Recessive grey platelet-like syndrome with
unaffected erythropoiesis in the absence of the
splice isoform GFI1B-p37

Gene expression during hematopoietic lineage commit-
ment is tightly regulated by a complex network of tran-
scriptional regulators. Growth Factor Independent 1
(GFI1) and GFI1B are recruiters of histone deacetylases,
histone methyltransferases, and key transcriptional
repressors during hematopoiesis."” These paralogous pro-
teins display 90% amino acid sequence homology in
their N-terminal SNAG (Snail/Gfil) repression domains
and C-terminal zinc finger domains, respectively, while
the intermediate region is poorly conserved (reviewed in
%). The function of GFI1 is most important for maturation
of granulocyte-monocyte precursors, whereas homozy-
gous deletion of Gfi1b in mice leads to embryonic lethal-
ity due to the failure to produce mature, enucleated ery-
throcytes."”* Gfi1b” mice display symptoms of severe
thrombocytopenia, although megakaryocytic progenitors
are present in the bone marrow." In humans, alternative
splicing of exon 9 leads to the formation of a shorter iso-
form of GFI1B (p32; NP_001128503). This isoform lacks
the first two zinc fingers as compared to the p37 full
length protein (NP_004179) and is implicated in erythro-
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poiesis.” GFI1B germline mutations have been identified
which cause autosomal-dominant macrothrombocytope-
nia with a gray platelet syndrome (GPS)-like phenotype,®
" now classified as BDPLT17 (MIM 604383) to distin-
guish them from the classic NBEAL2 mutations (MIM
139090). In the first reported patients, the mutant protein
is hypothesized to act in a dominant-negative manner.”*
Lately, genome-wide association studies (GWAS)
revealed a splice-specific GFI1B variant (rs150813342)
that possibly disrupts a splice enhancer-binding site in
exon 9 with a minor allele frequency of 0.009."
However, this was associated with a mild phenotype,
possibly due to the residual expression of the p37 iso-
form. Moreover, a recent work described a hypomorphic
recessive GFI/B mutation in zinc finger 6
(p-Leu308Pro)."” In this context, functional studies con-
ducted with human cell lines and primary cells have
clearly demonstrated the relevance of GFI1b-p37 for
megakaryocytic maturation.”

We describe a Chechen family from eastern Georgia
whose affected members presented with a severe, life-
threatening bleeding diathesis. The 36-year-old female
index patient (II.3, Figure 1A) had suffered from multiple
petechiae and hematoma since childhood. She had a his-
tory of several life-threatening hemorrhages following
ovarian cyst rupture and had undergone repeated emer-
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Figure 1. A recessive mutation in GFI1B causes a grey platelet-like phe-
notype with ectopic expression of CD34. (A) Pedigree depicting the
index patient (red arrow), her two affected children, the affected brother
and the heterozygous carriers. Genetic testing was performed in individ-
uals marked by an asterisk(*). (B) Standard blood smears show large
platelets with reduced, grayish staining in the index patient (11.3) as
compared to platelets from a healthy control (HC; left column), while an
analysis of red cell morphology revealed mild anisocytosis, poikilocyto-
sis and hypochromia. (C) Flow cytometric analyses of patients Ill.4 (blue
curves) and IIl.5 (red curves) compared to a healthy control (green
curves), indicating ectopic CD34 expression on platelets and impaired
P-selectin (CD62P) exposure upon treatment with 5 uM TRAP-6 in both
patients. Gating was performed on a CD4l1a-positive platelet popula-
tion. MFI: mean fluorescence intensity. (D) GFI1B was present in most
HC megakaryocytes (left column), but absent in the index patient’s
megakaryocytes (I1.3; right; 400x, insert: 600x). CD34 expression in
megakaryocytes (center row) was strongly positive in the index patient
as compared to the HC: Bottom row: Expression of CD41 (GPllb/Illa) as
control megakaryocyte marker (400x; in 1.3 and HC).
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gency surgeries for intra-abdominal bleeding. At the time
of presentation, she was splenectomized and being treat-
ed with eltrombopag (according to a working diagnosis
of hepatitis C-associated immune thrombocytopenia),
but the bleeding phenotype had not improved. Her two
children, a 9-year-old girl (Ill.4) and a 7-year-old boy
(II1.5), exhibited severe thrombocytopenia (platelet
counts: 23-44x10°/L) and similar cutaneous bleeding pat-
terns as the index patient (II.3), recurring epistaxis and
caries. The index patient's brother (II.2) had also suffered
from a severe bleeding diathesis with thrombocytopenia,
and had died at age 33 due to a spontaneous cerebral
hemorrhage. In contrast, the index patient's husband
(Il.4), her parents (I.1 and 1.2) and the children of the
deceased brother (III.1, III.2, III.3) were clinically unaf-
fected.

The blood cell counts, coagulation parameters and
platelet markers of the patients showed macrothrombo-

cytopenia with reduced May-Griinwald-Giemsa staining
of platelets (Figure 1B and Ounline Supplementary Figure S1)
and decreased immunofluorescence staining for alpha-
granule markers von Willebrand factor and P-selectin,
suggesting an alpha storage pool deficiency (Online
Supplementary Figure S1). Platelet function testing by flow
cytometry and aggregometry revealed reduced responses
to ADP, collagen, TRAP-6 and arachidonic acid (Figure
1C, Online Supplementary Figure S2, Online Supplementary
Table S1). Mepacrine uptake was reduced in two out of
three of the affected individuals, and we could not detect
mepacrine secretion in any patient upon exposure to var-
ious triggers (Online Supplementary Table S1), indicating
the presence of a delta-granule defect. This fits well to
recent data showing combined alpha-delta granule stor-
age pool deficiency in patients with GFI/B mutations
p-Q287* and p.Leu308Pro, respectively.””® The white
and red blood cell parameters were overall normal in the
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index patient and both affected children. As a note, the
index patient, but not her children, had minor alterations
in the red cell lineage that could be attributed to her
asplenia, latent iron deficiency and thrombopoietin
receptor agonist treatment. These alterations included a
slightly increased red cell distribution width, mild aniso-
cytosis, hypochromia, moderate poikilocytosis, and low
levels of target cells and Howell-Jolly bodies (Figure 1b,
Ouline Supplementary Figure S1, Online Supplementary
Table S1). Notably, both affected children (IIl.4 and III.5)
had normal red blood cell counts and indices, and incon-
spicuous erythrocyte morphology (Online Supplementary
Table S1).

Suspecting autosomal-dominant inheritance, we ana-
lyzed DNA from the index patient for 59 genes relevant
to platelet biogenesis or function using targeted next-
generation sequencing (NGS). We identified a novel,
homozygous single nucleotide insertion in GFI1B
(NM_004188.5; ¢.551insG), which was confirmed by
Sanger sequencing. The frameshift (p.Ser185Leufs*3) is
expected to result in the formation of a premature stop
codon. The homozygous variant co-segregated with the
phenotype; while both affected children were homozy-
gous for the insertion in GFI/B, the unaffected mother
(I.1), husband (II.4) and two nephews (III.1 and III.2) of
the index patient were heterozygous, suggesting the exis-
tence of a local founder variant and an unexpected auto-
somal-recessive trait (Figure 1).

To further characterize hematopoietic lineage matura-
tion and platelet activation, peripheral blood cells and
bone marrow were subjected to immune phenotyping
and flow cytometry, showing an increased proportion of
CD34-positive cells without clonal expansion. In addi-
tion, platelets from the homozygous patients showed
CD34 expression, whereas it was absent on platelets
from  heterozygous family members (Ounline
Supplementary Table S1, Figure 1C, Ounline Supplementary
Figure S1). Bone marrow from the index patient con-
tained normal erythroid and myeloid progenitors and
slightly- to moderately-increased megakaryopoiesis with
diffusely dispersed and occasionally locally clustered
small to normal-sized megakaryocytes. These megakary-
ocytes displayed hypolobulated nuclei, frequently
showed dense chromatin and a persistent expression of
the stem cell marker CD34 (Figure 1C, D; Ounline
Supplementary Figure S3). The megakaryocyte markers
CD41, CD42b and CD61 were readily identified in the
index patient, whereas GFI1B and CD36 were unde-
tectable (Figure 1D and Ounline Supplementary Figure S3).
The ectopic expression of the hematopoietic stem cell
marker CD34 on megakaryocytes, together with their
dysplastic appearance, are features that have been
described for dominant GFI1B mutations.” The observed
pale, grayish platelet staining pattern might reflect a GPS-
like phenotype. However, this term should be used cau-
tiously, as the "grey platelet syndrome" is associated with
NBEAL2 mutations."

We next sought to determine the presence and quanti-
ty of the two GFI1B transcript variants in platelets by
using quantitative real-time (q)PCR.>"* DNA from both
qPCR amplicons was gel-purified, and subsequent
sequencing confirmed the homozygous ¢.551_G inser-
tion in p37 at the transcript level as well as the presence
of the spliced p32 variant (Figure 2A). In patient II.3, the
amount of the GFI1B-p37 transcript was substantially
reduced in platelets within context of an increased
p32/p37 ratio, since p32 expression was unaffected as
compared to healthy controls (Figure 2B-D). These find-
ings indicate that the residual mutated transcript was not

completely degraded by nonsense-mediated decay.

The results of our study clinically confirm that the first
two zinc fingers of GFI1B which are encoded by exon 9
are dispensable for human erythropoiesis, but essential
for normal megakaryopoiesis and the biogenesis of func-
tional platelets. In contrast to the hitherto reported dom-
inant thrombocytopenia-linked GFI1B mutations that
affect both isoforms,””" the insertion variant identified in
this family results in a premature stop codon
(p-Ser185Leufs*3) that only affects the longer p37 iso-
form (Figure 2e). Recent independent evidence by a
GWAS analysis supports this finding: in a global genetic
screening, a splice-specific recessive GFI1B variant
(rs150813342) associated with lower platelet counts was
identified." The unaffected GFI1B-p32 isoform lacks the
first two zinc fingers. These were found not to be essen-
tial for DNA binding in vitro, but are relevant during inter-
actions with other zinc fingers and affected the ability of
the isoform to bind to DNA-protein complexes.>'® Thus,
while heterozygous mutations that lead to the absence of
the terminal zinc fingers (5 and 6) of GFI1B act in a dom-
inant-negative manner and lead to GPS-like macrothrom-
bocytopenia,”® abrogating the complete GFI1B-p37 iso-
form results in autosomal-recessive macrothrombocy-
topenia with diminished platelet function as seen in the
presented trait. Recently, the functional background for
Gfilb-implicated megakaryocytic maturation defects
could be addressed in murine lineage-specific knockout
models showing the role of Gfilb in cytoskeletal organi-
zation in both early and late stage megakaryopoiesis.”

The context-dependent expression of two paralogous
genes (e.g., GFI1 and GFI1B) is generally known to
underline hematopoietic lineage breakpoints. However,
the splice variant-specific lineage commitment reported
here for GFI1B-p37 and GFI1B-p32 defines an important
node at the megakaryocytic-erythroid progenitor (MEP)
stage.” GFI1B-p32 was shown to be necessary for human
erythropoiesis in vitro.” Since erythropoiesis appears
rather unaffected in presented GFI1B-p37-deficient
patients, we clinically confirm that transcriptional regula-
tion of human erythropoiesis is less dependent on GFI1B-
p37 than megakaryocyte maturation and platelet produc-
tion. Conversely, the presence of GFI1B-p32 alone is not
sufficient for functional platelet biogenesis in the affected
patients.

Chen and colleagues described a case with thrombocy-
topenia and platelet function defects bearing a homozy-
gous GFI1B variant (Cys168Phe).° Subsequent functional
studies via protein modelling and studying CD34-posi-
tive hematopoietic stem cells demonstrated that this
respective mutation disturbs proper tertiary structure for-
mation of GFI1B-p37, indicating the crucial relevance of
the long GFI1B isoform in human megakaryopoiesis.

Our findings provide support for the non-redundancy
of the roles of the two GFI1B isoforms p32 and p37 in
vivo. We here report the first GFI1B loss-of-function
mutation in alternatively spliced exon 9, which selective-
ly causes macrothrombocytopenia and platelet dysfunc-
tion without critically impairing erythropoiesis. Our find-
ings confirm that GFI1B is a crucial transcription factor
that regulates megakaryocytic lineage maturation involv-
ing alternative splicing, a function that has not previously
been identified for any other hematopoietic transcrip-
tional regulator.
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