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Abstract

Combined alpha-delta platelet storage pool deficiency is characterized by the absence or reduction
in the number of both alpha granules and dense bodies. This disorder can have variable severity as
well as a variable inheritance pattern. We describe two patients from unrelated families with
combined alpha-delta storage pool deficiency due to mutations in GF/1B, a zinc finger protein
known to act as a transcriptional repressor of various genes. We demonstrate that this disease is
associated with either a heterozygous mutation (de novo or familial) abrogating the binding of the
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zinc fingers with the promoter of its target genes, or by hypomorphic biallelic mutations in GF/1B
leading to autosomal recessive inheritance.
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1. Introduction

Normal platelets have 4-8 dense bodies and numerous alpha granules; combined alpha-delta
platelet storage pool deficiency (a6-SPD, OMIM 185050) is defined as the absence or
severe deficiency of both alpha and delta granules. In 1979, Weiss et al. first described a.6-
SPD in 7 patients [1], followed by a few reports of patients with quite heterogeneous
presentations. Indeed, a8-SPD can be inherited either in an autosomal dominant manner
[1,2] or appear sporadically [1,3,4]. The severity of granule deficiency also varies [1], along
with the surface expression of platelet markers [5]. Since the original description of a.6-
SPD, its etiology has remained elusive, partly because of the scarcity of published reports,
and partly because of the heterogeneity of the disease.

Isolated deficiency of dense granules characterizes Hermansky-Pudlak Syndrome (HPS), a
disorder of lysosome-like organelles presenting with oculocutaneous albinism, a bleeding
diathesis and, in 3 of the 10 genetic subtypes of HPS, pulmonary fibrosis. Isolated alpha
granule deficiency is called Gray Platelet Syndrome (GPS), based upon the gray appearance
of platelets on Wright stain. The genetic basis of GPS was elucidated by three different
groups, who demonstrated that biallelic mutations in NBEALZ cause this disorder [6-8].
Recently, a monoallelic mutation in GF/1B was also reported to cause GPS, characterized by
macrothrombocytopenia, reduced or absent alpha granules, and dysplastic megakaryocytes
[9]. In addition, a GF/1B mutation segregated with an isolated bleeding diathesis of variable
severity in a family with mild to moderate macrothrombocytopenia and subtle red cell
changes consisting of anisopoikylocytosis and increased red blood cell distribution width
[10,11], and in a family with thrombocytopenia, enlarged hypogranular platelets and
abnormally shaped red blood cells [12]. Indeed, GFI1B is known to participate in both
megakaryopoiesis and erythropoiesis [13,14].

We now demonstrate that both autosomal dominant and autosomal recessive a.6-SPD are
associated with mutations in GF/1B.

2. Methods

2.1. Patients

Patients were enrolled in clinical protocol 76-HG-0238, “Diagnosis and treatment of patients
with inborn errors of metabolism and other genetic disorders” (identifier; NCT00369421),
approved by the NHGRI Institutional Review Board. Parents gave written, informed consent
for their children, in accordance with the Declaration of Helsinki.
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2.2. Electron microscopy

Whole mount and thin section electron microscopy was performed as previously described
[15,16]. Briefly, blood was collected into an ACD tube at room temperature, and the sample
was centrifuged to obtain platelet rich plasma (PRP). For the whole mount technique, small
drops of the PRP were placed on formvar-coated electron microscopy grids, rinsed for 10—
15 s with drops of distilled water, dried from the periphery with filter paper and waved in the
air to remove any residual moisture. The grids were then inserted into the electron
microscope unfixed and unstained. Whole mount electron microscopy of a typical normal
platelet is shown in Fig. 1A. The dense granules are dark opaque round-shaped bodies. Both
dense granule calling criteria and the normal range of mean dense granules/platelet is > 1.2
based on a normal donor study of 111 healthy volunteers were previously reported [17].

For thin sections, the samples were mixed with an equal volume of 0.1% glutaraldehyde
buffered in White’s saline. The samples were then centrifuged and the supernatant removed
and replaced with 3% glutaraldehyde in White saline. This sample was then maintained at
4°C for 30 min and sedimented to pellet. The supernant was removed and replaced with 1%
osmic acid. The samples were then dehydrated with alcohol, embedded in resin, and cut in
thin sections using an ultramicrotome. Thin section electron microscopy of a normal platelet
is shown in Fig. 1B.

Light microscopy images were obtained using an Olympus BX51 microscope (Olympus
Life Science, Center Valley, PA) equipped with an Olympus DP71 camera; image at 1000x
obtained using a UplanSApo 100x oil immersion objective lens and a UIS2 10x lens
(Olympus). Electron microscopy images were obtained using a JEOL-1400Plus 120 kV
transmission electron microscope (JEOL Ltd, Tokyo, Japan), with an Orius model 832
camera and DigitalMicrograph® acquisition software (Gatan Inc, Pleasanton, CA); pictures
taken at 15,000-20,000X.

2.3. Sequencing

DNA was extracted from leucocytes using standard methods. Exome sequencing was
performed in patient 1 as previously described [18]. Briefly, data were generated using an
Illumina TruSeq Exome capture kit and the HiSeq2000 sequencing platform (lllumina, Inc,
San Diego, CA). Reads were aligned with human reference genome hg19 (NCBI build 37;
Feb. 2009) using Novoalign (Novocraft Technologies, Selangor, Malaysia). Variant calling
was performed using the Most Probable Genotype (MPG) algorithm [19]. Called variants
were annotated using a custom built process, then analyzed using VarSifter [20]. Initial
sequence variant analysis was performed using an autosomal recessive genetic model. A
second round of analysis employed a new-dominant model, identifying sequence variants
that met the following criteria: (1) excellent coverage in all samples from prior Undiagnosed
Diseases Program [21] next-generation sequencing projects; (2) variation from the human
reference sequence occurring in only the family being studied; and (3) appearance of the
candidate mutation only in affected members of the family.

Sanger sequencing was performed in patient 2. All exon and intron-exon boundaries of
GFI/1B were amplified by polymerase chain reaction (PCR) using genomic DNA as
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template. PCR was performed in a final volume of 10 pl containing 50 ng of genomic DNA,
1 uM of forward and reverse primers, and 5 ul of AmpliTaq Gold Master Mix (Applied
Biosystems, Waltham, MA). The PCR products were purified using ExoSap-1T for 45 min at
37°C and sequenced in both directions using the same primers and Big Dye terminator kit
v3.1 (Applied Biosystems). Reactions were purified over G-50 Sephadex. Linear
amplification products were separated in an automated capillary sequencer (ABI PRISM
3130xI Genetic Analyzer, Applied Biosystems). Sequences were analyzed with Sequencher
software 4.8 (Gene Codes Corporation, Ann Arbor, MI). Primer sequences are shown in
supplementary file 1.

Patient 1 is a 13-year-old boy born full term to non-consanguineous parents. Scalp
petechiae were noted immediately after birth; evaluation revealed severe thrombocytopenia
(platelets as low as 3,000/uL), as well as anemia and a granulocytic left shift. A head CT
showed enlargement of the cysterna magna and right lateral ventricle. The infant received
platelet transfusions at birth with a less than expected recovery of his platelet count. No
platelet antibodies were detected. His anemia and left shift corrected spontaneously over the
first few months of life, while the thrombocytopenia persisted. Other pertinent findings
included subglandular hypospadias and chordee needing urethroplasty, bilateral partial 2—3
toe syndactyly (also present in his sister and maternal aunt), a Factor V Leiden mutation (c.
1691G>A, p.Arg506GIn) inherited from his mother, and right-sided periventricular nodular
heterotopia with ipsilateral ventriculomegaly. He developed seizures at 5 years of age.

Over the course of his lifetime, patient 1 had easy bruising and petechiae, mainly in the face,
neck folds, and extremities, as well as episodes of prolonged epistaxis and bleeding with
injuries that did not respond promptly to DDAVP. Platelet counts averaged from 30—
40,000/uL, but platelet transfusions were required several times for platelet counts under
10,000/uL. A trend of his pertinent blood counts over the first two years of life is provided in
supplementary file 2.

A platelet function assay at 8 months showed a collagen/epinephrine membrane closure time
of > 300 s (reference: 80-144) and a collagen/ADP closure time of > 250 s (ref: 45-110). A
bone marrow aspirate and biopsy at 2 months showed a hypercellular marrow (98%) with
scattered megakaryocytes that were decreased in number, confirmed through
immunostaining for von Willebrand factor. The platelets were variable in size; some were
quite small, with decreased cytoplasm. Red cell maturation appeared progressive, but the
cytoplasm of late normoblasts appeared somewhat ragged. Myeloid maturation was also
progressive, but a left shift was appreciated with a relative decrease in mature segmented
neutrophils. A repeat bone marrow aspirate and biopsy at 11 months showed a decreased
number of small megakaryocytes with one or two large irregular nuclei and abnormally
scant cytoplasm showing rare platelet formation. Granulocytic maturation was abnormal,
showing hypogranulation. A concurrent peripheral smear showed a circulating
megakaryocyte with single abnormal convoluted nucleus and cytoplasm showing numerous
small blebs. Platelet electron microscopy at 3 months revealed a total of 21 dense granules
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within 100 whole mounted platelets—with 83% of platelets having no dense granules and
17% having 1-2 dense granules per platelet—consistent with a severe delta granule storage
pool deficiency (figures 1C-1D). Thin sections of the buffy coat using transmission electron
microscopy demonstrated platelets (about 2-5 micrometers in diameter) with an additional
alpha granule deficiency (figures 1E-1F). Other than granular deficiency, some morphologic
abnormalities such as enlarged mitochondria (figure 1E) and empty vacuoles (figure 1H)
were seen. Other platelet components such as the circumferential microtubules (figure 1G)
and the dense tubular system (figure 11) were unremarkable. Most of the granulocytes
present in the buffy coat were also unusual in their morphology and appeared to be in blastic
phase or undergoing apoptosis.

Patient 2 is an 8-year-old male born to Mexican parents who denied consanguinity. At 3
months of age he had multiple spontaneous petechiae along with isolated thrombocytopenia
(platelet count 46,000/uL). At 10 months, a bone marrow biopsy showed increased
megakaryocytes suggestive of idiopathic thrombocytopenic purpura. By 3 years of age, he
had received three treatments with intravenous immunoglobulins (IVIG) without adequate
response. Platelet counts ranged from 30,000 to 50,000/uL at baseline, dropping to 15,000 to
20,000 with acute illnesses. The primary bleeding symptoms included spontaneous bruising,
petechiae, and prolonged epistaxis, generally well controlled with anti-fibrinolytic agents,
although platelet transfusions were required for significant bleeds and surgical procedures.

Over the past 5 years, peripheral smears showed atypical large platelets and hypogranular
platelets (figure 1J), and two additional bone marrow aspirates showed megakaryocytic
hyperplasia with numerous osteoclast-like forms, occasional small monolobated
megakaryocytes, and emperipolesis (figure 1K). On whole mount electron microscopy, the
platelets contained virtually no dense granules (0.05 dense granules per platelet, 200
platelets counted; figure 1L). On thin section electron microscopy, 30-40% of platelets
(about 2-5 micrometers in diameter) had markedly decreased numbers of alpha granules
(figures IN-10).

3.2. Genetics

Family pedigrees for patients 1 and 2 are shown in figures 2A and 2B, respectively. For
patient 1, prior genetic testing included normal 7P0O and GATAI sequencing and a normal
chromosome microarray. At the NIH, we performed whole exome sequencing and found a
heterozygous nonsense mutation in GF/1B, i.e., NM_004188.5:c.793A>T
(NP_004179.3:p.Lys265*; figure 2C). The mutation appeared de novo, as it was not seen in
either parent, and paternity was confirmed based on the inheritance of polymorphisms using
next generation sequencing data. Depth of coverage was 124x at that position, with 60 reads
showing the reference allele and 64 reads showing the minor allele; of the latter, 26 reads
were from the plus strand and 38 reads belonged to the minus strand, ruling out strand bias.
The mutation was confirmed by Sanger sequencing (supplementary file 3). This truncating
mutation is exceedingly rare, as it was not found in 60,706 individuals in the Exome
Aggregation Consortium (EXAC, Cambridge, MA) [22]. The amino acid at that position is
well conserved through evolution (supplementary file 4) [23], and the mutation has a high
Phred-scaled CADD score of 43, consistent with a nonsense mutation [24]. Despite the fact
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that this mutation is truncating, the transcript is predicted to escape nonsense-mediated
decay, because the mutation is located only 22 nucleotides upstream of the last exon-exon
junction [25].

Given the finding of a GF/1B mutation in patient 1 with a8-SPD, Sanger sequencing was
performed directly on the GF/1B gene of patient 2. A homozygous mutation was found:
NM_004188.5:¢.923T>C (NP_004179.3:p.Leu308Pro; figure 2D). Each parent had one
copy of this mutation (figure 2D). The change occurred in a highly conserved amino acid
position (supplementary file 5) [23], and is present in only 1 of 121,194 alleles in the general
population and, in particular, in 1 of 11,570 alleles in the Latino population [22]. In silico
algorithms predict it to be pathogenic; Polyphen-2 predicts it to be probably damaging [26],
SIFT predicts the change to be deleterious [27], and CADD assigns it a Phred-scaled score
of 27.5 [24].

Both mutations in our patients are located within C-terminal zinc finger regions. The
mutation of patient 1 is located in zinc finger 4 (figure 2E), one of the three GFI1B zinc
fingers (along with zinc fingers 3 and 5) responsible for DNA binding [28]. The truncated
protein lacks amino acid residues responsible for hydrogen, electrostatic and hydrophobic
bonds with DNA in zinc fingers 4 and 5 (figure 2F). The mutation on patient 2 is located in
zinc finger 6 (figure 2E).

4. Discussion

Megakaryocytes and erythrocytes derive from the same bipotential progenitor cell, whose
proliferation and differentiation are regulated by GFI1B [29]. During megakaryocytic
differentiation, the megakaryoblast’s DNA replicates without subsequent cell division in a
process known as endomitosis, leading to a polyploid cell with multilobulated nuclei known
as the promegakaryocyte. The cytoplasm of this cell subsequently expands to give rise to
platelets. The conditional absence of GfiZbin mice leads to arrest at the promegakaryocyte
stage, after endomitosis is completed but before the maturation of the cytoplasm [30]. In
erythrocytes, the conditional inactivation of GfiZb leads to impaired differentiation of pro-
erythroblasts to mature erythrocytes [31]. A long isoform of GFI1B that contains exon 5 is
essential for megakaryopoiesis, while a short isoform lacking exon 5 is essential for its
erythropoietic role [14].

GFI11B functions as a transcriptional repressor. Its C-terminal zinc fingers bind to DNA,
specifically to the promoter region of target genes. The N-terminal SNAG domain recruits
the protein machinery that represses transcription; these proteins include the corepressor
CoREST, the histone demethylase LSD1, and the histone deacetylases HDAC1 and HDAC?2
[32].

Heterozygous truncating mutations in GF/1B have previously been described in three
families with autosomal dominant inheritance of macrothrombocytopenia and reduced alpha
granules, as well as anisocytosis and poikilocytosis of red blood cells [33,10,11,9]. A
comparison of findings in the three previously reported families, as well as in the present
cases, is provided in Table 1. In the single family reported by Monteferrario et al., there was
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no mention of the number of delta granules, and in fact the thin section electron microscopy
images shown reveal reduced or absent delta granules compared with the control image [9].
In the family reported by Stevenson et al. it is noted that dense granules appeared normal in
all family members [11]. However, the same family was previously reported by Ardlie et al.
in 1976, where it was mentioned that “there seemed to be paucity of dense bodies” on thin
sections [10]. More importantly, there is no mention of whole mount electron microscopy
being performed in either family; since dense bodies are inherently electron opaque, it is
more accurate to evaluate their number by whole mount electron microscopy than by thin
sections [2]. Finally, murine megakaryocytes conditionally deficient in Gfi1b have
substantially reduced numbers of dense bodies [34].

In all previously reported families, a truncating mutation (nonsense in Monteferrario et al.
[9], frameshift in Stevenson et al. [11] and canonical splice site in Kitamura et al. [12]) was
identified in or proximal to the fifth zinc finger domain, while in patient 1 in this report a
truncating nonsense mutation was identified in the fourth zinc finger domain. The three
previously reported truncating mutations have been shown to escape nonsense-mediated
decay and to exert a dominant negative effect, inhibiting the transcriptional repression
activity of the protein [9,11,12]. It is predicted that, as in the case of the three previously
described mutations, the truncating variant found in patient 1 will also escape nonsense-
mediated decay, since it is located fewer than 50-55 nucleotides upstream of the last exon-
exon junction [25]. The autosomal dominant pattern of inheritance can be explained by a
dominant negative mechanism through loss of amino acids participating in DNA binding
(figure 1F), since the expressed truncated protein will interfere with the wild-type protein by
competing for the same DNA binding sites, or by quenching the effects of other cofactors of
the transcriptional machinery. Haploinsufficiency of GfiZ6in a mouse model leads to no
demonstrable abnormalities, while a homozygous deletion leads to fetal lethality [13]. Thus,
completely absent GFI1B repressional activity is not compatible with life, and 50% residual
activity is not associated with any clinical consequences. The autosomal recessive pattern of
inheritance seen in patient 2 is thus likely explained by hypomorphic loss-of-function
mutations. It is unknown how missense variants alter protein function. An altered tertiary
structure could either decrease the DNA-binding capacity, or occupy DNA binding sites
while lacking the capacity to bind cofactors. Thus, uncertainty remains concerning the
precise mechanism leading to the reported phenotype, and whether the severity could be
modulated by variants in other, modifying genes.

As can be seen in table 1, a common finding in bone marrow biopsy seems to be that of
dysplastic megakaryocytes and emperipolesis. It is more difficult, however, to generalize
regarding the number of megakaryocytes, as they have been variously described as
decreased (patient 1), normal to slightly increased [33], or increased in number (patient 2
and [9]). It is likely that these differences stem from the fact that the number of
megakaryocytes in the bone marrow has been assessed subjectively.

Patient 1 showed a left shift and a relative decrease in the number of mature bone marrow
granulocytes early in life. GFI1B is not expressed in granulocyte-monocyte progenitor cells;
however, it is then re-expressed in circulating monocytes and granulocytes, pointing towards
a role in mobilizing these cells from the bone marrow to the periphery [35]. In fact,
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immature myeloid cells and monocytes, as well as a reduced number of granulocytes, have
previously been described in the bone marrow of Gfi110/1b knock-in mice [36]. The reason
for the spontaneous resolution of anemia seen in patient 1-and the lack of a more prominent
red blood cell phenotype in general in patients with GFI1B deficiency—is puzzling,
especially considering that GFI1B is still needed for adult erythropoiesis, just as it is for
adult megakaryopoiesis [30].

Mutations in another transcription factor, GATA1, lead to dyserythropoietic anemia,
macrothrombocytopenia, and deficiency of alpha granules [37]. In addition, some mutations
in this X-linked gene cause absence of both alpha and delta granules [38]. The similar
phenotypes caused by mutations in these two transcription factors is not surprising,
especially in light of the fact that GFI1B is known to interact with GATAL [39-41].

Both patients described here had congenital anomalies, including hypospadias,
periventricular nodular heterotopia and syndactyly in patient 1, and persistent patent ductus
arteriosus in patient 2. The syndactyly in patient 1 is likely unrelated to the GF/1B mutation,
as it segregated independently in the family. It is unknown, however, if the other anomalies
are related to the GF/1B variants, or to variants in other genes. Even assuming that variants
in other genes were to be found, these would be unlikely to explain the paucity of delta
granules, since the fact that the two unrelated patients described here both had decreased
number of delta granules and rare variants in GF/1B likely means that there is an association
between these findings. In addition, as previously explained, experimental animal data
support the role of GF/1B deficiency in dense body reduction [34].

In conclusion, we demonstrate that a5-SPD is associated with mutations in GF/1B. Our
finding of the underlying etiology of a8-SPD not only expands the known spectrum of
pathology associated with mutations in GF/1B, but should open new avenues of
investigation into novel therapeutic options for this rare disorder. As an example, it is known
that valproic acid, a histone deacetylase inhibitor, induces expression of GFI1B [42]. Further
investigations carry the potential to develop interventions that could change the course of
a8-SPD and related disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Combined alpha-delta storage pool deficiency is associated with monoallelic,
dominant negative mutations or biallelic hypomorphic mutations in GF/1B.
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Figure 1. Light and electron microscopy of patients platelets and megakaryocytes
A: Whole mount electron microscopy of a platelet from a normal control donor. Arrow

points to a dense granule. B: Thin section electron microscopy of platelet from a normal
donor. Arrow points to an alpha granule. C: Dense bodies were virtually absent on whole
mount electron microscopy of platelets from patient 1. D: Small dense bodies (DB) could be
found in occasional platelets from patient 1 by thin section electron microscopy. E: Absent
alpha granules inside platelets from patient 1; mitochondria have become the predominant
organelle, and many are enlarged (arrow). F: Severely deficient-but present-alpha granules
in platelets of patient 1. G: Platelets of patient 1 maintain a normal discoid shape, given the
normal circumferential coils of microtubules in the equatorial plane. H: Marked increase in
the number of granule-sized empty vacuoles (arrow) of some platelets from patient 1. I:
Normal transition from rough endoplasmic reticulum to the dense tubular system elements in
platelets from patient 1. J: Peripheral smear (Wright-Giemsa stain, 1000x) of patient 2
shows a large platelet with cytoplasmic granules and a smaller platelet without any granules.
K: The megakaryocytes in the bone marrow biopsy from patient 2 show marked
emperipolesis (arrow head) and apparent cytoplasmic pale pink inclusions (arrow, PAS stain,
400X). L: Whole mount electron microscopy of a platelet from patient 2 shows no dense
granules. M: Thin section electron microscopy shows a platelet of patient 2 with alpha
granules (*) and 2 other platelets (arrows) with rare (left) or no (right) alpha granules. N: A
platelet of patient 2 with alpha granules (*) and a platelet with rare alpha granules (arrow).
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O: A high magnification image of two platelets (arrows) of patient 2 without (on the right)
and with rare alpha granules (on the left).
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Figure 2. Genetics of a6-SPD patients
A: Pedigree for patient 1. Squares denote male individuals and circles female individuals,

while triangles represent spontaneous abortions, solid symbols affected family members,
open symbols unaffected family members, and arrows indicate proband. Dotted symbols
indicate carrier state. All symbols used in accordance with the standardized human pedigree
nomenclature [43]. B: Pedigree for patient 2. C: Whole exome short read alignments to the
reference sequence for patient 1 (top), his father (middle) and his mother (bottom). Patient 1
has a heterozygous change (A>T) in position 793 arising de novo. D: Sanger sequencing
chromatograms for patient 2 (top), his father (middle) and his mother (bottom) showing the
heterozygous peak in the parents, and a homozygous mutation in the proband. E: Structure
of GF/1B, showing the N-terminal SNAG domain and the six C2H2 zinc finger domains
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located in the C-terminus; dashed lines indicate exon boundaries. Previously reported
mutations are shown above the GF/1B model, while the two novel mutations described here
are shown below it. F: Structural consequences of the protein-truncating mutations. Zinc
fingers 4 and 5 recognize an AATC core sequence by forming base-specific hydrogen bonds
between the side chains of specific amino acid residues (colored in red) and the invariant
adenines and cytosine of the core sequence [28]. The side chains of residues colored in green
establish hydrophobic contact with sugars or bases of DNA, while residues colored in blue
establish hydrophilic electrostatic interactions with the DNA phosphodiester backbone. All
contact-establishing amino acids are identical in GF/ZB and GF/1 in both humans and rats
(the latter used for the study of DNA-GFI1B binding by nuclear magnetic resonance
spectroscopy) [28].
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