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A B S T R A C T

The use of genetically modified animals has been studied in scientific research over time as a way to discover
new treatments or even a cure for various diseases. Transgenic Adenocarcinoma of the Mouse Prostate (TRAMP)
is a model for prostate cancer (PCa) that develops lesions that range from preneoplastic to metastasis. Its si-
milarity to human PCa brings essential knowledge about disease development as well as making possible to
investigate different degrees of the tumor profile. We reviewed the literature regarding five important areas
relating to PCa progression in the TRAMP model. We also present some useful PCa models comparing them to
TRAMP. Furthermore, we investigated the effect of some therapies related to these areas highlighting the best
approaches that can delay PCa progression. The revised studies showed that TRAMP cancer stages are well
established from 8 to 30weeks of age, which makes possible to interfere in specific times of PCa development.
Moreover, inflammatory and angiogenic blockage before the appearance of malignant lesions retarded PCa
progression and showed better results than therapeutical approaches in other phases in TRAMP mice. Reactive
stroma is less studied than other areas, although it has been showing a particular relevance in PCa as a milestone
in malignant transformation through the modulation of TGF-β, vimentin, and αSMA. We concluded that even
years after its creation, the TRAMP model is still one of the most essential tools for PCa study, as well as for the
development of new strategies to prevent the disease.

1. Introduction

For almost 25 years, the term TRAMP (Transgenic Adenocarcinoma
of the Mouse Prostate) has been present in a wide variety of studies to
designate a specific genetically engineered mouse. This model re-
sembles human prostate cancer (PCa) features, showing different lesion
grades and progression in a short period. Thus, researchers have ex-
plored several investigative methodologies in this model to understand
and uncover the complex process involved in PCa. TRAMP mice were
engineered using the minimal rat probasin promoter (−426/+28) to
target the large T SV40 virus expression and small t oncoproteins, only
in the prostatic epithelium, inactivating p53 and Rb tumor suppressor
activity in the prostate [20,21,24]. As a result, this model is able to
develop not only progressive PCa, but also androgen independence and
metastatic spread [20].

The advantage of monitoring prostatic lesion progression in a short
time has brought relevant results for TRAMP studies, including

morphological characterization of prostatic tissue and other organs;
cancer metabolism; diagnosis; prevention; treatment and novel drug
discovery [33,56,57]. According to Balmain [5], the use of mouse
models shows advantages since it allows the control of aspects such as
environmental exposure that leads to cancer onset, which is as yet not
possible in human beings. Furthermore, the genetically engineered
mice (GEM) have contributed to elucidate different biological processes
involved in aggressive profile PCa not only in basic but also transla-
tional research [22]. However, it is important to make clear that until
now no single mouse model comprises all features of human PCa pro-
gression, therefore many models have been created to reproduce the
main characteristics of this disease [22,34,42].

GEM PCa models can be divided mainly into (i) models with viral
oncogenes, in which the TRAMP model belongs; (ii) knockout mouse
models based on tumor suppressor genes; (iii) transgenic mice with
multiple genetic mutations [78]. Different authors brought up in-depth
discussions and reviews in the literature about these models, comparing
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them to each other and showing advantages and limitations of their use,
which will not be discussed as a whole in this manuscript [22,47,78].
However, we selected some PCa models to compare to TRAMP and to
bring forth a new perspective on the different issues here exploited.

In this review, we discussed five extremely relevant areas relating to
PCa progression in the TRAMP model: morphological characterization,
hormonal response, angiogenesis, inflammation, and reactive stroma.
Moreover, we presented studies involving new therapies, strategies to
prevent tumorigenesis and new biomarker identification in all these
issues above mentioned. Also, we highlight the importance of studying
the different prostatic lobes, in which the proliferative lesions could be
less frequent and/or more aggressive in the TRAMP model. Therefore,
this review aims to highlight the TRAMP mice model as an excellent
way to find new opportunities for chemoprevention and therapeutic
approaches, establishing new perspectives in PCa studies.

2. Morphology

2.1. Lesions staging in TRAMP mice as a differential factor in the prostate
cancer study

Gingrich and Greenberg [21] already stated that the TRAMP model
has some advantages concerning other experimental models in PCa.
Among them, the fact that the specific transgene is mainly restricted to
the prostatic epithelial cells and the tumor histological similarities to
human being PCa, such as metastasis and androgen-independence
[18,21]. Nevertheless, Chiaverotti et al. [11] consider that PCa devel-
opment in TRAMP mice is not similar to the human form of the disease,
taking into consideration that TRAMP mouse prostatic stroma and
epithelium are simultaneously affected by the lesions in a diffuse form,
despite showing nuclear atypia.

TRAMP mice develop progressive forms of the prostatic disease,
which range from prostatic intraepithelial neoplasia (PIN) to invasive
adenocarcinoma, besides a metastatic process occurring in the lymph
nodes, lungs, and bones [20,21,24]. The presence of proliferative pro-
cesses is verified in 6–12week-old TRAMP mice with different grades of
hyperplasia, including PIN with cribriform and papillary patterns,
which are an indication of disease severity [21]. Severe hyperplasia and
adenocarcinoma are verified in 18week-old mice, and according to
Greenberg [23], 100% of TRAMP mice present primary tumors at
24–30weeks of age.

TRAMP mice have different backgrounds, which demonstrates dif-
ferences related to the life expectancy and PCa development. TRAMP
mice C57BL/6 TRAMP X FVB rarely live more than 33weeks of age,
whereas mice C57BL/6 TRAMP could live up to 36–40 weeks of age
[19]. These differences in life expectancy proved that TRAMP mice with
an FVB background presented more aggressive diseases than those with
a C57BL/6 background [19]. According to Chiaverotti et al. [11],
TRAMP mice from FVB background usually live less than TRAMP mice
from a C57BL/6 background due to the fast development and pro-
gression of neuroendocrine adenocarcinoma.

Regarding to the presence of proliferative processes in the different
prostatic lobes, it was verified that the transgene expression in TRAMP
mice is mainly related to the dorsolateral and ventral lobes [21]. De-
spite this, different studies showed the occurrence of adenocarcinoma
in other organs from the male reproductive tract, such as the anterior
prostate lobe and seminal vesicle [14,57]. The differential responses
among the prostatic lobes were shown in an experiment of dietary re-
striction from 7 to 11 or 20-week-old TRAMP mice [65]. These authors
observed a lobe-specific neoplastic development and a decrease lesion
severity in anterior, dorsolateral and ventral lobes [65]. The prostatic
lesions could be seen initially as focal proliferation, showing hyperba-
sophilic epithelium in the anterior and dorsal lobes, whereas diffused
lesions in all the epithelium were observed in the lateral and ventral
prostatic lobes [66]. Kaplan-Lefko et al. [30] verified that dorsal, ven-
tral and lateral lobes presented PIN as the primary lesion in 8-week-old

mice, whereas the anterior lobe remained predominantly healthy.
Furthermore, at 8 weeks of age, the dorsal and ventral lobes presented
less than 2% of the glandular area which could be classified as cancer
[30]. By and large, Kaplan-Lefko et al. [30] highlighted a substantial
change in prostatic morphology of TRAMP mice that ranged from
healthy and/or PIN, at early PCa stages, to an entirely disease domi-
nated microenvironment.

Research from our group contributed to elucidate the morphological
development of PCa in TRAMP mice, as well as create new criteria for
lesion staging. Kido et al. [33] verified the presence of low-grade pro-
static intraepithelial neoplasia (LGPIN) and high-grade prostatic in-
traepithelial neoplasia (HGPIN) in the ventral prostate of 8 and 12-
week old TRAMP mice, where HGPIN incidence was significantly
higher in the older animals. The presence of undifferentiated adeno-
carcinoma was only detected in the ventral prostate of 22-week-old
TRAMP mice. This study also demonstrated that Goniothalamin (GTN),
a synthetic compound similar to those found in Goniothalamus genus
plants with anti-inflammatory properties, led to a PCa progression
delay in TRAMP mice, highlighting the inflammation as an important
factor for cancer progression. In agreement with previous literature
data, Silva et al. [56] also demonstrated the PCa progression according
to aging in the prostate ventral lobe from TRAMP mice. Interestingly,
these authors described that the angiogenesis blockage with Ninte-
danib, before PCa onset, was able to delay the disease progression.
Nonetheless, therapy with the same antiangiogenic drug also increased
healthy tissue areas in the prostate dorsolateral and anterior lobes in 12
and 16-week old TRAMP mice, as well as decreased pre-neoplastic le-
sion [3,45]. In other words, these studies confirmed that therapeutic
approaches at the beginning or before PCa onset, were fundamental to
keep the prostatic microenvironment balance during more time,
making the cancer progression difficult.

Different authors have shown extraprostatic proliferative lesions in
TRAMP mice such as neuroendocrine urethra tumors [66], seminal
vesicle tumors [14,68], and renal tubular acinar carcinomas [68].
Berman-Booty et al. [7] identified two types of tumor in TRAMP mice,
the first an anaplastic tumor in the midbrain and the second, a poorly-
differentiated adenocarcinoma in the submandibular salivary gland. A
study involving androgen ablation therapy, showed that more than 40%
of castrated TRAMP mice developed a recurrent tumor, which was more
poorly differentiated than those found in the non-castrated mice, be-
sides showing an increased incidence of metastasis [30]. These authors
detected that castration led to an increased metastatic rate in the liver,
salivary gland, and calvaria, even in animals that did not present local
disease recurrence, suggesting the metastatic process as an early event
able to acquire hormonal independence [30].

It is known that androgens are responsible for the development,
growth, and homeostasis of the prostate, and in TRAMP mice it is not
different, due to the transgenic expression being directly regulated by
androgens [21]. Niu et al. [44] pointed out that the androgen receptor
(AR), located in the prostatic stroma has an important role in prostatic
proliferation activity in primary PCa in the TRAMP model. In this
context, androgen-ablation therapy in the TRAMP model led to hor-
mone-independent PCa at 24 weeks of age associated with a higher
neuroendocrine cancer phenotype occurrence, which possibly con-
tributed to a more aggressive PCa after castration [30]. Interestingly,
these authors verified that synaptophysin, a neuroendocrine marker,
was expressed in most primary tumors of castrated mice presenting
metastatic disease. Chiaverotti et al. [11] also point out the possible
existence of neuroendocrine precursor lesion in 4-week-old-TRAMP
mice, which was associated with a lower or negative AR im-
munoexpression in neuroendocrine foci. These data show a complex
response of TRAMP mice after androgenic ablation, which is relevant
considering that the disease recurrence is a natural condition of human
PCa. It is believed that androgens act on the prostate of the TRAMP
mice primarily through AR, which throughout cancer development can
suffer mutations and respond to other stimuli. In this way, TRAMP mice
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appear to be a suitable animal model to be used when evaluating agents
that target this hormone-refractory disease [30].

Nevertheless, the androgen and estrogen imbalance in this gland is
directly related to PCa pathogenesis, highlighting the importance of the
synergic action of these hormones for prostate regulation [13,77].
Different authors showed that AR and estrogen receptor α (ERα) levels
tend to increase in the ventral and anterior prostate during PCa pro-
gression in TRAMP mice [56,57]. According to Slusarz et al. [61],
TRAMP mice ERα knocked (KO) presented a decrease in poorly dif-
ferentiated adenocarcinoma in comparison with wild mice. Also, a re-
duced incidence of poorly differentiated adenocarcinoma was seen in
ERβ KO TRAMP mice, indicating that therapies targeting estrogens
receptors can prevent PCa [61]. The same authors suggested that in the
TRAMP model ERβ stimulation demonstrated a protective role, whereas
ERα expression could develop a tumorigenic influence. It was recently
verified that TRAMP mice presented an AR increase tendency in both
ventral and anterior lobes in 8–22week old TRAMP mice, as well as a
tendency to increase ERα in both epithelial cell cytoplasm and nucleus
[56,57]. Silva et al. [57] demonstrated that Goniothalamin treatment
decreased both hormone receptors. On the other hand, it was verified
that the AR immunoexpression decreased after fibroblast growth factor
(FGF) and vascular endothelial growth factor (VEGF) receptor were
blocked with Nintedanib, whereas the ERα signaling did not change.
The TRAMP model also exhibits important features regarding hormonal
response that can contribute towards studies involving the new thera-
pies.

3. Angiogenesis

3.1. Interfering in neovascularization at the early disease, an efficient tool in
the management of tumor microenvironment

The angiogenesis process has been studied in the TRAMP model
since it develops PCa spontaneously and presents well-defined pro-
gression steps, showing the same phases of angiogenesis observed in
clinical PCa [28,56]. Moreover, TRAMP mice allow the study of the
initial phase of angiogenesis, which is crucial to tumor onset and is
rarely accessed in clinical practice [28,49].

The first stage of angiogenesis, known as the “initiation switch,”
occurs early in PCa development, in which an increase of hypoxia 1α
factor (HIF-1α) in response to low oxygen tension in TRAMP mice is
observed. It stimulates the synthesis of pro-angiogenic molecules such
as VEGF, FGF2 and its receptor 3 (FGFR3), fact that intensify the vas-
cular permeability and created a favorable microenvironment for tumor
survival and metastasis onset [38,56]. In this stage, VEGF acts through
its receptor VEGFR1 (Flt-1), which is associated with PIN and well-
differentiated adenocarcinoma presence in the TRAMP model [56].

As PCa progresses in the TRAMP model, a second “angiogenic
switch” occurs, which is also called the “progression switch”. In this
stage, there is an HIF-1α and VEGFR1 reduction, associated with an
intensification of VEGF and VEGFR2, besides the increase of in-
traepithelial microvessels, undifferentiated adenocarcinoma and tumor
androgen independence [3,28,38]. The presence of two receptors for
VEGF, also verified in the TRAMP model, ensures its differentiated ef-
fect on tumor development. The VEGFR1 expression is related to cell
migration, whereas the VEGFR2 expression is associated with increased
cell proliferation and the induction of the anti-apoptotic process in
endothelial cells [8,28]. A recent proteomic study showed the over-
expression of platelet-derived growth factor B (PDGF-B), a pericyte
recruiter, in tumor tissue originated from TRAMP [82]. These authors
validated the PDGF-B network in PCa carcinogenesis, confirming the
upregulation of angiogenic pathways in the TRAMP model.

Interestingly, there are also anti-angiogenic molecules that exert a
protective role in the development of PCa, such as endostatin [38,70].
In TRAMP mice, high levels of this molecule were observed mainly at
the PIN stage, which is probably a consequence of the associated

increase of metalloproteinases (MMP), which have a proteolytic role in
endostatin synthesis [38,39]. However, PCa progression in this model
led to reduced levels of this molecule associated with an increase in pro-
angiogenic factors such as VEGF and FGF2 [38].

The interference in angiogenesis signaling leads to reduced neo-
vascularization and associated factors such as VEGF, VEGFR1, and
FGFR3, and is considered an important intervention strategy in TRAMP
PCa [56]. Moreover, the blockage of angiogenesis pathways in TRAMP
mice alters mitogenic factors related to cell proliferation; besides con-
tributing to the reduction of pro-inflammatory factors, such as inter-
leukin (IL) 17 and cyclooxygenase 2 (COX-2) [3,45,56]. In addition to
this, anti-angiogenic approaches can also modulate structural mole-
cules, such as α and β dystroglycan and laminin, which are important
for tumor environment remodeling and cell migration in TRAMP mice
[45].

Not only specific anti-angiogenic drugs can interfere on angiogen-
esis, but also other compounds with different properties have also been
demonstrating the ability to modulate the prostate angiogenic status.
Polyphenols, for example, showed a capacity to down-modulate an-
giogenesis key molecules such as VEGF, VEGFR1 and 2, HIFα and
MMPs, probably as a result of its interference in insulin-like growth
factor 1 (IGF-1) signaling. The inhibition of mitogenic pathways pro-
moted downstream regulation of angiogenesis, preventing this process
and PCa progression in TRAMP mice [1,53,55,60]. Anti-inflammatory
therapies, including Celecoxib treatment, revealed that COX-2 down-
regulation reduces Prostaglandin E2 expression, which is directly re-
lated to angiogenic signaling. Thus, the interference in inflammatory
pathways could also reduce VEGF expression in TRAMP PCa, colla-
borating to reduced tissue irrigation and consequently low tumor
growth [43].

Thus, the importance of studying mechanisms related to angiogen-
esis in the TRAMP model is evident, since it is complex and essential for
the development, survival, invasiveness, and differentiation of the
prostate tumor. Therefore, the interference in the angiogenic process is
effective in delaying TRAMP PCa progression, affecting signaling
pathways and interfering in extracellular aspects.

4. Inflammation

4.1. The inflammatory pathways are important upstream malignancy
signaling

The inflammatory process is triggered by the attempt of the immune
system to repair some benign prostatic alterations, such as prostatic
inflammatory atrophy and PIN [69]. Studies of TRAMP PCa show that
the most critical inflammatory hallmarks in clinical practice are also
altered in this mice model. This clinical implication reinforces its im-
portance for the study of inflammation [2,27,51,69].

IL-6, IL-8, and IL-17 are important PCa promoters. Generally, these
cytokines are increased according to tumor progression in human PCa
[10]. In the TRAMP mice, a progressive increase in the IL-6 serum levels
occurs in 20, 24 and 28-week-old [27,80]. Besides, a high IL-17 im-
munoexpression in the anterior prostate of 12 and 16-week-old TRAMP
mice was verified, highlighting the possible influence of inflammatory
mediators on tumor development even in a less aggressive PCa [3].
These interleukins presented a multifunctional action that regulate the
expression and activity of other inflammatory mediators, such as the
signal transducers and activators of transcription 3 (STAT-3), nuclear
factor kB (NFkB) and COX-2. These molecules also stimulate mitogenic
factors and the continuous secretion of pro-inflammatory cytokines,
improving tumor invasiveness, progression and metastatic onset
[35,69,73,79].

The STAT-3 and NFkB are transcription factors that are involved in
tumor survival stimulus and are generally elevated in PCa [31,54]. It
was observed high pSTAT-3 and NFkB levels in the ventral prostate of
22 weeks-old TRAMP mice, confirming the involvement of these
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molecules in PCa progression. Moreover, the constitutive activation of
these transcription factors stimulates positive feedback, amplifying the
inflammatory response and deregulating the prostatic microenviron-
ment even more [69].

COX-2 is also considered a key molecule in malignant development
since it is related to several processes involved in PCa progression such
as angiogenesis, apoptosis, and invasiveness [51,62]. Its expression is
upstream stimulated by androgens, inflammatory cytokines and tran-
scription factors such as IL-6, tumor necrosis factor α (TNFα) and NFkB
[16]. The COX-2 is expressed in TRAMP mice at the beginning of ma-
lignant development and increases with tumor progression [3,33,57].
Recent studies demonstrated that COX-2 inhibition, especially at the
beginning of TRAMP PCa (from 8 to 12weeks of age), reduced cellular
proliferation and increased the apoptotic index in the ventral prostate
in short-term, as well as reduced the proliferative index and well-dif-
ferentiated adenocarcinoma frequency in long-term [33,57].

The use of new drugs in PCa treatment with a broader action in
different targets of inflammatory pathways have promoted a better
morphological recovery. Kido et al. [33] verified that the GTN, ad-
ministered from 8 to 12-week-old TRAMP mice, presented a broad
spectrum of anti-inflammatory action decreasing COX-2, NFkB, STAT-3,
TNFα, and IL-1β. These authors also confirmed that the GTN anti-in-
flammatory potential was one of the main reasons implicated in PCa
delay. Silva et al. [57] evaluated the GTN effect in the anterior prostate,
revealing that besides reducing the COX-2 level, GTN could also in-
terfere in the AR and ERα levels, confirming the relationship between
inflammation and hormonal imbalance in TRAMP PCa.

Also, it is already known that COX-2 can interfere in angiogenesis
due to the upregulation of VEGF and FGFs, besides the downregulation
of BCL-2, inhibiting endothelial cell apoptosis [17,51]. Recent research
verified that the blockage of VEGF, PDGF and FGF receptors was able to
reduce COX-2 and IL-17 immunoexpression in TRAMP mice, pointing to
the participation of inflammatory mediators in PCa complex pathways
[3]. Thus, it is possible to observe that the use of the TRAMP model to
study inflammation in PCa development allows not just the verification
of chronic and acute inflammation, but it also permits the evaluation of
integrated pathways that are essential to carcinogenesis.

5. Reactive stroma

5.1. Targeting the prostatic microenvironment in TRAMP mice

The fundamental role of the stromal environment in tissue home-
ostasis maintenance and its strong influence in epithelial signaling,
wound healing processes, structural plasticity, as well as the develop-
ment of some diseases is well established in the literature [6,12,71].
Also, the high capacity to respond promptly to tissue homeostasis dis-
turbance can make the stroma a conducive environment for cancer
onset, and in this case, it is referred to as the “reactive stroma.” Ac-
cording to Tuxhorn et al. [71], this term describes a new micro-
environment, which was generated as a consequence of the neoplastic
process.

The main features that define the reactive stroma are the presence
of stromal cells with a myofibroblastic phenotype adjacent to pro-
liferative epithelial lesions, an increase of ECM remodeling, angiogen-
esis, and inflammation, which are similar to a wound healing response
[6,40,71]. In an attempt towards tissue repair, these events together
modify the tissue structure and enhance tumor permeability for growth
factors in the host stroma, giving support to cancer development. In the
prostatic tissue, reactive stroma is correlated to PIN presence and ad-
vances according to cancer progression [72]. Moreover, the reactive
stroma phenotype appears to be associated with the elevated expression
of some proteins, which are not only linked to stromal transformation
but also define the key characteristics of myofibroblasts and cancer-
associated fibroblasts, the main cells of the reactive stroma. These cells
have a central role in PCa progression through their repair-centric and

pro-survival biology, secreting a variety of growth factors and chemo-
kines that contribute to proliferation and angiogenesis [4,6].

Different authors have shown the reactive stroma in the TRAMP
model. Montico et al. [40] identified increased immunoexpression of α-
actin (αSMA), vimentin (VIM) and the transforming growth factor beta
(TGF-β) in the PIN stage of 8-week-old TRAMP mice, which was similar
to that found in the prostate of senile non-transgenic animals. In ad-
dition, the same authors associated the dual positive immunolabelling
of CD34/αSMA and CD34/VIM to lesion degree increase in TRAMP
mice, suggesting the existence of a perivascular origin of reactive
stromal cells. Both αSMA and VIM are reactive stroma markers, and
their co-expression is related to a switch in stromal cell phenotype,
which is attributed to myofibroblasts [72]. Likewise, TGF-β is con-
sidered a regulator of prostate cancer reactive stroma in vivo due to its
ability to stimulate phenotypic stromal cell switching and regulate
processes such as angiogenesis and ECM remodeling [72]. The crossing
between TRAMP and transgenic mice harboring the dominant-negative
mutant TGF-β type II showed that TGF-β signaling imbalance quick-
ened neoplastic transformation in the prostate, increasing proliferative
index in 12, 16, 20 and 24week-old mice [52]. Also, this study sug-
gested that TGFβRII inactivation was able to enhance AR expression
and macrophage infiltration, inducing endothelial-to-mesenchymal
transition and neovascularization, as well as worsening lesion severity
in the early stages of tumor development. Together, these studies
pointed out that TGF-β, as a reactive stroma key molecule, is significant
to PCa progression, and that TRAMP mice can be useful to test possible
regulatory agents which interfere in this pathway.

Another aspect about reactive stroma in TRAMP mice was detailed
by Yang et al. [81]. These authors characterized the stromal cell phe-
notype in three PCa mice models (PB-MYC, ERG/PTEN, and TRAMP),
and found different proportions of cells with smooth muscle or fibro-
blast-like features in each model. TRAMP mice between 20 and
33weeks of age showed PIN predominance and increased αSMA posi-
tive cells with an invasive phenotype. On the other hand, in advanced
tumor proliferating stromal cells masses invading epithelial compart-
ment were identified and classified as an intraductal adenoma with
stroma (IAS). In these areas, most of the stromal cells showed intense
αSMA, VIM and or collagen-1 immunolabelling, which implies in re-
active stromal features. Notwithstanding, the authors indicated smooth
muscle cells as the main cell-of-origin of the stromal cells in TRAMP
mice tumors. The same study still reported the hedgehog (HH) signaling
role, which regulates the development and regeneration of the adult
prostate. The results indicated increased expression of HH ligands in
TRAMP mice, especially in PIN lesions, but not in healthy epithelial
cells. According to Yang et al. [81], HH signaling can be predictive of a
stromal presence in a tumor, which occurs in a paracrine mode.

Recently, Silva et al. [57] indicated that increased αSMA im-
munoexpression followed the PCa progression in the anterior prostate
of TRAMP mice. Also, a long-term decrease of αSMA immunolabelling
was observed after GTN treatment, indicating that reactive stroma
markers can also be influenced by inflammation blockage. Although
this study does not explicitly bring insights into the reactive stroma,
other authors have already reported that an inflammatory micro-
environment can change genotypic and phenotypic features in the
stromal cells, leading to stromal reactivity in the prostate [6]. Con-
sidering the human PCa variability and its different rate of tumor
progression, it is plausible to suggest the use of the anterior prostate of
TRAMP mice as a good candidate in futures studies on reactive stroma,
as well as the other prostate lobes.

6. Alternative animal models for PCa and perspectives in
preclinical studies

Chemoprevention studies, drug innovation, and strategies to delay
PCa progression, as well as other types of cancer, take place with the
mandatory use of animal models, at least until now. Although there is
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no single model which mimics the human being disease, it is funda-
mental that animal models resemble human neoplastic lesions for PCa
study [34]. The two significant pitfalls concerning mouse models for
PCa are (i) when they develop bone metastasis, the incidence and
progression are low in relation to human beings; (ii) the high incidence
of neuroendocrine adenocarcinoma phenotype, which represents just
2% of cases in human being PCa [22,25,34]. Despite that, for chemo-
prevention studies and PCa progression evaluation, the main concern is
restricted to reproducibility and standardization. In this case, TRAMP
does not fail, and preclinical approaches should be considered using
this model.

Over the last years, a large number of animal models were gener-
ated to cover the PCa heterogenicity, including models with the same
prostate-specific probasin promoter (PB) utilized in TRAMP. In the
LADY model, the promoter is the large PB, which controls SV40 Large
T-antigen. Although the LADY shows similarity to pathological features
in relation to TRAMP mice, they are different due to the lack of small
antigen t in the LADY model. Eleven lines were constructed from ori-
ginal LADY, and all of them developed PIN by 10weeks of age and
undifferentiated adenocarcinoma by 20weeks [32]. However, the
LADY model presents a lower frequency than in the TRAMP [36]. De-
spite being a good model for PCa, intact mice did not develop metas-
tasis as TRAMP mice do [22]. The literature data are scarce relating the
LADY models and the topics addressed in this study; however studies
using LADY 12T-10 line have observed that a diet supplemented with
micronutrients such as vitamin E, selenium, and lycopene was able to
decrease PCa progression as demonstrated by significant PCNA reduc-
tion and altered immunoexpression of neuroendocrine markers [46,75].
Cervi et al. [9] also observed that the same micronutrient supple-
mentation for 42 weeks in the LADY model led to PF-4 expression in-
crease, a megakaryocyte-specific protein that is an endogenous anti-
angiogenic. These authors believe that somehow the supplementation
could hinder the angiogenic process in the tumor after mutations pro-
moted by the angiogenic switch, controlling the early steps of tumor-
igenesis process as well as dissemination and metastasis [9].

Lo-myc and Hi-myc are PCa models also generated by prostate-
specific PB (ARR2PB), and high expression of myc has been observed in
more than 30% of prostate tumors and increased according to tumor
grade progress [78]. The myc is relevant in PCa context, not only be-
cause of its role in several mechanisms and disease progression, but also
due to its overexpression as an early event of PCa. Hi-myc presents PIN
at 2–4weeks of age, and invasive adenocarcinoma can be detected from
12 to 24weeks of age. In contrast, in Lo-myc mice, these same lesions
appear by 10–12months of age, showing a higher latency than Hi-myc
[78]. Nevertheless, none of these animals developed metastasis neither
neuroendocrine carcinoma, as found in TRAMP [15].

As revised by Grabowska et al. [22], the studies with the Hi-myc
model have combined it with other genes relevant to human PCa,
somehow limiting the direct comparison to the TRAMP model. Not-
withstanding, some studies englobe the issues here described. Melis
et al. [37] showed that invasive adenocarcinoma onset is retarded in Hi-
Myc mice combined with B and T cell deficiency (RAG1−/− mice)
when compared to Hi-myc intact, as consequence of leucocytes de-
crease in the prostate. As observed in TRAMP mice, the lymphocytes
absence also delays PCa progression [26]. Hi-myc mice with NFκB
overexpression became non-sensitive to castration, suggesting that
NFκB participation in progression to androgen independent PCa phe-
notype [29]. Taken together, myc-models also appear to be a practical
tool to PCa study, mostly regarding the myc involvement in the onset
and first stages of PCa development.

Unlike the models mentioned above, many GEM models have been
created by incorporating single or multiples genetic losses and gains
based on human PCa genetic lesions, altering tumor suppressor genes
[22,74,78]. Phosphatase and tensin homolog deleted on chromosome
ten (PTEN) is a tumor suppressor gene, and its loss or mutation is linked
to human being cancers and is a critical early regulator of PCa [34,74].

Pten-deficient models, in general, recapitulates human PCa progression
without neuroendocrine formation, being entirely dependent to extent
Pten inactivation and intensified by crossing with other knockout
models. The Pten-KO (Pten-loxp/loxp: PB-Cre4+), a conditional model
for PCa, was used in a chemoprevention study to investigate the
Withaferin A (WA) phytonutrient effects on disease progression [41].
The authors observed that WA treatment delayed PCa progression by
downregulation of AKT pathway and endothelial-mesenchymal transi-
tion decrease [41]. Nevertheless, the point that catches our attention is
that by using the same protocol, another study verified similar results to
TRAMP mice (C57BL/6-Tg [TRAMP] 8247Ng/J) [64]. According to
Moselhy et al. [41] the Pten-KO model showed the correlation between
Par-4 (proapoptotic tumor suppressor protein) down-regulation and the
inhibitory effects of WA on AKT phosphorylation, as seen in TRAMP
mice. Despite being different models engineered by different genetic
tools, in some methodological approaches we can look at some simi-
larities among their biological responses.

Questions about reactive stroma were also assessed with Pten
models. Pten null prostate cancer is able to become androgen in-
sensitive, and after 10 weeks post-castration reactive stroma can be
detected [76]. Another study reported that reactive stroma was in-
creased in Pten PCa model under JAG1 stimulation, a Notch ligand
[63]. They observed vimentin immunoexpression increase in peri-
glandular stromal cells associated with a disruption of αSMA in stromal
cell layers and a robust expression of Tenascin-C, predicting a myofi-
broblast phenotype [63]. However, JAG1 overexpression did not affect
disease progression in a prostate-specific Pten null mouse model for PCa
[63]. It is known that Notch is a preserved signaling pathway in
mammalians that regulates many processes such as cellular differ-
entiation, proliferation, angiogenesis and cell-fate in both homeostasis
and carcinogenesis situations [48,63]. Unlike Su et al. [63], it was
founded that JAG-1 upregulation in TRAMP endothelial-specific JAG-1
mutants led to an angiogenesis increase, as well as, PCa development
and progression [48].

Therefore, the use of GEM is extremely convenient to PCa studies,
mostly to plan and apply chemopreventive strategies. Here, we exposed
the TRAMP mice as a joker model available to access different PCa
aspects, being reported similar results to those seen in TRAMP and
other PCa models.

In 2003 Kaplan-Lefko et al. [30] already postulated that the use of
transgenic mice for preclinical tests is advantageous mainly due to
cancer development is autochthonous and liable to an appropriate
microenvironment and an immune system. Despite neuroendocrine
cancer development in advanced phases, the TRAMP model is still used
in chemopreventive studies and preclinical trials. Nowadays, there is a
trend to test edibles sources compounds that can delay PCa progression.
Recently, a preclinical study with diets containing tomato and lycopene
showed a significant decrease in cancer incidence in all prostate lobes
from TRAMP mice, in other words, the prostatic tissue responded si-
milarly to the treatment. However, in the control groups, the cancer
incidence was lobe-specific, even in a less aggressive line like C57BL/6-
Tg(TRAMP) 8247Ng/J x FVB/NJ [67]. The probability of developing
cancer was 7.37, 5.87, and 2.55 times higher in the dorsal, lateral and
ventral prostates, respectively, when compared to the anterior prostate
[67]. Another preclinical study found that sulforaphane, a phyto-
chemical present in edible cruciferous vegetables, inhibited fatty acid
synthesis in TRAMP mice, which contributed to PCa chemoprevention
[59]. This same research group conducted studies in TRAMP mice and
human beings to evaluate the effects of another bioactive compound
also found in edible cruciferous vegetables with chemopreventive
properties, the phenethyl isothiocyanate (PEITC). [50,58]. They ob-
served a decrease in poorly differentiated PCa incidence and lactate
serum levels in the TRAMP model, whereas the intervention by one
week with PEITC in smoker subjects predisposed to or with PCa did not
affect lactate levels [58].

We believe that all topics before mentioned can be explored in the
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TRAMP model by methods involving treatments and protocols with
natural compounds from edible sources as a chemopreventive ap-
proach. Once the treatment efficacy is proven, the administration of
natural products is an excellent strategy to advance preclinical and
translational studies. In PCa, the challenge for chemopreventive studies
is reaching desirable effects that delay disease progression without side
effects.

7. Conclusion

In this review, we brought up the importance of morphology; hor-
mones; angiogenesis; inflammation; and reactive stroma as key features
of the molecular pathogenesis in the TRAMP. Interestingly, these as-
pects show several similarities between TRAMP and human being PCa,
not only regarding disease stages but also about molecular markers
response to the cancer development. The inhibition of these pathways
in different stages showed a particular significance in PCa delay, which
was especially efficient in the initial phases of tumor development. We
also pointed out that cancer progression rate is different in each pros-
tate lobe of TRAMP. Thus, the development of research that associates
these lobes is vital to demonstrate the disease variability found in
human cancer. Therefore, it can be concluded that even after 25 years
of TRAMP being used as a PCa model, they continue to be an efficient
tool in PCa study, providing safe results for translational and chemo-
prevention research.
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