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ABSTRACT
Biallelic ENPP1 deficiency in humans induces generalized arterial calcification of infancy (GACI) and/or autosomal recessive
hypophosphatemic rickets type 2 (ARHR2). The latter is characterized by markedly increased circulating FGF23 levels and renal
phosphate wasting, but aberrant skeletal manifestations associated with heterozygous ENPP1 deficiency are unknown. Here, we
report three adult men with early onset osteoporosis who presented with fractures in the thoracic spine and/or left radius,
mildly elevated circulating FGF23, and hypophosphatemia. Total hip bone mineral density scans demonstrated osteoporosis
(Z-score < −2.5) and HRpQCT demonstrated microarchitectural defects in trabecular and cortical bone. Next-generation
sequencing revealed heterozygous loss-of-function mutations in ENPP1 previously observed as biallelic mutations in infants
with GACI. In addition, we present bone mass and structure data as well as plasma pyrophosphate (PPi) data of two siblings suf-
fering from ARHR2 in comparison to their heterozygous and wild-type family members indicative of an ENPP1 gene dose effect.
The skeletal phenotype in murine Enpp1 deficiency yielded nearly identical findings. Ten-week-old male Enpp1asj/asj mice exhib-
ited mild elevations in plasma FGF23 and hypophosphatemia, and micro-CT analysis revealed microarchitectural defects in tra-
becular and cortical bone of similar magnitude to HRpQCT defects observed in humans. Histomorphometry revealed mild
osteomalacia and osteopenia at both 10 and 23 weeks. The biomechanical relevance of these findings was demonstrated by
increased bone fragility and ductility in Enpp1asj/asj mice. In summary, ENPP1 exerts a gene dose effect such that humans with
heterozygous ENPP1 deficiency exhibit intermediate levels of plasma analytes associated with bone mineralization disturbance
resulting in early onset osteoporosis. © 2019 The Authors. Journal of Bone and Mineral Research published by American Society
for Bone and Mineral Research.
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Introduction

ENPP1 deficiency in humans is associated with generalized
arterial calcification of infancy (GACI), a rare and often fatal

neonatal calcification disorder characterized by arterial calcifica-
tions in the medium and large arteries. GACI may begin as early
as the late second trimester and culminates in death in affected
infants around 6 months of age in about 50% to 60% of patients.
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The calcifications arise as a consequence of the generalized defi-
ciency of pyrophosphate(1) resulting from biallelic mutations
that inactivate the genes encoding either the ectoenzyme
ENPP1(2) (type 1, about 75% of patients), which hydrolyzes ATP
to generate pyrophosphate, or ABCC6(3,4) (type 2, about 25% of
patients), a transmembrane protein that when mutated results
in low plasma pyrophosphate (PPi). If affected individuals reach
the age of 6 months they are likely to survive and over time
may experience spontaneous reversal of vascular
calcifications,(5–9) but severe vascular narrowing may persist
along with the development of skeletal deformities described
below.

Children with ENPP1 deficiency may manifest a form of hypo-
phosphatemic rickets (autosomal recessive hypophosphatemic
rickets type 2 [ARHR2]) whether or not they previously had arte-
rial calcifications. The bone disease in ARHR2 may be severe and
symptomatic, leading to repeated fractures of the long bones,
rachitic skeletal deformities, and impaired growth and develop-
ment.(10,11) In ARHR2, elevated serum levels of FGF23 and conse-
quent renal phosphate wasting leading to hypophosphatemia
are thought to lead to the rachitic phenotype, but the relation-
ship between ENPP1 deficiency, plasma PPi and FGF23 levels,
and their contribution to skeletal pathology is not yet
understood.

Systematic studies of ENPP1 deficiency in adults are unavail-
able, but sporadic case reports of adults with homozygous
ENPP1 deficiency document a history of childhood hypopho-
sphatemic rickets and the development of polyarthralgias as
adults(12) along with progressive calcifications in the anterior
and/or posterior spinal ligaments.(12–14) The dual phenotypes of
spinal calcifications and hypophosphatemic rickets often lead
to presumptive diagnoses of XLH and/or ossification of the pos-
terior longitudinal ligament (OPLL) until genetic analysis con-
firming ENPP1 deficiency is performed.

Murine models of Enpp1 deficiency exhibit the essential charac-
teristics of human GACI, including arterial calcifications, neointimal
hyperplasia, cardiac dysfunction, and myocardial infarctions.(15–17)

However, in contrast to the rickets present in human ARHR2, the
skeletal phenotype present in Enpp1-deficient mice is reported to
be osteopenic/osteoporotic.(18–22) Osteomalacia, the defining his-
tology of rickets in ARHR2 children, has thus far not been observed
inmurinemodels. Conversely, the osteopenia/osteoporosis present
in murine Enpp1 deficiency has not been observed in humans with
ENPP1 deficiency, findings that question the relevance of the
murine model to the human disease. Collectively, the discrepant
phenotypes in mouse and man undermine our ability to define
the pathogenesis and mechanism of an ultra-rare bone disease
and hampers the development of therapeutics designed to treat
the skeletal phenotype by excluding potentially insightful mamma-
lian models.

The discordance in the skeletal phenotype present in mouse
and human ENPP1 deficiency is surprising given that murine
models of monogenic bone disease have been highly predic-
tive of human skeletal pathophysiology in the past. We, there-
fore, reexamined the skeletal consequences of ENPP1
deficiency in both man and mouse and surprisingly discovered
that human heterozygous ENPP1 deficiency may result in low-
ered plasma PPi, mildly elevated FGF23, phosphate wasting,
and early onset osteoporosis, which are all biochemical and
skeletal findings present in murine homozygous Enpp1 defi-
ciency. The combined studies demonstrate that human ENPP1
deficiency results in a gene dose effect and supports the use
of plasma FGF23, PPi, and ENPP1 genetic screening in the

clinical evaluation of patients with unexplained early onset
osteopenia/osteoporosis.

Materials and Methods

Patients

The human study was performed in accordance with the local
ethics committee (PV5364) and the Declaration of Helsinki.
Between January 1, 2014, and December 31, 2016, deep pheno-
typing and genotyping for the presence of mutations/rare vari-
ants in 386 bone related genes was performed in 172 patients
diagnosed with early onset osteoporosis (EOOP) who presented
to the specialized osteologic outpatient clinic (The National Bone
Board) of the University Medical Center Hamburg-Eppendorf.
EOOP patients were defined as premenopausal women and
men aged <50 years suffering from osteoporotic fractures or
presenting with dual-energy X-ray absorptiometry (DXA) mea-
sures within the osteoporotic range (T-score < −2.5) in the
absence of risk factors for secondary osteoporosis, such as gluco-
corticoid treatment, cancer, other metabolic bone diseases, renal
dysfunction (GFR < 60 mL/min), and without a history of severe
malnutrition at the time of the study or at any time in the past.
Within the same time period, two undiagnosed siblings pre-
sented at the National Bone Board with the clinical phenotype
of hypophosphatemic rickets.

Human genetic analysis

To test for disease-causing genetic variants, DNA was isolated
from patients’ peripheral blood and analyzed by a custom-
designed SureSelect XT gene panel (Agilent, Santa Clara, CA,
USA) comprising 386 genes associated with changes in bone
mass, skeletal dysplasias, dysostoses, or connective tissue dis-
eases as described recently.(23,24) The pathogenicity of the prior-
itized variants was judged using PhenIX,(25) which integrates
variant scoring by PolyPhen, SIFT, and MutationTaster.

Assessment of bone metabolism and skeletal status in
humans

In all patients, the areal bone mineral density (aBMD) was evalu-
ated by DXA (Lunar iDXA, GE Healthcare, Madison, WI, USA). Frac-
ture history and current fracture status were determined by
comprehensive assessment of medical history as well as radiog-
raphy or vertebral morphometry by DXA.

Biochemical bone turnover markers were analyzed from all
patients’ serum (calcium, phosphate, osteocalcin, bone-specific
alkaline phosphatase [BAP], PTH) and urine (DPD cross-links).
In patients with detected ENPP1 mutation, serum levels of
c-terminal FGF23 and urinary phosphate clearance in 24-hour
urine were also measured, and tubular phosphate reabsorption
(TPR) was calculated. Automated immunoassays were used to
measure 25-OH-D (Centauer, Siemens, Munich, Germany) and
1,25-(OH)2-D (Liaison, Diasorin, Stillwater, MN, USA).

Bone microstructure of the patients with detected ENPP1
mutation was further analyzed using high-resolution peripheral
quantitative computed tomography (HR-pQCT; XtremeCT,
Scanco Medical, Bruttisellen, Switzerland) at the nondominant
distal radius and tibia in a standardized procedure as previously
described using the in vivo protocol.(24,26) Bone geometric
parameters included cortical bone area (Ct. bone area, mm2)
and trabecular bone area (Tb. bone area, mm2); volumetric bone
mineral density (vBMD) measurements included total vBMD
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(total BMD, mgHA/cm3), cortical BMD (Ct.BMD, mgHA/cm3), and
trabecular BMD (Tb.BMD, mgHA/cm3). Bone microstructure
values include bone volume-to-total volume ratio (BT/TV), tra-
becular number (Tb.N, 1/mm), separation (Tb.Sp, mm), and thick-
ness (Tb.Th, mm), as well as cortical thickness (Ct.Th, mm).

Enpp1asj/asj mouse model

Animal care and maintenance were provided through Yale Uni-
versity Animal Resource Center at Yale University (New Haven,
CT, USA). All procedures were approved by the Animal Care
and Use Committee of Yale University and complied with the
US National Institutes of Health guide for the care and use of lab-
oratory animals. Heterozygous Enpp1asj/WT (genotype C57BL/6J-
Enpp1asj/GrsrJ; Jackson Laboratory, Bar Harbor, ME, USA; stock
number 012810) breeding pairs were maintained on normal
chow throughout the entire experiment. Food and water were
delivered ad libitum. The animal colony was housed in
pathogen-free conditions. All experimental animals were main-
tained on normal chow in utero through completion of the
study. Litters were genotyped on day 8 and weaned at day 21.
After weaning, sibling pairs were sequentially divided into
cohorts and were consecutively enrolled in the age-based exper-
imental trials by sex. Enrollment of the 10- and 23-week Enpp1wt

and Enpp1asj/asj cohorts spanned 4 months. Once the enrollment
of an experimental group began, both sexes of the appropriate
genotype were consecutively enrolled in an experimental cohort
with the exclusion of severely runted animals weighing <5.5 g at
14 days of life. After weaning, all experimental animals were
housed with littermates to allow for cooperative grooming and
nesting. Experimentalists were not blinded during the study.
Study numbers consisted of eight 10-week, eight 23-week, and
eleven 46-week Enpp1wt mice, seven 10-week and four
23-week Enpp1asj/asj mice, and seven 10-week and seven
46-week Enpp1asj/wt mice.

Histology, histomorphometry, and micro-CT of murine
skeleton

Tibias and femora were stripped of soft tissue, fixed in 70%
ethanol, dehydrated, and embedded in methyl methacrylate
before being sectioned and stained with toluidine blue.(27)

Histomorphometric measurements were performed on a fixed
region just below the growth plate corresponding to the pri-
mary spongiosa(28) and analyzed by Osteomeasure software
(Osteometrics, Atlanta, GA, USA). For μCT, tibias or femora
were stripped of soft tissue and stored in 70% ethanol at
4�C. The bones were scanned using a Scanco μCT-35
(Scanco) and analyzed for numerous structural parameters at
both the proximal tibia or distal femur just below the growth
plate (trabecular bone) and at the tibial or femoral midshaft
(cortical bone).

Murine bone biomechanical testing

All femurs were loaded to failure with four-point bending. All
whole-bone tests were conducted by loading the femur in the
posterior to anterior direction, such that the anterior quadrant
was subjected to tensile loads. The widths of the lower and
upper supports of the four-point bending apparatus were
7 mm and 3 mm, respectively. Tests were conducted with a
deflection rate of 0.05 mm/s using a servohydraulic testing
machine (Instron model 8874; Instron Corp., Norwood, MA,
USA). The load and midspan deflection were acquired directly

at a sampling frequency of 200 Hz. Load-deflection curves were
analyzed for stiffness, maximum load, and work to fracture. Yield
is defined as a 10% reduction in the secant stiffness (load range
normalized for deflection range) relative to the initial tangent
stiffness. Post-yield deflection, which is defined as the deflection
at failure minus the deflection at yield, was measured also.
Femurs were tested at room temperature and kept moist with
phosphate-buffered saline (PBS).

qBEI

Quantitative backscattered electron imaging (qBEI) was per-
formed to analyze the bone mineral density distribution
(BMDD) and osteocyte lacunar morphology. As previously
described,(29) methyl methacrylate embedded murine tibias
were ground, polished, and carbon-coated before being
imaged in a scanning electron microscope (LEO 435, LEO
Microscopy Ltd., Cambridge, UK) with a backscattered electron
detector (Type 202, K.E. Developments Ltd., Cambridge, UK).
The electron beam energy was kept constant at 20 keV during
measurements, as well as probe current at 680 � 1 pA and
the working distance at 20 mm. Mean calcium weight percent-
age (CaMean), most frequent calcium weight percentage
(CaPeak), and heterogeneity of the calcium distribution
(CaWidth) were evaluated based on the generated gray value
images representing the calcium content of the tibial cross sec-
tions.(30) Further, the images were taken to determine the mean
osteocyte lacunar area (Ot.Lc.Ar) and number of osteocytes per
mineralized matrix (N.Ot.Lc/B.Ar).

Quantification of plasma PPi

All human and murine plasma PPi samples were analyzed in a
blinded fashion. Blood plasma was prepared and the PPi assay
was performed as previously described(31,32) with minor varia-
tions. After plasma isolation and filtration, the plasma samples
were diluted in 1:1 with 50 mM Tris-Acetate pH 8.0 buffer fol-
lowed by filtration through a 30 kDa membrane (Amicon, Milli-
poreSigma, Burlington, MA, USA) via ultracentrifugation. The
samples were aliquoted for single use and stored frozen at
−80�C. The plasma isolation, removal of platelets via filtration,
and dilution and freezing of samples were performed within
1 hour of blood collection. The PPi assay was carried out by mix-
ing 5 μL plasma samples with 35 μL mixture composed of
50 mM Hepes pH 7.4, 16 μM adenosine phosphosulfate,
32 mU/mL ATP sulfurylase, and 80 mM MgSO4. Standards were
prepared using serial dilutions of a freshly prepared 10 mM
PPi stock solution (Acros Organics, Thermo Fisher Scientific,
Waltham, MA, USA; A0371139) and run in parallel with the sam-
ples. All experimental solutions were prepared in a single 96-well
PCR plate, which is subjected to the following cycle to activate
and deactivate ATP sulfurylase: 37�C 10 minutes, 90�C
10 minutes, 4�C for hold. Bactiter-Glo microbial cell viability
assay (Promega, San Luis Obispo, CA, USA; G8231) was used by
mixing 20 μL product from the reaction and 20 μL of the
Bactiter-Glo reagent. Luminescence signal was then read by
Bio-Teck synergy HT multi-detection microplate reader at room
temperature. Data analysis was performed via GraphPad Prism
7. Background PPi in the samples and water was subtracted
and normalized from the samples, and the values were interpo-
lated using Prism (GraphPad 7, La Jolla, CA, USA).
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ELISA assays for PTH1-84 and FGF-23

Mouse PTH 1-84 ELISA kits were purchased fromQuidel Corpora-
tion (San Diego, CA, USA; catalog number 60-2305). Mouse/Rat
FGF-23 (intact) ELISA kit was purchased from Quidel Corporation
(catalog number 60-6800). Forty-five-microliter plasma samples
were used for all the above ELISA experiments. Data analysis
was performed via GraphPad Prism 7.

Enzyme kinetic assay

Human polymorphisms were engineered into the human
ENPP1-Fc construct(15) using the Quikchange II-XL Site Directed
Mutagenesis from Agilent Technologies (Santa Clara, CA, USA).
After sequence verification, constructs were transfected into
CHO-K1 cells using lipofectamine 2000 from Thermo Fisher Sci-
entific. Forty eight hours after transfection, 10 μL of supernatant
was mixed with 90 μL of assay buffer containing 250 mM Tris
pH 8.0, 500 mM NaCl, 0.05% Triton X-100, and 1 mM Thymidine
50-monophosphate p-nitrophenyl. The velocity of the p-
nitrophenyl group liberated from the chromogenic substrate
was reported as change at OD 405 nM/min, in replicates of at
least 5 for each construct, and normalized to % WT.

Results

Patients

Between January 1, 2014, and December 31, 2016, 172 patients
with unexplained early onset osteoporosis presenting at a spe-
cialized osteologic outpatient clinic for musculoskeletal disor-
ders (The National Bone Board) of the University Medical
Center Hamburg-Eppendorf were analyzed by a custom-
designed SureSelect XT gene panel (Agilent) comprising
386 genes in which mutations have been associated with
changes in bone mass, skeletal dysplasias, dysostoses, or con-
nective tissue diseases. In 2 of 172 early onset osteoporosis
(EOOP) patients, heterozygous mutations were found in ENPP1
(patient A1 and B2). Segregation analysis revealed one more
affected family member (patient B1), which demonstrated that
only affected family members carried the respective mutation.
In addition, the segregation analysis also demonstrated that
the other rare variants observed were clinically silent, especially
with respect to phosphate metabolism (Supplemental Table S1).

The mutations detected were c.2330A>G/p.His777Arg in fam-
ily A (patient A1) and c.1412A>G/p.Tyr471Cys in family B (patient
B1 and B2, Fig. 1A, B). Bothmutations have been reported in GACI
patients, and we further characterized the effect of these muta-
tions on enzyme activity by performing steady-state kinetics on
cell culture supernatants of CHO cells expressing a soluble form
of ENPP1. We found that the Y471C mutation reduced the enzy-
matic velocity by 70% and the H777R by 95% when compared
with WT ENPP1 (Fig. 1C). Our findings concur with other reports
demonstrating residual enzymatic activity in these ENPP1 vari-
ants.(7,33) In addition to the patients with monoallelic ENPP1 defi-
ciency, three unaffected siblings (A2, A3, and B3) were identified
and examined to provide an unaffected sibling pair cohort.

Whereas patients A1 and B1 presented withmultiple vertebral
fractures, the DXA Z-score was strongly decreased in patients A1
and B2 (Table 1 and Fig. 1D–F), in contrast to their unaffected sib-
lings who only suffered from single traumatic fractures and
exhibited normal bone mineral density. Biochemical analyses
revealed decreased phosphorus and elevated c-terminal FGF23
serum levels. Corresponding to these findings, urinary

phosphate clearance was elevated in affected patients, and
tubular phosphate reabsorption was reduced (Table 2). Micro-
structural bone analysis by HR-pQCT demonstrated a combined
trabecular and cortical bone loss in all three affected individuals
at the distal tibia (Fig. 1G and Supplemental Table S2). Levels of
hemoglobin, hematocrit, and ferritin were within the physiolog-
ical range in all individuals examined.

In addition, two patients with the clinical phenotype of hypo-
phosphatemic rickets were diagnosed as ARHR2 by verification
of homozygous ENPP1 mutations (c.755A>G/p.Tyr252Cys). Seg-
regation analysis in this family (family C) revealed heterozygous
mutations in two family members (mother and one sibling)
and nomutations in the other two siblings. Plasma PPi level anal-
ysis in this family showed a significant relationship between
mutational status and PPi level, with the highest PPi levels in
unmutated ENPP1, significantly reduced levels in patients with
heterozygous loss-of-function (LOF) mutations and severely
decreased levels in homozygous LOF family members (Fig. 2A–
E and Table 3).

Murine phenotype of Enpp1 deficiency

To understand the pathophysiology of osteopenia noted in the
patients above, we studied the bone phenotype of Enpp1asj

mice,(16) which possess a V246D point mutation near the Enpp1
catalytic threonine (at position 238), which we demonstrate to
almost completely eliminate ENPP1 activity in the human pro-
tein (Fig. 1F). Heterozygous mice with the asj mutation
(Enpp1asj/WT mice) demonstrated plasma PPi comparable to WT
sibling pairs (Supplemental Fig. S1), and correspondingly,
micro-CT analysis of their tibias exhibited no significant differ-
ences with WT sibling pairs at 10 weeks (Supplemental
Tables S3 and S4). The findings demonstrate the lack of a plasma
PPi biochemical phenotype in heterozygous murine Enpp1 defi-
ciency at 10 weeks and the lack of a skeletal phenotype in het-
erozygous murine Enpp1 deficiency at 10 and 46 weeks.

In contrast, homozygous Enpp1asj/asj mice at 10 weeks exhib-
ited biochemical findings in FGF23 and plasma phosphorous
similar to humans with heterozygous ENPP1 deficiency—mildly
low plasma phosphorous and slightly elevated intact FGF23
(Table 4). In addition, PTH levels were noted to be elevated in
Enpp1asj/asj mice at 10 weeks. Histology performed on tibias of
10-week WT and Enpp1asj/asj sibling pairs demonstrated thinning
of the cortex and reduced trabecular bone (Fig. 3A), and micro-
CT confirmed an osteopenic phenotype in both trabecular and
cortical bone compartments. Trabecular BV/TV in 10-week-old
Enpp1asj/asj males was 57% of WT, trabecular thickness was 83%
ofWT, apparent density (of TV) was 55% ofWT, and cortical thick-
ness in Enpp1asj/asj mice was 78% of WT (Fig. 3B, C and Supple-
mental Tables S5 and S6). Histomorphometry of tibias from
10-week-old Enpp1-deficient mice confirmed the osteopenia—
BV/TV in male Enpp1asj/asj was 48% of WT, trabecular spacing
was increased to 190% of WT, and trabecular number was
reduced to 56% of WT (Supplemental Table S7). In addition, his-
tomorphometrical parameters revealed concurrent mild osteo-
malacia as evidenced by increased osteoid thickness (130% of
WT) and osteoid volume/bone volume (238% of WT), as well as
a prolonged mineralization lag time in male Enpp1asj/asj mice,
which was 295% of WT (Fig. 3D and Supplemental Table S7). To
verify that the histomorphologic and micro-CT changes
observed in Enpp1 deficiency at 10 weeks resulted in functional
changes in bone strength, we compared biomechanical proper-
ties by loading femurs to failure using four-point bending.(34)
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Compared with WT littermates, the bones from Enpp1asj/asj mice
were much less stiff, requiring significantly less total work until
fracture and were able to bear significantly less maximal load
at either age (Fig. 3E). To determine if the osteopenia was due
to increased bone resorption, we measured the concentration
of cross-linked C-teleopeptide from type I collagen (CTX) in the
plasma of WT and Enpp1asj/asj mice at 10 weeks and observed
no significant differences (Fig. 3F). From this data, we concluded
that Enpp1 deficiency resulted in no changes in osteoclast for-
mation or resorptive activity. We noted that these observations
concur with similar findings in Enpp1 null mice.(20)

At 23 weeks, the plasma analytes suggest progression of the
bone disease in Enpp1asj/asj mice. Twenty-three-week male
Enpp1asj/asj mice exhibit mild elevations in FGF23 and, as a

consequence, mildly reduced serum phosphorous levels, not sig-
nificantly different from WT, and reduced serum PTH levels
(Table 4). Tibial bones of 23-week male Enpp1asj/asj mice contin-
ued to demonstrate an osteopenic phenotype both micro-CT
(trabecular BV/TV at 54% of WT and cortical thickness at 78% of
WT) and histomorphometry (BV/TV at 40% of WT, trabecular
thickness was decreased to 69% of WT, and trabecular spacing
was increased to 200% of WT; Fig. 4A-C and Supplemental
Tables S5–S7). Compared with 10-week mice, the bone forma-
tion rate (BFR/BS) was significantly decreased (33% of WT), sug-
gesting the evolution of a low bone turnover state with age,
with continued evidence of osteomalacia (MAR 62% of WT,
MLT 196% of WT; Fig. 4D and Supplemental Table S7). Biome-
chanical findings at 23 weeks continued to exhibit reduced bone

Fig. 1. Clinical data of EOOP patients (A) Pedigree and ENPP1 mutation of family A. (B) Pedigree and ENPP1 mutation of family B. (C) Comparison of the
enzymatic activity of WT, Y471C, and H777R ENPP1 variants in the human patients with the V246D mutation present in Enpp1asj mice. The Y471C mutation
reduced the velocity of the enzymatic reaction by 70%, and the H777R mutation by 95%, when compared with WT ENPP1. The V246D mutation in Enpp1asj

mice demonstrated nearly absent enzymatic activity. (D) Radiograph of the thoracic spine of patient B1 (lateral view) and (E) the respective scan obtained by
computed tomography (CT). (F) HR-pQCT scans of the distal tibia of patient A1. (G) Bone microstructure parameters of the distal tibia of patients A1, B1, and
B2 (carrying heterozygous ENPP1mutations) obtained by HR-pQCT in comparison to a healthy sex- and age-matched control group.(35)
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stiffness and maximum load but also demonstrated increased
ductility, suggesting that the accumulation of unmineralized
matrix over time has altered the material properties of bone (Fig.
4E). Finally, plasma concentrations of CTX demonstrated no
increase in osteoclast activity at 23 in Enpp1asj/asj mice (Fig. 4F).

Quantitative backscattered electron imaging

To investigate the degree of cortical bone mineralization and its
effects on bone quality, we used quantitative backscattered elec-
tron imaging (qBEI) tomeasure bonemineral density distribution
(BMDD) and osteocyte lacunar area and density. Calcium weight
percentages in cortical bones of 10-week-old male Enpp1asj/asj

mice were greater than that of age-matched WT mice (Fig. 5),
which is represented by slightly increased CaMean (+1.4%,
p = 0.046) and CaPeak (+1.6%, p = 0.033) values, whereas hetero-
geneity (CaWidth, p = 0.834) is unchanged. In 23-week-old mice,
the cortical bone of both Enpp1asj/asj and WT mice showed a
higher degree of mineralization (CaMean) in comparison to the

10-week-old mice. However, this maturation effect was more
pronounced in the WT mice (WT: +4.4%, asj: +2.7%). When com-
paring the degree ofmineralization of Enpp1asj/asj andWTmice, it
is evident that significant changes toward higher mineralization
can only be found in the 10-week-old mice, whereas differences
in mineralization patterns have leveled off in the older 23-week-
old mice.

Additionally, at 10 weeks of age, the mean osteocyte lacunar
area was significantly reduced by 11.2% in Enpp1asj/asj mice
(p = 0.003), wherein the number of osteocyte lacunae per bone
surface area (N.Ot.Lc/B.Ar) is similar to WT mice and is still
reduced in Enpp1asj/asj mice (by 18.6%, p = 0.007) at 23 weeks.

Discussion

In humans, homozygous ENPP1 deficiency results in the infantile
disorder called GACI and a phosphate wasting rachitic disorder
in older children called ARHR2. Furthermore, a SNP variant in

Table 1. Sex, Age, Mutation Status, Fracture Assessment, and Bone Mineral Density Measures in EOOP patients and family members

Parameter A1+/− A2+/+ A3+/+ B1+/− B2+/− B3+/+

Sex M F F M M F
Age (years) 60 44 52 69 44 39
ENPP1 mutation Het. None None Het. Het. None
DNA change c2330A>G n/a n/a c.1412A>G c.1412A>G n/a
Protein change p.His777Arg n/a n/a p.Tyr471Cys p.Tyr471Cys n/a
Childhood fractures No Yes No No No No
Vertebral fractures 5 0 0 5 0 0
Nonvertebral fractures 0 11 0 1 1 12

T-score (lumbar spine) −4.2 −0.9 0.1 −1.2 −0.3 0.7
T-score (total hip) −3.1 −1.3 −0.5 −0.2 −3.0 0.7
Z-score (lumbar spine) −4.1 −1.0 0.5 −1.2 −0.2 0.7
Z-score (total hip) −2.7 −1.3 −0.1 0.2 −2.7 0.8

M = male; F = female; Het. = heterozygous.
1 Traumatic forearm fracture in childhood.
2 Traumatic nasal fracture.

Table 2. Biochemical Measures of Bone and Mineral Metabolism in EOOP patients and family members

Parameter Unit A1+/− A2+/+ A3+/+ B1+/− B2+/− B3+/+
Reference
values

Serum
Calcium mmol/L 2.13 2.10 (#) 2.21 2.10 (#) 2.33 2.19 2.10–2.74
Phosphate mmol/L 0.59 (#) 0.93 0.87 0.74 (#) 0.68 (#) 0.88 0.77–1.50
Osteocalcin μg/L 6.0 (#)1 16.2 12.2 13.2 20.6 20.7 12.0–52.1
BAP μg/L 4.5 (#)1 7.4 5.7 11.3 10.2 11.1 5.5–22.9
25-OH-D μg/L 40.6 34.5 40.3 29.5 (#) 64.8 45.7 >30.0
1,25-(OH)2-D ng/L 41.0 n/a n/a n/a 65.0 n/a 20.0–79.0
PTH μg/L 59.1 37.1 19.6 51.7 73.9 67.6 17.0–84.0
Cross-links nmol/mmol 3 5 9 (") 2 3 8 (") 2–5/3–72

cFGF23 kRU/L 124 (") - - 142 (") 104 56 26–110
Calculated measures or renal phosphate handling
Phosphate-clearance mL/min 28.0 (") - - 24.5 (") 32.0 (") - 5.5–16.0
TPR % 80.9 (#) - - 72.7 (#) 76.2 (#) - 82.0–90.0
TMP/GFR mg/dL 2.0 (#) - - 2.0 (#) 1.6 (#) - 2.5–4.2

BAP = bone alkaline phosphatase; PTH = parathyroid hormone; TPR = tubular phosphate reabsorption.
Parameters outside age- and sex-specific reference range are in bold.
1 Low bone turnover state under denosumab treatment.
2 Sex-specific reference values for male/female.
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ENPP1 (rs1974201) was identified in the FraminghamOsteoporo-
sis Study that was associated with unfavorable hip geometry and
predictive of femoral neck fractures.(36) This study also examined

other central regulators of bone mineralization including ANKH
and ALPL, but only ENPP1 returned an association with unfavor-
able skeletal parameters. The study suggests that ENPP1 is a

Fig. 2. Clinical data of ARHR2 patients and their family members. (A) Pedigree and ENPP1 mutation of family C. (B) PPi plasma levels of the family mem-
bers in relationship to their mutational status. (C) Hip Z-scores obtained by DXA. (D) Representative HR-pQCT scans of the distal tibia, and (E) selected
structural parameters. **p < 0.01; ****p < 0.001 (Student’s unpaired t test).

Table 3. Biochemical Measures of Bone and Mineral Metabolism in ARHR2 patients and family members

Parameter Unit C1+/− C2+/+ C3−/− C4+/+ C5−/− C6+/−

Serum
Calcium mmol/L 2.22 2.34 2.28 2.24 2.18 2.18
Phosphate mmol/L 0.83 1.39 0.63 (#) 1.57 0.56 (#) 1.11
Osteocalcin μg/L 12.1 46.4 40.7 70.1 41.4 30.1
BAP μg/L 8.5 58.3 179.1 96.9 186.3 20.1
25-OH-D μg/L 8.6 (#) 13.8 (#) 10.4 (#) 14.9 (#) 7.4 (#) 8.5 (#)
PTH μg/L 75.0 62.6 59.2 48.7 82.2 59.1
Cross-links nmol/mmol 6 28 77 (") 22 34 (") 12
cFGF23 kRU/L 141 (") 46 265 (") 44 123 (") 130 (")
BAP = bone alkaline phosphatase; PTH = parathyroid hormone.
Parameters outside age- and sex-specific reference range are in bold.
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Table 4. Mean Plasma Biochemical Measures of Bone and Mineral Metabolism of 10- and 23-week WT and Enpp1asj/asj Mice

Parameter Unit 10 weeks: Enpp1wt 10 weeks: ENPP1asj/asj 23 weeks: Enpp1wt 23 weeks: ENPP1asj/asj

Calcium mg/dL 9.36 9.03 8.28 7.23
Phosphate mg/dL 6.22 4.78** (#) 5.02 4.65
PTH pg/mL 129 287** (") 485 187** (#)
FGF23 pg/mL 115 426****(") 219 231
PPI nM 1900 142.9**** (#) 2030 542.8**** (#)
PTH = parathyroid hormone.
**p < 0.01.
****p < 0.001 (Student’s unpaired t test).

Fig. 3. Bone histology ofWT and Enpp1asj/asjmice at 10 weeks. (A) Von Kossa staining of whole tibia (top) and cortical and trabecular bone (bottom) of 10 -
week WT and Enpp1asj/asj male mice. (B) Reconstructed images from micro-CT scans of tibial trabecular and cortical bone. (C) Micro-CT quantification of
trabecular BV/TV, trabecular thickness (Tb.Th), and trabecular number (Tb.N) and cortical BV/TV and cortical thickness (Ct.Th) (D). Histomorphometric
quantification of osteoid volume (OV/BV), osteoid width (O.Wi), mineralization lag time (MLT), bone formation rate (BFR/BS), mineral apposition rate
(MAR). (E) Biomechanical quantification by four-point bending of femur bone parameters (stiffness, maximum load, and post yield deflection). (F) Concen-
tration of C-telopeptide of type 1 collage (CTX) in plasma of 10-weekWT and Enpp1asj/asjmice. n ≥ 7 (C), n ≥ 6 (D), and n ≥ 7 (E). Data are themeans� SEM.
*p < 0.05; **p < 0.01; ***p < 0.005, ****p < 0.001 (Student’s unpaired t test).
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central regulator of the extracellular purinergic metabolic path-
way, which is responsible for the generation of essential skeletal
mineralization metabolites through the generation of extracellu-
lar Pi, PPi, and adenosine.

Although ENPP1 deficiency has not previously been identified
as a causative factor of low bone mass in humans, the Depart-
ment of Osteology and Biomechanics in Hamburg identified a
small cohort of middle-age men with monoallelic ENPP1 defi-
ciency and early onset osteoporosis. The patients exhibited mul-
tiple vertebral or radial fractures, elevated c-terminal FGF23,

decreased phosphorous, elevated urinary phosphate clearance,
and clinical signs of osteoporosis. HR-pQCT measurements to
determine tibial microstructure confirmed low bone mass (corti-
cal thickness 55% to 70% of WT, trabecular bone volume 70% to
85% of age- and sex-matched controls), and DXA scores of the
hip and spine confirmed osteoporosis. The biochemical and
bone mineralization findings suggest that heterozygous ENPP1
deficiency induces mildly elevated FGF23 levels and concomi-
tant low levels of plasma phosphate and pyrophosphate that
results in low bone mass and a severe, premature osteoporosis.

Fig. 4. Bone histology of WT and Enpp1asj/asjmice at 23 weeks. (A) Von Kossa staining of tibia (top) and cortical and trabecular bone (bottom) of 23 -week
WT and Enpp1asj/asj male mice. (B) Reconstructed images from micro-CT scans of tibial trabecular and cortical bone. (C) Micro-CT quantification of trabec-
ular BV/TV, trabecular thickness (Tb. Th), and trabecular number (Tb.N) and cortical BV/TV and cortical thickness (Ct.Th) (D). Histomorphometric quantifi-
cation of osteoid volume (OV/BV), osteoid width (O.Wi), mineralization lag time (MLT), bone formation rate (BFR/BS), mineral apposition rate (MAR). (E)
Biomechanical quantification by four-point bending of femur bone parameters (stiffness, maximum load, and post yield deflection). (F) Concentration
of C-telopeptide of type 1 collage (CTX) in plasma of 23-week WT and Enpp1asj/asj mice. n ≥ 4 (C–E). Data are the means � SEM. *p < 0.05; **p < 0.01
(Student’s unpaired t test).
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The skeletal phenotype and plasma biochemistry present in
Enpp1asj/asj mice were remarkably similar to the early onset oste-
oporosis patients with heterozygous ENPP1 deficiency. Namely,
Enpp1asj/asj mice also exhibit mildly increased FGF23 and mildly
low plasma phosphorous. The murine skeletal phenotype
exhibits a severe osteopenia and a mild osteomalacia, reflective
of the mineralization imbalances present in human ENPP1 defi-
ciency. Mild osteomalacia in Enpp1asj/asj mice at 10 weeks is evi-
denced by the prolonged mineralization lag time and the
accumulation of osteoid (increased osteoid width and volume;
Fig. 3D). At 23 weeks, features of both osteomalacia and osteo-
porosis persisted (Fig. 4D), and biomechanical testing also dem-
onstrated increased bone fragility and increased bone ductility
(Fig. 4E), consistent with the combined presence of osteomalacia
and osteoporosis. Notably, defects in bone microarchitecture
documented by micro-CT in both 10- and 23-week Enpp1asj/asj

mice—specifically, reductions in cortical and trabecular thick-
ness and increased trabecular spacing (Figs. 3C and 4C and Sup-
plemental Tables S5 and S6)—closely parallel the bone
microarchitectural defects documented by HR-pQCT in humans
with heterozygous ENPP1 deficiency, which demonstrate nearly
identical deficits in the same parameters (Supplemental
Table S2). The findings demonstrate a close correspondence
between the skeletal phenotype present in murine and human
ENPP1 deficiency and support the use of the murine model to
investigate disease pathogenesis.

In humans, heterozygous ENPP1 deficiency induces mild
FGF23 elevations, which, in turn, generates mild phosphate
wasting that may be clinically overlooked, whereas homozygous
ENPP1 deficiency results in overt elevations of FGF23,

pronounced phosphate wasting, and clinically apparent rickets
during childhood, all supporting the presence of an ENPP1 gene
dose effect in humans. We tested this hypothesis by measuring
plasma PPi levels in a single pedigree whose family members
contained all variations of an ENPP1 gene dose (Fig. 2B). Our
results demonstrated that individuals with heterozygous ENPP1
deficiency had plasma PPi levels intermediate to those of sib-
lings/children without ENPP1 deficiency and siblings with homo-
zygous ENPP1 deficiency (Fig. 2B). Parallel experiments in
Enpp1-deficient mice demonstrated that the murine gene dose
is not comparable with humans—unlike humans with monoalle-
lic ENPP1 deficiency, Enpp1asj/wt mice do not exhibit decreased
plasma PPi but do manifest slight elevations in FGF23
(Supplemental Fig. S1). It is therefore not surprising that micro-
CT data of mice with heterozygous Enpp1 deficiency showed
no signs of skeletal abnormality (Supplemental Tables S3
and S4).

ENPP1 generates PPi, a potent endogenous mineralization
inhibitor, and therefore ENPP1 deficiency should result in
increased and not decreased bone mass. The mechanism by
which ENPP1 deficiency induces osteopenia is therefore not
readily apparent, but a putative mechanism may be related to
changed osteocyte function induced by low plasma PPi. To
investigate osteocyte characteristics and tissue mineralization,
we used qBEI, which demonstrated higher mean calcium con-
tent and lower osteocyte lacunar size in 10-week Enpp1asj/asj

mice. Although typical lacunar mineralization as described for
human bone was not apparent in mice(29), the newly obtained
data suggest that PPi deficiency is related to lower osteocyte
lacunar size. Changes in lacunar size may be associated with

Fig. 5. BMDD and osteocyte lacunar morphology in tibias of male mice determined by qBEI. (A) Measurements were performed distal of the proximal
trabecular area at the medial and lateral side of 10- and 23 -week-old mice. (B) QBEI images show enhanced lamellar bone in 23 -week-old Enpp1asj/asj

and WT mice and (C) BMDD shift (black arrows) to a higher mineralized matrix at 23 weeks, which is represented by increased CaMean and CaPeak (only
in WTmice). (D) CaMean (mean � SD) and (E) CaPeak in 10 -week-old Enpp1asj/asjmice are increased compared with age-related WTmice. In 23-week-old
mice, this difference is no longer apparent. (F) Ot.Lc.Ar in Enpp1asj/asj mice is decreased at 10 and 23 weeks, and with age the Ot.Lc.Ar decreases in both
genotypes. The reduction is osteocyte lacunae area is consistent with the mineralization defect observed in the vasculature and could contribute to the
increased osteocytic FGF23 production observed in the Enpp1 deficient animals. (G) N.Ot.Lc/B.Ar is unchanged in Enpp1-deficient mice compared to WT
mice at 10 and 23 weeks, and decreases with age only in WT mice. *p < 0.05; **p < 0.01; ***p < 0.005 (Student’s unpaired t test).
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increased plasma FGF23 and reduced serum phosphate, while
increased osteoid indices were also observed in ENPP1 defi-
ciency. Progressive osteocyte loss has been reported in Enpp1
null mice,(20) consistent with the notion that decreased plasma
PPi may be harmful to osteocytes, possibly by compromising
the vascular channels supplying nutrients or directly impinging
on osteocyte lacunae. The aggregate findings suggest an associ-
ation between plasma PPi, bone mass, and osteocyte function,
but further experiments are required before establishing the pre-
cise mechanism of low bone mass due to ENPP1 deficiency.

Diseases inducing decreased bone mass and increased vascu-
lar calcification are called “paradoxical mineralization disorders,”
and the etiology of these disorders is presently unknown. The
association of ENPP1 deficiency with human osteoporosis and
GACI identifies ENPP1 as a candidate pathogenic mechanism
for this poorly understood syndrome. In addition to aging adults,
patients with chronic kidney disease bone mineralization disor-
der (CKD-MBD) also exhibit paradoxical mineralization whereby
vascular calcifications coexist with decreased bone mass and
increased bone fragility.(37) Our findings suggest that ENPP1
and PPi levels should be evaluated in patients with early onset
osteoporosis of unknown etiology and should also be investi-
gated as a pathogenic mechanism in paradoxical mineralization
disorders.
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