Alanine-scanning mutagenesis of human signal
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estimate loss- or gain-of-function variants
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Background: Germline heterozygous mutations in human signal
transducer and activator of transcription 1 (STAT1) can cause
loss of function (LOF), as in patients with Mendelian
susceptibility to mycobacterial diseases, or gain of function
(GOF), as in patients with chronic mucocutaneous candidiasis.
LOF and GOF mutations are equally rare and can affect the
same domains of STAT1, especially the coiled-coil domain
(CCD) and DNA-binding domain (DBD). Moreover, 6% of
patients with chronic mucocutaneous candidiasis with a GOF
STAT1 mutation have mycobacterial disease, obscuring the
functional significance of the identified STATI mutations.
Current computational approaches, such as combined
annotation-dependent depletion, do not distinguish LOF and
GOF variants.

Objective: We estimated variations in the CCD/DBD of STAT1.
Methods: We mutagenized 342 individual wild-type amino acids
in the CCD/DBD (45.6% of full-length STAT1) to alanine and
tested the mutants for STAT1 transcriptional activity.
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Results: Of these 342 mutants, 201 were neutral, 30 were LOF,
and 111 were GOF mutations in a luciferase assay. This assay
system correctly estimated all previously reported LOF
mutations (100%) and slightly fewer GOF mutations (78.1%) in
the CCD/DBD of STAT1. We found that GOF

alanine mutants occurred at the interface of the

antiparallel STAT1 dimer, suggesting that they destabilize this
dimer. This assay also precisely predicted the effect of 2
hypomorphic and dominant negative mutations, E157K and
G250E, in the CCD of STAT1 that we found in 2 unrelated
patients with Mendelian susceptibility to mycobacterial
diseases.

Conclusion: The systematic alanine-scanning assay is a

useful tool to estimate the GOF or LOF status and the effect of
heterozygous missense mutations in STATI identified in
patients with severe infectious diseases, including
mycobacterial and fungal diseases. (J Allergy Clin Immunol
2016;EN:EEN-NEN,)
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Signal transducer and activator of transcription (STAT) 1 is a
latent cytoplasmic transcription factor belonging to the STAT
family. STAT1 is phosphorylated on tyrosine 701 (Y701) by the
Janus kinases when a cytokine or growth factor binds to its
receptor, allowing STAT1 dimerization. STAT1 can form a
homodimer, which is known as IFN-y activation factor (GAF),
after stimulation by IFN-vy, IFN-o/@3, or IL-27. GAF translocates
to the nucleus and binds to specific DNA sequences known as
gamma-activating sequences (GASs) in the promoters of
interferon-stimulated genes to induce their transcription.'
STAT1 also forms a heterotrimer after stimulation by IFN-a/3
or IFN-A, consisting of STAT1, STAT2, and interferon regulatory
factor (IRF) 9, which is known as interferon-stimulated gene
factor 3 (ISGF3). ISGF3 binds the interferon-stimulated response
element, initiating gene transcription.! The deactivation of
STAT1 is mediated by a nuclear phosphatase thought to be
TC45, which dephosphorylates STAT1, allowing its release into
the cytoplasm.” In human subjects STAT1 plays a nonredundant
role in IFN-a/B, IFN-vy, IL-27, and IFN-\ signaling.4

Inborn errors in human STAT1-based immunity cause 4
types of immune deficiency: (1) autosomal recessive (AR)
complete STAT1 deficiency, (2) AR partial STAT1 deficiency,
(3) autosomal dominant (AD) STAT1 deficiency, and (4) AD
STATI gain of activity." Biallelic loss-of-function (LOF)
mutations have been identified in patients with complete and
partial AR STAT1 deficiency. These patients experience
life-threatening viral infections (especially herpes virus
infections) because they lack the STAT1-dependent response to
IFN-a/B (and perhaps IFN-A) signaling and experience
mycobacterial susceptibility because they lack the response to
IFN-vy (and perhaps IL-27).° Partial AR STATI deficiency is a
milder form, and therefore patients with this disorder have mild
viral and mycobacterial diseases and impaired but not abolished
responses to IFN-a/f, IFN-vy, IL-27, and IFN-A signaling.(”x
Heterozygous LOF STATI mutations cause Mendelian
susceptibility to mycobacterial diseases (MSMD), which is
attributable to the impairment of IFN-vy signaling, and mutations
have been identified in the DNA-binding domain (DBD), SH2
domain, and transactivation domain (Fig 1, A).”'* Heterozygous
gain-of-function (GOF) mutations underlie chronic mucocuta-
neous candidiasis (CMC) and have been most commonly
identified in the coiled-coil domain (CCD) and the DBD
(Fig 1, A).">*

LOF and GOF mutations can affect the same domains in
STAT1, obscuring the behavior of a particular mutation based
solely on its location. Therefore we systematically investigated
the effects of alanine substitutions in the CCD and DBD (CCD/
DBD) of STAT1, screening 342 alanine mutants (in a total of 750
residues) with a GAS reporter assay after IFN-y stimulation. All
the LOF MSMD-causing mutations and most (78.1%) GOF
CMC-related mutations previously identified in the CCD/DBD
were correctly identified in the alanine mutants, suggesting that
this technique can be used to establish a reference library of
STAT1 variants. Our results clearly demonstrate that the majority
of GOF mutations are located at the interface of the antiparallel
STAT1 dimer, probably disrupting the dimerization of antiparallel
STAT1 structures. We confirmed our results by identifying 2
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AD: Autosomal dominant
AR: Autosomal recessive
CADD: Combined annotation-dependent depletion
CMC: Chronic mucocutaneous candidiasis
DBD: DNA-binding domain
dbSNP: Single Nucleotide Polymorphism Database
ExAc: Exome Aggregation Consortium
GAF: IFN-y activation factor
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GOF: Gain of function
IRF: Interferon regulatory factor
ISGF3: Interferon-stimulated gene factor 3
LOF: Loss of function
MSC: Mutation significance cutoff
MSMD: Mendelian susceptibility to mycobacterial diseases
STAT: Signal transducer and activator of transcription
WT: Wild-type

germline heterozygous hypomorphic and dominant negative
mutations in the CCD of STAT1 in patients with MSMD.

METHODS
Functional assay based on systematic
alanine-scanning mutagenesis

A vector from which to express HaloTag STAT1 was obtained from the
Kazusa ¢cDNA/ORF clone collection (FHCO013013). The codons of the
vector-encoding residues from L136 to F487 of STAT1, except the 10 alanines
(A188,A230, A246, A254, A267, A401, A402, A415, A469, and A479), were
individually substituted with GCC, the codon most frequently encoding
alanine in human subjects, by using site-directed mutagenesis. The activities
of the mutants were measured with a luciferase reporter assay with the
pGL4.24 vector (Promega, Madison, Wis) driven by 5 tandem IRF-derived
GAS elements (TTCCCCGAA; IRF1 reporter plasmids). Detailed methods of
the luciferase reporter assay and the other experiments are available in the
Methods section in this article’s Online Repository at www.jacionline.org.

Case

Detailed case reports of kindreds A, B, and C (Fig 1) are available in the
Methods section in this article’s Online Repository. Briefly, 8 patients from
3 unrelated families are included in this study. Six patients received BCG at
infancy, and 5 of the 6 had BCGitis. Multifocal osteomyelitis was observed
in 5 patients, including 4 with BCGitis. Two patients who did not receive
BCG had a history of tuberculosis. One patient who does not have an obvious
history of BCGitis had intracranial granuloma with Mycobacterium avium
complex detectable by means of PCR from brain biopsy specimens. The
penetrance of STAT1 mutation was not complete. One family member in
kindred A who has no history of BCG vaccination turned out to have
STAT1 mutation based on the results of a familial study.

RESULTS
Functional assay based on systematic
alanine-scanning mutagenesis

Alanine-scanning mutagenesis is a widely used technique in
the determination of the catalytic or functional role of protein
residues. We systematically investigated the effects of alanine
substitutions in the CCD/DBD of STAT1 with a GAS reporter
assay after IFN-y stimulation. We generated 176 alanine mutants


http://www.jacionline.org

J ALLERGY CLIN IMMUNOL
VOLUME mmm, NUMBER um

A

KAGAWA ET AL 3

del91-124(372G>C) K211R L600P
. A46T K201N 1758 rswm\ull w*‘m\\ 1’6%5 750
STATI : l=lzlEls sl 2] o s b HE S
joforma | UL | IV [V EVE v vin | ax |oxo X IRIBI S 2| = L xvinE g xx XXII XXIH e
: T T T T T x
N-term E157K (,25()5 E320Q Q463H K637E | K67 le L7065 Crterm
1301del L338W V389 M654K Y701C
QI6TE C174R RAS vogon K29SN N;”DT'%?\
L163R QI67H FI72L R274W v380C 1294T | N2AMD T3R50
1160F Q167P DI7IN RI74G T385A 333K G384C L4OOQ
11567 D163G Y170N Q271P 1788 / RIG G384D | L400V
1 D151E-RIOHQI6EE E233AIA”67V|Y288P [ N39TD s466R 750
STATI ; o l=lElzl= s E [ i i izl =
isoform a it v |V EVl VI vill | IX X EXI 2|5 %% ; ; XVHI'—' ><E XXI XXHE XXIH' § §
N&)‘fl\, \11791&mg%giﬁzﬁooux%ﬂz?zw BIR F3700 7 V3901 TAI9R DSI7G Ns74l H()Z()I\\]'(L% 7110 1|7 Sor
Mi()i\rRilOK K2861 %223)241 pm M392T o
L206H Y287D p393L K344E
N-term Y287H p293T  L35IF C-term
1 136 317 488 576 683 700 712 750
[ N-terminal Coiled Coil | DNA binding | Linker si2 [ [1s] 1A |
Kindred B
B Kindred A 2 C 1 2
1 A+ 1
P6 WT/WT
3 4 EI57K/WT 1
: me ¥4
E? E? B " A PS5
GZSOE/WT EIS7TK/WT
4 D Kindred C
11 —Q ! >
G250E/WT WT/WT WT/WT I
(125()E/WT B P8
E157K/WT
1 2 3 4 { b3
v O 1T
7 P1 WI/WT WI/WT 7 A p7
G250E/WT G250E/WT EI157K/WT

FIG 1. Family trees and known pathogenic STAT1 mutations. A, Human STAT1«a isoform with its known
pathogenic mutations. Mutations identified in patients with an AR form of complete (orange) or partial
(green) STAT1 deficiency are shown above. Mutations identified in patients with AD MSMD are shown in
red (current study) and blue (previously reported). The reported GOF mutations are shown in magenta
below the protein. TA, Transcriptional activation domain; TS, tail segment. B-D, Family trees.

in the CCD and 166 alanine mutants in the DBD. We defined the
individual alanine mutants as LOF or GOF if they showed less
than 0.3 times or greater than 1.6 times the GAS transcriptional
activity of wild-type (WT), respectively (Fig 2). These cutoffs
were defined based on the GAS transcriptional activity of known
pathogenic mutations. The functional assay based on systematic
alanine-scanning mutagenesis (designated the alanine-scanning
assay) showed that 34.7% (61/176) of the alanine mutants in
the CCD were GOF and 2.2% (4/176) were LOF. In the DBD
30.1% (50/166) of the mutants were GOF and 15.7% (26/166)
were LOF. These results are consistent with the clinical
observation that most reported STAT1 mutations in the
CCD/DBD are GOF. Many CMC-related GOF mutations have
been identified in the CCD/DBD of STATI1 in previous
studies.'”™** In contrast, only 2 MSMD-causing LOF STAT1 mu-
tations (E320Q and Q463H) have been identified in the DBD, and
no LOF mutation has been reported in the CCD."°

The results of the alanine-scanning assay were compared with
previously identified GOF and LOF mutations in STAT1 (see
Table E1 in this article’s Online Repository at www.jacionline.
org). The assay allowed us to explain 100% of LOF mutants
and 78.1% (86.7% in the CCD and 64.3% in the DBD) of GOF
mutants in the CCD/DBD of STAT1. No known LOF mutations
were deemed to be GOF mutations. Only 1 GOF mutation was
misidentified as an LOF mutation in the alanine-substituted

mutants. Fifteen GOF mutations (20.5%) were falsely identified
as neutral. We then evaluated STAT1 variants that are
occasionally identified in healthy subjects and are listed in the
Single Nucleotide Polymorphism Database (dbSNP), 1000
Genomes Project, and/or the Exome Aggregation Consortium
(ExAc) database, with the alanine-scanning assay (see Table E2
in this article’s Online Repository at www.jacionline.org). This
assay estimated 71.1% (27/38), 23.7% (9/38), and 5.4% (2/38)
of the wvariations as neutral, GOF, and LOF mutations,
respectively. We next blotted the GOF and LOF alanine mutants
in the parallel and antiparallel dimeric STAT1 structures
(Fig 3). Intriguingly, the GOF alanine mutations predominantly
localized at the interface of the antiparallel dimer (Fig 3, A). In
contrast, several LOF alanine mutations localized close to the
DNA-binding site (Fig 3, B). Although the other LOF alanine
mutations localized inside the protein, there was no obvious
preferential localization.

Mutation significance cutoff effect estimation of
STAT1 mutations and variations in the CCD/DBD
We evaluated the previously identified mutations with
mutation significance cutoff (MSC) effect estimation based
on their combined annotation-dependent depletion (CADD)
scores. The CADD scores of all previously identified GOF and
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FIG 2. GAS transcription assay based on systematic alanine-scanning mutagenesis. GAS transcriptional
activity in response to IFN-y was measured in 176 STAT1 proteins mutated in the CCD (A) and 166 STAT1
proteins mutated in the DBD (B). Of alanine mutants, 34.7% (61/176) and 30.1% (50/166) were deemed to
be GOF mutations, whereas 2.2% (4/176) and 15.7% (26/166) were deemed to be LOF mutations in the
CCD and DBD, respectively. Experiments were performed in triplicate, and data are expressed in relative

luciferase units (RLU).

LOF mutations, except E235A and R321G, in the CCD/DBD
of STAT1 were greater than 7.736 (the benign/damaging cutoff
specific for STAT1) and were therefore estimated to have a
high effect (see Table E1). However, 89.7% (35/39) of natural
variations in the CCD/DBD of STATI listed in the dbSNP,
1000 Genomes Project, and ExAc databases were also
estimated to have a high effect. We also detected no significant
differences in the CADD scores of the LOF and GOF
mutations in STATI.

Identification of STAT7 mutations

The STATI mutation in the proband (P1) was identified with the
candidate gene approach for MSMD. We identified a novel
heterozygous mutation, 746G>A (G250E), in STATI with
Sanger sequencing (see Fig E1 in this article’s Online Repository
at www.jacionline.org). No mutation was identified in /[FNGRI,
IFNGR2, IKBKG, CYBB, IRFS8, or ISG15 in P1. Another novel

heterozygous mutation in STATI, 469G>A (E157K), was
identified in unrelated patients (P5 and P7) by using whole-
exome sequencing and confirmed with Sanger sequencing.
Neither the E157K nor G250E mutation was found in the National
Center for Biotechnology Information, Ensembl, dbSNPs, or
ExAc databases or in our own in-house database of 3000 exomes.
Nor were they detected in the 1052 control samples from 52
ethnic groups in the Centre d’Etude du Polymorphisme Humain
and Human Genome Diversity panels.’””' Therefore they
are rare MSMD-causing variants rather than irrelevant
polymorphisms. The G250E mutation was identified in P1, P2,
P3, and P4, which is consistent with AD inheritance. The same
mutation was also identified in an asymptomatic uncle (A.IIL.1),
who had not been vaccinated with BCG. The E157K mutation
was identified in P5 and P6 in kindred B and in P7 and P8 in
kindred C. Thus we identified 2 novel heterozygous mutations,
E157K and G250E, in the CCD of STAT1 in 7 patients from 3
families (Fig 1, B and D).
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FIG 3. Distributions of LOF and GOF mutations in antiparallel and parallel STAT1 dimers. GOF (red) and LOF
(blue) alanine substituents were mapped to the antiparallel (A) and parallel (B) dimeric structures of STAT1.
Fig 3, A, GOF alanine mutants predominantly localized at the interface of the antiparallel dimer, whereas
LOF alanine mutants localized inside the protein. Fig 3, B, Many LOF alanine mutants localized close to

the DNA-binding site.

E157K and G250E in STAT1 partially impair its
phosphorylation, GAS binding, and GAS
transactivation in response to IFN-y

We transiently introduced WT and/or mutant STATI-containing
plasmids into U3C cells, a STAT 1-null fibrosarcoma cell line, with
lipofection and analyzed the expression and Y701 phosphoryla-
tion of STAT1 after IFN-y stimulation, with immunoblotting
(Fig 4, A, and see Fig E2, A, in this article’s Online Repository
at www.jacionline.org). Both E157K and G250E STAT1 and the
K673R dominant negative hypomorphic mutant that causes AD
STAT1 deficiency were expressed normally but showed partially
impaired phosphorylation after IFN-y stimulation.'” In contrast,
the R274Q mutation, a common GOF mutation in patients with
CMC, showed increased phosphorylation in response to
IFN-v.'® Consistent with previous reports, Q463H STAT1 was
normally phosphorylated, and Y701C abolished STAT1
phosphorylation after IFN-y stimulation.'*""’

We then analyzed the intrinsic DNA-binding ability of the
STAT1 proteins with an electrophoretic mobility shift assay.
U3C cells expressing WT or mutant STAT1 were stimulated with
IFN-vy and subjected to electrophoretic mobility shift assay with a
GAS probe. E157K and G250E, as well as K673R, STATI1
displayed markedly lower levels of GAF binding to GAS (Fig 4,
B, and see Fig E2, B). Y701C STAT1 had no DNA-binding ability,
whereas R274Q STAT1 showed increased DNA-binding ability.

We next investigated the effect of the E157K and G250E
mutations on the transcriptional activity of GAS in assays with
GAS reporter plasmids. Like K673R STAT1, both E157K and
G250E STAT1 severely impaired STAT 1-mediated signaling but
did not abolish it, as Q463H and Y701C STAT1 did, disrupting
GAS transcriptional activity after IFN-y stimulation (Fig 4, C).
Both E157K and G250E STAT1, as well as the other
previously reported dominant negative STAT1 mutations, had
dose-dependent negative effects in cotransfection experiments,
suggesting that both mutants exert a dominant negative effect
on IFN-y—induced WT STATI-mediated GAS activation
(Fig 4, D, and see Fig E3 in this article’s Online Repository at
www.jacionline.org).

E157K and G250E in STAT1 partially impair nuclear
localization

We analyzed the nuclear translocation of STAT1 in U20S cells
stably expressing V5-tagged WT, E157K, G250E, Q463H,
K673R, Y701C, or R274Q STAT1 proteins.'*'*'>'® STATI
was mainly observed in the cytoplasm of unstimulated cells
(Fig 5, A, and see Fig E2, C). After IFN-y stimulation, STAT1
was mainly observed in the nuclei of cells expressing WT,
Q463H, or R274Q STAT1, whereas Y701C STAT1 remained in
the cytoplasm (Fig 5, B, and see Fig E2, D). E157K, G250E,
and K673R STAT1 displayed partially impaired nuclear
translocation.

E157K STAT1 forms a hydrogen bond with E394 in
its antiparallel partner

STAT1 forms both parallel and antiparallel dimers.
Phosphorylated STAT1 forms parallel dimers (active form),
whereas unphosphorylated STAT1 preferentially forms antipar-
allel dimers (inactive form). When STAT1 forms antiparallel
dimers, the CCD and DBD associate reciprocally.2 We mapped
the positions of E157K and G250E, together with 6 other
well-characterized mutations (GOF: D165G and R274Q in the
CCD and N355D and K388E in DBD; LOF: E320Q and
Q463H in the DBD) in both the parallel (see Fig E4, A, in this
article’s Online Repository at www.jacionline.org) and antipar-
allel STAT1 dimers (see Fig E4, B). In the parallel structure
G250E was located close to the linker domain, which plays an
important role in DNA binding.”" This mutation also localized
close to E320Q, which impairs STAT1 phosphorylation and the
binding of GAF to GAS.'” The Q463H mutation, which
specifically impairs DNA binding, was located very close to the
DNA-binding site. In contrast, the E157K mutation localized
far from the DNA-binding site and close to the GOF mutations
D165G and R274Q in the CCD. When we examined these
mutations in the antiparallel structure, all 4 GOF mutations
were located at the dimerization interface. The G250E, E320Q,
and Q463H mutations were located inside the protein, relatively

52,53
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FIG 4. Functional assays of E157K and G250E STAT1 identified in patients with MSMD. A, Levels of pSTAT1
were reduced in the E157K and G250E mutants in response to IFN-vy to levels similar to those in the K673R
mutant. B and C, E157K and G250E STAT1, as well as the K673R hypomorphic mutant, severely impaired the
ability of GAF to bind GAS (Fig 4, B) and induce IRF1 reporter activity after IFN-y stimulation (Fig 4, C). In
contrast, Q463H and Y701C STAT1 completely abolished DNA binding to GAS (Fig 4, B) and IRF1 activation
(Fig 4, C). D, All the mutants exerted a dose-dependent negative effect on WT STAT1-mediated GAS
activation after IFN-y stimulation. The amounts of plasmids used are shown below the x-axis.

far from the dimerization interface, in the antiparallel dimer.
However, the E157K LOF mutation and other GOF mutations
were located at the dimeric interface in the antiparallel structure.

We next mapped known pathogenic mutations (35 GOF and 4
LOF mutations) in the CCD/DBD in the parallel (see Fig ES, A, in
this article’s Online Repository at www.jacionline.org) and anti-
parallel (see Fig ES, B) dimers. As in the alanine-scanning assay,
the GOF mutations were preferentially observed at the molecular
interface in the antiparallel dimer. These observations suggest
that some specific mechanism underlies the LOF of E157K
STAT1. Therefore we analyzed E157K STAT1 in silico by using
the protein modeling software MOE (Fig 6, A and B, and see
Fig E6 in this article’s Online Repository at www.jacionline.
org). The mutant K157 residue was predicted to form a hydrogen
bond with E394 of its antiparallel partner, stabilizing the
antiparalle] STAT1 dimer.

Strength of interaction between residues E157 and
E394 affects GAS transcriptional activity

We then investigated the functional significance of mutation
E157K by focusing on the interaction between residues E157 and
E394. An MOE analysis predicted that the mutant K394 residue
forms a hydrogen bond with E157 (see Fig E6). Therefore we
generated 2 STAT1 mutants, E394K and E157K+E394K (double
mutant), and investigated their functions (Fig 6, C and D). As
expected, E394K STAT1 showed LOF in a GAS reporter assay,
like the E157K mutant (Fig 6, E). However, surprisingly, the
E157K+E394K double mutant showed GOF, with markedly

increased GAS transcriptional activity (Fig 6, E). Glutamic acid
is a negatively charged amino acid, whereas lysine is positively
charged. Therefore we inferred that the electrostatic repulsion
between residues K157 and K394 underlies the GOF of the
E157K+E394K double mutant (Fig 6, D). To confirm this
inference, we substituted residues E157 and E394 with arginine,
another positively charged amino acid (see Fig E7 in this article’s
Online Repository at www.jacionline.org), and tested the
functional significance of these changes in a GAS reporter assay
(Fig 6, E). Like the lysine-substituted mutants, both E157R and
E394R STATI1 displayed LOF, whereas the E157R+E394R
double mutant displayed GOF.

The alanine-scanning assay showed that E157A STAT1 is an
LOF mutant. Therefore we investigated the effect of A157 with
MOE. Although LOF E157A STAT1 formed no hydrogen bond
with E394, a conformational change was predicted that allowed
amino acid H158 to form a hydrogen bond with E394 (see Fig E8
in this article’s Online Repository at www.jacionline.org).

DISCUSSION

We systematically evaluated the effect of amino acid
substitutions (342 alanine mutants) in the CCD/DBD of STAT1
using a GAS reporter assay. The GAS reporter assay is an accurate
and practical method with which to assess LOF and GOF STAT1
mutations.''*'>192! This assay allowed us to explain 100% of
known LOF mutations and 78.1% (86.7% in the CCD and
64.3% in the DBD) of known GOF mutations in the CCD/DBD
of STAT1 by using alanine substituents of the same residues. It
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FIG 5. Subcellular localization of WT and mutant STAT1. U20S cells stably expressing V5-tagged WT or
mutant STAT1 were stimulated with IFN-y for 20 minutes and subjected to immunostaining. A, Before IFN-y
stimulation, the WT and all mutant STAT1 proteins were localized to the cytoplasm. B, Like the K673R
mutant, the nuclear translocation of E157K and G250E STAT1 was partially impaired in cells expressing
either protein. In contrast, Y701C completely abolished the nuclear translocation of STAT1 after IFN-y

stimulation.

showed that 34.7% (61/176) and 30.1% (50/166) of alanine
mutants were GOF, whereas 2.2% (4/176) and 15.7% (26/166)
were LOF in the CCD and DBD, respectively. This is consistent
with previous clinical observations that most reported
disease-causing mutations in the CCD/DBD are GOF and are
associated with CMC.*'>'%?23¢ Iy contrast, only 2 AD
MSMD-related LOF mutations, E320Q and Q463H, both in the
DBD, have been reported in those domains.'® The alanine-
scanning assay revealed that 4 of 176 alanine substituents
(E157A, T224A, G250A, and Q311A) in the CCD were LOF
mutations. This result was confirmed by the identification of 3
familial cases of a patient with AD MSMD carrying LOF
mutations in the CCD. The functional significance of the
E157K and G250E mutations, which were newly identified in
those patients, were correctly predicted with the alanine-
scanning assay, confirming the efficiency and reliability of this
assay system.

The alanine-scanning assay also showed that the GOF alanine
mutants predominantly localized to the molecular interface of the
antiparallel dimer. This assay has contributed to the evaluation of
protein-protein interfaces by disturbing the roles of the side-chain
functional groups at specific positions and the energetic
contributions of individual side chains to protein binding.’”
Therefore the distribution of the GOF alanine mutants suggests
that the disruption of the antiparallel dimer is a key molecular
mechanism underlying the GOF STAT1 mutations. In vitro and
in silico analyses of 2 STAT1 residues, E157 and E394, strongly
supported this hypothesis. Both E157K and E394K STAT1 were
evaluated as LOF mutations by using the GAS reporter assay and
were predicted to stabilize the antiparallel dimerization of STAT1
by forming an additional hydrogen bond with MOE. In contrast,
the E157K+E394K double mutant was identified as a GOF
mutant with the GAS reporter assay. These findings were
confirmed with arginine substitutions at residues E157 and



8 KAGAWA ET AL

J ALLERGY CLIN IMMUNOL
mmm 2016

A B D
E157K+E394K
molecule 1 " molecule 1 molecule 1
E157 .
] . H-bond
- L E394K -
E394 E394
molecule 2 molecule 2 molecule 2 . molecule 2
E
RLU (firefly/renilla)
8
6
4
2
0
IF N"‘/ -1 ] -1 ] -1 - | —— | - | |
mock WT R274Q Y701C E157K E394K E157K EI57R E394R E157R
E394K E394R

FIG 6. Interaction between E157 and E394 residues affects GAS transcriptional activity. A-C, E157K STAT1
was analyzed in silico with MOE. Unlike WT STAT1 (Fig 6, A), the E157K (Fig 6, B) and E394K (Fig 6, C)
mutants were predicted to form hydrogen bonds with E394 and E157 in their dimeric partners, respectively.
D, The E157K+E394K double mutant was predicted to allow access to their side chains, leading to
electrostatic repulsion between the two. E, Both E157K and E394K were LOF mutations, whereas the
E157K+E394K double mutant was predicted to be a GOF mutant by using the reporter assay. Similar results

were observed with arginine substitutions.

E394. Because both lysine and arginine are positively charged,
the disruption of the antiparallel dimer by the electrostatic
repulsion between residues 157 and 394 of the double mutants
was suspected to be the molecular basis of GOF. These
observations are nicely explained by previous studies in which
the antiparallel form of STAT1 was shown to facilitate the access
of a phosphatase by presenting pY701 at both ends of the
antiparallel dimer for ready dephosphorylation.”””

Our results, together with those of previous studies, clearly
support the hypothesis that the disturbance of the antiparallel
STAT1 dimer affects its activity by altering its phosphorylation at
Y701. The mutations that disrupt the antiparallel STAT1 dimer
are GOF mutations, whereas the mutations that stabilize the
antiparallel dimer are LOF mutations.

Although the alanine-scanning assay can be considered a good
system for estimating the functional significance of STATI1
mutations, it has some limitations. First, this system cannot
evaluate STAT 1 mutations involving WT alanine residues, such as
A267V, a known GOF mutation.

Second, the alanine-scanning assay does not always estimate
the effect of STAT1 mutations appropriately. Indeed, this assay
system misidentified 21.9% of GOF mutations and 28.9% of

natural variants. This might have occurred because the alanine
mutants cannot mimic the size effects or the hydrophilic or
hydrophobic effects exerted by other substituted amino acids.
Consequently, the establishment of a reference database of
STAT1 variants, which measures the activity of all possible
STAT1 substitutions (totaling 14,231 STAT1 mutants), might be a
future goal to achieve an accurate evaluation of the functional
significance of all STAT1 variants.

Next, to evaluate the applicability of the alanine-scanning
assay, we compared the results of this assay system with the
computational impact estimates of the MSC method, in which a
CADD benign/damaging cutoff specific for STAT1 was used.’* "
MSC showed a high true-positive estimation rate, with 97.3%
(71/73) of known pathogenic GOF and LOF mutations in the
CCD/DBD identified as deleterious. However, MSC misesti-
mated 89.7% of the natural variants as damaging. The high rate
of false-positive estimates, which was recently demonstrated
empirically,m is a common problem of current computational
effect estimates. Although MSC permits a low false-positive
rate,”’ our results show that its false-positive rate was still
89.7% in evaluating the STAT1 variants. The allele frequencies
of the STAT1 variants analyzed in the present study are quite
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low in the general population (see Table E2), which could explain
the high false-positive rate because the allele frequency correlates
strongly with the effect estimate.”’>”°" Our results stress the
difficulty in the computational estimation of the mutations and
variations in STATI and support the utility of the alanine-
scanning assay in their estimation.

The alanine-scanning assay, together with the identification of
3 familial cases of AD MSMD, have shown that LOF and GOF
mutations coexist in both the CCD and the DBD of STATI. AD
partial STAT1 deficiency and AD STAT1 gain of activity are
distinct primary immune deficiencies based on different
molecular mechanisms. However, there is considerable overlap
in their clinical manifestations. Although CMC is a prominent
clinical manifestation in patients with GOF mutations, nearly
6% of these patients are also susceptible to mycobacterial
infection.”” Additionally, many patients with GOF mutations
present with broad manifestations associated with bacterial and
viral infections.*> Furthermore, some patients with a GOF
mutation have been reported to have combined immunodefi-
ciency disease and immune dysregulation, polyendocrinopathy,
enteropathy, X-linked-like syndrome, with severe and/or atypical
clinical manifestations.””~**

Considering the clinical overlap and phenotypic diversity of
their symptoms, we must carefully evaluate any unknown
variations in the CCD/DBD of STAT1. The current advances in
deep sequencing and genotyping methods have furthered
the identification of the genetic cause of many diseases.
Simultaneously, the evaluation of unknown variants has become
increasingly important in clarifying disease-causing mutations.
The current study is the first to establish a reference database for
estimating the pathogenesis of naturally occurring genetic
variations in a central disease-causing gene based on a systematic
alanine-scanning assay. This study also demonstrated that the
establishment of a reference database based on the alanine-
scanning assay would be a useful tool for evaluating unknown
STAT1 variations found in genetic study of patients with primary
immune deficiency.

We would like to thank to M. Ciancanelli and T. Le Voyer for helpful
discussions. We also thank Y. Nemirovskaya, L. Amar, E. Anderson, M.
Courat, and T. Nivare for administrative support.

Key messages

e A systematic alanine-scanning assay correctly estimated
known LOF mutations (100%) and GOF mutations
(78.1%) in the CCD/DBD of STAT1.

e A systematic alanine-scanning assay correctly estimated
71.1% of nonpathogenic natural variants.

e An alanine scanning assay provided better estimation of
STAT1 variants compared with computational estimation.
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