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Platelet characteristics in patients with X-linked macrothrombocytopenia
because of a novelATAlmutation

Kathleen Freson, Koen Devriendt, Gert Matthijs, Achiel Van Hoof, Rita De Vos, Chantal Thys, Kristien Minner,
Marc F. Hoylaerts, Jos Vermylen, and Chris Van Geet

A new mutation is described in the X-
linked gene GATA1, resulting in macro-
thrombocytopenia and mild dyserythro-
poietic features but no marked anemia in
a 4-generation family. The molecular ba-
sis for the observed phenotype is a substi-
tution of glycine for aspartate in the
strictly conserved codon 218 (D218G) of
the amino-terminal zinc finger loop of the
transcription factor GATAL. Zinc finger
interaction studies demonstrated that this
mutation results in a weak loss of affinity
of GATAL for its essential cofactor FOG1,
whereas direct D218G-GATA1 binding to
DNA was normal. The phenotypic effects
of this mutation in the patients’ platelets

have been studied. Semiquantitative RNA
analysis, normalized for B-actin messen-
ger RNA, showed extremely low transcrip-
tion of the GATAL target genes
GPIX but also a significantly lower ex-
pression of the nondirectly GATAl-regu-
lated Gsa gene, suggestive of incomplete
megakaryocyte maturation. In contrast,
GPllla expression was close to normal in
agreement with its early appearance dur-
ing megakaryocyte differentiation. Flow
cytometric analysis of patient platelets
confirmed the existence of a platelet popu-
lation with abnormal size distribution and
reduced GPIb complex levels but with
normal GPllla expression. It also showed

GPIbp and

the presence of very immature platelets
lacking almost all membrane glycopro-
teins studied (GPIb «, GPIbg, GPllla, GPIX,
and GPV). Patients’ platelets showed weak
ristocetin-induced agglutination, compat-
ible with the disturbed GPIb complex.
Accordingly, electron microscopy of the
patients’ platelets revealed giant platelets
with cytoplasmic clusters consisting of
smooth endoplasmic reticulum and ab-
normal membrane complexes. In conclu-
sion, GATA1 mutations can lead to iso-
lated X-linked macrothrombocytopenia
without anemia. (Blood. 2001;98:85-92)

© 2001 by The American Society of Hematology

Introduction

X-linked thrombocytopenia is a well-known clinical condition, Very recently Nichols et & described for the first time a
found most often in the context of the Wiskott-Aldrich syndromenutation in theGATALgene in a family with X-linked dyserythro-
(WAS) and consisting of thrombocytopenia, defective humoral agmbietic anemia and macrothrombocytopenia. This missense
cellular immunity, and eczema. Mutations in tWASPgene lead mutation (V205M) leads to a reduced interaction of the N-terminal
either to the full-blown WAS picture or to isolated X-linkedzinc finger of GATAL with its essential cofactor FOG1 (for Friend
thrombocytopenid. The platelets in this syndrome are typicallyof GATAL).
small sized. However, hereditary macrothrombocytopenia with or Here we describe a family with another mutation in the same
without associated thrombopathy has been identified in a varietyZfc finger of GATAL, showing pronounced X-linked macrothrom-
syndromes, such as the May-Hegglin anomaly, Bernard-Soulle@cytopenia and some features of dyserythropoiesis but with no
syndrome, Fechtner syndrome, or Epstein syndrdndery re- Mmarked anemia. We describe the hematologic features of the
cently, the May-Hegglin anomaly and Fechtner syndrome hagffected members and of the female carriers. Moreover, the
been linked to mutations in the nonmuscle myosin heavy chairifluence of theGATA1mutation on FOG1 and DNA binding, on
gene on chromosome 22 Patients with X-linked macrothrombo- platelet function, and on the expression of platelet-specific glyco-
cytopenia are not well recognized. proteins is studied.

GATAL is the founding member of the GATA-binding family of
transcription factors and has been shown to be an essential proteinfor
normal erythropoiesis and megakaryocyte differenti&@forhe human : :
gene encoding GATA1 has been mapped to Xp11S3vdasani et &l Patients, materials, and methods
developed a lineage-selective knockout mouse of GATAL, leading Etectron microscopy of platelets

m.e.gakaryocyte-.'specmc I(.JSS. of GATAL expression and established mgtelet-rich fractions were available from 5 affected patients (V:3, V.7,
critical role of this transcription factor for mega}karyocyte growth an9:8, V:15, and V:16) and from one female carrier (IV:4) as well as from 2
platelet deyel_opment. Was e?:allr‘[her characterized the macrothrom-normaj controls. Platelet-rich plasma (PRP) was prepared by centrifugation
bocytopenia in these mice with abnormal platelet number and platgled minutes at 15§) of whole blood anticoagulated with 3.8% (wt/vol)
ultrastructure and moderate defects in platelet activation. trisodium citrate (9:1). The platelet-rich fractions were immediately fixed
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overnight at 4°C in 2.5% glutaraldehyde, 0.1 M phosphate buffer, pH 7.Beta5F (ACCAACTGGGACGACATGGAG) and beta3R (CGTGAG-
After centrifugation at 80§ for 10 minutes, a condensed pellet of plateletSGATCTTCATGAGGTAGTC), GPIB betalF (TGCAAGCTTCTCGCCAT-
was formed. After postfixation in 1% OsO4, 0.1 M phosphate buffer, pH 7QGGCTCCGGGCCG) and betalR (GGCTGCTCAGGACTCCTCTCCT-
and dehydration in graded series of ethanol, the pellets were embedde@AMGACG), GPIX IX1F (GAGGGATCCTGTCCCATGCCTGCCTG-
epoxy resin. Ultrathin sections were cut, stained with uranyl acetate a@@G) and IX1R (CTCCGGGACCTAACTCGGTCCCCATGGCTT), and
lead citrate, and examined in a Zeiss EM 10 electron microsco@sx GNASF (GGCTGCCTCGGGAACAGTAAG) and GNASR (TAAT-

(Oberkochen, Germany). CATGCCCTATGGTGGGTG). For GPb and GPIX, a nested PCR
reaction was performed with the following external primer sets: for GPIb
RNA isolation and complementary DNA synthesis beta2F (ACGCCTCCCGCTGCAGAGTAAG) and beta2R (GTTTGCAG-

. . GCCCGTGTTGCCC), and for GPIX IX2F (GGAGAAGGCTGAGAC-
Total RNA was extracted from platelets using the TRIzol (Gibco BRLCCGAG) and IX2R (GGACCTGCCTCAGGGACTGG). All reactions
Gaithersburg, MD) reagent according to the manufacturer’s protocol. Towjere performed in duplicate on RNA samples without added RT during
platelet RNA was first treated with Dnasel, Amplification grade (i.d4)/ cDNA synthesis, generating no reaction products (data not shown).
RNA,; Gibco BRL) before reverse transcription using the oligo (dT)-primed
first strand complementary DNA (cDNA) synthesis kit with M-MLV . .
reverse transcriptase (RT; Gibco BRL). Platelet immunoblot analysis

Platelets isolated from citrated blood were directly lysed in ice-cold

Genetic analysis of GATA1 phosphate-buffered saline (PBS) containing 1% Igepal CA-630 (Sigma
Chemical, St Louis, MO), 2 mM N¥O,4, 1 mM EDTA, 1 mM PMSF, 2
mmol/L dithioerythritol (DTE), 1% aprotinin, and 2 mM NaF. The samples
were then briefly sonicated (2 times for 10 seconds) and incubated on ice for
60 minutes. Lysates were cleared of insoluble debris by centrifugation at

. it} 00@ for 20 minutes at 4°C. Platelet protein fractions were mixed with
Cetus, Norwalk, CT) on an ABI310 (PerkinElmer) sequencer of polymeraﬁgemmIi sample buffer (5% sodium dodecyl sulfate [SDS] reducing

chain reaction (PCR)-generated cDNA fragments from patients and cqn-, . }
uffer), resolved by SDS—polyacrylamide gel electrophoresis (PAGE) on
trols. A genomic sequence from chromosome Xq11.23 (accession I?[;q ) y polacry 9 P ( )

% (for GPIhw), 12.5% (for GPIIB), or 10% (for G&) acrylamide gels, and

AF196971) included thGATAlge_r_]e. The region |nc|ud|ng_ex0n 4 Of_thetransferred to Hybond ECL-nitro-cellulose membrane (Amersham Pharma-
human GATA1 gene was amplified and sequenced with the primers

Biotech). The blot: blocked for 1 h t t t i
GATAL-exdU (GCCAGGGAGTGTGTGAACTG) and GATALextR 1t uOCnl, (b VR ol T 2 o e e emerted
(GTCTTACCAGGCGCTTCTTG). Genomic DNA from 72 normal fe- "

. with 5% nonfat dry milk. Incubation with primary (overnight at 4°C) and
”.‘a'es was screened forthg presence of Fhe 5% (D?lSG) mutation by secondary antibody (2 to 3 hours at room temperature) was performed in
single-stranded conformation polymorphism analysis.

TBS-T with 5% nonfat milk. The primary antibodies used were produced in
our laboratory and used at 5Qg/mL. Blots were revealed with a
monoclonal anti-Gs antibody @3), a monoclonal anti-GPéb antibody

Lod scores were calculated using the MLINK program of the FastlinG27C9), or a polyclonal anti-GPantibody. The secondary antibody was
package (version 4.1P) for an X-linked recessive disordenahctonservative conjugated with horseradish peroxidase, and staining was performed with

assumptions: allele-frequency of 1/10 000 for the disease mutétion. the Western blotting enhanced chemiluminescence detection reagent (Am-
ersham Pharmacia Biotech).

GATA1cDNA was amplified using primers GATA1-F1 (ATCCCCAGAG-
GCTCCATGGAG) and GATAl-R1 (TCTGTGCCCTCATGAGCT-
GAGCQG). Primer GATA1-R2 (GTTTACTGACAATCAGGCGCTTC) was

Statistical analysis

Glutathione- S-transferase fusion protein/FOGL1 binding assay

) Flow cytometric analysis of platelet GPIb/GPllla in PRP
GATA1 Nf, GATAL Nf D218G, and GATA1 Nf V205M (residues 197-251)

fragments were generated by PCR, confirmed by DNA sequencing, d@P from citrated blood was prepared as described above, ant %@s
cloned in the expression vector pGEX-4T-2 (Amersham Pharmacia Bidiuted with 40uL PBS in the presence of a GPIIb/llla antagonist (G4120;
tech, Uppsala, Sweden). Different FOG1 fragments [consisting of fingerl1p.g/mL; Genentech, San Francisco, CA) to prevent platelet aggregate
(241-291), fingers 5 to 7 (587-867), finger 9 (948-997), and fingers 5 tof@rmation and a monoclonal antibody (3@/mL, except for Ib9D5, 50
(587-997)] were cloned in pcDNA3.1/His (Invitrogen, San Diego, CA), ang.g/mL). The GPll-directed monoclonal antibody G27C9, an anti-GPllla
S*-labeled FOG1 was produced by in vitro transcription/translation usirigonoclonal antibody 16N7C2, an anti-GBIlmonoclonal antibody 1b9D5,
the TNT system (Promega, Madison, WI). Primer sequences are availadigl a platelet nonspecific anti-GST monoclonal antibody were made in our
on request. In vitro binding studies were done as described previBudly. laboratory> After incubation for 15 minutes at room temperature, samples
were centrifuged for 10 minutes at 2@)@nd platelets were resuspended in
Glutathione- S-transferase fusion protein/DNA binding assay 50 nL PBS/G4120 with a secondary fluorescein isothiocyanate (FITC)-
conjugated goat antimouse antibody. After incubation for 15 minutes at

A 29-base pair (bp) double-stranded DNA oligonucleotide containing thgom temperature, 500L PBS was added, and samples were analyzed in a
mouse a-globin GATA site (GATCTCCGGCAACTGATAAGGATTC- {6,y cytometer (FACS Calibur; Becton Dickinson, San Jose, CA).

CCTG) was 5 end biotinylated? GlutathioneS-transferase (GST) fusion
proteins (1u.g) were incubated in binding buffer (150 mM NaCl, 25 mMgyq,, ¢ytometric analysis of platelet GPIb/GPIlla in whole blood
Tris, pH 7.5, 0.1% Igepal, 10.M ZnSQy, 0.25% bovine serum albumin
[BSA], 1 mM B-mercaptoethanol, 1.5 mM phenylmethylsulfonyl fluorideCitrated blood (19.L) was incubated with 4Q.L PBS/G4120 and specific
[PMSF]) containing 100 nM biotinylated DNA in the absence or presenggimary antibodies as described above. After incubation with a secondary
of competing nonbiotinylated oligonucleotide (0-3.2) for 1 hour at FITC-conjugated goat antimouse immunoglobulin antibody, samples were
room temperature. After washing the GST fusion proteins coupled Sepleantrifuged and resuspended in 30 PBS/G4120 with simultaneous
rose beads 3 times in 1 mL binding buffer, the bound biotinylatedddition of perCP-conjugated monoclonal anti-GPllla antibody (CD61) to
oligonucleotide was detected by complex formation with streptavidin- anécognize the platelet population. Samples were incubated for 15 minutes,
biotin-substituted horseradish peroxidase (ABC detection kit; DAKGand 500uL PBS was added before analysis by FACS.
Glostrup, Denmark)?

Platelet aggregation

Semiquantitative RT-PCR . )
Blood was obtained from drug-free healthy donors and from patients V:3,

The cDNA content was normalized by using primers factin. The V:7, and V:8 and anticoagulated with 3.8% (wt/vol) trisodium citrate (9:1)
following primer sets were used to generate specific fragmegnttin - or acid citrate dextrose (ACD), pH 6.5 (9:1). PRP/ACD, obtained as
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Figure 1. Pedigree of affected family, light micros- A f
copy of red blood cells, and electron microscopy of J'E‘T"
platelets. (A) Patients with the X-linked thrombocytope-
nia are represented by filled symbols, female carriers by
dotted circles. (B) Light microscopy (magnification

w1 |2

% 1000) of dysmorphic red blood cells in peripheral blood uio2 03w s e o at
smear of affected patient after May-Griinwald-Giemsa 0o 0o DTd)TD ® il.g
staining, showing anisocytes, poikilocytes, megalocytes, v (2 R LA R e LT RS Wt L b
and acanthocytes. (C) Electron microscopy (magnifica- o

vE WE Vi VB VB VIO WA Wiz V23 W3

tion X 12 600) of platelets. Left panel: platelets of a  wr|vz vajva
normal individual. Discoid platelets and more round & T é_é
forms with normal organelles and granules. Right panel:
platelets of affected patient (representative of the 6
patients studied). Enlarged round platelet showing a
cytoplasmic cluster composed of smooth endoplasmic
reticulum and abnormal membrane complexes. Note
paucity of alpha granules.

described above by centrifugation (15 minutes atgl5@as recentrifuged More detailed hematologic data of some affected family
in an equal volume ACD (10@Dfor 15 minutes) to concentrate the members, obligate carriers, and a healthy family member are listed
platelets, and the pellet was resuspended in autologous platelet-poor plagingyple 1. Thrombocytopenia is not accompanied by anemia, and

(PPP-trisodium mtrate)_. The platelet count was adjusted to 130 0QQike hiood cell counts and differential counts were completely
plateletshL. PPP. In vitro platelet aggregation was performed on a

Chrono-Log Aggregometer (Chronolog, Havertown, PA) by simultaneousﬂp_rmal' The erythrocyte sedimentation rate, when measured, was

recording 2 tracings. Aggregation studies involved addition of collagen &Q“llforr.nly low. S
pg/mL) or ristocetin (1.3 mg/mL) with or without 1 minute preincubation ~ Peripheral blood smears of affected patients invariably demonstrated

with a neutralizing monoclonal anti-GRitantibody (G19H10, 1pg/mL).26  giant platelets and dysmorphic red blood cells (anisocytes, poikilocytes,
megalocytes, and acanthocytes are shown in Figure 1B). Platelet
survival, measured in 2 patients using homologous indititabeled
Results platelets, showed a normal life span. Light microscopy of the bone
marrow of patients V:7 and V:8 revealed normoblasts with punctate
basophilia, karyorhexis, budding, and pycnosis. The megakaryocytes

The propositus (patient V:3: Figure 1) is a 41-year-old man Witﬂppegred dysplastic, with megakaryoblasts, micromegakaryocytes, vacu-
congenital thrombocytopenia. A bone marrow examination peflization of cytoplasma, and asynchrongus maturation of nucleus and
formed at the age of 2 years revealed increased megakaryocytd@fioplasma. The bone marrow examinations of V:3, V.14, and V:15 only
which led at that time to the diagnosis of chronic idiopathi@Videnced increased megakaryocytosis.
thrombocytopenia. He received treatment with steroids, resulting in Electron microscopy of the platelets of affected patients V-3,
a small and transient rise in platelet number. Throughout life &7, V:8, V:15, V:16, and V:17 revealed increased platelet size;
experienced mucocutaneous bleeding, spontaneously or after faithermore, platelets were rounder than the characteristic discoid
nor trauma. He underwent surgery for evacuation of a muscukitape of normal platelets (Figure 1C). In addition, in a high number
hematoma and was once hospitalized for hematuria. of these platelets, clusters composed of smooth endoplasmic
The family history (Figure 1A) was compatible with X-linkedreticulum and abnormal membrane complexes were seen in the
thrombocytopenia with patients V:7, V:8, V:13, V:14, V:15, V:16center and in the periphery of their cytoplasm. A paucity of
V:17, V:20, V:23, and VI:6 known with chronic macrothrombocy-alpha granules was obvious. The platelets of the female carrier IV:4
topenia in various hematologic departments. The clinical featuréfata not shown) did not show abnormalities and were comparable
of V:7 and V:8 have been described previously in abstract fdrm. to the controls.

Patient description and hematologic analysis

Table 1. Hematologic profiles of affected family members (V:3, V:7, V:8, and V:16), obligate carriers (IV:4, IV:1, and VI:5), and a healthy family memb er (V:6)
Hgb Hct RBCs RDW LDH Plts HgbF
(g/dL) (%) (X 108/pL) (%) (UL) (X 10%/pL) ESR (%)

(10.5-16) (35-45) (3.9-5.2) (11.5-14.5) (150-460) (150-400) (mm/h) (0-2)
V:3 13.4 44 4.38 15.7 1607 12,20, 35 0-1 0.88
V7 14.1 44 4.83 15.0 36
V:8 135 41 45 15.1 12
V:16 12.4 39 4.36 32,53,72 2
IV:4 12.6 39 431 133 297 0.66
Iv:1 11.8 39 4.28 13.7 326
VI:5 10.4 33 3.77 13.9 230
V:6 14.4 43.8 4.98 348

Allindividuals have normal MCV and MCH values. Normal values are shown in parentheses.
Hgb indicates hemoglobin; Hct, hematocrit; RBCs, red blood cells; RDW, red blood cell distribution width; LDH, lactate dehydrogenase; Plts, platelets; ESR, erythrocyte
sedimentation rate; HgbF, fetal hemoglobin.
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Single amino acid substitution in the N-terminal zinc finger A ~ ~

of GATAL o S g
) oL . . . ~ \d ng

We first studied, in the 2 branches of this family, the segregation of {9 A {5

polymorphic markers located around GATA1 and observed identi- '? (;r -?

cal haplotypes in family members V:7 and V:17 (data not shown). qg’ $ Io@

We next sequenced thBATAL1cDNA and found a hemizygous r{," g‘ ;; S

base pair substitution (A to G) at nucleotide position 653 in 2 Q (] ,Q’

affected brothers (V:7 and V:8). The mother (IV:4), who is an
obligate carrier, is heterozygous for the missense mutation, and th
healthy brother has a normal sequence (Figure 2A). The mutation
was confirmed on genomic DNA and screened in all available
family members. The affected family members V:3, V:14, V:17,
and V:20 and the obligate carriers 1V:1, IV:21, and V:21 were also
respectively hemizygous and heterozygous for @&TA1 muta-
tion. The unaffected male V:6 did not carry the mutation, neither Fog (5!7)
did we detect the 653 AG substitution in peripheral blood

leukocyte DNA from 72 normal females (data not shown). o ' e
These data enable us to calculate a maximal 2-point lod score o Fog (5/9)
2.804 at no recombination, thereby proving cosegregation of the

D218G mutation with X-linked thrombocytopenia in this family.
The 653 A->G mutation results in the replacement of Asp by Gly at
codon 218 (D218G) (Figure 2B). This amino acid residue is located in |
the N-terminal zinc-finger and is conserved in all related GATA
proteins and among all GATAL proteins of different spetiés.

protein

GATA1-FOGL1 and GATA1-DNA binding studies

-

GATA1-FOGL1 interaction experiments were performed to study
the effect of the D218G mutation in GATAL on the binding to its
cofactor FOG1. We studied the binding between the N-terminal
zinc finger of GATAL and different FOG1 fingers known to be
important in GATA1 recognitio”? The recently reported GATA1
mutant V205M was also produced and tested as a control in our
assay® The wild-type GATAL N finger/GST (197-251) was able to
sequester almost all input in vitro translated FOGL1 in contrast to the
mutant N fingers (Figure 3A). The D218G mutant has a weaker
affinity for all FOGL1 fingers compared to the wild-type GATAL but
clearly interacts more strongly than the V205M mutant. Control 1
GST-bound beads were unable to bind any FOG1.

Similar binding studies using GST fusion proteins of either
wild-type or mutant GATAL N fingers were performed to assess the

Bound DNA (A, nm) @

GST fusion

effect of the D218G mutation on direct GATAL1 DNA binding. The 0 . . .
classical electrophoretic mobility shift assay (data not shown) as well as 0 0.5 1 15 2 25 3

35

A B

GG CGGGG G G

Pafient V-7
n n f\ I
VA j\nhl NN\ \
TN A MM / & »"\_J_

GG CNGGG GG

Obligate carrier
4
! | II
AN & AVATAY) &

GG GGG GG

Heatiy
r ,nl Vi
;'"" A fj\r" \.'

GG GGG GG

Conirol male
fUL.Zl W, U\ ""',

Figure 2. Mutational analysis of GATAL.  (A) Sequencing analysis of GATAI cDNA
in patient V:7, obligate carrier IV:4, a healthy brother V:6, and a control male. A base
pair substitution A to G was found at nucleotide position 653 in V:7 (hemizygous) and
IV:4 (heterozygous). (B) This mutation results in a replacement of aspartate for
glycine at position 218, located in the loop of the amino-terminal GATAL zinc finger.

Nonbiotinylated DNA (M)

Figure 3. GATA1/FOG1 and GATA1/DNA interaction studies. ~ (A) Different in vitro
transcription/translated FOGL1 fingers (finger 1, finger 9, fingers 5 to 7, and fingers 5 to
9) were incubated with various GST fusion proteins (GATA1 Nf-D218G, GATAL Nf,
and GATA1 Nf-V205M) or with GST immobilized on glutathione agarose beads. After
washing the beads, bound proteins were eluted and resolved by SDS-PAGE. The
autoradiogram in the top panel shows the amount of retained S35-labeled FOG1. The
lower panel shows the Coomassie blue staining of the gel confirming equal GST
fusion protein sample loading. (B) DNA binding competition assay (representative for
3 experiments). The amount of biotinylated DNA (100 wM) bound by GST/GATAL
fusion proteins was plotted against the concentration of nonlabeled competitor DNA.
Control GST-bound beads (A) gave no DNA binding. ¢, WT-NfGATA1; B, D218G-
NfGATAL; @, V205M-NfGATAL.

an equilibrium DNA competition method revealed no significant
impairment of DNA binding in any of the mutants tested (Figure 3B).

Study of platelet gene expression

The promoters of many megakaryocyte-expressed genes have a
GATAL recognition site, as is the case for GRJIGPIW, GPIIb,
GPIX, PF4, c-MPL, and p45 NF-E2:25We studied th&Plbg and
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GPIX gene expression in the total platelet population of patients A Crl B — -

V:3, V:7, and V:8 and in the carrier IV:1 and compared it with that % .

of control platelets (Figure 4). GATA1-defective platelets indeed ;: om0 | I l I I

showed a strongly decreased GPland GPIX messenger RNA (O :; e

(mRNA) expression. Only when performing nested PCR reactions ® o

were signals obtained for GRBland GPIX. In contrast, th@-actin i T

normalized expression of GPllla was close to normal (data no £ : |

shown). No abnormalities in expression levels of these glycopro % e i I I i I

tein mMRNASs were seen in the obligate carrier. To study whether thit s P

low level of glycoprotein RNA expression is only due to the lack of T

direct GATA1-FOG1 transcriptional regulatl_on of the genes them-C R E e R 2 o8 0l8

selves or also due to a decreased maturation state of the platele TSNS G2 S U0

we also studied the expression of tBsx gene. This widely RS — === GPllla FRmEEE - ——- Plho

expressed genéGNAS1)is, as far as we know, not a direct 50 pg 10 ng 10ug  Spg

transcriptional target of GATAL but its expression is up-regulated

during terminal megakaryocytic ma_tura_tion. We found a signifi- §§$‘S§§$‘S‘i’ (}.Ap_) ‘*5;0

cantly decreased @smRNA expression in the patients’ platelets P— PIb =

(Figure 4). =~ GPIb} e Gso
50pg  10pg g

Platelet membrane glycoprotein studies in PRP
Figure 5. Platelet glycoprotein expression analysis in PRP. (A) Flow cytometry of

Flow Cytometric ana|ysis of p|a’[e|ets in PRP showed that theevlatelet nonspecific protein (GST) and GPIba in the platelets of a control (Crl) or

platelet size in patient V:3is 2 to 3 times Iarger than in COmro&’ﬂientV:S.The platelets of V:3 are at least 2 to 3 times larger than control platelets,
’ and a subgroup seems immature with very low levels of GPIba (indicated by an

(Figure 5 A)- The platelet size of the Ob”gate carriers IV:1 and V|:§rrow). (B) Normalized (versus GPllla expression) FACS results for the expression of
was normal. A series of immunofluorescent labelings were doneder, GPib, and GPIbg in control (Crl), obligate carriers (VI:5 and 1V:1), and patient

compare the expression of GRIIGPIE, GPIX, GPV, and GPllla. V:3 5. GST/GPIlla; B, GPIba/GPIilla (upper panel) and GPIb/GPIlla (lower panel).

Correction for background fluorescence was made using an irrgj

) Platelet glycoprotein expression using Western blot analysis to study the
pression of GPllla, GPlba, and GPIbp. The expression of the GATA1-independent

evant antibody against GST. Most platelets of patient V:3 expressgge Gsa subunit (52 kd) was also studied.

all glycoproteins although disturbed (see below), but a distinct

fraction of the platelets is almost negative for every marker testegkpression was only half of normal and seemed to be slightly
indicating the existence in the circulation of very immaturéeduced in obligate carriers (Figure 5B). Surprisingly, the amount
platelets with the same size distribution as the mature platel@isGPIbB seemed higher in the propositus than in controls. We also

(shown for GPllx in Figure 5A). The membrane distribution of

studied the GPIX and GPV expressions but found no significant

GPllla was analyzed versus that of GPIb as a function of tteiifferences with control platelets. Western blot analysis of the
platelet size, and a parallel increase of GPIlla and GPIb expressi@RIlla expression confirmed normal GPIIb/Illa protein, justifying
with platelet size was found (data not shown). A murine monocldéhe use of GPllla as a parameter to normalize the expression of
nal antibody against GPllla recognized a similar epitope density &Plbx and GPIIB during FACS analysis (Figure 5C). Further-
platelets of the propositus V:3 as on those from controls, whergaore, platelet protein fractions of patient V:3 have more @Ribd

the GPllx and GPII§ expressions were abnormal. GRIBubunit

&S P S & & e:?
B-actin
2052 05205cDNA205205205 -
DR F (L) _{?c}“g’ OOF SFE
EERIE o
2052 05 205 2230 <
N 258 088 58
| B B o
2!\2 025 - 2 H',Z_" 2 ~
AXTT R
n GNASI
2 2 12 2.2 2
< > < >
single PCR nested PCR

Figure 4. Platelet glycoprotein mRNA studies. Semiquantitative RT-PCR analysis
of the genes for B-actin, GPIbB, GPIX, and Gsa (GNASI) using platelet RNA of
affected patients (V:7, V:8, and V:3), obligate carrier (IV:1), and controls (Crl). Starting
from the same amount of platelet RNA, patients and controls have comparable levels
of B-actin expression. All patients have a very weak expression of the GATAL-
regulated genes GPIbB and GPIX, only showing a visible fragment after performing a
nested PCR. Patients also show a weaker signal for the nondirectly GATA1-regulated
gene GNASI.

less GPlla than control platelets, corroborating the findings
presented in Figure 5B. Similar to the gene expression studies,
abnormal platelet maturation was analyzed indirectly by studying
Gsx expression in the platelets. During normal maturation of
megakaryoblastic cells, the large splice variant ok @sotein (52

kd) is up-regulated® However, when we analyzed @&xpression

in patient platelets using a monoclonal antibodg) that recog-
nizes specifically this Gs subtype, we found a weaker signal in
patient V:3 and in carrier IV:1 (Figure 5C), again suggestive of
incomplete platelet maturation.

Platelet membrane glycoprotein studies in whole blood

To ensure that all platelets were included in our analysis, flow
cytometry was also performed in total blood. To differentiate
platelets from other blood cells and to include giant platelets, a
double-labeling technique was applied, based on our finding that
the GPllla levels were not disturbed in patient platelets. Again clear
abnormalities were observed in the distribution of platelet size of
patient V:3 (Figure 6A). The platelet population (circled in red)
showed giant platelets 4 to 5 times larger than normal platelets. The
largest platelets were not seen in PRP (Figure 5A), most probably
because they were lost during centrifugation. The very immature
platelets observed in PRP were hardly detected in this window
because the amount of platelets in whole blood analyzed is only
10% of the platelets examined in PRP. The bar graphs, normalized
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Very recently, the firstGATAL genetic defect (V205M) was
found in patients with dyserythropoietic anemia and thrombocyto-
penial® This single amino acid substitution in GATAL, located in
the N-terminal zinc finger, inhibits the interaction with its essential
transcription cofactor FOG1. A similar observation in vitro had
been made by mutagenesis of the key residues in the N-terminal
zinc finger and thus implicated these residues in finger-specific
FOG interactiond® We describe here another mutation (D218G)
located in the N-terminal zinc finger loop of GATAL. Mutagenesis
of this residue and the neighboring residue (DR218/219NA) was
studied by Fox et & and revealed FOG1 binding, although

reduced. DNA binding was normal as also predicted by the
3-dimensional model of the N-terminal GATAL zinc fing&iThe
biochemical significance of our mutation for the GATA1-FOG1
interaction was studied by an in vitro assay and was compared with
the V205M mutant of GATAL. The D218G mutant has a weaker
affinity for FOG1, but it clearly interacts more strongly than the
previously reported V205M GATA1 mutant. This observation is in
agreement with the clinical differences between our kindred and
the previously reported patients. The patients described in that
study were anemic and severely thrombocytopenic with clear

to the control GST antibody, showing GRIland GPII expres- abnormalities not only in the megakaryocytic (low number and
sions by platelets within the red ellipse, again revealed a préysplastic platelets) but also in the erythrocyte (abnormal in size
nounced decrease of GRIbut not of GPIIg expression in patient and shape) lineagé&The patients of our family have an abnormal
V:3 compared with control or carrier platelets (Figure 6B). Fosize and number of dysmorphic platelets but have a normal amount
GPIX and GPV, no significant differences were observed (data rRftd size with shape abnormalities of the erythrocytes (also
shown). Flow cytometry experiments in whole blood also revealg@nfirmed by flow cytometric analysis, data not shown). Further-
a second weaker GPllla-positive platelet population (indicated I5yore, in the 2 patients described by Nichols éatyptorchidism
blue circles), located on top of the negative red blood celyas observed, possibly linked to a GATAL deficiency in the Sertoli
population (Figure 6A). The glycoprotein expression levels in the&g€lls. In our family no testicular abnormalities are observed, and, as
1:1 platelet erythrocyte conjugates revealed a still more préan be concluded from the offspring of patients I1I:5 and 111:8,
nounced drop of GPtb expression compared with normal conjufertility seems not to be compromised.

gates (Figure 6B). This is not the case for the control or carrier We extensively studied the consequences ofGRgAlmuta-

platelets. Again for GPIX and GPV no significant difference§on on mRNA and protein expression levels of GATAl-dependent
were found. and -independent genes in patient platelets. Similarly to the

Figure 6. Platelet glycoprotein expression analysis in whole blood. (A) An
antibody (perCP labeled) against GPllla was used to identify platelets in blood
samples. The platelets of patient V:3 are at least 4 to 5 times larger than control
platelets (localized in the normal platelet population, shown in the red ellipses). A
platelet subpopulation was observed (shown in blue circles) consisting of 1:1 platelet
red blood cell conjugates. (B) Bars showing the normalized expression of GPlba and
GPIbg in the 2 platelet populations (red versus blue). No abnormalities were seen for
the carriers VI:5 and IV:1.

Platelet functional studies

We have investigated to what degree the reduced &Riels on COIltI'Ol
patient platelets affect von Willebrand factor-dependent platelet
aggregation (Figure 7). The response to collagen is weak (34%) in 100.' Ristocetin
PRP of patient V:3 compared with the control (75%) probably 1
because of the presence of some erythrocytes in the PRP. However, ] Collagen
the agglutination of platelets in response to ristocetin seems to be .
more strongly reduced (17%) in comparison to the control (92%). < 50:
Preincubation with the monoclonal antibody G19H10 resulted in S * G19H10 +
complete inhibition of the ristocetin-induced platelet agglutination. =) ] Ristocetin
This finding indicates that the patient’s platelets have a functionally .S 0
active GPIb-IX-V receptor complex, although in decreased num- ?;g Time (min)
ber. The aggregations shown are representative for 3 patients: L
aggregations in patients V:7 and V:8 were very similar. 88 100_ V . 3

< . :
Discussion o * Collagen
The role of the GATA1-FOGL1 transcription complex in erythroid 4 {;2 Ristocetin
and megakaryocyte differentiation has already been illustrated in 3 ] G19H10
mouse models. Homozygous disruption of eitB&TAlor FOG1 + Ristocetin
causes embryonic lethality because of a severe erythroid défect. 0

In contrast, mice with a mutation in the upstream regioGATAL

(GATAL knockdown mice) show a milder erythroid defect but. ) _ . , .
. igure 7. Functional platelet analysis. ~ Aggregation tracings of the patient V:3 and

suffer from severe thrombocytopenla because of absent GATC trol (both 130 000 platelets/uL). Arrows indicate the addition of aggregating

expression inthe megakaryocytic Iineég?é. agents (collagen or ristocetin) or preincubation (1 minute) with G19H10 antibody.

Time (min)
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findings in the megakaryocytes of GATA1 knockdown midee similar discordance remains between GPIX RNA and protein
presently reporte@GATA1lmutation leads to a decreased GATAl4evels. Interestingly, in PRP, flow cytometry revealed a platelet
regulated gene expression and maturation of the patients’ platelstshpopulation in the patient, having the size of platelets but a weak
The expression differences cannot be attributed only to an aberramtabsent glycoprotein expression. This platelet population was
GATA1/FOGL1 transcriptional regulation, since the expression ofreever found in controls or in obligate carriers. In whole blood,
nondirect GATAL target gene such @NAS1also is low. The low within the GPIlla-positive platelets, a subpopulation consisting of
expression of this gene could be due to a GATAl-dependemtythrocyte-platelet conjugates, also present in the control, could
secondary effect, resulting from poor megakaryocyte differentie discerned. The glycoprotein expression in these platelets differs
tion. GPllla expression is close to normal, compatible with thé&etween patient and control: in the control there is no difference in
knowledge that this gene has no known GATAL binding site and ggycoprotein expression in these platelets versus free platelets, but
already expressed during early megakaryocyte differentiation. in the patient these platelets seem to have a still weaker expression
The in vivo expression of RNA in patient platelets thusf GPIlb.
corroborates the differences in mRNA profiles (studied for GPlb  In contrast to the GATAl-defective patients described by
GPIB, c-mpl, and p45 NF-E2) observed in cultured megakaryichols et all® we were still able to functionally test patients’
cytes of GATA1l knockdown mice. However, in the GATAlplatelets. The ristocetin-induced agglutination is weak but is fully
knockdown mice study, only the megakaryocytes of comparab®PIb dependent. The low but not absent ristocetin-induced aggluti-
morphology and size as those from wild-type mice were used, andtion compared with the collagen-induced aggregation probably
no platelet mMRNA was studi€dThe platelets of these mice wereresults from the disturbed assembly of GPIb subunits. The weak
only checked for protein expression levels, and normal levels gfglutination is in contrast to what is found in patients with
GPIb, GPllb, and c-mpl were found. The investigators explaineBernard-Soulier syndromin which ristocetin agglutination is
the apparent discrepancy between the GATA1-deficient megakargempletely absent and also in the specific patient described by
cytes and platelets by speculating that the platelets may bedlow et al3!in whom the Bernard-Soulier syndrome is the result
produced by a small subset of megakaryocytes that achievesfa 22q11 microdeletion, with the gene for GBlimcluded in the
quasi-normal degree of maturity. The decreased mRNA levels ig@életion, on one allele, and a mutation in the GATA1 binding site of
the GATAl-dependent genes in the circulating platelets of owie GPIbB gene on the other allele.
patients do not support the hypothesis that platelets originate from|n conclusion, we describe the first family with isolated
just a subset of mature megakaryocytes. However, the GATAdlinked macrothrombocytopenia without anemia (but with some
knockdown situation is not completely comparable to the presenggserythropoietic features), because of a new mutatidBARAL
of a mutantGATAL which could also be the explanation for theleading to a weaker interaction with FOG1. These patients release
observed differences. Indeed, GATAl-regulated gene expressigiimature platelets in the circulation with a hyperplastic endoplas-
can be entirely the result of GATA1-DNA binding for some genesnic reticulum and a disturbed GPIb-V-IX complex with weakened
whereas others require an intact GATA1-FOG1 complex. function. This work suggests that patients with hereditary macro-
We also studied the glycoprotein expression levels in platelafrombocytopenia or with so-called familial chronic idiopathic
by flow cytometry and Western blot analysis. Flow cytometrighrombocytopenic purpura should be screened for mutations in
analysis of the patients’ platelets in plasma or whole blood bothaTA1andFOG1L
showed a decreased GRlexpression and a somewhat increased
GPI3 level, whereas GPIllla expression seemed normal. No
significant difference in the glycoprotein (GPIlla and GPIb-1X-V)
distribution in giant versus normal-size platelets was found in tm:cknowledgments
patient. The reason why there is an increase in GRotein
levels, despite decreased GRImRNA levels, is not clear, but this C. V. G. and K. D. are both holders of a fundamental clinical
observation is compatible with findings of Was et°also a research mandate of the FWO Vlaanderen.
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