sample size indicates the number of human samples used in this study. These 

time-points were chosen to provide longitudinal perspective on prostate development within 

a rodent host. A caliper measurement (mm) of each prostate piece was taken prior to 

xenotransplantation and at the time of collection. Fold increase was calculated based upon 

the volume of a rectangular prism (length x width x height).

The host kidneys and implants were removed and fixed in either 10% neutral buffered 

formalin for paraffin or Tissue-Tek O.C.T compound (Electron Microscopy Sciences, 

Hatfield, PA) for frozen sections. After fixation, each xenograft was cut along the mid-

sagittal line (Figure 2, A-C) and processed in paraffin. Samples were cut (5 μm) and stained 

with hematoxylin and eosin (H&E). Additional sections were used for the detection of 

various immunohistochemical (IHC) markers. Tissue slides were scanned into an Aperio 

ScanScope CS microscope (Aperio Technologies, Vista, CA) and visualized using 

ImageScope software (Aperio).

Immunohistochemistry

Immunohistochemical detection of prostate markers was performed in this study, using 

antibodies against p63 (Santa Cruz Biotechnology Inc., Santa Cruz, CA), cytokeratin (CK) 

18 (Dako Cytomation, Carpinteria, CA), α-smooth muscle actin (SMA) (Sigma-Aldrich, St. 

Louis, MO), vimentin (Sigma-Aldrich), caldesmon (Sigma-Aldrich), Ki-67 (Dako 

Cytomation), prostate specific antigen (PSA) (Dako Cytomation), estrogen receptor-α (ER-

α) (Dako Cytomation), and androgen receptor (AR) (Dako Cytomation). The respective 

concentrations used are listed in Supplemental Table 1. Paraffin-embedded tissue sections 

(5 μm) underwent antigen retrieval via 10 mM citrate buffer solution (pH 6) or Tris-EDTA 

buffer solution (pH 8). Avidin and biotin were blocked (SP-2001, Vector Laboratories, 

Burlingame, CA). The primary antibody was applied at room temperature for one hour. The 

appropriate secondary antibody was then used, and visualized using a horseradish 

peroxidase avidin-biotin complex method with peroxidase substrate 3, 3’-diaminobenzidine 

(Vector Laboratories) of various colors. Tissue sections were counterstained as noted with 

either hematoxylin or methyl green. A negative control lacking the primary antibody was 

run for each staining trial. Staining represents a xenograft sample size of 1, 2, and 3 for the 

7, 30, and 200-day groups respectively.

Ki-67 Quantification

Tissue sections were scanned into an Aperio ScanScope CS microscope and quantified using 

ImageScope Software (Aperio). The scorer was blinded to sample identity and age of 

xenograft. The total area for each xenograft along with the total area of the ductal tissue was 
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calculated (mm2). Ki-67 positive cells were counted dependent upon the identification of 

clear punctate nuclear staining. The total amount of positive cells was calculated based on 

the number of Ki-67 positive cells divided by the total area of the epithelium or stroma.

Laser Capture Micro-dissection

Human prostate xenograft epithelial and stromal compartments were isolated using the 

Arcturus XT Laser Capture Microdissection system (Applied Biosystems, Grand Island, 

NY). Frozen O.C.T.-embedded tissue sections were cut at 7 μm, and placed onto 

polyethylene naphthalate (PEN) membrane glass slides (Applied Biosystems), and 

immediately stored at −80° C freezer until further processing. Sections were rehydrated and 

stained according to manufacturer's protocol (24). Epithelial tissue was captured using the 

infrared system, while the stromal tissue was captured using the ultra-violet laser system on 

Arcturus Capsure Macro LCM Caps (Applied Biosystems). DNA was extracted from LCM-

isolated tissue using QIAamp DNA micro kit (Qiagen, Valencia, CA), and suspended in 

DNA suspension buffer (Teknova, Hollister, CA).

DNA Methylation Array

Human prostate epithelial and stromal genomic DNA was sent to Yale's Center for Genome 

Analysis (Yale School of Medicine, West Haven, CT) for bisulfite conversion and processed 

via the Infinium HumanMethylation450 BeadChip Assay (Illumina, Inc., San Diego, CA) 

according to manufacturer's instructions, to determine the status of >480,000 methylation 

sites.

Statistical Analysis and visualization

GraphPad Prism (La Jolla, CA) was used for Ki-67 graph creation. Analysis of the 

HumanMethylation450 BeadChip Assay data was performed in R software environment (R 

Foundation for Statistical Computing, Vienna, Austria). Methylation values of the two 

different array probe sets were normalized using subset-quantile within-array normalization 

with the SWAN package (25). Methylation sites differentially methylated between the 

epithelial and stromal tissues were identified with the minfi package (26) (N=28,236; q ≤ 

0.05). Gene names and promoter region information were associated with the methylation 

sites using the R package IMA (27). Differentially methylated sites were filtered to 1,582 

sites for which the difference in mean methylation levels between tissue types was greater 

than or equal to 33% and for which there was no ambiguity in which gene the methylation 

detection sequence was located (Figure 7). Average beta values of CpGs in the TSS1500 

(promoter) region were summarized for 11 select prostate markers with specific expression 

in either the stroma or epithelium. Unsupervised hierarchical clustering of promoter 

methylation values for the subset was performed using Cluster 3.0 (28) and visualized in 

Java Treeview (29). Methylation values were mean-centered, and clustering was performed 

using centered correlation and single linkage (Figure 6). Functional gene classification 

analysis was performed using DAVID Gene Ontology analysis based upon categorical 

GO_BP, GO_MF, GO_CC terms (30,31) for the list of methylation sites differentially 

methylated by more than 33% between tissues (Table 1). A full list of the gene analysis 
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using DAVID is included in supplemental table 2, and a list of gene descriptions is 

included in supplemental table 3.

Results

Human prostate xenograft growth and vascularization

Initial histological investigation of un-implanted human fetal tissue at gestational week 15 

revealed that epithelial cells are present but they are poorly differentiated, resulting in ducts 

without defined lumens. By 19 weeks gestation, prostate epithelium forms solid cords that 

canalize in a proximal to distal manner. By gestation week 22, the stroma establishes a 

connective tissue and smooth muscle appearance, surrounded by abundant vascularization 

(Figure 1).

Human fetal prostate xenografts were characterized for growth and development 7, 30, and 

200 (28.6 weeks) days post-implantation. As illustrated in Figure 2A, the xenotransplanted 

renal subcapsular prostate mass was examined grossly for the presence of cysts, glandular 

proliferation, and vascularization both before (Fig. 2B) and after (Fig. 2C) being bisected. 

Histological evaluation and various immunohistochemical markers were used to assess the 

extent of prostatic maturation and proliferation.

Histological examination of 7 day xenografts revealed normal prostatic growth, from a 

proximal to distal manner, with the presence of both secondary and tertiary buds. Solid buds 

normally found in fetal tissue differentiated into a simple cuboidal secretory acinar 

epithelium encompassed by fibrous connective tissue (Fig. 2D). Immunohistochemical 

staining for the human endothelial CD31 marker confirmed vascularization of stromal tissue 

(Fig. 2E), and associated acini with a proper arrangement of basal and luminal epithelial 

cells. Epithelial maturation continued at 30 days, and by 200 days post-implantation, gross 

observation of human fetal prostate tissue xenotransplanted into the renal subcapsular space 

of a rodent host demonstrated obvious growth of the tissue (Fig. 2B). By 200 days post-

implant, the xenografts (n=3) had ~16-fold increase in weight compared to the initial 

implant. Gross examination of the whole-mount xenograft revealed widespread 

vascularization (Fig. 2B) and abundant glandular and stromal tissues (Fig. 2C). The 

implanted tissue differentiated into canalized acini and ducts from solid prostatic buds 

typical of fetal-stage tissue, indicating that the xenograft was developing rapidly within the 

renal subcapsular space.

Human prostate xenograft maturation

After confirming the growth and vascularization of the implants, prostate maturation was 

assessed using well-defined markers of the human epithelial and stromal prostate 

compartments (Figure 3). Hematoxylin and Eosin images demonstrate the vast growth of 

the prostate (Fig. 3A-C). Representative immunohistochemical epithelial markers for basal 

(p63), luminal (CK18), and secretory (PSA) epithelium were used. While p63 expression 

(Fig. 3D-F) remained consistent over time, CK18 increased steadily from implantation to 

day 200 (Fig. 3G-I). The implants demonstrated morphological and developmental 

similarities to the adult prostate at 200 days, and it was expected that the xenograft would 
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also demonstrate normal adult functional activity such as prostate secretions. Xenografts 

were stained for prostate specific antigen (PSA); as expected, PSA expression increased 

gradually over time with the strongest luminal staining at 200 days (Fig. 3J-L).

Communication between the epithelial and stromal compartments is imperative for proper 

prostate growth. To quantify this, two representative stromal markers, SMA and vimentin, 

were examined. Both markers were present and stable over time and were found in the 

stromal regions around the ductal tissue (Fig. 3M-R), which is characteristic of normal 

stromal maturation in smooth muscle and the mesenchymal cytoskeleton. An additional 

adult stromal marker, caldesmon, was used to determine whether tissue was transforming 

into an adult phenotype. As expected, this marker exhibited no staining at the 7 day time-

point but increased over time with the most intense staining evident at day 200 (Fig. 3SU).

The fetal prostate undergoes significant growth during the course of normal development, 

therefore cellular proliferation was examined. Quantification of Ki-67 in the individual 

compartments over time re-enforced these qualitative impressions with the greatest amount 

of Ki-67 staining observed at 7 and 30 days followed by a decline in the rate of proliferation. 

Proliferative activity was present, but minimal, in the epithelium by 200 days post-

implantation (Figure 4A). Immunohistochemical staining with Ki-67 demonstrated that 

most proliferation occurred at 7 and 30 days post-implantation in both the epithelial and 

stromal compartments (Fig. 4B-C). The 200-day implant demonstrated scattered and less 

frequent Ki-67 staining in the epithelium and stroma (Fig. 4D).

In addition to producing secretions, the human prostate responds to many hormones, 

including testosterone and estrogen. Two representative hormone receptors, estrogen 

receptor alpha (ER-α) and androgen receptor (AR) were evaluated (Figure 5). ER-α was 

present predominantly in the epithelium, but this was not exclusive, with intermittent 

staining seen in the stromal tissue. Staining for ER-α was weakly present on day 7, and then 

gradually increased in expression over time. While staining was present in both the 

epithelium and stroma, it was more prominent in the epithelial compartment (Fig. 5AC). AR 

staining was abundant at 7, 30 and 200 days in both the epithelial and stromal compartments 

(Fig. 5D-F).

Xenograft DNA Methylation

DNA methylation was assessed following laser capture microdissection (LCM) separation 

of epithelial and stromal compartments from prostate xenografts. Unsupervised hierarchical 

clustering analysis of genome-wide DNA methylation at more than 480,000 CpGs in 30 and 

90-day human prostate epithelium and stromal samples clustered by cell type (data not 

shown). Additionally, analyses of DNA methylation (n=5) in the promoter regions of a set 

of 11-well characterized markers of epithelial and stromal tissue were predictive of tissue 

type in the same manner as the global analysis (Figure 6). These selected markers included 

the stromal markers vinculin (VCL), vimentin (VIM), myosin (MYH11), α-smooth muscle 

actin (ACTA2), caldesmon (CALD1), and desmin (DES), while epithelial markers include 

p63 (TP63), e-cadherin (CDH1), cytokeratins 18 and 5 (KRT18, and KRT5), and 

chromogranin A (CHGA). Markers were less methylated in the compartment in which they 

are normally expressed and more methylated in the compartment in which they are normally 
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repressed, corresponding with the hypothesis that low promoter methylation allows for 

higher gene expression levels.

Compartment-specific differential methylation of 1582 promoter region CpG locations 

showed greater CpG methylation in stroma compared to epithelium (Figure 7). CpG 

examination of the genes associated with these compartment-specific differentially 

methylated promoter region CpGs (30,31) identified gene clusters in both epithelial (12 

genes identified) and stromal (74 genes identified) compartments. The results for gene 

clusters, number of genes (% of clustered genes), gene symbols, and enrichment scores are 

summarized in Table 1. Enrichment scores determine the importance of the genes found 

within each functional group (30). The majority of genes associated with increased 

methylated within the epithelial compartment clustered in 2 groups with enrichment scores 

ranging from 0.14-0.15: metal and cation binding (IRAK3, RNF216, ZC3H2D) and 

membrane-associated (PTPLAD1, TSPAN32, APOLD1, MLXIP, MSN) clusters. Genes 

associated with increased promoter CpG methylation clustered into 28 groups 

(supplemental table 2). The stromal methylated genes clustered into 5 main groups with 

enrichment scores ranging from 1.57-2.03. The stromal gene clusters with the greatest 

enrichment scores included functional groups describing cell migration and motility (NCK2, 

PPARD, TNF, ITGA6, ITGB2, CEACAM1), regulation of DNA binding (SP100, TNF, 

PEX14, SMARCA4), regulation of immune system (NCK2, IL2RG, ITPKB, CD5), positive 

regulation of transcription (TBL1XR1, ELF1, SP100, TNF, SP1, IRF1, CITED4, 

SMARCA4), and negative regulation of transcription (TBL1XR1, PPARD, SP100, TNF, 

PEX14, LRRFIP1, SMARCA4). The stromal gene cluster list also included a group for 

metal and cation binding with 17 genes identified and an enrichment score of 0.12 

(supplemental table 2).

Discussion

There is a growing need for clinically relevant models of prostate development that can 

answer questions about the etiology, development, and progression of prostate cancer. The 

present study investigates the development and use of a model to characterize human fetal 

prostate xenograft growth that has successfully addressed many of the confounding variables 

present in rodent-only models of prostate cancer. Using a previously published and reliable 

xenotransplant method, human fetal prostate tissue was implanted into the well-vascularized 

renal subcapsular space of a rodent host (22,32-35). This model has been previously used to 

investigate prostatic abnormalities following DES exposure, thereby providing invaluable 

histopathological information on the effects of exposure to a well-known endocrine 

disrupting chemical (5,6). This type of investigation is encouraging and welcomes new 

exploration into various prostate disease states. Prostate cancer is a challenging disease in 

that it has variations in pathology, as well as, different responses to treatments among 

subjects (14). The benefits of using this well-known rodent xenograft model, along with 

human fetal prostate tissue, will allow researchers to address key questions regarding the 

developmental origins of prostate cancer, identifying potential early life exposures that may 

predispose to prostate cancer late in life.
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Human fetal prostate differentiation

In this study, the human fetal prostate implants are placed into an adult male host secreting 

abundant testosterone; therefore, the fetal prostate is driven by an androgenic growth and 

differentiation signal throughout implantation. Immunohistochemical markers for basal 

(p63) and luminal (CK18) cells were used to follow the growth and maturation of the 

epithelium. Each component of the epithelium has a different role within the ductal tissue; 

basal cells most likely contain prostatic stem cells imperative to sustained proliferation, 

while luminal cells are responsible for the creation and secretion of prostatic secretory 

proteins (36-40). In addition to the role of p63 in maintaining prostatic maturation, it is also 

frequently used as a marker for prostatic injury and basal cell hyperplasia (41,42). There are 

important roles for both basal and luminal cells in development, providing an explanation 

for their presence in the early stages of gestation. Within the human prostate, basal cells are 

present as early as 9 weeks gestation (43), while luminal cell differentiation increases after 

gestational week 22 (44). The fetal prostates used in this study showed staining that is 

consistent with existing age-appropriate data for both p63, found along the basal layer of 

acinar tissue, and CK18, found in the secretory luminal cells, providing evidence to support 

this model of human prostate maturation.

While the epithelium is responsible for one aspect of prostate maturation, the roles of the 

stroma in both epithelial cell proliferation (45) and ejaculation of prostatic secretions via 

muscle contraction (19) are also fundamental in the differentiation process. The present 

study used two key mesenchymal markers, SMA and vimentin, to evaluate stromal 

maturation. These markers typically appear in the human as early as 17 weeks gestation 

(46). Stromal staining was strongly present and maintained from 7 to 200 days post-

implantation, even while the tissue was growing markedly in size.

Accelerated growth of xenografts

While the size of the human prostate steadily increases from birth until the time of puberty 

in males, only nominal changes occur within the glandular components. In early adulthood, 

the prostate undergoes significant changes in acinar growth demonstrating fully developed 

glands (47). Hormones play a central role in the growth and maturation of the prostate (8); 

therefore it was critical to understand how the hormonal environment of an adult rodent host 

would impact the development of this androgen-sensitive tissue. The chronically high 

androgen levels found in the adult rat host were expected to promote more rapid maturation 

than found in human tissue. This prediction of accelerated growth brought up another 

important factor involving the use of an adult intact rodent model. If the human prostate 

normally undergoes a period of quiescence from after birth until before puberty (11), then 

what type of changes occur by skipping this critical phase and placing the fetal prostate 

directly into a mature rodent environment?

To explore the concept of accelerated stromal maturation in these xenografts, caldesmon 

was quantified in 7, 30, and 200-day implants. Caldesmon, a protein responsible for the 

contractility of smooth muscle in adult human tissue (48), was not present at 7 days, but was 

seen at 30 days with increased staining intensity as the xenograft aged. These results support 
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the hypothesis that these implants are undergoing accelerated growth from the fetal stages 

into adulthood as a result of exposure to the adult rodent host hormonal environment.

Quantification of proliferation was assessed by Ki-67 staining, a biomarker expressed in 

mitotic cells (49), providing additional evidence of accelerated growth. In adult men, this 

staining index is used as an indicator of grade-matched cancers (50) with the strongest 

staining in the most poorly differentiated regions of prostate cancer (51). However, in the 

human fetal prostate proliferation is greatest between gestational weeks 18 and 23, with a 

subsequent rapid decrease after mid-gestation and almost no proliferation occurring during 

the period of quiescence, from 1 month postnatal through 11 years of age (8). It is not 

surprising that the strongest proliferative response is during gestational weeks 18-23 because 

the prostate undergoes organogenesis during that period and is exposed to the fetal surge of 

testosterone (8). We found that both epithelial and stromal proliferation was greatest in the 

earliest period of xenograft development at day 7, presumably a result of the testosterone-

dependent prostate entering a new hormonal environment, with a subsequent rapid decline in 

proliferation. These results, along with the caldesmon staining, support the notion that 

accelerated growth is occurring, conceivably triggered by an enhanced response to the 

rodent host hormonal environment. While this important question is still being investigated, 

it is clear that in humans hormonal alterations in this early developmental period impact the 

rate of prostatic tissue development. The model reported here provides an appropriate 

system to investigate the impact of such potential hormonal alterations. The ability to 

capture this information broadens the scope of investigation that is possible in future 

research.

Prostate xenografts exhibit characteristic functional properties

The primary function of the prostate is to produce secretions that contribute a significant 

volume to seminal fluid. These secretions are important to successful reproduction. While 

the xenografts demonstrated both differentiation and accelerated growth, it was necessary to 

determine if they could properly maintain the adult role of producing secretions. Produced in 

the prostatic epithelium and present in serum, PSA has been used for prostate cancer 

screening (52). In older men, high levels of PSA in serum may indicate the presence of 

cancerous lesions that disrupt prostatic glandular architecture, allowing PSA to increase in 

the circulation (53). PSA is first detected at 28 weeks gestation in the human is minimally 

present throughout the fetal and newborn stages (16,54), and is increased in older men (52).

In this study, PSA staining was minimal at day 7 post-implantation, and increased over 

implant time to reach steady state levels representative of an adult phenotype. PSA 

production in our xenografts suggests further utility of this model for prostate-related studies 

that benefit from the use of human tissue in a whole-system design, capable of 

simultaneously monitoring growth, development and maturation.

The model also proved capable of monitoring hormone response, an increasingly important 

area of research as available data implicates estrogens and androgens in the progression of 

prostate cancer (55). The prostate relies on androgens for proper growth and cellular 

proliferation through AR binding (56,57), and on ER-α for glandular branching and 

proliferation (58). In humans, AR is first detected around 12 weeks gestation (59), and ER-α 
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is expressed later, typically around gestational week 16 (60); both hormone receptors 

increase as organogenesis advances between gestational weeks 18 and 23. Xenograft 

staining was strong for both receptors 7 days post-implantation, and increased at the 30-day 

time-point to reach a robust level of staining at 200 days. These findings accurately reflect 

previously published data indicating the strong presence of both androgen and estrogen 

receptors in stromal and epithelial cells of the developing human prostate (60-62).

DNA methylation of significant prostate genes

DNA methylation is an epigenetic alteration that regulates gene transcription, leading to 

changes in gene expression without altering the DNA sequence. Methylation can occur in 

both transcribed and non-transcribed regions within DNA, as well as in clusters called CpG 

islands, located near the promoter regions of genes (63). Methylation of the genome 

undergoes dramatic changes early in embryogenesis which continues throughout 

development, a time when hormones and toxicants can change the fate of gene expression 

through parental exposure. As an example, exposure to diethylstilbestrol can alter the 

methylation status of estrogen-related genes, such as the receptors ER-α and ER-β, which 

play critical roles in development (64).

The epithelial and stromal compartments play different roles in the development of prostatic 

disease (65), and recent studies have identified compartment-specific changes in DNA 

methylation related to prostate cancer (66-69). Witte et al. isolated primary human basal 

epithelial cells (70) to demonstrate that transformed basal cells in particular are capable of 

developing into BPH in a xenotransplantation model (71), thus providing further evidence 

that separating the compartments of the prostate can provide invaluable information on 

prostate cancer initiation and development.

We used LCM to separate the epithelial and stromal cells of the prostate xenografts for 

evaluation of compartment-specific DNA methylation changes. Hierarchical clustering 

showed that epithelium and stroma segregated based on their global methylation patterns, as 

well as canonical epithelial and stromal markers. This suggests DNA methylation can 

identify the cell type specific status in the prostate, and contribute to identifying 

compartment-specific genes as they may relate to prostatic disease. Further analysis showed 

there were 1582 promoter region associated CpG locations that were significantly 

differentially methylated between stroma and epithelium. Stromal CpG methylation 

predominated, suggesting that epithelial differentiation requires activation of a large number 

of genes during the early stages of development, while stromal gene expression is relatively 

repressed. Prostate development relies upon active communication between the epithelial 

and stromal compartments (72), so the developmental patterns of DNA methylation within 

compartments may be quite informative regarding cell-type specific interactions and 

programming. Further exploration of the associated genes that are highly methylated at these 

early time-points will provide new information and possible new avenues to pursue after 

exposure to common toxicants.

In addition to prostate compartment-associated DNA methylation patterns, analysis using 

DAVID Gene Ontology identified CpG-related gene clusters in methylated epithelial and 

stromal human xenografts. Categories identified in genes with expected repression 

Saffarini et al. Page 12

Prostate. Author manuscript; available in PMC 2015 January 27.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



associated with epithelial differential increased CpG methylation included metal ion and 

cation binding, and membrane-associated genes, while categories identified in genes with 

expected repression associated with stromal differential increased CpG methylation included 

cell migration and motility, regulation of DNA binding, regulation of immune system, and 

positive and negative regulation of transcription. Compartment specific gene clusters may 

identify susceptible targets in disease development if particular genes are disturbed during 

prostatic growth.

The identified DNA methylation patterns found in normal prostatic development support 

future studies using this model to evaluate hormonal exposures implicated in prostate cancer 

development and associated DNA methylation alterations.

Conclusions

The present paper reports the successful development of a xenotransplant model for prostate 

proliferation and maturation that maximizes the benefits of using a rodent host in laboratory-

based research while ensuring that the data is not skewed by species-specific variations in 

prostatic tissue. The use of human fetal tissue maintains the clinical relevance of the data 

and makes it possible to monitor the whole-system development of the prostate from the 

fetal stages into adulthood. The description of this model, using various cell type and 

differentiation specific markers, demonstrated that these human fetal xenografts are capable 

of progressive differentiation and growth, production of secretions, and expression of 

estrogen and androgen receptors. DNA methylation revealed an increase in epithelial gene 

expression and stromal methylation in 30 and 90-day xenografts, thus providing new 

information into prostatic development. With confirmation that this model recapitulates the 

normal processes of growth and maturation of the human prostate, future research will 

explore various hormonal manipulations to identify the potential etiology of prostate cancer 

and evaluate different therapies for prevention and treatment that are stage-specific and 

targeted.
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Figure 1. 
Histology of un-implanted human fetal prostate tissue. Prostate tissues at 15, 19, and 22 

weeks demonstrate the normal growth and progression of the stromal and epithelial 

compartments. Epithelial tissue originates as a mass of cells at gestational week 15, which 

forms solid buds encompassed by smooth muscle and connective tissue by 19 weeks 

gestation. These solid buds further mature and canalize in a proximal to distal manner by 

gestational week 22, a process that continues throughout fetal prostate development. 

Asterisk (*) shows a well-developed duct with lumen. Hematoxylin and Eosin staining; 

scale bar 100 μm.
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Figure 2. 
Human prostate xenografts display proper growth and vascularization. (A) A drawing 

depicting the orientation of images shown in B and C. Human fetal prostate 200 days post-

implantation into the renal subcapsular space of an immune-deficient rat host (B) was 

bisected (C), showing the gross appearance of ducts and stroma. Microscopically, a 7-day 

prostate xenograft shows normal epithelium and stromal growth (D), as well as 

vascularization that stain with the human CD31 endothelial marker (E). Arrow depicts 

ductal tissue that has canalized. Asterisk (*) indicates the location of the kidney in relation 

to the xenograft. Gestational age of human fetal prostate before implantation is 17 weeks (B 
and C), and 23.7 weeks (D and E). (Hematoxylin and Eosin staining; B, C, scale bar = 

3mm; D, E, scale bar = 100 μm).
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Figure 3. 
Immunohistochemical staining was performed on 7, 30, and 200 day-old human prostate 

xenografts with markers for epithelial and stromal compartments to assess prostate growth 

and maturation. The different times post-transplantation are shown in the columns, and the 

rows are the markers, including: H&E, hematoxylin and eosin, A-C; p63, basal cell marker, 

D-F; cytokeratin 18 (CK-18), luminal epithelial cell marker, G-I; prostate specific antigen 

(PSA), luminal cell marker, J-L; α-smooth muscle actin (SMA), smooth muscle marker, M-
O; vimentin, intermediate filaments marker, P-R; caldesmon, adult muscle marker, S-U. 
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Hematoxylin and methyl green counter-stain; scale bar = 50 μm; 7 day sample, 20 weeks 

gestation; 30 day sample, 23.7 weeks gestation; 200 day sample, 17 weeks gestation.
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Figure 4. 
Quantification of the human prostate xenografts measured at 7, 30, 90 and 200 days post-

implantation. Ki-67 positive cells per area (mm2) were quantified in the epithelial or stromal 

compartments at different times post-implantation (A). Amount of proliferation is highest at 

the earlier time-points (7 and 30 days), when implant growth is at its greatest. 

Immunohistochemical staining for ki-67, cell-proliferation marker was performed on 7 (B), 

30 (C), and 200 (D) days post-implantation, which coincide with quantitative results. Methyl 

green counter-stain; scale bar = 50 μm; 7 day sample, 20 weeks gestation; 30 day sample, 

23.7 weeks gestation; 200 day sample, 17 weeks gestation. Legend: ▲-epithelium; ■-

stroma. Sample sizes for quantification: 7 days (n = 1), 30 days (n = 2), 90 days (n = 2), and 

200 days (n =3).
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Figure 5. 
Immunohistochemical staining was performed on 7, 30, and 200 day-old human prostate 

xenografts to assess prostate expression of essential hormone markers. The different times 

post-transplantation are shown in the columns, and the rows are the markers: estrogen 

receptor alpha (ER-alpha), estrogen receptor marker, A-C; androgen receptor (AR), 

androgen receptor marker, D-F. Punctate nuclear staining depicts positive cells. 

Hematoxylin counter-stain; scale bar = 50 μm; 7 day sample, 20 weeks gestation; 30 day 

sample, 23.7 weeks gestation; 200 day sample, 17 weeks gestation.
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Figure 6. 
DNA methylation of human prostate xenografts is different in the epithelial and stromal 

compartments. Heat-map of genome-wide DNA methylation analysis at promoter regions of 

11 prostate marker genes specific for the epithelial (samples 1, 2, 3) and stromal (samples 4, 

5) compartments. Purple color represents elevated promoter region DNA methylation, while 

the green color represents lowered promoter region DNA methylation relative to the mean 

for that promoter region. Hierarchical clustering analysis revealed that samples clustered 

based upon the compartment in which they are normally expressed. Sample identification is 

based upon age of xenograft and age of the tissue: 1: 30 days, 20 weeks gestation; 2: 30 

days, 23.7 weeks gestation; 3: 90 days, 23.7 weeks gestation; 4: 30 days, 23.7 weeks 
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gestation; 5: 90 days, 23.7 weeks gestation. Asterisk (*), promoter regions that are 

significantly differentially methylated by limma with Benjamini-Hochberg correction (DES, 

TP63, CDH1, KRT5, and KRT18).
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Figure 7. 
Significantly differential methylation of 1582 promoter region CpG locations, in which the 

difference in mean methylation values between epithelial and stromal tissue was greater than 

or equal to 33%. Negative delta beta values indicate epithelial methylation, while positive 

delta beta values indicate stromal methylation. CpG methylation was greater in stromal 

tissue compared to epithelial tissue in 30 and 90 day xenografts.
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Table 1
Functional Classification of differentially methylated CpG-associated genes in human 
prostate epithelial and stromal cells

Differentially methylated CpG-associated genes identified from the Illumina methylation arrays were 

classified into functional clusters using DAVID gene Ontology. Table summarizes the identified functional 

clusters, number of genes, percent of clustered genes, gene symbols, and their respective enrichment scores. 

Promoter region CpGs that were differentially methylated in epithelial cells clustered into two main groups 

with enrichment scores of 0.14-0.15. Promoter region CpGs that were differentially methylated in stromal 

cells clustered into 28 groups (supplemental table 2), with the top five represented above with enrichment 

scores >1.5. Gene descriptions and promoter region CpGs are located in supplemental table 3.

Gene functional classification Number of genes 
(% of clustered 

genes)

Gene symbols Enrichment scores

I. Gene clustering of epithelial cells with increased promoter region CpG methylation

Metal ion and cation binding 3 (27%) IRAK3, RNF216, ZC3H12D 0.15

Membrane associated (includes 
transmembrane region)

5 (45%) PTPLAD1, TSPAN32, APOLD1, MLXIP, 
MSN

0.14

II. Gene clustering of stromal cells with increased promoter region CpG methylation

Cell migration and motility 6 (8%) NCK2, PPARD, TNF, ITGA6, ITGB2, 
CEACAM1

2.03

Regulation of DNA binding (includes 
transcription factor activity)

4 (5%) SP100, TNF, PEX14, SMARCA4 1.78

Regulation of immune system (includes T cell, 
lymphocyte, and leukocyte activation)

4 (5%) NCK2, IL2RG, ITPKB, CD5 1.73

Positive regulation of transcription 8 (11%) TBL1XR1, ELF1, SP100, TNF, SP1, IRF1, 
CITED4, SMARCA4

1.71

Negative regulation of transcription 7 (9%) TBL1XR1, PPARD, SP100, TNF, PEX14, 
LRRFIP1, SMARCA4

1.57
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