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Figure 2 B1-tubulin transduction in Chinese hamster ovary (CHO) cells and mouse fetal liver-derived megakaryocytes. (A) p1-tubulin localization in
CHO cells that were transiently transfected with pcDNA3.1/TUBBT1myc. Cells were stained with antibodies to endogenous a-tubulin (red) and to
the transfected B1-tubulin (green) as well as DAPI to label the DNA (blue). In merged images, CHO cells expressing wild-type B1-tubulin appear
as yellow or orange, whereas cells expressing mutant pB1-tubulin appear green because the expression of endogencus o-tubulin was decreased
(asterisks). Cells are representative of five independent experiments. (B) Microtubule organization in B1-tubulin-transduced megakaryocytes. Cells
were stained endogenous o-tubulin with DM1A (red) and the transduced B1-tubulin with anti-myc antibody (MBL, Nagoya, Japan) (green). Wild-
type Bl1-tubulin was incorporated into microtubules, but mutant pi-tubulin was not. (C) Abnormal proplatelet formation in B1-tubulin-transduced
megakaryocytes. (i) The percentage of megakaryocytes extending proplatelets was decreased in mutant-transduced cells. For each sample, 100
megakaryocytes were evaluated. (i) The number of proplatelet tips per megakaryocyte was decreased in mutant-transduced cells. Fifty megak-
aryocytes per sample were evaluated. (i) Size of proplatelet tips was increased in mutant-transduced cells. One hundred EGFP and B1-tubulin
double-positive proplatelet tips per sample were evaluated. Data were analyzed using unpaired, two-tailed t-tests. P < 0.05 was considered statis-
tically significant. Data are presented as mean & SD. *P < 0.05, **P < 0.001. (D) Representative megakaryocytes extending proplatelets from
three independent experiments. Fewer proplatelet tips/bulbous structures are evident, and size of tips is increased in megakaryocytes transduced
with mutant. (E) Representative megakaryocytes from three independent live-cell imaging experiments. Megakaryocytes were differentiated from
fetal liver cells of CAG-eGFP mice; therefore, the cytoplasm can be identified by eGFP signals (green). The cells were stained with Hoechst to
identify nucleus (blue) and anti-CD41 antibody (red). Proplatelet elaboration is rare, and occasional large bleb protrusions are evident in megak-
aryocytes transduced with mutant {arrow heads). Original videos are available as Video S1 and S2. (F) Microtubule organization in proplatelet tips.
Megakaryocyte cultures were cytospun on glass slides. Representative images from three independent experiments.

transcriptionally and translationally maintained for proper B-tubulin is inhibited and that of o-tubulin is upregulated
heterodimer assembly in cells, and when exogenous (18, 19). The synthesis of B2- and B5-tubulins was increased
B-tubulin is overexpressed, the synthesis of the endogenous in TUBBI-knockout mice (9). In contrast, o-tubulin was
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disproportionally decreased relative to the decrease in BI-
tubulin (Fig. 1B,D), and furthermore, [5-tubulin was sub-
stantially absent in our patients’ platelets (data not shown).
Defective mutant $1-tubulin would cause deregulated micro-
tubule organization, as shown in platelets, CHO cells, and
cultured megakaryocytes and proplatelet tips (Figs 1B and
2A,B,F). Thus, the deficient functional microtubules might
lead to defective proplatelet formation and abnormal protru-
sion-like platelet release (Fig. 2D,E, Video S2). Defective
microtubule organization and proplatelet formation were
recently documented in Racl- and Cdc42-deficient mice
(20). Combined, these observations support the hypothesis
that imbalanced transport of unpolymerized tubulins into
platelets by proplatelet-independent platelet formation is
related to the disorganization of microtubule-like structures
in platelets.

Because p.D249N and p.R318W, locating at or near the
interface, also reportedly cause macrothrombocytopenia in
dogs and humans, respectively, mutations disrupting the
structure of the intradimer interface might affect platelet
morphology (10, 21). Analysis of congenital macrothrombo-
cytopenia caused by tubulin mutations provides insights into
the molecular mechanisms of platelet production and
morphology.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Video S1. Live-cell imaging of platelet release. Original
movie of Figure 2E (left, wild type).

Video S2. Live-cell imaging of platelet release. Original
movie of Figure 2E (right, mutant).
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GATA2 regulates differentiation of bone marrow-derived
mesenchymal stem cells
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The bone marrow microenvironment comprises multiple cell niches derived from bone marrow mesenchymal
stem cells. However, the molecular mechanism of bone marrow mesenchymal stem cell differentiation is poorly
understood. The transcription factor GATA2 is indispensable for hematopoietic stem cell function as well as other
hematopoietic lineages, suggesting that it may maintain bone marrow mesenchymal stem cells in an immature
state and also contribute to their differentiation. To explore this fgf)OSSibility, we established bone marrow mes-

enchymal stem cells from GATA2 conditional knockout mice. Ditferentiation of GATA2-deficient bone marrow
mesenchymal stem cells into adipocytes induced accelerated oil-drop formation. Further, GATAZ2 loss- and gain-
of-function analyses based on human bone marrow mesenchymal stem cells confirmed that decreased and
increased GATA2 expression accelerated and suppressed bone marrow mesenchymal stem cell differentiation to
adipocytes, respectively. Microarray analysis of GATA2 knockdowned human bone marrow mesenchymal stem
cells revealed that 90 and 189 genes were upregulated or downregulated by a factor of 2, respectively. Moreover,
gene ontology analysis revealed significant enrichment of genes involved in cell cycle regulation, and the number
of G1/GO cells increased after GATA2 knockdown. Concomitantly, cell proliferation was decreased by GATA2
knockdown. When GATA2 knockdowned bone marrow mesenchymal stem cells as well as adipocytes were co-
cultured with CD34-positive cells, hematopoietic stem cell frequency and colony formation decreased. We con-
firmed the existence of pathological signals that decrease and increase hematopoietic cell and adipocyte numbers,
respectively, characteristic of aplastic anemia, and that suppress GATA2 expression in hematopoietic stem cells

and bone marrow mesenchymal stem cells.

introduction

Bone marrow mesenchymal stem cells (BM-MSC) are self-
renewing precursor cells that differentiate into bone, fat, carti-
lage, and stromal cells of the bone marrow, thereby forming a
microenvironment that maintains hematopoietic stem cells.’
Accumulating evidence indicates the importance of the bone
marrow microenvironment during hematopoietic cell devel-
opment. Increased adipogenesis in the bone marrow negative-
ly affects hematopoietic activity,”® whereas the osteoblastic
niche supports hematopoietic stem cell function by activating
Notch signaling. Therefore, precise regulation of BM-MSC
differentiation into various lineages maintains hematopoiesis.

Preadipocytes derived from MSC mature into adipocytes
through a complex process involving numerous extracellular
factors as well as transcription factors.”” Studies conducted on
preadipocyte cell lines, such as mouse 3T3-L1 and 3T3-F442A,
have uncovered the CCAAT/enhancer binding protein
(C/EBP) family of transcription factors and the peroxisome
proliferator-activated receptor y (PPARY) as key proadipogenic
regulators.” During preadipocyte—adipocyte differentiation,
the expression of C/EBPB and C/EBPY initially increases,
which subsequently activates the expression of C/EBPa and
PPARY, leading to the induction of genes involved in adipocyte
function.®* However, the mechanism of differentiation of BM-
MSC into adipogenic progenitors and ultimately into mature

adipocytes in the bone marrow remains to be elucidated.

GATA2, a transcription factor critically required in the gene-
sis and/or function of hematopoietic stem cells (HSC),"* is
expressed in various hematopoietic and non-hematopoietic
tissues, including HSC, multipotent hematopoietic progeni-
tors, erythroid precursors, megakaryocytes, eosinophils, mast
cells, endothelial cells, and specific neurons."**'* GATA2 is
expressed by preadipocytes and BM-MSC and plays a central
role in the control of adipogenesis.”™'*” GATAZ2 overexpression
in a mouse preadipocytic stromal cell line induces resistance to
adipocyte differentiation, whereas GATA2 knockdown accel-
erates adipocyte differentiation,” implying that GATA2 func-
tions to arrest preadipocyte differentiation. Although GATA2
may suppress transcription of C/EBP and PPARy in
preadipocytes,'*” the molecular mechanism by which GATA2
controls adipocyte differentiation remains unclear.

Aplastic anemia is characterized by decreased HSC and
fatty marrow replacement. Moreover, GATAZ expression is
decreased in CD34-positive cells in aplastic anemia,”*
Because BM-MSC express GATAZ, it is possible that the signal
that downregulates GATA2 expression in HSC may also sup-
press its expression in BM-MSC in aplastic anemia, thereby
resulting in fewer HSC and an impaired microenvironment,
which could support hematopoiesis. To test this hypothesis,
we assessed the role of GATA2 during differentiation from
BM-MSC.
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Methods

Generation of bone marrow mesenchymal stein celis

To generate mouse BM-MSC, bone marrow cells from GATA2
conditional knockout mice were cultured in MesenCult MSC Basal
Medium supplemented with 20% MSC stimulatory supplements
(Stem Cell Technologies). The BM-MSC were transfected with the
retroviruses expressing iCre to delete the DNA binding domain of
GATA2 by inducing the Cre-loxP system.”*

To generate human BM-MSC, bone marrow mononuclear cells
from healthy donors were cultured with Dulbecco’s modified
Eagle’s medium (Life Technologies) supplemented with 20% fetal
bovine serum (Life Technologies), 10 ng/ml basic fibroblast growth
factor (PeproTech), 10 mM HEPES (Life Technologies), and 100
pg/mL penicillin/streptomycin (Invitrogen).®* Established BM-
MSC were used until the seventh generation.

The study was approved by the ethical committee of Tohoku
University Graduate School of Medicine. Clinical samples were col-
lected after obtaining written informed consent. The ethics policies
of the Declaration of Helsinki were followed.

Characterization of bone marrow mesenchymal stem cells

BM-MSC  immunophenotypes were determined using a
FACSAria Il (BD). To induce differentiation into adipocytes, human
Mesenchymal Stem Cell Adipogenic Differentiation Medium
(Lonza) was used. After 12-16 days, morphological changes were
assessed using an inverted microscope. Typical adipocytes were
stained with Oil Red O.? The area of mature adipocytes was deter-
mined using HistoQuest software (Novel Science).

Quantitative reverse franscriptase polymerase
chain reaction analysis and transcription profiling

Quantitative reverse transcriptase polymerase chain reaction
analysis (RT-PCR) was performed as previously described.” Primer
sequences are available upon request.

For transcription profiling, the Human Genome U133 Plus
2.0 Array was used (Affymetrix). Gene ontology analysis was
conducted using the DAVID bioinformatics program
(hutp://david.abec.nciferf. gov/).

Short interfering RNA-mediated knockdown

Anti-GATA2 and control short interfering RNA (siRNAY* were
transfected into human BM-MSC with Lipofectamine™ RNAIMAX
reagent (Life Technologies). Cells were analyzed 48 h after transfec-
tion.

Viral vectors and cell transduction

Retroviral overexpression of GATA2 was performed using the
MSCV retrovirus vector, which co-expresses green fluorescent pro-
tein (GFP) by internal ribosome entry sites (IRES), transfecting into
Platinum Retroviral Packaging Cell Lines (PLAT-F)” with FuGENE
HD (Roche). Human BM-MSC were pretreated with Retronectin
(TAKARA BIQ.), and GFP-positive cells were sorted using
FACSAria II (BD Biosciences).

Co-culture of CD34-positive-enriched cells with
a mesenchymal stem cell feeder layer

BM-MSC were transfected with control or GATA2-siRNA. On
day 3, control and GATA2 knockdowned BM-MSC, respectively,
were replaced with serum-free medium containing CD34-positive-
enriched cells (RIKEN). Serum-free medium (StemPro-34 SEM: Life
Technologies) contained 100 ng/mL stem cell factor, 100 ng/ml
interleukin (IL)-3, and 25 ng/mL granulocyte-monocyte colony-stim-
ulating factor (Peprotech). The cells were co-cultured for 7 days, and
subsequently harvested and analyzed with FACSAria I (BD). |

Colony-forming cell assay

CD34 positive-enriched cells, co-cultured with BM-MSC for 7
days, were seeded into semisolid culture (MethoCult™ H4435,
Stem Cell Technologies). After 14 days, colony-forming units were
counted.

Cell proliferation and celf cycle analysis

The total number of viable cells was determined by a colorimet-
ric method using MTS (3-4,5-dimethylthiazol-2-yl-5-3-car-
boxymethoxyphenyl-2-4-sulfophenyl-2H-tetrazolium, inner salt;
CellTiter 96). Absorbance at 490 nm was measured with an iMark
microplate reader (Bio-rad). For cell cycle analysis, cells were fixed
in ice-cold 70% ethanol and stained with 20 ug/mlL propidium
iodide (Sigma), 0.2 mg/mL RNase (Sigma), and 0.1% Triton X-100
(Sigma). DNA content was determined using FACSAria 1 and
FlowJo software (hup://www.flovwjo.com/).

Statistical analysis
Statistical significance was assessed using a two-sided Student -
test.

Results

Acceleration of adipocyte differentiation in mesenchymal
stem celis from GATAZ knockout mice

We first generated BM-MSC from bone marrow cells of
conditional GATA2 knockout mice (GATA2", in which the
DNA binding domain of GATA2 (exon 5 encoding the C-ter-
minal zinc-finger motif) could be deleted by inducing the
Cre-loxP system (GATA2-) (Online Supplementary Figure
S14). We confirmed that GATA2" BM-MSC retained the
potential to differentiate into adipogenic lineages (Online
Supplementary Figure S1B). Flow cytometric analysis con-
firmed the characteristic immunophenotype,” showing that
GATA2" BM-MSC expressed CD29, CD44 and Sca-1 but
not markers such as CD11b, CD34 and CD45 (Online
Supplementaty Figure S1C).

To determine whether the loss of GATAZ influenced the
BM-MSC phenotype, the DNA-binding domain of GATA2
was deleted using the Cre-loxP system, and GATA2 knock-
out~-BM-MSC (GATA2- BM-MSC) were generated.
Quantitative RT-PCR analysis revealed that Gat2 expres-
sion was significantly decreased in the GATA2" MSC,
implying that iCre-mediated deletion of the GATA2 C-fin-
ger resulted in decreased GATA2 autoregulation (Figure
1A). When GATA2" and GATA2- BM-MSC were exposed
to adipogenic differentiation stimuli, we observed an over-
all increase in the expression of Cebpa (CEBPw), Pparg
(PPARY), and Faby4 (aP2) in GATA2- BM-MSC (Figure 1B).
Moreover, the expression of these genes peaked during
days 8-12 of differentiation and then dropped to levels
similar to those of control cells (Figure 1B), whereas the
expression level of Cebpb (CEBPB) was slightly higher in
GATA2- BM-MSC at the early (day 4) and last (day 16)
stages of differentiation (Figure 1B). Furthermore, oil drop
formation was markedly increased in GATA2- MSC (Figure
1C). These results suggest that loss of GATA2 function
induces the expression of adipogenic factors and adipocyte
differentiation of BM-MSC.

Generation and characterization of human hone marrow
mesenchymal stem cells
Next, to elucidate the role of GATAZ in the context of




human BM-MSC differentiation, we generated BM-MSC
from human mononuclear cells derived from bone mar-
row samples. We confirmed that BM-MSC differentiated
into the adipogenic lineage (Online Supplementary Figure
S2A). Flow cytometric analysis further confirmed the
characteristic immunophenotype,*** showing that the
BM-MSC expressed CD29, CD44, CD90 and CD105 but
not CD14, CD34, and CD45 (Online Supplementary Figure
S2B).

Shert interfering RNA-mediated GATAZ knockdown
promotes differentiation of human bone marrow
mesenchymal stem cells into adipocyles

To determine whether GATAZ regulates adipocyte differ-
entiation in human BM-MSC, we suppressed GATA2

expression using a specific siRNA. Control or GATA2-
siRNA were transfected into human BM-MSC 48 h before
inducing adipocyte differentiation. We demonstrated that
GATA2 mRNA levels were significantly decreased on day 0
and during adipocyte differentiation until day 8 (Figure 2A-
B). Thereafter, we analyzed the expression of key
adipocyte-specific genes at various time-points during
adipocyte differentiation. The levels of expression of
C/EBPa, PPARy and aP2 were significantly increased in the
GATA2-knockdowned cells (Figure 2B). Furthermore, oil
drop formation on day 12 was significantly increased in the
GATA2 knockdown cells, as determined based on the Qil
Red O staining-positive area (Figure 2C-D). These findings
were consistent with the results for GATA2-deficient
murine BM-MSC (Figure 1).
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GATAZ overexpression suppresses differentiation
of human bone marrow mesenchymal stem cells
into adipocyles

We overexpressed GATA2 in human BM-MSC using
MSCV-GFP-IRES. After transfecting GATA2-expressing or
control retroviruses, GFP-positive cells were sorted.
Quantitative RT-PCR assay confirmed GATA2 overexpres-
sion (Figure 3A, B). When these cells were differentiated into
adipocytes, the levels of expression of C/EBPa, PPARY, aP2
and Adipsin were significantly diminished by GATA2 over-
expression (Figure 3B). Concomitantly, oil drop formation
on day 12 was also significantly decreased in cells overex-
pressing GATA2 (Figure 3C,D).

Taken together, our data suggest that decreased GATA2
expression by human BM-MSC accelerates adipocyte differ-
entiation, whereas GATA2 overexpression suppresses
adipocyte differentiation.

Enrichment of cell cycle regulatory genes based
on transcriptional profiling to ideniify GATAZ-regulated
genes in human bone marrow mesenchymal stem cells

To identify GATA2-target genes in BM-MSC, we conduct-
ed comprehensive expression profiling of BM-MSC trans-
fected with control or GATA2-siRNA. Inhibition of GATA2Z
expression was confirmed based on the profiling data as
well as quantitative RT-PCR analysis (0.000104 + 0.000008
and 0.000198 + 0.000022, for GATA2 siRNA and control
siRNA, respectively, P<0.05) (Table 1, Online Supplementary
Table $1, Online Supplementary Figure S3). Based on the aver-
age of two independent datasets, we demonstrated that
GATA2 knockdown activated and repressed 90 and 189
genes (> 2-fold), respectively (Table 1, Online Supplementary
Table S1). The analysis revealed the differental expression of
cell-cycle regulators (CHEK1, CCNB1, CCNB2, GTSE1, and
CDC20), adhesion molecules (LAMP1 and CD44), as well as
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ENPP1, which regulate osteoblastic differentiation (Table
1)* In contrast, and unexpectedly, adipocyte-related genes
were not detected. Gene ontology analysis revealed signifi-

cant enrichment of genes related to “cell cycle” (P=8.6x10")

and “protein modification” (P=2.6 x10°% Table 2).
As described above, we identified decreased expression

of various cell cycle regulatory genes after GATA2 knock-

down. Previous studies of hematopoietic cells have suggest-
ed that GATA2 expression varies during the cell cycle and
that GATA2 regulates cell-cycle regulators.® We, therefore,
evaluated whether the cell cycle was altered in BM-MSC in
which GATA2 expression was inhibited. The number of
cells present in G1/GO was significantly increased when
GATA2 expression was decreased (Figure 4), which was due
to the significantly increased proporton of cells in the G1
phase (Online Supplementary Figure S4). We further con-
firmed that cell proliferation was decreased by decreased
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GATA2 expression (Figure 5). These results suggest that
GATA2 has an important role in BM-MSC proliferation by
regulating cell-cycle regulators.

Reduced hematopoietic support of human bone marrow
mesenchymal stem cells by GATAZ knockdown

Although BM-MSC differentiate into various cell types
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that form the hematopoietic microenvironment, BM-MSC
themselves can support HSC.* To determine whether the
ability of BM-MSC to support HSC was compromised by
decreasing GATAZ expression levels, we co-cultured cord
blood-derived CD34-positive cells with BM-MSC that were
transfected with control or GATA2 siRNA. After co-culture
of CD34-positive cells with the BM-MSC, the HSC fraction
was isolated using the gating strategy of the International
Society of Hematotherapy and Graft Engineering ISHAGE)
(Figure 6A).*% The frequency of CD34-positive cells on day

Figure 3. Effect of GATA2
overexpression on the dif-
ferentiation of human
MSC into adipocytes.
GATA2 was  overex-
pressed in human MSC
using the MSCV retroviral
vector system, and the
cells were induced to dif-
ferentiate into the
adipocyte lineage for up
to 12 days. The data are
representative of three
independent BM-MSC
lines. (A, B) Quantitative
RT-PCR  analysis for
GATA2 expression on day
0 (A) and adipocyte-spe-
cific genes during
adipocyte differentiation
(B). The expression of
each target gene relative
to that of GAPDH was cal-
culated. *P<0.05. (C, D)
Oil Red O staining (C) and
the area of mature
adipocytes (D). The data
are expressed as mean
SD (n=3). *P<0.05.
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7 tended to decrease upon co-culturing with BM-MSC with
GATA2 knockdown, but this was not statistically significant
(Figure 6B). Subsequently, we assessed the colony-forming
capacity of CD34-positive cells after culture with each
siRNA-treated BM-MSC. As shown in Figure 6C-E, the total
number of colonies was significantly lower when the CD34-
positive cells were cultured with BM-MSC transfected with
the GATA2-siRNA. To compare the effects with a more
advanced stage of adipocyte differentiation, we conducted
the same series of analyses based on BM-MSC-derived
adipocytes, demonstrating that HSC frequency and colony
formation were decreased by GATA2 knockdown (Figure 7).
In brief, our data suggest that the decrease of GATA2 expres-
sion in BM-MSC decreased the cells’ ability to support the
hematopoietic microenvironment.

As noted, GATA2 expression in CD34-positive cells is sig-
nificantly decreased in patients with aplastic anemia by an
unknown mechanism.” Because cytokines such as trans-
forming growth factor-,” interferon-y,” tumor necrosis fac-
tor-o, % IL-6,” IL-17A,¥ and IL-1§"* may be involved in the
pathogenesis of aplastic anemia, we evaluated whether the

Table 2. Gene ontology analysis of GATA2-regulated genes in human BM-MSC.

Upregulated
Signal transduction 24 2.50E-02
Developmental processes 18 1.30E-02
Cell communication 11 4.40E-02
Cell proliferation and differentiation 9 8.90E-02
Mesoderm development 7 4.20E-02
Muscle contraction 5 1.10E-02
Muscle development 4 2.80E-02
Extracellular matrix protein-mediated signaling 3 3.50E-02
Downregulated .
Celicycle 40 1.40E-15
Protein modification " 21 4.90E-03
Cell proliferation and differentiation 17 2.90E-02
Mitosis : 7 2.60E-07
Protein phosphorylation 14 8.90E-03
Cell cycle control 12 1.80E-03
DNA metabolism 8 3.T0E-02
General vesicle transport 7 3.50E-02
DNA replication 7 1.60E-03
Chromosome segregation 7 6.60E-04

AR

Upregu

R

ated

|
Signaling molecule 8 5.20E-02
Extracellular matrix 5 7.80E-02
Growth factor 4 1.60E-02
Extracellular matrix glycoprotein 3 6.90E-02
Glutamate receptor 2 8.80E-02
Downregulated * i
Kinase = 16 1.10E-03
Cytoskeletal protein -~ : 14 ~ 3.50E-02
Protein kinase o : 12 8.00E-03
Microtubule family cytoskeletal protei 12 “6.50E-06
Microtubule binding motor protein " 8 1.60E-06
Non-receptor serine/threonine protein kinase 7 - 5A40E-02
Kinase modulator = =~~~ ' o 5 6.30E-02
Transcription cofactor -~~~ 5 6.00E-02
Kinase activator G : 4 1.80E-02

Genes showing >2-fold differentiation after GATA2 knockdown were analyzed.

addition of these cytokines may accelerate adipocyte differ-
entiation. Unexpectedly, adipocyte differentiation was sup-
pressed by these cytokines, except for IL-6 (Omnline
Supplementary Figure S5A-F). In addition, the suppression of
adipocyte differentiation did not always correlate with the
changes of GATA?2 expression level, nor APZ expression (i.e.
tumor necrosis factor-o and IL-6), possibly because these
cytokines might affect AP2 expression level and adipocyte
differentiation independently of GATAZ2. Next, we assessed
the effect of bone morphogenic protein (BMP)-4, because a
previous study demonstrated that BMP4 regulates GATA2
expression in embryonic stem cells.” As shown in Online
Supplememary Figure S5G, BMP4 suppressed adipocyte dif-
ferentiation and significantly induced GATA2, suggesting
that BMP4 could be one of the factors involved in the regu-
lation of GATA2 in BM-MSC.

Discussion

The balance between proliferation and differentiation of
MSC may be tightly regulated by BME, Hedgehog, and Wnt
signaling pathways, among others.*®*™ BMP2 and BMP4
promote adipocyte differentiation.” Noggin inhibits BMP
signaling and promotes osteogenic differentiation.” In addi-
tion, Hedgehog and Wnt signaling pathways inhibit
adipocyte differentiation but promote osteoblastic differen-
tiation."* Efforts to identify the regulatory mechanisms that
control  the differentiation of BM-MSC into
adipocytes/osteoblasts may lead to the development of new
clinical applications in the fields of regenerative medicine
and tissue engineering and enhance our understanding of
hematopoiesis, since BM-MSC are the primary sources of
the hematopoietic microenvironment.’

Although GATA2 may play an important role in regulat-
ing adipocyte differentiation from a mouse preadipocytic
cell line,"* its role in regulating human BM-MSC differenti-
ation is unknown. In the present study, we revealed that
knockdown and overexpression of GATA2 accelerated and
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600 |G1/GO G2M G1/GD G2M
53.7% 28.2% 600463.3% 25.5%
g Wy
4001
00 = 400+ i
s s
14.1% 7.9%
200+ 200+
0 U\_J( T T T T

0 ZOb 40lO 60|0 8(;0 1;< 0 200 400 600 800 1K
PI-A PI-A
B
GO/G1 stage (%) | S stage (%) | G2/M stage (%)
control siRNA 583174 10.9£3.9 264148
GATAZ siRNA 65.0+54 68+2.2 253435

Figure 4. Increase of G1/GO phase cells with decreased GATA2
expression in BM-MSC. (A) Representative cell-cycle profile in human
BM-MSC treated with control or anti-GATA-2 siRNA, based on propidi-
um iodide staining. (B) Percentage of cells in each stage of the cell
cycle (expressed as mean + SD, n=3).




inhibited adipocyte differentiation, respectively (Figures 2
and 3). We assumed that BM-MSC fate might be deter-
mined by the balances of multiple transcription factors,
rather than solely by GATA2. For example, GATAl and
PU.1, master regulators in erythroid and granulocyte differ-
entiation, respectively, act mutually antagonistically.®*
Similar antagonism has also been reported between C/EBPa.
and PU.1 during neutrophil differentiation.”* Furthermore,
in murine MSC, the propensity for differentiation toward
osteoblasts or adipocytes was affected by various factors
including Maf, Runx2, Cebpb and Pparg®® Nevertheless, our
data clearly demonstrate that GATAZ could be one of the
important factors that determine immaturity and differenti-
ation toward adipocytes in BM-MSC.

We have demonstrated that GATA2 knockdown in BM-
MSC increased the number of cells in G0/G1 (Figure 4,
Online Supplementary Figure S4), with significant downregu-
lation of cell cycle regulators such as CHEK1, CCNB1,
CCNB2, GTSE4, and CDCz0 (Table 1). GATAZ2 expression
oscillates during the cell cycle such that expression is high in
the S phase but low in G1/S and M phases.” Moreover,

-@-Control siRNA

-O-GATAZ2 siRNA

Figure 5. Effect of GATA2 knockdown on the proliferation of human
BM-MSC. GATA2 expression was suppressed in human BM-MSC by
transfecting them with a human GATA2-siRNA, and the cells were fur-
ther cultured in the medium for 5 days. The number of viabie cells
was determined every 24 h by a colorimetric method. The data are
expressed as mean * SD (n=4). *P<0.05.
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GATA2 regulates cell cycle regulators, including CCNDS3,
CDK4, and CDK6,” suggesting that GATA2 contributes to
the regulation of the HSC pool within the bone marrow.
We, therefore, conclude that GATA2-mediated cell cycle
regulation occurs in BM-MSC. Recent evidence suggests
that adipocyte differentiation is triggered during the G1
phase when progenitor cells are exposed to adipogenic stim-
uli such as insulin, insulin-like growth factor 1, dexametha-
sone, and cyclic AMP® Furthermore, considering our find-
ing that GATA2 knockdown in BM-MSC increased the
number of G1 phase cells (Figure 4, Online Supplementary
‘Figure 54), the susceptibility to adipogenic stimuli may have
been augmented by GATA2 knockdown, leading to acceler-
ated adipocyte differentiation.

We have also demonstrated that GATA2 expression in
HSC is lower in patients with aplastic anemia and leads to
decreased HOXB4 expression,”” which would contribute to
the reduction in the size of the HSC pool.” Furthermore,
GATA2 expression is also lower in BM-MSC derived from
patients with aplastic anemia.” In the present study, we
demonstrated that decreased GATAZ2 expression in BM-
MSC accelerated adipocyte differentiation. Thus, decreased
GATA2 expression by HSC and BM-MSC may lead to
decreased number of HSC as well as fatty marrow change,

which is a characteristic feature of aplastic anemia.

In addition to the accelerated adipocyte differentiation
from BM-MSC by GATA2 knockdown (Figure 2), we fur-
ther demonstrated that GATA2-knockdowned BM-MSC
compromised colony-forming capacity based on co-culture
with CD34-positive cells (Figure 6). Although the molecular
mechanism responsible for this effect is unknown,
decreased expression of cell adhesion molecules such as
LAMB1, CD44, and FBN2 (lable 1) may be involved in
impaired HSC maintenance. LAMB1 encodes laminin B1,
which is expressed in the hematopoietic microenvironment,
and contributes to the regulation of hematopoiesis.®
Furthermore, CD44 promotes the homing process between
HSC and the hematopoietic niche through hyaluronic acid,
which serves as a ligand.*® Thus, GATA2 downregulation
in patients with aplastic anemia may result in a decrease of
extracellular matrix, similar to the functions of LAMB1 and
CD44, resulting in impaired HSC support.

Immunosuppressive therapy is effective in 75% of cases
of aplastic anemia, suggesting that immunological injury
plays a role in the pathogenesis of aplastic anemia.®
However, in our study, the addition of various cytokines did
not accelerate adipocyte differentiation or decrease GATA2
expression (Online Supplementary Figure S5), suggesting that




transforming growth factor-f, interferon-y, tumor necrosis
factor-a, IL-6 and IL-17A and IL-1B might not be involved in
the regulaton of GATA2 expression in BM-MSC. We
included BMP4 in our analysis because this protein regulates
GATA2 expression.” As expected, we demonstrated that
BMP4 induced GATA2 expression, suggesting that BMP4
may affect GATA2 expression in BM-MSC (Online
Supplementary Figure S5G). However, we observed that the
addition of BMP4 suppressed adipocyte differentiation,
unlike the results of another study on preadipocytic
C3H10T1/2 cell lines.” We suggest that this difference may
be attributed, in part, to the concentration of BMP4 used
here. Nevertheless, in addition to BMP signaling, several fac-
tors, such as the Wnt signaling pathway, regulate GATA2
expression.” Further analyses are, therefore, required to elu-
cidate the pathogenesis of aplastic anemia.

In conclusion, our findings support the hypothesis that
GATA2 plays an important role in regulating the differenti-
ation potential of BM-MSC and contributes to hematopoi-
etic supporting capacity. Therefore, in bone marrow,
GATA?Z is not only involved in the generation and/or main-

ilation of BM-MSC differentiation by GATA2

tenance of HSC, but also in regulating the hematopoietic
microenvironment. Identifying the regulatory mechanism
of GATA2 in HSC and BM-MSC may lead to the develop-
ment of novel therapeutic approaches for bone marrow
failure syndromes.
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CMCD'is a rare congenital disorder characterized by
persistent or recurrent skin, nail, and mucosal mem-
brane infections caused by Candida albicans.
Heterozygous GOF STATT mutations have been shown
to confer AD CMCD as a result of impaired dephos-
phorylation of STAT1. We aimed to identify and charac-
terize STATT1 mutations in CMCD patients and to de-
velop a simple diagnostic assay of CMCD. Genetic
analysis of STAT1 was performed in patients and their
relatives. The mutations identified were characterized
by immunoblot and reporter assay using transient gene
expression experiments. Patients’ leukocytes are in-
vestigated by flow cytometry and immunoblot. Six GOF
mutations were identified, three of which are reported
for the first time, that affect the CCD and DBD of STAT1?
in two sporadic and four multiplex cases in 10 CMCD
patients from Japan. Two of the 10 patients presented
with clinical symptoms atypical to CMCD, including
other fungal and viral infections, and three patients de-
veloped bronchiectasis. Immunoblot analyses of pa-

Abbreviations: AD=autosomal-dominant, APS-1=autoimmune polyendocri-
nopathy type 1 syndrome, AR=autosormal-recessive, CCD=coiled-coil do-
main, CMCD=chronic mucocutaneous candidiasis disease, DBD=DNA-
binding domain, GAF =y-activating factor, GAS=y-activated sequence,
GOF=gain-of-function, HES=hyper-IgE syndrome, IRF=IFN regulatory fac-
tor, ISG=IFN-stimulated gene, ISRE=IFN-stimulated response element,
MFl=mean fluorescence intensity, MSMD=mycobacterial disease,
pPSTAT1=phosphorylated STAT1, gPCR=quantitative PCR

The online version of this paper, found at wwwijleukbio.org, includes
supplemental inforrmation.

0741-5400/14/0095-0001 © Society for Leukocyte Biology

kocytes showed abnorma gh levels of
PSTAT1 following IFN-y stimulation. Based on this find-
ing, we performed a flow cytometry-based functional
analysis of STATT GOF alleles using IFN-y stimulation
and the tyrosine kinase inhibitor, staurosporine. The
higher levels of pSTAT1 observed in primary CD14" cells
from patients compared with control celis persisted
and were ampilified by the presence of staurosporine.
We developed a flow cytometry-based STAT1 functional
screening method that would greatly facilitate the diag-
nosis of CMCD patients with GOF STAT1 mutations.

J. Leukoc. Biol. 95: 000-000; 2014.

introduction

Patients with CMCD suffer from persistent or recurrent skin,
nail, and mucosal membrane infections caused by C. albicans
[1, 2]. CMCD is also observed in patients with primary immu-
nodeficiencies, such as T cell deficiencies, AD HIES, AR IL-
12p40 deficiency, AR IL-12RB1 deficiency, and AR APS-1 [3-
6]. Patients with AD HIES have very low levels of IL-17A- and
IL-22-producing T cells as a result of an impairment of STATS-
mediated responses [7-10]. The numbers of IL-17A- and IL-22-
producing T cells are also low in patients with IL-12p40 and
IL-12RB1 deficiencies but to a lesser extent than in patients
with AD HIES [8]. Patients with APS-1 develop high titers of

1. These authors contributed equally to this manuscript.

2. Correspondence: Dept. of Pediatrics, Hiroshima University Graduate
School of Biomedical Sciences, 1-2-3 Kasumi, Minami-ku, Hiroshima
734-8551, Japan. E-mail: masak@hiroshima-u.ac.jp
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neutralizing autoantibodies against IL-17A, IL-17F, and/or
IL-22 [11, 12]. These findings suggest that human IL-17A, IL-
17F, and/or IL-22 may be essential for mucocutaneous immu-
nity to C. albicans [6]. This hypothesis led to the discovery of
AR IL-17RA deficiency and AD IL-17F deficiency as genetic
etiologies of CMCD without other severe infectious diseases
(isolated CMCD) [13]. Thus, inborn errors of IL-17 immunity
can underlie CMCD [14-17]. However, no genetic etiology
has yet been identified for the vast majority of patients with
CMCD.

Heterozygous mutations affecting the CCD of STATI were
identified recently by next-generation sequencing in patients
with AD CMCD [18, 19]. A heterozygous T385M mutation,
affecting the DBD of STAT1, was then discovered [20]. These
mutations led to increases in Tyr701 pSTATI1, GAF DNA-bind-
ing ability, and IFN GAS transcription activity in response to
IFN-y, IFN-¢, and IL-27 [18, 20, 21]. Surprisingly, there, GOF
STAT]I alleles account for approximately one-half of patients
with CMCD in previous studies (ref. [18] and unpublished re-
sults). The underlying molecular mechanism was deciphered
using inhibitors of kinases and phosphatases and was shown to
result from the impaired nuclear dephosphorylation of STAT1
[18]. We report here six GOF STATI mutations, three of
which have never been described before, in two sporadic and
nilial cas m four‘japanese families with AD CMCD.
z monocytes from the patients displayed
STAT]1 in response to IFN-vy and in the presence of
- kinase inhibitor staurosporine. Based on this ob
ration; we develbped a flow cyfonietw-based simple and
rapiélﬂ STAT]I functional screening method to facilitate the di-
agnosis of CMCD patients with GOF STAT1 mutations.

ase inhibito

. antifungal drugs for.

MATERIALS AND METHODS

Patients

Clinical information is summarized in Table 1. STAT] mutations identified
in patients and familial segregation of STA7I mutations are shown in
Fig. 1B.

Kindred A (L354M/WT). The proband (A-I-1: P1) is a 45-year-old man
who has suffered from recurrent tinea unguium and otitis media since the
age of 3 years. He also had several episodes of herpes virus infection, re-
sulting in herpes simplex keratitis, dermatitis herpetiformis, and shingles
during his childhood. At the age of 22, he experienced cryptococcal men-
ingitis; he was diagnosed with hypothyroidism and placed on levofloxacin
treatment. This patient also suffers from bronchiectasis and irritable bowel
syndrome. His son is 7 years old (A-II-2) and suffers from recurrent oral
aphthous lesions due to C. albicans. He has experienced no clinical episode
suggestive of host susceptibility to viral or invasive fungal infection. At the
age of 6 years, he was diagnosed with hypothyroidism and began treatment
with levothyroxine. Both P1 and his son (A-II-2) have been found to have
persistent, slightly high liver enzyme levels.

Kindred B (M202V/WT). The patient (B-II-1: P2) is a 34-year-old man
with recurrent stomatitis as a result of C. albicans since infancy. He was di-
agnosed with CMCD at the age of 5 years. Oral itraconazole treatment was
initiated at the age of 18 years, but this patient still suffers from persistent
tinea unguium and oral candidiasis. He has suffered from bronchopneu-
monia more than twice yearly since his 20s. Sputum cultures were systemat-
ically negative for bacteria, but the bronchopneumonia seemed to respond
to treatment with levofloxacin and cefotiam. No hypothyroidism has been
detected.

Kindred C (A267V/WT). The proband (CI-2: P3) is a 10-vear-old boy.
He developed onychomycosis at the age of 18 months and was treated with

yéars but does
not have hypothyroidism. His mother (CII-1) is 44 years old. She devel-
oped onychomycosis at the age of 1, vaginal candidiasis and tinea pedis at
the age of 20, and recurrent oral candidiasis in her 30s, at which time, she

TABLE 1. Summary of 10 Patients with CMCD from Six Kindred

STATI
Patients  mutation Fungal infections Viral infection Other complication
A-1-1 L354M recurrent tinea unguium, recurrent herpes recurrent otiti media, bronchiectasis, irritable
cryptococcal meningitis virus infection bowel syndrome, hypothyroidism,
persistent, slightly elevated liver enzyme
A-II-2 L354M recurrent oral aphthous as a result hypothyroidism, persistent, slightly elevated
of C. albicans liver enzyme
B-1I-1 M202V persistent tinea unguium, bronchopneumonia
recurrent stomatitis as a result of
C. albicans
CI-2 A267V onychomycosis, tinea pedis, oral, bronchiectasis, antiparietal cell antibody-
esophageal, vaginal candidiasis positive megaloblastic anemia,
hypothyroidism, persistent, slightly elevated
liver enzyme ‘
CII-1 A267V onychomycosis vascular purpura
D-1-2 R274Q recurrent oral and esophageal
candidiasis, persistent skin
candidiasis
D-I1-2 R274Q  oral candidiasis
E-II-1 P329L oral thrush
E-11-2 P329L recurrent oral thrush pure red blood cell aplasia, autoimmune
hemolytic anemia
F-1I-1 M390T recurrent oral and skin candidiasis  severe chicken-pox, low serum IgG2 levels, bronchiectasis, mild

Tl

F1

chronic EBV
infection

hypothyroidism, recurrent severe diarrhea,
recurrent otitis media, elevated liver
enzyme
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1 sa6a Figure 1. Heterozygous mutations affecting the CCD and DBD
Proxteu of STAT1 were identified in two sporadic and four multiplex
§ ’ cases in 10 CMCD patients from Japan. (A) Six mutations were
MZOZXf\VT ?32?!*:“?? pm;‘\}mmw ‘A.}i‘/\mﬁ W identified in the human STAT1-« isoform. N-term., ; SH2, Src
) P secsr homology 2; Tail Seg., TA,. (B) Pedigrees of four families with
MetTh an AD form of CMCD (Kindreds A, C-E) and two sporadic
. TS cases with CMCD (Kindreds B and F) are shown. Filled symbols
AETVIWT 3\’13?0T”‘*"(T indicate patents with CMCD. The probands are indicated by
(P3) ! (P6) arrows (P1-P6). (C) Chromatogram of identified mutations of

hageal obstruction as a result of esoph-
s hypothyroidism and antiparietal cell

Kindred D (R274Q/WT) The ploband (D-I-2: P4) is a 32-year-old
woman. She developed oral and cutaneous candidiasis at the age of 1 year
and pneumonia with pleural effusion at the age of 10 years. The disease-
causing pathogen was not identified, but the patient’s symptoms improved
rapidly after the initiation of antifungal treatments. Oral fluconazole treat-
ment was introduced after this episode. However, the patient suffered from
persistent skin candidiasis and recurrent esophageal candidiasis. Her sec-
ond daughter (D-II-2) also suffers from oral candidiasis. This familial case
was reported in a previous manuscript (Kindred H in ref. [18]).

Kindred E (P329L/WT). The proband (E-II-1: P5) is a 16-year-old girl
who has suffered from recurrent oral thrush since infancy. At the age of 14
years, she displayed pure red blood cell aplasia and autoimmune hemolytic
anemia, which responded to treatment with steroid and cyclosporine A.
Her older brother (E-II-2) is 17 years old and has also suffered from oral
thrush. Their father had no STATI mutation, and no clinical or genetic
information was available for their mother.

Kindred F (M390T/WT). The patient (F-II-1: P6) is a 30-year-old man
with recurrent oral candidiasis since the age of 2 years. He suffered from
severe chicken-pox at the age of 1 year, which took 90 days to resolve fully.
He developed pneumonia at the age of 3 years, at which point, CMCD was
suspected. After this episode, he suffered from recurrent, severe diarrhea,
skin and oral candidiasis, and otitis media. The candidiasis was intractable
despite treatment with antifungal drugs. At the age of 14 years, this patient
was found to have low serum IgG2 levels and was given Ig replacement
therapy. At the age of 17 years, he developed an impairment of liver func-
tion, and elevated liver enzyme was detected in serum. He also presented
recurrent fever of unknown origin. He was found to have a high titer of
EBV-transformed B cells in serum (1.9X10° copies/ml; reference range
<1X10? copies/ml). He did not produce antibody against EBV nuclear
antigen, which neutralizes EBV, during the clinical course of his illness,
and chronic EBV infection was therefore suspected. This patient also has
bronchiectasis and very mild hypothyroidism that does not require treat-
ment. His parents and his younger sister do not present the clinical pheno-
type of CMCD.

www jleukbio.org

STATI. All of the mutations were heterozygous and affected the
CCD or DBD of STATI.

Molecular genetic analysis

Genomic DNA was extracted from peripheral blood leukocytes. Complete

codmg exons of STAZ] and thelr flanking introns were amphﬁed by PCR

 the

29L, L354M, and
M390T mutations of STATI by PCR-based mutagenesis with mismatched
primers. Primer sequences and PCR conditions are available on request.

Flow cytometric analysis

We assessed pSTAT1 in PBMGs from the patients. The MFI of pSTATI de-
pended on the timing of the analysis. We therefore systematically assayed
PBMCs, 24 h after blood collection. Mononuclear cells were suspended at a
density of 10* cells/ul in serum-free RPMI. The cells were incubated with
IFN-y (1000 U/ml) for 15 min. They were then washed and incubated with
0.5 uM staurosporine (for 15 or 30 min for flow cytometry experiments
and 15 min for immunoblot assays) in RPMI and subjected to analysis. For
flow cytometry, the cells were stained simultaneously with anti-human CD3,
CD19, or CD14 FITC antibody (BD PharMingen, San Diego, CA, USA) and
treated with staurosporine. They were fixed and permeabilized, according
to the BD Phosflow protocol (Protocol III); stained with FITC-conjugated
anti-CD3, CD19, or CD14 and PE-conjugated anti-pSTAT1 (BD PharMin-
gen) antibodies; and subjected to flow cytometric analysis. It took 6 h to
perform the complete flow cytometric analysis.

Immunoblot analysis and EMSA

STAT1-null U3C fibrosarcoma cells were maintained in DMEM, supple-
mented with 10% FBS. The cells were harvested and replated at a density
of 2.5 X 10° cells/ml in six-well culture plates. After incubation for a fur-
ther 24 h, plasmid DNA (5 ug/well), carrying the WT or a mutant STAT1
allele, was introduced into the cells by calcium phosphate-mediated trans-
fection. The transfected cells were incubated for 24 h, and 10" IU/ml
IFN-y was then added. The cells were incubated for a further 15 min and
then subjected for EMSA and immunoblot analysis. Immunoblot analysis
was performed as described previously [24]. The primary antibodies used
were an anti-pSTAT1 (pY701) antibody (BD Biosciences, San Jose, CA,
USA; Cell Signaling Technology, Danvers, MA, USA); an anti-STAT1 anti-
body (C-24; Santa Cruz Biotechnology, Santa Cruz, CA, USA); and an anti-
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B-actin antibody (Sigma-Aldrich, St. Louis, MO, USA). EMSA was carried
out as described previously [24]. After IFN-y stimulation, U3C-transfected
cells were subjected to nuclear extraction. We incubated 20 pg nuclear ex-
tract with *?P-labeled (a~-dATP) GAS (produced under control for the
FCGRI promoter) probe for 30 min.

Luciferase reporter assay

Luciferase assays were performed as described previously [18, 22, 23].
Briefly, transfected U3C cells were stimulated with IFN-a (5000 1U/ml),
IL-27 (20 mg/ml), or various concentrations of IFN-y (1, 5, 10, 50, 100,
500, and 1000 IU/ml) for 8 h and then analyzed. The data are expressed
as fold inductions with respect to unstimulated cells. Experiments were per-
formed in triplicate.

qPCR analysis

CD14™ monocytes were purified from PBMCs by magnetic sorting (BD Bio-
sciences) and stimulated with 1000 IU/ml IFN-y for 2 or 8 h. Then, total
RNA was extracted and used for reverse transcription with random primers
to generate cDNA. IRF1, CXCL9, and ISG15 mRNA levels were determined
by qPCR with Tagman probes. The results were normalized with respect to
the values obtained for the endogenous GAPDH cDNA.

Statistical analysis

Statistical significance was analyzed by nonparametric Mann-Whitney
U-tests and variance followed by Tukey’s post hoc analysis using SPSS soft-
ware. For all analyses, P < 0.05 was considered statistically significant.

from a total of 15 patlents f10m 10 kindreds. Heterozygous
STATI mutations were identified in two sporadic and four fa-
milial cases (and four additional cases were identified among

affected relatives who were subsequently recruited, giving a
total of 10 patient‘éj’i Thus, STATI mutations were commonly
identified in ]apan‘ese patients with CMCD. We identified
three previously unknown heterozygous mutations of STATI:
¢.1060C > A (L354M) in P1 and his younger son (A-11-2),
c.986C > T (P329L) in P5 and her elder brother (E-II-2), and
¢.1169T > C (M390T) in P6 (Fig. 1C). We also identified pre-
viously reported heterozygous mutations: c.604A > G (M202V)
in P2 and ¢.800C > T (A267V) in P3 and her son (CII-1) [18,
19]. The ¢.821G > A (R274Q) mutation was identified in P4
and her second daughter (D-1I-2). This familial case is re-
ported in a previous manuscript (Kindred K in ref. [18]).
None of these mutations were identified in the healthy rela-
tives tested, suggesting that clinical penetrance was complete.
The newly identified mutations, P329L, L354M, and M390T,
were not found in the National Center for Biotechnology In-
formation, Ensembl, or dbSNP databases. They were also ab-
sent from 1052 controls from 52 ethnic groups in the Centre
d’Etude du Polymorphisme Humain and Human Genome Di-
versity panels. These three mutations are thus rare variants
rather than common, irrelevant polymorphisms segregating
with AD CMCD.

Impairment of STAT1 Tyr701 dephosphorylation in
PBMCGs

Previous in vitro studies suggested that CMCD-related STATI
mutations impair nuclear dephosphorylation [18]. However,
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only few reports investigate dephosphorylation of STATI in
primary cells from the patients ex vivo [25, 26]. We analyzed
PSTAT1 protein in PBMCs from P4, P5, and two healthy con-
trols. As shown in Fig. 2A, STAT1 protein levels were normal
in the CMCD patients’ PBMCs. The patients’ cells contained
some pSTATI in the absence of stimulation, and the levels of
PSTATI increased strongly in response to IFN-y stimulation,
remaining high after treatment with the tyrosine kinase inhibi-
tor staurosporine, which inhibits JAK-STAT signaling upstream
of STATI, probably as a result of impaired nuclear STATI de-
phosphorylation. The upper and lower bands correspond to
STATla and STAT1p in the pSTAT] blot, whereas the bands
correspond to STAT1e« in the STATI blot.

We first investigated IFN-y-induced pSTAT1 by flow cytom-
etry, using various subsets isolated from PBMCs from healthy
controls and patients with CMCD (Supplemental Fig. 1). A
high level of pSTAT1 was observed in CD14" monocytes,
whereas it was not obvious in CD8" T cells or CD19™ B cells.
These observations were highly consistent with the data of pre-
vious studies [27-30]. Patients’ cells showed a higher level of
IFN-y-induced pSTAT1 compared with healthy control. We
therefore investigated STAT1 dephosphorylation focusing on
CD14™ monocytes. As the STATI GOF mutations are thought
to be associated with impairment in dephosphorylation of
STATT1 [16], we used staurosporine to clarify the difference
between STATI WT alleles and STATI GOF alleles. If the
STATl dephosphoxylauon nmmally occurs in the nucleus,

ingStaurospor-

ine treatment. Most of the patient blood samples were avail-

able only 24 h of transport. To control for the effect of time
of blood processing on pSTAT1 and STAT1 dephosphoryla-
tion, we studied PBMCs from the same donor under two con-
ditions: immediately after collection of blood samples or after
a delay of 24 h (Supplemental Fig. 2). The level of pSTAT1
decreased in all of the conditions tested in the blood samples
that were delayed. Thus, we decided to perform all assays in
PBMCs, isolated and tested 24 h after blood collection. PBMCs
from one patient with CMCD, carrying a WT STATI allele; 14
healthy individuals; and 10 GOF STATI patients—five from
Kindreds A-C and five CMCD patients from another cohort
carrying GOF STATI mutations (nonreported cases)—were
incubated with IFN-y for 15 min. The cells were then washed
and incubated with staurosporine-containing media for 15 min
prior to analysis. For P1 only, we also measured pSTAT1 after
30 min of staurosporine treatment. Figure 2B shows a repre-
sentative histogram comparing P1 and control. CD14" mono-
cytes from P1 had higher levels of pSTAT1 than control cells
following IFN-y stimulation. The CD14% monocytes from the
control displayed rapid STAT1 dephosphorylation, whereas
PSTATTI persisted in the patients’ monocytes in the presence
of staurosporine. Residual pSTAT1 was found in the cells of
P1, even after 30 min of treatment with staurosporine. The
summary of MFI values for pSTAT1 obtained by flow cytom-
etry is shown in Fig. 2C. Some overlap was observed, but levels
of pSTATI, in response to IFN-y, were significantly higher in
CD14™ cells from the patients than in those from the controls
(*P<0.001). In the absence of stimulation, pSTATI levels were
higher in the patients’ cells than in control cells (¥P<0.011).
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overlap in MFI of pSTAT1 between the patients and healthy
controls or with a CMCD patient carrying a WT STAT1 allele.
The atypical clinical signs observed in the patients did not af-
fect the results of flow cytometric analysis. The difference in
the percentage decrease in pSTATI levels in the presence of
staurosporine between healthy controls and patients was signif-
icant too (*P<<0.02; Supplemental Fig. 3). These results clearly
indicate that the dephosphorylation process is impaired in
CMCD patients. The flow cytometric analysis of pSTAT1 levels
in monocytes has been established previously as a screening
tool to identify IFN-y signaling defects in patients with Mende-
lian susceptibility to MSMDs [31]. Taken together, this flow
cytometry-based technique is likely to be useful for the rapid
assessment of STAT1 function in CMCD patients.

Induction of ISGs in CD14™ monocytes

We investigated the induction of ISGs in patients’ cells by puri-
fying CDh14% monocytes, stimulating them with IFN-y, and as-
sessing the expression of the downstream ISGs CXCLY, IRFI,
and ISGI5 by RT-qPCR analysis (Fig. 3). The induction of
these three ISGs has been shown to be STAT1-dependent in
previous studies [22-24, 32, 33]. CD14" monocytes from pa-
tients with CMCD (P2 and P4 and a patient carrying a R274W
mutation from another cohort) showed a significantly higher
induction of CXCL9 and IRFI expression than did those of
healthy controls. By contrast, we did not see a significant in-
crease in the induction of ISG1> in the patients. These results
suggest that the mutated STAT/ :ileles identified in CMCD
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For confirmation of the STAT1 gain-of-phosphorylation ob-
served in primary cells from the patients, we investigated
STAT1-dependent signaling pathways by transiently transfect-
ing STAT1-null U3C fibrosarcoma cells. STAT1 protein pro-
duction was normal for the CMCD-related STAT1 mutants
(Fig. 4A). Upon IFN-y stimulation, all of the mutant proteins
displayed higher levels of pSTATI, at least a 1.5-fold increase
over WT, as determined by densitometry (Supplemental Fig.
4). As expected, phosphorylation of the MSMD-related mu-
tant, L706S STAT1, was impaired [34]. Thus, all of the CMCD-
related mutations identified resulted in a gain of phosphoryla-
tion in response to IFN-y. Next, we assessed the DNA-binding
ability of the mutant STAT1 proteins to the GAS sequence us-
ing the same transfected cells, which were subjected to immu-
noblot analysis (Fig. 4B). All mutants, including the three mu-
tations identified in the DBD, displayed GOF properties, re-
sulting in an increase of GAF binding to DNA. However, the
DNA binding to GAS was abolished in the MSMD-related mu-
tant, L706S STATI.

Transcriptional activity of the CMCD-related STAT1
mutant protein

Transcriptional activity was studied by transfecting U3C cells
with reporter plasmids and plasmids carrying the WT and/or

Volume 95, April 2014 Journal of Leukocyte Biology 5

-92 -

F4



| tapraid4/zgb-jolb/zgb-jolb/2gh00414/2gb6061d14z | xppws | S=1 [ 12/10/13 | 5:55 | Art: 5A0513-250 [ Input-BW

JLB

CXCLY9/GAPDH

4E+09
3EH09 b
2E+09

1E+09

Figure 3. The induction of ISGs

CXCLY9/GAPDH

2000000
1300000
1000000

500000 |

vt
4
= - i

in CD14* monocytes. CD14™ 0 -

8h

Oh 2h 8&h

Oh 2h 8h Oh _2h 8h Oh 2h 8h Oh_2h &h

monocytes from P4 and two 0}: h.th Oh2h
healthy controls were stimulated Control 1
with 1000 U/ml IFN-y (2 or 8
h), and the expression of the

downstream 18Gs CXCL9, IRFI, IRF1/GAPDH
and ISGI15 was assessed by RT- 1000000 -
qPCR. Much stronger induction
of CXCL9 and IRFI was observed
in the patients’ cells than in con- .
2000000 »

trol cells, whereas there was no
significant increase in ISGI5 in-
duction. The expression of ISGs
was normalized with respect to
that of endogenous GAPDH. The
results are representative of three
independent exgerimehts;v except 0
for the CD14" monocyte experi-

1000000 +

Control 1

Xp T v
tantiSTAT1s compared-with Con-
T cells (¥P<0.05) and Con-
trol 2 cells (1P<0.05)..

ISG15/GAPDH

3000000
2000000 -

1000000 -

2

Oh_2h & Oh 2h 8h Oh 2h 8h

Control 2 P4 (R274Q/WT)

1 ll AAAAAAA 5

Control 2 P4 (R274Q/WT)

Control | Control 2 P2 P
(L354M/WT) (R274W/WT)

IRF1/GAPDH

3000000
"

ka3
*1
[ i l

2000000

1000000

i

Oh 2h 8 Oh 2h 8 Oh 2h 8h Oh 2h 8h Oh 2h 8 Oh 2h 8h Qh 2Zh 8h
Control 1 Control 2 P2 P
(L334M/WT) (R274W/WT)
ISG15/GAPDH
1200000
86GO000 ”
460000 " .
- l “+
e e - 0 W% 8 . ....... - .......

Oh 2h 8h Oh 2h 8h Oh 2h 8h Oh 2h 8h

Control 1

mutant alleles of STATI. The cells transfected with the CMCD-
related alleles, except for M390T, had levels of GAS transcrip-
tional activity in response to IFN-y, more than twice those of
cells transfected with the WT allele (Fig. 4C). The L706S
MSMD-related STATI allele abolished the transcriptional activ-
ity of GAS. The increase in GAS transcriptional activity was
only slight for the M390T protein in this condition. However,
the GOF became obvious when the cells were stimulated with
low concentrations of IFN-y (Fig. 4E). We also investigated
IL-27-induced GAS activation (Supplemental Fig. 5) and con-
firmed excess GAS induction in all of the CMCD-related muta-
tions. We then assessed ISRE transcription activity in response
to IFN-a (Fig. 4D). Some positive effects on ISRE transcription
activity were suspected in CMCD-related mutations, but they
were not statistically significant. Thus, all of the CMCD-related
mutations caused a GOF-to-GAS-mediated transcription. More-
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Control 2 P4 (R274Q/WT)

Control 1 Control 2 P2 P
(L354M/WT) (R274W/WT)

over, the GOF was more marked at lower concentrations of
IFN-y.

DISCUSSION

In this study, STATI mutations were identified with a high fre-
quency (almost 70%) in Japanese CMCD patients; we identi-
fied heterozygous STATI mutations in two of five sporadic
cases and in eight of 10 cases from five multiplex kindreds. In
total, we identified 10 CMCD patients with GOF STATI muta-
tions from a total of 15 diseased individuals. STATI mutations
were also found in ~50% of the patients with CMCD, identi-
fied in a previous study investigating large numbers of patients
from numerous countries (ref. [18] and unpublished results).
It remains possible that the frequency of STATI mutations is
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