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Chronic inflammation has been considered an important risk factor for development of prostate cancer. Toll-like receptors (TLRs) recognize 
microbial moieties or endogenous molecules and play an important role in the triggering and promotion of inflammation. In this study, we 
examined whether expression of TLR4 and TLR5 was associated with progression of prostate transformation in the transgenic adenocarcinoma 
of mouse prostate (TRAMP) model. The expression of TLR4 and TLR5 was evaluated by immunohistochemisty in formalin-fixed 
paraffin-embedded prostate tissue from wild-type (WT) and TRAMP mice. Normal prostate tissue from WT mice showed strong expression 
of TLR4 and TLR5. However, TLR4 expression in the prostate tissue from TRAMP mice gradually decreased as pathologic grade became 
more aggressive. TLR5 expression in the prostate tissue from TRAMP mice also decreased in low-grade prostate intraepithelial neoplasia 
(PIN), high-grade PIN and poorly differentiated adenocarcinoma. Overall, our results suggest that decreased expression of TLR4 and TLR5 
may contribute to prostate tumorigenesis.
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Introduction

Prostate cancer is the most common malignancy and the 
second cause of cancer-related death among men in the United 
States. A wide range of genetic and environmental factors 
influence pathogenesis of prostate cancer [33]. Among the 
environmental factors, chronic inflammation has long been 
considered an important risk factor for the development of 
prostate cancer [25]. Chronic prostate inflammation can be 
induced by various sources including infection, urine reflux, 
dietary factors, or a combination of two or more of these factors 
[6]. Sexually transmitted agents such as Neisseria gonorrhea, 
Chlamydia trachomatitis, Trichomonas vaginalis and Escherichia 
coli have been shown to cause acute and chronic bacterial 
prostatitis [3,32]. In addition, uric acid, a chemical compound in 

the urine [29], and dietary 2-amino-1-methyl-6-phenylimidazo 
[4,5-b]pyridine (PhIP) treatment has been shown to induce 
chronic prostatitis. 

Toll-like receptors (TLRs), a family of transmembrane proteins 
that recognize microbial moieties or endogenous molecules, 
play an important role in triggering and promoting inflammation. 
Stimulation of innate immune cells (e.g., dendritic cells and 
macrophages) by TLRs induces the release of inflammatory 
cytokines and chemokines and development of adaptive immune 
response manifested by T and B cell activation [18,21]. To date, 
ten functional TLRs have been identified in humans. The 
ligands of these TLRs are bacterial lipoprotein (recognized by 
TLR1, 2, and 6), lipopolysaccharide (TLR4), flagellin (TLR5), 
viral double-stranded RNA (TLR3), single-stranded RNA 
(TLR7) and unmethylated CpG DNA (TLR9) of bacterial or 
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viral genome [35]. After recognition of specific microbial 
moieties, TLRs initiate inflammatory signaling through 
intracellular pathways that lead to activation of nuclear 
factor-B (NF-B), mitogen-activated protein kinases (MAPKs), 
and interferon regulatory factors (IRFs) [35]. Activated 
inflammatory signaling results in host defense response to 
eliminate microbial invasion through secretion of cytokines, 
chemokines, or interferones [35]. Accordingly, TLRs play an 
important role in host defense against prostate infection. TLR2 
mediated Mycoplasma hominis-induced IL-8 production in 
prostate epithelial cells [36], TLR5 induced early expression of 
proinflammatory genes against Escherichia coli infection, and 
deficiency in TLR5 was found to lead to overwhelming bacterial 
growth [1].

Although TLRs play a central role in host defense response 
against microbial infection, recent reports confirm these receptors 
as crucial mediators involved in tumor growth and progression 
[7,22]. Several epidemiological studies demonstrated a significant 
decrease in expression of TLR4, 5, 7 and 9 in prostate carcinoma 
compared to benign prostate hyperplasia [19]. However, 
Väisänen et al. [37] showed increased expression of TLR9 in 
prostatic carcinoma relative to benign prostate hyperplasia and 
high expression of TLR3, 4, and 9 in prostate carcinoma 
recurrence [12]. These controversial data may come from 
individual differences in genetic and environmental 
background, even within the same group. For example, 
microorganisms colonized in tissue, which may possibly lead to 
up-regulation of TLR expression, were not considered. 

There are several mouse models to study carcinogenesis of 
prostate cancer. The transgenic adenocarcinoma mouse prostate 
(TRAMP) model is a widely used in vivo system [14]. In this 
model, the SV40 large and small T antigens are expressed under 
the androgen-dependent control of the rat probasin promoter in 
the prostatic epithelium [8,14]. This provides a convincing 
animal model system to study the progression of prostate cancer. 
TRAMP mice progressively develop intraepithelial neoplasia 
(PIN), adenocarcinoma and subsequent metastasis with similar 
pathology of human prostate cancer [20]. In this study, we 
evaluated the expression of TLR4 and TLR5 during prostate 
cancer progression in a TRAMP model with the same genetic 
and environmental background.

Materials and Methods

Mice
TRAMP mice, a well characterized transgenic mouse model 

of prostate cancer, are well described in the literature [14]. 
TRAMP mice with a C57BL/6 background and wild-type (WT) 
C57BL/6 mice were purchased from Jackson Laboratory (USA) 
and Koatech (Korea), respectively. Mice were housed in a 
temperature-controlled room with a 12-h light:dark cycle and 
maintained at a constant temperature of 24 ± 1oC and humidity 

of 55 ± 10%. All animal studies were approved by the Institutional 
Animal Care and Use Committee in Seoul National University, 
and all associated regulations were strictly followed. 

Histopathology
Age-matched WT C57BL/6 and TRAMP mice were sacrificed 

at 28 to 32 weeks of age. Urogenital tissues including the urinary 
bladder, seminal vesicle, and prostate were obtained, fixed in 
10% formalin for 24 h, and processed in a standard alcohol- 
xylene series. The tissues were then embedded in paraffin, after 
which 3 m sections were prepared and stained with hematoxylin 
and eosin (H&E; Sigma, USA). Prostate samples were classified 
as normal, low-grade prostate intraepithelial neoplasia (PIN), 
high-grade PIN, adenocarcinoma, and phylloides-like cancer 
according to Gleason grades [12].

Immunohistochemistry
Paraffin sections were blocked with 3% hydrogen peroxide 

(H2O2) in phosphate-buffered saline (PBS) for 10 min to remove 
endogenous peroxidase, then blocked with 10% normal goat 
serum in PBS for 30 min. Next, the sections were incubated 
overnight in a solution containing diluted rabbit or mouse IgG 
isotype, anti-cytokeratin 8 (1：200 dilution; Covance, USA), 
anti-synaptophysin (1：200 dilution; Abcam, UK), anti-TLR4 
(1：200 dilution; Imgenex, USA) or anti-TLR5 antibody (1：
200 dilution; Imgenex) at room temperature and subsequently 
exposed to biotinylated goat anti-rabbit IgG or anti-mouse IgG 
and streptavidin peroxidase complex (Vector Laboratories, 
USA). These sections were then visualized with 3,3’- 
diaminobenzidine in 0.1 M Tris-HCl buffer and counterstained 
with methyl green (Sigma). Three fields of epithelial area from 
each view image at magnifications of 100 and 400× were 
selected at random, and the intensity was determined using the 
ImageJ software (ver. 1.45p; NIH, USA).

Statistical analysis
The differences among the mean values of the different 

groups were assessed, and all data are expressed as the mean ± 
SD. Statistical calculations consisted of Pearson’s Chi-squared 
test and one-way ANOVA followed by Tukey’s multiple 
comparison test for multi-group comparisons using GraphPad 
Prism (ver. 5.01; GraphPad Software, USA). P values ＜ 0.05 
were considered statistically significant.

Results

Pathologic grade of TRAMP prostate
We first determined the pathologic grade of prostate from WT 

and TRAMP mice as previously described [20,26]. Normal 
prostate glands of WT C57BL/6 mice were lined by a monolayer 
of cuboidal to columnar epithelial cells with basally oriented 
nuclei (panel A in Fig. 1). However, the prostate glands of 
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Fig. 1. Pathologic grade of transgenic adenocarcinoma of mouse
prostate (TRAMP). Prostate tissues from wild-type (WT) and TRAMP
mice were fixed in 10% formalin for 24 h, then processed in a 
standard alcohol-xylene series. The tissues were subsequently 
embedded in paraffin, after which 3 m sections were prepared 
and stained with hematoxylin and eosin. Images of normal prostate
tissue from WT mice (A) and low-grade prostate intraepithelial 
neoplasia (PIN) (B), high-grade PIN (C), poorly differentiated 
adenocarcinoma (D) and phylloides-like cancer (E) from TRAMP
mice. Magnification: 400× (A–E), 100× (inset).

Fig. 2. Cytokeratin 8 expression in pathologic grades of TRAMP.
Sections from Fig. 1 were incubated with anti-cytokeratin 8 
antibody. Images of normal prostate tissue from WT mice (A) and
low-grade PIN (B), high-grade PIN (C), poorly differentiated 
adenocarcinoma (D). Magnification: 400× (A–D), 100× (inset).

Fig. 3. Synaptophysin expression in pathologic grades of TRAMP
prostate. Sections from Figure 1 were incubated with anti- 
synaptophysin antibody. Images of normal prostate tissue from 
WT mice (A) and low-grade PIN (B), high-grade PIN (C), poorly 
differentiated adenocarcinoma (D). Magnification: 400× (A–D), 
100× (inset).

TRAMP mice consisted of foci with multilayers of atypical 
cells in the epithelium or the lumen of the duct (panels B-E in 
Fig. 1). Prostate glands showing large foci with two or three 
layers of atypical cells without luminal involvement were 
classified as low-grade intraepithelial neoplasia (PIN) and 
those showing foci with multi layers of atypical cells without 
luminal involvement were classified as high-grade PIN. In 
high-grade PIN, the prostate gland showed epithelial crowing 
and stratification, including variation of nuclear shape, chromatin 
condensation, and an increase of nuclear-to-cytoplasmic ratio 
(panel C in Fig. 1). Poorly differentiated adenocarcinoma (AC) 
was characterized by anaplastic sheets of cells containing 
pleomorphic cells with irregular nuclei (panel D in Fig. 1). In 
addition to pathologic grade of prostate, TRAMP mice developed 
phylloides-like cancer (PLC) in seminal vesicles. The neoplastic 
stromal cells of PLC emerged multicentrically immediately 
beneath the cuboidal to columnar epithelium (panel E in Fig. 1).

Expression of cytokeratin 8 and synaptophysin in TRAMP 
prostate

A recent consensus report on mouse models of human prostate 
cancer demonstrated that TRAMP mice have a high incidence 
of neuroendocrine phenotype arising in the prostate [17]; 
therefore, we measured the expression of cytokeratin 8 (marker 
of epithelial differentiation) and synaptophysin (marker of 
neuroendocrine differentiation) in the TRAMP prostate. Normal 
and TRAMP prostate epithelium from all pathologic grades 
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Fig. 4. TLR4 expression in pathologic grades of TRAMP prostate.
Sections from Figure 1 were incubated with anti-TLR4 antibody. 
Images of normal prostate tissue from WT mice (A) and 
low-grade PIN (B), high-grade PIN (C), poorly differentiated 
adenocarcinoma (D). The intensity of TLR4 immunostaining in 
each pathologic grade is shown (E). Intensity of TLR4 
immunostaining was measured in an average of three fields and 
is presented as the mean ± standard deviation (SD; *p ＜ 0.05, 
**p ＜ 0.01, and ***p ＜ 0.001). Normal, normal prostate; Low 
PIN, low-grade PIN; High PIN, high-grade PIN; AC, poorly 
differentiated adenocarcinoma. Magnification: 400× (A–D), 
100× (inset).

Fig. 5. TLR5 expression in pathologic grades of TRAMP prostate.
Sections from Figure 1 were incubated with anti-TLR5 antibody.
Images of normal prostate tissue from WT mice (A) and 
low-grade PIN (B), high-grade PIN (C), poorly differentiated 
adenocarcinoma (D). The intensity of TLR5 immunostaining in 
each pathologic grade is shown (E). Intensity of TLR5 
immunostaining was measured in an average of three fields and 
is presented as mean ± SD (*p ＜ 0.05 and **p ＜ 0.01). (A–D) 
400× magnification, (inset) 100× magnification.

showed strong expression of cytokeratin 8 (panels A-D in Fig. 2). 
However, synaptophysin was occasionally detected only in 
single cells located on the prostate epithelium of high-grade 
PIN (panel C in Fig. 3) and on normal prostate epithelium in 
poorly differentiated adenocarcinoma tissue (panel D in Fig. 3). 
These IHC data showed that prostate tissues from all pathologic 
grades examined showed epithelial phenotype.

Expression of TLR4 and TLR5 in TRAMP prostate
We next evaluated the expression of TLR4 and TLR5 in prostate 

tissues from WT and TRAMP mice with various pathologic 
grades. TLR4 was strongly expressed in the normal prostate 
epithelia of WT mice (panels A and E in Fig. 4). However, the 
intensity of TLR4 immunostaining in the prostate tissue from 
TRAMP mice gradually decreased as pathologic grade became 
more aggressive (p ＜ 0.001) (panels B-E in Fig. 4). Both low- 
and high-grade PIN tissues showed reduced the expression of 
TLR4, and TLR4 expression of AC was very weak (panels B-E 
in Fig. 4). 

TLR5 was moderately expressed in normal prostate (panel A 
in Fig. 5), but decreased during progression of prostate 
transformation (p ＜ 0.001). Low-grade PIN, high-grade PIN 
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and adenocarcinoma from TRAMP mice showed reduced 
expression of TLR5 compared with normal prostate tissue, 
although there was no significant difference between low-grade 
PIN, high-grade PIN and AC (panels B-E in Fig. 5). A comparison 
of TLR4 and TLR5 expression by measuring the intensity of 
immunostaining using an image analyzer is shown in panel E in 
Fig. 4 and 5. Staining with IgG antibody was not detected in 
prostate epithelial cells (data not shown). 

Discussion

Recent reports showed that the stimulation of TLRs in cancer 
cells can inhibit or promote tumorigenesis dependently on 
receptors or tumor cell type. Triggering of TLR3 induced apoptosis 
in human pharynx carcinoma cells and head and neck cancer 
[23,24], while TLR9 agonist inhibited tumor growth by sensitizing 
lung cancer cells to apoptosis [38]. In the case of prostate cancer, 
TLR7 agonist inhibited the growth and colony formation of 
TRAMP-C2 cells [15]. Conversely, TLR4 stimulation promoted 
the survival and proliferation of hepatocarcinoma cells [39], 
while TLR5 stimulation promoted the migration and invasion 
of salivary gland adenocarcinoma [27] and the proliferation of 
gastric cancer cells [34]. In addition, activation of TLRs in 
cancer cells induces production of variable molecules that have 
pro- or antitumor activity. TLR4 stimulation of lung cancer cells 
promoted immune escape by inducing secretion of 
immunosuppressive cytokines and resistance to TNF-related 
apoptosis [16], while high levels of TLR3, TLR4, and TLR9 in 
breast cancer were associated with higher probability of 
metastasis [13]. Conversely, LPS treatment induced production 
of chemokines such as CCL2, CCL5, CXCL8, and CXCL10 in 
prostate cancer cells [11] and elicited T cell-mediated antitumor 
immune response, resulting in tumor growth inhibition [2]. 
Moreover, TLR3 or TLR5 agonist-treated prostate cells induced 
NF-B-dependent upregulation of inflammatory molecules with 
recruitment of inflammatory cells [9].

Our IHC results showed that the expression of TLR4 and 
TLR5 decreased as the tumor progressed in TRAMP prostate. 
This reduced expression of TLR4 and TLR5 in transformed 
prostate may provide tumor cells with one strategy to escape 
host immune attack because TLRs on tumor cells can induce 
antitumor immune response as mentioned above. Conversely, 
the loss of differentiation in aggressive cells during tumorigenesis 
might lead to reduced expression of TLR4 and TLR5.

In human prostate cancer cells, TLR4 promotes an immune 
escape, survival and progression of malignancy. LPS treatment 
enhances metastasis of the human prostate cancer cell line PC3 
by promoting VEGF and TGF1 expression [28], while tumor- 
derived peroxiredoxin 1 mediates tumor metastasis via TLR4, 
providing a mechanistic link between inflammation and TLR4 
in prostate carcinogenesis [31]. However, in accordance with 
our results, two independent studies showed that the percentage 

of epithelial cells expressing TLR4 is gradually reduced as 
pathologic grade increases in human prostate tissues [10] and 
that stimulation of prostate cancer cell MAT-LU with LPS in 
vitro before inoculation produces significant inhibition of tumor 
growth in Copenhagen rats [2]. Although these discrepancies 
among studies could not be explained clearly, diversity of in 
vivo microenvironments, including stroma-derived factors and 
immune cells, might be an important factor to be explored.

The effects of TLR5 stimulation on prostate tumorigenesis 
have not been well studied. However, Galli et al. [9] showed 
that TLR5 stimulation of human prostate cancer cells triggered 
the production of inflammatory cytokines and chemokines, 
which mediate recruitment of inflammatory cells, while König 
et al. [19] showed decreased levels of TLR5 mRNA in human 
prostate cancer tissue compared with that of benign prostate 
hyperplasia. Although the prostate epithelial expression of 
TLR5 was not defined in the latter because they showed TLR5 
mRNA expression in crude prostate tissues, this result is in the 
line with our IHC results. Regarding the possible inhibitory 
function of TLR5 in cancer cells, Rhee et al. [30] showed that 
blocking TLR5-mediated signaling in human colon cancer 
xenografts was associated with enhanced tumor growth, while 
activation of TLR5 in breast cancer cells inhibited cell 
proliferation [4]. 

A recent consensus report on mouse models of human 
prostate cancer demonstrated that TRAMP mice have a high 
incidence of neuroendocrine tumors arising in the prostate that 
are highly metastatic to lung, liver and other tissues [17]. 
However, the origin of neuroendocrine malignancy remains 
controversial. Kaplan-Lefko et al. [20] concluded that the 
poorly differentiated adenocarcinoma expressed neuroendocrine 
features as a consequence of a phenotypic switch as a function 
of cancer progression. In addition, Yuan et al. [40] suggested 
that prostate cancer cells undergo a transdifferentiation process 
to become neuroendocrine-like cells, which acquire the 
neuroendocrine phenotype and express neuroendocrine 
markers. However, Chiaverotti et al. [5] suggested that 
neuroendocrine carcinomas arise independently from atypical 
hyperplasias and may develop from bipotential progenitor cells 
at an early stage of prostate tumorigenesis by transplantation 
studies using TRAMP prostatic ducts. Our IHC data showed 
that normal prostate, low-grad PIN, high-grad PIN and poorly 
differentiated adenocarcinoma tissue expressed cytokeratin 8, 
but not synaptophysin, demonstrating epithelial origin of 
poorly differentiated adenocarcinoma cells. Because epithelial 
to neuroendocrine transdifferentiation is thought to be a 
stochastic event related to prostate cancer progression in 
TRAMP, the absence of synaptophysin expression on poorly 
differentiated adenocarcinoma cells may be explained by 
insufficient progression of prostate epithelial malignancy to 
show neuroendocrine phenotype. Indeed, we found that 
expression of another epithelial marker, E-cadherin, was very 
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weak in poorly differentiated adenocarcinoma tissue (data not 
shown).

In our study, the expression of TLR4 and TLR5 in TRAMP 
prostate decreased as pathologic grade became more aggressive, 
which could have been due to loss of differentiation during 
tumor progression and may provide tumor cells with a strategy 
to escape host immune surveillance. These findings suggest that 
TLR4 and TLR5 may contribute to antitumor immune response.
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