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Abstract

Osteopenia and osteoporosis have increasingly become a recognized morbidity in those persons with hemophilia (PwH)
receiving inadequate prophylactic clotting factor replacement. Animal models can control or eliminate genetic and environ-
mental factors and allow for invasive testing not clinically permissible. Here, we describe the skeletal phenotype of juvenile
and adult male mice with a genetically engineered deficiency in coagulation factor IX (FIX KO). Although the somatic
growth of FIX KO mice matched that of their wild-type (WT) littermates at 10 and 20 weeks of age, the FIX KO mice
displayed reduced bone mineral density (BMD), reduced cortical and cancellous bone mass, and diminished whole bone
fracture resistance. These findings coupled with parallel observations in a murine model of hemophilia A (FVIII deficiency)
point to an effector downstream of the coagulation cascade that is necessary for normal skeletal development. Further study
of potential mechanisms underlying the bone disease observed in rare clotting factor deficiency syndromes may lead to new
diagnostic and therapeutic insights for metabolic bone diseases in general.
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Introduction

Hemophilia is a rare congenital bleeding disorder charac-
terized by prolonged and excessive bleeding after minor
trauma or even occurs spontaneously at times [1]. The con-
dition is inherited as a defect or mutation in the gene for
a clotting factor. The most common forms of hemophilia
are hemophilia A and hemophilia B that result from fac-
tor VIII (FVIII) and factor IX (FIX) protein deficiency or
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dysfunction, respectively [2, 3]. Hemophilia A is more
prevalent (80%—85% of the total hemophilia population)
than hemophilia B. It presents in 1 in 5000 live male births,
whereas hemophilia B presents in 1 in 30,000 live male
births [4]. The genes-encoding FVIII and FIX reside in the
long arm of chromosome X and so both hemophilia A and
B are inherited via an X-linked recessive pattern. Conse-
quently, 100% of females born from affected fathers will be
carriers, and none of the males born will be affected. Female
carrier mothers have a 50% chance of having affected males
and a 50% chance of having carrier females.

FVIII and FIX play essential roles in the process of blood
coagulation. These clotting factors circulate as inactive
enzyme precursors, but, upon activation, they form a tenase
complex capable of activating factor X (FX) in the presence
of Ca%*. Activated FX converts prothrombin to thrombin, a
pivotal step necessary for clot formation. When either FVIII
or FIX is deficient or dysfunctional, the coagulation cascade
cannot activate appropriately, thus, abrogating the process
of clot formation [1].

Prior to the development of factor concentrates in the mid-
to-late 20th Century, the life expectancy of people who had
severe hemophilia was only 11 years [3, 5]. Most people with
severe hemophilia died in early childhood or adolescence
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from hemorrhage within vital organs. Now with the wide-
spread availability of replacement therapy to prevent and treat
active bleeding, improved management of blood-borne infec-
tions through surveillance, and effective treatment options for
hepatitis C and HIV, affected individuals can expect a normal
life span [6]. The change in the age distribution for persons
with hemophilia (PwH) has led to the recognition of other
comorbidities related to hemophilia [7, 8]. A large and grow-
ing body of literature has revealed an increased prevalence
of skeletal fragility in both children and adults with hemo-
philia. Initially, the reduced bone mineral density (BMD) in
PwH was attributed to decreased physical activity, recurrent
hemarthroses resulting in debilitating arthropathy, and infec-
tion with either human immunodeficiency virus or hepatitis C
[9]. More recently, basic and clinical work suggests that the
reduced bone mass in PwH could be directly linked to FVIII
and/or FIX deficiency. There is mounting evidence that throm-
bin is a crucial participant in processes outside of the hemo-
static system [10]. Osteoblasts, the cells responsible for bone
formation, express thrombin receptors, and thrombin has been
shown to stimulate differentiation and activity of these cells
[10, 11]. Consequently, a deficiency of either FVIII or FIX
could exert unappreciated effects, including decreased BMD
that are not directly related to bleeding or factor transfusion-
related complications.

To explore the possibility of a direct effect of clotting fac-
tors on skeletal physiology, we have taken advantage of murine
models of hemophilia [12, 13]. Despite exhibiting negligible
factor levels, genetically engineered knockout (KO) FVIII and
FIX mice do not bleed spontaneously [14]. Hence, these mod-
els allow one to examine the direct effect of FVIII or FIX on
bone health, independent of joint bleeds, and other confound-
ing variables. We have previously shown that FVIII knockout
mice exhibit decreased bone mass and strength compared to
intact littermates. To determine if the deleterious effect of
FVIII deficiency is unique or persists in the setting of a dif-
ferent genetic form of hemophilia, we examined the skeletal
consequences of FIX deficiency in one group of juvenile male
mice (10-week-old) and another group of adult (20-week-old)
male mice. With these studies, we hope to dissect the role of
clotting factors in the abnormal skeletal phenotype observed
in hemophilia. The findings show that male mice with a life-
long deficiency of FIX demonstrate impaired skeletal integrity
comparable to that observed in FVIII-deficient male mice and
the skeletal consequences are apparent long before adulthood.

Materials and Methods
Animals

FIX-deficient (FIX KO) breeder mice were generously pro-
vided by Professor Paul Monahan (University of North
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Carolina) and backcrossed with C57BL/6 J mice (B6). All
male FIX KO mice and their male wild-type (WT) litter-
mates were bred under identical conditions at the Portland
Veterans Affairs Veterinary Medical Unit. At the time of
weaning, male mice were group housed (2—4 animals per
cage) and maintained with ad libitum water and labora-
tory rodent chow (Purina Diet 5001; PMI Feeds, Inc) in
a 12-h light and 12-h dark cycle (6 am—6 pm). Bedding
was changed on a weekly basis. Animals were handled
minimally and by the tail to prevent bleeding and injury.

Tissue Collection

FIX KO mice and their WT littermates were assessed
and euthanized at 10 weeks of age and another group at
20 weeks of age (peak bone mass). Body lengths (defined
as the distance from the tip of the nose to the base of the
tail) were measured and weights were recorded. Blood
samples were collected for biochemical analyses by car-
diac puncture from mice under isoflurane anesthesia before
cervical dislocation. The femora and tibiae were harvested
immediately from each mouse. The right femur was meas-
ured from the greater trochanter to the external condyle
using a digital caliper. After ex vivo dissection of soft
tissue and fat, the excised femora were wrapped in ster-
ile gauze soaked in phosphate-buffered saline and stored
at—20 °C until subsequent analyses. Tibiae were stored
in 70% ethanol at 4 °C in sealed glass vials until analyses.

PCR Genotyping

Conventional PCR assay methods were used to identify
FIX KO genotype from WT littermates by collecting ear
punches at weaning. No adverse bleeding events were
observed from this tissue collection in FIX KO mice. DNA
was isolated using REDExtract-N-Amp Tissue PCR Kit.
(Sigma Aldrich, St. Louis, MO, USA). Standard oligonu-
cleotide primer sets were used to identify the KO geno-
type Forward, 5'-GAGAACCTGCGTGCAATCCATCTT
G-3'" and reverse, 5'-CCATTTCCACCTTCTCTTCCCACA
CG-3' along with negative control primer set 5'-CACCTT
GGAACGATCCTGTACTGAGC-3', and reverse, 5'-GGA
GTCACCTCTCTAGTTCCACACTC-3' to identify the WT
genotype [15]. 13uL of sample was run out on a 2% aga-
rose gel. FIX KO (homozygous) mice were identified by
the expected amplification product (about 512 bp) com-
pared to WT (about 608 bp).
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Body Composition and BMD

Body composition (lean and fat mass) and areal bone min-
eral density (aBMD) measurements (mg/cmz) of the whole
body and femora were determined by dual-energy X-ray
absorptiometry using the PIXImus instrument (Lunar Corp).
Densitometric analysis of the whole body (defined as the
whole-body image minus the calvarium, mandible, and
teeth) was performed on animals under isoflurane anesthe-
sia. Routine calibration was performed daily with a defined
standard (phantom). Previous experience with this instru-
ment indicates a precision error (expressed as the coefficient
of variation) for bone mineral content of 0.99 +0.51% and
for BMD of 1.71 £0.33%.

Cortical and Cancellous Bone Geometry
and Microarchitecture

Three-dimensional microarchitectural changes in corti-
cal and cancellous bone were assessed using quantitative
X-ray microcomputed tomography (uCT). Cortical bone
was evaluated in the mid-shaft of the femur, and cancellous
bone was evaluated in the proximal tibia metaphysis. Corti-
cal femoral shaft bone geometry was examined with a desk-
top X-ray microtomographic scanner (SkyScan Model 1074,
Aartselaar, Belgium). Images were analyzed with Optimas
software (version 6.2; Media Cybernetics, Silver Spring,
MD). The cortical femoral shaft measurements included
total cross-sectional area, calculated as area of bone plus
marrow enclosed within the periosteal surface; marrow area,
defined by the endosteal surface; and cortical bone area, cal-
culated as the difference between cross-sectional area and
marrow area. Cortical thickness was measured at eight sites
equally spaced around the centrum, and an average thickness
was calculated. Assuming rectangular pixels of height 4 and
width w, with the centroid of the pixel located at a distance
d from the neutral axis of the cross section, areal moment of
inertia in the plane of bending (/,,) was calculated according
to Turner and Burr [16]. Tibiae were scanned in 70% etha-
nol using a Scanco pCT40 scanner (Scanco Medical AG)
at a voxel size of 12X 12X 12 pm (55-kVp X-ray voltage,
145-pA intensity, and 200-ms integration time). Filtering
parameters, sigma and support, were set to 0.8 and 1, respec-
tively. Forty slices (480 um) of trabecular (cancellous) bone
at the tibial metaphysis were evaluated for measurement of
bone volume/tissue volume (BV/TYV, %), trabecular number
(Tb.N, m/m"), trabecular thickness (Tb.Th, pm), trabecular
separation (pm), and connectivity density (Conn.D).

Biomechanical Strength

To assess femoral structural properties, mouse femora were
tested to failure in 3-point bending with a high-resolution

materials test apparatus (Model 4442; Instron Corp). The
loading fixture consisted of 2 fixed lower supports, placed at
a span length of approximately 7 mm, and an upper loading
point attached to a moving actuator. The upper loading point
contacted the specimen at its midpoint, which was coinci-
dent with the center of the span. System software was used
to displace the actuator at a strain rate of 0.5%/s until failure
occurred. Load and displacement data were recorded, and
failure load, representing the energy absorbed before break-
ing, and stiffness, calculated from the linear portion of the
load vs displacement curve, were determined using system
software. Strength and modulus were calculated using the
cross-sectional areal measurements previously determined
by pCT.

Measurement of Biochemical Parameters

SigmaFast Phosphatase Substrate Kit (Sigma Aldrich, St.
Louis, MO, USA) containing PNPP (p-nitrophenyl phos-
phate disodium salt) was used to quantify serum alkaline
phosphatase activity. Serum osteocalcin was measured using
a commercial mouse osteocalcin ELISA kit (Quidel Corpo-
ration, CA, USA). All samples and standards were measured
in duplicate.

Statistical Analysis

All data are presented as the mean + SEM, and statistical
comparisons of experimental groups were evaluated by
unpaired Student’s ¢ test. A value of p <0.05 was considered
statistically significant.

Results

General somatic features of juvenile and adult FIX KO mice
were indistinguishable from their littermates in terms of
body weight, lean and fat mass, and body length (Table 1).
Hemarthroses events are rare in mice, because they do not
have spontaneous bleeds. Animals included in this study
showed no evidence of injury by change in behavior or
activity levels during animal wellness checks; however,
FIX KO mice show marked reductions in whole body and
whole femoral BMD at both 10 weeks and 20 weeks of
age (Fig. 1). In 10-week-old mice, whole-body BMD was
51.0+0.8 mg/cm? in WT and 48.0+0.5 mg/cm? in FIX KO
(»<0.005), and femoral BMD was 54.7 + 1.5 mg/cm2 inWT
and 50.2 +0.9 mg/cm? in FIX KO (p <0.05). In 20-week-old
mice, whole-body BMD was 54.8 +0.5 mg/cm?® in WT and
53.1+0.4 mg/cm? in FIX KO (p <0.05) and femoral BMD
was 59.2 + 1.4 mg/cm? in WT and 55.6 +0.7 mg/cm? in FIX
KO (p <0.05).

@ Springer



580

E.A. Larson et al.

Table 1 Selected skeletal parameters in juvenile (10-week-old) and adult (20-week-old) factor IX knockout (FIX KO) mice compared to their

wild-type (WT) littermates

10-Week-old male mice

20-Weeek-old male mice

Genotype WT FIX p value WT FIX KO p value
No. mice 11 11 12 12
Somatic measures
Body weight (g) 25.2+0.6 23.9+0.5 n.s 28.5+0.6 28.1+0.3 n.s
Lean mass (g) 21.9+0.5 20.6+0.4 n.s 243=0.5 23.7+0.2 n.s
Fat mass (g) 3.3+0.1 3.3+0.1 ns 42+0.2 43+0.1 n.s
Body length (cm) 9.6+0.1 9.4+0.1 n.s 9.9+0.1 9.8+0.1 n.s
Femoral length (mm) 154+0.1 15.1+0.1 <0.05 15.8+0.1 15.8+0.1 n.s
Bone mineral density (BMD) measures
Whole body BMD (mg/cm?) 51.0+0.8 48.0+0.5 <0.005 54.8+0.5 53.1+0.4 <0.05
Femoral BMD (mg/cmz) 54.7+1.5 50.2+0.9 <0.05 592+1.4 55.6+0.7 <0.05
Bone microanatomical measures
Femoral mid-shaft diaphysis
Cortical area (mm?) 0.673+0.023 0.617+0.016 <0.05 0.771+0.016  0.730+0.013 <0.05
Marrow area (mm?) 1.227+0.044 1.010+0.028 <0.001 1.226+0.033 1.130+0.035 <0.05
Total cross-sectional area, (mm?) 1.900+0.064 1.627+0.032 <0.005 1.997+0.046 1.852+0.040 <0.05
Moment of inertia (mm®) 0.120+0.009  0.092 +0.004 <0.01 0.135+0.005  0.118+0.006 <0.05
Cortical thickness (pm) 146 +3 146 +4 n.s 164 +2 161+2 n.s
Tibial proximal metaphysis
Bone volume/tissue volume (%) 18.75+1.19 1691 +1.19 n.s 19.08 +1.04 15.96+0.92 <0.05
Connectivity density (1/mm?) 233.5+16.3 220.8+16.3 n.s 140.6 +6.8 109.9+7.0 <0.01
Trabecular number (1/mm) 6.93+0.14 6.82+0.14 n.s 5.71+0.09 5.34+0.12 <0.05
Trabecular spacing (pm) 136.5+3.4 141.0+3.4 n.s 166.4+3.0 180.6+4.6 <0.05
Trabecular thickness (pm) 44.0+1.2 422+1.2 n.s 48.6+0.8 485+1.0 n.s
Whole femoral biomechanical measures
Ultimate failure load (N) 19.1+1.1 159+0.7 <0.05 224+0.4 20.0+0.4 <0.001
Stiffness (N/mm) 89.4+4.5 74.1+4.6 <0.05 125.0+5.8 100.6+3.4 <0.005
Strength (MPa) 167.6 £3.6 164.4+5.1 n.s 173.1+£4.7 171.6 £5.6 n.s
Modulus (MPa) 4665+ 162 4992 +276 n.s 5754 +220 5353+272 n.s
Serum biochemistry measures
Osteocalcin (ng/ml) 71.6+5.5 63.3+3.6 ns 31.7+3.1 36.8+3.5 n.s
Alkaline phosphatase activity (umol PNP/min)  42.0+1.8 43.6+1.8 n.s 30.4+1.3 30.6+1.4 n.s

Data are presented as mean + standard error of the mean. Statistical significance determined by Student’s 7 test

To investigate the structural differences underlying
the observed reductions in BMD that accompany FIX
deficiency, we analyzed representative compartments of
cortical (femoral mid-shaft) and trabecular (tibial meta-
physis) bone with microcomputed tomography (pCT)
(Table 1 with representative examples presented in Fig. 2).
At 10 weeks, the mean cortical thickness at the femoral
mid-shaft was identical between FIX KO mice and their
littermates (Table 1). However, all other areal measures
were substantially reduced in the FIX KO mice with
14% reduced total cross-sectional area (p =0.001) that
was a consequence of an 8.4% difference in cortical area
(p=0.05) and 17% difference in marrow area (p <0.001)
(Table 1). The calculated femoral moment of inertia (/,,, a
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measure of resistance to bending failure) was also reduced
23.4% in 10-week-old FIX KO mice (p <0.01) (Table 1).
We next examined older 20-week-old mice. Consist-
ent with the expected skeletal changes that accompany
somatic growth and achievement of peak bone mass, corti-
cal bone areas were greater in the 20-week-old mice com-
pared to the 10-week-old mice in both the FIX KO and
WT mice. And, just as was observed in the juvenile mice,
total cross-sectional area, cortical area, marrow area, and
moment of inertia were all found to be reduced in the adult
20-week-old FIX KO mice compared to their littermates,
while mean cortical thickness was again found not to dif-
fer between FIX KO and WT mice. Two-way analysis of
variance indicated statistically significant effects of both
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Fig. 1 Juvenile (10-week-old)
and adult (20-week-old) factor
IX knockout (FIX KO) male
mice exhibit reduced areal bone
mineral density (BMD) com-
pared to their wild-type (WT)
littermates (panel A whole
body; panel B whole femur).
Individual data are presented
to demonstrate the phenotype
distribution. WT mice repre-
sented as black symbols and
FIX KO mice were represented
by gray symbols. Mean values
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value <0.05)
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Fig.2 Juvenile (10-week-old)
and adult (20-week-old) factor
IX knockout (FIX KO) male
mice exhibit reduced femoral
cross-sectional area (CSA) and
tibial metaphyseal bone volume
relative to total volume (BV/
TV). (panel A 10-week-old
mice; panel B 20-week-old
mice). Representative slices of
femoral mid-shaft diaphysis
(upper images of each panel)
and tibial metaphysis (lower
images of each panel) from two
mice of each group are pre-
sented along with the measured
values assigned to each scan

Femoral CSA, mm?
Tibial metaphysis,

age and genotype on measures of cortical geometry but no
interaction between age and genotype (data not shown).

Assessment of differences at the tibial metaphysis also
demonstrated substantial reductions in the microarchitec-
tural parameters of cancellous (trabecular) bone in FIX KO
mice compared to their littermates. Bone volume (BV/TV;
% of tissue area), trabecular number, connectivity density,
and trabecular separation were all reduced in FIX KO mice,
while there was no impact of genotype on trabecular thick-
ness (Table 1). The differences in cancellous bone structure
between FIX KO and WT mice were analogous at both time
points, but statistically different measures were only con-
firmed in 20-week-old mice (Table 1).

A 10-week-old mice

Femoral CSA, mm?
Tibial metaphysis, BV/TV, %

B 20-week-old mice

FIX KO Mice

Wild Type Mice

0 O

1.824
22.2

1.861
20.2

2.089
22.1

2.108
25.7

BV/TV, %

BMD is a strong predictor of fracture resistance. To test
for effects of FIX deficiency on bone strength and stiffness,
excised femora from 10- and 20-week-old FIX mice and
their littermates were subjected to three-point bending. Con-
sistent with the group differences found in BMD, ultimate
failure load and stiffness at the femoral shaft were reduced
in the FIX KO mice (at both 10 and 20 weeks) compared
to their age-matched littermates (Fig. 3). At 10 weeks of
age, ultimate failure load was 19.1+1.1 N in WT and
15.9+0.7 N in FIX KO (p <0.05), and femoral stiffness
was 89.4+4.5 N/mm in WT and 74.1 £4.6 N/mm in FIX
KO (p <0.05). At 20 weeks of age, the differences in bio-
mechanical measures of strength persisted with ultimate
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Fig.3 Juvenile (10-week-old) and adult (20-week-old) factor IX
knockout (FIX KO) male mice exhibit reduced biomechanical meas-
ures of femoral bone strength determined by resistance to 3-point
bending compared to their wild-type (WT) littermates (panel A ulti-
mate failure load; panel B stiffness). Individual data are presented

failure load 22.4+0.4 N in WT and 20.0+0.4 N in FIX
KO (p <0.0005) and femoral stiffness was 125.0+5.8 N/
mm in WT and 100.6 + 3.4 N/mm in FIX KO (p <0.005).
The reduced failure load and stiffness in FIX mice are con-
sistent with their smaller moment of inertia. No genotype-
dependent differences in either tissue strength or modulus
were observed. We interpret these findings to suggest that
the reduced femoral failure load and stiffness as well as the
reduced areal BMD measures observed in the FIX KO mice
were a consequence of reduced bone size rather than any
demonstrable changes in intrinsic material properties of the
bone tissue.

Bone homeostasis and skeletal integrity are dependent
upon the coordinated activities of osteoclasts, osteoblasts,
and osteocytes. No genotype-dependent differences were
present in markers of osteoblast function—circulating alka-
line phosphatase activity and osteocalcin (Table 1).

Discussion

Understanding the mechanism of decreased BMD and
increased skeletal fragility in the hemophilia population is
critically important, especially now that those with hemo-
philia can have a normal life expectancy. Previous in vivo
investigations of a murine model of hemophilia A showed
that complete factor VIII deficiency is associated with a
congenital osteoporotic phenotype in the absence of injury
or observed hemorrhage [17-19]. As just one facet of the
coagulation cascade was examined in those experiments, no
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to demonstrate the phenotype distribution. WT mice represented as
black symbols and FIX KO mice were represented by gray symbols.
Mean values are indicated by horizontal lines within each group.
Statistical significance determined by Student’s ¢ test (* indicates p
value <0.05)

inference could be made as to whether the observed abnor-
mal bone homeostasis was mechanistically attributable to
a specific property of the FVIII molecule versus defective
hemostasis, inflammation, or some other more global phe-
nomenon [20, 21].

Utilizing a murine knockout disease model of hemophilia
B (Christmas disease), we have demonstrated that FIX is
also critically important to normal bone development. Com-
pared to their WT littermates, mice lacking FIX exhibit
lower BMD, reduced measures of cortical and trabecular
bone mass, and femora less resistant to fracture. Our find-
ings are similar to, and extend, those of Taves et al. [22] who
previously explored the skeletal response to experimentally
induced joint injury in adult (22-week-old) FIX KO mice.
Although observations in mouse models cannot directly
translate to human clinical data, animal studies do provide
the experimental control of genetic and physiological manip-
ulations essential to explore mechanisms that contribute to
disease vulnerability. The exact mechanism(s) underlying
reduced BMD in PwH is certainly not yet understood, but
together these experimental findings identify a normally
functioning coagulation cascade as an essential physiologi-
cal requirement for skeletogenesis.

Components of the coagulation cascade originally stud-
ied for their role in hemostasis are now recognized as key
players in various pathophysiologic and biological processes
[23-26]. Absent levels or defective function of either FVIII
or FIX impairs FX activation resulting in deficient throm-
bin generation. Both osteoblasts and osteoclasts express the
thrombin receptor (F2R or PAR1) [10, 27-29], and in vitro
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studies indicate that thrombin induces differentiation of
osteoblasts [29-32] and negatively regulates osteoclast for-
mation and function [33, 34]. In support of this mechanistic
hypothesis, Aronovitch et al. [35] demonstrated complete
knockout of either FVIII or PAR1 in mice resulted in similar
bone structural abnormalities.

Another recognized outcome of defective thrombin
generation is decreased activation of FXIII [36]. Once
activated FXIII functions as a transglutaminase [25, 37].
Transglutaminases are a family of enzymes that catalyze
y-glutamyl-e-lysyl crosslinks within their specific substrate
proteins. Crosslinking in this way can stabilize molecular
structures, increase protein matrix formation, and enhance
cell adhesion. Crosslinks of the structure y-glutamyl-e-
lysine are abundant in bone matrix. Fibronectin, a ubiqui-
tous extracellular matrix protein required for hard tissue
development, matrix maturation, and mineralization, is a
well-known substrate for TGs, particularly TG2 and FXIII.
Mice lacking both TG2 and FXIII-A exhibit increased bone
marrow adipogenesis and osteoclastogenesis in vivo and
reduced bone mass and biomechanical properties in both
cortical and cancellous bone [38]. However, mice lacking
FXIII alone display a normal skeletal phenotype suggesting
that the expression of TG2 (or other TGs) may be increased
in compensation. In humans, FXIII deficiency is a rare-
inherited bleeding disorder with a frequency in the general
population approximately 1:2,000,000 [39], and there are no
clinical reports examining the skeletal status of patients with
this particular bleeding disorder. It is evident that further
work is necessary to define the role of FXIII in the forma-
tion, maintenance, and repair of mineralized tissues in vivo.

This report is the first to examine the impact of a
congenital coagulation factor deficiency on the skeletal
changes that accompany the transformation from growing
(juvenile) to skeletally mature (adult) status. In mice, as
in humans, bone size, mass, and strength increase during
the transition from adolescence to adulthood. In our study,
we found no evidence that FIX deficiency predisposed to
inhibition of either somatic growth or bone elongation
between the ages of 10 and 20 weeks. Furthermore, all
of the features of impaired skeletal integrity observed in
the adult 20-week-old mice (reduced mass, density and
biomechanical strength) were already manifest in the
10-week-old mice. Our group has previously reported that
the decreased BMD seen in the FVIII KO mice is likely
due to increased bone resorption based on histomorpho-
metric analysis that demonstrated no difference in most
indices of bone formation and mineralization (i.e., osteo-
blast-lined bone perimeter, mineralizing perimeter, min-
eralization rate, and bone formation rate adjusted to bone
area) but a significant increase in the osteoclast-lined bone
perimeter in the FVIII KO mice [18]. Unfortunately, we
were unable to employ bone histomorphometric analysis

in this experiment. A similar imbalance in bone cell func-
tion affecting skeletal geometry may be responsible for the
osteoporotic phenotype present in FIX deficiency as well.
However, further investigation with studies at varying time
points is needed to determine if the decreased bone health
observed in FIX-deficient mice is due to a biological
impairment at a specific developmental stage that persists
through adulthood or if there are other imbalances in bone
homeostasis resulting from the specific absence of FIX.

The present study is not without its limitations. At the
earliest time point, we examined (10 weeks) that skeletal
pathology was already evident in the FIX KO mice. An
evaluation of earlier time points (e.g., immediately post-
partum and at conclusion of weaning) as well as in aged
mice (e.g., 52 weeks or older) would have provided addi-
tional information concerning the impact of a coagulation
defect on the skeleton during the physiologic changes that
accompany intrauterine growth, lactation, and aging. The
RANKL/OPG system is a major signaling pathway regu-
lating the differentiation and function of osteoblasts and
osteoclasts [40-42]. Unfortunately, technical difficulties
precluded the reliable assessment of these molecules.

In conclusion, by taking advantage of experimental
animal models, we [18, 19] and others [17, 22, 43] have
established that a deficiency in either factor IX or factor
VIII in mice reproduces the decreased BMD and increased
skeletal fragility that are observed in PwH. These mouse
models allowed for the elimination of clinically confounding
effects (i.e., reduced physical activity, hemarthroses, other
comorbid conditions), thereby lending strong support to the
proposition that a fully functioning coagulation cascade is
a physiological necessity to insure normal skeletal develop-
ment. Further studies are needed to explore the underlying
mechanism by which a defective coagulation cascade and the
resulting thrombin deficiency alters normal skeletogenesis.
Such work may identify a previously unappreciated role of
the blood clotting system in regulating skeletal health and
lead to the development of novel treatment strategies for
osteoporosis in settings beyond those of hemophilia.

Acknowledgements This work was supported by Veterans Affairs
Medical Research Service and funded by an Investigator Initiated
Research grant from Takeda Pharmaceutical Company. We are grate-
ful to VAPORHCS Animal Care Facility staff for their assistance. We
thank Professor Paul Monahan, for providing the FIX KO breeder mice
and the Oregon State University Skeletal Biology Laboratory (Ms.
Dawn Olsen and Professors Urszula Iwaniec & Russ Turner) for pro-
viding the pCT measures of tibial metaphyseal bone.

Author Contribution Study design: EAL, HJL, JAT, & RFK. Study
conduct: EAL & HJL. Data collection: EAL & HJL. Data analysis:
EAL & HJL. Data interpretation: All authors. Drafting manuscript:
RFK. Revising manuscript content: All authors. Approving final ver-
sion of manuscript: all authors. RFK takes responsibility for the integ-
rity of the data analysis.

@ Springer



584

E.A. Larson et al.

Declarations

Conflict of interest Emily A. Larson, Hillary J. Larson, Jason A. Tay-
lor, and Robert F. Klein have no competing financial interests to dis-
close.

Human and Animal Rights and Informed Consent All animal proce-
dures were approved by the VA Institutional Animal Care and Use
Committee and were performed in accordance with National Institute
of Health guidelines for the care and use of animals in research. No
human studies were performed in the course of these experiments.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Zimmerman B, Valentino LA (2013) Hemophilia: in review. Pedi-
atr Rev 34(7):289-94 (quiz 295)
2. Rogaev EI et al (2009) Genotype analysis identifies the cause of
the “royal disease.” Science 326(5954):817
3. Peyvandi F, Garagiola I, Young G (2016) The past and future of
haemophilia: diagnosis, treatments, and its complications. Lancet
388(10040):187-197
4. Stonebraker JS et al (2010) A study of variations in the reported
haemophilia A prevalence around the world. Haemophilia
16(1):20-32
5. Mauser-Bunschoten EP, Fransen Putte DE, Schutgens RE (2009)
Co-morbidity in the ageing haemophilia patient: the down side of
increased life expectancy. Haemophilia 15(4):853-6863
6. Berntorp E, Shapiro AD (2012) Modern haemophilia care. Lancet
379(9824):1447-1456
7. Kempton CL, Makris M, Holme PA (2021) Management of
comorbidities in haemophilia. Haemophilia 27(Suppl 3):37-45
8. Hermans C, de Moerloose P, Dolan G (2014) Clinical manage-
ment of older persons with haemophilia. Crit Rev Oncol Hematol
89(2):197-206
9. Gerstner G et al (2009) Prevalence and risk factors associated
with decreased bone mineral density in patients with haemophilia.
Haemophilia 15(2):559-565
10. Mackie EJ et al (2008) Protease-activated receptors in the muscu-
loskeletal system. Int J Biochem Cell Biol 40(6—7):1169-1184
11. Abraham LA, MacKie EJ (1999) Modulation of osteoblast-like
cell behavior by activation of protease-activated receptor-1. J
Bone Miner Res 14(8):1320-1329
12. Kundu RK et al (1998) Targeted inactivation of the coagulation
factor IX gene causes hemophilia B in mice. Blood 92(1):168-174
13. BiL etal (1995) Targeted disruption of the mouse factor VIII gene
produces a model of haemophilia A. Nat Genet 10(1):119-121
14. Valentino LA et al (2004) Experimental haemophilic synovitis:
rationale and development of a murine model of human factor
VIII deficiency. Haemophilia 10(3):280-287

@ Springer

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Lin HF et al (1997) A coagulation factor IX-deficient mouse
model for human hemophilia B. Blood 90(10):3962-3966
Turner CH, Burr DB (1993) Basic biomechanical measurements
of bone: a tutorial. Bone 14(4):595-608

Lau AG et al (2014) Joint bleeding in factor VIII deficient mice
causes an acute loss of trabecular bone and calcification of joint
soft tissues which is prevented with aggressive factor replacement.
Haemophilia 20(5):716-722

Recht M et al (2013) The bone disease associated with factor
VIII deficiency in mice is secondary to increased bone resorption.
Haemophilia 19(6):908-912

Liel MS et al (2012) Decreased bone density and bone strength
in a mouse model of severe factor VIII deficiency. Br J] Haematol
158(1):140-143

Kovacs CS (2008) Hemophilia, low bone mass, and osteopenia/
osteoporosis. Transfus Apher Sci 38(1):33—40

Katsarou O et al (2010) Increased bone resorption is implicated
in the pathogenesis of bone loss in hemophiliacs: correlations
with hemophilic arthropathy and HIV infection. Ann Hematol
89(1):67-74

Taves S et al (2019) Hemophilia A and B mice, but not VWF(-/-)
mice, display bone defects in congenital development and remod-
eling after injury. Sci Rep 9(1):14428

Davalos D, Akassoglou K (2012) Fibrinogen as a key regulator of
inflammation in disease. Semin Immunopathol 34(1):43-62
Hoppe B, Dorner T (2012) Coagulation and the fibrin network in
rheumatic disease: a role beyond haemostasis. Nat Rev Rheumatol
8(12):738-746

Mitchell JL, Mutch NJ (2019) Let’s cross-link: diverse functions
of the promiscuous cellular transglutaminase factor XIII-A. J
Thromb Haemost 17(1):19-30

Akassoglou K (2015) Coagulation takes center stage in inflam-
mation. Blood 125(3):419-420

Abraham LA et al (1998) Expression of the thrombin receptor
in developing bone and associated tissues. J] Bone Miner Res
13(5):818-827

Jenkins AL et al (1993) Characterization of the receptor respon-
sible for thrombin-induced intracellular calcium responses in
osteoblast-like cells. J Biol Chem 268(28):21432-21437

Song SJ et al (2005) Studies on the receptors mediating responses
of osteoblasts to thrombin. Int J Biochem Cell Biol 37(1):206-213
Pagel CN et al (2003) Inhibition of osteoblast apoptosis by throm-
bin. Bone 33(4):733-743

Pagel CN et al (2006) Functional responses of bone cells to throm-
bin. Biol Chem 387(8):1037-1041

Pagel CN et al (2009) Thrombin-stimulated growth factor and
cytokine expression in osteoblasts is mediated by protease-acti-
vated receptor-1 and prostanoids. Bone 44(5):813-821

Zhang Y et al (2020) F2r negatively regulates osteoclastogenesis
through inhibiting the Akt and NF«kB signaling pathways. Int J
Biol Sci 16(9):1629-1639

Sivagurunathan S et al (2013) Thrombin inhibits osteoclast differ-
entiation through a non-proteolytic mechanism. J Mol Endocrinol
50(3):347-359

Aronovich A et al (2013) A novel role for factor VIII and throm-
bin/PAR1 in regulating hematopoiesis and its interplay with the
bone structure. Blood 122(15):2562-2571

Brummel-Ziedins KE et al (2009) Discordant fibrin formation in
hemophilia. J Thromb Haemost 7(5):825-832

Schroeder V, Kohler HP (2016) Factor XIII: Structure and Func-
tion. Semin Thromb Hemost 42(4):422-428

Mousa A et al (2017) Transglutaminases factor XIII-A and TG2
regulate resorption, adipogenesis and plasma fibronectin homeo-
stasis in bone and bone marrow. Cell Death Differ 24(5):844-854


http://creativecommons.org/licenses/by/4.0/

Deletion of Coagulation Factor IX Compromises Bone Mass and Strength: Murine Model of Hemophilia. .. 585

39.

40.

41.

42.

Katona E et al (2014) Factor XIII deficiency: complete phenotypic
characterization of two cases with novel causative mutations. Hae-
mophilia 20(1):114-120

Yasuda H et al (1998) Osteoclast differentiation factor is a
ligand for osteoprotegerin/osteoclastogenesis-inhibitory fac-
tor and is identical to TRANCE/RANKL. Proc Natl Acad Sci
95(7):3597-3602

Hofbauer LC et al (2000) The roles of osteoprotegerin and osteo-
protegerin ligand in the paracrine regulation of bone resorption.
J Bone Miner Res 15(1):2-12

Boyle WJ, Simonet WS, Lacey DL (2003) Osteoclast differentia-
tion and activation. Nature 423(6937):337-342

43. Weitzmann MN et al (2019) Reduced bone formation in males

and increased bone resorption in females drive bone loss in hemo-
philia A mice. Blood Adv 3(3):288-300

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Deletion of Coagulation Factor IX Compromises Bone Mass and Strength: Murine Model of Hemophilia B (Christmas Disease)
	Abstract
	Introduction
	Materials and Methods
	Animals
	Tissue Collection
	PCR Genotyping
	Body Composition and BMD
	Cortical and Cancellous Bone Geometry and Microarchitecture
	Biomechanical Strength
	Measurement of Biochemical Parameters
	Statistical Analysis

	Results
	Discussion
	Acknowledgements 
	References




