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ABStrACt

the concentration of sex steroid hormones in the prostate gland is controlled by their local synthesis and 
metabolism. these processes involve steroid metabolizing (steroidogenic) enzymes, which are necessary to 
produce the active form of androgens and estrogens at specific locations. Changes in gene expression of the 
steroid metabolizing enzymes may play an important role in prostate carcinogenesis by regulating sex steroid 
concentration in the prostate gland. the purpose of this review is to gather the most important reports connected 
with gene expression of the steroidogenic enzymes and to find correlations between gene expression and 
tumorigenesis in the prostate gland.
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Introduction

Malignant neoplasms, as the second most popular 
cause of death worldwide after cardiovascular diseases, 
pose a serious health problem. One of the most com-
mon malignant neoplasms in men is the prostate can-
cer (PCa). In 2009 in the United States 192,280 peo-
ple were diagnosed with this cancer, of whom 27,360 
died [1]. In 2006 in Poland over five thousand patients 
died of PCa, out of the total 71,000 patients diagnosed 
with neoplastic diseases. thus, PCa was the third type of 
cancer with the highest mortality rate [2]. Despite high 
prevalence of PCa and numerous scientific research pro-
grams, the mechanisms underlying its development still 
remain unclear. The most important risk factors of the 
prostate gland malignancy include age, race and fam-
ily history of the disease. PCa is rarely found in peo-
ple below forty, but above that age the incidence rate 
increases dramatically, as compared with any other type 
of cancer. Apart from age, an important factor predis-
posing to PCa is the race. the most vulnerable ethnic 
group are the African Americans, and the least the Asian 
population, which may be associated with their diet and 
lifestyle. The risk is also increased in the cases of fam-
ily history of PCa, which is probably related to genetic 

factors [3]. Steroid hormones may also be important 
in the PCa development, as their presence is essential 
for a proper functioning and growth of the prostate 
gland. the steroid hormones are supplied to the pros-
tate with the blood flow, but thanks to the local expres-
sion of steroidogenic enzymes the steroid hormones can 
be also synthesized and metabolized within the gland. 
Variations in the expression pattern of the steroidogenic 
hormones during neoplastic transformation may signif-
icantly affect the intracellular concentration of steroid 
hormones in the prostate gland and thus play a role in 
the cancer pathophysiology [4]. Identification of possi-
ble gene expression alterations within the prostate, cru-
cial for extragonadal synthesis of steroid hormones, may 
be helpful in better understanding of PCa development 
mechanisms. Consequently, this may be a starting point 
for working out new therapeutic approaches, based on 
analogs or steroidogenic enzyme inhibitors.

Steroid hormones  
and the prostate cancer

the role of steroid hormones in the prostate gland car-
cinogenesis became the focus of scientific research in 
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1941, when Huggins and Hodges demonstrated the 
effect of surgical castration and anti-androgen supply 
on a reduced level of acid phosphatase in the blood 
serum of PCa patients. Acid phosphatase was the first 
biomarker, whose elevated level indicated the PCa. 
Additionally, higher concentration of acid phosphatase 
was noticed after androgen injection in patients with 
advanced PCa [9]. These studies identified testosterone 
as a major factor involved in the neoplastic transfor-
mation of the prostate cells, and initiated the use of a 
therapy aimed at inhibition of testosterone biosynthe-
sis. In most cases, blocking testosterone production by 
means of surgical or pharmacological castration results 
in initial tumor regression, but over time the tumor 
becomes androgen-independent [10]. Subsequent 
studies have provided further evidence of the andro-
gen role in PCa pathogenesis. It was demonstrated 
that the incidence of PCa in patients castrated before 
puberty were extremely rare [11]. Moreover, the effect 
of DHt on the regulation of proliferation and apop-
tosis balance in the prostate cells was showed. Distur-
bance of this processes may lead to uncontrolled cell 
division and eventually to cancer development [4]. the 
data obtained in the Prostate Cancer Prevention Trial 
revealed that blocking the conversion of testosterone 
to DHT by finasteride (5α-reductase inhibitor) reduced 
PCa incidence. Unfortunately, prolonged use of finas-
teride was associated with an increased risk of other 
tumors and numerous side effects [12]. Further infor-
mation concerning the effects of androgens on the 
PCa development was derived from animal models. 
For example, increased PCa incidence was observed in 
Noble rats following a long-term supply of testosterone 
[13]. Nobel rats were also a model in which synergistic 
effects of androgens and estrogens on the induction of 
dysplasia and hyperplasia of the glandular epithelium 
were demonstrated [14]. 

Another group of sex hormones that regulate 
growth and differentiation of the prostate cells and 
may be involved in their carcinogenesis are estrogens. 
the estrogens affect the prostate gland in a direct and 
indirect way. Indirect action is manifested by inhibition 
of androgen synthesis and secretion by means of estro-
gen influence on the hypothalamic-pituitary-gonadal 
axis or directly on the testes [15]. The direct mecha-
nisms have been unveiled experimentally. It was found 
that estrogens, in both humans and rats, stimulated 
DNA synthesis and induced metaplastic lesions in the 
prostate epithelium [16, 17]. In rats, the presence of 
high doses of estrogen in the first five days postnatally 
triggered significant changes in the development and 

functioning of the prostate in later life. these changes 
included inhibition of the prostate growth, inflamma-
tions, epithelial hyperplasia and dysplastic lesions that 
histologically resembled prostatic intraepithelial neo-
plasia (PIN) [18]. 

the relationship between serum level of the ste-
roid hormones and PCa incidence remains unclear. It 
is difficult to explain the increased incidence of PCa 
with age, when androgen bioavailability decreases. It 
may be speculated that the estrogens replace testos-
terone in the induction of neoplastic lesions, however, 
this assumption has not been sufficiently proved [19]. 
Most studies showed no relationship between the lev-
els of steroid hormones and sex hormone binding pro-
tein (SHBP) in serum, and increased risk of PCa [20]. 
However, the article by Gann et al. [21] reported an 
enhanced risk of PCa in the patients with increased tes-
tosterone level and low level of SHBP. Unfortunately, 
this type of study may be burdened with serious errors 
due to using different laboratory methods for the deter-
mination of hormone blood levels, current endocrine 
status, etc. [20].

Steroidogenesis in the prostate gland

Androgens are the main type of steroid hormones with 
a fundamental role in the prostate growth and func-
tioning. their de novo production occurs in the tes-
tes and adrenal cortex. Peripheral tissues, such as the 
prostate or skin, may synthesize androgens from the 
precursors supplied with blood. this process depends 
on the expression of steroidogenic enzymes, involving 
different types of dehydrogenases: 3β-hydroxysteroid 
dehydrogenase (HSD3β), 17β-hydroxysteroid dehy-
drogenase (HSD17β), 3α-hydroxysteroid dehydroge-
nase (HSD3α) and 5α-reductase. the most important 
androgen is testosterone, produced from androstene-
dione (A-dione) in testicular Leydig cells by HSD17β3. 
testosterone may be also synthesized in the prostate, 
however, this process is mediated by another enzyme 
– HSD17β5. In contrast, A-dione is formed through 
the conversion of an adrenal precursor dehydroepi-
androsterone (DHEA), catalyzed in the prostate basal 
epithelial cells by HSD3β1. In the prostate testosterone 
is converted to its most active metabolite, dihydrotes-
tosterone (DHT), by type 2 5α-reductase (SRD5A2) [5]. 
DHt level in the tissue is much higher than in blood 
[6]. An alternative pathway of DHt formation involves 
the conversion of 5α-androstan-3α, 17β-diol (3αA-
diol) mediated by type 3 HSD3α. Both testosterone 
and DHt inactivation is catalyzed by HSD17β2. As a 
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result, these androgens are converted to A-dione and 
5α-androstenedione (5αA-dione), respectively [5]. 

the prostate gland may produce not only andro-
gens, but also estrogens. In this process, aromatase 
(CYP19) converts testosterone into the most active form 
of estrogen – 17β-estradiol (E2). A-dione may also be 
converted, but only into estrone (E1) that exhibits 
poor biological activity [7]. HSD17β 1, 7 and 12 can 
reduce E1 to E2. An opposite reaction is mediated by 
HSD17β2,4,8,10 and 11, displaying oxidative activity 
[8]. These mechanisms are illustrated in figure 1.

Expression of steroidogenic enzymes 
in the prostate cancer
Intracellular levels of steroid hormones in the peripher-
al tissues depend on their supply with blood and local 
biosynthesis and metabolism. Peripheral tissues, includ-
ing the prostate gland, are not capable of de novo 
steroid synthesis, but they contain the enzymes that 
catalyze the formation of active androgens and estro-
gens from adrenal derived precursors [22]. the main 

enzymes involved in the local steroidogenesis in the 
prostate gland are steroid sulfatases, 3β-hydroxysteroid 
hydrogenases, 17β-hydroxysteroid dehydrogenases, 
3α-hydroxysteroid dehydrogenases, 5α-reductases and 
aromatases [4].

Steroid sulfatases

Steroid sulfatases (StS) are responsible for the conver-
sion of estrone sulphate (E1S) to biologically active 
estrone (E1) and dehydroepiandrosterone sulfate 
(DHEAS) to DHEA [23]. StS expression has already 
been investigated during studies on other hormone-
dependent neoplasms, such as breast cancer and endo-
metrial cancer [24]. It was found that breast cancer 
was associated with higher level of steroid sulfatase 
mRNA and protein, as compared to normal tissues [25] 
[26]. Similarly, the expression level of StS may also 
be important in the PCa development, considering its 
role in the synthesis of androgens and estrogens [27]. 
The studies by Nakamura et al. [28] demonstrated that 
estrogen production in the prostate was to a greater 

Figure 1. Steroidogenesis in the prostate gland. HSD3β1, 3β-hydroxysteroid dehydrogenase type 1; HSD17β-1, 2, 4, 5, 7, 10 and 11, different types 
of 17β-hydroxysteroid dehydrogenases; 5α-R2, 5α-reductase type 2, DHEA, dehydroepiandrosterone; A-dione, androstenedione; 5αA-diol, 5α-
androstenediol; E1, estrone, E2, estradiol, DHT, dihydrotestosterone; 3βA-diol, 5α-androstan-3β, 17β-diol; 3αA-diol, 5α-androstan-3α, 17β-diol; 5αA-
dione, 5α-androstenedione
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extent mediated by StS than by CYP19. StS presence 
was confirmed in the majority of human neoplastic 
tissues, and PCa cell lines, but it was not detected in 
benign prostatic hyperplasia (BPH). 

3β-hydroxysteroid dehydrogenases

3β-hydroxysteroid dehydrogenase (HSD3β) are bifunc-
tional dimeric enzymes necessary in the biosynthesis of 
all classes of steroid hormones. there are two human 
isoforms of this enzyme: HSD3β1 and HSD3β2 [29]. 
The first isoform is expressed only in placenta and 
peripheral tissues, such as mammary gland, prostate 
gland, and skin, and the second is expressed particular-
ly in steroidogenic tissues, such as adrenal glands, tes-
tes and ovaries, where it is involved in the conversion of 
dihydrotestosterone to inactive metabolites. the genes 
encoding these enzymes are, due to their important role 
in androgen metabolism, classified as candidate genes 
for PCa. Numerous polymorphisms have been identi-
fied in both genes and links have been found between 
some of them and increased PCa risk [30]. Stanbrough 
et al. reported overexpression of HSD3β2 gene and 
concluded that it was associated with a tumor adapta-
tion to anti-androgen therapy [31].

17β-hydroxysteroid dehydrogenases

the family of 17β-hydroxysteroid dehydrogenases 
consists of a group of enzymes that catalyze the con-
versions of 17β-ketosteroids and 17β-hydroxysteroids 
[32]. Both estrogens and androgens display their high-
est activity in 17β-hydroxy form, which is present in 
estradiol and testosterone. thus, HSD17β enzymes play 
a crucial role in the regulation of steroid hormones by 
controlling the formation and inactivation of andro-
gens and estrogens. So far, at least 11 types of 17β-
hydroxysteroid dehydrogenases have been character-
ized in different species, including 9 types in humans 
[33]. PCa studies revealed a differential expression of 
a few enzymes from 17β-hydroxysteroid dehydroge-
nase family, including increased expression of reduc-
ing enzymes that catalyze a conversion of precursors to 
active androgens and estrogens (HSD17β3, HSD17β5 
and HSD17β7), and reduced expression of oxidative 
enzymes, catalyzing the opposite reactions (HSD17β2) 
[31, 34]. these data suggest a shift in androgen and 
estrogen metabolism within a tumor, towards the 
formation of testosterone, DHt, and E2. Moreover, 
declined expression of HSD17β2 that protects tissues 
against excessive synthesis of E2 may be associated 

with higher level of this hormone in the prostate and 
stimulation of cancer cell proliferation. It is important 
that these processes take place in the phase where PCa 
development is androgen-independent [35].

3α-hydroxysteroid dehydrogenases

type 2 of 3α-hydroxysteroid dehydrogenase (3α-HSD) 
belongs to the family of aldo-keto reductases (AKR) 
and it is abbreviated as AKR1C3. In the prostate, this 
enzyme catalyzes conversion of Δ4-androstene-3,17-
dione to testosterone, 5α-dihydrotestosterone to 
5α-androstane-3α,17β-diol (3α-diol) and 3α-diol to 
androsterone. Thus, AKR1C3 may control the androgen 
balance in the prostate gland by transactivation of the 
androgen receptor [36]. Fung et al. [37] synthesized 
a highly specific antibody and used it to demonstrate 
cytoplasmic immunoreactivity of AKR1C3 protein in 
non-epithelial prostate components, such as endothelial 
and perineurial cells, stromal cells and smooth muscle 
cells. Immunoreactivity was also detected in transition-
al urothelial epithelium, prostatic urethra, and vas def-
erens epithelium. In contrast to non-epithelial cells, the 
glandular epithelial cells show only slight or no immu-
noreactivity to this highly specific antibody. Positive 
cytoplasmic immunoreactivity of AKR1C3 was detected 
in 9 of 11 cases of prostate cancer, indicating overex-
pression of AKR1C3 in PCa. These results confirm earli-
er reports on elevated level of mrNA for such reducing 
enzymes as AKR1C2 [38] and AKR1C3 [39] in primary 
cultures of prostate epithelial cells derived from pros-
tate cancer regions. Fung et al. also reported that the 
second type of 3α-hydroxysteroid dehydrogenase was 
coexpressed with the androgen receptor in the same 
prostatic cell types, and particularly in the case of pros-
tate cancer, however, this was not confirmed in immu-
nohistochemical tests. It was found [37] that increased 
level of AKR1C3 might not only promote growth of the 
prostate cancer cells, but it also supported angiogenesis 
by raising the levels of VEGF [40]. Low immunoreactiv-
ity of AKR1C3 protein in normal prostatic epithelium, 
as compared to neoplastic tissues, was corroborated 
by other studies [41], which may indicate a role of this 
enzyme in promoting tumor growth and angiogenesis.

5α-reductases 

testosterone is a dominant circulating androgen, 
and it may be present in blood as a free form or as 
SHBP. the free testosterone fraction may diffuse into 
the prostate cells, where it is irreversibly converted 
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into dihydrotestosterone by NADPH-dependent Δ4-3-
ketosteroid-5α-oxidoreductase (5α-reductase) [42]. 
Two types of 5α-reductase have been identified in 
humans, and the prostate contains almost exclusive-
ly the second type, encoded by SRD5A1 gene [43]. 
results from in vitro studies suggest that the prostate-
based conversion of testosterone to DHt, catalyzed 
by type 2 of 5α-reductase, may be the most impor-
tant factor determining the risk of PCa [44]. SRD5A1 
overexpression was found in androgene-independent 
prostate cancer. Enhanced expression this gene sug-
gests intensified conversion of testosterone to its most 
active form – dihydrotestosterone, which may also con-
tribute to the activation of the androgen receptor in 
PCa [32]. A49T mutation in 5α-reductase gene raises 
the enzyme activity fivefold [45]. A correlation was 
also revealed between SRD5A1 polymorphism and PCa 
risk [46]. In the Japanese population, characterized by 
low incidence of prostate cancer [47], the activity of 
5α-reductase is much lower than in the American pop-
ulation, where the incidence rate is very high.

Aromatases

Prostate cells are capable of synthesizing estrogens 
from androgens by means of aromatase [8]. Activity of 
this enzyme was confirmed in prostate cancer cell lines 
and the cells derived from benign prostate hyperplasia, 
but it was not detected in normal epithelium. this indi-
cates a possibility of local conversion of testosterone 
to estrogens that occurs in PCa, which may eventually 
result in intratumoral increase of estrogen levels [48]. It 
was also showed that obesity, which is most often asso-
ciated with elevated androgen aromatization, was cor-
related with poor histology in young PCa men, particu-
larly those younger than 50 years [49]. Prostate tum-
origenesis involves changes in the cellular expression 
of aromatase. It is believed that this may be related to 
the development and progress of PCa, in a mechanism 
similar to the one described earlier for the breast can-
cer [50]. Inhibited estrogen biosynthesis in aromatase 
knockout mice led to the prostate enlargement, but 
no signs of a malignant transformation were observed 
[51]. There are also reports in which aromatase expres-
sion was detected in neither benign prostatic hyperpla-
sia, nor prostate cancer cell lines [52], and therefore 
the role of this enzyme in PCa development remains 
unclear. Polymorphisms of aromatase encoding CYP19 
may also play an important role in the development of 
prostate cancer [53], however, conclusive evidence is 
lacking due to numerous limitations of such studies.

Diagnostic potential

Early and accurate diagnosis is a critical issue for sub-
sequent treatment of PCa. Unfortunately, common 
diagnostic tools have some disadvantages and in many 
cases are not sufficient for proper PCa recognition. The 
standard test used for prostate-specific antigen (PSA) 
amount in a blood has multiple limitations e.g. not 
distinguishing well between BPH and PCa and having 
a normal PSA levels does not completely rule out the 
cancer [53]. Similar problems can occur during Digi-
tal rectal examination (DrE) which is also used for PCa 
detection. Occasionally men with normal DrE results 
suffer from PCa. In opposite, men with an abnormal 
PSA level or positive DrE, diagnosed and treated for 
PCa, would have never develop disease to advanced 
stage. Biopsy is considered as accurate and direct way 
for an indication of tumor cells presence in the gland, 
however, collecting tissues from the small area raises 
the possibility that cancer can be simply missed [54]. 
Some of these disadvantages can be overcome by the 
introduction of new prognostic tests based on genes 
expression. Prolaris is the new diagnostic test for PCa 
which measures the expression level of genes responsi-
ble for cancer cells division [55]. Some other tests like: 
Oncotype DX, measure the expression level of various 
genes implicated in PCa [56]. These tests are used to 
provide an additional information in predicting disease 
aggressiveness. In cases when the first biopsy result 
was negative and patient has still an elevated level 
of PSA, decision about the next biopsy can be make 
on the basis of new Hologic [57], MDxHealth [58] 
and Mitomics [59] tests. During prostate carcinogen-
esis an altered expression of genes encoding steroido-
genic enzymes can occur. this abnormalities can be a 
potential source for new diagnostic tools development 
as well as for a choosing of the most effective thera-
py. However, better understanding of abnormal genes 
expression and the role of steroid hormones in prostate 
carcinogenesis is needed.

Clinical applications

Androgen-deprivation therapy (ADt) remains the princi-
pal treatment for advanced and metastatic PCa. Andro-
gen withdraw can be achieved with gonadotropin-
releasing hormone analogs or anti-androgen agents. 
treatment with gonadotropin-releasing hormone 
analogs like leuprolide or goserelin is called chemical 
castration due to the fact they lower androgens lev-
el, whereas anti-androgens (e.g. flutamide or bicalut-
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amide) directly block the androgen receptor. The ben-
efits of ADT include disease remission, symptom reduc-
tion and a marked clinical response. Decrease in testos-
terone plasma level results in apoptosis of most BPH 
as well as PCa cells. However, after an initial response 
to ADt, disease progress occur regardless of testoster-
one level. Somehow, tumor cells become able to main-
tain the transcription of androgen related genes.  this 
stage of cancer is known as castrate-resistant prostate 
cancer (CrPC) and is associated with a poor prognosis 
and short survival. Mean survival time for metastatic 
CrPC is only in range of 16-18 months [60, 61]. Some 
evidence [62, 63] suggest, that up-regulation of genes 
encoding enzymes involved in androgen biosynthesis 
such as AKR1C3  can be key event in tumor adapta-
tion to ADT. Moreover, other studies [64, 65] suggest 
PCa bone metastases ability to conversion of adrenal 
androgens to testosterone and DHt. Due to these facts, 
steroidogenic enzymes can be important target for the 
development of new therapies for PCa based on the 
use of their analogs and inhibitors. In recent years new 
strategies to inhibit Ar signaling have been emerge. It 
was shown, that treatment with cytochrome P450-c17 
(CYP17) inhibitor, abiraterone acetate, results in sup-
pression  of adrenal derived androgens. It was associ-
ated with increased survival time and increased time to 
PSA progression [66]. Other drug with anti-androgen 
effect is ketoconazole that blocks P450s involved in 
ergosterol biosynthesis [67]. 

In light of these observations, steroidogenic 
enzymes inhibition has high potential value in CrPC 
treatment however certain conclusions required more 
time and researches.  

Conclusions

Steroid hormones participate in the regulation of 
growth and functioning of the prostate gland and its 
pathogenesis. the amount of steroid hormones in the 
tissue depends on blood supply and local activity of 
steroidogenic enzymes responsible for their biosynthe-
sis and inactivation. 

Scientific studies published so far have indicated a 
shift in the steroidogenic enzymes expression pattern 
towards the synthesis of active forms of androgens and 
estrogens during prostate carcinogenesis and andro-
gene-independent tumor growth phase. this process 
may be greatly influenced by polymorphisms of genes 
encoding the steroidogenic enzymes. Unfortunately, 
there are too few publications to draw ultimate con-
clusions. Identification of altered expression of the ste-

roidogenic enzymes during neoplastic transformation 
of the prostate gland may provide valuable informa-
tion on the mechanisms regulating this process. this 
knowledge may be extremely useful for the develop-
ment of new therapies for prostate cancer, based on 
the use of analogs and inhibitors of the steroidogenic 
enzymes. However, it is still difficult to demonstrate a 
direct contribution of individual factors to the initiation 
and progression of PCa. More data is needed to fully 
understand the phenomena occurring during the pros-
tate carcinogenesis.
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