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Tissue ACE phenotyping in prostate cancer
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ABSTRACT

Epithelial cells of prostate express significant level of ACE and, as a result, 
seminal fluid has 50-fold more ACE than plasma. The substitution of highly specialized 
prostate epithelial cells by tumor cells results in dramatic decrease in ACE production 
in prostate tissues. We performed detailed characterization of ACE status in prostate 
tissues from patients with benign prostate hyperplasia (BPH) and prostate cancer (PC) 
using new approach- ACE phenotyping, that includes evaluation of: 1) ACE activity 
with two substrates (HHL and ZPHL); 2) the ratio of the rates of their hydrolysis 
(ZPHL/HHL ratio); 3) the ratio of immunoreactive ACE protein to ACE activity; 4) the 
pattern of mAbs binding to different epitopes on ACE – ACE conformational fingerprint 
- to reveal conformational changes in prostate ACE due to prostate pathology. ACE 
activity dramatically decreased and the ratio of immunoreactive ACE protein to ACE 
activity increased in PC tissues. The catalytic parameter, ZPHL/HHL ratio, increased 
in prostate tissues from all patients with PC, but was did not change for most |BPH 
patients. Nevertheless, prostate tissues of several patients diagnosed with BPH based 
on histology, also demonstrated decreased ACE activity and increased immunoreactive 
ACE protein/ACE activity and ZPHL/HHL ratios, that could be considered as more 
early indicators of prostate cancer development than routine histology. Thus, ACE 
phenotyping of prostate biopsies has a potential to be an effective approach for early 
diagnostics of prostate cancer or at least for differential diagnostics of BPH and PC.
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INTRODUCTION

Prostate cancer (PC) is the second most common 
cause of cancer related death for men - worldwide more 
than a million men are diagnosed with PC each year 
and about 1/3 of them would die from this disease [1].  
The prostate-specific antigen (PSA) is the most common 

tumor marker for the early detection of PC. The PSA 
analysis used today, including its modifications (free 
PSA, ratio of free PSA to total), has low specificity 
and sensitivity and depends on many factors including 
PSA elevation with benign prostate hyperplasia (BPH), 
acute prostatitis [2–4], and even with the manipulation 
of the prostate like prostate massage [5]. As a result of 

           Research Paper

www.oncotarget.com


Oncotarget6350www.oncotarget.com

low specificity of PSA test, the biopsy is positive in 
only about 1/3 of patients with PSA elevation between 
4 and 10 ng/ml [6] or between 2 and 10 ng/ml [7] and 
overdiagnosis and overtreatment of PC affect up to 
50% of new diagnoses [8]. Markers like proPSA or 
PSA3 use other identification principles and have more 
accurate diagnostic value, but due to higher cost and 
low availability are performed by a small number of 
laboratories [9]. Therefore, new prostate cancer screening 
markers with high specificity and sensitivity are still 
required [2, 9, 10].

Angiotensin I-converting enzyme (ACE, CD143, 
EC 3.4.15.1), a Zn2+-dependent peptidyldipeptidase with 
two catalytic centers [11], is a key regulator of blood 
pressure which also participates in the development of 
vascular pathology and remodeling [12, 13]. There are 
several reasons why deep study of ACE in prostate could 
be beneficial for the putative early detection of prostate 
cancer:

1) Since 1998 [14], ACE (or, more correctly, 
ACE inhibitors, ACEI) received considerable attention 
in oncology as preclinical and clinical data suggested 
that ACEI may potentiate the effect of certain systemic 
antitumor therapies [reviewed in details in 15]. The use 
of ACE inhibitors was associated with better outcomes in 
patients with different tumors (including prostate cancer) 
who were receiving chemotherapy or anti-VEGF therapy 
[reviewed in 15].

2) Glandular epithelial cells of prostate express 
significant level of ACE and, therefore, seminal fluid has 
50-fold more ACE concentration than plasma [16–18]. The 
substitution of highly specialized prostate epithelial cells 
by tumor cells results in dramatic decrease in ACE activity 
in prostate tissues [19, 20], therefore ACE phenotyping 
of prostate biopsies may have clinical (diagnostic) 
significance.

3) Our studies with monoclonal antibodies (mAbs) 
to numerous conformational epitopes on the surface of 
human ACE revealed that the pattern of mAb binding to 
ACE - “conformational fingerprint of ACE” – is tissue 
specific, mainly due to tissue specific ACE glycosylation 
[21–25]. Moreover, the conformational fingerprint of 
prostate ACE was shown to be quite different from that 
for lung ACE [23] that opens up a theoretical possibility 
for the use the appearance of prostate-specific ACE 
in the blood as an early marker of prostate cancer. The 
difference in ACE concentrations in seminal fluid and 
plasma is just 50 [17, 18] - in contrast to >1 000 000 for 
PSA [26], therefore, we may expect that the frequency of 
false positive results with prostate ACE determination in 
the blood of patients with PC would be much lower than 
with quantification of PSA in the blood.

Here, we report the ACE phenotyping on prostate 
cancer tissues in comparison with normal prostate tissues 
and prostate tissues from patients with BPH. The data 
show that the catalytic parameter, namely, the ratio of the 

rates of the hydrolysis of two substrates hydrolyzed by 
the two active centers of ACE with different efficiency, 
ZPHL/HHL ratio [27], and the ratio of immunoreactive 
ACE protein to ACE activity have been significantly 
increased in patients with PC. Further, the conformational 
fingerprint of prostate ACE from patients with both BPH 
and PC differed noticeably from that from normal tissues. 
Therefore, ACE phenotyping of prostate biopsies could be 
an effective approach for an early diagnostics of prostate 
cancer and for differential diagnostics of BPH and PC.

RESULTS AND DISCUSSION

ACE activity in surgically removed prostate 
cancer tissues

In the first series of experiments, we performed 
ACE phenotyping in homogenates (prepared at 1:9 weight/
volume ratio) of prostate tissues obtained after surgical 
removal of these tissues from 4 patients with PC and 
prostate tissues obtained by Trans-URethral Prostatectomy 
(TURP) of 6 patients with BPH (Supplementary Table 1). 
As a control, we used homogenates of postmortem prostate 
tissues from 2 subjects who died due to accidents.

ACE activity in prostate cancer tissue homogenates 
(with ZPHL and HHL as substrates) was remarkably lower 
than in prostate tissues of unrelated patients (control) 
(Figure 1A and 1B), which is consistent with previously 
reported studies [19, 20]. However, ACE activity in 
prostate homogenates from patients with BPH (Figure 
1A and 1B) was not elevated several fold as reported 
earlier [19, 20, 28]. We suggested that partial coagulation 
of prostate tissues during TURP at BPH in our case 
could lead to partial denaturation of ACE and, therefore, 
underestimation of real ACE concentration in prostate 
tissues of patients with BPH.

Because we measured ACE activity in prostate 
tissues with two substrates (ZPHL and HHL), we were 
able to calculate the ratio of the rates of their hydrolysis, 
ZPHL/HHL ratio. The two domains of ACE hydrolyze a 
range of natural and synthetic substrates, but with different 
efficacy [29–32]. The substrates ZPHL and HHL used for 
testing ACE activity in laboratories worldwide. The usual 
concentrations for these substrates are 2 mM for ZPHL and 
5 mM for HHL, at pH 8.3. ACE domains hydrolyze these 
substrates with different rates. HHL is hydrolyzed faster 
(9-fold) by the C domain [29] in these conditions, whereas 
ZPHL hydrolyzed at similar rates by both domains [33]. 
As a result, the ratio of the rates of hydrolysis of these two 
substrates (ZPHL/HHL ratio) serves as a characteristic of 
a definite ACE form: for somatic two-domain human ACE 
it is about 1-1.5, for N domain – 5-7, and C domain – 0.6-
0.8 [27]. The ZPHL/HHL ratio used primarily to detect 
the presence of common ACE inhibitors taken as a drug in 
patients’ blood at the time of blood sampling [27, 34, 35].  
This parameter can also help to detect inactivation or 
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inhibition of a separate domain, as the increase of this 
ratio can indicate inactivation/inhibition of the C domain, 
while the decrease of this ratio may be an indicator for 
inactivation/inhibition of N domain [27].

The ZPHL/HHL ratio is rather uniform parameter 
for native ACE in plasma or tissue homogenates and is 
characterized by very low inter-individual variability: 
while ACE activity determined with a single substrate in 

normal population varies 3-4 fold with standard deviation 
(SD) about ~30% [36, 37], SD for ZPHL/HHL ratio is only 
about 3–5% [27, 22]. All four prostate tissues of cancer 
patients were characterized by a significantly increased 
ZPHL/HHL ratio (Figure 1C, Supplementary Figure 1), 
while this parameter was not considerably increased in 
prostate tissue homogenates from patients with BPH taken 
a group (Supplementary Figure 1). However, individual 

Figure 1: ACE activity in homogenates of prostate tissues (I cohort). Homogenates (1:9 weight/volume ratio) were prepared 
from surgically removed prostate tissues of 4 patients with PC, from TURP-treated prostate tissues of 6 patients with BPH and from tissues 
of 2 unrelated patients (died due to accident) used as controls. (A–B) ACE activity was quantified using a spectrofluorometric assay with 
ZPHL (2 mM, A) and HHL (5 mM, B) as substrates calculated as mU/mg of protein and expressed as a % from mean value for control 
samples. (C) ZPHL/HHL ratio. Data for ACE activity were expressed as ratios of the rates of the hydrolysis of Z-Phe-His-Leu to rates of 
the hydrolysis of Hip-His-Leu for each sample and presented as a % from mean value for control samples. Values increased more than 20% 
were highlighted with orange; more than 50% with brown. Bars highlighted with yellow - values decreased more than 20%, with blue - 
more than 50%. Bars were highlighted if values were statistically significant (*p < 0.05). Data presented as a mean of at least 2 independent 
experiments in duplicates (with intra-assay standard deviations - SD <10%).
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approach revealed two homogenates (out of 6) of prostate 
tissues from patients with BPH, which were characterized 
by significantly increased ZPHL/HHL ratio and these very 
homogenates also demonstrated significantly decreased 
ACE activity (boxed in red in Figure 1). We could not 
exclude the possibility that decreasing of ACE activity 
and increasing ZPHL/HHL preceded the changes seen 
in histological slices and thus, could be used as an early 
indicator of tumor formation in enlarge prostate mass of 
BPH. Unfortunately, we could not reach again the patient 
## 1-8 and 1-10 and to estimate their status presence 
regarding their prostate health.

We have found recently, that similar increase 
in ZPHL/HHL ratio was observed in 2 (out of 5) lung 
tissues from patients with lung cancer (unpublished 
observation). The increase in this parameter could reflect 
conformational changes in cancer ACE in these patients 
(see below), or, alternatively, the presence of tumor marker 
which expression is increased dramatically in tumor 
tissues (for example serum amyloid A protein [38]), which 
could bind to ACE and change its catalytic properties. We 
discovered recently (but not identified yet) similar ACE 
effector, which is present at high levels in normal spleen, 
but disappears in Gaucher spleen [25].

ACE phenotyping on needle biopsy specimens

Despite the fact that these findings are novel and 
theoretically interesting, its diagnostic value is limited 
because it performed on prostate tissues after surgery 
or TURP. Therefore, we performed ACE phenotyping 
using prostate tissues obtained during prostate biopsy – 
standard diagnostic procedure to obtain prostate tissue for 
differential histological diagnosis between BPH and PC.

However, when we obtained needle biopsy 
specimens, we realized that very small amount of prostate 
issues that we obtained from each patient (between 3 and 
10 mg) does not allow us to perform accurate prostate 
tissue homogenate preparation using Potter-Elveheim 
tissue homogenizer. Therefore, we had to combine prostate 
tissue biopsy specimens from each group for quantitative 
prostate tissue homogenate preparation and further 
ACE phenotyping. For the 2nd cohort, 4 postmortem 
prostate tissues from unrelated individuals were used as 
a control; BPH group consisted of 7 combined specimens 
while PC group was from 7 specimens (Supplementary  
Table 1). Despite the fact that the amount of tissues used 
for homogenate preparation after biopsy was 5-fold 
less than with surgically removed prostate tissues, we 
confirmed that at least ACE activity was significantly 
decreased only in homogenate from PC prostates 
and ZPHL/HHL ratio was also increased only in this 
homogenate (Supplementary Figure 2). ACE activity in 
prostate tissues of patients with BPH was higher than for 
control group in accordance with previous data [19, 20, 
28] thus confirming our suggestion, that denaturation of 
ACE can occur during TURP (Supplementary Figure 1).

In the next series, we used another tissue 
homogenizer – Speed Mill Plus (Analytik Jena, Jena, 
Germany), which was suitable for quantitative tissue 
homogenate preparation (using steel spheres) even from 
very small amount of tissue down to 3 mg, i. e. 30-fold 
less than in the case of surgically removed prostate 
tissues. This 3rd cohort, contained 2 postmortem prostate 
tissues as controls, 7 prostate tissues from patients 
with histologically proven BPH and two PC tissues 
(Supplementary Table 1). We again obtained similar 
results, namely, significant decrease of ACE activity 
and significant increase in ZPHL/HHL ratio for ACE 
in PC tissue homogenates (Figure 2). Moreover, using 
very small amount of tissue from needle biopsy we were 
able to identify patient (#3-8) from this cohort, boxed 
in red in Figure 2) which histologically (and clinically) 
was assigned to BPH group, whereas based on ACE 
phenotyping (significantly decreased ACE activity and 
increased ZPHL/HHP ratio) could represent rather PC 
group. (Similar to two patients ##1-8 and 1-10 from the 
1st cohort, Figure 1).

Repeated histological and clinical examination of 
patient #3-8 from the 3rd cohort demonstrated severe 
chronic prostatitis. Prostatic stroma was infiltrated 
predominantly by lymphocytes with the presence of 
sporadic histiocytes and neutrophils, while on separate 
sites destruction of prostatic epithelium was observed. 
There were no similar inflammatory changes in samples 
from other patients.

This finding (and especially using biopsy 
specimens, obtained during routine diagnostic procedure) 
strengthened our hypothesis that the changes in 
biochemical properties, namely, the decrease of ACE 
activity in tissue homogenates and increase of ZPHL/HHL 
ratio, could precede the changes seen on the cell level in 
histological slices and, thus, could be used as an early 
diagnostic of tumor formation in enlarge prostate mass of 
benign prostate hyperplasia using routinely taken biopsy 
specimens.

Conformational fingerprinting of ACE in 
prostate tissues

In order to characterize the conformation of 
ACE in prostate tissues we performed conformational 
fingerprinting of ACE using a panel of mAbs directed 
against different epitopes located on the N and C domains 
of catalytically active human ACE [21]. We demonstrated 
previously that the pattern of precipitation of ACE activity 
by this set of mAbs provides a sensitive tool for detecting 
changes in local topography of the surface of ACE globule 
due to denaturation, inhibition [21, 22], mutations [39 and 
references therein, 40], or cell/tissue origin [21, 23, 25, 41].

Putative local conformational changes of ACE due 
to disease (defined as ratio of ACE activity precipitated 
by 6 different mAbs to the epitopes on the N and C 
domains to that by the most strong mAb 9B9) were not 
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detected with 4 tested mAbs (3A5, i2H5, 5F1, 4E3) and 
were rather weak with mAb 1G12 for both PC and BPH 
prostate homogenates. However, these changes were very 
prominent with mAb 3F10, especially for BPH prostate 
tissue (Figure 3).

ACE phenotype parameters combined for each 
group from this 3rd cohort are presented on Supplementary 
Figure 3. Interestingly, when we calculated the relative 
ACE activity per amount of immunoreactive protein 
(detected with 4 mAbs) we found that this value was 

decreased for BPH group and further decreased for PC 
group (Supplementary Figure 3E). This finding indicates 
the presence of some specific ACE inhibitors in prostate 
tissue at pathology, especially in the prostate tumor tissues.

Confirmation of ACE phenotype changes in two 
more cohorts

In order to confirm diagnostic value of the ACE 
phenotyping for the differential diagnostics of PC and 

Figure 2: ACE activity in prostate tissues taken by biopsy (III cohort). (A–B) Prostate tissue homogenates were prepared 
from needle biopsies separately from 7 patients with BPH and 2 patients with PC. Homogenates from postmortem prostate tissue from 2 
unrelated individuals (died due to accidents) served as controls. ACE activity was quantified as in Figure 1 legend and expressed as a % 
from mean values for control samples. (C)  ZPHL/HHL ratio. Data presented as a mean of at least 2 independent experiments in du-or 
triplicates (with intra-assay standard deviations - SD <10%). Coloring was as in Figure 1, and individual values increased more than 100% 
were highlighted with red. Bars were highlighted if values were statistically significant (*p < 0.05) from control values. Values in ACE 
activity for PC (as a group) were significantly lower than for BPH group (p = 0.058 for ZPHL and p = 0.034 for HHL).
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BPH, we repeated ACE phenotyping on biopsy specimens 
collected by independent clinicians in another hospital. 
Histology on these specimens were performed later than 
ACE phenotyping, therefore, thus initially there were 
just two groups – normal tissues and prostate tissues 
from patients in question that were separated to two 
cohorts, 4rd and 5th. This is why the numbers of patients 
with PC and BPH were not equalized. As a result, ACE 
phenotyping in the 4th cohort was performed on 1 patient 
that later was assigned as PC and 5 patients with BPH. 
Six postmortem prostate tissues from patients died due 
to accidents were used as a control (Supplementary 
Figure 4). In the 5th cohort, ACE phenotyping was 

performed on 3 patients which later were assigned as PC 
and 6 patients with BPH with 3 controls (Supplementary  
Figure 5). Again, ACE activity was proven to be 
significantly decreased, while ZPHL/HHL ratio 
significantly increased, in prostate homogenates from 
patients with PC (Supplementary Figures 4 and 5). Again, 
we found one patient (# 4-4) in BPH group from 4th cohort 
(Supplementary Figure 4) and one patient (#5-1) from 5th 
cohort (Supplementary Figure 5) for which ZPHL/HHL 
ratio was increased as for patients with PC. Again, the 
majority of BPH samples in both cohorts demonstrated 
an increased 3F10/9B9 ratio (Supplementary  
Figures 4 and 5).

Figure 3: ACE conformational fingerprinting in prostate tissues (III cohort). ACE activity was precipitated by 4 different 
mAbs from homogenates from individual prostate biopsies from 2 PC patient, 7 BPH patients and 2 from postmortem counterparts. Data 
were presented as ratio of ACE activity precipitated by one of the tested mAbs to that precipitated by strongest mAb, 9B9. (A) 1G12/9B9: 
(B) 4E3/9B9, (C) 3F10/9B9. Data presented as a mean of at least 2 independent experiments in du-triplicates. Bars were highlighted if 
values were statistically significant (*p < 0.05). Coloring is as in Figure 1.

www.oncotarget.com


Oncotarget6355www.oncotarget.com

Figure 4 shows the binding of two mAbs, 3F10 and 
4E3 to prostate ACE from all needle biopsies, normalized 
for binding of mAb 9B9. While the 4E3/9B9 ratio did not 
change for ACE from BPH and PC tissues, the majority of 
BPH and PC samples demonstrated statistically increased 
3F10/9B9 ratio (169%, p = 0.0084, and 144%, p = 0.0034, 
correspondingly) which makes this parameter a new 
marker for BPH development. Epitope for mAb 3F10 is 
located on the C domain of ACE and includes potential 
glycosylation site Asn731 [42, 23]. We hypothesized that 
an increase in 3F10/9B9 ratio may result from different 
structure of glycan in this potential glycosylation site, 
likely greater sialylation, in BPH and tumor ACE.

Increased sialylation during cancerous 
transformation and tumor progression is well documented 
[43–45] and most likely results from the overexpression 
of sialyltransferases [45, 46] helping, therefore, tumor 
cells to withstand apoptosis. Cell and tissue specificity of 
these enzymes suggests that each type (including probably 
malignant cells) have a unique “sialome” which may 
be used to document cell origin or pathology [47]. Our 
hypothesis, that observed changes in binding of mAb 3F10 
to ACE from BPH and PC prostate tissues (Figure 4) are 
due to hypersialylation of ACE molecules is supported by 
the finding that this very mAb bind better to plasma ACE 

than to lung ACE (Figure 10A in [35], and plasma ACE is 
known to be more sialylated than its “parent” lung enzyme 
as a result of elimination of less sialylated proteins from the 
blood by liver lectins [48].

We combined together several parameters of prostate 
ACE phenotype for all needle biopsies, 18 biopsies from 
patients with BPH and 6 patients with PC (based on 
histology), shown in Figure 5. All ACE-related parameters 
for patients with PC look very homogenous. One patient 
(#3-8, boxed with red) with histology-based BPH could 
be considered as PC-like by virtue of the decreased 
ACE activity and increased ZPHL ratio. Comparison of 
ACE-related parameters (Figure 5A–5C) with PSA in the 
blood (Figure 5D) showed that two patients demonstrated 
increased ZPHL/HHL ratio and PSA, one patient, #5-1, 
from BPH group and another, #3-2, from PC group (boxed 
with green).

Figure 6 shows a comparison of ACE activity 
(Figure 6A) and the amount of immunoreactive ACE 
protein precipitated by mAb 9B9 (Figure 6B). We 
introduced a novel parameter for ACE phenotyping, 
ratio of immunoreactive ACE protein to ACE activity 
(Figure 6C). Interestingly, this parameter was increased 
dramatically (233.7% ± 64.9, p = 0.001) for ACE from 
all patients with PC in comparison to controls (Figure 

Figure 4: ACE conformational fingerprinting in biopsies from prostate tissues. ACE activity was precipitated by 3 different 
mAbs from homogenates from individual prostate biopsies: 6 of prostate cancer tissues, 18prostate tissues from patients with BPH and 6 
from postmortem counterparts. Immunoprecipitated ACE activity is presented as ratio of ACE activity precipitated by one of the tested 
mAbs mAbs to that precipitated by mAb 9B9. (A) 3F10/9B9: (B) 4E3/9B9. (C) The structure of the C domain of ACE with marked 
potential glycosylation sites (by green) and epitopes for mAbs (by circles). Human C domain structure was based on PDB 1O86. The 
epitopes for mAbs were marked according to [42]. The positions of the epitopes are shown by circles. The potential sites of N-glycosylation 
are marked by green. Some amino acid residues are shown by numbers according to [11] for orientation. Data presented as a mean of at 
least 2 independent experiments. Bars were highlighted if values were statistically significant (* p < 0.05). Coloring – as in Figure 1.
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6C), while not all these patients exhibited increased 
PSA (Figure 6D). One patient with BPH (#3-6) looks as 
patient with PC, based on the decreased ACE activity and 
increased ACE immunoreactive ACE protein/ACE activity 
ratio (boxed with blue). Also, there were two patients with 
simultaneously increased PSA and 9B9/ACE activity 
ratio in PC group and one such patient in BPH group 

(boxed with green). Therefore, it seems that ACE-related 
new parameters (at least for prostate tissue ACE) better 
correspond to PC histology than PSA in the blood.

In conclusion, we performed ACE phenotyping 
of patient’s prostate cancer tissue versus prostate tissues 
from patients with BPH and found that ACE activity, 
kinetic characteristic and surface conformation of ACE 

Figure 5: ACE activity in biopsies of prostate tissues. Data on ACE activity in individual samples were presented for all biopsies 
that were analysed separately (cohorts III, IV and V): 6 samples of prostate cancer tissues, 18 prostate tissues from patients with BPH and 
6 from postmortem counterparts. ACE activity was expressed as a % from mean value for control samples. (A) with ZPHL as a substrate; 
(B) with HHL as a substrate; (C) as ZPHL/HHL ratio. (D) the level of PSA in individual homogenates. Coloring as in Figure 1. Bars were 
highlighted if values were statistically significant (*p < 0.05). Data presented as a mean of at least 2 independent experiments in du-or 
triplicates (with intra-assay standard deviations - SD <10%). Values in ACE activity for PC (as a group) were significantly lower than for 
BPH group (p = 0.0000058 for ZPHL and p = 0.0000078 for HHL).
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in prostate cancer tissue homogenates differ from ACE 
in prostate homogenates of patients with BPH, as well 
as controls. Moreover, we further demonstrated that the 
surface conformation of ACE is also disease-specific. We 
suggest that ACE phenotyping of prostate biopsies has 
a potential in a future to be an effective approach for an 

early diagnostics of prostate cancer and for differential 
diagnostics of BPH and PC.

These findings may be clinically relevant especially 
with the recognition that tissue renin-angiotensin system 
is a target not only for therapy of cardiovascular disorders 
[49] but also in cancer chemotherapy [15].

Figure 6: Prostate ACE phenotype in BPH and PC. Individual data on ACE phenotype characteristics were presented for all 
biopsies that were analysed separately as in Figure 5 and expressed as a % from mean value for control samples. (A) ACE activity with 
ZPHL (the same as Figure 5A). (B) amount of immunoreactive ACE protein (determined by precipitation with mAb 9B9. Values in 
ACE activity precipitation by mAb 9B9 for PC (as a group) were significantly lower than for BPH group (p = 0.000193). (C) the ratio 
of immunoreactive ACE protein to ACE activity. (D) PSA in the blood. Coloring as in Figure 1. Data presented as a mean of at least 2 
independent experiments in du-or triplicates (with intra-assay standard deviations - SD <10%).
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MATERIALS AND METHODS

Study participants

This pilot study was conducted according to the 
principles of the Helsinki Declaration and was approved 
by the local ethics committees of Medical Center 
of Moscow State University and Lopatkin Research 
Institute of Urology and Interventional Radiology. 
All tissue procurement procedures were carried out in 
accordance with institutional guidelines. After obtaining 
a written informed consent from the patients or next 
of kin, surgical specimens of prostate cancer or benign 
prostate hyperplasia, as well as post mortem prostate 
and lung tissues without pathology from individuals died 
from accident, were collected for the measurements of 
enzymatic activity and immunochemical characterization. 
Patient selection is outlined in Supplementary Table 1. 
ACE phenotyping was performed on 5 sets of prostate 
tissues from 31 patients with BPH (median age – 66.2 
years), 17 patients with PC (median age – 68.5 years) and 
8 post mortem prostate tissues from unrelated individuals 
(median age –32.7 years) that were used as a controls.

Preparation of prostate tissue homogenates

In the first series of experiments, we prepared 
prostate (and lung) tissue homogenates by homogenization 
of 100 mg of tissue in 900 µl of PBS using Potter-Elveheim 
homogenizer. In all other series we used needle biopsies, 
where the amount of tissue was minimal (from 3 to 12 
mg), which were used for the preparation of homogenates 
in 1 ml of PBS using Speed Mill Plus (Analytik Jena, Jena, 
Germany) with steel spheres. After homogenization, Triton 
X-100 was added to the final concentration 0.25% for the 
extraction of membrane-bound ACE.

Prostate needle biopsies

Thirty eight patients (belonging to 4 separate 
cohorts, see Supplementary Table 1) were scheduled for 
ultrasound-guided prostate biopsy. In concordance to 
the European guidelines for detection of PC, indication 
for biopsy was either elevated PSA levels (≥ 4 ng/ml) 
or suspicious digital rectal examination [50]. Patients 
with proven PC in history were not included. Transrectal 
ultrasound was performed on an Aixplorer (SuperSonic 
Imagine, Aix-en-Provence, France) with an SE12-3 MHz 
probe including grey-scale ultrasound, color Doppler, and 
shear wave elastography (SWE) imaging

Nodules and other suspicious areas were noted by 
the radiologist during grey-scale examination. Shear wave 
elastography is based on the fact that the stiffness of the 
cancerous tissue in the prostate is higher than the stiffness 
of the benign tissue. SWE provides a dynamic quantitative 
map of soft tissue visco-elastic properties in real-time. 
The stiffness of tissue is color-coded for each pixel and 

displayed as an overlay on the grey-scale image. A stiffness 
value greater than 35 kPa is suggestive of a malignancy 
[51]. Recent studies demonstrated the ability of SWE to 
detect prostate cancer nodules with good accuracy [52, 53].

After performance of grey-scale ultrasound and 
SWE, systematic and targeted biopsies were taken in up 
to gray scale ultrasound or SWE-suspicious areas. All 
biopsies were performed with US guidance by using a 
disposable 18-gauge prostate needle (Tru-Cut needle, 
Bard, Covington, Ga). The systematic biopsy protocol 
included 36 peripheral posterior biopsies, with paramedian 
and lateral cores for each sextant from the apex, midgland 
and base of the prostate. 1–2 cores were sampled from 
hypoechogenic areas in gray scale ultrasound or from 
SWE-suspicious areas, followed by 36 systematic 
biopsies. Then three additional cores were taken from each 
suspicious area for subsequent measurements of enzymatic 
activity and immunochemical characterization ACE in 
this area of prostate tissue. According to the results of the 
histological study, the morphological characteristics of 
these suspicious areas were analyzed and compared with 
the activity and immunochemical characterization of ACE.

Histology

Histology was performed according to standard 
techniques. Samples were fixed in 4% neutral buffered 
formaldehyde for 48 hours and embedded in paraffin. We 
performed hematoxylin and eosin (H&E) staining. Prepared 
sections were studied microscopically using LeicaDMLB2 
light microscope by two independent observers.

Prostate tissue homogenates

For surgically removed prostate tissues 
homogenization was performed in PBS (pH 7.5) (1:9 
weight/volume ratio) using Potter-Elveheim glass or 
mechanical tissue homogenizer. Then Triton X-100 was 
added to final concentration of 0.25% for overnight 
incubation and after centrifugation supernatant was used 
as source of prostate ACE.

ACE activity assay

ACE activity in prostate and lung tissue homogenates 
was measured using a fluorimetric assay with two ACE 
substrates, 2 mM Z-Phe-His-Leu or 5 mM Hip-His-Leu 
[37]. Briefly, 20–40 µl aliquots of samples were added to 
200 µl of ACE substrate and incubated for the appropriate 
time at 37° C. His-Leu product was quantified based on its 
complex forming with o-phtaldialdehyde.

Immunological characterization of ACE 
(enzyme-captured immunoprecipitation assay)

Ninety six-well plates (Corning, Corning, NY) 
were coated with 16 anti-ACE mAbs using precoated goat 
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anti-mouse IgG (Pierce, Rockford, IL) as a capture and 
incubated with tissue homogenates containing ACE. Plate-
bound ACE activity was measured using ACE substrate 
Z-Phe-His-Leu directly in the wells [33, 21].

Statistical analysis

All data are presented as mean ± SD. Significance 
was calculated using the Mann-Whitney test with 
STATISTICA 6 (StatSoft, Inc., OK).
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