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ARTICLE INFO ABSTRACT

Keywords: Heterozygous gain-of-function (GOF) mutations in the cytokine-regulated transcription factor STAT1 (signal
STAT1 transducer and activator of transcription 1) lead to chronic mucocutaneous candidiasis (CMC). However, the
In_"erfe_mnA signalling molecular basis of these pathogenic missense mutations is largely unknown. In this study, we characterized in
Dimerization more detail the CMC-associated GOF substitution mutation of arginine-to-tryptophan at position 274 (R274W)
and, in addition, the adjacent glutamine-to-alanine mutation at position 275 (Q275A). Both mutants displayed
elevated tyrosine phosphorylation levels, prolonged nuclear accumulation, and increased transcriptional re-
sponses to interferon-y (IFNy) stimulation. No difference was observed between wild-type (WT) and mutant
STAT1 in DNA sequence-specificity or dissociation kinetics from high-affinity DNA-binding elements known as
gamma-activated sites (GAS). Furthermore, all variants exhibited similar cooperative DNA binding.
Unexpectedly, in vitro dephosphorylation rates using the recombinant STAT1-inactivating Tc45 phosphatase in
both the absence and presence of double-stranded GAS elements were similar in all STAT1 variants. Likewise,
the rate of tyrosine phosphorylation by Janus kinase 2 (JAK2) was unaltered as compared to the WT molecule,
excluding that the phenotype of these mutants is caused by either defective Tc45-catalyzed dephosphorylation or
JAK2-induced hyper-activation. Interestingly, within 10 min of IFNy exposure, the majority of R274W and
Q275A molecules had entered the nucleus, whereas the wild-type protein remained predominantly cytosolic.
Thus, the exchange of critical residues located at the binding interface in the antiparallel dimer conformer led to
a premature accumulation of phospho-STAT1 in the nuclear compartment. In summary, our data show that the
hyper-activity of the GOF mutations results, at least in part, from the premature nuclear import of the tyrosine-
phosphorylated molecules and not from alterations in their phosphorylation or dephosphorylation rates.

Gain-of-function mutation
Chronic mucocutaneous candidiasis

1. Introduction

Signal transducer and activator of transcription 1 (STAT1), the
founding member of the family of STAT proteins, plays an important
role as interferon-driven transcription factor in the regulation of im-
mune responses. Ligand binding of interferon-y (IFNy) to its membrane
receptor induces the dimerization of the receptor subunits which is
followed by the auto-phosphorylation of Janus kinases (JAKs), which
are non-covalently associated to the receptor (Levy and Darnell, 2002).
Activated JAKs then phosphorylate the intracellular receptor domains,
creating phospho-tyrosine docking sites for the recruitment of STAT1
molecules. STAT1 proteins are bound via their Src-homology-2-(SH2)
domain to the phosphorylated sites at the receptor tail and are

subsequently phosphorylated by the JAKs on a critical tyrosine residue
(Y701) (Shuai et al., 1992). This allows the formation of phospho-
STAT1 homodimers in a parallel dimer conformation stabilized through
reciprocal SH2-phosphotyrosine interactions between the two proto-
mers (Shuai et al., 1994). The activated STAT1 dimers are then trans-
located to the nucleus, where they bind to palindromic gamma-acti-
vated sites (GAS) in the promoter regions of IFNy-responsive genes
containing the consensus sequence 5°-TTC(N)3 4GAA-"3 (Decker et al.,
1997). After dissociation from DNA and dephosphorylated by the nu-
clear tyrosine phosphatase Tc45, STAT1 is exported back to the cyto-
plasm in order to participate in another round of nucleocytoplasmic
shuttling (Haspel and Darnell, 1999; ten Hoeve et al., 2002; Meyer
et al., 2003). Beside the parallel dimer conformation required for
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nuclear import and DNA binding of the tyrosine-phosphorylated
STAT1, biochemical experiments have demonstrated the presence of an
antiparallel dimer conformation (Zhong et al., 2005; Mertens et al.,
2006). In the crystal structure of the antiparallel dimer, the two SH2
domains are located at opposite ends of the dimer, while the dimer
interface is formed between complementary interactions from the
coiled-coil domain of one protomer to the DNA-binding domain of the
other, and vice versa (Mao et al., 2005).

Given that STAT1 is required for the antimicrobial action of inter-
ferons, loss-of-function mutations in the gene encoding STAT1 have
been identified which cause susceptibility to a range of infections in
human subjects, including severe viral and bacterial infections, such as
non-tuberculous mycobacterial disease (Dupuis et al., 2001, 2003).
Autosomal dominant gain-of-function (GOF) mutations in the STATI
gene result in bacterial infections mostly caused by Staphylococcus
aureus, autoimmune manifestations, and chronic mucocutaneous can-
didiasis (CMC), which is a severe immune dysregulation characterized
by recurrent or persistent infections with Candida albicans affecting the
mucous membranes, skin and nails (Liu et al., 2011; van de Veerdonk
et al., 2011; Depner et al., 2016; Toubiana et al., 2016). Besides mu-
tations in the AIRE gene (autoimmune regulator), monogenic mutations
conferring CMC have been identified in regions of the STATI gene
encoding the coiled-coil domain and the DNA-binding domain, which
are both engaged in the formation of the antiparallel dimer. Recently,
Fujiki and colleagues have shown that, while the CMC-associated pa-
thogenic R274Q mutation resulted in persistent tyrosine phosphoryla-
tion and increased transcriptional activity, it did not affect the re-
pertoire of STAT1-regulated target genes at a genome-wide expression
level (Fujiki et al., 2017). However, it is unclear whether the destabi-
lization of the antiparallel dimer formation caused by the similar
R274W substitution alters the phosphorylation kinetics by JAKs and/or
the dephosphorylation by the STAT1-inactivating Tc45 phosphatase. In
addition, it is not known whether this substitution mutant in the coiled-
coil domain affects nuclear accumulation upon cell stimulation with
IFNy. In the present paper, we have addressed these questions and
found that this mutant differs from other STAT1 GOF mutants with
regard to the molecular mechanism leading to its hyper-activation.

2. Materials and methods
2.1. Plasmids, mutagenesis and cell culture

Two expression vectors were used for this study: pEGFP-N1-STAT1,
termed pSTAT1-GFP, coding for a carboxy-terminal fusion of full-length
human STAT1 (amino acids 1-746) with green fluorescent protein
(GFP), and pcDNA3.1-STAT1 (pSTAT1, Invitrogen), which coded for
untagged, full-length human STAT1 cDNA (Begitt et al., 2000). Point
mutations were introduced in the expression vectors by site-directed
mutagenesis using the QuikChange II kit from Stratagene, as re-
commended by the manufacturer. The following primers were used
with mutated codons underlined (only forward primers are shown):

R274Wf; 5°-GAGAGTCTGCAGCAAGTTTGGCAGCAGCTTAAAAAG
TTG-"3,

Q275Af; 5°-GTCTGCAGCAAGTTCGGGCGCAGCTTAAAAAGTTGG
AGG-"3, and

K278Af; 5-CAAGTTCGGCAGCAGCTTGCAAAGTTGGAGGAATTGG
AAC-"3.

All mutations were verified by standard didesoxy-termination DNA
sequencing (Seqlab) and the resulting plasmids were used for trans-
fection. HeLa cells and STAT1-negative U3A cells (Miiller et al., 1993)
were cultured in a humidified 5% CO, atmosphere at 37 °C in RPMI
1640 medium (Lonza) and Dulbecco’s modified Eagle’s medium (PAA
Laboratories) supplemented with 10% foetal calf serum (FCS; Bio-
chrom), 1% penicillin, 1% streptomycin, and (only for U3A cells)
0.04 pg/ml puromycin. Cells were transfected with MegaTran1.0 (Or-
igene) and on the next day either left untreated or stimulated with
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50 ng/ml of recombinant human IFNy (Biomol) for the indicated times.
Subsequently, cells were incubated with 1 uM of the potent kinase in-
hibitor staurosporine (Sigma-Aldrich) for the indicated times. Alter-
natively, reconstituted U3A cells were exposed to IFNa (500 U/ml;
Biomol).

2.2. Protein extraction and Western blotting

STAT1-expressing cells grown on 6-well dishes were lysed on ice for
5min in 50 pl cytoplasmic extraction buffer (20 mM Hepes, pH 7.4,
10 mM KCl, 10% (v/v) glycerol, 1 mM EDTA, 0.1 mM NazVOy,, 0.1%
IGEPAL-CA-360, 3mM DTT, 0.4mM Pefabloc (Sigma-Aldrich), and
Complete Mini protease inhibitors (Roche)). The extracts were cen-
trifuged at 16,000 g for 15s at 4 °C. The supernatants were spun again
for 5min at 16,000 g and collected as cytoplasmic extracts. The pellets
from the first centrifugation step were resuspended in 50 pl nuclear
extraction buffer (20 mM Hepes, pH 7.4, 420 mM KCl, 20% (v/v) gly-
cerol, 1 mM EDTA, 0.1 mM NazVO,, 3mM DTT, 0.4 mM Pefabloc, and
Complete Mini protease inhibitors) and left on ice for 30 min. After
centrifugation at 16,000 g for 15 min and 4 °C, the nuclear extracts were
mixed with the same amount of cytoplasmic extracts from the same
cells. The combined cellular extracts were boiled for 3min in SDS
sample buffer and resolved by 10% SDS-PAGE with subsequent transfer
onto PVDF membranes. The membranes were incubated with a mono-
clonal phospho-Tyr701-specific STAT1 antibody (Cell Signaling, 58D6)
and after extensive washing exposed to a conjugated secondary anti-
body (LI-COR). To determine the amount of total STAT1 from the same
blot, PVDF membranes were stripped off bound immunoreactivity in a
buffer containing 2% SDS, 0.7% p-mercaptoethanol, and 62.5 mM Tris-
HCl, pH 6.8, for 60 min at 60 °C, and were then reprobed with the
polyclonal STAT1-specific antibody E-23 (Santa Cruz Biotechnology).
Immunoreactivity was detected using a secondary anti-rabbit IRDye
800CW antibody on a LI-COR Odyssey imaging system.

2.3. In vitro phosphorylation and dephosphorylation assays

The in vitro dephosphorylation assay was performed at 30 °C for the
indicated times with 10 pl of whole cell extracts from STAT1-recon-
stituted, IFNy-pretreated U3A cells by adding a similar volume of
phospatase reaction buffer (25 mM Tris-HCI, pH 7.5, 50 mM KCl, 5 mM
EDTA, 20 mM dithiothreitol, 0.5 mg/ml bovine serum albumin, 2 U of
the T-cell protein tyrosine phosphatase Tc45 (Biomol), and Complete
protease inhibitors). In the phosphatase reactions, either no DNA or
duplex oligonucleotides containing one or two GAS elements in tandem
orientation (termed GAS-nonGAS and 2xGAS, respectively) at a con-
centration of 25nM were present. Reactions were stopped by adding
SDS sample buffer and boiling the samples for 3 min. Tyrosine-phos-
phorylated and total STAT1 were probed on the same PVDF membrane
by means of Western blotting. For phosphorylation assays, extracts
from IFNy-untreated, STAT1-reconstituted U3A cells were used. The
kinase buffer contained 50 mM Hepes, pH 7.4, 3mM MgCl,, 3mM
MnCl,, 3 pM vanadate, 10 mM DTT, 0.1 mM ATP, and 4 pg/ml of re-
combinant JAK2 (Enzo Life Science). The in vitro phosphorylation re-
actions were carried out at 30 °C with 10 pl of whole cell extracts for the
indicated times.

2.4. Fluorescence techniques

T regulatory cells were detected as CD3™ CD4* CD25"8"CD127'°%-
positive peripheral blood cells by means of flow cytometry (Seddiki
et al., 2006). The kinetics of I[FNy-induced nuclear accumulation of
wild-type (WT) and mutant STAT1 was monitored in cells by direct
fluorescence microscopy. Transiently transfected HeLa cells expressing
GFP-tagged STAT1 were treated as indicated or left untreated. Cells
were fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS)
for 15min at room temperature (RT) and subsequently nuclei were
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stained for 10 min with 5 pug/ml of Hoechst dye, 33258 (Sigma-Aldrich).
Samples were mounted in fluorescence mounting medium (Southern
Biotech) and the intracellular GFP localization visualized using an Ax-
iovert 200 M microscope (Carl Zeiss) equipped with appropriate fluor-
escence filters. Images obtained from a CCD camera were further pro-
cessed with the Image-Pro Plus 5.1 (Media Cybernetics) software.
Fluorescence intensities were determined both in the nucleus and in the
cytoplasm.

Cytokine-induced nuclear accumulation of recombinant untagged
STAT1 was detected by means of immunocytochemistry. Briefly, U3A
cells grown on 8-well chamber slides were reconstituted with re-
combinant STAT1 and one day after transfection treated with IFNy for
45 min or left untreated. Cells were exposed to the kinase inhibitor
staurosporine (1 pM) for the indicated times and then fixed with me-
thanol at —20 °C for 15 min. After two washes in PBS, cells were per-
meabilized for 20 min with 1.0% Triton X-100 in PBS. Non-specific
binding was blocked by incubation with 25% FCS/PBS for 45 min at RT.
Samples were first incubated for 45 min with the anti-STAT1 antibody
E-23 (diluted 1:1000 in 25% FCS/PBS) and, after three washes in PBS,
for 45min at RT exposed to a Cy3-conjugated secondary antibody
(Dianova, diluted 1:500 in 25% FCS/PBS). Nuclei were stained with
Hoechst dye and images captured by fluorescence microscopy. The
mean nuclear-to-total cytoplasmic fluorescence intensities including
their standard deviations were calculated from 20 randomly selected
transfected cells.

2.5. Electrophoretic mobility shift assay

STAT1 variants were probed for DNA-binding activity to various
duplex oligonucleotides containing consensus or modified GAS sites by
means of electrophoretic mobility shift assays (EMSA). Per reaction,
4ul of cellular extracts from IFNy-stimulated cells expressing re-
combinant STAT1 were incubated with 8l of EMSA reaction buffer
containing 1ng of the [**P]-labelled duplex oligonucleotide probe,
generated by an end-filling reaction using the Klenow fragment (New
England Biolabs). The following duplex oligonucleotides were used (4
bp T overhangs at the 5’ ends and the respective antisense oligos are not
included, GAS sites are underlined): M67; 5-CGACATTTCCCGTAAAT
CTG-3,

2xGAS; 5-CGTTTCCCCGAAATTGACGGATTTCCCCGAAAC-"3,

GAS-nonGAS; 5-CGTTTCCCCGAAATTGACGGATTTACCCCAAC-"3,
and

2xnonGAS; 5”-CGTTTACCCCAAATTGACGGATTTACCCCAAC-"3.

For competition experiments, cell lysates were incubated with [>3P]-
labelled duplex oligonucleotides in EMSA reaction buffer for 15 min at
RT, and subsequently challenged by a 750-fold molar excess of un-
labelled M67 DNA incubated for the indicated times. In supershift as-
says, 20 ng of either the STAT1-specific antibody E-23 or a non-specific
STAT3 antibody were added to the reaction for 40 min at RT. The re-
actions were loaded on a 4.8% 29:1 acrylamide:bisacrylamide gel at
4 °C and separated at 400 V. DNA-binding activities were visualized on
vacuum-dried gels using the laser phosphorimaging system Typhoon
FLA 9500 (GE Healthcare Life Sciences).

2.6. Reporter gene assays and real-time PCR

U3A cells grown on 48-well plates were co-transfected in each well
with three vectors: a luciferase reporter (70 ng), a constitutively ex-
pressed B-galactosidase plasmid (200 ng), and an expression plasmid
encoding WT or mutant STAT1 (250 ng). The reporters contained either
the 5°-region of the human intercellular adhesion molecule 1 (ICAM-1)
gene 339 bp relative to the transcription start site (termed pIC-339) or a
triple Ly6E STAT-binding site (termed 3xLy6E). One day after trans-
fection, cells were either left untreated or treated for 6 h with IFNy,
before cell extracts were prepared with a lysis buffer containing 25 mM
glycylglycine, 1% Triton X-100, 15mM MgSO,4, 4 mM EGTA, 0.4 mM
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Pefabloc, 3mM 1,4-dithiothreitol, pH 7.8, and Complete protease in-
hibitors. Luciferase expression was assessed (Promega) using the lu-
minometer Centro KS LB960 (Berthold Technologies) and normalized to
the corresponding [-galactosidase activity, which was measured spec-
troscopically at 420 nm. The experiment was repeated in triplicate, and
six independent transfections were tested for each STAT1 variant and
stimulation mode.

For expression of endogenous target genes, U3A cells reconstituted
with recombinant, untagged STAT1 were cultured for 15h in
Dulbecco’s modified Eagle’s medium supplemented with 1% FCS, be-
fore they were either left untreated or stimulated for 6 h with IFNy.
RNA was isolated using the peqGold Total RNA kit (Peglab), and first-
strand cDNA synthesis was performed using the Verso cDNA Synthesis
kit (Thermo Fisher Scientific). Real-time PCR reactions were carried out
in a total volume of 20 pl, containing 25ng cDNA, 70 nmol/l of each
specific primer, and 10ul of Absolute Blue qPCR SYBR Green Mix
(Thermo Fisher Scientific). The following primer pairs were used:

CCL2F; 5"-CCAGTCACCTGCTGTTATAAC-"3,

CCL2R; 5-TGGAATCCTGAACCCACTTCT-"3,

CXCL10F; 5-ATTCTGAGCCTACAGCAGAG -3,

CXCL10R; 5"-GCTTGCAGGAATAATTTCAA -73,

IFI56KF; 5-TAGCCAACATGTCCTCACAGAC-'3,

IFI5S6KR; 5-TCTTCTACCACTGGTTTCATGC-"3,

IRF1F; 5-AGCTCAGCTGTGCGAGTGTA-"3,

IRF1R; 5-TAGCTGCTGTGGTCATCAGG-"3,

GAPDHF; 5"-GAAGGTGAAGGTCGGAGTC-"3,

GAPDHR; 5-GAAGATGGTGATGGGATTTC-"3,

MIG1F; 5-CCACCGAGATCCTTATCGAA-"3,

MIG1R; 5-CTAACCGACTTGGCTGCTTC-"3,

MX1F; 5-CAATCAGCCTGCTGACATTG-"3,

MXI1R; 5-TGTCTCCTGCCTCTGGATG-"3.

RIGGF; 5-TTGGCCTACATAAAACACCT3,

RIGGR; 5-GAAAATTTCTTGCAGGTTTG-3,

STAT1F; 5"-CCGTTTTCATGACCTCCTGT-"3, and

STAT1R; 5"-TGAATATTCCCCGACTGAGC-"3.

The PCR protocol run on an Eppendorf cycler included a dena-
turation step at 95 °C for 15 min and 40 cycles of denaturation at 95 °C
for 155, annealing at 55 °C for 30 s, and extension at 72 °C for 30 s. After
the final amplification step, a melting curve analysis was performed
using a temperature gradient from 60 °C to 95 °C in 0.5°C increment
steps and fluorescence being measured at each temperature for a period
of 10s. All reactions were carried out in at least triplicates. The relative
expression of a transcript was normalized to the expression of GAPDH
as determined for each sample. The AACt-method was used to de-

termine comparative relative expression levels, based on the formula
2—(ACt target - ACt reference sample)

2.7. Data analysis

Digital images were processed by ImageJ software. For each STAT1
variant and stimulation mode, means and standard deviations were
calculated. Differences between WT and mutant protein were assessed
using Student’s t tests and Mann-Whitney-Wilcoxon tests, where ap-
propriate. Data were analyzed using the Sigmastat (Systat Software)
program, and a p value <0.05 was considered to indicate statistical
significance.

3. Results

3.1. Long-term ruxolitinib treatment resulted in continuous amelioration of
CMC caused by the R274Q mutation

Previously, we reported that treatment with the potent JAK in-
hibitor ruxolitinib improved the clinical condition of an adult CMC
patient carrying the heterozygous STAT1 GOF mutation R274Q, who
was suffering from severe dysphagia due to ulcerative mucositis and
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Fig. 1. Clinical efficacy of long-term administration of ruxolitinib in a CMC patient with a heterozygous STAT1 GOF mutation (R274Q) and localization of this and
other important residues in the intradimeric interface connecting the two protomers in a parallel and antiparallel orientation. (A) Clinical images of the adult CMC
patient carrying a pathogenic GOF missense mutation at position 274 before and 38 months after the start of the therapy with the JAK inhibitor ruxolitinib. (B) FACS
analysis shows similar numbers of CD3*CD4*CD25M8ghcDp127"°" T regulatory cells before (1.1%) and after (0.9%) ruxolitinib treatment. (C) Crystal structure of a
truncated tyrosine-phosphorylated STAT1 dimer in parallel conformation showing the position of the side chains of R274 (light blue), Q275 (magenta), and K278
(orange) located in the coiled-coil domain. Structural data were obtained from the Protein Data Bank (pdb) file 1BF5 (Chen et al., 1998) using the program PyMOL
(DeLano Scientific). (D) Ribbon diagram (left) and surface model (right) of the crystal structure of a truncated STAT1 dimer in antiparallel orientation showing two
distinct binding areas in the dimer interface marked with dashed black ovals and red ovals, respectively. The known CMC-associated F172 and T385 residues are
given in yellow. The PyMOL images were prepared using the pdb file 1 YV 1 (Mao et al., 2005). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article).

obstructive structures of the oesophagus (Mossner et al., 2016). Rux- 3.2. Elevated cytokine-induced tyrosine phosphorylation and DNA binding
olitinib therapy over 6 months resulted in an improved general health of the R274W and Q275A mutants
condition and increased numbers of total CD4* and CD8" T lympho-

cytes as well as B cells in the circulation. Here, we report that the In order to compare the cellular effects of point mutations in the
continuous administration of the JAK inhibitor for additional 38 conserved a-helical coiled-coil domain, we reconstituted STAT1-nega-
months further reduced oral thrush but did not lead to the complete tive U3A cells with mutant GFP fusion proteins of STAT1 and, 24 h post-
resolution of mucositis in our patient (Fig. 1A). Despite the clinical transfection, stimulated the cells with 50 ng/ml of recombinant IFNy for
efficacy of the drug treatment, the numbers of T regulatory cells, 45min followed by exposure to the kinase inhibitor staurosporine

identified by flow cytometry as CD3* CD4* CD25™&"CD127"% per- (1 uM) for the indicated times. Western blotting demonstrated pro-
ipheral cells, did not change during treatment (Fig. 1B). In the crystal longed kinetics of tyrosine phosphorylation for the GFP-tagged STAT1-

structure of the DNA-bound STAT1 transcription factor (Mao et al., R274W mutant compared to the WT protein. Likewise, the Q275A
2005), we noticed that the side chain of R274 in the coiled-coil domain mutant was partially resistant to the inhibitory effects of staurosporine
points towards the interior of the STAT1 dimer, as do the neighbouring on the kinetics of tyrosine phosphorylation, although this effect was less

Q275 and the adjacent K278 (Fig. 1C). This sequence motif within the pronounced (Fig. 2A, B). In contrast, [FNy-induced tyrosine phosphor-
a-helix is highly conserved among the seven human STAT proteins and ylation of STAT1-K278A-GFP did not differ from STAT1-WT-GFP. Si-
contains the pentapeptide structure R/Q-Q/R-Q/L/E-W-K/E/R/G, milar results were obtained in IFNy-treated U3A cells expressing un-

where W is a hydrophobic residue. In all human STAT family members tagged variants, thus confirming previous observations of the hyper-
with the exception of STAT6 (Q239), the first position in this surface- phosphorylated state of STAT1-R274W and extending these findings to
exposed sequence harbours an arginine, whereas in the second position the adjacent Q275A mutant (Fig. 2C, D). Again, the kinetics of STAT1-
there is always a glutamine residue (Q) except in STAT4 (R275), and in K278A was similar to the WT protein. Electrophoretic mobility shift
the fourth position there is a hydrophobic residue (leucine, isoleucine assays (EMSA) using the same extracts as for Western blotting de-
or valine). In the non-DNA-bound, antiparallel dimer, the residues monstrated the increased binding of the R274W and Q275A variants to
R274, K278, and Q275 constitute two reciprocal finger-like bridge a radioactively labelled probe with a consensus, single GAS sequence,
structures, which connect the two partner protomers at each side whereas the lysine-to-alanine mutant was again undistinguishable from
(Fig. 1D). This region localizes to the interior of the dimer interface and the WT protein (Fig. 2E, F). Time-course experiments using nuclear
differs structurally from the well-stablished F172/T385 interaction extracts from STAT1-expressing cells, treated for 45 min with IFNy and
known to also cause CMC when disrupted (Fig. 1D). Given the subsequently for 20 and 60 min with staurosporine, confirmed the

homology and clinical relevance of this sequence motif, we decided to elevated GAS binding of both R274W and Q275A mutant proteins
introduce substitution mutations in the STAT1 four-helix bundle (Suppl. Fig. 1A).
(R274W, Q275A, and K278A) and test the phenotype of the resulting

three point mutants. Substitution of arginine 274 to tryptophan was 3.3. Prolonged nuclear accumulation of the two point mutants in the four-
chosen since this amino acid exchange has been linked to CMC (Soltész helix bundle

et al., 2013), and pathogenic GOF mutations at positions 275 and 278

have also been described (Yamazaki et al., 2014; Fujiki et al., 2017). Given the elevated tyrosine phosphorylation and increased binding
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Fig. 2. Elevated tyrosine phosphorylation levels and DNA-binding activity of the R274W and Q275A mutants upon stimulation of cells with IFNy. (A, B) Transfected
STAT1-negative U3A cells expressing GFP-fusion proteins of wild-type (WT) or mutant STAT1 were treated for 45 min with 50 ng/ml of recombinant IFNy followed
by incubation with the kinase inhibitor staurosporine (1 pM) for the indicated times. (A) Representative Western blot results from whole cell extracts probed with a
phosphotyrosine-specific STAT1 antibody (apSTAT1) and, after re-exposure of the same membranes, to a pan-STAT1 antibody (aSTAT1). (B) Quantification of the
Western-Blot results from three independent transfection experiments, as shown in (A). Asterisks indicate significant differences between the WT protein and the
respective mutants. (C, D) Immunoblotting results from reconstituted U3A cells expressing untagged STAT1 proteins confirmed the hyper-phosphorylation of R274W
and Q275A (n = 3). (E, F) Electrophoretic mobility shift assay demonstrated increased binding of the R274W and Q275A variants from whole cell extracts to a [>*P]-
radioactively labelled M67 probe containing a consensus, single GAS sequence, whereas the K278A mutant showed no altered DNA-binding kinetics as compared to
the WT molecule. Autoradiograms show a representative EMSA result (E) and the quantification thereof from three independent transfection experiments (F).

to a single GAS site of the R274W and Q275A mutants, we next ex-
amined the kinetics of their nuclear accumulation in IFNy-stimulated
cells by means of epifluorescence microscopy. All four GFP-tagged
STAT1 variants under investigation displayed a similar cellular dis-
tribution with a predominantly cytoplasmic localization in resting cells,
and treatment with I[FNy for 45 min resulted in their nuclear accumu-
lation (Fig. 3A). While a 30-minute exposure to staurosporine restored
the resting distribution of STAT1-WT-GFP and STAT1-K278A-GFP in
IFNy-pretreated cells, the R274W and Q275A mutants were insensitive
to the inhibitory effect of staurosporine for at least 1 h after their cy-
tokine-induced nuclear accumulation (Fig. 3A, B). The staurosporine
insensitivity of R274W and Q275A was observed not only for fusions
with GFP in HelLa cells (Fig. 3A, B), but also for recombinant untagged
STAT1 proteins expressed in reconstituted STAT1-negative U3A cells
(Fig. 3C, D). In addition to the prolonged nuclear accumulation of the
two R274W and Q275A mutants in IFNy-treated cells, we observed that
their nuclear accumulation occurred in a short time period after adding
of the cytokine to the cells (Fig. 3E, F, Suppl. Fig. 1B). While it took only
10 min of IFNy stimulation to induce complete nuclear accumulation
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for R274W and Q275A, additional 10 min were required for the WT
molecule and the K278A mutant. In summary, the R274W and Q275A
variants showed a faster nuclear retention and prolonged nuclear ac-
cumulation phase upon treatment of cells with IFNy.

3.4. Increased gene activation of point mutants in the STATI coiled-coil
domain

In the next set of experiments, we assessed the impact of the coiled-
coil domain mutations on gene expression using reporter and real-time
RT-PCR assays in reconstituted U3A cells stimulated with IFNy. These
experiments confirmed that substitution of the arginine residue nor-
mally present at position 274 results in a GOF phenotype, and, in ad-
dition, showed that this is also the case for the Q275A mutation (Fig. 4).
Unexpectedly, we found that the K278A mutant, which did not differ
from the WT molecule with respect to tyrosine phosphorylation
(Fig. 2A-D), GAS binding (Fig. 2E, F), and the kinetics of nuclear ac-
cumulation (Fig. 3), was a better transcriptional activator at three of the
four tested endogenous STATI target genes, namely MIG1, IRF1, and
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Fig. 3. Premature and prolonged accumulation of STAT1-R274W and -Q275A in the nuclei of IFNy-treated cells. (A, B) HeLa cells expressing the indicated STAT1-
GFP fusion proteins were either left unstimulated or stimulated for 45 min with human IFNy (50 ng/ml) followed by exposure to staurosporine (1 pM) for 0 min,
15 min, 30 min and 60 min, respectively. (A) The fluorescence micrographs show the intracellular distribution of GFP-tagged STAT1 for the indicated variants as well
as the localization of the corresponding Hoechst-stained nuclei (n = 3 independent transfections). (B) Histograms demonstrate the nucleocytoplasmic STAT1-GFP
distribution in untreated cells and IFNy-pretreated cells exposed to staurosporine for the increasing times, as determined by the ratio of nuclear-to-total fluorescence
intensity. (C, D) Indirect fluorescence microscopy confirmed the prolonged nuclear accumulation phase of untagged R274W and Q275A. STAT1-negative U3A cells
were transfected with plasmids coding for WT or mutant STAT1 and, on the next day, treated as described above, except that the exposure times to staurosporine
were shortened (0 min, 10 min, 20 min, and 30 min). (C) The intracellular distribution of recombinant STAT1 was monitored immunocytochemically in the me-
thanol-fixed, Hoechst-stained cells using anti-STAT1 (E-23) primary and Cy3-labelled secondary antibodies (n = 3). (D) Nucleocytoplasmic distribution of the STAT1
mutants, as quantified from Fig. 3C, with bars and asterisks indicating significant differences between WT and mutant STAT1. (E, F) Premature nuclear accumulation
of R274W-GFP and Q275A-GFP in HeLa cells occurs already 10 min after IFNy treatment, whereas it took 10 min longer for the WT and the K278A protein to achieve

a complete accumulation state (n = 3).

CCL2, but not CXCL10 (Fig. 4C-F). Control experiments demonstrated
that the altered gene activation profile of the K278A mutant was not
due to an elevated expression of the mutant, since the STATI mRNA
levels were similar between cells expressing the recombinant WT and
mutant STAT1 (Fig. 4G). Although GAS binding was increased in re-
constituted U3A cells exposed for 20min to IFNa (Supplemental
Fig. 2A, B) and, moreover, IFNa stimulation significantly up-regulated
the expression of IFN type-I-driven genes (Supplemental Fig. 2C), we
observed no significant differences among the STAT1 variants with
respect to activation of the three IFNa-driven genes RIG-G, IFI-56 K and
MX1 (Supplemental Fig. 2C).
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3.5. Normal DNA-binding affinity of the coiled-coil domain mutants

Given the altered expression profile of the three mutants R274W,
Q275A, and K278A on endogenous IFNy-driven target genes, we next
evaluated their sequence-specific binding kinetics to DNA. In a first
competition experiment, the dissociation rate from a high-affinity,
single GAS site, termed M67, was tested for the WT and mutant STAT1
proteins. To this end, whole cell extracts from STAT1-expressing U3A
cells were incubated for 15 min with [33P]-labelled M67 DNA, before
the reactions were either unchallenged (0 min) or challenged with a
750-fold molar excess of unlabelled M67 for additional 5 or 10 min on
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Fig. 4. Gene-specific expression patterns demonstrate that R274W and Q275A are hyper-active inducers of transcriptional responses, while K278A functions as a
moderate GOF mutant for endogenous target genes. (A, B) Luciferase reporter gene assays in reconstituted U3A cells expressing the indicated STAT1 variants
normalized to the expression level of constitutively co-expressed -galactosidase. The reporter constructs used in these experiments contained inserts from either (A)
a 339 base pair fragment from the native ICAM-1 promoter (pIC-339) or (B) a triple GAS site from the Ly6E promoter (3xLy6E). Cells were left untreated (grey
columns) or stimulated for 6 h (black) with 50 ng/ml of IFNy before, in whole cell extracts, luciferase luminescence and the enzymatic activity of the co-expressed -
galactosidase were measured. The experiment was repeated in six independent transfections at least three times. (C-G) Endogenous gene expression by the indicated
STAT1 mutants was determined by real-time RT-PCR assays. Histograms depict expression levels of the MIG1 (C), CXCL10 (D), IRF1 (E), CCL2 (F), and STATI (G)
gene before (grey columns) and after 6 h stimulation with IFNy (black columns). Gene induction was normalized to the expression of the house-keeping gene GAPDH.
Histograms show means and standard deviations. Significant differences for IFNy-stimulated samples expressing the indicated STAT1 mutants in comparison to the
WT protein are marked by bars and asterisks. The experiment was repeated three times.

ice, before being loaded on a non-denaturing gel. EMSA revealed that
the three mutants displayed similar dissociation kinetics from a high-
affinity GAS site as the WT protein (Fig. 5A, B). Furthermore, all four
STAT1 variants showed cooperative DNA binding, as tetrameric but not
dimeric STAT1 complexes resisted binding to a radioactively labelled
DNA probe containing two consensus GAS sites in tandem orientation,
when challenged for 30 min with a 750-fold molar excess of unlabelled
GAS (Fig. 5C, D). Likewise, the STAT1 mutants did not differ from the
WT protein with respect to binding to tandem GAS sites of different
sequence-specificity (Fig. 5E, F). Thus, the elevated gene activation of
the three coiled-coil domain mutants cannot be explained by altered
DNA binding.

3.6. R274W and Q275A display unaltered kinetics of tyrosine
phosphorylation and dephosphorylation

The preceding experiments had indicated that the two hyper-phos-
phorylated STAT1 GOF mutants R274W and Q275A had a more pro-
nounced cytokine-inducible nuclear accumulation (Fig. 3), but dis-
played normal kinetics of GAS binding (Fig. 5). Finally, we questioned
whether the hyper-phosphorylated status of these mutants in IFNy-sti-
mulated cells results from either elevated tyrosine phosphorylation by
JAKs and/or impaired dephosphorylation by the STAT1-inactivating
Tc45 phosphatase. To test this hypothesis, we prepared cellular extracts
from untreated U3A cells expressing either WT or mutant STAT1 and
incubated the samples in vitro with the recombinant JAK2 kinase for 0,
30, and 60 min. As shown in Fig. 6A and B, all coiled-coil domain
mutants were normally phosphorylated by JAK2. Likewise, when ex-
tracts from IFNy-pretreated U3A cells expressing the respective phos-
phorylated STAT1 mutants were incubated with recombinant Tc45
phosphatase, their dephosphorylation rates were similar to WT protein
(Fig. 6C, D). These observations demonstrated that the elevated tyr-
osine phosphorylation levels of R274W and Q275A resulted neither
from an improved interaction with JAK2 nor from an impaired reaction
with Tc45. Since it is well established that DNA binding protects STAT1
from being dephosphorylated by the inactivating phosphatase (Meyer
et al,, 2003), we finally tested the mutants in an in vitro depho-
sphorylation assay using purified Tc45 in the absence or presence of
GAS-containing, double-stranded DNA. As shown in Fig. 6E and F, the
presence of a high-affinity GAS-nonGAS element in the reactions pro-
tected all four STAT1 variants from being dephosphorylated, whereas
the same molar concentration of unspecific 2xnonGAS did not prevent
phospho-STAT1 from being inactivated by the catalytic action of the
phosphatase. Again, the dephosphorylation patterns of the mutants did
not differ from the WT protein.

4. Discussion

In the present study, we extend our knowledge about the molecular
mechanisms of the CMC pathogenic R274 substitution by showing that
this mutation, similar to the adjacent missense mutation Q275A, leads
to an early and prolonged nuclear accumulation upon stimulation of
cells with the cytokine IFNy. Both point mutants were hyper-phos-
phorylated and insensitive towards the inhibitory effects of staur-
osporine, resulting in a higher occupancy rate on GAS elements. A
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detailed molecular characterization of the two mutants revealed that
neither the rate of JAK2-induced tyrosine phosphorylation, nor the
kinetics of DNA-binding was per se affected by the missense mutations.
Furthermore, the dissociation rate from a classical GAS element, tet-
ramer formation, and sequence-specificity did not differ between WT
and mutant proteins. These kinetic observations are in line with the
findings from genome-wide RNA-sequencing libraries by Fujiki and
colleagues demonstrating that the aberrant increase in STAT1 activity
was not associated with a significant change in the repertoire of STAT1
target genes (Fujiki et al., 2017). The development of CMC was at-
tributed to an impaired Th17 immunity, although the precise molecular
mechanisms have not been elucidated. Yamazaki et al. (2014) demon-
strated that the production of the Th17-associated cytokines IL-17A and
IL-22 from peripheral blood mononuclear cells (PBMCs) and CD4" T
cells was significantly reduced in patients with STAT1 GOF mutations.
The decreased synthesis of IL-17A and IL-22 indicates an impaired
differentiation of Th17 cells and suggests non-redundant roles of Th17
cells and Th17-associated cytokines in the host defence against muco-
cutaneous Candida infections.

The main observation of this study is that the two hyper-phos-
phorylated R274W and Q275A mutations, both located at the interface
of the antiparallel dimer, exhibited unaltered phosphorylation and de-
phosphorylation reactions, when the mutants were incubated with the
activating JAK2 kinase and the inactivating Tc45 phosphatase, re-
spectively. This behaviour clearly distinguishes the two R274W and
Q275A mutants from F172W, F364A, and T385A, which are also hyper-
phosphorylated, but have been shown by our group to be resistant
against the dephosphorylation effects of the Tc45 phosphatase, when
tested under the same experimental conditions (Staab et al., 2013a,b).
These latter residues are required for the formation of the antiparallel
dimer conformation, which cannot be stabilized when they are mutated
(Zhong et al., 2005; Mertens et al., 2006; Staab et al., 2013a,b). The
functional consequences of the K278A substitution with regard to
hyper-phosphorylation seem to be less pronounced than the other two
GOF mutants. However, this STAT1 variant should also be classified as
a GOF mutant, given its elevated gene activation profile on a variety of
IFNy-driven target genes.

Our work has identified two different categories of hyper-active
GOF mutations, which differ with regard to their Tc45-induced de-
phosphorylation properties as well as their location in distinct areas of
the interface constituting the antiparallel STAT1 dimer conformer. The
amino acid residues constituting the phosphatase-insensitive mutants
F172W, F364A, and T385A are located at the periphery of the interface,
whereas the newly identified phosphatase-sensitive mutant Q275A and
its neighbour R274W are both located in the centre of the antiparallel
dimer (Fig. 1D). Thus, the two functionally distinguishable groups of
GOF mutations can be clearly assigned to different areas of the anti-
parallel dimer conformation, as the phosphatase-sensitive mutations
characterized in this paper are disrupting the formation of an isolated,
finger-like structure naturally occurring at the dimer interface. X-ray
crystallographic studies of the antiparallel STAT1 conformation (Mao
et al., 2005) reveal that the side chain of glutamine 275 is only 3.2 A
apart from the aromatic ring system of the tyrosine residue Y356 on the
partner protomer, which most likely contributes to the formation of a
nonphosphorylated STAT1 dimer. Furthermore, our results suggest that
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Fig. 5. Normal sequence-specific binding of the GOF mutants to DNA. (A, B) Unaltered dissociation kinetics from GAS sites for the tested GOF mutants, as de-
monstrated by means of a competition gel-shift assay. Lysates from cells expressing the indicated tyrosine-phosphorylated STAT1 variants were equilibrated for
15 min with a radioactively labelled high-affinity STAT-binding probe termed M67, before a 750-fold molar excess of unlabelled M67 was added on ice for 5 min and
10 min, respectively, and the reactions loaded on a non-denaturing gel. A representative autoradiogram of the competition gel-shift is shown in (A), including the
quantification from three independent experiments thereof (B). (C, D) Cooperative DNA binding resulting from tetramer stability is unaltered in the GOF mutants. (C)
The image shows a representative EMSA result using whole cell extracts from reconstituted U3A cells incubated with a [**P]-labelled double-stranded oligonucleotide
containing two GAS elements in tandem orientation (2xGAS) with the positions of tetrameric and dimeric STAT1 indicated at the right-hand margin of the gel.
Reactions were either unchallenged (-) or challenged with a 750-fold molar excess of unlabelled GAS (+ competition). Where indicated, an anti-STAT3 (aS3) or anti-
STAT1 antibody (aS1) was included in the reaction. To identify the position of dimeric STAT1, a [**P]-labelled single GAS site (M67) was included in the first lane.
(D) The percentage of dimeric-to-tetrameric STAT1 complexed to 2xGAS did not differ among the four STAT1 variants tested (n = 3). (E, F) GOF mutants have a
similar sequence-specific DNA-binding affinity as the WT protein. Extracts from U3A cells expressing the indicated STAT1 variants were incubated with [>*P]-labelled
double-stranded DNA containing two (2xGAS), one (GAS-nonGAS) or none (2xnonGAS) GAS sites and proceeded for EMSA. (E) Representative gel-shift and (F) data
from densitometric analysis from three independent experiments.
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Fig. 6. The substitution mutants R274W, Q275A and K278A in the coiled-coil domain display unaltered in vitro phosphorylation and dephosphorylation kinetics. (A)
In vitro phosphorylation assay demonstrated no different tyrosine phosphorylation rates of the STAT1 variants by JAK2. Whole cell extracts from reconstituted U3A
cells expressing STAT1 (10 pl in each reaction) were incubated with 4 pg/ml of recombinant JAK2 kinase and incorporation of phosphate in STAT1 was monitored
over time by means of Western blotting (n = 3). (B) Statistical analysis revealed no significant difference in the phosphorylation kinetics between WT and mutant
STAT1. (C) The GOF mutants are normally dephosphorylated by Tc45 phosphatase. Results from an in vitro dephosphorylation assay using extracts from
IFNy — prestimulated U3A cells (10 pl each) incubated for 0, 30 and 60 min with 2 U of the STAT1-specific Tc45 phosphatase (n = 3). Tyrosine dephosphorylation
was followed by immunoblotting (C) including a quantitative analysis of the phosphotyrosine signals divided by the total STAT1 signal (D). (E, F) The GOF mutants
are normally protected against the inactivating effect of Tc45 phosphatase when bound to high-affinity GAS elements. Results from an in vitro dephosphorylation
assay in the presence of GAS-nonGAS and 2xnonGAS double-stranded oligonucleotides (n = 3).

there is more than one distinct mechanism responsible for the hyper-
active properties of GOF mutants.

The identification of functionally different GOF mutants may help in
future experiments to better understand the molecular basis of the
important activating/inactivation cycle required for STAT1 to function
as a cytokine-inducible transcription factor. One possible hypothesis
from our observations is that the reciprocal F172/T385 interaction lo-
cated at the lateral ends of the antiparallel dimer interface is required
for the formation of isolated dimers (or multimers) of antiparallel
STAT1, which then recruit the Tc45 phosphatase as a prerequisite for its
enzymatic action on STAT1. In contrast, the second binding site of the
antiparallel dimer with the R274/Q275 bridge structure may be in-
volved in the binding of a single STAT1 monomer (or a parallel
phospho-dimer) to a tyrosine-phosphorylated dimer in an antiparallel
conformation. This hypothetical trimeric complex may exclude the
binding of importin-a to the dimer-specific nuclear localisation signal
(NLS) located at the DNA-binding domain (Meyer et al., 2002), which is
masked by the coiled-coil domain of the interfering third protomer.

According to this theory, importin-a5 and STAT1 compete for
binding to a phosphorylated homodimer. The model implies that the
nuclear import of tyrosine-phosphorylated STAT1 dimers is hindered by
monomeric STAT1 irrespective of its phosphorylation state. According
to this assumption, the second interface with the R274/Q275 residues is
engaged in the formation of a trimeric complex by binding a STAT1
monomer (or dimer) in an antiparallel conformation to one of the two
STAT1 protomers which constitute a parallel dimer via reciprocal
phospho-tyrosine-SH2 ~domain interactions. The physiological
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consequence of such a hypothetical mechanism would be that mono-
meric STAT1 functions as an inhibitor for the import of dimeric
phospho-STAT1 by setting a high threshold for the intracellular con-
centration of phosphorylated STAT1 to enter the nucleus and execute
transcriptional responses. The inhibitory function of monomeric STAT1
would assure that STAT1 nuclear accumulation is promoted in cells
exposed to high concentrations of extracellular cytokines. It remains
speculative whether a high rate of receptor occupancy is required in
order to overcome the putative antagonistic effects of the trimeric
STAT1 complex.

Our epifluorescence microscopic observation that the R274W and
Q275A mutants are rapidly imported into the nucleus after stimulation
of the cells with cytokines supports this assumption. However, further
experiments are required to decipher the molecular basis of these in-
teresting and clinically relevant GOF mutations. In addition, the spec-
ulative model has to be tested that indeed monomeric, unpho-
sphorylated STAT1 prevents the nuclear import of phosphorylated
STAT1 simply by hindering the access of importin molecules to STAT1
dimers as a prerequisite for nuclear import and full-fledged transcrip-
tional responses.
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