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Abstract

BACKGROUND—SOX2 is a member of SOX (SRY-related HMG box) family of transcription
factors.

METHODS—in this study, we examined the expression of SOX2 in murine and human prostatic
specimens by immunohistochemistry.

RESULTS—we found that SOX2 was expressed in murine prostates during budding
morphogenesis and in neuroendocrine (NE) prostate cancer (PCa) murine models. Expression of
SOX2 was also examined in human prostatic tissue. We found that SOX2 was expressed in 26 of
30 benign prostate hyperplasia (BPH) specimens. In these BPH samples, expression of SOX2 was
limited to basal epithelial cells. In contrast, 24 of 25 primary PCa specimens were negative for
SOX2. The only positive primary PCa was the prostatic NE tumor, which also showed co-
expression of synaptophysin. Additionally, the expression of SOX2 was detected in all prostatic
NE tumor xenograft lines. Furthermore, we have examined the expression of SOX2 on a set of
tissue microarrays consisting of metastatic PCa tissues. Expression of SOX2 was detected in at
least one metastatic site in 15 of 24 patients with metastatic castration-resistant PCa; and the
expression of SOX2 was correlated with synaptophysin.

CONCLUSIONS—SOX2 was expressed in developing prostates, basal cells of BPH, as well as

prostatic NE tumors.

Keywords
SOX2; Prostate; benign prostatic hyperplasia; prostate cancer; neuroendocrine; metastasis

Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research,
subject always to the full Conditions of use:http://www.nature.com/authors/editorial_policies/license.html#terms

"Correspondence to Xiuping Yu and Robert Matusik, Department of Urologic Surgery, Vanderbilt University Medical Center,
Nashville, TN 37232. Tel: 615-343-1902, Fax: 615-322-5869, xiuping.yu@vanderbilt.edu; robert.matusik@vanderbilt.edu.

Conflict of interest
The authors declare no conflict of interest.


http://www.nature.com/authors/editorial_policies/license.html#terms

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 2

Introduction

The SRY-related high mobility group (HMG) box (SOX) family of transcription factors is
instrumental for diverse developmental processes and in determining cell fate (1, 2). In
particular, SOX2 seems to be essential for sustaining pluripotency and neural induction (2).
In combination with Oct4, KLF4, and c-Myc, SOX2 can successfully reprogram somatic
cells to become induced pluripotent stem cells (3), suggesting an important role for SOX2 in
controlling the pluripotency of stem/progenitor cells. SOX2 has also been implicated in
branching morphogenesis and epithelial cell differentiation during early lung development,
since aberrant expression of SOX2 disrupts normal lung branching morphogenesis, resulting
in reduced number of airways (4, 5). Mice over-expressing SOX2 exhibit an increased
number of basal cells (marked by the expression of p63) and neuroendocrine (NE) cells in
the respiratory mucosa (4), and lung carcinomas are developed in about half of these mice,
indicating that SOX2 over-expression is oncogenic (6).

Expression of SOX2 has been reported in carcinomas arising in several organs including
prostate (7-10). A recent study shows that SOX2 is expressed in both benign and malignant
prostate tissue, but only in a small subpopulation of cells (<10%) (7). SOX2 is also detected
in castration-resistant PCa metastasis samples (10). Several studies have highlighted the
functional implication of SOX2 in tumor progression as a reduction of SOX2 levels has
been shown to decrease proliferation and invasion while concomitantly increasing
differentiation of cancer cells (11-15). In PCa, silencing SOX2 by shRNA decreases both
cell proliferation and the invasive capacity of PCa cells (8, 16), and ectopic expression of
SOX2 promotes PCa cell growth (9, 10, 16).

SOX2 expression is associated with neuroendocrine (NE) tumors. In skin, SOX2 is
expressed in cutaneous neuroendocrine (NE) carcinoma (Merkel cell carcinoma) in addition
to a subset of melanomas (17). SOX2 is also detected in NE carcinomas of lung (18),
consistent with the observation that SOX2 over-expressing mice have an expansion of NE
cells in the respiratory mucosa and develop lung carcinomas. However, the expression of
SOX2 in NE PCa is yet to be examined.

NE PCa, or small cell carcinoma of the prostate, is a rare and highly aggressive subtype of
PCa. Because it is androgen receptor (AR) negative, NE PCa is naturally androgen
independent. Although the vast majority of primary human PCa are adenocarcinomas,
immunohistochemical evidence of NE differentiation (NED) can be often found in human
PCa, and PCa exhibiting NED is associated with poor prognosis (19, 20). Rapid autopsy of
hormone-refractory metastatic PCa has shown NED in most cases (21), and patients that fail
androgen deprivation therapy can develop NE cancer and adenocarcinoma with NED (22).
However, although NE phenotype is associated with advanced stage PCa, NE and NED in
prostate are understudied due to the scarcity of NE PCa specimens as advanced PCa is
usually not biopsied.

A major interest of our laboratory has been NE tumors, largely due to the fact that numerous
mouse PCa models readily develop or progress to NE tumors (23). Our focus has been
identifying potential transcription factors that promote the NE phenotype. Because SOX2
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can drive NE cell hyperplasia and carcinoma in the murine lung, we postulated that SOX2
may also play a similar role in the prostate. In order to begin to elucidate the relationship
between SOX2 and the NE phenotype, we undertook a careful analysis of murine and
human prostate to determine the expression pattern of SOX2 and whether SOX2 is co-
expressed with NE markers. Specifically, we examined the expression of SOX2 during
murine prostate development, in diseased prostate (benign prostatic hyperplasia [BPH],
primary prostate adenocarcinoma, and NE PCa) and in metastatic PCa. We also studied the
expression of SOX2 in prostate NE tumor murine models and analyzed the association of
SOX2 expression with the NE phenotype in metastatic human PCa. We found SOX2 was
expressed in embryonic prostates, BPH, and NE PCa.

Materials and methods

Mouse lines

All mice used in this study were housed and handled in accordance with the standard
protocols approved by the Vanderbilt University Institutional Animal Care and Use
Committee (IACUC). Seven to eight week old CD-1 mice (Harlan, Indianapolis) were used
for timed mating. The day a vaginal copulation plug was observed was designated
embryonic day 1. The 12T7 (24), 12T10 (25), and TRAMP (26) are transgenic mouse lines
that develop PIN or neuroendocrine prostate cancer. NE10 (27) is a prostatic NE tumor
xenograft line.

Human samples

Primary prostate specimens were obtained from the Department of Pathology, Vanderbilt
University Medical Center with approval from the Institutional Review Board. The
UWTMAZ22 and UWTMAA6 are tissue microarrays constructed at the University of
Washington. UWTMAZ22 consists of metastatic castration resistant PCa tissues from 24
patients; UWTMAA46 consists of 24 LuCaP xenograft tumors derived from 19 patients, 4 of
which are prostatic NE tumors derived from 3 patients.

Validation of SOX2 antibody

The specificity of SOX2 antibody was validated by western blot using cell lysate collected
from control PC3 cells and PC3/shSOX2 cells (figure 1). The shSOX2 constructs were
purchased from Origene (Rockville, MD). For retroviral infection, the shSOX2 or control
retroviral vector plasmids were transfected into Phoenix packaging cells. The cell culture
media were collected 24 hours later and used for infecting PC3 cells. The infection
procedure was repeated twice, and 10ug/ml puromycin was used for selection of PC3 cells
that have control or shSOX2 construct stably integrated.

Immunohistochemistry (IHC) and immunofluorescence (IF) staining

IHC was conducted as described previously (28). Prostates were fixed in 10% buffered
formalin overnight and processed to paraffin. IHC stains were preformed following routine
deparaffinization and rehydration of 5 pm sections. Antigen retrieval was performed by
microwaving slides for 20 min in boiling antigen unmasking solution (Vector Laboratories,
Burlingame, CA). Endogenous peroxidase activity was blocked with DAKO Peroxidase

Prostate Cancer Prostatic Dis. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yuetal.

Page 4

Blocking Reagent (DAKO, Carpinteria, CA) for 15 min. Sections were incubated with
primary antibodies overnight at 4°C in a humidified chamber. Antibodies used were: Foxa2
and p63 from Santa Cruz Biotechnology (Santa Cruz, CA), synaptophysin from BD
Transduction Laboratories (San Jose, CA), and SOX2 from Abcam (Cambridge, MA) or
Cell Signaling (Danvers, MA). Specific antibody binding was detected using the Vectastain
Elite ABC peroxidase kit (\Vector Laboratories, Burlingame, CA) according to the
manufacturer’s protocol with the DAKO DAB -Chromogen System (DAKO, Carpinteria,
CA). Sections were counterstained with hematoxylin, dehydrated, and cover-slipped. For
immunofluorescence staining, tissue sections were blocked with PBS containing 5% normal
donkey serum (Vector Laboratories, Burlingame, CA) for 1 hr, and incubated overnight at
4°C with primary antibodies. After washing in PBS, sections were incubated with
fluorescence conjugated secondary antibody (Molecular Probes, Eugene, OR) forl hr
(diluted 1:200 in blocking buffer,). Sections were washed in PBS and cover-slipped using
mounting solution with DAPI (Vector Laboratories, Burlingame, CA).

Western blot

Protein lysates were prepared from prostate specimens as described previously (29). Twenty
ug total protein was loaded for electrophoresis. After transfer, membranes were blocked in
5% milk for 1 hr, incubated overnight at 4°C with primary antibodies, and incubated with
horseradish peroxidase conjugated secondary antibodies (GE Healthcare, Pittsburgh, PA) for
1 hr. ECL-PIlus detection system (PerkinElmer, Waltham, MA) was used to visualize the
reaction. Rabbit anti-SOX2 antibodies were from Abcam (Cambridge, MA) or Cell
Signaling (Danvers, MA), and B-actin from Sigma (St Louis, MO).

Statistical analysis of IHC data

Results

SAS 9.3 (SAS Institute, Cary, NC) was used for statistical analysis. The percentage of
specific cell types in primary BPH and PCa specimens showing nuclear staining for SOX2
was recorded. Expression of SOX2 and synaptophysin in metastatic CRPC specimens were
evaluated for both percentage of cells stained and intensity of nuclear (SOX2) or
cytoplasmic (synaptophysin) staining. Intensity values were categorized as 0 negative, 1+
weak, 2+ moderate, and 3+ strong. The total score was calculated from intensity value and
percentage of staining (intensity x percentage). Associations between SOX2 and
synaptophysin expression was examined using Spearman’s rank test. All tests with a P value
of <0.05 were considered statistically significant.

SOX2 is expressed during murine embryonic prostate development

Prostate budding morphogenesis occurs around E17 to E18 (time varies among different
mouse strains) when solid epithelial cords grow into the surrounding urogenital sinus
mesenchyme to form the rudimentary prostate buds. SOX2 expression was detected during
prostate budding morphogenesis (Fig. 2A & 2B). Nuclear SOX2 staining was observed in
the urogenital sinus epithelial cells, with stronger nuclear staining in cells at the epithelial—
mesenchymal interface. Some stromal cells show weak staining for SOX2. The expression
pattern of SOX2 in the budding prostate is similar to that of Foxa2 and p63 (Fig. 2D-1)(30).
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At two weeks after birth (Fig. 2C) and in adults (Fig. 3A), nuclear SOX2 staining is
essentially undetectable in luminal prostatic epithelial cells. Due to background cytoplasmic
staining (Fig. 2C and Fig. 3A), it is not clear whether SOX2 is expressed in mouse prostate
basal epithelial cells at these stages.

SOX2 is expressed in NE PCa murine models

In the adult, wild type prostate luminal epithelial cells were negative for SOX2 (Fig. 3A).
Similarly, nuclear SOX2 staining was not observed in the 12T7 prostate PIN model,
although some luminal epithelia cells exhibit weak cytoplasmic staining (Fig. 3B), which
was considered to be background. In contrast, strong nuclear staining for SOX2 was
observed in the 12710, NE10, and TRAMP NE tumors (Figs. 3C-E). Expression of SOX2
was also detected in prostatic NE tumor metastasis (Fig. 3F).

Expression of SOX2 in murine NE PCa was confirmed by western blot. SOX2 expression
was detected in 12T10, NE10, and TRAMP tumor lysates, but not in prostates derived from
wild type or 12T7 mice (Fig. 4). The lack of SOX2 immunoreactivity on western blots of
normal or PIN mouse prostates supports the conclusion that the cytoplasmic IHC staining
seen in some sections was indeed non-specific background staining.

Expression of SOX2 in human prostate cancer cell lines

SOX2 expression was examined in established benign or cancerous prostatic cell lines by
western blot (Fig. 5). SOX2 was strongly expressed in DU145 and PC3 cells, with lower
amounts in CWR22Rv1 cells. DU145 and PC3 are AR negative cell lines and their growth is
independent of the presence of androgen while CWR22Rv1 is AR positive, but grows as a
castrate-resistant cancer cell line (31). Low SOX2 expression was detected in RWPEL,
LNCaP, LAPC4, and CWR22Pc cell lines. Compared with the three cell lines that have
high/moderate level of SOX2, these cell lines are generally less aggressive in vivo and are
androgen responsive (32). SOX2 was essentially undetectable in NHPrE and BHPrE cells,
two newly established human prostate epithelial cell lines derived from normal and benign
prostate tissue, respectively (33). Each cell line will form normal prostate glandular structure
when recombined with inductive embryonic urogenital sinus mesenchyme (UGM) and
grafted under the renal capsule (33).

Expression of SOX2 in benign and malignant human prostate cancer specimens

The expression of SOX2 in benign and malignant human prostatic tissues has been assessed
in a recent study where focal expression of SOX2 was detected in 90% of benign tissues,
65% of HGPIN samples, and 52% of PCa (7). Here, we examined the expression of SOX2
in BPH, primary prostate adenocarcinoma, prostate NE cancer (small cell carcinoma), and
castration-resistant metastatic tumors. All the human specimens examined in this study were
listed in Table 1. Most (26 of 30; 87%) BPH specimens showed positive SOX2 staining in
prostatic basal cells (Fig. 5B), which co-express the basal cell marker p63 (Fig. 6A & Figs.
61-6K). The other four BPH cases showed little or no SOX2 expression in the basal cell
layer despite the presence of p63-positive basal cells (Fig 6C&D). Most (22 of 24; 92%)
primary prostate adenocarcinoma specimens were negative for SOX2 staining (Fig. 6F).
Although some benign prostatic acini or ducts within the tumors still expressed p63 (Fig.
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6E), they did not exhibit SOX2 immunoreactivity (Fig. 6F), suggesting that loss of SOX2
expression is not simply a reflection of an absent basal cell layer. In the two SOX2 positive
prostate adenocarcinoma cases, SOX2 expression was only detected in adjacent benign areas
but not in cancer areas (Figs. 6G&H).

Since SOX2 was associated with NE tumor phenotype in skin (17) and lung (18) and that
SOX2 was expressed in murine models of prostatic NE tumors, we examined the expression
of SOX2 in human prostatic NE tumors. A NE tumor biopsy specimen examined exhibited
strong nuclear SOX2 expression (Fig. 7A), along with co-expression of synaptophysin (Fig.
7B). We also examined the expression of SOX2 on a set of prostate tissue microarrays
(TMAs) UWTMAAG, a collection of LuCaP xenografts. All of the NE tumor specimens
derived from three patients were positive for SOX2 (Figs. 7C&D). In the non-NE xenografts
derived from two patients that were positive for SOX2, one case showed nuclear SOX2
staining in almost half epithelial cells (Figs. 7TE&F, median value 47.5%), whereas the other
case showed positive SOX2 staining in only 5% of epithelial cells (data not shown). The
remaining non-NE PCa xenografts derived from other 14 patients were negative for SOX2.

We have also examined the expression of SOX2 on UWTMAZ22, a set of prostate TMAs that
consists of castration resistant PCa bone and soft tissue metastases. Of 24 patients, 15 (63%)
were positive for SOX2 in at least one metastatic site (Table 1 and Fig. 8), despite the
observation that primary adenocarcinomas of the prostate exhibit loss of SOX2 expression.
Serial sections from the UWTMAZ22 were also stained for synaptophysin by IHC and
compared to SOX2 expression (Fig. 8). The expression of SOX2 was correlated with
synaptophysin positive staining (Spearman’s test, p=0.037; Rho=0.143 [Table 2]).

Discussion

In this study, we characterized the expression of SOX2 in murine and human prostatic
tissue. Our data demonstrated that SOX2 was expressed during embryonic prostate budding
morphogenesis. In the adult prostate, SOX2 expression was primarily detected in prostatic
basal epithelial and NE cells. Therefore, in the prostate SOX2 is largely an embryonic and
NE marker, which is turned off in the luminal compartment following birth.

In the adult human prostate, SOX2 expression was limited to the basal compartment. The
expression of SOX2 was lost in 24 primary prostate adenocarcinomas, which agrees with the
notion that prostates lose basal cells during cancer progression. Interestingly, in these
primary PCa samples, we noticed some p63 positive but SOX2 negative areas, suggesting
that loss of SOX2 expression in basal cells occurs before p63 is lost in PCa. Our finding that
SOX2 is lost in prostate adenocarcinoma differs from a previous report which showed SOX2
is detected in 51% prostate carcinoma cases. One possible reason for the differences in
SOX2 expression in these two cohorts could be because of different treatment regimens
used. For example, androgen has been shown to inhibit the expression of SOX2 (10), thus
androgen deprivation therapy may induce the expression of SOX2 in patients who have
undertaken antiandrogens. The loss of SOX2 in adenocarcinomas, however, may be
transient since SOX2 was detected in 15 of 24 metastatic hormone refractory PCa patients.
The observation that SOX2 is expressed in PCa metastases is consistent with a recent study
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where SOX2 was detected in majority of castration resistant metastatic PCa specimens (10),
as well as our characterization of SOX2 expression in established prostate cell lines which
suggests an association with castrate-resistance as well.

We also showed that the expression of SOX2 was detected in NE tumors of prostate. SOX2
was expressed in human NE and NE tumor murine models examined. In human pathology
specimens, SOX2 was expressed in primary NE PCa needle biopsy specimens and in all the
NE tumor xenografts. In the metastatic PCa specimens, the expression of SOX2 was
correlated with NE marker, synaptophysin. Because NE PCa are AR-negative, they do not
respond to hormonal therapy. Currently, there is no effective therapy for treating NE PCa
and most patients with NE PCa survive less than one year (34). Identifying genes and
pathways that are active in NE PCa can improve our understanding on prostatic NE tumor
biology and provide potential therapeutic targets. Studies have shown that signaling
pathways active in stem cells and in embryonic prostate development are often activated in
prostate NE tumors (30, 35-38). Our finding that SOX2, a “stemness’ gene, is expressed in
embryonic prostates and in prostate NE tumors, provides another piece of evidence
supporting the connection of NE phenotype with stem cell features. Moreover,
characterizing the expression pattern of SOX2 in well characterized NE mouse models
allows us to further interrogate the molecular underpinnings of NE PCa.

The observation that the majority of adenocarcinomas lose SOX2 expression, while
increased SOX2 expression is associated with castrate-resistant metastatic prostate cancer,
suggests that those patients who express SOX2 may be more likely to progress to castrate
resistant disease. Moreover, the expression of SOX2 in NE tumor and tumors which have
undergone NED, support the notion that SOX2 may support progression to castrate
resistance via a NED pathway. Indeed, a recent study found that ectopic expression of SOX2
drives castration-resistant PCa growth, indicating that SOX2 is not only expressed in
castration-resistant PCa, but also an important driver in promoting PCa progression (10).
Coupled with this observation, our findings support exploring the predictive value of SOX2
for PCa with a larger patient cohort.

In conclusion, SOX2 was expressed during murine prostate development. In human prostate
specimens, SOX2 expression was detected in basal cells. The expression of SOX2 was lost

in primary prostate adenocarcinoma, but was detected in castration-resistant metastatic PCa
and in prostatic NE tumors.
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Figure 1. Western blot analysis
The level of SOX2 was knocked down in PC3 cells and protein lysate was prepared from

parental PC3 cells and PC3 cells that have stably integrated with control shRNA, or with
variant shSOX2 construct. Beta-Actin was used as loading control.
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Figure 2. SOX2 expression during murine embryonic prostate development
Nuclear SOX2 staining was detected in the prostatic buds at E17.5 and E19.5 (A&B). At 2

weeks after birth, the nuclear staining of SOX2 was hardly detected in prostate (C, inset is a
higher magnification picture). The prostatic buds co-expressed Foxa2 (D), p63 (E), and
SOX2 (F). G, H, and I are higher magnification picture of D, E, and F, respectively. Scale
bars represent 25 um.
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Figure 3. SOX2 expression in NE PCa murine models
IHC staining was performed on prostate sections derived from wild type (WT, A), 12T7 (B),

12T10 (C), NE10 (D), and TRAMP (E) mice, or on NE PCa lung metastasis in 12T10
mouse (F). Strong nuclear SOX2 staining was detected in prostate NE tumors (12T10,
NE10, TRAMP, and NE PCa metastasis), but not in wild type or 12T7 mouse prostates.
Scale bars represent 50 um.
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Figure 4. Western blot analysis
Protein samples were prepared from prostates derived from wild type (WT), 12T7, 12T10,

NE10, and TRAMP mice. The expression of SOX2 was detected in 12T10, NE10, and
TRAMP prostate NE tumors, but not in PIN (12T7) or wild type prostates. NE10 tumor
exhibits the highest expression level of SOX2.
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Figure 5. SOX2 expression in established prostate cell lines
Protein samples were prepared from various prostatic cell lines. DU145 and PC3 exhibited

the strongest expression of SOX2. Moderate level of SOX2 was observed in 22Rv1 cells.
RWPE1, LNCaP, LAPC4, or CWR22Pc cells exhibited low SOX2 expression. The
expression of SOX2 was hardly detected in NHPrE and BHPrE cells.
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Figure 6. Expression of SOX2 in human BPH and primary prostate adenocarcinoma specimens
Immunohistochemical staining of SOX2 or p63 was performed on serial sections derived

from BPH (A-D) or PCa (E—H) tissues. Panels A&B represented the 26 of 30 BPH cases
that displayed positive SOX2 staining in basal cell layer; panels C&D represented the 4 of
30 BPH cases that showed little or no SOX2 staining but were still positive for p63. Panels
E&F represented the 22 of 24 primary PCa cases that lost SOX2 expression. Some benign
areas in these PCa specimens were positive for p63 but negative for SOX2 staining. Panels
G&H represented cancer-adjacent normal areas in the 2 of 24 PCa cases where both p63 and
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SOX2 were expressed. Panels I-K are images from dual immunofluorescence staining
performed on sections derived from BPH specimens. SOX2 (in green) was co-expressed
with basal cell marker-p63 (in red). DAPI was used for counter-staining. Scale bars
represent 25 pm.
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Figure 7. SOX2 expression was detected in human NE PCa specimens
A&B: IHC staining of SOX2 and NE markers (synaptophysin) was performed on serial

sections derived from NE PCa needle biopsies. Both SOX2 and synaptophysin were highly
expressed on these sections. The expression of SOX2 was also examined on a set of tissue
microarrays consisting of LuCaP xenografts derived from 19 patients. Panels C&D
represented positive SOX2 staining on all the NE PCa cases. Panels E&F represented the
one case that was adenocarcinoma but showed positive SOX2 staining. Panel F is a higher
magnification picture of E. Scale bars represent 25 pym.
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Figure 8. SOX2 expression in metastatic PCa
The expression of SOX2 was examined on a set of tissue microarrays (UWTMAZ22) that

consist of metastatic castration-resistant PCa tissues. The expression of SOX2 was detected
in both soft tissue (A, liver metastasis) and bone metastasis (B), in both NE (C) and non-NE
(E) PCa metastasis. On serial sections C and D, both SOX2 and synaptophysin were
expressed; however, on serial sections E and F, SOX2 but not synaptophysin was expressed.
Scale bars represent 25 um.
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Table 1
Human prostate specimens used in this study
Cohort Histology Patients SOX2+ SOX2-
BPH BPH 30 26 4
Primary PCa adenocarcinoma 24 2* 22
neuroendocrine 1 1 0
UWTMAZ22 (Metastasis)  synaptophysin+ 10 8 2
synaptophysin— 14 7 7
UWTMA46 (LuCaP) adenocarcinoma 16 2 14
neuroendocrine 3 3 0

*
SOX2 was only detected in benign areas.
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