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SUMOylation has been shown to modulate DNA replication/
repair, cell cycle progression, signal transduction, and the
hypoxic response. SUMO (small ubiquitin-like modifier)-spe-
cific proteases regulate SUMOylation, but how changes in the
expression of these proteases contribute to physiological and/or
pathophysiological events remains undefined. Here, we show
that SENP1 (sentrin/SUMO-specific protease 1) is highly
expressed in human prostate cancer specimens and correlates
with hypoxia-inducing factor 1� (HIF1�) expression. Mecha-
nistic studies in a mouse model indicate that androgen-driven
expression of murine SENP1 leads to HIF1� stabilization,
enhanced vascular endothelial growth factor production, and
angiogenesis. Further pathological assessment of the mouse
indicates that SENP1 overexpression induces transformation of
the normal prostate gland and gradually facilitates the onset of
high-grade prostatic intraepithelial neoplasia. Consistent with
cell culture studies, SENP1 enhances prostate epithelial cell
proliferation via modulating the androgen receptor and cyclin
D1. These results demonstrate that deSUMOylation plays a crit-
ical role in prostate pathogenesis through induction of HIF1�-
dependent angiogenesis and enhanced cell proliferation.

SUMO (small ubiquitin-like modifier) modification of pro-
tein substrates is a dynamic process that modulates the target
protein’s expression, function, and/or subcellular location (1,
2). SUMOylation is regulated by SUMO-specific activating
(E1), conjugating (E2), and ligating (E3) enzymes and reversed
by a family of sentrin/SUMO-specific proteases (3–5). These
enzymes are critical formaintaining a balance between the level
of SUMOylated and unmodified cellular substrates and hence
play an important role inmediating normal cellular physiology.

Several large-scale gene expression studies report changes in
the levels of SUMOE1, E2, and SENP1 (sentrin/SUMO-specific
protease 1) in various cancers, suggesting an imbalance in the
SUMO system (6–9). SENP1mRNA levels are elevated in thy-
roid oncocytic adenocarcinoma (6) and human prostate cancer
(PCa)3 (10). In addition, using in situ hybridization, we recently
found greater SENP1 mRNA levels in precancerous prostatic
intraepithelial neoplasia (PIN) compared with adjacent normal
prostate epithelia (10). Transformation of the normal prostate
epithelia to carcinoma is preceded by the development of this
well characterized PIN state (11). The presence of elevated
SENP1 levels in this precursor state posed the question as to
whether SENP1 induction is not associated merely with the
carcinoma but instead could directly contribute to prostate
carcinogenesis.
Recently, we demonstrated that SENP1 enhances the stabil-

ity of hypoxia-inducing factor 1� (HIF1�) and, consequently,
HIF1�-mediated transcription; in the absence of SENP1,
HIF1� is actively SUMOylated and subsequently degraded
under hypoxic conditions (12). In prostate carcinogenesis,
hypoxic tissue environments emerge due to rapidly proliferat-
ing cancer cells, and HIF1� is postulated to modulate the
expression of genes required either to enhance oxygen avail-
ability or to adapt metabolically to the decreased oxygen envi-
ronment (13, 14). To promote the former, HIF1� increases the
transcription of the vascular endothelial growth factor (VEGF),
which in turn induces formation of the neovasculature or
angiogenesis. Angiogenesis is critical to facilitate cancer cell
growth, and therefore, HIF1� and the HIF1�-regulated VEGF
are essential to initiate the switch in the cancer environment
from anti-angiogenic to pro-angiogenic. We reported that
SENP1 alters VEGF levels by directly regulatingHIF1� stability
during fetal development (12), but it is unknown whether
SENP1 promotes angiogenesis via regulation of HIF1� in adult
mice.
In this study, we found that SENP1 levels correlate with

HIF1� in human prostate carcinoma. SENP1 expression corre-
lates with the severity of the disease, as high levels of SENP1 are
observed in more aggressive PCa. To evaluate the contribution
of SENP1 to PCa development, we generated transgenic mice
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with an androgen-driven murine Senp1 transgene overex-
pressed in the prostate gland. SENP1 transgenicmice exhibited
increased expression of HIF1� with progression of the dyspla-
sia. The enhanced HIF1� stability in the SENP1 transgenic
mice produced elevated VEGF expression. Consequently, it is
not surprising that angiogenesis was readily observed in these
SENP1 transgenic mice compared with age-matched wild-type
mice.We have reported previously our initial histological stud-
ies on two 4-month-old foundermice that showed the presence
of hyperplasia in the dorsolateral lobe of the prostate compared
with age-matched wild-type mice (10). In this study, we dem-
onstrate in two lines of SENP1 transgenic mice that the hyper-
plasia further progresses to develop PIN. Also, high-grade PIN
was observed in the transgenic mice line with the greater level
of the Senp1 transgene. Enhanced proliferation of prostate epi-
thelia was observed in the SENP1-overexpressing mice, and
concurrently, pro-oncogenic factors, specifically the androgen
receptor (AR) and cyclin D1, were elevated. Thus, SENP1 par-
ticipates in the development of prostate neoplasia.

EXPERIMENTAL PROCEDURES

Plasmids and Antibodies—The FLAG-SENP1 and FLAG-
SENP1(C603A) plasmids have been described previously (15,
16) and were prepared by standard cloning methods and PCR-
based mutagenesis. The cyclin D1 promoter region (�1745/
�134) was inserted into the luciferase reporter vector as
described in a previous protocol (17, 18). The primers used
were those for the cyclin D1 promoter (�1745/�134):
5�-CAGCTGGGCCGCCCTTGT-3� (sense) and 5�-CAGCT-
GGGGAGGGCTGTGG-3� (antisense).4 We used antibodies
against FLAG (M2) and actin (Sigma), cyclin D1 (Pharmingen),
Ki67 (Novocastra, Newcastle uponTyne, UK), proliferating cell
nuclear antigen (PCNA) andVEGF (Santa Cruz Biotechnology,
Santa Cruz, CA), SENP1 (Invitrogen), HIF1� (Novus Biologi-
cals, Littleton, CO), and CD31/PECAM (BD Biosciences). The
anti-AR antibody was kindly provided by Dr. Zhengxin Wang
(The University of Texas MD Anderson Cancer Center).
RNA Isolation and Quantitative Reverse Transcription-PCR—

Cells were prepared for RNA isolation using the TRIzol reagent
(Invitrogen) according to manufacturer’s instructions with stock
samples diluted to the appropriate concentrations with diethyl
pyrocarbonate-treated water. Quantitative reverse transcription-
PCR was conducted with the OneStep reverse transcription-PCR
kit from Qiagen (Valencia, CA) to illustrate differences in Senp1
transgene levels with respect to the housekeeping gene G3PDH.
The following primers were used for amplification of the Senp1
transgene orG3PDHmRNA: Senp1 transgene, 5�-GACGACAA-
GCTTGCGGCC-3� (forward) and 5�-GGGCTTAAAAGACTC-
CGACGA-3� (reverse); and G3PDH, 5�-AACTTTGGCATTGT-
GGAAGGGCTC-3� (forward) and5�-TGGAAGAGTGGGAGT-
TGCTGTTGA-3� (reverse).
Generation of the Senp1 Transgene—Amurine SENP1 trans-

genic vector was constructed by ligating the gene fragments to
the pBluescript SK(�) backbone (Stratagene, La Jolla, CA). The
5�-flanking promoter region (�244/�96 � �286/�28) of the
rat probasin gene was subcloned into the SacI and NotI sites

located in multiple cloning site. The hemagglutinin-FLAG-
tagged murine Senp1 cDNA was subcloned into the NotI and
SalI sites of the SK(�) backbone. The poly(A) tail of human
growth hormone was subcloned into the SalI and ApaI sites of
the SK(�) multiple cloning site.

The construct was sequenced, and we found that transient
transfection of the probasin promoter was inducible by the syn-
thetic androgen R1881 in LNCaP cells. Activation of the pro-
moter by R1881 also prompted induction of hemagglutinin-
FLAG-tagged murine SENP1, and this SENP1 induction was
sufficient to enhance AR-dependent transcription (data not
shown). Therefore, the construct was both inducible and bio-
logically active.
Isolation and Preparation of Tissue—The genitourinary bloc

was isolated, and the four lobes of the mouse prostate were
microdissected with the aid of a dissecting microscope. The
tissue was fixed overnight with 10% buffered formalin, dehy-
drated with 70% ethanol, and embedded in paraffin. The
embedded tissue was cut into 5-�m sections and placed on
slides.
For assessment of human PCa, we obtained slides that in-

cluded 17 radial prostatectomy samples, which had been eval-
uated previously by a pathologist. The slides included carcino-
mas with Gleason grades of 3, 4, and/or 5. Specifically, 10
samples included a primary or secondary grade of 3, eight sam-
ples expressed grade 4 carcinomas, and in four samples
included grade 5 carcinomas.
Hematoxylin/Eosin Staining and Immunohistochemistry—

The slides were rehydrated gradually with ethanol, stainedwith
hematoxylin for 3 min and eosin for an additional 3 min, dehy-
drated through an ethanol gradient, incubated in xylene, and
covered with a coverslip. For immunohistochemical analysis,
the samples were first rehydrated and then exposed to two anti-
gen retrieval steps. First, the slides were placed in boiling citrate
buffer (pH 6.4) for 30 min and subsequently treated with pro-
teinase K (20 �g/ml) at room temperature for 10 min. Endoge-
nous peroxides were then quenched with 3% hydrogen perox-
ide treatment for 10 min at room temperature. The slides were
placed in blocking serum for 30 min and incubated overnight
with the primary antibody in a humidified chamber. The slides
were washed three times in phosphate-buffered saline and
exposed to the appropriate secondary antibody for 1 h in a
humidified chamber. After three washes in phosphate-buffered
saline, the slides were placed in ABC reagent (Vector Labora-
tories, Burlingame, CA) for 1 h in a humidified chamber,
washed three times in phosphate-buffered saline, and then
incubated with the diaminobenzidine solution (Vector Labora-
tories) for 2–10 min at room temperature. The diaminobenzi-
dine reaction was terminated by placing the slides in distilled
H2O. Some slides were counterstained with hematoxylin for 1
min prior to dehydration gradually with ethanol.
Protein Extraction from Prostate Tissue and Western Blot

Analysis—Frozen microdissected prostate gland tissue was
incubated in radioimmune precipitation assay buffer (Cell Sig-
naling, Danvers, MA) with protease inhibitor mixture (Sigma)
for 30 min with agitation at 4 °C. The tissue samples were
homogenized and subsequently sonicated. Protein concentra-
tions in the samples were calculatedwith the BCAprotein assay4 Details of the construction of the plasmids are available upon request.
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(Thermo Scientific, Rockford, IL) according to manufacturer’s
protocol. 30�g of protein extractwas subjected toWestern blot
analysis as described previously (18).
Data Analysis—Student’s t test analysis was conducted with

GraphPad Prism Version 4.0 (GraphPad Software, La Jolla,
CA). The log rank test was used to compare the Kaplan-Meier
survival curves for the incidence of lesions (both hyperplastic
and neoplastic) in the dorsolateral lobes of wild-type versus
SENP1 transgenic mice. The difference between groups was
considered statistically significant when the p value was �0.05.

RESULTS

Senp1 Transgene Expression in the Prostate Gland—Previ-
ously, we demonstrated that agonist-occupied AR directly
binds the SENP1 promoter and subsequently induces SENP1
expression (19). To closely mimic this endogenous regulation
of SENP1 expression, we generated a transgenic mouse in
which the Senp1 transgene was driven via the androgen-regu-
lated probasin promoter (Fig. 1A). Hence, SENP1 is overex-
pressed in the prostate gland after puberty. In a preliminary
report, we showed data from two founder transgenic mice that
exhibited hyperplasia at 4months of age (10). The foundermice
were bred with wild-type mice to establish germ lines. RNA
isolated from prostate tissue helped identify four lines with
varying levels of the Senp1 transgene (Fig. 1B); the E-, F-, and
H-line mice expressed lower levels of the Senp1 transgene in

comparison with the C-line mice.
Cellular distribution of the SENP1
protein was assessed by immuno-
staining with an antibody directed
against the FLAG tag of the Senp1
(Fig. 1A). The immunohistochemi-
cal analysis illustrated the expres-
sion of the SENP1 protein predom-
inantly in the nuclei of the epithelial
cells of 4-month-old C-line trans-
genicmice (Fig. 1C). In contrast, tis-
sue from age-matched wild-type
mice did not exhibit any specific
staining with the anti-FLAG anti-
body (Fig. 1D).
Overexpression of SENP1 in

Mouse Prostate Tissue Induces PIN—
Histological studies presented clear
structural differences in the dorso-
lateral lobes isolated from these
4-month-oldC-line transgenicmice
(Fig. 2, A and B, �20 and �60 mag-
nification, respectively) relative to
age-matched wild-type mice (Fig. 2,
C and D, �20 and �60 magnifica-
tion, respectively). Normal prostate
glands isolated from wild-type mice
included a flat monolayer of epithe-
lial cells (Fig. 2, C and D, white
arrow) that line a large central
lumen (Fig. 2C). In contrast, the
C-line transgenic mice exhibited

multiple layers of prostate epithelial cells with formation of
papillae and distinct nuclear atypia. The nuclei of the atypical
cells were hyperchromatic and enlarged (Fig. 2B, black arrow)
in comparison with the small round nuclei of normal adjacent
epithelial cells (Fig. 2D,white arrow). Six additional C-linemice
of the same age were assessed and displayed similar atypical
epithelial cells; however, some mice exhibited a greater popu-
lation of atypical cells than others. We identified these abnor-
malities as signs of stage I or low-grade PIN. Hence, the results
suggested that the onset of PIN inC-line transgenicmicewas as
early as 4 months.
Subsequently, prostate tissue was isolated from 6-, 8-, 10-,

and 12-month-oldC-linemice. A greater population of atypical
epithelial cells in the dorsolateral prostates of older C-line
transgenic mice (Fig. 2, E, F, I, and J, and supplemental Fig. 1) is
observed as compared with either the 4-month-old C-linemice
(Fig. 2, A and B) or the respective age-matched wild-type con-
trol mice (Fig. 2, G, H, K, and L, and supplemental Fig. 1). The
prostate gland of the 8-month-old C-line transgenic mouse
illustrated stage II PIN; specifically, the epithelial cells had a loss
of uniformity and were invading the lumen (Fig. 2, E and F).
Prostate tissue from 12-month-old C-line mice showed stage
IV or high-grade PIN. The abnormal epithelial cells encom-
passed the majority of the central lumen, the enlarged stroma
appeared to surround the gland, and signs of an inflammatory
responsewere evidentwith the enhanced appearance ofmacro-

FIGURE 1. Senp1 transgene expression in mouse prostate. A, shown is a schematic representation of the
Senp1 transgene described in detail under “Experimental Procedures.” Mod. Probasin, modified probasin pro-
moter; HA, hemagglutinin; mSENP1, mouse SENP1; hGHpA, human growth hormone poly(A). B, four transgenic
mice lines with the probasin-driven Senp1 transgene were identified using specific PCR primers. Varying levels
of the Senp1 transgene were expressed; the E-, F-, and H-line mice expressed lower levels of the Senp1 trans-
gene in comparison with the C-line mice. G3PDH, glyceraldehyde-3-phosphate dehydrogenase. C and D, pros-
tate tissue sections (5 �m) from C-line transgenic and wild-type mice, respectively, were incubated with a
primary anti-FLAG antibody and detected using a diaminobenzidine kit.
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phages in several additional prostate samples (Fig. 2, I and J).
Therefore, the C-line transgenic mice exhibited significantly
greater incidence of hyperplastic and neoplastic lesions in the
dorsolateral lobewith increases in age comparedwith their age-
matched wild-type counterparts (log rank test, p � 0.001). As
opposed to the dorsolateral lobe, the anterior and ventral lobes
did not show any significant changes possibly due to lesser
expression of the Senp1 transgene in these two lobes as
observed via immunohistochemical analysis with the anti-
SENP1 antibody. C-line SENP1 transgenic mice did not
develop carcinoma even when assessed at 16 months of age
(n � 6).
Aberrant prostate epithelial cells were also observed in the

dorsolateral lobes of low Senp1 transgene-expressing E-line
mice. 8-Month-old E-line SENP1 transgenic mice (Fig. 2M)
exhibited signs of hyperplasia. In the prostate sample (Fig. 2M),
the epithelial cells lost their monolayer formation but main-
tained small round nuclei, which were distinct from the nuclei
of epithelial cells from either 4-month-old C-line transgenic
mice (Fig. 2, A and B) or 8-month-old wild-type mice (Fig. 2N).
The onset of PIN I or low-grade PIN occurred at 10 months of
age in the E-line mice. The nuclei of atypical cells in 10-month-
old E-linemice (n� 4) (Fig. 2O) closely resembled cell nuclei in
4-month-old C-line mice (Fig. 2B) but not the 10-month-old
wild-typemice (Fig. 2P). Therefore, comparison of the high and

low Senp1 transgene-expressing
mice (C- and E-lines, respectively)
suggests that the level of SENP1 in
the prostate dictates the time of PIN
onset; if the SENP1 levels are high,
then PIN will be observed at an ear-
lier age.
SENP1 Regulates Prostate Cell

Proliferation—To evaluate changes
in epithelial cell proliferation,
PCNA immunostaining was con-
ducted on tissue samples. Prostate
epithelia from the PIN-expressing
4-month-oldC-line transgenicmice
(Fig. 3A) exhibited high levels of
PCNA staining compared with the
age-matched wild-type mice (Fig.
3B). The number of nuclei that
stained positive for PCNA was con-
sistently greater in tissue samples
from the 4-month-old C-line trans-
genic compared with the age-
matchedwild-typemice (Fig. 3C), as
assessment of three additional
4-month-old C-line mice and two
wild-type mice provided similar
results. Immunostaining for an
additional proliferation maker, spe-
cifically Ki67, provided similar
results (data not shown). Collec-
tively, these results indicated an
increase in epithelial cell prolifera-
tion of 4-month-old C-line mice

exhibiting low-grade PIN. These observations in the SENP1
transgenic mouse model are consistent with our previous
results that demonstrated the ability of SENP1 to modulate
prostate epithelial cell proliferation (19).
Our previous studies established an interdependent relation-

ship between SENP1 and AR (10, 18, 19), and it is known that
enhanced AR expression facilitates growth of prostate epithe-
lial cells (20). Hence, we investigated the level of AR in the
prostate glands of mice with elevated SENP1 levels. As
expected, expression of the Senp1 transgene caused signifi-
cantly greater total SENP1 protein levels in prostate glands iso-
lated from 4-month-old C-line SENP1 transgenic mice com-
paredwith age-matchedwild-typemice (Fig. 3D). Interestingly,
this induction of SENP1was accompanied by an increase in AR
in this prostate sample (Fig. 3D) and in additional samples from
4-month-old SENP1 transgenic mice. In addition, elevated
SENP1 also prompted enhanced expression of the key cell cycle
regulator cyclin D1 (Fig. 3D). Previous results from our labora-
tory demonstrated that the catalytic activity of SENP1 facili-
tates cyclin D1 expression in the AR-positive and AR-negative
prostate cancer cell lines LNCaP and PC-3, respectively (10).
Additional mechanistic studies in SENP1-overexpressing
LNCaP cells indicated that SENP1 does not affect cyclin D1
protein stability but instead directly regulates transcription of
the cyclin D1 gene (supplemental Fig. 2, A and B).

FIGURE 2. SENP1 expression determines onset of PIN. The prostates were assessed in the high Senp1 trans-
gene-expressing C-line mice versus age-matched wild-type mice at 4 months (A/B and C/D, respectively), 8
months (E/F and G/H, respectively), and 12 months (I/J and K/L, respectively) of age. Samples were hematoxy-
lin/eosin-stained and evaluated at �20 (A, C, E, G, I, and K) and �60 (B, D, F, H, J, and L) magnification. The white
arrow indicates normal epithelial cells, whereas the black arrow identifies abnormal nuclei. Hyperplasia was
observed at 8 month of age (M) in the low Senp1 transgene expresser (E-line), and low-grade PIN was readily present
at 10 months of age (O) as compared with age-matched wild-type mice (N and P, respectively).
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SENP1 Transgenic Mice Enhance
Angiogenesis via Stabilization of
HIF1�—The anti-CD31/PECAM
antibody indicated a clear difference
in the vascular architecture in the
prostates of 12-month-old C-line
transgenicmice (Fig. 4,A andB) ver-
sus age-matched wild-type mice
(Fig. 4, C and D). There was a clear
increased density of capillaries adja-
cent to epithelial cells in prostate
tissue samples from transgenicmice
(Fig. 4, A and B) compared with
wild-type mice (Fig. 4, C and D).
Normal prostate glands expressed
interductal vascular beds (Fig. 4, C
and D), but in the SENP1 trans-
genic mice, neovasculature was
evident within the lumen of the
gland (Fig. 4B, black arrows).
Hence, 12-month-old C-line trans-
genic mice, which exhibited high-
grade PIN but no carcinoma (Fig. 2,
I and J), did show clear signs of
angiogenesis.
HIF1� is a known mediator of

angiogenesis. Recently, we demon-
strated that knock-out of SENP1 in
mice leads to ubiquitin-dependent
degradation of HIF1� under hyp-
oxic conditions; hence, SENP1 reg-
ulates HIF1� stability during
development (12). However, it is
unknown whether SENP1 also reg-
ulates HIF1� in adult tissue. Here,
we postulated that HIF1� levels
would be significantly elevated in
the SENP1-overexpressing trans-
genicmice. The 4-month-oldC-line
transgenic mice that expressed high
levels of the SENP1 protein in the
nucleus (Fig. 1C) also exhibited an
elevation of HIF1� in the nuclei of
epithelial cells from the dorsolateral
lobe of the prostate (Fig. 5A). In
contrast, prostate tissue from
4-month-old wild-typemice did not
express detectable HIF1� protein
levels (Fig. 5B). Elevated HIF1�
levels were also increased in
12-month-old C-line SENP1 trans-
genic mice compared with the
respective age-matched wild-type
mice (Fig. 5, C and D). Analysis of
additional mice at 4 and 12 months
of age confirmed that the transcrip-
tional active forms ofHIF1� (HIF1�
in the nucleus) were significantly

FIGURE 3. SENP1 enhances prostate epithelial cell proliferation via modulating expression of critical
oncogenes. A and B, prostate tissue sections (5 �m) were incubated with primary anti-PCNA antibody and
detected using a diaminobenzidine kit. C, PCNA-positive nuclei were counted in three randomly selected fields
at �40 magnification for each of the 4-month-old C-line mouse samples (representative of three independent
studies). Student’s t test was used to evaluate differences between the groups. *, p � 0.05. D, prostate tissue
was microdissected from 4-month-old C-line SENP1 transgenic (Tg) and wild-type mice. 30 �g of each pre-
pared prostate protein sample was assayed for expression of SENP1, AR, cyclin D1, and the loading control
�-actin with specific antibodies.

FIGURE 4. Prostate glands of SENP1 transgenic mice exhibit signs of angiogenesis. Prostate tissue from
12-month-old C-line SENP1 transgenic (A and B) and wild-type (C and D) mice was stained with anti-CD31/
PECAM antibody to evaluate the vascular bed and counterstained with hematoxylin. SENP1 transgenic mice
appeared to express a greater number of intraductal capillaries adjacent to the epithelial cells (A and B) than
age-matched wild-type mice (C and D).
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greater in the SENP1 transgenic mice than in the wild-type
mice (Fig. 5E). Thus, HIF1� levels were significantly elevated in
the SENP1-overexpressing transgenic mice.
We further analyzed the levels of VEGF, a downstream target

gene of HIF1� that contributes to the HIF1�-driven angio-
genic response. VEGF levels were significantly greater in the
prostate glands of both 4- and 12-month-old SENP1 trans-
genic mice compared with prostate tissue isolated from age-
matched wild-type mice (Fig. 5F). Similar results were
obtained with immunohistochemical analysis, as greater
cytosolic expression of the VEGF protein was readily detect-
able in prostate tissue from 12-month-old SENP1 transgenic
mice (data not shown).
Correlation between SENP1 and HIF1� in Human Prostate

Cancer—Elevated HIF1� levels are commonly observed in
human PCa and are associated with more aggressive forms of

the carcinoma (14, 21, 22). Because
our previous studies suggested that
SENP1 stabilizes HIF1� in mouse
embryonic fibroblast cells and the
studies above presented a similar
phenomenon in adult mice, we
sought to determine whether the
level of SENP1 correlates with the
elevated levels of HIF1� in human
PCa. Gleason grade 3, 4, and 5 car-
cinomas were assessed following
immunostaining with the anti-
SENP1 antibody (Fig. 6, A–C,
respectively). Several nuclei stained
positive for SENP1 (Fig. 6, A–C,
black arrows) and could be distin-
guished from the nuclei that did not
express the SENP1 protein via the
hematoxylin counterstain (Fig. 6,
A–C, white arrows). Hence, we
could readily count the number of
SENP1-positive nuclei versus the
total number of nuclei (brown
SENP1-stained and blue/purple
hematoxylin-stained) under �40
magnification. This assessment
indicated that the number of nuclei
positive for SENP1 was significantly
greater in grade 4 and 5 carcinomas
than in grade 3 carcinomas (Fig.
6G); hence, up-regulation of SENP1
protein levels corresponds to PCa
aggressiveness. In this study,
nuclear expression of HIF1� was
greater in the samples from patients
with higher Gleason grades (Fig. 6,
D–F, black arrows); this observation
is in accord with previous reports
(23, 24). The increase in the nuclear
expression of HIF1� accompanied
the elevation of SENP1 levels in
each PCa grade (Fig. 6G).

DISCUSSION

Analysis of in situ hybridization studies in our previous work
suggested elevated levels of SENP1 message in human PIN
lesions and PCa specimens (10). We now report that up-regu-
lation of SENP1 protein directly correlated with aggressive PCa
(Fig. 6). Hence, in human PCa, induction of SENP1 occurs early
with the development of precancerous neoplastic lesions and
manifests with onset of aggressive carcinoma. To evaluate the
contribution of SENP1 to prostate carcinogenesis, the SENP1
transgenic mouse model was generated. In this study, we have
demonstrated that increasing SENP1 in the mouse prostate
actively induces transformation of the normal gland via facili-
tating pro-growth and angiogenic pathways (Fig. 7).
Our collective body of work in human PCa cells indicates

that SENP1 overexpression can regulate various growth/pro-

FIGURE 5. Protein levels of HIF1� and HIF1�-regulated VEGF are elevated in SENP1 transgenic mice.
HIF1� expression was assessed in the sectioned prostate tissue from C-line SENP1 transgenic and wild-type
mice that were 4 (A and B, respectively) and 12 (C and D, respectively) months old. E, the number of nuclei that
stained positive for HIF1� was determined under �40 magnification for samples from three different C-line
transgenic and age-matched wild-type mice. The black arrows in A and C indicate HIF1�-positive nuclei,
whereas the white arrows indicate HIF1�-negative nuclei. Student’s t test was used to evaluate differences
between the groups. *, p � 0.05. F, prostate protein samples from SENP1 transgenic (Tg) and wild-type (WT)
mice 4 and 12 months of age were assessed for VEGF levels, whereas �-actin served as a loading control.
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oncogenic pathways (9, 10, 12, 17, 18). We have demonstrated
that overexpression of SENP1 significantly increases AR-de-
pendent transcription via deconjugation of the AR corepressor

HDAC1 (18). More recent data
established that an interdependent
relationship exists between AR and
SENP1, as continuous activation of
AR induces induction of SENP1
gene transcription in LNCaP cells
(19). Multiple studies show that AR
facilitates transcription of the AR
gene; hence, AR is autoregulated
(25, 26). To further potentiate the
feedback loop, elevated SENP1 lev-
els could enhance AR-dependent
transcription and subsequently
increase AR expression (illustrated
in Fig. 7). The SENP1 transgenic
mousemodel indicates that, indeed,
the up-regulation of SENP1 does
promote induction of AR (Fig. 3D).
An elevation of AR is not normally
observed with the onset of human
PIN (27, 28), and changes in AR
expression have not been reported
in other mouse models of PIN.
Hence, it is likely that the increase in
AR levels is due to elevated SENP1
and not the onset of neoplasia in the
transgenic mouse.
A previous report demonstrated

that an increase of AR in mouse
prostate epithelial cells enhances
cell proliferation (20), and our
recent results indicated that SENP1
induction mediates AR-induced
PCa cell proliferation (19). In this
study, we have demonstrated that
enhanced cell proliferation is
readily observed in the SENP1
transgenic mouse (Fig. 3, A and C).
Although ARwould be amajor con-
tributor to this augmented cell
growth, other factors regulated by
SENP1 could also play a part in the
induction of cell proliferation. For
example, overexpression of SENP1
enhances the key cell cycle regulator
cyclin D1 (Fig. 3D) (10), which has
been shown to also facilitate PCa
cell proliferation (29). AR is known
to promote accumulation of cyclin
D1 by increasing protein stability
(30); however, because SENP1 over-
expression regulates cyclin D1 gene
transcription but not protein stabil-
ity (supplemental Fig. 2), SENP1
causes cyclin D1 augmentation via

an AR-independent mechanism. Interestingly, several studies
have shown that cyclin D1 accumulation eventually inhibits the
activity of AR (31–33). Hence, in the SENP1 transgenic mouse,

FIGURE 6. SENP1 levels increase with PCa aggressiveness and correlate with HIF1� levels. Human prostate
tissue samples were obtained following radial prostatectomy and expressed carcinomas with Gleason grades of
3–5. Pre-sectioned samples were assessed for protein expression of SENP1 (A–C) and HIF1� (D–F) via immunohis-
tochemical analysis. The black arrows identify positive staining in the nuclei for the appropriate protein, whereas the
white arrows illustrate negative nuclear staining. G, under �40 magnification, the total number of nuclei (positive
and negative) versus the number of positively stained nuclei was determined for a sample that expressed the indi-
cated carcinoma grade. The graph represents the number of positive nuclei observed for either protein with the
indicated Gleason grade (GG). Student’s t test was used to evaluate differences in the number of positive nuclei
between each Gleason grade for SENP1 and HIF1�, respectively. *, p � 0.05.

FIGURE 7. SENP1 induction of prostate pathogenesis. Shown is a schematic representation of the contribu-
tion of SENP1 to the pathogenesis of the prostate gland; a detailed explanation is provided under “Discussion.”
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it is highly improbable that elevatedARwould be solely respon-
sible for the enhanced proliferation and neoplastic lesions
because its endogenous inhibitor cyclin D1 is also up-regulated.
Instead, SENP1 simultaneously orchestratesmultiple pathways
(cyclin D1, HIF1�, etc.) both dependent and independent of
AR to facilitate transformation of the prostate gland (Fig. 7).
In addition, SENP1 is ubiquitously expressed throughout
the nucleus and efficiently deconjugates numerous other
SUMOylated protein substrates (9). Therefore, SENP1 could
readily deSUMOylate additional unidentified targets to pro-
mote the induction of prostate epithelial cell proliferation and
angiogenesis in the SENP1 transgenic mouse model (Fig. 7).
Recently, we showed that SENP1 is essential for HIF1� sta-

bility under hypoxic conditions in SENP1-deleted embryos and
mouse embryonic fibroblast cells (12). Here, we have demon-
strated that overexpression of SENP1 in an adult mouse model
significantly enhances expression of nuclear HIF1�. In the well
defined PCa mouse model TRAMP, high-grade PIN is accom-
panied by an increase inHIF1� levels, which is, in turn, required
for initiation of the angiogenic switch (34). Our C-line SENP1
transgenic mice exhibit an induction of HIF1� with the initial
onset of PIN (or low-grade PIN) at 4 months of age (Fig. 5A),
suggesting that SENP1 regulation of HIF1� occurs early in
prostate pathogenesis. Also, SENP1 overexpression initiates
the HIF1� pathways in the prostates of C-line transgenic mice
as indicated by the elevation of HIF1�-regulated VEGF. In the
TRAMP model, only VEGF mRNA levels are elevated during
PIN, with detectable changes in VEGF protein levels in the
prostate epithelia only with the emergence of a poorly differen-
tiated carcinoma. In contrast, in ourmousemodel, we observed
significant induction of VEGF protein levels at low-grade PIN
(4 months of age) (Fig. 5F) and even more dramatic VEGF ele-
vation at 12months of age (Fig. 5F), when the SENP1 transgenic
mice concurrently exhibit an increase in microvessel density.
Studies have reported that induction of HIF1�, VEGF, and the
neovasculature is readily observed in human PIN lesions and
therefore is an early event in prostate pathogenesis (15, 16, 23).
The onset of angiogenesis in the SENP1 transgenic mouse
appears to closely mimic what happens in human prostate car-
cinogenesis. Because SENP1 levels are enhanced in humanPIN,
we believe that SENP1 regulates VEGF expression viamodulat-
ing the nuclear stability of HIF1� and initiates the onset of
angiogenesis in human PIN. SENP1 levels also correspondwith
HIF1� in human PCa (Fig. 6). HIF1� is currently being evalu-
ated as a prognosticmarker for PCa aggressiveness. It is intrigu-
ing to speculate that because SENP1 modulates HIF1�, SENP1
may be an equally good marker. This fosters the need for more
comprehensive studies to evaluate the potential of SENP1 as a
prognostic marker in human PCa.
Collectively, our results indicate that a balance between

SUMOylation and deSUMOylation is critical for maintaining
normal prostate gland physiology. This balance is disturbed
with the induction of SENP1 in human PIN and PCa. In this
study, we have demonstrated that SENP1 overexpression leads
to prostate neoplasia accompanied by an increase in prolifera-
tion and angiogenesis, suggesting that the SUMOylation state
of targets in the prostate gland closely dictates the growth/on-
cogenic pathways.
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