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Tissue factor (TF) is the primary initiator of blood coagulation in vivo and the only blood coagulation factor for which a human
genetic defect has not been described. As there are no routine clinical assays that capture the contribution of endogenous

TF to coagulation initiation, the extent to which reduced TF activity contributes to unexplained bleeding is unknown. Using
whole genome sequencing, we identified a heterozygous frameshift variant (p.Ser117HisfsTer10) in F3, the gene encoding

TF, causing premature termination of TF (TFshort) in a woman with unexplained bleeding. Routine hematological laboratory
evaluation of the proposita was normal. CRISPR-edited human induced pluripotent stem cells recapitulating the variant were
differentiated into vascular smooth muscle and endothelial cells that demonstrated haploinsufficiency of TF. The variant F3
transcript is eliminated by nonsense-mediated decay. Neither overexpression nor addition of exogenous recombinant TFshort
inhibited factor Xa or thrombin generation, excluding a dominant-negative mechanism. F3*- mice provide an animal model of
TF haploinsufficiency and exhibited prolonged bleeding times, impaired thrombus formation, and reduced survival following
major injury. Heterozygous TF deficiency is present in at least 1in 25,000 individuals and could limit coagulation initiation in

5302

Introduction

Tissue factor (TF) is an integral membrane protein of the cyto-
kine receptor superfamily that binds factor VII/VIIa to catalyze
proteolytic activation of factors IX and X to trigger the blood
coagulation cascade (1-8). TF is constitutively expressed in a
hemostatic envelope that surrounds the vessel wall to ensure
rapid hemostasis if injury compromises the spatial separation
between vessel wall TF and plasma (9). Conversely, aberrant
intravascular TF procoagulant cofactor activity contributes
to the pathophysiology of myocardial infarction (10), venous
thromboembolism (11), cancer-associated thrombosis (12), and
sickle cell disease (13). TF is the primary initiator of blood coag-
ulation in humans (14) and remains the only blood coagulation
factor for which a human deficiency has not been described
(15). As there are no routine clinical assays that capture the con-
tribution of endogenous cellular TF to coagulation initiation,
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undiagnosed individuals with abnormal bleeding but a normal routine laboratory evaluation.

the extent to which reduced TF contributes to unexplained
bleeding is unknown.

TF is encoded by the gene F3 with the major splice variant span-
ning 6 exons. The translated protein comprises an N-terminal sig-
nal sequence, 2 extracellular fibronectin type III domains, a single
transmembrane helix, and a short cytoplasmic tail. The extracellular
domains of TF create an elongated surface for the binding of factor
VII/VIla (6), an interaction that allosterically enhances catalysis of
the factor VIIa serine protease domain by more than 10° for its sub-
strate factor X (16). Because factors VIIa, IX, and X all require calcium
ions to enable binding to membrane surfaces, the anchoring of TF
to the lipid bilayer is critical for TF procoagulant activity (17, 18).

TF is essential for embryonic development and hemosta-
sis (19-21). F37/~ mice experienced embryonic lethality by E10.5
in most genetic backgrounds, with hemorrhage and a defect in
vitelline vascular integrity. F3*/~ animals exhibit no spontaneous
bleeding (19-21) but have only undergone limited evaluation fol-
lowing hemostatic challenge (20, 21). A murine chemical muta-
genesis screen demonstrated that heterozygous F3 null alleles can
suppress a lethal thrombotic phenotype in mice homozygous for
factor V Leiden and haploinsufficient for tissue factor pathway
inhibitor (TFPI), the major negative regulator of TF (22). This sup-
pressive effect was confirmed using F3*~ mice (22), highlighting
that even a 50% reduction in TF can lead to a survival phenotype
in vivo. F37" mice can be rescued with a transgene expressing
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Table 1. Summary of the proband’s clinical laboratory evaluation

Test Result Reference range
PT 104s 94-125s
PTT 29.7s 25.1-36.55
Fibrinogen 253¢g/L 2.00-393¢g/L
Factor VIl activity 75.6% 70%-130%
Factor VIIl activity 63.8% 50%-150%
Factor IX activity 88.1% 70%-130%
Factor X activity 76.5% 70%-130%
VWF:Ag 57%, 64%" 50%-150%
VWF:RCo 57%, 70%"* 50%-150%
Platelet aggregation Normal (all agonists) Normal
Platelet count 280 (x 10°/L) 150-450 (x 10°/L)
Platelet ATP secretion 4.1 pmol/L >1.5 umol/L
PFA-100 collagen/epinephrine 106s 94-193 s
PFA-100 collagen/ADP 86s 71-118 s

ARepeat measurement on an independent sample. PT, prothrombin time;
PTT, partial thromboplastin time; vWF:Ag, von Willebrand factor antigen;
VWF:RCo, von Willebrand factor ristocetin cofactor activity; ATP, adenosine
triphosphate; ADP, adenosine diphosphate; PFA, platelet function assay.

human TF at low levels (23), but they demonstrate a variety of
spontaneous hemostatic defects including placental, postpartum,
pulmonary, gastrointestinal, intracranial, and intracardiac hemor-
rhage (24-26).

The clinical diagnosis of rare bleeding disorders can be chal-
lenging and is often unsuccessful (27). The introduction of tar-
geted next generation sequencing panels to diagnose disorders
of hemostasis greatly reduces diagnostic cost and efficiency, but
only 3.2% of cases will achieve a molecular diagnosis when stan-
dard laboratory evaluation is unrevealing (28). This highlights the
fact that important components of the coagulation system are not
captured by routine clinical laboratory assays, including the con-
tribution of cellular TF. In order to identify unexplained heritable
defects that contribute to human bleeding, we have applied whole
genome sequencing to individuals with undiagnosed clinical
bleeding as part of the NIHR BioResource Rare Diseases study for
the 100,000 Genomes Project (29).

We have identified a heterozygous frameshift variant in F3
resulting in premature truncation of TF in a woman with mild
unexplained bleeding. Routine hematologic evaluation was nor-
mal. As complete family studies proved impossible, we studied
this TF mutation using protein biochemistry, reverse genet-
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ics, CRISPR/Cas9-engineered induced pluripotent stem cells
(iPSCs), and F3*/- mice. We demonstrated that haploinsufficiency
of TF contributes to impaired initiation of blood coagulation and,
in mice, increased bleeding risk. The data support heterozygous
TF deficiency as a novel modifier of bleeding risk that should be
considered in individuals with undiagnosed bleeding and normal
clinical laboratory evaluation.

Results

Identification of a truncating mutation in F3 associated with a
human bleeding diathesis. To determine the genetic basis for novel
bleeding disorders, WGS has been applied to 973 probands with
unexplained inherited bleeding, thrombotic, or platelet disorders
enrolled in the NIHR BioResource Rare Diseases program (29).
We identified an F3 variant in a subject characterized by unex-
plained bleeding. She is an otherwise healthy female who had
menorrhagia, epistaxis, easy bruising, and bleeding following
a dental extraction. Her mother experienced menorrhagia and
postpartum hemorrhages and her maternal aunt had mild bleed-
ing symptoms, but these individuals could not be evaluated nor
could clinical testing results be obtained. The father is estranged
from the family and his clinical history and medical records could
not be obtained. Clinical laboratory assessment of the proband
was unremarkable (Table 1). WGS revealed a 2 nucleotide dele-
tion in one allele of F3 (c.249delAG), resulting in a heterozygous
frameshift (Figure 1A) and premature termination (p.Ser117Hisf-
sTer10); the other TF allele was normal. Paternal transmission of
the F3c.249delAG variant was observed. The mother and aunt did
not carry this F3 variant and the etiology of their bleeding remains
unknown. This F3 variant was not observed in 141,456 exome or
genome sequences present in the Genome Aggregation Database
(gnomAD) (30). No pathogenic variants were observed in genes
known to cause bleeding in humans (31). If the p.Ser117HisfsTer10
protein were expressed, the predicted truncated form, TFshort,
would, after signal sequence cleavage, include native TF residues
37-116 followed by the frameshifted amino acids. TFshort would
thus lack the second fibronectin type III domain, transmembrane
segment, and cytoplasmic tail (Figure 1B).

Truncated TF does not perturb bleeding via a dominant-negative
mechanism. We determined whether the truncated variant con-
tributes to bleeding by inhibiting the function of the WT allele
(dominant negative) or by inadequate production of functional
TF (haploinsufficiency). The identical 2 base pair deletion was
introduced into a plasmid encoding the extracellular region of
human TF carrying an N-terminal His-Tag (32). TFshort was

Ser117HisfsTer10
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Figure 1. A truncating F3 variant in an individual with unexplained bleeding. (A) Sanger sequencing confirmed a heterozygous 2 base pair deletion on
chromosome 1:95,001,582 GCT>G. A red vertical arrow indicates the start of the deletion, after which competing sequences reflect the frameshift. (B) The
frameshift encodes TF p.Ser117HisfsTer10. A schematic of the TF protein highlights features of the primary structure and domain organization. The muta-
tion at position 117 is indicated by the vertical red arrow. SP, signal peptide; TM, transmembrane segment.
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Figure 2. Truncated TF neither enhances nor inhibits coagulant activity. (A) Purified recombinant TFshort encoding p.Ser117HisfsTer10 visualized by
Coomassie stain migrates as a single band following SDS-PAGE. (B) TFshort (30 nM) was evaluated for its influence on the TF/factor Vlla catalyzed
conversion of factor X to factor Xa on the surface of TNF-a stimulated HUVECs, as determined by cleavage of a chromogenic substrate monitoring factor
Xa activity. Controls include treatment with bovine serum albumin (BSA), a TF inhibitory antibody (anti-TF) or its isotype control, or omission of TNF-a

or factor Vlla. A representative kinetic course is shown, with error bars depicting SEM for 3 replicates. (C) Quantification of B across n = 3 independent
experiments; 1-way analysis of variance, ****P < 0.0001. (D) The kinetics of thrombin generation initiated by lipidated TF in the presence of ascending
TFshort concentrations, as indicated. (E) HUVECs were transduced with lentivirus encoding TF, TFshort, or vector control and cells were analyzed for their
ability to support factor Xa generation with or without TNF-a stimulation; n = 4, 1-way analysis of variance, ****P < 0.0001. (F) HUVECs were transduced
as in E and F3 mRNA was analyzed via quantitative PCR; n = 3, 1-way analysis of variance, not significant. (G) As in F, but TF expression was determined by
immunoblot with anti-TF and anti-GAPDH antibodies. (H) As in G, but cells were treated with 100 uM MG-132 or vehicle for 6 hours before analysis; asterisk
highlights the stabilized fragment. See complete unedited blots in the supplemental material.

expressed in E. coli and purified using cobalt affinity chroma-
tography (Figure 2A). We tested recombinant TFshort in a fac-
tor Xa generation assay in which primary human umbilical vein
endothelial cells (HUVECs) provided functional TF on the mem-
brane surface to support the factor VIla-mediated conversion of
recombinant factor X to factor Xa, as determined by cleavage
of a chromogenic substrate. Quiescent HUVECs manifest neg-
ligible TF procoagulant activity, and no additional activity is
conferred with exogenous TFshort at concentrations as high as
30 nM, a 50-fold molar excess over factor VIIa (Figure 2, B and
C). When TF expression is induced on HUVECSs by stimulation
with tumor necrosis factor o (TNF-a), TFshort does not inhibit
factor Xa generation. To further ensure that TFshort does not
functionally interact with an unknown regulator of coagulation
in plasma, recombinant TFshort was evaluated in a contact path-
way-inhibited plasma-based thrombin generation assay initiated
by limiting concentrations of lipidated recombinant TF. Titration
of TFshort to concentrations up to 200 nM did not alter thrombin
generation (Figure 2D).

To exclude an intracellular inhibitory effect on TF presen-
tation (33), HUVECs were transduced with lentiviral particles
expressing TFshort. There was neither augmented nor inhibited
cofactor activity (Figure 2E). While F3 mRNA was induced by 2
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orders of magnitude in TF and TFshort transduced cells (Figure
2F), analysis of the same cells by SDS-PAGE followed by immu-
noblot detected full-length TF but only faintly detected TFshort
(Figure 2G). TFshort accumulated in the presence of the protea-
some inhibitor MG-132 (Figure 2H), indicating that the truncated
form of TF is unstable and rapidly degraded by the proteasome
via the endoplasmic reticulum-associated decay pathway. Taken
together, these data eliminate the possibility that TFshort impairs
coagulation through a dominant-negative mechanism.
Haploinsufficiency of TF impairs coagulation initiation. To
determine whether F3 c.249delAG is a null allele and results
in TF haploinsufficiency, we engineered isogenic human iPSCs
that recapitulate heterozygosity of the truncated F3 variant.
iPSCs were edited using CRISPR/Cas9 nuclease activity guided
by a specific sgRNA in the presence of a single-stranded DNA
oligonucleotide template for homology-directed repair. Iso-
lation of the heterozygous frameshift (HET) rather than the
homozygote (HOM) required a pair of oligonucleotides, with
one introducing synonymous blocking mutations (BLK) to
prevent sgRNA homology and an unintended second round of
genome editing (Figure 3A). Two independent iPSC clones for
BLK, HET, HOM, and WT (WT) were isolated. These iPSC lines
were differentiated into mesoderm using GSK3 inhibition and
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Figure 3. iPSCs heterozygous for the truncating F3 allele differentiated into vascular cells exhibit haploinsufficiency of coagulation initiation. (A)
CRISPR was used to engineer iPSCs heterozygous (HET) or homozygous (HOM) for the patient’s deletion (red). Synonymous blocking mutations (yellow)
prevented editing of the second allele. WT (WT) and blocking mutant (BLK) iPSC lines provided additional controls. Edited bases (red boxes) and the
site of gRNA homology (gray) are highlighted. (B) Representative fluorescence activated cell sorting plots demonstrating differentiation of WT iPSCs
(left) into VSMCs (middle) and ECs (right) by staining for CD140b (upper panel) and CD144 (lower panel). (C) Validation of endothelial cell differentiation
by indirect immunofluorescence staining for PECAM1 and von Willebrand factor (VWF); VSMC differentiation was validated using myosin Ilb, smooth
muscle actin (SMA), and smooth muscle protein 22-a. (SM22a). Nuclei are stained with Hoechst. Scale bars: 100 um. (D) Engineered iPSCs differentiated
into ECs were evaluated for their ability to support the factor Vlla catalyzed conversion of factor X to factor Xa (FXa), as determined by cleavage of a
chromogenic substrate. A representative kinetic course reflects mean + SEM for 3 replicates. (E) Quantification of D; n = 3 independent experiments

for 2 independently isolated iPSC clones differentiated into ECs (n = 2 for a single clone), 1-way analysis of variance. (F) iPSC clones differentiated into
VSMCs were tested for FXa generation as in D and E, n = 4. (G) TF expression in differentiated VSMCs was determined by immunoblot with anti-TF and
anti-GAPDH antibodies. See complete unedited blots in the supplemental material. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

BMP4 treatment, followed by directed commitment to vascular
smooth muscle cells (VSMCs) using PDGF-BB and activin A, or
toward endothelial cells (ECs) by treatment with VEGF A and
forskolin (34). Each lineage was confirmed by flow cytometry
to detect expression of CD144 and CD140b. Whereas iPSCs do
not express either CD144 or CD140b, progenitors differentiated
into VSMCs were more than 90% positive for CD140b (Figure
3B). After directed differentiation into ECs, only about 75% of
cells were CD144 positive (Figure 3B), so these cells were sorted
using flow cytometry to isolate CD144-positive cells. The
immunophenotype of ECs was validated by indirect immuno-
fluorescence staining for von Willebrand factor and PECAM1
(Figure 3C). VSMCs were substantiated by indirect immunoflu-
orescence staining for a-smooth muscle actin, myosin IIb, and
smooth muscle protein 22-a (Figure 3C).

Live cell monolayers of differentiated ECs and VSMCs were
then tested for their ability to support TF-dependent factor Xa
generation. When endothelial cells were tested, the heterozy-
gous F3 variant yielded approximately 50% of the activity of
WT, consistent with a haploinsufficiency mechanism (Figure 3,
D and E). The homozygous clones expressed negligible coagu-
lant activity, while the BLK was comparable to WT. VSMCs were

similarly analyzed and also supported a mechanism of TF haplo-
insufficiency (Figure 3F) without apparent TFshort expression by
immunoblot (Figure 3G).

F3 ¢.249delAG is a null allele degraded by nonsense-mediated
decay. The F3 ¢.249delAG allele introduces a premature stop
codon in the third of 6 exons that contribute to the canonical F3
transcript (Figure 4A). We hypothesized that the presence of this
premature stop codon before the final exon junction might target
the transcript for degradation via the nonsense-mediated mRNA
decay pathway. Because protein translation is required for the cell
to recognize a premature termination codon, cells were treated
with the ribosomal inhibitor cycloheximide to test whether the
variant mRNA transcript could be rescued from degradation.
We compared differentiated iPSCs that were homozygous for or
lacked a single premature termination codon in F3. Cyclohexim-
ide treatment of both homozygous EC clones resulted in a 13-fold
increase in the F3 mRNA level, whereas no significant increase
was observed in control cells (Figure 4B). When VSMCs were test-
ed, cycloheximide increased F3 transcript levels more than 100-
fold (Figure 4C). These findings indicate that inhibition of protein
translation suppresses nonsense-mediated decay of the prema-
turely terminated transcript and that F3 c.249delAG is anull allele.
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Figure 4. Premature termination renders the TFshort mRNA a substrate for non-
sense-mediated decay. (A) Organization of the exons contributing to the canonical F3
transcript highlights the site of premature termination (Ter). Splicing schematic gener-
ated using Ensembl (47). (B and C) F3 mRNA expression was evaluated by quantitative
PCR in ECs (B, n = 4) and VSMCs (C, n = 3) derived from each BLK or HOM clone fol-
lowing 3 hours treatment with 100 puM cycloheximide (CHX) or vehicle. Relative mRNA
expression for F3 (CHX vs. vehicle treatment) is presented as mean + SEM. Unpaired t

test. *P < 0.05, **P < 0.01.

Prolonged bleeding and impaired survival following major
injury in F3*~ mice replicating heterozygous TF deficiency. In the
absence of critical participation by this extended family to allow
investigation of their medical history and to perform appropri-
ate clinical laboratory measurements, we developed a mouse
model with a parallel defect in TF. Our data provide a mecha-
nism for how the inheritance of a single F3 null allele impairs
initiation of blood coagulation, so we used F3*/~mice to directly
demonstrate the consequences of heterozygous TF deficiency
on hemostasis in vivo. Primary ear fibroblasts derived from F3*/
mice expressed half the TF cofactor activity of WT littermates
in a factor Xa generation assay (Figure 5, A and B), indicating
that the model recapitulates haploinsufficiency of F3 observed
in humans heterozygous for the F3 c.249delAG allele. To eval-
uate the consequence of TF haploinsufficiency on hemostasis
in vivo, we challenged a cohort of 8- to 10-week-old F3*/~ and
F3*/* littermate control mice to an aggressive tail amputation
bleeding model characterized by transection of the tail at 2 mm
diameter. The bleeding times were prolonged in F3*/~ as com-
pared with F3*/* animals (Figure 5C), with many animals failing
to achieve hemostasis. Five of 14 F3*/~ mice died of exsanguina-
tion before observation time concluded at 30 minutes, whereas
no F3*/* mice died, resulting in an overall survival advantage for
WT animals following tail transection (Figure 5D).

Impaired thrombus formation following vascular injury in F3*/-
mice. To directly observe the impact of a TF null allele in vivo,
we used intravital microscopy to image the response to vessel
wall injury in F3*/~ and F3*/* littermate control mice. The median
kinetics of platelet accumulation (Figure 6A) and fibrin generation
(Figure 6B) were visualized in live mice using anti-CD42b- and
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anti-fibrin-specific antibodies, respectively. Because
our prior experiments demonstrated that haploin-
sufficiency of F3 caused prolonged bleeding follow-
ing major injury, our analysis accounts for injury size
(Figure 6C) (35). The kinetics of thrombus formation
diverge when the large injuries for each genotype are
compared. These differences in platelet accumulation
and fibrin generation are statistically significant when
the areas under the curve for each injury are compared
(Figure 6, D and F), but no difference was observed for
smaller injuries (Figure 6, E and G).

Population level analysis of F3 null alleles. We exam-
ined 141,456 aggregated exome or whole genome
sequences present in gnomAD (30) to estimate the
incidence of previously undiagnosed heterozygous
TF deficiency in the general human population. While
the F3 c.249delAG allele was unique, we identified 4
additional F3 null alleles (one allele was observed in
2 individuals) with a combined allele frequency of
2 x 107 (Table 2). The combined allele frequency of
these high confidence null alleles is 2 x 10°°, meaning
that the frequency of any individual in the population
inheriting one such allele is 4 x 10°°. Heterozygous TF
deficiency is thus present in at least 1 in every 25,000
persons. gnomAD constraint metrics also help to
estimate the extent to which loss of F3 is tolerated in
humans, indicating an observed (5)/expected (13.1)
ratio of predicted loss-of-function single nucleotide variants
of 0.38 (90% confidence interval: 0.2-0.8) and a probability of
being loss-of-function intolerant (pLI) of 0.02 (30). These data
demonstrate that heterozygous TF deficiency is not exceedingly
rare and can be tolerated in humans.

Discussion

TF is the primary initiator of blood coagulation in vivo and the
only major blood coagulation factor in which a human genetic
defect has never previously been described. Here, we applied
whole genome sequencing to assist in the diagnosis of an unex-
plained bleeding disorder in a patient with a normal clinical lab-
oratory evaluation. We found a heterozygous null mutation in F3
characterized by a 2 base pair deletion that resulted in a premature
nonsense codon, accelerated F3 mRNA degradation, and, when
translated, an unstable truncated TF fragment. An analysis of null
mutations in F3 exons from 141,456 human genomes or exomes
indicates that, while the variant observed in this kindred is unique,
4 similar F3 null alleles were observed. Indeed, heterozygous TF
deficiency is tolerated in humans but remains undiagnosed and
exists in at least 1in 25,000 individuals.

Although WGS of the proposita did not identify a pathogenic
variant in known genes that cause bleeding in humans (36), it is
probable that she carries unidentified variants that modify the
penetrance of this F3 null allele. The discovery that the F3 null
allele was inherited paternally supports the possibility that bleed-
ing in association with heterozygous TF deficiency has incom-
plete penetrance that is modified by the genetic background and
unmasked by variable hemostatic challenge. The clinical history
of the proposita’s father is not available, so he may or may not have
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F3'/* progeny result at a 2:1 ratio in most genetic
backgrounds without an overt phenotype, but no

* F37/- pups were observed. This is consistent with

the requirement for at least low levels of TF expres-
sion (19-21). F37/~ mice rescued with a low express-
ing human F3 transgene demonstrate cardiac,
= pulmonary, and other hemorrhagic pathologies
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not seen in unchallenged F3*/~ animals (24-26).
Our biochemical and differentiated iPSC experi-
ments demonstrate that the F3 ¢.249delAG variant
identified in the proposita is a true null allele, indi-
cating that haploinsufficiency of TF is compatible
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Figure 5. Impaired coagulation initiation and hemostasis in F3*/- mice replicating heterozy-
gous TF deficiency. Primary ear fibroblasts were cultured from F3*/- and F3*/* littermate
controls and assayed for their ability to support the factor Vlla-mediated conversion of
factor X to factor Xa, as determined using a chromogenic factor Xa substrate that absorbs at
405 nm. A negative control omits factor Vlla (-VIla). (A) Representative kinetic course plots
the mean + SEM of 3 replicates. (B) Factor Xa generation (nM/min) across n = 5 independent
experiments was quantified; 1-way analysis of variance. (C) Eight- to 10-week-old F3*/- and
F3*/* littermate controls were evaluated in an aggressive tail amputation model and time to
initial cessation of bleeding was recorded over 30 minutes of observation for n > 14 mice of
each genotype. Unpaired t test. (D) Kaplan-Meier cumulative survival of mice in C following

tail transection. Log rank test. *P < 0.05.

experienced abnormal bleeding. However, a history of bleeding
on the maternal side suggests a polygenic inheritance pattern with
additional maternal variants modifying the bleeding phenotype.
Though one could hypothesize, a priori, that bleeding in the prop-
osita is unrelated to the truncating variant in F3, our data using
CRISPR-edited iPSCs and multiple mouse models highlight the
significance of heterozygous TF deficiency independent of the
genetic background.

Because relatives of the proposita were unavailable for eval-
uation, isogenic human iPSC lines and backcrossed mice were
used to deconvolute the variant from genetic background. The
penetrance of complete F3 deficiency (F37°) in mice is dependent
upon genetic background. Whereas nearly all F37/- embryos are
dead by E10.5 and none survive gestation in the 129/Sv] x 129/
SvEv background, 14% of the expected number of F37- embryos
survived gestation in the 129/Sv] x C57BL/6 background and 2%
even survived 1 to 2 days postpartum (37). An ENU (N-ethyl-N-
nitrosourea) mutagenesis screen in mice found that a mutation
mapping to F3 could suppress lethal thrombosis in mice homozy-
gous for factor V Leiden and heterozygous for TFPI deficiency, a
survival phenotype that could be replicated using F3*/~ mice (22).
It is probable that F3 null and other hypomorphic alleles modify
thrombotic as well as bleeding risk in diverse genetic backgrounds
across human populations.

Studies in mice and humans suggest that heterozygous TF
deficiency can be tolerated. When F3*/~mice are crossed, F3*/-and

20 30
Time (min)

data generalizes this conclusion. Our examination
of 141,456 human genome or exome sequences
present in gnomAD identified 4 additional unique
F3 null alleles (one was observed twice) with a
combined allele frequency of 2 x 10°. The accu-
racy of these estimates will be enhanced as addi-
tional genomes become available, but predict that
heterozygous TF deficiency has an incidence of
at least 1 in 25,000 individuals, comparable to
the incidence of hemophilia B. These figures are
a lower limit because they neglect other classes
of predicted null alleles, including those due to
impaired F3 splicing and nonsynonymous SNPs
predicted to be hypomorphic. The probability of
having a loss-of-function intolerant score (0.02) together with
the observed/expected (0.38) metric, calculated in gnomAD,
suggests that although heterozygous TF deficiency may be
under weak negative selection, it is viable, consistent with an
otherwise healthy adult carrying the F3 p.Ser117HisfsTer10 null
allele (30). A human carrying 2 F3 null alleles has never been
observed (30, 38).

F3*/~ mice lack a spontaneous bleeding phenotype (19-21), but
our studies of mice replicating haploinsufficiency of TF demon-
strate prolonged bleeding and impaired thrombus formation after
substantial injury. Caged mice rarely demonstrate spontaneous
bleeding in general and especially mucosal bleeding, and that the
F3*~ mice don’t exhibit uterine bleeding may be related to phys-
iological differences, as female mice experience an estrous rath-
er than menstrual cycle. Bleeding in F3*/~ as compared with F3*/*
animals has previously been observed following tail biopsy (21) and
nail bed injury (20). While no difference was apparent, these data
were not presented in either study and it is unclear whether these
experiments were powered with sufficient animals to distinguish
morenuanced phenotypes, particularly given the inherent variability
of bleeding assays. Nevertheless, these findings are consistent with
our own experience that heterozygous TF deficiency is unmasked
in an injury-dependent context. We observed prolonged time to
bleeding cessation and inferior overall survival in F3*-mice as com-
pared with WT after tail amputation. This is a more severe injury
than the routine tail bleeding assays generally used, and it suggests
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Figure 6. Impaired coagulation initiation and thrombus formation in F3*- mice replicating heterozygous TF deficiency. Thrombus formation was monitored
for 180 seconds following laser-induced vessel wall injury in F3*/~ and F3*/+ littermate control male mice. Platelet and fibrin accumulation were detected

using anti-CD42b or anti-fibrin antibody conjugated to Dylight 488 and 647, respectively. Median integrated fluorescence over time in arbitrary units (AU) was
determined for platelet (A) and fibrin (B) accumulation as stratified by injury size (C). The median area under the curve (AUC) was determined for larger injuries
(n =13) (D, platelets; F, fibrin) or smaller injuries (n = 15) (E, platelets; G, fibrin) than median (90 um). Wilcoxon rank sum test. *P < 0.05.

that full TF activity is necessary to protect against traumatic selec-
tive pressures such as catastrophic bleeding. Similarly, we observed
via intravital microscopy that injury size determines the extent to
which heterozygous TF deficiency influences platelet accumula-
tion and fibrin deposition following vascular injury. Larger injuries
may result in enhanced exposure of TF and could account for the
greater impairment to thrombus formation observed following
large as opposed to small vessel injury in F3*/~ animals (39).

We have demonstrated a novel hereditary defect in the F3 gene
and how 1 deleterious F3 allele can contribute to bleeding. Routine
clinical laboratory evaluations are not sensitive to the effect of endog-
enous TF on coagulationinitiation, so patients with a bleeding pheno-
type will not be diagnosed with abnormalities of TF. Identification of
an expanded cohort of individuals with heterozygous TF deficiency
will further clarify the natural history of these variants in humans
and establish diverse mechanisms that can lead to heterozygous TF
deficiency. Our findings demonstrate that haploinsufficiency of TF
is a modifier of coagulation initiation not captured by routine clini-
cal laboratory testing that should be considered in individuals with
undiagnosed bleeding disorders. A simple genetic test for the integ-
rity of F3 may prove effective in identifying bleeding risk.

Methods
Cell culture. HUVECs (Lonza) were maintained for up to 5 passages
in complete EGM-2 Endothelial Cell Growth Medium (Lonza) on
gelatin-coated culture flasks. HEK293T cells (ATCC) were cultured
in DMEM (Life Technologies) supplemented with 10% fetal bovine
serum (HyClone). Cells were passaged using trypsin EDTA (0.05%,
Thermo Fisher Scientific). Cells were cultured at 37°C and 5% carbon
dioxide. iPSC methods are detailed below (see “iPSC culture” and
“Differentiation of iPSCs”).

Factor Xa and thrombin generation assays. Equal cell numbers were
seeded in 96-well (20,000 HUVECS, 2500 differentiated VSMCs) or
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384-well (3000 differentiated ECs) plate format and cultured in the
appropriate medium (see “Cell culture”). Where indicated, endothe-
lial cells were stimulated with tumor necrosis factor-a (TNF-o; 10 ng/
mL; Calbiochem) for 3.5 hours at 37°C. Cells were washed with HBS-
BSA (20 mM HEPES, pH 7.4, 150 mM NaCl, 5 mM KCl, 5 mM CaCl, 1
mg/mL bovine serum albumin) that was then replaced with HBS-BSA
containing factor VIIa (0.3-0.6 nM, Haematologic Technologies),
factor X (125 nM; Haematologic Technologies), and the chromogenic
factor X substrate BIOPHEN CS-11 (22) (150 uM; HYPHEN BioMed).
A SpectraMax spectrophotometer was used to monitor absorbance at
405 nm every minute for 2 hours. Where exogenous TF or TF inhibitory
antibody (4509, BioMedica Diagnostics) was evaluated, cells were
washed in HBS-BSA and then incubated in HBS-BSA containing the
protein of interest at the indicated concentration. After 10 minutes,
the reaction was triggered by the addition of factors VIIa, X, and the
Xa substrate. Thrombin generation experiments were performed
using human pooled normal plasma and the Technothrombin TGA
assay (Diapharma). The assay was performed according to the man-
ufacturer’s instruction but was adapted by reducing the amount of
plasma in the assay by 10 uL to enable addition of vehicle or recombi-
nant protein in phosphate buffered saline (PBS) and supplementation
with corn trypsin inhibitor (25 ug/mL, Haematologic Technologies) to
prevent aberrant contact activation.

Protein expression and purification. Site-directed mutagenesis was
used to introduce the 2 base pair deletion encoding Ser117HisfsTer10
into the pTRCHISC plasmid encoding the soluble TF ectodomain
(amino acids 1-218) fused with an N-terminal His-tag (32). Mutagen-
esis was performed using oligonucleotide 5'-cagggaatgtggagcaccggttct-
getg-3" and its reverse complement. Mutant TF was expressed in E. coli
after induction with 1 mM isopropyl B-D-1-thiogalactopyranoside and
purified from a clarified lysate by cobalt affinity chromatography.

Lentiviral gene transfer. Site-directed mutagenesis using the
same primer as was previously used to introduce the 2 base pair


https://www.jci.org
https://www.jci.org
https://www.jci.org/130/10

The Journal of Clinical Investigation

RESEARCH ARTICLE

Table 2. Summary of F3 null alleles identified in 141,456 human exome or whole genome sequences

Position Reference Alternate Transcript consequence Protein consequence Annotation Allele count Allele frequency
1:94998730 GT G ¢.506delA p.Asn169ThrfsTer5 frameshift_variant 1 3.98 x10°®
1:95001632 G A ¢301C>T p.GIn101Ter stop_gained 1 398 x10°
1:95001709 CCTCA C €.220_223delTCAG p.Ser74GlufsTer22 frameshift_variant 1 3.98 x10®
1:95005820 G A €.205C>T p.GIn69Ter stop_gained 2 799 x10°®
Cumulative null allele frequency 1.99 x10°°

Data analyzed according to Genome Reference Consortium Build 37 (GRCh37/hg19). Only high-confidence predicted loss-of-function variants resulting in
frameshift or premature termination were included in cumulative null allele frequency calculations. No homozygotes were observed. Human population
genetic data were obtained from the Genome Aggregation Database (gnomAD) (30).

deletion encoding Ser117HisfsTer10 into the lentiviral transfer vec-
tor pLX304 encoding human F3 (clone HsCD00413770, Harvard
PlasmID). 293T cells (ATCC) were cotransfected with the indicated
pLX304 lentiviral transfer vector and packaging vectors (psPAX2,
pMD2.G, REV; Addgene) using Lipofectamine 2000 (Life Technol-
ogies). Beginning after 24 hours, the viral supernatant was collected
every 12 hours and replaced with fresh DMEM supplemented with
10% fetal bovine serum.

Genome engineering of iPSCs. The parent cell line for gene edit-
ing was the diploid 46,XY iPSC line BJFF.6 (Genome Engineering
and iPSC Center [GEiC|, Washington University in St. Louis). Cells
were engineered using a CRISPR/Cas9-based strategy (40) and the
gRNA, 5'-uggagagcaccgguucugcu-3'. Single-stranded oligodeoxy-
nucleotides (ssODNs) were introduced together with the gRNA via
nucleofection (Amaxa) to provide a template for homology-directed
repair (HDR). An ssODN encoding the intended 2 base pair dele-
tion and adjacent synonymous blocking substitutions (indicated by
capital letters) 5'-gaaggatgtgaagcagacgtacttggcacgggtcttctectac-
ccggeagggaatgtggaATaccggttetgetggggagectetgtatgagaacteecca-
gagttcacaccttacctggagagtaagtgg-3' as well as an ssODN encoding
only the silent blocking variant 5'- gaaggatgtgaagcagacgtacttggcac-
gggtcttetectacccggeagggaatgtggaAagTaccggttctgetggggagectctg-
tatgagaactccccagagttcacaccttacctggagagtaagtg-3' were required to
prevent editing of the second F3 allele and enable selection of het-
erozygous clones. Single-cell clones were isolated, expanded, and
analyzed by next generation sequencing, as previously described
(41). Two independent iPSC clones reflecting the WT, HET, HOM,
and BLK genotypes were validated and used for subsequent differ-
entiation and phenotyping. All clones tested free of mycoplasma
contamination using MycoAlert (Lonza).

iPSC culture. Tissue culture-treated dishes were coated for 1
hour at room temperature with Geltrex (Life Technologies) recon-
stituted in DMEM medium (Life Technologies) supplemented with
4.5 g/L glucose, L-glutamine, and sodium pyruvate (Corning). iPSC
stocks were thawed in complete StemFlex medium (Life Technolo-
gies) containing 10 uM Rho-associated, coiled-coil-containing pro-
tein kinase (ROCK) inhibitor Y-27632 (Calbiochem) and cultured on
Geltrex-coated dishes. After 24 hours, media was replaced with com-
plete StemFlex free of ROCK inhibitor. Cells were detached using
ReLeSR (StemCell Technologies) and split 1:5 to 1:10 before reach-
ing confluence; cells were cultured in complete StemFlex media
supplemented with ROCK for the first 24 hours. All culture media
were supplemented with penicillin-streptomycin (Life Technologies)

and Plasmocin (Invivogen), and media was changed every other day
unless otherwise specified.

Differentiation of iPSCs into vascular smooth muscle and endothelial
cells. iPSCs were differentiated as previously described (34). Briefly,
iPSC clones were split to 50% confluence on Geltrex-coated plates
and cultured overnight in StemFlex medium (Life Technologies). The
next day (day 1), differentiation was initiated by replacing media with
N2B27 prepared by combining equal parts of DMEM/F12 GlutaMAX
(Life Technologies) and Neurobasal medium (Life Technologies) sup-
plemented with concentrates of B-27 supplement without vitamin A
(Life Technologies), N-2 supplement (Life Technologies), 6 uM CHIR-
99021 (StemCell Technologies), and 25 ng/mL BMP4 (R&D Sys-
tems) for 3 days with daily media replacement. To generate VSMCs,
media were replaced on day 4 with N2B27 supplemented with 10 ng/
mL PDGF-BB (Pepro-Tech) and 2 ng/mL Activin A (Pepro-Tech). On
day 6, VSMCs were split with trypsin-EDTA (Life Technologies) into
dishes coated with human fibronectin (MilliporeSigma) and main-
tained in Medium 231 (Life Technologies) supplemented with Smooth
Muscle Growth Supplement (Life Technologies). To generate ECs,
the identical protocol was followed for 3 days to achieve the mesoder-
mal lineage, but on day 4 media was instead replaced with complete
N2B27 media supplemented with 200 ng/mL VEGF (Pepro-Tech)
and 2 uM forskolin (MilliporeSigma). On day 6, cells were split using
Accutase (StemCell Technologies) and differentiated ECs were either
MACS-separated using CD144 MicroBeads (Miltenyi Biotec) or flow
cytometry-sorted for CD144-positive cells to isolate the population
expressing VE-cadherin. Differentiated ECs were maintained in
EGM-2 Endothelial Cell Growth Medium (Lonza) replaced daily. All
culture media were supplemented with penicillin-streptomycin (Life
Technologies) and Plasmocin (Invivogen), and changed every other
day in EGM-2 unless otherwise specified.

Quantitative PCR. F3 mRNA expression was determined by
quantitative PCR for ECs cultured in 96-well plate format using the
Cells-to-C, 2-Step TaqMan Kit (Life Technologies) and TagMan
gene expression assays for F3 (Hs00175225 ml; Life Technologies)
and GAPDH (Hs03929097_g1; Life Technologies) as an endogenous
control. For VSMCs, RNA was isolated using the Purelink RNA Mini
Kit (Thermo Fisher Scientific) before reverse transcription using the
iScript cDNA synthesis kit (Bio-Rad) and analysis with the identical
TaqMan gene expression assays for F3 and GAPDH. After reverse tran-
scription, quantitative PCR was performed using the Applied Biosyste-
ms 7300 Real-time PCR System. HUVECs expressing WT or mutant
TF constructs were analyzed 48 hours after transduction to confirm
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gene expression. To evaluate whether the mutant F3 mRNA is sub-
ject to nonsense-mediated decay, iPSCs differentiated into ECs and
VSMCs were treated with 100 uM cycloheximide (Roche) or ethanol
vehicle for 3 hours before evaluation.

Flow cytometry. The cell-surface immunophenotype of iPSCs, ECs,
and VSMCs was established by FACS. Cells were dissociated using
Accutase (MilliporeSigma), pelleted at 300g for 5 minutes, incubated
in complete media for 30 minutes at room temperature, washed once
in PBS, and resuspended in PBS supplemented with 0.5% BSA. Phy-
coerythrin-conjugated antibodies against CD140b (1:10, BD Pharmin-
gen) or CD144 (1:10, BD Pharmingen) were added as indicated
and incubated for 30 minutes at 4°C. Cells were washed twice and ulti-
mately resuspended in PBS containing 0.5% BSA.

Immunofluorescence microscopy. The immunophenotype of for-
ward programmed vascular cells was confirmed via indirect immu-
nofluorescence microscopy. Cells were cultured on coverslips and
washed in PBS, fixed for 10 minutes in PBS/4% paraformaldehyde,
permeabilized in PBS/0.05% Triton X-100 for 10 minutes, and
washed again 3 times in PBS. Cells were blocked in PBS contain-
ing 1% BSA and 10% goat serum for 1.5 hours. Cells were stained
overnight at 4°C with the indicated primary antibodies diluted into
blocking solution: von Willebrand Factor (1:400, A0082, Dako)
and PECAM1 (1:100, AF806, R&D Systems) for ECs, SMA (1:250,
sc-130616, Santa Cruz Biotechnology), myosin IIb (1:200, clone
D8HS, Cell Signaling Technologies), and SM22a (1:200, AF7886,
R&D Systems) for VSMCs. Cells were washed 3 times in PBS contain-
ing 1% Tween-20 and species-specific secondary antibody conjugat-
ed to Alexa 488 (1:1000, Thermo Fisher Scientific) in blocking solu-
tion. Hoechst (1 pg/mL, catalog 3342, Thermo Fisher Scientific) was
added for the final 15 minutes to stain nuclei. Cells were mounted
with Aqua Poly (Polysciences) on glass coverslips and imaged on an
Olympus BX62 fluorescence microscope.

Mice. Heterozygous TF (F3*/) mice on the C57BL/6] background
were a gift from George Broze, Washington University School of Med-
icine, St. Louis, Missouri (21). These mice were mated with C57BL/6]
(stock number 000664, Jackson Laboratory) to generate the F3*/-and
F3*/*littermate control animals used in these experiments.

Intravital microscopy and laser-induced vessel wall injury model.
Thrombus formation was visualized via intravital microscopy follow-
ing laser-induced injury to the cremasteric arteriole in male mice as
previously described (42). Platelets were detected using anti-CD42b
antibody (0.1 mg/g; Emfret Analytics) conjugated to Dylight-488
(Thermo Fisher Scientific) and fibrin was detected with anti-fibrin
antibody (0.5 mg/g; clone 59D8) conjugated to Dylight-647 (Thermo
Fisher Scientific) infused via internal jugular vein catheter. The cre-
masteric microcirculation was surgically exposed and injury to the
cremasteric arteriole was provoked using a MicroPoint Laser System
(Photonics Instruments). Data were digitally captured via an Orca
Flash 4.0v2 CMOS camera in both the 488/520 nm and 647/670
nm fluorescence channels at a rate of 2 frames per second beginning
before and extending for 180 seconds after laser injury. Images were
analyzed using Slidebook version 6.0 (Intelligent Imaging Innova-
tions). Injury size was determined using calipers one frame after laser
injury (our unpublished observations). At least n = 13 injuries greater
(large) or less than (small) median (90 um) across at least 3 mice were
used to enable statistical analysis (see “Statistics” below). The opera-
tor was blinded to genotype in all mouse experiments.
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Tail amputation bleeding assay. Tail transection was assayed as
described (43), but the tail was inserted into a 2 mm diameter sizer and
marked for transection. Animals were tested at 8-10 weeks of age and
anesthetized via weight-based i.p. ketamine/xylazine injection. The
tail was incubated in saline at 37°C for 2 minutes before downward
transection with a new 10 blade scalpel at the marked site correspond-
ing to 2 mm tail diameter. The tail was returned to a 15 mL conical of
warmed saline and the time to cessation of bleeding was recorded over
a 30-minute period of observation. Vital status was monitored. Ani-
mals were euthanized after 30 minutes.

Isolation and characterization of primary murine fibroblasts. After
euthanasia of mice in the aforementioned studies, a segment of ear
tissue was harvested and soaked in 70% ethanol for 2 minutes. The
ear was rinsed in DMEM and minced with a scalpel before transfer to
a tube containing 2 mL trypsin EDTA and vortexed every 10 minutes
during a 1 hour incubation at 37°C. Complete DMEM was then add-
ed to inactivate trypsin before centrifugation at 200g for 5 minutes.
Cellular debris was resuspended in DMEM supplemented with 10%
FBS and cultured in 6-well plates. After outgrowth of fibroblasts,
cells were passaged and 2000 cells/well were seeded in 96-well
plate format. Factor Xa generation was assayed as described above
(see “Factor Xa and thrombin generation assays”) except the factor
VIIa concentration was 0.3 nM.

Statistics. Statistics were computed using the GraphPad Prism ver-
sion 7.0 software package. Comparison between 2 normally distributed
groups was performed using the Student’s  test. One-way analysis of
variance was used for comparison of more than 2 groups with applica-
tion of the Tukey’s method to adjust for multiple comparisons. Sample
size was determined in rodent experiments using historical measure-
ments of experimental variation and estimated effect size. Intravital
data were not normally distributed and binary comparisons were made
using the Wilcoxon rank sum test as previously described (44-46). Sta-
tistically significant P values of less than 0.05 were indicated by a sin-
gle asterisk (¥), less than 0.01 by a double asterisk (**), less than 0.001
by a triple asterisk (***), and less than 0.0001 by a quadruple asterisk
(****). Comparisons that failed to achieve statistical significance were
highlighted as not significant where relevant. Error bars represent the
standard error of the mean except where otherwise noted.

Study approval. The NIHR BioResource Rare Disease Study was
approved by the East of England - Cambridge South UK Research
Ethics Committee. After providing written informed consent, patients
were enrolled in the Bleeding, Thrombotic, and Platelet Disorders
(BPD) project of the NIHR BioResource Rare Disease program. The
Institutional Review Board of the University Hospital Gasthuisberg
Leuven approved the genetic study (ML3580). All mouse care and
experimentation was approved by the Beth Israel Deaconess Medical
Center Institutional Animal Care and Use Committee.
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