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ONLINE METHODS

Subjects. We studied 92 children (61 boys and 31 girls) with JMML, includ-
ing 7 individuals with NS/MPD, who were diagnosed as having JMML in
institutions throughout Japan, Written informed consent was obtained from
subjects’ parents before sample collection. This study was approved by the
ethics committees of the Nagoya University Graduate School of Medicine
and the University of Tokyo in accordance with the Declaration of Helsinki.
Diagnosis with JMML was made on the basis of internationally accepted
criterial. Characteristics of the 92 JMML cases are summarized in Table 2.
The median age at diagnosis was 16 months (range of 1-160 months).
Karyotypic abnormalities were detected in 16 subjects, including in 8 with
monosomy 7. Fifty-six of the 92 subjects (61%) received allogeneic HSCT.

Sample preparation. Genomic DNA was extracted using the QlAamp DNA
Blood Mini kit and the QIAamp DNA Investigator kit (Qiagen) according to
the manufacturer’s instructions. The T Cell Activation/Expansion kit, human
(Miltenyi Biotec) was used for the expansion of CD3* T cells from subjects’
peripheral blood or bone marrow mononuclear cells’.

Whole-exome sequencing. Exome capture from paired tumor-reference DNA
was performed using SureSelect Human All Exon V3 (Agilent Technologies),
covering 50 Mb of coding exons, according to the manufacturer’s protocol.
Enriched exome fragments were subjected to massively parallel sequencing using
the HiSeq 2000 platform (Illumina). Candidate somatic mutations were detected
through our in-house pipeline (Genomon) as previously described!”.

Detection of mutations from whole-exome sequencing data. Detection of
candidate somatic mutations was performed according to previously described
algorithms with minor modifications!”. Briefly, the number of reads contain-
ing single-nucleotide variations (SN'Vs) and indels in both tumor and refer-
ence samples was determined using SAMtools®!, and the null hypothesis of
equal allele frequencies in tumor and reference samples was tested using the
two-tailed Fisher’s exact test. A variant was adopted as a candidate somatic

mutation if it had P < 0.01, if it was observed in bidirectional reads (in both -

plus and minus strands of the reference sequence) and if its allele frequency
was less than 0.25 in the corresponding reference sample. For the detection
of germline mutations in RAS pathway genes, SNVs and indels having allele
frequencies of more than 0.25 (SNVs) and 0.10 (indels) were interrogated for
46 genes, which consisted of known JMML-related RAS pathway genes and
genes registered in the pathway databases (‘Ras signaling pathway’ in BioCarta
and ‘signaling to RAS’ in Reactome3?). For variant calls in tumor samples for
which the paired normal reference was not available, candidate variants in the
RAS pathway were detected at an allele frequency of >0.10. Finally, the list of
candidate somatic and/or germline mutations was generated by excluding
synonymous SNVs and other variants registered in either dbSNP131 or an
in-house SNP database constructed from 180 individual samples. All candi-
dates were validated by Sanger sequencing as previously described.

Estimation of tumor content. The tumor content of bone marrow specimens
was estimated from the allele frequency of the somatic mutations identified
by deep sequencing. For homozygous mutations, as indicated by an allele fre-
quency of >0.75, the tumor content (Fyymo) was calculated from the observed
frequency (Fopserved) Of the mutation according to the following equation:
Fiamor = 2 X Fopserved — 1. For heterozygous mutations, the tumor content was
calculated by doubling the allele frequency.

Power analysis of whole-exome sequencing. The power of detecting somatic
mutations at each nucleotide position in whole-exome sequencing was esti-
mated by Monte-Carlo simulation (n = 1,000) on the basis of the observed
mean depth of coverage for each exon in germline and tumor samples and
the observed tumor content for each sample, which were estimated using the
allele frequencies of the observed mutations. For the samples with no observed
somatic mutations, the average tumor content of the informative samples was
employed. Simulations were performed across a total of 192,424 exons.

Copy number analysis in whole-exome sequencing data. To detect copy
number lesions at a single-exon level, the mean coverage of each exon

normalized by the mean depth of coverage of the entire sample was compared
with that of 12 unrelated normal DNA samples. Exons showing normalized
coverage greater than 3 s.d. from the mean coverage of the reference samples
were called as candidates for copy number alterations. All candidate exons of
RAS pathway genes were visually inspected using the Integrative Genomics
Viewer33 and were validated by Sanger sequencing of corresponding putative
breakpoint-containing fragments.

Targeted deep sequencing. Deep sequencing of the targeted genes was per-
formed essentially as described in the ‘deep sequencing of pooled target exons’
section in ref. 17, except that target DNA was not pooled. Briefly, all exons
of PTPN11, NFI, KRAS, NRAS, CBL, SETBPI, JAK3 and SH3BPI were PCR
amplified with Quick Taq HS DyeMix (TOYOBO) and the PrimeSTAR GXL
DNA Polymerase kit (Takara Bio) using primers including the Notl restriction
site (Supplementary Table 3). The PCR products from an individual sample
were combined and purified with the QIAquick PCR Purification kit (Qiagen)
for subsequent digestion with Not! (Fermentas). Digested PCR product was
purified, concatenated with T4 DNA ligase (Takara Bio) and sonicated to
generate fragments with an average size of 150 bp using Covaris. Fragments
were processed for sequencing according to a modified [llumina paired-end
library protocol, and sequences were read by a HiSeq 2000 instrument using
a 100-bp paired-end read protocol.

Variant calls in targeted deep sequencing. Data processing and variant call-
ing were performed with modifications to the protocol described in a previous
publication!”. Each read was aligned to the set of targeted sequences from
PCR amplification, with BLAT3 instead of Burrows-Wheeler Aligner (BWA)?®
used with the -fine option. Mapping information in the .psl format was con-
verted to the .sam format with paired-read information. Of the successfully
mapped reads, reads were excluded from further analysis if they mapped to
multiple sites, mapped with more than four mismatched bases or had more
than ten soft-clipped bases. Next, the Estimation_CRME script was run to
eliminate strand-specific errors and exclude PCR-derived errors. A strand-
specific mismatch ratio was calculated for each nucleotide variant for both
strands using the bases from read cycles 11 to 50 on the next-generation
sequencer. By excluding the top five cycles showing the highest mismatch
rates, strand-specific mismatch rates were recalculated, and the smaller value
between both strands was adopted as a nominal mismatch ratio for that vari-
ant. After excluding variants found in dbSNP131 or the in-house SNP database,
non-silent variants having a mismatch ratio of greater than 0.05 were called as
candidates, unless they had median values of the mismatch ratio at the relevant
nucleotide positions in the 92 samples of greater than 0.01, as such variants
were likely to be caused by systematic PCR problems. Finally, candidates with
mismatch ratios of >0.15 were further validated by Sanger sequencing.

Annotation of the detected mutations. Detected mutations were annotated
using ANNOVAR3, The positions of the mutations were based on the follow-
ing RefSeq transcript sequences: NM_(:(2834.3 for PTPN11, NM 0002873
for NFI1, NM_002524.4 for NRAS, NM_004985.3 for KRAS, NM_005188.3

of the mutations on protein function was assessed by SIFT37, PolyPhen-2
(ref. 38) and MutationTaster.

Whole-genome sequencing. Paired tumor-reference DNA samples were
sequenced with the HiSeq 2000 platform according to the manufacturer’s
instructions to obtain 30x read coverage for reference samples and 40x
coverage for tumor samples. Obtained FASTQ sequences were aligned to the
human reference genome (hgl9) using BWA3 0.5.8 with default parameters.
Alignment of pairs of sequences, at least one of which was not mapped or
was considered to have possible mapping problems (with mapping quality
of less than 40, insertions or deletions, soft-clipped sequence of more than
10% of the length of the original sequence, irregular paired-read orientation
or mate distance of greater than 2,000 bp), was attempted with BLAT?* using
default parameters, except for stepSize = 5 and repMatch = 2,253. Mapping
statistics were calculated by counting the bases at each genomic position with

‘SAMtools3L. For variant calling, variant and reference bases with base quality -

of >30 were counted in both germline and tumor samples, and the Fisher’s

NATURE GENETICS

doi:10.1038/ng.2698

15



H
g
o
g
0
B
£
2
)
<
3
£
3
2
=
[
£
<
g
2
[+]
4
©
=
(=
N
@]

exact test was applied. Variants with P of <0.01 were called. Variants hav-
ing allele frequency of >0.25 in the germline sample were excluded. Variants
found in 12 unrelated germline samples with an allele frequency of >0.01 on
average wete also excluded owing to the high probability that they represented
false positive calls. Copy number estimation was performed by calculating
the averaged ratio of read depths in germline and tumor samples in 10,000~
base bins. An allele-specific copy number plot was generated by measuring
the allele frequency of the tumor sample at the positions in which more than
25% of the allele mismatch was observed in germline samples. For the detec-
tion of chromosomal structural variations, soft-clipped sequences that could
be mapped to a unique genomic position were selected. Structural variation
candidates that had more than four supporting read pairs in total and at least
one read pair from each side of the breakpoint were called. Contig sequences
were generated by assembling the reads within 200 bp of the breakpoint with
CAP3 (ref. 40), and structural variations having the contig sequence that could
be aligned to the alternate assembly of the hg19 genome with more than 93%
identity were excluded as false positives. Structural variations with read depth
of greater than 150 on at least one side of the breakpoint were considered to be
mapped to a repeat element and were also excluded. For detection of viruses,
unmapped sequences were aligned to the collection of all viral genomes in
the RefSeq database using BLAT. A virus was considered to be detectcd if its
genome was covered by mean read coverage of >1.

c¢DNA sequencing. Total RNA was extracted using the RNeasy Mini kit
(Qiagen) and was reverse transcribed with the ThermoScript RT-PCR system
(Life Technologies). Target sequences were PCR amplified with the PrimeSTAR
GXL DNA Polymerase kit using the primers listed in Supplementary Table 3
and were sequenced.

Statistical analysis. For comparison of the frequency of mutations or other
clinical features between disease groups, categorical variables were analyzed
using the Fisher’s exact test, and continuous variables were tested using the
Mann-Whitney U test. Overall survival and transplantation-free survival were
estimated by the Kaplan-Meier method. Hazard ratios for survival with 95%
Cls were estimated according to the Cox proportional hazards model, and dif-
ference in survival was tested by log-rank test. STATA version 12.0 (StataCorp)
was used for all statistical calculations.
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862 CORRESPONDENCE

To the editor:

BLOOD, 31 JANUARY 2013 - VOLUME 121, NUMBER 5

Rabbit antithymocyte globulin and cyclosporine as first-line therapy for children with acquired

aplastic anemia

Horse antithymocyte globulin (hATG) and cyclosporine have been
used as standard therapy for children with acquired aplastic anemia
(AA) for whom an HLLA-matched family donor is unavailable.
However, in 2009, hATG (lymphoglobulin; Genzyme) was with-
drawn and replaced by rabbit ATG (rATG; thymoglobulin; Gen-
zyme) in Japan. Many other countries in Europe and Asia are facing
the same situation.! Marsh et al recently reported outcomes for
35 adult patients with AA who were treated with rATG and
cyclosporine as a first-line therapy.? Although the hematologic
response rate was 40% at 6 months, several patients subsequently
achieved late responses. The best response rate was 60% compared
with 67% in a matched-pair control group of 105 patients treated
with hATG. The overall and transplantation-free survival rates
appeared to be significantly inferior with rATG compared with
hATG at 68% versus 86% (P = .009) and 52% versus
76% (P = .002), respectively. These results are comparable to
those from a prospective randomized study reported by Scheinberg
et al comparing hATG and rATG.? Both studies showed the
superiority of hATG over rATG.>?
We recently analyzed outcomes for 40 Japanese children
(median age, 9 years; range, 1-15) with AA treated using rATG and
- cyclosporine. The median interval from diagnosis to treatment was
22 days (range, 1-203). The numbers of patients with very severe,
severe, and nonsevere disease were 14, 10, and 16, respectively.
The ATG dose was 3.5 mg/kg/day for 5 days. The median
follow-up time for all patients was 22 months (range, 6-38). At
3 months, no patients had achieved a complete response (CR) and
partial response (PR) was seen in only 8 patients (20.0%). At
6 months, the numbers of patients with CR and PR were 2 (5.0%)
and 17 (42.5%), respectively. After 6 months, 5 patients with PR at
6 months had achieved CR and 4 patients with no response at
6 months had achieved PR, offering a total best response rate of
57.5%. Two patients relapsed at 16 and 19 months without
receiving any second-line treatments. Two patients with no re-

sponse received a second course of rATG at 13 and 17 months, but
neither responded. Sixteen patients underwent hematopoietic stem
cell transplantation (HSCT) from alternative donors (HLA-
matched unrelated donors, n = 13; HLA-mismatched family do-
nors, n = 3). Two deaths occurred after rATG therapy, but no
patients died after HSCT. Causes of death were intracranial
hemorrhage at 6 months and acute respiratory distress syndrome at
[7 months. The overall 2-year survival rate was 93.8% and the
2-year transplantation-free survival rate was 50.3% (Figure 1).

In our previous prospective studies with hATG, the response
rates after 6 months were 68% and 70%, respectively, with no
increases in response rates observed after 6 months.*5 Our
results support the notion that rATG is inferior to hATG for the
treatment of AA in children. First-line HSCT from an alternative
donor may be justified, considering the excellent outcomes
in children who received salvage therapies using alternative
donor HSCT.

Yoshiyuki Takahashi
Department of Pediatrics, Nagoya Graduate School of Medicine,
Nagoya, Japan

Hideki Murématsu
Department of Pediatrics, Nagoya Graduate School of Medicine,
Nagoya, Japan
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Nobuyuki Hyakuna
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Kazuko Hamamoto
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Figure 1. Kaplan-Meier estimates of overall survival (0S) and
transplantation-free survival (TFS) in 40 Japanese children with AA.
Survival was investigated using Kaplan-Meier methods. OS for all patients
with AA after rATG and cyclosporine as first-line therapy included patients
who later received HSCT for nonresponse to rATG. In the analysis of TFS
for all patients treated with rATG and CSA, transplantation was considered
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To the editor:

Peripheral blood stem cells versus bone marrow in pediatric unrelated donor stem cell

transplantation

The relative benefits and risks of peripheral blood stem cells
(PBSCs) versus bone marrow (BM) for allogeneic hematopoietic
stem cell transplantation (SCT) are still a matter of highly
controversial debates.!? The first randomized study comparing the
2 stem cell sources in unrelated donor SCT recently documented
comparable overall and event-free survival, but indicated a higher
risk for chronic graft-versus-host disease (GVHD) with PBSCs.*
Only a few pediatric patients were included in this study even
though the long-term sequelae of chronic GVHD are of particular
concern in this patient group.

We retrospectively compared the long-term outcome of contem-
poraneous unrelated donor SCT in 220 children transplanted with
BM (n = 102) or PBSCs (n = 118) for hematologic malignancies
and reported to the German/Austrian pediatric registry for SCT. All
patients had received myeloablative conditioning followed by unmanipu-
lated SCT from HLA-matched unrelated donors. The PBSC and BM
groups were comparable with regard to patient and donor age, sex,
cytomegalovirus (CMV) serostatus, disease status at transplantation,
GVHD prophylaxis, growth factor use, and degree of HLA matching.
The groups differed with regard to disedse category with slightly more
myelodysplastic syndrome patients (P = .02) and a higher CD34-cell
dose (P = .001) in the PBSC group.

Neutrophil and platelet engraftment were achieved significantly
faster after PBSC than BM transplantation (Figure [A-B). In this
entirely pediatric cohort, the incidence of clinically relevant grade

II-1V acute GVHD (Figure 1C) did not differ. Most importantly, the
incidence of chronic GVHD (PBSCs vs BM: 35% vs 33%,
respectively; P =.9) and extensive chronic GVHD (Figure 1D)
proved low and was virtually identical in the 2 groups. With a
median follow-up time of 3 years, overall survival (PBSCs vs BM:
50% = 5% vs 46% = 6%, respectively; P = .63) and event-free
survival (PBSCs vs BM: 45% =+ 5% vs 44% *+ 6%, respectively;
P = .59) were comparable (Figure |E-F). In multivariable analy-
sis, taking into account all parameters with P < .2 in univariate
analysis, the only significant independent risk factor for treatment
failure was advanced disease status at the time of transplantation
(relative risk = 2.4, 95% confidence interval, 1.5-3.8; P = .001).
In contrast, stem cell source (PBSCs vs BM) had no effect (relative
risk = 1.1, 95% confidence interval, 0.7-1.6; P = .8).

Our registry-based analysis provides evidence that in pediatric
recipients of HLA-matched unrelated-donor transplantation with
consistent antithymocyte globulin (ATG) use during conditioning,
transplantation with PBSCs and BM results in comparable clinical
outcomes without detectable differences in the risk of acute or,
more importantly, chronic GVHD. Consistent with a recent study
underscoring the role of ATG for the prevention of acute and
chronic GVHD,’ the use of ATG in 96% of our transplantation’
procedures compared with only 27% in the above-mentioned
randomized study by Anasetti et al* might be one of the key factors
responsible for the overall low and comparable incidence of
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Heterozygosity for the Y701C STAT1 mutation in a multiplex kindred
with multifocal osteomyelitis
Osamu Hirata,* Satoshi Okada,* Miyuki Tsumura,* Reiko Kagawa,* Mizuka Miki,* Hiroshi Kawaguchi,*

Kazuhiro Nakamura,* Stéphanie Boisson-Dupuis,*® Jean-Laurent Casanova,>® Yoshihiro Takihara,*
and Masao Kobayashi*

Department of Pediatrics, Hiroshima University Graduate School of Biomedical & Health Sciences, Hiroshima, Japan;
*St. Giles Laboratory of Human Genetics of Infectious Diseases, Rockefeller Branch, The Rockefeller University, New
York, NY, USA; *Laboratory of Human Genetics of Infectious Diseases, Necker Branch, Inserm U980 and University
Paris Descartes, Necker Medical School, Paris, France, EU; “Department of Stem Cell Biology, Research Institute for
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Heterozygosity for dominant-negative STAT/ mutations underlies autosomal dominant Mendelian susceptibility
to mycobacterial diseases. Mutations conferring Mendelian susceptibility to mycobacterial diseases have been
identified in the regions of the STAT7 gene encoding the tail segment, DNA-binding domain and SH2 domain. We
describe here a new heterozygous mutation, Y701C, in a Japanese two-generation multiplex kindred with auto-
somal dominant Mendelian susceptibility to mycobacterial diseases. This mutation affects precisely the canonical
STAT1 tyrosine phosphorylation site. The Y701C STAT1 protein is produced normally, but its phosphorylation is
abolished, resulting in a loss-of-function for STAT 1-dependent cellular responses to interferon-y or interferon-o. In
the patients’ cells, the allele is dominant-negative for y-activated factor-mediated responses to interferon-y, but not
for interferon-stimulated gene factor-3-mediated responses to interferon-o/B, accounting for the clinical phenotype
of Mendelian susceptibility to mycobacterial diseases without severe viral diseases. Interestingly, both patients dis-
played multifocal osteomyelitis, which is often seen in patients with Mendelian susceptibﬁ’ity to mycobacterial
diseases with autosomal dominant partial [EN-yR1 deficiency. Multifocal osteomyelitis should thus prompt inves-
tigations of both STAT1 and IFN-yR1. This experiment of nature also confirms the essential role of tyrosine 701 in

human STAT1 activity in natura.

Introduction

Mendelian susceptibility to mycobacterial diseases
(MSMD) (OMIM 209950) is a rare congenital disorder charac-
terized by susceptibility to clinical diseases caused by weakly
virulent mycobacteria, such as Mycobacterium bovis Bacille
Calmette-Guérin (BCG) and non-tuberculous mycobacteria.'?
Affected individuals are also susceptible to M. wberculosis, a
more virulent mycobacterial species.” Nine MSMD-causing
genes ([FNGR1, IFNGR2, IL12B, IL12RB1, ISG15, STATY,
IRF8, CYBB and NEMO) defining 17 different genetic etiolo-
- gies have been identified to date."" Mutations of IL12B,
IL12RB1 and NEMO impair the production of interferon
(IFN)-y, whereas mutations of IFNGRY, IFNGR2 and STAT1
impair cellular responses to IFN-y. Moreover, autosomal
recessive (AR) ISG15 deficiency has recently been identified
as a genetic cause of MSMD." A lack of ISG15 secretion by
leukocytes results in impaired IFN-y production by NK and T
lymphocytes, accounting for mycobacterial disease. Thus,
single-gene variants disrupting IL-12- or ISG15-dependent,
IEN-y-mediated immunity result in an inherited predisposi-
tion to mycobacterial infections.”*"* However, no genetic eti-
ology has yet been established for about half the patients

with MSMD.

The first identification of MSMD-causing mutations of
STATY in 2001 was surprising, because STAT1 is involved in
cellular responses mediated by cytokines other than IFN-y,
including TFN-a/f in particular. ITFN-y stimulation results in
the phosphorylation of STAT1 on tyrosine 701, inducing its
homodimerization to form gamma-activated factor (GAF).
GAF binds the gamma-activated sequence (GAS) to. induce
the transcription of target genes involved in antimycobacteri-

- al immunity. On the other hand, IFN-o/f stimulation induces

the phosphorylation of both STAT1 and STAT?2, resulting in
the formation of the heterotrimeric I[EN-stimulated gene fac-
tor-3 (ISGF3) complex with IRF9. ISGF3 recognizes IFN-stim-
ulated response element (ISRE) motifs in target genes and
their expression confers anti-viral immunity. Indeed, het-
erozygosity for STAT1 dominant-negative alleles is responsi-
ble for AD MSMD."" Six mutations, E320Q, Q463H, K637E,
Mé54K, K673R and L706S in STAT1, have been reported
(Figure 1A)."" The L706S mutation affects the tail segment
domain of STAT1, abolishing phosphorylation at Y701." The
E320Q and Q463H mutations affect the DNA-binding
domain.” They have no effect on STAT1 phosphorylation,
but modify the DNA-binding capacity of GAE impairing
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STAT1-dependent immunity. The other three mutations
affect the SH2 domain. The M654K and K673R mutations
impair the tyrosine phosphorylation of STAT1, whereas
the K637E mutation impairs both STAT1 phosphorylation
and GAF-DNA binding.'*” These mutations are loss-of-
function or hypomorphic and have been shown to exert a
dominant-negative effect on wild-type STAT1 for IFN-y
responses.”” We report here the molecular and clinical
features of a multiplex kindred with MSMD due to a new
STAT1 allele, with a mutation of the tyrosine 701 codon.

Methods

Case regort

The patient (P1) is a 5-year old Japanese boy bomn to a non-con-
sanguineous family (Figure 1B). At the age of 2 months he present-
ed with a mild fever and rash. Initial laboratory tests demonstrated
leukocytosis (28.9x10°/L) with eosinophilia (11.1x10°/L) and a mild
acute-phase inflammatory response. Treatment with cefotaxime
was initiated and the patient’s symptoms improved over the first
2 days, but leukocytosis with eosinophilia persisted for 2 weeks.
No bacteria could be cultured from blood, the pharynx or stool
samples. P1 was vaccinated with BCGC at the age of 4 months. At
the age of 3 years, he suffered severe back pain and dysbasia.
Laboratory tests revealed mild leukocytosis (13.9x10°/L) and high
levels of C-reactive protein (3.99 mg/dL) and immunoglobulin
(IgG; 2070 mg/dL) in the serum. Magnetic resonance imaging and
whole-body bone scintigraphy revealed multifocal osteomyelitis
in three vertebrae and the cranial, costal, clavicular, bilateral tibial
and pelvic bones. Histological findings for the tibial bone were
suggestive of tuberculoid granulomas, but no pathogenic bacteria,
including Mycobactetium, were detected in the tissues by poly-
merase chain reaction or culture. The patient’s leukocytes dis-
played a normal oxidative burst and normal proliferation in
response to stimulation with phytohemagglutinin and con-
canavalin A. STATY sequencing revealed a heterozygous
nucleotide substitution (2102 A>G) in exon 23, resulting in the
substitution of a cysteine for a tyrosine residue at amino-acid posi-
tion 701 (Y701C). The patient (P1) started treatment with antimy-
cobacterial drugs, including rifampicin, sulfamethoxazole/
trimethoprim and clarithromycin. The clinical symptoms and lab-
oratory parameters responded well to the treatment. These treat-
ments have been maintained ever since, with the patient now
being 5 years old. The patient has had no episodes of severe viral
infection. He has had mumps, chicken pox and flu, but all these
diseases followed a normal clinical course. Normal levels of specif-
ic antibodies against these viruses were detected in P1 (Online
Supplementary Table S1). He has not yet been vaccinated against
measles and rubella.

His mother (P2) was vaccinated with BCG in infancy without
complications. She had a history of multifocal osteomyelitis in the
frontal bone, right maxilla, multiple vertebral bodies and ribs at 18
years of age. Initial laboratory tests showed a moderate acute-
phase inflammatory response. Histological findings in the costal
bone were consistent with a granulomatous change. No pathogen-
ic bacteria were detected. P2 was treated with levofloxacin
hydrate and loxoprofen for 2 years. These treatments improved,
but did not cure the symptoms. After this episode, P2 suffered
from recurrent cervical and back pain. At the age of 38, confluent
changes in the pressure on cervical and lumbar vertebrae were
detected on plain X ray, as a sequel of multifocal osteomyelitis.
Since the identification of a heterozygous Y701C STATY mutation

in the family study, P2 has been treated with rifampicin, sul--

famethoxazole/trimethoprim and clarithromycin. This treatment

appears to be effective, as the recurrent bone pain disappeared
after treatment initiation. P2 presented no signs suggestive of
immunodeficiency during childhood. She had no history of severe
viral infections and normal levels of the specific antibodies against
Epstein-Barr, chicken pox, mumps, rubella and measles viruses
(Online Supplementary Table S1).

We obtained blood samples from the patients, relatives, and
healthy adult controls, after obtaining. informed consent. This
study was approved by the Ethics Committee/Internal Review
Board of Hiroshima University.

The experimental methods are described in detail in the Online
Supplementary Methods section.

Results

identification of a new STAT1 mutation

High-molecular weight genomic DNA was extracted
from peripheral blood. The exons and the flanking introns
of genes responsible for MSMD, including STATY,
IFNGR1, IFNGR2, [L12B, IL12RB1 and NEMO, were
amplified by PCR and analyzed by Sanger sequencing. We
identified a new heterozygous mutation, 2102 A>G
(Y701C), in exon 23 of STAT1 in P1 (Figure 1B). The
Y701C mutation was not found in the National Center for
Biotechnology Information, Ensembl or dbSNP databases,
or in our own in-house database of 621 exomes. We also
sequenced STATY in'1,052 controls from 52 ethnic groups
from the Centre d’Etude du Polymorphisme Humain and
Human Genome Diversity panels; Y701C was not detect-
ed in these controls. This mutation was therefore consid-
ered to be a rare variant rather than an irrelevant polymor-
phism. Familial segregation analysis identified the same
mutation in the subject’s mother (P2), whereas the father
and older brother were both wild-type and healthy. The
mother had a history of multiple osteomyelitis of
unknown etiology at 18 years of age, revealing an AD pat-
tern of segregation of the MSMD clinical phenotype with
heterozygosity for the STAT1 allele. Figure 1A shows pre-
viously identified heterozygous or biallelic STATY muta-
tions causing AD or AR genetic susceptibility to mycobac-
terial diseases."" The Y701C mutation affects the Y701
residue, the site of tyrosine phosphorylation in the STAT1
tail segment domain, a residue crucial for the activation of
this molecule.®*

SYATI phosphoryiation and cytokine production
by peripheral biood mononuciear cells in response
to interferon-y stimulation

InterferonyR1 is expressed ubiquitously, at moderate
levels, on the cell surface, whereas very little IFN-yR2 is
present and the expression of this receptor is tightly regu-
lated, both spatially and temporally. Thus, IEN-yR2 is
thought to be the factor determining responsiveness to
IEN-y*? The CD14-positive monocytes in peripheral
blood are known to express relatively high levels of IEN-
YR2.% We, therefore, investigated the cellular response to
IFN-y, focusing on CD14-positive monocytes. We purified
CD14-positive monocytes by magnetic sorting and incu-
bated them in the presence of lipopolysaccharide and var-
ious concentrations of IEN-y. We then collected the super-
natant, in which we determined tumor necrosis factor
(TNF) levels. TNF production was severely impaired inthe
patients (P1 and P2), regardless of the dose of IFN-y used
for stimulation (Figure 1C). We analyzed STAT1 phospho-
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rylation in response to IFN-y by flow cytometry. STAT1 ment of Y701 phosphorylation in response to IFN-y stim-

phosphorylation levels were lower in CD14-positive ulation.
monocytes from patients than in control cells (Figure 1D). X Lo »
The CD14-positive monocytes of both patients displayed ~STAT1 phospherylation and DNA-binding ability
severe impairment of TNF production in the presence of it Epstein-Barr virus-B cells
lipopolysaccharide and JEN-y, probably due to the impair- We assessed STAT1 production and phosphorylation in
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Figure 1. (A) Summary of loss-of-function STAT1 mutations. The N-terminal domain, coiled-coil domain, DNA—binding domain, linker domain,
SH2 domain, tail segment domain (TS), and transactivation domain (TA) are shown, together with Y701, the site of tyrosine phosphorylation.
The dominant-negative mutants (blue) are indicated below the protein and the recessive forms of hypomorphic (green) and loss-of-function
mutations (yellow) are shown above the protein. Y701C is shown in red. (B) The heterozygous Y701C mutation was detected in the patient (11.2)
and his mother (1.2). Closed symbols indicate an affected individual and open symbols indicate a healthy family member. (Z) CD14-positive
monocytes were incubated in the presence of lipopolysaccharide (LPS) (100 ng/ml) and various concentrations of IFN-y for 48 h and TNF pro-
duction was then analyzed. CD14-positive monocytes from the patients (P1 and P2) produced abnormally small amounts of TNF. Two inde-
pendent experiments were performed. (D) Flow cytometry analysis of STATL phosphorylation upon IFN-y stimulation, on peripheral monocytes
{CD14" gate). STAT1 phosphorylation levels were lower in the patients’ cells than in control cells. The black line indicates an absence of stim-
ulation and the red line, stimulation with 10* [lU/mL IFN+y. Three independent experiments were performed.
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Epstein-Barr virus (EBV)-B cells from a healthy control

(WT/WT), P1 (Y701C/WT), another patient with AD
STAT1 deficiency (L7065/WT) and a patient with com-

plete STAT1 deficiency
(1760_1761delAG/1760_1761delAG, -/-), by immunoblot-
ting (Figure 2A)."*** STAT1 protein levels were normal in
all EBV-B cells except those from a patient with complete
STAT1 deficiency. However, STAT1 phosphorylation in
response to stimulation with interferons was weak, but
not abolished, in EBV-B cells carrying Y701C or L7065
mutations. The DNA-binding ability of the mutant STAT1
proteins was analyzed by electrophoretic mobility shift
assay on EBV-B cells. EBV-B cells containing the ¥Y701C or
L706S STAT1 proteins displayed a partial impairment of
GAF DNA-binding in response to stimulation with inter-
ferons (Figure 2C). The GAF-DNA binding complexes
were shown, by supershift analysis, to consist of STAT1
homodimers, STAT3 homodimers and STAT1/3. het-
erodimers, following stimulation with IFN-y and IFN-q,
respectively (data not shown). As previously described, GAF
was unable to bind DNA in response to I[FN-y in EBV-B
cells from a patient with complete STAT1 deficiency.”

10° 10°

However, a complex identified as STAT3 homodimers
was visible following incubation with IFN-o. By contrast,
ISRE binding to DNA following IFN-c stimulation was
found to be similar in. cells from the patients and cells from
controls, except for complete STAT1 deficiency. STAT1
phosphorylation and GAF DNA binding in EBV-B cells
were impaired to a similar extent in P1 and P2 (Ounline
Supplementary Figure S1B,C). Overall, EBV-B cells from the
patients displayed impaired, but not abolished, STAT1
phosphorylation in response to stimulation with interfer-
ons, resulting in the partial impairment of GAF-DNA
binding. However, ISRE-DNA binding levels in response
to IFN-o. stimulation were unaffected.

The phosphorylation and nuclear transiveation
of Y701C STATI are impaired

We transiently introduced WT and mutant STATY into
USC cells by lipofection, and analyzed, by immunoblot-
ting, the tyrosine 701 phosphorylation of the resulting
protein in response to stimulation with IFN-a or IEN-y
(Figure 2B). Both Y701C and L706S STAT1 proteins
impaired phosphorylation. As previously reported, the

IFN=y (IU/mL)

Figure 2. STATL phosphorylation
and DNA-binding ability in EBV-B
cells. STAT1 production and phos-
phorylation in EBV-B cells (&) and
transiently transfected U3C cells
(B). The cells were stimulated
with 10° IU/mL IFN for 15 min
and subjected to immunoblot
analysis. (A) EBV-B cells carrying
heterozygous Y701C or L706S
mutations showed a marked
impairment of phosphorylation.
The level of pSTATL was
decreased in Y701C or L706S
carrying cells by as much as .
50.0% or 57.6% after IFN-y stimu-
lation and up to 66.3 % or 61.5 %
after IFN-¢ stimulation ‘'when
compared with healthy controls.
(B) The Q463H STATL protein was
normally phosphorylated, to lev-
els similar to those observed for
the WT protein. K673R STAT1
was only weakly phosphorylated.
The Y701C STATA protein was not

B-actin
10°  IFN-a (1U/mL)

WIAWT ~ STAF - V7OTCAWT L7065/WT
B
10° 10° 10° 10° 10°
108 10° 10° 10° 10°
mock . WT Q4630 K673R  Y701C L7068
G

G A NoGA No G A

GAS
probe

A No A No AN

phosphorylated. () DNA-binding
ability in EBV-B cells, as assessed
by electrophoretic mobility shift
assay with GAS and ISRE probes.
EBV-B cells carrying Y701C or
L706S mutations displayed a
A marked impairment of GAF DNA-
binding ability. This impairment
" was particularly strong after IFN-y
stimulation. The ability of ISGF3
to bind DNA upon stimulation
with IFN-o. was preserved at
almost normal levels in the
" patients’ cells. At least two inde-
pendent experiments were per-

No: no stimulation
G: IFN-y 10° {U/mL 20 min.
A: IFN-a 10° IU/mL 20 min.

ISRE
probe

W1/
WT

W1/
WT

STATH
-

Y701C/
WT

L7065/
WT

STAT1 Y701C/ HL7OES/
._/.

formed. (G: 10° U/mL IFN+y, A:
10° 1U/mL IFN-0r)

WT WT

123



phosphorylation of K673R STAT1 was partially
impaired.”” By contrast, the Q463H STAT1 mutant was
phosphorylated to almost the same degree as the WT pro-
tein. We then analyzed the nuclear translocation of STAT1
in U20S cells stably expressing flag-tagged WT, Q463H,
K673R, L706S and Y701C STAT1 mutant alleles.
Unphosphorylated STAT1 was mostly present in the cyto-
plasm before IFN-y stimulation (Ouline Supplementary
Figure S2A). After IFN-y stimulation, STAT1 was found in
the nucleus in cells producing the WT and Q463H STAT1
proteins (Ounline Supplementary Figure S2B). By contrast,
STAT1 nuclear translocation was severely impaired in cells
producing the Y701C and L706S STAT1 proteins. The
K673R mutant STAT1 protein was present in both the
nucleus and the cytoplasm, suggesting incomplete nuclear
translocation. These results suggest that the Y701C muta-
tion, like L706S, prevents STAT1 phosphorylation and
nuclear translocation.

mock WT Y701C L706S

i Cytosol

PV no

PV no GPV no G PV no G PV

pSTAT1
STAT1
B-actin

G. PV no

Comparison of the Y7010 and L7068 mutations

Both the Y701C and L706S mutations affect residues in
the tail segment domain of STAT1. We focused on these
two mutations and performed further functional charac-
terization. We treated cells carrying these mutations with
the tyrosine phosphatase inhibitor pervanadate and then
analyzed the phosphorylation of STAT1 upon IFN-y stim-
ulation.” STAT1 phosphorylation was restored in the
presence of pervanadate in cells carrying the L706S muta-
tion, whereas no such restoration was observed for the
Y701C mutant (Figure 3A). Conversely, pervanadate
treatment did not rescue GAF-DNA binding for L706S
STAT1 (Figure 3A). We investigated the mechanisms
underlying these experimental observations by extracting
the cytosol and investigating STAT1 phosphorylation by
immunoblotting (Figure 3B). The L706S STAT1 protein
showed almost normal levels of phosphorylation in the
cytosol fraction after pervanadate treatment, whereas

GAS
probe

Figure 3. Comparison of the
Y701C and L706S mutations.
(A) U3C transfectants were
stimulated with 10° 1U/mL
IFN-y in the presence or
absence of pervanadate for 15
min and subjected to
immunoblotting and elec-
trophoretic  mobility  shift
assay. The L706S STAT1 pro-
tein was phosphorylated to
almost normal levels in
. response to IFN-y stimulation
in the presence of pervana-
date, whereas no phosphoryla-
tion of the Y701C STAT1 pro-
tein was observed. However,
L706S STATL was still associ-
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L7068 ated with a lack of GAF-DNA
binding, even after its phos-
phorylation had been restored.
(B) STAT1 phosphorylation was
investigated in the nuclear and
cytosolic fractions, by
immunoblotting. The phospho-
rylated L.706S STAT1 protein
was mostly present in the
cytosol fraction. (C) U20S cells
stably expressing Flag-tagged
WT, Y701C, or L7068 STAT1
were stimulated with IFN-y for
30 min in the presence or
absence of pervanadate and
subjected to immunostaining.
Nuclear translocation was
severely impaired in cells pro-
ducing either Y701C or L706S
STAT4, even after pervanadate
treatment. At least two inde-
pendent experiments were
carried out.
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phosphorylation was severely impaired in the nuclear
fraction. These results suggest that the L706S mutation
impairs both phosphorylation and nuclear translocation.
This impairment of the nuclear translocation of L706S
STAT1 was confirmed by immunostaining (Figure 3C).
The L706S mutant protein was, therefore, considered to
have at least two molecular defects: severe impairments
of both phosphorylation and the nuclear translocation of
STAT1. By contrast, Y701C STAT1 phosphorylation was
totally abolished and could not be restored by pervana-
date treatment.

Transcriptional activity of the mutant STAT1 proteins

We investigated the impact of the STAT1 Y701C muta-
tion on the transcriptional activities of GAS and ISRE, by
carrying out reporter assays with GAS or ISRE reporter
plasmids. Production of the Y701C and L706S STAT1 pro-
teins was associated with abolition of the transcriptional
activities of both GAS and ISRE (Online Supplementary
Figure S3A,C). Co-transfection experiments revealed that
these mutant proteins had negative effects on the WT
protein in GAS transcriptional activity (Ounline
Supplementary Figure S3B). Furthermore, a dose-dependent
negative-dominance effect was clearly observed for the
Y701C and L706S mutant proteins. By contrast, ISRE
transcriptional activity remained at almost normal levels
in cells co-transfected with the L706S plasmid (Ounline
Supplementary Figure S3D). The level of ISRE transcrip-
tional activity was repeatedly found to be lower with
Y701C STAT1, but no clear dominant-negative effect was
detected. These results are consistent with the results we
observed in an electrophoretic mobility shift assay using
EBV-B cells. Thus, the Y701C STAT1 allele has a domi-
nant-negative effect, decreasing GAS activation but not
ISRE activation.

Downstream gene induction in CD14-positive
monocytes and Epstein-Barr virus-B cells

The induction of downstream interferon-stimulated
genes (ISG) has been investigated with EBV-B cells from
patients and in gene expression experiments using U3C
cells.” We investigated the impact of the Y701C mutation
further, by studying the induction of ISG in CD14-posi-
tive monocytes from patients, comparing the results
obtained with those for EBV-B cells. We first purified
CD14-positive monocytes, stimulated them with IFN-«y
and analyzed the expression of the downstream ISG
encoding CXCL9 and IRF1, by real-time quantitative PCR
analysis. Strong induction of CXCL9 was observed at late
time points (6 hours) in healthy controls, but this induc-
tion was severely impaired in.the patients’ cells (Figure
4A). In contrast, IRF1 induction was observed at both
early and late time points. The patients’ cells displayed a
mild but significant impairment of IRF{ induction at late
time points, whereas the difference observed at early
time points was not statistically significant. We then
investigated the induction of CXCL9, IRF1 and ISG15 in
EBV-B cells. The induction of these three ISG was STAT1-
dependent, as shown by the abolition of induction in
STAT1-null EBV-B cells. EBV-B cells carrying heterozy-
gous Y701C or L706S mutations displayed severely
impaired induction of CXCL9 and ISG15 in response to
interferons (Figure 4B,C). Unlike CD14-positive mono-
cytes, the peak of IRF1 induction was observed at early
time points in EBV-B cells. The impairment of IRF/ induc-

tion was mild and mostly observed at eatly time points in
EBV-B cells from the patients. Thus, CD14-positive
monocytes and EBV-B cells behaved similardly, but not
identically, in terms of ISG induction in response to IFN-y
stimulation. These results suggest that the induction of
ISG is impaired in the patients’ cells.

Discussion

We report here a novel heterozygous STAT/ mutation,
2102 A>G (Y701C), which results in STAT1 deficiency and
AD MSMD. The Y701 residue serves as a site of phospho-
rylation for STAT1, this phosphorylation playing a key role
in STAT1-mediated signal transduction. Indeed, AD STATY
mutations impairing STAT1 phosphorylation have been
shown to. underlie the pathogenesis of MSMD.'*"
Furthermore, AD mutations that cause gains of phosphory-
lation because they impair the nuclear dephosphorylation of
STAT1 have been identified in patients with chronic muco-
cutaneous candidiasis. ™ The Y701C mutant STAT1 protein
displayed a complete abolition of Y701 phosphorylation
and downstream events, such as the nuclear translocation

~and transcriptional activities of GAS and ISRE. The Y701C

STAT1 allele is dominant for GAE but recessive for ISGE3.
This observation is highly consistent with previously iden-
tified STAT1 mutations in patients with AD STAT1 defi-
ciencies and the molecular mechanisms can be explained by
differences in the structure of GAS (homodimer of STAT1)
and ISGF3 (heterodimer of STAT1/STAT2/IRF9)."" The
Y701C mutation is thus responsible for MSMD without
viral disease. Two heterozygous STATY mutations, Y701C
and L7068, affect residues located in the same tail segment
domain and result in the impairment of Y701 phosphoryla-
tion. However, these two mutants responded differently to
stimulation in the presence of pervanadate. This treatment
rescued Y701 phosphorylation in L706S STAT1, but not in
the Y701C protein. The functional defect seemed to be
more severe for the Y701C than for the L706S mutant pro-
tein, as shown by GAS reporter assays and real-time quan-
titative PCR analysis. The Y701C mutation may therefore
have a stronger negative impact # vitro than L706S STAT.
However, in contrast to the findings of these in vitro studies,
the clinical symptoms of the patient and his mother were
similar to those of previously identified patients with AD
STAT1 deficiency. :

We also investigated the induction of ISG upon IFN-y
stimulation in CD14-positive monocytes from the
patients. ISG induction has been intensively investigated
in EBV-B cells,”™"” but this is the first study to investigate
the induction of ISG in primary cells from patients. Both
EBV-B cell lines and primary monocytes from the patients -
showed severe impairment of CXCL? induction. Minor

differences in induction patterns were observed, but both

types of cell showed mild impairment of IRF{ induction.
Thus, the impairment of ISG induction was confirmed not
only in EBV-B cells, but also in the patients’ monocytes. IL-
12p40 induction is totally dependent on Irfl in mice ¥
Macrophages from Irf-null mice display impaired induc-
tion of inducible nitric oxide synthase in response to
lipopolysaccharide.™ Furthermore, Irf/-null mice develop
severe symptoms when infected with Mycobacterium bovis.
Thus, the impairment of [RF{ induction observed in
CD14-positive monocytes may contribute to host suscep-
tibility to mycobacteria. We also observed an impairment
inISG15 induction in the patients’ EBV-B cells. The recent
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identification of ISG15 deficiency in some human patients
with MSMD has provided evidence of an important role
for this molecule in host immunity to mycobacteria."
Heterozygous STATY mutations thus have negative effects

on the downstream induction of ISG involved in host
defense against mycobacteria, and this i vitro cellular phe-
notype is commonly observed in the patients’ cells.
However, the magnitude of this negative impact may dif-
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Figure 4, Analysis of gene expression. The induction of ISG was analyzed

by real-time quantitative PCR. (&) CD14-positive monocytes from the

patients (P1, P2) and two healthy controls were stimulated with 10° lU/mL IFN-y (for 2 or 6 h) and the induction of CXCL9 and IRF1 was inves-

tigated. The induction of CXCL9 was severely impaired in the patients’ cells, whereas the induction of IRF1 was only mildly impaired.

*Differences were statistically significant in monocytes from the patients compared with those from healthy individuals (P<0.05). (B, C) The .
induction of CXCL9, IRF1 and ISG15 in EBV-B cells from the patients, Y701C/WT and L706S/WT cells, and cells from healthy individuals, in

response to IFN-y (B) or IFN-o (C) stimulation, EBV-B cells carrying Y701C or L706S mutations displayed severe impairment of CXCL9 induction

in response to IFN stimulation. The induction of IRF1 and ISG15 was also impaired, but to a lesser extent than that of CXCL9. ISG expression

was normalized with respect to GAPDH. The results shown are representative of three independent experiments, except for the CD14* mono-

cyte experiment (which was performed twice). Differences were statistically significant between cells carrying either the Y701C mutation

*(P<0.05) or L7065 mutation '(P<0.05) and EBV-B cells from healthy individuals.
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fer between cell types and between the ISG induced. The
induction of ISG has also been intensively investigated in
patients with AR STAT1 deficiency” As in the current
study, the severity of impairment differed in the patient’s
cells depending on the ISG induced. These observations
reflect the complexity of STAT1-mediated signaling.”
Including the two patients studied here, 11 patients
with AD STAT1 deficiency have been identified to date.
Five of these 11 patients have developed multifocal
osteomyelitis, a typical clinical feature of patients with
AD partial IFN-yR1 deficiency.*"* Qur initial patient had
multifocal osteomyelitis showing tuberculoid granulomas
without the detection of pathogenic mycobacterium by
culture and/or PCR amplification. Additionally, his mother
had a history of multifocal osteomyelitis. These observa-
tions emphasize the importance of multifocal
osteomyelitis as one of the representative clinical manifes-
tation even in patients with AD STAT1 deficiency. We
have summarized the clinical manifestations of 11
patients with AD STAT1 deficiency,"” 53 patients with
AD partial IFEN-yR1 deficiency,"* 14 patients with AR par-
tial JEN-yR1 deficiency” and 102 patients with AR IL-
12RpB1 deficiency,” the most common genetic etiology of
MSMD (Table 1). The frequency of multifocal
osteomyelitis was high in AD STAT1 deficiency (45.5%),
AD partial IEN-yR1 deficiency (79.2%) and AR partial IFN-

yR1 deficiency (50.0%), but lower in patients with AR

complete IFN-yR1 deficiency (13%)." Unfortunately, this
clinical manifestation has not been investigated in patients
with AR IL-12RB1 deficiency.” In many cases, either BCG
or environmental mycobacteria -have been proven to be
present by biopsy of osteomyelitis. By contrast, the fre-
quency of BCG disease, a common sign in patients with
MSMD,; in patients vaccinated with BCG is similar to that
in AD STAT1 deficiency (77.8%), AD partial [FN-yR1 defi-
ciency (76.7 %), AR partial IEN-yR1 deficiency (85.7 %) and
AR IL-12RB1 deficiency (77.9%). The clinical signs of AD
STAT1 deficiency may, therefore, be considered to be sim-
ilar to those of partial [EN-yR1 deficiency. There are sever-
al possible reasons for this: (i) STAT1 is a non-redundant
downstream transcription factor for IFN-y signaling;* (if)
STAT1 mutations impair GAF-mediated signaling, but not
ISGF3-mediated signaling, and I[FN-y induces GAF, but not
ISGF3;™ (iii) IFN-y signaling is only partially impaired in
both disorders.” The clinical similarities between these
two disorders support our hypothesis that the symptoms
accompanying AD STAT1 deficiency result from an
impairment of cellular responses to IEN-y. Multifocal
osteomyelitis is a characteristic symptom common to
three different disorders: AD partial JFN-yR1 deficiency,
AR partial IEN-yR1 deficiency and AD STAT1 deficiency.
Multifocal osteomyelitis should, therefore, lead to investi-
gations of both STAT1 and IFN-yR1.
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Table 1. Comparison of clinical manifestations
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Lifelong haemorrhagic syndromes are in part caused by point
mutations in the ITGA2B and ITGB3 genes encoding
ITGA2B and ITGB3 proteins (integrin oIIb and B3, respec-
tively). The olIbB3 complex regulates thrombopoiesis by
megakaryocytes and aggregation of platelets in response to
extracellular stimuli, such as ADP and collagen. The autoso-
mal recessive syndrome, Glanzmann thrombasthenia, is the
most frequently encountered disease caused by allbf3 muta-
tions (George et al, 1990; Nurden, 2006; Nurden & Nurden,
2008; Nurden et al, 2011a). Patients have a homozygous or a
compound heterozygous mutation in the ITGA2B or ITGB3
genes that causes loss of function of the allbB3 complex.
Although platelet counts and size are generally normal,
patients typically have severe mucocutaneous bleeding, such
as epistaxis, menorrhagia and gastrointestinal bleeding, fre-
quently because of defects in platelet aggregation.

Mutations of the alIbB3 complex are also involved in con-
genital haemorrhagic diseases other than Glanzmann
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Summary

allbB3 integrin mutations that result in the complete loss of expression of
this molecule on the platelet surface cause Glanzmann thrombasthenia.
This is usually autosomal recessive, while other mutations are known to
cause dominantly inherited macrothrombocytopenia (although such cases
are rare). Here, we report a 4-generation pedigree including 10 individuals
affected by dominantly inherited thrombocytopenia with anisocytosis. Six
individuals, whose detailed clinical and laboratory data were available, car-
ried a non-synonymous ITGB3 gene alteration resulting in mutated integrin
83 (ITGB3)-L718P. This mutation causes partial activation of the oIlbB3
complex, which promotes the generation of abnormal pro-platelet-like
protrusions through downregulating RhoA (RHOA) activity in transfected
Chinese Hamster Ovary cells. These findings suggest a model whereby the
integrin B3-L718P mutation contributes to thrombocytopenia through
gain-of-function mechanisms.

Keywords: integrin 33 L718P mutation, familial thrombocytopenia, autosomal
dominant inheritance, whole exome sequencing, inhibition of RhoA.

thrombasthenia (Ghevaert ef al, 2008; Schaffner-Reckinger et
al, 2009; Jayo et al, 2010; Kunishima er al, 2011; Nurden et
al, 2011b). For example, the integrin B3 D723H mutation is
found in - autosomal dominant macrothrombocytopenia
(Ghevaert et al, 2008). Biochemical analysis revealed that in-
tegrin $3-D723H is a gain of function mutation which acti-
vates the aIIbB3 complex constitutively, albeit only partially.
This results in the formation of proplatelet-like protrusions
in transfected Chinese Hamster Ovary (CHO) cells, a model
of relevance for the formation of macrothrombocytes
(Ghevaert et al, 2008; Schaffner-Reckinger et al, 2009).

More recently, a sporadic patient carrying an integrin
B3-L718P mutation was reported (Jayo et al, 2010). She had
mild  thrombocytopenia (127 x 10%/1), platelet anisocytosis
and reduced platelet aggregation potential. This mutation
also induces abnormal proplatelet formation. ‘

In the present study, we report a pedigree with a total 10 of
individuals affected by a dominantly inherited haemorrhagic

First published online 17 December 2012
doi:10.1111/bjh.12160
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syndrome. Six individuals whose detailed clinical and labora-
tory data are available, presented with thrombocytopenia
accompanied by anisocytosis and carry a non-synonymous
ITGB3 T2231C alteration resulting in the integrin p3-L718P
mutation. We also performed entire exon sequencing by a
next-generation. sequencing and found that the integrin
B3-L718P mutation is most likely the sole gene responsible for
thrombocytopenia in this pedigree.

Materials and methods

Written informed consent was obtained from individuals
in the family in accordance with the Declaration of Hel-
sinki for blood sampling and analysis undertaken with the
approval of the Hiroshima University Institutional Review
Board.

Patient

The patient was 4-year-old Japanese girl (iv.3 in Fig 1A),
who presented with mild bleeding tendencies, such as recur-
rent nasal bleeding and purpura in her extremities. Her
platelet count was 49-72 x 10°/1 with a mean platelet vol-
ume (MPV) of 9-8-10-9 fl. White blood cell and red blood
cell counts were within the normal range and there were no
morphological abnormalities including inclusions in neu-
trophils. Bone marrow examination was not performed. A
total of six of her relatives, namely her father (iii.2), sister
and brother (iv.1 and iv.2), two cousins (iv.4 and iv.5) and
an aunt (iii.5), were subsequently found to have low platelet
counts and were referred to our institute for further investi-
gation.

Antibodies and reagents

Unconjugated or phycoerythrin-cyanin 5 (PC5)-conjugated
anti-CD41 monoclonal antibody (Ab) (clone P2) against the
olIbP3 complex (Beckman Coulter, Brea, CA, USA), fluores-
cein isothiocyanate (FITC)-conjugated anti-CD41a monoclo-
nal Ab (clone HIP8) (Beckman Coulter), FITC- or peridinin
chlorophyll (PerCP)-conjugated anti-CD61 monoclonal Ab
(clone RUU-PL 7F12) (BD Biosciences, San Jose, CA, USA),
FITC-conjugated PAC-1 (BD Biosciences) and Alexa488-
conjugated human fibrinogen (Life Technologies, Carlsbad,
CA, USA) were used in flow cytometry. Anti-CD61
monoclonal Ab (clone EP2417Y) (Abcam, Cambridge, UK),
anti-DDDDK-tag polyclonal Ab (Medical & Biological Labo-
ratories, Nagoya, Japan), Alexa488-conjugated phalloidin and
Hoechst 33342 (both Life Technologies) were used for
immunofluorescence microscopy. The oligopeptide Arg-Gly-
Asp-Ser (RGDS) (Sigma-Aldrich, St Louis, MO, USA) was
used to competitively inhibit the binding of ligands to
olIbPB3, and adenosine diphosphate (ADP) (nacalai tesque,
Kyoto, Japan) was used for the stimulation of allbB3 on
platelets.
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Construction and transfection of expression vectors

Full-length wild type (WT) ITGA2B and ITGB3 cDNA were
amplified by polymerase chain reaction (PCR) and cloned into
pcDNA3-1 expression vectors. A PCR-mediated site-directed
mutagenesis technique was applied to produce ITGB3 mutants
encoding integrin B3-L718P, -D723H and -T562N with or
without truncation at the C-terminal side of Y (del. 759).
RHOA ¢DNA, which encodes RhoA (RHOA) protein, was
amplified by PCR and its mutants (T19N and Q63L) were
generated by site-directed mutagenesis, followed by cloning
into p3xFLAG-CMV-10 vectors (Sigma-Aldrich). The ITGA2B
and ITGB3 expression vectors were simultaneously transfected
into CHO cells cultured in Ham’s F12 medium supplemented
with 10% fetal bovine serum at 37°C, in 5% CO,, using
Lipofectamine LTX reagent (Life Technologies) according to
the manufacturer’s instructions.

Immunofluorescent laser-scanning confocal microscopy

Cells grown on coverslips coated with 100 pg/ml fibrinogen
were fixed with 4% paraformaldehyde, followed by permeabi-
lization with phosphate-buffered saline containing 0-1%
Triton X100. After blocking, the cells were stained with
primary antibodies at appropriate dilutions, followed by
staining with Alexa488- or Cy3-conjugated secondary anti-
bodies together with Hoechst 33342. High-resolution immu-
nofluorescent images were taken under a laser-scanning
confocal microscopy (LSM5 Pascal, Carl Zeiss, Oberkochen,
Germany) using a x63 objective.

Flow cytometry

The expression and activation of integrin allb and B3 on the
platelet surface was indirectly estimated by flow cytometry
with the antibodies described above. Mean fluorescence inten-
sity (MFI) of values in an affected individual were divided by
those in an unrelated normal control and recorded as relative
MEFI value (%). For the quantitative determination of aIIbp3
molecules on the platelet surface, QIFIKIT (Dako, Glostrup,
Denmark) was used according to the manufacturer’s instruc-
tions. MFI of the calibration beads containing five populations
(antibody-binding capacity: 2600, 9900, 46 000, 221 000 and
741 000) were 16-12, 63:83, 262-84, 1483-2 and 3772-1, respec-
tively, whereas that of the negative control sample was 1-62.
Therefore, alIbP3 molecules (copies/platelet) was calculated as
10¢1022 x log(MFD + 2:1679)_ 41 - Activation of platelets and
CHO cells was estimated by methods previously described
(Shattil er al, 1987; Hughes er al, 1996). Activation index was
defined as (F—F,) / (FP—F,), where F is the MFI of PAC-1-
stained CHO cells transfected with olIbB3-L718P or ollbp3-
D723H, and Fy and F* are those transfected with ollbB3-WT
and olIbB3-T562N, respectively. The samples were analyzed
on a FACS Calibur (Becton Dickinson, Franklin Lakes, NJ,
USA), equipped with an argon laser operating at 488 nm.
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Fig 1. Platelet morphology and aggregation
tracings. (A) The pedigree shows affected
(filled) and unaffected (open) females {circles)
and males (squares). The patient is indicated
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Exome sequencing

Genomic DNA was obtained from four affected individuals in
the pedigree and whole exome sequencing was performed.
Briefly, 3 pg genomic DNA was fragmented by Covaris S2
(Covaris, Woburn, MA, USA) and ligated to adaptors, followed
by hybridization to biotinylated RNA baits according to the
manufacturer’s instruction (Agilent Technologies, Santa Clara,
CA, USA). The generated sequence tags were sequenced by the
76 bp paired-end protocol of Illumina GAllx (Hlumina,
San Diego, CA, USA) and mapped onto the human genomic
sequence (hgl8, UCSC Genome Browser) using the sequence
alignment program Eland (Illumina). Unmapped or redun-
dantly mapped sequences were removed from the data set, and
only uniquely mapped sequences were used for further analyses.
Positions relative to RefSeq genes were calculated based on the
respective genomic coordinates. Genomic coordinates of exons
and the protein-coding regions of the RefSeq transcripts

© 2012 Blackwell Publishing Ltd
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are as described in hgl8. To verify the presence of ITGB3
gene alteration, amplification and direct sequencing of a part
of exon 14 was performed with the following primers; 5'-C
ATAGCCAGTTCAAGTGACTCCTG-3" for forward primer
and 5-ACGATGGTACTGGCTGAACATGAC-3' for reverse
primer.

Results

Pedigree of a family with autosomal dominant
thrombocytopenia with anisocytosis

In the original patient, marked platelet anisocytosis was
observed in peripheral blood samples (Fig 1B). Platelet
aggregation induced by ADP (1-4 pumol/l) and collagen (0-5-
2 pg/ml) was markedly reduced (Fig. 1C and Table I), but
agglutination induced by ristocetin (1-25 mg/ml) was within
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the normal range (data not shown). Three affected individu-
als (iii.5, iv.1, and iv.2) showed abnormalities in platelet
function' similar to those of the original patient. In these
affected individuals, the ollb and B3 expression levels, which
were indirectly estimated as relative MFI value (%), were
43-75% of a healthy control (Fig 1D and Table I). The num-
ber of alIbPp3 molecules on the platelet surface in patients, as
evaluated by flow cytometry using QIFIKIT, was 35 000-
38 400 copies/platelet (MFI: 212:1 -232-4), whereas in an
unaffected individual of the pedigree (iii.1) and an unrelated
control, there were 65 200 and 62 100 copies/platelet (MFIL:
389-2 and 371-3), respectively (Table I). The tendency to
bleed was mild to moderate, as exemplified by the following
episodes: when family member iv.1 received a bruise to the
face, treatment with recombinant Factor VIIa was required
because of persistent epistaxis; also, family member iii.5 had
had to give birth by Caesarean section because of low platelet
count. The family pedigree (Fig 1A), which shows no evi-
dence of consanguineous marriage, strongly suggests the
inheritance of thrombocytopenia as an autosomal dominant
trait. The laboratory findings are shown in Table 1.

‘Identiﬁcaytion of the integrin 3 L718P mutation by
whole exome analysis ‘

To isolate a candidate gene alteration responsible for the
thrombocytopenia, whole exome sequencing analysis was
performed using genomic DNA obtained from the patient
(iv.3), her sister and brother (iv.1 and iv.2) and a cousin
(iv4). A total of 794 non-synonymous gene alterations
among 1551 SNPs that are not registered in dbSNP 129/130
were detected in the patient. To isolate the responsible
gene, we selected non-synonymous gene alterations shared
by the four affected individuals as strong candidates.
Among the 90 alterations commonly found in the affected

Table 1. Laboratory data of seven individuals of the pedigree.

individuals of the pedigree (individual numbers of SNPs/
mutations are shown in Table II), we focused on the het-
erozygous non-synonymous T2231C alteration in exon 14
of the ITGB3 gene, which results in the substitution-of leu-
cine at 718 for proline (L718P) in the integrin B3 protein.
We selected this because it was recently reported as a candi- -
date mutation responsible for thrombocytopenia (Jayo et al,
2010). The presence of the mutation in six affected individ-
uals of the pedigree (iv.1, iv.2, iv.3, iv.4, iil.5 and iv.5) and
its absence in an unaffected individual (iii.1) and an unre-
lated control was confirmed by a direct-sequencing (Fig 2).
As far as we could determine, no other non-synonymous
gene alterations previously reported to cause thrombocyto-
penia or defective platelet function were present in the
affected individuals of the pedigree. In addition, the L718
residue in integrin B3 is well-conserved between species and
amino acid substitution in this position is predicted by bio-
informatic tools, including Polyphen and SIFT, to cause a
significant change in protein structure and function (data not
shown). These observations strongly suggest that the L718P
mutation in integrin 3 is the responsible gene alteration that
causes familial thrombocytopenia.

Constitutive but partial activation of the ollbB3 complex
by p3-L718P

To elucidate the effects of the integrin B3-L718P mutation
on the activation status of oIIbB3 complexes in resting or
ADP-activated platelets, fresh platelets were analysed by flow
cytometry using PAC-1, a ligand-mimicking antibody that
specifically recognizes the activated form of the olIbf3
complex (Shattil et al, 1987).

Resting control platelets from healthy individuals bound
PAC-1 with a similar affinity to those treated with RGDS, a
peptide which competitively inhibits the binding of ligands for

Relative
MFI value
compared
to control . Platelet aggregation
(%) ollbB3  molecules (%)
Platelet
Age count ADP collagen
Patient Sex (years) (x10%/1) MPV (1) PDW (%) allb B3 MF1 _copies/platelet (4 puM) (2:0 pg/ml)
iii.1 E 37 210 10-2 12-1 110 111 3892 65 200 NA NA
iii.5 E 34 - 38-67 8-5-11-3 10-0-19-0 43 75 NA NA 15 12
iv.1 F 11 30-43 7-8-11-2 9-7-16'3 52 62 232-4 38 400 16 8
iv.2 M 8 49-64 10-3-11-1 10-1-14-7 50 56 216-4 35 700 23 16
iv.3 F 6 4972 9-8-10-9 11-1-13-3 50 60 212-1 35 000 12 8
.4 F 4 32~59 9:9-10-8 12-3-15-6 NA NA NA NA NA NA
iv.5 M 2 28-50 8:9-9-0 18-0-18-4 49 51 NA NA NA NA

MPV, mean platelet volume (normal range: 9-4-12.3 fl); PDW, platelet distribution width (normal range: 9-5~14-8 %); NA, not available.
allbB3 molecules (copies/platelet) were calculated as 1081:022 x log(MFD + 2:1679)_541 (see Materials and methods).
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Table II. Number of SNPs/mutations detected: by whole exome
sequencing.

Case iv.l iv.2 iv.3 iv.4
SNP 21 531 21697 20413 20113
Not in dbSNP 1674 1722 1473 1551
129 and 130
Non-synonymous alternations
Homozygous 62 58 65 42
Heterozygous 800 815 667 752
Non-synonymous (common) 90

allbP3 complex such as fibrinogen and PAC-1 (Fig 3A,
compare black and blue lines), indicating that wild-type
olIbB3 in resting platelets is not activated. In contrast, platelets
obtained from the affected individuals (iii.5, iv.1, iv.2 and iv.3)
showed a slight increase of PAC-1 binding compared to those
treated with RGDS (Fig 3A). Indeed, resting platelets from
affected individuals showed a slight but significant increase of
PAC-1 binding relative to healthy individuals (Fig 3A, top
panel). In addition, flow cytometric analysis using FITC-
conjugated fibrinogen also showed a significant increase of
fibrinogen binding potential in resting platelets from affected
individuals compared with healthy controls (bottom panel).
Because MPV (shown in Table I) did not exceed the normal
range (9-4-12-3 fl) and surface expression levels of ollbp3
were lower in patients than controls (Fig 1D), it is proposed
that these observations indicate spontaneous activation of
alIbP3-L718P in resting platelets.

ADP-activated platelets from healthy volunteers, on the
other hand, bound to PAC-1 with a very high affinity
(Fig 3B, red lines and 3B, top panel), as expected. In
contrast, only a small increase of affinity to PAC-1 was
observed in ADP-treated platelets carrying the B3-L718P
mutation, resulting in a marginal increase of binding poten-
tial (bottom panel). These findings suggest that oIIbP3-
L718P is partially activated in the absence of inside-out
signals such as ADP, but nevertheless cannot be fully
activated in the presence of such signals.

To confirm the contribution of the integrin B3-L718P
mutation to spontaneous activation of olIbf3, CHO cells
were transiently transfected with expression vectors encoding
integrin B3-WT, -L718P, -D723H or -T562N together with a
vector encoding olIb-WT. Flow cytometric analysis (Fig 3C)
revealed that olIbP3-L718P expressed in CHO cells bound to
PAC-1 to the same degree as alIbP3-D723H, a mutant previ-
ously reported to partially activate «IIbP3, and to a lesser
extent than a fully active olIbB3-T562N mutant (Kashiwagi
et al, 1999). We calculated the activation indices (see Materi-
als and methods) (Hughes et al, 1996; Schaffner-Reckinger et
al, 2009) of allbP3-L718P and -D723H as 0-23 + 0-07 and
0-16 % 0-02, respectively, taking oIIbPB3-T562N as fully active
(=1-0) and olIbB3-WT as inactive (=0) (Fig 3D). Because
CHO cells were not stimulated by ADP in this experiment,
each index represents olIbB3 activation status at rest.
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Fig 2. Direct sequencing analysis around T2231 in exon 14 of the
ITGB3 gene. Genomic DNA extracted from the affected and unaf-
fected individuals of the pedigree were amplified by polymerase
chain reaction and sequenced. Arrows indicate the position of the
T2231 mutation in the ITGB3 gene.
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