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Abstract
Transcription factor Stat5a/b is critical for prostate cancer cell survival and for prostate xenograft
tumor growth. In addition, the Stat5a/b signaling pathway may contribute to progression of organ-
confined prostate cancer to castration-resistant and/or metastatic disease. Expression of nuclear
Stat5a/b is clustered to high grade human prostate cancers, and nuclear Stat5a/b in primary prostate
cancer predicts early disease recurrence after initial treatment. Here, we show by Western blotting
and electromobility shift assay that Stat5a/b protein in human prostate cancer is N-terminally
truncated. This short form of Stat5a/b is generated post-translationally in vivo in prostate cancer cells
and is the predominant form of Stat5a/b that binds to DNA. We further demonstrate by mutagenesis
and co-immunoprecipitations that the N-domain of Stat5a/b is required for binding to PIAS3, and
that PIAS3 inhibits transcriptional activity of Stat5a/b in breast cancer cells but not in prostate cancer
cells. Thus, the proteolytic cleavage of the N-terminus of Stat5a/b may be a mechanism by which
Stat5 evades the transcriptional repression by PIAS3 in prostate cancer cells, and results in increased
Stat5-driven gene expression and prostate cancer progression.
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1. Introduction
Transcription factor Stat5a/b critically regulates viability and growth of human prostate cancer
cells (Liao et al.,; Tan and Nevalainen, 2008). Inhibition of Stat5a/b induces massive apoptotic
death of human prostate cancer cells in vitro (Ahonen et al., 2003; Dagvadorj et al., 2008) and
blocks prostate cancer subcutaneous and orthotopic xenograft tumor growth in nude mice
(Dagvadorj et al., 2008; Gu et al., 2010b). Stat5 is one of the seven members of Stat gene family
of transcription factors (Darnell, 1997; Hennighausen and Robinson, 2008; Ihle, 2001; Tan
and Nevalainen, 2008). Two highly homologous isoforms of Stat5, the 94-kDa Stat5a and the
92-kDa Stat5b, are encoded by separate genes and are latent cytoplasmic proteins that act as
both cytoplasmic signaling proteins and nuclear transcription factors (Darnell, 1997;
Hennighausen and Robinson, 2008; Ihle, 2001; Tan and Nevalainen, 2008). Phosphorylation
of a specific tyrosine residue in the COOH-terminal domain by a tyrosine kinase, typically of
the Janus-activated kinase protein family (Rui et al., 1992; Rui et al., 1994), activates Stat5a/
b. After phosphorylation, Stat5a and Stat5b homodimerize or heterodimerize and translocate
to the nucleus where they bind to specific Stat5a/b response elements of target gene promoters.
Stat5 proteins are divided into five structurally and functionally conserved domains. These
include the NH2-terminal domain (N-domain) which is involved in stabilizing interactions
between two Stat5 dimers to form tetramers (John et al., 1999), the N-domain and the coiled-
coil (CC) domain that mediate protein-protein interactions (Becker et al., 1998; Chen et al.,
1998), the DNA-binding domain, the SH2 domain critical for dimerization and the C-terminal
transactivation domain which binds to critical coactivators/corepressors (Kisseleva et al.,
2002; Levy and Darnell, 2002).

Stat5a/b is constantly active in human prostate cancer but not in normal human prostate
epithelium (Ahonen et al., 2003; Li et al., 2004). In addition, Stat5a/b activation in prostate
cancer is associated with high histological grade (Li et al., 2004), and activation of Stat5a/b in
primary prostate cancer predicted early prostate cancer recurrence (Li et al., 2005). Several
different molecular mechanisms regulate the duration and magnitude of Stat5a/b activation in
the cytoplasmic and nuclear compartments. These mechanisms involve: (1) local expression
of autocrine growth factors that activate Stat proteins, (2) activating mutations in the tyrosine
kinases responsible for Stat activation, (3) protein inhibitors of activated Stat proteins (PIAS)
(4) cytoplasmic and nuclear protein tyrosine phosphatases (PTP); and (5) suppressors of
cytokine signaling (SOCS) proteins (Darnell, 1997; Hennighausen and Robinson, 2008; Ihle,
2001; James et al., 2005; Kralovics et al., 2005; Scott et al., 2007; Tan and Nevalainen,
2008).

The PIAS family of proteins are localized within the nucleus and function as constitutive
repressors of STAT activity by direct association (Schmidt and Muller, 2003; Shuai, 2006).
The PIAS family members include PIAS1, PIAS3, PIASx, PIASy, and alternative splicing
variants of PIASx (Palvimo, 2007). PIAS3 is the only member of the PIAS family that has
been shown to directly interact with Stat5a/b and repress Stat5-mediated transcription in CHO
and lymphoid Nb2 cells (Rycyzyn and Clevenger, 2002). PIAS3 is expressed in prostate cancer
tissues and cell lines (Wang and Banerjee, 2004) but little is known about its function in prostate
cancer. Furthermore, PIAS1 expression is 33% higher in primary prostate cancers compared
to normal prostates (Li et al., 2002). In addition, PIAS1 expression has been shown to be
significantly lower in hormone-refractory prostate cancer than in untreated prostate tumors
(Linja et al., 2004).

In this work, we demonstrate that Stat5a/b protein is cleaved in human prostate cancer cells
and clinical prostate cancers but not in COS-7 cells or breast cancer cells. This cleaved short
form of Stat5a/b is N-terminally truncated and constitutes the predominant form of Stat5a/b
that binds to DNA in human prostate cancer cells. We further demonstrate that the N-domain
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of Stat5a/b binds to PIAS3, and that PIAS3 inhibits transcriptional activity of Stat5a/b in breast
cancer cells but not in prostate cancer cells. Thus, the short form of Stat5 in prostate cancer
cells evades the transcriptional inhibition by PIAS3 by proteolytical cleavage of its N-terminus.
This may represent a molecular mechanism underlying increased Stat5-driven gene
transcription that contributes to prostate cancer growth and progression.

2. Materials and methods
2.1. Cell lines and clinical human prostate cancer specimens

CWR22Rv1, DU145, PC-3 and LNCaP prostate cancer cells or T47D or MCF-7 breast cancer
cells (American Type Culture Collection (ATCC), Manassas, VA) were grown in RPMI-1640
medium (Mediatech, Manassas, VA). The basal media contained 10% fetal bovine serum
(FBS) (Atlanta Biologicals, Norcross, GA), 2 mM L-glutamine (Mediatech), 5 mM HEPES
(Mediatech), pH 7.3, and penicillin-streptomycin (Mediatech) (50 IU/ml and 50 μg/ml,
respectively), at 37°C with 5% CO2. LNCaP cells were cultured in the presence of 0.5 nM
dihydrotestosterone (DHT) (5α-androstan-17β-ol-3one; Sigma, St. Louis, MO). Construct
expression and functional tests were performed by transient transfection of COS-7 cells
(ATCC) which were grown in RPMI 1640 medium (Mediatech) containing 10% fetal bovine
serum, 2 mM L-glutamine, and penicillin-streptomycin (50 IU/ml and 50 μg/ml, respectively)
at 37 °C with 5% CO2. Sub-confluent COS-7 cells in 6-well plates were transfected using
FuGENE6 (Roche) according to the manufacturer's protocol and were serum starved in RPMI
1640 with 0.5% fetal bovine serum for 12 h followed by stimulation with 10 nM prolactin (Prl)
for 30 min.

Paraffin-embedded prostate cancers were obtained from the Turku University Hospital (n=20)
(approved by the Thomas Jefferson University Institutional Review Board). The fresh prostate
cancer specimens were obtained from 3 patients undergoing radical prostatectomy at the Turku
University Hospital by the urologist (M.N). The prostate tissues were obtained after informed
consent of the patients and the approval of the Ethical Committee of the Turku University
Hospital. Within 1–3 hours of the surgery, a board-certified pathologist (K.A. or T.M.) made
a selection of the tissue slices of prostate cancer nodules that were available for the analysis.
The selection of the area was assisted by the clinical information of the localization of the
cancer based on the location of the needle biopsy taken at the time of diagnosis and by frozen
sections.

2.2. Solubilization of proteins, immunoprecipitation, and immunoblotting
Cells were lysed and fresh human prostate cancer specimens were homogenized in lysis buffer
[10 mM Tris-HCl (pH 7.5), 5 mM EDTA, 50 mM NaCl, 30 mM sodium pyrophosphate, 50
mM sodium fluoride, 1 mM sodium orthovanadate, 1% Triton X-100, 1 mM
phenylmethylsulphonylfluoride, 5 μg/ml aprotinin, 1 μg/ml pepstatin A, and 2 μg/ml
leupeptin], and the protein concentrations of the whole cell lysates were determined by the
Bradford method (BioRad Laboratories Inc., Hercules, CA). In Figure 2B: 1) Frozen cell pellets
were pulverized in liquid nitrogen and solubilized directly with SDS sample buffer by heating
for 10 min at 99°C. 2) After harvest and centrifugation, 10 vol of SDS sample buffer was added
to the cell pellets and the cells were lysed by heating for 10 min at 99°C. 3) Cell pellets were
lysed in the cell lysis buffer [10 mM Tris-HCl (pH 7.5), 5 mM EDTA, 50 mM NaCl, 30 mM
sodium pyrophosphate, 50 mM sodium fluoride, 1 mM sodium orthovanadate, 1% Triton
X-100, 1 mM phenylmethylsulphonylfluoride, 5 μg/ml aprotinin, 1 μg/ml pepstatin A, and 2
μg/ml leupeptin] and heated with the SDS sample buffer for 10 min at 99°C. In the indicated
the experiments, cell lysates were immunoprecipitated for 2 h at 4°C with anti-Stat5a or anti-
Stat5b pAbs (each 1.2 μg/ml; Advantex Bioreagents, Conroe, TX). Antibodies were captured
by incubation with protein A-Sepharose beads (GE Healthcare, Piscataway, NJ) for 60 min.
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The filters were blotted with anti-phosphotyrosine-Stat5a/b (Y694/Y699) mAb (1 μg/ml,
Advantex Bioreagents), anti-panStat5ab mAb (1:250) (Transduction Laboratories, Inc.), anti-
C-terminus Stat5a/b mAb (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), anti-C-terminus
Stat5a mAb (Santa Cruz Biotechnology), anti-C-terminus Stat5b mAb (Santa Cruz
Biotechnology), anti-N-terminus-Stat5a/b pAb (Santa Cruz Biotechnology), anti-actin pAb
(1:4000) (Invitrogen), anti-HDAC (1:500) (Invitrogen) and anti-tubulin (1:1000) (Millipore).
The immunoreaction was detected by horseradish peroxidase-conjugated secondary antibodies
in conjunction with enhanced chemiluminescence substrate mixture (GE Healthcare), and
exposed to film.

2.3. Co-IPs of FLAG-tagged Stat5a and HA-tagged PIAS3
Full length Stat5a was amplified by PCR and subcloned to pCMV-3FLAG vector (Agilent
Biotechnologies, La Jolla, CA) with an EcoR1 and a SalI sites. Plasmid CMV3FLAG-Stat5a,
pCMV-HAPIAS3 (GeneCopeia, Maryland) and pPrlR were co-transfected using FuGENE6
(Roche, Indianapolis, IN) into COS-7 cells seeded 24 h earlier (2 μg of each plasmid per 1 ×
107 cells) (Fig. 4). The cells were starved for 20 h, then stimulated with hPrl (10 nM) in RPMI
1640 without serum for 16 h. The cell lysates were immunoprecipitated with 25 μl anti-FLAG
M2 polyclonal affinity gel (2 μg/ml, Sigma), anti-HA pAb (Bethyl Laboratories, Montgomery,
TX) or IgG (Sigma). The primary antibodies were used in the immunoblottings at the following
concentrations: anti-FLAG mAb (1:1000; Agilent) and anti-HA mAb (1:1000; Bethyl
Laboratories) detected by horseradish peroxidase-conjugated secondary antibodies.

2.4. Generation of adenoviruses for gene delivery of wild-type (WT) Stat5a
We cloned pcDNA-CMV-WTStat5a (AdWTStat5a) into adenoviral vector using BD Adeno-
X™ Expression System 2 (BD Biosciences Clontech, San Jose, CA) according to the
manufacturer's protocol as described previously (Abdulghani et al., 2008). Viral stocks were
expanded in large-scale cultures, purified by double cesium chloride gradient centrifugation,
and titered side-by-side by a standard plaque assay method in QBI-293A cells as per the
manufacturer's instructions (MP biomedicals, OH).

2.5. Immunohistochemistry
Sections of formalin-fixed tissues were deparaffinized by two 15-min washes in xylene,
followed by rehydration in graded alcohol. Slides containing deparaffinized tissue sections or
paraformaldehyde-fixed cells were microwave-treated in a pressure cooker with antigen-
retrieval solution AxAR1 (Advantex BioReagents) for use with the anti-pTyrStat5a/b mAb.
After the antigen retrieval procedure, endogenous peroxidase activity was blocked by
incubating slides in 0.3% hydrogen peroxide for 10 min at room temperature, and nonspecific
binding of immunoglobulins was minimized by preincubation in normal goat serum for 2 h at
RT. The anti-pTyrStat5 mAb was diluted in 1% BSA in PBS at a final concentration of 0.6
μg/ml. Antigen-antibody complexes were detected using biotinylated goat anti-mouse IgG
secondary antibody (BioGenex Laboratories, Inc., San Ramon, CA) followed by streptavidin-
horseradish-peroxidase complex. As a chromogen, 3,3'-diaminobenzidine (DAB) was used,
and Mayer hematoxylin was used as a counterstain. For controls, subtype-specific mouse IgG
was used as appropriate.

2.6. Electrophoretic mobility shift assay (EMSA)
Cells were starved in serum-free medium for 16 h, then treated with or without 10 nM hPrl as
indicated, pelleted by centrifugation and immediately solubilized in EMSA lysis buffer [20
mM HEPES (pH 7.0), 10 mM KCl, 1 mM MgCl2, 20% glycerol, 0.2% NP-40, 1 mM
orthovanadate, 25 mM NaF, 200 μM phenylmethylsulfonylfluoride, 5 μg/ml aprotinin, 1 μg/
ml pepstatin A, and 2 μg/ml leupeptin]. The cell lysates were pelleted by centrifugation at 800
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× g for 10 min at 4 C, and the pellets were solubilized in EMSA lysis buffer containing 300
mM NaCl. Lysates were incubated on ice for 10 min, then clarified by centrifugation at 20,000
× g for 10 min at 4 C. [32P]-labeled oligonucleotide probe corresponding to the Prl response
element (5′agatttctaggaattcaaatc 3′) of the rat β-casein gene was used. The samples were pre-
incubated with either normal rabbit serum (NRS), anti-C-terminus-Stat5a pAb, anti-C-
terminus-Stat5b pAb or anti-N-terminus-Stat5a/b pAb (all from Santa Cruz Biotechnology).
In Fig. 1C, nuclear extracts from COS-7 cells transfected with full-length pWtStat5a were
mixed at indicated proportions with nuclear extracts from CWR22Rv1 cells before running on
the EMSA gels. In Fig. 1D, CWR22Rv1 cells were infected at increasing MOIs (multiplicity
of infection) with AdWtStat5a 24 h before the cells were harvested for EMSA. In Fig. 5B,
MCF-7 cells and LNCaP cells (1.5 × 106 cells/dish) were transiently co-transfected with
genomic pStat5a (2.0 μg) and pPrl-receptor (PrlR) (2.0 μg). The cells were serum-starved for
20 h and treated with (+) or without (−) 10 nM human hPrl for 30 min. The nuclear extracts
were prepared for EMSA assay. Polyacrylamide gels (4%) containing 5% glycerol and 0.25 ×
TBE were prerun in 0.25 × TBE buffer at 4–10 °C for 1.5 h at 300 V. After loading of samples,
the gels were run at room temperature for 3 h at 250 V. Gels were dried by heating under
vacuum and exposed to X-ray film.

2.7. Northern Blot Analysis
Total RNA was isolated from T47D and CWR22Rv1 cells by using RNeasy kit (Qiagen,
Valecia, CA). Thirty micrograms of total RNA was denatured in 50% formamide at 60°C,
electrophoresed on 1% agarose with 6% formaldehyde gel, and blotted to Hybond-N (GE
Healthcare). The filter was incubated at 42°C in 50% formamide, 3 × Denhardt's reagent
(0.06% polyvinylpyrrolidone, 0.06% bovine serum albumin, 0.06% Ficoll), 5 × SSC (standard
saline citrate; 1 × SSC=0.15 M NaCl, 0.015 M trisodium citrate), 1% SDS, 200 g/ml of
denatured salmon sperm DNA, and randomly primed (Agilent Technologies) 32P-labeled
cDNA probe. After hybridization, the filter was washed in 0.1 × SSC, 0.1% SDS at room
temperature, and autoradiographed. Reprobing was carried out after washing the filter in a
stripping buffer of 10 mM Tris–HCl pH 7.5, 1 mM EDTA, 0.1% SDS and 0.3 Denhardt's
reagent at 90°C for 20 min. The probes used were the fragment of the mouse Stat5a cDNA
containing the N-terminus and the coiled-coiled domain.

2.8. Generation of the Stat5a deletion constructs
The Stat5a truncation constructs were first amplified by PCR from pcDNAStat5a using an
upper primer that includes an EcoRI site and a lower primer with a SalI site. The amplified
sequences were then subcloned into the pCRII-TOPO vector (Invitrogen, Carlsbad, CA). Stat5a
fragments in pCRII-TOPO were then excised with the restriction enzymes EcoRI and SalI and
then subcloned into similarly digested pCMV-3Tag1A (Agilent) plasmid. The plasmids
express the truncated STAT5a tagged with N-terminal 3xFLAG epitope. STAT5a-N-ter
(1M-425K) was amplified with the upper primer #1,
GAATTCATGGCGGGCTGGATTCAGGCCCAGCAGCTT, and lower primer #5,
GTCGACCTTGATTCTTTTCAGTGACATGTTTCTGAA. STAT5 C-ter (426R-794S) was
amplified with the upper primer #6,
GAATTCGATCGCGCCGACAGGCGTGGTGCAGAGT, and lower primer #2,
GTCGACTCAGGACAGGGAGCTTCTAGCGGAGGTGAA.

2.9. Luciferase reporter gene assays
LNCaP cells and MCF-7 breast cancer cells were transiently transfected using FuGENE6
(Roche) with 0.25 μg of each pStat5a or pPIAS3, pPrlR and either 0.5 μg of pβ-casein–
luciferase and 0.025 μg of pRL-TK (Renilla luciferase) as an internal control. The total amount
of plasmid DNA per well was normalized by pMod-DNR to 1.275 μg per well. The cells were
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starved in serum-free medium for 20 h and stimulated with 10 nM hPrl in the starvation medium
for 16 h. The lysates were assayed for firefly and Renilla luciferase activities using the Dual-
Luciferase reporter assay system (Promega, Madison, WI). Three independent experiments
were carried out in triplicate using at least two sets of plasmids that were prepared separately.
The firefly luciferase activity was normalized to the Renilla luciferase activity of the same
sample, and the mean was calculated from the parallels experiments. From the mean values of
each independent run, the overall mean and its SE were calculated.

3. Results
3.1. Stat5a/b binds to DNA as a truncated protein in human prostate cancer cell

First, we demonstrated active Stat5a/b expression in clinical human prostate cancer by
immunohistochemical detection using anti-pTyrStat5a/b mAb (Fig. 1A, left panel) with IgG
as control (Fig. 1A, right panel). Western blotting of whole cell lysates of CWR22Rv1 and
LNCaP and clinical prostate cancer specimens indicate the full-length Stat5a/b band of
approximately 92 kDa in size, as expected (Fig. 1B). Cells were harvested at low density (LD)
or high density (HD) for Western blot analysis. In addition to the full-length Stat5a/b, all
prostate cancer cell lines and clinical prostate cancer specimens show a predominant shorter
band of about 50 kDa in Western blotting (Fig. 1B). Minor bands visible in the Western blot
analyses are likely due to unspecific binding of the antibodies to the filters because whole cell
lysates were analyzed instead of immunoprecipitated Stat5a/b.

To examine the truncated Stat5a/b by another methodological approach, we performed
electrophoretic mobility shift assay (EMSA) using the Stat5a/b-response element of beta–
casein gene (Ahonen et al., 2002; Nevalainen et al., 2002). In nuclear extracts of COS-7 cells
transfected with Stat5a and stimulated with human Prolactin (hPrl), only full-length of Stat5a
and Stat5b were detected (Fig. 1C, lanes 3 and 7). These complexes were supershifted with
polyclonal anti-Stat5a (Fig. 1C, lane 4) and anti-Stat5b (Fig. 1C, lane 8) antibodies indicating
the specificity of the bands in EMSA. In contrast, nuclear extracts of prostate cancer cell lines
DU145 (lanes 9–11), LNCaP (lanes 12–14), and CWR22Rv1 (lanes 15–17) showed the
presence of a smaller truncated form of Stat5a/b in EMSA. Supershift with anti-Stat5a and
anti-Stat5b antibodies (Fig. 1C, lanes 9–17) demonstrated that the shorter band was indeed the
cleaved form of Stat5a/b.

In the next set of experiments, we transfected COS-7 cells with full-length Stat5a and
stimulated the cells with hPrl for 30 min. Nuclear extracts of the full-length Stat5a expressing
cells were mixed with nuclear extracts from CWR22Rv1 cells at various ratios and analyzed
by EMSA. As demonstrated in Figure 1D, the full length Stat5 and the short form Stat5 bind
to DNA according to the ratio of the nuclear extracts. To further examine whether the full-
length Stat5 is cleaved to the short form Stat5a/b in prostate cancer cells, we expressed full-
length wild-type (Wt) Stat5 in a dose-dependent manner using adenovirus as the expression
vector (AdWtStat5a) in CWR22Rv1 human prostate cancer cells. As demonstrated in Figure
1E, full-length WtStat5a was efficiently converted to the truncated Stat5a, and the amount of
the short form Stat5a was decreased according to the amount of full-length WtStat5a introduced
to the cells (MOI 8, 4 and 2). This indicated that the full-length Stat5a/b was converted to the
truncated form according to the amount of full-length Stat5a/b introduced to the cells.
Importantly, the band representing the truncated Stat5a complex was super-shifted by anti-
Stat5a antibody (lane 6) demonstrating that the shorter band was Stat5a. Based on these results,
we concluded that prostate cancer cells express a short form of Stat5a/b, and the short Stat5a/
b is capable of binding to DNA (Stat5-response element).
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3.2. The short form of Stat5a/b in human prostate cancer cells occurs naturally
To determine whether the short forms of Stat5a/b in prostate cancer cells are generated in
vitro during the preparation of the cell extracts, we first carried out EMSA of nuclear extracts
prepared from DU145 prostate cancer cells in the presence or in the absence of protease
inhibitors (phenylmethylsulfonylfluoride, aprotinin, leupeptin and pepstatin-A) in the lysis
buffer. The short form Stat5a/b complexes were formed regardless of the presence (Fig. 2A,
lanes 1 and 2) or absence (Fig. 2A, lanes 3 and 4) of protease inhibitors, respectively, and the
short form Stat5a/b was supershifted by anti-Stat5a and anti-Stat5b antibodies (Fig. 2A, lanes
2 and 4). This indicated that the short form Stat5a/b is present in the prostate cancer cells prior
to the sample preparation. A further possibility for the generation of the truncated Stat5a/b
forms would be by proteases that are either resistant to the action of the protease inhibitors
present during the lysis and harvest of the cells or proteases that are not immediately inactivated
by the inhibitors. Proteolysis could then occur during the extraction procedure after disruption
of the cellular structures. To exclude this possibility, we prepared DU145 cell pellets that were
flash frozen in liquid nitrogen and directly lysed in boiling SDS loading buffer (Fig. 2B, lane
1). In addition, cells were lysed in cell lysis buffer in the presence or (Fig. 2B, lane 2) in the
absence of proteases inhibitors (Fig. 2B, lane 3) and boiled in SDS loading buffer. The short
form 50 kDa Stat5a/b was present in human prostate cancer cells following each of the three
different sample preparations indicating that the short form Stat5a/b is generated in vivo and
not in vitro.

3.3. The short form of Stat5a/b in human prostate cancer cells lacks the N-terminus
To determine whether the short form Stat5a/b is truncated at its N- or C-terminus, we blotted
whole cell lysates of LNCaP cells with antibodies recognizing the C-terminus of Stat5a/b (Fig.
3A; lanes 1 and 2), N-terminus of Stat5a/b (lanes 3 and 4) or activated, C-terminally tyrosine
phosphorylated Stat5a/b (lanes 5 and 6). LNCaP cells were infected with AdWTStat5 at the
MOI of 8 (lanes 2, 4 and 6) or mock-infected (lanes 1, 3 and 5), and equal amounts of cell
lysates were loaded in each lane. The anti-Stat5a/b mAb raised against C-terminal epitopes
recognized both the long forms and short forms of Stat5a/b (lanes 1 and 2; left arrows). In
contrast, immunoblotting with an anti-Stat5a/b antibody raised against epitopes in the N-
terminus failed to recognize the short form of Stat5a/b in the parallel samples (lanes 3 and 4).
Immunoblotting with the anti-pYStat5a/b antibody showed that the majority of the N-
terminally truncated Stat5a/b was phosphorylated (lanes 5 and 6). These results suggested that
the short form Stat5a/b in human prostate cancer cells is N-terminally truncated.

To establish by another methodological approach that the short form Stat5a/b in prostate cancer
cells lacks the N-terminus, we supershifted Stat5a/b in nuclear extracts of T47D human breast
cancer cells, LNCaP and CWR22Rv1 human prostate cancer cells using antibodies raised
against either the C-terminus or the N-terminus of Stat5a/b (Fig. 3B). In T47D cells, only the
full length Stat5a/b was detected in prolactin-stimulated cells, which was supershifted by the
antibodies against the C-terminus or N-terminus of Stat5a/b (lanes 1–4). In LNCaP and
CWR22Rv1 cells, only the short form Stat5a/b was detected and the short form Stat5a/b was
supershifted only by the antibody against the C-terminus but not by the antibody against the
N-terminus (lanes 5–10).

We next generated a Stat5a construct lacking both the N-terminal domain and the coiled-coiled
(CC) domain (Fig. 3C; (i)) and expressed the construct in COS-7 cells (Fig.3C; (ii)). The size
of the transfected Stat5a construct lacking the N-terminus and CC-domain (Fig. 3C; (ii) lane
2) corresponded to the size of the naturally occurring short form Stat5a/b in LNCap cells (Fig.
3C; (ii) lane 3).
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Given that Stat5a/b protein expressed in human prostate cancer cell lines is truncated, we next
aimed to establish whether the short form Stat5a/b is generated at mRNA or protein level. Total
RNA extracted from T47D breast cancer cells and CWR22Rv1 prostate cancer cells (Fig. 3D;
(i)) was hybridized with a cDNA probe corresponding to the N-terminal and CC-domain of
Stat5a (Fig. 3D; (ii)). The Northern blotting demonstrates that the sizes of the Stat5 transcripts
in T47D and CWR22Rv1 cells are essentially the same indicating that the short form Stat5a/b
is not generated at mRNA level resulting from an alternatively spliced mRNA but rather
generated at post-translational level.

To examine whether the N-terminally truncated short form Stat5a/b is generated in the nucleus
or cytoplasm of human prostate cancer cells, cytoplasmic and nuclear extracts were prepared
from LNCaP cells unstimulated or stimulated with Prl for 30 min. Immunoblotting of the
cytoplasmic and nuclear extracts suggest that the short form Stat5a/b is present both in the
cytoplasm and the nucleus in unstimulated prostate cancer cells while the majority of the short
form in prolactin-stimulated cells is present in the nucleus (Fig. 3E). Collectively, these results
shown in Figure 3 indicated that the short form of Stat5a/b expressed in human prostate cancer
cells is N-terminally truncated at post-translational level predominantly in the nucleus.

3.4. PIAS3 physically interacts with the N-terminus of Stat5
It is well established that PIAS3 interacts with Stat5 and mediates transcriptional repression
of Stat5a/b (Gross et al., 2001; Rycyzyn and Clevenger, 2002). To identify the domain of
Stat5a/b mediating the physical interaction with PIAS3, we first co-immunoprecipitated
FLAG-tagged full-length Stat5a with HA-tagged PIAS3 transfected to COS-7 cells (Fig. 4A).
The cells were starved, stimulated with Prl with unstimulated cells as control, and Stat5 was
immunoprecipitated with anti-FLAG pAb and immunoblotted with anti-HA mAb (Fig. 4A(i),
left panel). PIAS3 (68 kDa) co-immunoprecipitation with Stat5 was slightly increased in Prl-
stimulated cells and immunoprecipitation with IgG shows that the second major band of
approximately 85 kDa is a result of unspecific binding of the anti-HA antibody. Conversely,
IP of the cell lysates with anti-HA pAb yielded a 90–110 kDa protein corresponding to the
FLAG-tagged STAT5a, as shown by immunoblotting with anti-FLAG mAb (Fig. 4A (ii),
lane1–2 and 5–6). The IP with IgG was loaded in lanes 3 and 4.

In the third set of experiments, we generated deletion constructs of Stat5a that were either C-
terminally truncated or N-terminally truncated (Fig. 4B) and tagged these constructs with the
FLAG-epitopes (Fig. 4C, lanes 1 and 2). COS-7 cells were transfected with the deletion
constructs, HA-tagged PIAS3 was immunoprecipitated with the anti-HA pAb and blotted with
anti-FLAG mAb. IP of PIAS3 pulled down the C-terminally-deleted Stat5a construct of
approximately 70 kDa (Fig. 4C, lane 4) but not the N-terminally deleted Stat5a indicating that
PIAS3 interacts with the N-terminus of Stat5a/b. In summary, these results suggest that Stat5
physically interacts with PIAS3 and this interaction is mediated by the N-terminus of Stat5.

3.5. PIAS3 down-regulates the transcriptional activity of Stat5 in breast cancer cells but not
in prostate cancer cells

PIAS3 is expressed in prostate cancer tissues and cell lines (Assikis et al., 2004). Our finding
showing that Stat5a/b and PIAS3 physically interact in prostate cancer cells through the N-
terminus of Stat5a/b led us to test whether PIAS3 is able to inhibit transcriptional activity of
Stat5a/b in human prostate cancer cells. MCF-7 human breast cancer cells and LNCaP human
prostate cancer cells were cotransfected with beta-Casein-luciferase reporter gene, Prl receptor
(PrlR), Stat5a and PIAS3, as indicated, serum-starved for 20 h, and stimulated with human Prl
(hPrl) (10 nM) with non-stimulated cells as control (Fig. 5). In both MCF-7 and LNCaP cells
not transfected with PIAS3 plasmid, Prl induced transcriptional activity of Stat5a by
approximately 10-fold. In MCF-cells, co-expression of PIAS3 blocked the Prl-induced
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increase of Stat5a transcriptional activity. In contrast, PIAS3 co-expression did not affect
Stat5a transcriptional activity in LNCaP cells. EMSA shows the absence of the full-length form
in LNCaP cells due to the conversion of the full-length Stat5 to the short form Stat5 (Fig. 5B).
These results suggest that PIAS3 fails to repress the transcriptional activity of Stat5 in human
prostate cancer cells.

4. Discussion
The Jak2-Stat5 signaling pathway is of significant interest in the search for new molecular
targets for therapy development for prostate cancer. Stat5a/b is critical for prostate cancer cell
viability and tumor growth in vivo (Abdulghani et al., 2008; Ahonen et al., 2003; Dagvadorj
et al., 2007), nuclear active Stat5a/b expression is increased in high-grade prostate cancers (Li
et al., 2004; Li et al., 2005), and nuclear active Stat5a/b predicts poor clinical outcome of
prostate cancer (Li et al., 2005). In addition, Stat5a/b is activated in the majority of distant
prostate cancer metastases to lymph nodes and bone, and active Stat5a/b promotes metastatic
behavior of human prostate cancer cells in vitro and in vivo (Gu et al., 2010a). The mechanisms
underlying increased nuclear Stat5a/b in prostate cancer cells are unclear. In this work, we
demonstrated that the N-terminally cleaved form of Stat5a/b is the predominant form binding
to DNA in prostate cancer cells. This truncated form of Stat5a/b is generated in prostate cancer
cells in vivo, not in vitro during the sample preparation. We further demonstrate that the N-
domain of Stat5a/b binds to PIAS3 and PIAS3 inhibits transcriptional activity of Stat5a/b in
breast cancer cells but not in prostate cancer cells.

The key finding of this work was the demonstration that N-terminally truncated Stat5a/b is the
predominant form that binds to DNA in human prostate cancer cells. This was shown by
electromobility shift assay, and Western blotting verified the short form Stat5a/b protein
expression both in human prostate cancer cell lines and clinical prostate cancers. We have
recently identified various Stat5a/b-induced genes in human prostate cancer cells including
Cyclin-D1 (Dagvadorj et al., 2008), Bcl-Xl (Dagvadorj et al., 2008), Bcl-2 (Gu et al., 2010a;
Gu et al., 2010b), KLF-4 (Gu et al., 2010a; Gu et al., 2010b) and PDCD4 (Gu et al., 2010a;
Gu et al., 2010b). Future work will determine in human prostate cancer cells whether N-
terminally truncated Stat5a/b binds to the promoters of these genes in vivo by chromatin
immunoprecipitation assays.

This cleaved short form Stat5a/b is generated post-translationally in vivo in prostate cancer
cells, not during the preparation of the cell extracts. This concept is supported by our findings
showing that the short form Stat5a/b was present in the prostate cancer cell nuclear extracts in
EMSA prepared regardless whether protease inhibitors were added in the extraction buffer
suggesting the presence of the short form Stat5a/b in the cells prior to sample preparation.
Alternatively, proteolysis of Stat5a/b could occur by the action of a protease that gains access
to Stat5 after the disintegration of the cellular structures. However, the truncated Stat5a/b was
present in Western blot analysis of human prostate cancer cells after direct lysis of the frozen
cell pellets in boiling SDS loading buffer. Previously, C-terminally truncated and
transcriptionally inactive Statt5a/b forms have been described in hematopoietic cells (Azam et
al., 1997; Garimorth et al., 1999; Schuster et al., 2007). However, C-terminally truncated
Stat5a/b isoforms have been reported to be likely generated in vivo during the sample
preparation (Azam et al., 1997; Garimorth et al., 1999; Schuster et al., 2007).

The results of our work presented here also indicate that the short form of Stat5a/b is generated
at the protein level and not at the transcriptional level. Given that PIAS3 binds to the N-terminus
of Stat5a/b to repress Stat5a/b-driven transcription, N-terminal cleavage of Stat5a/b may
represent a molecular mechanism by which Stat5a/b is able to evade transcriptional repression
induced by PIAS3 in human prostate cancer cells. Since increased Stat5a/b-driven gene
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transcription promotes prostate cancer growth and progression, it will be important to purify
and amino acid-sequence the N-terminally truncated Stat5a/b to identify the type of protease
(s) responsible for proteolytic cleavage of Stat5a/b in prostate cancer. These enzymes may
provide molecular targets for prostate cancer therapy by restoring the PIAS inhibition of Stat5a/
b-driven gene expression in human prostate cancer cells.

In conclusion, this study provides the first evidence of N-terminal cleavage of Stat5a/b in
human prostate cancer cells. The protease(s) responsible for generation of the short form Stat5a/
b in prostate cancer may present new therapeutic target proteins.
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Figure 1. Stat5a/b is cleaved to a truncated protein in human prostate cancer cells
A, Immunohistochemical detection of Stat5a/b in human prostate cancer using a monoclonal
anti-pYStat5 antibody (left panel) with isotype-specific IgG as control (right panel). B, Western
blotting of whole cell extracts of CWR22Rv1 and LNCaP cells grown at low density (LD) or
high density (HD) and tissue extracts of three clinical human prostate cancers with anti-Stat5a/
b mAb showing the full length (FL) and a truncated Stat5a/b (Stat5 short form) of
approximately 50 kDa in size (arrows). C, EMSA of nuclear extracts of COS-7 cells transfected
with Stat5a and stimulated with human prolactin (hPrl) using the Prl-response element of the
beta–casein gene promoter as the probe (lanes 3, 4, 7 and 8). Stat5a and Stat5b complexes were
supershifted with anti-Stat5a (lane 4) and anti-Stat5b (lane 8) pAbs indicating the specificity
of the DNA-binding complexes. EMSA of nuclear extracts of human prostate cancer cell lines
DU145 (lanes 9–11), LNCaP (lanes 12–14) and CWR22Rv1 (lanes 15–17) showing the
presence of a smaller truncated form of Stat5a/b (Stat5 short form) which was supershifted by
anti-Stat5a and anti-Stat5b pAbs. D, Nuclear extracts of COS-7 cells transfected with Stat5a,
stimulated with hPrl for 30 min and supershifted with anti-Stat5a pAb (lanes 1–3) were mixed
in various ratios with nuclear extracts from CWR22Rv1 cells and analyzed by EMSA (lanes
4–8). E, Full-length (FL) wild-type (Wt) Stat5a was introduced at decreasing doses (MOI 8, 4
and 2) to CWR22Rv1 cells using adenovirus as the expression vector (AdWtStat5a). EMSA
shows the conversion of the full-length WtStat5a to the short form of Stat5a (the lower arrows
on the left) (lanes 2–5). The short form Stat5a was supershifted by anti-Stat5a pAb (lane 6).
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Figure 2. Short form STAT5 occurs naturally in prostate cancer cells
A, Electromobility shift assay of nuclear extract of DU145 cells prepared from flash frozen
cell pellets in the absence (lane 1 and 2) or presence (lane 3 and 4) of protease inhibitors
(phenylmethylsulfonylfluoride, aprotinin, leupeptin and pepstatin-A). The short form Stat5a/
b (arrow) was detected in DU145 cells in the presence or in the absence of protease inhibitors,
and the short form Stat5a/b was super-shifted by anti-Stat5a and anti-Stat5b antibodies. B, The
short form Stat5a/b is not generated in vitro after disruption of the cell membranes. DU145
cell pellets were flash frozen in liquid nitrogen and directly lysed in boiling SDS loading buffer
(lane 1), or the cell pellets were lysed in cell lysis buffer in the presence (lane 2) or in the
absence of proteases inhibitors (lane 3) and boiled in SDS loading buffer and analyzed by
Western blotting using anti-C-terminus Stat5a/b mAb.
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Figure 3. The short form Stat5a/b expressed in human prostate cancer cells is N-terminally
truncated and generated at posttranslational level
A, LNCaP cells were mock-infected or infected with AdWtStat5a at MOI of 8. Equal amounts
of proteins were loaded in each lane, separated and immunoblotted with anti-Stat5a/b (lanes
1–2) mAbs raised against the C-terminal epitopes. The full-length (FL) and short Stat5a/b forms
are indicated by arrows (left). Immunoblotting with anti-Stat5a/b mAb against epitopes in the
N-terminus of Stat5a/b failed to recognize the short form of Stat5a/b in the parallel samples
(lanes 3–4). Immunoblotting with the anti-pYStat5a/b mAb of parallel samples indicated that
the majority of the N-terminally truncated short form Stat5a/b was phosphorylated. Actin
immunoblotting demonstrates equal amounts of proteins loaded. B, EMSA of T47D human
breast cancer cells stimulated with hPrl for 30 min with unstimulated cells as control show the
full-length Stat5a/b expression in human breast cancer cells (arrow on left) (lanes 1–4) while
not in human prostate cancer cells LNCaP (lanes 5–7) or CWR22Rv1 cells (lanes 8–10). The
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full-length Stat5a/b in T47D breast cancer cells was supershifted with the anti-Stat5a/b
antibodies against the N-terminus or C-terminus of Stat5a/b (lanes 3 and 4), while the short
form Stat5a/b in LNCaP and CWR22Rv1 cells (arrow on right) was not supershifted with only
the antibody against the N-terminus of Stat5a/b (lanes 7 and 10). C, Schematic presentation of
the truncated Stat5a generated by cloning (i). The truncated Stat5a lacking the N-terminal and
coiled-coil (CC)-domain was transfected to COS-7 cells (ii). COS-7 cells were starved and
stimulated with Prl (30 min) with unstimulated cells as control. Whole cell lysates of COS-7
cells were immunoblotted side-by-side with lysates of LNCaP cells with anti-pYStat5a/b mAb.
D, Ethidium bromide staining of total RNA extracted from T47D human breast cancer cells or
CWR22Rv1 prostate cancer cells and separated on 1% agarose gel (i). Hybridization of the
Northern blot with a cDNA probe of the N-terminal and CC-domain of Stat5a demonstrates
equal sizes of the mRNA transscripts in breast cancer cells expressing the full-length Stat5a
protein and prostate cancer cells expressing the short form Stat5a/b protein (ii). E, Western
blotting of cytoplasmic and nuclear (N) extracts of LNCaP cells with anti-C-terminus Stat5a/
b mAb. Before preparation of the cytoplasmic and nuclear extracts, the cells had been starved
for 16 h and stimulated with 10 nM human prolactin (Prl) for 30 min. Anti-HDAC and anti-
tubulin immunoblotiing verify the quality of the nuclear and cytoplasmic extracts (lower
panel).

Dagvadorj et al. Page 16

Int J Biochem Cell Biol. Author manuscript; available in PMC 2011 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. PIAS physically interacts with the N-terminus of STAT5a
A, COS-7 cells were co-transfected with pFlag-Stat5a, pHA-PIAS3 and pPrlR, serum-starved
for 16 h, then stimulated with 10 nM human Prl (Pr) for 30 min with unstimulated cells as
control. Stat5a was immunoprecipitated with anti-FLAG pAb and blotted with anti-HA mAb
(i). Stat5a formed a complex with PIAS3 (lanes 1 and 2). In the converse experiments, PIAS3
was immunoprecipitated with anti-HA pAb and the immunoprecipitations were blotted with
anti-FLAG mAb (ii). B, Schematic presentation of the deletion constructs of Stat5a that were
either C-terminally truncated or N-terminally truncated and tagged with the FLAG-epitopes.
C, COS-7 cells were co-transfected with pFlag-Stat5a (426–793), pFlag-Stat5a (1–415) or
pHA-PIAS3. PIAS3 was immunoprecipitated with anti-HA pAb and immunoblotted with anti-
FLAG mAb recognizing the Flag-tagged N-terminally or C-terminally truncated Stat5a. The
C-terminally truncated Stat5a (1–425) formed complexes with PIAS3 (lane 4) while the N-
terminally truncated Stat5a (426–793) failed to co-immunoprecipitate with PIAS3 (lane 3).
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Figure 5. Transcriptional activity of ligand-induced Stat5a in beta-Casein promoter-luciferase
assay is repressed by PIAS3 in human breast cancer cells but not in human prostate cancer cells
A, MCF-7 cells and LNCaP cells (0.25 × 106 cells/well) were transiently co-transfected with
genomic beta-Casein-promoter-luciferase plasmid (0.5 μg), pRL-TK (0.025 μg), pPrl-receptor
(PrlR) (0.25 μg), pStat5a (0.25 μg), and/or pPIAS3 (0.5 μg), as indicated. The total amount of
plasmid DNA transfected was normalized to 1.275μg/well by addition of the empty vector
(pMod-DNR). The cells were serum-starved for 20 h and treated for 16 h with (+) or without
(−) 10 nM human hPrl as indicated. The mean values of three independent experiments
performed in triplicates are presented, and S.E. values are indicated by bars. B, MCF-7 cells
and LNCaP cells (1.5 × 106 cells/dish) were transiently co-transfected with genomic pStat5a
(2.0 μg) and pPrl-receptor (PrlR) (2.0 μg). The cells were serum-starved for 20 hr and treated
with (+) or without (−) 10 nM human hPrl for 30 min. The nuclear extracts were prepared for
EMSA assay. EMSA shows the presence of short form Stat5a in LNCaP cells but not in MCF-7
cells.
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