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Selective STAT3-α or -β expression reveals spliceform-specific
phosphorylation kinetics, nuclear retention and distinct gene expression
outcomes
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Phosphorylation of STAT3 (signal transducer and activator of
transcription 3) is critical for its nuclear import and transcriptional
activity. Although a shorter STAT3β spliceform was initially
described as a negative regulator of STAT3α, gene knockout
studies have revealed that both forms play critical roles. We
have expressed STAT3α and STAT3β at comparable levels
to facilitate a direct comparison of their functional effects,
and have shown their different cytokine-stimulated kinetics
of phosphorylation and nuclear translocation. Notably, the
sustained nuclear translocation and phosphorylation of STAT3β
following cytokine exposure contrasted with a transient nuclear
translocation and phosphorylation of STAT3α. Importantly, co-
expression of the spliceforms revealed that STAT3β enhanced
and prolonged the phosphorylation and nuclear retention of
STAT3α, but a STAT3β R609L mutant, with a disrupted SH2 (Src
homology 2) domain, was not tyrosine phosphorylated following

cytokine stimulation and could not cross-regulate STAT3α.
The physiological importance of prolonged phosphorylation and
nuclear retention was indicated by transcriptome profiling of
STAT3− / − cells expressing either STAT3α or STAT3β, revealing
the complexity of genes that are up- and down-regulated
by the STAT3 spliceforms, including a distinct set of STAT3β-
specific genes regulated under basal conditions and after cytokine
stimulation. These results highlight STAT3β as a significant
transcriptional regulator in its own right, with additional actions
to cross-regulate STAT3α phosphorylation and nuclear retention
after cytokine stimulation.

Key words: cytokine, interleukin-6 (IL-6), nucleocytoplasmic
trafficking, signal transducer and activator of transcription 3
(STAT3), transcription factor, transcriptome analysis.

INTRODUCTION

STAT3 (signal transducer and activator of transcription 3), initially
identified as an acute-phase response factor binding to the
acute-phase response element in IL (interleukin)-6-stimulated
hepatocytes, is a pleiotropic transcription factor capable of
mediating rapid changes in gene expression following cytokine,
hormone or growth factor stimulation [1–3]. The IL-6 family
of cytokines, which includes OSM (oncostatin M) and LIF
(leukaemia inhibitory factor), signals through the common
gp130 (glycoprotein 130) receptor chain to activate STAT3
[4]. This activation of STAT3 requires the phosphorylation
of Tyr705 and Ser727. In the most widely accepted paradigm of
signalling via STAT3, the phosphorylation of STAT3 Tyr705 by
JAKs (Janus kinases) is critical for STAT3 dimerization and
subsequent cytokine-stimulated nuclear translocation, whereas
the phosphorylation of Ser727 by serine/threonine kinases such
as the MAPKs (mitogen-activated protein kinases) enhances
STAT3 transcriptional activity [5,6]. Thus phosphorylation
of STAT3 provides a key regulatory mechanism communicating
extracellular events to cytokine-induced gene expression changes.

The functional importance of STAT3 has been shown by
the early embryonic lethality of Stat3− / − mice [7]. Subsequent
tissue-specific deletion studies have revealed important roles

of STAT3 in inflammatory responses in the liver, proliferation
and differentiation in monocytes and neutrophils in response to
granulocyte colony-stimulating factor, protection from apoptosis
in the mammary epithelium, neuronal cell survival and
keratinocyte migration [5,8]. In addition, a persistent activation of
STAT3 in a wide variety of cancers and diseases, such as multiple
myeloma, head and neck cancer, breast cancer and other solid
tumours, leukaemias and lymphomas [9] has further intensified
interest in understanding regulators of STAT3 activation.

Two distinct STAT3 isoforms originating from alternative
splicing have been described. STAT3α (92 kDa) is 770 amino
acids in length, whereas STAT3β (84 kDa) is identical in sequence
with the exception of 55 amino acids at the C-terminal tail
that are replaced with a unique seven-amino-acid sequence
(Figure 1A) [10,11]. As a consequence, the transactivation domain
of STAT3β is truncated relative to this domain in STAT3α.
This has led to suggestions of impaired transcriptional activity
and a role as a dominant-negative regulator of STAT3α [10].
Although the generally lower expression levels of STAT3β
compared with STAT3α imply that STAT3α plays a more
significant functional role in vivo, there are clear exceptions,
such as the levels of STAT3β exceeding STAT3α during myeloid
differentiation, pointing to a requirement for high STAT3β
levels to act as a mediator during these differentiation events
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of nuclear to cytoplasmic fluorescence; GO, gene ontology; gp130, glycoprotein 130; HEK, human embryonic kidney; Hsp90, heat-shock protein of 90
kDa; 4-HT, 4-hydroxytamoxifen; IL, interleukin; iSTAT3, inducible specific STAT3 spliceform; JAK, Janus kinase; MAPK, mitogen-activated protein kinase;
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Figure 1 STAT3α and STAT3β are STAT3 spliceforms with different
cytokine-stimulated nucleocytoplasmic trafficking

(A) Schematic diagram of STAT3α (92 kDa) and STAT3β (84 kDa) spliceforms. The arrangement
of the various STAT3 subdomains, together with the amino acid numbers at the domain
boundaries, is indicated. Amino acids 1–715 are identical in these spliceforms, and the sequence
of the shorter unique seven-amino-acid C-terminal tail for STAT3β is shown. Arg609, a key residue
for SH2 domain function, and Tyr705 (of both spliceforms) as well as Ser727 (for STAT3α only),
which are phosphorylated in active STAT3 forms, are indicated. (B–D) CLSM analysis using
anti-FLAG antibody of transiently transfected AD293 cells stimulated with OSM (10 ng/ml) for 0,
15 or 60 min; (B) WT FLAG–STAT3α or FLAG–STAT3β , (C) FLAG–STAT3α/β Y705F mutants
and (D) SH2 domain defective FLAG–STAT3α/β R609L mutant. Scale bars represent 10 μm.

[12–14]. A previous study demonstrating rescue of STAT3− / −

embryonic lethality with STAT3β spliceform expression (i.e. in
the absence of STAT3α) highlight key STAT3β-specific roles
in development [15]. In addition, spliceform-specific functions
have been indicated by various in vivo studies showing
a requirement for STAT3β during endotoxic assault [16],
but a requirement for STAT3α in IL-8 synthesis [17], as
well as differential roles for STAT3α and STAT3β in anti-
inflammatory responses [15]. Importantly, a recent advance with
an oligonucleotide-mediated enforced switching to preferential
splicing of STAT3β (rather than STAT3α) has emphasized the
anti-tumorigenic activity of STAT3β [18]. This has also validated
reprogramming of endogenous splicing, and specifically that
of enhancing STAT3β levels significantly over STAT3α levels,
as an exciting new therapeutic approach [18]. Clearly, the

biochemical mechanisms underlying the distinct functions of
STAT3 spliceforms, and in particular that of STAT3β, warrant
more in-depth analyses.

To address these distinct functions of the STAT3 spliceforms,
we have evaluated the kinetics of nucleocytoplasmic trafficking
and phosphorylation of STAT3α and STAT3β in response
to cytokine stimulation, particularly focusing on the use of
Stat3− / − MEFs (murine embryonic fibroblasts) with inducible
expression of either STAT3 spliceform. Our expression of each
STAT3 spliceform at a comparable level thus allowed our direct
comparison of their functional effects without the confounding
effects of different levels of expression. STAT3β exhibited
markedly prolonged nuclear translocation and phosphorylation
following OSM exposure when compared with STAT3α, which
showed more transient responses. Furthermore, a striking cross-
regulation of STAT3α by STAT3β was observed upon the co-
expression of STAT3β, which enhanced and prolonged STAT3α
phosphorylation. Our transcriptome profiling of Stat3− / − MEFs
re-expressing either STAT3α or STAT3β showed that the
expression of either STAT3 spliceform could reconstitute many
of the immediate transcriptional effects of short-term cytokine
stimulation noted for WT (wild-type) MEFs. Importantly, analysis
after longer cytokine stimulation revealed the large number
of genes both up- and down-regulated by either of these
STAT3 spliceforms; the physiological significance of prolonged
phosphorylation was highlighted with a greater number of genes
regulated by STAT3β than regulated by STAT3α. The present
study thus highlights STAT3β as a regulator of transcription with
an intriguing ability to modulate STAT3α phosphorylation and
nuclear retention after cytokine stimulation.

EXPERIMENTAL

Plasmid constructs

Mammalian expression vectors for FLAG epitope-tagged versions
of STAT3α and STAT3β were constructed by amplifying the
coding region of human STAT3α and STAT3β genes by PCR
to create the desired restriction enzyme sites (HindIII and XhoI)
for subcloning into the pXJ40-FLAG vector.

The primer pairs used were: FLAG–STAT3α, 5′-GCAAGC-
TTATGGCCCAATGGAATCAGCTACAG-3′ and 5′-GCCTCG-
AGTCACATGGGGGAGGTAGCGCACTC-3′; and FLAG–
STAT3β, 5′-GCAAGCTTATGGCCCAATGGAATCAGCTACA-
G-3′ and 5′-GCCTCGAGTTATTTCCAAACTGCATCAATGAA-
3′. The STAT3 genes were inserted, in frame, immediately 3′

of the FLAG epitope sequence, thus allowing the expression of
N-terminal FLAG-tagged STAT3 proteins in mammalian cells.
PCR mutagenesis was used to change Tyr705 to phenylalanine
(Y705F) and the critical Arg609 of the SH2 (Src homology 2)
domain to leucine (R609L) for both FLAG-tagged STAT3α
and STAT3β. The primer pairs used were: STAT3 Y705F, 5′-
GACCCAGGTAGCGCTGCCCCAGCCCTGAAGACCAAGT-
TTATC-3′ and 5′-GATAAACTTGGTCTTCAGGGCTGGGGC-
AGCGCTACCTGGGTC-3′; STAT3 R609L, 5′-TCCAGGCAC-
CTTCCTGCTACTATTCAGTGAAAGCAGCAAA-3′ and 5′-T-
TTGCTGCTTTCACTGAATAGTAGCAGGAAGGTGCCTGG-
A-3′.

Lentiviral system and selection of cells with stable STAT3 construct
expression

The WT and mutant FLAG-tagged STAT3α and STAT3β
constructs were subcloned into a 4-HT (4-hydroxytamoxifen)-
inducible lentiviral system vector, pF-5UAS-SV40-puroGEV16
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[19] via AgeI/NheI restriction enzyme sites created by PCR
using the primer pairs 5′-GCACCGGTACCATGGACTACA-
AGGACGACGAT-3′ and 5′-GCGCTAGCTCACATGGGGGAG-
GTAGCGCACTC-3′ or 5′-GCACCGGTACCATGGACTACAA-
GGACGACGAT-3′ and 5′-GCGCTAGCTTATTTCCAAACTG-
CATCAATGAA-3′.

FLAG-tagged STAT3 expression constructs together with
plasmids encoding lentiviral structural components (pCMV-
δR8.2 and pCMV-VSV-G) were transfected into HEK (human
embryonic kidney)-293FT cells. Lentiviruses were harvested
72 h post-transfection and purified via sterile-filtration. Stat3− / −

MEFs were infected with virus for 24 h in the presence
of 1 μg of Polybrene (Sigma) and maintained in growth
medium for a further 24 h before selection with 10 μg/ml
of puromycin (Calbiochem). Puromycin-resistant MEFs were
then analysed for STAT3 expression following 4-HT (1 nM)
induction.

Cell culture and transfection

AD293 cells and HEK-293FT cells, both variants of HEK-
293 cells, COS1, WT MEFs and Stat3− / − MEFs [15] were
maintained in DMEM (Dulbecco’s modified Eagle’s medium)
supplemented with 10% (v/v) FBS (fetal bovine serum), and
penicillin/streptomycin (100 units/ml). Inducible specific STAT3
spliceform (iSTAT3α and iSTAT3β) MEFs were maintained in
this same medium but additionally supplemented with 10 μg/ml
puromycin (Calbiochem). Transient transfections were carried out
using LipofectamineTM 2000 or LipofectamineTM LTX with PlusTM

according to the manufacturer’s instructions (Invitrogen). Cells
were cultured in serum-free medium (DMEM supplemented with
penicillin/streptomycin) for 16 h prior to treatment with OSM
(10 ng/ml, Calbiochem).

Lysate preparation and immunoblot analysis

Cells were lysed in RIPA buffer [50 mM Tris/HCl, pH 7.3,
150 mM NaCl, 0.1 mM EDTA, 1% (v/v) sodium deoxycholate,
1% (v/v) Triton X-100, 0.2% NaF and 100 μM Na3VO4]
supplemented with CompleteTM protease inhibitors (Roche
Diagnostic). Protein samples were resolved by SDS/PAGE
and transferred on to a PVDF membrane for immunoblot
analysis. The anti-STAT3 antibody (#610189) recognising
the shared N-terminal residues of both STAT3α and
STAT3β was from BD Biosciences and the anti-phospho-
STAT3 (Tyr705) (#9145) antibody was from Cell Signaling
Technology. Anti-α-tubulin and -FLAG M2 antibodies were
from Sigma. Anti-gp130 and -c-Myc antibodies were from
Santa Cruz Biotechnology. Protein bands were visualized
by enhanced chemiluminescence and quantified with ImageJ
(NIH).

Co-immunoprecipitation

Cells were lysed in Nonidet P40 buffer [1 % (v/v) Nonidet P40,
50 mM Tris/HCl, pH 8.0, and 150 mM NaCl] supplemented with
CompleteTM protease inhibitors. Either mouse anti-FLAG M2
antibodies (Sigma) or rabbit anti-Myc antibodies (Santa Cruz
Biotechnology) were added to the extracts and incubated for 1 h at
4 ◦C before the addition of Protein A–agarose (Roche Diagnostic).
Immunocomplex pellets were washed extensively and boiled in
protein sample buffer before immunoblot analysis.

Immunofluorescence, CLSM (confocal laser-scanning microscopy)
and image analysis

Samples were prepared and analysed as described previously
[20]. Briefly, OSM-stimulated cells on coverslips were washed
three times with ice-cold PBS before fixation using 4 %
(w/v) paraformaldehyde and permeabilization in 0.2% Triton
X-100/PBS or fixation using ice-cold methanol. Non-specific
binding was blocked by incubation in 10% (v/v) FBS/PBS.
Cells were incubated with primary antibodies [1:400 dilution in
1% (w/v) BSA/PBS] and washed with PBS before incubation
with Cy2 (carbocyanine)/Cy3 (indocarbocyanine)-conjugated
secondary antibodies (Millipore). Nuclei were stained using DAPI
(4′,6-diamidino-2-phenylindole; 1:15000 in PBS) for 5 min.
Coverslips were mounted (GelMount, Biomeda) on to glass
slides and CLSM was performed using a Leica TCS SP2
imaging system with a ×100 1.35 NA (numerical aperture)
objective. Image analysis from digitized confocal images was
carried out using ImageJ as described previously [21]. Briefly,
an area was measured in the nucleus and cytoplasm of cells
stained with antibodies from ten different fields from three
individual experiments (n = 3) to determine the fluorescence
of the nuclear (Fn) and cytoplasmic (Fc) STAT3 proteins.
The nuclear to cytoplasmic fluorescence ratio (Fn/Fc) was
calculated after the subtraction of values for background
fluorescence.

RNA preparation and microarray analysis

Total RNA was extracted from Stat3− / − and iSTAT3α and
iSTAT3β MEFs using a Purelink RNA mini-kit (Invitrogen)
according to the manufacturer’s protocols and stored at − 80 ◦C.
Total RNA (1 μg) was analysed using Affymetrix GeneChip
mouse gene 1.0 ST arrays at the Molecular Genomics Facility
(Peter MacCallum Cancer Centre, Melbourne, Australia). Data
for Stat3− / − , iSTAT3α and iSTAT3β MEFs were obtained with
biological replicates (n = 3) and combined for statistical analysis.
The data were imported and normalized using the R-package
aroma.affymetrix [22]. RMA background correction and quantile
normalization was applied. Statistical significance of differential
expression was determined using LIMMA [23]. The P-values
were adjusted using the Benjamini–Hochberg method to reduce
false discovery rates. An adjusted P-value cut-off of 0.05 and log
fold-change cut-off (LOGFC)�1 or �− 1 were used to derive
the complete gene lists for all conditions. Further analysis to
determine the genes regulated by STAT3 spliceform expression
in iSTAT3α and/or iSTAT3β MEFs, but not regulated as a
consequence of parallel signalling events (e.g. MAPK activation),
was performed by comparing gene sets with that derived from
Stat3− / − MEFs. Thus genes also recorded in the Stat3− / −

MEFs were removed to create the gene lists presented. GO
(gene ontology) analysis on these lists was then carried out
by performing functional annotations of genes using DAVID
Bioinformatics [24,25] and further grouped into their parent GO
term using CateGOrizer [26].

Validation of microarray results with quantitative real-time PCR

Total RNA was reverse transcribed to cDNA using RT High Ca-
pacity kit (Applied Biosystems) according to the manufacturer’s
protocols. Quantitative real-time TaqMan® PCR was performed
using 50 ng of cDNA in a 20 μl reaction volume containing
TaqMan® Gene Expression Master Mix and a specific TaqMan®

Gene Expression Assay (AssayIDs: Aim2, Mm01295719_m1;
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Cxcl10, Mm00445231_m1; Ifi44, Mm00505670_m1;
Crip1, Mm01740674_g1; Plce1, Mm00457691_m1; Il18,
Mm00434225_m1; Adamts9, Mm00614433_m1; Cdh11,
Mm00515466_m1; Ilk, Mm00439671_g1) by Applied
Biosystems. Amplification of cDNA was carried out in a 48-well
Step One real-time PCR system (Applied Biosystems) using the
PCR conditions as follows: 2 min at 50 ◦C and 10 min at 95 ◦C,
followed by 40 cycles of 15 s at 95 ◦C and 1 min at 60 ◦C. The data
were normalized to β-actin (AssayID: Actb, Mm00607939_s1)
in the respective samples and data quantification was carried out
using the 2−��CT method and expressed as a log2 fold change
which is equivalent to the microarray LOGFC. Quantification
was performed on three independent occasions.

Statistical analysis

Statistical analysis was carried out using Graphpad Prism 5
software. Data comparisons between WT MEFs and iSTAT3α
or iSTAT3β MEFs under OSM stimulation for the corresponding
timepoints were performed using an unpaired Student’s t test. All
values are shown as means +− S.E.M., with P<0.05 considered
statistically significant.

RESULTS

Different nuclear retention of the STAT3 spliceforms STAT3α and
STAT3β following cytokine stimulation

Two STAT3 proteins, STAT3α and the shorter STAT3β isoform
that differ only in the C-terminal sequence of their transactivation
domains, arise from alternative splicing during the transcription
of the STAT3 gene (Figure 1A). To extend the studies addressing
the isoform-specific roles of these proteins [12–17], we initially
assessed their nucleocytoplasmic trafficking in the absence and
presence of cytokine stimulation. AD293 cells were transiently
transfected to express N-terminal FLAG-tagged STAT3α and
STAT3β and then stimulated with OSM, a member of the
IL-6 cytokine family. Immunostaining using the anti-FLAG
antibody (Figure 1B) together with routine staining of cell
nuclei with DAPI (results not shown), followed by CLSM,
showed that FLAG–STAT3α was largely cytosolic under basal
conditions, but predominantly nuclear following 15 min of OSM
stimulation (Figure 1B, upper panels). A comparable increase in
nuclear localization of FLAG–STAT3β was observed following
15 min of OSM treatment, but strikingly FLAG–STAT3α
showed cytoplasmic localization following 60 min of OSM
treatment, whereas FLAG–STAT3β remained predominantly
nuclear (Figure 1B, lower panels). Subcellular fractionation
has also been used to evaluate nuclear retention of active
STAT3, although the proportions of nuclear STAT3 observed
in this approach can be somewhat lower than observed in
CLSM/immunostaining experiments [27]. Our fractionation
studies, with nuclear/cytosolic separation confirmed by detection
of PARP [poly(ADP-ribose) polymerase; nucleus] and α-tubulin
(cytosol) showed the sustained nuclear retention of FLAG–
STAT3β over the 60 min of OSM treatment (Supplementary Fig-
ure S1A at http://www.BiochemJ.org/bj/447/bj4470125add.htm).
Furthermore, using CLSM visualization of FLAG–STAT3
proteins in transfected COS1 cells, we observed greater nuclear
retention of FLAG–STAT3β than of FLAG–STAT3α over
120 min of OSM stimulation as shown by the co-localization
with DAPI staining (Supplementary Figures S1B and S1C). Thus,
despite sharing 93% identity (100 % identity within the N-
terminal 715 amino acids), STAT3α and STAT3β show markedly
different nuclear retention times following cytokine stimulation.

The kinetics of nuclear translocation and retention were further
investigated for STAT3 mutants. Specifically, mutation of STAT3
Tyr705 abolishes the tyrosine phosphorylation considered essential
for its nuclear translocation under cytokine-stimulated conditions,
whereas mutation of Arg609 disrupts the phosphotyrosine binding
of the SH2 domain of STAT3 [28,29]. Analysis of the Y705F or
R609L mutants of FLAG-tagged STAT3α and STAT3β showed
no changes in subcellular localization upon OSM stimulation,
consistent with the requirement for Tyr705 phosphorylation and a
functional SH2 domain for cytokine-stimulated changes of either
spliceform (Figures 1C and 1D).

Enhanced Tyr705 phosphorylation and nuclear retention of STAT3β

following cytokine stimulation

To assess the Tyr705 phosphorylation of the different STAT3
spliceforms, we used lentiviral transduction [19] to produce stable
cell lines in a Stat3− / − MEF [15] background with 4-HT-inducible
expression of either STAT3α or STAT3β. The key elements of
the viral constructs are shown in Figure 2(A). Of importance,
under basal conditions, the transcription activator VP16 (viral
protein 16) fused to the substrate-binding portion of the oestrogen
receptor (GAL4–ERt2–VP16) would be sequestered by cytosolic
Hsp90 (heat-shock protein of 90 kDa) in cells expressing these
constructs and thus unable to activate the expression of specific
STAT3 proteins. However, upon incubation with the oestrogen
receptor ligand 4-HT, competitive binding of 4-HT to the GAL4–
ERt2–VP16 protein dissociates Hsp90 to allow the expression of
either STAT3α or STAT3β by these constructs. 4-HT-inducible
expression of either FLAG–STAT3α or FLAG–STAT3β in these
cell lines (iSTAT3α and iSTAT3β respectively) was confirmed by
immunoblotting alongside the detection of endogenous STAT3 in
WT MEFs (Figure 2B). Our expression of each STAT3 spliceform
was at a comparable level, thus allowing our direct comparison
of their functional effects and biochemical actions attributable to
their different C-terminal sequences without confounding effects
of different levels of expression.

Analysis of iSTAT3α and iSTAT3β MEFs by CLSM after
immunostaining for the FLAG epitope and DAPI staining of
cell nuclei showed the dominance of nuclear STAT3 following
15 min of OSM treatment, with an ensuing rapid loss of
FLAG–STAT3α from the nucleus but nuclear retention of FLAG–
STAT3β by 60 min of OSM treatment (Figure 2C, left-hand
panels, and Supplementary Figure S2A at http://www.BiochemJ.
org/bj/447/bj4470125add.htm for the DAPI, FLAG and overlay
images). This is consistent with the observations in transiently
transfected AD293 and COS1 cells (Figure 1B and Supplementary
Figures S1B and S1C respectively). Quantitative analysis of the
relative levels of FLAG–STAT3 protein in the nucleus and in
the cytosol, expressed in terms of the nuclear to cytoplasmic
ratio (Fn/Fc) for FLAG staining, confirmed the transient nuclear
retention of FLAG–STAT3α following OSM treatment together
with the sustained retention of FLAG–STAT3β in the nucleus
under these conditions (Figure 2C, right-hand panel). In addition,
this analysis showed a statistically significantly higher retention
of STAT3β under basal non cytokine-stimulated conditions.

In the absence of endogenous STAT3 in this system, the
kinetics of Tyr705 phosphorylation of FLAG–STAT3α or FLAG–
STAT3β could also be defined. This indicated a higher basal
Tyr705 phosphorylation for FLAG–STAT3β (Figure 2D, and
Supplementary Figure S2B that shows a longer exposure for the
pTyr705 STAT3 immunoblot) consistent with the enhanced basal
nuclear retention of FLAG–STAT3β as noted earlier (Figure 2C).
Further analysis following cytokine treatment showed prolonged
FLAG–STAT3β Tyr705 phosphorylation over the 60 min period
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Figure 2 Absence of STAT3β leads to a lower and more transient STAT3α Tyr705 phosphorylation and nucleocytoplasmic trafficking

(A) Schematic diagram of the lentiviral system used to drive the 4-HT-inducible expression of either STAT3α or STAT3β in Stat3− / − MEFs, thus creating iSTAT3α and iSTAT3β MEF lines. (B)
Lysates of WT, iSTAT3α and iSTAT3β MEFs treated with or without 4-HT (1 nM) were immunoblotted for STAT3 proteins using anti-STAT3 antibody. Immunoblotting with an α-tubulin antibody was
used to indicate equivalent level of protein loading. (C) WT and 4-HT (1 nM)-treated iSTAT3α and iSTAT3β MEFs were stimulated with OSM (10 ng/ml) for 0, 15 or 60 min before immunofluorescence
analysis using the anti-FLAG antibody (left-hand panels). Image analysis and quantification was carried out using ImageJ software to determine the nuclear fluorescence (Fn) and cytoplasmic
fluorescence (Fc) corrected for background for cells taken from ten different fields and averaged for each time point for three independent experiments (right-hand panel). Results were calculated as
the Fn/c ratio. The histogram shows the mean +− S.E.M. Asterisks indicate values that are statistically significant when compared with the WT cells (**P � 0.001). (D) WT and 4-HT (1 nM) treated
iSTAT3 MEFs (iSTAT3α and iSTAT3β) were stimulated with OSM (10 ng/ml) for 0, 15 and 60 min. Cell lysates were collected and immunoblot analysis was carried out using anti-phospho-STAT3
Tyr705 (pY705) antibody for activated STAT3 proteins, anti-STAT3 antibody to indicate total STAT3 protein levels, as well as anti-gp130 and anti-α-tubulin antibodies to indicate equivalent protein
loading. (E) WT and 4-HT (1 nM)-treated iSTAT3α and iSTAT3β MEFs were stimulated with OSM (10 ng/ml) for 0, 15 or 60 min and stained with anti-phospho-STAT3 Tyr705 antibody (left-hand
panels). The phospho-STAT3 Fn/Fc ratio was calculated as above (right-hand panel), and the histogram shows the mean +− S.E.M. Asterisks indicate values that are statistically significant when
compared with the WT cells (*P � 0.05; **P � 0.001).

examined, in contrast with transient Tyr705 phosphorylation of
FLAG–STAT3α (Figure 2D). Furthermore, a strikingly lower
level of STAT3α Tyr705 phosphorylation in the absence of
endogenous STAT3β was consistently observed across multiple
independent experiments, including in MEFs independently
virally transduced with inducible Myc-epitope-tagged STAT3α
expression constructs (I.H.W. Ng, unpublished work).

We analysed the nuclear retention of phospho-Tyr705 STAT3 in
WT MEFs, noting the intense nuclear phospho-STAT3 detected at
15 min of OSM stimulation, but the continued detection of nuclear
phospho-STAT3 following 60 min of OSM stimulation (Figure 2E
and Supplementary Figure S2C for DAPI and phospho-STAT3
detection). Analysis of the nuclear retention of phospho-STAT3α
or -STAT3β in iSTAT3α or iSTAT3β was undertaken in parallel
by co-staining the cells examined in Figure 2(C) for phospho-
STAT3 localization. This analysis further confirmed a rapid loss
of phospho-STAT3α from the nucleus and prolonged nuclear
retention of phospho-STAT3β (Figure 2E, left-hand panels, and
Supplementary Figure S2A for the DAPI, FLAG, phospho-STAT3
and overlay images).

Quantitative analysis of the fluorescence intensities (Figure 2E,
right-hand panel) indicated that the nuclear levels of phospho-
STAT3 were highest at 15 min post-activation with OSM in all

cases in WT, iSTAT3α and iSTAT3β MEFs, and declined rapidly
in the case of iSTAT3α MEFs. In contrast, both WT and iSTAT3β
MEFs showed prolonged levels of nuclear retention of phospho-
STAT3 at 60 min post-treatment with OSM. Furthermore, under
basal non-cytokine-stimulated conditions, the levels of phospho-
STAT3 detected in iSTAT3α MEFs were significantly lower than
in WT MEFs, whereas the levels of nuclear phospho-STAT3 in
iSTAT3β MEFs were significantly higher. These results show
the prolonged activation/phosphorylation and nuclear retention of
STAT3β when compared with STAT3α, but also suggest a cross-
regulation by STAT3β to sustain STAT3α Tyr705 phosphorylation
and nuclear retention.

Prolonged STAT3α Tyr705 phosphorylation in the presence of
STAT3β is dependent on a functional STAT3β SH2 domain

To test further the modulation of STAT3α Tyr705 phosphorylation
by STAT3β, iSTAT3α MEFs were transiently transfected
to co-express STAT3β in the presence of STAT3α. The
reconstitution of STAT3β into iSTAT3α MEFs, albeit with
an overexpression of STAT3β to higher levels than usually
observed in the WT cells, led to increased STAT3α Tyr705
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Figure 3 Expression of STAT3β up-regulates and prolongs STAT3α Tyr705

phosphorylation

(A) Protein lysates were prepared from iSTAT3α MEFs transiently transfected with empty FLAG
vector or FLAG–STAT3β and stimulated with OSM (10 ng/ml) for 0, 15, 60 or 120 min. Lysates
were immunoblotted with anti-STAT3 antibody as an indicator of total STAT3 proteins and
anti-phosopho-STAT3 Tyr705 (pY705) antibody for activated STAT3 proteins. α-Tubulin was
blotted to indicate an equivalent level of protein loading. (B) Densitometry analysis of Tyr705

phospho-STAT3α bands from immunoblots (n = 3) was carried out using ImageJ software.
The histogram shows the mean levels of pSTAT3α +− S.E.M. Asterisks indicate values that are
statistically significant when compared with the control bands of corresponding time point
(*P � 0.01; **P � 0.001).

phosphorylation following OSM stimulation over the 15–120
min period examined, as seen by immunoblot analysis
(Figure 3A) and confirmed by quantitative analyses over
three independent experiments (Figure 3B). Similarly, ectopic
expression of high levels of STAT3β in COS1 cells led to
a prolonged STAT3α Tyr705 phosphorylation up to 120 min
as shown by immunoblotting and subsequent quantification
in three independent experiments (Supplementary Figure S3
at http://www.BiochemJ.org/bj/447/bj4470125add.htm). These
results confirm an action of these high levels of STAT3β to
cross-regulate STAT3α phosphorylation and nuclear retention,
and so complement our observations (Figure 2) that an absence
of STAT3β decreases phosphorylation and nuclear retention of
STAT3α.

To examine further how STAT3β cross-regulates STAT3α
phosphorylation, STAT3 heterodimer formation was demon-
strated in co-immunoprecipitation experiments of epitope-tagged
STAT3 isoforms ectopically expressed in transfected AD293
cells following 15 min of OSM treatment (Figure 4A). To
evaluate a requirement for heterodimerization of the STAT3
isoforms in this novel cross-regulation mechanism, we evaluated
a STAT3β R609L SH2 domain mutant that we demonstrated
was not phosphorylated on Tyr705 following OSM stimulation
(Figure 4B). In comparing the effect of STAT3β R609L with
that of WT STAT3β in the iSTAT3α MEF cell system, we
demonstrated that the STAT3β R609L mutant derivative could
not prolong phosphorylation of STAT3α in the iSTAT3α MEFs
(Figure 4C) when compared with the demonstrated actions of

Figure 4 A functional SH2 domain is required for Tyr705 phosphorylation
and dimerization of STAT3 proteins

(A) AD293 cells were co-transfected with the following combinations and exposed for 15 min
to OSM (10 ng/ml): FLAG–STAT3α with empty Myc vector, FLAG–STAT3β with empty Myc
vector, FLAG–STAT3α with Myc–STAT3α, FLAG–STAT3β with Myc–STAT3α, FLAG–STAT3α
with Myc–STAT3β or FLAG–STAT3β with Myc–STAT3β . Cell lysates were immunoprecipitated
(IP) with anti-Myc antibody and immunoblotted (WB) with anti-FLAG and anti-Myc antibodies
to detect homo- and hetero-dimerization of STAT3α and STAT3β . (B) 4-HT (1 nM)-treated WT,
iSTAT3β and iSTAT3β R609L mutant MEFs stimulated with OSM (10 ng/ml) for 0, 15, 60 or
120 min were immunoblotted for total STAT3 proteins and phospho-STAT3 Tyr705 (pY705) for
activated STAT3 proteins. (C) iSTAT3α MEFs transiently expressing FLAG–STAT3β R609L were
stimulated with OSM (10 ng/ml) for 0, 15, 60 or 120 min and immunoblotted for total STAT3
proteins and phospho-STAT3 Tyr705. α-Tubulin was blotted to indicate an equivalent level of
protein in each loaded sample.

WT STAT3β (Figure 3). The results indicate the requirement
for a functional SH2 domain of STAT3β in the cross-regulation
of phosphorylation of STAT3α, consistent with the effects of
STAT3β on STAT3α being dependent on STAT3 dimerization
and/or phosphorylation.

Transcriptional profiling reveals STAT3β-dependent gene
expression changes under basal and cytokine-stimulated
conditions

To extend these biochemical analyses to the biological
consequences of altered nuclear retention, we conducted
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Table 1 Summary of OSM-stimulated gene changes in WT MEFs defined as STAT3-dependent by comparisons with changes in OSM-stimulated (30 min)
Stat3 − / − MEFs, recapitulated by the OSM stimulation (30 min) of Stat3 − / − MEFs re-expressing STAT3α or STAT3β for 48 h

Common gene expression changes (shared by OSM-stimulated iSTAT3α and iSTAT3β) Gene expression changes re-established by STAT3α Gene expression changes re-established by STAT3β

↑ by STAT3α/β ↓ by STAT3α/β ↑ by STAT3α ↓ by STAT3α ↑ by STAT3β ↓ by STAT3β

12 34 25 12 5 12

C3 0610010O12Rik Fam180a Podxl Abcb1b Gm8773 2810047C21Rik1 Aspa Ak3l1
Ccl2 2610018G03Rik Fam184a Prg4 Acta2 H2-K1 Adamts3 Cacna2d1 Atp11c
Gstm5 2900062L11Rik Fhl1 Prss12 Adamts9 H2-M2 Akr1c18 Gbp4 Ccdc112
Gyg 4930506M07Rik Foxr2 Rex2 Casp4 Osmr Fgfbp1 Gm7669 Chchd7
Ifitm3 Akr1c13 Il18 Sema3d Ccl9 Rnd1 Gpm6a Phlda1 Elovl7
Igf1 Armcx1 Macc1 Sorcs1 Cdh11 Saa3 Itih2 Gja1
Igfbp7 Atp8a1 Mpp7 Tmem108 Cxcl12 Slc43a3 Pde3b Gm447
Il1r1 Car9 Muc16 Trf Cyp1b1 Steap1 Ppargc1a Peg10
Myc Cldn15 Nt5e Upk3b Cyr61 Tagln2 Sepp1 Rbm28
Sh3kbp1 Crip1 Nxt2 Vmn2r50 Ddah1 Tmem176a Vmn2r43 Rcan2
Tmem140 Cysltr1 Plce1 Ecscr Tmem176b Zfp772 Tmod2
Tnc Efemp1 Plxdc2 Enpp2 Tmem88 Zic1 Upk1b

Fn1

transcriptional profiling to define the transcriptional roles for
the STAT3 spliceforms. All mRNA samples were prepared on
three independent occasions from the different MEF lines, under
basal conditions or following cytokine stimulation, as indicated.
All samples were subjected to gene microarray analysis using
Affymetrix GeneChip mouse gene 1.0 ST arrays. With the analysis
of these samples, a statistical significance cut-off was set at
P < 0.05, then a list of genes with a LOGFC of �− 1 and �1
(i.e. a 2-fold decrease or increase in expression upon STAT3 re-
expression) was recorded.

We first examined the impact of re-expression and cytokine-
stimulated activation of STAT3 spliceforms in the Stat3− / −

background by comparison with the transcriptional changes noted
for WT MEFs under these same conditions. This analysis reveals
the extent of reconstitution possible in this system in which the
STAT3 spliceforms are only re-expressed for 2 days prior to their
activation and analysis for their transcriptional roles. Thus, in this
analysis, all genes altered in expression in a STAT3-dependent
fashion were derived from the comparison with the Stat3− / −

cells that had also been stimulated with OSM for 30 min. In
this system, 219 genes changed in expression in WT MEFs when
compared with Stat3− / − MEFs under the conditions of 30 min
of OSM stimulation. Notably, and as presented in Table 1, 46 of
these genes were regulated at this level of statistical significance
upon re-expression of STAT3α or STAT3β and stimulation with
OSM. Furthermore, an additional 37 were regulated by STAT3α
re-expression and OSM stimulation and an additional 17 were
regulated by STAT3β re-expression and OSM stimulation. Thus
a large group of genes regulated in OSM-stimulated WT cells were
accounted at this high level of statistical confidence by STAT3α
or STAT3β re-expression and cytokine stimulation. These results
provide evidence that the reconstitution with STAT3 spliceforms
provides a robust and physiologically relevant system to define
transcriptional consequences of these STAT3 proteins.

Prompted by the different nuclear levels of STAT3 proteins
under basal conditions (Figure 2C and Figure 2E), we next
explored how the reconstitution of the Stat3− / − MEFs with
either isoform would impact on gene expression as an indication
of the basal activities of STAT3α or STAT3β. Validation of
gene expression changes was undertaken for selected genes
using quantitative real-time PCR, confirming the actions of
STAT3 spliceform expression to result in common as well
as unique changes in gene expression (Supplementary Figure
S4 at http://www.BiochemJ.org/bj/447/bj4470125add.htm). The

profiling results, summarized diagrammatically in Figure 5(A),
indicate the large number of gene expression changes, either
unique for re-expression of STAT3α (651 genes with statistically
significant changes), unique for STAT3β (1331 genes with
statistically significant changes), or shared between STAT3α
and STAT3β (506 genes with statistically significant changes).
Notably, grouping of the gene expression changes by up-
regulation (LOGFC of �1) or down-regulation (LOGFC of �− 1)
emphasized the large number of genes up-regulated specifically
by STAT3β (1141 genes) when compared with those up-regulated
specifically by STAT3α (125 genes) or shared by STAT3α and
STAT3β (307 genes) under these basal conditions (Figure 5B).
Thus, for STAT3β re-expression, the number of genes up-
regulated (1141 genes in iSTAT3β only) was 6-fold greater than
the numbers down-regulated (190 genes in iSTAT3β only).

In examining the likely biological significance of these
gene expression changes under basal non-cytokine stimulated
conditions further, GO analyses using the online tools DAVID
Bioinformatics [24,25] and CateGOrizer [26] revealed large
numbers of STAT3β-regulated genes involved in metabolism,
protein metabolism (including transcription and translation),
transport, cell organization and biogenesis (Table 2). To define
whether any of these changes in gene expression may also
underlie a capacity of STAT3β to cross-regulate STAT3α
phosphorylation and nuclear retention, we specifically searched
the genes in the GO categories of transport (Supplementary
Table S1 at http://www.BiochemJ.org/bj/447/bj4470125add.htm)
and signal transduction (Supplementary Table S2 at http://
www.BiochemJ.org/bj/447/bj4470125add.htm) for regulators of
STAT3 activation; however, these gene lists do not reveal any
statistically significant changes in known STAT3 regulators
following STAT3β re-expression in this system. Although there
may be additional undescribed regulators of STAT3 within the
gene lists examined, our results further emphasize the likely
direct actions of STAT3β on STAT3α via heterodimer formation
rather than indirect actions through downstream transcriptional
differences.

We finally examined the gene expression outcomes following
cytokine stimulation (OSM 3 h). This has allowed our assessment
of the impact of the different STAT3 spliceforms, with different
nuclear retention times after activation, on gene expression
profiles following exposure to cytokine. All samples, again
prepared in triplicate, were subjected to gene microarray analysis
using AffymetrixGeneChip mouse gene 1.0 ST arrays and a
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Figure 5 Different transcriptional changes following reconstitution of
STAT3α or STAT3β in Stat3− / − MEF cells

(A) Analysis of basal-regulated gene expression following re-expression of the STAT3
spliceforms in iSTAT3α and iSTAT3β MEFs. The Venn diagram illustrates the numbers of gene
changes recorded to be statistically significant (P � 0.05 and a LOGFC of �1 or �− 1) in
iSTAT3α and iSTAT3β MEFs when compared with Stat3− / − MEFs. (B) The histogram shows the
number of genes that are up-regulated (grey bars) or down-regulated (black bars) in the respective
iSTAT3α and iSTAT3β MEFs. The numbers of regulated genes shared by iSTAT3α and iSTAT3β
are indicated. (C) Analysis of OSM-stimulated gene expression following re-expression of the
STAT3 spliceforms in iSTAT3α and iSTAT3β MEFs. The Venn diagram illustrates the numbers
of gene changes recorded to be statistically significant (P � 0.05 and a LOGFC of �1 or
�− 1) in OSM-stimulated iSTAT3α and iSTAT3β MEFs when compared with OSM-stimulated
STAT3 − / − MEF cells when assessed 48 h after induction of STAT3 spliceform expression
and following 3 h of OSM stimulation. (D) The histogram shows the number of genes that
are up-regulated (grey bars) or down-regulated (black bars) in the respective OSM-stimulated
iSTAT3α and iSTAT3β MEFs. The numbers of regulated genes shared by iSTAT3α and iSTAT3β
following OSM stimulation are indicated.

statistical significance cut-off was set at P < 0.05 and list of
genes with a LOGFC of �− 1 and �1 (i.e. a 2-fold decrease
or increase in expression upon OSM exposure) were recorded.
These results, summarized in Figure 5(C), indicate 501 gene
changes (418 down-regulated, i.e. 354 unique plus 64 shared
down-regulated changes) in iSTAT3β MEFs, twice as many in
iSTAT3α MEFs (256 genes, 235 down-regulated, i.e. 171 unique
plus 64 shared down-regulated changes); an implication being that
the longer nuclear retention time for activated phospho-STAT3β,
when STAT3β is expressed at levels comparable with that of
STAT3α, has a greater impact on transcription. Significantly,
69 of these gene changes (i.e. 64 down-regulated plus five up-

Table 2 Summary of the GO terms of genes in MEFs re-expressing either
STAT3α or STAT3β spliceforms

GO term Common iSTAT3α iSTAT3β

Metabolism 56 140 394
Developmental processes 31 3 57
Cell organization and biogenesis 32 46 113
Transport 15 24 124
Protein metabolism 3 65 161
Stress response 36 9 40
Signal transduction 25 30 58
Cell death 21 – 28
Cell proliferation 24 22 54
RNA metabolism 11 21 37
Cell cycle 11 29 63
DNA metabolism 11 10 40
Cell adhesion 6 – –
Cell–cell signalling – – 3

regulated) were shared between the STAT3 isoforms, with twice
as many gene changes (432 genes) unique to iSTAT3β MEFs
when compared with iSTAT3α MEFs (187 unique changes).
Although many of the genes observed to change were down-
regulated, 78 genes were increased in expression in cytokine-
stimulated iSTAT3β MEFs. This compared with only 16 up-
regulated in cytokine-stimulated iSTAT3α MEFs. These results
clearly illustrate that the effects of STAT3β on transcription in
response to cytokine exposure are not restricted to transcriptional
repression, and conversely that the effects of STAT3α are not
dominated by increased gene expression under these conditions of
analysis. Taken together, these results emphasize the differences
in gene expression profiles that result from activation of STAT3α
or STAT3β, when expressed at comparable levels, in response to
cytokine stimulation.

Classification by GO terms was undertaken for the genes
altered following cytokine exposure (Table 3). An evaluation
to parallel those in Supplementary Tables S1 and S2 included
evaluation of the GO terms transport (Supplementary Table
S3 at http://www.BiochemJ.org/bj/447/bj4470125add.htm) and
signal transduction (Supplementary Table S4 at http://www.
BiochemJ.org/bj/447/bj4470125add.htm). When comparing the
transport gene sets between basal and 3 h of OSM stimulation
(Supplementary Table S1 compared with Supplementary Table
S3), four genes (Atp5d, Atp6v0b, Ipo9 and Tnpo2) in iSTAT3β
MEFs appeared in both sets, whereas the gene sets for iSTAT3α
did not overlap. Further consideration of the GO lists showed
the dominance of STAT3β to regulate genes classified in the GO
term of developmental processes, with 39 genes (Supplementary
Table S5 at http://www.BiochemJ.org/bj/447/bj4470125add.htm)
altered in expression in iSTAT3β MEFs, but no genes
in this GO category altered in iSTAT3α MEFs. Similarly, in
the GO term cell adhesion, three genes (Thbs1, Fbln2 and Cyr61)
were regulated exclusively in the iSTAT3β MEFs. These group-
ings contrasted with the genes classified in the GO term protein
metabolism (Supplementary Table S6 at http://www.BiochemJ.
org/bj/447/bj4470125add.htm) with regulation in iSTAT3α or
iSTAT3β or shared in both iSTAT3α and iSTAT3β MEFs.
Furthermore, some GO terms showed changes in iSTAT3α and
iSTAT3β MEFs only, such as transport (Supplementary Table
S3), cell organization and biogenesis (Supplementary Table S7
at http://www.BiochemJ.org/bj/447/bj4470125add.htm) or cell
proliferation (Supplementary Table S8 at http://www.BiochemJ.
org/bj/447/bj4470125add.htm). Conversely, some GO terms
were restricted to iSTAT3α MEFs, such as cell cycle
(Supplementary Table S9 at http://www.BiochemJ.org/bj/447/
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Table 3 Summary of the GO terms of genes regulated after 3 h of OSM
treatment of MEFs re-expressing either STAT3α or STAT3β spliceforms

GO term Common iSTAT3α iSTAT3β

Metabolism 30 60 110
Developmental processes – – 39
Cell organization and biogenesis – 8 26
Transport – 16 11
Protein metabolism 15 21 47
Stress response 5 – –
Signal transduction 3 – 6
Cell proliferation – 6 20
RNA metabolism – 16 –
Cell cycle – 10 –
Cell adhesion – – 3

bj4470125add.htm). This analysis clearly highlights numerous
genes regulated by both STAT3α and STAT3β during cytokine
stimulation, but also changes unique to either iSTAT3α or
iSTAT3β. Thus there is both functional overlap as well as unique
roles for these two different STAT3 spliceforms.

DISCUSSION

STAT3α, the predominant STAT3 spliceform in many cell types,
typically shows rapid phosphorylation and nuclear translocation
following cytokine stimulation [10]. Although the biological
functions of the STAT3 spliceforms have remained a subject of
debate since their initial description [10,11], their activation by the
same cytokine stimuli and JAK-mediated Tyr705 phosphorylation
enhancing their nuclear import is consistent with their identical
regulatory regions, including the coiled-coiled and SH2 domains
[30,31]. The present study shows that the different C-terminal
domain sequences of the STAT3 spliceforms markedly prolong
STAT3β Tyr705 phosphorylation and nuclear retention following
OSM treatment when compared with STAT3α under the same
cytokine-stimulated conditions. This is consistent with an earlier
report of nuclear retention of STAT3β following cell exposure to
IL-6 [32]. Importantly, the present study documents the actions
of STAT3β to influence STAT3α phosphorylation and nuclear
retention. Specifically, in the presence of cytokine stimulation,
and dependent on heterodimer formation with STAT3β, the
phosphorylation and nuclear retention of STAT3α can be
prolonged to more closely resemble that of STAT3β. Furthermore,
our transcriptional profiling results comparing gene expression
changes driven by comparable levels of the different STAT3
spliceforms have revealed a greater number of genes regulated
by STAT3β under both basal and cytokine-stimulated conditions
when compared with the numbers of genes regulated by STAT3α
under the same conditions. Taken together, our results highlight
that STAT3β is a potent transcriptional regulator with sustained
nuclear retention and is also able to cross-regulate/enhance the
transcriptional activity of STAT3α.

The prolonged phosphorylation of STAT3β Tyr705 may be
a result of different recognition by tyrosine phosphatases that
normally target STAT3α. Thus the dephosphorylation of either
spliceform of STAT3 in the nucleus would be expected to be
a crucial regulatory step prior to its CRM1-mediated nuclear
export [32]. On the basis of experiments using WT and TC45− / −

cells, the nuclear tyrosine phosphatase TC45 has been implicated
in the dephosphorylation of STAT3 Tyr705 [33]. Supporting this, a
combination of results from binding assays using a catalytically
inactive TC45 mutant and deletion studies of STAT3α indicated an

interaction between the C-terminal domain of STAT3α and TC45
[34]. Thus an absence of this interaction of TC45 with STAT3β
due its different STAT3β C-terminal sequence may contribute
to the prolonged Tyr705 phosphorylation and nuclear retention
of STAT3β. However, in exploring this possible mechanism,
we were able to co-immunoprecipitate epitope-tagged TC45
with STAT3α or STAT3β, demonstrating that either isoform can
interact with TC45 (I.H.W. Ng, unpublished work). Furthermore,
we demonstrated that the overexpression of catalytically inactive
TC45 or the use of TC45 siRNA (small interfering RNA)
that depleted TC45 protein levels by >70% could not
prolong STAT3α Tyr705 phosphorylation after cytokine treatment
of iSTAT3α MEFs (I.H.W. Ng, unpublished work). This lack of
effect may reflect a redundancy of actions of the tyrosine
phosphatases targeting STAT3 as the combined knockdown of
TC45 in combination with the cytoplasmic tyrosine phosphatases
SHP1 (SH2 domain-containing protein tyrosine phosphatase 1)
[35,36] and SHP2 [37,38] has also been shown more recently to
be insufficient in prolonging STAT3 phosphorylation [39]. Thus
negative regulation of STAT3 is more complex than originally
anticipated and further work is needed to define the repertoire
of tyrosine phosphatases targeting the STAT3 spliceforms, and in
particular to identify phosphatases capable of targeting STAT3α
but that are not able to dephosphorylate nuclear phospho-STAT3β.

An unanticipated observation in our present study was the
modulation of STAT3α phosphorylation by the presence of
STAT3β. In initial studies in Stat3β − / − MEFs, no changes
in STAT3α phosphorylation in the absence of STAT3β were
observed [15]. Possible reasons for the differences between those
results and our studies in the iSTAT3α cells could include the
differences in the experimental systems employed, particularly
our use of FLAG-tagged STAT3 constructs and the expression
levels of the STAT3 isoforms achieved in our lentivirus-based
inducible expression system, rather than endogenous levels of
the STAT3 isoforms. Indeed, others have also concluded that
there were no noticeable changes in STAT3α regulation in the
absence of STAT3β (i.e. in Stat3β − / − MEFs) following cytokine
stimulation [16]. However, direct side-by-side comparisons of
STAT3α phosphorylation in Stat3β − / − , Stat3β + / − or Stat3β + / +

cells were not presented in those studies and the loss of STAT3
DNA binding or STAT3 reporter gene activity appeared to be
greater than could be anticipated based solely on the ratios of
STAT3α/STAT3β in WT cells [16]. Importantly, the cellular
context may also be a critical factor in determining the extent of
cross-regulation of the STAT3 spliceforms. For example, although
lipopolysaccharide-modulation of hepatic STAT3α in the absence
of STAT3β was reported to be unperturbed, levels of STAT3α
phospho-Tyr705 were lower at the 1.5 h and 6 h timepoints of
treatment in the absence of STAT3β [15]. These observations
indicate that the effects of the loss of STAT3β on STAT3α
regulation are further supported by a study in liver showing that the
adenoviral delivery of STAT3β, followed by cytokine stimulation
with IL-6, potentiates phosphorylation of STAT3α [40].

As there has been increasing evidence of basal nucleocyto-
plasmic shuttling of STAT3 [6,41–43], and that basal STAT3 has
been shown to have transcriptional activity under basal conditions
[44,45], we explored whether this phenomenon of cross-
regulation could be attributed to changes in expression of STAT3α
regulators when STAT3β is present. In profiling the transcriptional
consequences of re-expression of STAT3α or STAT3β in Stat3− / −

MEFs, our analysis revealed the range of gene expression changes
shared by these STAT3 isoforms, but also large sets of STAT3β-
specific differences under basal conditions. To our knowledge,
this is the first transcriptome profile for STAT3β in a Stat3− / −

background and highlights the importance of unphosphorylated
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STAT3β in the regulation of diverse subsets of genes. Importantly,
in the context of understanding cross-regulation mechanisms,
no known STAT3α regulators were identified in the genes
significantly altered in expression by STAT3β, thus suggesting
that the action of STAT3β to cross-regulate STAT3α is not
dependent on longer-term transcriptional events.

We therefore also explored the possibility of direct
cross-regulation mediated by a STAT3β–STAT3α interaction.
Dimerization between STAT3 proteins has been a prerequisite
for nuclear translocation upon activation and this interaction
occurs via its functional SH2 domain [28,29]. Previously, the
R609L mutation that disrupts the SH2 domain function of
STAT3 has only been made in the context of STAT3α, but its
expression in cells with endogenous STAT3α levels precluded
its detailed characterization of phosphorylation and nuclear
translocation kinetics [29]. As revealed in the present study,
STAT3β R609L could no longer up-regulate or prolong STAT3α
Tyr705 phosphorylation. Thus the regulation of STAT3α by
STAT3β appears to require a functional STAT3β SH2 domain
and/or the tyrosine phosphorylation of STAT3β.

In evaluating further the gene expression changes in the
Stat3− / − MEFs as driven uniquely by the re-expression
of STAT3β, we noted prominent representation of several
GO classes: metabolism (394 STAT3β-specific changes),
protein metabolism (161 STAT3β-specific changes), transport
(124 STAT3β-specific changes) as well as cell organization
and biogenesis (113 STAT3β-specific changes). Furthermore,
STAT3β re-expression was sufficient to change the expression for
genes for the GO class of cell death, but our statistical analyses
showed that no genes in this class were uniquely regulated by
STAT3α. These results thus highlight the large repertoire of
STAT3α- and STAT3β-dependent changes, and that the STAT3β-
dependent changes do not simply recapitulate the STAT3α-depen-
dent changes observed.

STAT3 transcriptional activity has been attributed to its
transactivation domain that binds transcription co-activators such
as p300 [46]. STAT3α and STAT3β would thus activate a
common subset of genes via their interaction with co-activators to
form enhanceosome complexes [47]. Alternatively, other shared
transcription factor partners, such as c-Jun, which can regulate
induction of the α2-macroglobulin promoter [48], may underpin
the regulation of genes targeted by either STAT3α or STAT3β.
However, the truncated transactivation domain of STAT3β has led
to the suggestion that STAT3β may lack transcriptional activity
and so act as a dominant-negative regulator of STAT3α [10]. Initial
support for this came with the repression and/or down-regulation
of a number of recognized STAT3α target genes when STAT3β
was overexpressed [10,48]. Furthermore, in COS cells,
STAT3β was unable to initiate a transcriptional response as
determined by luciferase reporter assay in cells expressing the
ICAM-1 (intercellular adhesion molecule 1) promoter [10], and
in cancer cells STAT3β suppressed the transformation activity
of STAT3α by repressing the expression of Bcl-xL, p21WAF/CIP1

and cyclin D1, leading to apoptosis and regression of the
cancer cells [49,50]. The ability of STAT3β to rescue STAT3− / −

embryonic lethality has clearly indicated that STAT3β can
perform at least some of the roles of STAT3α [15]. Furthermore,
STAT3β has been shown to initiate transcription of the p27Kip1

gene in myeloblastic cells [51], α1-anti-chymotrypsin and α2-
macroglobulin in hepatocytes [52], acute-phase genes in the liver
during inflammation [15], and so can act as an up-regulator of
transcription of specific gene sets.

The differences in gene expression profiles in the presence
of the different STAT3 spliceforms, but also following cell
exposure to cytokine, highlight further the remarkable spliceform-

dependent differences in gene expression. Thus both STAT3α
and STAT3β are transcriptional regulators following cytokine
stimulation, and STAT3β should not simply be viewed as a
repressor or negative regulator of gene transcription. Indeed,
although the established paradigms illustrate STAT3α as a
transcriptional activator, it is clear from previous studies that
STAT3α can also act as a negative regulator of its target gene
expression. Notably, STAT3 has been demonstrated to activate
or repress its direct target genes in NIH 3T3 cells, with OSM
treatment increasing six of 18 direct target genes specifically
tested, but decreasing expression of ten of these 18 direct target
genes [53]. Similarly, the STAT3-dependent repression of genes
has been shown to be critical for muscle cell differentiation [53].
These results are consistent with the association of STAT3 with
both active and inactive promoters in embryonic stem cells [54]
and the reported actions of STAT3 to down-regulate expression
of specific target genes, such as that recently described for the
negative growth regulator Necdin [55]. In addition to direct gene
regulatory mechanisms, increased attention should be directed to
more complex regulatory mechanisms, such as those requiring
STAT3-dependent up-regulation of microRNAs (such as miR-21
and miR-181b-1 [56]) that mediate repression of gene expression.

In conclusion, the present study reinforces the transcriptional
functions of STAT3β under basal conditions as well as its
direct actions to modulate STAT3α activation following cytokine
stimulation. These functions of STAT3β indicate its importance
as a modulator of gene expression in its own right, but also now
highlight the exciting possibility that an additional important
action of STAT3β may be in extending the activation kinetics
for STAT3α. Given the striking changes in the levels of STAT3α
and STAT3β noted during myeloid differentiation [12–14], and
the interest in the directed expression of STAT3β in the place
of STAT3α by manipulation of alternative splice regulation,
further exploration of these mechanisms of these differences and
transcription factor cross-regulation is clearly warranted.
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SUPPLEMENTARY ONLINE DATA
Selective STAT3-α or -β expression reveals spliceform-specific
phosphorylation kinetics, nuclear retention and distinct gene expression
outcomes
Ivan H. W. NG*†, Dominic C. H. NG*, David A. JANS† and Marie A. BOGOYEVITCH*1

*Department of Biochemistry and Molecular Biology, Bio21 Molecular Science and Biotechnology Institute, University of Melbourne, Victoria 3010, Australia, and †Department of
Biochemistry and Molecular Biology, Monash University, Victoria 3800, Australia

Figure S1 Confirmation of the different nucleocytoplasmic trafficking of
STAT3α and STAT3β spliceforms
(A) Cytosolic and nuclear protein fractions from subcellular fractionation of transiently
transfected FLAG–STAT3α and FLAG–STAT3β AD293 cells stimulated with OSM (10 ng/ml)
for 0, 15 or 60 min were immunoblotted with an anti-FLAG antibody to detect FLAG–STAT3
spliceform proteins. α-Tubulin was blotted to indicate cytosolic fractions and PARP [poly
(ADP-ribose) polymerase] to indicate nuclear fractions. Molecular masses are indicated on the
right-hand side in kDa. (B and C) Transiently transfected FLAG–STAT3α (B) and FLAG–STAT3β
(C) in COS1 cells were stimulated with OSM (10 ng/ml) for 0, 15, 60 or 120 min and stained
using anti-FLAG antibody (red) and co-stained with DAPI (blue) to indicate cell nuclei. Scale
bars represent 10 μm.

1 To whom correspondence should be addressed (email marieb@unimelb.edu.au).
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Figure S2 In the absence of STAT3β, STAT3α Tyr705 phosphorylation is lower and its nuclear retention is diminished

(A) 4-HT (1 nM)-treated iSTAT3α and iSTAT3β MEFs were stimulated with OSM (10 ng/ml) for 0, 15 or 60 min and stained with DAPI (blue), anti-FLAG antibody (green) and anti-phosopho-STAT3
Tyr705 antibody (pSTAT3; red). The bottom panels indicate overlay images. (B) WT and 4-HT (1 nM)-treated iSTAT3 MEFs (iSTAT3α and iSTAT3β) were stimulated with OSM (10 ng/ml) for 0, 15 or
60 min. Cell lysates were collected and immunoblot analysis was carried out using anti-phospho-STAT3 Tyr705 (pY705) antibody for activated STAT3 proteins, anti-STAT3 antibody to indicate total
STAT3 protein levels, as well as anti-gp130 and anti-α-tubulin antibodies to indicate equivalent protein loading as described for Figure 2 of the main text. All panels are the same as for Figure 2 of
the main text, with the additional longer (over)exposure of the phospho-Tyr705 immunoblot confirming the detection of basal levels of phospho-STAT3β in the absence of OSM stimulation. (C) WT
MEFs stimulated with OSM (10 ng/ml) for 0, 15 or 60 min were stained with DAPI (blue) and anti-phospho-STAT3 Tyr705 antibody (red). The bottom panels are overlay images.
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Figure S3 Overexpression of STAT3β cross-regulates endogenous STAT3α
in COS1 cells

COS1 cells transiently transfected with empty FLAG vector and FLAG–STAT3β were stimulated
with OSM (10 ng/ml) for 0, 15, 60 or 120 min and blotted with anti-STAT3 antibody as an indicator
of total STAT3 proteins and anti-phospho-STAT3 Tyr705 (pY705) antibody for activated STAT3
proteins. α-Tubulin was blotted to indicate equivalent levels of protein in each loaded sample.
Densitometry analyses of phospho-Tyr705 STAT3α bands from immunoblots (n = 3) were
carried out using ImageJ software. The histogram shows the mean levels of pSTAT3α+−S.E.M.
Asterisks indicated that values are statistically significant when compared with the control bands
at the corresponding time point (*P � 0.01; **P � 0.001).

Figure S4 Validation of transcriptional profiling results by expression
analysis of selected genes

Expression levels of selected gene targets were measured by quantitative real-time PCR in
iSTAT3α (open bars), iSTAT3β (grey bars) and Stat3− / − MEFs using β-actin as an endogenous
control and relative expression was normalized to STAT3− / − MEFs. The histogram shows the
means+−S.E.M. of three independent experiments carried out in triplicate. Asterisks indicate
that values are statistically significant when compared between iSTAT3α and iSTAT3β MEFs
(*P � 0.05; **P � 0.01; ***P � 0.001).
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Table S1 STAT3-regulated genes under basal conditions involved in GO term: transport

Common iSTAT3α iSTAT3β

Apol9a Cog5 Aaas Bcl2 Ipo9 Nup93 Slc7a1
Apol9b Exoc6 Abcc1 Cap1 Jak2 Pdpn Slc7a2
Atp10a Exoc6b Abcc5 Cav1 Jmjd6 Ppp3ca Snx12
Atp11c Fnbp1l Actn4 Cav2 Kif20a Rab11b Snx7
Atp8a1 Lrba Ankfy1 Clcn5 Kpnb1 Rab5b Snx9
Ftl2 Mertk Ap1s1 Clcn7 Lbp Rab5c Steap2
Gm2a Mudeng Ap1s2 Copz1 Lman2 Rab8a Stx5a
Hiat1 Myh10 Ap2a2 Copz2 Lrp1 Rabgef1 Stxbp1
Ly6e Rab5a Ap2m1 Coro1c Mcoln1 Rac1 Tbrg1
Pgap1 Scrn1 Ap2s1 Derl1 Mfsd1 Scyl1 Timm17a
Sfxn1 Slc17a5 Ap3d1 Dnm1 Mmgt1 Sec24c Timm50
Sigmar1 Slc2a6 Apbb2 Dnm2 Mon2 Sec61a1 Tnpo2
Slco2a1 Slc30a6 Arf1 Elmo1 Mrpl45 Slc12a2 Tomm5
Steap1 Slc35a5 Arf3 Ergic1 Mtx1 Slc16a1 Tpcn1
Trf Sort1 Atox1 Ergic3 Myl6 Slc24a3 Tram2

Spast Atp5a1 Fam125b Myo1C Slc25a11 Trappc3
Stx16 Atp5b Fnbp1 Napa Slc25a3 Trpc4ap
Stxbp3a Atp5d Fth1 Necap2 Slc25a30 Ucp2
Stxbp6 Atp5g2 Ftl1 Nfkbia Slc25a39 Ulk1
Vav3 Atp6ap1 Gdi1 Nnt Slc26a2 Vps25
Vps41 Atp6v0b Gipc1 Npc1 Slc30a4 Vps28
Vps4b Atp6v0c Gnpda1 Npc2 Slc36a1 Xpo6
Wdr19 Atp6v0d1 Gosr2 Nup188 Slc39a13 Ywhaz
Yes1 Atp6v1c1 Hephl1 Nup214 Slc39a6 Zdhhc3

Bcap31 Hspa9 Nup62 Slc5a3

Table S2 STAT3-regulated genes under basal conditions involved in GO
term: signal transduction

Common iSTAT3α iSTAT3β

Ccl2 Pml Arap2 Rasa2 Akt2 Hipk2 Rab11b
Ccnd1 Stat1 Atp2c1 Rasal2 Arf1 Iqgap1 Rab5b
Cx3cl1 Tom1l1 Azi2 Scai Arf3 Irak1 Rab5c
Ddit3 Vegfa Chuk Srpk2 Arhgap1 Jak2 Rab8a
Eif2ak2 Zcchc11 Fbxo8 Tbc1d19 Arhgdia Kitl Rac1
Eif4ebp1 Fgd6 Tbc1d8b Arl8a Klk1b4 Rapgef2
Epha2 Il1rl1 Tbck Axin1 Map2k3 Rhoc
Ereg Malt1 Tlr3 B230208H17Rik Mapk14 Rhod
Fgf5 Map2k5 Tlr4 Baiap2 Mapk3 Shc1
Figf Map2k6 Vav3 Bat2 Met Smad4
Flna Map3k5 Cav1 Mras Sqstm1
Flt4 Map4k3 Cd81 Myd88 Stk11
Foxc1 Mapk11 Ctnna1 Ncam1 Syngap1
Gfra2 Net1 Dnaja3 Nfkbia Tmod2
Hmox1 Nlk Elmo1 Nisch Traf2
Ifi204 Pias1 Fgfr1 Nup62 Traf7
Ifnz Plce1 Gdi1 Prdx2 Ulk1
Igf1 Ptplad1 Gipc1 Prkca Zeb2
Iigp1 Rabgap1l Gna12 Prrx1
Nupr1 Ralgapa1 Gpx1 Psap

Table S3 STAT3-regulated genes after 3 h of OSM stimulation involved in
GO term: transport

iSTAT3α iSTAT3β

Atp5e Nasp Srp9 Atp5d Ipo9
Atp5h Nup88 Timm17a Atp5g1 Pola2
Atp5j2 Rab12 Timm23 Atp6v0b Tgfb3
Dnajc19 Ran Tmed10 Atp6v1b2 Tnnc1
H47 Rpl38 Flna Tnpo2
M6pr Sar1a Gli3

Table S4 STAT3-regulated genes after 3 h of OSM stimulation involved in
GO term: signal transduction

Common iSTAT3β

Cd81 Flna
Map2k3 Gna11
Prdx2 Gnai2

Gnas
Pi4ka
Slc9a3r1
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STAT3 spliceform cross-regulation and gene regulation

Table S5 STAT3-regulated genes after 3 h of OSM stimulation involved in
GO term: developmental processes

iSTAT3β

Aes Fgf18 Hsf1 Ptch1 Stxbp1
Apbb2 Fgfr1 Ilk Ptprj Syngap1
Bmp4 Gli3 Irs1 Shc1 Tgfb3
C6 Gna11 Nrn1 Sin3a Tns3
Cdon Gna12 Pdgfra Sirt2 Uba52
Cyr61 Gnas Pdgfrb Slit3 Vezf1
Dclk1 Gpi1 Pfn1 Smarca4 Wt1
Efna5 Gpx1 Phb2 Smarcb1

Table S6 STAT3-regulated genes after 3 h of OSM stimulation involved in
GO term: protein metabolism

Common iSTAT3α iSTAT3β

Akt2 Eif1 Rps15 Adamts5 Eef2 Mrps7
Ccnd1 Fkbp5 Rps2 Aebp1 Eif3d Otub1
Cd81 Gm12618 Rps20 Anapc5 Eif3g Psmb5
Eif3f Gm5471 Rps5 Arih2 Eif3l Psmb6
Eif3k Hspa8 Uxt C1rb Ermp1 Ptch1
Gm15427 Mrps10 C3 Ganab Qars
Map2k3 Mrrf Chst8 Gli3 Rpl10a
Mapkapk2 Pfdn5 Ctsa Gm8580 Rpl29
Prdx2 Ppih Ctsb Iars Rpn2
Rpl13 Rpl21 Ctsd Klk1b1 Rpsa
Rpl18 Rpl23a Ddb1 Klk1b24 Tceb2
Rpl18a Rpl26 Ddi2 Klk1b4 Uba1
Rpl41 Rpl37a Derl1 Krtcap2 Uba52
Rpl8 Rpl38 Dhcr24 Lgmn Ube2c
Rplp0 Rpl5 Dpp7 Mrpl14 Ube4b

Rps14 Ece2 Mrps18a

Table S7 STAT3-regulated genes after 3 h of OSM stimulation involved in
GO term: cell organization and biogenesis

iSTAT3α iSTAT3β

Ccnb1 Actg1 Fhl3 Pfn1
Hjurp Actn1 Flna Plxnb2
Mapre1 Antxr1 Fn1 Shc1
Nasp Apbb2 Gli3 Slit3
Nudc Capzb Gna12 Sprr2a1
Ran Coro1c Gsn Stxbp1
Tipin Dclk1 Lasp1 Syngap1
Txnl4b Efna5 Nisch Tgfb3

Fgfr1 Nrn1

Table S8 STAT3-regulated genes after 3 h of OSM stimulation involved in
GO term: cell proliferation

iSTAT3α iSTAT3β

Figf Bmp4 Ifi30 Serpinf1
Impdh2 Cdk4 Ilk Smarcb1
Mcm7 Fgf18 Irs1 Sparc
Nasp Fgfr1 Marcksl1 Stk11
Park7 Gli3 Mll1 Tgfb3
Prkar1a Gnai2 Phb2 Tns3

Hsf1 Ptch1

Table S9 STAT3-regulated genes after 3 h of OSM stimulation involved in
GO term: cell cycle

iSTAT3α

Ccnb1 Nudc
Hjurp Prc1
Mapre1 Ran
Mcm7 Tipin
Nasp Txnl4b
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