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Abstract

Background Sex-related differences in the role of andro-
gen have been reported in cardiovascular diseases and
angiogenesis. Moreover, androgen receptor (AR) has been
causally involved in the homeostasis of human prostate
endothelial cells. However, levels of expression, func-
tionality and biological role of AR in male- and female-
derived human endothelial cells (ECs) remain poorly
characterized. The objectives of this work were (1) to
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characterize the functional expression of AR in male- and
female-derived human umbilical vein endothelial cell
(HUVEC), and (2) to specifically analyze the biological
effects of DHT, and the role of AR on these effects, in
male-derived HUVECs (mHUVECS).

Results Immunohistochemical analyses of tissue microar-
rays from benign human tissues confirmed expression of AR
in ECs from several androgen-regulated and non-androgen-
regulated human organs. Functional expression of AR was
validated in vitro in male- and female-derived HUVECs
using quantitative RT-PCR, immunoblotting and AR-me-
diated transcriptional activity assays. Our results indicated
that functional expression of AR in male- and female-
derived HUVECSs was heterogeneous, but not sex dependent.
In parallel, we analyzed in depth the biological effects of
DHT, and the role of AR on these effects, on proliferation,
survival and tube formation capacity in mHUVECs. Our
results indicated that DHT did not affect mHUVEC survival;
however, DHT stimulated mHUVEC proliferation and sup-
pressed mHUVEC tube formation capacity. While the effect
of DHT on proliferation was mediated through AR, the effect
of DHT on tube formation did not depend on the presence of a
functional AR, but rather depended on the ability of mHU-
VEC:s to further metabolize DHT.

Conclusions (1) Heterogeneous expression of AR in male-
and female-derived HUVEC could define the presence of
functionally different subpopulations of ECs that may be
affected differentially by androgens, which could explain,
at least in part, the pleiotropic effects of androgen on
vascular biology, and (2) DHT, and metabolites of DHT,
generally thought to represent progressively more hydro-
philic products along the path to elimination, may have
differential roles in modulating the biology of human ECs
through AR-dependent and AR-independent mechanisms,
respectively.

@ Springer


http://dx.doi.org/10.1007/s10456-016-9525-6
http://crossmark.crossref.org/dialog/?doi=10.1007/s10456-016-9525-6&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10456-016-9525-6&amp;domain=pdf

26

Angiogenesis (2017) 20:25-38

Keywords Androgens - Androgen receptor -
Angiogenesis - Endothelial cells

Introduction

Androgen receptor (AR) is a ligand-inducible transcription
factor, and a member of the steroid—thyroid-retinoid
receptor superfamily, that mediates the biological effects of
androgens in a wide range of physiological and patholog-
ical processes [1]. An increasing body of the literature that
demonstrates expression of AR in endothelial cells (ECs)
from several human tissues [2—8] suggests a potential role
for androgens, acting through AR-mediated processes, in
modulation of human EC homoeostasis [9-11]. However,
up until now, the biological effects, and the molecular
signals/mechanisms, driven by AR in an EC context, still
remain poorly characterized.

Androgen signaling plays a key role in several high-
incidence and high-prevalence human diseases, such as
cardiovascular diseases (CVDs), benign prostate hyper-
plasia (BPH) and prostate cancer (CaP) [9-11]. Interest-
ingly, in these pathological processes, androgens have been
hypothesized to exert their role, at least partially, by
modulating EC homeostatic function, presumably acting
through AR [8, 12-15]. In the case of CVDs, interaction
between androgens and the endothelial cells of the blood
vessel wall has been hypothesized based on the following
observations: (1) testosterone (T) supplementation inhibits
the formation of atheroma in animal models [16], (2)
androgen withdrawal is associated with decreased central
arterial compliance in humans [17], (3) T is a protective
factor against atherosclerosis through immunomodulation
of plaque development and stability [18], (4) long-term oral
administration of T induces endothelium-dependent and
endothelium-independent vaso-relaxation [19], and (5)
conversely, men have a higher incidence of cardiovascular
disease than women during their reproductive years, with
gender differences diminishing after female menopause
[20], suggesting that androgens are associated causally
with an increased risk of cardiovascular disease in both
men [20] and women [21]. As supported by these pieces of
evidences, the role of androgens in cardiovascular physi-
ology and physiopathology remains controversial, and
therefore, a better understanding of the molecular links
between androgen and endothelial cell biology are required
in order to unravel the pathogenesis of CVDs.

In androgen-responsive human prostate tissue, with-
drawal of androgenic signaling by AR antagonists (e.g.,
flutamide or bicalutamide) and/or inhibitors of steroid
metabolism (e.g., finasteride or dutasteride) inhibited
hematuria due to BPH or after prostate surgery [22].
Moreover, two clinical studies [23, 24] in CaP patients
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have shown that a combination therapy with bicalu-
tamide/goserelin (a gonadotropin-releasing hormone ago-
nist) and dutasteride induced a profound vascular collapse
and reduced prostate tissue vascularity. Our group [25]
confirmed prostate vascular involution was induced by
androgen withdrawal in benign and malignant human
prostate tissue transplanted to SCID mice and that this
effect was correlated temporally with induction of EC
apoptosis. However, the androgen signaling in human
prostate ECs requires more in-depth characterization at the
mechanisms of action of AR.

Even though an increasing body of the literature docu-
menting the effects of androgens on human vasculature has
been developed over the last 10 years, the paradigm of the
mechanism of action of androgens on the homeostatic
function of human ECs generally is attributed to the effects
of androgens being mediated through modulation of other
(non-endothelial) cell types in the tissue microenviron-
ment, specially in prostate tissue microenvironment. In this
study, the androgen-responsive HUVECs were utilized as
model to characterize mechanistically the biological role of
androgens, acting through endogenous AR-mediated sig-
naling, in human ECs. Our analysis indicated that expres-
sion of AR in HUVECs could define the presence of
functionally different subpopulations of EC that may be
affected differentially by androgens, and that DHT, and
metabolites of DHT, may have differential roles in mod-
ulating the biology of human ECs through AR-dependent,
and AR-independent, mechanisms, respectively.

Materials and methods
Cell cultures

Primary cultures of HUVECs were isolated from fresh
umbilical cords obtained from male and female fetuses
according to previously published reports [26, 27]. Human
umbilical cords were collected with the approval of the
Ethics and Biosafety Committee at Pontifical Catholic
University. HUVECs also were obtained commercially
from PromoCell (PromoCell, Heidelberg, Germany). All
HUVECs were cultured in EC growth media (PromoCell)
supplemented with 5 % FBS. LNCaP cells were obtained
commercially from ATCC (ATCC, Manassas, VA) and
cultured in RPMI-1640 media supplemented with 10 %
FBS.

Reverse transcription, PCR and quantitative real-
time PCR

Total RNA from primary cultures of HUVEC and LNCaP
cell was prepared using the RNAeasy mini-kit (Qiagen,
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Valencia, CA). Reverse transcription from mRNA was
performed using the SuperScript™ III First-Strand kit
(Invitrogen, Carlsbad, CA) [25]. Quantitative real-time
PCR (QRT-PCR) was performed using power SYBR Green
PCR Master Mix (Applied Biosystems, Carlsbad, CA) in
the ABI PRISM 7300 system [25]. The cycle conditions
were 50 °C for 2 min, 95 °C for 10 min followed by 40
cycles of 95 °C for 15s and 60 °C for 1 min. Primer
sequences for RT-PCR and QRT-PCR are detailed in
Supplementary Table 1.

Immunostaining

Immunostaining was performed according to standard
procedures [8]. HUVECs were previously stimulated with
or without DHT for 24 h. AR (1:100, Santa Cruz
Biotechnology, Santa Cruz, CA) and CD31 (Dako,
Carpinteria, CA) co-localization analyses were performed
using the mouse/rabbit EnVision™ G/2 Double Stain
System (Dako) [28]. AR expression was detected using an
HRP-conjugated secondary antibody and 3,3-diaminoben-
zidine tetrahydrochloride as substrate (brown precipitate).
CD31 expression was visualized using an alkaline phos-
phatase-conjugated secondary antibody and Permanent Red
as substrate (red precipitate). Immunostaining in the
absence of primary antibody provided negative controls.

AR ligand-binding assay

HUVECs were pre-incubated for 24 h in EC growth media
supplemented with 5 % charcoal-stripped FBS before
binding assays. Total R1881 binding to AR was determined
by incubation of cells for 4 h at 37 °C in increasing con-
centrations of [17o<—methyl—3H]-R1881 (Perkin-Elmer,
Waltham, MA) that ranged from 0.01 to 6 nM. Non-
specific binding was determined by analysis of total bind-
ing in the presence of a 500-fold excess of non-radiola-
beled R1881 (Perkin-Elmer) under the same experimental
conditions. Specific binding of [*’H]-R1881 was calculated
by subtraction of the non-specifically bound radioactivity
from the total bound radioactivity. The K, value for R1881
was determined using Scatchard analysis [8] (reciprocal of
the slope [—1/K;]) and represents the average of three
independent experiments, each performed in triplicate.

AR-mediated luciferase assay

HUVEC and LNCaP cell were incubated for 24 h in EC
growth media (HUVEC) or RPMI media (LNCaP), sup-
plemented with 5 % charcoal-stripped FBS. Cells were
infected for 3 h with an adenoviral expression vector that
encoded either an MMTV promoter- or PSA promoter-
driven luciferase reporter (10-20 infectious units/cell) and

then stimulated with or without (vehicle, ethanol) DHT for
36 h [8, 29]. Demonstration of inhibition of MMTV-driven
luciferase reporter activity by the anti-androgen bicalu-
tamide was achieved by the maintenance of HUVEC cul-
tures in the presence of designated concentrations of
bicalutamide throughout the entire duration of the experi-
ment (3-h infection + 36-h incubation).

Flow microfluorimetry

Cell permeabilization was performed using the Caltag Fix
and Perm Cell permeabilization kit (Caltag Laboratories,
San Francisco, CA). HUVEC were stained immunofluores-
cently with mouse antihuman CD31 (1:20; Dako) and rabbit
antihuman AR (1:100; Santa Cruz Biotechnology) primary
antibodies and subsequently with fluorescently labeled spe-
cies-specific secondary antibodies. Staining was assessed
using the FACSCalibur (BD Bioscience with CellQuest
software for Macintosh) and analyzed using FCS Express
(DeNovo Software, Los Angeles, CA). Briefly, cohorts of
cells were deprived of androgen for 24 h (—24 h) or 48 h
(—48 h), or were deprived of androgen for 48 h after which
androgen (1.0 nM DHT) was re-introduced into the culture
media for an additional 24-h period (—48 + 24). As a pos-
itive control, cells were treated with serum-free medium for
the same intervals of time. Both floating and attached cells
were collected from cultures and subjected to CD31 staining,
as well as to staining with annexin-V-FITC and propidium
iodide (PI) using protocols provided by the manufacturer
(BD Biosciences, San Jose, CA).

Immunoblotting

Proteins from cytosol and nuclear cell extracts were iso-
lated using the NE-PER nuclear and cytoplasmic extraction
reagents (ThermoFisher Scientific). Cytosol, nuclear and
total cell extracts (50 pg of protein) were separated elec-
trophoretically using SDS-polyacrylamide gel elec-
trophoresis (10 % w/v; Bio-Rad Laboratories, Hercules,
CA) and the separated proteins transferred to nitrocellulose
membranes [8]. Nitrocellulose membranes were incubated
with the primary antibodies: anti-AR (1:1000, Santa Cruz
Biotechnology), anti-cleaved PARP (1:1000, Cell Signal-
ing, Beverly, MA), anti-caspase-3 (1:500, Cell Signaling),
anti-Bcl2 (1:1000, Dako), anti-FXR (1:500, R&D system:s,
Minneapolis, MN), anti-RXRa (1:500, Santa Cruz
Biotechnology), anti-B-actin (1:1000, Santa Cruz Biotech-
nology), anti-B-tubulin (1:3000, AbCam), anti-Histone H3
(1:1000, Cell Signaling). After this, nitrocellulose mem-
branes were incubated with the corresponding HRP-con-
jugated anti-mouse or anti-rabbit IgG secondary antibody.
Antibody localization was visualized using enhanced
chemiluminescence (Pierce Biotechnology).
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Microtiter tetrazolium (MTT) and cell counting
assays

The effect of DHT on population growth of HUVECs was
assessed over a 10-day period using the MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide]
method. Cells (5 x 10 cells/well) were inoculated into
96-well plates in 100 pl of medium. The plated cells were
allowed to attach overnight, after which the media was
replaced with fresh media containing either 1.0 nM DHT,
or vehicle (ethanol). Cell growth was determined by the
MTT assay on days 0, 1, 3, 5, 7 and 10 after DHT stimu-
lation. For the MTT assay, medium was removed from the
wells, and 200 pl of Hepes buffer was added to each well,
followed by addition of 50 pl of MTT (2.5 mg/ml in PBS,
Sigma-Aldrich, St. Louis, MO). The wells were incubated
for 4 h at 37 °C, after which the liquid in the well was
aspirated and replaced by 200 pl of dimethyl sulfoxide
(Sigma-Aldrich) and 25 pl of Sorensen’s buffer. The
optical density was measured at 570 nm using an ELISA
reader (EL800, BioTek Instruments, Winooski, VT). For
cell counting assays, wells were treated with either 1.0 nM
DHT or vehicle, and cell number counted on days 0, 1, 3, 5,
7 or 10 after DHT stimulation. Attached cells were col-
lected by trypsinization and counted using a hemocy-
tometer. Trypan blue dye exclusion was used to determine
viable cells.

EC tube formation assay

Matrigel (176 pl, BD Biosciences) was dispensed into
wells of a 24-well plate and incubated for 30 min at 37 °C
in 5 % CO, for the Matrigel to solidify [8]. HUVECs were
suspended at a density of 100 x 10* cells/ml in 500 pl of
EC growth media supplemented with 5 % charcoal-strip-
ped FBS and designated concentrations of DHT (0.01, 0.1,
1, 10 nM). Aliquots of HUVECs (50 x 10° cells) were
seeded into wells that contained solidified Matrigel and
were incubated for 24 h at 37 °C in 5 % CO,. The effect of
DHT on EC tube formation was analyzed by collection of
four random digital images per well (4x magnification),
and total length of tubular structures was quantified per
image using Optimas 6.2 (Media Cybernetics, Bethesda,
MD).

Statistical analysis
Statistical evaluation of data was performed using Super-
ANOVA software (Abacus Concepts, Berkeley, CA). All

data differences were considered statistically significant
when the p value was <0.05.
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Results
AR is expressed in human ECs of multiple organs

Expression of AR in human ECs was validated by
immunostaining analyses of microarrays of tissue sections
of a diversity of benign human tissues (Fig. 1). AR protein
was observed in ECs in brain, endometrium, myometrium,
ovary and prostate tissue (Fig. la—d, g). However, several
benign human tissues, such as thyroid, colon, liver, lung,
pancreas, spleen, stomach and kidney, showed no AR
immunostaining in ECs (Fig. le-g). Within the
immunopositive tissues, AR immunostaining was present
in ECs of both micro- and macro-vasculatures; however,
AR expression at the level of the individual EC was
heterogeneous; some ECs showed AR immunostaining,
others did not.

G Benign Human Tissue | AR Expression in EC

Brain +
Colon -
Endometrium +
Kidney -
Liver -
Lung -
Myometrium +
Ovary +
Pancreas -
Prostate +
Spleen
Stomach -
Thyroid &

Fig. 1 AR expression in ECs from benign human tissues. AR
expression was analyzed in a tissue microarray containing benign
human specimens of brain, breast, colon, endometrium, kidney, liver,
lung, myometrium, ovary, pancreas, prostate, skeletal muscle, skin,
spleen, stomach, testes, thyroid and tonsil. Expression of AR at the
EC level was observed in brain (a), endometrium (b), myometrium
(c), ovary (d), prostate and skin (g) (black arrows). However, ECs
from stomach (e), thyroid (f), lung, skeletal muscle and kidney
(g) showed no expression of AR in ECs. Black bar 50 pm
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Functional expression of endogenous AR in female-
and male-derived HUVECs does not depend
on the sex

Primary cultures of HUVECsS isolated from umbilical cords
obtained from female and male fetuses were utilized to
characterize in vitro the expression and functionality of
AR. First, we analyzed the expression of AR protein in
female- and male-derived HUVEC cultures that were cul-
tured through 10 consecutive passages after isolation
(Fig. 2a). Our results indicated that AR expression was
maintained during all these passages in female- and male-
derived HUVEC culture (Fig. 2a). Therefore, all subse-
quent studies in HUVECs were performed using cultures
within the first 5 passages. Interestingly, both female and
male HUVECs expressed both the 110-kDa full-length AR
and a shorter band, around 85 kDa, which might indicate
the presence of a short AR variant [30]. Notably, this band
was more robust in female than in male HUVEC cultures
(Fig. 2a). In parallel, we analyzed expression of AR at the
mRNA and protein level in 10 different cultures of female-
and male-derived HUVECs (data not shown). In Fig. 2b, c,
we show expression of AR mRNA and protein in 4 dif-
ferent male- and 4 different female-derived HUVEC cul-
tures. Our results indicated that expression of AR was
variable in both female-derived and male-derived HUVEC
cultures. Interestingly, this variability was not related to the
gender of the fetus from which HUVECs were obtained
(Fig. 2b, c). Functional activity of the endogenous AR in
female and male HUVEC was confirmed by measurement
of AR-mediated transcriptional activity using an adenoviral
MMTV promoter-driven luciferase gene reporter after
stimulation with or without DHT for 36 h (Fig. 2d). Our
results confirmed that functionality of endogenous AR in
female-derived and male-derived HUVECs did not depend
on the sex of the HUVEC cultures and it was not correlated
with the level of expression of the AR protein. Together,
these data indicate that the levels of expression and func-
tionality of AR in HUVECs associated more to a still
unexplained inter-donor variability rather than a sex-re-
lated variability. In order to pursue with our analysis, and
to correlate our results with what we previously observed
using human prostate-derived ECs, we decided to focus our
study on the expression and functionality of AR in male-
derived HUVEC cultures (here after mHUVECs ) (Fig. 3).
Expression of AR mRNA and protein, and AR protein
translocation to the nucleus after 24 h of DHT stimulation
was demonstrated in mHUVECs using RT-PCR (Fig. 3a),
immunocytochemistry (Fig. 3b) and immunoblotting
(Supplementary Figure 1). Analysis of co-localization of
AR and CD31 confirmed expression of AR in ECs
(Fig. 3c). Ligand-binding affinity of AR in mHUVECs was
analyzed using the radiolabeled synthetic AR agonist/

ligand, R1881. Specific binding of RI881 to AR in
mHUVECs increased in a dose-dependent manner, and
binding saturated above a ligand concentration of 2.0 nM
(Fig. 3d). Scatchard transformation of the ligand-binding
data resulted in a straight line, indicative of a single ligand-
binding site for R1881, with a K; 0.1 nM (Fig. 3e).
Functional activity of the endogenous AR in mHUVECs
was confirmed by measurement of AR-mediated tran-
scriptional activity using an adenoviral MMTV promoter-
or PSA promoter-driven luciferase gene reporter. DHT
increased the reporter activity driven by the MMTV pro-
moter fivefold in mHUVECs (Fig. 3f, MMTV). However,
DHT did not stimulate expression of the luciferase reporter
driven by the epithelial cell-specific PSA promoter
(Fig. 3f, PSA). Functionality of the PSA-driven reporter
construct was validated using LNCaP cells (Fig. 3f, PSA).
The MMTYV promoter is promiscuous, and MMTV-driven
transcription can be stimulated by nuclear steroid receptors
others than AR (i.e., GR and PR) [31]. Consequently,
expression of GR and PR nuclear receptors was analyzed in
mHUVECsSs using immunocytochemistry (data not shown).
Both nuclear receptors (GR and PR) were expressed in
mHUVECs ; however, neither of them translocated to the
nucleus after DHT treatment, which suggested that they
were not involved in MMTV-driven transcriptional activ-
ity. Furthermore, causal participation of AR in the MMTV-
driven transcriptional activity in mHUVECs was validated
using the anti-androgen bicalutamide. DHT-stimulated,
AR-mediated, MMTV-driven luciferase reporter activity
was inhibited in a dose-dependent manner by bicalutamide
(Fig. 3g).

As was observed for ECs in multiple benign human
tissues in situ (Fig. 1), expression of AR in mHUVECs
in vitro was heterogeneous; only a fraction of these cells
expressed AR in culture (Fig. 3h). The proportion of AR-
expressing male-derived HUVEC was quantitated using
flow cytometry to identify cells that co-expressed AR and
CD31 (Fig. 3h). The percentage of AR-positive male-
derived HUVEC varied according to the cell culture pop-
ulation analyzed, ranging from less than 5 %, to as high as
60 % (Fig. 3h).

Androgens do not affect survival in vitro in male-
derived HUVECs

Androgen deprivation was associated with a reduction in
microvessel density (MVD), and appearance of apoptotic
ECs, in primary xenografts of human benign and malignant
prostate tissue [25], which suggested androgen modulated
directly EC survival. The role of androgen in EC survival
was investigated in vitro in mHUVECs by exposure of
cells to 24, or 48 h, of androgen deprivation. As a control
of loss/maintenance of AR protein and functionality in the
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Fig. 2 AR expression and functionality in female- and male-derived
HUVECs. a AR protein expression was analyzed using immunoblot-
ting in a female- and a male-derived HUVEC culture, which was
cultured through 10 (p1-p10) consecutive passages. B-Actin (actin)
was used as loading control, b analysis of AR mRNA expression in 4
different female-derived HUVEC cultures and 4 different male-
derived HUVEC cultures using QRT-PCR. LNCaP cells were used as
positive control, ¢ the same sets of HUVEC cultures were analyzed

absence of androgen, mHUVECs also were exposed to
48 h of androgen deprivation followed by 24 h of replen-
ishment with exogenous androgen. Quantitative RT-PCR
analyses demonstrated no significant variation in the levels
of AR mRNA in mHUVECs exposed to androgen depri-
vation (Fig. 4a). However, AR protein level was dimin-
ished consistently in mHUVECs by androgen deprivation,
as demonstrated using immunoblotting (Fig. 4b) and
immunostaining (Fig. 4c) analyses. Automated image
analysis of AR immunostaining was used to quantitate the
number of nuclei immunopositive for AR as a percentage
of the total nuclei. Statistical evaluation of the data
demonstrated the acute removal of androgen resulted in a
significant (p < 0.001) decrease (up to ~60 %) in the
number of AR immunopositive nuclei (Fig. 4d). Under
these conditions, immunoblotting analyses revealed that
the level of expression of the pro-apoptotic marker, cleaved
PARP, was unaffected by the removal of androgen from
mHUVECs (Fig. 4e). The protein level of the pro-apoptotic
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for AR protein expression using immunoblotting, d AR-mediated
transcriptional activity was analyzed in the same set of female- and
male-derived HUVECs infected with an adenoviral MMTV-driven
luciferase gene reporter in the absence (vehicle, white bars) and
presence (black bars) of 1 nM DHT. AR-mediated transcriptional
activity was inhibited by the anti-androgen bicalutamide (gray bars).
LNCaP cells were used as positive control

marker cleaved caspase-3 was slightly decreased, and of
the anti-apoptotic marker bcl-2 slightly increased, by
androgen deprivation. However, replenishment of andro-
gen (1.0 nM DHT) did not return bcl-2 nor the cleaved-
caspase-3 levels to baseline. In parallel, the induction of
apoptosis in mHUVECs by androgen deprivation was
evaluated using the Annexin V-FITC Apoptosis Detection
Kit with flow cytometric analysis (Fig. 4f). Apoptotic cells
were defined as Annexin V-FITC positive, PI negative cells
(bottom right quadrant of multi-parameter data plot). Only
a slight increase in the number of apoptotic mHUVECs
was observed after either 24 h (from 1.16 to 1.98 %) or
48 h (from 1.16 to 2.41 %) of androgen deprivation, and
this increase was reversed when androgen was replenished
(Fig. 4f). As a positive control for induction of apoptosis as
detected by immunoblotting and Annexin V-FITC analy-
ses, mMHUVECs were exposed to serum starvation for 24
and 48 h. Serum starvation resulted in a robust increase in
the number of apoptotic cells, as well as in the expression
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Fig. 3 Functional expression of AR in mHUVECs. a AR mRNA
expression was analyzed using RT-PCR. LNCaP cells were used as
positive control. Std: marker ladder. bp base pair, RT reverse
transcription, b AR immunostaining in HUVEC in the absence
(vehicle) or presence of 1 nM DHT, ¢ AR and CD31 double
immunostaining in HUVEC exposed to 1 nM DHT, d specific [*H]-
R1881 binding activity in HUVEC, e scatchard plot of the binding

of cleaved PARP and a decrease in bcl-2 expression at 24
and 48 h (data not shown).

Androgen modulates proliferation and tube
formation capacity in male-derived HUVECsSs using
independent mechanisms

In vitro studies in primary cultures of human prostate ECs
indicated that activation of AR by exogenous DHT increased
EC proliferation [8]. The effect of androgen on cell growth in

10 10° 10

data from graph D, f AR-mediated transcriptional activity in HUVEC
infected with adenoviral MMTV- or PSA-driven luciferase gene
reporter, g AR-mediated transcriptional activity was inhibited in a
dose-dependent manner by the anti-androgen bicalutamide, and h co-
expression of AR and CD31 was analyzed in HUVEC using flow
cytometry. LNCaP cells were used as positive control for AR
expression

mHUVECs was analyzed using the MTT cell proliferation
assay of cell number (Fig. 5a) and trypan blue exclusion assay
of cell viability (Fig. 5b). mHUVECs were cultured for
1-10 days in the absence (vehicle) or presence of 1.0 nM DHT.
Both methodologies independently demonstrated a significant
(p < 0.05) increase in mHUVEC growth in the presence of
1.0 nM DHT compared to vehicle (ethanol). The causal role of
AR in the induction of EC growth was demonstrated by the
capacity of the anti-androgen bicalutamide to block the DHT-
activated, AR-mediated growth (Fig. Sc).
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Fig. 4 DHT does not affect EC survival in mHUVECs. HUVEC
were exposed to 24 or 48 h of androgen deprivation. HUVEC also
were exposed to 48 h of androgen deprivation followed by 24 h of
replenishment of androgen (1 nM DHT). Control cells were main-
tained in regular media supplemented with 1 nM DHT. Expression of
AR was analyzed using QRT-PCR (a), immunoblotting (b) and

The effect of androgen on tube formation in Matrigel by
mHUVECs was analyzed in the presence of increasing
concentrations of androgen (Fig. 5d). DHT significantly
decreased, in a dose-dependent manner, the ability of
mHUVEC:s to form tubes in Matrigel. This effect was less
pronounced than the effect of DHT on mHUVEC prolif-
eration and was more evident at higher concentrations of
DHT (10 nM). In order to confirm/discard the role of AR in
the inhibitory action of DHT on tube formation, the effect
of bicalutamide on the ability of DHT to inhibit tube for-
mation by mHUVECs was tested (Fig. Se). Bicalutamide
did not revert the inhibitory effect of DHT on tube for-
mation by mHUVECs, which suggested that AR was not
involved in mediating this effect. Because higher concen-
trations of DHT were needed to affect tube formation
capacity than to inhibit proliferation by mHUVECs which
occurred at concentrations consistent with the K; of DHT
for AR (0.1 nM), and considering that AR appeared not to
be involved in this effect because bicalumatide did not
reverse the inhibition of tube formation, we hypothesized
that the inhibition of tube formation was dependent on the
ability of mHUVECsS to metabolize DHT to other bioactive
moieties. To test this hypothesis, R1881, a synthetic, non-
metabolizable (Fig. 5f) AR agonist, was utilized to explore
whether the inhibition of tube formation was dependent on
further bioconversion of DHT into one or more
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immunostaining (c¢) analyses. d Automated image analysis of the AR
immunostaining in HUVECs (¥p < 0.001); 10 (x40) independent
images were quantified per condition. e Expression of pro-apoptotic
(cleaved PARP, cleaved caspase 3) and anti-apoptotic (bcl-2) markers
were analyzed using immunoblotting. f Apoptotic levels were
confirmed using Annexin-V/PI kit

metabolites. R1881 did not reproduce the inhibitory effect
of DHT on the ability of mHUVECs to form tubes in
Matrigel (Fig. 5g), in contrast to the ability of R1881 to
substitute DHT for stimulation of proliferation (data not
shown), supporting the hypothesis that further metabo-
lization of DHT is required to produce the molecule(s) that
inhibit(s) tube formation in vitro.

DHT could potentially be converted to 3a-androstane-
diol/androsterone metabolites in male-derived HUVECs

DHT can be metabolized via two different pathways [32]
(Fig. 6a). The family of enzymes called 3B-hydroxysteroid
dehydrogenase (3B-HSD), of which two members
(HSD3B1 and HSD3p2) have been described in human
cells, metabolize DHT to 3p-androstanediol (3[-diol).
Alternatively, DHT can be metabolized to 3a-androstane-
diol (3a-diol) and androsterone by the sequential action of
two distinct families of enzymes, the 3a-hydroxysteroid
dehydrogenase (30-HSD) and the 17f-hydroxysteroid
dehydrogenase (17B-HSD) or to androstanedione and
androsterone by the sequential action of 178-HSD and 3a-
HSD (Fig. 6a). Four members of the 30-HSD family and
fourteen members of the 178-HSD family have been
described in human cells [32]. In this study, RT-PCR was
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Fig. 5 Androgen modulates
mHUVEC proliferation and
tube formation using
independent mechanisms. a,
b The effect of androgen on
HUVEC growth was analyzed
by counting viable cells using
the trypan blue exclusion
method (a) and the MTT cell
proliferation assay (b). HUVEC 0
were cultured for 1-10 days in

the absence (white circles,

vehicle) or presence (black

circles, 1 nM DHT) of DHT.

¢ Treatment with bicalutamide 1251
confirmed AR-activated EC 100
proliferation. The effect of DHT
on endothelial tube formation in
Matrigel™ was analyzed in the
presence of increasing
concentrations of DHT (0.01,
0.1, 1, 10 nM). d Relative tube
length was expressed as
percentage of the control (white
circles, 0 nM), and cell viability
was evaluated in parallel using
the trypan blue exclusion
method (black circles). Effect of
DHT on endothelial tube
formation was not affected by
bicalutamide (e) and not
observed when R1881 was used
f, g). *p < 0.05
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utilized to analyze mRNA expression of the two members
of the family of enzymes 33-HSD and select members of
the families of 30-HSD (30-HSD2, 3a-HSD3, 30-(200)
HSD) and 17B-HSD (173-HSD2 and 178-HSD3) enzymes
(Fig. 6b, ¢). mHUVECs lacked expression of mRNA for
both members of the 3B-HSD enzyme family (Fig. 6b).
However, mHUVECsSs expressed mRNA of three members
(3a-HSD2, 30-HSD3, 30-(20a) HSD) of the 3a-HSD
enzyme family (Fig. 6¢) and at least one member (17f-
HSD2) of the 17B-HSD enzyme family (Fig. 6¢). The
pattern of expression of enzymes involved in metabolic
deactivation of DHT suggests 3a-androstanediol and/or
androsterone as candidates for mediation of the effect of
androgen on EC tube formation.

Androsterone has been reported to be a ligand capable of
activation of the farnesoid X receptor (FXR), a signaling
pathway with the potential to modulate EC homeostasis
[33-35]. This hypothesis was tested by analysis of the
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expression of FXR at the mRNA and protein levels in
mHUVECs. Neither mRNA (Fig. 6d) nor protein (Fig. 6e)
for FXR was expressed in mHUVECs. mRNA isolated from
five different donors of mHUVECs (Supp. Figure 2A) was
analyzed, demonstrating that inter-patient variability was
not responsible for the lack of expression of FXR. Further-
more, the possibility that lack of FXR mRNA in mHUVECs
reflected the presence of splicing variants of FXR was
excluded through the design of primer sets that covered
multiple regions of the FXR coding sequence of the two
known human FXR splice variants [36]. None of the variants
were expressed in mHUVECs (Supp. Figure 1B). In con-
trast, expression of the retinoid X receptor alpha (RXRa), a
known partner for FXR for production of heterodimers, was
detected in mHUVECs (Fig. 6e). Together, these data sup-
port the hypothesis that 3o-androstanediol/androstanedione/
androsterone might modulate mHUVECSs tube formation
through a mechanism that does not involve FXR.
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Fig. 6 Expression of the enzymes involve in the metabolism of DHT
in mHUVECs. a, b Expression of the mRNA for the enzymes
HSD3B1 and HSD3B2 was analyzed in HUVEC exposed to vehicle
(lanes 1) and 1 nM DHT (lanes 2). LNCaP cells were used as positive
control (lanes 3). GAPDH was used as a loading control. a,
¢ Expression of the mRNA for the enzymes 30-HSD2 (lanes 1, 7,
13), 30-HSD3 (lanes 2, 8, 14), 30-(200) HSD (lanes 3, 9, 15), 17p-
HSD2 (lanes 4, 10, 16) and 17B-HSD3 (lanes 5, 11, 17) in HUVEC.

Discussion

Over the last two decades, a considerable number of studies
have focused on elucidation of the role of androgen on
different aspects of vascular biology and atherogenesis.
However, the role of androgen as a causal or a protective
factor and the importance of the interplay of androgens
with estrogens in the etiology and pathogenesis of cardio-
vascular disease remain controversial [15-21, 37]. Fur-
thermore, while the role of androgen in hormonally
sensitive tissues has been explored extensively, the role of
circulating androgens in vascular biology in hormonally
sensitive tissues, such as prostate tissue, is not understood
[12, 13, 23, 25].

Typically, circulating T is the source of androgen that is
metabolized in the target tissue to DHT, by the action of
the So-reductases, or to 17B-estradiol by the action of
aromatase (CYP19). Both enzymatic processes occur in
ECs [38, 39]; therefore, the net biological effect of T on EC
biology may depend on the tissue-specific relative contri-
bution of the activities of both families of enzymes (re-
ductases and aromatase). Based on the fact that DHT is the
most bioactive androgen in human cells, having fivefold
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GAPDH was used as a loading control (lanes 6, 12, 18). Prostate
tissue was used as positive control (lanes 13—18). Expression of the
FXR receptor was analyzed using RT-PCR (d) and immunoblotting
(e) analyses in HUVEC exposed to vehicle (lanes 1) and 1 nM DHT
(lanes 2). HepG2 cells were used as positive control (lanes 3).
Expression of RXRo was analyzed using immunoblotting (e).
GAPDH and B-actin were used as loading control for RT-PCR and
immunoblotting, respectively

higher affinity for AR than T [40], and that AR expression
in ECs is documented in several human tissues [2-8], in
this study we utilized DHT as the source of androgen rather
than T, because DHT cannot be aromatized, avoiding the
potential for confounding effects mediated through the
estrogen receptor in response to the conversion of T to 17-
estradiol.

Previous reports [2—-8] of expression of AR in ECs from
several human tissues were confirmed in this study. Inter-
estingly, AR-positive ECs were observed both in “classical”
and in “non-classical” hormonal target tissues, which sug-
gest an EC-specific role for AR in these tissues. In support of
this hypothesis, the present study showed that prostate
epithelial cell-specific promoters that are trans-activated by
AR, specifically the PSA (Fig. 3f) and probasin (not shown)
promoters, were not transactivated by endogenous AR in
endothelial cells, suggesting EC-specific roles for AR/co-
regulators. Furthermore, the functional characterization of
AR in HUVEC in this study demonstrated a dissociation
constants (K,;) of AR for DHT around 0.1 nM, consistent
with the reported K, for AR in prostate epithelial cells [41],
suggesting also an important role for cell-type specific co-
regulators of AR-mediated transcription. On this regard, it is
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important to highlight that the experimentally determined K,
predicts a “theoretical” maximum capacity for activation of
AR in ECs at concentrations around 1-2 nM DHT. However,
some studies [42] that investigated the biological effects of
androgen in HUVECs used concentrations of DHT that were
far above the predicted range for maximal activation of AR,
reaching levels of DHT as high as 400 nM. Using such high
concentrations of DHT and claiming that the biological
effects are produced by activation of AR, therefore, appear of
unknown predictive value.

An interesting observation of this work was the detec-
tion of a shorter band (around 85 kDa) for AR. The
molecular size of this band was concordant with expression
of a shorter AR variant [43], which up until now have been
described to be expressed only in prostate cancer cells, in
which they have been proposed as a possible explanation
for the transition from androgen-sensitive to castration-re-
sistant phenotype [44]. Even though these observations are
preliminary, it would be interesting to investigate whether
these AR variants may have a physiological role in normal/
benign cells, especially endothelial cells, and whether or
not these AR variants may show differential expression
between male- and female-derived ECs [43—45].

A previous study by Sieveking et al. [42] reported that
androgen modulated angiogenesis capacity in HUVECs in
a gender-related manner, indicating that AR was expressed
at a higher level in male fetus-derived HUVECs compared
to female fetus-derived HUVECs. Our study, however,
challenged these results indicating that differences in the
level of expression of AR in HUVECs were more associ-
ated with an inter-donor rather than a gender-related vari-
ability. In our study, AR expression and functionality were
variable in male- and in female-derived HUVECs, showing
male and female HUVEC cultures with high, medium or
low levels of expression of AR (Fig. 2b, c). In accordance
with our results, a study reported by Yoshida et al. [11, 45]
indicated that both male and female AR knockout mice
showed impaired revascularization after ischemia. Yoshida
et al. [11, 45] attributed their different results, compared to
the Sieveking’s study, to the different animal models uti-
lized in both studies [11]. Although our results support
Yoshida’s conclusions, they cannot rule out the possibility
that this variability might be more associated with differ-
ence in the number of AR immunopositive ECs observed in
either male or female ECs nor the type of organ involve in
each analysis. Our results in mHUVEC (Fig. 3h) indicated
that the AR immunopositive cells varied from 0 to up to
60 % between donor and donor, which might explain, at
least in part, this controversy.

Even though AR expression and functionality have been
studied in great detail in prostate luminal epithelial/ep-
ithelial cancer cells, few studies have focused on analysis
of the expression and functionality of AR in non-epithelial

cell compartments. Our group has a long-standing interest
in unraveling the molecular mechanisms associated with
the AR function in non-epithelial (endothelial and stromal)
prostate cells [8—10, 14, 46—48]. Interestingly, mHUVECs
have demonstrated to reproduce most of the biological
effects of androgens observed in prostate endothelial cells
[8]. Therefore, in this study we concentrated our efforts to
unravel the biological effects of androgen, and the role of
AR on these effects, in mHUVECs. Our study indicated
that DHT had differential effects on multiple on mHUVEC
processes: DHT did not affect EC survival; stimulated EC
proliferation; and suppressed EC tube formation on
Matrigel. From these biological processes, only EC pro-
liferation was modulated directly by activation of AR.
Endothelial cell survival has been demonstrated to be
affected negatively by androgen deprivation in animal
models [12, 23, 24]. Our group demonstrated that apoptosis
of human prostate ECs was induced acutely by androgen
deprivation in human prostate tissue transplanted to SCID
mice [25]. However, whether endothelial cell apoptois was
a direct response to androgen deprivation, and the role of
perturbation of AR-mediated gene transcription in this
process, are questions that remain unanswered. In the
current study, androgen deprivation demonstrated no effect
on survival of mHUVEC in vitro, in contrast to marked
effect on ECs in human prostate xenografts in situ [25].
Considering that both types of ECs express AR, the lack of
induction of apoptosis by androgen deprivation in the
in vitro studies suggests that androgen deprivation also
might activate/deactivate paracrine signaling in the prostate
microenvironment that could induce/contribute to EC death
in vivo.

In androgen-responsive human prostate tissue, the pri-
mary role of AR has been hypothesized to be to drive and
maintain differentiation of the secretory luminal epithelial
cells. However, in CaP, AR activity has been associated
with regulation of cancer epithelial cell growth and/or
survival. Mechanistic investigations revealed that AR acts
as a master regulator of the G1-S phase transition in CaP
epithelial cells. AR-mediated signaling promotes Gl
cyclin-dependent kinase (CDK) activity and induces
phosphorylation/inactivation of the retinoblastoma tumor
suppressor (RB) protein, thereby governing androgen-
stimulated proliferation [49]. The current study and our
previous studies with primary cultures of human prostate
ECs [8] suggest that AR is involved causally in the regu-
lation of human EC proliferation (Fig. 6). Studies by Cai
et al. [50] suggested that androgens acting on AR stimu-
lated human aortic EC proliferation through upregulation
of VEGF-A, cyclin A and cyclin D. However, the detailed
molecular mechanism(s) by which AR regulates prolifer-
ation in human ECs is still poorly understood. Interest-
ingly, in vitro, EC proliferation was “activated” by, but not
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Fig. 7 Schematic representation of the effects of androgen in human
ECs. Androgen affects EC homeostasis at multiple levels. DHT
stimulates (4+) EC proliferation through activation of androgen
receptor (AR, red arrows). On the other hand, conversion of DHT to
3a-androstanediol/androsterone (3o-diol/AND) seems to be necessary
for androgen to negatively regulate (—) tube formation (30-diol/AND,
blue arrows). Two options for the mechanism of action of 3o-diol/

“dependent” on, the presence of an active AR, since EC
proliferation was observed, although at a reduced level, in
the absence of androgen, as well as in the presence of the
anti-androgen bicalutamide. This response could be related
to the presence of both AR-expressing and AR-negative
compartments in the HUVEC population.

Angiogenesis is an integral part of both normal and
pathological processes. The role of androgens in angio-
genesis has been considered in some detail in animal and
human models, but mostly at the tissue level. In humans,
the effect of androgen on tumor angiogenesis has been
studied in prostate tissue, with changes in microvessel
density correlated with tumor progression both in an
androgenic environment and after ADT [13]. Conse-
quently, androgenic effects on tumor angiogenesis have
been proposed to be driven largely by indirect mechanisms
principally associated with androgen-mediated regulation
of VEGF expression by prostate epithelial cells [13], and
the subsequent effect on EC survival. Surprisingly, no
studies have explored the direct effect of androgen on the
angiogenic capacity of human ECs. In order to explore the
direct effect of androgen on human EC function, we uti-
lized the tube formation assay, a well-established assay that
models the in vitro formation of tubular structures that
resembles a capillary network in a three-dimensional
architecture. Unexpectedly, DHT decreased the ability of
mHUVEC to form tubes on Matrigel, and the effect was
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AND are hypothesized in this schema: / 3o-diol/AND modulates
target genes through binding/activation of a putative intracellular
receptor and 2 3o-diol/AND needs to be exported outside the cell in
order to activate membrane receptors which in turn activate signaling
cascades that result in modulation of target gene expression/angio-
genic capacity. (Color figure online)

not dependent on the presence of an active AR in mHU-
VECs, but rather depended on the ability of mHUVECs to
metabolize further DHT.

DHT can be converted to 3B-androstanediol by the
action of the enzyme 3B-hydroxysteroid dehydrogenase
[32]. Alternatively, DHT can be metabolized directly to
3a-androstanediol and subsequently androsterone by
sequential activity of two families of enzymes: the 3a-
hydroxysteroid dehydrogenases and the 17p-hydroxys-
teroid dehydrogenases, respectively. A role for 3p-an-
drostanediol in regulation of EC homeostasis was discarded
based on the lack of expression of the mRNA for any
members of the family of 3B-hydroxysteroid dehydroge-
nases in mHUVEC. Therefore, we initially hypothesized
that the DHT metabolite androsterone was a plausible
candidate for the DHT metabolite likely to affect tube
formation capacity of mHUVEC through activation of the
FXR [33, 34]. Consistent with this hypothesis, this study
demonstrated that several members of the families of
enzymes that participate in the conversion of DHT to
androsterone were expressed in mHUVEC. Furthermore,
FXR expression was reported in rat pulmonary ECs, where
activated FXR leads to down-regulation of endothelin-1
expression [34]. In addition, activated FXR was reported to
promote MMP-9-dependent EC motility through regulation
of focal adhesion kinase (FAK) activity [51] in human ECs.
However, expression of mRNA or protein for FXR was
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absent in mHUVEC, contrasting with the reports of
Bishop-Bailey et al. [33] and He et al. [34] that FXR was
expressed broadly in human ECs.

The current study appears to exclude the possibility of
androsterone-mediated activation of FXR as a key modu-
lator of endothelial tube formation by mHUVEC. However,
more analyses are necessary to clarify whether conversion
of DHT to androsterone is responsible for the inhibitory
effect of androgen on EC tube formation in vitro. An
alternative explanation for our results would posit that 3o-
androstanediol is the/a key modulator of angiogenic
capacity in mHUVEC. However, further studies are nec-
essary to clarify whether 3o-androstanediol, androstane-
dione, and/or the further metabolite androsterone are
modulators of tube formation capacity and the putative
mechanism involved in this effect (Fig. 7).

In summary, our analysis supports the following con-
clusions: (1) expression of AR in human ECs could define
presence of functionally different subpopulations of ECs
that may be affected differentially by androgens, which
could explain, at least in part, the paradigm of the con-
tradictory effects of androgen on vascular biology, and (2)
DHT, and metabolites of DHT, generally thought to rep-
resent progressively more hydrophilic products along the
path to deactivation and elimination, may have differential
roles in modulating the biology of human ECs using AR-
dependent and AR-independent mechanisms, respectively.
This unique observation provides a new paradigm for
regulation of endothelial cell homeostasis and opens new
avenues of exploration to better understand the role of
androgen in human ECs.
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