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Abstract

The enzyme ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPPI) codes for a type 2
transmembrane glycoprotein that hydrolyzes extracellular ATP to generate pyrophosphate (PP;)
and adenosine monophosphate, thereby contributing to downstream purinergic signaling pathways.
The clinical phenotypes induced by ENPP1 deficiency are seemingly contradictory and include
early-onset osteoporosis in middle-aged adults and life-threatening vascular calcifications in

the large arteries of infants with generalized arterial calcification of infancy. The progressive
overmineralization of soft tissue and concurrent undermineralization of skeleton also occur

in the general medical population, where it is referred to as paradoxical mineralization to
highlight the confusing pathophysiology. This review summarizes the clinical presentation and
pathophysiology of paradoxical mineralization unveiled by ENPP1 deficiency and the bench-to-
bedside development of a novel ENPP1 biologics designed to treat mineralization disorders in the
rare disease and general medical population.
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1. EXTRACELLULAR PURINERGIC METABOLISM

Ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1) is a type Il transmembrane
protein composed of four structurally distinct domains—two somatomedin B-like domains,
a catalytic domain, and a nuclease domain. The catalytic domain lies in the extracellular
space, where it cleaves high-energy phosphate bonds within nucleotide triphosphate
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compounds to generate extracellular pyrophosphate (PP;) and nucleotide monophosphates
(1) or cyclic nucleotides such as 2'3’-cGAMP (cyclic guanosine monophosphate—adenosine
monophosphate) to generate 5"-AMP and 5'GMP (2). The enzymatic products of

ENPP1 catalysis generate extracellular signaling molecules that regulate whole organismal
physiology—either directly or as ligands to cell surface or intracellular receptors. ENPP1
regulates soft tissue mineralization through generation of PP;, which inhibits extraskeletal
calcification by incorporation into the hydroxyapatite crystal and elimination of crystal
contacts necessary for crystal growth (3, 4). ENPP1 also regulates vascular endothelial
proliferation through activity of AMP on purinergic endothelial cell receptors (5), and
ENPP1 regulates the innate immune response by modulating inflammatory cytokines

and the type | interferon response through hydrolysis of 2’3’ -cGAMP—a ligand for

the germline-encoded pattern recognition receptor STING (6, 7). This review focuses

on diseases induced by ENPP1 loss of function or missense pathogenic variants, which
induce mineralization phenotypes in affected patients that include life-threatening vascular
calcifications in infants with generalized arterial calcification of infancy (GACI), severe
phosphate wasting rickets in children with autosomal recessive hyperphosphatemic rickets
type 2 (ARHR?2), early-onset osteoporosis in middle adults, and perispinal ossifications
and enthesopathies in a subset of patients diagnosed with ossification of the posterior
longitudinal ligament (OPLL) and diffuse idiopathic skeletal hyperostosis (DISH).

To understand how a single enzyme induces such disparate clinical phenotypes, it is best to
review the metabolic disorders induced by disruptions in the extracellular purine metabolic
pathway (Figure 1). A liver-associated transmembrane transporter known as ATP-binding
cassette subfamily C member 6 (ABCC6) mediates the export of ATP into the blood, where
it is cleaved by ENPP1 into AMP and PP;. Tissue-nonspecific alkaline phosphatase cleaves
PP; into phosphate (P;), and 5" -nucleotidase (CD73) cleaves AMP into adenosine and
phosphate. Phosphate complexes with calcium to form hydroxyapatite, which constitutes
the hard mineral phase of bone as well as the extracellular mineral deposits seen in

vascular calcification and the joint calcifications observed in patients with osteoarthritis.
Pyrophosphate is able to replace phosphate in the growing hydroxyapatite crystals and thus
renders the crystal contacts of the growing crystal lattice inaccessible, effectively preventing
crystal growth; extracellular AMP and adenosine mediate vascular tone by regulating pre-
and postglomerular vascular resistances, glomerular filtration rate, renin release, epithelial
transport, intrarenal inflammation, and growth of mesangial and vascular smooth muscle
cells (8). Remarkably, inactivating variants in several of the transporters and enzymes
involved in extracellular purinergic metabolism results in mineralization disorders (Table
1). Pathogenic variants in ABCC6 induce reduced extracellular ATP leading to decreased
plasma PP;, with a subsequent increase in hydroxyapatite deposition in nucleation sites near
elastic fibers in the skin and eye, leading to a mineralization disorder called pseudoxanthoma
elasticum (PXE). PXE patients suffer from skin calcifications, retinal findings including
bleeding, and slowly progressive vascular calcifications (9). Pathogenic variants in ENPP1
result in markedly decreased plasma PP; levels, leading to vascular calcifications as early
as the second trimester of development in the life-threatening disease GACI (10). These
children often present within the first week of life with stroke, severe hypertension and
cardiac failure, and approximately 50% mortality by 6 months of age. Infants fortunate

Annu Rev Pathol. Author manuscript; available in PMC 2024 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ferreira et al.

2. GACI

Page 3

enough to survive will typically develop phosphate wasting rickets (ARHR2) (11, 12) in
infancy as well as enthesopathies in their extremities and spines, which progressively worsen
with time. Infants affected by pathogenic variants in tissue-nonspecific alkaline phosphatase
suffer from the opposite problem—they are unable to mineralize their skeleton due to

an excess in extracellular PP;j and reduced Pj in a disease known as hypophosphatasia
(HPP) (13). Infants affected with the most severe forms of HPP die from hypoxia at

birth because they are unable to expand their ribcage due to the severely deficient skeletal
mineralization. Finally, pathogenic variants in CD73 induce calcifications in the arteries in
the lower extremities as well as periarticular calcifications in the joints of the extremities

in a disease known as arterial calcification due to CD73 deficiency (14). To understand

the pathophysiology of these disorders we begin by examining the clinical phenotype and
presentation of GACI infants, expand into the skeletal mineralization disorders associated
with ENPP1 deficiency, and conclude with a discussion of the development of novel
therapeutics for patients with ENPP1 deficiency and their application to mineralization
disorders affecting the general medical population.

The first patient reported to have what we now call GACI was born in 1898 and reported

in 1899 as a case of congenital atheroma of the aorta and pulmonary artery (15). The first
patient in the English literature was reported in 1901, in an infant with arterial calcification
and intimal proliferation (obliterative endarteritis) (16). A low concentration of plasma
pyrophosphate (0.6 umol/L; normal, 1-6 umol/L) was detected in an infant in 1990 by

Dr. Graham Stuart, a cardiologist in the Freeman Hospital at Newcastle (17). This child
presented within a few hours of birth with poor feeding, cyanosis, heart failure, lethargy, and
respiratory distress. Echocardiogram studies revealed calcifications in the pulmonary and
aortic valves. Pulmonary artery calcifications were seen on fluoroscopic examination and
calcification was evident in the internal elastic lamina of the posterior tibial artery on biopsy.
A provisional diagnosis of idiopathic infantile arterial calcification, now known as GACI,
was made, whereupon Dr. Stuart sent a plasma sample from the infant to John Kanis, an
investigator at the University of Sheffield, for measurement of plasma PP;, an assay that was
not routinely available and notoriously difficult to perform.

Dr. Stuart likely requested this test due to the association between PP; and spontaneous
mineralization reported in the early 1960s by Graham Russell and Herbie Fleisch,

who had described the spontaneous formation of hydroxyapatite crystals in buffered
solutions possessing physiologic concentrations of calcium and phosphate but not in the
presence of plasma (3). The observations demonstrated calcium and phosphate to be at
saturating concentrations in human plasma but nevertheless they did not spontaneously form
hydroxyapatite crystals in plasma, demonstrating the presence of unidentified mineralization
inhibitors in blood. They sought to purify these inhibitors out of urine, reasoning that renal
stones would develop in their absence, identifying plasma pyrophosphate as a mineralization
inhibitor capable of preventing spontaneous hydroxyapatite formation (18, 19).

After identifying a low plasma pyrophosphate level, Dr. Stuart administered a
bisphosphonate, disodium etidronate, at a dose of 20 mg three times a day to the infant
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in view of a report attributing etidronate with survival beyond infancy to the drug. This

prior report documented suppression and reversal of arterial calcifications and attributed

the response to etidronate treatment (20). Nevertheless, Dr. Stuart’s patient succumbed to
cardiac arrest at 8 weeks of age. Although Dr. Stuart’s testing and observations suggested
low plasma pyrophosphate as the pathogenic mechanism leading to vascular calcifications in
GACI, the failure of etidronate to prevent mortality in this patient [and his similarly treated
sibling who died 5 years later (17)] led him to demur on a definitive disease mechanism,
speculating instead that inherited disorders of iron metabolism and elastin structure might
also be involved (21).

2.1. Clinical Presentation

GACI is the most severe form of ENPP1 deficiency and presents with widespread
calcification and intimal thickening of large- to medium-sized vessels. The calcification

is not intimal but occurs along the internal elastic lamina, separating the media from

the intima. The proliferation of the intima leads to luminal narrowing, with subsequent
ischemia. Spontaneous resolution of calcification has been reported in several individuals
(22, 23). In those without continued evidence of calcification, arterial stenoses associated
with intimal thickening have been observed (24, 25). Generalized arterial stenoses without
prior evidence of arterial calcification have also been reported (26, 27). Thus, it appears that
the two phenomena of arterial calcification and stenosis are independent from each other,
and while calcification can spontaneously regress with time, the stenosis seems to remain.

Avrterial calcification is detected in 77% of affected individuals, involving in decreasing
order the aorta (68%), pulmonary arteries (52%), renal arteries (49%), coronary arteries
(48%), carotid arteries (43%), mesenteric arteries (34%), femoral arteries (25%), and
cerebral arteries (15%) (28). Arterial stenosis is present in at least 72.4% of GACI cases
(5). Functional cardiovascular complications are seen in 58% of patients (28). There is a
high risk of mortality within the first 6 months of life, which stabilizes with increasing
age. The probability of mortality from GACl—independent of its underlying etiology—at
6 months is 50.6%, while the same risk for individuals with ENPP1 deficiency specifically
is 33.5% (28). There are various explanations for this critical period in the first 6 months
of life, followed by a later period of stability. First, in most cases the calcifications can
regress. Second, even though patients can have arterial stenosis in the presence or absence
of calcifications, arteries continue to grow in diameter with age as documented by serial
imaging, although they are still reduced in caliber. According to Poiseuille’s law, the flow
through a vessel is directly proportional to the fourth power of the radius. Thus, even a small
linear growth in the diameter of an artery will lead to an exponential increase in its blood
flow, so that slight increases in radius can lead to dramatic increases in blood flow.

2.2. Periarticular Calcifications in GACI

Almost another decade passed before Dr. Frank Rutsch treated an infant with tachypnea,
cyanosis, and severe metabolic lactic acidosis in Dortmund, Germany (10). On the

fifth day of life, the infant was placed on mechanical ventilation due to congestive

heart failure and recovered after 19 days. Screening for metabolic disorders revealed
only a carnitine deficiency, and the patient was treated with digoxin, furosemide, and
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spironolactone but additionally developed arterial hypertension at 6 months of age.
Cardiac catheterization revealed a homogeneously hypertrophied left ventricle, a patent
ductus arteriosus, hypoperfusion of the upper lobe of the left lung, and bilateral renal
arterial stenoses. After the ductus arteriosus was addressed, the patient was treated with
phentolamine and captopril but 8 months later developed painful swelling of the left

wrist and ankle due to bilateral periarticular calcifications in the carpal and ankle joints.
Biopsy of the left temporal artery demonstrated calcifications in the medial wall, and low
pyrophosphate levels were reported in spot urine samples, ranging from 0.5 to 6.3 umol/
mmol creatinine (normal, 7.7-56.7 pmol/mmol creatinine). The diagnosis of GACI was
therefore rendered, followed by radiographic and ultrasound identification of calcifications
in the aorta, carotid, and celiac arteries. This patient was started on etidronate at 10 months
of age and survived into adolescence.

At around this time, a rheumatologist at the University of California, San Diego, Dr.
Terkeltaub, was examining the joints and synovial fluid in an Enppl-deficient mouse called
tiptoe walking (ftw) (29). Ttw mice were initially reported in 1981 as the product of
brother-sister mating of the ICR mouse strain (30) and were found to have increased calcium
deposition in their cartilage and ligaments (31) resulting in a severe myelopathy simulating
aspects of the human disease OPLL (32), as well as osteopenia in their long bones when
compared with wild-type (WT) littermates (33, 34). 7fwmice were eventually found to
possess a nonsense variant (Gly568stop) in Enppl, which severely limited the enzyme’s
expression on cell surfaces and thus markedly reduced plasma PP; levels (32). Importantly,
the spinal hyperostotic and osteopenic murine phenotypes present in ffwmice heralded
human phenotypes of ENPP1 deficiency, described further below.

Dr. Rutsch joined Dr. Terkeltaub’s lab after treating a GACI infant, and, together, they
determined that the PP; deficiency in GACI patients was due to low or absent levels of
ENPP1 and that the loss of ENPP1 catalytic activity could not be compensated by any

of the other members of the ENPP family known at the time (10). Indeed, structural

and biochemical studies over the intervening two decades have found that despite nearly
identical structures in the enzymatic active sites of the seven ENPP1 family members
(35-40), only ENPP1 can generate extracellular pyrophosphate as evidenced by the nearly
absent levels of plasma PP; in patients with ENPP1 loss-of-function variants. The lack of
redundancy among the ENPP family in PP; generation accounts for the dramatic phenotypic
consequences of ENPP1 deficiency in humans.

2.3. Current Therapeutic Strategies for GACI

Since ectopic calcification is a consequence of PP; deficiency, one theoretical therapeutic
option would be to rely on the administration of PP;. However, this approach is impractical
given the short half-life of parenterally administered PP;, estimated to be approximately 30
min in a rat (41); the P-O-P skeleton of PP; renders it hydrolysable by enzymes such as
alkaline phosphatase. It has been known since the 1960s that PP; prevents hydroxyapatite
deposition (3), and studies in the 1960s and 1970s demonstrated that bisphosphonates,
nonhydrolysable analogs of PP; with a P-C-P backbone, inhibit the transformation of
amorphous calcium phosphate into hydroxyapatite crystals (42, 43), the aggregation of
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calcium phosphate crystals (44), and, more specifically, the aggregation of hydroxyapatite
crystals (45). As detailed above, in 1978 the vascular mineral deposition in GACI was
identified as hydroxyapatite, leading to the use of bisphosphonates to attempt to inhibit the
life-threatening vascular calcifications in neonates (20). Subsequently, 65% survival was
reported in GACI patients receiving bisphosphonates compared with 31% of patients who
were not treated (p = 0.026) (46). However, spontaneous regression of vascular calcifications
in GACI patients in the absence of any therapy was later recognized (22, 23), calling into
question the clinical relevance of these findings. A later study, using a start-time matched
analysis to account for different ages of initiation of bisphosphonates over the critical

period of high mortality, found a trend toward survival benefit that did not reach statistical
significance. However, the confidence intervals did not overlap during the first month of life,
indicating a possible survival benefit if bisphosphonates are initiated early. In fact, a survival
analysis of bisphosphonates initiated within 6 months versus no bisphosphonates found a
significant difference if bisphosphonates were initiated within the first week of life, but no
survival benefit if initiated thereafter (28).

Newer bisphosphonates potently inhibit osteoclasts due to intracellular biological
mechanisms so that relatively small amounts are administered to achieve their osteoclast
inhibitory role, thus limiting the physicochemical effect seen with higher doses intended to
prevent hydroxyapatite deposition. On the other hand, much larger and more frequent doses
of etidronate, a first-generation bisphosphonate, can be administered at higher doses (x20
mg/kg/day). In fact, etidronate was shown to be more potent at inhibiting phosphate-induced
calcium deposition than alendronate and pamidronate, with an IC50 value (a quantitative
measure of the concentration needed to inhibit calcification in vitro by 50%) of 1.16 umol/L
(47). Thus, etidronate would appear to be a better choice than other bisphosphonates,
although the survival curves between etidronate versus other bisphosphonates do not appear
to differ (28). Lastly, etidronate is no longer available in many countries.

Another therapeutic option to address the ectopic calcification is sodium thiosulfate, which
increases the solubility of calcium. A combination of etidronate and sodium thiosulfate

was given to an infant with GACI, with no improvement of calcification and demise

after 1 month (48). The infusion of intravenous sodium thiosulfate led to improvement

of calcific stenosis of celiac and mesenteric arteries in a child with a complex genotype

(49). Anecdotally, several patients with ENPP1 deficiency have received intravenous sodium
thiosulfate, but its benefits remain unclear given the lack of additional reports.

Increased dietary magnesium prenatally (given to pregnant dams) and continued postnatally
was shown to prevent ectopic mineralization in a mouse model of ENPP1 deficiency, likely
due to the competition of magnesium with calcium for phosphate binding (50). However,
clinical trials testing the efficacy of magnesium supplementation on vascular calcification

in PXE patients in a double-blinded placebo-controlled trial failed to show a statistically
significant clinical benefit (Clinical Trials.gov identifier NCT01525875) (51). One infant
with ENPP1 deficiency who did not initially respond to etidronate administration eventually
showed improvement in ectopic calcification (arterial and periarticular) with a combination
of etidronate, magnesium, and calcium carbonate, with the latter as an antiphosphate
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treatment (52). However, it is possible that this infant could have shown spontaneous
regression of calcification even in the absence of magnesium administration.

It should be noted that the therapeutic options mentioned above (bisphosphonates, sodium
thiosulfate, and magnesium) address only the arterial calcification and not any other aspects
of the cardiovascular involvement related to GACI. Standard of care for other potential
complications such as cardiac failure, hypertension, and coronary artery stenosis is also
warranted.

Periarticular calcification is seen in 64% of affected individuals, affecting in decreasing
order the knee (27%), hip (27%), shoulder (27%), wrist (22%), sternoclavicular (16%),
carpal (11%), elbow (9%), and ankle (9%) joints (28). These periarticular calcific masses
can be large, sometimes leading to confusion with another rare disease of ectopic
calcification, namely familial tumoral calcinosis. Calcifications around the joints can lead to
pain and decreased range of motion of the affected joint. In some cases, these periarticular
calcifications have remained stable for years (53). Calcification of the earlobes is seen in
55% of patients (54), while parenchymal calcification of organs is seen in 66% of patients
(28). Therapeutic strategies for treating periarticular calcification include surgical debulking,
which has been performed anecdotally for large calcific masses that do not regress over time
and interfere with function.

3. PHOSPHATE WASTING RICKETS INDUCED BY ENPP1 DEFICIENCY:

ARHR2

In 2010, ENPP1-deficient patients were found to develop fibroblast growth factor 23
(FGF23)-mediated phosphate wasting rickets (ARHR2) (11, 12). Phosphate wasting in
ARHR2 patients is nearly identical to the phosphate wasting in the prototypic renal
phosphate wasting disorder X-linked hypophosphatemia (XLH), due to pathogenic variants
in PHEX (phosphate regulating endopeptidase homolog, X-linked). PHEX encodes an
enzyme that degrades small integrin-binding ligand N-linked glycoproteins, or SIBLING
proteins, but is thought to regulate FGF23 expression through nonenzymatic mechanisms,
and FGF23 regulates phosphate homeostasis by controlling the expression of sodium—
phosphate cotransporters (NPT2a and NPT2c) on the apical membrane of proximal renal
tubule cells. Elevated levels of FGF23 suppress the expression of NPT2a and NPT2c,
decreasing phosphate resorption and thereby inducing phosphate wasting rickets. The
finding of FGF23 phosphate wasting rickets in patients with inactivating ENPP1 variants
led to speculation that ENPPI regulated FGF23, a hypothesis supported by RNA sequencing
experiments demonstrating FGF231to be the single most elevated transcriptome in the bones
of 10- and 23-week-old Enppl-deficient mice (55).

Children with XLH and ARHR?2 typically present with very similar clinical phenotypes
—bowing deformities of the legs, anteromedial rotational torsion of tibiae, and short

stature (Figure 2a). Typical biochemical findings include hypophosphatemia and low-normal
circulating 1,25-dihydroxyvitamin D [1,25(0OH),D]. Plasma levels of intact FGF23 are at
the upper limits of normal or slightly elevated in the presence of low serum phosphate.

The original reports of ARHR2 by Levy-Litan and colleagues (11) described three patients
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with rickets, two of whom had FGF23 levels at the upper limit of normal—50 pg/mL

and 47 pg/mL (reference range of 10-50 pg/mL). A contemporaneous report by Lorenz-
Depiereux (12) described seven patients, five of whom had intact plasma FGF23 at either
the upper range of normal or slightly elevated upon repeated measurement and in any
case inappropriate for the hypophosphatemia. All patients, however, exhibited clinical signs
of rickets, as evidenced by the need to perform corrective surgery to address the bone
deformities in three of the seven patients of Lorenz-Depiereux, while two of the three
patients reported by Levy-Litan exhibited typical rachitic skeletal deformities. Finally,
serum alkaline phosphatase is typically elevated, and renal tubular phosphate reabsorption
is typically decreased, as defined by a low ratio of the tubular maximum threshold for
phosphate reabsorption to glomerular filtration rate.

3.1. Clinical Presentation of ARHR2

The first biochemical manifestation of rickets is a decrease in serum phosphate. This

is a progressive development—serum phosphate concentrations in affected patients at
birth are normal. However, a sharp decline is observed after birth, with a mean rate of
decline of —1.45 SD per year (95% CI = -1.90 to —1.00) that slows over time (mean
change in rate = 0.12 SD per year, 95% CI = 0.06 to 0.18) (16). The average onset of
hypophosphatemia (serum phosphate Z-score <-1.96) is 1.6 years of age. Intact FGF23
concentrations are frankly elevated (>50 pg/mL) in most patients (88%) and correlate
significantly and inversely with serum phosphate. In addition, patients with elevated intact
FGF23 concentrations have inappropriately suppressed levels of 1,25(0OH),D (27).

Clinical signs of rickets are seen in 49% of individuals with ENPP1 deficiency regardless of
age or survival status and in 70.1% of patients who survive the critical period (28). It should
be noted that the risk of developing rickets varies with age, with an estimated probability of
developing rickets of 20% by 2 years of age and an almost certainty of developing rickets
by adolescence or osteomalacia in early adulthood (27). Rickets not only is seen in survivors
of GACI but can also be diagnosed as the first manifestation of ENPP1 deficiency, in the
absence of any known prior cardiovascular involvement; however, 64% of individuals in this
group had evidence of ectopic calcification (arterial, valvular, or periarticular) after further
studies were obtained. The median age for the diagnosis of rickets in this subcohort is 5.4
years (28).

3.2. ARHR2 Therapeutic Strategies

Treatment of hypophosphatemic rickets is often accomplished with calcitriol plus

frequent administration of phosphate supplements, which corrects the rickets phenotype
(compare Figure 2c, before treatment, with Figure 2d, after treatment), but judicious
treatment is necessary to avoid the development of hyperparathyroidism and hypercalciuria
without worsening vascular calcification (27, 56). However, nephrocalcinosis is a known
complication of this treatment strategy (Figure 2i). In one study, medullary nephrocalcinosis
was not present by ultrasound in any patient naive to treatment, while it developed in some
subjects after initiation of treatment (o= 0.04, Student’s two-tailed t test). The presence

of nephrocalcinosis was not related to age (which was statistically similar in patients with
and without nephrocalcinosis), thus confirming an association of standard therapy with
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nephrocalcinosis (57). Anecdotally, the medullary nephrocalcinosis has not progressed to
either glomerular or tubular renal dysfunction.

Burosumab is a monoclonal antibody against FGF23 that was developed to treat XLH
patients. Since rickets related to ENPP1 deficiency is also mediated by FGF23, the use

of burosumab has been proposed as a therapeutic strategy in ARHR2 patients. However,
FGF23 is associated with suppression of alkaline phosphatase activity (58), so that FGF23
inhibition might lead to an increase in alkaline phosphatase activity, which may result in
further decreases in PP; levels.

More concerning, however, is the possibility that FGF23 elevations in ENPP1 deficiency

are an adaptive, rather than pathologic, physiologic response to low plasma PP; levels.

This scenario suggests that a physiologic set point in the P;j/PP; ratio is able to balance
mineralization activators and inhibitors. Thus, the organisms would be inclined to waste
phosphate when plasma PP;j is reduced, thereby preventing vascular calcification at the
expense of skeletal mineralization. If such a physiologic set point exists, we would expect
burosumab to exacerbate vascular calcifications in ARHR2 patients, and indeed this was the
case for one ARHR2 patient treated with burosumab. Echocardiographic studies revealed
that this patient manifested two stable calcified nodes on the aortic valve without evidence of
aortic stenosis or regurgitation, and computed tomography demonstrated calcifications of the
aortic valve leaflets and mitral annulus with no calcifications of the coronary arteries. Four
months after initiation of burosumab therapy, echocardiographic findings were stable, but 20
months after onset of therapy, significant calcification of the right and noncoronary cusps

of the aortic valve with mild aortic stenosis, extensive calcification of the left ventricular
outflow tract with a 5 x 6-mm calcified nodule, and calcification of the posterior septum,
inferior wall, and posterior medial papillary muscle of the left ventricle were evident (59).

It should be noted that serum alkaline phosphatase activity was not elevated after the use

of burosumab in this patient, but systemic alkaline phosphatase activity may not reflect

the local microenvironment of the surrounding cells. Indeed, local upregulation of alkaline
phosphatase in vessels has been shown to lead to vascular calcification (60, 61), whereas
transgenic mice with a >10-fold increase in serum alkaline phosphatase activity had no
histological evidence of ectopic mineralization (62). Regardless of whether physiologic
mechanisms balancing the P;j/PP;j ratio in humans are present, it seems prudent to avoid
burosumab in patients with ARHR2 because of concerns that it may lead to worsening
ectopic calcification.

4. MUSCULOSKELETAL COMPLICATIONS INDUCED BY ENPP1
DEFICIENCY

4.1. Enthesis and Enthesopathies

Fibrocartilaginous entheses (tendon and ligament insertion sites) have evolved to
accommodate mechanical loads (63). Thus, enthesis fibrocartilage is adapted to
accommodate the distribution of forces between tendon/bone interfaces and is characterized
by considerable tensile and compressive strength. Fibrocartilage is suited to function in

this capacity: The zone of unmineralized fibrocartilage is rich in type 1l collagen, allowing
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for flexibility, whereas the zone of mineralized fibrocartilage composed of type Il and
X collagens, as well as proteoglycans, imparts compressive strength (64, 65). Thus, the
extracellular matrix composition of the structure is related to its unique function.

Importantly, patients with ARHR2 and XLH exhibit progressive calcifications of entheses
and form enthesophytes, or bony spurs, at insertion sites (66), which can be extremely
painful and limit joint range of motion. Related overlapping features of XLH and ARHR2
include radiographic evidence of articular cartilage degeneration, subchondral sclerosis,
pervasive osteophyte formation, and other features of degenerative osteoarthritis (67, 68).
Both enthesopathy and osteoarthritis in XLH and ARHR increase with age and cause

severe pain, stiffness, and difficulty performing tasks of everyday life. Enthesis-related
complications are therefore of considerable clinical importance and represent significant
morbidity in these patients (67-73). These occur frequently, particularly at the knees, ankles,
pelvis, and thoracic/cervical spine sites, typically increasing with age (70).

Moreover, calcifications may occur in the spinal ligaments, with associated spinal stenosis
(67, 70, 74). There is a strong relationship between formation of osteophytes, lateral
exostoses at the synovial joint, and articular cartilage degeneration (75, 76). Similarly,
patients with ARHR2 exhibit osteoarthritis, interosseous ossification, enthesopathies, and
spinal fusion (73). Cervical fusion may occur in ARHR2, affecting approximately a quarter
of patients and mainly involving the posterior vertebral elements including the posterior
vertebral bodies, articular processes, and laminae (27) consistent with changes seen in XLH.
In both XLH and ARHR?2 these changes are not evident in infancy, but they may develop
over the life span of affected patients.

Residual pain from ARHR2-related enthesopathies, as measured by the Brief Pain
Inventory—Short Form, is similar in magnitude to that identified in adult patients with XLH
and is experienced by the majority of ARHR2 patients despite use of analgesic medications.
This pain is associated with impairment of physical function when using a Patient Reported
Outcome Measurement Information System® Physical Function (PROMIS PF) short form;
this impairment in physical function varied from mild to severe, with the majority of
patients having moderate impairment (73). Despite ample radiographic evidence of these
frequent and severe complications, there is little understanding of the accompanying cellular
pathophysiology. Moreover, therapies have been directed toward childhood management,
with little emphasis on adult complications.

4.2. The Role of FGF23 in Enthesopathy

Increased FGF23 is present in rare diseases inducing enthesopathy, such as XLH and ARHR
(11, 12, 72, 73), findings that implicate a potential causative role for FGF23 or the resultant
hypophosphatemia in its pathogenesis. However, the means by which elevated FGF23 and/or
reduced phosphate may induce enthesopathy is not clear.

Excessive enthesis mineralization has also been described in other FGF23-dependent
hypophosphatemic disorders, including ARHR1 and tumor-induced osteomalacia (77). Of
interest, in OPLL, elevated FGF23 and low plasma P; can occur in addition to enthesis
mineralization (78, 79). Indeed, transgenic mice overexpressing the secreted form of human

Annu Rev Pathol. Author manuscript; available in PMC 2024 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ferreira et al.

Page 11

FGF23 exhibit enthesopathy (72), and entheseal fibrochondrocytes are known to express
the FGFR3 receptor as well as the Klotho coreceptor, which promotes FGF23 signaling
(70). FGF23 thus appears to be intimately related to the development of certain forms

of heterotopic mineralization, although it is not clear whether this effect is directly or
indirectly mediated. In contrast, enthesopathy is not described in FGF23-independent
forms of hypophosphatemic rickets, such as hereditary hypophosphatemic rickets with
hypercalciuria due to pathogenic variants in SLC34A3, which encodes the renal tubular
NPT2 phosphate transporter (63). One hypothesis is that FGF23-mediated suppression of
1,25(0OH),D synthesis leads to enhanced bone morphogenic protein and Indian hedgehog
signaling, with subsequent enthesis calcification (64). Other possibilities such as the direct
suppression of ENPP1 by FGF23 resulting in reduced PP; have also been suggested (55).

4.3. Spinal Hyperostosis in ENPP1 Deficiency

OPLL and DISH are relatively common age-related musculoskeletal diseases inducing pain,
reduced range of motion, spinal fractures, and, in severe cases, hemiplegia (80-82). DISH
becomes prevalent after age 50 and affects more than a quarter of men and women after

age 80, while OPLL is prevalent in Americans with cervical myelopathy and even more
extensively in the Asian population. Myelopathy and decreased mobility progressively
worsen with age, and treatment usually consists of conservative chronic pain management
with NSAIDs as there are no effective therapies preventing the progressive ossification
responsible for the symptomatic course (83). Despite the identification of Enppl deficiency
in murine models with an OPLL-like phenotype (32), only a single ENPP1 polymorphism
has been associated with OPLL in humans to date (84). Moreover, large-scale genome-wide
association studies in humans identified six susceptibility OPLL loci, none of which contain
ENPPI (85), and sibling pair linkage analysis failed to establish an association between
OPLL and ENPPI (86). Although increased FGF23 correlates with OPLL progression,
causation has not been established. Of note, however, spinal enthesopathies and spinal fusion
occur in patients with OPLL and DISH in a manner reminiscent of those with ARHR2 and
XLH (80, 87, 88), suggesting that the disorders may be related.

To investigate the possibility that ENPP1 deficiency may be an unrecognized contributing
factor to spinal enthesopathies in DISH and OPLL, a clinical study examining the skeletal,
biochemical, and genetic findings in patients with DISH was performed to investigate the
relationship between FGF23, plasma PP;, spinal disease, and genetic background (89). All
patients had been previously diagnosed with DISH and presented with pain, progressive
immobility, osteoarthritis, and/or compression fractures of the spine, and all manifested
heterotopic calcifications in their paraspinal ligaments, Achilles tendons, and joints. The
plasma biochemistries were characterized by low-normal phosphate and high-normal
FGF23, which invoked the association of elevated FGF23 and rapidly progressing OPLL
(78, 79) as well as the plasma biochemical profile of patients with ENPP1 haploinsufficiency
(90). Genetic sequencing using a panel of genes associated with bone/mineralization
disorders found compound heterozygous variants in £NPP1 in one patient (c.536A>G and
€.1352A>G; p. N179S and p. Y451C), and missense ENPPI variants in two additional
patients resulting in ENPP1 Y451C and N179S heterozygous individuals (Figure 3a,b).
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Biochemical assays revealed that the N179S and Y451C ENPP1 variants reduced enzyme
velocity by 45% and 30%, respectively, suggesting that decreased PP; could account for the
observed spinal enthesopathies (Figure 3e). Sanger sequencing for the variants identified in
the first patient was then performed in her two sons (19 years old and 23 years old), both of
whom were found to possess heterozygous Y451C ENPP1 pathogenic variants and Achilles
tendon enthesopathies at their young age (Figure 3c), further demonstrating the association
of enthesopathy and ENPP1 pathogenic variants.

In summary, this small pilot study demonstrated the surprising prevalence of ENPP1
deficiency in patients carrying the diagnosis of DISH. Moreover, the allele frequency of

the Y451C ENPP1 variant is approximately 30 times higher in the Japanese population
(ToMMo: 0.0055) than in all other race/ethnicity groups (GnomAD: 0.00016). These
observations suggest that different frequencies for occurrence of the Y451C variant could
explain the 10-40 times higher prevalence of OPLL in the Japanese population (1.8-6.4%)
as compared with the US (0.12%) and German (0.1%) populations (91, 92), observations
suggesting that ENPP1 pathogenic variants may be driving the enthesopathies in a subset of
DISH and OPLL patients.

Current therapies for the spinal enthesopathies present in XLH, ARHR2, OPLL, and DISH
have no apparent effect on the initiation and progression of enthesopathy and osteoarthritis,
and there is very little understanding of factors responsible for initiating and promoting

the heterotopic mineralization. Decompression laminectomy is used to provide acute relief,
but progression of entheses in OPLL occurs more rapidly after such surgery than in
conservatively managed patients (70% versus 24%, respectively), discouraging surgical
intervention in all but severely symptomatic cases (83, 93-96).

5. BONE MASS IN ENPP1 DEFICIENCY

Although low bone mass has been described in several murine models of Enppl deficiency,
including ztwmice (33), ENPPI knockout (KO) mice (EnppI™") (97), and an ENPPI
C397S mutant mouse discovered as part of a large genome-wide mutagenesis screen

to identify genes regulating bone mass (98), osteoporosis in ENPP1-deficient patients

had not been noted until recently. Thus, the murine findings were discordant with the
rachitic skeletal phenotype described in humans with biallelic ENPP1 pathogenic variants.
However, this changed in 2019 when Ralf Oheim at the University of Hamburg—-Eppendorf
Medical Center identified three patients with early-onset osteoporosis with heterozygous
ENPP1 pathogenic variants (90). These patients had either Y471C or H777C ENPPI
variants, both of which had been observed in GACI patients. Two of the three patients
presented with multiple vertebral fractures (Figure 4d) and hip and/or spine bone mineral
density (BMD) in the osteoporotic range. All three patients where hypophosphatemic and
exhibited inappropriately high or high-normal circulating FGF23 levels (two of the three
patients had frankly elevated FGF23 levels). Thus, these osteoporotic individuals with
biallelic ENPP1 haploinsufficiency exhibited phosphate wasting typical of that observed

in ARHR2 patients with biallelic ENPP1 deficiency. Finally, plasma PP; as measured

in family members without and with EN/PPI heterozygous and homozygous pathogenic
variants showed greater values in individuals without ENPP1 pathogenic variants than
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in individuals with heterozygous variants, who in turn exhibited greater PP; levels than
those with homozygous variants (Figure 4c). The Y471C and H777C variant alleles were
found to reduce ENPP1 enzymatic velocity by 70% and 95% compared with the WT
enzyme, respectively, suggesting that ENPP1 deficiency may induce gene-dose effects,
such that the variable degrees of ENPP1 pathogenic variants can modify the phenotype:
Phosphate wasting occurred in both biallelic and monoallelic deficient family members, but
monoallelic members exhibited osteoporosis in middle age rather than rickets in infancy
and adolescence. Similarly, observations in another extended family carrying two ENPP1
variants exhibited low to low-normal plasma phosphorous in siblings with monoallelic
ENPP1 pathogenic variants—C108F and R481W—which reduced enzymatic velocity by
80% and 45%, respectively. Although bone mass was not measured, reduced plasma
pyrophosphate was also found in both monoallelic patients, further supporting an ENPP1
gene-dose effect. Moreover, low bone mass was also seen in the adults in the National
Institutes of Health cohort with biallelic ENPP1 deficiency, who all met criteria for
osteopenia or osteoporosis in at least one site—two patients were osteopenic (T-score
between —1.0 and —2.5) in the distal radius and total hip, and one patient each had
osteopenia and osteoporaosis (T-score of —2.5 or lower) at the femoral neck (57) (Figure
4e).

Evidence of an FGF23-mediated phosphate wasting disorder and osteoporosis also is
observed in £npp129 mice, which also exhibit increased plasma intact FGF23, low

plasma phosphate, and osteoporosis at 10 and 23 weeks of age on a regular chow diet.
Transcriptome analysis of the bones of these mice at 10 and 23 weeks revealed reduced

gene transcription of Wnt ligands in whole bones (Wnt16b and Wnt10b) as well as increased
transcription of soluble Wnt inhibitors in the liver (SfrpZ) and kidney (WifZ), suggesting
multiorgan Wnt inhibition (Table 2) at both time points. Consistent with Wnt suppression,
collagen gene pathways in bone were also significantly reduced and Fgf23 was significantly
elevated (Figure 5), findings that correlated with pronounced reductions in trabecular bone
and increased fracture risk in the £npp129 mice (55, 90).

Although osteoporosis in patients with heterozygous ENPP1 pathogenic variants
demonstrates a critical role for the enzyme in normal skeletal development, the mechanism
by which ENPP1 regulates bone mass is unknown. Various mechanisms for the low

bone mass observed in murine models have been suggested. These include claims that

PP; may serve as a substrate for rapid conversion to P; (99). Others suggest that PP;
deficiency depletes the mineralization inhibitor in the axial skeleton, resulting in enhanced
calcification of the osteocyte lacunae and canaliculi, which restricts blood flow and
compromises osteocyte mechanosensing (100). Finally, an early in vitro study found

that ENPP1 protein, but not extracellular PP;, is required for osteoblastic differentiation,
raising considerations that catalysis-independent ENPP1 signaling may regulate osteoblast
maturation and differentiation, with a subsequent impact on bone mass (101). To this point,
ENPPL1, in addition to its catalytic domain, possesses somatomedin domains that mediate
protein interactions.

To investigate the presence of catalysis-independent pathways, a conservative point variant
was introduced in the catalytic residue of murine Enpp1 to generate £rpp172354 transgenic
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mice (so named for the substitution of an alanine for threonine at residue 238). Plasma

PP; levels in £npp17236A mice are approximately 5% of WT levels, but osteoblast

ENPP1 protein expression is comparable to WT siblings (Figure 6a), and therefore this
variant eliminated the catalytic activity but preserved protein expression, thus allowing for
the retention of catalysis-independent protein signaling (102). The skeletal phenotype in
Enpp17236A mice demonstrated normalization of trabecular and cortical microarchitecture
in comparison with £rpp129 mice, which lack both catalytic activity and protein expression
(Figure 6c,d). Moreover, biomechanical testing revealed that maximum load, bone stiffness,
and total work until fracture were preserved in the femurs of 10-week-old Enpp172%8A
mice compared with £70p1% mice (Figure 6e). The combined findings support the notion
that catalytically independent ENPP1 pathways significantly contribute to mammalian bone
mass.

Mechanisms regulating bone mass were investigated using mineralizing cell cultures derived
from Enpp17236A and Enppi?9 calvaria cell cultures. Calvaria cell cultures of Enpp129
mice demonstrated markedly decreased calcification compared with £rp0172364 mice,
which calcified at or above WT levels (Figure 6f). Further studies identified a marked
elevation of the Wnt inhibitor Sfrpl (Figure 6g), although other Wnt inhibitors such as
Dkk1 were also upregulated, and the expression of some Wnt ligands and receptors such

as Wnt5, Wnt9, and Lrp5 was decreased. Wnt signaling was confirmed to be reduced by
demonstrating reduced nuclear B-catenin in £rppI2¥ osteoblasts by knocking out S,
which restored both mineralization in the differentiating cell cultures and the nuclear p-
catenin signaling, supporting the notion that Sfrp1-mediated inhibition of Wntis responsible
for the osteopenia observed in ENPP1 deficiency (Figure 6h). Indeed, SfrpZ KO mice exhibit
increased trabecular bone mineralization, further suggesting that elevated Sfrpl in ENPP1
deficiency may be responsible for the trabecular mineralization defects observed (103).

In summary, studies in £npp1725A mice demonstrated that catalysis-independent ENPP1
signaling pathways regulated mammalian bone mass through suppression of Wnt, which
was seen to primarily occur through the elevation of Sfrpl. The catalysis-dependent and
catalysis-independent effects of ENPP1 are summarized in Figure 7.

6. PROTEIN REPLACEMENT THERAPY

The constellation of clinical symptoms induced by ENPP1 deficiency is diverse, is

life threatening, and involves seemingly opposing mineralization pathways that induce
progressively increasing calcifications in the vasculature, tissues, and tendons, while
simultaneously suppressing skeletal mineralization. The diverse clinical phenotypes induced
by ENPP1 deficiency—uvascular calcifications, vascular intimal endothelial cell hyperplasia,
FGF23 mediated phosphate wasting rickets, osteoporosis, enthesis calcifications, spinal
fusion, and hearing loss—are unlikely to be addressed by a single therapeutic intervention,
or even a combination of interventions. Perhaps for these reasons, the current therapeutic
interventions for ENPP1-deficient patients appear at best ineffective and at worst
counterproductive. For example, the calcitriol and phosphate supplementation used to
address rickets in ARHR2 does indeed improve the rickets but does not improve the

low bone mass, and it places ARHR2 patients at risk for nephrolithiasis (57) (Figure

2e—i). Bisphosphonate therapy, which constitutes the mainstay of GACI treatment to
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combat life-threatening vascular calcifications in neonates, is without significant benefit
unless administered within the first week of life (27) and has been associated with
significant skeletal toxicity in growing infants (104). Proposed dietary interventions such

as pyrophosphate and magnesium supplementation, while less harmful, are unlikely to yield
a clinical response due to the limited half-life of these oral agents which, if they are

to be clinically effective, must continuously inhibit the nucleation and propagation of a
growing crystalline lattice to oppose the physical-chemical forces driving hydroxyapatite
mineralization in the extracellular environment.

Whatever pathological etiologies are driving the diverse phenotypes, the disruption of
extracellular purinergic metabolism induced by ENPP1’s absence must account for the
varied pathologic sequela. Supplying active ENPP1 to deficient patients using a protein
replacement therapy strategy therefore constitutes a straightforward, tractable therapeutic
approach, as demonstrated by the efficacy of an engineered biologic comprising the
extracellular domain of ENPP1 fused to the Fc region of human immunoglobulin G1
(19G1) (ENPP1-Fc) (Figure 8a) in the accepted murine model of GACI, Enpp19 (Jackson
Laboratory, stock number 012810). These mice were originally identified by the Jackson
Laboratory in an ENU (N-ethyl-N-nitrosourea) screen and found to have an inactivating
variant near the Enppl catalytic site at V246D, which misfolds the protein and reduces both
protein expression and extracellular catalytic activity by ~75% (105). The mice developed a
stiff posture due to calcifications of the joints and ligaments by approximately 2 months

of age that is reminiscent of severely arthritic patients. However, unlike humans with
biallelic inactivating ENPP1 variants, £rpp12 mice do not spontaneously develop vascular
calcifications unless placed on a diet high in phosphate and low in magnesium (acceleration
diet) (50).

In proof-of-concept experiments testing the efficacy of ENPP1-Fc, heterozygous Enpp1é+
breeding pairs were placed on an acceleration diet. Weights of homozygous £npp129
progeny diverged from the WT siblings at day 26, when they exhibited a dramatic failure

to thrive in which the animals lost weight, displayed progressive stiffness and reductions

in physical activity, and soon expired with a median lifespan of 35 days (Figure 8b). In
contrast, when daily subcutaneous doses of murine Enppl-Fc at 10 mg/kg were given

on postnatal day 14 to £1pp1% mice on the acceleration diet, the mice gained weight
comparable to that seen in the WT siblings, remained bright and active, and survived
throughout a 55-day trial. The enzyme biologic was found to extend survival by eliminating
cardiovascular calcifications and myocardial infarctions in the animals due to normalization
of plasma PP; in the dosed animals (Figures 8d and 9) (106).

A follow-on study performed in a second murine model of Enpp1 deficiency called
Enpp129-?) mice confirmed and extended the above studies. £7pp2%9-%/ mice have a large
deletion in EnppI (eliminating 93% of the coding region) and exhibit calcifications in the
cardiovascular system (heart, aorta, carotid) on a regular chow diet, in contrast to £rpp12
mice, which require the acceleration diet to induce cardiovascular calcifications. The use of
Enpp129-2/ mice therefore eliminated the potential confounding effects of the mineralization
diet in the experimental design. £npp129-2/ mice placed on regular chow treated with
weekly 10 mg/kg doses of human recombinant ENPP1-Fc showed >95% reductions in
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aorta calcification after 3 weeks of treatment. Moreover, terminal hemodynamics and
echocardiography imaging at 6 weeks revealed normalization of the elevated arterial and
left ventricular pressures, which translated into significant improvements in myocardial
compliance, contractility, heart workload, and global cardiovascular efficiency. This study
provided additional support that a protein replacement therapy in GACI would be effective
at treating not just the vascular calcification but also the hypertension leading to cardiac
failure in GACI patients (107).

A third preclinical study examined the effect of human ENPP1-Fc on arterial stenoses

in ttwmice, as GACI induces not only severe calcification of the media of large and
medium-sized arteries but also dramatic intimal proliferation leading to arterial stenoses
within the first month of life (16, 108, 109). The intimal proliferation is thought to contribute
to the hypertension, myocardial ischemia, and severe congestive heart failure in affected
infants, placing them at significant risk of death within the first 6 months of life. This study
demonstrated for the first time that enzyme replacement with human ENPP1-Fc can inhibit
the accelerated vascular smooth muscle cell (VSMC) proliferation and arterial stenoses
induced by ENPP1 deficiency. The inhibition of intimal VSMC proliferation resulted from
the restoration of adenosine levels to normal values (via restoring CAMP as substrate

for the adenosine producing enzyme CD73), demonstrating that in addition to PP;, other
purinergic metabolites of ENPP1 (such as AMP and adenosine) are essential for maintaining
physiologic vascular tone and, presumably, thrombosis (5).

Another preclinical study compared the skeletal phenotype in ARHR2 patients treated with
conventional therapy to that of £rpp22¥ mice on the acceleration diet treated with murine
Enppl-Fc. The study found that conventional treatment improved the rickets in ARHR2
patients but failed to correct the low BMD while also placing the patients at risk for
medullary nephrocalcinosis (Figure 2c—j). Moreover, areal BMD by DXA (height-adjusted
Z-scores at hip and total body less head sites) of an ARHR2 adolescent significantly
decreased over a 2-year period while the patient was undergoing treatment with conventional
therapy. In contrast, the lower trabecular and cortical bone mass as well as greater bone
fragility were normalized and nephrocalcinosis was prevented in 5-week-old £70p22¥ mice
with daily doses of 10 mg/kg recombinant murine Enppl-Fc between weeks 2 and 5 (57)
(Figure 10). These findings suggested that conventional ARHR2 therapy (calcitriol and
phosphate) may not address the low bone mass present in ARHR2 patients while also
placing individuals at risk for nephrocalcinosis. In contrast, ENPP1 enzyme replacement
therapy corrected low bone mass and prevented renal calcifications in the murine model.

A final preclinical study examined enthesis calcifications in £700129 mice treated with

a long-acting form of human ENPP1-Fc called BL-1118 optimized for potency and
bioavailability using a combination of directed chemical evolution and glycopolishing
techniques (110). £npp129 mice were fed a regular chow diet for 23 weeks and dosed
between weeks 3 and 23 with vehicle or BL-1118 at 0.3 mg/kg. After 23 weeks, examination
of the Achilles tendons revealed substantial calcifications in the tendons of the vehicle-
treated mice and complete suppression of tendon calcification in one-third of the treated
mice (6 of 19) as well as significant suppression in the tendon calcification in an additional
one-third of the treated mice (7 of 19). PP; levels increased in the treated £/70p12% mice
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relative to their untreated siblings (1,358 + 268 nM versus 51 + 22 nM, respectively)

but did not attain the levels observed in their WT siblings (2,235 + 621 nM), suggesting
that additional suppression of enthesis calcification might be possible at higher doses (73)
(Figure 11).

7. BENCH TO BEDSIDE

There is a well-recognized and documented crisis in drug development, perhaps best
described by Eroom’s law, which states that the number of new drugs approved per

billion US dollars spent on R&D has halved roughly every 9 years since 1950, falling
approximately 80-fold in inflation-adjusted terms between 1950 and 2010 (111). Approval
rates for protein replacement therapies for monogenic disease are strikingly higher than that
of biologics, small molecules, and grant-funded orphan drugs. The difference in success
rates are stark—the likelihood of approval (LOA) from phase 1 through the US Food and
Drug Administration basic license application approval for a protein replacement therapy
reaching the clinic is 88%, and 91% if the therapy is first in class (112), compared with an
LOA of 15% for all other molecular entities targeting all other disease entities (113). A shift
in drug development toward biologics, and perhaps an increased capacity to translate human
genetic data into disease pathogenesis, has likely been responsible for the improvement in
the LOA of new drugs since 2010 (114). Importantly, because rare diseases unveil biological
pathways frequently disrupted in more common disorders affecting the general medical
population, expansion of rare disease therapeutics is the rule rather than the exception. These
facts have steered the funding landscape for rare disease toward venture capital entities
seeking novel therapeutics with a high likelihood of approval in severe diseases without
existing, effective treatment.

Inozyme Pharma was founded in 2017 to translate ENPP1 enzyme replacement into patients
with GACI and other mineralization disorders. The half-life of the initial murine Enppl1-Fc
biologic in mice was 6 h (106), and the half-life of the human GMP biologic manufactured
by Inozyme (INZ-701) was 35 h in mice (115). Preclinical studies of INZ-701 in Enpp125
mice dosed between 0.2 and 5 mg/kg every other day restored circulating levels of PP;

and prevented pathological calcification in all the tested organs, restored growth parameters,
corrected bone defects, improved clinical signs, and decreased mortality, demonstrating the
potential of INZ-701 to treat ENPP1 deficiency in humans (115). Clinical trials of INZ-701
began in GACI and PXE patients in January 2021 (ClinicalTrials.gov NCT04686175 and
NCT05030831), the results of which found the drug to be well tolerated and with a
favorable safety profile. The half-life of INZ-701 in humans is 125 h, and twice weekly
doses of INZ-701 at 0.2, 0.6, and 1.8 mg/kg resulted in rapid, significant, and sustained
increase plasma PP; in GACI at all doses and in PXE patients at 1.8 mg/kg (116). The
favorable phase 1/2 results support extension into infants with GACI (ClinicalTrials.gov
NCT05734196) with the hope of advancement to phase 3 pivotal trials in 2023.

8. CONCLUDING REMARKS

As with other rare bone diseases (117), lessons learned in patients with ENPP1 deficiency
are likely to inform the treatment of patients in the general medical population. Progressive

Annu Rev Pathol. Author manuscript; available in PMC 2024 May 01.


https://clinicaltrials.gov/
https://clinicaltrials.gov/ct2/show/NCT04686175
https://clinicaltrials.gov/ct2/show/NCT05030831
https://clinicaltrials.gov/
https://clinicaltrials.gov/ct2/show/NCT05734196

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ferreira et al.

Page 18

mineralization of vascular and soft tissues accompanied by increasingly reduced skeletal
mineralization is referred to as a paradoxical mineralization disorder to emphasize the
opposing tissue-specific processes and confusing pathogenesis. Paradoxical mineralization
also occurs in the general medical population in aging adults (118, 119) and in patients
with a syndrome known as chronic kidney disease and bone mineralization disorder (CKD-
MBD), who exhibit bone that inversely correlates with vascular calcification (120, 121)

as well as markedly reduced plasma PP; (122, 123). Moreover, the high fracture risk and
associated mortality in CKD-MBD patients has not substantially improved over the last 20
years despite significant progress in other forms of osteoporosis (121). It remains to be seen
whether an understanding of the opposing roles of ENPP1 in the suppression of ectopic
mineralization and maintenance of bone mass will unlock the treatment of CKD-MBD
patients, but efforts to this end are currently being explored, including a natural history study
in calciphylaxis patients demonstrating that their plasma PP; levels are comparable to levels
observed in GACI patients and correlate with mortality. Moreover, the recent understanding
of catalysis-independent signaling effects of ENPP1 will motivate the exploration of bone
targeting therapeutics on skeletal phenotypes induced by ENPP1 deficiency. It is hoped that
the result of these efforts will be the development of effective therapeutics not only for
patients suffering from increased ectopic calcification in the vascular and soft tissue but
also for those with concurrently reduced skeletal mineralization as seen in the paradoxical
mineralization disorders of CKD-MBD and aging.
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SUMMARY POINTS

Ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1) deficiency
may induce life-threatening vascular calcifications and arterial stenosis in
infants with generalized arterial calcification of infancy (GACI).

GACI manifests as early as the second trimester, and infants frequently
present as in crisis within the first few weeks of life.

By 6 months of age, approximately 50% of GACI infants succumb to disease,
and those who survive are stabilized but invariably have elevated fibroblast
growth factor 23 (FGF23) and develop a severe phosphate (P;) wasting rickets
called autosomal recessive hypophosphatemic rickets type 2 (ARHR2).

The ARHR2 phenotype may be an adaptive response to low plasma
pyrophosphate (PP;) levels, in which the organism attempts to rebalance the
plasma P;/PP; ratio at the expense of the skeleton.

Individuals with heterozygous pathogenic ENPP1 variants may exhibit low
bone mass manifesting as early-onset osteoporosis and painful calcifications
of tendons.

Heterozygous pathogenic variants of ENPP1 have been observed in patients
with spinal enthesopathies in diseases called ossification of the posterior
longitudinal ligament (OPLL) and dystrophic idiopathic spinal hyperostosis
(DISH).

The vascular calcifications in GACI are frequently treated with
bisphosphonates, which have recently been found to be without significant
clinical benefit if administered later than the first week of life.

Rickets present in ARHR2 can be effectively treated with supplemental
phosphate and calcitriol, but limitations of this therapy include an increased
risk for nephrocalcinosis, as well as an unclear benefit in terms of addressing
the low bone mass.
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FUTURE ISSUES

Enzyme replacement therapy (ERT) using a soluble ectonucleotide
pyrophosphatase/phosphodiesterase 1 (ENPP1) enzyme fused to an
immunoglobulin G1 (IgG1) Fc domain effectively suppressed vascular
calcifications, disease sequela, and death in a murine model of generalized
arterial calcification of infancy (GACI).

ENPP1 ERT also effectively suppressed intimal hyperplasia, improved
cardiovascular function, and partially prevented enthesis calcification in
ENPP1-deficient mice.

Phase 1/2 data in humans with ENPP1 and ABCC6 deficiency found

the therapy to be well tolerated with a favorable safety profile. Twice
weekly doses of the biologic at 1.8 mg/kg normalized plasma pyrophosphate
levels in both autosomal recessive hypophosphatemic rickets type 2 and
pseudoxanthoma elasticum patients.

Clinical trials of ENPP1 ERT in infants with GACI are currently underway.

ENPP1 therapy may be helpful in patients with mineralization disorders
associated with spinal hyperostosis, such as ossification of the posterior
longitudinal ligament and chronic kidney disease and bone mineralization
disorder.
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Figurel.
Metabolic diseases due to homozygous defects in extracellular purinergic metabolism. The

liver-associated transmembrane transporter ABCC6 [adenosine triphosphate (ATP)-binding
cassette subfamily C member 6] exports ATP into the extracellular space, which is

then metabolized by ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1) into
adenosine monophosphate (AMP) and pyrophosphate (PP;). AMP is metabolized into
adenosine and phosphate (P;) by 5”-nucleotidase (CD73), and PP; is metabolized into

P; by tissue-nonspecific alkaline phosphatase (TNAP). P; promotes, and PP; inhibits,
hydroxyapatite, which constitutes the hard matrix of bone and ectopic calcifications in soft
tissue. Pathogenic variants in ENPPI and ABCC6 reduce extracellular plasma (PP;) to 10%
and 30% of normal, respectively, inducing generalized calcification of infancy (GACI), in
which approximately 50% of afflicted infants will succumb to life-threatening aortic and
arterial calcifications. Those that survive will almost invariably exhibit phosphate wasting
rickets in childhood, called autosomal recessive hypophosphatemic rickets type 2 (ARHR?2).
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Figure 2.
Skeletal phenotype of a 15-year-old autosomal recessive hyperphosphatemic rickets type 2

(ARHR?2) patient before and after surgical correction and phosphate supplementation. (&)
Prominent skeletal deformities with bending of long bones in lower limb were corrected by
bilateral hemiepiphysiodesis, () requiring open reduction and internal fixation by a locking
compression plate and traumatic diaphyseal femur fracture. (¢) Radiograph of left hand and
distal forearm of the patient at 14 years of age with fraying, spraying, and cupping of the
metaphysis of the distal radius and ulna, which (@) was observed to improve following
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2 years of supplemental phosphate and calcitriol therapy. The institution of supplemental
phosphate and calcitriol (dashed line in panels eand # reduced c-terminal fibroblast growth
factor 23 (cFGF23) in plasma [measured in kilo—relative units per liter (kRU/L)] (¢) and
maintained or increased serum phosphate (#, but bone mass continued to decrease in the
hip (g) and total body less head (TBLH) (/), as quantitated by the height-adjusted Z-score
(HAZ). (/) Computed tomography of the abdomen of an ARHR2 child (aged 8 years, 3
months) treated with supplemental calcitriol and phosphate revealing bilateral calcification
of the renal pyramids. (y) Renal histology of a deceased generalized arterial calcification of
infancy (GACI) infant revealing foci of calcifications within the renal cortex. Figure adapted
from Reference 57.
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Figure 3.

Spinal and Achilles enthesopathies in diffuse idiopathic skeletal hyperostosis patients with
ENPP1 haploinsufficiency. (4) Multiple paraspinal ligament ossifications (open arrowheads)
and compression fractures (white arrows) in a patient with a heterozygous ENPP1 Y451C
pathogenic variant. () Multiple compression fractures in the spine of a second patient with
a heterozygous ENPP1 N179S pathogenic variant (b/ue arrows). (c) Pedigree of a patient
(black arrow) with compound ENPPI pathogenic variants, one of which (Y451C) was
passed on to both sons (asterisks), who both exhibited Achilles tendon enthesis calcification
at the ages of 19 and 23 years. (d) Schematic of ENPP1 illustrating the location of variants
(in SMB2 and the catalytic domain). The nuclease domain is omitted to conserve space.

() When compared with WT ENPP1, the N179S and Y451C variants reduced activity by
55% and 70%, respectively (**** indicates p < 0.0001). Abbreviations: CD, cytoplasmic
domain; ENPP1, ectonucleotide pyrophosphatase/phosphodiesterase 1; SMB, somatomedin
B-like domain; TM, transmembrane domain; WT, wild type. Figure adapted from Reference
89.
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Figure 4.
ENPP1 deficiency and low mammalian bone mass. (&) Superposition of Ca traces of human

ENPP4 (PDB code 4LQY) with mouse ENPP1 (PDB code 4B56), mouse ENPP2 (PDB
code 3NKN), and a bacterial ENPP (PDB code 2GSU) to illustrate the degree of structural
conservation of the catalytic domain (with an average RMSD of 0.68 A), which includes
the active site zinc ions, the a-helix on which the catalytic threonine is located, and the
backbone near the hydrophobic slot. Regions of moderate similarity include the second shell
of the active site (average RMSD of 1.33 A), and the lowest similarity is the substrate
binding domain of the active site (average RMSD of 2.51 A). The ccp4 program Superpose
was used to overlay the conserved subdomain (124). Active site zinc ions are depicted as
spheres. () Pedigree of a family possessing individuals with homozygous and heterozygous
ENPP1 Y451C pathogenic variants. (¢) Plasma PP; levels of the family members plotted

by their mutational status. (d) Micro-CT image of thoracic spine in a patient with an

ENPP1 heterozygous Y451C pathogenic variant revealing multiple compression fractures.
(e) Areal bone mineral density T-scores in a patient with ARHR2, displayed as box

plots denoting median value and interquartile range. Abbreviations: AP, anteroposterior;
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ARHR2, autosomal recessive hyperphosphatemic rickets type 2; BMD, bone mineral
density; micro-CT, microcomputed tomography; ENPP1, ectonucleotide pyrophosphatase/
phosphodiesterase 1; PDB, Protein Data Bank; PP;, pyrophosphate; RMSD, root mean
square deviation; WT, wild type. Figure adapted from References 37 and 90.
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Figure5.
Differential gene expression in the tibias of 10-week-old male £17pp13% and WT mice

analyzed by RNA sequencing, (4) Volcano plots to illustrate the differential gene expression
in 10-week-old male £rpp129 mice and WT siblings reveal the most upregulated transcript
to be FGF23. (b) Transcriptome analysis of bone mineralization pathways disrupted by
murine Enppl deficiency reveals suppression of Wntdue to increased expression of the Wnt
inhibitors WAfI in kidney and SfrpZ in liver and decreased transcription of Wntligand Fzd8
in liver. Increased FGF23 in bone further inhibits bone mineralization through inhibition of
trabecular bone (125) and suppression of Wnt(126). Abbreviations: ENPP1, ectonucleotide
pyrophosphatase/phosphodiesterase 1; FGF23, fibroblast growth factor 23; WT, wild type.
Figure adapted from Reference 55.
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Figure®6.

The T238A mouse. (&) Plasma PP; was absent in both £70p172%6A and Enpp12 mice,

demonstrating abrogation of ENPP1 catalytic activity in both genotypes. (4) Western blot

of primary osteocytes derived from calvaria cells confirms comparable ENPP1 protein

expression in T238A and WT mice and reduced expression in ASJ mice (normalized to
GAPDH). Analysis of skeletal mineralization demonstrated preservation of trabecular (¢),
and cortical (&) mineralization parameters as well as biomechanical performance (é) in

the tibias and femurs of £npp1723A mice, as compared with £7pp2%9 mice. The data in
panels c—e are displayed as change (A) relative to WT siblings using box plots to display
median values and interquartile range. Superimposed on the box plots in green is the relative
mean (bar) and standard error of the mean (whiskers) for each measurement. (# Calvaria
cells derived from WT, Enpp129, and EnpplT238A mice and differentiated into osteocytes
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in a phosphate source for 21 days exhibit dramatic reductions in calcium phosphate in

the £npp129 mice (stain, Alizarin Red). (g) Quantitation of MRNA expression of Sfrp1

in calvaria osteoblasts derived from WT mice (black symbols) and Enpp12 mice (gray
symbols) reveals elevations of Sfrpl at days 7 and 21. Expression normalized to Hprtl. (/)
Western blot of Sfrpl knockout in £nppI29 calvaria cells demonstrates increased nuclear
[B-catenin, demonstrating that suppression of f-catenin signaling via SFRP1 accounts

for the mineralization defect in ENPP1 deficiency. Values of p are explicitly stated as

0.05 = p=0.001; *** indicates p < 0.001 and **** indicates p < 0.0001, Student’s
unpaired t test (to respective WT sibling pairs). Abbreviations: ASJ, associated with stiff
joints; BV/TV, bone volume to total volume fraction; Ct. Th, cortical thickness; ENPP1,
ectonucleotide pyrophosphatase/phosphodiesterase 1; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; PP;, pyrophosphate; Th.N, trabecular number; Th.Th, trabecular thickness;
WT, wild type. Figure adapted from Reference 102.
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ENPP1 regulates organismal physiology though catalysis-dependent and -independent
mechanisms. ENPP1 catalytic activity regulates whole organismal physiology by generating
catalysis-dependent products (in rea) or hydrolyzing bioactive substrates (in green).
Catalysis-independent effects of ENPP1 are mediated through ENPP1 protein signaling

and are related to a commonly occurring polymorphism in the ENPP1 somatomedin

B-like domain 2 (SMB2) domain—K121Q—identified by GWAS to be associated with
childhood obesity (127) and increase risk of stroke in SCA (128). Finally, ENPP1 catalysis-
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independent pathways regulating bone mass have been recently confirmed in animal models
(102). Red type is used to label catalytic products, green type is used to label catalytic
substrates of ENPP1 regulating the listed phenotypes, and blue type is used to label

protein mediators regulating the listed phenotypes in the figure. Abbreviations: CAMP,
cyclic adenosine monophosphate; cGAMP, cyclic guanosine monophosphate—adenosine
monophosphate; ENPP1, ectonucleotide pyrophosphatase/phosphodiesterase 1; FGF23,
fibroblast growth factor 23; GWAS, genome-wide association studies; PP;, pyrophosphate;
SCA, sickle cell anemia.
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Figure8.
The efficacy of ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1) enzyme

replacement in a murine model of generalized arterial calcification of infancy: biologic
design, survival, and biomarkers. (&) Design of the first-generation murine Enpp1-Fc
therapeutic. To produce a soluble recombinant protein, a segment of the extracellular region
of NPP2 containing a furin cleavage site was substituted into ENPP1, and the Fc portion of
immunoglobulin G1 (IgG1) was appended to the C-terminus. () The mean daily weights
and standard deviations of wild-type (WT) EnppIWT (squares, n= 8), Enppl-Fc-treated
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Enpp129 (triangles, n= 8), and vehicle-treated £npp12 mice (circles, n=8). Dosing began
on day 14. Treatment consisted of daily (qD) doses of 10 mg/kg (or 500 au/kg) of Enppl-Fc
formulated in phosphate-buffered saline (PBS) and weekly injections of GK1.5. Vehicle
consisted of PBS supplemented with zinc and calcium. Deaths in the untreated £npp12
cohort are denoted by red arrows. No deaths occurred in £nppIVT or the treated £npp125
cohort. (¢) Survival curves for Enppl-Fc (solid red line) and vehicle-treated (dashed black
line) Enpp19 mice; p= 0.003 (Mantle-Cox). () Plasma pyrophosphate (PP;) in £nppIWVT
and treated and untreated £7pp12 mice. The statistical significance between treated and
untreated £rpp12¥ mice was p = 0.0015, Student’s two-tailed t test. Figure adapted from
Reference 37.
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The efficacy of ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1) enzyme
replacement in a murine model of generalized arterial calcification of infancy: histology.

(&) Postmortem high-resolution microcomputed tomography scans revealed extensive
calcifications in untreated £7001%9 mice in the hearts, coronary arteries, and ascending

and descending aortas but absolutely no calcifications in these organs in the treated Enpp12y
cohort or in £appIWT mice. (b)) Untreated £npp19 mice, right ventricle [hematoxylin

and eosin (H&E) stain]. Two untreated £7pp2%9 mice had large, confluent, myocardial
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infarctions in the free wall of the right ventricle. All treated £70p229 mice displayed

normal right ventricle myocardium (not shown). (¢) Untreated £rop22¥ mice, right ventricle
(H&E), showing detail from the boxed area in panel 4. (d) Untreated £npp19 mice,
coronary arteries (H&E). All untreated £70p2%% mice had coronary calcifications, with most
displaying circumferential calcifications in coronary arteries surrounded by scar tissue. (&)
Untreated £n0p129 mice, myocardial septum (H&E). Nearly all animals (77%) displayed
intracardiac calcifications surrounded by scar tissue, as demonstrated in this animal in the
myocardial septum. Figure adapted from Reference 37.
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Figure 10.
The effects of ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1) enzyme

replacement on skeletal mineralization. (&) Proximal tibia histology of 5-week-old wild-
type (WT) mice and mice on the acceleration diet treated between weeks 3 and 5 with
vehicle [phosphate-buffered saline (PBS)] or murine Enppl-Fc. Morphologically apparent
reductions in trabecular bone and markedly thinner growth plates are noted in vehicle-
treated £npp12 mice, and Enppl-Fc treatment markedly improved trabecular bone volume
and growth plate thickness. () Vehicle-treated £770p229 mice on the acceleration diet
exhibited pronounced nephrocalcinosis throughout the renal parenchyma, including cortex
and renal medulla, in contrast to Enpp1-Fc-treated £npp1%Y mice. The calcification was
most pronounced in renal tubules near the cortical-medullary junction. Top and middle:
hematoxylin and eosin (H&E) stains; bottom: Von Kossa stains. (¢) Histomorphometry

of mice demonstrated reductions in osteomalacia in the murine Enppl-Fc treated cohorts;
osteoid surface area per bone surface area (OS/BS), osteoblast surface per bone surface
(ObS/BS), and osteoid volume per total volume (OV/TV) (female mice shown). (d)
Trabecular mineralization as measured by microcomputed tomography, (€) biomechanical
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properties, and (#) length of femurs demonstrates recovery of long bone mineralization in
the Enppl-Fc-treated cohort. Trabecular bone volume to total volume fraction (BV/TV),
trabecular number (Th.N), biomechanical stiffness (slope of the load versus displacement
curve), and max load (also known as strength) are shown as tested in three-point bending
until failure in male and female mice; 14 WT mice were treated with PBS(5F and 9M),

9 Enpp12Y mice were treated with PBS (4F and 5M), and 9 £npp19 mice were treated

with mEnppl-Fc (4F and 5 M). (g) Nephrocalcinosis, quantitated by a renal pathologist
blinded to experimental groups, yielded no statistical difference in nephrocalcinosis between
the WT and Enpp129 mice treated with mEnpp1-Fc, while vehicle-treated £70p12¥ mice
experienced approximately a twofold increase in nephrocalcinosis when compared with WT
or mEnpp1-Fc-treated £npp12¥ mice. Individual measurements are displayed as circles, with
bar height representing the median and error bars denoting the interquartile range (25%-—
75%); *** indicates p< 0.001 and **** indicates p < 0.0001 (analysis of variance). Figure
adapted from Reference 57.
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Figure11.
The efficacy of ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1) enzyme

replacement in enthesopathy. (4) Representative histology of 23-week-old vehicle-treated
wild-type (WT) and Enpp129 mice (fop) compared with 23-week-old £rpp129 mice
treated with weekly subcutaneous injections of 0.3 mg/kg BL-1118 chosen from complete
responders, partial responders, and nonresponders (bottorm). (b) Quantification of enthesis
mineralization via Alizarin Red-stained sections in vehicle-treated WT and £npp12¥ mice
and BL-1118-treated £npp12Y mice. The data spread suggested grouping the response into
complete responders, partial responders, and nonresponders (circled data points). (¢) The
same data as in panel 4 but grouped and analyzed into complete response (CR, 6 animals),
partial response (PR, 7 animals), and nonresponse (NR, 6 animals). Black type and lines
denote statistical significance between WT and treatment groups. Red type and lines denote
statistical significance between treatment groups. Statistical significance is explicitly stated
between 0.05 > p> 0.001; *** indicates p < 0.001 and **** indicates p < 0.0001 [analysis
of variance (ANOVA) comparison of means]. Figure adapted from Reference 73.
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Genetic diseases due to disruptions in the extracellular purine metabolic pathway
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Variant Relevant
Disease protein(s) metabolite(s) Phenotype(s) Reference(s)

Pseudoxanthoma elasticum ABCC6 ATP Skin and retinal calcifications; retinal 9
(PXE) detachment; blindness; slowly progressing

vascular calcifications
Generalized calcification of ENPP1 and PP; Intrauterine and infantile calcifications of 10
infancy (GACI) ABCC6 the large arteries; periarticular calcifications;

infantile stroke, severe hypertension, and

cardiac failure
Autosomal recessive ENPP1 PP; and P; Phosphate wasting rickets; progressive 11,12
hypophosphatemic rickets type 2 enthesopathies; hearing loss
(ARHR2)
Hypophosphatasia (HPP) TNAP P; Poor skeletal mineralization resulting in 13

hypoxia in infants; poor dentition
Arterial calcifications due to CD73 AMP/adenosine Calcifications of arteries in the lower 14
CD73 deficiency (AC/DC) extremities; periarticular calcifications of joints

Abbreviations: ABCC8, ATP-binding cassette subfamily C member 6; AMP, adenosine monophosphate; ATP, adenosine 5’-triphosphate; CD73,
5’-nucleotidase; ENPP1, ectonucleotide pyrophosphatase/phosphodiesterase 1; Pj, phosphate; PPj, pyrophosphate; TNAP, tissue-nonspecific

alkaline phosphatase.
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Table 2

Transcriptome changes induced by ENPP1 deficiency

Genefamily Gene Regulation and method
Bone
Wnt activity Lp1* ¥ RNAseq
wht1ob™* | RNAseq
wit16™*** ¥ RNAseq
Collagens Col3a1™, Col6a2™™ Col6as™, Colgaz™™™™ Col12a1™*"* Col16a1”™ | * RNAseq
Bone formation Bylap (OCN) ** 26 **quR
1bsp (BSP) * -2.17gPCR
Liver viagPCR
Wht activity Sfp1” +21%
Fza8™ -34™*
Kidney viagPCR
Whnt activity wif1™* +11.77°

RNAseq and gPCR of RNA extracted from whole bone, liver, and kidney of male Enpplas/yaﬂmice and WT siblings (7= 4, each cohort).
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Affected members are included on the basis of significant differential gene expression in 10- or 23-week-old animals. RNAseq adjusted p-values:

*
Padj < 0.05,

padj < 0.01,

Hok:

Padj < 0.005,

Aok A

Padj < 0.001. gPCR Student’s t test:

*
p<0.05,

*:

*
p <0.01.

Abbreviations: gPCR, quantitative polymerase chain reaction; RNAseq, RNA sequencing; WT, wild type.
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