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MOLECULAR PATHOGENESIS OF GENETIC AND INHERITED DISEASES
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SMPD3 deficiency in the neutral sphingomyelinase (Smpd3-/-) mouse results in a novel form of juvenile
dwarfism, suggesting smpd3 is a polygenetic determinant of body height. SMPD3 controls homeostasis
of the sphingomyelin cycle in the Golgi compartment, essential for membrane remodeling, initiating
multiform vesicle formation and transport in the Golgi secretory pathway. Using the unbiased Smpd3-/-

genetic model, this study shows that the perturbed Golgi secretory pathway of chondrocytes of the
epiphyseal growth zone leads to dysproteostasis, skeletal growth inhibition, malformation, and
chondrodysplasia, but showed unimpaired mineralization in primary and secondary enchondral ossifi-
cation centers. This has been elaborated by biochemical analyses and immunohistochemistry of long
bones of Smpd3-/- mice. A more precise definition of the microarchitecture and three-dimensional
structure of the bone was shown by peripheral quantitative computed tomography, high-resolution
microcomputed tomography, and less precisely by dual-energy X-ray absorptiometry for osteodensi-
tometry. Ablation of the Smpd3 locus as part of a 980-kb deletion on chromosome 8 in the fro/fro
mutant, generated by chemical mutagenesis, is held responsible for skeletal hypomineralization,
osteoporosis, and multiple fractures of long bones, which are hallmarks of human osteogenesis
imperfecta. The phenotype of the genetically unbiased Smpd3-/- mouse, described here, precludes the
proposed role of Smpd3 as a candidate gene of human osteogenesis imperfecta, but suggests
SMPD3 deficiency as the pathogenetic basis of a novel form of chondrodysplasia. (Am J Pathol 2019,
189: 1831e1845; https://doi.org/10.1016/j.ajpath.2019.05.008)
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Acid and neutral sphingomyelinases (SMases; sphingo-
myelin phosphodiesterases, SMPDs), sphingomyelin (SM),
and ceramides have been implicated in multiple cellular
functions, including signaling pathways in growth, differ-
entiation, and apoptosis.1 Acid sphingomyelinase (SMPD1)
is localized in the lysosomal compartment, the main site of
sphingolipid catabolism. nSMases form a family of sphin-
gomyelin phosphodiesterases consisting of SMPD2
(nSMase1),2 SMPD3 (nSMase2),3 and SMPD5.4 SMPD2 is
localized in the endoplasmic reticulum and SMPD3 resides
in the Golgi compartment, both as integral membrane pro-
teins. SMPD3 is the dominant representative of the nSMase
family. SMPD5 is a bona fide mitochondrial nSMase.4 They
show up as gene cluster in the neighbor-joining
stigative Pathology. Published by Elsevier Inc
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dendrogram5 of representative members of a superfamily
of phosphohydrolases.3

Understanding the molecular mechanisms underlying the
systemic and cell-specific actions of SMPD3 required the
meticulous dissection of the role of SMPD3among theSMPDs,
which contribute to total cellular SMase activity. Unbiased
systemic null allelic mouse mutants Smpd1,6,7 Smpd2,8 and
Smpd39 have been instrumental in disentangling the enigmatic
.

/licenses/by-nc-nd/4.0).

mailto:wilhelm.stoffel@uni-koeln.de
https://doi.org/10.1016/j.ajpath.2019.05.008
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ajpath.2019.05.008&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0
https://doi.org/10.1016/j.ajpath.2019.05.008
http://ajp.amjpathol.org
https://doi.org/10.1016/j.ajpath.2019.05.008


Stoffel et al
mechanism of their systemic phenotypic responses. Ablation of
Smpd1, lysosomal acid sphingomyelinase, preferentially
expressed in cells of the reticulo-endothelial system of liver,
bone marrow, spleen, lung, macrophages, and Purkinje cells of
the cerebellum, causes sphingomyelin storage disease and
human Niemann-Pick disease type A.

The neutral sphingomyelinase isozyme SMPD3 is localized
in the endoplasmic reticulum. SMPD2 expression is marginal
compared with SMPD3. The Smpd2-/- mutant develops an
inconspicuous phenotype and systemic SMPD2 deficiency
causes no SMstorage.8 SMPD3 is expressed ubiquitously. The
dominant expression of Smpd3 in the central nervous system is
restricted mainly to neurons. Minor expression is observed in
oligodendrocytes and astrocytes. High extraneuronal expres-
sion occurs in chondrocytes of the growth zones of the skeletal
system. Subcellular localization and cellular functions of
SMPD3 have been divergently discussed.1e3,8e12 Analysis of
the phenotype of the Smpd3-/- mouse showed the mechanism
underlying a novel basic function of SMPD3 in the sphingo-
myelin cycle confined to the Golgi compartment. Primary
chondrocytes in culture were instrumental in unveiling the
mechanism underlying the absence of SMPD3 in the sphin-
gomyelin cycle of the Golgi compartment: Golgi membrane
budding, the initial step for multiform vesicle formation,
transport, and secretion in the Golgi secretory pathway is
impaired and leads to dysproteostasis and intracellular accu-
mulation of extracellular matrix proteins (ECM) in the ER-
tubular system and Golgi complex.13 Perturbation of the
Golgi secretory pathway in chondrocytes of the epiphyseal
growth plate leads to inhibition of longitudinal growth, mal-
formation of long bones, and chondrodysplasia.10

SMPD3 deficiency in hypothalamic neurosecretory neurons
during the postnatal growth phase impedes the
hypothalamusepituitary growth axis and causes combined pi-
tuitary hormone deficiencyeassociated systemic hypoplasia.13

The comprehensive studies of the phenotype of the
Smpd3-/- mouse,3,9,11 generated by targeted ablation of the
Smpd3 locus, critically differs from the phenotype of the
fragilitas ossium (fro/fro) mouse mutant, a mutant mouse
strain, which has been isolated from stock of mice that were
chemically mutagenized randomly.14,15 The phenotype of the
fro/fro mutant is characterized by a chromosomal deletion,
which includes the smpd3 locus. The fro/fro mouse develops
severe hypomineralization leading to multiple bone fractures,
which are hallmarks of human lethal osteogenesis imperfecta
and chronic respiratory obstructive symptoms.16 Therefore,
fro/fro is regarded as a risk gene of osteogenesis imperfecta.

SMPD3 is restricted to the perturbation of the Golgi
secretory pathway in chondrocytes, ECM protein secretion,
transport, and extracellular apposition in the epiphyseal
growth zone for longitudinal growth.13 Here, we show that
SMPD3 deficiency leaves mineralization, the essential step
during bone ossification, unaffected.

Biochemical, specific staining methods and immunohis-
tochemical analyses of chondrocytes (ECM), osteoblasts, and
osteoclast-specific marker proteins of long bones of juvenile
1832
and adult mice were combined with physical methods for
quantifying bone architecture and bone parameters in wild-
type (WT) and Smpd3-/- littermates. Mineralization during
ossification was assessed by dual-energy X-ray absorptiom-
etry. Bone architecture and bone structural parameters were
examined by peripheral quantitative computed tomography
(pQCT) and high-resolution microcomputed tomography
(mCT). Volumetric analysis and cortical and trabecular bone
parameters were evaluated separately.
The cumulative data of these studies indicate similar

cortical and trabecular bone mineralization in adult WT and
Smpd3-/- mice. They preclude Smpd3 as a risk gene of
osteogenesis imperfecta, but suggest its candidate role in a
novel form of chondrodysplasia.
Materials and Methods

Mouse Strains

The Smpd3-/- mouse strain was developed in the Laboratory
of Molecular Neuroscience, Center of Biochemistry, Faculty
of Medicine, University of Cologne after 10 back-crossings
maintained on a C57Bl/6 background.9 WT mice were ob-
tained from heterozygous Smpd3-/- � C57Bl/6 crossings.
Mice were genotyped by PCR analysis of tail DNA. Animal
protocols followed the principles and practices outlined in
the NIH Guide for the Care and Use of Laboratory Ani-
mals,17 and breeding and tests were performed with
permission of the local authorities [Landesamt für Natur,
Umwelt und Verbraucherschutz (LANUV NRW)]. The
animal studies reported in this article followed the Animal
Research: Reporting of In Vivo Experiments (ARRIVE)
Guidelines.18 All animals were kept under specific
pathogen-free conditions. The light/dark cycle was 12
hours/12 hours; the animals had free access to water and a
regular diet. Cohorts of sex-, age-, and weight-matched WT
and Smpd3-/- mice were used in this study.
Lipidome Analysis

Total lipids were extracted and homogenized in an Ultra-
turrax (IKA Labortechnik, Staufen, Germany) in 10 volumes
of chloroform/methanol (C/M) 2:1 (vol/vol) and re-extracted
with C/M 1:1 (vol/vol) and C/M 1:2 (vol/vol) for 1 hour each
at 37�C under a stream of nitrogen. The combined extracts of
total lipids were dissolved in C/M 2:1 (vol/vol), washed with
2 mol/L KCl and water, and taken to dryness in a stream of
nitrogen. Phospholipids were separated in solvent system
chloroform/ethanol/triethylamine/water 60/70/70/14 (vol/
vol/vol/vol), sphingolipids were separated in: chloroform/
methanol/water 65/25/4 (vol/vol/vol) using high-
performance thin layer chromatography (HPTLC) plates
(Merck, Darmstadt, Germany). Bands were visualized by
primuline fluorescence (0.2% in 80% acetone). Lipid bands
were collected on fritted glass filters and eluted with C/M 2:1
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Figure 1 Smpd3 deficiency causes no sphingolipidosis. A: High-performance thin layer chromatography (HPTLC)-separation of brain lipid extracts of 4-
montheold wild-type (WT) (þ/þ), Smpd3-/- (-/-), and Smpd1-/-/Smpd3-/- (dm) mice. Solvent system: chloroform/methanol/water 65/25/4 (vol/vol/vol).
Asterisk indicates SM storage in dm lane. B: HPTLC separation of bone lipid extracts of 2- and 12-montheold WT (þ/þ), Smpd3-/- (-/-). Solvent system:
chloroform/ethanol/triethylamine/water 60/70/70/14 (vol/vol/vol/vol). C and D: Mass spectroscopic analysis (MS/MS) of bone neutral sphingolipids of 2-
month-old (C) and 12-montheold (D) WT and Smpd3-/- mice. Cer, ceramides; GlucC, glucosylceramides; lysoPC, lyso-phosphatidylcholine; PC,
phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PS, phosphatidylserine; sGalC, sulfo-Galactosylceramide; SM, sphingomyelin.

Smpd3-/- Mice Develop No OI
(vol/vol) into Sovirel tubes (SciLabware, Staffordshire, UK)
and concentrated under N2 for analysis bymass spectrometry.

Protein Analysis

Freshly dissected bones of WT and Smpd3-/- male and fe-
male mice were homogenized mechanically in lysate buffer
containing protease inhibitor cocktail (Complete; Roche,
Penzberg, Germany). Protein concentrations were measured
using the Pierce BCA protein assay kit (Thermo Fisher
Scientific, Darmstadt, Germany). Protein aliquots (100 mg)
were separated by NuPAGE 4% to 12% BIS-TRIS gels and
transferred to a nitrocellulose membrane, using the
NuPAGE Western Blot system (Invitrogen, Darmstadt,
Germany). Blots were immunostained overnight at 4�C with
the following respective antibodies: antiealkaline phos-
phatase (1:2000, ab108337, RRID:AB_10862036),
antiecollagen I (1:500, ab21286, RRID:AB_446161), and
anti-osteopontin (1:1000, ab181440) (all from Abcam,
Cambridge, UK), and antiea tubulin (1:12,000, T6074,
RRID:AB_477582; Sigma-Aldrich, St. Louis, MO). After
The American Journal of Pathology - ajp.amjpathol.org
washing, horseradish peroxidaseeconjugated secondary
antibodies were used and detected with the enhanced
chemiluminescence system. Signals were quantified by
densitometry using the ImageJ2 version 2.0.0-rc-3 (NIH,
Bethesda, MD) program (RRID:SCR_003070).

Histology and Immunohistochemistry

Freshly prepared long bones (humerus) of male and female
WT and Smpd3-/- mice, 2 and 12 months of age, were fixed in
4% buffered paraformaldehyde for 48 hours and were
decalcified in 10% EDTA/Tris pH 7 for 10 to 14 days with
shaking. The buffer was exchanged once and the bones were
transferred into 70% ethanol for paraffin embedding and
processing for light and immunofluorescence microscopy.
Sections (5 mm) were permeabilized with 0.5% Triton X-100
(Sigma-Aldrich)/phosphate-buffered saline at 4�C, and he-
matoxylin and eosin, Masson-Goldner, van Gieson, Alcian
Blue, and von Kossa stained for transmission microscopy,
following established protocols. For immunostaining, sec-
tions were blocked with 3% bovine serum albumin/
1833
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Figure 2 Bone phospholipidome of wild-type (WT) and Smpd3-/-mice. MS/MS analysis of phospholipid classes of phospholipidomes of long bones (femora) of
2-montheold (A) and 12-montheold (B) WT and Smpd3-/-mice, separated by high-performance thin layer chromatography (HPTLC). Solvent system: chloroform/
ethanol/triethylamine/water 60/70/70/14 (vol/vol/vol/vol). PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PS,
phosphatidylserine.
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phosphate-buffered saline and 0.1% Triton X-100/phosphate-
buffered saline and treated with respective antibody dilutions
in phosphate-buffered saline at 4�C overnight. The following
antibodies and dilutions were used: antiealkaline phospha-
tase (1:200, ab108337, RRID:AB_10862036), antiecollagen
I (1:200, ab21286, RRID:AB_446161), and anti-osteopontin
from Abcam (1:50, ab181440), and antiea tubulin from
Sigma-Aldrich (1:1000, T6074, RRID:AB_477582) and
Cyanine dye 3 (Cy3)-labeled secondary antibody were used
for immunofluorescence microscopy.

Preparation of Osteoblasts

Isolation and culture of osteoblastic cells of WT and
Smpd3-/- mice, 2 and 12 months of age, was performed
using an established procedure.5

Microscopy

The Slidescanner (SCN400; Leica, Wetzlar, Germany) and
the software Aperio ImageScope version 12.2.2.5015
(RRID:SCR_014311), the Axio ImagerM1 microscope
(Zeiss, Oberkochen, Germany), Imaris Software version 5.5
(RRID:SCR_007370), and AxioVision Imaging Software
version 4.8.2.0 (RRID:SCR_002677; AxioVision, Oberko-
chen, Germany) were used. The TCS SP8X confocal mi-
croscope (Leica Microsystems), equipped with a PL Apo
63�/1.40 Oil CS2 objective, white-light laser (NKT Pho-
tonics, Regensdorf, Switzerland), and HyD detectors (Leica)
were used for confocal microscopy.

Quantitative X-Ray Absorptiometry

Mineralization of skeletons of WT and Smpd3-/- littermates
was measured by quantitative dual-energy X-ray absorpti-
ometry. Anesthetized WT and Smpd3-/- littermates were
1834
examined using a bench X-ray unit (HP Cabinet X-ray
System-Faxitron series, model 43855A; Hewlett-Packard,
McMinnville, OR), with single-side emulsion film (Agfa-
Ts Structurix D4DW, NDT System; Grosche, Bottrop,
Germany) at 40 kV with exposure times of 25 seconds for
young mice and 50 kV and 48 seconds for adult mice.
pQCT

Right femora of 10- and 27-weekeold female WT and Smpd3-/-

mice were scanned by pQCT using the XCT Research M
scanner and Stratec software version 5.50 (Stratec Medi-
zintechnik GmbH, Pforzheim, Germany). For the measurements,
isolated bones were placed, with the anterior surface upward, in a
syringe filled with saline solution. After scout view, sections
were made at the distal femoral metaphysis (at 15%, 17.5%, and
20% of total bone length measured from the distal joint line) and
at the midshaft (at 50% of total bone length). The voxel size was
500 � 70 � 70 m. Each slice was analyzed by contour mode 1,
peel mode 20 (30%), and cortical mode 1 (710 mg/cm3). At the
femoral metaphysis, total cross-sectional bone area (cross-
sectional bone area, mm2), total bone mineral density (BMD,
mg/cm3), total bone mineral content (in mg), trabecular cross-
sectional bone area (in mm2), trabecular bone mineral content (in
mg/cm3), and trabecular bone mineral content (in mg) were
determined as the mean of three slices. At the mid-diaphysis, the
cortical area (in mm2), the cortical bone mineral density (in mg/
cm3), the cortical bone mineral content (in mg), the cortical
thickness (in mm), the periosteal circumference (mm), and the
endosteal circumference (mm) were evaluated. Reproducibility
of pQCT measurements with the settings described here was
determined by repeated scans of mouse femora with reposi-
tioning. The root-mean square average coefficient of variation
(CV%) values were 2.2% for trabecular bone mineral density
and 0.7% for cortical bone mineral density.
ajp.amjpathol.org - The American Journal of Pathology
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Figure 3 Regular mineralization of adult
Smpd3-/- mice. A and B: Images of quantitative
radiography-densitometry of wild-type (WT) (þ/þ)
and Smpd3-/- (-/-) anterior-posterior (ap) (A) and
lateral whole body position (B). The boxed areas
from panel A (ap pelvis/hind legs) and the boxed
areas in panel B (lateral fore legs) are enlarged in
the corresponding panels below. C: Peripheral
quantitative computed tomography analysis from
female femora of WT and Smpd3-/- mice. Periosteal
circumference (PERI_C), endosteal circumference
(ENDO_C), cortical bone thickness (Ct.thickness),
cortical bone mineral content (Ct.BMC), trabecular
bone mineral content (Tb.BMC), total bone mineral
content (BMC), cortical bone density (Ct.BMD),
trabecular bone density (Tb.BMD), total bone
density (BMD), cortical cross-sectional bone area
(Ct.CSA), trabecular cross-sectional bone area
(Tb.CSA), and total cross-sectional bone area (CSA)
are shown. n Z 5 per age and genotype.
*P < 0.05, **P < 0.01, and ***P < 0.001. w,
weeks.

Smpd3-/- Mice Develop No OI
High-Resolution mCT

Bone microstructure of right femora from 10- and 27-
weekeold female WT and Smpd3-/- mice was analyzed
using a high-resolution mCT. The scanner mCT 35 (Scanco
Medical AG, Bassersdorf, Switzerland) was used for image
acquisition. Following the guidelines for assessment of bone
microstructure in rodents using mCT,5 dissected femora were
scanned in saline with an isotropic voxel size of 7 mm, 70-kV
X-ray tube voltage, 114-mA tube current, and 400-ms inte-
gration time. The volume of interest of trabecular bone was
evaluated in the region 0.75-mm underneath the growth plate
(142 slices, 1 mm) and of cortical bone in the midshaft (107
slices, 0.75 mm). Segmentation steps were applied with
support Z 1, sigma Z 0.8 at the metaphysis and with
support Z 2, sigma Z 1.2 at the diaphysis. Bone tissue was
segmented using a global thresholding algorithm (22.5% of
themaximumgray scale value for themetaphysis, 32% for the
diaphysis). To remove image noise, gray-scale data of the raw
CT images were processed using a 3-dimensional Gaussian
filter algorithm.19 Cortical parameters included bone tissue
area (in mm2), cortical bone area (in mm2), marrow area
(mm2), cortical thickness (in mm), cortical area fraction
(cortical bone area/tissue area, %), and cortical bone mineral
density (in mg hydroxyapatite/cm3). At the metaphysis bone
volume (in mm3), tissue volume (in mm3), bone volume
The American Journal of Pathology - ajp.amjpathol.org
fraction (bone volume/tissue volume, %), trabecular separa-
tion (in mm), trabecular thickness (in mm), trabecular number
(in 1/mm), connectivity density (1/mm3), and trabecular bone
mineral density (inmg hydroxyapatite/cm3)were determined.

Real-Time PCR

RNA was isolated from WT and Smpd3-/- male and female
femora of littermates using TRIzol (Invitrogen). Ten microgram
of total RNA was reverse-transcribed using a SuperscriptTMII
Reverse Transcriptase kit (Thermo Fisher Scientific). The
following primer pairs were used in quantitative PCR reactions:
osteopontin forward: 50-CCCGGTGAAAGTGACTGATT-30,
osteopontin reverse: 50-CCATCGTCATCATCATCGTC-30;
osteocalcin forward: 50-GCGCTCTGTCTCTCTGACCT-30,
osteocalcin reverse: 50-TTTGTAGGCGGTCTTCAAGC-30;
alkaline phosphatase forward: 50-GCTGATCATTCC-
CACGTTTT-30, alkaline phosphatase reverse: 50-CTGGGCC-
TGGTA-GTTGTTGT-30; bone morphogenic factor 2 forward:
50-TGCTAACGACACCCGCAGCCCTCCACAACC-30, bone
morphogenic factor 2 reverse: 50-CAAGCCAAACACAAA-
CAGCGGAAGCGCCTC -30; col2A forward: 50-CCACTT-
CAGC-TATGGC-30, col2A reverse: 50-CGGTACTCGATGA-
CGG-30; comp forward: 50-GAGCAGACGTACTGGC-30, comp
reverse: 50-GGGAGAAGCAGAAGACA -30; and hgprt forward:
50-GCTGACCTGCTGGATTACATTAAAGCACTG-30, hgprt
1835
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reverse: 50-ATTCCTGAAGTACTCATTATAGTCAAGGGC-
30. Hgprt was used as an internal standard. Quantitative PCR re-
actions were performed with the Prism 7900HT (ABI, Darmstadt,
Germany) using a 96-well format, the Fast SYBR Green Master
Mix (Applied Biosystems, Darmstadt, Germany), following the
manufacturer’sprotocol.Datawereanalyzedusing thecomparative
2[-delta delta C(T)] method (2-DDCt method).
Statistical Analysis

Results are expressed as means � SEM. Statistical analysis
of differences between individual experimental groups was
performed using QuickCalcs (GraphPad, San Diego, CA).
An unpaired two-tailed t-test was used. P values of �0.05
were considered significant.
A B

C D

E F G

LKJ

Figure 4 Microcomputed tomography of trabecular and cortical bone. AeD:
weekeold (A) and 27-weekeold (C) wild-type (WT) mice and 10-weekeold (B) an
trabecular (JeN) architecture. Trabecular bonewas evaluated in the region 0.75mm
themidshaft (107 slices, 0.75mm).17 Total bone area (Tt.Ar),marrow area, cortical b
cortical bone mineral density (Ct.BMD), relative bone volume (BV/TV), trabecular
connectivity density (Conn.D), and trabecular bone mineral density (Tb.BMD) are sh
Scale bars: 100 mm (AeD). HA, hydroxyapatite; w, weeks.
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Results

Essential Role of SMPD3 in Sphingomyelin Homeostasis
in the Golgi Complex of Chondrocytes

SMPD3 is the main extralysosomal neutral sphingomyeli-
nase and key enzyme in the sphingomyelin cycle of the
Golgi complex, which critically controls sphingomyelin
homeostasis in the Golgi compartment of chondrocytes of
the growth zone during skeletal development. Targeted
deletion of Smpd3 expression in the Smpd3-/- mouse per-
turbed the Golgi secretory pathway of chondrocytes,
severely disordered zones of chondrocyte differentiation,
and enchondral ossification. The impact of SMPD3 defi-
ciency was analyzed on the phospholipidome and sphin-
golipidome of bone and brain total lipid extracts, two tissues
H I

NM

Ct.BMD

Tb.BMD

Three-dimensional reconstructed trabecular architecture of femora of 10-
d 27-weekeold (D) Smpd3-/- mice. EeN: Microstructural cortical (EeI) and
underneath the growth plate (142 slices, 1mm). Cortical bonewas analyzed in
one area (Ct.Area), cortical thickness (Ct.Th), bone area fraction (Ct.Ar/Tt.Ar),
thickness (Tb.Th), trabecular separation (Tb.Sp), trabecular number (Tb.N),
own. nZ 5 per age and genotype. *P< 0.05, **P< 0.01, and ***P< 0.001.
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Figure 5 Morphology of growth and ossification
zones and cortices of 2-montheold and 12-month
eold wild-type (WT) and Smpd3-/- mice femora.
Longitudinal sections of femora from 2-montheold
(A) and 12-montheold (B) WT (þ/þ) and Smpd3-/-

(-/-), stained with hematoxylin and eosin, and 2-
montheold (C) and 12-montheold (D) þ/þ and
-/- stained according to Masson-Goldner (red, cyto-
plasm and fibrils; blue/green, collagen, acid muco-
polysaccharides, and bones).Arrows indicate growth
zones. Scale barsZ 1 mm.

Smpd3-/- Mice Develop No OI
with high Smpd3 expression. Combined HPTLC separation
and quantitative analysis by mass spectrometry (MS)/MS
showed highly similar concentrations of phospholipidome
and sphingolipidome classes (Figures 1 and 2).

Smpd3 ablation left SM concentration of bone and brain of
Smpd3-/- mice unaffected (Figure 1, A and B). Introduction of
the Smpd1-/- locus into the Smpd3-/- genome, however,
induced systemic sphingomyelin storage, shown in the
HPTLC of brain of the Smpd1-/-/Smpd3-/- double mutant
(Figure 1A). Sphingomyelin, ceramides, and glucosylcer-
amide species and concentration in total lipid extract of bones
of 2-montheold (Figure 1C) and 12-montheold (Figure 1D)
WT and Smpd3-/- mice showed no differences in MS/MS
analysis.

The species of phospholipid classes in the lipidome of
bones of 2- and 12-montheold WT and Smpd3-/- mice were
similar in the MS/MS analysis (Figure 2).
The American Journal of Pathology - ajp.amjpathol.org
Parameters of mineralization of the cortical and trabecular
architecture of long bones of cohorts of 10- and 27-week-
old WT and Smpd3 male mice were characterized pQCT for
3-dimensional volumetric quantitative bone morphometry
and mCT.

Quantification of X-radiography suggested equal minerali-
zation during ossification of the skeleton of 12-montheold
WT and Smpd3-/- mice. Images of dual-energy X-ray ab-
sorptiometry of ap- and lateral-positioned 12-montheold
Smpd3-/- mice showed the severe malformation of long bones
and joints, which developed independently of ongoing
mineralization (Figure 3, A and B). Densitometry indicated an
even higher mineralization of the pelvis, femur, and tibia and
fibula of hind legs in Smpd3-/- mice.

In addition, pQCT parameters of cortical and trabecular
mineralization of Smpd3-/- long bones significantly exceeded
those of WT mice (Figure 3 C). The length of Smpd3-/- femora
1837
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Figure 6 Histology of extracellular matrix and
cartilage in growth zones of long bones of wild-type
(WT) and Smpd3-/- mice. Van Gieson staining
collagen (connective tissue; A) and Alcian blue
glycosaminoglycans (cartilage; B) staining of e17,
p10, p20, 2-montheold, and 12-montheold WT
þ/þ and Smpd3-/- mice. Scale bars Z 500 mm. e,
embryonal day; p, postnatal day.

Stoffel et al
remained approximately 15% to 20% shorter in Smpd3-/- than
in WT cohorts throughout their life span (Figure 3C).
High-Resolution mCT Analysis of Cortical and
Trabecular Structure in Smpd3-/- Bones

Microstructural cortical and trabecular architectures of
femora of both 10- and 27-weekeold WT and Smpd3-/-

mice were analyzed using 3-dimensional high-resolution
1838
mCT. Dissected femora were scanned at the metaphysis
and at the diaphysis.
Cortical parameters derived from mCT analysis of

femora of female WT and Smpd3-/- mice indicated similar
cortical thickness, cortical bone area fractions (cortical
bone area/tissue area), cortical total mineralized bone, and
relative bone volume (bone volume/tissue volume)
(Figure 4, FeI). The total bone area was significantly
higher in Smpd3-/- mice, marrow area, and cortical bone
area in 10-weekeold Smpd3-/- mice (Figure 4E).
ajp.amjpathol.org - The American Journal of Pathology
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Figure 7 Extracellular matrix development and cell proliferation in growth zones of femora of e17, p10, p20 old wild-type (WT) þ/þ and Smpd3-/- mice. A
and B: Immunohistochemistry using anti collagen 2A (Col2A) (arrows indicate abundant extracellular matrix production in control humerus). CeF: von Kossa
staining monitors mineralization in e17 (C and D), p10 (E), and p20 (F) þ/þ and Smpd3-/- femora. Scale bars: 20 mm (A); 100 mm (B); 250 mm (C and D), 500
mm (E and F). e, embryonal day; p, postnatal day.

Smpd3-/- Mice Develop No OI
Trabecular bone was evaluated in the region underneath
the growth plate (metaphysis). The trabecular number,
connectivity density, and relative bone volume (bone
volume/tissue volume) was significantly higher in juvenile,
but reduced in adult, Smpd3-/- mice (Figure 5K, L, and N),
which is reflected in the distance between trabeculae
(trabecular separation) (Figure 4J). Images of the 3-
dimensional reconstructed trabecular architecture of
femora from 10- and 27-weekeold female WT and
Smpd3-/- mice confirmed the quantitative data of the
trabecular parameters (Figure 4, AeD). Trabecular and
cortical total mineralized bone of WT and Smpd3-/- mice
were unchanged (Figure 4, H and N). Relative bone vol-
ume, trabecular number, and connectivity density are
elevated in 10-weekeold, but reduced at 27-weekeold
female Smpd3 mice (Figure 4, K, L, M).

Skeletal Growth Inhibition, Malformation, and
Chondrodysplasia of Joints and Regular Mineralization
of Bones

Hematoxylin and eosin and Massonevon Goldner staining
of longitudinal sections of Smpd3-/- femora showed severe
The American Journal of Pathology - ajp.amjpathol.org
malformation of the short femora (Figure 5). Spatially
disordered zones of resting, proliferative, pretrophic, and
hypertrophic chondrocytes in growth plates of the proximal
and distal epiphyses and the articular cartilage, associated
with perturbed invasion of osteoblasts, bone marrow cells,
blood vessels, and osteoclasts, involved in bone remodeling
and removal of cartilage matrix at the perturbed ossification
front, characterize the morphology of the growth plate of
Smpd3-/- long bones. The cortex of midshaft femora of WT
and Smpd3-/- of 2- and 12-montheold mice showed no
difference in thickness, in support of the quantitative radi-
ography/densitometry, pQCT, and mCT data. No fractures in
the skeleton of Smpd3-/- mice were observed during their
lifespan. In addition, van Giesone and Alcian blueestained
connective tissue and cartilage of embryonal day (e)17,
postnatal day (p)10, p20, 2-month, and 12-montheold WT
and Smpd3-/- mice showed the highly disordered
morphology of growth zones of long bones in Smpd3-/-

mice. Age-dependent reduction of growth zones proceeded
similarly in WT and Smpd3-/- mice (Figure 6).

Control chondrocytes developed a dense ECM in WT
mice, which is scarcely developed in Smpd3-/- growth
zones, visualized by anti-Col2A (Figure 7A). Cell
1839
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Figure 8 Transcriptional and translational expression of ossification-specific genes and proteins in long bone and osteoblasts in wild-type (WT) and
Smpd3-/- mice. A and B: Real-time PCR of complementary RNA of long bones of mice at (A) 2 and (B) 12 months of age, using primers of collagen 2a (col2a),
cartilage oligomeric matrix protein (Comp), bone morphogenic protein2 (Bmp2), osteopontin (opn), osteocalcin (oc), and alkaline phosphatase (ap). Solid
black line defines expression of control (WT) Z 1. CeH: Western blot analysis of protein lysates of osteoblasts in culture of mice at 2 (CeE) and 12 (FeH)
months of age, using antiecollagen I (Col I), antiealkaline phosphatase (AP), and anti-osteopontin (OPN) antibodies. n Z 5 per age and genotype.
*P < 0.05, **P < 0.01, and ***P < 0.001 versus WT.
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proliferation was studied by quantifying the number of Ki-
67epositive chondrocytes in the growth zone, which is
reduced in humeri of Smpd3-/-: 90% of WT chondrocytes
were Ki-67 positive (DAPI positive, 4262; Ki-67 positive,
3848), but only 70% in humeri of Smpd3-/- siblings (DAPI
1840
positive, 3292; Ki-67 positive, 2310) (Figure 7B) in the
e17 growth plate of Smpd3-/- mice. These observations
underline the results of our previous study in chondrocytes
in culture.13 After embryonal and early postnatal ossifi-
cation between e17 and p20, von Kossa staining indicated
ajp.amjpathol.org - The American Journal of Pathology
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Figure 9 Immunohistochemistry of primary osteoblasts of 2- and 12-montheold wild-type WT and Smpd3-/- mice stained with antitubulin (fluorescein
isothiocyanate) and antiealkaline phosphatase (AP) (Cy3) (AeD), antiecollagen I (Col I) (Cy3) (EeH), and anti-osteopontin (OPN) antibody (Cy3) (IeL).
Scale bars Z 50 mm.

Smpd3-/- Mice Develop No OI
that the mineralization is slowed in long bones of e17
Smpd3-/- embryos (Figure 7D), but already similar to WT
mice at p10 (Figure 7, CeF), but showed highly irregular
ossification.

Gene Expression in Osteogenesis of Long Bones of WT
and Smpd3-/- Mice

The expression of marker genes of osteogenesis was studied in
total RNA of femora of juvenile (2 months) and adult (12
months) WT and Smpd3-/- mice by real-time PCR using spe-
cific primer pairs of bone morphogenic factor 2, a member of
the bone morphogenic family, that potently induces osteoblast
differentiation, collagen 2a (col2a), and cartilage oligomeric
matrix protein for monitoring matrix apposition and matura-
tion, and of alkaline phosphatase (ap), osteocalcin (oc), and
osteopontin (opn), key players in matrix mineralization and
bone structure remodeling (Figure 8, A and B). Transcriptional
activity was complemented by Western blot hybridization of
protein lysates of osteoblasts in culture, isolated from femora
of 2- and 12-montheold WT and Smpd3-/- mice.
Antiecollagen I (Col I) antibodies (Figure 8, C and F) were
used to monitor ECM-protein apposition, antiealkaline phos-
phatase (AP) antibodies for imaging mineralization (Figure 8,
D and G), and anti-osteopontin (OPN) (Figure 8, E and H)
antibodies were applied to monitor osteoclast activity.

These expression studies on the transcriptional and
translational levels were complemented by comparative
immunohistochemical analyses using antibodies of markers
The American Journal of Pathology - ajp.amjpathol.org
probing ECM apposition and longitudinal growth with
antieCol I, ossification mineralization with antiealkaline
phosphatase, and bone remodeling with anti-OPN anti-
bodies (Figures 9 and 10).

Immunohistochemistry of primary osteoblasts indicated
similar expression of alkaline phosphatase, Col I, and OPN
during osteogenesis in 2- and 12-montheold WT and
Smpd3-/- mice (Figure 9).

Immunohistochemistry of long bones of 2-montheold
WT and Smpd3-/- mice showed high expression of Col I in
the juvenile epiphysial and diaphysial growth zones
(Figure 10A). Expression of alkaline phosphatase and OPN,
indicators of mineralization and bone remodeling in the
ossification zone, of 2- and 12-montheold WT and Smpd3-/-

mice were nearly similar (Figure 10, B, C, D, E, and F).
Discussion

This study addressed the molecular basis of the role of
neutral SMPD3 in sphingomyelin metabolism of chon-
drocytes in osteogenesis, longitudinal growth, and miner-
alization during the growth and growth-arrested phases
using the unbiased genetic approach in the Smpd3-/- mouse
mutant. The Smpd3-/- mutant develops a two-pronged novel
form of juvenile dwarfism: systemic hypoplasia and tissue-
specific chondrodysplasia and skeletal deformation.9

Growth retardation of the Smpd3-/- mouse mutant reflects
a prolonged cell cycle and reduced proliferation rate during
1841
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Figure 10 Immunohistochemistry of longitudinal sections of 2- and 12-montheold wild-type (WT) and Smpd3-/- femora, stained with anti-tubulin
(fluorescein isothiocyanate) and antiecollagen I (Col I) antibody (Cy3) (A and B), antiealkaline phosphatase (AP) antibody (Cy3) (C and D), and
antieosteopontin (OPN) antibody (Cy3) (E and F). Scale bars Z 50 mm.

Stoffel et al
the gestation and postnatal growth periods. The inhibition of
Golgi vesicular protein transport as a unifying molecular
link underlying SMPD3 deficiency was unveiled. Mecha-
nistically, deficiency of Smpd3 expression does not affect
the cell cycle as a growth gene directly. Slowed intracellular
1842
transport and secretion perturbs hypothalamic neurosecre-
tion and causes hypothalamus-induced combined pituitary
hormone deficiency.9 SMPD3 deficiency in chondrocytes of
skeletal growth plates leads to intracellular accumulation of
ECM proteins, collagens, matrilins, and cartilage oligomeric
ajp.amjpathol.org - The American Journal of Pathology
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Figure 11 Normal alveolar structure of wild-type (WT) and Smpd3-/-

lung. Images of three magnifications of hematoxylin and eosinestained
sections of lung of adult (age, 4 months) wild-type (WT) and Smpd3-/-

mice. Scale bars Z 50 mm.

Smpd3-/- Mice Develop No OI
matrix protein in the endoplasmic reticulum and Golgi
stacks, disrupts proteostasis, induces unfolded protein
response, ER stress, and premature apoptosis.13

The juvenile Smpd3-/- mouse mutant shares hypoplasia of
virtually all tissues and organs with that of the most common
murine mutants developing a pituitary dwarf phenotype, the
Snell mouse, Snell dwarf (Pit1dw/Pit1dw), defective in
pituitary-1 pit, the Ames dwarf (Prop1df/Prop1df, prophet of
pit-1), and the little (lit) mouse mutant, Ghrhrlit/Ghrhrlit, a
missense mutation in the Ghrhr gene.20e26

Unlike the mutations of lysosomal acid sphingomyeli-
nase, which causes sphingomyelin storage in the recombi-
nant Smpd1-/- mice,6,7 equivalent to human Niemann-Pick
disease type A, gene ablation of the neutral sphingomyeli-
nase isozyme SMPD3, localized in the Golgi compartment,
causes no sphingomyelin storage.8

The loss of Smpd3 expression has no impact on the
profiles and concentrations of phospholipid classes and their
diacyl-glycerol species, as well as of sphingolipid classes
sphingomyelin, ceramides, and glucosylceramide and their
ceramide backbones in total lipid extracts of bones, and for
comparison in brain of WT and Smpd3-/- mice, the tissue
with highest SMPD3 expression (Figures 1 and 2). These
cumulative data and the previously described absence of a
sphingolipidosis in the SMPD2-deficient mouse suggested
cellular functions of neutral sphingomyelinases SMPD2 and
SMPD3 in cellular compartments, the endoplasmic
The American Journal of Pathology - ajp.amjpathol.org
reticulum, and the Golgi-membrane stacks, respectively,
other than the catabolic function of lysosomal acid sphin-
gomyelinase SMPD1.6,8

Our recent studies elaborated the mechanism underlying
the function of SMPD3 in the Golgi secretory pathway of
chondrocytes providing ECM protein appositions for lon-
gitudinal growth in the skeletal growth zones for minerali-
zation during the juvenile growth phase, lending bone
architecture tensile strength.13 The role of SMPD3 in
mineralization during osteogenesis is equivocally discussed.
Our biochemical, immunohistochemical, and morphologic
analyses combined with radiometry-densitometry, pQCT
analysis, and high-resolution mCT measurements showed
that SMPD3 function during osteogenesis is restricted to
chondrocyte function, promoting the apposition of ECM
proteins in the growth zones for longitudinal growth. The
quantitative assessment of cortical and trabecular
morphometry and density in juvenile and adult WT and
Smpd3-/- female mice by these three methods unequivocally
proved that mineralization is equal or even stronger in
Smpd3-/- skeleton.

Radiography-densitometry and pQCT showed short
femur length. mCT measurement showed unchanged
trabecular and cortical total mineralized bone in WT and
Smpd3-/- mice, indicating normal mineralization. Delayed
secretion and irregular apposition of ECM proteins,13 of
which Col I and Col 2a are the dominant representatives,
cause skeletal malformation and dysplastic joint pathology.

Morphologic analysis of growth zones of long bones by
van Gieson staining of collagen structures of e17, p10, p20,
2-montheold, and 12-montheold WT and Smpd3-/- mice
showed suppressed synthesis and secretion of ECM proteins
(Figure 6A), and of cartilage glycosoaminoglycans specif-
ically visualized by Alcian blue staining (Figure 6B). Col2A
shows well-developed ECM in WT bone growth zones,
whereas Smpd3-/- scarcely release the ECM marker Col2A
(Figure 7B). After embryonal and early postnatal ossifica-
tion, von Kossa staining indicated increasing mineralization
in long bones, which proceeds to a similar extent and highly
organized in WT, but irregularly structured in p20 Smpd3-/-

mice. This provides an additional morphologic background
for the chondrodysplastic phenotype.

These results are underscored by the transcriptional (real-
time PCR) and translational (Western blot and immuno-
histochemistry) expression pattern of genes regulating
ossification (Figure 8). The reduced transcriptional and
translational expression of alkaline phosphatase in juvenile
Smpd3-/- mice indicates the delayed mineralization, allowing
for bone and joint malformation owing to the lack of bone
tensile strength. Osteopontin and osteocalcin are key
players in bone remodeling. OPN stimulates osteoclasts
to resorb bone and exert extracellular stress upon
osteoblasts.27 Similarly, osteopontin, a g-carboxyglutamic
acidecontaining peptide, which is produced exclusively by
osteoblasts and secreted into the ECM, binds to Caþþ and
thus inhibits and delays mineralization.28 The reduced
1843
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translational expression of OPN consequently might explain
the enhanced mineralization in juvenile Smpd3-/- mice.
Although transcriptional expression in juvenile Smpd3-/-

mice is unaffected, expression in adult Smpd3-/- mice is
reduced significantly.

Gene expression of marker proteins for ECM apposition
in the growth zone, signaling activity of osteoblasts for
longitudinal and ordered growth, and of osteoclasts in the
ossification, was estimated by real-time PCR of comple-
mentary RNA of femora of WT and Smpd3-/- mice.

Production of Col I in Smpd3-/- osteoblasts during the
growth phase exceeds that of WT osteoblasts. Col I is the
major fibrillary protein in ECM of the growth plate, whereas
Col2a with similar structure is down-regulated. Col I and
Col2a are the major collagens, which impose tensile
strength on growing long bones.

A fro/fro (fragilitas ossium) mouse mutant was isolated
from a pool of mutants generated by chemical mutagenesis
of the genome of postmeiotic spermatids.14,15 The skeletal
pathology of the fro mutation is characterized by hypo-
mineralization, osteoporosis, limb deformation, multiple
fractures of the long bone, and reduced mineralization in
embryonic fro/fro osteoblasts in culture. The inactivation of
the Smpd3 locus within a 980-kb deletion on chromosome 8
led to the conclusion that SMPD3 deficiency causes this
phenotype, and the proposal that the fro/fro mouse mimics
the recessive form of human osteogenesis imperfecta.29

Besides the genetic differences, this study discriminates the
significantly different phenotypes of the fro/fro mutant and
the well-defined Smpd3-/- mutant. i) Gene targeting mutated
the single Smpd3 locus on chromosome 8, different from the
stochastic, chemical, mutagenized genome of the fro/fro-
mutant. ii) No postnatal lethality of male and female Smpd3-/-

mice was observed, but rather a life span, prolonged by 22%
compared with C57BL/6 control mice (28.3 � 1.8 versus
23.1 � 1.0 months).13 The fro/fro mice show high perinatal
lethality.15 Loss-of-function mutations at the single Smpd3
gene locus leads to a considerable (20% to 25%) extension of
the life span. The Smpd3 null mouse therefore provides a
novel model for the study of aging mechanisms in mammals.
iii) Unlike the chronic respiratory obstructive lung pathology,
similar to emphysema,which develops in the fro/fromouse,16

both sexes of Smpd3-/- mice suffered no lung abnormalities
during their life span. Histologic examination of lung sections
of WT (þ/þ) and Smpd3-/- mice, 15 months of age, showed
normally structured alveolar texture, no inflated alveoli,
empty sacs, and obstructive bronchioli, characterizing
emphysema. No differences were seen in the continuity of the
squamous alveolar cell linings of adjacent alveoli, sand-
wiched bymorphologically inconspicuous interalveolar septa
(Figure 11).

We conclude from our cumulative biochemical and cell
biological results expanded with those elaborated by dual-
energy X-ray absorptiometry, pQCT, and mCT used for
quantifying bone structural parameters and bone mass
1844
architecture in WT and Smpd3-/- littermates, that minerali-
zation during ossification precedes unimpaired in the
SMPD3-deficient mouse.
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