
Development of a STAT3 Reporter Prostate Cancer Cell Line for
High Throughput Screening of STAT3 Activators and Inhibitors

My N. Chau and Partha P. Banerjee*
Department of Biochemistry and Molecular & Cellular Biology, Georgetown University Medical
Center, Washington, District of Columbia, USA

Abstract
STAT3 is constitutively activated in several cancers, including prostate cancer, and is therefore, a
potential target for cancer therapy. DU-145 prostate cancer cells were stably co-transfected with
STAT3 reporter and puromycin resistant plasmids to create a stable STAT3 reporter cell line that
can be used for high throughput screening of STAT3 modulators. The applicability of this cell line
was tested with two known activators and inhibitors of STAT3. As expected, EGF and IL-6 increased
STAT3 reporter activity and enhanced the nuclear localization of phosphorylated STAT3 (pSTAT3);
whereas Cucurbitacin I and AG490 decreased STAT3 reporter activity dose and time-dependently
and reduced the localization of pSTAT3 in the nuclei of prostate cancer cells. Given the importance
of STAT3 in cancer initiation and progression, the development of a stable STAT3 reporter cell line
in prostate cancer cells provides a rapid, sensitive, and cost effective method for the screening of
potential STAT3 modulators.
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Introduction
Signal transducers and activators of transcription (STATs) are a seven member family class of
transcription factors that are involved in physiological functions such as immune response,
proliferation, apoptosis, and cell survival in normal cells [1–3]. Some of the STAT proteins
are upregulated in cancer cells. In particular, STAT3 is constitutively activated in several
cancers such as breast, lung, leukemias-lymphomas, and prostate [4,5]. The constitutive
activation of STAT3 may be caused by genetic mutations such as the overexpression of human
epidermal growth factor receptor 2 (EGFR2/HER2) or EGFR1/HER1 [6,7]. STAT3 can
contribute to tumor growth by initiating the cell cycle, preventing apoptosis, and upregulating
oncogenes such as c-Myc and Bcl-X [8]. Furthermore, STAT3 has recently been demonstrated
to augment prostate cancer metastasis by promoting prostate cancer cell migration [9].
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STAT3 can be activated by cytokines such as interleukin-6 (IL-6) or interferons. IL-6 binds to
cell surface receptor tyrosine kinases that are coupled with and activate Janus kinases (JAKs).
The JAKs then phosphorylate the tyrosine 705 residue in the transactivation domain of the
STAT3 protein [8]. The phosphorylation of tyrosine 705 induces STAT3 dimerization, nuclear
translocation, and DNA binding to STAT3 response elements. Serine at the 727th residue in
the same domain must also be phosphorylated for complete transcriptional activity [10]. IL-6
activation of STAT3 has been implicated in prostate cancer progression [5,11]. In addition to
cytokines, growth factors such as epidermal growth factor (EGF) and platelet derived growth
factor (PDGF) can also activate STAT3 [10,12].

Conversely, cytokines can inhibit STAT3 signaling. Cytokine inducible genes constituting the
suppressors of cytokine signaling (SOCS) protein family can bind to and inhibit JAKs, thus
repressing STAT3 activation [13]. The protein inhibitors of activated STATs (PIAS) are a
second group of proteins that decrease STAT3 signaling by preventing STAT3 DNA binding
activity [14]. Chemical inhibitors of JAK and STAT3 have also been shown to reduce STAT3
activation and the survival of different cancer cells [5,15]. AG490 is a chemical inhibitor of
JAK2 and it can suppress STAT3 signaling by inhibiting the DNA binding activity of STAT3
[16–18]. Cucurbitacin I is another inhibitor of both JAK2 and STAT3. Cucurbitacin I inhibits
the tyrosine phosphorylation of JAK2 and STAT3, thereby preventing STAT3 DNA binding
and STAT3 mediated gene transcription [19].

Since STAT3 is associated with various cancers, positive and negative regulators of STAT3
signaling could play a pivotal role in controlling tumorigenesis. Positive regulators of STAT3
could provide valuable information about the activation of STAT3, which could identify new
targets for the design of new inhibitors. For example, inhibitors for tyrosine or serine kinases
that activate STAT3 can be produced. The search for negative regulators of STAT3 activation
is imperative since STAT3 has been confirmed as a valid target for the treatment of cancers
[10,16,20]. The inhibition of constitutively active STAT3 by protein inhibitors has been
demonstrated to decrease tumor cell proliferation and promote apoptosis both in vitro and in
vivo [4,21,22]. However, the inhibition of STAT3 in normal cells results in growth arrest but
not apoptosis, indicating that STAT3 may be targeted for preferential cancer cell eradication
[23,24]. The discovery of STAT3 modulators can be greatly advanced with high throughput
screening of accessible and multiple compound libraries. Using a chemiluminescent reporter
activity assay as the method of choice for high throughput screening would provide an efficient
and quick turnaround of screening data. To this end, we have developed a stable STAT3
reporter prostate cancer cell line for the screening of potential STAT3 activators and inhibitors
which could eventually identify new STAT3 inhibitors for future clinical use.

Materials and Methods
Cell culture

DU-145 human prostate cancer cells were purchased from the American Type Cell Culture
Collection (Manassas, VA). The cells were grown in complete growth medium (Improved
Minimum Essential Medium (IMEM) without phenol red; Invitrogen; Carlsbad, CA)
supplemented with 10% fetal bovine serum (Quality Biological; Gaithersburg, MD), 100 units/
ml penicillin G sodium, 100 μg/ml streptomycin sulfate, and 2 mM glutamine (Sigma
Chemicals; St. Louis, MO) in the presence of 5% CO2 at 37°C.

Development of stable STAT3 reporter cell line
DU-145 cells were co-transfected with 200 ng of plasmid DNA containing three STAT3
response elements upstream of a thymidine kinase promoter and a luciferase reporter
(Clontech; Mountain View, CA) and 20 ng of plasmid DNA containing a puromycin resistant
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gene (Clontech) using GeneJammer transfection reagent (Stratagene; La Jolla, CA). Two days
after the transfection, the cells were replated and continually grown in the presence of 1 μg/ml
of puromycin. After four weeks, 12 puromycin resistant colonies were isolated using cell
cloning cylinders and cultured in puromycin containing media. The STAT3 luciferase activity
of each colony was measured to verify the stable transfection and to re-establish that the clonal
population arose from a single cell.

STAT3 reporter activity assays
DU-145 STAT3 reporter cells were seeded in 96-well plates (2×103 cells/well) in triplicate.
The following day, the cells were treated with Cucurbitacin I and AG490 at varying
concentrations and times. The cells treated with EGF and IL-6 were serum starved for three
days prior to treatment. Luciferase activity was measured in cell lysates by a microplate
luminometer (Harta Instruments, Inc; Gaithersburg, MD) using the Firefly Luciferase Assay
kit (Biotium, Inc; Hayward, CA) according to the manufacturer’s protocol.

Immunofluorescence staining
DU-145 cells stably expressing the STAT3 reporter construct were plated onto ECL-coated
chamber slides. The cells were fixed in methanol, air-dried, and re-hydrated with phosphate
buffered saline (PBS). The cells were blocked with 0.2% crystalline grade BSA and
subsequently incubated with the primary antibody (pSTAT3 Y705, 1:100 dilution, Cell
Signaling Technology; Danvers, MA) overnight at 4°C. After three washes with PBS, the cells
were incubated with Alexa Fluor 488 (4 μg/ml) conjugated secondary antibody (Molecular
Probes, Invitrogen; Carlsbad, CA) for one hour. The cells were washed three more times with
PBS and subsequently incubated with 250 ng/ml of propidium iodide (PI) (Biotium, Inc.) for
5 min. The cells were washed once more with PBS, mounted with 50% glycerol, and viewed
under a fluorescent microscope (ZEISS AxioPlan2 Imaging System, Jena, Germany). Images
were captured at the same magnification (20x) and then imported into Adobe Photoshop.

Statistical analysis
Statistical analyses on all data derived from at least three independent experiments were
conducted using Prism 3 GraphPad software. Data values were presented as mean ± SEM. The
significance level was calculated using the one-way Analysis of Variance (ANOVA) followed
by the Dunnett post-test with an assigned confidence interval of 95%. A p-value < 0.05 was
considered significant.

Results & Discussion
There is an urgent need for the development of high throughput screening for inhibitors of
various oncogenic factors. We are in an era when hundreds of thousands of small molecule
libraries are available to screen possible inhibitors for numerous targets. These small molecule
libraries cannot be screened without the development of appropriate high throughput screening
of cell lines with various cancer backgrounds. Keeping that in mind, we developed a stable
STAT3 reporter cell line where DU-145 human prostate cancer cells were stably co-transfected
with a puromycin resistant plasmid and a STAT3 plasmid containing three STAT3 response
elements upstream of a thymidine kinase promoter and a luciferase reporter. The stable
transfection protocol is outlined in Figure 1A. Information pertaining to the clones is detailed
in Figure 1B. Out of the 12 clones, clone number 7 had the highest STAT3 reporter activity
and was consequently retained as the stable STAT3 reporter cell line. The STAT3 reporter
activity in clone number 7 remained stable through 100 cell passages (Fig. 1C). Clones number
1, 2, 5, 6, 8 and 10 had minimal or no STAT3 reporter activity indicating that only the
puromycin resistant plasmid or very few copies of STAT3 reporter plasmid were integrated
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into the cells’ genome. All subsequent experiments were performed with STAT3 reporter cells
from clone number 7 between passages 45 to 60.

To confirm that the stably transfected cells are functionally active, the DU-145 STAT3 reporter
cells were treated with two established STAT3 activators, EGF and IL-6. First, dose curves
with various concentrations were performed (Fig. 2A and C). Both activators increased STAT3
reporter activity at least 2-fold or higher and then plateaued. The maximum increases in STAT3
reporter activity for EGF and IL-6 were observed with 0.5 ng/ml and 1 ng/ml, respectively.
These concentrations are at least 10-fold less than the concentrations used in previously
published studies using Western blot and EMSA analyses [25, 26]. This result suggests that
the STAT3 reporter activity assay is more sensitive compared to other assays. However,
different cell lines and experimental conditions could account for the concentration differences.
Next, using 0.5 ng/ml of EGF and 1 ng/ml of IL-6, we examined the time course of STAT3
reporter activation. As observed in Figures 2B and 2D, a significant increase in STAT3 reporter
activity was detected within 5 minutes and 30 minutes for IL-6 and EGF, respectively, with a
maximum increase of 3.2-fold observed at 12 and 24 hours for EGF and IL-6, respectively.
The dose curves and time courses for the activators follow the expected effects for growth
factors and cytokines, as there is a dose-dependent increase in STAT3 reporter activity and
then saturation. Over a longer period of treatment, STAT3 reporter activity declined after
reaching a peak, which could be as a result of EGF and IL-6 receptor desensitization and
degradation (data not shown). Since DU-145 cells synthesize IL-6 [16], we observed a high
level of STAT3 reporter activity in normal growth medium without any addition of STAT3
activators, conferring an advantage for the identification of STAT3 inhibitors with high
throughput screening because it will not be necessary to induce STAT3 activation in these cells
prior to the addition of STAT3 inhibitors.

To confirm that our STAT3 reporter cell line can be used to detect STAT3 inhibitors, we used
two known STAT3 inhibitors, Cucurbitacin I and AG490, in our assays. As shown in Figures
3A and 3C, there was a dose-dependent decrease in STAT3 reporter activity with both
Cucurbitacin I and AG490. Approximately 50% of STAT3 reporter activity was decreased
with 50 nM of Cucurbitacin I and 25 μM of AG490. A time course assay utilizing the lowest
effective concentrations, 500 nM of Cuc I and 50 μM of AG490, showed a time-dependent
decrease for both inhibitors with the maximum decrease (~80%) in STAT3 reporter activity at
24 hours (Fig. 3B and D). A treatment time beyond 24 hours with Cucurbitacin I and AG490
resulted in cell death (data not shown). However, there was no toxicity (cell death) with either
Cucurbitacin I or AG490 with 24 hours of treatment, implicating that the inhibition of STAT3
reporter activity was not associated with cell death. The concentrations and length of treatment
for Cucurbitacin I and AG490 are consistent with previously published studies [27, 28],
suggesting that our newly established STAT3 reporter cell line can be used for high throughput
screening of STAT3 inhibitors.

Although we demonstrated that STAT3 activators and inhibitors can modulate STAT3 reporter
activity in prostate cancer cells, we have not examined whether STAT3 activators and inhibitors
phosphorylate STAT3 and localize phosphorylated STAT3 in the nuclei of the STAT3 reporter
cells. To this end, we performed immunofluorescence staining of phosphorylated STAT3 Y705
(pSTAT3 Y705) in stable STAT3 reporter DU-145 cells. pSTAT3 Y705 is generally localized
in the nuclei of the cells with minimal pSTAT3 in the cytoplasm. The nuclear localization of
pSTAT3 Y705 increased with EGF and IL-6 treatment (1 ng/ml) for 24 hours (Fig. 4A). In
contrast, the STAT3 inhibitors, Cucurbitacin I (500 nM) and AG490 (50 μM) reduced nuclear
pSTAT3 Y705 staining within 24 hours (Fig. 4B). These results demonstrate that EGF and
IL-6 increased activated STAT3 in the nuclei of prostate cancer cells and the inhibitors had
the opposite effect. Thus, the immunofluorescence data corroborates with the STAT3 reporter
activity of the stable STAT3 reporter prostate cancer cell line.
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The development of STAT3 inhibitors is an area of intense interest due to the important role
STAT3 has in carcinogenesis. Currently, another analog of Cucurbitacin, Cucurbitacin Q, is
the only selective STAT3 signaling inhibitor available [3]. Small molecule inhibitors of STAT3
without their full elucidated effects have been developed in the last few years and more research
in peptidomimetics is necessary [29,30]. Activators of STAT3 are also of importance as all
activators of STAT3 have yet to be elucidated. The urgency to identify STAT3 regulators
facilitates the necessity for a quick and efficient method of analyzing potential STAT3
activators and inhibitors. Luciferase reporter assays are a reliable, fast, sensitive, quantitative,
and cost effective approach to determining the level of STAT3 activation by modulators and
should be used as the first method to screen potential STAT3 activators and inhibitors. The
development of a stable STAT3 reporter cell line streamlines the screening process, eliminating
the transient transfection step, and can be used for any scale of screening from low to high
throughput.
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Fig. 1.
The establishment of a STAT3 reporter prostate cancer cell line. (A) Schematic of the stable
transfection protocol. DU-145 cells were co-transfected with plasmids containing a STAT3
reporter and a puromycin resistant gene (purR). The transfected cells were continually grown
in selective media containing puromycin (1 μg/ml). Four weeks later, colonies were isolated
to determine the STAT3 reporter activity of the stable transfection. (B) Selection of STAT3
reporter cell line. STAT3 reporter activity of twelve clones was assessed at passage number 5.
The clone with the highest STAT3 reporter activity (number 7) was designated as the stable
STAT3 reporter cell line. (C) Graph showing STAT3 reporter activity is stabilized in clone
number 7 through 100 cell passages.
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Fig. 2.
The stable STAT3 reporter prostate cancer cell line is functionally active. (A,C) The evaluation
of STAT3 reporter activity with various concentrations of EGF and IL-6. STAT3 reporter cells
were treated with varying concentrations of EGF and IL-6 for 30 minutes and then STAT3
reporter activity was measured. All concentrations of EGF and IL-6 increased STAT3 reporter
activity significantly (p<0.01). (B,D) The assessment of treatment time for STAT3 reporter
activity with STAT3 activators. The STAT3 reporter cells were treated with 0.5 ng/ml of EGF
and 1 ng/ml of IL-6 for 5 minutes to 24 hours. A significant (p<0.05 or p<0.01) increase in
STAT3 reporter activity was observed with both EGF and IL-6 treatment. Reporter activity in
control samples was considered as 1.0. Columns, mean of three independent experiments; bars,
standard error (SE). **, p<0.05, *, p<0.01, significantly different from control.
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Fig. 3.
STAT3 inhibitors decrease STAT3 reporter activity in the stable cell line. (A,C) The evaluation
of STAT3 reporter activity with various concentrations of STAT3 inhibitors, Cucurbitacin I
(Cuc I) and AG490. STAT3 reporter cells were treated with various concentrations of Cuc I
and AG490 for 24 hours and then STAT3 reporter activity was assessed. A dose-dependent
decrease in STAT3 reporter activity was observed with both Cucurbitacin I (Cuc I) and AG490.
(B,D) The assessment of treatment time for STAT3 reporter activity with STAT3 inhibitors.
The cells were treated with the 500 nM of Cuc I and 50 μM of AG490 from 5 minutes to 24
hours. There is a significant (p<0.05 or p<0.01) decrease in STAT3 reporter activity that was
observed as early as 1 hour and maintained up to 24 hours in both Cuc I and AG490 treatment.
Reporter activity in control samples was considered as 1.0. Columns, mean; bars, SE. **,
p<0.05, *, p<0.01, significantly different from control.
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Fig. 4.
The activation of phosphorylated STAT3 Y705 (pSTAT3 Y705) is altered by STAT3 activators
and inhibitors. (A) Immunofluorescence staining of pSTAT3 Y705 in DU-145 cells stably
expressing the STAT3 reporter construct after treatment with EGF and IL-6. Both activators
of STAT3 increased pSTAT3 Y705 in the nuclei of STAT3 reporter stable DU-145 cells. (B)
Immunofluorescence of pSTAT3 Y705 in STAT3 reporter cells treated with Cuc I and AG490.
STAT3 inhibitors decreased activation and nuclear localization of pSTAT3 Y705.
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