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Of all the causes identified for the disease hyper-immunoglobulinemia E syndrome (HIES), a homozygous mutation in
tyrosine kinase2 (TYK2) and heterozygous mutations in STAT3 are implicated the defects in Jak/STAT signalling
pathway in the pathogenesis of HIES. Mutations of STAT3 have been frequently clinically identified in autosomaldominant (AD) HIES patients’ cells, and therefore, the genotype of STAT3 has been associated with the phenotype of
HIES. Here, we conducted studies on the functional loss of the seven specific STAT3 mutations correlated with ADHIES. Using STAT3-null human colon carcinoma cell line A4 cells, we generated seven mutants of STAT3 bearing
single mutations clinically identified in AD-HIES patients’ cells and studied the functional loss of these mutants in IL6-Jak/STAT3 signalling pathway. Our results show that five STAT3 mutants bearing mutations in the DNA-binding
domain maintain the phosphorylation of Tyr705 and the ability of dimerization while the other two with mutations in
SH2 domain are devoid of the phosphorylation of Try705 and abrogate the dimerization in response to IL-6. The
phosphorylation of Ser727 in these mutants shows diversity in response to IL-6. These mutations eventually converge
on the abnormalities of the IL-6/Gp130/Jak2-mediated STAT3 transactivation on target genes, indicative of the
dysregulation of JAK/STAT signalling present in HIES.
[He J, Shi J, Xu X, Zhang W, Wang Y, Chen X, Du Y, Zhu N, Zhang J, Wang Q and Yang J 2012 STAT3 mutations correlated with hyper-IgE
syndrome lead to blockage of IL-6/STAT3 signalling pathway. J. Biosci. 37 243–257] DOI 10.1007/s12038-012-9202-x

1.

Introduction

The complex primary immunodeficiency disease documented as hyper-immunoglobulinemia E syndrome (HIES)
(also known as Job’s syndrome) is caused by specific genetic
mutations that oversensitize the human immune system,
rendering the patients susceptible to a spectrum of infections,
most commonly Aspergillus, Staphylococcus aureus and
Candida albicans (Minegishi 2009). Since its first discovery
as Job’s syndrome in 1966, and wherein marked as recurrent,
‘cold’ and staphylococcal abscesses (Davis et al. 1966),
cases of HIES have been reported year by year with novel
clinic features and genetic underpinnings. Demonstrating
markedly elevated serum IgE levels (10 times more than
normal level) (Buckley et al. 1972), patients with HIES also
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exhibit a wide range of clinical phenotypes, including
connective tissue, skeletal and vascular abnormalities
(Grimbacher et al. 1999a). Besides, abnormalities of humoral, cellular and phagocytic compartments of the immune
system are also observed in HIES patients (Grimbacher et
al. 2005). The comprehensive analysis of causes of death in
HIES highlights the role Pseudomonas and Aspergillus species play in patients with HIES with cystic lung disease and
suggests that HIES patients, if complicated with other diseases, run increased risk of dying (Freeman et al. 2007).
More than 200 HIES patients have been clinically evaluated
and their immunologic features and genetic defects have
been analysed, providing invaluable information for full
understanding of the pathogenesis of HIES. Based on the
etiology and different characteristics, HIES can be subdivided
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into two distinct types: autosomal-recessive (AR) HIES and
autosomal-dominant (AD) HIES (Minegishi 2009). Multipoint analysis and simulation testing among 44 HIES
patients and their 99 relatives (8 having mild form of HIES)
confirmed the genetic linkage of HIES to Chromosome4
(Grimbacher et al. 1999b). Later on, the identification of
genes and genetic mutations involved in the HIES has been
extensively pursued. STAT3, DOCK8 and TYK2 have been
reportedly associated with HIES and study of these three
genetic etiologies is expected to advance the understanding
of the pathogenesis of HIES (Freeman and Holland 2010).
However, of the many genomic loci involved in the sporadic
and AD-HIES, STAT3 mutation has been established as the
predominant cause (Holland et al. 2007; Minegishi et al.
2007), and thus the defect of Janus kinase-signal transducer and activator of transcription (Jak/STAT) signalling
pathway is universally implicated in the pathogenesis of
AD-HIES.
The investigation in this pathway has already shed
light on a number of diseases ranging from immunodeficiencies to hematological malignancies since the Jak
and STAT proteins were associated in the gene activation pathway in 1994 (Darnell et al. 1994). Jak/STAT
signalling pathway comprises sufficiently diverse and
conserved proteins of Jak family (Jak1, Jak2, Jak3, and
Tyk2) and STAT family (STAT1, 2, 3, 4, 5a, 5b and 6)
which mediate the signal transduction and are in turn
activated and tuned by various ligands and three major
classes of negative regulators: SOCS, PIAS and PTPs
(Darnell 1997; Schindler et al. 2007). Jak proteins and
STAT proteins play pivotal roles in structuring and modulating the Jak/STAT signalling pathway. STAT3, when activated by tyrosine phosphorylation in response to epidermal
growth factor (EGF) and/or interleukin-6 (IL-6), dimerizes
via its reciprocal phosphotyrosine-SH2 domain interactions
and translocates into the nucleus, poising to activate transcription of target genes with promoters containing GAS element
(TTCNNNGAA) (Seidel et al. 1995; Zhong et al. 1994).
Canonically, Jak1 and Jak2 that are activated by IL-6
or/and EGF bind to and phosphorylate gp130 on tyrosine to
produce a phosphotyrosine docking site for STAT3 (Heinrich
et al. 1998). STAT3 is subsequently Tyr705- and Ser727phosphorylated by Jaks within its carboxyl-terminal region
(Schuringa et al. 2000). Upon Tyr705 phosphorylation,
STAT3s form stable dimers and translocate into the nucleus,
ensuing the expression of downstream genes. However, recent study found that dimethylation at Arg109 by SET9 and
demethylation by LSD1 as STAT3s bind to the promoters
mediate the transcription of target genes (Yang et al. 2010).
The direct sequencing analysis of mutations of STAT3 in
AD-HIES patients’ cells reveals that the mutations occur
collectively in the DNA-binding domain, SH2 domain and
transactivation domain, where five hot spots have been
J. Biosci. 37(2), June 2012

identified: R382, F384, R423, V463 and V637 (Holland et al.
2007; Minegishi et al. 2007; Renner et al. 2007). Later on,
H332Y in the DNA-binding region was identified as a
novel mutation that results in the loss of function of
STAT3 and leads to the HIES phenotype (Jiao et al.
2008). R335W, K340N, T341L, V343L, Q469H, T620A,
S636F, E638G, P699Δ, V713L as well as defective mRNA
spicing have also been implicated in the HIES and the
analysis of the mutants cells suggests a defective phosphorylation in mutants harbouring mutations within SH2 domain
(Renner et al. 2008). Recently, it has been reported that
impaired differentiation of Th17 cells in AD-HIES patients,
which is due to mutation of STAT3 in DNA-binding domain
and SH2 domain, dramatically leading to the susceptibility
of HIES patients to various recurrent infections (Ma et al.
2008; Milner et al. 2008). Additionally, secretion of immunoglobulin E in HIES patients, which is induced by IL-21,
has been demonstrated to be STAT3 dependent (Avery et al.
2008). Furthermore, a novel mutation G342D from HIES
patient, which is located in DNA-binding domain of STAT3,
has been demonstrated to lose its DNA-binding ability and
fail to induce the expression of RORγ, finally leading to the
HIES phenotype (Papanastasiou et al. 2010). HIES patients
with positive STAT3 mutation exhibited reduced Tyr705
phosphorylation of STAT3 in response to cytokine stimulation (Al Khatib et al. 2009), and SH2 domain mutation of
STAT3 from HIES has defective phosphorylation in Tyrosine
705 residue (Renner et al. 2008).
In this study, by using the site-directed mutagenesis
method and Lenti-virus expression system, we generated
with STAT3-null human colon carcinoma cell line A4
cells seven mutants of STAT3 bearing single mutations
in DNA-binding and SH2 domains. These mutations are
highly conserved and have been clinically manifested in
the HIES patients’ cells (Grimbacher et al. 1999b; Holland et al. 2007; Jiao et al. 2008). H332Y, R382W, R382Q,
F384S and R423Q are located in the DNA-binding domain
whereas S611N and F621V are located in the SH2 domain.
We evaluate the phosphorylation status of STAT3, dimerization and nuclear localization, DNA binding ability, and transcriptional activation of target genes in these mutant cells in
response to IL-6. Our results show that the IL-6-Jak/STAT3
signalling pathway in the all mutants has been greatly affected,
leading to an aberrant expression pattern of STAT3 target
genes.

2.

Materials and methods

2.1

Cell culture and reagents

The human colon carcinoma cell line DLD1 cells were
obtained from the American Type Culture Collection and the
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STAT3-null human colon cancer cell line A4 cells were
provided as a gift by George R Stark’s laboratory (Yang
et al. 2010). The cells were grown in McCoy’s 5A
medium with L-glutamine (HyClone) supplemented with
10% FBS and were incubated at 37°C in a humidified
atmosphere of 5% CO2 unless otherwise indicated. Antibodies against STAT3, Y705-phosphoryl STAT3 (pY705STAT3), S727-phosphoryl STAT3 (pS727-STAT3),
GAPDH, Histones3 and HA were purchased from Cell
Signalling Technology. Anti-Flag M2 antibody and Puromycin were purchased from Sigma-Aldrich (St. Louis,
USA). Peroxidase-Conjugated AffiniPure Goat AntiRabbit IgG (H+L) and Peroxidase-Conjugated AffiniPure
Goat Anti-Mouse IgG (H+L) were purchased from ZSGBBio (Beijing, China). Alexa Fluor® 488 F(ab′)2 fragment of
goat anti-rabbit IgG (H+L) was purchased from Invitrogen
US. Recombinant Human sIL-6 Rα was purchased from
PEPROTECH (New Jersey, USA). GenEscortTM Transfection Reagent was purchased from Wisegen Biotechnology
Corporation (Nanjing, China). Lipofectamine transfection
reagent and Sepharose A beads for Co-IPs were purchased
from Invitrogen (Carlsbad, USA).
2.2

Plasmid construction and virus infection

The H332Y, R382W, R382Q, F384S, R423Q, S611N
and F621V mutations of STAT3 were generated from
human wild-type STAT3 cDNA by using the QuikChange II Site-Directed Mutagenesis Kit (Stratagene).
The design of the primers and the sequence is described
in table 1. The pLV-puro-sv40, pMD-2 G, pCMV-dr8.74
vectors were provided by George R. Stark’s laboratory
(Lener Institute, Cleveland). The expression vectors of
STAT3 mutants were constructed by inserting the cDNA
of each mutant sequence into the XhoI site of the
pLV-puro-sv40 vector. To obtain infectious lenti-virus
stocks, all the three constructs were transfected into
HEK293T cells using lipofectamine and cells were kept
growing in supernatant medium. After 48 h, cells were
collected and were used to infect A4 cells for 2 days.
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Clones of stable transfection were selected and proliferated in medium supplemented with 5 μg/mL of puromycin
for 10–15 days. HA-tagged sequences of STAT3 mutations
were inserted into pEGFP-N1 between XhoI and HindIII restriction sites and the plasmids were transiently transfected into
A4 cells for expression of proteins.
2.3

Western blot analysis

Cells grown up to 80% confluence in 100 mm dishes
were harvested and washed once with PBS. The cell
pellets were lysed by ultrasonication for 15 s on ice in
200 μL RIPA lysis buffer containing 50 mM Tris–HCl
(pH 7.5), 150 mM NaCl, 1% NP-40, 0.5% DOC, 0.1%
SDS, 5 mM EDTA, 1 mM EGTA, 20 mM NaF, 2 mM
NaOrthovanaclate and Protease Inhibitor Cocktail
(Roche). Extracts containing equal quantities of proteins,
determined by the Bradford method (Bio-Rad, Hercules,
CA), were separated by SDS-PAGE (12% acrylamide)
and transferred to polyvinylidenedifluoride membranes
(Millipore, Bedford, MA). Membranes were probed with
antibodies specific for S727-phosphoryl STAT3, Y705phosphoryl STAT3, STAT3, GAPDH, Histone3, HA and
Flag, respectively. Horseradish peroxidase–coupled goat
anti-rabbit or anti-mouse immunoglobulin was used for
visualization, employing the enhanced chemiluminescence
Western detection system (Perkin-Elmer Life Sciences,
Boston, USA).
2.4

Transient transfection

A4 cells expressing Flag-tagged mutants of STAT3 were
transiently transfected with reconstructed pEGFP-N1 vectors
inserted by HA-tagged mutants of STAT3 between XhoI and
HindIII sites. Cells grown up to 50% confluence in 100 mm
dishes were co-cultured with mixture of DNA and Wisegen
Transfection Reagent (1ug DNA: 2ul Reagent) for 3 h. Then,
the cell culture medium was replaced with fresh McCoy’s
5A medium supplemented with 10% FBS and cells were

Table 1. Sequence information of mutant primers

H332Y
R382W
R382Q
F384S
R423Q
S611N
F621V

Forward primer sequence(5′-3′)

Reverse primer sequence (5′-3′)

AGCCCTGCATGCCCATGTATCCTGACCGGCCCCTCG
GCTCTCAGAGGATCCTGGAAATTTAACATTCTGGG
GCTCTCAGAGGATCCCAGAAATTTAACATTCTGGG
GCTCTCAGAGGATCCCGGAAATCTAACATTCTGG
GGGAATGGGGGCCAAGCCAATTGTGATGC
GCTAAGATTCAATGAAAGCAGCAAAGAAGGAGGCG
GCAAAGAAGGAGGCGTCACTGTCACTTGGGT

CGAGGGGCCGGTCAGGATACATGGGCATGCAGGGCT
CCCAGAATGTTAAATTTCCAGGATCCTCTGAGAGC
CCCAGAATGTTAAATTTCTGGGATCCTCTGAGAGC
CCAGAATGTTAGATTTCCGGGATCCTCTGAGAGC
GCATCACAATTGGCTTGGCCCCCATTCCC
CGCCTCCTTCTTTGCTGCTTTCATTGAATCTTAGC
ACCCAAGTGACAGTGACGCCTCCTTCTTTGC

J. Biosci. 37(2), June 2012

246

Jianxin He et al.

kept growing for 36 h. Prior to co-immunoprecipitation, cells
were treated with 50 ng/mL IL-6 for 2 h.
2.5

Co-immunoprecipitations

The protocol provided by Sigma-Aldrich was followed, with
slight modifications. For immunoprecipitation of STAT3
from A4 cells expressing either wild-type STAT3 or the
mutants, cells cultured in 100 mm dishes were harvested
and lysed in IP buffer containing 50 mM Tris–HCl, pH
8.0, 150 mM NaCl and 1% Nonidet P-40. Monoclonal
anti-FLAG M2 antibody was used to bind to Flag-tagged
STAT3. Sepharose A beads were used to bind to the proteins–antibody complex, which were subsequently mixed
with 5× SDS sample loading buffer for analysis in 12%
SDS/PAGE gels.
2.6

Fluorescence microscopy

Cells were seeded on glass cover slips and were grown to
50% confluency. Cells were initially fixed in 4% paraformaldehyde for 20 min and then in absolute methanol for
5 min at room temperature, followed by the treatment with
blocking buffer containing PBS (1×), 0.3% Triton X-100
and 10% Bovine Serum Albumin Fraction V for 10 min.
STAT3 signals were detected with rabbit anti-human STAT3
and were visualized by Alexa Fluor® 488 F goat anti-rabbit
(greenfluorescent) secondary antibodies (Invitrogen). The
VECTASHIELD MOUNTING MEDIUM with DAPI (Vectot Laboratories, USA) was added for monitoring the nuclear
localization. Images were captured with a Zeiss Axioskop
fluorescence microscope and presented by PHOTOSHOP
(Adobe System Inc.).
2.7

Isolation of cytoplasmic fraction and nuclear fraction

The cytoplasmic fraction and nuclear fraction were prepared by
using the method as follows: Briefly, cells growing in 150 mm
dishes were cultured to the indicated confluence for treatment
with IL-6 for 2 h. Then, cells were collected by centrifugation at
2000g for 2 min at 4°C and washed twice with ice-chilled
PBS added with protease and phosphatase inhibitor. Cells
were re-suspended in 5 volumes of ice-chilled nuclear buffer
containing 10 mM Hepes, pH7.5, 1.5 mM MgCl2, 10 mM
KCl, 0.5% NP40 added with protease and phosphatase inhibitor. Cells were swollen on ice for 30 min and broken by
the use of a Dounce homogenizer for 90 s. The lysate was
centrifuged at 12,000g for 5 min. The supernatant contains
cytoplasmic proteins and was directly transferred to a new
tube; the pellet containing nuclear proteins was further
washed by centrifugation as described for the lysate. The
pellet was lysed by ultrasonication for 15 s on ice in 100 μL
J. Biosci. 37(2), June 2012

RIPA lysis buffer and then centrifuged at 14,000g for 10 min
at 4°C. The nuclear proteins are in the supernatant. Western
blot analysis was performed by loading protein samples
representing equal quantity of cells.

2.8

Electrophoretic mobility shift analysis

Cells were lysed in buffer containing 10 mmol/L HEPES
(pH 7.9), 60 mmol/L KCl, 1 mmol/L EDTA, 0.1 mmol/L
EGTA, 0.075% NP-40, 1 mmol/L Na3VO4, 5 mmol/L NaF,
1 mmol/L DTT, 1 mmol/L phenylmethanesulfonylfluoride,
Protease Inhibitor Cocktail (Roche) and Phosphatase Inhibitor Cocktail (Roche). After incubation for 30 min on ice, the
debris was removed by centrifugation at 16,000g at 4°C for
30 min. Protein concentrations were determined by the Bradford method. Binding reactions buffer contained 1 L of
lysate (5–10 g of protein), 1 μL of sonicated salmon sperm
DNA (0.5 mg/mL), 1.4 μL of 5 shift buffer [100 mmol/L
HEPES (pH 7.9), 200 mmol/L KCl, 30 mmol/L MgCl2 ,
0.5% NP40, 5 mmol/L DTT and 5 mmol/L phenylmethylsulfonylfluoride], 1.5 μL of bovine serum albumin (1 mg/mL),
3.8 μL of H2O, 0.3 μL of probe, end-labelled with T4
polynucleotide kinase and [32P]-ATP. The probe was the
GAS consensus sequence (top strand 5′-CGATTCCTGG
AACTGCGCGG-3′) from human socs3 promoter. 104 dpm
of labelled probe was used in each binding reaction. Protein–
DNA complex was separated by electrophoresis in Gel composed of 4% acrylamidebisacrylamide (29:1), 0.5× TBE
(45 mmol/L Tris–HCl, 44 mmol/L boricacid, and 1 mmol/L
EDTA), and 5% glycerol.

2.9

Quantitative real-time PCR

Total RNAs were extracted from cells expressing STAT3
treated or untreated with IL-6, using RNAprep pure Cell Kit
(TIANGEN, China). cDNA was synthesized using EasyScript Reverse Transcriptase under priming of oligo(dT)18
(TransGen, US). Real-time PCRs were performed by CFX96
Real-Time PCR Detection System (Bio-Rad) using the
SYBR® Premix Ex TaqTM II kit (TaKaRa, Inc.). The data
was normalized to GAPDH reference. The design of primers
is described in table 2.

2.10

Statistical analysis

In quantitative real-time PCR assay, experiments were
performed in quadruplicate, and data were expressed as
means±SE. Statistical comparison between groups was presented using one-way ANOVA. *P<0.05, and **P<0.01 was
considered to be statistically significant.
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Table 2. Sequence information in quantitative real-time PCR

SOCS3
c-FOS
c-JUN
GAPDH

2.11

Forward primer sequence(5′-3′)

Reverse primer sequence (5′-3′)

CAGGAATGTAGCAGCGATGGAA
CTACCACTCACCCGCAGACTCCTT
TCCTGAAACAGAGCATGACC
TGGCAAATTCCATGGCAC

CCTGTCCAGCCCAATACCTGA
CACTGCAGGTCCGGACT
CCGTTGCTGGACTGGATTAT
CCATGGTGGTGAAGACGC

Molecular modelling

STAT3(1–770)–DNA complex structure was modelled by
Modeller (http://salilab.org/modeller/). Template structures
were STAT3–DNA complex (PDB ID: 1BG1) and STAT1
(PDB ID: 1YVL). Binding affinity between STAT3 and
DNA was caculated by FoldX molecular design toolkit
(Guerois et al. 2002; Schymkowitz et al. 2005), using a GAS
sequence (top strand 5′-TCGACATTTCCCGTAAATC-3′)
from human c-fos promoter. The free energy is calculated by
FoldX force field with the following equation:

ΔG ¼ ΔGvdw þ ΔGsolvH þ ΔGsolvP þ ΔGhbond
þ ΔGwb þ ΔGel þ ΔGkon þ T ΔSmc þ T ΔSsc
þ ΔGclash
where ΔGvdw is the van der Waals term; ΔGsolvH and
ΔGsolvP are the solvation energy of apolar and polar atom
groups; ΔGhbond is the term of hydrogen bonds; ΔGwb
is the stabilizing free energy by water; ΔGel is the electrostatic contribution; ΔGkon is the electrostatic contributions of
interaction atoms from two molecules; T ΔSmc and T ΔSsc
are dipole and entropy cost respectively ; ΔGclash is taken
into account of atoms steric overlaps. In this study, T is set to
298 K during structure repairing and energy calculation.

3.

Results

Using STAT3-null A4 cell line, we generated seven STAT3
mutants bearing single mutations correlated with HIES.
H332Y, R382W, R382Q, F384S, R423Q are mutations in
STAT3 DNA-binding domain and the other two, S611N and
F621V, are within SH2 domain (figure 1A). The expression
levels of the STAT3 proteins were evaluated in cells expressing either wild-type STAT3 or individual STAT3 mutants.
Compared to the expression level of wild-type STAT3 in
parental DLD1 cells, all the expression levels of Flag-tagged
STAT3 in A4 cells were increased by 10-fold, as judged by
densitometric quantitation of the bands (figure 1B). The
pooled cells grew at rate very similar to those of parental
DLD1 cells. The phosphorylation status of Tyr705 and
Ser727, the dimerization, the nuclear localization and
transactivation effect on target genes in all the mutants

of STAT3 have been evaluated, leading to conclusion
that the IL-6-Jak/STAT3 signalling pathway in all the
seven mutants has been essentially blocked.
3.1 Mutations in SH2 domain of STAT3 lead to the loss
of Tyr705 phosphorylation but not Ser727 phosphorylation
in response to IL-6
The phosphorylation status of STAT3 in each mutant was
examined by Western blot analysis. STAT3-null A4 cells
and A4 cells expressing either wild-type STAT3 or individual
mutants were untreated or treated with IL-6 prior to the Western blot analysis. Tyr705 phosphorylation is only detected
with Y705-phosphoryl STAT3 antibody in wild-type STAT3,
H332Y, R382W, R382Q, F384S and R423Q (mutations in
DNA-binding domain) mutants cells only after treatment with
IL-6, whereas it is neither detected in S611N and F621V
(mutations in SH2 domain) mutants cells after treatment with
IL-6 nor in all the cells in absence of treatment with IL-6
(figure 2A). The expression of the STAT3 remains unaffected during the treatment with IL-6 in all cells except STAT3null cells as judged by the Western blot analysis of STAT3
and GAPDH (figure 2A). These results are consistent with
previous work (Minegishi et al. 2007; Renner et al. 2008)
and highlight the importance of SH2 domain in maintaining
Tyr705 phosphorylation. Strikingly, the overall phosphorylation status of Ser727 is lower than that of Tyr705 in DNAbinding domain mutants STAT3 (figure 2B). However, in
response to IL-6 stimulation, Ser727 phosphorylation of
F384S and R423Q increases, Ser727 phosphorylation of
R382Q and S611N raises a little as wild-type STAT3 does.
Ser727 phosphorylation of H332Y and F621V seem unaffected, while that of R382W goes down, in response to IL-6
stimulation (figure 2B). These results indicate that regulation
of Ser727 phosphorylation is independent of SH2 domain of
STAT3 in these mutant cells.
3.2

Mutations in SH2 domain lead to the loss
of dimerization of STAT3

Based on the observation of impaired phosphorylation status
of STAT3 in the mutants cells, we further evaluated the effect
of the mutations on the dimerization of STAT3 via transfecting
the HA-tagged STAT3 into Flag-tagged STAT3 mutants cells.
J. Biosci. 37(2), June 2012
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Figure 1. Construction of the mutant cell lines. (A) Structure model of STAT3-DNA complex and mutation sites. The areas of the same
colour in the left and right pictures were the same domain of STAT3. All the mutant sites we studied in this work have been marked in the
left picture and drawn in sphere type in the right picture. (B) Construction of STAT3-expressing cell lines. A4 cell was infected by lenti-virus
packing mutant STAT3 in DNA-binding domain or SH2 domain for 2 days and the stably infected cell lines were selected with 5 μg/mL
puromycin for 10 days. Whole cell extracts were prepared, and Western blot analysis was conducted. pLV was the control representing
protein from infected cell by lenti-virus carrying nothing.

J. Biosci. 37(2), June 2012
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Figure 2. Tyrosine 705 and serine 727 phosphorylation of STAT3 mutants were different in response to IL-6. (A) p-Tyrosine
705 and total STAT3 proteins level of mutant STAT3 in constructed cell lines. Cells were untreated or stimulated with IL-6 for 2 h, and
whole cell extracts were prepared for Western blot analysis. (B) p-Serine 727 and total STAT3 proteins level of mutant STAT3 in
constructed cell lines.

Co-immunoprecipitation analysis was performed after cells
were treated with IL-6. H332Y, R382W, R382Q, F384S and
R423Q mutants of STAT3 (mutations in DNA-binding
domain) demonstrate an unaffected dimerization while S611N
and F621V mutants (mutations in SH2 domain) fail to form
dimmers, in comparison to the wild-type STAT3 (figure 3).
Thus, it is manifested that the two mutations within the SH2
domain abrogate the ability of dimerization of STAT3.
3.3 Nuclear localization of STAT3 with the mutants
bearing mutations in both DNA-binding domain
and SH2 domain
Since dimerization is one of the key events for STAT3 to
function properly as a transcriptional factor, we subsequently

explored the nuclear importing abilities of STAT3 mutants.
Immunofluorescence analysis on the cellular localization
of STAT3 shows a universal distribution of STAT3 in
both cytoplasm and nucleus of cells either untreated or
treated with IL-6 (figure 4A, B). Western blot analysis on
the cellular localization of STAT3 also demonstrates a universal presence of wild-type STAT3 and all mutant STAT3
in cytoplasm and nucleus, while Tyr705-phosphorylated
STAT3 mainly locate in nucleus (figure 4C), in accordance
with previous report that nuclear importing of STAT3 is
independent of tyrosine phosphorylation and SH2 domain
(Liu et al. 2005). Interestingly, a little phosphorylation level
of Tyr705 in H332Y mutant STAT3 is observed in cytoplasm in response to IL-6 (figure 4C).
J. Biosci. 37(2), June 2012
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Figure 3. Mutant STAT3 dimerization. All A4 cell lines expressing Flag-tagged STAT3 mutants were transiently transfected with
pEGFP-N1 vectors containing HA-tagged mutant STAT3. 36 h after transfection, cells were stimulated with IL-6 for 2 h. Whole cell lysis
for Co-immunoprecipitations were prepared, and Co-IPs were performed.

3.4

Mutations in DNA-binding domain and SH2 domain
of STAT3 exhibit an aberrant transactivation
of STAT3 target genes

The impairment to the DNA-binding ability due to heterozygous STAT3 mutation has been reported in HIES patients’
cells when treated with IFNα (Minegishi et al. 2007) and IL6 (Papanastasiou et al. 2010). To determine the DNAbinding ability of STAT3 with mutations frequently correlated with HIES, electrophoretic mobility shift assay
(EMSA) was performed with an oligonucleotide harboring
the GAS consensus sequence (5′-CGATTCCTGGAA
CTGCGCGG-3′) from the human socs3 promoter. It shows
that mutations in H332Y, R382W, R382Q, F384S, R423Q,
S611N and F621V have abrogated the DNA-binding abilities of STAT3 homo-dimer (figure 5A). Upon these findings,
we further analysed the binding affinity of DNA to wild-type
STAT3 and H332Y, R382Q, R382W, F384S and R423Q
STAT3 mutations located in DNA-binding domain
(figure 5B–G). Variation in interaction binding energy
(ΔΔGkd ) due to mutations H332Y, R382Q, R382W are
1.64 kcal/mol, 0.82 kcal/mol, 1.49 kcal/mol respectively,
which shows binding affinity for those three mutants is
decreased. These results together indicate that STAT3 mutations in DNA-binding domain and SH2 domain correlated
with HIES eventually attenuate the interaction between
STAT3 and promoter sequences of target genes.
To examine the exact effect of the mutations of STAT3 on
transcription of STAT3 target genes, we stimulated the wildtype STAT3 cells and mutant cells with IL-6 and examined
the relative mRNA expression of socs3, c-fos and c-jun. The
results show that expression of socs3 was totally inhibited in
all the STAT3 mutant cells (figure 6A) while the expression
of c-fos and c-jun were reduced to a variable extent
(figure 6B and C). These results manifest these STAT3
J. Biosci. 37(2), June 2012

mutations finally lead to the blockage of IL-6/STAT3 signalling pathway.

4.

Discussion

In this study, we have shown that HIES-correlated mutations of STAT3 block the IL-6-Jak/STAT3 signalling pathway, leading to an aberrant transactivation of STAT3 target
genes. The dominant-negative heterozygous missense
mutations and in-frame deletions in DNA-binding and
SH2 domains of STAT3 have been reported as the major
cause of HIES (Holland et al. 2007). In the present study,
we only focused on the functional loss of STAT3 mutations
clinically correlated with HIES. STAT3 mutations in
R382W, R382Q, F384S, R423Q, S611N and F621V in this
study have high NIH clinical scores (>60 points) (Holland
et al. 2007) and mutation in H332Y is a novel mutation in
the STAT3 DNA-binding domain reported in HIES patients
(Jiao et al. 2008). Previous work has reported that STAT3
bearing R382W mutation but not V637M can be phosphorylated on Tyr705 in Cos-7 cells in response to the stimulation of EGF (Renner et al. 2008). The Western blot analysis
in our study shows that mutations in SH2 domain of STAT3
lead to the loss of Tyr705 phosphorylation, while mutations
Figure 4. Distribution of Tyr705 phosphorylated STAT3 mutants in
nucleus and cytoplasm in response to IL-6. (A–B) Immunofluorescence.
A4 cell line expressing STAT3 mutants were grown on cover slips to
20–30% confluence and then stimulated with IL-6 for 4 h, followed by
staining with primary antibodies directed against STAT3. Following
staining with DAPI (blue nuclear stain) and fluorescent secondary antibodies against STAT3 (green), the cells were examined by confocal
microscopy ((A), 20×; (B), 100×). (C) Western blot analysis: A4 cells
expressing wild-type or mutant STAT3 were untreated or stimulated
with IL-6 for 2 h. Cytoplasmic and nuclear fractions representing equal
numbers of cells were separated by electrophoresis and analysed by
Western blot.
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Figure 5.

DNA-binding abilities of STAT3 mutants are diminished.
(A) Electrophoretic mobility shift assay (EMSA). Cells were stimulated
with IL-6 for 2 h, and whole cell extracts were prepared. Aliquots
containing equal amounts (10 μg) of each extract were analysed by
EMSAs. A 32P-labelled GAS consensus sequence derived from human
socs3 promoter (5′-CGATTCCTGGAACTGCGCGG-3′) was used as
the probe. (B–G) Wild-type and mutant STAT3 binding to DNA by
modelling. A GAS sequence derived from human c-fos promoter (5′TCGACATTTCCCGTAAATC-3′) was used for modelling. (B) Residues H332, R382, F384 and R423 in the DNA binding domain (shown
in sphere). (C–G) Binding model for mutant STAT3 (the carbon is
colored magentas, while green is for carbon in wild type STAT3).
Hydrogen bond is shown in yellow dash line, and the blue dashed line
represents atomic distance.

in STAT3 DNA-binding domain do not exert pronounced
effect on Tyr705 phosphorylation of STAT3 (figure 2A).
Our results also confirm the important role of the most
highly conserved SH2 domain of STAT3 in receptor docking, a process during which gp130 phosphorylated by Jak2
serves as docking site for STAT3 to be phosphorylated by
Jak2. Previous work has shown that IL-6 stimulation induces
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homodimerization of gp130 (Murakami et al. 1993) and
subsequently leads to the activation of Janus kinases (Jaks)
which phosphorylate the tyrosine residues on the receptor
cytoplasmic domain of gp130 (Heinrich et al. 1998). The
4 C-terminal phosphotyrosine residues (pY) in murine gp130
serve as binding sites for STAT1 and STAT3 (Gerhartz et al.
1996). So we suppose that mutations of STAT3 in SH2
domain result in the change of its conformation, affecting
its interaction with gp130 and phosphorylation of Tyr705 in
response to IL-6. The phosphorylation of both Tyr705
and Ser727 is required for full transcriptional activation
of STAT3 (Decker and Kovarik 2000). Serine 727 is
reported to be the only phosphoserine site of STAT3
(Wen and Darnell 1997) and both tyrosine and serine
phosphorylation are required for full transcriptional activation of STAT3 (Decker and Kovarik 2000; Wen et al. 1995).
However, unlike that of Tyr705, the phosphorylation of
Ser727 is not regulated via SH2 domain of STAT3 in our
study (figure 2B). In fact, the phosphorylation status of
Ser727 responding to IL-6 are diverse in these mutant STAT3

Figure 6. Downstream genes’ expression are reduced. (A–C) Real-Time quantitative PCR for STAT3 target genes. Cells were untreated
or stimulated with IL-6 for 2 h, and total RNAs were prepared. Expression of socs3 (A), c-fos (B) and c-jun (C) were examined by real-time
PCR. The data shown were normalized to expression of a reference gene GAPDH. Values shown are mean relative expression levels of
quadruplicate samples. Error bars are standard deviations. *P<0.05 and **P<0.01 indicate statistically significant differences for
comparing stimulated mutant samples with stimulated wild-type sample.
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(figure 2B). Combining with the fact that overall phosphorylation status of Ser727 is lower than that of Tyr705 in these
mutant cells, we conclude that phosphorylation of Ser727 in
STAT3 mutants has not much connection with HIES.
SH2 domain is highly conserved in STAT3 and has been
demonstrated to be essential for mediating the dimerization
of STATs (Shuai et al. 1994). We studied the dimerization of
STAT3 in mutants bearing mutation in SH2 domain, as the
dimerization ability was reportedly intact between wild-type
STAT3 and mutants bearing mutations in DNA-binding
domain in response to IFN-α (Minegishi et al. 2007). Our
work demonstrates that STAT3 mutants with mutations in
DNA-binding domain are capable of forming dimers while
mutants with mutations in SH2 domain are incapable of
doing so in response to IL-6 (figure 3). This finding is
consistent with previous work in which a defect in dimerization of STAT3 mutants having mutations in SH2 domain
was reported (Kretzschmar et al. 2004).
The nuclear importing ability of STAT3 was demonstrated
to be independent of either Tyr705 phosphorylation or SH2
domain (Liu et al. 2005). In our work STAT3 mutants having
mutations in both DNA-binding domain and SH2 domain
were distributed in both cytoplasm and nucleus of cells either
untreated or treated with IL-6 (figure 4A and B). Western blot
analysis shows a little part of Tyr705-phosphorylated
H332Y mutant STAT3 is observed in cytoplasm in response
to IL-6 (figure 4C). A possible explanation to this phenomenon is that there is relative difficulty of nucleus entrance of
Tyr705-phosphorylated H332Y mutation. Interestingly, only
H332Y mutation leads to the total transcriptional inhibition
of IL-6-induced downstream genes: socs3, c-fos and c-jun
(figure 6), consistent with a previous finding of impaired IL6-induced release of MCP-1 in HIES patients who bear
heterozygous mutation of H332Y in STAT3 alleles (Jiao et
al. 2008). These results, consistent with the previous fact that
nuclear entrance signal of STAT3 has been displayed to be
in the coiled-coil domain and DNA-binding domain (Liu et
al. 2005; Ma et al. 2003), indicate that amino acid change
from histidine (H) to tyrosine (Y) at amino acid position 332,
which locates between coiled-coil domain and DNA-binding
domain of STAT3, probably affects the nucleus importing
ability of Tyr705-phosphorylated STAT3 to a certain extent.
The dominant-negative effects of mutant STAT3 on wildtype STAT3, which leads to the diminishment of DNAbinding ability of STAT3 dimer, have been identified as
the major cause of HIES (Minegishi et al. 2007). However,
the DNA-binding ability of mutant STAT3 identified in
HIES patients needs to be elucidated. Our data critically
demonstrate that H332Y, R382W, R382Q, F384S, R423Q,
S611N and F621V mutant STAT3 are unable to bind to the
target DNA sequences (figure 5A). As a novel mutation in
DNA-binding domain of STAT3, H332Y mutation was suggested to be disease causing (Jiao et al. 2008). The
J. Biosci. 37(2), June 2012

importance of His332 in DNA-binding of STAT3 is clearly
demonstrated in a previous study on the three-dimensional
structure of STAT3 bound to DNA (Becker et al. 1998). In
our study, both DNA-binding assay (figure 5A) and transcriptional regulation assay (figure 6) show a total incapacity
for H332Y mutation. According to molecular modelling, this
DNA binding incapacity of mutant H332Y is caused by a
lost hydrogen bond and decreased electrostatic interaction
with DNA base DC1010 (figure 5C). Previous bioinformatics analysis predicted the human polymorphisms from
Arg (R) to Trp (W) or to Gln (Q) to affect protein function
(Ng and Henikoff 2002). In HIES patients, STAT3 mutations in R382W and R382Q have been identified as two hot
spots for causing disease (Holland et al. 2007) and have been
manifested to reduce DNA-binding ability of wild-type
STAT3 because of the dominant-negative effect (Minegishi
et al. 2007). In our study, both R382W and R382Q mutant
STAT3 totally lose the DNA-binding ability (figure 5A).
ΔΔGkd is 0.82 kcal/mol and 1.64 kcal/mol for R382W
and R382Q mutant STAT3 respectively, and we find that
the electrostatic interaction between WT-STAT3 H332 and
DNA DT 1006 is greatly decreased by these two mutants
(figure 5D and E). There are differences between EMSA
assay and molecular modeling in F384S mutation and
R423Q mutations. This is because we used GAS element
from socs3 promoter as probe for EMSA assay, while in
molecular modelling we used GAS sequence from c-fos
promoter as binding sequence. EMSA assay shows that both
F384S and R423Q STAT3 can hardly bind to the target
sequence (figure 5A) while molecular modelling for mutation F384S shows that ΔΔGkd is −0.09 kcal/mol, which
means that this mutant STAT3 has similar DNA binding
capacity as that of wild-type STAT3. Although the distance
between F384 and DT1006 is 5.3 Å, showing almost no
binding contributed by F384 (figure 5F), ΔΔGkd (R423Q)
is −0.22 kcal/mol, which means R423Q mutant STAT3
binding to DNA is stronger than wild-type STAT3. Polar
solvation costs a little more energy for R423 binding to
DNA (ΔΔGsolP is −0.24 kcal/mol), which means R423Q
mutation still maintains its DNA-binding ability. These are
consistent with our downstream genes’ expression assays
(figure 6). F384S and R423Q fail to induce expression of
socs3 (figure 6A), while they still have the ability to induce
expression of c-fos in a certain extent (figure 6B). S611N,
F621V and V637M mutations were identified as three hot
spots for causing HIES in the SH2 domain of STAT3
(Holland et al. 2007), and the defective phosphorylation on
Tyr705 residue of V637M mutation has been well documented (Renner et al. 2008). In our study, both S611N
and F621V mutations exert defective phosphorylation on
Tyr705 residue (figure 2A) and incapacity of dimerization
(figure 3) as well as total loss of DNA-binding ability

Molecular mechanism of STAT3 mutations correlated with HIES
(figure 5A), suggesting the important role of SH2 domain. It
has been demonstrated that STAT1 plays a key role in
promoting apoptosis in a variety of cell types whereas
STAT3 has an anti-apoptotic effect (Stephanou and
Latchman 2005), although Tyr701-phosphorylated STAT1
could form a hetero-dimer with STAT3 and the reciprocal
regulation of STAT1 and STAT3 activation happens (Regis
et al. 2008; Schindler and Darnell 1995). However, in our
assay (figure 5A) STAT3/STAT1 hetero-dimer is not
detected. A reasonable explanation to this phenomenon is
the overexpression level of STAT3 is much more than the
expression of STAT1, which makes STAT3/STAT3 homodimer be the most form in response to IL-6. Moreover, our
study shows a homo-dimer formation of STAT1 in A4 cell
line in response to IL-6, which is consistent with previous
finding that STAT1 can be activated efficiently by IL-6 when
STAT3 is absent (Costa-Pereira et al. 2002). Interestingly,
Line 8 shows that homo-dimer of STAT1 also maintains
higher affinity to GAS sequence and Line 6 and Line 9 show
lower affinity of STAT1 homo-dimer to GAS sequence,
while STAT1 homo-dimer can hardly be detected in other
lines (figure 5A).
Quite a number of genes were documented as STAT3
target genes, including socs3, c-fos, c-jun, c-myc and bcl-xl.
To study the transcriptional ability of STAT3 mutants, we
selected socs3, c-fos and c-jun in evaluation of the expression pattern. Socs3 is induced rapidly by IL-6 via STAT3dependent pathway and its mRNA expression is indicative of
transcriptional activity of STAT3 (Starr et al. 1997; Yu et al.
2009). Our results show that all the STAT3 mutants fail to
induce socs3 mRNA expression, indicating that STAT3
mutations correlated with HIES lose their transcriptional
activities on some target genes in this scenario (figure 6A).
As components of transcription factors AP-1, c-Fos and
c-Jun have been reported to be up-regulated by IL-6 and
TPA via the mitogen-activated protein kinase (MAPK) pathway (Schuringa et al. 2001). Interaction between STAT3
and c-Jun for inducing transcription on some STAT3 target
genes has been well documented (Ginsberg et al. 2007).
In our study, variations in the expression patterns of c-fos
and c-jun have been clearly displayed for the STAT3
mutants (figure 6B and C). Mutations in R382W, R382Q,
F384S, R423Q, S611N and F621V show retaining of comparable ability to transcribe c-fos, while mutation in H332Y
almost loses the ability to transcribe c-fos (figure 6B). On
the other hand, mutations in H332Y and R423Q show loss in
ability to induce expression of c-jun, whereas mutations in
R382W and F384S have retained the comparable abilities,
and mutations in R382Q, S611N and F621V almost lose
the ability to transcribe c-jun (figure 6C). Furthermore, the
reduced transactivation of STAT3 on ROR-γ mRNA was
found to be directly related to the STAT3 mutations in HIES
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patient’s cells and resulted in the abnormal differentiation
and deficient production of Th17 cells, which if deficient, subject the HIES patients to bacterial infection
(Happel et al. 2005; Ma et al. 2008). Our result showing an
aberrant transactivation of STAT3 mutants on socs3, c-fos
and c-jun opens a possibility of more aberrant expression of
other STAT3 targets genes to be identified and necessitates
the characterization of STAT3 target genes in STAT3mutation-positive HIES patients’ cells.
In summary, in the present study we focused on the
functional loss of STAT3 caused by single mutations
clinically identified and correlated with HIES. We generated with the STAT3-null A4 cells seven mutants of
STAT3 bearing single mutation in the DNA-binding domain and SH2 domain and studied the IL-6-JAK/STAT3
signalling transduction in these mutants. It could be concluded from our study that mutations of STAT3 that are
correlated with HIES have impaired the IL-6-Jak/STAT3
signalling pathway by exerting their differing effects on
the phosphorylation and dimerization of STAT3, interaction between STAT3 and target DNA sequences, and
critically affecting the transactivation of target genes.
Since the HIES is a complex genetic disease that may
involve a major signalling network, characterization of
Jak/STAT3 signalling pathway is far from a mechanistic
understanding of HIES but substantially rewarding. In the
future, therapy targeting Jak/STAT3 signalling is expected
for HIES patients.
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