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THROMBOSIS AND HEMOSTASIS

Genome editing of factor X in zebrafish reveals unexpected tolerance of
severe defects in the common pathway
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Deficiency of factor X (F10) in humans is a rare bleeding disorder with a heterogeneous

phenotype and limited therapeutic options. Targeted disruption of F10and other common

» Deficiency of coagulation
factor X in zebrafish results in
a severe hemostatic defect
that is surprisingly well-
tolerated until adulthood.

* In vivo analysis of human
mutations in zebrafish
identifies variants underlying
symptomatic factor X
deficiency.

pathway factors in mice results in embryonic/neonatal lethality with rapid resorption of
homozygous mutants, hampering additional studies. Several of these mutants also
display yolk sac vascular defects, suggesting a role for thrombin signaling in vessel
development. The zebrafish is a vertebrate model that demonstrates conservation of the
mammalian hemostatic and vascular systems. We have leveraged these advantages for
in-depth study of the role of the coagulation cascade in the developmental regulation of
hemostasis and vasculogenesis. In this article, we show that ablation of zebrafish f10 by
using genome editing with transcription activator-like effector nucleases results in a
major embryonic hemostatic defect. However, widespread hemorrhage and subsequent
lethality does not occur until later stages, with absence of any detectable defect in vascular
development. We also use f10™ /= zebrafish to confirm 5 novel human F10variants as caus-
ative mutations in affected patients, providing a rapid and reliable in vivo model for testing
the severity of F10variants. These findings as well as the prolonged survival of f10~/~ mutants will enable us to expand our understanding
of the molecular mechanisms of hemostasis, including a platform for screening variants of uncertain significance in patients with F10
deficiency and other coagulation disorders. Further study as to how fish tolerate what is an early lethal mutation in mammals could

facilitate improvement of diagnostics and therapeutics for affected patients with bleeding disorders. (Blood. 2017;130(5):666-676)

Introduction

Coagulation factor X (F10) is a vitamin K—dependent plasma
glycoprotein that is one of the pivotal factors in the coagulation cascade.
F10 consists of 8 domains, is synthesized in the liver as a single-chain
precursor, and circulates in human plasma.’? The conversion of F10
from zymogen to its active form (F10a) is triggered by the tenase
complex and is important for both the initiation and propagation of
coagulation.™ Activated F10 participates in the formation of the
prothrombinase complex, catalyzing the conversion of prothrombin to
thrombin, which is a critical step for normal physiologic hemostasis.®
Deficiency of F10 leads to a rare, inherited autosomal recessive
coagulopathy, with the most severe bleeding arising early in
life.>" It represents 10% of rare bleeding disorders and occurs in 1
per 500000 to 1000000 of the general population.>”'* The
clinical symptoms of homozygotes range from mild to severe
hemorrhage, and currently >100 naturally occurring mutations in
F10have been identified, among which 78% are missense.”” Most
reported mutations have been found in the N-terminal light chain,

particularly the y-carboxyglutamic acid (Gla) domain, or the
C-terminal heavy chain containing the catalytic domain.” The vast
majority of these mutations remain relatively uncharacterized.
Current treatment includes the administration of plasma or
prothrombin complex concentrates containing F10 and other
vitamin K—dependent factors. Additional therapies for the control
of bleeding are still needed because the current options are
limited.”

Previous studies that use gene targeting in mice have facilitated
understanding of F10 and common pathway function, but were
impeded by embryonic and neonatal lethality in homozygous
mutants.'"* These studies also suggested a role for thrombin signaling
in embryonic vascular development, but this role has been technically
difficult to confirm.'> Thus, we have turned to the zebrafish model
(Danio rerio) with advantages that include high fecundity, external and
transparent development, ease of manipulation and maintenance,
accessibility of genetic techniques and imaging, as well as extensive
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Figure 1. Spatiotemporal expression of f10 in the developing zebrafish. (A)
Phylogenetic tree of F10 from zebrafish (Danio), mouse (Mus), chicken (Gallus), and
human (Homo). (B) RT-PCR from whole embryos demonstrates that zebrafish 10
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conservation of the hemostatic and vascular systems as we and others
have demonstrated.'®*°

In this article, we report targeted mutagenesis of zebrafish f10
through genome editing with transcription activator-like effector nucleases
(TALENSs). We find that loss of F10 results in late-onset lethality by 4
months of age secondary to intracranial and intra-abdominal hemorrhage,
without any evidence of a vascular defect. Severe, overt hemorrhage does
not occur until ~ 1 month of age despite the absence of hemostasis as early
as 3 days postfertilization (dpf). We also use our model as an in vivo system
to evaluate human F/0 variants of uncertain significance (VUS) from 5
patients with symptomatic F10 deficiency whose causative mutations were
not yet proven. Our studies demonstrate that loss of zebrafish F10 results in
phenotypes similar to those of mice and humans, yet with surprising
tolerance to what is a severe insult in mammals. This implies species-
specific differences that, if understood, could suggest novel mechanisms for
controlling hemorrhage in patients with and without bleeding disorders.

Methods

Zebrafish strains and maintenance

The f10 mutants were generated on a hybrid background of wild-type strains AB
and TL (ABXTL). Developmental stages were defined as follows: embryo (0-2
dpf), larva (3-29 dpf), juvenile (30-89 dpf), and adult.>' Pigmentation was
inhibited with 0.2 mM phenylthiourea (Sigma—Aldrich).32 All animal experi-
ments were in accordance with guidelines approved by the University of
Michigan Animal Care & Use Committee.

Targeted mutagenesis of the f10 locus by using
genome-editing nucleases

The f10 locus was identified in the zebrafish genomic sequence assembly,'® and
TALEN-mediated genome editing was used to induce mutations in exon 5.
TALEN constructs were prepared by using fast ligation-based automatable solid-
phase high-throughput assembly™ and were validated as described.”*** TALEN
messenger RNAs (mRNAs) were synthesized and injected into the cytoplasm of
1-cell stage embryos. The resulting FO population was raised to adulthood and
crossed to wild-type fish to confirm germ-line transmission to the F1 generation.

Genotyping of mutant offspring

Staged zebrafish were anesthetized in tricaine (0.16 mg/mL, Western Chemical)
and fin-clipped for survival studies*>*® or humanely killed in high-dose tricaine
(1.6 mg/mL) followed by genotyping of tail biopsies or whole fish. Genomic
DNA was isolated by using lysis buffer (10 mM Tris-Cl, pH 8.0; 2 mM EDTA,
2% Triton X-100, and 100 p.g/mL proteinase K) at 55°C overnight.?* Proteinase
K was inactivated by heating for 5 minutes at 95°C. Polymerase chain reaction
(PCR) was performed by using gene-specific primers (supplemental Table 1,
available on the Blood Web site).

Laser-mediated endothelial injury in zebrafish larvae

Laser-mediated injury was performed on the endothelium of the posterior
cardinal vein (PCV) of larvae as previously described.”**"*® Three dpf larvae

Figure 1 (continued) mRNA is expressed during early embryonic development
beginning at the 1-cell stage. Expression is relatively stable from 24 through 120 hpf.
The expression of elongation factor 1-a (elfa) was used as an internal control. (C-L)
WISH analysis of 120-hpf larvae shows that 10 expression is strong in the liver (D),
but relatively weak in the yolk syncytial layer and brain (D-F), otic vesicles (E, G), and
arches (H-1) by using an antisense probe (f10-as). (C) A sense control (f10-s) did not
show any expression. (J-L) Plastic sections (5 um) of stained larvae in transverse
(J), sagittal (K), and coronal (L) planes are shown. Anterior is toward the left in panels
C-H and toward the top in panel |. Scale bars (C-L), 100 um. b, brain; ch,
ceratohyal [2nd visceral pharyngeal arch (VA)]; li, liver; mc, mandibular cartilage
(1st VA); ov, oftic vesicle; sb, swim bladder; y, yolk; ysl, yolk syncytial layer.
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Figure 2. Genome editing of f10 using TALENSs results
in a frameshift and null allele. (A) Schematic diagram of
TALENSs used for targeted mutagenesis of f10. (B) Targeting
of f10 exon 5 using a TALEN resulted in frameshift muta-
tions. The 17-bp deletion mutant used for subsequent
studies is shown. (C) Expression of f10 mRNA is reduced in
- heterozygous and undetectable in homozygous mutants,
as evaluated by RT-PCR (each genotype was evaluated in
triplicate). (D) Whole-mount in situ hybridization with an
antisense probe demonstrates absence of expression in
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107~ mutants. Anterior is toward the left, and dorsal is
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C-term, C-terminal domain; DBD, DNA-binding domain;
Fok I, Fok | nuclease; NLS, nuclear localization signal;
N-term, N-terminal domain.
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were anesthetized, embedded in agarose (0.8%), and the PCV endothelium was
ablated with a laser at the S5th somite distal to the anal pore (MicroPoint Pulsed
Laser System, Andor Technology). The time to complete occlusion was recorded
by an observer blinded to genotype for up to 2 minutes. After the ablation, larvae
were recovered from agarose and genotyped.

Chemical treatment of embryos

Embryos were incubated in 100 mM e-aminocaproic acid (Sigma-Aldrich) or
10 pg/mL warfarin (Sigma-Aldrich) dissolved in system water or E3 medium
(5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl,, 0.33 mM MgSO,), respectively, at
1 dpf. The former was evaluated at 3 dpf by laser-mediated endothelial
injury, and the latter were stained at 7 dpf using o-dianisidine for the
detection of hemoglobin,3 0:40

Phylogenetic analysis

F10 protein sequences were retrieved from National Center for Biotechnology
Information, European Molecular Biology Laboratory, and Ensembl genome

databases. Sequence alignments were performed by using ClustalW2, and
phylogenetic trees constructed by the neighbor-joining method.

Statistical analysis

Statistical analysis was performed by using the Mann-Whitney U or 2-tailed
Student ¢ tests. Survival curves were generated by using Prism (GraphPad
Software) and evaluated by log-rank (Mantel-Cox) testing for significance.

Results

Spatiotemporal expression profiles of f10 in
developing zebrafish

The predicted protein sequence of zebrafish F10 was compared with
various species for phylogenetic analysis. The resulting tree indicated
that the zebrafish F10 protein was more closely related to that of
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Figure 3. Complete loss of F10 results in pro-
gressive adult lethality. (A) Genotype distributions of A
offspring from separate 10"/~ incrosses evaluated at
various stages demonstrate loss of homozygous mu- Genotype distribution among the offspring of f10*" intercross
tants after 25 dpf. (B) Survival curves of closely
monitored clutches of zebrafish offspring from 10"~ Stage f10+* f10+" f1o0"- Total
incrosses demonstrate progressive loss of 75% of
homozygotes by 50 dpf and 100% by 115 dpf. There 3 dpf 162 (23%) 371 (53%) 173 (25%) 706 (100%)
was ";:;ig;‘ca[‘;'vfj °f:f;e;fny§°f: il éofj;y s 15 dpf 10 (28%) 17 (47%) 9 (25%) 36 (100%)
ing). Wi Y
selected individuals were observed daily. There was 25 dpf 19 (26%) 34 (47%) 19 (26%) 72 (100%)
~20% background loss of individual fish across all o o . .
genotypes up to 20 dpf, which is typical during wild-type 90 dpf 13 (22%) 39 (67%) 6 (10%) 58 (100%)
f!sh developmerjt_. ©) C|t.rated plasm_as from 1-mopth-old Mendelian traits 259% 50% 259 100%
fish were recalcified and incubated with human fibrinogen
for 90 minutes and absorbance (405 nm) was measured
every 2 minutes. Data shown are the average of 2
experiments (n = 5 total pairs of fish for each genotype). B
The average time to half-maximal absorbance and maximum 100 4
absorbance were calculated for each genotype and data were 0% vs. 10" p=0.99
analyzed by using the Student t test. Bovine thrombin was . -P=0.
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chickens than mice or humans (Figure 1A). We analyzed the expression
of zebrafish /710 mRNA during embryonic and early larval develop-
ment by reverse transcription (RT)-PCR and whole-mount in situ
hybridization (WISH). Expression of f710 was detected in embryos as
early as the 1-cell stage and in larvae at up to 120 hours postfertilization
(hpf) (Figure 1B). Transcription of 10 at the 1- and 4-cell stages indicates
maternal contribution because zygotic expression does not begin until
2.75 hpf.*! At4 hpf, both maternal and zygotic expression appeared to be
present because f70 was strongly transcribed compared with earlier and
later stages (Figure 1B), suggesting crossover from maternal to zygotic
f10 transcription. From 24 hpf on, 710 was found to be transcribed at
relatively stable levels up to 120 hpf (Figure 1B). WISH and histological
analysis of zebrafish larvae at 120 hpf revealed that f70 expression is
localized to the brain, jaw, and pharyngeal arches (Figure 1C-F, H-I) in
addition to the otic vesicle, liver, and yolk syncytial layer (Figure 1D-E,
G, J-L). Our data also showed that 70 was transcribed much more
strongly in the liver than other tissues (Figure 1D-L).

Targeted inactivation of the f10 gene by using genome-editing
nucleases results in spontaneous hemorrhage and lethality in
juveniles and adults

To create a model of f10 deficiency, we ablated the zebrafish f10
gene by using genome editing TALENSs. We designed a TALEN pair
targeting the 5th exon of f70 (Figure 2A), and mRNAs encoding these
nucleases were injected into ABxTL wild-type 1-cell embryos. The
resulting FO generation was raised and outcrossed to ABxTL to produce
the F1 generation. We identified a mutant line with germ-line
transmission of a 17-bp deletion in exon 5, resulting in a frameshift
and downstream nonsense mutation (Figure 2B). Quantitative PCR
analysis was not able to detect transcription of /10 in 3 dpf homozygous
mutant larvae in comparison with /0™ and f10"~ siblings (P =
.0001; Figure 2C), presumably due to nonsense-mediated decay.“
WISH demonstrated no expression of f70 mRNA in homozygous
mutant larvae (Figure 2D). Transcription of other coagulation factors
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Figure 4. Loss of F10 results in late-onset hemorrhage at multiple sites. (A) Grossly visible hemorrhaging occurred in f10™
type or heterozygous siblings. Massive hemorrhages were observed in the brain, muscle, gill filaments, and abdomen as shown in viable f10™

~ mutant fish as early as 27 dpf, but not in wild-

~ mutants. (B) Hematoxylin and

eosin stained histologic sections of f10~~ mutants confirmed substantial intracranial, abdominal, and intramuscular hemorrhage at 27 dpf. Arrows indicate sites of
hemorrhage. Locations of magnified insets (X4) are indicated by the smaller boxes in the same panel. Anterior is toward the left, and dorsal is toward the top. Scale bar,

100 pm. ad, abdomen; fb, forebrain; gf, gill filament; hb, hindbrain; mb, midbrain.

downstream of F10 was distinctly altered in a dose dependent fashion
(supplemental Figure 1). This included increases in f/0 homozygous
mutants of 1.8- and 2.3-fold for fibrinogen a (fga) and antithrombin IIT
(at3) mRNAs, respectively (P < .05; supplemental Figure 1), when
compared with wild-type siblings. Prothrombin (f2) transcription was
slightly decreased, although the effect was not statistically significant
(supplemental Figure 1). To ensure that modest changes in size did not
cause these results, we measured 3 dpf larvae, but found no correlation
with genotype (supplemental Figure 1D).

Loss of F10 in mice results in a bimodal phenotype of embryonic
and neonatal lethality.'* In a group of closely monitored heterozy-
gous incrosses, we found that there was no specific loss of zebrafish
10~ mutants during embryonic development and the larval period
through ~16 dpf (Figure 3A). There was a brief period of a 20%
general population loss from ~10 to 16 dpf, which is typical for wild-
type zebrafish and was observed across all 3 genotypes (Figure 3B).
After that point, there was progressive loss of f/0/~ mutants
(Figure 3B). By 50 dpf, 75% of f10~~ mutants had expired, and
100% had expired by 4 months of age (Figure 3B). This phenotype
has been consistent in our f/0 mutant breeding colony since then,
although out of a total of 71 homozygous mutants identified thus
far, 1 survived for 268 days. To determine whether coagulation was

intact in mutants, we performed a thrombin activity assay on plasma
at 1 month of age. The results indicate absence of activity specifi-
cally in homozygotes, which is suggestive of defective prothrombin
activation (Figure 3C).

Given the embryonic hemorrhage exhibited in the mouse knockout
model, we carefully examined zebrafish at early stages of development.
A low, but nonsignificant frequency of intracranial hemorrhage was
observed inf10 ™" larvae at 3 dpf (1.33%, n = 225), whereas no bleeds
were observed in their /0" (n = 221) and 10"~ (n = 465) siblings.
To prospectively evaluate homozygous mutants, we genotyped 10"~
intercross offspring at 3 dpf, followed by daily visual phenotypic
assessments. At 27 dpf, approximately one-third of viable /70~ fish
exhibited massive hemorrhage in the forebrain, midbrain, and
hindbrain ventricles (Figure 4A), others displayed bleeding in the
eye, muscle, or other tissues, and some appeared normal. Once gross
hemorrhage became visible, the majority of f/0 /" mutants died within
5 days. The mutants lacking intracranial or grossly visible bleeds tended
to survive longer and exhibit intracranial, intra-abdominal, or gill
hemorrhage at later stages (eg, 39 dpf; Figure 4A and data not shown).
We performed histologic sections in f70 mutants from 27 to 268 dpf
(supplemental Table 3), confirming the suspected hemorrhage in the
brain, muscles, and abdomen (Figure 4B).
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Figure 5. Absence of hemostasis in f10 mutant larvae. (A) Schematic diagram of laser-induced endothelial injury of the PCV at the 5th somite (s5) caudal to the anal pore
in larvae at 3 dpf. Hemostasis was evaluated by documenting the time to occlusion =120 seconds (sec) after laser-induced endothelial injury. (B) The time to occlusion was

significantly prolonged in f10~"~

larvae in comparison with f10*/*and f10*/~ siblings (P < .0001, Mann-Whitney U'test). (C) Injection of wild-type zebrafish 10 complementary

DNA (cDNA) under control of the ubi promoter into 1-cell-stage embryos resulted in significant rescue of the hemostatic defect in 72% of f10~ larvae at 3 dpf when
compared with uninjected mutants (P < .05). Horizontal bars represent the median time to occlusion. ns, not significant.

Deficiency of F10 does not appear to affect vascular
development in zebrafish

Loss-of-function studies of the common pathway coagulation
factors F2 and F5 in mice have shown embryonic lethality with
vascular abnormalities and hemorrhage, whereas fibrinogen knock-
outs develop normally, suggesting a role for thrombin signaling
in vessel development.'”” The external growth of zebrafish has
been instrumental in the study of angiogenesis and vasculogenesis,
thus offering an alternative approach to assess whether F10 plays a
role in vascular development.?®3® We evaluated the spatiotemporal
expression patterns of the vascular genes ephb2a,*** cdh5*
k1, ¥ 114,47 and ephB4* in offspring from f1 0%/ incrosses by
WISH, followed by genotyping. Our results did not show any dif-
ferences in the qualitative expression patterns between homozy-
gous mutants and sibling controls at 24 hpf (data not shown) when
axial and several intersegmental vessels are formed***° or at 72 hpf
(supplemental Figure 2) during the early stages of the establish-
ment of the vascular network.*® We performed whole transcriptome
sequencing on pools of wild-type and homozygous mutant larvae
at 72 hpf, but did not find any quantitative differences in these
markers (supplemental Table 4). Next, we crossed the 710 mutants
into a transgenic line in which the endothelium was labeled with
mCherry [Tg(flk] :mCherry/NTR)]. Embryos from an incross of f10™~;
Tg(flkl:mCherry/NTR) fish were evaluated from 24 through 96 hpf. No

aberrant sprouting or failure to sprout was observed at 24 hpf, and no
signs of abnormal vasculature formation were observed. We measured
the intersegmental vessel length from the PCV to the dorsal
longitudinal anastomotic vessel and observed no significant differences
in homozygous mutants (supplemental Figure 3). Genotyping was
performed after phenotypic observation and confirmed the presence of
all 3 expected genotypes.

Dysregulated apoptosis has been shown to cause loss of vascular
integrity,® and F10 has been implicated in apoptosis through PAR-1
signaling.>® To detect apoptotic cells, we stained larvae with acridine
or probed with an antibody to caspase 3,>> and this was
followed by blinded phenotypic observation and subsequent genotyp-
ing. We did not observe any differences in /0~ mutants versus their
siblings (supplemental Figure 4), suggesting that deficiency of F10
does not affect cellular apoptosis.

Loss of F10 results in early induced hemostatic defects in
larval zebrafish

The low frequency of visible hemorrhage in larvae was surprising,
especially considering the severe phenotypes observed in 70 knock-
out mouse embryos and neonates. To address whether F10 plays a
role in early zebrafish hemostasis, we evaluated the time to occlusion
by using an induced model of venous thrombosis in the PCV of
3 dpf larvae (Figure 5A). We found that occlusion was absent in

20z aunr g0 uo jsenb Aq Jpd'90259.P00Iq/0LEYOY L/999/G/0E | /Pd-Blo1E/pO0|qABU"SUOlEDlgndyse//:dly woly papeojumoq



672 HUetal

O Control O + e-aminocaproic acid
ns ns ns
| — | r 1 r 1
1204 O (o] o] [e]e) 000 G G
) o_O
=5 ° o
s oo
@ 60
E
= o
(o] e} o
l o [©) oo o
O
w & 8 ° oo
o
0

flot*  flo**  fio*  flo*-  fio”  flo07”
(n=10) (n=47) (n=30) (n=83) (n=15) (n=39)

Figure 6. Treatment with e-aminocaproic acid does not reverse the hemostatic
defect in f10 mutants. Offspring from f10™~ incrosses were treated with &-amino-
caproic acid at 24 hpf and tested for the ability to form a clot in the PCV in response to
laser-mediated endothelial injury at 3 dpf, after which genotyping was performed.
There was a slight increase in the percentage of occlusion in treated 10~/ larvae
(12.8% vs 6.7% in controls). However, this increase was not statistically significant
and likely represents background thrombus formation occasionally observed in
homozygous mutants. Horizontal bars represent the median time to occlusion. ns, not
significant; sec, second.

10~ larvae when compared with their f70™* and 10~ siblings,
the vast majority of which formed occlusive thrombi (P < .0001;
Figure 5B). To confirm that this was specific to loss of F10 rather than
off-target mutations due to genome editing, we injected a ubiquitin (ubi)
promoter—regulated wild-type f10 cDNA expression construct into
1-cell stage offspring from f10""~ incrosses, and evaluated the time to
occlusion in larvae at 3 dpf. Our results showed that 72% of injected
10~ larvae displayed statistically significant rescue of the ability
to form an occlusive thrombus (P = .0001, Mann-Whitney U test;
Figure 5C).

Pro- and anticoagulant compounds have no effect on the 10/~
larval hemostatic defect

Given the unexpected survival of homozygous mutant fish into
adulthood, we hypothesized that there could be alternative pathways for
residual thrombin generation and fibrin formation. We therefore
evaluated the ability of the fibrinolysis inhibitor, e-aminocaproic acid,
to reverse the lack of induced venous occlusion in /707~ larvae. We
have previously shown that e-aminocaproic acid reverses the lack of
occlusion observed in fibrinogen-deficient a3 mutants.> We incubated
f10™~ incross offspring in e-aminocaproic acid beginning at 24 hpf
and evaluated the time to PCV occlusion at 3 dpf. Our data reveal that
although treatment with e-aminocaproic acid did increase the number
ofﬂO*/* larvae with a normal occlusion time (12.8% vs 6.7% in
controls), this result was not statistically significant (Figure 6). There
were also no differences in time to occlusion for treated and untreated
F10" and f10* siblings (Figure 6). We have previously shown
that warfarin inhibits laser-mediated occlusion in the PCV,?* although
the incidence of overt bleeding is minimal. Given the low frequency of
spontaneous hemorrhage observed in f70™ larvae, we speculated
that maternally derived F10 might play a role in early mutant embryos
and larvae. We treated 1 dpf embryos with warfarin and observed them
for evidence of hemorrhage by o-dianisidine staining at 7 dpf and
then performed genotyping. Our data revealed no differences in

BLOOD, 3 AUGUST 2017 * VOLUME 130, NUMBER 5

o-dianisidine staining between f10~~ mutants and 10" or f10™*
siblings (supplemental Figure 5).

Identification of causative variants in human F10 deficiency
through in vivo evaluation in zebrafish f10~~ mutants

As sequencing costs continue to decline, VUS are increasingly being
identified. Although in vitro assays can often discern between functional
and silent mutations, a wide variety of alternative techniques may be
required, depending on the nature of the mutation, as has been shown
with BRCA2.3* As a proof of concept, we tested 2 known F10 mutations
in the catalytic domain associated with F10 deficiency, G262D and
C390F (Figure 7A), sites that are conserved across multiple vertebrate
species (Figure 7B). To assess their ability to rescue the lack of
thrombotic occlusion in f70™" larvae, we engineered these variants into
the orthologous positions in the zebrafish f70 cDNA expression vector.
The resulting mutant plasmids (supplemental Table 2) were injected into
1-cell stage zebrafish embryos from f70™~ incrosses, and then laser-
mediated endothelial ablation of the PCV was performed at 3 dpf.
No significant rescue was demonstrated, indicating the requirement
for function of these residues across species and conservation of the
mutant phenotype.

We sequenced F10 in 5 patients with F10 deficiency and identified
novel mutations not previously associated with this disorder. These
variants are located in various domains of human F10, including the Gla
(R68C), activation peptide (G173W, AT176_Q186), and catalytic
domains (I323M, Q416L) (Figure 7A; supplemental Table 5). The
affected positions are conserved across mammalian, avian, and aquatic
species (except for the AT176_Q186 deletion; Figure 7A) and were
engineered into the zebrafish f10 expression vector (supplemental
Table 2), after which injection and laser-mediated endothelial
injury was performed as described above. Our data show that
catalytic domain variants (I323M and Q416L) revealed a trend
toward rescue (29% and 36%, respectively), although the results were
not statistically significant (Figure 7C). The variants in the Gla domain
and activation peptide failed to show any signs of statistically
significant rescue of the hemostatic defect (Figure 7C).

Discussion

In this article, we report targeted mutagenesis of zebrafish 70 by using
genome-editing TALENS. Based on observations in mice, we expected
spontaneous fatal hemorrhage during the embryonic/larval period.
Indeed, appropriate hemostatic responses were absent following
endothelial injury at 3 dpf. A very low percentage of f10™" larvae at
that stage exhibited hemorrhage, but it was at a background level
consistent with our wild-type colony. To our surprise, f/0"~ mutants
are able to tolerate what should be a severe insult and do not exhibit
significant overt bleeding symptoms until 3 to 4 weeks of age, and
the majority survive for several months. The visible hemorrhage
that eventually ensues predominantly manifests at intracranial and,
to a lesser extent, intra-abdominal and intramuscular sites, similar
to symptoms observed in humans with severe F10 deficiency.*’
These phenotypes are the presumed cause of lethality, occurring
by 4 months of age, with a steep drop at 1 to 2 months of age. This
stark reduction correlates with the onset of visible hemorrhage as
well as the transition to adulthood and sexual maturity. This time
period includes an increase in aggressive behaviors, which could
be responsible for the accelerated loss of homozygous mutants.
Knockout mice demonstrate a bimodal phenotype, and approximately
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Figure 7. In vivo functional evaluation identifies
causative variants for human F10 deficiency. (A) A

Schematic diagram of the human F10 domain structure R68C
|
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and position of known and suspected F10 variants
associated with bleeding. (B) Multiple sequence alignment
of peptides containing human F10 variants shows conser-
vation across vertebrate species. Protein sequences are
from human (Homo; NP_000495.1), mouse (Mus; B R68C
NP_001229297.1), chicken (Gallus; NP_990353.1), and |

zebrafish (Danio; NP_958870.2). The altered residues
are marked by arrows. (C) Human F10 variants were
engineered into the orthologous positions of the zebra-
fish f10 cDNA and placed under the control of the ubi
promoter. The expression vectors were injected into the
cytoplasm of 1-cell-stage offspring from 10"~ incrosses.
The endothelium of the PCV was injured by laser ablation at C
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one-third of homozygous mutant embryos are lost between days 9.5
and 12.5 in utero, with the remainder succumbing to hemorrhage
within 3 weeks postnatally.'> The lack of early onset hemorrhage in
our f10 homozygotes might have suggested that the coagulation
cascade did not evolve to be active during embryonic/larval devel-
opment. However, we and others have shown that this is not the case
(see Vo etal,>! Liu et al*2, Jagadeeswaran et al,®” and this article). One
limitation to the use of zebrafish for modeling human developmen-
tal biology is the absence of a placenta. There is a large body of work
demonstrating that the coagulation cascade regulates placental de-
velopment through protease-activated receptors rather than fibrin
formation,”>*® which could explain the embryonic lethality observed in
F10 knockout mice.

This is the second example of unexpected long-term survival of
a coagulation factor knockout in fish when compared with its mam-
malian counterpart. We have previously shown that targeted disrup-
tion of zebrafish ar3 results in survival up to 6 months of age,*
despite the fact that complete loss is embryonic lethal in mice'* and
has never been described in humans.'® There are several potential
explanations for this discrepancy. Our data demonstrate maternal
contribution to early embryonic expression of f710, which might

provide some protection during development, but is unlikely to
account for the observed long-term survival. Another possibility is
blood pressure, because ventricular and aortic pressures range from
0.1 to 0.5 mm Hg in larvae and from 0.1 to 2.5 mm Hg in adults.>’-5®
In mice, embryonic ventricular pressures are up to 10-fold higher®
than fish larvae, and adults exhibit pressures similar to humans.
Furthermore, mouse lethality is often in the neonatal period and
could be secondary to birth trauma. Alternatively, we speculate that
protective species-specific coagulation factors may exist in fish.
Teleost fish underwent whole-genome duplication after divergence
from mammals ~320 to 350 million years ago,*® although the majority
of coagulation factors have remained single-copy genes.®"*> Neo-
functionalization and subfunctionalization of related coagulation
factors may have occurred, and elucidation of potential alternative
hemostatic pathways could suggest novel therapeutic biologics or drug
targets in humans.

Disruption of zebrafish fga has been reported with 40% to 100%
survival of homozygous mutants at 4 to 5 months of age,*® concordant
with mouse knockout data that show variable adult survival.®*
Taken together, the phenotypes of coagulation factor knockouts show
similarities between mammals and fish, with loss of fibrinogen better
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tolerated than disruption of factors within and regulating the common
pathway and thrombin generation (ie, az3 and f10). This is consistent
with data that thrombin has a multitude of effects beyond conversion
of fibrinogen to fibrin.%>%® Previous studies of coagulation factor cross-
regulation have primarily focused on protein-protein interactions. We
have found that loss of F10 results in upregulation of fga and at3
mRNA expression, although alterations in protein levels or activity
have not been confirmed. This finding suggests the possibility of
underlying mechanisms that sense either the level of coagulation
cascade activity (thrombin activity or fibrin production) or individual
factorlevels. Itis conceivable that such interactions are what contribute
to the greater severity seen in the loss of common pathway factors
versus fibrinogen.

The phenotypes observed in mouse knockouts of common
pathway factors has led to the hypothesis that thrombin signaling is
required for vascular development during embryogenesis.'' "'
F10 knockout mice did not exhibit clear vascular defects, although
there was hemorrhaging and rapid embryo resorption that might
have prevented visualization of vessel anomalies.'*' It has been
previously shown that pathways regulating vascular development
are highly conserved across vertebrate species.?*>° Multiple vas-
cular mutants have been described in zebrafish with intracranial
hemorrhage as a primary phenotype secondary to various mech-
anisms, including defects in vascular development, patterning,
integrity, and remodeling.>’"** Our analysis did not reveal any such
vascular phenotypes, suggesting that the consequences of F10 loss
are solely defects in hemostasis. This implies that thrombin gen-
eration is not a key player in zebrafish vasculogenesis or operates
through non-F10-dependent pathways. Alternatively, paralogous
coagulation factors may have neofunctionalized and assumed new
roles in zebrafish vasculogenesis.

Rapid improvements in sequencing technologies continue to
spawn new and broader applications to basic, translational, and
clinical research.®” One of the major remaining challenges is the
interpretation of VUS. For a number of coagulation factor
substitutions, in vitro assays miscall functional versus silent
mutations (eg, von Willebrand factor®®%%). As has been shown
for BRCA2,>* the availability of alternative methods can aid in
clarifying such variants. We have previously used transient
transgenesis in mutant zebrafish larvae as an in vivo assay for
examination of established human hemostatic variants.>* In this
study, we take this a step further and evaluate previously unconfirmed
candidate mutations in multiple domains from symptomatic patients
with F10 deficiency. The patient phenotypes range from minor to
major bleeding, with factor activities from <1% to 5%. Five novel
and 2 established substitutions or deletions are unable to rescue the
10~ hemostatic defect, thus confirming their pathogenicity. This
platform will add to our armamentarium for coagulation factor analy-
sis and has the advantage of not being susceptible to in vitro testing
artifacts. However, it is important to note that despite the high degree
of conservation across vertebrates, there is the possibility that
species-specific protein-protein interactions have developed that will
limit this approach.

In conclusion, our findings that deficiency of F10 leads to loss of
coagulation with massive hemorrhage yet paradoxical embryonic/
larval survival provide a powerful alternative to studies in mammals.
Opverall, our data align with the results of gene targeting in mice and
observations in patients. However, the extended survival and external
nature of zebrafish embryonic/larval development has already allowed
further mechanistic investigation, including data suggesting that
thrombin signaling does not regulate vascular development. This
model could lead to the development of novel therapeutics through

BLOOD, 3 AUGUST 2017 * VOLUME 130, NUMBER 5

genetic and small-molecule screening’® and is a powerful system for the
in vivo functional evaluation of human VUS.
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