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ESSENTIALS

e Loss of fibrinogen in zebrafish has been previously shown to result in adult onset
hemorrhage

e Hemostatic defects were discoveiiedearly fgad~ embryos but well tolerated until
adulthood

o Afibrinegenemia and thrombocytopenia results in synthetic lethality in zebrafish.

e Testing  human FGA variants of uncertain significance in zebrafish identified

causative mutations

SUMMARY:

Background: Mutations in the alpha chain of fibrinogen (FGA), like deficiencies in other
fibrinogen, subunits, lead to rare inherited autosomal recessive hemostatic disorders.
These range from asymptomatiiccatastrophic life-threatening bleeds, and the molecular
basis~of=inherited fibrinogen deficiencies is only partially understood. Zinc finger
nucleases have been used to produce mutations in zebrafish fga, resulting in overt adult
onset hemarrhage and reduced survival. ObjectiVesdetermine the age of onset of
hemostatic... defects in afibrinogenemic zebrafish, and model human fibrinogen
deficiencies. Methods: TALEN genome editing (transcription activator-like effector
nucleases)was used to generate a zebrafish fga mutant. Hemostatic defects were assessed
through survival, gross anatomical and histological observation, and laser-induced
endothelial injury. Human FGA variants with unknown pathologies were engineered into
the orthologous positions in zebrafish fdResults: Loss of ¢a decreased survival and

resulted in synthetic lethality when combined with thrombocytopenia. Zebrafish fga
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mutants exhibit a severe hemostatic defect by 3 days of life, but without visible
hemorrhage. Induced thrombus formation through venous endothelial injury was
completely absent in mutant embryos and larvae. This hemostatic defect was restored by
microinjection of wild type fga cDNA plasmid or purified human fibrinogen. This system
was used"to” determine whether unknown human variants were pathological by
engineering them into fga. Conclusions: These studies confirm that loss of fibrinogen in
zebrafish results in the absence of hemostasis from the embryonic period through
adulthood. When combined with thrombocytopenia, zebrafish exhibit synthetic lethality,

demonstrating that thrombocytes are necessary for survival in response to hemorrhage.
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INTRODUCTION

Hemostasis is a critical requirement to maintain blood circulation, and upon injury
a cascade of enzymatic reactions is initiated. Platelets adhere to the site of injury and
activate,.forming the primary plug, after which coagulation factors trigger a burst of
thrombin=production, driving the conversion of soluble fibrinogen to an insoluble fibrin
clot. The regulation of coagulation factor activation and inhibition provides checks and
balances that assure proper clot formation and eventual dissolution. Aberrations to these
pathways result in both bleeding or clotting disorders which contribute to hemorrhage,
ischemia; surgical complications and even death [1].

Fibrinogen is a liver-derived hexameric glycoprotein encoded by paralogous
genes"FGA; FGB, and FGG (coding forl ABB andy chains, respectively) on human
chromesame 4 (4931-3932.1)2-4]. In the presence of thrombin, fibrinopeptides (A and
B) are“removed, leaving fibrin monomers, which are stabilized by FXIII cross-linking [3,
5-8]idrivingrinsoluble clot formation. Mutations in FGA, FGB, or FGG can all affect the
synthesis, assembly, intracellular processing, stability or secretion of fibrinogen.
Congenitalvdeficiency of fibrinogen, either quantitatively (hypofibrinogenemia and
afibrinogenemia) or qualitatively (dysfibrinogenemia), is an inherited autosomal bleeding
disorder'with heterogeneous penet&ralthough the latter has been shown to result in
thrombesis.in some cases [9]. Hemorrhaging can occur in various tissues such as skin,
soft tissues, muscles, joints, gastrointestinal tract, or genitourinary tract, with intracranial
bleeding being a major cause of death [4, 10-Aflbrinogenemia is estimated to occur
in 1 per 1,000,000 individuals [11, 13] and cumulatively congenital fibrinogen disorders

are thought to make up 8% of all rare coagulation disorders [14]. A majority of diagnosed
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dysfibrinogenemia and afibrinogenemia cases have been attributed to mutations and
modifications within the FGA sub-chain [15].

Current therapeutic strategies for congenital fibrinogen deficiency include
replacement with fresh-frozen plasma, cryoprecipitate, or plasma-derived fibrinogen
concentrate.~Unfortunately, these treatments have been linked to negative outcomes
including__transfusion-associated complications, off-target effects on related plasma
proteins, and failed virus inactivation [10, 16-18]. Consequently, increased risk and
diminished treatment efficiency result in reduced clinical administration [19].

To“improve treatments for fibrinogen-related disorders, further interrogation of
the disease mechanisms in physiologically relevant model systems are required. In recent
years, zebrafish (Danio rejithas become an increasingly popular model for studying
blood pathologies due to high genetic and physiologic homology to humans. Zebrafish
are economical, easy to maintain/manipulate, and undergo rapid, external development as
transparent.embryos/larvae making them amenable to hemostatic assays. We and others
have demonstrated a high degree of conservation of the coagulation cascade between
zebrafishand humans identifying homologs for nearly all major factors [20-25] with
strong data implicating mononuclear thrombocys$unctional equivalents to platelets
[26,=27]=However, thrombocytes have not been proven to be required for survival in
response.to hemorrhage. Recent advancements in genome editing technologies (e.g.,
TALENS;"CRISPR), have enabled the assessment of both individual and multigene
knockeuts to interrogate the genetic underpinnings of bleeding and clotting phenotypes

[28-30].
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We have previously shown that antisense morpholino-mediated knockdown of
zebrafish fibrinogen chains results in frequent intracranial and intramuscular hemorrhage
at 3 days post fertilization (dpf) [31]. However, this was not observed in a zinc finger
nuclease..(ZFN)-mediated knockout of fga [28]. Instead, mutant fish survived into
adultheod“butwere found to be underrepresented at 4-5 months of age, with the data
suggesting_~40% survival. In this study we used TALEN-mediated genome editing to
generate a transmissible mutation in fga similar to and recapitulating the phenotypes of
the ZEN mutant. These include survival into adulthood with no gross larval bleeding, but
eventual~adult lethality due to hemorrhage in various tissues. Desfatk of overt
bleeding, hemostasiwas defective as early as 3 dpf. Interestingly, we were able to
reversethethemostatic defect after treatment with an anti-fibrinolytic compound. We also
showed that fga fish could be used to discern human FGA variants that abrogate
fibrinegen function. Finally, loss of the transcription factor Nfe2 results in severe
thrombeeytepenia in adult zebrafish [32], similar to mouse [33-35]. Combined deficiency
of Fga,and Nfe2 results in synthetic adult lethality, which we believe is the first evidence
indicating™that thrombocytes are required in vivo for prevention of hemorrhage and

hemostasis-related survival.
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METHODS
Zebrafish lines and maintenance

Experiments were performed using ABxTL F1 hybrid background zebrafish.
Embryos.derived from natural spawning were raised at 28.5°C and developmental stages
(embryo;-larva; juvenile, adult [30]) were determined using age (hours post fertilization
(hpf) or.dpf) and morphological characteristics [36]. Animal care and usage were in
accordance with animal care guidelines approved by the University of Michigan

Institutional 'Animal Care & Use Committee.

TALEN-induced mutagenesis of coagulation factorsin zebrafish

TAEEN-mediated genome editing was used to generate mutations in exon 2 of
zebrafish fga at the target sequence CTTCAAGGCACAAGAC. Engineered TALENs
wereinjected into 1-cell stage zebrafish embryos [30, 37], raised to adulthood, and
crossed.with ABXTL wild type fish to confirm germline transmission. The resulting fga
mutants were used for further studies. nfe2 mutants were previously generated using

TALENs"32].

Genotyping

Zebrafish were anesthetized in tricaine (0.16 mg/mL, Western Chemical) and fin
biopsiés were obtained [38, 39] or fish were humanely killed in high-dose tricaine (1.6
mg/mL) followed by DNA preparation. Tissue was lysed in buffer (10 mM Tris-ClI, pH
8.0; 2 mM EDTA, 2% Triton X-100, and 100 pg/mL Proteinase K) at 55°C overnight

[29]. Samples were heated to 95°C for 5 minutes to inactivate Proteinase K, followed by
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PCR (primers in Table $1 PCR products were resolved using agarose gel

electrophoresis or a Qiaxcel capillary electrophoresis system (Qiagen).

L aser-induced endothelial injury

Laser-sinduced thrombi were generated after injury of the endothelium of the
posterior_cardinal vein (PCV) of larvae as previously described [40-42]. In brief,
zebrafish larvae were anesthetized at 3 dpf, embedded in agarose (0.8%), and the
endotheliim was ablated with a laser at tflesémite distal to the anal pore (Olympus
IX71 and*MicroPoint Pulsed Laser System, Andor Technology). Time to occlusion was

recorded up to 2 minutes, followed by removal of larvae from agarose and subsequent

genotyping:

g-aminoeeaproic acid treatment
Mutant offspring were derived from f§fa and fgd intercrosses. At 24 hpf,
embryes were treated with 100 mdvaminocaproic acid [29, 30]. At 3 dpf, laser injury

and genotyping were performed.

Construction and microinjection of expression vectors

Expression constructs and primers used to generate them are listed in
Supplemental TableS1-2. Constructs were made on the pubi:p2A-EGFP backbone [30]
with wild,type and mutant human and zebrafish fga cDNAs under control of the zebrafish
ubiquitin (ubi) promoter [43] with bicistronic expression of egfp using the 2A self-

cleaving peptideMutations were generated using site-directed mutagenesis [44], verified
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by restriction digestion and sequencing (primers in Table S1), and injected into 1-cell

stage embryos. Mutations are nunduzkaiccording to the human amino acids.

Retro-orbital fibrinogen infusions

Larvae"were anesthetized with tricaine at 3 dpf and placed upon an agarose mold
for infusions as previously described [29]. In brief, human fibrinogen (Sigma) or bovine
serum_albumin as a control (BSA, Sigma) were dissolved in 0.9% NaCl to a final
concentration of 25 mgiL and 2 nL were infusethto the retro-orbital space. Larvae

were allowed to recover in system water for 1 hour before undergoing laser injury and

genotyping.

Quantitative (qQPCR) and qualitative PCR analysis

Zebrafish embryos and larvae were homogenized with a 21 gauge needle in lysis
buffef: Totak RNA was isolated with the PureLThRNA Mini Kit (Life Technologies) or
RNeasy Mini Kit (Qiagen) according to the manufacturer protocols. Total RNA was
treatedswith. DNase | (Invitrogergnd used for Skstrand cDNA synthesis with oligo
(dT)12.18 primers using Superscript-Il (Invitrogen). The cDNA was used for RT-PCR
(Eppendorf-MasterCycler) and gPCR (Bio-Rad, iCycler) reactions (primers in Table S1)
gPCR data were analyzed as previous described [45]. Qualitative PCR analysis was also

performed on cDNA derived from 5 dpf larva.

Blood collection and western blot analysis
Adult zebrafish blood was collected and western analysis performed as described

[29, 46, 47]. Briefly blood was collected into EDTA coated microcapillaries
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(ThermoFisher). One microliter of pooled plasma (at least two fish per genotype) in
buffer with B-mercaptoethanol was resolved on a 4-20% SDS-PAGE gel (Bio-Rad), and
transferredto nitrocellulose (Bio-Rad). Membranes were probed with zebrafish anti-

fibrinogen=antibody, followed by HRP-conjugated secondary antibody (Santa Cruz), then
developed with chemiluminescent substrate (Super Signal West Femto; ThernjoFisher

and analyzed on a FluorChem system (Protein Simple).

Histolagical examination and o-dianisidine staining

Zebrafish from fg&~ incroseswere fixed with 4% PFA/PBST at 4°C overnight,
embedded. in paraffin, sectioned ab4tm, and stained with hematoxylin and eosin
(H&E) " Embryos from fg&~ incrosses were stained at 7dpf for hemoglobin with o-
dianisidine as previously described [48, 49]. Images were collected on a Leica MZFL Il

stereoseope or Olympus BX51 and recorded using an Olympus DP70 digital camera.

Assessment of human FGA variants

Variants in human FGA were identified from patients manifesting with
hemorrhage and hypofibrinogenemia as documented in the Human Fibrinogen Database
[50]"and“other sources [51]. These were engineered into the orthologous positions of
zebrafish-wild type fga cDNA constructs under the control of the ubi promoter (Table S2)
and injected into 1-cell stage mutant offspring from'fga fga” intercrosses, followed

by laser.injury at 3 dpf.
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Statistical analysis
Statistical analysis was performed using Mann-Whitney U or two-tailed Student
tests. Survival was evaluated by log-rank (Mantel-Cox) testing for significance. Charts

and survival curves were generated using Prism (GraphPad Software).

This article is protected by copyright. All rights reserved 11



RESULTS
Targeted mutagenesis of fga using TALENsresultsin anull allele

Mutations in human FGA result in inherited hypofibrinogenemia with variable
manifestations in humans [1, 12, 15]. We inactivated the zebrafish fga gene by TALEN-
mediated"genome editing in th&” 2xon of fga (Fig. 1A). A mutant line was identified
with a net 26 nucleotide insertion, resulting in a frameshift and premature stop codon (Fig.
1B). Frameshifts often result in loss of expression due to nonsense-mediated decay [29,
30] and we tested this possibility using gPCR. We found that transcription of fga mRNA
in 3-day=old' fgd" larva was nearly undetectable compared td'fgand fgd” siblings
were reduced by ~40% (p=0.0001 and p<0.05, respectively, Fig. 1C). A qualitative
assessmentof cDNA isolated from fgambryos shoed no detectable fg&" expression
remaining in mutants (Fig. 1D), and no residual Fga was observed in plasma isolated
from fga’. adult fish (Fig. 1E). Furthermore, qPCR data indicate that relative transcription
levels of.other coagulation factors, prothromiR),(factor X (f10) and antithrombin 1l

(at3), are also significantly reduced in fgkarva (p<0.05, Fig. S1).

fga mutant survival drops off as fish reach breeding age and is exacerbated by loss
of Nfe2

Targeted mutation of FGA in mice results in a risk of fatal abdominal hemorrhage,
but overall 'survival is variable and dependent on genetic background [52]. ZFN
generated fish mutants produced on a pure AB background demonstrate ~40% survival at
4-5 monthswof age [28]. We tracked the survival of ouf fgautants and their fga
siblings daily. fgd" mutant survival was progressively reduced compared to thé fga

siblings over the first year of life (Fig. 2A; p<0.0Q0Loss of fga in zebrafish did not
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manifest with lethality until fgd mutants approached breeding age. All'fdsh were
alive at 45 dpf (Fig. 2A), but survival declined to 90% at 60 dpf, and to 40% shortly after
one year of age.

In..mammals Nfe2 is required for megakaryocyte maturation and platelet
formation=[33=35], and zebrafish lacking Nfe2 have severe thrombocytopenia with
normal, survival [32]. Knockout mice deficient in fibrinogem Nfe2 have severe
hemostatic defects, with variable survival into adulthood. Combined deficiency results in
death within 48-72 hours after birth [53]. We intercrosfgedand nfe2 mutant fish and
found thatvoss of both Fga and Nfe2 resulted in synthetic lethality by one year of age

(Fig. 2B; p<0.0001).

Mutationiin zebr afish fga leads to hemorrhage in multiple tissues

ln_contrast to other coagulation protein deficiencies [29, 30], loss of fga results in
a relatively.mild hemorrhagic phenotype in zebrafish. As seen previously [28], we also
did not detect grossly visible bleediby o-dianisidine staining in fga larval mutants
(data net'shown). At 41 dpf juvenile fjand fgd"* siblings were randomly selected for
histological analyses. In homozygous mutants, 64% manifested with mild or moderate
bleeds in=various tissues including brain, jaw, muscle, fin, and abdomen (Fig. 3A). In
addition, to_previously observed bleeding in the eyes, brain, and abdominal cavity [28],
massive hemorrhage was observed in muscle, and mild bleeding in the jaw/mouth and
fins ‘(kig. 3A). Hemorrhaging in the brain progressively worsened by 47 dpf (F)g. 3B
and was occasionally accompanied by ocular bleeds. Death was typically preceded by

severe intracranial hemorrhage.
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The hemostatic defect of fibrinogen deficiency manifestsin the embryonic period

Previously, fga was targeted using ZFNs, resulting in overt hemorrhage and
reduced survival [28] To address whether this affects intravascular physiologic
hemostasis, we measured the time to occlusion after laser-induced endothelial injury of
the PCV:=Normally, venous thrombus formation under these conditions occludes the
vessel within 2 minutes, but this did not occur in“farvae (p<0.0001, Fig. 4A). To
rescue the hemostatic defect and confirm that it was due to loss of Fga, we injected a
Tol2 mediated zebrafish fga cDNA expression plasmid into 1-cell stadé iigeross
offspring=At 3 dpf, over 50% of the injected fgdarvae displayed PCV occlusion times
similar to their injected and uninjected f§aand fgd’ siblings, which was significantly
different'than the uninjected homozygous mutants (p<0.05 by Mann-Whitney U test, Fig.
4B).

We previously demonstrated that loss of At3 in larvae results in a consumptive
coagulopathy that is rescued by infusion of human fibrinogen [29]. To determine whether
human, fibrinogen could replace zebrafish fibrinogen, we infused human fibrinogen
concentrate, into fga larvae. Approximately half of the infused fganutants showed
significantly shorter occlusion times in comparison with non-infused” fgilings
(p<0:05y=Fig. 4C). Together, our findings confirm that the fga mutation leads to a
intravascular hemostatic defect, similar to that seen in mouse and human pathologies,
which ‘can“be reversed by transient expression of wild type fga cDNA or infusion of

human,fibrinogen protein.
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Inhibition of fibrinolysis alleviates the fga’ hemostatic defect

Fibrinolysis inhibitors are believed to function through stabilization of the fibrin
clot. However, we previously sh@d that e-aminocaproic acid can reverse the
hemostatic. defect in our model of consumptive coagulopathy, which is characterized by
hypofibfinegenemia [29]. At 24 hpf, ffamutants were incubated éraminocaproic acid
and then subjected to laser injury at 3 dyd. control fgd"~ larvae were able to occlude
within 2 minutes of injury. In contrast, 33% efaminocaproic acid-treated f§darvae
occluded/within 60 seconds of laser-induced injury (p=0.0003, Fig. 5).
Evaluationwof human FGA variants in fga deficient zebrafish helps link genetic
causation to pathology in vivo

We=previously shoed that we can use zebrafish as an in vivo system for the
identification of the causative mutations in coagulation disorders [29, 30]. Since zebrafish
Fgadeficiency closely parallels human pathology, human FGA vanaciuding C55G,
C64Y,;-Y809C (Human Fibrinogen Databpfs0, 54, 55] and M1V [51] were assessed in
fga” zebrafish. Thee variants have been associated with hemorrhage in human
populations, (Table 1), however, they have not been functionally validated inAvivo.
multispecies alignment of humans, mice, chickens and zebrafish demonstrates
conservation of these amino acids across all spelwesialuate each variant’s ability to
rescue the hemostatic defect in fga mutants, a series of zebrafish fga cDNA constructs
were generated to express the variants at positions orthologous to the human FGA
mutatiens (Table S2). Plasmids were injected into 1-cell stage mutant offspring, and
subjected to laser-induced endothelial injury followed by genotyping. M1V and Y809C

were not able to reverse the occlusion defects of fgauitant. In contrast, C55G and
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C64Y were able to rescue the mutant hemostatic defect (Fig. 6). By assessing known
human gene variants in fga mutant zebrafish, gene regions that convey phenotypic

deficiencies can be identified, shedding light on the mechanistic cause of pathologies.

DISCUSSION

We“have produced a mutation in exon 2 of the fga gene in zebrafish using
TALENSs in,a nearly identical location as the 3 mutant fga lines generated using ZFNs.
The TALENs and ZFN mutations overlap with differences of 8 base pairs or less [28]. In
the previous report, the authors identified spontaneous hemorrhage in adult fish, but
examination of 3 and 5 dpf larvae found no evidence of bleeding [28]. This suggested the
possibility that hemostasis in early development does not require the presence of
fibrinogen=wHowever, we have previously demonstrated that induced larval venous
thrombi are fibrin rich [31], suggesting an important role in embryonic hemostasis. In this
study our.endothelial injury experiments confirm that fibrinogen is indeed required for
induced thrombus formation, consistent with our previous studies of F10 deficiency, as
well as'observed hypofibrinogenemia in At3 deficient fish [29, 30]. In all three mutants
(fga, 10, at3), embryonic/larval zebrafish tolerate severe coagulopathies into early
adulthood before succumbing, although death occurs at a much later timepoint in the fga
mutants..kish et al. [28] found ~40% survival of homozygous mutants at 4-5 months of
age, while at a similar age we recovered 80%, with 40% remaining around one year of
age. These differences are likely due to variations in housing/aquaculture systems and/or
genetic background, since the prior mutant was generated on a pure AB background
while we used an ABXTL hybridSimilar survival variations have been observed with

targeted mutation of Fga in mice, which exhibit variable timing of fatal abdominal
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hemorrhag depending on the genetic background. At 2 months of age, 91% of C57BL/6J
mice but only 57% of the mixed 129/CF-1 background were found to be alive [52]. The
fish fga mutant data are in sharp contrast to F10 deficiency which resulted in death
beginning.as early as 1 month of age, with complete loss by 4 months [30]. However, this
difference”is*eonsistent with observations in human patients [1] and mouse knockouts
[56-59].demonstrating that common pathway mutations are more severe than defects in
fibrinogen.

One of the most intriguing findings of this study was the synthetic lethality
observedfrom combined loss of fibrinogen and Nfe2. Thrombocytes have clearly been
shown to _express similar genes and function like platelets [26], but definitive proof that
they aré"aetive in preventing hemorrhage has not been shown. The lethality; inféga
mutants holsters the belief that thrombocytes are the functional equivalent to mammalian
platelets,_and, to our knowledge, are the first in vivo data that they are required for
hemostasis-related survival. In mice fgafe2”” results in lethality in the immediate
neonatal period, but zebrafish initially survive with a steady decline until ~300 dpf. This
trend isreonsistent with coagulation factor knockouts that are embryonic lethal in mice,
but exhibit extended survival in zebrafish [29, 30]. We hypothesize this may be due to
differential==species-specific factors regulating hemostatic balance which could be
leveraged.to improve our understanding of coagulopathies. Presumabipfég fish
die from"hemorrhage, although given the broad time span of lethality and low genotypic
frequency of double mutants, definitive confirmation will require significantly larger

pedigrees.
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Visible hemorrhage was noted after one month of age in fga mutants, most
commonly in the brain, muscle, and fins. The timing, location, and extent of hemorrhage
are similar to the previous ZFN-induced fga knockout [28], as well as our results for F10
deficiency,[30]. In both mutants, this appears to be the cause of lethality, but the timing is
significantly-different, as all {10 homozygous mutants die by 4 months of age, as opposed
to 40-80% survival at that timepoint for fga mutants. Unlike mice, there is great
variability within standard zebrafish strains [6@ven so, genetic background is less
likely to be a factor in the difference between these two strains, as the mutant lines were
producedfrom the same ABXTL colony. It seems unlikely that differences in the genetic
background of the fga and f10 mutants would cause such a large difference in timing of
lethality,"suggesting that there may be additional factors beyond the observed hemorrhage.

The reversal of the larval hemostatic defect{ayninocaproic acid was surprising.
Clinically, e-aminocaproic acid is thought to stabilize clots by binding to plasmin,
preventing.fibrinolysis. We have now observed rescue of hypofibrinogenemic [29] and
afibrinegenemic zebrafistusing e-aminocaproic acid, which suggests there may be
alternate®mechanisms for its modulation of hemostasis.

Our previous studies of fibrinogen depletion in zebrafish employed antisense
morpholine=technology, targeting all three fibrinogen chains, fga, fgb, and fgg [31]
Individual__knockdown resulted in 1-5% rates of intramuscular and intracranial
hemorrhage in 3 dpf larvae. When all 3 morpholinos were co-injected, the rate increased
to nearly 20%. However, in both our TALEN- and the ZFN-induced knockouts, these
phenotypes were not present. One possible explanation for this discrepancy is that

morpholino and germline targeting yield differential phenotypic effects. There have been
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some reports that suggest there is genetic compensation for germline mutations, but not
morpholino knockdowns [61].

Cross regulation of coagulation factors at the mRNA level was identified in the
f10 knockeut [30]. Loss of F10 resulted in statistically significant increases of fga and at3
MRNABY*75"and 100%, respectively, but no significant effed2oie saw the opposite
results through loss ofgg with decreases in f10, 2, and at3 mRNAs by ~50%. These
data suggest the possibility of a gene expression feedback loop for the common pathway.
In both mutants, fibrin production is reduced, thus the presence or absence of fibrinogen
itself may“be an important determinant of common pathway mRNA expression. In the fga
mutant_larvae, we might have expected to see a severe bleeding phenotype, given the
decrease"inf10 arfd, but this could be balanced by the decrease in at3 expression.

\We have previously used zebrafish larvae for qualitative in vivo analysis of human
AT3 and F10 coagulation factor mutations. In this work we first showed the ability to
resctié-the.fga defect using zebrafish fga mMRNA, followed by human fibrinogen protein.
Given the similarities between human and zebrafish fibrinogen deficiencies, we were able
to usegour,model to discriminate the functional consequences of human mutations,
finding that M1V and Y809C were unable to rescue the hemostatic defect. M1V is a
novel-mutation that has been recently identified in patients [51] and here we confirm it in
vivo as_a.pathological mutation. Surprisingly, two cysteine substitutions, C55G
(Fibrinogen La Seyne and Fibrinogen Quimper) and C64Y (Fibrinogen Marseilles 1),
weré-able to rescue fyamutants despite the fact that both positions are highly conserved
and patients with these mutations are hypofibrinogenemic (activity levels down to 20-50%

of the lower limit of the normal range [54]). The cysteine at position 55 has been clearly
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shown to be important for disulfide formation with the B subunit of fibrinogen. Its
substitution results in impaired hexamer assembly, yet continued secretion of half
molecules of fibrinogen in cell culture [62], although not in patients [54]. Hanss et al
postulate.that this is due to overexpression in culture. This is consistent with our data as
we used-the"ubi promoter which drives robust expression in zebrafish embryos and larvae
[43]. The Y809C substitution was originally an incidental finding in a pedigree with
Fibrinagen Montreal (D515N), and segregated separately from the affected family
member [55]. Y809C is only present in fibrinoggna variant comprising only ~1% of
circulating=fibrinogen [63], although it is three-fold higher in fetal plasma [64]. No
functional studies had been performed on Y809C until this report in which we
demonstrate that this variant abrogates fibrinogen function. One limitation of these
experiments is that causative mutations that reduce human FGA expression without
affecting,function would be expected to rescue in this overexpression system.

These data expand our view of coagulation pathophysiology in aquatic species.
Earlier, studies demonstrated significant conservation of coagulation physiology in
zebrafish"[24-26, 65, 66]. With the advent of genome editing, we have now expanded on
this foundation and developed genetic models of coagulation disorders and used these to
identify'novel functional human mutations [29, 30, 66]. The phenotypes align with those
seen injmammals, but demonstrate a significant shift in survival. Further understanding of
the underlying biology that explains why fish can tolerate such severe coagulation defects,
as well_as in vivo analysis of clotting factor variants, may lead to novel the@peuti

approaches for patients with the associated disorders.
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FIGURE LEGENDS

Figure 1: Generation of a null allelein fga using genome editing with TALENS. (A)

Schematic of TALENSs targeting exon 2 of fga, located on zebrafish chromosome 1. (B)
cDNA sequencing reveals a 26 base pair insertion in fga (indicated by red box) which
generates a frameshift mutation and subsequent nonsense mutation, resulting in
truncation=(C) Transcription of fga is remarkably reduced in "fganutants when
compared to fgd" and/or fgd” siblings, as evaluated by qPCR (n=25 larvae per
genotype at'3 dpf, p=0.0001 and p<0.05, respectively, unpaired two-tailed Student t test).
(D) Qualitative PCR of cDNA isolated from fjaembryos reveals that there is no
detectable-fg" transcript. (E) Western blot analysis shows no residual Fga present in
plasma isolated and pooled from adult’fgautants in contrast to fg4 and fgd’ control
siblings: Chrl, chromosome 1; C-term, C-terminal domain; DBD, DNA-binding domain;

Fok I, Fek.l nuclease; NLS, nuclear localization signal; N-term, N-terminal domain.

Figuren2: fga’ mutants demonstrate synthetic lethality with loss of nfe2. (A)
Offsprig derived from fg and fgd intercrosses were genotyped at 3 dpf and
examined.daily. Compared to heterozygous siblings (n=29), homozygous mutants (n=20)
exhibit a significant decrease in survival over time (p<0.0001 by log-rank testing). (B)
Offspring=derived from fg&;nfe2"" intercrosses were genotyped at 86 dpf and tracked
for survival. Combined loss of fga and nfe2 results in complete synthetic lethality by one

year ofiagdp<0.0001 by log-rank testing).
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Figure 3: fga’ mutants develop spontaneous hemorrhage in multiple tissues. (A)

Fish were fixed, sectioned, and stained with hematoxylin and eosin, demonstrating that
fga” mutants (n=11) develop mild bleeding in the brain and jaw/mouth, but severe
bleeding.within the abdomen and abdominal musculature by 41 dpf (compared to wild
type siblings;'n=3). Insets show magnified regions of interest with sites of hemorrhage as
do arrows._(B) Severe bleeds identified in the forebrain (fb), midbrain (mb), and
hindbrain (hb) in viable fg'é‘\ mutant fish at 47 dpf contrast with wild type siblings.
Arrows indicate sites of bleeding. Anterior is towards the left, and dorsal is at the top.

Scale bar100 pum.

Figure4=lraser-mediated injury of the vascular endothelium reveals a hemostatic
defect in fga mutant zebrafish. (A-C) Hematasis was evaluated by measurtirge to
occlusien_up to 120 seconds after laser-induced endothelial injury of the PCV in 3 dpf
larvaé.Time to occlusion was significantly prolonged in”fog@=50) larvae in
comparison with fgd* (n=10) andga™ (n=50 siblings (p<0.0001) (A). Injection of
wild typefga cDNA into the offspring of fg4 incrosses rescued the hemostatic defect in
fga” compared to uninjected fgacounterparts (n=19-23 per genotype, p<0.05).
Hemostasis«in injected f§4 and fgd” was unaffected compared to uninjected fgand
fga""” (n=6-33 per genotype) (B). (C) Retro-orbital infusion of human fibrinogen into 3
dpf mitant larvae (9) rescued time to occlusion compared to BSA infused fga
siblings_(n=21, p<0.05)p-values determined by the Mann-Whitngytest. Horizontal

bars represent the median time to occlusion.
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Figure 5: Treatment of fga mutants with e-aminocaproic acid rescues the hemostatic
defect. Mutant offspring were treated with 1®M e-aminocaproic acid at 24 hpf. Time
to occlusion afteerdothelal injury was measuredt 3 dpf. Treated fg4 larvae (n=110)
exhibited.a statistically significant rescue compared to untreatéd(fye29). p=0.0003

by the ‘Mann=Whitney U test.

Figure 6: Functional analysis of human FGA variants in a fibrinogen deficient
zebrafisn/ model. Human FGA substitutions M1V, C55G, C64Y, and Y809C were
geneticallytengineered into the orthologous positions of zebrafish fga cDNA in pubi-
zfga-p2A-EGFP. Wild type (zfga) or variant cDNAs were injected into 1-cell stage
embryos-from fg& and fgd~ intercrosses and time to occlusion was recorded after laser-
induced endothelial injuryup to 120 seconds. Data shown are results froffi fgevae.
Statistieal significance was determined by comparing variant (hM1V n=33, hC55G n= 29,
hC64Y-n=19, hY809C n=23) and zfga (n=27) injected’fdarvae using the Mann-

WhitneyU test. Horizontal bars represent the median time to occlusion.

This article is protected by copyright. All rights reserved 24



REFERENCES

1

10

11

12

13

14

15

16

17

18

Shavit JA, Ginsburg D. Hemophilias and Other Disorders of Hemostasis. In: Rimoin
DL, Pyeritz RE, Korf BR, eds. Emery and Rimoin's Principles and Practice of
Medical Genetics, 6th edn: Elsevier Science, 2013, 1-33.

Blomback B. Studies on Fibrinogen: Its Purification and Conversion Into Fibrin.
Acta.Rhysiologica Scandinavica. 19%8;

Weisel JW, Litvinov RI. Fibrin Formation, Structure and Properties. Subcell
Biochem:201782: 405-56.

Acharya SS, Dimichele DM. Rare inherited disorders of fibrinogen. Haemophilia.
2008;14: 1151-8. 10.1111/j.1365-2516.2008.01831.x.

Ehrenpreis S, Scheraga H. Observations on the analysis for thrombin and the
inactivation of fibrin monomer. J Biol Chem. 19%27: 1043-61.

McKee PA, Schwartz ML, Pizzo SV, Hill RL. Cross-linking of fibrin by fibrin-
stabilizing factor. Annals New York Academy of Sciences. 1972: 127-48.

BaileyK, Bettelheim FR, Lorand L, Middlebrook WR. Action of thrombin in the
clotting:of fibrinogen. Nature. 195167: 233-4.

Weisel JW. Fibrinogen and Fibrin. Advances in Protein Chemistry. Z00347-98.
10.1016/S0065-3233(04)70008-

Casini A, Blondon M, Lebreton A, Koegel J, Tintillier V, de Maistre E, Gautier P,
Biron"C; Neerman-Arbez M, de Moerloose P. Natural history of patients with
congenital dysfibrinogenemia. Blood. 20125: 553-61. 10.1182/blood-2014-06-.

de Moerloose P, Neerman-Arbez M. Treatment of congenital fibrinogen disorders.
Expert Opin Biol Ther. 2008: 979-92. 10.1517/14712598.8.7.979.

de.Moerloose P, Schved JF, Nugent D. Rare coagulation disorders: fibrinogen, factor
VII andfactor Xlll. Haemophilia. 201&2 Suppl 5: 61-5. 10.1111/hae.12965.
de-Meerloose P, Neerman-Arbez M. Congenital fibrinogen disorders. Semin Thromb
Hemost. 200935: 356-66. 10.1055/s-0029-1225758.

Martinez J. Congenital dysfibrinogenemia. Current Opinion in Hematology. 4:997;
357-65.

Palla'R, Peyvandi F, Shapiro AD. Rare bleeding disorders: diagnosis and treatment.
Blood. 2015;125: 2052-61. 10.1182/blood-.

Neerman-Arbez M. Molecular Basis of Fibrinogen Deficiency. Journal of
Pathophysiology of Haemostasis and Thrombosis. 2ZB9&;87-98.

Keeling:D, Tait C, Makris M. Guideline on the selection and use of therapeutic
products to treat haemophilia and other hereditary bleeding disorders. A United
Kingdom Haemophilia Center Doctors' Organisation (UKHCDO) guideline
approved by the British Committee for Standards in Haematology. Haemophilia.
2008;14: 671-84. 10.1111/j.1365-2516.2008.01695.x.

Key:NS, Negrier C. Coagulation factor concentrates: past, present, and future. The
Lancet. 2007370: 439-48. 10.1016/s0140-6736(07)61199-4.

Chandra S, Feldman GF. Effectiveness of alternative treatments for reducing
potential viral contaminants from plasma-derived products. Thrombosis Research.
2002;1015: 391-400.

This article is protected by copyright. All rights reserved 25



19

20

21

22

23

24

25

26

27

28

29

30

31

32

Bornikova L, Peyvandi F, Allen G, Bernstein J, Manco-Johnson MJ. Fibrinogen
replacement therapy for congenital fibrinogen deficiency. J Thromb Haemost. 2011;
9: 1687-704. 10.1111/j.1538-7836.2011.04424 .

Davidson CJ, Hirt RP, Lal K, Snell P, Elgar G, Tuddenham EGD, Mcvey JH.
Molecular evolution of the vertebrate blood coagulation network. Thromb Haemost.
2003;89: 420-8.

Jiang.Y, Doolittle RF. The evolution of vertebrate blood coagulation as viewed from
a comparison of puffer fish and sea squirt genomes. Proceedings of the National
Academyof Sciences of the United States of America. 20B;7527-32.
10:2073/pnas.0932632100.

Hanumanthaiah R, Day K, Jagadeeswaran P. Comprehensive Analysis of Blood
Coagulation Pathways in Teleostei: Evolution of Coagulation Factor Genes and
ldentification of Zebrafish Factor VIli. Blood Cells, Molecules, and Diseases. 2002;
29: 57-68. 10.1006/bcmd.2002.0534.

Jagadeeswaran P. Zebrafish: a tool to study hemostasis and thrombosis. Current
Opinion'in Hematology. 20032: 149-52.

Kretz'CA, Weyand AC, Shavit JA. Modeling Disorders of Blood Coagulation in the
Zebrafish. Curr Pathobiol Rep. 201%;155-61. 10.1007/s40139-015-0081-3.
Weyand AC, Shavit JA. Zebrafish as a model system for the study of hemostasis and
thrombosis. Curr Opin Hematol. 20121L: 418-22.

10:2097/MOH.0000000000000075.

Khandekar G, Kim S, Jagadeeswaran P. Zebrafish thrombocytes: functions and
origins. Adv Hematol. 2012012: 857058. 10.1155/2012/857058.

Jagadeeswaran P, Sheehan JP, Craig FE, Troyer D. Identification and
characterization of zebrafish thrombocytes. British Journal of Haematology. 1999;
107: 731-8.

Fish.RJ, Di Sanza C, Neerman-Arbez M. Targeted mutation of zebrafish fga models
human congenital afibrinogenemia. Blood. 2012B: 2278-81. 10.1182/blood-
2013-12-547182.

Liv¥pKretz CA, Maeder ML, Richter CE, Tsao P, Vo AH, Huarng MC, Rode T,
HusZ;"Mehra R, Olson ST, Joung JK, Shavit JA. Targeted mutagenesis of zebrafish
antithrombin 11l triggers disseminated intravascular coagulation and thrombosis,
revealing insight into function. Blood. 201%#4: 142-50. 10.1182/blood-2014-03-
561027.

Hu'Zykiu Y, Huarng MC, Menegatti M, Reyon D, Rost MS, Norris ZG, Richter CE,
Stapleton AN, Chi NC, Peyvandi F, Joung JK, Shavit JA. Genome editing of factor
X In,zebrafish reveals unexpected tolerance of severe defects in the common
pathway. Blood. 2017t30: 666-76. 10.1182/blood-2017-02-765206.

VO'AH, Swaroop A, Liu Y, Norris ZG, Shavit JA. Loss of fibrinogen in zebrafish
results ih symptoms consistent with human hypofibrinogenemia. PLoS One 82013;
e/4682. 10.1371/journal.pone.0074682.

Rost MS, Shestopalov |, Liu Y, Vo AH, Richter CE, Emly SM, Barrett FG, Stachura
DL, Holinstat M, Zon LI, Shavit JA. Nfe2 is dispensable for early but required for
adult thrombocyte formation and function in zebrafish. Blood Advances. 2018;
3418-27.10.1182/.

This article is protected by copyright. All rights reserved 26



33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

Lecine P, Italiano JE, Kim S, Villeval J, Shivdasani RA. Hematopoietic-specific beta
1 tubulin participates in a pathway of platelet biogenesis dependent on the
transcription factor NF-E2. Blood. 20086: 1366-73.

Levin J, Peng J, Baker GR, Villeval J, Lecine P, Burstein SA, Shivdasani RA.
Pathophysiology of thrombocytopenia and anemia in mice lacking trasncription
factor NF-E2. Blood. 199%94: 3037-47.

Shivdasani RA, Rosenblatt MF, Zucker-Franklin D, Jackson CW, Hunt P, Saris CIM,
Orkin SH. Transcription factor NF-E2 is required for platlet formation independent
ofthe"actions of thrombopoietin/MGDF in Megakaryocyte Development. Cell. 1995;
81:695-704.

Kimmel CB, Ballard WW, Kimmel SR, Ullmann B, Schilling TF. Stages of

embryenic development of the zebrafish. Dev Dyn. 1208; 253-310.
10.1002/aja.1002030302.

Sander JD, Cade L, Khayter C, Reyon D, Peterson RT, Joung JK, Yeh JR. Targeted
gene'disruption in somatic zebrafish cells using engineered TALENs. Nat Biotechnol.
2011;29: 697-8. 10.1038/nbt.1934.

HuZ kv Y, Huarng M, Reyon D, Richter C, Stapleton A, Joung JK, Shavit JA.
Factor X Mutant Zebrafish Tolerate a Severe Hemostatic Defect in Early
Development Yet Develop Lethal Hemorrhage in Adulthood. Blood. 2IPB5:426-.
Wilkinson RN, Elworthy S, Ingham PW, van Eeden FJ. A method for high-
throughput PCR-based genotyping of larval zebrafish tail biopsies. BioTechniques.
2043;55: 314-6. 10.2144/000114116.

Rost MS, Grzegorski SJ, Shavit JA. Quantitative methods for studying hemostasis in
zebrafish larvae. Methods Cell Biol. 201&4: 377-89.

10:1016/bs.mcb.2016.01.003.

Gregery M, Hanumanthaiah R, Jagadeeswaran P. Genetic Analysis of Hemostasis
and-Thrombosis Using Vascular Occlusion. Blood Cells, Molecules, and Diseases.
2002;29: 286-95. 10.1006/bcmd.2002.0568.

Jagadeeswaran P, Carrillo M, Radhakrishnan UP, Rajpurohit SK, Kim S. Laser-
induced thrombosis in zebrafish. Methods Cell Biol. 2Q01; 197-203.
10.2026/B978-0-12-387036-0.00009-8.

Meosimann C, Kaufman CK, Li P, Pugach EK, Tamplin OJ, Zon LI. Ubiquitous
transgene expression and Cre-based recombination driven by the ubiquitin promoter
in(zebrafish. Development. 201138: 169-77. 10.1242/dev.059345.

Zheng-k, Baumann U, Reymond JL. An efficient one-step site-directed and site-
saturation mutagenesis protocol. Nucleic acids research. 22021 15.
10.1093/nar/gnh110.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time
guantitative PCR and the 2(-Delta Delta C(T)) Method. Methods. 280402-8.
Jagadeeswaran P, Sheehan J. Analysis of Blood Coagulation in the Zebrafish. Blood
Cells, Molecules, and Diseases. 1928;239-49.

Pedroso GL, Hammes TO, Escobar TD, Fracasso LB, Forgiarini LF, da Silveira TR.
Blood collection for biochemical analysis in adult zebrafish. J Vis Exp. 2012: e3865.
10.3791/3865.

This article is protected by copyright. All rights reserved 27



48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

luchi I, Yamamoto M. Erythropoiesis in the Developing Rainbow Trout, Salmo
gairdneri irideus: Histochemical and Immunochemical Detection of Erythropoietic
Organs. The Journal of Experimental Zoology. 1928; 409-17.

Paffett-Lugassy NN, Zon L. Analysis of Hematopoietic Development in the
Zebrafish. Methods in Molecular Medicine. 20055.

Hanss.M, Biot F. A database for human fibrinogen variants. Ann N Y Acad Sci. 2001,
936:,89-90.

Smith N, Bornikova L, Noetzli L, Guglielmone H, Minoldo S, Backos DS, Jacobson
L,“Thornburg CD, Escobar M, White-Adams TC, Wolberg AS, Manco-Johnson M,
Di"Paola J. Identification and characterization of novel mutations implicated in
congenital fibrinogen disorders Res Pract Thromb Haemost. 2018, in press.

Suh TiI, Holmback K, Jensen NJ, Daugherty CC, Small K, Simon DI, Potter S,
Degen JL. Resolution of spontaneous bleeding events but failure of pregnancy in
fibrinogen-deficient mice. Genes & development. 1992,020-33.

Palumbo JS, Zogg M, Talmage KE, Degen JL, Weiler H, Isermann BH. Role of
fibrinogen- and platelet-mediated hemostasis in mouse embryogenesis and
reproduction. Journal of Thrombosis and Haemostasis. 200368-79.

Hanss M, Pouymayou C, Blouch M-T, Lellouche F, Ffrench P, Rousson R, Abgrall
J-F, Morange P-E, Quelin F, de Mazancourt P. The natural occurrence of human
fibrinogen variants disrupting inter-chain disulfide bonds (AaCys36Gly,
AaCys36Arg and AaCys45Tyr) confirms the role of N-terminal Aa disulfide bonds
in protein assembly and secretion. haematologica. ZB611226-30.

Sheen CR, Brennan SO, Jabado N, George PM. Fibrinogen Montreal: A novel
missense mutation (A. Thromb Haemost. 20#5;231-2.

CuiJ, O'Shea KS, Purkayastha A, Saunders TL, Ginsburg D. Fatal haemorrhage and
incomplete block to embryogenesis in mice lacking coagulation factor V. Nature.
1996;384: 66-8. 10.1038/384066a0.

Sun WY, Witte DP, Degen JL, Colbert MC, Burkart MC, Holmback K, Xiao Q,
Bugge TH, Degen SJF. Prothrombin deficiency results in embryonic and neonatal
lethalitysin mice Proceedings of the National Academy of Sciences of the United
Stateswof America. 19985: 7597-602.

Xue J, Wu Q, Westfield LA, Tuley EA, Lu D, Zhang Q, Shim K, Zheng X, Sadler
JE. Incomplete embryonic lethality and fatal neonatal hemorrhage caused by
prothrombin deficiency in mice. Proceedings of the National Academy of Sciences of
the'United States of America. 1995 7603-7.

Rosen.ED. Gene targeting in hemostasis. Factor X. Frontiers in bioscience : a
journal.and virtual library. 2007,

Guryev V, Koudijs MJ, Berezikov E, Johnson SL, Plasterk RH, van Eeden FJ,
Cuppen E. Genetic variation in the zebrafish. Genome Res. 2R081-7.

gr.4791006 [pii] 10.1101/gr.4791006.

Rossi A, Kontarakis Z, Gerri C, Nolte H, Holper S, Kruger M, Stainier DY. Genetic
compensation induced by deleterious mutations but not gene knockdowns. Nature.
2015;524: 230-3. 10.1038/nature14580.

Zhang JZ, Redman CM. Role of interchain disulfide bonds on the assembly and
secretion of human fibrinogen. Journal of Biological Chemistry. 1268t;652-8.

This article is protected by copyright. All rights reserved 28



63

64

65

66

Fu Y, Grieninger G. Fib420: a normal human variant of fibrinogen with two
extended alpha chains. Proceedings of the National Academy of Sciences of the
United States of America. 19991: 2625-8.

Grieninger G, Lu X, Cao Y, Fu Y, Kudryk BJ, Galanakis DK, Hertzberg KM.
Fib420, the novel fibrinogen subclass: newborn levels are higher than adult. Blood.
1997;90: 2609-14.

Jagadeeswaran P, Kulkarni V, Carrillo M, Kim S. Zebrafish: from hematology to
hydrology. J Thromb Haemost. 20&/Suppl 1: 300-4. JTH2518 [pii]
10:2297/j:1538-7836.2007.02518.x.

Jagadeeswaran P, Cooley BC, Gross PL, Mackman N. Animal Models of
Thrombosis From Zebrafish to Nonhuman Primates: Use in the Elucidation of New
Pathologic Pathways and the Development of Antithrombotic Drugs. Circ Res. 2016;
118: 1363-79. 10.1161/CIRCRESAHA.115.306823.

This article is protected by copyright. All rights reserved 29



Table 1. Human FGA variants

Human amino Human Orthologousamino acid Hemorrhage Reference
acid variant mutation position (zebrafish)
hM1V c.1A>G 1 no [43]
hC55G c.221T>G 51 yes [45]
hC64Y C.249G>A 60 yes [45]
hY809€ C.2425A>G 640 yes [46]
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