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Abstract
Androgen withdrawal is the most effective form of
systemic therapy for men with advanced prostate
cancer. Unfortunately, androgen-independent
progression is inevitable, and the development of
hormone-refractory disease and death occurs within 2 to
3 years in most men. The understanding of molecular
mechanisms promoting the growth of androgenindependent prostate cancer cells is essential for the
rational design of agents to treat advanced disease.
We previously reported that Fer tyrosine kinase level
correlates with the development of prostate cancer and
aggressiveness of prostate cancer cell lines. Moreover,
knocking down Fer expression interferes with prostate
cancer cell growth in vitro. However, the mechanism
by which Fer mediates prostate cancer progression
remains elusive. We present here that Fer and
phospho-Y705 signal transducer and activator of
transcription 3 (STAT3) are barely detectable in human
benign prostate tissues but constitutively expressed in
the cytoplasm and nucleus of the same subsets of tumor
cells in human prostate cancer. The interaction between
STAT3 and Fer was observed in all prostate cancer cell
lines tested, and this interaction is mediated via the Fer
Src homology 2 domain and modulated by interleukin-6
(IL-6). Moreover, IL-6 triggered a rapid formation of
Fer/gp130 and Fer/STAT3 complexes in a time-dependent
manner and consistent with changes in Fer and STAT3
phosphorylation and cytoplasmic/nuclear distribution.
The modulation of Fer expression/activation resulted
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in inhibitory or stimulatory effects on STAT3
phosphorylation, nuclear translocation, and
transcriptional activation. These effects translated in
IL-6 – mediated PC-3 cell growth. Taken together, these
results support an important function of Fer in prostate
cancer. (Mol Cancer Res 2009;7(1):142 – 55)

Introduction
The earlier detection of prostate cancer has had significant
effect on the management of localized disease by active
surveillance, surgery, or radiation therapy. However, therapeutic
options for non – organ-confined prostate cancer remain primarily noncurative and hormone based. In most instances,
patients successfully respond to androgen ablation (1), but
eventually, a majority of them fail and progress to the hormonerefractory stage (2). This represents a major obstacle for cure
because at this point no effective therapy exists. As such,
prostate cancer remains a major cause of death from cancer in
several industrialized countries. Progression is a highly
complex process that is not fully understood. Recent studies
indicate that prostate tumor cells develop alternative mechanisms to grow, and notably respond to diverse growth factors
that activate associated regulatory molecules required for
signaling (3-5). Among others, accumulating data point out to
the importance of tyrosine kinases in the evolution of prostate
cancer. Hence, the development of small inhibitory drugs
targeting tyrosine kinases, such as gefitinib and imatinib, for the
intrinsic enzymes of the epidermal growth factor receptor (6)
and platelet-derived growth factor receptor (7), respectively, has
opened a new window for therapeutic interventions. Although
enthusiasm for these approaches remains high, prostate tumor
heterogeneity and, importantly, redundancy in signaling pathways dictate the need to better understand central mechanisms
linking tyrosine kinases to tumor growth to discover new
therapeutic targets.
Fer is a 94-kDa nonreceptor tyrosine kinase structurally
characterized by a central Src homology 2 (SH2) and COOHterminal tyrosine kinase domains, distinguished from members
of the Src, Abl, Btk, Janus-activated kinase (JAK), Zap70, or
Fak cytoplasmic tyrosine kinase subfamilies by an NH2terminal FER/ClP4 homology and adjacent coiled-coil domains
(8, 9) forming ECF domain in PCH adaptor proteins (10).
Although a role of Fer in oncogenesis has been proposed,
underlying molecular mechanisms remain unclear. We previously
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reported that Fer is a highly expressed protein kinase in human
prostate cancer tissue extracts in comparison with normal or
benign organs (11). Interestingly, Fer localized in both the
cytoplasmic and nuclear compartments of prostate cancer cells
and brain tumor cells (11-14). In addition, the stable downregulation of Fer using antisense cDNA impairs PC-3 cell
growth and colony formation in vitro (11). RNA interference
against Fer similarly inhibits cell proliferation, causing a
G0-G1 cell cycle arrest via the retinoblastoma protein, cyclindependent kinases (CDK4 and CDK2), and phosphatase
PP1a (15).
Fer is implicated in signaling pathways activated by growth
factors, such as epidermal growth factor and platelet-derived
growth factor (16). It also regulates the cytoskeleton through an
interaction with phosphorylated cortactin via its SH2 domain
(17). Fer has been reported to interact with the signal transducer
and activator of transcription 3 (STAT3; ref. 18) and with
phosphatidylinositol 3-kinase in insulin signaling, thereby
suggesting a role in cell survival (19). Furthermore, Fer
dominant negative was shown to interfere with STAT3
phosphorylation in CHO and COS cells (18). This connection
of Fer with STAT3 is particularly attractive in the context of
prostate cancer. Indeed, interleukin-6 (IL-6) now figures as a
surrogate marker for androgen-independent prostate cancer in
conjunction with activated STAT3 (20). The STAT3 signalosome is thus determinant for progression of the disease.
However, very little is known on the regulation of STAT3
activation in the IL-6 pathway in androgen-independent
prostate cancer cells.
Here, we report that Fer and phospho-Y705 STAT3
(pSTAT3) are coexpressed in both the cytoplasm and nucleus
of human prostate cancer specimens. Moreover, Fer and
pSTAT3 interact in different prostate cancer cell lines, and this
interaction is specifically mediated via the Fer-SH2 domain.
Fer also forms complexes with the IL-6 receptor gp130.
Furthermore, Fer is required for IL-6 signaling that regulates
STAT3 phosphorylation, nuclear translocation, and transcriptional activation and then modulates cell growth. These novel
findings point to a novel role of the Fer tyrosine kinase in
prostate cancer progression by regulation of STAT3 transcriptional activity.

Results
Fer and pSTAT3 Expression and Colocalization in Human
Prostate Cancer Tissues
We reported that Fer protein levels correlate with the
development of prostate cancer and aggressive properties of
prostate cancer cell lines (11). Similarly, STAT3 expression
correlates with prostate cancer progression (21, 22). Because
Fer and STAT3 interact in different cell model systems, we
attempted to determine if Fer and STAT3 were coexpressed in
human prostate cancer. First, the expression of Fer in the human
prostate was investigated using homemade Fer antibodies raised
against the NH2-terminal domain of Fer fused to glutathione
S-transferase (GST). As shown in Fig. 1A, Fer antibodies
recognized a major band at 94 kDa, which was displaced by
preincubation of antibodies with increasing amounts of purified
Fer-GST protein. Furthermore, Fer antibodies had the ability to

specifically immunoprecipitate ectopically expressed Fer in
PC-3 cells, with recombinant myc-Fer being recognized using
myc antibodies. By immunofluorescence, Fer antibodies
revealed a cytoplasmic and nuclear subcellular localization of
the protein in PC-3 cells grown in 10% serum (Fig. 1A, top
right), whereas preimmune immunoglobulins (IgG) failed to
show any staining (data not shown). Such a distribution is
consistent with earlier fractionation studies (11). In addition, the
signal was markedly diminished once Fer was knock down
using fer small interfering RNA (siRNA; Fig. 1A, bottom),
implying specificity. Fer antibodies did not cross-react with its
homologue Fes, found in T cells but not in prostate cancer cells
(data not shown).
To establish a relationship between Fer and STAT3 in human
prostate cancer, specimens were stained with both Fer and
STAT3 antibodies. Figure 1B (left) shows that within the same
specimen, Fer was predominantly expressed in tumor cells
compared with benign glandular cells, confirming an upregulation of Fer and suggesting a role in human prostate
cancer. In agreement with earlier reports (22), STAT3 antibodies revealed expression in both normal and malignant
prostates (Fig. 1B, middle). Based on Fer activation of STAT3
by Y705 phosphorylation (pSTAT3; ref. 18), phosphotyrosinespecific STAT3 antibodies were then used to investigate
pSTAT3 staining along with Fer in prostate tissues. Figure 1B
(right) shows weak pSTAT3 antibodies immunoreactivity in
benign glands and a strong signal resembling that of Fer in both
the cytoplasm and nucleus of prostate tumor cells. A pilot study
was thus conducted on a small subset of 21 prostate cancer
specimens to explore any further potential links between Fer
and pSTAT3. Representative photomicrographs of both Fer and
pSTAT3 staining on consecutive sections are shown in Fig. 1C.
Overall, most sections were positively expressing Fer (76%)
and pSTAT3 (67%). In positive cases, over 94% in the two
subcategories were advanced disease or high pathologic
Gleason score (z8). Fer and pSTAT3 were coexpressed in the
cytoplasm (Fer, 72%; pSTAT3, 67%) and nucleus (Fer, 62%;
pSTAT3, 67%) of prostate tumor cells, and their distribution
was not statistically different (cytoplasm P = 0.35; nucleus
P = 0.75). Results summarized in Table 1 indicate that both
cytoplasmic and nuclear Fer and pSTAT3 were elevated in
Gleason score 10 in comparison with Gleason 6 to 7 (P < 0.05).
The relative staining intensity for both Fer and pSTAT3
antibodies varied from faint (+) to moderate (++) and strong
(+++) and was equal or stronger in the nucleus comparatively
with the cytoplasmic signal in f90% of cases. These findings
on Fer are consistent with our earlier report on high expression
levels detected on Western blots of human prostate cancer tissue
extracts (11). This suggests that Fer expression levels and
distribution in the cytoplasm and nucleus in subsets of tumors
vary along with pSTAT3, which is elevated in advanced disease
(21, 23).

Fer Forms Complexes with STAT3 in Prostate Cancer
Cell Lines
Fer has been reported to interact with STAT3 in different cell
systems (18, 19, 24). Because Fer and pSTAT3 seemed to be
expressed in the same subcellular compartments in subsets
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Table 1. Fer and pSTAT3 Expression and Distribution in Human Prostate Cancer According to Gleason Score
Gleason score (n = 21)

Cytoplasm staining (%)
Nucleus staining (%)

Fer

pSTAT3

6 and 7 (n = 5)

8 (n = 3)

9 (n = 8)

10 (n = 5)

6 and 7 (n = 5)

8 (n = 3)

9 (n = 8)

10 (n = 5)

4F9
0F0

16 F 22
77 F 12

30 F 28
70 F 30

48 F 5*
90 F 0*

0F0
0F0

23 F 21
50 F 44

21 F 22
70 F 32

32 F 48*
86 F 5*

*Statistically different (P < 0.05) from Gleason 6 to 7.

of tumor cells of prostate cancer specimens (Fig. 1B and C;
Table 1), we tested the presence of Fer/STAT3 complexes in
human PC-3 cells. Figure 2 shows that Fer and STAT3 were
recovered in both Fer (Fig. 2A, left) and STAT3 (Fig. 2A,
middle) immunoprecipitates, suggesting that Fer and STAT3
strongly interact. Similar Fer/STAT3 complexes were found in
other human prostate cancer cell lines, such as LNCaP, PRO4,
and DU145 (Fig. 2A, right), thereby suggesting no particular
relationship of Fer/STAT3 complexes with androgen sensitivity
and implying that they may be important in prostate cancer.
Fer Is a Partner of IL-6 Signaling Molecules in Prostate
Cancer Cells
Approximately 50% of patients with advanced prostate
cancer have elevated levels of serum IL-6 in comparison of men
with normal prostates, benign prostatic hyperplasia, and
localized disease (20, 25). In addition, IL-6 has been associated
with progression from hormone-sensitive to hormone-insensitive disease in animal models via interaction with androgen
receptor (AR) cofactors (26). Basically, IL-6 binds to its
cognate a-chain receptor (IL-6 receptor) with low affinity, and
then the complex binds to the signal-transducing molecule
gp130 (h-subunit) to form a high-affinity complex (27). IL-6
induces rapid phosphorylation of gp130; this phosphorylation
can be induced by JAKs or Fes tyrosine kinases and triggers the
signaling cascade leading to STAT3 phosphorylation, dimerization and nuclear translocation, and action at the gene level
(28, 29). Because Fer interacts with STAT3 in PC-3 cells, we
investigated if this complex is modulated by IL-6. As shown
in Fig. 2B (left), we found that IL-6 induced Fer/STAT3
complexes with a maximal level at 30 minutes without affecting
levels of Fer and STAT3 proteins. Interestingly, the extent of
Fer interaction with phospho-activated STAT3 (Fig. 2B, right)
increased when Fer was also activated by tyrosine phosphorylation. Taken together, these data showed that higher levels of
Fer/STAT3 complexes exist when they are phospho-activated
by IL-6.

To provide further insight on this signaling pathway
involving Fer activation by IL-6, we dissected the Fer tyrosine
phosphorylation pattern in a time-dependent manner. IL-6
induced Fer tyrosine phosphorylation within 5 minutes
(Fig. 2C), suggesting the possibility that Fer could be involved
with IL-6 receptor (gp130) similarly to its homologue Fes (28).
Given the expression of gp130 in PC-3 cells (30), we investigated whether Fer may be involved early in IL-6 signaling (i.e.,
at the receptor level). Therefore, the possibility of Fer forming a
complex with gp130 was examined by probing reciprocal blots
of gp130 and Fer immunoprecipitates with antibodies to detect
Fer and gp130, respectively. Figure 2D confirms the existence of
specific endogenous gp130/Fer complexes and also illustrates
the migration position of Fer and gp130 in whole-cell lysates.
Furthermore, gp130/Fer complexes were modulated by IL-6 in
parallel with gp130 tyrosine phosphorylation and without
affecting levels of gp130 and Fer expression (Fig. 2D, right).
Altogether, these data showed that Fer is a part of IL-6/gp130/
pSTAT3 signaling pathway.
Fer Phosphorylates STAT3
It has been reported that overexpression of Fer in COS cells
increases STAT3 tyrosine phosphorylation (18). We tested
whether Fer activity may determine the status of STAT3
activation. For this purpose, the recombinant myc-tagged
double-mutant (DM)-Fer protein (cDNA mutated in the
catalytic domain and lacking the autophosphorylation site)
versus wild-type (WT)-Fer was overexpressed in PC-3 cells and
STAT3 phosphorylation was evaluated. STAT3 antibodies
revealed similar levels of STAT3 in PC-3 cells overexpressing
either WT-Fer or DM-Fer (Fig. 3A). In contrast, phosphotyrosine-STAT3 antibodies indicated that STAT3 activation was
largely impaired. Consistent with findings in COS cells
showing that dominant-negative Fer hampers STAT3 function
(18, 24), these results also suggest that Fer is an important
enzyme activating STAT3 in PC-3 cells. Next, we asked
whether Fer tyrosine kinase phosphorylates STAT3 directly.

FIGURE 1. Fer and STAT3 expression and localization in human prostate cancer. A. Specificity of Fer antibodies: IgGs purified from preimmune (IgG)
and immune (Fer) rabbit sera were tested for their ability to detect Fer in PC-3 cells. Top left, Western blotting with Fer antibodies (1:3,000, 1 h) and
preimmune IgGs (1:3,000, 1 h) showing the 94-kDa Fer protein relative to the position of molecular markers in whole-cell lysates (WL ). First middle, to assess
specificity, Fer antibodies were preincubated in the presence of 0, 2, 5, and 10 Ag of GST-Fer fusion protein for 15 min at room temperature before Western
blotting; second middle, the recombinant Fer protein was immunoprecipitated from PC-3 cells transfected with WT-fer cDNA tagged with a myc-his epitope
using 4 and 8 Ag of Fer antibodies and detected by Western blotting using myc antibodies (1:5,000, 1 h). Right, photomicrograph showing Fer expression and
distribution in fixed PC-3 cells by immunofluorescence once stained with Fer antibodies. Bottom, Fer expression in PC-3 cells after a 2-d treatment with
siRNAs. Left, control; right, fer sequence 1. Fer is shown and DAPI counterstaining to delineate the nucleus. Magnification, 400. B. Immunohistochemical
staining to detect Fer, STAT3, and pSTAT3 expression in human prostate tissues. Left, Fer antibodies (1:25 dilution or 4 Ag/mL); middle, STAT3 antibodies
(1:100 dilution); right, pSTAT3 antibodies (1:100 dilution). Photomicrographs showing staining for each protein in tumor foci (bottom rows ) and benign glands
(top rows ) in a representative prostate cancer specimen. Magnification, 400. C. Representative photomicrographs of Fer (left) and pSTAT3 (right ) in
human prostate cancer from a series of 21 back to back slides immunostained with Fer along with pSTAT3 antibodies. Magnification, 400.
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In vitro phosphorylation assays were done in the presence of
radiolabeled [g-32P]ATP using catalytic domains of human and
mouse Fer as source of active enzymes. A pSTAT3 peptide was
added in parallel as a potential Fer inhibitor and competitor for

this motif in the STAT3 substrate. Figure 3B (top) revealed two
radiolabeled bands corresponding to predicted sizes of 59 to
60 kDa for Fer catalytic domains and 120 kDa for STAT3.
Similar results were obtained with human and mouse Fer. No

FIGURE 2. Fer forms complexes with STAT3 and gp130 in an IL-6 – dependent manner. A. Fer/STAT3 complexes in prostate cancer cell lines. Top,
whole PC-3 cell lysates (750 Ag proteins) were immunoprecipitated with 2 Ag control IgG, Fer, and STAT3 antibodies and blotted to detect Fer (1:3,000 for
1 h; left) or STAT3 (1:1,000 overnight; middle ). Fer and STAT3 in whole-cell lysates (30 Ag proteins in left lanes ) are shown. Whole lysates (750 Ag proteins)
from LNCaP, DU145, PC-3, and variant PRO4 cells were immunoprecipitated with Fer antibodies and blotted with STAT3 antibodies as above. B. Fer
complexes with STAT3 and pSTAT3 are IL-6 dependent, right. PC-3 cells were serum starved for 48 h before stimulation with IL-6 for 30 min. Left, top,
proteins (750 Ag) were immunoprecipitated with Fer antibodies and blotted with either STAT3 or Fer antibodies; bottom, whole-cell lysates (30 Ag proteins)
were used to monitor the expression of STAT3 and Fer. Right, top, PC-3 cells were stimulated with IL-6 and Fer was immunoprecipitated for subsequent
blotting with either pSTAT3 antibodies, phosphotyrosine (pY) antibodies (1:3,000 for 1 h) to monitor Fer activation, or Fer antibodies as a control of
immunoprecipitation; bottom, levels of pSTAT3 were measured in parallel by direct blots of whole-cell lysates with pSTAT3 antibodies. C. Fer is rapidly
activated by IL-6. PC-3 cells were stimulated with IL-6 over time. Fer was immunoprecipitated from cell lysates for subsequent blotting with phosphotyrosine
antibodies (1:3,000 for 1 h) or Fer antibodies as a control of immunoprecipitation. D. Fer forms complexes with gp130 in an IL-6 – dependent manner. Left,
whole PC-3 cell lysates (750 Ag proteins) were immunoprecipitated with 2 Ag control IgG, Fer, and gp130 antibodies and Western blotted for 1 h to detect Fer
(1:3,000) or gp130 (1:2,000). Fer and gp130 in whole-cell lysates (30 Ag proteins in left lanes ) are shown. Right, IL-6 regulates Fer complexes with gp130 and
gp130 activation in prostate cancer cells. Immunoprecipitation from lysates of PC-3 cells stimulated with IL-6 over time was carried out with gp130 antibodies.
Blots were probed with antibodies to detect Fer (first panel ) and phosphotyrosine (second panel ) showing complexes and gp130 activation. Equal levels of
gp130 in gp130 immunoprecipitates (third panel ) and of Fer (fourth panel ) and gp130 (fifth panel ) in whole-cell lysates are shown.
Mol Cancer Res 2009;7(1). January 2009
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120-kDa labeled band was seen when omitting Fer catalytic
domains and only one 60 kDa labeled band was detected in the
control with enzyme alone. This implies that in these
conditions, Fer phosphorylates STAT3 and is also capable
of autotransphosphorylation. The radiolabeling of STAT3 at
120 kDa was largely reduced in the presence of STAT3
inhibitor peptide, implying that Y705 is phosphorylated. This
STAT3 peptide seemed to affect the labeling of mouse but not
human Fer, apparently loaded equally in gels as seen after
Coomassie blue staining (Fig. 3B, bottom). STAT3 was identified by Western blots with STAT3 antibodies as a 120-kDa
protein in all lanes, except in the control containing no STAT3
substrate (Fig. 3B, left middle). The STAT3 phosphorylation

status at Y705 was confirmed in parallel blots using pSTAT3
antibodies and detecting the 120-kDa immunoreactive band in
complete assays where both Fer and STAT3 were present. This
band was not seen in control lanes with Fer or STAT3 alone
(Fig. 3B, right middle), implying specificity. Taken together,
these data are in support of active Fer directly controlling the
phosphorylation status of STAT3 on Y705 residue.
Because Fer phosphorylates STAT3 directly and Fer
contains a SH2 domain, we hypothesized that Fer interacts
with STAT3 via its SH2 domain and tyrosine phosphorylated
STAT3. To test this possibility, a Fer-SH2-GST fusion protein
and control GST protein were generated to do pull-down assays
from PC-3 cell extracts exposed or not to IL-6 for 30 minutes.

FIGURE 3. STAT3 is a Fer substrate and activated STAT3 interacts with Fer via the Fer-SH2 domain. A. DM-Fer abrogates STAT3 phosphorylation.
PC-3 cells were transfected with 5 Ag of plasmids expressing myc-Fer WT and myc-FerK592R-Y719P DM. Top, 48 h after transfection, cell lysates were
analyzed by Western blotting with myc and Fer antibodies to detect endogenous and ectopic Fer; middle, 750 Ag proteins were immunoprecipitated with Fer
antibodies and Western blotted using phosphotyrosine antibodies to assess Fer tyrosine phosphorylation; bottom, pSTAT3 was detected by a direct
immunoblot using pSTAT3 antibodies, and total STAT3 was used as a control loading in this experiment. B. Fer directly phosphorylates STAT3. Purified
STAT3 (1 Ag) was incubated with 1 Ag of active Fer in kinase buffer in the presence of [g-32P]ATP for 30 min at 30jC. Controls with either enzyme or
substrate alone were included along with labeled ATP in the reaction mixture, as well as the phospho-Y705 – specific STAT3 peptide (5 Ag) in complete
assays with Fer and STAT3. Top, kinase reactions were stopped by adding Laemmli buffer and resolved by SDS-PAGE. Autoradiography was done using
phosphorimager. In duplicate experiments, proteins were transferred on membranes for Western blotting using STAT3 (middle left) and pSTAT3 (middle
right ) antibodies. Bottom, they were also stained in gels with Coomassie blue. C. Fer interacts with pSTAT3 via the Fer-SH2 domain. Total proteins (750 Ag)
from PC-3 cells stimulated or not with IL-6 were pulled down using Fer-SH2-GST or a GST control. Top, Western blots were done with pSTAT3 antibodies,
second panel, extracts from IL-6 – stimulated PC-3 cells were pulled down with SH2 domains of Src, Fer, and Grb2, all fused to GST and the control GST.
Lower panels, protein extracts from IL-6 – stimulated PC-3 cells were preincubated with the phospho-Y705 – specific STAT3 peptide at different
concentrations (5-15 Ag) before pull down using the Fer-SH2 domain. Western blots were done with pSTAT3 antibodies.
Mol Cancer Res 2009;7(1). January 2009
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FIGURE 4. The IL-6 – induced nuclear translocation of Fer and activated STAT3 leading to PC-3 cell growth is under the control of active Fer. A. PC-3
cells were exposed to IL-6 for 0 and 30 min. Cells were fixed with paraformaldehyde and double immunofluorescence localizations of Fer and STAT3 were
done using Fer (left ) and STAT3 (middle) antibodies. Right, merge images (green/red ) show colocalization. B. Experiments as in A showing costaining with
Fer and pSTAT3 antibodies. Magnification, 600. C and D. PC-3 cells were transfected with plasmids expressing WT-Fer and DM-Fer. Forty-eight hours
after transfection, cells were serum starved overnight and exposed to IL-6. In C, cells were fixed at T = 0 and 30 min of IL-6 for staining with Fer and STAT3
antibodies, with DAPI counterstaining. In D, PC-3 cell growth was monitored by MTT assays done at time of IL-6 stimulation (white columns, 0 day) and 2 d
later (black columns ). Average values with WT-Fer and DM-Fer were compared with controls (Mock ) within each series, vehicle (*, P < 0.05) and IL-6
stimulated (**, P < 0.05).

Bound proteins were analyzed by Western blots using pSTAT3
antibodies. Figure 3C (top) shows that pSTAT3 was specifically
retained by the Fer-SH2 domain and that the level of bound
pSTAT3 was modulated by IL-6. No pSTAT3 protein was
detected in pull-down assays done with the GST control or,
else, using Grb2 and Src SH2 domains (Fig. 3C, middle).
Moreover, the addition of increasing amounts of pSTAT3
inhibitor peptide to cell extracts led to a dose-dependent
decrease in the amount of pSTAT3 pulled down by the Fer-SH2
domain. These data indicate that the phospho-Y705 motif of
STAT3 directly interacts with the Fer and STAT3 SH2 domains
and strongly suggest that Fer/pSTAT3 heterodimers coexist
with pSTAT3 dimers in prostate cancer cells.

Effect of Fer Activation on STAT3 Phosphorylation,
Nuclear Translocation, and Cell Growth
Fer and pSTAT3 are present in both the cytoplasm and
nucleus on prostate cancer cells. Thus, we next investigated if
IL-6 was able to facilitate the nuclear translocation of Fer along
with pSTAT3. Figure 4 shows the immunofluorescence of
PC-3 cells treated with IL-6 for 30 minutes, fixed, and
immunostained to detect Fer, STAT3, and pSTAT3 by confocal

microscopy. In the absence of IL-6 (Fig. 4A), Fer and STAT3
showed a diffuse staining with cytoplasmic and nuclear
localization. Furthermore, both proteins colocalized (merge
images), a finding in support of immunoprecipitation studies
showing that Fer and STAT3 interact (Fig. 4A, top ).
Interestingly, 30 minutes after IL-6 treatment, both Fer and
STAT3 had translocated in the nucleus and complexes were
colocalized in merge images (Fig. 4A, bottom). Staining with
pSTAT3 antibodies (Fig. 4B) revealed a faint pSTAT3 staining
in the cytoplasm of nonstimulated cells, which may reflect the
autocrine production of IL-6. The pSTAT3 signal became
intense after IL-6 exposure and was exclusively nuclear. Merge
images showed colocalization of pSTAT3 and Fer, primarily in
the cytoplasm of nonstimulated cells and in the nucleus after
IL-6 treatment. These findings do not only confirm the
powerful activity of IL-6 on STAT3 activation and nuclear
translocation in PC-3 cells but also show the partnership role of
Fer with STAT3 and pSTAT3 in the cytoplasm and, more
importantly, accompanying pSTAT3 in the nucleus of prostate
cancer cells. Furthermore, we tested the ability of Fer activation
on STAT3 nuclear translocation, which is a readout of STAT3
phosphorylation by immunofluorescence (Fig. 4C). In PC-3
cells transfected with WT-Fer and exposed to IL-6, we found
Mol Cancer Res 2009;7(1). January 2009
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that STAT3 was translocated to the nucleus. However, in cells
transfected with DM-Fer and exposed to IL-6, STAT3 showed
a perinuclear localization without staining in the nucleus
(Fig. 4C). These results point out the importance of Fer activity
on STAT3 nuclear localization and STAT3 phosphorylation. To
corroborate these results, we did cell growth assays [3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)]
and found that DM-Fer compromised prostate cancer cell
growth (Fig. 4D), thereby highlighting the importance of Fer
activation and potential consequences on downstream effectors
such as STAT3 phosphorylation and cell growth.
Effect of Fer Expression on STAT3 Phosphorylation and
Cell Growth
Fer was reported to control STAT3 activation in COS cells
(18). As we showed above by in vitro assays, Fer may do so
directly. To better investigate the role of Fer in STAT3 tyrosine
phosphorylation in prostate cancer cells, a siRNA approach was
used to silence Fer expression. As analyzed by real-time PCR,
Fer siRNA sequences 1 and 2 reduced Fer mRNA levels by
80% and 65%, respectively, in comparison with the control
sequence (Fig. 5A). Consistent with data of Fig. 1A (bottom),
the siRNA approach largely reduced Fer protein levels, as
detected with Fer antibodies in Western blots and without
effects on the Fer partner, STAT3 (Fig. 5B, left). Moreover, the
down-regulation of Fer dramatically reduced STAT3 tyrosine
phosphorylation in IL-6 – stimulated cells (Fig. 5B, right) and
had no effect on the housekeeping protein actin. This was
detected by Western blots and also by the almost complete loss
of the pSTAT3 immunofluorescent signal in the nucleus of
PC-3 cells exposed to IL-6 (Fig. 5C, top). However, STAT3
down-regulation using siRNA markedly reduced STAT3
expression but did not affect Fer nuclear translocation
(Fig. 5C, bottom). These observations imply that STAT3 is
not essential for IL-6 – driven Fer nuclear translocation in PC-3
cells. To support our results on the effect of Fer downregulation on STAT3 phosphorylation and nuclear translocation, cell growth assays were conducted. Results of MTT assays
showed that Fer down-regulation by siRNA reduced PC-3 cell
growth compared with cells treated with siRNA control and also
abrogated the growth-stimulatory effect of IL-6 (Fig. 5D).
The functional relationship between Fer and PC-3 cell
growth was further substantiated by reexpressing recombinant
canine WT-Fer after Fer knockdown using siRNA. Figure 5E
(bottom) similarly reproduces Fer siRNA effects within this
time frame and illustrates the ability of WT-Fer to reverse the
effect of Fer siRNA and to increase PC-3 cell growth. This was
shown in the presence or absence of IL-6. Taken together, Fer
expression seems critical for IL-6 – mediated STAT3 activation
by phosphorylation and PC-3 cell responsiveness resulting in
growth. Altogether, these findings indicate that the expression
of Fer kinase is essential for IL-6 signaling via activated STAT3
and controlling prostate cancer cell growth.
Fer Regulates IL-6 – Mediated STAT3 Transcriptional
Activity
To further assess consequences of modulating Fer activation/
expression on IL-6 signaling, STAT3 transcriptional activity

was analyzed in relation with the extent of Fer activation (WT
and DM) or expression (control siRNA and Fer siRNA). STAT3
transactivation assays were done using PC-3 cells transiently
transfected with a luciferase reporter plasmid regulated by the
STAT3 enhancer-promoter region in the presence or absence
of increasing amounts of exogenous WT-Fer (Fig. 6). IL-6
treatment increased STAT3 reporter gene expression by
10-fold. The overexpression of WT-Fer further increased
IL-6 – stimulated transcriptional activity of STAT3 in a dosedependent manner, yielding an overall 20-fold increase over
empty vector and absence of IL-6 (Fig. 6A). In contrast,
DM-Fer decreased the transactivation of IL-6 – regulated
STAT3 reporter in a dose-dependent manner, further supporting
the role for Fer activation in STAT3 transactivation (Fig. 6B).
We next analyzed the effect of Fer knockdown on STAT3
transactivation using Fer siRNA 1 and 2. Fer knockdown
affected dramatically STAT3 transcriptional activity in the
presence of IL-6 (Fig. 6C). The decrease after Fer knockdown
was dose dependent but sequence independent. These results
indicate that expression and activation of the Fer is a key for
IL-6 – mediated STAT3 phosphorylation and transcriptional
activation.
Collectively, these results illustrate a novel mechanism by
which the Fer tyrosine kinase directly contributes to IL-6 –
mediated activation of STAT3 phosphorylation and nuclear
translocation to regulate STAT3 transcriptional activation and
promote growth in prostate cancer.

Discussion
Cytokine signaling has become increasingly more complex
than initially thought, with cytokine action on cell types other
than hematopoietic and involving not only classic members of
the JAK family (31). Indeed, the present investigation provides
insight on a novel mechanism by which Fer tyrosine kinase
largely contributes to the IL-6 pathway in the human PC-3 cell
line, mimicking the androgen-independent stage of prostate
cancer (1, 32) and potentially controlling STAT3 activation
in situ in tumors. Moreover, several observations on Fer
represent novel findings that may apply to IL-6 signaling in
general and/or other cytokines and model systems.
The specific nature of Fer polyclonal antibodies produced
against a Fer-GST fusion protein was first ascertained. It was
shown by biochemical means, immunofluorescence, and
immunohistochemistry that Fer antibodies specifically detected
endogenous Fer in prostate cancer tissues and cells as well as
recombinant myc-tagged Fer in cell lines. In addition, the
protein was present in the cytoplasm and the nucleus of prostate
cancer cells, in agreement with earlier fractionation studies (11).
In support of the literature (31, 33, 34), IL-6 stimulation of
PC-3 cell growth was confirmed and shown to occur through
tyrosine phosphorylation of STAT3. Our observations on Fer
strongly suggest that Fer fulfills key functions in IL-6 –
mediated PC-3 cell growth. Indeed, Fer seemed as a
predominant protein kinase of this pathway that binds gp130,
activates STAT3, escorts this transcription factor in its ultimate
site of action in the nucleus, and controls STAT3 transcriptional
activity. Indeed, IL-6 induced the formation of gp130 and
STAT3 complexes with Fer in parallel to the activation of
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FIGURE 5. Fer knockdown abrogates STAT3 phosphorylation and prostate cancer cell growth in response to IL-6. A. siRNA fer down-regulates Fer at
mRNA level. PC-3 cells were transfected with siRNA targeting fer with sequences 1 and 2 together with an unrelated sequence used as a siRNA control (Ctl )
for transfection. Seventy-two hours later, RNA was extracted to do real-time PCR, as described in Materials and Methods. Values are reported relative to the
control siRNA. B. siRNA fer down-regulates Fer expression at protein level and inhibits IL-6 – induced STAT3 tyrosine phosphorylation. PC-3 cells were
transfected with siRNA fer sequence 1 and the control sequence as in A. Left, proteins (30 Ag) were used for Western blot to detect Fer and STAT3. PC-3
cells were transfected with siRNA fer sequence 1 or control sequence as above. After 72 h, cells were serum starved overnight and stimulated with IL-6 for
60 min to analyze pSTAT3 by direct Western blotting (50 Ag proteins). Actin was used as a loading control. C. fer knockdown inhibits the IL-6 – induced
nuclear accumulation of activated STAT3, whereas STAT3 knockdown does not prevent nuclear transfer of Fer. PC-3 cells were transfected with siRNA fer
sequence 1, siRNA stat3 sequence 2, and control sequence as above. Seventy-two hours after transfection, cells were serum starved overnight and
stimulated with 100 ng/mL IL-6 for 30 min. They were fixed and immunostained to detect Fer, pSTAT3 (top ), and STAT3 (bottom ) and counterstained with
DAPI. D. Cells transfected with siRNA fer sequence 1 and control sequence were stimulated with 100 ng/mL IL-6 as above or vehicle and further cultured.
MTT assays were done at time of IL-6 stimulation (white columns , 0 day) and 3 d later (black columns ) to assess growth. Average values with siRNA
fer were compared with siRNA control (Ctl ) within each series, vehicle (*, P < 0.05) and IL-6 stimulated (**, P < 0.05). E. For rescue in bottom panel,
cells were transfected with siRNA fer sequence 1 and control sequence. On the second day, they were transfected with canine WT-Fer cDNA or empty
vector (as in Fig. 4) and cultured for 24 h before serum starvation overnight. MTT assays were done on day 4 (T = 0) before addition of IL-6 and after
an additional 48 h of culture (T = 3 d after transfection with WT-Fer).
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FIGURE 6. Effect of Fer activation
and expression on STAT3 transcriptional activity in response to IL-6. PC-3
cells were transiently cotransfected
with 1 Ag of STAT3-luciferase together
with various concentrations (0, 0.25,
0.5, and 1 Ag/well) of fer cDNA, WT
( A) or DM ( B). Total amount of
plasmid DNA transfected was normalized to 2 Ag/well using empty vector
pcDNA3.1. Twenty-four hours after
transfection, cells were stimulated with
100 ng/mL IL-6 for 24 h or vehicle to
determine luciferase activity. In C,
PC-3 cells were transfected with various concentrations (5-25 nmol/L) of
siRNA fer sequences 1 and 2 and
25 nmol/L of the siRNA control (Ctl )
sequence. Forty-eight hours after
transfection, cells were transfected
with pLucTKSTAT3 luciferase in parallel with Renilla . Twenty-four hours
after plasmid transfection, the serumfree medium was replaced with medium containing 100 ng/mL IL-6 for
another 24 h. Luciferase activity (in
arbitrary light units) is expressed as
fold induction.

gp130 and STAT3 (pSTAT3), as detected with pSTAT3
antibodies and also competed for by a phospho-Y705 – specific
STAT3 inhibitor peptide. The likelihood of a direct physical
interaction between Fer and pSTAT3 is supported by the ability
of the Fer-SH2 domain to bind pSTAT3, whose levels were
increased after IL-6 treatment and reduced in a dose-dependent
manner by phospho-Y705 – specific STAT3 inhibitor peptide.
The fact that pSTAT3 was not retained by SH2 domains of
Grb2 and the Src kinase adds specificity to this otherwise
unpredictable Fer/pSTAT3 interaction [based on proteomic
approaches (35)]. More importantly and in addition to Fer
activation, IL-6 regulated Fer intracellular distribution and
induced its translocation from the cytoplasm to the nucleus in
parallel with STAT3 nuclear translocation. However, the
presence of STAT3 was not a prerequisite for IL-6 to drive
Fer in the nucleus. Hence, it is worth emphasizing that in PC-3
cells coexpressing Fer and STAT3 in a functional IL-6 signaling
pathway, Fer was found in phosphotyrosine-STAT3 nuclear
complexes at particularly elevated levels. Taken together, these
findings support the implication of Fer in IL-6 signaling up to
the nucleus, a novel function that has not been described for
JAKs (36) or, else, for Fes in IL-6 – stimulated hematopoietic
cells (37). A significant observation of the IL-6 signaling
pathway was the link between Fer and STAT3 activations
shown by modulation of Fer expression and activation in PC-3
cells. Although this is in line with other reports (16, 38), one of
the particularly interesting feature was that the overall tyrosine
phosphorylation of STAT3, and not only the portion found in
Fer complexes, was drastically reduced in PC-3 cells expressing
DM-Fer. In support of transfection studies in COS cells (13),

these data argue for a major role of Fer in IL-6 signaling and
activation of STAT3 in prostate cancer cells. Further support
comes from the ability of Fer to directly phosphorylate STAT3
in vitro in a reaction also involving Y705. It is worth
emphasizing that Fer/STAT3 complexes were evidenced in all
human prostate cancer cell lines tested, notably in PRO4 and
LN43 variants derived from PC-3 cells. This supports a general
role of Fer in STAT3 activation in prostate cancer, including
in the androgen-sensitive LNCaP model (data not shown), a
prostate cancer cell line where IL-6 mimics the action of
androgens via cross-talks between AR and STAT3 (39, 40). It is
also possible that other cytokines or factors may modulate Fer/
STAT3 complexes in prostate cancer cells, as suggested by
studies on IFN-g inhibition of human colon cancer cells (24)
and insulin stimulation of myogenic cells where JAKs interact
with Fer (19). Hence, Fer formed complexes with gp130,
thereby suggesting that Fer may act jointly with JAKs as
enzymes expressed in prostate cancer (41) and also known to
associate with Fer in other systems (19). Our findings minimize
the contribution of other tyrosine kinases in STAT3 activation,
notably Fes, which was not detected in prostate cancer cells.
They support that Fer exerts its function upstream of STAT3
and possibly up to the nucleus particularly because elevated
levels of nuclear Fer/phosphotyrosine-STAT3 complexes were
detected after IL-6 stimulation. A strong possibility supported by
our findings is that Fer/phosphotyrosine-STAT3 heterodimers
coexist with pSTAT3 dimers through physical interactions

3

Unpublished data.
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involving the phospho-Y705 motif of STAT3 and both SH2
domains of Fer and STAT3. In the end, the presence of Fer/
phosphotyrosine-STAT3 heterodimers seemed to positively
affect further pSTAT3 signaling and transcriptional activity to
promote growth. Indeed, our data on Fer expression and
activation affecting STAT3 transcriptional activity agree with
findings in COS cells (18), showing that by regulating activated
STAT3, Fer controls pSTAT3 binding to DNA regulatory
sequences.
The physiologic role of Fer and implication in diseases is
still elusive. For instance, Fer activity is not essential for
embryogenesis and postnatal development (42) and redundancy
was proposed. Moreover, transcripts seem to be ubiquitously
expressed (43). The protein has not been extensively studied in
tissues, but based on data in the adult prostate, some regulation
seems to take place in specific cell types. Typically, Fer is
barely detectable or at very low levels when the differentiated
luminal epithelium predominates in normal or hyperplastic
glands (11). On the other hand, Fer protein expression is
induced when normal precursor basal cells grow independently
of androgens, either in primary culture or in metaplastic dog
prostate (11). More importantly, Fer seems to be constitutively
expressed in prostate cancer, tissues, and cell lines. Therefore, a
more generalized relationship may exist between Fer and
growth in vivo in different organs, according to hormones, cell
phenotypes, and disease state. Earlier attempts to knock down
fer by stably transfecting PC-3 cells with an antisense fer
cDNA construct suggest that null Fer PC-3 clones do not
survive, whereas reducing Fer levels drastically slows down
growth (11). In the present study, it was not possible using Fer
siRNA to totally abolish Fer expression as cells would detach if
not provided with serum or growth-promoting factors such as
IL-6. The expression of fer short hairpin RNA through an
inducible vector system would be necessary to better clarify the
role of Fer in survival of cancer cells and before doing studies
in animal models. For instance, beside STAT3, Fer was shown
to phosphorylate the TATA modulatory factor (44) and to bind
the chromatin (45). This raises the controversial issue of the
uniqueness of Fer subcellular distribution in cells, exclusively
seen in the nucleus or in the cytoplasm (12, 42, 46) or, else, in
both compartments, as shown in prostate cancer cell lines (11)
and tissues in the present study. Thus, Fer function may change
according not only to cell types but also to localization and
interaction with different partners in specific contexts. Recent
reports on diverse components of the IL-6 pathway and ranging
from IL-6, gp130, to STAT3 and phosphotyrosine-STAT3 in
human prostate cancer support the existence of growthstimulatory loops, particularly characteristic of more advanced
or androgen-refractory stages of the disease (47, 48). Based on
in vitro findings in prostate cancer models (34, 49, 50), we
propose that Fer may be a missing effector acting in this
pathway, with deregulated expression and/or function in
prostate cancer. This is supported by earlier (Western blotting
experiments; ref. 11) and present (immunohistochemistry)
observations indicating an up-regulated Fer expression in
human prostate cancer, as detected in tumor cells of high
Gleason score but not in nonmalignant cells within the same
sections. Moreover, in subsets of tumors, Fer distribution in the
cytoplasm and the nucleus of malignant cells resembled that of

pSTAT3 in adjacent sections and correlating with high Gleason
score. It is thus tempting to propose that the two molecules may
cooperate to favor progression of the disease.
Overall, the present investigation confirms and extends
reported findings on the role of Fer in diverse cell models in
general and in the cytokine signaling pathway in particular. Our
observations support the concept that Fer overexpression,
activation, and distribution in the cytoplasm and nucleus of
subsets of prostate cancer cells largely contribute to the STAT3
constitutive association with Fer and activation by Fer in these
subcellular compartments. Because Fer/STAT3 and pSTAT3 are
modulated by IL-6 in parallel with Fer activation and that Fer
activity is largely responsible for STAT3 activation and its
transcriptional activity in the nucleus, it is very likely that the
entire cascade is hyperactivated when cytokine levels increase
in patients, thereby favoring growth and progression. Finally,
the down-regulation of Fer expression or activation profoundly
affects STAT3 activation and STAT3 transcriptional activity and
leads to inhibition of prostate cancer cell growth. Therefore,
further investigations are justified to exploit Fer as a potential
therapeutic target for androgen-independent prostate cancer.

Materials and Methods
Cell Lines, Cell Culture, and Constructs for Transfection
Human prostate cancer cell lines PC-3, DU145, and LNCaP
were purchased from the American Type Culture Collection.
The PC-3M cell variants, PRO4 and LN4, were kindly provided
by Dr. I. Fidler (M. D. Anderson Cancer Center, Houston, TX).
Cells were maintained in RPMI 1640 containing 10% fetal
bovine serum and 1% antibiotic/antimycotic (Invitrogen-Life
Technologies, Inc.).
Cells were transfected using HiperFect with validated
siRNAs designed to target human fer with sequence 1
[CAGATAGATCCTAGTACAGAA (SI00287756)] and sequence 2 [CAGAACAACTTAGTAGGATAA (SI02622067)],
along with stat3 with sequence 1 [CAGCCTCTCTGCAGAATTCAA (SI02662338)] and sequence 2 [CAGGCTGGTAATTTATATAAT (SI02662898)], and control nonmammalian
sequence [AATTCTCCGAACGTGTCACGT (Alexa Fluor
488, 1022563)], according to the manufacturer’s instructions
(Qiagen). Cells were also transiently transfected to express
recombinant WT-Fer and DM-Fer. For this purpose, the canine
WT-fer cDNA was subcloned in pcDNA3.1 tagged with
myc-6His epitope on COOH-terminal, as previously described
(11). The DM-fer was generated by mutagenesis to replace
Lys591 (in ATP-binding site of Fer catalytic domain) by arginine
and the regulatory Tyr714 by phenylalanine using QuickChange
II XL (Site-Directed Mutagenesis kit), according to the
manufacturer’s instructions (Stratagene).
Fer Antibodies
We previously reported on rabbit polyclonal antibodies raise
against a COOH-terminal Fer peptide that detect and immunoprecipitate recombinant myc-tagged Fer and endogenous Fer
(94-kDa protein) in extracts from prostate tissues and cells (11).
However, in Western blots, other bands were detected by Fer
peptide antibodies along with other commercially available Fer
peptide antibodies (COOH terminus, Abcam; NH2 terminus,
Santa Cruz Biotechnology, Inc. and Chemicon International;
Mol Cancer Res 2009;7(1). January 2009
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data not shown). Accordingly, new rabbit polyclonal Fer
antibodies were generated against a 44-kDa NH2-terminal Fer
fusion protein induced in Escherichia coli and generated from a
420-bp EcoRI-EcoRI of the dog fer cDNA (amino acid position
9-146) fused to GST in a pGEX vector (GE Healthcare).
Briefly, the Fer fusion protein was induced for 6 h using 0.4
mmol/L isopropyl-L-thio-B-D-galactopyranoside, solubilized
with urea, and purified on a Glutathione Sepharose 4B column
(GE Healthcare), as recommended by the manufacturer. Purity
was assessed by Coomassie staining after electrophoresis (SDSPAGE), as described below. The GST protein (29 kDa) was
similarly produced and used to assess specificity. The
immunization protocol (1 mg Fer fusion protein per injection)
was as reported earlier (11), following immune response in the
antiserum over time by ELISA and until reaching a high titer
(over 1 million). IgGs were partially purified from the
antiserum and the preimmune rabbit serum (control IgGs) on
protein A-Sepharose beads (Invitrogen Corp.).
Immunohistochemistry
A small subset of archived formalin-fixed and paraffinembedded prostate cancer specimens from patients with
clinically advanced disease (transurethral resections) was
sectioned (4 Am thick), rehydrated with graded alcohol, and
permeabilized with 1% Triton X-100 in PBS for 30 min at
room temperature. A 15-min preincubation period at 95jC in
0.01 mol/L sodium citrate buffer (pH 6.0) was included as an
antigen retrieval step. It was followed by a 30-min incubation
period with 3% hydrogen peroxide in PBS-methanol (1:1) to
quench endogenous peroxidase activity. After three washes
(5 min with PBS), sections were preincubated with a blocking
solution (10% horse serum; Zymed Labs, Inc.) for 30 min to
prevent nonspecific staining and next incubated overnight at
4jC with primary antibodies: the above purified Fer antibodies, STAT3, and pSTAT3 (Cell Signaling) in PBS
containing 0.1% bovine serum albumin. After three more
washes, sections were incubated with biotinylated secondary
antibodies (goat anti-rabbit IgGs) and streptavidin-peroxidase
conjugate (both from Zymed Labs) to amplify the signal. The
staining was revealed within 2 min after addition of 20 AL of
30% hydrogen peroxide in a PBS solution containing 0.006%
3,3¶-diaminobenzidine tetrahydrochloride (Sigma-Aldrich Canada Ltd.). Sections were counterstained with hematoxylin,
dehydrated, and mounted. Controls included sections incubated without primary antibodies or, else, using preimmune
rabbit IgGs or Fer antibodies (4 Ag) that had been
preincubated with either the Fer fusion protein (antigen) or
GST (each at 5 Ag/mL).
The relative Fer and pSTAT3 staining intensity and
intracellular distribution (%) were assessed blindly to the
identity of sections by two independent observers. Grading
values represent a consensus on a scale of signal intensity
ranging from negative (0) to weak (+), moderate (++), and
strong (+++). Data were analyzed using GraphPad Prism
version 5.0 software4 with m2 and Kruskal-Wallis followed by
Dunn’s multiple comparison tests.
4

http://www.graphpad.com

Western Blotting and Immunoprecipitation
Cells were washed with ice-cold PBS containing 1 mmol/L
sodium vanadate and proteins were extracted using radioimmunoprecipitation assay buffer [20 mmol/L Tris-HCl
(pH 7.4), 150 mmol/L NaCl, 1 mmol/L sodium vanadate, 1%
NP40, 10 Ag/mL aprotinin, 10 Ag/mL leupeptin]. Proteins were
next clarified by centrifugation (14,000  g for 5 min), assayed
using the Bradford method (51), and used for direct Western
blotting. Membranes were incubated with primary antibodies
for 1 h at room temperature to detect Fer (as described above),
myc (Invitrogen), gp130 (Santa Cruz Biotechnology),
and phosphotyrosine (Cell signaling) or overnight at 4jC for
STAT3 and pSTAT3. Peroxidase-conjugated secondary antibodies (Santa Cruz Biotechnology) were used for detection with
enhanced chemiluminescence reagent (Amersham Biosciences).
For immunoprecipitation, total proteins (750 Ag) were
precleared with protein G-Sepharose (Invitrogen-Life Technologies) for 1 h at 4jC and incubated with 2 Ag of anti-Fer, antiSTAT3T, phosphotyrosine antibodies, or IgG as a control
overnight at 4jC. Immune complexes were recovered with
protein G-Sepharose for 2 h and then washed with radioimmunoprecipitation assay buffer at least three times, centrifuged, submitted to SDS-PAGE in 10% acrylamide gels, unless
otherwise stated, and Western blotted as indicated.
Pull-Down Assays
A construct of the Fer-SH2 domain (residues 451-564) was
generated as a fusion protein with GST and subcloned in the
pGEX-3-T vector (Promega). The fusion protein was induced in
bacteria at 30jC with 0.4 mmol/L isopropyl-L-thio-B-Dgalactopyranoside for 4 h. Proteins were extracted by sonication
in PBS followed by solubilization in 0.1% of Triton X-100 for
30 min at room temperature. Fusion proteins were purified and
analyzed in gels by Coomassie staining, as described above for
the Fer NH2-terminal fusion protein.
For pull down, PC-3 proteins (750 Ag) were incubated with
10 Ag Fer-SH2 fusion protein, SH2 domains of Grb2 and Src
(kindly provided by Dr. G. Pelletier, McGill University), or
control GST [15 Ag normalized for size (52) for 1 h at room
temperature]. In some instances, a phospho-Y705 – specific
STAT3 peptide (5-15 Ag; Calbiochem) was added 5 min before
pull down. Glutathione Sepharose beads were added and complexes were recovered by centrifugation. Pellets were washed
thrice with PBS and submitted to Western blotting using
pSTAT3 antibodies.
In vitro Kinase Assays
GST-tagged recombinant Fer kinases (catalytic domain),
human (Invitrogen) and mouse (SignalChem), were used to
phosphorylate human recombinant STAT3 (GST fusion proteins; SignalChem) in vitro. Assays consisted in 1 Ag each
of enzyme (Fer) and substrate (STAT3) in phosphorylation
buffer containing 25 mmol/L Tris-HCl (pH 7.2), 5 mmol/L
h-glycerophosphate, 10 mmol/L MgCl2, 0.5 mmol/L EGTA,
200 Amol/L ATP, 0.01% Triton X-100, and 0.5 mmol/L sodium
vanadate. Fresh DTT (2.5 mmol/L) was added and [g-32P]ATP
(11.4 AL or 0.829 MBq/assay; specific activity; 111 TBq/mmol;
Perkin-Elmer) to start the reaction (total volume, 40 AL).
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Controls with either enzyme or substrate alone were included
along with labeled ATP in the reaction mixture, as well as the
phospho-Y705 – specific STAT3 peptide (5 Ag) in complete
assays with Fer and STAT3. After 30-min incubation at 30jC,
tubes were cooled on ice for 10 min before adding Laemmli
buffer (5; 50 AL total volume) and boiling. Samples were
submitted to SDS-PAGE in duplicate gels. Radiolabeled bands
were detected after 3 h of exposure using a phosphorimager
equipped with ImageQuant (version 5.0) or, else, by an
overnight autoradiography of X-ray films at room temperature.
Proteins were transferred on membranes for Western blotting
using STAT3 and pSTAT3 antibodies. They were also stained in
gels with Coomassie blue.
Immunofluorescence
Cells cultured in eight-well plastic chambers were washed on
ice with cold PBS containing 1 mmol/L sodium vanadate and
fixed with 3.7% paraformaldehyde. This was followed by
incubations with 50 mmol/L NH4Cl (10 min), 0.5% Triton X-100
in PBS (5 min), and 0.5% bovine serum albumin-PBS solution
(10 min) before incubation with either Fer, STAT3, or pSTAT3
antibodies for 4 h. Immunofluorescence was revealed using antirabbit or anti-mouse antibodies coupled to FITC (Alexa Fluor
488) or rhodamine (CY3; Invitrogen). 4¶,6-Diamidino-2-phenylindole (DAPI) was used to stain the nuclei. Photomicrographs
were taken with a Zeiss LSM5 Pascal confocal microscope (Carl
Zeiss Canada Ltd.) or with an inverted Olympus IX-81
microscope equipped with a CoolSnap HQ digital camera and
the ImagePro+ software (version 5.0.1; Media Cybernetics).
Real-time PCR
Total RNA was extracted using the High Pure RNA Isolation
kit (Roche), according to the manufacturer’s instructions. The
amount of RNA was quantified by the absorbance 260/280 nm
ratio. Quality was ascertained by electrophoresis on agarose
gels and visualization of 18S and 28S RNA under UV light. For
cDNA synthesis, 1 Ag RNA was reverse transcribed using
Expand Reverse transcriptase (Roche), according to the
manufacturer’s protocol. Samples (5 AL of cDNA in a 50 AL
final volume) were used to quantify levels of fer transcripts by
real-time PCR relative to levels of succinate dehydrogenase
(SDHA) used as a reference housekeeping gene (53). PCRs
were carried out using validated primers for Fer (QT00029043)
and SDHA (QT00059486) with the QuantiTect SYBR Green
PCR Master Mix, according to the manufacturer’s instructions
(Qiagen), in a MyiQ Single-Color Real-Time PCR Detection
System (Bio-Rad). Amplification conditions were as follows: 1
cycle of 15 min at 95jC and 40 cycles of 15 s at 94jC, 30 s at
55jC, and 30 s at 72jC. Each sample was run in triplicate for
both target and endogenous genes and reproduced at least two
more times. Data were normalized to SDHA gene expression
and relative mRNA expression was calculated with the DDt
method (C T comparative). Differences were considered statistically significant at P value of <0.05.
Cell Growth
Growth was monitored by MTT assays (Sigma-Aldrich
Canada; ref. 54). PC-3 (2  103 cells) plated on 96-well plates

were cultured in serum-supplemented medium for 48 h and
serum starved for 24 h before the addition of IL-6 (PeproTech)
at 100 ng.mL 1 or vehicle and replaced twice a day.
Experiments were repeated thrice with at least triplicate for
each experiment. MTT results were analyzed using the
GraphPad Prism 4.0, doing one-way ANOVA tests (Bonferroni
multiple). Differences were considered statistically significant
at a P value of <0.05.
STAT3 Transcriptional Activity
PC-3 cells (2.5  105) were plated in six-well plates and
cotransfected with WT-fer and/or DM-fer cDNAs, together with
pLucTKSTAT3 (generous gift from Dr. L. Reptis, Queens
University, Kingston, Ontario, Canada), using lipofectin (6 AL/
well; Invitrogen). The total amount of plasmid DNA was
normalized at 2 Ag/well by the addition of empty vector.
Twenty-four hours after transfection, the serum-free medium
was replaced with medium containing 100 ng/mL IL-6 for
another 24 h. For down-regulation experiments, PC-3 cells
were transfected twice with control siRNA or Fer siRNA 1 and
2. Forty-eight hours after transfection, cells were transfected
with pLucTKSTAT3 luciferase in parallel with Renilla. Twentyfour hours after plasmid transfection, the serum-free medium
was replaced with medium containing 100 ng/mL IL-6 for
another 24 h. Luciferase activity was measured with the DualLuciferase Reporter Assay System (Promega) using a microplate luminometer (EG&G Berthold). Reporter assays were
normalized to protein concentrations (to discriminate effects on
cell viability) and Renilla luciferase (to discriminate the
efficacy of transfection). Control and values are expressed in
arbitrary light units. All experiments were carried out in
triplicate wells and repeated thrice.
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