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ABSTRACT

: :FMB-related thrombocytopenia (GFI1B-RT) is a rare bleeding dis-
order mainly caused by the presence of truncated GFI1B proteins
with dominant-negative properties. The disease is characterized

by low platelet counts, the presence of abnormal platelets, a megakary-
ocytic expansion, and mild erythroid defects. However, there are no ani-
mal models that faithfully reproduce the GFI1B-RT phenotype observed in
patients. We had previously generated mice with floxed Gfilb alleles that
can be eliminated by Cre recombinase, but those animals developed a
much more severe phenotype than GFI1B-RT patients and were of limited
interest in assessing the disease. Using CRISPR/Cas9 technology, we have
now established three independent mouse lines that carry mutated Gfi1b
alleles producing proteins lacking DNA binding zinc fingers and thereby
acting in a dominant negative (DN) manner. Mice heterozygous for these
Gfilb-DN alleles show reduced platelet counts and an expansion of
megakaryocytes similar to features of human GFI1B-RT but lacking the
distinctively large agranular platelets. In addition, Gfi16-DN mice exhibit
an expansion of erythroid precursors indicative of a mildly abnormal ery-
thropoiesis but without noticeable red blood cell defects. When associated
with megakaryocyte-specific ablation of the remaining allele, the
Gfi1b-DN alleles triggered erythroid-specific deleterious defects. Gfi16-DN
mice also showed a delayed recovery from platelet depletion, indicating a
defect in stress thrombopoiesis. However, injecting Gfi16-DN mice with
romiplostim, a thrombopoietin receptor super agonist, increased platelet
numbers even beyond normal levels. Thus, our data support a causal link
between DN mutations in GFI1B and thrombocytopenia, and suggest that
patients with GFI1B-RT could be treated successfully with thrombopoi-
etin agonists.

Introduction

GFl1B-related thrombocytopenia (GFI1B-RT), also known as bleeding disorder,
platelet-type, 17 (BDPLT17) as listed in the Online Mendelian Inheritance in Man
(OMIM) database (hutp://www.omim.org/entry/187900), is a rare dominant congeni-
tal platelet disorder caused by mutations in the GFI1B gene, which encodes two
protein isoforms of 32 and 37 kDa. These proteins carry an N-terminal SNAG
domain that mediates transcriptional repression, an intermediate domain and six
C-terminal C2H2-type zinc finger domains.' In GFI1B-RT, mutations in GFI1B
lead to either the production of truncated proteins lacking the last two zinc fingers
or to the disruption of the first zinc finger alone, and cause mild to moderate
bleeding diathesis, macrothrombocytopenia, an o-granule deficiency in platelets
for most but not all cases, and is also often associated with anisocytosis and poik-
ilocytosis.”™ GFI1B-RT was first associated with the gray platelet syndrome
(GPS), or BDPLT4, caused by mutation in the NBEAL2 gene."* Although these two
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forms of thrombocytopenia share a variety of features
such as enlarged platelets with reduced a-granule content
and abnormal megakaryocytes (MK),*"** they also exhibit
significant differences, such as a higher variability in a-
granule deficiency in GFI1B-RT, differences in platelet
aggregation function, autosomal recessive (NBEALZ) versus
autosomal dominant (GFI1B) transmission and GFI1B-
specific red blood cell (RBC) defects.®”'*"

Unlike NBEAL2-related GPS, for which mouse models
have been described,® no experimental models have
been created yet for GFI1B-RT that would faithfully reca-
pitulate the disease phenotype. The rarity of cases makes
it difficult to study the cellular mechanisms underlying
this  thrombocytopenia, and although several
Gfi1b-knockout mouse models exist, none of them faith-
fully reproduce the human disease.”” For example, full
ablation of Gfi1b is embryonic lethal,* and the use of
either inducible Cre or MK-specific Cre to generate
homozygous deletions of Gfi1h cause extreme pheno-
types such as total abrogation of thrombopoiesis and ery-
thropoiesis that can hardly be correlated with the disease
seen in humans.***

Here we report results obtained with three Gfi1b
mutant mouse lines generated by CRISPR/Cas9 genome
editing to alter the region encoding the fifth zinc finger of
GFI1B, which mimic similar mutations found in the
human GFI1B gene. As in GFI1B-RT patients, the three
mutants act in a dominant negative (DN) manner and the
mice exhibit a mild to moderate thrombocytopenia with
increased sensitivity to thrombopoietic stresses.
Importantly, we show that treatment with the clinical
drug romiplostim, a thrombopoietin (TPO) analog, could
rescue the phenotype and allow the thrombocytopenic
mice to significantly increase their platelet count, indicat-
ing potential therapeutic avenues for GFI1B-RT patients.

Methods

Mice

Protocols used in this paper were reviewed by the Animal Care
Committee (ACC, #2013-04) of the Clinical Research Institute of
Montréal and all animals were cared for in compliance with the
Canadian Council on Animal Care guidelines (www.ccac.ca).

Hematologic parameters

Circulating platelet counts were measured either on an Advia
120 cell analyzer (Bayer) using the mouse archetype of multi-
species software version 2.2.06 or by quantitative flow cytometry
using PE-conjugated anti-CD41 (Biolegend), AF647-conjugated
anti-CD61 (BioLegend) and 123count eBeads™ counting beads
(Invitrogen) as reference. Hematocrit was measured either on the
Advia 120 cell analyzer or by centrifugation of microcapillary on a
Haematokrit 200 (Hettich).

Other experimental procedures are described in the Online
Supplementary Methods.

Results

Introduction of Gfilb germline mutations similar to
those found in GFI1B-RT patients into mice by
CRISPR/Cas9

A vector containing both the Cas9 gene and a gRNA tar-
geting the seventh exon of Gfi1b at the position encoding

the fifth zinc finger of GFI1B was injected into fertilized
murine oocytes. Of 78 pups produced, six carried indel
mutations at the target site for a rate of approximately
8%, all of them occurring at the exact Cas9 cutting site.
Five founders showed at least some levels of mosaicism,
with three founders carrying more than two alleles, indi-
cating that the expression vector remained active for a few
cell divisions and that mutations occurred fairly late
(Online Supplementary Table S1). Although a total of ten
indel alleles were produced, some mutations were identi-
cal between several founders. Because of the high level of
mosaicism, only two founders were able to transmit the
mutant alleles to their progeny, which in turn resulted in
three Gfi1b mutant lines carrying alleles modified by dele-
tion of two base pairs (Gfi16*"), deletion of seven base
pairs (Gfi16*"), and insertion of four base pairs (Gfi15™*)
(Figure 1A).

As they all occurred at the cutting site of the Cas9 in the
region encoding for the fifth zinc finger of Gfi15, all muta-
tions produced frameshifts that disrupt the fifth and the
sixth zinc fingers. The Gfi16** and Gfi1b™* mutations
switch to frame 2 and generate truncated proteins similar
to the proteins identified in some GFI1B-RT patients,’
whereas the Gfi1b*” mutation switches to frame 3 and
produces an elongated protein with a different C-terminus
(Figure 1B and Ounline Supplementary Figure S1).

The three Gfilb mutations act in a dominant negative
manner

Expression of Gfi1b was first assessed in lineage-deplet-
ed bone marrow from Gfi1b mutant heterozygous mice
and compared to that from wild-type (WT) animals
(Figure 2A). All three Gfi1b mutant lines showed an
increased Gfi1b expression with Gfi1b*” and Gfi16™ being
slightly higher than Gfi16*”, which is consistent with a
loss of GFI1B self-repression.” Sequencing the cDNA from
heterozygous Gfi1b""* ", Gfi16""*"  Gfi1b"""™* mice
showed mixed chromatograms, demonstrating that the
mutant alleles were expressed along with the WT allele
(Figure 2B). Moreover, cloning the cDNAs in vectors that
were then sequenced, allowed comparison of the ratio of
mutant versus WT transcripts of the two isoforms 1 and 2,
demonstrating that the mutant mRNAs are present at
comparable levels to the transcripts generated by the WT
allele, and this, for both isoforms (Figure 2C).

Since it was not possible to distinguish the mutant from
the WT GFI1B proteins by western blot in heterozygous
mice, we cloned the cDNAs of both isoforms of the three
mutants and the WT alleles as well as cDNA prepared
from Gfi1b""° mice in an expression vector and trans-
fected 293 cells to detect the proteins (Figure 2D and E and
Ounline Supplementary Figure S2A). As expected, no proteins
were detected in cells transfected with either an empty
vector or with vectors containing Gfi16*° ¢cDNAs, which
produce mRNAs that do not encode a protein since they
lack an open reading frame. Both murine isoforms 1 (37
kDa identified as p37) and 2 (predicted size of 40 kDa and
identified as p40) of GFI1IB"' and the two mutants
GFI1B*” and GFI1B™* were readily detectable, whereas
the GFI1B*" protein was consistently detected at much
lower levels, suggesting possible protein and/or transcript
instabilities of this variant. In all cases, the long isoform
was expressed at higher levels than the shorter isoform,
suggesting that isoform 2 might be more stable than iso-
form 1.
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To assess the functional consequences of the mutated efficient in repressing the activity of the GFI1B promoter
Gfi1b alleles, HEK-293T cells were co-transfected with a  (Figure 2F). On the contrary, none of the mutants were
luciferase expressing vector under the control of the able to repress the luciferase activity, leading to reads sim-
human GFI1B promoter, which contains GFI1B binding ilar to those observed in the absence of GFI1B protein
sites,” along with expression vectors of either isoforms 1 (Figure 2F).
or 2 of GFI1B*”, GFI1B™* GFI1B*", GFI1B"" or Gfi1b*°, or To assess if these mutant alleles exhibit dominant nega-
the isoform 1 of the human GFI1B. As expected, the tive (DN) activity as described in human patients,’ the
human and both WT isoforms of the murine GFI1B were three Gfi1b mutants were transfected along with the WT

Gfi1b genomic DNA (part of exon 7)

ZF5
TGAGAAGCCCCACAAGTGCCAGGTGTGTGGGAAAGCCTTCAGCCAGAGCTCCAACCTCATCACCCACAGCCGCAAGCACACAGGCTTCAA

l_ Cas9 cutting site

ACTCTTCGGGGTGTTCACGGTCCACACACCCTTTCGGAAGTCGGTCTCGAGGTTGGAGTAGTGGGTGTCGGCGTTCGTGTGTCCGAAGTT

TCAGCCAGAGCTCCAACCTC
gRNA

imicroinjection in Oocytes

Ins4

TGAGAAGCCCCACAAGTGCCAGGTGTGTGGGAAAGCCTTCAGCCAGAGCTCCAACCTCATCACCCACAGCCGCAAGCACACAGGCTTCAA
’I.l)‘CeélltzGAAGCCCCACAAGTGCCAGGTGTGTGGGAAAGCCTT . .GCCAGAGCTCCAACCTCATCACCCACAGCCGCAAGCACACAGGCTTCAA
BSIIZGAAGCCCCACAAGTGCCAGGTGTGTGGGAAAGCC ....... AGAGCTCCAACCTCATCACCCACAGCCGCAAGCACACAGGCTTCAA
'II'nGs:GAAGCCCCACAAGTGCCAGGTGTGTGGGAAAGCCTTCAgaaaGCCAGAGCTCCAACCTCATCACCCACAGCCGCAAGCACACAGGCT

GFIMB WT (human)
EKPHKCQVCGKAFSQSSNLITHSRKHTGFKPFSCELCTKGFQRKVDLRRHRESQHNLK*
GFI1B-Q287* ©

EKPHKCQVCGKAF'S *

GFI1B-H294fs X307

EKPHKCQVCGKAFSQSSNLITPQPQAHRLQAVQL:*

GFI1B WT (mouse)
EKPHKCQVCGKAFSQSSNLITHSRKHTGFKPFSCELCTKGFQRKVDLRRHRESQHNLK*
GF11B-F285fsX306 (del2)

EKPHKCQVCGKALPELQPHHPQPQAHRLQAVQL*

GFI11B-F285fsX336 (del7)
EKPHKCQVCGKARAPTSSPTAASTQASSRAVSCAPRASSARWTCDVTVRVNTISSETVGRLL*

GFI1B-S286fsX308 (ins4)
EKPHKCQVCGKAFRKPELQPHHPQPQAHRLQAVQL*

Figure 1. Generation of mice carrying mutant Gfilb. (A) Mice carrying a mutated allele resembling that of the human mutations causing GFI1B-RT were generated
by CRISPR/Cas9 using a gRNA targeting the fifth zinc finger of GFI1B. Three lines capable the mutated allele were produced: one carrying a deletion of two
nucleotides (del2), a second one carrying a deletion of seven nucleotides (del7), and one harboring an insertion of four nucleotides (ins4). (B) Resulting C-termini of
the proteins produced by two mutants found in human GFI1B-RT patients (green, top) compared to mouse WT gene and the three mutants carried by the Gfilb
mutant mice (blue, bottom). The fifth and sixth zinc fingers are highlighted in yellow and the extraneous peptide sequences generated by the frameshifts are identi-
fied in red.
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Figure 2. The three GFI1B mutants are non-functional and as dominant negative. (A) Gfilb expression analyzed by real-time polymerase chain reaction (RT-PCR)
from Gfilb-mutant lineage-depleted bone marrow. Results are presented as meantstandard deviation of Gfilb over the housekeeping gene RplpO. Statistical signif-
icance was calculated using a one-way ANOVA (P<0.0001) followed by a Tukey’s multiple comparisons test comparing the mean of each column with the mean of
every other column. *Adjusted P<0.05; ***P<0.001; ****P<0.0001. (B) The Gfilb cDNA derived from erythroblasts of mutant mice was PCR-amplified and
sequenced. (C) PCR-amplified cDNAs from (B) were cloned into an expression vector and each clone obtained was sequenced to identify the isoform and the allele.
(D) Schematic representation of the two isoforms of GFI1B produced in the mutant mice and cloned in (C). The white rectangle represents the SNAG domain and the
white ovals the functional zinc fingers. (E) Detection by western blot of both isoform 1 (v.1; GFI1B-p37) and isoform 2 (v.2; GFI1B-p40) of GFI1B from 293 cells trans-
fected with either the mutants or the wild-type (WT) Gfilb cDNAs. (F) Box-and-whisker plot of a GFI1B-dependent luciferase assay. Results are presented as luciferase
activity (RLU) of six different transfections. EV: empty vector; knockout (KO) is a cDNA cloned from knockout animal and lacking exon 2 to 4; v.1: isoform 1; v.2: iso-
form 2. (G) Box-and-whisker plot of a GFI1B-dependent luciferase assay measuring the capacity of the GFI1B mutants to inhibit repression by the WT GFI1B. Both
isoforms of the three GFI1B mutants were co-transfected along the WT forms and the results are presented as the median of twelve separate experiments. Individual
results for the isoforms are presented in Online Supplementary Figure S2B. (F and G) Statistical significance was calculated using a Kruskal-Wallis followed by a
Dunn's multiple comparisons comparing the median of each column with the median of all other columns and the full results are presented in Online Supplementary
Tables S2 and S3. Indicates statistical significance.
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Figure 3. Moderate thrombocytopenia in Gfilb-DN mice. (A) Platelet counts, large platelet counts and mean platelet volume (MPV) of Gfi1b-DN and wild-type (WT)
mice along hemizygous Gfi1lb""° mice. In the scatter dot plots, meanststandard deviation are indicated. In the histogram, the numbers given indicate sample size.
Statistical significance was calculated using a Brown-Forsythe ANOVA and when significance was found, was followed by a Dunnett's T3 multiple comparisons test
comparing the mean of each column with the mean of every other column. (B) Platelet CD41 Mean Fluorescence Intensity (MFl) measured by flow cytometry.
Statistical significance was calculated using a one-way ANOVA (P=0.0023) followed by a Holm-Sidak's multiple comparisons test comparing the mean of each column
with the mean of every other column. (C) Transmission electron microscopy of thin sections of platelets and violin plot of the quantification of a-granules per platelet
thin section. Median and upper/lower quartiles are indicated in blue. In the micrographs, arrows indicate &-granules. Significance was calculated using a Kruskal-
Wallis test. (D) Hematocrit of GfiZb-DN and WT mice along hemizygous Gfilb""°mice. (E) May-Griinwald Giemsa staining of blood smears showing normal platelets
and erythrocytes in both controls and Gfi1b-DN mice. The full results of the Dunnett's T3 (A) and the Holm-Sidak's (B) tests are presented in Online Supplementary
Tables S4 and S5, respectively. fIndicates statistical significance.
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Figure 4. Megakaryopoiesis and erythropoiesis in Gfi1b-DN mice. (A) Representative FACS analysis of the bone marrow of wild-type (WT) (Gfi1b""*"), hemizygotes
(Gfi1b"°) and Gfilb-DN (Gfilb“"*2, Gfilb""*" and Gfilb"""*) mice at steady state. A summary of the gating strategy for all cells is presented in Online
Supplementary Figure S3. (B) Quantification of bone marrow megakaryocyte progenitors (MKP) and megakaryocytes (MK). (C) Quantification of bone marrow pre-
erythroid colony forming unit (PreCFUe) and proerythroblasts. All results are reported as meanztstandard deviation and significance was calculated by one-way ANOVA
tests (P<0.0001 for all graphs) followed by Holm-Sidak’s multiple comparisons tests comparing the mean of each column with the mean of all other columns indi-
vidually. Full results of the Holm-Sidak’s tests are presented in the Online Supplementary Tables S6 and S7. fIndicates statistical significance.
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Figure 5. Characterization of Gfi1b-DN mice in the presence of Gfilb knockout alleles. (A) Ratio of the mice obtained carrying the proper genotype on the expected
number (1 representing a perfect Mendelian transmission). The numbers on top indicate the number of pups that survived at least until weaning. Statistical signif-
icance between the number obtained compared to the number expected was calculated using a Fisher's exact test. (B) Kaplan-Meier plot of survival of mice with dif-
ferent DN alleles along a megakaryocyte (MK)-specific knockout allele and compared to wild-type (WT) and Pf4-cre:Gfi1b™ "™ mice. Median survival: Pf4-cre:Gfilb""™
(KO/KO) = 186 days; Pf4-cre:Gfilb™/*?(del2/K0O) = 32 days; Pf4-cre:Gfilb™*" (del7/KO) = 36 days; Pf4-cre:Gfilb™/* (ins4/KO) = 34 days. Log-rank Mantel-Cox
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Gfilb""" or Pf4-cre:Gfi1lb™ "™ mice. (C) Platelet counts and hematocrits measured from Pf4-cre:Gfilb™/ ™" (grouping all Pf4-cre:Gfilb"/*2, Pf4-cre:Gfilb"™*"and
Pf4-cre:Gfilb"™* mice analyzed) to Pf4-cre:Gfilb"™/" and Pf4-cre:Gfilb™. (D) Spleen weight and quantification by flow cytometry of erythroid precursors from 6-
week old female mice with genotypes as in (C). (E) Quantification by flow cytometry of bone marrow of erythroid precursors and progenitors from the same mice as
in (C). (C and D) All results are reported as meantstandard deviation and significance was calculated by either a Brown-Forsythe ANOVA (BF-ANOVA) test or a one-
way ANOVA (ANOVA) test followed by Dunnett's T3 or Holm-Sidak’s multiple comparisons tests respectively to compare each column with all other columns individu-
ally. The statistical significance measured by the post tests are as follow: *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.
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Figure 6. Gfi1b-DN mice can respond adequately to an acute erythropoietic stress. Time course analysis of the response to Phenylhydrazine (PHZ)-induced hemolytic
anemia. 4-5 mice for each time point were injected twice with PHZ and sacrificed 2, 4 or 7 days after the first injection for analysis. (A) Measurement of the hematocrit
given as the percentage of red blood cell (RBC) volume/total blood volume (with the time of injections indicated by the arrows). (B) Circulating platelet levels. (C and
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and proerythroblasts (D) and reported as meantstandard deviation of % of cells per live cells (top) or as change relative to day O (bottom).

Gfi1b in the same luciferase assay and we found that,
regardless of the isoform, the presence of a mutant allele
significantly impaired the capacity of the WT protein to
repress the human GFI1B promoter (Figure 2G and Online
Supplementary Figure S2B). This indicated that all GFI1B
mutants, including GFI1B*, which seemed less stable
in vitro than the other two mutants, act in a DN manner
independently of the isoform.

Gfi1b-DN mice exhibit a moderate thrombocytopenic
phenotype

To test whether our Gfi16-DN mice recapitulate the
phenotype observed in GFI1B-RT patients, we measured
their hematologic parameters and observed that all three

lines exhibited lower levels of circulating platelets than
WT littermates or hemizygous Gfi16"" mice that have
been produced by crossing Gfi16™ mice with a Cre-
deleter Ella-Cre, but only a fraction were thrombocy-
topenic, i.e., had >50% platelet reduction (Figure 3A).
However, unlike GFI1B-RT patients, none of the mice
showed signs of spontaneous bleeding; the Gfi1-DN
mice did not show a global increase of large circulating
platelets and there was no significant difference in mean
platelet volume (MPV) compared to the controls (Figure
3A). Interestingly, Gfi1b-DN mice exhibit higher levels of
integrin 1Ib (CD41) at the surface of platelets than WT
mice (Figure 3B), but the number of a-granules in platelets
was not significantly decreased as in GFI[/B-RT patients
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(Figure 3C). Finally, none of the Gfi16-DN mice showed
overt erythropoietic defects as revealed by normal hemat-
ocrit and RBC shape and size (Figure 3D and E).
However, consistent with the phenotype observed in
human patients, the three Gfi1-DN lines presented a
moderate megakaryocytic hyperplasia characterized by
an increase in both MK and megakaryocyte progenitors
(MKP) compared to WT and hemizygous mice (Figure 4A
and B). Although no RBC defects were observed in
peripheral blood, an analysis of the bone marrow ery-
throid lineage revealed a strong increase in the pre-ery-
throid colony-forming unit (PreCFUe) and proerythrob-
last populations (Figure 4A and C) but no major difference
in the earlier pre-megakaryocytic/erythroid progenitor

(PreMegE) and hematopoietic stem cell (HSC) popula-
tions or in the more differentiated erythroblast subpopu-
lations (Online Supplementary Figure S4). Interestingly, the
Gfi1b-DN mice exhibited a mild spleen enlargement com-
pared to the WT and hemizygotes controls (Ounline
Supplementary Figure S5A). However, there was no signif-
icant difference in splenic erythroid precursor subpopula-
tions in Gfi1b-DN mice compared to controls (Online
Supplementary Figure S5B).

Embryonic lethality and decreased life expectancy of
Gfilh-dominant negative mice in the context of a
megakaryocyte-specific Gfilb knockout

To test whether the Gfi16-DN mutant proteins retained
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some residual functions i1 vivo, we first crossed Gfi1b-DN
mice with Gfi10"" animals in which the EGFP gene had
been knocked into the Gfi1b locus to replace the coding
sequence.” Gfi16*™"N mice died in utero around day e14.5
and presented a phenotype similar to that of the full Gfi1
knockout (Online Supplementary Figure S6A).

To measure the effect of the Gfi16-DN mutants on
platelet production in the context of an MK-specific
knockout of the remaining Gfi1b allele, we bred Gfi1b-
DN mice with Pf4-cre:Gfi1b"* mice that lack GFI1B in MK
and exhibit a severe thrombocytopenia (Online
Supplementary Figure S6B). Mice with the desired geno-
type (Pf4-cre:Gfi1b"™) were produced well below the
mendelian rate, suggesting either in utero or perinatal
lethality (Figure 5A and Online Supplementary Figure S6C).
Moreover, the few mice that were born died even faster
than Pf4-cre:Gfi16™" mice, suggesting a deleterious

effect mediated by the presence of a Gfilb-DN allele in
this context (Figure 5B).

The few Pf4-cre:Gfi16™™ mice that developed to term,
suffered from a severe form of thrombocytopenia similar
to that of the Pf4-cre:Gfi16*** mice although some mice
exhibited slightly higher platelet counts than the knock-
out (Figure 5C). These mice also showed an increase in
frequency of bone marrow MKP and MK compared to
WT controls and similar to the knockout (Ounline
Supplementary Figure S6D), indicating that, in the
megakaryocytic linage, Gfi16-DN mutants are unable to
rescue the knockout phenotype. Interestingly, several Pf4-
cre:Gfi16"/* mice had a severely reduced hematocrit sug-
gesting anemia as the probable cause of death (Figure 5C).
Indeed, the spleen of the Pf4-cre:Gfi1b**™™ mice were
severely enlarged, and this splenomegaly was associated
with a dramatic increase of proerythroblasts and
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basophilic erythroblasts but with a decrease of splenic
orthochromatophilic erythroblasts (Figure 5D and Online
Supplementary Figure S6E). An analysis of the bone mar-
row revealed a similar erythroid pattern with an increase
in PreCFUe, proerythroblasts and basophilic erythroblast
along with a decrease in orthochromatophilic erythrob-
lasts (Figure 5E). This differentiation block at the
basophilic stage suggests an ineffective erythropoiesis
(Figure 6F) in the context of a perpetual erythropoietic
stress due to recurring spontaneous bleeding.

Gfilb-dominant negative mice can respond properly to
an acute erythropoietic stress

To further explore the possibility that Gfi16-DN alleles
cause defects during erythropoietic stress, we treated WT
and heterozygous Gfi16-DN mice with phenylhydrazine
(PHZ) that rapidly destroys circulating RBC. In a first
experiment, mice were injected with PHZ, then bled over
a period of 3 weeks every 2-4 days for hematocrit meas-
urement to test how fast the RBC pool can be replenished.
In this setting, the hematocrit recovered at the same rate
in all mice to a full recovery by day 7 (Online Supplementary
Figure S7A).

In a second experimental setting, mice were grouped in
cohorts that were sacrificed at given time points following
PHZ injections to permit assessment of their hematologic
parameters and bone marrow progenitors (Figure 0).
Again, the Gfi16-DN mice did not show any delay in
hematocrit recovery compared to the controls (Figure 6A);
similarly, platelets remained largely unaffected in all of the
mouse treated with PHZ (Figure 6B). Analysis of both ery-
throid and megakaryocytic lineages in the bone marrow
revealed that the Gfi16-DN mutant mice were able to
achieve a normal response to the PHZ-induced hemolytic
anemia with the sole exception being the proerythroblasts
(and to a lesser extent the PreCFUe) that showed a signif-
icantly stronger response in the WT controls than in the
Gfi1b-DN mice (Figure 6C and D and Online Supplementary
Figure S7B and C).

Gfilh-dominant negative mice are less efficient at
recovering from severe acute thrombocytopenia than
controls

Next, we induced an acute thrombocytopenic state in
the three Gfi15-DN lines by intravenous (i.v.) injection of
anti-GPIba (CD42b) antibodies that lead to a rapid and
complete platelet depletion. In a first experiment, mice
from the three Gfi15-DN lines as well as WT and hem-
izygote controls were injected and minimally bled 1 hour
after the injection, then every day for a week, for quan-
titative platelet counts by FACS. The three Gfi16-DN
lines exhibited a slower platelet recovery compared to
controls (Figure 7A). To analyze hematopoietic precur-
sors, a new cohort of mice was injected but this time, the
animals were sacrificed at day 2, 4 and 7 after platelet
depletion, and blood and bone marrow samples were
analyzed. The hematocrit remained normal (Figure 7B),
but a stronger megakaryopoietic response was seen in
Gfi1b-DN mutant mice, which exhibited a stronger
increase in both MKP and MK than WT controls (Figure
7C). The erythroid lineage was not affected by the loss
of platelets except for a short burst in the orthochro-
matophilic erythroblast compartment seen in all mice
including the controls (Figure 7D and Ounline
Supplementary Figure S8).

Gfilb-dominant negative megakaryocytes can respond
normally to thrombopoietin stimulation

Because the Gfi16-DN mice exhibited mildly dysregulat-
ed thrombopoiesis, we tested their response to TPO stimu-
lation. Mice were given romiplostim, a fusion peptibody
analog to TPO with a greater bioavailability than recombi-
nant TPO®and were analyzed at day 2, 4 or 7 after injection
(Figure 8 and Ounline Supplementary Figure S9). Although
romiplostim had no impact on the erythroid lineage except
for a short burst in the orthochromatophilic erythroblast
population, all mice (controls and Gfi16-DN) showed a
strong thrombopoiesis response as reflected by their high
platelet counts associated with an increase in MKP and MK.
Although the rate of platelet increase was similar between
control and Gfi15-DN mice, the platelet level remained con-
sistently lower in Gfi16-DN mice than WT controls (Figure
8A), indicating that MK in Gfi15-DN mice are less efficient
to produce platelets, but are still able to respond to throm-
bopoietic stress and TPO stimulation. In contrast to Gfi1b-
DN mice, Pf4-cre:Gfi1b"™"* animals treated with romi-
plostim did not respond at all even after 7 days (Online
Supplementary Figure S10).

Discussion

Several autosomal dominant mutations have been identi-
fied in the gene GFI1B that are linked to the bleeding disor-
der type 17 (BDPLT17), three of which cause the produc-
tion of a truncated protein lacking the two last zinc fingers,
one causes the disruption of the last three zinc fingers and
the others being missense mutations disrupting non-DNA-
binding zinc fingers.”"*Because of the variety of mutations
that produce truncated proteins with DN properties, we
decided to use CRISPR/Cas9 technology to generate indel
mutations in the fifth zinc finger to mimic those found in
humans. Injecting the CRISPR vectors directly into oocytes
proved to be fairly efficient, although most of the founders
produced showed some level of mosaicism that made
transmission to F1 progeny more difficult. Interestingly,
although ten mutant alleles were generated, only six differ-
ent alleles were generated as some mutations were
obtained multiple times independently, suggesting that the
generation of indels might not be entirely random. This
result is consistent with other reports suggesting that Cas9-
mediated insertions and/or deletions may be context specif-
ic'30—82

When modeling human mutations, including those that
produce DN effects, the phenotypic consequences of those
alleles may differ when translated into the mouse.®* Here,
we demonstrate that forms of GFI1B truncated at the fifth
zinc finger had a DN effect i vitro similar to the analog
human GFI1B mutations found in patients.” We also
demonstrate that both murine short isoform 1 (GFI1B-p37)
and long isoform 2 (GFI1B-p40) are not only able to repress
target gene expression with an equivalent efficiency, but
that they also can both act as DN alleles in a reporter gene
assay when carrying the DN mutations. In humans, splice
variants 1 (GFI1B-p37) and 2 (GFI1B-p32) exhibit distinct
functions, with the long isoform 1 being important for
megakaryocytic differentiation and the short isoform 2
being required for proper erythropoiesis.'""*** Whether the
two murine isoforms have a similar lineage-specific func-
tionality remains to be investigated. As both the major
human long isoform 1 and the murine short isoform 1 are
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identical, they are expected to play similar roles. However,
the minor isoforms 2 are quite different between mouse
and human, with the human version lacking the two first
non-DNA-binding zinc fingers and the mouse protein still
carrying these domains separated from the four last zinc
fingers by a spacer peptide. It is, therefore, difficult to pre-
dict if the isoforms 2 behave similarly in mouse and human
even if they are expressed at similarly low levels relative to
isoform 1.%%¥

The reduction in platelet numbers measured in
Gfi1b-DN mice was highly variable but never strong
enough to cause overt bleedings. This was expected as it
has been shown that mice are resistant to bleeding until
platelet numbers are decreased by more than 95%.* The
GFI1B-RT patients show variations in severity ranging from
severe lifelong bleeding histories to rare manifestations of
bleeding events.** Thus, the discrepancy in severity with
the Gfi16-DN mice might be due to the fundamental differ-
ence in normal number of platelets between these two
organisms, with mice having normally around three times
the amount of platelets per volume of blood than
humans.** Indeed, a modest decrease in platelet number in
humans may easily bring their count under the critical level
of 150x10°/L, whereas it would take a more drastic decrease
to generate a thrombocytopenic state in mice.

We noted that platelets in Gfi16-DN mice were not sig-
nificantly larger than controls, which is at variance with the
macrothrombocytopenia seen in patients or in
MK-specific Gfi1b knockout mice.®” Similarly, platelets
produced in Gfi1b-DN heterozygous mice have normal
amounts of a-granules unlike the Gray platelet syndrome
reported in GFI1B-RT patients, indicating another differ-
ence between this model and the human disease,?”'5***4
except in the cases of mutations affecting only non-DNA
binding zinc fingers of GFI1B and that do not exhibit
o-granule deficiency.'"” Moreover, platelets from Gfi16-DN
mice exhibit increased expression of the fibrinogen receptor
integrin  oyBs (CD41/CD61) which also contrasts with
GFI1B-RT patients who have normal CD41 expression, but
is consistent with MK-specific Gfi16 knockout animals.®”
On the other hand, all three Gfi16-DN lines show a
megakaryocytic hyperplasia that translates into an increase
in MKP and mature MK, which is an important characteris-
tic for GFI1B-RT patients.’

Some studies have reported that mutations in GFI1B lead
to defects in erythroid differentiation, albeit infrequently,”
but other studies did not observe such a phenotype.® We
could not detect any anisocytosis or poikilocytosis in Gfi15-
DN mice, but all three lines developed a consistent and
important expansion of late erythroid progenitors
(preCFUe) and early precursor (proerythroblasts) that can-
not be explained by a consequence of the thrombocy-
topenic state of these mice, since such a correlation was not
observed in Pf4-cre:Gfi1b™"* mice that have an even
stronger thrombocytopenia. It has been shown that the loss
of GFI1B in mice leads to a complete block of the definitive
erythroid lineage, occurring mainly at an erythroid progen-
itor stage between the PreMegE and the PreCFUe»**#
suggesting that these stages of differentiation are particular-
ly dependent on GFI1B.

One surprising finding was that the combination of a
mutant Gfi1b-DN allele with a MK-specific knockout allele
led to a higher lethality and a lower transmission rate than
a homozygous MK-specific Gfi1b knockout, suggesting
that Gfi1b-DN mutant alleles are not only non-functional,

but have deleterious effects.” However, as the Pf4-
cre:Gfi1b6""* already exhibit an extremely severe thrombo-
cytopenia with spontaneous bleeding,” a deleterious effect
of the Gfilb-DN mutant alleles on the MK lineage seems
unlikely. Rather, the severe splenomegaly associated with
an almost complete block at the basophilic erythroblast
stage and the severe anemia seen in Pf4-cre:Gfi1b" ™
mice is indicative of an ineffective erythropoiesis that
could be triggered by excessive spontaneous bleeding
caused by the lack of platelets in the MK-specific Gfi1b
knockout mice.”* Because the Pf4-cre gene is not
expressed in erythroid cells, this phenotype, which is not
observed in Pf4-cre:Gfi16™"* mice, is therefore very likely
a consequence of the action of the GF[1B-DN form in the
presence of a functional (non-deleted) floxed allele in ery-
throid cells. It is thus likely that the deleterious effect of the
DN forms in erythroid precursors severely impairs erythro-
poiesis under chronic stress as for instance in a context of
frequent spontaneous hemorrhages.

It was therefore surprising that Gfi16-DN mice respond-
ed just as well as the WT controls to PHZ-induced erythro-
poietic stress to replenish their RBC pool. This discrepancy
might be due to the chronic nature of the erythropoietic
stress seen in Pf4-cre:Gfi16™™ mice compared to the acute
erythropoietic challenge triggered by the PHZ. However,
despite their capacity to replenish their RBC pool, Gfi1b-
DN mice were unable to further increase their PreCFUe
and proerythroblasts as well as WT animals upon PHZ
treatment. This poor response may be explained by the
fact that these precursor populations in the heterozygous
mutant mice were already at a higher than WT level, sug-
gesting that these mice are already in a “stress response”
state, even at steady state.”

Considering that, at steady state, their platelet counts
are lower than WT animals, Gfi16-DN mutant mice were
expected to have a poorer thrombopoietic stress response,
and indeed, platelet depletion experiments showed that
Gfi1b-DN mice had increased response times for platelet
recovery despite the fact that the expansion of their MK
was even more pronounced than in controls, suggesting
an impaired but not entirely dysfunctional platelet pro-
duction. Treating mice with the TPO analog romiplostim
triggered a proper response and did significantly increase
platelet counts in these animals, which could be due to the
already increased number of MK and MKP that may give
the Gfi1b-DN mice a starting advantage. The effect of
romiplostim, which is a drug already approved for some
patients suffering from chronic idiopathic thrombocy-
topenia purpura, but was also reported in off-label uses
such as treatment of persistent thrombocytopenia associ-
ated with stem cell transplantation or congenital
amegakaryocytic thrombocytopenia,®® confirmed that
heterozygous Gfi1b-DN mutant MK are still functional.
This finding is important because it suggests that patients
suffering from GFI1B-RT could potentially respond to a
treatment with thrombopoietic agonists such as romi-
plostim. Ultimately, the mouse models described here
could play a possible future role in drug screening for
treatments for GFI1B-RT and other related thrombocy-
topenias, despite some significant differences compared to
the features that are typical for human patients with this
disease. A future development of mouse models based on
the missense mutations in non-DNA-binding zinc finger
seen in some patients could also possibly widen our
understanding of the disease.
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